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CucreMHbIH MOAX0A K U3rOTOBJICHHUIO HEPAZBbEMHBIX coeIMHEeHU

Y.-kop. HAH Benapycu, 10KT. TexH. Hayk, npod. B. K. Illexer”,
KanauIaTh Texu. Hayk E. FO. Jlatemosa®, 0. A. Ilymapes?, marucrp E. H. Llymapes”

UBenopycckuii HanMoOHabHbIH TexHUUeCKHi yruBepcutet (Munck, Pecriy6muka Benapycs),
2000 «Bebep Komexanuxe» (Mocksa, Poccuiickas deeparus)

© benopycckuii HallMOHANBHBIN TEXHUYECKUH yHUBepcuTeT, 2018
Belarusian National Technical University, 2018

Pedepart. [Ipeanoxen CUCTEMHBIN MOAXOA K U3TOTOBICHUIO HEPA3bEMHBIX COSANHEHUH, OCHOBAaHHBIN Ha OObEIMHEHNUH TeX-
HUYECKUX PEIICHUH B 00JacTH CBAapKH, IMaiiKW, CKJICHBAHMS M IPYIHX TEXHOJIOTHH, KOTOPBIH BKIIIOYAET B CEOSI HE TOJIBKO
HEIOCPEACTBEHHOE BBIIIOJHEHUE COCIUHEHHS, HO U €r0 KOHCTPYUPOBaHUE, IOArOTOBUTEIBHBIC ONIEPALUHU, a TAKXKE MEPOIIPH-
ATUS mocne obpa3oBaHMsa coeauHeHus. [loaxox OcHOBaH Ha MPHUHIMIIAX HEOOXOIMMOTO pa3HOOOpasus, oOpaTHOH CBA3H,
UEpapXUYHOCTU U JACKOMIIO3ULIMHU, YTO 00ECIeYnBaeT BBICOKYIO 3(()eKTUBHOCTh pa3pabaThIBaeMbIX TEXHHYECKHUX PEIICHUH,
BO3MO>KHOCTB ITOCTAaHOBKH U YCIICIITHOTO pa3pelIeHns IpodieM B 00JIacTH CO3aHMs Hepa3beMHBIX coeanHeHni. [l ycrem-
HOW peanu3aluy CUCTEMHOIO MOAXO0Ja MpeUlaraeTcs yYUThIBAaTh Pl ACIHEKTOB: CUCTEMHO-CTPYKTYPHBIN, 3aK/IIOYAIOMIUNACS
B BBUICHCHMU BHYTPEHHUX CBSA3€H U 3aBUCUMOCTEH MEXAy dJIEMEHTaMH JAHHOW CUCTEMBI, YTO IO3BOJIAET MONY4YUTh Mpel-
CTaBJIECHUE O BHYTPEHHEH OpraHM3aliu (CTPOCHHUH) HCCIEAyeMON CUCTEMbI; CHCTEMHO-()YHKIIMOHANIBHBIH, IIPEANoIIaratonmii
BbISIBJICHHE (DYHKLMH, [UIS BBIIOJHCHHS KOTOPBIX CO3JA€TCsl CHCTEMA; CHCTEMHO-LICNEeBOM, O3HA4aroLMii HEoOXOIMMOCTh
HAYYHOTO OIIPEIENeHHUS IeJied M MOoJIeNied CHCTEMBI, MX B3aUMHOM YBSI3KH MEXTy COOO0MH; CHCTEMHO-PECYpPCHBIH, KOTOPBIH
3aKJTI0YAeTCsl B THIATEIHHOM BBEIIBICHHH PECYpPCOB, TPEOYIOIUXCS AT (YHKIHOHUPOBAHHS CUCTEMBI M PEIICHUS CHCTEMOM
TOW WJIM MHOW MPOOJIEMBI; CHCTEMHO-UHTETPAIlMOHHbIN, COCTOSIMN B ONMPEACICHNH COBOKYITHOCTH KaYeCTBEHHBIX CBOWCTB
CHCTEMBI, O0ECIeUMBAIONINX €€ IeJTOCTHOCTh M OCOOCHHOCTh; CHCTEMHO-KOMMYHHUKAI[MOHHBIN, TPEOYIOIINH BBISBICHUSL
BHEILIHUX CBsI3€ll TaHHOW CUCTEMBI C APYTHMY, T. €. €€ CBs3€il ¢ OKpyKalollell cpeoi; CHCTEMHO-UCTOPUYECKUM, I03BOJISIO-
LM BBIACHUTDH YCIIOBUS BO3SHHUKHOBEHUS UCCIEIYEMOU CHCTEMBI, IPONICHHBIE €10 JTallbl, COBDEMEHHOE COCTOSHHE, a TAKKE
BO3MOJKHBIE TIEpCIIEKTHBHI pa3BuTHs. Ha 0a3e cucTeMHOro moaxoma pa3paboTaHbI HOBbIE KOHCTPYKIMH COCIWHEHUH cMe-
IIAHHOTO (TMOPUIHOT'0) TUIIA, PUBEACHBI TPUMEPHI M KIaCCU(BHUKALMS TAKUX COSANHECHHM.

Knrwuesble cj10Ba: CHCTEMHBIN noaxon, HEpa3bEMHBIC COCIUHCHUS, HCO6XOZ[I/IMOG pa3H006pa3He, JACKOMIIO3ULUA, 06paTHa51
CBsI3b, I‘I/I6pI/IZ[HI)Ie COCIUHCHU A

Jns nurupoBanusi: CHCTEMHBII TOJX0 K U3TOTOBNICHHUIO Hepa3beMHbIX coenunenuit / B. K. lener [u ap.] // Hayka u mex-
nuka. 2018. T. 17, Ne 5. C. 359-367. https://doi.org/10.21122/2227-1031-2018-17-5-359-367

Systematic Approach to Producing Non-Detachable Connections
V.K. Shelegl), E. Yu. Latypovaz), Yu. A. Tsumarev?, E. N. Tsumarev®

YBelarusian National Technical University (Minsk, Republic of Belarus),
PJSC “Veber Komekhaniks” (Moscow, Russian Federation)

Abstract. The paper proposes a systematic approach to producing non-detachable connections which is based on unified
technical solutions in the field of welding, soldering, gluing and other technologies. The given approach includes not only
direct execution of the connection but its designing, preparatory operations and also measures carried out after connection
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producing. The proposed approach is also based on the principles of the required diversity, feedback, hierarchy and decompo-
sition that ensures high efficiency of the developed technical solutions, possibility for setting-up and successful solution
of problems in the field of producing non-detachable connections. In order to ensure a successful realization of systematic
approach it is proposed to take into account a number of aspects, including the following: systematic and structural aspect that
presupposes determination of internal relations and dependences between elements of the given system and it permits to
obtain an overview about internal structure (composition) of the investigated system; systematic and functional aspect that
presupposes determination of functions, and the system is created for performing these functions; systematic and purposeful
aspect that signifies a necessity of scientific determination of system goals and sub-goals, their harmonization between them-
selves;systematic and resource aspect that presupposes thorough determination of the resources which are required for system
performance and solution of various problems with the help of the system; systematic and integration aspect that presupposes
to determine a complex of system qualitative properties which ensure its integrity and specificity; systematic and communi-
cation aspect that requires determination of external relations of the given system with others that is its relations with the
environment; systematic and historical aspect that permits to determine conditions for creation of the investigated system,
its past stages, modern state and also possible prospects of development. New connection designs of combined (hybrid) type
have been developed on the basis of the systematic approach and the paper presents examples and classification of such con-
nections.

Keywords: systematic approach, non-detachable connections, required diversity, decomposition, feedback, hybrid connec-
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IIpUHIMIBI CHCTEMHOIO NMOX0/A
B TeXHHKE CO31aHUs
HePa3beMHbIX COeUHEeHU

TexHUKa cO31aHUSI HEPA3bEMHBIX COCIMHEHUN
SIBJISICTCSL BaXKHEUIIUM 3JIEMEHTOM COBPEMEHHOTO
MIPOM3BO/ICTBA, M €€ Pa3BUTHE CTaBUT IEpen CIie-
[MUAIMCTAMH CIIOKHBIE 3a7]a49l TEXHOJIOTHYECKOTO
U KOHCTPYKTOPCKOI'O XapakTepa. JTU 3aJayu Tec-
HO CBfI3aHBI C MpoOJieMaMH, KOTOpPBIE BO3HHKAIOT
U3-3a MOCTOSIHHOT'O YCIIOXHEHUS YCIOBHUM dKCILTY-
aTayy W3JIeNUi, pa3paboTKH U IIHPOKOTO BHE-
pEHUS HOBBIX KOHCTPYKIIMOHHBIX MAaTepHalioB,
pacmpenrss OOBEMOB MPUMEHEHHUS 3allUTHBIX
MOKPBITHUH, a TAKXKE CTPEMJICHHS] K MaKCUMaJIbHOM
SKOHOMHUYHOCTH TEXHOJOTHYECKOTO  IpOIecca.
Bo3spacTaet Takke BaXHOCTh MTPOOJIEM SKOJIOTHYEC-
CKOro xapakrtepa. /If WX ycCHeurHoro pemieHus
OBLT pa3paboTaH KOMILICKCHBIN monxon [1, 2], npu
KOTOPOM HCHBITAHHUSI HEPa3beMHBIX COCIMHEHUN
paccMaTpuBalOTCS KaK Ba)KHAsi COCTABISAIONIAS CU-
cTeMbl (hOPMHUPOBAHUS MX CBOKCTB [1].

Kpome Toro, mpeanoxxeHO paccMaTpuBaTh IMO-
JTy4YEHUE HEPA3bEeMHBIX COCIUHEHUU KaK eIMHBIN
MPOIIECC B3aUMOJICUCTBUSI TEXHUUYECKUX PELICHUM
B 00JacTU CBapKH, MalKW, CKIICUBAHUS M MCXaHH-
YECKOTO CKPETJICHHSI B COBOKYITHOCTH C TMOJATOTO-
BUTEIBHBIMHU oOmepanusaMu [2]. DTOT mepedyeHb
MOJKHO JIOTIOJIHUTH MEPOTIPHUSITUSMH, OCYIIECTBIIS-
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E€MBIMH TIOCJIC HEIOCPEICTBEHHOTO O00pa30BaHUS
HEepPa3bEMHOTO COCAWHCHHS (CHATHE OCTATOYHBIX
nedopMalvii M HAMpPsDKCHUH, yaalneHue OpbI3r
pacIIaBICHHOTO MeTallia, TepMHudeckas oopadbot-
Ka JUIA YCTPAaHEHUS HEXKEIATEIBHBIX CTPYKTYD,
YCTpaHECHHE KOHIICHTPATOPOB HATIPSIKCHUMN ).

Takum oOpazom, pexomenmanuu [1, 2] sBis-
I0TCS TIPEANOCHUIKAMH i CUCTEMHOTO ITOX0J1a
K TEXHHUKE CO3JaHUS HEPa3beMHBIX COCIUHCHUM,
KOTOPBI KOPEHHBIM 00pa3oM MOBbIMaeT 3¢ dhek-
TUBHOCTH YIpaBJICHUs B JIt000# cdepe mesreib-
HocTH. CHCTEMHBIM aHaIW3 IIOKa3bIBaeT, 4YTO B
KOKIOW ONTUMAJIBHO OPTraHW30BaHHOW CHCTEME
JOJDKHBI OBITH (2 B €CTECTBCHHBIX CHCTEMax 00s-
3aTeIbHO MPUCYTCTBYIOT) BHYTPCHHUE MEXaHU3MbI
caMOperyJIMpoBaHusi W camopa3BuTHs. [lombITkn
OpraHU30BaTh CHUCTEMY U YIIPABJIATH €0 BOTIPEKH
ATUM MEXaHH3MaM MPUBOAAT K 3aCTOI0 U JIerpajia-
LM CUCTEMBEL.

[To coBpeMEHHBIM MPEACTABICHUSAM, CHCTEM-
HBI TOAXOJ — 3TO CIOCO0 OpraHM3aluu JCi-
CTBWI, HANPABJICHHBIX HA BHIBICHUE 3aKOHOMEP-
HOCTEd W B3aUMOCBS3CH BHYTPU HCCIICITyEMOTO
00BbeKTa ¢ I1eNbl0 Oojiee A(PGEKTHBHOTO €ro Mc-
nonb3oBanus [3]. [Ipu sToM cucTeMHBIN MOAXOA —
HE TOJIBKO METOJ PEIICHUS 3a1ad, HO M METOJ X
ITOCTAHOBKH, YTO ITO3BOJISACT MOJHATh TEXHOJIOTHH
Ha 0oJiee BBICOKHI YPOBEHb 110 CPaBHCHHIO C Tpa-
JUITUOHHBIM TTOJIXOJIOM K PELIeHHI0 mpooiem [3].
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AHanu3 onyOJIMKOBAaHHBIX JTUTEPATYPHBIX JaH-
HBIX TIOKa3bIBaET, YTO MHOTHE BAXKHBIC BOIPOCHI,
CBSI3aHHBIE C Pa3pabOTKON CHCTEMHOTO ITOAXO0.a
K TIPOCKTHUPOBAHUIO U CO3JaHUIO HEPa3bEeMHBIX
COCTMHCHHM, IO CUX TIOp Aake HEe CTaBWIHCH [1].
B mepByro ouepenn cieayer OTMETUTh, YTO CaMU
CIOCOOBI  CO37aHUS HEPa3beMHBIX COCIUHCHUN
(cBapka, maiika, MEXaHMYECKOE COCIUHCHUE JIHOO
CKJICMBaHNE) HE pPAacCMATPUBAINCh B KaveCTBC
JJIEMEHTOB aHAIN3UPYEMOW CHCTEMBI. DTO YIIPO-
a0 CUCTEMY, M TIO3TOMY HE IO3BOJISLIIO KO-
PEKTHO 00OCHOBAThH BBIOOp CIoco0a COCTUHEHUS,
B MaKCHMAaJIbHOW CTEIICHH COOTBETCTBYIOIIEIO 3a-
naHHeM yenoBusM [3]. Kpome Toro, mpu Takom
MOJIXOJIE UCKITI0YANIaCh BO3MOXKHOCTH B3aMMOJICH-
CTBUSl PA3NUYHBIX CIIOCOOOB CO3MIaHUS COETUHE-
HUH JpyT ¢ APYroM, YTO HEOMPABIAHHO YMEHBIIIA-
€T BO3MOXKHOE pa3zHooOpasue MpH CO3[IaHUU IIPO-
0JieMopa3peIaroeii CUCTEMEI.

Takum 00pa3oM, CIIOKUBIIHACS TOIXOJ K BBI-
JICJICHNUIO CHUCTEMBI HE COOTBETCTBYET 3aKOHY He-
o0xomumoro pa3HooOpaszus [4]. B coorBercTBUM
C aHHBIM 3aKOHOM TIPH yBEIWYEHHH pPa3zHOOOpa-
3Usl  pemraeMod  MpoOJieMbl,  OOYCIIOBJICHHOM,
HaIpUMep, YCIOKHEHHEM YCIOBHH IKCIUTyaTalluu
WIH TIOSIBJICHUEM HOBBEIX, Ooniee 3¢ (EeKTUBHBIX
KOHCTPYKITMOHHBIX MaTepHaloB, JOJLKHO BO3pac-
TaTh W pa3HooOpa3ue BHYTpHU mpobiaeMopasperia-
I0lIell cucTeMbl. B MpOTUBHOM cilydae Takasl CH-
CcTeMa HEe CMOXKET OTBeUYaTh 3ajladyaM YIPaBJICHHUS,
BBIJIBUTACMBIM BHEITHEH cpenoi, u OymeT malio-
a¢dektuBHO#. OTCYTCTBUE WM HEIOCTATOYHOCTH
pa3zHoo0pa3nusa MOTYT MPHUBECTH K HAPYIIEHUIO Iie-
JIOCTHOCTU TIOJICUCTEM, COCTABJISIFOIIUX aHAIH3H-
pyemyio cuctemy, a 3(Q¢eKTUBHbIE B MPOLUIOM
MIPUEMBI YTPATAT CBOIO JIEHCTBEHHOCTH [4].

Poct pasHoOOpa3usi, XapakTepHBIA [UIsl CH-
CTEMHOTO TOAXO0/a, MO3BOJISIET B Hambolee IoJ-
HOW Mepe peain30BaTh M MPHUHIUI BBIOOpa peliie-

a

H
.

P

HUS, KOTOPBHIM 3aKIIOYaeTcs B TOM, YTO peEIIeHHe
JIOJDKHO TIPUHUMATHCS HAa OCHOBE PacCMOTPCHUS
HECKOJIBKMX BapwaHTOB. TaM, Tlie pelieHne mnpu-
HUMAeTCsl Ha aHaju3e OJHOT0 BapUaHTa, OTCYT-
CTBYIOT TPEINOCBUIKA K OOBEKTHBHOMY W OITH-
MaJbHOMY PEIICHUIO, YYUTHIBAOIIEMY BCE OCO-
OCHHOCTH JIFOOOTO KOHKPETHOTO ciydast [S].
XapakTepHbIM IPAMEPOM, MOKA3bIBAIOIINM
BO3MOXKHOCTH CUCTEMHOTO ITOJIX0JIa B IIOCTAHOBKE
HOBBIX HAy4YHBIX TMPOOJIEM, SBIAETCA AaHAIU3
HaIpsOKEHHO-Ie(OPMUPOBAHHOTO COCTOSIHHST Ha-
XJIECTOYHBIX COEIWHEHHH, KOTOpPHIE IIHUPOKO IMPH-
MEHSIOTCS B Taiike, CBapKe, CKICHBAHHUH, a TAKXKE
MpY MEXaHUYECKOM CKpeIUICHUU jaeTaiiel. B pam-
Kax MPOCTOr0 MPEeIMETHOTO MOAX0/1a K dTOU 3a1a-
ye OBUTM IIUPOKO paACHpPOCTPAHEHBI pacUETHHIC
CXEMBI, KOTOPbIE HE COOTBETCTBOBAIM MPUHIIHITY
CTaTUIECKOTO paBHOBecHs [6]. B HMX HaxmecTod-
HOE COCIMHEHUE HaXOUIIOCh MO JICHCTBHEM JIBYX
CHWJI, COCTaBJISIIOIIMX TIapy, U TOJIBKO MPU CHCTEM-
HOM TIOJXOJAE YJAIOCh BBIABUTH IPOTHBOPEUHS
MEXIy DJIEMEHTAMH CHUCTEMBI pacueTa, IOPOIHB-
e Cephe3HyI0 MpobiieMy, — HEBO3MOXXHOCTH
MPUMEHCHUST TPHUKIATHBIX KOMITBIOTEPHBIX TIPO-
rpammM. [locne popMynHpPOBKH M MOCTAHOBKH TIPO-
OyieMbl OBLTO HAWMJIEHO pEIICHHE, OCHOBAaHHOE Ha
CHUCTEMHOM TIO/XOJle, KOTOPBIA 0053aTeIbHO
BKJIFOYAET B €0 CUCTEMHO-3JICMEHTHBINA WM CH-
CTEeMHO-KOMITJIEKCHBIA acTeKT (IIPaBHIIHOE BBISB-
JICHUE 3JICMCHTOB, COCTAaBJISIFOIIUX JaHHYH) CHC-
TeMy) W OIpEIesieT pecypc, HEOOXOMUMBIN s
pEIICHUs TPOOJIEMBI, — TEOpEMa O PABHOBECHH Me-
XAaHUYECKON CUCTEMBI MOJ JIEHUCTBHEM JBYX CHIL.
Bce 3T0 mM03BONMIO OKOHUYATENEHO CHOPMYITHPO-
BaTh pEIICHUE TOCTABJICHHOW MPOOJIEMBI: B pac-
YETHOW cXeMme 00e CHIIBI JOJDKHBI OBITH HampaBiie-
HBI TI0 OJHON NpPSIMOM, MPOXOJAIIEH Yepe3 TOUKU
TIPUIIOXKEHUS 3aMaHHbIX cui (puc. 1) [6—10].

‘_ —>

4

Puc. 1. PacueTHbie cxeMbl JUI1 HEPa3bEMHBIX HAXJIECTOYHBIX COCMHEHUI:
a — TpaJUuLIMOHHAs; b- nperaracéMas, COOTBETCTBYIOIIAsA MPUHIUITY CTATUICCKOI'O PABHOBECHUSL

Fig. 1. Calculation model for non-detachable overlap connections: a — conventional model;
b — proposed model corresponding to principle of static balance
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Mawiunocmpoenue

Jns ycnemHo# peanuzanyyd CUCTEMHOTO MO/I-
X0Jla HEOOXOJUMO YYHTHIBATh U JPYTHE acIeK-
THI [5]:

— CUCTEMHO-CTPYKTYPHBIM,  3aKIHOYarOLIUICS
B BBISICHCHUM BHYTPEHHUX CBSA3CH U 3aBUCUMOCTEM
MEXIy dJIeMEeHTaM{ JaHHOW CHCTEMBI, YTO MO3BO-
JISET TONYYHTh TPEJICTABICHNE O BHYTPEHHEH op-
raHu3aiuu (CTPOCHHUHU) UCCIICyeMON CUCTEMBI,

— CUCTeMHO-(DYHKITMOHANBHEIN,  TpeAroara-
OMUH BBIABNIEHUE (YHKIUH, UIS BBITIOTHEHUS
KOTOPBIX CO3/]aeTCs CUCTEMA;

— CHCTEMHO-IIEJIEBOH, O3HAYaroluii Heo0Xo-
TUMOCTh HAayJHOTO OIPENEeNCeHUs [eled W TOJIIe-
Jiel CCTEMBI, UX B3aUMHOH YBSI3KU MEKAY COOOiA;

— CHCTEMHO-PECYpPCHBIN, KOTOPBIN 3aKI0YaeT-
Cs B THIATENILHOM BBISABICHHH PECypCOB, TPeOyIo-
muXxcs JUIsl GYHKIMOHUPOBAHUSI CUCTEMBI H pellie-
HUS CUCTEMOM TOH MJIM HHOHM MPOOJIEMBI;

— CUCTEMHO-UHTETPAlMOHHBIM, COCTOSIIMKA B
OIIpEeIeIEHNH COBOKYITHOCTH Ka4eCTBEHHBIX CBOICTB
CHCTEMBI, O0OECIEUYMBAIOUINX €€ LEeNOCTHOCTh |
0COOEHHOCTD;

— CHCTEMHO-KOMMYHHKAITMOHHBIN, TPEOYIOTHit
BBISIBIICHUS BHEIIHUX CBS3€H JaHHOM CUCTEMBI C
JIPYTUMHU, T. €. €€ CBSI3EeH C OKPYXKaIOILEH Cpeioi;

— CUCTEMHO-UCTOPUYECKUM, MTO3BOJISIOINN BbI-
SICHUTh YCJIOBHMSI BO3HHKHOBEHHUS HCCIeAyeMon
CUCTEMBI, MPOWJEHHBIE €10 3TaIlbl, COBPEMEHHOE
COCTOSIHHE€, a TakXX€ BO3MOXKHBIE TTEPCIIEKTHBBI
pa3BUTHS.

PaccmaTtpuBas mpobGieMHBIE BOMPOCH CO37a-
HUSl HEPAa3bEeMHBIX COCTUHEHHU C CHCTEMHO-HCTO-
pHUYECKOW TOUKU 3peHHS, HEOOXOIUMO OMHPATHCS
Ha OCHOBHBIE 3aKOHBI TUAIIEKTUKH W, COBEpPIICH-

CTBYsSI CHUCTEMY, IpOSBISATH T'OTOBHOCTH K CBOE-
BPEMEHHOMY OTOpPachIBaHUIO YCTapeBIIUX W He-
s¢dexkTuBHBIX ee 3nemeHToB. Hanpumep, B [11]
MOKAa3aHO, YTO CTAaHJApTHBIE HCIBITAHUS MasHBIX
COEIMHEHUHN Ha LUKIMYECKYI0 Harpy3ky He obec-
MEeYMBAIOT JOCTOBEPHOCTHU MOITY4aeMbIX pe3yibTa-
TOB, U TPEJIOKEHA METO/IMKA, OCHOBaHHAs Ha W3-
rube Bpamaromerocss odpasua. s peanuzanuu
3TONH METOJIUKU ObUTH pa3paboTaHbl KOHCTPYKLIHU
00pas3IoB, 4TO MO3BOJIUIO HE TOJIBKO 00ECIICUUTH
BBICOKYIO JOCTOBEPHOCTh, HO YNPOCTWIO M yHe-
HIEBHJIO HWCCIIEJIOBAHUSA, a TaKXKe a0 BO3MOXK-
HOCTb B IIOJHOM Mepe Y4ecTh KOHCTPYKTHBHBIE
0COOEHHOCTH HCCIEYyEMBIX COSAMHEHUH U TEXHO-
JoTuI0 WX maiku [12] m BIMSHHE TEPMUYECKUX
HaIpsDKEHUH Ha pe3ynbTaThl UCIIBITaHmM [ 13].
Hpyroii xapakTepHbIii pUMEp — TUAIECKTHYE-
CKO€ OTpHULIAHHE HECUMMETPHUYHOI'O TaBPOBOTO
[asiHOI0 COEJUHEHUs, IIPU KOHCTPYHUPOBAHUHU KO-
TOpOro ObLIa MPEANPUHSTA HE BIOJIHE KOPPEKTHAs
HOIBITKA CHU3UTh KOHLEHTPALMIO HANpPSDKEHUH U
UX MAaKCHUMAaJbHOE 3HAUCHHWE IyTeM YBEIUYEHUS
IIomanu crnas. AHamu3 pacipeeneHus HampsiKe-
HUHM, OOYCIIOBIEHHBIX HEHCTBHEM MPOIOIHHON
Harpy3kH, IMOKa3aj, 4YTO MHOI'OKpAaTHOE yBeJn4e-
HUE IUIOIIAAM CIas, XapakTepHoe A M3BECTHOM
CXEMBI, HE NPHUBEJIO K MPOrHO3UPYEMOMY CHIDKE-
HUIO BEJIMYMHBI MAaKCHUMAaJbHBIX HAaNpSDKEHUH B
OTACHBIX 30HAaX MasHOTO TaBPOBOTO COEIMHEHUSI.
Bonee 3¢dexTuBHBIM OKa3amOCH HOBOE TEXHUYE-
ckoe pemienue [14], ocCHOBaHHOE Ha HCIIOJNH30BA-
HAW CHMMETPUYHOM COCTaBHOW 3aroToBku [15]
C TaKOW >X€ IUIOIIAJABIO CIasi, KAaK Y H3BECTHOTO
COEIMHEHMS, JTUILIEHHOTO0 CUMMETpHH (puc. 2).

b

113

Puc. 2. Cxemsl TaBPOBLIX MasgHbIX Cer[I/IHeHI/Iﬁ C yBeHH‘{eHHOﬁ IJIoIaAbIO CHast: a — U3BECTHOI0 aCUMMETPUYHOIO;
b — cocraBHOTO CUMMETPUYHOTIO, pa3pa60TaHHOr0 Ha 0a3e CHCTEMHOTO noaxona

Fig. 2. Schemes of tee joints with increased soldered seam area: a — known asymmetric soldered seam;
b — combined symmetric soldered seam developed on the basis of systematic approach
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JmnanexkTnyeckoe OTPHUIIAHKE YCTAPEBIINUX TEX-
HUYECKHUX PEIIeHN He MOXET 3aKaH4IMBaThCs (op-
MYJIUPOBKOM JTOCTOBEPHON M KOPPEKTHON HAyUHON
pexomenaanuu. OHO AOKHO OBITH (hopMaTn30Ba-
HO MYyTEM BHECEHHS COOTBETCTBYIOLIMX H3MEHE-
HUM W JOMOJHEHUN B HOPMATUBHYIO JTOKYMEHTa-
[IUIO, TPEXIE BCEro, B ICHCTBYIOIIME CTaHIAAp-
ThI [16—18].

OpaHUM M3 BaXHEUIIMX MPUHIMIIOB CUCTEMHO-
ro TMOoAXoJa SBJSETCS HEPAPXUUYHOCTh CTPOCHHS,
KOTOpasi 3aKIIF0YaeTCs B TOM, YTO BHYTPU CHCTEMBI
MOJKHO BBIIEIUTH D3JEMEHTHl WA TOACHCTEMBI,
CBSI3aHHBIE OPYr C APYroM IO NPUHLMITY MOJYH-
HEHMSI DJIEMEHTOB HH3ILETO YPOBHS 3JeMEHTaM
0oJiee BHICOKOTO YpPOBHS. DTOT MPHUHIMII TIO3BOJIS-
€T peann30BaTh MHOTOYPOBHEBOE YIIPaBIICHUE
MporieccoM 00pa3oBaHUs HEPAa3hEeMHBIX COEIHE-
HUI, XapakTepHOe AJisl BCEX OPraHU30BaHHBIX CHU-
creM. OgHaKO OH 10 HACTOSALIETO BPEeMEHH He
HallleJl ITUPOKOTro MPUMEHEHHUS B TEXHUKE HEpas3b-
eMHBIX coenuHeHNH. OCOOEHHO Ba)KHBIM SIBIISIETCS
MPAaBUIIFHOE OTIPEIENICHHE COOTHOIIEHHS MEXIY
YaCcTSIMH CHUCTEMBI, KOTOpbIe OTHOCATCS K TEXHO-
JIOTHYeCKO# cdepe, C OTHON CTOPOHBI, M COBOKYII-
HOCTBIO BJIEMEHTOB, ompenesnssommx 3¢pdQexTus-
HOCTb KOHCTPYHPOBAHUS, C APYroi. 37ech BaXKHO
MHEHHEe aBTOPOB [19], KOTOpbIE CUNTAIOT, UTO KOH-
CTPYKTHBHBIE MOAXOBI MO3BOJISIOT MONydYaTh 0O-
Jiee BBICOKUE Pe3yNbTaThl [0 HECYLIeH CrocoOHO-
CTH, HAJEXKHOCTH M JOJTOBEYHOCTH, a TaKXKe
MO0 CITOCOOHOCTH COMPOTHBIATHCA XPYNKHM pas3-
PYLIEHHSIM, 9eM TeXHOJIoTH4IecKue mpueMsl. CooT-
BETCTBEHHO YaCThb CHCTEMBI, CBS3aHHAasi C KOH-
CTPYHPOBaHHEM U PacueTOM COCAMHEHHH, JOKHA
OTHOCUTBCS K 00Jiee BBHICOKOMY HEPapXHUECKOMY
YPOBHIO B CPaBHEHWW TEXHOJOTHYECKOW MOJCH-
cremoit. K coxkaneHuro, B HaCTOSIIIIEE BPEMS B TEX-
HUKE CO3[aHWs COCIMHEHHWH MPHOPUTETHBIM SIB-
JsieTCsl UMEHHO TEXHOJOTMYECKOE HarpaBlieHHe.
OT0 0COOEHHO XapaKTepHO Ul MalKu, TOae Hpak-
TUYECKH ITOJIHOCTHIO OTCYTCTBYIOT HOBBIE ITOJIXO-

a

OBl K KOHCTPYMPOBAHHIO, OIIEHKE HECYIIEeH CITo-
COOHOCTH ¥ TIPOBEJICHUIO UCTIBITAHUNA COCTHHCHHM.
[IpuunHa TAKOTO COCTOSHMSI — U3BECTHAS U3 TEO-
puM ynpaBiieHUS OCOOEHHOCTh HIDKHUX YPOBHEH,
KOTOpasi 3aKJIYaeTCs B TOM, YTO OHHU OOJaJaroT
0oJiee BBICOKOH CKOPOCTBIO PEaKITMH U OBICTPOTOM
nepepaboTKH TMOCTYMAIOIIINX CUTHAIOB.

CrpemiieHHE K y4eTy BceX (DaKTOpOB, CBS3aH-
HBIX C KOHCTPYMPOBAaHHMEM U HU3TOTOBJICHUEM HE-
Pa3beMHBIX COCIWHEHUH, TPHUBOAUT K YCIIOXK-
HEHHIO cucTeMBbl. [l0o3TOMYy CHCTEMHBIM MOAXOL
HEBO3MOJKHO pean30BaTh 0€3 MPUMEHEHHs MPUH-
[UIa JCKOMITO3UIUK, KOTOPBIA IO3BOJISIET pac-
CMaTpUBaTh AHAIM3UPYEMYIO CHCTEMY KaK COBO-
KYITHOCTh HE3aBHCHMBIX JIPYT OT JIpyra 3JIEMEHTOB
(moncucrem). Tem caMbIM ymIpaBieHHE CIOKHOMN
CHUCTEMOH CBOAMTCSA K OTOOpPY B3aMMOCBSI3aHHBIX
(hakTOpOB M PaCUWICHCHUIO pEIIacMOi 3ajJayd Ha
psaa Ooyiee TIPOCTHIX TOCIICIOBATEIBHBIX 3BCHBECB.
O} dexTHBHOCTh JAHHOTO MPUHITUIIA MOYKHO MTOKa-
3aTh Ha MpUMepe, onrcanaoM B [20], Te Ha OCHO-
BE JCKOMIIO3HUITMHN HAIPsDKEHHOTO COCTOSTHES [21]
pa3paboTaHa peKOMEHIAIHS [0 CIICIUAIBHOM MOJI-
TOTOBKE KPOMOK K KOHTAKTHOH TOYCUHOW CBapKe.
CKoC KpOMOK COSIUHSIEMBIX JeTanel (puc. 3) mo3-
BOJIMJI OCYIIECTBUTH CBapKy 3aroTOBOK TOIIIIH-
HOM 8 + 8§ MM TO peXuMy, XapaKTEpHOMY IS
TOJNIIMH 5 + 5 MM, W 3a CUET YETHIPEXKPATHOTO
YMEHBIIICHUS 3KCIICHTPUCHUTETA MPUIIOKECHHBIX CHUIT
MOBBICUTH TMPOYHOCTH coeauHeHust B 1,28 pasza.
IIpu sTOoM OGojiee OmarompHUATHOE pacIpeneicHue
pabounx HaNpsHKEHWH B MpeajiaraéMoM COETUHe-
HUU CO3/1aeT MPEIIMOCHUIKH K PACITUPEHUIO Tuara-
30HA TOJIIIMH ]ISl IPUMEHEHHSI KJICECBapHOIO Ba-
pUaHTa TEXHOJOTHH TOJNy4EHHUS HEPa3heMHOI0
coenuHenns. CpaBHEHUE TPAIUIIMOHHOTO U TIpeI-
JIaraeéMoOT0 BapHaHTOB COEAMHEHUS MOKa3bIBa-
€T, YTO MpeIIaraeMoe COCAMHCHUE IPH TOJIIIH-
Hax 8 + 8 MM oOecreunBaeT SKCHEHTPUCUTET MPU-
JIOKEHHBIX CHJI B 2,5 pa3a MEHBIIUN, YeM B TPaIH-
LIMOHHOM COEIUHEHUH 5 + 5 MM.

b
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Puc. 3. CxeMbl TOUEUHBIX CBAPHBIX COEIUHEHUIH:
a — TPaJMIUOHHOTrO; b — pa3paboTaHHOr0 Ha OCHOBE JEKOMIIO3ULINH HAIPSKEHHOTO COCTOSHUS

Fig. 3. Schemes of spot-welded joints: a — conventional spot-welded joint;
b — spot-welded joint developed on the basis of decomposition of stress state
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IIpn pa3paboTke CHCTEMHOTO MOAXOAa HEoO-
XOJIMMO YYHTHIBATh, YTO JTFO0Ast CHCTEMa YCIICITHO
(GYHKIIMOHUPYET W Pa3BUBACTCS 10 MyTH MPOTpec-
ca TOJILKO TOTJa, KOTJia B HEH mMeeTcsl oOpaTHas
CBSI3b, IS YETO B TIPOEKTE OPTaHU3AINHA CHCTEMBI
CIICLMATIFHO 3aKJIAJBIBAIOTCS COOTBETCTBYIOIINE
BO3MOXHOCTH U ycioBua [3-5]. B mpotuBHOM
ciIy4yae HEeM30EKHBI 3aCTON CHCTEMBI, XOJIOCTOE €€
¢dyHKIIMOHUpOBaHUE. M3-32 OTCYTCTBUSI CUCTEMHO-
r0 TIOJX0/Aa B MPOU3BOJCTBE HEPAZHEMHBIX COEIH-
HEHMH TNpUHLIMI 0OpaTHOW CBsI3H, 0€3 KOTOPOTO
HEBO3MOJKHO YIpaBlieHHE CHCTEMOW Ha HAayYHBIX
MOpUHIMIAX, A0 HACTOSILErO0 BPEMEHU HE HaIlenl
IOJDKHOTO TipuMeHeHus. OCHOBHAsI pOJIb 00paTHOM
CBS3M COCTOUT B TOM, 4TO, COOOmas oOpraHy
yrpaBieHUS THPOPMAIIUIO O PEATbHOM COCTOSIHUU
00BeKTa U CUTHAIH3UPYS O JTOCTUTHYTOM pE3yIlb-
Tare, OHA IMO3BOJSET OCYIIECTBISATH PETryIHpPOBa-
HHE B YCIIOBHSX HEMOJIHOW HWH(pOpMAIHUHd O BO3-
MYIIAIONINX BO3AcHCcTBUAX. Hammume oOpaTHOU
CBSI3M TPUIAET CHCTEME CIIOCOOHOCTHh K CAMOPETy-
nupoBaHuio U agantauuu [3]. Bo3geiicTBue BXom-
HOTO CHTHAJIa Ha OOBEKT, MepepaboTKa ero B BbI-
XOIHON cWTrHal W oOpaTHOE NeWCTBHE BHIXOIA
yepe3 KaHall OOpaTHOW CBS3M Ha BXOIHYIO BEJH-
YUHY — BCE 3TO MPOIECCH Mepenayn u nepepadbot-
ku uHpopmarmu. [1o3ToMy B CHCTEMHOM MOAX0]IC
BAXXHYIO POJIb JOJDKHBI UTPATh MPUHIIUITEI KOMITb-
IOTEPHOTO MOJICIUPOBAHUS, MO3BOJISIONINE MOJTY-
4aTh HEOOXOJMMYI0 HH(GOPMAIUI0 O CBOWCTBAaX
CO3/1aBa€MOT0 O0BEKTa, HANPHUMEp, O €ro Hamps-
JKeHHO-IepopMupoBaHHOM cocTosiHUM. CHCTeM-
HBIA TOAXOJl JAaeT BO3MOXKHOCTH OoJiee IIHPOKO
WCTIOJb30BaTh TPUHIUIT OOpAaTHOW CBS3HM 3a CUET
BKIIFOUEHHS] B CHUCTEMY KOHTPOJIBHO-HU3MEPHUTENb-
HBIX OlEpanmuid W HEOOXOIUMBIX HCIBITAHUM.
IIpu sTOM cHCTEMHOE KOHCTPYHPOBAaHHE ITO3BOJIS-
€T peaJN30BhIBATh CXEMBI HE TOJIBKO OTPHIIATENb-
HOW W TIOJOXUTEIHHOW, HO W YIPEeXaaromei 00-
paTHoi cBs3u [3].

Hepa3zbemHble coeqHeHUs] THOPUIHOTO THIIA
U UX Ki1accuuranus

PaccmaTpuBass BO3MOXHOE B3aUMOJICHCTBHE
KOHCTPYKTHBHBIX (DOpPM, XapakTepHBIX IS pas-
JMYHBIX CIIOCOOOB CO3/IaHKS HEPa3zbeMHBIX COEJIU-
HEHUH, BBIICTUM T€, KOTOPHIE MMEIOT Hauboiiee
MUpOKOe TpuMeHeHue: cBapka ruiaBieHueM (C),
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KOHTakTHas ToueuyHas cmBapka (1), maiika (ID),
ckneuBanue (K) u mexanmueckoe coenuuenue (M).
B pe3ynbTaTe B3auMOAEHCTBHS KOHCTPYKTUBHBIX
¢dopM 00pa3yroTcs HOBbIE Pa3HOBUAHOCTH HEPa3h-
€MHBIX COCIWHEHUN CMEMaHHOTO (THOPUIHOTO)
THTIA, 00aAI0NIHNE PSAIOM IIPEUMYIIECTB 110 CPaB-
HEHUIO C TPaJUIMOHHBIMH BHIaMU. CXeMaTUYHO
o0pa3oBaHWe TAaKWX COCJUHECHUN TPUBEICHO Ha
puc. 4, Tae ToKa3aHo, YTO KaXJ0€ U3 TMOPUIHBIX
COCJIMHEHUH OTHOCHTCSI K KaKoMy-THOO THUIy, U3-
BECTHOMY W3 TPAIUIMOHHOW TEXHUKU KOHCTPYH-
pOBaHUs, T. €. SBISETCS B IEJIOM CTBHIKOBBIM,
HaXJIECTOYHBIM WJIM TaBpOBBIM. lIpumepbl BO3-
MOKHOM KOHKPETHOM peaju3ali MpUHIMNA B3a-
MMOJICHCTBUSI KOHCTPYKTUBHBIX (hOpM, CO37aBae-
MBIX Ha 0a3e Pa3NYHBIX TEXHOJOTHYECKUX IIPO-
1IECCOB, MPEICTABJIEHbI HAa pUC. 5.

[IpumeHeHne maliku Ui CHIDKEHHUS KOHIICH-
TpalMy HanpsHKEHUH, mpeoxkeHHoe B [22], npu-
BOJAWT K THUOPUIHOMY CBapHO-TIASTHOMY COEMIH-
HEHHUIO CTBIKOBOTO THUTMA (pHC. 5a), KOTOPOE MOXK-
HO 0003HauuTH crexytommm obpazom: (C) C-II
(cteIKOBOE, CcBapHO-masHOE). llasHOE HaxiecTou-
HOE COEIMHEHHWE C YNPOUHSIOIIUMH CTEpKHS-
Mmu (puc. 5b) [1] moxxHO 0003HauNTH Kak (H) [I-M
(HaxyecTouHOe, MastHO-MEXaHUYECKOe).

[Ipu pacmmpeHnn HOMEHKIATYpPhl THOPHIHBIX
COeAMHEHHH TpeAyIoKEeHHas cUcTeMa 0003HauCHHS
MOXKET HECKOJBKO YCIIOKHUTHCS, HANpUMep, Iy-
TEM CO3JaHWsl THOPWAHBIX COeAWHEHHMH Ha Oasze
TpeX TEXHOJOTMYECKHX MpoleccoB. B dacTHOCTH,
aBTOpaM IPENCTaBISIETCS BO3MOXHON pazpaboTka
COCAMHEHHS HaXJECTOYHOTO THIMA C HCIONb30-
BaHHWEM CBapKH IUIABICHWEM, TOYEYHOW CBapKH
Y CKJIeuBaHUs. TO eCTh JUIsl TPAIUIIMOHHOTO KJlee-
CBapHOTO COCTUHEHUS MOXKET OKa3aThCs A dek-
TUBHOU JIOTIOJIHUTENIbHAS O0Bapka, KOTOpas cre-
JIAeT CUCTEMYy IIBOB OoJiee paclpeieieHHON ¢
MEHbIIIENH KOHIEHTpalye HanpsbkeHuid. [Ipu co-
3laHUU TUOPUIHOTO COCIWHEHHS BO3MOXKHA KOM-
OMHALMS OJHOPOIHBIX TEXHOJOTUYECKHUX IPOIIec-
coB. Tak, coenuHeHue, MOKa3aHHOE Ha pHUC. 2,
MOKHO PaccMaTpHBaTh Kak THOPUIIHOE, €CIIH CBS-
3YIOIIUNA MasHBIN MI0B 2 B HEM BBIOJHUTH HU3KO-
TEeMIIepaTypHOH TMaikoi, a pabounid moB 1, Tpe-
Oyromuii OoNblIeH MPOYHOCTH, — BHICOKOTEMITEpA-
TypHO. B 3TOM ciaydae TaBpoBOE COEqUHE-
HUe (puc. 2) mpuoOpeTaeT Bce MPU3HAKK THOPH/I-
HOTO MAastHO-TIATHOTO COCTNHEHMSL.
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Fig. 4. Scheme of design shapes interaction and formation of hybrid-type connections
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Puc. 5. CxemMbl THOPHIHBIX COCTUHEHUIA: a — CTBIKOBOE MasHO-CBapHOe: 1, 2 — coeAMHAEMBIC ICTalH; 3 — CBApHOU IIIOB;
4, 5 — Hanaliku; b — HaXJIECTOYHOE MasHO-MeXaHH4IecKoe: 1, 2 — coeIMHsIeMbIC TN, 3 — YIPOUYHSIONIHNA CTEPIKCHB;

4 — masgHBII OI0B; C — HAXJIECTOUHOE MEXaHUKO-CBapHOE: 1, 2 — coeuHAEMbIe AETallH; 3 — CBApPHOI I110B
Fig. 5. Schemes of hybrid connections: a — butt welded-soldered joints: 1, 2 — parts to be connected; 3 — welded joint;
4, 5 — soldering; b — overlap soldered-mechanical connection: 1, 2 — parts to be connected; 3 — hardening rod;
4 — soldered joint; ¢ — overlap welded-mechanical: 1, 2 — parts to be connected; 3 — welded joint
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Mawiunocmpoenue

IlpencraBnseTcss BO3MOXKHOW  KOMOWHAIIHSI
JIByX CBapOYHBIX MPOIECCOB MPH BHINOJIHCHUN
onnoro coemunenus. Tax, B I'OCT 14771-76
MIPEJICTABIICHO TaBpPOBOE coenuHeHue T7, KoTopoe
COJICPKUT OCHOBHOM U TMOABAapOYHBIM CBapHBIC
mBel. COTJacHO PEeKOMEHAAlWsAM IaHHOTO CTaH-
JlapTa, OCHOBHOM W TOABapOYHBIA IIBHI HEOOXO-
JIMMO BBITIOJIHATH CBAPKOW B 3aIlUTHOM rase, uTo
HE BCETJIa BO3MOXKHO M3-32 OTCYTCTBHSI XOPOIIETO
nmoctyma K oOpatHO#l cropone mBa. [loaToMy oT-
CYTCTBHE CHCTEMHOTO IO/IX0J]a B 3TOM CiIydae 3a-
CTaBWJIO OBl KOHCTPYKTOpa HWCHOJB30BATh OJHO-
cTOopoHHee coenuHeHue 16, oOmamarornee Oonee
HU3KOM pPaboTOCTIOCOOHOCTBIO H3-3a SPKO BBIpa-
JKEHHOW aCMMMETPHH, KOTOpas, COTJIACHO BBIBO-
naMm [23-25], sBuseTcs NPUYMHOM BO3HUKHOBE-
HUS JIOTIOJIHUTENBHBIX HANPSDKEHUH OT u3ruoa.
CucreMHBII TIOMXOA H TPEICTaBICHWE O THO-
PUAHBIX HEPa3beMHBIX COCAMHEHUSX MPHUBOIAT
K 3(QQEKTHUBHOMY PEUICHHIO JaHHON MPOOJIEMBI:
OCHOB-HOH IIIOB BBITIOJIHSAETCS MEXaHH3UPOBAaHHON
CBapKoOil B 3aIIUTHOM Ta3e, 00eCreYnBarONIeH BbI-
COKYIO TIPOM3BOJUTENHHOCTD TP/, 8 MOBAPOIHBIN
OB — JIKAYMM SIICKTPOAOM, KOTOPBIH HE Tpedyer
3HAYUTETEHOTO MMPOCTPAHCTBA MPU CBapKe.
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Pedepat. MoHHO-II1a3MEHHOE a30TUPOBAHUE B TIICIOLIEM pa3psie — MHUPOKO UCIOIb3YyEMbIH METOJI TOBEPXHOCTHOIO YIIPOU-
HEHUs B IPOMBIIUICHHO Pa3BUTHIX CTpaHaxX MHpa. MIOHHO-IIITa3MEeHHOE a30THPOBAaHHE — HanboIee COBPEMEHHBIN M TEXHOJIO-
THYHBIA BHJA HOBEPXHOCTHOTO YIPOYHEHWs AETaled MamuH, mpecc-(GopM, IITaMIIOB M pexymiero mHcTpyMenra. OgHako
B JINTEPATYpPE OTCYTCTBYET MOJPOOHOE ONMMCAHHE TEXHUUECKUX XAPAKTEPUCTUK U (DYHKIIMOHMPOBAHUS ra30BaKyyMHOI 4acTH
YCTaHOBOK MOHHOT'O a30THPOBAaHUSA, YTO HE NO3BOJIIET OLICHUTh PACXOJ 3JIEKTPOIHEPIUH Ha paboTy ra30BaKyyMHOI CHCTEMBI
IpH OLCHKE d(P(PEKTHBHOCTU NUCIIOIH30BAHMUS JAaHHOTO 000pYyJOBaHUS. PaccMOTpeHBI BOIPOCH! B3aMOCBSI3H Ta30JHHAMUIYE-
CKHX ITapaMeTPOB IIPOIlecca a30TUPOBAHMS (IABJICHNE U PACXOJ Ta30B) U SHEPTeTUUECKUX XapaKTEPUCTHUK TICIONIETO pa3psiaa
(l'lJ'lOTHOCTl) TOKa, HAIIPSAXKCHUE pa3psu13) IIPpY NTOHHOM a30THPOBAHUU HA YCTAHOBKAX MPOMBIINUICHHOI'O TUIIA U UX BJIUAHUEC HA
nporecc. Ha ocHOBaHMM pacdeTHO-IIPAaKTHIECKOTO MOJESIHPOBAHHS BAaKyyMHOH CHCTEMBI YCTAHOBKH HOHHOTO a30THPOBAHHS
MOKa3aHO, YTO JUIsl 00eCTIeUeHHUsI He3aBUCHMOTO YIIPABICHNS! CKOPOCTHIO OTKAYKH M PACXOJ0M Ta30BOH CMECH IIeecoo0pa3Ho
HUCIIOJIB30BAaTh BAKYYMHBIC arperarbl — IOCJI€A0BATCIIbHO COCAUHEHHDBIC (I)OpBaKyyMHblp'I 154 )IByXpOTOprIﬁ HAcOCHI. JTO IM03-
BOJIACT MPOBOAUTH MPOLECCHI a30TUPOBAHUA B IIHPOKOM JIHAINa30HE }laBJTeHI/II;'I IpHU BO3MOXKHOCTH 06eCHe‘lI/IBaTb 60m>ume
pacxojsl MIa3Mo00pa3yIoNIero ra3a Mpy HU3KOM JIaBJICHHH B ciaydae oOpaboTKH OoybmmX Iuromazeil. BeisiBieHs! B3anMo-
CBSI3M TEMIIEpaTypHl, JaBJICHUS B KaMepe M IUIOTHOCTH TOKa TJCIOUIErOo pa3psiia, 00ecHedHBaiONINe €ro CyIIeCTBOBAHHE
B BH/I€ aHOMaJIbHOTO. [I0Ka3aHo, 4TO YeM Hipke pabodee JaBJICHUE NPH MIPOBEICHHUH IIpOLecca, TeM OOJIbIIYI0 CTENICHb aHO-
MaJbHOCTH pa3psia MOXXKHO 00ECIednTh NpU OJAWHAKOBOW TeMIepaType CaJKd M TEM CaMbIM — OOJIBIIYIO0 TeMIIEPaTYPHYIO
OJHOPOIHOCTB, 00ECIICUNBAIONTYI0 PABHOMEPHOCTH A30THPOBAHHOTO CJIOS HA BCEX JETAIIIX CaJlKH.

KiroueBble c10Ba: MOHHO-IIa3MEHHOE a30THPOBAHHUE, Ta30JMHAMUYECKHE IapaMeTphl, BaKyyMHas CHCTEMa, PacdeTHO-
MPaKTUYECKOE MOJEIUPOBAaHNE
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Gas-Dynamic Specifications of Glow Discharge During Ion Nitriding Process
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Abstract. Ton-plasma nitriding in glow discharge is a widely used method of surface hardening in the industrialized countries
of the world and it is the most modern and technological type of surface hardening of machine parts, molds, dies and cutting
tools. However there is no detailed review in the literature of technical characteristics and operation of a gas-vacuum part
in ion nitriding units and it does not allow estimating electric power consumption for operation of a gas-vacuum system
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while assessing efficiency of the given equipment. The paper considers problems pertaining to relationship of gas-dynamic
parameters of the nitriding process (pressure and gas flow rate) and energy characteristics of the glow discharge (current den-
sity, discharge voltage) during ion nitriding at industrial plants and their impact on the process. Calculation-practical modeling
of a vacuum system for an ion nitriding installation shows that it is advisable to use vacuum units which represent consis-
tently connected forevacuum and two-rotor pumps in order to ensure independent control of a pumping speed and flow rate
of the gas mixture. Such approach makes it possible to carry out nitriding processes in a wide range of pressures with the pos-
sibility to provide high plasma gas rates at a low pressure, in particular, when processing large areas. The paper has revealed
temperature interrelations, chamber pressure and glow discharge current density that ensure its existence in the abnormal
form. It has been shown that at lower operational pressure during the process, higher degree of discharge abnormality can be
provided at uniform temperature of the batch. Due to this it is possible to attain higher temperature similarity which ensures

uniformity of a nitrided layer on all parts of the batch.

Keywords: ion-plasma nitriding, gas-dynamic parameters, vacuum system, calculation-practical modeling

For citation: Bosyakov M. N., Kozlov A. A. (2018) Gas-Dynamic Specifications of Glow Discharge During Ion Nitriding
Process. Science and Technique. 17 (5), 368-377. https://doi.org/10.21122/2227-1031-2018-17-5-368-377 (in Russian)

BBenenne

Omuum u3 Hanboee d(HPEKTUBHBIX U MTUPOKO
IPUMEHSEMBIX B NPOMBIIUIEHHOCTH METOAOB IIO-
BBILIEHHUS JIOJIOBEYHOCTH MHOI'MX OTBETCTBEHHBIX
JeTajell SBIIeTCS UX XUMHUKO-TepMHUYecKas oopa-
00TKa, BO3ACHCTBYIOIIAsl HA TOBEPXHOCTHBIE CIOH
MeTaia, T. €. Ha T€ CIIOH, B KOTOPbIX KOHIIEHTPH-
PYIOTCSI MAaKCUMAJIbHBIE HANPSKEHUs, BOSHUKAIOT
TPELIMHBI, Pa3BUBAIOTCS IPOLECCHl U3HOCA U KOp-
po3uu.

XUMHKO-TepMUYecKas 00paboTKa METaIoB U
CIUTaBOB 3aKJIFOYAETCS B HArpeBe M BBIJIEPKKE HX
npy HEOOXOJUMOH Temreparype B aKTUBHBIX I'a30-
BBIX, HUJIKHX WIH TBEPABIX CPENax, B pe3ysbTaTe
YET0 U3MEHAIOTCA XUMUYECKUH COCTaB, CTPYKTypa
U CBOMCTBA IMOBEPXHOCTHBIX CJIOEB METAIOB U
CIUIaBOB

Wonnoe-nnazmenHoe azotupoBanue (MIIA)
B TJICIOUIEM pa3psAie, Kak OJUH U3 METOJOB XHMHU-
KO-TEPMHUYECKOH 00pabOTKH, — IMUPOKO UCTIOIB3Y-
€MBI METOJ] TOBEPXHOCTHOTO YIPOYHEHHUS B MPO-
MBIIIJIEHHO pa3BUTBIX cTpaHax mupa. UITA sBus-
eTcs Haubosee COBPEMEHHBIM U TEXHOJOTMYHBIM
BHJIOM TIOBEPXHOCTHOTO YIPOYHEHHs JeTajiel
MallyH, mnpecc-QopM, ITAMIOB U PEXYILEro HH-
CTpyMEHTA.

s peanuzanuu mporiecca yrpouyHstomen 00-
paboTKH METOJOM HMOHHOTO a30TUPOBAHMS B psje
ctpan (I'epmanus, Asctpus, CLIA, SAnonus, boin-
rapus, bpasunus, Kuraii, bemapyce u ap.) npous-
BOJIUTCS BBICOKOTEXHOJIOTUYHOE aBTOMAaTHU3HUPO-
BaHHOE 000py/I0OBaHUE — YCTAHOBKH MOHHOTO a30-
THUPOBAHUS, — KOTOPOE TO3BOJIMIO M30aBUTHCSA OT
TaKUX HEJOCTaTKOB Ta30BOT0 a30THPOBAHUA, Kak
IUINTENFHOE BpeMsl MIPOLecca, MOBBIIICHHAs XPYII-
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KOCTh CJIOSl, TPYAOEMKOCTh TIpoIlecca, HECTaOMIIb-
HOCTH TIOJTy4aeMbIX pe3ynbTaToB [1-5].

VYcTaHOBKM HOHHOTO a30THPOBAHUS COCTOST U3
CJICAYIOIIUX OCHOBHBIX (DYHKITMOHAILHBIX CHCTEM:
BaKyyMHOH KaMepbl, OCHAIICHHOW Y3JIOM KaToJ-
HOTO TOKOBBOJIA; BaKyyMHOH CHCTEMBI; JJIEKTpPH-
YecKoro OJOKa MUTaHHUS TUIa3MbI TJICIOUIETO pas-
psima ¢ gyroramieHdeM; OJOKa MmoJadd padoymux
ra3oB; CHUCTEMbI KOHTPOJS U YIPaBJICHHWS, BHEII-
HUX HarpemaTelicd, pa3MenaeMbIXx 00 CHapyKU
BaKyyMHOH KaMepbl, JTHOO BHYTPH; CHCTEMBI TETI-
nouzonsinuu. CoBpeMeHHOE 00OpyHOBaHUE ISt
MOHHOTO a30THPOBAHUS CO3/IAETCS C Pa3IMYHBIMU
TATIAMH BaKyyMHBIX KaMmep: IIaxTHbBIE, KOJIaKo-
BblE U KOMOWHHUPOBAHHBIC, COCTOSIIHE W3 JBYX-
TpeX 4YacTeil JUId yBENWYEHHUs BBICOTHI pabodero
npoctpancTBa. [lone3Hslil tnamerp kamep (pa3mep
pabouero MpoCTPaHCTBA) COCTABISCT OT HECKOJb-
kux gerumerpoB go 2000 MM u Gonee, BhICOTA —
or 750 mo 7500 mM. OcHacTka, pasMerniaeMas
BHYTPU KaMepbl, MOXKET OBITh Pa3sHOOOpa3HOU H
ompenenseTcs KOHGUTrypanueld ynpouHsIeMbIX H3-
nenwit [1-5].

Crnenyer OTMETUTH, YTO B JHTEPAaType OTCYT-
CTBYeT MOApOOHOE OMHCAaHNE TEXHHUYECKUX Xapak-
TEPUCTUK W (PYHKIMOHHPOBAHUS Ta30BaKyyMHOMN
YacTH YCTaHOBOK MOHHOTO a30THPOBAHUS, YTO HE
MO3BOJISIET OLIGHWUTHh PACXOX 3JIEKTPOIHEPTrUU Ha
paboTy razoBakyyMHOW CHCTEMBI MpU OILIEHKE (-
(heKTUBHOCTH HCIIONB30BAHUS JTaHHOTO 000pyIO-
BaHus. [y mr000# BaKyyMHOH yCTaHOBKH BaKHO
OTIPENICNIUTh ONTHUMAIBHOE 3HaueHHE KOod(QHIu-
€HTa HCIIOJIb30BaHUsA Hacoca (HACOCOB) M3 SKOHO-
MHYECKHX cooOpakeHui. IIpm 3ToM HeoOXommMo
YYUTHIBATh, YTO MPH YBEIHUYCHUH KOA(D(UIIUCHTA
WCTIONB30BAaHMSI HACOCAa YMEHBINAIOTCA 3aTPaThl,
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CBS3aHHbIE C TPUOOPETEHHMEM M JKCIUTyaTanuen
BaKyyMHBIX HACOCOB, HO YBEIUYMBAIOTCS PAaCXO]IbI
Ha M3TOTOBJICHHE TPYOOIIPOBOIOB M apMaTypHI.

Pacuer BaKkyyMHOM cuCTEMBI

TexHONMOrMYeCKUMU (HAKTOPAMH, BIHSIONIHMHA
Ha 3((EeKTUBHOCTb MOHHOT'O a30TUPOBAHUS, SIBIISI-
IOTCS TemrepaTypa IMpolecca, MPOAOKUTENb-
HOCTh HACBHIIICHHA, IaBJICHHUE, COCTaB M Pacxoj
paboueii razopoii cMecu. Ha ycraHOBKaX HMOHHOIO
A30TUPOBAHMS MOXKHO NMPOBOIUTH KaK a30THPOBa-
HHUE, TaK U KapOOHUTPHPOBAHHE, JJIS Yero B CO-
cTaB pabodell cMecH Ta30B JIOJDKEH BXOJUTH yIiie-
poIcoaepkamuii ra3 — MeETaH, aleTWwIeH J1u0o
npomaH-OytaH. J[is co3gaHust TIICIONIETo paspsiaa
BOKPYT MOBEPXHOCTU JE€Tadd MOXHO HCIOJb30-
BaTh MEPEMEHHBIH U MOCTOSHHBINA (JIMOO0 MYJbCH-
pytomiuii) ToK. MOIHOCTs OJOKOB MHUTAaHHS pac-
CUUTHIBACTCSI B COOTBETCTBHH C rabapuramu pabo-
Yero MPOCTPAHCTBA KaMep U B HACTOAIIEE BpeMs
coctasysieT oT 20 10 450 kB-A [6].

BakyyMmHas cucremMa yCTaHOBOK MOHHOTO a30-
TUPOBaHUS COCTOMT W3 (DOPBAKYyMHOTO Hacoca
(30JI0THUKOBOTO JIMOO TUTACTUHYATO-POTOPHOTO)
MO0 OTKAYHOTO arperara, BKIIFOYAOIIEro MOCIe/o-
BaTeIbHO COCAWHEHHBIE (POPBAKyyMHBIH HAcoC W
JIBYXpOTOpHBIN Hacoc (Hacoc Pyrca), BakyymHOMN
MarvucTpalid ¥ COOTBETCTBYIOIINX KJIallaHOB — DJIEK-
TPOMarHuTHBIX HI/I6O QJICKTPOITHEBMATUYCCKUX.
Bpemst mepBu4HON OTKa4yKH Kamephbl (Tak HasbIBae-
MBIl HEYCTAHOBHBIIHICS PEXHUM PaOOTHI) 3aBHUCHT
OT MPOU3BOIUTEIFHOCTH OTKa4HOTO arperara (Haco-
ca), o00beMa BaKyyMHOW Kamepbl YCTAHOBKH, JTHHBI
BaKyyMHOW MarucTpajii U ee IuameTpa U, Kak mpa-
BUIIO, cocTapysieT mopsaka 10-40 mun. s uzme-
HEHMsl JaBJiCHHS B KaMmepe BapbHpyeTcs IMpou3-
BOJINTEIPHOCTh OTKAYHOW CHICTEMBI (€CITH Takas
BO3MOXXKHOCTb HMeeTcs) 00 HU3MeHseTcsl pac-
XOJI Ta30BOM CMECH, HUCIONb3yeMOW AJs a30THu-
pOBaHUSI.

B Teuenne Bcero mpouecca a30TUPOBAHUS JaB-
JIEHWE PETYJINpYyeTcs IMyTeM MOJAepKaHus HeoO-
XOIMMOT'0 pacxojia a3oTcoepraniero rasa. s mo-
JIy4eHUs] Ta30BOM Cpejbl, B KOTOPOM MPOBOJUTCS
a30TUpOBaHHE, JHOO CMEIIMBAIOT COOTBETCTBYIO-
mpe OalIOHHBIE Ta3bl, TUOO MOABOAAT CMECH U3
CHEIATFHBIX TA30CMECHTENBHBIX YCTAaHOBOK.

Crnenyer OTMETHTH, YTO JAETAIBHOE PacCMOT-
pEeHHE B3aMMOCBSI3M Ta30JAMHAMUYECKUX IapameT-
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POB KaMmepbl YCTaHOBKH (ZIaBIEHHE Ta3a, pacxoj
ra3oB) M JHEPreTHYECKUX XapaKTePHCTUK TIIEIO-
miero paspsiza (IWIOTHOCTh TOKA, HAIPSHKEHHE pas-
psiia, JUIMTENFHOCTh UMITYJIbCA HAIPSDKEHUS U Ta-
y3bl MEXIy HMMIYJbCaMH) B JIUTEpaType OTCYT-
ctByeT. B [6-9] mpuBoasTCs JHIIL JTaHHBIE II0
MaKCUMaJbHOMY pPacxojy Tra3a Jjisi KOHKPETHOM
MOJIEJIN YCTAHOBKM M JAMANa3oH padouyux [aBiie-
HUH (Kak MpaBwiIo, 3TO AMAa3oH aasieHuit ot 100
1o 800 Ila).

[TosTOMY paccMoTpeHue B3aMMOCBSI3H JTAHHBIX
apaMeTpoB SIBISICTCS BaAXHBIM (aKTOPOM B MOHU-
MaHHMH{ IIpOIecca MOHHOTO a30THPOBAHMSA U Ompe-
JIeTICHUH eT0 YKOHOMUYECKUX MOKa3aTeNeH.

[ukn a3oTupoBaHMS B TICIOIEM paspsije
BKIIIOYAae€T HECKOJBKO CTaaWi: BaKyyMHpPOBaHHUE
KaMepbl 0 HEKOTOPOIO IPENeNbHOrO AABJICHHUS,
[I0CJIe YEeTo Ha KaTOA-CaJIKy I0JaeTcs HalpshKEeHUe
W MEXAy KaToIoM M aHOJOM BO30YyXJaeTcs Tiie-
IONMHA  pa3psA: HAYMHACTCS TPOLECC OYHCTKH
U pa3orpesa CaJKu — 3TO HEYyCTaHOBUBILUIICS pe-
KUM OTKAuKH, KOTOPBIN SIBJSIETCSI BA3KOCTHBIM
PEXKUMOM, TTOCKOJIBKY JUTMHA CBOOOIHOTO mpobera
MOJIEKYJ raza A MHOTO MEHbILE AMaMeTpa TpyoOo-
npoBogna d (A < d).

JlnmuHa OTKAYHOM MarucTpaid 3aBUCHT OT KOH-
¢urypanuu y4acTka HOHHOI'O a30THpPOBaHUs,
T. €. OT B3aMMHOIO DPACIOJOXKCHUSI BaKyyMHOTO
Hacoca U pabouel kamepsl. Ha mpakTuke cienyet
CTPEMHTHCSI K 00ECIeueHHI0 MUHHMAIBHOTO pac-
CTOSIHUSI M@Ky KaMepoil W HacocoM, a JAUaMeTp
OTKaYyHON MarucTpalii BBIOMpATh UCXOJS W3 TUIa-
HUPYEMBIX BEJIMUMH JJaBJICHHUS B KaMepe Ha CTaluu
BBIEP)KKH M pacxojia TIa3Moo0pas3yIolero rasa.
CrnenoBatenpHO, IaBICHUE B KaMepe, pacxol rasa
W TIapaMeTpbl OTKAYHOW MarucTpaiu (JIIMHA Maru-
CTpajiil U AuaMeTp TpyObl) HAXOMATCSA B KECTKOU
B3auMocBs3U. 1loaToMy HE0OXOIUMO UMETH B BU-
Iy BCE 3TH MapaMeTphl NPY HA3HAUYCHUH PEKHMa
00paboTKM pealbHON CaJKH eTaleil Ha yCTaHOBKe
MPOMBIIIIJICHHOT'O THIIA, T/Ie a30THpyeMas IUI0IIa b
JIeTajeil MOXKET COCTABJIATH JIECSITKH KBaJpPATHBIX
METPOB.

Bo Bpemst 0TKauky BaKyyMHOH CHUCTEMBI IaB-
JIEHWE Ta3a B HEl yMEHBIIAETCS, U OJJHOBPEMEHHO
C OTHM MEHSIOTCS PeXKHMbI T€USHHUs ra3a B TPyOo-
npoBojax. BS3KOCTHBIN pexuM TeueHHs HalOIo-
JaeTcsl MPU HU3KOM BaKyyMe, KOTAa BBINIOJIHIECTCS
yCIIOBUE
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Kn=%£5-10‘3, (1)

rae Kn — kputepuit Knyncena [10], uro cooTBeT-
CTBYET

pd >1,33 1a - m, )

p — nasnenue, [1a; d — nuamerp TpybomnpoBoja, M.

U3 3T0ro BRIpaXKEHHS MOXKHO OIPEIEIUTh Be-
JUYMHY TPEJCIEHOTO JaBIICHUS B Kamepe (Tpu
W3BECTHOM JHaMETpe TPyOOIlpoBoaa), MpH KO-
TOPOM PEXKUM TeUeHHs Taza OyJneT BS3KOCTHBIM.
Tem cambIM OyzeT 00ecneunBaThCsl MAaKCUMAaITbHAS
MPOBOJUMOCTh MAruCTPad U, CJIEIOBATEIbHO,
MUHUMAIILHOE BPEMS OTKAYKU KaMephl.

[IpoBoAMMOCTE KpyIJIOro TpyOONpOBOJA IpHU
BSI3KOCTHOM PEKUME TEUSHHS Ta3za 00paTHO TPOIop-
[MOHAJIbHA €ro JJIMHE U KOI(QQHUIMEHTY JTUHAMUYC-
CKOW BS3KOCTM Ta3a, MPSAMO TIPONOPIIMOHATHHA
CpelHeMY JaBIICHHIO B TPYOONPOBOJIE M YETBEPTOU
cTereHu panuyca Tpyoompososa [10]. s Bozmyxa
mpu 7'=293 Kun=1.82-10" H/(m*c) sty dop-
MYJTy MOKHO MPeo0pa3oBaTh K BUAY

4
U, =1,36-103-d7-%, 3)

rae d, | — B m; p — B [a; U, — B M/c; p1, pr — naB-
JIeHHe B Havaje ¥ KOHIE TpyOompoBoa.

B pabouem pexxuMme, Ha CTaJUl H30TCPMHUE-
CKOW BBIZICP)KKH B 3aBUCHMOCTH OT TUTOMIaU 00-
pabaTheiBaeMBIX JeTalell 1 MapKH cTaiu Tpedyercs
o0ecrneunTh pacxox rasa Ha ypoue 100 i/4 u 60-
nee mpu padouem gasnenuu To 80 mo 500 [a — ato
CTaIlMOHAPHBIN PEeXUM OTKaukd. Takum oOpas3om,
OTKayHas CHCTeMa YCTaHOBKH JOJDKHa oOecriedu-
BaTh, C OJJHON CTOPOHBI, MUHUMAIILHOE BpPEeMs OT-
KauyKu KaMephl, ¢ Ipyroil — nmoaaepkanue HeoOxo-
JUMOTO JIaBJICHHS B JOCTATOYHO IIHUPOKHUX Mpene-
JaX pacxoJI0B pabOYHX Ta30B.

[Ipon3BOANTENFHOCT,  OTKAYHOW  CHCTEMBI
YCTAaHOBKH — «HACOC + BaKyyMHasl MarucTpaib) —
oTIpesieNsieTCs] CKOPOCThIO OTKAadkKW Hacoca (Win
HACOCOB) U MNPOIYCKHOH CHOCOOHOCTBIO BaKyyM-
HOW Maructpand. Takum o0pa3oMm, peryimpoBKa
JIABJICHUSI B KAMEPE MOXET OCYILIECTBISITHCS TPEMS
Croco0aMu: M3MEHEHHMEM pacxoja Iuia3Moo0pa-
3YIOIIETO Ta3a, W3MEHEHHEM CKOPOCTH OTKauKh
Hacoca (ecJIM TakoBasi BO3MOXKHOCTh UMEETCS) HITH
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W3MCHCHUEM TPOIMYCKHOW CIOCOOHOCTH Maru-
cTpayii. Ecny M3BECTHBI UTMHA MAarucTpaly, Jua-
METp TpyOOIIpOBOJAa M BEIMYUHA MPEACIHLHOTO
JIABIICHHS, TO CKOPOCTh OTKAYKH (TIPOU3BOAUTEIh-
HOCTB) HaCOCa MOYKHO BBIYUCIUTD U3 CIEAYIOIIETO
BeIpakeHwus [10]:

SH - 273V1gp1 /pZ , (4)
Vi1 1
(L-t)-| ———
Clp, p

rae V' — o0beM BaKyyMHOH KaMephl, M, D1, P2 —
HayaJTbHOE M KOHeuHoe jaasiennme, Ila (10°); # —
Ha4yajo OTKA4YKH, C; f, — BpeMs OTKauku, ¢; C =
= 136041 — KOHCTaHTAa, 3aBUCALIAsl OT T€OMETPUU
TpyOOIpOBOa.

Takum 00pa3oMm, IO U3BECTHBIM JTaHHBIM OTHO-
CHUTEJHHO TapaMeTPOB OTKAYHON MAarucTpaid |
o0beMa BaKyyMHOW KaMepbl PacCUUTHIBACTCS HE-
00x0IMMasi CKOPOCTh OTKAYKHM HAacoca M COOTBET-
CTBEHHO BBIOMPAETCSI HACOC C HYKHOH OBICTPOTOM
oTkauky. CIEAyIONMM 3TalioM pacdyera BaKyyM-
HOW CHCTEMBI SIBIISIETCS onpejeieHne 3QQeKTrs-
HOW CKOPOCTH OTKAYKH B CTAIlHOHAPHOM PEKUME —
Ha CTaguu H30TEPMHUYECKON BbIIEpKKH. Mcxons
W3 3aKOHA COXpaHEeHHs MOTOKA raza, MOXXHO OIpe-
JIEIIUTh B3aUMOCBSI3b pabodero JaBjcHHUS B Kame-
pe, 3PPEKTUBHON CKOPOCTH OTKAYKH BaKyyMHOTO
Hacoca U pacxo/a rasa:

paTMGraza = ppaﬁssd)’ (5)

THC Pary — aTMOC(hEpPHOE MaBICHUE (MIPU HOPMAITh-
HBIX ycimoBusx 3to 1013 - 10° [Ta); Grasa — 0OBEM-
HBIA pacxo] ra3a Ipu HOPMAJIbHBIX YCIOBHAX (JI/4
6o M/c); DPpas — paboyee naBlieHHE B KaMme-
pe (ITa); S,y — >bdexTHBHAS CKOPOCTH OTKAYKH
CHCTEMBI «HACOC + BAKYyMHAsl MAarucTpaiby (M’/c
6o j/c).

Pacyernpie 3Hauennst HeoOxomumon 3>¢eKTHB-
HOW CKOPOCTH OTKAUYKH JUIS TOJCPKAHUS HYKHO-
ro pabouero AaBJcHUSI B Kamepe NpPH PasTUIHBIX
pacxomax rasa (J1/9) npuBeacHBI Ha pHc. 1.

Kak BHOHO W3 mpeacTaBICHHBIX AAHHBIX, MO-
BBIIIICHHE pacxojia ra3a npu (HUKCUPOBAHHOM JIaB-
JIEHUU B KaMmepe TpeOyeT yBEeIMYeHHUs] CKOPOCTH
OTKa4yKH{, YTO HajaraeT oIpeJelicHHbIe TpeOoBa-
HUS Ha BBIOOP OTKAYyHOTO arperara — BaKyyMHOTO
Hacoca 1 NapaMeTpoB OTKAYHON MaruCTpajH.
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Fig. 1. Interrelation of pumping speed, gas consumption and chamber pressure

M3 OCHOBHOrO ypaBHEHMSI BaKYyMHOW TEXHU-
ku [10]

— (©)

H Mmar

rae Sy — CKOPOCTh OTKa4YKH Hacoca; U, — mpous-
BOJIUTEIHHOCTh BAKYYMHON MarvucTpa.

OTkygna cieayer, 4To Ui 00eCIeueHnsl pacxo-
na raza Ha yposHe 100 yi/4 npu masiaenuu 100 [la
(puc. 1) adbdexTrBHAS CKOPOCTh OTKAYKH JODKHA
OBITH Ha OKOJIO 28 JI/c, a HOMUHAJIbHAS CKOPOCTh
OTKa4ku Hacoca — 0ojiee 30 j1/4, MOCKOJIBKY KO3(h-
(DUIUEHT WCIONL30BAaHUS MEXaHHYECKUX HACOCOB
uMmeet BenuuuHy oT 0,7 10 0,9 B 3aBUCHUMOCTH OT
KOJIMYECTBA DJIEMEHTOB B BaKyyMHOW MarucTpaii
MeXIy pabodeii kamepoi u HacocoM [10].

ITockonbKy CKOPOCTh OTKaYKU (hOPBAKYyMHBIX
HACOCOB SIBJISICTCS MOCTOSHHON BEIMYMHOW B J0-
CTAaTOYHO OOJBIIOM HWHTEpBaJIC pabOUYMX IaBlie-
auit [10, 11], cymmapHas TPOHU3BOAUTEIHLHOCTD
CHUCTEMBI OyJIeT OMpPENeNAThCS MPOIYCKHOW CIO-
COOHOCTBIO MarucTpalu.

Ecnu m3BecTHBI MakCUMaNbHBIA pacxop pabo-
YUX Ta30B M AWANa30H pabounx maBieHuH, To u3 (3)
1 (4) MOKHO pacCcUuTaTh HEOOXOAMMYIO TPOITYCK-
HYH0 CIIOCOOHOCTHh BaKyYyMHOW MarvucTpaid H, clie-
JIOBaTeNIbHO, BEIOpaTh HYXHBIE XapaKTEPUCTUKU
MarucTpaiu — AHaMeTp W JIUHY, YIUTHIBAs yCJO-
Bue (2). Kak 0110 paccMoTpeHo paHee, Auana3zoH
pabounx maBIEHWH MPH HOHHOM a30THPOBAHUHU
cocrasisier 100-800 Ila, a pacxon pabGouux ra-
30B — oT 20 1o 100 1/4. B cooTBeTCTBHH C pacyeT-
HBIMH JaHHBIMH, TIPEICTABICHHBIMU Ha puC. 1,
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3THM IapaMeTpaM COOTBETCTBYET 3(¢eKTHBHASA
CKOpPOCTh OTKauku B mHTepBase oT 3 mo 30 n/c.
CrnenoBatensHO, B OONBIIMHCTBE CIyyacB OyJIeT
JOCTATOYHO BaKyyMHOI'O Hacoca ¢ HMPOU3BOAUTENb-
HOCThIO Ha ypoBre 20 i/c, Hampumep, AB3-20/1,
ADVAVAC-75 u ap. Ho tipu 3TOM HeoOXommMo
MMETh BaKyyMHYI0 MAarucTpajb C BHYTPEHHUM
JUAMETPOM M JJIMHOW TaKUMH, YTOOBI 3((HeKTHB-
Has CKOPOCTh OTKA4KH OblIa OJIM3Ka K CKOPOCTH
OTKa4YKH BaKyyMHOTo Hacoca. PacueTHble 3Haue-
HUSL 3PPEKTUBHOM CKOPOCTH OTKa4YKH CHCTe-
MBI «HACOC — MarucTpajiby Uil MarucTpaid UId-
HO 2000 MM W pa3snMYHBIM BHYTPEHHUM JHa-
MeTpoM (TIpH STOM CKOPOCTh OTKa4yKH Hacoca
npu HUManach Ha ypoBHe 20 Ji/c) mpelcTaBlIeHbI
Ha puc. 2.

25

—_ — )
[w] (9] (e}

W

CKOpOCTb OTKA4KH, JI/C

(=

50 100 150 200 250 300
Jlasnenue, [1a

Puc. 2. DddexTrBHAs CKOPOCTb OTKAYKK CHCTEMBI «HACOC —
MAarucTpalib» HpH PasIMYHbIX TaBICHHSIX

B 3aBHCHMOCTH OT JUaMETpPa OTKAYHON MarucTpau:

TPEYTOJbHUKH — auaMetp 51 Mm; poMObI — 40 MM;
KBaJparbl — 32 MM
Fig. 2. Efficient pumping speed of “pump — main line”
system at various pressure according to diameter
of pumping main line: triangles — diameter 51 mm;
rhombs — 40 mm; squares — 32 mm
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[IpencraBieHHble JaHHBIE ITOKA3BIBAIOT, YTO
YBEJIIMYCHHUE TUAMETPa OTKAYHOW MarucTpaiyu MU-
HAMU3HUPYET BIMSHUE MarucTpain Ha 3(PQeKTHB-
HYI0 CKOPOCTh OTKAYKH.

IlepBuuHas oTkayka Kamepbl MPOBOIUTCS, KaK
TIPABHJIO, IO TaKOTO TPENEIFHOTO JABJICHUS, YTOOBI
PEXHIM TEUeHHS Ta3a ObUT BI3KOCTHBIM, U 00eCTIeuH-
BAJIaCh MaKCUMaJbHas TIPOITYCKHAsl CIIOCOOHOCTh
Maructpand. Tak, Ui TPUBEACHHBIX THAMETPOB
TpyOOIIPOBOIOB TIPEACIBHOE JaBIEHHE B COOTBET-
CTBUU ¢ (2) cocraBisier misd auamerpa: 32 MM —
42 Tla, 40 mm — 33 I1a u 51 mm — 26 I1a. Bpems ot-
KauKH JI0 HEKOTOPOI'O INPENEIbHOIO JNABICHUS Prpex
orpeieNseTcss 00bEMOM KaMepbl Vi, M CKOPOCTBHIO
OTKa4KH Hacoca Sy u3 (4) Kax:

5
(=23 Vo e 1,013-10° |
SH pnpen
(7
| L1
C | Popex 1,013:10°

Kak BUAHO U3 NpPUBEAEHHBIX HA pUC. 2 JaHHBIX,
IIpU pacyeTe BPEMEHU OTKAYKU B KAUYECTBE Sy, MOK-
HO HCIOJNIb30BaTh yMeHbIIeHHyI0 Ha 10-12 % cko-
pOCTh OTKa4ku Hacoca. Pacuersl mo (7) mokasbl-
BAaIOT, YTO BpEMS OTKAa4YKH BAaKyyMHOH Kamephl C
o6beMoM 2 M 10 mpemensHoro nasienus 30 Ila
cocTamiseT nopsaka 12—15 MuH, a kKamepbl 00b-
eMoM 5 M’ — 30-35 MHH, 4TO SBISETCS HECYILE-
CTBEHHBIM TIPH BBIJCPIKKE, HaNpuMmep, B Tede-
Hue 14-16 1.

Opnako mpu paboTe Ha BBICOKOM JIaBlie-
Hun (250-800 Ila) mns obecneuenust OamaHca
«pacxo] ra3a — JaBJIEHHE» IIPU CKOPOCTH OTKAYKH
nopsiaka 20 ii/c (puc. 1) HE0OXOAUMO CYIICCTBEH-
HO YBEITMYMBATh Pacxo/ rasa, 4To, C TOUKH 3PEHHS
o0ecrieyeHus1 He0OXOIMMOI'0 KOJIMYEeCTBA XUMHUYe-
CKM aKTHUBHOH cpejabl (aTOMapHOrO a30Ta), SBIIs-
€TCsl COBEPUICHHO HEOMPaBIAHHBIM M TPUBOJIUT
K 3HauYUTEIBHOMY Iepepacxony ra3os. boiee orm-
TUMallbHBI BapHaHT — YIMPaBICHHE CKOPOCTHIO
OTKAa4YK{ IIyTEM HMCIOJb30BaHMS JABYX HAaCOCOB —
(opBaKyyMHOI0O, THIIA YIIOMSIHYTBIX BBIILIE, U JBYX-
poropuoro, tuna JIBH-50 (HBP-200), coenunen-
HBIX TOCJeNoBaTeNbHO. B TakoM ciydae mM3MeHe-
HUEM YacTOTHI BpalleHus potopa Hacoca /IBH-50
MOYKHO YIIPaBISITh CKOPOCTBIO OTKAYKH BaKyyMHO-
ro arperaTa, COCTOSIIEr0 M3 JABYX HacocoB. 3aBU-
CHUMOCTb CKOPOCTH OTKAaYKH BaKyyMHOT'O arperara,

Hayka
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cocrosimero u3 Hacocos ADVAVAC-75 u IBH-50,
OT YacTOTHI BpAaIeHHUS DJICKTPOJIBHUTATENSI HACO-
ca JIBH-50 npencrasnena Ha puc. 3.
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Puc. 3. YactoTHast 3aBUCUMOCTb CKOPOCTH OTKAYKU
BakyymHoro arperata ADVAVAC-75 + IBH-50

Fig. 3. Frequency dependence of pumping speed
for vacuum unit ADVAVAC-75 + JIBH-50

Kak BHIHO M3 MpeiCTaBICHHON 3aBHCUMOCTH,
MyTeM W3MCHEHUs YacTOThl BpallleHUS poTopa
MOJKHO B MIMPOKHX TpeAesiax YIpPaBIsATh CKOPO-
CThIO OTKAaYKH BaKyyMHOTO arperara u 3Q)()eKTHB-
HOM CKOPOCTBIO OTKAUKH CHCTEMBI «HAcOC —
BaKyyMHasi MarucTpalby, 9To oOecreurnBaeT Hes3a-
BHCHUMOE YIPaBJIEHHE PACX0J0M I'a3a U CKOPOCTBIO
OTKauKH, U CJIeI0BaTENbHO, JaBIEHUEM B Kamepe.

Takum 06pa3oM, HA OCHOBAaHUH MTPOBEIEHHOTO
pacyeTHOr0 MOJCIUPOBAHUS BaKyyMHBIX Mapa-
METPOB YCTAaHOBKH MOHHOTO a30THPOBAHUS BBISB-
JIEHO, YTO I 0OECIeYeHHs He3aBUCUMOW YIIpaB-
JIIEMOCTH pPacXo/IOM ra3a U JaBlieHHEM B KaMmepe
HEO0OXOJUMO HCIOJB30BaTh OTKAYHOW arperar,
COCTOSIIIMKA W3 TIOCIIEJOBATENBPHO COSIMHEHHBIX
(¢hopBakyyMHOT0 (IJIACTUHYATO-POTOPHOTO JIHOO
30JI0OTHUKOBOTO) M JBYXPOTOPHOTO HACOCOB THIIA
JABH (unm anamormunsix). Mcmomb3oBaHue 4a-
CTOTHOTO TpeoOpazoBaTels AJs BapHallid 4acTo-
THI BpallleHUs IBYXPOTOPHOTO Hacoca o0ecreyu-
BaeT JIOCTATOYHO IIMUPOKUI TUANa30H YIIPaBJICHUS
3¢ (HEeKTUBHON CKOPOCTHIO OTKAYKU. ITO MO3BOJIS-
€T MPOBOJUTH TMPOILECCHl a30TUPOBAHUS KaK TPHU
HU3KOM JIaBJICHUH U OOIIBIIIOM pacxoje rasza, Tak
Y TIpU BBICOKOM JIaBJIICHWW B KaMepe NMPH OTHOCH-
TEJIHHO HEOOJNBIINX PaCcXoAax IIa3MO00pasyrole-
ro rasa. Bce 3T ¢akTopsl B 11€710M 00ECIICUUBAIOT
IIMPOKUE TPEeeNIbl MapaMeTpoB Ipolecca a30TH-
POBaHHUS 10 BETUYMHE TUIONIA TN 00padaThIBAEMBIX
JeTaneii, MUHUMH3AIUIO pacXoda aKTUBHBIX T'a30B
Y DJIEKTPOIHEPTUH TS MATAHWS BAKYYMHBIX HACO-
COB, MOCKOJBKY C pOCTOM CKOPOCTH OTKAauyK{
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HacocCa YBCIUYMBACTCA COOTBETCTBEHHO M MOII-
HOCTb J3JICKTPOABUTATCIIA.

Bri6op paGouero naBJjieHust

Takum 00pa3oM, MBI TOJOILUTH K MOMEHTY BBI-
Oopa pabouero maBICHUS MPH TIPOBEACHUN TTPOIICC-
ca MOHHOTO a3otupoBanus. C OHOW CTOPOHBI, J1aB-
JICHUE OMpEJIENIIETCS MapaMeTpaMi Hacoca, OTKad-
HOM MarucTpajiy U pacxoja rasa, ¢ Ipyrod — OHO
JIOJDKHO OBITh TaKHM, YTOOBI TIICIONIHMNA Pa3psi Cy-
IIECTBOBAN B «aHOMAJILHOM» BHJIC. DTO 3HAYUT, YTO
MIPH YBEIMYCHUH MPUKIIAIBIBAEMOTO HAIPSHKEHUS
TOK JIOJDKEH BO3pacTaTh, M BeCh KaTOJ-CaJlKa JOJ-
JKeH OBITh MOKPHIT CBEUCHUEM Pa3psiia.

Trnerounuii paspsi NOCTOSIHHOIO WM IYJIbCH-
PYIOILIEro TOKa, MCIIOJIb3YEMBIN JJIi HOHHOTO a30-
TUPOBaHUs, O0S3aTCIILHO JOJDKCH OBITh «aHO-
MaJbHOTO» THIIA, T. €. Pa0OUYMil JHarma3oH «TOK —
HanpsDKEHUE» JOJDKeH ObITh B oOmactu 2, The
UMEET MECTO BO3pAacCTarolllas BOJIbT-aMIIepHAas Xa-
pakTtepuctuka (puc. 4) [12].

U, B F1 1203

LA
Puc. 4. Bonbr-amnepHas XxapakTepUCTHKa TIICIOLIETO pa3psiia

Fig. 4. Current-voltage characteristic of glow discharge

B cBoro ouepenb, BOIbT-aMIIEPHAS XapaKTEePH-
CTHKa pa3psja 3aBUCHT OT pabodero JaBJICHUS B
kamepe. Kak Opu10 mokazano B [13], mms obecrme-
YeHUST HEOOXOUMOW TeMIIepaTyphl CaJKu Ha CTa-
UM BBIJICPKKU  3aTPAauyMBaCTCs  OIpPECICHHAS
MOITHOCTh pa3psjia, KOTOpas He 3aBUCHT OT JIaB-
neHust B kamepe [14], a onpezenseTcs Teriooome-
HOM CaJIKH CO CTCHKaMH Kamepbl. AHOMaTbHBIN
PEKUM TIEIONIETO pa3psiyia Mpe/roiaraet onpese-
JICHHYIO B3aMMOCBS3b IJIOTHOCTH Pa3psiIHOTO TOKa
U KaTOAHOT'O ITaACHUA IMOTCHIIMAJIa KaK ®YHKHHH
JIABJICHUS. JTa 3aBUCHMOCTh JJIs Psijia Ta30B MOKa-
3aHa Ha puc. 5 [15].

Kak crnenyer u3 npuBeeHHBIX JaHHBIX, B JIO-
CTATOYHO OOJBIIOM HHTEpBae 3HAUeHHil j/p° Be-
JIMYMHA KaTOJHOTO NaJICHUs MOTEHI[MANIa He3HAYH-
TEJIBHO OTJIMYAETCSA OT 3HAYCHHH HOPMAaJLHOIO
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KaTomHOTO TaxeHus (Ha rpaduke puc. 5 0003Ha-
YCHO KPYXKKaMH). A 3TO O3HA4aeT, YTO TP OIpe-
JICTICHHBIX BEWYMHAX JABJICHUS M TOKa DPa3psi
MOJKET CYIIECTBOBAThH B JIBYX BHJAaX: aHOMAaJbHOM
M YaCTUYHO HOPMAJIBHOM, T. €. YBEIHYCHHUE IPH-
KJIa/IIBAEMOT0  HANPSOKCHUS] OyJeT TPUBOIUTH
JIUIIL K POCTY TOKA W MPH OMPECICHHBIX COYeTa-
HUSAX «TOK — JIaBJICHUE» Ha YaCTH CaJKU pa3psi
MOJET BOOOIIE OTCYTCTBOBATh, YTO SIBISCTCS HE-
JIOTTYCTHMBIM.
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Puc. 5. 3aBUCHMOCTb OTHOCUTEIBHON IIJIOTHOCTH TOKA
TIICIOLIETO Pa3psizia ¢ )KENE3HBIM KaToIOM
OT KaTOJHOTO NaJcHUS MOTCHIAIA

Fig. 5. Dependence of relative current density
of glow discharge with iron cathode
on cathode potential fall

PaccMoTpuM THIIMYHBIC 3HAYEHUS MAPaMETPOB
nporecca MOHHOTO a30THPOBaHMUsI Ha MPOMBIIL-
JIeHHOM o0OopymoBannu. Hampumep, mpm o0pa-
6oTKe cajKH meTaneil miomaznsio 24 M° (puc. 6)
npu temneparype 540 °C Tok pa3psiia cocTaBiis-
et 85 A, manpspkenne — 380 B.

Kakoli nuama3oH JaBiieHU OOECIEUUT CyIiie-
CTBOBaHHE TJICIONIETO pa3psiaa B opMe aHOMAIlb-
HOTO, YTOOBI BCS cagka OblIa ITOKPBITA pa3ps-
nom? Ecnu cumrtaTh BeNWYMHY KaTOAHOTO Maje-
HUS TIOTEHIMAaj a Ha ypoBHE 85 % OT NMPUIIOKEHHOT'O
HanpspkeHus [ 15], To 1uist paccMaTpruBaeMoro cirydast
BermunHa Uynn Oymer 323 B. U3 paHHBIX puc. 5
w1 asora 3HaueHuto Uxmn = 323B coorser-
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CTByeT NpHMBEJCHHAs ILUIOTHOCTh TOKa j/p° =
=2,7-10° A/(eM*mM® pr. ct.). U3 3TOrO 3HAUe-
HUS MOXKHO BBIYUCIIUTH TIPUBEJICHHOE JaBJICHUE, T.
€. JIaBJICHHEe, COOTBETCTBYIOIIEE TEMIIepaType Ka-
toma-camku 1 = 540 °C [16]:

_ Pusw 300
pnpm; _T—

Kar

; ®)

TO€ pPysy — AABICHHUE B Kamepe, U3MEPEHHOE B XO-
noaHoit 3ome, Ila; T, — Temmeparypa Karoja-
canku, K.

Puc. 6. Canka neraseii oOuieil mwiomansio 24 M

Fig. 6. Shrinking of parts with total area of 24 m’

Jlns mpuBENEHHBIX YCIOBUH 00pabOTKH J
=3,54 A/Mz, T = 813 K pacdeTHOE 3HAUCHHE Py =
= 130 ITa. CnenoBareyibHO, IOBBILIEHUE JaBJIEHUS
CBEPX JAHHOTO 3HAYCHUS MOXET MPUBECTU K TOMY,
49TO j/p2 YMEHBIITUTCS U, KaK 3TO BUIHO W3 3aBHCH-
MOCTEH Ha pHUC. 5, BEJIMYMHA KAaTOJHOTO MajeHUA
noTeHIuana Oyner O1u3Ka K HOpMaJIbHOMY. A 3TO
MOJKET MPHUBECTH K TOMY, YTO HA YACTH CAJIKH pa3-
PSA MOXET He CYIECTBOBAaTh W, CIIEIOBATENbHO,
He Oynet o0paboTKH.

[Tomygennsie B [13] pacueTHble 3HAYEHUS P,
MO3BOJISIOT ONPENEIATh AWana3oH padodnx aaB-
JICHWI TIPU Pa30TPeBE M BBLICPKKE, UTOOBI, BO-
MEPBBIX, OOECIEUMBAIOCH IUIOTHOE «OOJIETaHHE)
pa3psIoM TOBEPXHOCTH W3/ICNUI M MOITyYeHHE pPaB-
HOMEPHOT'O0 a30THPOBAHHOTO CJIOS, U BO-BTOPBIX,
paspsim ocraBaicsi Obl aHOMANbHBIM, T. €. HTO-

OBl BBIMIOJIHSJIOCH yciioBue J . - 2> JE:I 2 (P, T ), rae

pasp
J. A

basp — INIOTHOCTB paspsmHOro Toka; J,° — HOp-
MaJIbHAA IIJIOTHOCTH TOKA AJIsA a30Ta — KOMIIOHCHTA
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paboueii cMecH, UMEIOIIEer0 MaKCUMAIIbHOE 3HaYe-
HUe J,; TPU KOHKPETHBIX 3HAUCHUSIX JaBJICHUS B
KaMepe W TeMIeparypbl Cajku. 3HA4YeHus J, s
azota [14], paccunranHeie MO ¢GopMyIe, MpUMe-
HSEMOW JUIS Pa3ps/ioB C IUIOCKUMHU 3JIEKTPOAa-
mu [17], npuBeneHs HA pUC. 7:

2

g4 L] ©)
py T

rne p — pabouee napienue; p, = 133 Ila; 7, = 300 K;
T — TeMriepaTypa raza B KaTOJTHOHW 00JIacTH pa3psi-
13, KOTOpas TNPHHUMAJAach pPaBHOW TeMIeparype
Karoja.

Kak BHAHO M3 IpeNCTaBIEHHBIX JaHHBIX, C OI-
HOHM CTOPOHBI, 110 MEpEe TIOBBIILICHUSI TEMIIEPATYPBI
B KaMmepe IUIOTHOCTh TOKa, o0ecreunBaromas cy-
IIECTBOBAHUE pa3psia B BHUIE AHOMAIBHOTO IIPH
OJIMHAKOBOM JaBJIeHWH, CcHWxkaercs. C Apyrow,
NP OJMHAKOBOHM TeMIlepaType pOCT AABICHHS B
KaMmepe MPUBOJHT K MOBBIIICHHIO TUIOTHOCTH TOKA,
YTO HEOOXOIUMO YUHUTHIBATh MPU BBEIOOpPE pekuMa
00pabOTKH, KaK 3TO MPUBENIECHO B MPUMEPE BHILIE.
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Puc. 7. PacueTHble 3Ha4YeHUSI HOPMAJILHOM IJIOTHOCTU TOKA
MPU Pa3INYHBIX 1aBICHUSIX
B 3aBUCHMOCTH OT TeMIICpaTyphl KaToaa

Fig. 7. Calculation values of normal current density
at various pressure according
to cathode temperature

[IpuBeneHHbBIC pacUETHBIE NAaHHBIC ITOKA3bIBA-
0T, YTO TIOBBIINICHUE JABJICHUSI B KaMepe TpH I10-
CTOSIHHOM TeMIIepaType Caaku MPUBOAUT K POCTY
TUIOTHOCTH TOKa, TIO3TOMY TIPH BBICOKOM pabouem
JABJICHUU CYIIECTBYET BO3MOXKHOCTBH TIICIOLIEMY
paspsjay CymecTBOBaTh B ABYX (opMax — HOp-
MaJIbHOM M aHOMAJILHOM, €CJIM KaTOJHOE MaJcHHUE
MoTeHIMana Onu3ko K HopMmanbHOoMy. Cornac-
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HO [15], BemunHa HOPMAIBHOTO KaTOAHOTO Taje-
HUS TIOTEHIMAJIa B CIIy4ae XEJIC3HOTO KaToja JJIis
azora cocrasisier 215 B, mma Bomopoma — 250 B,
mist aprona — 165 B. Ilpusenennsie B [13] nannabie
M0 CPAaBHCHHUIO DPEaJbHON IIOTHOCTHIO TOKA TpPHU
00paboTKe pa3iINyYHBIX 10 Macce W IUIOM@AH To-
BEPXHOCTH cafiok mpu Temmeparype 7 = 530 °C
C PAacUeTHOM IS NaHHOM TeMIepaTypbl MOKa3aju,
YTO 4YeM HIKe pabodee JaBleHHUE, TeM OOJBIIYIO
«cTeneHb aHoManbHOCTH» paspsana K = Joen/Jpaca
MOJKHO 00€CTIEYHTh IIPH OANMHAKOBOH TeMIlepaType
caaku (tabm. 1).

Tabauya 1
3HauyeHHsI IKCIIEPUMEHTATBHBIX
W PacCYNTAHHBIX BeJIMUHH J

Experimental and calculated values J

pola | oo AM | e A | K= T paen
194 3,36 1,15 2,92
194 3,40 1,15 2,96
196 4,30 1,16 3,70
197 3,60 1,20 3,00
200 4,26 1,30 3,28
313 5,18 3,10 1,67
318 5,68 3,20 1,78
342 5,10 3,70 1,38
362 5,00 4,20 1,19

Takum oOpa3om, yem BhbIlIe pabouee AaBICHHUE
IpY a30TUPOBAHHUH, T€M OOJbIIE IAHCOB Pa3PsILy
OBITh 4YacCTHYHO «aHOMAJbHBIM» W YaCTUYHO
«HOpMAaJIbHBIMY», KOTJa HE BCS MIOBEPXHOCTH CAAKH
MOXXET OBITh OXBAadCHA pPa3psIOM, OCOOCHHO ¢e
BEpXHsisE 4YacTb. Bce 3TH (akTopbl HEOOXOAMMO
YUUTHIBATh NPU pa3paboTKe KOHKPETHBIX PEKUMOB
a30THPOBAHMS HAa IPOMBIIIIEHHOM 000PY/IOBaHHH:
a UMEHHO — MPH KOHKPETHOW MOIIHOCTH pa3psia
Ha CTaaAuvu BBIACPKKU INUIOTHOCTH TOKa OOJIKHA
OBITP MUHHUMYM B 1Ba pa3a Oouble 3HAYCHUS
HOPMaJbHOM IJIOTHOCTH TOKa MPHU JTaHHOM JIaBJie-
HUH. DTO TapaHTHPOBAaHHO OOECTIEYHT CYILECTBO-
BaHME paspsja B BHUJE aHOMAJIBHOTO Ha Bceil mo-
BEPXHOCTH KaTOAa-CaJIKH.

BBIBOJIbI

1. TToka3zaHa B3aMMOCBSI3b OCHOBHBIX I'a30]IH-
HAMHUYECKHUX MapaMeTPOB YCTAHOBKH MOHHOTO a30-
TUPOBaHUS — CKOPOCTH OTKAyKW, pacxoia Tasa
1 JaBJICHHS B KaMepe.
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2. Ha ocHOBaHWHM pacyeTHO-IPAKTHIECKOTO
MOJICINPOBAHNSI BaKYyMHOH CHUCTEMBI YCTaHOBKH
MOHHOTO a30THPOBaHUS TOKa3aHO, YTO s odec-
MEYeHUs] HE3aBUCHMOTO YIIPABICHUS CKOPOCTHIO
OTKa4KH W PACcXOIOM Ta30BOW CMECH IIeNeco00-
pPa3HO WCIMOJB30BaTh BaKyyMHBIE arperarsl — Mo-
CIIeIOBATEIbHO COCTUHEHHBbIE (OPBAKYYMHBIH H
JIBYXPOTOPHBIA HACOCHL. JTO TO3BOJISIET MPOBO-
JUTH TPOLIECCHl a30THPOBAHKS B IIUPOKOM JTMara-
30HE JABICHWH TPH OTHOCHUTEIIbHO HEOOIBIIIX
pacxojax IMmiIa3mMoo0pa3yoIero rasa, 4To B 1eJIOM
obecrieunBaeT MUHUMH3AIMIO PAcXo[a aKTHBHBIX
ra30B U ANEKTPOIHEPTUH ISl IUTAHUSI BaKYYMHBIX
HAaCOCOB.

3. BolsBIieHBI B3aUMOCBSI3U TEMIIEPATYPHI, AaB-
JIeHWs] B KaMepe W IIOTHOCTH TOKa, oOecrednBa-
IOLME CYIIECTBOBAaHUE pa3psja B BHJE aHOMAalb-
Horo. [lokazano, 9To 4eM HIKe pabodee NaBJIeHHE
OpU TPOBEIEHHH IMpolecca, TeM OOJBIIyI0 cTe-
MeHb aHOMAaJBHOCTH pa3psla MOXHO TIONYYHUTH
MIpH OIMHAKOBOW TeMIleparype Caakh W TeM ca-
MBIM OOJIBIIYIO TEMIEpPaTypHYIO OIHOPOAHOCTS,
a TaKkke€ COOTBETCTBEHHO PaBHOMEPHOCTH a30TH-
POBaHHOTO CJIOSI Ha BCEX ACTANSAX CallKH.
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Pedepar. B crarbe npuBeneHsl pe3ysibTaThl UCCIEIOBAHUS CTPYKTYPbI U CBOMCTB ONTUMU3UPOBAHHBIX 110 COCTaBY MHOTOCJIONHBIX
KOMITO3MIMOHHBIX TIOKPBITUH M3 MaTepUanoB HAa OCHOBE JUOKCHJA IIMPKOHHS, HCIONB3YyEeMOTO IS HAMbUICHHUS MIa3MEHHBIX MO-
KPBITHH Ha MOJIEIN 3JIEMEHTOB YKPAHOB IIPOTHBOMETEOPHOH 3alUThL. PaccMOTpeHo BiMsSHUE MapaMeTpoB IUIA3MEHHOI cTpyH (To-
Ka, MCTaHIINH HAMBUICHHS, PacXo/a IIa3Mo0o0pa3yIoIero ra3a a3ora) ¥ (ppaKIIOHHOTO COCTaBa MCXOMHOTO MOPOIIKA Ha XapaKTe-
PHUCTUKHU JABYXCJIOMHBIX KOMIIO3UIMOHHBIX MOKPBITHI HA OCHOBE HUKENIb-XPOMA-aTFOMUHUA-UTTPUA U JUOKCHA IUPKOHUA Ha dJie-
MEHTaXx 3allUTHBIX SKpaHoB. [IpoBesieHa onTHMH3aIMs HA OCHOBAaHHY ITOYYSHHST MAKCHMAIBLHOTO KO3((UIIIEHTa HCTIONB30BaHHS
noporka. B pesynprare mccneoBaHuii yCTaHOBIEHBI OCOOCHHOCTH JIEMEHTHOTO H (pa30BOTO COCTaBOB, MOP(OJIOTHH TTOBEPXHO-
CTH, MUKPOCTPYKTYpPbI MHOTOCJIOMHBIX KOMIIO3HLIMOHHBIX IOKPBITUI HA OCHOBE TBEPJOIO CIIOS OKCHUIOB METAIUIOB U BSI3KOIO IIepe-
XOJIHOTO TOJCNIOS, NMOJBEPTHYTBIX BO3JEHCTBUIO KOMIIPECCHOHHBIX IUIA3MEHHBIX NMOTOKOB. MccnenoBaHus NPOBOJWIUCH C I10-
MOILIBIO PACTPOBOH IEKTPOHHON MUKPOCKOIMY, SHEPrOUCIEPCUOHHOIO PEHTTCHOCIEKTPAIbHOIO MUKPOAHAIN3a, PEHTTCHOCTPYK-
TypHOro aHanus3a. Ha ocHOBaHMM NOIy4EeHHBIX pe3yJbTaTOB IOKA3aHO, YTO BO3/ICHCTBHE KOMIIPECCUOHHBIX ILUIA3MEHHBIX IIOTOKOB
Ha MHOTOCJIOMHBIE KOMITO3ULIMOHHbIC TIOKPBITHS IIPUBOIUT K MOAUDHIMPOBAHUIO IPUIIOBEPXHOCTHOTO CJIOS TONILMHOM 10 15 MKM,
3aKJTIOYAIOIIEMYCSl B €T0 IUIABJIEHUH M TOCIEMYIOMIEH CKOPOCTHOH KPHCTaUIM3alliM, KOTOPBIE B COBOKYITHOCTH O0ECIEUHBAIOT
TIOBBIIICHHE €TO INIOTHOCTH, CHIDKEHHE TIOPHCTOCTH TIPU COXPAHEHNN NCXOIHOTO (ha30BOro cocTosHus. JKuakodasHele MpoLeccs B
pacIUIaBIeHHOH (ha3e MPHIIOBEPXHOCTHOTO CIIOS MO3BOJISIOT MOANMHUIMPOBATE MOP(ONOriIdecKre CBOMCTBA MOBEPXHOCTH, CBSA3aH-
HBIE C €€ CTIIAKUBAHNEM W CHIDKEHHUEM IIIEPOXOBATOCTH.

KiroueBble ci10Ba: [11a3MEHHOE HAIbUICHUE, MaTEpUalIbl HA OCHOBE OKCUIHOM KepaMUKU, TUOKCU HUPKOHUS, OITUMU3ALUSL
rporecca, IPOTHBOMETEOPHAs 3alnTa, KO (OUINEHT HCIIOIB30BaHUS MTOPOIIKA, IPOYHOCTH CIEIUICHHS MOKPHITUS ¢ OCHO-
BOH, 2JIEMEHTHBII COCTaB, MOP(OJIOTHS, CTPYKTYpa IOKPBITHS, MOIM(UIMPOBAHHE II0] BO3JEHCTBHEM KOMIIPECCHOHHBIX
TIOTOKOB
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Formation and Investigation of Plasma Powder Coatings Made
of Oxide Ceramics Modified with High-Energy Effects
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Abstract. The paper presents results of studying structure and properties of multilayer composite coatings optimized for their
composition based on zirconium dioxide materials used for deposition of plasma coatings on the models of elements for
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anti-meteor shielding screens. The influence of plasma jet parameters (current, distance of sputtering, consumption of plas-
ma-forming nitrogen gas) and fractional composition of an initial powder on characteristics of two-layer composite coatings
based on nickel-chromium-aluminum-yttrium and zirconium dioxide on the elements of protective screens has been analyzed
in the paper. Optimization has been carried out on the basis of obtaining maximum coefficient of powder utilization. The in-
vestigations have made it possible to ascertain specific features of elemental and phase composition, surface morphology,
microstructure multilayer composite coatings on the basis of a solid layer of metal oxides and a viscous transition sub-layer
subjected to compression plasma flows. The investigations have been executed with the help of scanning electron microscopy,
energy dispersive x-ray spectral microanalysis, and x-ray diffraction analysis. It has been shown on the basis of the obtained
results that the effect of compression plasma flows on multilayer composite coatings leads to a modification of a near-surface
layer with a thickness up to 15 pum that presupposes its melting and subsequent high-speed crystallization which together pro-
vide an increase in its density, decrease in porosity while maintaining the initial phase state. Liquid-phase processes in the
molten phase of the near-surface layer permit to modify morphological properties of the surface which are associated with its
smoothing and lowering of roughness.

Keywords: plasma spraying, oxide ceramic materials, zirconium dioxide, process optimization, anti-meteor protection, pow-
der use factor, coating adhesion to substrate, elemental composition, morphology, coating structure, modification under the
action of compression flows

For citation: Okovity V. A., Panteleenko F. 1., Okovity V. V., Astashinsky V. M., Uglov V. V., Chimanskiy V. 1., Ceren-

da N. N. (2018) Formation and Investigation of Plasma Powder Coatings Made of Oxide Ceramics Modified with High-
Energy Effects. Science and Technique. 17 (5), 378-389. https://doi.org/10.21122/2227-1031-2018-17-5-378-389 (in Russian)

BBenenne

Pa3paboTka u cozgaHne KOMITO3HLIMOHHBIX Ke-
paMHUYECKUX MaTephajoB OOYCJIOBIICHBI HEO0XO-
JUMOCTBIO YJIYYIICHHS CBOWCTB IUIa3MEHHBIX IO-
KPBITUH JJ11 HAHECEHMsI IPOTUBOMETEOPHOM 3aIlu-
1ol [1-3]. Illupokoe mpuMeHEHHE U1 HAaHECEHUs
KEepaMU4eCKUX IOKPBITHH, B TOM YHUCIE U3 Mare-
pHaJIOB HAa OCHOBE OKCHIHOW KEpaMHUKH, MOTYUYHII
MeToA I1a3MeHHoro HambuieHus (10 90 % paspa-
060t1oK) [4—6]. [Ima3MeHHBIN METOJT HAHECEHUS T10-
KpPBITUII MCIOJB3YETCSI B COBPEMEHHOM TEXHHKE
JUIsl YOPOYHEHHS U BOCCTAHOBJICHUS JETajeil.
TakuM MeTOJOM HAHOCSTCA MOKPBITHS W3 MeTall-
JUYECKUX TPOBOJOK, TMOPOIIKOBBIX MaTepHa-
JIOB, KEpaMHUKH ¥ KOMIIO3HIIMOHHBIX MaTEpHAJIOB.
Kak mpaBuio, skoHOMHUYECKH Haubojee Leseco-
00pa3HO yIpPOYHEHHE-BOCCTAHOBJICHHE JIAHHBIM
METOIOM OTBETCTBEHHBIX U JIOPOTOCTOSIIMX JeTa-
nei. IlmasMeHHBI MeTOo SBISETCS YHHBEPCAIb-
HBIM B CBSI3U C T€M, YTO Ha OJHOM 00OPYIOBaHUHU
MIPU COOTBETCTBYIOIIMX PEXKUMAX MOXKHO IPOU3-
BOJUTH HalbUICHUE Pa3JIMUHBIX MaTEepHaJIOB U pe-
aJTM30BBIBaTh LENBIA P TEXHOJOTUd. Bo3mMoxHO
HambUIeHHE OONBIION HOMEHKJIATYpHl JeTalei
C MUHUMAJIBHBIMH 3aTPaTaMy Ha TEXHOJIOTHYECKYIO
OCHAcCTKy [7].

O¢ddhexkTuBHOCTD 3aIIUTHI 0OBEKTOB OT TOBpE-
JKICHUHA TPU BBICOKOSHEPTeTHUYECKOM BO3JIEHCT-
BHU OINpEAENSIeTCS] NPOTUBOYIAPHOU CTOMKOCTBIO
UCIIOJB3yEeMbIX MaTepuanoB. [IpumMeHHTENBHO K
MIPOTUBOMETEOPHON 3aIlMTe KOCMHUYECKHX arlra-
PaToB BBICOKOIIPOYHBIE MaTepHallbl JIOJDKHBI YIO-
BJIETBOPATh OCHOBHBIM TPe0OOBaHUSM (MHHHUMAIb-
Has TUIOTHOCTb, BHICOKHE BA3KOIIJIACTHMYHBIE CBOM-
cTBa, TBeprocTh) [8]. M3 obmmx ¢uzngeckmx
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cooOpakeHH! cleayeT, 4To 3(G(EeKTHBHOCTH 3a-
LIUTHI ONPENEIIIeTCS YPOBHEM IOTJIOIIECHHS KHHE-
TUYECKOW 3HEPTUH METEOpPHBIX YacTHIl MaTepHa-
J0M MOKpbITHs. He Kacasich BceX MEXaHHW3MOB IO-
[JIOILEHUSI PHEPTrUM, OTMETHM, YTO 3HAYMTEJIbHAs
€€ YacTb pacxoayeTcs Ha YIpYryloo M IulacTH4de-
CKyI0 neopMaLuio Marepuana moKpeTuil. Beico-
Kas IUIACTUYHOCTh M BS3KOCTb SIBJISIOTCS CyILe-
CTBCHHBIMH (DaKTOpaMy YBEIMYEHHUS CTOHKOCTH.
[loBBIlIEHNE TBEPAOCTH PE3KO CHMIKAET IIACTHY-
HOCTb U BSI3KOCTb, IPUBOJUT K XPYNKOMY paspy-
IIeHUI0. BBICOKOM NMPOTHBOYAApPHOU CTOMKOCTHIO
001aal0T MHOTOCJIOWHBIE CTPYKTYpPBI C TBEpABIM
KepaMHUYECKUM CJIOEM Ha OCHOBE OKCHUJOB M IOJ-
CJIOEM M3 BSI3KOTO METAJUIMIECKOT0 MaTepraa.
[Ipy mIasMeHHOM HaNBIIEHWH OKCHJIOB OJHH
13 Haubonee pacnpoCTpaHEHHBIX Ae()EKTOB — OT-
canBaHre MOKpHITUH. Ilpudyem sTOT AedexT mo-
KET TPOSIBIATHCA HEMOCPEACTBEHHO B TIpoIlecce
HaIbIJICHUS] W NPH OKCIUTyaTallMd TOKPBITUA [9].
OtcnauBaHusl BBI3BAHBI, KakK IPAaBHUJIO, OOJBIION
pasHuied B Kod(pOUIMEHTaX TEPMHUECKOTO pac-
IIMPEHUs] OKCHIHOTO IMOKPBITHS M HaIbLIIEMOIO
nzgenus. s 9acTUYHOTO CrIIaXKUBaHUS TeMIlepa-
TypHOTO K03((dHUIHeHTa TUHEHHOTO PAaCHIMPEHUS
npumensroT moaciou [10]. Ilpu BeiOope marepua-
J1a TOJCIIOST HEOOXOAMMO CTPEMHTHCS TaKXKe K 00-
pa30BaHUIO Ha TPAHUIIE pa3fiesia BHICOKOM aJire3u-
onHo#t npounoctu [11]. OcHoBHas QyHKIIUSA MOJ-
CJIOSl B IUIa3MEHHBIX MOKPBITHSX — IUIACTHYECKas
penakcanys HamnpsHKeHUH, BO3HUKAIOMIMX H3-3a
HECOTJIACOBAaHHOTO W3MEHEHHs] 00BEMOB KepaMu-
YECKUX U METAJUIMYECKUX MaTepHUasoB IPHU Harpe-
BE€ U OXJAXACHUM MOKpbITUA. Tak Kak IuiacTvy-
HOCTh CIUIABOB KaTacTPOPHUUECKH YMEHBIIACTCS
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B pe3ylibTaTe UX BBICOKOTEMIIEPATYPHOTO OKHUCIIC-
HUSI, a CIIOW KEPaMUKHU SIBISIETCS MPOHUIAEMbBIM
JUIS Ta30B, MaTepuai MOJCIIOs MODKEH 00J1anaTh
BBICOKOH skapocTokocThio [12—-14]. Iloatomy
npobieMa (QOPMUPOBAHHS TOJACTOS CICTUICHHS
CBOJIUTCS K PEIICHHUIO IBYX OCHOBHBIX 3a7a4:

1) obOecreyeHUI0 HEOOXOAUMOM TUTACTHYHOCTH
TIOJICITOS B paboueM MHTepBaie TEMIIEPaTyp;

2) 00ecIeYeHnI0 KAPOCTONKOCTH TIOJICIIOSI.

KomruiekcHoe pelieHne JaHHbIX 3a/1a4 3aTpy/l-
HeHo. HeoOxoamuma xecTkas ONTUMHU3ALUS XUMU-
YeCcKOro W (ha3oBOTO COCTABOB CILIaBa. YUHTHIBAs
BBIIICH3IIOKCHHOE U aKTYaJIbHOCTh TMPOOJIEMBI,
LEJILI0O UCCIIENOBAHUN SIBUJIMCHL ONTUMHU3ALIUS TEX-
HOJIOTMYCCKUX PEIKHNMOB HAIBIJICHUA MHOT'OCJION-
HBIX KOMITO3HUIIMOHHBIX MJIa3MEHHbBIX MOKPHITHI Ha
MOJICNTA 3JIEMEHTOB KPAHOB JUIsl MPOTHBOMETEOP-
HOU 3aIUTbl KOCMUYCCKUX allIlapaToB U U3YUYCHUC
CBOWCTB MOKPBITHI MOCNE BHICOKOIHEPIeTUICCKOM
00paboTKwu.

OnTumMu3zanus nmpoumecca HanblUICHUSA
BAI3ZKOI'0 METAJJIHICCKOI0 CJ10s
Ha OCHOB€ HUKE/Ib-XPOMa-aJIIOMUHUA-UTTPUA

Onrumuszanus HanbuieHUus NiCrAll Bblmonss-
JIach 10 METOAWKE, onmucaHHou B [15, 16]. Ha mep-
BOM 3Tale NPOBOAMJIACH ONTHMH3AIMS Ha OCHO-
BaHUM TOJyYEHUST MaKCUMAaJbHOTO KO3(h(uimeH-
Ta wucnonp3oBanus mnopomka (KWII). Brauane
KUII ompenensiin npu pa3nuyHBIX 3HAYEHUS TO-
ka (300-650 A, c unrepBaiom 50 A) u pacxomax
naasMoobpasyromiero rasa Ry, (45 n 50 n/mun),
HO C IIOCTOSHHOM JUCTaHIUEH HambuieHus L =
=110 MM (puc. 1).
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Puc. 1. 3aBucuMocTb KO PHUIMEHTA NCTIOTb30BAHMS
TIOPOIIIKA OT CHJIBI TOKA 3JIEKTPUUECKON JIyTH,
qutst moporkoB NiCrAll ¢ pa3nmuaHeIME pacxofaMu
1a3M000pa3syromero rasa Ry,, i/mut: 1 —50;

2 —45(L =110 mm, Ry, = 4,5 K1/4,
¢paxuns nopomka 4063 MxM)

Fig. 1. Dependence of powder use factor on current
intensity of electric arc for NiCrAll powders with various flow
rate of plasma-forming gas Ry, I/min: 1 —50; 2 — 45
(L =110 mm, Ry, = 4.5 kg/h,
powder fraction 40—63 pum)
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Ha cnenyromem stane onTHMaabHbIE 3HAYCHHS
JIUCTaHIMU HAIBIJICHUS ONPEIEISUIUChH C MOCTOSH-
HBIMH 3HAYE€HHSIMH TOKa M BEJIMYMHBI PacXo-
na riasmoobOpasyromero raza (I = 550 A; Ry, =
= 50 na/mMuH) I pa3NUYHBIX (pakuuil mopom-
Ka (puc. 2).
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Puc. 2. 3aBucuMocTb K03 uIreHTa HCIIONBE30BaHUS
MOPOILIKA OT JUCTAHUUK HarbuieHus [yist mopoiukoB NiCrAll
¢ dpakuueit, mxm: 1 —40-63; 2 — 63-100
(I=550 A, Ry, = 50 n/mumn, R, = 4,5 xr/1)

Fig. 2. Dependence of powder use factor on sputtering
distance for NiCrAll powders with fraction of, um:

1 —40-63;2—63-100
(=550 A, Ry, = 50 Vmin, Ry, = 4.5 kg/h)

VYBenuueHne TOKa M pacxoja Iuia3Moo0pasy-
torero rasa (puc. 1) 10 onpeeneHHbIX 3HAYCHUN
npuBoaut K pocty KHUII, Tak kak 3T nmapameTpbl
BIIMSIOT HA CTETICHB MPOIUIABIEHUS mopoika [16].
JlanbHeliee WX yBEIUYCHUE BEICT K TOMY, YTO
YaCTHIIBI IEPETPEBAIOTCS U TIPU yIAPe O MOITIOKKY
pa3operuBaroTcs, ciemosarenbHo, KUII ymens-
maercs. IIpu yBennmuenun pacxonma N, IpoOUCXO-
IUT YMEHbIIIEHNE 3HAYEHUA TOKa JISI MAaKCHMAaJlb-
moro KUII. Jdnst Ry, = 50 n/MuH MaKkCHMallbHBIN
KHII = 90 % coorserctByer / = 550 A, nus Ry, =
= 45 n/mun makcumanbHbiii KUIT = 85 % cootser-
ctByeT / = 600 A. Tloxoxast TEHICHLIUS COXPaHIETCSI
Y TpY W3MEHEHWH AWCTAHIIMK HAIBUICHUS (pHC. 2)
MpH ONTHUMH3AIMK 3HA4YeHWs1 pacxoma N, U To-
Ka (B paccMaTpHBaeMoM citydae Ry, = 50 yi/mum,
I =550 A). Ilpn MabIX AWCTAHIMSIX HAIBUICHUS
YacTHIla HE YCIEBAaeT JOCTATOYHO HArpeTbcs W
JIOCTUTAET TMOJJIOKKHU C TeMIepaTypon <t,,. B pac-
cMarpuBaeMoM ciryyae Bospactanue KUII mpowc-
xonut A0 L = 110 MM, manpHelinee yBeIudeHUE
TUCTAHIINY HAIBUICHUS TPUBOANT K TOMY, YTO Ya-
CTHIIAa W3-32 JUTUTENIEHOTO HAaXOXICHHS B CTpye
MEPeIUIaBISIeTC M MPU yAape O TOJJIOKKY pas-
operuBaercs, coorBerctBeHHO KUIT manmaer [17].
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Ha ontumanereix pexumax st NiCrAll (pac-
X0Jl IuIa3MooOpasymomiero rasa asora 50 J/MuH,
ToK 550 A, nucranums HanbuteHus 110 mm, ppak-
st moporka 40—-63 MkM, pacxoa noporiuka 4,5 Kr/4)
nosryueHs! ToKpbiTHA ¢ KUIT = 91 %.

CpaBuutenpHbeld aHanu3 3aBucumoctu KHUII
NiCr, NiAl u NiCrAll oT AUCTaHIMK HAILUICHHS,
MIPUBEJIEHHBIA Ha pHC. 3, TMOKa3bIBaeT, 4TO MpHU
AQHAJIOTMYHOM XapakTepe KPHBBIX IPEICTaBJICH-
HBIX 3aBHCHUMOCTEH 110 aOCOJIOTHON BETWIMHE
3rHagenust KUII Gompie mpy ONTUMANIBHBIX PEXH-
Mmax juist mopoika NiCrAll, 4To MOKHO OOBSICHUTH
Oomee BBICOKOW IIACTHYHOCTHIO U aJre3MOHHON
MPOYHOCTHIO JAHHOTO CILIaBa.
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Puc. 3. 3aBucuMocTb KO PHUIMEHTA NCTIOTb30BAHHS
MOPOIIIKA OT JIUCTAHIIMH HaIlbUIEHHs JUTst mopommkoB NiAl (1),
NiCr (2) u NiCrAll (3) ¢ ppaxuueit 40—63 mxm
u pacxonom nopouika 4,5 kr/4: NiAl — pacxoxn
1a3mMoo0pasyromiero raza azora 45 ji/muH, Tok 500 A;
NiCr u NiCrAll — pacxop miazMoo0pa3yrolero ra3a a3ora
50 ni/muH, TOK 550 A

Fig. 3. Dependence of powder use factor on sputtering
distance for powders NiAl (1), NiCr (2) and NiCrAlI (3)
with fraction of 40—63 um and powder consumption
of 4.5 kg/h: NiAl — flow rate of the plasma-forming
nitrogen gas 45 1/min, current 500 A;

NiCr and NiCrAll — flow rate of plasma-forming
nitrogen gas 50 1/min, current 550 A

OnTumMu3zanus nmpoumecca HaHEeCCHUs
AHTUMETCOPUTHOI'0 MOKPBLITUH
Ha OCHOBC JUOKCHAA HMPKOHUA

B mpomecce mnma3MeHHOro HambUICHUS JCH-
CTBYET OOJIBIIIOE YHCIO (PAKTOPOB, OKA3BIBAIOIINX
BJIMSIHUE Ha CBOWCTBA IIOJIYYa€MBIX ITOKPBITHIL.
BaxxHelime U3 HUX MPU TMPOYUX PABHBIX YCIOBH-
X — pacxojl IIa3Moo0pa3yroIero U TPaHCIOPTH-
PYIOIIEro Ta30B, PacxXoJ PaclbUIIEMOTO MOPOIII-
Ka, TOK AJICKTPUYECKOW Jyru (MOABOIUMAs MOIII-
HOCTH), JMCTAHIIMS HAMBUICHUS, CKOPOCThH Iepe-
MenieHnss noioxkku [17]. B kadectBe mpumepa

Hayka
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Ha puc. 4—8 MpeACTaBIIeH XapaKTep 3aBUCUMOCTEN
3¢ GEKTHBHOCTH IUIa3MEHHOTO HAIBUICHUS TBeEp-
JIOTO KOMOMHUPOBAHHOTO CJIOSI HA OCHOBE TUOKCH-
Ja UMPKOHUS Ha MOACION U3 HHUKEIb-XPOMa, Xa-
paKkTepu30BaTh KOTOPHIE MOXKHO ¢ momMotbio KUIT
OT MEPEUYUCIICHHBIX YCIOBUM HambLICHUS. 3aBUCH-
MocTs KUII oT nucraHuuy HambUICHUS MOKa3aHa
Ha puc. 4. [lpu ManpIX AMCTAHIMAX HANBUICHUS
4yacTUIa HE YCIEBAET OCTATOYHO HArpeTbcsl U
JOCTUTaET MOJJIOKKH C TEMIIEPATYPOU <ty
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Puc. 4. 3aBucumocTb K03 uUIIMEHTA UCTIONB30BAHUS
MOPOIIKA OT JUCTAHIUH HAMBUICHUS JUISl TOPOIIKOB ZrO,
¢ dpakmueit: 1 — <50 mxm; 2 — 50-63 MM
(I=500 A, Ry, = 50 n/mun, R,,,= 4,5 xr/1)

Fig. 4. Dependence of powder use factor
on sputtering distance for ZrO, powders with fraction:
1 —<50 pum; 2 — 50-63 pm
(=500 A, Ry, = 50 Vmin, Ry, = 4.5 kg/h)

B paccmarpuBaemoM ciydae Bo3pactanue KUII
npoucxoaut 10 L = 100 MM ms oporkoB ZrO,
¢ dpakmmeit <50 mxm 1 g0 L = 110 MM — ¢ dpak-
uuerd 50-63 MKM, AanbHelIee yBEIUYEHUE TU-
CTaHIINY HAIBUIEHUS MPHUBOAUT K TOMY, YTO Ha-
CTHIIA W3-32 IUTENIEHOTO HAaXOXICHHS B CTpye
MEepeIUIaBIseTcs] U MpH yaape O MOIJIOXKKY pas-
operuBaercs, coorserctBeHHO KUIT manmaer.

VYBenmueHne TOKa M pacxoja Iuia3Moo0pasy-
IoIero rasza (puc. 5, 6) 10 ONpe/e/ICHHBIX 3HaYe-
Hui npuBonutT K pocty KUII, Tak xak 3TH mapa-
METPHI BIUSIFOT Ha CTEIIEHb MPOTUIABICHHSI TIOPOIII-
ka. JlanpHeiimee WX yBelIWYEeHHE BEIET K TOMY,
YTO YACTHUIBl T[IEPETPEeBalOTC W TPH  yAape
0 TOMJIOXKKY pazOphI3TUBAIOTCS, CIEIOBATEIBHO,
KUII ymensinaerca. [Ipu nossimennn pacxoaa N
MPOUCXOANT YMEHBIIEHHWE 3HAYeHWH TOKa s
makcumanbaoro KUIL. [lns Ry, = 55 1/MuH Mak-
cumanbueiii KUII, paBebIif 66 %, COOTBETCTBY-
er [ = 600 A, o Ry, = 50 1/MHH MakcHMaib-

ue1id KUIT, paBHsIit 62 %, cootBeTcTBYeT / = 650 A.
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Puc. 5. 3aBucumoctp k03 HULMEHTA HCIOIB30BAHUS
MOPOIIKA OT pacxoja miazMoodpasyroiero raza N,
Jutst iopotkoB ZrO, ¢ ppaxuueit: 1 — <50 mxm; 2 — 50-63 MkM
(L =100 mm; 1 =500 A; Ryop = 4,5 Kr/4)

Fig. 5. Dependence of powder use factor on flow rate
of plasma-forming gas N, for ZrO, powders with a fraction:
1 — <50 um; 2 — 50-63 um
(L =100 mm, /=500 A, Ry = 4.5 kg/h)
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Puc. 6 . 3aBucumocts K03 HHULIHUCHTA HCIIOIB30BAHHUS
MOPOILIKA OT CHJIbI TOKA MIEKTPHUYECKOH TyT! 11 TIOPOILIKOB
ZrO, ¢ pacxo10M 1a3Moobpasyromiero rasa Ny:

1 = Ry, = 55 n/mun; 2 — Ry, = 50 n/mun
(L =100 MM, Ry,op = 4,5 /4, ¢ Pppaxuueis <50 mMxm)
Fig. 6. Dependence powder use factor on current
intensity of electric arc for ZrO, powders
with flow rate of plasma-forming gas N,:

1 — Ry, = 55 I/min; 2 — Ry, = 50 /min;

(L =100 mm, R, = 4.5 kg/h, with a fraction <50 pm)

Hns pasnuunblx (pakuuid mopoiuka ZrO,
(<50 mxM, 50-63 MKM) TpH pa3HBIX TOKaX Iy-
ru [ (400 A, 500 A, 600 A, 700 A) ObuTO H3MEpe-
HO TPOLEHTHOE coxaepkaHue ¢a3 B IOPOIIKE.
[Ipu yBemumuenun pasmepa ¢pakoguu c <50
10 50—-63 MKM B MOKPBITHM YMEHBIIUTCS KOJUYe-
ctBo TeTparoHanbHON ¢asel (T) (puc. 7), mpuso-
JisIIIIee K YXyIIICHUIO YIapPHOU BA3KOCTH.

Bnusinue pacxona mojmaun mopoimika Ha KUII
noka3zaHo Ha puc. 8. Tak kak B (hopMHpOBaHWHU
TOKPBITHS IPUHAMAIOT yYacTHE BCE YaCTHIIBI B IIIa3-
MEHHOM CTpye, HaWIy4IIMMH CBOMCTBaMH OymyT
o0najgaTth MOKPBITHSA, OTBEYAIOIIUE IUIA3MEHHBIM
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pexumMamMm, rac€ aA0Jd pacCiuIaBJICHHBIX YaCTUIl B
CTPYC 1 X KOHLCHTpAasI MaKCUMaJIbHBI.
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Puc. 7. BiusiHue Toka ¥ pa3MepoB 4acTHILl HOPOLIKa
Ha (ha30BBIif COCTAB NPH HANTBUICHUH MOKPHITUH
Ha ocHOBe ZrO,; (Ry, = 55 m/mun, L = 110 MM, Ryq, = 2 K/1)

Fig. 7. Influence of current and size of powder
particles on phase composition while spraying
coatings on the basis of ZrO,

(Rn, =55 I/min, L = 110 mm, R = 2 kg/h)
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Puc. 8. 3aBucumocTb K03 uUIMeHTa UCTIONB30BAHUS
MOPOIIIKA OT €T0 pacxoja i mopowkos ZrO, ¢ ¢ppaxuueii:
1 — <50 mxMm; 2 — 50—63 mxm (L = 100 mm; 7= 600 A;
Ry, = 55 n/mun)

Fig. 8. Dependence of powder use factor
on powder consumption for ZrO, powders with fraction:

1 —<50 um; 2 — 50-63 um
(L =100 mm, /=600 A, Ry, = 55 /min)

[t ompeneneHHBIX BBINIE ONTUMAIBHBIX pe-
»)kuMoB MakcumanbHbiii KHUII cooTBeTcTBYET pac-
X0ay mopomka 4,5 Kr/d4, npu AadbHEHIIeM yBelu-
yeann pacxoga KUII ymeHblnaercs, MOCKOJBKY
TEIJIOBOM SHEPTHHU IIa3MEHHOM CTpYH HE XBaTaeT
JUIS pacIlIaBlIEHUs] BCEX MOAABAEMBIX B CTPYIO Ya-
ctull. C yBeTMYEHHUEM CTENEHU OXJIAXKJIEHUs MpHU
OJMHAKOBBIX CKOpPOCTAX Moaauu nopomka KHUII
yMeHbllIaeTcs. B pesynbrare npoBeAEHHON ONTH-
MHU3alMU OTpa0OTaHbl PEKUMBI HambuieHUs APS
(mma3MeHHOe HaIblIEHHE Ha BO3AyXe) Ipolecca
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st MatepuanoB ZrO,. OnTuMu3anus napaMeTrpoB
HaNbUICHUS MIPOBOJMIIACH HA OCHOBAaHHWU TOJIyYe-
HUST MaKCHMAJILHOTO K03 UIMEeHTa HCIOIb30-
BaHMs MaTepHana. Ha ONTHMaibHBIX peKUMax
s ZrO, (pacxon mia3zMoo0pa3syroIero rasa aso-
Ta 55 n/mun, Tok 600 A, QUCTAHIMA HAaIbIIe-
Hust 100 MM, dpakmms mopomka <50 MKM, pac-
X0 Topomka 4,5 Kr/d) ToJydeHbl MOKPBITUS
¢ KHUIT = 68 %.

HUccaenoBanne 3J1eMEHTHOI'0 COCTaBa
1 MopdoJioruu MoTu(UIMPOBAHHBIX
MoJ BO3/1eiicTBHEM KOMIIPEeCCHOHHBIX
IJ1a3MEHHBIX MOTOKOB ONTUMU3UPOBAHHBIX
MHOT'OCJIOHHBIX KOMIIO3UIIMOHHBIX MOKPbITUHH

DNEeMEeHTHBIH COCTaB JBYXCIONHBIX KOMIIO3U-
LMOHHBIX MOKPHITUH Ha OCHOBE IMOKCHIA LIUPKO-
Hust ZrO; HUCCENOoBaJICA C MOMOIIBIO 3HEProfuc-
IIEPCUOHHOI0  PEHTTCHOCIEKTPAIbHOIO  MHUKPO-
aHalmM3a C KCIIOIb30BaHUEM MHUKpPOAaHAIH3aTOpa
Oxford Instruments X-Max", paGoTaiomero cos-
MECTHO C PAacTPOBBIM 3IEKTPOHHBIM MHKPOCKO-
nom LEO 1455 VP. DnementHsiii coctaB copmu-
POBaHHBIX MOKPBITHI A0 BO3ACHCTBUS KOMIPECCH-
OHHBIX IIJIA3MEHHBIX IOTOKOB MpHUBeEeH B Ta0I. 1.

Tabauya 1
JJIeMEHTHBI COCTAB MOKPBHITHII B HCXOTHOM COCTOSTHUH
(10 BO311€ICTBHSI KOMIIPECCUOHHBIX IVIA3MEHHBIX II0TOKOB)

Elemental composition of coatings in initial state
(before exposure to compression plasma streams)

Konuentpauus, %
DIieMeHT
BECOBBIX JOJICH aTOMHBIX JOJICH
O 31,5 71,4
Zr 52,2 21,5
Y 16,3 7,1
CymMma 100,0 100,0

AHaIM3 2JIEMEHTHOTO COCTaBa MPOBOJMICS OT
MMOBEPXHOCTH C HMCIOJIh30BAHMEM CIIEKTPOB Xapak-
TEPUCTHYECKOTO  PEHTICHOBCKOTO  HM3Jy4YCHUS,
3apErUCTPUPOBAHHOTO OT CIJIOSI TOJIIWHOW OKO-
70 1-2 mMxm. CoriacHo mpeACTaBIeHHBIM JaHHBIM,
B TIPUIIOBEPXHOCTHOM cjioe coaepxurca 21,5 %
aToMHBIX foneit (52,2 % BecOBBIX AOJEH) MUPKO-
Hug 1 71,4 % aromubix moneit (31,5 % BecoBBIX
JIoJIeH) KUCI0PO/a, 4TO OJIM3KO K CTeXHOMETpUYEC-
ckoMmy coctaBy ZrO, ¢ H30BITKOM KHCIOpPOJA.
Taxke B HMPUIIOBEPXHOCTHOM CJIO€ MOKPBITUS 00-
Hapy>K€HO TPHCYTCTBHE WTTPUS C KOHIEHTpa-
muer 7,1 % aromusix moneit (16,3 % BecoBhIX m0-

[ Hayka
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Jneil), Halnu4Iue KOTOPOro MOXKET SIBIISITHCS PE3yJlb-
TATOM HPUCYTCTBUS TEXHOJOTMYECKOH NpPUMECH
IUTsL  cTa0MIM3anny  KyOmdeckor (as3pl  OKCHaa
uupkoHus. lcciienoBaHue METOAOM PACTPOBOM
AIIEKTPOHHON MHUKPOCKOIIWH TMO3BOJMIIO BBISIBUTD
0COOEHHOCTH pPACHpEeAECHUs] 3JIEMEHTOB IO II0-
BEPXHOCTH IOKPBITHH, a TaKke OCOOCHHOCTH
MOP(OJIOrUH TTOBEPXHOCTH.

W3 POM-u300paxeHuil, NpencTaBICHHBIX Ha
puc. 9 U MONYyYEHHBIX B PEXHUME PETUCTPALUU
OTPaKEHHBIX JIEKTPOHOB M YKa3bIBAIOIIMX HA Xa-
paKkTep pacrpenesNeHusl IEMEHTOB B MPHUIIOBEPX-
HOCTHOM CJIO€, BUAHO, YTO HMOKPBITHS XapaKTepu-
3yIOTCSI PaBHOMEPHBIM pacIpesielieHHeM OOHapy-
JKEHHBIX 3JIEMEHTOB T10 [IOBEPXHOCTH.
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Puc. 9. PactpoBoe 37€KTpOHHO-MUKPOCKOIINYECKOE
n300paXeHUE yJaCTKOB TOBEPXHOCTH MOKPBITHH
10 BO3ICHCTBHSI KOMIIPECCHOHHBIX IIA3MEHHBIX TOTOKOB:
a—x1000; b — x2500; ¢ — x5000

Fig. 9. Raster electron microscopic images
of coating surface areas before exposure
to compression plasma streams:
a—x1000; b —x2500; ¢ — 5000

383

Science and Technique. V. 17, No 5 (2018)



Mawunocmpoenue

Bonee neranbHOe HCCIIEIOBaHHE MOBEPXHOCTH
B PEXHUME PEruCTPallii BTOPUYHBIX 3JIEKTPOHOB
MO3BOJIMJIO OOHAPYKHUTh, YTO CTPYKTYpa IOKPHI-
THH TIPEICTABISCT COOOH CIICYCHHBIC YaCTHIIBI
pa3MepoM HECKOJIBKO MHKPOMETPOB C XapakTep-
HBIM YaCTHYHBIM MpPOIUIABICHHEM IO KpasMm
BCJIC/ICTBHE TEPMHUYECKHX IPOIECCOB, IMPOHCXO-
asmux npu GopmupoBaHuM MOKpbITHA. Kpowme
TOTO, Ha MMOBEPXHOCTHU MOKPBITHS YIaJIOCh 3a(hUK-
CHpOBaTh HAJMYUE MEJKHX YacTHIl CO CPEIHHM
pasmepom MeHee | MKM. B mokpeiTm Takxke 00-
Hapy>KeHBbl TOPBI (pa3MepoM HECKOJIBKO MHKPO-
METPOB) MEKAY OTICIbHBIMH YaCTHLAMU M MUK-
POTPEIIMHEI B IIEPETUIABICHHBIX 00JIACTSIX.

CdopmMHupoBaHHBIE TIOKPBITUSL HA OCHOBE JTHOK-
cHJa IUPKOHUS MOIBEPralliCh BO3ACHCTBUIO KOM-
IMPECCUOHHBIX IIa3MCHHBLIX IMOTOKOB. PeByHI)TaTI)I
PEHTTEHOCTIEKTPAIbHOTO MHKpOaHaln3a, MpoBe-
JACHHOTI'O C MMOBEPXHOCTHU HOKpI)ITI/Iﬁ I10CJIC BOS}Ieﬁ-
CTBHSl KOMIIPECCHOHHBIX IIIa3MEHHBIX IOTOKOB,
NpeCTaBICHBI B Ta0I. 2.

Tabauya 2
DJIeMeHTHBIH COCTAB MOKPBITHIi MOC/Ie BO3AeiiCTBUS
KOMIIPECCHOHHBIMH IIA3MeHHBIMH I0TOKAMH

Elemental composition of coatings after exposure
to compression plasma stream

Konuentpauus, %
DJIeMeHT
BECOBBIX JIOJIEN ATOMHBIX JI0JIEM
(0] 21,8 56,1
Zr 57,0 273
Y 18,8 9,3
N 2,4 7,3
Cymma 100,0 100,0

CornmacHO TOJMYYCHHBIM JIaHHBIM, B TIPHUIIO-
BEPXHOCTHOM cJjioe conepxurcs 27,3 % aToMHBIX
noneti (57,0 % BecoBbIx moneit) rupkoHus u 56,1 %
aToMHBIX nonedt (21,8 % BecoBBIX J0Nel) KHCIO-
pona. Kak u B HCXOTHOM COCTOSTHUH, B TIOKPHITHH
MoCIie BO3JIECHCTBUS KOMITPECCHOHHOH TUIa3MbI 00-
Hapy>XKeHO MPHUCYTCTBHE aTOMOB UTTPHS C KOHIICH-
Tpammer 9,3 % aromubix moned (18,8 % BecoBbIX
nmoieii). [lomumo 23TOTO, B TPHUIIOBEPXHOCTHOM
CJI0€ TIOKPBITHS TIOCTE BO3JIEHCTBHUS KOMIIPECCH-
OHHBIX TUIa3MEHHBIX IIOTOKOB YNajOCh BBISBHUTH
Hammane 2,4 % BecoBeix moneit (7,3 % aTOMHBIX
JloJiel) a30Ta, MPUCYTCTBHE KOTOPOTO OOYCIOBIIE-
HO NPOHUKHOBEHHEM ILJIa3MOOOPa3yIOIIEro Bellle-
CTBa B NMPUIOBEPXHOCTHBIN cinoi. M3MeHeHue co-
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OTHOILICHUSI IEMEHTOB IIOCJIE BO3AEHUCTBUSA KOM-
MPECCHOHHOM MJIa3Mbl, TO-BUAUMOMY, 00YCIIOBIIE-
HO YaCTHYHLIM HCIIaPCHUEM KHCJIOpOaa, KOHIICH-
Tpanyst KOTOPOro CHMYKAETCsl.

POM-u3o0pakenrss Mop(OJOTHU  TTOBEPXHO-
CTH TOKPBITHH ITOCJIE€ BO3LEUCTBHS KOMIIPECCUOH-
HBIX TJIA3MEHHBIX TIOTOKOB MpHUBeneHb! Ha puc. 10.
Ha npencraBneHHbIX H300paKEHUSAX MOXKHO BHICTh
XapakTepHBbIN penbed) MOBEPXHOCTH, CBOMCTBEHHBIN
TMeperIaBIeHHOMY U 3aKpHCTAUTU30BaBILIEMYCS T10-
BEPXHOCTHOMY cJ0I0. Takum 00pa3om, mocie Bo3-
JIEHCTBUSI KOMITPECCHOHHOM IIa3Mbl MPOUCXOMASAT
IUTaBJICHUE W TOCJIEAYIOIIAs KPUCTAUIM3alus 10-
BepxHOCTH. Takke Ha TMOBEPXHOCTH OOHapyKe-
HO TMpPHUCYTCTBHE pAa3BETBIEHHOW CETKH MHUKpPO-
TPELINH, OrPaHUYMBAIOIIMX O0JacTH pa3MepoM
ot 20 no 80 mxm. [TosiBneHUE TakuUX TPEUIUH CBS-
3aHO C JCHCTBUEM TEPMOYIPYTMX HaIpPsHKEHUM
B NPUINIOBEPXHOCTHOM CJIO€, BBI3BAHHBIX CKOPOCT-
HOM KpucTaumszauueil pacmiaBa. PesynpraTom
CKOPOCTHOM KpHCTAJUIM3aLMU paciulaBa IocCIe
BO3JICUCTBHSI KOMIIPECCUOHHOM IJIa3MBbl SIBISIETCS
(hopMHpOBaHNE MENKOSYEHCTONW CyOCTPYKTYpHI CO
cpenqauM pasmepom stueek 200-400 HM, oOHapy-

JKCHHBIX IIPU AC€TAJIbHOM aHaJIN3€ ITOBEPXHOCTH.
a

Puc. 10. PactpoBoe 37€KTpOHHO-MUKPOCKOIIMYECKOE
N300paKeHNUsI yIaCTKOB MOBEPXHOCTHU ITOKPHITHIT
TI0CJIe BO3/ICHCTBUSI KOMIIPECCHOHHBIX IIa3MEHHBIX TIOTOKOB
MpU pa3IUYHbIX yBenundeHusx: a — x1000; b — x5000

Fig. 10. Raster electron microscopic images of coating surface
areas after exposure to compression plasma streams
at various magnifications: a — x1000; b — x5000
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AHanm3 pacrpesielieHuss XapaKTepHCTHIECKOTO
PEHTTEHOBCKOTO M3JIYYEHHUSI [0 TOBEPXHOCTU TIO-
KPBITHH, 00paO0TaHHBIX KOMIIPECCHOHHOM TUIA3MOH,
pe3ybTaThl KOTOPOrO NpUBEACHBI Ha puc. 11, cBu-
JIETETIbCTBYET O HEPABHOMEPHOM PACTIPEACIICHUH 110
TTOBEPXHOCTH 3JIEMEHTOB TOKPHITUS — ITUPKOHUS,
KHCIIOPOa W WTTPHS, YTO SABISIETCA PE3yIIbTaTOM
PETHCTpalMi OTPa)KEHHBIX 3JIEKTPOHOB OT MOBEPX-
HOCTH C CHJIFHO Pa3BUTHIM penbedoM (C MPUCYT-
CTBHEM MHUKPOTPEIINH, ITOBEPXHOCTHBIX YAaCTHIY).
[pu 3TOM CleyeT OTMETHTD, YTO XapaKTep pacrpe-
JIETICHUs] DJIEMEHTOB TIOCITIE BO3JCHUCTBUS TUIA3MBI
CTaHOBUTCSl PaBHOMEPHBIM BBHY CHIDKCHHS IIIEPO-
XOBATOCTH TIOBEPXHOCTH TIOCIIE KPUCTAIUTA3AIIUH.

Pesynbrathl  WccliemoBaHUSI MUKPOCTPYKTYPBI
TIOTIEPEYHBIX CEUYSHNUH CPOPMUPOBAHHBIX OKPHITHH,
NPOBEJICHHBIEC C WCTIONb30BAHMEM PAaCTPOBOM DIIEKT-

a
100

POHHOM MHKPOCKOIMH, TPENCTaBIEHB Ha pHc. 12.
W3 npuBefeHHBIX TAHHBIX BUIHO, YTO TOJIIIUHA ITO-
kpbITHs ZrO, cocTaBiseT okoio 600 MKM.

Mesx 1ty MOKPBITHEM Ha OCHOBE JAMOKCHAA ITUP-
koHust ZrO, Ha POM-u3o0pakeHnn 0OHAPYKEHO
HaJIMYUe MPOMEXYTOYHOTO TIOZACIHOS, TOJIIWHA U
3JIEMEHTHBIA COCTaB KOTOPOTO OBLIH MCCIIETOBAHBI
C TOMOIIBIO PEHTT€HOCTIEKTPAIBHOTO MHKpOaHa-
nu3a. PesynpTarhl, mpeacTaBieHHbIe Ha puc. 13,
YKa3pIBAIOT Ha TO, YTO TOJIIMHA TOACIOS COCTaB-
nseT okoso 60 MKM. DJIEeMEHTHBI aHaJIu3 MO3BO-
JIWJT YCTaHOBUTH, YTO TIOACION COCTOUT M3 HUKEJS,
Xpoma, amroMuHus 1 uTTpus (puc. 13, 14), a Taxxke
CONMYTCTBYIOIIMX TIpPUMEcCEe Maprania, Meaud u
kpemuus. [lpn 5TOM criegyeT OTMETHTh paBHOMED-
HOE paclipe/ielieHne yKa3aHHBIX IJIEMEHTOB BJIOIb
BCEU TOJIIIUHBI IIOACIOS.

b

100

—O0
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PaccTosHue, MkM

Puc. 11. PacuipeseneHus: XapaKTepUCTHIECKOTO PEHTITCHOBCKOTO U3ITYyYCHHS 3JIEMEHTOB BIOJIb TOBEPXHOCTH:
a — MCXOZHOE MOKPBITHE; b — 0CIe BO3ACHCTBYISA KOMIPECCUOHHOM ILIa3Mbl

Fig. 11. Distributions of characteristic X-ray radiation of elements along surface:
a— original coating; b — after impact of compression plasma

Puc. 12. PacTpoBoe 31€KTpOHHO-MUKPOCKONIUYECKOE H300paKeHHUE MONEPEYHOTO CEUCHUSI TIOKPBITHS
JI0 BO3JICHCTBHS KOMIIPECCHOHHBIMH IIJIa3MEHHBIMHU [TOTOKAMHU

Fig. 12. Raster electron microscopic image of coating cross-section before exposure to compression plasma streams
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Puc. 13. PactpoBoe 31eKTpOHHO-MHKPOCKOIINYECKOE H300paxKeHHe (a) ¥ PacIpeneNICHue XapaKTePUCTHIECKOTO
PEHTI€HOBCKOTO M3JTy4eHus 311eMeHTOB (b) B10JIb BbIJIEICHHOH JIMHUU Ha IONEPEYHOM LUTH(E NOKPHITUS

Fig. 13. Raster electron microscopic image (a) and distribution of characteristic X-ray radiation of elements (b)
along dedicated line on coating cross-section
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Puc. 14. Pactipenenenue xpoma
IO TOJIIIMHE TPOMEKYTOUHOT'O CIIOS

Fig. 14. Distribution of chromium along thickness
of intermediate layer

POM-u300pakeHnss MHKPOCTPYKTYpPBI —IIOTIe-
peuHbIX ceyeHui MokpbITUs ZrO; U MPOMEKYTOU-
HOTO cJos IpeacTaBieHsl Ha puc. 15. U3 npuse-
JICHHBIX JAHHBIX BUIHO, YTO B UCXOAHOM COCTOS-
HUM TIOKPBITUE XapaKTepH3yeTCs MOPHCTOCTHIO,
IIpU4YeM CpPEIHUH pa3Mep IOp COCTaBJIseT He-
CKOJIBKO MHKPOMETPOB. MUKpOCTpYKTypa Mpome-
JKYTOUYHOTO CJIOSl TaKXe XapaKTepU3yeTcs MOpH-
CTOCTBIO, OIHAKO B JAHHOM cllydae mpeobiagaroT
y3KHE HECIUIOIIHOCTH CTPYKTYPBHI.
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CE e e .

Puc. 15. PacTpoBoe 31€KTpOHHO-MUKPOCKOIIMYECKOE
n300paskeHNe MUKPOCTPYKTYPEI HOKPHITHS Ha ITOTIEPEIHOM
nmge: a — OKCUA IUPKOHUS; b — IPOMEXKyTOIHBIH CIIoH

Fig. 15. Raster electron microscopic image
of coating microstructure on transverse section:
a — zirconium oxide; b — intermediate layer
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POM-u306pakeHrne MOBEpXHOCTHOTO CIIOS TO-
KpBITHI, TOJy4€HHOE Ha MONepevyHoM HuiHde 10
BO3ACHUCTBHUS KOMIIPECCUOHHBIX IUIa3MEHHBIX IIO-
TOKOB, TIOKa3aHO Ha puc. 16. V3 mpuBemeHHBIX
JAHHBIX BUAHO, YTO B MCXOAHOM COCTOSIHHU TpH-
MOBEPXHOCTHBIN CIOW XapaKTEpU3yeTCsl HaTUIHEM
0OJBIIOr0 KOJIMYECTBA MHKPOTPELIUH, paclpo-
CTPaHSIIOIIUXCSl KaK BAOJb IMOBEPXHOCTH, TaK U B
rryouny. llocie Bo3aeicTBHS HA TIOKPHITHE KOM-
MIPECCHOHHBIX IUIA3MEHHBIX HMOTOKOB HPOHUCXOAUT
CTTI&KMBaHHE ITOBEPXHOCTH, O YEeM CBUJICTEIb-
ctByer POM-u300paxkenue momepeyHoro nuiga,
MIpeCTaBICHHOE Ha pUC. 17.

Puc. 16. PactpoBoe 371eKTPOHHO-MHKPOCKOIINIECKOE
n300pakeHNe TIOBEPXHOCTHOTO CII0S TOKPBITUS
JI0 BO3JICHCTBUS KOMIIPECCHOHHBIMU IIJIa3MEHHBIMHU [TOTOKAMHU
(monepeyHbIi )

Fig. 16. Raster electron microscopic image
of coating surface layer before exposure
to compression plasma streams (cross section)

Puc. 17. PacTpoBo€ 3JIEKTPOHHO-MUKPOCKOIINYECKOE
n300paKeHUE TONEPEYHOro HITH(a HOKPHITHS
MOCJIE BO3JICHCTBUSI KOMIPECCHOHHBIMU
IUTa3MEHHBIMU [TOTOKaMU

Fig. 17. Raster electron microscopic image
of coating cross-section after exposure
to compression plasma streams

Ananu3 noiydeHHbIX POM-m300pakeHuil mo-
Ka3aJl, 4T0O B HIPUIOBEPXHOCTHOM MOAUPHUIHPO-
BaHHOM CJIO€ MOKPBITHH CYIIECTBEHHBIM 00pa3omM
CHHMYKAeTCsl KOJIMYECTBO MUKPOTPEILUH U IIOp, YTO
MOXKET OBITH CIEJCTBHEM IUIABICHHS IPHIIOBEPX-

[ Hayka
wrexHuka. T. 17, Ne 5 (2018)

HOCTHOTO CJIOSl U TTOCIIEAYIONIEH ero KpucTaim3a-
MU U3 paciiaBa. TeM He MeHee HEKOTOPOE KOJH-
YeCTBO MHKPOTPEUINH MPHUCYTCTBYET BCIEACTBHE
CKOPOCTHOTO OXJIQXACHUSA 3aKpUCTAIIIU30BaBIIIC-
rocst cnost. OJHAKO NaHHBIE MHUKPOTPEIIMHBI pac-
MPOCTPAHSIOTCS TMPEUMYIIECTBEHHO B TIIYOHHY
MOKPBITHSI, YTO MOKET MPEMSITCTBOBATH OTCIOE-
HUIO YacTeN MOKPBITUH B MPOIECCE MEXAHUYECKO-
ro Bo3jeicTBus. TolllMHA EPENIABIEHHOIO CJI0SI
cocraBisieT 8—10 MKM.

BbIBO/IbI

1. OnTumu3aIys mapaMeTpoB HaIlbUICHUS aH-
TUMETEOPUTHBIX MOKPBITUH Ha OCHOBE IHOKCHIA
LIUPKOHUS IPOBOJMIACH IIyTEM IOJY4YEHUS Mak-
CUMaJIbHOTO KO2()(UIIMEeHTa HUCTONB30BaHUS Ma-
Tepuana ¥ MaKCUMaJbHOIO COZIEP)KaHHUs TeTparo-
HaJIbHOH (ha3bl B HAMTBIICHHOM OKPBITHH.

2. IlpoBeneHbl UCClIENOBAHUS BIMSHUS Iapa-
METpPOB IUIA3MEHHOU CTpyH (TOK, AWUCTaHIMS HaIlbl-
JIEHUsI, pacxoj TIa3Mo00pa3yromero rasa asora),
(paKLIMOHHOTO COCTaBa MCXOJHOTO IOPOIIKA Ha
XapaKTePUCTUKU aHTUMETCOPUTHBIX OKPBITHH.

3. Ha ontumanbHbIx pesxumax (Tox ayra 600 A;
nuctannua Hambiierns 100 mw; pacxox mia3zmo-
o0pazyroriero rasa azora 55 j1/MuH; QpakIMOHHBIH
COCTaB MOPOIIKA OKCUAA HUPKOHUS <50 MKM; pac-
XOJI CKATOTO BO3MyXa JUTA OXITaKIEHHs | M’/MuH;
p = 4 atM, pacxoj mopomika 4,5 Kr/4) moiaydaem
aHTUMETEOPUTHbIE HOKPBITHS Ha OCHOBE TUOKCHU-
Ja IUPKOHUS ¢ KO3()PHUIHUEHTOM HCIOIB30BAHUS
MaTepuana 68 %; copep)kaHHe TeTparoHaJIbHOI
(azb1 96 %. Pa3zpaboTaHbl TEXHOIOTUYCSCKHUE TTPHUH-
unsl GOPMHUPOBAHUS JIBYXCIOMHBIX KOMIIO3HLIU-
OHHBIX MOKPBITUNA — BSI3KUM METANTUYECKUN CIOM
HUKEJIb-XPOM-ATIOMUHUU-UTTPUN U TBEPIBIA KOM-
OMHUPOBAHHBIN CIION TUOKCU HUPKOHHS.

4. Vcnonp30BaHuE CIUIABOB HA OCHOBE HUKEIIS-
TIOMUHUSI-XPOMa-UTTPHUS B KAUEeCTBE BA3KOTO Me-
TAJJIMYECKOr'0 CJIOSl sl HAIBIJICHUS KOMIIO3UIIM-
OHHBIX MHOT'OCJIOMHBIX IOKPBITUH 3HAYUTEIHHO
YAYYIIWIO SKCIUTyaTAallHOHHBIE XapaKTEPHCTHKU
MOJEJIEH 3IEMEHTOB 3KPaHOB IPOTUBOMETEOPHOMI
3aIIUTHI TI0 CPABHEHHMIO C UCTIOIb30BAHUEM HHKEb-
XpoMa M HUKEJb-aJIOMHHUS: INPOYHOCTh CLEI-
neHus BospactaeT B 1,3-1,5 pasa m MakcuMaib-
Heiii KUII yBennuusaercs ¢ 58 no 68 %.
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4. B pesyibpTaTe MPOBEACHHBIX HCCIICIOBAHMI
YCTaHOBJICHBI OCOOCHHOCTH JIEMEHTHOTO M (hazo-
BOTO COCTAaBOB, MOP(OJIOrUH MOBEPXHOCTH, MUK-
POCTPYKTYpBI, a TakKe MEXaHHYECKHUX CBOMCTB
MHOTOCJIOMHBIX KOMITO3UITMOHHBIX TTOKPBITHH Ha
OCHOBE TBEPOro CIIOsI OKCHIOB METAJIOB U BS3-
KOTO TEPEXOIHOTO TIOJCIIOS, MOABEPTHYTHIX BO3-
JEHCTBUIO KOMIPECCHOHHBIX IIJIa3MEHHBIX IOTO-
KoB. lccrnemoBaHus TMPOBOAWINCH C TIOMOIIBIO
pacTpoBOM 3JIEKTPOHHOW MHUKPOCKOIHH, 3HEPTo-
JUCTIEPCUOHHOIO PEHTTEHOCIIEKTPAIEHOTO MUKPO-
aHanu3a, PEHTTCHOCTPYKTYPHOTO aHalnu3a U TpU-
0OJIOTHYECKIX UCTTBITAHHMN.

5. Ha ocHOBaHMM HOJY4YEHHBIX PE3YJIBTATOB
TIOKa3aHO, YTO BO3JIEHCTBHE KOMIIPECCHOHHBIX TIIa3-
MEHHBIX MMOTOKOB Ha MHOTOCJIOWHBIE KOMIIO3HIIH-
OHHBIE TIOKPBITHS PUBOUT K MOAUDUITUPOBAHUIO
MPUIOBEPXHOCTHOTO CJIOS TOMIIMHON 110 15 MKM,
3aKJTIOYAOLIEMYCSl B €0 IJIABIEHUN U MOCIENYIO-
1€l CKOPOCTHOM KPUCTAJUIM3ALMH, KOTOPHIE B CO-
BOKYITHOCTH 00€CTIE€YNBAIOT MOBBIIIEHHE €T II0T-
HOCTH, CHW)KEHHE IMOPHUCTOCTU TPH COXPAHEHUHU
ucxonHoro ¢azooro cocrosaus. JKuaxodasHble
npoleccsl B pacIyiaBIeHHON (ase mpunoBepx-
HOCTHOTO CJIOS TO3BOJSIIOT  MOIM(HUIKPOBATH
MOp$OJIOrudeckue CBOHCTBAa IMOBEPXHOCTH, CBS-
3aHHbIE C €€ CTJIa)XKMBAHHEM W CHI)KEHHEM MIepo-
XOBaTOCTH.

6. Ilpoucxondiiye CTPYKTYpHbIE H3MEHEHUS
B MIPUIIOBEPXHOCTHBIX CIOAX MHOTOCIOHHBIX KOM-
MO3UIMOHHBIX TTOKPBITHI 00ECIIeYNBAIOT MOJIH-
(urmpoBaHue UX MEXaHUYECKUX CBOHCTB, B 4acT-
HOCTH TPHUOOJIOTUYECKUX MapaMeTpOB, IMPOSIBIIA-
IONIMXCSI B CHW)KEHUH KOI(PQUIMEHTa TPEeHUs |
MO3BOJISFONIUX MOBBICUTH HM3HOCOCTOMKOCTH TIO-
KpbITHil. M3yueHue 3aKOHOMEPHOCTEH HBOJIIOLMU
9JIEMEHTHOTO COCTaBa, (a30BOr0 COCTOSHUS, MUK-
POCTPYKTYpbl MOJIUGMUIIUPOBAHHBIX KOMIIPECCH-
OHHBIMH TJIA3MEHHBIMU MTOTOKAMH CJIOEB MTOKA3aJI0
ONTHMAThHOE WCIIONB30BaHUE JJIST  DJIEMEHTOB
3KpaHOB JIJIsl TPOTUBOMETEOPHON 3aIIUTHl KOMIIO-
3ULIMOHHBIX MOKPBITUH HAa OCHOBE JUOKCHIA IUp-
KoHUS ZrO, ¢ mepexoJHBIM BA3KHUM CJIOEM Ha OC-
HoBe Ni—Cr—Al-Y.
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OxkoButhiii, B. B. Bpibop okcugoB i crabunuzanuu
JUOKCHJa LHUPKOHHA IPH MNOJYYCHHUHU TCIUIO3ALIUTHBIX
nokpeITHii anmaparos / B. B. Oxosursrii // Hayka u Tex-
Huka. 2015. Ne 5. C. 26-32.
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Pedepar. [IpuBenena Meronuka HaxXOXKAEHHS PalMOHATIBHBIX PEXUMOB aOpa3sMBHOM OOpaOOTKH BBICOKOTOYHBIX JIH3 IO
METOJy CBOOOJHOTO MPUTHPAHUS Ha (DMHUIIHEIX onepanusx. [1oyydeHsl aHaAINTHIECKHE BBIPAXKESHUS IS ONPE/IeNICHNsT KO-
OpJIUHAT OTIOPHBIX TOUYEK HAa CheprHueckoi MOBEPXHOCTH, HEOOXOIUMBIE TSI MAaTEMaTHIECKOT0 MOJIEIMPOBAHUS IIpoIecca ee
00pabOTKN Ha PHIYAXXHBIX CTaHKax. M3110)KeHBI pe3ysIbTaThl TEOPETHIECKOH OLCHKN KadecTBa (hOpMOOOpPa30BaHUS BEICOKO-
TOYHBIX MCIIOJHHUTENBHBIX MOBEPXHOCTEH JIMH3 B CIIy4ae Pa3IMYHbIX KOMOMHAILMN HAaJOYHBIX NapaMeTPOB TEXHOJIOIHYe-
ckoro obopynoBanus. [Ipy 3TOM BBIABIEHBI Kak Haubojee panuoOHANbHBIC, TAK U HEOIAronpusATHBIE PEXUMBI 00PaOOTKH.
B yacTHOCTH, K MOCJIEHEMY CIIy4al0 OTHOCHTCA (POpMOOOpa3oBaHUE MOCPEACTBOM M3MEHEHHS YaCTOT BPAILCHHIT BXOIHOTO
3BEHa HUCIIOJHUTEIFHOTO MEXaHNU3Ma CTaHKa (0, U JIMH3HI ;. XapaKTepHBIM 3/1eCh SIBISETCS TO, YTO NIPHU MAKCHMAJILHOM 3Ha-
YEHUH (), NOJy4aeTcsl HU3Koe KauyecTBO 00pabOTKH Ha BCEM MHTEpBae U3MEHEHHS (0, 1 OCOOCHHO B CiIydae, Korja 3TH 4a-
CTOTBI PaBHbI. Y CTaHOBJIEHO, YTO HAWBBICIIAS TOYHOCTb OOPaOOTKM JOCTHUraeTcst MPU MaKCUMAJIBHBIX aMIUIMTYZE Kousieba-
TEIBHOTO JIBHKEHUSI HHCTPYMEHTA, €r0 IMaMeTpe U 4acTOTE BPAILCHHUS eTalld 1 MUHUMAJIbHOI 4acTOTe BPAILCHHUS BXOIHOTO
3BEHa MCIOJHUTEIHLHOTO MEXaHW3Ma CTaHKa. A ITOCKOJIbKY TaKHe HaJlaJ04HbIe NapaMeTphl MPUBOMAT K YCHJICHHOMY CheMy
HpUITycKa B KPaeBOIl 30HE 3aroTOBKH, MPH 00pabOTKe BBIMYKJIOW ITOBEPXHOCTH JIMH3BI €€ Paauyc KPUBH3HBI Ha KaXKIOH
HpeIIeCTBYIONEH ONepaniy J0JDKEH OBITh OOJIbIIe M0 CPABHEHHUIO C PAJyCOM KPUBH3HBI, KOTOPBII HEOOXOAUMO MOIYIUTh
Ha TIOCTIEAYIONIUX ONepanyax. [y BOrTHyTOH IMOBEPXHOCTH JIOJDKHA COOJIOAaThCs 0OpaTHasi 3aKOHOMEPHOCTh 3HAYSHUH pa-
JMyca KpHBU3HBL. IIpeasoskeHbl Haubosee BBITOJHbIC HATaJ0UYHbIE MTapaMeTPhl CTAHKA Pa3iINYHbIX KOMOMHAILMI 171 ycTpa-
HEeHHUS TOTPELIHOCTeH (B BHIE OOUIMX Kak «0yrpay, Tak U «IMB») C y4EeTOM HNPOU3BOAUTENBHOCTH M TOYHOCTH OOpabOTKH.
OrnpeniesieHo BIUSHUE BETMYUHBI OMEHNUS MIMMH/ENS CTaHKA HA TOYHOCTh 0OPAOOTKH JIMH3 LIMPOKOTO AUANa30Ha JHAMETPOB.

Knawuesble ciioBa: a6pa3HBHa51 06pa60TKa, CTAHOK, JIMH3bI, MATCMAaTUYCCKOC MOJCIINPOBAHNC, (1)OpMOO6pa3OBaHI/Ie, BBICOKO-
TOYHas UCHOJIHUTEIIbHAA IIOBEPXHOCTD JIMH3

Jis uutupoBanus: VccnenoBaHue BIMSHUS HaJaJO4YHBIX MAapaMETPOB CTaHKA HA MPOU3BOIMTEIBHOCTh U KayecTBO IPO-
Hecca OHOBpeMeHHOM aBycTropoHHel oOpadotku nuu3 / A. C. Kosepyk [u np.] / Hayka u mexnuxa. 2018. T. 17. Ne 5.
C. 390-400. https://doi.org/10.21122/2227-1031-2018-17-5-390-400

Investigation of Machine Tool Developed Settings Influence on Productivity
and Quality of Simultaneous Double-Sided Lens Processing

A.S. Kozerukl), Y. L. Malpical’z), AL A. Sukhotzkiyl), M. 1. Filonoval), V. 0. Kuznechik”

YBelarusian National Technical University (Minsk, Republic of Belarus),
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Abstract. The paper presents methodology for determining rational modes of abrasive processing for high-precision len-
ses while using a method of free lapping at finishing operations. Analytical expressions have been obtained to determine
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coordinates of reference points on a spherical surface which are necessary for mathematical modeling of its processing at
pivotal machines. The paper contains results of a theoretical qualitative evaluation of high-precision operating lens surfaces
formation in case of various combinations of setting parameters for technological equipment. In this case the most rational
and unfavorable modes of processing have been identified. In particular, the last case presupposes shaping by changing rota-
tional frequencies of an input link in an executive mechanism of the machine tool ®, and the lens ®,. An indicative feature is
that a poor quality of processing has been obtained over the entire range of variation interval ®, at maximum value ®,, and
especially in the case when these frequencies are equal. It has been determined that the highest accuracy of processing is
achieved with maximum amplitude of an oscillating tool motion, its diameter and frequency of part rotation and minimum
rotational speed of the input link in the executive machine-tool mechanism. As such values of these setting parameters lead to
an increased removal of an allowance in the marginal zone of a work-piece, then while processing a convex lens surface,
its radius of curvature in each previous operation should be larger than a radius of curvature which is to be obtained in
the process of subsequent operations. The inverse regularity of curvature radius values must be observed for a concave sur-
face. The most advantageous values of the machine-tool setting parameters with various combinations have been proposed
with the purpose to eliminate errors in the form of common as “knoll” and “hole” with due account of processing productivity
and accuracy. The paper describes an influence of machine tool spindle wavering value on the processing accuracy of lenses
having a wide range of diameters.

Keywords: abrasive processing, machine-tool, lens, mathematical modeling, shaping, high-accuracy executive lens surface

For citation: Kozeruk A. S., Malpica Y. L., Sukhotzkiy A. A., Filonova M. 1., Kuznechik V. O. (2018) Investigation of Ma-
chine Tool Developed Settings Influence on Productivity and Quality of Simultaneous Double-Sided Lens Processing. Science

and Technique. 17 (5), 390—400. https://doi.org/10.21122/2227-1031-2018-17-5-390-400 (in Russian)

BBenenne

[Ipu oOpaboTKe ONTHYECKUX IeTajei, B TOM
YHCIIe JINH3, B YCIOBHUIX CBOOOIHOTO MPUTHPAHUA,
KOI'Zla CheM MPUITyCKa OMNPEIENIETCS B OCHOBHOM
BEJIMUYNHOW CKOPOCTH CKOJBXEHUS NPUTHPAIO-
IIUXCSl TIOBEPXHOCTEH 3aroTOBKM M MHCTPYMEHTA,
BaXEH BBIOOP TAaKMX HANAIOYHBIX MapaMeTpOB
CTaHKa, IPU KOTOPBIX 0OECTieuynBaeTcsi paBHOMEp-
HOE paclpeielieHue YINOMSHYTOM CKOPOCTH IO
Bceil oOpabaThiBaeMoOil moBepxHOCTU. B HacTos-
1Iee BpeMs peXuMbl 00paOOTKM ONTHYECKUX JeTa-
neil HazHavaeT pabouni-ONTHK MCXOIS U3 CBOETO
ONbITa M WHTYWULWH, OAHAKO HE BCETAa YAA4yHO.
B pesynpraTe He mpeaCTaBIAETCS BO3MOXHBIM
JIOCTUYb BBICOKOM MHTEHCUBHOCTU ChEMa IMPUITYC-
Ka Ha HCIOJHUTEIHHOMN MMOBCPXHOCTU A€TaJIU H,
KpOME€ TOro, MOABIIAIOTCA JIOKAJIbHBIC ITOI'PCIIHO-
CTH B BHJIE MECTHBIX «GIM» H «OyTPOBY.

HNCcTOYHMKOM TOTPEIIHOCTEH ONTUYECKUX JIe-
Tajei mpu X o0pabOTKe 1O KIIACCHIECKON TEXHO-
JOTHH SBTSICTCS TaKKe yIpyras JedopmMarius
CTEeKJIa, BO3HUKAIOIIAS B IPOIECCE 3aKpEIUICHUs
3arOTOBOK Ha HAKJIEEYHOE MPHCIOCcOOIeHHe TOo-
CJIeTOBATENhbHO 32 KaKIYI W3 pabodmX TMOBEpX-
HOCTeH [1].

OTMEUYEHHBIX HEIOCTATKOB MOXKHO H30EXKaTh,
€CJIM WCIONIb30BaTh MPOTPECCUBHYIO TEXHOIOTHIO
OJTHOBPEMCHHOW JIBYCTOPOHHEH 0OOpaOOTKU JIMH3
MpU UX KpeIvIeHMH 3a Hepabodylo IMIWHApUYe-
CKYIO TTOBEPXHOCTh U (POpPMATTU3aIUN TeOMETpHUYE-
CKUX M KHHEMAaTHYECKHUX CBSI3eH MCIIOITHUTEILHOIO

Hayka
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MEXaHM3Ma TEXHOJIOTMYECKOro o0opymoBaHus [2].
Ipennaraemasi TEXHOJIOTHS MOXET OBITh PEean30-
BaHa Ha pa3pa0OTaHHOM CTaHKE JJIsl OJIHOBPEMEH-
HOW JBYCTOpOHHEW OOpPabOTKH BBICOKOTOYHOM
JIUH3BI MAJIOM KECTKOCTH C KPYTHIMH IOBEPXHO-
cTsmu [3].

Metoauxka onpeesieHHs PAMOHAJbHBIX
peKUMOB 00padOTKH JTUH3
Ha (MHUIIHBIX ONepaALUX

B coorBeTcTBMM ¢ HacToOsIIeH METOIUKOH
MOCIIEZI0BATENHHO BBHITIOTHSIIOTCS:

e MAaTEMaTHYECKOS MOJCIHPOBAHKE IpoIecca
OJTHOBPEMEHHOM IBYCTOPOHHEH 00pabOTKHM neTa-
Jied co ChepuIeCKIUMH MTOBEPXHOCTSMH 110 METOIY
CBOOOJIHOTO MPUTHPAHUS,

e TIONy4YeHHEe (OPMYIBI, YyCTaHABIMBAIOIIEH
(OYHKITMOHANBHYIO CBSI3b IyTE€H pe3aHUs C Halla-
JOYHBIMU TIapaMEeTPaMH CTaHKa;

e pacyeT IMyTed pe3aHus U Pa3IndHBIX COoYe-
TaHWH HaJIaJOYHBIX TapaMETPOB CTAHKa;

e aHANTU3 PE3yJBTATOB pacueTa W ONpPE/eIICHUS
pexuMoB (hopmMooOpazoBaHus, 00ECIICUNBAIOIINX
MUHUMAIIbHBIC 3HAYCHHSI OTHOCUTEIHHON TOTpeIll-
HOCTH IyTeH pe3aHus U BpeMeHH 00padOTKH.

[Ipu ompenenennu nyTtedl pe3anus oOpabdaThI-
BaeMyI0 TOBEPXHOCTH AETajl pa3OMBaii Ha dJe-
MEHTapHBIC TUIOMIAJIKU dS, B IIEHTPE KOTOPHIX BhI-
Opanmy TOYKHM (TaKk Ha3bIBAEMBIC OIOPHEBIE TOYKH)
U PacCUUTHIBANIN MyTh, TPOUIEHHBI UMU OTHOCH-
TEIhHO MHCTpyMeHTa. OMOpPHBIC TOYKHU BBHIOUpAITH
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cnenyromuM odpaszoMm. Ha chepuueckoit moBepx-
HOCTH JIMH3BI paJnycoM R Ha3HA4alu 71 CEKTOPOB
(puc. 1) BenmumuuHOM

Ao =2E (1)
n

" m KOJIBIICBBIX 30H pasMCcpoOM

n(R—\/RZ —0,25d2)

Ap= 2Rm ; @

rae d — quaMeTp ImapoBOTro CErMeHTa, 00pa3oBaH-
HOT'O TOH WM WHOW (BBIMYKJIOH WM BOTHYTOH)
HOBEPXHOCTHIO JIMH3HI.

Puc. 1. K onpeneneHuto ornopHoi TOUKU
Ha 00pabaTeIBaeMOl TOBEPXHOCTH JIMH3BI

Fig. 1. Determination of reference point
on processed lens surface

Bripaxkenue (2) moiayd4eHo U3 CISAYIONIUX CO-
oOpaxxeHuil. Eciu moBepXHOCTH JIMH3bI COCTABIISCT
nonycdepy, To yriaoBoi pasmep AP kaxmoit u3 m

o
ee KOJIBIICBBIX 30H OyneT AP = 2— Ecmu xe nun-
m

3a He noiycdepuyeckas, TO HEOOXOAUMO OIpesie-
JIUTh, KaKyl0 YacTh COCTABISIET BHICOTA CETMEHTa

ee cdeprueckoii oBepXHOCTH =R —+R* —0,25d"
M0 CPaBHEHHUIO C PaJWyCOM KpPHUBHU3HBI 3TOW TO-

BepxHOCcTU. COCTaBUB COOTBETCTBYIOLIYIO TMPO-
MOPITUIO, YCTAHOBUM, YTO 3Ta YaCTh OMPEIEISIETCS

hn
OTHOILIEHUEM R’ pasieanB KOTOPOE Ha m | II0-

ayqnm (2).
Ilepeceuenne pacCMOTPEHHBIX LIEHTPOB U 30H
obpasyeT 7nm OSIEMEHTapHBIX MIOWAAoK [dS;];

j=1m; i=1,n Ha xaxaod U3 3TUX ILIOMAIAOK
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BBIOMPAEM OINOPHYIO TOUKY M)j;, KOTOpas pacroo-
KEHa Ha NEpPEeceYeHuM Jyda, JIENSIIEro MoIojam
i-1 CEKTOp, M OKPYXHOCTH, JENSIIEed Moronam
J-IO KOJIBLIEBYIO 30HY.

CornacHo puc. 1, yrisl G U (¢ TSl BCeX TOYEK,
JIeKAIUX COOTBETCTBEHHO B OJHOM M TOW Xe
KOJIBIIEBOM 30HE M B OJHOM U TOM K€ CEKTOpE,
MO’KHO BBIPA3UTh CIEAYIOIUM 00pa3oM:

6, =iAc—0,5Ac = Ac(i—0,5);

0, =0+ jA0-0,50=¢+A0(j -0,5), )
rae ¢ = arcsin(d/2R) — monoBHWHA yrila pacTBOpa
LIapOBOr'0 CETMEHTA pacCMaTpUBAEMOM IOBEPXHO-
CTH JIMH3BI.

Oco0eHHOCTBIO METOa OIHOBPEMEHHOH IBY-
CTOpPOHHEH 00pa0OTKM JMH3 SUISETCA TO, YTO MPH
ero peanuzaluy o0a HHCTPYMEHTa COBEPLIAIOT
[IEPEHOCHOE JBM)KEHHE IO HUCIOJIHMUTEIBHBIM IIO-
BEPXHOCTSIM J€Talnu [4], mpudyeM BeIWYMHA aM-
IUIMTYAB! ITUX IBMKEHUH KaK HaJQJAO4HBINA mapa-
METpP U3MEHSIETCS B 3aBUCUMOCTH OT TEXHOJIOTHYE-
CKOIl HAacJeICTBEHHOCTH 3aroTOBKM C TOYKH
3pEHHSl paclpelesIeHHs] MOAJIEKAILET0 yIaICHHIO
npunycka. Hanpumep, mpu Hanmuyuu Ha JIeTanu
oO0IIel MOrPEIIHOCTH B BUJIC «SIMbD» HEOOXOJIMMO
YCHIIUThH cpabaThIBaHUE KPAaeBOW €€ 30HbI, YTO J0-
CTHTaeTCsl yBEJIMUCHUEM aMIUTUTY/AbI KoliebaTelnb-
HOTO JBWXKCHHS MHCTPYMEHTa, U Ha000poT, — AT
YCTpaHEHHs] MOTPEIIHOCTH THMa OOIuil «Oyrop»
YIOMSIHYTYIO aMILTUTYY CJIEIyeT YMEHBIIATb.

C 1enbio MONyYeHHUs aHATUTUYECKUX BBIpaXKe-
HUH, TO3BOJISIONINX PACCUUTATh NpEAEIbHbBIEC 3HA-
YeHHUsI 00CyX/IaeMOi aMIUIMTYAbl B 3aBUCHMOCTHU
OT TEOMETPUYECKUX IapaMeTpoB ACTAIN M HH-
CTpyMEHTa, 00paTUMCcs K pHUC. 2, HA KOTOPOM IIO-
Ka3aHbl MakCHUMaJbHble (a) ¥ MuUHHManbHbIE (b)
OTKJIOHEHHS BOTHYTOTO | M BBITYKJIOTO 2 WHCTPY-
MEHTOB B cilydyae 0OpaOOTKH JIMH3BL 3 C TOJIOTUM
BOTHYTBIM PaJiMycoOM, KOI'Jla IapOBOIl HAKOHEYHUK
[IOBOJKAa 5 BXOAWT B THE3I0 XBOCTOBHKA 6 WH-
ctpymenTa 2. Ilpu o0paboTKe JNMH3BI C «KPYTON»
BOTHYTOH ITOBEPXHOCTBIO (K TAKOBBIM OTHOCSATCS
JUH3BI, AMaMeTp LIapOBOTO CETMEHTa KOTOPBIX
COCTaBJIsieT He MeHee 1,6 uUX paanyca KpUBU3-
HEI [5]) moBomok 7 (puc. 2C) KECTKO COCAMHEH C
WHCTPYMEHTOM 2, a €ro IIapoBOM HAaKOHEYHHK
BXOJIUT B UIAPHUPHOE COEIUHEHHE C BBIXOJHBIM
3BEHOM HCIIOJHUTEIBHOIO MEXaHHW3Ma CTaHKa (Ha
pHC. 2C HE NOKa3aHo).
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W3 ananmsa puc. 2 MOXHO 3amucaTh CIEAYIO-
[I1e COOTHOIIECHHUS B cly4ae 00paOOTKH BBITYKIOH
(mmmHa mTpuxa L)), TOJOTOM BOTHYTOH (mimHA
mTpuxa L,) W KPyTOH BOTHYTOH (IJIMHA INTPH-
Xxa L)) moBepXHOCTeH (IJIMHA INTPHXa MPEICTaB-
JsieT co0O0M paccTOSHUE MEXIy KpaHUMH MOJO-
JKEHUSIMH TIOBOJKOB 4, 5 m 7 mpHu KojebaTeaTsHOM
JOBIKEHHMH WHCTPYMEHTOB, T. €. YABOCHHYIO aM-
TUTUTYAY 3TOTO ABMKEHHMSA):

leax = 2(R1 + tl )Sin 0leax;

lein = 2(R1 + tl )Sin a’lmin;
L2max = 2(R2 - ZZ)Sin aZmax;

(4)
Lyin =2(R, —1,)sin oy,
pmax = 2D SINCL, -
dmin = 2D SN0 0

rae Ry, R, — paguyc KpUBU3HBI BBIMYKJIOW U BO-
THYTOM TMOBEPXHOCTEH NHUH3; t, !, — BEJIUYHU-
Ha, paBHasl TOJUIMHE COOTBETCTBEHHO BOTHYTOTO
W BBIIYKJIOr0 MHCTPYMEHTOB IO LIEHTPY BMECTE
Qu — Aay,
Olimin = @y T A0l — @, — MAKCUMAIIBHBIA U MUHU-
MaJbHBIM YTJIbl OTKJIOHEHHUS BOTHYTOI'O HHCTPY-

C JIMHAMH HMX XBOCTHKOB;, Olimax

[ Hayka
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Limin

Puc. 2. K onpezieneHno MakcuManbHOH (a) 1 MEHUMaIbHOM (b) nH
mrpuxa L BO3BpaTHO-BPALIATEIBHOTO JBHKEHHSI HHCTPYMEHTA
1pu 00pabOTKE BBITYKIIONH M BOTHYTOH MTOJIOTHX ITOBEPXHOCTEH JIMH3BI

M BOTHYTOH KpyTOH ee IOBEPXHOCTH (C)

Fig. 2. Determination of maximum (a) and minimum (b) lengths

of line mark L for tool backward-rotational motion

while processing convex and concave sloping lens surfaces

and its concave steep surface (c)

MEHTa OT OCH CUMMETPHU AETAIIH; Oomax = Prp — Adly,
omin = P T A0, — @y — AaHATIOTHYHBIE TTAPAMETPHI
JUTSL BBITYKJIOTO HHCTPYMEHTA; (1, ¢y — IIOJIOBUHA
YTJIOB pacTBOpa BOTHYTOT'O MHCTPYMEHTA M IIapo-
BOTO CETMEHTa BBITYKIIOW IMOBEPXHOCTH ACTANY;
Pu2> Prp — TO K€ IS BBITYKIIOTO HHCTPYMEHTA U 11a-
POBOTO CETMEHTa BOTHYTOH MOBEPXHOCTH JETalH;
Aoy = arcsin(k/R,), Ao, = arcsin(k/R,) — yroja, o0y-
CJIOBJICHHBIN HAJTMYHMEM PacCTOSHUSA k OT Kpas co-
OTBETCTBEHHO BBINYKJIOH M BOTHYTOH MOBEPXHO-
CTel JIMH3BI 0 OCH CUMMETPUH 00padaThIBaeMbIX
3TH TIOBEPXHOCTH HWHCTPYMEHTOB, C OIHOH CTO-
POHBI, U 0 Kpas MOCJIEJHHUX, C APYrod, Mpu HX
KoneOaTeNnbHOM MEepeMEleHNn o AeTand (Tpu
OTCYTCTBHH PacCTOSHUSA k B TIEpBOM cirydae Oymer
MPOMCXOJUTh PACKPBITHE CThIKA MEXKIY WHCTPY-
MCHTOM U ACTAJIbIO, UTO NPUBCACT K MCKAKCHUIO
TeOMEeTPHUIECKOi (POpMBI TOBEPXHOCTH JIFH3BL, a BO
BTOPOM cilydyae — K OOpa3oBaHHIO TPHIIOIHSTO-
To Kpas Ha HUCIIOJHUTCIBbHBIX IMMOBEPXHOCTAX JIMH-
3bl); p — IJUHA TOBOJKA OT OCH €Tr0 BO3BpPATHO-
BpAILIATENIbHOTO JIBXKEHUS, MPOXOMSIIEH uepes
LIEHTP BOTHYTOH C(epUUECKOil MOBEPXHOCTH JIMH-
3bl, JI0 IIEHTpa IIapOBOTO HAKOHEYHHWKa JTOTO
MTOBOJIKA.
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TeopeTHuecKkyro OLIEHKY KadecTBa ABYCTOPOH-
Hell 00pabOTKH JIMH3 BBITOTHSIMN CIEAYIOMINM 00-
pasoM: BeIOMpaNIM TUaMETPAIbHOE CEUCHHE JIMH3BI
C MakCHMAaJlbHON BENMYMHON aOCONIOTHON TIO-
TPEUIHOCTH myTel pe3anust Al = [ — [min TIOCTE €2
HOBOPOTAa Ha Yol Wp.x = 4200 pan, npu Ko-
TopoM Al AoCTHUrago0 MUHHMAIbHOW BEITHMYUHBI
(!maxs> Imin — MAKCUMAIBHOE ¥ MUHHMAaJIbHOE 3HAYE-
HUS IyTel pe3aHus B BBIOPAaHHOM JAHAMETPaIbHOM
cedeHnH JuH3bI). PasnenuB A/ Ha MakcHUMabHOE
3Ha4YeHUE MyTel pe3aHus / B BIOpAaHHOM CEUCHMH,
monyduM Alyy, KOTOpOE MPONOPLUUOHAIBEHO TMO-
TPEIIHOCTH JIETaIH B JaHHOM CEYCHUH.

Hcnonp3ys MaTeMaTHYECKYI0 MOJENb IPOLEC-
ca dopmoobOpazoBaHusi chepuvecKuX MOBEPXHO-
CTel B YCJIOBHSIX CBOOOJHOIO MpPUTHpaHHSA, WU3JIO-
JKEHHYIO B [6], U aHATUTUYECKOE BBIPAXKEHUE IS
ompezAeNeHus MyTel pe3aHus, mpuBeaeHHOE B [7],
paccuntaeM Aly,, TPU Pa3IMYHBIX KOMOHHAIHSIX
CIEAYIOIINX PEeryJupyeMbIx (HajlaJouHBIX) Mapa-

METPOB CTaHKA: YacCTOThI BPAICHUS JIUH3BI ),
MaMeTpa WHCTPYMEHTA d,, BETUIUHBI aMILTUTYIbI
BO3BPATHO-BPAIIATEIFHOTO JBM)KCHUS HHCTPYMEH-
Ta L, 4aCTOTHI BpAIICHUS BXOJHOTO 3BEHA UCIIOJ-
HUTEJIBHOTO MEXaHHU3Ma CTaHKA, a TAKXKE OTHOIIIEe-
Hus K = o,/0,, Tae ®, — 9acToTa BpaICHUS WH-
crpymenta. [Ipu 3ToM nuama3oH 3HaueHU# s L
onpenensii 1o Gopmynam (4), a A OCTAITBHBIX
MapaMeTpoB HCIIONB30BAIM JIaHHBIE IPOU3BOJ-
CTBeHHOU mpakTuku [8]. B utore momyumnu cue-
IIYIOIIVE TPaHWIBI W3MCHEHHsS OTMCUCHHBIX Halla-
JIOYHBIX MApPaMeTPoB: ®, = 2—10 ¢ d, =70-94 mm;
L=45-58 MmM; @, = 0,5-8,5 ¢ '; k=0,72-0,88.

TeopeaneCKne HCCJICA0OBAHUA

Pesynprarer pacyera Aly,; COBMECTHO C JaBJIEHH-
eM (mapametp Ag) B 30HE MPUTHPAIOIINXCS TIOBEPX-
HOCTEH MHCTPYMEHTA U AeTaiu s couetanuid K u L,
L u o, Ku o, a Takke o, U 0,, 4TO TOMYCTUMO Ha
cTajuy nUTM(OBaHNUS, IPUBEICHBI HA PUC. 3.

Puc. 3. 3aBUCUMOCTD HOTPEIIHOCTH 00paO0TKU Ag OT HaJIaZOYHBIX MAPAMETPOB CTAHKA CIICAYIOIINX KOMOHHALINI:
K, L npu d,=82 MM, @,=4,5 ¢, 0,=6,0c”' (a); K, 0, iput d,= 82 MM, 0, = 6,0 ¢!, K=10,76 (b);
K, o, npu d, = 82 MM, ,=4,5 ¢!, L=60mm (¢); @y, ®, mpu L = 60 mm, d,,= 82 mm, K = 0,76 (d)

Fig. 3. Dependence of processing error Aq on machine settings in following combinations:
K,Latd,=82mm, m,=4.5s", ®,=6.0s" (a); K, o, at d,= 82 mm, 0,= 6.0 s', K= 0.76 (b);
K, o, atd,=82 mm, 0,=4.5s", L =60 mm (c); oy, ®, at L = 60 mm, d,,= 82 mm, K = 0.76 (d)
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W3 ananmza 3TOrO pHICyHKa CIEAYyeT, YTO TpH
VIpaBJIeHUH TIporieccoM  (opMOoOpa3oBaHUS TI0-
CpeICTBOM peryiupoBanus BenuuuH K u L (puc. 3a)
MPOUCXOANT TUTABHOE HM3MEHEHHE Ag, MpuveM C
yBenu4yeHneM L Ag yMEHbBIIIAETCS, a C YBEIHUCHH-
eM K, Hao6oport, Ag Bozpacraer. OgHaKo TIpH yBe-
maeHnd L 1 o, Aq u3MeHsietcs He TaBHoO (puc. 3b)
M CBOEro HamOOJIBIIEr0 3HAYEHHs JOCTUTAET TpHU
MaKCUMaJIbHOM ®, W MHUHUMAaJIbHOM L, a Hau-
MEHBIIIET0 — TP M, = 3,5 ¢! u L =80 mm. Nwme-
I0TCSl U IPYTUE COYETaHUs 3HAYEHUN o, U L, B CIIy-
yae KOTOPBHIX HAOIIOMAeTCsl YHOBIECTBOPHUTENBHAS
TOYHOCTH 0OPAOOTKH, HATIPUMED: M, = 2,5 ¢ ' u L =
=75 Mmm; m, = 3,5 c'ul=75 MM; ®, = 0,5 ¢!
u L =70 mm u ap. Kpome Toro, B 1uanasone us-
MEHEHHMI ®, ot 4,5 1m0 5,5 ¢! MPOUCXOMUT «H3-
JIOM» TIOBEPXHOCTH pacmhpenencHus Ag (w,, L)
B CTOpPOHY yMEHBIIeHHA Ag Ha BCEM HHTEpBaJe
3HaYeHWH L, a NpU MHUHAMAJIbHOM 3HAYCHUU M)
U MaKCUMaJbHOM L — pe3Koe YXyAIIEHHE TOYHO-
¢t 00paboTKH.

Pesynbratel pacuera Ag (K, ®,) (puc. 3c) mo-
Ka3bIBAIOT, YTO €CIIM B YIJIOBBIX 30HAX IMOBEPXHO-
CTH pacrpeaesieHus Ag TOYHOCTh 00pabOTKH TIPH-
HUMAaeT CBOM HAWXY/IIHNE 3HAYCHUS, TO MPH ©; =
=4c¢'uw, =8 ¢ Bo BceM auanazone M3MeHe-
Hust K TOYHOCTH 00pabOTKH YIIy4IIaeTCsl, IPHIEM
B OoJiblIIeli CTENIeHH BO BTOPOM CiIydae.

Haubornee mebmaronpusTHoe pacrpenencHue Ag
M3 BCEX BO3MOKHBIX KOMOMHAIM HaJIA[0YHBIX Ma-
paMeTpoM CTaHKa, KaK TOKa3ajll pacdyeThl, UMEeT
MECTO TIPU YIPaBICHUU TPoIieccoM (GopMoodpa3o-
BaHUS MOCPEACTBOM M3MEHCHUH , U ®, (puc. 3d).
XapakTepHBbIM 37I€Ch SBISIETCS TO, YTO MIPU MAaKCH-
MaJbHOM 3HAUYEHUH (0, MOJy4daeTcs HU3KOe Kade-
CTBO 00pabOTKM Ha BCEM HMHTEPBAJIC M3MCHEHHUS ().
3aMeTHOE YXYAIIEHHE TOYHOCTH IPOUCXOAWT U
npu , = 5 c_l, ¥ OCOOCHHO B Ccly4asx ®, = 2,5 ¢!
Ho,=75c¢c, a mpu @, = 5,0 ¢!, KaKk mokasaiu
JoroHNTENbHbIE pacyeTsl, Ag = 100 %, T. e. Ha
MOBEPXHOCTH JIMH3BI WMEIOTCS TOYKH, KOTOPBIE
B TIpeJeNiaX BBIOPAHHOTO YIJIa TIOBOPOTA pax =
= 4200 pag HE KOHTAKTUPYIOT C HHCTPYMEHTOM H,
cienoBaTensHo, He oOpabaTeiBatoTcsa. B paccmar-
pvBaeMoii KOMOWHAITUN HAIAJOYHBIX MMapaMeTpPOB
CTaHKa TakKas CUTyaIlus MMEET MECTO IPH JIFOOBIX
3HAYEHUSIX M) U O, B CIIy4ae UX PaBEHCTB.

UYro kacaercsi 3aKOHOMEpHOCTEW M3MeHEeHUs Ag
JUTSL OCTaJbHBIX KOMOWHAIIMI HaTaIOYHBIX Iapa-
METPOB CTaHKa, TO MOKHO OTMETHUThH CJIEAYIOLIee:
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K, d,: Aq pacnipenensieTcsi TAKUM Ke 00pazom,
Kak " B ciaydyae koMOuHaimu K, L, T. €. C yBenmde-
HieM K TOYHOCTH 00pabOTKM  yXy.IIaeTcs,
a C YyBEIMYEHUEM d, YIydllaeTcs, MpHYeM
HAWBBICIICH TOYHOCTH MOXKHO JOCTUYh IMPH MaK-
CUMAaJIbHOM 3HAY€HUH d, 1 MUHUMaJIbHOM K

K, ®,: TOBepXHOCTH pacmpeeneHus: Ag mpu o,
= 2,5 ¢ uMeeT HEGOMBIIONH H3IOM» B CTOPOHY
YMEHBIIIEHUSI Ag, MUHIMYM KOTOPOTO JIOCTHTacTCS
MpY HAWMEHBIINX 3HAUeHHUSX K U @y, a TMpH HX
MaKCUMaJbHBIX 3HAYCHUSX TOYHOCTH OOpabOTKH
camasi HA3Kas;

dy, L; ®,, L M ®,, d,; TOBEpXHOCTH pacmpee-
nenuss Aq He rinaakas (kak Ha puc. 3d), nmpuuem
HauXy/Iasi TOYHOCTh 00pabOTKHU MOTy4aeTcs Ipu
MUHUMAJIbHBIX 3HAYEHUSAX HANAJOYHBIX Iapa-
METPOB pacCMaTpPUBAEMBIX COUYETAHWW, a HAaWBBIC-
mas — Mpu UX CTPEMJICHUU K MaKCUMaJIbHBIM 3Ha-
YCHHSM;

dy, ). TIOBEPXHOCTh pacmpenelicHuss Ag He
TJIajKasi; HauBBICIIAsS TOYHOCTH (popmooOpa3oBa-
HUS UMEET MECTO IIPU MUHUMAIIEHOM 3HAYCHUU ()
Y1 MaKCHMAJILHOM d,,, a caMasi Hu3Kasi, Ha000pOoT, —
MIPY MUHUMAIIEHOM d,; U MAKCUMAJIEHOM (5.

Kpome ormedeHHOTO, BBITOIHEHHBIE PAcUETHI
MTOKA3bIBAIOT, YTO HAWBHICIIAS TOYHOCTH 00paboT-
KH JIOCTUTAETCS, KaK MPaBUJIO, NPU MaKCHMAalb-
HBIX L, d,;, ®,; 1 MUHUMAJIbHBIX O, 1 K. A TIOCKOJIb-
Ky Takye 3HaUCHUS ATHX HAIAJIOYHBIX MApaMETPOB
MPUBOJSAT, KaK U3BECTHO [9], K YCHIIEHHOMY ChEMY
MIPHUITYCKa B KPAaeBOW 30HE 3arOTOBKH, TO, CIIEIOBA-
TEIFHO, TIPH 00pa0OTKE BBITYKIOW ITOBEPXHOCTH
JIMH3BI €€ PaguyC KPUBU3HBI HA KKIOW IMpeie-
CTBYIOIIIEH oOIepalyu JOJHKCH OBbITh OOJIBIIE I10
CPaBHCHUIO C PaJUyCcOM KpPUBU3HBI, KOTOPBIH
HE0OXOMMO TIONYYUTh Ha TMOCIEAYIONINX OIepa-
nuax. s BOTHYTOH NOBEPXHOCTH JOJKHA CO-
Omonatecs oOpaTHasi 3aKOHOMEPHOCTh 3HAUYCHHH
paanyca KpUBH3HEI.

Pe3ynpTaTel 4YMCIEHHBIX HCCIENOBAaHUU MPO-
TOIDKUTENBHOCTH O0palbOTKH ¢ B CIy4ae peryi-
pOBaHHA Tpollecca MOCPEICTBOM M3MEHEHUH ®, U
, TIPEICTABIICHBI Ha pUC. 4.

[Ipn uCHoONIB30BaHUM OCTaJbHBIX COYETAHHUN
paccMaTpuBaeMbIX HaJaJI0YHBIX MTapaMeTpOB CTaH-
Ka IMOJIyYeHbI aHAIOTUYHBIC 3aKOHOMEPHOCTH, JJIs
KOTOPBIX XapaKTepHO, Kak U B cilydae puc. 4, Mu-
HUMAaJBHOE ! TIPH MaKCUMAJIbHO WHTEHCHBHBIX pe-
KUMax oO0paOoTKH. 3HAUCHHWE BPEMEHU ! TpUBEIe-
HO B TaOI. 1.
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XapakTepHOU O0COOCHHOCTHIO OOPaOOTKH BBHICO-
KOTOYHBIX JIMH3 110 METO/Ty CBOOOHOTO IPUTUPAHUS
SBISIETCA HENpEepPHIBHOE HM3MEHEHHE 3HA4YeHWS WX
panuyca KpuBH3HBI R. J151 iesieHanpaBIeHHOrO 3TO-
ro M3MEHEHUs TPeOyeTCsl OMPE/CIICHHOE PEryJIUpo-
BaHME TeX WJIM MHBIX HAJIAJIOYHBIX [TApaMeTPOB TeX-
HoOJlorn4eckoro obopymoBanus. B [10] moka3zano,
YTO Ul YMEHbLICHHsT R JMH3BI (IJIs1 yCTpaHEHUS
MOTPEITHOCTH B BHAE OOMIEH «iIMbI») L, dy U
HEOOXO/IMMO YBEJIMYMBATh, 3 My U K — YMCHBIIIAT.
C nenwto yBenudeHust R (sl yCTpaHSHUS TOTPEIII-
HOCTH B BHIIE OOIIETro «Oyrpay) YyINOMSHYThIC Hasa-
JIOYHBIC TIAPAMETPHI CIICTyeT U3MEHSIThL B 00OpaTHOM
HAITpPaBJICHUH.

C y4eToM H3II0KEHHOTO MOYKHO TPEIIOKUTH
HauOoJIee BBITOJHBIC 3HAYCHUS HAJIAJOYHBIX I1a-
paMETpOB CTaHKAa PA3JIUYHBIX KOMOWHAIMN JIs
yCTpaHEeHHs MOTPEIIHOCTel B BHIE OOIMX Kak
«Oyrpa», Tak U «IMBI» C YY€TOM MPOHU3BOIUTEIIb-

HOCTH W TOYHOCTH 00paboTku. PesymbraTel moa-
0opa TakuX KOMOWHALMI AJsl BBIMYKJIOH MOBEpX-
HOCTH JIMH3bI IPUBEICHBI B Ta0. 2.

00—

Puc. 4. 3aBucumMocTb BpeMeHH 00paboTKH ¢ OT HAJIQJ0YHBIX
IapaMeTpoB CTaHKa KOMOWHAINI (0,, M,

Fig. 4. Dependence of processing time period ¢
on machine settings in combination ®,, ®,

Tabauya 1
Bpemsi 00padoTku 7 1J11 pa3JIuYHbIX KOMOMHALUI HAJIAI0YHBIX IAPAMETPOB CTAHKA
Processing time period ¢ for various combinations of machine settings
¢, ¢, IpA KOMOMHAITIH
44.6 46,8 48,2 494 50,4 53,5 53,5 57,2 61,7 64,9
®,=138.,5, ;= 10, d,=94, o, =10, d,=94, K=0,88, d,=94, K=0,72, | K=0,88, | K=0,88,
L=85 ®,=8,5 o,=10 L=285 o,=10 ®,=38,5 L=285 o,=10 L=285 d,=9%
[pumevanue. L 1 d naHpl B MM, ®, ¥ 0, B ¢l
Tabnuya 2
3HaueHHs HAJIAJ0YHBIX IAPAMETPOB CTAHKA Pa3JIMYHbIX KOMOMHaNMIi
JJ151 yCTPaHEHHs MOTPEIIHOCTH B BHAE 00INHUX «Oyrpa» H «SIMbD»
Values of machine settings for various combinations in order
to remove errors in the form of common “knoll” and “hole”
st yerpanenust o6iero «0yrpa» Jns yctpaneHust oOmieit «siMbl»

Hananounsle mapamerpsl Ag, % t,c Hananounsle mapamerpsl Ag, % t,c

K=0,84; L =60 mm 65 74 K=0,72; L =85 Mm 34 64
L=60mv; 0,=8,5¢" 68 54 L=70Mm; 0,=0,5¢" 34 100

K=084;0,=4,0c¢" 66 88 K=0,72; 0,=8,0¢" 51 65

0,=40c @,=75¢" 69 64 ,=7,0c @,=05¢" 38 92

K=0,84;d,=79 mm 69 77 K=0,72;d,=94 mm 47 68
K=0,84;0,=65c" 67 62 K=0,72; ®,=0,5¢" 41 108

d,=179 MmmM; L = 65 Mm 58 74 d, =88 mmM; L = 80 Mm 38 59

®,=4,0c¢; L=55Mum 66 95 0,=8,0¢"; L =80Mm 24 56

d,=85mm; 0,=6,0c! 58 73 d,=91 Mm; ©,=8,0¢! 38 59

d,=79 Mm; 0,=8,5¢! 71 56 d,=88 MmM; 0,=0,5¢ ! 40 101
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Jlanaple Tabn. 2 MO3BOJNSIOT HA3HAYMTH OITH-
MaJIbHBIC COYETaHWs HAIAJOYHBIX MapaMeTpOB
CTaHKa B KaXIIOM KOHKPETHOM cirydae. Tak, mpu
HEOOXOIMMOCTH YCTPAHUTEL OOIIHHA «OyTrop)» Ha BhI-
COKOTOYHOU BBIMYKJIOW TTOBEPXHOCTHU JIMH3HI TIEJie-
C000pa3HO UCIIONB30BaTh KoMOmHAIHIO K u L. Eciu
K€ TIOBEPXHOCTD JIMH3bI CPEHEH TOYHOCTH, TO JJIS
UCTIpaBJICHUsT «OyTrpa» MOXKHO BHIOpaTh Oojiee mpo-
W3BOJMUTEIBHBIN peXUM 00pabOTKH, T. €. Ha3zHa-
YUTh KOMOMHANMIO L U 0. J{ns ucnpasieHus no-
TPEUIHOCTH B BHJE OOIIEH «SIMBD» IydIlle BCEro
HCITOJIB30BaTh KOMOMHAITUIO M, U L, IPH KOTOPOM
00ecrnevnBaloTCsa caMble BRICOKHE KaK MTPOU3BOIH-
TEIBHOCTh 00PabOTKH, TaK U ee KauecTBO. OIHAKO
HEIeJIeCO00pa3HO HA3HAYATh KOMOWHAIMK L U My,
K u m,, a Takke d, 1 ©,, HE TIO3BOJISIONINE HHTCH-
CU(UIUPOBATh TPOIIECC CheMa MPUIYCKA, XOTS
B OTHX CIydYasX JOCTHUTAIOTCS CPaBHUTEIHHO Ma-
nbIe 3HaYCHUS AL,

Oco0eHHOCTBIO pa3pabOTaHHOTO TEXHOJIOTH-
YECKOro 00OpYAOBaHUS I OJHOBPEMEHHOU JBY-
CTOpOHHEH 00pabOTKU JIMH3 SIBJIAETCS BO3MOXK-
HOCTh HE3aBUCHUMOTO PETYJIHUPOBAHU €ro Haja-
JIOYHBIX TApaMeTpoB IJIsi 00enxX MOBEPXHOCTEH
JISTallM, 32 UCKIIOYCHUEM YacTOThI €€ BpAICHHUS,
KOTOpasi TpuMeHsieTcsl ofmHakoBoi. C ydeTom
3TOrO TMPOBEJCHBI pacdeThl Ag W ¢ ISl BOTHYTOU
TIOBEPXHOCTH JIMH3BI pajrycoM KpuBu3HbI 50,34 MM
u nuamerpoMm 80 MM, IMO3BOJISIONIUE, KaK M s
BBIMYKJIOW TIOBEPXHOCTH, YCTaHABIMBATh OITH-
MaJIbHBIC PEXUMBI pa0OThI CTAaHKA B 3aBUCUMOCTH
OT XapakTepa pachpeeseHus MOIeKAIIEeTo yaa-
JICHUIO TIPUITyCKa.

XapakTepHbIM ISl CTaHKA JIBYCTOPOHHEH 00-
paboOTKM TMH3 SABISAETCS TaKXKe HAIMYWEe B HEM
NPUBOJIOB 000OMX MPHUTHUPAIOUINXCS 3BEHBEB — 3a-
TOTOBKA W WHCTPYMEHTOB. JTO 3HAYUT, YTO TIO
CPaBHEHUIO C KJIACCUYECKOM TEXHOJIOTUEH, B KOTO-
poit 3HadeHue K CaMOIPOU3BOJIBHO U XAOTUYHO
u3Mmensiercs B npegenax 0,7—0,9 u nosTomy He Mo-
JKeT CITY’KUTh B Ka4eCTBE HAJIaIOYHOTO NapaMeTpa,
B paccMaTpUBacMOM CTaHKE OTHOIICHHE ,/®
MOJKHO M3MEHSATH LI€JICHAIIPABIEHHO, T. €. HCIIOJNb-
30BaTh €ro JUIS YIIPaBJICHHS MporeccoM GopMood-
pa3oBaHUS BBICOKOTOYHBEIX HMCIIOJHHUTEIBHBIX I10-
BEPXHOCTEH JeTajel, 4To paclupseT TEXHOJIOIHU-
YECKUE BO3MOXKHOCTH CTaHKa.

Pe3ynbraThl YHMCIEHHBIX WCCIEIOBAHUN 3aBU-
CUMOCTH A¢yr; OT U3MEHEHUSI K B pa3IMUHbBIX €ro
KOMOWHALUAX C IPYTHMH PETYINPYEMBIMH Iapa-
METpaMM U3JIOKEHbI Ha PUC. 5. AHAIU3 3TOrO PH-
CyHKa TIOKa3bIBAaeT, YTO BCE paccMaTpHUBAEMbIC
KOMOHMHAIIMY HaJIaJ0YHBIX MTapaMeTpoB 0Oecedn-
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BalOT CPABHUTEIHHO BBICOKYIO TOYHOCTH 00paboT-
KW TIpY U3MeHeHHH K B TipezieniaXx OT MHHUMAaIbHO-
ro ero 3HaueHus 10 0,6. Ilpuyem Hawmydmwmii pe-
3ynbTat HabmroaaeTcs As komOuHauu K, L (kpu-
Bas 1) u Heckonmpko xymmuii — ansg K, o, (xpu-
Bas 2) u K, d, (xpuBas 3), a mius komOuHanmu K,
o, pu K > 0,6 (kpuBast 4) IOrpeHTHOCTh 00PaOOT-
KW CTaHOBUTCS] HEPUEMJIIEMOI1.

80 |- XX x
Ag, 0. ¢. 4 7\
70 3
60l X A/A>/§
- o
/X/X /o/zf
50 - X/X A~

—  A—D—
B—g—b
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L —®
40 P ] f

oo o

30
! I I | | ! | I
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Puc. 5. 3aBUCUMOCTD OTPEITHOCTH 00PaOOTKH AGyy
OT HAJIQIOYHOTO MapaMeTpa craika K B CIeayrommx
koMmOuHausx: K, L ipu L =75 mm, d, = 82 MM, @, =4,5 ¢l
0,=6,0c” (1); K, 0, iprr 0,=4,5 ¢, d,, =82 mm,
®,=6,0c, L=60mm (2); K, d, ipu d,,= 85 MM, 0, =4,5 ¢l
®,=6,0c!, L=60Mm 3); K, o, mpu ®,= 5,0 ¢!, d, =82 My,
@ = 4,5¢",L=60wmm (4)
Fig. 5. Dependence of processing error Ag,,
on machine settings K in following combinations:
K,LatL=75mm,d,=82 mm, ®=45s",
0,=6.0s"' (1); K, >, at @,=4.5s", d, =82 mm,
®,=6.0s", L =60 mm (2); K, d, at d,= 85 mm, ®,=4.5s",
®,=6.0s"', L=60mm 3); K, o, at 0,=5.0 s
d,=82mm, w,= 455", L=60mm (4)

[Ipu mosmydeHUN ONTHYECKUX JETalieil 1Mo Me-
TOAY CBOOOTHOTO MPHUTHPAHHUSI HAa TOYHOCTH 00pa-
0OTaHHO! TIOBEPXHOCTH BJIHMSICT HE TOJHKO BEJIH-
YUHA HAJIAJOYHBIX IapaMeTpoB CTaHKa (KWHe-
MaTU4eCKasi COCTABJISIONIAs MOTPEIIHOCTH), HO U
OWeHUEe B MIAPHUPHBIX COCAMHECHUSX €T0 IOJBIIK-
HBIX 3BEHBEB (JMHAMHUYECKAsh COCTABJISIONIAs I10-
TPEITHOCTH), B YAaCTHOCTH OWEHWE IIMUHIEIS C
3aKpeIJICHHBIM Ha HeM WHCTPYMEHTOM WJIH 3aro-
TOBKO#1. J|7151 BEISICHEHWS BIUSHUS TaHHOTO (haKTo-
pa Ha TOYHOCTH JUH3 AuameTpom ot 30 1o 120 mm
(HamnboJiee YacTO BCTPEYAIOIIUECS Pa3MEPhI JIMH3)
C JOMYyCKOM Ha OTKJIOHEHHE paauyca KpPUBHU3-
Hbl WCTIOJHHUTEIHHON MOBEPXHOCTH B IIpenenax
or 0,25 mo +1,00 MkM mpoBoamiIach 00paboT-
Ka (3aKJIIOYMTENIbHAS CTaaus NUIM(OBAHUS U TaIl
MOJIMPOBAHMS) JTMH3 U3 cTekiIa Mapku K8 Ha peraax-
HBIX IDTA(OBATEHO-TIOUPOBAILHBIX CTAaHKAX ¢ One-
HUeM ux mmmHaenei ot +3 go £9 mxm. KonTpoms
TOYHOCTH OTIIOJIMPOBAHHOW TIOBEPXHOCTU NETaH
BBITIOJHSUIA  TTOCPEACTBOM H3MEPEHHUS MECTHOMU
(;oxanbHOI) morpemHocTd AN (BeTHYMHA OTKIIO-
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HeHHsl MHTep(EepEeHIIMOHHOTO Koyblia HeloToHa OT
MPaBUILHOM T€OMETPHUUECKON (OPMBI, JEIeHHOM
Ha WIMPUHY A3TOTO KOJIbIIA) HA UHTEphEepoMeTpe
KUI-35/RME-500.

B mnporecce monupoBaHus JETamd U3MEHSUIH
(YMeHBIIIaM) 9acTOTy BpAIleHUs IITHH/IES CTaH-
Ka My, C 3aKPEIUICHHOW Ha HEM JACTalbI0 N0 JO-
criokennst AN = £0,10, 4TO COOTBETCTBOBAJIO MHK-
POHEPOBHOCTSAM Ha 0O0pabOTaHHOW ITOBEPXHOCTH
BenmunuHOM +0,25 MKM.

IlommyueHHble pe3ysbTaThl UCCICAOBAHUM, MpE.-
CTaBJICHHBIE B TaOJ. 3, TIO3BOJISIOT BBISIBUTH MakK-
CHUMAJTBHO JIOIYCTUMYIO YacTOTY BpAIlleHHUs IIITHH-
JIeJisl CTaHKa B 3aBHCUMOCTH OT BEJIMYHMHBEI €ro
Oouenus. [IpudeM, Kak OKa3auoCh, C YBEIMYCHUCM
JMaMeTpa JIMH3bI JOMyCTUMAasi 4YacTOTa BpAIICHUS
IITAHJENS, HE3aBUCUMO OT BEJIMYMHBI €T0 OMeHus,
YMEHBIIAETCS.

Tabauya 3
I[Ol'[yCT](IMble 3HAYCHHUA YACTOTHI BPAIlCHUSA
INIMHHIEIA CTAHKA ®,,; B 3ABUCUMOCTH OT BCJIMYUHBI

ero OueHuii A,,,, AMamMeTpa geTanau d, 1 TOYHOCTH
PannycoB KPMBU3HBI €€ HCMOJTHUTEILHBIX MOBEPXHOCTEl AR

Admissible values for rotational rate of machine
tool spindle ®,,, according to its wavering A,
working piece diameter d, and accuracy in curvature
radius for its executive surfaces AR

d,, MM AR, MKM Ay, MKM ™y, ¢!
3 4,8
+0,25 6 3,8
9 34
+3 6,8
30-50 +0,50 +6 6,2
19 5,2
+3 10,4
+1,00 6 9,88
+9 7,81
+3 3,2
10,25 +6 2,8
19 1,8
+3 4,9
50-80 10,50 6 4,2
19 3,6
3 7,7
+1,00 16 7,2
9 6,1
+3 2,7
+0,25 6 2,7
9 1,5
3 3,9
80-120 10,50 6 3,6
9 3,2
+3 6,8
+1,00 +6 6,2
9 5,5
398

SKCHepl/IMeHTaﬂbele HCCJICA0OBAHUA

J171st IpOBEPKH BBIIEU3I0KEHHBIX PE3YJIbTAaTOB
pacueTa IPOBOAMINCH 3KCIIEPUMEHTAIbHBIE HC-
clleioBaHMs Tpolecca 00pabOTKM BBIMYKION TO-
BEPXHOCTH JIMH3BI pagnycoM KpuBH3HbI 120,85 MM
Ha JTane OCHOBHOTO IIIM(OBaHMS M Ha CTaauu
nonupoBaHus. lcmonb3oBamuch NOIMPOBATIBEHO-
noBoiouHble cTaHku Moaenu 6I1J1200 (otmensHO
Ut TUTA(OBaHUS | TTOIMPOBAHUS) C aBTOMAaTHYe-
CKOW Topadell paboueil CycneH3WH, B KauecTBe
KOTOpO# uis UuTMQoBaHUA IMpHUMEHsIach adpa-
3MBHasl CyCIIEH3usl O€J0ro 3JEeKTPOKOpYyHIa 3ep-
HUCTOCTBI0O M20 B cooTHOImeHHH TBepaoi (aspr T
K kuakon XK 1:5, a monupoBaHHUE BBIMTOIHSIIOCH
cycneH3uel monupuTa (ABYOKHCH LIEpHs) cocTa-
BoM T:K = 1:10. B xadecTBe HHCTPYMEHTOB CITy-
KU YYTYHHBIH OUTH(QOBATBHUK U TIEHOTOJIHYpe-
TAQHOBBIM IMOJMPOBAIBLHUK (TICHOMOJINYPETAHOBAS
IJIEHKa TOJIIMHONW 1 MM, HaKJIeeHHas: Ha METaJlIH-
yeckuil kopmyc). s moanmepikaHus HCXOTHOU
BEJIMYMHBl paguyca KPUBH3HBI WHCTPYMEHTOB
MPUMEHAJINCh TPEIBAPUTENPHO HANKEHHBIE al-
MasHble MPAaBWJIBHUKN B BHJE I'pUOOB C HaKJIIEECH-
HBIMH QJIMa30COJIEPKALIIMHU DJIEMEHTAMH U3 CHH-
terndeckoro anmmaza ACM 200/160 ma memHOI
CBSI3KE.

B npornecce mummgoBaHus ¢ MOMOIIBIO KOJbIIE-
BOro cepomerpa ¢ MHKPOHHBIM HHIUKATOPOM
YacoOBOTO THIIA HM3MEPSUIM CTpeNKy Imporuda #
U omnpeneisuid Benwduny Ak = h—h,, toe h, =

=R, —d /4 — crpenka mporuGa BBITYKION che-
pUYECKON MOBEPXHOCTH HOMHHAJIBHBIM PaJHyCOM
kpuBu3HBI R, = 120,85 Mm; d = 90 MM — BHYT-
peHHul mguamMeTp Kosblma cdepomerpa. Ilepen
HAYaJiOM KaKIO0To IMKiIa NuindoBaHUS 0Oecredn-
Banu Ak = 15 MKM B BUJI€ TOTPEIIHOCTH OOIIEH
«SMBI». 3arOTOBKY C TaKOW MOTPEIIHOCTHIO IUIH-
doBanu 15 MuH npu pabouem gasmernn 90 r/cm’,
a M3MEepeHHe /i BHITIONHIN TPU pa3a W HaXOIHIH
ee cpeJHee 3HaueHHe.

JlokaneHyto mnorpemHocTs AN onpeaensiu
¢ momosto uaTEephepomerpa KUI-35/RME-500.

Pe3ymprarel AKCHEpHMEHTANBFHBIX HCCIIEN0BA-
HUH MpuBeneHsl Ha puc. 6, 7. Ha puc. 6 nmoka3aHsl
3aKOHOMEPHOCTH U3MEHEHHsI A/l B 3aBUCIMOCTH OT
MIPOJIOJDKATEILHOCTH 00pabOTKH ¢ Il KOMOH-
HallM¥ HAJIQJ0YHBIX MapaMeTpoB L, wy; K, 0, u K,
d, (xpuBBIe cOOTBETCTBEeHHO 1, 2 1 3). Jlns mepBoit

Hayka
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13 OTUX KoMOmWHanmii Ah 3a Bpemst o0paboTKH W3-
MEHHUJIOCh Ha 12 MKM, IS BTOPOW — Ha 8§ MKM,
a Juid TpeTbed — Ha 5 MKM. OTO 3HAYWT, 4TO IpHU
BEJIMYMHE aMIUTUTYAbI KoJieOaTeNbHbIX BHKCHUH
WHCTpyMeHTa L = 85 MM u 85 JBOWMHBIX €ro XO/I0B
B MHHYTY (m, = 8,5 ¢ ') HHTEHCHBHOCTH CheMa
NpuUIycKa camas BbIcOKas (kpuBas 1), a B ciryuae
xombunarmn K = 0,88 u m, = 8,5 ¢ ' Habmona-
eTcs CpedHsAs NPOM3BOAMTENBLHOCTH (KpuBas 2).
OTU JaHHBIE COTJIACYIOTCS C pe3yJbTaTaMH 4HC-
JICHHBIX WCCIIEIOBaHWH, MPUBEIEHHBIX B TaOu. 1
(xononku 1, 6, 10).

15

1 1 |
0 2 4 6 8 10 ¢ mun 14

Puc. 6. 3aBUCUMOCTb OTKJIOHEHUS CTPENKU Iporuda Ak
0T BpeMeHU 00pabOTKH ¢ IPH CIICIYIONIMX 3HAUYCHUSIX
HaJlaI0YHbBIX IapaMeTpoB cTaHka: L = 85 MM, m, = 8,5 c’l,
d,=82mm, 0,=6,0c, K=0,76 (1); K=0,88, ©,=8,5¢ ",
L =60 mm, d,=82 MM, 0,= 6,0 ¢ (2); K= 0,88, d,,= 94 mm,
©,=6,0c,L=60Mm 0,=4,5¢" (3)

Fig. 6. Dependence of maximum deflection Ak
on processing time period ¢ at following values of machine
settings: L = 85 mm, @, = 8.5 s, d, =82 mm,
0,=6.0s", K=0.76 (1); K=0.88, ®,=8.5s7",
L=60mm, d,= 82 mm, ®,=6.0 ! (2); K=0.88,
d,=94 mm, ®,=6.0s",L=60mm, ®,=45s"(3)

0,6} °
AN, o.e.
0,5+

04}

03

0.2

0 5 10 15 20 ¢ mun 30

Puc. 7. 3aBHCUMOCTD JIOKaIBHOH morpemuoctd AN
0T BpeMeHU 00pabOTKH ¢ IPH CIICIYIONINX 3HAUYCHUSIX
HalaI0dHBIX [apaMeTpoB cranka: ,=7,0 ¢ ', @,=0,5¢ ' (1);
®,=50c! @0,=25c¢"! 2); ®,=5,0 chom=75¢" 3)
(L =60 mm, d, =82 mm, K=0,76 — 11151 Bcex cllydacB
Fig. 7. Dependence of local error AN on processing
time period ¢ at following values of machine settings:
0,=7.05", @,=05s"(1); ©,=5.05",
®,=255"(2);0,=50s", 0,=7.55"(3)
L=60mm, d, =82 mm, K=0.76 — for all cases

Hayka
wrexHuka. T. 17, Ne 5 (2018)

N3 sKcniepuMeHTAbHBIX KPUBBIX Ha puc. 7
CJIeIyeT, YTO MPU KOMOWHAIIMH YaCTOT BPAIICHUS
JHH3BL ©; = 7,0 ¢' ¥ BXOIHOTO 3BEHA HCIIOJIHH-
TEILHOIO MEXaHHM3Ma CTaHKa o, = 0,5 ¢! ucxon-
Hasl TIOTPEIIHOCTh Ha TIOBEPXHOCTH JIMH3bI AN = 0,2
mmensercs Ha 0,1, mpu o, = 5,0 c'uw=25¢"
Ha 0,2, a B ciiydae @, = 5,0 cluw= 7,5 ¢! po-
HCXOIIUT CaMoe€ CYIIECTBEHHOE WM3MeHeHue AN —
Ha 0,4. OTO 3HAUWT, YTO Hamboyiee TOUHAs oOpa-
0oTka (TIOTMpPOBAHKME) MOXKET OBITh JIOCTHTHYTA
B TIEPBOM M3 OTMEUEHHBIX KOMOWHAITMH ) U O,
a caMasl HU3Kas — B TPETheH, YTO YIOBIIETBOPH-
TETLHO KOPPEITUpYyeT ¢ pe3yiabTaTaMH YHCIICH-
HBIX UCCIICJOBAHU, TPUBEACHHBIX Ha puc. 3d (ToY-
ku 4, B, C).

BbIBO/IbI

1. IIpoBeicHHBIE YUCIIECHHBIE HCCIEIOBaHUSA
00paboTku chepudeckux MOBEPXHOCTEH OINTHYC-
CKUX JIETAJICH 10 METOAY CBOOOIHOTO IPUTHPAHUS
MO3BOJIVJIM BBISIBUTH, YTO TPH YIPABJICHUU IPO-
meccoM (opMooOpa30BaHUsI TOCPEIACTBOM H3MeE-
HEHUS YaCTOT BPAIICHUS JIMH3BI O; U BXOJHOTO
3BeHA KCIIOJIHUTENBHOTO MEXaHW3Ma CTaHKa )
JIOCTHYb BBICOKOM TOYHOCTH MCIIOJIHUTEIBHOM MO-
BEPXHOCTH JETaIH HE MPEICTABIAECTCS BO3MOXK-
HBIM, OCOOCHHO B CITy4ae ®; = ®, MPH JIOOBIX UX
3HAYEHUSIX.

2. Pacuersl mokazanu, 4TO HaWBBICIIAS TOY-
HOCTh OOpa0OTKH ITOCTHTACTCS TIPH MaKCHMalTh-
HbIX 3HAQYCHUSAX AaMIUIUTYIBl KOJIEOATEIHHOTO
JBIOKCHUS. HHCTPYMEHTA, €0 TUaMeTpa U 4aCTOThI
BpAlllCHUS JIMH3bI 1 MUHUMAJILHBIX 3HAUCHUSIX Ya-
CTOTHI BpAIlleHUs] BXOJHOTO 3BEHA HCIIOJHUTENb-
HOTO MEXaHW3Ma CTaHKa ¥ OTHOIICHHS YacTOTHI
BpallleHHs WHCTPYMEHTa K YacTOTe BpallleHUs
JIMH3BL. A IMOCKOJIbKY TaKHW€ 3HA4YCHUA JaHHBIX
HAJIAQJOYHBIX MapaMETPOB MPUBOIAT K YCUIECHHO-
My CbEMy TpHUITyCKa B KPacBOW 30HE 3arOTOBKH,
pu 00pabOTKe BBIMYKIION TOBEPXHOCTH JIMH3HI €
paanyc KPUBHU3HBI HAa KKIAOW MPEIIIECTBYIOIICH
ofieparfii JIOJDKEH OBITh OOJNBINE 1O CPaBHEHHIO
C paJinyCOM KPHMBH3HBI, KOTOPBIA HEOOXOIUMO TIO-
JIYYUTh Ha TOCJIEAYIUX onepanusax. g Boruy-
TOI MOBEPXHOCTH JOJHKHA COOI0aThCsl oOpaTHas
3aKOHOMEPHOCTh 3HAYCHHUN panyca KPUBU3HBL.

3.1lpu SKCIEPUMEHTATHHOM UCCIIEAOBAaHUU
BIUSHUS TUHAMUYECKON COCTABISIOIIEH MOTper-
HOCTH OOpa0OTKM JIMH3 Ha PBIYAXKHBIX HUTH(O-
BAJIbHO-TIOJIMPOBAJILHBIX CTaHKax YCTaHOBJICHO,
YTO C YBCIMYCHUCM JUaMETpa ACTAIN JOIIyCTUMAasd
4acToTa BpAlICHUs IIMUHAENS CTaHKa C 3aKper-
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JICHHOM Ha HEM 3aroTOBKOM, HE3aBUCHUMO OT BEIIH-
YUHBI €70 OWCHUS, YMEHBIITACTCS.

10.
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Pedepart. B craThe paccMOTpEHBI ANTOPUTMBI IIOMCKA MAKCUMAIBHOTO 00beMa JIBIKSHUSI TOPOXKHBIX TPAHCIIOPTHBIX CPEICTB
B CBETO()OPHOM IIUKJIE MPHU PACIPEEICHHOM HMITYJIbCe HHTEHCHBHOCTH U ONTHMHU3ALUK CIBHIOB IIPH KOOPAUHUPOBAHHOM
pEryIUpOBaHUH JBIKEHUsS] TPAHCTIOPTHBIX NTOTOKOB. BEINOIHEHO MOEMMpOBaHUE TPAHCIOPTHBIX MOTOKOB C MCIOJIb30BaHU-
€M pa3paboTaHHON aBTOpPaMHM KOMIBIOTEPHOH MPOTPaMMBbI, YTO TTO3BOJIMWIO MOBBICHTE 3(P(EKTHBHOCTE YHPaBICHUS TOPOXK-
HBIM JBIDKEHHEM 3a CUET y4eTa paclpe/ieNIeHHOTO UMITYJIbCa HHTEHCHBHOCTH TpaHcmopTa. [IpemioskeHna Momens st MUHH-
MH3alUU CYMMapHBIX IOTEPh B JOPOKHOM ABHKEHUH NP UHTETPAllMU MOACUCTEMBI KOHTPOJIS HHIMICHTOB U MapIIPYTHOTO
OpPUEHTHPOBAHUS M ABTOMATH3MPOBAHHOW CHCTEMBI YIPABIEHUsS JOPOXKHBIM JBIKCHHEM B COCTaBE HHTEJJIEKTYaJIbHOH
TPaHCHOPTHOM CHCTEMBI I. MUHCKa, KOTOpasi HCCIIeIoBaHa B KauecTBE HHCTPYMEHTA JJIsI MOJICIIPOBAHUS CHCTEMBI aBTOMa-
THU3UPOBAHHOTO TPOEKTHPOBaHMS «MarucrpaisHoe ympasieHHe». Mojenb, MUHHUMH3HPYIOMAs 3aJep>KKH aBTOMOOWIIEH,
HCIIONBb3YeT AJITOPUTM pealu3alliy MO MapaMeTpaM MHTEHCHUBHOCTEH TPaHCIIOPTHHIX MOTOKOB B 3aBHCUMOCTH OT BPEMEHHU
CYTOK, THell Henenu. B pe3ynbrate MoIearpoBaHus BBIABICHO, 4TO Hanbosee 3G heKTHBHBIM MapaMeTpoM sIBISeTCs MOKa3a-
TeNb 3aJep>KeK aBTOMOOMICH, KOTOPHI He BCErJa yIOBIETBOPSET BOJAUTENCH, CTPEMSIINXCS BEIOMPATh MApIIPYTHl CBOETO
JIBIDKEHMS UCXOJS U3 MUHUMAJIBHOM ckopocTu cooOmeHus. OIHaKo, C TOUKU 3PEHUS YIPABIEHUs UHTEIUICKTYaJIbHON TpaHc-
MOPTHOW CHCTEMOH, HEOOXOAMMO BBIOMpPATh MapaMeTpbl C y4eToM TpeOOBaHMI MUHHMH3ALMU 33JEPXKEK Ha YIUYHO-
JOPOXKHOM CeTH KPYIHEHIIero ropoja Hamel cTpansl. [IpeqioxKeHHbIe anropUTMBI U MOJEIH MIPUMEHSIOTCSI B aBTOMAaTU3H-
POBaHHOI cHCTeMe YIpaBIeHHs AOPOKHBIM JIBIDKEHHEM ropoja MuHCKa U OyZyT HCIIOIBb30BaHBI IIPH CO3JAHUH LIEIOCTHOM
UHTEIJIEKTYaJIbHON TPaHCIIOPTHOM CHCTEMBI FOpPOJa.

KiroueBbie €10Ba: JOpOKHOE ABWKECHHE, YIIPABICHUE IBU)KCHHEM, allTOPUTMBI YIIPAaBICHUs, aBTOMAaTU3UPOBAaHHAs CUCTEMA
YIIpaBJICHHS OPOXKHBIM JBHKEHHEM, MHTEIUICKTyalbHasi TPAHCIIOPTHAsI cUcTeMa, 3P (EeKTHBHOCT, Ka9eCTBO, KOOPAUHUPO-
BaHHOE PETYJINPOBaHUE

Jns murupoBanusi: Kanckuii, /1. B. YnpapieHue B MHTEUIEKTYalIbHOM TpaHCIOpTHOU cucteme . Muncka / J1. B. Kanckuii,
. B. Hagoii, I1. A. Ilerun // Hayxka u mexuuka. 2018. T. 17, Ne 5. C. 401-412. https://doi.org/10.21122/2227-1031-2018-17-
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Control of Intelligent Transport System in Minsk
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YBelarusian National Technical University (Minsk, Republic of Belarus),
?Saint Petersburg State University of Architecture and Civil Engineering (Saint Petersburg, Russian Federation)

Abstract. The paper considers algorithms for searching a maximum traffic volume of road vehicles in a traffic light cycle
with a distributed intensity pulse and optimization of shifts under coordinated traffic flow control. Modeling of traffic flows
have been made while using a computer program developed by the authors and it has made it possible to improve efficien-
cy of traffic management by taking into account the distributed pulse of transport intensity. The paper proposes a model
for minimizing total losses in road traffic during the integration of an incident control sub-system and route guidance for
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and an automatic road traffic management system as part of Minsk intelligent transportation system which has been studied as
a tool for modeling a computer-aided design system "Backbone management". The model that minimizes vehicle delays, uses
an algorithm implementing traffic flow intensity parameters depending on the time of day, days of the week. As a result of the
simulation it has been revealed that the most effective parameter is an indicator of vehicle delays which does not always satis-
fy drivers trying to choose routes of their traffic which are based on a minimum transportation speed. However, from the point
of view of managing an intelligent transportation system, it is necessary to choose parameters based on the requirements for
minimizing delays on the road traffic network of the largest city in our country. All the proposed algorithms and models are
used in the automatic traffic management system of Minsk city and will be used while creating an integrated intellectual

transportation system of the city.

Keywords: road traffic, traffic management, management algorithms, automatic traffic management system, intelligent trans-

portation systems, efficiency, quality, coordinated regulation

For citation: Kapskiy D. V., Navoy D. V., Pegin P. A. (2018) Control of Intelligent Transport System in Minsk. Science and
Technique. 17 (5), 401-412. https://doi.org/10.21122/2227-1031-2018-17-5-401-412(in Russian)

BBenenne

IMpenocraBnenne MHGOPMAIMU O PEKOMEHY-
€MOM MapuipyTe CIeJOBaHHUS — UHCTPYMEHT BIIUS-
HUSI Ha MOBEICHHE MOJb30BaTenei. OnTuMu3anus
MapuipyTa MOKeT WATU 110 Pa3jIn4HbIM Iapamer-
paM (BpeMsi COOOIIEHMS IO MApUIPYTY, 3aACPKKH
Ha ynuuHO-nopoxHoi cetu (Y C), onTtumanbHOe
MOJIOKCHUE CHCTEMBI ¥ ONTUMAIIbHBIE TTapaMeTphl
JUTs TIob30Barens). CucteMbl KOHTPOJISI MHIIUICH-
TOB M MapIIPYTHOTO OPUEHTHPOBAHUS MOTYT OBITh
UCIIOJIb30BaHbl B MOBCEAHEBHBIX YCIOBUSAX JO-
POXKHOTO JIBUYKEHUSI, & OCOOCHHO TPH HHIHJICHTE.
B cnyuae uHIMOEHTa MOIB30BATENH H3BICKAIOT
HETIOCPEACTBECHHYIO BBITOAY OT HCIHOJIb30BAHUS
cuctemsl [1-3]. CyliecTByOT TpU crocoba Mmojy-
YUTh UHPOPMAIHIO O TIPEANOoIaracMoM MapiipyTe,
[0 KOTOPOMY IOENEeT MOib30BaTenb. llepBblii —
nepes Moe3 KO JIoBeieHre HHPOpMaIiH, Hallpu-
Mep, TOCPEICTBOM Pajivo, TeleBHeHus Wiu MH-
TepHeTa. Takum 00pa3oM, MOJIb30BATEINb MOTyYaeT
uHpOpManuo, ee OOHOBJICHHWE U IUIAHHUPYET
MapuIpyT JABMKCHHUS, B TOM YHCJIE C OTKa3oM OT
UCIIOJIb30BaHMS JIMYHOTO TPAHCIOPTa B IOJB3Y
obmmecTBeHHOT0. BTOpO#i ciocod — 3to mHpOpMa-
UOHHBIE AIIEKTPOHHBIE TA0NO0 (AMHAMHYECKIE WH-
(hopMaIMoHHBIC Ta0JI0), OTOOpaKaroIIUe HHPOP-
MAaLH0 O MapIIPyTe B CTPATErMYECKH BaYKHBIX TOY-
kax YJIC [4-6]. Tperuii ciocod — peKOMEHIAIHH,
KOTOpBIE JOBOJATCSA 1O IOJIb30BaTelel Mmocpen-
CTBOM OOpPTOBBIX CUCTEM HAaBHUTAIIMH aBTOMOOWMIIEH
win ¢ noMouso cmaptdonos. Ilomumo nenu co-
30aHHUSI CHUCTEMbl OPHUEHTHUPOBAHHUS, €CTh TaKXKe
pasiuyHble TUNBI cTpaTeruid. MrepatuBHas cTpa-
TErysl OCYILECTBIISICT IOBTOPHBIM IpOLECC MOJE-
JMPOBAHUS I JOCTHKCHUSI ONTUMAIBHBIX LieJIel
(mubo cucTeMbl WM ONTHMAJbHBIX MOJbh30BaTE-
nieit). DTOT MOIXO0J MOKET OBITH BBEIICH B MOJICITh
MHTEJUIEKTYalbHOro ympasieHua. Ero Ttpyano
NPUMEHATh Ha MPAKTHUKE Ui ONepanuii B pealib-
HOM BPEMEHHM, TaK KaK TpeOyeTcssi MHOI'O BBIYHC-
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JieHni. Jlpyroi TMO — rpynna OJHOPa3OBbIX CTpa-
teruii. B 3TOl Tpymnme HaXomsTCS pPEaKTUBHBIC
MOAXOJbI YIPABIEHUS Wi (PeKe) MPOTHO3HBIC
OAX0bI (TJIE MOZENb MUCTIONB3YETCs /ISl TIPOTHO-
3UpOBaHUA B Onrpkaimem Oymymem) [1, 7].

IIpennaraemoe penienne NpooJeMbl

IIpocreiiliiee npaBUIO TPUHATHS PEIICHUNH —
BBIOOp Kpardaimero mytu [8]. B OompmmHCTBE
CllyyaeB PacUIMPEHHE HCIOJIb3yEMBIX MapLIPyTOB
sIBIIIETCSL OoJiee 3PPEKTUBHBIM IOAXOJIOM, KOTO-
pBIi MOJKET OBITH JOCTHTHYT C TMOMOIIBIO CTOXa-
CTUYECKUX MOJEJEH, OCHOBAHHBIX Ha CIy4yailHOU
nonesHo Moxenu. IlonuHOMUMAanbHAs JIOTUT-
Mozenb [9] MOXeT WCHONB30BaThCs I BhIOOpa
anbTEpHATUBHOIO MAapIIPyTa, €CIM OH HE3aBHCHUM.
OTOT METOX yYUTHIBAET, YTO MapUIPyT MEHEe BbI-
paXkeH, €ClIU CChUIKM MCIONb3YIOTCS TaKke B ApY-
ruxX Mapmpyrax. Mogmenb «c-morut» [9] nmemaer
MofoOHYI0 Bellb C TMOMOIIBID KO3 QUIIEeHTa
OOIITHOCTH.

Cy1ecTBYIOT pa3iMyHbIe CTPAaTEerny yIpaBiie-
HUS JTOPOKHBIM JIBW)KEHHEM: Ha JIOKAbHOM, Ma-
THCTPaJbHOM M CEeTeBOM YpoBHsX. [ odmaifH-
YIpaBIEeHHsI CEThIO IIMPOKO HCIIOIB3YETCS MOIEIb
TRANSYT [10], xorma 3apaHee mo CTaTUCTHYE-
CKMM JaHHBIM pPa3padaThIBAIOTCS TUIAHBI KOOPIH-
HalMu. B pexxume peajsbHOr0 BpeMEHW U C HC-
MOJIb30BAHUEM AJAITUBHOTO YIPABJICHUS HIMPOKO
m3BecTHbl Takue wmojenu, kak SCATS [11] u
SCOQT [12], xotopsle pa3paboTaHsl U anpoOUPO-
Banbl B 70-¢ u 80-¢ rr. mpomnutoro Beka. [dpyrue
aHaJIOTMYHbIE, HO HE YaCTO MCIOJIb3yeMble, CHCTe-
mel: OPAC [13], ¢dpanmysckas PRODYN [14],
ntanpgackas UTOPIA [15], ucneiTanHas u wc-
monk3yemMasi B HEKOTOPhIX roponxax EBpombl,
RHODES [16]. SCATS u SCOOT npumeHstoTcs
BO BCEM MHpE, a JIpyTrue CHUCTEMBl Pea3yIOTCs
TOJIBKO B HEKOTOPBIX TOPOAAaX W B OCHOBHOM MJIS
TeCTHpPOBaHUs. PacmupeHHBI 0030p JTOKaTHHBIX
W CETeBBIX CTPAaTErwil YIpaBIEHUS IPECTaBICH
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B [17], roe Takxke TpemioKeHAa HOBas CTPATETHS
yIpaBJIeHUsT HA OCHOBE MYJIBTHATEHTHOTO TOIXO-
na. PaccMoTpum mpo0iieMy MHTErpaldy CUCTEMbI
YOPABJICHUS] JAOPOKHBIM JBUKEHUEM U CHCTEMBI
MapIIpyTHOTO OPUEHTUPOBAHUS U HABUTAIIUH.

OnHOM W3 MHTEPECHBIX KOHIICTIIINN B3aWMOJICH-
CTBHUSI CUCTEMBI YIIPABJICHUS JOPOXKHBIM JIBHDKCHUEM
¥ CHCTEMBI MapIIPYTHOTO OPHEHTUPOBAHUS U HABH-
Taluy SIBJISICTCS KOHIICTIIUS «O00PaTHOTO JIABJICHUS)
(Taroke U3BECTHAA KaK «MaKCUMallbHOE JIaBICHUCY,
«MaKCHUMaJIbHBIA BECY», «MaKCHMAaJbHAas MPOU3BO-
JIUTEIBHOCTDY, «MaKCUMAaJILHBIN TIepena OTCTaBa-
Hus») [18]. Tlonaras, 9ro momb30BaTeNy HamNpaB-
JISFOTCS U3 TIYHKTA OTIIPABIICHUS B MyHKT Ha3HaYe-
HUS TIOCPEACTBOM PAIUOCETH, Tpearnoaraercs,
YTO B JIFOOOM y3JI€ CEeTH, MPE/ICTABICHHOW B BHUJIEC
OPUEHTHPOBAHHOTO Tpada, KIUSHTHI MOTYT BOW-
TH Ha CEpBEp W TOIYYHTh MApPIIPYT JIBUKCHHS.
CymectByer mpoOiieMa KOHTPOJS ONTHMAaTbHOU
MPOIYCKHON CIIOCOOHOCTH, U KPOME TOTO, COCTOSI-
HUE CETH JOJDKHO OBITh cTaOwmibHBIM. KOHTpOIB
«o0paTHOTO JaBJICHUs», KaK IPaBUIO, COCTOMUT
13 Habopa KOHTPOJUIEPOB, KaKIBIA W3 KOTOPBIX
OTHOCHUTCA K y3nmy B cetu. llepekpectok moxer
YIPaBIATECST  KOHTPOJUIEPOM  «OOpaTHOTO  JiaB-
JICHUsD», KOTOPBHI ONTUMH3HUPYET CBOIO PadOTy IO
MUHIMHU3AIUA TTApaMETPOB JTOPOKHOTO JIBIKCHUS B
COOTBETCTBHH C 33JAHHBIMU AJITOPUTMAMU. ITO MOA-
YEPKUBAET JECLUEHTPAIN30BAHHBIN MOAXO/ K YIIPaB-
neHuto. TUMWYHBIN aNropuT™M «OOPAaTHOTO JIaB-
JICHUs» TIPENICTABIAeT COOOW pa3HUIy MEKAY
TPAHCIIOPTHOM HArpy3Kou, HAYIIEH K IEPEKPECTKY
W BBIXOJAIIEH C Tmepekpectka. [pyroit monaxon
npemiaraeres B [19, 20], roe paccMarpuBaercs
TOJILKO TPAHCIOPTHBIM MOTOK, BEIYHIMH K Tepe-
KpECTKY.

AnroputM «00OpaTHOTO IaBJICHHS) OOECIeUH-
BaeT MAaKCHUMAJIbHYIO TPOITYCKHYIO CIIOCOOHOCTH
KXJIOTO y3j7a U CeTU B LEJIOM MNPU HHTETPAIUU
CHCTEMBI YTIPAaBICHUS JOPOKHBIM IBHKCHHEM U
CHCTEMBI MapIIPyTHOT'O OPUEHTUPOBAHUS U HABU-
ramu. W XoTs anroputM «oOpaTHOTO JaBIIEHUS
MIPUMEHSETCS IS YIpaBiIeHus paboToit cBeTodo-
poB [21-23], ogHaKO OH MPaKTUYECKU HE UCIOJb-
30BajIiCsl JJII CHCTEMBl KOHTPOJII HWHIUACHTOB W
MapIIpyTHOTO OPUEHTHPOBAHUSI.

Co3nanue Mojesn
BTOPOT0 YPOBHS YIIPABJIEHUsI

HpezmaraeMaﬂ MOJCJIb BTOPOTO YPOBHS OCHO-
BaHa Ha peajn3alui [ABYX aJIIrOpUTMOB: IIOHMCKa
MaKCHMAJIbHOro 00beMa ABMKCHHA B IUKIIC IIPpU
pacnupe€acIi€HHOM UMITYJIbCE NHTCHCUBHOCTH U OIl-
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TUMH3AIUN CABUTOB TPH KOOPJIUHHPOBAHHOM pe-
T'YJIMPOBaHUH.

HoBu3na anroputma mHoMCKa MaKCHMaJIbHOTO
o0beMa JABIKEHHS B LHUKIIE MPU PaclpeleIeHHOM
HUMITYJIbCE MHTEHCUBHOCTH 3aKJIIOYAETCs B UCIIOIb-
30BaHMU JJI PACUYCTOB MPOJODKUTCIHHOCTH ITUK-
Jla ¥ pa3peliaroNiero CUTHaJIa TaKoro mapamerpa,
KaK HMIYJIbC WHTEHCHUBHOCTH, paClpeeIICHHbIH
B IIUMKJIE PETYJIHPOBaHUA. A «IIaBarolas TOYKa
JlaeT TPEJCTABICHHE O CIBUTe Hayaja BKIIOYCHUS
pa3pelianero CurHana He TOJNBKO B CTPYKType
IUKJIa, HO ¥ MO OTHOIICHUIO K COCCHUM PEeryJi-
PYEMBIM MEPEKPECTKaM, YTO MO3BOJSIET MOJCIH-
pOBaTh MPUXOJ «HAYKW» K HAM U MUHHMH3AIUIO
IMOTEPL HAa MarucCTpaiu. I/IMHyJ'H)C HMHTCHCHUBHOCTH
BUIOU3SMCHACTCA Ha IMPOTKCHUU Bcel MarucTpa-
. Ha meperoHe Benu4mMHa 3€JI€HOTO CUTHAJA Tie-
pPEKpecTKa, ¢ KOTOPOrO CTapTOBal TOTOK, YiKe
BTOPHYHA, U HEOOXOIUMO PaccMaTpUBaTh ABE Ta-
KH€ BEJIMYMHBI, KaK IIAPUHA JICHTHl BPEMEHH IS
KOOPAMHUPOBAHHOI'0 PEryJIMPOBaHUS M MHPOLOII-
KHUTEIFHOCTh Pa3pellafoliero CUrHajia Juisl mepe-
KpecTKa, K KOTOpPOMY NPHOBIBAET TPAaHCIIOPTHBIN
noToK. OU3NUECKH NETEeKTUPOBAHUE MMITYJIbCA HH-
TEHCHBHOCTH B KaXIIOM CEUYEHHH BO3MOXKHO C HC-
MOJNB30BAaHUEM  Paslap-ACTEKTOPOB, CIyTHUKOBOT'O
MOHHUTOPUHTA. BO3MOXKHO NpUMEHEHHE MOJIEIH C
ycraHoBko# Bluetooth-nerexTopos.

OnuceiBaeMBI  aITOPUTM TIpeIIaraeTcsi Hc-
MOJIb30BaTh B aBTOMATH3WPOBAaHHOM cHCTEMe
yrpaBieHus AopokHBIM nBmwkeHneM (ACY /1)
PpU KOOPIUHUPOBAHHOM PETYIMPOBAHUH TPETHETO
okosieHus (ympaBiieHHe B PEaJlbHOM MaciiTade
BpeMeHH). OYHKIMSIMUA alropuTMa ONTUMH3ALUU
C/IBUTOB SIBIISTIOTCSI aHAJM3 ONTUMAILHOCTH CJIIBH-
roB u Monudukanus 0a30BOro IMjaHa KOOPIH-
Hary. VICXOJHBIMH JIAaHHBIMH CITyXKaT: HOMeEp
MCXOJHOTO (0a30BOTr0) IUIAHA KOOPIWHAIIMH; HM-
MyJIbCHl HHTEHCUBHOCTH IO MEPEeroHaM MarucTpa-
71, HOoMep JopokHoro koHTpodepa ([K); Bpems
BKJIFOUEHUS ONTUMHU3UpyeMoi ¢asel Ha 3ToM K
u Homep JIK, OoTHOCHTENBHO KOTOPOTO ONTHMH3H-
pyercs Bpems BkirtodeHus (assl (Bxomnoit [1K).

[Ipu pabore B ACY/JJl anroput™m onTuMm3a-
UM CJBHIOB 3aIyCKAeTCs HEMOCPEICTBEHHO C aB-
TOMATHYECKOro paboyero Mecta JUCIeTYepa.
OnTuMu3aluy MOJBEpPraeTcsa TEeKYIUH IIaH Ko-
OpAMHAINYU TI0 00BeMy MOTeph. Peanuzanms anro-
puT™Ma BO3MOXHA TOJIBKO IpW HAJIWYWK Ha TICpHU-
(bepuiiHOM  ypOBHE JETEKTOPOB  TPAHCIIOPTA.
HaubGonpmas 3¢¢exkTuBHOCT, AOCTUTAETCS TpPH
YCTaHOBKE JECTEKTOPOB TPAHCIOPTA B KIFOYEBBIX
TOUYKaX YJIMYHO-TOPOXKHOH CETH C Y4eTOM TpaHc-
MOPTHO-TIEIIEXO0JHON HATPY3KHU.
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Peanuzanus anroputMa ONTUMHU3ALMU CIBU-
rOB IIPU €ro NPUMEHEHNH Ha PEalbHBIX O0XEKTax
r. Muncka (ymuuax KapOsimesa, Kammnosckoro,
Bonrorpanckoif) mpu HW3MEHEHHH TPaHCIOPTHOM
Harpy3ky 110 BPEMEHHU CYTOK, AHAM HEIEJH, Bpe-
MEHaM To0Ja TO3BOJMJIA CHU3UTH BEJIUYHUHY
MoTeph OT 3a/EepPXKEK M OCTAHOBOK TpaHCIOpTa
B cpenneM Ha 18 %. Ilo pesynpratam mccienopa-
HUsI PEKOMEHJIOBAaHO HCIOJIb30BaTh aJrOpUTM OIl-
TUMM3ALUU CIBUTOB B NEPHOJ ONBITHOW IKCILTya-
TallMy ¥ TP CMEHE BPEMEH Troja AJsl pa3padoTKu
KapT BpeMEHH W ONTHMHU3AIHMU IUIAHOB KOOPHMHA-
MM B PEaJIbHOM MaclTabe BPEMEHH C LIENbI0 MO-
IrUKaIIH 0a30BBIX TUIAHOB KOOPAMHHPOBAHHOTO
yIpaBieHHS.

BoigenuM coObITHS, BIMSIONIME Ha YCIOBHS
ONTUMM3ALINY:

e IPOrHO3UPYEMBIE COOBITUSI: CTATUCTUYECKU
MOCTOSIHHO BO3ZHHUKAIOIINE COOBITHS (€XeTHEBHbIC
napamMeTpbl TPAaHCIIOPTHBIX TTOTOKOB MPH HOpMaJlb-
HBIX YCJIOBHSX M T. [I.); HE IIOCTOSIHHO BO3HHUKAIO-
e COOBITHS (CTIOPTUBHEIE, KYJIBTYPHO-MACCOBBIC
MEPOTNPHUATHUS H T. 1.);

e BHE3AITHO BO3HUKAIOLINE COOBITHS (MHIHUICH-
to1): ATII, 3atop, peMoHTHBIE pabOTHI, TEppoOpU-
cTH4deckas yrpos3a Ha ydactke YJIC, TexHOreHHOE

npowuctrecTsue Ha ydactke YJIC, yxynamieHue mo-
FOJAHBIX YCIIOBUM, TMOMeXa Ha Mpoe3KEeH yacTu
(memexom, Tpy3 | T. 1.), CTHXUHHOE MacCOBOE Me-
porpusTHe.

Kaxxnpiii THI COOBITHIA, BIUSIONIMX HA YCIOBUS
ONTUMHU3ANNHU, TPeOyeT pa3IUYHBIX METOAOB II0
MOHHUTOPUHTY, HWICHTH()HUKAIMH, MHUHUMU3AIUN
W YCTPAHEHUIO MOCIEICTBHI (B CIIyuae BO3HHUKHO-
BEHMSI MHITHJICHTA).

B crarbe mccienyroTes TpU pa3invHbIe CTPYK-
Typel MOAENu TpeThero ypoBHSA. Ctpykrypa 1
TPEXypOBHEBOM MOJIENH, BHIOUpAOIIAs MapIIpyT
Ha OCHOBE aHaim3a KOod((UIMEHTOB 3arpy3Kd TO-
JI0C, IPEJICTaBlIeHa Ha puC. 1.

TpexypoBHEBass MOJIeib, BRIOUPAOIAsT MapIil-
pPyT Ha OCHOBE aHaian3a KO3 (GUIINECHTOB 3arpy3Ku
noyioc (CTpykTypa 1), peamusyercs CICTyIOIIIM
00pa3oM: TIOTydIeHHE 3aIpoca OT BOAUTENEH 0 HE0O-
XOJUMOCTH JIBIXXEHHS 10 Mapmipyty A—B; pacuer
KpaT4aillero myTH MeXIy Toukamu 4 U B; 3ampoc
Ha pacueT BPEMEHH COOOIICHHS TI0 3arpaliuBac-
MOMY MapHIpyTy; pacueT BPEMCHHU ITUKIIOB, 3a/1ep-
KEK ¥ KOI(PQHUIIMEHTOB 3arpy3KH IOJIOC IS BCEX
PEryIUpyeMbIX TMEPEKPECTKOB MO Mapuipyry 4A—B
(ucronb3yst Mozeib 1); mpoBepka Ko3(HIIMEHTOB

Boautens 1||Bogutens 2

Boguteno N

3anpoc no mapuwpyty A-B

Mogenb 3

PacueT KpaTyaiLero pacctoaHUs OT TOYKM A 40 TOYKK B

Mogenb 1

3anpoc BpemeHu coobuieHna
no mapuwpyty A-B

TOYeK No mapuwpyTty A-B

PacueT UMKI0B, 3aepsKeK, KO3PMUMEHTOB 3arpy3ku (X;) ans Bcex

Pacuet gpyroro Kpatyaniero nymm
OT TOYKM A A0 TOYKKM B

Mogenb 2

HET

fa

KoopauHauma nepekpecTkos No MapLupyTy
A—B, pacueT 3a4epKeK, BpeMeHu coobLieHuns

Bogutens 1 Boautens 2

Bpema coo6u.|,eva

Bogutens N

MNosepgeHue BoguTenei

Puc. 1. Ctpykrypa 1 TpexypOBHEBOH MO/eIH, BRIOMpAOIIas MapIIpyT
Ha OCHOBE aHajn3a K03()(GUIMEHTOB 3arpy3KH MOJIOC

Fig. 1. Structure 1 of three-level model selecting route on the basis of analysis of load lane ratio
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3arpy3Kd MoJIoc Ha ycioBue 2 X/n <1, roe 2X; —
CyMMapHbBI KOA(PGUIMEHT 3arpy3Kd IOJ0C IS
paccMaTpuBaeMOTO HampaBIICHHS, # — KOITUIECTBO
MOJIOC paccMaTpUBAEMOT0 HampaBJICHUs; KOOPAU-
HAIMsl PETyINPYEMBIX TepecedeHuil o Mapuipy-
Ty A—B, pacuer 3aaepikeK, BPeMEHHU COOOIICHUS
(ucmonp3ys Monens 1); moBeneHHE OO MOJIB30Ba-
Tene nHPOPMAIH O PEKOMEHIyeMOM MapIIpyTe
JBWKEHHSI U3 TOYKH A B TOUKY B U BpeMeHH CO-
OOIIeHUs MPU IBMKEHUS [0 MapLIPYTY; OTCIEKHU-
BaHHWE TIOBEJIEHUS BOIUTENEH Ha MpeaMeT UX BO3-
MOYXHOTO JBIKCHHSI HE TI0 PEKOMEHIYEeMOMY
MapIpyTy.

Hns oTciexxuBaHUs 3alpocoOB OT BOJIUTENEH
(monp30BaTeneil) o MapIIpyTax ABMKEHUS TIpeia-
TaeTcsl MCIONB30BaTh CIIEIUAIM3UPOBAHHOE HABH-
ralioHHOE TpoTrpaMMHOe obecriedenue. JlaHHOe
OporpaMMHOe oOecrieueHHe ITO3BOJIUT BOJIUTEISIM
noJay4aTh WHOOPMAIHIO O JOPOKHO-TPAHCIIOPT-
HOM CUTyallUM Ha YJWYHO-JOPOXHOW CETH B pe-
anpHOM Maciitabe BpeMmeHH. Tak, BOAUTEIH CMO-
TYyT UMETh MHPOPMAIHI0 00 MHTEHCUBHOCTH JIBU-
JKEHUS, O 3aJlep’KKax BCIEACTBUAE Pa3IUYHBIX WH-
IUJICHTOB, A TaKXe O BPEMEHH COOOIIECHHUS IO
3ampammrBaeMoMy MapuipyTy. JlaHHble, mpeno-
CTaBJIsieMble BOJAUTEISIM, PACCUMTHIBAIOTCS C MO-
MOUIBIO MOZEJIEH MEPBOro U BTOPOIO YpOBHEH Ha
OCHOBaHWH JIJAaHHBIX C JETEKTOPOB TPAHCIIOPTA.

s obecrieueHust 0OpaTHOM CBSI3U MEXKIY CH-
CTEeMOH yIpaBIeHHs AOPOKHBIM JBHKCHHEM H BO-
nuTeneM (IT0JIb30BaTeNIeM) B TPOrpaMMHOM obec-
MEYCHUH JIOJDKHA OBITH MPEeXyCMOTpPeHA (DYHKITHS
«BbIOOp MapupyTa». [lonoOHas ¢pyHKUIMS yxe Cy-
IIECTBYET BO MHOTHMX HABHTAI[MOHHBIX IMPOTPaM-
MHBIX MPOAYKTaX, Takux kak Navitel, iGo u ap.
Opnako pgaHHas uWHpOpPMAUUs HE TOCTYNaeT
B CHCTEMY YIpPaBICHHS IOPOKHBIM IBIKECHHEM,
U B OTOM KOpPEHHOE OTIWYHE CYIIEeCTBYIOIIEH
W Tpe[iaraeMoil (pyHKIUM mporpaMMHOTO obec-
nevyenus. [Ipu mocTymiieHNN B cHCTEMy yIIpaBiie-
HUS IBIKEHHEM WH(OpPMAIUK O 3ampaniiBaeMoM
MOJTF30BATENIEM MapIIpyTe CHCTEMa C ITOMOIIBIO
MoJieNiell IepBOro, BTOPOTO U TPETHETO YPOBHEH
JOBOAUT WH(POPMALIMIO 10 TIOJNB30BaTENsl U OTJIe-
JKUBAET MX peallbHOE TepeMelleHHe.

OpnHoil 3 HEOOXOMUMBIX ISl PEIICHUS SBIIS-
eTcs 3a7ada TEeXHUYECKOTo OOecredeHust I OT-
CIIe)KUBAHUS MAapIIPYTOB JBIDKEHHUS BOIUTEICH
(nmonp3oBareneii). B HacTosmee Bpems Takas BO3-
MOYKHOCTh CYILECTBYET, OJHAKO TMOBCEMECTHO IIO-

Hayka
wrexHuka. T. 17, Ne 5 (2018)

Ka He UCIOob3yeTcsl. B KauecTBe peleHus JaHHON
3aJa4d MOTYT OBITb HCIOJNB30BaHBI: gSm-HHQOP-
MalMyd OT OIEpPaTopoB CBS3M, gps-IaHHbIE, |J10-
Hacc-gaHHble, Bluetooth-manHble WM CHeUaIH-
3upoBaHHble RFID-MeTku. TexHuueckoe penieHue
3aJaud JIKHUT B IUIOCKOCTH BBIOOpa ormeparopa
CHUCTEMBI YIIPaBJIECHUS JOPOKHBIM JBUKEHHEM.
[Ipennaraercss B pamkax peanu3aluyd Mpeaso-
JKEHHON TpEeXypOBHEBOW MOJEIN HCIOJIb30BaTh
gps-IaHHble OT OOPTOBBIX IAHHBIX HABHUIALMOH-
HBIX YCTPOHCTB WJIM CMapT(OHOB MOJIb30BATENICH.

CrpykTypa 2 TpexypoBHEBOM Monenu, pac-
CMaTpHBAaIOLICH BCE BO3MOXKHBIE MapIIPYTHI Clie-
JOBaHUsI, IpeACTaBJIeHa Ha pHcC. 2.

TpexypoBHeBasi MOZEIb 11 BO3MOXHBIX Mapll-
PYTOB cienoBaHUs (BapuUaHT 2) pealn3yercst cie-
IOYIOIIMM 00pa3oM: TONyueHHEe 3ampoca OT BOJIU-
Teslell 0 He0OXOIMMOCTH ABMKEHUS 110 MapLIpyTy
A-B; pacyeT paccTosSHUH AJi1 MAaKCUMalbHO BO3-
MO>KHOTO KOJIMYECTBa MapIIPyTOB W3 TOUYKH A B
TOUKY B; 3ampoc BpeMEeHH COOOILEHHS ISl MaKCH-
MaJbHO BO3MOXKHOT'O KOJHMYECTBA MapLIPyTOB M3
TOYKH A B TOUKYy B; pacdyeT BpeMeHHM LHUKJA, 3a-
JepKek U KO0d((UIHMEHTOB 3arpy3Ku MOJOC JUIS
MaKCHMaJbHO BO3MO)KHOTO KOJHMYECTBA MapuIpy-
TOB U3 TOYKUA A B TOUKY B (HCIIOIB3yeM IS pac-
YeTOB MOJeNb 1); MoJenupoBaHUE KOOPIUHALIUH
U pacueT 3ajJepKeK M BPEMEHH COOOLICHHS s
MaKCUMaJIbHO BO3MOXKHOI'O KOJMYECTBA MapIIpy-
TOB U3 TOYKU A B TOUKY B (Mcmonb3yem Juisi pac-
YEeTOB MOJIENb 2); BEIOOp MapuIpyTa ¢ MUHUMAIIb-
HBIM 3HA4Y€HHEM I10Ka3aTelisl 3aJePKeK; JOBEACHUE
IO ToJb3oBatenell MHPOPMALUU O PEKOMEHIye-
MOM MapuIpyTe U3 TOUYKH A B TOUKY B M BpeMeHU
COOOIIEHHUS TIPU ABKEHUH 110 MapILIPYTy; OTCIIe-
JKUBaHHUE TIOBEJCHUS BOJAWTENIEH Ha IpeaMeT MX
BO3MOXHOT'O IBIDKCHHS HE II0 PEKOMEHIyEMOMY
MapupyTy.

CtpykTypa 2 siBisieTcd UAeadbHOU AJs IMOUCKa
ONTUMAJIBHOTO MapuipyTa, OJHAKO €ro IoJHas
peanuzanysa He MpencTaBisercss Bo3MoxHOH. Ilo-
3TOMY TpeJJlaraeTcs OrpaHHYUTh KOJIUYECTBO pac-
CMaTpPUBAEMBIX MapIIPYTOB C KpaT4alIIUM pac-
CTOSIHUEM OT TOYKU A 10 Touku B no 3—6. Ctpyk-
Typa 3 Mozemu s pacueta 3—6 KpaTHalmmmx
MapLIpyTOB M BbIOOpa M3 HUX ONTHMAJIBHOTO Ha
YCIOBUSIX MHHHMMAJIBHOTO 3HAYCHUS 3alepikKeK
npeacTaBieHa Ha puc. 3. B ctarbe paccmatpuBa-
I0TCA PE3yJbTaThl OT CPaBHEHMS TPEXYpPOBHEBOM
MOJIENH Ui CTpYKTyp 1 1 3.
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Bogutens 1.

Boautens 2

Bogutens N

3anpoc no mapwpyty A-B

Mogpgenb 3

PacyeT KpaTyaiiLuero nyTv no BCeM BO3MOMHbIM MapLLpPyTamM 13 TOUKM A B TOUKY B

Mogens 1 3anpoc BpemeHu coobLueHus @J’IH BCEX MapLLPYTOB M3 TOYKM A B TOUKY B

PacyeT UMKI0B, 3a4epXKeK 1 Ko3aQPULMEHTOB 3arpy3Ku Nosioc
N5 BCEX MAPLUPYTOB U3 TOUKM A B TOUKY B

Mogpgenb 2

|

MoaenMpoBaHWe KOOPAMHALMY, 3aAEPKEK U BPEMEHM
co06LLEHMA ANA BCEX MAPLUPYTOB M3 TOYKM A B TOUKY B

|

Bbl60p MapLlpyTa C NOKasaTeNAMN MUHUMANIbHbLIX 3a4€EPXKeEK

l

l

MyTb,
Bpems coobLueHunA

l

Bogutensb 1

Boautens 2

Boagutens N

MNoseseHue BoguTenei

Puc. 2. CtpykTypa 2 TpeXypOBHEBOI MOJENHU, pACCMATPUBAIOIICH BCE BO3MOKHBIC MAPLIPYTHI CICIOBAHUS

Fig. 2. Structure 2 of three-level model considering all the possible routes

| Bogutens N

3anpoc no mapwpyty A-B

Mogenb 3

|Pacqu KpaTyaiLwero paccToAaHuUaA s 3—6 MapLLPyTOB M3 TOYKM A B TOUKY B

Mogpgenb 1

3anpoc BpemeHu coobLLEHWA ANS MAPLLIPYTOB U3 TOUKM A B TOUKY B
Vi

Pacuet umknos, 3agepeK n k0apdULMEHTOB 3arpy3Kn NoAOC
ONA 3—6 MapLUPYTOB M3 TOUKK A B TOUKY B

Mogaenb 3

MogenupoBaHve KOOpAUHALMK, 3a4EePKEK U BpeMeH!
coobLeHnA 4N1A BCEX MapLIPYTOB M3 TOYKM A B TOUKY B

|

Bbl60p MapLlpyTa C NOKasaTe/IAMN MUHNUMAIbHbIX 3a4epXKeK

MNyTb,
Bpemsa coobLieHna

Boautens N|

MoseneHue Bogutenen

Puc. 3. Ctpykrypa 3 TpexypoBHEBOU Mozenu Ais 3—6 KpaT4ailllinX MapIIpyToB

Fig. 3. Structure 3 of three-level model for 3—6 shortest routes

3KCHepI/IMeHTaJI]>H06 HCCIea0BaHUE
yc.]'IOBl/Iﬁ JABHIKCHU A

Jns mpoBeneHUs SKCIEPUMEHTOB BOCIOJNb-
3yemcss CAIIP «MaructpansHoe peryiaupoBa-
HUEe» U «JIokampHOE perynmpoBaHHe» pa3paboOTKH
OAO «Arar». CAIIP mo3BOdSIOT MOAEIUPOBATH
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paboty cBeTOQOPHBIX OOBEKTOB Ha JIOKAILHOM
U MarucTpanbHOM ypoBHiX. Pacuer ceteBoro
ypoBHsI TipoBoawics ¢ momomsio CAIIP «Maru-
CTpajJbHOE PpEryJHpPOBaHHE» ITyTEM HaJIOXKEHUS
napamerpoB Maructpaieid. CAIIP nmo3sosser pac-
CUHUTHIBATh 3aJEPKKH, KOI(PQPUIIMEHTHI 3arpy3Ku
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noioc W Bpemsa cooOmenus. MccnempoBanue mpo-
BOJIMJIOCH HAa YJIMYHO-JIOPO’KHOM ceTu T. MHUHCKa B
MUKpOpaiioHe bpuieBuun (IMOMyIICHUS: Ha yIU4-
HO-JIOPOYKHOM CETH YCTAHOBJIEHBI JUHAMHUYECKHE
uHpopmaronnsie Tadao (ANT), uandopmupyromue
0 TEeKymell IOpOKHO-TPAHCTIOPTHOM CHUTYallWH;
y BoAMTENeH (IMOIb30BaTENeil) NMeeTCs CIerati-
3MPOBAaHHOE IPOrpaMMHOE OOecrieyeHHe, MO3BOJs-
follee MPOMH(POPMHUPOBATh CUCTEMY YIPABICHUS
JIOPO’KHBIM JIBMDKEHHEM B PaMKax peaylu3alii Tpex-
YPOBHEBOM MOJENIM O MapuipyTax CIleI0BaHHS;
B TPAHCHOPTHBIX CPEACTBAaX €CTb OOPTOBBIE YCTPOM-
CTBa, MO3BOJISIIOLINE OTCIEKHUBATH X MApILPYT.

Cuenapuii, Korza BOAWTENIO (TIOJB30BATENIO)
HeoOxoarMo nonacTk u3 Touku P1 B Touky P7, on-
Hako Ha ydacTke P5-P6 mnpousouuio moposkHO-
TPaHCIIOPTHOE MPOKCILECTBHE, KOTOPOE 3a0JI0KUPO-
BAJIO TUIAHUPYEMOE JIBIKEHHE BOIMTENS IO MapIil-
pyty P1-P2-P3-P5-P6-P7, npencrasnen Ha puc. 4.

Jmaa mapmpyra P1-P2—P3—P5-P6—P7—2300 m.
Ilpu HOpManmbHBIX yCIOBUAX (0€3 WHIIMICHTA)
BpeMst coobmiennus ot Touku P1 mo Ttouku P7 co-
crapisier 4 MuH. Bpemst coobmienns ot Touku P1 mo
touku P7 mo mapmpyry P1-P2-P3-P4-P7 — 5 muH,
JnmuHa Mapuipyta — 2400 M. Ilpennonoxum, yto
AUT ycranosneno 3a 200 M 1o mepexpectkoB P3
u P8. Ilpu cpenneii ckopoctu aBmwxenust 50 km/q
BEPOSITHOCTh BbINONHEHUs TpeboBanuii JIUT co-
crasisiet 60 % (puc. 5).

IIpn BozHukHOoBeHuu JTII Ha yuactke P5-P6
MOJIETIb PACCUUTHIBAET 3arpy3Ky YJIUYHO-TOPOK-

BRYLEVICHY

HFRAEBRIYhI

HOHM CeTH M BpeMs COOOIIEHUS MEXIy Toukamu Pl
u P7. B cirygae, eciii BpeMst COOOIIEHUS IO MapIil-
pyry P1-P2-P3-P5-P6-P7 Gonbmie Bpemenu co-
obmienns mo Mapmpyry P1-P2—P3-P4-P7, un-
dopmarss 00 HM3MEHEHHH PEKOMEHIYEeMOTO
MapuipyTa JOBOAUTCS A0 MOJb30BaTesell (BoauTe-
neit) ¢ momompio JIUT m crnenuamu3upoBaHHO-
r0 TPOTPAMMHOTO OOECTIeYeHHs, YCTAHOBJICHHOTO
B cMapTQoHaX WIM OOPTOBBIX HABUTAIIMOHHBIX
ycTpoiictBax aBromobuneil. Ha puc. 4 npencrasieH
BbIOOpP MaprpyTa s cieHapus ¢ AT ¢ ucnons3o-
BaHUEM KpaT4auIiero myTa (MapmpyT 1).

Mogenps 1 u Mozaenb 2 paccUUTHIBAIOT BpeMs
[UKITA, 33JCpKKH, BpeMsi cooOeHus, kodddu-
LUEHT 3arpy3KH MOJOC U CHHXPOHUBUPYIOT (KOOp-
JUHUPYIOT) BpeMs BKJIIOUEHHS pPa3peIlaroIiero
curHana o mapumpyry P1-P2—P3-P4-P7. Ecmu Bo-
JTUTENTU TPOJOJDKAIOT JIBUTaThecsl MO  MapHIpy-
1y P1-P2-P3-P5-P6—-P7, Konn4yecTBO TpaHCIOPT-
HBIX cpelcTB B cermeHTte P5—P6 yBenuumBaercs,
mmHa odepenu npesbimaetr 300 M, cBETOGOPHEIi
00beKT B Touke P3 HaumHaeT perynimpoBaTh
TPAHCHOPTHBIA MOTOK TakUM 0Opa3oMm, YTOObI He
JOMYCTUTh ABWKCHHE TPAHCIOPTa B PalOH cer-
MeHnta P5-P6, kak mokazano Ha puc. 6. OmHako
B HampaBieHUH cermeHtra P5—P6 Beiaensercs mu-
HUMaJbHOE BpeMs (as3pl, IpuU 3TOM MOJIH30BA-
TEJIN TOBCEMECTHO C TMOMOIIBIO BBIIIEYKAa3aHHbBIX
ycrpoiicts unpopmupytorcs o HATII B cermen-
Te P5-P6.

A I G T

Puc. 4. Cuenapuii ¢ 10OpOKHO-TPAHCIIOPTHBIM IIPOUCIIECTBUEM
U MCIOJIb30BaHUEM BOAUTENEM KpaTdaiIiero mytu (Mapmpyt 1)

Fig. 4. Scenario with road traffic accident and usage of shortest route by driver (Route 1)
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Mawunocmpoenue

BepoATHOCTb NPUHATUA peweHuns, %

0.00

0 10 20 30 40 50 60 70 80
CkopocTb nog, AUT, kKm/u

— —--400 m; —+—200 m; = 0

Puc. 5. BepoATHOCTb BBIIOIHEHHS pEKOMEHIALUI
JMHAMHU4EeCKOro HHPOPMALIMOHHOTO TabJ1o,
OCHOBaHHasl Ha JIOTHYECKOW PErPECCMOHHON MOJIENH

Fig. 5. Probability in fulfillment of recommendations
for dynamic information board
which is based on logic regression model

B cootBercTBUMM C anrOPUTMOM TpEXYpPOBHE-
BOM MOZEIM AJIs CTPYKTYpHl 1 mpu nepepacnpene-
JIEHUM TPAHCIOPTHBIX IMOTOKOB IO pPEKOMEHIYye-
MOMY MapIIpyTy HMHTEHCHUBHOCTb TPAHCIIOPTa II0
mapumipyty P1-P2-P3-P4-P7 yBenuuurcs, d9to
IIpUBEIET K HEOOXOIUMOCTH KOPPEKTHPOBKH pa-

X Pk #
LT =
o

BRYLEVICHY
HGFWAEBRIYRI

Puc. 6. Ilpumep BeIOOpa MapLIpyTa Ui CLICHapUs
C IOPO’KHO-TPAHCIIOPTHBIM IIPOHUCIIECTBHEM
IIpu yrpaBiieHuu B y3ie P3 (mapmpyt 1)

Fig. 6. Example of route selection for scenario
with road traffic accident
while driving at junction point P3 (Route 1)
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e,

00TBI CBETO(OPOB MO paccMaTpPUBaEMOMY MapIil-
pyty. B ciydae, xorma BemmumHa KO3 HUITHEHTA
3arpy3Kd MOJIOC JOCTUTHET eauHuibl (2X/n=1),
MOZeNb (CucTeMa) AODKHA MPEAOCTaBUTh BOJIUTE-
JIaM Jipyrod mapmpyt. Ilpumep npemoctaBieHUs
QNBTEPHATUBHOTO MapIIpyTa JUisi CTPYKTYphI |
TPEXypOBHEBOM MOJEIHM TMpPEACTABICH Ha puc. 7
(MapwpyT 2).

B ciyuae, ecin ko3(hHULHMEHTHI 3arpy3KHu MOJIOC
2X/n=1 u Bpems COOOIICHUS MO MapIIPyTam
P1-P2-P3-P5-P6-P7 u P1-P2-P3-P4-P7 npeBbiua-
10T BpeMsl COOOLICHHsI, IPOTHO3UPYEMOE CHCTEMOM
no mapupyty P1-P2-P3-P4-P8-P9-P10-P7, a umen-
HO 9 MUH, cUCTEMa NIepEHANPABIISET TPAHCIIOPTHBIN
moTok 1o Maprpyty P1-P2—P3—P4-P8-P9-P10-P7
n oToOpakaeT Ha WHOOPMAIMOHHBIX TabIIo,
cMapT(doHax, HAaBUTAIIMOHHBIX CHCTEMax COOT-
BeTCTBYyIOmYy0 wHpopmarnuo. llpuw ymensiie-
HuH X; mo mapmpyty P1-P2-P3-P4-P7 u moss-
JIEHUH BO3MOYKHOCTH TpOE3/a Mo HeMYy 3a Bpems,
MeHee 9 MUH, TPeXypOBHEBAsI MOJEIH MPETOKUAT
MOJIB30BATENISIM ATOT MapipyT. Onepanusi TOBTO-
pAeTCcs NOCTOSIHHO, Noka cymiectyer A TIL

npocneKT,
KuHckoro 104

BEPUNEBUY UK

ynuua HanoneoHa
&
Opabl 27 wﬁf’F‘W

Puc. 7. Ilpumep npenocraBieHus albTEPHATUBHOTO
MapuipyTa Juisi CTPYKTYpbI 1 TpeXypoBHEBO# Moenn
(MapuipyT 2)

Fig. 7. Example of alternative route provision
for structure 1 of three-level model

(Route 2)
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IIoMrMO HaHHBIX OT AATYMKOB, HAXOIAIIUXCS
Ha YJIWYHO-JOPOXHOW CETH, B TPEXYPOBHEBYIO
MOJICNIb TaKXK€ MOCTYMAaIOT JNaHHBIE OT 7 KOJIHUYe-
CTBa IIOJIH30BATENICH, KOTOPEIE XOTAT M3 TOUKHU Pl
nomnactb B Touky P7. Mojienb aHanu3UpyeT TEKy-
Iy CUTYaldI0 C 3arpy3KoM YIUYHO-IOPOKHOM
CETH U CPABHUBAET €€ C KOJIMYECTBOM MOCTYMHUBIIHIX
3apocoB B TEUCHHWE BpeMeHH f. [IpudeM Bpems ¢
PEKOMEHyeTCsl MPUHUMATH B Mpenaenax 15 MuH, Tak
KaK UMEHHO 3a STOT NEPUO CUTYalUs HA YIUYHO-
JIOPO’KHOU CETH MOKET U3MEHUTHCSI.

JomnyctiuM, MoJenb TONyduia UHQOPMAIHIO-
3ampoc OT # MOJb30BaTeNel (BOAUTENEH) Ha KpaT-
qaifmuii myTh U3 Touku P1 B Touxy P7. Ilpu sTom
KOJIMYECTBO n Takoe, 4to X Xi/n>1, tne 2X; —
CyMMapHasl 3arpy3ka IOJOCHl [0 OJHOMY U3
HampasieHud o maprpyrty P1-P7. Torma Tpex-
YpOBHEBasi MOJENb IOKa3bIBACT, 4YTO YJIUYHO-
JIOpOKHAsl CETh HE 3arpy’keHa I10 OINpEAcIEHHBIM
HaIpaBjIeHUAM 1o Mapmpyty P1-P7 Tonpko mois-
30BaTeNsiM (BOAUTENSIM), KOTOPBIE OTHPaBUIM 3a-
MPOC 10 MOMEHTA HACTYIUICHUS TIPU UX ABUKCHUU
yenoBus 2.X; > 1. Te ke mosb3oBaTenu (BOIHUTE-
JM), OTIIPABHBIIKE 3allpOC IIOCNE OTpeAeTeHIs,
910 2.X;> 1, OyayT HampaBJeHbl CHCTEMOM IO TO-
My MapuipyTy, B KOTOPOM BpeMsI COOOIIECHHS MH-
HUMAJIBHO C YYE€TOM MMEIOIIUXCS ITapaMeTpoB 2 X,

Jns uccnenoBanus 3PQPEKTUBHOCTH PaOOTHI
CTPYKTYpPHl 3 TPEXypOBHEBOU MOJAEIU MPEIJIONKEH
elIe OJMH albTEPHATUBHBIN MapuIpyT 3, MOKa3aH-
HBIH Ha puc. 8.

P10

N,

h

e

N\
\

- kniniilln Saneiua

&

i npocnesT
£ Asepunenore 106,

§¥nnua HanoneoHa
Opaei 27

Puc. 8. Ilpumep ucnosp3oBaHus Mapuipyra 3
JUISL M3y4deHHs CTPYKTYpPBI 3 TPEXypOBHEBOH Moaenu

Fig. 8. Example of route usage for studying structure 3
of three-level model (Route 3)
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Pe3y.11|,TaT1>1 IKCIIEPUMEHTA

[lpu cpaBHEHHWM BapUaHTOB MAapIUIPYTOB IS
cTpykTyp 1 1 3 TpexXypoBHEBOI MOJIEIH MPOBOIU-
JIOCh UCCIIEIOBAHUE AJISl ABYX CTPYKTYP TPEXYPOB-
HeBOW Mozenu (CTpYKTypsI 1 1 3) Ha Tpex BapuaH-
Tax MapuipyToB. J{ns kaxnoro mapuipyra B CAIIP
«MaructpallbHOE  PEryJIUpOBaHUE» HHTECHCUB-
HOCTh JIBIDKEHUS TpaHCIIOpTa m3MeHsuiack Ha 100
ea./d4 Ans BXOJHOTO IEepeKpecTka B Touke P2 wu
yBenmmumnBanack Ha 60 % Ha ApyruX mepeKkpecTKax
MapuipyToB. Pe3ymbTaTbl SKCIEPUMEHTOB Mpen-
craBJieHbI Ha puc. 9—11.

300

250

200

[uny
(%)
o

3a4eprKKa, ¢

100

50

288 448 608 768 928 1088 1248 1408 1568
NHTeHcMBHOCUTL Q, ea./u
B MapwpyTt 1; B MapwpyT 2; = MapwpyT 3

Puc. 9. CymmapHsbIe 3aep>KKHU 110 MapLIpyTam
B 3aBHCHMOCTH OT HHTEHCHBHOCTH JIBIKCHHS

Fig. 9. Total route delays according
to road traffic intensity

Kaxk BuzmHO U3 puc. 9, MUHUMaIbHBIE 3aICPKKH
JOCTUTAIOTCS. TPH HCIOJIb30BAaHUH BOAMTEISIMHU
(monp3oBarensiMu) Mapumpyta 3. MuHUMaiIbHOE
BpeMs COOOIEHUS AOCTUTACTCS MPH HCIIOIH30Ba-
Huu Mapuipyta 1 (puc. 10).

MuHnMansHOE 3HaYeHWe KodddurmenTta 3a-
TPY3KH TIOJIOC JOCTUTAeTCS IPH HCIOIb30BAHUH
Mmapmpyta 3. JlaHHBIE pe3yJbTaThl IMOKA3bIBAIOT,
4TO CTPYKTypa | TpexypoBHEBOl Monenu aaeT
XyIIIne pe3yabTaThl 0 BpEMEHH COOOIIEHNUS, O-
HaKo JIy4lIHe 10 YPOBHIO 3aJiepiKeK U Kodduuu-
eHTaM 3arpy3ku noioc. CTpykrypa 3 TpexypoBHe-
BOM MOZENH TOKAa3bIBaeT HAMIYYIIHE PE3yJbTaThl
10 BPEMEHH COOOIIEHHS U XyIINE TI0 CPAaBHEHHIO
CO CTPYKTYpoil 1 o ypoBHIO 3a1epixeK U K03pdu-
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UeHTaM 3arpy3ku nosoc. C TOYKH 3peHHs T0JIb-
30Bareneil (BOAUTENel), UM HEOOXOIUMO T00paTh-
cs u3 Touku P1 B Touky P7 3a kpaTuaiimiee Bpems,
U CTPYKTypa MOZAENH 3 AaHHYIO (YHKLUHUIO peau-
30BbIBacT. OJJHAKO, C TOYKH 3PCHUS CHCTEMBI
YIpaBICHHS TOPOKHBIM JIBIXKEHUEM, HY)KHO Y4H-
TBIBaTh YPOBEHb 3aJepKeK Ha BCEHW YIMYHO-
JIOPOXKHOM CEeTH | TMpelyiarath IMOJIb30BATENSAM
(BoauTeNSIM) ONTUMANBHBIM, C TOYKH 3pEHUS 3a-
JiepKeK, MapiipyT. Bo3HuKkaeT KOHQIMKT UHTEpe-
COB MEXJy IOJIb30BaTeleM U CUCTEMOM yrpaBiie-
HUSI TOPOXKHBIM JIBHIKCHUEM.

[Ipennaraercs Ucnons30BaTh CTPYKTYpy | Tpex-
YPOBHEBOH MOJIEIH, KOTOpas MUHUMHU3UPYET 3a-
JIEPKKA ¥ KO3(D(UIMEHT 3arpy3KH IMOJI0C HA HCCIIe-
JIyeMBIX MapuipyTax. Pe3yibTaTbl HCCIIEIOBaHUS

MOTJIH ObI OBITH IPYTHMH, €I ObI BOJUTEIH (T10JTb-
3oBarenu) Ha 100 % moBepsuti HHPOPMAIIHUH, TTPEIO0-
cTaBIsieMol crucTteMoil. JlabHEeHIIEe MCCIIeIOBAHMS
JIOJDKHBI OBITh HAINPABJICHBI HA UHTETPAIHIO H KOOP-
JUHALMIO cTpareruil ynpasieHus. YcraHoBka JUT
U UCIONB30BAaHUE CIICIHAIN3UPOBAHHOTO  IIPO-
TpaMMHOT0 OOeCIieYeHHs TPEOYIOT JOTIOITHUTEIHHO-
ro m3ydeHus. Takxe LenecooOpa3HO MPOTECTHPO-
BaTh MOJICNIb B pPealbHBIX YCIOBHSAX U Ha OoJiee pas-
BETBJICHHOH CETH ¢ OOJBIIMM  KOJHYECTBOM
BO3MOXHBIX ciieHaprieB. OCHOBHOI WHTEpPEC BBI3bI-
BaeT TMOBEJICHUE BOAWTENEH B CIIydae JOBEICHHUS J0
HUX MH(OpPMAIIUU O MapIIPyTaX, COOTBETCTBYFOIIIX
MUHAMAJIFHBIM MTapaMeTpaM 3aepikeK, HO TIPH 3TOM
HMEIOIIUX HEONTUMAJIBHBIC MTApaMETPhI TI0 BPEMEHU
COOOTTICHHSI.
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100

288 448 608 768 928

B Mapuwpyt 1
W Mapuwpyt 2

M Mapuwpyt 3

1088 1248 1408 1568

NHTeHcMBHOCUTL Q, ea./u

Puc. 10. Bpems cooOlieHust 10 MapuipyTaM B 3aBUCUMOCTH OT HHTEHCUBHOCTH JIBHIKCHUSI

Fig. 10. Route transportation time according to road traffic intensity

KoadduumeHT 3arpysku nonocsbl

k
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NHTeHcHBHOCUTDL Q, ea./u

B Mapuwpyt 1
W Mapuupyt 2
M MapupyT 3

1088 1248 1408 1568

Puc. 11. KosddummenT 3arpy3ku Mojaockl 0 MapIipyTam
B 3aBUCHMOCTH OT HHTEHCHBHOCTH JBI)KCHHS

Fig. 11. Route load lane ratio according to road traffic intensity
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BbIBO/IbI

1. Ilpennoxena Moaens Al MUHUMU3ALUH T10-
Tepb B JOPOXKHOM JBIKEHHUU IIPH HMHTETPALUU
HOJCUCTEMbl KOHTPOJII MHLIMICHTOB U MapUIpyT-
HOTO OPHEHTHPOBAaHHS M aBTOMATHU3MPOBAHHOM
CHCTEMBl YNpaBlieHUS NOPOKHBIM JIBHKEHHUEM B
COCTaBe MHTEIUICKTYaJbHOM TPAHCHOPTHOW CHCTe-
MBI MUHCKa, KOTOpas HCCIelOBaHa B KadecTBE
wHCTpyMeHTa ans mogenupoBanust CAIIP «Maru-
CTpaJIbHOE ympaBjieHue». VIHHOBauusa NepBoil ee
COCTaBJISIIOIIEH COCTOMT B TOM, YTO aHAJIOTUYHbBIE
«HEYETKHE» MOJENN Peaju3yloTcs Ha OCHOBE all-
rOpUTMa MECTHOTO THOKOTO PpEryJMpOBaHHS, B
paloTe MpeaJIoKeH aNropuTM peanu3aluu Mo ma-
paMeTpaM HHTEHCHBHOCTEH B 3aBHCHMOCTH OT
BPEMEHU CYTOK, AHEH Henenu. B pesynbrare mo-
JeMPOBaHUsl BBISBICHO, 4TO Hambonee 3¢dek-
TUBHBIM [apaMeTpOM SIBJISIETCS TOKa3aTelb 3a-
nepkek. Ho oH He ynoBieTBOpsieT BOAUTENEH, KO-
TOpBIE CTPEMSTCS] BBIOMpATh MapLIPyTHl C yYETOM
MHUHHMAQJIBHOW CKOpOCTH cooOmeHus. OpmHako,
C TOYKH 3PCHHUSl YIPABJICHUS HWHTEJUICKTYaIbHOM
TPAHCTIOPTHOM CHCTEMOW B IIEJIOM, HEOOXOIUMO
BBIOUpATH MapaMeTpbl UCXOAs U3 TpeOOBaHUN MU-
HUMH3AIIH 3a/1ep>KeK Ha YIMYHO-IOPOXKHOU CETH.

2. AJITOPUTM ONTUMH3AIMN CABUTOB TIPH KOOP-
JVHUPOBAHHOM PETYJIUPOBAHUM PEaNn30BaH B JICH-
CTBYIOILIEH aBTOMAaTHU3MPOBAHHOW CHCTEME YIpaBJie-
HUS1 IOPOKHBIM JIBIKeHHEM MUHCKa U IpU peatu-
3alMd B COCTaBE BTOPOH KOMITOHEHTHI ITO3BOJIHT
yBeNUUUTH 3()(HEKTUBHOCTD YIpaBICHUsS] HA Maru-
CTpPaJIBHON yIWIHO-A0pokHOHN cetn Ha 10-15 %.
Takum oOpa3oM, HauOONBIIYH 3(PPEKTUBHOCTH
IIOKa3ajla MOJENb, OCHOBAHHAs Ha MUHHMU3ALUU
3anepkek. C TOUKM 3pEHUs MHTEIIEKTyaabHOU
TPAHCHOPTHOM CHUCTEMBI, TaHHBIM NapaMerp sABJIS-
eTcs OAHUM W3 KIIOYEBBIX, OJHAKO MO-NPEKHEMY
OCTalOTCsl HE HM3YYEHHBIMH BOIIPOCHI IIOBEIEHUS
BOJIUTENICH MpU JOBEIEHUU A0 HUX HMHPOpPMAILUH
0 MapILIpyTax ABHKEHUS, IPUBOASLINX K MUHUMU-
3aluH 3a7iepKeK, HO He MUHUMHU3UPYIOIINX BPEMsI
JBIDKEHHUSI II0 KOHKPETHO 3aJlaHHOMY BOAMTEIIEM

MapuipyTy.
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Abstract. Transient modes of bridge cranes movement determine their energy, dynamic and electrical performance, as well as
productivity and durability of work. An optimal control problem of its movement has been solved while making an analysis
of indicators for efficient performance of a bridge crane. Terminal and integral criteria have been selected as optimization
criteria. They represent undesirable dynamic properties of the crane. Legendre method has been used to determine the possi-
bility for achieving minimum of the optimization criterion. An analysis of the Euler-Poisson equation, which is a necessary
condition for the minimum of the integral criterion, has shown that it is impossible to find a solution for the optimization
problem in an analytical form. A method of differential evolution has been used in order to find an approximate solution to the
optimization problem. The approximate (suboptimal) solution has been found in the complex domain, which is a limited do-
main conjunction of dynamic parameters and phase coordinates of the system. Limitation in the domain of the system phase
coordinates (a polynomial basis function has been used in the paper) provides the possibility to attain absolute minimums
of terminal problem criteria. A simulation of the bridge crane motion has been carried out in order to establish an efficiency
for implementation of the suboptimal control. During this process dynamic mechanical characteristics of its electric drive
have been taken into account. While carrying out the simulation, a frequency and an amplitude of the electric drive voltage
in the crane movement mechanism have been changed (frequency scalar method for speed changing of an asynchronous elec-
tric drive has been used). A comparative analysis of the dynamic, kinematic, electrical and energy performance indicators
of the bridge crane under suboptimal and S-curved (standard) laws of frequency and voltage variations in the crane electric
drive has made it possible to establish an improvement in the efficiency of its operation under suboptimal control.

Keywords: bridge crane, optimal control, integral and terminal criteria, simulation, oscillations, dynamic loads, differential
evolution
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OnTumnzanus YHIpaBJCHUA IBHKCHUEM MOCTOBOI'0 KpaHa

) )

JlokT. TexH. Hayk, npo¢. B. C. JloBeiikuu", 10KT. TexH. HayK, gou. 0. A. PomaceBnu'
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Pedepar. [lepexonHble pesKUMBI JBIXKEHHS MOCTOBBIX KPAHOB OIPEIEIAIOT UX YHEPreTHIECKHEe, TMHAMHUIECKUE H JIEKTPH-
YecKHe MOKa3aTelll, a TaKkKe MPON3BOUTEIBHOCTD U JJOJITOBEYHOCTH paboThel. Ha ocHOBe ananmmsa nokasareneit 3¢ (peKTHBHO-
cTU paboThl MOCTOBOTO KpaHa PellieHa 337ada ONTHMAIbHOIO YIPABIEHUS €ro nepeipmxeHneM. B kauecTBe KpUTEpHEB OII-
THUMU3alUH BEIOPAHBI TEPMUHANBHBIE U HHTETPAJIbHBIN KPUTEPUH, OTOOPAXKAIOIe HexenaTelbHbIe JUHAMUIECKHEe CBOMCTBA
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MaJIbHOE) pelIeHre ObUIO HAMEeHO B KOMIUIEKCHON 00JIacTH, KOTOpas SBISETCS KOHBIOHKIMEH OrpaHHYeHHBIX o0nacTeil 1u-
HaMUYECKUX IapaMeTpoB U (a30BBIX KOOpAUHAT cucTeMbl. OrpaHuyueHrne 06aacTH (Ha30BbIX KOOPAMHAT CUCTEMBI (B CTaThe
UCIOJIb30BaHa MOJMHOMHUAJIbHAS 0a3ucHas (QYHKIHSA) a0 BO3MOXKHOCTb JIOCTHYb A0COJIFOTHBIX MHHUMYMOB TEPMHHAIBHBIX
KpuTepHeB 3agadd. [l ycraHoBiIeHHs 3()(EKTUBHOCTH PealM3alii CyOONTUMANBEHOTO yHpPaBICHUS MIPOBEAECHO MOJCIHNPO-
BaHHE JBI)KCHHUS MOCTOBOI'O KPaHa C y4eTOM JMHAMMYECKOH MEXaHMYECKOH XapaKTepPHCTHKU €ro 3JeKTponpuBoja. B mpo-
1jecce MOJENUPOBAHMS M3MEHEHHIO IOJBEPrajliCh YacTOTa W aMIUIMTY[A MHUTAIOLIEro HANpSDKCHHS IEKTPONPUBOJIA MeXa-
HHU3Ma IepeaBIKeHNs KpaHa (MCI0JIb30BaH YaCTOTHBIN CKAISIPHBIN METOJ I3MEHEHHSI CKOPOCTH AaCHHXPOHHOTO 3JIEKTPOIPH-
Boza). CpaBHUTEINIbHBIH aHAIN3 JUHAMUYECKUX, KHHEMaTHYECKHX, IEKTPUUSCKHX U SHEPreTHYeCKUX MoKasareseil paboTbl
MOCTOBOT'O KpaHa IIpH CyOONTUMaIbHOM U S-00pa3sHOM (CTaHIAPTHOM) 3aKOHAX M3MEHEHHMS YaCTOThI M HANPSHKEHUS [TUTAHUSL
ANIEKTPONPHBO/IA KpaHa JaJl BO3MOXXHOCTh YCTAHOBHTH YiydileHHe 3(G(eKTUBHOCTH ero paboThl MpH CyOONTHMAIBLHOM
YhpaBJICHHUHA.

KnwuesBble ca0Ba: MOCTOBOM KpaH, OTUMAJIbHOE YIPAaBJICHUEC, PIHTCI‘paJILHLIﬁ u TepMI/IHaHI)HHﬁ Kpurepuu, MOACIMpoBa-
HHC, KOJIe6aHI/I$I, JAUHAMUYCECKUEC HAIr'py3KHu, ﬂn(bd)epeHuHaanaﬂ OBOJIIOLUA

Js nurupoBanus: Jloseiikun, B. C. Ontumuzanust ynpapieHus IBwxeHHeM mocToBoro kpana / B. C. Jloseiikun, 1O. A. Po-

maceBmd // Hayka u mexuuka. 2018. T. 17, Ne 5. C. 413-420. https://doi.org/10.21122/2227-1031-2018-17-5-413-420

Introduction

Bridge cranes are used in many processing
of the state-of-the-art technology. The efficiency
of crane operation has an impact on the productivi-
ty process of production. In order to state the ways
of increasing crane effectiveness, the study
of crane process has to be done.

In the first scientific researches of bridge
cranes dynamics the simple models of the systems
and external forces were used [1-4]. The two-
and three-mass models have been used. The drive
force was assumed constant. The results of these
works allowed calculate dynamical loads with ana-
lytical expressions at a first approximation. In the
works [5—8] assumed that drive force is a function
of time or speed of a system drive. The compila-
tion of the models allowed find an analytical ex-
pressions for dynamical loads calculation.

The new approaches to dynamic loads calcula-
tion comprise the dynamic mechanical characte-
ristic of the system’s drive [7, 9], non-linear ef-
fects [10-15] etc.

The problems of rationalization of the bridge
crane movement were studied in the works [16, 17].
Another approach to increase bridge crane effi-
ciency is to obtain the optimal law of its move-
ment. One of the major conditions that have been
met in many works is to eliminate cargo oscilla-
tions. The major factor in such approach is optimi-
zation criterion. Minimization of transition regimes
duration [18-25] is attended by increasing of dyna-
mical loads. The integral criterion which includes
dynamical and energetic functions [9, 26, 27] allows
to increase productivity, reliability and energy effi-
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ciency. Because of a system processing depends on
the external forces and system parameters [28, 29],
the solution of optimization problems if crane dy-
namics has to be found in domains of movement
regimes and system parameters.

In spite of rigorous research in the area of crane
dynamics and its optimal control, the unsolved sci-
entific problems still remain: 1) optimization of the
bridge crane regimes has done only in relation to
one criterion (time, energy, force etc.). This prob-
lem statement is limited; 2) the implementation of
the optimal laws of crane motion with frequency-
controlled drive did not study properly; 3) the ca-
pability of using a particular techniques in opti-
mization problems has been studied improperly;
4) the analysis of the solved optimal problem, car-
ried out upon not all indications and so on.

For this reason the goal of the article is to ob-
tain optimal movement regime of the bridge crane
and its dynamic parameters, which allows to in-
crease the efficiency processing of the crane upon
such indications: productivity, reliability, ener-
gy efficiency, etc. In order to achieve the goal the
following tasks, it is necessary to solve next issues:
1) to state an optimization regime’s problem for
bridge crane; 2) to find the solution of the stated
problem; 3) to carry out a comparison study of the
obtained results and to estimate the effect of the
optimization.

Main part. In order to provide a research
we have chosen a dynamics model of the brid-
ge crane and the scheme of its asynchronous dri-
ve (fig. 1) [9, 17].
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Fig. 1. Four-mass dynamics model of the bridge crane (a) and scheme of the bridge crane asynchronous drive (b):
W — variable resistance of the bridge crane movement; / — length of flexible suspension of a cargo; g — acceleration of gravity;

X, Xp, Xp» Xq — generalized coordinates of the cargo, an end beams, the crane bridge and the drive respectively; m, my, my,, m;— reduced
masses of the cargo, the end beams, the crane bridge and the drive respectively; c;,, ¢, — reduced coefficients of stiffness of the crane
bridge and the transmission respectively; k;,, k; — reduced dissipation factor of the crane bridge and the transmission respectively;
F,;— drive force which is reduced to forward movement (it depends on electromagnetic torque of the crane drive); u,,, u,3 — generalized

t t
vector projections of voltage stator to coordinate axes o and 3 w =U. ¢ os[ o J‘ fdt] {”15 U sin[Zn I jdt]]'
la =™ ~ max P > — ~ max >

0 0

Upnax — phase voltage amplitude of the drive; f— frequency of drive voltage; ey, €, — EMF, which was inducing by flux linkage
of rotor to axes o and P respectively; (€2 = p®yu(Laiag + Liziig)  irolR2), €2 = pOuu(Loizg + Lisi1g) + izgR5)); p — number of the crane electric
drive pairs of poles; R; — active resistance of the stator winding; R, — reduced to the stator active resistance of the rotor winding; & — dispersion
coefficient (5 =1 — (1 + X;(2nfL;,) (1 + X,2nfL1,) )™); X, — inductive reactance of the stator winding; X, — reduced to the stator inductive
reactance of the stator winding; L;, L, — inductance of the stator and the rotor windings respectively; L, — coefficient of the mutual induction;
k,, k,— magnetic coupling ratio of the rotor and the stator respectively (k.= LiLy s k=LL™); oy, — angular speed of the drive; i, i1
and i, i3 — projections of generalized vector of current of the stator and rotor to coordinates axes . and 3

Mathematical model of the crane is the system of the non-linear homogeneous differential equations of
second order:

ds; 25%1(141“ —i R +k.e,);
% ZSLLI(MIB —igR —k.ey);
dj;: _ _i((um —i Rk, +e,);
% = —i((n,ﬁ — iRk, —eyp);
3pLs (g, _ilaizﬁ)%: my %"'Cd (¥ = %)+ Ky (%_%} :
m, da; =c,;(x; —x,)+ d(ﬁ—:—%)-%(% Xp,.) b[%_%) ’
. d;;”’ =c,(x, —x,.)+k, (%—%]—2( b = X);
fz_jf =, )

where u — gear ratio of the drive; ng — efficiency of the transmission; r, — radius of a wheel of the crane
movement mechanism. Variable resistance of the bridge crane movement ' determined as follow:
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W~:

d. : d.
c,X, +kd%, if ¢;x, +k, %< (0,012 ... 0,02)(m, +m,, + m)g;

2

(0,012 ...0,02)(m; +m,, +m,)g, if c;x, +k, %2 (0,012 ... 0,02)(m,, +m,, +m)g.

The chosen mathematical model includes me-
chanical and electrical values. Thus, in the research
we took into account complicate electrical-mecha-
nical processes and its interinfluence.

One of the ways to increase a crane operation is
to optimize its transition regimes of motion and its
parameters. In the framework of this study a com-
plex (terminal-integral) criterion has been chosen,
which can be presented as follows:

0.5

Cr=Ter+ Int = (5{”Fj (0)+ 81 F? (T))

T
= (T“ [/} +8) R} + 3)
0

0,5
+3M R + afg”ngZM)dzJ —> min,

where Ter and Int — terminal and integral parts of
complex criteria Cr respectively; 7 — duration of
the transition process (acceleration or deceleration
of a crane); R, and R, — dynamical loads in the

2

4 u 2 4 2h 2 T
Cr=| 8/ (W((» + 4, d—sz)J +8L (Wm 24, %(T)J {T (a0
h=1

dt

u=1

2j

4 d¥x 2 ; pErn 5 P 2 . 5 0,5
WS AL E w5+ B L s S ¢ Y il S min,
[ ; l dZZI ] ’ ; / dtz'/ 3 qz::l q dtzq 4 _dt2

crane bridge and the drive (transmission) respec-
tively; Ax — lack of perpendicularity of the cargo,
which determines low-frequency dynamic loads in
the crane bridge; Q, — free frequency of a load on

a flexible suspension; 8/ and 8, — weight coef-
ficients for terminal part of Cr; 8", &), &)

and 8" — weight coefficients for integral part

of Cr. Weight coefficients for both parts of crite-
rion (2) are dimensionless, their sum is equal to
one. The values of weight coefficients stated the
importance of respective factors, i. e. how im-
portant to decrease one or the other factor.

Minimization of criterion Cr (2) allows to in-
crease life duration of the crane elements (bridge,
couplings, gears, shafts etc.), crane’s productivity
and energy efficiency.

Without consideration of electromagnetic tran-
sition processes in the crane drive and dissipation
of the energy in mechanical elements, the criterion
Cr (2) could be presented in the following form:

0,5

0

4

where 4,, B;, C, — coefficients, which are determined by the following expressions:

A=m+m, +m,+m,;

A,

_ (my, +m)(m, +m,) + my (my, +m+my,)

+(mbr +my, +my )Q(_)2 )

Cpr

CaCor

Cp

4 = (my, +mymym, +(’"d (my, +my) + My (my + mb)]QOZ;
7

m, . .m_ m
— o d " -2 B =m+m m,:
A4 - r QO B 1 br b

CaCr

B, =(my, "'mb)QEz +ﬂ(mbr +m); By =
c

br

m,m,. o2
0 »°
Cp

”

— . _ -2
Ci=m+m,; C,=m,Q,".
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The boundary conditions for the reduced masses are followed:

(0 =2 0)=0:

5, (0)= 2 0) =
5(0)=22(0)=0;
%= %2 0)=0

x(T)=s: 7’;0) =v;

dx br dx br

(1) =

dx
E(T)_

Boundary conditions (5) could be rewritten in
following form:
Q(O) 0, i=(0, 7);
(6)
=5, =y, LE)=0, j-C %)
X ) dt ) dtj ) ] s .

Note, that augmentation to boundary conditions
(6) extra conditions:

dg -0

s (7)
?(T)ZO

could allow hitting the global minimum of the ter-
minal criteria Ter (3).

The study of the integral criterion Int with Le-
gendre condition [30] shows that it could be mini-
mized. Indeed, the strong of the Legendre condi-
tion occurs:

0’1

S(d5)
dr®

where / — integrand of the functional Int.
The first part of the expression (2) does not
cause a significant effect. So, during optimal con-

=28/" 47 >0, (8)

trol problem solving, let us assume W is constant
and equal to 0,015(m,, + my, + m)g. This assump-
tion greatly simplifies the solving of the problem.
Let us try to use the variation calculus [30] to
find solution to the problem. For this purpose it is
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)

X(T) = %, (T) = x,, (T) = x,(T) = %, (T) = x ,(T) = 0;

o (1)~ Do 7y = Do 1y - B ),

necessary to obtain the extremum necessary cri-
terion of the Cr — the Euler-Poisson equation.
It could be presented as follow:
dz ol
L(x)= Z( ' —=—==0, (8)
Gx

where L — differential functional, which forms the
Euler-Poisson equation. The expanded form of the
expression (8) has the following form:

L(x)= Z —5-=0, ©)
z=2 d
where D, — coefficients, which are depend on al-
ready known coefficients 4;, B; and C,.
In order to solve differential equation to find
the auxiliary equation is necessary:

8
> D.r* =0. (10)
z=2

Taking out a factor * and substituting +* to y
we obtain the next equation:

6
Y D.,y" =0. (11)
z=0

It is impossible to find the solution of the sixth-
degree algebraic equation. Consequently, to find the
solution of the optimal control problem is also im-
possible. It may be shown; that analytical solution
could not be found with Pontryagin’s maximum
principle or dynamic programming method neither.

Hence, we could use an approximate approach.
In order to find the approximate solution of the
problem let use direct variation method [31].
The basis function is a polynomial of the n-th order:
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ZGt +ZGt (12)

e=18

where G, — unknown coefficients; n — the highest
degree of among extra members of the polynomial,
which will be used in order to minimize integral
criterion /nt.

The unknown coefficients G, must be found in
such a way that function (12) met boundary condi-
tions:

dl—~(0) 0, i=(0, 8);

N (13)
&(T)=s, %7y =y, L0
dt

So, the polynomial expression (12) is the func-
tion of n-18 unknown coefficients G,. We can find
the expression:

T 4 dZi&, 2
TH| 8™ | W +Y A —=| +
fi{rgaze]
dZ/ 2 d2q~ {14)
81)1[ W+ZBJ . 81nt Z
J=1 dr*! q=
0,5

~\2
+ 8 m? a’a dt| =f(G,,A4,B.,C,s,T
4 m dtz - e’ i Jj° qasa )

Note, the system parameters m,, m,, my,, m are
unchangeable (based on meeting of the crane de-
sign conditions). Parameters 7, v could be changed,
but they were defined by the technological condi-
tions of the crane processing. Accept that, they are
unchangeable. Parameters c,,, / are changeable but
only in limited domains. We might obtain the va-
lues of ¢;,, [, in their limited domains such, that
expression (14) attains the minimum. The same
is true for regime parameter s.

In order to minimize the expression (14)
the stated optimal control problem has been re-
duced to the linear programming problem [32]:

f(G,, ¢;, I, s) > min;
Cdmm Scd Scd.max; (15)
[ <I<]

max ?

where ¢ min and ¢, max — lower and higher border of
parameter ¢; domain respectively; /i, and . —
lower and higher border of parameter / domain
respectively.

In the context of the used application n has
been chosen equal to 5. It is the rational value —
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the compromise between a computational compila-
tion and an accuracy of problem solution.

The stated linear programming problem has
been solved with the differential evolution met-
hod [33] for tabulated parameters (tabl. 1).

Table 1
Values of system parameters,
which have been used in calculations

Parameter Unit of measurement Value
my 3,50 - 10°
m, 2,05-10*
kg 7

My, 2,60 - 10
m 2,00 - 10*
T s 4,00 - 10°

P som Wt 2x1,50 - 10*

Lin 1,50 - 10°
I m 8,00 - 10°
v m/s 2,10 10°
Chr 6,90 - 10°
Cdmin H/m 4,80 - 10°
Catmax 1,92 - 10’

The optimal value parameter ¢, is the domain
boundary ¢,mi,. The best values for parameters /
and s are 2,15 m and 4,2 m respectively. In order to
show the advantages of the obtained suboptimal
regime of the bridge crane processing the compara-
tive analysis have been carried out. The suboptimal
regime of the crane movement was comparing with
S-curve law of the crane motion. Such law took
in comparing because it is standard curve in vari-
able-frequency crane drive [34]. The comparing
was carried out with indicators: maximum of load
deflection angle @,,x during the crane movement;
maximum of load deflection angle @un..r after
the crane stop; maximum of force in the crane
bridge Rp max; maximum of force in the crane
transmission R, n.x; maximum of the crane drive
torque M, m.x; Toot-mean-square force in the crane
bridge Rj.rms; root-mean-square force in the crane
transmission R;rys; root-mean-square of the crane
drive torque Md rus; relative maximum of the crane

drive power P__ (in fractions of nominal value);

max

relative maximum of the crane drive current I

max
(in fractions of nominal value). The indicators that
have been calculated for all cycle of motion
“acceleration-steady movement-deceleration” are
tabulated in tabl. 2.

Duration of the steady movement of the crane is
equal to 3 s. Analysis of the tabl. 2 data shows that
suboptimal control of the crane movement reduced
root-mean-square forces and torques, but maximums
of the dynamical loads slightly increased.
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The reason why root-mean-square forces and
torques have decreased is the oscillation of the load
on the flexible suspension became much lesser and
dynamical loads, which have been caused by oscil-
lation, have decreased. The residual oscillation
(after the crane stop) of the cargo during subop-
timal control practically non-exists. It allows to
increase the crane productivity. Also, the intensity
of cranes operator’s work became much lesser.

In order to show quality of implementation, the
curves have been plotted (fig. 2).

Gray curve on the fig 2 presents preset speed of
the crane. Analysis of the curves shows that fre-
quency-controlled crane drive able to implement
the suboptimal law at high quality. Plots, which are
presented in fig. 2, shows, that the determine factor
of the crane working process is the shape of the
acceleration and deceleration curves.

a

X, VS
2.0
1.5
1.0
05
t,s
2 4 6 8 10
c
Ad, grad/s
6
2
Ad, grad

Table 2
Values of indicators
Indica- | Unit of meas-| Regime of motion :
4 : Reduction
ors uremen S-curved | Suboptimal
Proax 1,10-10" | 7,56-10° | 45,5%
grad . ~ .
Prmax.7 1,10- 10| 2,50 - 10 44 times
Rimnax 4,67-10*| 4,88-10* | —43%
Ry max H 1,49 -10°| 1,75-10° | -14.8%
Ryrus 1,25-10*| 1,06 - 10* 17,9 %
Rirms 3,53 - 10| 3,36 107 5,1 %
My s Him 9,77 -10%*| 9,98-10* | —2,1%
Myrms 224-10%| 2,16 - 10? 3,7 %
P - 3,70-10°| 3,52-10° | 5,1 %
I - 447-10°| 391-10° | 143 %
b
Xp,, /S
2.0
1.5
1.0
0.5
t,s
2 4 6 8 10
d
A¢, grad/s
8
4
2
3 " / A¢, grad
-4
-6

Fig. 2. Curves of crane speed during suboptimal (a) and S-curve (b) control;
phase trajectory of the cargo oscillation during suboptimal (c) and S-curve (d) control

CONCLUSIONS

The major scientific results, obtained in the ar-
ticle are:

1) it is impossible to find the exact solution of
the optimal control problem for four-mass dyna-
mical model of the crane. An efficient method
which reduces the optimal control problem to the
linear programming problem is direct variational
techniques. It is desirable to seek the solution of
the problem in limited domains of phase coordi-
nates and dynamical parameters of a system;

Hayka
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2) obtained in the work suboptimal control of
the crane movement could be implemented with
the frequency-controlled drive. The optimal values
of the stiffness coefficients of the crane transmis-
sion and a length of flexible suspension might be
used in improvement of crane processing;

3) one of the determine factor of the crane
working process is the shape of the acceleration
and deceleration curves. During suboptimal control
of the crane movement root-mean-square forces
and torques are decreasing, but maximum dynamic
loads are increasing slightly.
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OOpaTHas cBSI3b B LleNU YIPABJIEHUS ABTOMATU3MPOBAHHBIM CleIIeHHEeM
IPY TPOTAHUM TPY30BOT0 ABTOMOOMJISI C MeCTa
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Pedepar. IlpencrapneHo onucanue MEXaTpOHHOM CHUCTEMBI YIIPaBJIECHHS MEXaHUUYECKOH TpaHcMuccuel 20-TOHHOIO rpy30BO-
TO aBTOMOOWJIS, a TaKKe ee aJallTHBHOTO aJrOpUTMa TPOTAHUS C MECTa, XapaKTep MPOTEKaHMs MEPEXOAHOIO Iponecca KoTo-
POTro CYIIECTBEHHO BIHUSIET Ha JOJITOBEYHOCTh 3JIEMEHTOB aBTOMATH3MPOBAHHOTO CUIOBOTO arperara, IaBHOCTh JABMKEHUS U
KOM(OPTHOCTb BOAMTEINS IPH BOXKACHUH. BBULY TOTO 4TO MEXaTpOHHAsl CHCTEMa YIPABJIEHUS CUIIOBBIM arperaroM, BKIIO4Ya-
IoIasi JU3eNbHBIH JIBUrarelb, CyXoe (PHUKIHOHHOE IBYXANCKOBOE CIEIICHHE, OCHOBHYIO MEXaHHYECKYIO0 CTYIEHYaTyio
U JIONOJIHUTEIIbHYIO KOPOOKH Iepesiad, MMeeT HOMUMO MEXaHHYECKUX M MTHEBMAaTHYECKHX TAKKe ICKTPUYECKHE KOMIIOHECH-
ThI, €€ MYJIBTUIUCLUIUIMHAPHAs MOZENb pa3paborana B mporpaMMHoM nakere Imagine Lab AMESim. JlanHast Mozens mo3Bo-
JseT OTpabaThIBaTh KOMIIIEKCHBIE AITOPUTMEI YIIPABICHHS U aHAIN3UPOBATh IIOBEACHNE HHTEIUICKTYaIbHBIX CHCTEM Ha PaH-
HHUX CTaAusX NMPOEKTHpoBaHMA. VccrenoBaHne BBHITOMHEHO Ha 0a3e HCIBITATENFHOTO KOMIUTEKCA Kadenpsl «ABTOMOOWIN
aBTOTPAKTOPHOTO (akynsrera benopycckoro HalMOHAIBHOTO TEXHUYECKOTO YHHBEpPCUTETA. Pe3ynbTaThl MCCIef0BaHus MO~
TBEP)KAAIOT a/ICKBATHOCTh Pa3pabOTaHHO| MyIBTHANCUUILIMHAPHONH Moneny. C LeNbio MPELU3UOHHOTO YIIPaBIeH s (PPUKIIU-
OHHBIM CIETICHHEM BBEIEHA OOpaTHasi CBS3b IO NPUPAIICHUIO PA3HOCTH YIIOBBIX CKOPOCTeH BeAymield M BeIOMOH dacTeit
¢puknmonHorO cruemnenus. Ha ocHoBaHnm pa3paboTaHHOM KOMITBIOTEPHOI MOJIENHN OIpe/ieNIeHb! TIOPOTOBEIe 3HAYEHHS Mapa-
MeTpa 0OpaTHO! CBsA3HU, HCIOJB3YIOWHUECs IS IPOrpaMMUPOBAHHS MHKPOIIPOLIECCOPHOTO OJIOKA IpU peasli3alliy aalTHB-
HOTO aJTOPUTMa TPOTAHHUS TPY30BOTO aBTOMOOMIIS C MECTa.
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Feedback in Automated Clutch Control Circuit for Truck Start-Up Process
Le Van Nghia"
YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract: The paper presents description of a mechatronic control system for mechanical transmission of a 20-ton truck, as
well as its adaptive start-up algorithm, transient process behavior which significantly affects durability of automated power
unit elements, vehicle movement smoothness and driver’s comfort when driving. A multidisciplinary model of the mecha-
tronic control system has been developed in the software package Imagine Lab AMESim because its power unit including a
diesel engine, a dry frictional two-disc clutch, a main mechanical stepped gearbox and an additional gearbox has electrical
components besides mechanical and pneumatic ones. The given model allows to test complex control algorithms and analyze
the behavior of intelligent systems in the early designing stages. The research has been carried out on the basis
of the test complex at Department “Automobiles”, Automotive and Tractor Faculty, Belarusian National Technical Univer-
sity. Research results confirm an adequacy of the AMESim developed multidisciplinary model. Feedback on the increment
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of an angular velocity difference between driving and driven parts of the friction clutch has been introduced for precise
friction clutch control. Threshold values of a feedback parameter have been determined on the basis of the developed compu-
ter model and these values will be used for programming a microprocessor unit when implementing an adaptive algorithm

for a truck start-up process

Keywords: mechatronic system, control algorithm, threshold values, truck, automated transmission, friction clutch, feed-

back, simulation, semi-natural experiment, AMESim

For citation: Nghia Le Van. (2018) Feedback in Automated Clutch Control Circuit for Truck Start-Up Process. Science and
Technique. 17 (5), 421-431. https://doi.org/10.21122/2227-1031-2018-17-5-421-431 (in Russian)

BBenenue

HccnenoBanre aBTOMaru3UpOBAHHON MEXaTpPOH-
HOH CHCTEMBl YIpaBJIEHUs CHUJIOBBIM arpera-
ToM (AMCYCA) npoBoautcs, IOTOMY 4YTO paspa-
Ootka mepcnekTuBHOH, HanexkHoit AMCYCA mns
ABTOMOOMIIECTPOCHUS OCTACTCSI HEPELIEHHOH Mpo-
Oiemoii. Benyrue aBTOMOOHIIECTPOUTETHLHBIC KOH-
HepHsl W cnenuanusupoBanHbie Qupmbl CIHIA
u EBpocorosa, takue kak Eaton (Auto/Ultra Shift
u Ultra Shift Plus transmissions), ZF (AS-Tronic),
Volvo (Geartronic, I-shift), Scania (Opticruise),
Mercedes (Telligent Gearshift Automated), ycu-
JIeHHO paloTaloT Haj CO3NAaHHEM U COBEpIICH-
ctBoBanrneM AMCYCA HOBOTO TOKOJEHHS C MO-
JIyJABHOU CTPYKTYpPOUl CUCTEM aBTOMATHKU ISl TPY-
30BOTO ABTOMOOWJIBHOTO TPAaHCIOPTa, aBTOOYCOB
u aBromnoe3noB. OqHUM U3 Haubolee TPYIOEMKUX
9TanoB IpHU NPOEKTUPOBAHUU MEXaTPOHHOH CH-
CTeMbl JAaHHOTO Kjacca fBJSIETCS pa3paboTka H
OTNIafKa afanTHBHOTO AJITOPUTMa MO MPELUU3UOH-
HOMY YIPaBJICHHUIO CyXUM ()PUKIMOHHBIM CLIEILIe-
HHUEM IIpU TpOraHuu ¢ Mmecra. s ymydiieHus ka-
YeCcTBa IEPEXOAHOT0 MPOLEcca B LIEb YIPABICHUs
CICTJICHHEM 11eJiecO00pa3H0 BBECTH OOpaTHYIO
CBSI3b 10 PA3HOCTH 0OOPOTOB BEIOMOW M BeAyIIeH
yacTedl. UMClIeHHbIE 3HAUEHUsl YKa3aHHOIO Mapa-
METpa MOTYT OBITH OIpEIETIeHbl METOJOM HMMHTA-
MOHHOTO MOJICITMPOBAHHS MEPEXOJHOTO MpoLecca
Ha OBM myrem mpsimoro mepebopa C 3aaHHBIM
nraroM. OJJHaKO KJaCCHYECKUI METOJ] TOCTPOCHHUS
MOJIEN C Pa3pabOTKOW pacueTHOW JUHAMHYECKON
CXEMbl U MAaTeMaTHYECKOTO ONMCAHMSA B TAHHOM
cllydae HempuemJieM, BBUIY HAJIWYHS Crienuduye-
CKUX MCIIOJTHUTEIBEHBIX MEXaHU3MOB, ITHEBMAaTHYE-
CKUX U JIEKTPUYECKHX KOMIIOHEHTOB MeEXaTpOH-
HOH CHCTEMBI, UMEIOLINX 3aJCPXKKH 10 BPEMEHH
cpabaTbIiBaHUS M JAPYrHe crienuUIecKue 0COOCH-
HocTu. [lodTOMy wuCclenoBaHHE TEXHUYECKOTO
00BeKTa 1enecoo0pa3Ho MPOBOANTE Ha 0a3e Iiat-
(hopMBI MYTBTHIUCIUIUIMHAPHOTO MOAEIUPOBAHUS
Imagine Lab AMESim, no3Bossitonieii otpadbathl-
BaTb KOMIUICKCHBIC AallTOPUTMbI YIIPABICHUS H
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MMpeaACKa3blBaTb MOBCACHUC HHTCIUICKTYAJIbHBIX
CHUCTCM Ha paHHUX CTauAX INPOCKTUPOBAHU.

OcHoBHAaf YacTh

B kauectBe oObekTa u3yueHHUs ObUl BHIOpaH
rpy3oBoii aBroMoOmis KamA3-5320 monHO# Mac-
cot 20 T, CWJIIOBOH arperar KOTOPOTO OCHAIICH
MEXaTpOHHOM cuctemoil ympasieHus. [IpuHuunu-
albHAsg CXeMa CIPOEKTHPOBAHHON aBTOMATHU3HPO-
BaHHOM TPAHCMHUCCUM, YCTAHOBICHHOW HA UCIBITa-
TENBHOM KOMIUIEKce Kadeapsl «ABTOMOOMIM»
BHTY, npencrasnena na puc. 1. Kommnekc Bkito-
YaeT: aBTOMaTU3MPOBAHHBIA CHIIOBOH arperar, ma-
XOBYIO MaccCy, IOPOIIKOBBIA 3JIEKTPOMArHUTHBIN
TOPMO3, MMHCBMATHYCCKYIO IMUTAOMIYI0 YaCTb U
WH(OPMAITMOHHO-YTIPABISIONIYI0 cucTeMy. CHito-
BOH arperar COCTOWT W3: AHM3EIEHOTO IBUTATEINs
KamA3-740.01, cyxoro ABYyXIHCKOBOTO (hPHUKIIH-
OHHOTO cremieHnst U 10-cTyrmeH4aToil KOpoOKH
nepenad (KII) KamA3-14 ¢ moBbImmaromum 1eim-
teneM. OCHOBY MpOrpaMMHO-aNnapaTtHon miargop-
MBI MEXaTPOHHOW CHCTEMBl COCTABISIIOT CMapT-
koHTposuiepbl ecomat R360 [1] cepun CR2500 (Ifm
electronic, ['epManus), 0ObEAMHEHHBIC B JIOKAJIb-
HYIO JIEKTPOHHYIO ceTh mocpeacTBoM CAN-ITHHEBI
C BO3MOXKHOCTBHIO OOMEHa MHQopMamuend 1o mpo-
Tokoiy SAE J1939.

[Ipu HE0OXOAMMOCTH YCTAHOBKH HEWTpald B
npolecce ABWKCHUS BOAUTENb MEPEBOIUT CEJICK-
TOp PEXUMOB B moJoxeHue «N» (HEHTpab).
CAN-Monynb 2 mony4aeT CreHepupOBaHHbIN IUQ-
poBoii curHan, npeoOpazoBbiBaer ero B CAN-co-
00-lIeHNe M TepefaeT WHPOPMAIMI0O O TEKyIeM
MOJIOKEHUH ~ CEJIEKTOpa TI0  COOTBETCTBYIOIIEH
CAN-muue cmapt-koHTpoiuiepy 4 (puc. 1). ITocie
0TpabOTKU BPEMEHHOW 3aEP>KKH, HEOOXOOUMOI
JUTS TIONTBEP KICHUS MHULMATIN3alUy BEIOPAaHHOTO
BOJHTENEM peXrMa (HEU3MEHHOE MOJIOKEHHE PY-
KOSATKH celieKkTopa B no3unuu «N»), ObY 4 monaet
CUTHAJ Ha DJIEKTPOMAarHUTHBINA KiamaH. McnonHu-
TeBHBI MeXaHu3M 17 cpabarpiBaeT, U (pHUK-
IIMOHHOE CIICTIIICHHE BHIKITIOYAETCS.
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AT T2 7P

N—= (R2500

VOB IS0 11898 npomakon odwerna J1939

VOB S0 11598 npoworan odrena (AN

~

Puc. 1. llpyHIUNAANIEHAS CXeMa MEXaTPOHHON CHCTEMBI YIIPABJICHUs aBTOMATU3UPOBAHHOW TPAHCMHUCCHEH TPY30BOTO aBTOMOOWIIS:
1 — cenexrop pexxnumoB; 2,3 — CAN-Monynb BBOJA M BBIBOAA; 4 — CMapT-KOHTPOJUIEP; S5 — AaTYHUK YaCTOTHI BpaleHus; 6 — pecusep;
7 — dunbTp; 8 — perymsitop naeieHus; 9 — Baaromacinootaenurelns; 10 — kommpeccop; 11 — TopmosHas nepains; 12 — nudposoit
JIaTYUK JaBieHus; 13 — TopMO3HOI KpaH; 14 — KOHLIEeBOIl BBIK/IIOUATENb; 15 — pammna KJianaHoB MHEBMaTUYECKas;

16 — mponopLUHOHANBHBII 3MEKTPOMArHUTHBIM KianaH; 17 — nHeBMOKaMmepa; 18 — 1aT4unk nepeMeIneHus ToKa;

19 — ucnONHUTENBHBIN MeXaHU3M KOpOOKH nepenad; 20 — 3JeKTpOMAarHUTHBIHN KianaH; 21 — 30JJ0THUKOBBIN THEBMOPACIIPEIEIUTENb;
22 — UCTIOJTHUTENBHBIN MEXaHU3M JIEIUTEIN; 23 — pplyar BBIKIIIOUEHHS CLEIUICHUs; 24 — pblyar MpuBoJa EIUTENs;

25 — KOHUEBUK NOJIOXKEHHS ITOKAa MTHEBMOILWINHAPA; 26 — pEeryysITOp NaBieHus; 27 — JaT4UK 1aBICHUS

Fig. 1. Schematic diagram of mechatronic control system for truck automated transmission:
1 — mode selector; 2 — CAN input module; 3 — CAN output module; 4 — smart controller; 5 — rotational speed sensors; 6 — receiver;
7 — filter; 8 — pressure regulator; 9 — oil separator; 10 — compressor; 11 — brake pedal; 12 — digital pressure sensor;
13 — brake valve;14 —limit switch; 15 — valve pneumatic ramp; 16 — proportional solenoid valve; 17 — pneumatic chamber;
18 — rod movement sensor; 19 — gearbox actuator; 20 — solenoid operated valve; 21 — air-control valve;
22 — splitter actuator; 23 — clutch control rod; 24 — splitter rod lever; 25 — limit switch of pneumatic cylinder rod;
26 — pressure regulator; 27 — pressure sensor

[NapannensHo mo Bropoit CAN-mmHe (mpoto-
ko oomena SAE J1939, puc. 1) coobmienue o pe-
sxxkume «N» niepenaercst ObBY nuzenbHOro gBurare-
JIsI, KOTOPBIH, 00paboTaB mHpOpMaIHo, 00eCToun-
BaeT IMPONOPLUUOHAIBHBIA  3IEKTPOMArHUTHBIN
knanad ([IOMK) rtomnmBomonmauu, yMmeHbIIas a0
MUHUMYyMa [HKIOBYIO TOAa4dy TOIUIMBA B IWJIHH-
npel. [locie BBIKITIOYEHUS CIETUIEHUS JJIeKTPOH-
HBIH OJIOK 4 OTKPBIBACT YETHIPE BBIXOJHBIX MOPTa
CAN-monyns 3, popMmupys napauieidbHbIe YIpaB-
JSIONIME CHUTHANBI Ha OJIOK 3IEKTPOMArHUTHBIX
KJlanaHoB. B kopoOke mepemad ycTaHaBIMBaeTCS
HelTpainb, nocie yero curian Ha [IDMK moaudu-

[ Hayka
wrexHuka. T. 17, Ne 5 (2018)

LHUpYeTCs, U CIEIUICHUE TUIABHO 3aMBIKAeTCs C 3a-
JaHHBIM TEMIIOM.

[Ipu mocnenmyromieil yCTaHOBKE BOAUTEIIEM Ce-
nektopa pexumoB (puc. 1) B momoxkeHue «D»
(mpaiiB) u Haxxatuu Ha mefanp raza ObY 4 momaer
curtan Ha [IOMK ymnpaBnenus crenyeHueM U ma-
paienbHO «cOpachiBaeT» B CETh HH(POPMAITUIO
nns OBY nBurarens o TEKyLEM MOJOKEHHH Ce-
nmektopa. Kak TONBKO CIEIICHHE BBIKIIOUASTCS,
cMapT-KOHTpoIuiep 4 QopMHUPYET MOCIeN0BaATEb-
HBIC YIIPABIISIONINE CUTHAIBI HA OJIOK JIEKTpOMar-
HUTHBIX KianaHoB KII, ocyiiecTBisia cHayasia BbI-
0op ImITOKA, a 3aTeM BKJIFOUEHUE ONTHMAJIBHOH Iie-
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penadn MCXOIs W3 pealbHBIX YCIOBUH IBM)KECHUS:
CKOPOCTH M (PAKTUYECKOW MacChl TPaHCIIOPTHOTO
CPENCTBa, TOJOKEHHUS TeHalld ra3a, YIIOBOW CKO-
poCTH BpamieHus] KOJEeHBajla W BEIyIIUX KOJec,
HOMepa npeabayien nepenauu. [locne storo cur-
Han Ha IIOMK momudwuimpyercs, u cueruieHrne
TUTABHO 3aMBIKAeTCs C 3aMaHHBIM TemrioM. [locme
BKJIIOYEHHS CLEIUIEHHs TOIJIMBOIIOAAYa IUIaBHO
YBEIMYMBAETCS TPOTNOPIUOHAIBHO TOJI0KEHUIO
TIe/TaTi Ta3a, 3a[aHHOMY BOAMTEIEM Ha Ha9aTbHOU
haze.

PeanbHBIil 00BEKT HICCIIENOBAHMS TPEICTABICH
Ha puc. 2. OcHOBy ammapaTHOW MmIaTGopMBI Mpo-
EKTHPYEMOH CHCTEMBI YIpaBICHUS (PUKIUOH-
HBIM CIEIUICHHEM COCTAaBJISET MPOMOPITUOHATBHBIN
ANIEKTPOMATHUTHBIA ~ KJIAalaH, KOHTPOIUPYIOIIAN
JIaBIICHHE C)KaToTo BO3MyXa B paboueil moimoctu
ucnonuutenbHoro mexanmsma (UM) — numadpar-
MEHHON NHEBMOKaMephsl. YmpasieHue [IOMK
OCYIIIECTBIISIETCS] CMapT-KOHTPOJIEPOM, BBIXOJHON
MOPT KOTOPOTO TEHEPHUPYET MOIYITHPOBAHHBIN K-
POTHO-UMITYJIBCHBIM CHUTHAN HANPSDKEHUS OIpene-
JICHHOH CKBakHOCTH. KoadduimeHT 3amonHeHus
mwiomaau [INM-curnana usmMeHsieTcss OT LUKIA K
OUKITY B paMKaxX YHpaBISIOLICH MpOrpaMMbl KOH-
TpOJIepa B COOTBETCTBHH C Pa3pabOTaHHBIM ajro-
PUTMOM.

AJTanTUBHBIN anropuTMm [2] Tporanusi rpy30Bo-
TO aBTOMOOWIIS ¢ MecTa (pHC. 3) B aBTOMaTHIECKOM
pexxume paboThl CHIIOBOTO arperara MpeicTaBisieT

1M xopobku
nepenay
IIOMK

ManowmeTtp

co0OH MmoclienoBaTebHOCTh ONepanrii: ynpasie-
HHUE CEJIEKTOPOM PEXUMOB PabOThI TPAHCMUCCHH —
[IOJIHOE BBHIKJIIIOUEHHE CLEIUIEHUS — YyIpaBieHHE
OCHOBHOM M JONOJHUTENHHON KOpOOKOi mepeaaq —
YIOpaBICHUE [BUTATEIEM — IMOJHOE BKIIIOUEHUE
CLETUICHUSI.

[locne mepeBona cenekropa peKUMOB JIBHXKe-
HUs B monoxkeHue «D» (puc. 1) BoguTens Bo3aei-
CTBYeT Ha menanb akceneparopa. IIpomopimo-
HaJBHOCTh MEXAY YIJIOM IOBOPOTA MEJanu U Tie-
pememienueM peraara peryisropa THBJL obecrie-
yuBaeTcsa KoHTpouiepom JIBC myrem mmMpoOTHO-
MMITYTbCHOM MOJYJIALMU CHUTHAJIa Ha MPOTOPLIHO-
HaJbHBIN 3JEKTPOMArHUTHBIN KJIallaH C WCHOJb30-
BaHHEM OOpPaTHOM CBSA3M MO MEPEMEIICHUIO phlyara
peryasropa THB/I u yactore BpailieHusi KoJieHYa-
toro Bana JIBC [3].

TpeOyembIif TEMIT TPOTaHHS aBTOMOOWIISI OTIpe-
JIESIETCSL CKOPOCTBIO TIEpEeMELICHUsT Nefalu rasa,
Ha OCHOBaHMM KoTOopoil OBY TpancMuccuu pac-
CUMTBHIBACT IMPEABAPUTEIbHBIA TpPEeOyeMBIH TeMIT
BKJIFOUEHHS CLEIJICHUSI U BKIIFOYAEMbIA HOMEp Iie-
penaun. [lapannenbHo, Mojyyasi CUTHAJIBI OT TOA-
CEJIEKTOPHOI0 KOHIIEBOI'O BBIKJIHOYATENS, JATUHKA
YacCTOThl BPalICHUsl KOJIEHYATOrO Baja ABUIATENS,
JAaTYUKOB TOJIOKEHUS pbluara IOJayd TOIUIMBA
¥ Temanu ympaBieHus npurareiem, ObBY Tpanc-
MHUCCUH (POPMHPYET YIPABIAIOUINI CHTHAI Ha OT-
KpBITHE MPOMOPIMOHAIBHOTO 3JIEKTPOMAarHUTHOTO
KJIalaHa.

WM cuernnenust

JTaT4vK MOJIOKEHHUS LITOKA
ITHEBMOKaM€EPbL

JlaTuuK JaBJICHUS
B ITHEBMOKaMepe

Puc. 2. Anmaparnas niatopmMa CHCTEMBI yIIPaBIeHUS (YPUKIIMOHHBIM CLETIIICHHEM

Fig. 2. Devices of clutch control system
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Mawiunocmpoenue

Kiaman cpabatbiBaeT, M CXKaThli BO3IYX IIO-
CTyHaeT M3 pecuBepa NHTaromel yacTu | B THEB-
MOKaMepy npuBofa cuerieHus. CrenjeHue Bbl-
kimogaercsa. OOpaboTaB curHam oOT mardmka 18
MepeMeInIeHrsl peldara cremienus, ObY Ttpanc-
MUCCHH TOCIIEI0BATEIBHO (POPMUPYET CUTHAIBI Ha
3NIeKTpOMarHuTHeIE Kiananel 20, oTBeYaroUIne 3a
cOpOC-HaINOJIHEHUE II0JIOCTeH ITHEBMOLMIMHIPOB
BbIOOpA 1 BKJIFOUEHMS [IEPeAady NCTIOIHUTEIBHOTO
MexaHu3Ma 19, a Takke Ha 3JIEKTPOMAarHUTHbIE
KjamaHbl 21 MepeKIroueHHs CTYMEHEeH IenuTens.
[locne BxiroueHus tpebyemoil mepenadu (cooT-
BETCTBYIOIIME KOHIIEBUKM MEXaHHU3Ma IE€PEKIIIO-
yeHus iepeaad 3aMKkHyThl) OBY momaer mmpoTHO-
UMITyJIbCHBI CHTHall Ha MPONOPLHOHATBHBIN
3NEKTPOMArHUTHBIN KJIanaH, yBeIUUUBas OT HUKIIa
K IUKJIYy CKBaXHOCTh CHUTHaja Ha OIPEICICHHYIO
BEJINYMHY, 3aBUCSIIYIO0 OT CKOPOCTH MEPEMEILECHHS
nenanu rasza (puc. 3, 6noku 12, 17). Kpome Toro,
Ha 3aKIIOYUTENILHON (a3e, Koraa pa3HOCTh Yrio-
BBIX CKOPOCTEH BEOMOM M Beayllel yacteil cuen-
neHust He mpeBbiaet 60 06/muH (puc. 3, 6mox 27),
yBenuueHune TtomuBonogaun JIBC Ttakxke Oyzaer
3aBUCETH OT CKOPOCTH MEpeMeIleHHs Meaain ra3a
(puc. 3, 6moxu 29, 32). Bo m3bexanue «meperpys-
KW» CLEMJICHHs B LENb YIPABJICHUS BBeIEHa 00-
patHas cBs3b (puc. 3, 6omokm 13, 15, 18, 20) no
OTHOCHUTENFHOW YTIIOBOW cKOpocTH dA®/dt KOneH-
Baja JBUratens u npomexyrounoro Bana KII [4].
OO0patHas cBsI3b TaKXKe BBOJUTCS B IIETIb yIIpaBlie-
Hus aBurareneM (puc. 3, 6moku 25, 26) Bo u3be-
JKaHWE €ro 3arjIOXaHusl BCIEACTBUE CHIDKEHHS yT-
JIOBOM CKOPOCTH (¥ KOJEHYATOro Basla MPH BKIIIO-
YEHUU CLIEIUICHUS.

CokatTblil BO3yX U3 MHEBMOKaMmepsl 17 mpuBo-
Jla CLEIJICHUsI Yepe3 MPONOPLHOHAIBHBIN KianaH
16 mocrereHHO BEITycKaeTcsl B atMocdepy, obec-
neunBasi TpeOyeMblii TEMI BKIIIOUCHUS CLCTICHHS.

AnanTanys ynpasisoLIEro ajJropurMa
NPOMCXOAUT NPU HM3MEHEHHH MEXaHW4de-
CKHX W (WJIN) DJIEKTPUYECKUX XapaKTepH-

f

5 G

HOrO 3KcmepuMenTa [S5]. O0o3Ha4YCHHUST HA PHUCYH-
Ke: O, O, — YIJIOBOE MOJOXKECHHE IeJaau Tras3a
u peryara peryistopa THBJL, rpan.; & — nopo-
rOBOC 3HAYEHHE YIJIOBOW CKOPOCTH MepeMelle-
HUs TIENANM rasa, rpam/c; ), ®) — TeKylee u
npebIyIiee 3HAYCHUST YIIIOBOM CKOPOCTH ) KO-
nenBana JIBC, pan/c; ®" — moporoBoe 3HaueHne
WHTCHCHUBHOCTH CHUKEHHS YIJIOBOW CKOPOCTH KO-

Ao,

nop

H
op *

nenBana JIBC, pazx/cz; Am — HIDKHEE U

BEpXHEE IOPOrOBbIE 3HAYCHUS OTHOCHUTEIBHOTO
YIJIOBOTO YCKOPEHUS BEIYIIETO W BEIOMOTO JIHC-
UM | IUM™

BKJI 2 BBIKJI

KOB CILIEIJICHHMS, pan/cz;

BennunHa [IIMM-curnana, cooTBETCTBYIOIIAsT Ha-
yajay BKJIIOYCHHS W BBIKIIOUCHUS CLEIUICHUs, %;

M enuunHa 1IIMM-curHana, coort-
BETCTBYIOIIAs Hayajldy IIE€pEMEIEHUs phblyara
THBIL, %.

Cxematu3aIysi BBIIIEONHICAHHOTO HCCIIEAYeMO-
ro 00OBEKTa MPOBOIMIACH B COOTBETCTBHH C KOH-
LEeNIue peryaspHbIX JUHAMUYECKUX cxeM [6, 7].
JleiicTBuTenbHAS pacnpeieieHHas CUCTEMA IPy30-
BOTO aBTOMOOWIISI 3aME€HEHa SKBUBAJEHTHON MeXa-
HAYECKOM Momenbio (puc. 4), COCTOSIIEeH U3 yIpy-
TO-JMCCUIIATUBHBIX 3BEHBEB M COCPEIOTOYCHHBIX
WHEpUHOHHBIX Macc. [lapameTpsl ympouieHHO
IMHAMHYECKON MOJIEIH TIPUBEICHHI B Ta0. 1.

[Tpr MaTeMaTHIeCKOM ONMCAHNH pa3padOTaHHOM
JMHAMWYECKOH MOJIENTM MCHONB30BANICS IIUPOKO M3-
BECTHBI B KIACCHYECKOM MEXaHWKE MPHHIUI
J1’ Anmambepa — Jlarpamka, TIO3BOJISIOIIMMA — IPHMeE-
HSATb UHCTPYMEHTApUA aHAJTUTHUYECKOM CTaTUKHU JUIsS
Pa3paboTKH ypaBHEHHUH ABM)KEHHUS IIEMEHTOB MeXa-
HUYECKOH chUcTeMBbl. B kauecTBe 0000IEHHBIX KOOp-
MUHAT OBUIM TIPUHSTHI YIJIOBBIE CKOPOCTH WHEp-
IIMOHHBIX MacC ¥ KPYTAIIME MOMEHTHI B YIPYTHX
3BEHbSIX.

CTHK KOMIIOHEHTOB MEXaTpOHHON CHCTe-
MBI, CTHJIA BOXKICHHS WM BECOBOTO CO-
CTOSIHUS aBTOTPAHCIIOPTHOTO CPEZACTBA.
OYHKIMOHAIBHOCTh Pa3padOTaHHON Me-
XaTpoHHOU cucteMbl (puc. 1) m paborto-
CHOCOOHOCTh  aJanTHBHOIO  alrOpHUTMa
TpOraHusl IPy30BOr0 aBTOMOOUIISI C MECTa,
CXeMa KOTOpOro IIpUBEJNeHa Ha puc. 3,
MOATBEPKACHBI PE3YNIbTaTaMU OIYHATyp-

W\

I
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Puc. 4. YopouieHnasi AuHaMUuecKas MOJelb
CHIIOBOTO arperara rpy30BOro aBTOMOOWIIS

Fig. 4. Simplified dynamic model of truck power system
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Tabruya 1
IIapameTpsb! ynpoueHHOH JMHAMUYECKOH MOIeJIH

Parameters of simplified dynamic model

1, KT M

b, KT M

2
L, k'™

2
1y, kKT M

2
Is, kT ™

€3, pan/Hm

es4, pan/Hm

723, HM-c/pan

734, HM-c/pan

2,50

0,26

3,18

0,08

373,70

6,74 - 107

1,58 - 107

13,83

73,92

Takum 00pazoM, UMHUTAIMOHHAS MOACTH IPE-

BbIMH UIA UCCJIICAOBaHHA JUHAMHKH MCXaHUYCCKHX

CTaBliecHa CHCTEMOH JIOTHKO-Iu((epeHInaTbHBIX
ypaBHenmii Jlarpamxka Il poma, sBisommxcs 6azo-

CHUCTEM C I'OJIOHOMHBIMU CBA3IMMU:

W, = (MH (M, + Mry, ) /U, LR~ M,sign (e, —0,) L, P, )/(11 +LL);

@, =(M, LB +Msign(o —0,) (M, + M, ) /U, ) /(1 + L L)

]\/'[2,3 =(c02 /U, —(03)/e2’3; Mrz,3 =(0)2 /U, —co3)r2’3;

@y = (M, 5+ Mryy = (M, g+ Mr ) )/ s
M3,4 = ((’33

_(’)4)/63,4; Mr, , 2(0)3 _(’34)”3,43

0, = (M3’4 +Mr; , — M signo, —M(Psign((o4 —coS)L4P4)/(I4 +1Ly);

i = ((M3’4 + Mr , ) L, P, + M sign (o, — ;) L,P, - M, signo )/(15 +1,L,);

o, —032| <0,01;
—m,[20,01;

o, —032|20,01;

L —
- ,|<0,01;

|
N
|

I ,034—co5|30,01; [
P 0o, —os|=0,01,

1|, — o5|>0,01;
0,|, — 5] <0,01;

B =0,5- [1+s1gn |c021 +M23+Mr23|)}
)

(Me,
P, =0,5- [ —51gn( |(})212 +M,, +Mr2,3| J;

P =051 sign(M,, ~ oyl + My, + M )]
( )

P, =O,5-[1+sign M ~[0y1, + M, 4 +Mr | }

e O;, ®;, — YIIOBBIC CKOPOCTh M YCKOPEHHE Macchl ¢ MOMeHTOM mHepimu [ (i = 1-4); M, M

JoJ+1? JJ+l

2, 3);

— KPYTSILLMA MOMEHT JBU-

YNpYTUii MOMEHT M CKOPOCTh W3MEHEHMs YNPYroro MOMEHTa B 3BEHE C MONATIMBOCTBIO €; .y (j =
Mr.

i j+1 — AeMIUPYIOLKMI MOMEHT B YIPYTOM 3BCHE € MOAATIMBOCTBIO € ji1; M,y

rarens; M., — MOMEHT TPEHHs, Pa3BUBAEMBII CyXHM (PUKIHOHHBIM CLENIeHueM; M, M, — NpuBeICHHbIE
K BeixogHoMY Bairy KII MOMEHTBI OT CHJI CYMMapHOTO JOPOXKHOT'O COTIPOTUBIICHUS U OT CUJIbI CONIPOTUBIICHUS
BO31yXa; M, — npuBeieHHbINH K BeIxoaHOMY Bany KII MOMeHT cueruieHus ABMXKHTENS ¢ AOpOro; Ly, P, —
COOTBETCTBEHHO (YHKIMs MpeAuKaT u npepwiBatenu (k = 1-2; j = 1-4); U, = 7,82 — nepenaroyHoe 4UCIO

CTYIIEHH, C KOTOPOW OCYIIECTBISETCS TPOTaHHE aBTOMOOMIIS C MECTa.
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Mawiunocmpoenue

Kpytamuit MoMeHT M, onpeaensics Kak GyHK-
U OT MOJIOKEHHA TeJJay Ta3a U YIIIOBOH CKOPO-
CTH KaJeBaja C HCIIOJIb30BAHMEM BHEIIHEW CKO-
POCTHOM XapaKTePUCTUKH JBUTATENS [S].

Kpyraimuit MOMEHT, nepeaBaemMblil CUEIIEHU-
€M, OTIpeeIsIICs SMITUPUIECKH 1o Gopmysie [8]

_ —Tt
M= M, (1-¢7),
A€ T — TEMII BKIIIOYCHHSA CHCIIJICHUA, M

cmax

MaKCHMaJIbHBI MOMEHT TPCHUA CLUCTIJICHUAA,

Mcmax :BM

amax?

B = 1,8 — koaddumueHT 3anaca cueruienus; M =

Jamax
= 650 H-M — makcuManbHBI KpPYTAIIMA MOMEHT
JBC.
Mowmenter M, M,,, M, B IpUBEIEHUN K BBIXOJ-
Homy Bairy KIT onpenensumnck o opmymnam:

M, =0Gr,/uy;
MW = fG,ry uy;

M, =k,Svr, uy,

rme @ = 0,8 — Ko3pPUIHMEHT CLUEIUICHUs IIHUH C
OIOPHOM MOBEPXHOCTBIO; G, 155684,7 H —
cuenHoi Bec aBTomoounst; G, = 196200 H — moxn-
HBI BEC aBTOMOOWIIS; Vv — MPOJOJbHAs CKOPOCTh
aBromobms, m/c; k, = 0,33 H-c’/m' — xoadpdu-
IHEHT COIPOTHBICHHS BO3ayXa; S, = 5,9 M° —
TUTOMIA(h JIOOOBOTO COMPOTUBIICHUS aBTOMOOWIIS;
ro = 0,51 M — panuyc KaueHHs Kojiec 0e3 CKOJbXKe-
Hust; f= 0,01 — ko3pPHUIHEHT COMPOTUBICHHUS Ka-
YeHUIO0; Ur = 5,43 — mepenaToyHOE YUCIO IIaBHOM
nepeayd aBTOMOOHIIS.

MopnenupoBaHue BBIIICONMMCAHHON MeXaTpOH-
HOW CHCTEMBI YIIpaBlIeHUS (PUKIHOHHBIM CIIETI-
JIeHHEeM BBINIONHEHO Ha Oaze minardopmel AME-
Sim [9] (puc. 5), mo3BoisONICH OTpPadATHIBATH
KOMIUICKCHBIC QJITOPUTMbI  YIPABICHUS  y3JIaMHU
W arperataMd MOOWIBHBIX MammH. [lapamerpsl
IIOMK (MHAYKTHBHOCTh OOMOTKH, AWAMETP U XOJ
30JIOTHHKA U T. J.) B MOJICIH MOJHOCTBIO COOTBET-
CTByIOT mapameTpam opuruaaga (VEP3121-1).
Jn3enbHBIN IBUTaTeNb MPENCTABIEH YIPOIIEHHON
CyOMOZIETBIO, BBIXOJHASI XapaKTEPUCTHKA KOTOPOU
MIPEICTAaBIsAET COOOM 3aBHUCHMOCTH KPYTSIIETO
MOMEHTa OT YIJIOBOW CKOPOCTH KOJIEHBaJa W IIO-
JIOKCHUS TIeJaId YIPABICHHUS TOITUTMBOIOAAYCH.
CyOMojiennb  CyXoro (pUKIIMOHHOTO —CIEIUICHUS
BbIOpaHa MOBTOPHO-MHTETPUPOBAHHOMN, MOCKOJIBKY

428

coctosiHne (DPPUKIIMOHHOTO y37la M XapakTep Ipo-
TEeKaHUS TPUOOIOTMYECKOTO TPOIEecca OIpees-
I0TCS KaK TPCHHEM CKOJIbXCHHS, TaK U TPCHHEM
mokosi. MexaHu4eckass 4acTb TPAHCMUCCHH B MO-
nemu AMESim uwaeHTWYHA BBINICTIPUBEICHHON
YIPOIIEHHOW IWHaMH4YecKkoit momenu (puc. 4) u
AMeeT aHAJIOTHYHBIE ¢ Hed mapamerpsl (Tadm. 1).
I'py3oBoii aBTOMOOMIIL TpEACTaBIIEH YIPOILIEHHON
CyOMOJIENBIO C BOSMOXKHOCTBIO BBOIUTH TaKWE Ia-
paMeTphl, Kak: Macca, KOI(PQUIMEHT CIEIUICHUS
IIUHBI ¢ JOPOroi, J1000Bas IMIomaab, KOAPHHUIIK-
€HT CONpPOTHUBICHHUS BO3IyXa, COIPOTUBICHUE
MIOIBEMY.

PesynbpraTel MomenupoBaHus IMpoliecca Tpora-
HUS TPY30BOTO aBTOMOOWIII C MecTa B IIaKeTe
AMESim ¢ marom unterpupoBanus 0,001 ¢ u ux
COTIOCTABJIEHUS C OCHWUIOTPaMMOM peasbHOTro
Mpoliecca, MOJYYeHHON MPHU MPOBEICHUU MOTyHa-
TypHOTO IKCIIEPUMEHTa Ha HCIBITATEIbHOM CTEH-
Jie, MoKazanu MeHee 5 % MOrpenHoCcTy MallluHHO-
T'O SKCIIEPUMEHTA IO BEJIIMYMHE U XapaKTepy H3Me-
HEHHUSl YIJIOBBIX CKOPOCTEN BEJOMOW M Beaylleu
yacTe (PPUKIMOHHOTO CIEIUICHUS] T€HEepHpyeMo-
My ToKy B oomotkax [IDMK u Bpemenu Oykcosa-
Hus cuemnenus (0,8 c¢) [5], 4To CBUAETENbCTBYET
00 aJeKBaTHOCTH Pa3pa0OTaHHONH MOJCIIU peallb-
HOMY (PU3UUECKOMY OOBEKTY.

J1s KonmMdecTBEHHOW OIIEHKH KadyecTBa HCCIie-
JIyeMOro Tpolecca HCMOIb30BAINCH CIENYIOIINE
OILICHOYHBIE TIOKA3aTeNN: yrneidbHas MaKCUMalbHas

max
MomHOCTE N ™ W ynenpHas pabora Oykcosa-
uust Ly, cuennenns, koopGuIMeHT 1uHaMUYECKUX

Harpy3ok K, . ¥ MakCUMaJbHBIH pa3smax koneOa-

u
HUM MPOM3BOJHON MPOJOJILHOTO YCKOPEHHUS aBTO-
MOOWIIS IO BPEMEHU V.

VYrenbHBIE MaKCUMaJlbHAs MOIIHOCTh W paboTa
OykcoBaHUsl CleIUieHUs [9] ompeaensumch 1o
dhopmymam:

M_®
max __ Tp ~-OTH |,
Nyzt =max| ———— |;

Tp

Is
L}’Zl = SLJ.(MT}JCOOTH )dt’

™ 0
rne M., — moment tpenus, H-m; o, — oTHOCH-
TeJbHAas yIJIOBasi CKOPOCTh MMOBEPXHOCTEN TpEHMUS,

pan/c; S — IIOIIaab MOBEPXHOCTEHN TPEHMUS, CMZ,

P

S, =2440 cM’; ¢ — BpeMs GyKCOBaHHS, C.
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Puc. 5. MynsTHIMCIMIUTHHAPHAST MOJIETh aBTOMaTU3HPOBAHHOTO cuitoBoro arperara B AMESim

Fig. 5. Multidisciplinary simulation model of automated power system on AMESim

Kospdunment nuHaMuueckrux Harpy3ox [6]

I Vi

H max ’
M,

e M ;’;;X — MaKCUMAJIbHBIH JTUHAMHUYCCKHUN KPY-
TSMIAA MOMEHT B TPAHCMHCCHH B ITPOIIECCE TPOTa-
Hus ¢ mMecta, H-m; M ™ — npuseneHnblil Makcu-

MaJbHBIN KPYTSIIUI MOMEHT ABUTaTens, H-Mm.
MakcuMallbHOE 3HAaUE€HHWE NPOU3BOAHON IIPO-
JOJIBHOTO YCKOPEHHUSI aBTOMOOHIIS

[ Hayka
wrexHuka. T. 17, Ne 5 (2018)

.. dv,
V, =max ,
dt
rie v, — TIpOAONBHOE YCKOpEHHE aBTOMOOH-

151, M/c’

BriOpaHHbIe MMOKA3aTEIN OICHUBAIOT BIUSHHE
OpraHHU3aIy MEePEXOIHBIX MPOIIECCOB, BHI3BAHHBIX
TPOraHHEM C MeCTa, Ha OCHOBHBIC JKCIUTyaTa-
IUOHHBIC W HArPy30YHBIC XapaKTEPUCTHUKH aBTO-
MOOHIISL.

OmnpeneneHue TPeaeTbHBIX 3HAYCHHHA TeMIa
YIpaBJICHHUS CIEIUICHHEM TMPOU3BOIMWIOCH C TIO-

429

Science and Technique. V. 17, No 5 (2018)



Mawiunocmpoenue

MoImIelo paspaborannoii B AMESIim wmmwuranuon-
HOM MOJIEIT! METOJIOM TPSIMOTO Tiepedopa ¢ maroMm
p =0,05c" ¢ ycnoBreM mpekpameHus HOKMCKa IIo
MIPEBBIIIICHUIO KPUTEPHATBHBIX OIPAaHUYCHUH XOTS
OBI TI0 OJITHOMY M3 YETHIPEX BBIIICOMUCAHHBIX OIIe-
HOYHBIX TTOKa3zaTenei [10]:

[N;‘;ax] =40 Br/em’; [Lsz =15 x/em?;
[ Ko |=25 [¥,]=35-50 wic’.

B kadecTBe HayalbHOTO NPUOMIKEHUS B3SATHI
napaMeTpsl aNropuTMa TPOTaHMS TpU CpPEIHEM
Temne ynpasienus ciemtennem K, = 0,1 ¢ . Temn
ynpasienusa [IBC a npouecce mpoBeAeHUs dKCIe-
pUMEHTa He BapbUpPOBAJCS, T. €. ObUI MPHHAT IO-
crosuubM K, = 0,72 ¢ .

AHaJOTMYHO METOIOM TpsIMOro Tiepedopa ¢ 1ma-
roM p = 1 pan/c’ HAXONMIM HOPOrOBBIC 3HAUCHHS
napamerpa oOpaTHOM CBs3M (IpHUpAILEHUE PA3HOCTH
YIJIOBBIX CKOPOCTEH BEIOMOrO M BEeOYIIMX 4YacTeit
CLUEIUICHHs]) TpH MNPEeIBAPUTENBHO OINpPEenesICHHOM
TEMIIEe YIPaBJICHHUS CLCIUICHUEM.

OCHOBHBIE Pe3yNbTaThl MAITUHHOTO SKCIIEPH-
MEHTa 110 HAXOXJCHUIO MpeNelbHbIX 3HAYCHUI
TEMIIa yIpaBlieHHUs CLEIUICHMEM W Iapamerpa 00-
paTHOM CBS3W MPU TPOTaHUH IPYy30BOTO aBTOMOOU-
75 mpenctasiensl B Tabn. 2. Ilpu pocre Temma
BKJIIOUEHHS CLEIUICHHUsT HaOmomaeTrcs yObIBaHUE
paboThl OyKCOBaHMS, YBEITUICHIE MOIIHOCTH OYK-
COBaHMs, KOA(PPUIMEHTa TUHAMUYHOCTH W TIPH-
palleHus pPa3HOCTH YIIIOBBIX CKOPOCTEH BEJIOMOTO
W BEIyIIEro JWCKOB, YTO COOTBETCTBYET PeabHBIM
(PU3NUECKUM MPOLIECCAM.

Tabruya 2

IMoka3aTe/in NePeXoHOTO MPoIecca NPH TPOTAHHHU FPY30BOr0 AaBTOMOOMJIS

Indicators of truck start-up transient process

OLeHOYHBIH [TOKa3aTesb ePEeXoIHOTO Mpoiecca [oporosoe 3HaqeuHHe
Temn ynpasneHus napamerpa oOpaTHOMU CBSI3H
cueruernem K, ¢! .
N;r;lax , Briem® | Ly, Thx/em? K V., M/c Ao, pa/c?
0,2 9,87 15,11 0,83 2,39 33
0,3 11,74 14,41 1,11 3,59 44
0,4 13,53 13,88 1,17 4,78 48
0,5 14,64 13,44 1,24 6,91 55
1 19,53 12,08 1,67 12,01 75
2 25,25 10,67 1,90 22,90 110
4 33,4 10,01 1.95 34.93 140
5 36,76 9,92 1,76 37,69 150
6 39,2 9,83 1,96 39,40 170

BbIBO/IbI

1. Pa3paborana MyabTHAMCHMILIAHAPHAS MO-
JIeTTb MEXaTPOHHOW CHCTEMBl YIPABJICHUS CHIIO-
BBIM arperaroM rpy30BOT0 aBTOMOOWIIS Ha OCHOBE
wiatgopmel  AMESim, nosBonsitomias mpou3Bo-
IUTH aHaJU3 JUHAMHYECKUX MPOLIECCOB B aBTOMa-
TU3UPOBAHHOW TPAaHCMHUCCHHM W TPEACKA3bIBATh
MOBE/ICHUE WHTEJUICKTYaJIbHBIX CHCTEM HA PaHHUX
CTaIusX MPOEKTUPOBaHUS. AJIEKBATHOCTH JaHHOM
pa3paboTaHHOW MOJENU IMOATBEpPXKICHA IOIyHa-
TYPHBIM SKCTIEPHMEHTOM.

430

2. OmpeneneHbl MOPOTOBBIE 3HAYEHHS Tapa-
MeTpa OOpaTHOH CBSI3M A IPOTrPaMMHUPOBAHUS
ANIEKTPOHHOTO OJOKa YHpaBICHUs TpPaHCMHUCCHEH
MpH TporaHuu ¢ Mecta. Kak nmokasanu pe3ynasTaTsl
9KCIIEPUMEHTA, BEpXHEE IIOPOroBOE 3HAYCHHUE IIa-
pameTrpa oOpaTHOW CBSI3M O OTHOCHUTEIBHOW YT-
JIOBOM CKOpOCTM BeIOylled M BEeJOMOM vacTei
cuerviennst coctasiusier 170 paj/c’, HpeBblICHHE
KOTOPOro TpebyeT KOpPPEeKLHU YIPaBISIOMIEro CHUr-
Haja co cropoHsl ITN]I-perynaropa, KOHTPOIUPY-
IOLIEr0 TPUOOJIOTMYECKUH IPOLECC 3aMBIKAHHS
(PUKLIMOHHOTO y3I1a.
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Tpanchopmanuss MUPOBOIi ABTOMOOWIBHOM MPOMBIIIIEHHOCTH
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PedepaT. MupoBas IpOMBIIUIEHHOCTh HAXOIUTCSI HA OPOTe HOBOTO BUTKA PA3BUTHS, XapaKTEPH3YIOIIErocsl MOSBICHAEM
TaKNX MPOPBIBHBIX TEXHOJIOTHH, KaK: OJIOKYEHH, OECIIMIIOTHBIE YCTPOKMCTBA, TPEXMEPHAs MevYaTh, BUPTyabHAs PeaJbHOCTD,
MHTepHeT Bellel, JONOoIHEHHas: PeabHOCTb U T. JI. B pe3yibTaTe 5TOro KOpeHHbIe H3MEHEHHUs MPOU30HIYT B OOJIBIIMHCTBE
oTpaciell SKOHOMHKH. ABTOMOOHIIECTPOCHHUE HE HCKIIIOUeHHe. JlaHHas OTpacib WrpaeT OJHYy M3 KIIOYEBBIX pojiell B 3KOHO-
MHKE MHOXKECTBAa TOCYIApCTB, U W3MEHEHHs, MPOUCXOAAIINE B HEl, MPUBOAAT HE TOJHKO K CO3JAHMIO HOBBIX IPOIYKTOB,
TEXHHYECKHX IPOIIECCOB, HO U K COBEPIICHCTBOBAHUIO YK€ MMEIOIIEr0Cs IIPOM3BOACTBEHHOTO IUlanaapma. B yactoctn, ais
Pecrry6nmikn benapych aBTOMOOMITEHASI IPOMBIIUICHHOCTD — OJTHA M3 KIIFOUEBBIX OTpacieil 3KOHOMUKH, U ee 3 (PEeKTHBHOCTh
HMeeT BBICOKYIO CTEIeHb 3aBUCHMOCTH OT CKOPOCTH BO3HHKHOBEHHS U pealn3alliil WHHOBAIMH — CTPaTEerHUecKN BaXKHOTO
aCIeKTa MOBBIIICHU KOHKYPEHTOCIIOCOOHOCTH KaK Ha TEKYIIHX, TaK M Ha MOTEHIHAIbHBIX PhIHKAX cObITa. B cTaThe yneneHo
BHHMaHHE JIBYM OCHOBHBIM TpEHJaM, BO3HUKAIOIIUM B IIponecce GpOpMHUpOBAaHHS HOBOH MHIYCTPHAIN3AIUH: MOBBIIICHHUIO
9KOJIOTUYHOCTH TOIUIMBHBEIX CHCTEM WM HU(pOBoH TpaHcdopmarmu. [IpobiaeMbl MUPOBOH SKOJOTHH OKa3alu 3HAYHTEIHHOE
BIIMSHHUE Ha Pa3pabOTKH B cepe albTepHATUBHBIX HCTOYHUKOB SHEpru. CKOPOCTh Pa3BUTHA U MOIYJISAPU3ALIHU 3IEKTPOMO-
Ouieil 3HaUNTENEHO MPEBOCXOAUT «IIPOPHIBHBIE» HMHHOBAMOHHEIE pa3paboTku mpouuioro. OxHako Ha Oymymiee 3JIeKTPOMO-
Omeil MOTYT 3HAUUTENILHO HOBJIUATE MHOXKECTBO (DaKTOPOB, 11Ba M3 KOTOPHIX IOAPOOHO PACCMOTPEHHI B CTaThe: CTOMMOCTh
sHepruu (Oarapeil) un uexa Hedtu (mpu nexe oxono 20 m0i1. 3a Gappesb TEMIT Pa3BUTHsI 3HAUYUTENBHO CHU3UTC). [loMuMO
BOIIPOCA HKOJIOTHYHOCTH, YJEJIeHO BHUMAaHHE CepBHCaM HU(POBOH TpaHchopManuu. B mupe yxe CyIecTBYIOT IpHMepHI
UCIIOJIb30BaHMsl YAJICHHOTO YIIPABJIECHHs KapbepHBIMU CaAMOCBaJIaMH, TEJIEMaTHUKH | T. . Bce 9To mo3BoisieT opraHu3anusimM
3HAYMUTENBHO ONTHMH3UPOBATh PACXOAHYIO YacTh OM3HEca, TEM CaMbIM YBEJIMYHB 3()(PEKTHBHOCTH MCIIOIB30BaHHUS MMEIO-
muxcst pecypcoB. IIpuBoaurcs 0030p WHHOBanMii B aBTOMOOWJIECTpoWTeNbHOI oTpacim bemapycn (snekrpoMoOmim
«benlxny», anexTpodychl «berkoMMyHMa, pa3paboTKH NpeacTaBUTeNei KPYITHON IPOMBIIIIIEHHOH TEXHHUKN).

KiiroueBble cJI0Ba: MHHOBALMM, HOBAsl MHIYCTPHAIIM3ALIS, aBTOMOOMIbHAS IPOMBILUICHHOCTD, JJIEKTPOMOOIIIH, dJIEKTPO-
rpy30BHKH, 1 poBast TpaHchHopMAaLUs

Joas nutupoBanus: Cymkesnd, I1. I1. Tpancdopmarms muposoit aBTomMoOmbHON npoMsiinieHHoctH / I1. I1. Cymkesud //
Hayxa u mexnuxa. 2018. T. 17, Ne 5. C. 432-439. https://doi.org/10.21122/2227-1031-2018-17-5-432-439

Transformation of World Automotive Industry
P. P. Sushkevich"
DInternational University “MITSO” (Minsk, Republic of Belarus)

Abstract. The world industry is on a threshold of a new development cycle which is characterized by emergence of break-
through technologies: distributed ledger technology, drone-type devices, 3D printing, virtual reality, Internet of things,
augmented reality etc. Due to these technologies fundamental changes will take place in the majority of economic branches.
The automotive industry is not an exception. This industry plays one of the key roles in economy in a great number of coun-
tries and changes occurring in it lead not only to creation of new products, technical processes but these changes also entail
improvement of the industrial base which has been already created. The Republic of Belarus considers an automotive industry
as one of key industries for its economy and its efficiency has a high dependency factor pertaining to speed of innovation
emergence and implementation that is strategically important aspect of increase in competitiveness both on current sales mar-
kets and on potential ones. The paper pays a special attention to two main trends arising in the course of forming a new indu-
strialization: increase in environmentally-friendly fuel systems and digital transformation. Problems of world ecology have
exerted a considerable impact on developments in the field of alternative energy sources. Speed of development and promo-
tion of electric vehicles considerably exceed “breakthrough” innovation developments of the past. However a great number
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of factors can have a significant effect on the future of electric vehicles and two of them are thoroughly considered in the pa-
per: cost of energy (batteries) and price of oil (at the price of about 20 USD for barrel the development rate will considerab-
ly decrease). Besides the matter of environmental friendliness the paper pays attention to services of digital transformation.
The world has already presented examples pertaining to usage of remote control for dump trucks, telematics etc. Such an ap-
proach makes it possible for organizations to optimize substantially an expenditure budget and doing so we increase resource
use efficiency. The paper also contains a review of innovations in the automotive industry of the Republic of Belarus:
BelGee electric cars, Belkommunmash electrobuses, developments of large industrial equipment.

Keywords: innovation, new industrialization, automotive industry, electric cars, electric trucks, digital transformation

For citation: Sushkevich P. P. (2018) Transformation of World Automotive Industry. Science and Technique. 17 (5),
432-439. https://doi.org/10.21122/2227-1031-2018-17-5-432-439 (in Russian)

BBenenne

HoBoe ThIcsdeneTue 03HAMEHOBAJIOCH
r00aJbHBIME M3MEHEHHSMH (BO3HUKHOBE-
HHE TEXHOJIOTUH OJIOKYENH, HCIIOIb30BaHUE
OECIWIOTHBIX YCTPOMNCTB, TpEXMEpHas Ie-
YaTh, BUPTyaJibHasi U JOMOJHEHHAS peajb-
HoctH, MHTepHeT Bemelt u T. n.). JlaHHBIC
TEXHOJIOTHH BHOCSIT 3HAYUTEIbHBIE MPeod-
pasoBaHus B OONBIIMHCTBO cdep KHU3HEe-
ATEIBHOCTH dYeloBeka. MBI HaxoAuMcs Ha
Mopore HOBOTO BWUTKa WHIYCTPHAIH3AIUH,
KOTOpasi, 0 OIIeHKaM O3KCIEepPTOB, IOJIHO-
CTBIO HUBEIHMPYET TEXHOJIOTMUYECKHE Tpa-
HUIBI, BCJIEJCTBUE YETO KOPEHHBIE N3MEHE-
HUS TIPOM3OMAYT Ha BCEX MPOU3BOJICTBEH-
HBIX U TEXHOJOTMYECKUX 1enoykax [1].

CymiecTByeT HECKOJBKO TOYEK 3pEHHs Kaca-
TEJILHO MacITabOB W KJIACCH(DUKAIMH TPOHCXO-
nsmeit Tpancopmarmu. B 2012 1. aBTOpHTETHOE
Opurtanckoe uznanwe The Economist B kadect-
BE OJHON W3 KIIOYEBBIX TeM HOMepa BhIOpa-
710 «TpeTpi0 MPOMBINIUICHHYIO PEBOJIIOIHIIO» [2].
Ha BcemuproMm sxoHOMUYeckoM ¢dopyme B [laBo-
ce B 2016 r. nmpuUMEHEH TEPMHUH «IPOMBIIIICH-
HOocTh 4.0» [3], mpu3BaHHBI KOHCOJIHIMPOBATH
BO3HMKAIOLIUE MPOpPbIBHBIE TexHOnoruu. HesaBu-
CHUMO OT KJIacCH(IMKAIMH, TeMa HOBOH MHIyCTpHa-
JIU3AIUK TIPUBJICKACT K ceOe Bce OoJblliee BHUMA-
HHE B OOIIEMHUPOBOH 3KOHOMHYECKOW MpobiemMa-
THKE.

B ycnoBusix HOBOM MHAYCTpHAIM3ALUN 3HAYU-
TEJIbHBIM HW3MEHEHUSIM OyIyT TMOABEPKEHBI BCE
orpaciu. B cratee BHuMaHue c(OKyCHpOBaHO Ha
TEX W3MEHEHUSX, KOTOpBIE Y€ HA4aJHuCh U elle
MIPEJICTOAT KaK JETKOBOMY, TaK U I'pPy30BOMY aBTO-
MOOHIIECTPOCHHIO.

200

0.0

BekTophl pa3BuTHS ABTOMOOMJIECTPOCHHS

Cdepa rpy30BOro aBTOMOOMIICCTPOCHHSI TsDKE-
no mnepexuna kpuszuc 2007-2010 rr. Toxbko B
2013-M Havaam TOSBIATHCS TIEPBBIC TPU3HAKH
BOCCTAHOBJIGHHSI 10 TpexHero ypoBHsA (puc. 1).
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o onenkam sxcneproB PWC', cpennuit mpupoct
poiaka B 2017-2020 rr. coctaBut okoio 3,7 % [4].

s 24 24

205 204

2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016

Puc. 1. lnnamyka MUPOBOTO PHIHKA KOMMEPUYECKOH TEXHUKH

(McToYHUK: TOCTPOCHO HAa OCHOBE JTAHHBIX OICA?)

Fig. 1. Dynamics of world commercial vehicles market
(Source: Prepared on the basis of OICA?* data)

ABTOMOOMIIECTPOCHUE — TUHAMUYHAS OTpacib,
pa3BHBAIOIIasicsd MO BIMSHHEM OOJBIIOTO KOJIH-
gecTBa (pakTopoB. KirtoueBble U3 HUX NPUHATO Jie-
JIUTD Ha MATH TPy (pHC. 2).

BakHeifinne (QakTopsl, OKa3bIBAIOIIHE BIHAHIE
Ha Pa3BUTHE ABTOMOGHIECTPOCHHS

SBOIOLISA
Gu3HeC-Ccpenbl

HHHOBaLIMU

H3MeHeHHe
TIPOH3BOICTBEHHOTO

H3MeHeHne crpoca
mIangapMa

TpeGopanus
K TeXHHKe

Puc. 2. KinoueBble (akTOpbI, BIUAIOMINE HA PA3BUTHE
aBToMoOmiIecTpoerus (MICTOUHHK: ITOCTPOEHO Ha OCHOBE
uccieposanus PWC: The truck industry in 2020 [4])

Fig. 2. Key factors influencing on development of automotive
industry (Source: Prepared on the basis of PWC research:
Truck industry in 2020)

' PWC — Price Waterhouse Coopers.
*0OICA — International Organization of Motor Vehicle
Manufacturers.
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PaccmotpuM  netanbHO HamOoJiee  BaXKHBIHN
(dakTop B YCIOBHSX HOBOW HMHIYCTpHAIU3AINU —
unHoBarmu. CPokycupyeMcst Ha TaKUX HarpasJie-
HUSIX, KaK:

— DIIEKTPOMOOMIIM — KaK pellieHHe SKOJIorHYe-
CKHX TIpOo0JIeM;

— mudporas Tpanchopmarus (anria. Digital
Transformation).

9KO0JOTHYHOCTD TpaHCcopTa

KimmaTtnueckne U3MEHEHUS B COBOKYITHOCTH C
mpodjeMaMyu MHUPOBOW 3KOJIOTUH 3aCTaBHIU IIPO-
M3BOAWTENCH aBTOMOOWMJIBHOM TEXHHKH OOpaTHUTh
BHUMAaHHE Ha IOBBIINICHUE 3KOJOTMYHOCTH TOII-
JIMBHBIX CHCTEM, CHI)KEHHE BBIOPOCOB B aTMoOc(e-
Py, a Takke Ha pa3pabOTKy COBPEMEHHBIX THIIOB
JIBUTATEJe, NPU3BAHHBIX 3aMEHHUTH JBUTATENN
BHYTpPEHHETO cropaHusi. OJHIUM W3 KIFOYEBBIX MO-
MEHTOB B PEIIEHUH AAHHOTO BONpOCA SBISIETCS

WCIIONIb3yeMOoe TOILTMBO. bynymiee, KkoTopoe xuer
Ipy30BO€ aBTOMOOHWIIECTPOSHHE B YaCTH WCTOYHH-
KOB JHEPrHH, YXKe ceiiuac MOKHO HaOmogaTh Ha
MpUMepe JIETKoBoro TpancmopTta. C MOMEHTa BO3-
HUKHOBEHUsSI TIEPBBIX 3JIEKTPOMOOMIIEH TpOIIeT
OTHOCUTENFHO HEOOJBIION BPEMEHHOW HMPOMEXKY-
TOK, OJHAKO O CKOPOCTH Pa3BUTHS U PaCHpOCTpa-
HEHHS JIaHHOW «MHHOBAILMU» YK€ MOXHO JIENaTh
BBIBOJIBI: €€ TEMIT 3HAYUTEIHHO MPEBHIIIAET TEMITBI
Pa3BUTHS MOMYJSPHBIX Pa3pabOTOK MPOILIOTO.

O 3amyckax MPOW3BOJCTBA DIEKTPOMOOMIIEH
TOBOPSAT HE TOJILKO MHOTHE MUPOBBIE aBTOKOHIIEP-
Hbl, HO W HOBBIC W3BECTHBIE UTPOKH H3 JIPYTHX
cdep: Alibaba [5], Apple [6], Google [7]. B omy6-
nmukoBaHHOM Bloomberg New Energy Finance uc-
CIIEJOBAaHUHM TOBOPHUTCS,, YTO MPOJAXKHU 3IEKTPO-
mobwmieit k 2040 r. gocturHyT 41 MIH €IVHMII
OT10 coctaBUT 35 % OT pHIHKA MPOAAX JETKOBBIX
aBromobOwuel (puc. 4).
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Fig. 3. Speed of innovation diffusion (Source: Bento and Wilson, 2013)
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B ocHOBe maHHOTO MPOTHO3a JISKUT HCCIIEeI0BA-
HHUE TI0 M3MCHCHHIO CTOMMOCTH JINTUH-WOHHBIX Oa-
Tapei. FIx ctonmMocTh 3aMeTHO cHibkaeTcs (350 moo.
3a 1 kBt B 2016-M), otHocuTenpHO 2010 T. mMa-
nenue coctaBmio 65 %. IlporHosmpyercs, 4To K
2030 r. ona camsurcs 1o 120 gon. (puc. 5). Haps-
Iy CO CTOUMOCTBIO JTUTHH-HOHHBIX OaTapei OqHIM
U3 KJTFOYEBBIX (P)aKTOPOB SBISIETCS CTOMMOCTh Oap-
penst HeQTH. B NaHHOM MPOTHO3E OXHIACTCS €ce
poct o 70 momn. 3a 6appens B 2040-m. [Ipu peanu-
3alMd  TPOTHBOIOJIOKHOTO CIeHapus (IaJeHue
1o 20 701.) TeMIT Pa3BUTHS JIEKTPOMOOMIICH 3Ha-
YUTEJIbHO CHU3UTCA [8].

CroumocTts 1 kBT-4 mamaer

o

2040 (ITporuos)

2010 2016

Puc. 5. lunamuka croumoctu 1 kBt-u
TUTHH-NOHHOM GaTapen (McTouHHK: MccienoBaHne
Bloomberg New Energy Finance)

Fig. 5. Dynamics in cost of 1 kW-h Li-Ion battery
(Source: Bloomberg New Energy Finance Research)

B naHHBIF MOMEHT TOBOPUTH O IMOJHOLEHHOM
00pr0Oe IMEKTPOMOOMIICH ¢ aBTOMOOMIISIMH ITOKa
pano: 3a 2016 r. mpousBeneHo 466 ThIC. ANEKTPO-
MOOWIIe TPOTHB COTEH MIIIMOHOB aBTOMOOH-
neit — pasHuna Oonee yem 3HauutenbHas [9]. On-
HAKO BCE MOKET 3aMETHO M3MEHHTHCS yXKe B Onu-
xaimue 5-10 ner (yuuThiBas MHOTOYHCIICHHBIE
3asIBJICHUS. MHUPOBBIX aBTOKOHIICPHOB O 3aBepllie-
HUU TIpon3BoACTBa aBTomobmneit ¢ JIBC, a kpyn-
HBIX CTPaH — O 3aIlpeTe Ha MEPEIBUKCHHS TaHHBIX
aBToMoOwmieit). FiIMeroT MecTo TEOpHUH O TOM, UTO
MIEPEeX0J Ha DICKTPOMOOWIN HE COKPATUT BEIOPO-
cel CO,, a TIpOCTO TEepeHEeceT MX C aBTOMOOMIICH
Ha TPOM3BOJICTBCHHBIC MOIIHOCTH. YKpPaWHCKUH
WUCTOYHUK «JKOHOMHYECKHE H3BECTHS TIpEeACTa-
BuI pacuetsl Ha npumepe CLIA (BeiGop o0ycioB-
JIeH OOJIBITUM 00BEMOM CTATUCTHICCKUX JTAHHBIX),
COTJIACHO KOTOPBIM (MCXOJsl U3 CPEIHUX IOKa3a-
Teneit BEIOpOcOB) 00beMbl CO, COKpaTATCS YyTh
MeHee 4eM B jBa pasa [10].
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DNEeKTPOrpy30BUKH TOJIBKO HAYMHAIOT CBOU
myTh. MIX OTCTaBaHWE OT AJIEKTPOMOOHIICH OICHH-
Baercs B 10 jmet. OgHako yxe B 2017 r. koMmanus
Mercedes-Benz Trucks mpencraBuina mepByro
OTpaHUYEHHYIO CEPUIO 3JIEKTPOTPY30BUKOB C 3a-
nmacom xoxa 200 kM [11]. Pa3zButne anexTporpyso-
BUKOB BBIDJISIJIUT MEPCIICKTUBHBIM HE TOJBLKO M3-3a
3HAYUTEILHOTO CHWXEHUs BhIOpocoB CO,, HO
W3-32 CYIIECTBEHHOTO CHYDKEHHS OTEepPaIMOHHBIX
pacxoJI0B TPU UX IKCIUTyaTallHH.

Hudporas Tpanchopmanus

OtnenbHyI0 U 3HAYMMYIO POJIb UIPAlOT CEPBU-
cel M(PoBOI TpaHchopMalMK aBTOMOOHIIS/TPY-
30BUKA: TEJIEMaTHKa, MOJKIIOUYEHHOCTb I'DY30BHU-
KOB K CHCTeMaM yIpaBieHus, BigData, o01adnbie
cepBucel, Murepuer Bemeil. CorimacHo uccieno-
BaHMSAM KOHCAITHHTOBOM KommaHum Navigant
Research’, eMKOCTh pBIHKa HHTEJLIEKTYaIbHBIX
TexHoJoruii cbopa manHeix B 2016 1. cocra-
Buw1 57,6 miuH mon., a k 2025-My yBemWIHTCS
1o 223,6 mnH gon. [12]. AkTuBHO B pa3paboTke
WHTEJUICKTYalbHBIX CHCTEM YIPaBICHHUS TPY30-
BEIMH aBTOMOOWIAMU ydacTByeT Volvo Trucks.
«Ecmu ectp Ta cdepa, B kotopoii passutue IT
MPOUCXOJUT C IOPA3UTEILHON CKOPOCTBIO, TaK 3TO
aBTOMOOMJIbHASL TIPOMBIIIJIEHHOCTbY», — CUYHMTAaeT
Per Adamsson, AupeKkTop MO CTpaTernyd W pa3Bu-
tuio 6uzHeca Volvo Group Telematics. [{udposas
TpaHcoOpMalisl I'Py30BBIX aBTOMOOMIIEH MO3BO-
JISIeT TOy4aTh B PEKUME OHJIAHH OOJBIIOE KOJIH-
YeCTBO [JAHHBIX O COCTOSHMHM TPaHCIIOPTHBIX
CPEACTB, YTO B pE3yJbTaTe IMOMOXET H30eKaTh
HE3aIUIaHUPOBAaHHBIX 3aJIeP>KEK MPU BBITOTHEHUU
3aj1a4 Mo mpuyuHe mosomok. CoriacHo uccieno-
BaHusM Volvo Trucks, mpsiMble 3aTpaTel Ha OAHY
HE3aIUIaHUPOBAHHYIO OCTAHOBKY OIICHUBAIOTCS TIPH-
MepHO B 1 TBIC. €BpO ISl cpedHeil mo pasmepam
€BpOIEHCKON TpaHCHMOpTHOM Kommanuu. W 310
TOJILKO TPSIMbIE 3aTPaThl, IOMHMO KOTOPBIX BO3-
HUKAIO0 OIIEpallMOHHbIE U PEIyTALMOHHbBIE PUCKH.

Volvo Trucks yxe ucnonp3yeT s aHamu3a
CTEeIleHH u3HOca Jeraned TesneMaTuky. OnHako
OCHAIllEHHE Ka)KAOTo arperata cCOOCTBEHHBIM JAarT-
YUKOM 3HAYUTENbHO YBEIHYHBAET CTOMMOCTD TPYy-
30BHKa, TO3TOMY CTPAaTETMUECKH Ba)XHOU 3amadeit

? Navigant Research — KOHCAITHHIOBas KOMIAHHS, CIie-
LUANTU3UPYIOIIAsACS HA MCCIEIOBAHUM TI00ATBHBIX 3KOIOTH-
YECKH YUCTBIX TEXHOJIOTHH.
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ABJISIETCS IIOUCK CIIOCO0a aHaIK3a JaHHbIX, [103BO-
JISIOUIETO OXBAaThIBaTh BECh Ipy30BUK. OOuH U3
IPOEKTOB, HAINPABIEHHBIX Ha pEIIEHHE IaHHOH
3amaun, — In4Uptime. B manHOM TIpOeKTe BBIBOJ
0 TEXHUYECKOM COCTOSIHUM TPYy30BOTO aBTOMOOMIIS
NPUHUMAETCSI Ha OCHOBE TPEX THUIIOB CUIHAJIOB.
B nepByto ouepens NCTIONIB3YIOTCS CaMOT€HEPHPY-
eMble CHTHaJbl, TOJydaeMmble OT OJioKa ympaBs-
JeHHUsl TpPy30BUKA. BO-BTOPBIX, HCHOIB3YIOTCS
UCTOPUYECKHE JaHHbIE C JPYTHX TIPY30BHKOB,
K TpUMepy, HUCTOpHs OOCITYyXKMBaHUSI B MacTep-
CKuX. B-TpeTbuX, HCIONB3YyIOTCS BHEIIHUE MAaH-
Hble — uHpopmanus u3 MHTepHeTa WM BHeEI-
HUX TMOCTaBIIMKOB O JOPOKHOM JIBUKEHHH, MOTO-
ne u T. A. B pesynprate cucrema JaeT BO3MOXK-
HOCTh BBISIBUTH OTKJIOHEHHMS M CHENaTh MPOTHO3
BO3HUKHOBEeHMs JeekToB [13].

Eme omHuMm mpumepoM npuMeHEHHs LuQpo-
BOM TpaHCcopmManuu B cdepe rpy30BbIX aBTOMO-
Omieil ABIACTCS OMBIT MEXKIYHAPOIHOW TOPHOIIO-
obiBatomeii komnanuu Rio Tinto, koTopas pemmna
3aJady AaBTOMATU3alMM JOOBIMM Ha >KEJIE3HBIX
pyaHukax. JlaHHas opraHusalys OCHacTUIA CBOU
TOPHOAOOBIBAIOLINE CaMOCBAIbl JUArHOCTUYECKU-
MU JaTyiKamH, Ojarofapsi KOTOPHIM MEHEKMEHT
KOHTPOJIMPOBAJI IPOU3BOAUTENILHOCTh COOCTBEH-
HBIX akTUBOB. CoOpaHHAash COBOKYIHOCTH AAaHHBIX
oOpabatbiBasiach C ILENbIO IOCTHXKEHHS aBTOMa-
TU3UPOBAHHOTO BBINIOJHEHUS TEKYLIMX 3ajad.
B nacrosmee Bpems Rio Tinto umeer 69 aBToHOM-
HBIX KapbepHbIX camocBasioB Komatsu, kaxablid u3
KOTOpBIX wcmonb3yeT GPS-momymmn mis mepeme-
HIEHUS TPy30B 0e3 BOAUTENS. «ABTOMATH3UPOBAH-
HBIE CaMOCBaJbl TOPa3l0 JIydYIle CIPaBIISIOTCS
C TIOCTABJICHHBIMHU 33/1a4aMH, TaK KaK OHH CBOJST
K MUHUMYMY 3aJI€p’KKH, ONTUMU3ZUPYIOT PacXOibl
TOIJIMBA, MOBBIIIAIOT OE30IAaCHOCTHY, — IOABEI
utor JKan-CebacthsiH JKak, TeHepalbHBIA JUpPEK-
top Rio Tinto [14].

IIpumep Rio Tinto — He eAMHCTBEHHBIN B CBO-
eMm pozae. B 2016 r. Ha moporax o0ImIero moixp30Ba-
HUS TPOLUIH TeCTHpOBaHKUE 12 OECHHIOTHBIX TPy-
30BUKOB, pa3pa0OTaHHBIX KOMIAHMSAMH Scania,
Daimler, Volvo, Man, Iveco, DAF. Kpymnusiii ku-
TalCKUN TPOU3BOIUTENb TPy30BOil TexHUKH FAW
wianupyeT B 2018-M 3anmycTUTh CEpUITHBIN BBITyCK
OecIOTHBIX Tpy30BUKOB. besycinoBHO, mpucyT-
CTBYeT MHOXECTBO OTPaHMYMBAIOIIUX (DaKTOPOB,
KOTOpbIE HE MO3BOJIAIOT YCKOPUTH TeMI LU(POBOi
Tpancpopmanuy. CylecTBYIOT 3aKOHOJAATEIbHbBIE
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Oapbephl (OrpaHUYCHUS HA WCITOJIB30BAaHUE, B TOM
yrcie cyry0o Ha 3aKpBITBIX TEPPUTOPHSIX), KHOEp-
0e30macHOCTh (TI0 AKCIIEPTHBHIM JTaHHBIM, KOJIHYE-
CTBO KHuOepaTak Ha NOJKIIOYeHHble K VIHTepHETY
00bekThI 32 2015-2016 IT. yBeIUUMIOCh B YETHIpE-
maTe pas). Kpome Ttoro, cymecTBeHHON mpoOie-
MOM SIBJISI€TCS CTEIICHb PACIPOCTPAHEHUS BBICOKO-
ckopoctHoro HMurepnera [15]. He Bo Bcex pe-
THOHAX CYIIECTBYET BO3MOXKHOCTBH IOAIEP KaHUS
HEOOXOIMMOI'O YpPOBHS CBSI3M, 4YTO IPUBOIUT
K TOTepe KOHTPOJII HaJ aBTOMAaTH3WPOBAHHBIM
IPY30BUKOM WU MOXET BbI3BaTh 3HAUUTEJIbHBIE IIO-
cnenctBus. TpaHchopmarmn, aHaIOTHYHBIE Oec-
OWIOTHBIM TPY30BHKaM, HAHECYT 3HAYUTEIHHBIH
yznap no pabounMm mectam: Ha BcemupHOM 3KOHO-
MuueckoM (opyme B JlaBoce B xone 00CyKaeHUI
Hayaia HOBOU TMPOMBIIUIEHHONH PEBONIONUN OBLIO
MIpeNICTaBIeHo HccienoBanne (Ha 6aze 350 kpyrm-
HEHIIMX KOpIopaluii), COrJacHO KOTOpOMY B pe-
3ynbTare TpaHcopManuu TeKyleld MOJENU Mpo-
W3BOJICTBA COKpAIEHUIO OyAeT MOIBEpKEeHO 00-
jgee 5 MJIH paboYMX MECT BCIEICTBHE MX HEBOC-
TpeboBaHHOCTH [16].

HNuHoBanuu Gesiopycckoro
aBTOMOOMJIECTPOCHHS

BrrmeynoMsiHyThle MHHOBAIIMHM Pean30BBIBA-
JIACh B cTpaHax, BxoAsmux B Torn-25 B The Global
Innovation Index-2016. Bce oHM MMEIOT BBICOKHIA
ypoBeHb pacxomoB Ha HMOKP mo ortHomeHuio
k BBII (ot 1,2 % u Goinee). Pecnyonnka benapych
no wuroram 2016 r. umeer 0,4 % (B 2012-m —
0,64 %) — 116-e MecTo B Mupe N0 yIEIEHOMY BECY
pacxonoB Ha HUOKP B BBII u 79-e mecto B ri1o-
0aJIbHOM MHHOBAIIMOHHOM pedTHHre (puc. 6) [17].

DTO HEBBICOKWH pe3yibTaT, OJHAKO OH HE 5B-
JsieTCsT MHIUKATOPOM OTCYTCTBUSI HMHHOBAlIMOH-
HOH cocTaBsironeil kak B Pecrybnuke bemapycs,
TaK W B aBTOMOOWIIECTPOUTENHHOW OTpacid B
YaCTHOCTH.

B cepenune 2017 r. ObITH TpeaCTaBICHBI TIEp-
BBl OEJOpYyCCKHE DIIEKTPOMOOWIH, peaTn30BaH-
Hele Ha 0aze Geely CS7 u coOpaHHBIC Ha MOIIHO-
ctsix C3A0 «BEJIIIDKIM». benopycckuif pbIHOK
3JIEKTPOMOOMIICH JOCTATOYHO MOJOA U TOJBKO
HauWHAET JieNaTh CBOM IepBble Imarn. Ero passu-
THE, CKOpee, YCUIIUS TPYIIbl SHTY3HaCTOB, HEXe-
JIY TUTAHOMEpHAs, KOMIUIEKCHAsE M KOMaH/Has pa-
00Ta CTPYKTYp, B YbHUX KOMIIETCHIIUSX HAXOJUTCS
JIaHHBIN BOMPOC.

Hayka
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JHounst pacxogos na HUOKP
B BBII, %
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Puc. 6. Y nenbusiii Bec pacxonoB Ha HUOKP 1o otHomenuro k BBII Peciyonuku bemapycs 3a 2004-2016 rr.
(Ucrounuk: UNESCO INSTITUTE FOR STATISTICS)

Fig. 6. Ratio of expenditure on R&D in relation to GDP of the Republic of Belarus for 20042016
(Source: UNESCO INSTITUTE FOR STATISTICS)

PasButne snekrpomobuieii B benapycu Topmo-
3UT TPEXKIE BCEro OTCYTCTBUE CIEIHMAIBHOTO 3a-
KOHOJIATEeNIbCTBA, a TAK)Ke CIIa0ble MEpPHI CTUMYIIH-
poBaHUS HaceJeHUs K HMX MoKymnke. KitoueBbiMu
«AKOPSIMI SIBJISIFOTCSL BBICOKHE TaMO>KEHHBIE TUIa-
TeXHu (MOryTr nocruratb 10 54 % oT cromMocTu
3IEKTPOMOOUIIS), JOPOTOH YTHUIIM3AIMOHHBIN COOp
(pazanma goxoaut 1o 10 pa3 He B MONB3Y dJEK-
TpoMoOwmIeit). OAHAKO HaIlpaBIIEHHE CO3TaHUS
PBIHKA 3JIEKTPOMOOUIICH — MEPCIIEKTUBHOE U OyIeT
pa3BUBATHCSA CTPEMUTENHHBIMA TEMITAMH: B COOT-
BETCTBUH C NPOTPaAMMON pPa3BUTHA 3apsSAHON HH-
(bpacTpyKTypbl M DIIEKTPOMOOMIBHOTO TIapKa B
benapycu x 2025 r. nomxHO 6bITh HEe MeHee 10000
anekTpomobmneit [18].

IToMHMO JIETKOBBIX JJIEKTPOMOOWIICH, BECHOM
2017 r. B bemapycu BBEAEHBI B 3KCILTyaTallUIO
anekTpoOycel, paspaboranasie OAO «Ympas-
JSrOINAs KOMIaHusl XojauHra «berkoMMyHMar.
Ha naHHBIi MOMEHT peryJisipHble pechl BbIIOJ-
HSIOT OKOJIO 20 eTUHUI] TAKOW TEXHHUKHU. DIIEKTPO-
Oyc crocoben npeonosieBath 10 20 KM Ha OHOM
3apse, BpeMs 3apsIKH cocTaBiseT 7—8 muH [19].
B omnmume OT yKpawmHCKMX KOIUIeT (KOHIEpH
«DNEKTPOH» BBIMYCKAET JJIEKTPOOYCHI C 3amacoMm
xoma 6omee 200 kM, HO 3apsiakon 6—7 1), «ben-
KOMMYHMaID» CJelajl CTaBKy Ha MOOWIBHOCTS,
KOTOpad 1moMoract CTa6I/IHI>HO BBIINIOJIHATL HE-
OoJbIIKEe IO TPOTSHKEHHOCTH TOPOJICKHE TIEPEeBO3-
KM, HO a0COJIOTHO HE TMOAXOIUT S MEXIYro-
POIHHX TIEPEBO30K.

I'py30BOii CerMeHT TakXe IpeajaraeT HOBBIC
WHHOBAIMOHHBIe pemeHus. K mpumepy, B cepe-
nuae 2016 r. benrA3 npencTaBuia HOBYIO TEXHOJIO-
TUIO — JIA3ePHYI0 aKTUBHO-UMIIYJIBCHYIO CHUCTEMY
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BuaeHust «JIAUCB-1». Oto coBMecTHas pa3paboTka
yropapistionied  kommanuud — xonguara  «bernA3-
Xonaunar» u UnctutyTta Qusuku nmenu b. Y. Cre-
naHoBa HAH benapycu. JlanHas cucrema, B OTIIU-
4yre OT MH(PPaKpacHBIX Kamep, MO3BOJSET (OpMH-
pOBaTh KauecTBEHHOE M300pakeHHe B KaOWHE He
TOJIBKO B TEMHOTE, HO H B YCIIOBUSIX OTPAHUYCH-
HOW Tpo3payHocTH arMocepsl (CHer, TymaH,
noxap u npoy.) [20]. Becnoit 2017 r. OAO «MA3»
MPEICTAaBWIO YHUKAIbHBIE KOMMYHAJIbHBIE Ma-
LIMHBI, pa3paboTaHHbIE COBMECTHO C €BPOIEHCKH-
MU TPOU3BOJUTENSAMHU. BBICOKOTEXHOIOIMYHBIE
MAalllUHBl BBINOJIHSIIOT (YHKIUM HABEICHUS IIO-
pAAKa Kak Ha TBOPOBBIX TEPPUTOPHUSAX U JIOpOTrax,
Tak U B TOPOACKHX cToKax. [lepBas mapTtus ma-
IIMH YyX€ peaju3oBaHa W oTnpaBieHa B CaHKT-
[etepOypr.

BbIBO/IbI

1. ABTOMOOWMIIECTPOCHHE BOCCTAHABIIMBACTCS
nocje odepegHoro kpusuca. B ycioBusix pocta
pBIHKa Ha TEPBBIA IUIaH BBIXOJAT TEXHOJOTHH,
MO3BOJISIONIE CPOPMHUPOBATH KOHKYPEHTHBIE Tpe-
umymectBa. OOHAMU W3 BaXXHEUIIMX WHHOBALU-
OHHBIX HAlpPaBJICHUH Pa3BUTHUS SBISIOTCSA CO31a-
HHE OKOJOTMYHOTO TpaHcmopra M ImdpoBas
TpaHchopmanus.

2. [Ipoucxopsmme B aBTOMOOHIIECTPOUTENH-
HOM OTpaciy TpaHC(HOPMALUH JOCTATOYHO MAac-
mrTaOHbl. HOBBIE TEXHOJIOTMH TOBBIIICHUS DKOJIO-
THYHOCTH TPAHCHOpPTa BO3HUKAIOT M PacHpocTpa-
HSIOTCSl BO MHOTHX CTpaHax. Mupy ye M3BECTHBI
yCIienHble MpoekThl: Tesla B JIerkoBoM aBTO-
Mobunectpoennu, e-Trucks or Mercedes-Benz
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B Tpy30BoM. K co31aHMI0 HKOJIOTHYECKH YUCTOTO
TPAHCIIOPTa TOJAKIIIOYAIOTCS HE TOJILKO WIPOKH
aBTOMOOMIIFHOTO PBIHKA, HO W JIUJIEPHI WHBIX KPYTI-
Heitmmx chep: Alibaba, Google u T. 1.

3. ludpoBas TtpaHCchOpMalus TaKKEe HMEET
SpKre TIPUMEPHI pealu3aluy: TeremMaTtnka Volvo
Trucks, aBTOMaTH3MpOBAaHHBIE KaphEPHBIE CaMO-
cBanbl Rio Tinto. IlpoekTsl yxe CyLIeCTBYIOT M
JTAIOT OIIyTHMBIE TIPEUMYIIECTBA CBOMM pa3paboT-
YUKaM.

4. IlpumeuatenbHo, uTo PecnyOnuka bemapych
HE SIBIIICTCS WMCKIIOYEHHWEM: OENOopyCCKHe JIeK-
tpomobumn  C3AO0 «BEJIJIXKW», s1exTpobycs
OAO «Ympasnstomass koMmnanust xonaunara «ben-
KOMMYHMaII», Jia3epHas aKTHBHO-UMITYJIbCHAs
crucreMa BuneHUS benA3 — Bce 3TO mpuUMepsl WH-
HOBallMOHHBIX Pa3pabOTOK OTEUYECTBEHHOTO aBTO-
MOOMITECTPOCHHS.

5. HecMOTpst Ha BCe MMEIOIIMECS] OTPAHUUCHHUS,
HOBasi MHAyCTpUanu3anus HaOupaeT oOOpOTHI U,
Kak OBLJI0O OTMEYEHO paHee, TEeKYIIUil TeMI pa3Bh-
THS B COBOKYITHOCTH C TIPOTHO3aMH JKCIIEPTOB T'O-
BOPHUT 00 OJJTHOM — aBTOMOOHMIIECTPOEHHE MePEKU-
BaeT HE KPHU3HWCHEBIE BPEMEHA, a BCTYIAET B HOBYIO
peaNlbHOCTh, OIEpaTHBHAS ananTarus K KOTOpOU
CTaHET KIIIOYEBBIM KOHKYPCHTHBIM IMPEHMYILC-
CTBOM Ha MHPOBOM DPBIHKE.
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Study of Proportional Pressure Modulator on the Basis
of Electromagnetic-Type Linear Motor

M. Yu. Zalohin", B. A. Liubarskyi”, S. N. Schuklinov”, M. G. Mychalevych", D. N. Leontiev"

YKharkiv National Automobile and Highway University (Kharkiv, Ukraine),
?National Technical University “Kharkiv Polytechnic Institute” (Kharkiv, Ukraine)

© benopycckuii HallMOHANBHBIN TEXHUYECKUH yHUBepcuTeT, 2018
Belarusian National Technical University, 2018

Abstract. The paper deals with a workflow of a proportional pressure modulator equipped with a linear electric motor of elec-
tromagnetic type (LEMET). A schematic diagram consisting of a power supply and control system has been constructed
to determine the performance of LEMET. The power supply system is a self-contained half-bridge inverter. The converter
input is supplied with 12 V DC voltage. The motor phase is powered by an inverter which includes transistor switches and
diodes. The control system of the autonomous inverter consists of two channels — a current limiting channel and a linear trans-
fer channel. The study is based on the results of numerical and simulation modeling of LEMET workflows. Numerical simula-
tion is performed and investigated by a finite element method in the FEMM environment. Geometry of the LEMET model lies
in the region of air with an electromagnetic permeability of 1. An initial radius of the grid generation for the working gap area
is 0.5 mm, while for other areas an adaptive generation method has been applied. In order to determine a continuous power
function at any point within a current variation interval 7 and a displacement x current linkage and electromagnetic force func-
tions have been approximated by polynomials use of the Curve Fitting application. The simulation LEMET model of a pro-
portional modulator has been built in the MatLab Simulink environment. The implicit Runge-Kutta method using the second-
order inverse differentiation formulas with a variable step has been applied for solution of a mathematical model in the
MatLab Simulink system. The equation of an electrical circuit for an inductor motor phase has been compiled according to the
second law of Kirchhoff. The LEMET traction characteristics have been obtained by moving a locking and adjusting element
(LCE) from 0 to 6 mm in steps of 1 mm while changing the MMF in the winding from 0 to 2 A in steps of 0.1 A. It has been
established that in order to move the LCE by 6 mm with the speed of 40 mm/s with a resolution of 0.15 mm, the maxi-
mum value of the current in the LEMET winding is equal to 2.5 A. In this case the value of the electromagnetic force is 120 N.
This makes it possible to improve an accuracy of the brake drive pressure regulation by 12.3 %. Solutions have been proposed
to increase the LEMET speedwork. Characteristics of the engine have been described and numerical parameters of LEMET
have been determined in the paper. The developed simulation model allows to investigate functional properties and dynamic
characteristics of the proportional modulator with a relative error of 4.07 %.

Keywords: proportional pressure modulator, linear motor of electromagnetic type, finite element method, simulation,
workflow
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MUaibHas CXeMa, COCTOSIIAs M3 CHCTEMBI NUTaHMS W yrpasieHus. CHcTeMa NMUTAHMS NPEACTABIIET cOo00i aBTOHOMHBIH
noJayMocToBoi uHBepTOp. Ha BX0ox mpeobOpazoBarens mogaercsi NocTosiHHoe HanpspkeHue 12 B. dasa neurarens nuraercs oT
HMHBEPTOPA, B COCTaB KOTOPOTO BXOMSAT TPAH3HCTOPHBIC KIIOYHM U aAuoabl. CHcTeMa yIpaBieHHs: aBTOHOMHBIM HHBEPTOPOM
COCTOMT U3 ABYX KaHAJIOB — KaHala OTPaHMYEHUs] TOKa M KaHalla JIMHeiHoro mepemenieHus. MccnenoBaHue oCHOBaHO Ha
pe3yiabTaTax 4YHCICHHOIO M MMHUTAIMOHHOTO MOJEIHMpoBaHHs paboumx mporeccoB JIDJDT. YucnenHoe MonenrpoBaHHe
BBITIOJTHEHO ¥ MICCJIEIOBAHO METOJOM KOHEUHBIX 3ieMeHToB B cpene FEMM. I'eomerpust momenu JISJADT 3aximouena B 00-
JIacTh BO3JyXa C 3JIEKTPOMArHUTHOM HPOHUIAEMOCTHIO, paBHOU 1. HawanbHbIl paguyc reHepaunuy CeTKH AJsl 00JIacTH pa-
6ouero 3a3opa cocrasuster 0,5 MM, a U1t pyrux oOiacTell yCTaHOBIEH aJalTHBHBIM MeTox reHeparuu. s omnpeneneHus
HENpephIBHON CTENEHHOH (YHKIMU B 000N TOUKEe MHTEpBajla BapbUPOBAHHUs TOKA i M NMEPEMEILEeHHs X (YHKIUH TOTOKOC-
LETUIEHHsT ¥ 3JIEKTPOMarHUTHOH CHIIBI allpOKCHMHUPOBAHBI NOJIMHOMAMH NIpH oMoy npmioxkenust Curve Fitting. Mmura-
nuonHas mozens JIDJDT mponopunoHaabHOro MOLYIIATOpa octpoeHa B cpene MatLab Simulink. [{nst pemenust matrematu-
yeckoit Mozenu B cucreme MatLab Simulink BeiOpan nesBHbIH MeTox Pynre — Kyrra, ncnons3yronuit opMyinsr o6paTHOTO
JubdepeHIupoBanus 2-ro MopsiKa ¢ IePEMEHHbBIM IIaroM. Y paBHEHHE 3JIEKTPUYECKON 1enu (a3bl HHIYKTOPHOTO JIBUTaTe-
TSI COCTAaBJIEHO COTJIACHO BTOpoMy 3akoHy Kupxroda. Tsrossie xapakrepuctuku JIDJDT momydeHs! myTeM nepeMenieHus
3anopHo-perynupytomero uementa (3PD) ot 0 1o 6 MM ¢ marom 1 MM npu U3MEHEHMH MarHuTo-ABMKYyIel cuasl (MJC)
B obmotke oT 0 m0 2 A ¢ marom 0,1 A. YcranosieHo, uro juist mepememienust 3PD wa 6 MM mpu ckopoctu 40 mMm/c
¢ auckpetHocThio 0,15 MM MakcuMmanbHOE 3HaueHue cuibl Toka B oo0MoTke JIDADT pasno 2,5 A. Ilpu 3T0M 3HaueHHE 3IeK-
TpOMarHuTHOH cuisl paBHO 120 H. DT0 mo3BossieT NOBBICHTH TOYHOCTH PETYIHUPOBAHNUS JABJICHUS B TOPMO3HOM IIPUBOIE Ha
12,3 %. IIpennoxensl pemenus, nopsimaroniue opictposeiictaue JIDJADT. Onucanbl XapakTepUCTUKH IBUIATENs U ONpesie-
neHs! yncnenHsle mapametps! JIDJADT. PaspaboranHass MMUTAIMOHHAS MOJENb MO3BOJISIET HCCIISNOBATh (DYyHKIMOHAIBHEIS
CBOIfCTBa M AMHAMHUYECKUE XapaKTePUCTUKH NPONOPIHUOHAIFHOTO MOLYIATOPA C OTHOCUTENBHOM HorperHocTEio 4,07 %.

KnioueBble ci10Ba: nponopuroHAIBHBIN MOIYIATOP JAaBJICHUS, TUHEHHBINA IBUraTeIb JIEKTPOMAarHUTHOTO THIIA, METOJ KO-
HEYHBIX 3JIEMEHTOB, MOJISTUPOBaHUE, pabounii mporecc

Jist uuTupoBaHus: VccienoBaHue NpOHOPUHOHAIBLHOTO MOYJISATOpA JaBICHHUS Ha OCHOBE JIMHEHHOTO JBUraTesIs 3JIeKTpO-
marautHoro tuna / M. YO. 3anorun [u np.] // Hayka u mexnuxa. 2018. T. 17, Ne 5. C. 440-446. https://doi.org/10.21122/

2227-1031-2018-17-5-440-446

Introduction

It is a well-known fact that the development of
measures to improve the structural safety of the car
has a global character nowadays. The reason for
this is the increasing complexity of road traffic,
which in turn poses problems to the driver while
steering the car that one may not always be able to
cope with. The above problems can only be solved
by on-board computer systems, since other admini-
strative measures do not lead to sustained decline
in the number and complexity of accidents. In this
regard, on-board computer systems, processing the
streaming information, can systemize it, record it,
and if there is a necessity, provide or modify the
appropriate steps in the light of prevailing traffic
conditions. From this point of view, the most mo-
dern braking system is the electro-pneumatic brake
system (EPBS). The air pressure in the brake cir-
cuits of such a system is formed by electronic con-
trol pressure modulators. The control is carried out
by means of electronics based on sensor infor-
mation included in the configuration of any auto-
mated system. The quality of control is determined
by the executive devices (modulators) whose struc-
ture many parameters of traffic safety depend
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upon. Increasing the speed of modulators helps in
solving a number of technical problems, while im-
proving their design leads to the reduction of the
cost of production of brake equipment and the
brake system as a whole.

Analysis of publications

The works of A. K. Alexander, L. V. Gurevich,
A. L. Popova; L. A. Ryzhykh [1], D.N. Leontiev [2]
deal with the creation and improvement of EPBS.
At the Automobile Department of KhNAHU there
was developed and introduced into manufacture a
proportional modulator EPBS designed on the ba-
sis of a rotary electric stepper motor FL57STH76-
2084B with a gear-train rack pinion. It is estab-
lished that the range of the rotary stepper electric
motor operation in the proportional modulator is
very narrow, which is irrational. To address this
shortcoming, in this paper it is proposed to apply a
gearless drive based on the linear electric motor of
the electromagnetic type (LEMET). Drives based
on the linear electric motor of the electromagnetic
type are widespread in the field of railway techno-
logy for drives of the body tilt systems of high
speed electric rolling stock [3], and in the switches
of sleeper type [4].
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Goal and problem statement

The aim of the given work is to determine the
possibility of using in the pressure modulator of
the electro-pneumatic brake system a linear electric
motor of electromagnetic type.

To achieve this goal it is necessary to solve the
following tasks: to develop a mathematical model
of linear electromagnetic motor; to develop a
mathematical model of the proportional pressure
modulator with a linear electric motor of the elec-
tromagnetic type; perform a simulation study of
the workflow of proportional pressure modulator
with a linear stepper electric motor.

Modeling of working processes
is proportional to the pressure modulator

To select the main parameters of the propor-
tional modulator with a linear electric motor of the
electromagnetic type as well as build its sta
tic characteristics, the following initial data is re-
quired: z — increment of the locking control ele-
ment (LCE); ¢ — time of the full stroke of the shut-
off control element.

Discreteness of the locking control element
displacement is determined by the dependence
of the locking control element displacement and
outlet pressure. In the traditional proportional (ser-
vo) machines, namely, in brake valves, the grada-
tion of the output pressure is one of the indicators
of pneumatic actuator quality. Regulations are not
proposed. There is no specified gradation change
of the output pressure in proportional devices. Pro-

ceeding from other recommendations, the permis-
sible value of the pressure degree in the pneumatic
brake actuator should not exceed 3—4 % of the
maximum pressure and 0.02 MPa [5, 6].

Thus, the discrete displacement of the locking
control element can be determined by the follo-
wing formula.

7= max , (1)
deg

where P, — the maximum pressure in the actua-
tor; P, — measure of the degree of change in pres-
sure.

The minimal time of the locking control ele-
ment turn in serial brake valves is determined by
the time of brake-pedal actuation during emergen-
cy braking, which is regulatory established to be
0.2 s[5, 7]. Thus, the maximum travel time of LCE
in the proportional modulator shall not exceed 0.2 s
and the minimum time is limited by the inertial
parameters of the linear electric motor of electro-
magnetic type. The design scheme is proportional
to the pressure modulator with a linear stepper
electric motor shown in fig. 1.

The mathematical model of the linear electric
motor of the electromagnetic type consists of equa-
tions of electric circuits and the movement of ar-
mature. The equations of the electric circuit
describe the workflow of the linear electric motor
of electromagnetic type whose phases are based
on the solution of the Lagrange equations for
electromechanical systems [8, 9].

A
0.05 mm
[

07 i
mm/h> = = ’:ch
Olug |

\_ﬁ/%\;

Fig. 1. Analytical model of proportional modulator:
1 — anchor, LEET; 2 — LSE rod; 3 — return spring; 4 —double-seat valve; 5 — spring of double-seat valve;
6 — follow-up air piston; 7 — follow-up air piston spring; 8 — case of modulator
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Transforming it with respect to the derivative
of the current, we obtain the differential equation
of the first order in the form of:

di _ U-iR-vK ’ @)
dt L
where U — voltage; i — current strength; R — re-
sistance of the winding field; v — linear speed;
K = 0y/Ox — private derivative of the flux linkage
to move x, at constant current i; L = Oy/0i — partial
derivative of the flux linkage according to current
i, at constant displacement of x; y — flux linkage of
the motor phase.

According to the Newton's second law, the
equation of armature motion takes the following
form:

d’x _F,~F,
dr’ m

, 3)

where m — is the mass of the moving parts of the
proportional modulator; F, — is the electromagnetic
force of the linear electric motor of electromagne-
tic type; F;—is the force of resistance.

Expressions for determining the flux linkage
and its derivatives according to the current and the
displacement, as well as the electromagnetic force
F, are the functions of linear displacement x and
the current i:

Y= f(xa l): F'e = f(xa l) (4)
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The definition of parameters vy, L, K, F, are
performed using the finite element method and the
subsequent regression analysis. Modeling and
study of LEMET of the proposed design was car-
ried out in the FEMM environment [10]. When
building the model, the following basic parameters
and assumptions were taken into account: the
magnetic system is axially symmetric; the body
material and the motor armature is made of steel
2020, the stator winding is made of copper with
MDS 1000 A; the eddy currents and hysteresis in
the magnetic core are not taken into account, the
keys of the converter have ideal current-voltage cha-
racteristics [11-13]. The estimated area of LEMET
is limited to a sphere (fig. 2a, item 4) filled with
air. On the border of region A4 they set the bounda-
ry condition of Dirichlet [3]. This makes it possible
to keep the magnetic flux within this area. Finally,
the total force is determined by integrating the
differential force on the loop around the anchor.
This contour is automatically determined by the
software package FEMM. As a result of generation
of the finite element mesh the model contains
25798 nodes and 51528 elements (fig. 2b). To ob-
tain a family of traction characteristics LEMET,
they carried out a set of numerical experiments by
varying the movement of LCE and the anchor x in
the range from 0.1 to 8.0 mm with increments of
0.1 mm and with the current change in the coil
from 0 to 2 in increments of 0.1 A.
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Fig. 2. Finite element model of LEMET

Hayka
wrexHuka. T. 17, Ne 5 (2018)

443



Mawiunocmpoenue

At each step of calculation they carried out auto-
matic calculation of the electromagnetic field
(fig. 2c), the magnitude of the traction force F, and
the flux linkage y for the current value i and dis-
placement x. The values of these parameters were
measured according to the method presented in [11].

Using the MatLab Curve Fitting application, re-
gression analysis was carried out and the continuous
dependence of functions y = f(x, i) and F, = f(x, i),
in the form of polynomials 4 and 5 degree was, res-
pectively, obtained. Then, the partial derivatives of
the flux linkage according to the movement (K) and
current (L) were determined analytically.

A simulation model of the actuator of propor-
tional modulator on the basis of the linear electric
motor of electromagnetic type was built in the
MatLab Simulink environment, which reflects
the consistent transfer of energy from the power
source to the executive element — LSE, given the
law of the input signal and structural parameters
of the linear stepper motor (fig. 3). It contains:
the unit INVERTOR simulating the operation of
the inverter and the control system of the drive, the
unit ID_EL describing the work of energy trans-
formation in the LEMET and MEHANIKA block
in which they simulate a dynamic process of the
mechanical part of the drive.

To solve the mathematical model in the
MatLab Simulink system, the implicit Runge-
Kutt method using the reverse differentiation for-
mula of the 2™ order as well as in the further solu-
tion with a variable pitch [8] was chosen. The si-
mulation time constituted # = 0.5 s. The integration
step was equal to 107°. The current analysis of dy-
namic processes in the given model was performed
using Scope blocks. To analyze and evaluate the
dynamic dependencies in the function on parame-
ters of the modulator the simulation results are

stored as a dataset in an Excel file, using the blocks
To Workspace. The results of simulation of the
workflow of proportional modulator reflects the
dependence of the force F,, the displacement x, and
the current i in the modulator on the time ¢.

Fig. 4a shows the dependence F'=f{¢) at dif-
ferent maximum speeds of movement of the
rod LSE 20 mm/s and 40 mm/s, respectively.
The graph shows that the maximum value of the
force which is required to overcome the resistance
forces is achieved during 0.2 seconds with maximum
speed of 40 mm/s and varies in proportion to the re-
sistance force F.. While analyzing the characteristics
of the workflow, it was established that at the ma-
ximum set speed of movement of LSE 20 mm/s,
the output of operational performance relative
the established procedure increased by 34.8 %.

The dynamic fluctuations that occur in the es-
tablished mode, testify to the automatic adjustment
of the workflow characteristics that is a conse-
quence of PID controller application in the simula-
tion model. Fig. 4b reflects the graph of depen
dence x =f{t). The figure shows that a full stroke
of LSE is achieved within 0.2 s, which corresponds
to the requirements of normative documents [14].
Fluctuations that are observed in the established
mode occur within 0.1 mm, which practically does
not affect the working process of the electro-
pneumatic braking system, as they are in the dead
zone of the actuator.

Fig. 4c shows the dependence i = f(¢). The graph
indicates that in the mode of gathering the power,
as well as actuation of the locking and regulating
element, the maximum value of the current is 2.5 A,
which is 20 % higher than the calculated value. This
suggests that at the initial stage of designing a linear
stepper motor, one has to calculate its operational
performance for the maximum current of 34 A.

XN

out- L B8

out+

As

Scope

INVERTOR

ID_EL

MECHANIKA

Fig. 3. Simulation model of LEMET drive
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It is also clear that at a steady state, the value of
the current is reduced by about 40 %. In the result
of theoretical study, the physical model of the
LEMET drive of the proportional pressure modula-
tor is developed with the following parameters: the
discrete displacement of LCE z equals 0.15 mm,
and allows to adjust the accuracy of pressure re-
gulation in the brake system by 4.5 %; the power
delivered to the drive of the linear motor of elec-
tromagnetic type is not more than 30 W, which
allows to economize the electric power of the car
by 17.2 %.

CONCLUSIONS

1. Theoretical studies of the physical model
of the linear stepper motor of the brake system
modulator made it possible to increase the accura-
cy of pressure regulation by 4.5 %. At the same
time, the economy of the vehicle electricity consti-
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Fig. 4. Results of modeling workflow of proportional modulator with

LEMET: ----- — with maximum speed of 20 mm/s;
—— — with maximum speed of 40 mm/s

tuted 17.2 % in comparison with the stepper motor
described in [1].

2. It is established that at the maximum speed
of movement of the regulating element of the line-
ar stepper motor, the speed of more than 0.2 sec is
achieved. It was also revealed that the speed in-
creased by 35 %.

3. To overcome the resistance forces in the
modulator at the maximum speed of movement
of regulating element of 40 mm, it is necessary to
create an electromagnetic force of 120 N.

4.0n the whole, the performed simulation
studies showed that the developed mathematical
model makes it possible at the stage of preliminary
design to analyze the effects of various parameters
on the performance and dynamic characteristics
of the proportional pressure modulator with a line-
ar motor of the electromagnetic type. The expedi-
ency of the linear electric motor of the electromag-
netic type application and the relative error of the
results of investigation of 4.07 % are established.
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