ISSN 2518-170X (Online),
ISSN 2224-5278 (Print)

KA3AKCTAH PECITYBJIMKACKI

YJITTBIK FBIJIbIM AKAAEMUACBIHBIH
Satbayev University

XABAPJJAPBLI

N3BECTUA NEWS

HAILIMOHAJIbHOM AKAJIEMUU HAYK OF THE ACADEMY OF SCIENCES

PECITYBJIMKN KA3BAXCTAH OF THE REPUBLIC OF KAZAKHSTAN

Satbayev University Satbayev University
SERIES

OF GEOLOGY AND TECHNICAL SCIENCES

6 (444)

NOVEMBER - DECEMBER 2020

THE JOURNAL WAS FOUNDED IN 1940

PUBLISHED 6 TIMES A YEAR

ALMATY, NAS RK



2 Clarivate

Analytics

NAS RK is pleased to announce that News of NAS RK. Series of geology and technical
sciences scientific journal 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 geology and technical
sciences in the Emerging Sources Citation Index demonstrates our dedication to providing the
most relevant and influential content of geology and engineering sciences to our community.

KaszakcmaH Pecniybnukacel ¥immbiK fbliibiM akademusicbl "KP ¥FA Xabapnapbi. [eonozausi xoHe
MmexHUKarbIK FbiribiMOap cepusicbl” fbinbIMU XKypHanbiHbiH Web of Science-miH xaHanaHfFaH Hyckachl
Emerging Sources Citation Index-me uHOekcmernyze KabbindaHraHblH xabapsaldel. byn uHdekcmerny
b6apbiceiHOa Clarivate Analytics komnaHusicel XypHandel odaH opi the Science Citation Index Expanded,
the Social Sciences Citation Index xeHe the Arts & Humanities Citation Index-ke kabbinday maceneciH
Kapacmbipyda. Webof Science sepmmeywinep, aesmopnap, 6acnawhbinap MeH MekeMmesriepee KOHmMeHm
mepeHdiei MeH canacbiH ycbiHalbl. KP YFA Xabapnapbi. [eonoeusi XeHe MeXHUKasbIK fblibiMOap
cepusicbl Emerging Sources Citation Index-ke eryi 6i30iH KoramOacmbiK YWiH eH e3ekmi xoHe 6edesnodi
2e0/102Us1 XKoHe mexHUKarbIK FbliibiMOap 6olbiHWa KoHmeHmke adanobifbiMbi30bi 6indipedi.

HAH PK coobuwaem, 4mo HayuyHbll xypHan «Mseecmuss HAH PK. Cepusi 2eonoauu U mexHu4eckux
Hayk» 6bin npuHsam 0ns uHlekcuposaHusi 8 Emerging Sources Citation Index, o6HoeneHHol eepcuu Web
of Science. CodepxaHue 8 amom UHOeKcuposaHUU Haxodumcsi 8 cmaduu pacCMOMmpeHUs: KoMmrnaHuel
Clarivate Analytics Ons OanbHelweao npuHsmus xypHana e the Science Citation Index Expanded, the
Social Sciences Citation Index u the Arts & Humanities Citation Index. Web of Science npednazaem
Kadyecmeo u eanybuHy KoHmeHma Ons uccriedosamesiel, asmopos, u3damesiell U y4pexoeHudl.
BkriroueHue Uzsecmusi HAH PK. Cepusi eeonozuu u mexHudeckux Hayk 8 Emerging Sources Citation
Index demoHCmMpupyem Hawy rnpueepXxeHHoCcMb K Hauboriee akmyarnbHOMY U 8/IUSIMEsIbHOMY KOHMeHmy
10 2e0/102UU U MeXHU4YeCKUM Haykam Oris Hauleeo coobwecmsa.
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DYNAMICS OF HEAVY VIBRATING MACHINES TAKING
INTO ACCOUNT INSTABILITY IN TIME
OF THEIR PARAMETERS

Abstract. Underground mining of uranium ores consists of several technological processes, one of the most
important of which is the release of broken rock from the working excavation zone and loading it into transportation
vehicles. The issue of increasing the intensity of production requires a simultaneous increase in the productivity of all
production processes, including the production of mineral raw materials. At the same time, it is necessary to create
both a high-performance and a safe process. This problem is successfully solved by the use of vibration machines
with elastic links made of elastomeric materials, which, along with an increase in productivity, can reduce energy
consumption and the number of freezes. An integrated approach was used, which includes analytical studies and
results of industrial tests of vibratory feeders for underground mining and delivery of uranium ores and building
materials. On the basis of the developed algorithm and synergistic model of fatigue microfracture of rubber links in
vibratory feeder, mathematical equations were obtained, which made it possible to describe dynamics of feeders with
time-depending parameters; when solving the integro-differential equation of the oscillatory system, the dependence
of the amplitude characteristics of the feeder on the time of its operation is obtained. An original algorithm and
synergistic model were developed, and on their basis, a mathematical apparatus was created, which allowed
determining change of amplitude of vibratory feeder oscillations during its operation. On the basis of analytical
calculations, a method was developed and introduced for predicting changes of parameters change of oscillation
amplitudes of vibratory feeder used for underground mining and feeding of uranium ores.

Key words: vibratory feeder, vibrations, synergetic model, fatigue failure.

Introduction. During the long-term operation of mining machines, the physical and mechanical
properties of elastic links based on elastomeric materials do not remain constant, but change significantly
due to aging of the material from a long cyclic load or the action of an active external environment, for
example, radiation fluxes. This leads to a change in the parameters of the machines themselves and the
disruption of technological processes [1-5].

The presence of experimental data on changes in the basic mechanical properties of elastic links over
time, such as shear modulus G and dissipation coefficient y for given loading conditions, significantly
simplifies the calculation of vibratory machines. However, such experimental information is in most cases
absent since to obtain it requires a variety of and fairly lengthy studies. Below we consider an algorithm
that allows one to determine the mechanical characteristics with a minimum of experimental data, taking
into account the microdestruction that develops in elastic links.
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The purpose of the work is the development of a synergetic model and algorithm for calculating
vibration feeders taking into account the instability in time of their parameters; confirmation of the
analytical model by the results of industrial tests.

Method. In this paper, we consider the dynamics of heavy mountain vibrating feeders of the VOF
type (vibrating ore feeders) working under the rubble for the production and delivery of uranium ores.
Structurally, VOF vibrating feeders are a single-mass oscillatory system; prismatic rubber elements of the
RMB type (rubber-metal blocks) serve as elastic links. During operation, such elements experience simple
shear deformations; their physical and mechanical parameters are unstable in time: the shear modulus
increases, and the dissipation coefficient decreases. Such a change is mainly associated with aging
processes inherent in all elasto-hereditary materials, which include rubber [6-10].

The calculation algorithm described below uses the Walpole method developed for composite
materials [11,12], which consists in the fact that the characteristics of the material are determined
averaged by the characteristics of the main material, the characteristics of the material of the inclusions
and depending on the concentration of these inclusions.

In our case, the main material is intact rubber, and the inclusion material is the microdestruction that
develops in the main material.

It was previously shown [13] that for cases when instantaneous modulus G, of initially homogeneous

material and elastic modulus of inclusions G| do not depend on time, and when inclusions in material are
only of one type, then instantaneous value of effective moduli G/, of non-uniform material, i.e. material

with different inclusions, can be represented as:
N R N R R N A A
G, =Gl’+(1—p)(Gé—Gl’)[[+p(Gg+Gl’) :(G(,)—Gf)} , Pa, (1)

where é{ 1s tensor of inclusion elastic modulus, Pa; C_;O’ is isotropic tensor, which is connected with the
tensor of the moduli G, of the material basic matrix by the known ratio [14], Pa; p is total concentration
of inclusions in typical volume of material; / is identity tensor.

Hence, value of G/ can be obtained after determining G! andG), and performing appropriate

mathematical operations.

With the help of physical model of rubber fracturing [15] under the action of cyclic loading, we
obtain ratio for effective modulus of the rubber in question, whose mechanical properties change
significantly as a result of structuring processes: shear modulus increases, and dissipation factor decreases.
It should be noted that in this paper, only one macroscopic characteristic of rubber is considered, namely,
effective shear modulus. Despite availability of experimental data, it is impossible to take into account
dependence of dissipative properties on developing fracture directly in the general algorithm because of
absence of well-developed mathematical apparatus.

With taking into account experimental information mentioned above [15], let’s accept the following
synergistic model of fatigue fracture of rubber elements. Sample is a set of material points, each of them
features the same properties as the source material. Process of accumulation and development of
microfractures is interpreted as formation, in the initially homogeneous and isotropic material, of some
areas with inclusions (areas containing fractures) with new properties, though identical in all areas.

When calculating the effective modulus, a number of assumptions is made; rubber in the initial state
is homogeneous and isotropic; the modulus of the resulting inclusions is # times larger than the modulus
of the base material; developing inclusions are mathematically characterized by a matrix of elastic moduli
similar to the matrix of elastic moduli of the base material; the elastic modulus of the material inclusions is
independent of time.

Taking into account the proposals made, and presenting the independent components of stress tensor

in the form of a six-dimensional column matrix [16], matrix of elastic moduli G, can be written in the
following way




N E W S of the Academy of Sciences of the Republic of Kazakhstan

2E/3 0 0 0 0 0
0 2E/3 0 0 0 0
A 0 0 2E/3 0 0 0
G = / , Pa, 2)
0 0 0 2E/3 0 0
0 0 0 0 2£E/3 0
0 0 0 0 0 2E/3
matrix of elastic moduli of microdamages can be written as
2En/3 0 0 0 0 0
0 2En/3 0 0 0 0
éf _ 0 0 2En/3 0 0 0 Pa, 3)
0 0 0 2En/3 0 0
0 0 0 0 2En/3 0
0 0 0 0 0 2En/3

where F is elastic modulus of medium, Pa.
To obtain the values of the moduli G/, by the formula (1), it is necessary to determine all the tensor

quantities included in this expression and perform the corresponding mathematical operations with them.
So, the components of the tensor G| are presented in the form

plA +6u pOA +14p
0ijkl = 3(%?8“)80@1 +W(Silsik + Sjlsik)’ Pa, “4)

and tensor itself has the following form

10E/9 E/9 E/9 0 0 0
E/9 10E/9 E/9 0 0 0
- E/9 E/9 10E/9 0 0 O
G(; = / / / s Pa) (5)
0 0 0 E 0 0
0 0 0 0 F O
0 0 0 0 0 E
where A and p are the Lame coefficients for basic medium, s”'; & are the Kronecker symbols; i, j, k,

1=1,2,3.
Tensor operations: sum of tensors, inverse tensor and convolution of tensors are performed according
to the known formulas for tensor analysis [16]. Finally, we get the following expression for

A 0 0 0 0

o = , Pa. (6)

SO O W o o o

S O O o O
S O O O
S O O O
o W o o o
o o o o

Here, the following expressions are accepted

26 (1-pXi—n)A 2E (l_”)(l_p)(“;)
A:—{n+p—},Pa; B Pa;

3 A+ pA(1-A)

A:{4[n+§]3—§(n+§j+é} A, :4(’”%)2_%' (7
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When n =0, i.e. in the absence of any fractures, effective modulus coincides with the modulus of the
source material; when n =1, effective modulus coincides with the modulus of microdamages. These
conclusions are natural as they follow from the very statement of the problem and validate correctness of
the made calculations.

In this way, dependences of stresses and strains on the magnitude of microfractures, which are
developing in the material, can be obtained. And relation between the deformation y and stress t in this
case is expressed as

t=G} v, Pa, ®)

@—nm—p{n+;)
[n+;]+p(l—n)

Here, G, is initial value of the source material modulus, Pa.

Results and discussion. Let’s use the obtained results for calculation of effective modulus of RMB
type elements made of 2959-type rubber (on the basis of natural caoutchouc with filling of 45 mass parts
of black carbon), for which initial value of rubber dynamic is G;, = 1.60 MPa (at an oscillation angular
frequency ® = 60-80 rad/s). Let’s use the previously obtained in [6, 8-10] experimental results on time-
dependent change of the shear modulus for elements made of rubber 2959, and let’s assume that n = 1.2.

Let’s consider a concrete example. Let it be necessary to predict a change of oscillation amplitude in
ore vibratory feeder of the VPR-4m type, elastic links of which are made in the form of shift elements of
the RMB type. Parameters of vibratory feeder are as follows: mass of vibrating elements is m = 3770 kg;
oscillation angular frequency is @ = 101.5 rad/s; initial value of instantaneous shear modulus for rubber is
G, = 1.76 MPa; and dissipation coefficient is y = 0.31.

Equation for the vibrating elements movements in the vibratory feeder is

mx+ Cx = Psinot, (10)

where

G, =G, n+ , Pa. )

where m is mass of the work member, kg; C; is reduced stiffness of the main elastic links, N/m; P is
exciting power, N; o is loading angular frequency, rad/s; ¢ is time, s.
The solution of equation (10) is expressed as

x = asin(or - ), (11)

where x is coordinate, m; ¢ is phase, rad.
Express the dependence of the amplitude of the conveyor oscillations as follows

a= 0 .
mloili- 4 (0)]-0'f + B ()]

Here a is amplitude of oscillations, m; Q is the force of inertia, N; ®, is natural vibration angular
frequency of an ideally elastic system, rad/s; 4;(®) and B;(w) are rheological characteristics of rubber
(cosine and sine Fourier transform of a fractional exponential function) [6].

Values for effective modulus were determined from the dependence G~ p/pi by the formula (9),
rate of critical fracture p, = 5,6 was taken according to the experimental data obtained in [6], and kinetic
curve p(f) was also obtained experimentally on model samples with long-term cyclic loading.

Time dependence of vibratory feeder amplitude calculated in this way is shown in figure and, as it is
seen, satisfactorily coincides with experimental data [6]. This coincidence confirms the suitability of the
proposed method for calculating mechanical characteristics of vibration machines, the elastic links of
which change their parameters over time. As it is seen, oscillation amplitude decreased from 5.2 mm to
3.7 mm after 24,000 hours and led to degradation of vibratory feeder productivity.

It should be noted that in engineering practice, change of oscillation amplitude in vibratory machines
during their long-term operation is quite frequent phenomenon. In practice, this undesirable phenomenon
is usually eliminated by changing frequency of drive oscillations or, in case of excessive stiffness, by
replacing elements in the elastic suspension.

(12)
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Change of oscillation amplitude of the VPR-4m vibratory feeder
at long-term operation: the points is experimental data, the line is calculated curve

Conclusions. 1. A synergistic model and algorithm were developed for calculating vibratory feeders
for drawing and feeding uranium ores with taking into account time-dependent instability of elastic
suspension parameters.

2. When solving the integro-differential equation of the oscillatory system and taking into account the
unstable in time rheological parameters of the rubber elements of the elastic suspension of the feeder, the
dependence of its oscillation amplitude on the operating time is obtained; calculation results satisfactorily
coincide with the data of industrial tests.

B. . I[upual, H. U. .JIncnual, B. A. .JIamzmz, I. H. Aram,uosl,
E. B. Kaiaraukos®, A. B. Tosicrenko’, A. A. lIeplmﬁ3
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THEy. OHIpic KapKbIHIBUIBIFBIH apTTBIPYy Moceseci 0apiblK ©HAIPICTIK YIepicTepAiH, OHBIH ILIHIEC MHHEPaIIbI
IIMKI3aT OHIIPICIHIH OHIMIUIIrIH Oip yakbITTa apTThIpyabl Tanan ereai. COHbIMEH Oipre »Oraphl THIMJIUTIKTI Je,
Kayirci3 yaepicti e Kypy KaxkeT. byt mocene amacToMepiik MaTeprangapIan KacalFaH ceprimMai OalmaHbICHl Oap
IipiT MalOIMHATIAPBIH KOJAAaHy apKBUIBI COTTI MICHIiIe i, OyT Karaal eHIMAUTIKTIH JKOFapblUlaybIMeH Oipre SHeprus
LIBIFBIHBIH YKOHE KATHII KaJly CaHbIH a3aiiTyra MYMKIH/IIK Oepe/i.

OPTYpJIi TEXHOJOTUSUIBIK MAKCAT YIIIH P TEXHOJOTHSCHIH JKacayIblH dJIEMIIK TOMKIPUOECIH 3epTTey OHBIH
Heri3iHeH MUHepasibl OeTiH/Ae OHJCY YLIIH KOJJIaHbLUIATBIHABIFBIH KOpceTTi. XKepacTsl xarnaiibiHaa Aipij TEXHOIIO-
THSICBIH KOJIJIaHy QJIEMJIIK TKipuOeae ic xy3iH/e )KOK, COHBIMEH Karap OyJ1 Macelie OOMBIHIIA FRUIBIMH 9/1e0ueTTep
Jie Ke3/1ecTiei .

JKympbIcTa ypaH KeHiH OHAIpY *oHe jKeTKi3yle Onokana acTelHaa kymbic icteliTiH VPR tunreri aybip nipin
Oeperin Quaepnep (mipin keHiH Oepy) AMHAMHKAchIH KapacThlpambl3. KypbUIbIMIBIK TypFbliaH anranga, VPR
nipingerkimrepi — OiprekTi Maccainbl TepOenic kyieci; BRM tunreri npusMaslk pe3eHKe JIEMEHTTep (pe3eHKe-
MeTai OJNOKTap) cepmiMai OybIH peTiHAe Kbi3MeT ereai. JKyMmblc Ke3iHae MyH/ail 2IeMeHTTep KaparaibM BIFBICY
nedopManusiapbiHa YIIBIpaiabel; onapIslH (GU3MKaJbIK )KOHE MEXaHUKAJIbIK ITapaMeTpliepi yaksIT OOWBIHIIA TYpaK-
CBI3: BIFBICY MOIYJI >KOFapBUIAIbI, al BIObIpay Kod(pHUIueHTi ToMeHaelai. MyHmald e3repic HETi3iHEH pe3cHKE
KipeTiH OapJbIK 37acTO-TYKBIM KyaTalThIH MaTepHaIapra TOH KapTaro yAepiciHe OaimaHbICTHI OOJBI Kee .

AHaInTHKaIBIK 3epTTeyJIepi jKoHE YpaH KeHiH, KYPBUIBIC MaTepUaiapblH KepacThbl Kasblll LIBIFapyla KoHe
JUpLIl OHEPKACINTIK ChIHAY HOTMIKENIEPIH KOCKAHJA KEIIeH[ TOCT KOJAAHBUIABI. O3IpJICHIeH allfOPUTMIE JKOHE
TepOenMenn OeprimTiH pe3eHKe OaiaaHbICTaphl MHKPOKPCKUHTIHIH CHHEPTETHKAIIBIK MOJICIIHE CYHEHE OTBIPHIIL,
YaKbITThI TYPaKChI3 MapaMeTpiiepMeH KOPEKTSHIIPTilITep JMHAMUKACHIH CHIIATTayFa MYMKIH/IIK OepeTiH MareMarTu-
KaJIbIK TEHICYJICP AaJbIHIbI; TepOeIMeNi JXYHEeHIH HHTErpo-IudQGepeHIMaiIblK TCHACYIH MICHIKeHAe (QUISPIiH
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aMILIMTY/Ja CHIIATTaMAaJIaPbIHBIH JKYMBIC YaKbITBIHA TOYEJIUIIr anbiHaabl. TYMHYCKA alrOpUTM HKOHE CHHEPIreTHKA-
JBIK, MOJIEITb JKacaJlIbl KOHE OJapAbIH HETi3iHIe MaTeMaTHKAIBIK aliapaTr KypeUIAbL, O KYMBIC Ke3iHae Iipin Oep-
rimTig TepOeric aMIUINTYJaChIHBIH ©3TepyiH aHBIKTayFa MYMKIHIIK Oepeni. AHaTUTHKAJIBIK €CeNTey Heri3iHae qipii
OepriwTiy TepOestic aMILIMTYackl MapaMmeTpiepiHiy e3repyiH Oormkay oici jkacanjbl jkoHe eHri3iimi. byn oxic
ypaH[Ibl 1axtajaa xymbic icten typran VPR-4 M gipin GeprimiHid TepOesic aMIUIMTYIAaChIHBIH ©3repyiH ecenTey
YILIiH pYJiaHbl TOTY JKoHE apOanapra Tuey Ke3iHne naiinananpuiabl. MyHnai dpuaepnepaiy sxyMbic Mep3iMi iaMaMeH
2-3 xbul. Y BUOpaTopibl (uaep KYMBICHIHBIH OYKian ke3eHiHne (mamamen 30 MbIH caraT) )KYMBIC OpraHiapbl
TepOesicTepiHiH aMILIUTYJachl MEH JKUUIITIH ey OOMbIHIIA SKCIIEPUMEHTTIK 3epTTeyJsIep KYPri3iimi. AJbIHFaH
eCenTey HOTHIKEIISPl OHIIPICTIK ChIHAK HOTHIKEJIepi OOMbBIHINA KaHAFATTaHAPIIBIK JCHICHIC.
Tyiiin ce3mep: aipin Geprimt, Aipii, CHHEPreTHKAIBIK MOJIEIb, IIapIiay.

B. U. }ll)lpllal, H. U. Jlncnual, B. A. JIammz, I. H. Aranbuonl,
E. B. Kaarankos®, A. B. Toxncrenko®, A. A. Yepuuii®

'MuctuTyT reotexunyeckoii Mmexannku uM. H. C. TTonskosa
HanunonaneHoil akaneMuu Hayk YKpauHsl, [IHenp, YkpauHa;
?AO «Kazaxckuit Hay4HO-MCCIIEA0BATENbCKUI U IPOECKTHBIN UHCTUTYT
CTPOMTENBCTBA U apXUTEKTYphl», AnMatsl, Kazaxcran;
3)1Henp01301<1/n71 rOCyAAapCTBEHHBIN arpapHO-3KOHOMUYECKUI YHUBEPCUTET, J{Hemp, YKkpauHa

_JAHAMHAKA TAKEJBIX BABPAIITMOHHBIX MAIIIUH
C YYETOM HECTABWJIBHOCTH BO BPEMEHMU UX TAPAMETPOB

AnHotanus. [TogsemHast pa3paboTKa ypaHOBBIX PyIl COCTOMT M3 HECKOJIBKHX TEXHOJOTHYECKHX IPOIECCOB,
OJTHMM M3 HanOoJiee BaXKHBIX U3 KOTOPBIX SIBIISIETCS BBIITYCK OTOMTONH FOPHOW Macchl M3 OYHCTHOTO NMPOCTPAHCTBA U
Horpy3ka €€ B CpeACTBa TPAHCHOPTHPOBKU. BOMPOC MOBBIIIEHUs] HHTEHCUBHOCTU JOOBIYU TpeOyeT CHHXPOHHOTO
MOBBILICHUS] PONU3BOIUTENBHOCTH BCEX MPOLECCOB AOOBIYM, B TOM YHCIIE W BBITYCK MHHEPAIBHOTO ChIpbs. Ilpu
3TOM HEOOXOIMMO CO3/1aBaTh KaK BHICOKOTIPOU3BOAMTENBHBIN, TaK U O€30MacHbIN mporecc. J1a mpobiemMa yCIenrHo
peuracTcsa NpUMCHEHUEM BH6paHHOHHbIX MallvuH C YOPYruMu 3BE€HBIMH U3 3JIaCTOMCPHBIX MATEpHaIOB, KOTOPbLIC
Hapaay € YBEJIMYCHUCM IPOU3BOJAUTECILHOCTHU IMMO3BOJIAIOT CHU3UTDH 3HepF0éMKOCTb M KOJIMYECTBO 3aBUCAHUU.

I/I3yqu1/Ie MUPOBOI'O OIlbITa CO3JaHUA BH6paIJ,PIOHHOI>i TCXHUKHN PA3JINYHOI0 TEXHOJOTMYCCKOTO Ha3HAYCHUA
MI0Ka3aJ10, YTO MPEUMYILECTBEHHO OHa MCIIOJIb3YeTCs [UIsl MepepaboTKH MUHEPAJIBHOTO HA NMOBEpXHOCTH. [IprmMene-
HHE BUOpAIMOHHOHN TEXHUKH B CTECHEHHBIX IOA3EMHBIX YCIOBHUIX B MUPOBOW MIPAKTHKE IMPAKTUUECKH OTCYTCTBYET,
a TaK)Ke OTCYTCTBYET U Hay4Has JIMTepaTypa 0 JAaHHOMY BOIPOCY.

B craTpe paccmaTpuBaeTcsl AMHAMEKA TSHKEBIX TOPHBIX BUOpAIIMOHHBIX muTateneit Tuna BIIP (BuOparnmonHbie
MUTATEIN PyAHbIE), paOOTAIOIINX IO/ 3aBAJIOM Ha BBIIYCKE U I0OCTaBKE ypaHOBBIX pyl. KoHCTpyKTHBHO BHOpOnmTa-
tenu BIIP mpencraBisitor co60ii 0THOMACCHYIO KOJIEOATEFHYI0 CUCTEMY; YIIPYTHMHA 3BEHBSIMH CITY)KaT MPU3MaTH-
YecKHe pe3nHOBbIe 3MeMeHTH Tuna BPM (6mokum pesmHoMerammmmyeckue). [Ipu skciuryaTannu Takue 3JIEMEHTHI
UCIIBITBIBAIOT Ae(OpMalK IPOCTOrO CABUTA; MX (DM3MKO-MEXAaHWYECKHE MapaMeTpbl BO BPEMEHH HECTaOWIIbHBL:
MO/IyJIb C/IBUTA YBEIUUUBAETCS, @ KOO UIIMEHT AUCCUTIAIMY YMEHbIIaeTcs. Takoe H3MEHEHHEe CBSI3aHO B OCHOBHOM
C IponeccaMu CTapCHusA, NpUCYIIMMHU BCEM YIIPYTO-HACICACTBEHHBIM MaTcpruaiaM, K KOTOPbIM OTHOCUTCA U pC3HHA.

Hcmonp30BaH  KOMIIIEKCHBIM noaxond, BKJ'IIO'—Ia}OHJ,l/Iﬁ AHAJIUTUYCCKUC HUCCICAOBAHUA U  PE3YJbTAThI
NIPOMBIIUICHHBIX MCIBITAHNHA BUOpOIMTATENIEH NPH MMOI3EMHOM OObIUE U JOCTaBKE YPAHOBBIX Py M CTPOUTEIIBHBIX
MmarepuanoB. Ha ocHOBe pa3pabOTaHHBIX ajlropuTMa M CHHEPreTHYECKOW MOJENN yCTAIOCTHOTO MUKPOPA3pyILICHUS
PE3MHOBBIX 3BEHHEB BHOPOIMTATENS ITOJyYEHBl MaTEMaTHYECKHE YpPaBHEHHs, MO3BOJISIOIINE ONMHCATh TUHAMHKY
nuTaTeneid ¢ HecTaOWIBHBIMM BO BPEMEHH MapaMETPaMy; IIPH PEIICHUH MHTErpo-aAn¢depeHIInaabHOr0 ypaBHEHNS
KoNeOaTeIbHOW CHCTEMBI IOJy4€Ha 3aBHCHMOCTh AMIUIMTYIHONH XapaKTEpHCTHKH ITUTATENs] OT BPEMEHH €ro
SKCIITyaTtanun. Pa3zpaboTaH OpUTHHANBHBIN QJITOPUTM M CHHEPTreTHYECKass MOZEIbh M Ha MX OCHOBE CO3JaH MaTe-
MaTU4ECKUH anmapat, MO3BOJIAIOUINN ONPENeIUTh U3MEHEHHE aMIUINTYAbI KojlcOaHWi BHOpPOMHUTATENs B TECUCHHE
ero skcIryaranuu. Ha ocHOBe aHaMMTHYECKHX PacdETOB pa3paboTaH M BHEAPEH METOA MPOTHO3MPOBAHUS M3MEHE-
HUS [apaMeTpoB aMIUIUTYIbl KoieOaHWil BHOpomMTaTeNs. DTOT METOA HCIIONB30BaH Ul pacyéTa HW3MEHEHUS
aMIUTUTYIbI KoJieOaHuii BuOparmonHoro nutarens tuna BITP-4Mm, paboTaroiero B ypaHOBOM PYAHHUKE I10]] 3aBaJIOM
IIPU BBIITyCKE PYABI M MOTpy3Ke €€ B BAarOHETKU. J[IMTENBbHOCTh 3KCIUTyaTallMHd TAaKUX NMUTaTened mpumepHo 2-3
roga. Ha nmpoTskeHnu Bcero BpeMeHHU 3KCIUTyaTaluy TpéX BubpomnuTareneit (oxkoiao 30 ThICSY 4acoB) MPOBOIMWINCH
SKCIIEPUMEHTAJIbHbIE HCCIEIOBAaHUA IO 3aMepy aMIUIUTYAbl M YacTOThl KOJeOaHMH WX pado4YMX OpraHoB.
INomyueHHble pe3yabTaThl pacuéra yAO0BIETBOPUTEILHO COBIAAAIOT C PE3yIbTaTaMH IPOMBIIIICHHBIX UCTIBITAHUII.

KioueBbie ciioBa: BUOpoUTaTesb, KojeOaHus, CHHEpPreTHIECKas MOJIENb, YCTAIOCTHOE pa3pyLIeHHeE.
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