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Rationale for the Choice of the Ellipsoidal Reflector
Parameters for Biomedical Photometers

N. Bezuglaya, A. Haponiuk, D. Bondariev, S. Poluectov, V. Chornyi, M. Bezuglyi
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Abstract

Biomedical photometers’ information-measuring systems with ellipsoidal reflectors have acceptable re-
sults in determining of biological tissues optical properties in the visible and near-infrared spectral range.
These photometers make it possible to study the optical radiation propagation in turbid media for direct and
inverse problems of light-scattering optics. The purpose of this work is to study the influence of the ellipsoi-
dal reflectors design parameters on the results of biomedical photometry when simulating the optical radia-
tion propagation in a system of biological tissue and reflectors in transmitted and reflected light.

The paper substantiates the choice of the ellipsoidal reflectors’ focal parameter for efficient registration
of forward and backscattered light. The methodology of the process is illustrated by the results of a model
experiment using the Monte Carlo simulation for samples of human brain white and gray matter at the visible
range of 405 nm, 532 nm, and 650 nm. The total transmittance, diffuse reflectance, and absorption graphs de-
pending on the sample thickness were obtained. Based on the introduced concepts of the ellipsoidal reflector
efficiency index and its efficiency factor, the expediency of choosing the ellipsoidal reflectors focal parameter
is analyzed to ensure the registration of the maximum amount of scattered light. The graphs of efficiency
index in reflected and transmitted light for different thickness samples of white and gray matter and efficiency
factors depending on the sample thickness were obtained.

The influence of the reflectors ellipticity on the illuminance of various zones of photometric images using
the example of an absorbing biological medium — pig liver tissue — at wavelength of 405 nm with a Monte
Carlo simulation was analyzed.

The optical properties of biological media (scattering and absorption coefficients, scattering anisotropy
factor, refractive index) and the samples’ geometric dimensions, particularly the thickness, are predeter-
mined when choosing the ellipsoidal reflectors parameters for registration of the scattered light. Coordinates
of the output of photons and their statistical weight obtained in the Monte Carlo simulation of light propaga-
tion in biological tissue have a physical effect on a characteristic scattering spot formation in the receiving
plane of a biomedical photometer with ellipsoidal reflectors.

Keywords: ellipsoidal reflector, biomedical photometer, biological tissue, optical properties.
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Ob0ocHoBaHUE BHIOOPA MapaMETPOB JIJIMIICOUIATBbHBIX
pediekTOpoB OMOMEeTUIUHCKUX (POTOMETPOB

H.B. be3yraas, A.A. I'anonwk, /I.B. bongapes, C.A. IloiyskToB, B.A. YépHblii,
M.A. Be3yrublit

Hayuonanvuuiii mexnuueckuti ynusepcumem Ykpaurvl
«Kuescxuii nonumexunuueckuil uncmumym umenu Heops Cuxopckozoy,
np—m [lobeowt, 37, 2. Kues 03056, Yrpauna

Tlocmynuna 26.08.2021
Ipunama k nevamu 09.11.2021

HHbopMaIllmOHHO-U3MEPUTEIIbHBIC CUCTEMbl OMOMEIUIIMHCKUX (POTOMETPOB C DILIMIICOUIATHHBIMU
peduiekTopaMu MoKasail IprueMIIeMbIe Pe3yIIbTaThI IIPH OTIPEACTICHIH ONTHYECKUX CBOMCTB OMOJIOTHIECKUX
TKaHEeW B BHIUMOM U OJIMKHEM WH(PAKPACHOM CIIEKTPAIbHOM Juarna3oHe. Takue (OTOMETPhl MO3BOJISIFOT
HCCJIC/IOBATh PACIPOCTPAHCHUE ONTUYSCKOrO U3JIYUYCHHS B MYTHBIX CpEax MPH MPsIMOW U MHBEPCHOH 3a-
Jlayax ONTHUKH cBeTopaccessHus. L{enpro qanHoi paboThI SBISIIOCH HCCIIEIOBAHNE BIMSHUS KOHCTPYKTUBHBIX
MapaMeTpOB AJLTUTIICOUAATBHBIX Pe(ICKTOPOB HA PE3yJIbTaThl OMOMEIUIIMHCKON (POTOMETPUY IPU CUMYJIS-
LMY PACIPOCTPAHEHHSI ONITUYSCKOTO U3JIYUYCHHSI B CUCTEME OMOJIOMUECKOM TKaH! U peIeKTOPOB.

B pabote o60cHOBaH BEIOODP (hOKAIBHOTO IMapaMeTpa SILTUIICOUAATBHBIX PEPIIEKTOPOB s 2P PEKTHBHON
PETUCTpAIUK PACCESTHHOTO BIIEpEl ¥ Ha3a]l cBeTa. MeToIuKa mporecca MporLIFOCTPUPOBAHA Pe3yIbTaTaMu
MO/JIEITLHOTO 3KCIIEpUMEHTa TIPU UCTIONb30BaHUK MeToia MonTe-Kapio st 00pasios 6enoro u ceporo Be-
IIecTBa MO3ra 4eJioBeKa Ha JJIMHAX BOJH BUAMMOTO AuarazoHa 405 uMm, 532 um u 650 aM. [loxydens! rpadu-
KM 3aBUCUMOCTH ITOJIHOTO MIPOIYCKaHUs, TUPPY3HOTO OTPAKECHHUS U MOTIIONICHUS B 3aBUCUMOCTH OT TOJIIIH-
HBI UCCIIeyeMoro oopasma. Ha ocHoBe BBeNEHHBIX MOHATHH MOKa3aTeis 3¢ heKTHBHOCTH U kKodddummenTta
3¢ (EeKTUBHOCTH TPOAHATM3UPOBAHA IEJIeCO00Pa3HOCTh BBIOOPa POKATHHOTO MapamMeTpa JUTUTICONIATBHBIX
peduexTopoB st 0OecredeHus] PerucTpaiil MaKCUMaITbHOTO KOJIMYECTBa paccessHHOTO cBeta. [lomydeHst
rpaduku mokasareneit 3 HEeKTHBHOCTH B OTPAXEHHOM M TIPOIIEIIEM CBETE IS Pa3HOTOJITUHHBIX 00pa3IioB
0eIIoro U ceporo BEIIECTB, a Takke KO3(PPHUIINEHTOB dIPPEKTUBHOCTH B 3aBHCUMOCTH OT TOJIIIMHEI 00pas3ia.

[Ipoananu3upoBaHO BIMSHUE DIUTHITHYHOCTH PEe(ICKTOPOB HA OCBEHIEHHOCTH PA3IMYHBIX 30H (OTO-
METPUYECKUX M300paXKeHUI Ha TIPHMEpE TIOTIIONMIAOIIEeH ONOIIOTHYeCKON Cpellbl — TKAaH! MTeYeHN CBUHBU —
Ha anuHe BosiHbI 405 HM npu cumyiisinun Monte-Kapio.

Onrtryeckre CBOWCTBA OMOIOTHYECKHX Cpel (KOAPPHUIMEHTHI paccessHUs ¥ TIOTJIOICHUS, KOA()QUITMEHT
AHM30TPOIIMU paccesiHUs, IOKa3aTellb MPEIOMIICHHUS) U TEOMETPHUUECKHE pa3Mepbl 00pa3iioB, B YaCTHOCTH
TOJIINHA, TTPEJONPEACISIFOT BEIOOP MapaMeTPOB AILIHIICOUIATBHBIX Pe(ICKTOPOB JIJIsl PETUCTPAIMN pacce-
STHHOTO cBeTa. KoopauHate! BeIXoa (POTOHOB M MX CTATUCTUYECKHI BEC, ITOTydYeHHBIE TIPU MOJIEIINPOBAHUHT
pacmipocTpaHeHHUs CBeTa B OMOJIOTUYeCKOl TKaHu MeTo1oM MoHTe-Kapio, oka3bIBaroT (hu3ndeckoe BINSHUE
Ha (POPMHUPOBAHHE XAPAKTEPHOTO MATHA PACCESHUSI B TPUEMHOM IJIOCKOCTH OMOMEMIIMHCKOTO (JOTOMETpA.

KuaroueBble cioBa: 3UTHIICOMTATBHBINA pediIeKTop, OMOMETUITMHCKANH (HOTOMETp, OMOJIOTHYECKas TKaHb,
ONTUYECKUE CBOMCTBA.
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Introduction

Biomedical photometers (separate devices) and
photometric systems (composite modules of diag-
nostic complexes) use the entire range of optical
systems, the converting properties of which have
been adequately described and studied. Moreover,
regardless of the photometer type, the energetic or
visualizing features of optical systems are the basis
for researching with the required accuracy.

In recent years, tools for optical diagnostics of
scattering objects have become widespread. This
class of devices is in demand for the study of sur-
faces and the optical properties of scattering (tur-
bid) media, biological tissues, and liquids. As a
rule, the typology of the measurements carried out
makes it possible to distinguish reflective photom-
etry, transmittance photometry, and photometry for
both reflection and transmission [1, 2]. Obviously,
the main determining factor is the predicted ability
of the research object to the optical radiation pe-
netration (forward scatter) or reflection (backward
scatter). It should be noted that depending on the
incident light parameters (for this class of devices,
as a rule, laser), the received luminous flux contains
components that characterize the surface topog-
raphy, a boundary separating two media, and scat-
tering properties in a quasi-homogeneous layer. Such
features and requirements for the information con-
tent of photometry predetermine the need to increase
the amount of registered light, which is achieved by
selecting contactless measurement methods and opti-
cal systems with a wide aperture, or by using contact
measurements with optical elements of the atypical
configuration. Such optical elements are ellipsoidal
reflectors (ER), which are widely used for a rough
surface control [1]. Biomedical use of ellipsoidal
reflectors [2] in the framework of numerical mo-
deling by the inverse Monte Carlo allows obtaining
acceptable results in determining the optical proper-
ties of biological tissues (BT) [3]. On the other hand,
the direct Monte Carlo method [2, 6] is one of the
few methods that allows graphical interpretation
of the scattered light characteristics in the forward
and backward direction. In this case, the parameters
of an actual light source are taken into account by
adjusting the number of photons involved in the
simulation, furthermore by predetermining the dia-
meter and profile of the laser radiation, which is suf-
ficiently well approximated in the same way, as, for
example,in [7, 8]. Thecorrectchoice ofthe ellipsoidal

reflectors design parameters is associated with the
specific gravity of optical radiation, which is subse-
quently capable of registering a photodetector and
is one of the significant factors affecting the accu-
racy of determining the scattering p, and absorption
u, coefficients, as well as the scattering anisotropy
factor g by inverse methods of the radiative transfer
theory.

The purpose of this work is to study the influ-
ence of the ellipsoidal reflectors design parameters
on the results of biomedical photometry when simu-
lating the optical radiation propagation in a system
of biological tissue and reflectors in transmitted and
reflected light.

The ellipsoidal reflectors configuration
of biomedical photometers

This paper analyzes the design parameters of
a mirror ellipsoid of revolution, orthogonally trun-
cated along the focal planes (Figure 1a). This type of
reflector was used to determine the biological media
optical properties in reflected, as well as in reflected
and transmitted light [4, 5]. In this case, the ellipsoid,
intended for the formation of the optical radiation in-
cident on the object, contains an opening of diameter
D, centered on the semi-minor axis, for introducing
radiation into the reflector cavity (Figure 15).

In general, the shape of an ellipsoid of revolution
is given by the canonical equation:

R (1)

where ¢, b are semi-minor axes; ¢ is semi-major axis
of an ellipsoid of a given configuration.

Given the optical radiation formation and re-
gistration systems axial symmetry, it is advisable to
produce an ellipsoidal reflector symmetric concer-
ning the z-axis. Then in equation (1) ¢ = b. The main
design parameters that affect the operation of pho-
tometric biomedical systems using an ellipsoidal re-
flector include its eccentricity e, which is calculated
according to formula (2), and the focal parameter p,
obtained from formula (3):

e=\1-— 2)

2
p:%:a(l—ez)Zb\/l—bz. 3)
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Figure 1 — Design parameters of an ellipsoidal reflector for registering transmitted (a) and reflected (b) light: F/,

F, — focus points; f— focal distance

The eccentricity quantity affects the ellipsoid
elongation, with an aspect ratio (ellipticity) that can
be determined as:

4)

Obviously, the larger the ellipticity, the less elon-
gated the ellipsoid will be. This aspect is essential
since, mathematically, an ellipsoid can be obtained
from a sphere by uniformly compressing it in two
coordinates, with the third unchanged (for example,
z). The technical implementation of this method was
applied in the development of technology for obtai-
ning deep non-spherical surface by trajectory copy-
ing method [9] of the output circle to obtain ellipsoi-
dal reflectors prototypes. In general, coordinating the
movement along the longitudinal axis with plunging
into the workpiece material, an ellipsoid is obtained
with the required shape of the generatrix, changing
according to the required formula (1).

As a material for an ellipsoidal reflector, it is ad-
visable to use metal or glass; the turning and abrasive
processing technology is quite simple and inexpen-
sive. The ultimate goal of such processing is to obtain
an internal curved surface with high reflectivity in a
wide range of wavelengths. From the research object
point of view — the biological tissue — the therapeu-
tic window [10] determines the spectral range of the
entire photometric system and, accordingly, sets a re-
quirement for the stability of the reflector reflectance.
Therefore, reflector produces can use a substrate
(glass, plastic, polymers, or, in some ones, metal) with
the working surface required shape of an ellipsoid of
revolution and a reflective coating applied to it [11—
14]. This method is advisable to use for radiation with

a complex spectral composition [15]. Applying a coa-
ting, are achieve reflectance in a wide range of wave-
lengths, or, conversely, partial reflectance at specific
wavelengths [16]. In addition, the application of a
coating on involved or partially closed surfaces causes
specific technological difficulties. Another method is
to make an ellipsoid from a material that already has
the reflecting property in a given spectral range [17].
This, in turn, significantly reduces the required equip-
ment list and reduces the final product cost.

Considering the photometric system’s applica-
tion field with ellipsoids of revolution with an internal
reflecting surface, the possibility of contact with bio-
logical tissue under in vivo experiment, the require-
ments of bio-inertness, it is recommended to make
a reflector from a material with reflectance proper-
ties. Numerous data [17] confirm that the optimal
for this aim is polished aluminum (aluminum alloys)
with the most uniform reflection coefficient distribu-
tion within the therapeutic window. Low weight is
another advantage of using aluminum. On the other
hand, the relatively large coefficient of linear ther-
mal expansion imposes special conditions and limits
the photometric core use at fluctuating temperatures.
Experience has shown that the best abrasive proces-
sing purity is achieved when using finely dispersed
homogeneous alloys. Therefore, at produced the el-
lipsoidal reflector for the information-measuring sys-
tem prototype, the material D16T was used (analog
of ENAW-2024).

Thus, two critical ellipsoidal reflector para-
meters can be distinguished: the ellipticity m and the
focal parameter p, which specify the photometric
core configuration with an internal reflecting surface
and a specular reflection coefficient.
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Influence of the focal parameter
on the ellipsoidal reflector efficiency

Consider the rationale for choosing the ellip-
soidal reflector focal parameter (p) for photometry
of biological tissues light scattering. This value is
the working window size of the photometric sys-
tem in contact with biological tissue. The working
window’s main aim is to collect the maximum and,
if possible, all the optical radiation that came out of
the biological tissue in forward or backscattered light
within the solid angle of 2.

When researching in vitro, the biological tissue
samples size determines the focal parameter value.
Since the interaction area of optical radiation with
a tissue sample is physically limited by its size, it is
sufficient to ensure that the focal parameter exceeds
the largest size of the biological tissue sample to col-
lect all scattered radiation. The sample is often placed
between two glass plates, which, due to light refrac-
tion, deviate the rays scattered in the tissue by a par-
ticular value depending on the plate’s thickness and
the refractive index, which must also be taken into
account when choosing the parameter p. In clinical
practice, measuring instruments of various “calibers”
are often used for various geometrical dimensions
objects; this is done, for example, when choosing a
sensor for an electromagnetic blood flow meter [18].
Therefore, in vivo studies, it is advisable to either use
a universal photometric core with the working win-
dow size which is guaranteed to ensure the registra-
tion of all scattered light, regardless of the absorption
and scattering characteristics in a multilayer biologi-
cal media, or to have a set of ellipsoidal reflectors
with the same ellipticity m and specular reflection
coefficient, but with different focal parameters.

Since the amount of light scattered by biologi-
cal tissue directly depends on the incident flux value,
then by varying the light source power and the illu-
mination area, it is also possible to choose the opti-
mal focal parameter. However, this, in turn, requires
restructuring and calibration of the measuring sys-
tem photometric core, which is unacceptable under
the normal experiment conditions.

The sample geometric dimensions correct defi-
nition will take into account the features of in vitro
experiment [3] using ellipsoidal reflectors and deter-
mine the ellipsoid focal parameter for in vivo mea-
surements correctly. In this case, the valuable com-
ponent of the scattered light signal will be within the
measuring apertures. That it is necessary to predict
the maximum possible size of the scattering spot on

the biological tissue surface. With high accuracy,
this is possible at the Monte Carlo simulation of laser
radiation propagation in optically turbid media [19].
The estimate can be made taking into account the ex-
tremal coordinates of the photon exit from the BT.
The optimized algorithm makes it possible to esti-
mate the coordinates of the exit points from the me-
dium of each photon participating in the simulation
in the forward and backward directions for an infi-
nitely thin laser beam or a finite diameter beam with
a uniform or Gaussian transverse profile.

Having characterized the results of the interac-
tion of the optical radiation with biological media at
the Monte Carlo simulation can single out the fol-
lowing significant parameters that will affect the
scattering spot size in the forward and backward di-
rections. First of all, these are the photon exit coor-
dinates from the BT; secondly, the direction cosines,
which characterize the ray (photon) propagation di-
rection and the point of its intersection with the ellip-
soidal surface of the biomedical photometer reflec-
tor; and thirdly, this is the photon weight at the exit
from the BT, which characterizes the illuminance in
the contact plane of the BT and the ER focal plane.
It is possible to analyze the indicated parameters and
evaluate their influence on the ER focal parameter
and ellipticity by modeling for BT with different,
conditionally boundary optical properties.

Consider the features of light scattering in bi-
ological tissues during photometry by ellipsoidal
reflectors using the example of single-layer model
structures of human brain tissues that simulate an ex-
periment in vitro for three wavelengths of the visible
range: 405 nm, 532 nm, and 650 nm (Table 1). The
refractive index for brain tissue is for white matter
1.467, and for gray matter is 1.395 [20].

Due to arelative deviation of their scattering and
absorbing properties, the biological tissues’ choice
for a model experiment does not limit the informa-
tion-measuring system capabilities of a biomedical
photometer. However, it only outlines the practical
selection principles of ER design parameters.

The determine the optimal focal parameter of
the ellipsoidal reflector to a specific object of bio-
logical research should be carried out taking into
account ER efficiency index, that is, the weight
of photons leaving the BT in the forward or back-
ward direction with coordinates, located in a circle
of radius p. At the Monte Carlo simulation, it is as-
sumed that a packet of photons follows each pathway
and some portion of the packet is absorbed during
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interaction (absorption or scattering). The size of
such a packet is called the weight of a photon with
an initial value of one. In the model experiment, the
coefficients that determine the BT optical properties
at the Monte Carlo simulation are total transmittance
T, absorption 4, diffuse reflectance R, and specular
R, reflectance; therefore, the ER efficiency index in
the forward and backscattered light, respectively, are
determined as follows:

T-NO. )

10 01 10
Sample thickness d, cm

1<10"°

1«10° 01 10

Sample thickness d, cm

5

=107 01 10

Sample thickness ¢, cm

1x10

e

WR

PR R N, ©

where N, is the total number of photons launched
in tissue; W, , Wy is the total weight of photons lea-
ving the tissue in the forward and backscattered light,
respectively, with coordinates located within the ER
working window with a diameter of 2p.

Figure 2 shows the total transmittance, absorp-
tion, and diffuse reflectance depending on the thick-
ness of the simulated mono-layers obtained during
the Monte Carlo simulation [22, 23] of light propa-
gation in the biological tissue under study.

1

S 0” 01 10

Sample thickness d, cm

1x10

1107 01 10

Sample thickness d, cm

110>

1107° 11070 01 10
Sample thickness d, cm
S

Figure 2 — Dependence of diffuse reflectance R, (solid line), absorption 4 (dotted line), total transmittance 7" (dashed
line) on the sample thickness d for human brain tissues: white matter (a, c, e); gray matter (b, d, f'); for wavelengths

405 nm (a, b), 532 nm (¢, d) and 650 nm (e, f), respectively

264



Tpubopsl u memoost usmepenuii
2021.-T. 12, Ne 4. — C. 259-271
N. Bezuglaya et al.

Devices and Methods of Measurements
2021, vol. 12, no. 4, pp. 259-271
N. Bezuglaya et al.

Table 1
Optical properties of biological tissues [21]
Wavelength, nm 405 nm 532 nm 650 nm
Optical properties CI’ILI‘;_H Ctl;l i g ctlﬁfl C"rl;lfl g C"Ilr‘;_’l clrlli )l g
Human white matter 0.31 40.2 0.76 0.1 41 0.815 0.08 40.1 0.852
Human gray matter 2.33 126.7  0.862 0.45 102.2  0.89 0.09 86.2  0.898

Comparing the results obtained with similar dis-
tributions [23, 25] for photometric images in biometry
of media by ellipsoidal reflectors method, single out
the characteristic range of sample thickness with the
highest brightness on the image field is observed. As
shown in papers [23, 25] the “brightest” photometric
images are formed on the thicknesses of biological tis-
sue samples with the most dynamical deviation of op-
tical coefficients R, , 4, and 7. In this regard, as well
as the need for a relative comparison of the ER ef-
ficiency when working with samples of different BT,
the following thicknesses for the studied brain tissues
d,=0.025 cm,d, =0.05 cm, d; = 0.1 cm, d, = 0.5 cm,
ds;=2.5 cm were used for modeling. This range of
thicknesses is an estimate solely from the prognostic
positions of photometry by ellipsoidal reflectors: it
does not characterize the generally accepted principles
of biopsy research, the study of lyophilized or paraf-
finized slices and is not anatomically verified.

Consider graphs of the ER efficiency indexes
dependence in the forward K (Figure 3) and back-
scattered K, (Figure 4) light for the white and grey
matter samples of the human brain at the different
wavelengths. To simulate the light propagation in
the system of biological tissue and a photometer
with ellipsoidal reflectors, in addition to the BT op-
tical properties of the indicated spectra (Table 1),
the following initial data were used: the number of
launched photons — 20 million, the incident laser
beam profile [26] is Gaussian, the laser beam dia-
meter 2r, = 1.5 mm. The ER efficiency indexes are
given depending on the quantity ratio that characte-
rizes the discrete values r; of the i-th photons output
coordinates to the incident beam radius 7,

As shown in Figures 3 and 4 for the studied
human brain tissues, there is a tendency to increase
the focal parameter p with an increase in the BT sam-
ples thickness, which ensures the achievement of the
maximum values of the ER efficiency index reflected
K and transmitted K, light. In Figure 34, there is
no graph for a sample of the brain gray matter with

a 2.5cm thickness at a wavelength of 405 nm,
which is due to the zero value of the transmittance
T (Figure 2d) for a given sample thickness. For
the studied human brain tissues with a thickness of
2.5 ¢cm in the visible spectrum for both transmitted
and reflected light (Figures 3 and 4), the ER efficien-
cy indexes converge to one at values of the focal pa-
rameter, which exceeds the incident beam diameter at
least at five times. Therefore, the samples thickness,
which significantly affects the scattering spot size
in reflected and/or transmitted light, is also one of
the defining parameters that will affect the efficiency
of the corresponding ellipsoidal reflector. Conside-
ring the graphs’ nature, those shown in Figures 3
and 4, will estimate the ER efficiency dependence on
the BT sample thickness. The ER efficiency factor
means the ER efficiency index approximation to the
unity with given accuracy and is defined as:

I”O .
o, = 7} > (7

i K, —1

To
QR - 7! o . (8)

Figure 5 shows the dependence of the ER ef-
ficiency factor in reflected O, and transmitted Q,
light for different thickness samples of the white
and gray matter of a human brain for the stu-
died spectrum lines. To create the graphs in Fi-
gure 5, we used the coefficients approximation with
0.001 (0.1 %) error.

The graphs of O, with increasing thickness will
not experience further changes since the diffuse re-
flection coefficient, reaching a specific value, remains
constant (Figure 2) with any further increase of the BT
sample thickness d in all studied wavelengths. In this
case, the factor O will begin to overgrow upon rea-
ching a certain critical thickness (for example, a graph
at a wavelength of 405 nm in Figure 55 for the human
brain gray matter) when the total transmittance T
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approached zero. Since there will be no transmittance,
the photons radius 7, that leaves the BT sample in the
forward direction will not be a physically significant
quantity. This will indicate the onset of mathematical
uncertainty, in which the denominator (7) will have

1

2
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d4
d5
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Q

d2
d3
d4
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Kr 06

0.2
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a zero (none-xistent) value. There will be no reason
to use ER to transmittance measure, and the bottom
reflector will make the monitoring function of the cor-
rect operation of a light propagation simulation mo-
del in the biomedical photometer system.

1 7
dl
d2
KT d3 0.6
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0.2
0 1 2 3 4 5
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Figure 3 — Dependence of ellipsoidal reflectors efficiency index in transmitted light on ratio r,/r, for human brain
tissues: white matter (a, ¢, e) and gray matter (b, d, f) for wavelengths 405 nm (a, b), 532 nm (c, d), 650 nm (e, f),

respectively

For the human brain white and gray matter at
selected wavelengths, the ER efficiency index for
collecting diffuse reflection (backscattered light) ap-
proaches 1 when the focal parameter of the reflector

exceeds the incident beam diameter by at least three
times. At the same, for the transmitted (scattered
forward) light, such excess should be more than six
times.
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Figure 4 — Dependence of ellipsoidal reflectors efficiency index in reflected light on ratio r,/r,, for human brain tissues:
white matter (a, ¢, ¢) and gray matter (b, d, f') for wavelengths 405 nm (a, b), 532 nm (c, d), 650 nm (e, f), respectively
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Figure 5 — Dependence of ellipsoidal reflectors efficiency factor on the sample thickness d for human brain tissues:
white matter (a) and gray matter () for wavelengths 405 nm (blue line), 532 nm (green line), 650 nm (red line) in re-

flected (dotted line) and transmitted (solid lane) light respectively
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Thus, choosing ellipsoidal reflectors with the
same design parameters for registering the transmit-
ted and reflected light ensures the optimum ER effi-
ciency factor unify the computational algorithm and
the BT optical properties determining process based
on the maximum optical signal. The ER focal parame-
ter p exceeds the laser beam diameter used in experi-
mental photometry with ellipsoidal reflectors [3-5,
23, 25] by more than ten times. Therefore, their prac-
tical application in optical biometry of human brain
tissues in the visible range is possible and expedient.

Ellipsoidal reflector ellipticity substantiation

When assessing the effect of the ER ellipti-
city, it should be noted that the focal parameter p has
already been determined and guaranteed to ensure
the capture of scattered photons in the forward and
backward directions with optimal efficiency factors
(7) and (8), respectively. Taking into account the
zone illuminance of photometric images of poten-
tially scattering and quasi-scattering media [23, 25,
26], which include the human brain tissue, for the
ellipticity influence, it is reasonable to consider bio-
logical tissue with a priori absorbing properties at the
selected wavelength. Photometric images formation
and the different zone illuminance levels from the
ER ellipticity influence at a wavelength of 405 nm

p=11mm
forward backscattered forward
scattered light scattered

light

light

a

m

p=16.875mm

for a pig liver tissue sample, the optical properties of
which are given in Table 2, will be evaluated.

Table 2
Optical properties of pig liver tissue [27]
Wave- K> Ko
length, nm ¢cm!' cm’ g n d,cm
405 0.66 .22 0.76 1.39 0.1

Referring to the illuminance dependence on the
sample thickness for the different zones of photomet-
ric images [23, 25, 26], let us fix its value at 1 mm.
The simulation was carried out by launching 20 mil-
lion photons with a uniform profile of the incident
laser beam [26] with a radius of 0.75 mm for the range
of ER ellipticity values from 0.3 to 0.95 and focal pa-
rameters of 11 mm, 16.875 mm, and 22.75 mm. The
lower limit of the specified range characterizes the
5 % deviation of the ellipsoidal reflector shape from
the spherical one, i. e., characterizes the physical fea-
sibility of the ER functioning from the standpoint of
optics. The upper limit, in turn, determines the limit
of ellipticity in the produce of reflectors by the con-
sidered methods, i. e., technological feasibility.

As aresult of the simulation, a series of photomet-
ric images were obtained; the typical appearance for
forward and backscattered light is shown in Figure 6.

p=2275mm

backscattered forward backscattered
light scattered light
light

ol -]

r

Figure 6 — Photometric images of forward (a, ¢, e, g, i, k, m, o, q) and backward (b, d, f, h, j, I, n, p, r) scattered
light for the wavelength of 405 nm for pig liver tissue 1 mm thick at photometry by ellipsoidal reflectors with different
focal parameters and ellipticity of 0.93675 (a, b, g, h, m, n), 0.8352 (¢, d, i, , 0, p) and 0.6614 (e, f, k, [, q, r) respectively
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Photometric images analyzing (Figure 6) shows
a significant dependence of both the total field illumi-
nance and its zones on the ER ellipticity at different
values of the focal parameter. This fact confirms the
geometric meaning of the influence of the reflector
design parameters on its functional features. [t makes
it possible to foresee their (parameters) optimization
for the study of a specific biological media.

Based on the zone analysis principles in pro-
cessing of photometric image at photometry by ellip-
soidal reflectors [25], the graphs of the illuminance

- 20

5

g

2 pl B

2 2

s 22 10

2 p3

g _/-/_
0.4 0.6 0.8 1

Ellipticity, m

a

of external and middle rings from the ER ellipticity
for forward (Figure 7) and backscattered (Figure 8)
light were obtained.

The graphs in Figures 7 and 8 have the same
dependence of the illuminance of the external and
middle rings of photometric images on the ER el-
lipticity and come to approximately the value of 0.6,
and then grow rather quickly. In this case, there are
more large values of the illuminance level for the ER
with a smaller focal parameter value for the entire
range of ellipticity.

= 80
%)
S
2 p1 9
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s P24
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‘g 20 —_
2
04 0.6 0.8 1
Ellipticity, m
b

Figure 7 — Dependence of illuminance of external (¢) and middle (b) rings of photometric images in forward scattered
light on the ellipsoidal reflector ellipticity for a wavelength of 405 nm for 1 mm pig liver tissue samples at the values
of the ellipsoidal reflector focal parameter p, = 11 mm, p, = 16.875 mm and p; = 22.75 mm
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Figure 8 — Dependence of illuminance of external () and middle () rings of photometric images in backscattered light
on the ellipsoidal reflector ellipticity for a wavelength of 405 nm for 1 mm pig liver tissue samples at the values of the
ellipsoidal reflector focal parameter p, = 11 mm, p, = 16.875 mm and p; = 22.75 mm

Thus, the ER working window decrease allows
concentrating the collected radiation on a plane with
a smaller area, for example, with limited sizes of
photodetectors, which are located in the ER second
focal plane of biomedical photometers. By redu-
cing the focal parameter, one should operate the BT
optical properties and consider the ER efficiency in
transmitted and reflected light (formula (5) and (6)
respectively). Also, varying the probing laser beam

profile [26] and diameter [28]. The ER ellipticity
(4) and the inverse value — eccentricity (2) — are
actually in assessing the imaging quality of the scat-
tering spot, located in the reflector first focal plane,
in the ER second focal plane. In this case, given
the system axial symmetry, the quality assessment
can be made by analyzing the ellipsoidal reflectors
aberrational properties such as the Centroid [29]
and RMS [30].
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Conclusion

The optical properties of biological media
(scattering and absorption coefficients, scat-
tering anisotropy factor, refractive index) and the
samples’ geometric dimensions, particularly the
thickness, are predetermined when choosing the
ellipsoidal reflectors parameters for registration of
the scattered light. The coordinates of the output
of photons and their statistical weight, obtained in
the Monte Carlo simulation of light propagation in
biological tissue, have a physical effect on a cha-
racteristic scattering spot formation in the recei-
ving plane of a biomedical photometer with ellip-
soidal reflectors.

It is sufficient to use a predictive assessment of
the values of ellipsoidal reflector efficiency indexes
in transmitted and reflected light to investigate the
samples of biological tissues with different relations
between scattering and absorption coefficients in
the visible spectrum. In a routine experiment with
various samples in a wide range of variable thick-
nesses, it is advisable to supplement the rationale for
the choice by analyzing the value of the ellipsoidal
reflectors’ efficiency factor.

The ellipsoidal reflector ellipticity has a slight
effect on the illuminance of different zones of pho-
tometric images with a correctly selected focal pa-
rameter in the range of 0.6—0.8. Therefore, in the
absence of requirements for the aberration properties
of ellipsoidal reflector ellipticity is chosen for their
technological features of production and available
equipment.
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Abstract

Traditional image processing techniques provide sustainable efficiency in the astrometry of deep space
objects and in applied problems of determining the parameters of artificial satellite orbits. But the speed
of the computing architecture and the functions of small optical systems are rapidly developing thus con-
tribute to the use of a dynamic video stream for detecting and initializing space objects. The purpose of this
paper is to automate the processing of optical measurement data during detecting space objects and numerical
methods for the initial orbit determination .

This article provided the implementation of a low-cost autonomous optical system for detecting of space
objects with remote control elements. The basic algorithm model had developed and tested within the frame-
work of remote control of a simplified optical system based on a Raspberry Pi 4 single-board computer with
a modular camera. Under laboratory conditions, the satellite trajectory had simulated for an initial assessment
of the compiled algorithmic modules of the computer vision library OpenCV.

Based on the simulation results, dynamic detection of the International Space Station in real-time from
the observation site with coordinates longitude 25°41'49” East, latitude 53°52'36" North in the interval
00:54:00-00:54:30 17.07.2021 (UTC +03:00) had performed. The video processing result of the pass had
demonstrated in the form of centroid coordinates of the International Space Station in the image plane with
a timestamps interval of which is 0.2 s.

This approach provides an autonomous raw data extraction of a space object for numerical methods
for the initial determination of its orbit.

Keywords: video stream, detection, embedded system, space object, OpenCV.
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ABTOHOMHOE MOTOKOBOE IeTEKTHPOBAHNE KOCMUYECKHX
00beKTOB HA 0a3e YIaJEHHOM ONTHYECKON CHCTEMbI

B.C. bapanosa, B.A. CaeunukoB, A.A. CnUpUI0HOB

Benopycckuii 2ocyoapcmeennulii ynueepcumen,
np-m Hezasucumocmu, 4, e. Munck 220030, benapycw

Hocmynuna 01.10.2021
Tpunama k nevamu 02.12.2021

[IpuBbIuHBIE METOIBI 0OPAOOTKM CTAMOHAPHBIX M300paskeHUI 00ECTIeUNBaIOT YCTOHUNBYIO pe3yJibTa-
TUBHOCTbH KaK B 00JIACTH aCTPOMETPUHU OOBEKTOB IIyOOKOro KOCMOCa, TaK M B IPUKJIaJHBIX 3a/1a4ax oIrpe/e-
JICHUs TapaMeTPOB OPOUT UCKYCCTBEHHBIX CITyTHUKOB. Ho OBbICTpOIeiicTBHE BBIYMCIUTENBHOW apXUTEKTY-
pBl U QYHKIMH MaJIBIX ONTHYECKUX CUCTEM CTPEMHTENIBHO Pa3BUBAIOTCA, YTO CIIOCOOCTBYET BO3MOKHOCTH
WCIOJb30BaHMsI JUHAMUYECKOTO BUACONOTOKA B MPUIIOKEHUH JETEKTUPOBAHNS M MHUIMAIU3ALUN KOCMHU-
yecknx 00beKTOB. Llenb naHHO# paboThl — aBTOMATU3UPOBATh NpoLiecc 0OHApyKeHHsI 1 00paOOTKH TaHHBIX
ONTUYECKUX U3MEPEHUI KOCMUYECKUX OOBEKTOB P MOHUTOPUHTE OKOJIO3EMHOTO IPOCTPAHCTBA M YUCIICH-
HBIX METO/aX ONpeesIeH s OPOUT.

B pabote mpenyaraercs peanuzanysi MaIOOIOPKETHON aBTOHOMHONH ONTHYECKOH CHUCTEMBI JETEKTH-
POBaHMsI KOCMUYECKUX OOBEKTOB C DJIEMEHTaMM YAAJEHHOTO YNpaBieHHUs. ANMapaTHOE W MPOrpaMMHOE
WCTIOJIHEHHE PEaM30BaHO M MPOTECTUPOBAHO B (OpMaTe BCTPaWBaeMOM NMPOrpPaMMHOM CHCTEMBI Ha 0ase
Linux-siipa 0THOIUIATHOTO KOMIIbIOTEpa Raspberry Pi u MooynbHOH KaMepbl. B 1abopaTOpHBIX YCIOBHSAX
MPOBEIEHO MAKETHOE MOJICIMPOBAHIE TPACKTOPUH JIBMXKEHUSI CITyTHHKA IS IPEeIBAPUTENILHON OLICHKH 3(-
(eKTHBHOCTH PaOOTHI CKOMIMIMPOBAHHBIX aITOPUTMUYECKUX MOJyJiel OMOIHMOTEKH KOMIIBIOTEPHOTO 3pe-
Hus OpenCV.

Ha ocHOBaHMM pe3ynbTaTOB MOAEIUPOBAHUSI BBHITIOJIHEHO SKCIIEPUMEHTAIBHOE JUHAMUYECKOE 00HApY-
JKEeHHE MEXIyHapOAHOW KOCMHUYECKOW CTaHIIMK B PEKMME PEaTbHOTO BPEMEHH U3 TOUKU HAOIIOACHUS C KO-
opauHatamu 25°41'49" B.1. 53°52'36" c.ur. B mpomexytke 00:54:00-00:54:30 17.07.2021 (UTC +03:00).
[TponemMoHCTpUpPOBaH pe3ysbTaT 00padOTKM BUACOCHEMKH MTPOJIETA B BUJE MAaCCHBA KOOPAMHAT HEHTPOU A
MEXIYHApOIHONH KOCMHUYECKON CTAaHIIMHU B IUIOCKOCTH N300paKeHUsI C BpEMEHHBIMH METKaMH TTEPHOINIHO-
cteio 0,2 c.

Taxo# moxxox obecrieynBaeT aBTOHOMHOE W3BJICUCHHE IPEIBAPUTENILHBIX JaHHBIX € TIOCIEAYIOIEH X
KOHBEPTALMEH B YIIIOBbIE KOOPJMHATHI KOCMHUECKOT0 0OBEKTA AJIs1 YUCICHHBIX METOA0B HAYaJILHOTO OTIpe-
JIeJICHHS €r0 OPOUTHI.

KuroueBble cjioBa: BUIEONIOTOK, IETEKTHPOBAHNE, BCTpanBaeMas CHCTeMa, KocMUdeckuit 006exT, OpenCV.
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Introduction

Due to the active space activity of numerous
countries associated with the launch of an uncon-
trolled number of various sizes and purposes satel-
lites, some altitudes of near-earth orbits tend to be-
come oversaturated with an artificial space object [1].
Deployment of various missions in medium and low
orbits increases the risks of cascade collisions. It
also creates electromagnetic pollution conditions for
deep-space exploration in different wavelengths [2].
At the moment, according to approximate statistical
estimates, the total number of artificial functional
and non-functional space objects (SO) with a diam-
eter of more than 1 cm in nearearth orbit reached
1 million [3, 4]. And only artificial space objects
larger than approximately 10 cm, which amounts to
about 40000, are catalogued and actively tracked [1].
For this reason, an urgent task is the continuous
outer space monitoring not only by specialized
radio (radar) and optical complexes but also by mo-
bile optical systems for ground-based astronomical
observations [5].

Existing outer space monitoring optical systems
uses expensive wide-aperture telescopes with a
narrow field of view to increase light sensitivity [6].
The space objects series observations forms a
large number of large size images. It requires
complex processing methods to extract and
initialize the usable signal [7]. Machine learning
techniques are introduced into the databases for
timely service of incoming information and upda-
ting catalogues. The monitoring and data proces-
sing by such specialized optical systems is
encapsulated and provided in a limited format.
Therefore, the trend of mobile astrometric
observation systems in the optical range with low-
cost hardware solutions, open software image
processing modules [8, 9] and numerical methods for
the initial orbit determination [10, 11] is developing.
Formalized approaches to serial surveys are focused
on obtaining passing space object track images
with the intended exposure. Subsequent proces-
sing involves extracting the angular coordinates of
the SO from the pixel representation by overlaying
the field of the calibrated frame on separate parts
of astronomical atlases in interactive software
environments [12]. In a particular case, detecting
and astrometric initialization methods use individual
images and different software modules at each
processing phase.

Computer vision algorithms and modern com-
puting architectures are tools for optimizing exis-
ting approaches to monitoring and detecting SO.
Real-time video processing techniques allow the
development of autonomous programmable re-
cognition systems for astrometric measurements.
Such systems provide the integration of all pro-
cessing modules — detection, filtering, segmenta-
tion, astrometric calibration, conversion of pixel
values into angular coordinates, classification,
etc. [13] Pipeline processing of a video stream
in applied problems of orbital monitoring is stu-
died [14]. Detection and extraction of mathemati-
cal properties of space objects in real-time by re-
mote video systems automatic algorithms solve
the problem of manual processing of a large vo-
lume of astrometric data and makes it possible
to calculate orbital parameters under observation
conditions [15, 16].

The purpose of this paper is to automate the
processing of optical measurement data in problems
of detecting space objects and numerical methods
for the initial determination of orbits.

Devices and software modules

An autonomous embedded SO detection sys-
tem can be implemented by low-cost devices: a
computing board and a modular camera. The func-
tional elements of the designing were a model
of a single-board computer Raspberry Pi 4B, a
Raspberry Pi High-Quality camera with a Sony
IMX477R sensor, and a 16 mm Telephoto lens.
The main features of these elements have presen-
ted in Table 1.

GPIO and MIPI CSI modular camera interface
allow used the Raspberry Pi as an embedded system
for receiving data from various sensors, controlling
the PWM signal, and creating automated optical ap-
plications [17].

There are several ways for software integra-
tion of the modular camera and the Raspberry Pi.
The picamera package had developed to support a
pure Python interface [18] with the Raspberry Pi
modular camera. The picamera package includes
several defined modules, the classes of which are
ranked by the stages of raw visual data processing.
Encoders, color spaces, n-dimensional arrays of
camera output, exception handling, rendering, and
streaming classes are all available from the pica-
mera namespace.
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Table 1
Optical elements parameters
Camera F/D F, mm 11, % G, ¢ W, um q,¢
gisaliilierrcyaiqie?;gh 08 6.2 1.55%1.55 7.2
Sensor}? Sony IMX477R (450-650 nm) . . . .
Lens: Telephoto 16 mm 1.4-16 16

F/D — f-ratio; F — focal length; I] — quantum efficiency; ¢ — read noise; | — pixel size; ¢ — A/D conversion factor

Nevertheless, in video stream processing, the
computation speed of the compiled algorithm is essen-
tial. The OpenCV [19] computer vision library func-
tions are faster than many of the picamera namespace
functions. The OpenCV library is an open-source
code. As part of this work, a specific software had
assembled by a cross-platform compilation control
system using CMake configuration files. But it is not
possible to use the OpenCV library in pure form when
working with the Raspberry Pi camera module. The
VideoCapture class, functions that provide capturing
frames from a connected camera or file, and the Rasp-
berry Pi camera module are incompatible.

The main steps of the algorithm object motion
detection had described below. Primarily used the
OpenCV library, but the visual interface directly
used the camera namespaces. An SSH connection
is provided remote control to the Raspberry Pi. The
general diagram of autonomous optical surveillance
system elements in Figure 1 is illustrated.

{ picamera }
Camera Frame by frame
module surveillance
Raspberry
PI
PE€
SSH Processing result

Figure 1 — Autonomous optical surveillance system

Video stream processing

A simple frame difference method had used
to implement the space object detection algorithm
in the video mode [20]. Under nighttime observa-
tion conditions, the background stars remain static
at short time intervals, and the noise is random.
Therefore, in the absence of jitter of the optical

system, only objects move in the frame during
the shooting.

The basic algorithm model is described by the
following iterative stages: initial filtering, background
initialization, frame differentiation, determination
of the detection threshold, and morphological para-
meters of the object boundary contours (Figure 2).

The video stream processing computational
steps had performed in lightweight grayscale color
space and binary representations.

Filtering

In image processing, particular attention gives
to Gaussian random noise. The process of accumu-
lating and reading data from the camera sensor is the
Gaussian noise source [21]. These are reading noise
and dark noise, respectively. Lighting conditions and
temperature fluctuations in the sensor operation are
reading noise and dark noise sources. The filter for
removing Gaussian noise has used a 21x21 smoot-
hing kernel. The kernel coefficients had determined
by a standard deviation value of 3.5.

Background initialization

The physical conditions can be considered con-
stant for short phases of observation. Therefore, the
first frame can assign as the background. Constant
background and frame differentiation set the detec-
tion threshold.

Setting the threshold

The absolute difference between the values of
two-pixel arrays is calculated. It allows to remove the
background component and return the active areas as a
difference. The threshold setting function at the input
takes this difference and binarizes the original array.
The detection algorithm used the function of auto-
matically determining the threshold value by the Otsu
method using algorithmic analysis of histograms [22].
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Frame by
& i Background
Tame i :
initialization Detection
threshold
Calor Space Filtering > Differentiation
Conversion
Morphological
parameters

Figure 2 — Motion detection by frame differentiation

Morphological patterns

To extract the mathematical pattern of a moving
object (segment) and morphological characteristics
uses standard models for determining the contours
of the OpenCV library based on the set threshold
value at the previous stage of processing. Contours
are the shape boundaries with the same intensity.
The properties or moments of contours include geo-
metric center, total intensity (contour area), and ori-
entation [22]. The morphological characteristics had
extracted in the form of the center coordinates (cen-
troid) and radius.

The concept of space object detection

For space objects, it is necessary to determine
their position in the field of view pointed optical

system with an accurate time reference. For further
orbital parameters calculation, it is necessary to fix
several positions at a current time interval. Therefore,
the result of video stream processing had organized
as follows. Assume an object had successfully de-
tected at each successive frame. Determine centroid
coordinates and the timestamps in UTC format for
several positions in the 2D plane with a defined fre-
quency. The centroid position, date, and time write
to a text file. Additionally, frames with each recor-
ded centroid for a visual check save. The frequency
is set by the “minimum time of the last download”
parameter. This parameter refers to a particular ob-
ject crossing the field of view. The outputting result
concept of an autonomous detection system opera-
tion described above has algorithmically illustrated
in Figure 3.

.

If fixed time >=
“min_upload time”

Uploading a frame |..
to the cloud or file |

If radius >
“min_radius”

Save the

centroid (x, y)

AddUTC
timestamp
and

center (x, ¥)

Figure 3 — Timestamps of the detected object
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Surveillance and photography
the International Space Station pass

Space objects’ principal filming implies a pre-
liminary prediction of their pass trajectory over the
observation site. There are special programs for the
satellite position calculation at a certain point in time
for such purposes. One of them is the Previsat pro-
gram. The International Space Station filming over
the observation site had predicted by Previsat. It was

The International Space Station pass parameters

for experimentally checking the accuracy of its de-
tection by an autonomous remote system. Table 2
shows the following pass parameters: the space ob-
ject pass time above the local horizon (Start date —
Finish date), the elevation angle (Max Elevation),
and the visual magnitude (Magn).

However, for more accurate pointing of the opti-
cal system with maximizing the target object aiming
into the field of view, detailed parameters of a sui-
table pass are used, as Table 3 shows.

Table 2

Location of site: 025°41'49" East 53°52'36" North, 133 m

Timezone: UTC + 03:00

Satellite Start date Finish date Max Elevation Magn Sun Elevation
2021/07/17 2021/07/17 rerenn rmen
ISS 00:50-00 00:55:00 45°35'52 -1.6 -14°42"25
Table 3
The International Space Station pass parameters
Date Hour Sat Azimuth Sat Elev Ra Sat Decl Sat Magn
2021/07/17 00:53:00 138°09'03" 49°51"27" 21h04m13s +19°32'03" -1.7
2021/07/17 00:53:30 120°54'09" 37°24'34" 22h15m05s +14°2927" -1.2
2021/07/17 00:54:00 112°45'39" 27°52'05" 23h00m14s +10°08'01" -0.6
2021/07/17 00:54:30 108°13'37" 21°00'03" 23h30m04s +06°44'19" -0.0
2021/07/17 00:55:00 105°23'16" 15°54'13" 23h51m06s +04°03'56" +2.6
According to the calculated pass

parameters (Table 3), the optical system was
guided (by the elevation and azimuth) to the SO
for interval video shooting (frequency 32 fps).
The autonomous optical surveillance system
automatically detected the object according to the
algorithm described above by video processing
in the tracking mode. For an informative
demonstration of the work results, saved frames
with the corresponding timestamps and the
centroid position of the detected object had

combined into one image, shown in Figure 4.

Figure 4 — The International Space Station frame-by-
frame detection result

277



Tpubopsl u memoost usmepenuii
2021.-T. 12, Ne 4. — C. 272-279
V.S. Baranova et al.

Devices and Methods of Measurements
2021, vol. 12, no. 4, pp. 272-279
V.S. Baranova et al.

It is worth noting that each frame timestamp
at the output takes on a value with the addition of
the computational speed of one iterative proces-
sing (Figure 4). Basically, it takes a time to one
frame process. That can be called a timing mark
error. The code processing time estimate had
obtained using the ratio of the total ticks number
spent on all iterations to the frequency of the ticks
per second (internal functions of the OpenCV li-
brary — cv.getTickCount and cv.getTickFrequency,
respectively). The timing mark error was 6 seconds
and taken into account in the source code to time-
stamps record.

The space object’s pass time duration (in the
experimental video, it is the International Space Sta-
tion) through the field of view was about 2 seconds
from the appearance until the disappearance mo-
ments. According to one of the conditions, the de-
tected object pixel center position in the frame had
fixed every 0.2 s. In the end, the resulting text file
included 9 tags with the corresponding data.

Conclusion

The approach to automating space objects detec-
tion using video stream processing had investigated.
The low-cost remote control autonomous optical de-
tection system implementation was proposed. It has
based on a single-board Raspberry Pi 4 computer
and a modular camera. The underlying real-time
detection algorithm architecture provides raw data
extraction for numerical methods for initial orbit de-
termination.

The detecting space objects concept was tested
on the example of filming a pre-predicted passage of
the International Space Station. The result showed
sufficient accuracy in determining the space object
centroid position in the image plane with the appro-
priate time reference for solving the problems of the
initial orbit determination. This approach is remar-
kable by the speed and autonomy of execution in the
format of remote receiving output data for further
conversion into angular coordinates space object
observed. It excludes manual processing of space
object tracks images.

Telescope and the proposed embedded system
direct focus integration allow space object autono-
mous real-time detection based on video stream
processing. Also, this system can be used for initial
space object detection in a mobile hardware-software
unit for space object optical observations.
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Abstract

Ce-doped tetracationic garnets (Gd,M);Al,Ga;0,,(M=Y,Lu) form a family of new multipurpose
promising scintillation materials. The aim of this work was to evaluate the scintillation yield in the mate-
rials of quaternary garnets activated by cerium ions with partial isovalent substitution of the matrix-forming
gadolinium ions by yttrium or lutetium ions.

Materials were obtained in the form of polycrystalline ceramic samples, and the best results were shown
by samples obtained from the raw materials produced by the coprecipitation method. It was found that ce-
ramics obtained from coprecipitated raw materials ensure a uniform distribution of activator ions in the
multi-cationic matrices, which enables the high light yield and fast scintillation kinetics of the scintillation.
It was demonstrated that the superstoichiometric content of lutetium/gadolinium in the material is an ef-
fective method to suppress phosphorescence accompanied scintillation. For ceramics with the composition
(Gd,Lu);Al,Ga;0,,, a scintillation yield of more than 50.000 ph/MeV was achieved. The scintillation
kinetics was measured to be close to the kinetics with a decay constant of 50 ns.

In terms of the set of the parameters, the developed scintillation materials are close to the recently de-
veloped alkali halide materials LaBr;:Ce, GdBr;:Ce. Moreover, they have high mechanical hardness, are
characterized by the absence of hygroscopicity, and are better adapted to the manufacture of pixel detectors
used in modern devices for medical diagnostics.

Keywords: scintillator, crystal, garnet, light output, gadolinium.
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KoMno3uuuoHHO HEYNOPAI0YEeHHbIe AKTUBHPOBAHHbIE
MOHAMM LePUs KPUCTA/UIbI TUIIA TPAHATA ISl 00Jiee SIPKUX
1 OBICTPBIX CUMHTHILISIIUAN

M.B. Kopxuk

Hucmumym adepuvix npobnem benopycckoeo eocydapcmeennozo ynueepcumema,
va. bobpyuckas, 11, e. Munck 220006, benapyco

Tlocmynuna 14.10.2021
Ipunama k nevamu 18.11.2021

UYereipéxkaTuonssle rpasaTsl (Gd,M);Al,Ga;0,,(M=Y,Lu), neruposannsie nonamu Ce, popMupyOT
CEeMENCTBO HOBBIX MHOTOIENEBBIX MNEPCHNEKTUBHBIX CHUHTHILIISIMOHHBIX MaTepuaioB. Llempio paboTel
SIBIISJIOCH TIPOBECHME OILIEHKH BBIXOJa CIMHTWUIALIMN B CHMHTWUIAIIMOHHBIX MaTepHajaX YeTBEPHBIX
rpaHaToOB, aKTUBHPOBAHHBIX MOHAMH IEpHs MPH YAaCTHYHOW M30BAJICHTHOW 3aMEHE MaTpHUIle00pa3yrommx
WOHOB TaJI0JMHISI NIOHAMH UTTPHUS WITH JIIOTEITUS.

Matepuaisl ObIITH MTOTyYEHBI B BH/IE TTOIUKPUCTAITMYECKNX TUTACTHH, TPUYEM HAWITYUIITHE PE3yTbTaThI
MOKa3ainu oOpasIlbl, MOJyYeHHBIE M3 CHIPbS, MPOW3BEAEHHOTO METOJIOM COOCAXKICHHS. YCTaHOBIEHO,
YTO KepaMHuKa, MOJy4YeHHass M3 COOCAaXIEHHOTO CHIPhsS, O0OECIIEYMBAECT OJHOPOTHOCTH pacCIpeIeTeHHS
aKTHBAaTOPHBIX MOHOB B MHOTOKATHOHHBIX MaTpHUIlax. JDTO, B CBOIO OYepe/b, 00ECIIEUNBACT JTOCTHKEHHE
BBICOKOTO CBETOBBIXOJ]a M OBICTPON KMHETHUKM CUMHTHIUIIMK. [l0oKa3aHo, 9TO CBEPXCTEXHOMETPHUECKOE
coJlepKaHue JIIOTEIHs/TaoIMHAS B MaTepuane IJisi M3TOTOBICHUS KEpaMUKH SBISETCS 3((EeKTHBHBIM
cpencTBoM nozaasieHus pocdopecuenunu. Jna kepamuku cocrapa (Gd,Lu);Al,Ga;0,, 10CTUTHYT BBIXOJ
cimaTHUIAd 6omee 50000 got./M»aB, a ycpenHéHHas KOHCTaHTA 3aTyXaHWs] KUHETHUKU CITUHTHILISIIAN
6mu3ka k 50 Hc.

ITo COBOKYIMHOCTH TapaMeTpPOB pa3pabOTaHHBIC CIUHTILIAIIMOHHBIC MaTEPHANbl OJTM3KH K HEIaBHO
pa3paboTaHHBIM IleNo4HO-TagouaHeIM MaTepuaiaMm LaBr;:Ce, GdBr;:Ce, k ToMy e 001a1at0T BBICOKOH
TBEPIOCTHIO, XapaKTEPU3YIOTCS OTCYTCTBHEM I'MTPOCKONTMYHOCTH U JTyHIIle IPUCTIOCOOIEHBI K I3TOTOBIICHUIO
MTUKCEIBHBIX JETEKTOPOB, HCIIOJIb3YEMBIX B COBPEMEHHBIX YCTPOHCTBAX A1l MEIUIIMHCKOW TMarHOCTHUKH.
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Introduction

Exploiting the disordered crystalline com-
pounds is found to be a promising approach for im-
parting new features to crystalline compounds. The
disorder of the crystal lattice can be purposely in-
troduced into the inorganic material during produc-
tion, and its effect on their physical properties can be
significant. Among the various types of disorder in a
crystal system [1], the compositional disorder is of
particular interest for the development of materials
for photonics operating on the principles of creation,
transfer, and relaxation of electronic excitations.
Worth noting, scintillation materials utilized to de-
tect various types of ionizing radiation demonstrate
an impressive improvement in parameters due to the
introduction of disorder into the cationic or anionic
sublattices of the crystal [2]. A relatively simple type
of disorder is introduced into the crystal due to iso-
morphic or isovalent substitutions of cations in the
matrix. The advantage of this approach to improve
the scintillation properties of crystalline materials
based on oxides doped with Ce ions was demon-
strated almost two decades ago [3—7]. Ternary mixed
Lu,Y, ,AlO;:Ce crystals of the perovskite struc-
ture and oxyorthosilicate (Lu,Y,_,),Si05:Ce(LYSO)
structure crystals were found to be superior in scin-
tillation performance to binary LuAlO,:Ce and
Lu,SiO4:Ce  correspondingly. A combinatorial
search for the best composition of multicomponent
Ce-doped garnet compounds containing Y, Gd, Ga,
and Al has shown that a balanced combination of
Gd and Ga makes it possible to increase the scin-
tillation light yield (LY) above 40.000 ph/MeV [8].
The incorporation of Gd in the composition of mul-
ticationic garnets for brighter scintillation is prefer-
able because of the ability of the Gd sublattice in the
crystal to be a reservoir for Frenkel-type excitons,
providing further transfer of electronic excitations
to luminescence centers [9]. An influence of the Ga/Al
ratio in the crystal composition on the luminescence
kinetics and other scintillation properties of gadolin-
um-aluminum-gallium garnets was studied in [10—
12]. In addition to the mixing of Ga and Al ions in
the lattice, the isovalent substitution of gadolinium
ions with yttrium or lutetium ions is considered as
well. A competition in occupying the dodecahe-
dral positions in the garnet structure introduces ad-
ditional disorder into the cation sublattice. A very
positive effect of partial substitution of the Gd ions
by Y was confirmed in single crystals grown by the

Czochralski method. A GYAGG: Ce single crystal
with equal atomic percentages of Y and Gd ions in
the composition demonstrates a high light yield of
52.000 ph/MeV and a scintillation decay time of
50 ns [13]. The drawback of the material is arelatively
low density of 5.9 g/cm’. Low density leads to a low
stopping power to gamma-quanta, the measurement
of which is widely used in medical diagnostics. For
this reason, the material proved to be less competi-
tive for computer tomography and positron emission
tomography scanners. Replacement the Y with Lu in
a quaternary garnet would solve this problem. At a
Gd/Luratio of 1/1, the density of the material reaches
7 g/em’®, which is comparable to the density of lute-
tium orthosilicate, in which 20 at.% Lu is substituted
by Y ions. However, the use of Lu in the garnet ma-
trix creates some technological problems, the main
of which are: creation of defect-centers due to the
possible localization of small Lu®" ions in oxygen
octahedra [14—-16] in the garnet matrices. This cre-
ates cation vacancies in the dodecahedral positions
of lutetium ion localization, and, therefore, gives a
rise to the formation of traps of nonequilibrium car-
riers, which cause the phosphorescence of the mate-
rial.

This work is devoted to a comparison of the
spectroscopic and scintillation properties of ceram-
ic scintillators (Gd,Y);Ga;AlL,0,,(GYAGG) and
(Gd,Lu),Ga;AL,0,,(GLAGG) obtained from non-
stoichiometric raw material compositions and to
assess the prospects for their use in novel medical
imaging equipment.

Samples

Quaternary polycrystalline compounds with
a garnet structure exhibit various type of disorder.
First, the polycrystalline material consists of sepa-
rate grains, misoriented relative to each other. Se-
cond, in such crystallites, there is a disordering of the
cation sublattice, which arises due to the competi-
tion of different cations for identical crystallographic
positions. In the studied compounds, Gd, Lu, and Y
can occupy positions with a dodecahedral oxygen
environment, and Ga and Al — with octahedral and
tetrahedral sites (Figure 1). Samples of GYAGG and
GLAGG translucent ceramics were obtained at the
National Research Center Kurchatov Institute (Rus-
sia) from coprecipitated raw materials with a purity
not worse than SN, compacted into tablets 15 mm in
diameter by uniaxial pressing at a pressure of 60 MPa
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and annealed in an argon atmosphere at a tempera-
ture of 1600 °C for 4 hours. An additive in the form
of a suspension of Gd,O, oxide was dropped into the
solution at the final stage during the coprecipitation
of the composition. After sintering, the samples were
polished on both sides to a thickness of 0.5 mm, their
density was no less than 98.6 % of the theoretical
value, and the optical transmission was no worse than
30 %. The hardness of the samples was 8§ (Moos). The
studied samples of ceramics, according to X-ray lu-
minescence analysis, contained a single garnet phase
(PDF [00-046-0448]), and the grain size according to
scanning electron microscopy was 5—10 pum.

Figure 1 — Schematic presentation of the crystal structure
of the quaternary garnet Gd, ;Y sAl,Ga;0,, created with
VESTA software package [17]

A single crystal sample (Gd,Y),;Ga;Al,0,,:Ce
[13] with a scintillation yield of 50.000 ph/MeV was
chosen to be a reference. To mimic translucent ce-
ramic the crystal surface was ground. Since the ce-
ramic scintillator samples were translucent, the scin-
tillation yield was estimated by comparison of the
radioluminescence (XRL) spectra. The radiolumi-
nescent properties were evaluated at excitation with
BSV-2 X-ray tube (copper anode, 30 kV, 10 mA)
by MDR-23 LOMO monochromator (spectral width
2 nm) and FEU-106 V photomultiplier tube in a pho-
ton counting mode. The spectra were corrected for
spectral sensitivity. The scintillation kinetics was
measured by the standard start-stop method as de-
scribed in [2].

Results and discussion

Figure 2 shows the XRL spectra of ceramic
samples in comparison with a single crystal sample,
measured in the geometry of 45°. Comparison of
the areas under the XRL curves allows to estimate
the scintillation yield of GLAGG samples as 52650

+/-1000 ph/MeV, respectively, while for GYAGG
ceramics at the level of 48250 +/- 1000 ph/MeV.
The good coincidence of the X-ray spectra of the
GLAGG samples is remarkable, which indicates the
reproducibility of the technology for the scintilla-
tion ceramics. All bands have a complex structure;
a long-wavelength shoulder is observed in the XRL
spectra, which is apparently due to the difference in
the emission spectra of Ce*" ions depending on the
cationic environment of Ga and Al ions.

50000
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5 30000 {

£'25000

w

=

2 20000 {

™ 15000 GYAGG

10000 1
5000 A
0

500 550 600 650 700 750
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Figure 2 — Radioluminescence spectra of GLAGG ce-
ramic samples (violet and red curves), a GYAGG ceramic
sample (blue curve) and a GYAGG single crystal (black

curve) measured at room temperature

Table shows some of the physical and scintilla-
tion properties of the obtained ceramics in a compari-
son with the GYAGG single-crystal sample, which
allows considering the possibility of the application.

The sample with lutetium shows the highest scin-
tillation yield. An incorporation of Lu ions into the lat-
tice leads to an increase in the role of scintillation cre-
ation mechanisms due to interaction with self-trapped
states in the lattice: auto-localized holes (ALH) and
auto-localized excitons (ALE). In contrast to the yt-
trium ion, lutetium has a high nucleus charge, higher
than that of gadolinium; therefore, the formation of
photoelectrons when interacting with gamma-quanta
occurs mainly on electronic shells of lutetium ions.
For this reason, holes are formed and localized pri-
marily in polyhedra occupied by lutetium ions. Lat-
tice excitons of the ALE type are rapidly converted
into excitons of the Frenkel type, localized on the
gadolinium sublattice; however, self-trapped holes
can additionally excite Ce*" ions both due to dipole-
dipole interaction and due to sequential capture:

e +ALH +Ce’" — ALH*+ Ce*" — Ce**,
e+ ALH +Ce*" — Ce*'+e- — Ce*',

where * means an excited state.
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Table

Density and scintillation parameters of the materials

. Light yield Decay constant XRL maximum
3 ghty 9 y 9 5
Sample Dencity, g/cm ph/MeV ns (%) am
GYAGG 36 (80)
(single crystal) 386 50000 97 (20) 335
20(10)
?Z;:glc‘ ) 5.85 48 250 51(85) 535
ceramics 120(5)
23(60)
E(}:I;;:rii(zs) 7 52 650 61(30) 525
600(10)

This additional channel for the transfer of the
electronic excitations leads to an increase in the scin-
tillation yield in GLAGG, respectively.

Thus, it can be argued that an enlarging in the
structural disorder in the crystal upon partial replace-
ment of gadolinium by lutetium ions leads to an in-
crease in the set of mechanisms for the transfer of
excitations of nonequilibrium carriers to Ce** ions,
which enhances the scintillation yield.

As seen from Table 1, the presence of a ten per-
cent fraction of 600 ns slow scintillation component
in the GLAGG sample is noteworthy. At the same
time, ceramics samples do not exhibit phosphores-
cence, which is a characteristic property of the crys-
tals of the gadolinium-aluminum-gallium garnet
family [2].

Conclusion

The results of evaluating the scintillation proper-
ties of ceramic samples of Ce doped quaternary gar-
nets (Gd,Y),Ga;Al,0,, and (Gd,Lu);Ga;Al,0,, are
presented. It was shown that the samples prepared
with deviation from the stoichiometry in Gd content,
particularly the Lu-containing sample, demonstrate a
light yield of = 52.000 ph/MeV. This is comparable
to the GYAGG single crystal scintillator, which was
recently produced. At the same time, a significant
fraction (=60 %) of the component with a decay
constant of =20 ns is observed in the scintillation
kinetics. A combination of GLAGG density, high
scintillation yield, and short decay time makes this
material a promising candidate for use in the next
generation of medical diagnostic devices, especially
in positron emission tomography scanners.

The disordered materials of quaternary garnets
have a great potential for further improvement. It
can be assumed that in a four-cation system with a
garnet structure, the additional disorder introduced
by the random distribution of Gd and Lu ions, like
Al and Ga ions, also affects the multiplicity of non-
equivalent positions of the localization of Ce ions.
Of particular interest is the search for technologi-
cal solutions that preferentially stabilize Ce ions
in polyhedrons that provide the fastest scintillation
kinetics.
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Abstract

The main reason of voltage instability in stand-alone power supply systems is the electric drive motors
inrush current, which are usually higher than their nominal value. The most reasonable way to solve this
problem is using capacitive energy storage. The purpose of research is shape and measurement monitoring
of battery-capacitive energy storage device inrush current characteristics. Parameters comparative analysis
for lithium-ion battery (LIB) part and capacitive part of the energy storage device was holding with the two-
channel digital oscilloscope.

Measuring testing bench included parallel connected LIB part and capacitive part of the storage device
and connected to the power source. The LIB part of the storage device is made on the basis of the ATOM
10 multifunctional motor drive device of the new generation, which contains 15 V lithium-ion battery and
9.4 A-h capacity. The capacitive part of the storage device is the INSPECTOR Booster supercapacitor with
an 80 F electrostatic capacitance and 15.5 V voltage. A 12V AC/DC step-down converter was used as a
power source. An electric air automobile compressor M-14001 was used as a current drain. The testing
bench measuring part consisted of a two-channel digital oscilloscope and two standard measuring shunts
with 15000 pOm resistance serial attached to LIB part and capacitive part of the storage device. Shape and
measurement monitoring of inrush current characteristics of LIB part and capacitive part of the energy sto-
rage device was held synchronously using a two-channel digital oscilloscope with recording data to FAT32
file system USB flash drive. Obtained data was transferred to a personal computer and analyzed.

The measurement results showed that 82.3 % of the energy losses compensation of the motor start is taken
over by the capacitive part of the energy storage device, what makes longer LIB’s life. By adjusting the oscillo-
scope sweep trace index you can analyze more detailed time response shape and its duration. The values of the
inrush current amplitudes were calculated in proportion to the voltage drop on the shunts and their resistances.

The developed method for monitoring shape and measurement inrush current characteristics can be used
in various technical applications: smart stand-alone photovoltaic system, uninterruptible power supply de-
vices, electric drive control systems, etc.

Keywords: charging and discharging characteristics, Li-ion battery and supercapacitor energy storage de-
vice, standalone photovoltaic system, supercapasitor.
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PEFI/ICTpaHI/IH (l)OpMI)I U U3MEPECHUEC ITYCKOBLIX Pa3spsaAaHbIX
XaAPaAKTCPUCTUK aKKYMyJIHTOpHO-éMKOCTHOFO HAKOIIUTEJIHA
IICEKTPOIHEPIUHA C IPUMCHCHUEM NBYXKAHAJIBHOI'0
nupposBoro ocuuIorpaga

B.I1. Bacusiesuu, M.E. 30b1muHcKasn

benopycckuii 2ocyoapcmeenviii yHugepcumen uHQOpMamuxu u paouod1eKmponuKu,
ya. I1. Bposxu, 6, 2. Munck 220013, berapyco

Hocmynuna 19.10.2021
Hpunama k neuamu 02.12.2021

OnHOM W3 OCHOBHBIX MPUYHH HECTAOWIBHOCTH HANPSIKCHHS B AaBTOHOMHBIX CHCTEMax 3HEProoOecredeHus
SIBIISTIOTCSI ITyCKOBBIC TOKH JBUTATEJICH AIIEKTPOIPUBOAOB, MHOTOKPATHO MPEBBIMIAIOIINE HX HOMHHAIBHOE 3HAYCHUE.
Hambonee pannoHaIbHBIM ITyTEM pEIICHHUS 3TOH MpOoOJIeMbl MPHU3HAHO HCIONb30BaHHE EMKOCTHBIX HAKOIIHTENCH
sHepruu. L{enbio naHHO# padoTHI ABISIACH PETUCTPAIHst (OPMBI M U3MEPEHHE MYCKOBBIX Pa3psIHBIX XapaKTEPHUCTHK
AKKYMYJISTOPHO-EMKOCTHOTO HAKOITUTEIIS JIEKTPOIHEPTHH C TPUMEHEHUEM IByXKaHaJIFHOTO H(POBOTO ocumimiorpaga
JUTSL CPAaBHUTEIFHOTO aHAJIH3a MapaMeTPOB aKKyMYIIATOPHON 1 EMKOCTHOM JacTel HAKOTIATEIIS.

Pa3pabotan W3MEpHTENBHBI CTEHIl, B KOTOPOM aKKYMYJSTOpPHAass W EMKOCTHAsS YacTH HAKOIHTEINS COCIUHCHBI
MapauIeIbHO M TIONKITIOYCHBI K MCTOYHUKY SIICKTPOIHEPTHH. AKKYMYJSITOpPHAs 9acTh HAKOITUTEIS BBIMIONHEHA Ha 0ase
MHOTO()YHKIIMOHAIBHOTO ITyCKOBOTO yCTpoicTBa HOBOro mnoxosieHnsi ATOM 10, nmeromero B cocraBe JIMTHH-HOHHYIO
aKKyMYJIATOpHYIO Garapeio HanpsukenneM 15 B, émkoctbio 9,4 A-u. EMKocTHas 4acTh HaKONMTeNs MpeicTaBisna coboit
myckoBoe ycTpoicTBo cynepkoHaeHcatopHoro tuna INSPECTOR Booster ¢ anekrpocrariueckoit éMkocthio 80 @ mpu
HarpspkeHud 15,5 B. B kauecTBe MCTOUHIKA SHEPT U UCTIONB30BaJICs ToHMmKaromii A C/DC-mipeoOpa3oBaTeb HarpsyKeHHEM
12 B. B kauecTBe Harpy3kd HCIOJIB30BAJICS JJIEKTPOABUraTelb IMPUBOAA BO3AYLIHOTO aBTOMOOHMIBHOTO KOMIIpECCOpa
M-14001. M3meputernbHas 4acTh pa3pab0OTaHHOTO CTEH 1A COCTOsIIA U3 IByXKaHAIBHOTO HU(ppoBoro ocumuiorpada tuma C8-
46/1 1 ABYX CTaHAAPTHBIX H3MEPUTEIBbHBIX ITyHTOB THIA 7511ICM 3-5-0,5 conporusiernem 15000 MkOMm, mocea0BaTeIbHO
TOZIKITIOYEHHBIX K aKKyMYIIITOPHON U EMKOCTHOH YacTsIM HAKOIUTEIISI COOTBETCTBEHHO. MccnenoBanue hopMbl 1 I3MEPEHUS
BEJIMYMH ITyCKOBBIX Pa3psAAHBIX TOKOB AKKyMYISATOPHOM M EMKOCTHOW HYacTel HAKONUTENS MPOBOIMINCH CHHXPOHHO
C WCTIONB30BaHHEM IBYXKaHAJIBHOTO IH(POBOTO ocrmimiorpada ¢ 3amichio Ha AEKTPOHHBIN HOCUTENb B (aillioBON CHC-
teme FAT32. [Momy4yenHas nHGOpMAI TIEpeHOCHIACH Ha TIEPCOHAIBHBIN KOMITHIOTEP 1 aHATIM3UPOBAIACH.

Pesynprarel u3mepeHumii mokaszand, 4To 82,3 % KOMIIEHCAnWi IMOTEph DHEPrUM Ha IYCK 3JIEKTPOABHIATEINS
NpUHUMAET Ha ceds EMKOCTHAs YacTh HAKOIMTEJs, YTO MPOAJIEBAET CPOK AKCILTyaTallMl aKKyMYJISATOPHOW Oarapew.
Perynupys koadduumeHT pazBEpTkH ocuuiuiorpada, MOKHO JEeTalbHO HCClenoBarh (OpMy MEpEXOopHOro Tporecca
U €ro NpOAOJKUTENBHOCTb. 3HAYEHUs AMIUIMTYJ IYCKOBBIX TOKOB PAaCCUUTBHIBAIHUCH MPONOPLUUOHAIBHO MaJEeHHUIO
HaNpsDKEHUS Ha IIYHTaX U UX COMPOTHUBICHUSM.

Paspabotanusbiit MeTon peructpanuu GOpMBI U U3MEPEHUS ITYCKOBBIX XapaKTEPUCTHK MOXKET HANTH MPUMEHEHHS
B PAa3IMYHBIX TEXHUYCCKUX MPHIOKEHUSIX: ABTOHOMHBIX HWHTEUIEKTYAIbHBIX (DOTOINEKTPHUSCKUX CHCTEMAax
ANEKTPOCHAOKEHHUSI, yCTPONCTBAX OecrepeOOHHOTO AIEKTPONUTAHNS, CUCTEMAaX YIIPABICHHUs YIEKTPOIPUBOIOM U JIP.

KaroueBble ciioBa: 3apsSAHO-pa3psAHbIC XapAKTCPUCTUKHU, aKKyMyJIHTOpHO-éMKOCTHLIﬁ HAKOIIUTECJIb DJICKTPOIHCPIUH,
AaBTOHOMHAas (1)OTO3J'IGKTPI/I"IGCKEIH CHUCTEMA, CYIICPKOHACHCATOP.
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Introduction

One of the reasons of unstable electricity os-
cillation by stand-alone renewable energy systems
hides in energy consumption structure. Nowadays
more than 50 % of world generated electricity is con-
sumed by electric drives. Energy consumption start-
up modes is are typical for AC and DC electric drives
and can lead to in electric networks voltage drop and
failures in their work. Currently, a significant result
in voltage stabilization is achieved by using batteries
as energy storage devices [1].

First of all, ground-based and space-based stand-
alone photovoltaic (PV) power supply systems are
equipped with battery energy storage devices [2].
However, using of electrochemical energy sources to
amend start-up modes in power supply system isn’t
an optimal solution. Electrochemical energy sources
are quite expensive, have a short-live and unable to
deliver high power to the current drain without degra-
dation. They are charging and discharging slowly [3].

Currently, supercapacitors are being intensively
researched for being used as a storage of electrical
energy. They have noticeable advantages over bat-
teries in terms of charge and discharge cycles num-

ber, charging and discharging speed, power amount
delivery and the durability [4-9]. A full replacement
of batteries with supercapacitors in energy storage
is still impossible due to their low storage density.
Although there is a publication about the samples of
a graphene supercapacitor, which energy capacity
reaches the lithium-ion battery’s energy capacity [3].

The use of hybrid battery-capacitive storage
devices is being intensively studied and seems to
be relevant and promising direction in stand-alone
PV system and grid power supply systems develop-
ment [10—12]. The industrial use of such storage de-
vice requires a non-standard approach in the field of
control and monitoring circuitry, because two parts
of the storage device operate on different physical
principles. The research task was to make a compa-
rative analysis of the battery-capacitive energy sto-
rage device parameters.

Main body

Stand-alone photovoltaic system (SAPS) is
successful and cost-effective solar energy project.
The block diagram of an SAPS is in Figure 1.

J‘ J— DC24V
DC [ d
BEHEI}' Ca;}a Cﬂjﬁ-"& AC"DC c;e
Solar panel Thaes storage storage converter rcuit
regulator s

Figure 1 — The block diagram of an stand-alone photovoltaic system with the battery-capacitive energy storage

The SAPS power ranges from 0.1 kW if it’s used
as a power supply of security systems up to 256 kW
if it’s used as a life support of the international space
station. It is expected that if SAPS is equipped with
hybrid battery-capacitive storage device it will sig-
nificantly increase its applicability and improve its
capacity for inrush current drain compensation. Fi-
gure 2 shows the block diagram of the developed
testing bench for the shape and measurement moni-
toring of inrush current characteristics of a hybrid
battery-capacitive energy storage.

The lithium-ion battery (LIB) part of the sto-
rage device is the “ATOM 10” multifunctional motor
drive device of the new generation, manufactured in
RF, which contains lithium-ion battery with 9.4 A-h
capacity, 15V peak voltage and 300 A inrush cur-
rent.

The capacitive part of the storage device is the
INSPECTOR Booster supercapacitor manufactured
in ROK. The main feature of this type of devices is
the absence of built-in batteries. Instead of batteries
in this device is used a block of supercapacitors with
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80 F electrostatic capacitance, 15.5 V voltage capa-
bility and 800 A inrush current. The application of
such capacitive storage allows to guarantee its work
if the open circuit voltage of the power sources is not
above 15.5 V.

Energy
source
Battery charge
regulator
Two-channel digital
oscilloscope
= =21
i I Rshl LIB S1
= "
Rsh? SC S2
—— "
(a0 >
@ -

Figure 2 — Block diagram of the developed testing bench
for the shape and measurement monitoring of inrush cur-
rent characteristics of a hybrid energy storage

In developed testing bench battery and capacitive
energy storage parts are joined-up in parallel and con-
nected to the power source with the built-in charge ad-
justment device of the “ATOM 10” and the blocking
diode. Adjustment device is used as maximum vol-
tage limiting of storage device at 15 V. The blocking
diode prevents the backstreaming of electrical current
from the storage device into the energy source.

Testing bench allows to work with different
power suppliers such as electrical grid with a step-
down AC/DC converter (220 V, 50 Hz/12 V), or a
12 V solar battery or a 12 V DC car power grid, etc.
In this research was used a step-down AC/DC con-
verter which is turns off after full charging of the hy-
brid battery-capacitive energy storage and during the
study of inrush charging currents.

As the current drain was used a DC electric air
automobile compressor M-14001M manufactured
by Mega Power, PRC. It is capable to simulate the
charging current instability of the battery and capaci-
tive parts of the energy storage.

The recommended supply voltage of electric air
automobile compressor is (12-13.5) V. The maxi-
mum current consumption is 14 A. The current con-
sumption value can be adjusted by increasing or de-
creasing pressure in the airline and controlled with
the built-in manometer.

The testing bench measuring part consisted of
a two-channel digital oscilloscope and two standard
measuring shunts Rsh1l and Rsh2 with 15000 pOm
resistance which serial attached to LIB part and ca-
pacitive part of the energy storage device. Oscillo-
scope was used for monitoring shape and measure-
ment parameters of single and periodic electrical
signals in the frequency range up to 60 MHz with a
maximum sampling rate of 1 GS/s and an equivalent
frequency of 25 GS/s. The oscilloscope has two syn-
chronous channels equipped with A/D converter and
attenuators.

Analyzed signals are fed to the inputs of the at-
tenuators, where the synchronization signals are gen-
erated, which are fed to the synchronization circuit.
As well as the signals fed to the inputs of two A/D
converters, which convert the analog signals into a
digital code processed in the conversion device. The
oscilloscope provides digital measurements of volt-
ages, time intervals impulse front and fall time and
amplitudes of periodic signals.

Measuring electrical shunt is a conductor with
ultra-low resistance, or a low-resistance resistor. The
shunts can be used for DC current measurements
in the range of 5-15000 A. Shunt resistance ranges
from 5 pQ to 15000 pQ. The rated voltage drop of
the shunt is 75 mV. The maximum permissible basic
error of shunts §, at any current drain not more than
+0.5 % or £1.0 % of the rated resistance. Accor-
dingly, the accuracy class of shunts for 5 A is 0.5 and
for 15000 A shunts — 1.0.

The current is measured in following man-
ner (Figure 3): the voltmeter is connected to the
shunt with potential fan. The moment the current
flows through the current shunt, a voltage drop
measured by the voltmeter occurs at the potential
fan. The current strength is determined by dividing
measured voltage by the electrical resistance of the
shunt — 15000 pOhm.

Shape and measurement monitoring of inrush
current characteristics of a LIB part and capacitive
part of the energy storage was carried out according
to the block diagram of the testing bench on real time
basis synchronously with using a two-channel digi-
tal oscilloscope and recording on FAT32 file system
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USB flash drive. Obtained data was transferred to a
personal computer and analyzed.

AY : o o =
—+ +=
Measured
current Shunt

O
Voltmeter
Figure 3 — Shunt connection to voltmeter

It is convenient to monitor the shape of the dis-
charge current triggering pulses by changing the
index of the sweep trace (Figure 4).

The input of channel 1 (Chl1) from the shunt Rsh1
is supplied with a signal from the LIB part of the ener-
gy storage device (blue color trace of the oscillogram),
the input of channel 2 (Ch2) from the shunt Rsh2 is
supplied with a signal from the capacitive part of the
energy storage device (yellow color trace of the oscil-
logram). As you can see from the oscillograms, a de-
crease in the sweep trace allows to analyze the shape
and duration of the trigger pulses more detailed.

From the oscillograms we know the scale of the
measured voltage and counting the divisions’ number
from the zero to maximum of steps height, we also
know the resistance of each shunt (15000 pOhm),
and so we can determine the voltage and calculate
the values of the inrush currents amplitudes.

Measured data from oscillograms (Figure 4a)
are in the table.

Figure 4 — Triggering pulses oscillograms which were recorded at sweep traces of 1 s/div (a) and 2 s/div (b)

Table

The results of measuring the inrush discharge characteristics of the hybrid LIB-capacitive energy storage

Typ.e of energy storage Shunt voltage, mV Shunt resistance, pOm Inrush current
device amplitude, A
LIB part 80 15000 53
Capacitive part 440 15000 293

Data in the table shows that 82.3 % of the
compensation for electric motor start energy losses
is taken over by the capacitive part of the energy
storage device, what prolongs life of expensive LIB
storage devices.

Conclusion

On the basis of modern charging and motor
drive devices was developed a hybrid lithium-ion

battery-capacitive energy storage device. A measu-
ring unit was based on a two-channel digital oscil-
loscope and method of synchronous registration and
measurements of stationary and mutual characteris-
tics of lithium-ion battery part and capacitive part
of the energy storage device. Experimental research
have been carried out inrush current parameters con-
sumed by an electric air compressor. This research
clearly demonstrate the advantages of a hybrid sto-
rage device.
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The developed method for monitoring shape and
measurement inrush current characteristics can be
used in various technical applications: smart stand-
alone photovoltaic system, uninterruptible power
supply devices, electric drive control systems, etc.
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Abstract

The correlation method for measuring of the coolant flow rate is used in the operation of nuclear power
plants and is widespread in research practice including study of turbulent flows hydrodynamics. However
the question of its applicability and possibilities in studies using the matrix conductometry method remains
open. Earlier the algorithm for determining of the correlation flow rate using a conductometric measuring
system was highlighted and the error of the results obtained was estimated and the dependence of the influ-
ence of noise and the time of data collection on the reliability of results was investigated. These works were
carried out using two independent mesh sensors and the issue of the resolution of local velocity compo-
nents was not covered. The purpose of this work was to test the correlation method for measuring velocity
with temporal and spatial sampling using two-layer mesh conductometric sensors.

As the result velocity cartograms were obtained over the cross-section of the experimental model with
quasi-stationary mixing and the value of the average flow rate is in good agreement with the values obtained
from the standard flow meters of the stand. Also measurements were carried out at a non-stationary setting
of the experiment and realizations of the flow rate and velocity components of the flow at the measuring
points were obtained.

Analysis of the obtained values allows to conclude about the optimal data collection time for correlation
measurements, as well as the reliability of results.

Keywords: correlation flow meter, spatial and temporal discretization, spatial conductometry, emergency
processes in a nuclear power plant.
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IIpuMeHeHne KOPPEJIILMOHHOI0 METO1Aa U3MEPEHUH
JJISE BOCCTAHOBJICHUS PO UJIA CKOPOCTH

C IPOCTPAHCTBEHHOM U BPEMEHHOU TUCKpeTH3anmen
[PU UCCJICAOBAHUAX TUAPOAUHAMUKH TYPOYJICHTHBIX
MOTOKOB Ha 0a3e MeT0/1a MATPUYHOM KOHAYKTOMETPUH

C.M. Z[MI/ITpI/IeBl, A.E. XpoﬁocmBl, JI.H. Co.mmenl, A.A. Bapnﬂonz, A.A. ‘Iecnoxonz,
H.A. Konosanos”, M.A. MaKaPOBl, T.K. 3blpsm03a1

1 o o o
Huoicecopodckuii cocyoapemeennviii mexnuueckuti ynusepcumem umernu P.E. Anekceesa,
vi. Mununa, 24, 2. Huscrnuii Hogeopoo 603950, Poccus

240 «OKBM Agpuranmosy,
bypuaxosckuii npoeso, 15, e. Huowcrnuti Hogzopoo 603074, Poccus

Tocmynuna 19.10.2021
Ipunama k nevamu 01.12.2021

KoppensimoHHbI# METOJT N3MEPEHHsI PacXo/ia TETUIOHOCUTENS IPUMEHSIETCS TTPH IKCIUTyaTalluu saep-
HBIX PHEPTeTUYECKUX YCTAHOBOK M IMIMPOKO PACIPOCTPAHEH B MICCIIENOBATENHCKOM PAKTHKE, B TOM YHCIIE,
JUTSE I3y4eHUs THAPOAMHAMUKA TYpOYJIEHTHBIX MOTOKOB. OHAKO BOMPOC O €r0 MPUMEHUMOCTH U BO3MOXK-
HOCTSX TIPH UCCIIEOBAHUAX C UCTIONH30BAHUEM METOa MaTPUIHONW KOHAYKTOMETPHH OCTA€TCS OTKPBITHIM.
B panee npoBeneHHBIX paboTax OBUT OCBEIIEH ANTOPUTM OIPENEIeHUs KOPPEISIIMOHHOTO pacxo/ia ¢ Mc-
MOJIb30BaHUEM KOHAYKTOMETPHUIECKOH N3MEPUTEILHON CHCTEMBI U OIleHeHa TIOTPEITHOCTH ITOJTy9eHHBIX pe-
3yJbTATOB, a TAKXKe OblIIa MCCIIe0BaHa 3aBICHUMOCTh BIMSIHHA IIIyMa W BpeMeHH cOOpa JTaHHBIX Ha JIOCTO-
BEPHOCTH IMOJyYEeHHBIX pe3ynbTaToB. OMHAKO, TaHHBIE paOOTHI OBUIH MPOBENEHBI C MCTIOIB30BAaHUEM JIBYX
HE3aBHCHUMBIX CETYaTBIX JIATINKOB W BOMPOC O Pa3pPEIICHNH JOKaJbHBIX CKOPOCTHBIX KOMIIOHEHT HE OBLT
OcBeII€H. B cBs3uM ¢ 3TUM 11eTbI0 JaHHOI paOOTHI SBISIIOCH MPOBEIEHUE alTPOOAITHH KOPPEISIIIMOHHOTO Me-
TOJ/Ia U3MEPEHHUSI CKOPOCTH C BPEMEHHOU M MPOCTPAHCTBEHHOW AMCKPETH3AINeH C MCIIONb30BaHUEM JIBYX-
CIIOWHBIX CETYATHIX KOHIYKTOMETPHUYECKUX JATUUKOB.

[Torydensr KapTOrpaMMbI CKOPOCTH 110 CEUEHHUIO IKCTIEPUMEHTAIFHOW MOJIENH TIPH KBa3uCTAaIMOHAp-
HOM CMEIIIEHUH, a 3HAUEHUE CPEeIHEPACXOTHONH CKOPOCTH XOPOIIO COTJIACYETCS CO 3HAYCHUSMU, MOTydeH-
HBIMH CO IITaTHBIX PACcXOJOMEPOB cTeHa. [IpoBeneHsr m3MepeHus pHU HeCTAIlOHAPHON TTOCTaHOBKE JKC-
MepUMEHTA U TIOJYUYEeHBI peaTN3allii PacXxoAa U CKOPOCTHBIX KOMITOHEHT IMTOTOKA B U3MEPHUTEIHHBIX TOUKAX.

AHanu3 MoTy9eHHBIX 3HAYEHHUH MO3BOJISET CJENaTh BHIBOJI 00 ONTHMAbHOM BPEMEHHU cOopa JTaHHBIX
NP KOPPEISIIIHOHHBIX U3MEPEHHSX, a TAKXKE O JIOCTOBEPHOCTH IMOTyYEHHBIX PE3yIIbTATOB.

KuroueBsble ciioBa: KOppeIsSLUOHHBIA PacXoJ0Mep, MPOCTPAHCTBEHHAS ¥ BpEMEHHAsI TUCKPETU3ALNs, TIPO-
CTPaHCTBEHHAsI KOHAYKTOMETPHS, aBapHUiHbIe Mpolecchl B DY
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Introduction

In the course of developing new designs
of reactor plants work is underway to solve the
problems of increasing the reliability, safety and
efficiency of operation of power units which re-
quires computational and experimental studies.
One of the problem of substantiating the safety
of a power unit is the computational modeling
of thermohydraulic processes under emergency
operating conditions which are distinguished by the
unsteady of the ongoing processes [1-2]. Justifica-
tion of the applicability of the computational mo-
dels used requires validation experiments which,
in turn, raises the question of developing new sys-
tems for monitoring and recording local flow cha-
racteristics with spatial and temporal sampling.
One of these characteristics is the value of the
coolant flow rate.

At the moment the correlation method for
measuring of the coolant flow rate is widely known
the main requirement of which is the presence in
the flow of some passive scalar function (tracer),
convectively transferred together with the
medium. It allows one to implement correlation
measurements using various methods for
measuring of flow properties: temperature, content
of radioactive isotopes, optically distinguishable
impurities, etc. [3—4]. This approach assumes
determination of the transit time of the disturbance
of the measured quantity (the so-called turbulence
transport time) between the sensitive elements
of the system which are located at some distance
from each other.

The algorithm for the correlation determination
of the flow wvelocity using a conductometric
measuring system, considered and tested in [5]
based on calculating the position of the maximum
of the cross-correlation function (CCF) cor-
responding to the time of turbulence transport
between the sensors showed a small relative error
which allows to speak about the applicability
of this method in experimental studies using a
conductometric measuring system. In previous
studies it was concluded that the contribution of
noise to the error in determining the maximum
CCF which was calculated in accordance with the
method proposed in [6] was concluded. In addi-
tion, a study of dependence of the variance of
readings on the time of data collection showed
that a good accuracy in determining the maximum

CCF is maintained when the data collection time is
reduced down to 1 second.

The purpose of this work was to test the
correlation measurement method for reconstructing
the flow velocity field with spatial and temporal
sampling based on the matrix conductometry method
using a two-layer mesh sensor design.

Test facility

The general scheme of the test facility (Figure 1)
assumes the organization of an experimental mode
with isothermal mixing in an open circulation loop
(for studies using flows with different concentra-
tions of impurities) and non-isothermal mixing when
using flows with different temperatures.

The equipment of the test facility makes it pos-
sible to create laminar, transient and turbulent flows
(at Reynolds numbers Re up to 20-10°) at different
temperatures, flow rates and impurity concentrations
in mixing coolant flows. The main parameters of the
test facility are presented in Table 1.

Table 1
The main parameters of the experimental stand

Parameter Value
The total power of the heaters, kW 12
Flow through test model, m*/hr Upto2.1
Temperature of the mixing flows, °C 10-60

Measurement system

In experimental studies, a measuring system,
consisting of an electrical impedance measuring
system LAD-36 and a two-layer wire mesh sensor
(WMS) [7-10] was used. The general view of the
system is shown in Figure 2.

A distinctive feature of a two-layer WMS in
comparison with a single-layer WMS is the use of
two layers of receivers located symmetrically rela-
tive to the layer of generators (Figure 3).

This feature makes it possible to implement two
measuring planes in one WMS housing and to mini-
mize the distance between the measuring sections.
The measuring planes are formed by a set of mea-
suring cells formed by the imaginary intersection of
the electrodes of the receiver layer and the generator
layer.
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hot line

cold line
entry section
supply pump
drainage line

X
v

Figure 1 — Hydraulic diagram of the test facility: 1 —hot line circulation pump; 2 — make-up for us hotline; 3 — cold
line circulation pump; 4 — make-up pump of the cold line; T1 — cold feed tank; T2 — hot feed tank; DT — drainage tank;

TM — test model

Figure 2 — General view of a two-layer conductometric
sensor

T TSR receiver

generator

receiver

\

=

Figure 3 — Scheme of the mutual arrangement of the elec-
trodes of a two-layer sensor

Experimental setup

The measurements were carried out in an ex-
perimental model with a square cross section of
50x50 mm , the general view of which is shown in
Figure 4. The WMS was installed in the zone of in-
tensive mixing at 650 mm from the edge of the divi-
ding wall.

The matrix of experimental regimes included
developed turbulent flows with flow rates rang-
ing from 1.0m’/h (Re=10-10%) to 2.1 m*/h
(Re = 19-10%) in a steady and unsteady setting (with
a change in flow rate during the experiment). The
actual flow rate was recorded using high-precision
flow meters for each of which an individual calibra-
tion was carried out.

The study of the influence of the time discretiza-
tion of the measuring signal on the obtained readings
was carried out by dividing the initial signal into a
given number of time intervals, for each of which the
position of the maximum of the correlation function
of specific electrical conductivity X(¢) and Y(¢) deter-
mined in the measuring cells of a two-layer mesh sen-
sor. In accordance with the methodology described
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in [4], the discrete CCF of time sequences X(#) and
Y(¢) was calculated according to (1), and the average
flow rate was determined using a weight factor that
takes into account the position of the measuring cell
and the correlation coefficient of the conductivity:

R (X.,Y)=

1 LNZ_jx -y (1)
JR.(O)R, (0) NiZ " 7"

Wire mesh sensor 2

is CCF normalization pa-

1
M TR (0)R, ()

rameter; x, is conductivity received from the first
layer of WMS; y, is conductivity received from the
second layer of WMS; N is the number of time sam-
ples in the realization.

Wire mesh sensor 1

100 100 _100_ 100 100
X
° e
Flow 1 : e W oo (W worase P
Flow 2 e —— s
,,,,,, ] P
NS ) ) o
wy
20 590 ]
1875

Figure 4 — Test model

As a result of the analysis of the experimental
data, the realizations of the values of the velocity
components of the flow at the measuring points were
obtained formed by a pair of measuring cells of the
first and second layers of the WMS which are loca-
ted in accordance with the accepted numbering of the
cells shown in Figure 5.

D(©)17IEIAEIE)
(2)10/18)20(39@(0 68
OIDDIYEDICRICNED
(41220033044 (52(60
OBIIIDIEYICEIEDIE)
OUDIPITIETICTIENE)
(D1HCIGIEIEDEIE
(8)1629(2(40(49 (5664

Figure 5 — Measuring cells of the wire mesh sensor

Measurement results

As a result of the measurements, the instanta-
neous values of the conductivity were obtained in
the measuring cells of the sensor from which the
CCF was calculated. Figure 6 shows an example of

realizations of the conductivity of the first and
second measuring cross sections and their CCF for a
stationary flow regime with Re = 18-10°.

The conductivity implementations practically
coincide in their appearance with a relatively small-
time shift, which indicates the predominant preserva-
tion of the flow structure along the path between the
measuring sections and is confirmed by a high level
of correlation of readings.

Table 2 shows the values of the flow rate and
velocity in the experimental model obtained by the
correlation method in comparison with the values of
standard flow meters.

The obtained relative error decreases with an
increase in the Reynolds number, and its small value
allows us to speak about the possibility of using the
correlation method for measuring the velocity when
using a two-layer WMS with arelatively small distance
between the measuring sections, to restore the velocity
field in the cross section of the experimental model.

The resulting velocity cartograms in the cross-sec-
tion of the experimental model are shown in Figure 7.

The presented figures indicate that the spatial
values of the velocities obtained in this way reflect the
presence of an irregularity of the profile in the cross
section of the model, and the nature of the irregularity
is consistent with the shape of the velocity profile at a
steady turbulent flow regime with a formed flow core.
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Figure 6 — An example of realizations of conductivity and their cross-correlation function for the mode Re = 18-10°

Table 2
Comparative analysis of values
Re -10°

Parameter

10 15 18 19
Consumpt19n according to readings of standard flow 1726 25.76 143 1.6
meters, 1/min
Average flow rate according to readings of standard flow 0.115 0.172 0216 0218
meters, m/s
Correlation flow rate, I/min 18.60 25.90 33.00 33.6
Correlation average flow rate, m/s 0.124 0.185 0.227 0.224
Relative speed error, % 7.8 7.5 5.1 2.7

When setting an unsteady mixing mode, the flow
rate through the experimental model was changed by
adjusting the shut-off valves installed at the outlet of
the experimental model. The realizations of the flow
rates of the mixing flows and the average flow rate in
the model according to the readings of standard flow
meters are shown in Figure 8.

As a result of the oversampling of the original
implementation and further calculation of the CCF by
the windows, realizations of the velocity components
of the flow were obtained, which were used to deter-
mine the correlation flow rate through the experimental

model. The correlation flow rate depending on the sam-
pling period in comparison with the total flow rate ob-
tained from standard flow meters is shown in Figure 9.

As can be seen from the presented dependences,
with an increase in the sampling frequency (a decrease
in the data collection time), errors arise in determi-
ning the flow rate by the correlation method, and with
a decrease, the implementation is smoothed, which
leads to the exclusion of high-frequency ripples from
the implementation. Based on the foregoing, the op-
timal polling period for correlation measurements on
this WMS design is 2 seconds.
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Figure 7 — Cartograms of velocity depending on the flow regime
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Figure 8 — Realization of flow rates and average flow ac-
cording to the readings of standard flow meters
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Figure 9 — Comparative chart of expenses

Realizations of the correlation velocity at mea-
suring points 33, 36 and 40, which are located at the
periphery and in the centre of the model section, with a
sampling period of two seconds are shown in Figure 10.

— Measurement cell 33

— Measurement cell 36
Measurement cell 40

\\ /

N S5

Velocity, m/s
<
&

0 5 10 15 20 23 30
Time, s
Figure 10 — Realization of velocity at the peripheral and
central measuring point of the model section

It can be seen from these realizations that the
correlation values of the velocity correctly describe
the shape of the velocity profile and its change, with

the exception of periodic deviations caused by errors
in determining the maximum CCF.

Conclusion

The correlation measurements of velocity car-
ried out in this work using the method of matrix con-
ductometry demonstrated a small relative error when
using a two-layer wiremesh sensor which allows to
speak of the reliability of the results obtained and the
shape of the velocity profiles in the cross section of
the model.

Measurements carried out using oversampling
of the original implementation made it possible to
obtain high-speed realizations and realizations of
the flow rate depending on the time of data collec-
tion. These implementations in comparison with
the implementation of the flow rate from stan-
dard flow meters allow to speak about the possibi-
lity of using this measurement method when stu-
dying the pulsation components of the flow. Howe-
ver, there are limitations in the sampling period
which are associated with the impossibility of calcu-
lating the cross-correlation function with a short data
acquisition time (with this sensor design, the mini-
mum sampling period is two seconds).

Also, this measurement method can be used in
the study of non-stationary processes in models of
nuclear power plants which is necessary to substan-
tiate safety in emergency modes of operation.
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Abstract

Improving the efficiency of diagnostics of objects with layered structure as applied to detection of poorly
detectable material bonding defects is an important production task. The aim of the work was to experi-
mentally simulate ultrasonic scattering by samples of proposed defect simulator designs with discretely and
smoothly varying boundary conditions correlating with the phase response of longitudinal waves during their
interaction with the defect boundary of contacting materials.

A brief analysis of some methods and means for experimental simulation of the volume and surface wave
scattering at the interfaces of contacting materials as applied to improvement of method of detection of poorly
detectable adhesion defects of materials proposed earlier was carried out. For this purpose an immersion in-
stallation working in the shadow mode and allowing for simulation the spatial fields of scattered longitudinal
waves at inhomogeneous or defective adhesion boundaries was developed and constructed. It is assumed that
the waves interacting with such a boundary acquire a discrete or smoothly varying phase shift which signifi-
cantly affects the formation of the scattering field in its peripheral zone. The greater this shift, the stronger
these changes are, which can significantly increase the sensitivity of detection of poorly detected defects.

In order to increase the efficiency of such inspection and to develop its methodology a new principle
of simulation of such defects has been proposed.

Experimental study of longitudinal waves scattering using the developed installation and defect simula-
tors, simulating discretely and smoothly changing boundary conditions which are consistent with a change in
the phase shift of the scattered waves is carried out. The amplitude dependences of the scattering field vs. the
receiving angle received mainly in the range from -20° to +20° and the displacement of the simulated defect
relative to the axis of the probing acoustic beam were obtained.

As it has been established, there is a quality conformity between the calculated and experimental data.
The present study is of interest for solving a number of tasks of increasing efficiency of ultrasonic testing of
modern objects with layered structure and will contribute to practical application.

Keywords: ultrasonic wave scattering, non-uniform boundary conditions, defect simulator, phase shift,
acoustic load.
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Bausinue reoMeTpuy U rPAHUYHBIX YCJIOBUIl B 00J1aCTH
CHeIUIeHUsI MAaTEPHAJIOB HA paccesiHUE YJIbTPa3BYKOBbBIX
BOJIH. Y. 2. OCO0CHHOCTH IKCIIEPUMEHTAIBHOI0
MOJIeJTUPOBAHUSA
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[TopItieHne 3PPEKTUBHOCTH aKyCTHIECCKON JUATHOCTHKH OOBEKTOB CO CIOHCTOH CTPYKTYpPOH MpPHMEHH-
TEJIFHO K BEISIBJICHUIO CJIA00 BBIBISIEMBIX Ie(PEKTOB CIETICHUS MaTEPHAIOB SBIISICTCS BaYKHOM IPOU3BOJICTBEH-
HOIi 3aaueit. Llenb paOGoThl cocTosIa B AKCIEPUMEHTAIBHOM MOJIEITUPOBAHUM PACCESHUS YIbTPA3BYKOBBIX BOJIH
Ha 00pasnax npeIoKeHHBIX KOHCTPYKIHH HIMATATOPOB Ae(EKTOB C AUCKPETHO U IIABHO N3MEHSIOMIHMUCS Tpa-
HUYHBIMH YCIIOBUSIMH, KOPPEIUPYIOLIMMHU ¢ ()a30BON XapaKTEPUCTUKON MPOJOIbHBIX BOJIH B IIPOLIECCE UX B3aU-
MoAeHCTBYS ¢ e(h)eKTHON rpaHuIel KOHTAaKTHPYIOIIUX MaTepHaIoB.

IIpoBen€H kpaTkuii aHAIU3 HEKOTOPBIX METOJOB U CPEICTB KCIIEPUMEHTAIBHOIO MOAEIMPOBAHUA pacce-
SIHUSL 00OBbEMHBIX U MOBEPXHOCTHBIX BOJIH Ha TPAHUIIAX KOHTAKTHPYIOIIUX MAaTEpHAJIOB NMPUMEHUTENIBHO K CO-
BEPILICHCTBOBAHUIO METOAA OOHApy>KEHUS CJa00 BBIIBISIEMBIX IE(EKTOB CICIUICHUs (AATe3UHM) MaTEepPUaIOB.
Jlnist 3TOTO pazpaboTaHa U M3rOTOBJIEHA IMMEPCHOHHASI YCTAaHOBKA, PA0OTAIOIIAs B TEHEBOM PEXXUME U TI03BOJISIO-
I1ast MOAEIUPOBATh MPOCTPAHCTBEHHBIC MOJISI PACCESIHHBIX MPOJIOIBHBIX BOIH HA HEOAHOPOAHOM MIH Ie(EeKTHON
rpaHulle cLeluleHus mMatepuanoB. Kak npenmnosnaraercs, B3aMMOAEHCTBYIOIUE C TAKOM I'paHUIIENH BOJIHBI IIpU-
00peTaroT AMCKPETHBIN MM TUIABHO U3MCEHSIOMNICS (Da30BBIN CABHT, CYIIECTBCHHO CKa3bIBAIOUIMICS HaA (op-
MHUPOBAHUH TIOJIST PACCESHUSI B €r0 Nepu(epuitHOi 30HE. YBEINIEHHE JKE 3TOTO CIBUTA MO3BOJISICT 3HAYUTEIHEHO
MIOBBICUTH YyBCTBUTCIFHOCT OOHAPYIKEHUS CI1a00 BBIIBISIEMBIX AS(DEKTOB.

[TpoBeneHo KCIIEpUMEHTAIEHOE UCCIIEIOBAHUE PACCESHISI TIPOIOIBHBIX BOJH HA pa3paboTaHHOH yCTaHOBKE
U UMHTATOpaX Ie(PEeKTOB, MOICITUPYIONINX AUCKPETHO U TIABHO M3MEHSIOINECS TPAHUIHBIC YCIOBHS, KOTOPHIE
COTJIaCYIOTCS C I3MEHEHHEM (Pa30BOT0 CABHUTA PACCEUBAEMBIX BOJH. [10TydeHB! aMIITUTy IHBIC 3aBUCHMOCTH TIOJISI
paccesHus B 3aBUCUMOCTH OT yIJjla UX puema B AuarazoHe ot - 20° 10 + 20° 1 cMemieHus LeHTpa MOIEIUPYEMOro
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Introduction

Ensuring high sensitivity of the poorly non-
destructive testing of sound-reflecting defects in the
area of material joints, including sticking defects,
during welding, powder spraying, brazing, bonding
operations, etc., is an actual problem. In this case, a
small change in the structure of the contacting mate-
rial boundary may have an impact on the strength
and performance characteristics of the products.

Currently, there are a number of approaches to
solve such problems analyzing the amplitude and
phase shift of the acoustical signal passed or reflec-
ted from the materials boundary [1], the change in
the signal spectrum, or the resonant frequency of the
waves excited in the layered objects [2—4] and etc.

So, traditional inspection techniques are usu-
ally based on amplitude methods of reflected (once
or repeatedly) or passed acoustic pulses through the
boundary of the materials to be joined (BMJ). In this
case the echo or the echo-through method is used to
create of optimal conditions for propagated through
BMJ acoustic signal m time, that leads to change of
signal amplitude in 4/4,~ (D,D,,)" times, where
D,, and D,, are coefficients of sound propagation
through materials boundary in forward and back-
ward direction respectively.

If the ultrasonic waves (UW) emitting surface
Sy>S, and there is a phase shift for the acoustic beam
passing through the fault area of the edge of the ma-
terials to be joined, then the estimation of its quality
can be significantly affected by the instability of the
acoustic contact due to the specific working condi-
tions of the UW probe, geometry and surface rough-
ness of the object under inspection. All these factors
will also influence the above-mentioned ways of ob-
ject sounding.

Significant difficulties arise at diagnostics of
welded seams of plastic materials of rather large
items nomenclature, including gas polyethylene
pipes of low and medium pressure, that have low
velocity and high attenuation of UW bonding [5-7].
It was suggested to use possible correlation between
detected pores and most dangerous adhesion de-
fects (of “kiss-bond” type) to find defective zones
of poor bonding of joined materials, which should
be achieved by echo-mirror sounding of the object
using a so-called the chord probes of longitudinal
waves, incident at the maximum possible angle to
the normal of the welding surface [7]. However, con-
clusive data on this correlation are lacking.

It should be noted that not only volume but also
highly efficient elastic modes propagating along the
boundary of contacting materials, including Ray-
leigh waves, Stoneley waves, and plate waves, are
used to control layered objects. In this case, the vio-
lation of the quality of adhesion of materials is ac-
companied in one way or another by a change in the
amplitude or velocity of the wave, measured by the
change in the time delay or phase of the wave. Some
features of changing these parameters are presented,
for example, in [8—12].

Based on theoretical and experimental simula-
tion the determination of optimal conditions to emit
and receive of scattered waves, including the angles
of wave receiving and emitting, dynamic changes in
the aperture and position of the wave source, etc.,
contributes to establishing the relationship between
the state of the contact layer structure, its phy-
sical and mechanical characteristics and the acous-
tic parameters of the scattered mode. On the
other hand, it is of scientific interest for acoustics
of layered media too.

In paper [13] was proposed the method to
find poorly detectable defects of material bonding
where, all other things being equal the phase shift
Ag = @y— ¢, between waves passed or reflected
from defective (S;) and non-defective (S,) place
of BMJ is used as the most significant and sensitive
acoustical parameter, depending on mechanism of
the elastic wave interaction with the interface bound-
ary region of the materials bonding. (Explanation of
ultrasonic waves reflection from interface boundary
of materials, where S, and S),, are the surfaces of
imaginary wave sources is in Figure 1).
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Figure 1 — Explanation of ultrasonic waves reflection
from interface boundary of materials, where S, and S,
are the surfaces of imaginary wave sources
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In turn, ¢, and ¢, depend on the angle of inci-
dence of the wave on the respective material bond
areas which our calculations show as an example in
Figure 2 to demonstrate the calculated dependences
¢(B) for classical variants — when a longitudinal
wave reflects from a free, sliding and rigid boundary
of contacting materials.

4
0] j; S8 | free boundary l ~
1 |
rigid boundary

slip boundary _/

*‘\\\ o
plexiglass-aluminium I / ; B

10 20 30 40 50 60

0 70 80 90

Figure 2 — Typical example of reflected wave phase
change when varying the angle of incidence f of an acous-
tic beam on a material interface with different acoustic
impedances and classical boundary conditions

For example, when gluing materials, the area in
the form of a thin layer of air is a local free boundary
or defective one. In this case, if the specific acous-
tic resistance of the specimen or substrate Z,> Z,
where the Z is resistance of the material contact-
ing it, and angle of incidence of the wave is close
to normal then Agp—m. So, the discontinuity is eas-
ily detected by the traditional method when the di-
mensions of S, and S, are comparable. However, at
Spy=8p/Sy<<1 and the instability of the acoustic
contact of the order of =~ 1-2 dB and more, caused
by the influence of the roughness and curvature of
the object surface, as well as the “humanity factor”,
which takes place in real conditions of production
control, the reliability and validity of the control sig-
nificantly decreases.

It should be noted that in practice, the evalua-
tion or testing of the adhesion of materials is signifi-
cantly complicated due to the following. Firstly, it
is caused for example by the peculiarities of mutual
penetration of materials as a result of mixing, dif-
fusion processes and etc., significantly affecting the
structure and the boundary layer thickness, its elastic
modulus. Secondly, which is very important and is
the subject of our studies, the problem of determi-
nation places with insufficient adhesion, in probing
of which the amplitude of reflected or transmitted

waves from the defective and defect-free BMJ differ
within = 1-2 dB, and is nearly A¢ = n/2 and lesser.

In[14] a non-mirror variant of ultrasonic testing of
an object by a surface wave taken in the vicinity of the
angle of the first minimum of the directional diagram of
surface acoustic waves scattered by reflection ¢ = ¢,
has been tested in the echo mode ( /=5 MHz). In this
case, the phase shift between the waves reflected from
the defective (-d <x<d)and defect-free boundary
A¢/m=0.5. It has been found that the change of the
signal amplitude A(x) during the motion of the acoustic
beam spot parallel to the simulated surface of materials
has reached a maximum value up to = 25-30 dB, when
the acoustic axis of the beam is moved in a vicinity
of the simulated defect coordinate x—d or x—-d,
which is determined by a scanning direction.

It should be noted that the development of tes-
ting techniques for objects requires the use of defect
samples or defect simulators (DS) that adequately
simulate the acoustic path of the measuring system.
This is particularly true for the development of DS
for detecting poorly detectable material bonding
defects. The purpose of this work was to develop
a methodology for experimental simulation of ul-
trasonic scattering processes by a heterogeneous
boundary as applied to the detection of defects with
poor detectability and to compare the experimental
data with the calculated ones.

Analysis and development of methodology
and experimental setup for simulation

and study of ultrasonic wave scattering fields
by inhomogeneous boundary

Analysis of some schemes for simulation of ultraso-
nic wave scattering processes on the inhomogeneous
boundary

As it was mentioned above, the phase shift Ap
between the defect-free (Sy) and defect (S,) inter-
face regions, is the most significant, sensitive pa-
rameter, characterizing the adhesion processes at
material bonding. By selecting optimum conditions
of excitation-reception (angles of input-receiving
of UW, apertures of probes, operating frequency,
etc.) it is possible to provide maximum sensitivity
in relation to detection of “minimum defectiveness”
of the materials to be joined. According to the pro-
posed model the phase shift between waves interac-
ting with defect and non-defective surface can be
not only constant and small enough value, but (as
practice shows) change smoothly, i. e. Ap = A(x).
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I. e., the amplitude of imaginary sources field gene-
rated by each local section of surface dS in the vi-
cinity of spatial coordinate x; can be represented as
A~dS exp[-ikx;sin® + A@(x;)], where 0 is angle be-
tween selected vertical direction z and radius-vector.

In developing of the procedure of modeling of
ultrasonic scattering at the inhomogeneous boundary
we considered variants, explained by Figure 3,
where the presented schemes a, b, ¢, d correspond to
condition of detection of defects, separated from each
other by clear boundary or by discrete change on it
phase shift. And schemes 3e and 3f are conditions,
when this phase shift changes smoothly, that often

takes place in practice for number of technologies
of joining materials and not giving proper attention
to developing of non-destructive techniques. When
simulating the process according to the diagram
in Figure 3a, it is possible to determine the spatial
distribution of ultrasonic scattering field by easily
varying the angle of incidence P of the wave on
the sample boundary with acoustic load, although
the ability to control the geometry and simulation
of a “rigid boundary” and its probing by a transverse
mode in the simulation is difficult. These limitations
are not present with the other schemes shown in
Figure 3.

X, ol

2—\
{

Figure 3 — Some simulated schemes of the ultrasonic waves scattering by a non-uniform boundary with discrete (a, b,
¢, d) and smoothly varying (e, /') boundary conditions. a: 1 — waveguide solid UW specimen; 2 — acoustical load to
simulate of UW reflection; 3 — emitting and 4 — UW receiving probes; b: 1 —is an UW emitting and 2 — receiving probe,
3 —solid sample, 4 and 5 as a composite solid to reflect UW; (¢, d, e): 1 is an UW emitting and 2 is receiving probe;
3 —is an waveguide solid sample with simulated defect region on opposite surface 4

As for measurement schemes of Figure 3 (¢, d, parameters of adhesion of materials and the phase
e), the principle of their operation is based primarily  of the reflected wave, which in the general case is a
on the presence of correlation between the quality function distributed along the wave front.
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It can be easily shown that for the correct use
of the proposed model, it is necessary to set restric-
tions on the geometrical parameters of the simu-

A

h
lated defect area, such as #, :; and A, :Z’

where A is the wavelength of the bulk mode; / is the
height of the slit or protrusion. The condition that
hy<hg* and A, <)A,*, where h;* and A,* depends
ultrasonic incidence angle on the boundary with the
defect, should be observed (Figures 3¢ and 3e). Their
values are determined experimentally from the con-
dition that the scattering energy (W) of a part of the
ultrasonic flux exactly in the vicinity of the lateral
boundaries of the model defect x— {x,, x,} is such
that W, << W,. In this case the value of simulated
acoustic beam phase shift between propagated or
reflected UW from defect and non-defective surface
Ap= 4nhx(cos[3)’1. If, on the other hand, the boun-
dary conditions in defect area change smoothly (Fi-
gures 3e and 3f), then:

It should be noted that the above simulation
schemes of ultrasonic scattering processes by a he-
terogeneous boundary are based on the use of an
echo mode of object sounding, which is connected
with a number of limitations and errors caused by the
difficulties of accounting the interaction features of
elastic mode with the surface of acoustic load — that
has a limited surface and geometry. Although the ul-
timate goal of the research is to identify precisely the
weakly detectable defects, which in the simulation
should introduce minimal distortions in the geometry
of the reflecting (basic surface) of the body, the los-
ses of ultrasonic modes to the transformation of other
modes that create the noise background, etc.

1 1

sin 28tgy N
cos(2y+B) cosP

A (cos® B- sin’ B)

X

Ap=T

Installation for simulation of ultrasonic wave
scattering

On the basis of analysis of the acoustic mea-
suring path and the above considered measurement
schemes the possibility of simulation of both the ul-
trasonic propagation and reflection on the types of
inhomogeneous boundaries shown in Figure 3. To
study, an installation realizing the shadow method
of sounding has been developed that is explained by
Figure 4 and Figure 5, where an acoustic part and an
electronic scheme of experimental setup of the in-
stallation are presented, respectively.

Figure 4 shows the photo of the acoustic part
and a scheme explaining the measuring procedure of
the spatial field of ultrasonic scattering on the boun-
dary simulated by DS and UW receiving. Data about
DS construction are in Figure 4a, b (6 and 7).

Figure 4 — A photo of the acoustic part the experimen-
tal installation (¢) and scheme (b) for measurement
of the ultrasonic waves field as a result of wave scat-
tering on the simulated defect boundary of joined mate-
rials: 1 — ultrasonic waves emitting probe; 2 — water with
wetting agents; 3 — base plate; 4 — fixing screws; 5 — sup-
porting pillars; 6 —defect simulator; 7 —base support;
8 —ultrasonic waves receiving probe; 9 — holder mounted
on rotating frame; 10 — rotating frame; 11 — hemispheri-
cal specimen or body-substrate simulator; 12 — equatorial
angle setting mechanism

DS is located on the flat surface of the speci-
men in the form of a hemisphere and has possibility
to move relative to the acoustic axis of the emitting
probe, where water with wetting additives and con-
trolled within 0.5 degrees temperature is used as an
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immersion liquid to create acoustical contact along
the entire path of acoustic signal propagation Plexi-
glas hemisphere of 86 mm in diameter (specimen)
placed on the fixed support is used as a substrate-
acoustic conductor through which an acoustic signal
is transmitted to the receiver for measurement of the
acoustic signal passing through the DS body. A lon-
gitudinal wave source with an operating frequency
of f=1MHz and a diameter of 13.5 mm is placed
at a distance of 20 mm from flat surface of the hemi-
sphere. Non-directional ultrasonic prober of 3 mm in
diameter is made with possibility of rotation both in
horizontal and vertical planes and angles fixing with
an error not more than 1 degree.

Figure 5 — Electronic scheme of experimental instal-
lation: 1 — bell-shaped pulse generator; 2 — amplifier;
3 — double-beam oscilloscope; 4 — measuring generator;
5 — time-shift meter

The electronic scheme of experimental setup is
in Figure 5 and used to receive and excite of UW de-
scribed in contains a generator of bell-shaped pulses
with the number of oscillations N =5 and an electric
signal receiver. The measuring complex is based on
standard devices. As a source 1 and amplifier 2 of
the probing signal are the corresponding units of an
ultrasonic flaw detector UD2-12. From the output of
the amplifier 2 signals go to one of the screens of the
two-beam digital oscilloscope. On the second scan
the reference signal from the measuring generator 4
is fed to determine the amplitude of the probing sig-
nal by comparison me-thod. Simultaneously, by gi-
ving an electrical pulse from the output of the flaw
detector generator 1 to the second scanning channel
of the oscilloscope 3 (through a divider), the stabi-
lity of the amplitude and shape of the pulse in time
is controlled. Synchronization of the circuit opera-
tion is performed by the device 12-26 (5). With its
help a delay and sweep of a probing impulse and
measurement of time intervals are performed on
the oscilloscope screen. This scheme allows during
measurements to make complex observations of

pulse parameters, including amplitude, waveform,
phase, as well as to obtain spectral characteristics
of the signal, changes in which are caused by scat-
tering of UW from an inhomogeneous boundary.

The results of study and discussion

The results of analysis of the given schemes
of experimental simulation, the researches of pecu-
liarities of ultrasonic scattering of elastic waves on
the inhomogeneous boundary and the data of the
first (theoretical) part of this work, indicate the pos-
sibility of using the method based on optimization
of apertures and phases of imaginary ultrasonic
sources, scattered by inhomogeneous boundary to
determine weakly detectable defects. Thus, atten-
tion is paid to necessity of researches connected with
simulation of features of ultrasonic scattering on the
DS. The latter are characterized that as objective pa-
rameter correlating with quality of material joining
and determined beforehand is used exactly phase
shift A of scattered waves on defects with homo-
geneous (A@ = const) or varying A¢ = A@(x) in their
area boundary conditions. This enables the identifi-
cation of optimum conditions for maximum sensiti-
vity of the method, including the wave mode and its
frequency the angles of wave incidence on the media
boundary and receiving in the meridian and equato-
rial planes of the scattering field cross section dia-
gram directivity as applied to the non-destructive
testing of a particular object.

The main results of investigations or simula-
tions of acoustic path are shown in Figures 6 and 7,
where the dimensionless amplitude characteris-
tics of the scattering field at the defect simulators
are studied with respect to conditions of ultraso-
nic scanning. It is realized by displacement of DS
plate relative to acoustic axis of wave source. As
can be seen, in this case, three types of defects are
simulated with the DS: two discrete and one with
smoothly varying boundary conditions, which is
characterized by a linearly varying phase shift along
the wave front. The experimental and calculated de-
pendencies presented in Figure 6 correspond to the
condition when amplitude parameter is to study,
Aldy= (A —Amin) /Ay, Where A, and 4 ;. are the
extreme values of amplitudes of scattered UW du-
ring the whole period of DS movement relative to the
acoustic beam spot for fixed receiving angles whose
range of variation is -20° — +20° and 4, corresponds
to the reference signal measured without the simu-
lated defects with UW receiving angle ¢ = 0.
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Figure 6 — Calculated and experimental data of the maxi-
mum difference of amplitudes of the acoustic scattering
field on the defect simulator with the geometry shown
in the figure, depending vs. angle of receiving of ultra-
sonic waves, where 4, corresponds to the reference signal
measured for ¢ = 0°and 2 =0: 4, mm = 0.41 (a), 0.43 (b),
0.83 (¢); d, mm = o (a), 4.95 (b), 5.1 (¢)

Figure 7 illustrates the characteristic dependen-
cies of scattered wave amplitudes vs. distance of the
simulated defect from the acoustic axis of the inci-
dent acoustic beam. As it was found that as a result
of acoustic wave diffraction at DS there are angles
of ultrasonic wave receiving lying in the range of
10° < ¢ <25° or -25° < ¢ <-10° where the value of
A/A,.,, canreach up to 15-20 dB and more, exist, which
is squalitatively consistent with the calculated data.

| A/ Amax
0.9} 2 °

S h
A defect X

simulator

0.7F

0.5F o

Figure 7 — Calculated and experimental dependencies
characterizing changes of normalized amplitude of ul-
trasonic waves scattering field vs. displacement of the
defect simulator relative to the axis of the acoustic beam
falling on it for two angles of wave receiving: a) 20° (1);
13°(2); b) 20° (1) and -20° (2); A, mm = 0.43 (a), 0.83 (b);
d, mm =4.95 (a), 5.1 (b)

At the same time, it is necessary to pay atten-
tion to some difference between the experimental
and calculated data obtained. Apparently, it is first of
all related to a different form of the emitted signal,
which in the experimental simulation is pulsed (5 os-
cillation per pulse), while in the calculations is con-
tinuous. In addition, no attention was paid to the fact
that H/R =0.07-0.08, where H is the thickness of
the DS plate in contact through the contact lubricant
with the flat surface of a hemispherical specimen
with radius R. It naturally may affect the character
of interference phenomena and formation the resul-
ting field of the longitudinal waves scatted at DS.
In this case, according to [1] there is a widening
of the diagram directivity and “smoothing” of the
course of the curves outside the angle of the main
lobe of the diagram directivity opening.

Thus, the above distinction must be taken into
account when simulation of the acoustic path in re-
lation to improving the methods of testing of poor-
ly detectable defects in the adhesion of materials.
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Nevertheless, the obtained research data confirm the
possibility of using the proposed method of experi-
mental modelling and means of imitating defects at
the preliminary stage of preparing the methodology
of control of fixed joints It should be noted that in
modelling the above phase shift, caused by the dif-
ference between the interaction of elastic vibrations
with defective and defect-free surface (and, as expec-
ted, correlated with the effectiveness of adhesion of
materials), the minimum value of ¢* = Agp/n =~ 0.22.
Additional experimental investigations have shown
that reducing the value of A¢ with respect to those
mentioned above by a two time or more makes it pos-
sible to select the optimum conditions under which
the level of change in the scattering field amplitude
of UW of the simulated defects is quite sufficient
for their detection.

The experimental data obtained confirm the
possibility of using the proposed method of ex-
perimental simulation and the use of defect simula-
tion tools at the preliminary stage of developing a
method of testing weakly detectable defects in
permanent joints made by soldering, welding,
spraying, gluing and etc.

Conclusion

A brief analysis of some methods and means for
experimental simulation of longitudinal waves scat-
tering at the interfaces of contacting materials with
reference to the improvement of the previously pro-
posed method for detection of poorly detectable ad-
hesion defects of materials is given. Some patterns
of ultrasonic wave reflection from inhomogeneous
boundary created by an acoustic load, including
those modeled by changing the geometry of the re-
flecting surface, are analysed.

For the first time the principle and designs of
defect imitators have been proposed with regard
to the development of a technique that allows sig-
nificantly increasing the efficiency of detecting
poorly detectable defects in the adhesion of mate-
rials, which is based on the idea of a stable relation-
ship between the bonding quality of materials and
the phase shift between waves reflected or passed
through the defective and non-defective sections of
the bond interface.

The installation and technique of measurements
of the longitudinal wave scattering field in the pulse
mode, realized by the shadow method at an opera-
ting frequency of 1 MHz when the spot of the pro-
bing acoustic beam moves relative to the defect si-

mulators of semi-infinite and finite width in the pre-
sence of a discrete and linearly variable in the defect
area phase shift of up to = 40°, have been developed.
For the above defect simulators in the scanning
mode the amplitude dependences of the longitudinal
wave scattering field on the value of their reception
angles have been obtained, principally in the range
from —20° to +20° and changes in the distance be-
tween the acoustic beam spot and the defect simulator.
It was found that the maximum change in signal am-
plitude, characterizing the presence of a simulated de-
fect, changes by 15-20 dB and more, and is observed
in the peripheral region of the scattering field angles.

The experimental simulation data have been
compared with the calculated dependences obtained
in the axial approximation. It is found that there is
a qualitative correspondence between them, and the
existing difference is supposed to be caused by dif-
ferent forms of the probing signal (continuous and
pulse), by the influence of the thickness of the defect
simulator plate placed on the hemispherical sample
and the attenuation of ultrasound in it, as well as by
the hardware error.

The experimental data obtained confirm the
possibility of using the proposed method of experi-
mental simulation and the use of defect simulation
tools at the preliminary stage of developing a method
of testing weakly detectable defects in permanent
joints made by soldering, welding, spraying, gluing.
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Abstract

The industrial revolution of “Industry 4.0” is currently underway at an active pace. Individualization
of provided products and services, transition to single production, the issues of acceptability of production
processes at the stage of development and design have became urgent. The aim of this work was to develop
a strategy for a fundamental solution to the task of guaranteed acceptability of production processes as an
integral quality characteristic.

We have proposed a systematic approach to strategy development. The basis of the approach was
the theory of incorrect tasks solving. We adapted signs of correctness of mathematical tasks by J. Adamar to
the tasks of ensuring acceptability of production processes (technological and measurement). They were used
in the part of identification of properties of display of incorrectness and ways of incorrectness’ management.

We have proposed to consider the property of robustness as a generalized index of acceptability
for production processes (technological and measurement). We substantiate the equivalence of the concepts
of incorrectness of tasks according to J. Adamar and losses of robustness of production processes. We con-
clude that the developed approaches and techniques of the theory of incorrect tasks can be put in a basis
of the system approach to an estimation and management of losses of robustness of production pro-
cesses. We have proposed a classification of situations of robustness losses in production processes
in accordance with the classification of the signs of incorrect tasks by J. Adamar.

We have developed a two-step algorithm for ensuring the robustness of production processes at the
stage of their development. It included identification of the sources of robustness losses and management
of input factors that cause significant variation in process output. This has given a practical implementa-
tion of a strategy to guarantee the acceptability of production processes. We have systematized the sources
of potential losses in the robustness of production processes and proposed a two-stage mechanism
for managing them. We have justified rational methods of ensuring the robustness of production pro-
cesses for each stage based on, the practice of uncorrected tasks solving. We have proposed a method
for ensuring high efficiency of robustness loss management in certain situations. The principles
of G. Taguchi’s robust redesigning of production processes formed the basis of our method.

Keywords: task incorrectness, production processes, robustness, management.
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IIpuMeHeHMe MOJI0KEeHUI TEOPUH PellieHUSI HEKOPPEKTHBIX
3aJa4 JJI YIPaBJeHUs1 PO0ACTHOCTHIO IPOU3BOACTBEHHBIX
NPOoLECCOB

II.C. CepenkoB, B.M. Pomanuak, U.E. [lecasik

benopycckuii nayuonanvHulil mexHuduecKkutl ynugepcumen,
np—m Hesaseucumocmu, 65, 2. Munck 220013, berapyco

Hocmynuna 25.10.2021
Ipunama k nevamu 01.12.2021

B ycnoBusix HacTymieHHs MPOMBILUIEHHOH peBoitonun «Muayctpus 4.0», HHAMBHIYaTU3alUuK IPEI0-
CTaBIISIEMOH MIPOAYKIHMHU U yCIIYT, IIepexo/ia K eIMHIYHOMY IIPOU3BOICTBY BOIIPOCHI 00ECIIeUeHHS IIPHEeMIIe-
MOCTH IIPOM3BOICTBEHHBIX MIPOILIECCOB HA CTaIUH Pa3padOTKU U POSKTUPOBAHUS CTAHOBSITCS aKTyaJIbHBIMH.
Lenbio qanHOW pabOTHI SABJsLIACH pa3pabdOTKa CTpaTerny NPUHINUIHAIBLHOTO PEICHHs MPOOIEMBbI TapaHTH-
POBaHHOTO 00eCTIeYeHHUS TPUEMIIEMOCTH IIPOU3BOICTBEHHBIX IPOILIECCOB, KAK MHTETPAIbHON XapaKTepUCTH-
KH KauecTBa.

[IpemioskeH CHCTEMHBINH MOAXOA Pa3pabOTKU CTPATETHH, B OCHOBY KOTOPOTO IMOJIOMXEHBI IOAXOIbI
TEOPUH pEILIeHUs] HEKOPPEKTHBIX 3a7ad. [Ipu3Haku KOppekTHOCTH MaTeMaTHueckux 3aaad o K. Anamapy
aJalTHPOBAHBI K 3aJ1auaM o0ecIieueH sl IPUEMIIEMOCTH IPOU3BOICTBEHHBIX TPOLIECCOB (TEXHOIOTHUECKUX
1 U3MEPUTENBHBIX) B YACTH MIACHTU(HUKALMN CBOWCTB MPOSBICHUS HEKOPPEKTHOCTH U CIIOCOOOB YyITpaBJie-
HUSl HEKOPPEKTHOCTHIO.

YcTaHOBJIEHO, YTO LIS IPOU3BOICTBEHHBIX IIPOLIECCOB (TEXHOJIOTHYECKUX U M3MEPUTENLHBIX) CBOUCTBO
POOACTHOCTH MOXKET paccMaTpUBaThCsl Kak 0000IIEHHBIH MoKa3aresb npuemieMoctd. OO0CHOBaHA SKBUBA-
JICHTHOCTb MOHSATHI HEKOPPEKTHOCTHU 3a7a4 1o JK. Axamapy u moTepsMu poOacTHOCTH IPOU3BOJICTBEHHBIX
nporeccoB. CaenaH BBIBOJ] O TOM, YTO B OCHOBY CUCTEMHOTO TI0IX0/1a K OLIEHUBAHMIO U YIIPABJIEHUIO ITOTEPsI-
MU POOACTHOCTH POU3BOJICTBEHHBIX MPOLECCOB MOTYT OBITh MOJI0KEHBI HApaOOTaHHBIE TTOAXOABI U TEXHUKH
TEOpHUU HEKOPPEKTHBIX 3a1a4. [Ipeanoxena kinaccudukanus cuTyaunii oTepb poOaCTHOCTH MPOU3BOCTBEH-
HBIX MIPOLIECCOB B COOTBETCTBUU C KiacCH(UKaIMEl MPU3HAKOB HEKOPPEKTHOCTH 3a1ay 1o JK. Anamapy.

JL1st MpaKTH4eCcKOM peanu3auy CTpaTeruy TapaHTHPOBAHHOTO 00eCTIeYeHNS TPUEMIIEMOCTH POU3BOI-
CTBEHHBIX MPOLECCOB pa3padOTaH ABYXLIATOBbIH aITOPUTM obecrieueHHs poOacTHOCTH POU3BOACTBEHHBIX
MPOLIECCOB Ha CTAAMU MX Pa3pabOTKH, BKIIOYAIOIIMI MICHTU(PHUKALNIO UCTOYHUKOB MOTEPh POOACTHOCTH
U yrpasiieHHe (aKTOpaMu BXOJa, BBI3BIBAIOIIMMHE CYILECTBEHHYIO BapHalLlUIO BBIX0Aa mporecca. Cucrema-
TU3UPOBAHbI UCTOYHUKHU MOTEHIHAIBHBIX (PaKTOPOB MOTEPh POOACTHOCTU MPOU3BOACTBEHHBIX MPOLECCOB,
NPEIJIOKEeH JIBYXATAIHBI MEXaHU3M yrpaBieHus uMH. [ Kaxaoro stana 000CHOBAaHBI paldOHAIbHBIC
METOAbI o0ecriedueHusi poOaCTHOCTH MPOM3BOACTBEHHBIX MPOIECCOB, HApaOOTAHHBIE MPAKTUKOW PEIeHHUs
HEKOPPEeKTHBIX 3ajad. [IpemnoskeH MeToq obecrieueHus BEICOKOW 3(PQEKTHUBHOCTH YIPABICHUS MOTEPSIMU
PO0AaCTHOCTH B OTIPE/ICIICHHBIX CUTYallUsIX, B OCHOBE KOTOPOTO MOJIoKeHbI npuHImIiel 1. Taryuun no pobact-
HOMY NepeNpOeKTUPOBAHHIO POU3BOICTBEHHBIX MTPOIIECCOB.

KiarueBble ci1oBa: HEKOPPEKTHOCTE 3a4a4, NIPOMU3BOACTBCHHBIC IPOLECCHI, p06aCTHOCTI), yHpaBJICHUC.
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Introduction

At its core, any production process (technologi-
cal or measuring) consists in converting inputs to
outputs [1]. This classical definition of the process
can be mathematically interpreted as follows: the
process converts the inputs “x;, x,,...,x,” into the
output “Y” in accordance with the transformation
rule /' (Figure 1).

X1
EE—

Output
Y
—

Inputs
—>
X2

—_—>
Xn

Process as
transformation

S, x, ...

> x”)

Figure 1 — Interpretation of process through concepts of
function and objects

As follows from Figure 1, the general structure
of the process can formally be represented by two
components:

—objects —inputs (x, x5, ..., x,), outputs (),
which answer the question “what?”’;

— function — transformation rules f'(x,, x,,...,x,,),
which answer the question “how?”.

Typical categories of inputs and outputs of the
production process are presented in Figure 2.

The quality of products (process output) is
determined by one or a set of standardized char-
acteristics: functional (purpose, manufacturability,
reliability, etc.), safety, ergonomic, patent, legal,
economic, etc.

The modern concept of engineering quality man-
agement suggests that product quality (process out-
put) is best managed through the quality of the pro-
cess itself. Process quality is traditionally defined by
a set of characteristics that relate primarily to the abi-
lity of a process to produce results that meet predeter-
mined acceptance criteria within a certain period of
time [2]. Acceptability implies that the process has a
set of properties (suitability, reproducibility, stability,
etc.), indicating that over time, under conditions of
acceptable changes in the input parameters of the pro-
duction process or control (subcontractors, personnel,
components, materials, conditions, etc.), the quality
of the result at the output (standardized characteris-
tics of products or services) will not deteriorate [3].

Obviously, acceptability is an integral charac-
teristic of the quality of the process and, as follows
from Figures 1 and 2, is formally determined by the
quality of the inputs and the quality of their transfor-
mation (function f'(x,, X,, ..., X,,)). The expression:

Y=1(x,x,, .. (1)

can be seen as a baseline model of the production
process for the purposes of acceptability assessment
and management.

According to expression (1), sources of non-com-
pliance with the acceptability criteria in both the short
and long term implementation of the process can be:

— input parameters x;, e. g. not all influencing
parameters are identified or their values are incor-
rectly defined;

—the coupling function f, e. g., the coupling
function is incorrectly defined or the coefficients of
influence of input parameters x; on the value of out-
put Y are incorrectly defined.

X,)

Inputs: Outputs:
e Personnel e Personnel
e Raw materials L] e Raw materials ]
e Methodologies PROCESS e Methodologies
o Infrastructure e Infrastructure
e Workspace B e Workspace ]
e Data (information) e Data (information)

Figure 2 — Typical categories of process inputs and outputs

The factors of uncertainty in ensuring the ac-
ceptability of a particular process in terms of the
concept of qualitatively new industrial production
“Industry 4.0” become critical for its successful im-

plementation [4]. The inevitability of the industrial
revolution “Industry 4.0” in terms of individuali-za-
tion of provided products and services, transition to
unit production while increasing its productivity and
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minimizing the cost, makes it relevant to develop a
strategy for a fundamental solution to the task of gua-
ranteeing the acceptability of production processes.

The aim of this work was to develop a strategy
for a fundamental solution to the task of guaranteed
acceptability of production processes as an integral
quality characteristic.

The concept of incorrect tasks

To develop the strategy of ensuring the accept-
ability of production processes of different cate-
gories, it is rational to consider close, in our opi-
nion, mathematical approaches of the theory of solu-
tion of incorrect tasks [5, 6]. “The point of contact”
serves as a typical property of the incorrect task in
mathematics — instability and uncertainty of the right
part of the equation at small changes in the left part,
which is associatively close to the concept of loss
of process acceptability.

For the first time, the notion of a “correctly
posed task” was introduced by J. Adamar in 1923
and referred only to boundary value tasks of mat-
hematical physics. J. Adamar believed that the vast
majority of investigations lead to the formation of a
mathematical model. Let the model be represented
by an abstract equation of the first kind:

Ax=y,yeY,xe X, ()

with suitable spaces (finite-dimensional, functional)
X, Y, and with some operator 4: X— Y.

According to J. Adamar, the correctness of the
task statement is ensured by fulfilling three condi-
tions (signs of correctness):

1) existence of the solution of the task — equa-
tion (2) is solvable for all “ye Y7, i. e. it exists;

2) the solution of the task is singular;

3) the solution of the task is stable, i. e. small
perturbations of the right part x correspond to small
perturbations of the solution y in the metric of space
Y [5].

Absence of any of the features points to the
incorrectness of the task. For a long time accor-
ding to J. Adamar it was considered that incorrect
tasks have no practical sense and, therefore, can-
not be solved. Academician A.N. Tikhonov intro-
duced the notion of conditionally correct task and
for the first time applied theoretical developments
in the field of correctness — incorrectness for sol-
ving actual tasks in the field of exploration geo-
physics [7, 8]. This gave an impetus to the deve-

lopment and wide application of the theory of sol-
ving uncorrected tasks, which is explained by the
established pattern that the solved practical tasks
are most often uncorrected [8].

However, it should be noted that the theory
has not yet been applied to process acceptability
tasks. Process acceptability inherently manifests
itself through the degree of process output Y (Fi-
gures 1, 2). Accordingly, in the presence of varia-
tion Y, ensuring process acceptability as a conver-
sion of inputs to output Y =1 (x, x,, ..., x,) au-
tomatically becomes an incorrect task. Note that
ensuring acceptability of the process as its stability
is particularly important at the design stage. It is ob-
vious that the approaches, methods and techniques
of the theory of solving incorrectness tasks, adapted
for production processes, should become the basis
of a systematic approach to solving the actual task
of determining ways to ensure the acceptability of
technological and measurement processes already
at the stage of their design.

The theory of solution of uncorrected tasks in
mathematics, in fact, reflects the kind of relation of
two parts of equation (2), which can be associated
with input and output of process model. The appli-
cation of J. Adamar’s provisions to the task of ac-
ceptability of production processes (technological
and measurement) can be formulated as follows:

—for technological processes the analysis of
task incorrectness is associated with the study of the
relationship between the process output (products)
and inputs (technology, equipment, production envi-
ronment, personnel, etc.);

— for measurement processes the analysis of task
incorrectness is associated with the study of the rela-
tion of the process output (measurement result) with
inputs (method, measurement equipment, measure-
ment conditions, personnel, etc.).

The applicability of the provisions of the theory
of solution of uncorrected tasks in mathematics to
the tasks of acceptability of production processes is
illustrated in Figure 3.

As can be seen from Figure 3, the analogy of
the models leads us to the following conclusion:
the provisions of the theory of solution of uncor-
rected tasks can serve as the basis for the deve-
lopment of a systematic approach to the assessment
and management of the acceptability of production
processes.

To form it by analogy with the incorrect tasks in
mathematics and mechanics, let us consider the situ-
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Mathematical model

technology,
equipment,
work environment,

Technological process personnel

y=A-x,yeY, x€X,

Products

method,

measuring equipment,
measuring conditions,

personnel

B

v

Process

Measurement result

Measuring process

.
>

Measurement

Figure 3 — Analogy of incorrect task solving models in mathematics and of acceptability of production processes

ations related to each of the incorrectness attributes
in the tasks of acceptability of production processes.
Let us formulate the methods of incorrectness identi-
fication, methods of incorrectness degree estimation
and control mechanisms.

The first sign of incorrectness is the absence
of task solution

A classical example of presence of the given
sign of incorrectness from the field of mechanics is
a task of definition of force of interaction of a brake
shoe and a flywheel of the mechanical drive [5]. The
mathematical model of interaction force (Y by ana-
logy with (1)) is proposed as the equilibrium equation
of the block, including force and geometrical para-
meters, and also the parameters characterizing
frictional properties of contact pair (x; by analogy
with (1)) is offered. The model incorrectness is
shown in the fact, that the solution of the equation
reasonably simulates the force of interaction be-
tween brake shoe and flywheel not in all range of
possible values of input parameters x;. At their cer-
tain correlation the model loses its sense — the reac-
tion of interaction becomes negative, which implies
the separation of the shoe from the flywheel.

L. e. this sign of incorrectness manifests itself in
modeling tasks in the fact that in certain situations
(correlations of input parameters x;) the task has no
solution.

In the objectives of acceptability of production
processes, examples of manifestations of this attri-
bute are:

— for measuring and control processes: the avai-
lable linear dimensional measurement system with

the help of the caliper does not allow to provide
requirements for dimensional control over 200 mm
and accuracy grades 8 and less';

— for technological production processes:

« the existing technology of steel castings in a
given mould does not allow to meet the requirements
to the accuracy of dimensions of class 11 or more
and roughness Rz = 5 or more’;

« for the safe storage and transport of high
concentrations of nitric acid, the use of available
stainless steel tanks is functionally unsuitable; a spe-
cial aluminium alloy is appropriate for the functional
purpose.

The given examples show the absence of sol-
ving production tasks with the help of existing tools
and allow classifying the cases of manifestation of
the first sign of incorrectness in relation to produc-
tion processes:

— unacceptability due to impossibility to provide
qualitative indicators (functional purpose);

— unacceptability due to inability to provide
quantitative indicators (stability, accuracy, etc.).

Of particular practical interest are the ways to
eliminate incorrectness on this feature, developed in
model tasks in the field of mathematics and mecha-
nics:

'RD 50-98-86 Methodical instructions. Selection of
universal measuring instruments of linear dimensions
up to 500 mm (by application of GOST 8.051-81);
GOST 166-89 Vernier callipers. Specifications

2 GOST26645-85Metal andalloy castings. Dimensions
and mass tolerances and machining allowances
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— formation of an alternative model (1) [5],
which changes the solution of the task cardinally;

—input of new refinement parameters x,,, of
model (1) [5];

— imposing restrictions on the parameters x; of
the model (1) [5].

Obviously, the above paths constitute a com-
plete formalized set of possible solutions to incor-
rectness and can serve as a methodological basis for
the development of options to solve this kind of tasks
in relation to production processes.

For example, in the field of measurements the
incorrectness as an unacceptable model of accuracy
evaluation of measurement and control processes in
chemistry, pharmaceutics, biology etc. through er-
rors has been eliminated by applying an alternative
model of accuracy evaluation through uncertainties
of measurement results’.

In production technology, it is common prac-
tice to ensure the correctness of the existing process
as its acceptability by imposing restrictions (tole-
rances) on the process parameters (cutting modes,
production environment conditions (temperature,
humidity, noise level, cleanliness of the working
area air, etc.)).

The second sign of incorrectness —
the solution of the task is not unique

In mathematics and mechanics, analysis tasks
are typical. This feature is characteristic in solving
the so-called synthesis tasks [5].

For example, in the tasks of the theory of vibra-
tions the typical task of the analysis consists in fin-
ding the spectrum of vibrations at given parameters
of the vibrating system. The synthesis task in this
case would look like this: for a given spectrum it is
required to find such parameters of the vibrational
system, which acceptably provide this spectrum.

The second feature is exemplified in the accep-
tability of production processes:

— for measurement and control processes:

* of the analysis task is to estimate the mea-
surement uncertainty for a particular measurement
system (method) that ultimately has a single solution;

* the synthesis task for this case is the deve-
lopment of measurement system providing the given
uncertainty of measurement results;

3 GOST 34100.3-2017/ISO/IEC  Guide 98-3:2008
Uncertainty of measurement. Part 3. Guide to the
expression of uncertainty in measurement

— for technological production processes:

* the task of analysis is the evaluation of accu-
racy and stability of the particular technological pro-
cess of gear hobbing by the rolling method, which
has a single solution;

* the task of synthesis for this case is to de-
velop the technological process of gear teeth cutting,
providing the specified accuracy and stability.

It is obvious that the synthesis tasks by defini-
tion have a sign of multiplicity of solutions. Ways
to eliminate incorrectness by this sign, developed
in model tasks in the field of mathematics and me-
chanics:

—input of new refinement parameters x,,, of
model (1) [9];

— imposing constraints on the parameters x; of
the model (1) [9].

In engineering, the elimination of the second
sign of incorrectness as the determination of the
best variant of solving the set task from the set of al-
ternatives is realized by empirical methods, among
which the most famous and generally accepted is
the method of experiment planning. Experiment
planning is a procedure for selecting the number
and conditions of experiments (physical or compu-
tational), necessary and sufficient to solve the task
with the required accuracy [10, 11, 12]. The search
for the optimal variant of the implementation of
the production process under study is one of the
most common tasks in engineering, solved by the
method of experiment planning. Experiment plan-
ning theory offers a fairly wide range of effective
techniques for investigating processes and products
in order to find the best option, both for technologi-
cal processes and for measurement and control pro-
cesses [11, 12].

In the technical sphere it is quite common to use
simpler ways to choose a solution, if not optimal,
then at least rational. In the field of industrial tech-
nology it is comparative testing of alternatives [13].
In the field of measurements, control and tests — these
are comparisons of measurement results obtained
by different methods or by the same method, but in
different conditions”.

* On ensuring the uniformity of measurements: Law of
the Republic of Belarus of 5 September. 1995, No. 3848-
XII: in edition of November 11, 2019, No. 254-3; On
implementation of metrological assessment in the form
of comparisons of measurement results: Decision of the
State Committee for Standardization of the Republic of
Belarus, November 27, 2020, No. 89
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Also, in order to eliminate the second sign of
incorrectness, we should not ignore such a method
of determining the best solution variant from a set
of alternatives methods of expert evaluation, which
can be applied in any necessary sphere of activity.
Until recently, this approach has not been popular
for evaluating the acceptability of production pro-
cesses, since the existing methods of expert evalu-
ation, due to their subjectivity, depend on the quali-
fication and experience of experts in the matter in
question and, therefore, have less credibility than
experimental research methods. However, in recent
years, expert estimation as a scientific direction has
been developing quite dynamically due to an impor-
tant advantage — cost — effectiveness. New methods,
approaches aimed at increasing the reliability of the
evaluation results are emerging. This makes the ap-
proach quite attractive for solving incorrect evalua-
tion tasks and managing the acceptability of produc-
tion processes [14].

The third sign of incorrectness — small
changes of model input parameters
correspond to large variations in output
parameters

A classic example of the presence of the third
sign of incorrectness according to J. Adamar from
the field of mathematics can be the following two-
dimensional system:

zy+7zy =5,

The system was solved on the computer for
different degrees of rounding of irrational numbers
J2, 98, V50 and the determinant A was si-
multaneously calculated. The graph (Figure 4) shows
the dynamics of changes in the solutions of the sys-
tem of equations in cases where 50, 200, 400, 600
decimal places were held, respectively, when writing
irrational numbers.

It is well seen that solutions of the system of
equations (variation of output parameter Y (1)) at
different degrees of parameter rounding (variation
of input parameters x, (1)) behave very unstable and
with increasing number of decimal places do not
tend to exact fixed solution of the system.

In acceptability tasks, examples of manifesta-
tions of the third feature of incorrectness are:

— for measurement and control processes: “na-
tural” or intentional variation of input factors to a

A3)

measurement process by S.W.LLP.E. classification
(standard, part, measuring instrument, operator, proce-
dure and production environment) or P.I.S.M.O.E.A.
(part, measuring instrument, standard, method,
operator, production environment, assumptions)
causes inevitable variation of the output — uncertain-
ty of measurement result, which value is normalized
as an upper admissible limit [15].

12
10
£ 8
=
= 6
w
é’ 4
S
= 0 ® - = oo
g 25 125\ 225 /325 425 525 625 -
2 2 i
= 4
-6
-8

Number of decimal places

Figure 4 — Solving a system of equations when writing ir-
rational numbers with different numbers of decimal places

Note. A more detailed systematization and anal-
ysis of sources of measurement process incorrect-
ness is given in [16].

— for manufacturing processes: “natural” or in-
tentional variation in factors related to the process
infrastructure (e. g., variation in the functional chara-
cteristics of process equipment), the operating en-
vironment (variation in temperature, noise level,
air purity in the work area), personnel (variation in
qualifications, skills, attention and responsibility),
materials and supplies (variation in quality charac-
teristics from one supplier to another) causes varia-
tion in outputs to a certain extent.

Note. To assess the quality of technological
processes at the stage of validation (accuracy, sta-
bility) are widely used indices C, and Pps. The re-
producibility index C, is defined as the ratio of the
tolerance of the process output parameter to the es-
timate of the intrinsic variability of the process. The
suitability index P, is defined as the ratio of the to-
lerance of the controlled parameter to the estimate
of the total variability of the process. Both indices
obviously allow us to identify the incorrectness of
the process in its particular implementation on the
third attribute.

> GOST R 50779.46-2012 Statistical methods. Process
management. Part 4. Process capability and performance
estimation

317



IIpubopsi u memoowl usmepeHuil
2021.-T. 12, Ne 4. — C. 311-322
P.S. Serenkov et al.

Devices and Methods of Measurements
2021, vol. 12, no. 4, pp. 311-322
P.S. Serenkov et al.

Of practical interest are the ways to eliminate
incorrectness on the third sign, developed in mode-
ling tasks in the field of mathematics as model ro-
bustness loss tasks:

— fixation (reduction and/or limitation) of the
value of parameters x; of the model (1) having a large
variation;

— reduction of the influence coefficients 4 of pa-
rameters x; of the model (1);

— introduction of new parameters x,,, into mo-
del (1), compensating the influence of parameters x;,
i=1,...,n,on variation of output Y of model (1) [6].

It can be assumed that the above paths, as well
as for the previous signs of incorrectness, consti-
tute a complete formalized set of possible solutions
to incorrectness and can serve as a methodological
basis for developing options for solving such tasks
with respect to the acceptability of production pro-
cesses.

Relation of task incorrectness to the notion
of robustness

The concept of robustness is quite well estab-
lished and is widely used not only in mathematics,
but also in a number of research areas. Mathemati-
cal support of the data processing methods robust-
ness estimation and analysis is an independent di-
rection in mathematics [17], separate aspects of
which are also applied in metrology. In particular,
STB ISO 5725-5 proposes the robustness methods of
data analysis for correctness and precision of mea-
surement (test) methods as an alternative’. Robust-
ness of measurement methods is a validation charac-
teristic, necessarily confirmed at attestation (valida-
tion) or verification of some methods in the field of
analytical chemistry’. In this case the robustness is
considered as the ability of the method to give the
analytical results with acceptable precision and cor-
rectness under small deliberate changes of the test
method parameters.

In engineering, the concept of robustness is
associated primarily with the methods of G. Tagu-
chi — methods of robust design of industrial products
and technological processes, which aim to ensure
the stability of their final characteristics (values lie

®STB ISO 5725-5-2002 Accuracy (correctness and
precision) of methods and results of measurements. Part 5.
Alternative methods for determining the precision of a
standardized method of measurement

" STB 1436-2004 Manufacture of medicinal products.
Validation of testing procedures

within the tolerance field) to the variability of input
factors [18, 19].

The generalized concept of robustness of the
output parameter Y of the object (model, process,
products, etc.) in relation to the input parameters x;
can be illustrated as follows (Figure 5).

X1 ¥
AWA OBJECT |~
Fs (process) Y/
var x, VAL
a
Y
e OBJECT
(process)
var x, var
b

Figure 5 — Classical understanding of object (model, pro-
cess, product, etc.) robustness: a — the process is robust
with respect to factor x,; b — the process is not robust with
respect to factor x,

Here Y, var Y is the output of the production
process and its variation. x,, x,, var x,, var x, are
input parameters characterizing the process rea-
lization conditions and their variation. It can be
argued that the process is robust with respect to
parameter x, and nonrobust with respect to para-
meter x,. I. e., x, is the factor of the loss of robust-
ness of the process, indicating the presence of the
third sign of incorrectness of the model of produc-
tion process [5].

The equivalence of the notions of loss of
robustness and the third sign of incorrectness is
obvious. On the other hand it is obvious, that the
robustness can be considered as the generalized
indicator of acceptability of production processes.
I. e. in the wide sense of the word the losses of ro-
bustness are close in meaning with all three signs
of incorrectness of the tasks considered above. It
is possible to assert that all three signs of incor-
rectness in relation to production processes can be
considered as the manifestation of the robustness
property.

This allows us to formulate a hypothesis that a
systematic approach to the evaluation and manage-
ment of robustness losses of production processes
in the sense of their unacceptability can be based
on the developed approaches and techniques of the
theory of uncorrected tasks.
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A strategy for assessing and managing
the robustness of production processes

Identification in the production process of any
of the three signs of incorrectness according to
J. Adamar leads to uncertainty of the result:

— in the presence of the first sign, there is no ac-
ceptable result of the process;

—in the presence of the second feature, the ac-
ceptability of the result is uncertain due to the va-
riety of alternative solutions;

— in the presence of the third feature, the accep-
tability of the process result is unpredictable due to
the large variation in the output.

The first two lead to an uncompromising need
to perform any action to eliminate them, since the
process must be devoid of these signs of incorrect-
ness, i. €. robust to their manifestation.

The peculiarity of the third sign of incorrect-
ness is the fact that the model of acceptability of the
production process is always incorrect. Input fac-
tors are, by definition, random quantities, i. . they
have natural variation, which obviously leads to
inevitable variation of the output — the result of the
process. According to the standard® «...variability
can be observed in the behaviour and outcome of
virtually all processes, even in conditions of appa-
rent stability...”.

It is proposed to divide the robustness losses of
the production process into two types, depending on
the acceptable degree of output variation:

—loss of robustness of type I: process output
variation can be considered acceptable (it corre-
sponds to a given technological accuracy, admissible
uncertainty (error));

— loss of robustness of type II: the variation of
the process output must be reduced because it ex-
ceeds the admissible values.

As a result it is possible to offer the following
classification of situations of losses of robustness of
production processes as their unacceptability accor-
ding to classification of signs of incorrectness of
tasks on J. Adamar (Figure 6).

In its essence, we obtain that the degree of in-
correctness of the task is an analogue of the degree
of robustness loss. Accordingly, the significance
of the robustness loss factor can be determined by
setting a threshold value, for example, through the
coefficient K:

¥STB ISO/TR 10017-2011 Guidance on statistic
methods with respect to STB ISO 9001-2009

K=A,,/A,,, 4

where A, is the variation of the “output” of the pro-
cess; A,, is the variation of the “input” of the process.

If the coefficient K exceeds some predetermined
threshold value, the process acceptability task be-
comes incorrect and the analyzed process “input”
factor can be considered as a robustness loss factor
and be treated as a control object.

A systematic approach to ensuring the robust-
ness of production processes involves a two-step al-
gorithm, including:

— identification of sources of robustness losses
and corresponding input factors, the variation of
which causes variation of the process output;

—management of input factors that cause sig-
nificant variation in the process output factor.

Step 1: Identification of sources of robustness
loss and corresponding input factors. The issues of
systematic approach to identification of robustness
loss factors of measurement processes are discussed
in detail in [16]. Measurement processes are charac-
terized by two complex sources of potential robust-
ness loss factors:

1) measurement object;

2) the actual measurement process.

The measurement object as a source of robust-
ness losses can “give” the following factors of ro-
bustness losses:

— parameters characterizing various states of the
measurement object (in the nominal scale);

— parameters characterizing various quantitative
values of the input characteristics of the measure-
ment object (in the scale of ranks, relations, absolute
scale).

The actual measurement process can “give” ro-
bustness loss factors related to:

— parameters of the measurement information
conversion process;

— parameters of the statistical data processing
process.

A similar approach can be proposed for identi-
fying the factors of loss of robustness of technologi-
cal processes. Obviously, they are also characterized
by two complex sources of potential factors of ro-
bustness losses:

1) processing object (blanks, materials, compo-
nents);

2) the actual technological process.

The processing object as a source of robustness
losses in the image and likeness can “give” the fol-
lowing factors of robustness losses:

out
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— parameters characterizing various states of the
processing object (in the nominal scale);

— parameters characterizing various quantita-
tive values of the input characteristics of the proces-
sing object (in the scale of ranks, relations, absolute
scale).

The actual technological process in the image
and likeness can “give” factors of loss of robust-
ness, related to:

— technological process parameters;

— parameters of the process of collecting, pro-
cessing and analyzing data.

The peculiarity of robustness loss for measuring
and technological processes is its latent character due
to incomplete information about the process model,
since it is impossible (or economically unreasonable)
to identify absolutely all influencing factors and the
degree of their influence.

‘ The task is incorrect ‘

on the first attribute

on the second attribute

on the third attribute

1 There is no
acceptable output for
the existing process in
principle

2 An acceptable
process model has not
been defined due to
the many alternatives

3 The process output
has an unpredictable
variation

]

3.1 Loss of || 3.2 Loss of
Robustness | | Robustness
Type I Type 11

Figure 6 — Classification of situations of loss of robustness of production processes as their unacceptability according

to the classification of task incorrectness attributes

Step 2. Management of input factors that cause
significant variation in the process output factor.
Taking into account the classification of robustness
loss situations (Figure 6), the following mechanism
for managing the robustness of production processes
at the stage of their development can be proposed:

Stage 1: Neutralize the appearance of robustness
losses of types 1, 2 and 3.2 according to Figure 6.

Stage 2: Verify the process according to the cri-
terion of total output uncertainty assessment comp-
liance with the specified requirements.

To implement stage 1, it is proposed to use the
methods developed in the practice of solving incor-
rect tasks for each of the three signs of incorrectness.

To neutralize the type 1 robustness loss (attri-
bute 1, see Figure 6) the methods formulated above
may be used: 1) forming an alternative process
model as a cardinal solution of the task; 2) introdu-
cing new clarifying input parameters into the process
model, decreasing the output variation; 3) imposing
restrictions on model parameters, stabilizing the out-
put variation.

To neutralize the type 2 robustness loss (attri-
bute 2, see Figure 6) we can use the methods stated
above: 2)introducing new clarifying input para-

meters into the process model, decreasing the out-
put variation; 3) imposing restrictions on model pa-
rameters, stabilizing the output variation; as well as
experimental researches of process by experiment
planning methods (comparison of alternatives) or
methods of expert evaluation to define the best va-
riant of process realization in accordance with given
requirements.

To neutralize the robustness loss of type 3.2 (at-
tribute 3.2, see Figure 6) methods of influence on
process input factors which have significant influence
on process output variation can be used: 1) decrea-
sing influence of factor by fixing its value or redu-
cing its weighting coefficient; 2) decreasing influ-
ence of factor by controlled change of other factors
using their correlation relationship with opposite
sign.

Methods for neutralization of robustness los-
ses of types 1 and 2, as well as type 3.2 (method 1)
are intuitively understandable (Figure 6). In each
case they are individual, but all of them refer to
engineering (organizational and technical) measures
of providing and adjusting production processes.

The greatest scientific interest is the neutra-
lization of robustness losses of type 3.2 (method 2).
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The method implies correction of the production
process to such a state, at which the coefficient K
in expression (4) for each identified factor of ro-
bustness loss, potentially, will not exceed its thre-
shold value. An interesting solution to the task are
the so-called methods of G. Taguchi — methods
of robust redesign, which are designed mainly for
technological processes [19]. However, they have
not become widespread due to a number of disad-
vantages:

—methods for identifying the factors affecting
the robustness of the process output are not defined,
which causes the risk of not identifying them;

— it is necessary to investigate a priori the func-
tion of influence of each factor on variation of the
process output;

—there is a need to implement special active
experimentation plans, which are not always eco-
nomically feasible.

We have substantiated a method that involves an
essential modification of G. Taguchi’s techniques,
which has two main distinctive points [20]:

— the use of passive experiment in the form of
collecting and accumulating data on the implemen-
tation of the process over a period of time, which
ensures high efficiency of the method;

—special processing of the results using the
mathematical apparatus of nonparametric regression
based on wavelet transforms, which ensures the cor-
rectness of the obtained results.

Taken together, the application of the moder-
nized method of G. Taguchi will make it possible
to ensure high efficiency of the management of the
robustness loss of production processes in situation
3.2 (Figure 6).

Stage 2 is implemented on the assumption that
stage 1 has been successfully completed, i. e. all sig-
nificant influencing factors of the input of the pro-
duction process (types 1, 2, 3.1 in Figure 6) have
been identified and neutralised. In this case, the
verification of the process is carried out according
to the criterion of conformity of the estimate of the
total uncertainty of the output with the specified re-
quirements. Stage 2 is reduced to evaluation of the
resulting variation of the output of the production
process as a result of the combined effect of input
factors recognized at stage 1 as having little effect,
and stating the fact that it does not exceed the values
specified in the technical requirements. In this case,
the process is considered acceptable. For measure-
ment processes these are, for example, such indica-
tors of measurement result (process output) as drift,

precision, uncertainty’. For technological processes,
these are, for example, such indicators of output as
Cp, Pp, stability, etc.'’. The resulting estimates are
used as passport characteristics of the process to
which the values obtained in periodic monitoring
will be compared in order to certify the process to
maintain its acceptability.

Conclusion

The relevance of developing a strategy for a
guaranteed solution to the task of acceptability of
production processes under the concept of industrial
production “Industry 4.0” is substantiated. The ar-
ticle proposes a systematic approach to the develop-
ment of the strategy based on the approaches of the
theory of solving incorrect tasks. The signs of cor-
rectness of mathematical tasks according to J. Ad-
amar are adapted to the tasks of ensuring the accep-
tability of production processes (technological and
measurement) in terms of identifying the properties
of the manifestation of incorrectness and methods of
incorrectness management.

It has been established that signs of incorrect-
ness in relation to production processes can be con-
sidered as a manifestation of the robustness property,
therefore robustness can be considered as a gene-
ralized indicator of the acceptability of production
processes. It is concluded that the basis of a syste-
matic approach to the assessment and management
of robustness losses of production processes in the
sense of their unacceptability can be based on the
established approaches and techniques of the theory
of incorrect tasks. The classification of situations of
losses of robustness of production processes as their
unacceptability in accordance with the classification
of signs of incorrectness of tasks on J. Adamar is
offered. In order to divide the factors of the loss of
robustness into groups depending on the method of
control the notion of the degree of task incorrectness
as an analogue of the degree of loss of robustness is
introduced.

We have proposed a two-step algorithm for en-
suring the robustness of production processes, which
includes the identification of sources of robustness
losses and the management of input factors that cause

Y GOST 34100.3-2017/ISO/IEC  Guide  98-3:2008
Uncertainty of measurement. Part 3. Guide to the
expression of uncertainty in measurement

'"GOSTR  50779.46-2012  Statistical ~methods.
Process management. Part 4. Process capability and
performance estimation
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a significant variation in the output of the process.
The sources of potential factors of loss of robustness
of production processes are determined by the crite-
rion of completeness and non-redundancy using a
systematic approach. We have formulated a two-
stage mechanism for managing the robustness of
production processes, taking into account the clas-
sification of robustness loss situations. Rational
methods are proposed to ensure the robustness of
production processes for each stage, which have
been developed by the practice of solving incorrect
tasks. We have substantiated the method, which is
a modification of the methods of robust redesign of
G. Taguchi, providing high efficiency of managing
losses of robustness of production processes in cer-
tain situations.
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Abstract

In modern diagnostics, much attention is paid to measuring of time parameters, as well as their change
over time. The purpose of this work is to develop a method for measuring of time intervals which made it
possible to increase the measurement accuracy by reducing errors associated with the instability of main
parameters of the pulse signal.

In the most of approaches used, the error associated with the instability of main parameters of sig-
nals under study is not enough taken into account. As an alternative, a spectral method is proposed in
which the measurement of time intervals, as well as their changes, is performed based on the analysis
of pulse sequences formed on the basis of characteristic points of the measured signal. For this a double
pulse sequence was considered, an equation for the amplitudes of its spectral components was obtained,
and in accordance with this it was determined that the delay time between double pulses is the most informa-
tive parameter.

Using the Mathcad software, an analysis of the sensitivity regions was carried out for the change in the
main parameters of the pulse sequence, namely the repetition rate, as the main destabilizing factor.

As a result of the implementation of the developed technique, a structural diagram of the measuring
system is proposed and an analysis of the measurement error associated with the instability of the main pa-
rameters of the pulse sequence is carried out. This error is estimated to be less than 0.01 %.

The considered method makes it possible to increase the accuracy of measuring time intervals due to the
almost complete elimination of the influence of the instability of the reference frequency and the amplitude
of the generated pulses which is unattainable with modern hardware, including digital signal processing.

Keywords: amplitude-frequency spectrum of a pulse sequence, discontinuous pulse sequence, error from
parameter instability, delay time in a pulse sequence.
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YBeJquueHue TOYHOCTH U3MEPEHUs BPEMEHHBIX TapaMeTpoB
CUI'HAJIOB C UCNOJIb30BAHUEM JIBOMHBIX UMITYJIbCHBIX
MnocJea0BaTe/ibHOCTEH

A.B. I/IcaeBI, 10.B. CyXOL[O.]IOBl, A.C. Cyumol, A.A. lleiinnkos’

I . . .
benopycckuii nayuonansnulii mexuuieckuil ynugeepcumen,
np—m Hesaseucumocmu, 65, 2. Munck 220013, berapyco

2
Boennas akademus Pecnybnuxu Benapyce,
np—m Heszaseucumocmu, 220, e. Muncx 220057, benapyco

Hocmynuna 06.10.2021
Ipunama k nevamu 01.12.2021

W3mepenuto BpeMEHHBIX TapaMeTpoB, B TOM YHCIIE U UX MU3MEHEHHUIO, YAEIIeTCsl OONbLIIoe BHUMAaHUE
B COBPEMEHHOM auarHocTuke. Llenpio qanHoi padoThI sBIsUIach pa3paboTka METO1a M3MEPEHHsI BPEMEHHBIX
WHTEPBAJIOB, MO3BOJIMBLICTO YBEIMYUTH TOYHOCTb HM3MEPEHHUSI 3a CUET YMEHBIICHUS MOIPEIIHOCTEH,
CBSI3aHHBIX C HECTAOMIBHOCTBIO OCHOBHBIX TapaMETPOB UMITYJILCHOTO CHTHAJIA.

B OosibmMHCTBE MCMONB3yEMBIX IMOAXOMOB, MajO YYHMTBIBAETCS IIOIPEIIHOCTb, CBSI3aHHAS
C HeCTaOMIIBHOCTHIO OCHOBHBIX [TAPaMETPOB UCCIIEAYEMbIX CUTHANIOB. B KauecTBe ajbTepHATHBBI IPEATIOKEH
CHEKTpaJIbHBIA METOJ, NpU KOTOPOM HM3MEPEHHME BPEMEHHBIX HHTEPBAJIOB, a TAaKKE WX M3MCHEHHMS
NPOM3BOJMUTCS HAa OCHOBE aHalW3a MMIIYJIBCHBIX IOCIEeI0BATEILHOCTEH, C(HOPMHUPOBAHHBIX HAa
OCHOBE XapaKTepHBIX TOYEK H3MEpseMoro curuaia. s 3Toro paccMOTpeHa [BOWHAS HMITYJIbCHAs
MOCJIEe0BATENBHOCTD, MOJIYYEHO YpaBHEHUE MJsl aMIUIMTYJ €€ CHEKTPaJbHBIX COCTAaBIISIONIMX H,
B COOTBETCTBHU C DTHM, YCTaHOBJICHO, YTO BPEMS 3aJCPKKH MEXKIY IBOWHBIMH MMITYJbCAMH SIBISICTCS
HanOosee HHPOPMATHBHBIM APAMETPOM.

Hanee ¢ momompio 10 Mathcad npoBenén ananus obnactell 4yBCTBUTENBHOCTH Ha H3MEHEHHE
OCHOBHBIX ITaPAMETPOB UMITYJILCHON MOCIIEI0BATEIbHOCTH, & MMEHHO YacTOTHI CIIeJJOBAHUsI, KAK OCHOBHOT'O
JeCTaOMIM3UPYIOLIETO (haKTopa.

Kak pesynbrar peanusanuu pa3paboTaHHOH METOAMKH, MPEUIOKEHa CTPYKTypHas cxeMa H3MepH-
TEJILHOW CHCTEMBI M IPOAHAIN3UPOBAHA MOTPEIIHOCTh U3MEPEHNUs, CBA3aHHAS C HECTAOMIBHOCTHIO OCHOB-
HBIX [TAPaMETPOB UMITYJILCHOH MocieoBaTesibHOCTH. JaHHas norpemHocTs cocrasisieT meHee 0,01 %.

Takum 00pa3oM, PacCMOTPEHHBIH METOJ| MO3BOJIICT TOBBICUTH TOYHOCTh H3MEPEHHS BPEMEHHBIX
MHTEPBAJIOB 3a CUET MPAKTHYECKH TOJHOTO MCKIIOYEHUs BIMSHUS HECTAaOMIBHOCTH OMOPHOM YacTOTHI U
aMIUTUTYABl (OPMHUPYEMBIX HMITYJIBCOB, YTO HEJOCTH)KMMO COBPEMEHHBIMH ammapaTHBIMH CPEICTBAMHU
B TOM YHCJIE U IpU HU(PPOBOH 00pabOTKE CUTHAJIOB.

KurloueBble cjioBa: aMIUIMTYIHO-9aCTOTHBIM CIIEKTP HMITYJIBCHON MOCIEIOBATEIbHOCTH, TPEPHIBUCTAS
MMITYJIbCHAsI TIOCJIEIOBATEIHFHOCTD, TIOTPEITHOCTh OT HECTAOMIBHOCTH TTApaMETPOB, BPEMS 3a/IEPKKH B UM-
ITyJIbCHOW TOCTIEI0BATEILHOCTH.
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Introduction

One of the most important problems of modern
instrumentation is the most reliable measurement
of the parameters of the processes under studys, i. e.
obtaining data with minimal error. And taking into
account the possibilities of the modern world, when
the parameters and characteristics under study are
minimized, this problem becomes more and more
urgent. This problem was not spared by the measure-
ment of various time parameters. So the measure-
ment of small time intervals requires not only a high
sensitivity of the measured parameters, but also a
minimum error from the instability of the generated
signals themselves. Measurement of changes in time
intervals is widely used for diagnostics of electrical
machines, measurement of phase shifts [1-3], de-
termining the distance to objects using radar [4, 5],
etc. Currently, there are a large number of methods
and techniques for measuring both the time intervals
themselves and their changes. Among them, there are
both classical approaches to measuring the duration
of a time interval by the method of discrete coun-
ting, which consists of comparing the measured time
interval with a discrete interval that reproduces a unit
of time [6], and more modern ones. So, for example,
a method for digital measurement of the duration of
time intervals, which consists of counting the num-
ber of quantizing pulses with a repetition period for
specified measurement intervals, when odd and even
separate measurement intervals are formed alterna-
ting with each other with durations correlated with
respect to the period and duration of pulses of the
input signal that accumulate the results of filling
individual measurement intervals with quantizing
pulses [7]. Or a method for measuring time intervals
between the moment of triggering the probing signal
and the center of the reflected signal, which consists
of receiving the reflected signal with subsequent
analog-to-digital conversion of this signal from the
moment of starting the probing signal, determining
the number of the element of the numerical array
corresponding to the center of the reflected signal,
and creation in its surroundings of the reference sig-
nals, which correspond in shape to the reflected one,
the center of each of which is shifted relative to the
center [8]. A method for measuring time intervals by
counting the number of periods of the reference ge-
nerator within the measured interval is also presen-
ted, in which, to increase the measurement resolu-
tion, along with the signal of the reference high-sta-

bility generator, the signal of an additional auxiliary
high-stability generator is used, which is converted
into a sawtooth voltage. Further, when processing
the signal, the voltage level corresponding to the
moment of intersection of the front of the measured
event and the front slope of the sawtooth voltage is
stored, and generate a sawtooth voltage signal cor-
responding to this level. Next, the number of pulses
is counted until the moment of coincidence of the
pulse front in the packet with the pulse front of the
reference generator, and the interval between the two
events is determined by the corresponding expres-
sion [9]. However, the presented methods have the
main drawback — this is a significant dependence of
the accuracy of measuring the time interval on the
technical parameters of the reference oscillators and
counters used in the hardware implementation.
When forming and converting pulse signals, it
is possible to achieve rather small values of errors.
For example, when shaping pulses using existing
software-controlled digital means, it is possible to
achieve amplitude instability of the order of 0.01 %,
and the instability of temporal parameters, such as
pulse duration, pulse repetition period, and others,
can reach 0.0001 %. All these parameters, as a rule,
are significantly lower than the instability of the mas-
ter frequency. So, if the measurement is organized
in modern equipment based on an industrial or any
other network, the instability of which can reach 1 %
or more', then all efforts should be directed prima-
rily at reducing the errors from this instability. In this
case, it is additionally desirable to reduce the error
from the instability of the generated pulses. The com-
monly accepted practice of measuring time intervals
involves the formation of pulse trains and measuring
the delay time between them [10]. However, all of
the above existing methods for measuring changes
in time parameters do not provide for taking into ac-
count the instability of the repetition rate of pulse se-
quences comparable to unstable network parameters.
The purpose of this work was to develop a
method for measuring the time intervals of the stu-
died pulse sequences, which significantly reduces the

"GOST 32144-2013  Elektricheskaya  energiya.
Sovmestimost' tekhnicheskikh sredstv elektromagnitnaya.
Normy kachestva elektricheskoy energii v sistemakh
elektrosnabzheniya obshchego naznacheniya. Vveden v
deystviye postanovleniyem Gosudarstvennogo komiteta
po standartizatsii Respubliki Belarus’ ot 12 marta 2015.
Ne 13 neposredstvenno v kachestve gosudarstvennogo
standarta Respubliki Belarus’ s 1 fevralya 2016.
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error associated with the instability of the driving
frequencies, including the study and diagnostics of
the state of the windings of electrical machines.

OcHoOBHAA 4YaCTh

After analyzing various sequences of pulses
with different time parameters, it was found that the
most optimal for achieving the goal is a complex dis-
continuous sequence consisting of two double rec-
tangular pulse sequences. The information parameter
for such a sequence will be the delay time between
two double sequences. In this case, it is necessary to
exclude or minimize the effect on the measurement
result of the instability of the repetition rate of these
sequences (for example, formed from the current
curve of the supply network), from the components
of which a pulse sequence is formed. Let us analyze
the composition of such a sequence, taking into ac-
count the amplitude E, the duration of the pulses in
the bursts #,,,, t,1», t,5, and t,,,, the repetition period
of the double sequences 7 and the delay time from
the beginning of the period: for the first pulse =0,
for the second pulse ¢ = T}, for the third pulse 7 =¢,,
and for the fourth pulse ¢t = ¢, +7,), (Figure 1a). Con-
sider our discontinuous pulse sequence as two inde-
pendent sequences (Figure 15 and 1¢) and set the fol-
lowing conditions:

= tl;

=L =l Tl

Ty =Ty =T,

.
A AR
[Toy 1
fin | | tiz
: 11—
To2 E
fin lin
ty 1 I
: L
b t

Figure 1 — Double pulse sequence: a — the discontinuous
pulse sequence under consideration; b — double pulse se-
quence no. 1; ¢ — double pulse sequence no. 2

Then, according to [11], the complex amplitude
of the n-th harmonic of each pulse sequence is de-
fined as:

For the first discontinuous sequence with pulses
1 and 2.
The equation for the first pulse has the form:

E (g imony,
Tnj

Y (1)

for the second pulse:

U= i(l-e'f”“’f Ye /10T
Ty

2
Considering that:

U,=U+U,;

so:

Izi(l_e-jn(l)l[)+£(1_e-jn0)l[)e-jl’l(l)TO —
Tnj Ty

Up

3)

(1= (e 10T,
oy

where E is the amplitude of the pulses; 7}, is the pe-
riod of pulses in the sequence; ¢ is the duration of
pulses; n is the number of the harmonic; o is cyclic
frequency, determined by the formula:

o=2n/T,

where 7 is the period of the pulse sequence.

If we take into account the displacement theo-
rem [11], then the equation for the second sequence
with pulses 3 and 4, equation (3) will have the form:

E it s -7
:Tc_nj(l_ejn(,l)ll)e _1nwtw+

Ups

+£(1 _ e—jnmtl- )e—jn(oTO e—jnu)tw _ 4
Tnj
E

nnj

- jnmt; -jnwTy \ - jnmt,,
(1_61’1 1)(l+e/” o)eﬂ' w,

where ¢, is the delay time of the second pulse train.

Then, the equation of the complex amplitude of
the n-th harmonic of the sum of two double pulse
sequences has the form:

U, =Up +U,, =— 1=/ i) (1+e/"T0) 4
Tnj
(5)

+£(1_e-jnu)t,« )(1+e-jn(nT0 )e-jnu)tw —
nnj

i(l—e’jnw[i )(1+e-jn(nT0 )(1+e-jn(ntw).
Ty

Or, taking into account the transformation in
trigonometric form, the equation for the amplitude
of the n-th spectral component has the form:
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Wi;
U, = 2E (sin 2% )y cos
mn 2

nwT nwt,,
. 6
2 )(cos 5 ) (6)
In this case, the zeros of the envelope of the am-
plitude spectrum are determined by the expressions:

”01:PTtl_; n02:PT2T05 ”03:PT2,W»

where p =1, 2, 3, etc.

According to expression (6), the delay time be-
tween two pulse sequences can be an informative
parameter .

Determine the change in which amplitudes of
the spectral components can be used to measure the
change in the delay time ¢, provided that the influ-
ence of the instability of the repetition rate of pulse
sequences is maximally reduced. To do this, we de-
fine the absolute error affecting the measurement of
the change in the amplitude of the n-th spectral com-
ponent. The change in the amplitude U, consists of
two parts: the absolute error and the change in the

in the parameters E, o, ¢;, T;, can be determined by
the value of the total differential:

] L L IAHdIUnI
dE do dr; dr,

1

|AUE(DI TO |_ A]103 (7)
where AE, Ao, At,, AT, are respectively, changes in
the parameters E, o, ¢;, 1.

In this case, the expression for the complete
change in the amplitude will be defined as:

d|U, d U d|U,
|AUE(D[ oty |— | ‘ L n| Ao+ | ‘ At +
dU d|U ; ‘ ®
AUl g, + ' NGl o,
T, dr,)

where At,, are changes in the information parameter ¢,,.

After analyzing the partial derivatives of expres-
sion (8), we determine the sensitivity to changes in
parameters:

information parameter — the delay time 7,,. Absolute ~ 41Unl \ ;. _ 4 Isin no; Hcos nwl Heos not,, E 9)
error in obtaining the result of uncorrected changes dE T 2 2 2
d\U t; T t T ¢
| | (t cos 24 o5 12 Ocosnww—Tosinn—wtsinnm 0 cos 22w _
do 2 2 2 2 2
T; T T (19)
; ¢ t
—t,, sin MO 05 L0 i 0w )| sign(sin 7070 05 P21 6 M );
2 2 2 2 2
d|U, 2E® t; o7 o, . . not;
1ol At;= |cos % [{cos 0% [{cos e |sign(sin ok );
dt; 7 2 2 (11)
d\U 2E® . not; . nol| i, . . noT;
1l AT,=- |sin kb [|sin "% [{cos e |sign(sin 0% ). (12)
dT, o 2 2 2 2

The minimum sensitivity to a change in non-
informational parameters is determined by equating
to zero the partial derivatives (9)—(12) and find the
extreme of the functions |U,|.

The amplitude-frequency spectrum of a pulse se-
quence has the property that for certain values of the
spectral component #n, the effect on the amplitude of
the instability of the temporal parameters of the pul-
ses decreases. Considering that when forming pulses
with the help of existing software-controlled digital

means, the instability of the repetition rate of the ana-
lyzed signal (for example, the frequency of an indus-
trial network) is orders of magnitude higher than the
instability of temporal parameters and the amplitude
of the generated pulse signals, all further efforts will
be aimed at reducing errors associated specifically
with instability of the pulse repetition rate.

The regions of minimum sensitivity to varia-
tions in ® are determined by equating (10) to zero:

dlU,| 2E not; nwl; not . hot; . nol not
| |——(t L cos —2 cos — — Tysin — sin —2 cos —% —
do = 2 2 2 2 2 2
. hot; nol, . not, . . noT; nwl; not
—tsin —~ cos —% sin —2 )sign(sin —2 cos — cos —2 )=0;
2 2 2 2 2 (13)
not; nwl; not . not; . noT; not . not; nwl, . nwt
t; cos —L cos —2 cos —2 — Tsin —L sin —— cos —t,, sin —~ cos —2 sin —2 =0;
2 2 2 2 2 2 2
not;  nol; not;  not
ti_TOtg L thO—tth 2l thW:O
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Consequently, the condition of minimum sensi-
tivity to the repetition rate of discontinuous sequen-
ces must be satisfied if the expression is consistent:

w?

=0, (14)

not; nwly n
=g — (Totg 5 wte

To achieve the minimum sensitivity of the pa-
rameters of the sequence of pulses to @, we determine
at what values of 7}, and ¢, and the range of variation
of ¢, the selected spectral composition will be insen-
sitive to a change in the reference frequency. For the
analysis, we introduce the following assumptions:

— spectral composition should not exceed the
15™ harmonic due to the difficulty of accurately se-
parating them from the signal;

{53

= =
351 Res

Sensivity, rel. un.

=
[

0l

— duty cycle of pulses in a double pulse sequence
is equal to two, 1. e. T, = 2¢,.
Therefore, expression (14) can be represented

as:
tg nOZTO (Totg Sl +,t n(;tw )=%; N
thth—O(DTO—Totg@ =1,tg "(’;W,

Let’s analyze the sensitivity areas using

the Mathcad software with the following para-
meters of the double pulse sequence: E=3.3V,
o =314 rad/sec, T=20msec, T,=0.2msec,
t,=0.1 msec and ¢, = 0.8 msec (Figure 2).

10

12.5

15 17.5 20

Spectrum number

Figure 2 — Dependence of the sensitivity of the amplitude-frequency spectrum on the number of the spectrum of the
pulse sequence: 1 — sensitivity to the pulse repetition rate ; 2 — sensitivity to pulse duration ¢,; 3 — sensitivity to the
amplitude of the formed pulses £; 4 — sensitivity to the period of pulses in the 7, sequence; 5 — sensitivity to the delay

time in the pulse sequence ¢,

According to the obtained dependences, it can
be concluded that for the selected basic parameters of
the pulse sequence, the amplitude of the 7™ harmonic
does not depend on the change in the repetition rate
(i. e. the repetition period of the pulse sequence) and
the effect of the instability of the pulse amplitude is
significantly reduced with a sufficiently high influ-
ence on the change in time delays 7.

Let us analyze how changes in the parameters
of the pulse sequence E, ¢, and 7| affect the insen-
sitivity region with a change in ®. By analyzing the
second derivatives, we determine the influence of the
parameters of the pulse sequence on the region of
minimum sensitivity to frequency changes:

d*|U,| d*|U,| d*|U,| d*|U,|
dodE " dodt; " dwdT,” dwdt,,

Then:
dAu,| 2 o, noT, o _not; . noT; ot
| ”|:—(tl~cosn L cos 2 cos W—Tosmn £ sin 0 cog .
dwdE 2 2 2 2 2 2 (16)
)2 oT; ot o7 o7 ot
—t,, sin MO0 05 1220 i 10w )sign(sin D70 05 2270 o5 20w );
2 2 2 2 2 2
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2
d |\U 2E  now  not; . nol; not . not; . noT nwt nw . not; noT; not
ﬁ:——(q?cos 2’5111 20005 2W+sm 2’s1n 20005 2W+T07sm Zlcos 20005 ZW_
odT, o
. not; . noly, . not, . . not; nol,  not (17)
~t,, — sin —sin —% sin — )sign(sin —~ cos —> cos —);
2 2 2 2 2 2 2
2
d-|U,| 2FE not; noT; not not; noT; not nw  not; . nol; not
#=—(cos 2’cos 20005 2W—t, sin 2’cos 20005 2W—T0700s 2’sm 20005 ZW_
wdt; T (18)
no not; nol, . not, . . hot; noT; not
~t,, — €0S —~ cos —— 2 sin — )sign(sin —L cos ——2 cos —%);
2 2 2 2
2
d-|\U 2E . n®  noi; nol, . not not; . nwl, . not . not; nwT; nwt
#=——(ti7cos 2’cos zosm 2W—7})—sm 2’s1n zosm 2W+sm 2’cos zosm 2W+
wdt,, T (19)
nw . nog; noT; nowt,, . . not; noT; not
+,, — sin —~ cos —2 cos —% )sign(sin —~ cos ——> cos —% )
2 2 2 2 2 2 2

Let’s analyze the sensitivity areas using the
Mathcad software with the previously indicated pa-
rameters of the signal under study (Figure 3).

According to the data obtained, it can be con-
cluded that for the indicated parameters of the sum of
double pulse sequences, the amplitude of the seventh
harmonic does not depend on the instability of the
carrier frequency and, at the same time, has a mini-
mum sensitivity to changes in the pulse duration ¢,,
the period of pulses in the sequence 7|, and the am-
plitude of the pulses E£, and the sensitivity from the
change in the delay time in the pulse sequence ¢,, is
commensurate with the maximum.

du,|l d’|U,|
do = dodE’
d’|u,| d*|U,|
dodt; " dodT,’
d’|U,|
dwdt

w

Analyzing the presented dependences, it can
be concluded that by choosing the parameter 7,
it is possible to measure the changes in the delay
time from the amplitude-spectral components that
are in the region of insensitivity to the instability
of the carrier frequency and with a significant
decrease in the influence of the instability of other
parameters: the pulse amplitude E, the period of
the pulses in the sequence 7, and pulse duration
;.

The proposed technique can be implemented
using a measuring system, the block diagram of

which is shown in Figure 4.

0 2.5 ] T 10

1255 15 17.5 20 225 25

Spectrum number

Figure 3 — Dependences of the influence of the main parameters of a discontinuous pulse sequence on changes in the
carrier frequency from its spectrum: 1 — sensitivity of the amplitude-frequency spectrum to changes in the carrier fre-
quency o; 2 — the effect of changing the carrier frequency on the instability of the amplitude of the pulses £; 3 — the
effect of changing the carrier frequency on the instability of the pulse duration ¢;; 4 — the effect of changing the carrier
frequency on the instability of the period of pulses in the sequence 7|); 5 — the effect of changing the carrier frequency
on the instability of the delay time in the pulse sequence ¢,
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Figure 4 — Block diagram of a measuring system for
measuring changes in time parameters: 1 — block of pulse
shapers no. 1; 2 — block of pulse shapers no. 2; 3 — mixer;
4 — selective device

The measuring system contains two blocks of
pulse shapers 1 and 2, an analog addition circuit
(mixer) 3 and a selective device 4. The operation of
the measuring system in the form of a timing dia-
gram is shown in Figure 5 and looks as follows.

Ui g
a § (_L X
24 ! -
b q
!
Un & 2 =
1] !
UpZ.M -
. m
9. 3
i mofn
7
S T\ TN !
L S’ S’ R N

Figure 5 — Operation of a measuring system for measu-
ring changes in time parameters: a — pulse signal no. 1;
b —pulse signal no. 2; ¢ —double pulse sequence no. 1;
d — double pulse sequence no. 2; e — double discontinuous
pulse sequence; f— resulting informative harmonic

The input of the measuring system, which is
two blocks of pulse shapers 1 and 2, is supplied
with two pulse signals U, and U, (respectively, Fi-
gures Sa and 5b), between which it is necessary to
control the change in time parameters. With the help
of blocks of pulse shapers in accordance with the
specified control parameters 7|, is the period of the
pulse sequence, ¢, is the duration of the pulses and
the period of the input signals 7, two pulse sequences
are formed (respectively, Figures 5¢ and 5d). Then
these pulse sequences in mixer 3 are converted into

one total sequence, which is a double discontinuous
pulse sequence (Figure Se) with the parameters: 7},
is period of the pulse sequence; ¢, is the duration
of the pulses; ¢, is the delay time between pulses.
The required informative harmonic is allocated on
the selection device 4 (Figure 5f), by analyzing
the amplitude of which it is possible to judge the
measured time interval.

One of the examples of using the presented
technique is measuring the parameters of the no-
load current of electrical machines, i. e. diagnostics
of the condition of the windings when the machine
is running. In this case, the system has the initial
parameters: the amplitude of the pulse sequence is
E =33V, the frequency of the supply network is
50 Hz (o = 314). According to the studies and real
possibilities, it was determined that it is most optimal
to use the period of pulses in a sequence equal to
within 0.01 of the nominal value of the input signal
period and with a duty cycle of these pulses equal
to two. From here we determine the parameters
of the pulse sequence: 7= 20 msec, T, = 0.2 msec,
t;=0.1 msec.

From expressions (8) and the obtained equa-
tions (9)—(12), we determine the errors associ-
ated with the instability of non-informative pa-
rameters, where: AE=10"V; Ao =3 rad/sec;
At,=AT,= 10°® sec, the informative parameter is set
within ¢, =47, = 0.8 msec at n = 7.

Consequently:

AU gy 1, [6.637-107°.

This means that the measurement error, inclu-
ding those associated with the instability of the main
parameters of the pulse sequence, will be less than
0.01 %, and therefore the accuracy with respect to
frequency with its instability improves by two orders
of magnitude.

Conclusion

A spectral method for measuring time intervals,
as well as their changes by analyzing pulse sequen-
ces, formed on the basis of characteristic points of
the measured signal, is proposed. For this, a double
pulse sequence is considered, an equation for the
amplitudes of its spectral components is obtained,
and, in accordance with this, it is determined that
the delay time between double pulses is the most
informative parameter.
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Further, using the Mathcad software, we ana-
lyzed the sensitivity regions for changes in the main
parameters of the pulse sequence, namely the repeti-
tion rate, as the main destabilizing factor.

The considered method makes it possible to in-
crease the accuracy of measuring time intervals due to
the almost complete elimination of the influence of the
instability of the reference frequency and the ampli-
tude of the generated pulses, which is unattainable with
modern hardware, including digital signal processing.
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MMPABUJIA O®OPMJIEHUS CTATEN

Crarpy, HanpaBlICHHbIE B PENAKIMIO JKypHaja, JODKHBI YIOBIETBOPATH TpeOOoBaHMSAM «MHCTPYKIMM O MOpsiike
oopmienns kBan(pUKaIIMOHHON HaydYHOH paboThI (AHCccepTaiun). ..», yreepxaenHol [locranosnennem BAK Pb
01 28.02.2014 . Ne 3

1. Marepuan cTaTby JODKEH COOTBETCTBOBATH ITPO-
(uITIo JXypHAJIa M U3J1araThesl PeebHoO SCHO.

2. Crarbs NpEACTABIISCTCS HA PYCCKOM WM aHIJIMA-
CKOM $I3bIKE U ITyOJIMKYETCsI Ha SI3bIKE MTPEACTABICHUSI.

3. IloctynuBiMe B peAaKIUIO CTaTbU MPOXOJIST JIBOM-
HOe Toyrycienoe pereHsupoBanue. OCHOBHBIE KPUTEPUH
11e1eco00Pa3HOCTH OMYOIMKOBAHUS — aKTYalbHOCTh TeMa-
THUKH, I/IH(i)OpMaTI/IBHOCTL, Hay4YHas HOBU3HA.

4. Crarbs IPEACTABIISACTCS B paciedaTaHHOM U B JJIEK-
TPOHHOM BHJIE B (popmare TekcToBOrO pemakropa Word
for Windows, Habop — crmonrHsiM TekcToM (6e3 IeneHus
Ha KomoHKH). OOBEM CTaThl HE MJOIDKEH TIPEBBINIATH
14 crpanu, Brimodas TekeT (mpudrt Times New Roman,
pasmep 12 1., uarepsan 1,5), Tabnunpl, rpadudecknii ma-
Tepuall, BCIO HeOOX0IMMYI0 HH(OpMaLnIo Ha aHTIIMICKOM
SI3BIKE.

5. Ha mepBoii cTpaHulle CTaTbu YKa3bIBAIOTCS: Ha-
3BaHHE CTaThH, (aMwinu aBTOpPOB ((amuiius aBropa,
C KOTOPBIM CJIEAyEeT BECTH MEPErnucKy, OTMedaeTcsi 3BE3-
JIOYKOH WM YKa3blBAaeTCs €ro ajpec O3JIEKTPOHHOW MO4-
THI), HA3BaHMUA W TOYTOBBIC ajgpeca opraHu3anuii (ynuma,
HOMEp J0Ma, HHAEKC, TOPOI, CTpaHa), B KOTOPBIX paboTaroT
aBTOPBI, HA PyCCKOM U aHITIMHCKOM si3bIKaxX. CTaThst BKITIO-
yaeT: aHHOTanuio (B mpeaenax 200250 cioB); KIItOYEBEIC
cioBa (He Ooree 5); BBe/IeHNE, B KOTOPOM JICNIAETCsT Kpar-
KM 0030p CJICTaHHOTO B MUPE ¥ KOHKPETHO (POpMyITHpYeT-
Cs 11e71b pabO0ThI; OCHOBHYIO YaCTh; 3aKIIIOYEHHUE, B KOTOPOM
B CXKAaTOM BHJE CHOPMYIHPOBAHBI OCHOBHBIE TIOJTyYEHHBIE
pe3yabTaThl ¢ yKa3aHUEM WX HOBH3HBI, MPEUMYIIECTB U
BO3MOKHOCTEN MMPUMEHCHUA; CIIMCOK MCIIOJIb30BaAHHBIX
HUCTOYHUKOB. AHHOTaI_[I/ISI, KJIFOUCBBIC CJIOBA, CIITMCOK HC-
IMMOJIb30BAHHBIX MCTOYHHUKOB MPEACTABIAIOTCA Ha PYCCKOM
Y aHIJIMKCKOM SI3bIKaX.

6. AHHOTanMs JODKHA OBITH WH(POPMATHBHOH (co-
JIep>KaTh «BBDKUMKY» U3 BCEX Pa3/IeNIOB CTATbH — BBEJCHUS
C YKa3aHHEM LeJIM PadOThI, METOIMKH, OCHOBHOH YaCTH H
3aKITFOYCHUS).

7. I'padmaeckuil mMarepuan NOJKEH OBITH KOHTpAcT-
HbIM U 4€TKUM. HeoOxommmo IpuaepKuBaThesi €ANHOO-
Opasuss TEXHHKHM HCIIOJHEHUsI OJHOTHITHBIX HWILTIOCTpa-
. PucyHOk momkeH pacrnonarartbesi mociie  adsara,
coziepKallero cchlIKy Ha Hero. He momyckaercst pa3me-
IIEHHE PUCYHKOB B KOHIIE Iojpasienia M crarbu. M3o-
Opa3uTenbHBII MaTepuan BCTABISETCS B TEKCT CTaThH,
a Takke Haércs B BHAC OTACIbHBIX (aitios (dpopmar tif,
jpg, pa3peumenue He meHee 300 dpi). Texct Ha prcyHKax
HabWpaeTcs OCHOBHOH TapHUTYPOH; pa3Mep KTl COn3Me-
pUM C pa3MepoM pHCyHKa (JKelaTelbHO 8 IMyHKTOB). Bee
PUCYHKH HYMEPYIOTCS W COIPOBOMKAAIOTCS IOAPHCYHOU-
HBIMH TOATTUCAMH. PparMeHTHl PUCYHKAa 0003HAYAIOTCS

CTPOYHBIMH KYPCHBHBIMH JIATHHCKUMH OYyKBaMU — «a»,
«b» uT. 1. Hagmucw Ha pHCyHKax M TOJIIHMCH K PHCYH-
KaM JaloTcs Ha PyCCKOM M aHIVIMHCKOM si3bIKax. Bee co-
KpalieHust ¥ 0003HA4YEeHUs! JOJDKHBI OBITH paciiugposa-
HBl B MOJIPUCYHOYHOW TOJNMUCH. PHCYHKHM »KenaTeiabHO
npenocTaBisiTh B IiBeTe. Ha prcyHKax J0JKHBI OBITH yKa-
3aHBl OCH C 0003HAYECHHUEM MMPUBOAUMBIX BEJIMYHWH U Mac-
mradoB. Ha rpadukax He Hy)XHO JaBaTh KOOPIUHATHYIO
CEeTKy, €CII 3TO He ocuwuiorpamma. Bo Bcex cimywasx
Ha pPUCYHKaX JOJDKCH OBITh MPHUBEAEH MacIITa0.

8. YV rpadukoB, WMEIOMMX YHCIOBBIC 3HAYCHUS
10 OCSIM, PAMKH JIOJDKHBI OBITH OTKPBITHI, @ 3aCEUKH Ha-
MIpaBJIeHBI BHYTPh paMKH. Ha prcyHKax, MpeacTaBIIsIonnx
co0oii rpauKy 3aBHCUMOCTEH, HE CIIEyeT JelaTh pa3Mep-
HYIO CETKY, CJISyeT AaTh JIUIIb 3aCEUKH Ha OCSX, IPUUEM
BCE 3aCEUKH JIOJDKHBI ObITH onmdposanbl. Ecinu ocn Ha pu-
CyHKax ounu(poBaHbl, TO OHHM 3aBEPINAIOTCS HA MO3MLUH
OYepEeHON 3aceuKH, I7Ie 3aceuyka HE CTAaBHTCS, a BMECTO
YHUCIIOBBIX 3HAYCHUH NAIOTCs 0003HAYCHUS NMEPEeMEHHON U
enunaMIa m3Mepenus. Ecimm ocu He onndpoBbIBalOTCS, TO
OHU 3aBEPIIAIOTCS CTPENIKAMH, PAZOM C KOTOPBIMH JAIOTCSI
0003HAYCHNS TTIEPEMEHHBIX 0€3 eTUHHIl H3MEPEHHSL.

9. INomyToHoBEIe (hoTorpadmm MPUOOPOB TN UX Ya-
CTEH NPENCTABIAIOTCS TPH MyONUKAUK B TEX CIydasx,
KOI7Ia OHM HECYT CYIIECTBEHHYIO MH(pOPMAIHNIO, KOTOPYIO
HeITb3s1 BRIPa3UTh MHBIM criocoboM. dotorpaun JOIKHEI
OBITH BBICOKOKaYe€CTBEHHBIMH, KOHTPACTHBIMH, C XOPOIIO
Pa3InYUMBIMH JAETAISIMH.

10. WMmmoctpanmu (rpaduku, anarpaMmmbl, CXEMBI,
4yepTexu), prucoBanueie cpeacteamu MS Office, nomKHBI
OBITHh KOHTPACTHBIMH M 4€TKMMH. HemomyctuMo HaHece-
Hue cpeacrBaMu MS Word kakux-1m00 3J1eMEHTOB MTOBEPX
BCTaBJICHHOTO B (aifll pyKOTMCH PHUCYHKA (CTPENKH, TOA-
MMICH) BBHUIY OONBIIOTO PHCKAa WX MOTEPU HA dTammax pe-
JAKTUPOBaHUS M BEPCTKH. MinmocTpanym HOMMKHBI UMETh
pa3Mepbl, COOTBETCTBYIOIIME WX HH(POPMATHBHOCTH:
88,5 cMm (Ha omHY KOJOHKY), 17—17,5 cM (Ha ABE KOJOH-
k1) uian 23 cM (Bo Bech JncT). IloaToMy KenareabHO H30-
OpaskaTh OTAEIbHBIC HIEMEHTHI ¥ Ha IIIHCH Ha PUCYHKE TaK,
4TOOBI NPH YMEHBIIEHUH MaciuTaba pHCYHKa JI0 OIHOTO
U3 YKa3aHHBIX pa3MepoB OYKBBI U LU(PBI IPHOOPETH BbI-
coty 2-2,5 MM, DJIEMEHTHI CXeM 3—5 MM, OT/IeIbHBIE TOUKH
1 MM, a IMHUH JOJDKHBI OBITH IIPH STOM Pa3HECECHBI Ha pac-
crostaue He meHee 0,5—1 mm.

11. Haamucn u 0603HaYSHHUS HA WLTIOCTPAIUAX Clie-
JyeT pacriojararb Tak, 4TOObl OHM HE CONPHKACAIINCh
HU C KakuMHU €€ vacTsamu. Ha 3agHuil tuiaH wutocTpanuu
JKETIaTeNIFHO He TOOABIATE CEPHIi (IIBETHOW) (POH FITH CETKH.

12. Tabmumpel HE MOMKHBI JyOIHpOBaTh TIpadu-
ku. Kakmas tabnuia nmeer 3aroioBok. Ha Bce TaOmmippt
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W PUCYHKH CJEAYET AaBaTh CCHUIKM B TeKcTe. TaOiuirbl
HE JIOJDKHBI COZIEPXKAaTh 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, PAacII(PPOBBIBAIOTCS HEMOCPEACTBEHHO B TEKCTE.

14. Pa3mepHOCTB BCeX BEIMYHUH, IPUHATHIX B CTAThE,
JIOJDKHA COOTBETCTBOBATh MEKIyHApOJHON CUCTEME €IH-
Hun u3mepenuii (CH).

15. HabGop ¢dopmyn momKeH MPOBOAWUTHECS B pEOax-
tope MathType nenmukom. Habop ¢opmyn u3 cocTaBHBIX
3JIEMEHTOB HE JIOITyCKaeTcsi, HoMepa (GpopMyl — 110 IpaBo-
My kparo. Hymepytotes aumib opMystbl, Ha KOTOPBIE €CTh
CCBUIKH B TEKCTE.

16. HeoOXxoauMO HUCIONB30BaTh CICIYIOIIUE yCTa-
HOBKM pezaktopa Qopmyn. Pazmepsl: momubiii — 10 mT,
MOJICTPOUHBIN — 9 NT, MOA-MIOJICTPOYHBIN — 7 IT, CHMBOJI —
14,5 nt, moacumBoin — 12,5 nt. CTuiu: TEKCT, (QyHKIHS,
yucno, kupwumina — mpudrt «Times New Romany, Bek-
top-marpunia — mwpupt «Times New Romany, >kupHBbIif;
TpeYecKuil MaJbli, rpedecKil OOIBIION, CUMBOI — MIPUPT
«Symboly», mpamoit; nepemernas — mpudt «Times New
Roman», kypcus.

17. OtnenpHBIE CTPOYHBIE OYKBBI W CICHHANBHBIC
CHUMBOJIBI HaOHMpAIOTCSI B TEKCTe TapHHUTypoir Symbol
0e3 ucmoap30BaHus penakropa ¢opmya. [Ipu Habope
dbopmynr © OyKBEHHBIX OO0O3HAUCHHN HEOOXOAUMO Y4YH-
TBIBATh CJIC/IYIONIME MpaBUia: PYCCKHN aa)aBUT He HC-
MOJIb3YeTCsA; Tpedeckue OyKBbI, MaTeMaTHYECKHE CUM-
Bouibl (grad, div, In, min, max u ap.), CAUHHIEI U3MEpPE-
nus (Bt, Ik, B, kr u np.), kupuinndeckue OyKBbI, COKpa-
LIEHUSI OT PYCCKUX CJIOB (qcp); 0003HaYECHNUS XUMHYECKUX
2JIEMEHTOB ¥ COCAMHCHHH (B T. Y. B MHICKCE) HAOUPAIOTCS
NMPSIMO; JTaTHHCKHUE OYKBBI — IIEPEMEHHBIC ¥ CHMBOJIBI (pr-
3WYECKUX BENMYMH (B T. 4. B HHICKCE) HAOHMparoTcs Kyp-
CHBOM; BEKTOPBI — XHPHBIM HIPUPTOM (CTPEIKH BBEPXY
HE CTaBATCH).

18. Hadepranue o603HaueHHIT B pOpMYITax i B OCHOB-
HOM TEKCTE JIOJDKHO OBITH MOJHOCTBIO UIEHTHYHO. B pac-
mudpoBKe (HOpPMyYII, KOTOpasi HAUMHACTCS CJIOBOM «ITIE»,

CHUMBOJIBI ¥ X MOPS/IOK JOJDKHBI COOTBETCTBOBATH CHMBO-
JIaM ¥ UX TOPSAIKY CICI0BaHUS B (POPMyIIax.

19. Crimcok MCHONIb30BaHHBIX MCTOYHHKOB COCTABIISI-
eTcsl B TOPSIIKE YIOMUHAHHS CCBUIOK IO TEKCTY, JOJDKCH
coziep Karh IoJHbIe OubIorpaduyeckue JaHHbIe U ITPUBO-
JUTCS B KOHIIE cTaThl. He pexomeHayeTcst 1aBaTh CCHUIKU
Ha MaTepualibl KOH(EPEeHIHii, CTaThH U3 AIIEKTPOHHBIX XKYp-
HaytoB 0Oe3 uaeHtudukaropa DOI, yueOHbIC OCOOHS, HH-
TepHeT-pecypchl. CCHUIKM Ha HEOITyOJIMKOBaHHBIE PaOOTHI
He JomyckatoTcs. JKenaresnpHo, YTOOBI KOJTMYECTBO CCHUIOK
6s110 He MeHee 10; camonmTipoBanue — He 6omee 20 %.

20. ABTOpBI Ha OTAENIBHOIN CTPaHULIE IPENLOCTABISIIOT
0 cebe cremyromme cBeleHMs: (paMIIHs, UMSs, OTYECTBO,
yuUeHasl CTENCHb W 3BaHHE, MECTO pabOThl M 3aHMMaeMast
JIOJDKHOCTB, aJIpec AIEKTPOHHOM CBA3M.

21. Crarbu, n3nararomye pe3ynbTaTbl UCCIEI0BAHNMH,
BBITIOJIHEHHBIX B YUPEXKICHHSX, JOJDKHBI UMETh COOTBET-
CTBYIOIIIEE Pa3pelIeHUue Ha OIMyOJIMKOBaHHE B OTKPBITOM
neyary.

22. Ilpu HEoOXOAMMOCTH B KOHIIE OCHOBHOTO TEKCTa
YKa3bIBAIOTCSI HAUMEHOBaHKE (hOHJIA, OKa3aBILero (pHHaH-
COBYIO TOJIEPKKY, MM YPOBCHb M HAaHMMEHOBAHUE IPO-
rpaMMBI, B paMKax KOTOpPOH BBIMIOJIHEHA padoTa, Ha pyc-
CKOM M aHIJIMHCKOM SI3bIKaX.

23. ABTOpBI HECYT OTBETCTBEHHOCTb 3a HalpaBiie-
HHE B peJIaKIMIO cTaTeil, paHee y)Ke oIy OIIMKOBAaHHBIX HIIH
MPUHSTHIX K NeYaTH APYTUMH U31aHUSIMH.

24. CtaTby, HE COOTBETCTBYIOIINE MEPEUNUCIEHHBIM
TpeOOBaHUSIM, K PACCMOTPEHHIO HE MPUHUMAIOTCS U BO3-
BpamamTca aBropaM. JlaTol MOCTYNJIEHUS CUHUTAETCs
JICHb MOJTyYeHHUs pelaKkiiel MepBOHaYaIbHOTO BapHaHTa
TEKCTa.

25. Pepakiust mpeaocTaBisieT BO3MOXKHOCTh TIEPBO-
0YEpEIHOTO OMYONMKOBAHUS CTaTell JMIIaM, OCYIIECTBIIs-
OIIAM TTOCJIEBY30BCKOE 00ydYeHHE (aCIIMpaHTypa, JOKTOp-
aHTypa, COMCKATEeIbCTBO), B TOJ 3aBEPIICHHS OOYyYCHUS;
HE B3MMaET IUIaTy ¢ aBTOPOB 3a OIMyOJIMKOBAHHE HAYYHBIX
cTarell; OCTaBIsIeT 3a co0OM MpaBO MPOM3BOIUTH pellaK-
TOPCKHUE MPABKU, HE UCKAXKAIOIINE OCHOBHOE COJEpIKAHUE
CTaThH.
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