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CTpykTypa u cBOMCTBA
MHOTOCJIOMHBIX HAHOKOMITIO3UIIMOHHBIX MOKPbITHH
MOJTMBUHUJIOBOIO CIIUPTA C HAHOYACTULAMHU OKCHAA AJTIOMUHMS

Maructpsi . B. Cancanén"z), A. C. HeTpOchaﬂ'), J. JL. PamoKeBn'{”,

T. H. TOJ‘ICTaﬂl), KaH/1. TeXH. HayK, aou. I'. b. Me.m,nmconal),

akagemuk HAH Beaapycu, J0KT. TexH. Hayk, npod. C. A. Ymxuk"

YUucturyT Tero- 1 Maccoobmena umenn A. B. JIsikoBa HAH Benapycn (Munck, Pecry6rnka Benmapycs),
?BenopyccKuii ToCy1apCTBEHHbIIT [Ie1aroruueckuii yHHBepCHTeT HMeHn Makcuma Tanka
(Mumnck, Pecniy6nuka benapycs)

© Benopycckuii HalMOHATIBHBIA TEXHUYECKUH yHUBEpCUTeT, 2023
Belarusian National Technical University, 2023

Pedepat. Co3aHne HaHOKOMIO3UIIMOHHBIX MOJIMMEP-HEOPTaHNUECKUX MATEPHANOB, H3yUYeHUE X MOPQOIOTHU U MEXaHH-
YEeCKUX CBOICTB Ha HAHOYpPOBHE aKTyaJbHBI B 00JAacTH Pa3pabOTKH HOBBIX MAaTEpPHAIOB PAa3IHYHOrO ()YHKIMOHAIBHOTO
Ha3HAYeHUs, B TOM YHCJIe MEIMIMHCKOro. B pesysipTaTe NMpoBEAECHHBIX HCCIEIOBaHUI pa3paboTaHa METOAWKA ITOJIYYEHHS
OJTHO- ¥ MHOTOCJIOMHBIX IUICHOK MOJMBHHUIIOBOTO CNUPTA U KOMIO3MIHOHHBIX MONUMEPHBIX MOKPHITHH ¢ HAHOYACTHLAMU
OKCHJIa aJIFOMUHHUSI METOAOM CIHH-KOATHHTa. [Toka3aHo, 9TO ONTHMANbHOE MAacCOBOE COJEp)KaHNEe HAHOYACTHI] OKCHJIA allfo-
MHHUS B CYCIEH3HUH IS MOJTYyYESHUs] OMHOPOIHBIX KOMIIO3UIIMOHHEIX MOKPHITHi cocTaBiseT 0,625 %. Ha ocHoBaHMM TaHHBIX
0 CTPYKTYPHO-MOP(OJIOrNYECKUX U MEXaHWYECKUX CBOWCTBAX CHOPMHUPOBAHHBIX MOKPHITHH, IIOJyYEHHBIX METOJIOM aTOMHO-
CHJIOBOM MHKPOCKOIHH, YCTAaHOBJICHO, UYTO yBEIHYEHHNE KOIHUYECTBA CIOEB KOMIO3ULUOHHBIX MOKPBITHH MPUBOIUT K POCTY
YHClIa KOHTJIOMEPATOB, YTO, B CBOIO OYEPEAb, MOBHIIIACT IIEPOXOBATOCTh MOBEPXHOCTH IICHOK. MOYNb YIPYTOCTH OJHO-
CJIOMHBIX IJIEHOK HMOJIMBHHHIIOBOTO ciupTa coctaBisieT (509,5 = 10 %) MIla. B ciaydae MmieHOK KOMITO3HIIHOHHBIX TOKPBITHH
C HAHOYACTHUIIAMU OKCHUJIa AJIFOMUHUS U3MEHEHHs MOJyJIsl yIPYTOCTH YCTaHOBJIEHBI AJIs1 MHOTOCJIOMHBIX MOKPBITUIL: yBenude-
Hue 10 559,0 Mlla (5 cnoeB) u ymensiuenue 1o 415,2 MIla (10 cnoes). Moayns ynpyroctu MccieLyeMbIX OXHOCIOMHBIX
MOKPBITUH 3HAYUTENBbHO CcHUKaeTcs B auanazoHe 20—40 °C. HaumeHbliue 3HaueHUs IHOCNIE BO3LCHUCTBHUSA TEMIIEPATYyp
OIIpEe/IeJICHBI JUIsl IUICHOK ¢ HaHodacTunamu (236,2 = 10 %) MIla. HaHOKOMIO3UTEI JEMOHCTPUPYIOT POCT KPAaeBOro yria
CMa4UBaHUs C YBEIMYEHHEM KOJIMYECTBA CIOEB KOMITO3UIIMOHHBIX MOKpbITHii 10 20. ITociaemyromuii pocT TOMIMHBI MTOKPHI-
THH (KOJIMYECTBA CI0EB) MPUBOJNT K YBEINUEHUIO THAPOQIIIBHOCTH HAHOKOMIIO3UTOB. PazpaboTaHHbIE COCTaBBI HAHOKOMITO-
3HUIIHOHHBIX IIEHOK ITEPCIIEKTHBHBI B KAUECTBE COPOIMOHHBIX TTOKPBITHH.

KnrwueBble cjioBa: KOMITO3UIIMOHHBIC NOJIMMEPHBIC TMOKPBITUS, TTOJTMBUHUIIOBBIN CIIMPT, HECOPraHWUYCCKNEC HAHOYAaCTHUIIBI,
OKCHU/l aJIIOMUHUS, CIIMH-KOATUHI', aTOMHO-CHUJIOBass MUKPOCKOITHA

Js nutupoBanusi: CTPYKTypa M CBOMCTBA MHOTOCIOIHBIX HaHOKOMIO3WIMOHHBIX MOKPHITHH ITOJMBHHHIIOBOTO CIIMPTa
¢ HaHoyactuuamu oxcuna amomunust / JI. B. Cancanés [u np.] / Hayxa u mexnuxa. 2023. T. 22, Ne 5. C. 359-366.
https://doi.org/10.21122/2227-1031-2023-22-5-359-366

Anpec 1J1s1 nepenucKu Address for correspondence

Cancanés mutpuit Bnagumuposud Sapsaliou Dmitry V.

WuctutyT Temo- u MaccooOMeHa uMeHu A. B. JIpikoBa A. V. Luikov Heat and Mass Transfer Institute
HAH Benapycn of the National Academy of Science of Belarus
yi. II. BpoBku, 15, 15, P. Brovka str.,

220072, r. Munck, Pecriy6nuka Benapycs 220072, Minsk, Republic of Belarus

Ten.: 37517 235-11-32 Tel.: +375 17 235-11-32

dsapsalev@list.ru dsapsalev@list.ru

Hayka
mTeXHVIK)é. T.22, Ne 5 (2023) 359



Mamlmocmpoenue U MawiuHogeoeHue

Structure and Properties of Multilayer Nanocomposite Coatings
of Polyvinyl Alcohol with Aluminum Oxide Nanoparticles

D. V. Sapsaliou™?, A. S. Petrovskaya”, D. L. Radyukevich”, T. N. Tolstaya", G. B. Melnikova",
S. A. Chizhik"

YA. V. Luikov Heat and Mass Transfer Institute of the National Academy of Science of Belarus
(Minsk, Republic of Belarus),
?Belarusian State Pedagogical University named after Maxim Tank (Minsk, Republic of Belarus)

Abstract. The nanocomposite polymer — inorganic materials formation, the study of their morphology and mechanical properties at
the nanolevel is acute in the development of new materials for various functional purposes, including medical ones. As a result of the
research the technique for producing single- and multilayer films of polyvinyl alcohol and composite polymer coatings with alumi-
num oxide nanoparticles by the spin coating method has been developed. It is shown that the optimal mass content of aluminum
oxide nanoparticles in suspension for the formation of uniform composite coatings is 0.625 %. Based on experimental data on
the structuralmorphological and mechanical properties of the formed coatings obtained by atomic force microscopy, it has
been found that an increase in the number of layers of composite coatings leads to an increase in the number of conglomerates
which, in turn, increases the surface roughness of the films. The modulus of elasticity of single-layer films of polyvinyl alco-
hol is (509.5 £ 10 %) MPa. In the case of composite coatings with aluminum oxide nanoparticles, changes in the elastic modulus
have been established for multilayer coatings: an increase to 559.0 MPa (5 layers) and a decrease to 415.2 MPa (10 layers).
The modulus of elasticity of the investigated single-layer coatings is significantly reduced in the range of 20—40 °C. The smallest
values after exposure to temperatures have been determined for films with nanoparticles (236.2 £ 10 %) MPa. Nanocomposites
demonstrate an increase in the contact angle with an increase in the number of layers of composite coatings up to 20. A subse-
quent increase in the thickness of the coatings (the number of layers) leads to an increase in the hydrophilicity of the nanocompo-
sites. The developed compositions of nanocomposite films are promising as sorption coatings.

Keywords: composite polymer coatings, polyvinyl alcohol, inorganic nanoparticles, aluminum oxide, spin coating, atomic
force microscopy
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Structure and Properties of Multilayer Nanocomposite Coatings of Polyvinyl Alcohol with Aluminum Oxide Nanoparticles.
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BBenenue

JoMuHupytomas TeHIeHINI B pa3paboTke co-
BPEMEHHBIX PAaHEBBIX IOBS30K — HCIIOJIb30BaHUE
NOJMMEPHBIX KOMIO3UTOB. OCHOBHBIMH TpeOoOBa-
HUSMH, TIPEABABISEMBIMU K MTOKPBITHSIM, SBISIOT-
Csl aHTHAJIIEPTEHHOCTh, OMOCOBMECTHMOCTh U OHO-
nerpagupyemMocth. Kpome Toro, monuMep HeE J0JI-
JK€H OKa3bIBaTh TOKCHYECKOTO Bo3ueicTBus [1].
Jnsa >ddexkTuBHOTO NIeYeHNsT paH W PaHEBOM WH-
(exun TpeOYIOTCS IEPEBI30YHBIE CPENICTBA C BBI-
COKOMl COpONMOHHONH AaKTHBHOCTHIO, CIIOCO0-
Hble J(PQPEKTUBHO yAalATh W30BITOK PAHEBOTO
JKccynaTa. PaHeBble MOKPBITUS TaKXKe JTOJDKHBI
0o0yanaTh MPOHHUIIAEMOCTHIO NI TMapoB BOJIHI,
HO HMCKII0YaTh BBICYIINBAaHWE PaHEBOW MOBEPX-
HOCTH; MPEJOTBpalaTh BTOPUYHOEC WHOHUIHPO-
BaHUE paHBl, WMETh BBICOKYI0 MEXaHHYECKYIO
MPOYHOCTS [2].

[TpumeHeHUe paHEBBIX MOBS30K Ha OCHOBE Ma-
TEpHUaJOB MPHUPOIHOTO TMPOUCXOXKIEHUS, obiIama-
IOIIUX HEOOXOAUMBIMH OHOJOTMYECKUMHU CBOK-
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CTBaMH W BIHSAIOINX Ha (YHKIHUU KJIETOK, Orpa-
HUYEHO BBICOKOM CKOPOCTBIO JIErpafialiiil MaTepH-
aJyoB, B TO BpeMs KakK HCIOJIB30BaHHE CHHTETHYE-
CKUX IIOIMMEPOB, TaKUX KaK TIOJTHBHHUIOBEII
cnupt (IIBC), monmmakpunoBas M HOJUMETAKpU-
JoBasi KHUCIOTHI M Apyrue [3, 4], obecneumBaeT
MEXaHWYEeCKYI MPOYHOCTh, HO HEIO0CTATOYHBIC
O6uoakTUBHBIE CBOMcTBA [5, 6]. K mpenmymecTBam
MIPAMEHEHUSI TaKUX IOJMMEPHBIX IUIEHOK OTHO-
csiTcst Oosiee BBICOKAsi CTETICHb 3allUTHI MO CpaB-
HEHHWIO C TKaHEBBHIMH MaTepHallaMHi, a TaKkKe HX
TIOJTHAsE aTpaBMAaTHYHOCTh. Hambonpmuii nHTEpEC
JUTSL I3TOTOBJICHUS BOAOPACTBOPUMBIX TUIEHOYHBIX
matepuanioB mpezncrasnser [IBC. [anuHbrii momu-
MEpHBI MaTepual SBIAETCS TOCTaTOYHO JIOCTYII-
HBIM, JICIIEBBIM U pa3pelIeHHbIM JUTs IPUMEHEHHS B
MUIIEBON mpoMbInuieHHOCTH u  MeawmuHe. [IBC
YCTOWYHB 0 OTHOIIEHWIO K OOJBIIMHCTBY OpraHU-
YECKUX pPACTBOPHTENEH, Macel W XHPOB, a TaKKe
o0J1aaeT BBICOKOM COpOIIMOHHOM aKTHBHOCTEIO [7].
Monundukanus MOITUMEPOB C UCIIOIH30BAHUEM
HEOpPraHMYEeCKUX HAHOYACTHIl MO3BOJSET (OpMU-
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poBaTh OMOMaTepHanbl ¢ YIy4lICHHBIMH MEXaHU-
YEeCKMMH M aHTHOAKTEPUAIbHBIMH CBOHCTBAMHU.
HanowacTuubl okcraa amOMHHUS IIHUPOKO MPHMe-
HSIOTCA B OMoMeauuuHe Oiarofaps UX HUCKIIOYH-
TEJIBHBIM  (DPU3MKO-XMMUYECKUM W CTPYKTYPHBIM
XapakTepucTUKaM (yCTOMYMBOCTh K HM3HOCY, XH-
MHYECKHUM BEIECTBAM, MEXaHHYEeCKUM BO3JeH-
CTBHSAM; IIOpUCTas IMOBepXHOCTh). Kpome Toro,
OMOMHEPTHOCT, W (QYHKUUOHAIBHOCTH MOBEPX-
HOCTH TIIO3BOJIAIOT MCIIOJb30BaTh HAHOYACTH-
usl ALO; (H9-AlL,O;) B OMONMOTHYECKHX Cpelax.
Bricokas aktuBHOCTh Al,O3 mpu B3anMoaecTBUH
C TIOJIIPHBIMH BEILECTBAMHU I103BOJISIET HCIIOJIB30-
BaThb €ro B KayecTBE COPOMPYIOIIETO KOMIIOHEH-
Ta B tuieHkKe [8§, 9].

Taxum 00pa3oM, BapbUPysl COOTHOIIEHHE KOM-
MIOHEHTOB U yCJOBUS (OPMHUPOBAHUS, MOXKHO II0-
Jy4aTh KOMIO3UIUOHHBIE MOJUMEPHBIE TOKPBITHS
Pas3IM4HOrO COCTaBa, CIPYKTYpsl U MopdoIo-
ruu [10]. B cBsi3u ¢ 3TUM CYILLIECTBEHHBII HHTEpEC
NpPEACTaBISICT UCCIIECAOBAaHUE CTPYKTYPHl U (U3U-
KO-MEXaHHMUYECKUX CBOMCTB KOMIIO3UIMOHHBIX IIO-
JMMEPHBIX MJICHOK Ha HAHOYPOBHE.

Lens paboTsl — GopMUpOBaHUE KOMITO3UIIMOH-
HBIX TTOKPBHITUI Ha OCHOBE MOJIMBUHUIIOBOTO CIIHp-
Ta ¥ HAHOYACTUI] OKCHIA AaJIOMHHHUS METOAOM
CTIIMH-KOATHHTa, HM3YYeHHE HMX CTPYKTYpHO-MeXa-
HHUYECKHUX XapaKTEePUCTHUK.

MarepuaJjbl H METOABI HCCIETOBAHMS

[Tnenxn [IBC ¢dopmupoBamm Ha KpEeMHHEBBIX
IJIACTMHAX METOIOM CIHMH-KOATWHTa M3 BOAHOTO
pacTBopa moimMepa ¢ KOHICHTpaIie 1 mMr/mi, 00-
pabOTaHHOTO YJIBTPa3ByKoM B Teuenne 5 muH (Y3;
Bandelin electronic, ['epmanus; wacrtora 35 kl'm).
[lmacTHHB MOHOKPHCTAJUTMYECKOTO KpeMHUS (OpH-
enrarms 111, 1x1 cMm) mpeaBaputenbHO THAPOGDH-
JIM3UPOBAIIM  BBIICP)KUBAaHWEM B TedueHHEe 15 MuH
mpu 70 °C B mepoKCHIHO-aMMHAYHOH CMeEcH; 3a-
TEM TMOJIOKKHA TPOMBIBATH JAUCTHILTUPOBAHHON
BOJIOW W CYIIWJIHN B TOKe a3ota [11].

Ha Bommyo cycneH3Wi0 HaHOYACTHII OKCHIA
amromuaus 20 Mac.% (manee — %), d = 30—60 HM
(Sigma-Aldrich, Kuraii) npensaputensHo Bo3/eH-
cTBOBaIM Y3. 3areM IyTeM ITOCIIEIOBATEIHHOTO
pa30aBiieHUs] ITUCTHIUIMPOBAHHON BOAOW TOIydYa-
JU CYCHEH3WM HAHOYACTHUI[ C Pa3lNUYHBIM Macco-
BEIM conepkanneM Al,O;. PaGoume cycneH3nn
Uit (QOpPMUPOBaHUS KOMITO3UIIMOHHBIX MOKPBITHN
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roroBuau goOaBieHueM kK 1 mu pactBopa [IBC
(¢ = 2 mr/mn) mo 1 mn cycnensun H4Y-AlO;. Tlo-
Jy4eHHBIE CyCTEH3UM MoaBeprain odpabotke Y3
B T€UeHHE 15 MUH.

Jns popMmupoBaHUS IIJIEHOK METOIOM CIIHH-
KOAaTHHTa Ha KPeMHHEBbIEC TUIACTHHBI, BpaIlaIOIIU-
ecst co ckopocteio 3200 00/MHH, MpHKAIBIBATIH
pacTBOpHI (cycrnieHsun) oobremom 8 M. [Ipu mo-
Jy4EeHUH MHOTOCJIONHBIX MOKPHITUI MEXAy HaHe-
CEHHEM CIJIOEB BBIIEpXHBAIN | MUH [UII mcHape-
HUSl OCTaTOYHBIX KOJIMYECTB pacTBOpUTENs (Bpa-
LIEHHE HE NMPEKPAIANIOCh).

Mopdormoruto, MexaHHYecKHe M TepMoMeXa-
HUYECKHE CBOWCTBa MOBEPXHOCTH C(POPMHUPOBAH-
HBIX TUICHOK MCCIIE0BAIN METOJOM aTOMHO-CHJIO-
Boii mmkpockormmu (ACM) Ha mpubope NT-206
(010 «MukporectmamuHbl», Pecybnuka bena-
pyck). Jns wuccienoBaHHsS TepMOMEXaHHUYECKHX
cBoiictB IwieHKH I[IBC M KOMIO3UIMOHHBIE IIO-
kpeitus ¢ HY-Al,O5; HarpeBanu no ot 20 mo 100 °C
B TeueHue 15 MuH Ha Tepmoruiatdpopme ACM.
[lonpoGHOe omuCaHWe METOAMKH WCCIIEIOBaHUS
mpencTaBieHo B padote [11].

O1eHKy THAPO(QHUIBHBIX CBOMCTB MOBEPXHOCTH
c(hOpMUPOBAHHBIX TTOKPBHITHI MPOBOIIIN Ha OC-
HOBaHHWH M3MEPEHUH KpPaeBhIX YIJIOB CMadWBaHUS
(KYC) na ycranoske DSA 100E (KRUSS, I'epma-
HHUSI) METOJIOM Jiekareit karmm [11].

Pe3yabTaThl U 00cyxK1eHNE

Meronom ACM yCTaHOBIEHO, YTO OJHOCIOM-
Hoe nokpeitue [IBC nMeeT 0qHOPOAHYIO CTPYKTY-
py noBepxHocTH (puc. 1a). B ciaydae xoMmmo3umu-
onnbix TokpbiTHH [IBC + Hu-Al,O; Habmomaet-
Csl POCT YHCIIa U Pa3MepOB KOHTIIOMEPATOB C YBe-
TUYeHUEeM cojepkanus HaHodactull Al,Os; B cyc-
meH3uu s hopMUpOBaHUS MOKpeITHH. Tak, ams
mwieHok [IBC + wu-ALOs (¢ = 5 %) XapaktepHO
0O0JIBIIIOE KOJIMYECTBO CKOIUIEHHH HAaHOYACTHII, 00b-
€IMHEHHBIX B «OCTPOBKW» M «IEMOUkn» (puc. 1b).
Bonpimoe KomMYeCTBO KOHTJIOMEPATOB B CTPYK-
Type HAHOKOMIIO3UTOB OOYCIIOBICHO HATUIHEM
TUAPOKCUIIBHBIX Ipynn B Makpomoiekynax [1BC,
U, KaK CJIEJICTBHE, BHICOKON CTEICHBIO B3aUMO/ICH-
CTBUS TOJIMMEP—HAHOYACTHIIE (0OBOIAKWBAHUE
HAaHOYACTHII OKCHAa afoMuHusA). Tak, coriacHo
naHHeiM ACM o Mop¢osioruu mOBEpXHOCTH, TO-
Ka3aHO, YTO YMCHBIIEHHUE COICp)KaHWsI HaHOYa-
CTHII OKCHU/Ia ATFOMHUHUS TTO3BOJISIET CPOPMHUPOBATH
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Mawiunocmpoenue u mauiunogeoeHue

OOHOPOAHBIC KOMIIO3UITMOHHBIC IMOKPBLITHA 3a CUCT
CHIDKCHHSI KOJNMYECTBA CKOIUIGHHH HaHOYACTHII,
a TaKke ux Ooyiee paBHOMEPHOrO paclpelesICHHs
B moymmMepe. Ha moBepxuocTn mokpeituii [IBC +
+ H4-ALLO;5 (¢ = 1,25 %) mpUCYTCTBYIOT KaK KOH-
TJIOMEpAaThl, TaK U OTAeNbHbIe HaHoyacTUsl Al,O;
(puc. lc). Ilpu comepxxkannu 0,625 % wH4-AlLO;
B CTPYKType IMOBEPXHOCTH MOKPHITUH HaOIromaeT-
Cs MUHHMAJIbHOE KOJIMYECTBO OTHOCHUTEIILHO paB-
HOMEPHO pacHpeleNeHHbIX KOHIJIOMEPATOB IO
CpaBHCHUIO CO BCEMH HCCIICAYEMBIMH KOHICHT-
pamusamu (puc. 1d). B mocnegyromem anst moiy-
YEHUS MHOTOCJIOMHBIX KOMITO3HMLIMOHHBIX —IIO-
KPBITUM M M3Y4YEHUS HUX TEPMOMEXaHUYECKUX
CBOWCTB HCHOJB30BAIN CYCICH3HU C COJICpKAHU-
eM 0,625 % 1au-ALO5.

Jnst mHOTOCTONHBIX 1ieHoK [IBC ycraHoBIeHO,
YTO C yBeJM4YeHHeM ymcia cioeB A0 10 Bo3pacraer
KOJIMYECTBO AC(PEKTOB HA MOBEPXHOCTH MOKPHITHH,
YTO NPHUBOIUT K POCTYy 3HAYEHHH ILIEPOXOBATO-
ctu (tabm. 1). Ilocrnemyromee yBenmmdeHWe 4HCia
cioeB 10 20 u 30 crnaxuBaeT HEPOBHOCTH MOBEPX-
HOCTHU U TIO3BOJISIET CPOPMUPOBATH MOKPHITUS C MH-
HAMAJILHBIM KOJITYECTBOM JIEPEKTOB (pHC. 2).

HonyquI/Ie MHOTOCJIOMHBIX KOMITO3UITMOHHBIX
[IOJIMMEP-HEOPTaHNYECKUX [UICHOK IIPUBOJUT K BO3-

a
15.1 umx15.1 umx17.0 nm [256x256]

Z,nm
1550

500
450
400
350
300
250
1200
150
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b

15.1 umx15.1 umx17.0 nm [256x256]

pacTaHHI0 3HAYCHHUU IIIEPOXOBATOCTU IOBEPXHO-
CTH C yBeJIMYEHHEM KoimdecTBa cioeB (Tabm. 1)
B pe3yJibTare 00pa3oBaHUs OOJIBIIOTO KOJUYECTBA
KOHTJIOMepaToB (puc. 3).
Tabnuya 1
3HavyeHUus IHepOXOBaTOCTeﬁ MOBEPXHOCTH IVICHOK

Ha ocHoBe IIBC ¥ HAHOKOMIO3HIHOHHBIX
nokpeiThii [IBC + Hu-Al, 04

Surface roughness values for the PVA based films
and nanocomposite coatings PVA + AL, O3

Komnuue-
Ry | Ry Ry | Ry
Obpazern o Hza CTBO it HZ/[ O6pazer
CIIOCB
1,6 | 1,9 1 17,9 | 23,7
L5 | 1,8 5 41,2 1 50,8
mBC | 16 ] 22| 10 |698]865]| 'BCH
+H‘{-A1203
14| 1,8 20 83,8 (1039
L1 ] 14 30 92 [114,1

CTpyKTypa HOKPBITUH XapaKTePU3yeTCs ILIOT-
HBIM CKOIUIEHHEM CQepooOpa3HbIX KOHTIIOMEpa-
TOB. JlaHHOE 00OCTOSATENECTBO MOJKHO OOBSICHUTH
TE€M, YTO, MOMHMO OOBOJIAKMBAaHHSA HAHOYACTHIL
OKCHJIa aTIOMUHUS TIOJUMEPOM, TPOUCXOTUT TaK-
KE «HACIIAauBaHHWE» TUICHKU TP HAHECCHUM KaX-
JIOTO TOCJICAYIOIIETO CJI0s, YTO ¥ MPUBOJUT K YBE-
JINYCHHUIO Pa3MEPOB KOHIJIOMEPATOB.

C

Z,nm 21.9 umx21.9 umx416.5 nm [128x128]

Z, nm

3 390

0 2 4 6 8 10 12 14
X, um

16 18 20

Puc. 1. ACM-n300paxxeHus TTOBEPXHOCTH HOKPBITHH
Ha OCHOBE TTOJIMBHHHUIIOBOTO CIIUPTA:
a—TIIBC; b—IIBC + nu-ALLO; (c = 5 %);
¢ —IIBC + nu-ALO; (¢ = 1,25 %);
d-TIBC + ALL,O; (¢ =0,625 %)

Fig. 1. AFM images of the surface of PVA based coatings:

a—PVA; b—PVA + ALO; (c =5 %);
¢~ PVA + ALO; (c = 1,25 %);
d— PVA + ALO; (c = 0.625 %)
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a b c
4.8 umx4.8 umx5.7 nm [256x256]  Z, nm 5.4 umx5.4 umx33.3 nm [256x256]  Z, nm 5.0 umx5.0 umx8.3 nm [237x236]  Z, nm
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d

5.0 umx5.0 umx11.6 nm [241x243]  Z, nm

[

w

N}

Puc. 2. ACM-u300paxeHHs1 IOBEPXHOCTH MHOTOCJIOIHBIX INICHOK
HOJIMBUHUIIOBOTO CIIMPTA:
a— 5 cnoes; b—10; ¢ —20; d — 30 cioes

Fig. 2. AFM images of the surface of multilayer PVA films:
a—5layers; b—10; ¢ — 20; d — 30 layers

a b

15.0 umx15.0 umx447.7 nm [252x252]  Z,nm

-

o S 0
23 4 56 7 89 1011 1213 14 15 0123 4567 8 9101112131415

X, um X, um X, um
d

15.1 umx15.1 umx7981.5 nm [253x253]  Z, nm

Puc. 3. ACM-n300paeHuns MOBEPXHOCTH MHOTOCIIOHHBIX TJICHOK
MOJMBUHUIIOBOTO criupTa ¢ HaHouacTuuamu Al,O; (¢ = 0,625 %):
a— 5 cnoes; b—10; ¢ —20; d — 30 ciioes

Fig. 3. AFM images of the surface of multilayer PVA films
with Al,O3 nanoparticles (¢ = 0.625 %):

a—5layers;b—10;0—20;d—301ayers 01 23 4X5 6 7 8 9101112131415
L um
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PesympTathl  uCCENMOBaHMS ~— MEXAHUYECKUX
cBoiicTB ieHOK [IBC 1 KOMIO3UITMOHHBIX TOKPHI-
it ¢ HaHodacturiamu Al,O; meromom ACM mpen-
cTaBiieHbl Ha puc. 4. Moayip yOpyroctu Iuie-
Hok [IBC cocrasmsier (509,5 = 10 %) Mlla, ¢ yBenu-
YeHHUEM KOJMYECTBAa CJIOEB 3HaueHUs £ He u3Me-
HSIOTCS B IpEZeiax 3KCICPHUMEHTAILHOM OIIMOKH.
Jst kommosuimonHeix 1ieHok [IBC ¢ HaHowacTu-
[aM¥ U3MEHEHUsI MOJYJISI YIPYTOCTH YCTaHOBJICHBI
TOJIBKO JUIsl MHOTOCJIOMHBIX TOKPBITHI: yBeInue-
uHue E 1o 559,0 MIla (s 5-codHBIX) ¥ yMEHBIIIe-
Hue 10 415,2 Mlla (mst 10-cnoitaeix). Ipeamonara-
€M, 9TO B CJIydae S5-CIOWHBIX IUICHOK (hOPMHPYETCs
IUIOTHOE HAHOKOMITO3ULIMOHHOE IOKPBITHE 33 CUET
PaBHOMEPHOIO  paclpeliesIeHUs]  HEOPraHMYEeCKUX
HAHOYACTHILl B MOJMMEPHOU MAaTpHle, a TaKKE MU-
HUMU3AIMK 1e(eKTOB Oraromaps TOCIENOBaTeNb-
HOMY MHOTOCJIOHOMY X 3aKpBITHIO.

10

Puc. 4. 3nauenus Moy yIpyrocTH AJs IJIEHOK
Ha OCHOBE MOJIMBHHIJIOBOTO CIHPTa

Fig. 4. Values of the elastic modulus
for the PVA based films

Ha puc. 5 npencraBneHa nuarpaMma 3HaUYCHUN
cunbl anresnu 1micHok IIBC B KOMIO3HIIMOHHBIX
MOKpEITHIA ¢ HaHO4acTullamu Al,Os.

Fan, HH

30 [
25
20 ol I
15

e
B0

1 croit
Puc. 5. 3HadeHHS CUJIBI aATE€3UHN IS IDICHOK
Ha OCHOBE IOJIMBUHUIIOBOTO CIIUPTa

Fig. 5. Adhesion force values
for the PVA based films

YCTaHOBJIEHO, YTO BBEJACHHE HAHOYACTHI[ B
OJTHOCJIOWHBIE TIOJUMEPHBIC TUICHKH IMPHBOIUT K
CHIDKEHMIO 3HaueHu F,; no 21,0 uH. B ciyuae
MHOTOCTIOWHBIX TUIEHOK (5 CIIOeB) TpH BBele-
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uun Al,O; HaOmromaeTcss yBENMYCHHE 3HAUYCHUH
cunel aare3un. Ismenenuit F,; Ipu BBEJICHUH Ha-
HOYACTHUIl B MojuMepHble 10-cioiiHbIe MOKPHITUA
YCTaHOBJICHO He OBLIO.

Pesynbrartel wmccnenoBaHHS TEpPMOMEXaHUYE-
CKHX CBOMCTB KOMIIO3HWIIMOHHBIX TOJMMEPHBIX
MTOKPBITHIA MTPEJICTABICHBI HA pUC. 6. Y CTAaHOBIIEHO,
YTO MOJIYJIb YIIPYTOCTH HCCIEIyeMbIX TIEHOK TO-
CJIe BO3JICUCTBHSI TEMIIEpaTyp 3HAYUTEIILHO CHH-
JKaeTcs: HauOOINBINHIA Tiepenaja BeIUYUHBI £ Tpo-
UCXOAUT B AuamazoHe temmeparyp 20—40 °C,
JaNbHEHIIee yBeIMUeHUEe TeMIepaTyphl 3HAYH-
TCJIIBHOI'O BJIWAHUA Ha MOAYJIb YIIPYTOCTU HE OKa-
3bIBAET: OTKJIOHEHUS 3HAYEHWUH TIPOHCXOIAT B
Mpeenax 3KCIepUMEHTaIbHON ONIMOKH.

E, MIla

6307 —&-TIBC - IIBC + AlLO;

530{ i

4307 1N
3301 .

2301 1 e |

130

20 40 80 100 T7,°C

Puc. 6. TepmoMexaHn4yecKre CBOMCTBA OAHOCIONHBIX
MOJTMMEPHBIX MOKPBITHI Ha OCHOBE MOJIMBUHUIIOBOTO CITUPTA

Fig. 6. Thermomechanical properties
of single-layer PVA based coatings

CrnemyeT OTMETHUTh, YTO HAMMEHBIINE 3HAUCHUS £
MOCJIe BO3JCHCTBHS TeMIIepaTyp 3a(UKCUPOBAHBI
y IUIGHOK ¢ HaHovacturamu: (236,2 £ 10 %) MIla.
CHmKeHHe MOJyJsl YOPYTOCTH TOKPBITHH 00Y-
CJIOBJIEHO JECTPYKTypH3alMel IMOJUMEPHBIX MO-
HOCJIOEB B pe3yJIbTaTe BBEICHUS HEOPTaHWYECKHUX
HaHOYACTHII.

HccnenoBanre THAPOPHILHBEIX CBOWCTB TI0-
BEPXHOCTH C(POPMHUPOBAHHBIX TMOKPHITHH IOKa3a-
JI0, 9YTO C yBENMYCHHWEM KOJHMYECTBA CJIOEB ITOJIH-
MEpHBIX TOKpeITHH 70 20 Habmromaercss pocT
3HaueHnit KYC. YBenuueHue KOIWYeCTBa CIIOEB
IIBC no 30 mpuBOAWT K TOBBIIICHUIO CMadyHBac-
MocTH moBepxHOCTH — KYC cHmXaeTcst 10 UCXo/I-
HBIX 3HAYEHWH, 4TO O0YCIOBIIEHO COOTBETCTBYIO-
MM W3MEHEHHEM JUCIIEPCHOHHOW COCTaBIAIONICH
yIeTIbHOW TOBEPXHOCTHOW 3Hepruu (puc. 7a, d).
B ciayuyae HaHOKOMITO3UIIMOHHBIX MOKPBITHH ycTa-
HOBJIGH TIOJOTHH XapakTep yBEIWYEHHs 3Hade-
HUH W B 3aBHCHMOCTH OT KOJUYECTBA IMOINMEP-
HBIX CJIO€B, YTO OOYCIIOBIEHO POCTOM IOJIIPHON
COCTABIIAIOIICH YAENbHON MOBEPXHOCTHOM 3HEp-
ruu (puc. 7b, ¢), OCHOBHOM BKJIaJ B KOTOPYIO BHO-
CHUT HaJlMuue KOHIJIIOMEPATOB «CBOOOIHBIX)» HAHO-
YacTHUI[ Ha TIOBEPXHOCTH MOKPBITHUS.
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Fig. 7. Dependences of the values of the contact angle (a), specific surface energy (b), polar (c)
and dispersion (d) components of the specific surface energy on the number of layers of polymer coatings

BbIBO/IbI

1. Pazpabotana meTomuKa TIONYYEHHUS HAHO-
KOMIO3UIMOHHBIX IeHoK IIBC ¢ maHodacruia-
MU OKCHJIA AJIFOMHUHHUS METOJOM CIIMH-KOATHHTA.
Ha ocaoBannn ACM-gaHHBIX BEIOpaHa ONTHMANh-
Has KoHIeHTpaius HY-Al,O; B cycrmeH3uu uis
(hopMUpOBaHUST OJHOPOTHBIX HAHOKOMITO3UITMOH-
HBIX TOKpeITUH (¢ = 0,625 %). Meronom ACM
YCTAaHOBJICHO, YTO OXHOCITOWHOE TmokphiTHe [IBC
UMEET OJHOPOJHYIO CTPYKTYPY. YBEIHUYECHHE KO-
JIUYECTBA CI0EB KOMITO3UIIMOHHBIX TUICHOK MPHUBO-
IUT K POCTY YHCIa KOHTJIOMEPAToB, YTO, B CBOIO
odepeib, MOBBIIMIAET MIEPOXOBATOCTH TTOBEPXHOCTH
MHOTOCJIOMHBIX IUJICHOK. MakcuManbHOE 3Hade-
Hue R, = 114,1 HM OGbUIO YCTAHOBIEHO Ul MHOI'O-
cnorinoit (30 crnoes) mnenku [1BC ¢ mHanowyacTuia-
MH A1203.

2. Ha ocHOBe nNaHHBIX MEXaHWYECKHUX H Tep-
MOMEXaHHYECKUX CBOWCTB C(HOPMHUPOBAHHBIX IIO-
KpeITUi mokazaHo, yto TuieHku [IBC u IIBC +
+ Hu-AlLO; umeroT Onm3kue 3HaueHus £ B mpe-
Jlerax JOBEpHUTEIbHOTO HWHTepBana. Harpesanwne
IJICHOK TIPUBOJIUT K CHIDKCHHIO MOXYJS YIIpy-
TOCTH HCCIEAYyEMBIX OJHOCIOMHBIX TOKPHITHI.

Hayka
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Hanmenpmne 3HadeHuss E 1mociae BO3AEUCTBHS
temnepatyp (or 40 mo 100 °C) 3aduxcuposa-
HBI Y TOJIMMEPHBIX TUIEHOK ¢ HaHo4YacTHiamMu (£ =
=236,2 MIIa).

3.Ha ocHOBaHWMHM IIONy4YEHHBIX JaHHBIX OO0
YBEIUYCHUU 3HAYCHUI IIepOXOBATOCTH, CMAUYHBa-
€MOCTH MOBEpXHOCTH 30-croiHble KOMIO3ULUOH-
Hble TUIeHKH Ha ocHoBe IIBC moryT OBITH peko-
MEHJIOBaHbI B Ka4eCTBE MEPCIEKTUBHBIX COPOIIH-
OHHBIX TTOKPBITHH.

Pabota BbiMONHEHa B pamkax [orosopa
¢ benopycckum pecnybnvkaHckum coHOoM dyH-
JameHTanbHbiX uccnegosaHun Ne T21M-051 ot
01.07.2021.
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TexHoJiorusi ropsiyero OpMKeTHPOBAHUSI BTOPUYHBIX Y€PHBIX METAJJIOB
B IIpecc-(popMax ¢ MOABHKHON MaTpULIEH
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Pedepar. B pabGore omnmcaHa TEXHOJOTHS TOpsYETO OPUKETHPOBAHUS CTPYKTYpPHO-HEOJHOPOAHBIX OTXOAOB METalIoo0pa-
60TkH B mpecc-hopMax C MOABMKHON MaTPHILEH, OTIMYAIOMAsACS OT U3BECTHBIX aHAJIOTOB BO3MOXKHOCTBIO MOBBIIIEHUS Kaue-
CTBa OPUKETOB IIPH MUHUMAIIbHOM KOJIMYECTBE MOATOTOBUTENBHBIX onepanuii. [{esnpro paboThl SBISETCS COBEPIICHCTBOBAHHE
Tporecca ropsdero OpukeTHpoBaHuUs. Pemraemble 3aiaui 3aKIIOYAlOTCS B Pa3pabOTKe TEXHONOTHMIECKOH CXEMBI M (DH3HKO-
MaTeMaTHYECKOH MOJIEH TPOIecca, CHIKEHUH CHJI KOHTAaKTHOTO TPEHUS! U M3HOCA MHCTPYMEHTA, ONTHMU3AIHN SHEPTOCH-
JIOBBIX APaMETPOB IO KPUTEPHSIM IUIOTHOCTH U IPOYHOCTH OpHKETOB. TexXHOJIOrMUecKas cxeMa OpUKeTUPOBAHHUS IIPEICTaB-
JieHa npecc-(popMoii ¢ MOABMKHON MaTpPHIEH, B KOTOPOH B Ka4eCTBE YIPYTOH ONOPHI HCIOIB3YEeTCs CKAThIil Bo3myX. B mpo-
recce OPUKETHPOBAHHS MaTPHLA U NPECCYEMBIil METAJUT IIEPEMENIAlOTCsl B OJJHOM M TOM ke HanpasieHnu. Cuiia 60KOBOro
TPEHHMS SBIISICTCS aKTHBHOM, HAIIPaBJICHHON B CTOPOHY yCHIINs OpuKeTUpoBaHus. B nTore cHikarooTcs ycuiie u pabora opu-
KeTHPOBaHHs, M3HOC Npecc-(pOpMBI, a caM OPHKET MOTy4aeTCsl BRICOKOTO KauyeCTBa — OJHOPOIHBIM MO IJIOTHOCTH U 6€3 BHYT-
penHux JfedexToB. B pesynpTrare uncieHHOro pacueTa MOAENH MOMYYeHbI 3aBUCHMOCTH HANpPSKEHHOTO COCTOSIHUS TIPECCOB-
KM U JaBJICHUSI IPECCOBAHMS OT KOOPAMHAT U IIOTHOCTH HAa KOHTAKTHBIX IOBEPXHOCTSX M B IIyOWHE MaTepHaia, 94To I03BO-
JSIeT TPOU3BOAUTD PACUeT HA MPOYHOCTH AeTanel mpecc-GpopMbl B mogo0paTs 000pyAOBaHHE ISl OCYIIECTBICHNUS IPOIecca
OpuxerupoBaHus. V3ydeHbl 3aKOHOMEPHOCTH (POPMHUPOBAHUS CTPYKTYpHI OpHKeTa, MOKa3aHbl MPEHMYIIECTBA IPHMCHEHHUS
TIPEIO’KEHHOH TEeXHOJIOTHYECKOH CXEMBI B CPaBHEHUH C OpHKETHPOBAaHHEM B HETOABIKHON MaTpwmie. [Ipemiaraemast Tex-
HOJIOTHSl MCKJIFOUaeT BBIIOJIHEHUE NpeBapUTEIbHON onepaluu yaaaeHus cMa304Ho-oxaxaaromei xxuakoctu (COX) nen-
TpUYTUpOBaHUEM WM IPYTMMH M3BeCcTHbIMH criocobamu. COXK ynansercst TepMHYECKON BO3TOHKOM, YaCTHYHO COKHTaeTCs
B TOTIKE N€YH, YACTHYHO KOHJCHCUPYETCS B CHCTEME MOKPOI1» OUHCTKH.

KnioueBble cioBa: cxeMma, JaBlCHHE, MOJEIb, TOPIIEIPECCOBAHHBII OpHKET, KauecTBO, HANPSKEHHs, IUIOTHOCTh, MPOY-
HOCTb, CTPYKTYpa, Ipecc-Gopma, MyaHCOH, MaTPHULA, HOABIDKHAS, CHIIBL, TPEHUE, H3HOC, HHCTPYMEHT

Jist uurupoBanusi: JIutBuuko, A. A. TexHOJIOrUst ropsyero OPUKETHPOBAHMS BTOPHYHBIX YEPHBIX METAIOB B IIpecc-
tdhopmax ¢ moaBmwxkHOW Marpuuei / A. A. JlutBunko // Hayka u mexuuka. 2023. T. 22, Ne 5. C. 367-375. https://doi.org/10.
21122/2227-1031-2023-22-5-367-375

Hot Briquetting Technology of Secondary Ferrous Metals
in Molds with Movable Matrix

A. A. Litvinko"
YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. The paper describes the technology of hot briquetting of structurally heterogeneous metalworking waste in molds
with a movable matrix, which differs from known analogues in the possibility of improving the quality of briquettes with
a minimum number of preparatory operations. The aim of the work is to improve the process of hot briquetting. The tasks
to be solved are to develop a technological scheme and a physical and mathematical model of the process, reduce the forces of
contact friction and tool wear, and optimize the energy-power parameters according to the criteria for the density and strength
of briquettes. The technological scheme of briquetting is represented by a mold with a movable matrix, in which compressed
air is used as an elastic support. During the briquetting process, the matrix and the pressed metal move in the same direction.
The lateral friction force is active, directed towards the briquetting force. As a result, the force and work of briquetting,
mold wear are reduced, and the briquette itself is of high quality — uniform in density and without internal defects.
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As a result of the numerical calculation of the model, the dependences of the stress state of the pressing and pressing pressure
on the coordinates and density on the contact surfaces and in the depth of the material were obtained, which makes it possible
to calculate the strength of the mold parts and select equipment for the briquetting process. The regularities of formation of the
briquette structure are studied, the advantages of using the proposed technological scheme in comparison with briquetting in a
fixed matrix are shown. The proposed technology eliminates the implementation of the preliminary operation of coolant re-
moval by centrifugation or other known methods. Coolant is removed by thermal sublimation, partially burned in the furnace

firebox, partially condensed in the “wet” cleaning system.

Keywords: scheme, pressure, model, hot-pressed briquette, quality, stress, density, strength, structure, mold, punch, matrix,

movable, forces, friction, wear, tool

For citation: Litvinko A. A. (2023) Hot Briquetting Technology of Secondary Ferrous Metals in Molds with Movable Ma-
trix. Science and Technique. 22 (5), 367-375. https://doi.org/10.21122/2227-1031-2023-22-5-367-375 (in Russian)

BBenenue

[lomyueHne KadeCTBEHHBIX INMUXTOBBIX MaTe-
pHasoB M3 OTXOJOB METAILIOO0pAaOOTKH — Ba-
HeWIIas COCTaBIISIOMAs PECYpCHOT0 o0ecreueHHsI
MeTaJuTyprudeckoro mpoussozactsa [1-4]. K Bro-
PUYHBIM YEpHBIM METAJIaM OTHOCSTCS: CTaJbHas
U YyTyHHas CTpPYXKa, KOJOTas ApoOb, MIIHGO-
BaJIbHBIE, OMMWIOBOYHBIC H OOKATHBIE IUIAMBI, Me-
TaJUTU3UPOBaHHAS MMBUIb OT O0JAMPOYHBIX, HAXKAY-
HBIX U 3aTOYHBIX CTaHKOB, MEIKO(paKIHOHHbIC
OTCEeBBI (PEPPOCILIABOB U JIp.

[Inpokoe nmpuMEeHEeHHe B MpPaKTUKE IMepepadoT-
KA METAITIOOTXOAOB TIONyYMJT TUTABHIIBHBIN TIepe-
JIeTl KaK HauOoliee YHHBEpCAIBHBIH MeToa. Pammo-
HaAIBHBIM ¥ 3((EKTHUBHBIM CITOCOOOM TOATOTOBKH
METAJUTOOTXOJI0B K TMEpeIUiaBy SBISIETCS Topsaee
OpukerupoBanue. Kak Obuto mokazaHo B pabo-
tax [5-10], maHHBI BUI TIepepabOTKH MIPUMEHSIET-
Csl NSl TIOJyYeHUS] KAYeCTBEHHBIX METaJLTypruye-
CKUX OpHKETOB W KOMIIO3UTOB ILIOTHOCTHIO HE
meree 90 % TUIOTHOCTH KOMITAKTHBIX YyTYHOB
U cTajeld, 4To, B NPHHLUIE, SKBUBAJICHTHO IIpe-
BPAIICHUIO AWCIEPCHBIX W 3arpsA3HCHHBIX YaCTHUIL
MeTajuia B rabapuTHBIN KyckoBoi jioM. B mporecce
TUTaBKA OpWKETHl TOJHOCTHIO IOTPYKEHBI B pac-
TUTaB, HE BCIUTBIBAIOT HA MMOBEPXHOCTH MeTaJUIN4e-
CKOW BaHHBI M HE OKHCIIIOTCA. TeXHoNorus rops-
4yero OpHUKETUPOBAHUS NPEAIONIAraeT IIOJHOE U
9KOJIOTUYECKH Oe30MacHOe yAaneHue KUAKOH (asbl
B IIPOIIecCe HArpeBa MIMXTHI IO TEMIIepaTyp HETo-
HOM Topsuert mepopmanmm 700-850 °C. JlaHHBIH
TEMIIepaTypHBIA UHTEPBAJI ONTHMAIBHBIA IS 4ep-
HBIX METAJUIOB, MUHUMH3HUPYIOINA OKUCICHHE Ya-
CTHI], TOTEPH TEIUIOTHI, CUIIOBBIE U SHEPTeTHIECKUE
3aTpaThbl Ha MPOU3BOJCTBO OpHUKETOB [1].

Hacrosimast paboTta mocBslieHa NalbHEHIIEMY
COBEpIIEHCTBOBAHUIO Tpoliecca OpUKETHPOBAHUS
MyTeM NpUMEHEHHUs pecc-popM ¢ TIOABIKHOW Mat-
puIieii, B KOTOPBIX TIpoIiecc GOopMOBaHHS OpUKETHOM
MacChl TIPOTEKaeT MpHU Oosiee OTHOPOTHOM pacrpe-
JIeTICHWH TUIOTHOCTH, YTO CHIDKAeT TPEHUE W M3HOC
Jetajedl mpecc-QpOopMBl, SHEPrOCUIIOBBIE MApaMeTPhI

368

1 o0ecTieunBaeT 3HAYUTENHFHOE TTOBHIIICHNE TIOTHO-
CTH ¥ IPOYHOCTH TOTOBBIX OPHUKETOB.

TexHonoru4eckasi cxeMa OpMKeTHPOBAHUSA

TexHomorust ropsiuero OPUKETUPOBAHUS BKITIO-
YaeT CIeNyIONIe TEXHOIOIHIECKHUE OIepaluu:

1) npobneHue CTanbHOM CTPYKKH Ha (pakmuu
1o 15 MM B BalKkOBOM LIpeAepe, CernapHpOBaHUE
CTPYXKH H IIJIAMOB B TAJITOBOYHBIX OapabaHax HITH
Ha BUOPOCHTE C LENBbI0 YAAICHUs] KOHIEBBIX OTXO-
JOB M IPYTUX TBEPIBIX IPEIMETOB (pe3LoB, 00JITOB,
raek, OpycKoB aOpa3uBa M TIp.), OTMBIBKY M «MOK-
PYIO» MarHuTHyIO cenapanus HUIH(OBAIBHBIX
[IJJAMOB, MEXaHMYECKUH OTKHM METAINTHYECKHX
MOPOLIKOB HIJJAMOB OT BOJHOTO PacTBOpa, ApodIie-
HHE «CYXUX» IIUIAMOBBIX OPUKETOB B IIOPOILOK;

2) IPUTOTOBJICHHE IIUXTHI CMEIIIMBAHUEM KOM-
[IOHEHTOB B IITHEKOBOM CMECHUTEIIE;

3) OE30KHUCIUTENBHBIA HATPEB MIMXTHI IO TEMIIC-
paryp HenoxHOU ropstaeit nedopmanuu 700-850 °C
B 3aIIUTHON aTtMocdepe MPOIyKTOB TEPMUICCKOM
BO3TOHKU MaCJISTHOM KOMITOHEHTBI CMa304HO-OXJIaX-
naromieit sxunkoctu (COX);

4) MUpONIU3 YTJIEBOJOPOMHBIX COCAMHCHHHA C
LENBI0 MONYYCHUsSI YTIIEPOAHOTO TOKPBITHS, Mpe-
JOXPaHSIOLIET0 METAJI OT OKUCIICHHS Ha BBIXOJC
U3 [I€YU U BBIOJIHAIOLIETO POJb CMa3KU B MpoIec-
ce ropsiyero OpUKeTHUPOBAHUS;

5) cxuranue macia, 00JaJaroIero BBICOKOH
TETJIOTBOPHOH CIOCOOHOCTBIO, COBMECTHO C MpU-
POIHBIM ra3oMm;

6) noxkuranue CO, OUYHCTKY, PpEKyIepaIuio
TETJIOTHl U 00Ee3BPEKMBAaHUE ABIMOBBIX T'a30B Me-
TOJOM «MOKPOW» OYHCTKH B HACaZO4YHOM CKpyOe-
pe Benrtypu, cOop v yTHIU3ALHIO MACISTHOTO KOH-
JieHCcaTa, CaXXl U abpa3uBa;

7) 3aCHINKY IIUXTHI B MPUEMHBIH OyHKep OpH-
KETUPOBOYHOI'0 Ipecca IpU MUHMMAIbHBIX NOTE-
psax TewtoTs (He 6omee 50 °C);

8) OpUKEeTUPOBAHNE IIUXTHI HA THIPABIMYECKOM
npecce mox aasneHueM 470-500 Mlla B mpecc-
(hopme ¢ TOABMIKHOW MaTPHUIIEH.
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TexHonoruueckas: cxema OpPHKETHPOBAHUSI Me-
TAJUIOOTXOJIOB B TIOABIXKHOM MaTpHlle TpHBEICHA
Ha puc. 1. Ilpomecc OpHUKETHPOBAHHS 3aroTOB-
K | Mmpou3BOAUTCA B KECTKOM HMIMHAPUYECKOU
MaTpule 2, 3alPECCOBAHHON B MOpPIICHb 3 IMTHEBMO-
mmHapa 4. Ilpomecc OpHKETHPOBaHUS TPOHC-
XOAWT, KOrja TOpIIeHb 3 HaXOOUTCi B CBOEM
UCXOJHOM BepxHeM moiyiokeHuu. [Ipu oOpaTtHOM
XOJIOCTOM XOJIe¢ TyaHCOHa 5 IMHEeBMOCHCTEMA C TI0-
MOIIBIO TIyaHCOHA 6 BO3BpAIlaeT MaTPHUILY B HCXOJ-
HOE BepXHee MOJIOKEeHHEe. bpUKeT BEITAIKUBaeTCs U3
MaTpHILIbI IyaHCOHOM 6. Jlanee UK TOBTOpseTCA.

j:
P

Coxarniii
BO3IYX

H=

Compressed
air

Puc. 1. Texnonorudeckas cxema OpUKETHPOBAHUS
JTUCKPETHBIX MaTEPHAIOB B IOJBHKHOM MaTpuIe

Fig. 1. Technological scheme of briquetting
of discrete materials in a movable matrix

Ha puc. 1 nokazasnbel rpaguku CKOpoCTel Ie-
peMernieHus: | — BepxHero myaHcoHa 5 U MaTpu-
el 2, II — gacTuir Meramia mo BHICOTE MPECCOB-
ku 1, III — MaTpuiibl 2 OTHOCUTENHHO IPECCOBKH 1.
CKOpOCTh HYacTHI[ METala 10 BBICOTE IPECCOB-
KM YMEHBIAeTCsS 0T MAaKCUMAIBHOTO 3HAYEHUS 10
HyJg, T. €. MaTpUla, ABUXKYIIASACA C MOCTOSHHOM
CKOPOCTBIO, OOTOHSIET MIPECCYEMBbIi METaII.

Cuitbl O0KOBOTO TPEHUS aKTHBHBI, HAMPaBIICHBI
B CTOpPOHY ycunus npeccoBanusi P. 11 Toiabko mo
MIEPUMETPY BEPXHETO TOPIA MPECCOBKH B BEPXHUX
yriax 3aKpbhITOrO MPOCTPAHCTBA MATPHUIILI METaJLI
«3alIeMIICH», JBIXKETCS CO CKOPOCTHIO MATPHIIBI,
CKOPOCTh TEPEMEILICHHUsS] METalja OTHOCHUTENIBHO
MaTpulbl, a, CJICA0BATCIbHO, U CUJIBI TPCHHA paB-
HBI HyJ0. HampaBieHus BEKTOpOB pEaKTUBHBIX
HaIPsHKCHUH Ha OOKOBOW TIOBEPXHOCTH IPECCOBKH
MOKa3aHbI Ha puC. 2.
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Puc. 2. DnemenTapHbIi 00beM O4ara aedopmManuu
C KOMITIOHEHTaMH1 TEH30pa HAIPSDKEHUI UCKPETHOTO
Marepuaia, OpUKeTHPYEMOro B IIOJBHXHON MaTpuLe

Fig. 2. Elementary volume of the deformation focus
with stress tensor components of a discrete material
briquetted in a movable matrix

PesyanaTm MOJCJIUPOBAHUSA

MojenupoBaHue Tmporecca OpUKeTUPOBAHUS
U MaTeMaTU4eCKHE PAaCyeThl, MPUBEACHHBIC B pa-
0ote [2], MO3BONIMIM YCTAHOBUTH ONTHUMAJbHBIC
3HAYCHUA OaBJICHHA NPCCCOBAHUA U BBIABUTL 3a-
KOHOMEPHOCTH, CBSI3aHHBIE C pacrpe/ielieHueM
HaNpsOKEHUH W IJIOTHOCTH Ha KOHTAKTHBIX TO-
BEPXHOCTSX U B TyOuHe marepuana. [logydeHHas
CUCTEMa ypaBHEHUIA MO3BOJIET MPOU3BOIUTh Pac-
YeT Ha MPOYHOCTH JeTaliel mpecc-(hOpMbI M BBI-
Oparb 0OOpyZOBaHHME ISl OCYIIECTBICHHS IPO-
recca OpUKETHUPOBAHUS:

p=c5+r=l o2 —31%; (1)
n
TZ%Sinﬁ:ksinﬁ; 2)
F::S(S—So)m; (3)
o B[w(rgeser]
n’ 2 2 z h
"2 gl pet)sinighhel s o =0

I7ie p — JaBlIEHUE TPECCOBAHUSA; G — HOPMaJbHOE
OCEBOE HamNpSHKEHHE; T KacaTeJlbHOe HaIpsi-
KEHHe; Oy — TNpefen TeKydecTH Marepuana;

k=0,/+3 — KOHCTaHTa MIaCTHYHOCTH; M=1—§&,

& — koapPueHT OOKOBOTO AABJICHUS; O — OTHO-
CHUTENbHAS TUIOTHOCTh IPECCOBKH, & — OTHOCH-
TeIIbHOE YIJIMHEHNE WM CXKATHE; m — MOKa3aTelb
CTENEH! YIUIOTHEHHS; [} — yroi IIacCTHYEeCKOTrO
TPEHHMs, ONpeNeNsieMblli U3 ypaBHEHHUS aepopma-
LMOHHOTO YIUTOTHEeHHUS (4); h — BBICOTa IPECCOBKH;
Z, ' — HE3aBUCHMBIEC KOOPIHHATHI.
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Mawiunocmpoenue u mauiunogeoeHue

I'paduxm  3aBuUCHMOCTEH, TpHUBEACHHBIC
Ha puc. 3, 4, TOKA3BIBAIOT, YTO C YBEITUICHUEM OT-
HOCUTEJIBHON IUIOTHOCTH CTalbHOM M UYyTYHHOU
CTPYKKM OOIIMIl YypOBEHb KacaTeJbHBIX Hamps-
KEeHUH 1o o0beMy ovara gedopmanuyu CHUXKaeTcs,
B TO BpeMs KaKk HOpPMaJbHbIE HANPSHKEHUS U JaB-
JICHHE TPECCOBaHMS HEMPEPHIBHO BO3PACTAOT, UTO
CBUJICTEIILCTBYET O HENPEPHIBHOM TpaHCHOpPMAaIIUH
MEXaHMUYECKOH CXeMbl YIUIOTHEHHS B CXEMY BCe-
CTOPOHHETO PAaBHOMEPHOIO MWJM THIpOCTaTHUe-
ckoro cxatusi. Cribl OOKOBOrO KOHTAKTHOTO Tpe-
HUS B MOABMXHOM MaTpuIle MPH HE3HAYUTEIHHOM
OTHOCUTEIILHOM NEPEMELICHUHU TPYIIUXCS MOBEPX-
HOCTEH HUYTOKHO Majibl, 4YTO CBUACTCILCTBYET
0 Oojee 3HaYMMOM U MHOTOKPAaTHO IIPEBOCXO[-
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LIeM BJIMSHUM BEJIMYMHBI HOPMAJIbHBIX HampsbKe-
HUIl Ha Tpolecc YIUIoTHeHHus Marepuaia. CHuxe-
HHE BEJIMYMHBI KacaTeIbHBIX HANpPSDKCHUH yKa3bl-
BaeT Ha HAIpAaBJICHHE YIUIOTHCHHS MaTepuaia B
poliecce OpUKETUPOBaHUS — OT OOKOBOW MOBEPX-
HOCTH MAaTpPHUIBI K OCH CUMMETPHUH, MPH 3TOM 00-
MK YpOBEHb KacaTeNIbHBIX HampsDKeHWH Ha Tie-
pudeprn M y OCHOBaHHs NMPECCOBKH HEU3MEHHO
HIDKE, 9eM B IEHTPE M O0JacTAX, NMPUIIETraloIlnx
K TIpeccyromeMy nyaHcoHy. COOTBETCTBEHHO JUIs
LEHTpaJIbHBIX OOnacTell OpukeTa xXapakTepHa He-
KOTOpasi OCTaTO4Has MOPHCTOCThb, KOTOpas MO JO-
CTHKEHUM CpefHero 3HaueHus moTHoctd 90-95 %
MPaKTUYECKH HE BIMSET HA €ro JKCIUTyaTalldOH-
HBIE XapaKTEPUCTUKH.
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Puc. 3. 3aBHCUMOCTD IaBICHUS IPECCOBAHUA P,
0CEBOr'0 HOPMAJIBHOTO G U KAaCaTEJILHOTO T HATIPSHKCHUH
OT KOOPJHHAT ¥ INIOTHOCTH Ha IIOBEPXHOCTH KOHTAKTa
C BEPXHUM ITyaHCOHOM

Fig. 3. Dependence of pressing pressure p, axial normal ¢
and tangential tension t on the coordinates
and density on the contact surface with the upper punch
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Pe3yabTaThl 3KCIEPHMEHTAJIBHOTO
HCCJIeIOBAHNS Tpolecca OpUKeTHPOBAHUS

OrmpeneneHne MOPUCTOCTH OPUKETOB IMPOBOJIH-
T METOJIOM ceKymlux. J{ist onpenenenust cpeane-
ro pa3mepa Mop NMpOBOAMIM JMHUM Ha M300pae-
HUHM HETPaBICHHOW MOBEPXHOCTH. 3aTe€M IOJICYUH-
TBIBAJHM pa3Mepbl TIOP, MOMABIINX HA JTHHHUIO, U HX
konmaecTBo. OLEHKY CpeHero pasMepa mop Ipo-
BOJWIIM TI0 popMmyJIie

J=x1+x2+...+xn, )
n

rae d — CpesHuii pasMep 1op; X| — pasMep IOpbl
moJl HoMepoM 1; X, — TO ke 1oJ HOMEpPOM 71; 1 —
CyMMapHOE KOJIMYECTBO IOP.

IMopucrocts onpexaersiiu mo Gopmyie:

[ Hayka
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Puc. 4. 3aBHCHMOCTb 0CEBOTO HOPMAIBHOTO G
1 KacaTeJbHOT0 T HANPSHKCHUH OT KOOpANUHAT
U IUIOTHOCTH B IITyOWHE MaTepuaia

Fig. 4. Dependence of the axial normal o
and tangential t stresses on the coordinates
and density in the depth of the material

rae Z | — cyMMapHas IjiHa 10D, Z L — 1O Xe

JINHUH.

Ha puc. 5 nokazan mumid Opukera U3 4yryHHOU
ctpy’)kku CY25 B ero MepUOUOHAIBHOM CEYEHUH
C yKa3aHHeM HCCIeAyeMbIX y4acTKoB 1—15 mis m3-
MepeHUss 00BEMHOM MOPUCTOCTH. BpUKeT moirydeH
non nasienueM 470 MlIla npu remneparype 800 °C.

B Tabin. 1 npuBeneHs! 3Ha4eHUS] 00BEMHOM I10-
PUCTOCTH TI0O HOMEpaM YYacTKOB cpe3a ropsde-
MIPECCOBAaHHOTO OpUKETa.

CpenHee 3HaYeHHE IOPUCTOCTH COCTaBIIS-
eT 8,5 %, mpruyeM MOpUCTOCTH MO Kpasm Opuke-
Ta 8,3 %, omke k ueHTpy 8,7 %. COOTBETCTBEHHO
IUIOTHOCTh MO KpasiM OpuKeTa BBILIE, YeM B cepe-
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JUHE, YTO COOTBETCTBYCT BbIBOJaM TCOPETUYCCKO-
T'0 aHaJii3a.

Puc. 5. lllmu¢ Opukera u3 4yryHHOU cTpyx)Ku CU25
¢ yKa3aHHEM HOMEPOB HCCIIEIyEMbIX yYaCTKOB
JUISL U3MEPEHHs1 00bEMHON MOPUCTOCTH

Fig. 5. Cast iron chip briquette CU25 with indication
of the numbers of the studied areas for measuring
volumetric porosity

Tabauya 1
3HayeHHUs1 00bEMHOI IOPUCTOCTH 10 HOMEPAM YYACTKOB
cpe3a ropsiyenpeccoBaHHOro OpuKera

Values of volumetric porosity by numbers
of sections of the cut of the hot-pressed briquette

Ne m306pa- | Ilopucrocts, | Ne m3zobpa- | IlopucTocts,
JKESHUS 006. % SKEHUS 006. %

1 83 9 8,7
2 83 10 8,6
3 8,3 11 8,5
4 8,4 12 8,4
5 8,5 13 8,3
6 8,6 14 83
7 8,7 15 83
8 8,7

CpenHee 3HaUeHNE TOPUCTOCTH, %o 8,5

Takum o0Opa3oM, OPUKETHPOBAHHE CTPYKKH B
NOJBIDKHOH MaTpuIle MPUBOIUT K OoJyiee paBHO-
MEPHOMY paclpeieleHHI0 TUIOTHOCTH MO 00be-
My 6pI/IKeTa U, B KOHCYHOM HTOIC, K MCHBIICMY
3HAYEHHIO MIOPUCTOCTH IO CPABHEHUIO C IMIOPHUCTO-
cthio 13,3 % OpuKkeTa, U3rOTOBJIIEHHOTO IMPH TEX
JKe YCIOBUSAX B Tpecc-popMe C HEMOABIKHON MaT-
puteii [1]. Otot addekr mocruraercs Onarogaps
TOMY, 4TO B TIpoIlecce OPUKETHUPOBAHUS Ipeccye-
MBI METaJul MepeMelaeTcsi BMeCTe C MaTpulleit
Y B HAIMIPABJICHUH TIEPEMEIEHUS MATPHIIBI.

HenpepsIBHBIIT POCT HaBIIEHUS IMPECCOBAHUS
C YBEJIMYEHHEM IUIOTHOCTH TPECCOBKH, COTIACHO
ypaBHeHUIO (1), COOTBETCTBYET 3aKOHY C)KaTHs
MOPHUCTOM Macchl B 3aMKHYTOM 00beMe. CuHycou-
JIAJTBHBIA XapakTep W3MEHEHUS NIaBJICHHUS B 3aBH-
CUMOCTH OT KOOPIAMHATHI (paauyca) 7 MPECCOBKH
OOYCIIOBJIEH CHHYCOUIAIBHOW 3aBUCHMOCTBIO (2)
KacaTeJIbHOTO HalpsHKEHUs T OT yIjla IUIaCTUYeCcKO-
rO TpeHus § B OKPYKHOCTH TIACTHYHOCTH (puC. 6),
MPEACTABIAIONICH COOOM TeOMETPUYECKYI0 WHTEp-
TIPETaInio yCIOBHS IUIaCTUIHOCTH | 'yOepa—Mmze-
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ca (1) g MeTaJuIM4ecKUX MOPHUCTBIX MaTepUaJIOB.
Y OCHOBaHUsI IPECCOBKH HA MOBEPXHOCTH KOHTAKTa
C HIDKHAM OTIOPHBIM TyaHCOHOM (z = () BenmumHa
KacaTeJbHbIX HANPSDKEHUI He 3aBUCHUT OT KOOpPAH-
HaThbl #, JABJICHNE MO BCEHl IUIOIIAAN KOHTAaKTa pac-
MPeseNICHO PABHOMEPHO.

[laBnenue npeccoBanus cHxkaercd Ha 15-20 %
10 CPAaBHEHHIO C aHAJIOTUYHBIMHU YCIOBHUSIMH IIpec-
COBaHHUA B HemoABWXHOH Martpuue [1]. Ilopomxko-
Bble J00aBKM METAIMYECKOTO WM HEeMeTayulu-
YECKOTO TMPOMCXOXKIECHHS 3alONHSIOT IyCTOTHI
MeXIy Oojee KpYNHBIMH (QPaKUUSMH CTPYKKH
U TakuM 00pa3oM MOBBIAIOT HAYAIBLHYIO TUIOT-
HOCTb TPECCOBKM M TPAAMEHT pOCTa JaBJICHUS
10 Mepe YBEINYEHHUS IIFIOTHOCTH.

TpeyroasHHK
_MIACTHYHOCTH

|  OKpYAKHOCTE 11 HUHOCTH
bokosas noBepXHOCTD | Oxpyskoc JACTHYHOC

NMPECCOBKH

Puc. 6. OKpyKHOCTb IJIACTUIHOCTH
Fig. 6. Circle of plasticity

Kak crnenyer u3 auarpaMM TpecCOBaHHS, MPE.-
CTaBJICHHBIX Ha puc. 7-9, xapaktep aehopMaIrion-
HOI'O YIUIOTHEHHUSI U B IIEJIOM YpPOBEHb COIPOTHUB-
JieHUsT Je(pOpPMUPOBAHUIO 3aBUCAT OT HCXOIHOTO
COCTOSIHMSI MaTepuana: 4YeM OoJblle HavabHas
IUIOTHOCTh M TIPENENT TEKYYeCTH MeTajlla, TeM HWH-
TCHCUBHEE HApacTaeT JABJICHUE MPECCOBAHMS; YeM
BBIIIIE IIACTUYHOCTh METajlIa, TEM OOJIbIIe OOKOBOE
JABJICHUE U MHTEHCUBHEE POCT OCEBOI'O JaBJICHHSL.

P

MIla =10
500 S S S I — 7/
1.;5»/
L3 D
400
7
R
= Tas
300 :
2,0

0.2 0.4 0,6 0,8 i
Puc. 7. 3aBI/ICI/IMOCTL JaBJICHUA IIPECCOBAaHUA OT ILIOTHOCTH
U IoKazaTeJist CTCIEHU YIUIOTHEHUS

Fig. 7. Dependence of pressing pressure
on the density and the index of the degree of compaction
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Puc. 8. 3aBUCHMOCTD JaBJIEHUS NIPECCOBAHUA OT IINIOTHOCTU
1 XapaKTEPUCTUKU ITNIACTUIYHOCTHU MaTEpraia

Fig. 8 Dependence of pressing pressure
on the density and plasticity characteristics of the material
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Puc. 9. PacueTHble quarpaMMsbl IpeccoBaHUS:
1 — cTpy>ka cranu 45; 2 — 1o ke cranu HIX15CT;
3 — 10 xe cranu HIX15CT ¢ mopomkom nutama (20 %);
4 — uyyrynHas ctpyxka CU25; 5 — crpyxka CU25
¢ nobaBkoi kokca 3 %; 6 — DMu78
Fig.9. Calculated pressing diagrams:
1 — shavings of steel 45; 2 — shavings
of steel ILIX15CT [ShKh15SG]; 3 — shavings
of steel LIIX15CT [ShKh15SG] with slurry powder (20%);
4 — cast iron shavings CU25 [SCh25]; 5 — shavings CU25 [SCh25]
with the addition of coke 3 %; 6 — ®Mu78 [FMn78]

Juarpamma npeccoBaHud | miIacTUUHOW cpeli-
HeyrJaepoaucToi cramu 45 obnamaer sSpKO BbI-
POKCHHOM IUIOLIAAKOW TEKy4eCTH B OTIHYHE
ot ManomtacTuuHelx ctajeit LIX15CIL, uyrynHoi
ctpyxku CU25 u orceBoB (heppomapraniia @MHTS.
IlosiBIeHHEe B pacd4eTHOW 3aBUCHUMOCTH IUIOIIAJKH
TEeKy4eCTH SIBISIETCS CJIEACTBHEM TOIO, 4TO Ha
ONpPENENIEHHOM JTalle IUIAaCTHYECKOE TEe4eHHE

Hayka
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MeTajula MPOUCXOIUT 0e3 CYIIECTBEHHOTO YBENU-
YEeHHUsl CONPOTHBIECHUs NedopMupoBaHuio. Mare-
MaTHYECKH 3TO SIBICHHE OTOOpa)KaeTcsi ycJIOBUEM
IUTACTUYHOCTH, B KOTOPOE BXOAAT IPOYHOCTHBIE
U TUIACTHYECKHE XapPaKTEPUCTUKU MeTaujia H KO-
TOpOE TIPEACTABIIAECT CO00M (YHKITMOHAIBHYIO 3a-
BUCHMOCTh HAIPSKEHHOTO COCTOSIHHS IMPECCOBKH
OT CcTeneH! Ae(hOPMaLUOHHOTO YIUIOTHEHHS.

XapakTepHO 0COOESHHOCTBIO TIporiecca OprKe-
THUPOBAHUSI OTXOJIOB UYEPHBIX METAJJIOB SIBIISETCS
OoJblIOe pa3inuyre BEIMYHMH OOKOBOTO U OCEBOTO
naBieHu# nmpeccoBanus (puc. 10).

B ornnume 0T KMIOKOCTH, paBHOMEPHO Iepena-
IOLIEH JaBJICHUE BO BCEX HAIPABICHUAX, B CTPYXKKE
Ha OOKOBBIE CTEHKH TMpecc-QOpMbI MepeaaeTcs
3HAYUTEJIFHO MEHbIIEe JaBJICHUE, YeM B Halpas-
JeHuu npeccoBaHud. [IpudnHON 3TOMY SIBIsAETCS
HaJIM4Me MOPUCTOCTH AeopMupyeMoro renia, Ko-
TOpass B 3aKpBITOW MWIMHAPUYECKON MaTpulie
MPUBOIUT K MPE0OIaaloNieMy CKaTHIO U TUIACTHU-
YeCKOMY TEYEHHIO MeTalja B OCEBOM HampaBiie-
Hun. OceBoe JaBlIeHUE NPU TopsiueM OpUKETHPO-
BaHUM CTalbHOW TOKapHOW CTPYXKKM B Hadaje
nporiecca B 27-32 pasa 6onpiire O0KOBOTO JaBe-
HUS U B 2-3 pa3a — MO OKOHYAHHM IpoIiecca.
VY 4yryHHOM CTPYKKU U (eppocCIIaBoB 3TO COOT-
HOIIIEHHE U3MEHseTCs B mpenenax 13,6-2,2 pasa.

OKCIEepUMEHTAIBHOE HCCIIE0BAHNE B HACTOS-
el paboTe MPOBOAMIIOCH C LENIBIO TPOBEPKHU CIO-
coOHOCTH pa3pabOTaHHON MaTeMaTU4ecKOu MoJe-
JU ¥ COOTBETCTBEHHO CO3JaHHOTO Ha €€ OCHOBE
MeToa pacdera (PU3NYECKH aJIeKBAaTHO U TOYHO
oToOpaXkaTh SBJICHUS U 3aKOHOMEPHOCTH MpOLeC-
ca OpPHKETUPOBaHMS B 3aBUCHUMOCTH OT CXEMBI
Harpy»KeHUs, CBOWCTB MaTepHualia, TeMIIEPaTyphl,
JaBJICHUA U JPYTUX TEXHOJOTHYECKUX (aKTOPOB.
HauOonpimuii mHTEpEC NpencTaBisieT ONTHMU3A-
LIUsl PEKUMOB OPHUKETUPOBAHUS II0 KPUTEPHUIM
KadyecTBa OpUKETOB, U3HOCA MHCTPYMEHTA, CHJIO-
BBIX U DHEPreTHYECKUX NapameTpoB. OCHOBHBIMH
KPUTEPHUAMHU KauecTBa SBIISIOTCS XMMUYECKUH CO-
CTaB U TUIOTHOCTH OPUKETOB.

YcTaHOBIEHO, YTO ONTUMAJbHBIE 3HAUCHHS
JIaBJICHUSl IPECCOBAHMS CTPYKKO-TIOPOLIKOBBIX
JUCHEPCHI YepHBIX METauIoB IpPU TeMIepa-
typax 700-850 °C wu3sMmeHdAr0TCA B Ipene-
nax 470-500 Mlla, mpu 3TOM cpedHee 3HAUYEHHUE
IUIOTHOCTH OpmkeTa cocraBiusteT 90-95 % mioTHO-
CTH KOMIIAKTHOTO Marepuaja TOro K€ XUMHUYECKOTO
cocraBa. OT IJIOTHOCTH OpHKETa 3aBUCAT €ro Mpoy-
HOCTb U CIIOCOOHOCTbH NPOTUBOCTOATH BO3JECHCTBHUIO
OKHCIIUTENTFHO Cpeibl B TIPOLIECCE MIIaBKH.
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Puc. 10. [lnarpammbl 0CEBOTO p U OOKOBOTO pg NABJICHHUS MPECCOBAHUS: a — CTPYXKKaA CTalH 45;
b —ro xe IIX15CT’; ¢ — uyrynnas crpyxka CU25; d — orceB peppomapranua ®Mu78

Fig. 10. Diagrams of axial p and lateral p; pressing pressure: a — shavings of steel 45; b — shavings
of steel LIIX15CT [ShKh15SG]; ¢ — cast iron shavings CU25 [SCh25]; d — screening of ferromanganese ®Mu78 [FMn78]

I'opsiuenpeccoBaHHble OpUKETHI, MOJIY4YECHHBIE
13 BTOPUYHBIX YEPHBIX METAJUIOB II0 YKa3aHHbBIM
pexuMaM OpUKETUPOBAHHUS, TOTHOCTHIO OUHUILIEHBI
oT MaciaHbIX 3arpasHeHnid 1 COX, He paspyma-
IOTCSI TIPU TPAaHCIIOPTHPOBKE, Meperpy3kax u copa-
CBIBAaHMHU C BBICOTHI 10 6 M. B mpornecce nmaBku
OHU IIOJIHOCTBIO TOTPYXEHBI B PACIUIaB U CBEPXY
3aIIUIIEHb] 0T OKUCJIEHUS CI0eM LIaKa.

CpaBHUTENBHBIA aHANIM3 PACUETHBIX U IKCIIe-
PUMEHTAJbHBIX IAHHBIX, COOTBETCTBYIOLIMX OII-
TUMAaJIbHBIM PEXHUMaM OpPHKETHPOBaHMS, [1OKa3all,
YTO TPU NPaBUIBLHOM M JOCTOBEPHOM OIIpenelne-
HUM PEOJIOTNYECKUX XapaKTepUCTUK MaTepHaa O,
€, m JOOCTHTaeTcsl BBICOKAs CXOOMUMOCTb pacyerT-
HBIX M OKCIIEPUMEHTAJbHBIX MaHHBIX. llorpem-
HOCTb IIPH OIpPEIENICHUH 3HEProCHJIOBBIX Mapa-
METPOB He ImpeBbImacT 12 %.

[IpumeHeHne B KOHCTPYKIMH Tpecc-(HOopMbl
MTHEBMOLIMJIMHAPA C TpeOyeMbIM Uil HOJTy4eHUs
IUIOTHOTO OpHKETa XOA0M IMOPLIHS C 3alpeccoBaH-
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HOM B HEro MaTpuLUEd U UCIOJb30BAHME B Kaye-
CTBE YIPYIoro >Je€MeHTa C)XaTOT0 BO31yXa, BBI-
JaBIMBAEMOr0 B ITHEBMOCHUCTEMY, 00ECHEUUBAIOT
BBICOKYIO JKCILTyaTallHOHHYK) CTOMKOCTBH Ipecc-
(dopmbl. X0l IPECCYIOMIETO IIyaHCOHA U MaTPHILIb
YCTaHaBJIMBACTCS B 3aBUCHUMOCTH OT TpeOyemoi
CTENEHN CXKaTHsl IIPECCOBKH, OH HE OrpaHUYMBACT-
Csl KOHCTPYKTHBHBIMH OCOOEHHOCTSIMH IIpecc-
¢bopMBI W HE 3aBHCHUT OT TEPMOMEXaHUYECKOU
YCTAJIOCTH YIIPYTOT'O 3JIEMEHTA.

B cBs3u ¢ TeM, 4TO HampapiIeHUs MEPEMEIICHUS
MaTpHLBl U MPECCOBKU COBMAAAIOT, UX OTHOCHUTEIb-
HOE TIepPEMEIEHNE KaK TPYLIMXCS MOBEPXHOCTEH,
a, CJIeZ0BaTeNIbHO, U W3HOC MATPHUIBI MUHHUMU3UPY-
totes. [Ipeccyromuiil myaHCOH HE BXOIUT B MATpPULLY
U TIEPEMEIAETCs ¢ Hel C OJHOM M TOM K€ CKOpOo-
cThi0. VcKirouaeTcst H3HOC KPOMOK ITyaHCOHa ¢ 00-
Pa3s0BaHHEM «TSHYILETO» 3ayCEHIIA Ha IIPECCOBKE.

OnopHBIN MyaHCOH TaK)Ke HAXOAWTcs B Onaro-
NPUATHBIX YCIOBMSX HarpyXeHus Ipud He3Ha-
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YUTCIIbHOM BOSI[CﬁCTBHI/I cuin OOKOBOTO TPCHUA.
3a30p MeXIy HAM M CTEHKaMH MaTPHIIhl BRIOWpa-
eTcs MUHHMAJIBHBIM, JIOCTATOYHBIM ISl BBITAJ-
KMBaHWs TOTOBOro Opukera. [IpoHWkaHue Men-
KHX METaUIMYECKUX YaCTHI] CTPYKKHU (TIOPOIIKA)
B 3a30p MEXIy CTCHKAMH MATPHIbI U OMOPHOTO
MyaHCOHA 3aBEpIIAcTCs MPOCHIMAHHEM TMOPOIIKA
B MOJAMOPIIHEBYIO MOJIOCTh MHEBMOIMIUHpA. [Te-
puomuvecKas 4YHCTKAa TMOJIOPIIHEBON IOJIIOCTH
MIPOU3BOAMUTCS aBTOMATUYECKH TPU OTKPBITHH Jie-
KOMIPECCUOHHOTO KiamaHa. [lopomiok BbIIyBaeT-
Cs1 U3 TIOATIOPIITHEBOM MOJIOCTU CKATHIM BO3TyXOM.

BbIBO/IbI

1. IlogBoas UTOTM CKa3aHHOMY, MOXHO KOH-
CTaTHPOBATh, YTO TEXHOIOTHUS TOPSYEro OpUKeTH-
pOBaHMS BTOPUYHBIX UYEPHBIX METAJJIOB B IIO-
IOBIDKHBIX MaTpULaX B 3HAYUTEIBHOW CTEIEHH
MIPEBOCXOANT H3BECTHBIE AHAJIOTH MO KadeCTBY
OpUKeTOB, U3HOCY MHCTPYMEHTA, CHJIOBBIM U DHEp-
TETHYECKUM 3aTpaTaM.

2. B ornwume OT W3BECTHBIX aHajioroB [1]
B HOBOHM TEXHOJOTMH IpPOBEACHUE NpEABAPUTEIND-
Ho#t omeparnu ymanenuss COX mentpudyruposa-
HUEM, TEPMOBHUOPALIMOHHON OYHCTKON U APYTUMHU
cnocobamu He Tpebyetcs. COX ymanserca Tep-
MUYECKON BO3rOHKOM, YACTUYHO CXKUTaeTcs B TOI-
K€ Ie4Yd, YaCTUYHO KOHAECHCHUPYETCS B CHCTEME
«MOKpOI» OUHCTKH.

3. JIpoGieHue cTanbHOH CTPYKKH Ha (paKkuu
o 15 MM HEOOXOIUMO IS TIOBBIIIICHHUS €€ ChIITY-
yectn. OT pazMepa METAJUTMYECKUX YaCTHI] 3aBH-
CAT HAchIlIHAs IUIOTHOCTH IIMXTHl U B KOHEYHOM
UTOTe IUIOTHOCTh, pa3Mepbl W Macca TOTOBOTO
Opuketa. J{1s1 YyTYHHOH CTPYXKKH, MEJIKO(PPaKIIHU-
OHHBIX OTCEBOB (eppOCIUIaBOB, OTPabOTaHHOM
CTATHPHOW W YYTyHHOHW apoOM oreparust Ipoore-
HUsI He TpeOyercsi. BecoBble COOTHOLICHUs pas-
JUYHBIX KOMIIOHEHTOB HIMXTHl YCTAHABJIUBAIOTCSA,
UCXOMS U3 YCIIOBUI METaJuTyprHuecKoro Impoliec-
ca IUIaBKHU U 3aJJaHHOT'O0 XMMHYECKOI'0 COCTaBa BbI-
TUTaBIISIEMOTO CITUTKA.
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Pedepat. B craThe onmcana MeTOIMKa TOMOIOTMYECKON ONTUMHU3ALUH IUTACTHH IJIS1 OCTEOCHHTE3a, MPHUMEHSIEMBIX U BHYT-
peHHel Gukcauuu nepenoMoB Koctei. [IpeacTaBneHHas METOIMKa OCHOBaHA Ha NPUMEHEHHH METO/a INIOTHOCTH U KOMMEp-
YeCKH JOCTymHOro mporpammuoro obecrnedernss COMSOL Multiphysics, npenHa3Ha4eHHOro A MOACIUPOBAHUS C TIOMO-
IIBI0 METOJa KOHCYHBIX 3JIEMEHTOB. [IpOBe/icH CpaBHHUTEIBHBIN aHAIM3 XapaKTEPUCTHK (MPOIOJILHON KECTKOCTH, 00beMa
U MaKCHMAJBHOT'O HAmpsDKeHHs, Mo Musecy) 0a30BOil KOHCTPYKIMH IUIACTHHBI U JABYX ONTHMH3HPOBAHHBIX BapHAHTOB.
Y CTaHOBNICHO, YTO ONTHMHU3UPOBAHHBIC BAPHAHTHI 00CCIICUNBAIOT CHIKEHHE 00beMa TutacTuHbl Ha 49—54 %. [Ipu aTom mpo-
JIOJIbHAS )KECTKOCTh YMeHbIIaeTcs Ha 43—53 %, 4To SBISETCS MOJOKHUTEIBHBIM 3()()EKTOM C TOYKH 3PCHUS MHHUMH3AIUU
s pexTa SIKpaHHPOBAHHA HANpsDKeHUH. ONTHUMU3NPOBAaHHBIE BapUAHTHI KOHCTPYKIIMU UMEIOT OJIM3KUE 3HAYCHUS MTPOJOIBHOM
JKECTKOCTH M MaKCHMAJIbHOTO HaNpsDKeHHUs, 1o Musecy, OIHaKO B OJHOM M3 HUX BO3HHMKAET NMPOTUO MIPOAOIBHBIX CETMEHTOB,
NPUBOAIINKA K MOBBIICHUIO TOJHOH JHEpPruu AeopMaliy, KOTOpas HCIOJIB3YeTCs B KayecTBE LeJeBO (YHKUUH Mpu
ONTUMHU3AIMK. B BapraHTe 2 KOHCTPYKIIMU MPOTHO MPOIOJIbHBIX CETMEHTOB IUIACTHHBI HCKJIFOYACTCS 3a CUCT HAJIMYMS MOTIe-
PCUYHON MEepEeMbIUKU MEXYy HAUMH H TOJIHAS SHEprus aedopMaiuu MpuHUMaeT 00jiee HU3KOe 3HaucHUE. BapuaHT KOHCTPYK-
nuu 6e3 MepeMBIYKH TPEOYeT JAOMOIHUTEIBHOTO MCCICOBAHNS, TaK KaK CIIBUTOBBIC HATPSOIKCHHS, BOSHUKAIOIINE B PE3YJIb-
TaTre KOHTAKTHOT'O B3aHMMOJEHUCTBUS MPOIOJIBHBIX CETMEHTOB IUIACTUHBI C KOCTHIO, MOT'YT OKa3bIBaTh IOJIOXKHUTEIBHOE BIIHS-
HHUE HA pereHepalnio KOCTHOW TKaHH.

KiroueBble cjioBa: IIacTHHBI ISl OCTEOCHHTE3a, METO KOHeuHbIX 3i1emenToB, COMSOL Multiphysics, Tomonornueckas
OINTHMH3ALHs, TPOJONIBHAS JKECTKOCTD, 3P(EKT IKpaHUPOBAHMS HATIPSDKSH U

Jst murupoBanmsi: O Bo3mMoxkHOCTH npuMeHenust nporpamMMmel COMSOL Multiphysics Juist TOOIOrH4ecKoil onTHMHU3anuK
wiacTuH i ocreocunresa / JI. A. Crenanenko [u ap.] / Hayxa u mexnuxa. 2023. T. 22, Ne 5. C. 376-386. https://doi.
org/10.21122/2227-1031-2023-22-5-376-386

On Possibility of Application of COMSOL Multiphysics Software
for Topological Optimization of Osteosynthesis Plates

D. A. Stepanenko", I. Mudinov", V. A. Akhremchyk”, H. A. Bileichyk"
YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. The paper describes a technique of topological optimization of osteosynthesis plates used for internal fixation
of bone fractures. The proposed technique is based on the application of the density method and the commercially available
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COMSOL Multiphysics software intended for finite element modeling. A comparative analysis of the characteristics (axial
stiffness, volume and maximum von Mises stress) is presented for initial design of the plate and two optimized variants of the
design. It has been established that the optimized variants provide a reduction in the plate volume by 49—54 %. In this case,
the axial stiffness decreases by 43-53 %, which is a positive effect in terms of minimizing the effect of stress shielding.
The optimized variants of the design possess close values of axial stiffness and maximum von Mises stress, however, in one
of them, deflection of the axial segments occurs, resulting in an increase in the total strain energy, which is used as an objec-
tive function during optimization. In the variant 2 of the design, the deflection of the longitudinal segments of the plate
is eliminated due to the presence of a transverse bridge between them, and the total strain energy takes on a lower value.
The variant of the design without a bridge should be additionally studied, since shear stresses resulting from the contact interaction
of the longitudinal segments of the plate with the bone can have a positive effect on regeneration of the bone tissue.

Keywords: osteosynthesis plates, finite element method, Comsol Multiphysics, topological optimization, axial stiffness,
stress shielding effect

For citation: Stepanenko D. A., Mudinov 1., Akhremchyk V. A., Bileichyk H. A. (2023) On Possibility of Application
of COMSOL Multiphysics Software for Topological Optimization of Osteosynthesis Plates. Science and Technique. 22 (5),

376-386. https://doi.org/10.21122/2227-1031-2023-22-5-376-386 (in Russian)

OO0uue cBegeHNsl 0 METOAAX OCTEOCHHTE3A

IlepenoMel KocTel SBISIOTCA OJHUM U3 CaMbIX
pacrpocTpaHeHHBIX BUAOB TpaBM. Tak, B 2019 r.
o0IIee YHMCIO CIydaeB MEPeIoMOB B MHUpE COCTa-
BHJI0 OKOJ10 178 MutH [1]. CymiecTBYIOIIHE METOIBI
JICUCHHST TIEPEJIOMOB MOXHO pa3lelUTh Ha KOH-
CEPBATHBHBIC, HANpPUMEP HAIOXKCHHE THIICOBBIX
MOBSI30K TIOCJI€ 3aKPBITOM PETO3UIMU KOCTHBIX
OTJIOMKOB, W XUpyprudeckre. PasHOBHAHOCTH XU-
PYPTHUYECKUX METOJOB — HAKOCTHBIH (3IKCTpame-
IyJUTSIPHBIA) OCTEOCHHTE3, IPH KOTOPOM OTJIIOMKH
(huKcHpyIOTCS B MPaBMWIIBHOM B3aMMHOM ITOJIOKe-
HUH, JOCTUTHYTOM IIYTEM PEIIO3UIINH, C IIOMOIIBIO
TUTACTUH-(PUKCATOPOB, COCIAUHSIEMBIX C KOCTBIO
mypynamMu unu BuHTamu. [Ipocteiluii Bapuant
TUIACTHH JJIi OCTEOCHMHTE3a — IUIACTUHBI C KPYT-
JBIMH OTBEPCTHAMH, OJAHAKO OHH PEIKO HCIIONb-
3YIOTCSl B HACTOSINIEE BPEMs, TaK KaK HE CIIOCOOHBI
00ecneunTs KOMIIPECCHIO OTJIOMKOB W TIO 3TOH
IMPUYHUHE OOJIKHBI MCIIOJIB30BAaTHECA B COUYCTAHUU C
BHEIIHUM KOMIIPECCHOHHBIM YCTPOWCTBOM. B mu-
HAaMUYECKUX KOMIIPECCHOHHBIX ImacTuHax (dy-
namic compression plate, DCP) wucnonb3yrorcs
OTBepCTHsI 0CO00W (HOPMBI, UMEIOINE HAKIIOHHBIN
MWIMHAPAYECKU yYacTOK, MPH B3aWMOJCUCTBUU
KOTOPOTO cO c(eprudeckoil OMOpHON ITOBEPXHO-
CTBhIO KPEIEXHOTO BHHTA BO3HUKAET TOPU30HTAIb-
HOE TepeMelIeHne TUTACTUHBI U CBS3aHHOTO C Hel
OTIIOMKa KOCTH, TIPHUBOJSIIEE K 3aKPHITHIO Tepe-
JIOMa ¥ KOMIIPECCUHU OTIIOMKOB [2]. BaxkHbiM (hak-
TOpPOM, CIOCOOCTBYIOIIMM TOBBIICHUIO 3 ek-
TUBHOCTH  OKCTPaMEIyJUIAPHOTO OCTEOCHHTE3a,
SBIISICTCS. COXPAaHEHHE [ENIOCTHOCTH COCYIUCTOM
CUCTEMBI HaJKOCTHUIIBI (TieprocTa). [ pemenus
3TOH TpoOIeMBbl pa3paboTaHbl TMHAMHUYECKHAE KOM-
MIPECCHOHHBIE TUTACTUHBI C OTPAaHWYEHHBIM KOH-
takToM (limited contact DCP, LC-DCP) u Toueu-
HBIM KOoHTakTOM (point contact DCP, PC-DCP) [3].
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B nuHaMu4eckHx KOMIIPECCHOHHBIX IUTACTHHAX
C OTPaHWYECHHBIM KOHTAKTOM Ha HWKHEW MOBEpX-
HOCTH TUTACTHHBI, KOHTAKTHPYIOMIEH C MEPHOCTOM,
co3gaeTcs Mpouih, CIIOCOOCTBYIOMUNA CHUKEHUIO
IUIOMIAIM KOHTAKTa, YTO, B CBOIO OYEPE.Ib, IPHUBO-
IUT K CTHMYJALMW aHTHOTEHe3a M TIOBBIIMICHUIO
IJIOTHOCTH KPOBEHOCHBIX cOoCynoB [4]. B mmactu-
HaX C TOYCYHBIM KOHTAKTOM MpO(UIb HUXK-
Hell TOBEpXHOCTH olecmednBaeT (hOpMHUpPOBaHUE
o 00€ CTOPOHBI OT KPETIeKHBIX OTBEPCTHH 3a0CT-
PEHHBIX BBICTYIIOB, OOCCIICYMBAIOIIUX KOHTAKT
IUIACTUHBI C TMEPHOCTOM, ONM3KHI IO XapakTepy
K TO4YedHOMY. B OIOKHpyeMBIX KOMIIPECCHOH-
Heix wiactuHax (locking compression plate, LCP)
HCIOJIB3YIOTCS KOMOMHUPOBAHHBIE OTBEPCTHSI, T10-
3BOJISIIOIIIME TIPUMEHSTh KaK CTaHJapTHBIE Kpe-
MEXKHBIE, TaK U OJOKMPYIOIIWE BUHTHI, TOJIOBKA
KOTOPBIX UMEET KOHHYECKYIO pe3b0y, BBUHUHMBAC-
MYI0 B pe3b0y KpEIeXHOT0 OTBEPCTHsI, 4TO oOec-
[eYNBAET CTAOMJIBHOCTh YTJIOBOTO ITOJIOKEHUS
IJTACTUHBIL.

¢ PexT IKpaHUPOBAHUS HANIPSKEHUI
H CN0CO0BI €r0 MUHMMH3AIUH

[lpumMeHeHne mnacTUH Ui XHUPYPTHUECKOTO
JICUEHHS NIEPEIOMOB MOXKET IIPUBOIUTH K Pa3rpys-
Ke (IKpaHHpPOBAaHUIO) KOCTH OT MEXaHWYEeCKUX
HaIpsOKEHUH, NEHCTBYIONIUX HA HEE y 340pOBOrO
YeJIOBEKa; J3TO SBJCHUE HAa3bIBAIOT 3(PQeKToM
SKpaHUPOBaHM HampspkeHuH (stress shielding) [5].
B pesynbrare sKpaHHpOBaHUS HANpSHKEHUIH BO3-
HUKAaeT OCTEONEHHsS — CHIKCHHE MHHEPaJIbHOU
IJIOTHOCTH M TIPOYHOCTH KOCTHOU TKaHu [6]. [lan-
HBI HEraTUBHBIH 3PQPEeKT 00BSICHAETCS 3aKOHOM
Bonbga, cormacHo KOTOpoMy MHKPOapXUTEKTYDa,
CBOHCTBa M o00mas Mop(oJoTHsi KOCTHOM TKa-
HU aJanTHPYIOTCS K W3MEHEHHSM JeiCTBYIO-
LIMX Ha Hee BHEUIHMX Harpy3ok [7]. B ocHoBy 3a-
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KOHA TIOJIO)KEHO HaOJI0JIeHHE HEMEIKOT0 XUpypra
IOmuyca Bonbda, ycTaHoBHBIIETO, YTO MYUKH
Tpabekyn B OEPeHHON KOCTH HAIpaBlIeHBI BIIOJb
TPaeKTOPHA TIaBHBIX HanpspkeHuH [8]. bomee riry-
0OKOC TOHUMaHWE MEXaHW3MOB aJallTallid KOCT-
HOW TKaHW K BHENIHMM HAarpy3KaMm JaeT TaK Ha-
3piBacMas forckas mapamurma (Utah paradigm),
COTJIACHO KOTOPOH HAaNpsDKEHUs, BO3ZHUKAFOIIHC
B KOCTH O] ACWCTBHEM BHEIIHEH HAarpy3KH, peru-
CTPUPYIOTCS MEXaHOUYBCTBHTEIBHBIMH KIIETKAMU-
OCTEOIUTAMU WM CPaBHUBAIOTCS UMH C TIPEAIU-
CaHHBIMU TIOPOTOBBIMH 3HAYCHUSMH, HWKHEE W3
KOTOPBIX COOTBETCTBYET Hadaly Ipoiecca paspy-
meHus (pe3opOnnn) KOCTHOW TKaHH TPH HEIOCTa-
TOYHOM YPOBHE HAarpy3oK, a BepxHee — Haualy
npouecca (HOpPMHUPOBAHUS JOMOIHUTEILHONW KOCT-
HOM TKaH! MPU N30BITOYHOM YPOBHE HArpy3okK [9].
OcreonuThl MPeoOpa3yloT MEXaHUYECKUE Hampsi-
KeHUs1 B OHOJOrMYECKHE CHUTHAJbBI, YIpaBIISIO-
€ aKTUBHOCTBHID OCTEOOJIACTOB, YYaCTBYIOIINX
B mporecce (OPMHUPOBAHUS KOCTHOM TKaHH ITy-
TeM MpeoOpa3oBaHUs OCTE00IaCTOB B OCTCOLHUTHI,
U OCTEOKJIACTOB, YYAaCTBYIOUIMX B IPOIECcce
pe3opOnmu IMyTeM pacTBOPEHHS MHUHEPaTbHON
COCTABIISIIONICH © paspymieHus koiuiarena [10].
O ekt 3KpaHUpOBaHUS HANpPsDKEHUH HeXemare-
JIeH Ha 3aKJII0YMTENbHBIX CTaAMsAX Ipolecca cpac-
TaHHS TIEpesioMa, OJTHAKO UTPAET MOJOKHUTEIBHYIO
pOTb Ha €ro HavyaJbHOM JTalle, TaK KaK BBICOKAs
JKECTKOCTh TUTACTHHBI 00ecrednBaeT HaJIeKHYIO
(hukcanio OTIIOMKOB KOCTH. MpmeaneH BapwaHT,
KOTJIa JKECTKOCTh IITACTUHBI M COOTBETCTBEHHO
CTeTleHb SKPaHUPOBaHUS HATIPSHKEHUH MOCTEEHHO
CHIDKAIOTCSl C TEYEHHEM BPEMEHH IO Mepe cpacTa-
HUsI Tiepesioma. Peanuzaius Takoro cleHapus Bo3-
MOXKHA TIPU KCIIONIb30BaHUM IUTACTHH W3 Ouoje-
rpagupyeMbIX MaTepuaioB, HAMPUMEpP CHHTETHYE-
CKHX MONUMEPOB U MarHus [11], HO B 3TOM cityuae
CYyIIECTByeT mpoOieMa COTrIacoBaHUS CKOPOCTH
Jerpagalud MaTepHuajia CO CKOPOCTBIO CpacTaHHS
nepenoma. IIpeMMyIiecTBOM HCHOIB30BaHUS OH-
OJIETPaUPYEMBbIX MAaTEpPHUaOB SIBJISAETCS OTCYT-
CTBHE HEOOXOIMMOCTH B MPOBEJICHHN TIOBTOPHOTO
XUPYPrUYEcKOTO BMEIIATEIhCTBA JIJISl M3BIICYECHUS
TuTacTuHBL. Mnes n3MeHeHns ®EeCTKOCTH TUTACTHHBI
M0 Mepe CpacTaHMs MeperoMa MoJIoKeHa B OCHOBY
KOHIIENIIMN «AMHAMU3UPYEMBIX» IuacTuH [12],
OJHAKO B OTJIHMYHE OT IUIACTHH U3 OHOAErpaaupy-
€MBIX MaTepHaJiOB MPOIeCC U3MEHEHUS )KECTKOCTH
JUHAMU3UPYEMBIX TUIACTHH YIIPaBIISIEM U XapakTe-
pHu3yercs CKauKooOpa3HBIM CHH)KEHHEM >KECTKO-
CTH B OIPENEeNIeHHbII MOMEHT BpPEMEHH, BBIOOD
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KOTOpPOTO 3aBHUCHT OT CKOPOCTH CpAacTaHUs Mepe-
noma. KOHCTpYKTHBHO AHHAMU3MpyeMasi IIaCTHHA
COCTOWT M3 ABYX YacTeil, BO3MOXKHOCTh B3aMMHO-
IO OCEBOTO TMEPEeMEIIeHHs KOTOPBIX OIpPEeeNsIeTcs
TTOJIO’)KEHUEM TIOJIBUKHOTO (PHKCcaTOpa: Ha HaYallb-
HBIX CTQJUAX CpacTaHus nepenoma (UKcaTop
HAXOJUTCS B TOJIOKCHUH, UCKIIIOYAIOIIEM B3anM-
HOE TIepeMEIleHUe YacTel TUIACTHHBI, YTO oOecrie-
YHBAET BBICOKYIO KECTKOCTh, a Ha 3aKITFOUHTEINb-
HOM CTagu¥l TIEPEBOJIUTCS C TIOMOIIBIO TMPHUBOJA
B TIOJIO)KEHHUE, JOITyCKAIOIIee B3aMMHOE IepeMe-
IICHUE, COOTBETCTBYIOIICE HHU3KOW JKECTKOCTH.
Hcnonp30BaHUE MArHUTHOT'O MPUBOJA ITO3BOJISICT
YIPaBIATh MOJIOXKEHWEM (ruKcaTopa HEHHBA3WB-
HbIM oOpa3oM. [Ipu HCIONB30BaHUM MPHHIHKIIA
CEJIGKTUBHOTO JKPAaHWPOBAHHA HANPSHKCHUN TIa-
CTHHA TPOEKTHUPYETCS TaKUM 00pa3oM, 4TOOBI OHA
o0xajjana BBICOKOH MKECTKOCTHIO 10 OTHOIICHHIO
KO BCeM BHJaM JiedopMaliuii (KpydeHne U u3ruo),
32 UCKJIIOYCHUEM JeopMallid  PACTSIKCHUS-
cokarus [13]. Takas mmactuHa Oymer oOecrieuu-
BaTh BO3MOXHOCTb OCEBBIX MI/IKpOHepeMeHleHI/Iﬁ
OTJIOMKOB KOCTH W YaCTHYHOW Tepeaaddl BHEITHUX
Harpy3oK Ha KOCTh B OCEBOM HANpaBJICHHUH, HC-
KIIF0Yasl TPH 3TOM B3aMMHOE CMEIICHHE OTIOMKOB
[0 OCTAJILHBIM CTENEHsM CBOOOIBI. TexHomornue-
CKU TI0/100HAas! TUIACTHHA MOXET OBITh peain30BaHa
3a CYCT HCIIOJIb30BaHWA aHU3O0TPOITHLIX KOMIIO3U-
LIMOHHBIX MAaTEPUaJIOB, HAIPUMED JIAMUHATOB, CO-
CTOSAIIINX W3 CII0EB «YTIIEPOIHOE BOJIOKHO/3IIOK-
CU/IHAsI CMOJIa» M <JTbHSHOE BOJOKHO/STIOKCHIHAS
cMona» [13].

Tomogoruyeckasi ONTHMH3 AU
HMILJIAHTATOB U CIIOCOObI ee peaaqu3anuu

B nacrosimee Bpemst 1Sl CO3aHUS ONITHMAITb-
HBIX KOHCTPYKIIMA OPTONEIUYESCKHX MMILIAHTATOB
IIMPOKO HCHOIB3YEeTCS METOJA TOIOIOTHIECKON
ontumu3anuu [14—-18]. Tonomoruyeckas ONTUMHU-
3alus paclpenesseT MaTepuan B WU3JCIHHH TaKUM
o0Opa3oM, 4TOoObI 00eCHeUYnTh MHUHMMH3AIMIO He-
KOTOpOW TielieBON (YHKITUH, XapaKTepHU3yIOIIei
3(PeKTHUBHOCTL PabOTHI M3IENHS, TIPU 3aTAHHBIX
Harpy3kax, TPaHUYHBIX YCIIOBHSIX W OTPaHUYCHH-
sx. B ornuune oT ontumuzanuu GopMel, B KOTO-
pO¥i BO3MOXHBIE BapPHUAHTHI KOHCTPYKIMH (POPMHU-
PYIOTCS M3 MCXOJHOTO MyTeM JaedopMalnuu cylie-
CTBYIOIIIUX IPAHUII, TOMOJIOTHYESCKAs ONITUMHU3AIUS
JOITyCKaeT (opMHpOBaHWE HOBBIX TPaHUI], Ha-
MIpAEMEp OTBEPCTHI B M3HAYAIBHO CIIONTHOM Ma-
Tepuase, TO €CTh JOMYCKaeT W3MEHEHHUE TOIOJO-
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rud. Pe3ynpTaroM TONOJIOrHYECKON ONTUMHU3ALUUA
0OBIYHO SABJSIETCA CO3/IaHWE OOJIETYeHHOH 1Mo Mac-
ce KOHCTPYKIIMHM W3JCJVs, HE YCTYMAIomel o
CBOWIM XapaKTePUCTHKaM 0a30BOM KOHCTPYKIUHU
U3 cIIolHoro Marepuana. Knaccuueckuit npumep
UCIOJIb30BaHMS TOMOJIOTMUYECKON ONTHUMM3alUH —
npoextupoBanue ¢epmsl Meccepmmutra—bénkoBa—
biaoma (Messerschmitt—-Bolkow—Blohm  beam,
MBB beam), oGmanaromieli MUHUMAILHOW H3THO-
HOM MOJATIMBOCTBIO NpPHM MHHHUMAJIBHOM Macce.
B 3TOM ciydae Tomonornyeckas onTUMU3AIUS Ha
CIUIOLIHOM TPSIMOYTOJIbHOM 00JacTH, COOTBET-
CTBYIOIICH CIUIOMIHOW OajKe, MPUBOIUT K CO3Ja-
HUIO O0JIErYeHHOH KOHCTPYKLIHH B BHJIE peIIeT-
yaTod QepMbl. MUHMMHU3ALKSA TOJATIUBOCTH
W MUHUMH3AIHS MacChl SBISIOTCS B3aUMHO KOH-
(bIUKTHRIME TIENSMH, TaK KaK CHIDKEHHWE MAacChl
MyTeM YacTUYHOTO YAaJIeHWs MaTepuana IpPHUBO-
OUT K YBEIMYCHHUIO MOAATIMBOCTH, OJHAKO IPH
HEKOTOPOM MPEANHCAHHOM 3HAaYeHHH Macchl TO-
MOJIOTUYECKH ONTHMU3MPOBAHHAS KOHCTPYKIUS
Oynmer o0iiajaTh MUHUMAIBHON IS TAHHOTO 3Ha-
YeHUS MAaCChl MOJATIMBOCTHIO (OOJIBINEH, YeM I10-
JMATIIMBOCTh HWCXOMHOW KOHCTpyKmuu). C TOYKH
3peHusT MUHUMH3AIUH 3PQeKTa IKPaHUPOBAHUS
HaNpsDKEHWH, TMOBBIMICHUE MOJATIMBOCTH OyaeT
noJokuTeNnbHbIM  3ddekrom. CylecTByer He-
CKOJIBKO TIOJXOJZI0B K PEIIEeHHI0 3ajad TOIOJIOTH-
YECKOW ONTHMHU3ALMHU: 3BONIONHMOHHAS CTPYK-
TypHasi ONTHMH3ANHS, METOJI IJIOTHOCTH U METOJ
TOMOTEHHU3AINH.

Merton 3BOMIOLMOHHON CTPYKTYPHOM OONTUMHU-
3allUM OCHOBAaH Ha ITOCTENIEHHOM YJAJIEHUU 3Jie-
MEHTOB M3 pa30WTOH Ha OUCKPETHBIC SJIEMEHTHI
o0JacTH ONTHMM3ALMK C HCIIOJNb30BaHHUEM OIIpe-
JICJIGHHOTO KPUTEpUs yAaJeHHs TOCIEIHUX, IPO-
CTEWIIUM BapHaHTOM KOTOPOTO SBIISETCS KpHTe-
puli, OCHOBaHHBIM Ha YPOBHE HaIpSOKEHUI: 3ie-
MEHTBI, IS KOTOPBIX HampspkeHue, 1mo Mmsecy,
OKa3bIBaeTCs HMKE MOPOTOBOTO 3HAYEHHS, 3a/aH-
HOTO B INPOLEHTaX OT MaKCUMaJbHOTO HarpsbKe-
HUS, CUUTAIOTCS HEIOCTATOYHO I(P(HEKTUBHO HC-
MOJIB3YEMBIMU U yAAJSIOTCS U3 KOHCTpYKuuu [19].
HampspkeHust 0OBIMHO PAaCCUUTHIBAIOTCS C TIOMO-
IO METOAa KOHEYHBIX 3neMeHToB. [Iporecc
MIPOAOJIKAETCS UTEPATUBHBIM 00pa3oM JI0 TeX Top,
MOoKa B KOHCTPYKLIIMHM HE OCTaHETCS 3JIEMEHTOB,
YAOBJIETBOPSIOIUX KPUTEPHUIO yIATICHUS.

IIpu ucmonb30BaHWM MeETOJA IJIOTHOCTH 00-
JacTh ONTHMM3AalMM pa3buBaeTcs Ha KOHEYHBIC
3JIEMEHTBI, KaX/IOMy W3 KOTOPBIX B KOHEYHOU OTI-
TUMU3UPOBAHHOW TOIMOJIOTHU MOXET COOTBETCTBO-
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BaTh HYJICBOC 3HaueHUE Oe3pa3MEepHON IUIOTHO-
ctu p = 0 (OTCyTCTBHE MaTepHaa) WIH eIUHIIHOE
3HaYeHHE TUIOTHOCTH p = | (Hanmmune MaTepuana).
HenocratkoM Takol JUCKPETHOW (OPMYITHPOBKU
SIBJIICTCSL TO, YTO OHA TPUBOJUT K HEKOPPEKTHO
MOCTaBJIICHHOW 3anave. [{ns pemeHus 3ToM Mpo-
OieMbl OBLIA TPENJIOKEHA MOJENb CIUIOITHOTO
M30TPOIMHOr0 Marepuaia co InTpadoBaHHEM MPo-
MeXyTouHBIX TioTHOCTEeH (SIMP, Solid Isotropic
Material with Penalization for intermediate densi-
ties), B KOTOpOH TIJIOTHOCTh MOXET NPUHUMATH
HEMPEPBHIBHO U3MEHSIONINECS 3HAYCHUS OT Ppiy > 0
J0 Pmax = 1 [20], a MOAY"H YyIPYrocTH Ompenesns-
€TCsI BBIpOKEHUEM

E = Emin + (EO - Emin)ppa

rme p > 1 — uenouyncieHHbd mTpadHOH KOI(-
¢unment; Ey — MOIyJNb YNPYrOCTU CILIOUIHOTO
MaTtepuana; Enyy, — 3HaUYCHHE MOXYJSA YIPYTOCTH
TIPH P = Ppin-

[Ipu wucnonbp30BaHMM TaKOH MOIENH MOAAB-
Jsforiee  OONBLUIMHCTBO — 3JIEMEHTOB B KOHEU-
HOW TOMOJIOTHH OyIeT UMETh TUIOTHOCTh P = Pmin
wm p = 1.

Hcnonb3oBaHrne MeToja TOMOTCHU3AIMH PaIlH-
OHAJIBHO IPU HM3TOTOBJICHUH ONTHMHU3UPOBAHHOIO
U3IenusT W3  KOMIIO3MLHMOHHBIX  MAaTepHaloB,
HampuMep JaMHUHATOB M SYEUCTHIX KOMIIO3HTOB
(cellular materials), ¢usmueckue cBOWCTBa KOTO-
pBIX (YOpyrue CBOMCTBAa M IUIOTHOCTB) MOTYT pe-
TYJIHPOBAThCA 32 CYET WU3MEHEHHS OTHOIICHHUS X
oobeMoB (a3 B Komrmo3urte. Pa3puTue DaHHOTO
METOAa TECHO CBA3aHO C BHEAPEHUEM B IIPOU3-
BOJCTBO AaJJWTUBHBIX TEXHOJOTUH, U3 KOTOPBIX
HanOoJiee BaKHYIO POJIb B M3TOTOBJICHUH MMILIAH-
TaTOB WTPAIOT CEJIEKTUBHAs Jia3epHas IUIaBKa (se-
lective laser melting, SLM) u a1ekTpoHHO-TTy4YeBas
mwiaBka (electron beam melting, EBM) [21]. Uc-
MOJIb30BAHUE STYCHUCTHIX KOMIIO3UTOB B IMOCTOSH-
HBIX MMIUIAHTaTax JaeT TaKue IPeuMYyILecTBa, KaK
BO3MOXXHOCTb BPAaCTaHUsI KOCTHOW TKaHU U MOTEH-
nUagbHasg BO3MOXKHOCTh BAacKyJISIpU3allMd  HM-
mianTara. [Ipu Uconk30BaHUM METO/Ia TOMOTCHU-
3alUM TEOMETPHS M3JIENIUsl OCTaeTCsl HEM3MEHHOH,
a OMpEJEIICHUI0 TOJISKUT ONTHUMAIIbHOE pacIpe-
JIeJIEHWe CBOMCTB Marepuajia B HeM. s pa3nuy-
HBIX 3HAYEHUH IJIOTHOCTH P, COOTBETCTBYIOIIUX
HW3MEHEHUIO BEIMYMHBI OTHOIICHHSA X 00bEMOB (a3
B KOMIIO3UTE, NPEABAPUTEIBHO PaCCUUTHIBAIOT-
Csl DKBUBAJICHTHBIC 3HAYEHUS YIPYTUX CBOKCTB
(Momynell mpoAONBHOM M CABUTOBOM YNPYroCTH
u kodpdunmenta Ilyaccona), KoTopwle 3aTeM
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UCTIOJB3YIOTCS A ONpeeseHus] HanpsKeHHO-
neOPMUPOBAHHOTO COCTOSHUS H3IENUS B TIPO-
1ecce ONTHUMU3AINHA. DKBHUBAJICHTHBIE 3HAUCHUS
YOPYyTUX CBOWCTB OYIyT 3aBHCETh OT peaNbHBIX
YIOPYTUX CBOMCTB BXOISIIMX B COCTaB KOMIIO3H-
Ta (a3, OTHOIIEHHs X oO0BeMOB (a3, a B clydyace
STYEUCTHIX KOMIIO3UTOB — OT T'€OMETPHUHU IJIEMCH-
TapHOMW AYEUKHU.

Ocobennocmu monoiocu4eckol OnmumMu3ayu,
OCHOBAHHOU HA NPUMEHEHUU MemoOd NIOMHOCHIU.
[Ipu pemeHnn 3a7a9 TOMOJOTHYECKON ONMTHMHU3A-
WA METOAOM IUIOTHOCTH MOTYT BO3HUKATh YHC-
JICHHBIE HEYCTOWYUBOCTH, MPUMEPAMH KOTOPBIX
SIBJITFOTCSL TATTEePHBI THIA «IIaxMaTHAas OCKa
(checkerboard patterns) [22] u cerouHas 3aBHCHU-
MocTh pemenus. «lllaxmaTHas mocka» mpeacras-
JIIET COOOM MepHOMNIECKUN ABYMEPHBIN MaTTepH
B BHJIE YePEAYIOUIUXCS 00JaCTel BBICOKOU Py U
HUBKOU Ppyip MIOTHOCTH, YTO COOTBETCTBYET Cpel-
HEMY 3HAYCHUIO TUIOTHOCTH P = (Pmin T Pmax)/2.
CerouHas 3aBHCHMOCThH TIPEICTABISET CO0OM 3a-
BUCHMOCThH ONITUMHU3UPOBAHHON TOIOJIOTHH OT Ta-
pamMeTpoB CETKH KOHEYHBIX 3JIEMEHTOB, HCIIONb-
3yeMoil mpu pelieHun 3anadd. s mopaBieHus
YHCJIEHHBIX HEYCTOWYMBOCTEH HCHIONB3yeTCs (HITh-
Tpalus MIOTHOCTH C MOMOIIBIO (UIBTPOB HHKHUX
MPOCTPAaHCTBEHHBIX 4acToT [23]. Pamuyc ¢uibt-
pa r¢ (BenwmumHa, OOpaTHO MPOMOPIHOHATHHASL
MIPOCTPAHCTBEHHON HYacTOTe cpe3a) JOKEH OBITh
HE MEHbIIEe MaKCHMaJbhbHOTO pa3Mepa 3JEeMEHTOB
ceTku. Paamyc ¢unpTpa sBIgeTcs mMapaMer-
POM, OTPEIENIONIUM MUHUMAIIBHBIA BO3MOXKHBIN
pa3Mep KOHCTPYKTHUBHBIX JJIEMEHTOB ONTHUMH3HU-
POBAHHOTO W3JENUs, O3TOMY OH JIOJDKCH BBIOH-
paThCcs € yd4eTOM paspemarolieil crnocoOHOCTH
TEXHOJIOTUYECKOTO 000pYAOBaHUS, KOTOPOE Mpe-
TIOJIaTaeTCsl NCIMOIB30BaTh IS U3TOTOBIEHHUS KOH-
ctpykiuuu. OIWH W3 CYIMIECTBYIOIUX ITOAXOIOB
K GWIbTpallMd TIUIOTHOCTH — WCIIOJIb30BaHUE
¢unprpa ['enbMroibia, CyTh KOTOPOTO COCTOUT
B CBEJICHUM 3a7aud (DUIBTPAIIUM K PEIICHUIO TUd-
(bepeHILIMANBHOTO YpaBHEHUs THMa [ eIbMrosibiia
B YACTHBIX MPOW3BOAHBIX [24]. Maremaruuecku
3amaya  (pUIBTpAlMM OMUCHIBACTCS HWHTETPAJIOM
CBEPTKH MEXIy HEePIILTPOBAHHBIM TOJEM ILIOT-
HOCTH W UMIYJIbCHON XapaKTEPUCTHUKOW (QHIBTpA.
B 10 xe Bpems, 3aiaua peuieHUs HEOTHOPOIHBIX
TG GepeHIMANbHBIX YPaBHEHUH B YacTHBIX IPO-
W3BOJIHBIX TaK)XE€ CBOJMUTCA K HMHTETpally CBEPT-
KH: PCIlICHUE ypPaBHCHHsS TPEICTABISETCS B BHJIC
CBEPTKH HEOAHOPOIHOTO WieHa ¢ pyHkmmen [ 'pu-
Ha. YUUTHIBasE MATEMaTHIECKYIO SKBUBAJIIEHTHOCTh
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JIBYX YIOMSHYTBIX 3aj7ad, (QUIbTPAIUS MOXKET
OBITH CBelleHAa K pereHuio AuddepeHITHaIBHOTO
ypaBHeHUS ¢ GyHKIHeH ['puHa, BUI KOTOpOU MO-
IyCKaeT €€ HCIOJb30BaHHE B KAa4YE€CTBE HMMITYJIb-
CHOW XapaKTepUCTHKU (DUIbTpa HIKHUX YaCTOT.
Y100cTBO Takoro moaxoja COCTOUT B TOM, 4YTO
mudGepeHIInalbHbIC YPAaBHEHHUS B YaCTHBIX IPO-
W3BOJAHBIX J((EKTHBHO peIalTcs ¢ TOMOUIBIO
METOJla KOHEUHBIX JJIEMEHTOB, SBIISIOIIETOCS OC-
HOBHBIM HHCTPYMEHTOM TOIIOJIOTUYECKONH OITH-
MU3aIUH.

WneanpHoe pelieHue 3aJadd TOMOJIOTHYECKON
ONITUMU3AIINHU TOJDKHO COJEPXKAaTh TOJIBKO YEpHBIE
(C TUTOTHOCTBIO Ppiy) U O€JIBIE (C TIIOTHOCTBIO Pryax)
9JIEMEHTHI, OJHAKO M3-3a HEMPEpHIBHOTO H3MEHe-
HUS TUIOTHOCTH pealbHOe pelieHne OyIeT Cco-
IepXaTh Cepble DJIEMEHTHl C IMPOMEKYTOYHBIMU
3HAYCHUSIMH TUIOTHOCTH, peallu3allisi KOTOPBIX
IIPH U3TOTOBJICHUW W3AENUS HEBO3MOXKHA, TaK Kak
OHH HE MOTYT OBITh MHTEPIPETUPOBAHBI B paMKax
O6uHapHOH Kiaccu(UKalUu «OTCYTCTBHE MaTepua-
Na/Hamuuue marepuanay. s perienus 3Toi mpo-
OJleMBI MOXET WCIIOJB30BaThCS METOJ IPOCIH-
pOBaHUs IUIOTHOCTH, B KOTOPOM Ha IUIOTHOCTh
JIOTIOJTHUTEIIEHO  BO3JICHCTBYIOT MPOCKIIMOHHBIM
(bUIBTPOM, MaTEMaTHYECKH ONHCHIBAEMBIM C IIO-
MOIIBIO PETYJIAPU30BAHHON (CTIKEHHOMN) (YyHK-
nuu XeBucaiga [25], Hampumep TrumnepOonye-
CKMM TaHT€HCHBIM (IIIETPOM:

pp = (th(Bps— pp)) + th(Bpp))/(th(B(1 — pp)) +
+ th(Bpy)), (1

r1e p, — 3HaYEeHHE IUIOTHOCTH T0CIIE IPOEUPOBa-
HUsl;, pr — (pUIBTpOBaHHOE 3HAYEHHE IUIOTHOCTH;
pp — THOPOroBOE 3HAYEHHE IUIOTHOCTH (OOBIYHO
npuanMaetcs paBHbM 0,5); B — koaddumment
¢unpTpa (0OBIYHO TPUHUMAET UEIOYHCICHHBIE
3Ha4YeHUs oT 1 110 8).

IIpn ucnonszoBanuu BbIpakeHUs (1) paspbiB
¢yHkun XeBucaiiia 3aMeHSeTCsl y4acTKOM, Ha
KOTOPOM OHa IJIaBHO BO3pAcTaeT OT HyJIA 10 eAu-
HHUIIBI CO CKOPOCTHIO, 3aBUCAIICH OT K03 durmeH-
ta PB. [Ipu yBenmnyennn koadoummenta B (1) mpu-
ommxaercs mo Gopme Kk (QyHKIMU XeBucaiina,
KOTOpasi CTaBUT EIWHHUIy B COOTBETCTBHUE BCEM
3HAYEHHsM, NPEBBIAIONIMM Pg, U HYJIb — BCEM
3HAYEHHUSAM, MEHBIIUM pPg, TO €CTh IA€T TOJBKO
YepHbIE W Oenble dJIeMEeHTHL. Takum o0pa3om,
C yBelm4ueHHEM Kod(pduimeHTa 3 yMEHbBIIACTCS
KOJINYECTBO CEPBIX 3JIEMEHTOB, OJHAKO MpH IO-
BBIICHUN [ YXYZOWAeTCs CXOAMMOCTh BBIYHC-
aeHuil. /laHHOE NPOTHBOpEYHE pelaeTcss MyTeM
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MPOAOJDKEHUsT pemieHus mo mnapametpy [ (beta-
continuation): BHaJayie WIIETCS pEHICHUE 3aTaqd
ONITUMH3ALINHU, COOTBETCTBYIOIICE MAJIOMy 3Haue-
HUIO [ (HEpe3KoMy TMpPOEIHPOBAHHIO), HANpH-
Mep: B = 1, Ipu KOTOPOM BBIYUCIICHUS WMEIOT
XOPOLIYI0 CXOAMMOCTb, HO Jal0T TOMOJOTHIO C
OOJIBIIIMM YHCJIOM CEPhIX JJIEMEHTOB, a 3aTeM II0-
Jy4eHHOE pEIICHUE WCIIONB3yeTcsl B  KadecTBe
HAYaIbHOTO TPHOFKEHHS JUTSl TOMCKA YyTOYHEHHOTO
pemeHust ¢ Oojiee BBHICOKMM 3HadeHueM [ (Ooiree
PE3KUM TIPOCIIUPOBAHUEM). YTOYHEHHOE DEIICHHE
Oyzmer comepaThb MEHBIIEE YHCIIO CEPBIX 3JIEMEH-
TOB, & CXOIUMOCTh Mpolecca OyneT yIOBIETBOPH-
TeNbHOU OJaroziapsi MCIMONB30BaHUIO HETPUBHAIb-
HOT'O HayaJbHOTO npuOmkenus. [Ipu HeoOxoaUMO-
CTH TIPOIIECC TIOBTOPSIETCS JUTS psifia 3HAYCHUM [3.

MareMaTtudyecku 3axadya TOIOJOTMYECKOU
ONTUMH3AINU  (POPMYJIUPYETCA CIEAYIOMUM 00-
pasom:

min: ¢(p) =f -u; 2)
s.t.: K(pu=1; 3)
V=%pv;< Ve 4)
0<pmn<p=<l, (5)

TO €CTh COCTOWT B MUHHMH3AINA IIETeBOH (YyHK-
mun (2), mpencraBistoniet coboir paboty c(p)
YOPYTUX CHJI, TIpH orpanmdeHsx (3)—(5).

MuHuMu3anus padOThl YIOPYTUX CHJI aBTOMa-
THUYECKH BJIEYET 32 CO00I MUHUMAIbHOE 3HAYCHHE
MOJIATIINBOCTH. PaboTa ympyrux CHI 3aBHCHT OT
BEKTOpa U Y3JIOBBIX MepeMernieHnii u Bektopa f
y3M0BBIX cril. OTpaHuveHUs MPEACTABIAIOT COOO0M
YCIIOBHE CTAaTHYECKOTO paBHOBecHs (ypaBHe-
aue (3)), rme K — miobanbHas Matpuiia KecTKO-
CTH, orpaHMueHHe oObema (ypaBHeHHe (4)), TIe
V. — MakcMMaJabHO AOMYCTHMOE 3HaYeHHE O0b-
emMa V, v; — o0beM i-TO KOHEYHOTO OJIIEMCHTA,
Y OTpaHWYCHHE HUANa30Ha TOMYCTHMBIX 3HAYEHUIH
miotHOCTH (ypaBHeHme (5)). B kauecTBe mcxon-
HBIX JTAHHBIX OOBIYHO YKa3bIBACTCS MaKCHUMallb-
HO JOMYCTHMOE€ 3Hau€HHE OTHOCUTEIHHOTO O0B-
ema V1V, tne Vy = Xv; — HauaIbHBIH 00BEM.

Peanuzayus mononoeuueckoti onmumuzayuu
¢ nomowwto npoepammer COMSOL Multiphysics.
Jns peuienus 3aiaun TONOJOTMYECKONM ONTUMU3A-
[IUM TUIACTHH U OCTEOCHHTE3a C TIOMOIIBIO TPO-
rpammel COMSOL Multiphysics ucnons3oBanach
IBYMEpHasi TeOMETpUYecKas MOJENb, IpelCcTaB-
JieHHas Ha puc. 1.
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Puc. 1. Teomerpudeckas Moienb 0a30BOM
KOHCTPYKIMH IUTACTHHBI

Fig. 1. Geometric model of the initial design of the plate

Y4uTeIBas reoMeTpPUUYECKYI0 CHMMETPHIO 3a-
Jladyd, paccMaTpuUBajiach 4YETBEPTh IUIACTHHBI C
HaJIOKEHUEM HIapHUPHO-TIOABIKHBIX TPAHUYHBIX
ycnoBuit (Roller Constraints) Ha Tpanuisl 1-2,
2-3, 4-5 u 6-7. 'eoMeTpryecKkue napaMeTpbl Mo-
JIeNT TIpUBEeHBI B Ta0I. 1.

Tabauya 1

FeomeTpnqecmle nmapaMeTpbl MOA€JIH IJIACTUHBI

Geometric parameters of plate model

O06o3HaueHue Onucanne 3HaueHue
napaMerpa rapaMerpa rapaMeTpa, MM
L JInvHa TIIaCTHHBI 180
H ITupuHa n1acTUHBI 30
d TommuHa nIacTUHBL 3
R Paguyc orBepcTuii 4,5
R, Panuyc npunerarommx
K OTBEPCTHSM KOJIBIIEBBIX

obuacreit 6,75
Ly Koopnunara nentpos

OTBEpPCTHI 22
L, Koopnunara nentpos

OTBEPCTHH 44

B kauecTBe mMarepuana ObUT 3a7]aH TUTAHOBBIN
crutaB Mapku 21S — wmeTtacTaOuWibHBIN [-cIiiaB
TUTaHa C XUMHYEeCKHUM coctaBoM Ti—15Mo-3N-
3Al1-0,2Si (B BeCOBBIX MPOIIEHTAX).

Tak kak pacnojoxeHue U (Gopma KPemeKHBIX
OTBEPCTHI B IJIACTUHE JOJDKHBI OCTaBaThCS HEH3-
MEHHBIMH Ha MPOTHKCHUM TMPOIecca ONTUMHU3A-
LIMU, OTBEPCTUS OBUIM OKPYKECHBI MPUIICTAIOIIUMU
K HAM KOJIBIIEBBIMH 00JIaCTSIMH, KOTOPBIE OMTHUCAHBI
B MOJIEIHU ¢ ITOMOIIbIo onuuu Prescribed Material,
HaKJIa/IbIBAIOIIel Ha JNaHHbIE OOJACTH OrpaHu4e-
Hue p = 1. MakcuManbHBII pa3Mep KOHEYHBIX
31eMeHTOoB 3a7aH paBHbIM 0,75 MM (1/20 ot mome-
peuHoro pasmepa H/2 Mojenu), a MUHUMAaJIbHBIN
pasmep 0,375 mm. [lapameTphl mporiecca TOIMOIO-
TUYIECKOW ONTUMU3AINH TTPUBEICHBI B Ta0II. 2.
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Tabnuya 2

ITapameTpsl nponecca TOMOIOTHYECKOH ONTUMHM3ALMHA

Topological optimization process parameters

[Tapamerp Onucanue 8 COMSOL 3HadyeHue
Paguyc ¢pueTpa r¢ Filter radius R, 1,5 Mmm
Koo dumment npoexnmonnoro ¢punbtpa Projection slope {2,4, 6,8}
IMoporoBoe 3HaueHne IIOTHOCTH
AUsl [IPOCKLIMOHHOTO QUIIBTPA Py Projection point g 0,5
M rpadHoit koaddurmeHt p SIMP exponent pspp {1,2,3,4}
MuHHUMAaNBbHOE 3HAYEHUE TUIOTHOCTH P | Minimum penalized volume fraction 0, 107 (3HaueHHE 10 YMOIYaHHIO)
MakcuMaJIbHO JI0ITyCTHMOE 3HaUeHHE
OTHOCHTEJIBbHOTO 00BeMa VIV Upper bound of comp1.dtopol.theta_avg 0,5

[lepemennas compl.dtopol.theta avg mnpen-
CTaBIsieT OO0 cpeiHee 3HAUCHHE TUIOTHOCTH TI0-
ClJIe ONTHMHU3AIUKA U YMCIICHHO COBMAJACT C BEIU-
yuHoil VIV,

B kauectBe neneBoit pynkuuu (2) 8 COMSOL
Multiphysics ucmonb3yercs riao0anbHas MepeMeH-
Has compl.soild.Ws_tot, mpencrapistomas coooi
MOJHYIO0 SHEpruto AedopmManuu.

JIns mpoJoJbKeHHs PEIeHUs Mo mapamerpy 3
UCIIOJIL30BANIach MapaMeTpuyieckas nporonka (Pa-
rametric Sweep) ¢ mpuMeHeHHeM omuuu Reuse
Solution from Previous Step (ucmonp3oBaHuE pe-
HICHUS] C TMPEIBIAYIIEro Iara) ¢ mapaMeTpamu
BE{24,6,8}, pe€{l,2,3, 4}, To ecTb BHaUaie
pemanach 3aa4a onTuMu3anuu o0e3 mrpadoBaHus
MPOMEXYTOYHBIX TIOTHOCTEH (p = 1) ¢ Hepe3KuM
npoerpoBanreM (B = 2), a 3areM MOJy4YSHHOE
pelIeHrEe UCTIONIB30BaIOCh PU TOCTPOCHUH yTOU-
HEHHBIX PEIICHUH C TOCTENCHHBIM YCHJICHUEM
mTpadoBaHUS ¥ PE3KOCTH MPOCIIUPOBAHHS.

QunbTpanys OPOU3BOAMIACE € MOMOUIBIO
¢unbTpa ['enbMronbia, a NpoeUUpOBaHUE — C TIO-
MOTIIBIO THITEPOOTUIECKOTO TAHTEHCHOTO (hHIBTPA.

[Mpu MomenMpoBaHWM K HapyXHBIM (IO OTHO-
HICHUIO K MOMEPEeYHOH OCH y CHMMETpPHUH ILIac-
THUHBI) YaCTSM KOHTYPOB KPEHEKHBIX OTBEPCTHI
npuKIIaabiBaiach Harpy3ka F, = —35 H. B cuny
UCIIOJIb30BAHUS JIMHEHHOW MOJENN YIIPYrocTU Be-
JWYUHA MPUJIOKCHHOW HATPY3KH HE BIHSCT HA pe-
3yJIBTaThl TOMOJIOTHYECKON ONTHMHU3AIHH.

B COMSOL Multiphysics HUCHONB3YIOTCS Ue-
TBIPE TEPEMEHHBIE IUIOTHOCTH, KOTOPBIE MOTYT
UCIIOJIL30BATBCS JIJISI OTOOPAKEHUS] PE3yJbTAaTOB
ONITUMH3ALINY:

1) 8. (compl.dtopol.theta ¢, control material
volume factor) — ucxomHas TWIOTHOCTSH p (10 HUITB-
TpaIiy, MPOCIMPOBAHUS U ITpadOBaHNA);

2) 0 (compl.dtopol.theta f, filtered material
volume factor) — ¢punpTpOoBaHHAS IOTHOCTH pPr;

382

3) 6 (comp1.dtopol.theta, output material volume
factor) — IIIOTHOCTS pj, OCTIE TPOCIUPOBAHYIS;

4) 0, (compl.dtopol.theta p, penalized material
volume factor) — mI0THOCTE NOCIE MTpadoBaHKUSI.

Pe3yJ’lLTaTbI H UX oﬁcymue}me

B PE3YJIbTAaTC ONTUMHU3AINU TOJYYCHO pacIipe-
JCJIICHUC IINIOTHOCTH Gp, MIPCACTAaBJIICHHOC HA pUC. 2.

Puc. 2. PacueTHoe pacnpesiesieHHe TIOTHOCTH 0,

Fig. 2. Calculated distribution of density 0,

Kax BusHO U3 pHCyHKa, B ONTUMH3UPOBAHHON
TOTIOJIOTHH TIPUCYTCTBYIOT CEpbIE AJIEMEHTHI, YTO
TpeOyeT NMpUMEHEHHs OWHAPHOU KiacCH(UKAITIHI
JUTSL TIOJTYYIeHHS 4YepHO-Oenmoro mm3aiHa. Kiaccu-
(bmKanms BBITONHSIACH C TIOMOIIBIO IPOTPAMMEI
Mathcad, myis 4dero pacueTHble 3HAYCHHUS IUIOT-
HoCcTH O, Ha perynspHoil cetke ¢ maroM 0,1 mm
AKCIIOPTUPOBAIKNCH B TEKCTOBBIA (ailyl, a 3arem
uMIopTupoBasiuck B Mathcad B Bume MaTpHIIbL
DJNeMEeHTBI MaTpUIlbl TPAHC(HOPMHUPOBAIUCH B LIENIO-
YHCIeHHBI (hopmaTt co 3HadeHussMH OT ) (cruromi-
HOM Matepuan) mo 255 (OTCyTCTBHE Marepua-
Ja), 9TO TMO3BOJISIIO BU3YaTM3WPOBATh MATPHUILY B
BHIE TOIyTOHOBOT0O BMP-m300paxenus. [lpu stom
YYHATHIBAJIOCH, YTO B TOYKAaX CETKH, JEKAIlINX B
00J1aCTAX KPEHEeKHBIX OTBEPCTHH, INIOTHOCTD MPH-
HuMaeT 3HadeHre NaN (HedncioBoe 3HAYCHHE),
TaK KaK JaHHBIC O0JIACTH HE BXOIAT B 00JIACTh
ontuMusanuu. B TpaHcpopMHpOBaHHON MaTpu-
e 3HadeHud NaN 3aMeHsUIUCh 3HAaYeHUusIMHu 255.
Puc. 3 mmoctpupyer BiusiHIE TIopora Kiaccudu-
Kalliy Ha ee Pe3ybTaThl.
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() )

Puc. 3. Bnusuue nopora kiaccuUKanuy Ha ee pe3ysbTaThl

Fig. 3. Effect of threshold on the results of classification

Cepass 0071aCTh COOTBETCTBYET ONTUMH3HPO-
BaHHOW TOMOJOTHH TUIACTHHBI TIPHU TOpOTe KJiac-
cupukarum 50 (BapmanT 1), a depHas 00JacTbh
COOTBETCTBYET JAOMOJHUTETFHOMY 00BEMY, BO3HHU-
KalollleMy IpH MOBBILICHUHA MOPOra Kiaccugpuka-
uu 10 200 (BapuanT 2). Kak BUAHO U3 PHCYHKA,
BapUaHT 2 OTJIMYACTCS OT BapwaHTa | Haguauem
TOHKOH MepeMBbIYKH, CBA3BIBAIOIIEH Mexay co0oii
BEPXHUH W HIKHHHA MPOIOJIbHBIE CETMEHTHI ILIa-
ctiabl. DopMa HapyKHOTO KOHTypa ONTUMHU3UPO-
BAaHHOH TUIACTHHBI M ()OPMBI BOZHHKAIOIIUX IPH
ONTHMU3AINU JOTIOJHUTEIHHBIX OTBEPCTUH OIHU-
CBIBAJINCHh TaONHIAMH KOOPAWHAT TPUHAIJIeKa-
HIMX UM TOYEK, KOTOpPbIC U3BJICKAINCh U3 MATPHIIBI
¢ momoIukio nporpammel Mathcad. Ha ocHoBe mo-
JYYEHHBIX TaOJIUI TEOMETPHUST ONTHMU3HPOBAHHBIX
wiactuH npeacravisiace B COMSOL Multiphy-
SiCs MHTEPIOJSIIMOHHBIMU KPUBBIMU (pHC. 4).

AJBTEpHATUBHBIM BapHAHTOM ITOCTPOSHHS TeO-
METPHYECKUX MOjeJell ONTHMHU3NPOBAHHBIX ILIa-

CTHH SIBJISICTCS MPEeoOpa3oBaHUe KIacCH(PUIPOBaH-
Horo BMP-u3o0paxkennss B BEKTOpHBIH Qopmar
DXF ¢ momomp0 KOMMEpPYECKH AOCTYIHBIX KOH-
BepTepoB, Hanpumep mporpammel Scan2CAD.

B mensx cpaBHUTEIHHOTO aHANN3a XapaKTEPH-
CTUK 0a30BO¥ KOHCTPYKIMH TUTACTUHBI U JIBYX Ba-
pHAHTOB, TOJMYYEHHBIX B PE3yJIbTaTe TOIIOJOTHYE-
CKOM ONTUMM3ALMKM, MPOBOJIUJICA CTaTHUYECKUN
aHallu3 BCEX TPEX BAapHUAHTOB KOHCTpykuuu. ['pa-
HUYHBIE YCIIOBHSA, HAarpy3KH, CBOMCTBAa Marepuala
U TIapaMeTPhl CETKU COXPAHSUTHCHh TAKHUMH XKe, KaK
U TIPH TOMOJIOTUYECKON ONITUMU3AIUY.

Pe3ynbpraThl CpaBHUTENHHOTO aHAIN3a Xapak-
TEPUCTUK PA3IUYHBIX BapHAHTOB KOHCTPYKIIHU
IUTACTUHBI TIPECTABIIEHBI B Ta0I. 3.

Kak BugHO u3 Tabmuikli, 00bEM IIACTH-
HBl YMEHBIIAETCA B PE3yJbTaTe ONTHMH3AINI
Ha 49-54 %, a npoi0NbHast )KECTKOCTh — Ha 43—53 %,
YTO SBIISETCS TOJOKHUTEIBHBIM d(H(HEKTOM C TOUKU
3peHUs CHIKSHHSI CTETICHH SKPAaHUPOBAHUS HATIPS-
keHui. OTpUIATeNbHbIN (HaKTOp, C TOUKH 3PCHIS
MPOYHOCTH IUIACTUHBI, — TIOBBIIICGHUE MaKCH-
MaJbHOTO HaIpsDKEHUs, 1Mo Mu3ecy, coCTaBIIsito-
mee 19-27 % 1o oTHOIIEHHIO K 6a30BO KOHCTPYK-
rn. Kak BUIHO, BapuaHT | He SBJISIETCS ONTHMAITh-
HbIM B TEPMHHAX TOJHOW SHEPrud JedopMarivu,
OJTHAKO OH TPEJICTABIIET WHTEPEC C TOUKH 3PEHUS
XapakTepa BO3HUKAIOIINX JehopmMariuii (puc. 5).

T T T L T TIPS b

0,040 1m o 0,040 ™ o}

0,030 0,030°

0,020 0,020

0,010 ot - | 0,010 - e -

1| il e R D
o] Y TY | Y Y
0,010 ~0,010-
-0,020 1 -0,020°
T R j T SEEESEaEE EEEREEaRa! m |
-0,08 -0,06 -0,04 -0,02 0 -0,08 -0,06 -0,0: -0,02 0
Puc. 4. TeoMeTpryecKre MO OITHMH3UPOBAHHBIX IJIACTHH
Fig. 4. Geometric models of optimized plates
Tabruya 3
XapaKkTepuCTHKHU Pa3JIMYHBIX BAPHAHTOB KOHCTPYKIMH IIACTHHBI
Characteristics of various plate designs
XapakTepucTika
Bapuant I M I
KOHCTPYKIIHH pomonbHas OBem, on® aKCHMAaJIbHOE HATIPSDKCHHE, OJIHAsI SHEPTHs
JKECTKOCTh, KH/MM no Musecy, MIla nedopmarmu, MiJx

bazoBerit 71,4 15,4 7,34 132,4
Bapuant 1 (6e3 mepeMbIuku) 33,8 7,1 9,32 240,4
BapuanT 2 (¢ mepeMbIuKoii) 41,0 7,9 8,72 198,8
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Puc. 5. lehopmupoBanHas popMa ONTHMU3UPOBAHHBIX TIACTUH

Fig. 5. Deformed shape of optimized plates

Kak BugHO M3 pucyHKa, B BapuaHte | KOH-
CTPYKLIMH BO3HHMKAeT MOINepedyHas aedopmMarus
(mporu6) MpoJONBHBIX CETMEHTOB IUIACTUHBI, Be-
JIMYMHA KOTOPOM COIMOCTaBUMa C BEJIUYMHOM Mpo-
JIOJBbHOM Aedopmanuu. ITO COCOOCTBYET MOBBI-
HICHUIO TOJHOW SHepruu nedopMmalu Mo Cpas-
HEHHUIO C BAPUAHTOM 2, B KOTOPOM IIPOTUO UCKIIIO-
qaeTcs 3a cyeT Hainyus nepeMbruku. C TOYKH
3peHus MPOAOIBHOMN KECTKOCTH U MaKCHUMaJIbHOTO
HamnpspkeHus, mo Musecy, BapuaHThl 1 ¥ 2 KOH-
CTPYKLIMU COIIOCTaBHMBI: BapuaHT 1 obnanmaer He-
CKOJIBKO MEHBIIIeH JKeCTKOCThIO0, HO IEMOHCTPUPY-
eT 0oJiee BBICOKHMI ypOBEHb HaNpsDKCHUN. B cBs3m
C 3TUM MPEJCTABIAET UHTEPEC UCCIEJOBAHNUE BIIU-
SIHUSI TIPOTHOOB TUIACTHHBI, BO3HUKAIONIMX B Ba-
puaHTe 1 KOHCTPYKLHMM, Ha IPOLECC CPACTAHUS
mepesrioMa: ¢ ydeToM 3akoHa Bonbda casuroBbie
HaNpsOKEHMsI, BO3HUKAIOUINE B pe3ylibTaTe KOH-
TaKTHOTO B3aMMOJEICTBUS NPOJOJIBHBIX CErMEH-
TOB TIACTUHBI MPH MX MPOTHOE ¢ KOCTBHIO, MOTYT
MIOJIOKUTENIBHO BIHSTh HA pEreHepalnio KOCTHOM
TKaHH, OTHAKO 3Ta THIIOTE3a TpeOyeT SKCIepUMEH-
TaJIbHOU IIPOBEPKHU.

KayecTBeHHO ONTHMH3MPOBAHHAS TOMOJOTHUS
IUIACTHH COIJIaCyeTcs C pe3yJbTaTaMy, MOJTy4eH-
HBIMH JPYTMMH HccaenoBaTesiMu [18, 26]. B gact-
HOCTH, aBTOpamMu paboTs [18] ¢ moMoripio MeToaa
IUIOTHOCTH  CHPOEKTUPOBAHbI  ONTUMH3UPOBAH-
HbI€ KOHCTPYKLMH, XapaKTepU3yIoluecs CyKeHU-
€M IIJIaCTHHBI M0 Mepe YJAJeHHUs OT MONepedHOi
IUIOCKOCTH CHMMETPUM M HAIWYMEM JOIOJIHU-
TEJILHBIX OTBEPCTUH, Pa3AeiAIONINX MEXKAY coOoit
KpENeXHbIe OTBEPCTUS. AHAJOTHYHBIN pe3ynbTaT
mojlydeH aBTopamMu pabotel [26], ucciemoBas-
muMu  (acoHku (gusset plates), ucmonb3yemble
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npu cOOpPKE METaUIOKOHCTPYKLHUH, C IIOMOLIBIO
METOAA HBOJIOLUMOHHOW CTPYKTYpHOH ONTHMHU-
3aluu.

BbIBO/IbI

1. PazpaboTtana MeTOIWKa TOIIOJOTHIECKOM
ONTHMU3ALUHU TUIACTHH I OCTEOCHHTE3a C IpH-
MeHeHnueM nporpaMmmel COMSOL Multiphysics.

2. IlpoBeneH cpaBHUTEIBHBIM aHAIU3 XapaKTe-
pucCTHK (TIPOAOIHHON JKECTKOCTH, 00bheMa M MakK-
CUMaJBHOTO HaIpsDKeHHS, 1Mo Mmsecy) 0a30Boi
KOHCTPYKIIUH TUTACTUHBI M ABYX ONTHMH3MPOBAH-
HBIX BapHAHTOB, MOJIYYEHHBIX TMPU PA3TUUHBIX
3HAYEHMSIX TIOpOora KIacCH(PHUKAIMKA pPacYeTHBIX
3HAQUYEHUU TJIOTHOCTH. Y CTAHOBJIEHO, YTO ONTUMHU-
3UpPOBAHHBIE BapHUaHTHl 00ECIIEYMBAIOT YMEHBIIIE-
HHe 00beMa 1IacTUHbl Ha 49-54 %, a IpoJ0IBHOM
JKEeCTKOCTH — Ha 43-53 %, 4TO0 SABISICTCS MOJIOKH-
TENBHBIM 3(PQPEKTOM C TOYKH 3PEHUS CHIKCHUS
CTEICHU SKPAHUPOBAHUS HAIIPSDKCHUM.

3. Iloka3zaHo, YTO ONTHMHU3HPOBAHHBIE BapHaH-
ThI KOHCTPYKLUH TUIACTUHBI COTIOCTABUMBI C TOYKH
3peHUs IPOAOJBHON HKECTKOCTH U MAKCUMAIBHOTO
HamnpspkeHusi, 1o Musecy, 0OlHaKo B OJHOM W3 Ba-
pUAHTOB BO3HUKAET MPOTHO MPOIOIBHBIX CETMEH-
TOB, BEJMYMHA KOTOPOIO COMOCTAaBUMAa CO 3Haye-
HUEM TPOJOJBHOM aedopManuu, 4YTO HPUBOIUT
K MOBBIIICHUIO TTOJTHOW 3HEpTruu nedopmMarum, sSB-
JISOIICHCS 1IeJICBOM (DYHKIIMEH P ONTHMH3AIUH,
Jns BapmaHTa 2 KOHCTPYKIMH TIOJIHAs SHEPrus
nedopMalu TpUHUMAET OoJiee HU3KOE 3HAYCHUE,
TaK Kak 3a CUeT HaIM4Us NEePEMBIYKUA MEXAY Hpo-
JOJIbHBIMU CETMEHTAaMU IUTACTUHBI HCKII0YAeTCs
UX Mporuo.

4. BapnaHT KOHCTPYKIINH C 00JIee BEICOKOU ITOJI-
HOU sHepruelt nedopmanuu TpeOyeT AOIMOTHUTENb-

Hayka
wrexHuka. T. 22, Ne 5 (2023)



Deformation in Solid Mechanics

HOr0 HUCCIIEAOBAaHHA, TaK KaK CIABHUI'OBBIC HaIIPsKE-
HU, BOSHUKAOIUE B PE3YJILTATEC KOHTAKTHOI'O B3a-
PIMOI[GIZCTBI/IH IMPOAOJIbHBIX CETMCHTOB ILIACTHHBI
np1u ux HpOFI/I6C C KOCTBIO, MOT'YT MOJIOKUTCJIBHO
BJIMATH HA PETCHCPALIUIO KOCTHOH TKaHH.
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Pedepar. Arronomusii nopratuBHbIil ciekrpometp DEVI (Doas Expedition Volcanic Instrument) npeana3snaues st mose-
BBIX M3MEPEHUI HAKJIOHHBIX conepxkaHuii SO, B ByJKaHMYECKHX BBIOpPOCAX MUCTAHLIMOHHBIM onTH4eckuM Metomom DOAS
(Differential Optical Absorption Spectroscopy) B auamnazone 290—365 M ¢ pa3pemeHreM He Xyxe 1 HM. {715 ero pa3paboTku
ObUIN peLICHBI TaKHE 3a/la4uM, KakK: MpaKTHUecKas pealu3alus CleKTPOMETpa, BKIIoYarolas B ce6st pa3paboTKy ONTHYECKOM
CXEMBI; CO3aHHe KOpITyca CIHEKTPOMETpa, 0OSCIeUNBaIOIero (YHKINN YMEHBIICHHS! PAaCCeSTHHOTO U3ITydeHHUS U yH00CTBO
IOCTHPOBKH; UCIIOIb30BaHIE HAOOpa JOIOIHUTENBHBIX JaTYNKOB A PETHCTPALUN yCIOBHI M3MEPEHHUIT; IPOBECHIE CepHU
71a00paTOPHBIX HW3MEPEHHH Ul ONpENeICHUs XapaKTepPUCTHUK CIEKTPOMETpa; IPOBEICHHUE CEPHU HATYpPHBIX H3MEPEHHH
U IpeBapHuTelibHas 00paboTKa IOMYYEeHHBIX JAHHBIX C IIEBI0 BOCCTAHOBJICHUS HAKJIOHHBIX TOJII JMOKCHJIA CEPhl B BYJIKa-
HHMYecKkoM BeIOpoce. Ha stane pa3paboTku ClIEKTPOMETpa MCIIONB30BAINCh METOIbI YUCICHHOTO MOJIEIUPOBAHUS ONITHYECKUX
CHCTEM B NPOrPaMMHOM cpezie Zemax, Ha 3Tane 00paboTKH SKCIIEPUMEHTAIbHBIX JaHHBIX 1718 BOCCTAHOBJICHUS HaKJIOHHBIX
conep>kaHuii 1uokcuaa cepsl — Metox DOAS. IpencraBieHsl pe3ynbTaThl 1a00paTOPHBIX U3MEPEHHH XapaKTePUCTUK CIIEK-
TpoMmeTpa: crekTpansHoe paszpenienue 0,58 + 0,5 aM, yrmosoe none 3perns 1 x 0,25°. DxcnepruMEHTaIbHO ONpeAeiIeHHbIe
napaMeTpsl mryma nerekropa DEVI nmpuMeHsuch 171t HOCTpOEHHS MaTeMaTHIeCKOro (GHIIBTpa C HEbI0 YBEIHMUEHHS OTHO-
LIEHHs CUTHAJ — IIyM, YTO IO3BOJIMJIO OLEHUTH COJAEpKaHUE AMOKCH[A Cephl B ByJIKaHWYeCKHX BeiOpocax. DEVI ycnemno
onpoboBaH B xoje dkcnenuimii Ha Kypuinbckue octpoBa B nepuoasl 31.07-13.08.2021 u 27.07-29.08.2022, B pe3ynbTare
4Eero BOCCTAHOBJICHA BEIMUMHA HAKIOHHOTO cogepxanus (7,5 % 1,2)-10'7 monexyn/cm® B BEIGpoce Bysnkana UMPHHKOTAH.
ITonmyueHHas! OLIEHKA HAKJIOHHOTO COJEPKaHUS JTMOKCHIA CEePhbl COINIACyeTCsl C Pe3yJbTaTaMM, NMOTYyYCHHBIMH Pa3IMYHBIMU
Hay4YHBIMHU I'PYIIIAMH C HUCIIOIb30BAaHUEM aHAJIOTHYHOTO METO/Ia ISl JPYTUX BYJIKAHOB.

Kniouessle ciioBa: DOAS, Y®-criekTpoMeTp IS IOJICBBIX N3MEPEHHH, ByJIKAaHUIECKUE BRIOPOCHI, TUOKCH]I CEPHI

Jns mutupoBanus: Bpyukosckuii, M. U. Crnextpomerp misi oueHku coxepxkanusi SO, B ByJIKaHHYECKHX BbIOpocax /
. U. bpyuxosckuii, I'. C. JlutBunosuu // Hayxa u mexnuxa. 2023. T. 22, Ne 5. C. 387-396. https://doi.org/10.21122/2227-
1031-2023-22-5-387-396

Spectrometer for Estimating SO, Content in Volcanic Plumes

I. I. Bruchkouski" 2, H. S. Litvinovich”

DA. N. Sevchenko Institute of Applied Physical Problems of Belarusian State University (Minsk, Republic of Belarus),
?National Research Center for Ozonosphere Monitoring of Belarusian State University (Minsk, Republic of Belarus)

Abstract. This work presents the development and implementation of an autonomous portable spectrometer DEVI (Doas Expedition
Volcanic Instrument), designed to measure SO, slant columns in volcanic plumes by remote optical method DOAS (Differential
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Ilpubopocmpoenue

Optical Absorption Spectroscopy) in the range of 290-365 nm with a resolution of at least 1 nm. To achieve this goal,
the following tasks have been solved: practical implementation of the spectrometer, including design of optical scheme;
design of a spectrometer housing for reducing scattered radiation and facilitate adjustments; applying of additional sensors to
record measurement conditions; laboratory measurements to determine the spectrometer's characteristics; field measurements
and preliminary data processing to retrieve SO, slant columns in volcanic plumes. During the spectrometer design phase, nu-
merical simulation methods in the Zemax software have been used, while DOAS was applied for processing experimental data
for retrieving SO, slant columns. Our laboratory measurements showed that the DEVI spectrometer has a spectral resolution
of 0.58 £ 0.5 nm and an angular field of view of 1 x 0.25°. To improve the signal-to-noise ratio, mathematical filter based on
the experimentally determined noise parameters of the DEVI detector has been introduced, which allowed ss to estimate the
SO, slant columns in volcanic plumes. DEVI was successfully tested during expeditions to the Kuril Islands in the periods
of July — August, 2021 and 2022 (31.07-13.08.2021 and 27.07-29.08.2022). Our field measurements and data processing
showed the SO, slant column value of (7.5 + 1.2)-10'7 molecules/cm? for the volcano Chirinkotan. Obtained estimation is

consistent with known results obtained for other volcanoes.

Keywords: DOAS, UV-spectrometer for field measurements, volcanic plumes, sulfur dioxide

For citation: Bruchkouski I. 1., Litvinovich H. S. (2023) Spectrometer for Estimating SO, Content in Volcanic Plumes.
Science and Technique. 22 (5), 387-396. https://doi.org/10.21122/2227-1031-2023-22-5-387-396 (in Russian)

BBenenune

OnuH W3 CIOCOOOB TMpENCKa3aHUs H3BEpIKe-
HUU BYJIKaHOB — aHAJIU3 U3MEPEHUHU ra3oBOro Co-
CTaBa BYJIKaHHYECKUX BbIOpocoB [1-3]. B 3aBucu-
MOCTH OT TEOJIOTUYECKHX OCOOCHHOCTEH IOPOIBI
U ONU30CTH MarmMbl K MOBEPXHOCTH 3E€MIIH COOT-
HOUICHWE KOHIEHTPALUU BYJIKAHWYECKUX Ta30B
B BeIOpocax (SO,, BrO u ap.) MoXeT U3MEHSTHCH.
Hampumep, yBenuuenue comepxkanus SO, B BbI-
Opocax CBHAETENHCTBYET O OJM30CTH MarMbl K
MTOBEPXHOCTH.

OcHOBHO# mpo0OsIeMOH IPOBEACHUS H3MEPEHUI
ra3oBOT0 COCTaBA BYJIKAHMYECKHUX BBIOPOCOB SIBIIS-
€TCsl OTHOCHUTEIHFHO BBICOKHI PHCK 3IOPOBBIO HC-
cienoBaresi, 00yCIIOBICHHBIA B TOM YHCIIE BBICO-
KAM COJIep’KaHMEeM 3arps3HEeHU BO3Ayxa BOIH3U
oOBeKTa wuccnenoBaHWil. B 3Toil CBS3M  aKTy-
ANBHOCTh TIPEACTABISIOT WHCTPYMEHTHI, I103BO-
JSIONIME TIPOBEICHHE W3MEPEHHH Ta30BOTO COC-
TaBa BYJKAaHUYECKUX BBIOPOCOB JHUCTAHIIMOHHBIM
METOJIOM.

B MupoBoii mpakTuke A1 U3y4eHUsI ra30BOro
COCTaBa BYJIKAHHYECKHX BBIOPOCOB AHMCTAHIMOH-
HBIMU ONITHYCCKUMHU METOJIaMH, HApsly C METOJia-
MU Dypbe-CHEKTPOCKONUK W KOPPESLMOHHOU
CIIEKTpOCKONMM, mpuMeHstoT Meton DOAS
(Differential Optical Absorption Spectroscopy) [4]
B gumama3zoHe 305-365 uM, rae HaxomaTcs IIH-
uun nonowmenus SO,, BrO u ClO. Hab6mrone-
HUs 10 Metoay DOAS mpou3BOASTCS ¢ TOMOIIBIO
KaK CTallMOHAPHBIX IYHKTOB JOJTOBPEMEHHOTO
HAOIOZICHNS, KOTOPBIE MTO3BOIISIOT OTYy4aTh JJIH-
TEJbHBIC BPEMEHHBIC Psbl HAKJIOHHBIX COZICPIKA-
HUW BYJIKaHUYECKUX Ta30B [5], Tak U MEePEHOCHBIX
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MasorabapuTHBIX MPHOOPOB [6], MOCTPOSHHBIX Ha
0a3e MHHHATIOPHBIX CIIEKTPOMETPOB, MPOHU3BOJIHU-
MBIX B TPOMBINIICHHOM MacmTabe pa3iHuyHbIMU
(upMaMu, WU MEITKUMHU CEPUSIMH KaK TMPOCKTHI
OTJENBbHBIX YHUBEPCUTETOB. B mocneqnem ciydae
MIPUXOJIUTCS HAXOAUTHh KOMIIPOMHCC MEXKIY BECOM
npubopa, ero aBTOHOMHOCTBIO M KaueCTBOM MOJY-
YaeMbIX JaHHbIX. B 3Toil CBSA3M aKTyaJIbHOCTb
MIPEJICTABIISET ONTUMHU3AIUS KOHCTPYKIIMU TTPHOO-
pa, B TOM 4HCJE€ ONTHYECKOH CXEMBbl CIIEKTPOMET-
pa, TakuM 00pa3oM, YTOOBI OJHOBPEMEHHO obec-
[IEYUTh TPUEMIIEMOE KadecTBO PETUCTPHUPYEMBIX
JMaHHBIX B Y®-auamna3oHe W BHICOKYH) aBTOHOM-
HOCTb B yCIIOBHSIX DKCIICTUIIHH.

Lenp HacTOsAIIEH paboTH — pa3paboTka u pea-
JU3alys aBTOHOMHOIO TOPTaTHUBHOTO CIIEKTPO-
merpa DEVI (Doas Expedition Volcanic Instru-
ment), ONTUMH3UPOBAHHOTO [UISI PETHCTPALUU
CIIEKTPOB pACCESIHHOTO COJIHEYHOTO H3ITyueHUs
HeOecHOU cdepsl B mamamazone 290-365 HM co
CIEKTpaJIbHBIM pa3pelieHueM He Xyxe 1 HM, 1mo3-
BOJISIFOILIETO TPOBEACHUE NHCTAaHIMOHHBIX H3Me-
peHMi comepikaHus AUOKCHIA Cephl B ByJIKaHHYE-
CKMX BBIOpOCax M €ro OnpoOOBaHWE B YCJIOBUSIX
skcnieauuuu. ConepikaHue AUOKCUAA CEpbl B BYII-
KaHWYECKOM BBIOpOCE OMpPENENsiIoch METOAOM
muddepeHInanbHON onTHYecKol abcopOIMOHHON
cnektpockormu (DOAS).

Ormmmunst DEVI ot anamoroB 3akimrodaroTcst
B ONTHYECKOW CXeMe COOCTBEHHOW pa3paboTKH,
cojJieprKalieil MUHUMAaJIbHOE YMCIIO KOMIIOHEHTOB,
YTO B HEKOTOPOIl CTENEHN MUHUMHU3HUPYET YPOBEHb
PAcCestHHOTO CBeTa, W HAIMYMHA KOMIUIEKTa J10-
MIOJIHUTENBHBIX JAaTYMKOB, MPeIHA3HAYCHHBIX IS
perucTpalu yCJIOBUM H3MEpPEeHUH C 1EIbl0 TI0-
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CJIEAYIOIIEro o0jeryeHus UHTepIperanuy U oopa-
OOTKHM NMEpBUYHBIX JaHHBIX. Pa3paboTaHHBIN cHek-
TpoMeTp ObUT ompoOoBaH B sKcmeauuusx Ha Ky-
punbekue octpoBa B 2021 u 2022 rr., Mo pe3yib-
TaTaM KOTOPBIX B HACTOSAIIEH padOTe OLlEHUBACTCS
YCHEUHOCTh NpeiaraéMoil KOHCTPYKLIUH.

Omnucanue cnektpomerpa DEVI

DEVI mnpencrapnsieT co00W NENbHBIA HEIEIH-
MBIii 0JIOK, B COCTaBE KOTOPOTO HAXOJISATCS BCE He-
o0xomuMble Il pabOTHl MOIYJNIH, BKJIOYAs FC-
TOYHUK NUTaHUA. [ J1aBHBIA ONTHYECKUH MOAYJIb
DEVI — 3710 cniekTpoMeTp coOCTBEHHOH pa3paboT-
KW, CIIPOCKTHUPOBAHHBIN JJIsi BOTHYTOH OTpakaro-
el TudpakimoOHHON peneTKy (paxnyc KpUBU3HEI
R =60 MM, nuamerp 20 MM, IUIOTHOCTb HITPUXOB
2581 mtp./MM) u Heoxmaxaaemon I13C-muHeitku
Toshiba TCD1304DG [7], umetomielr 3648 pabo-
yuX ¥ 13 KOHCTPYKTHBHO HM30JIMPOBAHHBIX OT CBE-
Ta mkcene. OnrTudeckas cxemMa CHEKTpOMeTpa
npeacTaBiieHa Ha puc. 1.

Puc. 1. Ontuueckas cxema cnekrpomerpa DEVI:
1 — BXo/iHasI 11€JIb; 2 — TUIOCKOE 3€pPKajo; 3 — BOrHyTast
nudpakoHHAS peleTKa; 4 — JEeTeKTOp ¢ YKa3aHUeM
COOTBETCTBYIOMINX JUIMH BOJH ITQAAIOIIETO H3ITyICHUS

Fig. 1. Optical layout of DEVI spectrometer:
1 — entrance slit; 2 — flat mirror; 3 — concave
diffraction grating; 4 — detector with corresponding
wavelengths of the incident radiation

CnekTpoMeTp HMEET CHUCTEMY OCBEILEHUS
BXOJHOU m1esn (00BEKTHB), KOTOpas o0ecreunBa-
eT 1mose 3peHus okoyo 1x0,25° (Bmonp U mornepex
BXOJHOM IIIENH CIEKTPOMETpa; Ha puc. 1 He moka-
3aHa). OnTudeckas cxema CIEKTpPOMETpa paccdu-
ThIBaJach B MPOrpaMMHOU cpeae Zemax [8] B He-
MOCTIEIOBATEILHOM pPEeXHUMe, ONTUMM3alus mapa-
METPOB ONTHYECKOW CXEMBI MPOU3BOJIMIACEH IIO
MakCHUMyMy IUIOTHOCTH HW3JIy4YE€HHUS Ha MOZAEIH

Hayka
wTexHuka. T. 22, Ne 5 (2023)

JeTeKTOpa s ciemytonmx muH BoiH: 280, 300,
320 u 340 HM [ BXOJHOM IIENH PazMEpPOM
3000%50 mxkMm. BxonHas miens crekTpoMeTpa co-
Oupanach BPpYYHYIO U3 JIBYX 3aTOYCHHBIX METaJ-
JMUYECKUX TUIACTHH, MapajuIeIbHOCTh KOTOPBIX
KOHTPOJUPOBANIACh BU3YaJIbHO IOJ MHUKPOCKOIIOM.
PacuerHas BenMuMHA IIMPUHBI aNlapaTHON QyHK-
MM Ha MOJYBBICOTE AN Auama3oHa 290-365 um
cocraBuia 0,61-0,65 HMm.

KOcTtupoBka crmekTpoMeTpa BKIIOYanma B ceOs
nBa atama. CriepBa MpOW3BOAMIACE MHHUMU3AIUS
MOJTYIIMPHHEI anapaTHONH (DYHKIUM CHEKTPOMET-
pa TpHu MOMOIIH HE3HAYUTEIEHOTO N3MEHEHHS T10-
JIOKEHUS PEIIETKH, 3epKalia U JETeKTopa NpHU pe-
TUCTpAIli MOHOXPOMATHUYECKHUX JUHUHM PTYTHOU
ra3opaspsiHON JTaMIIBl HU3KOTO NaBJIEHHS, ITOMe-
meHHol B otomeTpuueckyto coepy. anee cie-
JIOBaJl dTan yMEHbIIeHUS chepuueckux adeppa-
WA, KOMBI U acCTUTMaTH3Ma TMPH TTOMOIIN CIeIH-
aNbHO pa3pabOTaHHBIX OJICHJ, TIOJOXKEHHEe U
(hopMa KOTOPBIX OMPEACISUIUCH IKCIEPUMEHTAIb-
HO 32 HECKOJIBKO UTEpalnii.

Ha puc. 2 npencraBieHsl BHEIIHUN BUI KOPITY-
ca CIIEKTPOMETpa Ha pa3IMYHBIX dTarax ero pas-
paboTKH, HauWHAs OT TPEXMEPHOW MOJAETH W 3a-
KaH4YMBas TOTOBHIM u3fenveM. Kopmyc crekrpo-
MeTpa CIIPOCKTHPOBAaH TaKUM 00pa3oM, dYTOOBI
TOHKYIO TOACTPONKY TMOJIOKEHHS 3epKajia U pe-
meTkd (puc. 2a) MOXHO OBUIO OCYIIECTBIISITH,
HE OTKpBIBas 3allUTHOW KPBIIIKH, ITOCKOJIEKY
JIOCTYII KO BCEM IOCTUPOBOYHBIM JIEMEHTaM (BHUH-
TaM) UMeeTCa U3BHE, UTO, B CBOIO OUepelb, I03BO-
JISIET TIPOBOJUTH HACTPOUWKY CIIEKTPOMETpa B pe-
KUME PeajJbHOTO BPEMEHH IPU 3aKPBHITOM KOPITY-
ce. Pacronoxxenne CBETOBBIX JIOBYIIEK (pHUC. 2a)
BBIOpAaHO TakuM 00OpazoM, YTOOB MUHUMH3HPO-
BaTh PACCESTHHBIN CBET OT HYJIEBOTO TOpsAKa JH-
(dpakiun, a ux ocrpas GopMa HCKIIOYACT MOSIBIIC-
Hue OgukoB. OOBEKTHB COJCPKHUT JIBOSIKOBBI-
OyKIy1o JuH3Y (puc. 2b) ¢ GoKycHBIM paccTosiHU-
em 90 MM u3 ctekna Mapku KVY-1, a Takxe cunuit
¢uneTp, orcekaromuii Bumgumbiid u MK nmuana3zoHst
JUIS YMEHBIIEHUS YPOBHEH pacCesHHOro CBeTa
BHYTpH CIEKTPOMETpA.

Ha puc. 3a npeacrasnen BHemHuil Bug DEVI
CO CHATOM KPBIIIKOW, IJie 0003HAYCHBI BUIVMEBIC
3MeMeHTHl. B ympapmsiormiei mporpamMmme peainso-
BaHBI JBa peKUMa pabOTHI (PyIHOU M aBTOMAaTHYE-
CKMH Juis pabOThl Ha INTAaTHBE), M KOTOPBIX
MPEAYCMOTPEHBI pa3IMYHBIE PEKUMBI BBIOOpA
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BPEMEHU SKCIO3UIMH (PyYHOH | aBTOMaTHue-
ckuit). [lepexiroueHue peXUMOB MPOU3BOIUTCS
IIPH MTOMOIIHM KHOTOK 4 (pUCYHOK 3b) Ha JuIieBoi
MaHeNIn JJIsi BO3MOXHOCTH BBIOOpa pa3IMUHBIX
PeXHMOB CheMKH (OJAMHOYHBIA CIEKTp, HEIpe-
pBIBHAST ChEMKa, TEMHOBOH U OIOPHBINM CHEKTPHI)

U KHONKON Tepe3arpy3ku YNpaBIISIOUIEr0 MHUKPO-
KOHTpoJuiepa 5. Il BO3MOXKHOCTH PYYHOTO BBI-
0opa BpPEeMEHHM 3KCIO3MIMU COOKY KOopIlyca mpe-
JIyCMOTPEH WHKPEMEHTHBIM 3HKOAEp 7, MO3BOJIS-
IOIUI BPYYHYIO BBIOMpPATh BpeMsS JKCIO3HIIUU
¢ maroMm B 0,1 mc.

Puc. 2. Kopmyc criekTpoMeTpa 1 CXeMaTHUHbIH X0/ jtyueii: a — 3D Mozxens 6e3 00beKTHBa, OCTUPOBOYHBIX BUHTOB
U CBETOBOTO 3aMKa (1 — y3es BXOIHOI 1ienu; 2 — CBETOBBIE JIOBYIIKH; 3 — IETEKTOP; 4 — MIIOCKOE 3epKao;
5 — nudpakuHOHHAsI PEIIeTKa); b — TOTOBBII CIIEKTPOMETP U XOJI CBETOBBIX JIyucii B HeM (1 — 00beKTHB; 2 — IUIOCKHE 3epKaa;
3 — nudpaxkunoHHas pelIeTka; 4 — pa3beM CUTHaAJA C IETEKTOpa; 5 — JeTeKTop)

Fig. 2. Spectrometer unit and ray layout: a — 3D model without lens, adjusting screws and light lock (1 — entrance slit assembly;
2 — light traps; 3 — detector; 4 — flat mirror; 5 — diffraction grating); b — assembled spectrometer and path
of light in it (1 — lens; 2 — flat mirrors; 3 — diffraction grating; 4 — signal connector from detector; 5 — detector)

Puc. 3. Buemnuii Bug DEVI: a — 1o nepBoii sxcneauium, co CHATON KpbIKO# (1 — KpBIIIKa OTCEeKa JIeMEHTa MUTaHUS;
2 — mnara ALIII netekropa cnekrpomeTpa; 3 — rata KOHTpouiepa; 4 — skpas; 5 — narunk BME280; 6 — GPS natuuk;
7 — mnata BUAEOpETUCTPATOpa; 8§ — KapTa mamMsaTh; 9 — Bugeokamepa; 10 — o0bektuB criektpomerpa; 11 — DC-DC npeobpazoBatens;
12 — KHOMKA 3aITycKa PEruCTpairm); b — BO BpeMst BTOPOii skcreaunun, Ha mraTtuse (1 — GpoTokamepa; 2 — 00bEKTHB CIICKTPOMETPA;
3 — pagmarop; 4 — KHOTIKH BEIOOpa PEXKUMOB Pa0OTHI; 5 — KHOTIKA Mepe3arpy3ku; 6 — pazbeM A MOJKITIOYCHNUS BHEIITHETO MUTAHUS;
7 — 3HKOZED; 8 — NOMOIHUTENBHBIN OTCEK ¢ OaTapeeii; 9 — KHOIKa BKITIOUCHHS)

Fig. 3. Outer design of DEVI: a — before the first expedition, without cover (1 — cover of battery compartment;

2 — ADC board of detector; 3 — controller board; 4 — screen; 5 — BME280 sensor; 6 — GPS sensor; 7 — video recorder board;
8 — memory card; 9 — video camera; 10 — spectrometer lens; 11 — DC-DC converter; 12 — button for launching registration);
b — during the second expedition, in operating mode (1 — camera; 2 — spectrometer lens; 3 — radiator;

4 —buttons for selecting operating modes; 5 — reset button; 6 — connector for external power supply;

7 — encoder; 8 — additional compartment with battery; 9 — power button)
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B DEVI unTterpupoBaH BUAEOPETUCTPATOP IS
3aIlUCH HCCenyeMoro o0beKTa BO BpeMs u3Mepe-
Huil. OJHOBPEMEHHO ¢ BUEOperucTpauen (hoto-
mpuBsi3ka OOBEKTa K CHEKTPY OCYIIECTBISETCS
JOTMOJMHUTENBbHON (oTokamepoir 1 (puc. 3b, mo-
nens OV7670, 640x480 mukceneit co BCTPOSHHBIM
oydepom mamsaru). DukcupoBaHue (HOTOKAMEPHI
BBITIOJTHEHO TIPH TTOMOIIM KPETUICHUS <«JIACTOYKUH
XBOCT» K KOPIIyCY CHEKTPOMETpa, 4To obecredn-
BaeT OJJMHAKOBYIO MHOTOKPAaTHYIO YCTaHOBKY U, B
CBOIO OYepellb, JKECTKYIO TPUBS3KY TOJNIEH 3peHUs
CrHieKTpoMeTpa U Buaeokamepbl. Kaap c¢ doroka-
Mepbl TiepefaeTcss Ha MUKPOKOHTPOJUIEp UIS TIO-
cienyromero oroopakeHus Ha skpane DEVI m
COXpaHEHHUS Ha KapTy mamsTu. JaHHbIe, momy4ae-
MBIE TIPH TOMOIIM BHUICOPETHCTPATOpPa, COXpaHs-
IOTCSl HE3aBUCUMO.

g peructpanuu yciaoBUH MPOBEIEHUS U3MeE-
pEeHUH UCIIONB3YIOTCS CIEAYIOIHe epudepruiiHbie
ycrpoiictBa:  GPS-mpuemnuxk  HT1818Z3G5L,
koMmac 1 uHkauHoMeTp MPU9250, a takxke gat-
yuK MeteonapameTpoB BME280.

B kadecTBe ympaBisIOIIET0 KOHTpOJUIEpa HC-
nmoJib3oBasiack miaata Arduino Due, mis ympasie-
HUSI U CUMTBHIBAHUSI CHUTHANA C JETEKTopa MpHUMe-
HSUTACh IJIaTa COOCTBEHHOM pa3paboTKU Ha OCHOBE
MukpokoHTposiepa STM32F103. [l oundpoBku
NpEABAPUTENBHO MAaclITaAOMPOBAHHOTO OIEpaL-
oHHbIM ycunuteneM AD8021 curHana c JeTekTo-
pa TpHUMEHSJICS BCTPOCHHBI B MHKPOKOHTPOJI-
nep 12-OutHeiii ALIL. TakToBas 4actoTa MHKpPO-
koHTposuiepa (72 MI'm) mo3Bonmia peann3oBaTh
JMarna3oH BpeMEH HaKoIUIeHus curHaia ot 10 mkc
mo 30 muH. YacToTa onmudpoBKH MUKCENEH ICTEK-
Topa coctaBmia 250 kl1I.

TAHCO4 STMIZF103

Wwmerormmiicst TFT sxpan Ha 6ase 1L19486 mpen-
HazHaueH UII OTOOpaKEHHS PETHCTPUPYEMOTO
CIeKTpa W BBIBOAA WH(OpPMAINH, TMOTYYIaeMOH C
JATYAKOB: BPEMEHH, KOOPAWHATHI, 3HAUSHUH TeMITe-
parypbl, OTHOCUTEIBHOW BIAXKHOCTH U aTMOC(EPHO-
TO JaBJIEHU, YTila HAaKIOHA TpuOopa, a3uMyTa, WH-
JMKaTopa 3apsja Oaraped, BPEMEHHU SKCIIO3HIINH,
a taoke poromzobpaxenus ¢ kamepsl OV7670.

Ha puc. 4 mpeacraenena 6nok-cxema DEVIL
[IporpaMmma ympaBieHUS MHKPOKOHTPOJUICPOM
STM32F103 nerekropa HamucaHa Ha si3pike C
C MaKCHUMaJbHBIM HCIIOJIb30BAHUEM allllapaTHBIX
CpencTB MHKpOKOHTpoiutepa (Taiimepsi, LINM,
DMA, untepdeiic SPI), octaBisisi BEIMUCIUTEITHLHBIC
BO3MOXKHOCTH KOHTPOJUIEpa CBOOOMHBIMH YIS JO-
MIOJTHUTEBHBIX  33/1a4. YTIPaBIICHHUE JETEKTOPOM
TCD1304DG momHOCTBIO peann30BaHO (B COOTBET-
CTBHHU C JJOKyYMEHTaIMen [7]) 3a cueT BCTPOCHHBIX B
MHUKPOKOHTPOJIIEp TalMEPOB: OJIFTH OTBEYAET 32 TaK-
TUPOBaHHE JICTEKTOPa, BTOPOM — 32 BPEeMs HAKOILIe-
HUSl CUTHaja, TpeTUl — 3a cuuThiBaHUEe. Bee Taiime-
pPBl CHHXPOHHM3UPOBAHBI MEXITy COOOM IS MCKITIO-
YeHUS 3a/IepPKEK U cOOCB B pabOTe ACTEKTOpA.

IIporpamma ympaBnenuss Arduino Due Hamm-
caHa Ha si3b1ke C ¢ MCIOJIb30BaHUEM CTAHJAPTHBIX
oubmotex Arduino IDE. Ee dhyHkun cBomsarcs k
[IOOYEepPEeHOMY OINPOCY JAAaTUMKOB (Ka)XIOTo CO
cBoel yactoToil) u kamepsl 1 (puc. 3b), oOHOBIIE-
HUIO0 mHopMaruu Ha 3kpaHe. Kpome toro, mpo-
rpaMMa oOpa0aThiBaeT COOBITHSI Ha)KaTWMHd Ha
KHONIKHU (pHC. 3a), CYNTHIBAET CUTHAJ C JETEKTOpa
U COXpaHSET €ro Ha BCTPOCHHYIO KapTy MaMsTH
BMECTE C METQJaHHBIMH, OCYIICCTBISICT CMCHY
PEXUMOB pabOTH pUOOpa U M3MEHEHNUE BPEMEHH
HAaKOIUJICHUSI CUTHAJIA JICTEKTOpa.
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Fig. 4. Schematic description of DEVI architecture:
blue — data transfer interfaces, green — route of digital signal from detector
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JlutneBas Garapest pa3MeIIaeTCcs B pyKOATH KOp-
myca 1 00ecrieunBaeT HENMPEPEIBHYIO paboTy mpudo-
pa okosio Tpex 4acoB. PopmMa W KOHCTPYKLUS 3a-
muTHOro koprmyca DEVI paspabareiBanuch TakuMm
00pa3oM, 4TOOBI PErUCTPALUIO CIIEKTPOB SPKOCTH
HeOecHOU cepbl MOXKHO OBUIO TIPOU3BOUTH OIHOU
pykoit. Kopryc DEVI nmMeeT KpoHIITENH 11 Kper-
JIeHUS K INTATHBY, YTO TAKKE MO3BOJISCT IPOBOJUTH
CEpHI0 M3MEpEeHMH NPU HEU3MEHHOM HallpaBJICHUU
BU3MPOBAHMS B aBTOMATHUECKOM PEXXUME.

JlaGopaTopHble HcCIeI0BAHUSA
napametrpoB DEVI

YrioBble TOJS 3pPEHUS CHEKTPOMETpa, BHEO-
perucrparopa U BHIEOKaMephl, a TaKKe UX OTHO-
CUTENIFHOE PAcIOJIOKEHHE B MPOCTPAHCTBE OIpe-
JIEJIAINCH MPH TTOMOIIY CIIEHUANbHO pa3paboTaH-
HOM TOHMOMETPUYECKON YCTAHOBKHU ISl YTJIOBBIX
KaTMOPOBOK. Y CTAaHOBKA IMPEACTABISIET COOOM NTBE
MTOBOPOTHBIE TUTAT(OPMBI, BpamalonIfecs BO B3a-
UMHO TIEPICHIUKYISPHBIX THIOCKOCTSIX (TOPH30H-
TaNbHON W a3UMYTaIbHOMN), U TO3BOJISIET TIPOBEIC-
HUE TIPUBS3KHU TIOJIEH 3PEHUS] ONTUYECKUX CHCTEM
B JIBYX IUIOCKOCTSIX 32 OJHY YCTaHOBKY C TOYHO-
CThIO opsiika 70 yIIOBBIX CEKYH/I.

O¢dekTuBHbIl  pabounii AWAnas’oH CIEKTPO-
MeTpa (oOmacTb cCHeKTpa, B KOTOPOW BBINOJN-
usercs DOAS-aHanm3) HaxoAWTCS B IUAmaso-
He 304-364 HM, A7 KOTOPOTO 3KCHEPHMEHTAILHO
OTIpEe/IETICHHOE CIIEKTPAbHOE pa3pelleHre (IIpu-
Ha MOHOXpPOMAaTHYECKON JIMHUM B HAaHOMETPax Ha
MOJIOBUHE BBICOTHI) cocTaBmiio 0,58 + 0,5 M, Bpe-
Ms PETHUCTpPAlliH CIIEKTpa HHTCHCHBHOCTHIO 2/3
OT YPOBHSI HACBHIIIEHUS JETEKTOpa COCTaBHIIO 3 C
(ycnoBus perucTpaiiii: THEBHOE BPEMS, YIaCTOK
6e300magHOoro HebAa).

Ha puc. 5a mnpencraBiaeH Buj amnmapaTHOU
(byHKIIMHM CHEKTpOMETpa MpPH PErHCTpanud pPTyT-
HOH JIMHUHM OT MPOTSDKEHHOTO MCTOYHHKA, YTO

a
2000

;
£1500

11000
|

MHTEHCUBHOCT, 0. €.
w
a8

332 333 334 335 336 337
[OnuHa BOMHbI, HM

MTOATBEPKJACT TMPABHIBLHOCTH BBIITOJHEHUS BCEX
FOCTUPOBOK U 3P (PEKTUBHOCTH BbIOOpa OJICHI, TaK
KaK CIIEKTpaJbHOE pa3pellieHue Ha [JIMHE BOJI-
Hbl 334,14 aM coctaBuio 0,61 HM.

TaxkuMm 00pa3om, MprUMeHEeHHEe KOPPEKTHPYIOIINX
OJIeH]T TTO3BOJIMIIO HEMHOTO YMEHBIIUTEH abeppanun
B CXEeMe, 3a CUET Yero CIEeKTpaJbHOE pa3pelle-
HUE UISl OTHENBHBIX JJIMH BOJH yJAJIOCh YITyYIIUThH
Ha 13 % B cpaBHEHUH C MUHHMAJIbHBIM TE€OPETH-
YeCKH PpACCUNTAHHBIM 3HAYECHHWEM, TPU STOM HH-
TCHCUBHOCTh JIMHUN YMCHBIIWIACH He OoJice deM
Ha 10 % oT mcxomHoW BenmumHBL Bmecte ¢ Tem
U3 JAHHBIX PUC. 5a MOXKHO 3aMETUTh HEKOTOPYIO
HECHMMETPUYHOCTh JIMHAM B €€ TMPaBOW YacTH, KO-
TOpast 00YCIIOBJICHA OCTABIINMICS a0eppaIUsSIMH.

Mg ompeneneHus ONTUMAIBHBIX PEXKHUMOB pa-
0OTHI IPUOOPA MPOBOJMICS CICIHATBHBINA 3KCICPH-
MEHT B COOTBETCTBUU C METOJUKOU, H3IIOKECHHOM
B [9], a UMEHHO, PETUCTPUPOBAJICA CUTHANI C JETEK-
TOpa TPU OTCYTCTBUU H3IyUYCHUS] HA PA3TUUHBIX
BpEMEHaX HakKoIUIeHHus curHana. IlomyuyeHHbld mac-
CHB JIAaHHBIX MO3BOJIWI 3KCIIEPUMEHTAIBHO OIpesie-
JTUTh cpemHekBaapatudeckne otkiaoHeHus (CKO)
CTPYKTYPHOTO IIyMa W IIIyMa CYWTHIBAHUS HCIIOJb-
3yeMOro JIETeKTOpa B 3aBHCHMOCTH OT BpEMEHH
HaKOIUTEHHsI, KOTOphIe TPENCTAaBIEHB Ha pHUC. Sb.
W3 prucyHKa MOKHO 3aMETUTh, YTO SIBHOH 3aBHCHUMO-
cti CKO KOMIOHEHT 1IyMa OT BpEMEHU HAKOILUICHUS
He HaOmromaeTcs, TMOJE3HBId CUTHAN Ui JIF0O0TO
BpPEMEHHM HAKOIUICHHS WMEET aMIUIUTyAy IyMa B
npenenax 2—-3 ex. ALIL a urym cuuThiBaHMA B JBa-
TpU pasza MPEBOCXOAUT CTPYKTYPHBIN IIyM JJIsl JIFO-
00ro BpeMCHU HAKOTUICHHSI.

JpyruMu ciioBamu, J1aGOpaTOPHBIC UCCIICI0BA-
HUS TTapaMeTPOB KOMITOHEHT IITyMa JIeTEeKTopa Io-
Ka3ajg, YTO BJIUSHUEM BPEMCHHM HAKOIUICHHUS Ha
mapaMeTpsl QrIbTpa B MPEABAPUTENFHON MaTeMa-
THYECKON 00pabOTKe OTIEIBHOTO CIIEKTPa MOYKHO
peHeOpeys.

—— CTPYKTYPHBIR Wwym
- LLIyM CYWTBIBEHWA

=iy

=i

e. ALM

(=T IR T - I - -]

__,../'

=

CKO KOMMOHEHTbI LWyma,

10°
Bpemsi HakonneHusi, MKkc

g

Puc. 5. Anmmaparnas ¢ynkuus cnekrpomerpa DEVI (a) 1 3aBUCHMOCTS KOMIIOHEHT LTyMa JeTEKTOpa
JUISL pa3IIMYIHBIX BpeMeH HakoruieHus (b)

Fig. 5. DEVI spectrometer's slit function (a) and dependency of detector noise components
for various accumulation times (b)
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Hanuyue noBTOpsoLIeiics CTpyKTyphl B pa3iny-
HBIX KOMIIOHCHTax MIyMa MOXCT OBLITH CBSI3aHO C
HEKOTOPOW JTOMOJHUTEIFHOW KOMIIOHEHTOM, HE BbI-
JISJICHHOM B XOJIe HCCIENOBaHUS W BBI3BAaHHOM,
HarpuMep, 0COOSHHOCTSIMH aIllapaTHON peann3alii
JJIEKTPOHHOH O0OBSI3KH JICTEKTOPA.

MeToauka usMepeHui
U 00pabdOTKH CNIEKTPAJbHBIX JAHHBIX

Mertonuka u3MepeHHH MoApazymeBana IOy-
YeHHUE JaHHBIX Pa3IUYHOrO THIIA:

1) onopHBIE CHEKTPHI — PETUCTPUPOBAIIUCH B 3€-
HUTHOM HalpaBJICHUH WM HalpaBIICHUH, HE COZIEp-
JKaleM BYyJIKaHWYeCKnX mmiehdoB. Perwmcrparms
CIEKTPOB MPOU3BOIMIIACEH C PYK HECKOIBKIMH CEPH-
siMH 10 20 CIIEKTPOB B KaXKAOW, C MUHUMAJIBHOH 3a-
JIEP>)KKOM Tiepe]T peTHcTpalyeil MoJIe3HbIX CIEKTPOB.
Takum 00pa3oM, OMOPHEBIE CIEKTPHI AlPUOPHO HE
comepxar B cebe MHMOPMAIMIO O Ta30BOM COCTa-
BE BYJIKAHWYECKOTO BBIOPOCA, OHAKO CONEpKaT WH-
(hopmariiro 00 aTMOC(EpHBIX MAallbIX Ta30BBIX CO-
CTaBIIIOIMX, paccesHUH Pamess m My, a Takxke
0 ¢payHroepOoBCKUX JUHHSX;

2) moJnie3Hble CHEeKTPbl — PErHCTPUPOBAIUCH
B HANpaBICHWW Ha TUIeH( BYIKaHUIECKOTO BHI-
Opoca, B pa3MMyHBIX MecTax muieida. Ilome 3pe-
HUSl CIEKTPOMETpPAa OPUEHTHPOBAIOCH IPU ITOMO-
1 BHUJCOKAMEpPHI, IOCIE Yero MpOU3BOAMNIACH
peructpanysi HECKOJIBKUX CHEKTPOB B Pa3IMUHBIX
Mectax mnuoieida. Ilome3Hple CHEKTpHI coaep:kar
B cebc BCIO Ty HWH(MOPMAIMIO, YTO W OIOPHBIC
CIIEKTPBHI, a TakXKe WH(POPMAIHIO O HEYNIPYTOM TI0-
TJIOIIEHUU PACCESHHOTO COJHEYHOTO W3IYy4YCHUS
ra3amu BYJIKAHMYECKOTO BEIOpOCa;

3) TEMHOBBIE CHEKTPBl — PETHCTPUPOBAIUCH
IpU OTCYTCTBUM ONTHYECKOTO CHTHAaja TpH 3a-
KPBITOM KpBIIIKE OOBEKTHBA CHEKTpOMETpa st
Te€X BPEMEH AIKCIO3WINU, HAa KOTOPBIX PErHCTpH-
POBAIUCh ONOPHBIE 1 TEMHOBBIE CIIEKTPHI.

Takum 00pa3oM, COBOKYMHOCTH INEpEUYHCIICH-
HBIX BBIIIEC JaHHBIX 00pa3zyeT CEpUI0 H3MEpEHUH
U MO3BOJISICT MpUMEHUTH MeToa DOAS s ananu-
3a MOJIE3HBIX CIEKTPOB.

B ocnoBe Meroma DOAS nexur ypaBHEHHE
Byrepa — Jlambepra — bapa, 3anmcanHoe s pac-
NpOCTpPaHEHHs M3Iy4YeHUs B aTMocdepe B Cleay-
IOLIEM BH/JE:

I,(A, L)=1,(\)expx

x _f > 6, (0e, (D) + e, (O D+, (N, 1) |dl ,(1)

0

rae ly(A, L) — criekTp mocie NpoxXoKIeHUs U3Tyye-
HUEM IyTH JuinHON L; Iy(L) — TO e B OTCyTCTBUE
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HOIJIOTUTENEH; Cjo(A) — ceueHus MOIJIOIEHHS;
¢j — KOHLEHTpalus j-i MHKponpumecH; ex(A, L),
ey(A, L) — x0o3hHUIHUEHTHI TTOTIIOMCHUS IS pac-
cestHus Panest 1 Mu cOOTBETCTBEHHO.

W3mepsiemas BennMunHA B TaKOM Cllydae — Ha-
KJIoHHOe conepkanue SCD; — SBISETCA HUHTE-
TPAJIbHOM KOHILIEHTpaLueH j-i ra30BOM MUKPOIIpU-
MECH BJIOJIb HEU3BECTHOTO MTyTH cBeTa L

SCD,(L) = [ ¢,(Ddl [monexya/en’].  (2)

Kpome omnmcanneix B dopmyne (1) Tpex oc-
HOBHBIX IIPOLIECCOB OCIAOJICHUS U3Iy4YEHHs B at-
Mocdepe, ecTh elle OJUH MPOLecC BTOPOro NopsiI-
Ka MaJloCTH, TpeHeOpeKeHne KOTOPBIM HaKJIa bl
BaeT OrpaHUYCHUE HAa TOYHOCTh METO/a, & UMEHHO
puHT-3QPexT. PUHT-3QdEeKT yUINTHIBAIOT BBEICHU-
eM B npouenypy DOAS-ananmmza GukTHBHOTO Ce-
YeHHs MOIJIOIIEHHS ORing(A), KOTOPBIA pacCUnTHI-
BaeTCA METOIaMH KBaHTOBOM MEXaHUKH.

IIponenypa DOAS-ananu3a mpeacTaBiseT Co-
60if MUHMMH3ALMIO 11eIeBOI (PYHKIMU ¥ MACIITA-
OMPOBAaHHBIX CEUEHWH MOIJIOLICHUS OJHOBPEMEH-
HO HECKOJIBKMX MAJIbIX Ta30BbIX COCTABJISIOLIMX,
KO3 QUITMEHTOB TOTMHOMA, CeUeHHs pUHT-3(dek-
Ta ¥ U3MEPEHHOT'O CHEKTPa IMOTIOMIECHHS, KOTOPBIH
noJy4aeTcs MyTeM ylaleHus ¢GpayHrohepoBbIX
auHuA. Jns mMuHEMH3anmMu GYHKIMHA )~ OOBIYHO
MIPUMEHSAETCS HEIMHEWHBINH MeTon JleBeHOepra —
MapxkBapa B OIXOMSIIEM AUANa30He JJIMH BOJIH

x
(i8]
Il
Rl St

[InZ(\,L)~InZ,(M)]+ Y o ,(M)DSCD, (L) +

3)
+Y p,\" |[d\—min.

Ilocnennee cnaraemoe (3) yu4uTHIBae€T MEJJICH-
HO MEHSIONIYIOCA 4YacTh JJIsl paccessHui Panes u
Mu, a Taxxke A ApyTrux aTMOChEPHBIX MpUMecen
C IIMPOKOMW TOJIOCOW MOTIIOMEHHS, p,, — KO3 du-
LUEHTHl MOJMHOMA CTeNeHW m. Jluama3oH AJIUH
BOJIH BBIOMPAETCS TaK, YTOOBI B HEM COJICPKAIUCH
CIEeKTpaJbHbIE OCOOEHHOCTH CEYeHHUil Morolle-
HUH TETEBBIX MAJIBIX Ta30BbIX COCTABIISIONINX.

Jis MUHUMU3aIUN BIHUSHUAS KOJEOAHWH TeM-
repaTypel Ha CTAOMIBPHOCTH ONTUYECKHX ITapaMeT-
POB CHEKTpOMeTpa M TOCTOSHCTBO LIYMOBBIX
XapaKTepUCTUK JEeTEeKTOpa MEepHoa MPOBEACHUS
CepHH U3MEPECHHI COKpAIalICsS 10 2—5 MUH.

O6paboTka HATYpHBIX CIIEKTPOB IPOU3BOIH-
nace MeronoM DOAS npu nmoMomu nporpaMMHO-
ro obecrieuenuss QDOAS v.2.111 [10], B nporie-
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Jype aHauu3a YUYUTHIBAIMCH CEYEHHs IMOIJIOIe-
HUsI, TIpeJcTaBieHHble B Tabim. 1. Boccranosie-
HUE HAKJIOHHBIX cozepkanuit SO, MPOBOIUIOCH
C WCTOJB30BAaHUEM ITOJIMHOMA TIOPAIKA 2 IJIs WH-
tepBana 307,5-316 um. Kpome Toro, ans Koppek-
LU YpOBHS pAacCEsIHHOTO CBeTa IPUMEHSIACh
HacTpoiiKa offset BTOpOro mopsiaka.

Tabnuya 1

CedeHns NOIVIOLICHUS H HACTPOIKH,
HMCMOJIL30BAHHBIE JIA BoccTaHoBIeHuA SO,

Absorption cross sections and settings
used for SO, retrieval

Ceuenue WuTepran
IIpumeuanue
[OTJIOIICHUS aHaIM3a, HM
SO, SO, vandaele 293
o 0;_ 243K Bogumil
3 (To-xoppexrmst 1-10°° mon/cm?)
BrO BrO_Wilmouth 298K 307,5-316
Ring .
- ) Ring NDSC2003
Ring-A

Jls KoppeKIuu cOOCTBEHHOTO IIyMa JIETEKTO-
pa ucnonb3oBancs ¢uiabTp [11], Tak kak Takou
TIOJIXOJ] TIO3BOJISIET PACCUMTATh MapaMeTphl MOCTe-
HET0 Ha OCHOBAaHUM DKCIEPUMEHTAIFHO M3MEpEH-
HBIX CTATUCTUYECKUX MapaMeTpOB IIyMa KOHKpET-
HOTO JIETEKTOpa C YYETOM CXEMOTEXHUYECKHUX
0COOCHHOCTE! COIPSDKEHHOTO ¢ HUM MOJYJISL CUH-

THIBAaHWS. 3HAYCHHE UHTCHCUBHOCTH b i-ro orud-

POBAHHOI'O MHKCEJS B CIIEKTPE MEPECUNUTHIBATIOCH
mo popMmyIie

2 2
O igiva — v

! f—
b/ =W, yiat X

k=—4 k=—4
+ 5 X
1 < 1 &
Lsdp Ly, )
=4l 9=,
1 4
x bl __Z bl—k °
k=—4

rae b, — 3HaYeHUE MHTEHCHBHOCTH i-TO IMKCEI
3alIyMJIGHHOTO CIIEKTpa; | — MaTreMaTH4ecKoe
CpeaHee 3HaYeHUH b; B OKHE U3 AEBATH MUKCEIEH,
KOTOpPOTO JOCTAaTOYHO JJIi OLIEHKH JIOKAJbHBIX
MapaMeTpoB CIEKTPa, HO HE OKa3bIBAET BIUSHUS
Ha YHIMpEHHE CHEeKTpanbHbIX nuHUA; o— CKO
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3HadueHUd b; B okHe; V — CKO 3HaueHnid mryma
B CIIEKTpE.

B xayectBe HaOopa TEMHOBBIX CHUTHAJIOB JJIst
OTpe/IeNICHHs MapaMeTPOB KOMIIOHEHT IIyMa V Jie-
TEKTOpa WCIOJh30BAIM MAaCCUB TEMHOBBIX CIIEK-
TPOB, 3apPETUCTPUPOBAHHBIA TMPH TEX XK€ TEMIIe-
paTypax M BpeMEHaX O3KCIIO3UIIUH, NPU KOTOPBIX
PETUCTPUPOBAINCH CEPUHM H3MEPEHHH BO BpeMs
DKCIIEIUIINHN.

IlepBble pe3yabTaThl

Briepeeie mpubop Obul ompo0oOBaH B Xoje
skcnenuuuii Ha Kypuibckue octpoBa B NEpHOA
31.07-13.08.2021 (Bynkansl YnpuakoTaH, CuHapka,
bepra, Kynramunap) u 27.07-29.08.2022 (Bynka-
Hel Ymkypauku, D0eko). PesymbraT HamoxeHus
Bcex obOmacteit peructpaumun DEVI mpencrasien
Ha puc. 6a. Ha puc. 6b moka3aHbl pUMepbI CIICK-
TPOB, 3apPETHUCTPUPOBAHHBIX B HAIIPABICHUU BYJIKa-
HUYECKOTO BhIOpoca (IOJIE3HbIE CIEKTPHI) U B 3e-
HUTHOM HanpaBJiieHuH (OMOPHBIN CHEKTD).

B xoJie nepBoii 3KCNIeUINN 1J1 UCCIIEIOBAHUS
JUHAMHUKH Ta30BbIX BHIOPOCOB B KOHKPETHOH TOY-
K€ BYJKaHWYECKOro nuieiida perucrpamnus moiues-
HBIX CIEKTPOB MPOM3BOIMIACH C HCIIOIb30BAHUEM
LITaTHBa B aBTOMAaTHYECKOM pexkume (BJIK. YnpuH-
KOTaH). B Xxozme BTOpO# 3Kcnequuuu ¢ LeIbio OT-
CIIe)KHMBaHUsI TIPOUCXOMSIINX BJOJIb HAIpaBIICHUS
pacmpocTpaHeHus muielda XUMHUYECKUX peaKUuit
B TIpOLIECCE PACIPOCTPAHEHHS U OCTHIBAHUS BYJI-
KaHHYECKOro BBIOpOCa, MPOM3BOAMIACE PETHCTpa-
[UsI TTOJIE3HBIX CIIEKTPOB MO/ Pa3IMYHBIMHU YTIIAMH
JVHUY HaOJIONEHWs C WCHOJb30BAHHEM ILUTATHU-
Ba (BIIK. YuKypaukn).

Ha puc. 7 mpencrasieH BuA BYJIKaHHYECKOT'O
BBIOpOCa ByJKaHa Ha 0. UMPWHKOTaH 3a IBa IHS
IO €ro M3BEep)KEHUs, HANpaBICHHE BHU3UPOBAHUS
CIIEKTPOMETpA U IPUMEP BOCCTAHOBIICHHSI HAKIIOH-
Horo coxaepxkanusi (SCD) SO, B cmekTpagbHOM
nntepsaiue 307,5-316 M.

CTouT OTMETHTb, YTO NPEICTAaBJICHHBII
Ha puc. 7b npumep DOAS-ananusa pis SO, geMoH-
CTPUPYET NOJYYECHHYIO BEJIMYMHY HAKJIOHHOTO
comepxanns (7,5 + 1,2)-10"7 monekyn/cm?, Koro-
pasi XOpoUIO COorjacyercsi ¢ U3BECTHBIMU JaHHbBI-
mu [4, 12].

Kpome Toro, u3 puc. 7b MOXKHO 3aMETHTh, YTO
HW3MEpeHHbIe 3HaueHus1 cedeHus nornomeHus SO,
MOKA3bIBAIOT HATMYKME 3HAYMMBIX MCKaXKEHHH, OCTa-
TOYHBIN CHEKTP MMEET JIOBOJIBHO OOJIBIIYIO aMILIH-
TYAy ¥ OTAMYAETCS NPUCYTCTBUEM 3aMETHOW CTPYK-
TypBl. OTH OCOOCHHOCTH B COBOKYITHOCTH yKa3bIBa-
I0OT Ha TOTEHUWAN [yl YJIy4YIIEHHS CHUCTEMBI
PETUCTPALMH MTOJIE3HOTO CUTHANIA CIIEKTPOMETPA.
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Puc. 6. Buneonpussizka 00beKTa U 10JIs 3PEHHS CHEKTPOMETPA M IPUMEP IOJIy4aeMOro CIIeKTpa:
a — obmactu peructpauun DEVI (1 — kaap Bugeopeructparopa; 2 — kaap GoTOKaMepsl; 3 — o€ 3peHUs CIEKTPOMETPA);
b — npuMep perucTpUPyEeMbIX CIIEKTPOB

Fig. 6. Registration area of object and field of view of spectrometer and an example of recorded spectrum:
a— DEVI registration areas (1 — video recorder frame; 2 — camera frame; 3 — spectrometer’s field of view);
b — example of recorded spectra
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Puc. 7. Bynkaandeckuii nueiid BeiOpoca Ha 0. UMpHHKOTaH 3a JBa JHS 10 U3BEpKEHUS (a)
Y IpHIMEP BOCCTAHOBIICHUSI HAKIIOHHBIX copepkanuii SO, (b)

Fig. 7. Volcanic plume emissions on Chirinkotan Island two days before eruption (a)
and example of retrieval of SO, slant columns (b)

BBIBO/IbIL

1. Pa3paboTan OgHOMOIYIBHBIN ABTOHOMHBIN
noptatuBHbIi ciekrpomerp DEVI (macca 1,4 kr),
coJepKaluii MUHHMATIOPHBIA CHEKTPOMETpP Cco0-
CTBEHHOT0 Iu3aiiHa Ha nuana3zon 290-365 HM ¢ pas-
pemenuem 0,58 £ 0,5 HM, TIO3BOJISTIOLITHIA PETUCTPA-
LU0 CUTHAJIA 33 BpeMsl SKCTIO3ULMH He OoJtee 3 c.

2. IlpuMeHeHHass METOIMKA FOCTUPOBKHU CIIEK-
TPOMETpa C UCIOJIb30BAHUEM HTEPAIMOHHO pEry-
JUPYEMBIX OJICH] TO3BOJIMIIA MPAKTHYECKH Peau-
30BaTh cHekTpaibHoe paspemienue 0,58 = 0,5 um,
B TO BpPEMs KaK TCOPETHUYECKH PacCUYMTAaHHOE pas-
pewmenue cocraBuwio 0,61-0,65 um. Takum oOpa-
30M, Ha OTIENBHBIX AJMHAX BOJH yJAIOCh HONY-
YUTH CIIEKTpaIbHOE paspemieHue Ha 13 % mydrre,
YeM pacCUMTaHHOE TeopeTnuecku. IIpu 3tom cto-
UT OTMETHTH, YTO B MOJEIH Obljla BEIOpaHa MUHU-
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MaJbHasg BENWYMHA BXOJHOW IIENTH CHEKTPOMET-
pa, Tak YTO JallbHEHIee €€ CY)KEHHE IPUBOIUIO
JIUIIIb K YMECHBIICHUIO MHTEHCUBHOCTH JIMHUM.

3. Pa3paboTaHHbBIN CIEKTPOMETP CHAOXKEH pas-
JIUYHBIME Tiepu(EepUitHBIMU  yCTpOiicTBaMu  (BH-
neokamepa, Bumeopeructparop, GPS-npuemHuxk,
JATYUK TEMIEPaTyphl, TaBICHUS U OTHOCUTEIHHON
BJIQYKHOCTH, UHKIIMHOMETP ), KOTOPBIC 3HAYUTEIBHO
YOPOINAIOT WHTEPIPETAIUIO MTOyISHHBIX JaHHBIX.
[IpoBeneHHbIN TpeaBapUTENIBHO KOMILIEKC J1abo-
PATOPHBIX YTIIOBBIX KATHOPOBOK BMECTE C UCTIONb-
3oBanueM BcTpoeHHoro TFT-skpaHa mo3Boiui B
YCIIOBUSX IKCHEIUINN B PEXXHME PEATbHOTO Bpe-
MEHU OPUEHTHPOBATH IOJIC 3PEHUS CHEKTPOMETpa
B pa3juyHble 00JacTH BYJKAHUYECKOTO BBIOPO-
ca, 4TO, B CBOKO OYEpellb, MMO3BOJIMIO HCKIIOUYUTH
HU3MEPEHHMS CIIEKTPOB SIPKOCTU U3 ONTUYECKH ILIOT-
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HBIX YYaCTKOB Iuick(a, KOPPEKTUPOBATh HAlpas-
JICHWE BHU3HPOBAHUS B 3aBHCUMOCTH OT HAIpaB-
JICHHUA BCTpa, a TaKXKE IMPOBOAUTL H3IMEPCHUSA
B Pa3NHYHBIX TouKax Iuierda. XapakTepUCTHKH
YyBCTBUTEIILHOCTU JIETEKTOpPA M IIIYMOBBIE Xapak-
TEPUCTUKU pa3pabOTaHHOU IIEKTPOHHOW OOBSI3KH
B COBOKYIHOCTH TII0Ka3aJli MPAKTHYECKYH) BO3-
MOJKHOCTh YCITEITHOTO TpuMeHeHus Metoga DOAS
K 3apErMCTPHUPOBAHHBIM CIEKTPaM C IENbI0 BOC-
CTAHOBJICHUS COJICPIKAHUS TUOKCHJIA CEPBI.

10.

11.

12.

. Sparks, R. S. J.
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Abstract. Nanomodified fiber-reinforced concrete is a building material for which the required characteristics of fracture
toughness are a distinctive feature. Determination of the stress intensity factor of fiber-reinforced concrete makes it possible to
correctly assess the resistance of the material during the formation and development of cracks. The proposed multi-parameter
methodology for assessing the quality indicators of nanomodified fiber-reinforced concrete makes it possible to evaluate
the quality of a fiber-reinforced concrete structure in construction and laboratory conditions. To carry out control at the con-
struction site, modern and long-used methods of non-destructive testing are used: ultrasonic sounding, ultrasonic tomography,
elastic rebound, separation with chipping. For laboratory studies, the technique provides for the manufacture of prism samples
that can be molded or cut from the body of the structure. This methodology makes it possible to obtain in laboratory con-
ditions such material parameters as tensile strength in bending, tensile strength in splitting, critical stress intensity factor for
normal separation, critical stress intensity factor for transverse shear, energy consumption for individual stages of deformation
and destruction of the sample, as well as to evaluate the uniformity of distribution fibers. Moreover, it is provided to obtain
all the parameters on one sample from the series, which eliminates errors and inaccuracies in the quality indicators of the ma-
terial associated with different conditions of hardening, molding, inaccuracies in duplicating the composition.

Keywords: crack resistance, nanomodified fibre-reinforced concrete, ultrasonic tomography, quality assessment technique,
tensile strength, critical stress intensity factor
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KOHTpPOJISI: yJIBTPAa3ByKOBOE 30HIMPOBAHUE, YJIBTPA3BYKOBYIO TOMOrpaduio, ynpyruil OTCKOK, OTPBIB CO CKaJbIBAHHEM.
Jlnst mabopaTopHBIX HCCIIEN0BaHUI METOJMKA MPETyCMaTPUBAET U3TOTOBIEHHE MPU3MATHUECKUX 00Pa3LOB, KOTOPBIE MOTYT
OBITh OTINTHI B HOPMY WIIM BEIPE3aHbI U3 TeNla KOHCTPYKIUH. DTa METOMKA HO3BOJISET MOIYYHTh B JTAOOPATOPHBIX YCIOBUSIX
TaKWe MapaMeTpsl MaTepuaia, Kak MPOYHOCTh Ha M3THO, MPOYHOCTH MPH PACTSDKCHUH HA pacKanblBaHKE, KOY(Q(UINEHT HH-
TEHCUBHOCTH HAINPsHKEHUH IPH HOPMAJILHOM OTPBIBE, KO (PUIMEHT NHTCHCUBHOCTH HAINPSHKEHHH TIPH MIONIEPEYHOM C/IBUTE,
SHEpro3aTpaTsl Ha OTJAEIbHBIC CTAAUH Ae(hOpMAINN U pa3pylIeHUs 00paslia, a TaKkke OLEHUTh PABHOMEPHOCTH pacipeserne-
HMS BOJIOKOH. Bonee Toro, mpemycMOTpeHO IOIyuYeHHE BCEX MAapaMeTpoB Ha OJAHOM 00pasle M3 CepUH, YTO HCKII0YaeT
OIIMOKY M HETOYHOCTH B MOKA3aTelsIX KauecTBa MaTepHaia, CBI3aHHBIC C PA3INIHBIMU YCIOBUSIMHU TBEpACHHUS, (pOpMOBaHHUS,
HOTPEIIHOCTSMHU IIpH Ty OIUPOBAaHUH COCTABA.

KiroueBble ci10Ba: TPEIIMHOCTONKOCTh, HAHOMOAU(UIIMPOBaHHbIH (GUOPOOETOH, yIbTpa3BykoBas ToMorpadus, METOAMKA
OLICHKU Ka4eCTBa, IPOYHOCTH IIPH PACTSHKEHNH, KO OUINEHT NHTEHCUBHOCTH HAIPSDKCHUH

Js nutuposanus: Jleonosuy, C. H. MHoronapamerpryeckass METOMKa OLCHKU ITOKa3aTeNneil kauecTBa HAHOMOIU(HUIN-
poBanHoro ¢guodpoderona aist crpoutensHoit wiomanku / C. H. Jleonosud, E. A. Canosckas, A. A. Konena / Hayka u mex-

nuxa. 2023. T. 22, Ne 5. C. 397-404. https://doi.org/10.21122/2227-1031-2023-22-5-397-404

Introduction

The stress intensity factor is one of the most
important indicators of the crack resistance of a
material such as fiber-reinforced concrete [1-3],
since the ability of fiber-reinforced concrete to
prevent crack development is the main advantage
over conventional concrete [4-7]. For this reason,
methods for determining this indicator should most
fully disclose all the features of work under load
and the quality of nanomodified fiber-reinforced
concrete [8—10].

Nanomodified fibre-reinforced concrete is a
composite material with dispersed reinforcement at
different structural levels. Starting from the na-
noscale level (carbon nanotubes) and up to the
macroscale (traditional reinforcement), effective
resistance to cracking under the action of external
loads is assumed [1-3].

Of particular interest in construction is the
quality control of the manufacture of structures
in construction conditions. Since the basis of fiber-
reinforced concrete is the concrete-matrix, the con-
trol methods used for monolithic concrete struc-
tures will also be applicable to nanofiber-reinforced
concrete. Due to the fact that dispersed reinforce-
ment does not significantly affect the change in
compressive strength, which is one of the main
quality indicators for ordinary concrete, the quality
control method for nanomodified fiber-reinforced
concrete should provide for obtaining parameters
that characterize the properties of the material de-
pending on the introduction of fiber fibers (crack
resistance, fracture toughness, etc.).

In this article, the authors propose a technique
that allows assessing the quality of a nanomodi-
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fied fiber-reinforced concrete structure and nano-
modified fiber-reinforced concrete as a mate-
rial (Fig. 1).

At the first stage, continuous control is per-
formed by a combined (complex) method. As a
result of measurements by the ultrasonic method
and the elastic rebound method, the strength value
of the concrete matrix is obtained. Sections (struc-
tures) with different (low) indicators are tested
additionally at subsequent stages without fail.

At the second stage, ultrasound tomography of
the structure is performed. This method allows you
to determine the thickness of the structure and the
adjacent base with one-way access, to detect voids
and “hedgehogs” of fiber fibers. The control can
be performed point and solid. Point control is
mandatory on all structures. Continuous inspection
can be carried out for structures with questionable
strength indicators, defects (based on the results
of point inspection).

At the third stage, the method of direct separa-
tion with chipping is used to determine the critical
coefficient of stress intensity and strength of nano-
fibre concrete in the structure. This method is nec-
essarily carried out in areas (structures) where
defects, reduced strength, etc. were detected at pre-
vious stages of testing.

The fourth stage includes sampling of the mate-
rial for subsequent tests in the laboratory. Test
samples can be molded or cut from the body of the
structure. In laboratory conditions, one sample
from the series is subjected to step-by-step tests:
bending tension, splitting tension, normal separa-
tion and transverse shear, non-destructive testing
methods.
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Fig. 1. The algorithm of quality control of fiber concrete in construction

Combined method

The purpose of this method is to determine the
strength of the concrete matrix in the composition
of the fiber-reinforced concrete material. The com-
plex method for assessing the strength of nano-
fiber-reinforced concrete is based on the correction
of data from the elastic rebound method according
to STB 2264 and GOST 22690, an amendment that
is a function of the difference in the strength esti-
mates of nanofiber-reinforced concrete by the ul-
trasonic pulse method according to GOST 17624
and the elastic rebound method (Fig. 2-3). The
ultrasonic pulsed method was used as a calibration
method. It is used to correct the data of the dyna-
mic indentation method [11].

In the same control zone, tests are carried out
by the indentation method and the ultrasonic me-
thod; the values of the indirect parameters of these
methods are /; and V;. The strength of nanofiber-
reinforced concrete fc of the control area is deter-
mined depending on the difference in the dynamic
moduli of elasticity of the surface layer of nano-
fiber-reinforced concrete E'; and the inner area
of nanofiber-reinforced concrete of the control
area £,y from the system of equations [12].
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1
fc _ = ®(®€O’O9I(EV7E)fC,I i c,V);

®=0,0026 1> 0,115, +2,79,

(1

f. — strength of nanofiber-reinforced concrete of the
controlled section of the structure, MPa; f.,; u ., —
respectively, the assessment of the strength of na-
nofiber-reinforced concrete by the indentation
method and the ultrasonic pulse method, MPa; @ —
dimensionless coefficient.

Fig. 2. Scheme of measurements by the combined method
“indentation — ultrasonic pulse method” [11-13]:
1 — controlled item; 2 — area of concrete involved
in the transmission of an ultrasonic pulse from the emitter
to the receiver; 3 — emitting and receiving ultrasonic
transducers; 4 — indenter; 5 — concrete indentation area
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When testing by the method of elastic rebound,
the distance from the places of testing to the rein-
forcement must be at least 50 mm. When perfor-
ming selective control of monolithic fiber-rein-
forced concrete or nanofiber-reinforced concrete
structures, it is necessary to test at least 60 % of the
structures of the grip, floor, building [13].

The number and location of controlled areas
during testing of structures may be indicated in
the working drawings for monolithic structures and
(or) technological control charts. Tests are car-
ried out on a structure area with an area of 100
to 600 cm®. The number of tests on the site is at
least 5. The thickness of the structure on the test
site must be at least 100 mm.

Control of nanofiber-reinforced concrete
in a structure by ultrasonic tomography

The principle of operation of ultrasonic tomog-
raphy devices is based on the emission of low-
frequency sound vibrations. Ultrasound penetrates
into the object under study and is reflected. Every-
thing is recorded by a device that, with the help of
special devices, converts simple data into a com-
plex graphical display, which allows you to quick-
ly read information [14-15].

To implement the method of ultrasonic tomog-
raphy, an ultrasonic low-frequency tomograph
A1040 MIRA can be used (Fig. 3). This device is
designed to examine monolithic concrete (fiber-
reinforced concrete) and reinforced concrete buil-
ding structures in order to search for voids, chan-
nels, power fittings, foreign inclusions, delamina-
tions, cracks and other cavities, both empty and

filled with liquid or solid material that differs from
the surrounding concrete physically-mechanical
properties [14-15].

The device uses the method of synthesized fo-
cusable aperture with Raman probing, in which
ultrasound is focused into each point of the half-
space. The data array is formed by collecting in-
formation from all measuring pairs of the antenna
device of the tomograph. The signals received by
the antenna array are processed on the builtin com-
puter directly during operation.

The total area of the sites to be controlled must
be at least 10% of the total area of the controlled
surface. The number and location of controlled
sections should be indicated by the design organi-
zation in the working drawings of structures,
depending on the geometric dimensions, purpose
and technology of their manufacture. The area
for measurement should be no more than: for linear
structures — one section per 4 m of length; for
flat structures — one plot per 4 m* of area; for mo-
nolithic structures of solid walls — one section
per 8 m” of area.

Determination of the strength
and critical stress intensity factor
of nanofiber-reinforced concrete
by the direct separation method

The objective of this method is to determine the
critical stress intensity factor of the nanofibre-
reinforced concrete of the operated structure at
normal separation. This method is based on the
method of separation with chipping according
to STB 2264 and GOST 22690 (Fig. 4).

M v e T &

=3

Fig. 3. Ultrasound tomography using the A1040 MIRA device in continuous scanning mode
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Fig. 4. Truncated fracture cone after separation with shearing: 1 — length of the generatrix of the fracture cone /;
2 —borehole length 4; 3 — the difference between the maximum radius of the fracture cone and the radius of the borehole R;
4 — borehole radius 7y; 5 — maximum radius of the fracture cone r,,; 6 — the angle between the generatrix of the fracture cone
and the side of the borehole o [16]

Depending on the stress intensity factor, directly
in the structure, it is possible to predict such parame-
ters of nanofiber-reinforced concrete as crack resi-
stance, frost resistance, and durability of the material.

The method for determining the critical stress in-
tensity factor of nanofibre-reinforced concrete is im-
plemented as follows [17]. A special anchor device is
installed in a hole drilled in a nanofiber-reinforced
concrete mass with a radius ry, and a part of the nano-
fiber-reinforced concrete is pulled out by a press
pump, such as GPNS (self-centering hydraulic press
pump), in the form of a truncated cone with a maxi-
mum destruction radius ry.x and the length of the
hole 4. The destruction occurs along the surface of
the cone, the generatrix of which coincides with the
area of principal stresses.

In the process of pulling out a microvolume di-
rectly from the structure in a given area, in addition
to the magnitude of the force, the dimensions of the
truncated fracture cone are determined: the radius ro,
the length / of the hole, the length of the generatrix /
of the fracture cone, and the critical stress intensity
factor K- of nanofiber-reinforced concrete is calcu-
lated according to the formula [16]

3P[cos*(90 —a) —sin* (90 — o] ~—
= 3 27[[ X
21k (1 I -
7, + htga
0,8

where P is the pull-out force, MN; o — the angle
between the generatrix of the destruction cone and
the side of the hole;

1c

+0,7, 2)

o= arctg[%). 3)
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When testing after the formation of cracks,
the adhesion of the fiber to the concrete is broken,
accompanied by the movement of the pulled-out
microvolume relative to the body of the structure.
The strength of nanofiber-reinforced concrete,
which is a quality parameter, is determined by the
magnitude of the force, and the calculation of the
critical stress intensity factor is carried out taking
into account the geometric parameters of the hole
and the truncated fracture cone.

When testing by the pull-off method with
shearing, the sections should be located in the zone
of the lowest stresses caused by the operational
load or the compression force of the prestressed
reinforcement. The centers of the test sites must be
at least 200 mm apart, and at least 150 mm from
the edge of the structure.

Laboratory tests

A multi-parameter method for testing nano-
fiber-reinforced concrete in laboratory conditions
makes it possible to determine the power and ener-
gy characteristics of crack resistance under static
short-term loading (Fig. 5). The characteristics
of crack resistance are determined during non-
equilibrium mechanical tests [17].

The essence of this technique is to obtain all
the declared quality indicators of nanofibre-
reinforced concrete as a result of testing one sam-
ple from a series. A prism sample with a notch
(stress initiator) is initially tested for tensile ben-
ding according to a four-point loading sche-
me (Fig. 6a). As a result of the test, the tensile
strength value is determined and the complete
deformation diagram is recorded. Based on the
resulting deformation diagram, the energy indicators
and the fracture toughness index, the quasi-static
stress intensity factor (K7) [18], are calculated.
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Fig. 5. Model of a multiparametric test procedure for nanofibre concrete in laboratory conditions

After the bending test, two halves of the prism
specimen are formed, suitable for further tests. One
half is tested for tension during splitting (Fig. 6b).
The test procedure for splitting strength corre-
sponds to the test procedure for tensile tests during
splitting according to cube samples set out in
GOST 10180. A sample-cube with crack initiators
in the form of symmetrical cuts is formed from
the second half using diamond-coated cutting
tools. The resulting sample is tested for normal tear
(Fig. 6¢). Tests are carried out with eccentric com-
pression. As a result of the test, the value of the
critical stress intensity factor (for normal separa-
tion Kjc, MN/m® 2) is determined [19].

After the normal pull test, two fragments
(plates) are formed. On the obtained plates, using
diamond-coated cutting tools, a stress concentra-
tion zone is made in the form of symmetrical cuts
on one face of the product [18]. Plate samples are
tested under central compression (Fig. 6d). As a
result of the test, the value of the critical stress in-
tensity factor (for transverse shear Kjc (N/m*?))
is determined [20].

402

For testing, prism specimens are made in ac-
cordance with the requirements of GOST 10180.
The ratio of the height to width (diameter) of the
specimen is assumed to be 4. The recommended
dimensions of the prism are 100x100x400 mm,
150x150x600 mm. The presented technique makes
it possible to obtain an estimate of the fracture
toughness of nanofiber-reinforced concrete on one
sample from a series, which eliminates errors and
inaccuracies in the quality indicators of the mate-
rial associated with different conditions of harde-
ning, molding, and inaccuracies in duplicating the
composition.

Table 1 shows the results of testing according
to the proposed laboratory method of nanofibre-
reinforced concrete samples-prisms in the con-
struction laboratory “Atomstroyexport” (Russian
Federation) at the construction site of the Belarus-
ian NPP in the Republic of Belarus. The composi-
tions of concrete mixtures used in the construction
of the Belarusian nuclear power plant were taken
as a basis.
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Fig. 6. Tests of nanofibre concrete in laboratory conditions: a — tensile in bending with registration of the fracture diagram;
b — tensile during splitting; ¢ — normal separation under eccentric compression; d — transverse shear

Table 1
Test results of nanofibre concrete samples
Fiber quantity Nanoconcrete matrix
(% by volume .
of the mixture) Corrugated Anchor Fiber 0.07 % basalt
Without +0.26 % micro fiber
steel fiber steel fiber polymer .
) fiber (1%) (1%) (1 %) steel straight +
Options ’ ’ Wavy L7 1 1 0.26 % steel anchor
Flexural elongation fz, MPa 2.8 5.9 9.4 6.2 4.2
Specific energy consumption G, J/m* 208.9 800.58 1329.08 312.72 760.22
Tensile strength £;,, MPa 1.7 3.1 32 2.8 2.3
Critical stress intensity factor K¢, MN/m*? 0.7 3.5 2.6 0.97 1.9
Critical stress intensity factor Kjc, MN/m*? 39 3.7 7.2 4.5 5.8
CONCLUSIONS each other. So, a direct indicator of quality —

The presented technique makes it possible to
evaluate the quality of nanofibre-reinforced con-
crete in construction conditions. According to the
described method, methods based on ultrasonic
sounding, shock impulse and direct separation
method are used. The combination of these me-
thods allows obtaining indicators that complement
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the strength of nanofiber-reinforced concrete in
a structure is determined by a complex method
and a method based on the separation method.
An indirect indicator — the speed of propagation
of ultrasound (which characterizes the homogenei-
ty of the material) is determined by a complex
method and the method of ultrasonic tomography.
The laboratory tests use a combination of well-
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known widely used standardized test methods.
The characteristics of crack resistance determined
by the proposed method (along with other charac-
teristics of mechanical properties) can be used for:

— comparison of different options for the com-
position, technological processes of manufacturing
and quality control of nanofiber-reinforced con-
crete;

— comparison of nanofiber-reinforced concre-
tes in substantiating their choice for structures;

— calculations of structures, taking into account
their defectiveness and operating conditions;

— analysis of the causes of structural failures.
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sources, scientists and engineers around the world are increasingly turning their attention to solar batteries, which can be
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Du3zuxko-mamemamuyeckue HAayKu

Gartapen, KOTOpbIE MOTYT CTaTh MOAXOIAIIEH 3aMEHON HEBO30OHOBIIIEMBIX HCTOYHUKOB HEPIUH. BepTukaasHO opueHTHpO-
BaHHBIC COJIHEYHbIE OaTapey MO3BOJAT IeHEPUPOBATH JJIEKTPOIHEPTHIO B TEUCHHE BCEr0 CBETOBOIO IHS, YTO HCKIIOYAET
HCIOJBb30BaHUE JOTIOJHUTENBHOTO 000pyaoBaHuA. B crarbe mpeanaratorcs 3D Monens COTHEYHOM OaTapen ¢ BEpTHUKATBHOM
OpHEeHTalMeH ee MOJyJIei, a Takke pacdeT U OIeHKa TeMIIepaTypHBIX XapaKTepPUCTHK U auana3oH Bapuanui KI1JI, momydae-
MBIX B YCJIOBHSIX KaK CYTOYHBIX U CE30HHBIX M3MEHEHHH TeMIlepaTypbl OKpY)KAIOIeW Cpedbl, TaK M M3MEHEHHIl IUIOTHO-
CTH MOIIHOCTH KOHIIEHTPHPOBAHHOTO COJTHEYHOTO M3IIydeHHs, MAaKCUMalbHbIE 3HAaUE€HUsI KOTOPOH ObIIM BBIOPAHBI PABHBIMU
1; 5 u 10 kB1/M> ToCTpOCHBI 3aBHCHMOCTH MAKCHMANBHBIX 3HAYCHHUIT TEMIIepaTyphl COTHEYHON GaTapen M TpajneHTa TeM-
nepaTypsl BHYTPH €€, a Takoke 3aBHCUMOCTH MHUHHMAJBHBIX, CPEIHUX W MaKCHMAaJbHBIX 3HAYEHHH JTyYHCTOTO TEIUIOBOTO
MOTOKAa K MOBEPXHOCTH COJHEYHOH OaTaped NpH HaIWYUKM M OTCYTCTBHUHM CTAaOMIM3AIl[MH TEeMIIepaTypbl THUIBHOW CTOPOHBI
paauaTopa OT BpeMEHH CyTOK B CepeMHax siHBaps U uions. Kak mokasamy pacueTsl, Ipy KOHIEHTPAIMU COITHEYHOTO U3ITyde-
mnst 10 kBr/M® KI1JL B roe yBeqnunBaeTcs Gojee 4eM B JBa pasa 3a CYET HCIONb30BAHMS B 6ATAPEE TEPMODICKTPHUCCKHIX
npeobpasoateiieil. bonee Toro, cornacHo NoNIy4eHHbIM pe3yJbTaTaM, IIPU BEPTHKAIBHON OPHEHTALMH COJIHEUHBIX MOIYJIeH
TpaJyeHThl TEMIEPaTypel U, cienoBatenbHo, cymmapHbiid KIIJ comneuHoil G6aTapen m BpeMsi reHepaluy SHEPTHH OyayT
OoIbIIle IO CPABHEHUIO C TOPU3OHTANBHBIM IOJIOKEHHEM COTHEYHBIX MOJYJNEH, 4TO MO3BOJIUT CHU3HUTH KCILTyaTallOHHbIE
pacxopsl.

KuroueBble c10Ba: coiHeUHas Oatapesi, COMHEYHbIH MOy b, TpeXxMepHas mozaeib, COMSOL Multiphysics, Terionepenaya,
CTabUIM3anus TEeMIEePATYPbl, TPAJIUCHT TEMIIEPATYPbl, TYYUCTBII TEIUIOBOH MOTOK, KOA(Q(HUIMEHT MOJIE3HOTO JCHCTBHS

Jns nuruposBanusi: ViccienoBanie BepTUKAIBLHO OPHEHTHPOBAHHON COJHEYHOMN Garapew MpH BO3JCUCTBUH KOHIEHTPHUPO-
BaHHOTO cosHeuHoro uznydenus / A. K. Ecman [u np.] / Hayka u mexnuxa. 2023. T. 22, Ne 5. C. 405-410. https://doi.org/10.
21122/2227-1031-2023-22-5-405-410

Introduction

In the next few decades, the Sun may well be-
come a major source of energy. Solar power is the
largest sector of the global electric and heat po-
wer industry in terms of the amount of annually at-
tracted investment and commissioned capacities.
For example, in 2015, the amount of commis-
sioned new capacities of renewable energy sources
exceeded the total amount of newly commissioned
capacities of coal and gas plants [1]. In 2017,
the cost of solar and wind energy was $0.056 and
$0.014 per kilowatt-hour, respectively. At the same
time, the cost of a kilowatt-hour of energy from
gas and coal is more than 6 cents [2]. In the search
for new energy sources, scientists and engineers
from around the world are increasingly focused on
solar batteries and electric power plants, which can
be a suitable replacement for non-renewable ener-
gy sources. Nowadays, the use of solar batteries
is increasingly urgent, when oil and gas reserves
are gradually running out, and their price is in-
creasing. The use of solar energy is beneficial not
only for consumers, but also for the ecology of the
planet as a whole.

Usually in the middle of the day, the solar radi-
ation energy converted into electricity exceeds
needs. Therefore, it must be stored for future use,
which requires additional equipment. Vertical
oriented solar batteries will generate electricity
throughout the daylight hours. This eliminates the
use of the mentioned above equipment [3].
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The purpose of this paper is to build a 3D mo-
del of the photoelectric converter with vertical
orientation of its modules in the simulation soft-
ware environment and to estimate its main parame-
ters under real operating conditions.

Construction of the vertically
oriented solar battery

The structure of the proposed solar battery is
shown in the Fig. 1 [4].
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Fig. 1. Structure of the solar battery with vertical orientation
of its modules: 1 — silicon oxide nanofilm; 2 — silicate glass
case; 3 —sealant, 4 — solar module; 5 — battery of thermal
diodes; 6 — battery of thermoelectric converters; 7 — heat sink

The solar battery contains a heat sink 7 with
vertical slots thermally connected to the backside
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of a vertically mounted solar module 4 through
a battery of thermal diodes 5 and thermoelectric
converters (TEC) 6, and the front side of the solar
modules 4 mechanically and optically connected
to the silicate glass case 2 through sealant 3, the
refractive index n of which is selected from the
interval:

nsg < n < nsm, (D

where ngg and ngy are the refractive indices of the
silicate glass and the solar modules, respectively,
and a silicon oxide nanofilm 1 is located on the
outer vertical surface of the case 2.

Silicon oxide nanofilm 1 ((x = 100 nm) x (y =
=178 mm) X (z = 178 mm) in size, see Fig. 1) is a
silicon oxide nanoparticles film which is fabricated
from an industrially produced layer of colloidal
solution and is firmly attached to a silicate glass
case 2 (x =4 mm) x (y =178 mm) x (z= 178 mm)
in size), while forming a continuous layer of na-
noscale tubercles, self-ordered into a structure that
does not allow both water droplets and dust parti-
cles to stay on it. Sealant 3 is a silicone transparent
self-polymerizing adhesive with refractive index #,
which is chosen according to expression (1),
so that the silicate glass case 2 together with seal-
ant 3 are antireflective coating for solar modules 4
(x=0.2mm) x (=178 mm) X (z=166 mm) in
size) with minimum reflection of the solar radia-
tion. Solar module 4 is a set of standard solar cells
(SCs) based on monocrystalline silicon. A battery
of thermal diodes 5 consists of cells that perform
on the basis of heat pipes and conduct heat in one
direction. A battery of thermoelectric converters 6
(each of the converters has dimensions: (x=
=3.8mm) X (y=178 mm) X (z=39.25 mm)) is a
standard battery of Peltier cells. The gap between
the TECs is chosen to be 3 mm. The heat sink 7 is
made of aluminum alloy D16T.

Operation algorithm
of the vertically oriented solar battery

At first, the SCs of the solar module 4 are
mounted vertically, turning their front sides in the
south direction. Input solar radiation falls on the
silicon oxide nanofilm 1 both directly and after
reflection from the flat underlying terrain (e. g.,
a lake). Passing sequentially through the silicon
oxide nanofilm 1, silicate glass case 2 and sea-
lant 3, it reaches the SCs of the solar module 4 and
is absorbed in its photosensitive structures. Depen-
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ding on the type of the used SCs, the 22 — 15 %
of the incoming solar radiation energy is converted
into the electric current, and the remaining part
of this energy is converted into the heat, which
enters to the hot junctions of the battery of thermo-
electric converters 6 through a battery of thermal
diodes 5. The temperature of the cold junctions of
the battery of thermoelectric converters 6 is main-
tained near the ambient temperature by the heat
sink 7 thermally connected to them. As a result, the
thermal energy is also converted into electricity in
the battery of thermoelectric converters 6. More
effective dissipation of heat energy into the envi-
ronment and thereby the equalization of the heat
sink temperature to the ambient temperature is
provided by the vertical slots of the heat sink 7.
Water particles (rain, fog) on the surface of silicon
oxide nanofilm 1 touch it with only a small part of
the surface, thereby reducing Van der Waals forces
and allowing the surface tension forces to com-
press them into balls, which easily roll down over
the vertical surface, taking particles of dirt, dust,
etc. with them.

In the proposed design of the solar battery with
vertical orientation of the SCs 4, solar radiation is
converted into electrical energy more efficiently
both by recycling the heat released by SCs 4 and
by the solar radiation concentration by the under-
lying terrain (Fig. 1). Moreover, the conversion
efficiency of the proposed solar battery increases
both due to the operation of the battery of TECs 6,
as well as during sunsets, because at these times
the battery of thermal diodes 5 will maintain the
same direction of heat flow. In addition, the con-
sidered solar battery with vertical orientation of
SCs 4 has the self-cleaning property of the input
aperture. This property excludes the cleaning of
the device.

Computer simulation

For the development and implement of the so-
lar battery, we used the COMSOL Multiphy-
sics [5-8]. The temperature characteristics and
range of efficiency variations were calculated in
the presence and absence of temperature stabiliza-
tion of the backside of the heat sink 7. Diurnal and
seasonal variations of both the ambient tempera-
ture and solar radiation power density with maxi-
mum values of 1, 5 and 10 kW/m? were taken into
account in the simulation for the geographic coor-
dinates of Minsk (Fig. 2).
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Fig. 2. Screenshot of the COMSOL Multiphysics setup window using the Solar Position option

The diurnal variation curve is close to a sinu-
soidal distribution around the average air tempe-

rature:

T,

a

t—14

mb (£) =Ty + AT cos| 21 )

where T,, and AT are the average temperature and
half diurnal temperature variation, respectively;

t is the time in hours.

The solar battery with vertical orientation of
the SCs was divided into finite elements (Fig. 3).
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Fig. 3. Screenshot of the grid construction of the solar battery
in the COMSOL Multiphysics software

Analysis of the results

While in operation of the solar battery with ver-
tical orientation of the SCs under conditions of
ambient temperature variation and solar radiation
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exposure, there is uneven heating of both its sur-
face and internal layers. The maximum power den-
sity was 1 kW/m”. Stabilization of the heat sink
backside temperature at (7, + 4°C), where Ty, —
ambient temperature, leads to a decrease of battery
temperature by 5.5 °C in January and by 3.8 °C in
July during daylight hours (Fig. 4). As can be seen
from Fig. 4, the temperature stabilization reduces
the operating temperature range of the solar battery
from 18.5 °C (from —6 °C to +12.5 °C, see Fig. 4a,
curve 3) to 9.3 °C (from -2 to +7.3 °C, see Fig. 4a,
curve 2) in January and lowers its maximum tem-
perature values from +36.8 to +33°C in July
(Fig. 4b, curves 2' and 3'). The radiative heat flux
to the solar battery surface versus the time of day is
shown in Fig. 5. Calculations have shown that
in the middle of January the radiative heat flux to
the solar battery surface reaches maximum values
of 1.6 kW/m® at about 13 o’clock (Fig. 5a, cur-
ve 3), and in the middle of July its maximum va-
lues of 1.46 and 1.57 kW/m® are reached at about 8
o’clock and at a half past 18 o’clock, correspondingly
(Fig. 5b, curves 2, 2, 3 and 3'). In this case, the radia-
tive heat flux is lower during the day time. This is
due to the fact that the temperature of all battery cells
equalizes and the temperature gradient becomes
smaller by mid-day in the middle of July. The tem-
perature stabilization of the heat sink backside has no
significant effect on the radiative heat flux both
in January and July (Fig. 5).
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Fig. 6 shows the diurnal changes in the tem-
perature gradient inside the solar battery under
conditions of the solar irradiation exposure with the
maximum power density of 1kW/m’ in January
(curves 1 and 1') and July (curves 2 and 2'). As fol-
lows from the graphs (Fig. 6), the maximum tempe-
rature gradient values of, respectively, 0.4 x 10° and
0.48 x 10° K/m are reached inside the solar battery
with and without the temperature stabilization of the
heat sink backside at about 11 o’clock in the middle
of January. In the middle of July, the maxi-
mum temperature gradient values of 1.14 x 10°
and 1.17 x 10° K/m are reached inside the solar bat-
tery with and without the temperature stabilization
of the heat sink backside at about at about 7 o’clock.
This is due to the thermophysical properties of the
TECs of solar battery and the temperature difference
on their surfaces under conditions of changing am-
bient temperature. In July, the maximum values
of the temperature gradient are about 35-40 % higher
than in January (Fig. 6). Temperature stabilization
of the heat sink backside increases the temperature
gradient by about 20 % in the middle of January and
by about 2.7 % in the middle of July. Due to the fact
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that the daylight hours in July are longer than in
January, the total energy gain, obtained throughout
the day in July, is greater than in January due to the
presence of TEC in the solar battery.

Achieved maximum temperature gradients
(Fig. 6) between the internal and external surfaces of
TECs of the solar battery under solar radiation expo-
sure lead to the fact that the potential difference gen-
erated between these electrodes also reaches maxi-
mum values in the morning and in the middle of day
in January and in July. This leads to an increase in
the efficiency of the device as a whole.

For solar batteries with monocrystalline silicon
modules with an efficiency of 22 % at 25 °C,
the temperature coefficient of power reduction
was —0.25 %/°C, when these batteries are illumi-
nated by a radiation flux of 1400 W/m’ with
a spectrum close to the solar spectrum [9].

Therefore, in the middle of the day in January,
the solar battery will work with maximum effi-
ciency, while in July at its temperature of 36 °C,
solar battery without a concentration of solar inso-
lation will work with an efficiency of 19.3 %
and 20.3 %, correspondingly, in the absence and
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presence of thermal stabilization of the heat sink
backside.
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Fig. 6. The maximum temperature gradient inside the solar
battery with (curves 1" and 2') and without (curves 1 and 2)
the temperature stabilization of the heat sink backside versus
the time of day in the middle of January (curves 1 and 1')
and July (curves 2 and 2’)

Moreover, in summer morning (until
about 7 a. m.) and in summer evening (after about
10 p. m.) solar batteries work with an efficiency
of 22 %, when they have not yet warmed or have
already cooled down (Fig. 4).

The temperature of the solar battery with the
temperature stabilization of the heat sink backside
under solar radiation exposure with the maximum
power density of 10 kW/m? is 68.6 and 96.4 °C in
the middle of January and July, respectively.
In this case, the efficiency of the solar battery
is 11.1 and 4.2 % in the middle of January and Ju-
ly, respectively. Developed low-temperature TECs
for the temperature range of 30-300 °C have an
efficiency of 5.3 % [10], so when using them with-
out a concentration of solar insolation, the total
efficiency of the device in July will be more than
23 %, and in January will be less than 26 %. The
efficiency of the device under a solar concentration
of 10 Suns will reach values of 9.3 %
and 15.8% in July and January, respectively.
The total efficiency values are obtained taking into
account that the heat flux is calculated by conside-
ring the current level of photogeneration.

CONCLUSION

The proposed solar battery with vertical orien-
tation of the solar cells was developed in the
COMSOL Multiphysics software. The temperature
characteristics was calculated under conditions
of diurnal and seasonal changes of the am-
bient temperature and the solar power density, the
maximum values of which chosen to be 1; 5
and 10 kW/m®. According to the calculations, the
efficiency of the solar battery under exposure
of solar radiation with maximum of the consi-
dered concentrations in July increases by more
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than 2 times due to the use of the TECs in the bat-
tery. Moreover, according to the results, the tempera-
ture gradients and, consequently, the total efficiency
of the solar battery and the time of energy generation
will be greater in the case of vertical orientation of
the solar cells as compared with to the its horizontal
orientation, such as on the roof [7, 8].

Using the vertical orientation of the solar cells
in addition to the optimization of the energy
generation levels during the day will reduce the
operating costs associated with cleaning the solar
batteries and replacing them after external effects.
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Pedepar. B MHUKPONpPOLECCOPHBIX IMCTAHIMOHHBIX 3al[UTaX JMHUH LHUQPOBBIE OpPraHbl CONPOTHBICHUS HCIOIb3YIOTCS
B KQUeCTBE M3MEPHUTENBHBIX JUIS ONPEACICHHSI KOMIIOHEHTOB BEKTOPA BXOJHOTO CONPOTUBIICHHS U TIOCIEAYIOLIEro UX Mare-
MaTHYECKOTO CPAaBHEHUS C TPAHUIAMH BBHIOPAHHBIX XapaKTEPUCTHK CpadaThIBaHUs. 3HAUECHHSI KOMIOHEHTOB BEKTOPA COIPO-
THUBJICHUSI BEIYHMCIIIOTCS 110 H3MEPEHHBIM B MECTE YCTAHOBKH 3aIllUTHI HAIIPSDKEHUSIM U TokaM. Haubouee pacnpocTpaHeHHbI-
MM SIBIISIIOTCS aJFOPHTMBI IMCTAHLMOHHBIX M3MEPEHMII BXOJHOIO COIPOTHBIICHHS HAa OCHOBE: JIBYX BBIOODOK MTHOBEHHBIX
3HAYCHMIl HANPSDKEHHS M TOKA JIMHUH; MOJIEIIH JIMHUH; MCIIOJIb30BaHMUs OPTOrOHAIBHBIX COCTABIISIONIMX HANPSDKCHHS U TOKA.
B opranax conpoTuBIICHUSI COBPEMEHHBIX MHKPOIPOIECCOPHBIX 3aIlUT JHHHUH IS JTUCTaHIIMOHHBIX M3MepeHHi Hamboiee
MIMPOKO MPUMEHSETCS ITOCIEAHUH U3 BBIIICHA3BaHHBIX aJTOPUTMOB. Ero nTrMHaMuyeckue CBOWCTBA ONPEAEISIOTCS TIAaBHBIM
00pa3oM peanr3yeMbIM METOJOM (POPMHPOBAHUS OPTOTOHAIBHBIX COCTABIISIOIINX BXOJIHBIX CHUTHAIOB. B M3MepuTEIbHBIX
OpraHax AMCTAHLMOHHBIX 3alWT U 3TOW LeJIM NPEeHMYIIECTBEHHO HCIHOJIb3YIOTCS HEPEKypCHBHbIC LU(POBbIE (QUIBTPBI
@ypoe. s yiydiieHUs AMHAMUYECKHX CBOICTB allrOpUTMa AUCTAHIMOHHBIX H3MEPEHHH Ha UX OCHOBE IIPEIOKEHO JOTION-
HHUTEIILHO OCYIIECTBIISITH KOPPEKINIO TMHAMIUECKUX MTOTPENTHOCTEH B NMEPEXOAHBIX pexnuMax. B cpene nmuHamMuueckoro mMo-
nenupoBannss MATLAB-Simulink-SimPowerSystems peann3oBana mudpoBas Mozenb, HO3BOJSIOIAs OCYIIECTBISITE CPaB-
HHTENIBHYIO OLICHKY AMHAMHUYECKMX CBOWCTB IPE/UIOKCHHOTO JrOPUTMA AUCTAHLMOHHBIX U3MEPEHHH BXOJHOIO COIPOTHB-
JEHHS 10 pe3ysbTaTaM BBIYHCIUTEIBHOTO 3KCIICPHUMEHTA. Pe3yibTaTbl HCCICAOBAHMH IIOKa3alM, YTO IPEUIOKCHHBIN
QITOPUTM AWUCTAHIMOHHBIX M3MEPEHUI BXOJHOTO CONPOTHUBICHUS 00iagaeT OoJiee BHICOKMMH ANHAMHYECKIMHU CBOHCTBAMU
10 CPAaBHEHUIO C N3BECTHBIMHU.

KiioueBble cj10Ba: NUCTAaHIMOHHBIC M3MEPEHHUS, OPraH COINPOTHUBICHHUS, JUHAMHYECKHE CBOMCTBA, aJrOPHUTM HM3MEPEHUH,
moznens, MATLAB-Simulink-SimPowerSystems, TecTOBbIE BO3ACHCTBHSA, pe3yIbTATHl HCCICAOBAHUI

Js1 nuTHpoBanus: J[MHaMHYEeCKUe CBOICTBA aJTOPUTMA JMCTAHIIMOHHBIX M3MEPEHUIl B IU(POBEIX OpraHax COIPOTHBIIE-
Hust / D. A. Pomantok [u ap.] // Hayka u mexnuka. 2023. T. 22, Ne 5. C. 411-417. https://doi.org/10.21122/2227-1031-2023-
22-5-411-417
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in Digital Resistance Elements
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Abstract. In microprocessor-based distance protection of lines, digital resistance elements are used as measuring instru-
ments for determining the components of the input resistance vector and their subsequent mathematical comparison with
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the boundaries of the selected response characteristics. The values of the resistance vector components are calculated from
the voltages and currents measured at the installation site of the protection. The most common are algorithms for remote
measurements of input resistance based on: two samples of instantaneous values of line voltage and current; line models;
using orthogonal voltage components and current. In the resistance elements of modern microprocessor line protections
for remote measurements, the last of the above algorithms is most widely used. Its dynamic properties are determined mainly
by the implemented me-thod of generating the orthogonal components of the input signals. In distance protection measuring
device, non-recursive digital Fourier filters are predominantly used for this purpose. To improve the dynamic properties of the
remote measurement algorithm based on them, it is proposed to correct additionally dynamic errors in transient modes. In the
dynamic modeling environment MATLAB-Simulink-SimPowerSystems, digital model is implemented that allows for a com-
parative assessment of the dynamic properties of the proposed algorithm for remote measurements of input resistance based
on the results of a computational experiment. The research results have shown that the proposed algorithm for remote
measurements of input resistance has higher dynamic properties compared to the known ones.

Keywords: remote measurements, resistance element, dynamic properties, measurement algorithm, model, MATLAB-
Simulink-SimPowerSystems, test influences, research results

For citation: F. A. Romaniuk, V. Yu. Rumiantsev, I. V. Novash, Yu. V. Rumiantsev (2023) Dynamic Properties of Remote
Sensing Algorithm in Digital Resistance Elements. Science and Technique. 22 (5), 411-417. https://doi.org/10.21122/2227-
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BBenenue

udpoBble OpraHbl COMPOTHBICHHS MCIIONb-
3YIOTCS B MHKPONIPOIIECCOPHBIX TUCTAHIIMOHHBIX
sammrax JIOII B kadecTBe W3MEpPUTEIHHBIX IS
ompenecHus] KOMITOHEHTOB (R, X) BeKkTOpa BXO-

HOTO CONPOTHUBJICHUA ZBX U TOOCICAYIOUICTO HX

MaTeMaTUYEeCKOIO CPAaBHEHMs C TPAaHUIIAMHU BbI-
OpaHHBIX XapaKTEPHCTHK cpadaTeiBanms [1].
3naueHust R M X BBIUUCIAIOTCA 1O HW3MEPEHHBIM
B MECT€ yCTAHOBKH 3aIIUTHl HAPSKEHUIO U TOKY.
[l BBINONMHEHMS M3MEPUTENBHBIX OpPraHOB CO-
npotusienus (MOC) 3ammt or MHOroga3HbIX KO-
porkux 3ambikanwii (K3) B ogHOW TOUYKe BIIOJHE
NpUEMIIEMBIMH CBOMCTBaMM 00JanatoT modasHble
OpraHbl, BKJIIOYaeMble Ha MOJHbBIE MEXIy(a3Hble
HalpsDKEHUsI U COOTBETCTBYIOLIME MM Pa3HOCTH
(ha3HBIX TOKOB [2].

Haubonee pacmpocTpaHeHHBIMH U UCTIOIb3ye-
MbIMH B TH(poBbix MOC sBISIOTCS anrOpUTMEL
OUQPOBBIX H3MEPEHUH BXOIHOTO COMPOTHBIIE-
Hus [3] HA OCHOBE:

— IByX BBIOOPOK MIHOBCHHBIX 3HAu€HHH
HaNpsDKEHUS U TOKA JIMHUY;

— MOZEJH JIMHUY;

— MCIIONIb30BAHUSI OPTOIOHAIBHBIX COCTABIIS-
fournx (OC) mepBbIX rapMOHHUK HAIPSKEHUS U TO-
Ka JIMHUU.

IlepBblii M3 BBIIIEYKAa3aHHBIX aJITOPUTMOB B
YaCTHOM CIy4ae IpH YacTOTe BXOAHBIX CHUTHa-
noB 50 ' u mare ux guckperuzanuu Ar =0,005 c

OTINYACTCA JOCTAaTOYHO IIPOCTBIMHU BBIPAKCHUAMUA
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s R u X, OH sBngercs ObICTPOACHCTBYIOIINM,
IIOCKOJBKY pe3yJIbTaT W3MEPEHHS, B IIPUHIIUIIE,
MOXeT OBITh TOJydYeH 3a Bpemsi Atr. OmHaKoO TpH
OTIIMYMU BXOJHBIX CHUTHAJIOB OT CHHYCOWIAIBHBIX
TaHHBII aNITOPUTM HMEET HU3KYI0 TOYHOCTH, KO-
Topasi OyHIeT MOBBIIATECS IO Mepe 3aTyXaHus
AlCpUOJUUCCKUX COCTAaBJIAIONIUX B TIEPBHUYHBIX
Tokax K3.

B 310l CBA3M NpaKTUYECKOE MPUMEHEHHE pac-
CMaTPUBAEMOTO aJTOPUTMa OOYCIIOBIMBACT HEOO-
XOJUMOCTh ITU(PPOBOA (PUIBTPALMU TOIBOAUMBIX
HaHpH)KeHI/Iﬁ " TOKOB, YTO yXyAIIacT €T0 JUWHaAMU-
YecKHe CBOMCTBA.

Bropoii u3 paccMaTpuBaeMbIX alrOpUTMOB Ma-
JIOYYBCTBUTEJICH K HMCKXKEHUSIM (HOpM Hampsike-
HUS W TOKa, BO3HUKarommMm npu K3 Ha nuHHM.
C TeopeTHUEeCKUX MO3UIMH, SBIAETCS NTOCTATOUHO
OBICTpOMeHcTBYIONMM. BMmecTe ¢ TeM WMeeT He-
BBICOKYIO TOYHOCTh U MOXET JIaBaTh HEMPaBUIIb-
HBIE Pe3yJbTaThl MPH HaJIWIUU Oyru B mecte K3.
AJ'II‘OpI/ITM, OCHOBAHHBIA Ha MoACIu JIMHHUH, OT-
JTMYaeTCsl TOABEPKEHHOCThIO BIIMSAHUIO TIOMEX.
[IpakTudeckas ero peanusanus TpeOyer ocyle-
CTBJICHUSI H(PPOBON (MIBTPAIMK BXOJHBIX CHI-
HAJIOB, KOTOpas OTPHUIIATEIILHO CKa3bIBacTCs Ha
JUHAMHYECKUX CBOMCTBAX allTOPUTMA.

B MOC coBpeMeHHBIX MHUKPONPOLECCOPHBIX
3alUT JIMHUW JUIS JUCTAHIIMOHHBIX W3MEPECHUMN
Hau0o0JIee MUPOKO MPUMEHSETCS TPETUI U3 BBIIIIC-
YKa3aHHBIX aJITOPUTMOB, OCHOBaHHBIN Ha HMCIIOJb-
3oBaHuu OC TmepBBIX TapMOHHMK HANPSHKEHUS W
ToKa [4].
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OcHoBHasl YacTh

B anroputme ¢ 00pabOTKOM OpPTOTrOHANIBHBIX
COCTABJIAIOIINX BXOJHBIX CHI'HAJIOB BBIOOPKH aK-
TUBHON R, ¥ peakTUBHON X, KOMIIOHEHT COIpPO-
THBJIEHHsT TeTaH K3 B JMCKPETHBIE MOMEHTBI
Bpemenn 1, (n=1,2,3, .., N) onpenensorcs

10 BBIOOpKaM CHHYCHBIX M KocuHycHbIX OC
HANpPsOKEHUs U, U, W TOKa I, I, C HCIOJbL30-

cn sn 2 cn

BaHHMEM W3BECTHBIX BbIpaxKeHUH [2]:

— uSi‘ll.Y}'l + uCi'llCﬂ .
R _smsm  cncnm
n .2 + .2 H
lSVl lcn
(1)
X - uSVllCVI - ucnlsn

) )
! PP+

sn cn

Henocpencrsennoe Bbrumcinenue R, X, mo (1)

HE BHOCHUT 3aJIEPXKKY B aJITOPUTM JAHUCTAHIIMOHHBIX
u3Mepennii. OnHako 3TOMy HpeaumecTByeT ¢(op-
MHMPOBAHUE U3 BXOAHBIX CHI'HAJIOB COCTaBJIAIOIIMX
B3aMMHO OPTOrOHANBHBIX (yHKIMH, KOTOpoe 00-
najaeT (QUIBTPYIONMMH CBOICTBaMM U 3aMeJJIs-
€T IOJy4EeHHE AOCTOBEPHBIX 3HaueHMH R, X, .

[TosTOMy AMHAMHYECKHE CBOMCTBA alropuTMa Au-
CTaHIMOHHBIX U3MEPEHUH Ha OCHOBE HCIOJIb30Ba-
HUsE OC BXOIHBIX CUTHAJIOB ONPENEIISIOTCS TJIaB-
HBIM 00pa3oM AMHAMHKOHN (hopMHpoBaTeneil opTo-
TOHAJIBHBIX COCTABIIAIOIINX HAIPSDKEHUS U TOKA.

B nHacrosmiee Bpems CyLIeCTBYET 3HAYHUTEINb-
HOE pa3HooOpa3we WHMPpPOBBIX (popMHpoBaTe-
neii OC curHaioB B MHKpPOIPOLIECCOPHBIX 3a-
IATaX DJEKTPOIHEPTeTUYEeCKHX OO0BEeKTOB [4].
[Ipu sToM Hambosnee IWMPOKO B KAYEeCTBE yKa3aH-
HBIX (OpMHpOBaATENEl HCIONB3YIOTCS HEpPEeKyp-
cuBHbIe H(pPoBEIe GWIBTPE (L[D) Dyphe U ux
MOIH(PUKAITHH.

JlnHaMHYEeCKHE CBOMCTBA aNrOpUTMa IUCTAH-
LMOHHBIX M3Mepenuit R, X, Ha ocHoBe OC

®dypbe (B ganpHeWmeM anroput™M Dypbe) MOTyT
OBITH YJIYYIIICHBl B YacTH KaK OBICTPOIEHCTBHS,
TaKk M TOTPEITHOCTH H3MEpPEHHH B TEPEXOIHBIX
pexuMax. DTO MOXET OBITh TOCTHTHYTO 3a CYET
WCTOJIB30BaHNS B YKa3aHHOM allTOpUTME pa3pabdo-
TaHHBIX (QopmupoBareneit OC ¢ Koppekuuen am-
HaMUYECKUX NorpemHocreil. IIpuHIunel ux BbI-
MOJTHEHMSI TTOAPOOHO U3JI0KEHBI B [5].
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B mpemnaraemMmoM anroputme IMUCTAHIIMOHHBIX
n3mepenuit R, X, chopmuposannsie OC ®Oypsbe

MTOABEPTAIOTCS AOTIOTHUTENIHHOHN 1THdpoBOi 00pa-
0OTKE B COOTBETCTBHH C ONHCAHHBIMH B [6] BHI-
YUCITUTENFHBIMA IIPOLIEAYPAMH, B PE3yIIbTATE YEro
BBIJICTISIIOTCS. MUTOTOBBIC BBEIOOPKHM COCTAaBIISIOIINX
HampspKeHUS] U TOKA, OTIMYAONIUECS MEHBIINMHU
JUHAMUYECKUMU TOTPEIIHOCTSIMU 10 CPAaBHEHUIO
C FICXOJTHBIMU.

C 11enpI0 MOBBIIIEHUS] TOYHOCTH M3MEPEHUN U3
psana paccuntaHHbix 1o (1) 3Hauyenwii R,, X, BO3-
MO)KHa peaju3alys METO/Ja HWCIpPABICHHS OIIH-
00k (ycpenHeHus).

g cpaBHUTENbHOM OLIEHKH AMHAMHUYECKHX
CBOWCTB TIpeIaraeMoro alropuTMa JAHCTAHIMOH-
HBIX U3MEPEHHUH BXOJIHOTO COMPOTHUBICHUS MOKHO
HCTIONB30BaTh CIIEeIYIONINEe TTOKAa3aTeIH:

e OBICTPO/ICHCTBHE, OLIEHUBAETCS  OTPE3KOM
BpEMEHH OT MOMEHTa BO3HUKHOBeHUs K3 1o
BXOXKICHUS HW3MEPSEMON BEIUYMHBI B 0O0JIACTH
cpabarpiBanus. Ecnm yka3aHHas o0JIacTh HEW3-
BECTHA, TO TOKa3aTeneM OBICTPOAEUCTBUS MOXKET
OBITh OTPE30K BPEMEHH OT MOMEHTa BO3HHUKHOBE-
Hus K3 10 BXOXICHUS H3MEpsieMOU BEIMYUHBI B
30HY YCTaHOBUBIIIETOCS 3HAYCHUS;

e IMHAMUYECKYI0 MOTpemHocTs. B  kauecTBe
OIIEHOYHOTO TIapaMerpa Ui CpPaBHHUTEIBHOMN
OLIEHKH JMHAMUYECKHX CBOMCTB JIBYX aJTOPUTMOB
JUCTAHIIMOHHBIX M3MEPEHU BXOJHOTO COIPOTHB-
JIeHUS BO3MOKHO HCIOJIb30BaHHE OTHOCHUTEIHHON
Pa3HOCTH MX MOTPEIIHOCTEN B MEPEXOAHBIX PEXKH-
max K3, onpenenseMoii kak

VA Z

AZn — nrlpZ_ nd , (2)
6

rae Z chp — BXOJHBIC COITPOTHUBJICHH:A, IOJIY-

nnp 2
YEHHBIE COOTBETCTBEHHO IO IPEIJIaraeMoMy ai-
roputMy u anroputmy ®Pypee; Z, — 0Oa3ucHoe
3HAYEHUE, B KAYECTBE KOTOPOrO MOKHO IIPHUHATH
TI0JIHOE CONIPOTUBIIEHHE JIMHUH.

Ecom AZ, >0, 1O ny4iuMMu JMHAMHYECKUMHU
cpoiicTBamu oOnaznaer anroputM @Dypbe, B Ipo-
TUBHOM cilydae npu AZ <0 ngydmue AuHaMuye-

CKHE CBOMCTBa HMEET npezmaraeMHI?I AJITOPUTM
JUCTAaHIITMOHHBIX HBMepeHHﬁ.
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Ilpu AZ, =0 cpaBHMBacMble aITOPUTMBI PaB-

HOIICHHBI 110 JIHHAMHYECKHM CBOWCTBAM JIHOO
UMEET MECTO YCTAHOBUBILUHCS PEKHM;

e TPACKTOPHIO 3aMEPOB BXOJIHOTO COIIPOTHBIIC-
Hus. OIIGHKa TPacKTOPHI 3aMEpPOB BXOJHOTO CO-
MIPOTHUBJICHUS MPOU3BOUTCS BU3YaJIbHO IO TI0JIO-
JKEHHIO KOHIIA BEKTOpa YKa3aHHOTO COIIPOTHUBIIE-
HUS B ocsix R, X Ha 3KpaHE AUCIUIES WM Ha
OyMa’KHOM HOCHTEJIE.

HccnenoBanne TUHAMHYECKUX CBOWCTB IPEJ-
JIO)KEHHOTO aJTOPUTMa IHUCTAHIIMOHHBIX H3MeEpe-
HUI BXOJHOTO CONPOTHBIICHHS BBITIOJIHSIOCH Me-
TOJIOM BBIYHMCIIUTEIBLHOI'O DKCIICPUMEHTA.

Mooenuposanue. CTpyKTypa MOIENH ISl HC-
nbiTannii NOC ¢ HCcIonbp30BaHUEM BBINICHA3BaH-
HBIX aJITOPUTMOB M3MEPECHHUU COMPOTHUBIICHUS BBI-
MOJTHEHA B CHCTEME JIMHAMHYECKOTO MOJICIIMPOBa-
Huss MATLAB-Simulink-SimPowerSystems [7].
Ee OCHOBY COCTaBIAIOT MOJENN SHEPrOCHUCTEMEI,
TpaHCc(OPMATOPOB TOKAa W HAINPSDKEHUS, JIMHUU
3JIEKTpOIIepeaadn, TTOCTPOCHNE KOTOPBIX TOIPOO0-
HO paccmotpeno B [8]. Moaens NOC peanuzoBana
13 ombmmoTeunbIx 0y1okoB Simulink [9, 10] Ha oc-
HOBAaHHUY PACCMOTPEHHOH BBIIIIE METOTUKH.

NOC ycranoBieH Ha TuHUM JUHON [ =20 KM

C yZAenbHbIMH conpotusienusvu Ry = 0,02 Om/km

10
Z, Om

u X y =0,3 Owm/kMm. B mporecce ucmeiTaHuii Mo-

nenmupyrorcs K3 B Havane nuHUM Ha pacCTOSHUH
0,5 kM oT MecTa ycTaHOBKH 3amuThl (Onm3koe K3)
¥ B KOHIIC JIMTHUH HA PAcCTOSIHUM 19,5 KM OT MecTa
ycTaHOBKM 3amuthl (yaaneHHoe K3). Bxoambie
BenmnuuHbl, moxBoaummble Kk MOC (Mexmydas-

Hoe Hamnpsokenue U, =U,,, pasHOCTh (asHbIX

TOKOB 1, = I, — 1), N03BONAIOT QPUKCUPOBATH C MU-

HUMAQJIBGHBIMH ~ [IOTPEITHOCTSMH  COIPOTHBIIE-
nue Z,, npu K3 ABC, AB, ABO [11, 12]. Xapax-
Tepuctuka cpabareBanuss MOC — OKpYy>KHOCTH

paauycom 0,75 Owm, mpoxondiias depe3 Hadajio
KOOpJIMHAT.

Pe3y.m>TaT1>1 HCCJIeJOBAHUA

Oyenka obvicmpooeticmsus. Ha puc. 1 mpen-
CTaBJICHBI pe3yibTaThl cpaBHeHus AByx MOC:
MIEPBOTO, PEATM30BAHHOTO I10 TPE/IIaracMoMy ali-
TOPUTMY C BXOIHBIM CONpPOTHBICHUEM Z (Kpu-

Bas 1), ¥ BTOPOTO, PEaTH30BAHHOTO IO AITOPUTMY
®ypbe ¢ BXOAHBIM CONPOTUBICHUEM Z, (KpH-

Bas 2). [Jna oboux MOC ycraBka cpabaThiBaHHA
(npsimast 3) ommHakoBa u coctasiser 0,75 Owm.

0,18 0,19 0,20

0,22 023 tc 0,24

Puc. 1. 3aBucumoctu Z = f (f) npu 6nuskom Mexaydaznom K3 4B s NOC
¢ mpemtaraeMbiM anroputMoM (kpuBast 1) u MOC ¢ anroputmom ®@ypbe (kpuBast 2);
ycTaBKa cpabaTbIBaHus — npsiMas 3

Fig. 1. Dependences Z = f'(¢) with a close phase-to-phase short circuit AB for a resistance measuring element
with the proposed algorithm (curve 1) and a resistance measuring element with the Fourier algorithm (curve 2);
trigger setting — straight 3
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JByxdaznoe K3 AB mpoucxomiuT B MOMEHT
BpeMeHH ¢ =0,2 c. COnpoTUBICHHE MpeIaraeMo-

ro MOC Z  nocruraer yposHs cpabaTbiBaHus

3a t,=0,004 ¢ or MmomeHTa BO3HMKHOBeHUA K3,

a MOC Ha ocHoBe amroputma Dypbe cpadaTbl-
BacT 3a Bpems [, =0,01 ¢, T. e. B 2,5 paza men-

JICHHEE.

Puc. 2 no3BossieT no-apyroMy HHTEPIPETHPO-
BaThb BPEMEHHbIE 3aBUCHUMOCTH puc. 1. Pexum
Harpy3kd — BEPXHHUM yros puc. 2, mpu KOTOPOM
BXOJHBIE compotuBieHns oboux MOC ommHako-
BbI€ U COCTaBIAIOT mopsaka 9 Om. B MmoMeHT BO3-
HUKHOBeHHs K3 BXonHoe comporusienue Z

HNOC c¢ mpemnaraeMbpIM — anrOpUTMOM Ha4YHHAET
U3MEHSTHCSl OBICTpee, YeM BXOJHOE COMPOTHBIIE-
e Z, NOC c anroputmom ®ypbe. IT0 NpHBO-

AT K TOMY, 4TO B 0CsiX Z, —Z, Kpusas 2 Oyner

pacmomaraTbCsl HIDKE TpAMON 3, COOTBETCT-
BYIOIIIEH YCJIOBHIO pPaBEHCTBA CONPOTHBICHUMA
an = Zq, U TIPENICTABIAIONIEH UAeaTbHYI0 TpaeK-

TOPHIO ABMKEHUS BXOJAHOTO COMTPOTHBIICHUSI.
Oyenxa ounamuueckotl noepewrocmu. Ha puc. 3
NPUBEICHBI PE3yJIbTaThl MOJIEIIMPOBAHUS OTHOCH-
TEIBbHOM PA3HOCTH JUHAMUYECKOM IOTPEIIHO-
cTeit AZ 10 BEIpaKEHUIO (2) B TIEPEXOTHBIX PEXKHU-

Max Tpexdazubix K3 — ynmamenHoro (kpuBas 1)
n Ommzkoro (kpuBas 2). Kak BHIHO W3 pHCYHKa,
B o0oux ciydasx K3 AZ < 0, 910 CBHACTEIBLCTBY-
€T O Jyulux AuHamuueckux cBouMctBax MOC
C TpeUIaraéMbIM aJITOPUTMOM JAMCTAaHIIMOHHBIX
M3MEPEeHH BXOTHOTO COTIPOTHUBIICHHUS.

10
Z, Om
8.

-2 0 2 4 6 Zp,Om 10
Puc. 2. 3aBucumocTs Zy,, = f(Z) (xpuBas 2) npu 6113K0M
mexaydaszaom K3 4B s MOC ¢ mpennaraeMbim
ITOPUTMOM M3MepeHHH 1 anroputMoM Dypee;
XapaKTEepHCTHKA CpabaThIBaHUA — OKPYKHOCTS 1;
H7easbHAs TPACKTOPHS — IpsiMast 3

Fig. 2. Dependence Z,, = f{(Zy) (curve 2) with a close
phase-to-phase short circuit 4B for a resistance measuring
element with the proposed measurement algorithm
and Fourier algorithm; response characteristic — circle 1;
ideal trajectory — straight 3

-10}

Focmmmmmmmm e mm e =]

-15}

20

25t

—

-30!

0,18 0,19 0,20 0,21

0,22

0,23 0,24 0,25 t,c 026

Puc. 3. OtHOCHTENEHAS Pa3HOCTh JUHAMHUYECKUX ITOTpeIHocTed pu Tpexdasznom ynanennom K3 (kpusas 1)
u tpexdasnom ommskom K3 (xpuBas 2)

Fig. 3. Relative difference in dynamic errors for a three-phase remote short circuit (curve 1)
and three-phase close short circuit (curve 2)

Hayka
wTexHuka. T. 22, Ne 5 (2023)

415



Dnepzemuxa

BbinosnHeHHBIE METOAOM  BBIYUCIUTEILHOTO
IKCIIEPUMEHTa MHOTOYMCIICHHBIE HCCIECIOBaHUs,
NPEACTaBICHHbBIC BHILECIPUBEIECHHBIMHA 3aBUCHMO-
CTSIMU JUI YacTHBIX HauOojee XapaKTepHBIX pe-
xuMOB K3, cBumeTensCTBYIOT 0 0ojee BBICOKHX
JUHAMMYECKUX CBOMCTBAaX alropuTMa AWCTaHIIM-
OHHBIX M3MEPEHUH BXOJHOIO CONPOTHUBIEHMS Ha
OCHOBe HMcHob30BaHus popmupoBateneir OC cur-
HaJIOB C KOPPEKIHMeW AMHAMUYECKHX MOTPEUIHO-
CTel B CPaBHEHWHU C AHAJIOTUYHBIM AITOPUTMOM,
B KoTopoM OC TOKOB M HaIpsDKEHUI BBIAETISIOTCS
¢ nomouisio 1D Dypee.

Ilpu 3TOM cClemyeT OTMETHTh, 4YTO PEXUM
EKTPUYIECKOIl CHCTEMBI OKa3bIBA€T BIMSHUE Ha
muHamudgeckue cBoiictea MMOC. D10 00ycioBiIeHO
TeM, yto npu K3 u KoMMyTauusx BO3HHUKAIOT Iie-
PeXOoIHbIe MPOLECCH KaKk B CaMOM cHUCTEeMe, TaK U
B nemsix MOC. B 3Toil cBs3u npeAcTaBisieT UHTE-
pec OLieHKa BIMSHUS IEPEXOJHOIO CONPOTUBIICHUS
B Mecte K3 Ha nuHamuueckue CBOMCTBa IMpeJio-
JKEHHOT'O &JIFOpUTMa JUCTAHLMOHHBIX W3MEpEeHUH
BXOJTHOT'O COTIPOTUBIICHHUS.

Ha puc. 4 npencraBneHsl pe3ynbTaTsl CpaBHE-
Hust ObictponeiictBust MOC ¢ mpenyioskeHHBIM ajl-
TOPUTMOM JTUCTAHIIMOHHBIX N3MEPEHUH COIPOTUB-
nenns npu Tpexdaszabix K3. Kpusas 1 orpaxkaer
U3MEHEHUE BXOJHOTO CONPOTHUBIICHHS NpH OIu3-
KoM «Metaunueckom» K3, kpuBas 2 — mpu K3
yepes IepexogHoe conporusieHue R =4 Ow.

10.. — -
Z, Om

8 t

Hnst oboux pexxumoB K3 ycraBka cpabaThiBaHHS
NOC (npsamas 3) cocrasmuser 0,75 Om.

B o6oux cimyuasx K3 mpoucxomur B MOMEHT
Bpemenn t=0,2 c. Ilpn «merammaeckom» K3
COINPOTHUBJICHUE Z JIOCTUTAeT YpOBHsS cpabaTbIBa-
Huda 3a t, =0,004 ¢ or MOMeHTa BO3HMKHOBEHHMs

K3, a mpu K3 uepes nepexoanoe conpoTUBICHUE —
3a ¢t =0,008 c, T.e. B Ba pa3a MeIJICHHEE.

IIpoBeneHHBIE BHIYMCIUTEIBHBIE DKCICPUMEH-
THI C JPYTAMH 3HAYEHHUSAMHU TEPEXOJHOTO COTPO-
TUBJICHUS B pa3inuHbIX pexnmax K3 mokasbiBaior,
YTO HAJMYHAE YKa3aHHOTO COINPOTHUBIICHUS B MECTE
NOBPEKACHUS yXyJIIaeT OBICTPOACHCTBHE alro-
pUTMa JHCTAaHIIMOHHBIX W3MEPEHHMU, CTENeHb KO-
TOPOTO BO3PACTAET C YBEIUYEHUEM R,

OneHka BJIWSIHHA TIEPEXOJHOTO COIPOTHBIIE-
HUS Ha JUHAMUYECKYIO TIOTPEIIHOCTh MPEII0KEH-
HOTO JITOPUTMA JTUCTAHIIMOHHBIX M3MEPEHUH BBI-
MIOJTHSIACh C WCHOJB30BAHMEM B KadecTBE OIle-
HOYHOIO TMapaMeTpa OTHOCHUTENBbHON pa3HOCTH
MIOTPEITHOCTEN ONpeeNIeHUs] BXOIHOTO COMPOTHB-
JICHHUS B TIEPEXOJIHBIX PEKUMAX «METALTHYECKUX)
K3 u K3 gepe3 R, ¢ TOMOIIBIO0 BEIPpAKESHUS, aHAIIO-
THYHOTO (2).

B pesynbrare BBINOJHEHHBIX MCCIIEIOBAHUIN
BBISIBJIEHO, YTO TIEPEXOJHOE CONPOTHUBIIEHHUE B Me-
cte K3 He Bimsier Ha BpeMs CyLIeCTBOBaHUS -
HaMUYeCKON MOTPEUTHOCTH M HE NMPUBOJIUT K 3HA-
YUTETHHBIM U3MEHEHHSIM €€ YPOBHS.

0,18 0,19

0,23 t,c 0,24

Puc. 4. 3aBucumoctu Z = f(¢) npu 6nu3koM TpexdasHoM «meramtmdeckom» K3 (kpusast 1) u 6mmskom tpexdasnom K3
Yyepes HepexoHoe ConpoTuBieHue R, =4 OM (kpuBas 2); ycTaBka cpabaTbIBaHHs — IpsMast 3

Fig 4. Dependences Z = f(t) for a close three-phase “metal” short circuit (curve 1) and close three-phase
short circuit through the contact resistance R, =4 Ohm (curve 2); response setting — straight 3
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BbIBO/IbI

1. Pa3zpaboTaHHBIA aNTOPUTM TUCTAHITMOHHBIX
M3MEPEHUH Ha OCHOBE OPTOrOHAIBHBIX COCTaBIIfA-
IOIMX TOKa U HANpsIKEHUSI C KOppeKIuen IuHa-
MHUYECKOH TOrPEIIHOCTH 00eCIIeYrBaeT JOCTOBEP-
HOE OTPEJCICHNE BXOTHOTO COMPOTHUBJICHUS B
HOPMAaJIbHOM PEXUME M TPU BCEX BHUIAX MEK-
Iy ha3HbIX KOPOTKHUX 3aMbIKaHUH.

2. IIpemyoeHHBIA aNTOPUTM TO3BOJISIET U3ME-
PATH BXOJHOE COMPOTHBIICHHE 32 BpeMs MEHEe
MIEPUO/Ia TIPOMBIIIJICHHON YacTOTHI, & €ro ObICTPO-
nericteue B 1,4—1,6 pasa BbIlIe, 4eM y aHAJIOTHY-
HOTO QJITOpUTMa HA OCHOBE OPTOTOHAJIBHBIX CO-
craBisitoux dypee.

3. Junamudeckasi MOTPENTHOCTb OMpeaeNeHus
BXOJIHOTO CONPOTUBICHUS B MEPEXOJHBIX PEXKH-
MaxX KOPOTKHX 3aMbIKaHW B pa3pabOTaHHOM all-
TOpUTME, 33 PEAKUM UCKIIOUYCHUEM, CYLIECTBEHHO
MeHbIIIE, ueM B anropurme dypoe.

4. IlpenaoKeHHBIM alrOpUTM JUCTAHITMOHHBIX
U3MEpPEHUN BXOJHOTO CONPOTHUBJICHHUS B CpaBHE-
HUU C AHAJIOTUYHBIM alnroputMoM ®Dypbe B LEIOM
nMeeT Oojiee BBICOKHME JUHAMHYECKHE CBOMCTBA
U MOKET HUCIOJIb30BaThCS B U3MEPUTEIBHBIX Opra-
HaX MHUKPOIPOLIECCOPHBIX 3aLIUT JIUHUH.
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O uesecoodpa3HocTH cTpouTebCTBA MUHU-TILI HA MeCTHBIX BUAAX TOIINBA
B ycjoBusix Pecnyoauku benapych

Yactp 1

CocTosiHHe HCII0JIb30BAHHMS MECTHBIX BUIOB TOILIMBA B CHCTEMAX TEIJIOCHAOKEHHS

)

JIOKT. TexH. HayK, npod. B. A. Cexunn"), acn. P. C. Urnatosuu", 1. JI. Hokosa"

DBenopycckuii HarMoOHANbHbIH TeXHHUecKknit yHuBepeuter (MuHck, Pecrry6nka benapych)

© Bbenopycckuil HalMOHAIBHBIA TEXHUYECKUH yHUBEpcuTeT, 2023
Belarusian National Technical University, 2023

Pedepat. B pamkax obecriedeHus SHEPreTHUECKON 0€30IIaCHOCTH CTPAHbI M MMPOBEICHHS MOJTUTHKH AeKapOOHH3AINU SKOHO-
mukn B Pecrybnmke bemapych mpeamonaraeTcsi MaKCHMadbHOE HCIONB30BAHUE COOCTBEHHBIX TOIIMBHO-YHEPreTHUECKUX
pecypcos (TOP). OnHako OTKPHITEIM OCTaeTCs BONPOC BHIOOPA BH/A TEIUIOMCTOYHMKA B CHCTEMaX LEHTPAIM30BAHHOTO TEIl-
JIOCHAOXKEHHsI TIPH HCIOJIL30BaHNHM MecTHHIX BuioB TomwmBa (MBT). BBog B skcruryatanuio benopycckoit ADC n oTHOCH-
TEJIBHO BBICOKAs yJelIbHasg CTOMMOCTh 3JIEKTporeHepupyooummx MouHocteil Ha MBT ckiloHsieT 4aily BecoB K NIPUMEHEHHIO
B KayeCTBE TEIUIONCTOYHUKOB KOTEIbHBIX. OHAKO MUPOBOW ONBIT Pa3BUTHUS M MPUMEHEHHs TeluloUKaliy, Kak Hanboiee
9HeprodpHeKTUBHOrO peleHust B 001aCTH TeIIocHA0XeH s, TpeOyeT GoJiee TIIATEIBHOI0 UCCICI0BAHMS JaHHOW POOIEMBI.
B crartwe mpencrasnex 0630p no npumeHenuio MBT B benapycu u psne eBponeiicKix cTpaH ¢ pa3BUTHIM LIEHTPAIN30BaHHBIM
TeIIocHa0KeHNEeM, a TAKXKe Ha OCHOBE aHAJIHM3a JAHHBIX OTKPBHITBIX HCTOYHHKOB IpeAcTaBlIeHa HHPOPMALUS II0 COCTOSHHIO
npuMeHeHuss MBT B cucTemax IEeHTpalnn30BaHHOTO TeruiocHaOxeHus PecryOnuku bemapych m psioa eBpOICHCKHX CTpaH,
HMMEIOMUX OMBIT B MIMPOKOM HCHONB30BaHUU TBEPAOH OHOMACCHI M TJie OHA COCTAaBIISIET CYNIECTBEHHYIO JOJIO B CTPYKTYpe
BBIPA0OTKHU TEIUIOBOH U 3JIEKTPUYCCKOM SHEPruy MO OTHOMIEHUIO K ApyruM TOP. IIpuBeneHs! OCHOBHBIE acIIeKTHI SHEPTeTH-
YECKUX MPOTPaMM psAia eBPOIEHCKHUX CTPaH C HaHOOJbIIEeH 0JIel BEIpaOOTKH TEIUIOBOH U dJeKTpHdecKoit sHeprun Ha MBT.
BrisBieHo, uto HamOoibplmit uHTEepec mia bemapycu mpeicraBisier sHepreTndeckas nporpamma OUHISHINM, TAE OIS
ATOMHOM JHEPTUH B CTPYKTYpE BBIPAOOTKHU JJICKTPUUECKOIT SHEPIrUM Tak ke, Kak u B Pecrybnuke Benapyce, npudnmkaercs
Kk 40 % u sHepreTHueckas crparterus npeanonaraet ysenandenue gonu TOLL Ha MBT B cTpykType BhIpaOOTKH TEIOBOMN
U DJIEKTPUUECKON IHEPTHH.

Knarwuessbie ciioBa: OHEPreTuvYeCKast 6e3OHaCHOCTL, BO300HOBJISIEMbIE HCTOUHUKU OHEPIUy, Z[eKap6OHI/I3aIII/ISI, MCCTHBIC BUBI
TOILIMBA, MI/IHI/I-TSH, TOIIJIMBHO-DHEPI€TUYCCKUE PECYPCHI, SHEPI€TUYCCKasA CUCTEMA, S(bQ)eKTI/IBHOCTI)
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On the Feasibility of Building Mini-Thermal Power Plant Using Local Fuels
in the Conditions of the Republic of Belarus

Part 1
State of Use of Local Fuels in Heat Supply Systems

V. A. Sedninl), R. S. lgnatovichl), I. L. Tokova”
YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. As part of ensuring the country's energy security and pursuing a policy of decarbonization of the economy in the
Republic of Belarus, the maximum use of its own fuel and energy resources (FER) is expected. However, the question
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of choosing the type of heat source in centralized heat supply systems when using local fuels (LF) remains open. The commis-
sioning of the Belarusian Nuclear Power Plant and the relatively high specific cost of electricity generating capacities using
local fuels tip the scales to the use of boiler houses as heat sources. However, world experience in the development and appli-
cation of heating, as the most energy-efficient solution in the field of heat supply, requires a more thorough study of this prob-
lem. The paper presents an overview of the use of local fuels in Belarus and a number of European countries with developed
centralized heat supply. Based on the analysis of open source data, the paper provides information on the state of use
of local fuels in district heating systems of the Republic of Belarus and a number of European countries that have experience
in the widespread use of solid biomass and where it constitutes a significant share in the structure of thermal and electrical
energy production in relation to other fuel and energy resources. The main aspects of the energy programs of a number
of European countries with the largest share of thermal and electrical energy generation using local fuels are presented. It has
been revealed that the energy program of Finland is of the greatest interest for Belarus, where the share of nuclear energy
in the structure of electrical energy production, just like in the Republic of Belarus, is approaching to 40 % and the energy
strategy assumes an increase in the share of thermal power plants using local fuels in the structure of heat and electricity
generation.

Keywords: energy security, renewable energy sources, decarbonization, local fuels, mini-thermal power plants, fuel and
energy resources, energy system, efficiency

For citation: Sednin V. A., Ignatovich R. S., Iokova I. L. (2023) On the Feasibility of Building Mini-Thermal Power Plant
Using Local Fuels in the Conditions of the Republic of Belarus. Part 1: State of Use of Local Fuels in Heat Supply Systems.
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BBenenue

Cornacuo ytBepxkaeHHorr CoBeroM MHHHCTPOB
PecriyOnukn benapych KOHIIENIIMM 3HEPreTHYESCKON
Oe3omacHoctu ot 23 aekadps 2015 r. [1], B kauecTBe
MIEpBOTO TPUHIMIA OOECIIEUeHNsI 3HEePreTHIeCKOn
0€30I1acHOCTH CTpaHbl OINpEAENICHA MaKCHMaJlbHasI
peanuzalysa MOTEHUWAla MECTHBIX  TOIUIMBHO-
sHepreTudeckux pecypcoB (TOP), a ucrons3oBanme
MecTHBIX BuoB ToruuBa (MBT) oTHeceHO K OCHOB-
HbIM HaNpaBJICHUSM Pa3BUTUS TOILUIMBHO-3HEPreTU-
YECKOI0 KOMIUIEKCA CTPaHbl B JOJITOCPOYHOU IEep-
criekTuBe. [ ocygapcTBeHHast Mporpamma «Hepro-
coepeskenne» Ha 2021-2025 rr. [2] u «lIporpamma
KOMIUIEKCHOM MOJEpPHU3ALUUN TPOU3BOJICTB 3SHEp-
rermdeckoit cepsr Ha 2021-2025 rr» [3] mpen-
noyiaratoT yBenuuenue K 2026 r. J0JM MECTHBIX
TOP B BanoBom notpebiiennun TOP He MeHee uem
Ha 16,1 % (6e3 yuera aTOMHOM SHEPTHH) U HE Me-
uee 2,4 % B KOTENLHO-IIEYHOM TOIUIMBE Ha 00BEK-
tax opranuzauuii I'TIO «bemsnepro». B xauectse
OCHOBHOI'O HAIIPABJICHUSI B BBIICYIIOMSIHYTOU TOCY-
JAPCTBEHHOW MpOTpaMMe TEPBBIM ITYHKTOM BBI-
JICJIGHO CO3/IaHUE HHEPrOMCTOYHHUKOB, HCIIOJNb-
3yromux MecTHble TOP: mpeBecHoe m TOpdsiHOE
TOIUIMBO, TOPIOYUE OTXOJIbI U IOy THBIM I'a3.

BBox B 3KcIuTyaTanuio BTOPOTO OJIOKAa aTOM-
HOW dnekTpoctaHii (ADC) MO3BONHUT COKPATUTH
JIOJTI0 TIPUPOHOTO Ta3a B dHeprodanance Pecmy6-
muku benmapycs mo 60 % [4], onHako s IOCTH-
JKEHUSl LeJiell DHepreTHdyeckoil 0e30macHOCTH
kK 2035 r. yaenpHBIA BeC MPHPOJHOTO Ta3a Heoo-
xoauMo cHu3UTH 10 50 % [1]. JocTurHyth TpeOy-
emoii nuBepcudukarmu TOP B 3HepreTuueckom
OayaHce TIpeanoaraeTcs myTeM BHEAPEHUS Mepo-
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MIPUSITUN 110 TTOBBIIIIEHUIO YHEPTETUIECKOH A hek-
tuBHOCTH Ta30BBIX TOLl m KOC, mepexona ot ma-
pocmioBbix yctanoBok (IICY) k 6onee adpdexrus-
HBIM maporazoBeiM ycraHoBkam (I1I'Y), a takxe
yBeIU4eHUs 10U MecTHbIX TOP u, B wactHOCTH,
MBT B cTpyKType »Heprermdyeckoro OamaHca.
VYBenuuenue goau MecTHbIX TOP Takke cOOTBET-
CTBYET KOHIEHINH PAa3BUTHSI DIIEKTPOTeHEPUPYIO-
IUX MOLIHOCTEW W ANEKTPUYECKUX CeTed Ha Ie-
puon o 2030 r. [5], cormacHO KOTOpOii mpu pas-
paboTKe CHUCTeM TeITIOCHAOKEHUS, YJAIEHHBIX OT
CHUCTEMBI IIEHTPAJN30BAHHOTO TEIJIOCHAOKEHS
HaCeJIEHHBIX MTyHKTOB M PaliOHOB, a TaKXe B CEllb-
CKOW MECTHOCTH HEOOXOJMMO MPOU3BOIUTH OLICH-
Ky Iesiecoo0pa3HocTy ucnonb3oBanus MBT.
Taxxe CTOUT OTMETHTb, UTO Pa3BUTHE IHEPTO-
ncrouyHukoB Ha MBT cooTBeTcTBYyeT LENsIM MUPO-
BOTO COOOIIECTBa MO JIeKapOOHHM3AIMHA YKOHOMH-
KA ¥ COKpPAaIIeHWIO BHIOPOCOB BPEAHBIX BEIIECTB
B atMocdepy. B ycnosusix Pecnyonuku benapych
3TO BaXXHO B CBSI3U HE TOJIBKO C MPUCOETUHEHHUEM
B 2015 1. x IlapmwkckoMy KINMaTHIECKOMY CO-
rnameHuto [6], HO U ¢ TeM, YTO TEMIIBl POCTa
CpEeIHEroJIoBOM TeMIlepaTyphl B Halllel CTpaHe BbI-
LI€ CPEIHEro M MPEBBILIAIOT NPOrHO3Upyemble [7].
3a mocnennee mecsatuieTue B Pecrybnmuke bena-
pych ObUI MpOBEJEH KOMIUIEKC MEpPONPHUATHI IO
MOBBIIICHUIO BoBiIeUeHHOCTH MBT B cTpyKTy-
py TOP: mpomsseneno dopmupoBaHre Hambosee
3¢ ()EeKTUBHBIX CHUCTEM MalllMH JJisi 00paboTKH,
TPaHCIIOPTUPOBKM M XpaHEHHS OHOMAacChl, J0O-
CTUTHYT CYIIECTBEHHBIH MPOTPECcC B PEIISHUH 3a-
a4 ONTHMHU3ALMHU PACIIONIOKEHUS CKIAJ0B M JIO-
TUCTUKHU IOCTaBKU TOIUIMBA [8], 4TO, MOMUMO HpO-
4ero, CocoOCTBYET PEUIeHHIO BOIPOCa 3aHATOCTH
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HaceJICHUs] B pETHOHAX C TOPQSHBIMH U JIECO3aro-
TOBHUTEJIbHBIMU TPEANPUATHSIMHU, a TaKKe YBEJH-
YeHHUIo chepbl ABMKEHUS PyOJisi BHYTPH 3KOHOMHU-
YECKOI'0 IPOCTPAHCTBA CTPAHBI.

CnenoBatenbho, B Pecniyonuke benapych cy-
LIECTBYET HEOOXOAMMOCTh M IIPEAIOJIaraeTcs
JalbpHeNlIee YBeIMYeHUE A0/ TEeIUIONCTOYHHKOB,
paboratomux Ha MBT, B TO e BpeMsi OTKPBITBIM,
a CcIIe10BaTeNIbHO, aKTYaJIbHBIM JUIA UCCIIeIOBaHUH,
ocraercsi Bompoc 3(P(PEKTUBHOCTU CTPOHUTENHCT-
Ba U 3KCIUTyaTallud MUHUTEIUIO3JIEKTPOLIEHTpaJIen
(Munu-TOLI), paboraromux Ha MBT, c yderom
npodHUIHTa 3NEKTPOreHEPUPYIOMUX MOIIHOCTEH
B 00BbEJMHEHHOH SHEPrOCUCTEME CTPAHBI.

OcHOBHAA YaCTh

K tpamunmonasim MBT B Hamieit crpane oT-
HOCSTCSI JPEBECHHA M TOP(], A0JIsI KOTOPHIX Ha ce-
TOMHSIIHUK JIeHb B CTPYKTYpe BO30OHOBIISE-
MBIX WCTOYHMKOB »Hepruu (BHD) cocraBmser
okoiio 97 % [2]. B nepByto odepenb, 3T0 00yCIOB-
nero Ttem, uto 40 % teppuropun PecrnyOmuku
benapycs 3anumarot seca [9], a mo 3amacam Topda
cTpaHa 3aHuMaeT oaunHHamnaroe [10] u BTO-

IIpupoansrii ra3

90.78% ol /lpyroii 3,64 %

Ipupoauslii ra3
84,10 %

TBepnas buomacca
11,72 %

_‘——prron 1,38 %

He(bTL 2,80 % "

poe [11] mecta B mupe u CHI' coOTBETCTBEHHO,
a TarxkKe MepBOe MECTO B MUpE MO 00beMaM J00bI-
gy Topda [12]. Ilomumo OompIIMX 3amacoB B
Hallleil cTpaHe, OTIIMYUTENIBHBIM NPEUMYIIECTBOM
WCTIONb30BaHMs OMOMacChl B KayecTBE TOILIHBA
SIBIISIETCS IPOCTOTA U ACLIEBU3HA €€ XPaHEHHUSL.

CorslacHo nanHbIM HanuonanbHOro cTaTu-
cTHYecKoro komurTera Pecnybnuku benapychk
3a 2020 r. [13], coGcTBEHHOE IPOU3BOICTBO MIEPBUY-
HOW PHEPIHH COCTaBILLIO Tobko 17,1 %. D10 mo3-
BOJISIET TOBOPUTH O TOM, YTO CTpaHa BXOAWT B JBa-
IUaTky HauOoiee JHEpPro3aBHCHMBIX CTpaH MHpa.
B ctpykType nmpousBoacTBa MEPBUYHON SHEPTUU U3
coocreerHoro torumea B 2020 r. 27 % 3aHuMana
JpeBecHHa, repepadaThiBaeMasi B JPEBECHYIO IIEITy.
ITpouass 6uomacca cocrasmsa 15,7 %. Ha puc. 1
NpUBEACHA CTPYKTypa BBIPAOOTKM TEIUIOBOH H
JNeKTpUYecKoil sHepruu B Pecrybnuke benapych
B 3aBucuMoctH OT Buaa TOP 3a 2020 r. Kak roso-
pWiIoCch paHee, BBOJ B JKCIUTyaTalMio ABYX OJ0-
koB ADC cymmapHoi MomHOocThIO 2,4 I'BT 3Haun-
TenbHO M3MeHseT ¢ 2023 r. CTpYKTypy BBIPaOOTKH
MEPBUYHON DHEPTHH 32 CUET CHIDKEHHS IO NpH-
POJIHOTO ra3a ¥ He(h)TEPOTYKTOR.

Mycop 0,04 %

4 buoras ’|
Teepnas (10,54 %
6romacca
0,98 %

CounHue

i 0,46 %
Vrous 0,08 %

buoras 0,07 %

/‘Mycop 0,10 %

roib 1,21 %

Puc. 1. CtpykTypa pacxonHolt yactu sHeprodananca Pecybnnke bemapycs 3a 2020 r. mo BUaM TOILIHBA
HpH IPOU3BOJICTBE YHEPTUH; a — HIIEKTPUIECKOI; b — TemoBoit

Fig. 1. Structure of the expenditure part of the energy balance of the Republic of Belarus for 2020 by fuel type in energy production;
a — electrical; b — thermal
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Ha puc. 2 npuBenensl nanubie MexXayHApOI-
HOro »"Heprermdyeckoro arenrctea (MED) [14],
MTOKa3bIBAIOIINE TPAHCPOPMALHIO CTPYKTYPHI IIPO-
U3BOJICTBA TEIUIOBOM M JJIEKTPUYECKOH SHEPIUH
B Pecniybnuke benapyck mo Buzmam TomiuBa B Iie-
puox ¢ 1990 mo 2020 r.
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Puc. 2. luHaMuKa CTPYKTYpPBI TPOU3BOACTBA YHEPTUH
B PecnyOnuke Benapych o Bumam Tormmsa
B nepuon 19902020 rr.:
a — dIEeKTPUYECKOH; b — TEIIOBOM

Fig. 2. Dynamics of energy production structure
in the Republic of Belarus by fuel type
in the period of 1990-2020:
a — electrical; b — thermal

CremyeTr OTMETHTB, UTO 3/1€Ch U Jjanee K OMoTon-
JMBY, IOMUMO TBEPIOH OMOMAacChl U3 APEBECUHBI U
Topha, OTHOCSTCS OMOra3 M >KUAKOE OHMOTOILIMBO.
CornacHo [2], o coctostauto Ha 1 ceHtsops 2020 r.,
CyMMapHasi 3JIEKTPUYECKasi MOIIHOCTh YCTaHOBOK
BUD B Pecniybnuke benapyce cocrasisina 491 MBr,
13 KOTopbIx mopsaka 89 MBT BeipabaThIBanoch
Ha 10 Muan-TOL], HCIONB3YIONMX APEBECHOE TOT-
mBo. BMmecte ¢ 3tum B otuere MDA no s3Hepreru-
yeckomy npodmno PecnyOnuku bemapyce [15] nHa
nexabpe 2018 r. moka3aHO, YTO BCETO B CTpaHe
3KcIUTyaTHpoBanochk 22 muHH-TOLl, ucnons3yro-
mmx MectHele TOP ¢ ycTaHOBIIEHHON 3JEeKTpH-
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yeckoi MomHoCcThI0 130 MBT 1 TeniaoBoi MoIil-
HOCTBIO 345 MBT.

U3 puc. 2 BuaHo, uyto OMoTOILIMBO B Pecmy06-
nmuke bermapyce B OCHOBHOM HCHONB3yeTCsS IS
MPOU3BOACTBA TEIUIOBOM H3Hepruu. i OLEHKH
1eJ1ec000Pa3HOCTH CTPOUTENHCTBA B CTPAHE MUHU-
TOL ma MBT paccmoTpuM MeXIyHapOIHBIH
onblT. [l aHanu3a BHIOpaHBI TOCYAAapCTBA, B KO-
TOPBIX OO0 UMEIOTCS comocTaBuMbie ¢ PecryOmm-
kol benapyce oObeMbl TBepJoi OMoOMacchl, MO0
OHA 3aHHMMAaeT 3HAYUTENBHYIO JIOJI0 B CTPYKType
BBIpAaOOTKH TEMJIOBOW M 3IEKTPUYECKON SHEpruu.
Cpenu eBpomeickux CTpaH IJIOLIaAb JIECOB,
Oonpmryro, ueM B benapycu, umeror IlIBerus u
Ounnstaaus [16], comocTaBUMBIE IDIOMAIN HME-
o1esd B I'epmanun, Ykpanne, Ilonsme n Hopse-
I'MH, TAaKXKe€ MHTEpeC MOTYT HpeAcTaBiATh JlaHus,
JlatBust, Octonus, Wpnanansa, BemukoOpuranus.
Ha puc. 3 npuBeneHsl TpeHAb NPOU3BOIACTBA
3JIEKTPUYECKOW U TEIJIOBOW SHEPIrUM U3 TBEPIAOM
6I/IOMaCCI>I JJI1  BBIIICTICPCUYUCIICHHBIX CTpaH 3a
nepuon ¢ 1990 mo 2021 r. Craructuyeckas uH-
¢dopmanusi, ucrmonplyemas MpH MOCTPOCHUH Tpa-
(ukoB, B3siTa c calita MDA [14].

AHanm3upys JaHHbIE, IPEACTABICHHBIE HA PUC. 3,
ClIelyeT OTMETUTh POCT BHIPAOOTKH TEIUIOBOW H
JNEKTPUIECKON SHEPTUH U3 TBEPIIOW OMOMAaccChH 3a
3TOT NEPUOJ, YTO, OYEBHIHO, TpeOOBAJIO CTPOU-
TCJIBCTBA HOBBIX TI'CHCPUPYIOIIUX MOHIHOCTefI.
IIpu 3TOM HEOOXOAMMO 3aMETHTh, YTO AOJIS BhIpa-
OOTKHM 3JICKTPUUECKON 3HEPrUM W3 TBEpIOoW OHo-
Macchl B 001eM 00beMe FeHepalul TaKXKe YBeJu-
YyyBajach BO BCEX CTpPaHax, 3a HCKIIOYEHUEM
JIOKAJILHOTO CHWXEHHA K ypoBHIO 2020 r. s Oc-
tornu B 2021 1., cBs3anHoro ¢ 40%-m pocrom re-
Hepaiuu u3 yrd. Jlons BeIpaOOTKU 3iEKTpUye-
CKO#l SHepruu w3 TBEepAOd OMOMAacChHl B DCTOHUHU
3a 2020 r. npubsusunace k 30 %, B Jlanuu
322021 1. — x 22 %, B GunissHaun — k 20 %, B JlaT-
Buu — k 10 %. B cBoro ovepenp, 10 BeIpaOOTKU
TETIOBOW SHEPTUH M3 TBEpIOH Ouomaccer 3a 2021 T.
cocraBmia: B ctonnu — 67 %, B JlarBuu — 54, B [la-
HuM — 51, B [lIBenu — 46, B @unistaauu — 44 %.

B koHTeKCTE OlIeHKH 11e1ecO000pa3HOCTH UCIOIb-
30BaHMsI CYIECTBYIONIMX M CTPOHUTENHCTBA HOBBIX
KOMOMHHMpPOBaHHBIX ~MHHH-TOLl, ucHomb3yrommx
MBT, B benapycu obpatiM BHHUMaHWE Ha CTpaHBI,
B KOTOpBIX Hanbojee BBICOKAs 10N BHIPAOOTKH U3
TBEPIO OMOMACChI KaK TEIUIOBOM, TaK U 3JIEKTpHUe-
ckoil sHeprun: Dctonun, Gunnsaauu, Januu.
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Puc. 3. T'enepanust s3Hepruu n3 TBepAoi Onomaccel B psizie ctpal EBporsl B 19902021 1r.: a, b — Tpaduku renepanuy u3 TBepIoi
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U3 TBepJoi 6oMacchl B 00111eM 00beMe IIPOU3BOACTBA COOTBETCTBEHHO AJICKTPHYCCKON U TEIIOBOM SHEPTHU

Fig. 3. Energy generation from solid biomass in a number of European Countries in 1990-2021: a, b — generation traffic
from solid biomass, respectively, of electrical (GW-h) and thermal energy (TJ); ¢, d — generation share traffic
from solid biomass in the total production of electrical and thermal energy, respectively

B Octonmm Ha cerogusmumi aeHb, TOLl Ha
OmomMacce WTrparOT Ba)XXHYIO POJIb B JHEpreTHde-
ckoii cucreme. Ha puc. 4 oTpaxkeHa IHHaMUKa
U3MEHEHUSI CTPYKTYpPBl IMPOU3BOJCTBA AIIEKTpUYE-
CKOM W TEIUIOBOM 3HEpPIrud B 3TOW CTpaHe Mo pas-
JMYHBIM BraaM tormBa B 19902021 rr. Cormac-
HO HAIMOHAIBHON SHEPreTHYecKOW ¥ KIMMaTHde-
cKkoii crparerun OctoHuu B niepuon a0 2030 r. [17],
Uil JTOCTMXKEHHUSI UEJIed 10 SHEePreTUHYeCKou
0e30IacHOCTH IyTEM COXpaHEHHUS KaKk MOXHO 00-
Jiee HU3KOW CTETEeHU 3aBUCUMOCTH OT MUMITOPTHBIX
SHEPTOHOCHUTENEH MPEeArNoaracTcsi MakKCUMalIbHOE
HCIIONb30BaHue noteHuuaia MBT.

O0o3HaueHHAs CTpaTerus MPeronIaraeT cTpo-
utenbetBo B 2020-2030 rr. HOBBIX KOMOWHHPO-
BaHHBIX JHEPTOMCTOYHHUKOB, HE HCIIOIB3YIONNX
HACKOMaeMoe TOIUIMBO, D3JEKTPUYECKOW MOIIHO-
cTeio nopsiaka 25 MBt. CornacHo rocyaapcTBeH-
HOMY IUIaHy Pa3BUTUS SHEPIETUUECKON MOJIUTUKHU
Ocronuu [18] B 2030 r., 11 TB1'u oT 001I€CH TTO-
TpEOHOCTH B TEIUIOTe OYIET YIOBIETBOPSTHCS
3a cuer 6momacchel. [Ipu 3TOM B KadecTBe HanOO-
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Jiee BAXHOTO BHJA TOIUIMBA OTMEYaeTcs Topd.
ITo mamaeIM oTtueTa MOA mo Ocronmm [19],
B 2017 1. 53 % Bceit buomacchl AJisi KOMOMHHPO-
BaHHOW BBHIPAOOTKU TEIUIOBOM W 3JIEKTPUYECCKOU
SHepruu ucnoisr3oBaiock Ha TOL, 44 u 3 % coot-
BETCTBEHHO — /ISl IPOM3BOICTBA TOJIHKO TETUIOBON
Y TOJIBKO AJIEKTPUIECKON IHEPTUH.

B [20] oTmedaeTcs, 4TO HA CETOAHSIIHUN I€HD
OCHOBHBIE KOMOWHHPOBAaHHBIC SHEPTOUCTOUYHUKH
Ha MBT mocTpoeHs!I psaoM ¢ KPYITHBIMHU TTOTPeOH-
TEJSIMH TETUIOBOM JHEPTHH, OHAKO YKa3bIBaeTCS
Ha 3HAYUTENBHBINA TMOTEHIIMA CTPOUTEIHLCTBA MU-
Hu-TOL] va MBT Bo3ne HeOOIBIINX HaceleH-
HBIX ITYHKTOB WJIM B OTPACISAX CO CTAOMJIBHBIM TIO-
TpeOJICHUEM TEeIUIOThI, TAaKMM KakK IIeJUTIOJIO3HAS
U JepeBooOpabaThIBarOmasi MPOMBIIIICHHOCTb.
[Ipu 3TOM OTMEUaeTcs, YTO OCHOBHBIM CHIEP’KHBa-
omuM ($aKTOpOM JUTSI HCIIONIb30BaHUS MUHH-TOL]
SIBJITIOTCS. MX JKOHOMHUYecKas 3(PQGEKTUBHOCTh H,
B YaCTHOCTHU, BHICOKHE KalUTAIBHBIC 3aTPaThl MIPH
WX CTPOUTENHCTBE. JlOMOTHUTENBHAS Mepa CTUMY-
JIMpOBaHMs CTpouTenbcTBa HOBBIX TOLl — otcyT-

[ Hayka
urexHuka. T. 22, Ne 5 (2023)

Science and Technique. V. 22, No 5 (2023



Power Engineering

CTBHE HEOOXOJUMOCTH BBHIIAT 3a BBIOpock CO,,
KOTOpBIE, KaK oxujaercs, B EBpore OyayT Henpe-
PBIBHO PacTH.
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Puc. 4. I3mMeHeHue CTPYKTYpbI IPOU3BOACTBA SHEPTUL
B DCTOHMHM 1O BuAaM Ttoriusa B 1990-2021 rr.:
a — IIEKTPUUECKO; b — TeIIOBOH

Fig. 4. Changes in the structure of energy production
in Estonia by fuel type in the period of 1990-2021:
a — electrical; b — thermal

Kak roBopwioch paHee, KOMOMHUPOBaHHAs
BBIpa0OTKa TEIUIOBOW M 3IIEKTPUYECKOM SHEPruu
siBIIsieTcs: Hanbosiee 3(QPEKTUBHBIM CIIOCOOOM TO-
nyuyeHust sHeprun. OfHako, Kak orMedaercs B [19],
3TO CO3Ja€T HEKOTOpBIE CIIOXKHOCTH, TaK Kak Ipes-
nosaraercss paboTa Ha ABYX OTAEIBHO pETyIHpYe-
MBIX pBIHKax, a TOLl B DcToHMM NpeqHa3Ha4YeHBI,
B [IEPBYIO OYEPE/ib, TSl BEIPA0OTKU TEIUIOBOW dHEp-
MU JUISl CUCTEM IEHTPAIN30BAHHOTO TEIUIOCHA0MKe-
Hust. TakuMm o0pa3oM, TpaJULMOHHOE NPH CTUMYJIH-
POBaHUM HCIIOJIB30BaHUS BO30OHOBIIIEMBIX HCTOY-
HHUKOB SHEPIHH MOBBIIICHHE TapH(OB HA «3EITCHYIO»
ANIEKTPUUECKYIO 3HEpruio B ciydae ¢ TOLl Ha 6mo-
Macce MOXKET OKa3zaTbCs HeNOCTaTouHbIM. OJuH
13 BO3MOXHBIX BAPUAHTOB PEIICHUS O00O3HAYEH-
HOH IpoOJIeMBl 3aKJIIOYAeTCsl B MHTEIPALMU B CXe-
My TOLl akKyMyJIsITOPOB TEIJIOTHI, YTO HAa TPUMEpPE
DCTOHMHU pacCcMOTPeHO B padote [21].

[ Hayka
wTexHuka. T. 22, Ne 5 (2023)

Takum 00pa3oM, MOXKHO CJIENaTh BBIBOJ, YTO
OCTOHMSI CTPEMUTCA K COXPAHEHHIO BBICOKOM J10JIH
BBIPA0OTKH TEIJIOBOH M DJCKTPHYCCKOW IHEPTUHU
Ha TOU, ucnoms3yrommx MBT, npu 3tom mpo-
OneMbl, CBs3aHHBIE C JOPOTOBH3HOM Takux JHEp-
TOMCTOYHHUKOB, PEIIAIOTCS ITyTEM JONOJIHUTEIHHO-
IO CTUMYJIMPOBAHHS HHBECTULIUH.

OuHISIHAUS AeKIapupyeT amMOUIMO3HBIE IUIa-
HBl B YacTH JIeKapOOHHM3alUu CBOEH SHepreThye-
CKOH CHCTEMBI, a HMMEHHO JOCTH)KEHHE IIOJI-
HOM yrneponHoW HeWTpampHOcTH K 2035 1 [22].
Ha puc. 5 orpaxeHa nuHamMuKa U3MEHEHUS CTPYK-
Typbl IPOU3BOJCTBA TEIUIOBOM U AJIEKTPHUUYECKOMN
OHEPTryur B JaHHOM roCyaapCTBE 110 BUAaM TOIIJIMBa

B nepuon 1990-2021 rr.
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Puc. 5. VI3mMeHeHue CTPpyKTyphl IPOU3BOACTBA SHEPTUU
B Ounnggauy no suaaM tormsa B 1990-2021 rr.:
a — DIICKTPUYECKOH; b — TEILIOBOI

Fig. 5. Changes in the structure of energy production
in Finland by fuel type in the period of 1990-2021:
a — electrical; b — thermal

W3 rpaduKkoB 04€BUIHO, YTO OCHOBY JHEPTETH-
YECKOW CHUCTEMbl CTpaHbl Ha CETOAHSAIIHUNA JE€Hb
COCTAaBIISIIOT sAAepHAs W BO30OHOBIsIEMas >HEpTe-
tuka. K mocnennei, B nepByro odepenb, OTHOCST-
cs TBepaas Omomacca, a TaKXe DJHEprus BeTpa
U TUAPOIHEPreTHKA.
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CormacHo otuetry MDA 10 3HEpreTudeckoMmy
npoumro Gurnsaanu [23], B 2021 1. 27 % Beelt
anekTpuieckoir u 60 % TemnoBoON 3HepPTUW A
CHUCTEMBI IIEHTPAJIM30BAaHHOTO OTOIUIEHUS JTOH
cTpansl BepabaTeiBaiocs Ha TOLL. Ilpu atom 29 %
TOLl ctpanbl paboTaOT Ha IpeBecHHe, a 15 % —
Ha Topde. Bmecte ¢ atuMm crpana k 2029 1. ruraHu-
pyeT TMOIHOCTBI0 OTKAa3aThCs OT HCIIONE30BAaHUS B
CBOEM DJHEPreTH4YeckoM OajaHce YIVIsl, 3aMEHHB
ero Ha JpeBecHyIO0 Omomaccy. B oruere HeomHo-
KpaTHO OTMeYaeTcsi, YTo JpeBecHas Ouomacca B
Ommkaive Toapl Oy/leT Urparh BAXKHEHIIIYIO POJTb
B JOCTHKEHHU TIOCTABJICHHBIX MPABUTEIHCTBOM
neneit nexapOonuzanuu. CerofHs BaXKHYIO POJb
B JHEpPreTUYecKoM cekTope DPUHISHINM HrpaeT
Top(, KOTOpHI 3aHUMaeT 2,7 % OT 00Imero mo-
tpebnenns TOP u 2,9 % — B CTpyKType BBIpabOTKH
anekTpudeckoit sHeprun. Ogaako k 2030 1. miaHu-
pyeTcsl COKpaIlleHre €r0 UCTIONh30BaHUS MUHUMYM
Ha 50 % u 3amelieHHe Ha IPEeBECHYIO Ouomaccy,
4yTO OyIeT CrocoOCTBOBATH COKPAIIEHHIO BHIOPO-
coB CO; ¥ YMEHBUIUT 3KOJIOTHYECKOE BO3IECUCTBUE
pu ero no0kIue.

Takum oOpazoM, OUHISHIMS O KOHIA JIECATH-
nerust OyleT HapaluBaTh BHIPAOOTKY TEILIOBOU
U DJIEKTPUYECKOW DHEPTUM W3 TBEpHOH OHOMAcCH,
B TOM YHMCJI€ TIOCPEJICTBOM HOBBIX U a/IalITUPOBAHHBIX
MOCJIE UCIIONBb30BaHus Topda M yris muHu-TDIII,
B kauecTBe KIIIOYEBBIX BOINPOCOB B IHEPreTHYE-
CKOI1 OTpaciu CTpaHbl BBIACIAIOTCS ee AeKapOOoHu-
3amyd, a Takke BOMPOC TOBBIMICHUS YHEPreTHde-
ckoit apdextuBHOCTH. B pe3ynprare 3TOr0 Hanbo-
nee 3¢ deKkTHBHAT KOMOMHUpPOBAaHHAS BBIPAOOTKA
SHEpTuM u3 OHOMacchl, B Ciydae BKIIOYECHHS €€ B
0OIIyI0 SHEPTEeTHYECKYIO CETh U CHCTEMY LIEHTpa-
JU30BAaHHOTO OTOIUICHUS, OyJeT NOTOJIHHUTEIHHO
CTUMYJIHPOBAThCA TocynapctBoM. OMHAKO B JIOJ-
rocpounoit nepcuextuse B 2035-2050 rr. B cTpaHe
IUTaHUpYyeTCcsl Tepexo] Ha OectorumBHele BUD,
B YaCTHOCTHU Ha BETPOBYIO SHEPTETHUKY.

IHupokoe pacnpoctpanenue TOLl, ucnonb3y-
IOLINX B KayecTBe TOIUIMBA TBEPAYIO OHMOMaccy B
LIEJIOM U IPEeBECHHY B YaCTHOCTH, HalLIO B JlaHuu.
B oruere MDA 10 3HEPreTHYeCKOMY MPOQUIIIO
Hanun [24], otMeuaeTcs, 4TO CTpaHa JAEKJIAPUPO-
Baya menu no goctmwkenuto 100 % HezaBUCUMOCTH
OT HCKOMaeMbIX BHI0B TorumBa 1 100 % mo BeIpa-
0OTKE DJEKTPUUICCKON SHEPTHH W3 BO300OHOBIIsIE-
MBbIX UCTOYHUKOB 3Hepruu k 2050 r. Ha puc. 6 ot-
pakeHa IMHAMHUKAa W3MEHEHHUS CTPYKTYpHI IIPO-
W3BOJICTBA TEIUIOBOM W DJIEKTPUYECKON OSHEPTUU
B Jlanuu no Buaam Toruuea B 1990-2021 rr.

AHanu3upyst TaHHbIE TpapUKU, MOXKHO C/IeIaTh
BBIBOJl, YTO OCHOBY BBIPAOOTKH 3JEKTPHUYECKOM
SHEPTUM CTpaHbl coctaBiser BUD, Takue kak BetT-
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poBasd SHEPIE€TUKa U 61/IOTOHJII/IBO, n HUX aO0J4 B
CTPYKTYp€e TPOU3BOACTBA AIEKTPHUECKON IHEPTUU
HETIPEPBIBHO pacTeT. BripaboTka TEIIOBOWM JHEp-
THH TIPOM3BOANTCS B OONBIIEH Mepe MOCpeCTBOM
YBEIMYEHUsI OV TeHepalny 13 TBEpIoil Gmomac-
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Puc. 6. I3meHenue cTpyKTypbl IPOU3BOJACTBA SHEPIHU
B Jlanuu no Bugam torusa B nepuon 1990-2021 rr:
a — DIEKTPUUECKON; b — TeIIOBOH

Fig. 6. Changes in the structure of energy production
in Denmark by fuel type in the period of 1990-2021:
a — electrical; b — thermal

CornacHoO OTYeTy SHEPreTHYECKOTO areHTCTBA
Hannu 3a 2019 r. [25], kak n Ournsaaus, Jaavs
paboTaer Ham TEPEeBOOM cymecTByommux TOI]
u KOC, wucnone3yroolmux B KauecTBE TOIINBA
yToJIb, HA TBEPIYIO OMOMaccy, B pe3yJbTaTe 4ero
ee norpedienHue B crpykrype TOP B kpaTtkocpou-
HOH mepcriektuBe Oynmer pactu. llpum srtom mms
CTUMYJIMPOBAaHUS COKpAIEHUS YroJIbHOW reHepa-
MU TPETYCMOTPEHBI JIOTIOJIHUTEIILHBIC TOBBIIIA-
onme Ko3(QUIMEeHTs HA TIOKYIIKY JHEpreThde-
CKOM cucTeMoi anekTpuueckoit sueprun [26]. Co-
[JIACHO dHEepreTudeckoit cratuctuke 3a 2021 r.,
MPEACTABICHHON DHEPIeTHUYECKHUM  arcHTCTBOM
Hanuu [27], 22 % snexrpudeckoit snepruu u 33 %
TEIUIOBOW DJHEPTrUU CTPaHBl  BBIPAOATHIBAJIOCH
Ha TOIl, ucmonap3yomuX B KAa4eCTBE TOILIHMBA
omomaccy. Bcero B crpane B 2021 r. pabota-
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i 30 TOL[ Ha Gmomacce cyMMapHOH dIIEKTpUye-
ckoif MomHOCTRI0 1836 MBT u cymmapHO# Temn-
JI0BO¥ MOIIHOCTHIO 3362 MBT

B GonmpmuHCTBE paitonoB Jlanuwm, rae GpyHKIH-
OHHPYIOT CHCTEMBI IIEHTPAIN30BAHHOTO TEILIO-
CHaO)XEeHWsI MaJlol MOIIHOCTH, CYIIECTBYIOIINE
HOpPMaTHBHBIE TPABOBBIE AKTHI JIOMMYCKAIOT HOBOE
CTPOUTENBCTBO TOJNBKO KOMOWHUPOBAaHHBIX DHEP-
TOWCTOYHUKOB, KOTOpBIC, KaK TPEANOIaracTcs,
OyayT paborats Ha Ouomacce [27]. OnHako B co-
OTBETCTBUU C MpuHATHIM B lanuu B 2018 r. sHep-
TETHYECKUM COTJIAlIEHUEeM, Tapu(bl HA MPOJIAKY
3JIEeKTPUYECKONH D3HEPTUU B DHEPrOCUCTEMY IS
HOBBIX KOMOMHHPOBAHHBIX YHEPrOMCTOYHUKOB ObLIN
CHIDKEHBI, a cxema CyOCHAMPOBaHHS WX CTPOH-
TEJbCTBA 3aMEHEHA, B PE3YyJIbTaTe Yero CTPOUTENb-
CTBO HOBOTO TIPOM3BOJICTBA AIIEKTPHUUECKOH dHEp-
THUH U3 OMOMAacCHl OCYMIECTBIIAETCS TOIHKO B TOM
cllydae, eCii OHa CMOJKET KOHKYPHPOBAaTh C JIPy-
TUMH BO30OHOBISIEMBIMH TEXHOJOTHAMHU [26, 27].
B otuere [27] oTmedaeTcs Takke, uyTo Tak kKak TOI]
Ha OCHOBE OHMOMACCHI OIIEHUBAIOTCS KaK OTHOCH-
TENBHO JOPOTOCTOAIINE DHEPTOMCTOYHUKH, a 00-
Jiee TIOJIOBUHBI HCIIONIb3yeMOW APEeBECHHBI MMIIOP-
TUPYETCS U3 JPYTUX CTPaH, MAaJOBEPOSITHO YTO
OHH CMOTYT OBITb KOHKYPEHTOCIOCOOHBIMH 0€3
JOTIOJTHUTEIEHON TTOAEPKKH.

TakuM 00pa3oM, MOXKHO cIeNaTh BBIBOJ, YTO
B KPaTKOCPOYHOM IepCeKTUBe B JlaHUM OXKUIaeT-
Csl POCT MCITIOJIb30BaHusl Ouomaccel Ha TOL B cBs-
3 C OTKa30M CTPaHBI OT YTrOJIBHOW TeHepaIuy Ipu
ee 3amemnieHnH Ha Owmomaccy. IlepcrekTuBBI ke
CTPOUTENHCTBA HOBOW TE€HEpalnu Ha OMOTOIIIMBE
B miepuos 10 2030 T. BBRITVIAIAT HEOTHO3HAYHBIMH.
B otuere MDA [24] oTMeuaeTcs, 4TO 3KOHOMUYE-
ckas 3¢ dexruBrOCTS TOL] Ha OMOMacce cHUXaeT-
sl C TIAZICHUEM [IEHBI Ha DJIIEKTPUIECKYIO SHEPTHIO,
TaK Kak TpeACibHBbIC 3aTpaThl HA IMPOU3BOICTBO
TEIUIOBOM 3HEPTUU MPU STOM YBEIHYUBAIOTCS JIH-
HeiHo. LlenecooOpa3HOCTh CTPOUTENHCTBA HOBOM
reHepauun Ha O6uomacce OyAeT 3aBHUCETH OT MpU-
HATOW B CTpaHE CTpPATeTHH PEryJIMpOBaHUS IEH
B cekTope TeruiocHaOxeHus. OHAKO W COKpallle-
Hus konuuecTBa TOI Ha OMoMacce He OXKHUIACTCS
BBUJY COXpaHEHUS JUIS HUX CYOCHIMPOBAHHBIX
TapudoB, a Takke BO3ZMOXXHOCTH HCIIOJNb30BaHUS
TOII mst 6amaHCUPOBKU HEPaBHOMEPHOCTH BBIpa-
0O0TKM 2eKTpudeckoi dHeprun Ha BUD, BO MHO-
TOM BBI3BaHHOW HEIMOCTOSTHCTBOM BBIPAaOOTKH BET-
POBBIX AJIEKTPOCTAHITHIH.

OO0muM i1 YHEPrOCUCTEM PACCMOTPEHHBIX
CTpaH SBIISETCS TO, YTO B YCIOBHSIX OTCYTCTBHS
3HAYUTEIBHBIX 3aMacoB He()TH, TPUPOHOTO Ta3a,
a TaK)Ke BHICOKOTO TOTEHITMANIA JJIsi PA3BUTHUS TH]I-
POSHEPTETHKH CBOE Pa3BUTHE B OOJNACTH TEIJIO-
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CHa0>KEHHsI TOJTy4nIIa IEHTPATN30BaHHAasl CHCTEMa
TEIJIOCHA0XKEHUS W TeTUIo(UKAIMI C TeHepalruei
SHEPTUH W3 TBepAOW Omomaccwl. B To ke Bpems
paccMOTpeHHBIE CTpPaHBl OTIMYAIOTCS CBOWMH
BO3MOXXHOCTSIMH TIO FWICTIOJIb30BaHUIO COJTHEYHON
U BETpOBOW 3HepreTuku. Pecmybnuka bemapychk
W3-32 CBOETro Teorpaduieckoro pacrioioKeHUs
HE MMEeT 3HAYUTEIHHOTO MOTEHIIHANA 110 WCIIONb-
30BaHUIO0 3TUX BHUAOB dHepruu. CrenoBaTenbHO,
B paMKax BbIOOpa BO30OHOBISIEMBIX BHJIOB SHEp-
ruu (COJIHEYHOM, TUAPO-, BETPOBOU, reoTepMalib-
HOM 1 OroMaccel) HanboJjee MEePCIeKTUBHOM SIBILS-
ercs Omomacca. M ¢ STOH TOYKHM 3pEeHUs] HHTe-
pECHBIM JJisi Hac siBisieTcss omnblt DOUHISHIWH,
Ybsl JHEPreTHYecKas CTpaTerus IMoapa3yMeBaeT
yBenmuenue gonu TOI] ma MBT. Bo-mepsrix,
B JJAHHOM CTpaHe JI0JIsl SIIEPHOM SHEPTUU B CTPYKTY-
pe BBIPAOOTKH djeKTpuueckor sHeprum B 2021 T.
coctaBisia 33 % w©, Kak OXKHUIAETCS, BBIPACTET
10 40 % [23]. B benapycu, kak 0TME4aoch paHee,
IUIAHUPYETCSl TPUMEPHO TaKasl e JIOJS BhIpaboT-
KM anekTpuyeckoi sHeprun Ha ADC. Bo-BTOpHIX,
B OunHnsHanu, Tak ke kKak B PecnyOmmke be-
Japych, UMEIOTCSl OOJbIINE 3amachl APEBECHHBI,
a TaKk)Ke XOpOLIO pa3BHUTas JiepeBooOpadaThIBaro-
mas MpoMbIIIeHHOCTh. O0e CTpaHbl CTpPEeMSTCS
K COKpAILEHHIO J0JH IPUPOIAHOIO ra3a B CTPYKTY-
pe TOP: OuunsHans — A TOCTHKCHHS MTOCTaB-
JICHHBIX Ieleld 1o JeKapOOHW3alMd IKOHOMHKH,
PecnyOnuka bBenmapych — B 1LeIsSX IOBBIIICHUS
SHEPTEeTUYECKON 0E30IacHOCTH W JUBEPCH(DHUKAITIN

CTpyKTyphl TOP.
BbIBO/IbI

1. B cTaTbe Ha OCHOBE aHaJIN3a OTKPBITBIX HC-
TOYHHMKOB IpeAcTaBjieHa MH(pOpMAaLus IO COCTOs-
nuto npumeHernss MBT B snepretuke PecryOmuku
benapych u psna eBponeickux CTpaH, UMEIOLINX
OIBIT B IIUPOKOM HCIOJNB30BAaHUU TBEPIAOW OHO-
Maccel. [IponsBeneH KpaTKui aHalInu3 CTPYKTYpPBI
UCIIOJIL30BAaHUS TBEP/IOH OMoMacchl Kak Hanbolee
TpamuionHoro it Pecnyonuku benapycs MBT,
a TakXe [ cTpaH EBpOIIbI, Ie ee 3amachl COIo-
CTaBUMBIMU C Halllell CTpaHOW JMOO Tne TBEp-
Ias 6uomacca COCTaBJISIET CYIIECTBEHHYIO IOJIIO
B CTPYKTYyp€ BBIpaOOTKM TEIJIOBOM W 3JIEKTpU4e-
CKOM DHEpPruM II0 OTHOIICHWIO K Apyrum TOP.
[lokazaHo, 4YTO BBHIY CTPEMIICHUS OOCTHKEHHS
B JKoHOMEKe PecnyOmukum bemapycu Ttpebyemoit
IuBepcu(UKALMU OTPEOIISIEMBIX TOIUIMBHO-OHEPIe-
THUUYECKHX PECYPCOB YAENAETCS NODKHOE BHUMAaHHE
paclMpeHu0 OOBEMOB HCIONB30BAHUS MECTHBIX
BUJIOB TOIUIMBA, YTO B LIEJIOM COOTBETCTBYET IOCY-
JTAPCTBEHHOMW TIOJIMTHKE CTPaHbI B paMKaxX Pa3BUTHSA
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suepretuku m0 2030 r., Ho MBT B ocHOBHOM wHC-
MOJIB3YIOTCS ISl IPOU3BOCTBA TEIIIOBON 3HEPTHH.

2. Ha ocHoBe aHanm3a PHEPreTUYECKHUX IPO-
TpaMM €BPONEHCKHUX CTpaH C HaWOOJbBINEH HOJeit
BBIPAOOTKH TETUIOBOH W JJIEKTPUUECKON SHEPTHH
13 OMOTOIUTMBA BBISBJICHO, YTO HanOoJiee OJU3KOM
k Pecrrybnuke benapych siBnsercs sHepreTrdeckas
nporpamma OUHIASHANY, TAE 0JIS aTOMHOU 3HEp-
THH B CTPYKTYPE BBIPAOOTKH 3IEKTPHUSCKON IHEP-
ruu, Tak ke kak B PecrmyOmuke Bemapych, mpu-
ommxaercs k 40 %. DHeprermueckas crpare-
Tusl JAHHOM CTpaHbl MPEIIoJiaraeT yBEIUYCHUE
nomu TOLl na MBT B cTpykType BbIpaOOTKH Tell-
JIOBOM M 3JIEKTPUYECKOW 3HEPrUM. Y CTaHOBIICHO,
4YTO HeoOXxoauMa Oosee TiyOokas mpopaboTKa BO-
mpoca 11eJ1eco00pa3sHOCTH Pa3BUTHUS TeIIo(puKa-
nun B Pecrryonuke benapyck Ha MBT, B ToM dric-
Jie C y4E€TOM COBPEMEHHBIX TCHICHLHWA pPa3BUTUS
SHEPTeTHKH B paMKax IU(PPOBU3ANUN U MYJIbTH-
SHEPreTUYECKUX CUCTEM.

[aHHaa paboTa 4acTMYHO BBLIMNOMHEHA B pamKax
COBMECTHOrO Hay4yHoro npoekta benopycckoro pecny6-
nukaHckoro doHga dyHoameHTanbHbIX UCCNefoBaHui
1 MuHWACTepCcTBa MHHOBALMOHHOMO passuTust Pecny6-

nukn YsbekuctaH «BPOOU-MUPPY-2022» (Jorosop
T22Y3B6-052).
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Abstract. The paper examines the most important requirements for current converters, the features of magnetic modulation
converters, and identifies their fundamental and design features. The paper considers the principle of constructing converters
for contactless DC measurement and their disadvantages of converters, methods of current measurement using magnetic mo-
dulation current converters, in which the magnetic permeability of a core made of ferromagnetic material is modulated.
The influence of the parameters of the elements of a magnetic modulation current converter with an analog filter on their static
characteristics and the influence of modulation on the static characteristics of the sensor have been determined. It has been
revealed that the discrete operation of the magneto-modulation DC converter does not affect its static characteristics and
the nonlinearity due to the type of modulation also does not affect the static characteristics of the sensor. The most important
requirement for the operation of a magneto-modulation DC converter for autonomous power supplies with recharging buffer
batteries is the formation of a static characteristic with the specified properties: linearity, sensitivity and the required range
of operating currents. An analytical expression for the static characteristic is obtained in the form of the dependence of the
output voltage on the values of T, and T, for the basic version of a magnetic modulation DC converter with an analog low-pass filter.
Curves of the static characteristics of the magneto-modulation DC converter have been constructed for different values of the re-
sistance of the ballast resistor R, as well as curves of the static characteristics of the magneto-modulation DC converter for different
values of the supply voltage E. Analytical expressions for the static characteristics of a magneto-modulation DC converter based on
magnetic transistor multivibrators with pulse-width modulation, curves of their characteristics and the output voltage of a magnetic
modulation DC converter with a digital output and a discrete filter have been obtained.

Keywords: current converter, magnetic modulation sensor, direct current, non-contact measurement, magnetic permeability,
analog filter
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CraTuyeckne XapakTepUCTUKH Npeodpa3oBaTelieil NOCTOSTHHOIO TOKA
C MArHUTHON MOIYJISIIIAEN ¢ AHAJIOTOBbIM PUJILTPOM
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Pedepat. B nanHoli craThe paccMaTpUBAIOTCs BaKHEWIIHE TpeOOBaHHUS K MpeoOpa3oBaTesiM TOKa, 0COOEHHOCTH MarHUTO-
MOJYJISIIMOHHBIX TpeoOpa3oBaTeneil W BBIABICHBl MX NPUHIMITHANBGHBIE W KOHCTPYKTHBHBIE OCOOEHHOCTH. PaccMoTpeHs
MIPUHIMIT TIOCTPOEHMST Npeobpa3oBarenied st OECKOHTAKTHOTO HM3MEPEHUs] IOCTOSHHOTO TOKAa M OCHOBHBIC HEJOCTAaTKH
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HEWHOCTh, 00YCIIOBJICHHYIO BUIOM MOJYJISAIMH, & TAKXKE HE BIMSICT HA CTATUUCCKUE XapaKTCPUCTHKHU JaTdnKa. BaxHeHmmM Tpe-
OoBaHHeM K pabOTe MArHUTOMOJIYJISIIMOHHOTO MPeoOpa3oBaTeNs MOCTOSHHOIO TOKA JIsi aBTOHOMHBIX MCTOYHHMKOB MHTaHUS
¢ no3apsiioM Oy(hepHOi aKKyMyJSITOPHOU Oatapeii siBisieTcs: GOPMHUPOBAHKME CTATUUCCKON XapaKTEPUCTUKH C 3a/IaHHBIMU CBO¥-
CTBaMU: JINHEHHOCTHIO, YyBCTBUTEIILHOCTHIO U TPEOYEMbIM JHANa30HOM pabouux TOKOB. [10JydeHO aHAMTHYECKOE BBIPAKCHUE
CTaTUYCCKOM XapaKTEPUCTUKH B BUJIC 3aBHCHMOCTH BBIXOTHOTO HATIPSDKCHUS OT BeanuuHbl 1 1 75 i 6a30BOro BapuaHTa MarHu-
TOMOJIYJISIIIHOHHOTO MPeoOpa3oBaTelisi MOCTOSHHOTO TOKA C AHAJIOTOBBIM (DHIIBTPOM HIDKHUX 4acTOT. [10CTpOCHBI KPUBBIC CTATH-
YECKUX XapaKTEPUCTHK MATHUTOMOIYJIIIIMOHHOTO MPeoOpa3oBaTelis MOCTOSHHOTO TOKA MPH Pa3HBIX 3HAYCHUSIX COMPOTHBICHUS
0aiu1acTHOro pe3nucropa R, a TakkKe KPUBBIC CTATUYCCKUX XAPAKTEPHCTHK MAarHUTOMOYJIIIIMOHHOTO MpeoOpa3oBarTelis OCTOSH-
HOTO TOKA TIPH Pa3HbIX 3HAUCHUSIX HANpsDKEHUS nutanus E. [loydeHpl aHaTMTHYECKHE BRIPAXKCHHS CTATUYECKUX XapaKTEPUCTUK
MarHUTOMOJIYJISIIIMOHHOTO TIPeoOpa3oBaTesIs MOCTOSIHHOTO TOKa Ha OCHOBE MarHUTHO-TPAH3UCTOPHBIX MYJIETHBHOPATOPOB C IH-
POTHO-HMITYJIbCHOW MOJIYJIAIMCH, KPUBBIE MX XapaKTEPUCTHUK, BBIXOJHOC HAPSDKCHHE MarHHUTOMOIYJIAIMOHHOTO TpeoOpa3oBa-
TEJSl HOCTOSTHHOT'O TOKA C IIU(PPOBBIM BBIXOJIOM ¥ C IUCKPETHBIM (DPUITBTPOM.

Knrwueble ciioBa: Hpe06pa303aTem, TOKa, MaFHI/ITOMOZ[yHSILIPIOHHBIﬁ JaT4YHUK, TTOCTOSTHHBIN TOK, OCCKOHTAKTHOE HU3MCPEHUE,
MarduTHas IpoHuIaeMOCThb, aHaJIOTOBBII (1)I/IJ'ILTp

Jas untupoBanus: Ataymiaes, H. O. Cratudyeckue XapaKTepHCTHKH MpeoOpa3oBareiell MOCTOSTHHOTO TOKA ¢ MarHUTHON
Monynsnueii ¢ aHamoroBeiM ¢uisTpoM / H. O. Artaymnaes, E. A. [leproruna, X. 1II. MypoznoB // Hayka u mexnuxa. 2023.

T. 22, Ne 5. C. 428-432. https://doi.org/10.21122/2227-1031-2023-22-5-428-432

Introduction

Magnetic modulation converters are named,
the action of which is based on a change in the
magnetic state of a ferromagnetic material with
simultaneous magnetization in constant and alternat-
ing fields. Flux modulation is possible due to the
non-linear properties of the magnetic circuit [1].

Currently, a large number of converters are
known and this creates certain difficulties in
choosing the required type, specific design of these
converters [2]. In this regard, it is advisable to
classify the converters, which will reveal their fun-
damental and design features.

The currently existing converters are divided
into two large groups according to the way they are
included in the measured circuit [3]:

1) contact transducers based on measuring
the voltage drop across a resistor included in the
circuit of the measured current;

2) non-contact transducers based on the meas-
urement of the magnetic field created by the meas-
ured current.

Converters of the first group contain, as a rule,
a certain set of elements — a shunt, a modulator,
a transformer, a demodulator, a low-pass filter, in a
large number of variants of such converters [4].
These elements are only supplemented by new
ones that contribute to some improvement in their
characteristics. Therefore, it would be expedient to
select transducers of the second group only.

Two principles of construction of converters
for non-contact measurement of direct current are
possible. One of them consists in the implementa-
tion of the first Maxwell equation with the deter-
mination of the differential and integral parameters
of the magnetic field [5].

Another principle is to implement the third
Maxwell equation, which establishes a relationship
between the electric induction vector and the
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charge density, which is related to the measured
current. The disadvantage of this method is that in
this case it is necessary to take into account the
speed of the charge carriers that form the current.

In our case, it is not necessary to determine
the integral or differential parameters of the field
created by the measured current. Since the current-
carrying conductor is motionless, has a constant
cross section which is including current density
distribution, and enough to measure at any point in
space the values of the magnetic field strength H,
induction B or electric field strength E, unambigu-
ously associated with the measured current.The
simplest magnetometric transducer here will be a
freely rotating magnetic needle [6].

Of all the above transducers, transducers with
a shunt and an M-DM channel have the most ac-
ceptable characteristics [7]. In the simplest case,
such a converter consists of a shunt, a modulator
that converts a DC signal into an AC signal, an
isolation transformer, a demodulator (detector),
and low-pass filters.

Materials and methods

The main disadvantage of such converters is
the rather high power dissipated in the shunt.

The most promising method for measuring the
parameters of a magnetic field is the induction
method based on the use of the law of electromag-
netic induction [8]:

dB dS
es=e, +e, =—|S—+—|, 1
> tr mov ( dt dl‘j ()

where e; — total electromotive force; e, — trans-
former’s electromotive force, the appearance of
which is associated with a change in the magnetic
field over time; e, — electromotive force of

movement, resulting from a change in the effective
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area of the contour; B — magnetic induction;
S — effective contour area, m’.

Induction converters are divided into passive
(current transformers) and active (magnetic modu-
lation).

To measure the current, the most suitable are
magnetic modulation current converters, in which
the magnetic permeability of a core made of a fer-
romagnetic material is modulated [9]. They have
the highest sensitivity and are the easiest to be im-
plemented. Current transducers (CT) used in mea-
suring areas are subject to various mechanical
stresses, which significantly affects their reliabi-
lity. Therefore, the use here of magnetic modula-
tion DC converters that are insensitive to mecha-
nical influences becomes the only possible one.

Magnetic modulation converters are widely
used in computing technology as logic elements
and memory devices. In measuring technology,
MMCs are used to measure the strength of a con-
stant magnetic field (ferroprobes), to convert direct
current into alternating current with a decrease in the
absolute value of the current (measuring direct cur-
rent transformers), to convert direct current into
alternating current with an increase in the absolute
value of the current (magnetic amplifiers), to measure
the movement of an object to which the moving part
of the transducer with carries a permanent magnet,
is connected (magnetic modulation transducers
of displacement).

The most important requirement for a magnetic
modulation current converter (Magnetic modulation
converters) for signal systems is the formation of
a static characteristic with desired properties: linea-
rity, sensitivity and the required range of operating
currents. These properties depend on the values of
a number of parameters of the Magnetic modulation
converters elements: the resistance values of the
resistors in the MCM, the number of turns in the
transformer windings, and other values.

In the process of developing an engineering
methodology for calculating the parameters of
Magnetic modulation converters elements, it is
required to obtain analytical expressions for the

dependences U,, = f(I,) for Magnetic modula-

tion converters variants with a pulse-width modu-
lator [10]. Using these expressions, it is necessary
to determine the influence of the parameters of the
magnetic modulation DC converter elements on
their static characteristics.

1 ¥
Uauf = ]—lv + T2 {Y;EI _RSp WkklkZ_J[.
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When analyzing the static characteristics of
Magnetic modulation converters with pulse-width
modulator, it must be borne in mind that, firstly,
the converter under consideration is a discrete link,
i. e. the “current-pulse duration” transformation
occurs in this case discretely with an interval T’
(where T is the period of self-oscillations), and
secondly, it is a non-linear link, since it contains an
element that has a non-linear characteristic — the
magnetic circuit of the transformer.

It is known that with an infinitely small band-
width of the continuous part in a discrete system,
the influence of the discreteness of the system
operation on the values of the output signal is mi-
nimal, i. e. the discrete system in this case is iden-
tical in its properties to the continuous one [11].
When analyzing the static characteristics of the
Magnetic modulation converters, the bandwidth
of the continuous part of the device is taken equal
to zero, which, with an infinite observation time #,
does not affect the value of the output signal.
Therefore, the discreteness of the work of the con-
verter under study in the analysis of its static cha-
racteristics in this case will not be taken into ac-
count, which will not lead to errors when calcula-

ting the dependence U,,, = f(1,).

Since the discreteness of the MCC operation
does not affect its static characteristics, the nonlin-
earity due to the type of modulation also does not
affect the static characteristics of the sensor.

Thus, when analyzing the static characteristics
of the Magnetic modulation converters with pulse-
width modulation, we can assume that this con-
verter is a continuous link with a nonlinear de-

pendence U,,, = f(1,). This non-linearity is main-
ly due to the non-linearity of the magnetization
characteristics of the material of the magnetic core
of the converter. The analysis of such links, as a
rule, is carried out by compiling and solving a non-
linear differential equation that describes the
operation of the sensor under study.

We obtain an analytical expression for the sta-
tic characteristic in the form of a dependence of the
output voltage on the values of 7} and 7, for the
basic version of the Magnetic modulation conver-
ters with analog [12]. It is equal to the integral of
the difference in voltage drops across the ballast
resistors and is determined by the expression:

dl, dl,

A
—| LE - RSW,kk, | —5— |+ =
21 n |2_J;l+k22[12
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Thus, from the last expression it can be seen that

the output voltage for all variants of the

Magnetic

modulation converters with pulse-width modulation

is proportional to the ratio (77 — 73) to (7

+ 1), and

T and T; depend on the measured current /..
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Fig. 1. Curves of static characteristics of MCC at different
values of the supply voltage E. Solid curves are calculated,
and dotted curves are experimental data
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Fig. 2. Curves of static characteristics of MCDC at different
values of the resistance of the ballast resistor R.
Solid curves are calculated, and dotted curves

are experimental data

Results

An analysis of the obtained analytic
sions for the static characteristics of
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al expres-
magnetic

modulation DC converter with pulse-width modula-
tion and their curves, as well as a comparison of
the results of calculation and experiment, allow us
to draw the following conclusions:

1. The resulting analytical expressions for the
conversion characteristic describe the static mode
of operation of the MCC with sufficient accuracy.

2. The static response of the MCC with pulse-
width modulation has a high linearity in the initial
section.

3. The sensitivity of the MCC is determined to
a greater extent by the value of the resistance of the
ballast resistor R.

U 1 UZ
1 o 2 ' 5

u.
4 3 u 7

— 1
i/T

Fig. 3. Functional diagram of the MCC

Fig. 1 shows an Magnetic modulation conver-
ters circuit with a digital output that uses low pass
filter instead of analog. Let us determine whether
such a method of extracting a useful signal affects the
shape of the static MCC characteristic. To do this, we

will find the dependence U, (1, ).

Under the action of the current 7., the duty cy-
cle of the pulses generated by the magneto-
transistor multivibrators changes. In this case,
the amplitudes of positive and negative pulses on
the output winding W,,, change relative to its mid-
point at constant volt-second areas.

When the current /, changes, the values of U,
and U, change, but their sum and the volt-second
area of the pulses remain constant.
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That's why:

/4
U =U,=(E-I,R)—;

Wi )
Ut =U,T,

where [, — is the transistor collector current va-

lue corresponding to the saturation induction Bj;
Wi, Wou — the number of turns, respectively, in the

collector and output windings.
From equations (3) we find the values U, and U.:
2(E,—I,R)T, W

— out .
11— 5

T+T, W,
4)

— 2(E1 _[kSR)TI out

1 L+T, W,

The output voltage of the MCC with digital
output and discrete filter is equal to the voltage
difference between U, and U,:

U,,=U-U,=2(E —ISR)@ﬂ. (5)
W T +T,

It can be seen from expression (1.4) that the
shape of the characteristics U, = f(I,) for the

MCC with a discrete filter is similar to the shape of
the dependencies U, (/,) according to expres-

sions (1) obtained for the MCC with an analog fil-
ter. The dependence according to expression (4)
differs only in scale.

CONCLUSION

Thus, the analysis of the expression for the sta-
tic characteristic of the MCC with a digital output
and with a discrete filter shows that the discrete
filter does not affect the shape of the static charac-
teristic of the MCC.

An analysis of the static characteristics of the
considered magnetic modulation converters on
magnetic transistor multivibrators with pulse-width
modulation has shown that they have a high linea-
rity in the initial section, and the duration of the
linear section of the characteristic depends on the
quantities that mainly affect the maximum collec-
tor current (/y,c): the values of the power supply
voltage (E), the resistance of the base resistor (R;)
and the number of turns of the base winding (W},).

It is established that the static characteristic is
linear approximately in the area (-0,6/,,.W, <1, <

<+0,6/,.W,). And also the sensitivity of the

MCQC is largely determined by the resistance value
of the ballast resistor (R), the number of turns of
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the collector winding (W;) and it grows with a de-
crease in W and with an increase in R.

An analysis of the expression for the static
characteristic of the MCC with a digital output and
with a discrete filter has shown that the discrete
filter does not affect the shape of the static charac-
teristic of the MCC.
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MexaHU3M pa3BUTHS TPAHCTIOPTHO-JIOTHCTHYECKOH CHCTEMBI:
HHPPACTPYKTYPHI WIEKTPHUIECKOT0 TPAHCIOPTA

Kana. 3xoH. Hayk, qou. 1. H. Mecnm«l), acm. /I, A. Beqéplcol)

1)]Senopyccmm HAIIMOHAJIBHBIN TeXHUYeCKHid yHuBepcuTeT (MuHCK, Pecrrybnnka benapycs)

© Bbenopycckuii HalMOHATBHBIA TEXHUYECKUH yHUBEpCUTeT, 2023
Belarusian National Technical University, 2023

Pedepat. B Pecriy6nuke benapycs B 2021 r. 00beM NOTpeOIeHUS 3JIEKTPOIHEPTUH Ha 3apSAAHBIX CTAaHIMAX BBIPOC IPUMEPHO
Ha 38 % no cpaBHeHuto ¢ 2020 r. u cocraBui okono 10 max kB1-4. benopycckumu skcriepraMu OTMEYEHO, YTO B 3KCILTyaTa-
M1 JIEKTPOMOOWIIb IPUMEPHO B JIBa pa3a BHITOJHEE €ro BIAAENbIly, Y4eM aBTOMOOMIIb C IBUraTelieM BHYTPEHHETO CrOpaHusl.
B nenom a1 5KOHOMHKHU MPH YCJIOBUH PaBEHCTBA 3arpsA3HEHHs OKPYXKAIOIIEH Cpe/ibl Ha 3Tanax JoOsIYM MPUPOIHBIX PECYP-
COB WM YTHJIHM3ALIUHU DJICKTPOHHBIX OTXOJOB 3JEKTPOMOOHIIL COXpaHSET 3a CO0O0H BHIUTPHINL. OOHOBICHHE aBTOMOOMIBHOTO
napka ()OCCHIBHOTO TOIUIMBA TPAHCIOPTHBIMH CPEJCTBAMU Ha BO30OHOBILSIEMBIX MCTOYHHMKAX SHEPTHH SBIETCS 3amadeii,
TpeOyomiei peanu3ayuy MexaHu3Ma aIalTaluyi TPAHCIIOPTHO-JIOTUCTHYECKOW CHCTEMBI K COBPEMEHHBIM BBI30BaM IJ100alTb-
Hoit sxoHOMHKH. K HacTosmemy BpeMeHn B benapycu uncieHHOCTh 31eKTpoMoOueil n moazaps>kaeMbIX THOPHIOB HEMHOTO
Oomee 10 Teic. enuHMI. OTMEUYCHO yBEMHMUYCHHE MapKa OOIIECTBEHHOTO 3JIEKTpoTpaHcmopTa — cBbime 100 3mekTpoOycos.
B cBoto ouepens, pazsurue IT-cheps! 1 TpoANKTOBaHHAS HEOOXOAUMOCTH ITEPEX0a K IIPOU3BOJICTBY TPAHCIIOPTHBIX CPEJICTB
Ha 9KOJIOTMUECKU YUCTBIE BUIBI cTaHAapTa EBpo-7, BHeApeHHe koToporo oxkugaercs ¢ 2025 r., MOATOIKHYIH MUPOBBIX IIPO-
HU3BOAMTENEH aBTOMOOMIEH K IMPOM3BOACTBY AIEKTPOMOOMIEH M IMOA3apsHKaeMbIX THOPHAOB, KOTOPHIE IO AKOJIOTHIECKHM
TapaMeTpaM IPEeBOCXO/IT aHAJIOTY HA HCKOIIaeMOM TOIUIMBE M OTBEYAIOT BPEMEHH POCTa PAcIioiaraéMoro J0X0/a MacCOBOTO
notpeburens. Bo n3bexaHue noTepb IKOHOMUYECKOH BBITOJBI ¢ OOHOBJICHHEM aBTOMOOWJIBHOTO IMapKa dJIEeKTPOMOOWIIMU
B CTaThe HCCICIOBAaH MEXaHM3M aJanTaluy HHQPACTPYKTypbl aBTOTPAHCIIOPTHOTO CEPBUCA K COBPEMEHHBIM BBI30BAM
TI100aNbHOI S KOHOMHUKH.

Kro4eBble cjI0Ba: 3IEKTPOMOOUIIB, TPAHCIIOPT, HH(PPACTPYKTYpa, MEXaHNU3M, [IU(POBbIE TEXHOJIOTHH, «3€JeHasD YKOHOMHKA

Jas nurupoBanusi: Mecuuk, JI. H. Mexanusm pa3BUTHS TpaHCIIOPTHO-TOTUCTUYECKON CHUCTEMBI: HH(PPACTPYKTYPHI 3JIEK-
Tpudeckoro Tpancrnopra / . H. Mecuuk, . A. Beuépko // Hayxa u mexnuxa. 2023. T. 22, No 5. C. 433—-440. https://doi.org/
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Mechanism for Development of Transport
and Logistics System: Electric Transport Infrastructure

D. N. Mesnik”, D. F. Vecherko"
YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. In the Republic of Belarus in 2021, the volume of electricity consumption at car charging stations increased by
about 38 % compared to 2020 and amounted to about 10 million kW-h. Belarusian experts noted that the operation of an
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electric car is about 2 times more profitable for its owner than a car with an internal combustion engine. In general, for
the economy, under the condition of equality of environmental pollution at the stages of extraction of natural resources and
the disposal of electronic waste, the electric car retains a win. Renewal of the fossil fuel vehicle fleet with vehicles powered
by renewable energy sources is a task that requires the implementation of a mechanism for adapting the transport and logistics
system to modern challenges of the global economy. To date, the number of electric vehicles and rechargeable hybrids
in Belarus is slightly more than 10 thousand units. An increase in the public electric transport fleet was noted — over 100 elect-
ric buses. In turn, the development of the IT sector and the need to switch to the production of vehicles for environmentally
friendly types of the Euro-7 standard, the introduction of which is expected from 2025, prompted global car manufacturers
to produce electric vehicles and rechargeable hybrids, which are superior in environmental parameters to fossil-based counter-
parts fuel and correspond to the time of growth of the disposable income of the mass consumer. In order to avoid the loss
of economic benefits with the renewal of the car fleet with electric vehicles, the paper examines the mechanism for adapting
the infrastructure of the motor transport service to the modern challenges of the global economy.

Keywords: electric vehicle, transport, infrastructure, mechanism, digital technologies, “green” economy
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(in Russian)

BBenenue

DNEKTPOTPaHCIIOPT C HYJEBBIM BEIOPOCOM yT-
JIEBOJIOPOJIa Cpelr BCEX BHJIOB TPAHCIOPTHBIX
CPEICTB BBITJISIIUT TPOPHIBHBIM WHHOBAIIMOHHBIM
peuieHueM, MOBIUSBIINM Ha 3KOHOMHUYECKHUE, CO-
[MHAIbHBIE W JKOJIOTHYECKHE TPOIlecCHl B 0OIIe-
ctBe [1, 2]. DT mpolecchl TECHO CBSA3aHBI C MeXa-
HU3MOM pa3BHUTHS TpPaHCIOPTHO-JIOTHCTHIECKOM
cucteMbl. TpaHCTIOPTHO-TOTHCTUYECKAs CUCTEMa —
3TO CIUIETEHHE IIeTIOYeK CO3JaHHUs J00aBIeHHON
CTOMMOCTH YYacTHUKaMH II€PEBO30K TPY30B U
nacca)XupoB, HWHPPACTPYKTYpPHl OOCITYKUBAHHUS
(B TOM umciie GUHAHCOBBIX OpPTaHM3AIUi) U JpY-
TUX MHCTUTYTOB, OXBAYCHHBIX MMOTOKAMU MAaTCPH-
aNbHBIMH, WH(POPMAINOHHBIMH, JEHEXHBIMH, II0-
TpeOJICHUS SJICKTPOIHEPTUU U O0BEIUHEHHBIX IIe-
JbI0  HapallMBaHUS CTOMMOCTH COOCTBEHHOTO
KaryTana.

Puck cBemeHus BBITOA OT BBIOPOCOB B at-
Mocdepy K HYIIO BIIOJHE ONpaBlIaH U UCXOIUT OT
KOHCTPYKTHBHBIX OcoOeHHOocTel (00beMoB, raba-
PUTHBIX pa3MepOB) JTUTHH-MOHHBIX OaTtapei, KoTo-
PBIMHU YKOMIUIEKTOBAH 3JIEKTPUUYECKUN TPAHCIIOPT.
B 2021 r. moTpebneHne SIEKTPOIHEPTUN JTUTHH-
WOHHBIMH OaTapessMd B MHpE COCTaBHJIO OKO-
70 340 I'BT-u, unu mouTH B Ba pasa BhIIIE YPOB-
H 2020 1. Cpennsisi eMKOCTh Oarapeil akKymy-
TIATOpHEIX 3nekTpomobuneit (BEV) cokparunachk
¢ 56 xBtu B 2020 r. 70 55 xBTu B 2021 r., TOrma
KaK CpelmHss eMKOCTh Oarapeil moj3apsbkae-
MBIX THOpHIOB BhIpocia ¢ 13 kBtu B 2020 r. 1o
14 xBty B 2021 r. PaccuutanHas cpeaHeB3Be-
IIIEHHas eMKOCTh aKKyMYJISITOPHON Oarapeu 3Jex-
TpomoOuitst B 2021 1. coctaBmia okoio 20325 Bt-u.
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Cropoc Ha aKKyMyJATOPBl APYTHX BHIOB TpaHC-
MOPTHBIX CPEACTB B MHUpPE MPOJEMOHCTPHPOBAT
IpUPOCT IpuMepHO Ha 65 %. Haubonpmas mons
crpoca Ha aKKyMYyJSITOpHBbIE OaTapew IpHILIACh
Ha Kurail. B Kutae cnpoc Ha akkymyJsiTOpHbIE
Oarapen npubimsuics k 200 I'Bta B 2021 r., wiu
nokasan poct npuMepHo 140 % mo cpaBHEHHIO
¢ 2020 r. B To Bpems kak o EBponelickomy peru-
OHy POCT cIpoca Ha aKKyMyJIITOPHBIE OaTapeu
coctaBm okoyio 70 %, wiIn B ABa paza HIDKE, YeM
B Kurae [3, 4].

ITepBhIe arIeKTpo3anpaBoYHbIe cTaHITMH Malan-
ka B Pecniybnuke benapych otkpeuimch B 2014 r.
W 3apsinka Ha 3THX CTaHUMSX OblIa 1O HYJIEBO-
My Tapudy. IlmaTHas 3apsaka oOCymIecTBISETCS
¢ kona 2020 r. B suBape 2022 r. Tapud OvICcTpOit
3apsAAKU TUTUH-HOHHOW OaTapeu (1o 20 MuH) co-
craBisin 39 kom./(kBt4), a MemieHHOW 3apsaku
(oxouo 2 u) 29 xon./(kBtu). C mas 2022 r. tapudsr
BBIpOCIH: OBICTpOH 3apsaku — 10 45 kom./(kBt-u),
MeJJICHHOU 3apsiaku — a0 35 korm./(kBtu). K Ha-
CTOSIIIEMY BPEMEHH OTMEYEH POCT Tapu(doB 3a-
pAnHbIX cTaHuui benapycu, Tem He MeHee coxpa-
HEH CaMblM HH3KHUM HX YPOBEHb IO CPaBHEHHIO
co crpanamu EC u CHI'.

B nepcnekruBe — O6ecipoBoaHOM (OECKOHTAKT-
HEIN) crioco0 3apsamku dekTpomoduieit. Ceromas
3TOT crocod CKphIBaeT B cebe OMacHOCTh mepena-
YM Yepe3 BO3AYIIHYIO HOAYIIKY JHEPruu OoJib-
moit MourHocTH. TpeOyer mopaboTKu MHKEHEPHOI
MBICJIH IO Pa3BUTHIO TPAHCIOPTHOH MH(}pacTpyk-
TYpBbl HACEJIEHHBIX ITYHKTOB, PACIIOJIOKCHHBIX B
rpaHuLax 10 2 KM OT KPYIJIOTOAWYHO JKCILUTyaTu-
PYEMBIX JOPOT.
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OcHoBHasl YacTh

B Mupe B 2021 1. Ha OAHY 3apSAAHYIO CTAHITUIO
MPUXOJUIOCH AEBSITH DIEKTPOMOOWIICH, KaXKIbIM
U3 KOTOPBIX B CYTKH 3aTpayeHO JIBa C IOJOBH-
HOHM daca paboTHI 3apsmHOTO ycTpoiicTBa. OmHO-
BPEMEHHO B MHpPE KaXAYI0 CEKyHIy MpoAaer-
cs 2,4 aBTOMOOWIISA, B TOM YHCJIC Ha 00BEM Ipo-
JaX B MHUpPE 3a CEKyHIy TPHUXOAUTCS MpUMEp-
HO 0,79 amexkTpomMoOMIs, WK TpoAaxka dJIEKTPO-
MOOWIIe W TMOA3apsHKAEMBIX THOPUIOB 32 OJUH
yac IpUOIN3UTETHHO COCTABISIET 284 eMHUIIBL.

JlocTymTHOCTB 3apsiIHBIX YCTPOUCTB B MUPE Ipe-
Beiciia 1 800 000 o0ycTpOeHHBIX MeECT, U3 KOTO-
peix moutu 30 % mpuxoawTcs Ha MecTa OBICT-
poii 3apsiaku 3nekTpomoomieii. Tompko 3a 2021 1.
B OKCIUTyaTalyIio 3amyuieHo okono 0,5 MIIH 3aps-
HbIX ctaHimid. B nepuog 2015-2019 rr. cpennerono-
BOM TeMI pocCTa 3apsiIHbIX CTAaHIMM MOYTH JOCTUT
ypoBH: 50 %. Tak, B 2021 r. Temn pocTa YMCIEHHO-
CTH YCTPOHCTB OBICTPOH 3apsiaku JocTur 48 %, 4to
Ha 5 % BeIme no cpaBaeHuto ¢ 2020 r., yCTpOHCTB
MeJuIeHHOHU 3apsaaku — 33 %, wiu Ha 13 % Humke,
yeMm B 2020 r.

[Napx aBTOomMOOMIEl Mupa 3a 2021 r., Mo gaH-
HeIM «KomMepcaHnTa» (co CChUIKOM Ha rocymap-
CTBEHHYIO HMHCIEKIIO 0E30MacHOCTH JOPOKHOTO
NBIDKEHUS), HACYUTHIBAECT OKOJIO 64 MJIH €IUHUII,
mpu 3ToM 50,3 MIIH NPUIIIOCH HA JIETKOBBIE aBTO-
MoOwiH, 6,6 MITH — Ha TPY30BBIC TPAaHCIOPTHHIC
CpelCcTBa M MpUMEPHO 843 ThIC. €IUHUI] — HA aB-
TOOYCHI.

HeoOxoanmast 4MCIIEHHOCTh 3apsiIHBIX CTaH-
U 3aBHCUT OT TakuX (paKTOPOB, KaK: pErHOHAIb-
Has YHCIEHHOCTh HACEJIEHHUS, WMEIOIIEro IpPaBo
BOXKJICHHSI COOTBETCTBYIOIIEH KaTeropHu;, Cpe.l-
HUl mpoOer aBTOMOOWJIEM pPETHOHA; TUIOTHOCTh
HaceqieHus: peruoHa. Tem He meHee B 2021 r. ko-
JUYECTBO 3apsIIHBIX YCTAaHOBOK B MHPE BBIPOCIIO
1o 1,8 MitH, Ha O/IHY 3apsAHYIO YCTaHOBKY IPHXO-
UTCST OKOJIO AEBATH 3JekTpomoOmined. OmHa 3a-
pAaHAs YCTaHOBKA 32 CYTKH C MPOAOJKUTENBHO-
CThIO 3apsanku dekrpoModmist 300 muH criocoOHa
o0ciykuth okono 4,8 smexkrpomoOmis. B Takoit
HOPMAaTHB BIIOXKWJINCh [ajeKo He BCE CTpaHsl,
uckmouenue cocrabunu Hupepnanael u Kopes.
Ha onny 3apsianyto ycraHoBky B Kutae npuxoaut-
cs 9—10 snextpomoOmierd. Takum oOpa3zom, pocT
MUpoBoro peiHka (0,79 3nmeKTpoMoOWIS B CEKyH-
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Iy) TpeOyeT BBEACHUS B IKCIDIyaTalluIO M YBEIUIE-
HUS JI0CTyTa K oOriecTBeHHOM 3ampaBke (1,476 3a-
pAOHON YyCTaHOBKM B cekyHAay). Ilorpeburtenn
ANEKTPOMOOHIIEH KENalT WMETh TaKOW K€ KOM-
($OpT ANHUTENBHBIX MOE3A0K, KaK OT aBTOMOOHIIEH
C JIBUTATeNsIMU BHyTpeHHero cropanus. B 2021 r.
BBeJeHO B akcmyaranuio 500 TheIC. 3apsaHBIX
YCTaHOBOK, B MHUpE€ HacuuThIBajoch 1,8 MIH ycTa-
HOBOK. Ecnu npuHATh B pacuer 238 pabounx maHen
B TOJly, PEKUM OJHOCMEHHOH padOTBHI M TPOJOI-
KUTEIFHOCTh CMEHBI 8 4, TO B CEKyHAY (aKThude-
CKM BBeIeHO B okcmyartamuio 0,26 3apsaHOit
YCTaHOBKH. DTOTO HEJOCTATOYHO ISl yIOBIIETBO-
peHus moTpebHOCTH, TpebyeTcs yBennueHue o00-
IIECTBEHHOTO JOCTyIa K 3apsAgHBIM yCTaHOBKaM
B 5,68 pasza, 4yTO peajbHO pa3pelIuTh HapalluBa-
HUEM TPOM3BOJICTBA YCTAaHOBOK OBICTPON 3apsiKu
U aKKyMYJISITOPHBIX OaTapei.

Ha ceromHsmnHuii JeHbp HOMYYWIM DPa3BUTHE
pa3iIUYHBIe TEXHOJOTHH 3apsIHBIX CTaHIUH, TPO-
EKTHpPOBaHUE KOTOPBIX MOTpeOOBasio COOIIOACHHUE
cra”jiaptoB. B fnoHun npumepKuBaroTcs CTaH-
nmapra CHAdeMO. OOmiecTBoM aBTOMOOMIIBHBIX
HHXeHepoB paspabortan cranmapt SAE 1772, xo-
TOPBIHA HAIIEN IMUPOKOE UCTIOIH30BAHUE HA TEPPH-
topun CIIIA. MexayHapoaHOH 3HEpreTudecKon
KoMuccuel npopadoran cranaapt [EC k mpakru-
yecKkoMy Hcmoiip3oBaHuio crpanamMu EC, EAEU
(Eurasian Economic Union), Kutaewm.

[IpumMeHeHne Ha 3apsSAHBIX CTAHIHSIX MPOTOKO-
na CHAdeMO u npotokona SAE 1772 “Combo”
MO3BOJISIET 3apsAUTh Oaraped dJIeKTPOMOOHIIeH
1o 80 % 3a 20-30 MuH u 60jee aKTUBHO HCIOJb-
30BaTh IT-ycrmyru BCTPOGHHBIX B 3JEKTPOMOOHIIL
ycTpoiicTB 3nekTponHoi nmomornu (ABS, Hill Hol-
der u mp.), cuctemMpl OECHMIIOTHOTO YIPaBICHUS
¢ QyHKIMEH afanTHBHOTO KPYH3-KOHTPOJIS, HABU-
ranud W TeleMeTpuu, Ojaromapsi KOTOPBIM He-
CIIO)KHO OTPENEeNUTh MECTOHAXOXKICHUS ONMKaii-
el 3apsiAHON CTaHIUU.

B benapycu 3a nmepuon 2018-2022 rr. yucio
3apSAIHBIX CTaHIUU BBIpOCO ¢ 14 mo 486 emmHMIL
(mporuo3 o 1300 eguaunn k kouiy 2030 T.), KOTO-
peIMH  o0ecriedeHa BO3MOYKHOCTB OOCITYXKHBaHUS
CBEINIE 15 TBIC. AIEKTpOMOOWMIICH W ToA3apsyKac-
MBIX THOpUIOB [5—7].

C pocToM 3apaIHBIX YCTPONCTB M MPUBEACHU-
€M HUX YHCIEHHOCTH K TpeOyeMoMy KOIUYECTBY
ANIEKTPOMOOHIICH U MO3apsKAEMBIX THOPUIOB T10
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YCPEJHEHHOMY BPEMEHU 3apsSaKu S5 4 JUTHUH-UOH-
HOU Oarapen CyLIecTBYIOLIas Harpy3ka Ha 3JIeK-
TpPOCETH KOJIoCcallbHO BbIpacTeT. HapammBanue
NPOIYCKHON CHOCOOHOCTH 3JIEKTPOCETe MOTpe-
OyeT 3HaYUTEIbHBIX WHBECTULMHA, KOTOPbIC HE MO-
YT HE TOBIUATH HAa POCT TapU(OB 3apsIHBIX
cranumid. [ToaTroMy LeHOBOW (akTop, yBeqTUUnBa-
IOIMHA  TOTPEOUTENIbCKUE PAcXolbl BIAIEIIbIICB
JNIEKTPOMOOMIIEH, OKaKeT OTPHULATEIFHOE BIIUS-
HUE Ha crpoc. B cBoio ouepens, COKpalieHue
CIpoca Ha 3JIEKTPOMOOWIN BBI30BET Y NPOU3BO-
TUTENsl PeakIHio K COKPAIEHHIO MpPEeII0KEeHHUS.
WnTepec nHBECTOPOB OyIeT HAIIPaBIEH Ha CyXKe-
HUE CPOKa OKYIAaeMOCTH BJIO)KEHHBIX MHBECTHULIUI
U B pacCIIMpEHHE CETH NepeNady dHEPTUH, 4TO 3a-
BEPLIUTCSI OYEPEAHBIM BUTKOM pOcTa TapuoB Ha
3apsAOHBIX CTAHIMSAX W TOBIHUSET Ha JalibHeiIee
YMEHBIIIEHHE cIIpoca Ha 3iaekTpomoOmnu. B pe-
3yJIbTare, MOJE3HbI BHEmHWH 3¢dekr oT 3ame-
IICHUS] AJIEKTPOMOOMIISIMH TPAAULMOHHBIX aBTO-
MOOHJIEH C ABHraTelIsiMA BHYTPEHHEI'O CrOpaHUs
OKa)KETCS 0] YTPO30 HUBEITHPOBAHHS.
IIpou3BoAcTBO M 3KCILTyaTalusl MENJIEHHOMN
3apsIiKA aKKyMYJIATOPHBIX OaTapei A 3JEeKTpo-
MOOMJIEH M pa3sBUTHE UHPPACTPYKTYPHI 3apsIHBIX
CTaHLIMI MNPOJOIIKUTENIBHOCTBIO MOJHOW 3apsaKu
Oaraped B TeUeHHUE 5 U U CTPaH C MaJlo SKOHO-
MUKOH BBITTISAAT OoJiee MpHeMIeMbIM BapHaHTOM.
Tak, IONMONHATENBHAs HAarpys3ka Ha OJIEKTPOCETH
ot 470535,21 BT B cyTKM MOXeT OBbITh 0OecrieueHa
U3MCHEHUEM CTPYKTYPbl B JHEpreTudeckom Oa-
naHce cTpassl (mpumep — benapycs). B 31oii cBs3n
00BEM WHBECTHLIMOHHBIX BJIOXEHHH B pa3BU-
THE JJIEKTPOCETEN BIOJHE IO CHJIAM TOCYyAApCTBY.
Cokparmenue BeiopocoB CO, 0OHOBIIGHHEM MapKa
aBToMOOMIel (CKa)xxeM, TaKCOMOTOPHOTO TMapka),
pPacCUNTAHHBIX MO MOJIHOMY LHKIY JUISL 3JEKTPO-
MoOwmIIeH, COCTaBUT OT 32 KI' B CYTKH M3 pacde-
Ta Ha OJIHY 3aps/HYI0 YCTaHOBKY MEJUICHHOH 3a-
PAIOKU aKKyMYJISTOPHBIX Oarapei 3IeKTpoMOoOH-
neit. B ron cokpamienne Harpysku BweiOpoca CO,
oT 448 3apaaHBIX YCTAaHOBOK COCTaBUT INpHUMeEp-
HO 0,556 kT, umu 0,72 % BBIOPOCOB 3arps3HAIOIINX
BEIIECTB B aTMOC(EPHBIH BO3AYX OT MOOMIIBHBIX
UCTOYHUKOB Ha Jylly HaceleHus PecrmyOmuku
benapyce (0 JaHHBIM HAIMOHANBHOTO CTaTH-
cTudeckoro kommrera PecrmyOomukm  bBemapych
3a 2020 r.). OGopyaoBaHHE HACETIEHHOTO ITYHKTa
C YHCJICHHOCTHIO mpokuBarorux 100 Teic. demno-
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BEK MATHIO 3apAJHBIMH YCTAaHOBKAMHU MO3BOJIUT
mony4uTh 3GGEeKT CHIKEHHS Harpy3KH BBIOpO-
ca CO, mpumepno 0,584 kr B ron, WIH MOY-
™ 0,76 % oObeMa BHIOPOCOB 3arps3HSIIOLIUX
BEIIECTB B aTMOC(EPHBIA BO3AYX OT MOOMIIBHBIX
WCTOYHUKOB Ha JylOly HaceleHus Pecmyomukn
Benapyce. Tekymme pacxoasl Ha oxpaHy atmocdep-
HOTO BO3[yXa, COXpaHEHHE O30HOBOTO CJIOS M KITH-
Mmata 3a 2020 r. npumepro paBHBI 151,6 MiH pyoO.
B TEKyIIHUX IIeHaX, YTO MO CpeaHeMy OQUIHalb-
Homy kypcy HbB Pecrmybnuku bemapycs Oemno-
pycckoro py6ns x nomuapy CILA, paccautanHOTO
Kak cpemHss apudmMerndyeckas BenwmamHa (2,44),
coctaBuio 61,91 muna non. CIIIA. B ctoumocTHOM
BBIPOKCHHH SKOHOMHYCCKHH 3(h(PeKT oT BBencH-
HBIX B JKcIUTyaTanuio 448 3apsaIHbIX yCTaHOBOK
¢ 0o0CimyXMBaHHEM OJHOHM ycTaHOBKOH 4,8 3iex-
TPOMOOWIISI B CYTKH TO3BOJISIET COKPATHTH TEKY-
M€ pacXoJbl Ha OXpaHy aTMOC(EepHOro BO3IyXa,
COXpaHEHHE O030HOBOTO CJIOS M KJiMMara B 00be-
me 445,75 teic. non. CIIA B ron. Torma xak g
HACEJICHHOTO MyHKTa 4nuciieHHOCThio 100 Thic. ye-
JIOBEK, 00OPYIOBAaHHOTO MATHIO 3apsAAHBIMU yCTa-
HOBKaMH, 2KOHOMHYCCKHH 3(h(HEeKT B COKpaliecHue
TEKYIIUX pacXol0OB Ha OXpaHy aTMochepHOro
BO3/yXa, COXpaHEeHHE O30HOBOTO CJOS M KJIMMaTa
cocTaBysteT 5,25 Teic. moi. CITJA B ron.

OnHako MOJEepHHU3AIUS IO TMOAKIIOYEHHIO K
JIEKTPOCETH 3apsiTHOTO OOOPYIOBAHHUSA BIIEYET
3a co0OH 3aTpaThl BpeMeHH. B 3aBHCHMOCTH OT
pEeTHOHAFHONW IOPUCIUKIIMN Ha TPOEKTHPOBAHUE
Y BBOJI B DKCIUTyaTaIMIO 3aPs/IHBIX CTAHIUN aKKy-
MYJIATOPHBIX O6aTapei anexTpomobuseil (0cooeHHO
IUTS 3aps0K BBICOKOTO HAmpshKeHHs) TpeOyercs
BpeMsI OT JIECSITKa MeCALEB 710 O0jee YeThIpeX JIeT.

[IpakTHueckoe mpuMeHeHHe MU(PPOBBIX TEXHO-
JIOTM Ha OCHOBE COBPEMEHHOTO 3JEKTPOHHOIO
000pymOBaHUsI, KOTOPHIMH OCHAIIEHBI IEKTPOMO-
0wy, 3apsiAHBIE YCTaHOBKH, HE TOJBKO MOTpedyeT
JOTIOJTHUTENILHBIX MHBECTHIIMHI B pa3BUTHE HH(Qpa-
CTPYKTYPBI 3JEKTPOHHOTO TPAHCIIOPTa, HO U OKa-
KeT JOCTYIN K He3aMEeHUMOMY HH(OPMAIIMOHHOMY
pPeCypCy B perylMpoOBaHUM CIIPOCa U MPEUIOKEHUS
Ha 3JIEKTPOIHEPTHI0 MMKOBOM MOTPeOHOCTH. DIeK-
TPOPHEPTHS SBISAETCS TOBAPOM C BBICOKOW 100aB-
JeHHoH cTouMocThio. CTpaHbl, MPOU3BOASIIME Ha
9KCIIOPT AJIEKTPOIHEPTHIO, C Pa3BUTHEM TpaHC-
MTOPTHO-JIOTHCTUYECKOH CHCTEMBI Ha OCHOBE JIIEK-
TPOHHOTO TPAHCIOPTa MOJy4aT pPOJib JTOMHHHPO-
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BaHMS B Pa3BUTUH DKOHOMUKHU HE TOJBHKO Ha PETH-
OHAJILHOM ypOBHE, HO U B MUpe. BhICOKHE TeMITbI
pocTa 3KCIopTa MONOKUTEIHHO OTpa3sITca Ha TOp-
roBoM OaiaHce cTpaHBl. PocT BalloBOro BHYTpeH-
HETo MPOJYKTa JJIs psifa CTpaH He OyIeT BBITIIS-
JIETh HEOCTIKUMON MEUTOM. 31MeCh CKPBIT IMMOTEH-
a1 HOBBIX BO3MOXKHOCTEH MHOTHX CTpaH, B TOM
gucne Pecnyommku Bemapycs [3, 8, 9]. OcHnarre-
HUE CTaHIUH YCTaHOBKAMH WHTEIUICKTYalbHON
3apsiIKK OJaronpHsATHO CKaKETCS Ha COKpaIICHUH
WHBECTHIIMA TI0 MOJIEPHU3ALMU 3JIEKTPOCETEH.
Ycrpanenue Bomnpoca TPYJHOH YHpaBIIEMOCTH B
pacrpeieleHn Harpy3Ku Ha 3JIEKTPOCETH MO3BO-
JIUT YJOBJIETBOPUTH PACTYIIMH CIIPOC HA 3JIEKTPO-
MOOWIN W Tom3apsbkaeMble THOpuanl. lleHTpa-
JU30BAaHHOMY YIPAaBICHHUIO YCTAHOBKAMH WHTEI-
JEKTyalbHON 3apsaaku 3()(EKTHBHO NPUMEHUTH
muddepeHIpoBaHHbIe Tapu(bl Ha BpeMs Cria-
JKMBaHUSI TUKOBOTO CIIpOca MOTpeOHTeNel, 0 yem
CBOCBpEMEHHO M Jerde OyneT WH(POPMHUPOBATH
BOJUTENCH 3JeKTpoMoOwiIeld B uaTe UU(POBOI
mIaTopMbl  JTHOO TIOCPEACTBOM OOIIECCTBEHHOM
KOMMYHHKAallMOHHOH CBS3M (COLMAJIbHOM CeTH),
a TaKXe OTKPHITH BOSMOXXHOCTH B3aWMOPACYETOB
KPUIITOBAIIOTOM 3a OKa3zaHHbIe yciyru [10].
3apyOekHbIi  OMBIT A(PGEKTHBHOTO MOIX0MA
MOJIEPHU3ANNN 3JIEKTPOCETH HEBBICOKUMHU O00Be-
MaMH WHBECTHIIMN MPUMEHUM Ha MPAKTUKE BBEIIC-
HUEM aIanTuBHOTO cMapT-dapuHT (Smart-Charing,
ychuyra Ui TeX BIAAEJbLEB JIIEKTPOMOOWIEH H
MOJ/3apsHKaeMbIX  yCTPOHCTB, KTO IIEHUT CBOE
BpeMsi). ANanNTUPOBAHHBIA CMapT-4YapuHT YIIPO-
maer paboTy oOmepaTopoB 3apsSAHBIX CTAHIIHA
obecnieueHneM HH(POpPMANIMEH B peaTbHOM PEKUME
BpPEMEHH O Harpy3kKax Ha JJIEKTPOCETH B reorpa-
(hnyeckoM KBajJpaTe pPACIONOXKEHUS 3apsSIHBIX
yCTaHOBOK. [Ipy MHMKOBOM MOTpeOIEHUH 3JIEKTPO-
SHEPTHH B reorpaduIeckoM MECTE PacIiONOKEeHHUs
CTaHIIMA WHTEIUICKTYaIbHON 3apsiikiu OIepaTop
NPUHUMAET PEIIeHNEe O CUTHAJIH3allui CBOHMX KITU-
eHToB. TakuMm 00pa3oM, WHTEIJICKTYalbHBIE CUET-
YUKH U 000py0BaHUE JJISI H3MEPEHHsI dIIEKTpOCe-
Tel HUBEIMPYIOT MPOOJIEMYy OTCYTCTBHUS TEXHOJIO-
THM CBOEBPEMEHHOTO pearupoBaHUsi Ha CIPOC
yCIIyT 3apanHbeix ctanmuii. Co BpeMeHeMm cobpaH-
HBIE JaHHBIE O CTpoce U Tapudax Ha IEKTPOIHEP-
THIO, a TaKXKe WHPOPMAIIHIO O dIIEKTPOHHBIX OTXO-
JlaX TIO3BOJISIT BBICTPOUTH MOJIENb aIalTHBHBIX
CUTHAJIOB Ha MPOTHO3UPYEMBIE M3MEHEHHS Ipe-
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JIO’KEHUS DJEKTPOMOOMICH U TOI3aPsIKAEMBIX TH-
OpunoB. He mMmes mpencraBieHHS O IOJIOKEHUH
JIeJT C DJICKTPOHHBIMH OTXOJaMH B MHUPOBOM Mac-
mrabe, HEBO3MOXKHO MOHATh TaKKe U WUCTHHHYIO
MIPUPOJIy TPAHCTPAHUYHBIX TIEPEBO30K, a B HEKO-
TOPBIX CITydasx — U HeJleTadbHBIX OoCcTaBoK [11].
He wuckimo4yeHbl ciiy4an MIOKOBBIX TEPEKHUBaA-
HHAU TOTpeOuTeNeH, Korma CUMOMO03 CIIOXKUBIICH-
Cs CTPYKTYpbl PBIHKA W HOPMAaTHBHO-IIPaBOBOM
OCHOBBI psAfla CTpaH He obecreynBaeT MexXxaHH3Ma
MIOJIEpKAHMSI TECHOUM CBSI3M MEXIy OIlepaTropaMu
u notpedurensiMu. YToOb! 3aKII0YUTH KOHTPAKTHI
Mexay omepatopamu DSO (Distribution System
Operator — cucTemsl pacnpeaeneHus) 1 noTpeou-
TEJIIMU WX YCIyT, HEOOXOAMMO YHHUDHUIIUPOBATH
CTaHIIAPThl CTPaH, MOJYYMBIIUX Pa3BUTUE JKOJO-
THYECKU YHUCTOTO TPAHCIOPTa, C TeM, 4TOOBI oOec-
MEYUTHh THOKOCTh YCIYT C YYeTOM OCOOCHHOCTEH
MECTHBIX 3JIEKTPOCETEH MO 3arpyKCHHOCTH U BBI-
CTPOUTHh MOJENh O COANIAHCUPOBAHHOCTH CHCTe-
Mbl. TpaHcdhopmalioHHbIe TPeoOpa30BaHUS KO-
HOMHKH TUKTYIOT HEOOXOIMMOCTh Iepexojia OT
TPaIUIIMOHHBIX PACIPEISIUTENBHBIX CETeH K pac-
MIPEeIeTUTEIbHBIM  JHEPTeTHYECKUM  CHCTEMaM.
3neck BakeH 3QeEKT pacmpenesieHuss JI0X0J0B
OT MOTPeOICHUS IEKTPOIHEPTHH COANaHCHPOBaH-
HOH cHCTeMBl. B CTOMMOCTHOM BBIpaKEHHU 3TOT
3¢ (deKT TOKEH COCTaBUTh ABYKPATHBIA pa3zMep
K 3(QdexTy oT BBeICHHUS B JKCIUTyaTaITHIO 3apsi-
HBIX YCTAHOBOK C OOCIYXMBaHHEM OJIHOW yCTa-
HOBKOH 4,8 3nmekTpoMoOmiIsa B cyTku. [IponsBenem
pacuet. I[lpuHrMaeM CTOMMOCTH yCTPOMCTBA MeI-
JIEHHOU 3apsaku oT 4 10 9 4, MOIITHOCTH KOTOPOTO
coctaBister ot 7 mo 22 kBt, 3240 mom. CIIIA.
[Iaroc CTOMMOCTH YCTAHOBKH 3apsiIHOTO yCTPOMA-
cTBa (MOABeNEeHUS KOMMYHUKAIIUH W TIPOYHE pac-
xosl) — 10 % OoT cToMMOCTH yCTpoicTBa MeJJICH-
HOH 3apsanku M 3 % OT CTOMMOCTH yCTPOWCTBa
OBICTPOI 3apsKU, YTO CPEIHEB3BEIICHHBIM pac-
yetoM coctapisieT 891 mon. CIIA. A Takxe noba-
BHM CTOMMOCTbH TIPOJyKTa pazpaboramkoB [T-rmat-
dbopmBl B pazMepe YIBOSHHOW CyMMapHON CTOH-
MOCTH 3apsTHOTO YCTPOWCTBA U €€ YCTAaHOBKU —
5022 mon. CIIA. O6wvem Baoxenuit 6e3 HJIC
W TPOYNX HAJIOTOBBIX OTYUCIEHWUH COCTa-
But 9153 mon. CHIA. g mapka 3jeKTpoMOOH-
Jiel YUCIeHHOCTRI0 24 eIWHUIl TaKoH 00BEM BIIO-
xeHuid B 1,74 pasa mpeBsimaer d3QQGEeKT B COKpa-
HICHUE TEKYIIMX PacXo/0B Ha OXpaHy aTtMmocdep-
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HOTO BO3/yXa, COXpaHEHHE O30HOBOTO CJOA U
KkuMara. B nmocTmkeHne SKOHOMHYECKH 000CHO-
BaHHOH aJanTaliyd aBTOTPAHCIIOPTHOTO CepBHCA K
COBPEMEHHBIM BBI30BaM 3TO IPEBHIIICHWE U pac-
XOJBbI M0 YTHIM3AIUHU 3JIEKTPOHHBIX OTXOJOB JIO-
TUYHO KOMITCHCHPOBATh 3((EKTOM pacmpeaere-
HUS JOXOJOB OT TNOTPEOJICHUS BICKTPOIHEPTUU
cOaTaHCHUPOBAHHOW CHCTEMEI.

Pecniybonuka benmapycs VYkazom Ne 447
ot 22.11.2021 (B HOBOU pemakiuu Yka3z Ne 92
ot 12.03.2020 «O cTHMyIHpPOBAHUU HCIIOJIE30Ba-
HUSl DIIEKTPOMOOWIIEH») CBOEBPEMEHHO IpHBeEIa
B JIECTBHE MEphl IKOHOMUKO-OPTAaHU3AIMOHHO-
r0 CTHMYJIMPOBAaHUS Pa3BUTHUS BIEKTPUIECKOTO
TpaHcriopta bemapycu u mommepxkana cyObek-
TOB, UMEIOIIMX Ha OallaHCce 3apsIHBIC YCTPOUCTBA
UL DiekTpoMobmiielt, ocBoboxkaernem ot HJIC
u apyrumu Mepamu [12, 13].

WNHocTpaHHbIE YHEProCOBITOBBIC KOMIIAHUU B
yIpaBJIeHHE CIPOCOM  TOCPEACTBOM Teimudu-
Kalluu 3aJielicTBOBaNIM NoTpeduTeneii. Tak kak ce-
pbe3HBIC W3MEHEHUS B CTPYKTYypE MPOU3BOICTBA
3JIEKTPOIHEPTUH, T/I€ BHICOKAS OIS MPHUHAIIIEKUT
BO300HOBJIIEMbIM UCTOYHHUKAM 3HEPTUH, MPHUBEIU
K PpOCTY IOJH paCHpeIeTUTEIbHBIX JHEPreTH-
YECKUX pPEeCcypcoB, K TEPECMOTPY OTHOIICHHUN
MEXIy TpochioMepaMu (CyObeKTaMH, aKTUBHO
YYaCTBYIOIIMMH B TIPOU3BOJICTBE IJICKTPOIHEPTHUH,
noTpedasieMo MM CaMHUMH C HCIIOJIb30BaHUEM
UHTEJUICKTYaJIbHOM CETH), TO pOJIb B JIOCTaBKE
3JIEKTPO3IHEPTUH TOKYIATeNI0 y OIepaTopoB pac-
npenenmutenbHbix ceteir DNO (Distribution Net-
work Operator) nepensiin omeparopsl DSO. Uro
TaK)Ke SBJISETCS JCHCTBEHHBIM IMOJXOIOM K CTH-
MYJIUPOBAaHUIO W TIOJJICPKaHUI0 MeXaHW3Ma pas-
BUTHSA TPAHCHOPTHO-JIOTUCTUYECKON CHUCTEMBI B
MOBBIIIICHUE YIKOHOMHYECKOTO 3 dekTa.

OddexT MexaHn3ma amanTalyi aBTOTPAHC-
MOPTHOTO CEPBUCA K COBPEMEHHBIM BBI30BAM pa3-
BUTHA  TPAHCIOPTHO-JIOTUCTHYECKOW  CHUCTEMBI
HOCHUT KOMIUIEKCHBIN XapakTep, KOTOPBIH MOXKHO
BBIPA3UTh B BHJE SKOHOMHUKO-MaTEMaTHYECKOM
MOJIEIH:

906Lu :91 + (iaHaﬂ * 931<0n * anp * 93y + 9IT)-i_

+0y,0 + Dy £ A,

e Dosm — PPGEKT 3aMeIIeHUs ICKTPOMOOHIIMU
TpaAWIMOHHEIE aBTOMOOWIIH; D) — TO K€ JTOOBIIH
MIPUPOJIHBIX PECYPCOB, MPOU3BOJICTBA CTATH (KOM-
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MMO3UTHOTO Marepuaia), aKKyMyJSITOPHBIX OaTa-
pe#t; Dyar — TO e HaJOTOBBIX MaHEBPOB Ha TOILIH-
BO H 3JIEKTPOIHEPTHUIO; Dyyon — TO KE CHIDKCHHS
HarpyskH U ymepoa okpyxatomeil cpeasl; Oy, — TO
’Ke TOTPEOMTENbCKUX PACXOJ0B Ha JKCILTyarta-
A0 JICKTPOMOOHIIS IO CPaBHEHUIO ¢ aBTOMOOH-
jgeM, oOOpyIOBaHHBIM [IBUTATENIEeM BHYTPEHHETO
CropaHus; D,y — TO K€ DKCIUTyaTalluH 3apsIHbIX
YCTPOMCTB aKKyMYJIATOPHBIX OaTapeil aBTOTpaHC-
NOPTHBIX CPENCTB HA DJICKTPHUUECKOW TATe; DIt —
TO K€ OT 33JeWCTBOBaHMs MU(POBBIX TEXHOIOTUN
B Pa3sBUTUHU DJIEKTPUYECKOTO TPAHCIOPTA; Dvag —
TO K€ TPAHCIOPTHOTO CPENICTBA — CETh KOHIICTIIINN
“vechicle-to-grid”; 9; — 1o ke yTunuzanuu (B ToM
YHcie ANEKTPOHHBIX OTXOAOB); A — TO e WHBIX
MIPOSIBTICHUH COBPEMEHHBIX BBI30BOB Ha Pa3BHUTHE
ANIEKTPUYECKOTO U albTePHATUBHBIX BUAOB TPaHC-
TopTa, UX HHPPACTPYKTYPHI.

WHHOBAIIMOHHBIE MOJIXOABI [0 MPOU3BOJCTBY
HOBBIX aBTOTPAHCIIOPTHBIX CPEICTB (IEKTPOMO-
Ounu, ruOpUAHbIE aBTOMOOWIIN U JPYTHE), a TaKXKe
obecrieueHre WX HETPATUIIMOHHBIMU JIBUTATEISIMHU
(BOZOpOAHBIC H T. II.), YCKOPEHHOE PAa3BUTHE WH-
(bpacTpyKTyphl OyIyT CIIOCOOCTBOBATH CHUKECHHIO
BHIOPOCOB BpPEIHBIX BEIIECTB B aTMocdepy, Moj-
Jep>KKe BO30OHOBISIEMBIX UCTOUHUKOB SHEPTUU Ha
TPaHCIOPTE, YTO IMO3BOJUT 3(DPEKTUBHO peau-
30BaTh OPraHU3allMOHHO-DKOHOMUYECKUH MeXxa-
HU3M  pa3BHTHUSA  TPAHCIIOPTHO-JTOTHCTUYECKON
cuctemsl [14].

BbIBO/Ibl

1. [TomydeHHBIH BHEITHHH 3P heKT 0OHOBIICHUS
ABTOMOOMJILHOI'O TIapKa U €ro JIOYKOMIUICKTOBA-
HUS DJICKTPOMOOWJISIMH M TIOJ3apsHKaeMbIMH TH-
OpuaaMu 3aKJTFOYaeTCs B CHUOKCHUU yiepOa oKpy-
JKAIOIIEeW CpeJic M CBSA3aHHBIX C 3TUM COIUATBHBIX
U3JICPKEK BCIEJCTBUE YCTPAHCHHUS] HETATHBHOTO
BIIMSIHUS Ha cpelly OOUTAHUS YeJ0BEKa, BHI3BAHHO-
ro 3aTopaMd Ha aBTOMOOWJIBHBIX JIOPOTax, MpU-
YUHAMH TOOOYHBIX SIBIICHUH WHPPACTPYKTYPHI
U JIpYTrUMH, 00YCJIOBJICHHBIMH HE TOJIBKO 3arpss-
HEHUEM OT MOOWJIbHBIX UCTOYHHMKOB, HO M BHOpa-
LUSAMU, ITYMHOCTBIO ¥ T. II. B CBOIO ouepenp, mo-
TpeOyeTcss pacCMOTPEHUE BOMPOCOB O BBEACHUU
Ha 3aKOHOJATEILHOM YPOBHE HOBBIX HAJOTOB Ha
TOPTOBBII AKCIOPT HEPTEPOAYKTOB M HAJIOTOBBIX
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cOOpOB B OTHOIIEHUHU BIAAEIBIEB TPAHCIIOPTHBIX
CPEZCTB C HYJIEBBIM BEIOPOCOM YTIIEKHCIIOTO Ta3a.

2. Hayoru u HanoroBblie MONUIMHEI HA aBTOMO-
OMIFHOE TOIUIMBO, TOJYYEHHOE W3 HCKOIAaeMOTO
UCTOYHMKA (MM HEe(PTH), SIBISIOTCS OJHUM U3 HC-
TOYHHKOB JOXOTHOW yacTu Oromkera Pecry0mu-
ku bemapych. BeIonHSAS CBOIO BAKHYIO POJIb, OHU
CIIOCOOCTBYIOT POCTY SKOHOMHKH ONlaroapsi akTHB-
HOMY BIIMBaHUIO WHBECTHIIMI B IOPOXHOE CTPOH-
TCJIBCTBO II0 BCEM HAIIpPaBJICHUAM TPAaHCIIOPTHO-
JoructTudeckor cucreMbl. llomnepikka cTpouTesb-
CTBa aBTOMOOWJIBHBIX ITyTEMPOBOIOB U DIICKTPUPH-
KaIisl JKEJIe3HBIX JIOPOT YCKOPSIFOT pa3sBUTHE HH-
(bpacTpyKTypsl TpPAHCIOPTHO-JIOTUCTUYCCKON CH-
CTEMbI CTpaHbI. Ilo CyTHU, OTKPBIBAIOTCSA HOBBIC
WCTOYHHWKH HAaJIOTOBBIX TIOCTYIUICHUH B OFOIDKET
PpecIyOIMKaHCKOTO JTMO0 MECTHOTO 3HAYCHHUS.

3. YckopeHHOe pa3BUTHE WHOPACTPYKTYPHI
3NIEKTPOMOOWIICH ¥ TOA3apsIKACMBIX THUOPUIOB
ITOCTIOCOOCTBYET Pa3BUTHIO TPAHCIIOPTHO-JIOTH-
CTHUYECKOM CHCTEMBI TMOCPEACTBOM MEXaHH3Ma
ajanTtarui THPPaCTPYKTYpPHl aBTOTPAHCIIOPTHOTO
cepBHCa K COBPEMEHHBIM BBI30BaM TII00ANTBHOMN
3KOHOMUKH.
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