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NAS RK s pleased to announce that News of NAS RK. Series physico-mathematical
Jjournal has been accepted for indexing in the Emerging Sources Citation Index, a new edition of
Web of Science. Content in this index is under consideration by Clarivate Analytics to be
accepted in the Science Citation Index Expanded, the Social Sciences Citation Index, and the
Arts & Humanities Citation Index. The quality and depth of content Web of Science offers to
researchers, authors, publishers, and institutions sets it apart from other research databases.
The inclusion of News of NAS RK. Series of chemistry and technologies in the Emerging
Sources Citation Index demonstrates our dedication to providing the most relevant and
influential content of chemical sciences to our community.

Kasakcma+ Pecnybnukacbl ¥nmmbiK fbifibiM  akademusicsl "KP ¥FA Xabapnapbl. ®u3ukarbik-
MameMamukarblK cepusichl” FbinibIMU XypHasbiHbiH Web of Science-miH xaHanaHraH Hyckackl Emerging
Sources Citation Index-me uHOekcmenyzae KabbindaHFaHbIH xabaprnaldbl. byn uHdekcmeny 6apbicbiHOa
Clarivate Analytics komnaHusicbl XypHandbl odaH api the Science Citation Index Expanded, the Social
Sciences Citation Index xoHe the Arts & Humanities Citation Index-ke kabbinday macesneciH
kapacmeipyOa. Webof Science 3epmmeywinep, asmopsap, bacnawbiiap MeH MeKeMmesiepee KOHMeHm
mepeHdiei MeH canacbiH ycbiHaobl. KP ¥FA Xabapnapbl. XuMusi XXoHe mexHoroausi cepusicel Emerging
Sources Citation Index-ke eHyi 6i30iH KoramdacmbIK yYWiH eH 63eKmi xoHe 6edenidi XUMUSIIbIK FblribiMOap
bolibiIHWa KoHmeHmke adarsnobifbiMbi30bl 6indipedi.

HAH PK coobuwjaem, ymo Hay4qHbil xypHan «3eecmusi HAH PK. Cepusi ¢busuko-mamemamuyec-
Kas» 6bin npuHam 0ns uHdekcuposaHusi 8 Emerging Sources Citation Index, o6HoeneHHol eepcuu Web
of Science. CodepxaHue 8 amom UHOeKcuposaHUU Haxodumcs 8 cmaduu pacCMOMmMpPEHUS KoMnaHuel
Clarivate Analytics Ons OanbHelwea0o npuHsmus xypHana e the Science Citation Index Expanded, the
Social Sciences Citation Index u the Arts & Humanities Citation Index. Web of Science npednazaem
Kayecmeo u enybuHy KoHmeHma 0Ons uccriedogameriel, asmopos, uzdamenel u y4upexoeHul. Bkro-
yeHue MNssecmusi HAH PK e Emerging Sources Citation Index deMoHcmpupyem Hauwy npueep>xeHHOCMb
K Hauboree akmyasrbHOMY U 67USSMEeSIbHOMY KOHMEHmMy M0 XUMUYEeCKUM Haykam Ofsi Hawezo
coobuwecmesa.



bac pegaxTopsl
¢.-m.F.10., ipod., KP ¥FA akamemuri
F.M. Myranos

Pemaxmusg anxkacs:

AcanoBa A.T. nmpod. (Kazakcran)

Bomxae K.A. PhD nokrops! (Ka3akcran)
Baiirynuexos K.K. npod., akanemuk (Kazakcran)
Quevedo Hernando npod. (Mekcuka)

KycinoB M.A. npod. (Kazakcran)

KoBaaeB A.M. npod., akagemuk (YKpanHa)
Kanumosanaes M.H. mpod., akanemuk (Kazakcran)
MuxaneBu4 A.A. pod., akanemuk (benopycs)
Mpeip3akyJioB P. npod., akagemuk (Kazakcran)
PamaszanoB T.C. npod., akagemuk (Kazakcran)
Taku6aeB H.2K. npod., akanemuk (Kazakcran), 6ac pen. opsiHOacaphl
Turunsany U. npod., akagemuk (MonmoBa)
Yanues 3.I'. ipod., uin.-xopp. (Kazakcran)

Xapun C.H. mpod., akanemuk (Kazakcran)

«KP ¥T'A Xabapaapel. ®U3HKa-MaTeMaTHKAJIBIK CEPHACHD).

ISSN 2518-1726 (Online), ISSN 1991-346X (Print)

Menmikrenymri: «Kazakcran PecrryOnnkacsIHBIH ¥ITTHIK FRUIBIM akageMusicbDy PKb (AnMaTsl K. ).
Kazakcran PecryOnmkachiHBIH AKMapar >KoHE KOMMYHHKAUMsUIAp MUHHCTPIIriHIH AKNapaTr KOMHUTETIHIE
14.02.2018 x. 6epinren Ne 16906-7K mep3iMaik OacbUIbIM TipKeyiHe KOWBLTY Typasbl KyalliK.

TakbIpBINTBHIK OAFBITBI: PUIUKA-MAMEMAMUKA bLTBIMOAPHL HCIHE AKNAPAMMbIK
MexXHOI02UANAp CANACLIHOAbL DACHIM 2bLIbIMU 3epmmeynepoi
Jcapuanay.

Mep3iMIiTiTi: )KBUTBIHA 6 peT.
Tupaxsi: 300 nana.

Penaknusaeig Mexkerkaiipl: 050010, Anmats K., [lleBuenko kemr., 28; 219, 220 Geir.;
Ten.: 272-13-19; 272-13-18,
http://physics-mathematics.kz/index.php/en/archive

© Kazakcran PecriyOnukachiHbIH ¥ JITTHIK FBUTBIM akageMuschl, 2021

Tunorpadusasig Mekernxkaiibl: «NurNaz GRACE», AnMarsl K., PeickyioB kemr., 103.



I'maBHBIH penakToOp

1.¢.-M.H., mpod. akamemuk HAH PK
I''M. MyranoB

Pe)laK]_IPIOHHaH KOJIDJICrHuii:

AcanoBa A.T. npod. (Kazaxcran)

Bomkaes K.A. nokrop PhD (Kazaxcran)
BaiirynuexoB XK.7K. npod., akagemuk (Kazaxcran)
Quevedo Hernando npod. (Mekcuka)

KycynoB M.A. mpog. (Kazaxcran)

KosaneB A.M. mpod., akanemuk (YkpanHa)
Kaaumoangaes M.H. ipod., akamemuk (Kazaxcran)
Muxanesuu A.A. pod., akanemuk (benapycs)
Mpeip3akyJoB P. npod., akanemuk (Kazaxcran)
Pama3zanos T.C. mpod., akamemuk (Kazaxcran)
Taxkub6aeB H.2K. npod., akagemuk (Kazaxcran), 3am. ri1. pej.
Turnusauy U. npod., akagemuk (Monzosa)
Yanues 3.I'. ipod., un.-xopp. (Kazaxcran)

Xapun C.H. npod., akagemuk (KazakcTtan)

«M3Bectusst HAH PK. Cepus ¢pusuka-mateMaTudeckas».

ISSN 2518-1726 (Online), ISSN 1991-346X (Print)

Cob6ctBennuk: POO «HanmonanbsHast akanemust Hayk Pecriyonmku Kazaxcran» (r. Anmmatsn).
CBHUIETENBCTBO O IMOCTAHOBKE HAa yUYET TIEPHOIMIECKOTO IMeYaTHOro m3maHus B Komwurere mHOpMammu
MunucrepctBa uHpopManmu W KoMMmyHuKaiui PecnyOmukm Kazaxcram Ne 16906-2K, BbimanHoe
14.02.2018 1.

TemaTH4eckasi HAPABJIEHHOCTb: NYOIUKAYUA RPUOPUMEMHBIX HAYYHBIX UCC1€008AHUTL
6 o0nacmu QusuKo-mamema-muyecKux HayK
U UHGOPMAUUOHHBIX MEXHOI02UIL.

[TepuoauyHoCTh: 6 pa3 B roj.
Tupax: 300 sx3eMIUIIpOB.

Anpec pegakuuu: 050010, r. Anmarsl, ya. llleBuenxko, 28; kom. 219, 220; ten.: 272-13-19; 272-13-18,
http://physics-mathematics.kz/index.php/en/archive

© HammonanwsHas akagemus Hayk Pecrryonuku Kazaxcran, 2021

Anpec turrorpadun: «NurNaz GRACE», r. Anmarsl, yi. Peickymosa, 103.



Editor in chief

doctor of physics and mathematics, professor, academician of NAS RK
G.M. Mutanov

Editorial board:

Asanova A.T. prof. (Kazakhstan)

Boshkayev K.A. PhD (Kazakhstan)

Baigunchekov Zh.Zh. prof., akademik (Kazahstan)
Quevedo Hemando prof. (Mexico)

Zhusupov ML.A. prof. (Kazakhstan)

Kovalev A.M. prof., academician (Ukraine)
Kalimoldaev ML.N. prof., akademik (Kazahstan)
Mikhalevich A.A. prof., academician (Belarus)
Myrzakulov R. prof., akademik (Kazahstan)
Ramazanov T.S. prof., akademik (Kazahstan)
Takibayev N.Zh. prof., academician (Kazakhstan), deputy editor in chief.
Tiginyanu I. prof., academician (Moldova)

Ualiev Z.G. prof., chl.-korr. (Kazahstan)

Kharin S.N. prof., academician (Kazakhstan)

News of the National Academy of Sciences of the Republic of Kazakhstan. Physical-mathematical
series.

ISSN 2518-1726 (Online), ISSN 1991-346X (Print)

Owner: RPA "National Academy of Sciences of the Republic of Kazakhstan" (Almaty).

The certificate of registration of a periodical printed publication in the Committee of information of the
Ministry of Information and Communications of the Republic of Kazakhstan No. 16906-K, issued on
14.02.2018.

Thematic scope: publication of priority research in the field of physical and mathematical
sciences and information technology.

Periodicity: 6 times a year.
Circulation: 300 copies.

Editorial address: 28, Shevchenko str., of. 219, 220, Almaty, 050010, tel. 272-13-19; 272-13-18,
http://physics-mathematics.kz/index.php/en/archive

© National Academy of Sciences of the Republic of Kazakhstan, 2021

Address of printing house: «NurNaz GRACE», 103, Ryskulov str, Almaty.



News of the National Academy of sciences of the Republic of Kazakhstan

NEWS

OF THENATIONAL ACADEMY OF SCIENCES OF THE REPUBLIC OF KAZAKHSTAN
PHYSICO-MATHEMATICAL SERIES

ISSN 1991-346X

Volume 1, Number 335 (2021), 6 — 13 https://doi.org/10.32014/2021.2518-1726.1

UDC 531.31; 519.21
MRNTI 27.29.17, 27.35.30

MLI. Tleubergenov'?, G.K. Vassilina'?, A.T. Sarypbek!~

nstitute of Mathematics and Mathematical Modeling, Almaty, Kazakhstan;
2Al-Farabi Kazakh National University, Almaty, Kazakhstan;
3Almaty University of Energy and Communications, Almaty, Kazakhstan.
E-mail: marat207@mail.ru, v_gulmira@mail.ru, alua.sarypbek@mail.ru

ON INVERSE STOCHASTIC RECONSTRUCTION PROBLEM

Abstract. In this paper, general reconstruction problem in the class of second-order stochastic differential
equations of the Ito type is considered for given properties of motion, when the control is included in the drift
coefficient. And the form of control parameters is determined by the quasi-inversion method, which provides
necessary and sufficient conditions for existence of a given integral manifold. Further, the solution of the
Meshchersky’s stochastic problem is given, which is one of the inverse problems of dynamics and, according to the
well-known Galiullin’s classification, refers to the restoration problem.

It is assumed that random perturbations belong to the class of processes with independent increments. To solve
the posed problem an equation of perturbed motion is drawn up by the Ito rule of stochastic differentiation. And,
further, the Erugin method in combination with the quasi-inversion method is used to construct: 1) a set of control
vector functions and 2) a set of diffusion matrices that provide necessary and sufficient conditions for a given
second-order differential equation of Ito type to have a given integral manifold.

The linear case of a stochastic problem with drift control is considered separately. In the linear setting, in
contrast to the nonlinear formulation, the conditions of solvability in the presence of random perturbations from the
class of processes with independent increments coincide with the conditions of solvability in a similar linear case in
the presence of random perturbations from the class of independent Wiener processes. Also considered is the scalar
case of the recovery problem with drift controls.

Key Words: Ito stochastic differential equation, reconstruction problem, Meshchersky's problem, integral
manifold, quasi-inversion method.

Introductionro The theory of inverse problems of the dynamics of systems described by ordinary
differential equations [1-6, etc.] goes back to the fundamental work of Erugin [7]. In 7, a set of ordinary
differential equations is constructed that have a given integral curve. The inverse problems of constructing
automatic control systems for program motion are studied in [8-11]. It should be noted that one of the
general methods for solving inverse problems of dynamics in the class of ordinary differential equations,
namely, the quasi-inversion method was proposed in [3].

Inverse problems of dynamics in the class of partial differential equations are studied in [12-14], and
in the class of stochastic differential equations in [15-19].

1 Stochastic reconstruction problem

Let us consider the general reconstruction problem in the class of second-order Ito stochastic
differential equations by the given properties of motion, when the control is included in the drift
coefficient. And by the quasi-inversion method we define the form of control parameters that provides
necessary and sufficient conditions for the existence of a given integral manifold. Further, the solution of
Meshchersky's stochastic problem is given, which is one of the inverse problems of dynamics and it
belongs to reconstruction problem according to the well-known Galiullin’s classification of [1].

— 6 —
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1.1 Problem statement. Let us consider the second-order Ito stochastic differential equation
X = f(x,x,t)+ D(x,x,t)u +0o(x,x,t)E. (1.1)

It is required to determine the vector-function u# = u(x,x,t) € R" included in the drift coefficient for
the given integral manifold

A@t): A(x,x,0)=0, A=Ax,x,t)eC”!

xxt>

AeR", (1.2)

here C)lcilt is set of y(x,x,?) functions, which are continuously differentiable with respect to x and ¢
and twice continuously differentiable with respect to x .

In other words, for the given f, D, o and A, the control u# should be defined so that the set (1.2) is

the integral set of equation (1.1).
It is assumed that the functions f(x,x,t), D(x,x,t), o(x,x,t), included in the above equation,

have the smoothness necessary for further reasoning and satisfy the existence and uniqueness theorem up

to stochastic equivalence of the solution (x(t)T,)'c(t)T)T of (1.1) with the initial condition

(x(tO)T , )'C(IO)T)T = (xOT , )'COT )T, which is continuous strictly Markov process with probability 1 [20].
Here {§;(f,®),...,E;(t,)} is a system of random processes with independent increments, which,

following [19], can be represented as a sum & =& + Ic( Y)P°(t,dy) of processes Wiener process &, and

Poisson process P°. P°(t, dy) is the number of process PY jumps in the interval [0, t] that fall on the set

dy; c(y) is a vector function that maps space R 27 into the space R¥ of values of process &(t) for any
t.

This problem is one of the inverse problems of dynamics, and in the absence of random perturbations
(6=0) it has been sufficiently fully investigated in [1-6], and the case o #0 and

{&(t,®),...,E; (t,®)} is a system of independent Wiener processes, as a particular form of processes

with independent increments, is considered in [21].
In this paper, the quasi-inversion method is used to solve the stochastic recovery problem [3, p. 12].
By Ito rule of stochastic differentiation [20, p.204] for solving the posed problem the equation of
perturbed motion

. 04 OA oA oA oA .
A=—+—x+—f+—Du+—0cé;+ S5 +8,+8S,, 1.4
o o T a Ve 5 T RS (9
2 . ) oA .
is compiled. Here S, = l% coo’; Sy = j[/i(x,x +oc(y),t)— A(x,x,t) ——oxc(y)]dy;
2 Ox ox
i 10°2
S, :j[/”t(x,)'c+O'c(y),t)—/l(x,)'c,t)]PO(t,dy). Following [20], EEZD is a vector whose

elements are the traces of the products of the matrices of the second derivatives of the corresponding
elements A (x,x,7) of the vector A(x,x,7) with respect to components X by the matrix D

_ 5 _
tr 0 MD
) ox?
% D = : ,DzGGT.
ox
2
tr 0 ksz
Oox

—_— ] —
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We introduce arbitrary Erugin functions [1]: an m-dimensional vector function 4 and a (mxk)-
matrix B, with the properties A4(0, x, x,¢) =0, B(0,x,x,¢) =0, such that
A=A, x,x%,6)+ B(A,x,%,1)E, (1.5)
takes place. Here & is the same process with independent increments included in (1.1) and
represented as a sum of Wiener process and Poisson process [20]:
=&+ [c(P(t,dy) or &= & +[c()P°(t,dy).

Based on equations (1.4) and (1.5), we obtain the relations

oA oL 04

P pu=a-L Ly g — S, 1.6
ox o x4 f 1~ 3 (1.6)
o, _B, (1.7)
ox

from which you need to determine the control u and the matrix ¢ . To solve the problem, you need
the following lemma.
Lemma 1[3, p.12-13]. The set of all solutions of a linear system

HS =g, H:(hyv), 3=03), g=(gu) u=Lm, v=1n m<n, (1.8)
is determined by the expression
9=s[HC|]+H"g. (1.9)

Here H is matrix has rank m. s is arbitrary scalar, [H C]:[hl...hm c -Cn-1] is the cross

m+l
- 1
product of vectors 4, =(hﬂv) and ¢, =(cpy), p=m+Ln-1; H :HT(HHTT , HT s the

matrix transposed to H.
Denoting, by formula (1.9) of Lemma 1 from relations (1.6), (1.7), we define the required vector -
function and columns, matrices in the form:

~ 04
Denoting D = ?D , by formula (1.9) from (1.6), (1.7) we define the required vector — function u
X

and columns o;, i = I,_k of o in the form :

~ oL OA
=g51|DC |+ A————x—— S1-8, -85, 1.10
Msl[ ]()( 5 o xf 1—52 3) (1.10)
O'i:sz{a—%C}+(%j B;, i=lk. (1.11)

ox ox

Therefore, the following theorem is true.
Theorem 1.1 A necessary and sufficient condition that second-order Ito differential equation (1.1) has

a given integral manifold (1.2) is that the control function # has the form (1.10) and the columns o; of
diffusion matrix ¢ have the form (1.11).
Remark 1.1 If ¢(y)=0, then S, =53 =0 and a solution of this problem coincides with the

solution of the reconstruction problem previously considered in [21] in the presence of random
perturbations from the class of independent Wiener processes.

Remark 1.2 For m = n, formula (1.9) takes the form = H -1 g, since in this case, the first term of
the formula as a cross product of n vectors in #—dimensional space identically equals to zero

[H C ] =0, and the second term H * g takes the form H -1 g, since for m = n, the rectangular matrix
becomes square matrix, and under the assumption detH #0 we have

—1
HY =HT(HHT) ="' ht=nl,
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1.2 The linear case of a stochastic problem with drift control. Let a second-order Ito stochastic
differential equation, linear in drift

X=E (O)x+E,(O)x+Dt)u+1,(t)+T(t)E (1.12)

be given. It is required the control vector-function u = u(x,x,7) € R" by given integral manifold
A@): A =Gx+Gx +1(¢) =0. (1.13)
That is, by the given (m x n)-matrices G,(¢), G,(t) of the m -dimensional function /(¢), also by the
given (nxn)-matrices E|(t), E,(t), (nxr)-matrix D(¢) and n-dimensional function /,(#), it is

required to determine the vector function u =u(x,x,t) € R"and (nxk)-matrix 7(¢) so that for the

constructed equation (1.12) the given properties (1.13) are an integral manifold.
In this problem the equation of perturbed motion (1.4) has the form

A=Gx+Gi+L(t)+Gx+G,(E)x+E,()x+Dtu+1(t))+G,TE, (1.14)

On the other hand, following Erugin's method with the help of an arbitrary vector-function
A= A,(t)A and a matrix-function B, with the property B,(0,x,x,¢) = 0, we have

A= A (H)h+ By (M, x, %,1)E . (1.15)
Hence, relations (1.14) and (1.15) imply the equalities

{GzDu = [4G) = G = GoE [y + [4G — Gy = Gy = G Es [ + Ayl — Goly — i,

(1.16)
G,T = B,.

Further, from (1.16) using Lemma 1, we have

u=s[DCl+(D) g, (1.17)
T; = 5,[GoCl+ (G2 )" B;, i=1k, (1.18)

here D, =G,D, g =|4G\ -G —GyE [x+[4G, -G, -G, ~G,E, |+ AL -Gy, I, T;, B;
are i-th columns of matrices 7' and B respectively. s,, s, are arbitrary scalar values. This proves the
following theorem.

Theorem 1.2. A necessary and sufficient condition that second-order Ito stochastic differential
equation (1.12) linear in drift, has a given linear integral manifold (1.2) is that the control parameter has
the form (1.17) and the diffusion matrix has the form (1.18).

Remark 1.2. In the linear case, in contrast to the nonlinear one S| = §, = §3 =0, the conditions of
solvability in Theorem 1.2 in the presence of random perturbations from the class of processes with
independent increments coincide with the conditions of solvability in a similar linear case in the presence
of random perturbations from the class of independent Wiener processes [21].

1.3 Scalar case of the reconstruction problem with drift controls. Let a second-order Ito
stochastic differential equation

i= fr(x,50)+ (x5, 0up + y(x,%,0)E. (1.20)
be given. It is required to determine the scalar function u, = u,(x,X,?) for a given integral manifold
A(x,x,t)=0, A, eR (1.21)

In other words, for given f5, 7, 1 and A, define the control parameter u, in such a way that the set
(1.21) be an integral set of equation (1.20).
According to the rule of stochastic differentiation, we compose the equation
oAy, 04
242254

A, =
2 ot Ox

oA oA ~ o~ o~ 0 -
2 fo+—2yiu + 8] + 85 + 83 +—2 1y, (1.22)
ox ox ox

— 9 —
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of perturbed motion; here

10°4
2 o2

1=

72, 8y = [ (e i+ ye(r),6)= A4 (x5, 01dP"(1,dy)

~ . ) oA
§2 = [ %+ ye(n),0) = A (3, %,) =2 7 ().
We introduce arbitrary Erugin’s scalar functions a = a(4,,x,X,t) and b =b(4,,x,X,t), with the
properties a(0,x,x,t)=b(0,x,x,) =0 and such that
Ay =a(Ay,x,5,0)+b(Ay,x,%,0)&, (1.23)

In view of (5.3) and (5.4), we arrive at the relations

o2 0y Oy . Ay . = = =

2wy =2 - ~5,-5,-8,, 1.24

P L el e J2=81-82-53 (1.24)
%y:b. (1.25)
Oox

Then, by virtue of equalities (1.24) and (1.25), the control parameter u, and the diffusion coefficient
are defined in the form

-1 2
04y 0hy Ody . Oy, 10%4 5 = =
=| == -2 - —— -8, =583, 1.26
up [axhj {a % o a2 2 2 LTSS (1.26)
-1
04y
=|—==| b 1.27
Y (axj (1.27)

Consequently, the following theorem holds.

Theorem 1.3 A necessary and sufficient condition that second-order scalar differential equation of Ito
type (1.20) has a given integral manifold (1.21) is that the control parameter u; has the form (1.26) and
diffusion coefficient has the form (1.27).

Thus, in Section 1, we obtained necessary and sufficient conditions for the solvability of the
reconstruction problem with drift control in the presence of random perturbations from the class of
processes with independent increments in general nonlinear case, linear case and scalar nonlinear case.
The considered setting generalizes the reconstruction problem in the presence of random perturbations
from the class of independent Wiener processes, previously studied in [21].

2 Meshchersky's stochastic problem

Problem statement. Find the law of change in the mass of a point, at which it describes a given
trajectory under the action of given external forces [22, p.19].

Let us consider the problem of realizing the motion of a heavy point of variable mass m(#) in a

homogeneous gravity field, namely, vertical ascent according to the laws of change in the range y and
height z

AG): {il(t)fy—¢(f)=0, @0

A1) =z -y () =0,

The equations of point motion [1, c.16-17] taking into account the action of random perturbing forces
have the following form:

m§ = i~ 15— mf (z9) % — oy (. 2.0,
v 2.2)
mz = ri(y — 1)z — mf(z,V)% —mg -0, (y, 2,0,

— ) =——
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here f(z,v) is medium resistance per unit mass; v =+/3° + 2> is point speed; = u(t), v =v(t) are

the ratio of the projections of the velocities of the changing mass and the mass of the point itself on the
coordinate axis y, z.

It is required to restore the equations of motion (2.2) (that is, to determine the laws of variation of
quantities 4, v and m ) so that they admit a given particular motion (2.1).

The perturbed motion equations have the form

S m . p O] . .
A= 3= 40 = Z(u=1i = f(z0) ==L E= (o),
m v m
. . (2.3)
S . m . z oy . .
by =2-j(t) == -z~ f(zV)=—g——2&~j(0).
m v m
Further, following Erugin’s method [7], we introduce functions 4} = 4;(4, 2;1, A, /7.,2, V,2Z,t),
Ay = Ay (A4, A1, 40,49, ¥, 2,8), By = B(4, 4,42, 42, ¥,2,t), By = By(4, 44, 40,43, ¥,2,1),
With the properties 4;(0,0,0,0, y,z,¢) = 4,(0,0,0,0, ,z,¢) = B;(0,0,0,0, y,z,¢) =
= B,(0,0,0,0,y,z,¢) =0, and such that
A = A + B¢,
j,'z = A2 + Bzf
Comparison of the systems of equations (2.3) and (2.4) leads, if we exclude strictly vertical and
strictly horizontal motions (i.e., ¢ and y are not identically zero), to relations that solve the posed

Meshchersky stochastic problem
y ..
pmre AL

(2.4)

mly vy
) }
n=1+ﬁ{—.2+i+§.+ﬂ} 2.5)
m| z v z Y
o1 =mBy;,
O-Zj:mBZj'

In particular, for 0;; =0 (i,j=12) and 4 =4, =B; =B, =0 conditions (2.5) coincide with

conditions in the class of second-order ordinary differential equations [1, p. 17].

This research has been funded by the Science Committee of the Ministry of Education and Science of
the Republic of Kazakhstan (Grant No. AP 08955847).

M.BI. Tiney6eprenos'?, I'.K. Bacuauna', A.T. Capbinoek'?

"Maremaruka >xoHe MAaTeMaTUKAJIBIK MOJEbIEY HHCTUTYThI, AnMarsl, Kazakcran;
29n-MDapabu ateHaarsl Kasak yITTeIK yHEBEpCHTETi, AnmaTel, Kazakcran;
3 AIMAaTEI SHEPTETHKA YKoHE OaliIaHbIC YHUBEPCHUTETI, AnMaTsl, Kazakcran

KEPI CTOXACTHKAJIBIK KAJIIIBIHA KEJITIPY ECEBI TYPAJIbBI

AHHOTAUMSA. ATaTMBIII XYMBICTa JKANIITBl KaJMbIHA KeNnTipy ecebi Ko3ralbic KacHeTrTepi OOWBIHIIA Oackapy
Kupary ko3¢ ¢ummenTiHe Kipreuae ekinmi perti Uto Typirmeri 6epinrer ctoxacTUKanbIK auddepeHIInanapK TeH-
JieyJiep KIACchIHJa KapacThIpbUIa[bl YKOHE KBa3WKaiTapy o[ICIMEH MHTErpalblK KONOSHHEHIH KaXeTTi opl KeT-
KUTIKTI IIApTTapblH KaMTaMachl3 €TETiH OacKapylibl mapamerpiep Typi aHblKTanaabl. TemeHne Memiepckuiiiin
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CTOXACTUKANBIK eceOiHIH MIeIiMi KeNTIpUIreH, oJl AWHAMHUKAHBIH Kepi ecenTepiHiH Oipi OONbIN TaObUIAAbI KOHE
[anuynmuHHIH GenTini Kiaccu(uKalMschiHa COMKEC KaJlbIHA KeNTipy MiHACTIHE jKaTa bl

Kesneiicok Oy3muIysap Toyenci3 ecyi Oap mporecTep KiachblHa jKaTaabl Jen OoynkaHaipl. bepiireH moceneHi
memry yiiH UTO croxacTHkamblk capaiay epexeci OOWbIHIIA OY3bUIFaH KO3FAIBIC TEHJACY1 jkacanaipl. byman opi
epyTUH 9JliCi KBa3MKalTapy oiciMeH OipikTipimin Kypsuianpl: 1) 6ackapyiibl BeKTOp-GyHKIUsIAap *KUbIHBL 2) VTo
TUMIHIH eKiHIII peTTi OepinreH muddepeHIManabK TeHACYIiH OepiireH MHTETpalIbK KernOeitHe e O0Tysl YIIiH
KXKCTTI )KOHE JKETKUTIKTI XKaFaaiiapabl KaMTaMachkl3 eTeTiH quddy3us MaTpUIaapbIHBIH KUBIHTHIFBL.

By3y GackapMachl 0ap CTOXaCTHUKAIIBIK MOCEJICHIH ChI3BIKTHIK JKarqaibl 0enek KapacThIpbutaibl. ChI3BIKTHIK
KOMBUTBIM/IA CHI3BIKTHIK €MEC PYKCAT €Ty JKarJailblHaH ailblpMaIlbUIbIFBI, TAYENICI3 ecyl Oap mpolecTep KiIachlHaH
Ke3zeicok Oy3puTynap OoNFaH Ke3/ie, YKcac ChI3BIKTHIK JKaFaiaa, TOyenci3 BUHEP MpoIecTepl KIAaChIHaH Ke3AeHCOK
Oy3purynmap OOnFaH Ke3le pyKcaT eTy ImapTrapbiHa colikec keneni. CoHpaii-ak, Oy3y OackapMmalapbIMeH KaJlIbIHA
KEeNTIpy MOCEJIECIHIH CKAJSIPIIBIK XKaFaiibl KApacThIPbLIa bl.

Tyiiin cesnep: MTO-HbIH cTOXacTHKAIBIK AUPPEepeHIHATIBIK TeHICY1, KallblHA KenTipy ecedi, Memiepckuit
ece0l, MHTerpaJIblK KOnoelHe, KBa3uKalTapy 9JIici.

M. U. Taey6eprenos?, I'.K. Bacmanna'?, A.T. Capbinfex'?

"MHCTHTYT MATEMATHKHE M MATEMATUYECKOTO MOJIEIMPOBanys, Anmarsl, Kasaxcran;
2Ka3zaxcKuii HAIMOHAIBHEIN YHUBEPCHTET MMEHH anb-Dapadu, AnMarsl, Kasaxcran;
3AnMaTUHCKUM Y HUBEPCHUTET SHEPTETHKHU U CBA3U, Anmartsl, Kasaxcran

Ob OBPATHOI CTOXACTHYECKOM 3AJAYE BOCCTAHOBJIEHUS

AHnHoTanus. B nannOi pabore paccmatpuBaeTcst oOmas 3a1ada BOCCTAHOBIICHHUS B KJIACCE CTOXACTHYECKHX
muddepeHmanbHpIX YpaBHEHNH BTOPOro mopsiaka Tuna Mto mo 3amaHHBIM CBOWCTBAM JBIKCHHMS, KOT/A YIpaB-
JIeHHe BXOIUT B KOA((HHULIMEHT CHOCAa 1 METOIOM KBa3HOOpaIeH!s ONpeaeseTcs BUL YIPaBIAIONIMX IapaMeTpoB,
o0ecrieunBaOnil HeOOXOAUMBIE U JOCTATOYHBIE YCIOBHS CYILECTBOBAHHSA 3aJaHHOTO HMHTETPAJbHOI'O MHOI000-
pasus. [lanee npUBOAMTCS pELICHUE CTOXAaCTUYeCKOW 3a1auu Melepckoro, KOTopas sBJsIeTCsl OJHOM U3 00paTHBIX
3a7a4 JMHAMMKHU M TI0 M3BECTHOM Kiaccudukanuy ["anuyminHa OTHOCUTCS K 3aJja4e BOCCTAHOBJICHUSL.

IIpennonaraercs, 4To ciydaiiHble BO3MYIIEHHMS OTHOCATCS K KJacCy HMPOIECCOB C HE3aBUCHUMBIMH IpHpalle-
HUsIMU. [1J151 pelieHns ocTaBIeHHOW 3a/1a4H 110 MPaBUITy cToXacTudeckoro anddepenuuposanus Mo cocraBnsiercs
ypaBHEHHE BO3MYIIEHHOTo nBIbKeHus. M nmanee merogom EpyrmHa B codyeTaHMM ¢ METOJOM KBa3HOOpAICHHUS
CTposATCS: 1) MHOXECTBO YNpPaBJIAIONIMX BEKTOp-QyHKIMiI u 2) MHOXecTBO Marpul auddysuid, koTopsle odecre-
YHBAIOT HEOOXOJMMBIC M JIOCTAaTOYHBIE YCIOBHS TOTO, 4TOOBI 3aqaHHOE MuddepeHanisHoe ypaBHEHHE BTOPOTO
nopsiaka tumna Mto nMeno 3ajaHHOE HHTETPAIbHOE MHOT000pasHe.

OTmenpHO paccMaTpUBAacTCs IJUHEWHBIA CIydail CTOXAacTHYECKOW 3aJadl C yIpaBlIeHHEM II0 CHocy. B
JIMHENHOW MOCTAHOBKE B OTJIMYUE OT HEITMHEMHOMN YCJIOBUS Pa3peliMMOCTU NPU HAJIMYUM CIy4YalHbIX BO3MYIIECHUN
U3 Kjacca MpOLECCOB ¢ HE3aBUCHMBIMU IPUPALICHUSIMU COBHAJAIOT C YCIOBUAMH Pa3pellMMOCTH B aHAJIOTHYHOM
JIMHEHOM CJIy4ae MpY HAIMYMU CIIy4alHbIX BO3MYLICHUH M3 KJ1acca HE3aBUCUMBIX BUHEPOBCKUX MpoLeccoB. Taxxe
paccMOTpEH CKalsIPHBIHN ciTydail 3a71a4 BOCCTAHOBJIEHUS C YIPABICHUAMHU IO CHOCY.

KiroueBble cioBa: croxacTuueckoe nuddepeHnuanbHoe ypaBHeHHe MTo, 3amaua BOCCTaHOBICHUS, 3ajada
Mernepckoro, MHTErpajbHOE MHOI000pasue, MeTO L KBa3uoOpaIleHusl.

Information about authors:

Tleubergenov M.I., Doctor of Physics and Mathematics, Senior Researcher, Institute of Mathematics and
Mathematical Modeling, Almaty, Kazakhstan, Professor, Al-Farabi Kazakh National University, Almaty,
Kazakhstan, https://orcid.org/0000-0003-1947-6714, marat207@mail.ru;

Vassilina G.K., PhD, Senior Researcher, Institute of Mathematics and Mathematical Modeling, Senior Lecturer,
Almaty University of Energy and Communications, Almaty, Kazakhstan, https://orcid.org/0000-0003-2504-9620,
v_gulmira@mail.ru;

Sarypbek A.T., master student, Al-Farabi Kazakh National University, Almaty, Kazakhstan, Mathematics and
Mathematical Modeling, Almaty, Kazakhstan, https://orcid.org/0000-0002-5504-1972, alua.sarypbek@mail.ru

REFERENCES

[1] Galiullin A.S. Methods for solving inverse problems of dynamics. Moscow: Nauka, 1986. 224 p.

[2] Galiullin A.S. Selected works in two volumes. Moscow: RUDN, 2009. Vol. L, II. 462 p.

[3] Mukhametzyanov I.A., Mukharlyamov R.G. Equations of program motions. Moscow: Publishing House of the Peoples'
Friendship University, 1986. 88 p.

[4] Mukharlyamov R.G. Differential-algebraic equations of programmed motions of Lagrangian dynamical systems //
Mechanics of Solids. 2011. T. 46. Ne 4. C. 534-543.




ISSN 1991-346X Series physico-mathematical. 1. 2021

[S] Mukharlyamov R.G., Tleubergenov M.I. Control of system dynamics and constrains stabilization, Communications in
Computer and Information Science. 2017. 700. Pp. 431-442.

[6] Llibre J., Ramirez R. Inverse Problems in Ordinary Differential Equations and Applications. Springer International
Publishing Switzerland, 2016. 266 pp.

[7] Yerugin N.P. Construction of the entire set of systems of differential equations having a given integral curve // Applied
Mathematics and Mechanics. Moscow, 1952. Vol.10, vol. 6. P. 659-670.

[8] Zhumatov S.S. Asymptotic Stability of Implicit Differential Systems in the Vicinity of Program Manifold // Ukrainian
Mathematical Journal. 2014. Vol. 66(4). Pp. 625-632. DOI: 10.1007/s11253-014-0959-y

[9] Zhumatov S.S. Exponential Stability of a Program Manifold of Indirect Control Systems // Ukrainian Mathematical
Journal. Vol. 62, 6 (2010). Pp. 907-915. DOTI: 10.1007/s11253-010-0399-2

[10] Zhumatov S.S. Stability of a Program Manifold of Control Systems with Locally Quadratic Relations, Ukrainian
Mathematical Journal. Vol. 61, 3 (2009). Pp. 500-509. DOI: 10.1007/s11253-009-0224-y

[11] Zhumatov S.S. Absolute stability of a program manifold of non-autonomous basic control systems, News of the
national academy of sciences of the republic of Kazakhstan. Series physico-mathematical. 2018. Vol. 6, Ne 322. P. 120-125.
https://doi.org/10.32014/2018.2518-1726.15

[12] S.A. Budochkina, V.M. Savchin, An Operator Equation with the Second Time Derivative and Hamilton-admissible
Equations // Doklady Mathematics. 2016. Vol.94 (2). Pp. 487-489.

[13] Savchin V.M., Budochkina S.A. Nonclassical Hamilton's Actions and the Numerical Performance of Variational
Mathodssfor Some Dissipative Problems. Springer, Cham, Communications in Computer and Information Science. 2016.
Vol.678. Pp. 624-634.

[14] Savchin V.M., Budochkina S.A. Invariance of functionals and related Euler-Lagrange equations. Russian Mathematics.
2017. Vol. 61(2). Pp. 49-54.

[15] Tleubergenov M.IL., Ibracva G.T. Main Inverse Problem for Differential System with Generate Diffusion // Ukrainian
Mathematical Journal. 2013. Vol. 65 (5). Pp. 787-792. DOI: 10.1007/s11253-013-0815-5

[16] Tleubergenov M.I. On the inverse stochastic reconstruction problem // Differential Equations. 2014. Vol. 50 (2).
Pp. 274-278. DOIL: 10.1134/S0012266114020165

[17] Tleubergenov M.I., Ibracva G.T. Stochastic inverse problem with indirect control // Differential Equations. 2017. Vol. 53
(10). Pp. 1387-1391. DOT: 10.1134/S0012266117100172

[18] Vassilina G.K., Tleubergenov M.I. Solution of the Problem of Stochastic Stability of an Integral Manifold by the Second
Lyapunov Method // Ukrainian Mathematical Journal. 2016. Vol. 68(1). Pp. 14-28. DOI: 10.1007/s11253-016-1205-6

[19] Tleubergenov M.IL., Ibraecva G.T. On the Solvability of the Main Inverse Problem for Stochastic Differential Systems //
Ukrainian Mathematical Journal. 2019. Vol.71 (1). Pp. 157-165. DOI: 10.1007/s11253-019-01631-w

[20] Pugachev V.S., Sinitsyn I.N. Stochastic differential systems. Analysis and filtering. Moscow: Nauka, 1990. 632 p.

[21] Tleubergenov M.I. On the inverse problem of reconstruction stochastic differential systems // Differential Equations.
M., 2001. Vol. 37, No 5. P. 714-716.

[22] Meshchersky I.V. Works on the mechanics of bodies of variable mass. Moscow, Leningrad: Gostekhizdat, 1952. 280 p.




News of the National Academy of sciences of the Republic of Kazakhstan

NEWS

OF THENATIONAL ACADEMY OF SCIENCES OF THE REPUBLIC OF KAZAKHSTAN
PHYSICO-MATHEMATICAL SERIES

ISSN 1991-346X

Volume 1, Number 335 (2021), 14— 18 https://doi.org/10.32014/2021.2518-1726.2

UDC 004.056.53
IRSTI 81.93.29
N. Baisholan!, K.E. Kubayev?, T.S. Baisholanov?

123 Al-Farabi Kazakh National University, Almaty, Kazakhstan.
E-mail: baisholan@mail.ru, kubaev.k@mail.ru, btstalgat@mail.ru

MODERN TOOLS FOR INFORMATION SECURITY SYSTEMS

Abstract. Efficiency of business processes in modern organizations depends on the capabilities of applied
information technologies. The article describes and analyzes the role and features of audit tools and other
methodological tools and models in ensuring the quality and security of information systems. The standard’s
principles are reviewed, as well as the importance of meeting business needs. In order to protect virtual values in a
company’s system environment, the importance of using information security models is revealed. Practical proposals
in risk management and information security in information technology are analyzed through the COBIT standard.

Measures for protecting the information system of an organization from accidental, deliberate or fake threats are
considered. The possibility of using one of the real information security models by the information recipient or
provider in accordance with the requirements of external processes is reported.

Furthermore, in connection with increase in the number of attack methods and techniques and development of
their new tools and vectors, the need to improve and ways to ensure information security are being considered.

The essential tasks of security audit are considered, and the stages of their implementation are described. With
regard to security of information systems, an analytical model is proposed for determining vulnerability’s numerical
value.

Key words: COBIT methodology, ITIL library, ISO 20000 standard, information technology, information
audit, information security, risk, vulnerability, COBIT ® 2019 Framework.

Digital technology advances automate everything from all social areas of society to the activities of
large industrial organizations, including active implementation in the businesses, increased introduction of
innovations in general. However, justifying the costs spent on them, rational budget planning for the
development of information technologies in organizations and self-completion of new introduced IS in
terms of functionality, and the process of improving the quality of control of the (digital) trend of
digitalization — such events create the need to audit its IT and increase its relevance.

Although generally, the basis of the IT structure depends on the software, it is largely dependent on
technology means, moreover, trends in development, introduction, application, maintenance, etc. require
implementation through efficient solutions, which, in turn, requires information technology competence
and knowledge to support various regulatory requirements.

Therefore, a number of ITIL libraries, COBIT methodology, ISO 20000 service management
standards for managing information services and ensuring their security is applied on the IT market.

Concurrently, the COBIT (Control Objectives for Information and related Technology) methodology
which was developed and proposed by ISACA in 1992, is a tool that is necessary directly for the IT audit
service, which will gain demand on the modern IT market [1,2]. This abbreviation stands for a set of
documents that define the principles of information technology management and audit.

The emergence and formation of this methodology can be described using figure 1 [3.4].

Today, the enhanced COBIT Version 5 standard greatly impacts improvements to meet the
requirements of the information technology market, especially large institutions and risk management. As
A.V. Repin indicated this, based on the works [1,5], this can be justified by the following principles:

1. Focus on meeting the needs of related party;

2. Coverage of all activities of an enterprise;

— |4 ——
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3. Reliance on the application of a single integration structure;
4. Ability to implement a seamless method;
5. Its focus on the separation of IT management from management in an institution.

Table 1 — Evolutionary stages of CobiT standards

Years Versions Name
1996 CobiT 1 Audit
1998 CobiT 2 Control
2000 CobiT 3 Management
2005/2007 CobiT 4 Information Technology Management
2012 CobiT 5 Company information technology management
ENTERPRISE GOVERNANCE OF INFORMATION AND TECHNOLOGY
2018 COBIT ® 2019 (EGIT)

The COBIT standard, which has passed the indicated stages of development, is a combination of
about 40 international standards of control, audit and management, information security. In other words,
the COBIT standard is based on the generally accepted method, the BSC balanced scorecard, the
improved SEI CMM/CMMI model, PMBoK (project management methodology) and the methods of
PRINCE2, TickIT, ITIL® and other standards [5,6]. After Version 5, the COBIT ® 2019 Framework:
Governance and Management Objectives version covering the ITIL, CMMI and TOGAF structures [7] is
now applied more rationally. It is processed as a methodology for management and governance of
corporate information and technologies that fully support institutions, and is aimed at managing this
information, its security and risks.

Its principle lies in formation of compatibility of mutual understanding between management on the
way to achieving the key business goals and IT service, as well as elimination of possible discrepancies. In
this regard, a company operating in the COBIT electronic environment offers its managers, users of
information systems and related auditors a set of measurements, trends and top practices approved to
increase the benefits of information technology, and also creates IT guidelines and rules for a specific
company and helps to rationally control the activities.

COBIT predicts which information in information technology management is reliable to achieve the
most effective business goals of a company. Along with that, COBIT describes the relationship between
business strategy and information technology, subsequently defines and supports IT values and
implements control measures. The essential task is that information technologies should fully support and
actively increase the competitive advantages defined in a company’s strategy and, through the
advancement of business requirements for information for the timely rationalization of costs, participate in
building its prerequisites. According to this standard, having turned into a business tool, IT presents
practical proposals for risk management and information security systems in IT.

In accordance with requirements of the Approach to Information Technology Management
international standard (Cobit), the information system verification procedure consists of four stages:

- identification and documentation (planning and organization);

- management mechanisms assessment;

- identity test;

- detailed testing.

When describing the information security system in any institution, protection measures against
accidental, intentional or fake threats to its information system based on such widespread information
security properties as confidentiality, integrity, and availability [8] are also considered. To do this,
regarding external processes requirements the information recipient and/or provider can apply one of the
following models: CVSS3.1., Investigation Process, Diamond, Cyber Kill Chain, etc.

If the property of information security means a restriction in access to hidden indicators in the
military industry, financial indicators in the economic industry, or to patient data in the medical industry,
then the integrity property ensures the exclusion of a violation of reliability and authenticity of
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information. The last property ensures unhindered use of any information available to the users of the
information system at any time.

Therefore, in the course of reliable use of IS in an institution, the problem of correct choice of the
necessary methodological tool arises, which can be solved through the management and control system.

On the practical side, this not only solves information technology problems, but also can ensure that
the business needs are met. One of the key values of a company’s system environment is virtual value, i.e.,
information sources in the form of intellectual property need to be protected and secured. For example,
there is a need to use MITER ATT&CK (arising from the attacker’s point of view) [11], CIA
(Confidentiality-Integrity-Availability) models, since the security vulnerability of information systems
might allow attacks. Thus, in a virtual environment, one of the ways to remotely use a company assets -
the Papa Smurf attack, causes vulnerability of the network receiving ping packets and interferes with its
conductive ability. Another attacked called SYN Flood is the action of server’s TCP connections half-
open on the server and its consequences lead to the closure of access to the server for legal users. Besides,
attacking methods and techniques are being improved, as well as their new tools and vectors are being
developed.

The main tasks of security audit are:

- Analysis of the risks associated with the likelihood of a threat to the security of IS resources;

- Assessment of the current level of IP security;

- Localization of narrow paths in IP security system;

- Assessment of IS compliance with standards applied in information security;

- Introduction of new techniques for IS security and development of proposals to improve current
profitability.

In this regard, when performing these tasks, the IS security audit covers a number of the following
stages such as:

- Conduct of a survey;

- Collection of information;

- Analysis of received data;

- Development of proposals;

- Preparing a survey report.

Security audit methods can be based on risk analysis, application of information security standards, or
a combination thereof.

The risk magnitude is determined depending on the cost of resources, the likelihood of a threat and
the scope of vulnerability based on the following formula [12]:

(pxd)
R=E2, (1)
where R — risk; p — fund cost; d — threat probability; v — vulnerability value.

The goal of risk management is to select proper countermeasures in order to reduce risk levels to a
favorable level. While the cost of implementing countermeasures should not exceed the amount of the
possible loss. The difference between the cost of countermeasures and the amount of possible damage
should be directly proportional to the likelihood of damage.

The vulnerability v magnitude is defined as the probability of inability of the protected item to resist
actions of the threat sources, and if the force used from the threat source is stronger than the ability of the
protected item to withstand it, then vulnerability v appears. In actual practice, it can arise through factors
such as the likelihood of the threat and the level of protective measures. In this case, the vulnerability v
magnitude can be determined using the following expression:

v = Zi=1P(Ui) (2)

z
where P(U;) — expected threat probability; i = 1,n; — number of expected threats; Z — strength of security
(0<Z<.

While using this expression and calculating the binding of numerical values with qualitative
properties can performed using the following table 2 [13].

— 16 =——
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Table 2 — Asset value, risk and vulnerability levels

The degree of probability of occurrence of threats Low Average High
0|0 1 2 1 2 |3 2 |3 4

Value of assets

The growth of riskiness with an increase in the vulnerability magnitude is determined and analyzed
through an audit from a legislative point of view. As a result of the analysis, measures to prevent riskiness
should be proposed.

Thereby, the methodology for assessing the quality of IT activity management in relation to business
processes in a company is based on the abovementioned ITIL library, COBIT methodology and ISO
20000 standards according to service management through information technology. Its results affect the
efficient management of information security using the abovementioned security models.

H. Baiimoaan', K.E. Ky6aes?, T.C. Baiimoaanos?
123 9-Dapabu aThiEaare Kasax yIrTeik yauBepeurerti, Anmatsl, Kaszakcran

AKIMAPATTBIK KAYIIICI3AIKTI KAMTAMACHI3 ETYIIH KA3IPT'T )KABIBIKTAPBI

AnHotauus. Kazipri yibiMaapaarel OuW3HEC-yAEpIiCTEpAiH THIMII JKYPri3ilyi OHJa KOJIJAHBUIATBIH aKIapaTThIK
TEXHOJIOTHSI MYMKIHIIKTepiHe Tikeneil Toyenai. Makanana aknapaTThIK )Kyie canachlH, Kayinci3JiriH KaMTaMachl3 eTyeri
ayauT xaOJbIKTapBIHBIH OPHBI MEH €pEeKIICTIKTepl KoHe 0acKaja na dicTeMeliK xKaOAbIKTap, MOJEIbIACP CHIIATTABIIL,
TalIaHFaH.

Kazipri komnaneicrarbi COBIT (aknmapaTThl *oHE OFaH KaThICTBI TEXHOJOTHSIApAbI OaKpliay HBICAHAAPHI) Oic-
TEMECIHIH aKMapaTThIK TEXHOJIOTHS HAPBIFBIHAAFEI CYPAHBICKA Ue OONAThIH aKMapaTThIK ayIUT KbI3METIHE TiKelel KaXeTTi
KYpaJs eKeH/IIr CUIaTTala/ibl.

COBIT cranmapThIHBIH NPUHLMNTEPIHE IOy >Kacajblll, COHbIMEH KaTap OHBIH OW3HEC KaKeTTUIIKTepiH KaHa-
FATTaHABIPYAAFbl MaHBI3ABLIBIFEI HeTizaeneai. KoMIaHusHBIH KeNiTiK OpTachIHAAFbl BUPTYAJIbl KYHIBUIBIKTapIbl KOPFay
MaKcaThlHJIa OFaH aKIapaTThIK Kayinci3mgik MonenbaepiH Koimany MaHbibl Oasamanansl. COBIT cranmapTel apKbUIb
aKMapaTThIK TEXHOJIOTHSUIAPJAFbl TOyEKeNJepAi Oackapy MeH aKMaparThlK KayillCi3[iK JKyieciH Oackapy-aaFbl
TOXKIpHOEINiK YChIHBICTAP TalAaHAIbI.

MekeMmeneri aknmapatThIK JKYHeHI Ke3IeHCOK Hemece KacakaHa, >KacaHIbl KaTeNiKTeH CaKTay HeMece KOpray
mapanapsl KapacTeipbiaaabl. OJ YIIiH akmapaTrThl KaObUIIAYIIbl HEMECe JKETKI3im Oepylili ChIPTKBI YIEpic Tajan-TapblHa
CoifKec HAKTHI aKMAPATTHIK KAYiNCi3aiK MOAEbICpPiHiH OipiH KOJAaHyFa 00NaThIHbI OassHIaIa b,

CoHbIMEH KaTap, WalybUIJapAblH SJicTepi MEH oJicTepiHiH KeoOeroiHe »MOoHE OJap/AblH JKaHa Kypaijgapbl MeEH
BEKTOPJIAPbIHBIH JlaMyblHAa OaiJIaHBICTBI aKMApATTBIK KAayiNCi3AiKTI JKaKcapTy >JKOHE KaMTaMachl3 €Ty >KOJIaphl
KapacThIPbUIAbI.

Kayinci3nik ayauTiHIH Heri3ri MiHIETTepi KapacThIPBUIBIN, OHBI aTKapy Ke3eHaepi OasHaanmaasl. AKMapaTThIK
XKyHeneperi Kayincizqikke KaThICThl OCAIIBIK (YBS3UMOCTb) IAMAChIHBIH CaHJIIK MOHIH TaOy/IbIH aHAJUTHUKAIBIK MOJIEI]
YCBHIHBITAIBL.

Tyiiin ce3gep: COBIT oaicremeci, ITIL kitanxanacer, ISO 20000 cranaapThl, aknapaTThiK TEXHOJIOTHS, aKIIAPATTHIK,
ayauT, aKnapaTTHIK Kayincismik, Toyeken, ocamabik, COBIT ® 2019 Framework.

H. Baiimonan', K.E. Ky6aes?, T.C. Baiimosanos?

1,23 KazaxcKkuii HAMOHAIBHBIA YHUBEPCUTET UMEHH anb-Dapabu, Anmarsr, Kazaxcran

COBPEMEHHBIE CPEJICTBA OBECIIEYEHUSI TH®OPMAIIMOHHOM BE3OIMACHOCTH

Annoranus. DPdekTuBHOE BeeHIE OM3HEC-TIPOIIECCOB B COBPEMEHHBIX OPraHU3aIUsIX HAIPSIMYO 3aBUCHT OT
BO3MOXKHOCTCH MPUMCHSIEMBIX B HUX HH(POPMAMOHHBIX TEXHOJOTHH. B CTaThe OMHCHIBAIOTCS M aHATU3UPYIOTCS
POIb ¥ OCOOCHHOCTH CPENICTB ayANTa, a TAKXKE MPOYAX METOUICCKUX CPEIICTB M MOJIEIICH B 00CCIICUCHUH KauecTBa,
0e30IacHOCTH HH(POPMAITMOHHBIX CUCTEM.

CoBpemennas paeictByromas Meronguka COBIT (®opmbl KOHTpOJIT HHOOPMAMK M CMEKHBIX TEXHOJIOTHH)
OIMHUCHIBACTCSI KaK CPEICTBO, HEOOXOIUMOE HEMOCPEACTBEHHO Al WH(OPMALMOHHOMN CIyKObl ayanTa, KOTOpas
3aBOIOET CIIPOC Ha PhIHKE WH(POPMALIMOHHBIX TEXHOJIOTHH.
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[TpoBoauTcs 0630p NPUHLIMIIOB CTAaHIAPTA, a TAKKE 3HAYCHHE YIOBJIETBOPEHUs ero Om3Hec-morpedHocTel. B
LENSAX 3aLIUTHl BUPTYalbHBIX LIEHHOCTEH B CHCTEMHOMN Cpejie KOMIIAaHUU il U3J1aracTcsi O 3HAYCHUH HCIONIb30BaHUS
Monenelt uHdopmarmonHor Oe3omacHocTr. IlocpenctBom crangapta COBIT ocymiecTBisieTcs aHAIUM3 MPaKTH-
YEeCKUX NPEIOKEHUH B YNPaBJICHUH PUCKAMHU M CHCTEMOW MH(OpMaMOHHON Oe30macHOCTH B MH()OPMAaMOHHBIX
TEXHOJIOTUSIX.

PaccMaTpuBaroTCsl MEpONPHSTHS 10 OXpaHe WM 3alyre HWH(OOPMAMOHHOM CHCTEMBI B YYPEXICHHH OT
CIlyYalHBIX WM YMBIIUICHHBIX, MHUMBIX yrpo3. CooOmaercss 0 BO3MOKHOCTH HCHOJB30BAHUS MOIydYaTelIeM WIN
MOCTAaBIIMKOM HMH(OPMALMKM OIHOW M3 MOJeiel peaabHOW HMH(POPMAIMOHHOW O€301IaCHOCTH B COOTBETCTBUH C
TpeOOBaHMSIMH BHELTHUX IIPOLIECCOB.

Kpome Toro, B cBsI3M ¢ yBEIHIEHHUEM KOJIMYECTBA METOJIOB M TPUEMOB aTaK M pa3pabOTKON MX HOBBIX CPEACTB
U BEKTOPOB pacCMaTpPHUBACTCS HEOOXOIMMOCTh COBEPIICHCTBOBAHUS M IyTeH obecnedeHus WH(POPMaIMOHHON
Oe3omacHOCTH.

PaccmaTpuBaloTcsi OCHOBHbIE 3a/jauyl ayAuTa 0e30IIaCHOCTH M M3JIAraroTCsl ATAIbl BHIIOJHEHHS 3THX 3anad. B
OTHOIIEHNH O€30IacHOCTH B HMH(OPMALMOHHBIX CHUCTEMax INpeIJiaraeTcsi aHaJUTHYecKas MOJCNb OIpeAeNICHUS
YHCIIOBOT'O 3HAUYEHHSI MEPHI YSIB3UMOCTH.

KoaroueBsie cioBa: merononoruss COBIT, 6ubmuoreka ITIL, cranmaprer ISO 20000, nndopmannoHHbie Tex-
HOJIOTUHM, WH(OPMAIMOHHBIN aymuT, WH(pOpPMAaIMOHHAs Oe30MmacHOCTh, pHCK, ys3Bumoctb, COBIT ® 2019
Framework.
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DEVELOPMENT OF THE NEURAL NETWORK FOR SOLVING
THE PROBLEM OF SPEECH RECOGNITION

Abstract. The article discusses a method for solving the problem of speech recognition on the example of
recognizing individual words of a limited dictionary using a forward propagation neural network trained by the error
back propagation method. The goal was to create a neural network model for recognizing the solution of individual
words, analyze the training characteristics and behavior of the constructed neural network. Based on the input data
and output requirements, a feedback neural network selected. To train the selected neural network model, a back
propagation algorithm was chosen. The developed neural network demonstrated the expected behavior associated
with learning and generalization errors. It found that even if the generalization error decreases as the learning
sequence increases, the errors begin to fluctuate regardless of the introduction of a dynamic learning rate. The
network sufficiently trained to meet the generalization error requirements, but there is stillroom to improve the
generalization error. Practical results of training the constructed neural network at different sizes of the training
sample presented.

Keywords: speech recognition, neural networks, error back propagation algorithm, learning, learning rate.

1. Introduction.

The task of speech recognition is one of the most urgent tasks of our time. Despite the fact that now
there are many ready-made speech recognition systems based on various technologies, the problem of
speech recognition not completely solved, since existing systems have certain disadvantages. In particular,
the dependence of the system on access to data transmission facilities and insufficient recognition
accuracy.

One of the promising directions in solving speech recognition problems is the use of artificial neural
networks. Neural networks are widely used in solving various classes of pattern recognition problems due
to their ability to generalize.

2. Source data of the task

Aspects of the construction and application of neural networks for solving the problem of speech
recognition on the example of the problem of recognizing numbers from 1 to 9, i.e. the words "one",
"two", "three", "four", "five", "six", "seven", "eight" and "nine", respectively. Since the sounds of human
speech lie in the frequency range from 100 to 4000 Hz, to solve this problem, it is enough to use a
sampling frequency of 11025 Hz to digitize speech signals. Using this frequency allows you to reduce the
flow of audio data, while avoiding the loss of useful components of the signal. As part of the task, audio
signals are represented by sets of frames, each of which contains 512 samples.

Based on the experimental analysis of audio recordings of various pronunciation variants of the
studied words, the maximum duration of the useful signal was determined (figure 1), which was 1 s.
Accordingly, the minimum set of frames covering the duration of the useful signal should consist of
20 frames. Missing samples of the original signal filled with zeros.

The results of the Fourier transform performed for each analyzed frame will used as input data for
training the neural network. This approach allows you to analyze the signal both in the frequency domain
(using the frame spectrum) and in the time domain - by splitting the original signal into frames. Since
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significant information is contained in the real frequency spectrum, after performing the Fourier
transform, the real spectrum of the signal is used, discarding the phase information (figure 2, b).

At the output of the neural network, a number is expected that is in the range from 1 to 9 and uniquely
corresponds to its verbal representation submitted to the input of the neural network.
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Figure 1 - Time diagram of the word «four»
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Figure 2 - The first frame of the signal "four":
a-time diagram; b-spectrum of the selected frame

3. Neural network approach to solving the problem

A neural network is a collection of connected and interconnected artificial neurons that accumulate
input values and generate an output signal using the activation function. The work of a single neuron can
be represented by the formula

yj = FX wijx;), (1

where y; — the output signal of j neuron; w;; — the weight of the connection between i and j neurons;
x; — the output signal of i neuron; F — the activation function of the neuron [1].

Methods of connecting neurons in artificial neural networks determine the topology of the neural
network. According to the structure of interneuron connections, two types of neural networks can be
distinguished: direct propagation neural networks and recurrent neural networks. In direct propagation
neural networks, the communication between layers is unidirectional — each neuron connected only to the
neurons of the next layer. Such networks are static due to the lack of feedbacks and dynamic elements.
The output of such a network depends only on the input data. Recurrent neural networks are dynamic, due
to the presence of feedbacks. The output of a recurrent neural network depends on its previous state [2].

The topology of the neural network is selected directly for the analyzed problem, taking into account
the features and complexity of its solution. Optimal configurations already exist for some types of tasks.
However, if the problem cannot be reduced to any of the known types, it is necessary to synthesize a new
configuration of the neural network directly for the problem solved. Since there is no general method for
choosing the optimal configuration of a neural network, the structure of the neural network is selected
experimentally.

The most obvious structure is the network of direct signal propagation, so named because the neurons
of one layer can only be connected to the neurons of nearby layers without reverse and recurrent
connections [3]. Typically, such networks consist of an input layer, one or more hidden layers, and an

— () =———
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output layer. The simplest structure of such a network is shown in figure 3. This network has one hidden
layer, an input layer consisting of n neurons and an output layer consisting of m neurons.

Figure 3 - Typical structure of a neural network

Using such a neural network, data are converted from an n-dimensional input space to an m-
dimensional output space. The advantage of this type of neural networks is their relative simplicity and
visibility, which allows you to analyze the operation of the neural network used. Based on the format of
input and output data, a neural network of direct signal propagation will be used to solve the problem, the
input layer of which contains such a number of neurons that corresponds to the number of analyzed
features (that is, the number of frames multiplied by the number of analyzed spectral components) [4].
Recurrent neural networks cannot be used in the solution of the problem, as due to the presence of
feedback output values of a recurrent neural network depends on the previous state of the network, and
since spoken words within the tasks are not linked, the previous state of the network should not affect the
recognition result.

Figure 4 - The neural network structure used

To solve speech recognition problems, the most common solution is to use the number of neurons in
the output layer that corresponds to the number of recognized objects. However, when solving this
problem, the neural network architecture was chosen, which contains one neuron in the output layer, the
output value of which is in the range from 0 to 1, which corresponds to the numbers from 1 to 9. The
neural network used also has one hidden layer (figure 4).

After determining the topology of the neural network, you need to choose a learning algorithm.
Neural network training can be done in two ways - with a teacher and without a teacher. When using
training with a teacher, neural networks are represented by pairs of input and output data vectors, because
of which the error is calculated and the weights of the neural network adjusted. The algorithm repeated
until the neural network error reaches the required minimum value. In the case of unsupervised learning,
the output data are not known in advance, so only the input data are used [5].

When choosing a training algorithm, it is necessary to take into account the topology of the neural
network, the model of the analyzed data and the intended method of training the neural network. Since a
forward propagation neural network chosen, the most well — known multi-layer perceptron learning
algorithm, the error back propagation algorithm, will be used.
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4. Training a neural network by back propagation of an error

The error back propagation algorithm involves calculating the error of both the output layer and each
neuron of the trained network, as well as correcting the weights of the neurons in accordance with their
current values. In the first step of this algorithm, the weights of all interneuron connections initialized to
small random values (from O to 1). After initializing the weights, the following steps performed in the
neural network training process:

- direct signal propagation;

- calculation of the error of neurons of the last layer;

- reverse propagation of the error [6].

Direct spread signal made in layers, starting with the input layer, in this case calculates the sum of the
input signals for each neuron using an activation function to generate the response of a neuron that
propagates in the next layer, weighted by interneuron connection according to the formula (1). T As a
result of this step, a vector of output values of the neural network obtained.

The next stage of training is to calculate the neural network error as the difference between the
expected and actual output values. The error is calculated for each neuron of the output layer according to
the formula

Sk = (EXPy — yi)F' (Vi), (2

where §;, — the received error of the k neuron of the output layer; EXP;, — the expected value for k output
neuron; Y, — the actual output value of k neuron; F'(y;) — the derivative of the activation function of k
neuron [7].

For subsequent layers of the neural network, the neuron error is calculated using the formula

Sk = F'(7i) * XML, 8iw, 3)

where §;, — received error for the k neuron; §;- error of the i neuron of the previous layer; wy; — the weight
connection between neuron k of the current layer and neuron i of previous layer; y, — the actual output
value of neuron k; F'(y,) — derivative of the activation function of neuron k; M — number of neurons of
the previous layer [8].

The resulting error values propagate from the last, output layer of the neural network, to the first. In
this case, the values of the correction of the weights of neurons calculated depending on the current value
of the link weight, the learning rate and the error made by this neuron.

After completing this step, the steps of the described algorithm are repeated until the error of the
output layer reaches the required value.

When correcting the weights of interneuron connections, the concept of learning rate is used. The
learning rate of a neural network is one of the most important parameters that control the learning process.
This parameter determines the amount of change in the weighting coefficients of interneuron connections.
For a perfect approximation to the minimum error of the neural network, the learning rate should tend to
an infinitesimal value to ensure the best convergence of the learning algorithm. However, the smaller the
selected value of the learning step, the longer the learning takes place online [9].

In order to overcome these problems, the so-called dynamic learning rate is used. When using this
method, the learning step is not a constant value, but depends on other parameters of the learning process
(time, iteration number, or neuron error in the previous step). The dynamic learning rate can be introduced
for each neuron of the network individually, or for the entire network as a whole.

The functions used to calculate the learning rate must have the following properties:

1) Y(x) =0 for x =0;

2) Y(x) = MAX at x—>=w;

3) Y(x)—>0 for x—0.

To work with the neural network, the following function is selected, reflecting the dependence of the
learning rate of the neuron on the error value:

Y(x) = |MAX *(=CST * x| )| , “

where MAX — a constant that determines the maximum possible learning rate; x — the amount of error
introduced by the neuron; CST — a constant that determines the degree of steepness of the resulting
function. The function is represented by a graph in figure 5.
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This function meets the specified requirements and provides the most optimal change in the learning
rate. At the beginning of the learning process, the MAX parameter is set to the maximum value of the
learning rate (in our case, MAX = 3), because of which, for large values of the learning error, changes in
the weight coefficients will be significant. As the neuron error decreases, the learning rate will decrease,
and as the learning error tends to zero, the learning rate will also tend to zero [10].

Thus, when solving the problem, dynamic control of the learning rate is implemented, in which the
value of the learning step is calculated for each neuron separately, depending on the error made by this
neuron. The introduction of this algorithm made it possible to more accurately approach to the minimum
learning error of the neural network. When comparing the learning nature of a neural network with an
adaptive learning rate and a neural network with a minimum fixed learning step, the former shows a
smoother tendency of the error to the minimum value without significant fluctuations.
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Figure 5 - Graph of the learning rate of an individual neuron

Two types of neural network errors that most fully characterize the learning process are considered. In
the process of training a neural network, a training error and a generalization error are distinguished.
Generalization error is an error that the neural network demonstrates in examples that were not involved in
the learning process. A learning error, on the contrary, is an error that the trained neural network
demonstrates on the examples of the training sample [11].

An important aspect of neural network training is the training sample. A training sample is a set of
pairs of input and output data (for training with a teacher) used in training a neural network. The control
sample-part of the sets that are not involved in training the neural network - used to determine the
generalization error.

For correct training of a neural network, the training sample must have the representativeness
property. Representativeness in this case should be understood as the presence of a sufficient number of
diverse training examples that reflect the patterns that should be detected by the neural network in the
learning process. The representativeness of the training sample expressed in the following aspects:

- sufficiency: the number of training examples should be sufficient for training;

- diversity: the training sample should contain a large number of different combinations of input and
output data in the training examples;

- uniform representation of classes: examples of different classes should be presented in the training
sample in the same proportions.

Increasing the number of examples in the training sample increases the time required for the neural
network to reach the specified indicators due to a generalization error [12].

When training the constructed neural network, we obtained results confirming the theoretical
dependence of the generalization error on the power of the training sample (Fig. 6, a). The dependence
between the power of the training sample and the deviation of the generalization error from the steady-
state value also revealed (figure 6, b).




News of the National Academy of sciences of the Republic of Kazakhstan

] 0,1
5 _
1] _ - n
g 0,2 g _
g £ 0,08
E b = ]
g £ 006
§ A = 0,06
= 0,15 - g _
- _ =] -
£ 8 o oa]
] o 0,04
k- | ] _
0,1 i ]
2] & ]
El _ i
| T T | T T | LI | LI | T T | T T | D _l LI | LI | LI | LI | L L | T T T |
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Training sample capacity Training sample capacity

a) b)

Figure 6 - Behavior of the generalization error depending on the power of the training sample:
a-change in the minimum value of the generalization error; b-change in the deviation of the generalization error
from the steady-state value

5. Conclusion. Based on the results obtained, it can be concluded that with an increase in the training
sample size, the minimum possible value of the generalization error decreases, and the nature of the
dependence of the generalization error on the power of the training sample coincides with the theoretical
one. However, this increases the time spent on training the neural network, and increases the deviation of
the generalization error from the established value.

Thus, a neural network model was implemented to solve the problem of recognizing words
corresponding to the pronunciation of numbers from 1 to 9. When analyzing the behavior of the neural
network, it was determined that the existing size of the training sample is not enough to achieve a zero
error in the generalization of the neural network. However, the constructed network showed the ability to
learn, confirmed by experimental data. When the specified generalization error is reached, the program
saves the weight coefficients in the form of a header file, which makes it possible to restore the trained
neural network for later use.

M. . Aunbmaramberosal, O. K. Mambipoaes?

lOn-Mapabu areiparsl KasYY, Anvarsl, Kazakcran;
2KP BEM BK AKnaparThik 5KoHE eCEnTeyill TEXHONOTHsIIAp MHCTUTYThI, Anmatsl, Kazakcran

COWJIEY/II TAHY MAKCATBIHJIA HEUPOH/BIK )KEJIHI KYPY

AnHoTanusa. Makanazia KaTeHi Kepi Tapary oiciMeH OKBITBUIFAH TiKeJIeH TapaTyblH HEHPOHIBIK JKEINICiH KOJI-I1aHa
OTBIPBIT, HICKTEYJi CO3MIKTIH JKEKE CO3iH TaHy apKbUIbl COMNeyJi TaHy MOCENICCiH IMIeHly dJici KapacThIPbI-Talbl.
MakcaTbIMBI3 — KEKe CO3Ji TaHy YIIiH HEHPOHIBIK Keli MOJCIIH KYpYy, KYpbUIFaH HEHPOHMBIK >KEJIHIH OKBITY CHIAT-
Tamanapbl MEH SpPEKEeTIH Tajijay.

Oypre TYpICHAIPY HOTIDKENepl HEHPOHIBIK KEMiHI OKBITY YIIIH Kipic peTiHae maiijanaHblIafgbl SKoHE Kipic
JIepeKTepiH TaHJayFa HerizaenreH. MacereHi ey YIIiH KaTeHiH AMHAMUKAJBIK OKY KbUIIaMIBIFBIMEH Kepi Tapaiy anro-
PUTMI TaH#ANJbI, OUTKEHI OYJ1 aNrOpUTMII €Hri3y HEHPOHMIBIK XKETiHi OKBITYABIH MUHHUMAIbl KATECIHE [OJ XKAKbIHAAYFa
MYMKIiHIIK Oep/i.

XKeni >xkanmeliay KaTeciHiH TalanTapblH KaHAraTTaHABIPYFA SKETKINIKTI AaiiblHAanraH, Oipak jkalmbulay KaTeciH
JKakcapTyra Oomanpl. KypeutFaH HEHpOHIBIK JKEJiHI OKBITYABIH MPAaKTHKAIBIK HOTIDKENEepl TYpii OKy YITiCiHIOEe YCBhI-
HBUIFaH.

Tyiiin ce3mep: ceilneyai TaHy, HEHpPOHIBIK KeJiiep, KaTENIKTepl Kepi TapaTy alropuTMi, OKBITY, OKY >KbLJI-
JIAM/IBIFBL.

M. . Inabmaramberosal, O. K. Mambipoaes?

'Kazaxckuii HallMOHAILHBIH YHUBEPCUTET UM. alb-Dapabu, AMaThL;
2 MucTutyT HHPOPMALIMOHHBIX U BHIMUCIUTENLHBIX TexHonoruit KH MOH PK, Anmartsl, Kazaxcran

PA3PABOTKA HEMPOHHOI CETH JJIsA PEIHHEHUSA 3AJJIAYU PACIIOSHABAHMUS PEUN
AHHoOTanus. B cTaThe paccMaTpuBaeTCs METOA PEIICHHUS 33a4d PAaclO3HABAHUS PEYM Ha IPHMEPE Pacro3Ha-BaHHS

OTJENBHBIX CJIOB OIPAaHUYEHHOI'O CJIOBaps C MCHOJIb30BAaHHEM HEHPOHHOH CETH HPSMOTrO paclpOoCTpaHEHUs, 00y4eHHOH
METOIOM OOpaTHOrO pacmpocTpaHeHHs omuoOok. Ilenb cocrosiia B TOM, YTOOBI CO3IaTh HEWPOCETEBYIO MOAENb JUIS
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pacro3HaBaHHS OTAENBHBIX CIIOB, IIPOAHAIM3UPOBATh OOyYAIOIIMe XapaKTEePUCTUKH M MOBEJCHHE ITOCTPOCHHON
HEHpOHHOH ceTu.

PesynbraTe mpeobpa3zoBanus Oyphe HCIIOTBE30BaHEI B KAYECTBE BXOMHBIX JaHHBIX JUI1 OOYUCHHUS HEHPOHHOH CeTH H
000CHOBaH BBIOOP BXOJAHBIX JAHHBIX. J[JIf pelleHus] MOCTAaBIEHHON 3alaudl BbIOpaH aarOpUTM OOPAaTHOIO paclpocTpa-
HEHHs OIMMOKH C AMHAMUYECKOH CKOPOCTBIO OOy4eHHs, TaK KaK BBEJECHHE STOTO AITOPHTMA IO3BOIMIO OoJee TOYHO
IpUOIU3UTHCS K MUHUMAJIbHON OInOKe 00yueHUs! HeHPOHHOU CeTH.

Cets nocTaTo4HO OOydeHa, YTOOBI COOTBETCTBOBATh TPEOOBAHMAM OMIMOKH OOOOIIEHHS, HO €CTh €Ie MECTO I
yiydmenust omubOku o6o0menus. IlpencraBieHbl NPakTUUECKUE Pe3yIbTaThl 00yUeHUs] IOCTPOCHHOM HEHPOH-HOHU ceTH
TIPH Pa3NIMYHBIX pa3Mepax oOydaromieil BRIOOPKH.

KiroueBble ciioBa: pacrno3HaBaHWE PE4d, HEHPOHHBIE CETH, AITOPUTM OOPAaTHOIO PAaCHpPOCTPaHEHHs OIINOOK,
o0ydeHne, CKopocTh 00yUeHUsI.
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COMPARISON MODELS OF MACHINE LEARNING
FOR MOVIE RECOMMENDATION SYSTEMS

Abstract. The trend of the Internet makes the presentation of the right content for the right user inevitable. To
this end, recommendation systems are used in areas such as music, books, movies, travel planning, e-commerce,
education, and more. One of the most popular recommendation systems in the world is Netflix, which generated
record profits during quarantine in the first quartile of 2020. The systematic approach of recommendations is based
on the history of user selections, likes and reviews, each of which is interpreted to predict future user selections. This
article provides a meaningful analysis of various recommendation systems, such as content-based, collaborative
filtering and popularity. We reviewed 7 articles published from 2005 to 2019 to discuss issues related to existing
models. The purpose of this article is to compare machine learning algorithms in the Surprise library for a
recommendation system. Recommendation system has been implemented and quality has been evaluated using the
MAE and RMSE metrics.

Keywords: recommendation system, analysis of machine learning approaches, Surprise library, collaborative
filtering.

1. Introduction

Recommender systems are algorithms designed to offer users the appropriate elements.
Recommender systems are a class of information filtering systems whose main purpose is to provide
personalized recommendations, content and services to users. Recommender systems typically help users
find products such as films, books, articles, news, and others that match their personal preferences and
needs [1].

Personalized recommendation blocks are the most obvious example of user personalization. The web
service ranks the objects in order of relevance for a particular user based on user history. For example, on
Netflix service, rough estimates posted continuous content [2]. The user is not able to watch the whole
movie, so users search for a movie that they like by using stories at the same time. The task of this system
is to build a personal stream that is interesting to the user based on the website.

Recommender systems are not necessarily intended to recommend certain objects to users. To
increase the effectiveness of promotions, online stores resort to the help of recommendation systems in
order to identify the most interested users in one of the products. Recommendation system predicts the
degree of interest of each user to a particular product based on purchases and their responses to
promotional letters [3].

Referral systems are really important in some industries, as they can generate huge revenues when
they are effective. As evidence of the importance of recommender systems, we can mention that a few
years ago Netflix organized a contest with a prize of $§ 1 million, where the goal was to create a
recommendation system that works better than its own algorithm [4].

Recommender systems work with two types of information:

1. Characteristic information. This is information about elements and users.

2. User interaction. This information is such as ratings, number of purchases, likes, etc.
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Based on this, we can distinguish three algorithms used in recommender systems:

1. Content systems that use specific information.

2. Collaborative filtering systems based on user interaction with the element.

3. Hybrid systems that combine both types of information in order to avoid problems that arise when
working with only one type.

Collaborative methods of recommendation systems are methods that are based on past interactions
recorded between users and subjects to develop new recommendations. These interactions are stored in the
so-called "user-element interaction matrix" [3]. Then, the basic idea that governs collaborative methods is
that these past user-element interactions are enough to detect similar users or similar elements and predict
based on these assumed approximations. However, since only past interactions are taken into account for
making recommendations, collaborative filtering suffers from a “cold start problem™: it is not possible to
recommend something to new users or recommend a new item to any users, and many users or elements
have few interactions too. This drawback can be eliminated in different ways: recommend random items
to new users or new items to random users, recommend popular items to new users or new items to most
active users, recommend a set of different items for new users or a new item to recruit different users.

Unlike collaborative work methods that rely on the interaction of user elements, content-based
approaches use additional information about users or elements. If we look at an example of a movie
recommendation system, this additional information could be, for example, age, gender, work or any other
personal information for users, as well as the category, main characters, duration or other characteristics
for movies [5].

Then the idea of content-based methods is to try to build a model based on the available “functions”
that explain the observed user interactions with the element.

Content-based methods suffer much less from the “cold start” problem than collaborative approaches
[6]. Only new users or elements with previously unseen features will logically suffer from this
shortcoming, but as soon as the system becomes old enough, it will have little chance of not happening at
all.

2. Methods

To develop recommendation system algorithms, used the Surprise library, which was built by Nicolas
Hug. Surprise is a library in Python scikit for recommender system, which is able to build an algorithm,
that is nothing but a class derived from “AlgoBase” that has an “estimate” method. This is the method that
is called by the predict() method. It takes in an inner user id, an inner item id, and returns the estimated

rating r,; . But the dumbest algorithm returns a set rating value.

In this research used MovieLens datasets by the GroupLens Research Project at the University of
Minnesota. Dataset consists of 100,000 ratings (1-5) from 943 users on 1682 movies. Each user has rated
at least 20 movies [7].

To fit prediction algorithms, it requires a similarity measure, which builds a similarity matrix and
returns value depending on the similarity of films and users.

To make a cleverer algorithm that predicts the average of all the ratings of the train set. As this is a
constant value that does not depend on current user or item, we would rather compute it once and for all.
This can be done by defining the fit method. This way, we can fit our algorithms for training sets.

To prediction used the prediction algorithms package of Surprise library, which includes the
prediction algorithms available for recommendation. We used nine type of prediction algorithm:

1. NormalPredictor is an algorithm which predicts a random rating based on the distribution of the
training set, which is assumed to be normal.

2. BaselineOnly is an algorithm which predicts the baseline estimate for a given user and item.

3. KNNBEasic is a basic collaborative filtering algorithm.

4. KNNWithMeans is basic collaborative filtering algorithm, taking into account the mean ratings of
each user.

5. KNNBaseline is a basic collaborative filtering algorithm taking into account a baseline rating.

6. SVD is equivalent to Probabilistic Matrix Factorization.

7. NMF is a collaborative filtering algorithm based on Non-Negative Matrix Factorization. It is very
similar with SVD.
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8. SlopeOne is a straightforward implementation of the SlopeOne algorithm. Coclustering is a
collaborative filtering algorithm based on co-clustering.

At the end, calculated evaluation metrics root mean square error (RMSE) and mean absolute error
(MAE) on a 5-fold cross-validation procedure by formula (1) and (2). The folds are the same for all the
algorithms [8].
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3. Results

Nine types of machine learning models showed different results for evaluation of quality: MAE and
RMSE [9]. Training is conducted for datasets MovieLens 100k to compare the performance of machine
learning algorithms: SVD, KNN, KNNwithMeans, KNNBasic, BaselineOnly, Coclustering, SlopeOne,
NMF and Normal Predictor. First, the overall results of the MAE and RMSE for all approaches in Figure
1.

a7

(a) (b)
Figure 1 - Results: a - results of MAE for each approach, b - results of RMSE for each approach
Here, brown line — Normal Predictor, orange line is KNN, red line is NMF (Not negative matrix
factorization), violet line is KNN with Means and grey blue line for KNN Basic, dark green line is

CoClustering, blue line is BaselineOnly, green line is SVD (Support vector machine) and salad green line
is for SlopeOne.
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Figure 2 - RMSE results. a - KNN, KNN with Mean, KNN Basic and NMF and b - SVD,
BaselineOnly, Coclustering, SlopeOne

Figure 2.a shows result of RMSE for some algorithms, which are better than Normal Predictor. Here,
blue line is KNN, orange line is NMF, green line is KNN with Means and red line is KNN Basic. In
Figure 2.b shows top results of RMSE for four algorithms: SVD, BaselineOnly, Coclustering, SlopeOne.
Here, green line is Coclustering, red line is BaselineOnly, orange line is SVD and blue line is for
SlopeOne.

—— )8 ——
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Figure 3 shows results of MAE for all approaches without Normal Predictor:

@ (b)

Figure 3 - MAE results: a - all approaches, b - good results

In 3.a, orange line is KNN, red line is NMF, brown line KNN Basic, BaselineOnly by violet line,
green line is Coclustering, pink line is SlopeOne, blue line is SVD, grey line KNN with Mean. Mean
absolute error returns good results for two approaches: KNN with Means and SlopeOne. Figure 3.b in
scaled view for approaches with good result:

Here, the orange line is SlopeOne, the blue line is SVD, the line is for KNN with Means. As we can
see that the best results of MAE are KNN with Means and SVD predictions algorithms.

4.Conclusion. Recommendation systems make convenient Internet by predicting the right content for
the right user. But also gives the other problem such as: what kind of approach to use, indeed this method
is inevitable for a given dataset? This paper discussed the nine traditional approaches and highlighted their
advantages and disadvantages by evaluation mean absolute error and root-mean-square error. By
measuring the quality closed SVD and KNNwM algorithms predicted with minimal mean absolute error
(MAE), but by root-mean-square error (RMSE) the best predictors are SVD and SlopeOne. In table 1
shown prediction algorithms with values of MAE for spited into 5-fold cross validation.

Table 1 - MAE results of the best approaches for given results

Algorithms Fold 1 Fold 2 Fold 3 Fold 4 Ford 5 Mean Std
SVD 0.7417 0.7405 0.7347 0.7384 0.7354 0.7381 0.0037
KNN with Means 0.7501 0.7430 0.7528 0.7511 0.7485 0.7491 0.0034

As we can see that the best results of RMSE are BaselineOnly and SlopeOne predictions algorithms.
In Table 2 shown prediction algorithms with values of RMSE for spited into 5-fold cross validation:

Table 2 - RMSE results of the best approaches for given results

Algorithms Fold 1 Fold 2 Fold 3 Fold 4 Ford 5 Mean Std
SVD 0.9418 0.9345 0.9373 0.9353 0.936 0.937 0.0085
SlopeOne 0.9425 0.9493 0.9477 0.9458 0.9405 0.9452 0.0033

A.BIL. Ky6aTtxan, K.A. Bypudaes,
C.C. Ay6akupos, M. /I. lnnemaraméeroBa, C.A. PoicKky10ek

On-dapabdu areinaarel Kaz¥V, Anmarsl, Kazakcran

®WUJIbM YCBIHY )KYUEJEPIHE APHAJIFAH MAIIIMHAJIBIK,
OKBITY MOJAEJBJAEPIH CAJIBICTBIPY

Annotanusi. Kazipri HHTEpHET TeHICHIMACH! KOJJIAHYIIbIFa HAKTHl 9pi KWKETTI KOHTEHTTI YCBHIHY/ABI CO3CI3
opsrHAai eI, OChl MaKcaTTa YCHIHEIC KYHeIepl My3bIKa, KiTar, (GUIIbM, casxart jKocmapiay, SJIeKTPOHIBI cayaa, OimimM
Oepy oHe Tarpl Oacka cajanmapia KOJJaHBUIAABl. OJEeMICTi €H TaHbIMaJl YCHIHBIC xKyhenepiniH 0ipi — Netflix. by
kapaaTuH Ke3inae 2020 xKpurabsiH OipiHII MayChIMBIHAA TAIa TYCIpy KaFbIHAH PEKOPAKA KETTI.
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YChIHBICTApFa JXYHell Ke3Kapac NaiaanaHymbUIapIblH TAHAAYBIHBIH, YHATYBIHBIH XKOHE IIOTYJapbIHbIH TapH-
XbIHA HET13/IeJI'eH, OJIap/IbIH dpKaiChIChl OoMallak naijananynbuiap/blH caiiayblH 00JnKay peTiHae TYCIHIIpiiaeIi.

Makaia Ma3MyH¥Fa, OipJecKeH Cy3rijiey jkoHe TaHBIMAIIBIK CEKUIAl TYPJIl YCHIHBIC JKYHeNepiHiH TajgamMachkiHa
Herizaenred. KonjaHblcTarbl MOJIENbAEpTe KaThICTBI Macelnenepai Tankpuay yuris 2005 sxbuinan 2019 xputra neiin
JKapHsIaHFaH 7 MakajlaHbl KapacThIpAbIK. MakaiaHbIH MaKcaThl — YCBIHBICTAp XKYHeci YIIiH Surprise KiTanxaHachlH-
JIaFbl MAIIMHAIIBIK OKBITY alTOPUTMIEPIiH CANBICTHIPY. ¥ ChIHBICTAp XKyiHeci Oarmapnamanansl opi MAE sxone RMSE
carra KepceTKITepiH KoJIaHy apKbUTbl OaraaaHbl.

Tyiiin ce3mep: ychIHBICTap XKYiieci, MAIIMHAIBIK OKBITY TICUIIEPIiH Taiiay, Surprise KiTamxaHacel, OipjeckeH
CY3rijiey ofici.

A.BlL. Ky6atxan, K.A. Bypubaes,
C.C. Ay6akupos, M. JI. /lnnsmaraméeroBa, C.A. PoicKky/10ex

Kazaxckuii HallMOHABHBIN YHUBEPCUTET UM. altb-Dapabu, AMaTsl

CPABHEHUE MOJEJIA MAIIMHHOI'O OBYYEHUA
JJIs1 CUCTEM PEKOMEHJAIIU ®NJIBMOB

AHHOTanusi. VIHTEpHET-TCHAEHIMS [eNaeT HEU30€KHOW IPE3CHTALUIO HYXXHOTO KOHTEHTA UIA HY’>KHOTO
nosb3oBarens. C 3Toi LeNbl0 peKOMEHATENbHbIE CUCTEMBI HCIIOIB3YIOTCA B TaKMX O0NACTAX, KaK My3bIKa, KHUTH,
(UIBMBL, IUTAHUPOBAHKE ITyTEIECTBUH, DIIEKTPOHHAS KOMMepILHs, oOpa3oBaHue U T.1. OfHA U3 CaMbIX IOMYJISAPHBIX
cucreM pekomeHnanuii B Mupe — Netflix, KoTopasi IprHecia peKOpAHYI0 NpUObLIL BO BpeMsl KapaHTHHA B EPBOM
kBapTtaine 2020 roxa.

CucremMaTuueckuii MOAXO0A K PEKOMEHAAIMsSIM OCHOBaH Ha WCTOPUH MOJb30BATEIbCKUX BBIOOPOB, JANKOB U
0030pOB, Kayk/1asi U3 KOTOPBIX MHTEPIPETUPYETCsI KaK IpecKa3aTenb Oy IynX BEIOOPOB MOJIb30BaTENCH.

B o100 crarbe mpencTaBieH conepKATENbHBIM aHAIW3 PasIMUHBIX CHCTEM PEKOMEHAAIMH, TaKMX Kak KOH-
TEHTHas1, COBMECTHasI (PUIIbTpalysl ¥ MOy SIpHOCTE. MBI ipocMoTpenu 7 crateit, omyomikoBanHbIX ¢ 2005 mo 2019 rox,
4TOOBI OOCYIMTH BOMPOCHI, CBSI3aHHBIE C CYIICCTBYIOIIMMHU MOAEIAMH. Llenb 3TOH CTaThby - CPaBHUTH aJrOPHUTMBI
MaIIMHHOTO O0Oy4eHus B OmOmmoTeke Surprise A7l PeKOMEHAATEIFHOW CHCTeMBl. BHeIpeHa cuctemMa peKOMEH-
JTAIIHiA, ¥ Ka4eCTBO OIICHEHO C HMCIIONb30BaHueM nokasareneit pyukinuiit MAE n RMSE.

KinroueBble cj10Ba: peKOMEHAATENbHbIE CHCTEMBI, aHAIHM3 MOJXOM0B K MAalIMHHOMY OOy4eHHIo, OMOIHOTEeKa
CIOPIIPU30B, KOJ1abopaTuBHAsT (PUILTPALUSL.
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AN OVERVIEW OF THE RECOGNITION ALGORITHM
OF A HUMAN VOICE

Abstract. Speech recognition has various applications, including human-machine interaction, sorting phone
calls by gender classification, categorizing videos with tags, and so on. Currently, machine learning is a popular field
that is widely used in various fields and applications, taking advantage of the latest developments in digital
technologies and the advantages of data storage capabilities from electronic media. In this article, we will focus on
voice gender recognition for a class of text-dependent systems using the Dynamic time distortion (DTW) algorithm
and for a class of text-independent systems, the Gaussian mixture model. With this method, it is possible to
distinguish a person's voice with the highest accuracy, since the components of Gaussian mixtures can simulate the
personality of the voice. The article presents the results of testing the algorithm, and concludes that the Gaussian
mixture model is applicable to solving the problem of identifying a person by voice.

Keywords: algorithm; Gaussian mixture; identification; recognition; classification.

1. Introduction.

Speech is one of the most popular and significant means of communicating people, expressing their
emotions, cognitive states and intentions with each other. Speech is produced by humans through a natural
biological mechanism in which the lungs release air and convert it into speech, passing through the vocal
cords and organs, including the tongue, teeth, lips, etc. As a rule, you can use a speech and voice
recognition system to identify your gender. The natural voice recognition system is the human ear. The
human ear has an excellent mechanism that can effectively distinguish gender by voice and speech based
on attributes such as frequency and volume. Similarly, a machine can be taught to do the same by
selecting and including the correct features from the voice data in the machine learning algorithm.

Due to the ease of use, there is currently a growing interest in biometric technologies and the method
of biometric identification. Identification is a comparison of features of an object. The advantage of voice
identification is convenience and affordable price, and the disadvantage is low reliability[[1]] .

The fundamental disadvantage of all biometrics methods, except speech, is the constancy of the
biometric code used, since fingerprints or palms, the pattern of the iris and facial features are unchanged
for the individual. This disadvantage prevents the use of these methods in cases requiring particularly high
reliability of identity identification, since the immutable biometric code can be read by malicious intrusion
into the recognition program[[2]].

Unlike fixed-parameter biometrics, voice verification has virtually unlimited potential to reduce error
by using increasingly long speech messages. Voice verification can be used in the dark, at a distance, in
particular, over a standard telephone channel, in conditions where it is impossible to get a face image.

In modern voice identification systems, text-dependent identification is used to increase reliability, for
example, the utterance of a passphrase, which is randomly generated each time. The use of individual
characteristics and matching of the generated and the detected passphrases increases the reliability. Text-
independent identification implies the use of only individual features[[3]].

An important characteristic of the voice identification system is the speed (speed) of identification.
Performance is especially important for applications that process large databases of voice data and work in
32
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real time. Performance improvement can be achieved through the use of new fast algorithms of data
processing. Thus, voice identification of a person, despite the shortcomings indicated in this work, under
certain conditions has significant advantages that need to be developed. In the problem of voice
identification, various mathematical, algorithmic, and technical methods are used, starting with the stage
of voice recording and ending with the stage of classification. Virtually every identification system has
four main stages: signal acquisition, signal preprocessing, feature extraction, and feature classification.

2. The stage of receiving the signal.

The method of receiving or recording a voice signal, in most cases, is to record the signal using a
microphone and present the signal digitally using an analog-to-digital Converter. As an analog-to-digital
Converter, a personal computer sound card or a digital voice recorder is usually used. However, it is still
necessary to ensure minimal computing costs while maintaining accuracy, noise immunity to various types
of interference, and sufficient reliability with common hardware[[4]-[5]].

3. Pre-processing stage.

The received digital signals, as well as analog ones, contain a certain amount of distortion and
interference. Distortions are understood as distortions of the speech-forming tract (for example, throat
disease) and the speech-transmitting channel (for example, distortions of the telephone channel).

Pre-processing stage. The received digital signals, as well as analog ones, contain a certain amount of
distortion and interference. Distortions are understood as distortions of the speech-forming tract (for
example, throat disease) and the speech-transmitting channel (for example, distortions of the telephone
channel).

4. The stage of feature extraction.

Feature extraction usually takes place using Fourier transform, wavelet transform, linear prediction,
and others. The transformation coefficients are used as features. Currently, the voice characteristics that
can uniquely identify a person's identity are not precisely defined. The choice of features also affects the
reliability of identification. There are methods that describe the integral characteristics of the human voice
and are used to extract tones, speech dynamics, and prosodic characteristics. Such methods are the Fourier
transform (amplitude-frequency distribution), the cepstral transform (amplitude-time distribution), and the
linear prediction transform (amplitude-frequency distribution). There are also formant methods and
phoneme extraction methods.

5. Stage of classification of features.

This stage includes the application of mathematical classification methods, which are used to make
decisions, as well as the calculation of classification errors.

Speech recognition systems are based on the principles of recognition of recognition forms. The
methods and algorithms that have been used so far can be divided into the following large classes [[6]-
(711

Classification of speech recognition methods based on comparison with the standard.

- Dynamic programming — time dynamic algorithms (Dynamic Time Warping).

- Context-sensitive classification. When it is implemented, separate lexical elements are distinguished
from the speech stream-phonemes and allophones, which are then combined into syllables and
morphemes.

- Methods of discriminant analysis based on Bayesian discrimination (Bayesian discrimination);

- Hidden Markov models (Hidden Markov Model);

Neural networks (Neural networks).

Dynamic Time Warping (DTW) is a dynamic time scale transformation algorithm, a dynamic
programming method that allows you to find the distance between two time series. As a rule, such
sequences have different lengths, so you have to make measurements at different speeds. The main
advantage of this algorithm is the ease of implementation [[8]-[9]].

Gaussian mixture models can be applied not only to model the characteristics of the speaker's voice,
but also to record the voice signal and the environment. Each of the components of the model reflects
some common features of the voice, but individual when they are reproduced by each speaker. Gaussian
mixture models have proven to be effective because they have high recognition accuracy. That is why this
approach can be successfully used to solve the problem of identifying a text-independent speaker [[10]].
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The weighted sum of M components representing the Gaussian mixture model is calculated using the
formula [[11]]

P(x|2) = XLy p; bi(%) (H

where X is a d-dimensional vector of random variables, pi, 1< 1 <M — weights of the model components,
b;(x) , 1<i< M — density functions of the distribution of the model components:

1

bi(X) = —p——e
() @em2lsil1/2

1,_ _ -1 = _
w {3 @ - @) 5% - @
where f1; is the expectation vector and |} i| is the covariance matrix. The weights of the mixture must
satisfy the condition:

Yip=1 3)

The entire Gaussian mixture model is defined using expectation vectors, covariance matrices, and
mixture weights for each of the model components:

/‘LZ{pi,ﬁi,Zi},i = 1, oM (4)

When using the method, each speaking person can be represented by their own Gaussian mixture
model.

To build a system of automatic identification of a person by voice using Gaussian mixtures, it is
necessary to solve the following subtasks:

Extract and process the features of the input speech signal;

Develop an algorithm for initializing and evaluating model parameters;

Determine the number of components of the Gaussian mixture model.

First, an analog-to-digital conversion of the audio signal is performed. During sampling, the signal is
divided into separate values of the quantized amplitude at certain time intervals.

The entire signal recording is viewed by Windows of pre-set duration that overlap. It is recommended
to choose the duration of the time window within 20-30 MS. In this paper, to simplify the calculations, the
duration of each window was chosen to be 25 MS.

Then the digitized signal is viewed in small fragments (frames) that are characteristic of individual
vocal components of the speech signal and for which it is assumed that the signal retains its properties
constant for a given period of time. Next, the window function is selected. The time window function must
take a non-zero value inside a certain time interval, and it must be zero outside of it. Then the window
function is sequentially superimposed on the signal frames, and information is extracted from the speech
frame. This information is extracted by multiplying the value of the signal x[t] taken at time t with the
value of the window function w[t] taken at time t:

y[t] = w(t]x[t] (%)

The characteristics of the window function are the following parameters: width (in milliseconds),
offset (the number of milliseconds between the borders of consecutive Windows), and shape. In this paper,
a Hamming window with a width of L = 30ms and an offset of 10 MS is used.:

0,54—0,46cos(%),0 <t<L-1

0, uHaue

w(t) = { (6)

After filtering each segment, we get a complete signal, which is free of noise, interference and other
distortions that can interfere with the correct recognition of the speaker.

Next, it is necessary to extract information about the spectral components from the signal obtained at
the previous stages of the algorithm, for which a discrete Fourier transform is used. A signal divided into
frames is fed to the input of the computer, and at the output of the computer for each of The t frequency
ranges, we get a complex number X[k], which is the amplitude and phase of the original signal. X[k] is
calculated by the formula:

- 2mi
X = ZNZdxn exp (- Z5kn) (7)
where k =0,..., N-1.

— 34 ——
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Then you need to go from the value of the sound frequency f to the value of the height (Mel). First,
you need to place the resulting spectrum on the chalk scale. This operation is carried out according to the
formula

B(fy,) = 1127,01048 = In (1 + (%)) (8)

This operation is necessary to simulate the fact that human hearing has different sensitivity in
different frequency ranges.

Then it is necessary to form triangular filters that serve to accumulate the energy value in each of the
frequency ranges (10 filters are distributed linearly below 1000Hz, and the rest are logarithmically above
1000Hz) and take the logarithm of each obtained chalk value. The use of the logarithm is necessary so that
differences in the input signal delivery methods have less impact on the assessment of individual speech
characteristics.

Next, we translate the obtained values into a scale with frequencies. At the next step of the algorithm,
the signal kepstr is calculated. This transformation allows you to separate the source of the sound wave
from the filter, whose properties allow you to generate the corresponding sound when a wave with the
frequency of the main tone of speech passes through the voice channel. At the same time, the filter
contains most of the useful information.

Each signal segment can be described using 12 Mel-frequency cepstral coefficients. To find them, use
the formula

(n) = £z S(n) cos (#) ©)

where 0<n <M

Figure 1 shows a graph of the dependence of the Mel-frequency cepstral coefficients on time for two
frames of the speech signal of two different speakers who uttered the same speech phrase. On the graph,
you can see that the recording coefficients differ for different speakers. The dependence of the Mel-
frequency cepstral coefficients on time for two different recordings of the same speaker's speech is shown
in figure 2. From the graph of figure 2, you can see a small difference between the Mel-frequency cepstral
coefficients.

After all the coefficients are calculated, the recording signal must be compared with the reference
signal stored in the database. The criterion for matching these signals will be the Euclidean distance
measure.

Figure 3 shows a complete block diagram of the algorithm, on the basis of which a program for
identifying a person by his vocal data is developed.
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Figure 1 - Dependence of Mel-frequency cepstral coefficients of speech recordings
of two different speakers on time in the first two frames of the speech signal
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Figure 2 - Dependence of Mel-frequency cepstral coefficients of speech recordings
of the same person on time in the first two frames of the speech signal

To initialize the initial parameters of the model, in this paper we used the algorithm of cluster analysis
for vectors of speech signal features. The K-means++ algorithm was chosen as the clustering algorithm,
which uses Euclidean distance as a distortion measure [[12]].

<>

Figure 3 - Block diagram of the algorithm for automating
the speaker identification process by voice

the K-means++ Algorithm is a modification of the K-means algorithm. In this algorithm, the center of
the first cluster is randomly selected, and then each subsequent center can be selected from the remaining
data points with a probability proportional to the square of the distance to the nearest existing cluster
center. After that, the standard K-means algorithm is executed. The advantage of this approach is a large
reduction in the error of the final result.

To test the developed algorithm, a software tool in the C++language was developed. The voice
signals of twenty people were selected. Speech recordings were made in mono mode using a microphone
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built into the computer, which has a sampling rate of 16 kHz and an ADC bit rate of 16 bits. The duration
of the speech signal was 50 seconds, and the duration of the test signal was 15 seconds. The algorithm was
tested for a different number of components of the Gaussian mixture model. Figure 4 shows the
dependence of the number of correctly identified speakers (in %) on the number of components of the
Gaussian mixture model.

Identification accuracy 9

2 3 4 5 10 15 20 25 30

Number of model components

Figure 4 - Dependence of the number of correctly identified speakers (in %)
on the number of components of the Gaussian mixture model

6. Conclusion

The results of the development of an algorithm for automatic identification of a person by voice for
authorizing access to information obtained in this paper allow us to draw the following conclusions:

For modeling individual voice characteristics, the components of Gaussian mixtures are best suited,
since they allow you to recognize speakers with high accuracy.

Determining the initial parameters of the model using the K-means++ algorithm can significantly
increase the learning rate and improve the accuracy of identification.

The number of components that is optimal for the effective operation of the system is five. With this
number of components, the speaker identification accuracy is 96%, which indicates that the implemented
algorithm can be successfully used to authorize access to information by the user's voice.

A. T. Kapenosa', O. K. Mambip6aes?

'Ka3axckuit HAIMOHAIBHBIN YHUBEPCUTET UM. anb-Dapabu, AJMaThL
2 MuctutyT ME(GOPMALMOHHBIX U BEIYHMCIUTENBHEIX Texnomoruii KH MOH PK, AnMarsl, Kasaxcran

OB30P AJI'OPUTMA PACITO3HABAHUSA YEJIOBEKA I10 I'OJIOCY

AHHoTanus. Pacrno3HaBaHWe pedd MMeEET pa3iH4HbIC MPUIOKEHHS, BKIIOYas B3aHMMOJICHCTBHE 4YeEIOBEKa M
MalIWHbBI, COPTHPOBKY TENC(QOHHBIX 3BOHKOB MO0 TCHACPHON KATErOPH3alllM, KATETOPU3ALUI0 BUICO C TETHPOBa-
HHEM U T.J. B HacTosimiee BpeMsi MallMHHOE OOYy4YCHHE SIBISICTCS MOMYJIAPHBIM HANpaBlICHUEM, KOTOPOE LIMPOKO
UCIONB3YETCSl B PA3INYHBIX OOJMACTSAX W MPUIOKCHHSX, MCIONB3Ys IIOCISOHNE pa3paboTku B 001acTu HU(POBBIX
TEXHOJIOTHi1 ¥ IIPEHUMYILIECTBA BO3MOXKHOCTEH XpAaHSHHUSI TAHHBIX C JIEKTPOHHBIX HOCHUTEIICH.

B craTbe pacKkpsIBaeTCs YSTBEPHOM 3Tan Kiaccupukanun npu3HakoB. COCPEAOTOUNMCS HA PACIIO3HABAHUSI 110
rosocy, ucnonb3yss Dynamic Time Warping (DTW) — anroputm. [Inisi XapakTepUCTHKU TOJIOCA TOBOPSIIETO U JUIs
3aIMCH CHTHAJA Tojoca MPUMEHSETCS MOJEb rayccoBCKoi cMmecu. C MOMOLIBIO 9TOT0 METOJa MOXXHO OTJIHYHThH
rOJIOC YEJIOBEKa C BBICOYANIICH TOYHOCTBIO, MTOCKONBKY KOMIIOHEHTHI TayCCOBBIX CMECEl MOTYT MOICIHPOBATH
HHJMBUIyaIbHOCTH ToJioca. B cTaThe MOKa3aHbl pe3yJbTaThl TECTHPOBAHHS ajirOpPUTMA, JENAeTCS HUTOr O
MPUMEHUMOCTH MOJICIH I'ayCCOBBIX CMECEH JUTs pelICHHs 331491 HACHTU(PUKAIINH JTHYHOCTH IO TOJIOCY.

KitioueBbIe CJI0Ba: aJrOpUTM; rayCCOBCKAsk CMECh; HACHTH(HUKALNS; PAaCIIO3HABAHNE; KIIACCU(DUKALIHS.
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A. T. Kapenosa', O. K. MambIp0aes?

'On-®apabu ateiparst KasYV, Anmarer, Kazakcran;
ZKP BEM BK AKnaparThIK koHE €CENTEyill TEXHOIOTHAIAP HHCTUTYTHI, AnmaTsl, Kazakcran

AJJAMJIBI JAYBIC APKBIJIBI TAHY AJI'OPUTMIHE HIOJIY

Annoranus. Ceiiney/i TaHyAbIH TYPii KOCBIMIIIACH 0ap, COHBIH iIIiHAE aJaM MEeH MaIllHHAHBIH ©3apa dpPeKeTi,
TeneOH KOHBIPAyBIH TeHICPIIK KaTeropus OOWBIHINA CYPHINTAY, TerTey OeifHenmepiH caHarray skoHe T.0. Kasipri
YaKbITTa MaIlMHAJIBIK OKBITY — CAHIBIK TEXHOJOTHUSIHBIH COHFBI 931pJIeMEJICpPiH JKOHE AJIEKTPOHABI MEAUaaaH IepeK-
TepAl CaKTayAblH apTHIKWIBLUIBIKTApBIH KOJIAAHY apKbUIBI TYPII cajla yKoHe KOChIMINAJa KEHiHEH KOJIAAaHbUIATBHIH
0arbIT.

Makasnana Genrizepai *KIKTeyJiH TOPTiHII Ke3eHl kepcerinreH. Dynamic Time Warping (DTW) anroputmin
KOJIIaHy HETI3iHJIe JaybIC TaHyFa Ha3ap ayJapablK. MaceseHi ey i KOJIAaHbICTaFbl 9iCTepiHe IOy jKacaliMbI3.
Oxic ymiH ['aycc KocmachlHBIH MOJETiH KojnaHambl3. CeMeylIiHiH JAaybIChIH CHIIATTay JKOHE NAybIC CHUTHAIIBIH
’Ka3y yurH ['aycc KocmachlHBIH MOJEN KOJNJaHbUIagsl. Bys ojic apKpUIbl ajaM AaybIChIH JKOFapbl AQJIIKICH
aXpIpaTyra Oonajpl, eiiTkeHi ['aycc KocmajgapblHBIH KOMIIOHEHTTEPI JAYBICTBIH IapalbFblH MOJCTBICH anaibl.
Makasaga alIropuTMAL TECTIIEY HOTHXKENIEpi KOPCETUIreH, NaybICThIH JKeKe OachlH aHBIKTay MOCEJECIH eIy YIIiH
[aycc KocmanapbIHBIH MOJIEIIH KOJNJIaHy Typaibl KOPBITBIHIBI XKacaabl.

Tyiiin ce3aep: anroput™m, ['aycc Kocmacel, COUKECTEHIIIPY, TaHY, KIKTEY.
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ALGORITHMS FOR FINGERPRINT CLASSIFICATION

Abstract. Currently, biometric methods of personality are becoming more and more relevant recognition
technology. The advantage of biometric identification systems, in comparison with traditional approaches, lies in the
fact that not an external object belonging to a person is identified, but the person himself. The most widespread
technology of personal identification by fingerprints, which is based on the uniqueness for each person of the pattern
of papillary patterns. In recent years, many algorithms and models have appeared to improve the accuracy of the
recognition system. The modern algorithms (methods) for the classification of fingerprints are analyzed. Algorithms
for the classification of fingerprint images by the types of fingerprints based on the Gabor filter, wavelet - Haar,
Daubechies transforms and multilayer neural network are proposed. Numerical and results of the proposed
experiments of algorithms are carried out. It is shown that the use of an algorithm based on the combined application
of the Gabor filter, a five-level wavelet-Daubechies transform and a multilayer neural network makes it possible to
effectively classify fingerprints.

Key words: Fingerprint classification, Gabor filter, wavelet transform, neural networks.

1. Introduction

Today biometric personality identification systems have been widely used in many areas of human
life. For example, personal identification according to some characteristics is used in information security,
forensic science, in the field of social services, and so on. One of the most common biometric technologies
is fingerprint identification. It is this technology that has been widely used in various fields of activity.
Since fingerprints do not change over the years and are unique for each person, this sign gives a high
probability of correct identification of a person. Currently, computer technology is also involved in the
process of personal identification by fingerprint. Each print has its own individual pattern, its own
characteristics.

Fingerprints are one of the reliable biometric features successfully used for personal identification [1].
The advantages of a fingerprint for personal identification are:

* The uniqueness of fingerprints, different from each other and from other fingerprints of any other
person. Even twins have different fingerprints.

* Unlike passwords, PIN codes cannot be lost or forgotten.

* Fingerprints do not change over time.

* Fingerprints have been used for many years for personal identification, therefore it is possible to test
the developed algorithms using existing databases.

In each fingerprint, you can define two types of attributes - global and local. Global features are
characteristics of a fingerprint that can be seen with the naked eye. Global features include image area,
core, delta point, line counter, papillary pattern. Local signs, called minutiae, are small, unique dots for
each fingerprint that are successfully used to identify individuals. A fingerprint may have the same global
attributes, but local attributes are always unique.

However, the fingerprint image may be fuzzy, with indistinct lines and a lot of noise. Therefore, the
image must go through a stage of preprocessing, during which noise and distortion are removed from the
image, the readability of the fingerprint is increased.
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The aim of this work is to create an algorithm for the classification of fingerprints by types of
papillary patterns based on the combined application of the Gabor filter, wavelet transform and neural
network. Solving this problem will speed up the search for fingerprints in large databases.

2. Global fingerprint signs

The image area is a fragment of a fingerprint in which all global features are located [1]. Fingerprints
can be read and classified based on the image area information. Minutes that are used to identify a person
may be outside the area of the image, so it is better to use information from a whole fingerprint when
identifying a person.

The nucleus is the point that is located at the approximate center of the fingerprint and is used as a
reference for reading and classification.

The «delta» point is the starting point where the separation or connection of the grooves of the
papillary lines occurs, it can look like a very short groove, in the extreme case - a point. Line counter - the
number of papillary lines on the image area, or between the core and the «delta» point.

Papillary patterns are divided into three types: arches (arcs), loops and curls [2]. Arches are rare and
occupy 5 ... 10% of all fingerprints. Loops are found in most people (60 ... 65%). Curls appear much less
often - 30% of all fingerprints.

3. Local signs of a fingerprint

The use of local features allows for detailed image analysis. To do this, the image is usually divided
into rectangular areas, for each of which a vector of feature values is formed.

Examples of local features are statistical characteristics of the intensity distribution of image points.

Fingerprint lines are not straight. They are often broken, branched, reversed, and ripped. Points where
lines end, branch, or change direction are called minutia points. These minus points provide unique
information about the fingerprint for identification purposes.

Practice shows that fingerprints of different people can have the same global features, but it is
impossible to have the same local features, i. e. points of mination. Therefore, the process of personal
identification usually consists of two stages. The first step is globally categorizing fingerprints, using
databases to classify them. The second step is to recognize the fingerprint based on the comparison of the
structure and the coincidence rate of the minutia points.

4. Gabor filter

Gabor filter is a linear filter, the impulse transient response of which is represented as the product of a
Gaussian function by a harmonic function [3]:

g(x,y) = Gauss (x',y’) cos 21;""), (1)
¢ X’g+v2 y’;)

Gauss(x',y') = e 2m0X 2mnoe¥ | )

X' =xcosO + ysin0, 3)

y' = —xcos0 + ycos6, @)

where A is the wavelength; ¢ — phase; the angle 0 indicates the orientation of the normal to the parallel
stripes of the Gabor function; vy is the compression ratio. Changing the orientation of 6 makes it possible to
change the direction of edge detection.

Fingerprint lines can be multidirectional, so it is necessary to find the orientation of the lines within
each processed area of the image. This result can be achieved by applying different orientations of the
Gabor filter to the image. In this case, by changing the angle of rotation 0, it is possible to change the
direction in which the edges are to be detected. Therefore, the Gabor filter function will be a function of
three variables — h (x, y, 0).

To find the orientation angle of the segment line, that is, the angle 6, it is necessary to construct a field
of image directions, which is constructed using the point coordinates function, which describes the angle
of the tangent to the line of the image intensity level. In this case, the field angle sets the direction, which
is perpendicular to the vector of the image gradient, and the gradient, in turn, corresponds to the color
changes from white to black.

If I (%, y) is the brightness of the light in the image, then the direction field ¢ (x, y) is given by the
following equation:

— 4() ——



ISSN 1991-346X Series physico-mathematical. 1. 2021

tge(x,y) = —(0I(x y)/ 0%)/(01(x,y)/ 9y), )

where the angle ¢ (X, y) specifies the direction that is perpendicular to the gradient vector.

Next, filter matrices are calculated that correspond to all possible directions of lines in the range from
0 to 255. After that, a two-dimensional convolution with the Gabor filter kernel at the point (x, y) is
performed on the image. In this case, the Gabor core corresponds to a given local angle of the line
direction.

In image processing, the Gabor filter is commonly used for edge extraction, object outline detection,
texture feature extraction, fingerprint image area extraction, local direction extraction, and other purposes
[4, 5]. In this work, different orientations of the Gabor filter are used to improve the image of the
fingerprint.

5. Wavelet transform

The main challenge in each type of image processing is to find an efficient representation that allows
it to be displayed in a compact form. In modern theory and practice of signals in spectral analysis, signals
of a special type are used - wavelets. The works [6, 7] present the decomposition of the image and the
extraction of its features for the classification of aircraft images based on the application of the Haar
wavelet transform and a multilayer neural network. In this paper, the Haar and Daubechies wavelet
transforms are used to extract features of a fingerprint image.

In addition, according to the research results presented in the review [9], the choice of a particular
wavelet basis has an insignificant effect on the texture analysis of images. Therefore, when choosing a
wavelet basis in this case, the main criterion is the time and complexity of the transformation.

Wavelet analysis methods do not require splitting the image into small blocks, since the required
localization properties are incorporated into the wavelet system [10].

6. Fingerprint classification method

In this paper, a method is proposed for classifying fingerprint images by types of papillary patterns
based on the use of the Gabor filter, wavelet transform and a neural network. The functional diagram of
the proposed method is shown in figure 1.

‘ Original fingerprint image

4

‘ Convert to grayscale

h 4
[ Downsized to 256 * 256 pixels

\d
‘ Applying the Gabor filter

\ 4
‘ Applying a wavelet transform

v
Multilayer neural network

Figure 1 - Functional diagram of the proposed method of classification of fingerprints

The proposed method uses the Haar and Daubechies wavelet transforms to extract features of the
fingerprint image. To evaluate the efficiency of feature extraction, 5th and 6th level wavelet transforms
are used. A neural network with 192 inputs for the 5th level wavelet transform was created. The number of
hidden neurons for this network varies from 200 to 250. For the 6th level wavelet transform, a neural
network with 48 inputs was created, for which the number of hidden neurons varies from 80 to 120. Both
networks have 7 outputs in accordance with the number of categories fingerprint classification.

7. Experiments

To test the algorithms, a part of the FVC2006 fingerprint database [8] is used, containing 9 images
of each category for training (total 9 x 7 = 63 images), and 14 images of each category for testing (total
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14 x 7 = 98 images). The results of comparing the efficiency of feature extraction are shown in Figure
2 and 3. Analysis of the above results shows that the algorithm using the Daubechies wavelet transform
gives better results than the algorithm based on the Haar wavelet.

We also compared the performance of the algorithm using the Gabor filter with the algorithm without
using this filter, Figure 4 and 5. The above results show that the algorithm using the Gabor filter performs
better than the algorithm without this filter.

8. Conclusions

1. Proposed and described algorithms for classification of fingerprint images by types of papillary
patterns, based on the use of the Gabor filter, the Haar wavelet transform, Daubechies and a multilayer
neural network.
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Figure 2 - The result of comparing the efficiency of the algorithm based on the application
of a five-level wavelet transform: -Daubechie; - Haara
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Figure 3 - The result of comparing the effectiveness of the algorithm based on the application
of the six-level wavelet transform: - Daubechie; - Haara
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Figure 4 - The result of comparing the efficiency of the algorithm based on the application
of the six-level Haar wavelet transform and: - with the Gabor filter; - without Gabor filter
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Figure 5 - The result of comparing the efficiency of the algorithm based on the application
of the five-level Daubechies wavelet transform and: - with the Gabor filter; - without Gabor filter

2. Based on the analysis of the results of numerical experiments, it has been established that the
algorithm based on the combined application of the Gabor filter, the five-level Daubechies wavelet
transform and the multilayer neural network has the best reliability of classification of fingerprints.

Applying the Gabor filter on the fingerprint image sharpens lines, detects edges, and removes noise
and distortion. However, the disadvantage of this method is the high computational complexity of the
algorithm.

J1. JleGeneB, A. Ad:KaanI0Ba

On-Dapabu aterHnarsl Kaz¥Y, Anmartsl, Kazakcran
CAYCAK I31 BOMBIHIIA KJACCU®PUKALUSITIAYFA APHAJIFAH AJITOPUTM/IEP

AnHoTamus. Ka3zipri yakpITTa >kKeKe TYJIFaHbl TaHYABIH OHOMETPHSUIBIK SJiCTepi TaHy TEXHOJOTHUsIapbIHA
aifHanmyna. BHOMeTpUSIIBIK CoMKeCTEeHIIpy KyHeNepiHiH IOCTYpii ToclIaepre KaparaHaa apThIKIIBUIBIFBI, agaMFa
THECIITI CBIPTKBI OOBEKT eMec, alaMHBIH 031 aHbIKTanaapl. Caycak i3mepi apKbUTBI )KeKe TYJIFaHbl COHKECTCHIIPYIiH
€H KOIl TapallfaH TEXHOJOTHCHI, OJ 9p aJaM VIIiH MaNMUIAPIBIK OpHEeKTiH Oipereinmirine HerizmenreH. COHFBI
JKBIIIAphl TaHy JKYWECIHIH JQJIITIH jKaKcapTy YIIiH KONTEreH alropuTMASp MeH MoJenbaep naina 6onabl. Caycak
i3[epiH KIKTEYIH 3aMaHayu anroputMmiepi (saictepi) tanganaabpl. ['abop cy3rici, TOnKeIHABIK Xaap, Jobemu Typ-
JICHIIpYJIepl JKoHe Kem KabaTThl HEHPOH/BIK JKelll Heri3iHie caycak i3/iepiHiH TypJiepi OOMbIHIIA caycak i3AepiHiH
CYPETTEpiH KIKTEY alrOPUTMIIEP] YChIHBUIFaH. ¥ ChIHBUIFAH ANTOPUTMEPIe CAHIBIK )KOHE IKCIIEPUMEHTTIK 3epTTey-
nep kyprizinmi. ['abop cy3ricin, Oec qeHreini TONKBIHABIK TYPIACHAIPYAL XKaHe Ko KabaTThl HEWPOHBIK JKeiHi Oip-
JIeCiN KOJIZJaHyFa HETI3ICITeH aJrOpUTMIII KOJJIaHy, caycak i3JepiH THIMII JKIKTEyre MYMKIHIIK OepeTiHi Kepce-
TLJITeH.

Tyiiin ce3nep: caycak i3iHiH Xikrenyi, ['abop cy3rici, BeHneTT TypieHaipy, HeHpOHIBIK JKeJiep.

J1. JleGeneB, A. AdkaanI0Ba
Kazaxckuil HarmoHamBHBIN YHUBEpcUTET M. anb-Dapadu, Anmatsl, Kaszaxcran
AJITOPUTMbBI KIIACCUPUKAIIMU OTIIEYATKOB MAJIBLIA

AuHoTanusi. B Hacrosimee BpeMst GMOMETPHUYECKHE METOIBI PACTIO3HABAHUS JIMYHOCTH CTAHOBATCS Bee Goiee
aKTyaJbHBIMA TEXHOJIOTHSAMH DPACIIO3HaBaHWs. [IpeHMMyIIEeCTBO OHOMETPHYCCKHX CHCTEM HACHTH()UKALNM, TI0
CPaBHEHHUIO C TPAIWITHOHHBIMU TIOIXOJaMH, 3aKIIFOUaeTCS B TOM, YTO HWACHTU(PUIMPYETCS HE BHEIIHMN OOBEKT,
MPUHAUIC)KAIIMN YeTOBEKyY, a caM uelioBek. Hanboee pacnpocTpaHeHa TeXHOIOTHS HACHTU(DHUKAIIMH JTHYHOCTH 110
OTIIEYaTKaM MAaJbIeB, KOTOPas OCHOBAHA HA YHHUKATBHOCTH JUTS KaXOTO YEJIOBEKa PUCYHKA MANUUIIPHBIX Y30POB.
B nocneiare rofbl MOSBIIOCH MHOTO QITOPUTMOB M MOJIEIICH JIJIsI TOBBIICHNS] TOYHOCTH CHCTEMBI PACcIIO3HABAHMS.
[TpoaHamTu3upPOBaHbl COBPEMEHHBIE AJITOPUTMBI (METOIBI) KJIACCU(HUKAIMK OTIEYATKOB MNaiblieB. [IpeaioxeHsl
AITOPUTMBI KJIacCH(pUKAIMK U300paKEHUI OTIIEYaTKOB MAJIBIIEB [0 THIIAM OTIICYATKOB MANbICB HA OCHOBE (pUIbTpa
I"abopa, BeiiBneT - Xaapa, npeobpazoBanwuii JJoOemy 1 MHOTOCIIOWHOW HEWPOHHOU ceTH. [IpoBe/icHbI YUCICHHBIC U
OKCIIEPUMEHTAIIbHBIC HCCICIOBAHMS MPEAI0KEHHBIX alrOPUTMOB. [loKa3aHO, YTO HCMOJIb30BAHUE AITOPUTMA,
OCHOBAaHHOTO Ha COBMECTHOM IMpuMeHeHun GmibTpa ['abopa, maTHypOBHEBOrO BeiiBieT-npeodpasoBanus Jobemu u
MHOT'OCJIONHOM HEWPOHHOM CeTH, M03BOJIsIeT 3(P(HEKTUBHO KIACCH(PUIIPOBATH OTHEYATKH MMATBIIEB.

KiroueBsle ciaoBa: kimaccu(UKamus OTIEUATKOB ImajbleB, ¢uibTp ['abopa, BeiBieT-mpeoOpa3oBaHme, HEH-
POHHBIE CETH.
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CLASSIFICATION OF PEOPLE BY PSYCHOLOGICAL PERSONALITY
TYPES BASED ON THE HISTORY OF CORRESPONDENCE

Abstract. Temperament is a set of innate tendencies of the mind associated with the processes of perception,
analysis and decision-making. The purpose of this article is to predict the psychotype of individuals based on chat
stories and follow the Keirsi model, according to which the psycho type is classified as a craftsman, guardian,
idealist and mind. The proposed methodology uses a version of LIWC, a dictionary of words, to analyze the context
of words and uses supervised learning using KNN, SVM, and Random Forest algorithms to train the classifier. The
average accuracy obtained was 88.37% for artisan temperament, 86.92% for caregivers, 55.61% for idealists, and
69.09% for rationality. When using the binary classifier, the average accuracy was 90.93% for artisan temperament,
88.98% for caregivers, 51.98% for idealism, and 71.42% for rationality.

Keywords: social networks, ML, NLP, psychotype recognition, Keirsi temperament model, classification.

1. Introduction

Personality defines a set of traits that describe a person's behavior, temperament, and emotions [13].
Personality refers to a set of traits and qualities that form a person's personality. Thus, personality
prediction is of interest in the fields of healthcare, psychology, and human resources and has many
commercial applications. Several studies have examined the relationship between a person's social media
behavior, personality types, and psychological illnesses such as depression and post-traumatic stress Hall
[17].

Social networks consist of various types of social sites, including traditional media such as
Newspapers, radio and television, and non-traditional media such as Facebook, Twitter, Telegram, etc.
social networks [3] Analysis is the process by which patterns can be analyzed and extracted from social
media data [13]. In this context, this article develops a system for predicting the psychotypes of Telegram
personalities using data in Russian [12]. The temperament model used was introduced by David Keirsey
and divides temperament into four categories: guardian; idealist; craftsman; rational. For this purpose, we
used the TECLA Framework, which is suitable for working with Russian-English texts. In addition, the
LIWC (Linguistic Inquiry and Word Count) dictionary will be used to display contextual analysis of
words by temperament [16].

This article is written as a representation on the second section, David Keirsey's substrate model used
by TECLA, and section IIl describes the structure of TECLA. The fourth section presents the
methodology and results achieved, and finally, the fifth section summarizes the results and discusses
future prospects.

2. Model number Keisey

Temperament is a set of innate tendencies of the mind associated with the processes of cognition, a
set of individual psychophysiological features of the individual, analysis and decision-making [1]. People
are looking for success, happiness, love, pleasure, etc. In different ways and with different intensity, so
they have different types of temperament [5].
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Temperament is marked by its history in the sentences of the four humors described by Hippocrates,
which underlie the four theories of humor for interpreting human health and disease States [5]. According
to this theory, Galen (190 ad) 250 modeled the first typology of temperament [6].

The American psychologist David Keirsey directed the study of temperament to behavior, paying
attention to choice, patterns of behavior, unity and consistency. According to Keirsey, psychological type
is defined by the drive and interest that motivate us to live, act, move, and play roles in society [12][7]
[1 Keirsey].

Artisans are usually impulsive, tend to say what comes to mind and do what suits them. Guardians
talk primarily about their duties and responsibilities, as well as how well they comply with the law.
Idealists usually act with a clear conscience, a pragmatic mind, behave effectively to achieve their goals,
and sometimes ignore rules and customs when necessary [8][11].

Keirsi's temperament can be obtained by comparing the results of the MBTI (Myers-Briggs type
indicator) test, a total of 16 psychological types [7][1][17] that classify users according to four parameters.
Psychological type is an attitude as an abbreviation consisting of Latin letters starting with E and I
(extroverted and introverted). S and N represent sensation and intuition, the process of perception. The
letters T and F represent thinking and feeling, usually using logical reasoning, think first and feel later;
and J and P represent judgment and perception, that is, relationships that reflect a person's style in the
outside world.

Comparison of MBTI with the Keirsi model is performed using the Myers-Briggs classification of
abbreviations, as shown in table-1 [7].

Table-1: Classification model psychotic personality of Karsi for MBTI

Keirsey Myers-Briggs
Artisan ESTP ISTP ESFP ISFP
Guardian ESTJ ISTJ ESFJ ISFJ
Idealist ENFJ INFJ ENFP INFP
Rational ENTJ INTJ ENTP INTP

3. The TECLA Framework

The TECLA framework (temperature classification framework) was developed by Lima and de
Castro [11][12] to provide a modular classification tool.

Psycho is based on the models Carsi and Myers-Briggs [11]. Built in a modular format, it provides
greater independence at each stage of the process and allows you to combine and test different
technologies in each module [11]. Figure 1 shows the TECLA modules described in detail below.

arff
4
Data Message Temperament
Acquisition Pre-processing Classification
Module Module Module

» ¢ » [ .
| P - — .
) i
’ | SN [ — b Du

Evaluation
Module

Figure 1 - structure of the TECLA structure

* Data collection module: retrieves information from users to be classified, including data, identities
and users, user tokens, and a set of user messages.

— 4 ——
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* Message preprocessing module: processes data by creating a matrix of objects (meta base)
represented by meta properties. TECLA information is divided into two categories: grammar and
behavior. Behavioral categories use information from Telegram, such as the number of messages, the
number of subscribers, followers, favorites, and the number of times users were added to bookmarks.
Grammatical categories use information from LIWC, MRC, Taggers, or oNLP [12].

* Module classification of psychological type: psychological type identification of users of social
networks. The classification is performed on the models Carsi using a series of classifiers.

 Evaluation module: used to quantify infrastructure performance. In the version proposed in this
technical article, TECLA is adapted to work with text written in Russian-English, and uses information
provided by LIWC [12].

4. Methodology and results

The descriptions that will be described in this section correspond to the modular structure of the
TECLA framework. First, we will explain how each module of the framework was implemented and what
the result of its calculations is.

The collection of data. To test this work, we used data from an Excel file in which we collected data
(the message and some attributes) from Telegram, available in Russian, and which is provided by the
research center [19] for computational linguistics and psycholinguistics (CLiPS). The data set consists of:
user ID; data ID; other data ID; validated data ID; MBTI results (Myers-Briggs type indicators); and
gender. Data was recorded using the Telegram API [20] in the following form: each given user, the
number of users, the number of favorites, and the total number of messages [10] from all users.

The source database consists of 256 user IDs. In this universe, 222 user IDs could not be collected
due to an access denial, resulting in there are 213 valid user IDs left. Table 2 provides a descriptive
analysis of the database based on the David Keirsey model.

Figure 2 shows the distribution of the user's psychotype. An idealistic temperament is a dominant
temperament that makes up a total of 44% of the database.

Distribution of Temperament Types

Rational Artisan
1195 450
31% 12%
. Guardian
' 506
13%
'udculisl
1717
44%

Figure 2 - Distribution of individuals according to temperament

Preprocessing and categorical analysis. At this stage, the application text is prepared. This is part of a
classification algorithm consisting of special characters, spaces, numbers, symbols, URLS, tokenization,
and stopword removal [4]. After that, we applied the word set technique to indicate the importance of each
attribute (token) by weighing each token based on TF-IDF [2].

Another way to organize your documents is to use dictionaries such as the Language Inquiry Word
Count (LIWC), which allow you to group words into psychologically relevant categories. LIWC was
created by Dr. James Pennebaker to investigate the relationship between language and personality [9][15].
This is a text analysis tool that organizes documents into categories, assigning each word a corresponding
category.

Using THE liwce dictionary, we calculated the frequency of words by temperament. The goal is to
present the most frequently used word categories for each temperament, as shown in table 3. According to
the first analysis, rational temperament usually has a higher average category frequency, which results in
the guardian psychotype being taken.

In the second analysis, all substrates are more often found in the following categories: functional
words, such as: for, no, very and others; pronouns such as: I, my, me and others; as well as verbs such as:




News of the National Academy of sciences of the Republic of Kazakhstan

signs, occurrences and others; socialization, which is a social process, such as user storytelling and others;
cognitive category gear mechanism [16]; relativity, rotation, exit and others. There are users who tend to
write and hide their identity and tend to submit articles that can Express behavior and show greater
awareness and logical thinking.

Another analysis showed that the ppron category for rational and idealistic temperament stands out.
And ipron, present, ready, keepers and rational temperament.

This category belongs to the linguistic dimension, which tends to write more articles, pronouns,
modal verbs, etc. the Category of people is more often found with an idealistic and rational temperament
and tends to write about people. Influence categories are more common among guardians and idealists,
and users tend to Express positive, negative, and other emotions. Finally, the admission category has a
higher average frequency of temperaments of artisans and caregivers who tend to write about the body,
health, and others.

The frequency of words is low, and the categories "Future", "Family", "Anxiety, vision", " Healthy,
"Death, ""Consent," and "filler" have the same value for all temperaments.

Table 3 - Average frequency of LIWC categories by substrate.

Category Artisan Guardian Idealist Rational
funct 5,22 5,31 5,30 5,39
pronoun 1,85 1,86 1,91 1,93
ppron 1,21 1,22 1,25 1,26
i 0,39 0,36 0,42 0,41
we 0,04 0,04 0,04 0,03
you 0,66 0,70 0,66 0,68
shehe 0,64 0,67 0,65 0,67
they 0,12 0,13 0,13 0,13
ipron 1,22 1,25 1,24 1,27
article 0,77 0,80 0,78 0,81
verb 1,87 1,88 1,88 1,91
auxverb 0,67 0,69 0,68 0,70
past 0,42 0,43 0,43 0,43
present 1,12 1,13 1,12 1,15
future 0,08 0,08 0,08 0,08
adverb 0,48 0,50 0,50 0,50
preps 1,48 1,52 1,46 1,49
conj 0,91 0,90 0,92 0,93
negate 0,24 0,25 0,25 0,25
quant 0,59 0,60 0,61 0,62
number 0,14 0,14 0,15 0,15
swear 0,71 0,71 0,72 0,73
social 2,16 2,17 2,21 2,24
family 0,04 0,04 0,04 0,04
friend 0,11 0,10 0,10 0,09
humans 1,11 1,11 1,15 1,14
Affect 1,08 1,10 1,09 1,08
Posemo 0,70 0,72 0,71 0,69
negemo 0,35 0,34 0,36 0,36
anx 0,05 0,05 0,05 0,05
anger 0,14 0,13 0,14 0,15
sad 0,17 0,16 0,17 0,17
cogmech 4,06 4,14 4,12 4,18
insight 0,72 0,73 0,74 0,75

—— 48§ ——
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cause 0,48 0,50 0,49 0,50
discrep 0,68 0,68 0,69 0,70
tentat 0,98 0,99 1,00 1,02
certain 0,38 0,39 0,39 0,39
inhib 0,53 0,55 0,54 0,55
incl 1,40 1,42 1,40 1,41
excl 0,79 0,80 0,80 0,82
percept 0,78 0,79 0,80 0,79
see 0,26 0,26 0,26 0,26
hear 0,18 0,17 0,18 0,18
feel 0,31 0,32 0,31 0,31
bio 0,71 0,69 0,72 0,71
body 0,32 0,31 0,31 0,32
health 0,13 0,13 0,13 0,13
sexual 0,21 0,20 0,21 0,21
ingest 1,08 1,10 1,06 1,06
relativ 2,30 2,36 2,28 2,31
motion 0,76 0,76 0,74 0,76
space 0,98 1,01 0,97 0,99
time 0,98 1,02 0,96 0,96
work 0,23 0,25 0,23 0,24
achieve 0,46 0,49 0,46 0,47
leisure 0,31 0,32 0,31 0,31
home 0,06 0,06 0,06 0,05
money 0,29 0,30 0,29 0,31
relig 0,08 0,09 0,09 0,08
death 0,06 0,06 0,06 0,06
assent 0,13 0,13 0,13 0,13
nonfl 0,26 0,27 0,26 0,27
filler 0,03 0,03 0,03 0,03

Classification. During the experiment, 4% of the total data set was randomly selected and used
because of the size of the processed matrix and the availability of computing resources. To perform
substrate classification, we used the following classifiers available in Scikit-learn [14]. KNN; SVM; and
random forest. Each temperament is divided into binary problems, as suggested by Lima and de Castro
[12]. For testing, cross-validation of folders 6 and 10 was used, and accuracy, accuracy, recall, and
F-measures were calculated. For the KNN classifier using K-nearest neighbor feature classification, K =1,
K =2, K =3, and cosine similarity were used to determine neighbors. The tests were divided into liwc
[19] and TF-IDF [20] dictionary.

Table 2 - telegram users ' Temperament and data (A = artisan, G = guardian, I = idealist, R = rational)

A G I R Total
Users 450 506 1.717 1.195 3.868
Datas_Statuses_Count 12.343.807 15.648.860 65.593.286 45.198.150 138.784.103
Data Base 674.211 738.755 2.570.646 1.751.624 5.735.236
Friends 168.893 225.371 825.969 640.529 4.012.741
Favorites 1.768.903 2.371.924 10.006.749 6.683.984 1.860.762
Contact_num 292.413 423.549 1.497.093 1.799.686 4.012.741
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5. LIWC

Table 4 shows the results of testing the 10-fold launch of 6 folders in TECLA. The values shown in
bold represent the best average accuracy and F measurements obtained by the classifier for each
temperature.

For the artisan's temperament, the KNN algorithm with K = 1 gave an average accuracy of 80.44%
and an F-measure of 88.91%. The better the performance, that is, the more accurate the function markup,
the better is the SVM algorithm with an average accuracy of 88.37%, followed by a random forest with
an average accuracy of 87.95%. SVM had better average accuracy and 100% responsiveness, while
Random Forest had better accuracy than SVM.

As for the guardian's temperament, the most obvious prediction comes from the SVM algorithm with
an average accuracy of 86.92% and a measure of F. This was followed by a 93% random forest and an
average accuracy of 86.32%. The lowest average accuracy (78.36%) was found in KNN with K = 1.

SVM showed the best results even with an ideal and reasonable temperament.

The idealistic substrate had an average accuracy of 55.61%, an F measurement of 71.46%, a rational
substrate of 69.09%, and an f measurement. These two substrates exceeded the average accuracy and were
suitable for marking objects .50%. Overall, the SVM has the highest accuracy for all temperaments, but
for artisan and guardian temperaments, Random Forest showed an average accuracy very close to SVM.

6. TF-IDF

Table-5 shows the results of cross-checking the execution of 10 folders 10 times in a TECLA
environment. The values shown in bold represent the best average accuracy and the results of the F
measurement obtained using the binary classifier for each temperature. Artisan temperament achieved
high average accuracy (90.93%) with KNN, K = 3 and F-measurement of 95.09%, which makes the
results obtained by KNN reliable (K = 3). The accuracy is 88.35%. SVM had the highest average accuracy
for sentinel temperament, but in this case KNN for K = 3 performed very poorly. One hypothesis about
this low value is an imbalance in the database, so when you increase the number of neighbors, the
algorithm cannot label objects. For the idealistic temperament, SVM and KNN were practical (K = 3). For
rational temperament, the best performance was 82.85% of the average accuracy for the KNN algorithm
with K = 2. Once again, SVM turned out to be the algorithm that showed the best average performance
among those tested.

Table 4 - Accuracy (Acc), precision (Pre), re-call (Rec), and F-measurement (M-F)
for 4 media using 6 folders and 10 replays.

LIWC | INN INN INN Random Forest | SVAM
Ace | BO44% =0,71% 87.62%+0.37% 87.62%+0.37% §7,95% = 0,16% | 88.37% = 0,00%
irtican P2 88,79% £ 0,14% 88.47% + 0.07% 88.47%+ 0.07% 88.41% £ 0.06% | 88.37%=0,00%
) Rec | 89.10% =087% 98.86% + 0.44% 98.86% = 0.44% 99.39% +0.15% | 100,00% = 0.00%
M-F | 8891%=047% 93 37% + 0.23% 93 37%+ 0.23% 93,56% = 0,09% | 93,82% = 0,00%
Acc | 18,36=0,62% 85,67%£ 0.10% 85, 14% £ 0.10% 56,32% = 0,11% | 56,92% = 0,01%
i [P 87,03% 0,07% 56.04% £ 0,04% 86,94% £ 0,04% 87,03% = 0,06% | 86,92%2 0,00%
Rec | 88.22% =0.76% 98.27% +0.09% 98.36% = 0,09% 99,01% +0.11% | 100,00%=0,01%
MF | 87.61%=043% 92,25% £ 0,06% 92,30% = 0,06% 92,63% = 0.06% | 93,00% = 0,01%
Ace | 54.97%= 046% 54.97% £ 0.46% 52,57% = 0.61% 5417% £ 0.40% | 55.61% = 0,01%
T T 56,80% £ 0.27% 56,80% £ 027% 57,88% 4 0,57% 56,67%+026% | 5561%0,01%
Rec | 79.44%  080% 79.44% % 0.80% 54.18% 20.97% 75,65% + 1,04% | 100,00% = 0,00%
MF | 66,19%%0.33% 66,19% + 0.33% 55.86% £ 0.67% 64,76% + 0.45% | 71.46% = 0,02%
Acc | 59,12% = 0,58% 65.82% £ 0.45% 97,62%+0.37% 66,61% = 0,26% | 69,09% = 0,03%
PR E 69.72% £ 0.21% 69.27% £ 0.13% 38.47%+0.07% 69.74% £ 0.14% | 69.10% 0.01%
Rec | 72,17% = 120% 50,84% = 1.16% 98,86% < 0,44% 91,38% +0,40% | 99.97%= 0,04%
MF_ | 7085%=065% 7TE57% £ 047% 74.78%+027% 79.09% £ 0.19% | BL,71% = 0,03%
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Table 5 - Accuracy (Acc), Precision (Pre), Recall (Rec), and F-measure (M-F)
for four temperaments using 10 folders and 10 iterations

TFIDF  |INN INN INN Random Forest  |SVM
An §731%23,01% | 90,05%=0,00% | 90,93%«0,06% | 87,69%=0,07% | 85,35% = 0,07%
Pre B7,31% £3,01% | 90,05% = 0,09% | 90,93% £0,06% | 87,69%=007% | 88,35%%0,07%
e R 99,00% +3,00% |100,00%%0,00% |100,00% %0,00% [100,00% +0,00% |100,00%  0,00%
MF 92,56% £2.99% | 9473%=0,07% | 95,09% #0,06% | 9325%=0,08% | 93,60% = 0,07%
Aws §8,98% = 0,06% | 85,08%20,00% | 27,13% 4 3,73% | 88.25%=0,07% | 90,93% = 0,08%
Pre 88,98%%0,06% | 85,08%=0,09% | 1627%=325% | 8825%=007% | 90.93%%0,08%
e 100,00% % 0,00% |100,00%%0,00% | 19,00%=3,00% |100,00% +0,00% |100,00% 0,00%
MF 94,04% 20,05% | 9168%=011% | 17,50%=05,16% | 93,55% 2 0,13% | 98,15% = 0,06%
Ao 52,40% £2,14% | 51.08%20,10% | 61,08%«0,08% | 5442%=329% | 61,04%%0,12%
T 48,14% +1,05% | S198%=0,10% | 61,05%=0,08% | 50,12%=5,65% | 61,04%+0,12%
Rec 90,00% +0,00% [100,00%%0,00% |100,00%=0,00%  |88,00%=8,72% |100,00% % 0,00%
MF 62.12% £0,99% | 67,74%2020% | 75,13%+0,7% | 63,02%% 6,78% | 7,08% = 0,34%
Ans 65,52% % 143% | TLA2% % 0,10% | 70,80%=0,11% | 65,60%%182% | 65,21% < 0,06%
Raonst P 62,18% £0,72% | 1142% 20.10% | 70,80%=0,11% | 65,40%=241% | 68.21% = 0,06%
Rac 90,00% +0,00% [100,00% £0,00%  |100,00% = 0,00% | 99,00% = 3,00% |100,00% < 0,00%
NF 73,16% £0,50% | B3,85% +0.27% | 8251%20,07% | 1821%=2,63% | 80,10% < 0,013%

7. Conclusion

Temperament affects how we perceive the world and react to it. Understanding temperament is very
important in our lives and is important for correctly positioning ourselves in the market. In General, you
can determine your temperament using a test such as the Myers-Briggs type indicator (MBTI). The
hypothesis of this study is that only with the help of data obtained from a person's social networks, it is
possible to passively determine their psychotype. To do this, we used a database containing MBTI results
from Telegram users. These data were used to create a model for predicting temperament. Documents
(data) are a RUSSIAN liwc dictionary, in which words are grouped by category. Word frequency
calculations were performed to show the categories most commonly spoken by artisans, keepers, idealistic
and rational psychotypes. In this analysis, you can determine the user's email trends, perception, among
other things, related to the topics that are most identified. The data was structured using LIWC and
TF-IDF. For classification via LIWC, the best accuracy results were obtained for the temperament of the
artisan and guardian trained with SVM. For TF-IDF, the highest average accuracy was for artisan,
guardian, and idealist temperament, and the SVM algorithm was also highlighted. For expressions using
TFIDF, the best average accuracy was observed for the artisan and guardian temperament of the KNN
(K =3) and SVM algorithms.

As a future work, we plan to conduct a case study using the TECLA framework with a database of a
set of volunteer users, so that the data can be used to train TECLA by answering the MBTI test form and
sharing a social profile. Make a frame and sort it by temperament. Another improvement is to examine the
content of the document to find out how much the imbalance base hinders obtaining these results, to
understand why the accuracy of the classifier is low and whether processing of an unbalanced class is
required.
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C. Poickya6ex!, O.2K Mambip6aes?, A. P. Typrantaesa’

'O1-Papabu areingarsl Kazak yaTTeIK yHUBEpCHTETI, AnMaThl, Kazakcran;
2KP BFM BK AKnapatThIK KoHE ecenTeyill TeXHONOTHsIap MHCTUTYThI, AnMaTtsl, Kasakcran
& &

AJAMJAPIBI XAT AJIMACY TAPUXBI HET'T3IH/JAE
HCUXOJIOTUSIIBIK TYJIFA TYPJEPI BOMBIHIIA KIKTEY

Annoranus. TeMrepaMeHT AereHiMi3 — KaObUIAay, Tangay >KoHE IIemiM KaObuimay yaepiciHe OalimaHBICTBI
aKbUT-OHUIBIH Tya OITKeH TEHACHIMUIAPEIHBIH )KUBIHTHIFBL. MakaaHbIH MaKCaThl — QJICYMETTIK JKeJiIepaeri KapbiM-
KaTBIHAC HETi3iHIe JKeKe aJaMHBIH MCUXOTHUIIH Ooinkay xoHe Kelipcn MomeniHe cylieHy, COFaH COHKeC NMCHXOTHUI
mebep, KaMKOpIIbL, HMICATUCT JKOHE aKbUl peTiHAe Kikreneni. ¥YcwiHbUFaH oaictemene LIWC Hyckachl, ce3
KUBIHTBIFBI, co3 KoHTekciH Tanmay yumiH KNN, SVM xone Random Forest anroputmaepin Oakbiiay apKbUIbI
KJIacCU(UKATOP OKBITYIbl Ke3zaeiai. TeMmepaMeHTIIEH >KYMBIC iCTey YIIIH OpTalla €cemleH allbIHFaH JdJIJIIK
koneHepiriiepre 88,37%, topOuenrinepre 86,92%, 55,61% wuaeamucrep MEH PalMOHANIBUIBIK YimiH 69,09%
TOIIIKTI Kypaitael. EXiTiK )KIKTEyilTi KOJIaHFaH Ke3/Ie OpTaIlia JTIIIK KOJIOHEPIIiHiH TeMnepamenTi yuid 90,93%,
TopOueminep yuin 88,98%, nuneanusm yuin 51,98% sxone yTeIMIbUIBIK YiiH 71,42% Kypazpl.

Tyiiin ce3mep: oneymerrtik >xeminep, ML, NLP, ncuxorunti Ttany, Keipcu TtemmepameHTiHIH Mozeni,
KJaccuduKarys.

C. Poickyabex!, O.2K Mambipoaes?, A. P. Typranoaesa’

'Ka3axckuit HAIMOHAIBHBIN YHUBEPCUTET UM. anb-Dapabu, AJMaThL
2 MuctutyT ME(GOPMALMOHHBIX U BEIYHMCIUTENBHBIX Texnonoruii KH MOH PK, AnMarsl, Kasaxcran

KJIACCHU®UKALUAA JIOJEN MO TUIIAM IICUXOJOI MYECKOMN JINUHOCTH
HA OCHOBE UCTOPHUMU ITEPEIIMCKHA

AnHoTtanusi. TeMnepaMeHT — 3TO COBOKYITHOCTh BPO>KICHHBIX CKIOHHOCTEH yMa, CBSI3aHHBIX C IIPOIiECcCaMu
BOCIIPUATHS, aHAJIN3a U IPUHATHS perreHuid. Llenb 3Toi ctathn — npencka3arh NCUXOTHII JIIOJICH Ha OCHOBE 4aTOB U
cienoBath Moaenn Kelpcu, coriiacHO KOTOPOH MCUXOTHI KJIaCCH(HUIMPYETCsl KaK PEMECICHHUK, OTIEKYH, HICaIiCT
U yM.

IIpemmaraemass Metomonorus ucnoib3dyer Bepcuio LIWC, mabGop ciioB mns aHanm3a KOHTEKCTa CIOB H
UCIIONIB3YeT KOHTpOJUpyeMoe oOydeHue ¢ wucnosib3oBanuem anroputMoB KNN, SVM u Random Forest mis
o0yueHus knaccudpuxaropa. CpenHss HOMy4eHHas: TOYHOCTh coTaBmia 88,37% Ui TeMIiepaMeHTa peMeCICHHHKA,
86,92% — nnsa Bocurateneit, 55,61% — mis upeanuctoB u 69,09% — mns paunoHaidbHOCTH. [lpu ncmonp30BaHUM
OuHapHOTO KiaccudukaTopa cpeiHssi ToyHOCTh coctaBmwia 90,93% mis temmnepaMmeHnTta pemecieHHuKa, 88,98% —
IS Bocniutatene, 51,98 — nns uaeanuszma u 71,42% — 1t paliioHanbHOCTH.
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INFORMATION SYSTEM FOR PEOPLE
WITH HEARING IMPAIRMENT

Abstract. The article presents the development of an information system for recognizing voice into text for
people with hearing impairments, which makes it possible to improve the quality of life and interaction in society
with other people. The device, software, functional blocks and subsystems of the information system are described.
Examples of possible application and placement of the system in various spheres of public life are given. One of the
types of implementation of the voice recognition information system is described. The development and creation of
prototypes of a device for people with hearing impairments is considered. In the course of the research, the Google
Speech Api technology was selected for speech recognition. In addition, this article presents a software and hardware
complex that allows you to translate speech into text and then display it on the screen. Arduino UNO-based devices
were chosen to achieve the goal. All information is processed on the smartphone of people with hearing impairments,
which is sent to the device via Bluetooth with Arduino.

Keywords: information system, Google Speech Api, Arduino UNO, microcontroller, Ethernet, display, board,
bluetooth, connector, port.

1. Introduction. Nowadays, it is impossible to develop various areas of human activity without the
widespread use of computer technology and the creation of information systems. Information processing
in such systems has become an independent scientific [1-2] and technical direction. In the modern world,
information has become one of the most important resources, and information systems (IS) have become a
necessary tool for virtually everyone, including people with disabilities.

Modern world information technologies have determined the direction of adaptation of people with
disabilities. There are more than 360 million people with hearing impairments in the world community. In
various countries, active research and development is underway to create information systems for the
hearing impaired. Many scientific papers have focused on the use of neural networks to recognizing
gestures. There are also gloves based on the Arduino Uno microcontroller for the hearing impaired. It is a
bulky and inconvenient device, it is only at the design stage (no mass production), there is no text scoring,
it is displayed only on the OLED screen.

The rapid process of miniaturization of electronics leads to the emergence of a new class of devices -
wearable electronics, which is becoming the most relevant trend of our time. Mobile solutions can help
transform speech and sound into visual representations for people with hearing impairments. However,
where handheld phones pose problems, displays can facilitate further communication through privately
written text, hands-free use, increased mobility, and socially acceptable interactions.

The progress in the field of augmented reality, which led to the creation of prototypes of augmented
reality glasses - GoogleGlass and MicrosoftHololens, is especially bright and interesting [3-4].
Applications using these devices appear every day and are shown at the latest company exhibitions. The
advent of augmented reality devices was a new step in the development of technology. Many companies
managed to release analogs of these devices.

Another breakthrough was the emergence of an open unified universal digital platform Arduino,
which made it possible to make a real prototype of the device. This platform includes a digital processor, a
54
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programmer from a computer, and a development environment. The platform is open, which has allowed
the emergence of a huge number of devices compatible with it - from the simplest sensors, screens to
complex Ethernet boards, WiFi, etc.

Based on the knowledge gained, the capabilities of existing augmented reality devices were
considered. The existing universal microcontrollers and devices interfaced with them, as well as writing
programs for such devices, have been studied.

Using the Arduino [5-6] universal controller allows you to make a prototype of such devices. Using
the open architecture of the controller allows you to write a universal platform for the device that makes
life easier for people with hearing impairments.

2. Methods.

When researching this topic, the implementation of speech recognition and speech-to-text conversion,
as well as the output of the received text to the device screen, were considered. The first part of the
implementation consists of speech recognition and conversion to text.

The study examined some of the methods used in speech recognition.

Pre-emphasis. Different signals differ in volume. To bring audio to the same form, it is necessary to
normalize the signals and filter them with a high-pass filter to reduce noise. Pre-emphasis is a filter for
speech recognition tasks. It boosts high frequencies, which improves noise immunity and gives more
information to the acoustic model.

Framing. The original signal is not stationary. It is divided into small intervals (frames), overlapping
with each other, which are considered stationary. A Hann window function is applied to each frame to
flatten the ends of the frames to zero.

Fourier. Fast discrete Fourier transform. The Fourier transform allows you to decompose the original
stationary signal into a set of harmonics of different frequencies and amplitudes. This operation is applied
to the frame, hence it transforms the frequency representation. We apply the Fourier transform to all
frames, the spectral representation is formed and the power of the spectrum is calculated.

Log mel filterbank. Numerous scientific studies have shown that a person recognizes low
frequencies better than high ones, and the dependence of his perception is logarithmic. Therefore, a
convolution of N-triangular filters with one in the center is applied to the power spectrum. As the filter
increases, the center shifts in frequency and increases logarithmically at the base. This allows you to
capture more information in the lower frequencies and compress the representation of the high frequencies
of the frame, subsequently the data is logarithm [7].

The second part of the implementation of the text output to the screen.

To study the principle of operation of the Arduino device with a universal control board, a number of
experiments were considered to study the programming of universal controllers. For the hardware part,
devices with certain functional properties were selected (table 1).

Table 1 - Functional components of the created device

Ne Name Main settings

1 Microcontroller board Arduino Uno

2 Display 16x2, Integrated controller WS0010

3 Bluetooth Module HC-05

4 Connecting wires / connectors JST connector with wire (male-female kit), wire length 100mm
5 USB cable A-B

6 Android device Smartphone

7 IDE Arduino Software environment

In the course of the research, the Google Speech Api technology was selected for speech recognition.
Speech recognition works for 80 languages. Recognition of speech on the air through a microphone or
audio recordings from files up to 2 minutes is possible. Numerous formats are supported, including FLAC,
AMR and PCMU. Speech API technology can be embedded in any programming language. In this work,
the Python language was chosen for this. The system provides the recognized text instantly in the process.
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The recognition process is divided into several stages:

* Signal analysis. At this stage, the system sends the received request to the server. This is where the
process of clearing interference and noise takes place. The next process is the compression of the received
sound, it is divided into fragments, which is 25 milliseconds long. The divided fragments are passed
through the acoustic model. For later recognition, this model determines which sounds have been
pronounced.

* In the stage of signal recognition, the reference pronunciations stored in the acoustic model are
compared with the speech fragments of the recording. Using machine learning, the system selects variants
of spoken words and their context. As a result, it collects presumed words from sounds.

* The last step is to convert the signal to text. Using the language model, the system determines the
word order and matches unrecognized words by context. The information obtained at these stages goes to
the decoder. Therefore, with the most probable sequence of words, the decoder combines data from the
acoustic and language models, converts them into text [8].

For programming the Arduino, the standard C ++ programming language was used (the AVRGCC
compiler is used). Of course, there are several other development environments and several programming
languages (Sketch, Basic), aimed mainly at beginners. We used the C ++ language and the ArduinolDE
device driver packages available on the Internet with an example of the program code [9-10].

To interact with the Arduino with a 16x02 LED display, the LiquidCrystal.h library was required,
which includes a variety of commands to control the monitor.

On the Arduino Uno board, at the top are pins numbered from 0 to 13. These are digital pins, usually
various LEDs are connected to them. However, pin number 13 is responsible for the operation of the built-
in LED on the board and serves, most often, to check its operability. By specifying the pin number in the
sketch, we can work with the device that is connected to it. For this we use the necessary functions:
pinMode, DitalWrite [11-12]. The PinMode () function is used to customize this very pin. All pins on the
board can work as inputs and outputs. By default, all pins are inputs, but the LED needs an output signal
as it receives an operating command and voltage. The PinMode (pin, mode) function consists of two
values. These are pin - pin number and mode - input / output mode (INPUT / OUTPUT). Further, the loop
itself is written in the void loop () function. After determining the contact, as an output, you can set it to a
high or low state, this is 0 or 5 volts of voltage [13].

We change the state of the output signal using the digitalWrite (pin, level) function. It also has two
meanings. This pin is the pin number (for example, our LED is connected to pin A0) and level is the
output signal level: it can be low (HIGH) or high (LOW).

The use of the delay (1000) function serves to set the delay in the program code between the
execution of various actions (since the controller cannot simultaneously perform several actions, but
performs them sequentially). The function itself specifies the time of this very delay in milliseconds
(1000ms = 1s).

Before assembling all the devices, a program code was entered on the Arduino Uno board that will
translate speech into text and output it to a 16x2 Led Display. The program code was previously written in
the Arduino IDE software (an overview of the program was described earlier). To enter the code, the
board was connected to a computer via a USB port, which also serves as a power supply for the Arduino
UNO.

To implement the device, the Arduino board must be connected to a power source. Here, the power
source is a USB cable from the Arduino UNO coming from the computer, as well as from the wall power
supply that is connected to the connector. I also uploaded the code to the Arduino board via USB. You
should not use a power supply greater than 20 volts as this will overwhelm your Arduino. The
recommended voltage for most Arduino models is 6 to 12 volts. The necessary ports were installed in the
software environment, corresponding to the hardware, only after installing the input and output ports, the
program code is loaded and launched.

Physically, it serves as a wireless intermediary, transferring data between the Arduino and any
smartphone. The application is available for both Android and IOs operating systems. After
connecting the two boards, the Led Display was connected to the Arduino, then the HC-05 Bluetooth
module [14].
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The connection diagram is shown in figure 1.

Bluetooth
HC-05
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L 20A

Arduino
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Figure 1 — Layout diagram of the device

Pin AO is connected to pin 16 of Led Display.

16th pin of LED -> 1st pin of LED Display

2nd pin Led Display -> + 5V Arduino Uno

3rd pin of Led Display -> GND Arduino Uno

4th Pin Led Display -> 5th Pin Arduino Uno

5th Pin Led Display -> 4th Pin Arduino Uno

6th Pin Led Display -> 3rd Pin 1Sheeld

Connection diagram of the Bluetooth module HC-05 to 1Sheeld

RXD pin Bluetooth HC-05 -> TXD pin Arduino Uno

TXD pin Bluetooth HC-05 -> RXD pin Arduino Uno

GND pin Bluetooth HC-05 -> GND pin Arduino Uno

VCC pin Bluetooth HC-05 -> 5V pin Arduino Uno

Therefore, when the required boards have been connected, the device is operational as the program
code was previously entered. In this project, an Android smartphone was selected and the OneSheeld
application was downloaded. The device and the application communicate through the HC-05 Bluetooth
module [15].

4. Conclusions. Given that at the current stage of the project we decided to focus on the
implementation of the application and its interaction with the interface, new implementations were
inserted into it at a later stage, but we cannot fail to mention this due to the usefulness of these resources.
We will refer to the final stage of the project implementation: changes in the application interface,
improvement of the usability of the Android device by the end user.

As a result, there were studies of ways to implement speech recognition developed on the Google
Speech API technology. In the course of the research, the methods and stages of speech-to-text
reproduction were considered.
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This article is the result of research that studies and explores the possibilities of automation using
Arduino[18]. Built with inexpensive resources such as Arduino and other devices, and an Android app to
facilitate socialization of people with disabilities, this app will certainly make its own difference in their
lives. However, this prototype is not intended for commercial use. The main goal is to help people with
hearing impairment, however, and in the future this solution can be easily implemented.

E.C. Hypaxos, A.E. Kamu
'O1-Papabu areingarsl Kazak yATTEIK yHUBEpCHTETI, AnMaTthl, Kazakcran

ECTY KABLIETI HAILIAP AJIAMJIAPFA APHAJIFAH
AKHAPATTBIK JKYIE

AnnHoranus. Makanama ecty Kabineri OY3pUIFaH afaMaapra MOTIHIII AaybICTaH TaHyFa apHAIFaH aKIapaTTHIK
JKYHEHIH JaMy >Kar[daifbl YCHIHBUIFAH, OYJI eMip Cypy CalachlH jKaKcapTyFa JKoHe KoraMIarbl 0acka amamaapMeH
e3apa KapbIM-KaThIHAC jXacayFa MYMKIHIIK Oepeai. AKNapaTThIK XKyie KYpPBUIFBICHI, OarnapiamMalblK jKacakrama,
byHKIHOHANIBI OJOKTaphl MEH 1HIKI KyHenepi cunarranFal. JKyieHi KoFaMIbIK eMIpAiH Typii calachlHIa KOJijia-
HYFa )KOHE OpHAJIACThIPYFa MbICANAap KenTipiireH. [laybICThl TAHUTBHIH aKMapaTThIK KYHEHI eHri3y TypiepiHiy Oipi
cunattanrad. EcTy KaOijeri TOMEH agamaapra apHalfaH KYpbUIFbl NPOTOTHITEPIH jKacay JKOHE KYpY JKOJIaaphl
KapacThIpbLIabl. 3epTTey OaphIChIHIA coieyi Tany yuriH Google Speech Api TexHonmoruscel TaHga bl COHBIMEH
Karap, OYI Makajiaza ceiyiey[i MOTIHIe ayJapyFa, COJaH KCWiH OHBI JKpaHFa INbIFapyFa MYMKIHIIK OepeTiH
OarapIaMalIbIK-anmaparThlK KelleH yebHbuFad. Ockl MakcaTka sxkeTy yiiH Arduino UNO HerisiHgeri KypbUFbIiap
Tananabl. bapieik akmapat ecty kKabineri Oy3puFaH agaMaapaslH cMapThOHBIHIA eHenel, o1 Arduino kemeriMeH
Bluetooth apkpuibl KypbUTFBIFa Oepinesi.

Tyiiin ce3aep: akmaparTsiK xyite, Google Speech Api, Arduino UNO, mukpokonTpoiuiep, Ethernet, mucmei,
Takra, Bluetooth, koHHEKTOP, TTOPT.

E.C. Hypaxos, A.E. Kamu
Kazaxckuit HallmoHaNBHBIN yHUBEpCUTET UMEHH anb-Dapadu, Anmarel, Kazaxcran

NHOOPMALIMOHHASA CUCTEMA
JIJISI IIOJIEM C HAPYIIEHHUEM CJIYXA

AnHoTanus. B crathe mpencraBieHa pazpaboTka HHOOPMAIIMOHHOW CHCTEMBI PacliO3HABAHMS I'0JI0Ca B TEKCT
JUIS JFOZIe ¢ HapyIICHWSMH CIyXa, MO3BOJIAIOIIEH IMOBBICHTH Ka4eCTBO XM3HU M B3aUMOJACHCTBHUS B OOIIECTBE C
JIpyruMu JmoapMu. OMHcaHbl YCTPOHCTBO, IpOorpaMMHOE obecneueHne, (yHKIMOHATbHbBIE OJOKH U TTOJICHCTEMBI NH-
dopmanoHHOH cucteMsl. [IpuBeaeHbl IpUMEpsl BO3MOXKHOTO NPUMEHEHUS U Pa3MELIEHHs] CUCTEMbI B Pa3IM4YHBIX
cdepax oOmecTBeHHOH XKM3HU. ONMCaH ONMH W3 BUAOB peanu3aliy MH(GOPMAMOHHOM CHCTEMBI PacIO3HABaHUA
rosioca. PaccmMaTpuBaeTca pa3paboTka M CO3JaHHE ONBITHBIX 00pa3loB yCTpOIcTBa Ul JIIOAEH C HapyHICHUSIMU
ciyxa.

B xone nccnenosanus Obu1a BeiOpana Texnonorus Google Speech Api anst pacnoznaBanust peunt. Kpome toro, B
JIAHHOU CTaThe MPENICTaBJIEeH MPOrPaMMHO-aIapaTHBIH KOMILIEKC, TO3BOJISIONINHN TIEPEBOIUTh Pedb B TEKCT U 3aTEM
BBIBOJUTH €€ Ha dKpaH. [y IOCTIDKeHMst 3TOoW 1enu ObuiM BBIOpaHbI ycTpoiictBa Ha 6aze Arduino UNO. Bes
nHdopmanust obpadaTeiBacTcsi Ha cMapTOHE JIOJCH C HAPYIICHUSAMH CITyXa, KOTOPBIM IepelacTcsi Ha yCTPOWCTBO
o Bluetooth ¢ nomomsio Arduino.

KuaroueBsle ciaoBa: mHpOpMarmonHas cucrtema, Google Speech Api, Arduino UNO, MuKpOKOHTpoIuIEp,
Ethernet, mucmneii, miata, Bluetooth, pazsem, mopr.
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NUMERICAL SOLUTION OF TWO-DIMENSIONAL
PROBLEMS OF THERMOVISCOELASTICITY

Abstract. This paper considers the numerical implementation of two-dimensional thermoviscoelastic waves.
The elastic collision of an aluminum cylinder with a two-layer plate of aluminum and iron is considered. In work [1]
the difference schemes and algorithm of their realization are given. The most complete reviews of the main methods
of calculation of transients in deformable solids can be found in [2, 3, 4], which also indicates the need and
importance of generalized studies on the comparative evaluation of different methods and identification of the areas
of their most rational application. In the analysis and physical interpretation of numerical results in this work it is
also useful to use a priori information about the qualitative behavior of the solution and all kinds of information
about the physics of the phenomena under study. Here is the stage of evolution of contact resistance of collision —
plate, stress profile.

Keywords: two-dimensional thermoviscoelastic waves, stability of the difference scheme, convergence of the
solution of the difference problem, indenter, deformation, tensor, stresses.

Introduction. To test the numerical method proposed in [1], we consider the elastic collision of an
aluminum cylinder of unit radius with a two-layer plate made of aluminum (/4 =0,75) and iron

(h, =0,25).

Figure 1 shows the normal voltage distribution o, (figure 1, a) and vertical speed v (figure 1, b) on
the axis of symmetry, at the points where the wave motion up to the moment of time ¢ =1,0 is one-
dimensional (self-similar). The information is presented in dimensionless form, where the linear
dimensions are related to the thickness of the plate /4, time — to ﬁ (a— velocity of propagation of
longitudinal waves in aluminum), stresses are divided by p-a”, and %elocities — by a. The solid curve
corresponds to the results of calculations with a step Ak =0,02, solid with a point — Ak =0,01; the
dashed line refers to the Lax-Wendroff Scheme at Ak = 0,02 ; the dashed line is the exact solution.

It can be seen from the graphs that with a sufficiently large number of integration nodes, the first-
order accuracy scheme for a strong gap gives a fairly clear and steep stress and velocity profile. The
convergence of difference solutions is monotonic, which allows their refinement by means of Richardson
extrapolation [5]. The "smearing" zone of the jump decreases proportionally to the decrease A/, and at
Ah=0,02 it practically disappears, the numerical solution coincides with the exact one. The results

presented here are consistent with the data of [6].
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Figure 1(a, b) - distribution of normal stress — o, and vertical velocity U

The non-monotonicity of the second-order accuracy scheme generates very significant oscillations in
the vicinity of the front, which are increasingly amplified as the waves reflect from the outer boundaries of
the plate. With decreasing grid spacing, the amplitude of oscillations decreases, while the width of the
zone of "spreading" at the same time narrows. Note that non-monotonicity scheme occurs only before
front. Oscillations are absent after the front. The amplitude of the oscillations in the vicinity of the jump
can be minimized by introducing a specially selected viscosity, however, as shown by Lax and Wendroff,
it is impossible to get rid of these oscillations at all. In addition, the introduction of artificial viscosity
reduces the accuracy of the difference scheme in the areas of smoothness of the solution. In some cases,
the attribution of different viscosities when they disappear can lead to different limit solutions [7]. The
advantages of high accuracy schemes, which include the Lax - Wendroff Scheme, are manifested in the
calculation of smooth solutions.

The results presented here clearly illustrate the advantages of a monotone (non-oscillating) scheme for
the calculation of jump motion. Countable phenomena, manifested in the through account of
discontinuous (generalized) solutions by schemes of increased order of accuracy without special allocation
of features, significantly complicate the analysis of the wave pattern, especially in cases where the exact
location of the discontinuities and their configuration are unknown. In addition, it is hardly advisable to
use a high approximation order to compute a solution that does not have the corresponding smoothness. It
should also be borne in mind that for any difference scheme, the order of approximation, and hence the
convergence of the solution in the areas of the influence of smearing discontinuities in the general case is
close to the first [8].

In the contact problem under consideration, the computational domain has a rather complex geometry,
so the study of the a posteriori accuracy of the desired functions, especially near the angular points where
the stresses may have features, required a special series of test computational experiments to obtain
convergent solutions on a sequence of grinding grids. Control of the calculation results was also carried
out by calculating the total thermomechanical energy, which should remain unchanged in time and be
equal to the kinetic energy of the translational and rotational movements originally stored by the stamp.
Note that when constructing the difference grid, the partition was chosen so that its nodes do not fall on
the contact boundaries (hence, in the angular points). The reduction of the integration step over space
makes it possible to determine the numerical solution outside an arbitrarily small neighborhood of singular
points (this approach eliminates the need for the averaging procedure of the solution at these points, which
is inevitable with other methods).

Figure 2, a shows the distribution of the contact voltage o that occurs at the time ¢ =0,25 of
collision of an iron cylinder with a radius of 0.5 on a two-layer plate 0,754/ -0.25 Fe. Curves are
obtained at Az = 0,02 (1); 0,07 (2); 0,005 (3).

It can be seen from the graphs that when the grid thickens, the discrete functions differ slightly and
these differences are noticeable only in the diffraction region, where the unsteady field is essentially two-
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dimensional. In the zone of uniaxial stress state the calculated value o, =—0,72 coincides with the exact
solution [9], which is effectively calculated only in the region of one-dimensional wave motion:

a a
o =V, Poo P14, _
Poly + P14,

0,75 [fr—

0.5

N1 1A
Nl

0 0,25 r J 0,25 r lj 0.25 r

Figure 2(a, b, ¢) - distribution of the contact stresses — ¢ _ resulting from point-in-time ¢ = 0,25

Comparative analysis of the compared numerical results indicates their reliability and proximity to the
exact solution. On the basis of a posteriori estimates, it can be argued that the individual components of

the solution vector are with a relative error of 7 - 10% on the grid with a step Ak =0,02 in the norm L,,
R

and the accuracy of determining the mean at the site of contact stresses o =27 I o, (r,o,t)rdr is slightly
0

higher: 1 - (-0,588); 2 - (-0,591); 3 - (-0,592).
The imbalance of total energy is only a fraction of a percent on grid 3.
The results of calculations of contact voltage — o, according to the Lax-Wendroff (A =0) scheme

and the scheme with minimal dispersion ( 4 =1,3) on grids 1 and 2 reflect figure 2,b,c. Comparison of the

z

curves shows that both schemes give similar grids, in good agreement with the numerical data of the
scheme of first order of accuracy (q* = A=0). The schemes of the increased order of accuracy allow
revealing small features of a wave field when distribution of stresses is rather smooth. However, in the
area of pronounced discontinuity, the description of wave motion is preferable using a monotone scheme,
as evidenced by the results obtained » =0 in (figure 3). The amplitude of false oscillations in the scheme
of minimal dispersion is minimized by a special selection of the coefficient on the model problem of
collision of semi-infinite plates, for which the exact analytical solution in the form of series of
trigonometric functions is known [10, 11].

10
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Figure 3 - Description of the wave motion is preferable using a monotone scheme, at , = 0
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Stress profiles o, for dimensionless time moment 7= 0,5 in sections x:0(a); 0,2 (6); 0,4 (6) are

proved in figure 4. The exact distribution is plotted by a dashed line, the solid curve refers to the scheme
proposed in [1], and the dashed line refers to the scheme of the minimum dispersion. The diagrams show
that the numerical solutions obtained are close enough to the exact solution, tabulation of which is also
associated with some errors, which are inevitable, apparently, due to machine rounding.

a

-0,5+

-0,5
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Figure 4 - Stress profiles o for dimensionless instant ¢ = 0,5 in cross sections by X 30(61); 0,2 (b), 0,4 (C)
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The parametric scheme, which depends on q* and A and includes schemes of the first and second

order of accuracy, allows to calculate the desired solution depending on its local differential properties. In
the region of sufficient smoothness of the solution, it is advisable to use a scheme with minimal
dispersion, and in the vicinity of jumps or large gradients of the wave field - a monotone scheme. The
disadvantage of using the scheme of the second order of accuracy is due to the need for special allocation
of contact boundaries, near which interpolation formulas with unilateral derivatives are used. Thus, even
within the framework of the approach used, when auxiliary quantities are used to construct a numerical
algorithm, it is not possible to construct a homogeneous difference scheme of an increased order of
accuracy. Numerous calculations carried out by the parametric scheme have shown that its stability is
always provided under the following conditions

I 1
| —+—+ Tn | < .
T, 7, 2

Test calculations on grinding grids allowed us to estimate the actual rate of convergence of difference
solutions and determine the optimal size of the space-time grid, which achieved acceptable accuracy with

minimal machine time. The noted features of discrete solutions are characteristic and take place in the
study of other dynamic contact problems with discontinuous boundary conditions.

M.M. bykenos, E.M. Myxameros

JL.H. 'ymunes areinaarel Eypasust ynTTeIK yHHBepcuTeTi, Acrana, Kasakcran

EKIOJIIIEMAI TEPMOTYTKBIPJBI-CEPIIIMJAIIIK ECEBIHIH
CAHJABIK HIEINIMIHIH KY3EI'E ACBIPBLTYbBI

Annoranus. XXyMmpicTa eKiemmeM i TePMOTYTKBIPIBI-CEPIIMIUTIK TOIKBIHBI CAaHABIK IISIIIMIHIH JKy3ere achl-
PBUTYBI KapacTHIPBUIABL. ANIOMHUHHIA MEH TeMipJACH JKacallFaH eKiKaOaTThl IUTUTACH O0ap aTOMUHHAN IUIMHIPiHIH
CepHiH/I COKKBICHI KAPACTHIPBIIFaH.

[1] XKymbIcTa allbIpBIMIIBIK CXEMAChl MEH OJIapbl JKY3€re achlpy alroputmi keiripiaret. JledhopmaiusianaTeiH
KaTThI JICHeNepAe OTIeN YAepiCTepAl ecenTey/ IiH Heri3ri 9iCTepiHIH TOJBIK IOy XKaraaibl [2, 3, 4] KkepceTiireH,
OHJIa TYpJI ONICTEpAl CAIBICTHIpMabl Oarajiay MaceJieJiepiHe JKOHE HEFYpJIbIM YTHIMIBI KOJJaHy callajlapblH
aHBIKTayFa apHAJIFaH JKaJlbUIaMa 3epTTeyJiep KAKETTUIIrN MEH MaHbI3AbLIbIFbl Al KbIHIaJIFaH.




News of the National Academy of sciences of the Republic of Kazakhstan

JKyMbIcTa CaHIBIK HOTIIKENEPAl Taliay kKoHe (GU3MKAIIBIK MHTEpIIpETalusiiay Ke3iH e HIeUIMHIH caraiblK Top-
TiO1 TypaJibl alPUOPIIbI AKMAPATTHI HKOHE 3ePTTENIETIH KYObUIbICTAp (PH3UKACHI TYPalbl OapIIbIK BIKTUMAT MAJIIMETTED
nainananeibel. ECenTik xKoHe dKCIIepUMEHTANAbI AePEKTEPAl COUKECTEHIIPY IIEeIiM AJIITiHIH HEFYPIIbIM 00beK-
THUBTI ©JIIIeMi OOJIBITT caHaJla (bl, OFaH MaTEMaTHKAIIBIK MOJICIBIIH TOJIBIK a/IeKBATTHIK TEKCEPY XKaraaibl Kipei.

Tyiiin ce3mep: eKiomIEMIi TEPMOTYTKBIPIBI-CEPIIMII TOJKBIHAAP, AWBIPHIMABIK Ti30CTiHIH TYPAKTHUIBIFBI,
AMBIPBIMIBIK €Cel MICIIIMiHIH )XUHAKTBUIBIFBI, HHICHTOP, Ae(hOopMaLus, TSH30p, KEpHEY.

M.M. Bbykenos, E.M. MyxamertoB
EBpaswmiickuit HannoHanbHEI yEHUBepcuTeT nMeHn JI.H. ['ymunesa, Acrana
YNCJTEHHASA PEAJINZALIUA PEHTEHUA IBYMEPHBIX 3AJIAY TEPMOBA3KOYIIPYT'OCTU

AnHoTaums. B nannoi pabore paccMoTpeHa YMCIEHHAs peann3anusi IBYMEPHBIX TEPMOBA3KOYNPYTHX BOJIH.
PaccMoTpeHo ynpyroe coyaapeHue altOMMHUEBOTO WIMHAPA ¢ ABYXCIONHON IUIUTON U3 QJIFOMUHMS U XKeJe3a.

B paGorte [1] mpuBeeHbl pa3HOCTHBIE CXEMbI M alITOPUTM MX peanu3anuu. Hanbonee nosiHbie 0030pbl OCHOB-
HBIX METOJ/IOB pacyeTa NEepPexXOAHBIX MPOLECCOB B NeGOpMHUPYEMBIX TBEPABIX TENaXx MOXHO HaWTH B [2, 3, 4], rae
YKa3bIBaeTCsl TAKXKE HEOOXOAMMOCTh U BaKHOCTH 00OOIIAIOIINX HCCIIEIOBAaHHUH, MMOCBSIICHHBIX BONPOCAM CPaBHH-
TEJILHOHM OIIEHKH Pa3JIMYHBIX METOIOB U BBISIBIICHHIO 00JIacTel MX Hanbosee palioHaaIbHOTO IPUMEHEHUSL.

[Ipn anammse u (U3MUECKON MHTEpIpETalNy YHCICHHBIX DPE3yJbTaTOB B JAaHHOM pabOTe MOJE3HO TaKKe
UCIIONIb30BaTh ANPHOPHYI0 MH(OpMALMIO O KayeCTBEHHOM IIOBEJCHHH DPELICHHS M BCEBO3MOJKHBIC CBEICHUS O
¢u3uke umccnenyeMplx siBieHHH. COIOCTaBIEHHE PACUCTHBIX M 3KCIEPUMEHTATBHBIX JAHHBIX CIYXXHT HanOoiee
00BEKTUBHBIM KPHUTEPUEM TOYHOCTH PEIICHHS, BKIIOYAIONIEM B ceOsl M MPOBEPKY aJCKBATHOCTH MaTeMaTH4eCKON
MOJIETIH SIBJICHHIO B IIEJIOM.

KaroueBble cjioBa: AByMEpHbIE TEPMOBSI3KOYIPYIHe BOJIHBI, YCTOHYMBOCTh PA3HOCTHOH CXEMBI, CXOIUMOCTb
peLIeHHs pa3HOCTHOH 3aa4u, HHACHTOP, Ae(opMarysl, TEH30D, HAIPSKEHHS.
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THE FRACTAL SCALE-INVARIANT STRUCTURE
OF A TEMPORAL HIERARCHY IN THE RELAXATION PROCESSES

Abstract. The phenomena of elastic aftereffects during loading/unloading of viscoelastic and capillary-porous
bodies, relaxation of their stresses is accompanied by the energy accumulation and dissipation to be taken into
account in the theory of oscillations which also considers the behavior of materials when the force is applied to them,
the elastic aftereffect and stress relaxation forms ostensibly opposite energy processes that’s why the main problem
to one is to understand and discovery laws for such aftereffects. The goal of the research to show that the distribution
of relaxation time in viscoelastic and capillary-porous media may have a scale-invariant structure and that the
indirect confirmation of the scale invariance of relaxation time hierarchy can be the principle of temperature-time
superposition according to which the experimental relaxation functions obtained for different temperatures can be
combined with each other using the appropriate coordinate axes stretching. We used methods of viscoelastic theory,
fractal analysis and methods of mathematical physics. So, in this paper, an attempt has been made to harmonize both
these theories and numerous experiments on the destruction of materials described in the academic literature. It is
shown that the hierarchy of times determining shear and bulk relaxation in viscoelastic/capillary-porous medium has
a fractal structure and it was observed that the presence of time fractality eases the modeling of
viscoelastic/capillary-porous bodies resulting in the universal relaxation function of a rather simple kind.

Key words. Aftereffect, internal friction, viscoelasticity, mechanical models, elongation ratio.

Introduction. Hereditary properties of materials have long been studied by experts. For example,
faced in 1920s with the fact of elastic aftereffects, the academician A.F. Ioffe [1] described the above
phenomenon as follows: “... the result of the effect of this force on the body does not manifest itself
entirely at once. For a long time, exposed to a constant force, bending, twisting, tensile it continues
becoming gradually weaker. Each effect leaves a trace which can be noticed after a long period of time as
the reasons of its emergence disappear. There is something similar to the body’s memory experienced in
the past”. In test machines, the load decrease and keeping the deformation unchangeable is made
automatically with the help of special electronic equipment. The water is used as load in such tests. This
allows a smooth stress decrease [2].

Turning to researches for energy dissipation under load, i.e., for the theory of internal friction, it can
be found that some theories are based on the dependence of oscillations friction on their velocity, other
theories are based on the amplitude. Some research papers are based on the M.M. Davidenkov [3]
hypothesis. According to it, the energy in the conditions of oscillations application depends on the
amplitude and does not depend on the velocity [4]. E.S. Sorokin [5], author of one of these hypotheses,
carries out a detailed analysis of research papers on these issues. On the basis of his table containing the
comparative characteristics of various theories, he made an important remark that the theory of internal
friction is poorly consistent with theories describing the hereditary properties of the materials [6-9].
65
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Moreover, the following tendency is observed: the better a theory reflects hereditary properties, the worse
this theory is adapted to describe energy losses due to oscillations.

The goal of the research to show that the distribution of relaxation time in viscoelastic and capillary-
porous media may have a scale-invariant (fractal) structure and that the indirect confirmation of the scale
invariance of relaxation time hierarchy can be the principle of temperature-time superposition according to
which the experimental relaxation functions obtained for different temperatures can be combined with
each other using the appropriate coordinate axes stretching.

Materials and methods. Modern technological processes control often requires the modeling of
relaxation in reophysically complex media (viscoelastic medium (VEM), capillary-porous bodies (CPB)).
Such media are encountered in the production of a wide variety of materials [10-15]. They are extremely
important in processes related to oil extraction and transportation [16-18].

Relaxation phenomena in rheophysically complex media are related to the slow development of
processes regrouping structural units of different scales. These processes result in deformation changes lag
behind the stress change (hysteresis, elastic aftereffect, stress relaxation, etc.) and can be described using
the model of elastic bodies with internal friction and viscous bodies with elasticity [10-12,14-15].
Mechanical models of viscoelastic, capillary-porous bodies are helpful for understanding the qualitative
characteristics of relaxation phenomena, but their application to the quantitative description of real
materials requires the construction of very complex systems consisting of a large number of different
springs and viscous elements [19-23].

This research paper shows that the difficulties mentioned hereinabove can be overcome by specifying
the structure of time hierarchies which determine the relaxation in rheophysically complex media [24-27].
It is shown that the time fractality allows to simplify the description of relaxation processes resulting in
universal relaxation functions of a rather simple form in a wide range of relaxation time [28,29]. It is also
shown that in some cases, it is possible to use rheological models with derivatives of fractional order.

Results and discussion. The stress and deformation in viscoelastic and capillary-porous bodies with
respect to time. It is necessary to add to the known formula (Eq. 1):

o,=E-¢ (1)

the component taking into account the temporal nature of the stress change (Eq. 2), or (Eq. 3):
o, =E-¢-exp (—%), (2)
a=E-s+E-e-exp(—£)=E-8{1+exp(—£)}, 3)

where o — body’s general stress, £ — stress module, ¢ — elongation ratio (deformation), # — time counted
from the moment of the load application, 7 — relaxation time.

Elongation ratio (deformation) in the conditions of load application (Eq. 4):

[

=— 4
E{rrexn( )] )

After unloading, the maximum value of elongation ratio is as follows (Eq. 5):

_ 9 o _ M ka
o= E-{1+exp(—%)} 2E  2E- [1+exp(——)] (thi+ ] (5)

The value of ¢ allows to determine the current value of its elongation ratio after unloading in time ¢,
i.e., to take into account the unloading aftereffect and thus (Eq. 6):

e(t) =¢y-exp (— %) = E th[ ] exp (— E), (6)

where ¢ — time running after unloading.

Example 1. The steel wire stretched and rigidly fixed. It is necessary to determine the stress
relaxation. Sample data: elastic module £ = 196 333 MPa, relaxation time 7 = 168.2 s, elongation ratio
&£=0.001 (table 1).
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Table 1 — Calculation results of the stresses occurring in the wire and depending on time, i.e., relaxation of stresses

t,s o, MPa t,s o, MPa t,s o, MPa
0 392.627 200 256.12 1000 196.66
50 341.89 500 206.26 2000 196.13
100 304.60 900 197.08 3000 196.13

Example 2. The steel sample was stretched to have the stress ¢ = 300 MPa, module of elasticity
E =196 333 MPa, relaxation time 7 = 168.2 s, the sample is unloaded at the time ¢, = 1000 s. It is
necessary to determine the value of elongation ratio depending on time. The formula (4) allows to
determine the value of elongation ratio in the conditions of loading, the formula (5) allows to calculate the
unloading moment. Varying in time residual deformation can be found using the formula (6).

Knowing &, one can find the residual deformation &csiduar = €- using the ratio (6). If the ratio (Eq. 7):
Er

—=0 @)

€o
is specified, the period of time (¢*) can be found, then the residual deformation will be (Eq. 8):
& = 0+ & (in periods 7). ®)
The results for viscoelastic and capillary-porous bodies are presented in table 2.

Table 2 — Results for viscoelastic and capillary-porous bodies

G t',s c t', s G th,s
0.1 2.303t 0.0001 4210t 108 18.421t
0.01 4.605t 0.00001 11.5131 10710 23.0261

0.001 6.9081 0.000001 13.8161 10712 27.631t

The energy dissipation process when oscillations are applied. The equity (3) which explains the
phenomena occurring in the material during its loading-unloading should be used to describe the process
in viscoelastic and capillary-porous bodies. Thus, there is a relation between this dependence and the
theory of internal friction given in [30-33].

The effect of time on the results of experiments on the tensile of viscoelastic-type materials and
capillary-porous bodies. The changing of the destructive stress in time is expressed by the following
general formula (Eq. 9):

0= 0y (0 — ) exp (), o)
where o; — ultimate breaking stress at the time ¢, where g, — ultimate breaking stress at the time ¢ = oo,
t — load application time, 7 — relaxation time.

Relaxation of stresses in viscoelastic and capillary-porous bodies. Generalized Maxwell model.
Considering the generalized Maxwell model representing a set of parallel connected chains composed of a
series of sequentially connected springs and a viscous element. The rheology of such a body is determined
by the known relations (Egs. 10-11):

g = Z?lo=1 Ons (10)

en =) + 62, (11)

where ¢ — body deformation, ¢ — stress, o, = Ej, - 87(11) =n,-D- er(lz) — stress, E,, 1, — spring stiffness
and viscous resistance coefficient of element n, e,(ll), 81(12) — elongation of the spring n and displacement of

. d . .
viscous element n, D = ~; — operator of differentiation.

It is assumed that the values E,, and 1, are determined by the scaling laws having the following form
(Eq. 12):

Tp =To 1Y, (12)
After taking the logarithm (12), the following formula can be obtained (Eq. 13):
InE, =InEy, —nA, (13)

Thus, the time-scale invariance should linearly decrease at the same time as # increases.
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If TL — (A — o0) then asymptotic behavior of this integral is easily determined using Laplace
0
method that leads to an expanded exponential law (Kohlrausch law [29,34]) (Eq. 14), where (Eq. 15):

(1) ~ exp[—(t/T)V/*D), (14)
7= (19 -27"/v) - (1 +v HV O+, (15)

Thus, the scale invariance of relaxation processes substantially simplifies their description and allows
to use a rather simple universal relaxation functions having the form (14). It should be noted that the
relaxation function with an exponent equal to (-1/2) can be obtained using Gauss and Bueche molecular
theory of viscoelasticity [11]. However, this theory can explain neither the exponent value deviation
(which is often observed in practice) nor the origin of the relaxation functions (14). The scale invariance
of the relaxation parameters distribution can serve to explain the principle of temperature-time
superposition [11] which can be expressed using the following dependence (Eq. 16):

P[k(T)t] = k1 (T) - o (1), (16)

where 7y — some characteristic temperature, @ (t) and @,(t) — relaxation functions at temperatures 7 and
To, k, k1 — coefficients depending on temperature (Eq. 17):

{k(To) = k1(To) = 1}, (17)

Figure 1 presents approximation results of this curve, parameters of which t and 8 were determined
using methods of the sensitivity theory [35,36]. Apparently, the stress relaxation curve is quite well
described by the law of Kohlrausch. For this curve, the parameter /5 is equal to 0.5.

G,
1.0,
0.8
0.6
0.4
0.2

: — ; . 1 10%
8] 0.7 1.4 2.1 2.8 3.5 4.2

Figure 1 — Relaxation curve approximation

Rheological models of viscoelastic and capillary-porous bodies in fractional derivatives. A
viscoelastic/capillary-porous body which can be given using a set of sequentially connected Voigt bodies
(chains which consist of parallel connected springs and a viscous element) should be considered now. The
stress (Eq. 18) applied to a body at the time # = 0.

o =0y - h(t), (18)
Then the deformation rate is determined using the expression (Eq. 19):
De(t) = 22+ 0o Tive ;- exp( = t/7y), (19)
By determining the relaxation function ¥ (t) as (Eq. 20), the following result is obtained (Eq. 21):
v ={De - %} /G, (20)
o (1
V() = T () - exp(— t/), @21)

Thus, the time-scale invariance leads to the need to use rheological models in fractional derivatives. It
should be noted that such models are entered (on other grounds) in [10,12,35,37].

Relaxation processes in viscoelastic and capillary-porous bodies in conditions of bulk deformation.
Considering structural units as viscoelastic elements, the mechanical model given in Figure 2 is proposed
to describe the bulk relaxation processes. For this model, the value Sy characterizes the instantaneous
volume compressibility of the medium and the values E,, 1, (n =1, 2, ...) describe elasticity of
structural units and viscosity forces that counteract their movement.
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Similar to the previous cases, it is easy to obtain (Eq. 22):

—8V(£)/Vy = fo - 6p(t) + [ 1(t — E)DSP(§)dE, (22)
where 8V — decrease of medium volume when the pressure is increased by value 6p, V) — initial volume,
Y, (t) =pB"- Z%OﬂEi -[1 —exp( —t/ty,)] — relaxation function, 7, = 1, /E,, ' — quantity determining
the volume changing due to the displacement of the structural elements.

Having differentiated (22) with respect to time, the equation the viscoelastic medium (capillary-
porous body) state is obtained (Eq. 23), where p — medium density:

—-Dp =By Dp + f, ¥(t = ODp(©)dE, (23)

Thus, the pressure curve should be straightened in coordinates (Eq. 24). The inclination of line can be
found with respect to y .

v($)=mfzu-1}, ms, (24)
Equation for relaxing liquid motion. If the motion of a relaxing medium in a pipe (capillary) of radius

R is considered then the rheological equation of the medium is presented as follows (Eq. 25):

ov o
_w_g .p~x.2%
pras +a-D Py (25)
where v(r, t) — component of velocity along the pipe axis, o — shear stress, 7 — viscosity of medium.
By averaging (25) over the section of the pipe, the following motion equation can be obtained within

the frame of the quasi-stationary approximation [38] (Eq. 26):

po-{%—f+2aw}=—{g—z+a-D‘X-%}, (26)

where w is average cross-sectional velocity, 2a = 8n/(poR?), Z—i is pressure gradient along the axis of
the pipe.

As far as is known, the filtration equation can be obtained by throwing away the inertia term and
taking 1/2a =k /n where now w is filtration rate, k is permeability of the porous (capillary-porous)

medium; then it is easy to obtain [39-43] (Eq. 27):
’ 2
Dp+py- DX Dp=r(D*-D+1)-(35) 27)

where k = k/n™ - 8, is thermal conduction coefficient, m is porosity.
Algorithm and method for calculating residual deformations in capillary-porous bodies/materials. The
following diagram of the capillary-porous body deformation (figure 3) will be considered.
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£,

o= const 1 oo=0

0 t t* g
Figure 3 — Diagram of capillary-porous body deformation
The provided below table 3 shows values depending on 7.

Table 3 — Values depending on n

N (tn - tl)
T
10 2.303
10? 4.605
10° 6.908
10° 20.723
10" 23.026

Consequently, CPBs residual deformation is practically reduced to zero (decreasing by 10?°) in about
467. Thus, if the flow of visitors to the museum (which has pictures modeled as CPB) creates during the
visit time ¢ = ¢; the load (temperature and humidity) applied on pieces of art and eventually leading to the
deformation of these masterpieces then, after visitors leaving the room, their “deformation effect” on
pictures practically falls to zero in time interval t* = ¢; + 46t where 7 is the relaxation time (average) of
CPB located in the museum’s premises.

Conclusions. Thus, the distribution of relaxation time in viscoelastic and capillary-porous media may
have a scale-invariant (fractal) structure. To confirm this, the spectra of relaxation parameters obtained
during experiments carrying out the stretching of polystyrene samples are given in the present paper. It is
shown that the indirect confirmation of the scale invariance of relaxation time hierarchy can be the
principle of temperature-time superposition.

The present paper shows that in some cases, time fractality can lead to an algebraic relaxation law
and, thus, to the need to use rheological models and state equations having fractional derivatives. It is
precisely fractional derivatives that can be used for modeling, in particular, bulk relaxation processes. The
derived equations of motion of relaxation media in tubes, capillaries, porous media which take into
account the time scale invariance of shear and bulk deformation processes are given.

10.B. Yosniok!, JLA. JIbsuenxo?, ¥.0. Upanos®, H.IL. Iugex?, O.B. Open®

'Ykpauna ynTThIK 6HMOpECYpC jXoHe TaOUFATTHI Malinanany yHuBepcuTeTi, Knues, Ykpaunna;
2V KpaWHa YITTHIK GHOPECYPC KOHE TaOUFaTTHI alIaaany YHUBEPCUTETIHIH
«HexuH arpoTeXHUKAIBIK KOJUIEIDKI» OKIIayIaHABIpbUTFaH OenimMieci, HexwH, Ykpauna;
3YITTHIK aBHAIMSIIBIK yHuBepcuret, Kues, Ykpanna;
4y1<pa1/1Ha VITTBIK I€JArorukajibIK FbUIBIMIAAP aKaAEMUSCHI, KI/leB, pral/IHa

PEJIAKCAIIUA YAEPICIHAEI'T YAKBITTBIK NEPAPXUSAHBIH
MACHITABTBI-UHBAPUAHTTBIK K¥YPbIJIBIMbI

AnHoranusi. TYTKeIp cepmiMIi JKoHE KBUITYTIKTIK KEYEeKTi JeHeHI JKYKTey/’KYKCI3IeHIipy OaphICBIHAAFHI cep-
MiMAI COHFBI ocep KYOBUTBICHL, KepHEYiHIH 0oceHaeyi Ke3iHAe KYMITIK ocep eTyle Marepuannap OeTalbIChIH ecKe-
peTiH TepOeric TeOpHACHHIA Aa eCKepilyl THiC SHEPrHsHbIH )KUHAKTATYbl MEH MUCCHIALMACH OpbIH anagsl. Ockl-
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JIapFa KaTBICTHI CEPIIMIl COHFBI 9Ccep MEH KepHEY/iH 0dceHaeyi Kapama-Kapchl SHEPTreTUKANBIK YIEpIiC TYAbI-pajbl,
COH/IBIKTaH Jla MYHJaFbl HET13r1 Mocee OChIH/IAl canap/ bl TYCIHY MEH 3aH/Ibl aHBIKTay OOJIBII CAHANA/IbI.

3epTTeyaiH MakcaTbl — TYTKBIP CEpIIMII JKOHE KBUITYTIKTIK-KEYEeKTi opTajapia pejiakcalys YakKbIThIH 0oy
MaclITaOThI-MHBAPUAHTTHIK (PpaKkTanablK) KYpbUIbIMFa He 00Jla ajlaThIHIBIFBIH KOPCETY JKOHE TYPIIl TeMIleparypara
aJBIHFaH peJlaKCalMsHbIH KCIIEPUMEHTAIIBI (DYHKIMSCHIHBIH KOOPAWHATA OChTEPIH COWKECIHIIe cO3y apKbUIbI Oip-
Oipin OipikTipyre OOJNATBHIH TEMIIEPATYPAIbIK-yaKbITTHIK CYTEPIO3UIHS TPUHIMII PeTaKcalys yaKbIThl HepapXus-
CBIHBIH MacIITa0Thl NHBAPUAHTTHUIBIFBIH JKaHAMA TYPJC PACTAHTHIHIBIFBIH KOpceTy. TYTKbIp CepmiMIiTiK TEOpHUSICHI-
HBIH olicTepi, ppaKTansl Tanaay skoHe MaTeMaTHKaNbIK (H3KUKa 9icTepi KONIaHbUIIb. MaKananaa ocel €Ki Teopus
MEH aKaJeMHSUIBIK d1eOueTTepae CHIIaTTalFaH MaTepuaiapaslH Oy3bUTybIHA KATBICTHI KONITEr€H SKCIICPUMEHTTEP I
YIIIeCTipy 9peKeTi sKacalIbl.

PenakcallMsHBIH yaKbIT HEpapXUsACHIHBIH MAacIITa0Thl WHBAPHUAHTTBUIBIFBIH TEMIICPATYPANIbIK-YaKbITTBIK
CYNepro3uIys IPHHLMIIHIH JKaHaMa TYpAE PacTalTBHIHABIFBI cunarTangbl. OCBIFaH call Typni TeMuepaTypara
QJIBIHFAH PETaKCALlUSHBIH SKCIEPUMEHTANAb! (DYHKIUIAphl COMKECIHIIEe KOOPANHATA OCBTEPIH CO3Y apKbLIBI ©3apa
OipiKTipise anaThIHABIFbl KOPCETUIII.

Tyiiin ce3mep: COHFBI ocep, iIIKI YHKeNiC, TYTKBIP CEPIIMILUTIK, MEXaHUKAIBIK MOICIbACP, y3apy Kod(hhu-
LUEHTI.

10. B. YosHiok!, JI. A. JIaueHko?,
Y. 0. Upanos®, H. II. Jlugex?, O. B. Opeun?

'HanmoHansHeIi yHEBEPCHTET GHOPECYPCOB M IPHPOIONIONE30BanKs Y KpauHsl, Kue, Ykpanna;
2060cobienHoe nospasaeneane HanmoHansHOro yHuBepeuTeTa Guopecypeos
Y IPUPOJIONOIBL30BaHus YKpauHbl « HexxuHCKuil arporexHuueckuii komemx», Hexxun, YkpanHa;
SHanmoHanbHbIN aBUAlMOHHBIN yHUBEpcuTeT, Kues, Ykpaunna;
‘HaumoHanbHas akaaeMus TIeJaroruueckux Hayk Ykpaunsl, Kues, Ykpaunna.

DOPAKTAJIBHASA MACIITABHO-UHBAPUAHTHAS CTPYKTYPA
BPEMEHHOM UEPAPXHMM B ITPOIIECCAX PEJIAKCAIIAA

AHHOTanus. SIBIeHHE yIpyroro mociaeqedCTBHs NPH HarpyKeHUH/pasrpy3Ke BS3KOYNPYTHX W KalMJUIIPHO-
MOPUCTBIX TEJN, pellaKcalus WX HaNpsDKeHUH CONPOBOXKIACTCS HAKOIUICHHEM M AWCCHUIIAIMEH DHEPTUH, KOTOPHIE
HEoOXOMMO YYUTHIBATh B TEOPUH KOJIECOAHHUI, KOTOpast TAKXKE YUUTHIBACT IIOBEACHHE MaTEPHAJIOB IIPH BO3JIECHCTBUH
cuibl. [IpUMEHUTENIBHO K HUM YHPYroe HOCIeIeHCTBIE M pelaKcalys HaupsDKeHHH 00pas3yroT sIKOOBI IPOTHBOIIO-
JIO>KHBIE PHEPTETUYECKUE MPOLIECCH], IO3TOMY OCHOBHAS Mpo0JieMa 3aKII09aeTCs B IOHUMAHUH U OTKPBITHH 3aKOHOB
I TAKUX TTOCIEICTBUH.

Llenp nccienoBaHus — MOKa3aTh, YTO PACIPEACIICHUE BPEMEHH DENIaKCallid B BS3KOYNPYIHX U KalWJUIIPHO-
MOPHUCTBIX Cpelax MOXKET UMETh MacIITa0HO-WHBAPHAHTHYIO ((ppaKTanbHyI0) CTPYKTYpY M YTO KOCBEHHBIM MOJ-
TBEPXKJICHHEM MacliTaOHONW WHBAPHMAaHTHOCTH MEPAPXUHM BPEMEH PEJIaKCAllMi MOXET OBbITh IPHHLUII TEMIIEpaTyp-
BpPEMEHHAsI CYIEPIIO3ULMS, COIJIACHO KOTOPOW JKCIIEPUMEHTaJbHbIE (YHKIMHM pEIaKcalud, IOJydYeHHBIE JUIs
Pa3IMYHBIX TEMIEpaTyp, MOTYT OBITh OOBEJUHEHHI APYT C JPYrOM C IOMOIILI0 COOTBETCTBYIOIIETO PACTSKCHHUS
ocell koopauHAT. Mcnonb30Baiich METOABI TEOPUH BS3KOYIPYTOCTH, (D)PaKTaJbHOTO aHAINM3a W METOABI MaTreMa-
tHyeckol ¢u3ukn. CrenaHa MONBITKA COTNIAcOBaTh 00€ 9TH TEOPUH W MHOTOYHCIICHHBIE YKCIIEPHUMEHTHI MO pas3py-
IICHHIO MaTePHAJIOB, OIIMCAHHbIC B aKaJIeMUUECKON JIUTEpaType.

[loka3aHO, YTO KOCBEHHBIM MOATBEP)KACHHEM MAacIITAOHOH MHBapHaHTHOCTH HEPAapXHU BPEMEH pelaKCalliu
MOXKET CIY>KUTh IIPUHLMII TEMIIEpaTypHO-BPEMEHHOH CYNEpHO3UIUH, COIVIACHO KOTOPOMY AKCIEpPHMEHTAIbHBIE
(GYHKIMH pelakcaliy, MOJIyYeHHBIE Ul Pa3IMYHbIX TEMIIepaTyp, MOTYT OBITh OOBEAMHEHBI MEXIy coOoi c
HIOMOILBIO COOTBETCTBYIOLIETO PACTSIKEHHS OCEil KOOPAUHAT.

KaloueBble ciioBa: mocieneiicTBue, BHYTPEHHEE TPEHHUE, BS3KOYIPYroCTb, MEXaHHMYECKHE MOJEIH,
K03(h(pUIMEHT YUTHHEHHS.
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USE OF TWO-STAGE FUEL COMBUSTION TECHNOLOGY
TO MINIMIZE HAZARDOUS EMISSIONS AT KAZAKHSTAN TPP

Abstract. Studies have been carried out using numerical modeling methods to determine the effect of the
introduction of a two-stage combustion technology (OFA technology) of high-ash Karaganda coal on the
characteristics of combustion processes: aerodynamics of flows, temperature and concentration (COx, NOx) fields
throughout the entire volume of the combustion chamber of the BKZ-75 boiler at Shakhtinskaya TPP and at the
outlet from it. Comparison with the basic regime of combustion of pulverized coal fuel, when there is no air supply
through additional injectors (OFA = 0%). To implement the technology of two-stage combustion, various regimes of
additional air supply through injectors were chosen: OFA equals 0% (basic version, conventional combustion), 5%,
10%, 15%, 18%, 20%, 25% and 30% of total air volume required for fuel combustion. A comparative analysis of the
main characteristics of the heat and mass transfer process in the combustion chamber for the investigated modes is
carried out. It is shown that an increase in the volume of additional air supplied through the injectors up to 18% leads
to a decrease in the concentration of nitrogen oxide NO by 25% in comparison with traditional combustion. A further
increase in the volume of additional air leads to a deterioration in these indicators. The results obtained will make it
possible to optimize the combustion of low-grade fuel in the combustion chamber of the BKZ-75 boiler, increase the
efficiency of fuel burnout, reduce harmful emissions and introduce a two-stage combustion technology at other coal-
fired TPPs.

Keywords: numerical simulation, computational experiment, two-stage combustion, high-ash coal, ecology,
temperature, nitrogen oxides.

Introduction. Solid fuel power plants remain one of the main sources of environmental pollution
with harmful dust and gas emissions. In this regard, it becomes urgent to develop and introduce
combustion technologies with minimal emissions of fly ash, carbon oxides and nitrogen at Kazakhstan
coal-fired TPPs. Therefore, the main task of the domestic heat power industry is to create technologies for
burning high-ash Kazakh coal, with the help of which it is possible to control the main processes of the
formation of harmful dust and gas emissions and control the level of their formation [1-5].

In the context of stricter environmental requirements, the introduction of such environmentally
friendly coal technologies will allow in the near future to overcome the shortcomings of Kazakhstan coal-
fired TPPs significantly increase their efficiency and ensure a sharp decrease in emissions of harmful
substances into the atmosphere. Recently, in the world heat power industry, the most popular are
information technologies that allow to model new and modernize existing heat power plants, help to assess
the feasibility of launching new environmentally outgoing energy production technologies and their
economic efficiency at the stage of design solutions. As a rule, everything new first goes through a series
of checks, after which it is put into operation on an ongoing basis. The use of computer technologies for
the implementation of environmentally friendly coal technologies is especially effective at the initial
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design stage, when several design solutions are being worked out at the same time and a boiler
modernization strategy is being determined [6-11].

Currently, various methods are used to minimize harmful dust and gas emissions at coal-fired TPPs,
the main of which are: change in combustion technology and purification of gases after combustion.
Changes in combustion technology include: the use of modified burners, afterburning of fuel, recirculation
of exhaust gases, staged fuel combustion, preparation of low-grade coals for combustion, radiation
technologies, combustion of fuel in fluidized bed furnaces, etc. The method of two-stage fuel combustion
is one of the most effective methods for reducing the concentration of harmful emissions and, first of all,
the most dangerous of them - nitrogen oxides [12-18].

Description of the combustion chamber for conducting computational experiments.

A real energy object was chosen as the object of research: the combustion chamber of the BKZ-75
boiler of the operating Shakhtinskaya TPP (Shakhtinsk, Kazakhstan). A steam boiler with a capacity of
75 t/h burns high-ash Karaganda coal (ash content 35.10%), is equipped with four pulverized coal burners,
two burners from the front and from the rear in one tier. A more detailed description of the boiler
combustion chamber, mathematical model, solution method, application package is given in the following
works [19-26]. The general view of the combustion chamber of the BKZ-75 boiler (figure 1a) and the
arrangement of burners and injectors for the implementation of the technology of two-stage fuel
combustion (figure 1b) is shown in figure 1a [27-28].
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Figure 1 — General view of the combustion chamber of the BKZ-75 boiler
at Shakhtinskaya TPP (a) and the layout of burners and OFA injectors (b)

The technology of two-stage fuel combustion is carried out by installing secondary and even tertiary
holes (OFA-injectors) to supply additional air above the main combustion zone, when a reduction and
afterburner zone is formed in the combustion chamber. In general, with the correct organization of staged
combustion, it is possible to reduce the content of nitrogen oxides by about 30-40%. Such a decrease in
the formation of nitrogen oxides is explained by the formation of combustion zones in the combustion
chamber, characterized by an excess of air and a temperature level.

Results. To implement the technology of two-stage combustion, we have chosen different regimes of
supplying additional air through OFA-injectors: OFA is equal to 0% (basic version, traditional
combustion), 5%, 10%, 15%, 18%, 20%, 25% and 30% of the total volume of air required for fuel
combustion. As a result of the computational experiments, the distributions of temperature T and
concentration of nitrogen oxide NO were obtained over the entire volume of the combustion chamber, at
the outlet from it, and a comparative analysis was carried out for all studied regimes. Figure 2 shows
three-dimensional (figure 2a) and two-dimensional (figure 2b) graphs of the distribution of the cross-
sectional average temperature T along the height h of the combustion chamber for the studied regimes of
additional air supply.
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Figure 2 — Three-dimensional a) and two-dimensional b) temperature distribution T along the height h
of the chamber of the BKZ 75 boiler at various volumes of air supplied through the injectors:1 — OFA=0%, 2 — OFA=10%,
3 — OFA=18%, * — CHP experiment [29], 4 — theoretical value [30]

Analysis of figure 2a shows that with an increase in the volume of air supplied through the injectors,
the temperature in the region of the burners (h=4 m) increases: at OFA=10%, T= 750.35°C, at OFA=18%,
T= 744.08°C compared with the base case (conventional combustion) when OFA=0%, T=620.56°C. This
is due to the fact that when additional air is supplied through the injectors, the area where the burners are
located is depleted in oxygen. In addition, this leads to a decrease in the excess air ratio and to an increase
in the flame temperature in this zone. On the contrary, more air is supplied in the area of the OFA injectors
(h = 9.4 m), chemical reactions are more intense, and the temperature increases in comparison with the
temperature in the region of the burner zone: for OFA=0%, T= 987.30°C; OFA=10%, T= 918.56°C and
OFA=18%, T=879.17°C.

This behavior of temperature is clearly seen in figure 2b, which shows its distribution over the height
of the combustion chamber of the BKZ-75 boiler at different volumes of air supplied through OFA-
injectors. At the outlet from the combustion chamber, we have a further decrease in temperature.
Therefore, the average value of the temperature at the outlet from the combustion chamber is for
OFA=0%, T=885.79°C; OFA=10%, T=865.90°C and OFA=18% T= 856.27°C. The temperature
distribution over the height of the combustion chamber is confirmed by experimental data (figure 2b)
obtained directly at the operating Shakhtinskaya TPP [29], and at the outlet from the furnace space, its
theoretical value, calculated by the CBTI method [30] for the basic version (OFA=0%). Comparing the
results obtained, it can be noted that with an increase in the volume of air supplied through the OFA
injectors, a shift in the location of the flame core and an increase in the length of the zone of maximum
temperatures are observed (figure 2b, curves 2, 3).
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Figure 3 — Three-dimensional (a) and two-dimensional (b) distribution of the concentration
of nitrogen oxide NO along the height h of the combustion chamber of the BKZ-75 boiler with different volumes
of air supplied through the injectors: /-OFA=0%, 2-OFA=10%, 3-OFA=18%;* - experiment at CHP [31]

Figure 3 illustrates the three-dimensional and two-dimensional distribution of the concentrations of
nitrogen oxide NO along the height h of the combustion chamber for the studied three cases of application
of the two-stage combustion technology. With an increase in the volume of air supplied through the injectors,
the amount of nitrogen oxide formed in the area where the burners are located increases (h=4 m) compared to
the base case (conventional combustion). So when OFA=0% is 321 mg/nm’, OFA=10% — 534 mg/nm’® and
OFA=18% — 466 mg/nm’ (figure 3a).

At the same time, a decrease in the concentration of nitrogen oxide NO is observed in the zone of the
location of the injectors at a height of h = 9.4 m when the technology of two-stage combustion is introduced.
Here, the average values of the concentration of nitrogen oxide NO for all three cases differ significantly: for
the base case OFA=0% the concentration of nitrogen oxide NO is 399 mg/nm?, at OFA=10% — 353 mg/nm’
and at OFA=18% — 296 mg/nm’. This is explained by the fact that in the area of the OFA injectors (h = 9.4 m)
a zone enriched with oxygen with a relatively low temperature is created, which leads to a reduced
formation of NO from the air (thermal NO,).

At the outlet from the combustion chamber, with an increase in the volume of air supplied through the
injectors, a significant decrease in the concentration of nitrogen oxide no occurs in comparison with the base
regime: at ofa=0% — 368 mg/nm’ (figure 3a and 3b, curve 1), at OFA=10% — 332 mg/nm’ (figure 3a and
3b, curve 2), at OFA=18% — 277 mg/nm’ (figure 3a and 3b, curve 3), which is primarily associated with a
decrease in temperature in this area of the combustion chamber. All this indicates a significant influence
of the technology of two-stage fuel combustion on the distribution of the concentration of solid fuel
combustion products in the combustion chamber and at the outlet from it.
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Conclusion. Studies have been carried out using 3D computer modeling methods to determine the
effect of the introduction of the technology of two-stage combustion of high-ash Karaganda coal on the
main characteristics of heat and mass transfer processes: temperature and concentration fields throughout
the entire volume of the combustion chamber of the BKZ-75 boiler at Shakhtinskaya TPP and at the outlet
from it.

To implement the two-stage combustion technology, various regimes of additional air supply through
the injectors were chosen: OFA equals 0% (basic version, conventional combustion) and when 10%, 18%
of the total air volume is supplied to the upper part of the combustion chamber. A comparative analysis of
the main characteristics of the heat and mass transfer process in the combustion chamber for the
investigated regimes is carried out.

It is shown that an increase in the volume of air supplied through the injectors makes it possible to
reduce the concentration of nitrogen oxides NO at the outlet from the combustion space. The use of the
technology of two-stage combustion in the combustion chamber of the BKZ-75 boiler at the
Shakhtinskaya TPP leads to a significant decrease in the concentration of nitrogen oxide NO. In our case,
one of the optimal options for reducing the concentration of nitrogen oxides NO at the outlet from the
combustion chamber is the use of injectors at OFA=18%.

The results obtained will make it possible to optimize the combustion of low-grade fuel in the
combustion chamber of the BKZ-75 boiler, increase the efficiency of fuel burnout, reduce emissions of
harmful substances into the environment and introduce a two-stage combustion technology at other coal-
fired TPPs.

Acknowledge: This work was supported by the Ministry of Education and Science of the Republic of
Kazakhstan (No. AP08857288, No. AP09261161).
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KA3AKCTAHJBIK K20 3USsIH/AbI IIbIF APBIHABIJIAPIbI AgAfITY YHIIH
OTBIHAbI EKICATBIJIBI ) KAFY TEXHOJIOTUSACBIH NAUJAJIAHY

AHHoTanusi. KaTTbl OTBIHMEH >KYMBIC ICTEHTIH 3JEKTp CTAHIMSUIAPHI — KOPIIaFraH OPTaHbl 3WSHIBI IIAH-Ta3
IIBIFapPBIHABICEIMEH JIACTAYIBIH HETI3T1 Ke3AepiHiH Oipi 6onbm Kamna Oepemi. A30T okcuaTepiH OoceHIeTy OOUBIHIIA
CaHIBIK TYXKipuOenep Kyprizy YIIiH €Ki caThUTbl Xkary TexHoJormsichl apkeuibl [laxturck KOO (IllaxTHHCK K.,
Kazakcran) BK3-75 Ka3zaHABIFBIHBIH JKary Kamepachl Tamainnel. Kasanapikra Kaparanmpl KeMipiHiH HIaHBI
JKarpuTazpl, Kyai 35,10%, ymma 22%, smranasuisiesl 10,6% xoHe kaHy xbutybl 18,55 MDx/kr. ExicaTbuisl sxaHy
TEXHOJIOTHSACHIH KY3€Te achlpy YIIiH HHXEKTOpIap apKbUIBl KOCHIMINA aya OepymiH TYpii peKuMaepi TaHIaIIbI:
OFA 0% (6a3ansik HycKa) skoHe 10%, ayaHBIH xanmbl keneMiHiH 18% memTiH KoFapFbl )KaFbIHAAFbl HHHKEKTOpIIap
apKBUIBI Oepineni.

JKyprizinren caHOpIK 3KcriepuMeHT HoTmkeciHae BK3-75 KazaHABIFBIHBIH jKaHY KaMepachIHBIH OYKiNT Keiemi
OoffpiHIIIa XoHE MBIFRICEIHAA NO a30T OKCHIIHIH TeMIepaTypajblK XOHE KOHIEHTPAINSUIBIK ©pici allbIHIBL
3epTTeneTiH peXUMIEpre apHAIFaH JXaHY KaMepachIHIAFbl JKbUTy Oepy YICpICiHIH HETi3ri CHIaTTaMaiapbiHa
CaNBICTBIPMANbl TalAay Kyprizuimi. MHkekTopiaap apKelIbl KETKI3UIETIH KOChIMIIa aya keseMiHiH 18%-Fa apTysl
NO a30T okcuai KOHIICHTPAIUACHIHBIH OazanblK jKarmaiira (IOCTypii jkaHy) KaparaHma 25%-Fa TOMEHAETETiHi
kepcetinren. Ansiarad HoTIKenep BK3-75 Ka3aHIBIFBIHBIH OT JKary KaMepachlHAAa TOMEH CYPBINTHI OTHIHIBI Kary
YAepiciH oHTalIaHABIPYFa, OTBIHHBIH JKaHY THIMAUITIH apTTRIPYFa, KOpIIaraH OpTaFa 3USHIBI MIBIFAPBIHIBLIAPIBI
azaiTyra xoHe 0acka 1a kemip skaraTeiH JKOO-1a eKkicaThUIbI JKaFy TEXHOJIOTHSCHIH CHTI3yTe MyMKIHIK Oepei.

Tyiiin ce3aep: CaHIBIK MOJEIBACY, CCENTEY IKCIIEPUMEHTI, €Ki CATBUIBI KaHy, KYJIi JKOFaphl KOMip, YKOJIOTHS,
TEMIIEpaTypa, a30T OKCUATEP]
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HNCITIOJIB30BAHHUE TEXHOJIOTHUH ABYXCTYIIEHYATOTI'O C:KUT'AHUS TOIIVIMBA
JJIsI MUHUMUW3ATIMA BPEJJTHBIX BBIBPOCOB HA KA3BAXCTAHCKHUX T3I1

AnHoTanus. OHUM U3 OCHOBHBIX MCTOYHHKOB 3arpsi3HEHHs OKPY>Karollel cpebl BpeAHBIMU MbUIETa30BbIMU
BBIOPOCAaMH OCTAIOTCSI AJIEKTPOCTAHIMH, paboTaroIie Ha TBEPIOM TOILIHBE.

Jnd mpoBeneHMsI YMCICHHBIX SKCIHEPUMEHTOB IO MOJABJICHHIO OKCHAOB a30Ta C IOMOIIBIO TEXHOJOIMU
JIBYXCTYIICHYaTOr0 C)KUTaHWs ObLta BbIOpaHa TorouyHas kamepa koria bBK3-75 Hlaxtuackoit TOL] (r. IlaxTuHCk,
Kazaxcran). B koTne ckuraercs NbUIb KaparaHAWHCKOTO yIisl, 30ibHOCTBIO 35,10%, BhIXOmOM netyumx 22%,
BrnaxxHocteio 10,6% wm TtemmoToit cropanus 18,55 MJDk/kr. JIns peanu3alid TEXHOJOTHH JIBYXCTYICHYATOTO
CKUTaHMS BBIOPAaHBI PA3IMYHBIE PEKUMBI ITOJAYM JOTIOIHUTEILHOTO BO3ayxa depe3 mHxekTopsl: OFA pasno 0%
(6a3oBbrii BapuanT) U 10%, 18% ot 06miero o6bemMa BO3Iyxa MOAACTCS YePe3 HHKEKTOPHI B BEPXHEH YaCTH TOIKH.

B pesynprare NpPOBENECHHBIX YHCIEHHBIX OKCIIEPUMEHTOB OBUIM TIOJNyYEHBI TEMIEPAaTypHBIE WONA U
KOHLIEHTPAIMOHHbIe TIoyisi okcuzna azora NO 1o BceMy 0O0beMy M Ha BBIXOJE TOMOYHOM Kamepsl koTiia BK3-75.
ITpoBeneH cpaBHUTENBbHBIH aHAIU3 OCHOBHBIX XapaKTEPUCTHUK IIpoIiecca TEMIOMAacCONepeHOca B TOMOYHON KaMepe
JUIsL UCCIeyeMbIX pexxuMoB. [TokazaHo, 4To yBennueHne o0beMa JONOIHUTENBHOIO BO3IyXa, I10/IaBAEMOT0 Yepes
WHXKEKTOPHI, 10 18% MPUBOIUT K YMEHBIIICHUIO KOHIICHTpaIwii okcua a3ota NO Ha 25% 1o cpaBHEHHUIO ¢ 0a30BBIM
cilydaeM (TpagullMOHHOE ckuraHue). IlomydeHHbIe pe3ysibTaThl MO3BOJIAT ONTHMM3HPOBATH MPOLECC CXKUTAHUS
HHU3KOCOPTHOTO TOIUIMBA B TOMOYHOW Kamepe Komina BK3-75, moBeicHTh 3(eKTHBHOCTH BHITOpaHUS TOILIMBA,
YMEHBIIUTH BPEAHBIE BHIOPOCH B OKPY’KAIONIYIO Cpely W BHEIAPUTH TEXHOJIOTHIO IBYXCTYNEHYATOrO CXKHMI'aHUS HA
JIpyrux yraecxurarommx TOLL

Ki1roueBble €JI0BAa: YNCICHHOE MOJEIMPOBAHNE, BBHIYHCIUTENBHBIN 3KCHEPHMEHT, ABYXCTYIEHYATOE CXKH-
TaHNE, BBICOKO30JIbHBIN YTOJIb, SKOJIOTH, TEMIIEPaTypa, OKCHIIBI a30Ta.
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CIHOCOBBI 3AIIIUTHI AIITAPATYPBI COTOBOH (MOBUJILHOMN)
CBSI3U OT DJJEKTPOMATHUTHBIX BO3AENCTBU

AnHoTauus. [Ipu smekTpoMarHUTHBIX BO3AeHCTBUSIX (DOMB) g0CcTaTOYHOrO YpOBHS BO3MOXHO BPEMEHHOE
HapyluieHHe (QYHKIMOHUPOBAHUsI, HapylleHue oOpabOTKM, mepenadyd W XpaHeHus HHGOpPMAaIMM B ammapaTrype
COTOBOHM CBsI3U. PaccMOTpeHBI BO3MOXKHBIE MPOOJIEMBI 3JEKTPOMarHUTHOH coBMecTuMocTH (OMC) MOOMIBHOTO
tesieoHa M 6azoBoii cranimu (BC) coTOBOW CBSI3M NpU BO3AEHCTBUH DJIEKTPOMAarHUTHBIX nanydeHud (OMU) or
JpYyTUX WCTOYHWKOB M WX HEraTHMBHOE BIMSHHE Ha (YHKIMOHMUpOBAaHWE. DHeprusi BbICOKOHW wyactoThl (BY)
anexTpoMarautHoro nosist (OMII) mocne NMpoxX0okKIEHUsS 3alUTHOTO KOPIyca MOXKET OKa3blBaTh BO3/CHCTBHE Ha
prUOOPBI SKPAaHWPOBAHHON PaJMOAIEKTPOHHOH anmapartypsl (POA), moaToMy omnrcaHbl BO3MOXKHBIE OTPHLIATEIbHBIC
MOCJIEACTBUS OT BO3JeNCTBUs BhicoKOdHepreTuueckux DMII na POA. TpuBeneHbl BOZMOXKHbBIE NIPU ONPEECIEHHBIX
YCIIOBHSIX HETaTUBHBIC ITOCIECICTBHUS OT BIMSHUS CKUH-3((ekTa, BO3NECHCTBHNA 3JEKTPOCTATHYECKOTO paspsma U
AIIEKTPOMArHUTHBIX MMITYJIECOB Ha JJIEKTPOHHBIE yCTpoiicTBa. [loka3aHO, YTO KOHCTPYKIIMOHHBIN METOJ 3aIlUThHI
PDA oT BIusHNIA BHEITHUX >JICKTPOMArHUTHBIX (PAKTOPOB COCTOUT B CHIDKEHUH COOpPAHHON W IepelaHHON YHEepTrUuu
OMII nyrem ynydiieHHs KOHCTPYKIMH, pa3MeUIeHHs M MOHTaxa o0opynoBaHus. IIpuBeneHbl KOMIOHEHTHI
HEKOTOPBIX BEHIOPOB U cucTeM 5G, yCTOMYMBBIC K BHEIIHUM IIOMEXaM, a TaK’K€ OTMEYECHBI BO3MOXKHOCTH CHHU-
JKEHUsI YPOBHS M3Iy4eHUsi coToBOro Tenedona. O60CHOBaHA HEOOXOJMMOCTh KOMILIEKCHOTO MOJIX0/1a K PEIICHUIO
npobiiem DMC, cocTosIero B HCIOJIb30BAHMH KOHCTPYKLIMOHHBIX, CXEMOTEXHHYECKUX U CTPYKTYypHO-(PYHKIHO-
HaIIbHBIX MeTo0B oOecrieueHnss OMC. CtapTOBOH IUIOMIAIKOW ISl 3aITyCKa CUCTEM CBSI3U CJICAYIOIIETO MOKOJICHHUS
cranyT cymiectByromue cetn 2G/3G/4G. NudpacTpykTypa MOOHIIBHBIX OIEPATOPOB JIOJIKHA OBITH TOTOBA K BHE-
nperuto crangapta 5G. OOImas CTpyKTypa CETH CBSI3M ClieAylomiero mokoieHus 5G moka3aHa Ha pucyHke. OHa
BKJIIOUAET B ceOsl TPH yPOBHS: CETh AOCTYMA; (PUKCUPOBAHHYIO CETh; MHTEIUIEKTYAIBHYIO CETh.

Hoserit crannapt 5G (Fifth Generation) Oyner padoTars Ha 6onee BBICOKMX padOYMX HacTOTax, 10 CPAaBHEHHIO
C TIPEBIAYIIMMHI TTOKOJICHUAMHE. M3-3a 3arpy>KeHHOCTH JIEKTPOMAarHUTHOTO CIIEKTpa Ha yactorax Hmwke 6 [Tt 6azy
cereir 5G OymyT COCTAaBIATH CHCTEMBI OECIIPOBOIHOTO PaauoOAOCTyMa, padoTaronme Ha gactorax 30-100 I'Tm, To
€CTh B HIDKHEH 1motoce Anamna3ona 3kcTpemanbHo Beicoknx yactoT EHF (Extremely High Frequency), 30-300 I'T'm.

KaroueBble cioBa: 0a3zoBasi CTaHLUS, COTOBBI Tene(OH, IJIEKTPOMArHUTHAS COBMECTUMOCTb, JIEKTpOMAr-
HUTHBIE BO3JICUCTBUS, IEKTPOMArHUTHBIC TOMEXH, JIEKTPOMArHUTHBIE TIOJI.

BBenenne. OyHKIIMOHUPOBAHUE CPEJCTB COTOBOM CBSI3U CETOJHS MPOUCXOIUT B YCIOBUSAX CIIOXK-
HOU CHTHAJTbHO-IOMEXOBOW 0OCTaHOBKH, OOYCIOBICHHON POCTOM KOJMYECTBA H3TYUYAIOIIUX PATHODIICK-
TPOHHBIX CPEJICTB M MpeIHAMEPEHHBIX MmoMeX [l]. AHaJIM3 COBPEMEHHOTO YPOBHS 3BOJIIOLUHU Oecrpo-
BOJIHOHM CBSI3U CBUETEIBCTBYET O TOM, YTO BO3MOXKHO TOSBJCHHE JIOKAJIBHBIX 00JACTEH CO CIIOXKHOMN
OMO, koropasi 00yCJIOBICHA Pa3IUYHBIMH TEXHOTEHHBIMU COOBITHSIMH. [Ip0oOJIeMBI 3IEKTPOMAarHUTHON
CTOMKOCTH ammapaTypbl COTOBOW CBS3M aKTyaJbHbI B CBS3H C €€ PACIHIMPSIONIMMUCST BO3MOXKHOCTSIMHU
(OMHOBPEMEHHO C € 3HAYHMTENILHBIM YCIOKHEHHEM), a TaAKXKEe C TeM, YTO Bce Ooublie QYyHKIHUN BBITON-
HSIIOTCSl C UCIIOJIb30BaHUEM U3JICNINH MHKPO3JIEKTPOHUKH, [T-000py0BaHusl, BBIYHCIUTEILHON TEXHUKH.
3a mepHoj dKCIUTyaTalnud 000pYIOBaHUS COTOBOM CBSA3M MOTYT MPOUCXOAUTH W3MEHEHHUS 3JEKTpoMar-
HUTHOHM 00cTanoBKH (OMO), B KoTOpOH (hyHKIHOHUPYET PDA, MOTYT MOSBUTHCS M3MEHECHUS YCIIOBUI
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MMOMEXOYCTOWIMBOCTH M3-32 BHEIPECHMSI HOBBIX TEXHOJOTHUU WM pPEaTN30BAHHON MOJEpHHM3AIUHU arra-
paTypsl.

Ha nannerit MomenT MexxayHapoaHas anekrporexandeckas komuccus (MOK) onpenenser OMC kak
CITOCOOHOCTHh 00OPYIOBAHUS WITH CUCTEMBI YAOBICTBOPUTEIHLHO paboTaTh B JaHHOH OMO Oe3 BHECCHHS B
Hee KaKoro-I1u00 HeJOMyCTUMOTO 3JIEKTPOMAarHUTHOTO BO3MYIIICHHS.

[Ipu o6mydennn BHemanM DMII anmapartypa coToBO# CBsI3U AODKHA (DYHKIIMOHUPOBATH B IITATHOM
peXrMe W OTBeYaTh TPeOOBaHHWAM D3JIEKTPOMArHUTHOW CTOWKOCTH W 0€30MacHOCTH SKCIDTyaTallid B
YCIIOBUSIX BO3JICHCTBHS JICKTPOMArHUTHBIX ()aKTOPOB Pa3IHUHOTO IPOUCKOXKICHUS.

OcHoBHas 4YacTb. Pajnonepenarunky 0a30BOM CTAHIIUM M3JIYYAIOT 3JICKTPOMATHUTHEIC BOJHBI Ye-
pe3 mepearoIre aHTeHHBI B OKPYIKAIOIIYIO Cpey B EJsIX nepeaadnd HHPOPMAIHH, TOSTOMY OHH CITyKaT
(YHKIIMOHAILHBIMA HCTOYHHUKaMH ToMeX. Ammaparypa bC coToBoi CBsI3u MOXKET OBITH MOJBEpIKEHA
BIUSHUIO BHEITHUX DMB, B pe3yibTare 3TO MPOSBISAETCS B BUAC COOEB WIIM HAPYIICHU UX pabOTOCHO-
cOoOHOCTH. YUUTBIBasE POJIb COTOBOM CBSI3H B TIOBCEAHEBHOM JKHU3HU B €€ CUCTEMBI (YCTPOICTBA, AIEKTPOH-
HbIC KOMIIOHEHTHI), HEOOXOAMMO 3aJI0KHUTh CIIOCOOHOCTH 3((HEKTHUBHO padOTaTh MPHU MOIIHBIX 3JIEKTPO-
MarHuTHeIX BonHax (OMB). Hanoxxenune nsnydenuil pazusix ctanaaptoB (2G-4G) u paaAnoTeXHOIOTH ¢
pa3HBIMU BapHaHTAMU YaCTOT U MOJYJISIIUU CUTHAJIOB, OTHOCSIIMXCS K Pa3HBIM MOKOJICHUSIM, (popMHUpYeT
MHOT'OYAaCTOTHBIN CIIEKTPaAIbHBIN COCTaB PaMOU3IyUYeHUI B OKpY Karollen cpene.

CoBepIIICHCTBOBAaHUE CHCTEM MOOWIIBHON CBSI3U MPUBOAWT K PA3BUTHIO HOBBIX BO3MOXKHOCTEH TMpH
npueMe, 00paboTke u nepenade mHGopManuu. JlaHHBIN MPOIECC YCIOKHSIET COCTABHBIC YaCcTH CHCTEM
MOOWIIBHOH CBSI3U.

CrapToBOii IIIOMAAKON IS 3aITyCKa CHCTEM CBSI3U CIIEIYIOIIEro TOKOJIEHHS CTaHyT CYIIECTBYIOIINE
cetn 2G/3G/4G. Undpactpykrypa MOOWIBHBIX ONEPAaTOPOB JOJDKHA OBITH TOTOBA K BHEAPEHHUIO CTaH-
nmapra 5G. O0mas cTpyKTypa CeTH CBs3H ClieAyromero nokoneHus 5SG nokasana Ha pucyHke. OHa BKITIO-
4aeT B ce0s TP YPOBHS: CeTh JOCTYMa; (PMKCHPOBAHHYIO CE€Th; MHTEIUIEKTYAIbHYIO CETh.

HHTEHHEm’HﬂhHHF
ceth

TVKCMPOBEHHER
CeTh

CeTe gocTyna

Apxurekrypa cetu 5G

—— §) ——
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HaunGosnee MHTEHCHUBHO ISl COTOBOWM MOOWJILHOW CBSI3M Ceiuac MCIOJB3YIOTCS auana3oHsl YBU,
CBY u akTHBHO OCBamBacTCs JAMANa3oH MWLIUMETpoBbIX BoMH KBY (Tabmuina). Pa3pabotku BOmpocor
CJIeTYFOINEro MOKOJIeHHs OecTipoBOAHOM CBsi3M 6G CTapTOBAM C BOMPOCAMHU IPOITYCKHOW CIOCOOHOCTH,
obecrieueHnsT KUOEpOE30MacCHOCTH TepeaaBacMoi MHGOPMAIMHA, IICHOBOH KOHKYPEHTHOCTIOCOOHOCTH
YCIIYT IO COIOCTAaBJICHHUIO C MPEABIAYIIAM. becrmpoBomHas CBsI3b CyOTEpareplioBOTO JHUAara3oHa BOJH
90300 I'T'y o6mamaet OBICTPOIEHCTBUEM.

I/ICHOJ’ILSyCMLIe JUariasoHbl 4aCToT JJIst HCﬁCTBymmHX U MECPCIICKTUBHBIX CUCTEM MOOUJIBHOM CBSI3U

UHF SHF EHF THF
Visrpassicokue (YBY) Caepxssicokue(CBY) Kpaiine Bricokxue (KBY) I'unepBeicokue
100cm — 1 cm 10-0,1 MM
300-3000 3-30 30-300 ‘ 300-3000
MI'ng ITn

Hoserit crannapt 5G (Fifth Generation) Oyner paboraTh Ha Gonee BBICOKHX pabodmx 4acToTax, o
CPaBHEHHUIO C TPEABAYIIAMHU TOKOJNeHUsIMH. M3-3a 3arpy>KEHHOCTH JIJIEKTPOMArHUTHOTO CIIEKTpa Ha
gacTorax Hwke 6 [T 6a3y cereit SG OymyT COCTaBIATH CHCTEMBI OECIIPOBOIHOTO PaTHOMOCTyIa, pado-
tatomue Ha yactotax 30-100 [T, To ecTh B HIKHEH MOJIOCE TUana3oHa SKCTPEMAIbHO BBICOKHUX YacTOT
EHF (Extremely High Frequency), 30-300 I'Tu. bompmmmMu pecypcamui HpOMYyCKHOH CHOCOOHOCTH,
00ecneunBaOMUMI: JOCTH)KEHNE BBICOKOW CKOPOCTH IMEepeaadd MaHHBIX; TPAH3UTHYIO IIepenady co
ckopocTsimu 6osiee 100 ['6ut/c; oOIIenoCTynHbBIE KHOCKH J0OCTyINa B VIHTEpHET ¢ pacHIMpeHHBIMH BO3-
MOYKHOCTSMH; TEXHOJIOTHIO TPSMOH CBs3M Mexny ycrpoiictBamu D2D communications (Device-to-
Device) manmoit 1amsHOCTH.

[epexox pabo4mMx YacTOT ammapaTypbl B IHTareploBYI0 OOJAcTh BBI3BIBAET MOTCHIHAIBHYIO Ys3-
BUMOCTb amlmaparypsl OoT BHemIHUX DMB u TpeOyer Oosiee TIIATENBHOTO MOIX0Aa K MPOSKTHPOBAHHIO
KOHCTPYKIIMH: CIeIyeT CHU3UTh NMpoHuKHOBeHHe DMII depe3 BO3MOXKHBIE anepTyphl B KOPITyCe arra-
paTypsbl, a Takke He JIOMyCKaTh pacrpocTpaneHus usiaydaembix DOMII B mporiecce paboTHI anmapaTypsl BO
BHEIIHIOW cpeny [2]. C 3To# 1e/ibi0 He0OX0IMMO 00eCTIeYrBaTh KaYeCTBEHHYIO 3KPaHHUPOBKY KOpITyca
anmapaTypsl Ul 3alIUTHl OT MEPEen3TyuYeHuil Yepe3 BCEBO3MOKHBIE HEOJTHOPOJHOCTH Kopmyca (Ienu B
CTBIKAaX COMPSTAIONINXCS YacTeH, OTBEPCTHS ITOJI COSTUHHUTENH, BEHTHIISIIINOHHBIE OTBEPCTHS).

OCHOBHBIMH pEIETITOPAMH, BOCIPUHUMAIOMINME BiusiHie DMII, ciykar coeJMHUTEIbHBIC IPOBOJIA,
B TOM YHCJIE AOPOKKU MMEYaTHBIX IJIaT, HA KOTOPBIX HABOAATCS DJIEKTPUYECKHE MOMEXH, BBI3BIBAIOIIUE
oTkassl ipubopoB. HenocpencreenHoe Bo3aelicteue OMII Ha 3nmeKTpOHHBIE KOMIIOHEHTHI, KaK MPaBUIIo,
HE MPUBOANT K KAKUM-TTHOO0 IeCTpYKTUBHBIM 3 dekram. O0braHO cnoxkHas MO xapakTepu3yeTcs Mmois-
MU ¢ HanpsbkeHHocTblo 100 B/M u Oornee B Anana3oHe 4acTOT pabOThI COBPEMEHHBIX CeTell MOOMIBHOM
CBSI3M.

B coBpeMeHHBIX ceTsaX cOTOBOU CBs3U bC ympaBistoT BEIXOAHONW MOITHOCTHIO MOOMIIBHOTO Teiredo-
Ha, KOTOPBIM y’e AaBHO CTajl albTEPHATUBON KOMIBIOTEpY. IIpn perynupoBaHuM BBIXOAHOW MOLIHOCTHU
BC ctpemurcs monaep:xuBaTh ypoBeHb MPUHUMAEMOTO CHUTHAJA OT COTOBOTO Tene(oHa B ONTUMAIIbHBIX
mpesenax. YpoBEeHb H3Iy4eHUs TenedoHa OyIeT CHIKAThCA 10 MUHIMAIBFHOTO 3HAUYEHUS, 00eCTIednBaio-
mero TpebyeMoe KadecTBO CBsi3M. B pabore [3] mpuBOASTCS KpaTKUE CBEACHHSI O KOMIIAKTHOM JHEPTo-
3¢ PeKTUBHOM 000pYAOBaHUH, MUHUMH3HPYIOLIEM U3IydeHHe cOTOBOTO Tenedona ¢ 1 Bt (MakcumansHast
MOIITHOCTh TIepelaTduKa COBpeMEeHHBIX cMapTdoHoB) 10 1 MBT m He TpeOyromeM HHKaKuX [OTOJHU-
TEIBHBIX NMPHIOKEHWH W HACTpOeK. B maHHyI0 crcTeMy BXOAWT: MPHUEMHAs aHTEHHA, YCTaHABIHBaeMas
BHYTPHU TIOMELICHHUs; OJOK YCHICHHSA-TICPEH3IyYeHHUsT W Yy3KOHANpaBJIeHHAs Iepelaroliasi aHTeHHa,
pacrooXeHHas: BHE Tpejielia IOMeIeHusl.

BaxxapiM moKa3zaTeneM MpoU3BOAUTEIFHOCTH aHTEHHBI MOOWIIFHOTO Telle(hOHA CITY)KUT €€ yCHIICHHE
B HanpaieHuu bC. Opuenranus tenedona u HampasieHue Ha OamHi0 bC MOTYT CyIIECTBEHHO pa3Jiv-
9aThbCs, TeleQOH NOIKEH MMETh BO3MOXKHOCTh M3Ny4aTh C MaKCHUMalbHOW MHTEHCHBHOCTBIO B JIIOOOM
Hampasieanu [4]. B texnonorusax 1G-4G ocHoBHO# yd bC paccemBaics B MPOCTPAHCTBE M YCTPOHCTBA
paboTanu Ha «IHEPTHU paccesHHs». B aHTeHHOM Moxyne MoOWibHOro Tenedona 5G ycraHaBmMBaeTCs
aKkTHBHAas (ha3upoBaHHAS pelIeTKa, GopMupyromas «Iy4» (CKIaaplBaeMblii M3 HECKOJBKHX), coKycu-
POBaHHBI HEMOCPEACTBEHHO Ha NPUEMHOM YCTpPOWMCTBE. YTpaBlieHHE IWAarpaMMON HaIpaBIEHHOCTH




News of the National Academy of sciences of the Republic of Kazakhstan

JTAHHOW aHTEHHOM PELIeTKH BO3MOXKHO, €CIH M3MEPUTh SKBHBAJECHTHYIO M30TPOMHO-U3ITYdaeMylO MOIIl-
Hocte EIRP (Equivalent Isotropical Radiated Power) mo Bcem BO3MOXHBIM HampaBieHusM. EIRP —
KOX(UIMEHT YCHUIICHUS MOIIIHOCTH TIepe/Iaroliell aHTEeHHBI B ONPE/IeIEHHOM HalpaBJIeHUH, Ha KOTOPYIO
YMHOXaeTCs MOIITHOCT, IIOCTYTAIOIIAs B aHTEHHY C ITepeIaTInKa.

B nmnanazone mummmuMeTpoBsix yacToT oT 30 g0 300 I'T'm motepu B TpakTe mepemaadn JOKHBI OBITh
KOMIICHCHPOBAHbI BBICOKUM KO3(D(QHUIIMEHTOM YCHIJICHUS aHTEHHBI, WHTETPHPOBAHHON B TepeAaromInit
OJIOK. ApXUTEKTypa Tepeqaroield aHTeHHBl C MHOYKECTBEHHBIMH TEPENAIONIIMH dJIEMEHTAMH MIHHMU-
3UPYET TOJIIWHY aHTEHHBI, COXPaHss MPU 3TOM CTAOMIBLHOCTh KOX(PQHIMEHTA YCHIICHHSI aHTCHHBI BO
BCEHl MMoJI0ce MPOITyCKaHUs U yIPaBisisl YPOBHAMH OOKOBBIX JICTIECTKOB. [[Jisl COeAMHEHHS CETEBBIX CHCTEM
5G pazpabarbpiBatoTcst GOTOHHBIE KOMITOHEHTHI U PaI0YacTOTHBIE PUIBTPHI [S].

Antenna PA740 xommanuu Taoglas o6nagaer pacuupensoi nojiocoit uactot LTE (Long Term Evo-
lution) ¥ HOBBIMH [HMana3oHaMH, OOECIEYMBAIOUIMMHU (QYHKIHMOHATBHOCTH 5G (BBICOKYIO MPOU3BOIM-
TEIPHOCTh W HAJEKHOCTh, TOUYHOE IO3WUIIMOHUPOBAHUE, OTCIE)KHBAHWE MECTOIIOJIOKEHUS U Tp.) [6].
B03MOXHOCTh TOYHOTO BBICOKOCKOPOCTHOTO TOAKIIOUEHHS, MAJIOTO BPEMEHH OXHIAHUS, CTaOWIBHOMN
nepeaayy JaHHBIX M BBIUMCICHUN B peallbHOM BPEMEHHM 3aBHCUT OT HaJeKHOCTH aHTeHHBI. Koproparus
Skyworks paspaboTtana nepekirouaTenh HacTpoiiku amepTyphl 5G-antennsl — SKY5™-9269-702LF,
uMeromui pasmepsl 1,6x1,6x0,45 MM U O4YeHb HU3KOE 3HAYEHUE COIMPOTHUBJIECHUS BO BKIIIOYEHHOM CO-
crostauu (1,4 OM), CHOCOOHBIN IEPEHOCUTh THITUYHOE Hampsbkerune Toka B 80 B [7].

Kax mpasuno, xopnyc POA wnsroraBnuBaeTrcd U3 MeTauga, B CBA3M C 3THUM OH BBINOJHSET POJb
3aIUTHI, CHUKAIOIIYIO YPOBEHbB IOJIS, MPOHUKAOIIET0 BHYTPh YCTpoiicTBa. HempepbIBHOCTE KOpIyca 1Mo
BceMy 00beMy 3aHUMaeMOW ammaparypsl (IIpu TOJIIHMHE OT 1 MM H Oosee) oOecrieunBacT YMEHBIIICHUE
HanpsDKEHHOCTH BTOpUYHBIX OMII BHYTpH KOpIlyca 0 3HaYeHHUs, FApAaHTUPYIOIIET0 OTCYTCTBHE COOEB B
¢yaxmonupoBanuu POA. Tloxe, nmpoHuKaroiee B yCTPOWCTBO, BO3IEHCTBYET HA AJIEKTPOHHBIE KOMIIO-
HEHTHl M COSAWHHTENbHEIC MpoBoaa. KputnaaeiM (akTopom, HapymawomuM (QyHKIHOHHpoBaHHE POA
npu BHemHUX OMB, ciyxur sneprus OMII, cnocoOHas TPUBOANTH K BOSHUKHOBEHUIO TOKOB U Hamps-
JKEHUH B YyBCTBUTEJIHBIX KOMIIOHEHTAX, JOCTATOYHBIX I BOZHUKHOBEHHS CTPYKTYpPHOTO Pa3pyIlIEHUS
i cO0EB THIOBBIX IEKTPUIECKUX (KOHACHCATOPHI, PE3UCTOPHI U T.J.) ¥ MJIEKTPOHHBIX KOMIIOHEHTOB, B
TOM YHCJIE U3JIENUN C BBICOKOMHTETPUPOBAHHON IEKTPOHHOI KOMIIOHEHTHOM 0a30i1 (MUKpOIIPOLIECCOPHI,
CHCTEMBI Ha KpHCTaJule M Apyrue). [y THIIOBBIX KOMIIOHEHTOB HEOOpaTHUMbIE OTKa3bl BOZHUKAIOT, €CIIH
YPOBEHb aKKyMYJIHPOBAHHOH SHEPTHH BHYTPH Kopryca mocTuraeT 3Hadenuit 10°-107 [Ix [8]. C uensio
CHIDKEHHUSI OINACHOCTH [UISl YYBCTBUTENBHBIX JJIEMEHTOB IO BO3MOXKHOCTH HEOOXOIUMO 00ecnednTh
JIOTIOJTHUTENIbHYIO JIOKAJbHYIO 3aIIUTy OT 3Heprun OMII mocpencTBoM BHYTPEHHHX METAIIIMYECKUX KOp-
MTyCOB, COAEPIKAIIUX ITH FIEMEHTHI.

CxuH-3¢deKT, BO3paCTAOINNA C POCTOM YacTOoThl B BU nmama3one BO3JCHCTBYIOMIETO M3ITYICHHS,
MOJKET 3HAUMTENIbHO CHU3UTH Ipouienmiee yepe3 koprmyc OMII. Ho ero BiusHue 3HAUUTENBHO TOJBKO
NpY KBa3UCTAIMOHAPHOM YCIIOBHHM, KOTJa JUIMHA BOJHBI BO3JCHCTBYIOUIETO H3IyYeHHS MHOTO OOJbIIe
pa3mepoB kopiyca [9]. Ha pezoHaHCHBIX YacToTax 3()()eKTUBHOCTD SKpAaHUPOBAHUSI CHIDKASTCSI, TIPOIIE]I-
mee depe3 koprnyc OMII He OyAeT CYHIECTBEHHO OCHIA0MATHCSA ¢ POCTOM 4YacTOThl. Omnpeaelstonum
MOMEHTOM 37I€Ch CIYXHUT COM3MEPUMOCTh JUIMHBI BOJHBI C XapaKTEPHBIMHM pa3MepaMu Kopmyca. B man-
HOM cJIy4ae BIUsSHUE CKHH-3((ekTa OyAeT MepeKphIBaThCs PE30HAHCHBIMHU MPOIIECCaMU, TIPUBOISAIIUMHE K
CHIDKEHUIO WA POCTY DKpaHupyromero 3ddexra kopiyca ¢ yBeTHISHUEM YaCTOTHI.

Onekrpocrarnueckuii pazpan (JCP) — HCTOYHUK HM3IyYaeMBIX JJICKTPOMArHUTHBIX TIOMEX B BHJIC
UMITYJIbCHBIX 3JEKTPUYECKOI0 U MArHUTHOTO IOJIEeH, MPEACTABISAIOIINX OMACHOCTh AJII MHTETPATBHBIX
MukpocxeMm (MMC) u nomynpoBogankoBsix mpudopos (I1I1IT) [10]. DCP moryT Bo3HHKaTh BOMM3H UMC
n IIIII #Ha AuCTaHLIMSX, COM3MEPUMBIX C JUIMHOW KaHana paspsana. Ilpuy »ToM BennumHA 3HAYECHUU
M3Iy4YaeMbIX 3JIEKTPOMArHUTHBIX NIOMEX MOTYT JIOCTUTaTh 3HAUMUTENBHBIX YPOBHEH M MHAYLHUpPOBaTh Ha
BHyTpeHHed Metammuzauuu MMC u TIIIIT HanpspkeHHust M TOKU, IPU KOTOPBIX MPOUCXOAUT JIEerpaganus
(OYHKIIMOHAIBHBIX XapaKTEPUCTUK WIIH HEOOpaTHMbIe M3MEHEHUs, MpoBonupyomue otka3. DCP moxer
MIPOUCXOANUTH B IPOCTPAHCTBE MEXy: HEPAaBHOMEPHO 3apsDKEHHBIMU yYacTKaMM ITOBEPXHOCTEHN TUAJIEK-
TPHUKOB, 3apsSHKCHHBIMH Y4aCTKaMH TIOBEPXHOCTH WJIH OOBEMHBIMHU 3apsjaMy AMSJICKTPUKA U DIIEKTPO-
MIPOBOTHBIMHY ITOBEepXHOCTIMH [11].

Bo3zneiicTBie 37€KTPOMarHUTHBIX WMITYJIBCOB Ha 3JIEKTPOHHBIE YCTPOICTBA MpPHU ONpeNeeHHBIX
YCIIOBUSAX MOKET MPUBECTH K HEKOTOPBIM 3¢ dexTam, Hampumep [12]:

— OTKa3aM HEKOTOPBIX 3JIEMEHTOB (IIPH BBHICOKHUX YPOBHSX Bo3feicTBytomero DMII);

—— Q4 ——
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— Mepexoay aKTUBHBIX JJIEMEHTOB B PEKHM HACBHIIICHUS (BCICACTBUE WHAYIIHPOBAHHBIX B JJIEKTPH-
YEeCKHUX MPOBOJHHUKAX 3JICKTPOMArHUTHBIMU UMITyJIbcaMu noMmeX. llociie mpekparneHus: IedcTBUSl 3THUX
MOMEX, KOMITOHEHTHI BO3BPAIAIOTCS B HOPMAIILHOE COCTOSIHHE).

— ommOKaM Tpu Tepenade HU(GPOBBIX MaHHBIX H3-3a JErpajalliy KaHaua Mepenadyd NaHHBIX Tpu
BBICOKOM YacTOTE MOBTOPEHHUS NECTPYKTUBHOTO BO3ICUCTBHs Ha HU(POBBIE YCTPOMCTBA. YBEIHUCHUE
YaCcTOTHI IIOBTOPEHHS TIOMEXH MOXET MTPUBECTH K TIOBBIIICHUIO €€ CpeHel MOITHOCTH.

Ha mpakTnke BHEIIHWE CBSI3U MEXAYy 0OOPYAOBAaHMEM MOTYT BHIOW3MEHATHCS W3-32 MPHUCYTCTBHS
9KPaHHUPYIOUIUX U JUAIEKTPUUYECKUX MaTepHUajoB, a TaK)Ke B3aUMHOTO pa3MeIeHHs] MEUIaroIIero U Boc-
MPUUMYUBOIO O00OPYAOBaHHSA, B OCOOCHHOCTH KaOebHBIX COCJMHEHHUH. 3a3eMISIoNIre/SKpaHnupyIOIIUe
TUIOCKOCTH WJIM YCWJIMBAIOT MEIIAIONINI CUTHAN Oiarojaps OTpaKeHUIO, WM YMEHBIIAIOT €ro 3a CueT
rortonieHus [13].

Ceituac pasmepsl kpuctaimia UMC B coToBOM TenedoHE TOCTUTIM HAHOMETPOBBIX TONOJOTHH, CO-
CTaBJIAIOIINX MPHOIMH3UTEIHHO 1—2 MM, pa3Mep KopIyca — JIECATOK/HECKOIBKO JeCATKOB MM, a pa3Mepbl
MEYaTHOU IJIaThl COCTABISIIOT OKoJIo 100 MM. YeM MmIOTHEE pacHoyIOKEHBI BCE AIEMEHTBI CUCTEMBI, TEM
BBIIIIE YZeIbHas MPOU3BOJUTEIHHOCTE B MIEpecyeTe Ha eAUHUIYy 3Hepronorpediennsa. OHaKO CHI)KEHHE
pasMepoB TOMOJOTMYECKUX AJIEMEHTOB U POCT IUIOTHOCTH MX pa3MelleHHss 000CTpSET CyLIECTBYIOIIUE
MpoOIEMBI, TaKHE KaK MpOOJIEeMBI TETNTIOOTBO/IA, a TAK)KE BIMSIHNE KpaifHe MaJIbIX BO3IEHCTBUN — OyKBaIIb-
HO MaciTaba 0HOT0-/IByX 3JIEKTPOHOB — BO3pACTaeT OYEHb 3aMETHO.

AxTyanbHble (rarmMaHckue MOOHWIBHBIE MPOLIECCOPBl — CIOXKHBIE OJHOKPHUCTAIBHBIE CHCTEMBI,
BKITIOYAIOIIHME: BOCEMb S/Iep Pa3IMdyHONW MOITHOCTH (Hampumep: 4 crnadbIX, HO SHEProdPpPeKTHBHBIX (I
pEeIIeHus MPOCTHIX 3a/1a4, SKOHOMS 0aTapero); 4 MOIIHBIX C MOBBIIIEHHBIMH TAKTOBBIMH YacTOTaMH (71t
pecypcoeMKuX 3aaad, HallpuMep, UTPbl C TPeXMEepHOH rpadukoii); rpaduyeckuil yCKOpUTENb; KOHTPOJI-
JIep ONepaTWBHOMN maMATH; Momaynu OecnipoBomHoi cBs3u 3G/4G, Wi-Fi, Bluetooth n HaBurammm GPS
(Global Positioning Satellite); Bumeosukoxep [14]. CoBpemennsie MoomimbHbIe SOC (System-on-a-Chip)
OCHaIeHb! sapaMu neHTpansHoro npoueccopa CPU (Central Processing Unit), rpaguueckiuM ycKopu-
tenieM GPU (Graphics Processing Unit), monemom LTE, Momynsimu 111 HHBIX O€CIPOBOIHBIX CETEH, a BO
(dbnarmanckux pemeHnsX SoC UMEIOTCS CIEIHaTN3UPOBAHHBIC BBHIYHCIUTEIBHBIC OJIOKH IS pabOTHI C
3aJa4aMy UCKYyCCTBEHHOT'O WHTEIJIEKTa U MAIIMHHOTO 00y4eHUs U Jp.

Taxum 00pazom, B anmapaTtype coToBOH cBs3u nosBisitorcss UMC Bee Oombleil cTeneHn HHTETrpalum
1 (DYHKIIMOHANBHOHN CII0)KHOCTH, MHOTOCTIOWHBIE I€YaTHBIE IUIAThl (B TOM YHCIIE TUIATHI BBICOKOW ILIOT-
HOCTH), YCJIOXHJIETCI MOHT&X BBICOKOTEXHOJIOTWYHON ammaparypsl. [loaTomy Hapsay ¢ mpoOmemoit
obecrieuennss IMC, BOZHUKAIOT PoOIIeMbl 00eCTIeYeHHs [IENIOCTHOCTH CUTHANA (CBSI3aHHBIE ¢ KaYeCTBOM
CUTHaJa B CUCTEME) U LEJOCTHOCTH MUTaHUs (OXBaTHIBAIOIINE BOMPOCH KOHCTPYHUPOBAHUSI CUCTEMBI pac-
TIpeaeNieHUs] MUTAaHUs, OTBEUAIOIIEH )KECTKUM TPeOOBaHUSM K IIeJIEBOMY ITOJTHOMY COTIPOTHRBIICHHIO) [15].

Samsung (Kopest) u TSMC (TaiiBans) 0cCBanBarOT HOBBIE TEXHOJIOTUIECKHE MTPOILIECCHI TIPOU3BO/ICTBA
MOOHMIIBHBIX TIpo1ieccopoB (7 HM, 5 HM). 5 HM — cleaylouuid O0IbIION TEXHOIOTHYECKHH 1Iar. To MO3BO-
JUT YBEIWYUTH TUIOTHOCTh TPAH3UCTOPOB NMPHUMEPHO B IOJITOpa paza. MeHbHINi, 0oiee COBpeMEHHBIH
TEXHOJIOTMYECKHUI MPOIIecC MO3BOJAET pa3pabOTUYUKy BMECTUTH OOJIbIIE TPAH3UCTOPOB B CBOEM PELICHHH,
YTO CEepPbhE3HO BIMSACT HA MOTEHIMAN MPOU3BOIUTEIBHOCTH, a TaKXKe IMO3BOJSET cAeNaTb KOMIIPOMHCC
MPOU3BOAUTEIHHOCTH/IHEPTOIPPEKTUBHOCTh Kyda Ooinee TuOKuM. HoOBBIE TeXMpOUecchl MO3BOISIFOT
CIeNaTh PEmIeHHs] He TOJIBKO MoIlHee/>HeprodpQexTruBHee, HO YacTo emé M KOMIAaKTHee. Y BeITndeHue
MIPOU3BOAUTEIHLHOCTH B OBICTPOACHCTBHUS MPOILIECCOPOB Ta€T BO3ZMOXKHOCTH 0€3 MpobiieM 3arpykarb 00-
nee pecypcoeMkue npuioxenus [16]. Ognako 6omnee OBICTPOACHCTBYIONINE CUCTEMBI TEHEPUPYIOT Ooliee
BBICOKOYAaCTOTHBIE TOMEXH.

TumnoBoe MOOUIBLHOE PaTUOYCTPOMCTBO KaK MCTOYHHUK 3JIEKTPOMArHUTHBIX TMOMEX H3ITydaeT IoJie
MUKOBBIM 3HaYeHHEeM HanpspkeHHocTH 10 100 B/M B amanazone 1,8-2,0 I'Tp B 3aBUCMMOCTH OT €ro Ha-
npsbkeHust U pacctostHuA [17]. OHO MOXKET HABOJUTH BHICOKOYACTOTHBIE TTIOMEXH Ha JIPYTHE JIEKTPOHHBIE
YCTpOICTBA, Jake eCIIM MOOWIIFHBIE YCTPOWCTBA HAXOAATCS BHE paboUeil OJI0CH APYroro 3JIEKTPOHHOTO
YCTPOMCTBA.

[Ipu HEOOXOAMMOCTH O0ECIIEYHTh HAMIYUIIYIO 3allUTy 3JIEKTPOHHOTO YCTPOHCTBA OT AJIEKTPOMAr-
HUTHBIX TIOMEX TpeOyeTCs MpoaHamu3upoBaTh ero nokasareiab EMIRR (rejection ratio — xosddunment
MOJJABJICHHS DJIEKTPOMATHUTHBIX TTOMEX ), BEIPQXKEHHYIO B 1B, KOTOPBIH SIBIISICTCS OJJTHAM U3 BXKHBIX Mapa-
METPOB, MO3BOJIAIOIINX ONPEACTUTH TOMEX0YCTOWYMBOCTD 3JIEKTPOHHOTO YCTPOUCTBA.
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HWrak, ceromns mpobiieMa uccie0BaHus U 00eCIIeUeHUS HIEKTPOMAarHUTHOW COBMECTUMOCTH CUCTEM
COTOBOI CBSI3M NMPUOOPETACT AKTYAIbHOCTh B CHITY CICAYIONIMX OCHOBHBIX IPHYUH:

— TOBBIMIEHHE TUIOTHOCTH KOMIIOHOBKH 3JIEKTPOHHBIX, PAIHOAIEKTPOHHBIX U JEKTPOTEXHUIECKUX
CHCTEM, a TaK)K€ YMEHBIIICHHE Ta0apUTHBIX Pa3MEPOB CHUCTEM;

— HaJlM4ue B COCTaBe OOOpYIOBaHMsI COTOBOW CBS3M OJHOBPEMEHHO YCTPOMCTB, pabOTAaIOIIMX B
IIMPOKOM JHAara3oHe 4acToT (10 HecKonbkux ['T'r), HanpsbkeHUit U TOKOB;

— poct kommdectBa OMB B cucTemMax COTOBOH CBSI3H, CIIOCOOHBIX HapymiaTh (YHKITMOHHPOBAHHUE
3JIEKTPOHHBIX, PAJAMOIEKTPOHHBIX M AIEKTPOTEXHUYECKUX CUCTEM;

— TIOBBIIIICHUE OBICTPOJCUCTBUS U YMCHBIIICHUE YPOBHEH CHTHAIIOB, 00pa0aThIBacMbIX U(PPOBHIMU
3JIEMEHTAMH AJIEKTPOHHBIX CPECTB, MPUBOMSIIIEE K CHIDKEHUIO X TIOMEX0YCTOHYNBOCTH;

— TIpH TPOBEICHUU HCCIICNOBAaHUN HE B MOJTHOW MEPE YUHMTHIBAIOTCS PEANbHBIC YCIOBHUS DKCIUTya-
TalUU TEXHHYECKUX CUCTeM, yuuThiBatone OMO B MecTax 3KCIUTyaTaluu 000pY/I0BaHUS.

OO6mue HarpasieHus ais oodecrnieueHuss OMC Brirodaror [18]:

— YMEHbIIIEHUE CBSI3W UCTOYHUKA U PEIEeNTopa MOMEXHU Yepe3 H3IydeHue (B 4aCTHOCTH, ITyTeM JKpa-
HUPOBAHMUS, HaIJISKAIIESH KOMIIOHOBKOH);

— YMCHBIICHHE E€MKOCTHOW W WHAYKTUBHOW CBSI3M HCTOYHHMKA M PEIENTOpa SIACKTPOMArHUTHOMN
MTOMEXW;

— NMPUMEHEHNE KOHCTPYKIIMOHHBIX, CXEMOTEXHHYECKHX U CTPYKTYpHO-(DYHKITMOHATBHBIX METO/IOB, a
TaKKe paIrMoOHANILHYIO TPACCUPOBKY KaOeei;

— YMEHBIIICHUE TaIbBAaHMUYECKOW CBS3M UCTOYHUKA M MPUEMHUKA TOMEXHU.

KonucTpyknmonnsie cioco0bl obecniedenuss OMC oCHOBaHBI Ha PaIllOHAIEHOM pa3MeIIeHuu 000py-
JIOBaHUA, dSKpaHUpoBaHUH. CXEMOTEXHIHYECKHNE METOIBI 3AIUTHI — [IeJICHAIIPABIEHHOE H3MEHEHNE CTPYK-
TYpbl OTHEIBHBIX CXEM HJIM BBEACHUE B HHUX JIOMOJHUTEIBHBIX 3JIEMEHTOB JJIsi OCIA0JICHUS 3JIEKTpOMar-
HUTHBIX BIUSHUA HA HOpMaldbHOE (yHKIMOHHpOoBaHHE. CXeMOTeXHUYeCcKre MeTo bl obecnieueHus DMC
MOTYT BKJIIOYaTh, HAPUMEp, UCTIOIH30BAHNE IJIIEMEHTOB OINTOAJIEKTPOHHUKH, cuMMeTprupoBaHue. CTpyk-
TypHO-(QYHKIIMOHATBHBIC METOJIbI COCTOST B: MPUMEHEHHH KOPPEKTUPYIOIIMX KOJOB; BHIOOPE ONTHMAIIb-
HOW CTPYKTYpBI CUTHaNa ¥ T.JA. JJs CHMXKCHHS TalbBAaHUYECKOH CBsI3U HamOosee 3((EKTUBHO MpHMeE-
HEHHE CXEMOTEXHHUYECKUX MeTO/M0B obecriedueHuss OMC, B 4acTHOCTH (DMIBTpAIlNH, CIyXallel MepBbIM
3aCIIOHOM DJIEKTPOMATrHUTHBIM ITOMEXaM.

[Ipu mpoekTHpoBaHWUU TOMOJOTHH WHTEP(HEHCOB/PAa3heMOB CIEIYET YIENATh JOKHOC BHHUMAaHHE
xapakrepuctukaM OMC cuctemsl B 1eiaoM. Bee yerpoiicTBa omKHBI poiTy ucnbiTaHus Ha OMC, koto-
pBIe TapaHTHPYIOT PabOTOCIIOCOOHOCTL B TPEOYEMBIX YCIOBHAX JKCINTyaTallWH. 3Has MPEAeIbHO JTOIyC-
TUMBIC YCJIOBUSI SKCILIyaTalliM CHUCTEMBI, MOJKHO BBISBUTh COOTBETCTBYIOIIHME MPOOJEMBI Ha pPaHHHX
JTanax MPOCKTUPOBAHUS U PEIINTh UX, HE JOKUAAACH CO3/IaHUs OIBITHOTO oOpasna [19].

O0cy:xaenne. YCTpoicTBa, OCHOBAaHHBIC Ha Iepeade paaroCUTHAIOB, HEOOXOIUMO paccMaTprUBaTh
C TOYKH 3pEHMS TEeHEpallMd HMMHU 3JICKTPOMArHUTHBIX MOMEX M YCTOHYMBOCTH CaMoOro 00OpYIOBaHUS
K BHEIITHEMY BO3JICUCTBUIO U3Iy4YeHHs OT Apyrux npuoopos [20]. Hoeeie nokonenus BC coToBoit cBs3u
paboTaroT B TUTArepoBOM IHANa30He YacTOT, IO3TOMY BaXKHBIM ACIIEKTOM CTAHOBHTCS yUET TpeOOBaHUI
mo OMC npu uX IPOEKTUPOBAHUH U pazpadoTke. DIMC yCTpOHCTB COTOBOI CBSI3M — 3TO MX (PYHKITHOHH-
poBaHUE ¢ TPEOYEeMBIMU TEXHUYCCKHUMH XapPaKTEPUCTHKAMH B YCIOBHUAX JICKTPOMArHUTHOTO B3aUMOJICH-
CTBUS €ro TEXHUYECKUX CHUCTEM M BHEHUX DMB. MMeer mecTo moTeHUMaNbHAs YSI3BUMOCTH POA ot
BHemrHUX OMB, 00yclioBIeHHas HE TOJIBKO 3JIEKTPOMATHUTHBIM BO3JIEHCTBHEM HCTOYHHMKA TTOMEXH Ha
pelenTop, HO U WX B3aUMOJCHCTBUEM (KOTJa MCTOYHHUK MapauIeibHO SABISCTCS W MpHeMHUKOM). HeoO-
XOJIMMO pa3paboTaTh pa3aryHbIC PemIeHuHs 1o MeToaaM obecnieueHuss OMC (Hanmpumep, 6a30BbIC METO/IBI,
OCHOBaHHBIE Ha (GMIBTPAINH W SKPAaHUPOBAHUH) M ONTHMHU3HPOBATH MPOEKTHBIC PEIICHHUSA. YUeT «KyMy-
JITUBHOTO 3(eKTay MpH OJHOBPEMEHHOM BO3jcicTBUU ToMeX, OMMU panuonepenaTunkoB, APYrUX
BHeMHUX DMB 103BONHT Mpe0TBPaTHTE COOM B pa0OTE anmapaTrypbl COTOBO CBSI3U.

BeiBoapl. Ha paboty ammaparypbl coTOBO# CBsI3u 0c000€ BIMSHUE OKa3bIBAIOT AIIEKTPOMATHUTHBIC
MMOMEXH Pa3IMYHOTO TPOUCXOKACHUA. PannosnexkTpoHHBIE cpencTBa (CHCTEMBI, JJIEKTPOHHBIE KOMIIO-
HEHTBI, YCTPOHCTBA) MOTYT OBITh KaK HCTOYHUKOM, TaK U PELIEITOPOM SJICKTPOMArHUTHBIX IOMEX, TO €CTh
o0BekTOM, TojBepraromumMces Biusauto OMU nmpyroro ycrpoiictBa. OTHUM W3 OCHOBHBIX 3BEHBEB B
rapaaTupoBanud OMC ammapatypsl CIYKHT pa3pabdoTka KaueCTBEHHOH KOHCTPYKIIMH OOOpPYIOBAaHWSI,
3¢ (GEKTUBHO SKPaHUPYIOIIEH YyBCTBUTEIbHBIC OJIOKH ammapaTypbl OT BCEX JJIEKTPOMATHUTHBIX MOJICH U
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MOMeX, AEUCTBYIOMINX U3BHE. DKpaHUpYIOlIee NeHCTBHE KOPITyca OrPaHUYUBAETCS OTBEPCTUSAMH, CITyKa-
[IMMH KaHaTaMHU IPOHUKHOBEHMS TOJIsI BHYTPh yCTPOICTBA.

OcHoBHBIE ITyTH NpoHUKHOBeHUs1 DMB B anmapatypy BC coTOBOI CBA3M ciy>KaT: aHTEHHBIE CHC-
TEMBbI, IPOHUKHOBEHHE Yepe3 KOPIyC U 0TBepcTHs B Kopmyce (OMII HaBoasITCSA B IMHUY CBSI3U U BO3ZCH-
CTBYIOT Ha aHTCHHO-(UICPHBIC TPAKTHI, UHPOPMAIIMOHHBIC HHTEPPEHCHI, ST IEKTPOIIUTAHHS U 3a3EM-
nenue). Jna mpaBuiabHOrO (DyHKIMOHUPOBAHMS CHCTEMbl Ba)XKEH ONTHUMAJbHBI BHIOOD KOMIIOHEHTOB,
OrpaHMYMBAIOIIUX BBIOPOCHI HAIIPSDKEHUS U 3AIIUINAIONINX BXOAHbIE Kackaasl oT DCP.

[Ipu mpoexTHpOBaHUHM KOHCTPYKIMH anmapaTypbl COTOBOM CBSI3H CielyeT CHIKaTh MPOHUKHOBEHHE
BHEIIHHUX AecTabuimsupytommx OMB (monelt n3nydeHni coceIHUX paAnOTEXHUYECKUX CPENCTB U Tepe-
nmatrormmx ycrpoiicts, CBU-mnydenuii, DCP) uepe3 BceBO3MOXKHEIE anepTyphl B Kopiryce. KoppekTHas
TOTIOJIOTHS TEeYaTHOM IIaThl, SKPaHUPOBAaHUE - HEOOXOJUMBIE YCIOBHA IS COOTBETCTBHUS TPeOOBaHUAM
crangapToB OMC. KauecTBeHHOe nccienoBanue ¢ neipio odecrniedenus DMC npuBeneT K BO3MOKHOCTH
JOOUTHCS TpeOyeMbIX TEXHHUYECKHX XapaKTEPHUCTHK, a TaKXKe 00ECHeuuTb COOJIOACHHE HOPMAaTHBHBIX
MokyMeHTOB. DMC — COBOKYITHOCTh B3aHMOCBS3aHHBIX MTPOOJIeM (CTPYKTYpHO-PYHKITHOHAIBHBIX, CXEMO-
TEXHUYECKHUX, Ip.) KOMIUIEKCHOTO XapakTepa. PaccMOTpeHHBIE METO/IbI IMTO3BOJISIOT pellaTh Kpyr 3ajad,
CBSI3aHHBIX C Pa0OTOH ammapaTypbl COTOBOH CBSI3M B ycioBUsX cioxHoi OMO. PesynbraTsl nccneno-
BaHMSI MOXKHO HCITOJIB30BaTh B 3371a9ax 00ecIeueHUsT paguodJIeKTpoHHOU 60ps0sl 1 OMC PDOA.
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METHODS FOR PROTECTING THE EQUIPMENT OF CELLULAR (MOBILE) CONNECTION
FROM ELECTROMAGNETIC IMPACT

Abstract. Under electromagnetic impact (EMI) of a sufficient level, temporary disruption of functioning,
processing, transmission and storage of information in cellular equipment is possible. Possible problems of
electromagnetic compatibility (EMC) of a mobile phone and a base station (BS) of cellular connection under the
influence of electromagnetic radiation (EMR) from other sources and their negative impact on functioning are
considered. The energy of the HF electromagnetic field (EMF) after passing through the protective case can affect
the devices of shielded radio electronic equipment (REE), therefore, the possible negative consequences of the
impact of high-energy EMF on the REE are described. Possible negative consequences under certain conditions from
the influence of the skin-effect, the effects of electrostatic discharge and electromagnetic pulses on electronic devices
are given. It is shown that the constructional method of protecting REE from the effects of external electromagnetic
factors consists in reducing the collected and transmitted EMF energy by improving the design, placement and
installation of equipment. Components of some vendors for 5G systems that are resistant to external interference are
given, and the possibilities for reducing the radiation level of a cell phone are noted. The necessity of an integrated
approach to solving EMC problems is substantiated, which consists in the use of structural, circuitry and structural-
functional methods of EMC provision.

The new 5G (Fifth Generation) standard will operate at higher operating frequencies compared to previous
generations. Due to the workload of the electromagnetic spectrum at frequencies below 6 GHz, 5G networks will be
based on wireless radio access systems operating at frequencies of 30—100 GHz, that is, in the lower band of the
extremely high frequency range EHF (Extremely High Frequency), 30-300 GHz.

Key words: base station, cell phone, electromagnetic compatibility, electromagnetic influences, electromag-
netic interference, electromagnetic fields.
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YSAJIbI (MOBWJIB/II) BAMJIAHBIC AIIITAPATYPACHIH
SJIEKTPOMATHUTTIK 9CEPJIEPJEH KOPTAY TOCIJLAEPI

AnHoTanusi. ¥s1b1 OaiiaHeIic KypajiapblHaa aKnapaTThl cakTay jKoHe TapaTry/a dJIEKTPOMarHuTTi acepiepaeH
(BMO) enueyniH yakbITIIA OY3BUTYBI OOTYBI MYMKIH. ¥sUTbI TEJIC(POHHBIH XKOHE YSUTbI OalIaHBICTHIH 0a3aJIbIK CTaH-
musiceinblH, (BC) anexrpomaranTrik yinecimainirinin (OMY) 6acka Ke3aep/eH 3JIeKTPOMArHUTTIK COyJIENeHYMiH
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(BMC) acep eryiHmeri MyMKiH Mpo0JieManapsl jKoHe OJap/IblH KYMBICBIHA Tepic acepi KapacThlpbuiaabl. KopraHsic
KOPIYChIHaH OTKEHHEH KEeHiH AJIeKTpoMarHuTTiK epicTiH (OMO) xxorapsl xwuinikti (XKOK) sHeprusicel skpanaanran
Paano3ICKTPOHIBIK anmmnapaTypanbiH (PDA) acmantapbiHa ocep €Tyl MYMKiH, COHABIKTaH PDA-Fa orapsl SHEpre-
TUKAJIBIK OMO ocepiHiH BIKTHMAJ TEpIC Calgaphl CHIATTalIFaH. benrimi Oip skarnmaiapma CkuH — 3(QQEKTiHiH,
AIIEKTPOCTATUKAIIBIK Pa3psi[l MEH AJIEKTPOMArHUTTIK MMITYJIbCTap/AbIH 3JIEKTPOHIBI KYPBUIFBUIApFa ocep eTyiHeH
OoyaThIH KAFBIMCBHI3 cangapiap KenTipureH. POA-HBI CBHIPTKBI 3JEKTPOMArHUTTIK (aKTOpPIApIBIH ScepiHeH
KOpFayIblH KYPBUIBIMIBIK SiCi KaOIBIKTBIH KYPBUIBIMBIH, OPHAJACYBIH JKOHE OPHATBUIYBIH JXaKCapTy ApKbLIBI
JKUHAJIFaH JkoHe OepinmreH OMO sHeprusichlH aszaiity Oosbinm TaObutanel. ChIpTKEI Kepepriiepre Tesimai 5G
JKylenepiHe apHalFaH KeiOip caTymsUiapAblH KOMIIOHEHTTEpl KENTIpUIreH, COHBIMEH KaTap YUl TeleOHHBIH
coyJeNeHy JeHIeiiH TOMEHIEeTy MYMKIHAIr kepceTinren. OMC KaMTamachl3 eTyIiH KYPBUIBIMIBIK, CYIOATBIK JKOHE
KYPBUTBIMIBIK-(DYHKIIMOHAIABIK OMICTepiH KonmaHydaH TypateiH OMC MocemlenepiH IIenryre KeMmIeHIl TOCUIIiH
KaXKETTLUIIr Heri3fenreH. ¥suibl OaliaHbIC OnepaTopiapblHbIH UHPPaKypbUIbIMbl 5G CTaHAAPTBHIH SHII3yre JaiblH
Oonybl Tuic.keneci OybiH 5G OaiaHbIC KEINICIHIH JKalIbl KYPBUIBIMBI Cyperte KepceriareH. On yun JeHrenaeH
TYpabl: Kipy *KeJici; TIpKEITeH KeJll; HHTEIUICKTYaJl /bl JKeli.

XKana 5G crangaptel (Fifth Generation) anabiHFBI OybIHAApFa KaparaHIa >KOFAapbl JKYMBIC JKHIUTIKTEPIHIE
JKYMBIC icTeHl. DNeKTpOMarHuTTiK ciekTpaid 6 [T xuinikTeH ToMeH XyKTenyiHe OainaHblcThl SG KeJiepiHin
Herizi 30-100 I'Tu xwuinikTepinae *KyYMbIC ICTEUTIH CBIMCBI3 PO KOJI XKETIMALTIK JKyHenepi apKbUIbl KYpbUIaIbl,
SIFHU, ©TE JKOFApPhI KULTIK quana3oHbHBIH TeMeHri xonarsiHaa EHF (Extremely high Frequency), 30-300 I'T'm.

Tyiiin ce3mep: Oa3anblK CcTaHIUs, YSUIBI Tene(OH, AIEKTPOMArHUTTIK YHIECIMIUIIK, 3JIEKTPOMArHUTTIK
acepIep, IMEKTPOMArHUTTIK KeJepri, JIIEKTPOMAarHUTTIK epicTep.
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DEVELOPMENT OF AN AUTOMATED
PHOTOVOLTAIC SYSTEM WITH WIRELESS MONITORING

Abstract. The work is devoted to the development of an efficient photovoltaic installation with automated
wireless monitoring based on the LabView software. Long-distance communication technology - LoRa was used to
wirelessly transmit data on the output characteristic states of the photovoltaic installation, storage battery and built-in
sensors. This module operates at 433 MHz and transmits small data packets with low power consumption. This
makes the stand-alone system energy efficient compared to similar wireless installations. The graphical software
LabView was chosen to monitor the state of the developed system. The paper shows a block diagram of an
automated wireless system, an operational algorithm of the external transmitting part of the installation, as well as
electrical circuits of the transmitting and receiving control units. As a result of the work, a photovoltaic system with
an automated wireless monitoring system and graphical data display was developed. The developed automated
complex is more efficient and easy to use in comparison with other systems.

Key words: Wireless monitoring, solar panel, battery, current and voltage sensor.

Introduction. With the rapid development of wireless communication technologies through the use
of microcontrollers and other communication devices, many industrial processes are controlled by
automated systems, which in turn reduce human effort. Automated systems are managed and monitored
via wired and wireless communication networks. Wireless automated systems - a complex of software and
hardware that enables computer systems and communication devices to function without human
intervention. The operations of an automated system are part of the automatic control of a system in which
the processes are fully automated with support for control loops and special logic [1-3].

The use of wireless automated systems saves labor, time and money, increasing the accuracy of the
work performed. This increases the availability, performance, and reliability of the services provided.
Today, the use of such installations in photovoltaic systems is one of the most promising areas. Wireless
monitoring is considered an important aspect to monitor the stability and performance of a photovoltaic
system. The photovoltaic monitoring system can be used in solar-powered cars, solar-powered buses,
solar-powered trains, etc. [4].

In the articles [5,6], the authors designed the design of a simple, cost-effective and low-power
wireless monitoring system for photovoltaic installations. XBee RF modules were chosen as wireless
receiving and transmitting devices. Also, based on the ZigBee and LoRa wireless modules, research works
were carried out for online monitoring of the photovoltaic system [7-11].

The software of the automated system is an important part of this research work. In scientific articles
[12-17], monitoring systems based on LabView software were developed. The authors claim that the
LabView program can accurately monitor the state of sensors in real time.

Analyzing these materials, we can say that all the developed systems are aimed at improving energy
efficiency, reducing the proportion of human intervention in the workflow.

This article presents an automated system of photovoltaic installations with wireless monitoring based
on LabView software. The LoRa wireless module was chosen to build the communication network. As a




ISSN 1991-346X Series physico-mathematical. 1. 2021

result of the research work, an automated photovoltaic system with wireless monitoring was built, and an
algorithm for the operation of the General system was developed. Experimental data on the effectiveness
of the developed system were obtained.

Design of an automated photovoltaic system with wireless monitoring.

Block diagram of an automated system with wireless monitoring. The block diagram of an
automated system with wireless monitoring is shown in figure 1. The photovoltaic installation (1) is
controlled through the control unit (2). Control electronic unit contains a programmable logic controller,
where the algorithm of operation of the general installation is loaded. The generated electrical energy is
stored in the battery pack (3). The batteries are charged using the battery charge controller. At the output
of the solar panel, as well as at the output of the battery charge controller, an ammeter and voltmeter (4)
are installed, which measure the output electrical characteristics of the devices, transmits data to the
microcontroller (5).The microcontroller, in turn, after processing all the received data, sends the data
todispatcher via the wireless module LoRa E32 (6). At the receiving part of the dispatcher device also has
a wireless module E32 LoRa (8). The communication channel between the receiver and the transmitter (7)
is publicly available on the territory of the Republic of Kazakhstan. The wireless receiving module is
directly connected via a USB 2.0 cable to a personal computer (9), where you can monitor the overall
operation of the installation using LabView software.

9
£A E
Figure 1 — Structure of the automated wireless monitoring system

Control electronic unit of the system. Figure 2 shows the electronic components of the transmitting
and receiving parts of the automated wireless monitoring system. Figure 2 a shows an 8-bit Atmega328PU
(1) microcontroller, which uses the developed algorithm to control all electronic components in the device.
The unit is powered by a 12 V battery (4), via a voltage stabilizer LM7805 (3). The output electrical
values of the solar panel (8) and the battery charge controller (7) are measured through an ACS712
ammeter (5) and a voltmeter made on the basis of a voltage divider (6). The data received from the sensors
is processed in the microcontroller and sent to the dispatcher via the LoRa E32 (2) wireless module.

Figure 2 b shows the electrical diagram of the receiving part (dispatcher) of the system. Here, the
LoRa E32 wireless module (2) and the Atmega328 PU microcontroller (1) are connected to the personal
computer via USB 2.0 (3) cables.
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Figure 2 — Electronic components of an automated wireless monitoring system: a) transmitting part; b) receiving part
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Algorithm of the general system operation. Figure 3 shows the algorithm of the automated wireless
monitoring system.
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Figure 3 — Algorithm of operation of the automated wireless monitoring system

The built-in microcontroller works according to the specified software algorithm. At the first stage of
the system operation, the microcontroller enters the operating mode. Next, enter the desired i/o ports of the
microcontroller and variables. After that, the controller checks the activity of the electronic control unit
(ECU) of the photovoltaic system (FES). If the system has not yet been activated, the controller sends a
packet about the disabled state of the system and goes into sleep mode for a certain time. And if the
system has switched to operating mode, the microcontroller takes measurements using the installed
sensors and sends them to the dispatcher via the LoRa E32 wireless module. Then the microcontroller
goes into sleep mode for a certain time.

Results and discussion. The monitoring interface of the automated wireless photovoltaic system was
built on the basis of the LabView graphical software. As a result of the experiment, the electrical
characteristics of the solar panel and battery were obtained and displayed on the dispatcher's monitor.
Figure 4 shows the interface (front panel) of a wireless automated system.
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Figure 4 — Wireless monitoring system interface
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The main window contains the input port, where you can select the port number of the computer
connected to the external device. If the system is activated, the monitor indicator will turn green. Next, the
speed of information exchange between the device and the computer is set. Below are the locking buttons
for starting and interrupting the system. On the right side of the monitor are graphical indicators that show
the electrical characteristics of the system: the current and voltage of the solar panel, the power of the
solar panel, and the level of solar radiation W/m? All data obtained as a result of the experiment will be
automatically saved in text format on the local PC.

Figure 5 shows the graphical (virtual) elements of the LabView program connected between (block
diagram).
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Figure 5 — Block diagram of LabView program

Separate graphs from the LabView program are shown below. Figure 6 shows a graph of the current
and voltage generated at the output of a photovoltaic panel during one day. Here, the red line indicates the
voltage, and the blue line indicates the current of the photovoltaic panel.
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Figure 6 — Graph of the current and voltage of the photovoltaic panel

Figure 7 shows a graph of solar radiation over a single day. Since our radiation sensor is mounted on
a single-axis tracker, you can see from the graph that in the middle of the day, the energy decreases due to
the height of the sun coordinate location.
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Figure 7 — Graph of solar radiation

Conclusion. During the research work, an automated wireless monitoring system for the photovoltaic
system was developed and manufactured using an interface based on the LabView software. Data on the
generation of solar energy and solar radiation during the day were obtained in the form of graphs in the
LabView environment. The developed automated system reduces human involvement in the monitoring
process and is easy to use. Installed electronic components consume a small amount of energy.

H.B. Kyrrbi6aii, A.K. Caiim6eToB, 3.111. Tenizoaena, JI.b.Cmaui, P.M. EpGoaar
Oun-Dapabdu ateiaaarsl Kazak YTtk yHHBEpcuTeTi, AnMarsl, Kazakcran

CbIMCbI3 MOHUTOPUHI" HET'BIHJEI'T
ABTOMATTAH/BIPBIJIFAH ®OTOJ3JIEKTPJIIK )KYUE ) KACAY

AnHoranusi. FeuieiMu xkymeic LabView OarmapiamanblK jkacakTama HETI3IHIAC KypbUIFAaH aBTOMATTaH-
JIBIPBUTFaH CHIMCBI3 OakpiIaybl 0ap THiMAI (OTOIIEKTPIIK KOHIBIPFBIHBI d3ipieyre apHairan. DOTOAIEKTpPIIiK
KOHABIPFBIHBIH, HIBIFBIC CUINATTAMACBIH, aKKYMYJIATOPJIbI 6aTape;1H1>1H JKOHC OpHATbUIFaH CCHCOPJIbI KYPbUIFbLIAp
KYHiH ChIMCBI3 OaiilaHbic jKyHeci apkpuibl kibepy yuriH LoRa y3ak KalubIKTBIKTarbl OaiiflaHbIC TEXHOJOTHSCHI
KosmaHbuIabl. bynt Momyns 433 MI'1 sKHUTIKTE KYMBIC ICTEH/11 )KOHE JIEKTP KyaThlH a3bIpaK TYThIHY apKbUIbI IIAFbIH
JIepeKTep IMakeTiH >xibepe amaapl. By yKcac CBIMCHI3 KOHIBIPFBUIADMEH CAJIBICTHIPFaH/Aa aBTOHOMIIBI JKYHEHi
SHEPTHSIHBl YHEMICH I,

O3ipJICHTeH JXYHeHiH KyiiH Oakpuiay ymiH LabVIEW rpadwukaneik OarmapiaMaiblk jkacakTama TaHIalIbL.
JKyMbICTa aBTOMATTAH/ABIPHUIFAH CHIMCBI3 JKYHEHIH OJIOK-CXEMAaChl, KOHJBIPFBIHBIH CBHIPTKbI aKMapar TapaTy
OediriHiH JKYMBIC aITOpPHUTMi, COHAal-aK Oackapy OJOKTapwl, KaObuImay-Tapary Oeliri, S3JEeKTp cXeMallapbl
KepceTinreH.. JKyMBIC HOTIDKECIH/IE aBTOMATTaHABIPBIUTFaH CBIMCBI3 OaKbLUIay JKYHecl XKoHe JepeKTep i TpaKaIbiK
TypZAe KepceTeTiH (OTOIICKTPIIK xKyie xacanasl. CoHmaii-ak, Oip KyH imiHae (OTOIIEKTPIIIK MaHEIbIIH IIbIFbI-
CBIH/IA T1aii1a OOJIAThIH KYH PaJHalisIChl, TOK XKOHE KepHey rpadKTepi alblHbl. O3IpJIeHIeH aBTOMATTaHABIPbUIFaH
KellleH 0acka JXylelepMeH CalbICThIpFaHIa THIMIIPEK JXOHE KOJJaHyFa OHail. ABTOMATTAHIBIPBUIFaH KelIeH
aJlaMHBIH MOHHTOPHHI YJEPICIHE KAaThICYbIH a3aiiTajpl. OpHATHUIFAH JJICKTPOHBIK KOMIIOHEHTTEp a3 MeJIep/ae
OHCPIrusd TYTbIHA/bI.

Tyiiin ce3mep: CHIMChI3 MOHUTOPHUHT, KYH IaHelli, aKKyMYJISITOD, TOK II€H KEPHEY KYPBUIFbLUIapHI.

H.B. KyrTb106aii, A.K. CaiiméetoB, 3.111. Tenuszdaena, JI.b. Cmaua, P.M. Epoonar

Kazaxckuit HarmoHaIBHBIH YHUBEpCUTET UMEHH anb-Dapadu, Anmvatsl, Kazaxcran

PA3PABOTKA ABTOMATU3UPOBAHHOM ®OTO3JEKTPUUYECKON CUCTEMBI
C BECITPOBOJHBIM MOHUTOPHUHI'OM

Annotanusi. Pabota nocesiieHa pa3pabotke 3GpPeKTUBHOM (HOTOINEKTPUUECKOI YCTAHOBKH C aBTOMAaTU3UPO-
BaHHBIM OECIIPOBOJHBIM MOHHUTOPHHIOM Ha OCHOBE mporpamHoro obecmeuene LabView. Jlist ocymiectBieHue
OecrpoBOHOI TIepefadyd JaHHBIX COCTOSHHUN BBIXOJHOW XapaKTePHCTHKH (DOTOIIEKTPUUSCKOW YCTaHOBKH,

—— 94 ——
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AKKYMYJIATOPHOH OaTape M BCTPOSHHBIX JATYUKOB HUCIIOIH30BANIACH TEXHOJIOTHS CBSI3H HA OOJBIIME PACCTOSHUSA —
LoRa. [lauublit Monysp pabortaer Ha uyactore 433 Ml u nepenaer HEOOJNbIIME MAKEThl JAHHBIX C HEBBICOKUM
3HEpronotpedneHneM. JTO JienaeT aBTOHOMHYIO CHCTeMy 3Heprod((eKTHBHOH 1O CPaBHEHUIO C aHAJOTUYHBIMU
0ecrpOBOAHBIMU YCTaHOBKAMH.

Jlnst MOHMTOpPHHIA COCTOSIHHE Pa3pabOTaHHOW CHCTEMbl OBbUIO BBHIOpaHO rpaduueckoe MporpaMHoe odecre-
yenue LabView. B pabote nokazaHa 0JI0K-cXxeMa aBTOMAaTU3UPOBAHHOI OECIIPOBOAHON CUCTEMBI, allrOPUTM PabOThI
BHELIHEH Iepelalolieil YacTH yCTaHOBKHM, a TaKKe JJIEKTPHYECKHE CXEMBI NpUEeMO-TIepeiarouiell JacTH OIOKOB
ynpaBieHus. B pesyinprare paOoThl Obuia paspaboTana (OTOINIEKTpHUECKas CHCTeMa C aBTOMAaTH3MPO-BaHHOM
0ecrpoBOIHOI CHCTEMOH MOHMTOPHHIA U IpadUUEecKUM OTOOpaKCHHEM AAHHBIX. Takke ObLIM B3ATHI OTHEIbHBIC
rpaduKy CONHEYHOH pajualliy, TOKAa M HalpshHKeHHE, TeHepHpyeMoe Ha BBIXOAE (OTOINEKTPUUECKOH NaHeNd B
TeYeHHe OJHOro IHA. Pa3paboTaHHBIA aBTOMaTH3MPOBAHHBIH KOMILIEKC IO CPaBHEHHUIO C OCTAIBLHBIMH CHCTEMaMH
aBisgercs: 6onee dPQEKTUBHBIM U NPOCTHIM B HCIOJIB30BAHMU. ABTOMATH3UPOBAHHBIH KOMILIEKC CHH)KAeT BOBJIE-
YEHHOCTh YeJOBEeKa B IPOLIECC MOHUTOPHHTA. Y CTaHOBJICHHBIE 3JIEKTPOHHBIC KOMIIOHCHTHI MOTPEOISIOT He3HAYH-
TEIBHOE KOJIMYECTBO SHEPTHH.

KnroueBble cjioBa: OecripoBOIHOM MOHUTOPHHI, COJIHEUHAs MAaHENb, aKKyMyJSATOp, NaTYMKH TOKA M Hal-
psDKEeHHe.
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ACTBIKTBI KENITIPY ATH
KAPKBIHJBI DJHEPTHUSI YHEMJIEY OJIICI

AHHOTanMsl. ACTBIKTBl KENTIPy XOHE BUIFAIABI JKOK 9JiCi 93ipieHAl, OJ TepMOAMHAMUKA TEHJCYiMEeH
CHUIaTTaIFaH Nalaa OoJaThIH XKbUTYy NMPOLIECTEPIH ajllyFa jKoHE eHJeyre HeriznenreH. by ormic a3 3eprrenreH »xoHe
JKOFaphl KyaTThl XHUTIK TYpACHAIpTimmiH (OipHeme Xy3 KHJIOBATTKa JeHiH) jkoHe >kuilikTi (OipHeme xy3 kI I-ke
NIEHiH) OHIIPY TEXHOJOTHACHIHBIH aNTapIBIKTall KCTIIMETCHIIITIHEe OaiiaHBICTH a3 KOJJaHBUIFaH. bipak Kasipri
YaKbITTa HMHIYKLUSJIBIK JKbUIBITYFAa apHajFaH >KaOABIK IaMbIl KeJie JKaTblp JKOHE OHBI JIOCTYPJi KBI3ABIPY
omicTepiMeH CalBICTHIpFaHAa KENTipy KOHABIPFBUIAPBIHAA KOJIAHY >KaKChIpaK. ACTBIKTHI KENTIPYIiH YCHIHBUIFAH
WHAYKIUSUTBIK 9IiCi, OHJA aCTHIK MaTepHaibl KeNTipy OLTIri apKpUIBI aybIPJBIK KYIIi apKeUIBI ©Tedi. ToxipuOemik
3epITeyNiep JKYPridy VIIIH TPaH3UCTOPIbl — THPHUCTOPJBI KYPBUIFBI JKacalibl, ONl Oackapy OJIOTbIHAH, >KHUIIK
TYpJICHIIprimTeH, OeT INHeri TeJIMKOMITHI INAaHAKTaH, WHAYKTOP OpaMachlHAH, BUIFAJ OJIIETIITEeH TYpPajbl.
Hepexrepai any xone eHuey anroputmi MATLAB Oarnapnamanbsik opTaceiHaa xacanabl. JKUUTIKTIH ofaH opi
KOFapblUIaybIMEH IIBIFBIH KO(QQUIMEHTI ©3repMeiis, COHAbIKTaH Oi3fiH Kypburrbl [Tl nuana3oHbIHAA JKYMBIC
ICTEHTIHIH €cKepe OTHIPBIN, MIBIFBIH KOI(PPHUIUEHTI TypakThl Oonansl, sikHH 0,6 TeH. COHIBIKTaH acThIK BUIFaI-
JIBUTBIFBIHBIH, NIBIFBIH KOO (UIMEHTIHE acepiH 3epTTereH Ke3/e )KUUIIK oJIIey IoIIAIriHe acep eTIeH i Ien ceHIMMEH
aiita anampI3. AJIBIHFaH JKbUTy MOJLIEp, TOHAI IMIIHIACT] bUIFal OHBIH BUFATIBUIBIFBIHBIH )KOFAPBUIAYBIMEH EPUIIi.
AJFall peT HMHXKCHEpJIK MarblHaja aiblHFaH MakcBel (GopMynachl bUIFaJIMCH albIHFAH ACTBIKTBIH JKBUTYBIH
ecernTeyre )xapamabl 00516l bapibIk KOHIBIPFBIHBIH ©31HIIK KYHBIH TOMEH/CTY KapanaiblM WHIYKIUSUIBIK SKBIIBIT-
KBIIITap b1 931pIIeyTe KOHE SHTI3yTe KYTiHYIl Tanar eTesi, Oy e3eKTi Mocee.

Tyiiin ce3aep: acTHIKTBI KENTIipy, JIEKTPOMATHUTTIK MHAYKLUS, MIBFAPbUIATHIH JKbUTy MeJimepi, MakcBet
hopMmymacel.

dazanbIK e3repicTep OONFaH Ke3/Ie JKbUTY JKOHE 3JIEKTPOMArHUTTIK TOJKBIHIAAPMEH CAYJICICHY MPO-
LECTEepiHAe, BICTHIK OCTTEPMEH, ACTBIKTHI KENTIPy TCOPHACHIHBIH HETI31 — KbI3IBIPBUIFAH Tra3jgapMeH
opeKeTTecy Ke3iHJe KbUTy MEH bUTFAJIIbIH Oepilly 3aHAbUIBIKTApbIHA HeTi3aeareH [3].

ACTBIKTBI KENTIpY IPOIIECi, Ke3-KeJITeH IbIMKBII MaTepHaiap CUSKThI, TEK TePMO(GU3UKAIIBIK FaHa
eMec, COHBIMEH KaTap BUIFAIABIH MaTepualIMeH OaiinaHpIc (hopMachl MICHIYII PeJI aTKapaThlH TEXHOJO-
THSUTBIK TIPOIECC. ACTBIKTBI KEITIPY MPOIECIH 3epTTEy MaTepHall IIIiHIACTI BUIFAIIBIH KO3Faly KYOBI-
JBICTApBIH, OYIBIH Taiiga OONyBIH JKOHE BUTFAJI OyJIapbIHBIH acTBIK OCTiHEH KOpINaraH ayara TapaTybiH
KapacTBIpYMEH IIEKTeTyl MYMKiH. Bys mporiecc HerisiHeH KenTipy NpOIECIHIH MEXaHW3MIiH aiiajbl.
ACTBIKTBI KETITiPY, )KBUIBITY %OHE CAJTKbIHJATY — OYJI aCTBIKTBIH TEMIIEPATYPachl MCH bUIFAJIbUTBIFbIHBIH,
COH/Iali-aK yaKpbIT 6T¢ Kelie bUTy MEH BbIJIFAJI aFbIHAaPBIHBIH THIFBI3IBIFBIHBIH 63repyiMeH Oipre )KypeTiH
nporecTep. ACTBIKTa KENTipy Ke3iHJe TeMIlepaTypa MEH BUIFalJblH TI'paJueHTI maiiga Oonanusl, OHBIH
9CepiHeH /oH IMIiHAET )KbUTy MEH BUIFal aybIcabl, XKbLTY KoHE KOJIeMIiK KepHeyJep maiaa 6onaabl.

JKanmel xaraaia, KenTipy Ke3iHAe aCTHIKTaH bUIFANABI KETIPY MEXaHH3Mi CXEMANbIK TYpJe Kee-
cizelt YCRIHBLUTYBI MYMKIH (1-cyper).

Benrini 6ip mapamerpiiepi 6ap KenTipy areHTi ABIMKBUI AoH OeTiHae Ko3raiansl. KenTipy areHTiHeH
JKBITy KOHBEKTHBTI TYpAE ABIMKBUI JIoHTe Oepinezi; OHBIH OeTi KbI3aAbl KoHe OETIHJIETi BUIFAIIBIH Oip
Oeriri OynmanbeIm Kereni. HoTmkecinme, MoHHIH KaTBIHIBIFRIHIA BUTFAJIBUIBIK, TEMIIEPATypa MEH KBICHIM
afBIpMaIIBUTBIKTAPhl Taliga OoJIafbl, OHBIH JCEpPiHEH BUTFal YHEMi OyJaHbIN KETETiH )Kepre KeTKI3uIesi.
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7 £ By monekynanapbl mekapa KabaTbl apKbLIbl Tapajiabl )KOHE Kell-
Tipy areHTiMeH CiHeli. ACTBIK OCTiHEH BUIFAJJIbl KETIpy MpoIlie-
CiHIH MIHIETTI IAapTHl — OHBIH OETiHAETrl py JXOHE p, KENTipy
4200 arcHTIHJETI IimiHapa KBICKIM apachlHIaFbl aWbIPMAIIbUTBIKTHIH
LYKy 6OJIYI)I.

) blirran non Oertinen OymanOaiiapl, Oipak MOHHIH IIETKI Oelri-
ringe opHamackaH 3-mmi amakrtan OynaHampl. COHBIMEH Katap,

>0 OyJ1 aliMaKThIH JKaFJaaibl ©3repicci3 Kalabl: O OipTiHAEH ilIiHe

P>FP KBUDKHIBI (TepeHaeiini). bymany aiiMarblH TepeHIETyAiH OacTa-

JybIH KONTEreH 3epTTEYyLIUIEp aCTHIKTAaH OalIaHBICTBl BUIFAJIIbI

) KeTipyaiH OacTamyblMeH OalnaHBICTBIpanbl. bymany alimMarbiH Te-

peHjeTy Ke3iHzae MoHAlI OeTi KypraraH, KOPFaHbBIC ()aKTOPBI ¥KOK,

l-cyper — ACTBIKTHI KeNTipy Ke3inzeri COHABIKTAH OHBI JKOFapbl TEMIICPATypara [ACHIH KbI3AbIpYyra

BUIFJI/IBI K010 TETITIHIH CXEMACHI: GomnazsL.
1 — noHi; 2 — mekapaibIk Kabar; Kblmy MEH bUIFaJIJIbIH 6ep1JIy1H1H KYLICIO1l KENTIpyal Te3Je-
3 — Oyumany aiimarbi Tyre BIKHall eTexi, OipaK KepHEYIiH KOFapbUIaybl acTHIK Carachl-

HBIH HaIapiiayblHa OKeNyl MYMKiH-KapBIKTapIIbIH akaa 00IyHl,
JKapbuly, JNOHZI JaKbUIAAPIABIH IIBIFYBIHBIH TOMEHJICYl JKoHE T.0. COHIBIKTaH KENTipyIiH OHTaMIbI
PEKUMIH OpHATY MaHbBI3AbI [4].

ACTBIKTBI KENTIpy Ke3iHIe KbITy Oepy JKbUTy OepymiH JKalmbl 3aHAapblHa OarbIHAIBI YKOHE OHBIH
epeKIIe XKaraaibl 00BN TaObUTamel. TEOPHSUTBIK HETi31 YIIiH KhI3MET eTeill Oip TECOpHACH KbIIyMacca-
anmacy. Herizime Oy Teopusl MPOIECTep KbUTY TAChIMAaj/ay KOHE BUIFAJl aCTHIK CHUIATTATYbl MYMKIiH
aHAIMTUKAIBIK. MyHIall cUlarraMa Ke3-KeNTeH YaKbhITTa Ke3-KeNreH acThIKTBHIH HeMece acThIK Kala-
THIHBIH TEMIEepaTypachl MEH BUIFAIIBUIBIFBIH aHBIKTAYFa, OJIAPIBIH TPAJAUEHTTEPl MEH YaKbIT ©3repiciH
Tabyra, ®bUIy MEH BUIFaJl aFbIHAAPBIHBIH THIFBI3JIBIFBIH €CENTECYIe, OChI MPOLECTEPIIH OJaH api AaMybIH
O0omkayra MyMKiHaik Oepeni. COHBIMEH Katap, acThIK IIEH acThIK KaOaThIHIAFbl MPOLECTEPJi MareMa-
THKAQJIBIK CUTIATTay Ke3iHae Oenrii Oip KWBIHABIKTAp TYBIHAAWIBI, 6HTKEHI acTBIK KYPBUIBIMBI MEH KY-
paMbl JKaFbIHaH rereporeHai. HoTmxkeciHae acThIKTBIH 9pTYpIi OOIiKTepi opTYpIIi OTKI3TIIMITIKKE e jKOHE
AQHM30TPONTHI KACHETTEPre Ue, SIFHU SpPTYPJIi OarbITTapAarsl SPTYPIl OTKI3TILITIK.

Kenripinren noHHIH iITiHAET] BUFAIIBIH JKaJIIbl TYple KOo3Fany 3aHbH (1) Kemeci KaThIHAC apKbLIBI
Oinmipyre Oomap:

i = kVII, (D

MYHJa i — BUIFal arbIHBIHBIH THIFBI3ABIFE, K — MarepuangbslH (QU3HMKOXMMUSUIBIK KacueTTepiHe Oaiinia-
HBICTBI BUTFaNI OepyIiH KMHETHKAIBIK KOYPOHUITHEHTI (TIPOTOPIHOHAIIBUIEIK kKodddummenti); VII — surrain
0epy MOTEHIUANBIHBIH TPAJUCHTI (MIPOIECTIH KO3FAayIIbl KYIII).

blnran eTKI3TIITIK XKoHE JKbUTY — BUIFAJI OTKI3TIIUTIK KYOBIIBICTAPBIH €CKEPEe OTBIPHII, iIIKi BUIFal-
JIBIH OeplTyiHIH HETi3T1 3aHBIH Keeciel xazyra 00mabr:

=i, +ir= -kpovu — kpoVT, (2)
i = -kpo(Vu - VT), (3)

MYHJA I, iy )KOHE it — BUIFaJl aFbIHBIHBIH TBHIFBI3IBIFBIHA COMKEC, BUIFAN KOHICHTPALMSICHIHBIH TPaAHeHTI
MEH TeMIIepaTypa TPaJHeHTIHiH oCepiHeH TYBIHAAFaH Kaimbl, Kr/(M>-car); kK — MaTepHaiIblH BLIFA
OTKI3rimTiK K03 HUIUEnTI, M*/ car; 8 — MaTepHaIIbIH OTKI3TIITIK KO3(GUIHEHTI, rpag’; po MyIaeM
KYPFaK MaTepHaNIbIH THIFBI3ABIFE, KI/M°; Vi — BIIFaN KOHIEHTPALMACHIHBIH IPaIHeHTi, Kr/(KypFaK 3aT
kr), VT - TeMIiepaTypa IrpagueHTi, Tpaa./M.

Keuty-putran  etkisrimrik  ko3ddunuentid= Vu/VT temmeparypa TpagueHTIHIAC ACHENC BLIFAI
KOHIICHTPAIMSACHIHBIH KaH/Aal TpaJueHTi Naiiga OoNaThHIBIFBIH KepceTeni 1 rpaa./m. Gopmynanapaarsl
"—" 6enrici (2, 3) MyHBI KepceTeni i, U it Oip 6arbiTKa aVu sxoHe VT KapaMa-Kapchl JKaFbIHa xKioepinmi [5].

Erep wsutraym KOHIIGHTPAMACHIHBIH TpaaueHTi Vu jkoHe Temrieparypa rpaaueHTti V7 KapaMa-Kapchl
OarpITTa OarpITTanFaH 00Jica, MaTePHANILIH CBHIPTKB KAOATTAPBIHBIH BUIFANIBUIBIFEI iMKI KabaTTapra
KaparaHga a3 (koHe Temmeparypa kepiciHme), onga Vu xone VT dopmynanapaa (2,3) Kapama-Kapchl
Oenrisiep 0oJabl, all BUIFAJIIBIH Kbl aFbIMBIHBIH OaFBIThI BUIFAIIBIH KapPKBIHJbI aFBIHBIH TYIBIPATHIH




ISSN 1991-346X Series physico-mathematical. 1. 2021

TPaJMeHTIICH aHBIKTaJabl. bIiFan aFbIHBIHBIH OaFrbITHl KeOiHece BUIFal KOHICHTPAIMSICHIHBIH IPaJieH-
TIMEH aHBIKTAJAJbl, TEeMIICpaTypa TPaJUCHTI MaTepHal INNHJET BUIFAIIBIH BUIFAIIL KaOaTTapJaH a3
BUTFAJIZIBI KabaTTapFa aybICyblHA KOCHIMINA KAapCHUIBIK TYIBIpaabl. by KyOBLIBIC, MBICAIIBI, KENTIPYIiH
KOHBEKTHUBTI o/liciMeH OalKamabl.

Keuty Oepynin OalinaHbic ofliciMeH TeMIepaTypa IpaJueHTi Heri3ri OoJbII TaOblIa bl )KoHE KEeNTipy
MIPOIIECIHIH HET13Ti CHIIATTaMAaCHl.

MNH)paKkpBIT coyienepMeH KENTIipyIiH paauanusuIbIK oiCiIMEH BIIFal MEH JKBUTY OTKI3TIIITITI 1e
opTypai OarpiTTa OarbITTaNIFaH, Oipak KenTipy mpoieci 6ackaia xypeni. Kentipyain OacTanksl Ke3eHiH IS
MaTepHaJIblH OCTiH Te3 jKOHE KaTThl KbI3AbIpyFa OalIaHBICTBI JKbUTY BUIFA] ©TKI3TIIITITI BUFal OTKi3-
TIIITIKKE KapaFaH/Ja aHaFyplibIM KapKbIHIBI, COHIBIKTAH BUIFAll JKBITY aFbIMbl OaFbITBIHIA KO3Fallafbl.
blnrannelH KOHLEHTpamusi TPaIUCHTIHIH >KOFapbUIaAybIH TYABIPATHIH BUIFAIIBIH OETIHEH OpTaJIbIKKA
aybICybl BUIFAJIABIH OTKI3TIITICiHIH "HHIHOUTOPNBIK" ocepiH OipTiHAENn apTThIpaabl oHE, Calbll Kell-
TeHJIe, TeNe-TeHIIK KYHiHEe OKeNei-)KbITy OTKI3TIIITIK TOJBIFBIMEH BUFANl OTKI3TIMTIKIEH TEHEeCTipiIe .
Ochl corTeH Oactanm OpTaiblK KabaTTapAblH BUFAIIBUIBIFEl TYPAKTHI OOJBIT KaJIaabl, al KENTipy OyinaHy
afiMarbIH OIpTiHAEH TEPEHAETE OTHIPHII, MATEPUANIIAH BUIFAIABIH OYJTaHYbI apKBUIBI XKYPEIi.

JKoraps! XuTIKTI TOKTapMEH 3JIEKTPIIIK KENTipy 9ficiMeH (KbUTYy aFbIHBI MaTepHUaNIblH ilIKi Kabat-
TapeIHaH OeTiHe Kapal >KbUDKHIBI) TeMIlepaTypa TpagueHTi MEH BIIFall KOHIICHTPAMSICHIHBIH TPaJINCHTI
0ip OarbiTTa OaFbITTANFaH, COHJIBIKTAH BUIFAJl MEH JKbUTYy OTKI3TIIITIKKE OaiaHBICTBI BUIFAN aFbIHIIAPbhI
colikec Keneni, Oy KenTipy *KbULAaMIBIFBIHBIH €19Yip apTyblHa SKENeIi.

Kes-kenren maTepuanablH JKBUTy KAacCHETTEpPl OHBIH JKBUTY (DM3HWKANBIK CHUIMATTaMaliapbl OOWBIHIIA
aHBIKTATIAaIbl: HAKTHI KBUTY CHIMBIMIBLUIBIFEI, XKBLUTy OTKI3TIIITIK, TEMIEPATypa OTKI3TIMITIT KOHE >KBLTY
ciHipy k02 urmenTi (Kputy GenceHimiri).

Ocpinaifima, acTHIKTHI KETTipy MPOIECiHIe acThIK O€Ti MEH KOpIIaFaH OpTa apachlHIa >KBLTY-BLIFall
ajgMacy, COHIal-aK OHBIH ITTIHAET] JXBUTY MEH BUIFAJIIBIH KO3FAIBICHI JKypedi. ChIPTKBI BUTFAJ aaMacy ac-
TBIK OCTIHJIET1 JKoHE KOpIIaFaH OpTaJarbl Oy IbIH ilIiHAPa KbICBIMBIHBIH albIpMAllbLUIBIFbIHA OaiiIaHBICTHL.
ACTBIKTBIH iMIKi KabaTTapblHaH BUIFAJIBIH OCTiHE aybICybl OHBIH KYPBUIBIMBI MEH KacHeTTepiHe Oaiinia-
HBICTBI, OVJT ©3 Ke3eTiH/Ie bIIFANIABIH aCTHIKIICH Oaiinansic popmanapeiHa O6aimaHbeICTH. ki KabaTTapmaH
BUIFAJI, 9JICTTE, JKbUIy aFbIHBIMEH OIp yaKbITTa HeMece KeOiHece Kepi OarbITTa OHBIH OCTiHE aybICaibl.
JKbuTy-bUTFaT aMacy 3aHIBUTBIKTAPBIH O1JIe OTHIPBII, ACTHIKTHI KEMITIPYIiH KOFAPhI carajbl IPOIECiH OChI
MPOIECTIH MUHUMAJIABI SHEPTHUS IILIFRIHIAPEIMEH KaMTaMachl3 eTyre Oonanbl. Kazakcranaa acThIK ©HII-
PICIH apTTHIPY aCTBIKTHI CAaKTay TEXHOJOTHACHIH JaMBITIIAH KOHE KETUIAIPYCi3 MYMKIH eMec.

ACTBIK JalbIHIAY JKaFJaiIapbIHBIH ©3repyiHe, OHBIH AJIeBaTOpap MEH acThIK KaObUIAAy KOCIIOpPHIH-
JapblHa TYCY KapKbIHBIHBIH TOMEHJCYiHEe KapamacTaH, aCTBIKTHIH eloyip Oelliri o e OHBIH camachlHa
3WSTHJIBI 9CEp €TETiH 6Te KaTaH TeMITepaTypablK pexKUMACPIAE KENTipiIei.

JKanmel MakcaTTapra, MIBIFBIHAAPABI a3aiTyFa JKOHE acTBIK CalachlH YKaKCapTyFa CYyHeHEe OTBIPHIIL,
ACTBIKTBI KENTIPy TEXHOJIOTHACHIHBIH THIMIIUIITIH apTTHIPY >KOHIHAET1 MaHBI3Abl MIHACTTEpAl KenTipy
00BEKTICI peTiHIe acThIK KacHeTTEepiH 3epTTeyli KEHEWTEe OTHIPHIN, KENTipy MPOIECiHIH KUHETHKAIBIK
3aHIBUIBIKTAPBIH OPHATY, KETIPIJIeTiH aCTHIKTHIH TEXHOJIOTUSUIBIK KACUETTEPiH OacKapy HEri3epiH Kypa
OTBIPBITN, SHEPTUS MEH PEeCypCTapbl YHEMACY SJICTEpPiH aMbITa OTBIPHIM, FHUIBIMU HETi3/¢ FaHa COTTI
mierryre 00Jabl.

JKbuty kentipy Tipi OpraHHM3M PETiHIE aCTHIKTHIH OYKII OMOJIOTHSIIBIK JKYHECiHe KAaTThI ocep eTeli.
Osrepictepiy 0arbITHl MEH TEPEHIITT KOJJIaHBUIATBIH KENTIPy TEXHOJOTHSCHIHA OalIaHBICTHI XKOHE OH
HeMece Tepic cangapbl 00Jybl MYMKIH.

ACTBIKTBI KETITipy KHHETHKACHI Typallbl OBITBIPAHKBI 9/IeOH JEepPEKTep OHBIH TEXHOIOTHSIIBIK KacheT-
TepiHiH e3repyiHe OalinaHbICTBI eMec. KenTipy TeXHOJNOTHACHIHBIH THIMIUIITIH Oaranayja KenTipiireH
aCTBIK CalachIHBIH KOPCETKIIIl KONTEreH Xarjaiiapa MaHbI3abl eMec. KenTipyaiH KOlIaHbICTaFbl TeM-
MepaTypaiblK PeKUMAEP] KOHE KeNTipyaiH Oip IMUKITIH/ETI aCTHIK BUIFAIIBUIBIFBIH TOMEHACTYIH IISKTI
MOH/IEP1 KENTIipy MPOIIECiHIH KHHETHKACKIHBIH 3aHIBUIBIKTAPhIHA OailIaHBICTBI KATaH PETTENei. ACTBIKTHI
JKBUIBITY KOHE KENTIPY KbUIIaMIBIKTAPBIHBIH ©3apa OaillaHbICHIHBIH CaHBIK CHITaTTaMalapbl koK. Ker-
TIPY Y3aKTBIFBI OHBI KBI3ABIPY JKBUIJAMJBIFBIH €CElKe aMail, acThIK BUIFAJABUIBIFEIHBIH OepiireH Te-
MeHIeyi HeTi3iHae raHa ecenteneni. lllaxTa TypiHmeri KeHiHEH KOJIAHBUIATHIH KEMTIprilTepae KEnTipy
Ke31H/Ie aCThIK Ka0aThIHBIH KaJIBIHIbIFbI OOMBIHINA OIPKEIKI eMeC KbI3BIPY TYpalibl IEPEKTEP JKOK.

AybUIIapyalubUIbIK OHAIPiCiHIH TaxipuOecinae ACTHIKTBI KENTipy MPOLECiH KYLIEUTy YILIiH apTypii
JmicTep KOJJaHBUIABL: 3JIEKTPOAKTUBTI ayaHbl MaiiiaiaHy, aCTBIKTHI allfbIH-ajia KBUIBITY, KaliTa eHIeYy
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PEKUMIIEPIH KOJNJaHy, KeNTipy alilMarblH BaKyyMay, KENTipy KaMepachIHBbIH r'a3 KypaMblH ©3TepTy jKoHE
Oackanap. OnapAblH iOIiHAE JKAKbIHAA YJIBTPa KOFaphl JKUINIKTI (MHUKPOTOJKBIHIBI) MarHUT epici xui
KoJaHblIanbl. biz3gia enne ACTBIKTHI KeNTipy Ke3iHae MUKPOTOIKBIHIBI epicTepli Nainanany Taxipuoeci
’KMHaKTanFaH. HoTmkeciHne aybpUIIIapyambUIBIK KOCIIOPBIHAAPBIHAA KOJIAAHBUIATHIH KOJJAHBICTAFBI
OHEPKACIIITIK KEeNTIPrilTep Al XKeTUIIipyre MYMKIiHIIK OepeTiH KOHABIpFhUIap >kacanabl. CoHpmaii-ak,
TYKBIM ce0y aJIbIHIAFbl OHCY YIIiH MUKPOTOJIKBIH/IBI ©PiCTEP Il KOIJaHy 3ePTTENII.

Makaira aBTOpJIapbl aCTBHIKTHI JKOFAphI KHUITIKTI TOKTAPMEH KENTipy TaXipuderepin xyprizm. XKora-
PBI JKUUTIKTI KENTipy Ke3iHae XKbi1y Oepy yiubTpa skorapsl (2000-2500 MI1r) >KUIMIKTIH 2JIEKTP TOTBIHBIH
epici apKpLIBI JKy3ere achIpbliaasl, Oyl MakcBe TEOPUSICHIHBIH HOTHKEC], "2JIEKTPOMArHUTTIK HHAYK-
Us1 )KHULITITT HEFYPIIBIM JKOFaphl 00JIca, COFYPIBIM KbI3ABIPBUTFaH JieHere KbuTy Te3 Oepinesni”. COHABIKTaH
VIIBTpa JKOFApbl JKUUTIKTI (MHUKPOTOJIKBIHIBI) TOKTapAbl KOJNJAHY JJeKaima THIMII ©CIMIIK TEKTecC
BUTFANIBl MaTepUANAAP AUAICKTPUKTEP OOJBIN TaOBUIAABI KOHE KapThUlall ©TKI3TIIITEpAiH KacHeTTepiHe
ue. Onapra 3JeKTPOJIUT HOHIAPHI, 3JIEKTPOHIAP, TUIOJIb MOMEHTTEpI Oap MOJISIPIIBI JKOHE MOJSIPIIBI eMecC
JIIADJICKTPUKTEPIIH MOJICKYJIajaphl Kipei. JIeKTPOMarHUTTIK epicTe TUIIOIbISP opic OOMBIMEH OChTE Op-
HayacaJipl. AWHBIMAIBI 2JIEKTPOMArHUTTIK ©picKe TYCII, oJlap epicTepi YCTaHyFa THIPBICHII, TepOeIMeni
KO3FaJbICTap XKacaibl.

3epTTey MaTepuaaaapbl MeH dgicTepi. OChI epexeriep HETi3iHAe aCTHIKTHI KENTipy YIIiH XKUAUTIKTIH
e3repyiH maiijanany OOHBIHIIA TOKIpHOE Kacansl JKoHE KYpri3iimi. ToxipuOeTiH MakcaThl e3repMeni
TOyeInci3 pakTopiaapMeH acTHIKTHI KENTipy KHCHIKTAPhIH aldy OO0Nabl. ACTBIKTBIH 0acTalKbl BUIFaIIbLIBIFbI
Toyenciz Qakropnap perinae KaoburmaHabl (W, %), acTBIKTBIH AMAIEKTPIIK TYPAKTHICH], TE€HEPATOPIBIH
x)uiniri (o, I'm), meirsH Ko QUmueHTi.

Bonamrakra acTBIKTBIH OacTalKbl BUIFAJABUIBIFBIHBIH KETKUIIKTI KOFapbl OOJybIHA KapaMacTa,
KENTipy MPOLECTiH OapiblK Ke3eHiHAe bUIFAIIBIH OyJaHy >KbUIIAMABIFBIHBIH TOMEHJICYIMEH, aCTBIKTHIH
YHEMI ecill Kele KaTKaH TeMIIepaTypachIMeH KYpemdi, OYJI alblHFaH KENTipy KACHIKTAPBIHBIH CHUIIATHIHIA
KepiHei, Taxipube HoTmwxkecinae Excel OarmapiamMachbiHbIH KOMETIMEH OHACITESH dPTYPJIi KHUUTIKTepAeT]
HIBIFBIHAAP KOA(QPHULUNEHTI apachIHAAFbI OailaHbIC anbIHIBI (2-CypeT).
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2-cypet — Op TYpJIi KHULUTIKTET] MIBIFBIHAAP KO3 (UITMCHTI apachIHAarbl OaiiaHbIC

blnran acteikka (12%) acep eTy Ke3iHIe MIBIFBIH KOXQQPUIUEHTIHIH TOYENAUIINiH TalAal OTHIPHIIL,
OHBIH SPTYPJIi KULTIKTEpiHIE €H alAbIMeH, KOHKOPAAIUSHBIH Korapel koaddumuenti 0,986 exeHiH aran
OTKCH KOH, OYJI aCThIK BUIFAJABUIBIFBIH JKBUIBITYFA KYMCAJFaH JKULTIK [IEH HEPTUs apachbIHIArbl KaTaH
(GYHKIMOHANIBIK OalIaHBICTHI KepceTeqi. AJBIHFaH TOYeNIUTIKTI 3epTTeit oThIphim, 6i3 0-geH 120 MI't-ke
JIeHIHTI quama3oHaa Oy KUCHIK MOHOTOH/IBI TYP/IC TOMEHICHTIHIH, COJaH KeitiH 0,6 TeHTreiiHe aCUMIITO-
TalUsUTaHATBIHBIH OalikaliMbI3. MyHma 0i3 JKUUTIKTIH OJlaH opi JKOFaphUIaybIMEH IIBIFBIH K03 dummeHTi
e3repMeiili JIeTeH 6Te MaHbI3bl KOPBITBHIHABI aJJIbIK, COHABIKTaH 0i37iH Kypbuirsl [T auamna3oHbIHIA
JKYMBIC 1CTEHTIHIH €CKepceK, HIBIFBIH Kod(GUIMEeHTI TypakThl Oonaapl, ssFHU 0,6. COHOBIKTaH acThIK
BUTFAJIIBUTBIFBIHBIH IIBIFBIH KOA((GUIIMEHTIHEe OCEpiH 3epPTTETeH Ke3Je KUK OIIey ASJJIriHe acep
eTIeH Il e ceHiMMeH aiiTa amaMb3. Kereci Toxiprbe bUTFaIIBUTBIKTHIH KOFaTy KO3 (OHUIIMEHTI 63repreH
ke3me kyprizingi, Excel kemeriMeH eHIENIeH MOJIIMETTEP TXKIpUOE HOTHIKECIHIEC AaCTBIKTBI KENTIipy
KHCBIFBI aIbIHABI (3-cyper).

HakTs! muana3oHaarsl acTHIK BUTFAIIBUIBIFBIHAH IIBIFRIH Ko dummeHTid S-ten 25%-ra aeiin e3rep-
Ty OOWbIHIIA TaXKIpUOe Kypri3y. biz Oy ToyenainikTiH KataH (yHKIMOHAIABIK TOYSIIUTIKTI KOPCETETIH
0,98 xoHKOpAMHT KOX(QQPULUMEHTIMEH Ta3a CHI3BIKTHIK €KeHiH KopeMi3. byl (yHKIHs CHI3BIKTHIK TEHIEY-
MEH KYBIKTATA bl

k-tgo =0,016W + 0,13 )
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OCBI KepAeH O0i3 MoHAI IIIHAETi bUIFAJl alaThlH JKbUIY MOJIIEPI OHBIH bUIFAJIBUIBIFBIHBIH JKOFaphI-
JIAYBIMEH KOFapbUIalbl. By NMBIMKBIT aCTHIKTBI KBI3ABIPYABIH 3JIEKTPOMATHUTTIK MPUHITUIIHIH JKOFAPhI
THIMIIIITIH KepceTeli-eH alibIMeH JOHHIH 631 eMec, NOHJETi KBI3ABIPhUIFaH bUTFal. Erep kenrtipymiy
0acka Ke3-KeNTeH MPUHIUINTEPiH KapacThIpaThIH O0JICaK, OHIA KOIT Ol acTBIKTBI KOCYIBIH CHIPTKEI
JICHEJICPIH KBLIBITYFa )KYMCaJIabl, OYJ1 OMOJIOTHSIIBIK KaFbIHAH MYJIIEM KaXKET eMec.

0,6

05 y =0,0167x + 0,1307 <
RZ= W

0,4

0,2

0,1

NuneitHaa (Pagl)
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3-cypet — XKoranty ko3pPUIUECHTIHIH aCTHIK BUIFaJABUTBIFBIHA TOYEIIILTIT

AKBIp cCOHBIHI2, MakcBen (hOpMYIIaChIH aMacThIpa OTBIPHII, BUFAIJIBUTBIK apKBUTBI IIBIFBIH KO-
(UIMEHTIH KaKbIHAATHIN, 013 MaKCBeIT TEHACYIHIH HHKEHEPIIIK TYCIHAIPMECIH alaMbl3.

AJBIHFaH TOyeninikTep HoTIKeciHae | M° MaTepuanaan (Q) GemiHeTiH KbLTy MeNIIEpiH 5 popMyna
OOMBIHIIIA aHBIKTAyFa OOJIAIIBI:

Q =0,555-E2- w- (0,13 + 0,016W), (5)

Myna B — 5eKTpOMAarHuTTiK KepHey; @ — MUKPOTONKBIH bl T€HEPATOP/IbIH KHUiMiri; W — aCTHIKTBIH bUI-
FaIIIBUTBIFBI.

YuriHmn TYKBIpEIM: 013 anfam peT WH)KEHEpNiK MaFblHaAa KoJAaHbUIFaH MakcBeml GopMyJiachiH
3 mapamerpre OailIaHBICTHI BUIFAIIMEH aJIbIHFaH JOHHIH JKbUTYBIH €CENTey YIIiH aJl/IbIK:

- JIIEKTPOMArHUTTIK KEePHEY;

- COyJIeTIeHY KU1,

- QCTBIKTBIH O©31H/IIK BUIFaJIbUIBIFbIL.

Y CHIHBUIFaH JKYMBIC ©HJIEJITEH MaTepHajIarsl OipHeIIe Ke3/1epAeH MHKPOTOJIKBIHABI THara30HHbIH
AIIEKTPOMATHUTTIK OPICIHIH TapalxyblH 3epTTeyre OarbITTalFaH.

Konpanbeictarbl TexHomorusuiapra OajaMa peTiHAE >KOFaphl JKUUIIKTI 3JEKTPOMAarHUTTIK ©picTi
naiiianany YChIHBIIAMBI, OJ1 aTMOcdepara 3UsSHBI KOK, COHBIMEH Karap JSCTYPJIi SicTepierineit OeriHe
KaparaHaa KbI3ABIPBUTFAH KBUTYIBIH (JOHHIH) iIIKi OeJiiriHe Tikeled ocep eTeii, al acTBIK BUIFAIIIbI-
TBIFBIHBIH XKOFapbutaybiMeH [1OK apragsl. Ocel MakcarTa 0i3 MUKPOTOJIKBIHIBI TPAH3UCTOPIBI — THPHC-
TOPJIBI TEHEpaToOp/Abl YCHIHAMBI3, OJ MAarHeTPOH T'€HepaTOpPbIHAH aNbIPMALIBUIBIFBl JKOFaphl, ©UTKEHI
MarHEeTPOH TAIBIFBIH KBI3ABIPY YIIIH SHEPTUSHBIH KOTI 06JIir1 )KyMcalIMaiIbl (4-CypeT).

|
|

MpeobpazoeaTent YacToTbl i
=)
U !
BoIX |
' 1 L Iy

Cets _
. ~ _rQ é B> ' 06moTkM
_Sz _,¥ _,i 0% %%OQQ\ |~ wnayxtopa
OQ O@OOQ NS
Bnoromertp @egs &
T

{7

BbicywerHoe

3epHo

'l ‘l 'L*'I Bnorometp

NS
PR 0%,
QQ)BQ) %

i/ noTok
A

4-cypet 4 — Ber mHeri reMKouaIbibl MUKPOTOJIKBIH/IbI KOH/ABIPFBIHBIH CYJI0aChI
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ACTBIK AWAJIEKTPUKTCH ITMUIMHIPIIK Ti30€KKe TeIUKOWIANBABI OypaHmansl OeT apKpUTBI Oepiiei,
oHMa OypaHIaHBIH KOTEPYy OYPBINIBI dpKallaH YHKENic OVPBHIMIBIHBIH aFbIMIAFbl MOHIHE COMKEC Keelmi.
Meicaibl, OipiHIT Ke3eHAe BUTFAl aCTHIK OypaHaansl 0eTke "KaObICHIT" KaJlaasl, COMaH KeiiH ke0y Ke3iH-
e yikemc kodpQuImenTi ToMeHAeH I JKoHe acTBIK Oasy Kejeci meHreire aysicambl. OChUTalINa, OCHI
YKYMBIC TOMEHT1 OOJIITiHAe KQKETTi BUIFAIIBUIBIK TOHI TYCE/I.

COHFBI KBIIIAPHl TEXHUKAITBIK-DKOHOMUKAIBIK KOPCETKIIITEPl KOFAPhl WHIYKIHMSIBIK JKbLIBIT-
KBIITAp YIIH OHAIPICTIK KUUTIKTI 3JIEKTP SHEPTHACHIH TYPACHIIPYiH KOFApPhI THIM/II KOHE SHECPTHSHBI
YHEMJICUTIH KyiienepiHe, coHlail-ak eHaipyre a3 MaTepHAbIK OHE Kap)KbUIBIK IIBIFBIHIAPFA KaXeT-
TUTIK maiaa 6ommet [1,2,3].

Ty3eTkim meH WHBEPTOp KULIIK TypieHaiprimin Oinmipeni. TpancopmaTopasl OacTamkel Ti30eKTe
KOJTaHy OYKiT MHIYKIHUSIIBIK KBUIBITKBIIITHEH KYHBIH KYPT apTTHIPAIbl, OYJ1 MAacCaHBIH OCyiHE OKeJei.
XKuinik Typrenmiprimrepi [4,5] Oenrini, oHma KEpHEYAI TOMEHICTY YIIiH TpaHchopMaTopiap KOJIaHbI-
naael. MakcaThIMBI3 TOMEHIESTKINT TpaHchopMaTop HaiaamaHbUIMAaUThIH KUK TYPISHIIPTiOIiH KYpY.

Tombik Tammay yrmria MatLab R12 v. 6.0 oprackiHma Moaenbaey XKypriziimi, Oyl makeT Ke3-KelnreH
KYPACITIKTeTl MaTeMaTHKAIbIK eCeNTeyJIepAl IIemryTe, SICKTPIIK KoHE JJIEKTPOHIBIK Ti30eKTepaeri
TIpOIIeCTEePAl KOCIOM TaljmayFa >KOHE MOJICNIBICYTE, OJIICY JKOHE TOHKIpHOe HOTMIKENEPiH CTaTHKAIIBIK
OHJIeyTe, COHBIMEH KaTap rpadukTepmi amyra apHanrad. Monensaey kesinme Simulink Library Browser
xkoHe SIM Power Systems KkiTamxaHachl MaimadaHblIAb [6]. S-cyperTe Taza OenceHdl )KYKTeMe Ke3iHIe
0ip dazansl TPAaH3UCTOPIBI — THPUCTOPIIBI HHBEPTOPABI MOAEIBILY CXEMAChl KOPCETIITEH.
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5-cypet — TpaH3UCTOPIBI — THPUCTOPIBI TYPIICHAIPTIIUTIH KHUITITH MOJIENIBACY CXEMaChl

Mopnenbney HOTIKENEpi S-cyperTe Taza OeJCeH i KyKTeMe Ke3iHge kepcerinreH. CypeTTeH KepiHin
TypraHaai, Taza OeJICeH Il )KYKTeMe Ke3iHe )KYKTeMeIeri KepHey MEeH TOK aiiKbIH kepiHexdi. TpaH3uctop-
TUPUCTOP JKUUTIK TYPIACHIIPTIMIiHIH )KYMBIC IPUHIUII pacTaiaibl. 6-cyperTe OenceHi HHAYKTUBTI XKYK-
TeMe Ke3iHle MOJENbAey HOTIKeNnepi KkepceTinreH. CypeTTeH KOpiHill TYpraHIal, *KYKTeMeleri KepHey
MCEH TOK aliKbIH KOPiHOEH I KoHe KEPHEY IIbIFaphIHABUIAPEI Taliga 0onaasl, OYJI TPaH3UCTOP — THPUCTOP
JKUUTIK TYPICHIIPTIIiHIH )KYMBICBIHA ©T€ HaIap dcep eTe.

7, 8-cyperte OeyiceHIi MHIYKTHUBTI JKYKTeMe Ke3iHJETi >KUUTK TYpJICHAIPTilliHiH KYKTeMeCiHAer
KepHeyIiH TapMOHUKAJIBIK Talnaysl kepcerinred, Oym 500 ' Heri3ri rapMOHHKA aiiKbIH, all acKa rapMo-
HUKAHBIH KETKITIKTI MOHI 0ap eKeHIH KopceTe/Ii.

WHAYKIMSIIBIK SHEPTUSHBI SHT13Y/IIH ePEKIIEIIr - KYHbIHBI TOKTAPbIH aFy aliMarbIHbIH KEHICTIKTIK
OpHANaCyblH peTTey MYMKIiHIIri. BipiHmmigeH, KYHbIHIBI TOKTap HMHIYKTOP KAMTHIFAH aiMaKTa KYpeli.
JleHeHiH >Kalmbl KeJieMiHe KapaMacTaH WHIYKTOPMEH MarHUTTIK OaiyiaHbIcTa OOJIATHIH JeHEHIH Oeiri
FaHa KpI3aabl. EKiHIIIZACH, KYHBIHABI TOKTApIbIH allHAIBIM aiMaFbIHBIH TEPEHIIT, IeMEK, YHEPTrUsSHBIH
Oeminy aiimarbl, Oacka (akropmapnan 0acka, HHIYKTOPABIH TOK XHiJiriHe OailaHBICTHI (TOMEH KHiJIiK-
TepJie JKOFaphUIAl/Ibl JKOHE JKUUTIKTIH KOFapblUIaybIMEH TOMEHJeH i). Op mpolecc yuriH (0eTki Karato,
KBI3/IBIPY apKbUIbl) €H KaKChl TEXHOJOTHSUIBIK KOHE SKOHOMHKAJIBIK KOPCETKIIITEP i KaMTaMachl3 €TETiH
OHTAMIIBI KUK Tuana3onsl 0ap. MHAyKumsublK Ke3aplpy yiuid 50 ['u-ten 5 MI'u-ke geiinri skuimikTep
KOJIIAaHBLIIa Bl
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6-cyper — Ta3a Gencenai )yKTeMe Ke3iH/e TPAHCUCTUCTOPIIBI — THPUCTOPIIBI KUK TYPICHIIPTILITI MOJCIBACY HOTIHIKEIEPi
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7-cypet — Besncenni xykTeme ke3iHzeri kepHey /i (a) koHe TOKTHI (0 )rapMOHHUKAJIBIK Tajlaay
[’n Scope? [;]@
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8-cyper — Bernceni MHAYKTHBTI )KYKTeMe Ke31Her1 )UK TYpJISeHIIPTillliH MOJENIbIeY HOTHKENEepi
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9-cyper — Bescenai HHAYKTHBTI )KYKTeMe Ke3iHIeTi TOKTBIH TapMOHUKAIIBIK TaJIaybl

WHAYKIAATBIK KBUTBITY IBTH apTHIKITBUIBIKTAPE] TOMEH I KETipiiareH.

1. DmexTp SHEpPrusCHIH TiKeNel KBI3ABIPhUIFAH JeHere Oepy OTKI3Till MaTephaiiapiabl TiKeJen
JKBUTBITYFa MYMKIHZIK Oepeni. Byn sxarnaiina skaHama ocep €TETiH KOHIBIPFBUIAPMEH CANIBICTBHIPFaHIa
KBI3JBIPY KBUIIAMABIFBI apTaibl, OH/Ia ©HIM TeK OeTiHEeH KbI3aIbl.

2. DNEKTp SHEepPrusiChiH TiKelel KbhI3IBIPhUTFaH JeHere Oepy OallaHbIC KYPBUIFBUIAPBIH KaXeT eT-
neiai. by aBromMartaHABIpBUIFaH OHAIPICTIK OHIIPIC XKaFaaibiHaa, BakyyM/IbIK jKoHE KOPFAHBIC Kypall-
JapBIH MaigaIaHy Ke3iH1e BIHFAHIIb.

3. Berrik acep eTy KYOBUTBICHIHA OaiiIaHBICTHI MaKCHMaJIbl KyaT KBI3JbIPBUIFaH OHIMHIH O€TKi Ka-
OarbiHaa mbiFapbuiaasl. COHIBIKTAH, MIBIHAAIFAH Ke3/1¢ WHAYKIHUSIBIK KbI3ABIPY OHIMHIH OCTKI KaOaThlH
Te3 KBI3IBIPYIRl KAMTaMachi3 eTeli. bys caapIcThIpMaltel TYpAe TYTKBIP OopTana OemiKTiH OSTiHIH KOFaphI
KATTBUIBIFBIH allyFa MYMKIHJIIK Oepeni. beTTik MHIyKIUsUTBIK COHIPY MpoIeci OHIMAI KaTalTyabH Oacka
omicTepiHe KaparaH/a Te3ipeK KoHEe YHEMI.

4. MHAyKIMSUTBIK, KBI3ABIPY KO JKaFmaiiaa eHIMAUTIKTI apTThIpyFa jKOHE CHOCK jKarmaimaphiH JKakK-
capTyFa MYMKiHAIK Oepemi. MHIYKIMSIBIK OamKbITy MEIITEpi, MHAYKIHMAIBIK Tell HeMece KYPBUIFBI
TpaHc(POPMATOPIABIH Oip TYpi peTiHIe KapacThIPhUIYbl OONaabl, OHIA OacTanmKkel opaMm (MHIYKTOp) aliHBI-
MaJIbl TOK K©31He KOCBUIFaH, aJl eKiHII OpaM-KbI3ABIPBIIFaH JCHEHIH 631 O0IBIT TaObIIa k.

A. Zh. Sagyndykova, N. S. Bekmuratova, A. B. Duisenova
Gumarbek Daukeev Almaty University of Energy and Communications, Kazakhstan
INTENSIVE ENERGY SAVING METHOD OF GRAIN DRYING

Abstract. The method of drying of grain and removal of moisture which is based on receiving and processing
of arising thermal processes described by the thermodynamics equation is developed. This way was a little studied
and was less often applied because of considerable imperfection of the production technology of the converter of
frequency of big power (to some hundred kilowatts) and frequencies (to some hundred kHz). However, at present the
equipment for induction heating gained big development and its application on drying installations in comparison
with traditional ways of heating more preferably. Offered induction way of drying of grain where the grain material
passes through drying mine by gravity. For carrying out pilot studies, it is developed the transistor—thyristor device,
which consists of the control unit, the converter of frequency, the bunker with the screw in it that has helix surface,
inductor windings, and a hydrometer. The algorithm of receiving and data processing is developed in the MATLAB
software. At further increase in frequency the coefficient of losses won't change, therefore, considering that our
device works in GHz range coefficient of losses will be constant, i.e. equal 0,6. Therefore when studying influence of
humidity of grain on coefficient of losses we can consider with confidence that frequency doesn't influence the
accuracy of measurements. The amount of heat received by moisture in a weevil increases with increase in its
humidity. It is a first time when the Maxwell’s formula is suitable for calculating a heat taken from grain moisture.
Reduction in specific cost of all plants demands the appeal to development and introduction simple on a design of
induction heaters that is an actual problem. Agricultural production, unlike other types of production, possesses a
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considerable resource — the reserved energy in a biological object. Thus, use of information approach to the
description of reactions of biological objects on external influence allows to develop electrotechnologies for increase
of productivity, productivity of the grain drying equipment, decrease in power consumption of process of drying of
grain.

Keywords: grain drying, electromagnetic induction, the amount of generated heat, the Maxwell formula.

A. K. CarpinaukoBa, H. C. BekmypartoBa, A. b. JlyliceHoBa
AJIMaTHHCKHI YyHUBEPCHUTET JHEPTeTHUKH U cBsi3u uM. [ 'ymapOeka [laykeeBa, Kazakcran
UHTEHCHUBHBII SHEPITOCBEPETAIOIIMIA METO/I CYIIIKH 3EPHA

AmnHoTtanus. Pa3paboran crnoco0 cymiky 3epHa M yAaleHHs BJard, KOTOPBI OCHOBaH Ha IOJIyYeHUH U o0pa-
0OTKEe BO3HHMKAIOIIMX TEIJIOBBIX IPOIECCOB, OMHMCAHHBIX YPAaBHEHHEM TEPMOAWHAMHUKH. JTOT crocold ObLT Majio
U3y4YEeH W peKe NMPUMEHSUICS M3-32 3HAYNUTEIHHOIO HECOBEPIICHCTBA TEXHOJIOTHU ITPOM3BOJICTBA MpeoOpazoBatelis
YaCTOTHI OOJIBIION MOIIHOCTH (IO HECKOJIBKO COTEH KHJIOBATT) M YacTOTHI (10 HeckosbKko coteH KI'1r). Ho B manHoe
BpeMsi 000pyJOBaHHE JUI UHIYKIHMOHHOIO HarpeBa Mojy4mio OOJbIIOE Pa3BUTHE W €ro NMPHUMEHEHUE Ha CYLIMIIb-
HBIX YCTaHOBKAax IO CPaBHEHUIO C TPaJULIMOHHBIMU criocobamu HarpeBa Oosee mpenmnouturensHo. [Ipeanaraembiii
WHIIyKIIMOHHBIM cOCO0 CYIIKH 3epHa, TJe 36pPHOBOI MaTepHal MPOXOJHUT Yepe3 CYLIMIBHYIO MIaXTy MoJ IeiiCTBHEM
cuitbl TsDKecTH. [t IpoBeieHHs SKCIIEPUMEHTANIBHBIX UCCIIEI0BaHNN pa3paboTaHO TPAaH3HUCTOPHO — THPUCTOPHOE
YCTPOHCTBO, KOTOPOE COCTOMUT U3 OJ0Ka yIpaBieHUs, IpeoOpa3oBaTels 4acTOThl, OYHKEpa, B KOTOPOM HAaXOIUTCS
IIHEK C TeIMKOUIHON MOBEPXHOCTHIO, 0OMOTKH MHIYKTOpa, BiaroMep. AJrOPUTM TOJTy4eHUs] U 00pabOTKH JaHHBIX
paspaboran B cpene MATLAB. Ilpu nanpHelimeM yBeJMYEHHH YacTOTHI KOI((GHUIMEHT NOTEph HE M3MEHHTCS,
ClIeZIOBaTENIbHO, YYMTBIBAs,, YTO Haile YCTpolcTBO paboraer B I'Tn nmanasoHe, koad¢uuueHT moreps Oyzaer
MOCTOSIHHBIM, T.€. paBHbIM 0,6. [loaTOMYy mpH M3yYeHWU BIUSHUS BIQKHOCTH 3€pHa Ha KOd((QUIMEHT moTeph MbI
MOXEM C YBEPEHHOCTBIO CUHTATh, YTO YACTOTA HE BIMSET HA TOYHOCTh U3MepeHuil. KonmuecTBo Tera, momyyaemoe
BJIaroil BHyTpH 3€pHOBKH, BO3pACTaeT C yBEIWYEHHEM €ro BIaXHOCTH. BriepBblie IMojlydeHa NMpHKIaaHas B HMHXKeE-
HEpHOM CMbIciie, ¢opMyna MakcBemna, NpUrogHas Juisl pacdera TeIula MOJIYyY4eHHOro Biaroi 3epHa. CHubkeHue
y/IeNBbHON CTOMMOCTH BCEH YCTaHOBKH TpeOyeT oOpallieHus K pa3padoTKaM U BHEAPEHUIO IPOCTHIX 10 KOHCTPYKIMH
WHIYKIIMOHHBIX HarpeBaTeliel, 4To SBISETCS aKTyalbHOU MPOOIEMOI.

KioueBble ciioBa: cylika 3epHa, dJISKTPOMarHUTHasE WHIYKIUS, KOJIMYECTBO BBIIENSIEMOro Teria, (hopMyiia
Makcaenna.
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