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IOBWJIEN YYEHOI'O
ANNIVERSARY OF THE SCIENTIST

85 nem Yepnviuegy IOpuio Onezoguuy — unsicenepy, neoazozy u yueHomy

11 mronst 2022 r. ucnonHsIETCS 85 NIET co ITHS POKICHUS 3aCITyKEHHOMY eSTEI0 HayKd
A \ P®, mouerHomy mpodeccopy AI'TY, mpodeccopy Kadenpsl «ABTOMATHIAIMI
: i MIPOM3BOJCTBEHHBIX  HpoleccoB»  JIOHCKOrO  rocyJapCTBEHHOTO — TEXHHYECKOTO
yauBepcuteta (AI'TY), rmaBHOMY HayyHOMY COTPYJHHKY Hay4yHO-HCCIIEIOBATEIbCKOIO
neHTpa KpacHomapckoro BBICIIET0 BOGHHOTO YYMIIMIA HMEHM TeHepana apMHU
C. M. lItemenko IOputo Onerosuuy YepubimieBy. 63 roma cBoei H3HH OH MOCBSTHII
HAay4HOM, 1eJarOrM4eCKOi U Hay4YHO-OPraHU3allHOHHOU JAESITEIbHOCTH.

IOpuit OneroBuu YepHsimeB okoHYMI B 1959 roxgy Taranporckuil paanoTeXHUYeCKUH

UHCTUTYT, B 1967 rony 3almiuTuin KaHOUWAATCKyl0, a B 1984 romy — HOOKTOPCKYIO
JIICCEPTAIIHH.
‘ C 1959 mo 1980 rogsr pabotan B r. PocToBe-Ha-J[0oHY M 3aHUMAI JTOJDKHOCTH JOLCHTA
R | PoCTOBCKOrO MHCTHTYTa CENbCKOX03siicTBeHHOro MaminHoctpoenus (PUCXM), a takke
CTapIiero WH)XEHepa — HadaJlbHUKa TPYHIBl POCTOBCKOTO BBICIIETO BOCHHOTO KOMAaHIHO-WH)KCHEPHOTO YYUWIIHIIA

pakeTHbIX BOMcK uMmeHH [aBHoro mapurana aptwiepun M. U. Hexenuna (PBBKIY PB). C 1981 mo 1983 rr. pabotan
nupekropoM Cesepo-KaBkasckoro ¢unmana Poccuiickoro otnenenus ['ocyaapcTBEHHOTO MPOEKTHO-TEXHOJIOTMYECKOTO
MHCTUTYTA [10 MEXaHMU3aIMK y4eTa U BeruuciauTensHbix pador LICY CCCP.

C 1983r. IOpuit OmneroBud 3aHsyI JODKHOCTh 3aBEAyIOIEro Kadempoil «DJNeKTPOTeXHMKA M aBTOMATH3aLHs
MPOM3BOJICTBEHHBIX MPOLIECCOBY» POCTOBCKOW rocymapCTBeHHOH akageMuu cenbxo3marimaoctpoetus (PCACXM). B 1988 r. on
OCHOBAJI B 3TOM BYy3e Kaenpy «[IpukiaaHas MaTeMaTnKa W BBIYMCITUTEIbHAS TEXHUKA» U BO3ITIABIII ee. [locie mprcoeamHeHus B
2009 romy PTACXMa k I'TY u no Hacrosee Bpemst padotaeT npodeccopom kadenpsl « ABTOMATH3AIMS MPOM3BOACTBCHHBIX
nporieccoB» JIOHCKOro TOCYJapCTBEHHOTO TEXHMYECKOTO YHHMBEPCHTETa W TVIABHBIM HAyYHBIM COTPYAHHKOM HAy4YHO-
HCCIIE/IOBATEIBCKOTO IIeHTpa KpacHoIapckoro BRICIIIEro BOGHHOTO y4MIIHIIa MMeHH reHepaia apmun C. M. Lltemenko.

IOpwmit Onerosma YepHbIEB sBISIETCS BEAYIIMM YYEHBIM B OOJIACTH ONTHMAJIBGHOTO IPOSKTHPOBAHMS MPOHW3BOJICTBEHHBIX
MPOIIECCOB U BBIYMCIUTENBHBIX CTPYKTYpP, MPAKTHUECKOTO CO3[@HMUS CHUCTEM aBTOMATH3HMPOBAHHOTO IPOEKTHPOBAaHHUS,
ABTOMATH3MPOBAHHBIX CHCTEM TEXHOJIOTHYECKHX MPOIIECCOB U CHCTEM KOHTPOJISL.

VYueHblii BHec OOJIBIIONW BKJIAJ B IMOJATOTOBKY HAy4YHBIX M MEJArorudeckux KaapoB BbICIIel kBaiubpuxauuu. OH
oboratuil HayKy KpyIHBIMH Hay4HBIMU TPYAaMH M pa3paboTKaMu B 00JIACTH BBIYUCIUTENLHOIM TEXHUKH, TEOPETUIECKON U
TeXHH4ecKoil kuOepHeTwkH. Ilog ero pykoBOJACTBOM BBINOJIHEHO HOpsiaka 78 GpyHAaMEHTAIbHBIX TOCOIOPKETHBIX U
xo3pacueTHeIx HHMOKP rocynapcTBeHHOro 3Ha4eHUsI CO 3HAYMTENBHBIM 3KOHOMHYECKHUM 3(P(HEKTOM, MOATBEPKICHHBIM
COOTBETCTBYIOIIMMH aKTaMHU O BHEAPECHUH.

IOpwmii OneroBuu co3fgan ycrenHo pabOTAIOIIyI0 W B HACTOSIIEE BPEMS HAYUHYIO IMIKOJY B OOJIACTH HETPAIWIMOHHBIX
Mojieneil 1 METOIOB PEILCHUs ONITUMHU3ALMOHHBIX 33/]a4 NpoeKTupoBaHusl. OH NOATOTOBUI 7 HOKTOPOB U 35 KaHAUIATOB HayK.

[TnonoTBOpHas Hay4Has NESATENBHOCTH ydeHOro mnpexacrtasieHa Oonee 500 HayyHbIMM paboTamu, B TOM YHCIIE
17 monorpadusimu, 22 natentamy, 18 mporpammaMu B GOHAAX aNTOPUTMOB H IIPOTPAMM.
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2000 r. pereH3eHTOM MeXTyHapoJHOro *KypHana «Marematnueckoe 00o3penue» (CLLIA, Mu4nuraHcKuil YHUBEPCUTET U YICHOM
penxomernu xypHana «Advanced Engineering Researchy, a Tak xe 1wieHOM AMEPHUKaHCKOTO MaTEMAaTHYECKOTO OOIIECTBA.
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TePMO3JIeKTPOYNPYTOCTH VISl AJTUHHOTO TOJIOT0 Mbe30KePaMHYeCKOro
HHJINHAPA

. A. Hlnsaxun = <, M. A. KaiibmoBa
Camapckuil rocy1apcTBeHHBIN TeXHUYecknit yauBepcuret, Poccuiickas denepanus, r. Camapa, yi. Monogorsapaeiickas, 194
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AHHOTAN NS

Beeoenue. Ctatbst IOCBAIIEHA IPOOJIEME NCCIIEOBAHNS CBA3aHHBIX HECTAIMOHAPHBIX TEPMOIICKTPOYNPYTHX IOJIEH B
IIbE30KEPAMUIECKUX KOHCTPYKIMAX. KpaTko M3mararoTcsi OCHOBHBIE ITOJXOJBI, CBSI3aHHBIE C IIOCTPOCHHEM OOIIETro
peLIeHUs] TpPH HCCICJOBAaHWM HCXOJHBIX HECAMOCONPSHKCHHBIX YpPaBHECHHUH, ONMCHIBAIONINX pPaccMaTpUBAcMBbIN
npouecc. llenplo paboTel sBIAETCA IOCTPOCHHWE HOBOTO 3aMKHYTOTO pELIEHHS OCECHMMETPHYHOW 3a1adn
TEPMORJICKTPOYIPYTOCTH ISl JUIMHHOTO IIbE30KePaMHUIEeCKOT0 IIMIHHIPA.

Mamepuanvt u memoodst. PaccmaTpuBaeTcsi IIMHHBIA HOJBIN HHIMHAP, 3JIEKTPOIUPOBAHHBIE TOBEPXHOCTH KOTOPOTO
MOJKJIIOYCHBl K HM3MEPUTEIBHOMY TMIPUOOPY C OOJBIIMM BXOJHBIM COMPOTHBICHHMEM. Ha IMIHHIPUYCCKIX
TIOBEPXHOCTAX IJIACTHUHBI 3aJaHa TEMIICpaTypa, USMCHAIOMIAACA 1O BPEMCHHU. I/ICHOJ'HJ?)yeTCH FI/IHep6OJ'II/I‘IeCKaX TCOpUs
TepmoniekTpoynpyroctu Jlopaa—Illynsmana. 3aMKHYTOE pelIeHHE MOCTPOCHO C IOMOIIBI0 0OOOIIEHHOTOo MeTona
KOHEYHBIX MHTETPaJIbHBIX NTPe0Opa30BaHUH.

Pesynemamut  uccnedoganus. Pa3paOOTaHHBIA aNrOPUTM  pacueTa IMO3BOJISIET  ONPENENIUTh  HalpsKEHHO—
neopMHUpPOBaHHOE COCTOSIHME IMJIMHAPA, €ro TEMIIEpaTypHOe W 3JeKTpudeckoe mois. Kpome Ttoro, mosmisercs
BO3MOXKHOCTh HCCIIE/IOBATh CBS3aHHOCTh IIOJIEH B IbE30KEPAMHUYECKOM IMJIMHAPE, a TaKXe IPOaHaIN3UPOBATH
BIIMSTHHUE PEJIAKCalliy TEIJIOBOTO MIOTOKA Ha paccMaTpUBaeMbIe IOJIS.

Oécyrycoenue u 3aknrouenus. VIcrionb3oBaHWE IONMYIIEHWH O pPaBEHCTBE KOMIIOHEHT TEH30pa TEMIEpaTypHBIX
HaNpsDKEHWH M OTCYTCTBUE BIMSHHS TEMIlEpaTypbl Ha JJIEKTPUYECKOE TM0Jie MO3BOJISIET C(HOPMYJIUPOBATH
CaMOCOIPSKEHHYIO UCXOJIHYIO CUCTEMY YPaBHEHUN U MMOCTPOUTH 3aMKHYTOE PEILICHUE.

KiaroueBble cioBa: TEPMOIDJICKTPOYIIPYTOCTD, I'I/IHGp6OJ'II/I‘I€CKa$[ TCOpUs, HECTAllMOHApHAA CBA3aHHAA 3aJa4da, HJIMH-
HBIN HBCSOKCpaMI/I‘IGCKI/Iﬁ OUINHAP, KOHCYHBIC UHTCTPAJIbHBIC Hpeo6pa30BaHI/m.

BuarogapHocTH: aBTOPHI BRIPAXKAIOT OJIAarOapHOCTh PENAKINH 32 BHUMATEIbHOE OTHOIICHHE K CTaThe M YKa3aHHBIC
3aMeuaHusi, KOTOPbIE MO3BOJIMIIN MTOBBICUTH €€ KaueCTBO.

Jdas uutupoBanus: lnaxun, JI. A. CBsA3aHHas AMHAMHYECKas OCECUMMETPHYHAs 3aj7jadya TEPMOAJIEKTPOYIPYTOCTH
JUIS JUTHHHOTO TIOJIOTO The3okepamuueckoro nwiuaapa / 1. A. llnaxunr, M. A. Kanemosa // Advanced Engineering
Research. — 2022. — T.22, Ne 2. — C. 81-90. https://doi.org/10.23947/2687-1653-2022-22-2-81-90

Original article
Related dynamic axisymmetric thermoelectroelasticity problem for a long hollow
piezoceramic cylinder

Dmitriy A. Shlyakhin "=, Mariya A. Kalmova

Samara State Technical University, 244, Molodogvardeyskaya St., Samara, Russian Federation

D4 d-612-mit2009@yandex.ru

Abstract

Introduction. The article studies the problem of investigation of coupled nonstationary thermoelectroelastic fields in
piezoceramic structures. The main approaches related to the construction of a general solution to the initial non-self-
adjoint equations describing the process under consideration are briefly outlined. The work aims at constructing a new
closed solution to the axisymmetric thermoelectroelasticity problem for a long piezoceramic cylinder.
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Materials and Methods. A long hollow cylinder whose electrodated surfaces were connected to a measuring device
with large input resistance was considered. On the cylindrical surfaces of the plate, a time-varying temperature was
given. The hyperbolic theory of Lord—Shulman thermo-electro-elasticity was used. The closed solution is constructed
using a generalized method of finite integral transformations.

Results. The developed calculation algorithm makes it possible to determine the stress—strain state of the cylinder, its
temperature, and electric fields. In addition, it becomes possible to investigate the coupling of fields in a piezoceramic
cylinder, as well as to analyze the effect of relaxation of the heat flow on the fields under consideration.

Discussion and Conclusion. The use of assumptions about the equality of the components of the temperature stress
tensor and the absence of temperature effect on the electric field allowed us to formulate a self-adjoint initial system of
equations and construct a closed solution.

Keywords: thermoelectroelasticity, hyperbolic theory, nonstationary coupled problem, long piezoceramic cylinder,
finite integral transformations.
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Beenenne. B mocnenHee BpeMsi IIMPOKOE paclpOCTpaHEHHE MOMYYHMIM TEXHHYECKHE YCTPOMCTBa pPa3IMYHOIO
Ha3HAYCHUs, N3TOTOBJICHHBIE U3 MbE30KEPaMUIECKOT0 Marepuaia. 31ech 0co00e MECTO 3aHMMAroT MpUOOpHI, padoTta
KOTOPBIX OCHOBaHa Ha 3(deKTe CBA3aHHOCTU YIPYTHX, HICKTPUUECKUX M TeMIIepaTypHbIX moseit [1]. Jlns onucanus ux
paboTBI Cc y4eToM CBSI3aHHOCTM TOJNEH B  HAcTOsIIee BpeMs  pa3pabOTaHbl  pa3NuUYHBIE  TCOPHUH
TepMoaJIeKTpoynpyroctu [2—4]. IIpu 3ToM Ui Goliee KaueCTBEHHOTO ONMCAHUS U OLICHKH HECTAllMOHAPHBIX IPOLIECCOB
B KOHCTPYKLMSIX BO3HHKAE€T HEOOXOJMMOCTh IIOCTPOCHHUS aHAJIUTHUCCKHX pemieHuil. OxHako MaTeMaTHdecKas
(bopMyIHpOBKa paccMaTPUBAEMBIX 3a/lau BKIIFOUAET CUCTEMY HECaMOCOINPSHKEHHBIX IUddepeHIManbHbIX YpaBHEHUH B
YaCTHBIX MPOM3BOIHBIX, HHTETPUPOBAHUE KOTOPHIX CBSI3aHO C OOJIBLIMMHI MaTeMaTHUECKUMU TPYAHOCTSIMU.

Jast  peireHusi MaHHOM mpoONeMbl, Kak MPaBWIO, HCCICAYIOT YpaBHEHHS B HECBSI3aHHOM BuIe [5, 6],
AHATM3UPYIOTCST OECKOHEYHO iMHHBIe Tena [7/—11] wiam paccMaTpHBAIOTCS 3afadyd  TEPMOBJIEKTPOYIPYTOCTH B
KBa3MCTATHYECKOM moctaHoBke [12, 13].

B macrtosmeid pabore paccmarpuBaeTcsl CBs3aHHas JAWHAMHWYECKas 33j7a4a TEPMOJJIEKTPOYNPYTOCTH  JUIS
0ECKOHEYHO JUTMHHOTO MOJIOTO ME30KEPAMUYECKOT0 IINHAPA. B pesynbraTte nmpeobpa3oBaHust HCXOAHBIX PAaCUETHBIX
COOTHOULIEHHHyMaeTcsi  cOpMHUPOBATH  CaMOCONPSDKEHHYIO CHCTEMY YpaBHEHHMH, HMHTETPUPOBAHHE KOTOPOH
OCYIIECTBIISICTCS. METOOM HEIOJIHOTO DPAa3JIeNICHHs] NEPEMEHHBIX B BHUJE OOOOMIEHHOrO KOHEYHOTO HHTETPAIHLHOTO
npeobpazoBanus [13].

Marepuanbl u Meroabl. IlycTp 1DONBIM, JUIMHHBIN, HE3aKpEILUICHHBIH B  paJMalbHOW  IJIOCKOCTH,

MbE30KEPaMHUYECKUH [WIMHAP 3aHUMAaeT B IMJIMHAPUYECKOW CHCTEME KOOPJIHHAT (r*,H,Z) obmacte Q'
{ag r<b,0<0<2n,—0<z <00}. Ha nunuHApUYecKux MOBEPXHOCTAX 3ajJaHa TeMIlepaTypa B BHAC CICAYIOIIAX

HeCTalMOHApHbIX (yHKUMil (rpaHnuHble ycnoBus l-poma) — o (L) (r,=a), w,(t) (I‘* = b). BuyTtpennsis

3NIEKTPOJUPOBAHHAS MMOBEPXHOCTH 3a3€MJICHA, 4 BHEIIHSS IOIKIIOYCHA K W3MEPUTENBHOMY HpHOOpY ¢ OONbLIIMM
BXO/IHBIM COIIPOTHBJIEHHEM (PEXHM 3JIEKTPUIECKOTO XOJIOCTOTO X0/1a).

Maremarmnyeckast popMyIHpoBKa paccMaTpHUBaEMON OCECHMMETPHYHON 3a1aun B Oe3pasMepHol Gopme BKiIIOYaeT
i depeHnnanbHble YypaBHEHHS JBIKEHUS, JIEKTPOCTATUKU M TEIIOBOTO OanaHca Ha OCHOBAHHM T'MITEPOOINYECKON
teopun Jlopaa—Illynemana, a Takxke kpaeBble yciosus [2, 7, 15]:

V%—l:—altj—ﬁv%—az%%—V@JraS?—?g =0, 1)
—V%+34V%+85%ﬂr+aev®zo,
Z—?—(%+ﬂa—22}(a7®+a8vu)=0,

r=R,1ﬂ+a9U?+%—®=0 0, =0,0,, =0,, (2)
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ap ouU U
g =0,|—+a,—+a,—+3,0| =0;
Hrr ( or (A TR T jr_l
t=0Uu=0=0,2 -0, P_¢,; ®)
ot ot
M e * o * t*' rel
rae {U,I‘,R}:{U ,r*,a}/b,¢:i¢ 0,0, 0,} :&{G) o =T,,0, —TO} ,{t,,b’}:u fﬁ .8, :&,
Cyb Cs b P Cs

a, :ei’a3 :&’ a, = & 8, = Cafs 8 = 958 , &, :kB %, :—b7323T0 N :%

€33 V33 O Ciséa E337 33 AN p ACyp Cs
u(r,,t.),¢°(r,,t.),0"(r,,t.) — COOTBETCTBEHHO pajMaibHasl COCTABILSIONIAS BEKTOPA MEPEMEIIECHNH, MOTEHIHA
3JIEKTPUYCCKOTO OIS U IPUPAILICHHE TEMIEpaTypsl B pasMmepHoil dopme (O (r,,t.) =T(r,,t.)—7,(r,) — Texymas
TeMmIepaTypa U TemIieparypa HepBOHaYaIbHOTO cocTostHus Tena); C,., P, €., £y — MOIYIM YIPYTOCTH, IUIOTHOCTS,

NbE30MOJYTH U KOI(POUIHEHT AUINEKTPHYECKOH HPOHUIAEMOCTH 3JIEKTPOYNPYroro aHM30TPOMHOrO MaTrepuana
(m, s=1, 3) Vi1 V;3—  KOMIIOHEHTBI ~ TEH30pa  TEeMIIepaTypHBIX  HampsmkeHuil (7, =CLa,, 7s =Cha, ),
A, K, &, — k03 dHIMEHTH TEIONPOBOJHOCTH, 00BEMHOM TEIIOEMKOCT! U JIMHEHHOr0 TEMIIEPaTyPHOTO PaCIIMPEHHs

Matepuana; (J,— KOMIIOHEHTa TeH30pa NHpokoddbHIeHToB; f,,— BpeMsa pelakcaiuu, ©,— U3BecTHas B

1
Ha4aJIbHbIM MOMCHT CKOPOCTb U3MCHCHUS TCMIICPATYPBhI; V= 6_ +—.
r r

B CJIy4dac 3a3CMJICHUSA BHyTpeHHeﬁ MOBCPXHOCTU TIBE30KCPAMHUYCCKOI'0 JJIEMCHTA, JJICKTPUYCCKOC HAIPSIKCHUC

\ (t*) OIpeJeIIsAeTCsl NOTEHLIUAIOM Ha €ro BHEIIHEH IOBEPXHOCTH:

V(t.)=¢(Lt,). 4)
[Tpu moctpoeHun 0OOILIEro pelleHus Ha IEPBOM ATale WCCIENOBAaHMS B PE3YJIbTaTe WHTEIPUPOBAHUS YpaBHEHUS
QJICKTPOCTATHUKU OIIPEACIIACTCA pagruaibHasd KOMIIOHCHTA BEKTOpAa HANIPAXKECHHOCTU DJICKTPUYCCKOI'O IOJIA:

ap oJ U D,
E,=—=a,—+a—+a,0+—=, 5
= ma s A a0 ©)
rae D, — nmocTosiHHAs HHTETPUPOBAHHUSL.
IMoacranoska (5) B (1)—(3) mo3BossieT chopMyITUpoBaTh HOBYIO 3a/iady OTHOCUTEIbHO (yHKIUi U (r,t),@(r,t).

IIpu sTOM yCIOBHE OTCYTCTBUS PajMalbHOM COCTaBIAIOLIEH BEKTOpPA MHAYKIMH DJIEKTPUYECKOIO IOJII HAa BHEUIHEM
LUIMHIPUYECKOH IOBEPXHOCTU 3JeMeHTa (IociefHee paBeHCTBO (2) BbmonHsercs B ciaydae D, =0, a ycnosue

3a3eMJICHHUs] BHYTPEHHEH MOBEPXHOCTH ( ¢f,_p = 0) yAOBIETBOPSIETCS B pe3yJIbTaTe MHTETPUPOBaHUS (5).

Ha crnenyrotemM 3Tame penieHus HEOJHOPOAHBIC KpaeBble YCIOBHs (2) MPHUBOAATCS K BHAY, MO3BOJISIOIIEMY B
JaTbHEHIeM MCIOIB30BATh IPOIEIYyPY HEMOJTHOTO pa3/ieNeHUs] MEePEeMEHHBIX METOJOM KOHEYHBIX HHTErPalbHBIX

npeoOpaszoBanuii. s 3TOr0 BBOAATCS HOBBIC QyHKIHU U (I’,t) , N (I’,t) cBsizanuble cU (r,t) ,@(r,t) :
U(r,t)=H,(r,t)+u(r,t),®(r,t)=H,(r,t)+N(rt), (6)
ere Hy (1t) = £, (1) ALY+ £, (N AR+ £ (M) () + F, (M), (1),
H,(rt)=f (e (t)+ f (r)ay(t),
f,(r)...f; (r) — mBaxkas! tuddepeHunpyemsie GpyHKINH, A(I’,t)r:RY1 = (1-1— a,—a; —ag)U (I’,t)/l’ .
IMoncranoBka (6) B pacuetrsie cootHomenus (1)—(3) orHocurensro Gyrxmit U (I’,t) ,0 ( r, t) TIPY BBITIOJIHEHNH YCIIOBHUH:
(1+ a4)VH1 +(a6 —l) H,= A(I‘,t)r:va, Hyr=@,H, =, @
TI03BOJISIET MOJYYUTh HOBYIO KpaeBYIO 3a7]a4y OTHOCHTEIHHO (pyHKITHH U (I’,t) , N ( r, t) :
ou . u oN N 1 A4
V—-b—+b,—+b,————=F, 8
or blr2+28r+3r (1+a,) o> ®)
oN o o?
VE—(E+ﬁ%j(a7N +aSVu): F X
r=R1Vu=0,6N=0; ©)
t=0u=-H,(r,0) ,N=-H,(r,0), (10)
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au _aHl(r,t) a_N_® _o”HZ(r,t)
ot ot ot P at
e FZ:—V% [ +h— ](aH +a,VH,),

oH, H, _oH, _H, 1 o°H

F=-V—4b—2t+b—2+b 2+ ——— "1,
! or . r2 " ar " r (l+a,) ot
-1 _
b, = a +a,a, ,bzzae ,b3:b2+a3 2,8
1l+a, 1l+a, 1+a,

3mech cremyeT OTMETHTh, 9TO A( r,t) sBIsIeTCS (QYHKIUCH TepeMeIeHHI IMTHHIPUICCKIX TIOBEPXHOCTEH IHH/IPA.

[epBonauansHO A(r,t) NPHUPaBHUBAETCA K HyIIIO C IIOCIENYIONIUM €€ ompeseneHreM u yrounenuem H , F, F,.
HanpHeitmue npeoOpa3oBaHus pacdeTHbIX cooTHoueHud (8)—(10) cBs3aHBl ¢ HCMOJIB30BAaHHEM CIIETYIOLIUX
nonymenuit: b =1,b, =0 ¥ BBeneHUA TepPMOYIpPYroro MOTEHIHAIA
N=VB. (11)
VYenosue b =1 MoxHO NMpHHATH 6e3 GONBIIONH MOTPENIHOCTH, MOCKOIBKY IS MbE30KEPAMHYECKHX MaTEpPHAloB
b =0,94+0,98, a 3aBucumocts b, =0 BBIMONHSAETCS B CiIydac paBEHCTBA KOMIOHCHT TEH30pa TEMIIEPATYypPHBIX

HAIPsDKEHAH ( 4, = /53 ) ¥ OTCYTCTBHE BIMSIHHS TEMIIEpaTypsl Ha 3IeKTpraeckoe mone (g, =0).

B pesyabTare Gopmupyetes ciefyromas 3a1a4a otHocutensHo U(T,t),B(r,t):

o o 1 J4u
—Vu+b,—VB-————Z_—=F, 12
o (1+a,) ot® (2
o o 0

r=R1Vu=VB=0; (13)
t=0u=-H,(r,0),VB=-H,(r,0), (14)
du_ OH(rt) o . OH,(rt)

-~ VB=0, - —2"L;
ot ot ot ot
oH

[ G S b VH = L () (e (0.

HauaneHo-kpaeByto 3amauy (12)—(14) permaem, HCIONB3ysl CTPYKTYPHBIH alroput™M OOOOIIEHHOTO KOHEYHOTO
uHTerpanmbHoro mpeobpazoanus (KWUIT) [14]. Tlpm »sToM aist  JaHHOW 3a/Ja4d  yOaeTcs HCIONB30BaTh

rie F, =—

OJTHOKOMITOHEHTHOE HEeM3BECTHOE s/Ipo npeodpasoBanuit K (/11 , r) :

-

{G.(4,1),G, (4,0} = [{u(r,t),B(r,t)|K(4,r)rdr, (15)

R

fu(r.t), B(r,t)} = i{Gl(A, 0.6, (4, )}K (4, 1)K "72 , (16)

i=1
1
IKI* = K& rrar ;
R

rac ﬂfl — cOOCTBEHHBIE 3HA4YCHUAA, o6pa3y}0111ne CYCTHOC MHOXKCCTBO.

B pesynbrare ucnospzoanus aaropurma KUIT [14] mosyuaem 3a1aum OTHOCHTENBHO siipa npeodpasoBanuii K (/7,I , I’) :

2
d K(Z“"r)ﬁdK(ﬂ“"r){/lf—%jK(/l,,r):o, 7
dr rodr r
r=R1VK(4,r)=0, (18)
u tpaHchopmanrt G, (4,,1),G, (4,1) :
2 2
_ﬂzzG + ﬂi G P 1 d Gli = FlH 1 (19)

Y (1+a,) Y (L+a,) dt?
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d d?
_ﬂ'iZGZi - (a + IBFJ(%Gzi + aSGli ) = FZH ;

dG,

i . dG i
TzGliOvGZi :GZiO' :

t=0Gli=GIiO' T

= GZiO ; (20)

re{F,, . Fy )= j{Fl, F K&, nrdr, {G,,Gy0} =—'1[{H1(r,0), H, (r,0)} K(4,r)rdr,

R
{Gi0:Goo} = H_mlT(r,t)no ,(@0 —aHlT(r't)jt_o} K(4,r)rdr .
O6miee penrenwue 3axaun (17), (18) umeer Bu:
K1) =Yo (4) 31 (A7) =35 (4)Vu (AT). (21)
31ech cOOCTBEHHBIE 3HAUCHUS [, ONPEIENAIOTCS ¢ IOMOIIBIO CIIENYIOIEr0 TPAHCLECHAEHTHOTO ypaBHEHHUS:
Yo (ﬂ,i)Jo (/1iR)—J0 (/11 )Y0 (xliR)=0.

Cuctema nuddepeHranbHpix ypaBHeHud (19) MpUBOAMUTCS K CIEAYIONIEMY pa3peliaioneMy YpaBHEHHIO 4-ro
nopsiaka otHocutensHo G, (4,1) :

d* d? d? d
[F-’-Q‘F*—bﬁ?-kbsia*—bﬁjeﬁ ZFH, (22)
22 1+a,)( 2 Zh
rac FH :_a7_ﬂ|:F2H +(1+a4)F1H:|—( ﬁA)[E"'ﬂ?jFlH ,
2
1
b, :i’bsi :ﬂ"z[l+a4+ﬁ+ij’bﬁi :ﬁ[l+a4+i]’b7i :44ﬂ .
ﬂ a7 a7ﬂ ﬂ 7 a7ﬁ

ITockoNbKY XapakTePUCTHYECKOE ypaBHEHHE, COOTBETCTRYoMIEE (22),
k*+b,k®+b,k* +bk +b, =0,
OyZmeT AeHCTBUTEIbHOE, TO OHO 3 YCIOBHS OCHuLIHpyromero pemreHus mmst G, (4 ,t) umeer nBa AeHCTBUTEIBHBIX
kopHs (K;;,K,; ) ¥ 1Ba KOMILIEKCHO CONPSKEHHBIX KOPHS
(ky =o+io, k; =c—-iw).
B sToM ciygae oOrmiee perieHne ypaBHeHUs (22) UMEET BUA:

G,(4,t) = D, exp(kyt)+ Dy exp(kyt)+ D, exp(kyt)+ Dy exp(k,t)+ (23)

+b8ij' F. (r){exp[k1i (t—7) |—exp[ky (t —z')]} dr+hb, .:[ Fy (7)exp[ o (t—7){by sin(at—wr)—by, cos(at+wr)}dr,

0

raeby = {(kli —k; )|:(kli _0')2 +a’2]}_l by = |:a)(b120| +bf; )]_170' = kgi;zk‘“ B =Kk —(ky +k; )U+O'2 —a’,
k3i _k4i

by :w(za_kli_kzi)'w: oi

®ynxnus G, (4,t) ompenensercs u3 nepsoro ypasHeHus cucteMsl (19). ITogcTaHOBKa IMOTYyYEHHBIX BBIpaXKEHUIT
1011 TpaHCGOPMaHT B rpaHrYHbIe ycinoBus (20) mo3BOIsIeT OnpenesnTs NOCTOsSTHHBIE HHTerpupoBanus D,,...D;; .
IMoncranoBka G, (4,1),G,(4,t) B (16), (11), (6) mO3BOISIET HOMYIUTh OKOHYATECIBHBIEC BBIPAXKCHUS JUIS (QyHKIUH

U(rt),e(rt):
U(rt)= Hl(r,t)+2q@,,t)K(ﬂ,,,r)||Ki||*2, (24)
O(r.t)=H, (r,t)+262(/1|,t)VK(/?,,,r)”Ki I

Ha 3axmounTenbHOM 3Tane ucciienoBaHus (QyHKIUH Hl(r,t), H, (r,t) ONpPENENAOTC MPU PELUIEHUU CIEIYIOLINX

muddepeHINaTbHBIX YPaBHEHHI :
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oH,
Th pap _
or by 2 2o

YTO MO3BOJICT CYIICCTBCHHO YIIPOCTUTH IIPaBbIC YaCTH F , F aCUETHBIX COOTHOIIECHHI (8).
1702

H, oH, H oH,

QTZ:O,V P 0, (25)

INoacranoBka BeIpakeHuit i H,,H,B (25) nosBomser cdopMupoBaTe CHCTEMBI YPABHEHUH OTHOCHTEIIBHO
¢ynxuuii f,(r)...f;(r) , KoTopble onpeendI0TCs NpU YAOBISTBOPEHUH ycioBuii (7).

IMoTeHIMAaN IEKTPUYECKOTO MOJISI ME30KEPAMHYECKOTO IIMIMH/PA ONPEACISIETCS B Pe3yJbTaTe MHTErPUPOBAHUS
paBeHcTBa (5) ¥ YIOBIECTBOPEHUE TIPEITIOCIEAHETO TPAHHYHOTO YCIOBHs (2):

¢:J‘{a4 5H;(rr't)+a5 Hl(rr’t)+a6H2(r,t)}dr+ (26)

Y GA DB + 3 3. (4 0B, (4K [+ Dy ()

rae D, (t) =—Ha4 5H;(rr’t) ‘a, Hl(rr’t) +aH, (r,t)}dr +3 G, (DB K| ¢

I{% K(A) o K(A.,r)}dr,

AT CGOBMIKI | 8()-[]a :

Bz(ﬂi):IVK(ﬂi'r)dr' 7

IMony4ennsie pacueTHbie cooTHOIIeHUIT (24), (26) ymosneTBopsitoT quddepennnanbasie ypaBaenus (1) u kpaeBbie
ycnoBus (2), (3), T.e. ABISIOTCS 3aMKHYTBIM PEIICHUEM pacCMaTpUBAEMOM 3aJauH.

PesyabTraThl  HMcciaegoBanmsi. B kadecTBe TmpHMepa  paccMaTpHBaeTCs — PaAMAIbHO  HOJSPU30BaHHBIN
nbe3okepamuueckuit  wmHAp (b =0,02M,R=0,8) cocrasa PZT—4, wumeromero cueaywomue (HU3UUECKHE

xapakrepuctuku [10]: p = 7500 kr/m *

{Ci1sCis G} = {13,9; 115; 7,43} x10° Him? , {ey €55} ={-5,2; 15,1} Kum?,

{Fi:7ss} ={4.6; 3,9}x10° H/(m? °C), &, =5,62x10°° D/m, g, = 2x10"* K/(m * °C),

k =3x10° [Ix/( m°°C), A=1,6 Br/(m °C), B, =5x107c.

Ha BHyTpeHHeH oBepXHOCTH ( I, = &) Mhe30KepaMHIEeCKOTO IIIHHpPA ASUCTBYET TEMIICpaTypHAast Harpy3Ka:

& (8,) =Tt {sin(%t*JH (tra —t. )+ H(t ~to ) [, @i (t.) =0,

rae H (f)— equHuyHas GyHkius Xosucaiiza (H (f) =1lupu 20, H (f) =0npu £<0), T =T, -T,, T t:
— MaKCHUMaJIbHOE 3HAaYeHHE BHEIIHETO TeMIIEPaTypPHOTO BO3JCHUCTBUS U COOTBETCTBYIOIIEE €My BpeMsl B pa3MepHOM
(opwe (T,.,, =373 K (100 °C), T, =293 K (20 °C), t;,,, =1 c).

Ha puc. 1 npexncrasiens! rpaduky U3MEHEHUS HYHKIUN e (r,t), U (r,t), ¢(r,t) [0 paJualibHOM KOOpAMHATE I B

pasnuuHble MoMeHThl Bpemenu {. Lluppamu 1-3 cOOTBETCTBEHHO O00O3HAUEHBI PE3YNbTATHI, IMOJYYEHHBIE MPU

A #
CIICAYIOINX 3HaYeHusX Bpemenn: =t ., 4t 15t (.. = kb*z max )-

AHanu3 pe3yabTaToB pacyeTa MO3BOJIAET CAENATh CIELYIOIUE BEIBOBL:
— JI0CTaTO4HO OoJbInas BenmM4InHA KO3((HIIEeHTa TMHEHHOTO TEMIIEPaTyPHOIO PACHIUPEHHs ¢, TbE30KEPaMHUIECKOTO

MaTeprana IPUBOJHUT K OBICTPOMY ITPOTPEBY LITHHIPA;
— paJuaJbHBIC IEPEMEICHHUs] HAa BHYTPEHHEH LIIMHAPUYECKOH TIOBEepXHOCTH (I = R) Ha epBOM 3Tarie HCClIeA0BaHMS

(t=t,, ) IPUHUMAIOT HAHOOJBIINE 3HAYCHHUS C HOCIEAYIOIMM yMEHbIIIEHHEM B TeueHue BpeMenu. OOpaTHas KapTuHa

Ha6J'HOHaGTC${ OTHOCHUTCJIBHO HCpCMeHIGHI/Iﬁ npu I = 1 )
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o (rt),°C

RN
" \ 2\\
O 1 \;-

0,8 0,9 1.0

U(r,t)x10°
7,0

Ny A

5,0
08 0,9 1,0
0)
#(r, 1) x10°
7,0

6,5 /‘ 3
0 T -

5,5

5,0 .
0,8 0,9 10

6)

Puc. 1. Tpaduku usmenerns O (I’,t), U (r,t),¢(r,t) 10 paJMaJIbHOM KOOPAUHATE I B Pa3jIMuHble MOMEHTHI BpeMeHH 1

(-t 2—4t,,,3-15t  ):a—O"(r,t)+r;6 —U(rt)+r;s— g(r,t)+r
CreneHb CBS3aHHOCTH TEPMORJIEKTPOYNPYTUX TMojel Hauboiee yHOOHO NPOAHATU3HPOBATH C  I[TOMOIIBIO
2
kodbdunuenta by, :%(1+ a, +$J paBeHcTBa (21). 3gecy a, OmpenenseT CBA3aHHOCTb JIEKTPOYNPYTHX MONEH, a
a'7

max !

a
-2 BAMAHME CKOPOCTH M3MEHEHHS 00beMa Tella Ha er0 TEMIIEPATYPHOE TIOIE.

a'7
Ha puc. 2 npencrasnen rpadpux n3meHeHus nepememnienuii U (1, t) 1Mo BpeMeHH t ¢ ydeTom (CIUTOIIHAS JTUHUS) U

0e3 yueTa (MyHKTUPHAS JIMHUS ) HABEACHHOTO DJIEKTPUIECKOTO TTOJIA.
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Crnemyer OTMETHTb, YTO IPEIBAPHUTENbHAS MOJSPU3ALUS IHE30KEPAaMHUKN IIPUBOOUT K 0Opa3zoBaHHIO Ooiee
«oxectkoro» matepuana (@, =0,353) U COOTBETCTBEHHO K YMEHBIICHHUIO II€peMEIleHUH IpHu AepopMUPOBaHUU

LITHHIPA.
CBs13aHHOCTBIO TEMIIEPATYPHOTO U 3JIEKTPOYNPYTOro IMOJei B MbE30KEPAMUYECKOM LIIIHHIAPE MOXKHO MpeHeOpedn
3a CYET MaJIoTro 3HAYCHHS

% _18x10% «1.

a7
U(r,t)x10°
10
8 I PP FRPEEPET
"'
6 I
F 4
"//
4 /
’
2 P
I/
0 t
0 1x10° 2x10° 3x10°

Puc. 2. I'paduk usmenenus U (1, t) o Bpemenu t

(CHJ'IOH.IHaSI JIMHUS — € YUCTOM IMOJIAApU3aluu, MyHKTUPpHAA — 0e3 ydeTa 3JICKTPUICCKOTro HOJ'[?[)

Ha puc. 3 nokaszanbl rpaduKku U3MCHEHHUS 3NeKTpuueckoro HampspkeHusV (f) mo BpemeHH ¢ yueToM (CIUTOLIHAS

nmHus) u 6e3 ydera (TyHKTHpHas TuHUSA, [, =0) penaxcanuy TEIUIOBOTO ITOTOKA.

V (t) x10°
8

0 100 200 300

Puc. 3. [padux msmenerns V (t) 1o spemenn t (t7,, =0,001 ¢t =196)

Pe3yJ’ILTaTLI pacyeTa IMOKa3bIBAKOT, YTO I paCCManHBaCMOﬁ 3aJa4u YTOYHCHHYIO I‘I/IHepGOHI/I‘ICCKyIO TCOPUIO
.HOp)_Ia'H_[yJ'H)MaHa HCOGXOHI/IMO HCHOJIb30BaTh IIpU 0O0JIBIION CKOPOCTH U3MCHCHUS TGMHGpaTypHOf/'I Harpysku

max —

(t. =>0,001c, % >5,56x10° |%), a TpH MEHBIIMX CKOPOCTAX —  KIACCHYECKYI0 TEOpHUIO
« [t=0
TepmoasiekTpoynpyrocta ( S, =0).

OGcyxaenne U 3aKia04eHus. [locTpoeHHOE HOBOE 3aMKHYTOE PELICHHE CBS3aHHOW TMHAMHYECKOW 3a/1audl TPH
YIOBJICTBOPEHUH TPAHUYHBIX YCJIOBHH TEIJIONMPOBOAHOCTU 1-ro poja MO3BOJSET ONPENCIHTh BCE KOMIOHEHTHI
TEPMOIJIEKTPOYIPYTUX IOJeH B JJIMHHOM IIbE30KEPAMUYSCKOM WMWIMHIApE. [IpenMylecTBO MpPEACTABICHHOTO
anropuTMa pacyera 3aKNIOYaeTcs B TOM, YTO B OTJIMYHE OT HECBA3aHHOW MOCTAHOBKHM 3aJa4d, OTIaaacT
HEOOXOJMMOCTh aNMPOKCUMAIMK (YHKIMH TEMIIEpaTypbl MPU HCCIEJOBAaHWM ypaBHEHHs IBIKeHHsA. [lpu sToM
JIEACTBUTENBHO BIMSHHEM CKOPOCTH HM3MCHEHHSI 00heMa IMhe30KePaMHUYIECKOTO Tela Ha ero TeMIIepaTypHOe MoJie
MOYHO TIpeHeOpeUb.
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PacueTr cMJI0BBIX H KHHEMATHYECKHUX mapamMeTpoB nmepeaaTouHoro
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AHHOTAN NS

Beedenue. B pabote npeacTaBieHbl KpaTKUH KWHEMAaTHIECKUH aHaAlIN3, a TAaKXKe MPUMEHEHNe NpuHnnna Jamambepa x
HaXOXJICHUIO 3aBUCHMOCTH MEXIy CHJIOBBIMH [apaMeTpaMH B II€PEIATOYHOM MEXaHH3ME POOOTH3MPOBAHHOTO
MaHHITYJIATOpA, TOCTPOCHHOM U3 LIEMU CKPYYHMBAIOLIMXCS pbr4aroB. [IpuMeHeHne TaHHOTO NEPEAAaTOYHOr0 MEXaHu3Ma
MIO3BOJIUT TIOBBICHTH PECYpC IIPUBOJA MAHMITYJSTOpa, TOYHOCTH €ro IO3WIIMOHHUPOBAHHS, YBEIMIUTH DPabOUyIo
HarpysKy IO CPaBHEHHUIO C MCIOJIB30BAHUEM IPHBOIOB Ha TMOKHX CBS35AX (CKpydMBArOUIMXcs HUTX). Llenpio paboTe
SIBJISIIOCH ITOJIyYEHUE 3aBUCHMOCTEM MEXAY IEPEMELICHUSAMY 3JIEMEHTOB LIENH, a TAK)KE UX CHWJIOBBIMM IapaMeTpamy,
HEOOXOAUMBIX JJIsl KOHTPOJISI pabOTHI CUCTEMBI YIIPaBIICHHs IaHHBIMHU YCTPOHCTBAMHU.

Mamepuanvt u memoowi. B xoJie pemeHns 3a1a4i PacCCMOTPEH JIEMEHTapHBIA CErMEHT (3JIEMEHT) NMPUBOIHOM IETH.
g HaxXOXJEeHUsl 3aBUCUMOCTH MEX]y Harpy3kaMy B 3JIEMEHTE UCIOJb30BaH NPUHIUI BO3MOXHBIX NEPEMELICHU.
IIpy HAXOXOEHUM KUHEMATHUUYECKUX CBSI3E€H MEXIy IEPEMELICHUSMU IIPOBEIEH KPAaTKUI IeOMETPUYECKUIl aHauu3
JJIeMEHTa NepefaToOYyHoM menu. /[ MpoBeAeHUs CpPaBHUTENBHOTO aHalM3a MOJNY4YEHHBIX aHAIUTHYECKHX
3aBUCHMOCTEH NPUMEHEH METOJ MMHUTAIMOHHOTO MOJICIMPOBAHMS, PEaIN30BaHHbBIN Ha rpaUIecKod MOJENN 3BEHA C
HCIONB30BaHUEM IIPOrpaMMHOro nakera NX.

Pezynomamut uccnedosanus. B xone uccneqoBaHus MOTyYeHbl 3aBUCUMOCTH ATl ONpEAEICHNs BEIMYMHBI MOMEHTA,
Pa3sBMBAaEMOT0 Ha BXOJHOM 3BEHE B 3aBUCHMOCTH OT BHEIIHEH paboueil Harpy3KH M yria ero MOBOPOTa, a TAKXKE IS
ONPEJEIICHNUS IMHENHOTIO NEPEMEIICHHUS BBIXOJHOTO 3BeHA. [locTpoeHa UMUTALlMOHHASI MOJIENIb IIPUBOJHOIO 3JIEMEHTA,
KOTOPYIO BO3MOKHO IIPUMEHUTH B IMUHAMUYECKOM UCCIIEI0BAHUU MEXAHU3MA IIPUBOJIA C Y4ETOM UHEPTHOCTU 3BEHBEB.
Oécyacoenue u 3axniouenun. V13 NonyyeHHBIX aHAIUTUIECKUX 3aBUCUMOCTEH YCTaHOBJIEHO 3HAa4YEHHUE YyIila MOBOPOTa
BXOJIHOTO 3BEHA 3JIEMEHTAa MEXaHW3Ma, IIPU KOTOPOM JOCTUIaeTCsl MAaKCUMAajbHOE 3HAUEHHUE BEJIIMYUHBI KPYTSILETO
MOMeHTa Ui (DUKCUpOBaHHOW pabouell Harpy3Kd Ha BBIXOJHOM DJIEMEHT, a TaKXKe MaKCHMallbHOE JIMHEHHOe
NIEPEMEILEHUE BBIXOJHOIO 3BeHA. PacueTHbIC 3HAUYE€HUsS HAXOJATCS B XOPOILIEM COOTBETCTBUM C AHAJIOIMYHBIMU
BEIUYMHAMH, IIOJIYYCHHBIMU II0 PE3yJIbTaTaM UMUTALMOHHOIO JKCIIEPUMEHTA, YTO TIOBOPUT O BO3MOXHOCTH
NIPUMEHEHNS aHAIUTHYECKHUX 3aBUCHUMOCTEH IIpH (POPMHUPOBAHNH CHCTEMBI yrpaBiieHus1 poboToB. Kpome Toro, gaHHble
3aBUCHMOCTH II03BOJISIFOT 00ECIIEUNTH I10100p IPUBOHBIX YCTPONUCTB C HEOOXOJUMBIMHU CHIIOBBIMH TTOKa3aTEIISIMH.

KnaioueBble cii0Ba: MaHUIYJIATOPBI, THOKHUE CBSI3H, IPUBOJAHON 3JIEMEHTAPHBIH CEIMEHT, )KECTKHE phlYark, NpUHIUII
BO3MOXKHBIX MIEPEMEIIEHNH, KDY TSI MOMEHT, HIMHUTALIMOHHBINH 3KCIIEPUMEHT.
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Calculation of the force and kinematic parameters of the transfer mechanism based on
a twisted arm chain

Ivan R. Bondarenko >, Artem A. Voloshkin™=", Victoria S. Perevuznik , Leonid A. Kovalev
Belgorod State Technological University named after V. G. Shukhov, 46, Kostyukova St., Belgorod, Russian Federation
>4 ivanbond85@rambler.ru

Abstract

Introduction. The paper presents a brief kinematic analysis, as well as the application of D'Alembert's principle to
finding the relationship between the force parameters in the transmission mechanism of a robotic manipulator
constructed from a twisted arm chain. The use of this transfer mechanism can enhance the life of the arm actuator, the
accuracy of its positioning, and increase the workload compared to the flexible linkage actuators (twisted strings). The
work aimed at obtaining dependences between the displacements of circuit elements, as well as their force parameters
required to monitor the control system operation of these devices.

Materials and Methods. In the course of solving the problem, an elementary segment (element) of the transmission
chain was considered. To find the relationship between the loads in the element, the virtual displacement principle was
used. When finding kinematic connections between displacements, a brief geometric analysis of the transmission chain
element was carried out. To conduct a comparative analysis of the analytical dependences obtained, a simulation
technique implemented on a graphical link model using the NX software package was applied.

Results. In the course of the study, we obtained dependences for determining the magnitude of the moment developed
on the input link, depending on the external workload and its rotation angle, as well as for defining the linear
displacement of the output link. A simulation model of the actuator was constructed, which can be applied in the
dynamic study of the actuator mechanism, taking into account the inertia of the links.

Discussion and Conclusions. From the obtained analytical dependences, we determined the value of the angle of
rotation of the input link of the mechanism element, at which the maximum torque value for a fixed workload on the
output element was achieved, as well as the maximum linear displacement of the output link. The calculated values
were in good agreement with similar values obtained from the results of the simulation experiment, which gave us the
possibility of using analytical dependences in the formation of a robot control system. In addition, these dependences
made it possible to provide the selection of actuators with the required force indicators.

Keywords: manipulators, flexible linkage, driven elementary segment, rigid arms, virtual displacement principle,
torque, simulation experiment.
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BBenenne. B mocineqHee Bpemsi Hauaiau MpuoOpeTaTh MOMYJISPHOCTh YCTPOHCTBA, OCHOBAaHHBIE HA 3aKPyYHMBaHUU
kabeneit wnu HuTeil. JlaHHBIE H300pPETEHUS YHUBEPCAIBHBI B HCIOJB30BAaHWW M BOCTPEOOBAHBI B Pa3IUYHBIX
HATPABJICHHUSX POOOTOTEXHHKH. HampuMep, TpH H3rOTOBICHHH MAaHHMITYJSTOPOB, 3aXBaTOB M 9K30CKeneToB' [1-4].
[IpuBOHBIE KOHCTPYKIIMHM, OCHOBAaHHBIE Ha CKPYYMBAaHWUU THOKUX 3JIEMEHTOB, UMEIOT pPsia mpeumMyinectB. K Hum
OTHOCSITCSI: pa3Mephl YCTPOHCTBA, MPOCTOTa COOPKH M yCTAHOBKH, YHUBEPCATHHOCTh. Tak, HampuMep, MeXaTpPOHHBIH
MPUBOJ HA CKPYYCHHBIX HHUTAX, NPEACTABIIONMIA COOOH 3JIEKTPOMEXaHMYECKOE YCTPOHCTBO C YHUCIOBBIM
MPOTPaMMHBEIM  yIIPABIICHHEM, CIIOCOOCH CaMOCTOSTEIFHO OTCIICKHBATH COCTOSHHE paboduero opraHa Ha OCHOBE
JTAaHHBIX, ITOJIYYEHHBIX C IaTYMKA MOJOKEHUS Bajla U AaTYUKa CUIIbL.

B mnpencraBneHHOW paboTe aBTOpaMH ITPOBOJMTCS KHHEMATHYECKHA M CHIJIOBOW aHAJIH3 MEepelaTOYHOTro
MEXaHuW3Ma IPUBOJA, IOCTPOEHHOTO Ha OCHOBE LENU CKPYYMBAIOMIMXCA pblyaroB. JlaHHash KOHCTPYKLHUSA
npeHa3HaueHa Ui 3aMeHBbl MPUBOAHBIX YCTPOMCTB, MPHUMEHSIONUX THOKHE TepeAaTOYHbIE CBS3M, a WUMEHHO
CKpYYHBAIOIIHECS KaOeH U HUTH.

DKCTIEpUMEHTAILHOE YCTPOMCTBO, MOKA3aHHOE Ha PHC. 1, COCTOMT W3 3JIEKTPOJBUTATENSI M HECKOJbKHX HUTEH,
OPHEHTHUPOBAHHBIX BJOJb OCH BpalleHUsl ABUTaTeNss. HUTH CBSA3BIBAIOT BHIXOJHOW BaJI JBUTATENSI C MOJCIUPYEMOM

! at. 2020144036 Poccuiickas dexeparms, MIIK F 16 H 35/00. MexaTpouHbIil IpuBoI Ha ckpydennbix nutsax / M. 0. Fanowos, C. U. Henemaes;
3asBUTENb M nateHToobnanarens AHOBOY Hunononuc; 3assi. 2020.12.30; omy6ut. 2021.06.24, bron. Ne 12.
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Harpy3Kkoi, co3JaBaeMoil APYIMM 3JICKTPOJBHUIaTesieM. YIIpaBlIeHHE HAarpy3Koi (JMHEHHBIM JIBHraTesieM) I03BOJISET
paccMaTpuBaTh JAaHHYIO CHCTEMY KaK MPY>KHHHO-aMOPTH3HUPYIOIEE YCTPOUCTBO C PErYJIUPYyEMBIMH IIapaMeTpaMu.

Cucrema
KOHTPOJIS

JInHenHbIi
JIBUraTeib

Jlarunc BpamarenpHblii Jartank
ABUTaTCJIb TOJIOXKEHUS

CHUTBI
Puc. 1. DkcriepuMeHTallbHAs YCTaHOBKA [4]

bnarogapsi mpuBOy Ha OCHOBE CKPYYMBAHHS HHUTEH YAaloCh pPa3MECTHTh BCE MPUBOJBI M JBUTaTEIH B MPOTE3e
PYKH TIpH YCIIOBHH, YTO OOECTICUEHBI BCE OCHOBHBIE CTEIIEHH TOABIKHOCTH pykH [5—8]. Ipu s3ToM Hanbosee cnabeim
MECTOM CHCTEMBbI SIBISICTCSl THOKUN Kabenb WM HUTh. V3HOC M pacTshkeHHE CKPYYUBAIOMICHCS HUTH SIBISIFOTCS
KJIFOYEBBIMH HEJIOCTATKAMH JJAHHOTO THIIA MPHUBOIOB.

AJIBTEpHATHBHBIM DPEIICHUEM JaHHOW MPOOJIEMBI MOXKET CTAaTh 3aMEHA CKPYUYMBAIOIIMXCS HUTEH WM Kabened Ha
PBIYXKHYIO0 CHCTEMY B BHJIE [ENH. 3aMEHUM (PpArMEHT CKPYUYHBAIOIIMXCSA HUTEH WK Kabelel 21eMEHTOM (CErMEHTOM)
U3 KECTKUX PHIYAaroB (CTEpiKHE), KOTOpPhIC HMIAPHUPHO COCAMHSIIOT MEXIY COOOH JBE OKPYXXHOCTH paauycoM R u
neatpamu O3 u O, (puc. 2 a). BxomHoe 38eHO 1 yaepKUBaeTCs MOAMATHAKOM 6 M IMEeT BO3MOKHOCTH BPaIaTEEHOTO
IBIOKEHUS oTHOCHTENbHO meHTpa O, Haxomsmerocs Ha ocu Zg. [Ipu 3TOM HIDKHSAS OKPYKHOCTH 4 (BBIXOZHOE 3BEHO)
MOXET COBEpIIaTh MMOCTYIATENbHOE ABWKEHUE BIONb OCH Zo BBUAY HalWdus Hampasisiiomeid 5. B pesynbrare
BpaleHHs BEpXHEW OKPYKHOCTH pbluard 3 U 4 copepmaioT cepudeckoe IBHKCHNE OTHOCHTEIFHO 3BeHa 1, m3MeHss

TeM caMbIM pacctosiaue | u nepemernas padbouyro Harpysky P (puc. 2 6, 6).

H=l

Puc. 2. Cxema cerMeHTa NPUBOIHON IETIN: ¢ — B HAYAJILHOM TOJIOKCHHH;

6—B TMPOMEXKYTOUYHOM MOJIOKEHUH; 6 — B MPEJICIbHOM TTOJIOXKCHUH

JIyist IpakTHYecKol peann3aluy JaHHOTO KOHCTPYKTHBHOTO PELIEHH HEOOXOIMMO HAJINYNE CHCTEMBI yIIPABICHUS,
OCHOBaHHOM Ha MaTeMaTH4eCKOW MOJEIH IPHBOJHOTO yCTPOWCTBA, KOTOpas OTPakaeT KMHEMAaTHYECKUE U CHIIOBBIE
CBSI3U MEXXY 3JIEMEHTaMHU NPUBOIHOMN LETH.

Llenpto naHHOM pabOTHl OBUIO HAXOKAEGHHE KUHEMAaTHYECKUX W CHIIOBBIX CBA3€H B JJIEMEHTAPHOM CETMEHTE
IIPUBOJHON LETH.

Matepuajbl 1 MeTOAbI. Pelenre nocTaBieHHON 3ajauil NpeAIaracTcsa HailTH ¢ MOMOILBIO IPUHIUIIA BO3ZMOXKHBIX

nepeMemeHI/Iﬁ [9], TMO3BOJIAOMICTO UCKIIIOYUTL U3 PACCMOTPCHUA BHYTPCHHUE CUJIbI B 3BCHbAX IMPUBOAHOI'O 3JICMCHTA.
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Takum 00pa3oM, B PacCMOTPEHHH OCTAalOTCA KpPYTAIIMH MOMEHT, NPHIOKCHHBIH K BXOAHOMY 3BEHY, a TaKkKe
MIPUJIIOKEHHAs K BEIXOJHOMY 3BeHY pabouast Harpy3ka P. YuuTeiBas cxemy, IpencTaBlIeHHYIO Ha puc. 4 6, B KadecTBe
0000IIeHHON KOOPAMHATHI Ul BXOAHOTO 3BEHA IPHHMMaeM YroJ HOBOpOTa ¢, a i BBIXOZHOTO — JIMHEHHOE
nepementenwe z [10].
B cOOTBETCTBHH C MPUHITHIIOM BO3MOKHBIX Tiepemertenuit [11] cocraum ypaBHeHne pabor:
Mop—-PSz=0, 1)
rne d¢ — BpallaTtelibHOe BO3MOYKHOE INEPEMELICHUE BXOJHOTO 3BEHA, 0Z — JIMHEHHOE BO3MOXHOE IepeMelleHHe

BBIXOIHOTO 3BEHA.
Paccrostame mexay H 3BeHbstMu 1 11 2 cBsi3aHO C TMHEHHBIM TIEpEeMEIIeHIEM Z 3BeHa 2, C YIeTOM JUIHHEI peraara AB

= |, 3aBucumocthto H =1—z. Toraa ¢ y4eToM cXeMbl, MPEIOCTABICHHOMN Ha PUCYHKE 4 6, MOXKEM 3amucaTh:
2
. 2
I2—| 2Rsin ¢ =(1-z)".
2
Benuunza z B 3aBUCUMOCTH OT YIUIa IOBOPOTA () ONPEICIIUTCS KaK!

1 e orsin[ )]
z=1— |l 2Ryn(2j . 2)

B cooTBeTcTBHM C [11] CBA3b MCIKAY BO3MOXKHBIMU IIEPEMCIICHUAMU MOKHO YCTaHOBUTDH KaK:

df
oz= areg) o .
dg
Torza, B3sIB IPOM3BOIHYIO %‘f)or (2) ¥ BBIIONHUB IIPEOOPa30BaAHUSL, TIOIYYHM 3aBUCHMOCTh MEKIY BO3MOMKHBIMU
HepeMEIeHHUAMU:
R?sin
o1= ¢ of.
¢ 2
1? - ZRQn(j
2
IMoxacTaBuB 0z B ypaBHeHue pabot (1), momydum:
R?sin
sing 56=0,

M &p— P 2
12— 2Rsin(¢j
2

OTKyJla COKpaTuB Ha J¢ BEIpa3uM MOMEHT M kak QyHKIHMIO yria moBOpOTa ¢ B BUJE:

M = PR?sin ¢ . 3)

12— 2Rﬁn(¢j
2

Jlis mpoBeleHHs OIEHKM MOJYYEHHBIX AHAIUTHYECKMX 3aBHCHUMOCTEH MomeHTa (3), pa3BUBaeMoro Ha

BXOJHOM 3B€HE M JIMHEWHOrO IIepeMEIleHHUs] BBIXOJAHOrO 3BeHa OT yria nosopora (2), Obl1 mpoBenéH
UMHUTAHOHHBI 9kcnepumenT [12, 13], peanusoBannsiii B nporpammuoit cpexe NX Nastran [14]. C atoit nensro
ObliIa MOCTPOCHA TPEXMEpHas TBEPJOTeNIbHAsI MOJENb y4acTKa MPUBOAHOM menu (puc. 3 @), COCTOAIIEro U3 IBYX
MOCJIEZIOBATEIbHO COEJMHEHHBIX DJIEMEHTapHBIX CETMEHTOB HCCieNyeMoro mexaHusma. OIMH M3 CErMEHTOB
MPUBOAHOTO MexaHu3Ma (puc. 3 6) ObLT UCIIOJIB30BAH IS IPOBEACHHS pacdyeTa CO CICAYIIIUMH mapamerpaMu R
= 12 mm, | = 54 mm. TIpu mocTpoeHHH MomeNd chepuueckue MapHUPHI ObLTH MPEACTABICHBI B BHAE TOPOBBIX
LUIAPHUPOB, YTO IO3BOJHJIO BBIMOJIHUTH 3JIEMEHTHl LENH B BHJE HM30THYTHIX KOJICL, COCJMHEHHBIX >XECTKHMHU
peraaramu  (puc. 3). JlaHHOE KOHCTPYKTHBHOE WCIIOJHEHHE II03BOJIIET phlUaraM COBEpIIaTh CepruuecKoe
IBIKeHUEe. Tak Kak NMaHHas CBSA3b OOECMEeUMBAET phluaraMm TpeOyeMyro CTEeleHb CBOOOIBI, MOXKHO CUHUTATh €&

COOTBETCTBYMIOLICH chepuueckomy wapHupy (puc. 3 6).
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Puc. 3. TpeXMepHLIe TBCPAOTCIILHBIC MOJICTIM: @ — Y4aCTKa LCIHU U3 IBYX CCTMCHTOB, 6 — cerMeHTa Lenu,
6 — IIPOCKIUHU CJIOKHO U30THYTOI'O KOJIbIIA

B paspaboTtaHHOl TpexXMEpHO MOIeH ObUTH HA3HAYCHBI KHHEMATHICCKUE CBA3H, OMPE/ICIICHBI IICHTPHI MAcC 3BCHEEB,
a Takxke 3amaHa paboyas Harpy3ka P = 100 H, mocne yero Obuia MpOBeACHA CUMYIISAIHS JBIDKCHUS JIEMEHTApHOTO
cermenTa npuBoaHoit nenu B NX Nastran [14, 15]. [Tapamerpsl Moiei CErMeHTa pHUBe/IcHbI B Tabuuie 1.

Tabmuma 1
[MapameTpbl MOAETUPOBAHUS
MOMEHT HHEePIHU HauanpHas koopanHarta
No CBSI3H B OTHOCUTEJILHO KaXKJ101 U3 Macca. LIEHTPa Macc, MM
CHMYJISIHH OCEMH, KI' * MM 2 KT ' Haspanue
IX Y 1Z X Y Z
LO01 0 1,63 209 Hzoruytoe
LO04 5,51 4,18 4,18 0,04 0 1,63 139,5 KOJIBLIO CJIOJKHOM
L0o7 0 1,63 69,8 dhopmbI
L002 -0,03 -12,9 1734
L003 -0,03 12,9 1734
005 0,03 129 | 1734 0,02 12.9 15 1037 Poruar
L006 -12,9 15 103,7

Pe3ynbTaThl HcciieoBaHus. B COOTBETCTBHM C IMOJYYCHHBIMH aHAJMTHYSCKUMH 3aBUCHMOCTSIMH JUISL BEUYHHBI
JIMHEWHOro IepeMeIleHUsl Z, a TaKKe KpyTsAllero MoMeHTa M, ObUl BBINOJHEH pacyeT, MPOW3BEICHHBIH B cpene
MathCAD, pe3yabraThl KOTOpPOTo MpeicTaBieHbl Ha puc. 4. PacueT ObUT BBINOJHEH MPU CICAYIONIMX HCXOTHBIX
JMaHHBIX: pabodas Harpy3ka P = 100 H, pamuyc BXOIHOTO M BEIXOJHOTO 3BeHa R = 12 MM, mmmHa peraara R = 12 MM,
JMana3oH U3MEHEHHS yTiia TIOBOPOTa ¢ BXOJAHOTO 3BeHa B mpeaenax 0-180°.

Z, MM M, H-mm
5,6 281,3
4.7 234,4
3,75 187,5
2,82 140,7
19 93,8
0,94 46,9 /
0 30 60 90 120 150 180 ¢, 0 30 60 90 120 150 180 ¢,°
a) 6)

Puc. 4. 3aBucuMocTH HCCIeTyeMBIX BEIMYHH OT yTIia TIOBOPOTA: @ — JIMHEHHOTO IEePEMEIICHNUS BRIXOTHOTO 3BCHA,
6 — KpyTslero MomMeHTa M Ha BXOTHOM 3BEHE
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W3 npencraBieHHbIX rpad)MuecKuX 3aBUCHMOCTEH MOXKHO YCTaHOBUTH, YTO MAKCUMAJIbHAs BEJIMYMHA ITEPEMEIICHUS
JOCTHTAETCs TIPH yTIIe MOBOPOTa, mpuoOmmkatommmMes Kk 180° u coctaBmser 5,6 MM, a BeMYHHA KPYTSIIETO MOMEHTA
MIpUHUMAET MakcuMainbHoe 3HaueHne 281,3 H-Mm mpu yrie moBopora ¢ = 93°.

B pesympTare WMUTAIMOHHOTO MOJEIHMPOBAaHUS MONy4YeH rpaduk IepeMerieHus BeixogHoro 3BeHa L004 B
3aBHCHMOCTH OT ToBopoTta mpuBoaHoro 3seHa LOOL (puc. 5). IlepemernieHne 351eMEHTAPHOTO CETMEHTA PBIYAKHOTO
MeXaHH3Ma IIPOUCXOAUT 10 TeX 0P, OKa He MPOU30HAST KacaHHe MPABOT0 U JICBOT'O PHIYAroB B KpaifHEM IOJIOKEHHH.
Tak Kkak pbluard HMEOT 00bEM, IOJHBIH TOBOPOT BBIXOJAHOTO 3BEHa HEBO3MOXCEH H3-3a KacaHMs OOKOBOU
MOBEPXHOCTH, YTO TaKxke oToOpaxkeHo Ha rpaduke (puc.5). st TOCTHKEHHUS MOJIHOTO MOBOPOTA HEOOXOIHMMO
W3MEHUTH CTPOEHHE phlyara Ha Oosiee cloxHyo (¢opmy. Ha puc. 6 npesncraBieHa 3aBUCHMOCTh KPYTSIEr0O MOMEHTa

IIpU IOBOPOTE CETMEHTA IIeNHU pacyeTHON Mozaenu Ha 180°.

Z, MM

144,9 - - - ‘ ‘

143,8
142,6
141,6

140,5

139.5 . : : ‘ ‘
0 60 120 180 @.°

Puc. 5. Fpa(an NEPEMEIICHUS BRIXOAHOTO 3B€HA B OTHOCHUTEIILHON CUCTEME KoopauHaT

M, H-Mmm

281,84 ‘ - 1

164,90

82,90

/ \
/ | | | \

0 60 120 180 o,°

Puc. 6. rpa(i)I/IK HU3MEHCHUS KPYTALICTO MOMEHTA B IPOLECCE NPOBEACHNUA UMUTALIUOHHOI'O SKCIICPUMEHTA

3Ha4YeHNsI UCCIIEAYEMBIX MapaMeTpOB, MOIyYEHHBIE NMPH MOMOIIM CHUMYJSIMH (MMHUTAIMOHHOTO 3KCIEPHUMEHTA),
OTJIMYAIOTCSI OT 3HAYCHUH MOJTyUYECHHBIX TEOPETHUECKHU He Oosee, ueM Ha 3 %.

OO0cy:kaeHne U 3aKjI0YeHus1. B paMkax mpeactaBieHHON padOThI POBEICHB KHHEMATHIESCKUNA U CHIIOBOM aHAJIA3bI
3JIEMEHTApHOI0 CErMEHTa MPUBOJHOM LIENMU MAHUIYJISTOPHOTO YCTpoiicTBa. IloyueHHble aHATUTUYECKUE 3aBUCUMOCTH
MO3BOJIMJIM OTPENIEJIUTh MaKCUMaJbHbIE 3HAUEHUs JIMHEMHOTO NepeMelIeHHs U Pa3BUBAEMOI0 KPYTSIIEro MOMEHTa B
MPUBOJTHOM CETMEHTe. Pe3ynbTaThl HMMHUTAIMOHHOTO 3KCIIEpUMEHTa, peanm3oBaHHOro B cpeme NX Nastran, wu
MOCJIEIYIOIIEr0 CPABHUTENILHOTO aHaIM3a MOKa3ajil XOpolllee COOTBETCTBUE MOMYUYCHHBIX aHAIUTHUECKUX 3aBUCUMOCTEN
10 OTHOIICHUIO K TPEXMEPHOU JTHHAMHIECKOW MOJIEITH 00BbEKTa. DTO MO3BOJISICT CIIENATh BEIBOI O TOM, YTO HOJTYYCHHBIC
AaHAJIUTHYECKHE 3aBUCHUMOCTH MOTYT OBITh HCIOJIB30BAaHBI TPH pPa3pabOTKE CHUCTEMBl YIPaBICHHS IPHBOIOB
BBIILIEPACCMOTPEHHBIX MAHHUITYJISATOPHBIX yCTpOMCTB. IIpoBeneHHbIE UCCIENOBaHMs NOKAa3aJld, YTO LENb M3 CETMEHTOB
paccMaTpUBaEMOTr0 PBYAKHOTO MeXaHW3Ma O0IafaeT XOPOIIMMH IEePEeHaTOYHBIMH CBOMCTBAMH M TPH JOCTaTOYHOM
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JUIMHE MOJKET 3aMEHHTh Iepefady Ha OCHOBE CKpyuuBaHMs HUTH. OJIHAKO YCTPOMCTBO MCCIedyeMo nepexaun Ooiee
crnoxxHoe. HecMoTpst Ha 3T0, Iepesjaya Ha OCHOBE CKPYYMBAHHUS LIEIM CETMEHTOB 00JIafaeT TaKUM IIPEHMYILECTBOM, KaK
BO3MOXKHOCTH 0OecTieueHHs OOJIBIIETo YHCiIa paboyrx MUKIOB MaHHUITYIISITOPHOTO YCTPOMCTBA € COXpaHeHHEM TpeOyeMoit
TOYHOCTH ITO3UIIMOHUPOBAHMS U IIOBTOPSIEMOCTH 32 CUET MEHBIINX Je(hOpMAIHil HIIEMEHTOB LISTIH.
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AHHOTAN NS

Beedenue. PaccmarpuBaercst BOIpOC MOBBIMIEHUS 3()(EKTHBHOCTH Tpoliecca JIC3BUMHOW 00pabOTKHM H3Ienui u3
MIOPOIIKOBOI ObIcTpopekymiel cramu. llpemmaraercs HCHONB30BAaTh TOYEHHE (PE3CPOBAHHEM KaK AIbTCPHATHBY
KJIaCCHMUYECKOM TokapHOW o00pabotke. IlokasaHel mpeuMylnecTBa AaHHOTO Meronga. [laH 0030p HCClenOBaHUM,
TIOCBSIIICHHBIX MOBBIIICHNIO KauyecTBa IMOBEPXHOCTH JAETalel IpU TOUeHHHU (pesepoBaHueM. Llenpio paboThl SBUIIOCH
OTIpEiCTICHUE BJIMSHUSA PEXMMOB DPE3aHMs Ha IIEPOXOBATOCTH IOBEPXHOCTH IIPU OPTOTOHAIBHOM METONE TOYCHHS
(b pe3epoBaHUEM MTOPOIITKOBOI OBICTPOPEKYILECH CTATH MOHOJUTHOM (hpe3oid.

Mamepuanet u memoowl. IIpUMEHSINCH METOABI CTATHCTHYECKOTO aHalM3a, OCHOBAHHbIE Ha CO3JaHUH
MaTeMaTU4ecKOd MOJIeTH TPOTHO3MPOBAHHMS MHUKPOTEOMETPHYECKUX OTKJIOHEHHH 00padaThiBaeMOi IOBEPXHOCTH.
MeTo]| SKCIIEPUMEHTAIBLHOTO HMCCIIEIOBaHMS MCIONB30BAJICS JJIs IIPOBEPKU aJ€KBaTHOCTH MAaTeMaTHYeCKOH MOMENH.
[TnanupoBaHue SKCHEPUMEHTa IMPOU3BOJMIOCH [0 HEKOMIO3WIMOHHOMY IUIaHy, MpeajiokeHHOMY bokcom wu
BeHKMHBIM. DKCIIEpUMEHT OCYIIECTBISUICS HA TOKApHOM 00pabaThIBalOIIeM IEHTPE ¢ NPUBOAHBIM HHCTPYMEHTOM. B
KavyecTBe MaTepuana o0pasIoB JyIsl IPOBEJCHNUS 3KCIICPUMEHTa OblIa IPUMEHEHA MMOPOIIKOBasi OBICTPOPEXKYILAs CTANb
BOHLER S390 MICROCLEAN. B kauecTBe peylIero MHCTPYMEHTa MPUMEHEHA MOHONMTHAS TBEPIOCILIABHAS
¢pe3a. B xozxe sxcriepuMeHTa BapbUPOBAINCH CKOPOCTh PE3aHusl, MUprHa (hpe3epoBaHus U noaada Ha 3y0. Vizmepenne
IIEPOXOBATOCTH 00pabOTaHHON TIOBEPXHOCTH MPOU3BOMIIOCH KOHTAKTHBIM IPOQHIOMETPOM.

Peszynemamul uccnedosanusn. Pazpadorana mateMaTHdeckas MoJielib JOpMHUPOBaHHMS IEPOXOBATOCTH MOBEPXHOCTH B
3aBUCHMOCTH OT HapaMeTpoB 0OpabOTKH. B Xone IKCIepUMEHTOB ONpEeesieHO BIUSHUE CKOPOCTH pe3aHus, MoAaqyu
WHCTPYMEHTa U paJvajbHOW IITyOWHBI pe3aHHsi Ha MIEPOXOBATOCTb OOPaOOTaHHON MOBEPXHOCTH. YCTaHOBIIEHO, YTO
3aBUCHMOCTH ILIEPOXOBATOCTH OT IOJIAUM MMeEET JIMHEHHBIH XapakTep Ha BCEM HCCIIEAYEMOM JHana3oHe PeKHMOB
pe3anus. B cBoro ouepenb 3aBHCMMOCTh IIEPOXOBATOCTH OT CKOPOCTH pe3aHMsi M IIMPUHBI PE3aHUsl HUMEeT
napabonuyecknii xapaktep. [lomydeHHble pe3yibTaThl IO3BOJISIIOT JOCTHraTh IIEPOXOBATOCTH 00paboTaHHOM
noBepxHoctd Ra = 1,85 6e3 CHIKEHMS IPOU3BOUTEIILHOCTH 00PaOOTKH.

Oécyracoenue u 3axniouenusn. PaspaboraHHas mMareMaTHuecKas MOJENb OTPaKaeT BIMSHUE PEXKHUMOB pE3aHUS Ha
LIEPOXOBATOCTh IIOBEPXHOCTH TIPH TOYCHHWH (pe3epoBaHUEM OBICTPOPEXKYILEH CTalM MOHOJHMTHON (pe3oi.
Pe3ynbraThl NMpoOBEIEHHBIX HCCIEJOBAaHMH MOTYT OBITH MCIOJIB30BAHBI JJISI ONpPEIEICHUS ONTUMAIBHBIX PEXHMOB
pe3aHus, O0O0ECIEUUBAIONIMX 33aJaHHOE Ka4yeCTBO MOBEPXHOCTH MpPH M3TOTOBJICHHHM pEAIbHBIX JeTajeld B
MPOM3BOJICTBEHHBIX  yCIOBHsX. [IpoloyDKeHHE — HCCIIEOBAaHMM  PEKOMEHIYeTCs HpPOBOAUTH €  KOHTPOJIEM
JIONIOJIHUTENBHBIX ~BBIXOJHBIX MapaMeTpoB, TAaKMX Kak TeMIeparypa ¢ BHOpauus. YMEHbIICHHE BIUSHHS
pereHepaTUBHBIX aBTOKOJIEOaHUT HA IEPOXOBATOCTh 00PA0OTaHHOM MOBEPXHOCTH MOYKHO JIOCTHYb 33 CYET HA3HAUCHHS
PEKUMOB pe3aHust Ha 6a3e pe3yJbTaTOB MOJAIBHOTO aHAJIH3a TEXHOJIOTHYECKOW CHCTEMBI.

KiaioueBble ciaoBa: TOYCHHE (bpeSepOBaHI/IeM, TBEpAOCIJIaBHAA (bpe3a, mIepoxXoBaTOCTh, 6LICTp0pe)KyHIa$I CcTallb,
MOACIMPOBAaHUE TPpOLECCa PE3aHUS.

BJIﬂI‘OIIapHOCTI/l: ABTOPBI BbIpAKAIOT 6J'IaFO,Z[apHOCTB peaaKkiuru U peUCH3CHTaM 3a BHUMATCJIbHOC OTHOIICHUE K CTAThC
1 YKa3aHHBIC 3aME€YaHUsl, KOTOPLIC IMO3BOJININ MOBBICUTH €€ Ka4€CTBO.

© Mamnvieun I'. B., Casunog A. B., [Iameix A. C., Tumoghees C. A., 2022

MaH_II/IHOCTpOeHI/Ie U MalllTMHOBCACHUEC

99


https://doi.org/10.23947/2687-1653-2022-22-2-99-106
mailto:gmatlygin@mail.ru
https://crossmark.crossref.org/dialog/?doi=10.23947/2687-1653-2022-22-2-99-106&domain=pdf&date_stamp=2022-6-30
https://orcid.org/0000-0002-5484-6250
https://orcid.org/0000-0003-2028-4162
https://orcid.org/0000-0002-4116-9190
https://orcid.org/0000-0003-2412-4086

http://vestnik-donstu.ru

Mamnwvizun I'. B. Hccenedoganue enuanusa pejxcumos pe3anus Ha 6bIX00Hble NApamMempsl npu mouenuu Qpeszeposanuem

Jns nurupoBanms: lccnenoBaHue BIMSHHMS PEXKHMMOB pe3aHUsl Ha BBIXOAHBIE IapaMeTpsl HPU  TOYEHHH
¢dpesepoBanueM OvicTpopexymei ctamm / I'. B. Matneirun, A. B. Casuios, A. C. Ilateix, C. A. Tumodees // Advanced
Engineering Research. — 2022. — T. 22, Ne 2. — C. 99-106. https://doi.org/10.23947/2687-1653-2022-22-2-99-106

Original article
Study of the effect of cutting modes on output parameters under high-speed steel turn-milling
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Irkutsk National Research Technical University, 83, Lermontov St., Irkutsk, Russian Federation
D4 gmatlygin@mail.ru

Abstract

Introduction. The article elucidates increasing the efficiency of turn-milling of powdered metal high-speed steel
products. Turn-milling can be used as an alternative to the traditional turning method. The article describes advantages
of the turn-milling method. A review of studies devoted to improving the surface quality of parts when turning by
milling is given. The work aims at determining the effect of cutting modes on the surface roughness by the orthogonal
turning method through milling powdered high-speed steel with a monolithic cutter.

Materials and Methods. Statistical analysis methods based on the creation of a mathematical model for predicting
microgeometric deviations of the treated surface were used. An experimental research method was applied to verify the
adequacy of the mathematical model. The experiment was planned according to the non-composite design proposed by
Box and Behnken. The experiment was carried out on a turning machining center with a driving tool. Powdered high-
speed steel BOHLER S390 MICROCLEAN was used as sample material for the experiment. A monolithic carbide
milling cutter served as a cutting tool. During the experiment, the cutting speed, milling width, and feed per tooth
varied. The roughness of the treated surface was measured by a contact profilometer.

Results. A mathematical model of the formation of surface roughness depending on the processing modes was
developed. During the experiments, the effect of cutting speed, tool feed, and radial cutting depth on the roughness of
the treated surface was determined. It was established that the dependence of roughness on feed had a linear character
over the entire investigated range of cutting modes. In turn, the dependence of roughness on the cutting speed and
cutting width had a parabolic character. The results obtained allowed us to achieve the roughness of the treated surface
Ra = 1.85 without reducing the processing performance.

Discussion and Conclusions. The developed mathematical model reflects the impact of cutting modes on the
surface roughness when turning high-speed steel with a monolithic cutter. The results of the conducted research
can be used to determine the optimal cutting modes that provide a given surface quality in the manufacture of real
parts under the production conditions. It is recommended to continue the research with the control of additional
output parameters, such as temperature and vibration. Reducing the effect of regenerative self-oscillations on the
roughness of the treated surface can be reached through assigning the cutting modes based on the results of a
modal analysis of the process system.

Keywords: turn-milling, carbide cutter, roughness, high-speed steel, cutting simulation.
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BBenenne. AnbrTepHaTHBON KIIACCHMYECKOTO IIpollecca pe3aHMs sABIseTcs ToueHue ¢pesepoBanueM. IlepBbie
TIOTIBITKM OTMCAHUS AaHHOTO BHAA 00pabOTKM M €ro NMpaKkTHYECKOTO NMPUMEHEHHs HMEIH MECTO B IEpBOH MOJOBUHE
XX 8. B 1948 r. I'. W. I'paHOBCKHil ommcall KHHEMATHKy OOPaOOTKH MHIMHIPUYECKON BpAaIAIOIICHCs IETaau C
nomoteio ¢pe3sr [1]. B 1964r1. A.O.DTuH onmcan pas3idyHble METOABI TOUYCHHS (pe3epoBaHHEM, B T. .
¢pe3epoBaHe MHCTPYMEHTOM C OCBIO, MAapajUIeTbHON OCH JeTanw, W (pe3epoBaHHE NIIMHAPHUECKOH (pe3or ¢
KPYroBOW M TaHTEHIMaJbHOM momauamu [2]. TIpUHATO CYMTATH OCHOBOIOJOXKHHKAMH MPAKTHYECKOTO TPUMEHCHHS
nagHoro meroga llymema m Ilmypa. OHM paszgenunu omepanny TOYEHHUS (Qpe3epoBaHMEM Ha JBE TPYIIIHL
OpPTOrOHANBHbIE W TaHreHUWai bHble [3]. 3HauuTeNnbHBIA BKJIaA B HM3yYCHHE TOKAPHOTo (pe3epoBaHUs BHECIH
Kaparysen, bakkan, bBynak, KoTopele wHCclenoBanmu MEXaHWKYy W TEpPMHYECKHE aCIEeKThl TOKapHO-(hpe3epHOH
00paboTku. OHM TakxKe pa3paboTany MOJEIH JUIS IPOBEPKH F€OMETPUH Mpoliecca, KHHEMAaTHKN M MEXaHHUKH, KauecTBa
obpabaTbsiBacMbIX [eTaleii B OPTOTOHANBHBIX U TAHTCHIMATBHBIX TOKAPHO-(PPE3epHBIX onepanusx [4].
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AxTyaspHON MpoGieMoi MpH BHEAPCHUH OIEpaliK TOYCHHUS (pe3epoBaHHUEM SBISCTCS IOCTHIKEHHE BBICOKOTO
KauecTBa IIOBEPXHOCTH, B IIEPBYIO O4YEpeIb — YMCHBIICHUS LIEPOXOBATOCTH. AHANU3 MyOJIMKaUWi MO3BOJISCT
BBIZICIUTH OCHOBHBIC HAIIPABIICHNS B HCCICAOBAHUH ITyTeH JOCTHIKCHHUS BEICOKOI'O Ka4eCTBA TOBEPXHOCTH:

— M3y4YCHHE BIUSHUS dKCIIeHTprcHTeTa [5];

— ompeneseHHe NPOGWIA PEeXYIero MHCTPYMEHTa CO CMCHHBIMH MHOTOTPAaHHBIMH IUTACTHHAMH C KPYIJIOH H
CKPYTIICHHOM PEXYIIUMA KpOMKaMHu [6];

— M3YUYCHHE BIUSHUS TEMIIEPATypHI B 30HE pesanust [7];

— MPOTHO3MPOBAHHE  W3HOCOCTOMKOCTH  PEXYIIeH  KPOMKA TpH  NOPUMEHEHHH  ONepalid  TOYCHHE
¢bpeseposanuem [8].

CrieryeT OTMETHTb, YTO B YKa3aHHBIX paboTaX B KAYECTBE HCCICAYEMBIX MATCPHAIIOB IPHMEHSIINCH TPaIHIIHOHHbIC
KOHCTPYKLHOHHBIE cTani. MccnenoBaHusi ObICTPOPESIKYILCH CTaNd, B TOM YHCIIE MONYyYEHHOW METOAOM MOPOLIKOBOI
METaJUTyprHi, HE SBISIOTCS PACOPOCTPAHCHHBIMH. JTO OrPaHHYMBACT NPUMEHEHHE MPCHMYILIECTB TOUYCHUS
¢bpe3epoBaHmeM IS W3TOTOBICHHS  BpAMIAIOIMXCS PEXymux wHCTpyMmentoB [9]. [lanHoe HampaBiieHue
MexaHooOpabOTKM MOXXHO OTHECTH K o00JacTh, TAe TOYeHHe (pe3epoBaHHEM MOXKET JaTh HaMOONBIINN
SKOHOMHYECKUH 3P PEKT.

Ha ka4ecTBO MOBEpXHOCTH BIHSACT HCIOJB3YEMbBIH PEXyIIUHd MHCTpYMEHT. Hampumep, nmpHMeHEHHE KOHIEBBIX
¢dpe3 co CMEHHBIMH MHOTOTPaHHBIMH IUIACTHHAMH HE BCErla MNO3BOJSICT AOCTHYh TpeOyeMoW IepoXOBaTOCTH
noBepxHocTH [10]. BakHO OTMETHTB, YTO paccMaTpuBaeMasi IKCIIEPUMEHTAIbHAS YaCTh MCCIIEIOBAHMN MPOBOAUTCS HA
MHOTOIETIEBBIX CTaHkaX. OmHAKO TOoueHHEe (PE3CPOBAHHEM TaKKE MOXKET TMPHUMEHATBCS M Ha TOKAPHBIX
00pabaThIBAOIIKX IIEHTPAX ¢ IPUBOIHBIM HHCTpyMeHTOM [11].

Lenpro naHHOW pabOTHI SBISIETCS ONpENeNiCHUE BIUSHUS PEKMMOB PE3aHHs HA [IEPOXOBATOCTh MOBEPXHOCTH NPHU
OpPTOTOHAILHOM METO/I€ TOUSHHUS (Ppe3epOBaHUEM MTOPOIIKOBON OBICTPOPEXKYILEH CTalu MOHOJIUTHOU (pe3oi.

MartepHaiabl U MeTOABI. DKCIICPUMEHT NPOBOIMICS HAa TOKAPHOM OO0padaTHIBAIOIIEM LCHTPE C IPUBOIHBIM
uncrpymearom DMG NEF400 (puc. 1).

Puc. 1. 3ona 06paboTku npy SKCIIEpUMEHTE

B kadecTBe HCCIEAyEeMOr0 MaTepHala MHCIIONb30BAHA IOPONIKOBAs ObIcTpopexymas crams BOHLER S390

MaLHI/IHOCTpoeHI/Ie 1 MallIMHOBCACHUC

MICROCLEAN®. 3arotoBka npezcraBisiia co60i mwamiaap pasmepoM 88x300 MM i 3aKpersuiach B TPEXKYIauKOBOM
THAPABINYECKOM IMATPOHE C IODKATHEM LEHTPOM, YCTAHOBJICHHBIM B 3amHeill 0aOke cranka (puc.2). B kauectBe
PEXYIIEro HHCTPYMEHTa HCIOJIb30BaHA MOHOJIUTHAS TBepAociuiaBHas ¢pesa YG-1 GM999 12(R3)x12x32x75, z = 5.

101
'M390-BOHLER Russia // www.bohlernn.ru : [caiit]. URL: https://www.bohlernn.ru/ru/products/m390/ (nata oGpamenus: 14.12.2021).
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OO0paboTka mpoBoAMiIach 0Oe3 NPUMEHEHUS CMa30YHO-OXJIXKJAloUled >KUAKOCTH. M3MepeHHs MIepoXOBaTOCTH
00paboTaHHOM TTOBEPXHOCTH TIPOM3BOIMINCH Ha cTanmoHapHoM npodumomerpe Taylor&Hobson Form Talysurf 200.

Xumngeckuii cocras cramu BOHLER S390 MICROCLEAN:

1,64 % C; 0,60 % Si; 0,30 % Mn; 4,80 % Cr; 2,00 % Mo; 4,80 % V; 10,40 % W; 8,00 % Co.

Texuosormdeckue coiictea crann BOHLER S390 MICROCLEAN, TIpeJCTaBICHHBIE B OATBHON cucTeMe U3 5
0aJuTOB, COOTBETCTBYIOIINX MAKCUMAIBHBIM 3HAUCHUSM CBOICTB JAHHOW TPYIIIIBI CTAJICH:

— MPOYHOCTH Ha cxkaTHe — 4;

— numdyemocts — 3;

— TpOKaTUBaeMoCTh — 4;

BSI3KOCTH — 4;
HM3HOCOCTOHKOCTE — 4.

Puc. 2. Cxema opTOroHaNIbHOIT 00paboTKH MOHONUTHOMH dpesoit YG-1 GMG19910

Maremarudeckas MOJECJb OTKJIOHCHHUSA MICPOXOBATOCTHU TMOBEPXHOCTHU Ra wmoxer OBITH peacTaBJIiCHA

ypaBHeHuem [11]:
InRa = InD + ¢, - Inf, + ¢11 * Inf2 + ¢, - InV, + ¢yp - InV,2 + ¢5 - Ina, + ¢33 - Ina?,

>
S
= rae f, — momga4a, MM/3y0; V, — CKOpPOCTb pe3aHusi, M/MUH; 8, — IIUPHHA PE3AHHUS, MM.
e
a INeperMeHyeM 3TO BBIPXKESHHUE CIIEAYIOLIHMM 00pa3oM:
o — . . . x2 . L x2 . v y2
S Y1 =900 Xot g1 X1t G11°"XT + g2 X2 + g2z " X3 + g3 X3 + g33 " X3,
= rae ¥, = InRa; Xo — GUKTUBHASA NepeMeHHas; Xi, Xz, X3 — KOJMPOBaHHbIC 3Ha4YeHUs: (GakTopoB; go, g1, Y2, g3 —
c
2 MOCTOSIHHBIE KOA()(DUIIUEHTBI.
5]
> KonupoBaHue epeMeHHBIX OCYIIECTBIISIETCS 110 CICAYIOIUM COOTHOUICHHSIM:
~~
Py B 2(nf,+1Inf, ) _
ﬂ x1 - 1 — 1 + 1,
= nfzmax nfzmin
= 2(InV, +InV, ) 11,
2TV, —1InV, ’
max min
2(Ina, +1na )
102 X3 = e €max + 1‘

In aemax —In aemin
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rae fzmax’ V

a
Cmax’ "emax

— BEpXHHUE yPOBHU (aKTOPOB; f .,V

., Q0 .
Cmin’ “"€min

OCHOBHbBIC YPOBHHU (baKTOpOB. 3HaYEeHHUS YTHX napaMeTpoOB MMPCACTABJICHBI B TaGJ’II/IHe 1.

3HaveHus ypoBHeW (akTOpPOB IKCIIEpUMEHTa

— HIKHUE YPOBHU (HaKTOPOB; f, , Vo), Aoy —

Tabnuma 1

Hwxnnit yposess (- | OcHOBHO# ypoBeHb | BepxHmii ypoBeHB
®DakTophl Kox 1) ) (+1)
£, MM/3y0 Xq 0,04 0,08 0,12
V¢, M/MUH Xy 80 90 100
e, MM X3 1 2 3

DKCIepHMEHT IUIAHUPYETCS IO HEKOMITO3HUIMOHHOMY ILIaHy, NpemiokeHHOMY bokcoMm u BeHkMHBIM. DTOT miaH
MIPECTaBIIET COOOH BRIOOPKHU CTPOK M3 TIOTHOTO (PAKTOPHOTO SKCIEPUMEHTA THIIA 3%, Ou BrOUaeT B ce6s 15 OmBITOB.
Marpuna miasa npuBeeHa B Tadnuie 2.

Tabmuma 2
Marpuia pe3ysibTaToB INIAaHUPOBAHMUS IKCIIEPUMEHTA

Ne BrixonHoit

n/n DaKTope! napameTp
Xo Xy Xy X3 XiXo | XoXg | XoXa | Xi° | Xo° | Xg Ra, MKM
1 1 -1 -1 0 1 0 0 111]0 0,9487
2 1 1 -1 0 -1 0 0 111]0 1,5583
3 1 -1 1 0 -1 0 0 11110 1,2183
4 1 1 1 0 1 0 0 11110 1,7555
5 1 -1 0 -1 0 1 0 1101 1,5674
6 1 1 0 -1 0 -1 0 1101 1,9084
7 1 -1 0 1 0 -1 0 1101 1,5198
8 1 1 0 1 0 1 0 1101 1,9505
9 1 0 -1 -1 0 0 1 011 1,8912
10 1 0 1 -1 0 0 -1 011 1,0914
11 1 0 -1 1 0 0 -1 011 1,6132
12 1 0 1 1 0 0 1 0|11 1,7664
13 1 0 0 0 0 0 0 00O 1,5668
14 1 0 0 0 0 0 0 00O 1,5081
15 1 0 0 0 0 0 0 00O 1,5046

Bekrop ko3 duimentos onpenemnsercs no popmye:
B=X"X)"1xTy.
Hucniepcuu S 2(b]-) K03 (PHUIIMCHTOB PErpecCuy HAXOISATCS U3 BRIPAKCHHS:
S2(bj) = ¢S5,
IJIe C;; — JMATOHATBHBIC YIIEMEHTHI MaTpHIEl XX Sy — JuCIepens SMITUPUYECKON PErpecCHL.

CpenHee 3HaYCHUE W JUCIIEPCUS OMPEACIIACTCS BEKTOPOM OIBITOB B IIEHTPE IUIaHA.
Cpennee 3HaueHUE:
_ *io Yy,
3
rae Yy, — BEeKTOp 3HA4YCHUH (PYHKIMH OTKIIUKA B IIEHTPE IUIaHA.

Hucnepcus:

MaH_II/IHOCTI)OCHI/Ie 1 MallIMHOBCACHUC

g2 = 2%=0(Yui_y>2_
y 2
ITo pe3ynbratamM OMBITOB, MPOBEICHHBIX MO IUIAHY (Ta0ll. 2) MOXXHO ONPENCIHTh MOCTOSHHBIE KOA(P(UIHEHTHI
YpaBHCHHS:
Y=o Xot+ g1 X1+ Ggo Xyt gz X3+ g1z Xy X+ g1z X1 X3+ g3 X2 X3
+911 X + Gop X5 + g33* X35 103
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No
1
9o = n_o You
u=1
N
gi=4 Z XijVj;
j=1
N
gu=D Z XijX1;¥j;
j=1
N k N Mo
=B ) xfy+C 2y, - ——
g3 = XijYj XijYj pn You
u=1 i=1j=1 0 u=1
rae Ny — 4HCIO ONBITOB B LEHTPE IUaHa; U — HOMEp MapajUIeNIbHOTO OIbITa B IEHTPE IUIAHA; Yo, — 3HAUYCHHE
GyHKIME OTKIMKA B U-OM ombiTe; N — YHCIIO ONBITOB B MAaTpHULE IUIAHHPOBAHUS, | — HOMEp OIBITa B MaTpHIIC
IUTaHUpOBaHus; i, | — HoMepa (akTOpOB; Xjj, Xjj — KOJUPOBaHHBIC 3HaYeHUe i-ro U |-ro gakTopoB B j-M ombITe; Yj —

3HAUeHHE PYHKIIMU OTKJIHMKA B j-M OIIBITE.
U3 sroro cnenyet: g, = 1,388; g, = 0,24; g, = —0,022; g; = 0,268; g1 = 2,413; g,, = 2,267; gz3 = 3,072.
Takum o0pa3oM, MOETb 3aBHCHMOCTH OTKJIOHCHHUS MIEPOXOBATOCTH MOBEPXHOCTH OT MapaMeTpOB 0OpabOTKH U
IUPUHBI pe3aHus OyJeT UMETh BU/I;
Ra = 1,388 + 2,413 f2 — 0,24 - f,.
Pe3yabTaTsl  HcclieoBaHHA. 3aBHCHMOCTH IIEPOXOBATOCTH MOBEPXHOCTH OT PEXKHMOB  PE3aHUAL
MpeACTaBICHBI Ha PUC. 3.

RN
OOCAEXR
XX

: PR
(OSSR
OS>
%%%% %%

Puc. 3. 3aBucUMOCTH OTKIIOHEHHUS TTapaMeTpa IMepoxXoBaTocTu Ry
a — ot nojauu Ha 3y0 f, u oT ckopoctu pesanust V¢, 6 — 0T CKOpOCTH pe3anus V. U NIUPUHBI (pe3epoBaHUs Ae;
6 — OT IUPHHBI Ppe3epoBaHus &, U Moaa4du Ha 3y0 f,

AHaJM3 NOJNYyYeHHBIX PE3YJIbTATOB IOKa3bIBAET, YTO 3aBUCHMOCTh LIEPOXOBATOCTH OT IOJAYH UMEET JIMHEHHBIN
XapakTep Ha BCEM MCCIEIyeMOM IMana3oHe PEXMMOB pesanust (puc. 3 a, 6). Ilpu 3TOM C yBeIHMUCHHEM IMOIa4n
LICPOXOBATOCTh NPONOPLMOHAIBHO YBEIMYUBACTCS, YTO COINIACYETCS C OCHOBHBIMH IOJIOKCHUSIMH TEOPHUH PE3aHHS.
MakcumanbpHOEe 3HaYeHHWE MapaMeTpa LIepoxoBaTtocTH R, cocraBmser 1,85 MKM, 4YTO COOTBETCTBYeT HamOolee
pacIpocTpaHEHHBIM TPeOOBaHUSIM NPH YHCTOBOW MEXaHOOOPaOOTKE B MAIIMHOCTPOSHHH.

3aBHCUMOCTD IICPOXOBATOCTH OT CKOpocTH pe3anus V. (puc.3 a,6) uMeeT napaboNMYECKUid XapakTep ¢
MaKCHMaJIbHBIMU 3HAYEHUSIMU IIEPOXOBATOCTH B Auana3oHe ckopocreil pesanus 90-95 m/muH. [laHHbBIN (QakT MOKHO
OOBSACHUTH TEM, YTO B YKa3aHHOM J[HAaIla30HE CKOPOCTeH pe3aHus mMeeT MecTo 3(Q¢eKT HapocTa MaTepuaia Ha
PeKYIIyI0 KpOMKY. Jlis TOATBEpKAEHHS YKa3aHHOW THIOTE3bl HEOOXOAMMO MPOBEICHUE JOMOJHHUTEIbHBIX
HCCJIEJOBAaHUH C KOHTPOJIEM TeMIIepaTyphl B 30HE PE3aHMUsI U HCIIOJIb30BAHHEM BBICOKOCKOPOCTHOM BUIEOKaMephl JUist
HaAOJIIOICHHUS 3a MPOIIECCOM CTPYKKOOOPa30BaHMS U BO3MOKHOTO (DOPMHUPOBAHMS HAPOCTA.

Bnusinue mupuHbl Qpe3epoBaHusi @, Ha IIEPOXOBATOCTh MOBEPXHOCTH MMEET TAKKE MapabOMuecKHil XapakTtep
(puc. 3 6, 6), HO TIPH ITOM MaKCHUMAIIbHbIC 3HAYCHHS LIEPOXOBATOCTU AOCTHTAKOTCA HpH 8 = 0,25 MM 1 &, = 3 MM, a
MHUHHMaJIbHOE 3HaUeHHe — IpH a8, = 1,8-2,2 MM. MoXHO mosnarate, 4TO B yKa3aHHOM JWalla30He MIMPUHBI PE3aHUs Ha
nporuecc 00pabOTKH B MEHbLIEH CTEIICHH BIUSIOT PEreHepaTHBHBIE KOJeOaHMs, 3aBHUCSIINE TAKXKe OT KOHCTPYKTUBHBIX
1 TeOMETPUYECKHUX ITapaMeTPOB PEKYIIEro HHCTPYMEHTA.
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B nTOre MoXHO KOHCTATHpOBaTbh, YTO IPH YCTAHOBJICHHBIX PEXMMAaX PE3aHUs YIaJOCh JOCTHYb ILIEPOXOBATOCTH
MMOBEpXHOCTH He BhIIIe R, = 1,85 6e3 moTepu mpou3BOIUTEIFHOCTH MIpOIIecca.

O6cyxaenne u 3aka04enus. Pazpaborana MaTeMaTH4YeCKas MOJIEIIb, OTPAXKAIOIIAs BIMSHHUEC PEXKUMOB pe3aHHs Ha
IICPOXOBATOCTh MOBEPXHOCTH IPH TOYCHUH (pesepoBaHHeM OBICTPOPEXKYLIEH CTaId MOHOJIHMTHOW (pe3oil.
PesynbTaThl NPOBENEHHBIX HCCICIOBAHUA MOTYT OBITH HCIIOJIB30BAaHBI Ul ONPENEICHHS ONTHMAIBHBIX PEXHUMOB
pe3aHHs, OOECIEYMBAIOIINX 3aJaHHOE KAadeCTBO MOBEPXHOCTH IPH M3TOTOBJICHHHM pealbHBIX Jerajeld B
MIPOMU3BOJICTBEHHBIX YCJIOBHSIX.

PexomMennyercss nmpoBeJeHUE JOMOJIHUTEIBHBIX HCCIENIOBAHUH C KOHTPOJEM TEeMIIepaTyphl B 30HE pe3aHusi U
BuOpaumii. Ha3zHaueHune pexuMOB pe3aHusi CIEAyeT MPOBOJAWTh Ha 0a3e pe3ynbTaroB MOAAIBHOIO aHal3a
TEXHOJIOTUYECKOH CHUCTEMBI JUISi YMEHBIICHHS BIHMSHUS pPEreHEpaTHBHBIX aBTOKOJIEOaHMH Ha IIEpOXOBATOCTh
00paboTaHHOI1 TOBEPXHOCTH.
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AHHOTAIUSA

Beedenue. 3a mocneaHee AECATUIETHE CIPOC B MHPE HAa pe3epByaphl BBICOKOTO JaBJICHHS CYHIECTBEHHO BO3pOC,
0COOCHHO B TaKHX OOJACTSIX MPOMBIIUICHHOCTH KaK aBHAIMOHHAs, KOCMHYECKas, XMMHUYECKas W He(Terazonasd.
Haxozsick monl MOCTOSHHBIM BO3JEHCTBHEM BBICOKOTO BHYTPEHHETO AABJICHHS, CTEHKH DPE3EPBYapOB HCIBITHIBAIOT
MOBBIIIEHHOE HAINpPsDKEHHE, 4TO MOXKET CTaTh NPUYMHOM MX BHE3amHOro paspyumeHus. Jlns ycTpaHeHHsS Takoi
BO3MOXKHOCTH M YJIy4IIEHHs NPOYHOCTHBIX XapaKTEPUCTHUK pe3epByaphl M3rOTaBIMBAIOT B (opMe MeTaIM4ecKux
LHWINHAPOB C BHYTPEHHHM IIOKPBITHEM M3 KOMIIO3UTHOTO MaTepuaya, COCTOSALIET0 M3 CMOJBI, apMUpPOBaHHOI
YIJIEepOJHBIMH BOJIOKHaMU. Llens HacToseil cTaThy 3aKiI0danach B M3YYEHHUH BIMSHUA yIJIa HAKJIOHA YTJIEPOIHOTO
BOJIOKHA Ha HIMJIMHIPUYECKHE pe3epBYyapbl W ONpPEeNICHHH BEIMYMHBI MAKCHMAJIBHOTO Pa3pyIIAlOIIero AaBICHUS C
HCTIOJIB30BaHUEM METO[a KOHEUHBIX IeMeHTOB mporpamMmmbl ANSY'S.

Mamepuanvt u memoodv. C nomoupto nporpaMmmbl ANSYS co3naHa KOHEUHO-3JIEMEHTHasi MOJENb pPe3epByapa,
COCTOSIIIIETO M3 LEHTPAIbHOH YacTH B BHAE METAIMYECKOTO LIJIMHApPA C BHYTPEHHHM IOKPBITHEM M3 IIOJIMMEpA,
apMHPOBAHHOTO YIJICPOJHBIMH BOJOKHaMu. [lo Topmam pesepByapa pasMemIeHBl MOJycdepbl cO CIUpaILHON
HaMOTKOHM. JInsi MOAeNMpOBaHUS CIOMCTOrO KOMIIO3UTHOTO MaTepHana HCIOJIb30BaHAa KOMaHJHAs 000JI0YKa
SHELL 99, mist onpesienieHust KpUTEPHS pa3pyIIeHHs pe3epByapa BEICOKOTO JaBjieHust — Teopus 1sai-Wu.
Pezynomameut uccnedogéanusn. Moaenb NWIMHAPHYECKOTO pe3epByapa pacCUUTHIBAIACh U ABYX BHIOB HAMOTKH
BOJIOKOH: KOJIBIIEBOW U CIIMPAJILHON MIPU PAa3JIMYHBIX yIJIaX MX HAKJIOHA. Pe3ynpTaThl aHaIN3a BEIMIMHBI TaBICHUS IS
Pa3JIMYHBIX YIIIOB HAKIOHA BOJIOKOH MOKAa3bIBAIOT, YTO, HAYMHAS cO 3HaYeHus yria 0° u 10 45° oHO yBennuuBaercs, a
3areM JI0 3HaYeHus 65° — ymenbinaercs. HauGosbllee IaBieHHE, KOTOPOE MOMKET BbIJAEPIKATH pPE3EPBYyap,
apMUPOBAHHBIN YIIIEBOJOKHOM, cocTaBisgeT 207 MIla npu yrie HakJIoHa BOJOKOH T 45°,

Odbcysncoenue u 3axniouenus. AHaNU3 UCCIEN0BaHUI TIOKA3all, YTO TIPU YIJie HAKIOHA BOJOKOH + 45° MakcuManbHOe
HanpspKeHHWe OKasalach HAaWMEHBIIMM, a MaKCHMaJIbHO BO3MOXKHOE paspyllalollee JaBjeHHE P TOM JKe yrie
cocraBmio 207 MIla. U3 atoro crexnyer, 4To ONTUMAIBHBINA YroJl OPUEHTAIIMN BOJIOKOH JuIsl oOecrieueHus Oe30nacHon
paboThl pe3epByapa BBICOKOTO JABJIEHHs cocTaBisieT T 45° a pesepByap U3 yIJEIUIACTUKA PH TOM K€ YIJie HAMOTKH
BOJIOKOH IMEET MaKCHMAJIbHYIO TPOYHOCTb.

KiroueBble cjioBa: pe3epByap BBICOKOTO JaBJICHHS, KOMITBIOTEpHAs MOIENb, YTOJI HAaMOTKH, KOMITO3HUI[IOHHOE
MOKPBITHE, YTIIEPOIHOE BOJIOKHO, IIOJIMMEPHOE CBSI3YIOILEE.

BaarogapHocTH: aBTOPHI BRIPAXKAIOT OJIar0AapHOCTh PEAAKIINHU M PEIIEH3EHTaM 32 BHUMATEIbHOE OTHOIICHHE K CTaThe
1 yKa3aHHBIE 3aMEUYaHHs, KOTOPbIE MTO3BOJIFIIN ITOBBICUTH €€ Ka4eCTBO.

s nutupoBanmsi: Antu6ac, . P. Mcnonp3oBaHne MeTosa KOHEUHBIX AJIEMEHTOB JUI MOJEIMPOBAHUS pe3epByapa
BBICOKOTO JIaBJICHHMS W3 IIOJMMEpa, apMHPOBAaHHOIO yriiepoaHbIM BosokHOM / W. P. Antmbac, A.T. [Apsuenko //
Advanced Engineering Research. — 2022. — T. 22, Ne 2. — C. 107-115. https://doi.org/10.23947/2687-1653-2022-22-
2-107-115
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Abstract

Introduction. Over the past decade, global demand for pressure vessels has increased significantly, specifically in such
industries as aviation, space, chemical, and oil and gas. Being under the constant impact of high internal pressure, the
walls of the tanks are under increased stress, which can cause their sudden destruction. To eliminate this probability and
improve the strength characteristics, the tanks are made in the form of metal cylinders with an internal coating of
composite material consisting of resin reinforced with carbon fibers. This article aimed at studying the effect of the
angle of inclination of carbon fiber on cylindrical tanks and determining the maximum destructive pressure using the
finite element method of ANSYS program.

Materials and Methods. Using the ANSYS program, a finite element model of a tank was created. It has a central part,
which is a metal cylinder with an internal coating of composite material consisting of polymer reinforced with carbon
fibers. At the ends of the tank, spiral wound hemispheres were placed. In these studies, SHELL 99 was used to model
the layered composite material. The Tsai-Wu theory was used to determine the pressure tank failure criterion.

Results. The cylindrical tank model was calculated for two types of fiber winding paths: annular and spiral, at different
angles of their inclination. The results of the pressure value analysis for different fiber inclination angles showed that,
starting from the angle value of 0° and up to 45°, it increased, and then, up to the angle value of 65°, it began to
decrease. The critical pressure value for a carbon fiber reinforced tank was 207 MPa, which was obtained at a fiber
angle of 45°,

Discussion and Conclusion. Analysis of the studies showed that at a fiber inclination angle of 45°, the value of the
maximum stress turned out to be the smallest, and the maximum possible destructive pressure at the same angle was
207 MPa. It follows, that the optimal fiber orientation angle to provide safe operation of the high-pressure tank is + 45°,
and the carbon fiber tank, calculated at the same fiber winding angle, has the maximum strength value.

Keywords: high-pressure tank, computer model, winding angle, composite coating, carbon fiber, polymer binder.
Funding information: the authors would like to thank the editorial board and the reviewers for their advertency to the
article and the comments, which contributed to its quality.
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Bgenenue. Vcnons3oBaHue pe3epByapoB BEICOKOTO ABICHUS U3 YIIIEPOTHBIX BOJOKOH HAILIO HIHPOKOE
pacIpoCcTpaHeHUE B PA3IMYHBIX 00JACTAX MPOMBIIUICHHOCTH U3-3a CBOUX OTIIMYUTEIbHBIX CBOUCTB, TAKUX KAK MaJIbIif
BEC U BBICOKAsI TPOYHOCTh. [103TOMY B mocie/iHee BpeMsi CIIPOC Ha TaKKe Pe3epByaphl CYIIECTBEHHO BO3POC B TEX
cityyasix, KOTJa Bec urpaet 0oublnyro pois [1, 2].

BaxHe#mMu 0071aCTsIMU PUMEHEHUsT PE3ePBYapOB TAKOTO THIA SIBISIIOTCS a9POKOCMHYECKAsl, aBHAIMOHHAS U
XUMHUUYecKas TexHuka. Kpome Toro, pesepByapbl, apMUPOBAaHHBIE BOJIOKHOM, IIHPOKO UCIOJb3YIOTCS AJIS YBEJINYEHUS
HaTopa MpH TPaHCIOPTHUPOBKE HepTH M raza. Bo MHOrHX ciydasx pe3epByapbl TaKOTO HAa3HAYECHUS IOIBEPraroTCs
BOBHeﬁCTBHm BBICOKOI'O BHYTPCHHETO JABJICHHUA, CICACTBUEM YCTO MOXKET CTaTbh CKa‘-IKOO6p3.3HOG IIOBBIIIICHUC
HaTpsDKCHHS Ha CTEHKaX COCyJa W BHE3AIHOE WX pa3pylIeHHE, YTO HAHOCHUT OOJbIION yIiepd MaTepHaiabHBIM U
JIFOJICKUM pecypeam [3, 4].

B [5] npoBeneH psa uccieIoBaHUN, HAIPaBICHHBIX TOJBKO Ha M3YYCHHE HAIIOPHOTO pe3epByapa M3 MHOTOCIOWH-
HOT0 KOMITIO3UTA, B X0JI¢ KOTOPBIX OMpeesieHa oKuaaeMasi IPOYHOCTh Ha cMsThe. B [6] usydanoch nmoBeieHne Bparia-
IOILIErOCsI COCTABHOTO HAMOPHOTO pe3epByapa IMoJ BO3JCHCTBHEM BHYTPEHHEro JABJICHHS M OCEBOW HarpyskH; B [7]
MIPOBE/ICHBI MCCIIEAOBAHUS 110 N3YyUYECHHUIO BIMSHUS TEIUIOBBIX HArpy30K, JEHCTBYIOMINX Ha MHOTOCIOMHBIH KOMIIO3HUT-
HbII HanopHbIi Oak. B pabote [8] uccnenoBanock moBeaeHHe MHOTOYTOIBHOTO KOMIIO3UTHOTO HAMOPHOTO 0Oaka MATH
pasnuaHBIX GOpPM O/ ICHCTBHEM BHYTPEHHETO MAaBJICHHS Pa3MYHOTO pexnma, a B [9] — m3yuamacs paboTocmocod-
HOCTb COCTaBHOT'O HAIIOPHOTO 0aka Mpu BO3ACHCTBUH IMONEPEUHBIX HAPY30K.

ITpoekTupoBaHue pe3epByapa 13 KOMIIO3UTHOTO MaTepHraa sBJsIeTCs CI0KHOMN MPOoOIeMoid, T03TOMY JUIsl IPOBE/Ie-
HUS TIOJTHOTO M TOYHOT'O aHalIn3a HEOOXOAUMO BBIOpATh MPUOPUTETHBIE (PAaKTOPBI. ABTOpaMH U3ydajcs pe3epByap BbI-
COKOTO [JIaBJICHUS, APMUPOBAHHbBIN HECKOJIBKHMH CJIOSMH YIJIEPOIHBIX BOJOKOH M IMOJBEPracMblii HArpy3Ke OT BHYT-
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penHero nasieHus. Llens paboThl — HM3yueHHE BIHMSHUS yIyla HAKJIOHA YIJIEPOJHOTO BOJIOKHA HAa LIMJIMHIPUYECKHE
pe3epByapsl U OIpEAETCHUE BEIMYMHBI MaKCHMAJIBHOTO pa3pylIalollero AaBICHHUs C HCIOJB30BAHHEM METO/a
KOHEYHBIX JIEMEHTOB nporpaMmbl ANSY'S.

Marepuaasl u Meroasl. Teopernuyeckoe uccienoBanme. PesepByap BBICOKOTO JaBJICHUS M3 KOMIIO3HTHBIX
marepranoB (CFRP) cocTrourT w3 I[EHTpaNbHOM YacTH, MNPEACTABIAIONIEH COOOH METATHYECKUH MWIHHID C
BHYTPCHHHM IIOKPBITHEM, COCTOSIIAM H3 IIOJIIMEpa, apMHPOBAHHOTO YIJIEPOTHBIMH BOJOKHaMH. Topuesble
MOBEPXHOCTH pe3epByapa UMEIOT GopMy mosychep co ciupaabHON HaMOTKOH (puc. 1).

P |

Puc. 1. [IpononpHOE ceueHne pesepByapa

PesepByapsbl, paGoTaroliie PH BHICOKMX JABJICHUSX W apMUPOBAHHBIC YTIICPOIHBIM BOJIOKHOM, H3TOTaBIMBAIOTCS
MeToZIOM (uIaMeHTHOM HamMoTKH (pHc. 2). [ TonydeHHss HEOOXOAMMOW CTAOMIBHOCTH apMHPOBAHHS BOJOKHA
OTIPABJISIOTCA HA JIBIDKYILYIOCS TEJIEKKY IMPH TIIATEIFHOM BBIOOpE MX KOODIWHAIIMH, a 3aT€M HaMaTBIBAIOTCS Ha
[WJIHHIPAYECKYIO TIOBEPXHOCTh. Ha cTaOMIBHOCTE KOOPIMHAIIMH BOJIOKOH BIIUSIET HECKOJIBKO (JaKTOPOB: TEMIIEpaTypa,
¢dopma u 00pabOTKa MOBEPXHOCTH, a TAKXKE CTEMEHb CIEIUICHHS BOJOKOH C MAaTpuIleil. YTON Hak/IoHa HaMOTKH
KOHTPOJIUPYETCS] CKOPOCTHIO MEPEMEIICHHS TEJICKKH U CKOPOCTHIO BPAICHHUs IIIIMHAPHYecKoro Gapabana. C meibio
TOJIYYCHHA BBICOKHUX OKCIUTYAaTAllMOHHBIX W TIPOYHOCTHBIX CBONCTB BHYTPCHHAA HWIMHAPHUYCCKAasA TOBCPXHOCTH
pe3epByapa MOKPHIBAETCS HECKOJIBKMMHU CIIOSIMU BOJTOKOH [10].

YroJ1 HakJIoHa BOJIOKHA

\

Hunusapuyeckuit (rry——
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Puc. 2. Cxema HAMOTKH BOJIOKOH

YTron HakIOHAa BOJIOKOH OKa3bIBaeT OOJBIIOE BJIMSIHUE HA CBOMCTBA PE3EPBYapoB, NMOITOMY Ba’KHBIM BOIPOCOM
SIBIIIETCA MOMCK COOTBETCTBYIOILETrO yIJa JJIs KaXJIOW 4acTU pe3epByapa. YTOJI OpPUEHTAIIMH BOJIOKOH ONpPENENsIeTcs
HEOOXOAMMOHN BENMYMHOW TPEHHWsS MEXAY BOJOKHAMH M CJOEM KOMIIO3UTHOIO MarepHajia, Kak II0Ka3aHoO B

COOTHOIIICHHH.
n
. 4(R R-R
a(R)=sin?| 2 |+6| —2 |, (1)
R Rtl_RO
rie R — paccTosHme MeXmy IEHTpPOM M TOUKOH cmos; R, — paamyc meHTpaimpHOH ocu; R, — pagmyc mo

KacaTeJIbHOM K MOBEPXHOCTH ItHapa mpu o = 0 [8].

Kpurepuu paspymenusi Tsai-Wu. Tlpu ucciiemoBaHWH W MOJEIHPOBAHUM pPe3epByapa BBICOKOTO IaBJICHHS,
BBINIOJIHEHHOTO ¥3 KOMIIO3UTHOTO MaTepuaja, HCIOJIb30BAINCh KPUTEPUM paspylieHus 1o teopun TsSai-Wu [11].
Peanuzauust ypaBHenus (1) HeoOXoAMMa IS MCCIEIOBAHHS OXKUAAEMOT0 Pa3pyLICHHsS OPTOTPOMHBIX MATEPHAJIOB 10
Teopun Tsai-Wu:

2 2 _
Foy + F0,, + Foy, + Fuoy, + Ry, + 2F,07,0,, =1.
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Yopyrue  CBOWCTBa  ONPEACNSIOTCA  YCTHIPbMS  HE3aBUCUMBIMH  KOHCTaHTamu:  Ejgj, Ejp, Gip, Vi,
mpeacTaBiIeHHBIMA B Tabmure 1.

Tabmuma 1
XapakTepuCTHKH KOMIIO3uTHOTO Matepuana LY5052/T300
CpoiicTBa YraepomaHoe Bojokuao T300 Onokcuy LY5052
Monyns ynpyroctu 230 I'Tla 3,0ITla
IIpouHoCTE Ha pacTsKeHue 3,5TTIa 71,0TTla
IInotHOCTH 1760 r/em® 1,14 /e
CHJIIBI PACCUYHTHIBAIOTCS MO CIACAYIONUINM YPABHCHHUSIM:
1 1 1 1 1
F=y—-V R=0-0 i K=0F=-T7-;
Xt Xc Yt Yc Xt Xc
1 1 1
F,=—; Fs=—; R, =—=JF;Fy .
22 YIYC 66 82 12 2 1° 22
rae X, — pacTATHBAIONmas CHJIa B MHPOJONHHOM HANpaBICHHWH; Y, — pacTATHBAaOas CHIA B IIONEPEIHOM
HaHpaBﬂeHI/II/I; XC — CWJla JOaBJICHHUA B IIPOJOJIbHOM HaHpaBHeHI/II/I; YC — CWJlIa [OaBJICHHUA B TIONEPECUYHOM

HaHpaBﬂeHI/II/I; S — CHJIa CABHUTA.
MaxkcumanbpHOe paspyumarouiee HapsOKEHUE  JOCTUTACTCd MPHU  BBINOJHCHUHA OAHOro wus CICeayromux
cooTtHomeHui [12]:

Grq Teng B2y
X Y

CBoiicTBa MAaTEpPHAJIOB M MOJEJIUPOBAHUE METOIOM KOHEYHBIX 3J1eMeHTOB. KOMIO3WTHBII Marepual,
HCIIONB30BAHHBIN U HCCIIEMyeMOTO pe3epByapa, MPeACTaBIseT co00il MmojuMmep, apMHUPOBAaHHBIN YTJIECPOJHBIM
BosokHoM Tuna 1300, a B KkadecTBe IOJMMEpPHOro Marepuana mnpumensiercss snokcun LYS5052. KommnosutHbie
MaTepualibl UMEIOT OPTOTPOITHYIO MPUPO.LY, IOATOMY TPOIECC UX MOJCITHUPOBAHMS KOHEYHBIMHU JJIEMEHTAMH CIIOXKHEE,
YeM M30TPOITHBIX MATEPHAIOB, TAKMX KaK AIFOMUHUI U CTallb.

Ha puc.3 mnpencraBieHa KOHEYHO-DJIEMEHTHAs MOJIEIb pe3epByapa BBICOKOTO [ABJICHHS W3 YIIICTIACTHKA,
BHYTPEHHHUH CJIOH KOTOPOrO COCTOMT U3 aFOMUHHEBOTO CILIaBa, apMHPOBAHHOI'O BOCEMBIO CIIOSMH KOMIIO3UTHOTO
marepuana Carbon/Epoxy T300/LY5052.

Moenb UMeeT CIAEAYIONINE Pa3Mephl:

— nnuHa pesepByapa —1200 mm;

— nuametp pesepByapa 1o neHtpy — 300 mm;

— o0mas ToamuHa — 64 MM;

— TOJILMHA OHOIO CJI0s — 6,5 MM;
tosmuHa GyrepoBku — 0,12 mm.
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Puc. 3. Koneuno-anementHast Mmozens pesepyapa CFRP

Jnst uccnenoBaHMsl pe3epBYapoOB BBICOKOTO JAaBIEHHS M3 KOMIIO3HUTHBIX MAaTepHalioB OYeHb BA)KHO BHIOPATH

110 MOJXOSIIMKA TUI KOHEYHBIX ayieMeHToB. IIporpamma ANSYS coxepxur koneunsle snementsl SHELL n SOLID,

HCO6XO,HI/IMI)I€ JJId MOJACTIUPOBAHUA CJIIOUCTBIX KOMIIO3UTHBIX MATCpUaIOB. Z[J'DI HUCCICOAOBAHUA HCIIOJIB30BAIN
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nporpammy SHELL 99, koTopast yckopsieT pac4éT KOHCTPYKIIUH, UMeromIei 10 250 cioeB. ITOT 3JIEMEHT IPEACTaBISIET
c000il MHOTOYPOBHEBYIO JHMHEHHYIO CTPYKTYPY C BOCEMBIO Y3JIaMH M ILIECTHIO CTENEHSMH CBOOOIBI M IO3BOJISET
TIOJIb30BATEIIO ONPEACIATh THOKOCTh, HAKJIOH CJIOEB U IJIOTHOCTB KaXKAOTO CIIOS.

[lpu m3ydyeHHH KOMITO3UTHBIX MAaTepHaIOB (OPMHPOBAHUE CIOEB SIBIIETCS OJHHM W3 OCHOBHBIX BOIIPOCOB,
MTOCKOJIBKY KaXKABIM CIIOW MMEeT CBOW YroJI HakjJOHAa, a BOJIOKHA B KaKJIOM CJIO€ WMEIOT Pa3UYHBIC YTIIBl HAKJIOHA,
IIO3TOMY CBOMCTBA Ka)KJOTO CIIOSI HEOOXOAUMO OTIPENIENATH OTACIHHO.

Jns popMupoBaHUS CIIOEB TPEOYIOTCS XapaKTEePHUCTHKH MaTepHaia, KOJIMYECTBO CJIOEB, YTOJl HAKJIIOHA BOJOKOH,
TONIIIMHA CJOS W KOJMYECTBO TOYEK HHTETPHPOBAHUS B KakOoM ciioe. [IpuBeneM CpaBHHUTENFHBIE CBEINCHHS O
cBoiicTBax mpumeHseMbix marepuanoB: CFRP u amomunus 6061. [Tnotaocts: CFRP — 1570 KF/MS, ATIOMUHHUS —
2750 kr/m®. B Tab1. 2 Moka3aHbl MEXaHHYCCKHE XapaKTEPUCTHKH MPUMEHSEMBIX MATEPHATOB: MOIY/Ib YIPYrocTH E;
IpeJIe IPOYHOCTH Ipu caBure G; mpeaen NMPOYHOCTH NPHU pacTshKeHUH V.

Tabmuma 2
Mexanndeckue cBoiictBa CFRP n amromuams 6061
[TapameTpbl B HampaBIEHUIX CFRP Anromuanit 6061
KoOopAuHATHBIX oceil, ['Tla

Ex 128 7070

Ey 10,5 70

Gy 5 70

Gyz 5

Gzx 5

Vxy 0,27 0,3

Vyz 0,4 0,3

Vzx 0,02 0,3

C03naHa MOZECJIb C UCITOJIB30BAHUEM JIE€BATU CJ'IOéB KOMIIO3UTHOT'O MaTepI/Iana C paSJ'II/I‘IHBIMI/I er'IaMI/I HaKJIOHA BOJIOKOH:
[+25° /—25°} , [+3o° / —3o°] , [+35° / —35°] , [+40° /41o°} , [+45° /—45°] , [+5o° / —5o°] , [+55° /—55°} .

Ha puc. 4 moka3zaHa TOCJIEIOBATEIbHOCTh CJIOSB C HAKIOHOM BOJIOKOH MOJX yrioM +45° peanu3oBaHHAs B
nporpamme ANSYS.

LAYER STACKING m

Juld 24

ELEM - 0 21:24:22
SECT - 1
LAYERS -
TOTAL . - O
SHOMM 1 TO
FROM 0 )
Layers Materials
! 1
There ] ] :
45 3 2
-43 4

-43

45

-5
45 | 9

45

Puc. 4. [locnenoBatenbHOCTD CIIOEB ¢ HAKIIOHOM BOJIOKOH O[] yritoM & 45°
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Lnpposoe monmenmpoBanme. Pacuer nHanpsokennii m mepememenuii. PaGorta pesepByapa BBICOKOTO
JaBlieHUS MpPOAHAIM3MPOBaHA C HCIONB30BAaHHEM KPHUTEpUEB paspyuieHus mo teopun Tsai-Wu. dus pacuera
MaKCHMaJbHBIX HaNpsHKEHHH U IepeMelIeHUH INPUMEHSIOCh BHyTpeHHee pabouee naBinenue 35 MIla.
HawubGonpmee HanpspkeHHE pe3epByapa HaOII0OAN0Ch MPH yTile HAKIOHA KOJBIEBHIX BOJOKOH — 0° M pa3sIuyHBIX
yriax HakjOHA CHUPaJbHBIX BOJOKOH:

[+25° /—25°] , [+3o0 /—30°] , [+35° /—35°] , [+40° /—40°] , [+45° /—45°] , [+5o0 /—50°] , [+55° /—55°] .

Ha puc. 5 mokaszano pacmpeneneHHe SKBUBAJICHTHBIX HANpPSDKCHHA M TIEPEMCIICHUN B pe3epByape MpU yrie
HAKJOHA BOJIOKOH =T 45°. B Tabnmmax 3, 4 mpuBeJcHB MaKCUMAJIbHBIC ¥ MUHUMAJbHBIC 3HAYCHUS TEPEMCIICHUNA U
SKBHBAJICHTHBIX HANPSHKCHUH B HANIPaBJICHUAX KOOPAMHATHEBIX ocelt X, Y, Z.

MODAL SOLUTION m MODAL SOLUTION m
STEP=1 Jul 32014 STEP=1 Jul 32014
SuB=1 13:01:07 SuB=1 13:00:15
TIME=1 TIME=1
USUM SEQV (AVG)
(AVG) DMX=6.473
RSYS=0 SMN=11.886
DMX=6.473 SMX=463.756
SMX=6.473
— 0000
0 1439 2877 4316 5754 11.886 112.302 212717 313.133 3.549
719265 2158 3.596 5.035 6.473 62.094 162.51 262.925 363.341 463.756
a) 0)
Puc. 5. DxBuBaneHTHOE paclpeesieHne B pe3epByape: @ — HaNpsHKEHUI; O — TepeMeneHni
Tabmnuna 3
MakcuManbHble 1 MUHUMAaJIbHbIE 3HAUYEHUS TIepeMELIeHUH
B HampaBJieHus1x oceit X, Y, Z
Hanpasienue nedopmarmu MuHuMyM, MM Makcumym, MM
cyMMapHasi BEKTOpHast 0 6,473
o ocu X -3,914 3,914
mo ocu Y -6,473 0
o ocu Z -3,906 3,909
Tabnwma 4
> MaxkcuMaabpHbIe 1 MUHAMAJIBHBIC 3HAUEHUS HAIPSDKCHWH B HallpaBleHnH ocei X, Y, Z
=1
g, Hanpasienune nepopmannn Munumym, Mlla Maxkcumym, Mlla
S CyMMapHasi BEeKTOpHas 11,886 463,756
v 1o ocu X - 81,852 528,485
S no ocu Y —155,587 341,607
[%2}
°>-’ 1o ocu Z — 80,307 530,07
=
o
)
e
=

OnpeueﬂeHne 0KMIAEeMOrI0 pa3pymaniero 1aBJeHUs 1 ONITUMAJIBHOIO0 YIJIa HAKJI0OHA BOJIOKOH. HarpyxceHI/Ie
pe3epByapa OCYHIECTBIISUIOCh MNOCTCIICHHO YBCJIWMYUBAIOIIMMCSA BHYTPCHHHUM JaBJICHHUEM, HaduHas C €ro pa60qer0
3HaueHus — 35 MIla. 3atem MNOJIYYCHHOC paCYCTHOC MAaKCUMAJIbHOC HAIIPSPKECHUEC BHYTPEHHET'O JAAaBJICHUS CpABHUBAJIN

C KOHCYHBIM JOMYCKAa€MbIM HAIPSIKCHUEM II0 YCIOBHIO: O hax SO’U y TAC! O —— PacdyCTHOC MAaKCHUMaJIbHOC

[EEN
[EEN
N



Aumuéac H. P. u op. Hcnonbv3oeanue memooa KOHEYHbIX IIEMEHN08 Ol MOOEUPOBAHUA Pe3ePEyapa 6bICOK020 0as1eHUA U3 NOUMEPA

HAIpsDKEHUE; 0, — KOHEYHOE JIoIycKaeMoe HampsikeHue. JlolyckaeMoe HalpshkeHHE Ul Pe3epBYapoB BBICOKOIO

JaBJIeHMs U3 yraemnactuka cocrasiser 1210 Mla.
Mopgenb OUIMHAPUIECKOTO pe3epByapa pacCUNThIBAIACH IS IBYX BHIOB IyTeH HaMOTKH BOJIOKOH: KOJIBIIEBOTO U
CIMPAJIbHOTO, a TAKXKe MPU Pa3IUUHBIX YIJIaX HAKJIOHA BOJOKOH:

[+25° /—250], [+3o0 /—300], [+35° /—350], [+4o0 /—40°], [+45° /—45°], [+5o0 /—500], [+55° /—55°].
HpI/I KOJIBIICBOM l'IyTI/I HAMOTKH yl"OJ‘I HAKJIOHA BOJIOKOH K OCH IlI/IJ'II/IHZ[pa COCTaBJICT 00. Ha pI/IC. 6 IIOKa3aHa
KOHCYHO-2JICMCHTHAas MOACIIb HI/IJ‘II/IHL[pI/IquKOFO pe3epByapa BBICOKOT'O JaBJICHUS.

ELEMENT 1

SN N v e
RN,

- v
ey
VAR R

Puc. 6. KoneuHno-3meMeHTHas MOJC/Ib HUIIMHAPHUICCKOTO pe3€pByapa BbICOKOI'O JaBJICHUS

PesyabTaTsl HecaenoBanus. Ha puc. 7 moka3zaHo W3MeHEHHE MaKCUMAIIbHOTO HANPSDKCHUS, HAYMHAS CO 3HAUCHUS
yraa ot 0° u 1o 45° oHO yMeHbIIAeTcs, a 3aTeM JO 3HaueHus 65° Bo3pacTaeT. YCTaHOBIEHO, YTO MAKCHMMAJIbHOE
HaNpsDKCHUE B IMIMHAPHYECKOM pe3epByape BBICOKOTO MaBIICHHS, apMHPOBAHHOTO YIIEPOJHBIME BOJOKHAMH, OBLIO
HAUMEHBIIKUM TIPH YIJIE HAKIIOHA BOJIOKOH + 45°,

180|

E 160

?;140 \\ /’
=

é 120 \ /
g 100

§ 80 T

o

P o ~_~

5 40 v

E, 20

Z o —

0 30 35 40 45 50 55 60 65

Yron HakJIOHA BOJIOKHA
Puc. 7. 3aBHCHMOCTb MaKCHUMaJILHOT'O HAIIPSKEHUS OT yIJla HAaKJIOHA BOJIOKOH

Ha puc. 8 mpencraBiieHbl pe3yiabpTaThl aHANW3a BENWYMHBI JABICHUS IS Pa3IMYHBIX YIJIOB HAaKJIOHA BOJIOKOH,
KOTOpBIE MOKA3BIBAIOT, YTO, HAUMHAS CO 3HaueHus yriaa 0° u 1o 45° naBieHde YBEITMYUBAETCS, & 3aTEM JIO 3HAYCHUS
yriaa 65° ymenbmiaercs. HauGousbliiee jaBiieHHe, KOTOPOE€ MOXET BBIIEPKAaTh pe3epByap, apMHPOBaHHBIH
YIJIEBOJIOKHOM 0€3 paspyiieHus, cocrasisier 207 Mia. D10 JaBjieHne UMEET MECTO TIPU YIJIE HAKIOHA BOJOKOH * 45°,
T. 0. OHO U SBJISIETCS O’KMJIaMBbIM 3HAYCHUEM Pa3pyILIAroNIero AaBIeHHs IS pe3epByapa.
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Yron HakI0HA BOJIOKHA
Puc. 8 3aBUCUMOCTH JIaBJICHUA OT yI'Jla HaKJIOHa BOJIOKOH
Ha puc. 9 npeacTaBieHo pacrpeieieHue HanpsOKEHHM B pesepByape € YINIOM HakjIOHa BOJIOKOH * 45°, mpudem

MaKCHMallbHOE HAaIpsOKCHHE TpU TMPIIOKCHWH AaBieHHs cocTaBiseT 1213 MIla u oHO BEIme, YeM AOIMyCKaeMoe
HanpsbKEeHUeE IS Pe3epByapoB BHICOKOTO JABJICHUS U3 YTIEIUIacTHKa, KoTopoe cocTtasiset 1210 MITa.

MODAL SOLUTION AN
STEP=1 T
SUB=1

TIME=1

STWSI (AVG)

TOP

RSYS=0
DMX=25.255
SMN=20.52
SMX=1213

293.186 666.86 818.616 1081
61.853 424.518 687.183 949.847 1213

Puc. 9. Pacnipesiernienrie HanpsHKeHUH B pe3epByape NPH HATHETAHWM JABIEHUS U YIJie HAKIOHA BOJOKOH T 45°

OOcy:xaenne u 3aka04ennsi. KoneuHo-31eMeHTHAs MOZEIb Pe3epByapa, apMUPOBAHHOTO YTJIIEPOIHBIM BOJIOKHOM,
CIPOEKTHPOBaHA M MCCIIEJ0BaHA C HCIOIb30BaHueM IporpaMMbel ANSY'S ¢ npuMeHeHrneM B IpoLecce MOAECTUPOBAHUS
anementa SHELL 99. Co3naHo HecKoNbKO Mozeded ¢ pa3IMyHbIMH yIJIaMH HakKJIOHAa BOJIOKOH. MakCHUMajbHOE
HaNpsDKeHNWE W Pa3pyllaroliee NaBICHUE Ui pe3epByapa BBICOKOTO IABIECHHUS PACCUUTHIBAIKNCH C HCIIOJIB30BAHHEM
kputepueB Tsai-WU. YCTaHOBIEHO, YTO MaKCHMAalbHOE HAMPSIKCHHE OKa3ajdach HAWMEHBIIMM TPH YIjie HaKIOHA
BOJIOKOH * 45° a MakcHMaJIbHO BO3MOYXHOE pa3pyllalollee JABJIeHHE B 3THX JKe yciaoBusx cocrasuiao 207 MITa. Dto
03Ha4aeT, YTO ONTHMAJIbHBIA yroJ HAaKJIOHa BOJIOKOH IJIsi oOecredeHust 6e30macHoil paboThl pe3epByapa BBICOKOTO
JaBlieHus cocTaBysieT + 45°, a pesepByap U3 YIJIEIUIACTHKA, PACCUUTAHHBINA C TEM K€ YIJIOM HAMOTKH BOJIOKOH, HMEET
MaKCHMaJIbHYIO TPOYHOCTb.
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AHHOTAN NS

Beeodenue. Ilpoananu3upoBaHbl OTCUECTBEHHbIE M  3apyOekHble paboThl 0 mpobiemax — (pe3epoBaHUS
CIIO)KHONPO(MWIIBHBIX TOBEPXHOCTEH CHEPOLMIMHIPUYECKIM KOHLEBBIM HHCTPYMEHTOM. PaccMOTpeHBl MeTOo[bl
KOHTpOJISI KayecTBa IOBEPXHOCTH M IYTH OOeCHeuYeHHs] aMIUIUTYAHBIX IMapaMeTpoB IIEPOXOBATOCTH, KOTOPHIE
0a3upyroTCsl Ha JaHHBIX HMCCIENOBAaHUI M HATYypHBIX DKCIIEPUMEHTOB. [Ipe/ncTaBieHbl TEOpPETUYECKHE MOJI0KEHHS I10
OTIPEICTICHUIO CHJI PE3aHMS U PE3yIbTaThl BHOPOAKyCTHUECKOM IUAarHOCTHKH.

Mamepuanet u memoowl. Vcronp30BaMCh METOABI KOPPEISALHMOHHOTO aHAN3a, CPAaBHEHHMSA W 0000IIeHUS
pe3ynbTaTtoB. PacueTHble HaHHBIE HAXOAWINCh IPH PA3lIMYHBIX YIJIaX HAKIOHA WHCTPYMEHTa C YYETOM MIHOBEHHBIX
CHJI pe3aHuss M (HKCHPOBAJIHMCh B JHAIa30HC 3HAYCHHH mepeMeHHOH mnonmaun Ha 3y6 (fz) m yrma HaxioHa
noBepxHocTH (y). Hammm skcnepuMeHTaNbHOE TIOATBEPXKICHUE CBEICHUS BHOPOAKyCTHYECKOW IMAarHOCTHKH W
TEOpEeTHUYECKNE JaHHbIE IPEACTaBICHHONW MOJIENM NPU Pa3IMYHBIX YIJaX HakjIoHa MHCTpyMeHTa. CleloBaTelbHO,
TaKHe METOJIbI MOYKHO MCIIOJIb30BaTh I MIPOTHO3UPOBAHUS ITapaMeTPOB IIEPOXOBATOCTH TIOBEPXHOCTH.

Pesynomamut uccneooganusn. BbIsABIEHA B3aUMOCBSI3b MEXKAY CHJIAMH pPE3aHUs, YIJIOM HAKJIOHA WHCTPYMEHTa U
JIAaHHBIMU BHUOpoaKycTHieckoi nuarHoctuki. CopmyipoBaHa MOJIENb CHIIbI Pe3aHus U IepeMEelIeHHH HHCTPYMEHTA C
y4eToM HakiIoHa mnoBepxHocTH. OIpeseneH onTHMalbHBINA JWana3oH YIJIOB HAKJIOHA MHCTPYMEHTa K 0OpabaTbiBaeMOii
MIOBEPXHOCTH, KOTOPBI oOecredyrnBaeT MHMHUMAJIbHBIE 3HAYEHUS aMIUIUTYJHBIX I1apaMeTpoB IIEPOXOBATOCTH.
[Nomy4yeHHbIe SMIMPUYECKUM ITyTEM 3BYKOBBIC KOJIEOAaHHs, TPEACTABICHHBIE B CIIEKTPAIbHOM M BOJIHOBOM BHJIE, XOPOIIO
COTJIACYIOTCS C JAHHBIMH U3 JIPYIMX UCTOYHHUKOB, YTO TIO3BOJIMIIO CJIENIATH BBIBOJ O L1EJIECOOOPA3HOCTH MPOTHO3UPOBAHMS
1 MOHHTOPHHTA IIapaMeTPOB IIEPOXOBATOCTH B PEAIbHOM BPEMEHH 32 CUET aKyCTHKH.

Odcyrancoenue u 3aknrouenus. Y CTAHOBJICHO, YTO pOCT cuil B HanpaBieHun a(X) u fz(Y) nabmogaercs npu y > 40°. Oto
OOBSICHSIETCSI PACHPENICNICHHEM COCTABISIONIMX CHJIBI PE3aHUs BAOJb PEXYIIeH KPOMKH WM 3aBHCHUT OT HAaKJIOHA
MTOBEPXHOCTH. YMEHBIICHHE aMIUTUTYAHBIX HapaMeTpoB MPOUCXOIUT MpH yBenuueHuH yria ot 10 go 40 rpamgycos.
HaiinenHple B3aMMOCBS3M CHIJIOBOTO aHANM3a, HANpaBIEHUS OOpabOTKM M BHOPOAKYCTHYECKOH JHarHOCTHUKH
MOJITBEPKAAIOT  KOPPEKTHOCTh  HCIOJNB30BAaHUS  BHOPOAKYCTHUECKOW  IHArHOCTUKM  JJIsI  MPOTHO3UPOBAHUS
IIEPOXOBATOCTH IMOBEPXHOCTH. AKYCTHUYECKass JWAarHOCTHKA BHE 3aBHCHMOCTH OT KOMITOHOBKH TEXHOJOTHYECKOTO
000pyIOBaHUS TO3BOJISIET OBICTPO HANAAWTh 3BYKOBOE YCTPOICTBO M OIICHHTH BIMSHHE PEXHMOB pE3aHUS Ha
napaMeTpsl MIEPOXOBATOCTH.

KaroueBrbie ciioBa: mepoxoBaTOCTh, c@epounnnﬂapnqecxaﬂ (bpe3a, BI/I6p03KYCTPI‘leCKa$I JAUAardHoCTuka, (1)p€3ep0BaHI/Ie,
HAKJIOH MTHCTPYMCHTA, Bn6pau1/15{, CHJIbI pC3aHUsl.

Baaronapuoctn: aBTopbl BhIpakaroT OnarogapHocts A. B. Hukutenko, k.1.H., noueHty kadeapsl TexHonornueckas
nadopmarnka n uHpopmanmonnsle cucrembl (TOI'Y, XabapoBck), 3a MOMOIIb B OpPTraHHM3alM M HPOBEICHUH
9KCIEPUMEHTAIBHBIX HCCIIEIOBaHMUI B yueOHO-TIpon3BoicTBeHHOM neHTpe CAD/CAM TeXHOJIOTHA.

Jdasi uurupoBanusi: [umaneeB, M. P. AHanu3 cucteM aBTOMAaTH3MPOBAHHOTO OOECTIEUEHUs MapaMeTpoB
IIEPOXOBAaTOCTH IMOBEPXHOCTH HAa OCHOBE MUHAMHUYeckoro MoHuTopuHra / M. P.I'mmaneeB, A. A.JIu // Advanced
Engineering Research. — 2022. — T. 22, Ne 2. — C. 116-129. https://doi.org/10.23947/2687-1653-2022-22-2-116-129
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Abstract
Introduction. Domestic and foreign works on the milling of complex-profile surfaces with a ball-end tool were

analyzed. Methods of surface quality control and ways to provide amplitude parameters of roughness, based on research
data and field experiments, were considered. Theoretical provisions on the determination of cutting forces and the
results of vibroacoustic diagnostics were presented.

Materials and Methods. The methods of correlation analysis, comparison and generalization of the results were
applied. The data were calculated at different tool angles, taking into account the instantaneous cutting forces, and were
fixed in the range of values of the variable feed per tooth (fz) and the angle of inclination of the surface (y). The
vibroacoustic diagnostic data and theoretical data of the presented model at different tool inclination angles were
verified by experiment. Consequently, such methods can be used to predict surface roughness parameters.

Results. The relationship between cutting forces, tool inclination angle, and vibroacoustic diagnostics data was found. A
model of the cutting force and tool displacements was formulated taking into account the inclination of the surface. The
optimal range of the inclination angle of the tool to the surface to be machined, at which the minimum values of the
amplitude parameters of roughness were achieved, was determined. The sound vibrations obtained empirically,
presented in spectral and wave forms, were in good agreement with data from other sources. This allowed us to
conclude about the feasibility of forecasting and monitoring roughness parameters in real time through acoustics.
Discussion and Conclusions. It was established that the growth of forces in the direction a.(X) and fz(Y) was observed
at y > 40°. This was due to the distribution of the components of the cutting force along the cutting edge and depended
on the inclination of the surface. The amplitude parameters decreased when the angle increased from 10 to 40 degrees.
The found interrelations of force analysis, processing directions, and vibroacoustic diagnostics have validated the use of
vibroacoustic diagnostics to predict surface roughness. Acoustic diagnostics, regardless of the layout of technological
equipment, enables to quickly adjust the sound device and assess the impact of cutting modes on roughness parameters.
Keywords: surface roughness, ball-end tool, vibroacoustic diagnostics, milling, tool inclination, vibration, cutting forces.
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Beenenne. CrnennamicraM HEJOCTaTOYHO HPOTPAMMHBIX HHCTPYMEHTOB, KOTOpPBIE IIOMOIIIM OBl IpeacKa3aTh
3HA4YCHHE CHIIBI PE3aHMs, aMIUTUTYI6I BUOPAIUil U T. I. IPU NPOrPaMMHPOBAHNHU CTAHKOB C YHCIOBBIM IPOTPAMMHBIM
ympasiennem (UITY). B pesynbrate mpUXOMUTCS TOAOMPATH CKOPOCTH MOJAYM HA OCHOBE OIBITA, YCTAHABIHMBAS
MIOCTOSTHHYIO CKOPOCTB I10JIaud JUIsi Bced oOpalaTbiBaeMO IMOBEPXHOCTH CIOXXHOH (OPMBL. DTO MOXET CHHU3HTh
3¢ PEeKTUBHOCT, 00pabOTKM M KadecTBO MoBepxHocTed. s pemeHus naHHOW HpoOiieMbl HEOOXOIUMO MOCTPOHTH
BBICOKOTOYHYIO U HAJIEAKHYIO MOZEJIb IPOTHO3UPOBAHUS IIEPOXOBATOCTH TOBEPXHOCTH.

B Hacrosimee BpeMs IpU TakOM IPOTHO3MPOBAaHMHM HCIOJB3YIOT [Ba OCHOBHBIX MOAX0oAa. B mepBoM ciyuae
(OTORIIEKTPHYECKHE NATUYUKH TPAHCIUPYIOT AaHHBIE O IIEPOXOBATOCTH OHJIANH. D(P(PEKTHBHOCTH 3TOro crocoba
JOCTaTOYHO HM3Kas T. K. B MPOIECCE pe3aHusi oOpa3yeTcsi CTPYKKa, a B 00JIacTb PErHCTPHPYEMOTO MHKpopenbeda

momaercst cMaszouHo-oxIaxaatomast xkuakoctb (COX). Ko Bropoii rpymme MOXHO OTHECTH METOABI KOHTPOJS C
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MPUMEHCHHEM HCKYCCTBEHHOTO WHTEIUIEKTa, a TakkKe TEOPCTUYECKOE MOJECIUPOBAHHE U  MOJCIHPOBAHHE
SMIIMPUYECKOTO PErPECCHOHHOTO aHalm3a. B mpakTuke Hanbonee pacnpocTpaHeHbl METOIbI U3 BTOPOH IPYIIIIBL.

ABtopel  pabotel [1] uccrnenoBamu (pe3epoBaHre CHEPOUMTHHAPUICCKIM HHCTPYMEHTOM a3pPOKOCMHYECKHX
KOMIIOHEHTOB 3 aIIOMHHHEBOTO crutaBa LM6 u pa3zpaboranu Mojens ¢ ucrnonb3oBaHueM cTpykryp ARMAX (anra.
autoregressive moving average with exogenous inputs — aBTOperpecCHOHHasI CKOIB3SIIAs CPEIHssA C YK30TCHHBIMH
BXOJIHBIMH JIaHHBIMH) JUIsl ITPOTHO3UPOBAHUS IIEPOXOBATOCTH ITOBEPXHOCTH MNPU PA3IMYHBIX peXHMax 00paboTKH.
B [2] npencrapiena MaTemaTHYecKas MOJCTb TPACKTOPUH JBHKEHHS CHEPOLMIHHAPUYICCKOTO HHCTPYMEHTA ISt
00paboTKK TPUOOBUAHBIX JIOMATOK MApOBOW TYpOMHEI C IENbI0 MOBBHIIICHUS 3()(EKTHBHOCTH 00pabOTKH M KadecTBa
MOBepXHOCTH. ABTOpPBI [3] co37aiMM aHANMUTHYECKYIO MOJENb mporecca (pe3epoBanHus COHEPOLMITHHIPHICCKUM
WHCTPYMEHTOM M PacCMOTpPEJIH CUTYAIMI0 BOSHUKHOBEHHWS! BUOpALMU JJIsl IPOTHO3UPOBAHUS TPEENIOB YCTOHYMBOCTH
HHCTPYMEHTa INPU pa3HBIX YIJaX HAKIOHA W CKOPOCTH BpamieHws mmueazemst. B [4] uccmemyercs obpaborka
KPBUIBUATKH Ha IsTHOCEBOM cTanke ¢ UITY mpwu ucmonp3oBaHuN CEpOIFITMHIPHICCKOTO HHCTPYMEHTa. TpaeKTopuio
JIBMDKCHUSI HHCTPYMEHTA U ONITHMAJIbHBIE PEXKUMBI PE3aHUsl IPUIIIOCH pa3padaThIBaTh U3-3a CI0KHON KPUBOJIMHEHHON
MOBEPXHOCTH W OJIM3KOrO PacIOOKEHHs JIONAacTel Kojeca, TaKk Kak B ATOM Clly4ae HEBO3MOJXKHO 3aJelCTBOBATh
crangaptHele cucrembl CAM (anrin. computer-aided manufacturing — aBToMaTH3UpOBaHHAsI CUCTEMA WITH €€ MOIYIb
JUTsL TIOATOTOBKU YIPABIISIONIMX TPOM3BOACTBEHHBIX mporpamm). B [5] omucana cuctema ONTHMH3AIMH CKOPOCTH
NoJiayu JIsi TPEeXoceBOoro (pe3epoBaHusi CHEpOLMIMHAPHYECKAM HHCTPYMEHTOM. VICIOonb30Baii BO3MOXKHOCTH
reomeTpuaeckoro mozaenuposanus B-rep ACIS: peszanme mon yrioM mpeoOpa3oBany B OPTOTOHAJIBHYIO MOJENb IS
Pa3IMYHBIX HHCTPYMEHTOB M 3aTOTOBOK. ABTOPHI [6] co31any MaTeMaTHueCcKy o MOJIEIb TOCTOSHHOM CHIIBl pe3aHus [7]
JU1si 00pabOTKH CJIOKHOW KPUBOJIMHEWHON MOBEPXHOCTH CEPOLMITUHIPUUECKIM HHCTPYMEHTOM Ha ctanke ¢ UITY 3a
CUeT MOAAEPKaHUs TOCTOSIHHON CKOPOCTH PE3aHMs NIPH Pa3IMUHBIX yIilaX HakjIoHa HHcTpyMeHTa. B [8] mpencrasnena
JWHAMHUYecKass MOJENb mporecca (pe3epoBaHus COHEPOLMIIMHAPUIECKIM HHCTPYMEHTOM, BKIIOYAIOMas pPEXHUMBI
pe3aHHsi ¥ W3HOC KPOMKH HHCTpyMeHTa. ABTOpHI [9] pa3paboTanu cucreMy MOHHTOPUHIA B PEATbHOM BPEMEHH C
KOMIICHCAIMEeH MOTPENIHOCTEHl [T TOBBINICHHS TOYHOCTH TPH MPOU3BOJACTBE JeTancit cBobomHo#t dopmer. B [10]
ucciexyeTcss SHEpPronoTpedIeHne MpHU PassIMuHBIX CTPATErHsAX pe3aHusl C IEbl0 OLEeHKH 3(PQEeKTHBHOCTH KaXkmoi
CTpaTerny pe3aHusi. ABTOPHI 3TOi pabOThl YCTAHOBWIIN, YTO ONTUMAJIbHAS CTPATETHS ITO3BOJISIET 00ECIEYNTh 3a/1aHHbIE
napaMeTphbl Ka4CCTBa IMOBEPXHOCTH.

MHorue ydeHble HCmoib30Bann Metox Tarytu (Taryum) st ONTHMH3AIMU TapameTpoB oOpaborkm [11-13].
HexoTtopble W3BICKaHMS HOCST y3KOHANpaBJEHHBIH XapakTep W /I MaclITaOMpOBaHUS PE3ylbTaToB HEOOXOIMMa
JIOTIONHUTENbHast paboTa [14-18].

Amnanuz JIMTEPATYPHBIX HCTOYHHUKOB BBISIBUJI OTCYTCTBUE peKOMeHI[aHI/Iﬁ II0 HCIIOJIB30BAHHUIO METOJA
MIPOTHO3UPOBAHNUS ¥ MOHUTOPHHIA IIEPOXOBATOCTH B PEATbHOM BpPEMEHH. JTO TeM Oolee KacaeTcs CllydaeB, KOTrja
YUUTHIBAIOTCSI 3BYKOBBIE KOJIeOaHUs B BO3JIYLIIHON cpeie.

Marepuaiabl M1 MeTOABL. J{JIst OTIpe/IeeHUs CUIT Pe3aHus MpUMeHsieTcst Mmojens u3 [7, 19]:

dth = Ktedlj + KthSZj’
dF; =Kpedl; +KpedSy,

1)
dFy = Kaedlj +KaodSy.

3nech K, Kre, Kae — Kpaesble ynensnsie koabdumuentsl, K, Kr, Koo — ynensasie koabdumenTs: casura, dl; —
OeckoHEeYHO Manas JuiHa pexxymei kpomkd lj [20], S;; — miomans momnepedHoro ceueHus cpe3aeMoro CerMeHTa.

B aT0# Mozenn s 3a1aHKs PE3YIIbTUPYIOIIEH CHITBI, IEHCTBYIONIEN Ha i-if OECKOHEYHO MaJIblii OTPE30K PEXKYILEH
KPOMKH, HCIIOIb3YETCS MHOXKECTBO KPHUBOJMHEHHBIX CHCTEM KOODPIHHAT, MEPICHINKY/SIPHBIX KacaTelIbHBIM K
chepryecKoil MOBEPXHOCTH.

Teometpust chepoHIHHIPUICCKON KOHIICBON (Ppe3bl CXeMAaTUYHO MMOKa3aHa Ha puc. 1.



Tumaoeee M. P. u op. Ananu3s cucmem agmomamu3uposannozo 0oecneuenus napamempos mepoxoseamocmu noeepxnocmu

Puc. 1. Cxema 11t OTIpeeNIeHUs: @ — CUII pe3aHus chepolmTHHAPUIecKoit (hpe3sl;
6 — cpe3aeMoro CerMeHTa; ¢ — IUIONA 1 TOIePEeYHOro ceYeH s NpuBeAeHHON urypsi [16].

Ha cxeme yka3zaHbl yroia HakioHa A ¢pe3bl cO CHEpOLMIMHAPHIECKON HCXOJHOM MOBEPXHOCTBIO MHCTPYMEHTA
BJIOJIb PEKYIIEH KPOMKH. 371ECh KE BUUM:

— tanreHcansHyto dFy, pagnansHyro dFyj, oceByto dF, cuibl pesaHus, AelcTByromue Ha j-if 3y0, 1 KOOpIHHATHI
HHCTPYMEHTA IS CHEePOLMITMHIPHICCKOIN KOHIIEBOH ¢pessl (puc. 1 a);

MaLHI/IHOCTpoeHI/Ie 1 MallIMHOBCACHUC

— xopay Loen, yron cermenta @4, mumuny ayru . (puc. 1 6);
— IUTOIIA/Th TOTIEPEYHOTO ceueHust (puc. 1 6, §).

Sz = Loch * Naver @ 119
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rae Loy — IiuHa BTOpO XOpsl, MM; N’ayer — CPEHSISE TONIIMHA CTPYXKKH, MM.

L = 2 (%jz + (%f ®

e = 2 - SinA 4
JlnvHa iepBoit XOpaAbl Lycn, AuHa 1yTH 5 1 yro cermenTa kpyra @y
|_1h=2.sin.lai.R, 5)
¢ 2R
| B CI)1 - R
arc 2 ’ (6)
H
®, = 2arccos |1 -2 - —|.
2R (7
VYron A (puc. 1 ) ans pacueTa cpeJHEN TONIIHEI CTPY/KKH:
H
A = arctan (—j
I-1ch /2 (8)
Pammyc-BekTop I' TeKyIIel TOYKH UCXOTHOW HHCTPYMEHTAIBHOM TOBEPXHOCTH:
Rsing cosQ
Rsine sinQ
r = . )
Rcosoe
1

VYpaBHEHHE peXylnled KPOMKH pemiaeTcss KaK ypaBHEHHE KPHBOM, pAcHOJ0XEHHOH Ha HCXOTHON
WHCTPYMEHTAIBHOH NOBEPXHOCTH U INepeceKalolieil Mepuauansl nox yrimom A 90°. IlapaMeTpuueckoe ypaBHEHHE
Buaa Q = Q (@) omuchBacT HEKOTOPYIO JHHHIO Ha cdepe. KoCHHYCHl YIiOB MEXAy OCSIMH CHCTEMBI KOODIMHAT
XYZ coepoumnmuHapuueckoi ¢pe3rl W KacaTeNbHOW mpsaMod K KpuBod Q =Q(¢) HA HCXOTHOH
HHCTPYMEHTAIBHOH MOBEPXHOCTH:

dx cose cosQ de — sing sinQ do

coso. = =
ds Jdo? + sin’ep dO?
dy cosp sinQ d¢ — sing cosQ d

cosp = I _ ¢ 9 P .
ds Jdo? + sin“p dQ? (10)
dz — sing d

cosd = — ik ,

ds \jd ¢ + sin‘p dQ°
rae dS — auddepennuan qyru pexymein KpOMKH.

KocuHychl yrioB MeXIy OCAMH KOOPIUHAT M KacaTeJIbHOW mpsMol kK Mepuauany (mpu Q = CONSt) Ha MCXOIHOMN
HHCTPYMEHTAIBLHOMN MMOBEPXHOCTH MPEACTABIAIOTCS B BHje 3aBucumocteii C. I1. Pagzesuua [21]:

dX
cose. = —— = COSp COSQ2,
dy
cosp = — = cosg sinQ, (11)
ds
dz .
cosd = — = — sing.
ds
IMocraBum ycnosue: Q = A. Torna ypaBHeHHUs pexyleil KPOMKH B TapaMeTpHUIecKoi opme:
B RcosA
chg (A + C) '
3 Rsin\ (12)
chg (A + C)

Z = Rthg (. + C),
rae ch — runepbosmueckuii kocuuyc, th — runepOonyecKunii TAHTeHC.
Jlns  onpeneneHuss OGECKOHEYHO MAaJoOil UIMHBI PEXYIIEH KPOMKH MOMHO BOCIIONB30BAThCS BBIPAKEHUEM,

npeaioxkeHHbM B [7, 16, 19]:
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d = 7 )+ () + (2 W)) dw, (13)

rae

r(y) = \/1—(wcotk - 1)
¢ (y) = ~R (y cot A — 1) cotr . (14)
\[1 — (ycotr —1)

X2 + Y2 4+ (R - 2)? cot?a

Z (v)

OcHoOBHas1 YacThb

Jeranu 3xcnepumenTa. Ha moarotoButenb-HOM dTare u3ydeHa nureparypa [22—27]. JaHHble TIpH MIaHUPOBaHUA
9KCIIEPUMEHTA OMUCAHbI HIbKe. MexaHooOpaboTka MPOBOANIACH B MIOMYTHOM U BCTPEYHOM HampaBieHusx (puc. 2), Ha
3aroToBKax co cBoicTBamu ctanu 45 (3apybexnsie anamorn — C45, 1045). Hcnosnb3oBanu chepoLrInHIPHYECKYO
KOHIICBYIO TBEPIOCIUIaBHYIO (pe3y muamerpoM D = 8 mm, ¢ aByms 3yObsmu ¢upmer Sandvik Coromant (z = 2).
COOTHOIIICHHE BbLIETa HHCTPYMEHTA, YCTaHOBICHHOTO B IaTpone, npubsid kak |/ D, paBaeiM 4. ®pesepHsiii
HHCTPYMEHT U3 MEJIKO3EPHHICTOTO KapOuaa Bois(ppama uMmel npotuBonsHocHoe mokpeitre TIAIN u mapamerp A = 30°.
INonaua Ha 3y6 fz = 0,2 MM/3y0, BenmunHa NpuITycKa Mt Beex 00pasios 8, = H = 0,2 MM, GokxoBoii mar a, = 0,2 Mm.
s obecrieueHnst paBHOH CKOPOCTH pe3aHus V. IIPU pa3InYHBIX yIiax HaKJIOHA (Y) HHCTPYMEHTa K 00pabaTeiBaeMoi
TIOBEPXHOCTH YacToTa BpamieHns (N) BapbupoBanack B auanasosne or 1478 min™ xo 8000 min 2.

VA
ae
N ‘/f
a)

Puc. 2. Buzsl ycoBHOM TOBEPXHOCTH KOHTAKTa 3aTOTOBKM M HHCTPYMEHTA MPH PA3THIHBIX

0)

3HAYCHUAX YIJIOB HAKJIOHA MHCTPYMEHTA B HAIIPABJICHUU: d — IIOITYTHOM; 0 — BCTPEYHOM

VYrox y BeiOupaincs u3 auanasona ot 10° go 50°, mostomy pacuer sddexruBHOro Auamerpa Deap (Licn) mpoBoamics
1o popmyiam:

Dcap = 2Dcosw® = 2 - R - cos (90° - v)

y > 0° {wm (15)
L. = 2.sin.
Dcap L, = 2-sin po= R.

B oakcnepumentax wucnoss3oBanu craHok ¢ YIIY DMG DMU 50 (ynpaemsromas cuctema Heidenhain).
[[lepoxoBaTOCTh TMOBEPXHOCTH TMOCHe OOpPabOTKM HM3MEpsUId MpH Tmomomnm npoduiaomerpa-npoduiorpada-
xouTyporpada Surfcom 1800D. B cOOTBETCTBHH C AeiCTBYIONMMME CTaHAAPTAMH' MPOBOAMIA HM3MEPEHHS 110
pasnuuHbIM TpaccaM. Jlsi HaXOXKACHHS MaKCHMalbHBbIX 3HAUYEHHH MapaMeTpOB ILIEPOXOBATOCTH ITOBEPXHOCTH
ucnonb3oBanu 50 % TayccoBoit ¢uibTpannu. BubpoakycTtuueckas IuarHocTuka BbINOJHsUIach coriacHo ['OCT P
UCO 7919-3-99° ¢ npuMeHeHneMm anaimusatopa crektpa ZetLab 017-U2. B KkauecTBe BBIXONHON OLECHKH
s dexTuBHOCTH 00pPabOTKU HCIONB30BANIN aMIUIUTYNy A BHOpAlMil MIMHHACIBHOrO y3ia (MM), M3MEHSIOLIYIOCS CO
BpeMeHeM (t, c).

' TOCT 27964-88. Vi3Mepenne mapaMeTpoB 11epoXoBaTocTH. TepMuHBI 1 onpeesenns. M., 2018. 13 c.
2IOCT P MICO 7919-3-99. KOHTpOIb COCTOSHHS MALINH [0 Pe3y/IbTaTaM H3MEpEHHil BUOpaIiii Ha Bpaiaromuxcs Banax. M., 2000. 12 c.
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Pe3ynbTaThl HccIeA0BaHUSA. DKCIICPUMEHT TI0Ka3ajl, YTO PeajbHas HMICPOXOBATOCTh MMOBEPXHOCTU CYIIECCTBEHHO
OTIIMYACTCS OT JAHHBIX TCOPETHUCCKUX MOJENICH — pe3yabTaTOB KHHEMATHKO-TEOMETPHYCCKON MPOCKIUU
WHCTPYMEHTA Ha 3aroTOBKY. B HacrosIiee BpeMs pacTyT BOCTPEOOBAHHOCTH B JICTAJIAX MPOCTPAHCTBEHHO-CIIOKHON
KOH(UIypauu W 3ampochl K KayecTBY MOBEPXHOCTH. B 3To#l cBsi3um CTOMT C(HOKYCHPOBAThCS Ha TpeOOBaHUSIIX
MPEICKa3yeMOCTH PE3yIbTaTOB MEXaHHUYECKOH 00pabOTKHU, BEIPAKEHHBIX B TOM YHCIIE MIOKA3aTEISIMHU [IEPOXOBATOCTH.

B Tabmume 1 u 2 mnpencTaBieHbl Pe3yJibTaThl IKCIEPUMEHTA AMIUIMTYHBIX I[apaMETPOB IIEPOXOBATOCTH,
ommcannsix 8 TOCT P UCO 4288°,

Tabmuma 1
[TapaMeTphl IEPOXOBATOCTH B 3aBUCUMOCTH OT HATIPABJICHUS 00pab0TKH CHEPOIMIHHIPUICCKAM
HHCTPYMEHTOM IIPH MOMYTHOM (ppe3epoBaHUU

AMHJ‘II/ITyJJHLIe mapaMeTphl LIEPOXOBATOCTH, LM
VYrom, °© Ra Rq Rz Rt Rp Rv
10 0,457 0,569 2,912 5,000 1,671 1,240
20 0,597 0,735 3,936 5,159 2,335 1,600
30 0,449 0,561 3,007 4,960 1,808 1,200
40 0,479 0,590 3,232 4,239 1,823 1,407
50 0,787 1,027 6,615 12,68 4,119 2,496

[TapameTpsI IepOXOBAaTOCTH B 3aBUCHMOCTH OT HANPaBJICHHUs 00pabOTKH ChepOMITHHAPHICCKIM
MHCTPYMEHTOM IPH BCTPEYHOM (pe3epOBaHUN

Tabnuma 2

AMIUTUTYIHBIE TTApaMETPBI IEPOXOBATOCTH, LM
VYrom, ° Ra Rq Rz Rt Rp Rv
10 0,806 1,006 4,776 5,960 2,776 2,000
20 0,752 0,935 5,207 6,440 2,847 2,359
30 0,509 0,647 3,727 5,239 2,223 1,503
40 0,628 0,805 4,832 7,400 2,912 1,919
50 0,730 0,915 5,111 7,639 3,039 2,072

Ananusupyst naHHbie Tabmauil 1 W 2, OTMETHM, YTO MPEBATHUPYIOIIEC BIUSHUE HA «BBICOTY» IEPOXOBATOCTH
OKa3bIBACT HAIMpaBICHHE pe3aHus. KONMMUeCTBEHHOE 3HAYEHHE aMIUIMTYAHBIX MapaMeTpOB «HIXKE» IMPH TOIMyTHOM
¢dpesepoBanui. Jlagee OyaeM rOBOPUTH TOJIBKO O TAKOM (hpe3epoBaHUU.

Ha ocHoBanmm maHHbIX Tabmuipl 1 MPOBENM KOPPESIMOHHBIA aHANIN3 M COCTABWIM Koppesnorpammy (pwuc. 3).
BhIsiBIICHHBIE 3aBHCHMOCTH COOTHOCHMBI C pe3yiabraramu pabor [28, 29].

Rpi-———

RI/

— 0,9...1,00)

0,8...0,89 .——-

0,7...0,79
Puc. 3. Koppenorpamma aMImIMTyZHBIX TapaMeTPOB IEPOXOBATOCTH MOCIe ()pe3epOBaHNUS B IOIyTHOM HAIPaBICHUH

VYpaBHEHHUs, TIOTyUYEHHBIE B XOJA€ KOPPEIALUOHHOIO aHalu3a, HOMOTalT OTONTH OT MPSMOT0 HOPMUPOBAHUS
napaMeTpoB IMIepoxoBaTocTH. IIpM 3TOM aHANMTHYECKHE 3aBUCHMOCTH CIIOCOOCTBYIOT MHMHHMHU3ALMU YHCIA
KOHTPOJIUPYEMBIX (PaKTOpoB. DTO CHIKAET TPYLOEMKOCTh IEepexoJa K MOHHUTOPHUHTY 3BYKOBBIX KoJieOaHUI B

p€ajlbHOM BPCMEHHU.

® TOCT P MCO 4287-2014. Teomerpuueckue xapaxtepuctukn mgemuii (GPS). Crtpykrypa moBepxuoctd. IIpodmmbmbii Merox. TepMHHbL
OIpe/IeIeHHs U ITapaMeTpbl CTPYKTYpPbI MOBEpXHOCTH. M., 2015. 20 c.
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B mpexcTaBieHHOM WcCiienoBaHWK paccuntanbl cuibl pesanus (FX, Fy, Fz) (puc. 4). Buaro, 4to yron HakioHa

TIOBEPXHOCTH Y CYIIECTBEHHO BJIMACT HA CUJIBI PE3aHUA.

Fi,H Fi,H
100 100
—Fy Fy
50 N N N N Fz 50 N A Fa) F,
A= A__A=F
0 VIV T T N I
_50 -50
-100 -100 tc
0 0.005 0.01 0.015 0.02 te 0 0,005 0,01 0,015 0,02
a) 0)

Puc. 4. Cunel pe3anust, paccuutannsie 1isi: a — y = 10; 6 — v = 40°

[MomyueHHsle naHHBIE IIO3BOJMJIM YCTAaHOBUTH, YTO CHIJIBI yMEHBLIAIOTCS C YBEJIMYCHHWEM YIJla HaKJIOHA
uHctpymenta ot 10° mo 40°. Kpome Toro, cuia FX HambGonee 4YyBCTBHTENbHa NPH H3MEHEHHWH YIiia HAKJIOHA
noBepxHocTH. OTMETUM TakkKe, YTO CHJIBl DPE3aHHs, PACCUUTAHHbIE II0 BBINICYIOMSHYTOH METOJHMKE, XOpPOILIO
COTJIACYIOTCS C MOJYYCHHBIMU SMITMPHUYCCKUMH pe3yabratamu pabot [6, 17, 24, 26, 27, 30] .

C pocToM yria y yMeHbLIAaeTcs INpelebHas IUIOUIAJb IOTPYKEHHs MHCTPYMEHTa B 3aroTOBKY (ompeaensemas
paboynM  yrjaoM HM  aKTHBHBIM  YHCJIOM  3yObeB Z;). CienoBaTenbHO, TIpM  YHCTOBOM  ()pe3epoBaHHUU
chEepOLMITHHIPHYECKIM HHCTPYMEHTOM MOTYT HPHCYTCTBOBATh «IIYJIBbCHPYIOIINE)» CHIIBL, ITOCKOJIBKY M yria
HAKJIOHA TIOBEPXHOCTH Y > 0° YKCIIO aKTUBHBIX 3yOBEB YaCTO MEHBILE CAUHULBI (Z; < 1).

YroObl yCTAHOBUTH Z;, TPOAHAIM3MPOBAIHM 3BYKOBBIE KOJCOaHWs B Xojae pe3aHds. ABTOpPHl pabotsl [31]
TIPEATIOKIIN Pa3enTh CIEKTP KosieOaHui pabounx OpraHoB Ha AUAIA30HbL:

—20...300 I'ty — HU3KOYACTOTHBIH,

—300...1500 I'it — cpeaHEeuacTOTHBIN,

— 1500 I'y 1 601ee — BBICOKOYACTOTHBIHA.

DKcIepUMEeHTAIBHO MOTY4YeHHBIH THana30H 3BYKOBBIX KOJIeOaHUIl MpeICTaBIeH Ha puC. 5.

Puc. 5. DxcnepyMeHTanbHO MOIY4YEHHbIH CIIEKTPaIbHbIM BU 3BYKOBOI BOJHBI (CETMEHT paBeH | cex)

K HH3K09acTOTHOMY QMama3oOHy CIENYyeT OTHECTH KOJeOaHHsS YCTAaHOBOYHBIX 3JIEMEHTOB WM NPUBOAOB MTOJAYH,
K CpPeIHHMM ¥ BBICOKHM — YacTOTy HHCTPYMEHTa, INMHUHAEAS W Jp. B naHHOW paboTe ¢ TOYKH 3peHHS
aKyCTHYeCKOW JMAarHOCTHUKH OIPENENCHBl ONTHMAalbHBIE PEXKHUMBI PE3aHMs, MOANCPKHUBAONINE YCTOHYHBYIO
paboTy TEXHOIOTHYECKOW CHCTEMEI.

IMpenBapuTeIbHO OMPENEITIIA YaCTOTY, COOTBETCTBYIOIYIO YacTote pesanus (puc. 6). [IpuMeHnH GUITBTPaIHio K
3BYKOBBIM KOJICOAHUSIM IIPH:

— nepeMenienun mnunAeapHoro y3na (Y, Z),
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— ppartuenu (n),
— nepemernieHuu ctona (X),
— myme B Jlabopatopuu.

P : y . .
n— e el B R e e TS

Puc. 6. CriekTpaibHblii BUI 3ByKOBOM BOJIHBI IOCIIE (uiibTpanuu (cerMeHT pasen 1 cek)

CTOUT OTMETHTh HEKOTOpBIH pa30Opoc 3HaueHWi (pUc. 6), CBSI3aHHBIA C OTPOMHBIM KOJIMYECTBOM (HaKTOPOB,
KOTOPBIE CI0XKHO UCKIIIOUHUTH IPU MPOBEACHUN HaTYPHOT'O SKCIIEPUMEHTA.

CepennHa BEIpa)KEHHOTO AMAlla30HA YacTOT, MPEACTABICHHBIX HA PUC. 5, COOTBETCTBYET BpameHuto 1500 o6/muH ¢
HaKJIOHOM HHCTpyMeHTa 40°. AKycTHUYecKasi AMarHOCTHKA MOATBEP/IMIIA, YTO pe3aHue IUI0 MPAaKTUYEeCKH HEIpPEephIBHO,
T. €. 63 yHapHBIX «IIyJIbCUPYIOIUX» Harpys3ok. IlocimenHss cutyanus npeacTaBieHa Ha puC. /. 371eCh BBILAEICHHOE

BpEMs OLCHKH COCTABJISICT 0,5 C, KOJIMYCCTBO NEPHUOJAOB — 25.

Puc. 7. ®unprpoBaHHBIH (parMeHT 3ByKOBOW BOJHBL, KOTOpasi OCHOBaHA Ha 3BYKe pe3aHus npu Y = 40° (cerMeHT paBeH 1/2 cek)

Ha puc. 7 mpencraBieHa HEOJHO3HAYHO HMHTEpHpETHpyeMas 3ByKoBass BosiHa. OJHAaKO €€ JIOBOJBHO IIPOCTO
0XapaKTepHU30BaTh, €CIM YIIyOUTbCS B CYIIHOCTh MEXaHHUecKoW oOpaboTku ¢pesepoBanueM. [Ipm momyTHOM
(dpe3epoBaHUM M CKPYIJIEHMHM pPEXylled KpOMKHM IUlacTH4eckue paedopManuu MeTaula ¢  OCTaTOYHBIMH
HaIpsDKEHUSIMA OCTAalOTCsl Ha 00paboTaHHOW moBepxHOCTH. Jlaxke mpu nomkHoi momade COXK B MOBEPXHOCTHBIX
CIO0AX MaTepHajia BO3HHKAIOT TeMIepaTypHbIe Ae(GOpMaIiH U MCKaXXaI0T KPUCTAIIMIECKYIO PEIIEeTKy (OCTaTOYHBIE
HanpspkeHus |1l poma). Hapsmy ¢ »TuM mocme ymaneHWs WHCTPYMEHTa PAcTSHYTBIE BEpPXHHE CIIOM MeTajuia
MprOOPETAIOT OCTATOYHBIC HANPSDKEHUS CXaThA. Eciau OmuchBaTh MEXaHooOpabOTKy CO CTOPOHBI KHHEMAaTHKH
mporiecca, CTOUT OTMETUTH (DAKTOp CHATHS CTPYKKH, a MMEHHO BEIWYMHY O, — Yroj pe3aHus Marepuaia C

HAKJIOHEHHBIM LIMTMHACIEM B MOITYTHOM HanpasieHud (puc. 8).
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Puc. 8. Cpesaemslii npu MeXaHOOOPabOTKe CErMEHT 2: @ — BHJI CBEPXY; 6 — HPOEKIHs cpe3aeMoro cermenta [16]

YTOYHUM, 4YTO HUHCTPYMEHT pexer B 30He 2. I[losydeHHBle JaHHBIE TONTBEPXKIOAIOTCA Ppe3yJbTaTaMH
MOZEIUPOBAHNUS, HO PACCMOTPEHBI Ul HACATBHOTIO CITyYasl.

Hapsiny ¢ ykazaHHBIMH (haKTOpaMH TEOPETHUCCKHE M IMIMPHICCKHE PACXOXKICHHUS YacTO BBI3BAHBI BUOPALIHSAMHY,
CBSI3aHHBIMH C OTKJIOHCHHMEM W M3HOCOM HHCTPYMEHTa, a TakXke ¢ TeoMeTpuedl 30Hbl pe3anus. Ha puc. 7
MPOCIISKMBACTCSI TMPOLIECC MOAPE3aHUsT MaTepuaia 3aroTOBKH j-M 3yOOM HHCTPYMEHTa, KOTOPBIH Hapsay ¢ APYruMH
(bakTOopamMu onpeenseT CTOIb HHTEPECHYIO (OpMY MOTy4EHHOH BOJIHEIL.

B nononHeHue K BblIECKa3aHHOMY Ha puc. 9 mpejcTaBiieHbl 3aBHCHMOCTH, KOTOpbIE IOKa3bIBAIOT, YTO HpPHU
YMEHBLICHUH aMILIUTY/ bl BUOpaluii yBenIuuuBaeTcs yrou HakiaoHa ot 10° no 40°.

A, MM
0.0060

0.0045 \ /
A

\ I A\/‘ A /\
0.0030 -+ sAL TR
0.0015 l‘]\ A I\-"/X‘\." N ‘\

0.0000

Puc. 9. AMmmTy sl KonebaHuii B 3aBUCUMOCTH OT yIJla HAKJIOHA ITOBEPXHOCTH: cIutonHas Juausg — 10°, mynkrupHas — 40°
s

M.P.Tumaneee u B.B.T ycnﬂKOB4 MPOAHATIM3UPOBAN  MEXKIYHAPOJHYIO TMPAKTUKY MTPOQPUIBLHONH OICHKH
[IEPOXOBATOCTH TIOBEPXHOCTU. ABTOPBI paboTh! [32] BRIABUHYIH MPEATIOKECHHUS IO MEPEXOTy HA TPEXMEPHYIO OLICHKY.
B mperncraBieHHOM HCCIIEAOBaHUY AJISI COCTABICHUS] KOMIUIEKCHOM OLICHKHM M3MEPEHHsI IIEPOXOBATOCTH IPOBOIMIINCE
B OPTOTOHAJILHOM CHCTEME KOOpANHAT.

Awnanuz nonydeHHbIx npoduiorpamm (puc. 10) mo3Boisier cienaTh 3aKiOUYEHHE O PETYIISIPHOCTH MHKpopeibeda
TIOBEPXHOCTH Tociie 00paboTKM CepoIIMHAPHIEcKoil KoHIeBoH ¢pe3oit. [Ipn 3ToM HemenecooOpasHO yYHTHIBATH
1IEpOXOBAaTOCTh MHCTPYMEHTA, TaK KaK €€ IPOSBICHUS HE3HauUTeNbHbl. HekoTopoe AONOIHUTENBHOE YBEIHYEHUE
IIEpOXOBAaTOCTH HAOIJIIOaeTCs B HANPABJICHHH OOKOBOTO IIara &e, YTO TMOATBEP)KIACT YBEIHUEHHE YIPYTUX OTXKATHH
uHcTpyMeHTa. OO0 3TOM CBHUIETENLCTBYIOT MPEACTABICHHBIE MPOPMIOTpaMMBI, T/Ie MepHoasl mpoduis (paccTosiHue

BIAJIMH U BBICTYIIOB) COOTBETCTBYIOT 3aJaHHOM BennunHe nonaun fZ = 0,2 mm/3y0.
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Puc. 10. IIpoduaorpaMmsl MoBepXHOCTEH MTocie (hpe3epoBaHus C Pa3IMIHBIMH yrilaMH HakJIoHa: a — v: y = 10°, Hanpasienue f;;
6 — v = 10°, HarpaBieHue &; ¢ — y = 40°, Hanpasienue f,; 2— vy =40°, HanpaBneHue a,

DOTOMUKPOCKONIMYECKHE H300paKeHUs 00pabOTaHHOW IMOBEPXHOCTH HMEIOT OYEBHIHYIO TI'eKCarOHaJbHYIO
dopmy (puc. 11). KagectBo 06paboTaHHO# MOBEPXHOCTH B HAINPABICHUH OOKOBOTO IIara 8, MOXKET CHHKATHCS H3-3a
OTXKATHUSI PEXKYIIEr0 HMHCTPYMEHTA M BO3pPACTaHMs aMIUIMTYAbl KOJIEOAaHUH TEXHOJOTHYECKOH CHUCTEMBI IpH
(bpesepoBanur. DTO MOATBEPIKAAIOT PE3YJIbTATH BUOPOAKYCTHUECKOM THarHOCTHKH.
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Puc. 11. Cxema dpesepoBanus u ¢oto 00padoTaHHOH MoBepXHOCTH IpH: a — ¥ = 10; 6 — v =40

Eme pa3 momuyepkHeM, 4TO pe3yJabTaThl IKCIHEPUMEHTOB COOTHOCATCS C IAHHBIMH, MOJYYEHHBIMH MHOTUMH
aBTOpaMH, M COIJIACYIOTCSI C TEOpPHAMH YNPYrocTH, (opMooOpazoBaHMA, pE3aHHS MaTepHAOB M TEXHOJIOTHEl
MAaIIMHOCTPOCHHUS.

O6cy:xaenne u 3aKi04enns. V3yueHo BIMsHUE yIila HakJIoOHa 00pabaThiBaeMOil MMOBEPXHOCTH Ha CHJIbI PE3aHUs,
BUOpauuu U mapamerpbl Mukpopenbeda. CosaHa MoJelb CUIIBI pPe3aHHs M BUOpaluH, BKIIOYAIOUIAs KUHEMAaTHKO-
reOMETPUUYECKUE MapaMeTphl. lccnenoBaHue MOKa3alo, YTO KOJIWYECTBEHHO M KAa4eCTBEHHO CHIBI pE3aHus U
KoJIeOaHHs PEXYIIET0 HHCTPYMEHTA 3aBUCAT OT yIJIa HAKJIOHA ITOBEPXHOCTH.

AHanu3 3KCIEpUMEHTAIBHBIX JAHHBIX [MO3BOJIWII BBISIBUTH IPU yBEIHUYEHHH yria HakioHa 10 30—40° TeHneHIHo K
CHIDKCHHUIO aMIUIMTYJHBIX TapameTpoB miepoxoarocth Ha 10-20 %. KagectBo oOpabGoTaHHON mOBEpXHOCTH
CHIDKAETCS M3-3a YIPYroro oTKaTus cepOoLMINHIPUIECKOT0 MHCTPYMEHTa W BO3PACTAHHs aMIUIMTYZAbl KoJeOaHWH
TEXHOJIOTUYECKON CUCTEMBI.

Y CTaHOBIIEHO, YTO CHITBI pacTyT B HampaBieHun ag(X) u fz(Y) mpu y > 40°. 3T0 MOXKHO OOBSICHHTH pacrpeecHreM
COCTaBJIAIONINX CHIIBI PE3aHUS BAOJIb PEXYyIIel KPOMKH, KOTOPOE 3aBUCHUT OT HAKJIOHA TOBEPXHOCTH.

[lomy4yeHHble aBTOpaMM pEIIEHHS 3aJad MOHUTOPHHIA W aHajIW3a [apaMeTpoB IIEPOXOBATOCTH 3a CYET
AKyCTHYECKOW JMarHOCTHKU MO3BOJIIIOT CYIIECTBEHHO COKPAaTHUTh 00bEM SKCIEPUMEHTANIBHBIX UccieaoBaHuil. Takoi
MOJXOJA AAaeT BO3MOYKHOCTh 3HAUMTENBHO CHU3UTH 3aTPaThl MaTepPHAIbHBIX PECYpPCOB M BPEMEHH Ha MEXaHUYECKYHO
00paboTKy u3zenuii. Pe3ynapTaTbl SKCHEPHUMEHTOB NPEJCTABISIOT NPAKTUYECKUH WHTEPEC M YTOUHSIOT CBEICHUS O
(opMupoBaHUM MUKpoOpenbeda, B TOM YHCIIe O MapaMeTpax HIepoXOBaTOCTH IPHU MEXaHWIECKOH 00paboTke pe3aHueM.
Heob6xoxnma Gosee neranbHas IpopaboTKa MpeIIokKeHHOTO METO/1a aKyCTHUECKOM TMarHOCTHKH.
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OnpeneseHue TMHAMAYECKHX XaPAKTEPUCTHK IIECTEPEHHOT0 HAcOCca

IO METOAY BapHAIlM1 HAI'PY30K € UCITOJb30BAHUEM CIICHUAJTBbHBIX
CTEHAOBbBIX CUCTEM

B. . Canuyros =, I1. /1. Pexamze = D<

Camapckuil HaMOHaIBHBIN HccenoBaTeabCkuil yHuBepcuTeT nMeHu akagemuka C. I1. Koponesa, Poccuiickas ®eneparus,

r. Camapa, yn. Mockosckoe mocce, 34

>4 Rekadzel1993@gmail.com

AHHOTAIIUSA

Bgeoenue. Tlymbcanmu paboueil cpeibl B THAPOCHCTEMAaX CTAaHKOB, CHUCTEMaxX TOIUIMBOIIOJAYM ABUAI[HOHHBIX
JBUTATENICH U MOJAaYu XKHIKOCTHOTO PAKECTHOIO IBHTATEls SBISIOTCS OJHMM M3 TJABHBIX (PAKTOPOB BO3HHKHOBCHHS
BHOpAIMH arperatos, MPUBOISIICH K YCTATOCTHOMY Pa3pyLICHHUIO KOPITYCOB 3JIEMEHTOB, TPYOONPOBOIOB U BBHIXOIY U3
CTPOSI 3JIEMEHTOB HAcOCOB. L{esibi0 PabOThI SABISUTUCH PeaTU3allisl METO/a ONPEACICHHS JUHAMUYCCKUAX XapaKTePUCTHK
00BEMHOTO HAcoca C HCIOJIb30BAaHHEM CICHUANBHBIX CTCHIOBBIX CHCTEM U CpPaBHECHHE pe3yJbTaTOB pacuéra C
9KCIEPUMCHTANBHBIMA TaHHBIMHA. OMHCAaHBI 3Tambl pacuéra MTUHAMHYECKHX XapaKTepUCTHK OOBEMHOrO Hacoca ¢
y4éToM pa3pabOTaHHBIX paHee CICMUATBHBIX CTCHIOBBIX CHCTEM Ha IMpHMepe IIeCTEpEHHOTO HAcoca BHEIIHETO
3alleTyIeHUs] TPOU3BOAUTENBHOCTRIO 14 cm®/06. Tlokasana peanuzauusi Meroaa Bapuauuu Harpy3ok B. I1. lopuna c
HCTONB30BaHUEM pa3pa0OTaHHBIX aBTOPaMH CIICIHANBHBIX CTEHIOBBIX CHCTEM C 3apaHee OIpeIeIEHHBIMU
JUHAMUYECKMMH XapaKTepUCTHKaMH. M3maraloTcsi OCHOBHBIE JTalbl METOAUKU OIpEAeTeHUs UHAMUYECKUX
XapaKTEPUCTHUK LIECTEPEHHOT 0 Hacoca.

Mamepuanvt u memoos.. B paboTe TpPHUMEHEHBI METOJbl CIEKTPATBHOTO aHalHM3a MYyJIbCUPYIOUIETO JAaBJICHUS.
Ilynscanuu pacxoaa KUAKOCTH Ha BBIXOJAE M3 HAcoca ONPEACNSJIMCh C MOMOIIbI0 MMIIEJAHCHOTO METOJla, METOoJa
BapHUallu Harpy30K U CHEIMAIbHBIX CTEHIOBBIX CHCTEM.

Pe3ynomamul uccnedoeanusn. B pabore peann3oBaHa METOAMKA ONpEACNCHUS TUHAMHUYECKHX XapaKTePUCTHK
IIeCTEpPEHHOTO Hacoca B Jauama3oHe o0oporoB mpuBomHOro Bama 500—-2500 oO/MuH Ans 9eTHIpEX TapMOHHYECKHX
COCTABISIIOIIMX CHEKTpa KoJieOaHWH B IIMPOKOM [HANA30HE JUHAMHYECKHX HArpy3oKk (OT HHEPIMOHHOIO [0
€MKOCTHOrO xapakTepa). IIpeicTaBieH aHaiIW3 CTEHIOBBIX CHUCTEM, MPUBOASAIIMX K pPacuéTy TUHAMHYECKUX
XapaKTepUCTHUK Hacoca C MHUHUMAJIbHOM MOTPEIIHOCTHI0 Ha OCHOBAaHUM YCJOBHS COTJIAacCOBaHUS JIMHAMUYECKOM
Harpy3KH W WCTOYHWKa KoneOaHuil. [IpoBeneHa mpoBepka pa3paOOTAaHHOTO NOAXONA K OINCHKE JWHAMHYECKUX
XapaKTePUCTUK HACOCA TMOCPEICTBOM CpaBHEHUsI PACUETHBIX W OKCIICPUMEHTAIBHBIX JAaHHBIX MyJIbCAIUil JaBJICHUS B
CTEH/IOBBIX CUCTEMAX C IPOCCEIIEM, MOJIOCTHIO U MPOTHKEHHBIM TPYOOTIPOBOJIOM Ha BBIXOJIE HAcCOCA.

Obcysrcoenue u 3axniovenus. PearnzoBad METONI ONPEEICHAS TUHAMUYECKUX XapaKTEPUCTUK 0O0BEMHOTO Hacoca ¢
WCTIONIb30BaHUEM DPa3pabOTaHHBIX aBTOPAaMU CHEIHMANbHBIX CTEHIOBBIX CHUCTeM. Pe3ynbTaThl HCCIIEJOBAHUM
MOKA3bIBAIOT, YTO UCCJEAYEeMbIH IIECTEePEHHBI HACOC MOXKET paccMaTpUBaThCs KaK HE3aBUCHUMBIM HMCTOYHUK
KoJIe0aHUM pacxo/a, UIsi KOTOPOTO OTKJIOHCHHE COOCTBEHHBIX JTUHAMUYECKHUX XapaKTEPUCTHK OT CPESIHIX 3HAUYCHUIA HE
npebimaet 10 % mo mepBoii rapMOHHYECKOH COCTABIISIOMICH.

KiroueBble c10Ba: 00bEMHEII HacoC, METOA Bapualluu HArpy30K, CTCHIAOBLIC CUCTEMbI, HCTOYHUK KoJe0aHuit pacxonaa,
AVMHAMUYCCKUEC XapaKTCPHUCTUKU HACOCa, HE3aBUCHUMBIN HCTOYHHK KOJ'IC6aHI/II71, ImyJibCalluu pacxoga, UMIECAaHC.

dunancupoBanue. pabora BTOporo asTopa BbimosHeHa 1o Teme Ne FSSS-2020-0015 B pamkax BBIOJHEHUS
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Determination of the dynamic characteristics of a gear pump by the load
variation method using special bench systems
Valeriy I. Sanchugov =, Pavel D. Rekadze “='P<

Samara National Research University, 34, Moskovskoye Shosse,Samara, Russian Federation
< Rekadze1993@gmail.com

Abstract

Introduction. Some of the major factors in the occurrence of vibration of units, causing fatigue failure of the housings
of elements, pipelines, and failure of pump elements, are pulsations of the working medium in the hydraulic systems of
machine tools, fuel feed systems of aircraft engines and liquid-propellant engine supply. This study aimed at the
implementation of a method for determining the dynamic characteristics of a volumetric pump using special bench
systems, and the comparison of the calculation results to the experimental data. The stages of calculating the dynamic
characteristics of a volumetric pump were described, taking into account the pre-developed special bench systems on
the example of an external gear pump with a capacity of 14 cm®rev. The implementation of V. P. Shorin's load
variation method using special bench systems developed by the authors with predetermined dynamic characteristics was
shown. The main stages of the methodology for determining the dynamic characteristics of a gear pump were described.
Materials and Methods. Methods of spectral analysis of pulsating pressure were applied in the work. Pulsations
of fluid flow at the pump outlet were determined using the impedance method, the method of load variation, and
special bench systems.

Results. The paper implemented a technique for determining the dynamic characteristics of a gear pump in the drive
shaft speed range of 500-2500 rpm for four harmonic components of the vibration spectrum in a wide range of dynamic
loads (from inertial to capacitive nature). The bench systems yielding the calculation of the dynamic characteristics of
the pump with a minimum error based on the condition of matching the dynamic load and the source of vibrations were
analyzed. The developed approach to the evaluation of the dynamic characteristics of the pump was verified through
comparing the calculated and experimental data of pressure pulsations in the bench systems with choke, cavity and an
extended pipeline at the pump outlet.

Discussion and Conclusions. The method for determining the dynamic characteristics of a volumetric pump was
implemented using special bench systems developed by the authors. The research results show that the gear pump under
study can be considered as an independent source of flow fluctuations, for which the deviation of its own dynamic
characteristics from the average values does not exceed 10% for the first harmonic component.

Keywords: volumetric pump, load variation method, bench systems, source of flow fluctuations, pump dynamic
characteristics, independent source of fluctuations, flow pulsations, impedance.
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Beenenne. OCHOBHBIE HENOCTATKM HACOCOB 3aKIIIOYAIOTCS B CONPOBOXKIAEMOM HX pa0OTy aKyCTHYECKOM IMIyMe,
BHOpaINN KOpITyca, IPUCOEINHEHHBIX TPYOOIIPOBOIOB M BOSHHUKAIOLINX BCJIEICTBHE 3TOTO PA3PYIICHUSIX KOHCTPYKIIUH.

TpaauIMOHHBIN ITyTh COBEPLICHCTBOBAHUS KOHCTPYKLMI HACOCOB, MCHOJIB3YEMBIH B MAIIMHOCTPOCHHH |
3aKJTFOYAIONIMNCS B CIIaXMBAaHHUHM HEPABHOMEPHOCTH TEUCHUS JKUAKOCTH, 3aTPYJHEH OTCYTCTBHUEM CPEICTB IPSIMOTO
N3MEpPEeHNs] pacxo/a JKUJIKOCTH Ha BBIXOJE HAacoca. OTO OrpaHMYHMBACT JIOO0YI0 SKCIEPHUMEHTANBHYIO OLEHKY
3¢ PEKTUBHOCTH KOHCTPYKTUBHO-JIOBOJIOYHBIX PaboT 1o HacocaMm. Kpome TOro, 3T0 OrpaHMYMBacT aHAJIUTHYECKOE
ONMCaHWe Hacoca KaK MCTOYHHMKA KoJeOaHWH, HeoOxoamumoe pa3paboTdnkaM THAPOCHCTEM s OoOecredeHust
TpeOyeMoro TMHaAMHUYECKOT0 Ka4yeCTBa CAMUX CUCTEM.

Ilo sToit MPUYUHE UCCIIEA0OBAHNA, CBA3AHHBIC C MOACIUPOBAHUEM JUHAMUYCCKUX MTPOIECCOB B THAPOMEXAHNYECCKUX
cuctemax [1, 2] ¥ mpuUMEHEHHEM HOBBIX MOAXOMOB K PEIICHHIO 3a/a4 JTHHAMUKH THAPaBIHYeCKuX cucteM [3, 4] Ha
OCHOBC (I)I/ISI/I‘ICCKI/IX TPUHOUIIOB, UMEIOT AKTYaJIbHOCTb.
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Marepuaasl u Meroabl. IlpejicraBieHa peanusandss Merofa Bapuanumu Harpy3ok B. I Ilopuna [4],
3aKJII0YAONIAsCS B TOM, YTO ONPEIEISIOTCS MyIbCALlUU JABIEHUS 32 HACOCOM, B3aUMOACHUCTBYIOUINM C HECKOJbKUMU
CTCHIIOBBIMHM CHUCTEMaMHU, JMHAMHUYCCKUC XapaKTCPUCTHKH KOTOPHIX pacCUMTaHbl 3apanee. [lamee 00paboTaHHBIC
aMIUIMTYAHO-YAaCTOTHbIE  XapaKTePUCTUKH JABIEHUS C HCIOJb30BAHHEM HMIIEaHCAa CTEHJOBBIX CHCTEM
MEPECUYUTHIBAIOTCS B COOCTBCHHBIC IMHAMUYCCKUC XAPAKTCPUCTHKH HAcOCAa — IMyJbCAIIMOHHYIO MPOU3BOIUTECIHLHOCTh
U umrenanc. Pa3BuTre moaxoja COCTOMT B TOM, UYTO MPEASIOKEHBI CHEeIMalbHbIE CTEHI0BbIE CUCTEMbI, YUUTHIBAIOLIHE
COEIMHUTENbHBIE MITYLEPHl, NMEPEXONHUKU M BHYTPEHHHE KaHajlbl HAcoca, YTO IIO3BOJISIET TOYHEE ONPENENSThH
JUHAMHYECKHE XapaKTEPUCTUKH HACOCOB, a TAK)KE OCYILECTBISATH NIPOBEPKY MPUMEHUMOCTH HCHOJIb3YEMONW MOJEIH
Hacoca B BHJIE SKBHBAJICHTHOT'O UCTOUYHHUKA KOJIeOaHHI.

Pe3yabTarhl Hcciie 0BaHUS

Memoouka onpedenenus OUHAMUYECKUX XAPAKMEPUCTUK UWeCMEePEHHO20 HACOCd

B CamapckoM yHUBEpCUTETE pa3pabOTaHa PacyeTHO-IKCIICPUMEHTAIbHAS METOIMKA ONPEACICHUS IMHAMUYCCKUX
XapaKTepUCTHK IIECTEPEHHOI0 Hacoca (MyJbCallHOHHOW IPOU3BOJAMTENHLHOCTH U UMIIEJaHca), KOoTopasi 0a3upyercsl Ha
uccnenoBanusix JI. Tesenena, O. Hoprona u B. Il Illopuna [5, 6]. Pa3pabGoranHas Meroiuka BKIOYaeT B ceds
CJEYIOIINe OCHOBHBIC ATAIBl: CO3/aHUE MOJIENIEH U pacdyeT TUHAMUYECKUX XapaKTePUCTHUK CIIEIUAIBHBIX CTEHOBBIX
CUCTEM; SKCIEPHMEHTAIBLHOE OMpe/eIeHHEe MyIbCallMil IaBIEHHs Ha BBIXOJIE HACOCA; pacueT CHEeKTpa BO30YKAaeMbIX
KOJIeOaHWH B Pa3NMYHBIX CTEHIOBBIX CHCTEMaX; OMpeIeNiCHHE allpPOKCHMUPYIOMNX 3aBHCHMOCTEH IS OTHENBHBIX
TAPMOHHYECKUX COCTABIBIIONINX; pPacdéT COOCTBEHHBIX AMHAMHYECKUX XapaKTEPHCTUK Hacoca (IIyIIbCallMOHHOMN
MIPOU3BOTUTEIHLHOCTH W UMIIEIAHCa); OLlEHKA HE3aBHCHMOCTH (CTAOMIBHOCTH) NWHAMHYCCKHIX XapaKTEPHCTHK Hacoca
OT XapaKTEpUCTUK CTEHAOBBIX CHUCTEM; IpPOBEpPKAa NPUMEHUMOCTH HCHOJIB3YEMOW MOJAENM Hacoca B BHUIE
SKBHBAJICHTHOTO WCTOYHWKA KoleOaHWH pacxoma (Wi pmaeneHws). Jlamee TpHWBENEH TMpUMEp peann3aruu
MPEUIOKEHHONM METOAMKHM C  HCIOJIb30BAaHMEM MIECTEpEHHOIO HAacoca BHEIIHErO 3alleIUICHUs YAETIbHOMH
POH3BOAUTENLHOCTBIO 14 cM%/06.

Mooenu u pacuem OuHamu4eckux Xapaxkmepucmuk cneyuarbHuix CMeHO08bIX CUCHeM

PaccMmoTpeHbl 0a30BbIC BapUAaHTHI CTCHIOBBIX CHCTEM HA BBIXOJC JKHUIKOCTH MPHU HCIBITAHUSIX HACOCOB. B
COCpEIOTOUEHHBIX MapaMeTpax CTEHAOBas CHCTEMa MOXKET pPEalu30BBIBATH AKTHBHYIO PAacXOJHO-3aBUCHUMYIO,
WHEPIIMOHHYIO U YIIPYTYIO HATPY3KH. B pacnpenenéHHbIX mapameTpax CTCHIOBAsI CHCTEMa MOXKET OBITh pean30BaHa B
BHAC NPOTSDKEHHOTO MWIMHAPHYECKOTO TPyOONpoOBOAa, pEalu3yIoMmEero aKTUBHYIO YacTOTHO-HE3aBUCHMYIO
HEOTPaXKAIOILYIO HATPy3Ky.

Mogenmn Hacoca B BHJIE SKBHBAJICHTHBIX HCTOYHHKOB KoneOanuii pacxoma (OWKP) wnu maBnenus (DUK])
OIIPEJIEIISIOTCS C UCII0JIb30BAHIEM HCTOYHUKA NOCTOSHHOTO pacxoja Q,, MaeaqbHOro MCTOYHMKA KOJIeOaHUM aBIeHHs

p (wm pacxoma () M BHyTpeHHero umnenanca Z, [4]. Ha puc. 1 npencraBneHsl Mojenum Hacoca B BHJE

9KBHBAJICHTHOT'O HCTOYHHKA KOJieOaHui AaBieHus (M pacxo/a) ¢ MPUCOCIUHEHHOW CUCTEMO.

Paf@ *ﬂu T Zme agk_) *% Z, T Zime
! |

T cmendobos ' cmexdobas
Hacac | Cucmera Hacoc | Cucmera
a) 0)

Puc. 1. Mozenu Hacoca B BHJI€ SKBHBAJICHTHOI'O HCTOYHHKA KoJlebaHuii: a — JaBJICHUA, 60— pacxona ¢ HpHCOeZ[HHeHHOﬁ

cucremoit: Q,, Py — cpenumii pacxon u nasnenue; P, ,0, — coOCTBEHHAs MyIbCALMOHHAS IPOM3BOUTEILHOCTh HACOCA 1O

JaBieHuio u pacxony, Z,,Z — MMIIEJaHC HACOCa U CTEHI0BOM CHCTEMBI (ananTupoBaHo u3 [4])

cm.c.

[Ipu 3TOM 3amaueii BEIOOpa CTEHIOBOM CHCTEMEI SIBIAETCS 00OecliedeHre TaKUX TapaMeTPOB CHCTEMBI, IPH KOTOPBIX
peanu3yroTcs HAWIydIIHe YCIOBHS BBICOKOH TOYHOCTH HM3MEpEeHMH. 3amady BBIOOpa MapaMeTpoB IPHUCOEAMHEHHOM
CHCTEMBI HE00X0IMMO POBOJHTH IIPH M3MEHEHUH UMIIEIaHCa B JUANIA30HE OT -00 JI0 +00.

[TpuHIMIIHATBEHBIE CXEMbI CTEHJJOBBIX CHCTEM MPE/ICTABIICHBI HA PUC. 2.
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Puc. 2. [IpuHIMIMaNsHbIE CXEMBI CTCHIOBBIX CUCTEM JUIS ONPEIeNICHNsI COOCTBEHHBIX ANHAMHYECKUX XapaKTEPUCTHK HACOCOB:
a — C aKTUBHOM JpOCCEeNbHOM HATPY3KOif; 6 — C aKTHBHOM HEOTpaKaroIleil Harpy3Koi; 6 — €MKOCTHON Harpy3Koii:
1 — wcnbITyeMbli Hacoc; 2 — Harpy304YHbIH Apoccelib; 3 — pacxomoMep; 4 — NaT4nK JaBJeHUS; 5, 6 — COeANHHUTEIbHBIE
IITYLEpPbl; 7 — MarucTpaib; 8 — MpOTSHKEHHBIH TPyOOIIPOBO; 9 — MOIOCTH

PacuérHble MO/ICITN HMIIEIAHCOB CIICIIHANBHBIX CTEHAOBBIX CHCTEM:
— C aKTUBHOH JIPOCCENBFHON HAarpy3KOH (Ipoccels):

27 L 1)

mp

Z,,(Q)+ReZ,,(Q)’

| jarctg
Zooi (Q F)=/(Z,, (Q)+ReZ,, (Q))* + 2;sz/80_2 e

mp
— C aKTUBHOH pacrpe/ie]IeHHOW Harpy3Koi (poTsoKEHHBIN TpyOOIpOBO):
, _pa (2)
cm.c. S

mp

— C eMKOCTHOW Harpy3Koi (II0JIOCTB):

2 ®)
2zf, )’ LC-1
Zcm.c.k (QO’ fk ) = (Rez.'ltw (QO ) + Rezmyp6 (QO ) + Rez,\m‘, (QO ) + de (QO ))2 + % *
k
jarcg (2 ) LC1 }
*e 27 C(REZ 10y, +R€Z, 5 (1 )+REZ,, . ()+Z,,(Q))
B ¢dopmynax obGosnauenss: Z,, (QO) — wumMnenanc gpoccens; ReZ (QO) — JEWCTBUTEIbHAS YacTh MMIIEAAaHCA

pr601'[p0B0,Z[a, BKJIIOYAOIIETro COCAUHUTEIIbHYO MarucTpalib, ITYHEPbl, BHYTPECHHUEC KaHAJIbl B HACOCC U JAPOCCELIIC,

ReZ (QO), Reme& (QO), ReZ (QO) — JIeWiCTBUTENbHAS YacTh WMIIEAAaHCa IITYIEPOB M BHYTPEHHETO KaHaja B

HACOCE M MOJOCTH MPH JIAMUHAPHOM, TYpOYJIEHTHOM TEYEHUH KHUIKOCTU 3a HACOCOM M MECTHBIX COTPOTHBICHHUSIX
COOTBETCTBEHHO; f, — wyactota K —i rapMOHHYECKOil COCTaBISIOLICH CIeKTpa KojebaHuil 3a HacocoM; p —

IIOTHOCTh paboued cpexmsl; |, — nnmHa TpyOOmpoBOAA, BKIIOYAIOMIAS UIMHY MArucTpaid 6, COCAMHUTEIBHBIX
HITYHEPOB 5 U 7 ¥ BHYTPEHHUX KaHAJIOB HACOCA W Jpocces (He MOoKa3aHbl HA pHC. 7); S,, — IUIOLIA/b NONEPEYHOro

ceueHust TpybompoBoaa; L — «MHEPIMOHHOCTB» COEIMHMTENBHBIX IITYLEPOB M BHYTPEHHEro KaHaja B Hacoce
nonocti; C — yIPyrocTh HOJIOCTH; K — HOMEp rapMOHHYECKOW COCTABILSIIOIICH CIICKTpa KOJIeOaHui; | — MHUMast

enuanna ( j = \/—_1).
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C uCcoNIb30BaHUEM CTEHIOBOM CHCTEMBI C APOCCENIEM Ha BBIXOJIE HACOCA PEasIM30BaHbl TPH NHEPLHOHHO-aKTHBHEIC
JMHAMUYECKUE HAarpy3Kd, B KOTOPBIX W3MEHSJIOCH AKTHBHOE CONPOTUBIICHHE H3MEHEHHEM IUIOIIAAN IEePEeKPBITHS
npoccens Fo:

— st cTeHoBoM cucteMbl Nel turomaapk nepekpbitus Fg;=9,290% 10° M,

— AJIsl CTeHI0BOM crucTembl Ne2 rutomiaas nepekpoitus F 02=7,299x10°° M?,

— AJisl cCTeH10BoM cuctembl Ne3 rutomians nepekpoitus F 03:2,247X10'5 M.

C uCronp30BaHUEM CTEHIOBOI CHCTEMBI C IIOJIOCTBIO Ha BBIXOJE Hacoca 00bEMOM 2 J1 peaJn30BaHa HHEPLUOHHO-
yIpyras IMHaMHYecKasl HarpysKa.

C uCToNB30BaHNEM CTCHIOBOH CHCTEMEI C MPOTSDKEHHBIM TpyOOompoBoaoM mHHOHM 106 M peani3oBaHa aKTHBHAS
YacTOTHO-HE3aBUCHUMAas Harpys3Ka.

ITo MoxensMm cTeHIOBEIX cucteM 1o dopmyrnam (1)—(3) paccunTaHbl 3aBUCHIMOCTH MMITeAaHca (MOAYNSA U (a3sl) OT
yacToThl. B Tabmuue 1 mis 1-if rapMOHMKY NpuBeneHbl QYHKIMH PETPECCHU MOIYJIS UMIIEaHCa CTEHOBOW CHCTEMBI
Zi(f) u a3 Bi(f) nns aHamU3MPyEMBIX CTEHOBBIX CUCTEM.

Tabuuma 1
DYHKIUK PErPECCUH IMHAMUIECKUX XapaKTEPUCTHK CTEHIOBBIX CHCTEM MO 1-if TapMOHUKE
No Moaynbs uMmIeaanca
CTEHIOBOM Tur cTeHn0Boi CTCHIOBOM CHCTEMBI ®da3a UMIEIaHca CTEHIOBOM CUCTEMBI
CHCTEMBI T10 CHCTEMBI Z.( K2 Bi (f), pan
PUCYHKY 2 e
a— Nel c 1,412-10'f +2,201-10° 7,066-10™f + 0,199
JpoccerneM Ha . 5 .
a— No2 BHIXOJIE HACOCA 1,610-10°f+4,258-10 6,906-10f +0,09039
a— Ne3 4,980-10'f+ 1,503-10° 2,723-107f + 0,251
o C MOJ0CTHIO Ha 3,308 107 — 1,416-107f + arct (4, 234-10° f +1, 495~109)
- BBIXOJIE Hacoca 1,873 10° 1,430-10° f +2,930-10°
C npoTsaKEHHBIM
B — Ne5 TpyOOIPOBOIOM Ha 1,897-10% 0
BBIXOJI€ Hacoca

Dkcnepumenmanvhoe onpedeeHue nyibcayu 0asieHust Ha 8blX00e HACOCa
HWcxoaHoit nHpopManueii 1uis onpeaeieHus TMHAMHYECKUX XapaKTEPUCTHK HACOCA SBIISIIOCH M3MEPEHHE JaBICHUS
Ha BBIXOJE Hacoca. [IpuMep OCHIUIOrpaMMbI U CIIEKTpa IMyJbCAalldil MABJICHHS Ha BBIXOJEC M3 HACOCAa B CTCHIOBOM
CHUCTEME C aKTUBHOHM paclpeiesICHHOW HArpy3KOi MPEICTaBICHBI Ha pUC. 3. PexxuM paboThl Hacoca IPH 3TOM: CPEIHEE
nasienue Py = 23,8 MIla , yactoTa BpaiieHus npuBoaHoro Bana N=100006 / mur .
24,30

Pmax=24,26 MMd—~ (RREEEEEEEEEEE !

24,13
23,95
23,78
23,60

Jasnenue, MIla

23,43

23,25

23,08

Pmin=22,05 MMa
I

0,03 0,04 0,05 0,06 0,07 0,08
BpeM}I IMOBOPOT pOTOpAa, €
r T T T T T 1

0 60 120 180 240 300 360
VYron moBopoTa potopa, rpaj

a)
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=
S o042
)
= 035
=
s
= 0,28
=
=
5 021
v
=
=014
<
=
S 007
=
=]
=
< 0,00

167 334 501 668 835 1002 1169 1336 1503 1670 1837

YacToTa COCTaBISIOIUX CIIEKTpa Koiebanui, Iy
0)

Puc. 3. )IaBJ'IeHI/Ie Ha BBIXOJC Hacoca: @ — OCHMITIOrpaMma, 60— CIICKTpOIrpaMma

AMHHI/ITy,Z[HO"IaCTOTHaSI XapaKTCpuCTUKa HyJ'ILCElLII/Iﬁ JaBJICHHWA Ha BbIXOAC HACOCa B JHAIIa30HC 060p0TOB

npuBoaHoro Baja Hacoca N=500-1250 o6/mMuH mpencraBieHa Ha puc. 4. CIUIOIIHON JHWHHEH HaHECEHbI (YHKIIMU
perpeccun, ioctpoeHnsie B cpeae Microsoft Excel mpu momorn nuctpymenta «JIuHUs TpeHaA.

o
o))

® | rapmMoHHKa
@ 2 rapMOHHKa
@ 3 rapMOHHKa

@4 rapmMoHuKa

Awmruryaa nyinscanuid gasienusi, MIla
o
w

83 166 249 332 415 498 581 664 747 830

YacToTa COCTaBISIONIKX CriekTpa Kojebanuii f3, Iy

I
0

| | |
500 1000 1500
YacToTa BpalieHus IPUBOIHOTO Baja N, 00/MUH

[
0

I
7,3

| !
146 216

Cpenuuii pacxo )KUIKOCTH Hacoca Q, JI/MUH

Puc. 4. AMHJ’II/ITy[[HO-'-IaCTOTHaﬂ XapaKTCpUCTUKa HyJ'lI:C&L[I/Iﬁ JIaBJICHUA Ha BBIXOE€ Hacoca 10 OTACIbHBIM 'apMOHUYECKUM

COCTABJIAIONINM (TOUKAaMH 0603HaYeHHI JaHHbe Ha: @ — mepBoii, @ — Bropoif, @ — TpeTseii, ® — ueTBEpTOI rapMOHHUKAX,

JTMHUSAME 0003Ha4YeHbI PYHKIMH PErpecCHi)

Anamms OCHUJJIOTPpaAMMBI, CIIEKTPOTrpaMMBbl U aMHHHTy}IHO-‘IaCTOTHOﬁ XapaKTCpUCTHUKU HyHBC&HI/Iﬁ JaBJICHUA

oKasaJl CACIYyFOIee: THII MPOIECcCa MOJUTapMOHHYCCKHIA YCTAHOBUBIIMNCS; YUCIO PETHCTPHPYEMBIX TAPMOHUK — 8,
1 N .

AHATU3UPYEMbIX — 4; IMana3oH aMILIUTYy KojeOanuii nasienus 0,28—0,52 MIla; yacTOTHBINM AUANa30H MPUBOIHOTO

Baja 500—1250 06/MuH, aHATU3UPYEMBIX TAPMOHHYECKUX COCTaBIONIMX criekTpa 83—833 I,

)_IJ'IH TapMOHHWYECKOI0 aHalin3a NEPpHUOJNYCCKUX CHUTIHAJIOB HCIOJB30BAJIOCH PA3JIOKCHUE B DAL d)ypbe [7] I[.]'DI
PA3JI0KEHHUSA B PAL (Dypbe HCIIOJb30BaHbl YHAaCTKH OCHUJIJIOIDAMMBI J1aBJICHUSA, U3MEPICMBIC OTHOCUTCIIBHO OIIOPHOTO
CHUTHaJla Ha pOTOpHOﬁ 4acToTe, T.C. 3a MOJIHBIN O60p0T POTOpPaA U3BJCKAJICA OAUH YHaCTOK OCHUJIOTPDAMMBI. OHOpHLIf/'I
CUTHAJI PETUCTPUPOBAJICA TIpU (1)I/IKCI/IpOBaHHOM TMOJIOKCHUN MISCTCPHU, BBLICTABJIACMOM IIpHM Havaje 3alucu
OCHHWJIJIOTpaMMBbI JaBJICHUA IJId IISATU CTCHAOBBLIX CHUCTCM. Taxum 06pa30M OIMPCACIIAINCh AMINIUTYAHO-9aCTOTHBIC

(AUX) A (a)) u (pazo-uactotHsle (PUX) ¢, (a)) XapaKTEPUCTHUKHU.

! B paGore mMpHMHATO, YTO KpaiHsAA BHICUIAS AHAIM3MPYEMas TAPMOHMKA 1O aMILIMTYAe HE JOJDKHA ObITh Gonee 5 % OT aMILTHTYABl MEpBOii

TapMOHUKH.
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Pacuem cnexmpa 6030ydicoaemvix  KoaeOamuti 8 PA3IUYHLIX CMEHOO0BLIX —cucmemax U  onpeoeieHue
ANNPOKCUMUPYIOWUX 3ABUCUMOCTEN OJI5i OMOETbHBIX 2APMOHUYECKUX COCMABIAIOWUX KONeOaHUTl 0a6leHUs]

Ha ocHOBe 3KCIIepMMEHTAJIBHOTO ONpENeNICHUs TaBJICHUs B IISTH CTEHIOBBIX cucTeMax: ¢ npoccesieM (Nel-3), ¢
mosiocthio (Ned) u mpoTsHKEHHBIM TpyOOmpoBogoM (NeS) Ha BBIXOJE HAcOCa PACCUUTAHBI CIIEKTPHI BO30YKIaeMbIX
kosebanuit. B Tabmuie 2 mpuseneHs! GyHKuuM perpeccun aMmiutyn Ay(f) 1 HauanbHeIX $a3 myabcauit JaBneHus A
1-if rapMOHUKH.

Tabmuma 2
OYHKIIUHN PETPECCUH aMILUTUTY/] ¥ HadalbHBIX (a3 MyIbCaluid JaBICHUS
Ne CTCHIOBOI 3 AMIUTUTY A TYJIbCALHNA TaBICHUS Hauansuas dasa 3
Tun crengoBoOI . YacTOTHBIH
CHCTEMEI 110 KT MyJIBCAIMN TaBJICHHSI
CHCTEMBI A (), — JHana3oH
PHCYHKY 2 Mc’ i (), pan
a— Nel 1,003-10°%f -0,543
C npoccenem Ha -
a— No2 BBIXOJE HACOCA 1,243-10f -0,280
a— Ne3 6,129-10°*f —5,941
6 Nod € moxocteto a 1,343-10°°% — 4298-10f + 3,913-107 5,373 83-417
BBLIXOJI€ Hacoca
C npoTsHKEHHBIM
B — Ne5 TpyOOIPOBOJIOM Ha 2,694-1073f -0,658
BBLIXOJI€ Hacoca

Pacuém ounamuueckux xapaxmepucmux nacoca

Jns pacuera NMHAMHUYECKMX XapaKTepUCTUK Hacoca (UMIIEJaHCa M IYJIbCAIlMOHHOM NPOM3BOIUTENHHOCTU
HMICTOYHHKA) HEOOXOAMMO TPOBECTH IKCIEPUMEHT KaK MHHHMYM C ABYMs AMHAMHYECKHMH Harpyskamu’. IIpu 5ToM
HMIEJAaHC Hacoca IO YTOYHEHHOM aBTOpaMH MOJETH OHKBHUBAJICHTHOTO MCTOYHMKA KojeOaHHMM pacxoma c

HCTIONb30BAHHEM aHATHTHIeCKHX 3aBucumocteit P, () u Z, (f) u3 Tabmum 1 u 2 paccunthiBaeTcs 10 popmye:

1- P

P,
Z,=2, b 7 (4)

P, 2,
rae Z, — uMmenanc Hacoca (Z, =|Zu|ei""' ) — Mogyns umnenanc Hacoca (|Z,| :afReZHZ +1mz,% ), Rez,,Imz, —
IeHCTBUTENbHAS U MHHMas 4YacThb UMIIEJAHC HAacoca, ¢, — apryMeHT HMIleJaHca Hacoca, Z,,Z, — BXOJIHOMH
WMIICIAHC JMHAMMYECKMX Harpysok Nel-2 (Z,=|Z|e'*,Z,=|Z,|e'*), B.B, — aprymentsl nmnenaHcos
IOUHAMUYECKHX Harpy3ok Ne 1-2, p,,p, — MyiIbcanuy JIaBlICHHS 3a HACOCOM B CTEHIOBOH cucteme Ne 1-2 (
p, = Aplej‘“, p, = Apzej“’Z ), Ay, Ay, — aMILIMTYIBl MyJbCcaluii pacxojia 3a HACOCOM B CTeHJI0BOH cucteme Ne 1-2,

@y, ¢, — HavajbHble (a3bl MyIbcalliii JaBIeHUA IUHAMHYECKHUX Harpys3ok Ne 1-2.

3aTeM ¢ HCIOIB30BAaHMEM AHAIUTHYECKUX 3aBUCUMOCTed un3 Tabmunm 1,2 ompexensercd IyJIbCaldOHHAS
IIPOU3BOIUTENBHOCTh HACOCA 10 YTOYHEHHOW aBTOPaMHU MOJENHN 3KBUBAJEHTHOIO UCTOUHHKA KoJleOaHHi (epeMeHHas
cocTaBJsTiomas 00EMHOTO pacxo/a (|, W JaBICHHUA P, ):

_4 -4
R ©)

Z,, P B 7

Py P 2,
rae g,,p, — NepeMeHHas cocTapisiomas o0béMHOro pacxoza (g, = Aquej%) n pasneHus (P, = Apuej%) Hacoca,
A, A, — aMIuMTyAa MyNbCAlMi pacxoia W JABIEHHs HACOCA, ¢,,(, — aPIyMEHT MEPEMEHHOH COCTaBIAIOLIEH

00BEMHOTO Pacxofa M JaBJIeHHUs Hacoca.
W3 paccunTaHHBIX XapakTepuctuk mno monenu OUKP (q, ( f )) u DMK (p, ( f )) mo ¢gopmyrne (5) ToIpKO OfHA

OyleT OTIMYaThCsl CTAOMIBHOCTBIO, T.K. SKBUBAJICHTHBIM MCTOYHMK KOJIeOAaHMH MMEET HEe3aBUCHMYIO JHHAMHYECKYIO
XapaKTEePUCTUKY TOJIBKO 10 OJJHOMY M3 TapaMeTpoB (ITyJIbCHPYIOIINHA PacXo/] WIH IaBICHHE).

2 .. .
Jlns nocratouHoro o0bEMa BBHIOOPKH HEOOXOIMMO HCIOJIB30BAHUE XOTS Obl YETHIPEX JWHAMHYECKUX HArpy30K Zij , (GOpPMUPYIOIINX HIECTh

HEMOBTOPSIOLIMXCSA (B TOM YUCIIE i # j ) KOMOHHAIMH: le , 213, ZM, 223, 224, Z34.
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Pacuer umnenanca Z, M IHepeMeHHOH cocrasisiiomieii o6béMHOrO pacxoma (, Hacoca no dopmynam (4)—(5)
MIPOBEAEH IS TISATH TUHAMUYECCKUX HAIPY30K, T.C. C UCIIOIH30BAHUEM JICCITH PA3IMYHBIX KOMOMHAIUIA STUX HATPY30K:
«1 2», «1 39, «2 3», «1_4», «2 4», «3 4», «1_5»,«2 5»,«3 5», «4 5» (cm. Tabmuny 1).

Jnsa nanpHenero pacuéra v aHanu3a U3 AeCATH KPUBBIX aMIUIUTY MyJbCcallui pacxo/ia MojlyuyeHa XapakTepucTUKa
aMIUIATY/ IyJIbCalMii pacxoxa Hacoca A, . 3HaueHus ammumryn A, (Ha Kax[0H 4acTOTe) PAacCUMTHIBAIACH IO

bopmyite u3 ucroununka [8]:

A]u = Aqu iAAqu’

rae A, — CPEIHsS aMIUIMTY/Ia MyJIbCHPYIOIIETO pacxoaa, AA,, — NOBEPHUTENBHBIH MHTEPBAT AMIUTUTY/IbI Ty IbCALIMHA

pacxosa Hacoca (AA,, = ti), O — CpEeIHEKBaJpaTH4eCKOe OTKIOHEHHE aMILIMTY/bI ITyJILCHPYIOIIEro pacxoaa oT
Jm
CpeIHEro 3HAYCHUs, M — YHCIO KOMOWHAIMI JTUHAMHYECKHX Harpy3ok (m=10), t — koad¢ument CrrroaenTa (
t =2,262, paccunrtas Al JOBepuUTEIbHON BeposiTHOCTH 0,95).
HoBepurenbHplii HHTEpBa aMIIATY A AA,, pOPMHPYETCs U3 HOTPELIHOCTEH (MHCTPYMEHTAIbHOM U METOIMYECKOI)

1 CTCIICHU 3aBUCUMOCTH ,Z[PIHaMI/I‘IeCKOI;’I XapaKTCPUCTHUKH HACOCa Aq ( f ) oT CTCHZ[OBOﬁ CHCTEMBI. I/IHCprMeHTaJ'ILHaH

MOTPEIIHOCT COCTOUT W3 IOTPEIIHOCTH ONpeNesieHus] JNaBieHus W (a3, METoauuYecKas MOTPELIHOCTh COCTOUT M3
NOTPEIHOCTH HEYUYTEHHOTO BJIUSHUSA AUHAMUYECKUAX CBOMCTB IIPUBOJHON MEXAaHUYECKOM CUCTEMBL.

®aspl MynbCALMH pacxoia ¢, W UX OTKIOHEHHS PAacCUMTHIBAIMCH aHAIOrMYHbIM 0Opasom. Ilpu pacuére a3
koMmOuHaIMu «1 2» U «1_S5» UCKIIIOYEHBI M0 MPUYHMHE BBIPOXKACHUS IIEPEMEHHON COCTABIIONICH 00BEMHOTO pacxoaa
Hacoca (, IpH MCIOJIb30BAHUM OJIM3KUX 3HAUEHUH XapaKTEpUCTHK Ha OJHOM YacToTe: ¢ =@, u f = f,.

PesynbraThl pacuéra COOCTBEHHOW IMHAMHYECKOH XapaKTEpUCTUKM Hacoca B BHAE IIyJIbCALIMOHHOMN
MIPOM3BOIUTEIBHOCTH U UMIIEJaHCa NIPE/ICTaBIICHBI Ha puc. 5. dasbl 1yt yo0cTBa MpeAcTaBlieHa B rpajaycax.

7,0E-05
6,0E-05

5,0E-05 - /
4,0E-05 -
3,0E-05
2,0E-05 A

1,0E-05 -
0,0E+00

AMIUTUTY 1A TyAbCaui
pacxoja Hacoca, M3/¢

=
83 264 445 626 807 988 1169 1350 1531

YacToTa rapMOHHUYECKHAX COCTABIIIONINX CTIeKTpa Koyiebanui, ['11

a)

90
o]
g 60 | L
g
g. 30 A
5 & o
g & 0 ——
Sc =30 - | "
2 g
S8 -60 -
=
<
e -90
S 83 264 445 626 807 988 1169 1350 1531

YactoTa TapMOHHNYECKUX COCTABJLAIONINX CIIEKTpa KOJ'Ie6aHI/II71, T'u

0)
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1,6E+10 -
1,4E+10 - \

12E+10 - pa—

1,0E+10 - \ /
8,0E+09 -

— —
6,0E+09 //
40E+09 | /\/—/

2,0E+09 - ]

Moy UMITeIaHca Hacoca, Kr/M4c?

1,0E+00
83 264 445 626 807 988 1169 1350 1531

YacroTa TapMOHHNYECKUX COCTABJIAIOIINUX CIIEKTpa Kone6a1—my“1, I'n

6)
90
o
g 60 -
S /
<
=
8 30
=g
g5 0 N
E -30 1 \\
3 -
s -60 -
-90

83 264 445 626 807 988 1169 1350 1531
YacToTa rapMOHHYECKMX COCTABIISIONINX CIEKTpa KoieOanuid, [
2)
Puc. 5. lunamiyeckue XapakTepUCTHKU HACOCA: d — AMILTUTY/Ia MyJIbCalliii pacxoa; 6 — (asa mysbcaiuii pacxo/a;
6 — MOJIyJIb UMIIe/IaHca; 2 — (ha3a UMIeaaHca (CIVIOMHBIMU JIMHUSMU 0003HAYCHBI JITAHHBIC T10; e — [ICPBOII;
S— —— BTOPO}]; s — TPCTHCI]; emmm—— qeTBEPTON FAPMOHHIKAX)

AMInuTyna myidbcalMd pacxoga Ha 1-H rapMOHMKE HMeeT MOHOTOHHO Bo3pacTarmomui xapakrep. C
YBCIUYCHUEM HOMEpA TMapMOHUKH HAKJIOH KpHBOﬁ AMILIUTY ] HyJ'II:-C&HI/Iﬁ pacxoga CHUIXKACTCA O NPAKTUYCCKH
IIOCTOSIHHOTO 3HAYCHMsI K 4-H rapMOHMKe. 3HAYeHHUs aMILIATY] A, HA BBICIIMX FADMOHHMKAX Ha MOPSI0K MEHBbIIE,

yeM Ha |-i rapMoHUKe.
Moaynb uMIieianca Hacoca Ha 1-i TapMOHHMKE UMEET MOHOTOHHO BO3PACTaIONIUN XapaKTep.
HJ’IH OLICHKHU pCAJTIM30BAHHBIX NUHAMUYCCKHUX HArpy30K HUCIIOJIb30BaH KpI/ITepI/Iﬁ corjlaCoBaHud MOJYJid UMIICIaHCa

|ZM| HCTOYHUKA KONECOAHWH M BXOMHOTO MOy HMIleNaHca JUHamMudeckod Harpysku |Z_ .| [99, 10]. Moxymu

UMIENAHCOB JOJKHBl ObITh CPABHUMBI (|Zu|;|Z

), YTOOBI KOJIMYECTBEHHBIE 3HAYCHHUS ,I[HHaMH‘IeCKOﬁ

cm.c
XapaKTepI/ICTI/IKI/I Hacoca onpe;{enmmcr, C MPIHPIMa.]'IBHOﬁ HOFpeHIHOCTBIO. ZIIIH CpaBHeHI/ISI HCIIOJIB30BAHO OTHOIIICHUC
| o | 2
. IIpn

1z

cm.c.

=1 JVMHAMHWYCCKasg Harpy3ka CqHuTacTcsa COTJIAaCOBAHHO# ¢ HICTOYHHKOM.

z

cm.c.

BBuay paznuuust GopM KpUBBIX MOJYJIEH UMIIelaHCca HAcoca U JUHAMHMYECKHUX Harpy30K B JHana3oHe 4acTtoT 83—

u

417 'y palMOHANBEHO UCTIOIB30BATh CPETHEE OTHOIICHUE

, KOTOPOC MO3BOJIUT YUHUTBIBATH BKJIA[{ OoJIbIIEH

cm.c. .
Tonin -+~ Fnax

u

YacTH YaCTOTHOTO JHaIa3oHa. T.e. OTHOIIICHUE mo 1-i TapMOHHKE COCTAaBUT:

cm.c. | f f

— 7Sl aKTUBHOU JipoccenbHor Harpy3ku Nel — 1,16;
— 715l aKTUBHOM JipoccensHOol Harpy3ku Ne2 — 0,8;
— 7Sl aKTUBHOU JIpoccenbHoN Harpy3ku Ne3 — 2,65;
— IUIsl eMKOCTHOM Harpy3ku Ned — 4,64;
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— JUIsl aKTUBHOI pacnpenenennoi Harpysku NeS — 0,35.

T. e. AMHAMHYECKHE HATPY3KH CTEHIOBBIX cucTeM Nel, 2 sBisoTCS Hambolee COITacOBaHHBIMU C HCTOYHHKOM
koneObanuid. Takum oOpa3oM, JAWHAMHYECKAs XapaKTepHCTHKA Hacoca, PACCUUTaHHAs C  HCIOJIb30BaHHEM
OUHAMUYECKAX Harpy3ok cTeHHOBBIX cucTeM Nel, 2 («1 3», «2 3», «1 4», «2 4», «1_5», «2 5») omnpenenena c
MHHHUMAJIBHOH ITOTPELTHOCTBIO.

Oyenka cmabunbHOCMu OUHAMUYECKUX XAPAKMEPUCUK HACOCA OM XAPAKMePUCHUK CMeHO08bIX CUCHIEM

CTabWiIbHOCTh IUHAMUYECKHX XapakTepUCTUK A, H ¢, (|Zu| U @,) Hacoca OLIEHUBAJACh C MCIIOIb30BAHUEM

MHCTPYMEHTOB Maremaruyeckod craructuku [8]. Tak cTabuibHOCTH XapakTepuCTHKH A, OLEHEHA 4Yepe3 pacyér

OTHOIIECHHS JTOBEPHUTEILHOTO MHTEpBasa |AAm| Ha JactoTe f kK cpeHeMy 3HAYEHHIO XapaKTepPHCTUKH ‘AWW‘ Ha 3TOH

‘-IaCTOTe?" HOHy‘-ICHHOC OTHOCHUTECIIPHOC OTKJIIOHCHHEC Aq HE JOJDKHO MPEBBINIATE 3aTaHHOC OTKIIOHEHUE A .

dong *
A, = My A

q N~ | — Toong?
uMe

cpeaHee MCEAHMAHHOC 3HAYCHHUC AaMINIUTYAbI HyJ'IBC&I.[PIfI pacxoaa Hacoca, A

rne ‘AJuMe

OTHOCUTEJIbHOC OTKJIOHCHUEC aMIIJIUTYIbl HyHLC&L{I/Iﬁ pacxonga HacocCa OT CPpEAHCTO 3HAUYCHUA.

dong 3a/1aBaEMOE

IIpu otHOCHTENBHOM OTKIOHEHHH A, — 0 (korza |AAW| — 0) cTa0HILHOCTD XapakTePUCTHKH A, MaKCHMalbHa.
B npenenax 5-30 % [11-17].

Z[J'IH OI[HO‘IHCHOBOfl OICHKN JIWMHAMHWYCCKUX XApaKTECPHUCTUK HACOCa palHOHAJIBHO MCIHOJb30BaTh BCINYUHY
OTHOCUTEJIBLHOTO OTKJIOHEHMS. PacuéT TakoM BEIWYMHBI BO3MOXKEH IIO OIICHKE CPEAHCTO MCIAMAHHOI'0 3HAYCHUA

): Aqu = AAM
Au |,

HCXOZ[?I 13 OmbITa APYIrux PICCJ'ICI[OBaTeJ'IefI, IpeAnOYTUTCIIEHO BLI6I/IpaTL BCIIMYUHY Adonq

OTHOCHTEJIBHBIX OTKJIOHCHHM B JHUaIra3soHe 4acCToT Ka)i(}:[Oﬁ TapMOHHKH ( f f

min *** "max

. Benuuuny

min - -+ 'max

AA,

Ay, PALHOHATIBHO HCIIONB30BATh, €CIH —— <0,3, T.e. KOT/Ia IOBEPUTEIbHBII HHTEPBAI A'Ahu HE MPEBBIIACT

u g f

min -+ 'max

30 % oT cpenHeii aMIIMTY 1Bl MyJIbCHpYIOIIETO A, .

Pe3y/bTaThl ONEHKH CTAOMILHOCTH AMHAMIUYECKHX XapaKTEpHCTHK HACOCA OT XapaKTEPHCTHK CTEHIOBBIX CHCTEM
COCTaBISIIOT: 1O 1-# rapmonmke — 2 %, mo 2-it — 8 %, no 3-it — 15 %, no 4-it — 48 %. PesynbraTsl pacuéra
JMHAMHUYECKUX XapaKTEePUCTHK HACOCA MMOKA3aJIH, YTO M0 YeThIpEM rapMOHUKaM B Juamna3oHe 4actoT 500-2500 o6/mun
HCCIIEeyeMbI IECTepEHHBIM HACOC I1eIecoo0pa3Ho paccMaTpuBaTh MO MOJENM OSKBHUBAJICHTHOTO HWCTOYHUKA
KoyiebaHuil pacxoa.

Ilposepra npumenumMocmu UCHOIb3YEMOU MOOEIU HACOCA 8 8UOE IKGUBATIEHMHO20 UCIOYHUKA KOeDAHULL pacxoda

Jnst mpoBepku pa3pabOTaHHOTO MOAXOAa OLEHKH JHHAMHYECKHX XapaKTEPUCTHK Hacoca ObUIO BBIIOJIHEHO
pacyéTHoe OIpeesIeHUE IIyJIbCAllMii JaBIEHHS B CTEHAOBBIX CHUCTEMax C JPOCCENEM, IMOJOCTBIO M IMPOTSHKEHHBIM
TpyOOmpoBofoM Ha Bbixoje Hacoca. C HCIONB30BAHMEM HAWJICHHBIX [UHAMHYECKUX XapaKTePUCTHK Hacoca
paccUMTaHBl AMIUTUTYbI MMyJbCAIM JABJICHHS B aHATM3UPYEMbIX CTEHIOBBIX CHCTEMax, KOTOPBIE CPaBHUBAIKCH C

9KCIIEPUMCHTAIBHBIME. HIKe NpEeACTaBICHBI PE3yNbTaThl pacuéra aMIUIMTYA A, ( f ) B CTEHJIOBOM CHUCTEME C
HPOTSKEHHBIM TPYOOIPOBOJOM. AMIIMTY /B! IyJIbCAllMi JaBieHusl [; PACCUUTAHbI B COOTBETCTBUU ¢ Mojienbio DMKP
o gopmyre:
p- = _q“ ’ Zu i Zi (6)
Y Z,+Z,
PesynbraThl pacuéra aMIUIMTY[ IyJbCalluii AaBJE€HHs 32 HACOCOM IIpHBEJCHBI Ha pHC. 6. [IyHKTUpHOH JNHHHEH
0003HauEHBI AMITIUTYIBI, TTIOIY9EeHHBIC KCIIEPUMEHTAIHHO, a CIUIOIIHON JINHIUEeH — pacCYUTaHHBIE TI0 dopmyre (6).
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® CTaBuibHOCTB IPYTHX COBCTBEHHBIX XapaKTEPHCTHK HACOCA OIICHUBACTCS AHATIOTHYHO.
4 HeoGX0AMMO y4HTBIBATH METOJMUECKYIO MTOTPEIHOCTh MOAX0/A H MHCTPYMEHTATBHYIO TIOTPEIHOCTh ONPEIEIICHHUS IaBIICHH.
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YacToTa rapMOHHYECKHX COCTABISIOIINX CIIEKTpa KoJiebaHui, 1t

Puc. 6. AMIUIUTYAHO-4aCTOTHAS XapaKTEPUCTUKA NABJICHHA IJIs1 CTEHIOBOM CHCTEMBI C IPOTSHKEHHBIM TPYOOIIPOBOJIOM ATHHON
1=106 M (CIUTOIIHBIMHU JTHHUSAMH 0003HAUCHBI PACUETHBIC JAHHBIC [10; emm— — [[CPBO}; === — BTOPOI;
— TPEThCH; emmm— — 4eTBEPTOM rapMOHHKAX; TYHKTHPHBIMH JIMHHUSAMH 0003HAYCHBI 3KCICPHMEHTAIIBHBIC TaHHbIC)

OrneHKa CXOAMMOCTH pE3YJIbTaTOB MPOBEPOYHOro pacuéra mnpoBeAeHa Mo (opMylie OTKIOHEHHS pa3HUIIBI
OKCTICPUMCHTAJIbHBIX W paC‘-IéTHI:-IX 3HAYEHUH OT OKCIICPUMECHTAJIbHBIX HaHHBIX. Pe3yanaTLI TPOBEPOYHOT'O paC‘-IéTa JJISL
CTEHJIOBBIX CHCTEM C JIPOCCEJIEM, TIOJIOCTBIO U MPOTSHKEHHBIM TPYOOIPOBOZOM Ha BBIXOJIE HAacoca MOKasajd, 4To mo 1-i
TapMOHMKE OTHOCHTENIFHOE OTKJIOHEHHE OT JKCICPHMEHTAJIBbHBIX NAHHBIX U PACCMOTPEHHBIX CTCHIOBBIX CHCTEM HE
npesbimaer 10 %, MHUHMMaIBHOE OTHOCHTENBHOE OTKJIOHEHHE XapaKTepHO CTEHIOBOM CHCTEME C MPOTSHKEHHBIM
TpyOOIPOBOZOM HA BBIXOJE Hacoca — 2%. AMIUIUTYABI ITyIbCAlUii JaBieHUs 2-H—4-if TapMOHMK HaXOJATCS B Ipenerax
KOPHJI0pa, paccunTanHoro no ¢popmyne A, = A £ A (rne A, — cpeHss aMILUTUTY/IA MyIbCHUPYFOLIETO JIABJICHNS).

Obcy:xaenne u 3akio4eHusi. PeannzoBana Merojuka pacyéra JAWHAMHUYECKHX XapaKTEPUCTUK HAcoca B BHJE
SKBUBAJICHTHOTO NCTOYHMKA KOJIEOaHUI pacxo/ia KUIKOCTH Ha IPUMepE MIECTEPEHHOTO HACOCa MPOU3BOIUTEIEHOCTHIO
14 cM*/06 ¢ WCTONB30BAHHEM Pa3pabOTAHHBIX ABTOPAMH CIICIHMATHHBIX CTCHIOBBIX CHCTEM M YTOYHEHHOH MOETH
HMIIEIaHCA U ITyJILCAIMOHHOM MPOM3BOANTENBHOCTH 10 pacxony. IlokazaHo, 4To McciemyeMblil mecTepEHHBIN HacoC
BHEIITHETO 3alleIUICHUs PAlMOHAJIbHO paccMaTpuBaTh IO MOJIENIH SKBHUBAJCHTHOTO MCTOYHMKA KOJEOaHWH pacxona.
[IpoBenena mpoBepka IpeAsaraéMoro IIOAX0Ja B BHAE pacuyéra aMIUTUTY] ITyJbCAIlMA JaBIEHHS B CTEHIOBBIX
CUCTEMAX U CpaBHCHUA C OKCICPUMEHTAJIbHBIMU 3HAYCHHUAMU. OTKJIIOHEHHE paC‘IéTHLIX AMIIIATY ] nynbcaunﬁ
JIABJICHUSI OT SKCIICPUMCHTAIBHBIX 3HaUeHUH He mpeBbiciiio 10 %.

Croutr OTMETHUTH, YTO 3a paMKaMH 063opa OCTAJIOCh BJIMSAHUEC HA TMHAMHUYCCKUEC XapPAKTECPUCTUKHU HleCTepéHHOFO
HAacoca IPUBOJHON MEXaHMYECKOW CUCTEMBI M H3HOCA Jerajneil mectepéHHOro Hacoca. Ha ocHoBe mnpoBenéHHOU
paboThl MOXKHO ChOPMYITUPOBATH HATIPABICHHUS PA3BUTHSI ITPEJIAraeéMoro ImoIxoa:

— OIIEHKa JUHAMHYECKNX XapaKTepHCTHK MIECTEPEHHOTO Hacoca B TEYEHHE BCETO CPOKA CITYXKOBI;

— pa3paboTka YeTBIPEXIIOIIOCHOW MOJENM HIECTEPEHHOTO Hacoca KaK IKBUBAJEHTHOTO HCTOYHMKA KOJICOAHWH,
YUUTHIBAIOIIEH MPUBOIHYIO MEXaHIMUYECKYIO U BBIXOIHYIO THIPABINYECKYIO CHCTEMBI;

— pazpaboTka MOJENIM LIECTEpPEHHOTO Hacoca KaK 3KBHBAJIEHTHOTO HCTOYHHMKA KOJIEOAHWH, YYUTHIBAIOIIEH €ro
KOHCTPYKTHUBHBIE OCOOCHHOCTH, TIPOIIECC BBITECHEHMS, OOpaTHBIMH THAPOyIap B MeX3yOOBYyIO Kamepy, padoty
3anepToro 00bEMa U MePETEUKH U3 00JIACTH HATHETAHUS B 00JIACTh BCACHIBAHMS.

[Ipu 3ToM I TOATBEP)KACHNUS PabOTOCIIOCOOHOCTH MpenaraeMoro Moaxo/a Ha BEeCh KJAcC MAallnH 00BEMHOTO
BBITCCHCHUSA HCO6XO)II/IMO pacoiMpeHNE HOMECHKIIATYPBI UCIIBITYEMBIX 00BEMHBIX HACOCOB.
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AHHOTAIUSA

Beeoenue. PaccmaTtpuBaeTcsi TpPaBUTAIIMOHHBIA BOJOBOJ C PETYIHPYIOUICH 3aIBIKKOH M PETYIATOPOM JaBICHUS B
TpyO€ CaMOTEYHOTO BOJOCHAOKEHWS B YCIOBUAX, KOTJa HE HapyIIeH THAPABINYCCKAN PEXKHAM BOJOIPOBOAA.
[IpuMeHHUTENbHO K TaKOW CHCTEME HCCIEAYIOTCS NMpoOJIeMbl MPeoOpa3oBaHMs 3HEPTUU MECTHOTO HCKYCCTBEHHOTO
THIPABIMYECKOTO CONPOTHBIICHHS B AIEKTPUUYECTBO.

Mamepuanovt u memoost. VI3yueHa nuteparypa, B KOTOPOIl OCBEUIAETCS] BO3MOXKHOCTh HMCIIOJIb30BAHUS MHUKPOTYPOUH
JUIsl BBIPAOOTKU 3JICKTPOSHEPIHMU B cUCTeMax BojocHaOxeHus. JlaHbl dakThueckue 3Ha4YeHUs], 3aUKCHPOBAHHbBIE
YCTPOHCTBOM HETPEPHIBHOM PErUCTPAIHK JaBICHUS (JIorrep) B TedeHue 12 4acoB, a TAKXKe pacxo.l BOJbI TYpOHHOHN Ha
JTAHHOM YYaCTKe y371a (CpeIHHUH MoKa3aTellb B TCUCHUE T0/1a) U Tiepenas AaBicHus. OTMEUYEeHO, YTO IPUMECHEHUE MaJIbIX
THIPORJICKTPOCTAHIIMA B CHCTEMax IOJaY BOJIBI 3HAYUTEIHHO CHI)KAeT CTOMMOCTh HMX 3KcIDTyaTanuu. [IpuBeneHb
MoKa3aTell pacxoda BOIBI B THAPOTYPOMHHOM arperare B TEYEHHE roja ¢ pa30MBKOW 1Mo MecsaMm. Paccumrana
MaKCHUMallbHasi MOIIHOCTh Y BX0Aa TypOwHEL. OIUCAaHBl MPUHIMITEI BRIOOpA THMA TUAPOTYPOUHBEL. YKa3aHBI CpEIHUE
sradeHnst KIIJ[ i pa3HBIX 3JIEMEHTOB THAPOTYPOWHHON YCTaHOBKH, YCpeIHEHHBIE MapaMmeTpbl MommHoctd MI'DC n
COOTBETCTBYIOIIME UM TTOKA3aTENIN CPETHEMECTIHOMN BBIPAOOTKHU 3JIEKTPOIHEPTHH.

Peszynemamut uccneoosanus. OCHalEHUE HCCIIEIYyEMbIX y3JIOB CHEHMAIBHO pa3paboTaHHBIMU TYPOMHAMH ITO3BOJIUT
MOJYYUTh 3NEKTPUUYECKYI0 DSHEPrHi0, Mpeodpa3ysd MCKYCCTBEHHO CO3JaHHYI0 MECTHBIM COINpPOTHBICHHEM U
MOTAIICHHYI0 MEXaHWYECKyI0 3Hepruio. Iloaxoasl, onmucaHHBIE B JaHHOW CTaThe, MOKHO HCIIONIB30BaTh MPU 3aMEHE
arperaToB  peryjJupOBaHMSA  JABIEHUS  CHUCTEMBI  BOZONpoBOAHON  cetm  Epeana.  CIporHO3HMpPOBAaHBI
npousBoauTeIbHOCTE MI'DC, Cpoku €e CTpOUTENbCTBA M JKCIulyaTauuu — 2 roja u 30 JIeT COOTBETCTBEHHO.
[IpenBapuTeIFHO pacCUYMTaHBI 3aTpaThl Ha COOpY)KEHHEe W oOcCiyxuBaHHe. [IpWBeIeHBI MpeanojaracMele TaHHBIE O
JOXOJaxX, pacxoJaX W YHCTOW MPHOBLIM. YKa3aHO, YTO NMOTCHIHATBFHO OHa OyJeT Onm3ka K 6 MIIH JpaMOB B TOJI.
AHanu3 JaHHBIX MO3BOJUII CIIENAaTh BBIBOJ, YTO BHYTPEHHsS HOpMa JOXOJHOCTH OKaxkeTcs Ha ypoBHe 10,4 %, a cpox
OKynaemMocTH — 9 jer.

Obcyscoenue u 3aknouenusa. PekoMeHIyeTcs 3aMEHHUTh PEryJsTop THAPOTYPOMHOW C TaKMM K€ THAPABINYIECKUM
COTIPOTHBIICHUEM M (YHKIHEH aBTOMAaTHYECKOW PETryIMPOBKH pacxoja BOABI B CHCTEME. BBIBOIBI MOATBEPKAAIOTCS
SHEPTeTUYECKUMH W SKOHOMHYECKHMH IIOKa3aTeIsIMH THAPOTYpPOMHHOM yCTAHOBKH, PACIIONOKEHHOH Ha YyJacTke
MarucTpantbHOTO BOOBOAA «Ap3akaH — EpeBany.

KnioueBble cioBa: THAPABINYECKOE CONPOTHBICHHE, SHEPrHs, THUAPOTYpPOHMHA, KOPPEKTHPYIOIIEe YCTpOMCTBO,
BOJIOTIPOBO/, MHIMKATOP 3HEprod(dexTHBHOCTH, BO30OHOBISIEMblE MCTOYHWKH DSHEPTHM, YIIPaBJICHHE NaBIICHUEM,
9KCIEPTHBIE CUCTEMBI.

BaarogapHocTH: aBTOPHl BBIPAXAIOT OJAroJapHOCTh PEIEH3EHTaM, Ybs KPUTHUYECKas OIEHKA MpPEeICTaBICHHBIX

MaTepHaoB M BhICKa3aHHBIE MIPEAJIOKEHUS TI0 UX COBEPIICHCTBOBAHUIO CIIOCOOCTBOBAIHM 3HAUYNTEIIFHOMY TTOBEIIIICHUIO
KayecTBa HACTOSIIEH CTaThU.
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Abstract

Introduction. A gravity conduit with a control valve and a pressure regulator in the gravity water-supply pipe is
considered under conditions when the hydraulic regime of the water-supply system is not disturbed. In relation to such a
system, the problems of converting the energy of local artificial hydraulic resistance into electricity are investigated.
Materials and Methods. Literature that highlights the possibility of using microturbines for power generation in water
systems was studied. The actual values noted by the continuous pressure recorder (logger) for 12 hours were presented,
as well as the water consumption by the turbine at a given unit section (the average for a year), and the pressure
differential. It was noted that the use of small hydroelectric power plants in water supply systems significantly reduced
the cost of their operation. The indicators of water consumption in the hydroturbine unit during the year, broken down
by months, were given. The maximum power at the turbine inlet was calculated. The principles of selecting the type of
hydraulic turbine were described. The average efficiency values for different elements of the hydroturbine plant, the
average parameters of the power of the small hydro and the corresponding indicators of the average monthly electricity
generation were indicated.

Results. Equipping the units under study with specially designed turbines can enable to obtain electrical energy through
converting artificially created by local resistance and extinguished mechanical energy. It is possible to apply the
approaches described in this article when replacing many of the pressure control units of the Yerevan City Network
system. The productivity of a small hydro power plant was predicted, as well as the terms of its construction and
operation — for 2 years and 30 years, respectively. The construction and maintenance costs were calculated in advance.
The expected data on income, expenses, and net profit are given. It is indicated that it will potentially be close to 6
million drams per year. The analysis of the data allowed us to conclude that the internal rate of return will be at the level
of 10.4%, and the payback period is 9 years.

Discussion and Conclusions. We recommend replacing the regulator with a hydroturbine having the same hydraulic
resistance and automatic flow control in the system. The conclusions were confirmed by the energy and economic
indicators of the hydroturbine plant located on the section of the Arzakan — Yerevan main water pipeline.

Keywords: hydraulic resistance, energy, hydroturbine, adjuster, water supply, energy efficiency indicator, renewable
energy sources, pressure control, expert systems.
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Beenenne. TpaaunuoHHBIE HEBO30OHOBISIEMBbIE IEPBUYHBIE WCTOYHMKHM JHEPIMH, PECYpChl KOTOPHIX BechMa
OTpaHHYCHBI, MPOJIODKAIOT WIPaTh JOMHHUPYIOLUIYIO POJIb B JKOHOMHUKE ApPMEHHMH. AKTHBHOE HCIIOJb30BaHHE
HCKOMAaEeMBbIX HCTOYHUKOB SHEPTUH 00YCIOBUIIO TAaKUE SKOJIOIMYECKUE TPOOIIeMbl, KaK 3arps3HeHHe BO3/lyXa U IOYBHI,
nedumt Boabl U erpaganus skocucteM. ClielyeT yuUThIBATh POCT YUCICHHOCTH HACEJICHUsI, HeNpephIBHOE OBITOBOE
U TPOMBIIUIEHHOE MOTpedlieHne 3Hepruu. Bce 3TO MO3BOJISIET yTBEPXkIaTh, YTO JAajbHeEilllee KOJHMYECTBEHHOE
(3KCTEeHCHBHOE) Pa3BUTHE DHEPTETHUECKON OTpaciu Herelnecooopa3Ho. Mcmonb30Banne BO30OHOBISIEMBIX NICTOYHHKOB
SHEPTHUH AJIsS TTOTIOJTHEHUSI 00IIEero 3HepreTHYecKoro Oananca cTpaHbl SIBISETCS MMIEPaTHBOM BpeMeHH. Takoi moaxon
MIO3BOJISIET JIOCTUYh YCTOMYMBOTO PAa3BUTHS, COXPAHssl MPU 3TOM OKpYXKaloLIylo cpeny. BoaHble m sHeprermueckue
pecypcbl HEOOXOAMMBI Ul SKH3HEAEATENbHOCTH 4YeJOBEKa M IOJBEP)KEHbl PEryJsipHOMY 3KOHOMHYECKOMY,
TEXHOJIOTHYECKOMY, leMorpaduueckoMy U colpanbHoMy Boszeiictauto [1]. [To HekoTopsM oLeHKaM, 2—3 % MHPOBOTO
NOTPEONCHUsT ANEKTPOIHEPrMU MpUXoAuTcs Ha cucteMbl BonmocHaOxkenus (CB)[2], u B 80-90 % cuyuaes
HCIIOJIb3YIOTCSI HACOCHBIE arperarbl. Pacxonpl Ha X OOCIY)KHMBaHHE — B YHCJIE OCHOBHBIX OINEPAI[MOHHBIX 3aTpaT
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CB [2]. Konuenmusi pannoHansHOro ¥ 3()(GEKTHBHOTO HCIIONB30BAHMS BOAHBIX PECYPCOB M INEKTPOIHEPTHU HMEET
CTpaTeru4eckoe 3HAa4YeHHE AN YCTOWYMBOTO Pa3BUTHS M CMSTYCHMS MOCIEICTBUM KIMMATU4YECKUX W3MEHEHU.
ParoHansHOMY HCIOJIB30BaHUIO BOABI M 3JEKTPOIHEPTHU NPEMATCTBYIOT ciadas MHPPACTPYKTypa M yCTapeBILIHE
9KCILTyaTalliOHHbIE POLEAYPBl. DTO 0COOSHHO aKTYaJIbHO ISl pa3BUBAIOLIMXCS CTpaH. boiiee TOro, B COOTBETCTBHH C
LlensIMH Pa3BUTHS THICSUCTETHS BOHHKAET MOTPEGHOCTD B albTEPHATHBHEIX PELICHHMSX: CTABHTCS 3a7a4a COKPATHTH
BJIBOE YHCIIO JIIOJIEH, HE MMEIOIUX HOCTOSHHOTO JOCTYINa K YUCTON BOAE M OCHOBHBIM YCIIyraM B 00JaCTH CaHHTapHUH.
B kadecTBe BO30OHOBISIEMBIX HCTOYHHKOB O3HEPIMH IPEUIAaracTCsi BBECTH B  OKCIUIyaTali0O  MaJible
ruapoanektpocranuun (MI'DC) Ha yyacTKax CeTH BOAOCHAGKCHHS ¢ MECTHBIM TMAPABIMIECCKAM COMPOTHBICHIEM HIPH
YCIIOBUH TONYOTKPBITHIX 3aJBW)KEK WM PETYISITOPOB JABJICHHSA. JTO SKOHOMHWYECKH BBITOJHO AJISI MPOM3BOJCTBA
JIEKTPOIHEPTHH M BOJOCHAOKEHNS W MPEKPACHO MIUTIOCTPUPYET PAIIMOHAIBHOE HCIIONIB30BAHIE BOAHBIX PECYpcoB. B
MIPOIIUIBIE ACCSTUICTHS THIPOIEKTPOSHEPTETHKA ObLIa OJHUM U3 TIaBHBIX HCTOYHHKOB MOJTYYCHHS SHEPTHH U3 BOJBI.
CeromHsi BOJHOE XO3SHCTBO paccMaTpUBAaeTCS Kak MNPSIMOM MOTPeOUTENb 3JEKTPO’HEPTHH, W OTO BIUSIET HA
pacnpeieicHie BOAHBIX PECYpcoB’. AKTHBHOE MOTPEOICHHE SHEPIHH HANPSMYIO BIMACT HA COCTOSIHHE BOIHBIX
pecypcoB B MHpE, YTO B CBOIO Ouepelb SBIACTCd MNPUYMHON KJIMMaTHYeCKUX H3MeHeHuil. ParnumonansHoe
UCIIONIb30BaHHE DJHEPIMU JOJDKHO CIOCOOCTBOBATh OOECHEYEHHIO YCTOWYHMBOTO pa3BUTHS 32 CYET I'PAMOTHOTO
pacrpesienieHls YHEpreTHYECKUX PEecypcoB Ha BCexX dTamax npeoOpazoBaHus. [y KOMIUIEKCHOW OIEHKH MpoOiIeMbl
npuBoanTcs npumMep coopyxkerus MI'OC Ha BomonpoBozae «Ap3akaH — EpeBany.

Martepuanbl U Meroasl. BomonpoBognas BeTka «Ap3akaH — EpeBaH» cHaOXaeT BOIOH aJMHHHACTPATHBHEIC
paiionst EpeBana (Apabxup, Manatusi-Cebactus, Adanssk, DpeOyHu) i OPHICTAIOIINe HACEICHHbIE ITYHKTHI (30BYHH,
KanakepaBan, Hop-Auun, Hop- I'exu, ErBapn u nap.). BogompoBon Oeper Hawamo OoT HMCTOYHHKA Ap3akaH, a Ha
TEPPUTOPUN AJAMUHHCTPATUBHON OOmMMHBI ['eTamemx pasfernsercs Ha /ABa BOAONPOBOAA C PA3HBIMH PEXHMaMH
naBneHus. PaccmarpuBaercst Bompoc crpoutensctBa MI'DC Ha ofHOM M3 BETOK 3TOrO BOJONPOBOJA, MHUTAIOIIETO
ceBepo-3ana/iHple W 3amajaHble paiionsl EpeBana. Kommanus, paGoraromias Ha pa3aenuTeNbHOH BETKE BOAONIPOBO/A,
YCTaHOBMJIA MOJYOTKPBITYIO 3aJBHXKKY JJISI PETYJIMPOBKH pacxoia BoJbl B cucteMe. Tak oOecrieunBaercsl HAmop B
BOJIOTPOBOJIC U HACEJICHHBIX MYHKTOB, PACIOJIOKCHHBIX BBIIIC OCHOBHOW Maructpanu (mpuieratot k ropoxy Hop-
Auwun). [Ipy MONTYyOTKPHITON 3aIBIXKKE CO3MACTCSl MECTHOE TMAPABINYECKOE CONMPOTHBICHUE 0KOJo 13 M Bof. cT. (10
9TOTO JIaBJICHUE B BOAOIPOBOIHOM TpyOe — OKOJIO 33 M BOI. CT.).

[Ipennaraercss BMECTO MOyOTKPBITON 3aABHKKH ycTaHOBUTH MI'OC, He Hapymias HOpMalbHBIN THAPABINYECKHUI
pexxuM pabotsl BomonpoBoaa. Ha puc. 1 mpeacrasneH miaan MectHOCTH B nporpamme Google Earth, a B Tabmume 1
CBE/ICHbI (DAKTUUECKHE 3HAUCHMS, 3a)MKCHPOBAHHBIE YCTPOHCTBOM HENPEPHIBHOW pETHCTPAIMX AaBJIeHUs (Jorrep) B
TeyeHue 12 yacos.

Puc. 1. ITnan mectHoctu B Google Earth

! Ienm paseuTus Thicauenetus / OpraHu3alys 00bEIMHEHHBIX Halmil : [caiit]. — URL: https://www.un.org/development/desa/ru/millennium-
development-goals.html (zata obpamenus: 05.06.2022).

®Mao Yushi, Sheng Hong., Yang Fugiang. The true cost of coal. Understanding China's Energy Landscape. 2008. URL:
https://www.understandchinaenergy.org/greenpeace-chinathe-china-sustainable-energy-programwwf-china-main-authors-mao-yushi-sheng-hong-
yang-fugiang-2010-the-true-cost-of-coal-full-report/ (accessed: 05.06.2022).
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Tabiuma 1
JlaHHBIC PErHCTPATOPOB JABICHUS, YCTAHOBJICHHBIX Ha HCCIEIYEMOM Y4acTKe
3apeructprupoBaHHOE AaBieHne (M BOJL. CT.)
Jara nccnenoBanus Bpems - -
J1o OITyOTKPHITON 3aABHXKI [Tocne momyOTKPHITO 3aABIKKH
15.09.2020 20:00 32,8 13,0
15.09.2020 21:00 33,2 12,6
15.09.2020 22:00 33,3 13,0
15.09.2020 23:00 33,3 13,0
16.09.2020 00:00 33,5 12,8
16.09.2020 01:00 33,8 12,4
16.09.2020 02:00 33,9 13,2
16.09.2020 03:00 33,9 13,1
16.09.2020 04:00 33,9 13,6
16.09.2020 05:00 33,8 13,3
16.09.2020 06:00 33,8 13,2
16.09.2020 07:00 33,7 12,6
16.09.2020 08:00 33,4 13,0
Llenp mnpemokeHnss — O0ECIEYUTh INPeoOpa3oBaHME WMCKYCCTBEHHO CO3JAaHHOTO B JIOKAIBHOM OJIOKe
CONPOTHBIICHUS THAPABINYECKOH SHEPTHH B dJIEKTpUUEeCKyr0. Ha MecTe cTpoUTeNbcTBa MaIoOH THAPOIICKTPOCTAHIUH
(Ha OTBETBJICHHH MATHCTPAIBLHOTO BOAOMpPOBOMA «Ap3akaH — EpeBaH») cO3MaHBl OJarompusITHBIC YCIOBHS IS

KOMIUIEKCHOTO HCIIOJb30BaHMS BOJOIHEPreTHYECKOro MoTeHIMana. Pacxon TypOWHBI Ha AaHHOM Y4YacTKe y3ina —
1,15 M*/c (cpexHmii TOKasaTelh B TeUeHHE roja). Peryimpyomee yCTpoilcTBO Ha TpyGe obecredmBaeT 3aIaHHbIH
pacxon. B pesynbrate obGpasyercs mepemnan masienus ot 20,3 M Bom. cr. mo 21,4 M Boa. cT. (tabauua 1). Crnemyer
OTMETHUTH IENIECO00Pa3HOCTh MMPAKTUYECKOTO MCIIOIb30BaHMUS TaK Ha3bIBAEMOH «CKPBITOI» 3HEPIHH, 00pasyroneics Ha
ydacTKaX MarucTpalbHBIX BOJONPOBONOB B PecmyOmuke Apmenns. ['maposHepreTHdecKuid MOTEHIMAN CHCTEM
BOJIOCHA0KEHHsI M3BECTEH JaBHO, OJHAKO HE M3y4YeH JOJDKHBIM o0pa3oMm. B nuteparype monpoOHO ommcaHsl
BO3MOXHOCTH HCIIONb30BAHUS MUKPOTYPOWH Uil BBIPaOOTKH BIICKTPOIHEPTHH B CHCTEMax BOAOCHaOkeHus [3-5].
CamoTeuHbIe CHCTEMBI B paliOHaX C BBICOKMUMH YKJIOHaMH penbeda (GOpMHUPYIOT 3HAUMTEIbHBIC JABICHHUSI B
BOJIONIPOBOJIHBIX M PACHPENENUTEIbHBIX CETSIX, CO3/aBasi MPEIIOCHUIKK sl BBIPAOOTKH THAPOIIEKTPOIHEPTHH.
TypOuHBI, yCTaHOBJICHHBIE Ha BOJOPACIPEACIUTENbHBIX CETSAX, MOXHO HCIOJIb30BATh M KaK CHCTEMbI KOHTPOJIS
nasnenust. st 3Toro 3aeicTBYIOT peaykiuonHbie knanansl PRV (ot anrm. pressure relief valve — kmaman copoca
JIABJICHHUS), KOTOPBIE YIPABISIOT MIOTEPSIMU M yTedkaMu BOJbI [6]. OHU paccerBarOT SHEPTHUIO, TAKUM 00pa30M CHIKasI
JapieHue B cucreme. UTo Kacaercs BOJSHBIX TypOWH, OHH MOTYT HpeoOpa3oBbIBaTh H30BITOYHOE [aBJICHUE B
3IeKTposHEprHio°. OCHOBHbIE MPEMMYIIECTBA PEKYIEPAIMH THAPABIMYECKOH YHEPrHH B BOJIONPOBOJAX, COIACHO
@. Bueiipe u X. M. Pamocy [3, 7], — noBbliieane 3HeprodhPEeKTUBHOCTH CUCTEMBI 33 CUET HUCIIOJIB30BAHHUS MECTHBIX
HCTOYHHUKOB U CHIDKEHHE 3aBUCHMOCTH OT BHEIHEH (ceTeBoil) sHepruu. Kpome Toro, pekymepanusi THAPaBINIECKOM
SHEPTHH CIOCOOCTBYET OOIIEMY CHMIKEHHIO SKCIUTyaTalMOHHBIX pacxonoB. ®. Bueiipa u X. M. Pamoc [3, 7] B cBoux
UCCIIEIOBAaHMUAX MOJYCPKUBAIOT, UYTO NPHUMEHEHHWE MAIBIX THJIPOYIEKTPOCTAHIMA B CHCTEMax MOAAYH BOJBI
3HAYUTEIBHO CHHMXAET CTOMMOCTh MX JKCIUTyaTalui. DTO OOBSICHSAETCS TeM, UTO INpe/IaraéMoe pelleHHe IO03BOJIAET
3aMEHUTh PErYJUPYIOLUIMH KJIalaH Ha PaBHYIO [0 T'MAPABIMYECKOMY CONPOTHBICHUIO TMAPOTYpOuHy. B Tabmuue 2
NIPUBEJICHBI PAcX0/Ibl BOJBI B CHCTEMeE (YKa3aHbl YCPEAHEHHBIE T10 MECSIly OKA3aTelH).

Tabiuma 2

Pacxox BojbI B THIPOTYpOMHHOM arperare

Mecs Pacxon, M*/cex
SuBaps 1,20 Hromnb 1,30
Derpaib 1,10 ABrycT 1,30
Mapt 1,10 CeHTs0ph 1,05
Amnpens 1,00 OKTs10pB 1,05
Mait 1,10 Hosi6pb 1,10
Hronp 1,30 Jexadpb 1,20

% The Millennium Development Goals Report 2011. United Nations. New York, 2011. URL:
https://www.un.org/millenniumgoals/pdf/(2011_E)%20MDG%20Report%202011 Book%20LR.pdf (accessed: 05.06.2022).
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VYureM, 4TO MakCHMaJbHBIN Haop — Hmax = 21,4 m, muauMansHbiii — Hmin = 20,3 m.

CpenmHero1oBoii pacxon, coriacHo tabdm. 2: Q = 1,15 M/e.

I[Mpu pacuetHOM Hamope, paBHOM H = 20 M, MOIIIHOCTB MOTOKA y BXoa TypOuHsI [8]:

N = pgqQH = 1000 - 9,81 - 1,15 - 20 = 225632 Bt ~225 «Br.

Mpunuune! BeIGopa ruaporypounsl. [Ipu mManom Hamope u Gosbiiem pacxone (ainst MI'OC) cienyer BbIOpaTh
TypOuHy ¢ O0nbIIUM KO3(h(UINEHTOM OBICTPOXOAHOCTH. M3 peakTMBHBIX TypOuH mojoiner oceBas. V3 akTHBHBIX
TypOWH MaJloll MOIIHOCTH JUIsl IPOIyCKa OTHOCHUTENIHHO OOJBLIOTO pacxoja cieoBaio Obl BEIOpaTh TypOuHY baHKu.
OnHako B TaHHOM Cily4yae HEJIONyCTHMO 3aJedCTBOBAaTh aKTHBHYIO TYpOMHY, Tak Kak IpH €€ HAIOJHEHWH Y BBIXOJA
(dopmupyercst U30bITOYHOE NaBieHHE, M TypOuHa baHku paboTaer Kak O4YeHb IUIOXas peakTHBHas TypOWHa C O4Y€Hb
HU3KUMH 3HEPTeTHYECKUMH MOKA3aTEIIMU.

PexomenmyeTcs ycTaHOBHTH THAPOTYPOMHHBIM arperat y 3aJBIDKKHM Ha 00XOXHOHM JIMHWK. BXOgHBIE M BBIXOIHBIC
3aIBIDKKH oOecriedaT OecrepeboiitHyio paboTy MarucTpaiiy Jaxe B clydae OTKIIOUCHHS cTaHINU. OyHKIIMOHNPOBAHNE
MI'DSC OynyT KOHTPOTUPOBATh NATUYNKU JAaBIICHIS, YCTAHOBICHHBIC Y BXOJa M BBIX0OAa TypOuHBL. Tak obecrneunBaercs
TpebyeMoe [aBieHHe Ha Maructpanu. IIpu yCTaHOBKE OOOPYJIOBAHMS HA MATMCTDATH MHTHEBOTO BOIOCHAOKCHHS
clieyeT yuuThiBaTh 0cobbie TpeGoBanus [§—10]. B yacTHOCTH, HY)XHO HCKIIOYHTH 3arps3HEHHE BOIBI CMa30YHBIMH
MAacIaMH ¥ HHBIMH MaTepanamu” °. B IielioM ke pacrpesensiemMas BoJa J0KHA COOTBETCTBOBATH KOMHUECTBEHHBIM U
KaueCTBCHHBIM HOPMaM MTUTHEBOT0, OBITOBOTO U MPOMBIIIICHHOTO moTpebienus [11].

JHeprernyeckne mnokazaresm MIDC. [lnsg pasHbIX dJIEMEHTOB T'HIPOTYPOWHHOW YCTAaHOBKH IPUMEHEHBI
cnenyromue cpeanue snadenus KII: n, =0,86 , n,,, =0,94.

MomHocTs Ha Bany Typounsl: N, =1, N = 0,86 - 225 = 193,5 kBT, a Ha BbIX0oze reHepatopa: Ny = Nren N, = 0,94 -
193,5 = 184 kBr.

B Ttabnuue 3 mpezncraBiieHbl ycpelHEHHbIE TMapameTpbl MoIHOCTH MI'DC M COOTBETCTBYIOLIME WM IOKa3aTeld
CPeAHEMECSTYHON BBIPAOOTKH 3JIEKTPOIHEPTHH.

Tabmuma 3
CpenHemecsdHas MOLTHOCTH U BeIpaboTka MI'OC

Mecsig MorHocTh, KBT Bripabotka, kBT dac
SuBape 190 141360
Ddeppainb 174 116930

Mapt 174 129456
Anpenb 158 113760

Maii 174 113456

Uionb 206 148320

Wions 206 153264
Agrycr 206 153264
CeHTs10pb 166 119520
OxTs0pB 166 123504
Hostbpb 174 125280
Jlexabpn 190 141360

Hroro 1573 474

Crnenyer OTMETHTH, YTO HCHOJIB30BaHUE peakTHBHOW TypOmHbI MI'DC mpu OonbmIONH OTpUIIATENHHOM BBICOTE

orcaceBanms (Ng = —13 M), Ha B3I aBTOPOB, B MUPOBOM MPAKTHKE NpEaraeTcs Bepsbie. B aHHOM ciydae, ¢

OZIHOﬁ CTOPOHBI, UCKJIHOYEHO BO3ZHUKHOBCHHNEC KaBUTAIUU [9, 12], qTo, 6C3YCJ'IOBHO, PaCuCHUBACTCA MOJOKUTECIBHO. C

* Mapxkapsa A. 5., Tokmamksn B. O. PerynmpoBanue Npou3BOUTETSHOCTH HACOCOB C IENBIO MPETOTBPAIIEHNs KABUTAIMOHHBIX ABJIeHHi // Bona:
9KOJIOTHS U TEXHOJIOTHS : ¢0. OKIAaI0B 7-r0 MeXAyHap. KoHrpecca. M., 2006. Y. 1. C. 566.

SSanitarakan Kanonner yev Normer N2-111-A2-1, Khmelu jur: Jramatakararman kentronats’vats hamakargeri jri vorakin nerkayats’vogh higiyenik
pahanjner, Voraki hskoghut’yun, Yerevan, 2002t, ej 11 [CauuTapubie npasuna u HopMmbl N2-111-A2-1, [TutseBas Boga. ['uruennueckue TpeOOBaHUS K
Ka4yecTBY BOJIbI LICHTPAIM30BAHHBIX CUCTEM BojocHa0xkeHus, Konrpous kadectsa. Epesan, 2002. Crp. 11. Ha apwm. s13.].

® Barry, J. A. Watergy: Energy and Water Efficiency in Municipal Water Supply and Wastewater Treatment Cost-Effective Savings of Water and
Energy. The Alliance to Save Energy. Washington, 2007. 44 p.
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JPYyTroii CTOpOHBI, HeM3BecTHO Kak BiuseT Ha KIIJI Gosblioe maBiieHHe HA BBIXOJE U3 TYPOHMHBI, TOITOMY B pacderax
aBTOPOB JaHHOMN CTAaThbH NMPUMEHEH HECKOJIBKO 3aHMKCHHBIN NOKA3aTENb.

Pesynbrarsl ucciaenoanus. [Ipousseneanyro MI'DC anextposHepruro (Tabnuia 3) MIaHUPYeTCs MOCTABIATH B
o0myro sHeprocucremy PecmyOnnkn ApMeHHs Ha YCIOBHSX TapaHTHPOBAHHON MOKYNKH IO IIEHAM, YTBEPXKICHHBIM
Kommccneit mo perynmupoBaHHIO OOIIECTBEHHBIX yCIyr ApMmMeHHH (B HacrosImlee BpeMs ACHCTByeT Tapud
10,579 npamos 3a kBT yac).

CormacHo paHHbIM TaOumunbl 3, B TeueHne roga MIDC mnpomsBener He Menee 1,5 mun kBruac. Ilo
MIpeaBapUTEIFHBIM pacueTaM, cpok crpourenbetBa MI'DC — 24 mecsra, a cpok skcruryatarmd — 30 jer. CtouMocTh

cTpouTenbeTBa U poektupoBanust MI'DC cocraut 60,4 MiH apaMoB (Tabmuna 4).

Tabmauma 4
3arpartsl Ha cTpouTenscTBo MI'OC
Pabotsr CroumocTs, MIH apamoB PA
Crpoutennctio / 06cmyKuBaHNE TPyOOITPOBOAA 2,2
CrpourensctBo 3ganus [9C 14,5
CrouMOCTh yCTaHOBKH THAPOATPEraToB (THAPOTYPOUHBI, TeHEPATOPHI) 18,0
TparchopmaTopHas MOICTAHINSA 10,7
Crpoutenbcto JIIT BEICOKOTO HanpsHKEHHS 3,0
[TpoekTHO-pacyeTHbIE PadOTHI 7,0
Wuble 3aTpatsl 50
Hror 60,4
[TporHo3upyemble JOXO0/bI, IKCIUTyaTalIMOHHBIE PACXO/IbI ¥ IPUOBLIb ITPEACTABIICHEI B TA0IHIIE 5.
Tabmuma 5
ITporHo3 ro10BEIX (PUHAHCOBBIX MOKa3aTeIeH
IToka3arens Cymma, MutH ipamMoB PA
BanoBoii 10xon 15,9
3apaboTHas 11aTta, OlepaOHHBIE PACX0/Ibl, TEKYIMH PEMOHT Y JIMKBHIALUS aBapHii 7,0
[MouumHe! ¥ IpoYre 00s3aTeNFHBIC TIATEKH 0,2
AwmoptuszanmonHbie Tpathl (¢ yaeToMm 30-IeTHeH IKCITyaTarumn) 2,0
Wubie 3atpaTsl 0,2
[Tpu6sLIb 10 yIUTaTH HajloTa Ha IPUOBLTH 7,4
Hanor na npubbuib 1,5
Uwucras npuObLTH 5,9

JlaHHEIE O TOJOBEIX Pacxojax, MpeacTaBlIeHHbIe B Ta0IHIEe 5, OCHOBAHBI Ha JIEHCTBYIOIINX HOPMATHBHO-TIPABOBBIX
aktax PecryOmukn Apmenus. COrslacHO 3THM JOKYMEHTaM, HAJIOT Ha JOOaBJICHHYIO CTOMMOCTh M HAJIOT Ha MPUOBLTH
cocragnser 20 %', a HayoT Ha umymiectso — 0,6 % (oT ocTarouHoi cTonmMocTH). Ha OCHOBE JaHHBIX O CTPOUTEIBCTBE
MU TEeKYIIUX ONepanuoHHbIX pacxogax MIDC B Tabnuie 6 mpuBeIeHb OCHOBHBIC ITOKa3aTeslid (DUHAHCOBOU
3¢ EKTUBHOCTH.

Tabiuma 6
[Mokazatenu ¢prHAHCOBOH 3P HEKTUBHOCTH

IToxasarens En. uzm. 3HaueHue
BHyTpeHHAs HOpMa JOXOTHOCTH % 10,4
CpoOK OKyITaeMOCTH JeT 9,0

" Hayastani Hanrapetut’yan Harkayin orensgirk’, HO-165-N, yndunvats 2016 t’vakani hoktemberi 4-in [Hanorossiit Kogekc Pecrry6muxu ApMenus,
3A-165-H. Ipussr 4 oxtsi6ps 2016 roma. Ha apm. si3.].
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OOcy:xaenne W 3akaoveHus. 13-3a ropucroro penbeda Ha Oomblueil Teppuropun PecrryOnuky ApMeHus s
PEryJIMPOBKH JaBJICHUS] B BOJIOIIPOBOAHON CETH YacTO CO3Jal0T MECTHOE compoTHBieHue. Kak mpaBuio, peds HIeT O
MOJYOTKPBITHIX KJIAalaHAX M YCTAHOBKE OOOPYZOBaHMS ISl PETyIMPOBKHM IaBieHus. OCHAIleHWE Y3JI0B CETH
CIELMAIbHO  pa3pa0OTaHHBIMH TypOMHAMH IO3BOJHMT INpeoOpa3oBaTh HMCKYCCTBEHHO CO3MAHHYIO MECTHBIM
COIIPOTHBIICHUEM M TIOTAIICHHYI0O MEXaHWYECKYI0 JHEPrHI0 B 3NEKTpuuecKkyto. CleayeT OTMETHUTb, YTO TOJIBKO B
cucreMe BopomnpoBonHoi cetn EpeBana ycranoBieHo 6oinee 300 mOMyOTKPHITHIX 3aABIKEK W OOOPYHOBAHHS IS
PETyIUpOBKH IaBieHHsA. MHOIMM M3 HHX TpeOyercst 3aMeHa. Ha peMOHTHpYeMBIX ydacTKaX MOXKHO IPUMEHHTb

peuicHus, NpeajIoKCHHbIC B HaHHOﬁ CTaThC.
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HccnenoBanue cucreMbl aBTOMAaTHYE€CKOT0 YIIPABJIEHUSI
cTadMIM3anuu N300paskeHusi O0PTOBBIX ONTHKO-3JIEKTPOHHBIX
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LenTp TexHONOTHI KOMIIOHEHTOB poboToTexHUKH U MexatpoHuku, AHO BO «Yuusepcurer UaHOMONMMNCY, Poccuiickas denepanns,
r. aaOMONNC, yi1. YHUBEpCUTETCKAd, 1. 1
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AHHOTANMSA

Bgeoenue. [Iprmxenue HocuTesst ¥ BHeNIHNE (aKTOphI (BIMSHUE aTMOC(EPBI, TEMIIEPATYPbl U JaBJICHUs) CYIIECTBEHHO
YXYAUAIT Ka4eCTBO U300paXKeHHsT CMOTPAIINX ONTHKO-31eKTPOHHBIX cucTeM (OOC) U TOYHOCTH MO3UIIHOHUPOBAHHS
nmanmydaronux OOC. PaccmaTtpuBaroTcst poOIeMbl MOBBINICHUS KadecTBa M300paKeHUS M BEPOSTHOCTb YAEPKaHUS
n3o0pakeHns o0vexTa HabmoxeHus (OH) Ha onTryeckoit ocu cnemsmeir OOC.

Mamepuanst u memoost. Co3JjaHNe CHCTEMbl aBTOMATHYECKOTO YIPABJICHHS ONTHKO-3JIEKTpoHHOro mpubopa (CAY
ODII) npennonaraeT pelieHHe MHOTOKPUTEPHAIbHON 3aJa4l ONTUMH3AIMH C YYETOM PsAa IIPOTUBOPEUUBBIX TEXHUKO-
sxoHOMIYeckux (TO) TpeboBanmii. OmnpeneneHre NOMyCTUMBIX TuHaMudeckux mnorpemHoctei (A/II1) crabunmmannu
H300paXKEHHsT SBISCTCSl KIFOYEBBIM BOIPOCOM B pa3paboTke GOPTOBBIX ONTHKO-3JIEKTPOHHBIX mpubGopor (BOJII).
VYpasuenus Jlarpamxa |l poma n cmemanssii Meton JKunsbepa Mo3BOMMIN NOIYYHTh MaTeMaTHUECKyr0 mMoaens OY
OOII. 3areM BBINOJHIIN JEKOMIIO3HINIO JIBYXCBA3HOM CAY c HeNMHEHHBIMH MepeKkpecTHBIMH CBsi3aMu B OV.
IpencraBnena (yHKIMOHANBHAS cxema Mozean (opmupoBanus usodpaxenus BOIII. Ilepeunciensl mapaMeTpbl
MaTpu4yHOro (oTonmpueMHHKa U TpeOOBaHuUs, NpenbsiBisieMble K TuHamuyeckoil norpermnocty CAY ODII ¢ yuetom
nomyctumoit OIIM  ODJII. BusyanusupoBaHbl (YHKIHH Iepeadd MOIYJSIIHAH, JIHHEHHOTO, TapMOHHYECKOTO U
BUOPAIIMOHHOTO CIBUra M300paXeHHUs], COOTBETCTBYIOIIME NONMyCTUMBIM M pocturHyteiM JJII1. B cpene Mathcad
CO3JIaHbl JIOTapu(MHUUECKHE YaCTOTHBIE XapaKTepUCTUKH. J[ByxcBs3Has cucrema ympasienus OOl mpu 3amaHHBIX
napamerpax OV miist paccMaTpuBaeMOro ABWIKEHHS IIPEJCTABIEHAa KakK JBa HE3aBUCHMBIX KaHalla YIPaBJICHHUS II0
a3uMYyTy W YTy MecTa.

Pesynomamul uccnedosanusn. Ilpusenens! nporeccsl ynpasienus bOJII B pexxumax ctabunuzanuu U ciexenus. s
HCCIIeIOBaHMs AWHAMHKH IpocTpaHcTBeHHOTo ympasieHuss bOJII B coorBercTBHM ¢ Metoaukoii CAY paspaboTaHa
KOMITbIOTepHAsT uMuTaimoHHass mojaenb (KUM) IICAY ODII. Ona peanusoBana B cpeae Matlab u cocrour nz KUM
OVY, 1pHBOAOB, IPOMOPIMOHAILHO-MHTErpanbHO-Tuddepentupytomux  ([IUJ])  perymsatopoB ¢ y4eToMm
HEJTMHEWHOCTEH, IIEHTPAIBLHOTO BBIYHCIUTENFHOTO yeTpoiicTBa (LIBY), mporpamMmuoro ycrpoiictBa HaBenenus, KUM-
HOCHTEIS, PEaJM3yIoNIero ypaBHEHUs NBIDKeHMs. OmHcaHbl TapMOHWYECKHE KoieOaHust Hocuressi. OnpeneseHb
MOTPEIIHOCTH CIISKEHHSI W CTa0WIM3allMd B PEXHME CIICKEHHS IpPU IOIOJHHUTEIHFHO BBEJAECHHOM YIPaBISIOIIEM
BO3JECHCTBUM B BHJAE IOCTOAHHOW CKOopocTH. HMccnenoBaHa AMHaMMKa NPOCTPaHCTBEHHOro ympasineHuss bOOII.
BusyanuznpoBaHbl KOMIBIOTEpHAsT WMHTAIMOHHAs MOJENb HU(PPOBOH CHUCTEMBI aBTOMATHYECKOIO YIPaBICHUS
OIITHKO-3JIEKTPOHHBIM ITpHOOpoM, pe3ynbratsl MojenupoBanust LICAY O3JII 6e3 yuera nBrkeHHs: O0pTa M IPOLECCH
ynpasienus OOI1 ¢ yaeTom IBIKEHUS.

Obcyscoenue u 3axknouenus. J|s NCCIETOBAaHHBIX CIy9YaeB PaCCUNTaHA TOYHOCTH CTAOMIIM3AINH. Y CTAHOBJICHO, YTO
OHa B JECATKM a3 MPEBOCXOAWT 3asBICHHBIC paHee IOKa3aTeNH, W 3TO B JECATKH pa3 CHIDKAeT TPeOOBaHHS K
CXOAMMOCTH JIa3ePHOTO IIy9Ka ¥ MOINHOCTH H3JIy4YEHHS Jlazepa MpH pa3paboTKe ONTHYECKOTO TpakTa
paccmatrpuBaemoro m3znenus. llpemnoxernyro KM moxHO mcmons3oBath npu paszpadorke BOJII. B stom ciyuae
IIPUMEHEHHE NpescTaBieHHoH MeTo Kk 1 KM noMoxeT CHU3UTh TPyA03aTpaThl 1 MUHUMHU3HPOBATH OLIMOKH.

© Bypounos K. A., Ulawxuna K. M., Llaexaeii Oxcan, 2022
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Abstract

Introduction. The movement of the carrier and external factors (the effects of the atmosphere, temperature and
pressure) degrade significantly the image quality of the servo optoelectronic systems (OES) and the positioning
accuracy of the emitting OES. The issues of image quality improvement and the probability of keeping the image of the
observation object (OO) on the optical axis of the servo EOS are considered.

Materials and Methods. The development of an automatic control system for an optoelectronic device (ACS OED)
involved solving a multi-criteria optimization problem taking into account a number of conflicting technical-and-
economic (TE) requirements. The determination of tolerated dynamic errors (TDE) of image stabilization was a key
issue in the development of on-board optoelectronic devices (OOED). Lagrange equations of the second kind and the
mixed Gilbert method made it possible to obtain a mathematical model of the CO OED. Then, the decomposition of a
two-link ACS with nonlinear cross-couplings in the CO was performed. A functional diagram of the image formation
model of the OOED was presented. The parameters of the matrix photodetector and the requirements for the dynamic
error of the ACS OED, taking into account the permissible MTF of the OED, were listed. The functions of transferring
modulation, as well as linear, harmonic and vibrational shift of the image corresponding to the permissible and achieved
TDE were visualized. Logarithmic frequency characteristics were created in the Mathcad environment. The two-link
control system of the OED with the specified parameters of the CO for the considered movement was presented as two
independent azimuth and elevation control channels.

Results. The processes of control of the on-board optoelectronic system in the stabilization and tracking modes were
described. To study the dynamics of spatial control of the OOEP in accordance with the ACS methodology, a computer
simulation model (CSM) of the digital automatic control systems (DACS) of the OED was developed. It was
implemented in the Matlab environment and consisted of CSM CO, drives, proportional-integral-derivative (PID)
controllers taking into account non-linearities, a central computing device (CCD), a guidance software device, a CSM-
carrier that implemented the equations of motion. Harmonic vibrations of the carrier were described. The errors of
tracking and stabilization in the tracking mode with an additional control action introduced in the form of a constant
speed were determined. The dynamics of spatial control of the OOED was investigated. A computer simulation model
of a digital automatic control system of an optoelectronic device, the results of modeling the DACS OED without
considering the board movement, and the processes of OED control subject to movement were visualized.

Discussion and Conclusions. The stabilization accuracy was calculated for the studied cases. It was established that the
stabilization tens of times exceeded the previously stated indicators, and it tens of times reduced the requirements for
the convergence of the laser beam and the laser radiation power when developing the optical path of the product in
question. The proposed CSM can be used in the development of the on-board optoelectronic systems. In this case, the
application of the presented methodology and CSM will help to reduce labor costs and minimize errors.

Keywords: automatic control system, modulation-transfer function, servo system, optimization, optoelectronic device.
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Beeaenue. [Ipu IpOEKTHPOBAHNY COBPEMEHHBIX GOPTOBBIX ONTHKO-3JIEKTPOHHBIX TprubopoB (ODI1) 1 KOMIUIEKCOB
LIMPOKO UCIONB3YIOTCS METOABI KOMIBIOTEPHOIO MOAEIHPOBAHUS ONTUKO-3JIeKTpoHHBIX cucteM (OOC). Han stumu
3amauaMu  pabotamu Takue aBTopbl, kak [IO.I. Skymenkos, B. B. Tapacos, U.II. Topmwunua, B.Il. lBaHOB,
B. A. banoes, B. A. OBcsarukoB, B.JI. ®uwinmmos. KommbeloTepHOS MOAETHPOBAHHE MO3BOJSIET peIIaTh 3adadd
PaIMOHATBFHOTO BEIOOpA CTPYKTYPHI, TapaMeTpoB, 31eMeHTHOH 6a3sl OOC, obecreunBaromux TpedyeMble T0Ka3aTenn
3¢ PEKTUBHOCTH NPH 33/IaHHBIX OTPAHMYCHUSIX 0€3 JOPOTOCTOSIINX HATYPHBIX UCCIIEIOBAaHUN U UCIIBITAHUI.

JlBrKeHHE HOCHTENs W BHEIIHWE (aKTOpHl (TeMIeparypa, [aBJICHHE) CYNIECTBEHHO YXYIMIAIOT KadeCTBO
m3obpakenns i cMmoTpamux ODC M TOYHOCTH MO3WIMOHHpoBaHWSA s m3mydatomux ODC. Coxkpamaercs
BEPOSATHOCTh yIepkaHus u300paxkeHus oObekra HabOmronmenus (OH) Ha omrumyeckoit ocu cruemsmedt OOC. s
nanydatrorux OOC CHUKAETCS TOYHOCTh MO3WIIMOHUPOBAHUS U BEPOSTHOCTDH BBINOJIHEHUS 33aay HaOmoaeHus. s
yaepxanust nzoopaxenns OH B mone 3peHns nim B ceKTope 00MydeHHs HEOOXOIUMO 3aXBAaTUTh JOBOJILHO OOJBIIOHN
TeJICCHBIH yron o03opa. 3HAYWT, HY)KHO YBEIWYMBaTh TrabapUThl ONTHYECKHX CHCTEM W MOIIMHOCTEH CHIIOBOH
3eKTPOHHUKHU. UTOOBI 3TOr0 M30€XkKAaTh, IPUMEHSIOT yupasisieMbie um3nydaromue ODC. Yka3aHHbIC BbIIIC OCOOCHHOCTH
OOII orpanmuuBaroT paspaborkn CAY OOIII. Oty mpobiemy paccmarpuBamu B. A. CtpexxreB, B. M. Matpocos,
A. C. 3emnakoB, H. H. Manusanos, E.W. Comos, A.W.Manukos, B. A.Kpenes, A.H.Kapnos, /. A. Monus,
A. B. Muxanuusis. [Ipu npoextupoBanun ynpasnsgeMbix OOJII, paGoraromux B peXuMax HABEACHHUS U CIEKECHHS,
YCTaHOBJICH CIIEAYIOUIMN (aKT: BpeMsl HaBEJCHUS M TOYHOCTh CTAOMJIM3alMM ONTHYECKOW OCH, a TaKKe JUHAMHUKA
noacucteM OJI] cyniecTBEHHO BIUSIOT HA KAYECTBO N300pakKEeHMS.

TakuM o0pa3oM, akTyanbHa 3ajJadya MUHUMHU3AIUU BPEMEHH M YBEIWYCHUs TOYHOCTH HABEICHWA W YACPKaHUSA
nzobpaxxenust OH B mosne 3penus ynpasisiemoro ODI1. B 310it cBsi3u HEOOXOANMBI:

— pa3pabotka maTeMaTideckux mozeneir OJI1 kak 00bEKTOB YIpaBICHUS;

— CHHTE3 aJITOPUTMOB YIIPABJICHHS;

— CO3JJaHHEe KOMITBIOTEPHBIX UMUTAMOHHBIX Mozenel (KHM);

— MCCIIEJOBAHUE CUCTEM YIIPABIICHHS, yUYUTHIBAIOIINX JHHAMUKY JIBIDKEHHS yrpasusgemoro OOIT;

— OmpeJieNIeHNe TapaMeTPOB, BIMAIOMNX Ha INHAMHUYECKHE CBOMCTBA N Ka4eCTBO M300paskeHNSI.

Lens paboTel — yaydlleHWe TOYHOCTHBIX XapaKTEPUCTHK M TOBBINIEHHE KadecTBa wu3o0paxenus OO,
paboTaromyx B pe)KUMax HaBeJICHHs], CTAOMIIN3AIMY U CIIEKEHHs, 33 CUET PALMOHAJIBHOTO BHIOOPA UX IapaMeTpOB NpHU
CHHTE3€ U MOJICITUPOBAHNH.

Martepuanbpl m Metoanl. Pazpaborka CAY ODIl HaumHaeTcs ¢ pelmIeHHs MHOTOKPHTEPHATbHON 3amaduu
ONTHMHU3AIIMH, YIUTHIBAIOIIEH MPOTHBOPEUMBBIC TeXHUKO-9KOHOMHUUeckue (TD) TpeboBanus. B passutue pabGotst [1]
npeaioxkeHa MojuduiupoBanHas Mmeroauka npoektupoBanuss CAY ODII. 3a kputepmii kauectBa CAY npumem
COBOKYIHOCTh TMHAMHYECKHUX XapAKTEPUCTUK KAHAJIOB yIIPABIICHNUS, yIOBIECTBOPSIONINX YCIOBHUSIM:

Toon (Vi) = Togn (Vi), 8(w) < 8" (), Aate < Ao, Adye < A", @
M < M*°" [Ag| = A@™", |AL| = AL".

3nech Thm (Vi), Tosn (Vi) — JonycTuMas U peanusoBanHas GyHKiuMs nepegauu mopyisuun (PIIM) ODII Ha yacToTe
Haiiksucra, §(w); """ — aMIUIMTYIHAs YACTOTHAs XaPAKTEPUCTUKA TIEPEKPECTHBIX CBA3EH U €€ JIOMYCTUMOE 3HAYEHHUE
nexomnosumun; Acl", AdL", Aa,, Ad, — NOTYCTUMBIE M YCTAHOBUBINMECS 3HAYEHMS JMHAMUYECKHMX MOTPEITHOCTEN
CAY 1o yriy u yriIoBOM CKOPOCTH IPH JEHCTBUU BO3MYIICHUH B YCIOBUAX, OMU3KUX K peanbHON 3KkcturyaTarmn CAY,
k=1,2,... — HOMep KaHala YyIpaBlieHWs, OOECNEUYHBAIOIIEr0 KauecTBO wu3o0paxeHus; M, =1,05-1,25 —

ToKazaTesb KojiebaTeabHOCTH, AQ; AL — 3amacsl yCTOHYMBOCTH 110 (ha3e U 10 aMILIUTY/IE.
KiroueBoit Bompoc B paspabotke ODIl — ompeneneHue AOMYyCTUMBIX AWHaAMUYeckux morperntHocteit (JIJIIT)

CTaOMIIM3aUH U300pasKeHNSI.
Cxema (opmupoBaHus n300paxkeHHss OOPTOBOIO ONTHKO-UIEKTpoHHOTO Nprubopa (BOSII) npencrasiena Ha puc. 1.
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Mojtesb HocHTens

ki

) | P

N

Mogens CAY
Monens CCH

a 4 ]
4L ke
@ O \ R L1 D Mozneas

Mozens Monens Monens Y yerpoiicTea
o > Mogens VIIY )
Mozteab OH | | arsocdepr Mozes OC M®TI e

oT0bpaKeHns

Puc. 1. ®ynkunonansHas cxema Monenu gpopmuposanust nzoopaxenust BOJIT: OH — o6wext Habmonenus; OC — onTudeckas
cuctema; MOII — matpuunsiii potonpremunk; YIIY — ycumurensHo-ipeodpasoBaTensHoe yerpoiictBo, CCH — cucrema
CTaOMIM3aLUU U300paKeHUS

®TIM BODJII nomkHa YAOBIETBOPATH YCIOBHIO, 00ECIEYMBAIOIIEMY JOMYCTUMOE KauecTBO n3o0paxerus [2]:
Tonc(V) = Ty (V) To6 (V) T (V) Tyny W Tecu (V) > Tone (), 2

rasn) = 2 (sime (v2)) ﬂ]

16 In(2m)
3nechk Tonc(v) — ®IIM ODIT; N — npoctpascTBeHHas 4actota; Tose (V) — gomycrumas ®IIM ODIT; Ty, (v) — OIIM
atmocdepsl; Tos(v) — PIIM obwektusa; Ty,(v) — PIIM doronpuemnuka; Ty, (v) — OIM mnpeobpaszosanus

exp [—

onruueckoit mudopmanuu [1]; Tecu(v) — ®OIM caBura uzobpaxenus (auHamuueckoil morpemuoctn CCH),
3aBUCAIIAs OT BUAA JUHAMHYECKOTO CMEIICHUS n300paxenus: nuneiiHoro (JI) — x(t) = Vt, rapmonunueckoro (I') —
x(t) = aysin(t), cryqaitaoro (CJI) u pacOKyCHpPOBKH.

Honyctumas @DIIM cucteMbl CTa0WIU3AIlMKM HM300paKEHUS BKIIIOYACT CHUCTEMBI CIICKCHHUS, CTAaOWIIM3aINH,
Bubpo3amuTel (CB) n aBToMaTHueckoit hokycuposku (CAD) [3]:

o Tom' (N)
Teeu(N) = Ty(N)Tr(N)Tg(N)To,(N) = Téop(N) = TN
CT
Ti(v) = sind(nAogv), Tr(v) = Jo(2rnAagrv), Tg(v) = exp[—2(nAagv)?], (3)
2J:(Ay) AepV AepV
T@(V) = —Aq) 'Acp = 28nc T 1- D )
TCT(N) = TaT(N)TOG (N)TQ)H (N)Tyny (N)
3necs Tpy(N) — morpemHoCTh JIMHEHHOTO cMmemienus wu3o0paxenuss; Tr(N) — aMIuiMTyda MOTPEITHOCTH
cuHyconmanbHoro Konebanus; Tg(N) — cpelHee 3HauCHHE MOTPEIIHOCTH aMIUIUTYIbl BUOpaumi; [, — (yHKmus
Beccenst mepBoro poma HyJIeBOro IMOpsIKa, ]1(A¢)) — ¢ynkuus beccens mepsoro pona nepsoro nopsaka; Ay —
IOTPEUIHOCTE (POKYCHPOBKH (MM); G — CpPE/IHEE 3HAYEHHE BOJHOBOW abeppalyu B JOJSX JUIMHBL BOJIHBL; Ay, —

CpeIHssI [UIMHA BOJIHBI CIIEKTPAIBHOTO JHAIa30Ha.
Bynem ucxomuTh M3 ycioBus, uTo Kaxkaas mojcucremMa CAY nopKHa BHOCHTH OJMHAKOBYIO JIOJIO M3MEHEHHS
kauectBa m3oopaxenuss ODII u T, (N) = const 3a BpeMs HabmoxeHns. Torma ypocTUTes onpenesaeHue JOmyCTHMBIX

®IIM CCr, CB, CA® (3):
JI0TT
TR (v) = 4/?—%? ( = JLT,B,®). )

Paznoxum dyukmmu Tr(N), Tr(N), Tz(N), To(N) (3) B psia v mosxyduM BeIpaxkeHwus, onpeaessone IJIT:

o 0,824 /1—Tj}°"(v,q) on 0,335 /1—TIE°“(VH)
A" < — N A= (5)

)
Vu Vu

orn ot o 05 In[T5" (v)] ™!
Ag" < 3,018,/1 — T (vy), Aag " < —
H

3neck v,, — vacrora HalikBucra.

[IpenenpHas TPOCTPAHCTBEHHAS YacTOTa, KOTOPYH JObkeH paspemats OJIl B mpomecce HaOdMrOACHUS,
onpenenarcs KpurepueM JI>KOHCOHa:

_ NaL
nmp — hkp )

v Vi = 0,5vy, (6)
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TJI€ Vg — YIJIOBas (IOTP/paj) MpeebHas NPOCTPAHCTBEHHAS YacToTa; Ny — YHCIIO DJIEMEHTOB pasperuenus (Jucia
JxoHcoHa); L — paccrosaue no OH; h,, — xputnueckuii pasmep OH.

ITpu pasnoxeHuH OTOpACHIBAIOTCA BCE YICHBI PsAfa, KPOME IEPBBIX, IO3TOMY MOTYyYEHHBIE IOMYCKH CIEAYEeT
YTOUHHTH ITyTEM I'PaJUEHTHOTO CIIyCKa.

IIpencraBneHHBbIC BBIMIE PACCYXICHHUS IO3BOJIMUIM DPELINTh 3a4ady OIPEACICHUs TOYHOCTH CTaOMIM3anuu
n300pakeHuss OOPTOBOH ONTHKO-3eKTpoHHOH cuctembl (BODC) s pexxuMoB ciexeHuss M crabunusanuu. beum
pa3paboTaHbl MeToAMKa U porpamMma pacyera OIIM u 1omyckoB (maTteHT RU20216603401).

Haszoem TpeboBanus, npeabssisemble K auHamuueckoil norpemHoctn CAY O3II ¢ yderom momyctumoit IIM
ODOII. UcxonHble faHHBIE AT pacueTa:

— nuameTp BxogHoro 3pagka — D = 90 mwm,

— ¢pokycnoe paccrosiaue OC — f =100 mm,

— JUIMHA BOJHBI — A = 4 MKM,

— paccrosiHue 10 00bekTa Ha0moaenus — L = 10 km,

— MeTeopoJormdecKast BAIUMOCTh — SM = 15 km,

— BbIcoTa rosieta — H = 5 kM,

— KonmmuecTBO deMeHToB MPDIT — 256X 256,

— vactoTa kaapoB — F = 400 Iy,

— BEPOSITHOCTH NMPAaBUIILHOTO 00HapyxeHus — P g, = 0,8,

— BEPOATHOCTB JIOXKHOI TpeBorn — P, = 107,

— OTHOIICHUE CUTHAJ/IIYM YCHIHTEINs] — onTuMmansHoro ¢punstpa — m = 1,105,

— YI7I0BO# pa3mep o6beKTa HabroIeHns — vs = 5-107 pax,

— YTJIOBOE PAacCTOSHUE MEXKY ABYMs COCEAHMMU HeNsIMHU — Y, = 3,34 107 pan.

[TapameTpsr MOII:

—d = 0,25a — TonumHa HOTOUYBCTBUTEIILHOTO CJIOS,

— €, = 410" — HeaPeKTHBHOCTH TIEpEHOCa 3apsiaa,

— 0 = 2 — 9HCII0 BRIOOPOK Ha 1 37eMeHT,

—k,=0,6 — ko3 punmeHT 3aN0THESHNUS,

-1=54- 10°¢c— BpEeMS CUUTHIBAHUSI,

—Tgp = 5° 107"°c — mocrostHHAs BpeMeHH npeoGpasoBaTels..

Ha pwuc.2 mnpuBenenst OIIM  nuHEHHOTO, TapMOHHYECKOTO W BHOPAIMOHHOTO CIBHWTa H300pa’keHUS,
COOTBETCTBYIOIIME JOMYCTUMBIM U focTUrHyThIM JJ/IIT CAY BOJII.

T 10

08 -

0,6 : ~ T, (v)
Trﬂp.\i, (v)
0,4 " I I;&llﬁp. (V)

0,2 -

0 .

0 100 200 300 400 500 600 V. l/pan

Puc. 2. ®yHKIMY MEpenadn MOLYIISIHHA Tj;lon )

B cootserctBuu ¢ (3)—(5) 1 MCXONHBIMM JaHHBIMM IJI pacdyeTa BBIYUCIMIH: Vy, = 600 pax ' KaHama HaGIIOICHHS
BOJII B wuH(pakpacHOi ob6mactu ¢ BeposiTHOCThIO oOHapyxenuss P =0,8. s ®IIM BODJIT u AAIT CAYV:
Aoy = 3,5 yr. muH, Aar = 3,1 yri. muH, Aog = 3,0 yra. MuH.

! Hporpamma BeMHCTEHHS (YHKIUK MePeiady MOLY/IAIME ONTHKO-3IEKTPOHHOro npubopa, Gasupyromerocs Ha BITJIA : matent 2021660340 Poc.
®Genepanust / K. A. Bypaunos ; Yausepcutetr MuHOnonuc. Ne 2021619174 3asBn. 11.06.2021 ; omy6i1. 24.06.2021, bron. Ne 7, 1 c.



Bypounoe K. A. u op. Hcenedosanue cucmemst agnomamuieckozo ynpagienus Cmadunuzayuu u3oopaxicenus

Ha ocHoBe ypaBnenwuii Jlarpanxa Il pona u cmemannoro merona KuipOepa NOTyYHIN MaTEMAaTHYCCKYIO MOJCTH
OV ODII [4] HaBenmeHws W CIEXEHHA B BHIAC TpPeX HHPOPMAIHOHHBIX KaHAIOB, MPHBOIMMBIX B JIBHKCHHUC
anekTpoasuratensmu tuna JJbM no ocsm Kapnanosa nonseca. [IpencraBunu ee B MaTpUYHOM BI/I,ZLGZI

A(Q)G+B(t,q)q+F(q,q) + W(t,q) + Q(t,q) = My, — My, (7
3nech ¢ = (@ B)7, o, B — yris1 nosopota OY 10 a3UMYTY | yIJIy MECTa.

_(Bi+B(B -D(P) _ 0 beg(t, o, B)
Alg) = < 1_D(B) G, )’ Blt.o) = (_bap(t, a,B) 0 )’
fad= < &F () ) WD = (o)

_ I’a(Q) = - _ M,qB.l _ MTp.1Sign(d)
Q)| g 0283 e = () = (720 0))
bag(t, o, B) = {(242(B) — C2) cos a — 2E(B) sin a}w,, (t) — 2F (Bw,, (t)
—{(24,(B) — C,) sina + 2E(B) cos a}u)zy(t),

W, @) = {—don, (F (a,B) + @, ()(By + B(B)) — &, ()D (0, B)} + {E (o, BYOZ, (£) — E(ot, B, (£) +
+ D(a, BBy, (1) + 24, (@, Bwy, (Dw, (£) — F(a, B, (Do, (1)},
we(t, @) = {—Go, (D[E(B) cos(c) = C; sin(@)] = oy, (ID(B) + o, (DIE(B) sin(a) + C; cos(@)]} -

—%{[F(B)(l + c05(20)) + D(B) sina)]w? (t) — 2F (B)w3, (t) + [F(B)(1 — cos(2a)) — D(B) sin(200)]w, (t) +
+2[24;(B) cos(a) — E(B) sin(o)]wy, (D), (£) — 2[F (B) sin(20) — D(B) cos (2a) |, (D, (t) -
—2[E(B) cos(a) + 24;(B) sin(@]w,, (D, ()},

—x¢, sin(a) + z¢, cos(a) T
Ta (q) =m 0 +
—x¢, cos(a) — z¢, sin(a)

—(xc2 cos(B) — yc, sin(B)) sin(a) + z¢, cos(a) ’
+m, 0 ,
—(xc2 cos(B) — ye, sin(B)) cos(a) — z¢, sin(a)

(—xc, sin(B) — ye, cos(B)) cos (o)
rg(q) =m, Xc, cos(B) — Ye, sin(B)
(xc2 sin(B) + yc, cos(B)) sin(a)

Crienyromuii 3Tan pazpaboTku — gexoMnosuius AByxcBsi3Hoi CAY [5] ¢ HennHEeHHBIMH MEPEKPECTHBIME CBA3IMH
B OV, xakuM u siBnsiercst uccaenyembld OJI1. JIuHeapu3oBaHHbIE YPaBHEHMS ABMXKEHHUS OTHOCUTENIBHO TPAEKTOPUH
HUMEIOT BU!

a Xy () = ot €0+ 21 B Xy (1), = Bot €0 +1/2,
(@10 + a31)A8 + (byg + by1)A& + 11 Aa + ay,AB + by, AB + ¢12AB = Kyy Auy,
Ay A&+ byy AG + Ay AR + bygAB + 30 AB = KypAu,, (8)
Au; = R,(p)Agy, Agy = Aag, — Aa™; Au, = Ry(p)Agy, Ag, = ARy — AB™.

TTocTpouB nepeMeHHbIe KOd(hMUIIEHTH cHCTeMBI (8), ONPEeNM HX 3HAYCHHS NPH t = t, B ONACHBIX» TOUKAX, B
KOTOPBIX MapaMeTphl 3HAUMTEIBHO M3MEHSIOTCS WIH MEHSIOT 3HAKH B auarasoHe yrimoB (B'=0+n/2, o =0+ 27).
Torna, ceenst cuctemy (8) (mpu t =1, ) K CHCTeMe C MOCTOSHHBIMH MapaMeTpaMH H HCIIONb3ys mpaBuio Kpamepa,
BBIPA3UM ee B (hopMe nepenatounsix Gyrxiuii ([1D) B Toukax t =t :

Aa = Wy (p, t)Auy — Wi (p, ) Au,, )
AB = Wys(p, t)Au, — Way (p, t)Auy. .

ITonyuennsie T1D (9) ¢ yderom (8) st Kaxa0ro BEIOpaHHOTO MOMeHTa BpeMeHHu (1= t, ) MOXHO MpeacTaBUTh B
BHUJIC CTPYKTYPHO# cXeMbl ¢ mpsMbIMU miepekpectHsiME cBsi3siMu (T1C, puc. 3). 3mech u manee I MPOCTOTHI 3aIHCH
I1® o6oznaunm W,ii(p) = Wij(p,t;).

2 MaTemaTHuecKkas MOJENb H CHHTE3 CHCTEMbI aBTOMATHUECKOTO YIPABICHHs GOPTOBOIO ONMTHUKO-3IeKTPOHHOro npubopa / K. A. Bypmunos [u ap.] //
XII Beepoc. cbe3n mo GyHIaMeHTaNbHEIM IPoOIeMaM TeOPeTHIECKOM U MPHKIATHON MeXaHuKH : ¢0. Tp. Ya, 2019. C. 190-192.
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4>®—>I R, (p)

Wiai(p)
H12(p)

4>®—7| R, (p)

Puc. 3. CtpykrypHas cxema aByxcesznoit CAY

OnernMm I1C CAY mo ux gacToTHEIM xapakrepuctukaMm (UX). s storo 3amumem 1D pa3oMKHYTOH CHCTEMEI C
y4eToM 2-TO 3aMKHYTOTO KaHaja yrnpasieHus mpu AB,, = 0 (puc. 4).

—>|  Rup |

o ]

Puc. 4. CrpykrypHas cxema CAY, pa3oMKHYTasl 110 OTHOMY KaHAITy YIPaBICHUS
Ioctpoum romorpad WKpla3(j(o) = R{(Jo)Wy1(jo) u TpyOKH BOKPYT HEro ¢ paguycaMu JJisi KaXJOro MOMEHTa
BpPEMEHU t:
1 (@) = Ry (@) Wir1 (@) Wa (@) 6 (w). (10)
VuaursiBas (10) u kputepuii HaiikBucta, MoxkHO cyauth 06 ycroiunBoctu CAY (1), (2) u o Bausauu I1C Ha ee
YCTOHYHMBOCTH B JIaIa30He yrioB ckaHupoBaHwus (3).
B pesynbrarte nis kaxaoro (t,-ro) onpezaenum Bpems T1C:

8t (0) = B3 ()31 (@)W () = LD Wear®yyy 0y (5 = 1,2), (11)

Wi11(0) Wiz2(w)
Paccmotpum I1C CAY, yoBAETBOPSIONIKE YCIOBUSAM JEKOMIIO3HUIINH.
Cormacro (8), (11) o nauueiM reomerpuu Macc OV, st 11 BEIOPaHHBIX TOdek 1o BpeMenn onpexemun (t, = 0;
0,89; 1,35; 1,58; 1,71; 2,3; 2,97; 3,8; 4,5; 4,75; 6,28 ¢). Ilocrpounu ai(t), bi(t), ci(t). B cpene Matcad cosnanu
norapupmuyeckue yactotHeie xapakrepuctuku (JIAX) 8. (w) (k = 1,11) (puc. 5).

50 - ]
~-100 4 | k=1
—k=2
= -3
- 150 1 _]; .
E‘ —— k=5
E -200 4 k=6
E — k=7
< .250 — k=38
— k=9
-300 ]
102 10° 102 104 Yacrora, pan/c

Puc. 5. JlorapudMudeckre aMIUTUTY/IHbIE XapaKTePUCTUKH O (m)

Ha puc. 5 Buano, uto Bce MHOKecTBO JIAX He mpeBbimraer —50 gb. M3 amamuza JIAX 6. (w) umeem
MIPEJICTaBIICHHBIC HIKE PE3YIIbTaThI.
Vwe, = (10 *+10% pan/c.
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Onpenenens: max d(w) = 0,0136 (37,3 ab) < ™" = 0,0335 (-29,5 1B), AL = M/ (M™"+ 1) = 0,535 (5,43 1b)
npu Mig= My =1,1; M*°"=1,15.

Takum oOpa3om, nBYXCBsi3HYIO cucteMy ynpaBieHus (8) ODJIl mpum 3amasHeix mapamerpax OV  mis
paccMaTpuBaeMOro JIBH)KEHHST MOXKHO TPEJCTaBUTh KaK JIBa HE3aBHCHUMBIX KaHalla yNpaBJieHUs MO a3UMYTy M YTy
MecTa.

Pe3yabrarsl uccienoBanus. Ha puc. 6-7 mokaszansl npoieccsl ynpasieHus bODII B pexumax crabunuzaiuu u
cnexeHus. MacmTabd rpadukoB paccoriacoBaHus yseiawmdeH B 600 pa3. I'paduku nmporpaMMHOTO yHpaBieHHS MU

BbIXOZ[HOﬁ BEJIMYMHBI BU3yaJIbHO COBIIAMArOT.

30 T T

/\
20 \
0 )

Yroum, rpan

Bpewms, cex

IIporpaMMHOE€, rpaj
—————— paccornacosaine, rpas X600
——  BBIX, Tpax

Puc. 6. [Iponeccs crabmm3zanuu BOSII no asumyty

. , —

Yrou, rpan

Bpewms, cex

———  TPOrpaMMHOE, Ipaj
—————— paccornacoBanue, rpaj x600
BBIX., Tpaj

Puc. 7. Ilpoueccs! cnexenust BODII no asumyty

OnuieM rapMOHUYECKUE KOJICOaHUsT HOcUTeNs: Ay = Ay = 2° (amromaryner), T3 = T, =1 ¢ (mepuonabl KojeOaHWit) u
A1=4,=12° Ty = T,= 6,28 ¢. YKaxeM MOMEHTEI Harpysku: My, = 2,2 Hm, M, = 0,3 Hm. Ilpu Takux rapMoHHYECKHX
KOJICOaHUSX ¥ MOMEHTAX HATPY3KH MOTPEITHOCTh CTAOMIM3AaIUU OCH BU3HPOBAHUS HE IPEBHIIIACT:

— 10 asuMyTy — 1,2 yri. MuH,

— o yrury mecta — 1,6 yri. MUH.

B pexume ciexeHHs NMPH JONOJHUTEIbHO BBEJICHHOM YIIPABISIONIEM BO3JCHCTBUM B BHUJAE IOCTOSHHOMN
ckopoctu 12™%/c morpemHOCTL ClHeXeHWs W CTAaOMIM3alUKM HE TPEBBIIAET 1,7 yri. MEHH 110 a3uMyTy 4 1,3
YIJI. MHH 10 YTy MecCTa.

Jlnist nccnenoBanmsa IMHAMHKY NpocTpaHcTBeHHOTO yrpasieHnss BOJII B cootBercTBiM ¢ MeToaukoit CAY pazpaborana
KUM uudposoii cuctems aroMarrdeckoro ynpasneHus (LICAY) ODI1 konkperHoro HazHauenus (puc. 8) [1].
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Mparpamsuoe
yeTpoitcTaot
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Ormegal

angle

;

Hocutene

Object

Puc 8. KOMHL}OTepHaH UMUTAalUOHHas MOJECJIb L[PI(prBOﬁ CUCTEMBI aBTOMATUYECCKOTO YIIPABJICHUS OIITUKO-3JIEKTPOHHLIM HpI/I60p0M

Pemenue peanuzoBano B cpene Matlab Simulink. Ero anementst:

— KM OV (Object), nonyuennas cornacuo (7);

— KWM npusomos (Drive);

— KM [U/I-perynsropos (Regulator) ¢ yuetom Henunelinoctei u [IBY;

— KMM nporpaMMHOT0 yCTpOHCTBa HaBEeACHUS,

— KMM Hocutens, peaqu3yolero ypaBHeH!s! IBIKEHUST HOCUTEIS.

Ha puc. 6 u 7 npusenens! pe3ynbratsl MogenupoBannsi LICAY OOJII 6e3 yuera nemkenus oopra. [Ipu aTom:

— MOTPEIIHOCTH HABEACHUS HE MPEBBIIIACT N0 a3uMyTy 18 yri1. muH, o yriay mecta — 10 yri. mus,;

— morpeImHocTh cneskerns — 0,6 yri. MuH 1o azuMyTty, 0,6 yIi1. MHUH 110 YTIIy MecTa;

— morpeimHocTh crabummzanun — 0,45 yrin. MuH. 1o asumyTty, 0,6 yIi. MUH 10 yIiTy MecTa.

Ha puc. 9 moxkazamer mpoueccsl ynpasineHunss OOIl ¢ yderom ero asmxeHHs. [lorpemHOCTs HaBEeACHUS IO
a3uMyTy — 2 yIIl. MHH, [0 YIiIy Mecta — 5 yrii. MuH. [lorpemHocTs cnexxenust u crabunuzaunu — 0,8 yri. MUH 110
azumyTy, 1,3 yri. MHUH IO yTiIy MecTa.

# /\>X\
0 \ ~—— M/:;:nm
-20

PaccornacoBanue, yri.MuH

0 0,2 0,4 0,6 0,8 1 Bpewms, cex
——  Vroxn
----- AzumyTt
a)
200

>

i 150 //

z 5 /

s & 100

__\z 5 / L~

£ S 50 Vv

0 /

[<B]

2 0

i

z 0 02 04 06 08 1 Bpews, cex
-

Puc. 9. Pe3yapTarTsl MOIEIHMPOBAHIS CHCTEMBI B PEXXUME HaBEICHHS IO IBYM KaHalaM (Tpajlychl): @ — PacCOTIACOBAHHIE CHCTEMBL;
158 6 — rpaduKH epeXo/HbIX MPOoLecCoB. Bo BTOPOM Cilydyae BH3yalbHO COBMAJAIOT IpauK MPOrPaAMMHOTO YIIPaBICHHUS
(alpha target, beta target) u BeixoqHO# BennuuHsl (alpha, beta)
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O0cy:xaenne u 3aka04ennsi. [losydeHHbIE pe3yNbTaThl IPEICTABICHBI HIXKE.

1. TpemmnoxeHa METOAWKA OLEHKM IOIyCKOB Ha TOYHOCTh crabmim3annu m3o0paxenuss BODII B ycmoBmsx
YHOpaBISIEMBIX U TeMIlepaTypHbIX Bo3nercTBuil (materT RU2021660340). [Ipencrasiensr ananutuaeckue oreHkd JJJT1
crabuusarn n3oopaxenus 1o (4), (5) s pexxuMoB ciekeHns u crabummsanuu Ha ocHoBe OIIM ODII. [Momydenst
TpeboBanus k CAY, obecrieunBaromntye pemerne 3aaa4un ooHapyxerus OH B uadpakpacHoi o0macT.

2. Ha3Ban xputepuii IpueMIeMOCTH JEKOMITO3UIINH, OTTMCaHa METOIHNKA JEKOMITO3UINA ABYXCBs3HOH CAY O3II ¢
MIPUMEHEHNEM KOMITBIOTEPHBIX TEXHOJIOTHH. /711 KOHCTPYKTUBHBIX napamerpoB OY peasibHOro npubopa ornpezeaeHs!
TpeboBaHus, no3possitomue cuaTesnpoBatb CAY ODII kak 1Ba HE3aBHCUMBIX KaHala YIPaBICHHUS.

3. Mpemnoxenst KUM CAY ODIl pans uccnenoBaHusl MHAMHKA HM30JMPOBAHHBIX KaHAJIOB YIPaBICHHS U
MIPOCTPAHCTBEHHOTO yNpaBieHust. [Ipyr 5TOM yuTeHbI HETMHEHHOCTh U HeCTallMOHApHOCTh OY KOHKPETHOTO Ha3HAYCHMSI.

4. Pa3paborana Mexanuueckast Mozesb OJI1, nmoydeHbl ypaBHEHHs TMHAMHUKN IPOCTpaHCTBEHHOTO BIKeHMs (7) OY.

5. CuntesnpoBanbl mapameTpbl [TN]I-perynsTopoB, oOecriednBalonIiie yCTOHYNBOE HaBEACHHE M CTaOWMIH3aLUIO
ODIl npu Bcex 3amaHHBIX pekumax. JlobpoTHocTs 1o ckopoct: K, = (3700 + 4000)c™%, K, = (3000 +
3300) ¢~ 1. Koppextupytomue 3BeHbS: Tyqq = Tyiz = 0,05¢, Typq = Typp =5 X 107° ¢c. D10 obecneumBaer Gonee
TOYHYIO pabOTy CHCTEMBI IUTAHUPOBAHHMS MOJIeTa ¥ OCTPOCHHE TpacKkTopuu [6-8].

6. Ilokazano, uro c¢ mnomompio KMM MoxHO nonyuuth TpeOyemble BpeMs W IOTPEHIHOCTh HaBEICHUS,
crabunuzauuu U cinexxeHus. [Ipu stom ckopocts HaBeneHust — 0,6 c. CoOTBETCTBYIOIIMH IOKa3aTeNb 3apyOeiKHbIX
ananoros — 1 ¢,

7. B[9] paccmatpuBaercsi cucTeMa Ja3epHOro MpoTHBojaeiicTBHs. Ee TeXHHUECKHE XapaKTEPUCTHKH TO3BOJISIOT
BIIONTHATE 3a7auy mpu W = 1000 B1/ctepaanan u momraoctH naszepa P = 3,1 Br. B [10] noka3ano, 4to Heo6xoauma
MotnHOCcTh m3myderus W = 2700 Bt/crepaanan npu momrHOoCcTH j1a3epa P = 200 MBrT.

Paccuutaem TpeOyeMyl0 TOYHOCTh CTaOMIM3ALMU IJI KOKAOTO M3 IPEICTaBICHHBIX Cly4aeB 0 Qopmyne A =

2X180X60 P
————arccos (1 - m) [yrs. MuH] u cBenem B Tabm. 1.

Tabmuma 1
CpaBHeHue TpeOyeMoi TOUHOCTH CTa0MITH3aIIUH

MorHoCTb u3nydenus | MomHocTs nasepa | TpeOyemas TOUHOCTb CTaOMIM3aIiu
(W), Br/crepanuan (P), Br (4), yro. muH
Yeranoska [11] 2700 0,2 33,4
Yeranoska [10] 1000 3,1 216,1
N3nenue 1,3

Takum 00pa3oM, TOYHOCTh CTAOMIM3AINM IPEAIaraeMoi CHCTEMBI B JECATKH Pa3 MPEBOCXOTUT TpedyeMmylo B
crathsx [9, 10]. U ato B mecaTku pa3 CHMXaeT TpeOOBaHMS K CXOAMMOCTH JIA3ePHOTO MyYKa U MOIIHOCTH M3JTy4EHHS
Ja3epa npy pa3paboTKe ONTHYECKOTO TPAKTa PACCMATPUBAEMOTO M3IEITHSL.

Cnmcok cokpaleHuii 1 ycJOBHBIX 0003Ha4YeHU I
O3C — onTHKO-3JEKTPOHHAs CHCTEMA,

OOJII — onTuKo-31eKTPOHHBIHN NPHOOP,

OH — 00beKkT HaOI0IeHHS,

KNM — koMmmnbioTepHasi IMUTAILIMOHHAS] MOJIENb,
CAY — cucrema aBTOMAaTHIECKOTO YIIPaBICHUS,
OIIM — dyHKIHS Tepesady MOAYIISALINH,

JIIT — nomyctumas JUHAMUYECKasi IOTPELTHOCTb,
CCHU — cucrema crabuian3anuy n300pakeHus,
M®IT — marpuuHblii GOTONPHEMHHK.

® Directed Infrared Countermeasure (DIRCM) / EMSOPEDIA /I emsopedia.org : [caiit]. — URL: https://www.emsopedia.org/entries/directed-
infrared-countermeasure-dircm/ (gata o6pauenns: 01.05.2022).
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AHHOTAN NS
Beeoenue. 3apoxnaromuecs yCTAIOCTHBIC TOBPEKACHUS B METALITHYSCKUX TPOJETHBIX CTPOCHUSIX MOCTOB CO3IAIOT

OTIpENCTICHHBIE YIPO3bl O€30MacHOCTH JKCIUIyaTaluH. /[l WX CBOEBPEMEHHOTO BBIABICHUS W JIHarHOCTUKH
UCTIONIB3YIOTCST Pa3iIMYHbIe METOJbl Hepa3pyliaromero KoHTpoisisi. COBpEMEHHBIM W TOMYJISIPHBIM pELICHHEM Ha
JaHHBII MOMEHT siBisieTcsi Meton uHppakpachoit (MK) tepmorpaduu. B cuiry ocobennoctu padorst UK-kamep s
HOJIy4eHHs TOYHOTO pe3ylibTaTa TpeOyeTcs NOMONHHUTeNIbHas 00paboTKa 3amuceif, IOoIydeHHbIX ¢ 3TuX Kamep. Llens
JaHHON paboThl — MpPEACTaBUTh METO] 00pabOTKH TepMOQGHIBMOB M IMOKa3aTh BO3MOXXHOCTH €ro NPUMEHEHHUs! B
pEaJbHBIX YCIOBHSX.

Mamepuanst u memoodsl. IlpuBonurcs onucaHue crocodba o0paboTkn TepMorpaduuecKux (GHUIBMOB, MO3BOJISIOIIETO
BBISIBUTH TEMIIEpaTypHble aHOMAJIMH, HCIIOJb3Yys TOJIBKO HMHGOpPManuio ¢ Kamepbl. [IpuBeneHBI pe3ysbTaThl €ro
MIPUMEHEHHS Ha 3JIEMEHTaX JEHCTBYIOMNX METAIIINIECKUX IPOJIETHBIX CTPOSHUI MOCTOB.

Peszynemamut uccnedoganus. I1okazaHo, 4TO A CYIMIECTBYIOIIMX JIE(EKTOB MMEIOTCSI TEMIIEPATypHbIE aHOMAJINH.
D70 03HayaeT, 4To JieeKThl MMPOJIODKAIOT Pa3BUBATHCS, YTO MOJTBEPIUIIOCH TOCIENYIOUIMMHI HAOIIONECHUAMH 32 HX
cocrositHreM. KpoMe 3Toro ObuI BBISIBIIEH Cly4dail TeMIIepaTypHOW aHOMayuK B Oe3nedeKTHOW BHElIHe# obsacTu. DTo
MOXET OBITh MPU3HAKOM 3apOXKIAIoNIerocs nedekra, KOTOPbIil He MOT OBbITh IIPOJIUArHOCTUPOBAH JAPYTHMMHU METOJaMHU.
Ecnu Hanuuue sToro nedexra Oyaer MoATBEPIKACHO MPU MOBTOPHBIX 00CIIENOBAHUSIX, TO MPEACTABUTCS] BO3MOKHOCTh
JIMarHOCTHPOBAHHMS CKPBITHIX Ae()EKTOB, KOTOPBIE €llle He BBIIUIM Ha MIOBEPXHOCTb, H/WIM OOHAPYKEHHUS TIOTEHIMAIBLHO
pa3pyLIAIOIINAXCS MECT.

Obcyrcoenue u 3axnouenus. [lokazana 3¢ pexrusrocts MK-Tepmorpadum kak MeToa 0eCKOHTAKTHOTO Hepa3pyIIAOIIETO

KOHTPOJISL, & TAK)XKE €ro paboTOCIIOCOOHOCTh Ha pPeaTbHBIX 00BEKTaX, HAXOISIIUXCS 0]l CIIy4aifHOH Harpy3Koi.

Kaiouessie ciaoBa: MK-repmorpadusi, Hepaszpymaromuii KOHTPOJb, YCTaJOCTHBIE TPEIIUHBI, METAIIMYECKUE MOCTHI,
nedexTHocTh KoHCcTpyKumii, MK-kamepa.

BJaaronapHocTu: aBTOpHI BBIPAXAIOT OJIArOJAPHOCTh PELEH3EHTaM, Ybsi KPHTHYECKas OIIEHKa IPEJCTaBICHHBIX
MaTepHalioB U BbHICKa3aHHbIE MPEJIOKESHUS 110 UX COBEPLICHCTBOBAHHUIO CIIOCOOCTBOBAJIM 3HAUYUTEILHOMY MOBBIIICHHUIO
KauecTBa HACTOSAIIEH CTaThU.

Jdasi uutupoBanus: ConobeB, A.JI. [IpumeHeHNEe aBTOKOPPEISIIMOHHONW WH(paKpacHOW TepMorpadun s
BBISBIICHUS €(DEKTOB B JIEMEHTaX METaJUIMUECKHX MpoJieTHIX cTpoeHnit / A. JI. ConoBeeB, M. 3. Posik // Advanced
Engineering Research. — 2022. — T. 22, Ne 2. — C. 161-168. https://doi.org/10.23947/2687-1653-2022-22-2-161-168
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Self-reference Lock-in Thermography for Detecting Defects in Metal Bridge Spans

Alexander L. Solovyev ' " <, Mikhail E. Royak ?

! Siberian Transport University, 191, D. Kovalchuk St., Novosibirsk, Russian Federation

2 Novosibirsk State Technical University, 20, Prospect K. Marksa, Novosibirsk, Russian Federation
> Alsolovyov1337@gmail.com

Abstract
Introduction. Incipient fatigue damage in the metal superstructures of bridges creates certain threats to the safety of

operation. Various methods of non-destructive testing are used for their timely detection and diagnosis. A modern and
popular on-the-day solution is the method of infrared (IR) thermography. Due to the specifics of the operation of IR
cameras, additional processing of recordings received from these cameras is required to obtain an accurate result. This
work aims at presenting a method for processing thermofilms and describing the possibilities of its application under
real conditions.

Materials and Methods. A method for processing thermographic films was described. It provided detecting temperature
anomalies using only information from the camera. The results of its application on the elements of existing metal
bridge spans are presented.

Results. It is shown that there are temperature anomalies for existing defects. This means that the defects continue to
develop, which was confirmed by subsequent observations of their condition. In addition, a case of temperature
anomaly in the defect-free external region was identified. This might be a sign of an incipient defect that could not be
diagnosed by other methods. If the presence of this defect is confirmed during repeated examinations, it will be possible
to diagnose hidden defects that have not yet come to the surface, and/or detect potentially collapsing places.

Discussion and Conclusions. The IR thermography performance as a method of non-contact non-destructive testing is
shown, as well as its operability on real objects under random load.

Keywords: IR thermography, nondestructive testing, fatigue cracks, metal bridges, structural defects, IR camera.
Funding information: The authors would like to thank the reviewers, whose critical assessment of the submitted
materials and suggestions for their improvement contributed significantly to the quality of this article.
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BBeaenue. YcranocTHble TPELIMHEI B METAJNIMYECKUX KOHCTPYKIHMSAX MOCTOB, 00pa3yroLIHecs O] BO3ACHCTBHEM
Harpy3Kd OT TPaHCIIOPTa, BETPOBOW HArpy3KH M T. M., IPEACTABISIOT CEPbE3HYIO MPoOsIeMy. XOTs 3TH TPEIIUHbI CaMU
1o cebe BIMSIOT TOJNBKO Ha JOJTOBEYHOCTH COOPYXKCHHS, IPH ONpPEACNICHHBIX YCJIOBUSIX OHH MOTYT JaTh TOJIYOK
Pa3BUTHIO XPYIKHX TPELIMH, YTO YK HENOCPEICTBEHHO BIMSET HA 0E30MACHOCTD MCIIOIb30BaHU KOHCTPYKIHi [1].

OmHMM M3 COBPEMEHHBIX METOJIOB HEpa3pyLIAIOLIEro KOHTPOJIs, HAOMPAIOIIEro MOmyJsspHOCTh, siBisercs MK-
tepmorpadus [2—12]. [IpuHuun MeToa OCHOBBIBAETCS HA TOM (DakTe, 4To JI0OO0E TEeJ0, CTBITHIBAOIIEE MEXaHUIECKOS
BO3/IeiicTBUE, BBIAEISIET KOJIMYECTBO TEIUIA, IIPONOPLUHOHAIBHOE WHTEHCHBHOCTH Bo3jeicTBusa. IlosTomy, mpu
o0CIeIoBaHUN ydYacTKa KOHCTPYKLHH, cOJepKalero Ae(eKThl, MOXHO Cpa3y XKe IOIy4UTh HH(POPMALHIO O
pacnpeneneHHN HalpsDKEHUH MO 3TOMY ydacTKy. OTiMyaromeecss TeMIEpaTypHOe paclpeneieHue OyneT SBIATHCS
HHJHMKATOPOM MPOTEKAIOIIEr0 YCTaIOCTHOTO oBpexaeHus [13, 14].

OcHOBHO¥ cnoxHOCTRIO TIpH pabore ¢ MK-kamepamu (TemmoBH3opaMu) SBISETCA MOJNYYCHHE PE3YIbTaTOB C
MpPUEeMJIEMOH TOYHOCTBIO. B cuily 0coOeHHOCTEH CTPOCHHS JETEKTOPOB HaubOJIbIIAsi TOYHOCTh JOCTHTAETCS TPH
UCIIOJIb30BAaHUU KaMep ¢ OXJaXIAaeMbIMH MarpuiiaMu. OIHAKO CIHMIIKOM BBICOKas CTOMMOCTH IT0J0OHBIX
anraparoB SBJISETCS CEPbE3HBIM MPEMATCTBHEM /ISl UX HCIOJIb30BaHus. [losBIeHHE KaMmep, HCIOJb3YIOUIHX
HEOXJIaXKJaeMble MaCCHBBI MUKPOOOJIIOMETPOB, YIYUIIMIIO CUTYallHIO0, IOCKOJIBKY 3TH KaMephl OKa3aJuCh 3aMETHO

JCIICBIIC. HeﬂOCTaTKOM TaKUX TCIJIOBU30pPOB CTajJla MCEHbLIIAA TOYHOCTH IO CpPAaBHCHUIO C KaMepaMu C
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OXJaXJaeMbIMH MaTpuuamu. IlodToMy U MOJNydeHHs YCTOMUYMBBEIX PE3yJIbTaTOB TpeOyeTcsl AONOIHUTENbHAs
00paboTKa MOIyIaeMBIX TEPMOTPAMM.
B nanHoii pabore mnpuBOAMTCS ANropuT™M KoppessinuonHod HMK-tepmorpadmm ¢ npuMeHeHHeM CHTHaA,
T0JTy4EHHOTO HEMOCPEICTBEHHO C TEILIOBH3HOHHON ChEMKH ', 4 TAKIKE HEKOTOPBIC PE3Y/IbTATHI €T0 IIPHMEHEHHS.
Marepunansl m Meroanl. Merox UK-tepmorpaduu ocHOBaH Ha aHajdM3e paclpelesieHus] TeMIlepaTypsl B
Marepuaie. [Ipu Bo3aeHCTBUHM pacTATMBAIOIINX WM CXKUMAOLIUX HANpPsDKEHWH Ha MaTepHall ero TeMmIieparypa Ooynet
M3MEHATECS IIPONOPIHOHATHHO BETHUMHE ITHX HATPSKEHHH B COOTBETCTBHE CO CIIELYIOMEH GopMyIIoit:?

AT=—2 T Ao 1)
p-Cy

rae o — Ko3(QUIMEHT TENIOBOTO PACIIMPEHHUs; P — IUIOTHOCTh BemecTBa; C, — yzAenbHasd TENI0EMKOCTh IpH
MTOCTOSTHHOM JaBJICHHUH; 1 — aOcoiroTHAs TeMieparypa, K; Ac — n3MeHeHne ri1aBHEIX HanpspkeHui, MIa.

[Ipu coxpaHeHnn aguabaTHYECKUX YCIOBHH, a TakKe IPU Pa3BUTHH TOJBKO ynpyrux aedopmauuii cBssp (1)
SIBJISICTCS. INHEHHON M 00paTUMOM, IpU KOTOPO M3MEHEHHE TeMIepaTyphl CIeAyeT 3a U3MEHEHUEM HalpsuKeHHs.
Kak Tonpko B Marepuane HA4YMHAIOT 3apOKAAThCA TMOBPEXKACHHUS, OH MepecTaeT ObITh YIPYTHMM M pPa3BUBAET
tactuyeckue nedopManui. DHEPTUs CUCTEMBI, MTOIBEPKCHHOI TakuM JeopMalusM, MHTCHCUBHO MEPEXOANT B
TEIUIOBYIO, IIPUBHOCS TaKMM 00pa3oM OCHOBHOHM BKJaja B TeruioBoil a¢dexrt. Takum obpazom, TemnoBas KapTHHA
CTaHOBHUTCS OTpPaXEHHEM BHYTPEHHETO COCTOSHHUS MaTepuaia (CTCIeHH pa3pylieHus) U, CJIeIOBaTEIbHO,
[I0Ka3aTeleM ypOBHS HaNpsHKEHUH.

OIpe/euTh OTHOCHTEIbHYI0 aMIuuTyny MK-CHrHana MOXHO C TOMOIIBIO METOJA HAMMEHBIIMX KBAAPaToB .
[omoxnM, 9TO Ha KOHCTPYKIHIO NEHCTBYeT Harpy3ka F, Bo3melcTBHE KOTOpOil B HEKOTOPOH 00JacTH MOXKEM
u3MepuTh U 0003HauuM Kak f(t). Byaem cumrate 3T0T curnan onopHeiM. [lycth Takke umeercst MK-Bumeochemka 3toi
KOHCTPYKIIMH B TOT K€ MPOMEXKYTOK BPEMEHH, KOTOPYIO MOXXHO MpPEJICTaBUTh KaK IOCIEN0BATEIbHOCTh KaapOB
(kagp — martpuna 3naueHnii pasmepom M x K') Bo Bpemenu n oGosnaumm Yj(t) smauenus (i, j) snemenra sToii
Marpuip! (mukcenst) B MoMeHT Bpemern t, rie 1<i <M |, 1< j<K.

O003HaYNM MPHUOIKAIOIITYIO QYHKIHIO JIJIsl 3TOTO 3JICMEHTA Kak:

Y (t) =a; +b; f (t) )

e & — cMeleHne; bjj — koddGuIHeHT BIUAHIA OMOPHOTO CUrHana f.

bynem npubmmkars ¢ momomso GyHkmy (2) curHans! Yij(t) u3 TemnosusnonHoro duneMa. IlokaxeM, kak HaiTh
ot Ko>(duumentsl s Hekotoporo VYi(t), mmd ocTampHBIX — pacCyKIeHHs OyayT aHalorH4HEL bynem
MHUHAMH3HPOBATh OTKIOHEHHE HAIIEro MPUOJIIKEHUS OT CUTHANA, TTOJyYeHHOTO C KaMephl:

& =3 (14(n) ¥, (0)F — min. ®

n=1

rae N — KoIMd4ecTBO KaJpoB B 3allHCH; N — HOMep KaJpa, COOTBETCTBYIomuil BpeMeHH. Otciona by MoxeT OBITH
HaMICHO CIIEAYIOIHNM 00pa3oM:

b nﬁ;f(n) ni,yu(n)f(n) Ngyij(n)f(n)—gf(n)nzizyij(n). o
” N nZh:‘f(n) NZN:fZ(n)— Zf(n) 2
> 1) 3170)

'Sakagami T, Nishimura T, Kubo S, et al. Development of a Self-reference Lock-in Thermography for Remote Nondestructive Testing of Fatigue
Crack (1st Report, Fundamental Study Using Welded Steel Samples). Transactions of the Japan Society of Mechanical Engineers. Series A.
2006;72:1860-1867. https://doi.org/10.1299/kikaia.72.1860

*Thomson W. (Lord Kelvin). On the dynamical theory of heat. Trans. R. Soc. Edinburgh. 1853;20:261-283.

* Lesniak JR, Boyce BR, Howenwater G. Thermoelastic Measurement Under Random Loading. In: Proc. SEM Spring Conf., 1998. P. 504-507.

I/IH(l)OpMaTI/IKa, BBIYUCIIMTEIbHAA TEXHUKA U YIIPABJICHUEC

163


https://doi.org/10.1299/kikaia.72.1860

/Ivestnik-donstu.ru

http

Advanced Engineering Research 2022. T. 22, No 2. C. 161-168. ISSN 2687-1653

Tosropsis (3) u (4) wrs Beex (i, ) momydanm marpuny B = {bij } TOTO K€ pa3Mepa, YTO U NCXOIHBINH KaJp ChEeMKH.

Takum oOpa3oM monyuynM HpuOImKeHHe Kaxjgoro curhana Yij(t) MK-cbeMku o BpeMeHH MOCPEICTBOM OHOPHOTO
curHana f(t). 3HaueHuss MaTpuipl B MOKa3hIBalOT OTHOCHTENBHYHO HHTCHCHBHOCTh HM3MEHEHHUSI TEMIICPATYphl B
HEKOTOPO#l 00JacTH 10 CPaBHEHHIO C MHTCHCHBHOCTBIO HM3MEHEHHsI OmopHoro curHaia. Omopeeiii curhan f(t) He
00s13aTeNbHO MOXKET OBITh TOJNYYEH CO CTOPOHHEH CHCTEMbl, Hampumep, ¢ TeH3oAaTdnka. ONMCcaHHBIN TOAXOJ,
HMEHYEeMBIH aBTOKOppersuonHoii UK-Tepmorpadueii, MokeT OBITh IPUMEHEH U C OTIOPHBIM CUTHAJIOM, TTOYYE€HHBIM
¢ Toi xe camoii UK-3ammcu” [15, 16].

PesyabTaTsl HccjeqoBanus. Peanusamus npeioKeHHOro aropurMa Obiia BeImonHeHa B Buae Python ckpumnros.
C MOMOIIBIO ATHX CKPHUIITOB IMPOU3BOAMIACE 00paboTKa TepMorpaduIecKux GUIEMOB, 3aIMCAHHBIX HAa METAJLTIYECKUX
MPOJIETHBIX ~CTPOCHUSX JCHCTBYIOIIMX aBTOMOOMIBHBIX MOCTOB, B KOHCTPYKIHSX KOTOPBIX OBUIM paHee
JIMarHOCTUPOBAHbI YCTAIOCTHBIE TpelMHbI. [IpoBepka padoTocrocoOHOCTH anroputMa Oblia IPOBEAEHA HA CTEHIOBBIX
UCTIBITAaHUAX, UMHUTHPYIOIINX IOBEACHHE pealbHbIX KOHCTPYKIMH C M3BeCTHOW mHpopmauumei o nedexre. Cbhemka
MIPOBO/AMIIACH C MOMOLIBI0 MH(PaKpaCHOW KaMmephl ¢ HeoxJaxaaeMbiM MukpobosmomerpoMm Fluke Ti400, mmeromeit
TEMJIOBYI0 4yBCTBUTeNbHOCTh MeHee 0,05 °C u uactory chémku 9 ' 3amucu caenaHbl B MOMEHT BO3JIEHCTBUS
aBTOMOOWJIPHOM Harpy3kd Ha MOCT. B KayecTBe ONOPHBIX CHUTHAJIOB JUIA KaXIOW 3allUCH HCIIOJIb30BalIach
Oe3medexTHast 30Ha pazMepoM 15%15 muKcemned ¢ TOro ke KOHCTPYKTHBHOTO 3JEMEHTa HENaJeKO OT CYIIeCTBYOMICH
W/WIA TIpeNIoaraeMoil 30HbI pa3pymieHus. Pe3ymbTaTel 00paOOTKM HATJSIHO NPEACTABICHBI B BHIE W300paKCHHIA,
MIOJTYYEHHBIX MOCPEACTBOM 3HAa4deHUH Marpuipl B. KaxmoMy 3HaueHHIO MaTpHUIBI COOTBETCTBYCT OJHMH ITHKCENh HA
n300pakeHnH, MpeoOpa3oBaHUE YHUCIIA B I[BET OCYLIECTBICTCS C IMTOMOIIBIO (PYHKIMU HMAIUTPHI U3 ONpPEICICHHBIX B
makete matplotlib.

Ha puc. 1 usobpaxken parMeHT CTajabHOW OaJKH MPOJISTHOIO CTPOEHMS. B MecTe coeanHEeHUs] TOPU30HTAIBHOTO
JIKCTA CO CTEHKOMN oOHapyskeHa tpeinuna (puc. 1 ). Ha puc. 1 a mokasan oaun u3 kaapos UK-dunbma 370N TpEIHHBL.
Ha puc. 16 npencrasneH pe3yinbTaT 0o0paOOTKHM, HAa KOTOPOM OTYETJIMBO BHIHO IISITHO, CBHUJIETEIBCTBYIOIIEE O
pasorpese, MPOUCXOAIIEM B 0003HaUEHHOH 30HE. DTa 30Ha COOTBETCTBYET 00JIACTH BOKDPYT BEPLIMHBI TPELIWHBI, YTO
CBUJIETEILCTBYET O MpOJOJDKAIOIIEMCs pa3BUTHH jAedekTa. ITo ke ObUI0 TOATBEPXKICHO IOBTOPHBIMU
00cIe0BaHUsIMHU, KOTOPBIC YCTAaHOBIIIHM yBEIHUIECHUE TPEIMHEI Ha 6ostee yeM 30 % 3a 4 roxa.

Puc. 1. Pe3ynsTaTs! nH}pakpacHOH ChEMKH:
a — xazp ¢puIbMa; 6 — n300pakeHue, MOCTPOSHHOE MO 3HAYEHHUSIM MAaTPULEI B; ¢ — (oTorpadus TperuHbl

* Galietti U, Modugno D, Spagnolo L. A novel signal processing method for TSA applications Measurement Science and Technology. 2005;16:2251.
10.1088/0957-0233/16/11/017
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Ha puc. 2, 3 n300pakeHb! TPEIUMHBI, 3apOJMBLINECS B CBAPHOM IIIBE, 3aTEM Pa3/BaMBAIOIIMECH M YXOAALIHE B peOpo
KECTKOCTH M JIUCT HacTwia. CheMKa IMPOBOIMIACHE BO BPEMS HCTBITAHUN MOCTA. 11 KOHTPOJS HAIPSDKEHUH B 9THX Ke

MecTax ObLIH YCTaHOBJICHBI TCH30METPUYCCKUE JaTYNKU, PE3YIBTAThI C KOTOPBIX MOATBEPAMIIA PA3BUTUE OTUX TPEIINH.

a) 6)
Puc. 2. lnarHocTHpOBaHHAS YCTAIOCTHAS TPEIMHA:
a — n300pakeHue, MOCTPOSHHOE 10 3HAYEHHUSIM MaTpHuIbl B; 6 — dororpadus

KonTponbHbIE MeTKH 11151

COBMEILICHUS H300PaKSHUI

R
6)
Puc. 3. /lnarHoctHpoBaHHasl yCTaIOCTHAS TPELIMHA:
a — xazp ¢puIbMa; 6 — n300pakeHue, OCTPOSHHOE M0 3HAYEHHSIM MAaTPHUIEI B; ¢ — (oTorpadus TpermuHbl

Ha puc. 4 u3o0paxxeHbI COBMEIICHHBIC MTOKA3aHUs TCH30JaTYMKOB U TEMIIEPATYPHI JJIsl OJHOTO U TOTO K€ yJ4acTKa
KOHCTpYKIMHU. TemnepaTypHbIe MOKa3aTelu ObUTH TOTYYSHBl YCPEIHEHHEM B 001acTH 00CIeI0OBaHUS U MOCIIE YIOITIM
CIUIXWBAaHUEM TI0 BpeMEHH. TEeH30MEeTpUYEeCKHe JaHHBbIe Takke ObUIM CcrilakeHbl. Kak BHIHO, YTO H3MEHEHHE

TEMIIEPATYPHI IMOJTHOCTBIO ITOBTOPSACT U3BMCHECHUE Ha]'[pﬂ)KeHI/Iﬁ C TOYHOCTBIO 1O YyBCTBUTEIIbHOCTHU an/I60pa.
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Puc. 4. I'padmky H3MEHEHNS HANPSDKEHUH, COBMEIIIEHHBIE C M3MEHEHHSMH TEMIIEPaTyphl (M3MEHEHHsI TEMIIEPATyphI IPUHSTHI C
00paTHBIM 3HaKOM). BeJIMYHHBI 110 OCH OPIMHAT HOPMHUPOBAHBI OTHOCHUTEIBHO CAHHHIIBI

Ha puc. 5 n3o0pakeH 3JIeMEHT KOHCTPYKLHMH, HE MMEIOIIUA BHUAMMBIX MOBPEKACHHH, KOTOPHIE TaKXKe HE OBLIH
OIHO3HAYHO OINpENeNieHbl ApyruMu Meronamu. OIHako, B pe3yipTare OOpaOOTKM IaKeTa TepMOrpaMM OBIIO
00HapyKEHO, YTO B MECTE COCAMHEHUS JIBYX JJIEMEHTOB MMEETCS TEIJIoBas aHOMaHs. DTO CBUJETEIBCTBYET O TOM,
9TO B 3TOM MECTE BEPOSTHO HJIET CaMOPa3orpeB MaTepuaia, U MHOJ MOBEPXHOCTHIO POUCXOAUT 3apoxcHHe NedeKTa,
KOTOPBIH B CKOPOM BPEMEHH J0JDKEH OyAeT BBIWTH Ha MOBEPXHOCTb. Takum 00pa3oM, AaHHbIH y4acTOK KOHCTPYKIIMH
TpeOyeT TOMOIHUTENFHOTO BHUMAHUS NPH OYIYIIUX 00CIeI0OBaHUAX.

a) 6)
Puc. 5. Pesynbrarhl HHGpakpacHOH ChEMKH:

a — CBapHOH OB 03 BUANMBIX YCTATOCTHBIX MOBPEKICHHIA;
6 — n300paXKeHHe HOCKa CBAPHOTO 111BA, TIOCTPOCHHOE 110 3HAYCHHUSIM MaTpHIlbI B

O0cy:xknenne W 3aKkialueHus. [IpoBeneHHbIE paOOTHI Ha MPOJETHBIX CTPOCHUSX IMMOKa3alu 3PQEKTHBHOCTH
aBTokoppersiuonHo MK-tepmorpaduu kak Metoma OeckoHTakTHOW nuarHocTuku. [lokazaHa paboTOCIOCOOHOCTH
METO/Ia Ha peallbHbIX O0BEKTaX, HAXOMAIIUXCS TMOJ CIy4ailHOW Harpy3kod. MIMemo MecTo COOTBETCTBHE M3MEHECHHSI
HanpsHKeHUM B KOHCTPYKIMU C M3MEHEHUWEM perucTpupyemon temmneparypsl. [IpoBeneHa nMarHOCTHKAa HEKOTOPBIX
M3BECTHBIX Je(PEKTOB, HA KOTOPHIX OBLIO OTMEUYEHO TPOJOJDKAIONIEECS Pa3BUTHE MOBPEKICHUH, YTO B TOCICACTBUU
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MOJATBEPMIIOCH MOBTOPHBIMU OOCJIEIOBaHUSIMH 3THUX DJIEMEHTOB KOHCTpYKIMH. Kpome 3TOro, BBISBIECH Cirydai
camopasorpeBa BO BHeIIHe Oe3ae(eKTHOW 30HE, YTO YKa3bIBA€T Ha BEPOATHBIM IPOLECC 3apoXKACHUs aedeKTa,
KOTOPBI HA MOMEHT ChEMKH HE MOT OBITh OZHO3HAYHO ITUArHOCTHPOBAH JPYTMMH METOJaMH. JTO CBUACTEIBCTBYET O
TOM, YTO IAHHBIA y9acTOK TpeOyeT AomoiHHuTenbHOro HabmronmeHws. Ilpm ycrmoBum oOHapyxeHHs nedekTa Ha 3TOM
y4acTKe B IpoLecce MOCIeyOIIX HaOII0AeHHH MOKHO TOBOPHTH O BO3MOXKHOCTH HcIonb3oBanus UK-repmorpadun
IULSL BBISIBIICHUSI CKPBITHIX Je()eKTOB M IPOTHO3UPOBAHMUS UX ITOSBICHHS.
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Abstract

Introduction. The article presents an overview of modern neural network models for natural language processing.
Research into natural language processing is of interest as the need to process large amounts of audio and text
information accumulated in recent decades has increased. The most discussed in foreign literature are the features of the
processing of spoken language. The aim of the work is to present modern models of neural networks in the field of oral
speech processing.

Materials and Methods. Applied research on understanding spoken language is an important and far-reaching topic in
the natural language processing. Listening comprehension is central to practice and presents a challenge. This study
meets a method of hearing detection based on deep learning. The article briefly outlines the substantive aspects of
various neural networks for speech recognition, using the main terms associated with this theory. A brief description of
the main points of the transformation of neural networks into a natural language is given.

Results. A retrospective analysis of foreign and domestic literary sources was carried out alongside with a description
of new methods for oral speech processing, in which neural networks were used. Information about neural networks,
methods of speech recognition and synthesis is provided. The work includes the results of diverse experimental works
of recent years. The article elucidates the main approaches to natural language processing and their changes over time,
as well as the emergence of new technologies. The major problems currently existing in this area are considered.
Discussion and Conclusions. The analysis of the main aspects of speech recognition systems has shown that there is
currently no universal system that would be self-learning, noise-resistant, recognizing continuous speech, capable of
working with large dictionaries and at the same time having a low error rate.
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semantic consistency.
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si3pika. MccnenoBanus 00pabOTKU €CTECTBEHHOTO SI3bIKA IPEJICTABISIOT HHTEPEC B CBSI3H C TEM, YTO B IOCIIEIHEE

© Kasaxoea M. A., Cyrmanoea A. I1., 2022

Wupopmarrka, BEIYUCIUTEIbHAS TEXHUKA U YIIPABICHHE

169


https://doi.org/10.23947/2687-1653-2022-22-2-169-176
mailto:kazakovamaria2609@gmail.com
https://doi.org/10.23947/2687-1653-2022-22-2-169-176
https://doi.org/10.23947/2687-1653-2022-22-2-169-176
mailto:kazakovamaria2609@gmail.com
https://crossmark.crossref.org/dialog/?doi=10.23947/2687-1653-2022-22-2-169-176&domain=pdf&date_stamp=2022-6-30
https://orcid.org/0000-0002-8669-3383
https://orcid.org/0000-0003-2723-4715
https://orcid.org/0000-0002-8669-3383
https://orcid.org/0000-0003-2723-4715

http://vestnik-donstu.ru

170

Advanced Engineering Research 2022. T. 22, No 2. C. 169—176. ISSN 2687-1653

BpeMsl Bo3pociia MOTpeOHOCTh B 00paboTKe 00ibIIUX 00BEMOB ayANO- U TEKCTOBOW HMHGOPMAIMH, HAKOTUICHHOM
3a mocienHue necsatwierus. Haubosiee oOcyxgaemoll B 3apyOeHOH JMTepaType SBISETCS OCOOCHHOCTH
00paboTku pazroBopHoid peun. llenb pabOTHI MpeACTaBUTh COBPEMEHHbBIE MOJAEIN HEHPOHHBIX ceTeil B oOiacTu
00pabOTKU YCTHOM pevH.

Mamepuanst u memoost. IIpuknagHoe uccieoBaHue TOHUMaHUS YCTHOM peuy sIBISIETCS CJI0XKHOW W JajieKo UayLien
TeMOIl 00pabOTKM ecTecTBEHHOro si3bika. [loHMMaHMe Ha CIIyX 3aHUMaeT IIEHTPAIbHOE MECTO B MCCIICAOBAHUU U
MpeacTaBisieT co0oi mpodiemy. B 3Toli cTaThe mpearaeTcst MEeTO MOHUMAaHHA Ha CIIyX, OCHOBAHHBIA Ha TITyOOKOM
o0ydeHun. B craTbe KpaTKO M3IIAraroTcsi COACPKaTENbHBIC ACTIEKTHl PA3IMYHBIX TANOB CO3/IaHHUSA HEHPOHHOH CETH 110
pacIliO3HAaBaHUIO pEYM, NPHUBOAATCS OCHOBHBIC TEPMHHBI, CBSI3aHHBIE C 3TOW Teopmeil. llpmBoamTcs Kparkas
XapaKTEpUCTHKa OCHOBHBIX CYIIECTBYIOIIMX Ha TEKYIIMH MOMEHT HEHPOHHBIX CeTel 1O 0OpabOTKE eCTECTBEHHOTO
SI3BIKA.

Peszynemamut uccneoosanus. 11poBeseH peTPOCIIEKTUBHBIN aHaIU3 3apyOeKHBIX M OTCYECTBEHHBIX JIMTEPATypHBIX
HCTOYHHMKOB C OIUCAHHEM HOBBIX METOJIOB OOPaOOTKH YCTHOW peyH, B KOTOPBIX HCIIOJIBb30BAIUCh HEHPOHHBIE CETH.
[MpenocraBnena uHpOpManys 0 HEHPOHHBIX CETSIX, METOJaX PAaclO3HABaHWS W CHUHTE3a pedd. B paboTy BKIFOUYEHBI
PE3YJIbTAaThl Pa3HOIIJIAHOBBIX JKCIICPUMEHTAIbHBIX pa60T IIOCJICAHUX JICT. B cratbe HO[[pO6HO OIIMCaHbl OCHOBHBIC
MOJX0bl K 00paboTKe eCTECTBEHHOIO S3blKa M X W3MEHEHHS C TEUCHHEM BpPEMEHH, a TAaKKe MOSBICHHE HOBBIX
TEXHOJIOTHH. PaccMOTpeHBI OCHOBHBIE TPOOIEMBI, CYIIECTBYIOIINE B HACTOSIIEE BPEMS B 3TOH o0sacTy.

Oécyrycoenue u 3axkniouenusn. AHaIN3 OCHOBHBIX aCIEKTOB CHCTEM pAcIlO3HABaHMS PEdM IIOKa3al, YTO B HACTOSILEE
BpeMsi HE CYIIECTBYET YHHBEPCAIbHOH CHCTEMBI, KOTOpas Oblma Obl camMooOydaromeics, IIyMOH3OJSIMOHHOH,
PpacIo3HAIOIIEH HETIPEPBIBHYIO peub, CIIOCOOHOH padoTaTh ¢ OONBIINMHE CIOBAPSIMU H B TO XK€ BPEMs HMEIOLIEH HU3KUH
YPOBEHB OIIHOOK.

KiroueBble cjioBa: 00pabOTKa SCTECTBCHHOTO SI3bIKA, YCTHAs pedb, HCHPOHHBIC CETH, aBTOMAaTHuYecKas oOpaboTka
€CTECTBEHHOTO 5I3bIKa, CEMaHTHYECKasi COTJIACOBAHHOCTb.

BaaronapHocTu: aBTOpBl NPHHOCAT DIIyOOKYHO OJaroJapHOCTh pELEH3EHTaM 3a II0JIe3HbIE 3aMedaHus U
PEKOMEHIAINH, BRICKa3aHHbIE [IPU PEIICH3UPOBAHUU CTAThH.

Jas murupoBanus: KazakoBa, M. A. AHainu3 TEXHOJOTMH OOpabOTKH €CTECTBEHHOI'O S3bIKa: COBPEMEHHBIC
mpobnems! u moxxoasl / M. A. Kazakosa, A. I1. Cynranosa // Advanced Engineering Research. — 2022. — T. 22, Ne 2.
— C. 169-176. https://doi.org/10.23947/2687-1653-2022-22-2-169-176

Introduction. This article provides an overview of the main language model based on the neural network for
Natural Language Processing that helps computers communicate with people in their native language and scale other
language tasks. Modern machine learning technologies allow computers to read text, hear speech, interpret it, measure
moods, and determine which parts of speech are important. This technology is called Natural Language Processing
(NLP), it is based on many disciplines, including computational linguistics. NLP is increasingly being used in
interactivity and productivity applications, such as creating spoken dialogue systems and speech-to-speech engines,
searching social networks for health or financial information, detecting moods and emotions towards products and
services, etc.

The relevance of NLP is primarily associated with the need to process large amounts of audio and text information
accumulated by mankind over the past decade. Currently, most modern devices are endowed with a voice control
function, and various kinds of digital assistants are becoming widespread. Now, the speech recognition function is
available in almost any gadget, it allows us to interact through voice applications, facilitating and simplifying a person's
life. There are a fairly large number of commercial speech recognition systems, among the most famous there are
Google, Yandex, Siri. The quality of speech recognition in such systems is at a fairly high level, but they are not
without a number of shortcomings. Unfortunately, despite the amazing development of computer technology, the
current problem of equipping a computer with a full-fledged, natural human voice interface is still far from over.

Materials and Methods. NLP technology is rapidly advancing due to the increased interest in the field of machine
learning, as well as the availability of big data, powerful computing, and improved algorithms. However, NLP is not a
new science. Attempts to teach computers to communicate with people through a natural voice interface have been
made since the early days of computer technology. NLP was born with the advent of the first computers from the idea
of how good it would be to use these machines to solve various useful tasks related to natural language, e.g., these
programs were intended for people who, due to physiological characteristics, could not type text manually [1].
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The first task that the first computers solved in the early stages of the formation of NLP was the task of machine
translation, i.e., automatic translation of text from one language to another using a computer. This problem was
successfully solved and started to be applied in the mid-1950s, in the past century, for the “Russian-English” pair [2].

The second task of machine learning was to create conversational systems, the programs to conduct a dialogue with
a person in natural language. Many systems created at that time were imperfect due to a number of difficulties in speech
recognition that can have a significant impact on the quality of the result. The difference in the voices of speaking
people, the inconsistency of colloquial speech, the phonogram of the same words can vary greatly depending on a
number of factors: pronunciation speed, regional dialect of the language, foreign accent, social class, and even the
gender of a person [3].

The third task was to create a question-and-answer system. There was a need for programs that would answer
exactly the human question. At that stage, such a question was in the form of a natural language text. Thus, the problem
of scaling the recognition system has always been a significant obstacle. In the course of many years of research, it has
been found that it is required to involve not only programmers, but also experts in linguistics, radio engineers,
mathematicians, biologists, and even psychologists in solving the problem.

At different times, various mathematical, statistical, logical, stochastic approaches were used in natural language
processing, such as Dynamic Time Warping, Bayesian discrimination, Hidden Markov Model, formal grammars, and
probabilistic approaches. At the present stage of natural language processing, machine learning methods are
widespread, in particular, neural networks. Currently, in modern linguistic research, at the first stage, texts are selected
that are planned to be analyzed, and a corpus of texts is created. Next step, the collected material is transferred to an
expert linguist. He prescribes the rules, compiles dictionaries, marks up texts for the identification of target structures in
texts for the further task solution. Another method is also used, in which an expert linguist marks the text into target
structures or categorizes texts in certain classes, and then machine learning methods automatically derive some rules or
models for further solving current problems. At the end of the work, the quality of the methods is always checked.

Philologists study semantics of the text considering meanings of polysemantic units in context, emphasizing that
context plays a fundamental role in the word definition. Therefore, e.g., the authors discover the contextual meanings of
polysemantic units that are not registered in lexicographic sources. In the early stages, scientists proposed to divide any
sentence into a set of words that could be processed individually, which was much easier than processing a whole
sentence. This approach is similar to the one used to teach a new language to children and adults. When we first start
learning a language, we are introduced to its parts of speech. Let us consider English as an example. It has 9 main parts
of speech: noun, verb, adjective, adverb, pronoun, article, etc. These parts of speech help to understand the function of
each word in a sentence. However, it is not enough to know the category of a word, especially for those that may have
more than one meaning. Specifically, the word “leaves” can be the verb “to leave” in the 3rd person singular or the
plural form of the noun “leaf”’, which should be considered from the point of language as a system of interrelated and
interdependent units. The idea of consistency in the lexical and semantic sphere of language was first expressed by
M. M. Pokrovsky, emphasizing that “words and their meanings do not live a separate life from each other, but are
connected (in our soul), regardless of our consciousness, into different groups, and the basis for their grouping is
similarity or direct opposition in their basic meaning”. Paradigmatic, syntagmatic, and epidigmatic relations among
language units are important manifestations of the systematic and regular nature of language. The researchers note that
words enter the syntagmatic relations based on the logical contiguity of concepts and, consequently, their compatibility
with each other [4].

We need to understand that from the point of view of computer science, speech is not structured information, but a
sequence of characters. To ensure that voice data can continue to be used, the speech recognition application translates
it into text. The accent, individual intonations, and emotions are already being erased in the text. When data are
translated into text, they are translated with zeros and ones.

Therefore, computers need a basic understanding of grammar to refer to it in case of confusion. Thus, the rules for
the structure of phrases appeared. They are a set of grammar rules by which a sentence is constructed. In English, it is
formed with the help of a nominal and a verb group. Consider the sentence, “Kate ate the apple”. Here, “Kate” is a noun
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phrase and “ate the apple” is a verb phrase. Different sentences are formed using different structures. As the number of
phrase structure rules increases, a parse tree can be created to classify each word in a particular sentence and arrive at its
general meaning (fig. 1).

| SENTENCE —

Noun words group Verb words group
¥ A x w
Determiners | | Adjective || Noun Verb Noun
The new professor Is awoman

Fig. 1. Parse Tree

The spoken language system integrating speech recognition and speech synthesis is the core technology of human-
computer interaction, and oral understanding is the core of spoken language system [5].

Acrtificial neural networks, created in the form of computer models, cope successfully with the tasks of pattern
recognition. They are trainable, they can be easily adapted (and this has already been done) to solve many
practical problems related to speech recognition, control of various machines and devices, event prediction, etc.
The biggest feature of a deep neural network is training a large amount of data, and then extracting characteristic
information. Characteristic information obtained through a network structure can give good results in the speech
comprehension tasks.

An advantage of a neural network in speech processing is that the perceptron can perform discriminant learning
between speech units that represent the output classes of the perceptron. The perceptron not only learns and optimizes
the parameters for each class on the data belonging to it, but also tries to reject the data belonging to other classes. The
perceptron is a structure with a high degree of parallelism, which allows the use of parallel hardware. The first neural
network models used in speech recognition systems were developed for static signals, and not for their sequences or
signals subject to temporal variability. Later, recurrent neural networks and convolutional neural networks were
proposed [5].

As language models are trained on larger and larger texts, the number of unique words (the vocabulary) increases,
and continuous space embedding helps to alleviate the curse of dimensionality in language modeling. An alternate
description is that a neural net approximates the language function. The neural net architecture might be fed forward or
recurrent, and while the former is simpler, the latter is more common. Improved algorithms, powerful computers, and
an increase in digitized data have fueled a revolution in machine learning. And new techniques in the 2010s resulted in
“rapid improvement in tasks” including language manipulation, in particular, transformer — architecture based on a deep
learning model. It was first introduced in 2017 [6]. Table 1 presents the main types of currently existing language
models of neural networks.

Table 1
Main types of neural network language models

Language model Characteristics

Bidirectional Encoder Representations from Transformers is a new method of pretraining
BERT-base (2018) language. BERT is different because it is designed to read in both directions at once. Using
this bidirectional capability, BERT is pretrained on two different, but related, NLP tasks:
Masked Language Modeling and Next Sentence Prediction [7, 8].

Embeddings from Language Model is a word embedding method for representing a sequence
of words as a corresponding sequence of vectors, but unlike BERT, the word embeddings

ELM . L . .
(20183 produced by the “bag-of-words” model is a simplifying representation. ELMo embeddings are
context-sensitive, producing different representations for words that share the same spelling
but have different meanings (homonyms) [9].
GPT is a Transformer-based architecture and training procedure for natural language
GPT (2018) processing tasks. Training follows a two-stage procedure. First, a language modeling objective

is used on the unlabeled data to learn the initial parameters of a neural network model.
Subsequently, these parameters are adapted to a target task using the corresponding supervised
objective [10].
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ESPnet mainly focuses on end-to-end automatic speech recognition (ASR), and adopts widely-
used dynamic neural network toolkits, Chainer and PyTorch, as a main deep learning engine.

ESPnet (2018) ESPnet also follows the Kaldi ASR toolkit style for data processing, feature extraction/format,
and recipes to provide a complete setup for speech recognition and other speech processing
experiments [11].

Jasper (2019) Model uses only 1D convolutions, batch normalization, RelLU, dropout, and residual

connections [12].

GPT -2 (2019)

GPT-2 translates text, answers questions, summarizes passages, and generates text output on a
level that, while sometimes indistinguishable from that of humans, can become repetitive or
nonsensical when generating long passages [13].

WAV2LETTER++
(2019)

It is an open-source deep learning speech recognition framework. wav2letter++ is written
entirely in C++, and uses the ArrayFire tensor library for maximum efficiency [14].

WAV2VEC (2019)

wav2vec, is a convolutional neural network that takes raw audio as input and computes a
general representation that can be input to a speech recognition system [15].

These are cross-lingual language models (XLMs): one unsupervised that only relies on
monolingual data, and one supervised that leverages parallel data with a new cross-lingual

XLM (2019) language model objective. It obtains state-of-the-art results on cross-lingual classification,
unsupervised and supervised machine translation [16].
XLNet uses a generalized autoregressive retraining method that enables learning bidirectional
XLNet contexts through maximizing the expected likelihood over all permutations of the factorization
(2019) order and autoregressive formulation. XLNet integrates ideas from Transformer-XL, the state-
of-the-art autoregressive model, into retraining [17].
This implementation is the same as BERT Model with a tiny embeddings tweak as well as a
setup for ROBERTa pretrained models. ROBERTa has the same architecture as BERT, but uses
RoBERTa (2019) . . . L
a byte-level BPE as a tokenizer (same as GPT-2) and applies a different pretraining scheme
[18].
ELECTRA Efficiently Learning Encoder That Accurately Classifies '!'oke.n Replgcement§ is a r?ew pre-
(2020) learning method that outperforms development estimation without increasing the

computational cost [19].

STC System (2020)

STC system aims at multi-microphone multi-speaker speech recognition and diarization. The
system utilizes soft-activity based on Guided Source Separation (GSS) front-end and a
combination of advanced acoustic modeling techniques, including GSS-based training data
augmentation, multi-stride and multi-stream self-attention layers, statistics layer and spectral
[20].

GPT — 3 (2020)

Unlike other models created to solve specific language problems, their API can solve “any
problems in English”. The algorithm works on the principle of autocompletion: you enter the
beginning of the text, and the program generates the most likely continuation of it [21].

ALBERT (2020)

ALBERT incorporates two parameter reduction techniques that lift the major obstacles in
scaling pretrained models. The first one is a factorized embedding parameterization. By
splitting a large vocabulary embedding matrix into two small matrices, it separates the size of
the hidden layers from the size of vocabulary embedding. The second technique is cross-layer
parameter sharing. This technique prevents the parameter from growing with the depth of the
network [22].

BERT-wwm-ext,
2021)

Pretrained BERT with Whole Word Masking due to the complexity of Chinese grammar
structure and the semantic diversity, a BERT (wwm-ext) was proposed based on the whole
Chinese word masking, which mitigates the drawbacks of masking partial Word Piece tokens
in pretrained BERT [23].

PaLM (2022)

This is Pathways Language Model 540-billion parameter, dense decoder. Only Transformer
model trained with the Pathways system enabled us to efficiently train a single model across
multiple TPU v4 Pods [24].

As can be seen from Table 1, the first transformer models, using a bidirectional capability, allowed two different but
related tasks of the NLP to be studied beforehand: simulating a masked language and predicting the next sentence.
Bidirectional Encoder Representations from Transformers consist of two steps: the first step is pretraining where the
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data enter the layers of transformer, and the result of this step are vectors for words. The second step is fine tuning. The
pretraining step consists of two steps: the masked LM and Next Sentence Prediction (NSP) [7, 8]. BERT is not without
flaws, the most obvious one is the learning method — the neural network tries to guess each word separately, which
means that it loses some possible connections between words during the learning process. Another one is that the neural
network is trained on masked tokens, and then used fundamentally different tasks, more complex ones.

Embeddings from Language Model is a deep contextualized word representation that models both complex
characteristics of word usage (e.g., syntax and semantics), and how this usage varies across linguistic contexts (i.e., to
model polysemy), such as “bank” in “river bank” and “bank balance”. These word vectors are learned functions of the
internal states of a deep bidirectional language model (biLM), which is pretrained on a large text corpus. They can be
easily added to existing models and significantly improve the state of the art across a broad range of challenging NLP
problems, including question answering, textual entailment, and sentiment analysis [9].

To alleviate the problem, suffering from the discrepancy between the pretraining and fine-tuning stage because the
masking token [MASK] never appears on the fine-tuning stage, XLNet was proposed, which is based on Transformer-
XL. To achieve this goal, a novel two-stream self-attention mechanism, and one to change the autoencoding language
model into an autoregressive one, which is similar to the traditional statistical language models, were proposed [17].
RoBERTa, STC System, GPT models were used in quite a large number of systems. And they showed pretty good
results. These models suggested that averaging all token representations consistently induced better sentence
representations than using the token embedding; combining the embeddings of the bottom layer and the top layer
outperformed the use of the top two layers; and normalizing sentence embeddings with a whitening algorithm
consistently boosted the performance [18, 20, 21].

The next step, probably, will be to study the oversampling and undersampling of textual data to improve the overall
entity recognition effect.

Results. The analysis of the literary sources describing new methods of processing oral speech, which provides
information about neural networks, methods for the structure and synthesis of speech, made it possible to detect
the following:

1. All the models presented in the review require large computing power to solve natural language processing
problems. It is computationally more expensive due to its larger structure.

2. None of the currently existing technologies enable solving the full range of tasks for recognizing continuous,
defective speech.

3. Most natural language processing models are designed to handle a wide variety of English dialects and idioms.

Discussion and Conclusions. Voice assistants reproduce and reinforce all stereotypes algorithms. They, as a rule,
reproduce those stereotypes that exist now in society. What does this achievement really mean? It means that the voice
assistant is no worse (or maybe even better) than an average person at recognizing the speech of a person with a
standard North American accent. But if an African American speaks to an assistant, then the accuracy will drop to about
80 %. This is a huge difference. Moreover, when converting voice to text, the specifics of writing, which can be
important for speakers, are guaranteed to be lost.

Voice assistants do not take into account the speech and user habits of the elderly and people with special needs.

And here, it is not even always the complexity of recognition. There is, e.g., such a condition as dysarthria — a
feature of the functioning of the connections between the speech apparatus and the nervous system, which can cause
difficulties in pronouncing individual sounds or, in general, in speech.

Also, due to hardware limitations, any cartridge will result in too many model parameters and unsuccessful
execution. The way to solve the problem of multiple cycles of dialogue requires further research.
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