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SIMULATION COMPUTER MODEL FOR VIRTUAL RESEARCH
OF OPTOELECTRONIC MEASURING SYSTEMS

Y. V. Gritskevich', P. A. Zvyagintseval, D. G. Makarova', M. P. Egorenkol, V. V. Zolotarev?
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The paper considers a simulation computer model of an optoelectronic system for measuring the point objects
coordinates. The model allows optimal coordination of the system links parameters in order to minimize the
measurement error. The method of multiple statistical tests which allows accumulating the results of single
computational experiments for each specific measurement event with a unique random distribution of links parameters
and characteristics, and then carrying out statistical processing of the accumulated results is the main method of
computer simulation. As a result of multiple analyses, multi-parameter functional dependencies that provide optimal
coordination of parameters controlled by the designer or operator according to the criterion of the resulting
measurement error minimizing are realized. The article presents the results of evaluating modeling parameters that
reduce the measurement error. It is relevant to apply this method when using the same measuring system in different
operating conditions, for different measured objects and when performing various functional tasks since it allows
adapting the system for a specific application. The model presented in the article can be concretized for the purpose of
evaluating and multi-parameter optimization of particular object parameters, as well as for developing a virtual
measuring stand on the basis of the model and its modifications.

Keywords: coordinate measurement, point object, computer simulation, measurement error, optimal parameter
matching.

UMHUTALIMOHHAS KOMITbIOTEPHASI MOJEJIb JIIS1 BUPTY AJIbHBIX UCCJIEJOBAHUM
N3MEPUTEJIBHBIX OIITUKO-3JIEKTPOHHBIX CUCTEM
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Poccuiickas @enepanus, 630108, r. HoBocubupck, yi. [Inaxorroro, 10
ZCHGMpCKMﬂ rOCyJapCTBEHHBIM YHUBEPCUTET HAyKH U TEXHOIOTUI UMeHH akagemuka M. @. PemerHena
Poccwuiickas @enepaunsi, 660037, r. KpacHosipck, mpocrt. uM. ra3. «KpacHosipckuii padounii», 31
*E-mail: polinasgugit@mail.ru

Paccmampusaemcs umumayuonnas KOMNbIOMepHAs MOOeIb ONMUKO-INEKMPOHHOU CUCTEMbl UsMEPEHUsi KOOPOU-
Ham mMoYeyHbIX 00bEeKMos, NO360NAOUASE NPOBOOUMb ONMUMATLHOE CO2AACO8AHUE NAPAMEMPOE 36€HbES CUCHEMbL
€ yenvio MuHumMuzayuu nozpeutnocmu uzmepenutl. OCHOBHbIM MemMoOOM UMUMAYUOHHO2O KOMNBIOMEPHO20 MOOeIUpPO-
8aHUA ABNAEMCA MEMOO MHOLOKDAMHBIX CIMAMUCMUYECKUX UCHbIMAHUL, NO360A0WUL HAKANIUBAMb pe3YI1bmambl
OOHOKDAMHBIX GbIYUCTUMENbHBIX IKCHEPUMEHMO8 O KaHC0020 KOHKPEMHO20 aKMd U3MepeHUs Npu VHUKATbHOM
CAyyYanHoM pacnpedenenul napamempos U Xapakmepucmux 38eHbes, d 3amem NposoouUms Cmamucmuieckyro oopa-
b60mKy HAKONJIeHHbIX pe3yabmamos. B pesynomame MHO20KpamHo2o ananusa peaiu3ylomcs MHO2onapamempuyeckue
@yHKYUOHATbHBIE 3a68UCUMOCTIU, 0DECneuU8alowue ONMUMATLHOE CO2NACOBANUE KOHMPOIUPYEMbIX NPOEKMUPOSUUKOM
U ONepamopoM napamempos no Kpumepuio MUHUMUIAYUU Pe3VIbMUpyioujeli nocpeuHocmu usmepenui. B cmamoe
npueedeHsvl pe3yibmanmvl OYeHKU NApamempos MOOeIupO8anUs, YMEHbUAIOWUX NOZPEUHOCIb usmMepenul. AKmyans-
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HbIM A6IAeMCs NPUMEHeHUe 0aHHO20 Memood Npu UCHONb308AHUL OOHOU U MO Jice USMEPUMENbHOU CUCTHEMbl 8 Pa3-
HBIX YCNOBUAX IKCIITYamayuy, 05 pasiuyHbIX UsmMepaemblx 00beKmos u npu 6bINOTHEHUU PANUYHBIX QYHKYUOHATLHBIX
3a0ay, NOCKOAbKY NO360Jsem a0anmuposeams cucmemy O1si KOHKpemHo20 npumenenus. llpusedennas 6 cmamve
MoOenb Modcem Oblmb KOHKPEMUUPOBAHA C Yeablo OYeHKU U MHOLONAPAMEMPUYECKOU ONMUMU3ayul napamempos
KOHKDPemH020 00beKma, a makice 015 paspabdomKu Ha OCHO8e MOOeIU U ee MOOUDUKAYULL BUPIMYATIbHO2O UMePUMeb-

HO20 cmenoa.

Knioueswvie cnosa: usmepernue KoopOuHam, moueunwlil 06‘beKm, UMUMAYUOHHOE KOMNbIOMeEpPHOoe Modeﬂupoeafme,
nocpeutHocms UsMepeHUs, OnNMUMAalbHoe Coclacosanue napamempos.

Introduction. The problem of remote determination
of the spatial position of various stationary and dynamic
objects is effectively solved using optoelectronic measur-
ing systems. Currently, a photo detector array (PDA) [1]
is the main detecting element, in the plane of which the
image of the measured object is built. PDA-based coordi-
nators are used in astronomical and geodetic measure-
ments, in guidance and aiming devices [2; 3], as well as
in personal identification systems using biometric
parameters [4]. In the latter case we mean registering
the coordinates of some cardinal points, the ratio of the
distances between which is one of the components of the
identification vector.

It is advisable to take the image of a point object as
the basic measured element. It is the measurement error of
this element coordinates that determines the functional
quality of the device. Obviously, in the case of an ideal
optical system the image of a point will be a point. Then
the measurement error is determined by the geometric
dimensions of an individual sensitive array element
(pixel) [5]. Error reduction is possible due to the fact that
a real lens creates an image of a point in the form of a
scattering spot.

When such a spot is formed, the image energy is no
longer concentrated on one sensitive element of the array,
but is distributed over the surfaces of several detectors,
which creates a charge relief in the region of accumula-
tion of PDA signal charges. Having obtained the exact
numerical values of the signals for adjacent elements onto
which the scattering spot is projected and having proc-
essed these values using an interpolation algorithm that
takes into account the imbalance in the distribution of
signals among elementary detectors, we can calculate the
coordinates of the spot center in the PDA vertical and
horizontal relative to a given coordinate center in the
PDA plane.

If the scattering spot is round, which is typical for its
location in the eyesight central (paraxial) zone, then there
is no need to carry out interpolation processing for all
array elements that fall into the optical signal energy
zone. It is enough to determine the extreme pixel with the
maximum signal and construct the interpolating functions
only by the vertical and horizontal sets of detectors sym-
metric with respect to the extreme element (column and
row, respectively).

If a PDA is an ideal one, that is, there are no noises
and dark currents in it, then the calculating errors in the
horizontal or vertical coordinates will decrease with in-
creasing the number of sample elements to a certain value
that ensures representativeness of the result. Further in-
crease in the number of processed pixels will no longer
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affect the error. The error itself in this case will be deter-
mined by the computational error of the computer.

A real PDA is characterized by the presence of both
dark currents and noise. This leads to deformation of the
ideal charge relief and to increasing the error of coordi-
nate measurement [6]. Moreover, increasing the number
of processed pixels can increase the measurement error,
since the processing will include elements in which signal
charges are already absent, and noise components
continue to participate in the calculation process. Other
factors, such as the instability of the initial optical signal,
atmospheric turbulence, vibrations, etc., also affect the
resulting error. We can say that the measurement error
is determined by signal fluctuations distributed over
the optoelectronic path and having different physical
origin [7].

Problem statement. At present, decrease in the meas-
urement error is achieved mainly due to the improvement
of the qualitative indicators of the devices hardware
and the improvement of the algorithms for PDA output
signals [8] processing. Computer simulation is used,
as a rule, for the preliminary development of various
design decisions at the stage of scientific research [9].

The presence of a computer model that allows optimal
matching of coordinator links according to the criterion of
minimizing the measurement error is an urgent problem,
the solution of which will ensure the adaptation of a de-
signed or operated measuring device to actual conditions
of its use in order to increase the accuracy of measure-
ments.

As it has already been noted above, fluctuation (noise)
processes distributed along the optoelectronic path are the
main factors for increasing measurement errors. The pres-
ence of random components in a useful signal requires the
implementation of a basic modeling algorithm in the for-
mat of multiple statistical tests. In this case, the device
links parameters and characteristics are initially set in the
form of nominal values having the essence of the mathe-
matical expectation for each component involved in the
computing process. Also a probabilistic law that describes
the behavior of a random variable and the parameters of a
random process necessary for modeling, for example,
mean standard deviation (MSD) are determined for these
components.

In a single computer experiment a random point (its
coordinates) is generated in the PDA plane. Then a corre-
sponding spatial function with a vertex whose coordinates
correspond to the generated point coordinates is con-
structed in the scattering spot in accordance with the en-
ergy distribution law. The distribution of array signal
charges which are then converted taking into account the
probabilistic nature of physical processes into a random
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discrete function of the signals accumulated by the PDA
pixels is calculated using the convolution operation be-
tween the array raster and the energy distribution func-
tion. Using this discrete function the approximate value of
the scattering spot center is calculated by interpolation.
The difference between the positions of the true random
point and the calculated spot center is stored as a single
random error.

Conducting a series of repeated statistical tests for
each new random position of the generated point and the
unique distribution of random array parameters allows
finally obtaining the MSD for the entire set of statistical
experiments. Each new series of statistical experiments
involves a purposeful deterministic change in one of the
coordinator controlled parameters in a real range of ac-
ceptable values. Thus, the function of the dependence of
the error in measuring the coordinates §; on the variable
parameter p,, that is, o; = f (p;), is realized. The minimum
value of this objective function will be the optimal pa-
rameter value providing the smallest measurement error,
other conditions being equal.

Obviously, carrying out such an analysis in a multi-
parameter space will allow getting an optimally consistent
set of controllable parameters that meets the criterion
of minimizing the measurement error. It should be noted
that the solution of this problem does not imply the de-
velopment of new instruments or methods for measuring
coordinates, nor does it touch upon the improvement of
algorithms for determining the position of the vertex of
the energy distribution function in the scattering spot. The
main purpose of the research is to develop computer-
oriented tools and methods for optimal coordination of the
parameters and characteristics of the optoelectronic path
links of the measuring device controlled by the designer
or operator, which would ensure minimization of the
measurement error in the presence of an already set (de-
signed or physically implemented) coordinator. That is,
we are mean creating a virtual test stand for the optimal
choice of parameters and operating modes of a real device
planned for practical use, taking into account the real
conditions of its operation in accordance with a given
functional purpose.

As it has already been noted above, the scattering spot
formed in the paraxial region is round. The invariance of
such a spot relative to the selected coordinate system al-
lows setting the function of the illumination distribution
in the spot £ (x, y) for only one coordinate. Let such a
coordinate be x. The function itself is assumed to be
Gaussian:

(r-x)*

e 2t (1)

()
E(r)=—0
2-m-r

where @, is the incident radiation power; x, is the

real random coordinate of the point generated in the
PDA plane; r is the scattering spot radius at the level
0f 0.606 from the maximum illumination level.

In the case of a single generation of fluctuations, only
PDA noises are taken into account, which are specified in
fractions of the useful signal for the multiplicative noise
component, and, similarly, in fractions of the dark signal
for the additive noise component.
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The convolution of the array raster and the illumina-
tion distribution function in the point image leads to the
conversion of the continuous input optical signal E (x)
into a stepwise discrete function S (i), where S is the elec-
trical signal and i is the number of the array raster element
in a row. Each element of the vector S (i) contains a signal
determined for a specific random implementation of the
point, determined by the integrated illumination of the
raster i-th element, and a noise random component gener-
ated inside the i-th element in accordance with a given
MSD. The simplest interpolation algorithm for calculating
the energy center, which is a modification of the method
of determining the mass center of a system of material
points known from the course of theoretical mechanics,
was used to determine the coordinate of the center x, of
the scattering spot:

_ 2:115(1) ) xc (l)
x, = 2= %) @)
2183)
where S (i) is the signal in the i-th element of the row;
x(7) is the coordinate of the i-th element center; m is the
number of sample elements involved in the processing.

The calculation of the final error is carried out on the
basis of all random implementations for a particular series
of multiple statistical tests.

Discussion of simulation results. It is obvious that if
the size of the scattering spot is smaller than the pixel
size, then the measurement error of the spot center coor-
dinate will be determined by the size of the pixel. Increase
in the scattering spot diameter will reduce the error due to
the inclusion of adjacent pixels in the processing. Too
much "expansion" of the spot will reduce the energy level
of the optical signal due to the distribution of energy over
a larger area. Therefore, there must be some optimal spot
radius which will provide the minimum measurement
error. This hypothesis was tested in [10; 11]. A virtual
experiment in which the scattering spot radius varied with
a certain step from the value of the pixel size to a size of
several hundred pixels was conducted for given raster
parameters and values of noise components. Multiple
statistical tests were carried out, and the current error was
calculated for each new value of the radius. Fig. 1 shows
the resulting optimization graph, from which it can be
seen that there really is a radius of the scattering spot
which minimizes the measurement error.

The optimal number of sample elements was also de-
termined, which minimizes the error [12]. The number of
pixels involved in the interpolation process discretely
increased from 1 (the pixel with the maximum signal) to n
(the total number of pixels in the row). Pixel increment
was performed symmetrically on both sides of the ex-
treme pixel. Each step was accompanied by the calcula-
tion of the error by the method of multiple statistical tests.
With a small number of sample elements the error was
large. Then as the number of pixels involved in the proc-
essing increases the error decreases. But with a certain
value of the processed pixels, it again began to increase.
This is due to the fact that at the periphery of the spot the
useful signal became smaller than noise signals which
began to make a significant contribution to the final error.
The more “noise” pixels that did not contain signal com-
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ponents were added to the processing the larger was this
contribution. Fig. 2 is a stepwise graph illustrating the
results of the described computational experiment.

The horizontal of this graph shows the number of
sample pixels normalized relative to the total number of
pixels in the row, and the vertical shows the measurement
error.

The graphs shown in fig. 1, 2 are illustrative (demon-
strative), and the parameters of the arrays in computa-
tional experiments are selected in such a way as to in-
crease the visibility of the presented results. In this regard
there is no need to give the parameters of the optoelec-
tronic paths of the measuring systems for which these
graphs were obtained.

1.8

1.6

-y
i+
T

Relative error , %
o
[e+]
T

(=]
[=2]
T

o
1oy
T

0.2

14 16 18 20

Scattering spot radius, micron

Fig. 1. Dependence of the optimal coordinate measurement error
on the scattering spot radius
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Fig. 2. Dependence of the relative error of coordinate measurement
on the number of sample elements
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Fig. 3. Distribution of charge packets over the pixels of the matrix row
at a small radius of the scattering spot
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Fig. 4. Distribution of charge packets over the pixels of the matrix

row at a large radius of the scattering spot

Puc. 4. Pacnpe/:[eneHI/Ie 3apsAJOBbIX MTAKECTOB 10 MUKCEJIAM CTPOKHU
MaTpulsl 1pu 0O0JIBIIIOM paanyce 1raTHa pacCesaHuA

100

The appearance of the screen interfaces on which the
results of single statistical tests are presented is of interest.
They are shown in fig. 3, 4.

Gaussian function of illumination distribution in the
scattering spot is displayed at the top of both figures. The
lower part corresponds to the discrete distribution of
charges (signal and noise) accumulated under the influ-
ence of optical radiation. It is obvious that in fig. 3 the
charge relief has a sharper character due to the smaller
size of the scattering spot. The increase in the spot radius

in fig. 4 leads to “blurring” of the charge relief. In both
cases the amount of spot energy remains constant, but the
radius increase in Fig. 4 reduces the proportion of energy
per 1 pixel. Therefore, the charge relief shown in Fig. 4
undergoes noticeable deformations, which of course leads
to a significant increase in the measurement error of the
scattering spot center.

For example, when analyzing a dynamic object [13]
a sequential series of measurements of its current position
coordinates at equal time intervals determined by the sig-
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nal accumulation period is made in order to determine
both the trajectory of its movement and the parameters
characterizing the movement of the object (speed, accel-
eration). It is obvious that decrease in the accumulation
time would lead to more accurate measurements, but then
the signal charge would not have time to accumulate to
the value necessary for accurate fixation of the calculated
coordinate. At the same time the increase in the accumu-
lation time will lead to blurring of the image [14; 15].
There appears the problem of determining such an opti-
mal accumulation time that would ensure the smallest
measurement error of the current coordinate. A similar
problem could also be solved using the proposed model.

Conclusion. The described model is of a generalized
character and demonstrates only some of the possibilities
provided by it in terms of the optimal coordination of
individual parameters and operating modes of optoelec-
tronic measuring systems. The development of the model
takes place, firstly, along the path of concretization as
applied to real designed or operated devices, and sec-
ondly, towards the development of multi-parameter opti-
mization of coordinators by combining the parameters
and characteristics of various parts of the system into one
modeling process.

All this creates the prerequisites for creating a virtual
stand which provides the development and configuration
of measuring systems that most effectively fulfill the tasks
planned for them.
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METO/I SKBUBAJIEHTHBIX YCJIOBUI TIPOYHOCTHU B PACUETAX
KOMITIO3UTHBIX KOHCTPYKIUI PET'YJISAPHOU CTPYKTYPBI
C IPUMEHEHUEM MHOI'OCETOYHbBIX KOHEYHbIX 39JIEMEHTOB

A. Jl. MatBeeB

WuctuTyT BRiuncauTensHoro moaenuposanus CO PAH
Poccuiickas ®enepanms, 630036, r. KpacHospck, AkageMropook, ctp. 50/44
E-mail: mtv241@mail.ru

Inacmunvl, 6anku u 060104KU ¢ HEOOHOPOOHOU U MUKDOHEOOHOPOOHOU pe2yIApHOU CIMPYKMYPOU WUPOKO npume-
HSIIOMCSL 8 ABUAYUOHHOU U PAKEMHO-KOCMUYecKkol mexnuxe. Ha smane 3¢Ku3H020 npoekmuposamuss NepeoHAYaIbHO
8AJICHO 3HAMb, YOOBIEMBOPsIem N KOIPDUYUEHm 3anaca KOHCMPYKYUU 3a0aHHbIM YCL08UsSM npounocmu. st onpede-
Jlenusi Koagguyuenma 3anaca neobXooumMo peuiumsv no mMemooy KOHeuHwix siemenmos (MKDJ) 3adauy ynpyeocmu
0151 NPOEeKMuUpyemoll KOHCMPYKYUU C YYemom ee HeOOHOPOOHOU CIPYKMYypul, 4umo mpebyem 6onvuiux pecypcoe IBM.
B oannoii pabome npeonoscen memood sxeusarenmuvix ycinosutl npounocmu (MOVII) ons pacuema na npounocmo
YAPYeUX KOHCMPYKYUU € HEOOHOPOOHOU pecynapHou cmpykmypou. Ilpednazaemviii memoo c600umcst K pacuemy
HA NPOYHOCHb U30MPONHBIX 0OHOPOOHBIX MEN C NPUMEHEHUEM IKGUBATIEHMHBIX YCa08ull npounocmu. B ocnose MOVII
Jeoicum credyioujee ymeepaicoenue. J{na 6CAK020 KoMno3umuo2o meaa V) cywjecmeyem maxoe u30mponHoe 00Hopoo-

b 0 b
Hoe meno V' u makoe uucio p (kodg@uyuenm dK6uUANEHMHOCUY), YMO eciu Kodpduyuenm 3anaca n, mena V
0
Y0061emeopsiem IKGUBANEHMHBIM YCIOSUAM NPOUHOCMU pny < 0y < pn, , Mo Kodg@uyuenm 3anaca n, mena V, yoos-
0
Jlemeopsiem 3a0AHHbIM YCIOSUAM NPOUYHOCMU Ny SNy < H,, U HaoOopom, n,, N, — 3a0anvl, KOIPPuyuenmol n,, n,

b
omeeuam MmoYHbLIM peueHUsM 3a0ay ynpy2ocmu, nocmpoennvlx 01a men V- u V. Pacuem na npounocms no MKO

U30MPONHBIX OOHOPOOHBIX Mell Hauboaee npocmotl 8 pearuzayuu u mpebyem menvuie namamu IBM, wem ananocuunuiii
pacuem mein ¢ y4yemom ux HeOOHOPOOHOU cmpykmypbl. Hznodcena npoyedypa onpedenerus Kodgguyuenma 3xeusa-
aenmuocmu p ¢ nomouwpio MKD. Ilpu nocmpoenuu peuwtenuii no MKD 015 uzomponusix 0OHOPOOHBIX mell npume-
HAIOMCA MHO20CEMOYHble KOHEeUHble dNEMEHMbL, NOPOHCOAIoWUe MOOIU MALOU PASMEPHOCIU U PelleHUs ¢ Maaoll no-
epewtnocmyio. Croppekmuposannvle dKeusaieHmuvle ycaogus npounocmu umerom eud pny(1+¢)<n, < pn,(1-¢,),

b
20e n, — Koaghguyuenm 3anaca mena V° u eenuuunvl €, €, omeeyaiom npubausicenHomy peuenuro. Peanuzayus MK

. 3 6
01 MHO20CemOuHbIX OuUcKpemHuix mooeneu mpebyem 6 10° +10° paz menvuie ob6vema namamu IBM, uem ona 6a308bix.
TIpuseden pacuem na npouHOCMb 6ANIKU C MUKPOHEOOHOPOOHOU Pe2yIsipHOLL CmpYKmypol ¢ nomowwio MOVII

Kniouesvie cnosa: ynpyeocms, KOMRO3UMbL, SKEUEATICHMHbIE YCAOGUS NPOUHOCU, MHO20CENOUHblEe KOHEUHble dlle-
MeHmbl, NAACMuUHbl, 6aAKU, 0O0JIOUKU.

THE METHOD OF EQUIVALENT STRENGTH CONDITIONS IN CALCULATING
COMPOSITE STRUCTURES WITH A REGULAR STRUCTURE
USING MULTIGRID FINITE ELEMENTS

A. D. Matveev
Institute of Computational Modeling
50/44, Akademgorodok, Krasnoyarsk, 660036, Russian Federation
E-mail: mtv241@mail.ru
Plates, beams and shells with non-uniform and micro-inhomogeneities regular structure are widely used in aviation

and rocket and space technology. At the preliminary design stage, it is initially important to know whether the design
safety factor meets the specified strength conditions. To determine the margin factor, it is necessary to solve the elastic-
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ity problem for the designed structure by the finite element method (FEM), taking into account its inhomogeneous struc-
ture, which requires large computer resources. In this paper, we propose a method of equivalent strength conditions
(MESC) for calculating the static strength of elastic structures with a inhomogeneous regular structure. The proposed
method is reduced to the calculation of the strength of isotropic homogeneous bodies using equivalent strength condi-
tions. The MESC is based on the following statement. For any composite body V,,, there exists such an isotropic homo-

geneous body V? and such a number p (equivalence coefficient) that if the body V’ stock coefficient satisfies ng the
equivalent strength conditions pn, < ng < pn,, then the body V| stock coefficient satisfies n, the given strength condi-
tions n; <ny <n,, and Vice versa, n;, n, — given, the coefficients ng , Ny, meet the exact solutions of elasticity prob-

lems constructed for bodies V), V? . The method under consideration is reduced to FEM strength calculation of iso-

tropic homogeneous bodies, which is the easiest to implement and requires less computer memory than a similar calcu-
lation of composite bodies taking into account their inhomogeneous structure. The procedure for determining the
equivalence coefficients for a number of composite plates, beams and shells of rotation is described. High-precision
multigrid finite elements generating discrete models of small dimension and solutions with small error are used in the
construction of elastic solutions according to FEM for isotropic homogeneous bodies. The adjusted equivalent strength

conditions are of the form pn(1+¢)<n, < pn,(1—¢,), where n, is the body V" reserve coefficient and the values
€,, &, correspond to the approximate solution constructed for the body V. Implementation of FEM for multigrid dis-

crete models requires several 10° +10° times less computer memory than for basic models. The calculation of the
strength of a beam with a micro-homogeneous regular structure with the help of MESC is given.

Keywords: elasticity, composites, equivalent strength conditions, multigrid finite elements, plates, beams, shells.

Beenenne. Pacuer Ha mnpouyHOCTb KOHCTpyKuuu —  HOCTH [4]. IIpu anammze HIAC KOMIO3UTHBIX KOHCTPYK-
OIIMH W3 BAXHEHIINX HA dTale 3CKU3HOTO MPOSKTHUPOBA- [HH MIMPOKO HCIONB3YIOT METOA KOHEYHBIX AIIEMEHTOB
Hus [1], kotopoe sBusgercs TexHUKO-3KOHOMHYecknM (MKD) [5-8]. Ba3oBbie nuckpeTHBIE MOAETH KOHCTPYK-
000CHOBaHWEM TIpOeKTa KOHCTpPyKIuH. Kak mpaBmmo, muil ¢ HEOAHOPOTHOW W MUKPOHEOTHOPOIHOW CTPYKTY-
pacyeT Ha MPOYHOCTh KOHCTPYKILHUI MPOBOAMTCS MO 3ama-  POif, KOTOpPBIE COCTOAT M3 KOHEYHBIX 31eMeHToB (KD)
cam mpounoctd [1-3]. CormacHo »3TOMy pacdery, 1-To mOpsOka W YYUTHIBAIOT HX CTPYKTYPBl B pPaMKax
st koodduimenTa 3amaca 7, NPOEKTHPYEMOW KOHCT- — MMKpornoaxona [9], MMEIOT O4YeHb BBICOKYIO pa3mep-
pyKuuu V), 3a7aHHbIE yCIOBUS IPOYHOCTH UMEIOT BU]L HOCTB, 4TO MOPOMKAACT TPYAHOCTI NPH peansaiiti MK3

Ha OBM. Jlnis Takux mojeneit 3 (heKTUBHO UCTIONB3YeTCs
m<ng<n,, (1 METOJI MHOTOCETOYHBIX KOHEYHBIX 31eMeHToB (MMKD)
e n,n, —3anausl, 1 > 1. [10-12], B KOTOpPOM HCIOJIB3YIOTCSI MHOTOCETOYHBIE KO-
HeuHble 3neMeHTsl (MHEKD) [13; 14]. Cnemyer OTMETHTB,
MKD ectp vacTHbIi cmydait MMKD, u ecnu mipu pere-
HUM KpaeBelx 3amad mo MKD wucnomp3yrorcs MHKD,
TO B 3TOM CITy4ae, o CyTH, peanmsyercss MMKD.
KOHCTPYKIMH ¥, 3aaHHBIM yCIOBHAM mnpounocty (1). JIns TpakTHUKK BaXHO 3HATH IMOTPEIIHOCTh HPUOIH-
Ecnu k03¢ duLmeHT n, yAOBIETBOPSET 3aJaHHBIM yclio-  JKCHHOTO PEIICHHsA, KOTOPOE HCIONB3YeTCsS B pacyeTax.
OIeHNUTH TOTPEITHOCTD MPUOMKEHHBIX PEIICHIH MOKHO
TOTJa, KOTJJa OHH MaJlo OTJIMYAIOTCS APYT OT ApPyTra U MpH
PaspylmiacTes Ipu 3alJaHHbIX  YCJIOBUAX SKCIUYATAlMH.  510M oGpasyroT I10C/IENOBATENBHOCTL PELIEHUI, KOTOpas
Crnemyer OTMETHTB, YTO B 3TOM Cllydae HET HEOOXOAMMO- GbICTPO CXOMTCA K TOYHOMY pelleHuio. [Ipn mocTpoe-
CTH JICTAIBHO MCCICNOBATb  HANPSDKCHHO-ACPOPMU-  pyy raxmx MOCJIE0BATEILHOCTEN MPUMEHSAETCS MPOIle-
posanHoe cocrostane (HZC) koncrpykimn V;, . Pacuer Ha  qypa nsmesnpueHns MCXOAHOTO pa3OHeHHs] 00IACTH Tena
IPOYHOCTb KOHCTPYKLMUU V|, CBOOUTCA K HaxOoxJaeHHuo ee  Ha K9. Ilpouenypsl n3MenbueHusi, UCIONBb3YEMbIC s
pa3OueHnii, KOTOpbIE NOCTPOEHBI JUII HEOJAHOPOIHOU
U MUKPOHEOJHOPOIHOH (BOJIOKHHMCTOH) CTPYKTYDBI,
cru (1) wst kosdppuimenta n, . Koodpuuuent 3anaca ny  cnoxmnele u TpyaHopeanusyemsl. Tak Kak BOJOKHA HMEIOT
ONPENEIAIOT T10 Q)OpMyHe ny =0r /G() [1_3]’ rae op — MalIyr0 TOJJIIUHY, TO HU3MCIBYCHHUE TaKHUX pa36VI/IeHI/II‘/'I
MPUBOANUT K PE3KOMY YBEIHUCHHIO Pa3MEPHOCTEH IucC-
KpeTHBIX Mozenei. Peammzarss MKD s Takux Moneneit
Tekydectd [3]), ©, — MaKCHMalbHOE SKBHBAICHTHOC  TpeGyer Gonpmmx pecypcoB IBM. Kpome Toro, Ha 3akoH
HallpsK€HUE KOHCTPYKLIMU VO OTMeTl/IM, qTO Koa(l)(l)yl_ HU3MEJIBYCHHUA HAKIAABIBAOTCA OIMPEACICHHBIC OIpaHUYC-
HUS, CBSI3aHHBIE C TE€M, YTO Ha KAXKIOM Iare n3Meibue-
HUsI pa30MEHUII HEOOXOAMMO YYHMTBHIBATH MHKPOHEOIHO-
YHIPYroctd, c¢opMyJIMPOBAHHON MUIs KOHCTPYKUMH V.  pommyio CTPYKTYpy IO MHKporoaxoay. Kak H3BecTHO,
Ecnu makcumanbHble SKBUBAJICHTHBIE HAIPSKEHUS KOH-  NPOLEAYpa U3MENIbYCHUS, IPUMEHAEMAst 1)1 IUCKPETHBIX
CTPYKIMH ONpenensioTcs NpUOIMKEeHHO, TO B 9TOM CITy- MOJIENIedl  OJIHOPOJIHBIX ~ M30TPOIHBIX Tel, Haubosee
Yae HCIOJB3YIOTCS CKOPPEKTUPOBAHHBIE YCJIOBUSA Ipody-  IIPOCTasd B peajusalliy 1 Tpebyer Menblie namstu IBM,

Ha stane 3CKH3HOTO MPOEKTHPOBAHMS KOHCTPYKTOPY
B MEPBYIO OYEpEb BAXKHO 3HATh, YAOBJICTBOPSCT WM HE
YIOBIETBOPsIET KO (PUIMEHT 3anaca 7, IPOEKTUPYEMOH

BUAM IIPOYHOCTHU, TO CUHUTAIOT, YTO KOHCTPYKIUA VO HC

koddduirenTa 3amnaca 1, U IPOBEpPKe YCIOBUH MPOYHO-

IpesieNlbHOe HANpshKEHUE KOHCTpyKuuu V, (mpenen

OUCHT 3alaca n, OTBCYACT TOYHOMY PCHICHHUIO 3aJa4dn
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4eM JUIs T€ll C HEOJAHOPOJHOW U MHUKPOHEOIHOPOAHOU
CTPYKTYPOI1 (C y4€TOM UX CTPYKTYPBI).

B mannOi#t paboTe mpemiokeH METOI SKBUBAICHTHBIX
ycnmosuid mpoyroctr (MO VII) st cratudeckoro pacdera
Ha MPOYHOCTh JIMHEHHO YINpPyrol KOHCTPYKUUH V|, C He-
OJTHOPOJHOM (MHKPOHEOJAHOPOIHON) PETYJSPHON CTPYK-
TypOH, COCTOALIEH M3 IUIACTHYHBIX MarepuanoB. Jlas
IPOCTOTHI U3JIOKEHUS CUUTAEM, YTO Telo V|, UMeeT BO-

JIOKHUCTYIO CTpyKTypy. IlokazaHo, 4yTo pacuer Ha Ipody-
HOCTb KOMIIO3UTHOIO Tejla V[ CBOAMTCA K pacueTy Ha

mpovHoCTh (¢ momonipto MKD) u3oTpormHoro omHOpOI-
Horo tena V. Tena Vs, ¥’ umeror oguHakoBbie bopmy,
pa3Mepsl, 3aKperieHre U HarpykeHue. Moaymm ymnpyro-

CTH TCJ1a Vb 1 BOJIOKHA COBIIaJ1aroT. B pacyeTax npume-
HAIOTCA CKOPPCKTUPOBAHHBIC DJSKBUBAJICHTHBIC YCIIOBUA
MIPOYHOCTH BUAA

pm(1+¢)<n, < pn,(1-¢,), 2)
rae g =1/(1-5,)-1, &, =1-1/(1+8,); p — xoaddu-
LUEHT AKBUBAJIEHTHOCTH; A, — KOd(hQUIMEHT 3amaca

tena V', n, =, /6" ; 6 — npemen TekyuecT BOTOKHA;

b

G — MaKCUMAJIbHOC JKBUBAJICHTHOC HAIIPSAKCHHUE TEjIa

V" (ompemensiemoe ¢ momompbo MKD); § , — morpeu-

HOCTb ISl HAaPSDKEHUS o’ ,0<8 » < 1.
INokazano, uro ecau ko3GhQuUIMEHT 3amaca n, H30-

TPOIHOTO OZHOPOXHOTO Tena V'’ ymoBmerBopser ckop-
PEKTUPOBAHHBIM JKBUBAJCHTHBIM YCIIOBUSM IPOYHOCTH
(2), To xoa(duLUEHT 3amaca 1, KOMIIO3UTHOrO Tena V)
(oTBeuaromMii TOYHOMY PELICHUIO 3aJadd YIPYTOCTH)
YIOBJIETBOPSIET 3aJaHHBIM yCIOBUSAM mpouyHoctH (1).
Taxkum o6pasoM, peanusanus IpeaIaraeéMoro MeToja
CBOJIUTCS K IOCTPOCHUIO CKOPPEKTHPOBAHHBIX SKBHBA-
JICHTHBIX YCJIOBUI MPOYHOCTH (2) W HAXOXKICHHUIO KOA(-

¢urmenTa 3amaca n, Tena yb , T. €. K OIPEJEICHNI0 KO-
a¢¢UIIeHTa SKBHBAJCHTHOCTH p W K HaXO0XICHUIO
¢ nomompo MKD MakcMMaabHOrO 3KBHBAJIEHTHOTO

HaATIPSDKCHUS o’ s rema V' (c NOTPELIHOCTBI0 3, ).
KoadduumeHT 3KBUBAJICHTHOCTH p HAXOAHUM IO POpMy-

1€ p=0, /Gh , TA€ Oy — MAaKCHUMaJIbHOC 3KBUBAJICHTHOC

HAIIpsSPKCHUC TCJla VO . Hanp;mceHI/m Oy 11 KOMIIO3UT-
b
HOro Tc€jia VO U G g HU30TPOIMHOr0 OAHOPOAHOIO

Tema V° onpenemsiem o MKD (c npumenernem MuKD).
Jnst ocTpoeHus OLEHKH MOTPEIIHOCTH HPHOIMKEHHBIX
PELICHUH UCIOJB3YIOTCS IOCIEN0BATENBHOCTH PELICHUH,
monydeHnsle ¢ nmomompio MKD, kotopsie OpICTpO cXo-
JSITCSL K TOYHBIM.

Hoctouncta MOVII cocrosT B cnegyromem. B pac-
gyeTax HCIOJIb3yeM H30TPOITHBIE OJHOPOIHBIE KOHCTPYK-
MM, KOTOpble HMMEIOT Takhe ke (QOopMbl M pa3Mephl,
3aKpeIuIeHus] U Harpy)kKeHHs, Kak KOMIIO3UTHBIC KOHCT-
pykuuu. IIpu anamusze HJIC uM30TpONHBIX OJHOPOAHBIX
koHCcTpykuuid mo MKO npumenstorcs MuKD, koTtopsie
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MO3BOJIIOT CTPOMTH IMOCICAOBATEIBHOCTH PEIICHUI OBI-
CTPOCXOJISIINECS K TOYHBIM, YTO MO3BOJSCT OMPEICITUTh
MOTPEITHOCTh JUIA TMOJNYYCHHBIX NPUONIKEHHBIX pelle-
Huil. MEKD 1151 H30TPOIHBIX OTHOPOIHBIX KOHCTPYKITHHA
MOPOXKAAIOT IUCKPETHBIE MOAETH MANOH pPa3MEepHOCTH
U TPUOMIDKEHHBIE PpEIIeHUs] ¢ Maloi IMOTPEenIHOCTHIO.
Peanmmzamus MKD 111 MHOTOCETOYHBIX AUCKPETHBIX MO-

neneit TpedyeT B 10° +10° pa3 MeHbIle 00beMa MaMsITH
OBM, uwem s 6azoBbiX. llpu peammzamuum MOVYII
HE HCIIOIB3YIOTCS MPOLEIYPhl H3MEIbYCHUS AUCKPETHBIX
MozeNed  KOMIIO3UTHBIX  KOHCTpykuuil. IlpuBenen
IpuUMep pacdera Ha IPOYHOCTh OAKM C MHKPOHEOIHO-
POIHOHN peryisipHON BOJIOKHUCTOW CTPYKTYpOH C IOMO-
mero MOVII.

OcHOBHBbIE MOJIOKEHHUSI AJIs1 KOHCTPYKUUi. B pa6o-
T€ PaccMaTpPHUBAIOTCA TPEeXMEpHbIE KOHCTPYKIHHU (Tena),
JUTSL KOTOPBIX BBITOJHSIOTCS CIEAYIONINE YCIOBHUS.

Tonooicenue 1. PaccMaTpuBaroTCsi B IEKapTOBBIX CHC-
TE€Max KOOPJMHAT TPEXMEpHbIE JIMHEHHO YIpyrue H30-
TPOIIHBIE OJHOPOJHBIE ¥ KOMIIO3UTHBIE Tella (KOHCTPYK-
IIMH), KOTOPBIE COCTOST W3 IUIACTUYHBIX MAaTepHalIOB,
UMEIOT TJIQJIKWE TPaHMWIBl, CTATHYECKHUE HArpy>KCHUs
W OIMHAKOBBIE YCIIOBUS SKCIUTyaTanuu. OyHKIUKN Harpy-
KEHUI TeN SBILFOTCS MIagkuMu QyHKImsMU. Tena nmeror
TPaHUIBl 3aKPEIUICHHs, KOTOpPBbIE HE BBIPOKAAIOTCA
B Toukd. KOMITO3UTHBIE Tela COCTOST M3 Pa3HOMOIYJIb-
HbIX HM30TPOIHBIX OJHOPOAHBLIX TECJ, CBA3U MCKIAY KOTO-
PBIMH HJCAIBHBI, T. €. Ha OONIMX TpaHUIAX PA3HOMO-
JIYJBHBIX OIHOPOAHBIX Teld (YHKIMU NepeMelIeHHN
W HalpsDKEHUH SIBISIOTCST HENpepbIBHBIMU. [lepemere-
HUSL, eOpMalii W HaNpsDKEHHUS pa3sHOMOJYJIBHBIX Tell
oTBevaroT coorHomeHusM Komm u 3akony ['yka Tpex-
MEpHOW JNHWHEHHOW 3amadm Teopuu ympyrocta [15].
OKBHUBAJICHTHBIC HAINPSDKEHUS IJISL YIPYTUX TeJ OIpenie-
JSTIOTCS 110 4-1 Teopuu mpoyHocTH [1].

JDKBHBAJIEHTHBIE YCJOBHSI NMPOYHOCTH M IKBHBA-
JICHTHBIE M0 MPOYHOCTH KOHCTPYKIHH, BBIpasKeHHbIE
4yepe3 k03P uuueHThl 3anaca. [Iycts 18e ynpyrue KoH-
cTpyKuuu V|, u V, umeror onuHakoBble GOpMY, F€OMET-

pHUUecKre pa3Mepsl, 3aKPEIUICHNSI U CTaTHYECKHUE Harpy-
JKEHUSI, HO OTIIMYAIOTCS MOAYJISIMU yIpyrocTd. I[lycts s
k03¢ duUIMeHToB 3anaca n;, #, COOTBETCTBEHHO KOHCT-

pykuuii V;, V, 3agaHel yCIOBHs IPOYHOCTH

€)
“)

— 3a7anbl, Ko3huUIKeHT

2
n, <n,<n,

1 2 1 2
Ny Ny s Ny Ny

rue ncll, nf >1;
n, (n,) oTBEYaeT TOYHOMY PELICHUIO 33Ja4l YIPYTOCTH,
copMyIpoBaHHOI 11t KOHCTpYKuuu V) (V).

Juin koHcTpykumi V), V, BBeleM cIeIylolue IBa

OTIpeIeTICHNSL.
Onpeoenenue 1. Ecnu W3 BHIIONHEHUS YCIOBUi (4)
it kodhduiuenta n, CIeoyeT BBIIIOJIHEHUE YCIOBUH

VIS K WIMCHTa 7, U H T, €CIIH U3 BBINOJI-
3 03 eHTa 7, aobopoT, ec 3 0

HeHus ycnosuil (3) ana xoddduiuenta n, CleryeT BbI-
HoJHeHue ycinoBui (4) mna xosdduuuenta n,, Toraa
ycnoBust ipoyHocT (3), (4) Oynem HasbIBaTh SKBHBA-
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JIEHTHBIMH yCJIOBHSMH TPOYHOCTU COOTBETCTBEHHO sl
KOHCTpyKuui V;, V.
Onpeoenenue 2. Ilycts koHcTpyKUMu V,, V,, nus ko-

TOPBIX COOTBETCTBEHHO ycJOBUS (3), (4) SABISIOTCS SKBU-
BAJICHTHBIMH YCIIOBHUSIMH IIPOYHOCTH, HE pPa3pyIIAOTCs
IIPY OJIMHAKOBBIX YCIOBHSX 3KCIUTyaTanuu. Torna KOHCT-
pykuuu V;, V, OymeM Ha3blBaThb 3KBHUBAJICHTHBIMU

1O IPOYHOCTH.
Ha npakTuke 5KBUBaJICHTHOCTB 110 IIPOYHOCTH KOHCT-
pykuuii V), V, o3Hauaer, 4TO BMECTO pabOTaroLIel KOH-

CTPYKLIHHN Vl MOXXHO HCIOJIb30BaTh KOHCTPYKIHUIO VZ’

n HaobopoT. OTMETHM, 4YTO U3 JBYX OSKBUBAJICHTHBIX
10 TPOYHOCTH KOHCTPYKIMH IIeJIecCO00pPa3HO HMCHONb30-
BaTh B paboTe TaKyl KOHCTPYKIHIO, KOTOpas Ooiee
TEXHOJIOTUYHA B M3TOTOBJICHNH, OTBEYACT 3aJaHHBIM TEX-
HUYECKAM TPpeOOBaHUSAM U TpeOyeT MeHbIe (PHMHAHCOBBIX
3aTpaT Ha U3TOTOBJICHHUE U HKCILTyaTalHIoO.

Teopema o0 cymecTBOBaHHHM IKBHBAJIEHTHBIX YCJI0-
BUI IPOYHOCTH. PaccMOTpuM TeOopeMy, B KOTOPOil 10Ka-
3bIBACTCA CyII€CTBOBAHUC OKBUBAJICHTHBIX yCJ'lOBI/lﬁ
IIPOYHOCTU JUI YIPYIMX KOMIIO3UTHBIX KOHCTPYKLUHI
(Temn).

Teopema 1. IlycTb Ha TpeXMEpHOE JIMHEHHO yHpyroe
KOMIIO3UTHOE Teno V|, (pacrnoioKeHHOe B JIeKapTOBOH

CHUCTEME KOOpAWHAT 0xyz ) I[eﬁCTByIOT 3aJaHHbIC CTaTH-

YECKHUE MMOBEPXHOCTHBIE CUJIBI (, T. €. CUJIBI, HCﬁCTByIO-

IMe HAa HE3aKPCIUICHHOW YacTH IpaHHLbI S, Tena VO,

U Oo0beMHBIE CHIBI P, TOC q:{qx’qy’qz}T’

T
p={p.P,.P.} * 4¢s 4,5 4.5 Py> Dy, P, — DIIAJKHC
¢dbyHKIUM KoopAMHAT X, ¥, z . Ha rpanune S, temo V)
S

KECTKO 3aKpemieHo, T. e Ha S,: u=v=w=0,

So=8,+8,. S, — rnankas rpanuua tena V. Teno ¥

COCTOUT M3 KOMIIOHCHT Vl , T. €. U3 IUNIACTUYHBIX Pa3HO-
V.

MOIYJBbHBIX H30TPOIMHBIX OJHOPOAHBIX TEJI i

V.

l

rac

)
i=1..,N, N- oOumee 4ucio Tei tena V. Ilycts
MaKCHMaJIbHOE YKBHUBAJICHTHOE HAIPSDKEHHE KOMIIO3UT-
Horo Tena V,, BosHukaer B Tene V,, 1<a <N . Ilycts
s ko duieHTa 3amnaca n, KOMIO3UTHOro Tena b

(KOTOpBIA OTBEYaET TOYHOMY PEIICHHIO 3aJaddl yIpyro-
CTU JUIs Tena V) ) 3aJaHbl yCIOBUS IPOUHOCTH

©)

m<ny<n,,

rae n,n, —3anaHel, n; >1.
Toraa cylecTByIOT Takoe TPEXMEpPHOE yIpyroe u3o-
TpomHoe ojiHOponHOe Teno V'’ wu takue umena nf, nf,

4TO €CJIN KO3(1)(1)I/IIII/I€HT 3araca ng TCIa Vb, OTBCYaArO-

IIUH TOYHOMY PELIEHUIO 3a1a4l YIPYTOCTH JJIs Tena vP,
YIIOBIIETBOPSIET SKBUBAJICHTHBIM YCIIOBHSAM IPOYHOCTU
BUJA

n? <n) <nf, (6)

TO KO HUIHEHT 3amaca 7, KOMIIO3UTHOTO Tena Vj
YIOBJICTBOPSICT YCJOBUSAM MPOYHOCTH (5), ¥ HAOOOPOT.
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Ecmu kosdduimenta 3anaca 7, KOMIO3HTHOTO Tena V)

0

yIOBIETBOpsIeT ycIoBUAM (5), To kod(duImeHT 3anaca 7,

M30TPOMHOTO OJHOPOAHOro Tema V'’  ymonerBopsier
ycioBusiM  (6), TpudeM, MEXAY KO3QQUIMEHTaMH 3a-
maca n;, nl(,) CYIIECTBYET B3aMHO OJIHO3HAYHAS CBSI3b.
Lloxazamenvcmeo. 1lycTb OIHOPOAHOE W3OTPOIHOE
teno ¥’ u xommosutHOE TENo V, UMEIT OAUHAKOBbIE

(bopMy, pazMepsl, 3aKpeIUIeHUs] U HATrpy>KEHHs, HO OTJIH-
4arTca MOLYJIIMH ynpyroctu. I1ycTs Moaynn ynpyroctu

TC1a Vb PaBHBI MOAYJIAM YIIPYTOCTHU TCJia V(x KOMIIO3HUT-

Horo Tena ¥, 1<a < N . Koodduumentsi 3anaca n, , n,
HaxoauM 1o gopmynam (1-3)

(7
®)

e G, — npenen Tekydectu tena V, [3]; o,, oy — Mak-

ny,=6y7/0,

0

_ 0
n, =07/0,,

CUMaJIbHbIE YKBUBAJICHTHBIC HANPSDKEHUS, BO3HUKAIOILIKE
COOTBETCTBEHHO B Tenax V), Vou OTBEYAIOIINE TOYHBIM
pEIIeHNsIM 3324 YIIPYTOCTH.

Iycts xo3(pULUEHT 7, YHOBIETBOPSET YCIOBUAIM

npouyHoctu (5). Torma moxcrasmsas (7) B (5) momyunm
HEpaBEeHCTBA

<9r o
n < <n,.
So

&)

CymiecTByeT Takoe 4uciio p (ko3(p@uuueHT 3KBUBa-
JICHTHOCTH), 4TO

p=c,/c). (10)
Yuaureisas (10) B (9), umeem
pnlsz—§Spn2. an
Ucnone3ys (8) B (11), nomyuaem
pn Sng < pn,. (12)
CywiecTBYIOT Takue uucna nf’ , ny , aro
nf’ = pm,n = pn,. (13)

[Monacrasnss (13) B (12), noxyuaem, 4to ajst Kodpdu-

MeHTa 7, BBHITOJNHAIOTCA yciosus (6). Mrak, cymect-
B p p

YIOT Takde 4ucia n; , njy , 4yro Kod(hGUIHUEHT 3amaca
1y W30TPOITHOTO OJHOPOIHOTO Terma V'’ yjoBmeTBopsieT
ycnoBusiM (6). O6patHO, mycTh KO PHUIUEHT 3anaca n,?

tena V° YIOBJIETBOPSET yCIOBHsAM mpouHocTH (6). Iox-
ctaBisist (8) B (6) u yunrsiBas (10), (13), momyunm

Or

pn < P
Co

< pn,.

Otkyna ¢ yuetoM (7) ciemyeT BBIIOJHEHHE Ui KO-
3¢ dunuenTa 3anaca n, KOMIO3UTHOIO Teja V|, yclIoBuil

npouyHoctu (5). HUtak, moka3aHo, 94To BCSKOMY KO3 GH-

P P i
LUMEHTY 7, € (n{,n5) COOTBETCTBYET €IMHCTBEHHBIH KO-



HquopMamuKa, eblHuUcCIUmMeNlbHdasl mexnuKka u ynpaejienue

sddument n, € (n,n,), HalineHHsI 10 dopmyne (7),
U Hao0opoT, BeskoMy koddduuuenry n, € (n,n,) COoT-
BETCTBYET €/IMHCTBEHHBINH Koddumment ny € (nf,nl),
otBevaromuii  popmyne (8). Paccmorpum mpenenbHbIC
ciydau. Ilycts ng =nf . Ucnons3yst cootHomrenus (8),
(13), (10) B TmocluemHeM paBEHCTBE, MOJIy4YaeM
po; /o, =pn . Otkyna c yuetoM (7) cnemyer n, =n .

0__p
4TO €CIM ny =1n5 ,

AHAJOIrMYHO MOYKHO IIOKa3aTh,
TO ny=n,. Illycts ny, =n,. Ucnons3dys (7), (10) B mo-
CIEJHEM DaBEHCTBE, IOIy4aeM Gj /02 = pn,. Otkyna

0

¢ yuderom (8), (13) BeTekaer n, =n{ . AHamOrM4HO

MO’KHO TIOKa3aTh, UTO €CIH 1y =1y, T0 1y =nk . Takum

obpaszoMm, MexTy KoddduipeHTaMH 3amaca 7, U nl(,)
CYIIECTBYET B3aMMHO OJHO3HA4Has CBs3b. Teopema 1
JIOKa3aHa.

OKBHUBAJICHTHBIE YCJIOBHS MPOYHOCTH (6) MOXKHO
IpeCTaBUTh 4epe3 KOI(UIMEHT SKBUBAJICHTHOCTH P
B BUAE pn, Sn,? < pn, , TOCTPOEHNUE KOTOPBIX CBOIUTCS
K HaXOXKJICHUIO KO PHIeHTa p .

OtmeruM, uyto ycnoBusi (5), (6) SBISIOTCS DKBUBaA-
JCHTHBIMU YCJOBHSIMH HPOYHOCTH COOTBETCTBEHHO LIS

Ten (KOHCTpyKUMi) Vj, yb (cm. ompenenenne 1). Cun-
TAlOT, YTO €CIIH 1, YAOBIETBOPSET 3aTaHHBIM YCIOBUSIM

NpOYHOCTH (5), TO KOHCTPYKLHUSA V|, HE pa3pyluaercs Ipu

skcruryarauuu. [1ycTh KOHCTpyKUIMs V'’ me paspyluaercs
IpU 3KCIUTyaTanuy. Torna KOHCTpyKouu V), V'’ semsor-
Csl 9KBHBAJICHTHBIMH 110 IPOYHOCTH (CM. OTIpesiesieHHe 2).
WTtak, 1oKa3aHO CyILIECTBOBAaHHE KBUBAJICHTHBIX yC-
JIOBUH MTPOYHOCTH AJISI KOMITIO3UTHBIX TeJT (KOHCTPYKIHN),
HMMEIOLINX JII0OYIO CTPYKTYpY, (hopMy, J1toObIe pa3mepsl,
CTaTUYECKUE HAarpyKeHUS U 3aKpelyieHHs, KOTOpble OT-
BEYAIOT BBIIIE ChOPMyYITHPOBAHBIM HONOKEHUIO | 1 yco-
BUAM TeopeMbl 1. Ciexyer OTMETUTh, YTO AN BCAKOHN
KOMIIO3UTHOM KOHCTPYKIMH V|, BCErza MOXXHO IIOCTPOMTH

M30TPOIIHYIO OXHOPOJHYIO KOHCTpyKImio V', T. e. Bce-

r/ia Al KOHCTPYKIUU V? MOKHO 3a1aTh 110 oTpeieNneH-
HBIM TIpaBWiIaM (opMmy, pasMepbl, Harpy>XeHue, 3aKpern-
JeHne ¥ Moayiu ynpyroctu. OmHako, B o0IeM ciydae,
SKBHUBAJICHTHBIC YCJOBHUS TPOYHOCTH JUIS HM30TPOIMHOM

OJIHOPOAHON KOHCTPYKLIUU V'’ MoxHO [IOCTPOUTH JIMIIb
TOJIBKO JUISL 33J]aHHBIX YCHIIMA , P, YTO HENPAKTHYHO.
OTO CBA3aHO C TEM, YTO HAaNpsKEHUA O, 02 up
OTBEYAIOT 3aJaHHOMY HAarpyXeHWI0 (,
xumit V2, ¥, (em. dopmyaer (10), (13)).

3ameuanue 1. IlycTh HalllcHO 3HAYEHHUE p U MAKCH-

P KOHCTpY-

MaJIbHOE SKBHBAICHTHOE HANPSKCHHE Gy KOHCTPYKIIHH
b

V?. Torga ons koHcTpyKuuu ¥, mo dopmyie (10) onpe-

Je1eM MaKCUMaJIbHOE SKBUBAJICHTHOE HANpPSDKEHHE O,

T. €. G = pcg, u 3areM 1o (opmyiie (7) BbIYHCIIEM KO-
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>dUIMENT 3amaca MPOYHOCTH 7y, T. €. 1y =Gy / (pCy) ,
YTO BaXKHO 3HATh IIPH NPOCKTHPOBAHUM KOHCTPYKIMH V) .

CKoppeKTHPOBaHHbIE YCJOBHMSI MPOYHOCTH, Y4H-
THIBAIOIIHE TOIPENIHOCTh HaNpsKeHMil. B ol0mem
ciryyae (Harpumep, JUist TeJl CJI0XKHON ()OPMBI) TIOCTPOUTH
AQHAJMTUYCCKUE pEIICHUS TPEXMEpPHOH 3ajladdl TEOpHH
yrnpyrocta odeHb TpyaHo. OxHako ¢ nomomsio MKD [5-8]
u MMKD [10-12] MOXHO TOCTPOWTH NPHOIMKCHHEIC
pelIeHus 3a/1a4 TEOPUH YNPYTOCTH C 3aJaHHOW HOTpem-
HOCTBIO ISl HanpspkeHUH. CrefyeT OTMETHTh, 4YTO IpU
MIPOEKTUPOBAHUU psiia KOHCTPYKLUH (HampuMep, KOHCT-
PYKUMIH MUHMMAJIBHOTO Beca) HapylICHUE 3aJaHHBIX YC-
noBuil npoyHoctd (5), T. €. DKBHBAICHTHBIX YCIOBHH
npoyHocTu (6), HEAOMYCTUMO. DKBUBAJICHTHBIE YCIIOBHS
NpOYHOCTH (6) HE YYUTHIBAIOT MOTPEIIHOCTH IMPHOIH-
JKEHHBIX PEIICHHH, YTO IMOPOXKOAeT TPYJHOCTH NpPU WX
BBITTOJTHEHHH.

[lycte mis xodddumnmeHTa 3amaca yIpyrod KOHCT-

pyKuuun Vb 3aJaHbl YCJIOBUA IMPOYHOCTU BUA

r 0 )4
ni <ny, <nh,

(14)
rae n, nf —3anamer; ny — KodhUIMEHT 3amaca MpoY-

HOCTH KOHCTPYKLMH ¥’ orBevarommii TOYHOMY peuie-
HHUIO TPEXMEpHOH 3amadd yHpyrocTd, chopMyIHpOBaH-
HOM JIJ1s1 NTaHHOW KOHCTPYKLHUU.

B Teopeme 2 cdopMyIHpoBaHEl CKOPPEKTHPOBAHHbIE
YCIIOBUS TTPOYHOCTH, YYUTHIBAIOLINE MOTPEITHOCTD HPH-
OmkeHHBIX pemieHnil. /it yno6cTBa U HENMPEPBIBHOCTH
U3JI0XKEHHS B TeopeMe 2 HCIOJB3YIOTCS 0003HauYeHUs,
BBEJICHHEIC B Teopeme 1.

Teopema 2. Tlycth 1y ynpyroi KOHCTPYKITHH VP za-
JaHbl ycioBusl mpodHoctH (14) M ompeneneHo MakcH-
MaJlbHOE JKBUBAJICHTHOE HANpsDKEHHE G,, OTBEUAolIee
NpUOIMKECHHOMY pPeIleHHIO 3a/1a4u ynpyroctu. [TycTsb

An
6| <6, <C, =—, 15
|8] <8,<C, " (15)

rae An=|nf —nf |, nf, n} —3amanbr; 8 — oTHOCHTENB-
Hasl OTPEIIHOCTH UL HATIPSDKCHHUS Gy, T. €.

0
Cp —Op

0
Gp

5= (16)

B

rae 02 — MaKCHUMAaJIbHOE ASKBUBAJICHTHOC HAMPSHKCHUC
KOHCTPYKIIUU v’ orBeuarouiee TOYHOMY PEIICHUIO
3aJlaud yIPYrocTH, HAMPsHKCHUS 02, G, OIpeNeIAI0TCs
1o 4-i Teopuu MPOYHOCTH, O , — OLCHKA JUIsl [IOrPELIHO-
cth O .

Iycts ko3 dunuenT 3anaca n, KOHCTPYKIHUHU, OTBE-

t'I.'tl}OIHI/II\/'I HpI/I6J'II/DKCHHOMy PCUICHUIO, YIOBJICTBOPSCT
CKOPPEKTUPOBAHHBIM YCJIOBUAM IMPOYHOCTHU B

P p
n m

—L_<p < .
1—8p 1+8p

a7

rae n, =Gy /G, Gy — IPEIe TEKYIEeCTH.
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Torna koadduiment 3amaca ng KOHCTPYKIIHH, OTBe-
YaoUMi TOYHOMY PELICHHIO, YAOBIICTBOPSIET 3aJaHHBIM

0 0
ycnoBuAM npounoctu (14), rae n, =c, /o, .

Hoxazamenvcmso. U3 (16) cnemyer o, =(1+9) 62.

OTcroza noxy4aem
ny =(1+3)n, . (18)

Ormernm, uro B (15) C,<l. Iycre §, taxoe,

4yro 6, = |8|. Torna B cuiry (15) ©MeeM COOTHOLIEHUS
(19)

[puanmas B (18) nmocienoBarenbHO & =—0,, 8=3,,

0<8,= [5] <35,<I.

BBesieM Kod(uimeHThI

n =(1=8y)n,,ny =(1+3,)n,, (20)
Torna B cuny (18), (20) momyyaem
n) =n{ wm n) =nj. 210
Beenem koadduipeHTsI nld , ng 1o gpopmysam
n =(1-8,)n,, ny =(1+8,)n,. (22)

B cuny Toro, uro 0<6, <1, n, >0, n3 (22) cnenyer

d d
b 2N .

n (23)

[Tycts s ko3 dUIMEHTa 77, BBINONHSIIOTCS YCIOBUS
npounoctH (17), T. e. mycTh

n? <(1-38 )n,, (1+8 )n, <nb.
1 p/"b p/"b 2

Torma mns ko3¢ duIreHToB nld s ng ¢ yuerom (23)

BBITIOJTHAKOTCS HEPABEHCTBA

d

) <nf <

nf <n 5 <nd. (24)

CpasnmBas (20), (22) ¢ yuerom (19), cnenyror Hepa-
BEHCTBa

Orcrona, yuuThiBasi, uto corsacHo (19) n) <nj, mo-
JTydaem
(25)

Torna B cuity (24), (25) BRINONHSIOTCS HEPaBEHCTBA

n’ <n <n) <n?.
{ <n <ny<nj (26)

W3 BemonHeHus (26) ¢ yuerom (21) ciemyer BBINON-
HEHHE 3aJlaHHBIX ycioBuil npounoctH (14) mia koahhu-

LMEeHTa 3araca n,? . OrpannyeHus Ha mapamerp &, Haxo-

JIM U3 TPEIIOJIOKEHUS CYIIECTBOBAHHS YCIOBHH MPOY-
HoctH (17), T. e. mycTh

p p
ny n

—< . 27
1-8 » 1+98 »
OTtkyna cinemyer
An
8p_Cp:n{’+n" (28)
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OrMeTnM, 9TO TOCKOIBKY 7y >nf 21, 10 M3 (28)

cienyer 0<Cp <1. Ecmm Sp =Cp, TO JUANa3oH i
BApPLUPOBAHMA 3HAaueHHH Kod(puLMeHTa 71, paBeH Hy-

0, T. €. B 3TOM ciydae n, =(nf +nf)/2, 9ro TpymaHO

P P

BbINOJIHUTh Ha MPAKTHUKE IIPH 3alaHHBIX ny , n, . I/ITaK,

npu 8, <C,, BO3MOXHO BBIIIOIHCHHE 3a/[aHHBIX YCIIOBUM

npouyHoctyu (14) anst koaddunmenrta ng C MIPUMEHEHUEM

CKOPPEKTHPOBaHHBIX ycioBuil mpounoctu (17) m mpu-
OJIIDKEHHOTO pelIeHus, KOTOpOoe MOPOXKIAaeT ISl Harpsi-
XKEHHs O, TaKyw MOrPemHocTh &, 4ro 3] <3, .

Teopema 2 nokazaHa.

CKoppeKTHpPOBaHHBbIe IKBHBAJEHTHbIE YCIOBUS
NMPOYHOCTH, YYHTHIBAIOIIME MOTPENIHOCTH HaNpsiiKe-
Huii. Ha npaktuke nis pemieHus 3ajad TEOpUU yIpyro-
CTH, C(HOPMYJIMPOBAHHBIX IS TPEXMEPHBIX KOMIIO3UT-
HBIX KOHCTPYKLMH, HMPUMEHSIOTCS YUCIICHHBIE METOJBI,
Hanpumep MMKD [10-12], xoTopble mopoxaaroT perie-
HUSI C MaJIOH MOTPENIHOCTEI0. B ¢BSI3M ¢ 3THM BO3HHKaeT
HEOOXOAWMOCTh  YYUTHIBATH IOTPEUIHOCTh pEIICHHH
B DKBHBAJICHTHHIX YCJOBUAX MPOYHOCTH. B pabote [16]
paccMaTpuBarOTCsl SKBHBAIECHTHBIE YCIOBHS ITPOYHOCTH
0e3 ydera TOTPEITHOCTH TPHONIMKCHHBIX pEIICHUI.
Ucnonp3ys pesyneratel pabotel [4], Ha oOCHOBe
TeopeM 1, 2 chopMmyiHpyeM CKOPPEKTUPOBAHHBIE JKBH-
BAJICHTHBIE YCJIOBUSI IIPOYHOCTH, KOTOPBIE YUUTHIBAIOT
MOTPEeIHOCTh penteHnid. CKOppeKTUpOBaHHBIE HSKBUBA-
JICHTHBIE YCIIOBUSI TIPOYHOCTH OTpaXkaeT Cleayromas
TeopeMa, B KOTOPOH HCIIOJIB3YIOTCSI 0003HAYEeHUs, BBE-
JIEHHbIE B TeopeMax 1, 2.

Teopema 3. Ilyctep misa koaddunmenrta 3anaca yrpy-

TOW M30TPONHOW OJHOPOAHON KOHCTPYKLMH yP onpene-
JIEHBI SKBUBAJICHTHBIE YCJIOBHS TIPOYHOCTH BUA

nl <ny <nf, (29)

rae nf, ny —3amasbl, T. €. onpe/eNeH mapaMerp p (CM.

Teopemy 1); ng — Koa(¢uIMeHT 3amaca MPOYHOCTH

KOHCTPYKLHH ¥’ , orBevarommii TOYHOMY PpELICHHUIO
TPEXMEPHOM 33/1a4u yIpyroctH, chopMyTHPOBAHHOM ISt
KOHCTPYKLIHUH 48 ITycTh Anst KOHCTPYKIMH yP ompeze-
JICHO MAaKCHMallbHOE 3KBHBAJICHTHOE HAIMpPSKEHUE G,

OTBeyarolee MpUONMKEHHOMY PEIeHHIO 33/1au YIPyro-
cru. I[Iycts

An

6] <8, <C, =
P nf +n

, (30)

p
2

P
1

)

— OTHOCHUTEJIbHAsA IOTPEIIHOCTH
0

b
MAaKCHUMaJIbHOC JKBUBAJICHTHOC HAIPS)KECHUE KOHCTPYK-

>

rne An=|nj —n

JUISl HATIPSOKEHHS Gy, T. €. & =(C, —0y)/ Gy, rIe &

i V'’ oTBedalomee TOYHOMY PEIICHHIO 3a[a9l YIIpy-
rOCTH, 8, — OLEHKA JUIsl IIOTPELIHOCTH O .

ITycte xo3ddunuenT 3anaca n, KOHCTPYKILHHU, OTBE-

tI.’:l}OHII/H‘/'I HpI/I6J'II/DKeHHOMy PCHICHUIO, YAOBJICTBOPSCT
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CKOPPCKTUPOBAHHBIM 3KBHUBAJCHTHBIM YCJIIOBUAM IIPOY-

HOCTH BHUIa
P
n

<
1-3,

p
n

(€2

ny <
P

rae n, =Gy /G, , Gp — Ipeaen TEKyYeCTH.

Torya kodbQUIMEHT 3amaca 7, KOHCTPYKIIHH, OTBe-
YaloUuil TOYHOMY PENIEHUIO, YIOBJIETBOPSET 3KBHMBA-
JIEHTHBIM YCJIOBHSM TIPOUHOCTH (29), Tie 1y =G, / G} .

I[OKaSaTeHLCTBO TECOPEMBI 3 aHAJIOTUYHO JOKa3aTcIIb-
CTBY T€OPCEMbI 2. OTMCTI/IM, qTo 61’ MOXXHO pacCMaTpu-

BaTb KaK MaKCHUMAJIbHYIO INOTPEIIHOCTL JII MaKCHUMaJlb-
HOI'0 J3KBHUBAJICHTHOI'O HAIIPSDKCHUS O, KOHCTPYKIHUU

V"’ . CooTHOmIEHUS (31) npexncraBum B BUze
nf(1+¢)<n, <nf(l-g,),
win, yuutbiBas (13), nmeem
p(1+8)<n, < pny(1-¢,), (32)

rAc BCIMYHHBI €, &€, OIPCACIAIOTCA C IOMOIIBIO IIO-

IPELIHOCTH &, HANPSIKCHUS G, 1O popMmyiam

1
1-8

P

g = -1, g, =1- , 0<8,<1, (33)

1+6p

31ech p — KO3(D(OUIMEHT SKBUBAIEHTHOCTH.

OcHOBHBIE TIOJIOKEHUSI MeTo/la IKBHBAJEHTHBIX
YCJI0BHH MPOYHOCTH. PaCCMOTPUM KOHCOJIBHYIO KOMIIO-
3UTHYIO OajKy V|, perymspHOil cTpyKTyphl (KoTopas pac-
MoJIO’KEHa B JEKapToBOM cucrteMe KoopauHat Oxyz)
o L =1536h =600, KBaApaTHOTO CEYCHUS pa3Me-
pamu HxH, rne H=128h=50 (puc. 1). banka V,
COCTOUT M3 IUIACTUYHBIX MaTEpHaJOB M MMEET CTaTHde-
CKO€ HarpyxeHnue q,(x,y,z).

r\
/H—[_"S."I

/;f:fm '

Fy

Puc. 1. XapaxrepHsle pa3mepsl Oanku V),

Fig. 1. The characteristic sizes of the beam V)

Perynsapnas siueiika G, KOMIO3UTHOH Oanku V;, umeer

pasmepbl 84 x8hx8h, B KOTOPOH pPacIOSOKEHBI IPO-
JOJbHBIE BOJIOKHA CeYeHHeM hxh (puc. 2, ceueHus
BOJIOKOH 3aKpamieHbl, 16 BosokoH). TakuMm o0pasom,
Oanmka apMHpOBaHAa TPOTOJHHBIMH BOJOKHAMH — Cede-
HUEM hxh, paccTOSIHHE MEXIy BOJIOKHAMH PaBHO /.
BookHa SBJISIOTCSA U30TPOITHBIMHU OJHOPOJIHBIMHU TEIAMU
¥ UMCIOT OJTUHAKOBEIC MOJTYJTH YIIPYTOCTH.
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Ecmm Tommuua BojmokoH MeHbmre 0,5 MM, TO Takue

BOJIOKHa 00pa3yroT MHKPOHEOTHOPOIHYIO CTPYKTypy [17].
IMycte L=600 MM, H =50 MM, Torma 4 =0,3906 mwm,

T. €. banka V), pasmepamu 5x60x5 cM HMeeT MUKPOHE-

OJTHOPOJIHYIO PETYISIPHYIO BOJIOKHUCTYIO CTPYKTYPY.

/ 5y

kaz yliry 7 o 4 1
e e
A L W //
P I AR
= %
‘L 3 n |8h
A
A A
A A
L1 /// I
|/ 8h
L
) 8h I, X

Puc. 2. Peryinsipnast stueiika G,

Fig. 2. Regular cell G,

Jna xoadduumenTa 3anaca n, KOMIIO3UTHOH 6aiku V),

3amaHbl ycnoBusa npoyHocTH Buaa (5). Tpebyercs ompe-
JenuTh Kod(pQUUUEeHT 3amaca s, MAaHHOM Oanku, T. €.

IPOBEPUTH, YIOBIETBOPsET 1M Oanka V|, 3agaHHBIM

YCIOBUAM HNpPOYHOCTH. JIyig peleHus NaHHOW 3ajauu
ucrnonpdyeM MOVIL, OCHOBHBIE MONOXEHUS KOTOPOTO
paccMOTpUM ([T MIPOCTOTH U3JTIOXKEHHUs, He Tepsisl OO0I-
HOCTH CYy’KJeHuil) Ha mpumepe Oalku ¥, ¢ MHKPOHEOA-
HOPOJHOM PETYyIspHON CTpyKTypoil. bazoBoe perynspHoe
pasouenue R, Oanku V|, cocrout u3 (6a30BbIX) OJHOCE-

tounbix K3 (1cKD) th I-ro mopsinka ¢GopMbel Kyba

€O CTOpOHOI /1 [8], B KOTOPHIX peanu3yeTcsi TpEXMEpHOe
HJIC. Pa3buenue R, yuuTbhIBa€T MUKPOHEOJHOPOAHYIO
CTPYKTYpY OajKH, MOpPOXIaeT PaBHOMEPHYIO MEJKYIO
(6a3oByr0) CceTKy ¢ maroM A Pa3MEpPHOCTH
129x1537x129 w® HAHCKPETHYIO MOAETh C OOIM
YUCIIOM Y310BBIX HeusBecTHBIX MKD N, =76681728,

IIMpUHA JEeHThl cucteMbl ypaBHeHHH (CY) MKD paBna
by =50316 . Peamuzanus MKD s 6a3oBoif monemu R
(Oonee 76 MITH y3JIOBBIX HEM3BECTHBIX) TPEOYET OOIBIINX
pecypcoB OBM. IloctpoeHne mocienoBaTeNbHOCTH pe-
IIEHUH CBSI3aHO C MPHUMEHEHHEM IPOLEAYpPhl U3METbye-
HUsE 0a30BOro pa3OueHusi, KoTopas Uil KOMIO3UTHOW
CTPYKTYpHI Oalku V|, sABIAETCS CIOXKHOU U TPYAHOPEaIH-
3yeMOH, TaK KaK KaKIBIA MIar W3MEIbUCHUS HMPUBOINT
K PE3KOMY YBEJIMYEHHIO Pa3MEPHOCTH IUCKPETHOH 3a1a-
yu. OTMETHM, 4TO 1Iar 6a30BOT0O PEryNISPHOTO pa3OUeHHs
R, xommo3utHo# Oanku ¥, He MOXeT ObITh OosblIe /1,

TaK KaK ceYeHHEe BOJIOKHA UMEET pa3Mephl s x /i .
Cornacao MOVII, BBeieM H30TPONHYIO OJHOPOJHYIO

Ganky y? TaKy¥o, 94To OaIKu vP, Vi, EIMEIOT OJIMHAKOBBIE
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(dbopMy, pa3Mepbl, 3aaHHbIe 3aKPETICHUS] U Harpy>KeHH,
HO OTJIMYAIOTCSI MOAYJISIMU YIPYrocTH. Moaynu ymnpyro-

cri Ganku V'’ paBHBI MOZYJISIM YIPYrOCTH BOJIOKHA Gall-
ku V. Peamusamua MOVII cBomurcs K HOCTPOEHHIO
CKOPPEKTHPOBAHHBIX 3KBHBAICHTHBIX YCIOBHU MPOYHO-
cru (32) u k ompeneneHu0 KodbduiyenTta 3amaca
yP, K ompeneneHnio koddduimenrta
9KBHBAJICHTHOCTH p Ui Oalku V, U K OIpeIeneHHI0

TCIa T. €.

¢ momompio MKD MakcuMallbHOTO SKBHBAJECHTHOT'O
HalpsHKeHUs o, O Tela b ¢ TIOTPEITHOCTRIO O X
Koadpdmmment p omnpenenstercs o gopmyne p=c,/0,,
rae G,, O, — MaKCHMallbHble SKBUBAJICHTHbIE HAIPsDKE-
b
HUsI COOTBETCTBEHHO Ten V), V7. OTMeTuM, 94T0 HaXO0X-
JeHue HanpsbkeHus o, no MKD (¢ mpumeHeHHeM OJHO-
cerounsrx KD dopmsl kyba co croponoii /1 [8]) s 6an-
Ku V, c yd4eToM ee MHKPOHEOAHOPOJHOH CTPYKTYpHI

TpeOyeT OobIIHX pecypcoB DBM.
Jnst HaxokaeHUs: Koo(dHUIMeHTa 3KBUBAICHTHOCTH P

W HalPsKCHUA O, IpEAIaracTcs CICAYIolias nmpoueaypa.

st M30TPONHOrO OTHOPOJHOTO TEja & CTPOUM IOCJIe-

JIOBaTEIbHOCTh 0a30BBIX PETYJSIPHBIX pa3OueHuit (amc-
N

n=1>

KPETHBIX Mojienel) {Vno} COCTOSIIIUX W3 0a30BBIX

(n) .
1cKD V;" 1-ro mopsiaka Gpopmsl Kyba co CTOPOHOIL A, .

JuckpetHas  Mojenb Vn0 AMEET  Pa3MEpHOCThb
n" xn{" xn{", e

" =8n+1, n" =9%6n+1,

" =8n+1, n=1,.,N. (34)

[Maru 6a30Boit cetkn mo ocsim Ox, Oy, Oz paBHBI
W =H/@8n), h{" =L/ (96n), h"” = H/(8n), tax xax
L=12H, 1o h,=h" =h" =h",

B nopuueM, h, >h,
n=1,.,N—1. OrMmernM, urto mpu n=N TOIy4aeM
hy =h (nn1s 3akoHa wu3MensueHus (34) mpu N =16

uMeeM Mg =h ), T. €. Ipu n =16 pa3sMEPHOCTH U30TPOIHOH

OJIHOPOJAHON ITUCKPETHOM MOIEIH Vlg u 06a30BOTO paz-
Ouenust R, xommo3uTHOl Oanku V|, oguHakoBbl. BaxkHo
OTMETHUTH Cleylolnee. 3aKOH M3MENbUYeHHs Uil pa3oue-
Huif 3a/1a€TCs TaK, 4To Kak0e pasouenne V' cocTOUT u3
KOHEYHOTO YHCIIa OJMHAKOBHIX IO (OpMe W pasMepam
Takux obnacteiit G-, uto obnacth G° m o6nacth pery-
JsIpHOM sueiiku G, (puc. 2) UMEIOT OJJUHAKOBYIO (GopMy,
HO OTJIMYAIOTCS XapaKTepHbIMU pasmepamu. Jis 3amaH-
HOTO 3aKoHa m3MenbueHus (34) obmactb Gfl’ UMeEeT pas-
Mmepsl 8%, x 8h, x8h,. Obmactb Gfl’ oTn4aeTcs oT 00-
JIaCTH perynsapHoi Adeiiku G, (pasmepamu 8hx8hx8h,
CM. pHUC. 2) XapaKTepHbIMU pa3Mepamu Buga h, =f,h,
rne B, >1. Ilppy n—>16 umeem B, -1, npu n=16

nonydaeM Bc =1.
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Baenem obmacts G,? , (hopma 1 XxapakTepHBIE pa3Mepbl
KOTOPOH COBIIAJAIOT C OOJIACTHIO Gf, n=1,.,N. Ilpu
>ToM o6nacTh G. MMeeT KOMIO3HTHYIO CTPYKTYPY, KO-
TOpasi 10 BUAY COBIANAET CO CTPYKTYPOH PETYJISIpHOU
sdeiiku G, T. €. o0macTb G,? UMEET TaKOe K€ YHCIIO
BOJIOKOH (C KBaJpaTHBIM CEYEHHEM pasMepaMu h, x h,)
U TaKoe K€ MX B3aUMHOE PACIIONOXKEeHHE, KaK B suelike G
(16 mpoOIBHBIX BOJIOKOH, CM. pHC. 2). BoiokHa B obuac-
X G, G, MMEIOT OIMHAKOBBIE MOIYJH YIPYTOCTH.

O6nactu G', G, , 1O CYyTH, OTIIMHAIOTCS TOJBKO MACIITA0-

HOCTBIO, T. €. opMambHO MOXHO 3amucath G, =PB,G,,

B, B, >1,

n=1..,N-1. Ilppy n=N mnomydsaem B, =1, T. e

riae KO3 QUIMEHT MacCIITaOHOCTH,

G =G,. [na 3akona usMenwpuenus (34) npu n=16
umeem B =1, T. e. G =G, . OT™eTnM, 4TO B OGNACTH
G yuuThIBaETCA HEONHOPOMHAS (BONOKHHCTAS) CTPYK-

Typa.
3aMeHseM B IUCKPETHOH MOIENH Vn0 BCE OIHO-

POIHBIE M30TPOITHBIE 00TaCcTH G,i’ Ha KOMITO3UTHEIE 00-
JIaCTH G,?. B pesynbraTe Ha OCHOBE HM30TPOIHOM OIHO-
POIHOM MomeH Vno MOJIy4yaeM KOMIIO3UTHYIO (0a30BYyIO)

JIMCKPETHYIO MOJENb, KOTOPYIO 00603HAuMM depe3 R°
(B KOTOpO# Yy4YUTHIBa€TCS HEOJHOPOAHAS CTPYKTYpa).
Takum oOpazom, mpu 7 =16 KOMIIO3UTHAS TUCKpPETHAS

Mozens R, coBmanaer c 6a3oBoit Monensio R, Kkomo-
3UTHOM Oanku V, T. e. nMeeM R106 =R, . Urak, auckper-

upte Mosienn V), RY umeror onmumakoByo (opmy, xa-
PaKTepHbIE Pa3Mepbl U Pa3MEPHOCTh, OJJMHAKOBBIE 3aKpe-
TUIEHHS ¥ HArpy)KeHHs, HO OTJIMYAIOTCA MOIYJISMH YIIpy-
roctu. Corsacko (34) pasmepHocTn Momenel V., RY

PE3KO BO3PACTAIOT NPHU YBEIMYCHUU 7 . 111 TOHWKEHUS
Pa3MEPHOCTH TUCKPETHBIX MOJeleil d3GEKTHBHO MpHMe-
ustoress MEKO [10; 11; 13; 14]. Ucnone3ys m — cetou-

Heie KD B JHMCKPETHBIX 0a30BBIX MOJEIAX Vno, R,? s
MOJy4aeM COOTBETCTBEHHO /1 — CETOYHBIC AMCKPETHEIC

MOAEIN an, R, KOTOpBIE UMEIOT OJJMHAKOBYIO (hOpMY,

n o

XapakTepHble pa3Mephl, pa3MEpHOCTb, OIMHAKOBBIE 3a-
KpeIUICHUSI U HaTpy>XKeHUs Kak Oanmka V), HO OTINYaioTCs

MOJYJAMH yIpYyrocTtu. PasMepHOCTH m — CETOYHBIX IUC-
b

n 2

KPETHBIX Mozxenei/i Rn 3HAYUTCIIbHO MCHBIIEC pas-

. S0 po
MEpHOCTEN COOTBETCTBEHHO 0a30BBIX Mojenei V', R, .

IMpouenypa onpenenennst ko3 QUIEeHTa SKBUBATEHTHO-
CTH p 3aKiroyaercs B ciexyromeM. [l IUCKPEeTHBIX

MoJeIIeH an, R, ompenenseM COOTBETCTBEHHO MAKCH-

MAJIbHBIC JKBUBAJICHTHBIC HAIIPSAKCHUSA Gz , O C IIo-

b

n?

no
MOIIBIO KOTOPBIX HaxoauM kodd¢uuueHr p, =c,/c
n=L..,N. Hmeem p,—>p

mpu n—>N. Ilycts
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8,=p,— P, |/p, ecTb Manmas BemM4MHA, TOTAA IIPHU-

HUMaeM p=p,. HYCTB MOCTPOCHA MOCJICAOBATCIBHOCTD

12

CIICHMI Gb _1, KOTOpasa OBICTPO CXOOUTCA K TOYHOM
nin=1

b_ b b
=|c, —o,_,|/c, Manas BeIM4UHA.

b

O

o
pELIEHHIO U IyCTh O,

Torma cyuTacM, 4YTO €CTh MAKCHUMaJIbHOC OJOKBHBa-
JICHTHOC HAIIPSHDKEHUE HU30TPOITHOTO OAHOPOAHOTO TEJia

V" (maiiieHHOE ¢ MOrPemHOCTHIO & » )- Hloncrasusist mo-

JdydeHHble p, O, U 3ajaHHble KOYDOUIMEHTBI 7y, N,

4
B (32), ompenenseM CKOPPEKTHPOBAHHBIE YKBUBAIICHTHEIE
YCJIOBUS IPOYHOCTU JJIsi KOMIIO3UTHOM Ganku V. Koad-

¢uiyeHT 3amaca 7, I Tela V'’ maxomum mo dopmyire

n, =0/ Gf, , Tle G — Ipefel TeKydecTH BoJokHa. Ecin
HaleHHBI KOI((UIMEHT 7, YIOBIETBOPSAET IIOIYyYeH-

HBIM CKOPPEKTUPOBAHHBIM SKBHBAJICHTHBIM YCIOBHUIM
npodHocTH BHAA (32), To K03 UIMEHT 3amaca 1, KOM-

no3uTHOHU Oanku ¥V, (cM. puc. 1) ynoBineTBopser 3aiaH-

HBIM YCIIOBUSIM IIPOYHOCTH BHAA (5).

Pe3yabTaThl 4HCIGHHBIX 3JKCIEepUMeHTOB. Pac-
CMOTPHM MOJEJIBHYIO 3a/1ady O pacueTe Ha MPOYHOCTH
KOHCOJIbHOH Oanku V|, ¢ MUKPOHEOJHOPOAHOH BOJIOK-

HUCTOM peryaspHoit CTPYKTYpOH pa3MmepaMu
128hx1536hx128h, h — wmano, 3amaHo (cMm. puc. 1).
banka ¥, cocTOMT M3 IJIaCTMYHBIX MAaTEpUAIOB, MMEET
KBaJpaTHOE ceueHune paszmepamu H xH , tne H =128h.
PerymsipHast siueiika MHKPOHEOMHOPOTHOW CTPYKTYPHI
Ganku V, pasmepamu 84 x 8hx8h umeer 16 0MHAKOBBIX

MIPOJONBHBIX BOJOKOH ceueHHueM hxh (cMm. puc. 2), T. e.
0ajka apMHpOBaHa M30TPOIMHBIMU OJHOPOAHBIMH IIPO-
JONBHBIMH BOJIOKHAMH CEYEHHEM /ixh, paccTosHHE
MeXIy BOJOKHaMH paBHO 4. llpm y=0: u=v=w=0,
T. €. B IockocTu xOz, Oanka V|, 3akpemeHa. g ko-
spdunuenta 3amaca n, Oanku V|, 3amaHBl yCIOBHsA
TIPOYHOCTH BHJA

1,3<n,<3,2. (35)

Hns Ganku V, ucnoiab3yeM CIEHyIOLIME UCXOAHbBIE

JIaHHbIE:
h=0,3906; o, =5; E, =10, E =1,

v.=v,=0,3, ¢, =0,0018, (36)

roe E., E, (v., v,)— moxymu FOnra (ko3 punneHTs!
ITyaccona) COOTBETCTBEHHO CBS3YIONIETO MaTepHania
U BOJIOKOH, G, — Ipefell TeKydecTH BOJIOKHA, Harpy3ka ¢,
neiictByer Ha moBepxHocTH z=H, 0,5L<y<L (cm.
puc. 1).

Just pacueta 6anku V), ucnonssyem MOVII ¢ npume-

HeHneM MHKD. B pacyerax mcnosibp3yeM OJHOPOIHBIE U
KOMITO3UTHBIE JIarpaHxeBble TpexceTtounble KO (3cKDJ)
(dbopMbI TIpSAMOYTOJIBHOTO Tapasuienenunena. OCHOBHBIE
nojyiokeHus moctpoeHus 3cKD paccmoTpum Ha mpuMepe

kommo3utHoro 3cKD Vf) (hOpMBI  TIPIMOYTOIHFHOTO
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napajuieNienunena pasmepamu  8hx16Ax8h [10; 15].
3cKD Vf) pacrojioXKeH B JIOKAIBHOM IEKapTOBOM
cucreme koopauHaTt Oxyz , KOTOPBIH COIEPKUT JBE pe-
IyJpHBIX sueiiku G, pasmepamu 8hx8hx8h xoMio-
3uTHOM Oanku V. BHawane paccMOTpHM HpoLEnypy
MOCTPOEHHS KOMIIO3UTHOTO JIATPAHKEBOTO JIBYXCETOYHO-
ro KB (2cKQ) Vd(z) pasmepamu 8k x 8hx8h, KOTOpHIH
COJIEPKUT OIIHY DEryiipHyIo f4eliky G,. B mponenype
UCIOJB3YEM PaBHOMEPHYIO MEJIKYIO CETKY /,; C IIaroMm A
pasMepHOCTH 9x9x9 m KpynHyro ceTky H,, BIOXKEH-
Hyl0 B Menkyto, H, c h;,. Ha puc. 3 mokasaHa Menkas
ceTka h; U KpynHas cetka [ ,;, umeromas 125 y3ios,

KOTOpbIe OTMEUEHBI TOUKaMH. Menkas ceTka /i, IOpox-

JeHa 0a30BbIM pazOueHueM R; 2cKD Vd(z), KOTOpOE CO-
h

crout u3 1cKD V' 1-ro nopsinka Gopmsl Kya co cropo-

Hoit /1 (B KoTopeix peammsyercs TpexmepHoe HJIC,
j=Ll..M, M — obmee uncno 1cKD V', M =512)
U KOTOPOE YUYHTHIBACT MHKPOHEOTHOPOIHYIO CTPYKTYpY
2cK3 7\?. Bonokna mapamiensusl ocu Oy , CedeHus

BOJIOKOH B IUIOCKOCTH Oxz 3akpalieHbl, 16 BOJOKOH
(puc. 3).

8h

O

Puc. 3. Menkas u kpynHas cetku 2cKD Vd(z)
Fig. 3. Small and large mesh 2gFE Vd(z)

INonuyio noTteHumanbHylo sHepruto I, 6azoBoro
pazouenus R, 2cKD V;z) npeactaBuM [35; 8]
s12 4
=X (37)
2

q/[K'1a,-4'P),

h
rae [K;] — matpuna xectkoctd, P;, q;— BEeKTOpHI y3-

JIOBBIX cui ¥ nepemeniennii 1cKD th 6azoBoro paszbue-

Hus 2cK3, T — TpaHCIOHHPOBaHHE.

C momompio oanHOMOB Jlarpamka [5] Ha KpymHOU
ceTke H,; ompenenseM anmpOKCHMHpYIOIIHE (YHKIN
HepeMeIleHui u,,v,,w, md 2cK3 V;Z), KOTOpBIE 3aITH-
meM B popme
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(38)

rac u w

ik T 3HA4YCHUA nepeMemeHm”I u, v, w

ijk ijk’ k

B y31e i,j,k cetku H,; i,j,k — KoOpOUHATHI LENOYUC-
JIEHHON CHCTEMBI KOOPIMHAT ijk , BBEACHHOMN AJIs y3JI0B
Nijk (xa V, Z)

H,, ijk=1..5

cerkn H, (cM. puc. 3); Ny = — OasucHas

¢byakoms  y3ma i, .,k ceTKu
Ny = Li(x)L;(y)L;(2) , e
5

Li(x)= H ~

a=l,a#i i

o 1,0)- ] 2

o onlowtjyj o

5

Li(2)= H

a=la#k

zZ—2Zz,

(39)

>

Zy T Zg

31€Ch  X;,Y;,Z; — KOOPIMHATHI y3na i, J.k cerkm H,

B cucteMe koopauHat Oxyz (cM. puc. 3).

NB:Nijkﬂ Ug =,
5, B=1L...,

paxenus (38) MpHHUMAIOT BUL

O06o03HaUNM: Vg = Vi »

Wp =Wy, THe Lj,k=1.., 125 . Torma BbI-

125 125 125

=Y Ngttg, vy =) Ngg, wy=) Nywy. (40)

p=1 p=l p=1
OBO3HATUM YEPE3 [y = {I4;,.... U135, Virerrs Viass Wiserrs Wins )
BEKTODP Y3JIOBBIX IEPEMELICHUN CeTKu FH ,;, T. €. BEKTOp

ye,

KOMIIOHCHTBI BEKTOpA (; Y3JIO0BBIX Hem3BeCTHbIX 1cKO

y3J10BBIX Heu3BecTHbIX 2cKO Ucnons3ys (40),

h
Vi
3yJIbTaTe MOJIYYUM PAaBEHCTBO

q;=[4}1q,.

BbIpaxacM 4€pe3 KOMIIOHCHTBI BEKTOpa (,;, B pe-

(41)

512.

Ioncrasnsist (41) B Bolpaxkenne (37), U3 ycloBHsA
oll; / 6q, =0 nonyuaem [K;]q, =F,, rne

2 .
rae [A;] — npsmoyronbHas Matpuia, j=1,...,

512

K, —Z[A P, (42)

512
K, 1= Y [T K42,
j=1

3necy  [K,;] —

375x375), F; — BeKTOp Y3JOBBIX CUI (Pa3MEPHOCTH
375) 2cKD V.

PaccMoTpuM NOCTpOCHHE JarpaHXeBOTO TPEXCETOY-
Horo KO (3¢cKD) Vo(f) , HCTIOJIB3ys JBa 2cKD Vdm. Mern-

MaTpula KECTKOCTHU (paSMepHOCTI/I

kast h, u xpynHas H, cerxku 3cKD Vf) IIOKa3aHbl Ha
puc. 4, y3nbl ceTku [, OTMeueHbl TOYKaMu, 12 y3jI0B.

V3Bl MEJIKOW CeTKU /i, SIBISIIOTCA Y3J1aMM KPYIHBIX Ce-

Tok H,; nByx 2cKO Vf), d=1, 2.
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INonuyro nmoreHuuanpHyto sHepruto 11, 3cKO Vf)
IIpeCcTaBuM B (hopme

11, Z(_qd[Kd la, - qud) (43)

d=l1
rae [K;], F;, q; — MaTpHLa )KECTKOCTH, BEKTOPHI y3710-

BBIX CHJI 1 niepemerteHnii 2cKD Vd(z) ,d=1, 2.

ks

84

8h
Puc. 4. Menkas h, uxpymnras H, cerxu 3cKD Vf')

Fig. 4. Small h, and large H, mesh 3gFE Vé”

C momompo TOMMHOMOB Jlarpamka Ha KpYIHOU
cerke H, ompenenseM amnpoKCUMUpYyole (QyHKIUU

(3)

nepeMeleHuit uy, vy, wy a1d 3cKD V7, xotopsle 3amu-

meM B popme

=333,

1 j=1k=1

ik Vijk >

(44)

e Uy, W, — 3HAueHHUs IepEeMElIeHMH u, v, W B

Vijks Wij

y3ne i,j,k cetkm H; i,j,k — KOOpIMHATBI LIEIOYHC-
JICHHOM CHCTEMBl KOOPIWHAT Ijk , BBEACHHOW IJIS y3JIOB
cerku H, (cm. puc. 4); Ny =Ny (x,y,z) — GasucHas
¢ynkuus ys3na i,j,k cetku H,, i,k=12, j=12,3,
Ny = L; (X)LA,' (DL (z), rme

2

X=X, y—y
L= ] » Li(y)= H —,
a=l,o%i Vi~ o U.l(li/yj o
2 z-z,
L= T1 , (45)
a=lLazk Zk ~ Za
31€Chb X;,V;,Z; — KOODIMHATHI y31a i,j,k cetku H, B
cucreme koopauHat Oxyz , puc. 4.
O003HaUNM: Ng =Ny, ug =y, VB = Vijk »
Wy =wy, roe k=12, j=1,2,3, p=1..,12. To-
r/1a BeIpakeHus (44) NpUHUMAIOT BU
12 12 12
Uy :Z:Nﬁu13 , Y :Z:NBV[3 , W :ZNBWB . (46)
p=l p=l p=l1
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T
W}

BEKTOP Y3JIOBBIX IIEpEMEILEHNI KPYITHOU ceTKh H , T. €.

OO003HaUMM 4epe3 q, = {U,....Uj3; Vjsees Vigs Wises

BEKTOp Y3JIOBBIX Hem3BecTHHIX 3cKD Vf). Ucnonp3ys
(46), KOMIIOHEHTHI BEKTOpa (,; Y3JOBBIX HEH3BECTHBIX
2cKD V;z) BBIPa)KaeM 4epe3 KOMIIOHEHTHI BEKTOpa ( ,
B pe3yJIbTaTe MOIyYUM

q, =[4]14q,, (47)

rmie [A;] — IpsAAMOYTONbHAs MaTpula, d =1, 2.
Ioncrasmsass (47) B BBIpaXKeHHE (43) W3 YCIIOBHSA
oll, / 0q, =0 nomyuaem [K,]q, =F,,

o

Zzl ALVIK AT, Zzl 'F,, (48
d=1 d=1
sneck [K,] - wmarpuma skectkocTH (pasMepHOCTH
36x36), F, — BexkTop y3/1OBBIX cHI (pa3MepHOCTH 36)
3ckd 7Y,

3ameuanue 2. Pemenue, IOCTPOEHHOE Ul KPYNHOU
cetku H, 3cKD Vf) , C TIOMOIIBI0 (hopMyIbl (47) Tpoery-
3¢k V9,
¢ noMouiplo Gopmyssl (41) ompenensieM y3inoBble Hepe-

pyercss Ha MEIKYl CeTKy h, 3arewm,

MeleHus 6a30BbIX pasouenuii 2cKD V¥ | uto maer Bos-

MOYKHOCTbH BBIYMCIISITH HanpspkeHus B qroboM 1cKD th

6a3oBoro pa3dbuenus R, 2cKD V(z), d=1, 2.

3ameuanue 3. B cuiy (41) pazMepHOCTb BEKTOpa (,
(1. e. pasmeprocts 2CKD Vdm) HE 3aBHUCHUT OT OOILIero
gucna M 1cKD th, T. €. OT pa3MEpPHOCTH pa3OueHus

R, . Ioatomy nnst ydera B 2cKD MHKpOHEOAHOpOAHOU
CTPYKTYpPBI MOYKHO HCIIOJI30BAaTh CKOJIb YIOIHO MENKHE

OazoBble pasbueHus R;, cocrosmue u3 1cKO th.

B stom ciyuae B 2cKD V;z) (cnenmoBatensHo, 1 B 3cKD

VOE:;)) CKOJIb YIrOAHO TOYHO ONHCBIBACTCA TPEXMEPHOC

HAC (6e3 BBemeHWs JOMOTHHUTENBHBIX —YIPOIIAOIIAX
THUIIOTE3).

C momoImipio Tporenyp, W3I0KEHHBIX B padote [14],
mpoektupyrores 2cKD  mns  pacdera  KOMIO3HTHBIX
000JI0YeK BpamIeHUs, KOJEI CIOXKHON (OPMBI M BaJOB,
KOTOpbIE HMEIOT LEHTPAIbHBIE KPYrOBBIE OTBEPCTUS,
KOMITO3UTHBIX U OJHOPOJIHBIX LIMJIMHIPUYECKHX 000II0-
YeK, IUIACTHH U OaJlOK CI0XKHOHM (OpMBI, KOTOPBIE IIHPO-
KO HCIOJIL3YIOTCSI Ha TpakTHke. [Iporenypa nocrpoeHus
onHoporHbpix MHKD aHanmornyna nmpoueaype nocTpoeHus
KOMIO3UTHBIX MHKD.

Jns koMno3uTHOH Oanku V), ompenenseM H30TpOI-
Hoe oxHopomHoe Teno VP (Gamky V). Tema Vo s ye
HUMEIOT OJMHAKOBble (opMy, pa3Mepbl, 3aKperuicHHe

¥ HarpyKeHHe, MOLY/IH YIPYrocTH Tema V'’ paBHBI MO-
IyJISIM YIPYTOCTH BOJIOKHA. VICTIONB3yst 3aKOH M3Melbue-
Hus (34), cTpomM MO TpOIEAype, OMFCAHHOW BEIIIE,

TPEXCETOYHBIC TUCKPECTHBIC MOJICIIN an , Rn , COCTOAIIUC
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COOTBETCTBEHHO M3 M30TPOIHBIX OJJHOPOJHBIX M KOMIIO-
sutapix 3¢cKD Tuma V®) pasmepamu 8k, x 16/, x8h, ,

n=1,12.

MOJIENTH an HaxOJUM pelIeHUs

Jnst AMCKpETHON H30TPOIHOW OJHOPOIHOM

b b b b
w,, G,,TIE W,, G,

MAaKCHUMAJIbHBIC TMCPEMCIICHUC W 3KBHBAJCHTHOC HaIps-
L...,

JICHTHBIE HaIPSHKEHUsI oIpezessieM 1o 4-if Teopuu mpod-
HOCTH. Pe3ynbraTel pacueToB mpejacTaBieHbl B Tabm. 1.
AHanmu3 pe3yibTaTOB pPACYETOB ITOKA3BIBAET OBICTPYIO
PaBHOMEPHO MOHOTOHHYIO CXOAMMOCTH NPUOIMKEHHBIX

JKEHUE TUCKPETHOM MOJeNu an, n= 12 . DOxBuBa-

pereHmi (wb Gb )

011 =0,665, 012 0,686, ornnuatores Ha 6 =3,061% .
TecToBble pacyeThl MOKa3bIBAIOT, YTO B 3TOM Cllydae

K TouHoMy. Hampsokenus

HAMpPDKECHUE Gf2 HalneHo ¢ norpemHocTeio 10+15% .

Ipunnmaem 6, =0,15. Yenosue (30) aist S, BbIIONHACT-

csi. YaureBasg B (30) coornomenust (13), (35), umeem
6,=0,15<C,=0,42. Cormacro (33) mpu §,=0,15

nonydaem g, =0,176, €, =0,131. CxoppekTHpoBaHHBIE

SKBMBAJICHTHBIE yCI0BUsA IpouHoctd (32) o g, = 0,176,
€, =0,131 umeroT BUA
L176 pn, < n, 0,869 pn, , 49)
rae n, — kod(hQUIUEHT 3amaca Tena 144 , OTIpeeIsIeMBIi
¢ moMomsro MKD.
Pe3yabTaThl pacyeToB 6amku V7

Vb Wb Gb Vb Wb Gb

vP | 204851 | 0377 | VP | 238,033 0,569

vy | 228,503 | 0,489 | ¥ 238,263 0,595

Vi | 234,023 | 0,524 | v | 238422 0,620

i | 236,109 | 0537 | V5 | 238545 0,643

ve | 237,119 | 0543 | 75 | 238,630 0,665

ve | 237,683 | 0,547 | V5 238,697 0,686

OTMeTHM, 4YTO TpEXCEeTO4Has NUCKPETHas MOJENb
17482
[e3

32768 ) pasmepamu 8k, x16h, x8h, , nmeer

V5, cocrosmas w3 narpamkeBbix 3cKD Thma
(a=1..,
Nlb2 =73008 y3moBeix HemsBecTHRIX MKD, mmpuna
nentsl CY MKD paBna b, =1059. Peanuzauus MKO

JUIs JUCKPETHON MOJAENU vh Tpebyer
Ny xb

5 _ bo xby, _76681728x50316 _49903.566  pas
Ny, x by, 730081059

MeHblre o0bema naMatd DOBM, gyem st 0a30BoM MOAEIH
R, Oanku V[, 4TO MOKa3bIBaeT BBICOKYIO 3((heKTUB-
HOCTB IPUMEHEHUS JTarpamkeBbix 3cKD tuma Vf’) B pac-
yerax. KoadduimeHT 3KBUBaJEHTHOCTH p AJIsI KOMIIO-

3uTHOH Oanku V), ompenenseM ¢ HOMOLIBbIO IPOLETYPHL,

KOTOpasi OnucaHa Bbllle. J[MCKpETHbIE MOJENH an , R

n o



Cubupckuil scypHan Hayku u mexvoaoeuu. Tom 20, Ne 4

n=9, 11, 12 moctpoensl ¢ momompo 3¢cKD Tuma Vf) Ha

OCHOBE 0a30BBIX PETYJSPHBIX Pa30MEHUI COOTBETCTBECH-
HO pasMmepHocTell: 73x865x73, 89x1057x89 wu

97 x1153x97 . KoaduiueHTsl IKBUBaJIEHTHOCTH p,
b

n?

rae o, , o’

» — Mak-

HaxoauM 1o ¢opmyie p,=6,/C
CHMaJIbHBIE DKBHBAJICHTHBIC HAIPSHKECHUS COOTBETCTBEH-
b

n>?

HO Mojenel R, , n=9, 11, 12 . B pe3ynbraTe pacue-
TOB MoIy4aeM: py =3,002, p;;=3,000, p;,=2,999.
OtHocUTEIbHBIE IOTPEIIHOCTH A HallleHHbIX K0d(hdu-

LUEHTOB Dy, Py;, P PAaBHBI

8,(%) =100%x| py, = po |/ py =
=100%x 3,002 —3,000| /3,000 = 0,066%

8, (%) =100%x| py, — pyy |/ p1p =
=100%x|3,000—-2,999/2,999 = 0,033% '

[TockonbKy pg > py; > p;, U O, camas Manas BelH-
YHHA, TO CYUTAEM, YTO KOI(PPHULIUECHT SKBUBAJICHTHOCTH
paBeH p = p;, =2,999 . Iloxcrasisast B (49) p=2,999,

n =13, n, =3,2, nomy4aem

4,584 <n, <8,339. (50)

Kosddumment 3amaca omHopoxroro tena V'’ pasen
n,=c,/ch,=5/0,686=7,288, KOTOpHIii yIOBIETBO-
pseT CKOPPEKTUPOBAHHBIM OSKBHBAIECHTHBIM YCIOBUAM

npoutocty (50). OTo o3Hauaer, yto koddduimeHT 3anaca
N, KOMIIO3UTHOIl Oalku V|, yHOBIETBOPAET 3aJaHHBIM

YCIOBHSM TpodHOCTH (35).
IIpoBenem mpoBepounble pacueTsl. Ha ocHOBe 0azo-
Boro pazbuenus R, Oanku V| c npumenenuem 3cKD

Vf) CTPOUM TPEXCETOYHBIE JUCKPETHBIE MOJEIH:

KOMIIO3UTHYIO R|; M H30TPOIHYIO OIHOPOIHYIO Rlbé,
OTBevarolue 3akoHy u3Mmenvuenus (34) nmpu n=16.

CuntaeM, 4TO HanpsukeHus G, =2,279, Gf6 =0,762

_ _ b
OTBEYAIOT TOYHBIM DPEUICHUSIM, T. €. Gy =0, O, =0y -
Toraa ko3 ¢uieHT 3amnaca 1 KOMIO3UTHOTO Tena V)
paBeH ny,=0;/6,=5/2,279=2,194, 1. e. n,=2,194
VIOBJIETBOPSIET 3alaHHBIM YCIOBUSAM TpodHocTH (35),
YTO MOATBEPI)KIACT aHAJOTUYHBIA BBHIBOA, ITOJNYYCHHBIH €
nomorso MOVII.
Koaddunuent skBuBaleHTHOCTH p, (OTBevaromuii

pemeHusM) s Vs paBeH
Po=0,/0,=2,279/0,762=2,990 . OrmeTuM, 4TO KO-
sdommmentsr p=2,999 u p,=2,990 ornmyarorcs Ha

TOYHBIM Oanku

0,301 %, T. €. B caMmOM JieJie, MOXKHO IPUHATE Py = P .

PasmepHOCTh 6a30BO# aHCKpeTHOH Monemn V) (ceT-

Ka KOTOpo mpu n=12 wWMeeT pa3sMEepHOCTh
97x1153%97 , cM. dopmynsl (34)) paBHa 32517504, mu-
puHa eatsl CY MKD paBHa 28524. Uncno y31IOBEIX He-

u3BecTHBIX MKD TpexceTouHoi TUCKpEeTHOM MOJeNn Vlg
pasHo 73008, mupuna neatsl CY MKD paBHa 1059. Pea-
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muzauusg MKD 11st ogHOPOJHON U30TPOMHON TpeXCceTou-
b
M

HOM  JHCKpEeTHOW  MOAenu Tpebyer B
|- 321750438528 _ 11996 685 pas erbie obbema
73008 x1059

mamatd DBM, gem st 0a30BOM MOIEIN Vlg , COCTOSIIEN
u3 n3BecTHbIX 1¢KD dopmel kyda co cTopoHoii A, .

3akimiouenne. IlpeanoskeH MeETOJ SKBUBAJICHTHBIX
YCIIOBUII IPOYHOCTH ISl pacdyeTa Ha CTaTHYECKYIO MpOod-
HOCTbh KOHCTPYKLMH (IJIaCTHHBI, OaJIKU, 000JIOUKH) C He-
OJHOPOJHOW, MUKPOHEOIHOPOJHOM PEryJsipHOM CTPYK-
Typo# IpH 3aJaHHBIX yCJIOBHAX NMPOYHOCTH. Peanmzarus
METO/la CBOAMUTCS K PacueTy Ha MPOYHOCTh M30TPOIHBIX
OAHOPOJAHBIX TCJI C IPUMCEHCHHUEM S5KBUBAJICHTHBIX YCJIO-
BUI IPOYHOCTHU, IOCTPOCHHBIX HA OCHOBE 3aJaHHbIX. [Ipu
pacuere onHOpoaHbIX Ten o MKD ucnonb3yrores
MuKD, KoTOphle MOPOXIAIOT IUCKPETHBIE MOJEITH Ma-
JIOW Pa3MEPHOCTH U PEIICHUS C Majoi MOTPEelIHOCTHIO.
Peammzanust mpemylaraeMoro Meroja TpeOyeT MaibIx
pecypcoB OBM.
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COMPARISON OF METHODS FOR INITIALIZING STARTING POINTS
ON THE OPTIMIZATION GENETIC ALGORITHM

A. A. Pavlenko

Reshetnev Siberian State University of Science and Technology
31, Krasnoyarsky Rabochy Av., Krasnoyarsk, 660037, Russian Federation
E-mail: saaprepod@mail.ru

The way to initialize the starting points for optimization algorithms is one of the main parameters. Currently used
methods of initializing starting points are based on stochastic algorithms of spreading points. In a genetic algorithm,
points are Boolean sets. These lines are formed in different ways. They are formed directly, using random sequences
(with uniform distribution law) or formed using random sequences (with uniform distribution law) in the space of real
numbers, and then converted to boolean numbers. Six algorithms for constructing multidimensional points for global
optimization algorithms of boolean sets based on both stochastic and non-random point spreading algorithms are de-
signed. The first four methods of initialization of Boolean lines used a random distribution law, and the fifth and sixth
methods of initialization used a non-random method of forming starting points-LPt sequence. A large number of opti-
mization algorithms were restarted. Calculations of high accuracy were used. The research was carried out on the ge-
netic algorithm of global optimization. The work is based on Acly function, Rastrigin function, Shekel function,
Griewank function and Rosenbrock function. The research was based on three algorithms of srarting points spreading:
LP7 sequence, UDC sequence, regular random spreading. The best parameters of the genetic algorithm of global opti-
mization were used in the work. As a result, we obtained arrays of mathematical expectations and standard deviations
of the solution quality for different functions and optimization algorithms. The purpose of the analysis of ways to initial-
ize the starting points for the genetic optimization algorithm was to find the extremum quickly, accurately, cheaply
and reliably simultaneously. Methods of initialization were compared with each other by expectation and standard
deviation. The quality of the solution is understood as the average error of finding the extremum. The best way of ini-
tialization of starting points for genetic optimization algorithm on these test functions is revealed.

Keywords: genetic optimization algorithm, points initialization methods.

CPABHEHHME CIIOCOBOB MHUIINAJIN3AIIMA HAYAJIBHBIX TOYEK
HA TEHETUYECKOM AJITOPUTME OIITUMHU3AIIMA

A. A. IlaBaeHko

Cubupckuii rocyTapCTBEHHBIN YHHBEPCUTET HAYKH U TEXHOJIOTHI MMeHH akanemuka M. @. Pemernena
Poccuiickas ®enepammst, 660037, r. KpacHospck, mpocn. uM. ra3. «KpacHospckuii pabounii», 31
E-mail: saaprepod@mail.ru

Cnocob unuyuanuzayuy Ha4arbHLIX MOYeK O ANOPUMMO8 ORMUMUZAYUU ABTIAETNCA OOHUM U3 2NIABHBIX napamem-
pos. Ce200Hs UCNONBL3YVIOMCA CNOCODbI UHUYUATUZAYUY HAYATLHBIX MOYeK, OCHOBAHHbIE HA CIMOXACTNUYECKUX aNeopum-
max pazbpoca mouex. B cememuueckom aneopumme mouxu npedcmasnaom cobou Oynegvie cmpoku. Imu cmpoxu
Gopmupylomess no-pasHomy: HANPIMYIO C HOMOWbIO CIYYAUHBIX NOCIe008AMENbHOCEN (C PABHOMEPHBIM 3AKOHOM
pacnpedenenus) ual ¢ HOMOWDIO CAVHAUHBIX NOCIe008AMeNbHOCMel (C PABHOMEPHbIM 3AKOHOM pacnpeoerenus)
8 NPOCMPAHCMEe GeUWeCBEHHbIX YUCE, d NOMOM npeobpasylom eeujecmeennvle yucia 6 oynesvie. Cnpoexmuposamul
wecmy an2opummMo8 NOCMpOeHUsE MHO2OMEPHLIX MOYeK O/ ANOPUMMO8 20OANbHOT ONMUMU3AYUY — OYIEBbIX CMPOK,
OCHOBAHHbBIE KAK HA CIMOXACMUYECKUX, MAK U HA HeCAYHAUHbIX ANeOpUmmax pasopoca moyex. B nepsvix yemoipex cno-
cobax unuyuanuzayuy 0yn1esvix CMpPOoK UCHONb30BANCA CAVYAUHLIU 3AKOH pacnpedeiienus, d 8 Yemeepmom U Nsamom
cnocobe UHUYUATU3AYUU UCNOTL30BALCA HECAYYAalnbIlL CnOcoO hopmuposanus Havanbhvix moyvex — JIIT nocredosa-
menvHocmy. [Ipumensanocs 601buioe KOAULecmeo nOGMOPHLIX 3aNYCKO8 aleopummos onmumusayuu. Hcnonvzosanace
00CMAmoyHO 8bICOKAL MOYHOCY 8bluUCenull. Hcciedosanus npo8ooUNUCy HA 2eHEMUYeCcKOM ani2opumme 2100a1bHOU
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onmumuzayuu. Ucnonvzosanuce Qynxyus Axau, gyukyus Pacmpueuna, ¢pynurxyus Hlexens, ¢oynkyus pusanka u Qynx-
yust Posenbpoxa. Hccneoosanus nposoounuch ¢ uUCHONb308AHUEM MPEX ANOPUMMOS8 pA30pOoca HAYATbHLIX MOYEK:
JIIIt nocnedosamenvrocmos, UDC nocrnedosamenbHoCmb, pagHoMepHbill CAyuaiiHbii pazbpoc. B pabome ucnonvzosa-
JUCH JyHuiUe Napamempsl 2eHemuyuecko20 aizopumma 210oanvhoi onmumuszayuu. Ha evixode nomyuenvl maccugvl
MAMEMAMUYECKUX ONCUOAHUTL U CPEOHEKBAOPAMUYECKUX OMKIOHEHUNl KAYecmeda peuieHust ONsi PA3HbIX yHKYuU
U ONMUMU3AYUOHHBIX aneopummos. Llenv ananuza cnoco606 uHUYUAIU3AYUU HAYATILHBLIX MOYeK 0Nl 2eHEeMUYECcKO20
ONMUMUZAYUOHHO20 AN2OPUMMA 3AKTIOYALACH 8 HAXONCOCHUU IKCIPEMYMA OOHOBPEMEHHO ObICMPO, MOYHO, 0eule6o
u Haoéxcno. Cnocodvl UHUYUATUZAYUU CDABHUBANUCH MENHCOY COOOU NO MAMEMATMUYECKOM) OHCUOAHUIO U CDEOHEKBA0-
pamuueckomy omxnonenuro. I1o0 kavecmeom peuienuss NOHUMAEMcs. CPEeOHeCMAMUCTIUYECKAsl OWUOKA HAXONHCOeHUs!
akcmpemyma. Buisenen nyuwuii cnocob unuyuanuzayuy HAYanibHbIX Moyex OJis 2eHemuU4ecKo20 ai2opumma OnmumMu3a-

yuu Ha OQHHBIX MECMOBbIX d)yHKLﬂ/lﬂx.

Kniouesvie cnosa: eenemuueckuii ajeopumm onmumuzayuu, cnocobul urHuyuaiuzayuu nmovex.

Introduction. The genetic algorithm of global optimi-
zation [1] differs from the others in Economics, Finance,
and banking. In the genetic algorithm, points are repre-
sented as boolean sets. These lines can be formed in dif-
ferent ways: directly, using random sequences (with regu-
lar distribution law) or spreading points using random
sequences (with a regular distribution law) in the space of
real numbers, and then convert them into Boolean ones.
The research is based on Acly function, Rastrigin func-
tion, Shekel function, Griewank function and Rosenbrock
function. [2]. LPt sequence [3], UDC sequence, uniform
random spread are very interesting and efficient algo-
rithms for spreading starting points. Recent studies in this
area were carried out in the works [4]. These studies were
applied to specific practical problems, there was no goal
in averaging these parameters, in testing on a large num-
ber of practical problems of a complex type of the tested
function [5]. LPt sequences is a point spreading algorithm
based on the matrix of irreducible Marshall Polynomials.
UDC sequence is an algorithm for regular distribution of
points over all coordinates in multidimensional space [6]
regardless of the number of spread points [7]. Regular
random spread [8] is a stochastic point spreading algo-
rithm using the normal distribution law.

The best parameters of the genetic algorithm of global
optimization were used [9].

Parameter description. The paper used the best pa-
rameters of the genetic algorithm of global optimization:

1. Selection — tournament 4 participants.

2. Recombination — 2-point, the probability of cross-
ing —0.8.

3. Probability of mutation 0.001

4. Binary coding.

Additional parameters used:

1. The size of the space of the studied regularity — 2.

2. Total number of spreading points (boolean sets) —
50.

3. The maximum number of steps of the algorithm
(generations) — 200.

4. The accuracy of finding the extremum — 0.0001.

5. The number of repeated runs of the algorithm —
400.

6. Boundaries of the study area orfrom —45 to +45
on each coordinate.

We used six methods of initialization:

Method 1: using random sequences (with regular dis-
tribution law), a real number from 1 to 100 is obtained. If
the resulting number is less than 50, the corresponding bit
of the boolean set [10] takes the value 1, otherwise 0. This
produces boolean sets (fig. 1).

Method 2: using random sequences [11], we obtain
a real number from 1 to K, where K is the maximum
real number obtained if each bit of the boolean set is
equal to 1. Then, this real number is converted to a boo-
lean set by the conversion rules. This produces boolean
sets (fig. 2).

Method 3. The third method is equal to the first but
with the checking of boolean sets for repeatability (fig. 3).

Method of initialization 1

0.5

CHROMOSOME

2

0

N

Fig. 1. The first method of initialization

Puc. 1. [lepBslii crtoco0 MHAHATHA3AIIH
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Method of initialization 2

[1;K]
RND N
| & |
1 K
AN
3 * n
0 1 0 0 1 * n
Fig. 2. The second method of initialization
Puc. 2. Bropoii cnoco6 nHUIHATH3AHN
Method of initialization 3
0.5
CHROMOSOME
RND
0 1 0 0 1 * n
3’ 55 b n
A A y
CHECK FOR A MATCH

Fig. 3. The third method of initialization

Puc. 3. Tpernii cioco6 MHAIMATN3AIIH

Method 4. The fourth method is equal to the second
one but with the checking of real numbers for repeatabil-
ity (fig. 4).

Method 5: with the help of the LPt sequence, a real
number from 1 to 100 is obtained. If the resulting number
is less than 50, the corresponding bit of the boolean
set will be 1, otherwise 0. This produces boolean sets
(fig. 5).

Method 6: using the LPt sequence, we obtain a real
number from 1 to K, where K is the maximum real
number obtained if each bit of the boolean set was equal
to 1. Then, this real number is converted into a boolean
set (fig. 6).
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As a result, we get arrays of mathematical expecta-
tions and standard deviations of the solution quality for
different functions and optimization algorithms [12]. The
quality of the solution is the average error of finding the
extremum [13].

Recent experiments in this area were carried out in the
works of the scientist [7]. In his works, binary lines were
formed without taking into account the check for repeatability.

Experimental part. The initialization methods are
compared with each other on a genetic algorithm, accord-
ing to math expectation, on the first function. The best
way to initialize on a six-point scale is determined. Then
they are compared on the second function, etc.
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Method of initialization 4

[1:K]

RND /

3 * n
VvV VvV Y
CHECK FOR A MATCH
0 1 0 0 1 *

Fig. 4. The fourth method of initialization

Puc. 4. UeTBEpThIii Cr10CO0 MHUIMAITH3ALIN

Method of initialization 5

0.5 CHROMOSOME
LPt
y /
0 1 0 0 | .

Fig. 5. The fifth method of initialization

Puc. 5. TIaThIii cr1OCO0 MHUITHATH3AIUN

Method of initialization 6

[1;K]

LPt /

Fig. 6. The sixth method of initialization
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Table 1
Percentage of finding the extremum for the algorithm by absolute value
Method of initialization (I) Best
es
1 2 3 4 5 6
. 1 4.00 3.50 2.75 2.25 3.50 3.25 1
§ 2 7.25 7.50 7.25 7.75 8.50 7.25 5
s 3 0 0 0 0 0 0 -
4 0 0.25 0 0.75 1.00 0.25 5
Total 5
Table 2
The quality of the solution for the Genetic algorithm by absolute value
Method of initialization (I) Best I by | BestIby
Function M
1 2 3 4 5 6 °
M 0.2431 0.2453 0.2511 0.2401 0.2231 0.2370
1 5 2
o 0.2127 0.2035 0.2221 0.2177 0.2076 0.2077
M 0.0613 0.0585 0.0629 0.0586 0.0533 0.0598
2 5 5
N 0.0512 0.0495 0.0725 0.0553 0.0310 0.0456
M 0.5001 0.5478 0.5091 0.4904 0.4433 0.4455
3 5 5
© 0.3947 0.5188 0.3718 0.3459 0.0055 0.0422
M 1.7635 1.7237 1.7866 1.7827 0.9066 1.9681
4 5 5
© 1.5675 1.7093 1.6367 1.6068 0.4152 1.8819
Places by M 5 4 6 2 1 3
Places by & 3 3 5 4 1 2
Total 5 4 6 3 1 2

After that, the points obtained for all functions for
each initialization method are summed up [14]. The larger
the amount, the better place takes one or another method
of initialization. The places got in this way are recorded
in the tab. 1 and 2.

Then the whole cycle is repeated for the standard de-
viation (o). After that, the obtained places by math expec-
tation (M) and by ¢ are summed up and compared again
[15]. Eventually we will know:

1. The best initialization method for each of the func-
tions when using a genetic algorithm, both by math ex-
pectation and by o©.

2. The best and the worst methods of initialization on
average for all four optimization functions, both by math
expectation and by o, and in general, when using a ge-
netic algorithm.

Results. As we know, the goal of any optimization
algorithm is to find the extremum as quickly, more accu-
rately, cheaper and more reliable as possible.

The percentage of finding the extremum, on average,
for all optimization functions is better for the initialization
method 5 (tab. 2), it follows that the initialization method
5 has the greatest reliability (probability) of finding the
extremum.
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We prove that at 50 points, the algorithm calculates
200 steps (generations), on average, for 1/400 seconds.

Accuracy is the inverse of an error. The higher the ac-
curacy, the smaller the error. The higher the accuracy
obtained, the smaller the number takes the characteristic
on a six-point scale, which means that the characteristic is
better.

For the genetic algorithm (tab. 1) the smallest error of
finding the extremum (quality of solution) according to
the expected value for the first function characterizes the
method of initialization 5, this means that the method 5
has the highest accuracy of finding the extremum. For the
genetic algorithm, the initialization method 5 also has the
highest accuracy of finding the extremum by mathemati-
cal expectation for the function 2—4. On average, for the
genetic algorithm, the initialization method 5 has the
highest accuracy of finding the extremum.

For the genetic algorithm, the smallest error of finding
the extremum by o for the function 1 (error) is in the ini-
tialization method 2, and for the function 2-4 — in the
initialization method 5. On average, for a genetic algo-
rithm, the smallest error is that the resulting expectation
value is the average expectation value of the initialization
method 5.
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Since, on average, for the genetic algorithm, the high-
est accuracy of finding the extremum and the smallest
error of the result obtained is in the initialization method
5, then, on average, the initialization method 5 is the best
initialization method for the genetic algorithm and takes
the first place.

To compare the method of initialization 5, for exam-
ple, with the applied now numerical method of initializa-
tion 1, the comparison of these methods in percentage
being conducted in relation to the method of initialize-
tion 1 for each function, and then taken the arithmetic
average of these percentages for all functions.

As a result, it became obvious that in the genetic algo-
rithm, the initialization method 5 is better than the initiali-
zation method 1 by an average of 20 % and the applica-
tion of check in boolean initialization does not lead to
positive result, and in real — leads.

Conclusion. The genetic algorithm of global optimi-
zation based on Acly function, Rastrigin function, Shekel
function, Griewank function and Rosenbrock function is
analyzed. The research was carried out on six methods of
initialization of boolean sets, using three algorithms of
spreading initial points: LPt sequence, UDC sequence,
uniform random spread. Studies show that, on average,
the initialization method 5 is the best initialization method
for the genetic algorithm, and it follows that the initializa-
tion method 5 is very promising. It must be taken
into account that the initialization method 5 is based on a
non — random algorithm of spreading points LPt se-
quence. This provides an incentive for further study of the
LPt sequence, and once again confirms its effectiveness.
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ATTRIBUTE FEATURES APPLICATION IN SPECIFICATION
OF REGRESSION MODEL OF APARTMENTS COST

0. V. Pashkovskaya’, D. V. Brening

Reshetnev Siberian State University of Science and Technology
31, Krasnoyarsky Rabochy Av., Krasnoyarsk, 660037, Russian Federation
“E-mail: pashkovskaya@sibsau.ru

In the study of statistical data with a pronounced endogenous variable, it is necessary to identify factors (explana-
tory variables) that have a strong impact on the result. In this, factors can be both quantitative and attributive. To as-
sess influence of numerical features, regression analysis methods can be used. Influence of attributive features is not
taken into account. However, often these are they who make the decisive contribution to variation of the result. It is
necessary to develop methods for analyzing influence of attributive features and accounting for these features in regres-
sion models.

On the example of sets of apartments proposed for sale in the city of Krasnoyarsk, a new method is used to assess
influence of attributive features on the quantitative using ranking them in accordance with their influence on the en-
dogenous variable. Method of fictitious variables is used to analyze the attribute features. Each attribute with m values
is assigned (m-1) dummy variables and a regression model is constructed. Influence of exogenous variables can be ex-
pressed using standardized regression coefficients. In this case, influence of attributes can be estimated by cumulative
correlation coefficient calculated on the basis of a regression model with fictitious variables.

For further research, set is proposed to rank, assigning each element a "rank" — value of a standardized coefficient
which reflects closeness of the relationship with the endogenous variable. Thus, all features have a numerical value.
A standardized regression model is constructed.

Proposed approach can be used in the analysis of statistical aggregates, units of which are characterized by quanti-
tative and attributive features.

Keywords: attributive features (qualitative variables), ranking of variables, correlation, standardized multiple
regression model.

HCIOJIb30OBAHUE ATPUBYTUBHBIX IIPU3HAKOB ITPU CHEIA®UKALINA
PEI'’PECCUOHHOUM MOJIEJIU CTOUMOCTHU KBAPTHUP

O. B. TTamkosckast , JI. B. Bpenunr

Cubupckuii rocy1apCTBEHHBIN YHUBEPCUTET HAYKH U TEXHOJIOTHH MMeHH akanemuka M. @. Pemernena
Poccutickas ®enepamus, 660037, r. KpacHosipek, mpoct. uMm. ra3. «KpacHosipckuii paboumnii», 3 1
* . .
E-mail: pashkovskaya@sibsau.ru

Ipu usyyenuu cmamucmuieckux COB0OKYNHOCMEl C SIBHO 6bIPANCCHHOU IHOO2EHHOU NEePEeMEHHOU, HeobX00UMo
8bIA6UMb (PAKMOPHbIe NPUHAKU, KOMOPble OKA3bIBAIOM CUIbHOE GIusHUe Ha pesyrvmam. Ilpu smom gaxmopuwvie
NPUSHAKU MO2ym Oblmb, KAK KOAUYECMBEHHbIMU, MAK U ampudymueuvimu. Jisl OYeHKU GIUSHUSL YUCTO8bIX NPUSHAKOSG
MOJICHO UCHONBb3068AMb MemOoObl PecPecCUOHHO20 aHAIU3d. Brausnue ampubymueHvlX npusHaKos He yyumvl8aemcsi.
OO0Hako yacmo UMeHHO OHU BHOCAM peularowull 6K1a0 8 gapuayuro pesyrsmama. Heobxooumo paspabomame memoout
AHAU3A GIUSAHUSL AMPUOYMUBHBIX NPUSHAKOS U YHemd JMUX NPUSHAKOE 8 Pe2PECCUOHHBIX MOOEISIX.

Ha npumepe cosokynnocmu keapmup, npeonazaemuvlx Kk npooavice 6 2. Kpacrnosipcke, npumenen Ho8bitl Memoo oyeH-
KU IUSTHUSL AMPUOYMUBHBIX NPUSHAKOE HA KOAUYECTNBEHHbIE C UCNONb30BAHUEM DAHICUPOBAHUSL UX 8 COOMBENMCMEUU
C UX GIUAHUEM HA IHOOLEHHYIO nepemenHylo. Jis anamsa ampubymugHo20 NpusHaKa UCHOL3YEMCsL MEMooO (DUKMUGHbIX
nepemennuvix. Kaswcoomy ampubymy, umerowemy m 3uaderui, cmagumcs 8 coomsemcmsue m-1 puxmugnas nepemen-
Has, cmpoumcs peepeccuoHHas mooeiv. CUuny GMusHUsL IK302CHHbIX NEePEMEHHbIX MOMNCHO 6blpa3umb C NOMOUbIO
CMAaHOapmMu3UPOBAHHbIX KOIPPuyuenmos peepeccuu. B smom ciyuae 6uusHue ampubdymos MOJNCHO OYEHUMb
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COBOKYRHBIM KOI(Duyuenmom Koppensayuu, GbIMUCTEHHBIM HA OCHO8E PecpecCUOHHOU MOOenU ¢ (UKMUSHBIMU Nnepe-

MEHHbIMU.

s Oanvretiuezo ucciedo8anus cOBOKYNHOCHb NPedazaemcs pamdiCupo8amo, NPUCEAUBAST KANCOOMY DNEMEHNY
«paney — 3HaueHue CMmaHoapmMusUPOBaAHHO20 Kodphuyuenma, KOmMopwvlili ompasjicaem mecHomy CeA3U ¢ IHO0SEHHOTU
nepemennou. Takum o6pazom, 6ce npusHaKu uMerom yuciogoe suaierue. [locmpoensi cmanoapmusuposanuvle pezpec-

CUOHHBLE MOOEIIU.

Hpe()ﬂaeaeMan N00X00 MOXNCHO UCHONB308ANMb npu anaiuze cmamucmu4ecKux COS‘OKynHOCTn@ZZ, eduHuubl Komopblx
Xapakmepusyromcs KoaudecmeerHvimu u ampu6ymueﬂbmu NPUSHAKAMU.

Kniouegvie crnosa: ampubymusnvie npusHaku, paHiCUpoSanue NepemeHHblX, KOppeusiyus, CmaHoapmusupo8annas

MOOeb MHONCECTNE8EHHOU peepeccuu.

Introduction. To assess influence of factor variables
on a endogenous variable, various econometric tools are
used [1-14]. For example, in the work, published earlier
[1], cost of an apartment in aggregate of apartments
offered for sale in the housing market in the city of Kras-
noyarsk in 2017, a regression model is being constructed,
in which quantitative explanatory variables (total area,
residential area and others) are used. As a result, some
characteristics were obtained, according to which the de-
gree of influence of any factor [1-14] was estimated.
When studying the aggregate of apartments, offered
for sale on the primary housing market in the city of Kras-
noyarsk in 2017 [15], it was revealed that a strong influ-
ence on the price of an apartment, in addition to quantita-
tive, such characteristics as total area of the apartment,
qualitative variables: district of the city, in which the
house is located and material from which this house is
built, also exert influence.

If the statistical analysis of numerical features does
not cause any difficulties, but when dealing with qualita-
tive variable, various difficulties arise: meaning of attrib-
ute is represented by the word - attribute, data needs rang-
ing, substituting each meaning by rank. If, when ranking,
values are replaced simply by serial numbers, then the
numerical value will distort influence on the resultant
attribute. For example, when ranking on the basis of “dis-
trict”, apartments in Akademgorodok are given rank 12,
and apartments in Pokrovka are ranked 6. It turns out that
apartments in the same region are twice “bigger” than in
the other. The question arises, why exactly twice, and is it
really “bigger” or is it just an unconfirmed guess of the
researcher?

For the studied aggregate [5], it is proposed to apply a
new method for assessing influence of qualitative variable
on the endogenous variable. We distinguish two attribute
signs: wall materials and region in which the house is
built. We will develop this method for a set of one-room
apartments, and then test it on a set of 2, 3, 4-room apart-
ments.

Method of fictitious variables. When studying influ-
ence of attributive features, method of fictitious variables
will be used.

Let us evaluate influence of the district (z), in which
the house is built, on formation of the price of apartment
(y) (structure of the studied phenomenon is shown
in fig. 1).

To account for the qualitative variable (z), we intro-
duce twelve fictitious variables z1, z2, ... z12 into the re-
gression model. Based on available sample of one-room
apartments (volume of 765 elements), we calculate esti-
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mates of parameters of regression equation. Regression
equation will be built in a standardized form:

——OOlt +0.25¢7, —0.087, —0.017, —0.057, -
g -0.68 11.78 443 B 463 4 223
-0.307, —0.187_ +0.047, —0.14z, - 0447, — (1)
—13.42 -7.55 1.96 -7.87 1658
—0.047, +0.097, +0.607,.
242 5.05 33.98
where 7, is the price of apartment (standardized variable
corresponding to the value of the apartment), 7, = =) ),
s,
1>t ...t standardized fictitious variables, corre-
sponding to attributive feature “district”, ¢, — total area

(standardized variable); for evaluating each parameter, the
observed value of t-statistics is given below.

In equation (1) adjusted coefficient of determination
was 82.6 %, what indicates high quality and statistical
significance of constructed equation.

To assess influence of qualitative variable (z) — “dis-
trict”, basing on the constructed correlation matrix, we
calculate total correlation coefficient:

ry\zlzz...zlz :Blryzl +B12 Vo,
=(=0.012)-(=0.029) +...+0.092-0.268 = 0.404.

Share of influence of quantitative feature in the ex-
plained variation was 51.2 %, and of qualitative variable —
48.7 %.

Next, we evaluate influence of material of the house
walls (u) on formation of apartment price (y) (structure
of the phenomenon is shown in fig. 2).

To account for the qualitative variable (1), we intro-
duce two fictitious variables u;, u, into the regression
model. Let's build a standardized regression model:

=—011t +0.05¢, +0.71z, . 2
-4.28 1.90 27.77
For evaluation influence of attribute (#) — “wall

material”’, based on constructed correlation matrix
1 -0.088 0.174 0.709
—0.088 1 -0.198 0.045
= . let’s calculate
0.174 -0,198 1 0.145
0.709 0.045 0.145 1
total correlation coefficient:
r_}"ulllz :Blryul +B2ryu2 =

=(=0.11)-(~0.088) +(0.05) - (0.174) = 0.018.
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Fig. 1. Distribution of offered for sale one-room apartments
by district of the city Krasnoayarsk, 2017 year

Puc. 1. Pactipenenenue npemiaraeMpIx K Ipojaxe 0JHOKOMHATHBIX KBApTHUDP
o paiionam, r. Kpacuosipck, 2017 r.
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Fig. 2. Distribution of offered for sale one-room apartments
by wall material, Krasnoyarsk, 2017 year

Puc. 2. Pactipenenenue npearaéMsix K Mpojiake OJHOKOMHATHBIX KBAPTUP
1o MaTepuaiy cres, r. Kpacnospck, 2017 r.

Ranking of aggregate. In the initial population, we
replace values of attribute features with corresponding
standardized regression coefficients, thus assigning each
element a “rank”.

Now, in aggregate under consideration, all the features
are quantitative. We get the following regression equation:

£, =0.63t, +0.091, +0.551, . 3)
39.92 593 34.95
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Equation (3) by 81.6 % explains change in the price
of apartments (adjusted coefficient of determination
is 0.815) and with probability of 99 % is statistically sig-
nificant, standard mistake is S = 0.43.

Approbation. In analogy, we analyze aggregate of
two-room apartments (547 units of observation). In this
aggregate, average apartment area is 55.13 square meters.
m, average price of 1 square. m — 48.41 thousand rubles,
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average cost of an apartment — 2668.93 thousand rubles.
Structure of aggregation is shown in fig. 3—4.

In this population, there is a very strong influence of
qualitative variable — part of influence of the qualitative
variable in the overall determination coefficient is —
49.12 %. The resulting equation is:

t =0.58¢,-0.02¢, +0.57¢, .
30.47 -1.24 29.31

Statistically significant with probability of 99 % (ad-
justed coefficient of determination is equal to 0.818).

Next, we analyze sample of three-room apartments
(200 units of observation). In this aggregate, average
apartment area is 76.62 square meters, average price
of 1 square. m — 51.05 thousand rubles, average cost of an
apartment is — 3910.94 thousand rubles. The structure
of aggregate is shown in fig. 5, 6.

Replacing attribute feature values with standardized coefficients

No Cost of apartment, Area of apart- Wall material District
) thousand rubles ment, apt. m Attributes Rank Attributes Rank
1 1863 48.27 Monolith -0.11 Myasokombinat -0.302
2 1262 31.77 Monolith -0.11 Myasokombinat -0.302
3 1010 26.01 Monolith —0.11 Myasokombinat —0.302
4 1010 26.01 Monolith —0.11 Myasokombinat —0.302
5 1646 42.20 Monolith -0.11 Myasokombinat -0.302
6 1646 42.20 Monolith -0.11 Myasokombinat -0.302
7 1545 42.70 Monolith —-0.11 Solnechnyy -0.435
687 1677 36.11 Brick 0.00 Solnechnyy —0.435
688 1531 37.91 Brick 0.00 Myasokombinat -0.302
689 2315 42.09 Panel 0.05 Innokentyevskiy 0.000
763 3162 51.00 Brick 0.00 0.242
764 1100 17.60 Brick 0.00 BSMP -0.012
765 3162 51.00 Brick 0.00 Vzletka 0.242
140
119
120
T 100
£
g 80
[1-]
° 60
[+1]
E
40
= 24
. . I
. = --I-
2 & & . > > <
\Q,‘\"L‘- QO 5\3*'\ \\(\\ (\,\‘ ‘0((@ (\(\\Y\ ‘\O“xj"_ \\"b ‘<\<‘ Ob QO 060 O\\S\Q’
A . \\Q/ *_:3\ & & \(\QL NS (\’b &~ ot OQ o
G WO P Q© BN % LS S5
N w0 R 6@0 P BN W
\(\(\ VX\\\ Q\Q" ?\J‘:D

Fig. 3. Distribution of offered for sale two-room apartments
by district of the city Krasnoayarsk, 2017 year

Puc. 3. Pacnpenenenue npeanaraeMblx K MpoJaxe AByXKOMHATHBIX KBapTUP
o paiionam, r. Kpacnosipck, 2017 r.
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Fig. 4. Distribution of offered for sale two-room apartments
by wall material, Krasnoyarsk, 2017 year
Puc. 4. Pacnipe/ienieHne npeiaraeMblx K MpoJiaxe AByXKOMHATHBIX KBapTUP
10 MaTepuaiy cTeH, r. Kpacnosapck, 2017 r.
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Fig. 5. Distribution of offered for sale three-room apartments
by district of the city Krasnoyarsk, 2017 year

Puc. 5. Pactipenenenue npeyiaraeMsIx K pojiaske TPEXKOMHATHBIX KBapTHP
1o paifonawm, r. Kpacaosipck, 2017 r.

Based on the available quantitative characteristics
(y — is price of apartment, thousand rubles; x; _is the total
area, sq. m, x, — is living area, sq. m; x; is the kitchen
area, sq. m) we construct a regression model in a stan-
dardized form:

. =0.78¢. +0.067. +0.05¢

Yooza9 M 28 2 gge B

For these models: adjusted coefficient of determina-
tion is 71.4 % and regression equation is statistically
significant with a probability of 99 %. Low values
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of t-statistics indicate that estimates of regression parame-
ters are not statistically significant, and high values of
correlation coefficients between factors (r,, =0.549;

Iy, =0.648) signal about presence of multicollinearity

in the model. Let’s try to improve quality of the model by
adding attributive features and excluding factors (x, —
living area, sq. m; x3 — kitchen area, sq. m) closely associ-
ated with the sign x, — total area, sq. m

Dealing with qualitative variables wall material (u)
and district (z) and quantitative feature total area (x) and



Cubupckuil scypHan nayku u mexvoaoeui. Tom 20, Ne 4

using method, presented in this article earlier, we obtain
standardized equation:

-0+l + 042
Note, that correlation matrix does not show close
relationship between factors: r,= 0-272; r.= 0.379;
7.,=0-390, therefore, there is no need to eliminate multi-
collinearity.
Share of influence of attribute feature in the overall
coefficient of determination is 33.54 %. Such equation is

statistically significant with probability of 99 % and ad-
justed R-squre is 0.868.

Finally, we analyze aggregate of four-room apart-
ments (83 units of observation).

In this aggregate, average apartment area is
107.82 square meters. m, average price of 1 square.
m — 52.79 thousand rubles, average cost of an apartment —
5692.53 thousand rubles. The structure of population is
shown in fig. 7, 8. Aggregate is heterogencous (coeffi-
cient of variation is 41.2 %), apartments in brick houses
predominate.

[IMenclith

[MPanel

23%

aBrick

Fig. 6. Distribution of offered for sale three-room apartments
by wall material, Krasnoyarsk, 2017 year

Puc. 6. Pactipenenenue npepraraeMsix K Mpojiake TPEXKOMHATHBIX KBapTHP
1o MaTepuaiy cres, . Kpacnospck, 2017 r.
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Fig. 7. Distribution of offered for sale four-room apartments
by district of the city Krasnoayarsk, 2017 year

Puc. 7. Pacnipenenenue npeiaraeMbIxX K IpoJaxke YeTbIPEXKOMHATHBIX KBAPTUP
o paiionam, r. Kpacuospck, 2017 r.
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Fig. 8. Distribution of offered for sale four-room apartments
by wall material, Krasnoyarsk, 2017 year

Puc. 8. PacnipenieneHue npeuiaraeMblx K Mpoaaxke YeTHIPEXKOMHATHBIX KBAPTHP
1o MaTepuainy cre, . Kpacnospcek, 2017 r.

In a model containing only quantitative attributes:

t =1.11z,
18.11 M1

-0.17¢, ,
-2.74
adjusted coefficient of determination is 0.930 and regres-
sion equation is statistically significant with a probability
of 99 %.
Dealing with attributive features, we obtain equation

t =0.96¢, +0.04¢, +0.001¢, .
29.13 138 0.02

Conclusion. Thus, the proposed method allows to
analyze statistical data, elements of which are character-
ized by both numerical and attribute features (qualitative
variable). This significantly improves quality of models
and takes into account large amount of factors. This
method can be easily applied to arbitrary aggregates.

References

1. Brening D. V., Pashkovskaya O. V., Senashov S. L.,
Savostyanova I. L. [Mathematical modeling of the cost of
secondary housing in the city of krasnoyarsk in 2017].
Sibirskiy zhurnal nauki i tekhnologiy. 2018, Vol. 19, No.
4, P. 581-588 (In Russ.).

2. Senashov S. 1., Yuferova N. Yu., Vaytekunene E. L.
Ekonometricheskoe modelirovanie stoimosti zhil'ya v
Krasnoyarske [Econometric modelling of residential
property cost in Krasnoyarsk]. Krasnoyarsk, SibGAU
Publ,, 2015, 178 p. (In Russ.).

3. Pashkovskaya O. V., Senashov S. I., Savostya-
nova L. L., Yuferova N. Yu. [Modeling the cost of hous-
ing on the secondary real estate market in the city of
Krasnoyarsk in 2016]. Sibirskiy zhurnal nauki i
tekhnologiy. 2017, No. 4 (18), P. 788-796 (In Russ.).

4. Senashov S. I. et al. [Actual modeling of real estate
in Krasnoyarsk]. Vestik SibGAU. 2013, No. 2 (48),
P. 86-91 (In Russ.).

5. Senashov S. I., Yuferova N. Yu., Groshak E. V.
Modelirovaniye stoimosti zhil'va v g. Krasnoyarske
[Simulation of the cost of residential property in the city
of Krasnoyarsk]. Krasnoyarsk, SibGTU Publ., 2007,
204 p.

6. Senashov S. 1., Juferova N. Yu., Surnina E. V. [In-
formation system of valuation of apartments on the sec-
ondary market as a tool for investment management].
Vestnik SibGAU. 2009, No. 4 (25), P. 219-223 (In Russ.).

7. Senashov S. . et al. [Cost estimation of information
system of apartments at secondary housing markets as a
management investment tool]. Vestnik SibGAU. 2009,
No. 5, P. 154-157 (In Russ.).

8. Denisenko I. K., Senashov S. I., Juferova N. Yu.
[Modeling the cost of housing in Krasnoyarsk] Vestnik
Sib. gos. tehnologich. un-ta. 2000, No. 1, P. 185-190
In Russ.).

9. Senashov S. L., Savostyanova L. L., Yuzaeva A. G.,
Savchenko L. M. [Simulation of the cost of residential
properties in Krasnoyarsk for 2013-2014]. Vestnik
SibGAU. 2016, Vol. 17, No. 3, P. 830-836 (In Russ.).

10. Senashov S. 1., Surnina E. V., Puzanova G. A.,
Filyushina E. V. [Methods of valuation of land]. Reshet-
nevskie chteniya. 2009, Vol. 2, No. 13, P. 549-650
(In Russ.).

11.Surnina E. V., Senashov S. I. [The use of GIS
technology for estimation of cost of apartments]. Aktual-
nye problemy aviatsii i kosmonavtiki. 2010, Vol. 1, No. 6,
P. 444445 (In Russ.).

12. Senashov S. 1., Savostyanova L. I. [Econometric
modeling of the cost of housing]. Lesnoy i khimicheskiy
kompleksy — problemy i resheniya. 2016, Vol. 2,
P. 235- 236 (In Russ.).

13. Savchenko L. M., Yusaeva A. G., Senashov S. I.
[Modeling the cost of housing in the city of Krasnoyarsk
in 2013]. Prospekt Svobodnyy-2016. 2016, P. 67-70
(In Russ.).

449



Cubupckuil scypHan nayku u mexvoaoeui. Tom 20, Ne 4

14. Rusakova A. A., StarodubtsevA. A., Senashov S. 1.
[Modeling the cost of housing in the Central district of
Krasnoyarsk].  Aktualnye  problemy  aviatsii i
kosmonavtiki. 2017, Vol. 2, P. 398-401 (In Russ.).

15.Brening D. V., Savostyanova I. L., Kvartiry
Krasnoyarska 2017. Rynok pervichnogo zhil'ya [Flats
of Krasnoyarsk 2017. Primary real estate market]. Svide-
tel’stvo o gosudarstvennoy registratsii bazy dannykh
Ne 20186621065.

Bbubauorpaguyeckue cCblIKM

1. Marematudyeckoe MOAEIUPOBAHUE CTOUMOCTU BTO-
puuHOro >kuibst B ropone Kpachosipcke B 2017 1. /
. B. bpenunr, O. B. Ilamkosckas, C. . CeHnamos,
. JI. CaBoctrsiHOBa // CHOMpPCKHIA )KypHATl HAYKH U TEX-
Homormit. 2018. Ne 4 (19). C. 581-588.

2. Cenamos C. 1., FOdepora H. 1O., Baiirekynene E. JI.
DOKOHOMETPUYECKOE MOJIEIHPOBAHHE CTOMMOCTH HKUIIBS
B KpacHosipcke. KpacHosipck : Cnb. roc. a’spoKocMud.
yH-T., 2015. 178 c.

3. MogaenupoBaHHe CTOMMOCTH XKUIJIbSl HA BTOPHYHOM
peiHKEe HeaBwxkuMmocTH B T. Kpacnosipcke B 2016 1. /
O. B. ITamkogsckas, C. U. Cenamos, U. JI. CaBoctbsiHOBA,
H. 10. FOdeposa // Cubupckuii )KypHai HAyKH U TEXHO-
aoruid. 2017. Ne 4 (18). C.788-796.

4. AxkTyallbHOE MOJIETUPOBAHUE HEJIBUKHUMOCTH B
Kpacuosipcke / C. U. CenamioB u ap. / Bectauk Cuol'AY.
2013. Ne 2 (48). C. 86-91.

5. CenamoB C. U., FOdepora H. 1O., I'pomak E. B.
MopenupoBaHie CTOMMOCTH >XWIbs B T. KpacHospcke :
mororpadust / Cubl TY. KpacHosipck, 2007. 204 c.

6. Cenamos C. U., FOdeposa H. 0., Cypuuna E. B.
HNudopmanronHasi cucTeMa OLEHKH CTOMMOCTU KBapTUD
Ha BTOPHYHOM PBIHKE XXHJIbS KaK MHCTPYMEHT yIpaBlie-
Hus nHBecturuamu // Bectank Cuol'AY. 2009. Ne 4(25).
C. 219-223.

7. Cost estimation of information system of apart-
ments at secondary housing markets as a management

investment tool / C. W. CenamoB u ap. // BecTHHK
CubI'AY. 2009. Ne 5(26). P. 154-157.

8. Henncenko U. K., Cenamos C. 1., FOdepora H. IO.
MopenupoBaHue CTOMMOCTH >XWibsi B KpacHosipcke //
Bectauk Cu6. roc. texnomormd. yH-Ta. 2000. Ne 1.
C. 185-190.

9. Simulation of the cost of residential properties in
Krasnoyarsk for 2013-2014 / C. U. CenammoB u np. //
Bectauk Cu6I'AY. 2016. T. 17, Ne 3. C. 830-836.

10. Metos! orienku 3emenbHbIX yaacTkoB / C. U. Ce-
HamoB u ap. // Pemernesckue urenus. 2009. T. 2, Ne 13.
C. 549-650.

11.Cypnuna E. B., Cenamos C. U. cnonas3zoBanue
I'MC-rexHOMOTHIA ISl OLEHKU CTOUMOCTH KBapTup //
AxtyansHBIE TIp0o0IeMbI aBHAIH 1 KocMoHaBTHKH. 2010.
T. 1, Ne 6. C. 444-445.

12. CenamoB C. U., CaBoctesaHoBa U. JI. DxoHOMET-
PHYECKOE MOACITMPOBAHUE CTOMMOCTH KIJIbs // JlecHOH 1
XUMHUYECKUHA KOMIUIEKCHI — IPOOIEMbI B PEeIIeHHs : MaTe-
puansr Beepoc. Hayd.-mpakt. koH(. Kpacnospck, 2016.
T. 2. C. 235-236.

13. CaBuenko JI. M., FO3aeBa A. I'., Cenamos C. U.
MopenupoBaHue CTOMMOCTH XHibsi B T. KpacHospcke 3a
2013 ron // Tlpoctiekt CBoboaHbIH-2016 : c6. Marepua-
0B MesxyHap. KOH(). CTy/IE€HTOB, acClIUPaHTOB U MOJIO-
neix yaeHsix. 2016. C. 67-70.

14. PycakoBa A. A., Crapomy6ueB A. A., Cenamros C. 1.
MopnenupoBaHue CTOMMOCTHU XKUJibsl LleHTpanbHOrO paii-
ona ropoxa KpacHosipcka // AkryanbHble MpoOIEeMBbI
aBUAIMA U KOCMOHABTHKH : c¢0. marepuanon III Mexmy-
Hap. Hay4.-mpakT. koHd. 2017. T. 2. C. 398-401.

15. KBaptupst Kpacnosipcka 2017. PeiHOK nepBUYHO-
ro okuibs: cBun. 20186621065 / . B. Bpenwunr,
. JI. CaBocThsiHOBA M JIp. ; 3asBUTENIb U MpaBooOaa-
tene ®T'BOY BO Cubl'Y um. M.®. PemerneBa (RU)
Ne20186621065. Hara perumecrp. 12.07.2018. Peectp 06a3
JIaHHBIX. 1 C.

(€ Pashkovskaya O. V., Brening D. V., 2019

Pashkovskaya Olga Vladimirovna — Cand. Sc., Docent, Department of Information Economic Systems; Reshetnev
Siberian State University of Science and Technology. E-mail: pashkovskaya@sibsau.ru.
Brening Darya Vladimirovna — student; Reshetnev Siberian State University of Science and Technology.

E-mail: brening98@gmail.com.

MamxoBckast Oabra BaagmmupoBHa — kananaat (GU3NMKO-MaTeMaTHYECKUX HayK, IOLUEHT Kadeapsl uHpopma-
LIMOHHBIX SKOHOMHYECKHX cucTteM, CHOMPCKUil rocy1apCTBEHHBIH YHUBEPCUTET HAYKH U TEXHOJIOTHH NMEHH aKaJaeMH-

ka M. @. PemerneBa. E-mail: pashkovskaya@sibsau.ru.

Bpennnr Jappa BaagumupoBna — ctymeHt rpynmsl BIID 16-01, Cubupckuii rocynapCTBEHHBIN YHHBEPCHTET
HAYKH U TEXHOJNOTUN nMeHu akanemuka M. @. Pemernesa. E-mail: brening98@gmail.com.




PA3nen
PART

ABUNALUMNOHHAA
N PAKETHO-
KOCMWYECKAA TEXHUKA

AVIATION
AND SPACECRAFT
ENGINEERING




Cubupckuil scypHan nayku u mexvoaoeui. Tom 20, Ne 4

UDC 656.7.076
Doi: 10.31772/2587-6066-2019-20-4-452-457

For citation: Akzigitov A. R., Pisarev N. S., Statsenko N. I., Neverov U. A., Akzigitov R. A. Information-
measuring system of pyrometric type for small-sized unmanned aircraft. Siberian Journal of Science and Technology.
2019, Vol. 20, No. 4, P. 452-457. Doi: 10.31772/2587-6066-2019-20-4-452-457

Jas uutupoBanusi: AxsurutoB A. P., [Tucapes H. C., Cranenko H. 1., Hesepos 0. A., Axzururos P. A. Uudop-
MalMOHHO-M3MEPHUTENbHAS CHCTEMa MHUPOMETPHYECKOr0 THIA JUIl MaJopa3MEpHOro OECHMJIOTHOIO JIETAaTeIBHOTO
anmnapata // Cubupckuii )xypHan Hayku U texnonoruit. 2019. T. 20, Ne 4. C. 452-457. Doi: 10.31772/2587-6066-2019-
20-4-452-457

INFORMATION-MEASURING SYSTEM OF PYROMETRIC TYPE
FOR SMALL-SIZED UNMANNED AIRCRAFT

A. R. Akzigitov*, N. S. Pisarev, N. I. Statsenko, U. A. Neverov, R. A. Akzigitov

Reshetnev Siberian State University of Science and Technology
31, Krasnoyarsky Rabochy Av., Krasnoyarsk, 660037, Russian Federation
* E-mail: balals@mail.ru

A new trend of science and technology is now rapidly developing both in Russia and abroad — the development of
miniature unmanned aerial vehicles.

The key system of on-board control equipment (avionics) of an unmanned aerial vehicle (UAV) is the orientation
system for determining UAV attitude relative to reference system. In small-size UAV, we can meet the application of
strapdown attitude reference systems, magnetometric, pyrometric, video systems, etc.

Rapid development of mini- and micro-UAVs requires the development of information-measuring systems (operating
on different physical principles) in order to determine UAV attitude parameters in flight. With UAV mass and wingspan
reduction, there are growing requirements for these systems, concerning the accuracy of positioning parameters and
more compact dimensions.

Manufacturing of most information-measuring and control systems of manned aircraft and heavy UAVs rely on tra-
ditionally used gyroscopes and accelerometers. They are complex fine-mechanics instruments of considerable power
consumption, rather large size, weight and high cost.

A significant improvement of the accuracy in UAV angular coordinates determination is achieved by integrating
orientation systems of various types. The use of GPS / GLONASS signals also improves the accuracy and reliability of
determining UAV angular coordinates and supplies the additional function of measuring its geographical coordinates.

Keywords: information-measuring system, unmanned aerial vehicle, pyrometric sensor.

NHOPOPMAIIMOHHO-U3MEPUTEJIBHAS CUCTEMA ITIMPOMETPUYECKOI'O THUITA
JJISI MAJIOPASMEPHOI'O BECITMJIOTHOTI'O JIETATEJIBHOI'O AIIIIAPATA

A. P. Axzururos*, H. C. [Iucapes, H. U. Cranenxo, FO. A. Heepos, P. A. Ak3urutos

Cubupckuii rocy1apCTBEHHBIN YHHBEPCUTET HAYKH U TEXHOJIOTHI MMeHH akanemuka M. @. Pemernena
Poccutickas ®enepamus, 660037, r. KpacHosipek, mpoct. uMm. ra3. «KpacHosipckuii paboumnii», 3 1
*E-mail: balals@mail.ru

B nacmosawee epems 6 Poccuu, kax u 3a pybesicom, cmpemumenbHo pa3eusaemcst Hogoe HanpaegieHue HayKu u mex-
HUKU — pA3pabomKa MUHUAMIOPHLIX OeCnUIOMHbIX J1emamenvHulx annapamog (MBIIIA).

Kmiouesoii cucmemoti bopmosoii annapamypsei ynpaenenusi (asuonuxu) BI1J/IA sensiemces cucmema opuenmayuu 0/ist
onpedenenus yen06ozo noaoxcenusi BII/IA omnocumenvro onoprou cucmemvl koopounam. B MBIIJIA moeym npume-
HAMbCS becnaamgopmenHbie CUCeMbl OPUSHMAYUY, MACHUMOMEMPUYecKue, BUOeOCUCTNEMbl, RUPOMempUdecKue U op.

Cmpemumenvro pazeusaioweecsi Hanpagienue Munu- u Muxkpo-bBIIJIA mpebyem paspabomxu unpopmayuonno-
UBMEPUMENbHBIX CUCHEM, HeoOX00umblx Ot onpedeneHus napamempos opuenmayuu bIIJIA 6 npocmpancmee,
NOCMPOEHHBIX HA PA3IUYHBIX QU3UYECKUX Npunyunax. Bumecme ¢ ymenvuienuem maccvl u pasmaxa kpwvlivee BIIIA,
803pacmaiom mpebo8aHuss K MaKuM CUCMEMAM RO MOYHOCHU ONPedeleHUst NAPAMEmMpPo8 U MUHUMUAYUL 2A6apumos.

B nacmoswee epemsi 60nbUUNCINEO UHDOPMAYUOHHO-UIMEPUMENLHBIX U YAPAGIAIOWUX CUCEM RULOMUPYEMbIX
camonémog u msicénvix BIIJIA cmposmces na b6aze 2upocKonog u akcenepomempos mpaouyuonHo2o ucnoanenus. Onu
npeocmagsniom cobol ClodCHble NpUbOPbl MOYHOU MEeXAHUKY, 001a0alwue 3HAYUMENbHBIMIU dHEP2ONOmpeoieHueM,
2abapumamu, Maccou u blCOKOU CIMOUMOCMBIO.
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Cywecmeennoe ynyuuienue moyHocmu onpeoenenus yenogulx koopounam BIIJIA docmueaemcs komniekcupoganu-
eM cucmem opuenmayuu paziuyHuix munos. Hcnoavzoeanue cuenanos cucmem GPS/TTIOHACC maxoice nogviuaem
MOYHOCMb U HAOENCHOCMb Onpedeienus yenosvix koopounam BIIJIA u dobasnsiem @yukyuro onpedenenus eeocpagu-

YecKux Koopduﬂam €20 NOJIOMHCEHUA.

Knioueswvie cnosa: m@opmauuoyyo—usmepumeﬂbﬂaﬂ cucmema, becnuniommuolil 1emameiibHblil annapam, nupomem-

puyecKuil 0amuux.

Introduction. The proposed model relates to devices
measuring aircraft (AC) attitude, and can be used as a
device for orientation and stabilizing of small-size un-
manned aerial vehicles.

There is a free-running orientation system that sup-
plies the angle values of a moving object successive revo-
lutions, known as Krylov angles, to be taken as orienta-
tion parameters. It consists of three angular velocity sen-
sors, the sensitivity axes of which are normal to each
other, and the angle calculators, the main elements of
which are angular velocity calculators for Krylov angles,
plus integrating and summing devices [1-3].

The disadvantage of the free-running orientation sys-
tem is time-dependent errors in determining the object’s

THREH

@}lc'

attitude, due to the presence of integrating links in the
attitude rate sensor.

Pyrometric vertical. The closest analogue is the py-
rometric vertical as part of the Co-Pilot CPD4 (fig. 1)
model aircraft autopilot designed by FMA Inc (USA,
Maryland).

This vertical consists of four pyrometric sensors (py-
rometers) located horizontally on the printed board in the
aircraft plane [2-5]. The principle of attitude determina-
tion is based on measuring the difference in infrared
(thermal) radiation from the earth surface and from the
sky (fig. 2). Since the earth is always warmer, there is a
certain gradient distributed vertically from the zenith to
the nadir.

Fig. 1. Co-Pilot CPD4

Puc. 1. Co-Pilot CPD4

Sky = -25°C

Earth =+10°C

Fig. 2. Gradient between sky and earth

Puc. 2. I'paguenT Mexay HEOOM U 3eMiteit
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Fig. 3. Pyrometric sensors location

Puc. 3. PacnionoxeHue NUpOMETPUUCCKUX JaTUYHKOB

Measuring the temperature with four perpendicular
pyrometers located along the axes of symmetry of the
aircraft, it is possible to determine bank and pitch angles
without accumulating errors due to the absence of inte-
grating links [6-9].

The known pyrometric vertical has the drawback of
inability to operate in the absence of visible horizon
(when flying in deep gorges, tunnels, along city streets)
and with uneven thermal pattern on the opposite sides of
the aircraft (for example, when there is a forest fire to the
right and a cold sea to the left) [10; 11]. In the first case,
the pyrometric vertical will not be able to function at all;
the second case implies a significant error in determining
bank and pitch angles (fig. 3).

Technical objective. The technical objective of the
proposed device is to expand the capabilities of the py-
rometric vertical by adding the function of controlling the
accuracy of angles calculated by that pyrometric vertical
and of bank and pitch angle calculation in the absence of
visible horizon or in conditions of uneven thermal pattern
[12-14].

The technical problem is solved by additional installa-
tion into the pyrometric vertical (containing four pyrome-
ters on a printed board set perpendicularly in the same
plane), a biaxial or three-axis unwedging angular velocity
sensor independent of the pyrometers, and with the sensi-
tivity axis parallel to the symmetry axes of the aircraft.
The angular velocity sensor itself is located in the aircraft
center of mass, and has the function of controlling the
accuracy of bank and pitch angles. The pyrometers’ read-
ings are taken to calculate only dryness; the calculation
of bank and pitch angles is also performed, but only
by indications of the angular velocity sensor within
a limited period (when the bank and pitch angles supplied
by pyrometers are considered incorrect). In conditions
unfavorable for the pyrometric vertical, it becomes
possible to instantly switch the task of attitude calculation
from the pyrometric vertical to the angular velocity sensor

(AVS), using the last correct reading of the pyrometric
vertical as the initial bank and pitch angle value, and also
to detect unfavorable conditions according to the AVS
readings.

The utility model is illustrated by drawings, where fig.
4 shows a configuration of the pyrometric vertical to-
gether with non-serviceable AVS. The proposed device
contains a printed board 1, on which four pyrometers
2 are perpendicular to each other and in the same plane,
located in the same plane (the printed board 1 is installed
in the aircraft so that the direction of pyrometers’ sensitiv-
ity axes is parallel to the aircraft axes of symmetry), and
two- or three-axis AVS 3 located in the aircraft center of
mass with sensitivity axes parallel to the axes of symme-
try of the aircraft. Pyrometers and AVS are linked with
computer 4.

The introduced device performs as follows: in the
standard mode, the calculation of bank and pitch angles is
performed only by the readings of the pyrometers 2. In
flight, the bank and pitch angles are continuously meas-
ured according to the readings of the pyrometers 2 inte-
grated in the pyrometric vertical, and AVS 3; the recent
readings are accumulated in the RAM of computer 4, and
compared (fig. 4).

The execution of sensor readings’ inequalities means
that the readings of the pyrometric vertical and of inde-
pendent AVS for the latest meterage are correlated, and
the pyrometric vertical works correctly. With this g,
AVS pitch angle is assigned the value of the pyrometric
vertical pitch angle, and the AVS bank angle — the value
of the pyrometric vertical bank angle, and the reading of
the AVS angular position restarts every time from the last
value supplied by the pyrometric vertical. Thus, continu-
ous monitoring of the angle accuracy supplied by the py-
rometric vertical is supported. As the integration errors do
not get accumulated, the reliability and multi-functional
operation of the given device are perfected, as compared
with the known units [15].
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Fig. 4. Location of pyrometric sensors together with angular velocity sensor

Puc. 4. PacnionoxeHne mupoOMETPHUIECKUX TATYUKOB COBMECTHO
C JaTYNKOM YTJIIOBOH CKOPOCTH

In case of the inequalities’ non-execution, the assign-
ment of angles does not occur. If the inequalities are not
executed in succession of times set by the construction,
the operating conditions of the pyrometric vertical are
considered unfavorable, and the task of bank and pitch
angle calculations is fully transferred to AVS, by integrat-
ing the readings of which the current bank and pitch an-
gles relative to their last correct values are obtained.
Switching to AVS can also be performed at the command
of the aircraft pilot or UAV operator. The values of other
parameters are assigned specially for the presently oper-
ated aircraft and autopilot.

The most commonly used AVS have their own reduc-
tion rate of 0.33 degrees per minute. As the aircraft con-
figuration allows, they may be able to maintain the stabi-
lization with bank and pitch angle error from 1 (for not
self-stabilizing aerodynamic designs) to 5 degrees (for
self-stabilizing aerodynamic designs). Thus, with the ac-
cumulation of errors of bank and pitch angle readings at
the rate of 0.33 degrees per minute, the aircraft can go on
stable using the readings of the non-serviceable AVS
from 3 to 15 minutes, which allows not only to get out of
the zone unfavorable for the pyrometric vertical opera-
tion, but also to carry out short-term flights in gorges,
tunnels and city streets.

Returning to stable flight by the pyrometric vertical
readings is possible with execution of inequalities several
times running.

As the stable flight according to the pyrometrical ver-
tical readings is resumed, the values of bank and pitch
angles are reset, and the attitude reading by AVS starts
again as before, from the last correct value determined by
the pyrometric vertical — that allows to exercise AVS con-
trol many times over without accumulation of integration
errors.

Thus, the combination of device attributes appropriate
for implementation allows to extend the pyrometer func-
tions as to the vertical — in the absence of the visible hori-
zon or in conditions of uneven thermal pattern — by intro-
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ducing the control of accuracy calculated only by bank
and pitch angle pyrometer readings, and calculation of the
same angles only by indications of the angular velocity
sensor within a limited period, when the bank
and pitch angles supplied by pyrometers are considered
incorrect.

Conclusion. The article analyzes the characteristics of
information-measuring system of pyrometric type in ap-
plication for small-sized unmanned aerial vehicle. The
advantages of applying the system are evident on the
background of drawbacks demonstrated by the orientation
system used to determine UAV attitudes relative to the
reference system.

The reviewed way of using pyrometric sensors can
help to considerably improve the accuracy of UAV angu-
lar coordinates determination.
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When testing a spacecraft in a thermal vacuum chamber, special attention is paid to ensuring guaranteed continu-
ous power supply to the spacecraft for a long time (up to several months). The de-energization of the spacecraft can
lead to the failure of thermal control systems, up to the complete failure of the spacecraft worth several billion rubles.
During the operation of ground power equipment, the necessary data on the intensity and types of failures in the opera-
tion of this ground power equipment were obtained, the result of which led to an increase in the test time and the risks
of failure of the spacecraft at this stage.

As a result of collaborative work of JSC “Academician M. F. Reshetnev Information Satellite Systems” and
Research Institute of Automation and Electromechanics of Tomsk State University of Control Systems and
Radioelectronics on the analysis of failure statistics obtained during operation, a technical task was worked out to
develop methods for increasing the uptime of ground power equipment manufactured.

One of the key requirements for the new generation of ground power equipment being manufactured is to ensure a
high reliability indicator — “uptime”.

Experience in the field of additional screening tests of electro-radio parts before their installation in a spacecraft al-
lows us to propose a method for determining the quantitative value of the decreasing coefficient of screening tests using
a method for evaluating the coefficients characterizing the degree of difference between radio-electronic products that
have successfully passed additional screening tests and received ones from the factory manufacturer.

As a result of the calculations of the decreasing coefficient and the mathematical calculations of the uptime, it is
possible to determine the effect of the decreasing coefficient of screening tests on improving the reliability of ground
power equipment.

High requirements for uptime of ground power equipment for electrical tests of the spacecraft have led to the
need for additional screening tests in special testing technical centers, where the verification of indicators of the
number of failures by confidence probabilities should be carried out. The introduction of additional screening
tests in the technological process of ground equipment manufacturing is the next step in the methods of increasing
reliability.

Keywords: spacecraft, power ground equipment, reliability, screening tests, electro-radio parts.
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Ilpu ucnvimanuax KOCMU4ECK020 annapama 6 mepmoBaKyyMHoU Kamepe ocoboe eHumanue yoensemcs obecneye-
HUIO 2aPAHMUPOBAHHO20 HENPEPbIBHO20 IHEPLONUMAHUSL KOCMUYECKO20 annapama 8 medeHue npoooadCUMENbHO2O
spemeru (00 Heckonbkux mecsayeg). Obecmouuganue KOCMUYECKo20 annapama Moxcem nogieds 3a cobol omKas cuc-
mem mepmopecyiuposaHus, 6nions 00 HOTHO20 GbIX00d U3 CMPOS KOCMUYECKO20 Annapama CmouMOCHbl0 HECKOIbKO
Mmuniuapoos pyoneil. B npoyecce sxcniyamayuu HA3eMHO20 CULO08020 000PYO0BAHUS NOTYYeHbl He0OX00UMble OaHHbIE
00 UHMEHCUBHOCTU U MUNAX OMKA308 8 pabome OAHHO20 HA3EMHO20 CUT08020 0OOPYOOBAHUA, YO NPUBETO K Yyeenute-
HUI0 CPOKO8 UCNBIMAHUIL U PUCKOB BbIX00A U3 CMPOS KOCMUHECKO20 annapama Ha smane mepmMoSaKyyMHoiX UCHbIMA-
HUl.

B pezynomame cosmecmno nposedennozo amanuza CMAamucCmuKu OMKA308 HA3EMHO20 CUL0B020 000py008aHUs.,
nonyuennvlx 6 npoyecce sxcnayamayuu, AO «Hnupopmayuonnvie cnymuukogvie CUCMEMbLY UMEHU AKAOEMUKA
M. @. Pewemnesa» u Hayuno-ucciedogamenbckum UHCIMUMYMOM a8MOMamuKy u sjiekmpomexanuxu Tomckoeo 2ocy-
0apCmBeHH020 YHUBEpCUmema CUCemM YNpasieHusi U paouodeKmpoHuKY, 0bL10 paspabomano mexuuieckoe 3a0anue
N0 CO30aHUI0 MEMOOUK YEeTUUeHUs. 6DeMeHU De30MKA3HOU pabombl HA3eMHO20 CUI08020 000PYO0BAHUSL.

OO0HUM U3 KI04eBbIX MpeDOBAHULl K U320MOGISEMOMY HAZEMHOMY CUTOBOMY 000PYOOBAHUIO HOB020 NOKONEHUS.
AensAemcs obecneuenue gbiCoK020 NOKA3amens HA0ENCHOCU — 8peMeHU 6e30MKA3HOU pabdombi.

Onvim 6 obaacmu OONOIHUMENbHBIX OMOPAKOBOUHBIX UCHBIMAHULL 2eKMPOPAOUOU30enutl neped ux yCmaHo8Kou
8 KOCMUYECKOM annapame no3gosen npeodoicums cnocod onpedeneHus KoIu4ecmeeHH020 3HAUEHU NOHUNCAIOUe20
KO3 duyuenma omopaKo8oUHbIX UCNLIMAHUL C NOMOWBIO MeMOOa OYeHKU KOIPDUYUeHMO8, XapaKmepusyiowux cme-
NeHb  OMAUYUA  IAEKMPOPAOUOU30EnUl, YCHEeWHO NPOweOuwux OONOTHUMENbHbIE OMOPAKOBOUHbIE UCHBINMAHU
U NOTYYEHHBIX C 3A600A-U320MMOBUMES.

B pesynomame pacuémoe nonudsicaiowjeco xospuyuenma u MamemMamuieckux paciémos epemenu 6e30mKazHou
pabomvl MOXHCHO Onpedenums GUAHUE NOHUNCAIOWE20 KOIPPuyuenma omopaKogoOuHbIX UCHLIMAHUI HA NOGbIUEHUE
HAOENCHOCMU HA3eMHO20 CUN08020 0DOPYO08ANUSL.

Buicokue mpebosanusi no bezomkasHoii pabome HA3eMHO20 CUN08020 000PYOO8AHUS OJIsl JNEKMPOUCNBIMAHULL KOC-
MUHeCKoz20 annapama npueeiu K HeoOX00UMOCMU NpOGeOeHUs. OONOIHUMENbHbIX OMOPAKOBOYHBIX UCNLIMAHUL
8 CHeYUATbHBIX UCNLIMAMETbHBIX MEXHUYECKUX YEeHMPax, 20e O0MHCHbL NPOBOOUMbCSL NPOGEPKU NOKA3amenell KOIu4ecmed
OMKA308 NO 00BEPUMETLHBIM BEPOSMHOCHAM. B600 00nomHumensHbix omopakogouHvIX UCHLIMAHULL 8 MEXHOIOSUYEeCKUll
npoyecc u320MoBIeHUsA HA3EMHO20 000PYOOBAHUsL — MO CAeOVIOWAs. CMYNEHb 8 MeNOOax NOBbIUEHUSA HAOEHCHOCTIU.

Kniouegvie cnosa: xocmuueckui annapam, cuiogoe o060pyoosanue, HAOEHCHOCMb, OMOPAKOBOUHbLE UCTILIMAHUSL,
9NEKMPOPaAOUOU30eNUsL.

Introduction. When testing a spacecraft (SC) in a
thermal vacuum chamber, special attention is paid to en-
suring a guaranteed continuous power supply of the
spacecraft for a long time (up to several months). The de-
energization of the spacecraft can lead to the failure of
thermal control systems, up to the complete failure of the
spacecraft worth several billion rubles. During the opera-
tion of ground power equipment (GRE), the necessary
data were obtained on the intensity and types of failures in
the operation of this GPE, the result of which led to an
increase in the testing time and risks of spacecraft failure at
the stage of thermal vacuum tests [1; 2].

As a result of collaborative work of JSC “Academi-
cian M. F. Reshetnev Information Satellite Systems” and
Research Institute of Automation and Electromechanics
of Tomsk State University of Control Systems and
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Radioelectronics on the analysis of failure statistics
obtained during operation, a technical task was worked
out to develop methods for increasing the uptime of
ground power equipment manufactured.

One of the key requirements for the manufactured
GPE of new-generation is to ensure a high reliability indi-
cator — failure-free operation. Conducting continuous tests
in a thermal vacuum chamber for up to 30 days depends
entirely on the failure-free operation of the GPE — solar
battery simulators (SBS) and storage battery simulation
unit (SBSU).

In order to ensure the implementation of the technical
task, the following methods for increasing reliability have
been adopted [3; 4]:

—reservation of power channels of IBS with the possibil-
ity of on-line replacement of failed blocks from SPTA;
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—BSU has developed eight identical independent
power modules BIZR, with seven modules providing
100 % of the output power. Recovery of failed blocks
from a set of spare parts in the on-line mode;

— introduction of technological vibration and thermal
cycling procedures to the manufacturing process in order
to identify manufacturing defects before preliminary ac-
ceptance tests;

—introduction of a screening test procedure (STP)
for electro-radio products (ERP).This article discusses the
method of additional screening tests (AST) as one of the
methods for increasing the uptime of GPE. According to
the results of the work, it is necessary to determine the
effect of AST on improving the reliability of GPE.

General concepts of improving the reliability. ERP
reliability during operation is characterized by a time de-
pendence on the failure rate curve (fig. 1) [5].

This curve shows a relatively high failure rate during
the early failure period (initial operating period), a rela-
tively low and stable failure rate during the operation pe-
riod, and increasing intensity during the aging period (af-
ter about 10 years of normal operation).

Early failures usually arise due to design flaws and
non-compliance with manufacturing standards. Under
normal operating conditions, the initial operating period
lasts up to 1000 hours or about 6 weeks. The end of the
initial operating period is indicated by the alignment of
the failure rate curve. The failure rate during the initial
operating period tends to decrease as the design of the
equipment and its manufacturing technology improve.

At present, two main directions of improving the reli-
ability of manufactured ERP are generally accepted [5]:

1) elimination of the causes of failures in the manufac-
turing products process by studying and improving the
production process, as well as strengthening of control.
Thus, the production process is affected by establishing
stable feedback of information transfer in the direction of
creating ideally defect-free technology;

2) identification and removal from the finished batch,
products with “weak points™ that could lead to failures (ac-
tual or potential) before delivering them to the consumer.

The first method is a more effective method of im-
proving the quality and reliability of manufactured prod-

A, Lih
F

ucts. However, since failures cannot be avoided even for
well-established production, a more common way to im-
prove the quality and reliability of the manufactured batch
of electronic components and integrated circuits is to
carry out screening tests during the output control at the
manufacturer. Moreover, the verification does not apply
specifically to each product from a given batch, but to the
entire batch of products [6].

It is believed that there are no accidental ERP failures,
that each failure, on the one hand, has its own cause, and
on the other hand, is a consequence of the application of a
certain critical load to the product. Failures of GPE may
be caused by “potentially unreliable” ERP, which re-
mained undetected at the beginning of operation. The
experience of using integrated circuits in spacecraft shows
that the introduction of screening tests significantly in-
creases the reliability level of GPE.

Modernization of the screening test method. For a
long time, PJSC “ITC — NPO PM” and counterparties
have been using ERP of the quality categories VP, OS
and OSM, which underwent additional screening tests
(AST), including diagnostic non-destructive testing
(DNDT) and destructive physical analysis (DPA), in test
technical centers (TTC) accredited by the “Voenelectron-
sert” systems and the Federal Space Technology Certifi-
cation System. According to the data of [6; 7], these tests
increase the quality of the applied ERP batches, reduce
the failure rate due to the elimination of ERP with hidden
defects from them, and make it possible to use a decreas-
ing coefficient Kzrc, which refines the values of A,, the
value of the operational ERP failure rate [8].

However, at present, the correction coefficient Ky7¢ is
not taken into account when calculating the engineering
estimate of the GPE reliability, since there is still no
method for quantifying this coefficient. Thus, the task of
technical justification of Krrc value for use by clarifying
the value of the operational failure rate remains relevant [9].

Experience in the field of AST of ERP before their in-
stallation in the SC allows us to propose a method for
determining Krrc using the method of evaluating the coef-
ficients characterizing the degree of difference of ERP,
which successfully passed AST and were received from
the manufacturer [10].

Normal operation period

Tnitial operating
period

Aging period

1000 hours

10 years

Fig. 1. Typical dependence of ERP failure rate ontime

Puc. 1. Tunuynas 3aBUCUMOCTb UHTEHCUBHOCTH 0TKa30B OPU ot Bpemenu

460



ABMGMMOHHG}Z U paKkemHo-KoCmMu4deckas mexnuka

The essence of the method lies in the fact that, based
on the generally accepted function of the ERP time failure
rate, the required failure-free lifecycle of ERP as part of
the equipment corresponds to the ERP failure-free period
provided by the basic group average failure rate and the
tolerance fields of the ERP parameters according to the
technical condition (TC) as shown in fig. 1 [11].

The result of the failure statistics analysis shows that
during normal operation of the equipment, ERP failures
are mainly parametric, i. e. failures of the type “out of
tolerance range” occur. AST allows one to classify ele-
ments with narrowed parameter values compared to the
tolerance fields for technical specifications. This leads to
an increase in the duration of the period of stable failure
rate of ERP that have passed the classification.

The validity of this approach is based on the fact that
when assessing the failure rate according to the test re-
sults for failure, a complete loss of performance or depar-
ture of the parameters-criteria of validity are taken for the
norms established in the technical specifications. An illus-
tration of this approach is shown in fig. 2.

Designations of the following periods are introduced
in fig. 2:

1) the initial operating period of ERP at the manufac-
turer;

2) the period of stable operation of ERP not subjected
to AST;

3) the period of wear and aging of ERP not subjected
to AST;

4) the AST period of the whole party of ERP;nepuos
JAOU OPU Bceit naptuu;

5) the period of stable operation of ERP subjected to
AST;

6) the period of wear and aging of ERP subjected to
AST.

Allowing for the fact that the test results for each type
of additional test are independent events, K77¢ is deter-
mined by the expression:

Krre = H?ki»

where k; — safety coefficient for i types of ST; n — the
number of types of AST. The specific value of K7y de-
pends on the volume of AST.

The basis of the AST for ERP of GPE is presented by
the ST conducted for ERP, which are part of the space-
craft, modified to meet the requirements of the technical
task of JSC “ISS”. As a result, the range and scope of
tests for GPE were determined [10].

The composition of the additional tests of ERP
includes up to 100 % ERP and relays for the components
of the product SBSU-200LI and SBS-160/4-8. The scope
of additional tests of foreign ERP, component parts
of SBSU — 200LI and SBS-160/4-8 are given in tab. 1.

It must be emphasized that the coefficient k; for tests
related to the measurement of electrical parameters is
complex, since it takes into account all the electrical pa-
rameters involved in the classification and is determined
by the formula: k;= max k;, where £; is the coefficient for
each AST parameter.

Thus, in accordance with tab. 1 the generalized safety
factor for the parametric reliability of a particular batch of
electronic components will be equal to:

Krre = kg % kp.

Where krgis classification according to tightened stan-
dards, kp is drift estimation of parameters.

A
A
Tac AT e
1 i

y '
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0 g7

D g 2) A 3) .

- 4)__ . 5 R N

Fig. 2. Refinement of the function of the failure rate for ERP that passed ST:
a —without ST; b — passed ST; T,c— warranty period of the equipment and SC provided
by the area of stable failure rate of ERP according to technical conditions; AT,¢c — T increase
due to additional ST in testing technical centers

Puc. 2. YTounenune pyHKIUN HHTEHCUBHOCTH 0TKa30B 11 DOPU, mpomenmux OU:
a — 6e3 OU; 6 — npomwenmunx OU; T4 — rapaHTUIHBINA CPOK ciIykO0bI annapatypsl U KA,
o0ecreunBaeMblil y4aCcTKOM CTaOMIBLHOM HHTEHCHBHOCTH 0TKa30B DPI 10 TEXHUYECKUM yCIOBUSIM;
AT ¢ — npupoct T4 3a caétr OU B UTLL
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Table 1
Scope of Additional Tests
Ne Test Type Sampling Note
1 Serializing Elements 100 %
2 Measurement of electrical parameters under normal con- 100 % with recording parameters
ditions
3 Statistical processing of measurement results, the estab-
lishment of standards for “tightening” parameters
4 Classification according to tightened standards for elec- 100 % in accordance with established tightened
trical parameters standards with recording parameters
5 Burn-in testing 100 % not less than 72 hours at 125 °C
Measurement of electrical parameters under normal con- 100 % with recording parameters
ditions
7 Statistical processing of measurement results and setting 100 %
standards for parameter drift
8 Parameter drift classification 100 % in accordance with established standards
with recording parameters

Table 2
Additional Test Results
Ttem Quantity of ERP
Tested Suitable Reject Potentially unreliable
Generators 117 115 0 2
Diodes 31787 31171 305 313
Microchips 11623 11104 115 404
Relay 1749 1663 13 73
Zener diodes 2840 2624 67 149
Thyristors 1030 842 2 186
Transistors 5505 5255 4 246

The minimum composition of additional tests
of foreign ERP, component parts of SBSU-200LI and
SBS-160/4-8 includes 100 % ERP:

1. Microchips, OE converter and generators.

2. Modularized secondary power supplies.

3. Semiconductors with a small housing size.

4. Semiconductor devices with a sufficient housing
size for serialization [12].

Based on the results of the tests, we drew up the pre-
sent act that JSC “ITC — NPO PM” carried out work on
the topic “Conducting additional tests of electric radio
products (ERP) intended for installation in products of
SBS-160/4-8 and SBSU-200LI” in accordance with the
terms of the contract concluded between JSC “ITC — NPO
PM” and “NII AET TU SUR” [13; 14].

AST of ERP were carried out in accordance with the
technical task for the implementation of the component of
the development work.

The results of AST of ERP (the number of tested,
suitable, rejected and classified as potentially unreliable —
PU) intended for the assembly of SBSU-200LI and SBS-
160/4-8 products are presented in tab. 2.

To bind the obtained coefficient, it is necessary
to carry out a mathematical calculation of the reliability
of SBS-160 — this is the probability of failure-free opera-
tion (FFO) in the ASRN-2006 program.

To calculate the operational failure rate of domestic
ERP, the models given in the manual [15] are used.

The manual contains information intended for use in
calculating the reliability indicators of equipment, the
composition of sets of spare parts for military equipment,
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and predicting the reliability of new types of ERP in ac-
cordance with the requirements of fundamental docu-
ments on standardization.

To calculate the operational failure rate of foreign
ERP, the models described in the manual [16] are used.

Calculation results. Calculations show that the FFO
SBS-60/4-8 is 0.94677 for 1000 hours of operation, which
meets the requirements of the technical task.

Taking into account the coefficient Krr¢ obtained in
the calculations and the influence of AST on the reliabil-
ity of GPE, the value of FFO of SBS-160/4-8 is 0.96599
for 1000 hours of operation.

Analysis of the calculation leads to the following con-
clusions:

1. Additional tests of the influence of various factors
on the failure rate of a particular batch showed that
screening for compliance with the technical specifications
followed by the removal of low-quality products from
factory batch led to a significant reduction in the likeli-
hood of failure of calibration equipment.

2. It is possible to estimate Kyy¢ coefficients for any
batches of ERP for a certain period of their manufacture
(for one year) and issue recommendations for conducting
tests in order to reduce their volume and increase confi-
dence probabilities in terms of parameters.

Conclusion. High requirements for the reliability of
the GPE for the spacecraft EI have led to the need for
additional screening tests in special testing technical cen-
ters, where the verification of indicators of the number
of failures by confidence probabilities should be carried
out. These tests lead to higher prices for manufactured
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products up to 40 % of the cost. Nevertheless, the intro-
duction of additional screening tests in the manufacturing
process of ground power equipment justifies the increase
in cost by reducing the risks of failure of test objects.
The introduction of additional screening tests into the
technological process of manufacturing ground power
equipment is the next step in the methods of increasing
reliability [17].

References

1. Lizunov A., Tarasov V. [Methodology for acceler-
ated thermal vacuum tests of storage batteries for a space-
craft]. Vestnik MGTU. 2011, No. 3, P. 43—47 (In Russ.).

2. GOST R 56469-2015. Apparaty kosmicheskiye av-
tomaticheskiye. Termobalansnyye i termovakuumnyye
ispytaniya [State Standard R 56469-2015. Space auto-
matic devices. Thermal balance and thermal vacuum
tests]. Moscow, 2017. 15 p.

3. Aliseenko Y. V., Ivanov D. V., Bubnov O. V.,
Panteleev V. I. [Analysis of failure statistics and increased
reliability of ground power equipment manufactured by
NIITAEM TUSUR]. Materialy Nauchno tekhnicheskoy
konferentsii molodykh spetsialistov “Elektronnyye i elek-
tromekhanicheskiye sistemy i ustroystva” [Materials
of the Scientific and Technical Conference of Young
Specialists “Electronic and Electromechanical Systems
and Devices”]. Tomsk, 2018, p. 31-33 (In Russ.).

4. Aliseenko Y. V., Leonov D. V., Golovko V. V.
[Development of a solar simulator with redundancy and
longer uptime]. Materialy mezhdunarodnoy nauchnoy
konferentsii molodykh uchenykh ‘“Tekhnicheskiye nauki:
fundamental'nyye i prikladnyye issledovaniya”. [Materi-
als of the international scientific conference of young
scientists “Engineering: fundamental and applied re-
search”]. Novosibirsk, 2016, P. 5-10 (In Russ.).

5. Fedosov V. V. Nadezhnost' sistem upravleniya
kosmicheskikh apparatov [Reliability of the control
systems of spacecraft]. Krasnoyarsk, 2017, 360 p.

6. Schwank J. R., Sexton F. W., Fleetwood D. M.
Temperature effekts on the radiation respronse of MOS
devices. IEEE Trans, 1988, Vol. 6. P. 1432-1437.

7. Danilin N. S. Informatsionnyye tekhnologii i sertifi-
katsiya elementnoy bazy novykh rossiyskikh telekommuni-
katsiy  [Information technology and certification
of the element base of new Russian telecommunications].
Moscow, RTA GTK, 2000, P. 76-78.

8. Urlichich Y. M., Danilin N. S. Upravleniye
kachestvom kosmicheskoy radioelektronnoy apparatury v
usloviyakh global'noy otkrytoy ekonomiki [Quality man-
agement of space electronic equipment in a global open
economy]. Moscow, Maks Press Publ., 2003, P. 198—-199.

9. Fedosov V. V., Patraev V. E. [Improving the reli-
ability of spacecraft electronic equipment when using
electronic radio products that have undergone additional
screening tests in specialized testing technical centers].
Aviakosmicheskoye priborostroyeniye. 2006, No. 10,
P. 50-55 (In Russ.).

10. Gorlov M., Anufriev L., Stroganov A. [Screening
technology tests as a means of increasing the reliability
of IP batches]. Chip News. 2001, No. 5 (In Russ.).

463

11. RD V 22.32.119-89. Metodicheskoye posobiye po
vyboru i ispol'zovaniyu metodov i sredstv elektrofiziches
ogo diagnostirovaniya elektroradioizdeliy [Methodologi-
cal manual on the selection and use of methods and means
of electrophysical diagnosis of radio products]. 22 CNII
MO RF, 1989, 210 p.

12. Integrated circuits, monolithic. ESA/SCC. Generic
Specification No 9000. 1998, P. 36.

13. RD 11 0682-89. Mikroskhemy integral'nyye. Me-
tody nerazrushayushchego kontrolya diagnosticheskikh
parametrov [Integrated circuits. Non-destructive testing
methods for diagnostic parameters]. 1990, 77 p.

14. Fedosov V. V., Orlov V. L[ The minimum re-
quired test volume of microelectronics products at the
input control stage]. Izv. Vuzov. Priborostroenie. 2011,
Vol. 54, No. 4, P. 56-62 (In Russ.).

15. Pritkoe S. F., Gorbacheva V. M., Borisov A. A.
Nadezhnost' ERI [EEEs Reliability]. Moscow, 22 CNII
MO RF, 2006, 641 p.

16. Nadezhnost' ERI IP [EEEs Reliability of foreign
manufacture]. St. Petersburg, RNII Electronstandart Publ.,
2006, 52 p.

17. Aliseenko Y. V., Vorontsova E. O., Pravikova A. A.
[Increased reliability and feasibility study of ground
power variation equipment manufactured by NIIIAEM
TUSUR]. Tezisy dokladov vtoroy molodozhnoy konferent-
sii “Innovatsionnaya deyatel’'nost' v nauke i tekhnike.
Elektromekhanika, avtomatika i robototekhnika” [Ab-
stracts of the second youth conference “Innovation in
science and technology. Electromechanics, automation
and robotics™]. Istra, 2018, P. 5—7 (In Russ.).

Bbub6aunorpadguyeckue ccblIKM

1. JIm3ynoB A., TapacoB B. Meroanka yCKOpEeHHBIX
TEPMOBaKyYMHBIX UCIIBITAHUH aKKyMYyJISITOPHBIX OaTapei
Ui Kocmudeckoro ammapara // Bectauk MI'TY um.
H. O. baymana. Cepust «Marmmmnoctpoerue». 2011. Ne 3.
C. 43-47.

2.TOCT P 56469-2015. Annapatel KOCMUYECKHE aB-
ToMaTH4eckue. TepMoOaaHCHBIE WM TEPMOBaKyyMHBIC
ucneitanusg. M., 2017. 15 c.

3. AHaNu3 CTaTUCTUKH OTKA30B U YBEIMYCHHE HAICK-
HOCTH Ha3eMHOTO CHJIOBOTO O0OpYZOBaHHS HPOU3BOJACT-
Ba HUMADM TYCVYP / 10. B. Anuceenxo, JI. B. UBa-
HOB, O. B. By6noB, B. U. IlanTenees // DnekTpoHHbIE U
JJIEKTPOMEXAaHUYECKUE CUCTEMBl M YCTPOWCTBA : Mare-
pHaibl  Hay4d.-TeXH. KOH(. MOJOJABIX CIELUUaIHCTOB
(12—-13 anpens 2018, r. Tomck). C. 31-33.

4. Anuceenko 1O. B., Jleonos C. H., T'onoBko B. B.
Pa3paboTka mMuTaTOpa CONHEUHBIX Oarapeil ¢ (yHKIueH
PEe3epBUPOBAHMS M C yBEIMYEHHBIM BpeMeHEM Oecrepe-
OottHOU pabothl // TexHUYecKkne HAYKH: QyHIaMEHTAIb-
HbIC M NPUKIIAJHBIC HCCICIOBAHMS | MaTepPHAIIBI MEXKIY-
Hap. Hay4. KOoH(. Mojombix ydeHwx (2016, r. HoBocu-
6upck). C. 5-10.

5. ®enocoB B. B. HangexHoCTh cucreM ynpaBiieHUsS
KocMHuYecKkux amnmaparoB. Kpacuosipck, 2017. 360 c.

6. Schwank J. R., Sexton F. W., Fleetwood D. M.
Temperature effekts on the radiation respronse of MOS
devices // IEEE Trans. 1988. Vol. 6. P. 1432-1437.



Cubupckuil scypHan nayku u mexvoaoeui. Tom 20, Ne 4

7. Jammmme H. C. MHpOpManMoHHBIE TEXHOIOTUH U
cepTU(UKanUs IEMEHTHOH ©a3bl HOBBIX POCCHHCKHX
tenekommyHukanmid. M. : PTA T'TK, 2000. C. 76-78.

8. Vpmuruma 10. M., Janwmma H. C. Yopasnenne ka-
YECTBOM KOCMHUYECKOW PaJMO3JIEKTPOHHOM ammapaTyphl
B YCIOBHAX TJOOATBHON OTKPBHITOM SKOHOMHUKH. M.
MAKC IIpecc, 2003. C. 198-199.

9. ®enocor B. B, Ilarpaes B. E. [loBbimenne Hagex-
HOCTH PaJMO3JIEKTPOHHOW ammapaTypbl KOCMHUYECKUX
annapaToB IpPH TMPUMEHEHHH DIIEKTPOPAIMOM3IEIHUH,
Mnpomeamunux AJ0NO0JIHUTEIbHBIC 0T6paKOBO'-IHbIe UCIIbITA-
HUSI B CHELMAIM3UPOBAHHBIX HCIIBITATEIILHBIX TEXHUYE-
CKUX IEHTpaxX // ABHAKOCMHYECKOE HPUOOPOCTPOCHHUE.
2006. Ne 10. C. 50-55.

10. Topmos M., Anydpues JI., CtpororoB A. Otbpa-
KOBOYHBIE TEXHOJIOTHUECKHE HCIIBITaHMS KaK CPEACTBO
moBeitieHuss HanpexxHoctn maptuit MC // Chip News.
2001. No. 5.

11. P B 22.32.119-89. Meroauueckoe mocodue 110
BBIOOPY M HCIIOJIb30BAHUIO METONOB M CPEACTB 3JIEKTPO-
(DU3MUECKOTO JMAarHOCTHPOBAHHMS DIIEKTPOPAAUON3CIIHHI.
22 THUM MO P®, 1989. 210 c.

12. Integrated circuits, monolithic. ESA/SCC. Generic
Specification No 9000. 1998. P 36.

13.PJ] 11 0682—89. MukpocxeMmbl HHTErpalIbHEIE.
MeToapl Hepa3pyIIAKOIIET0 KOHTPOJIS ITHATHOCTUYECKUX
napametpos. 1990. 77 c.

14. ®enocor B. B, Opnos B. 1. MuanMasHO HEOO-
XOTUMBIH 00bEM HCIIBITAHUH H3MENUH MUKPOIJIEKTPOHHU-
KM Ha 3Tane BXOIHOro koHtposst // M3B. By30B. [Ipubo-
poctpoenue. 2011. T. 54, Ne 4. C. 58-62.

15. Hanéxuocts DOPU : cnpaounuk // C. ®. IlpbIT-
koe, B. M. T'opbauepa, A. A. bopucos u ap./ Hayd. pyk.
C. @. [Ipeitkos. M. : 22 ITHUMU MO P®, 2006. 641 c.

16. Hapéxnocts OPU UII : cnpaBounuk. CIIOG.
OnexTpoHcrannapt, 2006. 52 c.

17. YBenuuenue HAaJIe)KHOCTH U TEXHUKO-
HKOHOMHYECKOE OOOCHOBAHHE BapHallMKd HAa3eMHOTO CHU-
noBoro obopynoBanust pousBoactea HUMASM TYCVYP /
10. B. Ammuceenxo, E. O. Boponmosa, A. A. IIpaBukoBa u
np. // IHHOBaIliMOHHAS EATETFHOCTh B HAYKE U TEXHUKE.
DNeKTpOMEXaHNKa, aBTOMATHKa M POOOTOTEXHHUKA
T€3. JIOKI. BTOpoi Mojoaéx. koH(d. (28 ampems 2018,
r. Uctpa). C. 5-7.

@ Aliseenko Y. V., Nesterishin M. V.,
Vorontsova E. O., Fedosov V. V.,
Panteleev V. 1., 2019

Aliseenko Yuriy Vladimirovich — design engineer;
Systems”. E-mail: Yupik922@iss-reshetnev.ru.

JSC “Academician M. F. Reshetnev Information Satellite

Nesterishin Michael Vladlenovich — head of Onboard Power Supply Department; JSC “Academician
M. F. Reshetnev Information Satellite Systems”. E-mail: Micky-Nest@iss-reshetnev.ru.
Vorontsova Evgeniya Olegovna — engineer; JSC “Academician M. F. Reshetnev Information Satellite Systems”.

E-mail: Jenvoroncova@gmail.com.

Fedosov Victor Vladimirovich — deputy director; Joint Stock Company “Testing Technical Center”.
Panteleev Vasiliy Ivanovich — Dr. Sc., Professor, Head of Department Electrical complexes and systems; Siberian

Federal University. E-mail: Vpanteleev@sfu-kras.ru.

Aduceenko IOpwuii BnragjumupoBuu — nrxeHep-koHCTpyKTOp; AO «VH(pOpMannoHHbIE CIyTHUKOBBIE CHCTEMBI»
nMeHn akagemuka M. @. PemetneBay. E-mail: Yupik922@iss-reshetnev.ru.

Hecrepumun Muxana BiaagneHoBHY — Ha9agbHUK OTIeNa OOPTOBBIX cucTeM dnekrpormTtanust, AO «udopma-
LMOHHBIC CITyTHUKOBBIE CUCTEMBD» NMeHH akagemuka M. @. PemerneBa». E-mail: Micky-Nest@iss-reshetnev.ru.

Boponunosa EBrenusi Osneropna — umkenep; AO «/H(popManmoHHbBIE CITyTHUKOBBIE CHCTEMBD) HMEHH aKaJIeMUKa

M. @. PemerneBay. E-mail: Jenvoroncova@gmail.com.

®enocoB Buxktop BaamumupoBuu — 3amectutens gupektopa; AO «McmbITarenbHBIA TEXHHMYECKANH HEHTP —

HITO IIM».

ManTenee Bacummii UBaHOBHY — nipodeccop, TOKTOp TEXHUUSCKUX HAYK, 3aBENYIONIUI Kadeapoil ayeKTpoTex-
HUYECKHX KOMILIEKCOB U cucteM; Cubupckuii penepanbubiii yHuBepeuter. E-mail: Vpanteleev(@sfu-kras.ru.




ABMGMMOHHQ}Z U paKkemHo-KoCmMu4deckas mexnuka

UDC 629.7.016.3
Doi: 10.31772/2587-6066-2019-20-4-465-476

For citation: Kolovsky I. K., Shmakov D. N. Spacecraft motion in a low circular orbit in establishing intersatellite
link. Siberian Journal of Science and Technology. 2019, Vol. 20, No. 4, P. 465—476. Doi: 10.31772/2587-6066-2019-
20-4-465-476

Jas uutupoBanusi: Konosckuit Y. K., [lImakos /1. H. MccrnenoBanue nBUKEHUSI KOCMUYECKUX alapaToB HA HU3-
KOM OKOJIO KpYroBOW OpOMTE TPH CO3JaHUHM MEXCITYTHHUKOBOW JMHUM CBs3H // CUOUPCKUIA )KypHAT HAYKH M TEXHOJIO-
ruit. 2019. T. 20, Ne 4. C. 465-476. Doi: 10.31772/2587-6066-2019-20-4-465-476

SPACECRAFT MOTION IN A LOW CIRCULAR ORBIT IN ESTABLISHING
INTERSATELLITE LINK
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52, Lenin St., Zheleznogorsk, Krasnoyarsk region, 662972, Russian Federation
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The article investigates the problem of inter-satellite linking in the constellation of spacecraft in a low circular or-
bit. A specific problem of establishing intersatellite link (IL) in that orbit — cross-pointing of the antennae — is also stud-
ied. To support cross-tracking, it is important to place spacecraft (SC) in the orbital plane so that they are constantly in
the zone of mutual visibility. The line-of-sight range is analyzed both in one orbital plane and between adjacent planes.
1L is treated in terms of the orbital constellation (OC) ballistic formation. Several typical modes of motion of SC with IL
in adjacent planes are determined — parallel, orthogonal, oncoming. The parameter values of IL antenna pointing are
also assessed. The obtained results of OC formation and antenna pointing parameters’ calculations may be relevant for
establishing a modified system.

Keywords: ballistics, range, low circular orbit, orbital constellation, intersatellite link.

UCCJEJOBAHUE ABUKEHUS KOCMHUUYECKHUX AIIIIAPATOB
HA HU3KOM OKOJIO KPYTOBOM OPBUTE
IPU CO3JJAHUU MEKCITY THUKOBOM JIMHUU CBS3U

N. K. Konosckwuii , JI. H. IlImakoB

AO «MHpopMaIMOHHBIE CITyTHUKOBBIE CUCTEMbI» MMeHH akanemuka M. @. PemerneBa»
Poccuiickas ®enepanus, 662972, r. XKenesnoropck KpacHosipckoro kpas, yi. Jlenuna, 52
* . . .
E-mail: kolovigor@mail.ru

B pabome uccredyemcs 3aoaua opeanusayuu mesxccnymuuxosoti aunuu ceasu (MJIC) 6 kocmuyeckou cucmeme, Ko-
mopast cmpoumcsi Ha ocHoge opbumanvrou epynnuposku (OI) kocmuueckux annapamos (KA) na nuskoil oxono kpyeo-
6ol opoume. Paccmampusaemcs oona uz npobaem npu cozoanuu MJIC na maxou opoume — nageoenue anmenuvi KA
opye Ha opyea. JIisi 803MONCHOCHU OMCAEHCUBAHUsL Opye Opyea 8adcHo pazmewams KA ¢ opoumanvhoil niockocmu
Max, 4mo0vl OHU OBLIU ROCTNOAHHO 8 30He 83AUMHOU BUOUMOCMU. AHATUUPYEMCs 0aTbHOCHb NPAMOU BUOUMOCIIU KAK
8HYMPU 0OHOU OpOUMANLHOU NIOCKOCMU, MAK U 8 coceOHux niockocmsax. Cozoanue MJIC paccmampugaemcs ¢ mouxu
3penust bannucmuyeckozo nocmpoenuss O Ipu opeanuzayuu MJIC onpedenenbl HeCKOIbLKO MUNO8 XAPAKMEPHO20
osudicenusi KA 68 coceOHux niockocmsax: napaiieibHo2o, Opmo2oHAIbHO20, 6cmpednozo. TIpusodamces sHavenus napa-
mempog nagedenusi anmennvl MJIC. Tonyuennvie pezynvmamor nocmpoenusi Ol u evbluucienus napamempos Hageoe-
HUS AHMEHHbL MO2Ym ObIMb AKMYaIbHbL 0151 CO30AHUSL MOOUDUYUPOBAHHOU CUCTHEMBI.

Kniouegvie cnosa: bannucmuka, 0anbHOCMb, HUZKASL KPY2o8asi opouma, opoumanbhas epynnuposKd, MedCCnymHi-
K08as TUHUS CEA3U.

Introduction. Intersatellite links can increase the effi- There are several satellite systems which provide
ciency in achieving the principle objective of satellite  monitoring and data transmission, such as “Globalstar”,
systems — providing communications for subscribers “Iridium”. Development of such intersatellite systems is

distributed globally. Besides, operating IL helps to also essential for solving various problems of data trans-
solve the problems of parallel control of all spacecraft mission, monitoring and locating moving objects. Techni-
in the constellation without numerous ground tracking cal solutions of these systems provide the basis of moni-
stations [1]. toring facilities development [2; 3].
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The aim of IL is to provide radio exchange of sub-
scribers not in the line of sight of the same spacecraft -
that requires information exchange both between SC in
the same plane and between ones in different planes. The
use of IL significantly increases the efficiency of radio
links [4]:

— the service area is increased by interconnection of all
radio visibility zones (RVZ) of SC into an integrated RVZ
of the orbital constellation;

— the load on the satellite links is reduced due to in-
stant information exchange;

— the reliability and stability of satellite links is in-
creased.

Establishing IL in OC of SC. For the experiment we
assume that there is an OC of 24 SC in a near-circular
orbit of 1500 km altitude, and from the point of view of
the OC ballistic formation and SC motion, we review the
ways of plotting the IL for the given satellite system, both
in one plane and between adjacent planes. A similar IL
configuration is already introduced in “Iridium” satellite
system [5]. “Iridium” is a low-orbit system operating in
circular orbits. The orbit altitude is about 700 km; the
standard OC includes 66 interlinked SC [6].

When an IL are made in a circular orbit of 1500 km
altitude, the optimal mutual visibility of SC in the orbital
plane is achieved when the number of SC in the plane is
more than or equals 6 [7].

It must be noted that for IL correct operation in one
plane, orbit correction must be carried out to keep the
orbital position of all SC stable, otherwise the distance
between the SC can alter too much and cause operational
failure.

We can determine the station-keeping zone and posi-
tioning of SC in the orbital plane for IL operation in ref-
erence to 5, 6, 7 SC. It is necessary to view the orbit con-
figuration of SC 1 and SC 2 in more detail (fig. 1).

The symbols in fig.1 are: a — Earth radius; b — half-
distance between SC 1 and SC 2; ¢ — major semi-axis of SC
orbit; /3 —half of the center angle between SC 1 and SC 2.

We take the basic relation of a right-angled triangle
[8] to calculate 2-Zf — the limit angle of keeping SC in
the line of sight

a = 6378.16 km — Earth radius [9];
¢=1500+ 6378.16 = 7878,16 km — major semi-axis
of SC orbit;
sino. = a/c;

Zo = 54.056%
ZB = 35.944°;
2-/B=71.888°. (1)

According to the formula (1), for a number of SC
composition variants in the orbital plane, we obtain the

values of the angle between the nearest SC and of the
station-keeping zone (tab. 1).

Orbit within the altitude
of 1500 km

Fig. 1. IL within an orbital plane

Puc. 1. MJIC BHyTpH OpOUTATBHON INIOCKOCTH

The results in tab. 1 show that for IL at 1500 km alti-
tude with five SC in the plane, to provide mutual visibility
it is necessary to keep the SC in orbit with an accuracy of
0.5° by latitude argument, which is quite demanding
technically.

Therefore, an architecture of 6 SC in the plane
with £+ 5° station-keeping zone relative to the SC orbital
position can be applicable. In this case, the distance be-
tween two adjacent SC with an IL will depend on the ac-
curacy of keeping the SC in the orbital positions with
respect to the latitude argument. Half-distance value
between adjacent SC with IL (parameter b in fig. 1) when
there are 6 SC in the orbital plane will make

b = c'sinf. (2)

In case 6 SC are evenly positioned in the plane, (the
center angle between these SC is 60 ©) and the station-
keeping accuracy is + 5°, the expression (2) gives the
7878 km distance in the nominal position. The distance
calculations for the center angle of 50° and 70° are listed
in tab. 2.

We form the chosen for the experiment standard OC
architecture of 24 SC for modeling and studying the bal-
listic parameters of IL as follows: four orbital planes
of 6 SC each (tab. 3).

Absolute longitude divergence of the ascending nodes
of adjacent orbital planes is 46°. The SC phase distribu-
tion is taken for the moment of SC 11 passing the ascend-
ing node of the orbit.

Fig. 2 represents 24 SC in four orbital planes and the
track of every SC in flight period of a few minutes.

Table 1

Station-keeping zone for a SC with 1.500 km orbit altitude operating IL

SC number in the orbital plane

SC positioning in the plane with respect
to the argument of latitude, ©

Station-keeping zone,

5 71.9 +0.5
6 60.0 +5.0
7 514 +9.3

466



ABMGL}MOHHaﬂ U paKkemHo-KoCmMu4deckas mexnuka

Table 2
Values of distance and center angle between SC in the plane
Distance between SC, Center angle between SC,
2:b, km 228, °
Minimal 6658 50
Nominal 7878 60
Maximal 9037 70
Table 3
Distribution for OC of 24 SC
Plane number SC Ascending node Argument Plane SC Ascending node Argument
number longitude, ° of latitude, ° number number longitude, ° of latitude, °
11 0 0 31 92 50
12 0 60 32 92 110
| 13 0 120 3 33 92 170
14 0 180 34 92 230
15 0 240 35 92 290
16 0 300 36 92 350
21 46 25 41 138 75
22 46 85 42 138 135
) 23 46 145 4 43 138 195
24 46 205 44 138 255
25 46 265 45 138 315
26 46 325 46 138 15

Fig. 2. Routes of 24 SC in the OC

Puc. 2. Tpaccet OI" u3 24-x KA
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IL is a unique element of “Iridium” communication
system, every SC of which is interconnected with 4 adja-
cent ones, 2 of them in front and in aft position in the
same orbital plane, and 2 on the left and on the right in
adjacent orbital planes [10].

For the experimental OC architecture of 24 SC we can
outline the following IL configurations:

— Configuration 1 — IL between the SC in one orbital
plane;

— Configuration 2 — IL between SC of adjacent planes
Ne 1 and 2, Ne 2 and 3, Ne 3 and 4 (parallel motion);

— Configuration 3 — IL between SC in planes Ne 1 and
3, Ne 2 and 4 (orthogonal motion in the moment of mutual
visibility);

— Configuration 4 — IL between SC in planes Ne 1
and 4 (cross-movement in the moment of mutual visibility).

Operating IL dictates the need of continuous commu-
nication during the SC flight. The analysis of this aspect
is presented in [11] for “CubeSat” system.

Below, there is an analysis of some specified SC from
every orbital plane in the experimental OC of 24 SC, as
well as of ballistic parameters variation for each of the IL
configurations, including the periods of SC mutual visi-
bility.

Here is an analysis of the following ballistic parame-
ters:

— the SC positioning range and the rate of its changing;

— declination and the rate of its changing;

— elevation and the rate of its changing;

— period of mutual visibility in an orbit pass.

These parameters allow to determine SC antenna con-
trol characteristics in IL communication, as well as the
mutual visibility periods of SC within IL zone.

Configuration 1 — IL between the SC in one orbital
plane. Fig. 3 presents an IL variant in one plane, when all
RVZ of six SC (at an elevation angle of 10 °) are net-
worked into a common RVZ of the orbital plane. Com-
mon RVZ will significantly increase the coverage zone.

Further we review the requirements for IL-providing
equipment on the example of two most closely positioned
SC of the first orbital plane SC Ne 11 and SC Ne 12. Fig. 4
presents the SC, their subsatellite points and flight route.

Tab. 4 presents the initial data — SC Nell and SC
Ne 12 reference. MDT — Moscow decree time in the as-
cending node, the SC coordinates and velocities are in the
Greenwich rotating coordinate system (GRCS).

Let us review the information transfer for SC Ne 11
to SC Ne 12 in the nominal position during one orbit pass
(115 min).

In fig. 5-7 are shown ballistic parameter variations
(where subitem a) parameter, b) parameter change rate):

— Range — line-of-sight distance between SC [12].
Range change rate;

— Declination — antenna direction angle from one SC
to another measured from the direction to the Earth’s cen-
ter. Declination change rate;

— Elevation — antenna direction angle from one SC to
another measured from velocity vector in the clockwise
direction. Elevation change rate.

We can put the calculations of SC antenna pointing
ballistic parameters together. The range of parameter
changing for IL in an orbit pass between SC Ne 11 and SC
Ne 12 is listed in tab. 5.

We must point out that in the orbit pass SC Ne 11 and
SC Ne 12 are constantly in the zone of mutual visibility —
that is confirmed by the parameter of 100 %.

Fig. 3. Common RVZ in one orbital plane with IL within that plane

Puc. 3. O6mas 3PB oxnoit opbuTansHoit mtockoctr mpu MJIC BHYTpH MIIOCKOCTH
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Fig. 4. The motion of two close-positioned SC Ne 11 and 12

in the first orbital plane

Puc. 4. Ipmxenue nsyx ommwkaiimmx KA Ne 11 u 12

TIePBOIl OpOUTATBHOI IIIOCKOCTH

0,0

Table 4
SC Ne 11 and SC Ne 12 reference
Parameter SCNe 11 SC Ne 12
Date 31.05.2019 31.05.2019
MDT 11:59:57 12:19:14
Coordinate X, km 7232.954011 6936.407866
Coordinate Y, km —3120.071909 -3714.968713
Coordinate Z, kM 0,0 0.0
Velocity Vx, km/s 0.140334 0.171858
Velocity Vy, km/s 0.325291 0.310911
Velocity Vz, km/s 7.052965 7.060811
£ on 0,03 +
% Jaa ;E 0,0
13 It %( 0o -
E 1850 § o 000 o0y
£ Z

00 -

a 1000 2000 3000 A002 Z000 G000 FOO0 o0
Time, 5 Time, 5
a b

Fig. 5. Ballistic parameter range:

a —range changing between SC Ne 11 and 12; 6 — range change range

Puc. 5. bannuctuueckuii mapaMeTp «AaabHOCTbY:
a — u3MeHeHue nansHocTH Mexay KA Ne 11 u 12;

60— CKOPOCTb U3MEHEHUA NAJIBHOCTU
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Fig. 6. Ballistic parameter declination:
a — declination changing between SC Ne 11 and 12; ¢ — declination change rate
Puc. 6. bannuctiueckuii mapaMeTp «CKIOHEHUE»:
a —u3MeHeHue ckiaoHeHus Mexay KA Ne 11 u 12; 6 — ckopocTh U3MEHEHHUS CKIIOHEHHS
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Fig. 7. Ballistic parameter elevation:
a — elevation change between SC Ne 11 and 12; ¢ — elevation change rate
Puc. 7. bannuctuyeckuil mapaMerp «BOCXOXKAECHUEN:
a — n3MeHenue BocxoxeHusa Mexay KA Ne 11 u 12; 6 — ckopocTh U3MEHEHHSI BOCXOXKICHUS
Table 5
Changing of IL ballistic parameters between SC within the orbital plane
Parameter Range of parameter changing
Range, km from 6658 to 9037
Range change rate, km/s from —0.03 to 0,03
Declination, ° from 54.37 to 65.36
Declination change rate, °/s from —0.001 to 0.001
Elevation, ° from 179.99 to 180.01
Elevation change rate, °/c from —0.00006 to 0.00006
SC mutual visibility period in an orbit pass, min 115.9 (100 %)
Fig. 5-7 and tab. 5 data analysis demonstrates in the Configuration 2 — IL between SC of adjacent

first place the stability of the basic parameters. Elevation  planes Ne 1 and 2, Ne 2 and 3, Ne 3 and 4. Here is an
is close to 0° in signal transmission from SC Ne 12 to SC  analysis of IL configuration for SC moving in adjacent
Ne 11, and close to 180° in transmission from SC Ne 11 planes Ne 1 and 2, on example of SC Ne 12, 22, 23.

to SC Ne 12. The greatest variations are demonstrated by Tab. 6 presents the reference of SC Ne 22 and SC
the SC antenna declination parameter. Ne 23, SC Ne 12 — in tab. 4.
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Fig. 8 shows the OC fragment, consisting of SC Ne 12
from the first orbital plane and SC Ne 22, SC Ne 23 from
the second orbital plane, for the moment of their position-
ing in the equator and pole areas. During the full orbit
pass SC Ne 12 motion is mostly parallel to SC Ne 22, SC
Ne 23 is also parallel; SC routes get crossed only in the
pole areas.

We can put together the calculations of SC antenna
pointing parameters for planes Ne 1 and 2. The range
of IL parameter changing is listed in tab. 7.

We must point out that the sampled SC Ne 12, SC
Ne 22 and SC Ne 23 continuously remain in the mutual
visibility zone.

The IL in tab. 7 compared to the IL of one orbital
plane (tab. 5) shows the increasing dynamics of declina-
tion and elevation angles changing. Here the declination
change rate increased by 50 times (0.001 and 0.05),
and the elevation change rate increased from 0.00006 °/s
to 0.15%s.

We have the best conditions for information transmis-
sion in the equator area. There the information can be
transmitted in chain order to all 4 planes of the system.

It should be noted that for the sampled OC of 24 SC
at 1500 km altitude, the common IL including configura-
tions 1 and 2 is self-supporting (provides general linking
of all SC in the OC).

Configuration 3 — IL between SC in planes
Ne 1 and 3, Ne 2 and 4. Let us review the IL configura-
tion, in which SC move almost transversely, at the exam-
ple of orbital planes Ne 1 and 3.

Tab. 8, in addition to Tab. 4, presents SC Ne 31, 32, 33
reference.

Here the mutual visibility of SC in different planes
occurs at high latitudes.

Each SC of one orbital plane can see from two to three
SC of another orbital plane. We can point out that the
time of simultaneous visibility of three SC is not long. We
analyze the example of IL for SC Ne 11 of the first orbital
plane, and SC Ne 31, 32 and 33 of the third orbital plane
(fig. 9).

IL parameter changes between SC Ne 11 and SC
Ne 31, 32, 33 are listed in tab. 9.

In motion of SC Ne 11 relative to SC Ne 31, 32 and 33,
mutual visibility period or IL operational time of the SC
is rather long, mainly close to revolution half-period.

Comparison of this IL parameters (tab. 9) with IL
in one orbital plane (tab.5) and IL in adjacent orbital
planes (tab. 7) demonstrates still more growing dynamics
when the declination and elevation angles get changed.
Now the declination change rate comes up to 0.17 °/s, and
elevation change rate — to 0.55 °/s.

Configuration 4 — IL between SC in planes Ne 1
and 4. Here is an analysis of IL configuration in planes
Ne 1 and 4. Its main feature is the SC oncoming motion.

During the revolution half-period a SC of one orbital
plane runs across all other SC of another orbital plane.

The dynamics of the SC route intersection depends on
the Earth's surface latitude, over which the SC route inter-
section takes place. In this case, there may be three vari-
ants: equator zone, middle latitudes and high latitudes.

Let us review the IL on the example of SC Ne 11
of the first orbital plane and all six SC of the fourth orbital
plane.

Tab. 10 shows the reference of SC Ne 41-46, SC
Ne 11 —in tab. 4.

SC of one orbital plane can see from one to three SC
of another orbital plane at the same time. Fig. 10 shows
SC positioning in equator and pole areas.

Changing of IL ballistic parameters between SC in adjacent planes Ne 1 u 2

Table 6
SC Ne 22 and Ne 23 reference
Parameter SC Ne 22 SC Ne 23
Date 31.05.2019 31.05.2019
MDT 12:09:37 12:28:54
Coordinate X, km 7386,336533 7591.458385
Coordinate Y, km 2724.447324 2091.536252
Coordinate Z, km 0.0 0.0
Velocity Vx, km/s -0.127584 —0.086993
Velocity Vy, km/s 0.341148 0.352760
Velocity Vz, km/s 7.055772 7.054474
Table 7

Parameter Range of parameter changing
Range, km from 3800 to 7200
Range change rate, km/s from -3 to 3

Declination, °

from 63 to 77

Declination change rate, °/c

from —0.05 to 0.05

Elevation, °

from —60 to 60;
from 120 to 240

Elevation change rate, °/c

from —-0.4 to 0.15;
from —0.15 t0 0.15

SC mutual visibility period in an orbit pass, min

115.9 (100 %)
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Fig. 8. SC motion in adjacent planes Ne 1 and 2

Puc. 8. JIpmwxenne KA B cocemuux miockocTsx Ne 1 u 2

Table 8
SC Ne 31, 32 and 33 reference

Parameter SC Ne 31 SC Ne 32 SC Ne 33
Date 31.05.2019 31.05.2019 31.05.2019
MDT 11:40:43 12:00:00 12:19:17
Coordinate X, km 2233.447140 2864,993939 3469.973938
Coordinate Y, km 7544.938345 7337.622768 7062.144241
Coordinate Z, km 0.0 0.0 0,0
Velocity Vx, km/s —0.354350 —0.342044 —0.328272
Velocity Vy, km/s 0.099865 0.133551 0.166529
Velocity Vz, km/s 7.059052 7.051298 7.059063

Fig. 9. SC orthogonal motion in planes Ne 1 and 3

Puc. 9. OproronansHoe apmwxkenne KA B mockoctax Ne 1 u 3
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Changing of IL ballistic parameters between SC in planes Ne 1 and 3

Table 9

Parameter

Range of parameter changing

SC Ne 11 and 31

SC Ne 11 and 32

SC Ne 11 and 33

Elevation, °

from 170 to 267

Range, km from 6000 to 9200 from 500 to 9200 from 5000 to 9200
Range change rate, km/s from —6 to 6 from -9 no +9 from —6.3 to +6.3
Declination, °© from 54 to 68 from 54 to 88 from 54 to 71
Declination change rate, °/c from —0.14 to 0.14 from —0.17 t0 0.17 from —0.15 to 0.15
from 7 to -93; from 60 to —120; from 82 to 190;

from 140 to 310

from —20 to 100

Elevation change rate, °/c

from —0.5 to 0.05

from —0.18 to 0.06

from —0.05 to 0.55

SC mutual visibility period in an orbit pass,
min

50.1 (432 %)

71.1 (61.3 %)

56.0 (48.3 %)

Table 10
Reference of SC Ne 41-46 in the OC

Parameter SC Ne 41 SC Ne 42 SC Ne 43 SC Ne 44 SC Ne 45 SC Ne 46
Date 31.05.2019 31.05.2019 31.05.2019 31.05.2019 31.05.2019 31.05.2019
MDT 11:31:05 11:50:22 12:09:40 12:28:57 12:48:20 13:07:37
Coordinate X, km -4165.747 —3585.969 -2981.510 -2356.174 —1709.746 —1055.799
Coordinate Y, km 6682.119 7008.555 7286.171 7513.579 7688.098 7804.910
Coordinate Z, km 0.0 0.0 0.0 0.0 0.0 0.0
Velocity Vx, km/s -0.302 -0.324 -0.335 —0.348 -0.353 -0.359
Velocity Vy, km/s -0.199 -0.164 -0.139 —-0.099 —-0.080 -0.047
Velocity Vz, km/s 7.054 7.055 7.056 7.054 7.053 7.052

Fig. 10. Oncoming motion of SC from planes Ne 1 and 4

Puc. 10. Berpeunoe nemxenue KA mnockocreit Ne 1 u 4

IL parameter changing range between SC Ne 11
and all SC of the fourth orbital plane, SC No 41-46, is
listed in tab. 11.

Mutual visibility period of SC Ne 11 and SC in the
fourth orbital plane is less than in the other previously
reviewed IL configurations.

This IL (tab. 11) compared to the other previously re-
viewed IL (tab. 5, 7, 9) shows That the type of IL pre-
sented here demands the most dynamic SC antenna point-
ing by declination angle and elevation angle change. Here
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the declination change rate comes up to 0.24 °/s, and ele-
vation change rate — to 0,75 °/c.

Conclusion. The analysis of the main ballistic pa-
rameter changing taken into account for antenna pointing
in transmission of data via IL either in one orbital plane or
in adjacent planes shows that the changing is quite varied.
Table 12 presents generalized ranges of main ballistic
parameter changing for the IL configuration within OC
of 24 SC (4 orbital planes, 6 SC each) at the orbit
of 1500 km.
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We can conclude that for an orbital constellation IL
antenna pointing and proper operation, the destabilizing
factors analyzed in this article must be taken into
account:

— limited time intervals for information exchange of
SC in the line of sight;

— mutual change of position at SC high motion veloc-
ity.

IL operating optical or radio communication channels
of a satellite system has a number of special characteris-
tics — limited power supply of IL equipment; that should
be taken into account in hardware design [13] .

Comparing the reviewed IL types for the sampled OC
of 24 SC, we can find that the simplest IL to be put into
practice is the inter-satellite line within one plane. With
this type, the ballistic parameters change in the least, and
the neighboring SC stay in the line of sight all the time.

For the IL configuration in OC adjacent orbital planes,
special apparatus and antennae for dynamic tracking of
one SC by another are required, since the target indica-
tions used for antenna pointing get dynamically and con-
siderably changed.

In this case, favorable conditions for IL operation —
the lowest parameter changing rates for IL antenna point-
ing — develop in SC parallel motion in adjacent orbital
planes (between orbital planes Ne 1 and 2, Ne 2 and 3,
Ne 3 and 4).

It should be noted that to improve the OC of 24 SC
consumer characteristics from the point of view of its
usability, it is enough to make use of the first two IL types
reviewed above: inside any single plane and in adjacent
planes Ne 1 and 2, Ne 2 and 3, Ne 3 and 4.

After successful IL configuration for OC of SC in a
low circular orbit, further development of SC between the
SC positioned in various orbits can be considered. This
type of IL was outlined in [14; 15], describing a combined
satellite communication system, comprising a relay satel-
lite operating in a highly elliptical orbit and providing
information exchange with SC in its line of sight moving
in low earth orbits.

The use of the results obtained in design of updated
SC, in OC ballistic configuration and establishing IL in
the OC of 24 SC, may help to produce a highly-efficient
monitoring and data transmission satellite system.

Table 11
Changing of IL ballistic parameters between SC in planes Ne 1 and 4
Parameter Parameter change rate between SC Ne 11 and SC Ne 41-46
SC Ne 46 SC Ne 41 SC Ne 42 SC Ne 43 SC Ne 44 SC Ne 45
Range, km from 6000 from 5000 from 2640 from 500 from 3300 from 5340
to 9200 to 9200 to 9200 to 9200 to 9200 to 9200
Range change rate, km/s from -9.0 from -9.3 from —10.3 from —12,3 from —10.1 from -9.1
t0 9.0 t0 9.3 to 10.3 to 12.4 to 10.1 to 9.1
Declination, ° from 54 from 54 from 54 from 54 from 54 from 54
to 68 to 72 to 80 to 88 to 78 to 70
Declination change rate, °/c from —0.2 from —0.22 from —0.23 from —0.24 from —0.24 from —0.2
to 0.2 to 0.22 to 0.23 to 0.24 to 0.24 to 0.2
Elevation, ° from 220 from 230 from 220 from 30 from 45 from 47
to 320 to 340 to 360 to 200 to 180 to 155
Elevation change rate, °/c from —-0.65 from -0.75 from —-1.4 from —0.1 from 0,55 from 0.18
t0 0.20 to —0.15 to 0 to 0.1 to 1.15 t0 0.71
SC mutual visibility period in | 35 9 35 704y | 415 (35.8%) | 48.0 (41.4%) | 50.5(43.5%) | 46.6 (402 %) | 40.6 (35.0 %)
an orbit pass, min
Table 12

Changing of IL ballistic parameters for OC of 24 SC

Parameter IL configuration type
Within a plane Between 1 and 2, 2 and Between 1 and 3, Between 1 and 4
3, 3 and 4 planes 2 and 4 planes planes
Range, km from 6658 to 9037 from 4000 to 7200 from 5000 to 9000 from 500 to 9000
from 500 to 9000 from 3500 to 9000
from 5500 to 9000
Range change rate, km/s from —0.03 to 0.03 from 0 to 3 from —10 to 10 from —12 to 12
Declination, ° from 54.37 to 65.36 from 63 to 75 from 55 to 90 from 54 to 90
Declination change rate, from —0.001 from 0 to 0.01 from —0.035 from —0.05 to 0.05
°/c to 0.001 to 0.035
Elevation, ° from —0.01 to 0.01; from 10 to 60; from 300 to 360; from 340 to 360
from 179.99 from 330 to 360 from 0 to 120
to 180.01
Elevation change rate, from —0.000006 from 0.03 to 0.07 from —0.05 to 0.05 from 0 to 0.9
°/c to 0.000006
SC mutual visibility 115.9 (100 %) 115.9 (100 %) from 50.1 to 71.1 from 37.9 to 50.5
period in an orbit pass, (from 43.2 (from 32.7
min to 61.3 %) to 43.5 %)
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RESEARCH OF ELECTROMAGNETIC SHIELDING PROPERTIES
OF SINGLE-WALLED CARBON NANOTUBES THIN TRANSPARENT FILMS

A. S. Voronin'", Yu. V. Fadeev!, M. M. Simunin'?, I. V. Podshivalov® , S. V. Khartov'
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50, Akademgorodok, Krasnoyarsk, 660036, Russian Federation
*Siberian Federal University
79, Svobodny Av., Krasnoyarsk, 660041, Russian Federation
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The paper presents the results of studying the shielding properties of thin transparent films in single-walled carbon
nanotubes on flexible substrates of polyethylene terephthalate. The films were formed by spraying colloidal solution on
single-walled carbon nanotubes. The film thickness was determined by the volume of the sprayed colloidal solution and
was measured using transmission electron microscopy in a cross-section mode. The morphology and structural quality
of the films were studied by electron microscopy, optical spectroscopy, and Raman spectroscopy. The results showed
the high structural quality of the material. According to Raman spectroscopy, the ratio of peaks intensities G / D
is 23.4, which is the evidence of a significant predominance of carbon in the sp’ hybridization. It is typical for graphite-
like systems and, in particular, carbon nanotubes. The spectral dependences of the transmission and reflection coeffi-
cients of radio waves in the K range of 18-26.5 GHz were studied. Absorption of radiation is the dominant shielding
mechanism. Increasing the film thickness from 15.9 to 56.1 nm is accompanied by decreasing the surface resistance
from 971 to 226 Ohm / sq, while optical transparency decreases from 93.58 to 76.71 %. Shielding efficiency increases
from 2.29 to 6.6 dB, increasing the proportion of absorbed radiation from 34.6 to 51.2 % at a frequency of 18 GHz.
This indicates the prospects for the use of films as electromagnetic shielding and anti-icing coatings in the aerospace
industry.

Keywords: single-walled carbon nanotubes, thin films, electromagnetic shielding.

UCCJEJJOBAHME PAJTMOIKPAHUPYIOIUX CBOMCTB TOHKUX MPO3PAYHBIX IIJIEHOK
OJHOCTEHHBIX YI'JIEPOJHBIX HAHOTPYBOK

A. C. Boporns'", 0. B. ®anees’, M. M. Cumyruu'?, Y. B. TTommmsanos®, C. B. Xapros'
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IIpeocmagnensvl pe3ynromamul UCCIE008AHUA IKPAHUPYIOWUX CEOUICING MOHKUX NPO3PAYHBIX NIEHOK OOHOCHEHHBIX
VeNepOOHbIX HAHOMPYOOK HA 2UOKUX NOONIONHCKAX u3 noaudsmuienmepepmanama. Ilnenku gpopmuposanucs cnpei pac-
nblLICHUEM KOLIOUOHO20 PACMBOPA OOHOCMEHHBIX YenepoOHbix Hanompybok. TomyuHna nieHox 3adasanact oOvemom
PACNBLIAEMO20 KOMIOUOHO20 PACMEOpd U USMEPANACh NPU NOMOWU NPOCEeHUsarujell 1eKmpoHHOU MUKPOCKORUU
6 pedxcume cross-section. Mopgonozua u cmpykmypHoe Kauecmeo NieHOK Obliu U3yYeHvl Memooami d1eKMpPOHHO
MUKPOCKONUY, MEMOOamMy ONMUYecKol CHeKmpoCKOnuu U CHeKmpOoCKONUU KOMOUHAYUOHHO20 pacceanus ceéema. Pe-
3YA6MAmMsbl NO360JAIM CYOUMb O BLICOKOM CIPYKMypHoM Kauecmee mamepuana. CoenacHo OaHHbIM CHEeKMpPOCKONUU
KOMOUHAYUOHHO20 paccesanuss, coomHouienue unmencushocmeii nuxkoe G/D cocmasnaem 23,4, umo aensemcs ceude-
MeNBCMEOM CYUeCMEeHH020 NPeobnadaniis. yenepood, Haxodaue2o0cs 6 CocmosHuu Sp° eubpudusayuu. Imo xapaxmep-
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HO 07151 2paghumono006HbIX cUCIeEM U, 8 YACMHOCMU, Y2AePOOHbIX HAHOMPYOOK. H3yueHbl cnekmpaibHble 3a8UCUMOCIU
K03 uyuenma npoxosicoenus u ompasicenus paouogont ¢ K-ouanasone 18-26,5 I'l'y. Jomunupyrowum mexanuzmom
IKPAHUPOBAHUS ABTIACMCA NO2T0oUjeH e U3Tyuenus. Yeenuuenue moawunsl nienku ¢ 15,9 0o 56,1 um conposoacoaemces
CHUDICEHUEeM NOBepXHOCMHO020 conpomueietus ¢ 971 00 226 Om/xke, onmuyeckas npo3pasHoCme NPU SMOM CHUNCAETNCS
¢ 93,58 00 76,71 %. Dghpexmusnocme sxpanuposanus yeearuuusaemcs ¢ 2,29 do 6,6 0b, nogviuias 0o nozioujenHo-
20 uznyuenus ¢ 34,6 oo 51,2 % na uacmome 18 I'Ty. Omo 2osopum o nepcnekmueax npumeHeHus NjieHoK 8 Kaiecmee
PAOUOIKPAHUPYIOWUX U AHMUODTIEOeHUMENbHBIX NOKPBIMULL 8 A2POKOCMUUECKOU OMPACTL.

Knroueswvie cnosa: oonocmennvle yeﬂepodﬂbze HdHOmpy6K1/l, MOHKUE NJIEHKU, DNIEKMPOMACHUNMHOE IKPAHUDOBAHUE.

Introduction. Single-walled carbon nanotubes
(SWCNTs) are promising for the aerospace industry due
to the unique combination of high mechanical strength
(Young's modulus ~ 1TPa), high electrical conductivity,
as well as low density and, as a consequence, low weight
of the finished product. The listed properties imply broad
prospects for the use of SWCNTSs as a reinforcing mate-
rial for polymer composites, light and strong electrical
cables, and functional layers for transparent electric-
heated and electromagnetic shielding structural elements.
The function of electromagnetic shielding is of interest, in
particular, for solving the problem of protecting informa-
tion. As far back as the 80s of the 20" century the funda-
mental possibility of intercepting and decrypting informa-
tion contained in radiation from a computer monitor was
shown. This fact increases the priority of applying various
measures to protect a wide variety of electronic objects
from unauthorized removal of the information contained
in them, or possible external influences. Shielding output
devices is the main solution to protecting information.
The reality of such a scenario has been experimentally
proven. In Russia this channel of information leakage is
called SEMRP (Side Electromagnetic Radiation and
Pickup). In the USA the standard is called TEMPEST
(Transient Electromagnetic Pulse Emanation Standard).

Traditionally thin layers of transparent conducting ox-
ides such as In,O;: Sn [1] and ZnO: Al [2] act as shielding
films.

Carbon nanomaterials, such as carbon nanotubes (sin-
gle-walled [3] and multi-walled), graphene [4; 5], reduced
graphene oxide [6], as well as polymers with conjugated
bonds [7] are promising in solving this problem. As a
result active study of their shielding properties is currently
underway.

In [3] the effectiveness of shielding electromagnetic
radiation of the HF and microwave range by SWCNT
films with a thickness of 10 nm to 10 um was studied. It
was shown that the shielding efficiency of a SWCNT film
with a thickness of 100 nm is about 40 dB at a frequency
of 10 GHz, however, the optical transparency of such a
film is about 50%, which is significantly lower than op-
erational requirements (> 80 %). In the case of a graphene
monolayer the shielding efficiency is 2.27 dB with a sur-
face resistance of 635 Ohm / sq and optical transparency
of 97.8 % [4]. The graphene monolayer has fairly low
shielding efficiency, but due to its high transparency it
can be a part of a composite coating, for example in com-
bination with metal grids or nanowires.

The method of forming films of single-walled car-
bon nanotubes. The paper studies the shielding ability of
thin SWCNT films (OCSiAl, Novosibirsk) on polyethyl-
ene terephthalate substrates. The application of thin
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SWCNT films was carried out by the spray method;
a detailed description is given in [8; 9]. The principle
is as follows: the compressed air from the compressor
is supplied to the nozzle (airbrush) under pressure
of 6 atm (0.6 MPa), spraying the SWCNT colloidal
dispersion (the preparation procedure is described in
detail in [9]) onto heated polyethylene terephthalate
substrates (manufactured by Hi- Fi, Japan, thickness
50 um) — as the main substrate and a base alkaline glass,
1 mm thick for spectroscopic measurements. The sub-
strate temperature is controlled by the heating element
and in this work was 120 °C, this is enough for the micro-
drops of the colloidal solution to evaporate without being
able to coalesce on the substrate.

The thickness of the SWCNT films was determined
by the volume of the sprayed SWCNTs dispersion; four
volumes of SWCNT ink were used in the work: 1, 2, 3,
and 4 ml. After spraying the colloidal solution the films
were washed with distilled water for one hour, and then
dried at 100 °C for one hour in order to remove residual
water and form a coherent film of nanotubes.

Studying the morphology and thickness of SWCNT
films by scanning and transmission electron micros-
copy. The morphology and thickness of SWCNT films
was studied by electron microscopy. The study of mor-
phology was carried out using a Hitachi S5500 scanning
electron microscope (Center of collective uses FRC KSC
SB RAS). Fig. 1, a, b, c show films obtained by spraying
1 and 3 ml of SWCNT dispersion, respectively. It is seen
that with an increase in the volume of sprayed dispersion
the density of the SWCNT film increases.

The thickness of SWCNT films was measured by
transmission electron microscopy (TEM) using a Hitachi
HT7700 transmission electron microscope (Center of col-
lective uses FRC KSC SB RAS) in a cross-section mode
according to the technique described in [10].

Measuring the SWCNT films average thickness in the
cross-section mode made it possible to determine the av-
erage film thickness for all volumes of sprayed disper-
sion. Film thickness for 1; 2; 3 and 4 ml of the dispersion
are 15.3; 32.9; 44.9 and 56.1 nm, respectively. According
to the straight line tangent, the direct dependence of the
film thickness on the sprayed colloid volume can be de-
scribed by the equation #=14,56-7 , which allows accu-

rate characterizing the parameters of SWCNT films for
the selected technological mode.

Investigation of the structural and optoelectronic
characteristics of thin SWCNT films. For SWCNT
films all spectroscopic studies were carried out on alka-
line glass, which excluded the contribution of the sub-
strate to the spectra and thereby made the analysis more
objective. The optical transparency of SWCNT films was
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studied by optical spectrophotometry using a Shimadzu
UV-3600 spectrophotometer in the range 400-2500 nm.

Fig. 2, a shows the spectral transmission for an alka-
line glass substrate and a 44.5 nm thick SWCNT film.
The graph shows three absorption peaks characteristic
of SWCNTs, which correspond to electronic transitions
between the Van Hove features for semiconductor
(S1; ~ 1836 nm and S,, ~ 1064 nm) and metal (M;; ~ 786 nm)
SWCNTs [11]; the position of these peaks depends on the
SWCNTSs diameter, with decrease in diameter all three
peaks experience a blue shift.

amorphous Ge

Fig. 2, b shows the dependences of the specific sur-
face resistance and optical transmission at a wavelength
of 550 nm on the thickness of the SWCNT film. The sheet
resistance of the films is 971; 607; 379 and 226 Ohm / sq,
respectively, and the optical transmission minus the re-
flection from the glass substrate is 93.6; 88.5; 81.9 and
76.7 %, respectively.

The structural quality of SWCNTSs can be most fully
characterized using Raman spectroscopy. Atomic vibra-
tions in SWCNTs were studied using Raman spectros-

copy.

Fig. 1. SEM images of SWCNT films of various thicknesses: 1 ml (a) and 3 ml (b and ¢) of dispersion;
TEM image of SWCNT films of various thicknesses: 1 ml (d) and 3 ml (e) of dispersion. Dependence
of the SWCNT films thickness on the volume of sprayed dispersion (f)

Puc. 1. COM wuso6paxenus mieHok OYHT paznnunoit Tommuumnsr: 1 mi (@) u 3 mi (b u ¢) aucnepeuy;
TI9M wuzobpaxenune mienok OYHT pasnuunoii Tommmusl: 1 mi (d) u 3 mi (e) nucrnepcu.
3aBucumocts TomumHbl wieHok OVHT ot o6bema pacnbuieHHON nucnepcui (f)
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Fig. 2. Transmission of a SWCNT film 44.9 nm thick in the range 400-2500 nm (a); dependence of surface resistance
and transmission of SWCNT films as a function of film thickness (b)
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Fig. 3 shows the Raman spectra for the films
with thickness of 15.3 nm and 56.1 nm, obtained using
a Horiba Jobin Yvon T64000 Raman spectrometer
(Center of collective uses FRC KSC SB RAS).

Three peaks characteristic of SWCNTSs can be distin-
guished in the spectra: the G-line characterizing the vibra-
tions of the system of carbon sp® bonds (~ 1592.8 cm™)
(graphite-like zone), the 2D line (~ 2678.7 cm ), indicat-
ing two-dimensionality of the material, which is the
overtone of the D-line (defective zone) (~ 1332.5 cm™).
The RBM peak (the breathing mode is a split peak
at ~ 150.6 cm ' and ~ 180.29 cm ') characterizes expan-
sion-compression vibrations relative to the central axis
of nanotubes [12]. It is also worth noting that the film
thickness does not affect the position of the peaks. The
low intensity of the D mode indicates low defectiveness
of the nanotube material; the ratio of the G / D peaks
intensities is 23.4.

In [9] we calculated the diameter of SWCNTSs of this
type; it amounted to 1.6—1.8 nm, which correlates with the

shown in fig. 4. Samples of SWCNT films were clamped
using threaded connections between two waveguide-
coaxial transitions of rectangular cross section with di-
mensions 5.5 x 11 mm. The signal was excited and ana-
lyzed using the R&S ZVA 50 vector network analyzer.
Changing the level of the transmitted and reflected signal
allows drawing conclusions about the magnitude of the
shielding effect and its mechanism. It is worth noting that
the approach involving the use of a waveguide, unlike the
method of measurement in free space (using horns), al-
lows estimating the level of reflection of the microwave
signal from the sample.

Fig. 5 shows the spectral dependences of the parame-
ters S;; and S,; measured in dB which are reflection and
transmission coefficients, respectively.

Thus, knowing the values of the coefficients S,
and S;; it is possible to calculate the transmission and
reflection coefficients according to the following equa-
tions [14]:

P
results of [13]. T=-—L=100"%0, Q)
Investigation of the electromagnetic shielding l§
properties of SWCNT films. The reflection (S;) P
and transmission (S,;) coefficients in the K range R=2r =100
(18-26.5 GHz) were measured according to the scheme F
a 3
seess 56,1 nmM G b
— 153 nm
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é c
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Fig. 3. Raman spectra of SWCNT films with thickness of 15 and 50 nm (a), enlarged fragments of D and G peaks (b)
and RBM (radial breathing mode) (¢)
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Fig. 4. Schematic representation of a measuring unit
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On the basis on the fact that the sum of all radiation
components is 1, it is possible to calculate the fraction of
absorbed radiation according to the following equation:
A=1-T—-R.

The dependence of transmission, reflection and ab-
sorption of SWCNT films of various thicknesses at the
frequency of 18 GHz:

SWCNT film | T(18 GHz), | R (18 GHz), | A (18 GHz),
thickness, nm % % %
15.3 60.8 4.1 34.6
32.9 54.8 5.8 39.4
449 29.2 20.4 50.4
56.1 23.6 25.2 51.2

The main model describing the relationship between
the specific sheet resistances of thin films of non-
magnetic materials is the continuous layer model [14]

ZO

B}

SE(dB) = 201g[

Fig. 6 shows comparison of the experimentally ob-
tained values of shielding efficiency at a frequency of 18
GHz from the sheet resistance of the coatings, calculated
by the equation SE(dB)=-101gT of the surface resis-

tance of SWCNT films at the boundaries of the studied
range, and approximation of the experimental points by
equation 2.

It can be seen from the graph that the results obtained
are in agreement with the model, as a result of which it
can be assumed that the shielding efficiency can be in-
creased by reducing the surface resistance of SWCNT
films. Single-walled carbon nanotubes can be doped and
acquire either a hole [15] (doping with electron acceptors
such as: HNO;, FeCl;, HAuCly) or electron [16] conduc-
tivity (doping with electron donors: amines, phosphines,
etc.). Initially SWCNT films have hole conductivity,
as evidenced by the sign of the Seebeck coefficient
(+40 mV at room temperature) [9]. As it can be seen from
equation 2, lowering the sheet resistance due to doping
to the value of 50 Ohm / sq helps to increase the shielding
efficiency to the value of 13.5 dB or transmission of not
more than 4.5 %, so the remaining 95.5 % of the power
will be absorbed in the film and partially reflected back.
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This fact indicates the promise of using transparent
SWCNT films in solving the problem of shielding mi-
crowave electromagnetic radiation.
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Fig. 6. Shielding efficiency as a function of sheet resistance
for SWCNT films at the boundaries of the studied range

Puc. 6. 3aBucumocTh 3¢ (HEKTHBHOCTH SKPAHUPOBAHUS
OT BEJINYMHBI TIOBEPXHOCTHOTO COTMPOTHBIICHUS
st ienok OYHT na rpanunax uccieayemoro
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Conclusion: The electromagnetic shielding properties
of thin SWCNT films on flexible PET (polyethylene
terephthalate) substrates were studied. The contributions
of reflection and absorption are determined. The absorp-
tion of radiation is the predominant factor in attenuation
of radio emission in the studied K range (18-26.5 GHz).
Increasing the film thickness from 15.9 nm to 56.1 nm
increases the fraction of absorbed radiation from 34.6
to 51.2 % at the frequency of 18 GHz.
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CONTACT ALGORITHM MEASUREMENT METHOD FOR CURRENT CRYSTALS
AREA GROWN BY CZOKHRALSKI METHOD

S. P. Sahansky}, S. E. Yulenkov*

Reshetnev Siberian State University of Science and Technology
31, Krasnoyarsky Rabochy Av., Krasnoyarsk, 660037, Russian Federation
*E-mail: yulenkov_se@sibsau.ru

For crystals grown from the liquid melt according to the Czochralski method when monitoring and controlling the
current crystal area based on the contact measurement method, the requirements for improving the accuracy of meas-
uring the crystal area on the cylindrical part of the growth are determined.

To eliminate errors due to the accuracy of stabilization of the melt level in the crucible, an algorithm for the opera-
tion of the crystal growing unit is proposed which is performed by the programm using the control system.

The evaluation time of the control signal on the growing crystal cylindrical part is taken as the sampling time of a
given number of crucible movement pulses.

The calculation of the control signal starts at the time of the melt level sensor closure, the calculation of the control
signal ends at the time of the melt level sensor closure as well, provided that a given number of crucible movement
pulses is sampled.

The control signal evaluation time in the previous control cycle is used in the current cycle to calculate the melt
level sensor closing and opening pause.

In the control system at the moment of the contact sensor closure a pause of the closed and the same subsequent
pause of the open state of the level sensor is held.

During pauses, the status of the contact sensor is not analyzed by the control system and the control of the crucible
ascent occurs at a slowed down and accelerated rate of the crucible ascent during “conditionally” closed and “condi-
tionally” open states of the level sensor.

The control system is permanently reset at the end of each control cycle.

The program control system provides the above algorithm for controlling the process of growing crystals from the
liquid melt according to the Czohralski method, at the same time the accuracy of determining the current area of the
grown crystal is about 1 %.

Keywords: growth, crystals, melt level sensor.

AJITOPUTM KOHTAKTHOI'O METOJA U3MEPEHMSI TEKYIIEA IJIOIIAIA KPUCTAJLIOB,
BBIPAIIIMBAEMBIX CIIOCOBOM YOXPAJIBCKOTI'O

, C. E. lOnenkos*

Cubupckuii rocy1apCTBEeHHBIN YHUBEPCUTET HAYKU U TEXHOJIOTHI MMeHHU akaneMuka M. @. PemerHesa
Poccutickas ®enepamus, 660037, r. KpacHosipek, mpoctt. uMm. ra3. «KpacHosipckuii paboumnii», 3 1
E-mail: yulenkov_se@sibsau.ru

Jna kpucmannos, 8ulpayu8aemMuvix U3 HCUOK020 pacniasa no cnocoby Yoxpanbckoeo, npu KoHmpose u ynpagieHuu
meKyujell niowaobro KpUCMaiid Ha OCHO8e KOHMAKMHO20 Memooa usmepeHus, onpeoeieHsvl mpebosanus Ojis Nosblule-
HUSL MOYHOCMU USMEPEHUS NAOWAOU KPUCALILA HA YUTUHOPUUECKOU YACTU 8bIPAWUBAHUS.

s yempanenust ouwubKu u3-3a MOYHOCMU CMAOUIU3AYUL YPOBHS PACNIA8A 8 MU2ile NPeONONCEH aneopumm pabo-
Myl YCMAHOBKU 8bIPAUSUBAHUSL KPUCIATLIO8, GbINOIHACMbIU NPOSPAMMHO C NOMOWBIO CUCTEMbl YAPABLeHUs.

3a epems oyenku cueHana ynpaeienus Ha YUIUHOPUYECKOU YaACMU 8bIpAWUBAEMO20 KPUCMALLA NPUHUMACMCSL 8pe-
M5l 8b1OOPKU 3A0AHHO20 KOTUYECBA UMNYIbCO8 NepeMelyerus muais.
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Hauunaemcs sviuucnenue cuenana ynpasienusi 8 MOMEHmM 3AMbIKAHUA OAMYUKA YPOBGHS PACNIABA, 3AKAHYUBAEM S
BbIUUCTEHUE CUSHANA YNPAGICHUS. MAK JHCe 8 MOMEHM 3aMbIKAHUA OamMYUKA YPOGHS PACNIA8A NPU YCI0BUU BbIOOPKU
3A0AHHO20 KOIUYECMEa UMNYIbCO8 NepeMeUyeHuss MUesl.

Bpems oyenxu cuenana ynpasnenus 6 npedvioywem yuxie ynpasieHus UCHOIb3Yemcs 8 mexKyujem yukie 0s 6blHuc-
JIeHUsL NAY3bl 3aMbIKAHUA U PAZMBIKAHUA OAMYUKA YPOBHS PACNIABA.

B cucmeme ynpaenenus 6 momenm 3aMulKaHUs KOHMAKMHO20 0AMYUKA BbLOEPHCUBACC NAY3A 3AMKHYIO20 U NO-
CRe0yIowWas nay3a pazoMKHymo20 COCMOAHUA OAMYUKA YPOBHS.

B momenmul nay3 cocmosnue KOHMAKMHO20 0AMYUKA CUCMEMOU YNPAGLeHUs He AHANUUPYemcsa U YHpasieHue
NOObEMOM MUl NPOUCXOOUM C 3AMEONeHHOU U YCKOPEHHOU CKOPOCMbIO NOObeMd MU2is 6 MOMEHMbL «YCIOBHOY
3AMKHYMO20 U «YCNOBHO» PA3ZOMKHYMO20 COCMOSHUU 0amyuKa yposHs.

Cucmema ynpagnenust ROCMOSAHHO OOHYAEMCs 8 MOMEHM 3A8EPULEHUS KAINCO020 YUKLA YRPAGLEHUSL.

Ilpozpammnas cucmema ynpasnenus obecneuusaem npuseOeHHblll ebliie ANCOPUMM YRPABIEHUS NPOYECCOM 8blpa-
WUBAHUS U3 HCUOKO20 PACHAABA KPUCMALI08 No cnocoby Hoxpanvckozo, npu smom 0ocmuzaemecs moYHoCmy onpede-
Jlenusi mekywel niowaou evlpawueaemozo kpucmania nopsaoka 1 %.

Kniouegvie cnosa: evipawueanue, Kpucmanivl, 0amyuK yposHs pacniasa.

Introduction The method for controlling the growing In addition to the crucible lifting speed V,, the infor-
process of a single crystal according to the “Czohralski”  mation is generated in the system on the movement of the
method is proposed in the work [1], based on the use of a  crucible X, (with discreteness x;) and information X,
template simulating a crystal of a given shape as a pro- on the movement of the crystal (with discreteness x)
grammer. The crucible with melt and the container with  using the crucible and seed displacement sensors.
liquid are placed on the upper cup laboratory scales. In Computer control of the crystal growth rates V,, crys-
the process of growth the template is immersed in the tal rotation W,, crucible rotation W; is carried out through
liquid at the same speed as the crystal is drawn from the  appropriate drives. The melt temperature control is carried
melt. The template and crystal are connected by a flexible — out on the basis of the formation of the temperature 7, set
rod. The equilibrium is maintained if the amount of the  from the computer to the temperature controller based on
solid phase and the liquid displaced by the template per a  the temperature sensor of the heater side surface.
time unit is the same. In case of imbalance (reduction or The basic principles of the control system at the
increase in the crystal diameter), the error signal of the contact method of current crystal area measuring. The
scales after the optoelectronic converter and amplification ~ control of the crystal growth rate V;(x), the temperature of
is used as a programming one for the heater temperature the heater side surface T,(x), the rotation speed of the
control with the signal from the thermocouple. crystal W,(x) and the crucible W.(x) is formed on the basis

A continuously decreasing level of the melt in the cru-  of expressions (1-4):
cible is controlled by a laser meter in the device [2] when

drawing a single crystal of a given diameter. The signal Vi) =V () +2Z-Ky -y, (1)
from the laser melt level meter is compared with a pro- T,(x)=T, (x)+Z- Ay - J‘ y-dx, Q)
grammable level change setup unit, and the difference
signal after this comparison is used to correct the melt W, (x)=W_(x), 3)
temperature through the heater power regulator and the
crystal drawing speed. W (x) =W, (x), “)

Microprocessor ~ control systems for the growth where K — the proportional speed regulation coefficient;
of germanium crystals, developed on the basis of patents 4, — the integral coefficient of temperature control;
[3; 4], were introduced into the semiconductor production (), Wan(x), W(x), Tyu(x), — program specification
of germanium crystals growing (fig. 1), in turn, this  of the law of technological parameters change; V;(x),
development is an analogue of the control systems given Wi(x), Wi«x), Ty(x) — general control of technological
in [1; 2]. parameters; Z — the sign of control capture by diameter

The work of programmable control systems based on  on the cylindrical part of the crystal; x — the displacement
the contact method for measuring the current area of the along the axis of the crystal; y — the control signal for the
grown crystals (fig. 1) is as follows: under the control  deviation of the current area of the grown crystal from the
system monitoring, a crystal with d diameter is grown in  given.
the chamber with growing rates V; and crystal rotation ¥, The process of stabilizing the crystal diameter occurs
while the molten metal located in the crucible with an  in the control system in accordance with expressions
inner diameter D rotates with an angular velocity W, with  (1)~(2), when the sign of capturing control by diameter
decreasing melt in the crucible. (Z = 1) on the cylindrical part of the crystal is included,

The signal from the contact sensor is supplied through  based on the control signal y. If we specify the geometry
the smoothing filter C1, R1, R2 and the computer match-  of the grown crystal and its axial gradient in the solid part,
ing unit to decide on the control of the crucible lifting, then it is possible to pre-simulate the setting of the speed
which is carried out by means of the step motor control  and temperature of growth in all sections of the crystal
unit. according to the model [5].
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Fig. 1. Control system based on the contact method of measurement:

I — seed rotation drive; 2 — seed drive; 3 — contact sensor; 4 — coordination unit with a computer; 5 — temperature sensor;
6 — temperature regulator; 7 — the computer; 8 — rotational drive of the crucible; 9 — stepper motor; /0 — stepper
motor control unit; /7 — the sensor of seed movement; /2 — the chamber; /3 — ingot; /4 — melt of metal; /5 — crucible;
16 — screen; 17 — heater; 18 — crucible displacement sensor

Puc. 1. Cucrema ynpapiieHUst HA OCHOBE KOHTAaKTHOI'O METOJIa U3MEPEHUS:

1 — puBO/ BpallleHHs 3aTPaBKK; 2 — MPUBOJI IIEPEMEICHNUS 3aTPaBKU; 3 — KOHTAKTHBIH 1aTUUK; 4 — OJIOK COTJIaCOBaHUS
¢ OBM; 5 — naTuuk TemnepaTypbl; 6 — perysisTop reMneparypsl; 7 — 9BM; § — npuBoj BpallleHUs TUTIIS; 9 — IIAroBblit
JBuratens; /() — 6I0K yrpaBiieHuUs IIAroBbIM ABUraTesieM; / / — JaTuuK NepeMelleHus 3aTpaBKy; /2 — KkaMepa;

13 — ciutok; 14 — paciutaB MeTaiuia; /5 — turens; /6 — d9kpaH; /7 — HarpeBarteib; /8 — JaTYNK MepeMEenICHUsT THTIIS
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Fig. 2. Microprocessor control system for drawing germanium single crystals

Puc. 2. MukpomnponeccopHas cucTeMa ynpaBlIeHUs
BBITSITUBAHHEM MOHOKPHCTAJUIOB T'€PMaHUs

The design of the programmable automatic control
system for germanium crystal drawing is shown in fig. 2—4
show a view of a floating graphite screen with a melt
level sensor and a view of a grown crystalline germanium
billet with a diameter of 104 mm.

The basis for the contact method for crystal growth
control and management on the cylindrical part [6—15] is
the current area management (or diameter when round) of
the growing crystal according to the control signal y, cal-
culated as a function of the deviation of the current crystal
area from the given one, using crystal X, and crucible X,
displacements for the period 7 of the control signal y
estimate.

The shape of the grown crystal directly depends on the
accuracy of determining the control signal y and the ab-
sence of significant interference in the calculated value.

488

The speed of the melt decrease in the crucible V), as
well as the accelerated speed of the crucible lifting V;,
after opening the contact sensor and the slowed lifting
speed of the crucible after closing the contact sensor
Vo/M are determined by the expressions (5-9), in which
the speed increase coefficients (C = 4) and the crucible
lifting speed decrease (M = 4), which has has been
applied in growing the cylindrical part of the crystal
and provides periodic closure and opening of the contact
sensor in the range of melt level change of about
1-2 pm.

When growing the crystal forward and reverse
cones, the condition for the complete stop of the cruci-
ble rise, when the melt level sensor is closed (M = ),
is used to control the speed of the crucible moving
upward.
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where V; — the crucible lifting speed; ¥, — the speed of the
melt decrease in the crucible; V, — the crystal growth
speed; d — the current crystal diameter; D — the inner
diameter of the crucible; p, — the specific density of solid
material; p, — the specific density of liquid material;
dy — the specified diameter of the grown crystal on the
cylindrical part; d,x — the maximum permissible diameter
of the grown crystal, with which compliance the main
condition under which the sensor and screen close after
opening is fulfilled; dy,;,, — the minimum permissible value
of the crystal diameter at which the condition of the
screen lagging behind the sensor after its closed state is
observed.

Fig. 3. Floating graphite screen and melt level sensor

Puc. 3. [TnaBaromuii rpaMTOBBIN 9KpaH U JaTYUK yPOBHS pacIuiaBa

Fig. 4. A germanium billet with a diameter of 104 mm

Puc. 4. Cnutok repmanus auamerpom 104 mm
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For the contact measurement method the control sig-
nal y, the movement value of the seed .X,, and the crucible
Xy during the evaluation time 7}, can be represented in the
form of expressions (10-14):

N T (10)
Ve BT
D 2
K,=B-2 p*-{—}, (11)
x p'r dl
2
X d
Sl TR e 12
g A |:d1:| ( )
X3L[=XPI3LI X, (13)
X=Xy X (14)

where A4, B — scaling coefficients; K, — the setting of a
given diameter (area) of the grown crystal; X, — the seed
movement with the reference discreteness x,; Xy, — the
crucible movement with reference discreteness x.;

— the reference discreteness of the seed movement;
x; — the reference discreteness of the crucible
movement.

Expression (12) shows the direct relationship of the
control signal y with the deviation of the current crystal
area from the given one.

During the evaluation cycle T}, the control signal y is
calculated in the control system by expression (10), and
using the recording in the control system the settings of
the diameter Ky, on the cylindrical part of the grown crys-
tal, the growing area is set.

An open step drive with a stepper motor is used as a
crucible lifting drive for upward lifting speed control,
providing a process of repeatedly changing crucible
lifting speed according to the signal from the contact level
Sensor.

The expressions for the movement pulses of the seed
X, crucible X, and time 7, of the control signal
estimate y can be represented in the form of expressions
(15-16):

Xy - K
X = Ijg -, (15)

where T}, — control signal evaluation period (working time
of a given number of pulses X, or Xy,

Let us take as the evaluation time 7, of the control
signal y on the cylindrical part of the grown crystal the
sample time of the specified number of pulses movement
of the crucible X, (in the process of melt decrease in the
crucible) in accordance with expressions (17—18):

o, [dT
sz)(m-p—T-{Bl} , (17)
2

X | b
T = TL‘.[—}, (18)
! V3 dl

490

The total movement time ¢ in the process of closing
the contact sensor with a slowed down speed and the total
movement time with the accelerated speed of the crucible
after opening the sensor ¢,, as well as the number of cy-
cles K, for closing and opening the sensor during the
evaluation period of the control signal 7, can be repre-
sented in the form of expressions (19-20):

)

t(d)=t t————= (19)
BB
d
K= (20)
Yt +t)

where ¢ — the time of the crucible movement with a
slowed-down speed V.,/M after the sensor is closed dur-
ing the evaluation period of the control signal; ¢, — the
time of the crucible movement with an accelerated speed
V. after opening the sensor during the evaluation period
of the control signal; K, — the number of cycles of closing
and opening the sensor during the time T3,

The accuracy of the contact method for measuring
the current area of the grown crystal. In the control
system of the germanium drawing unit under considera-
tion, a timing control diagram was applied (fig. 5) when
growing the cylindrical part of the crystal, which means
that at the moment of contact sensor closure in the control
system it is necessary to withstand a program pause t of
the closed and the subsequent pause T of the open state of
the level sensor.

At pauses of 1, the state of the contact sensor is not
analyzed by the control system and the crucible lift con-
trol is performed with the slow and accelerated crucible
lifting speed at the moments of “conditionally” closed and
“conditionally” open states of the level sensor.

After holding two pauses, the conditions of the closure
of the melt level sensor are analyzed and the drive for
moving the crucible up is controlled.

This control increases the noise immunity of the
method of calculating the current area on the cylindrical
part of the grown crystal due to the lack of system re-
sponse to the operation of the contact sensor during two
pauses.

The opening value of the melt level on the cylindrical
part of the grown crystal L, is set within 1 um. The pause
time t and the #,, (d) time of the sensor closure (after two
pauses) can be represented in the form of expressions
(21-22) provided that the melt sensor is opened by the
value Ly

-T
T= a (1)
X«( ]
0 d]
- (d”
tud)=1-= (22)
Bk
i d
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where 7 — the crucible movement time with a slow speed
Vin/M after the sensor closes (when the melt decreases by
L,); tn(d) — the crucible movement time with accelerated
speed V., after two pauses are held t until the sensor
closes.

The error r in the calculation of the control signal,
depending on the accuracy of stabilization of the melt
level in the crucible, can be represented in the form

of expression (23), which is graphically presented

in fig. 6:
2
rzm.{ﬂ} ,
X3 " Px dl

where » — an error in the calculation of the control signal
for the measurement cycle; x — the accuracy of stabiliza-
tion of the melt level in the crucible.

(23)

H 5 H
P /
—-— . - I PEE—— —
|
T T Lu(d) |
I
I |-
0 t
Fig. 5. Timing diagram of the level sensor:
H — operation of the contact level sensor (P — sensor open)
Puc. 5. Bpemennast nuarpamMmma paOoTHI JaTUYUKa YPOBHS:
H — paboTa KOHTaKTHOT'O AAaT4YMKa YPOBHS (P — IaTYMK Pa30MKHYT)
’
400
300
200
100
0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 x. MKM

Fig. 6. The error of the control signal r, depending on the accuracy of stabilization
of the melt level in the crucible x with: x, = 0,0216 um; d; = 100 mm; D =300 mm; 4 = 1;
pr= 15,35 glem?; p= 5,57 glem?

Puc. 6. IlorpenHocTs curHasa yrnpasjieHus 7 B 3aBUCUMOCTH
OT TOYHOCTH cTaOWIIN3aIMK YPOBHS paciuiaBa B TUIIIE X mpu: X, = 0,0216 mxwm; d) = 100 mMm;
D=300wmm; 4 =1; p,=5,35 r/em?; Px= 5,57 r/em?
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Fig. 7. Control signal change graph y (d_Diametra)

Puc. 7. I'paduk n3meHenus curnana ynpasienus y (d_Diametra)

The time dependence of the control signal y during an
industrial installation operation is shown in fig. 7.

The algorithm for improving the accuracy of the
contact method for measuring the current area of
crystals. During the evaluation of the control signal y on
the cylindrical part of the grown crystal, the sampling
time of a given number of X, crucible movement pulses
is taken from expression (24) with a sampling discrete-
ness reference x;, which corresponds to the evaluation
time of the control signal T, in accordance with expres-
sion (25). These parameters are calculated in each previ-
ous control cycle.

2
P, |4 [ 1
R
2
XVIT D
Tuy:V—uy'|:d—l:| 'XT. (25)

To eliminate the error due to the stabilization accu-
racy of the melt level in crucible r», the following
program algorithm for the control system operation is
proposed:

1. During the evaluation of the control signal y on the
grown crystal cylindrical part, the sampling time for a
given number of pulses of the crucible X, movement is
taken according to expression (24) with discreteness ref-
erence x; and the estimation time 7},y according to expres-
sion (25).

2. The calculation of control signal y starts at the
moment of the melt sensor closure, provided that a speci-

fied number of crucible X, movement pulses is sam-
pled.

3. The calculation of the control signal y ends at the
moment of the melt sensor closure, provided that the
specified number of pulses of movement of the crucible
Xumy movement is sampled.

4. The T,y evaluation time of the set number of pulses
of the crucible X,,,, movement in the previous control
cycle is used in the current cycle to calculate the pause ¢
of closure and conditional opening of the melt level sen-
sor according to the expressions (16, 21).

In each control cycle, the stabilization error of the melt
level in crucible 7 is minimized due to its reset during the
control cycle start (closure) of the melt level sensor.

The block diagram of the program of the above
stated algorithm is shown in fig. 8-11 for diameters
d\= 80 mm; ;=100 mm; d; = 120 mm; and X;, = 68 um;
Xy = 107 pm; X, = 154 pm, respectively (at a given
value of the melt level opening L, = 1 um), an example
of calculating the control signal y is given.

Conclusion. For crystals grown from the liquid melt
according to the Czochralski method, when monitoring
the current crystal area based on the contact method
for measuring the current crystal area, the requirements
are identified to improve the accuracy of measuring the
current crystal area on the cylindrical part of the grown
crystal.

To eliminate the error due to the accuracy of stabiliza-
tion of the melt level in the crucible, a program algorithm
for the operation of the crystal growing unit is proposed,
in which the time of the control signal y evaluation on the
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cylindrical part of the grown crystal is taken as the sam-
pling time of a given number of X, crucible movement
pulses. The calculation of the evaluation time of the con-
trol signal y at the moment of closure of the melt sensor

starts, the calculation of the control signal y at the mo-
ment of closure of the melt sensor ends, provided that the
specified number of crucible X, movement pulses is
sampled.

Start

A

Aty . “tam

Calculation Xy , Xy, T

Yes
The sensor is closed
Xm‘u Z XI/ITHy?

The program of step engine control.
Two pauses t holding

(with VTM/M and V™ control output
according to the condition).

Fig. 8. Block diagram of the program

Puc. 8. biok-cxema nporpamMMsl
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Fig. 9. Schedule of change of control signal y from (di—d ) at: p,= 5.35 g/em?; p,.= 5.57 g/em’
Xy =0.0266 pm; x, = 0.0216 pm; d; = 80 mm; D =300 mm; M =4; C=4; B=16; V,=0.00833 mm/s;
Xy = 1000 pm; Xy, = 68 pm; 7,=120 s; L,= 1 pm

Pric. 9. T'pad¥ik H3MEHEH s CHTHAIA YTIPABICHHs y OT (di—d) TpH: p, = 5,35 T/cM>;
px=15,57 F/CMZZ; x; = 0,0266 MxMm; x, = 0,0216 mxm; d; = 80 mm; D =300 mm; M =4; C=4; B= 16,
V;=0,00833 mm/c; Xy, = 1000 mxm; Xy, = 68 Mxm; T, = 120 ¢; L, = 1 Mkm

1000
500
0
=500
—1000
-1 =0.5 0 0.5 1
(dy~d)

Fig. 10. Schedule of change of control signal y from (d,~d ) at: p, = 5.35 g/em?; p,.= 5.57 g/em®
X = 0.0266 pum; x, = 0.0216 pm; d; = 100 mm; D =300 mm; M =4; C=4; B=16; V,=0.00833 mm/s;
Xy = 1000 pm; Xy = 107 pm; T,=120's; L,= 1 pm

Puc. 10. Ipaduk u3MeHeHns curaana ynpapiuesus y ot (dy—d) npu: py= 5,35 r/em;

Px=35,57 r/em®; x, = 0,0266 MEM; x, = 0,0216 MxM; d; = 100 mv; D = 300 mm; M = 4; C=4:; B = 16;
V,=0,00833 mm/c; Xy, = 1000 Mrm; Xy, = 107 mxm; T, = 120 ¢; L, = 1 MM
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(d\—d) mm

Fig. 11. Schedule of change of control signal y from (d,—d ) at: p,=5.35 g/lem?; py=5.57 g/cm?
X = 0.0266 pm; x, = 0.0216 pm; d; = 120 mm; D =300 mm; M =4; C=4; B=16; V,=0.00833 mm/s;
Xy = 1000 pm; Xy = 154 um; 7, = 120s; L, = 1 um

Prc. 11. Ipaduk M3MEHEHNS CHIHANA YIpaBIeHus ¥ oT (d\—d) npi: py= 5,35 r/em’;
Px=5,57 rlem®; x, = 0,0266 MEM; x, = 0,0216 MxM; d; = 120 mv; D =300 mm; M= 4; C=4; B = 16;
V,=0,00833 mm/c; Xy, = 1000 Mrm; Xy, = 154 mxm; T, = 120 ¢; L, = 1 MEM

The evaluation time T, of the control signal y in the
previous control cycle is used in the current cycle to cal-
culate the melt level sensor closing and opening pause. In
the control system, at the moment the contact sensor clo-
sure, a pause of the closed and the same pause of the sub-
sequent open state of the level sensor is held.

At pauses, the state of the contact sensor is not ana-
lyzed by the control system and the control of the crucible
lift occurs with a slow and accelerated crucible lifting
speed at “conditionally” closed and “conditionally” open
states of the level sensor.

The control system is reset at each moment of the con-
trol cycle completion, provided that the melt level sensor
is closed.

All this ensures the accuracy of determining the cur-
rent area of the grown crystal of about 1% on the cylin-
drical part of the grown crystal in the automatic control
system.
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WATER CLEANING FROM METAL IONS BY ELECTROCHEMICAL TREATMENT
BY USING THE DIAPHRAGM USING OF A DIAGRAM ELECTROLYZER FOR CLEANING
SEWAGE FROM HEXAVALENT CHROMIUM

L. Y. Shestakov', Y. A.Vasilyeva®
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?JSC “Academician M. F. Reshetnev “Information Satellite Systems”
52, Lenin St., Zheleznogorsk, Krasnoyarsk region, 662972, Russian Federation
E -mail: yakovlevish@mail.ru

In the production of space rocket technology, electrochemical processes are used, as a result there is pollution of
sewage by metal ions. The strict requirements of environmental authorities do not allow sewage, containing metal ions
with concentration exceeding the maximum permissible values, to be discharged directly into reservoir or sewers. The
greatest difficulties are caused by the purification of water from hexavalent chromium.

The proposed methods for purifying from hexavalent chromium, electrocoagulation method, galvanocoagulation
method, sorption methods, combined methods, have some disadvantages, such as: significant energy consumption,
significant consumption of soluble metal anodes, passivation of the anodes, need for large excesses of reagent (iron
salts), large amounts of precipitate and the complexity of its dehydration, high cost and scarcity of sorbents, high
consumption of reagents for the regeneration of sorbents, and others.

This work shows equipment for experiments, including a diaphragm electrolyzer with a coaxial arrangement of
electrodes. Formulas for calculating the chromium ions flux due to migration and diffusion are presented. The
difference between the calculated amperage from the practical one is 25 %, and the theoretical degree of purification
from the real one is 4 %, which confirms the effectiveness of the proposed cleaning method.

The concentration of chromium anions was determined by atomic absorption spectroscopy. The degree of
purification of water from chromium ranged from 84 to 96 %. The highest degree of purification (96 %) was obtained
with an electrolysis duration of 29 minutes.

Keywords: electroplatings wastes, hexavalent chromium, diaphragm electrolyzer, electrochemical effect, direct
current.
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Introduction. Due to the constantly increasing
requirements for standards for the concentration of
harmful substances (in particular, for substances of the
first hazard class — hexavalent chromium) in industrial
effluents (in particular, in electroplatings wastes), interest
in various cleaning methods has always been relevant.

In the production of aircraft parts, galvanic
technologies are used, as a result of which electroplatings
wastes of electroplating shop contaminated with metal
ions are formed. The requirements of environmental au-
thorities do not allow direct discharge into reservoirs or
sewers of electroplatings wastes containing high concen-
tration of chromium, for example, in the form of chromic
acid, metal chromates, etc. In addition, chromium is an
expensive metal and its extraction from chromium-
containing electroplatings wastes is also desirable from an
economic point of view. For a long time there is a need
for an economical and efficient way to remove chromium
from industrial wastewater and its subsequent regenera-
tion [1-7].

Currently, there are a large number of ways to purify
industrial water from chromium — mechanical, chemical,
electrical, physical, biological, combined, etc. The pro-
posed methods for purifying hexavalent chromium — elec-
trocoagulation method, galvanocoagulation method, sorp-
tion methods, combined methods have their drawbacks,
such as: high power consumption, significant consump-
tion of soluble metal anodes, passivation of the anodes,
the need to use a reagent (iron salts), the formation of a
large amount of precipitate and the complexity of its sub-
sequent dehydration, the high cost and scarcity of sor-
bents, the use of reagents for the regeneration of sorbents,
and others [8; 9]. SibSAU staff have developed a com-
bined method of purifying water from anions and cations,
including hexavalent chromium [10; 11]. However, the
proposed method requires prolonged water precipitation
(8-10 hours), which is not always possible under produc-
tion conditions. Therefore, the development of an effec-
tive method of purifying water from hexavalent chro-
mium is an urgent problem.

Diaphragm electrolyzers are used to change the active
reaction and redox potential of the medium [12]. In this
work, it is noted that when using a diaphragm electrolyzer
due to the migration of hexavalent chromium ions from
the cathode chambers, their concentration in catholyte
decreases. However, this phenomenon has not been inves-
tigated with the aim of using chromium ions to purify
water.
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Work Description. Fig. 1 shows the experimental
setup with the help of which water was purified from
hexavalent chromium.

The experimental procedure was similar to that de-
scribed in [13]. The difference is that the number of holes
in a small tank (3) is increased and the water of the elec-
troplating shop taken from the bath with rinsing water
following the chromium bath with chromium-containing
solution in the manufacture (coating) of aircraft parts was
cleaned.

Based on the calculations given in article [13], the
electrolysis time is 29 minutes. In this case, the degree of
purification should be equal to 100 %.

The degree of purification was calculated by the for-
mula

y = [ S =S |00,
C

o

where C,, C, — initial and final concentration of the re-

moved metal ion, mg/l;

Y=(%)100%296%

where C, [CrO,]* = 7.0 mg/l; C, [CrO,]* =0.29 mg/l.

The results of the experiments are presented in fig. 2.

Thus, the discrepancy with the estimated degree of pu-
rification is 4 %.

To confirm the correctness of the selected calculation
method described in [13], it is necessary to compare
the values of the calculated amperage (theoretical) I,
and average, measured in the process of electrolysis
(practical) Iexpmedium-

It is known that the flow of dissolved particles in the
electrolyzer consists of three terms [14; 15]:

Ni:_Zi' U,F C,«‘VQD—D,«'VC,--PC,»'V,
flow migration diffusion  convection

where N,— component i flow, mol/(cm?® s); Z;— ion charge
in proton charge units; U; — component mobility i,
cm’mol/(J s); F'— Faraday constant, C/mol; C;— concen-
tration of component i, mol/cm’; V@ — voltage between
electrodes, V; D;— diffusion coefficient, cm?/s; VC;— con-
centration gradient, mol/cm’.

We neglect the third term since the electrolysis mode
is stationary and, accordingly, the convective component
is negligible.
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After data substitution, the migration flow will be

equal to:

~Z,-U"F -C-VD=7.655-10"

mol

= D;-VC;=2677-10"

S - cm S -

Fig. 1. Experimental setup:
1 — fluoroplastic tank; 2 — cathode (stainless steel 12X18H10T);
3 — fluoroplastic glass (small tank) with holes; 4 — tarpaulin diaphragm;
5 — graphite anode; 6 — DC source; 7 — multimeter

Puc. 1. DxcnepuMeHTaIbHAS YCTaHOBKA:
1 — émxocts n3 droporutacra; 2 — katon (Hepxaseromas crans 12X18H10T);
3 — ¢roporiacToBeIi cTakaH (Manasi EMKOCTb) C OTBEPCTHAMHE; 4 — Auadparma u3 Ope3eHTOBOMH
TKaHH; 5 — aHOJ U3 TpaduTa; 6 — ICTOYHHK IIOCTOSHHOIO TOKA; 7 — MyJIETUMETP

The diffusion component is determined:

mol
—

cm

A (degree of purification), %

Dependence of the degree of purification on the time
of electrolysis
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Fig. 2. Dependence of the degree of purification on the time of electrolysis

Puc. 2. 3aBUCHMOCTD CTENIEHN OYUCTKH OT BPEMEHH IPOBEICHNUS HIEKTPOIIN3a
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Thus, the flux of chromium ions will be equal to:

mol

3 -
cm

N;=10.3-10"
S .

The amperage will be:

L =N;* F-8=993950 - 107" iz +323.106 cm® =
cm

=32-102A=0.032 A,

where N; — component i flow, mol/(cm?*s); F — Faraday
constant, C/mol; S — surface area of the cathode (anode)
involved in electrolysis, cm®.

The average value of amperage during electrolysis
in 29 minutes made up: Zexp medium = 0.043A.

Conclusion. The highest degree of purification (96 %)
was obtained with an electrolysis duration of 29 minutes.
The process was carried out at a voltage of 50 V.

The difference between the calculated amperage from
the practical one is about 25 %, and the theoretical degree
of purification from the real one is 4 %, which confirms
the effectiveness of the proposed cleaning method and the
correct calculation method.

Further experiments are required, followed by practi-
cal testing under industrial conditions with an increased
rate of electrochemical reactions in order to reduce
electrolysis time.
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