MHHUCTEPCTBO OBPA3OBAHMSA 1 HAYKHA POCCUMCKOM ®EJIEPALIN

OEJIEPAJIBHOE I'OCYJIAPCTBEHHOE BIO/I’KETHOE OBPA30BATEJIbBHOE
YYPEXKAEHUE BBICIHEI'O TIPO®ECCHOHAJIBHOI'O OBPA3OBAHUS
«HAXKETIOPOJCKUI TOCYJAPCTBEHHBI TEXHUYECKH YHUBEPCUTET
M. P.E. AJIEKCEEBA»

TPY bl

HUKETOPOJICKOI'O
TOCYJAAPCTBEHHOI'O TEXHUYECKOTO
YHUBEPCHUTETA
um. P.E. AJEKCEEBA

Ne 3 (96)

Huxuuii HoBropoa 2012



Y]IK 050(06)
BBK 95154
T 78

T 78 Tpyabl Hukeropoackoro rocy1apcTBeHHOro TexXHu4eckoro ynupepeurera uM. P.E. Asnek-
ceesa/ HI'TY um. P.E. AnekceeBa. — Huxuuit HoBropos, 2012. Ne 3 (96). — 347 c.

Buvixooum 4 paza 6 200

I'naBublii penakrop C.M. IMmutpuen

PEJAKIHIMOHHAS KOJVIET'UA:

H.1O. ba6anos (3am. ri1. pegakropa), M.B. IllupsieB (3am. ri1. penakropa),
E.I'. UBamkuH (3am. 1i1. penaktopa), B.B. benskos (o1B. cexperaps), O.B. [lyruna (oTB. penakrop),
T.B. TpetpsikoBa (TexHuu. cekperaps), T.I1. HoBukoBa (TexHud. pegakrop)

Ynens! peaxossierun: B.I'. bapanos, B.JI. bamkartos, B.M. Bopotsinues, O.M. Bnacosa,
B.B. I'me6oB, A.M. I'pomie, A.H. 3aiines, E.A. 3aiineBa, O.C. Komenes, B.®. Kynenos,
A.A. Kypkun, N.0. Jleymun, M.I'. Muxanenko, A.1O. I[Tanos, B.I1. Xpaunumos,

C.H. Xpynkos, E.A. Yepnsbiuos, B.M. I'ankun

VIIK 050(06)
BBK 9554

OnexmponHas eepcus HCypHaa.
http//www.nntu.nnov.ru

© Humxeropoackuil rocy1apcTBEHHbBIN
TEXHHUYECKHI YHHBEPCUTET
uM. P.E. Anekceesa, 2012



MINISTRY OF EDUCATION AND SCIENCE OF THE RUSSIAN FEDERATION

FEDERAL STATE BUDGET EDUCATIONAL INSTITUTION
OF HIGHER PROFESSIONAL EDUCATION
NIZHNI NOVGOROD STATE TECHNICAL UNIVERSITY
n.a. R.Y. ALEXEEV

TRANSACTIONS
of NIZHNI NOVGOROD STATE TECHNICAL
UNIVERSITY
n.a. RY.ALEXEEV

Ne3 (96)

Nizhni Novgorod 2012



Transactions of NIZHNI NOVGOROD STATE TECHNICAL UNIVERSITY n. a. R.Y. Alexeev
/ NSTU n.a. R.Y. Alexeev. - Nizhni Novgorod, 2012. Ne 3 (96). — 347 p.

The journal is issued 4 times a year

Editor-in-Chief S.M. Dmitriev

EDITORIAL BOARD:

N.Y. Babanov (Deputy Editor-in-Chief), M.V. Shiryaev.(Deputy Editor-in-Chief),

Y.G. lvashkin (Deputy Edito-in-Chief), V.V. Belyakov (Executive Secretary), O.V. Pugina
(Executive Editor), T.V. Tretyakova (Technical secretary), T.P. Novikova (Technical Editor)
Members of Editorial Board: V.G. Baranov, V.L. Bashkatov, V.M. Vorotinzev, O.M. Vlasova,
V.V. Glebov, A.M. Groshev, A.N. Zaytsev, Y.A Zaytseva, O.S. Koshelev, V.F. Kulepov,
A.A Kurkin, 1.O. Leushin, M.G. Mikhalenko, V.P. Khranilov, A.Y. Panov, S.N. Khrunkov,
S.V. Khvatov, Y.A. Chernyshov, V.M. Galkin

Electronic version of the journal:
http//www.nntu.nnov.ru

© Nizhni Novgorod State Technical University
n.a. R.Y. Alexeev, 2012



Jopozue opy3va!
Yearicaemvie xonnecu!

[Tozapasmsito npodeccopcKo-TpernoaaBaTeIbCKHA
KOJUIEKTUB, COTPYIHHUKOB U CTYIEHTOB YHHUBEPCHUTETA C
00JBIIMM COOBITHEM B Halel xu3Hu — 95-nmetnem Hukero-
POJICKOTO TOCYJAapCTBEHHOI'O TEXHUYECKOTO YHUBEPCHUTETA
uM.P.E. Anekceena.

CraHOBJIEHUE HIKETOPOJCKON IIKOJIBI MHXCHEPHBIX
KaJIpOB HAyajoCh B TPYIHBIX YCIOBHUSX MEPBOH MHUPOBOI
BOMHBI, PEBOJIIOLIMOHHBIX MOTPACEHUH U pa3pyxu. 3a mpo-
Hieilne JAECATUIIETHs CKPpOMHOe Hacienue BapimaBckoro
MOJIMTEXHUYECKOTO MPEYMHOXKEHO MOKOJICHUSIMH YYEHBIX U
HWHXEHEPOB HAIIIETO YHUBEPCUTETA.

Ham ectb uem ropauthes! Hayunble mikossl U Kodi-
JIEKTHBBI B COJPYKECTBE C IMPOMBIIUICHHBIMH MPEANPUITH-
SIMH ¥ HAyYHBIMH YUPEXKJCHUSIMU PEIIAIOT CEPbE3HbIE MPO-
0JleMbl TI0O MHOTUM MPUOPUTETHBIM HANpPaBIECHUSAM. ATOM-
Has PHEpreTHka, F(pQPEKTUBHOE IHEPromnoTpedIeHre U Mpo-
OnemMbl O€30TaCHON JKU3HEACATENBHOCTH, paguo(u3uKa, HO-
Bble MaTepuajbl U HAHOTEXHOJIOTUH, TPAHCIIOPTHBIE CUCTEMbI, JKOHOMHUKA, MaTeMaTuka, nHhopma-
LIMOHHBIE TEXHOJIOTUHU — JAJIEKO HE TOJHBIN NepeueHb HayUYHbIX MHHOBAIIMOHHBIX HAIMPaBJICHUMH, 110
KOTOPBIM YCIIEIITHO MTPOJBUTAOTCS HAIIA UCCIIEI0BATEIH.

CeroniHs mpeJl HAMH CTOSIT HOBBIE 3a/1a4H:

e Cco3JaHUE M 00ECIIEUYCHUE YCIeNTHOTO (DYHKIIMOHMPOBAHUS NHHOBAIIMOHHBIX IICHTPOB U Ma-
JIBIX XO3SIICTBEHHBIX NPEANPUATUA IO TPUOPUTETHBIM HAIIPABJICHUSM PAa3BUTHS HAYKU, TEXHUKHU U
TEXHOJIOTHii;

e MHAMUYHOE Pa3BUTHE MAaTEPHAIbHO-TEXHHUUECKON 0a3bl KaK MOTEHIMaNa yCIEUIHOTO BBI-
MoJIHEeHUsT (DYHIAMEHTAIbHBIX M MPUKIIATHBIX WHHOBAIIMOHHBIX, KOHKYPEHTOCIIOCOOHBIX HAaYYHBIX
UCCIIEIOBaHMUM, HANPaBJIEHHBIX Ha CO3JIaHUE M pealM3alli0 HAyKOEMKUX pa3paboTok B obOsactu
TEXHUKH U TEXHOJIOTHIi;

® AKTUBHOM MHTETpPAllMd HAYKHM TEXHUYECKOTO YHHUBEPCUTETA B MHUPOBOE HAYyYHOE
MIPOCTPAHCTBO.

OTH aMOUIIMO3HBIC TUIAHBI TI0 MPEBpaIieHn0 HIKeropoackoro TeXHHIECKOT0 YHUBEPCUTE-
Ta B TEPEOBO 00pa30BaTEIbHO-HAYYHBIN IIEHTP OMMUPAIOTCS HA BHICOKUN MOTEHIIMAI U paboTo-
CIIOCOOHOCTh KOJUICKTHBA YHUBEPCHUTETA.

VYBepeH, 4TO ¢ TaKUM KOJIJIEKTUBOM YHUBEPCHUTET KIYyT HOBBIC YCIIEXH M IOCTHUKECHUS !

C obuneem Bac, noporue xomneru!

Pexrop HI'TY C. M. Imutpuen
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PAOVNOTEXHUKA, CUCTEMbI TEIEKOMMYHUKALIUIA,
AHTEHHbI N YCTPOUCTBA CBY

VIK 621.391.27
E.JI. Beaoycos, B.®. bpsinues, K.JI. BoiitkeBuu, A.B. KeiicroBu4, X.!. CaiideTrnunon

NEPCHEKTUBHOE BOPTOBOE OBOPYJIOBAHUE CETH
ABUAIIMOHHOM PAJIMOCBSI3N

OAO «Hayuno-npousBoactseHHoe npeanpusitue «llomer»

PaccMoTpeHsl BONPOCH MOCTPOEHHsT OOPTOBOrO 00OPYNOBAaHMSA ABHALIMOHHON PaAMOCBA3U MO TEXHOJOTHUU
SDR - «mporpamMmupyemoe paauo». [IpuBeneHsl CTpYKTYpHBIE CXeMbl OOPTOBOTO M HA3éMHOTO KOMIUIEKCOB, HCIIOJIb-
3YEeMBIX JJIsl 0OOMEeHa JJaHHBIMU MEX]y Ha3eMHBIMH CITy)K0aMy ¥ BO3/IYLIHBIMU CYJJaMHU TPaKIAHCKOW aBHAIHH.

Kniouesvie cnosa: paguocTaHius, aBHAMOHHAS PAJUOCBA3b, MpOrpaMMHpyeMoe paauo, TexHojorus SDR,
KOMILJICKCHI CBSI3H.

CpencTa CEeTEeBOTO B3aUMOJICHCTBYS B CHCTEME aBUAIMOHHOW JJIEKTPOCBSI3U MOTYT OBITh
MPEICTaBJIECHbI HA OCHOBE MHOTOYpOBHEBOTO noaxoja [1, 2]. Ilpu 3ToM Bce MHOXKECTBO MOAYJIEH pa3-
OuBaeTcst Ha ypOBHH, 0Opasyrolye uepapxuio. [IpenMyIecTBoM MHOTOYPOBHEBOT'O ITOJIX0/1A SBISETCS
BO3MOKHOCTh MOJU(HKALIUN OTAETIBHBIX MOyl 0e3 N3MEHEHUsI OCTAJIbHOM YacTu cucteMbl. Moay-
JIM HIDKHETO YPOBHSI MOTYT, HalIpUMEp, 00ECeYnBaTh HAJCKHYIO Nepeady CUTHAIOB MEKAY ABYMS
coceHUMHU y3namMu. Moaynu 6oJiee BBICOKOTO YPOBHSI OPraHU3YIOT TPAHCIIOPTUPOBKY COOOILIECHUI B
npeienax BCeH CeTH, UCONb3ysl CPEACTBA HIDKeNeKalHx ypoBHe. Ha BepxHeM ypoBHE (YHKIMOHU-
PYIOT MOJTYJIH, OO€CIICUHBAIOIINE MTOJIK30BATEISIM JOCTYII K Pa3IMYHbBIM CIIY>KOaM.

B mporiecce ooMeHa cOOOIICHUMH MEXKAY ABYMS Y4aCTHUKAMH HEOOXOJIMMO OPraHU30BaTh
COTJIaCOBaHHYIO pabOTy COOTBETCTBYIOIINX YPOBHEH MepapXvu U MPHUHATH pa3IU4YHbIE COTJIalle-
Hus. Hanpumep, o6a ydacTHHKa JOJDKHBI COTJIACOBATh YPOBHU U (HOPMY DIIEKTPUYECKHX CUTHA-
JIOB, YCTAaHOBUTH METOABI KOHTPOJISI JOCTOBEPHOCTH U T. 1. Corjamenus JOMKHbI ObITh MPUHSATHI
JUISL BCEX YPOBHEH: OT caMOro HU3KOTrO - YPOBHsI Mepeayl €IUHUYHBIX JIEMEHTOB — JIO CaMOI0
BBICOKOTO, PEATH3YIOIET0 CepBUC I MoJib3oBaTenei ceTu. [Ipouenypy B3auMoAeHCTBUS ITHX
JIBYX Y3JIOB MOXHO OIIKMCATh B BUJE HaAOOpa MpaBuJl B3aUMOJECHCTBUS COOTBETCTBYIOLIUX YPOBHEN
o0eux yyacTByrOImuX cTopoH. dopmann3oBaHHBIE MpaBUiia, OMpPENEAIOIINE MOCIeI0BATEb-
HOCTh U (hOpMaT COOOIIEHUH, KOTOPHIMH OOMEHHMBAIOTCSI CETEBBIE KOMIIOHEHTHI OJJHOMMEHHBIX
YPOBHEM pa3HbIX Y3J0B (CUCTEM), Ha3bIBAIOTCA npomokonamu [3]. Nepapxudyecku opraHu3oBaH-
HbIIl HAa0Op MPOTOKOJIOB, JOCTATOYHBIN /11 OpraHU3alui B3aMMOJEHCTBUSI Y3JI0B B CETH, Ha3bIBa-
€TCSl CMeKOM KOMMYHUKAYUOHHBIX Npomokoa08. KOMMYHHKAIIMOHHBIE MPOTOKOIBI MOTYT OBITh
peann30BaHbl anmnapaTHo U NporpaMMHO. [IpoToOKoIBl HUKHUX YPOBHEH peanu3yroTcs KOMOHWHA-
LHUEN MpOorpaMMHBIX M alllapaTHBIX CPEJICTB, @ MPOTOKOJIbI BEPXHUX YPOBHEH, KaK MpPaBUiIO, Y-
CTO IPOTPAaMMHBIMH CPEJICTBAMM.

B navane 80-X ro/1oB NpoOIUIOro CTOJETHUS Psii MEXKAYHAPOIHBIX OpraHU3AIMI MO CTaHaap-
tuzauuu ISO, ITU-T u gpyrue paspalOotanu Mozesb B3aMMOAEHCTBUS OTKPBITHIX cucteM (Open
System Interconnection, OSI). OTa Moaens ompesenseT pa3TuvHbIe YPOBHH B3aUMOICHCTBHS CH-
CTEM, TIPUCBAUBACT UM CTAaHIAPTHBIC UMEHA W OmpeaesseT (PyHKIIMU KaXI0To ypoBHS. B pamkax
JAHHOM MOJIeNIM MOJ OTKPBITOCThIO MOHMMAETCS TOTOBHOCTh CETEBBIX YCTPOMCTB B3aUMOIEHCTBO-

© Benoycos E.JI., Bpsuiies B.®., Boiitkeruu K.JI., KeiicroBuy A.B., Caiipernunos X.U., 2012.
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BaTh MEXIY COOO0M ¢ UCTIOIB30BaHUEM CTaHAAPTHBIX MPaBWIL. [IpEMepOM OTKPBITON CHCTEMBI SIBIIS-
eTcs MeXIyHapojaHas ceThb Internet. ApxuTekTypa, MPOTOKOJIBI oOMeHa u (opMaThl COOOLICHUN
JOJDKHBI OBITh OCHOBAaHBI HAa KOHIENIMH MEXIyHapOIHOH OpraHM3aluH 10 CTaHAAPTH3ALUH
(ISO), n3BecTHOM Kak TaJlOHHAsi MOJEJIb B3aUMOJEHCTBUS OTKPBIThIX cucteM (OSI), npuHsaToM s
obecrieueHns yCiIyr Mo TeIEKOMMYHHUKAUU 1 00padoTke nanHbIX. Monens OSI Obita pa3paborana
HETIOCPECTBEHHO I OpraHM3alluy Mepeadn JaHHBIX MEXIy KOHEUHBIMU CHCTEMaMH, KOTOPBIM
HUYETO HE M3BECTHO O XapaKTEPUCTUKAX CHCTEMBI MEPeAayd WM O XapaKTEPUCTHUKAX KaHAJIOB,
CBSI3BIBAIOIIUX UX.

ABoHeHT ceTn ASC

A
A 4

YpoBeHb 7

HaszeMHbIn
KOMMJieKc

[
|
|
BopToBon |
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|
[
|
|
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YpoBeHb 6 YpoBeHb 6

YpoBeHb 5 YpoBeHb 5

YpoBeHb 4

A

YposeHb 4

A

A
-5
\ /

TpaHCNOPTHLIN NPOTOKES C oNpeaerieHnem
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MopypoBeHb
CXOAUMOCTU
3aBMCUMBbIN OT
noaceTn

MakeTb! MakeTb!
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noacetu (DTE)
NCO 8208 PLP
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Ddusunueckuin (429)

MopypoBeHb
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(DCE)

YpoBeHb 2
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YpoBeHb 2
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noacetn (DCE)
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\/
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YpoBeHb 1
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PaavonuHus obmMeH no
ARINC 429 Ha3eMHOMn ceTun
dannosbin nepepayu
obmeH OaHHbIX
< PapgunonogceTtb >

Puc. 1. Mojaeab 0H0ii BeTBH paanoceTH nepeaadu JaHHbIX B cucreme OpBJ{

Mogens OSI ncnonbp3yeT METOA pasfesieHHsl Ha YPOBHU, KOTOPBIH MMO3BOJSET 00ECTICUUTh
JIOTUYECKYI0 COQIaHCUPOBAHHOCTh MEXIy CTPYKTYPOM CHUCTEMBbI W mpoTokosamu. B momenu OSI
UCIOJIL3YIOTCSL CEMb YPOBHEM, 00€CIIEUNBAIOIINX BHIMOTHEHHE (QYHKIIHA, HEOOXOAUMBIX JJIs Tepe-
X0/la OT MPHUKIAJHOTO Mpolecca MOoJIb30BaTENsl K INEepefaroliei cpeae, Hampumep, Kk MB-
panuocpene. B pe3ynbrare mpoBeEHHBIX UCCIIEI0BAHUM MOSIBISIETCS CEMUYPOBHEBAs apXUTEKTypa
ATAJIOHHOW MOJIeN B3auMoIecTBHs OTKPHITHIX cucteM (OMBOC). Yposuu monenu OSI: 1 - ¢u-
3UYECKUHN YPOBEHbD; 2 - KAHAJIbHBIN; 3 - CETEBO; 4 - TPAHCIIOPTHBIN; 5 - CEAHCOBBII; 6 - IPeACTaBU-
TEJIbHBIA; 7 — NpUKIaIHONW. PaccMOTpUM Ha3Hau€HHE YKa3aHHBIX YPOBHEW Ha MPUMEpPE CUCTEMBbI
paauocBsizu ¢ Bo3aymHbIME cynamu (BC). Mopenb ogHONM BETBUM pagMOCETH INEpeayd JaHHBIX
MEX1Yy 00bEKTaMHU CUCTEMBI YIPaBICHUS BO3AYIIHBIM JBH)KEHUEM IIpHUBeieHa Ha puc. 1.
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CTpyKTypHasi cXeMa CHCTEMBI PaIUOCBS3H C BO3YIIHBIMH CYIaMH, B KOTOPOIH IpoTrpaMMu-
pyeMasi paJuoCTaHIUsl, peaTu30BaHHasl B COOTBETCTBUU C TPEOOBAHUSIMHU STATOHHOW MOJCIIN B3au-
MOJICHCTBHS OTKPBITBIX CHUCTEM, BXOJHUT B COCTaB OOPTOBOTO KOMILICKCA CBSI3H, MPEICTaBIICHA Ha
puc. 2 BBefieHbI 0003HaUYeHus [4, 5.

S 3, SR,

Puc. 2. CTpykTypHasi cxeMa CHCTEMbI PAIMOCBA3M C BO3AYLIHBIMU CyJIaAMMU
1 - nasemubiii komiuieke cs3u (HK); 2 - Bxon/Beixon HK i HazeMHO# ceTr nepeaayu NaHHbIX;
3 - BO3AYIIHOE CyTHO, OCHAIIICHHOE HOBBIM OOPTOBBIM KOMIUIEKCOM CBSI3U; 4 - BXO/BBIXO]] HA3EMHOM
CeTH MepeIaud JaHHbIX (YCIOBHO IMOKAa3aHa B BH/C JTHHUMN)

i
] 5
L] [7][8][o][10]
v v [ v v v
] 12

{

| 13 |
i

| ia |
{

| 5 |

! i i

16 | | 16 | | 29 |

17/K 17)\ 30)\

Puc. 3. CtpykTypHas cxema 00pPTOBOr0 KOMILIEKCa CBSI3M CHCTeMbl pagnocsssu ¢ BC:

5 — OoOpTOBOH BBIYHCIUTEIb;, 6 — OOpPTOBBIC MATYHMKH; [ — OOPTOBOW IPUEMHHK CHIHAJIOB
rio0ansHOi HaBuraumoHHod criyTHukoBod cuctembl ['JIOHACC/GPS ¢ antennoii; 8 — 610k peru-
CTpalyy JaHHBIX; 9 — OOPTOBOW aHANIM3aTOP THIA MPUHUMAaeMBIX coobmienuit; 10 — 6oproBoit dop-
MHUPOBATENb THIIA PETPAHCIUPYEMBIX cooOmennid; 11 — BeraucnurensHelii Monyib cBsasu (BMC);
12 — monyne unTepdeiicoB ¢ OGoproBeiM obopyroBanueM (MUW); 13 — Momyns MapipyTH3amuu
(MM); 14 — monynp karaigpHOTO YpoBHSI (MKY);15 — Moayne ¢usudeckoro yposas (MOY) (uudpo-
BOil 00paboTku curHanoB); 16 — GOpTOBOW IIMPOKOAMANIA30HHBIA PagMOYaCTOTHRIA Monyidr MB-
JAMB muamazona (LIJIM PM); 17 — 6opToBOe MIMPOKOANATIA30HHOE aHTEHHO-(DHUIEPHOE YCTPOHCTBO
MB-JIMB nmnamazona (ILIIM A®Y); 18 — nByHampaBieHHas IIWHA CHCTeMBbI ymnpasieHuss BC;
29 — OOpTOBOM IMMPOKOAMAINIA30HHBEIN paarodacToTHEI Moxyns JIMKB mmamazona (ILIJIK PM);
30 — GopTOBOE MIMPOKOIUAIA30HHOE aHTeHHO-(huepHOe yeTporictBo JIMKB nuanazona (11IJIK ADY)
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CrpykTypHas cxema 00pTOBOro 000pyA0BaHUs BO3AYIIHOTO CY/HA, COOTBETCTBYIOIAs dTa-
JIOHHOW MOJENH B3auMOJAEUCTBHs OTKPHITHIX cucteM (OSI), mpunsTO# 11 0OecredeHus: yciyr 1mo
TEJIEKOMMYHUKAIMK U 00pabOTKe JaHHBIX, IPUBECHA Ha pUC. 3.

YcrpoiictBa 16 u 17 obpasyror moayins OmmkHel cBszu, a yctpoiictBa 29 u 30 - Moaynb
nanpHe cBs3u. LludpoBas o00paboTka CHUTHaJIOB OOECNEYMBAETCS C IOMOLIBIO aIapaTHO-
MPOTPaMMHBIX MOJyJeH 1 y310B 9-15.

CTpykTypHas cxema Ha3eMHOr0 KOMIUIEKca CBA3M cucTeMbl paguocssasu ¢ BC npexacrasie-

Ha Ha puc. 4.
9y Ya ?
20 22
i

23

25 — 24 +—{ 27

26 [+~ «— 28
I

Y2

Puc. 4. CTpyKkTypHasi cxeMa Ha3eMHOT0 KOMILIEKCA CBSAI3M CHCTeMbI paguocssizu ¢ BC:
2 - Bxoxa/Beixoq HK myist HazeMHoli ceTu epenaun qaHHbIX; 19 — HazemHas anteHHa MB nnana3zona;

20 — nazemHas paguocranius MB nuanasona; 21 — nasemuas anrenna JJKMB nuanaszona; 22 — HazeMHas
pamuoctanius JIKMB nmuamazona; 23 — HazeMHas anmapaTypa rnepenadu JaHHbIX;, 24 — BBIYUCIUTEh aBTO-
MaTH3UPOBAaHHOTO pabouero mecra (APM); 25 — Ha3eMHBIH PUEMHHUK CUTHAJIOB I100abHBIX HABUTAIIMOH-

HBIX CITyTHHKOBBIX CUCTEM C aHTEHHOI; 26 — popMupoBaTesh TUIIA PETPAHCIUPYEMBIX COOOIICHHUH;
27 — monutop APM; 28 — mynet ynpasnenuss APM

[Ipu nepenaue nmakera cooOuienus B quanazone BU ot koHeunsix 0oproBeix cuctem BC k
HA3eMHBIM TOTPEOUTESIM MAKETHOE COOOIICHUE, COJIEpIKaIlee aapec MoIydaTessi u aapec OTIpa-
BuTeNs (anpec 6opta), GopMHUPYIOT B OOPTOBBIX KOHEeUHBIX cucteMax BC (y3m1bI 5, 18) u mepenaror
gepe3 MoIyib uHTepdeiica B OOPTOBON MOIYIb MapIIpyTH3aTOpa, TJE €ro YIaKOBBIBAIOT B BUIE
naketa 1ISO 8208 u 3arem mepenaroT B MOAY/Ib KaHAIBHOTO YPOBHSI, T/I€ €r0 MpeoOpa3yloT B MaKeT
KaHaJIbHOI'O YpPOBH:A CCTU NCPCAavu JaHHBIX, conepncaumfzi MMPOBCPOUYHBIC MOCIICAOBATCIBHOCTH,
BBIYUCIICHHBIC C MTOMOIIBIO H30BITOYHOTO ukIndeckoro kogaa (CRC).

[ony4yeHnnble cooOLIeHNS TTEPEAIOTCSl B MOAYb (PHU3UUECKOTO YPOBHS, I/I€ OCYIIECTBISIOT
oTepanuu:

® CBEpPTOYHOE KOJUPOBAHUE AAHHBIX I MPSIMON KOPPEKIIMU OIINOOK;

® [EpEeMEeXCHUE JaHHBIX Ui OOPHOBI C MAaKETUPOBAHHWEM OIIMOOK M3-3a 3aMHUPAHHUN M HUM-
MyJIBCHBIX TIOMEX;

e 1peoOpa3oBaHKE TOCIEAOBATEILHOCTH M3 TPEX, IBYX WM OJHOTO OWTa B 3HA4YCHHS (Da3bl
CUTHAJIA TIOAHECYIICH WIIH €€ YacTOTHI;

CKpeMOIMpPOBaHUE JAHHBIX /IS BIPABHUBAHMS CIIEKTpa MEPeIaBaeMOro CUTHaa;

e (QopmupoBaHUE KIIOYEBOM CHHXPOHU3HUPYIOIIEH IOCIEI0BATEIbHOCTH U MpeaMOyIbl, CO-
JepIKaIie U3BECTHYIO MOCIIEIOBATEIIEHOCTD I OOYUEHUs aIallTUBHOTO JIEMOAYIISATOPA, 1
nH(GOPMAILIHIO O CKOPOCTH TNIEpeadnl JaHHBIX U TNTyOMHE MEePEeMEKUTENS,

e (opmHpoBaHHE KOPOTKHX OOYUAFOIIMX MOCIISIOBATEIEHOCTEH, KOTOPBIC BCTABIISIOT B MIOTOK TIE-
peaaBaCMbIX JaHHBIX IMOJIB30BATCIE AJIA PCaIM3alli aIalITUBHBIX MECTOAOB HpI/IéMa C006H_I€HI/I$I;
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e (dopMupoBaHue 3a1aHHON (HOpMBI orubaroIeil KaXx10ro CUMBOJIa JUIsl o0ecTieyeHns 3a/laH-

HOM CIEKTPaIbHOW MACKU M3JIy4aeMOr'0 CUTHAJIA;

e (opMupoBaHHe paJHOCUTHANIA C BEpXHEH OOKOBOI MOIOCOH ¢ MOJaBIEHHON HECylIel ¢ co-

OTBETCTBYIOLIUM KJIACCOM M3JIyYEHHS.

CdhopmMupoBaHHBII I Mepejaun CUTHAN C BBIXOJa MOAYNA (PU3MYECKOTO YPOBHS MOJAIOT
Ha BXOJl IIMPOKOJUANA30HHOTO PAAMOYacTOTHOIO MOJIYJS, IJIE€ €ro yCUJIMBAIOT A0 Tpedyemoro
ypoBHS MoIHOCTH, noaoT Ha HJIK A®Y u no paguokaHaily nepeaaroT Ha Ha3eMHbII KOMILIEKC,
Ha KOTOPOM 3aperucTpupoBaHo Bo3ayimHoe cyaHo. Ha HK paguocurnan ¢ aHTeHHBl MOAAKOT HA
HA3eMHYIO paJIMOCTaHIIMIO, pa0OTAOIIYI0 B CUMIUIEKCHOM PEXKME, a C €€ BbIX0JIa - Ha BXOJ amma-
paTypbl Mepefaud JIaHHBIX, [JI€ €ro JeMOJIYIUPYIOT, TeCKPEMOIUPYIOT, NENepeMeKaroT, 1eKOIU-
PYIOT € IpsMOI KOppeKlrel OnOOK, MPOBEPSAIOT HA HAJIMYUE HE UCIIPABIIEHHBIX JEKOIEPOM OIIU-
O6ok. B ciydae orcyrcTBUs OmMOOK cooOlieHue ymnakoBbiBaloT B makeT 1SO 8208 u BblaaroT Ha
Bxo7 Beraucaureast APM, rioe hopmupyercsi coodiienne, npeAHasHauYeHHOE IS Iepeladu Mo Mpo-
ToKoNy X.25 Mo Ha3eMHOW ceTH mepenayu AaHHbIX nmorpedburtensm uHdopmanuu. [Ipu nepenaue
JTaHHBIX OT MOTpeOuTeINsE HHPOPMAIIMHU O MPOTOKOITY X.25 M0 Ha3eMHOM CeTH Nepeaadu JaHHBIX B
obpatHoM HampasieHun uepe3 HK xk BC B Hawane cooOmieHue oOpalaThIBalOT B BBIYMCIHUTENE
APM HazeMHOTO KOMITIEKca, rie u3 Hero GopmupyroT maket 1SO 8208, HeoOXoauMBbIi IS Tiepe-
74 110 JIMHUU TePEeIavu JaHHBIX «BO3AyX-3eMiisi». C Bbixoaa Berauciautenss APM coobuienue me-
penaercs B anmapartypy Nepeiayd JaHHBIX, [Ji€ OHO MPOXOJIUT 00pabOTKy B COOTBETCTBUU C IIPO-
LelypaMH, pacCCMOTPEHHBIMHU BhIIIE B OOPTOBOM KOMILIEKCE CBSI3H.

Ha BC paaunocursan yepe3 COOTBETCTBYIOILIEE aHTEHHO-(hUIEPHOE YCTPOWCTBO MOCTYHAET
Ha IIJIK PM. 3arem coobuienue nonart Ha Bxogq MDY, rie ero AeMOayIHPYIOT, JeCKpeMOIUpy-
10T, JIETIEPEMEKAIOT, NEKOAUPYIOT U BbIAaroT B MKY, B KOTOpOM €ro mpoBepsitOT Ha HaJIM4YHE HE
UCTIPABJICHHBIX JIEKOJEPOM OIIMOOK, U B CIIydyae OTCYTCTBHsI OIIMOOK ymakoBbIBaloT B makeT 1SO
8208 u BrIgaroT Ha Bxoa MM st mpeoOpa3oBaHus B MaKeT, MpeJHA3HAYCHHBIN AJIs Iepelaun ye-
pe3 MU k 6oproBbIM mosb3oBaTesisiM (Osiokam 5, 8, 9 wiu 18).

Kaxxnoe 13 BO3IYIIHBIX CYJJOB MOXET BBIXOJUTh Ha CBA3b HA HECKOJIBKUX pabO4MX 4acTo-
Tax, U3BECTHBIX BCEM YUYAaCTHUKAM JABUKEHUS. TpaHCIOPTHBIM CHCTEMAaM, CBSI3aHHBIM C MEPEBO3KOM
MAaCCaXMPOB U CTPATETMUECKUX I'PY30B, MEKIYHAPOIHBIM PETJIAMEHTOM CBSI3U OTBOJAUTCS OTpee-
NEHHBIM Habop pabouynx YacToT, KOoTopble pacnpenesstorcea mexay HK. Crniucku BlgeneHHBIX Ya-
CTOT MEHSFOTCSI B 3aBUCUMOCTH OT BPEMEHH roja, a pabodas yactota mis kaxaoro HK u3 cnmcka
BBIJICJICHHBIX YaCTOT aKTUBU3UPYETCS Ha KaK/IbIM Yac WJIM J[Ba yaca BpemeHu cyTok. [Ipu nBuxe-
Hun BC BBIXOIUT Ha CBs3b, BEIOUpas it cBsi3u ToT HK, ycrmoBus pacnpocTpaHeHus paanoBOJIH
JUTSL CBSI3M C KOTOPBIM B JIAaHHBI MOMEHT BPEMEHU SIBIISIIOTCS ONTUMalIbHbIMUA. COCTaBIICHHBIN Ta-
KM 00pa3oM kaHai cBsi3u Mexay BC u HazeMHBIM moTpeOuTteneM (MCTOYHUKOM) HH(POPMAIIHH,
KaK MpaBWIIO, OYAET BKIIOYATh OOPTOBYIO M HA3EMHYIO CETH MEepeadul JaHHbBIX, CBSI3aHHBIC MEXKIY
coboii pagunonuuuei nuama3zona BY. Kak Toiapko kKauecTBO KaHaja CBSA3M JETpagupyeT HIKE JTOITy-
CTHMOTO YPOBHSI, Ha 60pTy ¢ momouibio Moaynei 14 u 15 BC BeIOMparoT HOBYIO ONTUMAJIBHYIO pa-
00YYyI0 YaCTOTY Ha OCHOBAaHWHU aHAJIM3a yCIOBUU pacrpocTpaHeHus paanoBoyH v HOoBbIH HK, cooT-
BeTCTBYIOIMHU eil. Takum oOpazom, obecnednBaioT BHICOKYIO (TTopsinka 0,999) Hamge:)KHOCTh CBSI3U
npu obmene aanHbiMu ¢ BC, nHaxomsummmucs or HK Ha paccTossHHSIX OT HECKOJIBKHUX COTEH
10 4-6 Teic. KM U Ooutee.

Cucrema paamnocsssu ¢ BC paboTaer B aBTOMaTHUECKOM pexXUMe 0e3 BMeIlIaTeIbCTBa Olle-
paropa Ha BBIOpAaHHBIX YaCTOTAaX M3 CIHMCKA YacTOT, HA3HAYEHHOTO IMpPH IUIAHUPOBAHHM CBS3H.
Bricmnii ypoBeHb KOH(DUTYPUPYEMOCTH, pealn3yeMblii B 000pyI0BaHUU BO3AYIIHOTO CyIHA - 3TO
MOJTHOCTHIO THOKWE BHUJIBI MOAYISALWH, MPOTOKOJBI YPOBHS JIMHUHM, CETH M IOJIb30BATEILCKUE
(GYHKIMH, BO3MOXKHOCTh U3MEHEHUS IIMPUHBI MOJOCHI CUTHAjIa M IEHTPAIbHON YacTOTHI MO MpPO-
rpaMMe B IIMPOKUX npezenax [4, 5]. bnaronaps Ttakoil cucteme, NOSIBISIETCS BO3MOKHOCTh CO3/1a-
HUS (C TIOMOIIBI0 OOPTOBOTO BBHIYUCIUTENS U COOTBETCTBYIOIUX Moaynen 15, 14 ¢ mmpokoauana-
30HHBIM PaJIMOYACTOTHBIM MOAYJIEM) IIMPOKOAUANIa30HHON MPOrpaMMHUPYEMOI paaOCTaHIMKU HO-
BOT'O THIIA, pabOTAIOIIEH COBMECTHO C IHMpoKoarana3zoHHbiM ADY B nuanazonax BY u OBY.
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Monyne ¢uznyeckoro ypoBHsi BC comepXUT BBICOKOCKOPOCTHBIE C OOJNBIINM JTMHAMUYE-
CKUM JMaIa30HOM aHAJIOTOBO-IU(poBhIe U 1 po-aHanorossie npeodpazosarenu (AL u LHAIT) u
0a3upyeTcsi Ha BBICOKOMPOU3BOAUTEIBHBIX CUTHAIBHBIX MPOIleccopax, KOTOpbIe B IIU(PPOBOM BUIE
peanu3yioT 00NBIMHCTBO (PYHKIMN (U3HUECKOTO YPOBHSI, HAIPUMEP, ONEPAIMA YaCTOTHOTO Tpe-
oOpa3oBaHus, QUIbTpalMH, CUHTe3a YacToT. OH mpeaHa3HaueH g GOopMHUpPOBaHUS U 00pabOTKU
pazuoCUrHaIOB Ha (PU3UYECKOM YPOBHE (KOJUPOBAHMUS/JIEKOIMPOBAHUS, IEPEMEKEHUs/IeTIepemMe-
KEHHSI, CKpeMOIMPOBaHUS/AECKPEeMOINPOBAHUS JAHHBIX, MOAYJIALMUA/IEMONYIIALNN, Peau3alun
aJIANITUBHBIX METOJIOB IMEPEeIayd M MPHEeMa CUTHAJIOB, MOJIOCOBOH (priibTpamuu, mpeodpa3oBaHus
YacTOTHI U T.1.). MOyNb KaHABHOTO YPOBHS 00ECIEYNBAET MPOTOKOJIBI BBIOOpA YaCTOT CBSI3H, CO-
CTaBJICHUS JIMHUU CBSI3HM, OOMEHA JaHHBIMU YPOBHS JIMHUU M JOCTYIIA K TIOJICETH «BO3MAYX-3EMJIIS»,
oOMeHa ¢ moxynem Mmapupyrtusauuu BC, obecrieueHUs OTKa30yCTOWYMBOTO peXUMa pabOThl U
Ipyrue mporeaypbl. Moayias MapuipyTU3aiu OCYIIECTBIISCT paclpeeiCHHe COOONMICHUA «BO3-
nyx-3emiisi», npuHATHIX 10 MB u JIKMB kananam B Bune maketoB 1SO 8208 koHe4UHBIM MOTpeOH-
TEJISIM Ha OOPTY U B 0OpaTHOM HampaBiieHHHd. Moyiib uHTepeicoB o0ecreunBacT Bce HEOOX0IH-
Mble uHTEpdeiicsl ¢ 6opTOBBIM 000pyaOBaHUeM, Hampumep, o npotokoram ARINC 429, ARINC
664, ARINC 646 u np.

M A®Y, HIAK A®Y u moaynu 16, 15, 14 unterpupytoT GyHKIUU paIdOCTaHIUN JUa-
nazonoB OBY u BY, anmapatypsl nepenayn gaHHBIX (KOAEKa, MOJEMa) ¢ MPOTPpaMMHOM peayin3a-
uel peKuMOB pabOThI anmapaTypsl (BUIOB MOIYIALNU, KOAUPOBAHUSA) C BO3MOXKHOCTBIO BBEIE-
HUSI HOBBIX PEKUMOB pabOTHl MOIYJEH MPOrpaMMHBIM CIOCOOOM uepe3 muHy 18, 60pToBO BEHI-
YHUCIUTENbh U COOTBETCTBYIOIIME TOCIEA0BATENBHO COeMUHEHHbIE Moaynu 12 u 13, Bxonsmme B
BBIYMCTUTENBHBIA MOAYTh 11 cBs3u. lllmpokonnana3oHHbIC paOYacTOTHBIE MOIYIH COJEpKAT
pPaArovYacTOTHOE aHAJIOTOBOE 00OpyAOBaHME. BhIUMCIUTEIBHBIA MOJYNb CBSI3H, BXOISIINI B CO-
ctaB BC, oOecnieunBaeT (QyHKIIMOHATLHOE B3aUMOJICHCTBHE C OOPTOBBIMU ycTpoiicTBamu 5, 7, 8, 9,
10 u 15 1 maTunkamMu COOBITHIA.

Moyl KaHaJBLHOTO YPOBHS TPEIHA3HAYCH JUISl YIPABICHUS BBIOOPOM YaCTOTHBIX KaHa-
JIOB, YCTaHOBIIEHUEM JIMHHNA CBSI3U M peructpanuein Ha HK, ams ymakoBku, pacmakoBKU cooOIie-
HUH, YIIpaBJICHUS JOCTYIIOM K KaHaTy, JTOTOJHUTEILHOTO KOTUPOBAHUS/IEKOIUPOBAHHS N30BITOY-
HbIM 1uKIH4eckuM kojgoMm CRC s oOHapyxkeHHs ommOOK, HE MCIPABICHHBIX Ha (PU3UYECKOM
YPOBHE, aBTOMATHYECKOT'O 3aMpoca MOBTOPCHHSI, KPUTITO3AIINUTHI HA KaHATBHOM YPOBHE, yIIpaBJie-
HUS U30JISIIINEH HEMCIIPABHOCTEW M BOCCTAHOBIEHHEM pabOTOCIIOCOOHOCTH 3a CYET PEeKOH(Urypa-
MU OOPTOBOM CUCTEMBI U T.II.

Monynb MapuipyTru3aTopa B3auMoICUCTBYET ¢ MOAYJIEM KaHAIBHOTO YPOBHS HA YPOBHE J10-
ctyma K nojicetu 1o nporokory 1SO 8208 (B cpene ATN) B COOTBETCTBUHM € 3aTaHHBIMH PEKUMAMHU
nepenayy JaHHBIX.

Monynbe unTepdeiicoB obecneunBaeT B3aUMOCIHCTBIE BBIYUCIUTEIHHOIO MOAYIS CBSI3H C
O0opTOBOI1 aBHOHUKO# (ycTpoiicTBamu 5, 6, 7, 8, 9, 10) mo pa3HBIM MPOTOKOIAM U CThIKAM, HAMIPH-
Mep, ¢ momoIbio auckpeTHoro curHana B cooTBeTcTBur ¢ ARINC 429, ARINC 664, ARINC 646
WIH C TIOMOIIBIO Pa30BBIX KOMAH]I U Yepe3 OOPTOBOM BHIUUCIUTEND, ABYHAIIPABICHHYIO MUHY 18 ¢
cuctemoit ynpasienus: BC.

Monynbe pu3udeckoro ypoBHs 0OecTieurBaeT MapajlieIbHyI0 00paboTKy B pealbHOM Mac-
mrabe BpeMeHH CUTHAIIOB BCeX D IMUPOKOANANAa30HHbBIX PAAN0YaCTOTHBIX MOTYJIEH, HEOOXOAUMBIX
COBMECTHO ¢ MoayJsiMu 17 1jisi opraHnu3anuu JMHAN niepeaadn AaHHbIX B Auanazonax OBY u BY.
[TpuueM mpu HEUCIIPABHOCTU OJHOTO M3 Moayieil 16, coequHeHHOro ¢ GOPTOBBIM IIMPOKOUATIA-
30HHBIM AHTCHHO-(PUIACPHBIM YCTPOMCTBOM, MPOTPAMMHO TOJKIIFOYAETCS B3aMEH BBIIICIIICTO H3
CTpOSl MOAYJIA APYrol MUCHpaBHBIN MOIynb 16 ¢ MOMOIIBbIO MOYJNS KaHAIBHOTO YPOBHS, BBIMOJI-
HEHHOTO0, HaIpUMep, Ha YHUBEPCATLHOM BhIUUCIUTENE. B 3TOM ciydae Bce pyHKIMHU 00pabOTKU U
(dbopMHpPOBaHHS CHUTHANIA COOTBETCTBYIOLIETO paguoKaHalla CBS3H, 0OPa0OTKU TaHHBIX M 3aKPBITHS
nHpopManuu (Ipu HEOOXOAUMOCTH) OyayT BBITIOIHEHBI MPOTPaMMHBIM CIIOCOOOM B BHJIE 3aKOH-
YEHHBIX MPOrPaMMHBIX MoayJeil. BzanmoaeicTBue nporpaMMHBIX MOyel OyaeT OCyIIECTBIATh-
Csl 10 3apaHee ONPEJCIICHHBIM IPaBWIaM B3aWMOJCHUCTBUS (IMPOTOKOJIAM M MPOLEAYPAM B3aMMO-
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JEeMCTBUS, BXOAHBIM M BBIXOJHBIM JJAHHBIM), YTO 00ECIEUUT UX ONEPATUBHOE U3MEHEHHE (3aMEHON
MPOTPaAaMMHOTO KOZa) B IpoIecce Mojiera. DTO JaeT BO3MOXKHOCTH (POPMHUPOBAaHUS M 00pabOTKH
JTr000ro CUrHajla ¥ JIaHHBIX, 3aKpbITUS MHPOpManuu, UHTepdeic ¢ BHEITHUM 000pyI0BaHHEM I10
Pa3IMYHBIM JITOPUTMAM U CTaHIApTaM, JaXke B TOM ciydae, korga BC HaxomuTcs Ha rpaHHIax
JBYX 30H OTBETCTBEHHOCTH aBTOMAaTU3MPOBAHHBIX CUCTEM YIPABJIECHUS BO3AYIIHBIM JBUKEHHEM, B
KOTOPBIX 111 oOMeHa nanHbIMU Mexkay HK u BC ncnonb3yrorest pa3nudable pe>kKUMbI JTHHUN TIEpe-
nadyu naHHbIX, HanpuMep, VDL-2 u VDL-4. Takum oGpa3oM, Ha YpOBHE KaHAJIOB CBs3U ((pusznue-
CKHMl, KaHAJILHBI YPOBHHM, BKIIIOYAsl KPUNTO3AIIMTY KaHajla JOCTyna K ceTh) Moaynb 16, coemu-
HeHHbIH ¢ 60pToBeM [IIJIM ADY nnu LK ADY, coBmecTHO ¢ MoysieM (pU3MUECKOTO YPOBHS U
MOJTyJIeM KaHaJIBbHOTO YPOBHS 00€CIIEYNBAIOT COBMECTUMOCTD C PA3JIMYHBIMUA TUIIAMHU JIMHUN TIEpe-
Jlauu JaHHBIX «BO3AYyX-3eMJs». KpoMme 3Toro, Mmoayns 15 ocymiecTBisieT yCTaHOBKY YacTOThI Iepe-
Ja4uu, IAPUHY TIOJIOCHI, U T.1I.

Taxum obpa3om, nepcrekTuBHOE O0opTOBOE 000pynoBaHue BC BbimonHseT QyHKIMM KaHa-
n000pa3oBaHusl (KOMIUIEKTA PaJMOCTAHIMI), amlmapaTrypbl Nepefadd JaHHBIX (KOAeKa, MoJema,
KOHTpOJUIEpa MPOTOKOJIOB KaHAJIBHOI'O YPOBHS) C MPOrpaMMHOI peanu3anueil pexxuMoB paboThl
anmaparypsl (BHIOB MOIYJISILIUHU, KOAUPOBAHUS, IPOTOKOJIOB OOMEHA) C BO3MOXKHOCTHIO BBEICHHUSI
HOBBIX PEKUMOB pabOTHI IPOrPaMMHBIM CIIOCOOOM 4epe3 BHelHui uarepdeiic (muny 18). bopro-
Boe obopynoBanue BC mpezacraBiser co00if KOHCTPYKTHMBHOE U (DYHKIMOHAJIBHOE TEXHUYECKOE
pellieHHe C MAaKCHMAJbHbIM HCIOJIb30BaHHEM IUPPOBOH 0OpabOTKM CHUTHAJIOB B OTJIEIbHBIX
YCTPOWCTBAX, BBIMOJHSIIOMMX (YHKIUHA (QHIBTPAIH, YaCTOTHOTO NpeoOpa3oBaHUs, YCHICHHUS,
¢dbopmupoBaHus U 00pabOTKM CHUTHAJIOB (KOJUPOBAHMS, AEKOAMPOBAHUS, MOAYISALUH, AEMOMYIS-
IIUH, BEIOOpA YaCTOTHI U T.J.), YIPABICHUS MPOTOKOJIAMH OOMEHA JaHHBIMU «BO3IYX-3€MJIS», Me-
HE/PKMEHTA CBA3bI0 (MapLIpyTU3alud cOOOIIeHUI), 0OMEHa C aBHOHUKOW OOpTa, CIEkKEHHUs 3a TeX-
HUYECKOH MCIIPaBHOCTHIO HE TOJBKO JIJIsl OOHAPYKEHHST OTKA30B, HO M ISl H30JISIIIMN OTKAa30B H pe-
KOH(Urypaluy anmnaparypsl st o0ecredeHus! BBICOKOH amnmapaTypHON HaJeKHOCTU. DTa Croco0-
HOCTh TIO3BOJISIET O0ECTIEYUTh OJIM3KYIO K €IMHUIIE BEPOSITHOCTh pabOTHl 000pyAOBaHUsS 0€3 OTKa-
30B BO BpeMsl MOJIETA, 1aXe MMPH HATMYMHM HEUCIIPABHOCTEH HEKOTOPBIX MOAYJIEH, 0€3 BHEYpOUHOTO
oOcyX1BaHUs (TOJBKO PErJIaMEHTHOE 00CITy’KMBaHUE 10 PACIIMCAHHUIO), YIIPOCTUTh 3aMEHY U pe-
MOHT OTKa3aBIIUX Moayieil. PesepBupoBanue pecypcoB obecrieunBaeTcsi Kak Ha ypOBHE 3JIEKTPOH-
HBIX KOMIIOHEHTOB, TaK U Ha YPOBHE MOJTYJICH.

Cucrtema paguocBs3H, B KOTOpOil OopToBas ammaparypa co3JlaHa 1o MPUHIHUIY «IIporpam-
MHUPYEMOE paino», UMEET CIIeAYIOIUe TPEeUMYILECTBa:

® T[IOBBIIACTCS ammapaTypHas HaJIEKHOCTb OOPTOBOTO OOOPYIOBAHMSA 3a CUET aBTOMAaTHYe-
CKOT'0 Pe3epBUPOBAHMS U PEKOHPUTypalUU, YTO OCOOCHHO Ba)KHO BO BpeMs MOJIETA;

®  YIpOIIAeTCs KCILTyaTanus 60pToBOro koMiuiekca cBa3u BC - octaeTcs TOJIBKO periaMeHT-
HOE 00CITy>)KUBaHHE MO COOBITHIO C 3aMEHOM U PEMOHTOM OTKAa3aBIIUX MOJYJICH;

e roBbIIIaeTCsA HaJekHOCTH cBsA3M Mexay HK u BC, Haxopsmumcs Ha rpaHuLax AByX 30H
OTBETCTBEHHOCTH aBTOMATH3UPOBAHHBIX CHCTEM YIIPABICHHS BO3AYIIHBIM JBUKCHUEM, B KOTOPBIX
s oomeHa nanHbiMu Mexxay HK n BC ucnonb3yrorcs pa3nuuHble pexXKUMBbl JMHUN NIepeJadn JaH-
HbIX, U pasublie npuitokeHuss CNS/ATM. Dto obecrieunBaeTcs 3a C4€T aBTOMATHYECKOTO BBIMOJI-
HEHHS TMPOLEAYpP MOAJNEPKKU CBSA3H, MICHTU(UKALUN HAa3€MHON CTAaHLMHU, HAYAJIIbHOM YCTaHOBKHU
JMHUU, MOJU(PUKALIMK [TaPaMETPOB JIMHUU, IPOLEAYP «X3HI0(}», aBTOHACTPONKHU U IIPOrPpaMMHO-
ro BeIOOpa TpebyeMoro pexxuma paboTel 60pToBOro Komiiekca. Hampumep, B OAHOM 30HE MPUIIO-
xenre CPDLC peanu3syercs Ha3eMHBIM KOMILIEKCOM B pekumMe nepeaaun qanaeix ACARS curna-
namu AM-MSK co ckopocteio 2400 6ut/c, B Ipyroi 30HE 3TO K€ MPUIOKEHHUE PEalu3yeTCsl B pe-
xume repeaun ganabix VDL-2 curaanamu D8PSK co ckopocteio 31500 6uTt/c, a B TpeThel 30HE -
B pexume nepenaun nanubix VDL-4 curnanamu GFSK co ckopoctsio 19200 6ut/c u T.11.;

® [IOBBIIIAIOTCS JAJIbHOCTh, HAJEKHOCTh, OIEPAaTUBHOCTD, J0cTOBepHOCTh IKMB cBsi3H, 3¢-
(EKTUBHOCTH HCITOJB30BAHMS YAaCTOTHOTO CIIEKTPA 32 CUET HMCIOJB30BAHUS AIANTHBHBIX METOJIOB
npuema, aJanTalyy 1Mo 4YacToTe, CKOPOCTH Nepeaay JaHHBIX, BUAAM MOAYJISLUU U KOJUPOBAHMA,
MIPOTOKOJIa MHOKECTBEHHOTO JIOCTYIIA K KaHATY C YaCTOTHBIM M BPEMEHHBIM pa3fieliCHIEM;
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® aNropuTMbl 00PaOOTKH CUTHAJIOB C JATYUKOB M JIPYTUX MEepUPEpUHBIX YCTPONUCTB OCTAIOT-
Csl IPEKHUMHU, YTO CHUYKAET BEPOSATHOCTH OMIMOOK MPU MPOrpaMMHUPOBAHUN BBIYUCIUTEIIBHOTO MO-
IyJisl CBSI3H;

® NPEIJIOKEHHOU CTPYKTYpPOMl MOTYT OBITh pELIeHBI 33JauM Mepexoaa oT pa3paboTok 0opTo-
BbIX KOMIIJIEKCOB CBSI3HM, U3MEHEHHE XapaKTEPUCTHK KOTOPBIX OIpPENESeTCS] U3MEHEHHEM ara-
paTHOM YacTH, K YCTPOMCTBaM, JIETKO MOJEPHU3UPYEMBIM Ha 0a3e MpOrpaMMHOrO 0OecredeHHs
[P HEM3MEHHOM alIapaTHOW 4acTh. JJOCTOMHCTBA TaKOW CTPYKTYPbl OUEBUIHBI:

- YBEJHMYHUBAETCA CPOK CIYXKOBI - )KU3HEHHBIH IIUKI 000PYAOBaHUS B YCIOBHIX HEMPEPHIBHO-
IO COBEPILIEHCTBOBAHUS IPOTOKOJIOB OOMEHA TaHHBIMU «BO31YX-3EMIISI»;

- COKpallaeTcsl YUCJIO MU HOMEHKJIAaTypa 3alacHOr0 MMYILECTBa M IMPUHAJIEKHOCTEH H3-3a
MCTIOJIb30BAaHUS OJJHOTUITHBIX y3JIOB B OOPTOBOM 000pYI0BAHNUMY;

- YIpOIIAeTcs MPOLECC IKCILTyaTallui - 3aMEHa HEMCIPAaBHOTO PaJHO4YacTOTHOIO MOIYJIS B
MOJIETE OCYILECTBISIETCSI aBTOMAaTUYECKU OAHOTUIIHBIM MOJYJIEM JUIsl BCEX JUANA30HOB C
COOTBETCTBYIOIIUM BBEJECHHBIM IIPOrPAMMHBIM 00€CTIeUeHUEM;

- YMEHBIIAEeTCS CTOMMOCTh MOJEPHHU3AIMN 00OPYJOBAaHUS 32 CUYET KOPPEKUUH TOJIBKO MPO-
I'PaMMHOI'0 00€CTIeYEeHHUSI.
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Purpose: Assessing the possibility of aviation radio communication equipment development on the basis of SDR
technology.

Design/methodology/approach: The article deals with network interaction in the airborne system of aviation telecom-
munications on the basis of multilevel OSI approach.

Findings: Operation of multichannel radio communication equipment on the basis of SDR technology is presented in
detail.

Research limitations/implications: Aviation radio communication networks.

Originality/value: Use of new technology improves communication reliability between ground complexes and aircraft,
which are located at the boundary of two areas of responsibility of ATC receive-transmit centers using different data
link modes.
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METOIUKA ITPOEKTUPOBAHUSA HINPOKOITIOJIOCHBIX ®EPPUTOBBIX
Y-HUPKYJATOPOB HA COCPEJOTOYEHHBIX JIEMEHTAX

OI'VIT «®HIIL HUMUC um. FO.E. CenakoBay»

IToxazaHa BO3MOXKHOCTb CO3/1aHHA MNPOKONOIOCHBIX CBY (heppHUTOBBIX INPKYIATOPOB HA COCPEIOTOYEHHBIX
9NIEMEHTaxX C pacHIMpeHHOH MOJI0COH pabodYMX YacTOT, KOTOPasl JOCTUTACTCS 33 CYET ONTHMHU3HPOBAHHOTO PEXHUMA pa-
60T1sI1. Ilpeanoxen MeTo pacyéra TaKuX HUPKYIAITOPOB.

Kiouesvie cnosa: Y-1ApKyISATOP, COOCTBEHHOE 3HAYCHUE MATPHIIBI PACCESHUS, COTJIACYIOMIas IIeb, COCPEJIO-
TOYCHHBIN DJIEMEHT.

BBenenue

[{upKyaaTOpEl U BEHTUIIM C Y -COUJICHEHUEM B BUJE NEPEIUIETEHHBIX NHAYKTUBHBIX PaMOK B
TEUEHHWE MHOTHX JIET NMPUBJIEKAIOT BHUMaHue pa3zpadborunkoB CBY mpuOOpoB. ITOT THUIT HEB3aUM-
HBIX YCTPOMCTB MMEET CYLIECTBEHHbIC MPEUMYILECTBA Mepea APYTUMH (PeppPUTOBBIMU YCTPOHCTBA-
MU aHAJIOTUYHOI'O HA3HAUEHHUS KaK MO BO3MOXHOCTU JOCTHXKEHUS MUHHUMAJIbHBIX BHOCHUMBIX IO-
Teph W PACIIMPEHHUS MOJOCHI pabOYMX YacTOT, TAK U MO0 MHHUMH3AIMK rabapuToB W macchl [1].
[IpaxkTHKa mOKa3bIBaeT, YTO TaKWE YCTPOMCTBA MOTYT OBbITh pEaJM30BaHbI B MPHUEMIIEMbIX rabapu-
Tax B JJINHHOBOJHOBOM YacTH JELUMETPOBOrO AUana3oHa JJUH BOJH U JJaXXe B KOPOTKOBOJIHOBOM
4acTU METPOBOTO Juarna3oHa [2].

B03MO0XHOCTH COBEpLIEHCTBOBAHUS TEXHUYECKUX XapPaKTEPUCTUK HEB3aUMHBIX YCTPOMCTB
C MeperUIeTeHHBIMI paMKaMH MOCPEICTBOM IOMCKA HOBBIX CXEMHBIX PEIICHHUN BeCbMa OrpaHUYe-
HBI, IOCKOJIbKY (DaKTUUECKU JF0ObIe M3MEHEHHUSI SKBUBAJICHTHON CXEMBbI IIUPKYISTOPOB U BEHTHIICH
ATOrO TUIA CBOJATCS K BBEJICHUIO JOMOJHUTEIBHBIX PEAKTUBHBIX 3JIEMEHTOB MO0 MEXIY 00IIei
TOYKOM MHAYKTHUBHBIX PAMOK M KOPITyCOM, OO B KaXK10€ U3 Tpex mied. Takum obpazom, co3na-
HUE HOBBIX HEB3aHUMHBIX (DEPPUTOBBIX YCTPOMCTB C YAYUIICHHBIMU XapaKTEPUCTHUKAMU CBOIUTCS K
BBIOOPY ONTUMAIIBHOTO PEKUMA UX pabOTHI M pacueTy MapaMeTpOB COOTBETCTBYIOIINX PEAKTHBHBIX
AJIEMEHTOB, TPU KCIIOJIb30BAHUN KOTOPBIX TPeOyeMbIil pexuM BO3MOXKHO peanu3oBaTh. B mpenbi-
aymmx paborax [3, 4] aBTopamMu HacTosIIEH cTaTbl 00OCHOBAaHA BO3MOXKHOCTh pean3allui JIBYyX-
YaCTOTHBIX PEKHUMOB PabOTHI LIUPKYIATOPOB C MEPEIUIETEHHBIMH paMKaMH (B TOM YHCIIE U C U3Me-
HEHUEM HaNpaBICHUs UUPKYIALUNA IPU U3MEHEHUH YacTOThI [4]) U IpeyiokeHa METOAMKA pacyeTa
MapaMeTpOB PEAKTHUBHBIX AJIEMEHTOB MPH MPOSKTUPOBAHUU TaKUX LUPKYIATOPOB. B manHoii pabo-
T€ MpeasiaraeTcsd METOJUKa MPOEKTUPOBAHUS IIMPOKONOIOCHBIX LIUPKYJIATOPOB U BEHTUIIEH, OCHO-
BaHHAas Ha MEpexoJie OT JABYXYACTOTHBIX YCTPOMCTB K IIMPOKOIOJIOCHBIM 32 CUET ONTUMHU3AIIUU
pexuMa paboThl U COOTBETCTBYIOLIETO BBIOOPA PEAKTUBHOCTEHN MOJIOCHOPACIIUPSIOMINX LIETIEH.

1. KayecTBeHHasi MOJieJIb HIUPOKOMOJIOCHOTO Y-IIUPKYJISATOPa

Bbynem nonaratb, 4To Y— HUPKYJISATOP SBISETCS MIUPOKOIOIOCHBIM, €CIIM B 33/1aHHOH 1MO-
JI0Ce 4acTOT OT M1—A® A0 W+A® (A®<< ®1, ®2) YUCICHHbIE 3HAYEHMSI €TI0 XapaKTepPUCTUK Orpa-
HUYEHBI C OJHOW CTOpOHBI. HampumMep, BHOCMMBIE TIOTEPH IOJKHBI OBITH HEe 0oJiee 3aJlaHHOTO
YpOBHs WK OOpaTHbBIE MOTEPU JOJKHBI OBITH HE MEHee 3aJaHHOro ypoBHs. Ilpu Takom ompene-
JIEHUU UIMPOKOIIOJIOCHOTO LMPKYJIATOPa JOTMYHO NIPEAIoiarartb, YTO MOCTPOCHHUE €ro MOJEIH
BO3MO>KHO Ha OCHOBE MCIT0JIb30BAHUS MOJIEJIN JBYXYAaCTOTHOTO IIUPKYJISATOpA C pabOUYUMHU YacTo-
TaMH ®1 U ©2, KOTOPYIO CJIEAYET AOINOJHUTH YCJIOBUEM OTPaHUYEHMS] BEIMUYMHBI OTKJIOHEHUS
YCIIOBUIM LUPKYJISALUU OT HaIbHBIX Ha BCEX YACTOTAaX, JIEXkKAIIUX B HHTEpBaJe OT M1 10 ®y. To-
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r7la U YUCJICHHbIC 3HAYEHUS XapaKTEPUCTUK LIUPKYJIATOPA B 3TOW MOJIOCE 4acTOT OyAyT OrpaHHu-
YEHBI C OJTHOM CTOPOHBI.

Pemienue 3agaun moCTpOEHUsT MOJIENIN ABYXYaCTOTHOTO LIMPKYJATOpa B 00IEM BUAE MpU-
BeZieHO B paboTe [3]. JIByX4acTOTHBIN pexXUM pabOThl OCYIIECTBISETCS 32 CUET BKIIFOUCHUS MEKIY
o01iell TOUKOM MHIYKTUBHBIX PAMOK U KOPILYCOM PEAKTUBHOT'O CONPOTHUBICHUS Zc, COCTOSILETO U3
COEIMHEHHBIX NapajuIeIbHO MOCIEI0BATEIBLHOIO U NapauIeIbHOr0 KOHTYpoB. [Ipy BKItOUeHUH pe-
aKTHBHBIX COTJIACYIOIIMX LeTel Z; B KaXJ10€ IUIe4Y0 LUPKYJIATOpa BO3SMOXKHO OCYIECTBICHUE Ue-
AJIbHBIX YCIIOBUH IIUPKYJISLUK HA TPEThEH YaCTOTE M3, JICKAIICH B MHTEPBAJIC MEXKIY ©1 U 2 [5, 6].
OTO HEe 03HAayaeT aBTOMATHYECKOro 00ecleyeHus IUPOKONoIOCHOCTH. OJHAKO, MOKHO 10J1araTh,
YTO [IPU COOTBETCTBYIOILIEM BbIOOE BETMUYMHBI MAarHUTHOT'O TOJISl U TapaMeTpoB Lenei Z; u Z; uup-
KYJIATOP MOXKET OBbITh HIMPOKOIOJIOCHBIM.

PaccMOTpUM 3KBUBAJIEHTHYIO CXEMY IIHPOKOIIOJIOCHOTO «TPEXYACTOTHOIO» Y-LUPKYJIsATOpa
C HepeIuIeTéHHBIMU paMKaMu, IpeAcTaBiIeHHYo Ha puc. 1 (Lo— naaykTuBHOCTH paMok, C — coria-
cyrolasi €MKOCTh, BKITIOUEHHAS TapaJuIebHO Lo).

/1
2
O—
T
C__
T Lo
Lo Lo
i Z: /1 3
o—— ——O
T cL° T
/c

Puc. 1. DxBuBajeHTHAs cXeMa HIUPOKONOJIOCHOTO
«TPEXYACTOTHOr0» Y -IHUPKYJIATOpA

Ha puc. 1 cornacyromas 1ens, Mo3BoJIsIONIas MOJYYUTh «ABYX4YaCTOTHYIO» XapaKTEepUCTH-
Ky LUpPKyJIsATOpa, 0003Ha4eHa Z., a COIJacyromas Lenb B KaKIOM IUIeue, JAroIasi BO3MOXKHOCTD
MOJy4EeHHUs «TPEXYACTOTHOW» XapaKTEPUCTHUKHU YCTPOHUCTBa, 0003HaUYeHa Z;.

[Tpu noctpoernn Monenu OyaeM NpeHeOperath AUCCUIATUBHBIMU MOTEPSIMU B (eppute u
COIVIACYIOIIMX PEAKTUBHBIX HJIEMEHTAX.

Jl11 IpOU3BOJIBHOTO MI€ATBHOIO Y—IUPKYJISATOpAa COOCTBEHHBIE 3HAUEHUS] MATPULbl UMIIE-
naHca Y—cowleHeHMs Zgs- CBSI3aHbl C COOCTBEHHBIMH 3HAUEHMSMU €ro MaTpHIbl paccesHus
So+.- [7] cootHOICHHEM (1)

. 1+S _ o 2m
Z, = ip = jpctg| L+ 1
e L T G R (1)

I7I€ Po — BOJHOBOE COINPOTUBJICHHE MOABOIALINX JUHUM mepenauu, ¢ — dasza koddduumenrta mpo-
XO0XKIEHHUS CHTHAJIa CO BXoza Ha Bbixo; N=0,+/—1. OtmeTum, 4t0 Zo 4/, @ TaKKe Z., Z1 ¥ BCE UMIIE-
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JAHCBI, 0 KOTOPBIX TOBOPUTCS B TEKCTE CTAThH, YUCTO MHHMMBIC. [103TOMY nanee Ha rpadukax puc.
2 u puc. 3 OyayT npeacTaBieHbl UMEHHO JMZ 4/ .

B cootBercTBuM ¢ (1), 3aBUCUMOCTH MHUMOM YacTH COOCTBEHHBIX 3HAYEHHUM MaTpPHIIBI UM-

neJanca MAeaIbHOTO IUPKYIATOpa Zo 4+ OT ¢ B nuamazoHe 0<¢ <2m UMEIOT BUJ, MPUBEICHHBII
Ha puc. 2.
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Puc. 2. 3aBHCHMOCT, MHUMOI 9aCTH COOCTBEHHBIX 3HAYEHUH Zj ./ MATPHIIBI
umnenanca Z ot ¢pa3sl K03 PUIHeHTa MPOXOKIEHU @
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Puc. 3. 3aBucMMOCTL MHUMOM YaCTH COOCTBEHHBIX 3HAYEHMI Z ./~ MATPHUIIBI
uMIenanca Z y3konoJjJoCHOro MUPKYJIATOPa OT YACTOTHI @
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Orpanu4nMcst pacCMOTPEHHEM 3apE30HAHCHOTO peXrMa paboThl, TOCKOIBKY OH Hambojee
MHTEPECEH B IUIAHE NMPAKTHYECKOTO MPUMEHEHHUs M3-32 OTCYTCTBHSA HEJNMHEHHBIX A(PPEKTOB mpu
BBICOKOM YPOBHE MOIIHOCTH CUTHAJIOB B (heppurte.

V3KOMOJIOCHBIN HUPKYIATOP, U3 KOTOPOTO MOJTyYeHA SKBUBAJICHTHAS JIEKTPUUECKAs CXeMa
«TpE€XYaCTOTHOTO» HUPKYIATOpa (puc. 1) myTéM BKIIOYEHUS JTONOJHUTENbHBIX Henel Z; u Zg, pa-
6oTaer mpu @ =n. DTO OOBICHACTCS CICHYIOIUMH MPUUYUHAMHE: TIPH (¢ =T CXeMa Y3KOIIOJIOCHOTO
MUPKYIATOPAa MUMEET MUHHUMYM 3JIEMEHTOB IO CPaBHEHUIO C JAPYTUMHU CXEMaMHU Y3KOIOJIOCHBIX
UPKYJISITOPOB TIPH (PFT, TaK KaK P (p#T COOCTBEHHOE 3HaUeHHE MaTpuIlbl uMrienanca Zo#0. Cie-
JOBaTEJIbHO, Ul peanu3aniu TpedyeMoro 3HaueHust Zy HeOOXOJUMO BBEICHHE JOMOTHUTEIBHBIX
AJIEMEHTOB. 3aBUCUMOCTH MHUMOW 4acTH COOCTBEHHBIX 3HAUYEHUN MATPHUIBI UMIIEAAHCA Y3KOIO-
JIOCHOTO IHPKYIATOPa Z +/_ OT (® UMEIOT BHJ [7], IPEICTABICHHBI Ha pHC. 3 (Q=T COOTBETCTBYET
4acToTe ). MOXHO TaKXe HCIOJb30BATh KaK OCHOBY IOCTPOEHHUSI CXEMBbI IIHMPOKOIOJIOCHOIO
HUPKYJISATOPA CXEMY Y3KOMOJIOCHOTO IUPKYISATOpa, paboTaloero npu ¢=2m, HO Toraa It obec-
MIEYEHUS] BO3MOYKHOCTH pa0OThI B IIMPOKOIIOJIOCHOM BapHaHTE B KauecTBe 00mIe nenu Z, AJs 1mo-
JTy4eHHs] BO3SMOXKHOCTHU peasiu3alliy JIF0O0ro 3HaUeHUs UMIIe/laHca O0IIei enu HeooXoauMo Oyaet
WCTIOJIB30BaTh IIOCIIEA0BATEIbHOE BKIIOUEHHE MapajIeIbHOTO M IMOCIIEeNOBATEIBLHOTO KOHTYPOB,
YTO BBI3bIBACT 3HAUUTEIbHBIE KOHCTPYKTUBHBIE CI0KHOCTHU. [Ipu paboTe y3KOmoia0CHOro HUpPKYIIs-
TOpa ¢ (=m, O0mmas Ienb MHUPOKONOJOCHOTO HHUPKYJIsATOpa Z: OyAeT MMETh BHJ IapajuIeIbHO
BKJIIOYEHHBIX TOCJIEIOBATEIBHOTO U MAPAJIeIbHOTO KOHTYPOB, YTO O0Jsiee y100HO 110 CPaBHEHHMIO €
PaccCMOTPEHHBIM BbIILIE BAPHAHTOM.

k/u /
/

P

yd
/

Puc. 4. 3aBpucumocrtn K/ U oro

CornacHo [7], ycioBusl LIMPKYJISLMUA AJI Y3KOIOJIOCHBIX LUPKYJISITOPOB € O=T U IS Q=27
MO>KHO MPECTABUTH BhIpaKEHUSIMU (2) U (3) COOTBETCTBEHHO:

ol=—3p,% LC =1, (2)
U

V3 &

olL=——p —, &LC =1, 3
3 u
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3 2 _ KZ
rae L :E Lo, =’u—, K U [l— HEB3aWMHas U B3aMMHas COCTABIIAIOIIME TEH30pa MArHUT-

HOW NPOHMLIAEMOCTH (eppura HMH .

Ananusupys (2) u (3), MOXKHO clieJaTh CJIEIYIOIUI BBIBO: PU OJAMHAKOBBIX (O UHAYKTHB-
HOCTb paMoK Lo mpu ¢ =n B Tpu pasa 6osblie, ueM npu ¢=2mx, a EMkocti C 1pu @ =27 B TpH paza
Oospie, yeMm npu ¢ =n. s ocTanbHBIX 3HaUeHHH (Pa3pl K03 PuIneHTa NpoXoKIESHUS CUTHAIA CO
BXOJa Ha BBIXOJ () 3HAYEHMS MHIYKTUBHOCTU M EMKOCTU MPUHUMAIOT IPOMEKYTOUYHbIE 3HAYCHMUS.
B 3ape3oHaHCHOM pexuMe, P KOTOPOM HOPMHPOBAHHOE BHYTPEHHEE MOJIe MOJMarHWYMBaHUS

c = yH;/® > 1, pemmunna K/ /L SABIIETCS OTPULIATENBHON. 3aBUCUMOCTD K/ M OT G KauecTBEH-
HO TIpejicTaBieHa Ha puc. 4 [1]. i ontumansHoro pexkxuMa paboThl HUPKYIATOPA, TO €CTh PEXKH-
Ma, 00ecreynBaroIero HaudoIbIIYI0 MOJI0CY PAab0YNX YAaCTOT MPU MUHUMAIBHOM YPOBHE MPSIMBIX
TIOTEPD, C yIETOM 3aBUCUMOCTH K/ 44 OT 4acToThI [1] 1 cootHOmeHni (2) u (3), He0OX0AUMO, UTO-

OBl IUPKYISITOp paboTan Ha BEpxXHEH padoueil yactote npu (p=m, a Ha HIKHEH pu ¢=0,27 (puc. 4).
JIByX4acCTOTHBIM peKUM pabOThl LUPKYIATOPA MOXKET ObITh PEaJU30BaH MPU (=T HA YaTOTE M2
(Touxa 2), u ¢=0,2n Ha yacToTe ©; (puc. 4, Touka 1), korna w>01 v k/ w,) < x| ww,).

Ananmuzupys rpaduky, NpuBeAEHHBIE HA PUC. 2 U 3, MOXKHO ONPEIEIUTbh BUJ KOPPEKTUPY-
IOUIMX 1enel Z; U Z; S5KBUBAJIEHTHON CXeMbl IUPKYJIATOpA, peicTaBlIeHHON Ha puc. 1. B kauecTse
Z; HEoOXOIUMO HCIIOJIB30BATh IMOCJIEI0BATENIbHBIN KOHTYP C PE30HAHCHOM 4acTOTOM HACTOJBKO
OJIM3KOM K @2, 4YTOOBI Ha YAaCTOTE (2 OTKIOHEHHE OT WCAJIbHBIX YCIOBUM LUPKYISIUH, COOTBET-
CTBYIOIIMUX ()=T, MOXKHO OBLJIO HE YUHUThIBaTh. B kauecTBe 00mieil nenu Z, HEOOXOIUMO HUCIIOIB30-
BaTh Mapajyie]bHO BKIIOYEHHBIE MOCIIEAOBATEIbHBIA U MapasuleIbHbId KOHTYpA, TaK Kak JJs ya-
CTOTBl M7 C (=T HEOOXOJUMO compoTuBieHue obmel nenu Z.=0, a 111 ®1 ¢ =21 HEOOXOIUMO
Z.=o0. [Ipennaraemas oOuias 1emnb Z, Mo3BOJSET MOJYIUTh JII000€ 3HAUCHHE MMIIEAaHCa B MOJIOCEe
4acTOT OT M1 10 ®2. OKOHYATENbHO YKBUBAJIEHTHAs CXEMa HIMPOKONOJIOCHOTO LUPKYIsTOpa Oyner
UMETb BUJ, IPECTABICHHBIIN Ha puc. 5.

Takum o0pazom, npejgaraemMas MOJeiIb LIMPOKOIOJIOCHOTO Y-LUPKYJIATOpa oOecrneunBaeT
COOITIO/ICHHE YCIIOBUI LUPKYJISAIMM, OJM3KUX K WICalbHBIM, HA JIBYX 4acTOTaX w1 M ® MO KpasMm
pabouero nuanazona. J{ius npuOinKeHUs: yCIOBUM LHUPKYJIALNUU K UI€aJbHBIM BO BCEM AHara3oHe
pabouux 4yacToT HEOOXOAMMO COOTBETCTBYIOIIMM 00pa3oM BbIOpaTh 3HAUEHHUS HJIEMEHTOB Lienel Z¢
u Z;. llpennaraemas oOmias nenb Z; MO3BOJISIET MOMYYUTh IPAKTUYECKH JII000€ 3HAaUeHUE UMIIEaH-
ca 06e3 U3MEHEHUs YCIOBUH IIUPKYISLUN Ha YaCTOTaX 1 U M2, B TO K€ BPeMsl TIPU UCTIOJIH30BAHUHU
B KauecTBe Z; MOCJIEOBATEILHOTO KOHTYPA 3HAUYEHUsI JIEMEHTOB COIVIACYIOIIEH 1ienu Z3 He MOTyT
BapbUPOBAThCs 0€3 N3MEHEHUs YCIOBUI LHUPKYIISAIUH HA YaCTOTaX ®1 U .

Amnanu3 rpaduka puc. 3 IOKa3bIBaeT, YTO PU BKIIOYCHUHU MOCIIEI0BATEIBLHOIO KOHTYpa Z1,
110100paHHOr0 KaK MPEJUI0KEHO BBILIE, B KAKIOE IUIEUO LUPKYJIATOpa Ha HEKOTOPOM yacToTe s,
KOTOpasi HAXOJMTCSA B MHTEPBANe M1<®3< ®p, BeauunHa Z _ Oyzxer pasHa 0. B To ke Bpems Ha ya-
CTOTE (4, HA KOTOPOH Z 4+=00, MOKHO TOTYYHTh YCIOBHS APKYJISIHH, COOTBETCTBYIONIHE HACAb-

HBIM IIpH @=27/3 ¥ onpezeeHHON BeanunHe Z1, 3a CYET yMEeHbIIeHUs Z'_ 10 YpOBHS j\/§ / 3 p, co-

rimacHo (1).

[Ipu Takux mapaMmeTpax KOHTypa Z; ero BeJHYMHA Ha YacTOTE (2 MOXKET He ObITh paBHOIA 0,
BCJIJICTBHE YETO Ha YacTOTe ; OyJIEeT HAaOMIOAAaThCA OTKIOHEHUE COOCTBEHHBIX 3HAYEHUH MaTpu-
16l UMITEJJaHCA IUPOKOTIOIIOCHOTO IUPKYIATOPA Zo +/- OT COOTBETCTBYIOIINX UACATLHBIM YCIOBUSIM
UPKYISIIUU IpH @=7t. OTKIOHEHHE COOCTBEHHOTO 3HAUCHHsI MAaTPUIBI UMIIeaHca Zg Ha 4acTOTe
7 BO3MOKHO KOMIIEHCHPOBATh 3a CUET BHIOOpa COMpPOTHBIEHUs 00mel 1enu Z.,. OTKIOHEHUS OT
UJICUTBHBIX YCIIOBUU IUPKYISIIIUA HA YACTOTE 7 32 CYET HECOOTBETCTBHSI COOCTBEHHBIX 3HAUCHHIA
MaTpHUILIbI UMIeIaHca Z4/_ paccCuuTaHHbIM 10 dopmyne (1) mpu ¢=n Oyner HeOOIBbIIUM, TaK KaK OT-
pHUIIATENLHOE COMPOTHBIICHUE IIENH Z; C POCTOM YacTOTHI BO3pAcTaeT U MPHUOIIKAETCs K HYJIIO.
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Puc. 5. JxBuBaJIeHTHAA cXeMa IMPOKONOJIOCHOTO Y-IIUPKYJISATOpa

Takum 00pazoMm, i COOCTBEHHBIX 3HAUEHUN MATpPHUIlBI MMIIEIAaHCA IHPOKOIOIOCHOTO
UPKYJIsATOpa Z4/ MOTYT OBITh JTOCTUTHYTHI YCIOBUS LUPKYISINU, OJIM3KHE K HIIealbHBIM Ha Ya-
crore m1 pu ¢=0(27), Ha gacToTe w4 pu @=271/3. Ha vactote w,; npu ¢=n 3Ha4eHUs Z./._ OyayT
o0ecrneynBaTh yCIOBHS LUPKYISANNU, OMU3KHE K uacalbHbIM. Ha yactore w3 nmpu ¢=m/3 3HaueHue
Z_ Oyner COOTBETCTBOBATH UACAIBHBIM YCIOBUSM IUPKYISIHHA. 32 CYET COOTBETCTBYIOIIETO MO/I-
0opa BeIMUYMH AJIEMEHTOB OOIIEH IEeT MOXKHO Pean30BaTh 3HAYCHUS Z, TAaKUM 00pa3oM, 4To Ha
YacToTax i, My, ®3, M4 3HAYCHUS Zg OyAYyT OJIM3KH K 3HAYCHHSIM, COOTBETCTBYIOIIMM H/I€AIbHBIM
YCIIOBUAM IUPKYIIALUH.

Ha vacrore m3 npu mapaMerpax Mocjae0oBaTeIbHOTO KOHTypa Z;, BEIOPAHHBIX KaK yKa3aHO
BBIIIIC, 3HAYCHUC Z+ MOXKET HC COOTBCTCTBOBATH MACAJIILHBIM YCJIOBUAM HHUPKYJIISAIWHA. B cootBeT-
crBu ¢ (1) Ha 9ACTOTE W3 TS [ONYYCHAS NACATBHBIX YCIOBHIA LUPKYISIUA PA3HALA MEXKIY Z + U

Z_ JOJIDKHa OBITE paBHa J\/§p0 . I[J'ISI OAHOBPEMCHHOI'O MOJYUCHUA UACAIIBHBIX YCJ'IOBI/Iﬁ HUPKYJIA-

MY Ha 9aCTOTax M1, M2, ®3, 4 HEOOXOIUMO YCIOXKHUTH 1IEeTh Z; BKIIOYECHUEM, KAK MUHUMYM, T1a-
pauieIbHOM MHAYKTUBHOCTH, TaK KaK B JIMAMAa30HE YaCTOT M1+®7 UCIONB3YEeTCs] EMKOCTHAS 4acTh
aMILTUTYTHO-4aCTOTHOM XapaKTePUCTUKHU TIOCIICIOBATEILHOTO KOHTYypa. OJHAKO YCIOKHEHHE
BXOJIHOU 1LIeTH Z; HEIOMyCTUMO, TaK KakK MPU 3TOM PE3KO BO3PACTAET CIONKHOCTh KOHCTPYKIIMU U
HACTPOMKHU BXOAHOM 1enu. [Ipy HECOOTBETCTBUM yCIOBHM IUPKYJISIUN HA YACTOTE (O3 UAC€ATBbHBIM
HEOOXOUMO M3MEHUTh B HEOOJBIIUX Mpejeiaax BETUYUHBI AJIEMEHTOB IEeNH Z; TaKUM 00pa3oM,
9TOOBI JOCTUYD ONM3KUX K HJI€ATHHBIM YCIOBUHN IUPKYISIIUH, IPH 3TOM JOMYCTUMBI HEOOJBIIIHE
OTKJIOHEHHSI OT UJCAbHBIX YCIOBHU IUPKYIIALNHN HA APYTHX YACTOTaX (M1, 07, M4).

2. Pac4éT 371eMeHTOB YKBHBAJIEHTHO CXeMBbI A POKOIIOJOCHOI'0 Y-IIHpKy.]'IﬂTOpa

OcHOBBIBasICh Ha KAYECTBEHHON MOJEIN IIMPOKONOIOCHOTO Y—IUPKYJISATOpa, NPUBEAEHHON
B naparpade 1, mosjaraem, 4To SKBUBAJIEHTHbBIE CXEMbI JUIs BO30YKICHUH IIUPKYJIATOpa COOCTBEH-

-

HbeIMU BekTopamu U, u U, wuMeroT Bua, nmokaszaHHbIH Ha puc. 6. mmenanc obmeit nenn Z; pea-
JM3YETCs TMapalIebHBIM COCAMHEHUEM IMOCe0BaTebHOr0 KoHTypa LooCop M mapamieabHoro
KoHTypa Lg1Co1, MMIIEIaHC COTIACYIOMIMX TIeTiel Z; peain3yeTcsi B BUC MOCICI0BATEIBHOTO KOH-
Typa L1C1.
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Ci L1 Ci L

0—|I—/VVV\—| o—
1

Coi Coo Lo1

a) Loo 5)

Puc. 6. DxBHBajIeHTHBIE CXeMbI IIHPOKOMOJOCHOT0 Y—IUPKYJIATOPA AJIs
crH(a3HOTO0 BO30YXKICHHS MJIeUell HHPKYJIATOPA COOCTBEHHBIM BEKTOPOM lTO (@) m ns
BO30YKIeHMI HMPKYJIATOPa ¢ MPaBbIM M JIeBbIM BpallleHHeM 3JIeKTPOMATHUTHOT O
M0JI51 COOCTBEHHBIMHM BEKTOPaMH LT+ uU_ (6)

C yuérom (1) 3ammiieM yCIIOBHS [IUPKYIISIIAK JUIS IPOM3BOJILHOTO MUPKYJISTOPA Ha 4acTo-
Tax o1 (4) u o, (5):

3
Z, = J?\/_Poi

/3
Z_:_J?po; (4)
Z, =00,
Z+ :_j\/gpo;
Z_= j\3py; (5)
Z,=0.

CoOcTBeHHbIE 3HAYEHHMS MATPULIBI HUMIEJAaHCOB Zy ©W Z_ [ANS  Y3KOMOJOCHOTO
Y—1upKysiTopa ¢ mapajijiesIbHbIM coenHeHneM émkoctel C M MHIYKTUBHOCTEH paMok Lo ompene-
Js110TCs [ 7] COOTHOIIEHHEM

1
oC - Coly(uFR))"

CoOcTBEeHHOE 3HAUYECHHSI MATPHIIBI UMIIEAAHCOB Zg JJIsl IIUPOKOIIOJIOCHOTO Y—IIMPKYJIATOpa Ompese-
nstores [8] mo hopmyre

Z, =] (6)

Z,=2+3Z_ . @)
Bxonsme B (7) Z; u Z; BeIpaxatotcs uepes peaktuBHoctu L, C, Ly, Cy, Loo, Coo, Lo1, Coa:
7 1
c J 1 3 l 1 (8)
(wlgo— )"+ L @Cy;
aCo 2
. .1

Z =]JoL—-]—. 9
J J v ©)

W3 cootHomenutii (4), (5) ¢ y4€TOM SKBHUBAJICHTHBIX CXeM puc. 1 u puc. 6 MOXKHO 3amucaTh
YCJIOBHSI MUPKYJSAIUUA TSI MIAPOKOTIONOCHOTO Y—IMPKYJSATOpa Ha KpaWHUX YacToTax pabouero
JUana3oHa w1 M 2, Ha KOTOPBIX OCYIIECTBISAETCS OMU3KHMA K HICATHbHOMY PEKUM IUPKYISIIUN:
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/3

Z,+Z, = J?po

B (10)

Z,+Z, Z_j\/§/00
Z,+Z =j3p, - (11)
Z,+3Z,=0

UucneHHoe 3HaUEHUE 1 OMpPENENsieTcs cleayomuM obpazom: o ¢popmyie (6) pacCUUTHI-
BaroTCs 3aBUCUMOCTHU Z +(®) 1 Z (w), 1 onpenenseTcs 4acToTa M1, Ha KOTOPOH MCXOJIS U3 YCIOBHMA

243

uupkyisiiuu (4) s ¢=0,2n pazHuLia MEXITY Z, u Z_ cocraBiser 173 p,- ClienoBaresbHo,
3

u3 BTOporo ypaBHeHHs cucteMbl (10) TpeOyemas BeianunHa Z; Ha 4acTOTE (¥1 ONPENENAeTcs IO
bopmyne

Z,=- z'_u?,)o : (12)

Ha wacrore ®4, Ha KOTOpOH Z4 =00, TpeOyemast BeIMYMHA Z; ONpEesieTcsl Kak pa3HUlla Mexay Z_

V3

u Z_, xotopoe, cornacHo (1), paBHO j? P> CENIOBATEIIBHO,

SN
Z,=\Z —j—p, |- (13)
3
Jlayiee 0 M3BECTHBIM 3HAYCHUSAM Z; HA YaCTOTaX M1 U M4 IO (GopMyraM OmpeeIssioTcs Be-
ynuuHsl Ly u Cq:

V3

: . : . /3 .
L =] @) Z (o)~ ] 3 Po |~ @ Z_(‘”l)"‘]?po (a)f_a)zz)l' (14)

-1

3

Cl = a)lle - ja)l Zi(a)1) + j?po : (15)

[Tocne ompenenenust BenwunH Ly u C; onmpenessiroTcs ocTalnbHBIC 3HAYCHHS JJICMEHTOB JKBHBA-
JICHTHOW CXEMBbl, IPEJICTaBICHHON Ha pHc. 6(a), KOTOpBIE TOJKHBI 00eceunBaTh BETUYUHY COIPO-

TtuBlieHus Zo B coorBeTcTBUU C¢ (1), T.e. Zp=0 Ha w1, Zo=0 Ha wp, Z0 = —J\/§p0 Ha @3,
Z,=—] \/§ / 3 P, Ha 4. Ha yacTtoTtax m; u 04 COMpOTUBIIEHUE IeNHU Z, MaJIO, TaK KaK YaCTOTHI )

U 4 ONM3KHU K PE30HAHCHOM 4acTOTe MOCeI0BaTeNbHOrO KOHTYypa LogCoo, criemoBaTensuo, €€ co-
MIPOTUBJICHUE ONPEIECSICTCS B OCHOBHOM COIPOTHBIICHHEM IOCIIe0BaTeIbHOr0 KOHTYpa LooCoo.
[IpeneOperast compoTUBIECHUEM MapauienbHOro KOHTypa LgiCoi, pacu€r sneMeHTOB mocliienoBa-
TEJIBHOT'O0 KOHTYpPa MOYKHO IMPOM3BECTH C JIOCTATOYHOM JUIS peaju3allid TOYHOCTHIO, aHAJIOTHYHO
pacuéry aneMeHTOB KOHTYypa Z;. B coorBercTBuu ¢ (7) 1 (1), Bemmuunsl Log u Cop onpeaenstores mno

dhopmynam
NE]

— i Py~ Zi(@,)
o=l o — 35 o 7B o) (16
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-1

-] 3 po—Zi(w,)
—| 72 i 3 . a7
Coo=| 05+ Jo, 3

Torma npu ycnoBun, 9to Loo 1 Cop M3BECTHBI, U3 BhIpaxeHus (8) s Z; HAXOIUM BEITHYHHBI
aneMeHTOB Lo; u Cpy, pemmB cuctemMy U3 IByX YpaBHEHHH IS 4acTOT M1 U ®3, HA KOTOPBIX Z =00,

Z = (—j\/§po - Z,(a)) / 3 COOTBETCTBEHHO. Perienns cucteMbl ypaBHEHUN UMEIOT BUJ
-1

Jo, 1 3 . 1 . w
L01:J e \/— + ] 1 -] 2 1 ) (18)
a)l a)3 _J 3p0_zl(a)3) a)SLOO_i a)lLOO_T
3%“00 (O
c _i 1 N 1
" O o L 1 oLy
0y oo_?
ML

BripakeHue 111 COOCTBEHHBIX 3HAYCHUIH MATPHIIBI pacCesTHUS UMEIOT BU [3]

S _ ZO,+/— -1 . 220,+/— 20
0tl= " 2 1_122 1 (20)
0,+/- + 0,+/- +
KoadduuueHnt orpaskeHust Si; MaTpUIbl paccesHUsl BbIpaXkaeTcsl yepe3 COOCTBEHHbIE 3HAUYECHUS
MaTpHullbl paccesHus [7]:

S, =%(s0 +S,+S_). (21)

[TpuBeneHHbIN pacyET MO3BOJSAET MPUOTMHKEHHO OMPEETUTh 3HAYCHHS dJIEMEHTOB SKBHBa-
JICHTHOW CXEMBI ITUPKYIATOpPa 00EeCTIeUnBAIOIIUE YCIOBUS IUPKYISIIUK, ONM3KUE K HIeaTbHBIM Ha
TpEX yactorax. JIJis MOTyIeHUs YCIOBHHA ITUPKYJISIIUHU, IPH KOTOPBIX BEJTUYHHA S11 HE MPEBBIMIACT
3aJIaHHOM BEJIMYMHBI B paboyeM Jramna3oHe 4acToT, MOKET MOTPEOOBATHCS ONTUMH3AIUS MTapamMeT-
POB coracyronux mnernei Z; u Z.. ICXoMHBIMU JaHHBIMU ISl ONITHMH3AINH SBJISIOTCS YUCIICHHBIC
3HAUEHUS] PEaKTHBHBIX JIEMEHTOB MUMIIEIaHCOB Z; U Z., pacCUMTaHHBIC TIO MPUBEAEHHBIM (OPMY-
JIaM, UCXOJI U3 0OecTieueHHs OJM3KUX K MACATHHBIM YCIOBUN IUPKYISIIIUU Ha TPEX YacTOTaX (M1,
M2 U 4. 3a7a4a ONTUMHU3ALNH 3aKJII0YACTCSI B MUHUMHM3ALMK BEJIUYHUHBI S11 B TMAa30HE YaCTOT (M1
U 2 TIOCPEJCTBOM IMOWCKA ONTHUMAJIBHBIX 3HAYCHHWH BEJIMYUH DJIEMEHTOB DKBHUBAJICHTHON CXEMBI
upkyssitopa (puc. 5). C y4éroM TOro, 4to 1enb Z MO3BOJISET MOJYYHTh JH000E 3HAYCHHE MMITe-
JlaHCa Ha YeTHIPEX YacTOTaxX, W1—®4, HAMOOJEe 3HAYMMBIM TIPOIECCOM IMPH ONTHMH3AIUU OyIeT
MOWCK yTOYHEHHBIX 3HaueHuil L; u C;. 3a cu€T OTKIIOHEHHS OT HAYAIbHBIX 3HAYCHHUH 3JIEMEHTOB
nenu Z;, pacCUuTaHHbIX 1Mo dopmynam (14), (15), MOKHO YMEHBIINTH OTKJIOHEHHUS OT HICaTbHBIX
YCIOBUU IUPKYIALUU B TO0ce pabounx yacToT. [Ipu yrouHeHuH paccuuTaHHBIX 3HaueHHd LiCq
HEO0OXOUMO YYHTHIBATh, YTO MPU UX H3MEHEHUH TIOTPEOYETCS KOPPEKIIHS SJIEMEHTOB 1enu Z.

OnTuMuzanuio ciaeayeT MpoBOAUTH B JBa dTana. Ha mepBom 3Tarne ocyiecTBiseTcsl yTod-
HeHue 3HavyeHui LiC;, mpu 3TOM yMeHbIIaeTcs BEJIMYMHA Si; Ha YaCTOTE (M3, & HA OCTAJBHBIX Ya-
cTOoTax pabodyero auana3oHa OHa yBeauuuBaercsa. Ha BTOpom a3Tame oCylecTBIsSETCS KOPPEKLHUS
3HaueHUH LooCoo, Lo1Co1, IpH 3TOM OCYIIECTBIISIETCS YMEHBIIICHUE BEIMYUHBI S11 BO BCEM pabouem
nuana3oHe 4actoT. Heo0XoauMocTh BTOPOTO dTarna ONTHMH3AIUN BBI3BaHA TEM, YTO B PE3YJIbTATE
MEepPBOTO 3Tana COOCTBEHHBIC 3HAYCHUS MATPHIBI MMIICAAHCOB IIMPOKOIIOJIOCHOTO ITUPKYJIATOpa
Z,/_ Ha 4acTOTaX M1—w4 HE OYyAyT COOTBETCTBOBATH OmpeeisieMbiM 1o popmyne (1) ayist cooTBeT-
CTBYIOIIMX 3THM YacTOTaM 3HAYEHWH (P, TO €CTh peajbHbIE 3HAUCHUS () HA ITHX YacToTax OymyT
OTIIMYaThCsl OT BBIOpaHHBIX. (ClenoBaTENbHO, pPACCUYMTAHHBIC, KaK IMOKAa3aHO paHee, 3HAYCHHS
LooCooL01Co1 moTpebyercss cKOPpEeKTHPOBATh AJII YMEHBIICHHS] BEIMUYMHBI S1;. ONTUMH3AIUIO B
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JTAHHOM CJTy4ae I1eJeC000pa3HO OCYIIECTBUTH C MIOMOIIBIO METOIOB MIPSAMOTO MOUCKa [9], OCHOBaH-
HbIX Ha Bapuaruu 3HadeHuii L1Cy u LopCoo, Lo1Co1 1 OlleHKE COOTBETCTBYIOIIMX UM 3HAUYCHUH Si1 B
0JI0CE YacTOT (M1—A®, W +A®).

B pesynbTaTe mporeaypsl ONTUMHU3AINHA OCYIIECTBISETCS MOUCK ONTUMATBHBIX BEJIMYUH dJIEMEH-
TOB DKBHBAJICHTHOM CXEMBbI IIUPKYJISATOPA, TO €CTh TAKUX 3HAYCHHH, KOTOPBIC 32 CUET OTKIOHCHUS
OT peau3aluy UACaJbHBIX YCIOBUH MUPKYIAIMA HAa HEKOTOPHIX YacTOTaX pabouero Jmara3oHa
MO3BOJISIOT MOJTYYUTh 00JIee MUPOKYIO MOJI0CY PAOOUYUX YACTOT HUPKYIIATOPA.

3. MeToauka MPOCKTUPOBAHUA IIHUPOKOIMOJOCHBIX Y—III/IpKy.J'IHTOpOB

Bynem momarath, 4TO MCXOAHBIMU JaHHBIMH ISl TIPOCKTUPOBAHUS LUPKYIATOPA SBIIS-
I0TCS. AMana3oH paboyux 4acToOT, BeJIMYMHA OOpPATHBIX MOTEPh B JAMANa30HEe pabodyHMX 4YacToT,
rabapuThl MUPKYJIsTOpa. [Ipyu MPOEKTUPOBAHUH CIEAYET YUYUTHIBATH, YTO IHPKYIATOP JOJDKCH
paboTaTh mpH TAaKOW BEIMYMHE MArHUTHOI'O IMOJIsSI, KOTOpas obecrnednBasia Obl 1OCTATOYHOE
yaalieHne oT o0nacTu (GeppoOMarHUTHOTO pe30HaHca JUIsi MUHUMHU3AIUN BEITWYHMHBI BHOCHMBIX
noTepb B BEpXHEW dvacTH paboyero aumamna3oHa 4acToT. TakuM oOpa3oM, NMPOECKTUPOBAHHE
BKJIIOYAET B ce0sl CIICTyIONIE ITalbl:

1) Be1OOp Mapku (eppuTa Mo 33JaHHOMY JMaNa3oHy padouuX 4acToT;

2) BBIOOP YacCTOTHI Wy BOJIM3U BEPXHEW TPaHUIIBI JUana3oHa pabovyux 4acToT, 3aJaHue 3Ha-
uenus Beanundbl 6 = YH;/® > 1 Ha yactore ®; U JAOMYCTUMOI BEITHMYMHBI KO3 HUIEEHTa OTpa-

KEHHUS S11 BO BCEM JHana3oHe paboynXx 4acTorT;
3) pacuer BeyimumH L, C:
e pacuer u 1 K B Auana3one pabo4mx 4acTor;
e pacuer Lo u C U3 ycloBuil NUPKYISIIKK (2) IPH =T HA YACTOTE (2;
e pacuer Z ./ (®) o popmyse (6) u uzBectHbIM [ U K, Lo 1 C B mos10ce pabo4mx 4acToT;
4) pacyeT 4acToT M1, W3 ¥ 4:
v 2 \/§
3

® OmpeeNeHne YacTOTHl 1, HA KOTOpoi Z -Z = |—— p,, ¥ TI0 U3BECTHBIM M1 M 2 IPOBEP-

Ka Ha COOTBETCTBHE TOJIOCe pabounx dactoT. [Ipu monoce MeHsbIne TpedyeMoi, He00X0TUMO
YMEHBIIUTH BEIMYUHY G U MPOBECTH pacyuér 1o 1. 1;
* ONPEIENCHUE YACTOThI (4, HA KOTOPOH Z +=00;
e omperesieHre BEIMUMH peakTuBHOCTEH Ly, C; mocnenoBatebHOro KoHtypa o gopmymam (14), (15);
® OmpenesieHNue YacTOThI (3, HA KOTOPOM Z_= Z'_—leo;
5) pacu€r a5IeMeHTOB coriacyrolei nenu oomero KouTypa Z¢ no gpopmynam (16)—(19);
6) pacuér ko3 dunMeHTa OTpakeHUs S11 B InUama3zoHe padounx gactot mo dopmyne (21) u
MPOBEpPKa Ha COOTBETCTBHE 3a/IaHHBIM TEXHUYECKUM TPEOOBAHMUSIM,
7) onTUMU3AIKS TTAPAMETPOB COTJIACYIONTUX Heneit Zc u Z;:
® TIOWCK ONTHUMAJBHBIX 3HAYCHUI BETUYHUH 3JIEMEHTOB TOCIIE0BATEIHLHOIO KOHTYpa B KaXKIOM
mwieue Ly, Cy.
® [IOMCK ONTHUMAJbHBIX 3HAYCHUI BEIIMUWH 3JI€MEHTOB I11enu o0mero KoHTypa LogCooLo1Cos.
8) pazpabotka T3 Ha KOHCTPyHPOBaHHE.
Heo0xoaumMo OTMETUTH, YTO pacuéT 3HAYCHUI BEJIMYMH 3JIEMEHTOB SKBHUBAJICHTHOW CXEMBbI
IPU MPOCKTHPOBAHUH JOJKCH IMPOBOIUTHCS C Y4ETOM BO3MOXKHOCTH (PU3UUYCCKON peasn3ariu
ATHX HJIEMEHTOB.

3akjayeHue

B pe3ynbraTe BBITIOJIHEHHBIX HCCIIEIOBAHHUN pa3paboTaHa METOAMKA MPOCKTUPOBAHUS IITH-
POKOTIOJIOCHBIX Y—IIUPKYJIATOPOB C UCIOIH30BAaHHEM METOAOB TEOpUU Iierneil. MeToauka OCHOBBI-
BAETCS Ha MPEICTABICHUH SKBUBAJICHTHOW CXEMbI IIIMPOKOIIOJIOCHOTO LIMPKYJSTOPA HAa COCPEIOTOUEH-
HBIX JJIEMEHTaX B BUIE Y—COCAWHEHUs] WHIYKTHBHOCTEH MEPEIUIeTEHHBIX paMOK L. ¢ mapasiensHO
BKIFOUEHHBIME EMKOCTIME C, B KaXKI0€ IIEU0 KOTOPOro BKITIOYEH MocieaoBaTebHblil KOHTYP Z1(L1Cy),



Paouomexnuka, cucmemul mejneKoMMyHuKayuii, anmenHsl u ycmpoiicmea CB4 29

a MeXy o0Iel TOUKON MHAYKTUBHOCTEH M KOPITYCOM BKJIFOUEHA LIETb Z;, COCTOSIIAs U3 COSIMHEHHBIX
MapaUIeNIbHO MOCIEA0BATENBHOr0 KOHTYpa LooCop 1 mapasienbaoro koutypa Lo Cos. [Ipemnaraemas me-
TO/IMKA BKJIFOYAET JIBA OCHOBHBIX 3Talla: Ha IIEPBOM ATale NPHOIMKEHHO PaCCUUTBIBAIOTCS BCE YMCIICH-
HBIE 3HAUCHUS NApaMETPOB PeaKTUBHOCTEH wenei Z; u Z, ucxoas u3 odecrieueHus: OJIM3KUX K Uieallb-
HBIM YCJIOBUM IIUPKYJISILIMM Ha TPEX 4acTOTAX 3a/laHHOTO JMara3oHa padouynx 4acToT, HA BTOPOM JdTare
9TU 3HAUCHUA TapaMCTPOB YTOUHACTCA C HOMOIIBIO OITUMH3AlINH.

IIpennoxxenHast Meroauka pacuéra Obuia onpoOOBaHa aBTOPaMM IPU Pa3pabOTKe LIHMPOKO-
IIOJIOCHBIX Y—IIPIpKyn?[TOpOB W BEHTWJICH ACHUMCTPOBOro 1 MCTPOBOI'0 AHUAIIA30HOB JJIMH BOJIH. B
METPOBOM JHMAlla30HE JUTHH BOJIH MaKeT pasBs3bIBAIONIEro y3ima ¢ pasmepamu 45x50x20 mm® oGec-
neyuBasl 00paTHbele moTepu He MeHee 18 ab mpu BHocuMbIX notepsax He 6onee 1,00b B monoce pa-
60unx yacTtoT He MeHee 45%.
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V.A. Kozlov, A.V. Sorokin

THE METHODS OF DESIGN WIDEBAND FERRITE
Y-CIRCULATORS ON LUMPED ELEMENTS

Research Institute of Measuring Systems n.a. U.E. Sedakova

Purpose: The purpose of the paper is to construct a methods of designing broadband Y -circulators on the lumped ele-
ments with the smallest possible sizes.

Design/methodology/approach: The article proposes a qualitative model of the Y-circulator that allows to justify the
choice of the type matching circuits, witch give wide band of operations. Calculation of the lumped elements based on
the use of the eigenvalue of impedance matrix Y-circulator.

Findings: The essence of the established methods of design is to optimize the operating mode Y-circulator and deter-
mining the parameters of lumped elements corresponding to this regime.

Research limitations/implications: The proposed equivalent circuits in the article do not account for the dissipative
losses. These results provide a basis for developing methods of engineering calculation of Y-circulators on the lumped
elements.

Originality/value: The value of the results, presented in this work, is the physical visibility of gradual transition from
the narrow-band Y -circulator to broadband by optimizing the operating mode and the appropriate choice of parameters
of matching circuits.

Key words: Y—circulator, eigenvalue of scattering matrix, matching circuit, lumped element.
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A. U. beasies, E. A. bBykBapés, A. C. IloioBunkuHa, A. B. SictpedoB

METO/I BLICTPOI'O BLIYACJIEHUSA APUOMETHYECKON CBEPTKH
CIIEHUAJIBHOT'O BUJIA

Huxeropoackuii rocyapcTBEHHbIN TexHUUECKU yHUBepcuTeT UM. P. E. AnekceeBa

[pemroskeH METO COKPAIICHHUS CIIOKHOCTH COTIIACOBAHHOTO (DMIIBTPA JJISI CHTHAJIOB OOJBIION [THTEIPHOCTH
C MPUMECHEHUEM MHOTOKAaHAJIBLHO COTJIACOBAHHOTO (MIIbTpa OMHApHBIX MocienoBarenbHocTeil [1]. IIpousBeneHo cpas-
HEHHE CI0’KHOCTEH IMMOCTPOSHUS COTIIACOBAHHOTO (IIIBTPa C IPIMEHEHHEM MET0/1a M Oe3 er0 UCIIONb30BaHMSL.

Knrouesvie crnosa: cornacoBaHHbli GUILTP, OWHAPHAS MTOCIIEIOBATENLHOCTD, ONTUMHU3AIIHS, CUTHAIIBI OOJIBIION
JUTATEIIEHOCTH, CETMEHT OTIOPHOTO CHUTHAJIA.

BBenenune

[TocTpoenne corimacoBaHHBIX (QWJIBTPOB JUIsI CUTHAJIOB OOJBIION JIUTEIBHOCTH TpeOyer
3HAYUTENBHBIX pecypcoB MUKpocxeM FPGA, u ncnosibp3oBaHie OMHAPHBIX MOCIEI0BAaTEIHHOCTEN B
psijie ciaydaeB He 00eCTIeUMBACT KETAeMOro pe3yJibTaTa MUHUMH3AIMY YHCTIa JIOTHYEeCKUX siueek. B
JAaHHOW CTaThe MpesiaraloTcs CrocoObl MPUMEHEHUS COrIacOBaHHOTO (puibTpa OMHAPHBIX MOCIHE-
JI0BAaTEeILHOCTEH, C IIOMOIILI0 KOTOPOTO YIAETCS 3HAYUTEITHHO COKPATUTE YHCIO HEOOXOTUMBIX IS
MMOCTPOCHHUS COTJIACOBAHHOTO (mibTpa Jorndeckux siueek FPGA.

ITocTanoBka 3agaun
PaccMoTpuM Kiaccuueckylo CTpYKTypy coryiacoBaHHoro ¢unstpa (C®P) nis ogHOrO omop-

Horo curHaia a. Cd BEITIOIHICT onepannuro IIHCKpCTHOﬁ CBépTKI/I, CHUIHaJI Ha BBIXOJC (I)I/IJ'ILTpa
OIMMCBIBACTCSA BBIPAXKCHHUEM

Y[k]{xw—nl-a[n], )

rae N — 9Kciio OTBOJIOB JIMHUU 3aJIEPKKU; K — OTCUET BBIXOJHOTO CUTHAA; N — HOMEP OTBOJA JIH-
uun 3aaepkky; a[n] — koapdunuenter CD. O6mias cxema takoro CP u3obpaxena Ha puc. 1.

X[n] | |

aj0] a[1] a[N-1]

i K

Puc. 1. O61mas cxemMa corJjiacoBaHHOTro puabTpa

Bocnonbzyemcst ciaenyromieit popmyioii [ 1]a1s oneHkH ciioskHOCTH usbTpa (puc. 1):

© bensie A. U., bykBapés E. A., [Tonosunkuna A. C., Sctpe6os A. B., 2012.
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log, N )
C=N > 05'(c+i), @)
i=1

rJe ¢ — pa3psAaHOCTb OTCUETOB. Torga g CUrHana JJIMTEIbHOCTHIO 2'=16 384 orcuéra exuHmY-
HOM pazpsigHocTH TpeOyeTcs 49 135 noruveckux sveek. [lpu murenpHOCTH 21%=65 536 orcuéron
eIMHUYHON pazpsaHocTH — 196 589 mormueckux suyeek. Takue TpeOoBaHMS IMPEBBIMLIAIOT YUCIIO
MUMEIOIINXCS JIOTHUECKUX sYeeK ObIcTpoaeicTByommx cxeM FPGA ¢ MUHHATIOpHBIM KOPITYCOM B
HECKOJIBKO pa3. TpedyeTcst MUHUMH3UPOBATh 00BEM HCIIONIB3YEMBIX PECYPCOB.

OnTumMu3anus cxembl PUIbTPa

OcHoOBHasl uzies COKpAILEHNs YUCIIa AYEEK, UCIIOIb3YEMBIX IIpU noctpoeHun CP niis curHa-
JI0B OOJIBIIION ITUTEIHHOCTH, COCTOUT B U3MEHEHHUHU CXEMBI (pUIIbTpa MyTEM BKIIIOYCHHS B HEE OJ10-
Ka MHOI'OKaHAJIBHOTO COIJIacOBaHHOro (guibTpa OuHapHbIX nocienoBatensHocTeil (CPBII), koTo-
PBIi BBIIIOJIHAET MAPAIUIENBHYIO CBEPTKY C HECKOJBKMMU OINOPHBIMM CHUTHAJIAMH, IIPUYEM CIIOXK-
HocTh COBII 6yner Mano oTIMYaThCsl OT CIOKHOCTH (UIIBTpPa JUIsl OJHOTO CUTHaa MpH cobitoze-
HUU OorpaHMdeHui Ha ¢unbTpyemble curHanbl [1]. Kak um paHee Mbl paccMaTpUBaeM CUTHAJIBL,
IpeJCTaBIstoNMe co00il OMHapHbIE MceBAOCTyUaiiHble nocieroBaTeabHOCTH. [locTosiHHAs cocTaB-
JSI0IIAas JII0O0ro U3 CUrHajIoB OJIM3Ka WIM PaBHA HYJIIO, JJIUTEIbHOCTh CUTHAJIA HA BXOZAE (HIbTpa
JOCTAaTO4YHO OOJbIIasi U KpaTHA CTENEHU JBOMKH. UHCIO CUTHAJIOB, KOTOpPbIE MOJAIOTCS Ha BXOJA
GuIbTpa, TaKXkKe LENeco00pa3HO ONpPEAEIUTh KPAaTHBIM CTENEHH JBOMKH. DTO 00ECHEeYUT ONTH-
MaJIbHBIA PeXHUM pabOThl KOHBEHEpHOIO CyMMaTOpa ¢ JIorapupMudeckuM npuOIMKeHueM [2]:
N-1
ae{-1+1}; Ya~0 N >>2"; M=2"; W(a)=05(5(1)+5(-1)), (3)
i=0
rne W — miIoTHOCTh BEPOSTHOCTH PACIpeleNieHus] 3HaueHU a; M — 4Yuclio BXOJHBIX CUTHAJIOB;
| — mokazaresnb CTENEHH, ONPeNeSIONINI YNCI0 BXOAHBIX CUTHAI0B; N — JJIMHA CUTHAJIa Ha BXOJE
CObII. IIpu aToM cnoxxkHocTh CP 111 HECKOJIBKUX CUTHAJIOB MaJIO OTJIMYAETCs OT cloKkHOCTH CD
JUIS OHOTO CUTHAJA.
[Momgamum oxHoBpemenHo Ha Bxoj COBII cmech X[N] u3 M mrymMomnomo0HBIX CUTHAIOB JITH-

. N
HOHU Nl = M’ Ha BBIXOAC 6yz[eM UMeTh M OTKJINKOB ¢ MaKCHUMAaJIbHBIMH YPOBHAMU HAIIPSIPKCHUS B

XapaKTepHoﬁ TOYKC. HpocyMMHpOBaB MOCJICAHHUE, ITOJTYyYUM CUTHAJI, YPOBCHb HAIIPAKCHHUA KOTO-

N
pOro B MOMEHT BPEMEHH MAaKCHUMAaJbHOIO OTKJIMKa OyneT paBeH N, -M = M M =N . Crpykrypa

Takoro (GpuiabTpa M300paxeHa Ha puc. 2.

X[l T |

0 |1 |26 o o |NM1
YO[K]

Y1[K]

Y2[k] G[k]
MCObBI . + —

[}
YM-1[K]

Puc. 2. CP pjsg cMecH CHTHAJIOB
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st 00paboTKu curHaia OOJBIION JTUTETFHOCTH MPEICTABUM €T0 B BHJIC MOCIIEIOBATEIb-
HOCTH M CEerMeHTOB, KaK IMOKa3aHO Ha puc. 3.

S(t)

A
L] [ [ L] [ L]
S, (1) S,(t-T) S, (t-(m-1)T) Sy(t-(M-1)T)

>

0 T 2T (m-1)T mT M-1)T MT t
Puc. 3. BxoaHoii curas, pa3ourslii Ha M cerMeHTOB
JmMTenbHOCTh OJHOTO CETMEHTA ONPEAEIISIETCS BBIPAKEHUEM:
T=7-N,, (4)

rae 7 - JUIMTeIbHOCTh OJTHOTO OTcuéra cermeHTa. Torma oOpabaTbiBaeMblid BXOAHOW CHTHAM 3aIlu-
mieTcs B 00IIeM BUIE

St)=3'S, (t—mT). 5

HeoOxoaumo, 4To0ObI cermMeHTsl, nocieaosareiabHo nocrynatoume ¢ COBIL, nmpucyrcTBoBa-
JIM Ha BXOJI€ CyMMaTopa OJHOBPEMEHHO. J[JIs1 3TOro MOCTaBUM JIMHHUH 33JeP’KKU Ha BbIXOAE (HUIIb-
Tpa, IJTUTEIHHOCTh KOTOPHIX B OOIIEM CIIydae MOXHO ONpeaenuTh kKak MT. J{is mepBoro mpuiie-
[IeTO Ha BXOJ CerMeHTa TpeOyeTcss MaKcCuMaibHasl 3a/iepkka, Kotopasi coctaBut (M-1)T, nist BTO-
poro cermenta — (M-2)T, nis npeanocineaHero — 7, B TO BpeMs Kak MOCJeTHUN BOoOIIe HE 3aaep-
xuBaeTcsi. CTpyKTypa Takoro COTJIacOBaHHOTO (uiIbTpa n300paxkeHa Ha puc. 4.

X[kL

0 1 ¢ 0 o INM-2] N/M-1
Yo[K] 1 M- T

Yi[K] 1 (M2 T

. . GIK]
MC®BIT . 4

Y.M-z[k] I

Puc. 4. CO nusa nocjieqoBaTe IbHOCTH CUTHAJIOB

O1eHUM CIIOKHOCTh CTPYKTYPBI, 1300pakéHHON Ha puc. 4 [1]. CI0KHOCTH anmapaTHOH pe-
anmzanuu COBII 6e3 ydera TUHUM 3aePKKH OTPEACIAETCS BEIPAKEHUEM:

log, N-M

Ceo=Cs, +Cs =N > 05(c+i)+> 2 (M-i)-(c+log,N-i). ()
i=1 i=0

r
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C y4€TOM CIIO)KHOCTH KOHBEHEPHOI0 CyMMaTopa JIOTapu(pMUYECKOro MPUOIMKEHUS U TOTO, YTO
UCTIOJB3YIOTCS CErMEHTH! AMUHON Ni, okoHuUaTenpHass (OpMyia BBIYMCICHUS YHCIa TpeOyeMbIX
JIOTUYECKUX SAYEEK 3aIMLIETCS B BUJIE

Cep = CSpre + Cspost +C

+'\§2i(M —i)-(c+log, N

i=0

LogSum

log, N;—M

=N, > 05'(c+i)+

i=1

log, M

i=1

,—1)+M > 05'(c+log, N, + M +i).

()

Ha puc. 5 moka3aHbl 3aBHCHMOCTB CIIOKHOCTH aIllapaTHOW pean3alliii HeONTUMH3UPOBaH-
HBIX M ONTHMH3HPOBAHHEIX (PHIFTPOB OT UHCIA CErMEHTOB (uabTpa s 3HadeHmin N=2'"=32768,
14
=1 1 N=2""=16384, c=1 onopHBIX CHUTHAJIOB, BEIYMCICHHBIX 11O opmyiiaMm (2) 1 (7) COOTBETCTBEHHO.

4

10)‘,10 e e e A e I e e R e A O e S AN e
v.....v.............‘v............................J'..............'.............................................7
Pl |
‘\ | = OMTUMMIMPOBAHHAR CXeMa NS CUrHana AnuHo# 32768 |
8 \‘ |+ Knaccuyeckas cxema ANa curHana anuHoi 32768
1 =&= OnNTUMNIUPOBAHHARA cxemMa Anga curHana AnuHon 16384i
7- \‘ | =0-Knaccuyeckan cxema Ans curdana anvHon 16384
\
@ 6 \
3 \ ‘
g 5 l-.k-t-a-a-l*l-l-l-c-o'-l-----.-’n-l-hﬂo-.ﬁo&o-l-i--ﬂl-.-l-b-i-'o-l---l-l*
G 4 !
3- |
v----., -_—-———"""- "
2 ~~~~~~ | _—-"'——--‘ ‘_—‘
g
1r —
0 | | | |
0 2 4 8 10 12 14 16
M

Puc. 5. Ouemca BbIMI'PbIIIA C® B 3aBHCHMOCTH OT AJIMHBI HCXO0JIHOI'0 CUI'HAJIAa

Bunno, uto 3¢eKTUBHOCTH anropuT™Ma BO3pacTaeT MpPU YBEIHMUYEHUU YKciia M CHUTHAJIOB,
pa3OMBaIOIUX CUTHAJ OOJIBIION JJIUTETFHOCTH Ha M CErMEHTOB, /10 OMNPENEIEHHOTO 3HAYCHMS,

TIpH KOTOPOM elile BhimosHsercs yeoue N, >>2 . anbueifee yBenuuenue 4ucia cerMeHTOB

MNPUBOAUT K HAPYHICHUIO 3TOTO YCJIOBUA, BCICACTBUC YCTO YBCINYNUBACTCA CIIOKHOCTD. CII0KHOCTD
(buIpTpa NMpHU €ro peaau3aiuy sl OOJIBIIET0 CUTHAJIA BO3PACTaeT OTHOCUTEIBHO (DUIIBTPA, peau-
30BAHHOI'O [JIsd CHUT'HAJIa MEHBIIEH AJIMHBI, HO 3TO YBCIIMYCHUC HC3HAUUTCIILHO OTHOCUTCIIBHO HC-

XOI[HOI71 CJIOKHOCTHU JJIA AJTMHHOI'O CUIHaJIa. OHeHI/IM OTOT BbBIMI'PBIII C ITIOMOIIBIO Tab6m. 1.

Tabnuua 1
OneHkKa BRIMTPHIIIA NPH YBeJIUYEHUH JAJIUHBI CHTHAJIA

JMTensHOCTh HC- 16384 32768

xogHoro curgana N
Yucio curaanos M 1 2 4 8 1 2 4 8
Knaccuueckas cxema 49140 49140 49140 49140 98280 98280 98280 98280
(cTIOKHOCTB)
OnTUMH3UPOBAHHAS 49140 24590 12460 8201 98280 49140 | 24760 14600
cxema (CII0KHOCTB)
Beiurpsii (passn) 1 1,99 3,94 5,99 1 2 3,97 6,73
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N3 tabn. 1 BugHO, YTO C yBENMYEHHEM JIMHBI curHajga N pacTeT BBIMTPHIIT OTHOIICHHS
CJIOKHOCTH KJIACCUYECKOW CXEMBI K ONITUMU3HPOBAHHON. He00X01MMO OTMETHTh, YTO TOIH30BATh-
Csl JAaHHBIM MOJXOJOM XOpPOIIO TOT/AA U TOJIBKO TOTJa, Korja M CUTHaIOB UIYT B CMECH OJIHOBpE-
MeHHO. Torma m M MakCUMAaNbHBIX OTKJIMKOB TOSBSTCS Ha BbIXOJAE (PHIBTPA OJHOBPEMEHHO.
[Ipoiias yepe3 cymmarop, OHH adyT Ha €ro BBIXOJI€ OTKJIMK, PaBHBINA JUIMHE UCXOAHOTO curHana N.
B ocTanpHBIX cydasx [is MOTy4eHUsS MAKCUMAJIbHOTO OTKJIMKA HEOOXO0IUMO UCITOJIb30BaTh JIMHUH
3JICPKKH, 3HAYUTEIHHO MOBBIMIAIOIINE CI0KHOCTh GuibTpa. Torga yem Oonblie MbI pazOruBaeM
WCXOJIHBIN CUTHAJ, TeM OOJIBIIIE CTAHOBHUTCS JIMHUH 3aJICPIKEK I KAXJI0T0 U3 CETMEHTOB Ha BXOJIC
(bWIbTpa, 9TO MOXKET MPUBECTH K HEMPUEMIIEMOH CIIOKHOCTH puiibTpa. Kak Oyzmer mokasaHo nasee,
YeM MEHBIIIE CUTHAJIOB JJIA pa30MEeHHs UCIIONb3YeTCs, TEM MEHbIIe Oyner JuHul 3aaepxek. He-
CMOTpS Ha TO, YTO OHU OYAYT INOCTATOYHO JJIMHHBIMU, 3TO HE MOBIHUSIECT HA 3HAYUTEIHHOE yBEIH-
YyeHHE CJI0KHOCTH.

Peanu3aunsa CP 1y JJIUHHOIO CUTHAJA

B cucreme aBromaruzupoBannoro npoektuposanusi (CAIIP) QUARTUS Il amepukanckoii
¢upmer ALTERA 6buto peanuzoBano aBa Buga CO. Ilepsbiii - o kiaccuueckoit cxeme (puc. 1)
JUIsl BOCBMH CETMEHTOB JJIMHHOM 110 2 048 0TCUETOB; BTOPOH - C UCIIOIB30BAHUEM IIPEIIOKEHHOTO
MeToAa onTuMu3anuu. CTpyKTypel nociaeaHero (GuibTpa U 00padaThIBa€MbIX UM CUTHAJIOB Mpe[-
CTaBJICHBI Ha puC. 6.

4 SIK
S, S, S, S,
-
2048 4 096 6 144 8192 k
a)
Re(STK) - ,
gl |
0 |1 |2 e e e |2048
Re(Y’0[k]) 1 1
| Re(G'0[K])
Re(Y'1[K]) + >
MCOBI v .
| | Re(G’1[K])
Re(Y’3[K]) + >
6)

Puc. 6. Ctpykrypa onTuMu3nposanHoro C®:
@ — CUHXPOIIOCJIEI0BATENbHOCTD; O — (QUIBTP AJIS peabHOM 4acTH CHHXPOIOCIEA0BATEIbHOCTY;
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Im(S’[K])
>

0 |1 |2 ¢ e e |2048

Im(Y'0[k])
Im(G'0[K])
Im(Y'1[K]) L
MCOBI (21K
Im(G'1K])
Im(Y'3([K]) +
6)
4 S
s, s, S, s,
-
2048 4 096 6 144 8192
2)
Re(S[k]) | |
gl |
0o |t |2 e o o |20
Re(YO[K])
Re(Y1[K])
—
MCOBIT Re(Y2[k])
—
Re(Y3[k])
0)
Im(S[k])

0 It |2 ¢ o o |2048
Im(YO[K])
_>

Im(Y1[k])
—

MCOBIT Im‘YZ[k])

Im(Y3[K])

e)

Puc. 6. Ctpykrypa onTuMu3upoBaHHoro C® (okoHYaHHUE):
6 — QUABTP JJIT MHUMOM YaCTU CHHXPOIIOCIICIOBATEIILHOCTH; & — MOJIC3HBIA CUTHA,
0 — GUIIBTP TS peabHON YacTH MOJIe3HOT0 CUTHANA; e — (PUIBTP AT MHUMOM YacTH MOJIE3HOTO CHTHAla
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Ha puc. 6 mpexacraBieHa CHHXPOIIOCIENOBATEILHOCTh, KOTOpasi pa3OuTa Ha JIBE 4acTU —
IIEpPBbIE J1BA CUTHAJIA UCIIOJIb3YIOTCS JUIsl OCYILECTBICHUS! CHHXPOHU3ALUUU IPUEMHUKA, IpyrUe J1Ba
OCYIIIECTBISIOT MOJICTPOUKY KBapIa, S - ONpeeIsIeMblil CUTHAI.

B CAIIP QUARTUS Il Tak ke Oblia mpou3sBezieHa olieHKa ciokHocTH CP ¢ ucnosiab3oBa-
HUEM BO3MO>KHOCTEM ONTUMU3ALNHU (YIIaKOBKA PETUCTPOB, ONTUMHU3ALIMS PA3MEILIEHUS HAa KpUCTaJI-
ne u ap.) u 6e3.

Pe3ynbTaThl BEIYMCICHUH CIOKHOCTH (DUIBTPOB JaHbl B Ta0d. 2. B Hell uMeroTcs CTONO1IbI,
0003HaYaroIIMe BKIOYEHUE U OTKIIOYCHHE BO3MOXKHOCTH ONTUMHU3AIMH TpoekTa. [ToMHOCThIO OT-
KJIFOUUTh ONTUMM3ALUI0 HE MPEACTABISAETCS BO3MOXKHBIM M3-3a XapaKTEPHOU CTPYKTYpHI JOTHYE-
CKHX fY€EK M aIrOPUTMa MX MCIIOJIb30BAaHUA. [l cpaBHEHUS TEOPETUUECKUX U MPAKTUUECKHUX pe-
3y/lbTaTOB HEOOXOJAMMO YYECTh CJIOKHOCTb JMHMH 3aJIepKEK B TEOPETUUYECKUX pacuérax (JIMHUU
3aJIep’KKH MOKHO peasin30BaTh JINOO Ha 0a3e BCTPOEHHOW ONepaTHUBHON MaMsITH, TMOO Ha JoTHYe-
ckux syeiikax). C TOYKH 3pEHUs] UCIOJIb3YEMBIX PECYPCOB MEPBBIN CIIOCOO SBISETCS CaMbIM (-
(EKTUBHBIM U TPEINOYTUTENbHBIM IS TPUMEHEHHUs, BTOPOH — BeCbMa 3aTPAaTHBIM, ONpPEACIsIo-
UM MaKCUMaJIbHYIO TPAaHUIly CJI0KHOCTH peanu3aliy yCTPOHUCTBA.

PaccMoTpuM Hamxymmmi ciydaid. [ KiacCHYeCKOM CXEMbl CIIOXKHOCTbh KOHBEUEPHOTO
CyMMaTopa ¢ JIOTapu(pMUICCKUM TPUOITIKESHUEM, onipeensemMoro o Gopmyie (2), cocrasut 6 130
SIYEEK, JIMHUS 3aJePKKU JJIsi CUTHaja IIuTeNbHOCThIO 2 048 oTcyeToB coctaBUT 2 048 sueek.
CnoxHocTh (uIbTpa AN CUTHANA S OMNPEAENUTCS C YYeTOM pealbHOW M MHHMOW YacTu
kak 4- (6130 +2048) - 2 =65424 sueek. [ CHHXPOIOCIEI0BATEILHOCTH CyMMaTop 3aiimer 12 273

syeeK, TUHUA 3a1epKku — 4 096. Torna cioxxHOCTh GUIBTPA I peabHOW U MHUMOM yacTel CUH-
XPOTIOCIIEA0BATEILHOCTH onpeaeautcs kKak 4-(12273+4096) = 65476 sueek. OOmiasi CI0XHOCTD

coctaBut 130 900 stueexk.

Tabauuya 2
CpaBHeHHe CJIOKHOCTEN (PUILTPA JJIA Pa3TUYHBIX CUCTEM
C10XHOCTB Knaccuueckas cxema OnTuMH3UpPOBaHHAS CXeMa Beurpeim
(JlorM4ecKux siueeK) (JlorHYecKuX sueeK) (pazpn)
Teopernyecku 130900 41592 3,14
C ONITHUMHU- 0e3 oNnTuMH- C ONITUMH- 0e3 ONTHMH- OIT. | HEOIT.
3aruen 3alliu 3anuen 3aluu
[pakTruecku 73552 130040 14925 28431 4,92 457

B cuny Toro, 4T0 B MpaKTHYECKON peannu3ainuy UCTIONb3YIOTCS JTHHUH 3a/ICPKKHU JJIs YBEJIH-

YEHUS BEJTMYMHBI OTKIIMKA Ha BBIXOJIE CyMMAaTopa, HEOOXOIMMO BHECTH KOPPEKITUIO B POPMYITY IS

OTIpE/ICNICHUS] CJIOKHOCTH, KOTOpPAasi COOTBETCTBYET CHUTYyaIluH, M300paxeHHON Ha puc. 4. Tak kak

cur”ai 6oJpioi mrenbHocTH N ObuT pa3zaeneH Ha M cerMeHTOB, TO BEJIMUMHA JIMHUH 33JICPIKKH

st punbtpa coctaBut N/M norunueckux siueek. Camblili EpBBIN MPUIICANINA CUTHAN S; OyneT 3a-
N

Jepskan Tocsie Bhixoga u3 CO Ha pemuuny (M —1)- Mo (M —1)- N, orcueroB, uTo 3aiimMeT aHaso-
ruuHoe uncio sueek amA Sy - (M —2)-N,, mis S7(M —7)-N, u 1. 1. Takum oGpazom, hopmyia
OIIEHKH CJIOKHOCTH (PUIIBTPA C y4eTOM JIMHUI 3a[jepiKeK ONpeaeIuTCs
log, N,-M
i .
Ceo =Cs,, +Cs _ +ClogsuntCoL =N, D> 05 (c+i)+
i=1
M-1 . ] log, M ) ) M—l_
+>.2'(M —i)-(c+log, N, —i)+M > 05'(c+log, N+ M +i)+ N, + > i-N,. (8)

i=0 i=1 i=1
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[Toctpoum rpadux (puc. 7), Ha KOTOPOM OyIET OTpak€Ha CIONKHOCTh (DUIbTpPa C y4ETOM
CIIO)KHOCTH, BHOCUMOM JTMHUSIMU 3a1iepxkek Cp, , u 6e3. BospmeM curnan murensHocteio N=16 384

orcyeta. CIIO)KHOCTH (PrIIBTpa, COOpaHHOTO O Kitaccudeckoit cxeme (2), cocraut C + N = 65 519.

Es
7\)(10

| I

c----n---------v------o----o---'.---n------------’--.------------------------oo-----------o--------'-u----------

-8~ OnTumuanpoBaHHan cxema Ges yvera N13
=0~ Knaccuyeckas cxema 6ea yveta J13
| == OnNTUMKU3NPOBaHHan cxema ¢ yyetom J13
- Knaccuyeckan cxema ¢ y4etom 13

CnoXHOCTL

—0
01 2 3 4 5 6 7 8
M
Puc 7. Y4der ¢105KHOCTH, BHOCUMOM JTMHHSAMM 3a/IepKeK
B Tab11. 3 mokazaHbl YHUCIIOBbIE 3HAUYEHUs TPa(UKOB.
Tabnuua 3
OneHka cJI10:KHOCTH QUIBTPA ¢ y4eTOM JIMHMI 3a/iep:keK u 0e3
Cxema Uwmcno curHainos
1 2 4 8
OntumusupoBanHas 6e3 yuera JI3 49140 24590 12460 8201
Onrumu3upoBanHas ¢ yaerom JI3 65519 40980 41130 67590

W3 puc. 7 u Tabn. 3 BUAHO, YTO, HECMOTPSI HA YMEHBIICHHE CIO0XKHOCTU (DUIIBTPA C YBEIH-
YEeHHEM YHUCJIa CUTHAJIOB MPU (PUKCUPOBAHHON JJIMHE UCXOJIHOTO CUTHANA, IPOUCXOJUT POCT CIIOXK-
HOCTH (UIIbTpa, I7ie ObUIM yYTEHA CIOXKHOCTh JMHMUU 3a7epkek. ONTUMalIbHBIH PeXKUM paboThI
¢bunbTpa HAOMIOJAETCS PU UCTIOIB30BAHUH JIBYX CUTHANOB. [Ipy 3TOM CIOXHOCTH caMoro (uiib-
Tpa 0e3 TuHUM 3anepxek cocTapisieT 24 590 sveek, ABE TMHUU 33ePKKU 3aiMyT 110 8 192 sueiikm.
Beiurpsimr coctaBut 65 519/40 980 = 1,6 pas.

BriBoanl

1. TlpennoxxeH crocod YMEHBIICHUSI YHCIA UCHOIB3YyEMBIX JIOTHUeCKUX stueek FPGA s
CUTHAJIOB OOJIBIION UIUTEIILHOCTH

2. Tlpu HCIIOJIb30BaHMM JIMHUH 3aJIep)KeK Ha 0a3e BCTPOCHHOM MaMSATH BBIUTPBIII OTHOIIIE-
HUS CJIOKHOCTH KJIACCHUUECKOM CXEMbl K ONTUMHM3UPOBAHHOM BO3PACTAET C YBEIMUEHUEM JJIUTENb-
HOCTH OIOPHOT'O CUTHAJIa ¥ YKMClia CErMEHTOB pa30ueHus.

3. Ilpu ucmonb30BaHUU JTUHUM 3aJepkeKk Ha 0a3e JOTMYeCKUX 3JEMEHTOB ONTHUMAlIbHBIM
SIBJISIETCST pa30MEeHNE OTIOPHOTO CUTHAJNIA HA 2—7 CErMEHTOB.
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A.l. Belyaev, E.A. Bukvarev, A.S. Polovinkina, A.V. Yastrebov

THE OPTIMIZATION OF PN-MATCHED DIGITAL FILTER
FOR HIGH LENGTH SIGNALS

Nizhny Novgorod state technical university n.a. R.Y. Alexeev

Purpose: The problem of development of binary digital PN-matched filter for high length signals exists. To solve the
mentioned problem the optimal structure of PN-matched filter was developed. The formula of estimation of filer com-
plexity was shown.

Design/methodology/approach: This filter provides the processing of several signals at the same time. Thus a high
length signal can be cut on segments. These segments pass though multichannel binary PN-matched digital filter one
after another and the first segment gets the longest time delay and the latest segment is passed straight to summator.
Sum of delay line outputs provides the same value of autocorrelation function which provides classical scheme of PN-
matched filter.

Findings: Optimized scheme requires considerably less logic cells than classical scheme.

Research limitations/implications: The optimized scheme provides matched filtering of high base signals using much
less hardware resources.

Originality/value: The present study provides the optimized scheme for receiving pseudo-noise binary high length signals.

Key words: matched filter, binary sequence, optimization, high-length signals, segment.
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MEXAHUKA XXUOKOCTU, T'A3A U NMNJ1IA3SMbI

YK 532.5

E.A. PyBuHckas

CBOHCTBA YEJMHEHHBIX BHYTPEHHUX BOJIH B TPEXCJOMHOM CPEJE:
CPABHEHME MOJEJIEU

Hwkeropoackunii rocyaapCTBEHHBIN TEXHUYECKUA yHUBepcuTeT UM. P.E. Anekceesa

Ilean: Pabora mocesiieHa UcCIeOBAaHUIO CBOMCTB JIOKAJIM30BaHHBIX CTPYKTYPHO YCTOWYMBBIX BHYTPEHHUX I'paBUTa-
IIMOHHBIX BOJH B KUJKOCTH C CAMMETPUYHON TPEXCIOWHON CTpaTH(UKAIHEH.

Mertoa: Hcnone3yercs NpsMOe YUCICHHOE UHTETPUPOBAHUE ABYMEPHON IO MPOCTPAHCTBY MOIHOHEIMHEWHON CUCTe-
MBI YpaBHEHHH Diijiepa Uil HECKMMaeMON CTPaTU(UIUPOBAHHOM KUAKOCTH B MpubimkeHnu byccunecka n moaudu-
uupoBaHHoe ypaBHeHHe Kopresera-ne Bpusa.

PesyabTarsl: [Ipoananu3upoBaHa 3aBUCUMOCTb KOJIMYECTBA YEAUHEHHBIX BHYTPEHHUX BOJIH, TEHEPUPYEMBIX U3 OJU-
HAKOBOTO MMITYJIbCa HAa4aJbHOI'O BO3MYILIEHHS, OT COOTHOLICHHUS TOJIIWH CJIOEB I PAaCCMaTPUBAEMBIX MOJECIEH.
Haiinens! BeIn4MHBI NPEAEIbHBIX aMIUIUTYH COJIMTOHOB JUIS Pa3HBIX cOYeTaHWN ycnoBuil B cpene. [locTpoeHs! 3aBu-
CHUMOCTH CKOPOCTH, IIUPUHBI, MacChl, SHEPTUHM OT aMIUIMTY/bI NPU (UKCUPOBAHHBIX IIapaMeTpax IJIOTHOCTHOM cTpa-
TUOUKAIIH.

BeiBoabl: CnabGoHenuHeiHas Teopusi MOXKET HCIIOJIb30BaThCs AJIS ONpEeAeTICHUs BOJHOBOTO peKUMa (CYIIECTBOBAHUS
COJIMTOHHBIX PEIIECHUI Ui KOHKPETHBIX MapaMeTpPOB CPEAbl), XOPOIIO OMHCHIBAET (POPMY M CBOWMCTBA yeAWHEHHBIX
BHYTPEHHUX BOJIH IIPU MaJIbIX aMIUIUTY/aX, HO NEPEOLIEHUBAET KOJIMUECTBO FT€HEPUPYEMBIX COJIUTOHOB.

Kniouesvie crosa: mogupunmpoBanHoe ypaBHeHne Kopresera-ne Bpusa, uncieHHoe Mo/eIMpoOBaHKe, CUCTE-
Ma ypaBHeHHil Difnepa.

BBenenue

W3ydeHne BHYTPEHHHUX I'PAaBUTALMOHHBIX BOJHOBBIX ABMKCHHI — aKTyajbHas 3a/iada Mexa-
HUKHU KHUJKOCTU, UHTEPEC K KOTOPOIl OCTAeTCsl BBICOKUM B TEUEHUE HECKOJIBKUX JecsTuieTuil. Teo-
pUsl BHYTPEHHUX TPaBUTALMOHHBIX BOJH OJaroaaps pa3BUTHUIO THAPOJUHAMUKH, BRIYUCIUTEIHHON
MaTEeMAaTUKU U TEOPUH KOJICOAHUH M BOJIH IMOCTOSTHHO COBEPIICHCTBYETCS, YTO OOYCIIOBJICHO TpPaK-
TUYECKUMU HYXJaMHu yenoBeuecTBa. CII0)KHO MEPEOLICHUTh POJIb MHTEHCUBHBIX BHYTPEHHUX BOJIH
B TUHAMHYECKHUX IMPOIECCax, MPOUCXOSIINX BO BCEX MPUPOJHBIX CTPATH(PHUIMPOBAHHBIX BOJOE-
Max OT 03ep U BOJOXPAHUJIMIN 10 MOped W okeaHoB. OcoOblif MHTEpEC i1 COBPEMEHHONW HayKu
IIPEJICTABIISAIOT COJIMTOHBI BHYTPEHHUX BOJIH, KOTOPBIE YACTO MPOSIBIISIIOTCS KaK BECbMa 3HAUYUTENb-
HbIe, DHEPrOHECylue OO0pa30BaHMsSI U UTPAIOT BEAYIIYIO POJb B IPOLECCax, MPOUCXOISAIINX B
OKpY>Karolle X cpene.

Jlns onMcaHus TEeHEepalMh W PacHpoOCTPaHEHUsT COJMTOHOB BHYTPEHHMX BOJIH YacTo
UCIIOJIb3YIOTCS  YNPOILEHHBIE  CJIOUCTbIE  MOJENHU  KHUJAKOCTHU C  KYCOYHO-TIOCTOSIHHBIM
pacnpeneneHreM IUIOTHOCTH. Hamnbonee Xopomro u3ydeHa BOJHOBAas JMHAMUKA B JIBYXCIIOHHOM
KUAKOCTH (111 OONBIIMHCTBA BOJOEMOB XapaKTEPHO HAJUYKE MPHUIIOBEPXHOCTHOTO (IIPOTPETOTO)
cJosi OoJiee JIETKOM )KUIKOCTH U OCTaIbHOU (OoJiee X0I0HOM) TOMIIH BOJBI), OJTHAKO BO3pAcTaeT U
KOJINYECTBO PAabOT TMOCBSIIEHHBIX TpexciaonHoh cpeme [1-6], koropas He TOaBKO oOONagaeT
CYIIECTBEHHO 00Jiee CII0)KHOM BOJHOBOM AMHAMUKOM, HO U BCTPEUACTCA B HEKOTOPBIX NMPHUPOIHBIX
aKBaTOPHSX, TaKMX Kak bantuiickoe win FOxuo-Kuraiickoe mope [7, 8].

© PyBunckas E.A., 2012.
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CrpeMuTenpHOE pa3BUTHE BBIYUCIWUTEIBHON MareMaTMkd U OBM mo3Boiauno MupoBoMy
HAYYHOMY COOOILNECTBY CO3[aTh pPsiJ BBIYUCIUTEIBHBIX IMPOrPAMMHBIX KOMIUIEKcoB [9-14],
IIO3BOJIAIOIIMX pelIaTh 3a1ady O T€HEPALMH U PaCIPOCTPAaHEHUH BHYTPEHHUX BOJIH IIyTEM IPSIMOTO
YUCJICHHOI'O MHTETPUPOBAHMS IIOJTHOM CUCTEMbI YPABHEHUN TMAPOJAVMHAMUKHA HEBSA3KOU UICAIbHOU
WIM BS3KOM XHUIAKOCTU. Takue MOAeNM AOCTaTOYHO YHHMBEPCAIbHBI, IIOCKOJIBKY IT03BOJISIIOT
WCCIIeIOBaTh TMHAMHKY BHYTPEHHHUX BOJIH B OacceliHe C MPOW3BOJILHBIMU MapaMeTpamMH, HO K MX
HEJO0CTAaTKaM MOKHO OTHECTH HEOUEBHJHOCTH CBSI3€H MEXy NapaMeTpaMU YHUCICHHOTIO PEIICHUS
1, KaK MpaBUII0, OOJIBIINE 3aTPAThl BEIYUCIUTEIBHBIX PECYPCOB.

Hapsiny ¢ yMcneHHBIMHM IPOAOIDKAIOT pa3BUBAThCs MPUOIMKEHHO-aHAIUTHUECKUE METOIBI,
MIO3BOJIAIOIINE C MOMOILBIO ACUMIITOTUYECKUX MPOLEAYP CBOJAUTH UCXOAHYIO CUCTEMY YpaBHEHUM
TUAPOJMHAMUKH K HEJMHEWHOMY 3BOJIOLMOHHOMY YPAaBHEHHIO, ITO3BOJIAIOIIEMY OIPENEIUTh OCO-
OCHHOCTH BOJIHOBOTO PEXHMMa CTPAaTU(UIIMPOBAHHON Cpebl M MPUMEHHUTH BECh apCe€HAl TEOPUHU
BO3MYILEHUH K aHAJIM3Yy JAHHOI'O KJlacca 3aad.

Takum 00pazoM, eciii YMCIEHHbIE MOIEIH JJISl UCCIIEI0BATENs SABIIAIOTCS OCHOBHBIM TEXHU-
YeCKMM MHCTPYMEHTOM pacueTa BHYTPEHHHUX BOJIHOBBIX IOJIEH B MccienyeMoM Oacceiine, To 3BO-
JIIOLMOHHBIE YPAaBHEHUS MPENOCTABIIAIOT IMPOKUE BO3MOXKHOCTH ISl aHAJIN3a BOJIHOBBIX PEKUMOB
B 3aBUCHMOCTH OT YCJIOBHMH HcCCleayeMoil cpelibl 1 00001IeHns pe3yabTaToB Ha OJIM3KHE MO COOT-
HOILIEHUIO TIapaMeTPOB MOJIEIbHbIE Cllydan 0e3 HEOOXOIMMOCTH MPOBENEHUS JTOMOJIHUTEIbHBIX
BBIYMCIIUTEIBHBIX 3KCIIEPUMEHTOB.

Llenbto HacTosiiel paboThI SBISIETCS MCCIEAOBAHUE CBOMCTB YEAMHEHHBIX BHYTPHEHHHX
BOJIH B CUMMETPUYHON TpexclIoWHOW xuakocTH. s ux Oojee neTalbHOrO H3ydeHHUs Oyner
IIPOBEJICHO CPaBHEHHE IapaMeTPOB YEJMHEHHBIX BHYTPEHHMX BOJIH, a TaKKe OCOOEHHOCTEM MX
reHepalud Kak B paMKax IIOJIHOHEJIMHEHHOW YHMCIEHHOM MOJEIH, TaKk M C IOMOULIBbIO
c1a0OHENMHENHON TEOpHUH.

IMocTanoBka 3agaun. Onucanue Mojaesei

PaccmatpuBaeTcs 3aa4a 0 TeHepaly YEIUHEHHbIX BHYTPEHHUX BOJIH U3 HA4aJIbHOI'O BO3-
MYLIEHUs B BUJE UMITyJbca MPSIMOYrojdbHON (opMbl B OacceiiHe riyOuHbl H ¢ pOBHBIM IJIOCKMM
JTHOM M TIOBEPXHOCTBIO C CHMMETPUYHOM YCTOWYMBO CTPATH(PHUIUPOBAHHON TPEXCIOWHON SKUIKO-
cteio (puc. 1).

X, M
0 L,
p-Ap
1
> Zpyel
<
= P
O
=
- Zpycz
prAp

Puc. 1. Cxema 3apaun

['paHuLbI MEXTY CIOSMH Pa3HON IUIOTHOCTU pe3kue (s cIabOHEeTMHEHHOW MOJEeNH) WIN
MPEACTABISAIONINE COOOM TOHKHMI TEPEXOAHBIA CIION (11 TOJHOHEIMHEHOW Monenu). Ha puc. 1
n300pakeHbl BO3MYIICHHbBIC JIMHUKM OJIMHAKOBOM MJIOTHOCTU (M30MHUKHBI) BHYTPH BEPXHETO M HUXK-
HEr0 MEPEXOHOTO CJI0S JJIs MOJTHOHEIMHEMHON MOIeNIM B HaYaJIbHbII MOMEHT BPEMEHH, KUPHOU
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YepHOM JIMHUEH 0003HAYCHBI PE3KHE TPAHULIBI MEXKY CIIOSIMH (TONIIMHBI CHMMETPHYHBIX BEPXHETO
¥ HIDKHETO CJ10eB 0003HaumM h=2Z,q =H —Z00).

Haubonee npoctoit MoJiebio A1 ONUCaHUSI IMHAMUKHA BHYTPEHHUX BOJH B CUMMETPUYHOM
TPEXCIIOMHOM >KUAKOCTU B MPEINOJIOKEHUH MaJIOfl aMIUTUTYAbI SBISETCS MOIU(PHUIIMPOBAHHOE
ypaBuenue Kopresera-iae Bpusza (MKnB) [15], mockonbKy /Uit TaKOH Cpeibl B CHITy CHMMETPUH KO-
3¢ GUIMEHT KBaIPaTUYHON HETMHEWHOCTH B CIa00HETMHEHHBIX HBOJIOIMOHHBIX YPaBHEHUSX 00-
palaeTcs B HyJb!

3
oA OA oA _O0°A
el oA pi oo, (1)
ot ox ox o ox3
A — cmeleHre BOJHOBOTO MHTep(elica B TOUke MaKCUMyMa JIMHEWHOW MOjbI, ¢ — (ha3oBasi CKo-

POCTB PACIpPOCTPAaHEHHS BOJHBI, O 1 — KO3 PHIUeHT KyOndeckoil HemuHeHoctr; B — k03¢ duuu-

eHT pucnepcun. PU3NUecKuil CMBICI U BhIpaXXeHUs Kod(pPUIeHToB ypaBHeHus (1) ams tpexcnoii-
HOW cpefpl comepxkarcs B [15, 16].

HccnenoBanue 3BOMIIONMH Ha4YaabHOIO BO3MYIIEHHS B paMKax ypaBHeHH (1) mpoBoamiioch
C TIOMOIIbIO YUCIIEHHOTO MHTEIPUPOBAHMS HA OCHOBE HESBHOM ICEBAOCHEKTPATbHOM CXEMbI C KOH-
TPOJIEM COXpaHEHHS UHTETPAJIOB MacChl U DHEPTUH.

Tak kak k03(GUIHEHT KyOMUeCKOM HEIMHEMHOCTH MOXET MEHATh 3HaK B 3aBUCUMOCTH OT
COOTHOIIICHUSI TOJIIIMH CJIOEB B CHMMETPHYHOMN TPEXCIOWHOM KUAKOCTH, B padorax [5, 17, 18] OwbI-
71 noiydeHsl yrouHeHust MKnB, mo3Bosstolee KOppeKTHO OMMCHIBAaTh OCOOEHHOCTH COJMTOHOB
BHYTPEHHUX BOJIH B 0acceiiHax co cTpaTU(UKAIMSIMH TUIOTHOCTH, COOTBETCTBYIOLIMMHU BBIPOXK/Ie-
HUIO KO3 UIMEHTa KyOUUeCKOW HeTHHEHHOCTH.

JIist 9MCTICHHOTO MOJICIIMPOBAHMS YeIMHEHHBIX BHYTPEHHHUX BOJH UCIIOJIB30BaH MPOrpaMM-
HBII KOMIUIEKC, pa3padoTaHHbli mpodeccopom yHuBepcuteta Barepnoo (Kanaga) K. JIambowm, pe-
[IAIONUNA CUCTEMY YPaBHEHHH, OMUCHIBAIONINX JB)KEHHE HEBS3KOW HECKUMAEMOHN CTpaTU(UIH-
POBaHHON JKUAKOCTH B BEPTUKAJIBbHOM IMJIOCKOCTH B MpHOIMKeHHMH byccuHecka, myreM mpsiMoro
YHCIICHHOTO MHTETPHUPOBAHUS:

U,+U-VU - i =-Vp-pgk,

v,+U-Vv+ fu=0,

. (2)
p, +U-Vp=0,
V.U =0.
p:pf_po. 3)
Po

OTH ypaBHEHUS PEIIAIOTCS B MPOCTPAHCTBE pa3MepHOCcTH 2+1, T.e. Bce Pusmueckue Beu-
YUHBI SBISIIOTCS GyHKIUsAMHA X, Z U t. 3nech U = (u, W) - BEKTOp CKOPOCTH B BEPTUKAIBHOU IIIOCKO-
¢t (X, Z); U — CKOPOCTh BIOJIb TOPU3OHTAILHOM OCH X; W — CKOPOCTh BJIOJIb BEPTUKAJILHOM OCH Z, V

— KOMIIOHEHTa CKOPOCTH B MONEPEYHOM HampasjieHuu Y, V = (—,a—J - orepaTtop rpaaueHra; t —
z

ox

BpeMs, pf — INIOTHOCTh MOpCKOﬁ BOJbI, Po — IIOCTOSTHHAS XapaKTEpHas MJIOTHOCTh (BOSHI/IKaeT B CH-
JIy OpCAIoOJIOKCHHUA, YTO IJIOTHOCTH BOJBI B HCCICAYCMOM OacceliHe MeHSACTCS HC3HA4YUTCIIBHO,

T. €. B cuy npuOmmkenus: Byccunecka: p; =p,(1+p)), p-Oe3pasmepHas BenuunHa (aHOMAIHs

IUIOTHOCTH); § — IPABHTALIMOHHOE ycKoperue, f — mapamerp Kopronuca; i U k - ¢QMHAYHBIC OPTHI
0 OCSIM X U Z.

[IpocTpaHcTBeHHast pacueTHast 00J1aCTh UMEET TOPU3OHTANIBHBINA pa3Mmep L, BepTHKAIbHBIN —
H. 3agaua pemaercst B obnactu {- L/2 < x < L/2, - H <z < 0}. Ha noBepxHOCTH OKeaHa UCIIOIB3Y-
eTcs nmpuommKeHne «TBepaor Kpeimkm» W = 0 ipu Z = 0. 'paHnyHOE YCIIOBUE HA JTHE CTABHUTCS KaK
ycioBue Henporekanust W = 0 nipu z = - H. [IpaBas u n1eBasi rpaHHILIbI ABISIOTCS OTKPBITHIMH.
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[lpomenypa 4YHCICHHOTO pEIICHUS CHUCTEMBl OCHOBaHA HAa HESIBHOH MPEIUKTOP-
KOPPEKTOPHOM ABYXIIArOBOM KOHEYHO-PAa3HOCTHOU CXEME.

Bepudukanus moaenu Obu1a IpoBeacHa panee B padborax [9, 19, 20].

JInst MHAIMAIM3alui MOJICITH HEO0XOIMMO 331aTh FTOPU30HTAIBHO-0JTHOPOIHOE HEBO3MYIIICH-
HOC TIOJIC TUIOTHOCTH MOPCKO#M BOMABI Pmean(Z), @ TaKXKe HAYaJbHOE BO3MYIIECHHE TOJIS TUIOTHOCTH B
dopme p(X, z, t = 0) = pmean(Z — 7(X)) 1 Ha"aIBEHOE pacHpeaeeHHEe CKOPOCTEH, KOTOPOE BhIOMpAeTCs
UCXOJIs U3 IMHEHHOW TEOPUH JUTMHHBIX BOJIH B COOTBETCTBUH C BO3MYILICHHEM ITIOTHOCTH.

[Ipy mpoBeACHUM YHCICHHBIX SKCIEPUMEHTOB MMOJHAS TIYyOMHA >KUJKOCTH TMPUHHUMAJIACh

paBno# 100 m.

CriakeHHasi IOYTH TPEeXCIOiiHas CTpaTu(UKalKs 3a/1aBanach GyHKIHMEH BUIa

Z—17,. Z2—17,.
Prean(2) = —0.005tanh| —— |- 0.005tanh| ——2 |
4.0 4.0

(4)

[lapameTpsl HCHONB3YEMBIX CTpaTU(UKAIMI U COOTBETCTBYIOIIME UM KO3(D(PHUIMEHTHI
ypaBHeHus MKnB npencraBnens: B Tao. 1.

ITapamerps! cTpaTH(UKANNH IIVIOTHOCTH, HCIIOJIb3yeMble JJI IOCTAHOBKH HA4YaIbHOM 321244

Tabnuua 1

U COOTBETCTBYIOLIME UM 3HAYeHHsI KO3 PuuneHnToB ypaBHenuss MKnB

KoadpummenTsr [Tapametpsl

Ne 1 Ne 2 Ne3 Ne 4
Zpyer, M —25 — 26 - 27 - 28
Zpyc2, M -75 - 74 —73 -72
c, M/c 1.4930 1.5246 1.5557 1.5861
B, vc 668.1055 692.8752 716.8003 739.8218
a, ¢t 0 0 0 0
o, (mc)? 6.68-107 5.55.107 4.46-107° 3.52.107

Ne 5 Ne 6 Ne 7 Ne 8
Zpyc1, M -29 -30 -31 -32
Zpy2, M -71 —70 — 69 — 68
¢, M/c 1.6159 1.6453 1.6741 1.702
B, ve 761.8882 782.9382 802.9169 821.776
a, ¢t 0 0 0 0
o, (m-c)™ 2.71.10°° 2.10°° 1.39-10°° 8.59-10*

HauanrnHoe BO3MYHIICHUC ITOJIA INIOTHOCTH 3a/1aBaJIOCh B BUJC
n(x,z,t=0)=F(x)®(z), )
rne @(z) — peuieHue KpaeBoi 3a1a4u JJIsl BEPTUKAIBHON CTPYKTYPBI MOBI:
. N2(@2)
Q"+ 2 =0, 6)
®(0)=d(H)=0

37ech ¢ — (pa3oBasi CKOPOCTh JUIMHHBIX JIMHEHHBIX BHYTpeHHHX BONH; N(z) — uwacrora Bsiicsis-

bpenra.
_a (X=%))|_a (X=X,)
F(x)_2(1+th( r D 2(1+th[ r D (7)

lopu3oHTanbHAs W BEPTUKAIBHAS COCTABJISIONINEC CKOPOCTH 3a/aBajliCh B JIMHCHHOM
MPUOJIMIKCHHH :

u(x,z,t:O):cF(x)%, (8)
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w(X, z,t=0):—cd)(z)((jj—|;. 9)

[Iar mo mpoCTpaHCTBY MEXAY y3JIaMU CETKH, a TAK)Ke IIar 10 BPEMEHH BHIOMPATNCh HCXOS
u3 kpurepus ycrounsoctu Kypanra -Opunpuxca -JIesu.

YuclieHHbIE SKCHEPUMEHTBI MPOBOAMINCH KaK JJIsl BOJIH HOHMKEHHS, TaK U MOBBILICHUS
ypoBHA. B mporiecce HeMMHEHHOM 3BONIONMK HayalbHAs BOJIHA TPaHC(HOPMHUPOBAIACH B PacHpo-
CTpaHSAIOLIMKACS BOJHOBOM MaKeT, MPUYEM CO BPEMEHEM IPOUCXOIUIIO paszesieHue rojosHo Y BB
u ociuuupytoniero ciena. Kpurepuem popmupoBanust YBB ciayxunm onieHKH W3MEHEHUs mapa-
METpOB, onucaHHbie B pabore [21]. CpaBHeHHE BEpTHKAIBHON CTPYKTYpPhI BOJHOBBIX IMOJICH MPoO-
BOJIJIOCH aHAJIOTUYHO [22].

Oco0eHHOCTH reHepaluy yeJHHEHHbIX BHYTPEHHHX BOJIH B CHMMETPHYH O
TPeXCJI0HHOM JKMIKOCTH B 3aBHCHMOCTH OT COOTHOLIEHHUSI TOJIIINH CJI0eB

Kak ormeuanoch panee, aHanu3 ko3(GUIHUEHTOB C1a00HEINHENHBIX BOIOIMOHHBIX YypaB-
HEHHMH T03BOJISIET MPEICKA3bIBaTh BO3MOXKHBIC BOJIHOBBIE PEXHMMBI JJISi BHIOPAHHOTO COYETAHMS
HAYaJIHBIX YCJIOBUH B JKUIKOCTH, B TOM YHUCJIE J1€]JaTh IIPOTHO3 OTHOCUTEJIBHO T'€HEPALIMH COIUTO-
HOB BHYTPEHHHUX BOJIH B OacceiiHe ¢ 3alaHHoi cTpaTuduKanuei.

B TpexcnoitHoi CHMMETpUYHOM KUAKOCTH KOAIPOUIIMEHT KBAAPATHUHON HETMHEHWHOCTH BHI-
pokmaeTcs, a KO3pPUIMEHT KyOUUecKoil HEeIMHEHHOCTH MOXKET OBITHh MOJOXUTEIbHBIM (0o,> 0),
YTO CBUJETEILCTBYET O BO3MOYKHOCTH CYIIECTBOBAHUS YEIMHEHHBIX BOJIH (COOTBETCTBYIOIIMX B
cnaboHeIMHEeHHOM TIpefernie coiauToHaM ypaBHeHus MKnB), orpunarensaeiM (o, <0) — xapaxTe-
PHU3YIOIIUM KUJKOCTb, B KOTOPOH HE MOT'YT T€HEPUPOBATHCS COJIUTOHBI (BO3MOYKHO CYIIECTBOBa-
HUE YEIMHEHHBIX BOJIH TOJIBKO Ha HEHYJIEBOM IBEAECTAJIE, @ TAKKE CTAL[MOHAPHBIX PELICHUH B BU-
ne 0e31MCCUnaTUBHBIX YAApHBIX BOJH [15]), M paBHBIM HYIIIO.

CMmeHa 3Haka KyOWYeCKOW HEIMHEHHOCTH MJIi TPEXCIOMHOM CUMMETPUYHON KHUIKOCTH
npoucxoaut rpu h/H = 9/26 (o, > Ompu h/H<9/26), rne h — TommuuHaa BepXHEro M HIKHETO CIIOCB;
H — monnast rmyouna [15]. Tak kak Mbl paccMaTprBaeM CTPaTH()UKAIMIO TUIOTHOCTH CO CTJIAXKEH-
HBIM [TUKHOKIIMHOM, 3Ha4ueHue h/H, npu kotopom o, =0, HEMHOT0 OTIMYAETCs OT YKa3aHHOTO LIS
CJIOMCTON MOJIETIN: OHO CIIBUTAETCS BJIEBO 110 YMCIOBOM ocH (puc. 2).

10"

o I I/ve

0 0.1 0.2 0.3 0.4 0.5
h/H

Puc. 2. Koapdpuumnent kyoOuueckoii HeJTMHEHHOCTH NPH PA3JTUYHBIX COOTHOIEHUAX TOJIINH CJI0€B
AJISl TPEXCJIOMHOM CMMMETPHUYHOM KUAKOCTH ¢ Pe3KUMHU I'DAHULIAMHU MEXKIY C10MH Pa3HOI
IUIOTHOCTH M CTJIAKEHHBIMU (ITYHKTHUD)
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B pabote [3] mis MomenupoBaHHS CTAllMOHAPHBIX BHYTPEHHHUX BOJH B CHMMETPHUYHOMN
TPEXCJIONHOI Cpeie MCIOJIBb30BaJIOCh MOJMHOHEIMHeitHOe ypaBHeHue DJL (Dubreil-Jacotin-Long)
(amasor cuctembl ypaBHEHH# Diisiepa) U ObUIO YCTAHOBICHO, YTO COJUTOHBI HE TEHEPUPYIOTCS U3
HayaJIbHOTO Bo3MyteHus yxxe mpu h/H =0.3.

B paMkax mpsiMOro 4ucIieHHOTO HHTETPUPOBAHUS CHCTEMBI YPaBHEHUH Diiepa ¢ HCIOb30-
BaHHEM MIPOrPAMMHOTO KOMIUTeKca JIamOa ObLT TPOBE/ICH PSI/T YMCICHHBIX SKCIIEPUMEHTOB (TabiI. 1
Ne 1-8) u ycTaHOBIIEHO, YTO TOYKA CMEHBI BOJHOBBIX PeKUMOB Haxoautcs mexxay h/H =0.31 u h/H
=0.32, 9T0 HECKOJHKO MEHBIIC 3HAYCHHSI, MPEICKA3aHHOTO IS CIAO0OHEITMHEWHOW TEOpPUH, HO
MPEBBIIIACT IPOTHO3UPYEMYIO B paboTe [3] Benuuuny.

B TpexcIoiHBIX KUIKOCTIX ¢ CAMMETPUYHBIMU CTPATU(OUKAIMSIMHE TUIOTHOCTH, YOBJICTBO-
pstroruMu yestouto h/H<9/26, u3 mpsamMoyroyibHOro UMITyJibca MOTYT HOSIBIIATHCS CPa3y HECKOIBKO
coMuTOHOB. MccemyeM 3aBUCUMOCTh OT COOTHOIICHUS TOJIIIUH CJI0EB KOJIMYSCTBA TCHEPUPYEMBIX
YEIIMHCHHBIX BOJIH MPU JBOJIOIUK MPSMOYTOJILHOTO UMITYJIbca (PMKCHPOBAHHOW MacChl B paMKax
MOJHOHEIMHEWHOM Moiesh U ypaBHeHUs: MK1B.

B pabore [23] mis ompeneneHus dYucia COJIMTOHOB, MOSBISIONIMXCS TPH SBOJIOIUN
HAYaJIbHOTO BO3MYIICHHS B paMKax ypaBHeHHs MKaB, mpuMeHsieTcs acCONMUpOBAaHHAS 3aadva
paccestHUs U OTpeAeNsieTcs] AUCKPETHBIN CIIEKTP, B KOTOPOM JEHCTBUTENbHBIE COOCTBEHHBIE 3HAYE-
HUSl COOTBETCTBYIOT COJIUTOHAM, a KOMILJICKCHBIC COOCTBCHHBIC 3HaUeHUS — Opusepam. [Ipu sTom
OJTHOTIOJISIPHBIE BO3MYIIIEHUS (TIOJOKUTENbHbIE WIH OTPUIIATENbHBIE) MOTYT T€HEPUPOBATh TOJIBKO
COJIUTOHBI, HX YHCJIO 3aBUCUT OT MacChl HA4aJbHOTO MMITYJIbca. )i MPSMOYTroJbHOTO UMITYJIbCa
YHCIIO TUCKPETHBIX COOCTBEHHBIX 3HAUCHUH (T€HEPUPYEMBIX COJIUTOHOB) onpeaeiseTcst Gopmymnoi

uL 1
N :[?4‘5:', (10)

rae U — GespasMepHas ammmuTyaa; L — Ge3pa3MepHasi miMprHa; KBaJApaTHbIE CKOOKH 0003HAYa0T
LEJIYIO YacTh YHCJIA.
B pasmepHoM Buze Beipakenue (10) 3anumiercs cieayromum oopa3om:

a
al 6—1 .

N = —B+— , (11)
T 2

rie a — aMIUTUTyIa UMIynbca, M; | — mmpuHa uMmnynbca, M; o 1 3 — KO3(PPHUIUCHTBI YpaBHEHHS

MKnaB nipu 3a1anH0# cTpaTHduKanuy MmIOTHOCTH.

JInst cpaBHEHHsI KOJHMYECTBA TEHEPUPYEMBIX YEIWHEHHBIX BHYTPEHHUX BOJH B paMKax
ypaBHeHus MKaB u nonHoHeanHeHo#! yncnenHoi moaenu (puc. 3) NpoBOAMINCH YUCIIEHHBIE SKC-
MIEPUMEHTHI C TapaMeTpaMH IUNIOTHOCTHBIX cTpaTtudukauuid Ne 1-8 tabu.1, HauanbHOE BO3MYIIEHHE
3a]1aBajioCh B BHJIE MPSIMOYTOJIbHOTO umiyibea (7) ¢ a = 15 m, | = 2500 m.

CornacHo puc. 3, cinaboHeINMHEHasT TEOPHS MEPEOIIEHUBAET YUCIO BO3MOXKHBIX COJTMTOHOB
BHYTPEHHUX BOJH. DTO MPOUCXOTUT, TOTOMY YTO OOJIbIIAs YacTh SHEPTUH HAYATbHOTO UMITYIIbCA B
MOJIHOHEJIMHENHOW MOJIENM YXOAUT Ha (POPMUPOBAHUE COJIMTOHA NPEJENIbHON aMIUIUTY/bI, TOTa
KaK B paMkax ypaBHeHust MK1B yenauHeHHbIE BOJIHBI HE HMEIOT aMILUTUTYIHBIX OrpaHUYeHu# (puc.
4). CoNuTOH, JOCTUTAIOIINI MPEIeIbHON aMILTUTY b, MOKET COCPEI0TAYNBATh B ce0e (haKTHUSCKH
HEOIPaHUYEHHOE KOJIMYECTBO SHEPIHH, MOCKOJIbKY CIIOCOOEH YIIUPATHCS, NMpHOOpeTast cToj000-
pasnyio ¢popmy. Kinaccuueckum npruMepoM yeJUHEHHBIX BOJIH C YIUIOUIEHHON BEPLIMHOMN SIBIISETCS
conuToH ypaBHeHus [apmuepa. [[ist TpexciioiiHOW CHMMETPHUYHOM >KUIAKOCTH CYIIECTBOBAHHE Ta-
KHX BOJIH OBUIO TPOJEMOHCTPUPOBAHO B padotax [1, 3], rie mpoBOAMIOCH YHCICHHOE MOJIEIHPO-
BaHUE JMHAMHKH BHYTPEHHHUX BOJH B paMKax MOJHOHEIHMHEWHbIX Moneneit DIL u teopuu comps-
’KEHHBIX IMMOTOKOB, a Takke B [22]. Mcnonp3oBaHue C1abOHETMHEHHON TEOPHH JIsi 000CHOBAHHUS
BO3MOKHOCTH CYILIECTBOBAHUS COJIMTOHOB MPEAEIbHON aMIUTUTY/Ibl B CHMMETPHYHON TPEXCIOWHON
cpene omnmcano B [5, 18].



Mexanuka sxcuoxocmu, 2aza u naa3mol 45

[
®
15+
3 @
© [ o
e | @
g 10f
St 2
S
S ®
g
E © ®
S5t © ®
é— ®
S @ { ]
X
L ®
L ® ®
O 1 Il 1 1 L Il

25 26 27 28 29 30 31 32 33
WUPUHa 8epXHEe20/HUXHEe20 CI10s1, M

Puc. 3. KosinuecTBO reHepupyeMsbIxX U3 NPAMOYTroJbHOT0 uMmyJibca (a = 15 m, | = 2500 m)
COJIMTOHOB B 3aBHCHMOCTH OT COOTHOLIEHHUSI TOJIIIMH CJI0€B B PAMKAX IOJIH OHEJTHHEeiHOH
(cepble TOUYKHM) U c1a0OHEJIUHETHOM (YepPHBIE TOUKH) MO eTH
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Puc. 4. DBosonus NPSIMOYroJibHOro uMmyJibea (a = 15 m, | = 2500 m)
B JKMJIKOCTH ¢ apaMmeTpaMu crpatudgukamun Ne 6 (Tada. 1):
reHepalysl COJIMTOHA NPeNeIbHON aMIIUTY 16l B PaMKaX MOJTHOHEIMHEHHON (CciieBa)
Y MHOT'OCOJIMTOHHOTO PEILICHUsI B paMKaXx Cl1abOHEIMHEHHOM (CripaBa) MOACTH

B cootBerctBUM C puc. 4, BpeMs (HOpMUPOBAHUS COJUTOHOB JUIs OAMHAKOBBIX HAadaJIbHBIX
3a7la4 B paMKaxX pacCMaTPHBAEMBIX MOJIENEH CYIIECTBEHHO OTIMYACTCS: €ClIu claboHeNnHenHoe
pewenue popmupyercs 3a Bpems nopsaka 10 4, To 11 3aBepuieHus: GOpMUPOBAHUS YeAUHEHHON
BOJIHBI B pacCMaTpUBAaeMON YHMCICHHOM MOAENH TpeOyeTcs CYIIECTBEHHO OOJNBIIUII BpeMEHHOU
IIPOMEXKYTOK.

Ha puc. 5 mpencraBieHa 3aBUCHMOCTb BEJIMYUHBI MPEIEIBHBIX AMIUIATYJ YEIWHEHHBIX
BOJIH, TEHEPUPYEMBIX B ITOJTHOHEIIMHEWHON YMCIEHHOW MOJENH, OT COOTHOIIEHUS TOJILIUH CJIOEB B
CUMMETPUYHOU TPEXCIOMHON KUAKOCTH. XOPOILIEH annpOKCUMalen Il OIMCaHus 3TON 3aBUCHU-
MOCTH CIYXKUT Jyra rnapabosibl, 0003HaueHHasi MyHKTUPHOW JMHUEH Ha pHc. 5 (R2 — TOYHOCTb all-
IIPOKCUMAILINN).
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Puc. 5. 3aBucuMoCTDb BEJIHYHHBI l'lpe)le.]'leOﬁ AMILIMTYAbI MOJTHOHEJIUHEHHBIX
YCANMHCHHBIX BOJIH OT COOTHOIIICHUSA TOJIIIMH C/JI0EB B chMeprmoﬁ TpeXCHOﬁHOﬁ KUJIKOCTH

CBolicTBa yeAUHEHHBIX BHYTPEHHUX BOJIH NPU (PUKCHPOBAHHOM COOTHOIIEHHH
TOJIIIUH CJIOEB B CHMMETPUYHOM TPEXCJAOHHOM JKUAKOCTH

BennumHbI OCHOBHBIX XapaKTEPHCTHK TC€HEPHPYEMbIX YEIHMHEHHBIX BHYTPEHHHX BOJTH, TAKHUX
KaK CKOpOCTb, Macca, SHEprusi, npeielibHas aMIUTUTY/a, 3aBUCST HE TOJIBKO OT COUETAaHHsl YCIIOBUH B
KUAKOCTH, HO ¥ OT (DOPMBI, MacChl, SHEPTUX UMITYJTbCa HAYAILHOTO BO3MYIICHU. B mipenbimymem ma-
parpade BappHpOBaJIOCh COOTHOIIEHHE TOJIIIMH CI0EB B CHMMETPUYHOMN TPEXCIIOMHON cpenie, B HacTo-
sieM naparpade OyayT HcclieloBaHbl YeIUHEHHbIE BHYTPEHHUE BOJHBI, 00JIajatoliue pa3HbIMU aM-
IMTYyaMu (OT MaJIbIX JI0 MPEAeTIbHON) M PAaCIPOCTPAHSIONIMECS B AKUIKOCTU € €AMHOM cTpaTu(UKa-
el mioTHocTu (cootBeTcTBYIONIEeN Ne 6 13 Tab:m. 1). ConMuTOHBI Pa3HBIX aMILTUTY/] ObUIN MOJY4YEHBI
BapbUPOBAHMEM MACCHI HAYAIBHOTO BO3MYIICHUS, OnpeiensieMoro ¢popmyioi (7).
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Puc. 6. CpaBnenue ¢popmbl nostHoHe1uHeiHbIX (ITH) yenuHeHHBIX BHYTPEHHHX BOJIH
H COJIMTOHOB ypaBHenuss MKaB oinHaKoOBBIX aMILIMTY/
(ILU1s1 COTUTOHOB YMEPEHHOW aMIUIUTYIbI KPUBBIE TPAKTUYECKH COBITAJIAIOT)
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3aKOHOMEPHBIM PE3YJIbTaTOM MPOBEICHHON CEpUN YHUCIECHHBIX YKCIIEPUMEHTOB CTaJl BBIBOJL
0 TOM, YTO IIPU MaJIBIX aMIUIUTYyIaX (opMa MOJHOHEINHENHBIX YEIUHEHHbIE BHYTPEHHUX BOJIH XO-
POIIIO OMUCHIBACTCS COJIMTOHAMU ypaBHeHHss MKaB, Torna kak mpu mpuOIMKEHUHU K MPEACTbHOMI
aMIUIMTYJI€ UX BUJ CYLIECTBEHHO OoTan4aercs (puc. 6).

[lepeiimeM OT KaueCTBEHHOM NEMOHCTpAlUH (POPMBI pElIeHUs] K KOJTMYECTBEHHBIM OICHKAM
[apaMeTpOB YEIMHEHHBIX BOJIH U UX CPAaBHEHHUIO ¢ cosirToHaMu ypaBHeHus MKnB. Ha puc. 7 BugHo,
YTO XOpOIlIasi COIJIACOBAHHOCTh PE3YJbTATOB IPU MAJbIX aMIUIMTYAaX B PaMKaX pacCMaTpHUBAEMBIX
MoJiesiell POSBIISETCS TakkKe U B OJIM30CTH 3aBUCUMOCTEN CKOPOCTHU W HIMPHUHBI OT aMIUTUTYbI JUIs
yenrHeHHbIX BOJH. [IInpuHa yemHEHHOM BOJIHBI ONPEAEIIIach Ha YPOBHE IOJIYyaMILUIUTYIbI.
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Puc. 7. CpaBHeHUe LIMPHUHBI (CII€Ba) M CKOPOCTH (cripaBa) nojHoHe uHelnbIX (ITH)
YeAUHEHHBIX BHYTPCHHHX BOJIH H COJTUTOHOB ypaBHeHHst MKnB onmHaKoBBIX aMILIATY X
Macca conuToHa MOHUMAaeTCs Kak
+00
M = [n(X,T)dx, (12)
—0
a DHEPrus BBIpaXKaeTcs GopMyIon
+00
2
E = [n°(X,T)dx. (13)
—o0

Jlns ogHOCONMUTOHHBIX pemieHuit ypasHenust MKaB Beipaxenus (12)-(13) npumyT Bua

oy oy

[lockonbKy MO ONpPEENIEHUIO COJIMTOH CYIIECTBYET B OSCKOHEYHOH 00iacTd, a B ciydae
YHUCJIEHHOTO MHTEIPUPOBAHUS pacueTHas 00JacTh OTPaHUYEHA, OLEHUM OTHOCHTENBHYIO MOTpell-
HOCTh MHTErpaJibHBIX BeanurH (12) u (13), cBsA3aHHYIO ¢ 3aMeHON OECKOHEUHOM 0071acTH MHTETPHU-
pPOBaHUS KOHEYHBIM OTPE3KOM. BbUIO 3KCIIEPUMEHTAIBHO YCTAHOBIIEHO, YTO MPOQUIIb TOJHOHEIH-
HEHHOW yeIMHEHHOU BOJIHBI yObIBaeT ObICTpee, 4yeM y conuToHa ypaBHeHus MKaB. Tlockonbky s
conuToHa ypaBHeHHs MKAB morpenrHocTs, cBA3aHHAs ¢ OrpaHMYCHHEM PacueTHOH 00JIacTH, BbI-
YUCISIETCS TOYHO, TO MOKHO TOBOPUTH O BEPXHEH OLIEHKE TaKOW MOTPEUIHOCTH Ui YeIWHEHHbIX
BOJIH, ITOJIYYEHHBIX B X0/1€ YHCIECHHBIX KCIIEPUMEHTOB.

BepxHsisi olleHKa OTHOCUTENBHOW MOTIPEIIHOCTH BBIYMCIEHUS MAacChl YEIUHEHHOH BOJIHBI,
orpanudeHHoN obmacTeio [-l1; 1] (meHTp Macc conurona cunTaercst HaxoasumMcs B Touke X =0),
OIIpEIEIIACTCS BBIPAKCHHEM
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BepxHsig oLleHKa OTHOCHUTEIBHOM MOTPEIIHOCTH BBIYUCIICHUS! SHEPTUH YEAUHEHHOM BOJIHBI
AMEET BU/I

a,a’
| (16)

5,. =1—th

Breruncnenue Benuunn (15) u (16) mokazano, 4To A T€HEPHPYEMBIX B XOJI€ YMCIECHHBIX
HKCIIEPUMEHTOB YEIUHEHHBIX BOJH OTHOCHUTENIbHBIC MOTPEIIHOCTH BBIYUCICHUS MACChl U SHEPTUU
(puc. 8) cocraBmustor meHee 1%.
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Puc. 8. CpaBHeHue macchl (cneBa) u 3Heprun (crnpasa) ITH yennmHeHHBIX BHYTPEHHUX BOJIH
4 coJIMTOHOB ypaBHeHusi MKnB onMHaKoBBIX aMIIuTYyq

3akja04yeHue

B Hacrosimielt paboTre METOAOM YHUCIEHHOTO MHTETPUPOBAHUS NMPUMHUTHUBHBIX YpaBHEHUI
THJIPOAMHAMUKN HEBS3KOW HEC)KMMAEMOW CTPaTU(UIIMPOBAHHON KUIKOCTH MPOAEMOHCTPHUPOBAHO
CYIIECTBOBAHUE IIMPOKUX COJMTOHOIOMOOHBIX BOJH B Cpe/ie C HYJIEBOH KBaJpaTUYHON HEIHHEH-
HOCTBIO, MCCJIEZIOBAHBI CBOICTBA YEMHEHHBIX BOJH B TaKOW cpefe, ONpesesieHa NpeeibHas aM-
wintyna. CpaBHEHHE pe3yabTaTOB MOAEIUPOBAHMA ¢ pelieHussMU ypaBHeHHs MKnB nokasbiBaer,
4TO0 00JIaCTh MPUMEHUMOCTH IMOCIEIHETO JJI KOJINYECTBEHHBIX OLIEHOK XapaKTePUCTUK yEIUHEH-
HBIX BOJIH y3Ka (B CHMMETPUYHON TPEXCIOWHOM JKHIKOCTH C MapaMeTpaMy CTpaTU(QHUKAIUU TUIOT-
HOCTH Ne 6 u3 Tabn. 1 xoporiasi COTJIacOBaHHOCTh PE3YJIbTaTOB HAOIOIa€TCS TOJIBKO /IS BOJH C
aMIuTUTY1aMu MeHee 5 M). OHaKo MpeacKa3aHusi ClabOHENMHEHHON TeOpUU OTHOCUTENHHO BO3-
MO>KHOCTH CYILECTBOBaHMS COJIMTOHOB OKAa3bIBAIOTCS JOCTAaTOYHO TOYHBIMHU. lIpornosupoBanue
KOJIMYECTBA COJIMTOHOB B COCTABE PELICHMs HAYaJIbHOM 3a/1ayM C OMOILBI0 ypaBHeHHsd MKaB npu-
BOJIUT K NEPEOLICHKE YKcila YEJUHEHHbIX BOJIH. Bpems reHepanuy COJIMTOHOB M3 HAYaJIbHOIO MM-
IyJbca B paMKax CIa0OHEIMHEHHON TEOpHH OKa3bIBAETCs CYLIECTBEHHO MEHBIIMM 10 CPABHEHUIO
CO BpPEMEHEM I'€HEepallui YeIWHEHHBIX BOJIH B paMKaX aHaJOTMYHON HAdaJbHOW 3ajauu JUIsl pac-
CMATpUBAEMOM MOJTHOHEIMHENHON MOIEIIH.

[IpencraBneHHbIe pe3yabTaThl IOMCKOBOW HAY4YHO-UCCIIEOBATEIbLCKON PabOTHI OJYyUYEHBI B

pamkax peanmsaunu PLII «Hayunbie 1 HaydyHO-TIEqarorMuecKue Kaapbl MHHOBALIMOHHOW Poccum»
Ha 2009-2013 roxaer» u rpanta PODU 10-05-00199.
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PROPERTIES OF INTERNAL SOLITARY WAVES IN A THREE-LAYER FLUID:
A COMPARISON OF MODELS

National Research University Higher School of Economics

Purpose: The goal of this study is to determine the properties of localized stationary internal gravity waveforms in a
symmetric three-layer fluid.

Approach: The investigation is carried out in the framework of the numerical simulation of the two-dimensional
(vertical plane) fully nonlinear Euler equations for incompressible stratified fluid under the Boussinesq approximation
and modified Korteweg—de Vries equation.

Findings: The dependence of the number of internal solitary waves generated from the same initial disturbance on the
layer thickness’ ratio is analyzed for both models. The values of solitary waves’ limiting amplitudes depending on the
combination of fluid conditions are found. The amplitude-width, amplitude-velocity, mass-amplitude,
and energy-amplitude relations are studied for fixed density stratification parameters.

Conclusions: The weakly-nonlinear theory can predict the wave regime (existence/absence of solitary waves),
describes well the shape and properties of small amplitude solitons, yet overestimates the number of generated solitary
interfacial waves.

Key words: modified Korteweg—de Vries equation, numerical modeling, fully nonlinear Euler equations.
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YJIK 537.86
H.B. AceeBa, E.M. I'pomoBs, B.B. TroTun

JANHAMMUKA COJIMTOHOB B CPEJAX C BBIHY KAEHHBIM
INPOCTPAHCTBEHHBIM PACCEAAHUEM PAMAHA U HEOJHOPO/JHOCTbBIO
JUCIIEPCUU U BHEINIHEI'O TIOTEHIHHUAJIA

HanmonanbHbI UccneI0BaTeIbCKU YHUBEPCUTET BhIcinas mkoiaa S5KOHOMHUKH

Lear padorsl: VccnenoBaHa MMHAMHKa COJIMTOHOB OTMOAloNIel B paMKax pacmivpeHHoro ypasHenus llpexmnrepa

2 2) N N . .

2i57U+q(§)5 U +2qU \U\Z +uU BQU‘ +F(g)u =0 Tpu ydere KyOHUYHOH HeNMMHeHHOCTH OL, HEeNOKadbHOW HelHHeM-
ot 0’

HOCTH (BBIHYK/IEHHOE IIPOCTPaHCTBEHHOE paccessHue Pamana) |L, NIaBHONH HEOJHOPOJIHOCTH JMCIIEPCHH BTOPOIO I10-

psnka q(&) U HEOJHOPOJHOCTH 00aBOYHOTO BHEIIHETO MOTEHIIHAa F(&)

Hayunblii moaxon: VccienoBanue MpoBeIeHO KaK YUCIEHHO, TaK U AHAJIUTHUYECKU. B aHaMIUTUYECKONW TEOPUM LIECTD
MHTErpajloB UCXOJHOTO MOJIETIBHOTO YPaBHEHHUS yJaJlOCh CBECTH K CHCTEME JIBYX OOBIKHOBEHHBIX AU PepeHIIanbHbIX
YPaBHEHHH, B KOTOPOH aHAJIM3UPOBAIACH CTPYKTypa (ha30BOro MPOCTPAHCTBA.

Pesyabrar: [loka3aHo, 94TO CABWT BHM3 BOJIHOBOTO YHCIA M3-3a paccesiHUs PamaHa KOMIIEHCHPYETCS CIIBUTOM BOJIHO-
BOTO YHCIIa BBEPX U3-3a HEOAHOPOTHOCTH JUCIIEPCHU BTOPOTO MOPSAKA IIPH YBETHUEHUH JIMHEWHON TUCIIEPCUU BTOPO-
TO MOPSIZIKA, WIIH TP YBEIMUCHNH BHEIIHETO MOoTeHIMana. Kak aHannTHYecKn, TaK ¥ YUCICHHO, HalJIeHbl KBa3HCOIH-
TOHHBIE PELICHUs ¢ MAJIOU3MEHSIOIUMHUCS CHEKTPOM BOJIHOBOTO YHMCIIA, aMIUIUTYAON M MPOTSLKEHHOCThIO. Takue co-
JIMTOHBI CYIIECTBYIOT B pe3yJbTaTe paBHOBecHs (G ()EKTOB BEIHYKICHHOTO paccesHus PamaHa u Bo3pacTaHus QucIep-
CHM BTOPOTO HOPSAJIKA, WIM BO3pAacTaHHs BHEIIHEro MoTeHnuana. JJano nmoxpoOHoe onmucaHne pexnMa AMHAMUYECKOTO
paBHOBecus paccesHHs PamaHa ¥ HEOJHOPOIHOCTHU CpeJibl, MPUBOIAIIEE K IEPUOANIECKOMY U3MEHEHHUIO MTapaMeTpOB
CONMTOHA. B 3TOM pexuMme aHAIMTHYECKNE W YHCIICHHBIE PE3yNIbTaThl B3aUMHO COTJIACOBAHBI.

HoBu3zna: Pe3ym>TaT1)1 HCCIICA0BAaHNA HOBBI U MOT'YT UMETH MMPAKTUYCCKOC IMMPUIJIOKCHUC JJIA OITHUYCCKHUX BOJIOKOHHBIX
JMHUH CBSI3M C MHIYIMPOBaHHBIM paccesHHeM PamaHa, epeMeHHOH IHcIiepcrell BTOPOTOo MOpsAKa U (WIIH) IepeMeH-
HBIM BHEIIHUM MOTEHIHAJIOM.

Kniouesvie cnosa: pacmupennoe ypasHenue lllpenuHrepa, CONUTOH, HETOKalNbHAs HEMTUHEWHOCTh, IPOCTPaH-
CTBEHHOE BBIHY)KJCHHOE paccesiHue PamaHa, HEOJHOPOTHOCTH, JIMHEIHAs AWCIEPCHs BTOPOTO TOPSIKA, BHEIIHUI
MOTEHIHAI.

BBeaenune

B Hacrosmee BpeMs BeJIMK MHTEPEC K COIUTOHAM Oyiarofapsi UX CIIOCOOHOCTH pachpocTpa-
HATHCS Ha 3HAYUTEIILHBIC PACCTOSHUS, COXPaHss CBOIO (hopMy, M IEPEHOCHUTH HEPTHIO 0€3 MOTEPh.
ConmuTOHHBIE pEIICHUsS TMPENIOoaraloT MHTEHCHBHBIC BOJIHOBBIC IOJISI IPU PACIpPOCTPAHEHUH B
JIUCHEPTUPYIOLINX CPEeAax, MPUCYTCTBYIOT BO MHOTHX HEJIMHEHHBIX MOJEIISX M PAa3HBIX 00JacTAX
(U3MKH: ONTUYECKUE UMITYJIbChI B BOJIOKOHHBIX JIMHHUSX CBSI3H, 3JICKTPOMArHUTHBIC BOJHBI B TIJIa3-
Me, TOBEPXHOCTHBIE BOJIHBI Ha IIyOoKoi Boae [1-4].

PacnpocTpaneHne BBICOKOYACTOTHBIX BOJHOBBIX MAKETOB JOCTATOYHO MaJIO MHTEHCHBHO-
CTH ONMCHIBAIOTCS BO BTOPOM IPHOJIMKEHHH TEOPHH TUCIIEPCUU HEITMHEHHBIX BOJH. ba3oBbIM
ypaBHEHHEM B 3TOM TOpSIKE TEOpPHUU SBIsieTCs HenuHeiHoe ypaBHenue Illpemunrepa (HYIL)
[5-6], Brirowaroriee Kak JUCIEPCUI0 BTOPOTO MOPs/IKa, TaK U KyOUYHYI HETHMHEHHOCTD ((ha3oByro
camoMoysisinio). COMMTOHHOE pEIlICHHE B ATOM Cllydae CYIISCTBYET B PE3yJIbTaTe PaBHOBECHS
JAMCTIEPCHOHHOTO PACIUIBIBAHKS U HEJIMHEHHOTO C)KaTHsl BOJTHOBOTO MAKETa.

JIuHaAMHKa BBICOKOYACTOTHBIX BOJIHOBBIX MTAKETOB BHICOKOW MHTCHCHUBHOCTH OIMCHIBACTCS B
TPEThEM MOPSIIKE TEOPUHU AUCTIEPCUN HEITMHEHHBIX BOJH, YYHTHIBAIOLIEM WICHBI TPETHETO MOPsIKa
[1]: Henuueinyro aucnepcuto (camo — ykpydenue) [7], BeiHykaeHHOe paccesHue Pamana [8-10] u
JHMCTIEPCHIO TPETHETO MOpsiaKa. ba30BbIM ypaBHEHHE B 3TOM TOPSIKE TEOPHU SIBIISICTCS HETMHEHHOE
ypaBuenue llpeaunrepa tTperbero nopsaka (HYII-3) [10-14]. B yacTHOCTH, B HEJIMHEHHBIX Cpe-

© Aceepa H.B., I'pomos E.M., Trotun B.B., 2012.
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nax 6e3 BBIHYXJIEHHOro paccesiHus Pamana, 6a30BbiM siBisiercs HY1II-3 Ge3 BbIHYXIeHHOTO pacce-
stuust Pamana [19]. B [15-22] naitneHo conuronnHoe pemenne HYII-3 6e3 BBIHYXIEHHOTO pacce-
aHus Pamana. Takue COJIMTOHBI CYLIECTBYIOT B pe3yJbTaTe€ pPaBHOBECHS IUCIEPCHM BTOPOTO IO-
psiika ¥ HeJIMHeWHOW nucniepcuu. B [23—24] HalifeHsl cTalMoOHapHBIC BOJIHBI IEperaia B paMKax
HVYUI-3 npu Hanu4uu BeIHYKIEHHOTO paccesHusi Pamana. Takue BOJHBI CYIIECTBYIOT B pe3yJbTa-
T€ PAaBHOBECHs HEIIMHEHMHOW NMCIIEPCHM U BBIHYKICHHOrO paccesHus Pamana. [l nokann3oBaH-
HBIX BOJIHOBBIX MAakeToB (B T.4. COJHMTOHOB) y4eT BBIHYXKICHHOI'O paccesHHs PamaHa MPHBOIUT K
nepeBoay BHU3 crekTpa conutoHa [8—10], mocTOsSHHOMY pa3pylICHHIO COJIMTOHA BO BPEMS €ro
pacnpocTpaHeHus.

BoinyxnenHoe paccesHue Pamana BO BpeMEHHOM IpE/ACTABIECHUU OMNMCHIBAET 3ala3/iblBa-
HUE HEJIMHEHHOTo OTKJIMKA U COOTBETCTBYET BO30YKACHUIO BHYTPEHHMX BPEMEHHBIX KBAaHTOBBIX
KosieOaHmii 4acToToi (2 mapoi BHEIIHUX BBICOKOYACTOTHBIX MOJIEH YaCTOT M, U M, ®; —®, =L,

BeinyxneHHoe paccesiHue PamaHa NMPHBOIUT K MOHMKEHHIO YaCcTOTHI BOJHOBOro makera [8, 9].
KomMmreHcanus BBIHYKICHHOTO paccesiHus PamaHa JIMHEHHBIM U3JTyd4eHHEM BOJHOBOI'O TOJIS U3 00-
JacTH coNuTOHa paccMoTpeHo B [25]. KommeHcanus BhIHYXIEHHOTO paccesiHus Pamana B HEOIHO-
POHOI cpelie pacCMOTpPEHa B CIEAYIONIMX CIydasX: B CpeAax ¢ MepUOAMYECKOM TUcCIepcueit BTo-
poro mopsika [26—-27], B cpeaax co cMEIIeHHEM TOYKH Iepernba JUCICPCHOHHON XapaKTEPUCTHKU
[28] v B onTHUECKMX BOJIOKHAX C YMEHbIIIatOIIEHcs qucnepeucii [29].

BeinyxneHHoe paccesHue PamaHa B MPOCTPAHCTBEHHOM MpeCTaBIeHUN (IPOCTPAHCTBEH-
HOE BBIHYXIICHHOE paccesiHne PamaHa) OMUChIBACT HEIOKATBHOCTh HETMHEHHOTO OTKIIMKA CPEJIbI U
COOTBETCTBYET BO30Y)KICHUIO BHYTPCHHUX MPOCTPAHCTBEHHBIX KBAHTOBBIX KOJICOAHUI C BOJHO-
BBIM YKCIIOM J Mapoil BHEHIHMX BOJHOBBIX TOJIEH ¢ BOJHOBBIMH unciamu Ky u Ko: K —K, =y
(HampuMep, KpHCTAUIMYECKasi cpelia ¢ XapaKTEPHbIM BHYTPCHHUM IMPOCTPAHCTBCHHBIM MacIITa-
Oom). BeIHYXIeHHOE IPOCTPAHCTBEHHOE paccesiHus PaMaHa MPUBOIUT K YMEHBIICHHIO BOITHOBOTO
YHCJIa BOJHOBOTO MakeTa. B To e BpeMs, HEOTHOPOIHOCTh JUCIEPCHH BTOPOTO MOPSIIKA MPUBO-
JWUT K M3MEHECHHUIO BOJIHOBOT'O YHKCIIAa BOJHOBOIO MakeTa. B YacTHOCTH, B IJIABHO HEOJAHOPOIHBIX
cpelax CKOpPOCTh M3MEHEHHS BOJHOBOI'O YKCJA OIMUCHIBACTCS XOPOIIO HM3BECTHBIM YpaBHEHHEM

reoMeTpuueckoi ontuku K =—0w/0E, rme = (o(k,E_,) - 3aKOH JIMHENHON nucnepcuu. Ilpu Heon-

HOPOJHOM AUCHEPCUU BTOPOTO MOpsiIKa q(é):—éza)lakz CKOPOCTh M3MEHEHHS BOJIHOBOI'O 4YHCIa

IIPONOPLIUOHANIBHA TPAJUEHTY TUCIIEPCUH k = (8q / 8&)(k -k, )2 /2 v npu 0q/0¢ >0 BomHOBOE UMC-

JI0 Bo3pacTaeT. PaBHOBecHE MPOCTPAHCTBEHHOTO BBIHYKICHHOTO paccesHus PamMaHa u Bo3pacTtaro-
IIeH AUCTIEPCHU BTOPOTO MOPsAKA MPUBOJUT K CTAOMIM3AIMU CIIEKTPA BOJHOBOTO YKCJIa BOJHOBO-
ro nakerta (B T.4. - conuToHa) (puc. 1).

Wave number's spectrum

Space stimulated Increasing second - order
Raman scattering

linear dispersion

|

i

i

|

I

!

ko k

Puc .1. Bananc yMeHbllIeHUs] BOJTHOBOTO YN CJIAa BBIHYKIEHHBIM
paccessnneM PaMaHa u yBeJiMueHHs BOJTHOBOI'0 YMCJIAa BO3pPacTaloLlei qucnepcuei
BTOPOI0 MOPAIKA NPUBOAUT K CTAOMIU3AIMHU CTIEKTPA BOJTHOBOIO YK CJIa COJTUTOHA

Tpu mucnepcnonnom coorromennn o(K,&)=w(k)—F(§) ¢ no6aBounbiv BHeMHIM HEO-

HOPOAHBIM IMOTCHIUAJIOM F(g) CKOPOCTb UBMCHCHUS BOJIHOBOI'O YMCJIa MPONOPLHUOHAJTIbHA I'paqu-
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eHTy BHemHero norenmana K = oF /0§ u npu oF /6 >0 BomHOBOE YKCiIO Bo3pactaeT. PaBHoBecHe
BBIHY)K/ICHHOTO TIPOCTPAHCTBEHHOTO paccesiHis PamaHa ¥ BO3pPACTAIOIIETO BHEIIHETO MOTCHIMAA
TaKKe TPUBOIUT K CTAOMIIM3AIINK CIIEKTPA BOJIHOBOT'O YKCIIa BOJHOBOI'O MTAKETa (B T.4. — COJIUTOHA).

B nanHoit paboTte paccMOTpeHa AMHAMHKA COJMTOHOB B CPE/laX C BBIHYKIEHHBIM IPOCTPaH-
CTBEHHBIM paccestHieM PamaHa M ¢ HEOIHOPOJHOCTBIO KaK JHCIIEPCHH BTOPOTO IOPsIKa, TaK U
BHEIITHETO TOTeHIMaNa. HalieHo KBa3MCOJIMTOHHOE PElIeHHE C MaJIbIMU TIEPUOANYECKUMU H3MEHE-
HUSAMH [00aBOYHOTO BOJHOBOI'O YHC/Ia, aMIUIUTY/bI U MPOTSHKEHHOCTH. TaKoi CONMTOH CYIIECTBYET
B pPe3yJIbTaTe PABHOBECHS BBIHYKICHHOTO MMPOCTPAHCTBEHHOTO paccestHust PaMaHa W BO3pacTaromei
JIMCIIEPCUH BTOPOT'O TIOPSIKA, WIK BO3PACTAIOIIEr0 BHEIIHErO MOTEHIMANA. [10Iyde sl YCIOBHS 1~
HAMHYECKOTO PaBHOBECHSI BBIHY)KJICHHOTO MPOCTPAHCTBEHHOIO paccestHust PaMaHa U HEOTHOPOIHO-
CTH CPEJIbl, COOTBETCTBYIOIINE TIEPHOIUUECKOMY H3MEHEHHIO ITAPAMETPOB COJIUTOHA.

ba3oBoe ypaBHeHUE U €r0 HHTETPaJbl

PaccMOTpHM JAMHAMHUKY BBICOKOYACTOTHOTO BOJIHOBOTO TTOJIS U(&,t)exp (i(ot — ik&) B pam-
KaxX pacIIMPEHHOr0 HeJIMHEeWHoro ypaBHeHus IllpemuHrepa ¢ HelOKaJbHON HETHMHEHHOCTHIO (BBI-
HYXJICHHOTO TIPOCTPAHCTBEHHOTO paccesiHusl Pamana), HEOMHOPOIHOCTBIO JAUCIIEPCUU BTOPOTO T10-
pslKa 1 HEOAHOPOAHOCTHIO BHELIHETO MTOTEHIMAA!
ou U
2 +ae)

rAC HCIIOJIb30BAHbBI CIICAYROIIINC 0003HaUCHHS Ipu ydeTe HEJIMHEHHOIO AUCIICPCUOHHOI'0 3aKOHaA

- +2aUU[ +pU a([;g )+ F(EU =0, (1)

2
o= co(k,|U| ): 0 =—0°w/ ok’ - mapameTp AUCIEPCHU BTOPOTO MOPSAKA; o = —dwm /aﬂu\z) - mapameTp
CaMOMOY/ISIIUN (KYOUYHOM HEMHEHHOCTH); | - MapaMeTp HEeJOKATbHONW HETMHEHHOCTH (BBIHYX-
JICHHOT'O TIPOCTPAHCTBEHHOTO paccesiHus Pamana).
VYpauenue (1) npu HyIeBOM YCIOBHHM Ha OECKOHCUHOCTH U|bioo — 0 umeer cieayroiue

HHTETpabl:
® CKOpPOCTh U3MEHEHUS “Macchl”’ (Tak Ha3bIBA€MbIC YHCJIA KBAHTOB) BOJIHOBOT'O ITOJIS

d F 2 T o 2
—tj|u|dg=ja—2|<|u|da, @

® CKOpPOCTb USMEHCHUSA UMITYJIbCAa BOJTHOBOI'O ITOJIA

u? a|u| 1%aglouf , 17FoF
_IK|u| dg = — j §+§_[Oa_ga_a da+§£a—&|u|2dg, (3)
L] CKOpOCTI) N3MCHCHUA KBa[[paTa MOZ[yH;[ rpaI[I/IeHTa BOJIHOBOTI'O ITOJIA
2
d oul’ 2 (Ul TR et duf
de=—pu (K| L | der [T kUPdero [k Tde (4
|| e e e L
L] CKOpOCTB N3MCHCHUA KBaZ[paTa rpaIII/IeHTa MHTCHCHUBHOCTHU BOJIHOBOT'O ITOJIA
Hal ) eyt GZ\U\ olKuf)
2
oltI o | %= j e ®)
L] CKOPOCTb UBMCHCHUA KBaJI[paTa NHTCHCUBHOCTU BOJIHOBOT'O ITOJIA
a(K|u
8 Jlutae--2 o Aty ©

oG
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®  CKOpPOCTb IIEpEMEILEHHUS SApa BOJIHOBOTO T0JIsk

d T2 T 2

5 Jdulde=Jakulae, (7)
roe U = ‘U \exp (i(p), K = 0@/ 0& - nobaBounoe 10KanbHOE BOIHOBOE YHCIIO BOTHOBOIO MAKETA.

AHaJIUTHYeCKHE pe3yJabTaThbl
HpI/I AHAJTIUTUYCCKOM HCCICAOBAHNUN JUHAMHWKU COJIMTOHOB IIPHUMEM, 4YTO mMacirad Inpo-
CTpaHCTBeHHOﬁ HCOOAHOPOAHOCTHU AUCIICPCHUU BTOPOI'O IIOPAAKAa MHOI'O Ooubllle MaciTaba oruoba-

IOILIEH COJIMTOHA I—q >> L‘u‘ nu 6YJ1€M HpI/IGHI/I)KeHHO CUUTATh MPOCTPAHCTBCHHBLIC HW3MCHCHU

= o 2 T
BOJIHOBOTO 9HC/IA B OOJACTH LEHTPA «Maccy» conutona &= N ' JE,.‘U‘ d&, rne N = _”U‘ d@) —

—00

nvHelHas (QyHKIMsS K(é,t) = k(t)+ kl(t)(§ —E) [Ipu ycnoBuu (8|U (§,tX/ 85)9; =0 BrIpasum

MHHMYIO 4acTh ypaBHeHus (1):

(GK(E,.,t)j ~ 2 8\U (&,t} ®
g £ q (&,lU (&, t} ot

IIpocTpaHCTBEHHBIE H3MEHEHMs BOJIHOBOIO YHCJIA COJIMTOHA BO3HMKAIOT M3-32 U3MEHEHUHN aMILIU-
TYIIBI COJIUTOHAa BO BpeMeHI/I. I[J'ISI COHI/ITOHOHOI[O6HOFO BOJIHOBOT'O TIaKEeTa

N(t) ~ ‘U (E,t}w/qié ;/ OLE i, yunthiBas (2), (7), umeem

K(&t)= k(t)(l—%%(é—i)j, 9)

rie q'(&)z (8q/ 8§)g - TPaJMEHT JAMUCIIEPCHH BTOPOIO IOPSIKA B 00JIACTH LIEHTPA «MACC» BOJIHOBO-

ro naketa. IIpuHsB, yTO MacmiTad MPOCTPAaHCTBEHHOM HEOJHOPOJHOCTH BHEIIHETO MOTEHIMaa
MHOro Oouibllle MacuTaba HEOJHOPOAHOCTH Orubaroliel BOJHOBOro makera Lp >> L‘U‘, U 1pu

yuete (9) cucrema (2)—(7) mpuHHMaeT BU

= aekn, (10
R
92 k(o) + FE(ON + ok ‘jé M )

% — k() EN (13)

A~ 2Kt)aEMm. a9

z_té ~k(t)a(e), 15)

rae F'(E_,)z(aF/ 8?3_,)5 - TPaJUEHT BHEIIHETO MOTCHIMANA B IIEHTPE «Macc» BOJHOBOIO MAKETa;
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Z= T|5U /8§|2d§, | = ]2(8|U|2/8§)2d§, M = HUrdi. CocTosiHHE pPaBHOBECHS CHCTEMBI

—o0

(10)—(15) cymiecTBYeT IpH BIMOJHCHUH CIIEIYIONINX YCIOBHIA:

plo = Q'(i)zo + F'(g)No' k=0, (16)
rae Ny =N(0), Zy =Z(0), Iy =1(0) — HauanbHbiec HHTErpaNBHbIE MAPAMETPHI BOTHOBOTO MAKETA.
CootHorrenne (16) BBIMTOTHSACTCS MPH YCIOBHH q'(E)ZO + F’(E)NO >0. Jlna aHamu3a AMHAMHKA
BOJIHOBOT'O MMAaKeTa ¢ HEPaBHOBECHBIMHU TMapaMeTpaMy MbI IPUMEM, YTO U JTUCIIEPCHUS U MOTEHIIHA
SIBJITFOTCS] JIMHEHHBIMUA TI0 TIPOCTPAHCTBY (DYHKIIMSIMH q’(é):q' = const, F'(E): F' =const.ITpu
ydere d(q‘l(g»/ dt = —kq'(g)/ q(E) u ucnons3ys 3ameny nepemenneix T=1q'/2, p=pl,/(qN,),
5(€)=aM, /(AEN, ), Mo =M(0), 6= F'/q', n=N/N,, 2=Z/Ng, m=M /Mg, i=111y, ci-

crema (10)—(15) npuBOAUTCS K BUIY
dn

=kn, (17)
drt
%:_BL_FEE_FE_I(Z’ (18)
dt 2n 2n 2
dz .
— =—kpi+kon+kom, (19)
dt
di :
— = 2Kki, 20
at (20)
dm
——=2km, (21)
dt
dé
—=-k3. 22
de (22)
Benuuunbi N, z, m,iu & B (17)—~(22) cBA3aHBI COOTHOIICHUSIMHU

Z_p w o » «_ 9

—=——N+— o = = o=—

== +2n+(c+ o), i=n?, m=n?, ot (23)

rie W=2z,+ p—2c—-25,, &, =aM,/ (qONO). Ipu yuere (23) cucrema (17)—(22) npusogutcs

K CHUCTEME JIBYX YPaBHECHMM:

dk 3p_ w A

—=—"Tn+—-k*+=, (24)
drt 4 4an 2
dn
—=kn, 25
ae (25)
rae A =26 + O, . [lepsblii unTerpan cucremsl (24)—(25) umeet Bua
pn® + n2(2k2 —A)—Wn =2kZ — 27, +3,. (26)

Crpykrypa (ha3oBoii mockoctu cucremsl (24)—(25) onpenensiercs mapametpamu P, A u W,

TpaekTopuu BOJIHOBOIO NaKeTa

Ha puc. 2 noka3aHsl Ha IUIOCKOCTH MapaMeTPOB (X,W) BO3MOXKHBIC BH[IbI (ha30BOIl IIOCKO-
ctu cuctemsl (24)—(25) mpu p >0 (Bo3pacraroiast AUCIEPCHsT BTOPOTO MOPSIIKA).
ITpu W >0 cucrema (24)—(25) umeeT cOCTOSHUE PABHOBECHS THIIA IICHTP
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= —_— —_— +_.
*3p 3p 3p

YacToTa KojeOaHUi MapaMeTpoOB BOJHOBOTO MAaKeTa B OKPECTHOCTH COCTOSHUS paBHOBecus (27)

2
k.=0,n. K4-(kj w (27)

; w=0,
paBHA ® = (W+ N, (26 + 9, ))/ (2n*1 ) [pu 150 cucrema (24)—(25) — cocTosiHue paBHOECHSI TH-

na [eHTp (k* =0, n.= 27»/(3p)) U IBa cemia (k* =+ A/2, N.= 0), npu A > ./—3PpW — meHTp
(k* =0, n*l) U CeIIo

2
ko=0n, =t [ 2] W (28)
©3p 3p) 3p
npu A =./—3PW — OJHO COCTOSHHE THIIA CEIIO-ICHTP (k* =0, n.= k/(3 p)) IMpu A <,/—3pw

CHCTEeMa HEe UMEET COCTOSHHI PaBHOBCCHA.

A>a=3pw

A=q-3pw
J | |
0 /&
,,;/// k
Puc. 2. Buasi ¢pa3oBoii miiockoctu cuctemsbl (24)—(25)
Ha IVIOCKOCTH MapamMeTpoB (K,W) npu p>0

-[/l< =3pw

I

/

Ha puc. 3 moka3zaHbl Ha TUIOCKOCTH MapaMeTPOB (X,W) pasnuuHble BUIBI (Pa30BOil MIOCKO-
ctu cucteMsbl (24)—(25) npu p <0 (ymeHbIIaromas JUCIEPCUs BTOPOTO MOPSIKA).

[Ipu A <—/—3PW cucrema (24)—(25) umeeT cOCTOSHUE PABHOBECHS THIA CEMJIO (k* =0, ”*2) u
w =0,

r<0 CeIo (k* =0, n*z), npu

LICHTP (k* =0, n*l), opu W<0 - cemro (k*zO, n*z), npu {

A>0

HOBECHII.

w=0,
{ - IBa cexjia (k* =+JA/2, n= 0). [Mpu A >—,/—3pwW crcTeMa HE UMEET COCTOSHUI paB-
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n 2/ Az—=y=3pw |1

R | k k
. 0
" A==f=3pw y
\\
‘ w
w<0 >
n, n
‘é_—_—_‘————_
_— ] % k
0 0

Puc. 3. Buasl pa3oBoii miockoctu cucremsl (24)—(25)
HA IUIOCKOCTH MApaMeTpoB (k,W) npu p<0

TpaeKkTOpHHU COJIUTOHA

Paccmotpum TpaekTopun (26) Ui BOJHOBOTO IMAaKeTa ¢ HYJEBBIM HAYaJIbHBIM BOJHOBBIM
unciom Ky =0 u ¢ orubaroiieii, COOTBETCTBYIOIIEH COMUTOHHOMY PEIICHHUIO:

_0)= A
U(t=0)= cosh(gAy/o/ g, )’ )

rae Qo = q(0). B srom ciyuae, yantsisas Z, =,/2 = oA? /(30,) u Ny =1, ypasrenne (26) npu-

BOJUTCS K BHIY
p,n° + n(2k2 —xs)+ A —p, =0, (30)

rae A, = 2<G+OLA§ /(3010)), p, = 8uaA; /(150 ).
Ha puc. 4 Ha miockoctu (k,n) MOKa3aHbl COOTBETCTBYIOIIHE COMUTOHY Tpaektopuu (30)
IPY PasIMYHBIX 3HaueHUsX Pg u A . [Ipu P, =A,/2 >0 napamerpsl HAYAIBHOTO BOJHOBOTO Ia-
keta (conmTona) (29) coBmagarT ¢ MapaMeTpaMu COCTOSTHHS PABHOBECHS M TPACKTOPHsI COJMTOHA

Ha IJIOCKOCTH (k,n) COOTBETCTBYIOT HAYaJIbHOH TOYKE (ko =0,ng =1). PaBHOBecHas BenMYMHA

napametpa SSRS . u ammuTyna conutona A. CBS3aHBI CICAYIOIIUM COOTHOILICHUEM:

5 ’ ’
WA :—i(q XA +3F J (31)
8 a do
[Mepuo OCHMILISIMIA B OKPECTHOCTH COCTOSIHUS paBHOBecHs (31) B MCXOIHBIX BEJIUUMHAX PABEH
4t
T=

J2q(F +oA’q'/(30,)
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IIpu 0 < p, <A, HaiiJeHbI JIOKATH30BaHHBIC TPACKTOPUH COJIUTOHA. OHM COOTBETCTBYIOT AUHAMU-

YECKOMY PABHOBECHIO BBIHYKIEHHOI'O MPOCTPAHCTBEHHOI'O paccesiHus Pamana M Bo3pacrarouieit
JUCIIEPCUN BTOPOro mopsiaka. J[BUXKEHHE MO 3THUM TPAaeKTOPHUSAM IPOUCXOIUT IMPOTHB YaCOBOU
CTpENKH. YCIIOBHE TUHAMHYECKOTO paBHOBEeCHS (IEPHOIMYECKOE M3MEHEHHE ITapaMeTPOB COJIHUTO-
Ha) B UCXOJ/IHBIX TIEPEMECHHBIX HMEET BH/I

4 q a
0<——pA <q —A +3F'. (32)
5 0 o
HanGonpiiee 3HaueHNE BOJTHOBOTO YHCIIA COJIMTOHA HA JIOKAJM30BAHHOW TPAEKTOPUH U3 YPaBHEHHUS

(30) pasno k_ = \/ks 12— p,(h,—p,). TIpu P, =A, CylIeCTBYeT CenapaTpUCHOE PEIIEHHUE: BOJ-

HOBOE YHCIIO CTpeMUTCA K — /A, /2. IIpu Py <0 BOMHOBOE YMCIIO CONMTOHA HEOIPAHUYEHHO BO3-

pacTacTt n3-3a JOMHUHUPOBAHUA OUCHCPCHUHU BTOPOTO IOpsAKA. HpI/I p; > 7\,5 BOJIHOBOC YMCJIO COJIHU-

TOHA HEOTPAHUYEHHO YOBIBACT U3-32 TIOMUHHPOBAHUS BBIHYKICHHOTO MMPOCTPAHCTBEHHOTO paccesi-
Hug Pamana.

[Ipu A, <0 TpaekTopHH CONUTOHA HE JIOKAIU30BaHEI (puc. 4, 0): pu P, < A, JOMUHHPYET
BBIHYXJICHHOE TIPOCTPAHCTBEHHOE paccesiHie PaMaHa, ¥ BOJIHOBOE YKCJIO COJMTOHA HEOIPaHUYCH-
HO yOBIBaeT; mpu P, > A, JOMHUHHPYET AMCIIEPCHUs] BTOPOTO TOPs/IKA, M BOITHOBOE YUCIIO COJIUTOHA
HEOrPAaHUYECHHO BO3pACTaeT.

p5<0 ps:ﬂ‘s/2
/\ ps =0 ps<ﬂ’5/2
O<p, <A, 12
)
- p=A12 P> 412
KI2<p <A ///i;:&m
Ps > A
— pﬁ%k \ /
/ k k
—an 0 arn 0
a 0

Puc. 4. Tpaexropuu (30), cOOTBETCTBYIOIIME COJIMTOHY NPH PAIHYHBIX A, M !
a-A,>0;6-2,<0

HeonHopoaHblii moTeHIHA

IMpu ' =0 cucrema (10)—(15) npuBOAUTHCS K YPAaBHCHHIO
dk I, 1
L (33)
dt 2N, 2
Ipu p= (u*),: = F'N, / |,BoJIHOBOE YKCIIO BOJHOBOTO MAaKETa HE MEHAETCSA BO BPEMEHU. DTO CO-
OTBETCTBYET PABHOBECHIO MEKIY BBIHYXKICHHBIM paccessHieM PaMaHa ¥ BO3pacTaHHEM MOTCHIIHA-

Ja. HpI/I u> (M*)F BOJIHOBOC YHCJIO BOJIHOBOT'O IMAKETA BO3PACTACT U3-3a JOMUHUPOBAHUSA BBIHYXK-
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IEHHOT0 paccesHus Pamana; npu p < (u*)F BOJIHOBOE YHCJIO BOJIHOBOTO ITaKeTa yObIBAaeT U3-3a J10-
MHUHHPOBAHUS HEOTHOPOIHOTO NOTEeHIMaa he.

YuciaeHHoe MOIeTMPOBaHUE

PaCCMOTpI/IM YUCJICHHO HAYAJIbHYIO 3a1a1y JUHAMUKU BOJIHOBOT'O ITAKCTa

U(gt :o):ﬁ (34)

B pamkax ypaBHenus (1) mpu CrHeayrompx 3HAYCHUSIX MapaMeTpoB. o =1, q(é;)=1+é;/Lq,

F(@): &/ L ,ipH pa3IMYHBIX 3HAYECHHUAX M, Lq 5 L|: .

HeoxHopoaHOCTh AUCHIEPCHHA

Ipu F(Z;)z Omu (u*)q = 5/(8Lq) mapaMeTphbl HCXOAHOTO coiuToHa (34) coBIMamamT ¢ ma-
paMeTpaMu paBHOBECHUS MEKy BBIHYKIECHHBIM paccessHueM Pamana u aucnepcuy BTOPOro mopsii-

ka. B wactrocty, npu Ly =20: (Ll* )q =1/32. Ha pHC. 5 MOKa3aHO paclpeiesIiCHHe OrudaroIei

COJIMTOHA ‘U‘ B 3aBHCHMOCTH OT & B pasmdHble MOMeHTH Bpemenn mpu M =1/32, Ly=20 un

F(E’;) =0 B uHCIEHHOM CUeTe.

18]
1
=0
¢
0
18]
! =100
¢
0
1l
! =200
\ g
-10 0 10

Puc. 5. Pe3yJbTaThl 4YHC/IEHHOT0 3KcniepuMenTa. Pacnpeaenenne orudamomei coJauToHa ‘U‘

B PasiMiHble MOMEHTHI BpeMenu npu 1=1/32, L, =20 n F(&) =0

JlMHaMMKa COJINTOHA XapaKTEPU3yeTCs AMIUINTYIOW JIMHEWHOTO IOJIA U3IYy4YEHHs IIPHU CO-
XpaHEHUU COIMTOHONOA00HON (hopMbl ummyinbca. [lpun p=1/32 nokanbHOE BOJTHOBOE YHMCIIO COJIH-
TOHA OCTAETCS HEM3MEHHBIM. DTO COOTBETCTBYET PABHOBECHUIO MEXIy BBIHYXKICHHBIM IIPOCTPaH-
CTBEHHBIM paccesiHueM PaMaHa U BO3pacTarolieil QUCIepcruel BTOpOro nopsaka. PaBHoBecHas Be-
JUYHHA NTapaMeTpa BBIHYKIEHHOI'O IPOCTPAHCTBEHHOIO paccesiHus PamMaHna HaxomuTcs B MIealb-
HOM COOTBETCTBMM C AHAJIMTHUYECKUM PE3yJIbTaTOM (},L*)q =1/32. 3meHeHne mapamerpa | Ipu-

BOJMT K U3BMEHEHHIO BOJTHOBOro. Ha puc. 6 mokaszaHo MMPOCTPAHCTBCHHLIC PpACIIPCACIICHUS |U| H J10-
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KaJTBHOTO BOJHOBOTO HUHCIA B pa3iMdYHbe MOMEHTH Bpemenn mpu A =1/24 Ly =20 u

F(§)=O. BosHOBOE 4mCIiO B 00JaCTH sIpa CONMTOHA W3MEHSCTCS MEIJICHHO KaK JIMHEHHas
(GYHKIHS, 4TO COOTBETCTBYET BhIpaXkeHHIO (9).

0.6 0.6
18]
0.4 =100 =200 04
02 02
¢
-15 -10 -5 0 5 10 15 -15 -10 -5 0
k .....
02 0.2
a 0

Puc. 6. Pacnipenesnenusi MoayJist Oruéaromeii CoTuToOHa |U| B NMPOCTPAHCTBE (HenmpepbIBHAS JTUHHS)

M JIOKAJILHOTO BOJTHOBOI'0 YHCJIA COJTMTOHA (MPepPbIBUCTASI JIMHUS)
mpu p=1/24, L, =20, F(F:,) =0 B pa3InM4YHbIe MOMEHTBHI BpeMeHHU {:

a—-t=100; 6—-t=200

0.5

-1.5

Puc. 7. JlokajbHOe BOJIHOBOE YHCJIO COJMTOHA B TOUKE MAKCUMYMAa MOAYJIS1 Orudaoleil COTUTOHA
KakK QyHKuMA t npu Lq =20, F(g): 0 ¥ npy pa3s/IMYHBIX BeJIHYHUHAX |l

— pe3yJbTaThl YUCIEHHOTO CUETa,;
———————— — pe3yNbTaThl aHAJUTUYECKOI'O UCCIIEIOBAHUS

Ha puc. 7 moKa3aHbl BEJIWYHHBI JIOKAJIHHOTO BOJHOBOTO YHKCIIA B KOOpAUWHATC MAKCHUMYyMa
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MOJyJIsl Orubaromell CoIUTOHa qu‘ = max) B 3aBUCHMOCTH OT t W IpuW pa3inu4HbIX 3HaYeHUsx M.

HenpepsiBHOM nrHMEH M300paXKeHbI pPe3yIbTaThl, OJYYCHHBIC B YUCICHHOM dKcriepumenTe. [Ipe-
PBIBUCTOM JIMHUEH N300pakeHbl AaHATUTUYECKUE PE3YIbTaThl IUHAMHUKU BOJHOBOTO YHCIA COIUTO-
Ha B paMKkax cuctemsl (24)—(25) npu HauanbHbix ycnoBusx (34). [lpu p=1/32 nokaibHOE BOJIHO-

BOE€ YHUCJIO COJUTOHA HE MEHSETCS BO BPEMEHHU. DTO COOTBETCTBYET PABHOBECHIO MEXAY BBIHYXK-
JICHHBIM MPOCTPAHCTBEHHBIM paBHOBecMEM PamaHa u Bo3pacTaroleid Jucrepcreil BTOporo nopsiji-
ka. [Ipy p>1/16 aHanMUTHUYECKHWE M YUCIICHHBIC PE3YJIbTAThl MPAKTUYECKH coBmanaroT. [lpu
n=1/16 anamuruyeckas Teopus it cucteMbl (23)—(24) mpenmnonaraeT cenapaTpucHOE PEIICHHE
(puc. 4, a). Hammune mManbIxX mosieil M3IIyueHHs: B YUCICHHOM SKCIICPUMEHTE TIPUBOIMT K ITOCTOSIH-
HOMY cl1a00My yMEHBIIEHUIO NapaMeTpa Pg U BMECTO HEJIOKAIM30BAaHHOM cemnapaTpUCHOM Tpaek-
TOpPUH, IPUBOAUT K JIOKATU30BaHHOU TpaekTopuu. [Ipu p>1/16 ananutuyeckas Teopus MPUBOIUT

K HEJIOKaJIM30BaHHOW TpaekTopuu (puc. 4, @), YTO MPUHIMITHAIEHO OTIUYHO OT COOTBETCTBYIOIIECTO
YHCIIEHHOTO Pe3ybTaTra. ITO 00YCIOBICHO YBEITUYCHUEM TIOJIS U3ITydeHUs U3 00JIaCTH spa COU-
TOHA MPH OOJIBIIUX U3MEHEHUAX BOJHOBOT'O YHCIIAa COJIMTOHA.

HeO)IHOPOJIHOCTb OJHOBPEMCHHO JUCIICPCHH U MMOTCHIIMAJIA

[Ipu oTHOBPEMEHHO# HEOJAHOPOIHOCTH U JHCIEPCHH TMOTEHIMA A MapaMeTpbl UCXOIHOTO
BOJIHOBOTO TakeTa (34) coBMamaroT C MapaMeTpaMu COCTOSIHUS paBHOBecHs cucTeMsl (24)—(25) npu
ycnoBur P. =6 +1/3, uro cooTBeTCTBYET

5(1 3
g == —+—1. 35
ke =5l (35)
JInHaMuKa BOJHOBOTO 4Kcia conutoHa (24)—(25) mpu yuere (33) onuceiBaeTcsl ypaBHEHHEM
d’k k(1
~ - Z+0]. 36
dr? 4\3 (36)
k
0.5
0
0.5
3
-1
a 0

Puc. 8. BosiHOBO€ 4K CJI0 COJIMTOHA B TOUKE MaKCuUMyMa MOaYyJisd oruodalomeii coJuToHAa
B 3aBHCHUMOCTH OT { IIPA PA3JIAYHBIX 3HAYCHHUSX BCJIUYHHBI |l :

mpu Lg =20, Ly =20 (@ mmpu L =-40, Ly =10 (6);

— YMCJICHHBIC PE3yJIbTaThI, - - - - - — aHAJIMTUYCCKUC PE3YJIbTATHI
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Ilpu o >—1/3 cocrosiaue paBHoBecHs (35) — LEHTP, peaqu3yeTcs MPU BO3PACTAICH HC-
nepcun Broporo nopsaka (P >0). B wactHoctn, mmeem mpu Ly =20 u Lg =20 (o=1):

(u*)q’F =1/8; mpu Ly =10 u Lg =40 (c=-1/4): (].,L*)q‘,: =1/64. Ha puc. 8 nokasaHsl 3Ha4e-
HUSI BOJIHOBOTO YHCJIA COJIUTOHA B TOYKE MAKCHMyMa MOJYJISI OTHOAIONIEeH COMTMTOHA kQU| = max)
B 3aBucumoctH oT { mpu Lg =20, Ly =20 (a); mpu Lg =—40, Ly =10 (6); npu pasmuumbix
3HAYCHUSAX BETMIUHBI L.

[pu H:(M*)q,p BOJIHOBOE YHCJIO COJHMTOHA HM3MEHSETCS MEIICHHO. DTO COOTBETCTBYET

PaBHOBECHIO MEXKY BBIHYXIICHHBIM MMPOCTPAHCTBCHHBIM paccesiHneM PamaHa ¥ BO3pacTaroluMu
IucTiepcued M BHEITHUM noTeHmanomM. [lpu p < 2(““*)q,F (p; <Ag) MMeeT MeCTO IMHAMHYECKOE

paBHOBECHE MEKIY BBIHYKIECHHBIM IPOCTPAHCTBEHHBIM paccessHHeM PamaHa W BO3pacTaroliei
JHMCIIEPCHEN BTOPOTO MOPSAKA M yOBIBAIOIIAM BHEITHUM TOTeHIMaioM (puc. 4, a). B pexxume 1u-
HAMHUYECKOTO PABHOBECHS PE3YJIbTATHI YUCIICHHOTO KCIIEPUMEHTA W AHAJTUTHIECKON TeOPHH OJIn3-
KU MeXy coboit. [Tpu p = 2(“*)q,p ( P, =A,) aHanuTHYECKast TeOpust uisi cucTeMsl (24)—(25) npu-

BOJUT K CYLIECTBOBAaHHIO cemnaparpucHoro perreHus (puc. 4, a). [lons u3inydeHus B 4HUCICHHOM
JKCIIEPUMEHTE IPUBOAAT K IIOCTOSHHOMY YMEHBIICHHIO ITapaMeTpa [Pg U NEPEMEILAOT PELICHUE C

HEJIOKaJIM30BaHHOM cemepaTpuchl HA JIOKAJTU30BaHHYIO Tpaektopuio. [Ipu p > Z(u*)q e (P >Ay)

aHAJMTUYECKAsl TEOPHs MPHBOAUT K HAIMYUIO HEIOKAIM30BAHHBIX Tpackropuil (puc. 4, a) u He
HUMEET COOTBETCTBHUS C YUCIEHHBIM KCIIEPIMEHTOM.
Ilpu o <—1/3 cocrosinue paBHoBecus (33) sABISETCS CEIIOM, KOTOPOE PEANU3YETCS IIPU

yMenparomeiicst aucnepenn Broporo mopsaka (P <0). Hpu Ly =-20 u Lg =20 (c=-1):
(u*)q’F =1/16. Ha puc. 9 nokasansl 3Ha4€HHs JIOKAJIHHOIO BOJHOBOIO YKCJIa B TOUKE MAKCUMyMa

MOJTyJIsl OTHOAIOIIeH COTUTOHA k(|U| = max) B 3aBHCHUMOCTH OT t ipu Lq =-20 u Lg =20 s pas-

JIMYHBIX 3HAUCHUH K.

Puc. 9. JlokanbHOe BOJHOBOE YHCJI0 B TOUKe MAKCMMYMAa MO/YJIsl OrH0arolieii coJIMTOHA
B 3aBucuMocTH oT tnpu Ly =—20 u L =20 aust pasamyuHbIX 3HAYEHHMI |1

- pe3yabTaThl YUCIEHHOTO SKCIIEPUMEHTA,;
-------- — COOTBETCTBYIOIME aHAIUTHYECKHUE PE3YIILTATHI
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IMpu p=1/16 BOIHOBOE YHCIIO MEHSAETCS Maj0. ITO COOTBETCTBYET PABHOBECHIO MEKIY

BBIHY>KICHHBIM HNPOCTPAHCTBCHHBIM PACCCAHUCM Pamana u BO3pacTar0myM BHCIIHUM IMOTCHIUA-
oM. Takoe cocTOsiHuE paBHOBECHS SIBIISIETCS HEYCTOMYMBBIM (HErpyObIM): ipu W >1/16 BOIHOBOE

YHCII0 HEOTPAaHUYEHHO YOBIBAaET M3-3a JOMUHHPOBAHUS BBIHYKICHHOTO IMPOCTPAHCTBEHHOTO pacce-
siaust Pamana, mpu w<1/16 BONHOBOE YMCIIO HEOTPAaHMYEHHO BO3PACTACT M3-3a JTOMHHUPOBAHHS

BO3pACTAIONIETO BHEIIHETO MOTeHIMaNa. B yKa3aHHBIX Cilydasx pe3ysibTaTbl YMUCICHHOTO IKCIIEPHU-
MEHTa M aHAJMTHYECKON TeOpHH pruemieMo 0iu3ku (puc. 4, 6).

HeO)]HOPOJIHOCTb BHEIIHETO MOTCHIIMAJIA

ITpu q' =0 mapaMeTpbl HCXOIHOTO BOIHOBOIO MakeTa (34) COOTBETCTBYIOT PABHOBECHIO MEKITY
BBIHY’K/ICHHBIM [IPOCTPAHCTBEHHBIM paccessHieM PamaHa 1 BO3pacTarolyM BHEITHUM MOTEHIMATIOM TIPH
YCIIOBUU (u* )F =15/ (8 L- ) B 4aCTHOCTH, npu L =20 - (u.). =3/32.
Ha puc. 10 nokasanbl 3Ha4eHUs JIOKAIFHOTO BOJIHOBOTO YMCJIa B TOUKE MAKCHMyMa MOAYJIsl OrHOaromeit
comuroHa B 3aBucuMoctr ot t mpu L =20, q' =0 mis pazmuassix 3Havennii p. [pu p=3/32 Bon-
HOBOE YHCJIO M3MEHsIeTCsl ¢1a00. DTO COOTBETCTBYET PAaBHOBECHIO MEXTY BBIHYKICHHBIM IPOCTPaH-
CTBEHHBIM paccesiHreM Pamana v BO3pacTarolMM BHELIHHM IOTeHImaioM. IIpu > 3/32 BosHOBOE
YHUCJIO HCOTPAHNYCHHO Y6131BaeT H3-3a JOMUHHUPOBAHUA BLIHYKICHHOI'O MPOCTPAHCTBCHHOI'O PaCCCIHUA
Pamana, ipu p < 3/32 BOJHOBOE YHCIIO HEOTPAHWYCHHO BO3PACTACT W3-3a JOMHUHHMPOBAHMS BO3pacTa-
IOIIIETrO BHEIITHET O NMOTeHIMaNa. To ecTh TAKOe paBHOBECHUE SIBIISIETCS] HEYCTOMYMBBIM (HETpyObIM). B yka-
3aHHBIX CITy4asiX pe3yJbTaThl YUCICHHOTO 3KCIIEPUMEHTa U aHATMTUYECKON TEOPUU IPHEMIIEMO OJIU3KH.

u=3/3

0 100 200

-1 .-...'H=1/8__

2

Puc. 10. JlokajbHO€e BOJIHOBOE YHCJIO B TOUKE MAKCHMYyMa MOJYJIsl OTHOaionIeli cOJTUTOHA
B 3apucumoctu oT tmpu L. =20, ' =0 aust pasiM4uHbIX 3HAYEHHH [

- pe3yabTaThl YUCIEHHOTO SKCIIEPUMEHTA,;
——————— — COOTBETCTBYIOIIHNE aHAJTUTUIECKUE PE3YITHTATHI

3aKjI04YeHue

B nanHoli paboTe uccienoBaHa UHAMHUKA COTUTOHOB OrvOaromieil B HeMUHEHHBIX JUCTIeP-
TUPYIOIIUX CpelaxX MPU HATMYMU BBIHYKJICHHOIO MPOCTPAHCTBEHHOI'O paccesHus Pamana u HeomHO-
POAHOCTHU KaK JUCIIEPCHH BTOPOTO MOPSIJIKA, TAaK U BHEIIHETO MoTeHImana. Mcenenosanue mpoBoIuiioch
B paMKax paciIMpeHHOro HenuHeHoro ypaBHeHus lIpenunrepa. MccnegoBanue npoBeIeHO KaK aHAIM-
TUYECKH, TAaK M YUCICHHO. B aHaIMTHYECKOM MOAXO/IE 1IECTh MHTErPasioB (2)—(7) UCXOTHOrO MOJIEIBHO-
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ro ypasaenus (1) yaamoch CBECTH K CHUCTEME JBYX OOBIKHOBEHHBIX IH((epeHIHaTbHbIX YPaBHCHHI
(24)+(25), ns KOTOPBIX TPOBENCH aHAIM3 TPACKTOpHiA B (ha30BOM mpocTpaHcTBe. [lokasaHa BO3MOXK-
HOCTh KOMIICHCAIIY YObIBAHHS BOJIHOBOT'O YHCJIa COJIMTOHA M3-32 BBIHYXKICHHOTO MPOCTPAHCTBEHHOTO
paccestHust Pamana, Bo3pacTaHMe BOJHOBOTO 4HCNIa M3-332 BO3PACTAHUS AUCIICPCHH BTOPOTO TMOPSIKA
(9" > 0) u Bo3pactanust BHemHero norenimana (F' > 0). HaiineHs! kak ycTOWYMBOE KBa3HUCOIUTOHHOES

pEILICHHE ¢ MATOU3MEHSFOIIMMUCS MTapaMeTpaMy COJIMTOHA (BOJTHOBOE YHCIIO, AMILIUTY/IA M MPOTSIKEH-
HOCTB) (P, =A,/2>0), Tak ¥ PeKUM TUHAMUYECKOTO PABHOBECHSI MEKIy BBIHYKICHHBIM IIPOCTpPaH-
CTBEHHBIM paccessHieM PamaHa ¥ HEOIHOPOIHOCTBIO CPEIbl, B KOTOPOM MapaMeTphl COJUTOHA U3MEHS-
1otcst ieproanyecku (0 < p, <A, ). TlokazaHo mpuemseMoe COBMaJCHUE PE3yJIbTATOB aHAIMTHIECKOH

TEOPUH W YHCIEHHOTO SKCIIEPUMEHTa B PEXHUME AMHAMUYECKOTO PABHOBECHS MEXKIY BBIHYKICHHBIM
IPOCTPAHCTBEHHBIM paccestHueM PaMaHa 1 HEOTHOPOAHOCTBIO CPEJIBI.

B nanHoii paboTte AMHaMHKa COJIMTOHOB paccMaTpUBaiach B MPeHEOPEKEHNUHU MOJISIMU U3TTY-
YEHUS, IMHEWHOMN I'PYIIIOBOM CKOPOCTBIO, HETMHENHON JUCIIEPCUEH, JUCTIEPCUEN TPETHETO MOPS JI-
Ka ¥ HEOJHOPOJHOCTHIO (ha30BOM caMOMOAYJIAIMU. Bo3MoXHOCTH KoMIieHcanuu 3(P(HEKTOB BhI-
HY)KJIEHHOT'O NPOCTPAaHCTBEHHOI'O paccesHus PamaHa, pa3pyliaroliux COJUTOH B HEOJHOPOIHBIX
cpelax MpH y4eTe BCeX YKa3aHHBIX WICHOB OY/ET OMHCAaHbI B CIEAYIONMX paboTax.

B nanHO#l Hay4HOIl paboTe MCIONB30BAHBI PE3YNIBTATHI, TIOYYCHHBIE B XO/1€ BBITOTHECHUS
npoekTa Ne 11-01-0066, peanuzoBannoro B pamkax IIporpammsl «Hayunstit pong HUY BIID» B
2012-2013 rr.
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SOLITON DYNAMICS IN MEDIA WITH SPATIAL STIMULATED
RAMAN SCATTERING AND INHOMOGENEOUS BOTH DISPERSION
AND ADDITIONAL POTENTIAL

National Investigate University Higher School of Economics

Purpose: Dynamics of solitons in the frame of the extended nonlinear Schrodinger equation

_oU oU 2 oluf’ _ N .
2= + q(g) % + 2aU\U\ +uU % + F(g)u =0, taking into account cubic nonlinearity o, nonlocal nonline-
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arity (space stimulated Raman scattering) p, smoothly inhomogeneous second-order dispersion q(&) and inhomogene-

ous additional potential F (&) is considered.

Approach: Soliton’s dynamic investigated as numerically as analytically. In analytic theory the six integrals of basic
model equation was reduced to two ordinary differential equations system. Phase space structure of the system was
analized.

Findings: It is shown that down shift (by Raman) is compensated with up shift (by second-order dispersion) in media
with increasing second—order linear dispersion or increasing additional potential. A quasi-soliton solution with
the small wave number spectrum variation, amplitude and extension are found both analytically and numerically. The
soliton exists as the equilibrium of space stimulated Raman scattering and increasing second-order dispersion
or increasing potential. Regime of the dynamical equilibrium of space stimulated Raman scattering and inhomogeneous
media corresponding to the periodical variation of soliton parameters are found. Analytical and numerical solutions for
this regime are in a good agreement.

Originality: The obtained results is original and can be important for optical fibers application.

Key words: Extended Nonlinear Schrédinger Equation, Soliton, Nonlocal Nonlinearity, Space Stimulated
Raman-Scattering; Inhomogeneous, Second-Order Linear Dispersion, Additional Potential, Analytical Investigation,
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E.JI. ABepOyx

ITOBEPXHOCTHBIE ITPOABJIEHUSA DKCITPEMAJIBHBIX
BOJIHOBBIX PEKUMOB I10JISI KPAEBBIX BOJIH

Huxeropoackuii rocygapcTBeHHbIN TeXHUUECKU yHUBepcuTeT uM. P.E. AnekceeBa

Ieas: MozaennpoBaHye TMHAMHIKH IUIEHOK TIOBEPXHOCTHO-aKTUBHBIX BEIIECTB B M0JIE TOMOTPaUIECKIX 3aXBa4EHHbBIX
BOJIH C Y4€TOM SKCTPEMAJIBHOTO XapaKTepa BOJIHOBOTO MOJIS.

MeTtoa: B ocHOBe mcciae0BaHMs JIEKHUT YHCIEHHOE MOACINPOBAHNE YPAaBHEHUS OanaHca MOBEPXHOCTHON KOHILIEHTpPa-
muy. J[MHaMuKa IJIEHOK ObUIa paccMOTpeHa B paMKaxX MOENH aABeKIHH-An(Qy3uu-penakcanuu. MoaenrupoBaHue
0azupyercst Ha HESIBHOM KOHEYHO-Pa3HOCTHOM METO/IE.

PesyabTarsl: BeuiM nosydeHsl pacrpeliesieHus] KOHUEHTpalMid B Iojie KpaeBblX BoJH. Oco0oe BHUMaHHUE YIEIEHO
MIPOIIEcCaM IUCIIEPCHOHHON (POKYCHPOBKH, YCHIICHUS BOJH HaJl HEOJHOPOJHBIM IIEIb(OM M HETHMHEHHBIM PE30HAHC-
HBIM TPEXBOJIHOBBIM B3aHMOJICHCTBHAM KPAEBbIX BOJIH M MX TOBEPXHOCTHBIX IPOSIBICHUSIM.

Obmacte npumenenusi: 300paxxeHns] KOHIEHTpaUWil IJICHOK MOBEPXHOCTHO-aKTHBHBIX BEIIECTB MOTYT OBITH HC-
TIOJIb30BAHbI TIPH MHTEPIPETAMN JaHHBIX AMCTAHIIMOHHOTO 30HAMPOBAHUS, TUATHOCTUKH M WJICHTH(UKAIMHU, JIekKa-
IIMX B OCHOBE aHOMAJIbHBIX BOJIHOBBIX IIPOLIECCOB.

Knioueswvie crosa: Tonorpa(bnqecm/le 3aXBaUCHHBIC BOJIHbI, KOHICHTpANHs, NOBECPXHOCTHO-AKTUBHBIC BCIIC-
CTBa, (l)OKyCI/IpOBKa, HEJIMHEHHEIC B3aPIMO)IeI>iCTBPIH, ycujicHue.

BBenenune

BonHoBbIE IBUYKEHUS B OKEaHE COMPOBOXIAIOTCS MEPEMEIICHUEM 3HAYUTEIbHBIX MacC BO-
16l ¥ TIepepacnpeeIeHueM KOHLEHTPAK Pa3IMyHOIo pojia IpUMecei eCTECTBEHHOIO U aHTPOIIO-
TE€HHOT'O IIPOMCXO0XKJIEHUS, IOBCEMECTHO NPUCYTCTBYIOMUX B OKeaHe. CHIIBHO HEIMHEWHBIE BOJIHbI
MPUBOJAT K IPOHUKHOBEHUIO 3arpsI3HAIOIMX BEIIECTB B TOJII[Y OKE€aHa 3a CUET YBEIMUEHUS KO3 (-
(buIuEeHTOB BepTUKAIbHON TypOyneHTHol nuddysuu. [lon neiictBueM KpynmHOMacIITaOHBIX BOJI-
HOBBIX JIBKCHUH MPUMECH MOTYT OBITh MEPEHECEHbl Ha 3HAUUTENIbHBIE PACCTOSHHS OT MECTa BbI-
Opoca, 4To 1 OOHApYUBAETCs B HATYPHBIX YCIOBUAX. JlOCTATOUHO YIOMSHYTbH IOCIECTBUS KaTa-
crpoduueckoro myrnamu 2011 roxa B SmoHnu, Korjga CMBITEIE ¢ Oepera pa3InYHOrO pojaa MpeaMe-
Thl IIepeHeceHbl Yepe3 Tuxuil okeaH HeCTALMOHAPHBIMU TEUEHUSMH U KPYTHOMACHITaOHBIMHU BOJI-
HamH U oOHapyxkeHbl y 6eperoB Kanansr u CIIIA.

[IpumMecHbIe 10JISI MOTYT CIIYXUTh HHIUKATOPOM KPYITHOMACIITaOHBIX BOJIHOBBIX CTPYKTYP
B okeane [1, 2]. /luHamMKKa MPUMECHBIX TOJICH Ha BOJHON MOBEPXHOCTH (TaK Ha3bIBACGMBIX TTOBEPX-
HOCTHO-aKTHBHbIX BellecTB-IIAB) urpaer BaxHyto poib Ha GopMuUpOBaHHE KOCMUYECKHX M300pa-
’KEHUH MOBEpXHOCTH okeaHa. Ob6men3BectHa poib [IAB B opmupoBanuu pagapHoro usoodpaxe-
HUSl CWJIbHO HEJIMHEWHBIX BHYTPEHHMX BOJIH, IO3BOJISASL ONPEAENISATh NT€OMETPUUECKYIO CTPYKTYpPY
MAKETOB BHYTPEHHUX BOJIH, UX CKOPOCTh PAaCIpPOCTPAHEHUS U aMIUIUTYy, @ B OTACJIBbHBIX CIIydasix
CIOCOOCTBOBATh JIUCTAHIIMOHHOMY OIPEJENECHUI0 BEPTUKAIbHOM cTpaTtudukanuu okeana. Ilme-
HOYHBIE 00pa3bl BU3YAIM3UPYIOT pacueT ckomieHus [TAB B mosie pa3iauuHbIX BOJIHOBBIX MOJIEH U
TEYEHMI; Cpeu HUX LHUPKyIsauuu JIeHrMiopa, anBeuIMHT, BHYTPEHHHUE BOJIHBI, KOHBEPT€HTHBIE 30-
Hbl (DPOHTOB M BUXPEBBIX CTPYKTYp. Bce 3TO nemaer akTyanbHbIM HMccieloBaHME (PU3MKHU TpaHC-
dbopmanMy NPUMECHBIX TMOJIEH MO ASUCTBHEM BOJH PA3IMYHON (hru3nyecKod MPUPOJBI C LEIbIO
MIOJIy4YEHUS! KOJIMYECTBEHHBIX XapaKTEPUCTUK BapUALUM MOJS KOHLEHTPAIMK NPUMECEN U OLEHKU
BO3MOXXHOCTH peIlIeHHs OOpaTHBIX 3a/lad BOCCTAHOBJIEHUS MapaMETPOB BOJHOBBIX JIBUKEHUI IO
JUHAMUKE IPUMECEH.

Lenvio oannou pabomwl SBIAETCS UCCIENAOBAaHHE IOBEPXHOCTHBIX MPOSIBICHUM KPaeBbIX
BOJIH.

© ABep6yx E.JL, 2012.
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KpaeBbie BOIHBI

B 1846 roxy Ctokc omyOimkoBai cBoi «Jlokiam o mocieqHuX UCCASIOBAHUSAX B THAPOIH-
HaMuKe» [3], COCTOSIIMNI U3 IIECTU pa3/iesioB, PAcCMATPUBAIOLIMN Psijl ACTIEKTOB MEXAHUKH KU
KocTu. Bo BTOpoM paszjesne ObulM HCCiIeI0BaHbl pa3IudHble IPOoOJIeMbl pacIIpOCTPaHEHUS! BOJIH HAJ|
JTHOM TIOCTOSITHHOM TJTyOMHBI, a TaK)Ke B KaHaje CO CTOPOHOU moj yriaoM. B aToit paboTe, ocHOBaH-
HOM Ha Tpyne [4], uccienayercss BO3MOKHOCTh PaClpOCTPAHEHUSI U OTPAHUYECHUS BIOJb CTEHKH
BOJIH KUJKOCTH, B OJHOCTOPOHHEM KaHajle, YBEJIMYMUBAIOUIEMCS B TJIYOMHY OT HAKJIOHHBIX CTEH.
OTo0 mepBoe YIOMHHAHNE O KPaeBbIX BOJHAX, BCTpeyarolieecs B auteparype. KpaeBbie BOJIHBI ObI-
JIM OTHECEHBI K «3aXBAYCHHBIM BOJIHAMY, IOTOMY YTO aMIUTUTY/Aa OBICTPO yObIBaeT OT cTeHKH. Oc-
HOBHBIC XapaKTEPUCTUKH 3TOTO PEIICHHUS ONMUCaHbl B pabote [5], 3a Hel mocienoBana padota [6],
KOTOpasi Jjaja MepBOE IMOJHOE OMHMCAHME JIMHEWHOW MOCTAaHOBKHU 3a/Jla4Md KPAeBbIX BOJH B paMKax
HEMPEPHIBHOTO U IUCKPETHOTO CIEKTpa.

3a cTonb paHHEl paboOTOI MOCIEA0BAI0 MHOTO BaXKHBIX TPYIOB. HenmHEHbIE MOMPaBKU K
nuHerHoMY pemeHnto CTokca ObUTH TIpeiocTaBiieHbl B padboTax [7, 8]. Bo30ykneHne ctosunx Kpa-
€BBIX BOJIH MOJXOJIAIICH Mafarolieil BOJTHOW, NEPICHIUKYISIPHON K TUISKY, OBLJIO MPOAHATU3HPO-
BaHO B [9]. JIpyrue MexaHu3Mbl TeHEpAMK KpaeBbIX BOJH Obutn ormcanbl [10]. Caydait MenaeHHO
MEHSIOIIEHCS TITyOWHBI, OTPAaHUYCHHBIN aHAIM30M JIMHEWHOU 3amadn, ObuT paccMoTpeH B [11]. Pe-
IIEHHEe JIMHEWHOMU 3a/1aui, C y4eTOM OeperoBbIX TeueHui, Oput0 omucano B [12]. CtpykTypa u He-
JIMHEUHBIE JTUCTIEPCUOHHOE COOTHOIICHHE MEPUOJIMUYECKUX KpaeBbIX BOJIH CTOKCa CTapIIUX MO,
BBIBOJI HeNMHelHoro ypaBHeHus lllpenunrepa s BOMHOBOM aMIUIMTYIbI B 6e3pa3mMepHoil hopme,
cojzieprkanieit B ko3 puirmeHTax ToIpKo HOMEp MOJIBI, ObUT BRITOHEH B padote [13, 14].

Hecmotps Ha To, uTo co BpemeH Crokca, 10 Oosee mo3AHUX u3naHui Tekcta JIamba mo
TUAPOJIUHAMUKE, TI0 KpaltHel Mepe, CUUTAIOCh, YTO KPAeBble BOJHBI ObUIM MAaTEMAaTHYECKUM Kypb-
e3oM [15], B HacTosiIiee BpeMsl CYIIECTBYIOT JIOKa3aTelabCcTBa (CM., Hampumep, [16]), moareepxaa-
fomye TOT (PaKT, YTO MHOTHE MPUOPEKHBIC MPOLECCHl HEBO3MOXKHO OOBSICHUTH 0€3 MPUBJICUCHHS
TEOpPUHU KPAeBBIX BOJH.

HaubGonee cunbHOEe BIHMsIHUME Ha TMOBEICHHUE KPYMHOMACIITAOHBIX MOBEPXHOCTHBIX BOJH B
npuOpEXKHON 30HE OKEaHa OKa3bIBAET 3aXBAT BOJIHOBOW PHEPIHH MPUOPEKHBIMH OCOOCHHOCTSIMU
tonorpadun. MIMeroTcsi MHOTOYMCIICHHBIE JaHHBbIE HAOJIOJACHHUM peajbHBIX I[yHaMH, HaIlpuMmep,
Kamuatckoro ynamu 4 okts0pst 1952 1. u mynamu 25 anpenst 1992 r. ¢ 3nuiieHTPOM OKOJIO MbIca
Menpnocuno (3amagnoe modepexxbe CIIIA), nccinenoBanusi HHATEHCUBHOCTH U TIOBEJICHUST KOTOPBIX B
npuOPEKHON 30HE OKeaHa HCIOIb3yeT TEOPUIO 3aXBa4yeHHBIX BOJIH. C UX TOMOIIBIO JIETKO 00bsC-
HSETCS TaK)Ke HEPaBHOMEPHOCTh M3MEHEHUS BBICOTHI BOJHBI IIyHAMHU BIOJIb TTOOEpEkbs. B 1emom,
npumepHo 10 70% BOJHOBOM SHEPrUM LIyHAMU pacipocTpaHsieTcs BAoJib KypHiibCKUX OCTPOBOB B
BH/JIC 3aXBAaYCHHBIX BOJIH.

BOau3u Gepera Ha 3axBaueHHBIE BOJHBI NPUXOAUTCS 95— 8% sHEpruu, KOTopas MOXKET Iie-
penaBaTbCsl BJJOJIb BOJHOBOAA Ha OOJIBIIME PACCTOSIHUS 0€3 CyIIEeCTBEHHBIX moTepb. Jlo cux mop
OCTaeTCsl OTKPBITHIM BOMPOC O MPUYMHE TOpa3ao 0ojee BHICOKON YHEPrOHACHIIIICHHOCTH 3aXBa4YCH-
HBIX BOJIH 110 CPAaBHEHHIO C BOJIHAMU OTKPBITOTO OK€aHa, HECMOTPSI Ha TO 0OCTOSATENBCTBO, YTO 00-
JIACTh 3aXBaTa BOJIH, KaK IMPaBUiIo, 3aHUMaeT Jiuiib 5—10% mnomanu okeana. OIHUM U3 BUJIOB 3a-
XBAU€HHBIX BOJIH SBIIAIOTCS KpaeBble BOJHBL. KoOpoTko-MacmiTaOHble KpaeBble BOJIHBI UIPAIOT
OTIPEACIISIONIYI0 POJIb BO MHOTHX Mpolleccax OeperoBoil JMHAMHKH, TaKUX Kak (OpPMUPOBaAHUE
CTPYKTYpPHI JJUHUHU Oepera u ero penbeda, MPoIecchl, CBA3aHHbIE ¢ MOPQOJIOTUEH THA B IPUOPE K-
HOW 30HE U Jap. B HacTosIee BpeMs MMeeTCsl MHOXKECTBO (DAKTOB, MOATBEPKAAIONINX UX CYIIIe-
CTBOBAHME B BOJIHOBOM I10JIe¢ B PUOpPEKHOI 30He okeaHa. KpynHomaciiTaOHble KpaeBble BOJIHBI
SIBJISIFOTCS. Ba)KHOM KOMIIOHEHTOM JIBMXKEHHMM BOJbI, TIPOW3BOJAMMBIX LHUKJIOHAMH, IBUKYILIUMUCS
BJIOJTb O€pPEroBOM JIMHUU.

HccnenoBanue nuHAMHMKU TJICHOYHBIX 3arps3HEHUN B 10JI€ KPA€BBIX BOJH OBLUIO HA4aToO C
W3Yy4YEeHUS JIMHEWHBIX OCTYIIMX KPAaeBbIX BOJH HaJl OAHOPOAHBIM mienabdoM [17], ydera BgoabOepe-
TrOBOT'O CJIBUTOBOI'O TE€UYEHMs KpaeBbIX BOJIH [18], uccnenoBanust noseaeHus [IAB B nosie kpaeBbix
BOJIH C Y4€TOM HEOJAHOpoAHOCTH mojaBoAHOro [19]. OcTtaHoBUMCS MOApOOHEE HA IKCTPEMATIbHBIX
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pexuMax KpaeBbIX BOJH M 3(ddekrax (OKyCHpPOBKH, HEIMHEHHBIX PE30HAHCHBIX TPEXBOJIHOBBIX
B3aUMOJICHCTBHI U YCHJICHHS BOJIH OJIN3 KPUTHUECKON YacTOTHI OTCEUKH.

Mogaeab pacuyera
JluHamuKa MJIEHOK MOBEPXHOCTHO-aKTUBHBIX BEIIECTB OCHOBaHA Ha MOJEIH aJBEKIIUH, J10-
noTHeHHOU AU ()y3MOHHBIMU U pelakcalmoHHbIMK Y PeKkTaMu B paMKax ypaBHEHHUs OanaHca IMo-

BepxHocTHOH KoHueHTparuu 1~ (X,y,t) [20]:

or  ar) o(r) &’ o°I', Iy-T

—+ + =D(—+—)+ : 1)

ot OX oy oX~ oy T
rae u(x, y, t), v(x, y, t) — KOMIIOHEHTBI TBYXMEPHO# (TOBEPXHOCTHOM) 33aHHONW CKOPOCTH THIPO/IU-
Hamuueckoro notoka. Ilapamerp D ecTh k03(dHUIMEHT TOPU30OHTAIBHON (OBEPXHOCTHOM) muddy-
3WH, a T — XapaKTepHOE BpeMsl pellaKcaliy IJICHKH, OMTUCHIBAIOIIEE MPOIIeCcChl 0OMeHa ¢ Oosee Tiry0o-
KUMH CIIOSIMH BOJBI, /() — paBHOBECHas KOHIICHTpALUs IUICHKH Ha TOBEPXHOCTH pasfena (B OTCYT-
CTBHE TEYCHHS). DTa BEIMYMHA MOXET 3aBHCETh OT MHOTMX HAapaMeTpoOB, HANPHMEP, OT CKOPOCTH
BETpa HaJ| BOJIOH, TeMIIepaTypbl, COICHOCTH BoabI U ip. Koaddummentst D u T sBistoTes smnupuye-
ckrMu. OHU MOTYT MEHATBCS B TIPOCTPAHCTBE W BO BPEMEHH M TAK)KE OMPEACISIOTCS Pa3TMIHBIMU
(bU3MYeCKUMH TIPOLIECCAaMH B OKPECTHOCTH MOBEPXHOCTH pa3zera.

VYpaBuenue (1) ObUIO peIIEHO YHMCICHHO C TIOMOIIBI0 METOJa KOHEYHBIX pa3sHocTeil. HesB-

Hada CcXEMa pciiajiaCb METOAOM IIEPEMCHHBIX HaHpaBHeHPIfII

n+1/2 n+1/2

i D 1 D Ui’ D
Fn+1/2 L) . n+1/2 +(u _nfl/2+2 +F_n+1{2 1] _ —
o al iz T i) ARSIy
V“ 1 D D Vv
+ I (——=-2——(v )" )+ 1" ——A,
IJ 1( 2Ay IJ(At/Z Ay2 ( y)|,J) |,J-¢—1(A 2 2Ay
(2)
n+1 n+1
Vi
ety Dy pea Lo Bty s Gl D
2Ay Ay At/2 Ay® 1 20y Ay?
/ / 0
_n+1{2( n+1 ? ) n+1/2( _ l_(u _ﬂfl/Z) n+1/2(_ |n-;-1 ? +£) r
LY 2Ax At/2 Taxz M ft)
. or
A€ B KAYCCTBC I'PAHUYHBIX YCJIOBHUU Ha 6epery CTAaBUJIOCH YCJIOBHUEC HCIIPOTCKAHU a— = 0 , 4 MO-
n

PUCTYIO I'paHULlY o0ractu 6y;[eM CYUTATh JOCTATOYHO z(anelcoﬁ, TaK 4YTOOBI BOJHOBEIC BO3MYIICHHA
HC YCIICBAJIU JOXOOUTH B 3Ty 001acTh 3a BpEMs paCy€TOB, T.C. KOHOCHTPALUA TaM HE U3MCHAJIACh U
BCE€raa oCTtaBajlacChb paBHOﬁ Haqaanoﬁ, I paBHOBeCHOﬁ, KOHICHTpanuu Fo. Hepﬂonnqecxne Ipa-
HUYHBIC YCJIIOBUSA HaA OOKOBBIX T'paHULAX 3agaBaJIMCh:

Iy =2\ —Thaj Inj =200 - 12

CoryiacHO JIMHEHHOW TEOPUHU KpPAeBbIX BOJIH, MOJIE TOPU3OHTAIBHBIX MPUIOBEPXHOCTHBIX
cKopocrteii 3amaetcs B Buje [16, 21]:

ulxyt) = Re{g—(: F(y)epi(ot- kx)};

ig dF ®)
v(x, y,t) = Re) 9 & ey i(ot—kx)?,

o dy

riae Re — 3HaK BEIIeCTBEHHON YacTH MOJYYaeMbIX BBIPAXKEHHUH, ® — 9acToTa, K — BIonbp0eperosoe
BOJIHOBO€ YHCIJIO, F(y) — CTPYKTypa MOJbI KpaeBOﬁ BOJIHBI, KOTOpasa HAXOAUTCA KaK PCIICHUC JIU-

HEWHOM KpaeBOM 3a/1auy BUJA!
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+-—— 4| ——-k?*|F =0,

2 2
dy? hdydy |gh

3nech h(y) 3amaer popmy mpoduis penbeda qHa Ha HUIHHAPUYIecKoM Iienabde. Ha Gepery craBut-
Csl YCJIOBHE OTCYTCTBHS IMOTOKA MAacChl 4epe3 OeperoByro rpanuily. Ha OeCKOHEYHOCTH CTPYKTypa
MO CTPEMUTHCA K HYJICBOMY 3HAYCHHIO IJI 3aXBAYCHHBIX BOJIH.

®oKycHPOBKa KpaeBbIX BOJIH

Kak 1 B aHamOTHYHBIX 337]auaX BOSHUKHOBEHHS aHOMAJIbHO OOJIBIIUX BOJIH B TI0JI€ BETPOBBIX
BOJIH BJIaJIM OT 30HBI T€HEpanuy, Oy/leM paccMaTpHBATh 3aXBaUeHHBIE BOJIHBI TAK)Ke Ha OOJBIINX
paccTOsIHUAX OT o4ara, Mo3TOMY OJMKHUM 1osieM Oynem npeHedperats [22]. BoixHoBas yactb 00-

ILIEr0 PEIIeHHs] MOKET OBITh 3aMicaHa B BUje paaa Oypoe:
N=o0 +©

nx .0 =3 [AKepIk| YL, 2[k|y)exp(i(ot-kd)dk, (5)

n=0 —o0

rac
A (k) = %Texp(—l kly)L(2]k| y)dYTﬂo(X, y)exp (ikx)dx..
0 —0

Takum 06pa3oM, OCHOBOH ISl aHANIM3a TOJS KOHIEHTPALUU SBIISETCS JIMHEHHAs CyNepro3u-
1M cBOOOJHBIX KpaeBbix BOJH. CornacHo [22], 3amady J0Ka3aTelbCTBA MOSBICHHUS aHOMAJIbHO
00JIBIIION BONHBI U3 33/IaHHOTO MaKeTa MOKHO CBECTH K 0oJiee MpOCTOi 3a/aue, a MMEHHO SBOJIIO-
LMY 33JaHHOM aHOMaJbHO BBICOKOM BOJIHBI KaK HayaJbHOTO ycioBus. Toraa Bce moiyyaemsle pe-
HICHHsI TIOCIIe MHBEPTAIMU B MIPOCTPAHCTBE OyIyT MPEICTaBIsATh COOOM BOMHOBBIC MAKETHI, YBOIIO-
U1 KOTOPBIX OyZeT BCerJa MPUBOAMTH K (POPMHUPOBAHUIO aHOMAIILHO OOJIBIIOrO uMITyibca. [Ipu-
MEHHM J1ajiee 3Ty UAEH0 K noito BoiaH CTokca.

PaccmoTrpuMm cHavana mporecc pOpMHPOBAHUS aHOMAIBHO OOJIBIIMX UMITYJICOB M3 Hambo-
Jiee IHepreTuyeckoi nepBoit moasl BosiH Ctokca (N = 0), 1715 KoTopoi monuHoM Jlareppa ecTs KOH-
cranta (Lo(y) = 1). Toraa BpeMeHHast SBOIIOLMS BOJHOBOTO IMOJISl IEPBOM MOJIBI OMUCHIBACTCS WH-
terpanoM Oypee [23, 24]

n(x, y,1) = [ A() exp i(wt —kx)— k| y)dk (6)

C IMPOCTBIM JUCIIEPCUOHHBIM COOTHOILICHHUEM

® = +/ga | k| sign k (7)

*
u ycnosuem A(—k) = A (k), odecrieunBarouM 1eHCTBUTEIBHOCTH BOJHOBOTO MOJISL.
Kaxk yxe orMeuasoch, B Ka4eCTBE HadaJbHBIX YCIOBHH MOXXHO paccMaTpuBaTh BO3MOXKHYIO
(dhopmy aHOMaIBLHO BHICOKOM BOTHBL. OHA OMUCKHIBAETCS CIICAYIONUM HHTErpasioM Dypre:

Mo (X, ¥) =n(x, y,0) = [ Ak) exp(ikx)—| k | y)dk, (8)

rae A(K) — crekTpanbHasi IUIOTHOCTh aHOMAJILHO OOJIBIION BOJIHBL. AHAJIUTHYECKHE PE3YabTaTh
JIETKO MOTYT OBITH MOJIYYEHBI B 3aMKHYTOM BHUJIE JIJISl CTICKTPa
AK) = Dok, ©)
rae Ag u | onpenensoT aMIUTUTYly U JUIMHY aHOMAJIbHOW BOJIHBI HEMOCPEICTBEHHO BIOJbL Oepera.
dopmMa aHOMaATBHOM BOJIHBI, UMEIoIeH criekTp (9), nmpeacraBieH Ha puc. 1, a U3MEHEHHs KOHIICH-
TpaIyy MpeICTaBIeHBI Ha puUC. 2.
3aMeTHM, 4TO TO0JIe KOHIICHTPAIMH B HAa4YaJIbHbIE MOMEHTHI BpEMEHH UMeEeT 0oJiee CI0KHYIO
TE€OMETPHIO TUICHKH, YeM JJIS JIMHEWHO OETYIIMX KPAaeBBIX BOJH, OJIHAKO, C TCYCHHEM BPEMEHH Ha
MOBEPXHOCTH OTUYETIIMBO BBIICISIOTCS YEPEAYIOIINECS 30HBI CTYIICHHUS M Pa3peKeHHS TUICHKH, 30-
Ha CTYIICHUS UMEET €AMHCTBCHHBII MAaKCUMYyM, a 30HA MOHIKEHUS KOHIICHTPAIIUU XapaKTepU3yeT-
Csl IByMsl JIOKATbHBIMH MUHUMYyMaMu. OTueTiiBO 3aMeTHO BiusiHue nuddys3uun Ha 30-50 cexynmax
pacuera. HeoOX0IMMO OTMETUTH, YTO €CITM MaKCHMYM BO3BBIIICHUS BOAHOW MOBEPXHOCTH HAOIIO-
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naercs B MoMeHT (pokycupoBku 30 C (puc.l), TO MAKCUMyM TIOJISI KOHIIEHTpAITUHU Tocie (HOKyCH-

pPOBKH, B MOMEHT Bpemenu S0 C.

200

[N

150+

50~

= 100

200

150

Y, [m]

100+

Y, [m]

400
X, [m]

1.025

1.003

0.995

0.98

0.96

0.94

X, [m]
t=60 c
1 1 L
- I\
‘\\ a'/ i
e /
. \\\ // //
- \\3’/ (
[ ! A !iF [ :
200 300 400
X, [m]

Puc. 2. U3MeHeHNe KOHIEHTPALMH B pa3INYHbIe MOMEHTHI BpeMeHH

Pe3oHaHCHBIE HeJIHHEIHbIE B3aUMOAEeHCTBUS

0.92

Pe3oHaHCHBIE HEIMHEHHBIE B3aUMOJICUCTBHS KPAeBBIX BOJIH PACCMAaTPUBAIOTCS KaK OJIUH U3

OCHOBHBIX MEXaHH3MOB MEpepaclpe/eieHus] SHEPTUN BOJHOBBIX IBHKEHHHM B MPHOPEKHON 30HE.
HccnemoBanus B 3TOM HaIpaBJICHHH TPOBOJATCS yxke Oonee 30 mer. Tak, cymiecTBOBaHUE Pe30-
HAHCHBIX TpUaJ KpaeBbiX BOJIH CTOKCa HaJ OTKOCOM IOCTOSIHHOTO YKJIOHA OBLIO JOKa3aHO ellle B
pabote [25], 1 3aTeM MOATBEPKACHO B IMOCICIYIOMNX CTaThsIX [26-28]. TpeXBOIHOBBIC PE30HAHCHI
BO3HHMKAIOT JUIsl KPAaeBBIX BOJIH M HaJ TOABOAHBIM peiibeoM cioxkHou dopmbl [27,29]. bonee
CJIO’KHOM 3aJjaueli SIBJIIETCS y4€T BIMSHUSA HEIIMHEHMHBIX PE30HAHCHBIX TPEXBOJHOBBIX B3aUMOIE-
CTBUI KpaeBbIX BOJIH Ha JUHAMUKY NTPUMECEH U 3arps3HEHUI.

PaccmotpuM BKIIaJl pe30HAHCHBIX HEJIMHEHHBIX TPEXBOJIHOBBIX B3aWMMOJECHCTBHN TOIOIpa-

(bPI‘IeCKI/IX 3aXBA4YCHHbBIX BOJIH, OKa3BIBaIOH_[I/H>’I OCHOBHOC€ BJIMSIHUC Ha ICPEpacCHpCaACIICHUC BOJIHO-
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BOW JHEPruu B MPUOPEKHOW 30HE. B Takoll MOCTAaHOBKE CMELICHHE MOBEPXHOCTH YKUAKOCTH
n(x, y, t) npencraBumo B Buze [26]:

nm=22%wﬁwmnﬂ“””+KG (10)
rn

rae n(1) npencrasmnsier coboit psit @ypbe nuHEHHbIX Mo, a aMmuTyasl A(T), MenneHHo u3meHs-
I0TCS1 BO BpeMeHH, F — cTpykTypa mMobl, K — BOJIHOBOE YKCIIO, () — YacTOTA.

PaccMoTpuM OJHY pE30HAHCHYIO TpHaay BOJH C BOJHOBBIMH udHciaamMH Ki, Kz, Ks
(k3 = kg + k2), cooTBeTcTBYIOIIMX MOAaM Nj, Ny, N3. YpaBHeHus cBsizu K, u Ki, oOecnieunBaroriye
BBITIOJTHCHHE YCIIOBUS CHHXPOHHU3MA YaCTOT

O, (K3) = 0 (Ky) + @y, (k). (11)
ITpu 3TOM MEAIEHHO U3MEHSAIOLIMECS BO BPEMEHHU aMILIUTYbl Aj BOJIHBI MOJBI Nj CBA3aHBbI
CUCTEMOH YpaBHEHUN:

At =iu1A;A3,
Aot =i, Al A, (12)
Agr =AM,

rae «*» 0003HaYaeT KOMILIEKCHOE COMNPSDKEHHE; | — MHUMAas CAMHUIA; | — K03 HUIIMEHTHI B3au-
MojeiictBus. [Tone cCKkOpoCTH B JUIMHHBIX BOJIHAX BOCCTAHABIMBAJIOCH COTJIACHO CMEIICHHUIO 1.

PaccMoTpuM mporiecchl B3aMMOICHCTBHSI KPAeBBIX BOJIH HAJl BOTHYTBHIM 3KCIOHEHIIHMAIbLHBIM
menbGoM (puc. 3), 1751 KOTOPOro MPOoPMIIb TITYOUHBI

h(y) = Hol-e¥), (13)

rae Hy — mocTostHHas riryorHa Ha O0ECKOHEYHOCTH, a—1 — XapakTepHas mupuHa menbda.

>

y

Ho

Puc. 3. Monesab BOrHyTOr0 3KCIIOHEHIMAJIBHOTO 1IeIbha

Jliist aToro menbda XapakTepHO HATMYHEC MHHUMAJIBHBIX 3HAYCHUH YacTOT U BOJTHOBBIX YH-
cel ISl IMCIEPCUOHHBIX KPUBBIX BCEX MOJ, 3@ UCKIOUeHUEM Husleld. COOTHOLIEHUE MEXIY HO-
MepaMU MOJ] B TPHAJE OINpPEACNIIeT BO3MOXKHOCTh OJHOTO JIMOO JABYX MYTEH 3HEPreTUYECKOro 00-
MEHa MEXy BOJIHAMH, PACIPOCTPAHSIONIMMUCS B OJHY CTOPOHY. OTMETHUM TaKXe, YTO PE30HAHC-
HBIE YCJIOBUS BBITIOJHSAIOTCS TOJIBKO B OMPEJIEICHHBIX 00JACTIX CIEKTpa.

PaccmoTpuM npoCcTpaHCTBEHHO-BPEMEHHYIO JUHAMUKY JIJIsl OJJHOM U3 TpUaJl KPaeBbIX BOJIH.
Bossmem Tpuany «011» BOJHOBBIX KOMIIOHEHT C BOJHOBBIMH umciamu K; = 1,5a, k, = 1,6a,
ks = 3,1a. Jlns oToi Tpuamsl KOIPPHUIHUEHTH MOTYT OBITh PACCUMTAHBI M MPHUHUMAIOT 3HAYCHUS:

up =-0,0495u, up =-0,0229u, pus = -3,4936p, rne p=a,/ g/H0 . BontHOBOE T0JI€ ¥ KOHIIEHTpAITUS

MIPUMECH TSI CTAIIMOHAPHOTO pelieHus cuctembl (12) mpencraBiieHbl Ha puc. 4.

BI/II[HO, YTO BOJHOBOC IIOJIC IJId CTAIMOHAPHOTO Cliydasa HaJd BOTHYTBIM 3KCIIOHCHIMAJIbHBIM
meabGpoM 00J1a1aeT CUITBHOW BPEeMEHHON M3MEHYHBOCTBIO, M €ro (hopMa CyIIECTBEHHO 3aBUCHUT OT
paccrosinusa oT Oepera. OHAKO MOJE KOHIICHTPAIMM TUIEHKH MOBEPXHOCTHO-aKTHUBHBIX BEIIECTB
M3MEHSIETCS CYIIECTBEHHO B o0nacTu y Oepera.

Heo0Xx0auMO OTMETUTB, YTO I TPHUad C OOJiee BHICOKOMOJOBBIMH KOMIIOHEHTaMH, YpO-
BCHb KOHICHTpAaLUH 6YI[CT PE3KO YBCIMYHMBATHCA U MPUBOAUTH K S3KCTPCMAJIBHBIM OTKJIOHCHUSM.
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Jansbiii 3¢ deKT cBA3aH ¢ yBEJIMYEHHUEM HHEPreTUUECKOro0 YPOBHS AJIS BBICOKHX MOJ KpPaeBbIX
BOJIH.

t=5¢ t=25c¢ t=75c

2

o

T T

o 2 B s o

o 2 4 8 b o ES a ES
tx

Puc. 4. CmeuieHue BoiHOIi MoBepxHOCTH (2) 1 KoHUeHTpauusi IIAB
JJIS1 TPHAIBI HA/I BOTHYTHIM YKCIIOHEHIHAIbHBIM 1IeJIb(oM (0)

Yceuienue Kpa€eBbIX BOJIH

JlnHaMuKa KpaeBbIX BOJH HaJ IIENb()OM ¢ IIITHHIAPHUECKUM pelbe)OM JIHA, IapaMmeTphl
KOTOPOT'O MEJUIEHHO M3MEHSIOTCS BO BJOJIHOEPErOBOM HAlpaBlIEHUH, MOKET OBITh ONHUCaHa € MO-
Motipio padot [30, 31]. OrpaHuuuMcs TPEACTABICHUEM TUCIIEPCHOHHOTO COOTHOIICHHS, COO0-
CTBEHHOW (PYHKIIMM U 3aKOHA U3MEHEHUS aMIUTMTYBI JJIi BOTHYTOTO 3KCIOHEHIIMAIHHOTO IIETh-
da(13):

2 2
co2=9HT°a (2n+1) 1+4:—2—(2n2+2n+1) , (14)

r2p+1) Q nl F(2p+n+j+1)(_1)j

2

r@p+n+1) i ji(n-j)! I@p+j+I)

2
p=% 1/1+‘;L2—(2n+1) >0, (15)

exp(-ajy).

G, (k,y) =exp(-apy)

AZ - q(1+q)(l+2q)(3+22q) , IpH n= 1’ (16)
20°
gHqa

rae ['(z) — ramma dyHkIms,
® =4q° +129° +119+3-2c¢’q(29° +3q +1) + . T(2a+3req+1 _1( o’ _ZJ

+cq(c + 2)(49% +8q + 3) — 2q(2c +1)(29° + 5q + 3), r?q+2) ' 3| gHga’

BaxHoli XapakTepuCTUKON AMCTIEPCUOHHBIX KPUBBIX ISl KPAeBbIX BOJH HAJl SKCIIOHEHIIH-
aNbHBIM IIETb(POM SIBISETCS MUHUMAIIbHAS YacTOTa CYIIECTBOBAHMS OTAEIBHBIX MOJ, KOTOpas
OTIPEJIENAETCS BEIPAKEHUEM
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o™ = a[gHn(n+1)['?, (17)
a TaxKe JUIMHHOBOJIHOBAs aCUMITOTHKA 11 CKOPOCTH BOJIH, ONpeIesieMas CKOPOCThIO Ha MaKCH-
MajbHOU TiyouHe Ho.
N3menenne konuentpauuu [IAB npu pacnpoctpaneHnu nepBoil MoJipl Ha rpaHule 00JacTH
UX HENpOITyCKaHMs MOKa3aHo Ha puc. S(ocu aaHbl B MeTpax). CKOPOCTh H3MEHEHUsI Ha T'paHUIIE Be-
JIMKa, IO3TOMY aCUMITOTHYECKHE (OPMYJIIBI CTPOro HE PabOTAIOT, OAHAKO SCHO, YTO «OCTaBILIEECS
BOJIHOBOE T10JIE yXe He OyJIeT MpeICTaBIATh COO0H pacpOCTPaHSIONIYIOCS BOJIHY.

=3 c
L

015

.01

.005

995

0.99

0.985

0 .98

0.975

Puc. 5. Konuentpauusi IIAB B nojie nepBoii Moabl KpaeBbIX BOJIH JIJIs1 MO/IEIH
anBeknun-muddysun-penaxcammn (D = 10 m’/c, T = 3 Mun)
NPU U3MEeHEHNHU IIIyOUHBI medb(a HA 6eCKOHEYHOCTH

3aKja04YeHue

B Hacrosieii paboTe ncciaenoBaHbl SKCTPEeMallbHbIE BOJTHOBBIE PEXKUMBI KPAaeBBIX BOJH U HX
MMOBEPXHOCTHBIE TPOSIBIICHUS B IUICHKAX IOBEPXHOCTHO-aKTHUBHBIX BelIecTB. PaccmarpuBaroTcs
pa3NIUYHbIC MPOIIECCHI, MPUBOALINE K (POPMUPOBAHUIO AHOMAIBHBIX CMEIICHUH: (POKYCHPOBKA
KpaeBBIX BOJIH, YCUJICHUE BOJIH Ha HEOTHOPOTHOM IIeNb(e OJIM3 YaCTOThI OTCEUKH M TPEXBOITHOBOE
B3aUMO/ICIICTBUE, TPUBOISIINE K POXKICHUIO HOBOM TAPMOHHUKH.

HccnenoBanue mokazano, KpaeBble BOJHBI YMEPEHHBIX AMIUIMTYZ MPUBOAST K JOBOJBHO
c1a0bIM U3MEHEHUSIM KOHIIEHTPAIlMH IJICHKU B Tipeaenax 1%, oHaKo Mpu IKCTPEeMalbHBIX BOJTHO-
BBIX peKHMMax ObUIM MOJTy4YeHbl OTKJIOHEHUS nopsaka 15%.

[IpencraBieHHbIE pe3yabTaThl MOMCKOBOW HAayYHO-UCCIEAOBATENBLCKOM pabOTHl MOJYYEHbI B pam-
kax peasmzauun OLIT «Hayunsie 1 HaydHO-TIEIaroruyecKue Kaapbl MHHOBAIIMOHHON Poccumn» Ha
2009-2013 rogs» u rpanta PODU 10-05-00199.
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E.L. Averbukh

SURFACE MANIFESTATIONS OF EXTREME WAVE REGIMES IN THE FIELD
OF EDGE WAVES

Nizhny Novgorod state technical university n.a. R.Y. Alexeev

Purpose: Modeling of surfactant’s dynamics in the field of topographic trapped waves subject to extreme character
of the wave field.

Method: Research based on numerical simulation of the balance equation of the surface concentration. Film dynamics
considered in the advection - diffusion - relaxation model. Simulation based on implicit finite-difference method.
Results: Concentration distributions in the field of edge waves were obtained. Process of the wave amplitude changes
due to slow longshore variations in the underwater topography, interactions of edge wave triads, effects of dispersive
focusing and their surface manifestations were considered.

Application domain: Specific pictures in the field of surfactant film concentration can be used in the interpretation
of remote sensing data and diagnostics and identification of underlying anomalous wave processes.

Key words: topographic trapped waves, concentration, surfactant, focusing, nonlinear interactions, amplification.
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MHO®OPMATUKA U CUCTEMbI YINPABJIEHUA

YK 681.518.54
AM. Bopon, /I.B. Jlomakun

JUATHOCTHUPOBAHHUE CJIOKHBIX CUCTEM C YYETOM OIIUMBOK
KOHTPOJIbHO-U3MEPUTEJLHOM AIIIIAPATYPBI

Huxeropoackuii rocyjapcTBEHHBIN TeXHUUECKUH yHUBepcuTeT UM. P.E. Anekceesa

PazpaGoTaH anropuT™M YCIOBHOTO TIOMCKa JAE(EKTOB C YYETOM BO3MOXHBIX OINMOOK KOHTPOJBHO-
U3MEPUTENBHON anmnaparypahl.

Kniouegvie crnosa: rpad, nnarHocTupoBanue, 1e(eKT, TOUYKH KOHTPOJISI, OIINOKA KOHTPOJIBHO-M3MEPUTEIHHON
anmnapaTypsl.

ITocTanoBka 3agaun

ObecnieueHue KOHTPOJICIIPUTOTHOCTH CUCTEM SIBJISIETCS OJHOM U3 OCHOBHBIX 33/1a4 TEXHO-
JIOTUU NIPOEKTUPOBAHMS U MPOU3BOJACTBA CIOXKHBIX cUCTeM [l]. Ota 3ajmada pemaercs B NEPBYIO
ouepesb 3a cueT pa3padoTKu d(PPEKTUBHBIX METOIOB TUATHOCTUPOBAHMS CHUCTEM C MCIIOIh30BaHU-
€M COOTBETCTBYIOIIEH KOHTPOJIbHO-U3MepHuTenbHOH anmnapatypsl (KHA). B pabote [2] Obu1 npea-
JIO’KEH aJTOPUTM YCIIOBHOTO MOMCKa Ae(PEeKTOB, KOTJa BEIOOP OYePEeTHON TOUKU KOHTPOJISI 3aBUCHUT
OT pe3y/IbTaTOB TECTUPOBAHUS CUCTEMBI B MPEBIIYLIIMX TOYKax KoHTpousid. Ho mpu atom cuura-
JIOCh, YTO PE3YJIbTAaThl MPOBEPOK SBIAIOTCS TOCTOBEpHBIMU. K coxalieHuto, mpu U3MEpPEeHUU HH-
(opMaIMOHHBIX MapaMeTPOB CHCTEMBI BCEr/la MMEIOT MECTO OIIMOKHM, CHIDKAIoUIHE 3(PQPEeKTHB-
HOCTb JIOKaJIU3aluu 1e(peKTOB B cUCTEME U, Yallle BCEro, AeNalT ee HeBO3MOXkHOM. [loaTomy pas-
paboTKa METOJIOB M aJIrOPUTMOB, KOTOpPBIE CHIKAIOT BiIMsHUE omnbok KA Ha pe3ynbTaT 1uarto-
CTHUpPOBaHUS, ABISETCA aKTyaJbHOW. B naHHON pabGoTe mpensioXeH aJropuTM YCIOBHOIO MOMCKa
nedeKToB, MpeayCMOTPUBAIOIIUI OOHapyXeHHe U ucTpaBieHue ommbok KA.

Aaroputm o0Hapy:xenust omuooxk KHA

PesynpTaTom u3MepeHHs nmapaMerpa B HEKOTOPOM TOUYKE KOHTPOJIA SIBISIETCA PELIEHHE O
MPUHAAICKHOCTH €T0 3HaUYeHUs! 00J1aCTH AONMYCTUMBIX 3HaUYeHUH. PelieHne npuHUMaeTcs: paBHBIM
1, ecni 3HaYeHUE ITapaMeTpa BBIILIO 3a Mpeiesbl 00JIaCTH JONYCTUMBIX 3HAUCHHUH, U paBHbIM 0 — B
npoTuBHOM citydae. Ommbku KMA MoryT npuBecTH K JIOKHBIM petieHusM. Ecnu npu u3mMepeHun
napamMeTpa MPHUHATO JIOKHOE pEIlIeHUEe, TO HEHCIIPABHbIE OJIOKH, KOTOPBIE ITPOBEPSIIOTCS Ha OCHOBE
TaHHOM TOYKH KOHTPOJISA, OyIyT UCKIIOYEHBI U3 MOJIMHOMXKECTBA OJOKOB, MOJJ03pEBACMbIX HA HAJHU-
yue nedexta. Eciu naHHas npoBepka ompenesseT COCTOSHMS He BceX NePEeKTHBIX OJIOKOB, TOr/a
HAYHETCs MPOLIECC TOMCKa AedeKTa B OJI0KaX, COCTOSHUS KOTOPBIX JaHHAs POBEpKa HE OIpeesi-
€T, B IPOTUBHOM CJIy4ae pe3yJbTaThl BCEX MOCIEIYIOIMX MPOBEPOK OYAYT paBHBI HYJIIO.

@DaKkT UCKIIOYEHHs] HEUCIPABHOTO 0OJIOKAa M3 MOJMHOKECTBA OJIOKOB, MOJ03PEBAaEMBIX Ha
HaJinyue JieeKra, C HEKOTOPOH BEPOSITHOCTBIO MOXKHO KOHTPOJIMPOBATH MO M IOCIJIE0BATENBLHO
UAYIIMM OTPULIATEIbHBIM PE3yJbTaTaM MPOBEPKH (HYJISAM - AepeKT He oOHapyxeH). Beanunna m
noa0MupaeTcss SKCIEPUMEHTAIbHO. J[JIs1 CHATUS HEOIpPEIeIEHHOCTH B YCTAaHOBJICHMM YKa3aHHOI'O
(dakTa B KayecTBE OuepeaHOM (TeCTOBOM) MPOBEPKH BHIOMpPAETCS OJHA WM HECKOJBKO IMpPEabIAy-
IIMX TIPOBEPOK, AABIIUX MOJIOKUTEIBHBIHN pe3ynbTat (1 - nedexT oOHapykeH).

© Bopon A.M., Jlomakun /[.B., 2012.
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KomuecTBo TeCTOBBIX POBEPOK MOJOMPACTCS SKCIEPUMEHTATIBHO C YIETOM BEPOSITHOCTH OILIH-
6ok KMA 1 urcna noaxoasmumx mposepok. Ecim Bce pe3yabTaTsl MPOBEPOK CHOBA OKA3aJIMCh PABHBIMU
1, TO ouMOKa OTCYTCTBYET, B IPOTUBHOM CITydae MPOU30IILUIa OMMOKA B OJJHOM U3 MPEebLIyIUX MpOBe-
pok. OmmbKa MOKET OBbITh HalZieHa ¢ IOMOIIBIO TeX JK€ TECTOBBIX MPOBEPOK (OTHOM MM HECKOJIBKHX),
YCTaHABIIMBAs UX CHayaja repes] M MOClIeTHUMU ITPOBEPKAMH U BBITIOJIHSS UX KaK OUYepeIHYI0 IPOBEPKY
B TiporpamMe. Ecimi pe3ynbTaThl IPOBEPKH OKA3aJIHMCh PaBHBI 1, TO OIMOKa OTCYTCTBYET B MPEIBITYIINX
MPOBEPKaxX M TECTOBbIE MPOBEPKHU MepeMelIaloTcs BHU3. Eciu npu ouepeTHOM BBITIOTHEHHH TECTOBBIX
IIPOBEPOK PE3YNbTAaThl OKa3aIUCh paBHbIe 0, TO OmMOKa BO3HMKIIA IPU BBIIOIHEHNUH TPEIbIAYILIEH Mpo-
BEpKU. AHAJIOTHYHBIM 00pa30M TECTOBBIE MPOBEPKU MOTYT Tepemeniarbes BBepx. [locne obHapyxeHust
OIIMOKY OHA MCTIPABISIETCS] U TEM CaMbIM HEUCIIPABHBIN OJIOK BKITIOUAETCS B IOAIMHOMKECTBO OJIOKOB, IO~
JI03peBaeMbIX Ha Hau4ue AeeKTa, U Mpoleaypa oucka 1e(eKkToB MPoI0KACTCS.

Ha puc. 1 npexacraBiena G0Kk-cxema aJlrOpuTMa YCIOBHOTO TIOMCKA JE(EKTOB C HCIIpaBie-

HueM omnook KH1A.

'

BeBOp TOYKK
KOHTpONS

!

nposegeHue
AMarHOCTUYeCKoro
IKCNe puMeHTa

m pa3 noapRg
ARHeKT He
ofHapywen?

NOMCK oLwmbKu
KWA

onpepenexune
Snokoe,
noAoapesaemsix Ha
Hanuwure pederra

ownbra KNA
obsapymeua?

ucnpaenexue
owmnbku KA

ccranca 1 Gnox
NOACIPEBASMDI HB
wanusne gedgerta?

Gnox
HENCNPABEHT

KOppexyws
HEWUCNPaBHoro
cnegyowan urepayus Gnoxa

anropuTma

Puc. 1. Biaok-cxema ajJropurMa ycja0BHOT0 MOMCKA 1e(heKTOB
¢ ucnpanjenueM ommooxk KUA

BKCIIepI/IMeHTaJIBHaﬂ 4acTb

B kauectBe npumepa paccmotpuM onpezaenenue omuokun KA npu nuaraoctupoBanuu cu-
CTEMBI C OJHOKPATHBIM JieekToM. MoJenb CUCTeMBI COCTOUT U3 15 610k0B. B mpornecce skcrurya-
Taluu B cucteme npowusouten aedext B 6soke 10. KoauuecTBo oTpunaTenbHbIX pe3ynbTaToB Mpo-
BEPOK M, yKa3bIBaIOIIee Ha BO3MOXHOCTh Hanmn4ust omuoku K1A, pasHo 3.
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Ha urepanusix 1 1 2 mpoBepKU Aaiul MOJOKUTEIbHBIN PE3yNbTaT: MPOBEPKH B TOYKAX KOH-
Tpons a u b obHapyxuu nedexr. Ha urepanuu 3 npousomnuia omrbka KMA: HencnpaBHbIid 010K
10, KOTOPBI MPOBEPSIICS TOYKON KOHTPOJIS C, OBLIT UCKIIOYEH U3 TOJMHOKECTBA OJIOKOB, MO03pe-
BacMbIX Ha HaJM4ue omuOKu (Tadm. 1).

Tabnuua 1
IIpumep pa6oThI aJropuTMa YCIO0BHOIO MOUCKA Ned)eKTOB
¢ ucnpapjenuem ommooxk KUA
Ne BriOpannas MHokecTBO OJIOKOB, PesynbTat Te- MHO0ecTBO OJI0KOB,
UTEPALNH TOYKa COCTOSIHUE KOTOPBIX CTUPOBAHHUSA II0/103PEBAEMBIX
KOHTpPOJIA NpoBepsieT BEIOpaHHAs CUCTEMBI Ha HaJM4ue nedexra
TOYKA KOHTPOJIS 10CJIE TECTUPOBAHHUS
1 a {1,3,4,5,6,7,8,9, 1 {1,3,4.5,6,7,9, 10,
10, 11, 12, 13, 14, 15} 11,12, 13, 14, 15}
2 b {1,3,45,7,8,9, 1 {1,3,4.,5,7,9,10, 11,
10,11, 12,13, 15} 12,13, 15}
3 c {7, 10} 0 {1,3,4 5,911, 12,
13, 15}
4 d {5, 13} 0 {1,3,4,9,11,12, 15}
5 e {3, 11} 0 {1,4,9,12, 15}

B tpex nonpsaa uaymux urepauusax (3, 4, 5 utepanun) NpoBEpKH Jajdy OTPULATENIBHBIE pe-
3yabTaThl (IeekT He 0OHapykeH). DTOT (PaKT JAOMycKaeT BO3MOKHOCTh NosiBiaeHuUs ook KA
MPH TUArHOCTUPOBAHUU CUCTEMBL. C ILIEThI0 OTPOBEPIKEHUS WM MOATBEPKACHUS (PaKTa HATUIUSI
ommOku KMA BeimonHseTcs mpouenypa noucka omu6ok KMA ¢ moMomipo TECTOBBIX MPOBEPOK
(Tabm. 2).

Tabnuuya 2
IIpouenypa noucka omudooxk KUA
Ne Briopannas MHO0keCTBO OJIOKOB, PesynbTar MHO0eCTBO OJIOKOB,
uTepanun TOYKa MIPOBEPSAEMBIX BRIOPAHHOH TECTHPOBAHHS IT0TI03PEBAEMBIX
KOHTPOJIA TOYKOH KOHTPOJIA CHUCTEMBI Ha HaJM4ue nedexTa
MOCIIe TECTUPOBAHUS
6 a {1, 4,9, 12,15} 0 -
b {1, 4,9, 12,15} 0 -
7 a {1, 3,4,9,11,12, 15} 0 -
b {1, 3,4,9,11,12, 15} 0 -
8 a {1,3,4.5,9,11,12, 13, 0 -
15}
b {1,3,4.,5,9,11,12, 13, 0 -
15}
9 a {1,3,4.,5,7,9,10, 11, 1 {7, 10}
12,13, 15}
b {1,3,4.,5,7,9,10, 11, 1 {7, 10}
12,13, 15}

TecToBbIE MPOBEPKU HA UTEpAIH 6 TTOKA3aJIH, YTO MHOXKECTBO O1okoB {1, 4, 9, 12, 15} He
conepxkuT AedekTa, yTo moaTBepxaaet Gpaxt Hamuuus omuoku KUA. s onpeneneHust nrepamuu,
Ha KoTOpo# mpomsonuia omubka KUMA, TecToBble MPOBEPKH BBINOJHAIOT MOWCK Je()EKTOB B
MPEABIIYIINX MHOXKECTBaX OJIOKOB, MOA03peBaeMbIX Ha Hamumuue omuoku. Ommbka KMA Oyner
oOHapyKeHa TECTOBLIMH IPOBEPKAMHU B TIOJIMHOKECTBE OJIOKOB, MOJTYYCHHOM Ha MTEpalnu 2, Clie-
noBatenbHO, ommbka KA nponsonmia Ha uteparuu 3.

Koppekmust ocymecTBisieTcs mocpeCTBOM 3aMeHbl MHOXecTBa {1, 4,9, 12, 15} MHOXecTBOM
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{7, 10}, xoTOpOE OBLIO UCKITIOUEHO OMMOOYHON MpoBepKOH. [Tociie KoppeKIuu mpoieypa moucka
ne(eKTOB IPOAOHKACTCS.

Jnst paccMaTpuBaeMoi B MpUMeEpe CUCTEMbI ObLI MPOBEACH CPABHUTENBHBIN aHAIU3 alro-
PUTMOB C HCIIpaBiIeHHEM U Oe3 ucnpasienus ommndok KMA mo Bpemenu, 3aTpaunBaeMoro Ha JioKa-
Tu3anuio nedekra, u o BeposiTHOCTH TOro, 4yTo AeeKT He OyaeT oOHapyKeH MpU JUarHOCTHPOBa-
HUM CHCTEMBI. B KadecTBe MCXOIHBIX JAHHBIX METOJIOM CTaTUCTHYECKOrO MOJEIMPOBAHUS OBLIO
creHepupoBano 1000 cocTossHUN CUCTEMBI C OTHOKPATHBIM JedekToM B 1000 cOCTOSTHUN CHCTEMBI
¢ IByKpaTHBIM neexkroM. BepostHocTs nosiieHus ommbOku KA pasna 0.01.

CpaBHHUTEIbHBIN AHAIN3 AJTOPUTMOB YCJIOBHOIO MOUCKA Ne(PeKTOB
0e3 ucnpasJieHus U ¢ ucnpapjieHneM omnook KUA

AJITOpUTM YCJIOBHOTO TIOWICKA JIeeKToB ¢ mcnpapiicHueM ommOok KHA 3atpaunBaeTr Oosblie
BPEMEHH Ha JIOKAIM3aLHUI0 Je(PeKTOB B cUcTeME. JTO OOBSCHIETCS TeM, YTO allrOPUTMY Tpedyercs A0-
TIOJTHUTEITLHOE BpeMst Jijist ioncka onmbok KA, ecim ecTh moo3peHue Ha ux Hajamdwe (puc. 2).

3,3
31

B QaHokpaTHoii gedext

OeykpatHeid gedexT

Puc. 2. Cpegnee Bpems JoKaan3anuy JedexrTa (B MUKPOCEKYHIAX) IPH HCIIOJb30BaHNHU AJITOPATMA:
a — QITOPUTM YCJIOBHOT'O TIOMCKa ehekToB 0e3 ucnpasieHus ormmbok KUA;
6 — c ucnpapnerneM omnooxk KA

B ciygae quarHOCTHpOBaHUS CUCTEMBI C OJTHOKPATHBIM JAS(EKTOM aJITOPUTM O€3 UCTpaBie-
uust omrbok KMA mpormyckaet nedekT ¢ BeposTHOCTbIO TosBieHus omnbku KUA (puc. 3, a).

0,12
0,1
0,09
0,06 B QaHokpaTHelid gedewT
0.03 OsykpatHeiin gedewt
0,03
0 0
0
a 6

Puc. 3. BeposiTHOCTH TOr0, 4TO Ae()eKT He OyAeT 00HAPY:KEH MPHU UCIO0JIH30BAHUH aJITOPUTMA:
a — QAITOPUTM YCJIOBHOT'O TIOMCKa e(heKkToB 0e3 ucnpapieHus ommbok KUA;
6 — ¢ ucnpasneHrueM ommoox KA
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Taxum oOpa3zomM, ommbOka KMA rapaHTHpOBaHHO NMPUBOAUT K IMOJYYEHHIO HEBEPHOTO pe-
3yJIbTaTa MPH AUArHOCTHUPOBAHUM CHCTEMBI C OTHOKpATHBIM AedexToM. IIpu ucnonp3oBaHuu airo-
purMa Ge3 ucnpapieHus omuook KMA nmns quarHocTupoBaHMs CHCTEMBlI C KPATHBIM J1€(DEKTOM,
BEPOSATHOCTb IOJIyYE€HUsI HEBEPHOI'O pe3ysIbTaTa MEHbILE, YEM IIPU UCIIOJIB30BAHUU JAHHOIO aJro-
pUTMa Ui ITOMCKa OAHOKpaTHOro nedekra. B ciydae MHorokparHoro nedekra ommbka KMA npu-
BOJUT K IIOJTYYEHHUIO HEBEPHOI'O PE3yIbTaTa TOJABKO TOTJA, KOIr/a OMNOKA IPOU30IILIA IPU U3Mepe-
HUM [TapaMeTpa B TOUYKE KOHTPOJIS, ONPEAEIAIONIeH COCTOSHUS BCEX HEUCIIPABHBIX OJIOKOB.

AJNTrOpUTM YCJIOBHOTO BBIOOpA TOYEK KOHTPOJIS 1MO3BONIMI onpeneiauts ommoku KMA u no-
KaJI30BaTh BCE OJHOKPATHBIC U JIBYXKpATHbIC IeeKThl B cicTeMe (puc. 3, 6).

BriBoabI

Pazpaboran anroputm oOHapykeHus u ucnpasienus ommook KA B mpouecce iokanuzanumn
nedeKTOB, YTO MO3BOJSET 3HAYUTENIHBHO CHU3UTH BIHUSHHE OLIMOOK HAa MCXOJ TUArHOCTHUPOBAHUS
cucremsl. [Ipoueaypa oOHapyxeHus u ucnpanienus omrdok KUA Bxioyaer B ceOst:

1) Tekymuii aHaJW3 Pe3yJbTATOB JUATHOCTHPOBAHHS CHUCTEMbI, MO3BOJIIONINIA BBISIBUTH
(bakT Bo3MOkHOTO mosiBiieHHsT ook KA,

2) mnowuck ommnbku KMA ¢ moMompio TeCTOBBIX IPOBEPOK;

3) xoppekiwmio ormmoku KHA.

Peanuzanus anroputma nokanuzanuu jedekra ¢ ucnpasieHueM ommnbok KMA nama Bo3-
MO>KHOCTb COKpPaTUTh CpeJHEee BpeMs NoucKa JeeKkTa B CUCTEME, TEM CaMbIM MOBBICUTH P eK-
TUBHOCTb 00CITY>KUBaHMS CUCTEMBbI Ha BCEX 3Tanax >KU3HEHHOTO IIUKIIA.
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DIAGNOSIS OF COMPLEX SYSTEMS CONSIDERING
INSTRUMENTATION FAILURES

Nizhny Novgorod state technical university n.a. R.Y. Alexeev

Purpose: Techniques of diagnosis use instrumentation equipment to detect faults in systems. Actually there are faults in
instrumentation which decrease diagnosis efficiency. Here it is described how to detect instrument faults during testing.
Design/methodology/approach: An algorithm for diagnosis of complex systems that handles probable instrumentation
failures is developed. A method of failure confirmation by controlling test results is given.

Findings: The algorithm described can be applied to the fault diagnosis in systems can be represented by a directed
graph.

Research limitations/implications: The present study is an expansion of research in the fault diagnosis sector.
Originality/value: Moreover, the method has proven to be useful in increasing diagnosis efficiency.

Key words: graph, diagnosis, defect, checkpoints, instrumentation.
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M.B. MapTbIHIOK

OIIEHKA T'PAHUI] OBJIACTEN METAMEPHUU JJ151 HABOPA
CBETOYYBCTBUTEJBbHBIX IPUEMHUKOB

Huxeropoackuil rocyaapcTBEHHBIM TEXHUUECKUN yHUBepcuTeT uM. P.E. AnekceeBa

PaccmarpuBaeTcs perieHre mpoOIeMbl OLCHKH CHCTEMAaTHYECKOH MOTPEIIHOCTH KOJIOPHMETpa, 00yCIOBIECH-
HOM TMHEWHOW HE3aBUCHUMOCTBIO KPUBBIX CIIEKTPAIIbHON UyBCTBUTEIBHOCTH €TO CBETOUYBCTBUTEIbHBIX MPUEMHHUKOB U
KPHUBBIX CI0KECHHUS [IBETOB CTAHAAPTHOTO KOJIOPUMETPHUECKOTO HaOIro1aTes.

Kniouesvie cnosa: meramepusi, 00beKTUBHAsA (POTOMETPUS], OTPAHUUEHHOE MHOMKECTBO B METPUUYECKOM IPOCTPaH-
CTBE, IMHEHHOE IPOTPaMMHPOBAHHUE, TPEXIIBETHBIC CUCTEMBI, CIIEKTPAIBHAS 9yBCTBUTEILHOCTD YEIOBEYECKOTO IJ1a3a.

BBeaenune

C‘-II/ITaCTCH, YTO B IJIA3HOM CUCTEME 4eIoBeKa CYLICCTBYCT TpHU BUIA KOJI60‘-I€K, OTJINYaro-
IMUXCA KPUBBIMHA CHCKTpaHBHOfI YYBCTBUTCIIBHOCTHU, U IIBETOBOC OINYIICHHUE, BHI3BIBACMOC U3JTy4YC-
HHUEM CO CIEKTPaJbHBIM COCTaBOM S(A), MOXKET OBITh MPEACTABICHO B BHJIC TPEX CUTHAJIOB OT KOJI-
oouek L, M u S (L — long wavelength, A — middle wavelength, S — short wavelength). Ecau BBecTn

0003HaueHUE
830mum

(A(2).B(2)= [A(2)B(2)d2, (1)
360um
10 L=(S(2),1(1)), M = (S(ﬂ,),m(ﬂ,)), S =(S(4),s(4)), rae 1(A), (1) u S(1) — kpuBBIE CrIEKTPaH-
HOUW YYBCTBHUTEIBHOCTH KOJIOOYCK UEIOBEYECKOT'O Ii1a3a.

Ecmu Bextopswr 1(4), m(1) u (1) nHopmupoBanbl, T0 L, M u S gBnstoTCss OpTOrOHATBHBIMU
npoekiusimu Bekropa S(4) ma I(1), m(1) u S(A), HO3TOMY UX HMPHUHATO HA3bIBATH I[BETOBBIMH KOOP-
nuHatamu criektpa S(A) B 1iBeToBoM mpocTpancTBe LMS (TepMmuH 11BeTOBasi KOOpAMHATA HE SBIISCT-
Cs1 TIOJIHBIM aHAJIOTOM TEPMHHA KOOpJMHATA, Tak Kak BekTopsl I(1), M(1) u S(1) HeopTOroHa bHEI).
Bekropsr 1(4), m(4) u s(1) u ananoruyseic UM jaanee OyaeM Ha3bIBaTh OA3HMCHBIMU.

Ha ocHOBaHMM ycpenHEHHBIX Pe3y/IbTaTOB dKcriepuMeHToB ['wiia u Paiita Obiin morydeHbl
TaK Ha3bIBACMbIe KpUBBIC cliokeHus 1BeToB I(1), g(4), b(1) anst cranmapTHOrO KOJIOPUMETPHUYECKO-
ro HaOmomarens [1] (puc. 1, a). B xone sxkcnepuMeHTa HaOMIOAATENb T0HKEH OBLT YpaBHUBATh BCE
YHUCTBIC CIEKTPAJIbHBIC (MOHOXPOMATHYECKHE) I[BETA C IMOMOIIBI0 CYMMBI TPEX YpPaBHUBAIOIIMX
LIBETOB (CHHETO, KpacHOro u 3eiéHoro ¢ auuHaMu BosH 700, 546.1 u 435.8 HM, HHTEHCUBHOCTSMH
243.3, 4.663 u 3.384 Br, npu yriue 3penus 2°)

Cremyer 3aMeTUTh, YTO KPUBBIC CIOKCHHS IIBETOB HE SBISIFOTCS HEIIOCPEICTBEHHO KPUBBIMU
CTHEKTPAIbHOM YYBCTBUTEIHLHOCTH KOJOOUYEK YeIOBEUeCKOro ria3a. OHU MPeCTaBiIsIioT co00i UX
JTUHEWHY KoMmOuHanutoo. HaGmonatens, ypaBHUBask BO BpeMsl SKCIICPUMEHTa pPe3yJIbTaT BO3JCH-
CTBHS Ha €r0 3pPUTENBHYI0 CHCTEMY MOHOXPOMAaTHYECKOTO CBETa C JUIMHOW BOJHBI 4j, C pPe3yIlbTa-
TOM BO3JICHCTBHUS B3BEUICHHOW CyMMBI TPEX MOHOXPOMATHYECKHX IIBETOB (M3MEHSS Beca ypaBHU-
Baromux BetoB — I(4;), g(4j), n b(4;)), moabupan pemenne cucTeMsl TMHEHHBIX ypaBHEHHUI:

1(435.8)r(2,) +1(456.2)g(2,) +1(700.00(2,) =1(4,) rf(2,)] [1(4)
m(435.8)r(2, )+ m(456.1)g(4, )+ m(700.0)(4, ) = m(2, ), mwm [RGB — LMS]x|g(4,)|=| m(1,)].
5(435.8)r(1, ) +s(456.2)g(2,) +5(700.0)(%,) =s(4,), b(2,)| |s(2,)

13 nog006HOT0 3KCIIEpUMEHTa HEBO3MOXKHO MOJYYHUTh MaTpHily mepexonaa ot (1), g(4), b(4)

k 1(4), m(4), s(1):

© MaptsiHiok M.B., 2012.
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1(435.8) 1(456.1) 1(700.0)
[RGB — LMS]=| m(435.8) m(456.1) m(700.0)|,
s(435.8) s(456.1) s(700.0)

U CaMU KpUBBIE CIIEKTPAJIbHON YyBCTBUTEIBHOCTH YEJIOBEUECKOro riasa, Ho R, G u B — nBeroBbie
KoopauHaTel  crmektpa S(A) B mBeroBoM  mpoctpancTBe RGB,  BhIuMCIeHHBIE — Kak
R =(S(}t),r(/1)), G =(S(/1),g(/1)), B =(S(/1),b(l)), OyAyT SIBISTbCS JUHEHMHONW KOMOWHAIMen
[[BETOBBIX KOOpAUHAT criekTpa S(A) B BeToBOM Ipoctpanctse LMS.

W3 sroro crnenyer B3auMHasi 0JJHO3HAYHOCTh (OMEKTHBHOCTh) OTOOPa)KEHHUS LIBETOBBIX KO-
opaunat RGB u LMS npyr B npyra, T.e. He cywiecmeyem cnekmpos, umeouux 00OUuHaKosvle yee-
moevie Koopounamol 6 yeemoeom npocmpancmee RGB u paznuunvie yeemoesvie koopounamor 6
ueemosom npocmpancmee LMS.

JInist omucaHus IBETOBOTO OUIYIIEHHS YeJIOBEKAa MOXKET MOJIOMTH JTr00asi IBETOBAas cUcTEMa,
MIOCTPOCHHAsl Ha 0a30BBIX BEKTOpaxX (KPUBBIX CIOXKEHUS), SIBIAIOIIUXCS JMHEHHON KoMOMHauen
kpuBbIX (1), g(4) u b(4).

B 1931 r. Mexxaynapoanas komuccust no oceuieHuto (MKO) npensoxuia B kauecTBe oJ1-
HOTO M3 BO3MOXHBIX BaAPHAaHTOB KpuBbIe cioxenus X(4), y(4), z(2) [1] (puc. 1. 6), u3BecTHBIC Kak
KPHUBBIE CII0)KEHUS I[BETOB CTaHIApPTHOro KojopuMmerpuueckoro Habmoaatenss MKO 1931 r. Ilepe-
xox ot kpuBsIX (), g(4), b(1) x x(1), y(4), (1) ocymiecTBasiCTCS YMHOKEHUEM HA W3BECTHYIO MaT-
puity pazmepom [3X3].

B kojopuMeTpun npuHSATO, YTO IPU MPONOPIIHOHAIIEHOM W3MEHEHHUH IIBETOBBIX KOOPIUHAT
U3JIY4YEHUs APKOCTh U3MEHSETCs BO CTOJIBKO K€ pa3, HO €ro IIBETOBOW TOH M HACBIIIEHHOCTD 1IBETA
OCTaloTCsl HeM3MEeHHBIMU. [lociieTHIe [Ba MapamMeTpa B KOJIOPUMETPHH HA3bIBAIOTCS IBETHOCTHIO U
OIpEeJIeNIAI0T HAMPaBJICHUE IIBETOBOI'O BEKTOPA B I[BETOBOM MIPOCTpaHCTBE [2].

Kpusbie cnoxenust (1), g(4), b(1) u x(2), y(1), z(1) usmenstorcs moctaTtouHo IiaBHo. M3
pHcC. 2 BUIHO, UTO IIATr MEKAY OTCUETAMU IIPU MX ONMHUCAHUM PABHBIA 5 HM SBJISETCS JOCTATOUHBIM
U Jake W30BITOYHBIM, TIOATOMY IEPEXO0]] OT HENMPEPHIBHBIX KPHUBBIX CIOXKECHHS K IUCKPETHBIM HE
NpUBEJET K CYLIECTBEHHOMY M3MEHEHMIO pe3ynbTaToB. Jlamee Mbl OyJeM paccMaTpUBaTh TOJIBKO
JWCKPETHBIE KPUBBIC CIIOKEHNUS, 3aJaHHbIE [UIS JUTHH BOJH Aj, rie j = 1+N.,

Ecnu paccmatpuBats Tpu 3HaueHus X(4;), Y(4;), z(4j) mis onpenenéHHON JUIMHBI BOJIHBI Aj,
KaK TpH KOOPAMHATHI B TPEXMEPHOM TIPOCTPAHCTBE, MOXKHO MPEICTABUTh KPUBBIC CIIOKEHUSI B BHJIE
onHOI TpéxmepHo# kpuBoi (puc. 3). O603HauNM Hosy4uBIIyIOCS KpuBylo Kak Cyy,(1) u BBenéM
crienuagbHOe 0003HAUCHHUE JUTs BEKTOpa, MMeromero koopauHatsl [X(4;) Y(4) 2(4;)] — Cxy(4))-

PeayneTaTel skcnepumenTa [Tunja u PaidTa KpWBkle CNoMeHKA LUEETOR
{MacwTal KpUBOR CNOHEHWA L) MIMEHEH) . CTAHAARTHOMO KOMOpUMETPpWYeCKoro HabmodaTtena MKO 1931 T
035 T T ; 1.8 T T T T
: : : —— : : : :
03f------F-- Ppemenaoaee R ARCRELEE T A H {] SEEEEER SR L T R bt S bbb H
| | | LN |99 | | | |
025 - e SRRREEEE Fomsmomnoeodeoeoaee - -dem o —&— p(J) 14p---- H
02 """""" F====t1-==="" Fo===F====" T 1 2
(] ] Sy SE— R e L) R LR T R . T et e T .
L I . Il S EEEEEEE R B 08
] — — | 06p P A SO (SRR A SR N SH S .
0 |-t e 2 annts [0 ] N .......... ---------- -
005 F---------- ------ ¥ ? 02F&-# s --------------- =
; . | | I ) B o R W e
400 450 500 550 600 650 700 800 450 500 550 500 650 700
A - OruHa 8ONHEL HM JnuHa seondel, HM
a) 0)

Puc. 1. KpusBbie c10:keHUs1 IIBETOB:

a—r(4), 9(4), b(2); 6 — x(2), y(4), z(2)
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AuckpeTHoe NpeobpazoBaHte PYpee KPWBELIX CNOXEHWA LESTOR
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Puc. 3. Kpussle cio:xenusi uBetoB X(4), y(4), z(4)

AvckpeTHoe NpeobpazoBaHke $Ypbe KPMEX CNOMEHWA LUESTOR

A, gl bl 25CT8H,D,8DTHOI’O KONCPUMETRYeCKorD Habnogatena MKO 1931 .
_____________________ [ lmeod 5 —+— ||
| | | —— |m(g()] ——Im| |
[ A o —o— | mb)| |

A LN L A e

Homep Jacmom-oeo kanana, oun

a)

Homep JacmomHozo kakdana, Bux

0)

Puc. 2. IluckpeTHblie CieKTPbI KPUBBIX CJI0KEHHS IIBETOB:
a—r(4), 9(4), b(4); 6 — x(4), y(4), z(4)

: -ny'z'é('/’i)"

CeveHle semosozo
- KoHyca ;

-0.2

[IBeToBble KOOpaUHATHI X, Y, u Z
'HOXpOMaTH4eCcKoro crekrpa S(4), co-
pXKaliero €IMHCTBEHHYIO COCTaBIISIO-
I0 ¢ JUIMHOW BOJHBI /j, paBHbl (1)
YxE),  SGy)yE),  S(y)-z(4) wm
}j)-Cxyz(4j). CnemoBaTenvHO, Harmpas-
HHUE BEKTOpPa, MPOXOJAIIETo Yepe3 He-
TOPYI0 TOYKY TPEXMEPHOU KpPUBOU
,2(4j), ompezenseT UBETHOCTh BCEX MO-
XpOMaTHUECKHUX CIEKTPOB C ITMHON
nHEI Zj. W3mydenue, uMeromee Cloxk-
(i CIEKTpPaJbHbIA COCTaB, MOXKHO
€JCTaBUTh B BHJIC CYMMBI MOHOXPO-
TUYECKHUX CIEKTPOB, a €ro IBETOBbIE
OpJIMHATHI B BUJIE B3BEIICHHON CyMMBI
OTBETCTBYIOLLUX BEKTOPOB:

X ¥ Z]=38(4)-Cld).

Ha puc. 4 npuBenén npumep Bbl-
CJICHUS] 1IBETOBBIX KOOPIWHAT I -
OMAaTHUYECKOr0 CIEKTPA.

B kosiopuMeTpuM NpPUHATO OLIECHU-
Ib IIBETHOCTH JIFOOOTO BEKTOpa B IIBE-

+vBOM IIPOCTPAHCTBE IIO0O KOOPpAHWHATAM

€Tr0o NepeCCUCHUA C IIOCKOCThIO, 3alaH-

HOl ypaBHeHueM X +Yy +2z=1. Tpoiike

BeTOBbIX KoopauHat X, Y, W Z CTaBIT B COOTBETCTBHE TpPU KOOPAWHATHI IIBETHOCTH:
X=X/ (X+Y+2),y =Y/ (X+Y+Z), z=Z [ (X+Y+Z), a ipu ONMUCAHUM [IBETHOCTU MPUBOIST TOJIBKO X
ny,Tak kKakZ=1—-x-y.

Tak xak S(/i) HE MOXET MPHUHUMATH OTPHLATEIbHBIC 3HAUCHHMS, 00JIACTh BCEX BO3MOKHBIX
1BETOBBIX KoopaAuHAT X, Y, U Z peaqbHO CYHIECTBYIOIIUX CIIEKTPOB (C MPOU3BOJIBHBIM, HO MOJIOXKH-

30
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TEJIBHBIM pacHpeieJICHUEeM HEPTUH) OrpaHHuYeHa [IBETOBBIM KOHYCOM — BBIYKJION 000J04YKO0# KO-
Hyca C BEPUIMHON B Hayane KOOpIWHAT, OOKOBOM MOBEPXHOCTH KOTOPOTO MPHUHAIICKUT KpUBas
Cyyz(4) [2]. Ceuyenne 1BeTOBOro KOHyca INIOCKOCTBIO X +Y +z = 1 (puc. 3) o0pa3zyeT KpUBYIO CIICK-
TpPaJIbHBIX LIBETOB (JIOKYC) U JIMHUIO, 3aMbIKAIOIYI0 KPACHBIM M CUHUI KOHLBI JIoKyca. Ecin okyc
OTPaHUYUBAET BBIMYKIYIO 00J1aCTh, TO OH SIBJISIETCS] TPAHUIIEH MHOXECTBA BCEX BO3MOXKHBIX 3Haye-
HUH BETOBBIX KOOPIUHAT X, Y U Z.

a
25 ! T T ! T
_*_X
: : [ e
2 oo oo H—e—z -
T 5 - aHanuaupyembll cnekmp

Hruna eonyel, Hiv

o

Puc. 4. BoruucieHnue HBeTOBbIX KOOPAHHAT TUXPOMATHYECKOT0 CIIEKTPa

[Ipu m3MepeHun 1BeTa Kak (HU3NUYECKON XapaKTEPUCTUKH HCIOIb3YIOTCS ClENHaIbHbIe N3Me-
puTenbHble TPHOOPHI — KojopuMeTpbl. Kakaplii n3 3Tux mpubopoB COAEPKUT HAOOp CBETOUYBCTBU-
TEJIbHBIX 3JIEMEHTOB C Pa3IMYHBIMU KPUBBIMH CIIEKTPaIbHONW YyBCTBUTEIbHOCTH. OO03HAYNM KpUBBIE
CIIEKTPAILHON YyBCTBUTEIILHOCTH KOJOpHMETpa depe3 (i(4), a COOTBETCTBYIOLIME UM BO3OYKICHHUS OT
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m3iydenust S(A) (BeroBbie KoopauHaThl) uepe3 Q; = (S(1), qi(4)), rae | — HOMep CBETOUYBCTBUTEIILHO-
ro asemMenTa (i = 1 +n) a N — pa3MepHOCTh LIBETOBOT'O MPOCTPAHCTBA KOJIOPUMETPA.

JIro6bie aBa uzaydenus Si(4) u Sp(A), paznuyaromuecs Mo CrHeKTpaIbHOMY COCTaBy, HO BBI-
3BIBAIOIINE OJJMHAKOBBIE BO30YKICHHS KaXKI0TO M3 CBETOUYBCTBUTEILHBIX IPHEMHUKOB

(S1(4), 6i(4)) = (S2(4), i(A)); Vi=1+n
OyIyT HEOTIMYUMBI JUIs KoJopuMeTpa. Ecii B KadecTBe KOJIOpUMETpa BBICTYIAET YEIIOBEUECKHUN
rina3 (N = 3) o momoOHbIX u3mydeHusx Si(4) u Sy(1) roBOpST, YTO OHU UMEIOT OJJMHAKOBBIH I[BET, a
caM¥ M3ITy4eHHUs IPUHATO Ha3bIBaTh MeTaMepHbIMH [2]. Jlanee Mbl OyzeM Ha3bIBaTh METaMEPHBIMU
U3Jy4YeHUs, UMEIOIME OJMHAKOBBIA LBET B I[BETOBOM MPOCTPAHCTBE KOJIOPUMETPA, & MHOXKECTBO
TOYEK I[BETOBOI0 MpocTpaHcTBa XYZ ¢ KOOpJIAWHATAMU LBETHOCTH X, Y, Z, ABJISIOIINXCS MPOEKIHEH
METaMEepHBIX U3Ty4eHHUH, 001aCThI0 METAMEPHH.

B [2] paccMOTpeHBI BOIPOCH IIBETOPA3INYCHHUS PA3IMYHBIX CTYIIEHYATHIX OKPACOK TPH H3-
MEHEHHMHU CIIEKTpa OCBEIICHHUS, T.€. CKOJIb BEJIMKH MOTYT ObITh OUIMOKM NpH y3HaBaHUM IIBETA
npeaMeTa Tpy TMOMOIIHM JaHHOTO Habopa CBETOYYBCTBUTEIHHBIX NMPUEMHHUKOB JJIsi JTaHHOW Taphl
MCTOYHUKOB — BOIIPOCHI, CBSI3aHHBIE C (DU3MOJIOTHEH BOCTIPUSATHS LIBETA.

B npexacraBneHHoi cTaThe paccMaTpuBaeTCsl TEXHUYECKash CTOPOHA MPOOIeMbl U3MEPEHUS
[[BETa IPUMEHHUTEIBHO K 00jiee 00IIeMy CIIydal0 — CKOJIb BEJTMKH MOTYT OBbITh OIIMOKH IpU U3Me-
pPEHUM I[BETa MPOU3BOJBHOTO U3IYYEHMs Ui JABYX Pa3IMYHBIX HAOOPOB CBETOUYBCTBUTEIHHBIX
npuéMHHUKOB. B kKayecTBe 0JHOrO M3 ABYX HaOOPOB MPUEMHUKOB MOKET ObITH BBIOpAaH deloBeye-
CKUH TJIa3 U COOTBETCTBYIOIIMN €My OJMH M3 BO3MOKHBIX BapHaHTOB I[BETOBOTO NPOCTPAHCTBA
XYZ. B 3TOM cityyae paccMaTpHUBaeMblil BOIPOC CBOAMTCA K 3a/1aUe OLIEHKHM MaKCHUMaJIbHOW CHUCTe-
MaTHUYECKON MOTPEIIHOCTH KOJIOPUMETPa, 00YCIOBIEHHON SBIIEHUEM METAMEPHH.

ITocTanoBka 3a1aun

Habop orcuéros criexrpa S(4;) (j = 1+N) MoxkHO paccMaTpuBaTh KaK KOOPAWHATHI BEKTOPA B
N-MepHOM JTMHEITHOM MPOCTPAHCTBE.

3amaHHBIM [BETOBBIM KoopauHaTaMm [Qi ... Qn] B IIBETOBOM NIpOCTpaHCTBE KOJOPUMETPA
COOTBETCTBYET MHOKECTBO BeKTOpoB N-MepHOro mpoctpancTsa — SV, AlomuX 3a aHHYIO OPTOTo-
HAJBHYIO MPOEKIMI0 Ha N 0a3ucHbIX BekTopoB (i(4) (i=1-+n) (2). Bce N-mepHble BEKTOPHI H3
MHOKecTBa SV JIeKaT B MOAMPOCTPAHCTBE C pa3MePHOCTBI0 N—N, TIOTy4CHHOM MepecedeHIeM N TH-
HEePIUIOCKOCTEH, Kaxkaas u3 KoTopbix uMeeT N—1 cTerneHb cBOOOBI (0/IHA THIIEPINIOCKOCTh — OJTHA
CTpOKa B CUCTEME JIMHEHHBIX ypaBHEHU (2)).

() u(8) () )+ S ) 4lA) =00 g(; a0,
()0 )+ S(2) 0 S0 i) = (0 @

$(%)-0,(1)+ 8(2)-0, (A 4+ 82 ), (2 ) =@, 7 I

Od4eBHIHO, YTO MepeceyeHHe KakKAOH M3 THIEPIIOCKOCTEH M MOIympocTpaHcTB S(4;) >0,
Vj = 1+N B (2) orpaHu4eHHoO, T.c. UMeET KOHEYHbIH 00bEM B N-MepHOM nipocTpaHcTBe. Hampumep,
KOHEYHO MHOYKECTBO HaOOPOB LIEJIbIX HEOTPUIATEIBHBIX YHCEN, JAIOUIMX B CyMME 3aJJaHHOE YHCIIO.
[lepeceuenne N OrpaHUYCHHBIX THIEPIUIOCKOCTEH Takke OyneT OrpaHHYeHO, COOTBETCTBEHHO
MHOKeCTBO SV B METPHUYECKOM MPOCTPAHCTBE pasMepHOCThI0 N GYIET OrpaHHYCHHBIM.

[Ipoeknuu HEOTPAaHHUYEHHOTO MHOYKECTBA BCEX BO3MOXHBIX CIIEKTPOB C HEOTPUIATEILHBIM
pacrpeieIeHHeM SHEPrUuM Ha TUIOCKOCTh X +Y +Z =1 B nBeToBoM mpoctpaHcTBe XYZ 3aHUMAIOT
BCIO BHYTPCHHIOIO 00JACTh JIOKyca. OrpaHHYCHHOCTh MHOJKECTBA S MO3BOJSET MPEAIIOIOKHTS,
4TO 00JIaCTh BHYTPH JIOKYCa, Ha KOTOPYIO OyAyT NMpOEHUpPOBATHCS BCE S(/I)ESM, Ha30BEM e€ 00-
JIaCTh METaMepHH, He Oy/IeT 3aHUMAaTh BECh JIOKYC.

CraBuTcs 3a/1aua HAWTH TPAHUIIBI 00JIACTH METAMEpPUH Ha IJIOCKOCTH X +Y + Z = 1 B 1BeTo-
BOM TipocTpaHcTBe XYZ I U3BECTHBIX IBETOBBIX KoopAauHAT [Q; ... Qp], 3a1aHHBIX B I[BETOBOM
MPOCTPAHCTBE HEKOTOPOTO KOJIOPUMETPA, UMEIOIIETO U3BECTHBIC KPUBBIE CIEKTPATbHONW YyBCTBH-
tenpHOCTH (i(A) (i =1+ n).
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Pemenne ﬂaHHOﬁ 3ala4i IIO3BOJIUT OIPCACIIATDH MOTPCIIHOCTU OLCHKHU KOOPAUHAT IBCTHO-
CTH X, Y KOJIOPUMETPOB TOJILKO HA OCHOBAHMH KPUBBIX HX CHGKTpaHBHOﬁ YYBCTBUTCJIBHOCTH.

Onpenesnenue rpanui 001aCTH MeTAMEPUH

Crektp, comepamuii N MOHOXPOMAaTUYECKUX CHEKTPAIbHBIX COCTaBJISIOUINX C JITTHHAMH
BOJIH Aat, Aa2, ... Aan, OYJIEM HaA3bIBATh N-XpPOMATUYCCKHM CIICKTPOM [@j, Az, ... &y]. [TokakeM, 4TO
o0JacTh METaMEpHH B 1IBETOBOM mpocTpaHcTBe XYZ orpaHuyeHa X, Y, Z KOOpAMHATAMHU BCEX BO3-
MOJKHBIX N-XpPOMAaTHYECKUX CIIEKTPOB, UMEIONIUX IBETOBBIE KoopauHATHl [Q1 ... Qn] B 1[BETOBOM
MIPOCTPAHCTBE KOJIOPUMETPA.

Bamumrem (2) mis ciydas N-xpomatudeckoro crekrtpa. Janee yciaosue S(4)) >0, gi(4;) > 0,
Vi =1+n, V] = 1+N Oyaem mosarats 00s3aTeIbHBIM, TO3TOMY €0 YIIOMHUHAHUE OyJIEM OIMYCKaTh:

S(%a, ) (o, )+ 814, ) auld, )+ 4 S (2, )02, )=,
S(/ia:)-qz( al) ( az)'q2( a2)+"'+S(/1an)‘q2(/1an):Q2’

3)
S(4, ) 0, (2, )+ 54, )- 0, (2 )+ -+ 5[4, )0, (4, )=Q,,
rae ai, ay, ... ay — HOMepa N HeHyJIeBBIX KoopAuHAT BekTopa S(4;) (Jj = 1+N).
Cucrema nuHeHHbIX ypaBHeHUH (3) nmeer eauHCTBeHHOE peteHue [S(4a ) S(4a ) ... S(1a )]

Ecmu S(Aa) >0 Vi = 1+n, T0o N-XpOMaTHYECKUI CIEKTP [a1, @z, ... 8n] C BETOBBIMUA KOOPAMHATAMH

[Q1 ... Qn] cymiecTByeT.
IIycTh cymiecTByeT N-XpoMaTHyecKuil BEKTOp S(A) ¢ HEHyIeBBIMH @1, @y, ... dn KOOpAMHA-

TaMH, UMCIOLIMH B IIBETOBOM IMPOCTPAHCTBE KOJOPHUMETpa IIBETOBbIe KoopauHathl [Q; ... Qp].
I[peoGpasyem 310 criektp B (N+1)-xpomaTudeckuii, 100aBUB K HEMY elIé OJIHY HEHYJICBYIO COCTaB-
JISIFOIIYIO, ToT/1a Beipaxkenue (3) nmpeodpasyercsi B (4 ):

S(4, ) &4, )+ S(4, ) 6ul2,, )+ -+ 8 (2, )-aula,, )+ S(4, ) a2, )=,
S ) 2 )+ S, ) 0ul, )+ v S(a ) au( )+ Sl )=

S, ) a2, )+ S8, ) ol )+ v sl ) a2 )+ S(an.) 0,00 )= 0.

Cucrema nuHeHHbIX ypaBHeHHH ( 4 ) COAEPKHUT OTHY CBOOOJHYIO MEPEMEHHYIO, TIOATOMY

4)

MHOXECTBO €€ pelIeHuil OyAeT Jie)KaTh Ha MPSAMOU S, MPOXOJAIIEH Yyepe3 TOUKY C KOOpAHHATAMH
=[0...S(4a)...0...S(4a,)...0...S(4a,)...0...], u OyneT orpaHnueHHBIM, Tak Kak S(4;) >0, Vj = 1+N.
Kaxxmast ctpoka B ( 4 ) 9T0 ypaBHEHHE i-il MJIOCKOCTH, BEKTOP HOPMAIH K KOTOPOH MMEEeT

HEOTPHUIIATEIIbHBIE KOOPAMHATHI n; =[0...qi(4a)...0... di(a)...0... di(Za)...0... di(fa.)...0...].

JIr000#1 BEKTOp MmapauiesibHbIN I-TO# MIIOCKOCTH OyAeT OPTOrOHANICH TAK)Ke BEKTOPY HOpMaiH Ni .
[Mpsimast, conepikaras MHOXKeCTBO perieHuid ( 4 ), sBJIsETCS MepeceyeHreM N TaKuX IUIOCKOCTEH.

CoOTBETCTBEHHO HEHYIICBOH BEKTOp, MapaluleNIbHBIN JaHHOW MpsMoil (0003HAUYUM ero \7), Oyner
OPTOTrOHAJICH KaXKJIOMY U3 BEKTOPOB ﬁi, Vi=1+n, T.€. (\7,ﬁi)=0, Vi=1+n, a 5T0 HEBO3MOKHO,
€CJIM BCE €ro KOOPIAUHATHI NOJIOKUTENIbHbIE. COOTBETCTBEHHO U BEKTOP V u BEKTOP (— 1)-\7 OoynyT
MUMETh OTPULIATEIbHBIE KOOPAUHATHI.

JIBI>KeHHE U3 JII00OH TOUKU MPSIMOM S, SIBIISIOLIEHCS petienuem ( 4 ), B HaNpaBICHUU BEK-
TOpa V wm BEKTOpa ay NpUBEAET K YMEHBUICHUIO, IO KpallHEH Mepe, OJHOM W3 KOOpIHHAT.

[Mponomxkast aBr>KeHUE BIOJIL BeKTopoB V 1 —V , MBI monaféM Ha TpaHUIIBI OTPE3Ka, CoaepIKaIe-
ro Bc€ MHOXecTBO pemreHuit ( 4 ), B TOUKy, sl KOTOPhIA OJHA W3 MEPEMEHHBIX

[S(Za) S(1a,) ... S(Aa,) S(Aa..)] oOpaTHTCs B HONB, M NPHU AaJbHEHIIEM MEpPEMEIICHUH BIOIb V |

-V craHeT oTpHIATEIBHOM.
PaBeHCTBO HYJIO OHOW M3 MepeMeHHBIX [S(Aa) S(1a,) ... S(Aa,) S(Aa..)] o3Hauaer, 4ro rpa-
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HUYHBIMH TOYKAMHU OTpPE3Ka, COMCPIKAIIEro MHOXKECTBO peineHuid ( 4 ), SBISIOTCS KOOPIMHATHI
JIBYX N-XpOMATHYECKUX CIIEKTPOB.

[Ipu opTOroHaabHOM MPOECUUPOBAHUU B JIMHEWHOM IPOCTPAHCTBE HEKOTOPOTrO MHOXKECTBA
TOYEK PACCTOSHHUS MEXIY MPOEKIMSIMH MAaKCUMAJIbHO YAANEHHBIX TOYEK OyleT MaKCHUMalbHBIM,
CJIeIOBATEeNBHO:

Ipoekyus muoscecmea (N+1)-xpomamuueckux 6eKmopos, UMeOWUX 6 YEEHO60M NPO-
cmpancmee Koiopumempa pazmeprocmu N oounaxosvie koopounamal [Q; ... Qnl, 6 11060e Opy-
20e yeemoeoe npoCmMpancmeo Oyoem NPUHAONeHcamv OMpPe3Ky, 0ZPAHUUEHHOMY NPOEeKUUAMU
N-xpomamuueckux 6eKkmopos, umetoujux koopounamot [Q; ... Qn] 6 yeemosom npocmpancmee
Koiopumempa.

Tenepb BepHEMCS K cHCTeMe JHHEHHBIX ypaBHeHHH (2). HekoTopoe orpaHn4eHHOE MHOKE-
creo SV, MOJIyYEHHOE B pe3yJbTaTe MepeceyeHus: MOANPOCTPAHCTBA ¢ pazMepHOocThio (N-N) u mo-
aynpoctpaHeTB S(4)) >0, Vj=1+N. JlanHoe mnepecedeHne maT BBHITYKJIBI MHOTOTpaHHUK [3].
Bepmmnaamu MHOrorpanHuka B N-MepHOM MPOCTPAHCTBE SABJSIOTCS BCE N-XPOMATHUYECKHE BEKTOPHI
(criexTpsl), yaosierBopsitore (3), péopaMu — MHOKECTBO BeeX (N+1)-XpoMaTHUECKUX BEKTOPOB,
ynosiieTBopsitonux ( 4 ), rpaHsIMH — MHOXKECTBO BceX (N+2)-XpoOMaTHYECKUX BEKTOPOB, HMEIOIINX
koopauHaThl [Q; ... Qn] B BETOBOM mpocTpaHCTBE KoJopuMeTpa. O4eBHIHO, YTO MPU MPOEKIHH
Takoro N-MEepHOr0O MHOTOTpaHHHMKa B MPOCTPAHCTBO pasMepHocTH I' (I < N) Bc€ MHOXKECTBO Bep-
IIMH BBITYKJIOW 000JI0OUKH -MEPHOTO MHOTOIPAaHHUKA OyNIEeT SBJIATHCA TOJMHOKECTBOM MPOSKINN
BepIrH N-MEpPHOro MHOTOTpaHHHKA.

CrnenoBatenbHO, AJIs1 IOUCKA TPAHMIIBI MAKCUMAIBHO BO3MOXKHOTO pa3dpoca AeiCTBUTEb-
HBIX IIBETOBBIX KOOPJIMHAT X, Y BCEX BO3MOXKHBIX CIIEKTPOB C IMOJOKUTEIBHBIM paclpeeiCHHEeM
SHEPIUU UMEIOIIUX B I[BETOBOM MIPOCTPAHCTBE KoJIopuMeTpa KoopAauHatel [Q1 ... Qn] mocraTtouHo:

® PEIINTh CHCTEMY JMHEHHBIX ypaBHEeHHU#H (3) IIs KaXKI0ro U3 BO3MOXHBIX N-XPOMATHYECKUX

CIIEKTPOB, MepedpaB Bce BO3MOXKHbIE KOMOWHAIMH [a1, @2, ... ay| (Bcero C,\T BapUaHTOB),

T.c. HaiWth Bce BO3MOXHBIE P =[0...S(1a)...0...S(4a,)...0...5(1a,)...0...], Takme, uTO

S(la)>0,Vi=1+nu (P, qi(4)) =Qu, ..., (P, gn(4)) = Qn;

®  BBIYHCIIUTD JJIsl K&KJOTO U3 MOTy4YeHHbIX perieHuit (P) ero nserossie koopauHatsl X, Y, Z B

[IBETOBOM TipocTpaHcTBe XYZ M KOOPAUHATHI IBETHOCTH X, Y, Z;

® HATU KyCOYHO-IIMHEHHYIO BBITYKIYIO 00OJIOUKY UISI MHOKECTBA MOJIYYEHHBIX TOYEK — 00-

JaCTh METaMEpHH.

3a/1aBIIMCh HEKOTOPHIM HadalbHBIM 3HaueHHEeM N (COOTBETCTBEHHO miaroM AA), MOXHO
YMEHBINATh Al WHTEPIOJSINA KPUBBIX CHEKTPAIBHON YyBCTBUTEIHHOCTH MPUEMHHUKOB (YBEIH-
guBas N) 10 Tex mop, moka gajibHemee ypennuenne N mepectaHeT MPUBOAUTH K CYIIECTBEHHOMY
W3MEHEHHUI0 TpaHuIlsl oOnactu Matamepun. Heooxoaumo 3ametnth, uTo N HE MOXKET OBITH OUYCHB

OonpuM (Hampumep, npu N=52 u N=3 4yuCIO0 TPUXPOMATUYECKHX CIIEKTPOB ng =22100, mpu

N=52 u n=4 ng = 270725, mpu N=52 u n=5 ng = 2598960 u T.1.), MOATOMY JAaHHBIA METOJT MOKET
UCTIOJIB30BAThCS, CKOPEe, ISl KAUECTBEHHOW OLIEHKU TPAHMI 00JIACTH METaMEPHUH.

W3 U3710KEHHOTO CIIEAYET, YTO, YeM OOJIBIIE CIIEKTPAIBHBIX COCTABIISIONINX B KAXKIOM U3
METaMEPHBIX CHEKTPOB, TeM Onmxke (B CpelHEM) MX MPOEKIIUU OKaXyTCs K LIEHTPY MeTaMepHOU
obacTH.

3KCHepI/IMeHTaJII>Haﬂ MMpoBEpPKa METOAAa

JIJ1si 9UCIIEHHON SKCIIEPUMEHTAIILHON MPOBEPKH MPEUIOKEHHOT0 METO/Ia B KauecTBe Habo-
pa CBETOUYBCTBUTENBHBIX MPUEMHUKOB Obla BhiOpaHa [13C-maTpumna (mpudop c 3apsaoBod CBs-
3p10) ICX285AQ mpousBoactea pupmbl SONY [4] ¢ pazMepHOCTBIO IBETOBOTO MPOCTpaHCTBA N=3.
KpuBbie crieKTpaabHON YYBCTBUTEIBHOCTH BBIOPAHHON MATPHUIBI B TPEXMEPHOM BHUC MPUBEICHBI
Ha
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Puc. 5.

KpWBkle cnekTpaneHod YWEBCTBMTENEHOCTH M3C-MaTpuUkl,
[CH285AQ nporaeoacTEa dhupMel SOMNY
T

Ak
ki T

1
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LniHa 8onHel, Hv

0)

Puc. 5. Kpusble ciekTpanabHoii yyBcTBHTEIbHOCTH [13C-MaTpunsl ICX285AQ

W3 puc. 5, a BUIHO, 9TO KPUBBIE CIIEKTPaIbHOW dyBCTBUTENIbHOCTH [13C-MaTpuIlsl BEIOMpa-
JUCh TaKUM 00pa3zoM, 4TOObI 00ECHeYUTh MAKCUMAJIbHOE HCIOJIb30BAaHUE I[BETOBOI'O NPOCTpaH-
cTBa. Tak Kak IIBETOBOM KOHYC NaHHOTO Ha0opa CBETOYYBCTBUTEIBHBIX MPUEMHUKOB 3aIMOIHSET
IIOYTH BCE I[BETOBOE IMPOCTPAHCTBO, Ha BbIXoJe [13C-maTpullbl MpakTUYECKU OTCYTCTBYIOT «3a-
MpeméHHbIe» KOMOWHAIIUY IIBETOB, YTO MOBBIIIAET HHHOPMATUBHOCTD PE3YJIbTATOB.

KoopaMHaTE LEETHOCTH X, 1 NA METAMEDHEY CNEKTHOE
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Puc. 6. KOOp[[HHaTLI IIBETHOCTH X,y METAMEPHBIX CIEKTPOB

Jlanee 3anaBasncst Ha0op 1BeTOBbIX kKoopAuHAT [Q1 Q2 Q3], Is1 KOTOPOro BEIYHCISIIUCH BCE
TPUXPOMATUYECKUE CIIEKTPHl U HEKOTOPOE JOCTATOUHO OOJIBIIOE KOJUYECTBO CydyalHbIX 4, 5, ...,
N —XpoMaTHUECKUX CHEKTPOB.

[lepBas ceppE3Has TeopeTHUECKas MOMbITKA OLEHUTh CTENEHb METaMepHU3Ma OKpacok Oblia
npeanpuHATa B pabotax [5] u [6]. B HUX ke omucaH METOJ YMCIEHHON T'€Hepaluy MEeTaMEepPHBIX
CHEKTPOB, TaK Ha3bIBaeMblIl «mpsMoi» Meroa. CHauana ompenensuiach 06a3oBasi COBOKYIHOCTh
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CHEKTPAJIBHBIX KO3()PHUIIMEHTOB OTpa)keHUsI OKPACOK MPU MCXOAHOM OCBEIECHHH, 3aT€M U3 3TOM
COBOKYITHOCTH BBIOMPAJIUCH KPAaCKH, UMEIOIINE OJUH U TOT e 1BeT. OHAKO JaHHBIH METOJA He
MOJAXOJIUT Ui T€HEPallUU CIIEKTPOB C 33JIaHHBIMH IIBETOBBIMU KOOPJIUHATAMH, IIOATOMY ObLI Mpe/I-
JIO’KEH METOJI, OCHOBBIBAIOIINICS HA CBOMCTBAX JIMHEWHOI'O IPOCTpaHCTBA. [Ipoekuyst cymMMBbl BEK-
TOPOB paBHAa CyMM€ IPOEKLWH, a U3MEHEHUE IJIUHBI BEKTOpa MPUBOAUT K MPOMOPLUOHATEHOMY
M3MEHEHHUIO JUIMHBI ero npoekuuu. CienoBaTenbHO, MPOEKIMH B [IBETOBOE MPOCTPAHCTBO KOJIOPH-
MeTpa JIIOOBIX JIMHEHHBIX KOMOUHAIINI METaMEPHBIX BEKTOPOB OYAYT ABIATHCA MAacIITAOHBIMU KO-
My BekTopa [Q1 Q2 Qs]. Tak kak MacmTabupOBaHKE HOBOTO METAMEPHOTO BEKTOPA HE H3MCHHT
€ro KOOpJIMHAT LIBETHOCTH X, Y B LIBETOBOM MpocTpaHcTBe XYZ, KOOpAWHATHI IIBETHOCTU MOXKHO
BBIYHUCIISATH 0€3 JTOMOTHUTEIBHBIX MPEe0Opa3oBaHUM.

1_6E - [ T "‘;: 1.65

¥
14 14/

- L|BeToBbie KoopaMHaTHI
METaMepHLIX CNEKTPOB B
-L|BETOBOM npqcfpaHCTBe X

~LipeToBbie KoopauHaThl |

MeTaMepHbIX CNeKTPOB B ol

- L|BeToBbie KoopaMHaTHI |
METaMepHLIX CMeKTPOB B¢

TouxpoMamuyeckux (X, Y,2)

TpuxpomMamuseckux (x, y,z)

08
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Puc. 7. LiBeToBBIE KOOPANHATHI METAMEPHBIX cIeKTPoB X, Y, Z
U X NPoeKnus X, Y, Z HA IUVIOCKOCTb X +y +2=1

B kaudectBe ncxoqHoro Habopa MeTaMepHBIX BEKTOPOB HCIOJB3YIOTCA TPUXPOMATUYECKUE
CHIEKTPHI C MOJIOKHUTEIHLHBIM PACIPEICICHUEM dHEPTUHU, BHIUMCICHHBIE B COOTBETCTBUU C MPEIbI-
JTYIIAM ITYHKTOM.

[Tpu ynCIIEHHOM MOJICTMPOBAHIH OBLTU BBIOPAHBI CIICTYIOINIUE TTAPAMETPHI:

e KOOpAMHATHI B IBeTOBOM npoctpancTe [13C-marpumst: [0.4122 , 0.3515, 0.2363];
®  Pa3MEpPHOCTH CIIEKTPOB, KPUBBIX CIIEKTPATIHHON YyBCTBUTEIBHOCTH U KPUBBIX clIoxkeHHss N=58.

OO61iee KOIMYECTBO BO3MOXKHBIX TPUXPOMATHUYECKUX CHEKTPOB cocTaBuio 30 856, u3 HuX
7312 maBanu MpOEKIUIO B IIBETOBOE MpocTpaHcTBO [13C-MaTpuIlsl mpy MONIOKUTEIBHO OMpeIenéH-
HBIX KOOpJAWHATaX. Pe3ybTaThl MOJICIMPOBAHMS IPUBEACHBI HAa puc. 6 U puc. 7.

BrIBOaBI

[Ipennoxxen MeTOA Ka4YECTBEHHOM OLICHKH I'PaHUI] CUCTEMAaTUYECKON MOTPEIIHOCTH KOJO-
pUMETpa, UMEIOIIETO MPOU3BOJIBLHOE KOJWYECTBO CBETOYYBCTBUTEIBHBIX MPUEMHUKOB, 00YCIOB-
JICHHON JIMHEHHOM HE3aBUCHMOCTBIO KPUBBIX CIEKTPAJbHOM YyBCTBUTEIBHOCTH CBETOYYBCTBH-
TEJIbHBIX NMPUEMHUKOB KOJOPUMETPA U KPUBBIX CJIOKEHHS 1IBETOB CTAHAAPTHOI'O KOJIOPUMETPHUYE-
ckoro Habmonarens. [IpennaraeMprii METOT MOXKET OBITH UCTIOIB30BAH KaK JJIS OLIEHKH MOTPEITHO-
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CTel TPEXKOMIOHEHTHBIX KOJOPUMETPOB, UCHOIB3YIOMIUX HA00p KOPPUTUPYIOMIUX (PUIBTPOB, TaK
Y JIJIs1 OLICHKH MTOTPEITHOCTH OTPEICTICHHUS IIBETA C IIOMOIIBIO CTIEKTPO(OTOMETPOB.

[IpensioxkeHHBII METOJ ONpelessieT TOJbKO TEOPETHUECKUH Npenesl MaraMepus3Mma U He
YUUTHIBAET HUKAKUX OTPAaHMYCHUH HAa (OPMBI CIEKTPOB H3IYYECHUH, KPOME MOJOKHUTEIHHOCTH
pacrpeeseHus SHEpruu.
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METAMERIC AREA ESTIMATION FOR THE SET OF THE LIGHT-SENSITIVE
ELEMENTS

Nizhny Novgorod state technical university n.a. R.E. Alexeev

Purpose: This article deals with technical issues of color measurement.

Design/methodology/approach: The paper gives a method of estimating the error value in measuring the color
of an arbitrary radiation for two different sets of light-sensitive detectors. As one of the two sets of light-sensitive detec-
tors, can be selected the human eye. In this case, the problem is reduced to the question of estimating the maximum
systematic error of the colorimeter, due to the phenomenon of the metamerism.

Implications: The solution to this problem allows to determine the error of estimates of chromaticity coordinates x, y
colorimeters only on the basis of their spectral sensitivity curves. The proposed method allows to estimate the errors of
the three-component colorimeters. This method can also evaluate the accuracy of color measurement by the
spectrophotometer.

Originality/value: This paper proposes a method of qualitative assessment of the boundaries of a systematic error of
the colorimeter, which has an arbitrary number of light-sensitive detectors. The proposed method only determines the
theoretical limit of the metamerism. The method does not take into account the restrictions on the shape of the spectra
of radiation except for the positivity of the energy distribution.

Key words: metamerism, objective photometry, bounded set in a metric space, linear programming, three-color
system, spectral sensitivity of the eye.
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O IPUMEHEHHWM DBPUCTHK JIJISI METOJIA BETBEIH U TPAHUIL PEILIEHAA
3AJAYHU OIITUMU3SALIUU CETU IIEPEJAYUN JAHHBIX

Huxeropoackuii rocy1apcTBeHHbINM TeXHUYECKUM yHUBepcUTeT M. P.E. Anekceea

ean: MoaepHuzanus CylmecTBYOIIMX CeTel Nepefauu JaHHBIX SBJISETCS KpallHe BaXKHOM U aKTyaJbHOM 3a/auei, Tak
KaK IOCTaBIIUKaM yciIyr VHTepHET HeOOXOOMMO YIOBIECTBOPSATH BCE pacTyIIue TPeOOBaHUS KOHEYHBIX MOJB30BATe-
neit. JIns pelieHus 3Toi 3a7auu cieqyeT MCIOJIb30BaTh MaTEMAaTHICCKAE MOJICITH CETel Tepefadn JaHHBIX U d(hdek-
THUBHBIC aJITOPUTMBI ONITUMH3AIMN. B cTaThe mpemiaraloTcsi 3BPUCTHKH ISl COKpAIIeH!s] BpeMEHH paboTHl METO[] BET-
Bell ¥ TpaHMIl HaXOXKCHUS MHOXKECTBA ONITUMANBHEIX 110 [TapeTo pemeHnii Ha mpuMepe OUKpUTEPUATHFHON 3a1a4qu OTI-
TUMH3AIU CECTHU NEPEaAYU JaHHBIX.

MertopoJiorus npoBeneHus padorol: [IpuMenseTcs 3BpHCTHKA HAXOKICHUS CyOOTITUMATBHON OLIEHKH, HCIIONIb3yeMast
IIPY PeIIeHUH OJAHOKPUTEPUAIIBHBIX 3a/1a4 ONTUMH3ALUH, & TAKXKE PSJ] IBPUCTHUK, clieln(PUUHBIX U paccMaTpUBaeMO
OmkpuTepuanbHOi 3amaun. [ mpoBepku 3(p(heKTHBHOCTH paccMaTpUBaEMBIX 3BPUCTUK MPOM3BOIUTCS CEPHSI BBIUHC-
JINTEJBHBIX SKCIIEPUMEHTOB.

Pe3yabTaThl M 00JacTh NpuMeHeHMs: VICTONb30BaHNE IBPUCTHKH HAXOXICHUSA CYOONTHMANBHOW OLEHKH 3(dek-
THUBHO TIPU PENICHUU HE TOJBKO OJTHOKPUTECPHUAIBHBIX, HO M OMKPUTEPUANBHBIX 331a4 ONTHMH3AINN HAXOXKICHUS MHO-
JKeCTBa HapeTo, YTO JOKa3bIBACTCA pE3yJIbTaTaMH BbIYHUCIIUTCIIBHBIX OKCIICPUMECHTOB.

BeiBoa: [IpemioskeHHbIC 3BPUCTUKA TIO3BOJIMIH CYIIECTBEHHO COKPATUTh BpeMsl pabOThI METOIa BETBEH U I'paHUII.

Knrouesvie cnosa: MeTon BeTBeH U TpaHUll, OMKpUTEPHATIbHAS ONITUMHU3AIHS, TNIAHHPOBAHUE CETEH.

BBeaenune

C pa3ButeM cetu VHTepHET, ceTeil CBSI3M U KOMMYHUKAIIUH JIFOJU CTald OOMEHHBATHCS
Bce OonpmMMH o0bemMamu MHpopMmaii. HeManoBakHyio poib UrpaeT JAOCTYIMHOCTh TEIEKOMMY-
HUKaLMOHHBIX ycayr. Tak, koindecTBO nonb3oBareneil cetu MHTepHeT yBenuuuiocsh ¢ 26 MIH B
1995 r., no 1,5 Mapx K HacTOsAMEMY BPEMEHHU.

ITo mporuo3am komnanuu Cisco, 00beM nepegaBaeMbIX JaHHbBIX B ceTH MHTepHeT k 2015 T.
BO3pACTET B UETHIPE pa3a, JOCTUTHYB OTMETKHU B ThICSIUY 3K3a0aiT B rof. Takoe 3HaYMTENbHOE YBe-
JMYEHNE KOJIMYECTBa nepefaBaeMoil nHGopmalu OyAeT OKa3blBaTh CYHIECTBEHHYIO Harpy3Ky Ha
uMeromuecs cetu nepeaadyn JaHHbx (CI1J]). Takum oO6pazoM, onTUMHU3AIUs CYIIECTBYIOIINX U CO-
3nanue HOBBIX CII/I, ciocOOHBIX yIOBIETBOPUTH BCE PACTYIIME TPEOOBAHUS KOHEYHBIX MOJIH30Ba-
TeJeH, IBISAIOTCS KpallHe BaKHBIMM M AKTYaJIbHBIMU 3a/la4aMU.

Jlnst HaXOXKJeHUS ONTUMAJIbHOM CTPYKTYpPBI CETH, OCHOBAHHOM Ha OMKpHUTEpUATbHON MOJIe-
mu CIIJl, onucanHoi B pabote [3], mpemyaraeTcss METOJl BETBEH W TpaHUIl, a TAKKe IBPUCTHKH,
MO3BOJISIOIINE CYIIECTBEHHO YMEHBUIUTH BpeMsi paOOThl JaHHOTO ajJroOpuTMa B CPEIHEM; NMPHUBO-
JATCS PE3YJIbTAThl BBIYMCIUTEIBHBIX SKCIIEPUMEHTOB.

MareMaTH4yecKasi MOJIeJIb CETH nepeaavdu JaHHbIX M MMOCTAHOBKA 3a/JaY OIITUMHU3ALIMHA

[Mponienypa onTumu3auu 0a3upyeTcs Ha MOJIEIH CETH MepeIadu JaHHBIX, OCHOBAHHOHN Ha
KIIACCUYECKUX TOTOKOBBIX Mojensx [2]. V3BecTeH OpPHEHTHPOBAHHBIN alUKIUYEeCKHi Tpad
G= (V, E), 3agaronuii cymectBytomyto CIIJ] (V u E — MHOXecTBa BepmmH U pedep COOTBET-
CTBEHHO). BepmmHaM COOTBETCTBYIOT Y3IJIOBBIC JJIEMEHTHI ceTH (KoMMyTatophl). Kaxmoe pedpo
(u,v)e E wuMeeT MoyoXUTENBHYIO TPOMYCKHYIO CITOCOOHOCTB c(u,v), 0OyCIIOBJIICHHYIO TeXHHYe-
CKUMH XapaKTEPUCTHKAMH KOHKPETHOTO KaHaJla Iiepe/iadn JaHHBIX.

B rpade BriaenstoTcs ABe 0cOObIe BEPUIMHBI — HCTOYHUK MH(popMarmu S U ctok t. M3 uc-
TOKa BEyT MarucTpaIbHbIC KaHAJBI, COCTUHSIONIUE CETh IOCTYIA C MATUCTPAIILHOM ceTh0. B cTOK
BEAYT peOpa OT KOMMYTaTOPOB, K KOTOPBIM HAMPSAMYIO TIOKIFOUYEHBI KOHCUHBIE ITOJIb30BATEIIH.

© Jlazapes E.A., 2012.
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JInst omucaHusl KaHAJIOB Nepenavyd AaHHBIX, KOTOPBIE MOTYT OBITh JOCTPOCHBI, 3aaeTCs
MHOKecTBO pebep E' (ENE'=). Jinsa kaxnoro (U,v)e E’ n3BecTHa MpOMycKHAs CTIOCOGHOCTD
¢'(u,v) u cronmocts cTpontensctra p'(U,v).

B03MOKHBIM TIIAHOM MPOBEICHHUS HOBBIX KAHANOB SIBISETCS MHOXKECTBO pebep E - Takoe,
yro E” < E'. IIpu 5TOM paccMaTpuBaroTCs CTOUMOCTh CTPOMTEILCTBA CETH TIepejaull TaHHbIX

Q)= > puv) (1)
(u,v)ekE
1 BeJIMYMHA MaKCUMaJIbHON MPOMYCKHON CIIOCOOHOCTH CETU
Q,(x)=2_f(sv), ¥y
veV
3amaBaeMele rpagom G = (V, Eu E*). Hanee Oynem 0003Ha4YaTh BEJIMUMHY TIOTOKA B TTPOU3BOJIb-
HOoM Tpade G dyepe3 GHyHKIHIO F(G). [puyem yukust motoka f 1V xV — R (Bennuuna f(u,v)
3a]aeT BEJIMUMHY TI0TOKA, MEpelaBaeMoro 1o pebpy (U,V) B eIMHHMIlY BpeMeHH) TOJUKHA y/IOBIe-
TBOPATH TPEM YCIIOBUSM:
1) orpaHMYeHHOCTH MPOMYCKHOI criocoOHocTH: f (u, v)<c(u,v) ms Beex U,VeV;

2) aHTHCHMMETPUYHOCTD: f (u, V) =—f (V, u) g Bcex U,veV
3) coxpaHeHHe MOTOKa: IS Bcex U €V \{S,t}: Z f (u,v) =0.

veV
3anava ontuMHU3aLMU (HOPMYITUPYETCS CIEeIYIOUUM 00pa3oM
3agaua |-1. o 3a1aHHBIM ANUKIMYECKUM OPUEHTHPOBAHHBIM rpadam G = (V, E) Y MHOXeE-

CTBY pebep E’(EmE’:®), MaTpHUI[AM TMPOMYCKHBIX CIIOCOOHOCTEH C(u,v), C'(u,v) U MaTpuiie
CTOUMOCTH pebep p’(u,v) HAaTH BCE MHOXKECTBO I[lapeTo-OonTUMANIBHBIX pEIICHUH 3aJa4d
miEr) (Ql(x)), maX(Q2 (X)), OTCOPTHUPOBAHHBIX MO MEPBOMY (BTOPOMY) KPUTEPHIO.

Xe xeD

Jlns naHHOM 3a1a4yM ObLIO JJOKA3aHO, YTO MHOXECTBO ONTUMalIbHBIX 1O [lapeto pemenuii
MOJKET COCTOSITh U3 BCEX DJIIEMEHTOB MHOXECTBA petieHuii D, MOIIHOCTh KOTOPOTO IKCIOHEHIIH-
aJIbHO 3aBHCUT OT pa3MepHOCTH 3amaud. Tak ke Obuia mokaszaHa NP-tpymgHocTs 3amaunm -1 [3].
[Tpunumas Bo BHuManue runorezy P # NP, u To, yTo MoutHocTs MHOXecTBa [lapeTo MoXkeT ObITh
OueHb 0OJIBIION (HampuMep, 17 3aJa4uu pazMepHocTH 20 KOJINYECTBO HEAOMUHUPYEMBIX PELLIEHUN
MoxeT cocTaBiaTh 1 048 576) popmynupyetcs 3agada noucka cyoontTumansHoro pemenns |-2 [4]:

3agaua |-2. [lo 3amaHHBIM aIMKINYECKUM OPHUEHTHPOBAaHHBIM Trpadam G = (V, E) U MHO-
xectBy pebep E'(ENE' =), Marpuram npomycksbix criocobuocteii ¢(U,v), ¢'(U,v) u Marpume
CTOUMOCTH pedep p’(u,v) MMOCTPOUTH CYOONTUMAIEHOE MHOKECTBO PEIIICHHIA.

Jns 3anaun |-2 ObulM MpeanoKeHbl FeHETUUYECKUE alTOPUTMBbI MOMCKa CyOONTUMAIbHOIO
pemienus [4]. g npoBepKH TOYHOCTH NPEUIOKEHHBIX aTOPUTMOB HEOOXOJIMMO BBIYUCIATH BCE
MHOX€ECTBO oNnTuMasibHBIX Mo [lapeTo pemenuii. Meron monHoro nepedopa, UCHOIB3YEMBINA IS
ATHX LeNel, He crIocoOeH HAaXOIUTh OTBET K 3aJade 3a MpUEeMIIEMOe BpeMs, B Cllydae, KOTr/ia MOIII-
HOCTh MHOXecTBa E' mpesbimaer 30. B nanHoit pabote mpeasiaraetcss METO BETBEil U FpaHHUI] U
CHIOCOOBI €ro YCKOpeHMs paOoThl IJIsl HaXOXJEHHUs BCEr0 MHOXECTBAa ONTUMaNIbHBIX 10 [lapero
peleHui 3a1au OMKPUTEPUATBHOM ONTUMU3ALUH CETH TepeIayn JaHHBIX, KOTOPbIA MO3BOJIUT HUC-
KaTh pelIeHus s 3a/1a4 00JbIIei pa3MepHOCTH.

Onucanue MeToJa BeTBel U IrpaHHuI

[lox MeTo10M BETBEN M IpaHUL] IOHUMAETCS AJITOPUTM PELEHUs 3aa4M, UMEIOLIUN IPEBO-
BUJHYIO CTPYKTYpYy IIOMCKa ONTUMAJIbHOTO PEIIEHUS U MCIIONb3YIOIUI PE3yabTaThl PELICHHs Olie-
HOYHBIX 3a1a4 [5]. JIpeBoBHIHAs CTPYKTypa, OMKCHIBAIOIIAs Pa30MCHUE BCEr0 MHOMKECTBA pellie-
HUI Ha HENEepeCEeKaloIuecs MOAMHOKECTBA, Ha3bIBAETCS AEPEBOM BeTBIIeHUs. [IpuBenemM onucanne
peanusaiy MeTo/1a BEeTBE! U rpaHull Ui pelieHus 3agauu I-1.
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1. TIponymepyeM Bce pebpa U3 MHOXKeCTBa E' MpOoW3BONBLHBIM 00pa3oM pa3inYHbBIMHA YHC-
naamu ot 1 10 |E’|. OG6o3HaunM vepe3 €, pedpo c HoMepoM | U3 MHOKecTBa E'.

2. Kaxnas BepuiMHa 1epeBa BETBJICHHMS COOTBETCTBYET HEKOTOPOMY MOJAMHOXECTBY D
00J1aCTH JIOMYCTUMBIX PEIICHUI M COIACPKUT HIDKHIOW (L) 1 BepxHiowo (H ) oueHkn 3HaueHus

napel (Ql(x), Q, (x)) Ha 3TOM noaMHoxecTBe. [Ipu 3TOM KOpHeBas BepIrHa (HyJleBOW YpOBEHb Je-
peBa) COOTBETCTBYET BCe 00JacTH JOMyCTUMBIX petienuit D, a moboii Bepmune ypoBHs K >0
COOTBETCTBYET MOAMHOKECTBO PEIICHHH, OTyJarolieecs Ipu GUKCHpoBaHUK MEpBEIX K pedep (13
mHOkecTBa E') cern. Iloxg TepmuHOM «pUKCHpOBaHKE) MOHUMAETCS TOT (akT, 4yTO JJIsi BEIOpaH-
HBIX pedep yKe MPUHATO pelieHne, OyIyT OHU ITOCTpoeHbl il HeT. O003HauuM 4yepe3 S MHOXKe-
CTBO, cojieprkalee (pukcupoBaHHbIe pedpa, KOTOPhIe OYIYT TOCTPOCHBIL.

3. U3 xaxmoil BepIIuHbI (32 UCKIFOYEHHUEM KOHIIEBBIX BEPIIMH, B KOTOPHIX 3a(UKCUPOBAHBI

BCC |E'| pe6ep) MMPOU3BOAUTCA BCTBJICHUC HA ABA IMOJMHOXKCCTBA, T.C. OCYHICCTBIIACTCA TUXOTOMU-

yeckoe BeTBieHue. [Ipu 3ToM mepBoe U3 MOAMHOXKECTB MOJTYYaeTcsi MyTeM (PUKCUPOBAHHS OdYepeI-
HOTro pedpa, HO Oe3 J0OaBJICHHSI €r0 BO MHOXKECTBO S, TaKUM 00pa3omMm, TaHHOE pedpo He OyxmeT
MIOCTPOEHO B ceTH. Bropoe 13 moaMHOXKeCTB MojyyaeTcs myTeM (PUKCHpPOBaHUsS OYepeaHOro pedpa
¢ 100aBJICHHEM €r0 BO MHOXKECTBO S , TAKUM 00pa3zom, JaHHOE peOpo OyaeT MOCTPOEHO B CETH.

4. Hwxnss ouenka L, pemenns X nocie GpukcupoBanus nepebix K pedep:

E
a. Q,(x)= Z p'(e)+ Z p'(e;), T.e. cyMMe cromMOCTE CTPOHTETBCTBA (PMKCHPOBAHHBIX
eeS i=k+1

pebep, KoTopble OyIyT JOCTPOEHBI, U pedep, KOTOpHIE eIle HE pacCMaTpPUBAJIKCH, T.e. pedep ¢ Ho-
MepamH, OonbIuMH K .

b. Q,(x)=F(G(V,EUS)), 1.e. BemumHa notoka s rpada, NONYYEHHOrO MyTeM J00aB-
JICHHUS B UCXOJIHBI MHOKECTBA IOCTPOEHHBIX (PMKCHPOBAHHBIX pedep.

5. Bepxuss onenka H , pemenns X mnocne ¢puxcuposanus nepseix K pebep:

a. Ql(x)z Z p’(e), T.€. CyMME CTOMMOCTEH CTPOUTEIHCTBA (PUKCUPOBAHHBIX pedep, KOTo-
eeS

pbie OYAYT AOCTPOEHBI.

b. Q, (X): F(G(V, EuSu {ei|i > k})), T.€. BEJIMYMHE TIOTOKA IS Tpada, MoIydeHHOTO Mmy-
TeM J100aBJIeHUS] B UCXOAHBIA MHOXKECTBA IOCTPOCHHBIX (PMKCHPOBAHHBIX pedep U Bcex pedep, Ko-
TOpBIE €Ille HE PacCMaTPUBAIINCH, T.€. pedpa ¢ HoMepaMu, 6oabIIUME K .

6. dyHKIMeN BETBICHUS SBISIETCS peKypcHBHas (YHKIMS, Ha BXOJ KOTOPOM MOAAeTCs HO-
Mmep pebpa K st paccmoTpenus (1oIpa3yMeBaeTcs, 4TO MPH BbI30BE QPYHKIUHU ¢ mapameTpom K
pebpa ¢ Homepamu ot 1 10 K —1 sBistOTCS (PUKCHPOBAHHBIME). 3aIyCK aJirOPUTMa MIPOU3BOIUTCS
BBI30BOM (DYHKITMH BETBJICHHUS C apIYMEHTOM 1.

7. Jist Kax/10i BEpLIMHBI [IepeBa BETBICHUS PAacCUMTBIBACTCs BepxHsis H  n wmknssa L

oleHkH pemeHnus P . OHM CPaBHUBAIOTCS C PEHICHUSIMU U3 MHOXecTBa pexkopaoB R. Ilycte H, u
L, — BepxHss M HUKHAA OLIEHKHU peuieHus I € R, Torna:

a. ecm L, = H,, 10 R=R\{r};

b. ecim L, = H , To BeTBeHNE U3 NaHHON BEPIIMHBI IPEKPAIIAETCS,

C. ecmu —3reR:L, >H , 1o, ecnm Texkymas BepuiMHa JepeBa BETBICHUS SBISETCS KOH-

LIEBOIA, TO pelieHne P mobaBisieTcs: BO MHOXKeCTBO pekopaioB R (R=RuU {p}). B nporuBHOM ciiydae
NPOIOJDKAETCSl BETBJICHHE M3 JaHHOW BEPUIMHBI (BBI3BIBACTCS (DYHKIMS BETBJICHHS C apryMEHTOB
k +1). 31ech cuMBOI > 0003HAYAET JOMUHUPYEMOCTH 10 [TapeTo 0HOro pelIeH s Hajl IPYTUM.

8. OctaHOB anropUTMa BBHITIOIHIETCS MTPH HEBO3MOXKHOCTH OCYIIECTBIICHHS AabHEHUIIETO
BETBJICHUS.



94  Tpyowvr Huoice2opodcko2o 2o0cydapcmeenno2o mexnuuecko2o yhusepcumema um. P.E. Anexceesa Ne 3(96)

B pesynbrare paboThl anropurMa MHOXKECTBO R comepkuT Bce perienus 3agauu |-1 ontu-
MasibHbI€ 110 [Tapero.

CrnenyeT OTMETHUTD, UTO MPEUIOKEHHBIN METOJ KpallHe MPOCT B peasiu3aluy U He TpeOyer
SIBHOT'O XPAHECHUS B MAMSTH MMOJAMHOXECTB PEIICHHA, KOTOPbIE HEOOXOAMMO IMOJABEPTHYThH MpOIe-
Jype BETBIICHHUS.

AHaJu3 Meroaa

B xynmewm ciiydae METO/ MO CI0KHOCTU OyJeT CpaBHUM C aJIFTOPUTMOM IOJIHOTO niepedopa.
B pa6ore [3] npuBeaeH npumep ceTH, B KOTOPOW MHOXECTBO ONTHMajbHbIX 1o [lapero pemenuit
\

HHW OAHOT'O IIOIMHOXKCCTBaA peIJ_IeHI/Iﬁ H, B UTOI'C, TIOCTPOUT ACPCBO BCTBHeHI/II‘/’I, COCTOAIICE U3 |E'|

E' v o
HUMECT MOITHOCTD 2‘ . Ha Takoi cetn MCTOA BCTBEH W I'PAaHUI] B XO4€ pa6OTI)I HE CMOXET OTCCYb

ypOBHE# (KOpeHb JepeBa uMeeT ypoBeHb 0). YpoBeHb riryOuHbI | OymeT uMeTh 2' BepimH. Takum
00pa3oM, BBIYHCIUTENbHAS CIIOKHOCTD aTOPUTMA TaKasl Jke, KaK M y IOJIHOro nepedopa, U COCTaB-

JIeT 0(2 o [\/|3)

Hecmotpst Ha TO, 4TO aNrOPUTM MOJTHOTO TMepedopa U METOA BETBEW M I'PAHUI] HMEIOT OMH-
HAKOBYIO BBIYHCIUTEIIBHYIO CJIOKHOCTb, CpeiHee BpeMsi paOdOThl METO/Ia BETBEH M TPaHMIl TOPa3I0
MEHBIIIE, YEM y alNTOPUTMA MOJHOTO Niepedopa, YTO AOKA3bIBACTCS PE3yJIbTaTaMHU BBIUMCIUTEIBLHBIX
AKCIIEPUMEHTOB, TIPUBEICHHBIMH JaJIee.

TpebGoBaHus MO MaMATH JAHHOTO aJITOPUTMAa UMEIOT IKCIMOHCHIUATBHYIO 3aBUCUMOCTH OT
pa3Mepa BXOIHBIX JIAaHHBIX, TaK KaK HEOOXOJWMO XPaHHWTh BCE HEIOMHHHUPYEMBIC PEIICHHUS,

-~ E’ >
HaillieHHbIe B Xoz1e paboThl. B XyamieM cioydae, B mamsTH OyJIeT XpaHUTbCS 2 pemennid. Takum

e
o0pa3om, TpeOOBaHUS IO MAMSITH COCTABIISIOT 0(2‘ | -|E’| .

Onucanue 3BpUCTHK

[Ipu pemieHny ONTHUMM3ALMOHHBIX 33J1a4 METOJOM BETBEW M I'PAHULl MOKHO JOOUTHCS CY-
IIECTBEHHOT'O COKpAIIeHUsI BpeMEHHU pabOThl alropuTMa 3a CHYeT HaXOXKACHHS HEKOTOPOro pelie-
HUS C UCTOJIb30BAaHUEM XKaJHbIX WU, HAIPUMEpP, IBPUCTUUYECKHUX aJTOPUTMOB, TEM CAMbIM YMEHb-
IIMB YUCJIO ONEpalvii BETBICHUS U COKpPATUB Mepedop paccMaTpuBaeMbIX BapuaHTOB. Takoil moa-
X0l OKa3all CBOIO 3(PGEKTUBHOCTh MPHU PEIICHUH OJHOKPUTEpHANBbHBIX 3amad [1]. OmxHako mpu
peleHM OMKPUTEPHATIBHBIX 33/ay C HCIHOJIb30BAHHWEM KOHILEMIUH onTuManbHocTH 1o Ilapeto
3¢ (HEeKTUBHOCTh TAKOTO MOAX0/1a €Ile HEOOX0IUMMO NPOBEPUTH.

B pabore mpennaraercs NpUMEHUTh F€HETUYECKHHA alTOPUTM JUIsl HAXOXKICHHUS CYOONTH-
MaJbHOI'O MHOXKECTBA PELICHHH, KOTOPHIM M3HAYaJbHO MHULIHUATU3UPYETCSI MHOXKECTBO PEKOP/IOB
R Metojna BeTBel U rpaHMIl. ITO MO3BOJIMUT HA PaHHEM 3Tare paboThl METO/1a OTCEYb 3aBEI0MO He-
ONTUMAaJbHbIE MOJAMHOXKECTBa pemeHui. [Ipu 3ToM ucnonb3yercs reHeTUYecKUil allropuT™, OIU-
CaHHBIH B cTaThe [4], ¢ HEKOTOPHIMU MOAU(DUKALUAMU:

® KOJUYECTBO TOKOJICHHH TOIMYJISIIMH OTPAHUYMBACTCS BEITUYMHON 100-|E’|. Takum oOpa-

30M, BpeMs pabOThl T'€HETHUYECKOro alroputMa OyleT HEBeIMKO, HO MpH 3TOM Oyner
HalJeHO HEKOTopoe NpuOImkeHne MHokecTBa [lapeTo;

® MaKCHUMAaJbHBIN pa3Mep MHOKECTBA HEIOMUHHUPYEMBIX PELICHUN (3JIMThI) HE 3a4aeTCs, TaK
Kak, B oTauuue ot 3axauu |-2, B |-1 craBurcs nenp Haiitu Bce MHokecTBO [lapero, a He
TOJIBKO PETPE3EHTaTUBHYIO BBIOOPKY.
OmnucaHHas BbIIIE 3BPUCTUKA MOXKET IPUMEHATHCS IPU PELICHNH JII000H OMKpUTEpUaTbHOM
3aJa4d ONTUMHU3AIUK. Tenepb pacCMOTPUM JIBE 3BPUCTUKH, CHICIIU(PUUHBIC I pacCMaTpH-
BaeMOM 3aauu.

® D3BPUCTUKA NPEIBAPUTENLHON 00pabOTKU COCTOUT B TOM, YTOOBI yIaJIUTh U3 Ipada KomIo-
HEHTBI, HE CBSI3aHHBIE C UICTOKOM, U MOJJIEPEBBS, HE COEIMHEHHBIE CO CTOKOM. TeM cambiM,
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JOCTUTaeTCs YMEHbIIEHHE CTOMMOCTH CTPOMTENbCTBA MPH COXPAHEHHM IMPOIYCKHOW CIO-
COOHOCTH;

® DSBpHUCTUKA YIAJCHUS MYCThIX pedep 3aKIr04aeTcsi B TOM, YTO IOCJE BBIYMCIEHUS OLIEHKU
(BepxHE WM HIKHEN) NI HEKOTOPOIr'o IMOJMHOXKECTBA PEIICHUH HEOOXOJUMO yIaIuTh
pebpa, KoTopble ObUIH JOCTPOEHBI (HO HE 3a()MKCUPOBAHBI), U IO KOTOPBIM HE T€YET MOTOK.
B pesynbrare ynaneHusi YMEHBIIAETCS CTOMMOCTh CTPOMTENBCTBA MPHU COXPAHEHUU MPO-
MyCKHOU CITIOCOOHOCTH CETH.

Pe3y.]IbTaTI>I BBIYMC/IUTEC/IABHBIX OKCIIEPUMEHTOB

[IpuBenem pe3yabTaThl TECTUPOBAHUS MPOTPAMMHON peaan3allii METO/a BETBEH U TPaHUI]
0€3 UCIOIB30BAHUS M C IPUMEHEHHUEM 3BPHUCTHUK, a TAaKXKE aIrOpUTMa MOJTHOTO repedopa, BBIION-
HEHHBIX Ha s3blke C++. BpluucIuTENbHBIE DKCHEPUMEHTHI 3aKJIIOYAJIUCh B HAXOXKJICHUU BCETO
MHOXECTBa onTUMalbHBIX 10 [lapeTo pemenuit mist 100 pa3nuuHbIX CIy4ailHBIM 00Opa3oM CreHe-
PHPOBAHHBIX CETEH Mmepeaay JaHHbIX ¢ YUCIIOM pebep Bo MHOKkecTBe E', paBubM 15, 20, 25, 30, 35
u 40. BoluncauTenbHble SKCIEPUMEHTHI IPOBOJIUINCH HA KOMIIBIOTEPE C JABYSAJEPHBIM IPOLECCO-
pom Intel® Core™ 15 M520 ¢ gacroroii 2.4 I'Tw.

B 1a0n. 1 npuBeneHs! cieayrone CTaTUCTUYECKUE 3HAUSHUS [TOKa3aTelsi BpeMeHU padoThl
Ha TecTe: MUHUMAJIbHOE U MaKCHUMaJbHOE 3HaueHHe (yKa3aHbl B CKOOKAX), a TAKXKe Cpe/IHee 3Haue-
Hue (IpUBEIEHO Yepe3 3amsATylo MOCie KBAJApaTHBIX CKOOOK) B TeCTOBOM HabOope 3anad. Crtomnberr
t,; coIepkKUT BpeMs pabOThl alropUTMa MOJNHOTO nepedopa, tge; — MeToAa BeTBEH U rpaHul 6e3

HCIIOJIB30BAHUS IBPHUCTHUK, lggp. spea — METO/IA BETBEH M IPaHMI] C IPHMEHEHUEM ONMCAHHBIX BBIIIE
IBPHCTHK.
Jlnst ciry4yaeB |E'

=35 u |E’
HOTO Hepe6opa, BBIYMCJICHHOE AHAJIUTUYECKH, UCXOAS W3 aHAM3a BBIYMCIUTEIIBHOW CIIO)KHOCTH

aJropurma, MoCKOJIbKY peaHBHBIﬁ 3aITyCK Ha TaKuX OOMIBIITNX BXOOHBIX JAHHBIX HE MPEACTABIIACTCSA
BO3MOXXHBIM.

=40 ykazaHo NpuOMMKEHHOE BpeMs pabOThl alropuTMa MoJ-

Tabnuua 1
Bpems padoTsl aropuT™MOB
|E'| [V| |E| tbf tB&B tB&B+SPEA
15 [7;11], [18; 45], [0.085; 0.52], [0.008; 0.205], [1.408; 7.242],
9 35 0.224 0.057 3.164
20 [8; 11], [24; 45], [1.926; 13.253], [0.032; 3.693], [1.435; 6.62],
9 35 6.091 0.493 2.972
o5 [9; 12], [30; 53], [82.612; 419.717], [0.062; 54.595], [2.494; 36.971],
10 40 186.77 5.01 6.750
[9: 14], [30: 721, [2947.527; [0.312:897.448], [3.471;475.878],
30 12 59 15062.571], 62 843 40.844
7346.636 '
[10; 14], [37; 72], [0.27;3541.633], [3.641;1712.806],
35 13 63 250000 297.496 136.033
[11; 16], [45; 93], [11.886;65203.957], | [11.546;28711.778],
40 13 72 8250000 2689.295 1083.015
BoiBoabl

[IpumeHeHre OMMCaHHBIX BPUCTHK MO3BOJIMIIO OoJiee YeM B [1Ba pa3a COKPATUTh BpeMs pa-
OOTBI AIrOpUTMA Ha CETSIX pa3MEpPHOCTU He MeHee 35, yTo moATBepkaaeT ux 3¢¢deKTuBHOCTh. Ta-
KUM 00pa3oM, HCIIOJIb30BAaHHE SBPUCTUKU HAXOXKAECHUS CYOONTHMMAJIbHOIO MHOXKECTBA PELICHUN
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TEHETUYECKUM aJITOPUTMOM U IIPUMEHEHUE €r0 B KaYECTBE HAYAJIbHOIO MHOXKECTBA PEKOPIOB BO3-
MO>KHO U TIPH PEIICHUH OMKPUTEPUAIIbHBIX 3a/1a4.
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E.A. Lazarev

ON THE APPLICATION OF HEURISTICS FOR BRANCH AND BOUND METHOD
SOLVING DATA TRANSMISSION NETWORK OPTIMIZATION PROBLEM

Nizhny Novgorod state technical university n.a. R.E. Alexeev

Purpose: Modernization of existing data transmissions networks is very important and actual problem, because Internet
service providers must satisfy continuously growing end-users demands. In order to solve this problem it is necessary to
use mathematical models of data transmission networks and effective optimization algorithms. The article presents
heuristics to decrease calculation time of branch and bound method finding of pareto-optimal solutions set of the bi-
criteria network optimization problem.

Design/methodology/approach: A heuristic of searching suboptimal solution used in single-criteria optimization
problem is considered. Also, a set of heuristics specific for considered bi-criteria problem are proposed. Calculation
experiments are done in order to check effectiveness of heuristics.

Research results and area of application: Application of heuristic of searching suboptimal solution is effective not
only for single-criteria problems but for bi-criteria problems finding pareto-optimal solutions set also, which is proven
by computational experiments.

Findings: Proposed heuristic decrease the execution time of branch and bound algorithm in more than two times.

Key words: branch and bound method, bi-criteria optimization, network design.
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MALLWHOCTPOEHUE U ABTOMATU3ALUA
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HN.A. CaBun

®OPMUPOBAHUE BA3bI JAHHBIX BAPUAHTOB MATEPHAJIA PEXYIIENR
YACTH HHCTPYMEHTA U METOJA EI'O NOBEPXHOCTHOI'O YITPOUYHEHUA

Kazanckuii HallMOHAJIBHBIN UCCIEA0BATETLCKUN TEXHUUECKU YHUBEPCUTET
um. A.H. Tynonera-KAU (HU® KHUTVY-KAN)
r. Habepexxubie YeaHb

CoBpeMeHHOE MexaHooOpabaThIBaloliee MOTOYHOE MPOU3BOJCTBO  XapaKTEPHU3YeTCsl 3HAYMTEIbHBIMH
o0beMaMu BBITTyCKa JeTalieil. D¢ dekTHBHAS IKCIUTyaTalus CIeIHAIEHOTO JOPOTOCTOSIIEro 000pyI0BaHHUS TPHUBOIUT
K MHTCHCH(HKALUH ITIPOLECCOB pe3aHHsA. ODTUMH IIpolleccaMd MOKHO S(GQEKTHBHO YIpPaBIiATh 3a CYET BBIOOpA
ONTHMAJIBHOTO COYETAHUS CBOMCTB MHCTPYMEHTAJbHBIX MaTepHAlOB M METOJIOB MX HMOBEPXHOCTHOTO YIPOYHEHHS U
KOMOMHAIMK MapamMeTpoB pexuMa pe3aHusi. OKOHUYATeNbHBIH BBIOOP Hanbojee SKOHOMHYHOTO BapHaHTa 00paboTKH
MPOU3BOJUTCA HE IS OTACNIBHOTO MPOLecca Pe3aHus, a UL BCeH CUCTeMBI CBA3€H B onepanum.

Kniouegvie cnosa: NHCTpyMEHTANIBHBIM MaTepuall, IOBEPXHOCTHOE YIIPOYHEHHE, ITPOLIECC PE3aHHUSL.

B Hacrosimiee BpeMmsi B Ipoliecce MPOEKTUPOBAHUS TEXHOJOTMU OOpabOTKH pe3aHueM
3a4acTyIO0 BECh pacueT CBOAMTCA TOJBKO JIMIIb K Ha3HAYEHUIO NapaMeTpoB pexuma pe3anus. Ho
JaHHBIE TapaMeTpbl OOYCIOBIMBAIOT TOJIBKO OJHY CTOPOHY YCJOBHM NpOTeKaHHs THpolecca
pe3anus. Pezanme kak (usmueckuii mporecc ompenernsieTcsi B3auMOJCHCTBUEM IOBEPXHOCTHBIX
CJIOEB KOHKPETHOTO 00pabaThiBa€MOro MaTephalia ¢ KOHKPETHBIM MaTepUaIOM IMTOBEPXHOCTHOTO
CJIOSl peXyIIeW 4acTh MHCTPYMEHTa B 3aJaHHbIX IapaMeTpax pekuma pesaHus. Takum oOpaszoM,
HEOO0X0IMMO TPOAHATM3UPOBATh, KAKHE BO3MOXKHBIE BaPHAHTHI HHCTPYMEHTAIBHOTO MaTepuaa,
a, B 00IEeM ciy4ae, U BapUaHTBl CBOWCTB MOBEPXHOCTHOTO CJIOS PEXKYIIEH 4acTH, MOITY4aeMBbIX
TEM WIM HMHBIM CIIOCOOOM TMOBEPXHOCTHOTO  YIPOYHEHHS, MOTYT OBITh HCIIOJIB30BaHBI TPU
M3BECTHOM pekuMe pe3anud. [Ipu yxe MOJHOCTHIO CIIPOEKTUPOBAHHOM HA BEPXHUX CTPYKTYPHBIX
YPOBHSX COIEpPXKAHMM TEXHOJIOTMHM ITOT €€ DJIEMEHT OCTaeTCsl €IMHCTBEHHBIM, 3a CUeT
KOTOPOT'O MOKHO JIOCTaTOYHO THOKO yNpaBisATh €€ 3 (HEeKTUBHOCTHIO.

B OGonpmmHCTBE CYHIECTBYIOIIUX METOAMK TEXHOJOTHYECKOrO MPOEKTUPOBAHMS BBHIOOD
MapKl HMHCTPYMEHTAJIBHOIO MaTepuajia CBEAEH K OTACIbHOM €IMHUYHOM MpoLeaype €ro
Ha3Ha4YeHUs Mepell HayaJoM pacueTa KOJMYECTBEHHBIX IapaMeTpPOB B COOTBETCTBUHM C
TEXHOJIOTMYECKUMU peKoMeHJauussMu. B 3ToM cilydae NpakTUYECKH HE HCHONIb3YEeTCs
BO3MOXXHOCTh aJIbTEPHATUBHOTO BBIOOpA, T.€. Ha3HAU€HHUsS XOTS ObI IBYX MapoOK C MOCIEIYIOIUM
CpaBHEHMEM HUX 3(PPEKTUBHOCTH MO KOJIMYECTBEHHBIM NoOKa3aTesnsMm. Haubonee HarimsgHo 3TO
MPOSBISETCS NPU HA3HAYEHMHU TOJBKO OJHOTO BapUaHTa IOBEPXHOCTHOTO YIPOYHEHHUS, XOTS
COBEpUIEHHO OYEBHJIHO, YTO MPU HAJMYMU HA 3aBOJE y4acTKa MOKPBITHH SIBIISIETCS HEOOXOIUMBIM
OIlepaTUBHOE CPaBHEHHE MO YPPEKTUBHOCTH XOTS Obl HECKOJBKUX KOHCTPYKIIMHA MOBEPXHOCTHBIX
CJIOEB. DTO BIIOJIHE BO3MOXKHO BBIMIOJHHUTH Jaxe Oe3 ucmonb3oBaHus OBM, Tak kak He
TpeOyeTcsl Ype3MEepHBIX 3aTpaT BPEMEHHM Ha OTHOCHTEIBHO HEOONIBIION 00BEM BBIYMCICHHNA IO

© Casun 1.A., 2012.
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KakaoMy BapuaHTy. K cokaneHuro, 10 CUX NOp HET HOPMATHMBHBIX MaTEpHaliOB, COAEpKAIIUX
JI0OCTaTOYHO YETKHE OOOCHOBaHMS MO BHIOOPY METOJa MOBEPXHOCTHOIO YIMPOYHEHUS, COCTaBa U
KOHCTPYKIUU TOKPBITUS ISl KOHKPETHBIX YCIOBHM 0OpaOOTKM B KOHKPETHBIX OINEpanusix u
nepexonax. Bes mHpOpManus cocpempoTodeHa B CTaThsIX M HEMHOTMX MOHOTpadusx, NpuyeM
MPEJCTABISAET COOOM JIHIIH TOJBKO JOCTATOYHO OOIIME PEKOMEHAAIMH, HE CHCTEMAaTH3UPOBAHHBIC
HACTOJIBKO, YTOOBI UX MOKHO OBUIO MCIIOJIB30BATh JUIS PEIICHHUS MTPAKTUYECKHUX 3a/1a4.

B cootBercTBHM C 001Ie# JTOrMKON NMPOEKTUPOBAHUS M TOCIEIOBATEILHOCTHIO PACUYETOB
napaMeTpoB PeKUMa Pe3aHusi METOJMKa OTOOpa BapHAaHTOB MaTepHalia PeXyIlled 4acTH JO0JDKHA
IPEJCTaBIATh COO0M CTPOro ynopsiioueHHYI0 nporuenypy oroopa. [IpakTuyecku 3TO 3HAUYUT, YTO
HEOoO0XO/AMMa  COOTBETCTBYIOIIMM  00pa3oM  OpraHu3oBaHHas  0a3a  JaHHBIX  Mapok
MHCTPYMEHTAIBHBIX MAaT€pUAIOB, METOJIOB UX IMOBEPXHOCTHOI'O YIPOYHEHUs, COCTAaBa U CBOMCTB
yIpPOYHEHHBIX cioeB. CTpyKTypa €€ [J0JDKHA ONpPEAEIUTbCS CTPOCHUEM MPUHATON MOJenn
TEXHOJIOTUH.

CdopmupoBaTh Takyr 0a3y MOKHO Ha OCHOBE CYIIECTBYIOIIMX B HACTOSIIEE BpeMs 0a3.
Bo MHorux cmpaBoyHMKax oOIasi COBOKYITHOCTh MapoOK HHCTPYMEHTAIBLHOTO MaTepuala yiKe
CTpYIIIMPOBAHA [0 OYEBUAHBIM MpPHU3HAKaM - CHOCO0Y IOJNy4YeHUs, XUMHUYECKOMY COCTaBY,
CTPOCHHIO, JWANa30Hy 3HAYEHWH OCHOBHBIX CBOMCTB. [IpuMepHas pexkoMeHayemass 00JacTh
NPUMEHEHHUS KaXXIAOW Mapku oOyclioBJIeHa €€ KOMIUIEKCOM cBoicTB. OpaHako riyOuHa
pEeKOMEHAAlMK HAa IPUMEHEHHUE TOTO MM HMHOTO MHCTPYMEHTAJIBLHOIO MaTepHala, Kak MpaBuIo,
OTPaHMYMBAETCS JOCTATOYHO OOMIMMM TpU3HAKaMu (3aBUCUT OT JTana oOpabOTKH, THIIa
uHCTpyMeHTa). CyllecTByeT MHOXKECTBO IPUMEPOB 0a3bl MapOK MHCTPYMEHTAJIbHBIX MaTEpUaIOB.
Pa3BuTHe k€ COBPEMEHHBIX METOJOB IOBBIIIEHUS W3HOCOCTOMKOCTH PEXYLIUX HHCTPYMEHTOB
TpeOyeT YeTKOW CHUCTeMaTHU3alliil  MaTepHUajoB  PEXyIIed YacTH HHCTPYMEHTA, HMMEIOLINX
[IOBEPXHOCTHBIE CJIOU C U3MEHEHHBIMU CBOMCTBAMHM.

B pe3ynbrate aHanmsa ocoOCHHOCTEN MPOMBIIIEHHON SKCIUTyaTallii PEeXyIIero HHCTpYMEH-
Ta C TIOKPBITUEM MOKHO OTMETHUTb CIEAYIOLIEE:

® UHCTPYMEHT C HOKPBITUEM 3aMETHO JIOPOXKE UHCTPYMEHTa 0€3 MOKPHITHS, 4TO TpeOyeT Ooiiee
BBICOKOH KYJIBTYpBHI NPOM3BOJICTBA, MCIIOJIL30BAHUS HEU3HOIIEHHOTO CTAaHOYHOTO 000pYHO-
BaHMS, TIIATEIBHOTO 3KOHOMHUECKOTO aHaIM3a 11eI1eCO00Pa3HOCTH UCIIONb30BaHUS HHCTPY-
MEHTA C MOKPBITHEM,

e HauOosee 11e1€c000pa3HO IKCIUTYaTUPOBATh UHCTPYMEHT C IOKPBITUEM HA CKOPOCTSIX, Ipe-
BBIMIAIONINX CKOPOCTh pe3aHust OOBIMHOTO MHCTpyMeHTa Ha 30-60%. Takue CKOpOCTH COOT-
BETCTBYIOT ONTHUMAJIBHOM JKOHOMMYECKOM CKOpPOCTH DPE3aHMsl, MUHUMU3HUPYIOIIEH HHTEH-
CHUBHOCTb M3HAIIMBAHUS U 3aTpaThl HA 00PabOTKY pe3aHHEM ;

® B HACTOALIEE BPEMS MPOMBIIUIEHHOCTh HCHOIB3YET pa3HOOOpa3HbIH PEeXYIIMIT MHCTPYMEHT C
MOKPBITHEM, TTOJYYaeMblil Pa3IUYHBIMU TEXHOIOTMYECKUMU METOJIaMH, YTO TpeOyeT OT 3aBOJI-
CKHX TEXHOJIOTOB 3HaHWI oOyacTell Hanbosee palMOHAIBHOTO HCIOB30BAHKS TAKOrO MHCTPY-
MeHTa. D((HEKTUBHOCTh MHCTPYMEHTA C IOKPHITHEM IIPU Pa3IMYHBIX YCIOBUSX OOpabOTKH
CWIBHO 3aBUCHUT OT METO/A MOTy4EHHs IOKPBITHS 1K€ OTHOI'O XUMHUYECKOT0 COCTaBa.

B 1menoM COBOKYNHOCTh HMEIOIIMXCSI CIIPABOYHMKOB, IO CYTH, NPEICTABISET COOOU
JOCTaTOYHO MOJATOTOBICHHYIO O0IIYI0 0a3y JaHHBIX AJIs BBIOOpAa MHCTPYMEHTAJBHBIX MaTepUalIoB
Ha BEPXHUX CTPYKTYPHBIX YPOBHAX TexHosnoruu. Ho s 6osee KOHKpeTHON MpopabOTKU 3agadu
noBbIIeHUsT d(QPexkTUBHOCTH O0OpabOTKM pe3aHueM 3a CYeT pPAlMOHAIBHOTO TNPUMEHEHHS
MHCTPYMEHTAIBHBIX MaTepHalloB TpeOyeTcsl OJHO3HAYHO PEKOMEHJ0BATh WM HE PEKOMEHI0BAThH
JaHHYI0 MapKy K MPUMEHEHUIO B KOHKPETHBIX YCIOBHUSAX pabouyero xoja, onpelesieMblX Ha BCeX
HEePAPXUUECKUX YPOBHAX CTPYKTYpPbI TEXHOJIOTUU. DTO 3HAYUT, YTO HEOOXOaUMa JTOMOJHUTEIbHAS
muddepeHManysg  COpaBOYHBIX  pexkoMeHpanuil. Kpome Toro, cucremarusauus Mapok
MHCTPYMEHTAJIBHBIX ~ MaTepHalioB  JODKHA OBbITh  TakXke JOIOJIHEHAa CHCTeMaTu3aluen
XapaKTepUCTHK TOBEPXHOCTHBIX cJI0eB ¢ u3MeHeHHbIMH cBoicTBamu (CHUC), uHaue Henb3s
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OOBEKTUBHO OIPEICIUTh BO3MOXHOCTh NMPUMCHCHHS M TCXHOJIOTHHA YIPOYHEHHS B LEIOM, |
MHOXECTBA BAPUAHTOB COCTaBa M KOHCTPYKIIMM YIPOUYHEHHBIX CJIOEB JJIsi KOHKPETHBIX YCIOBHU
00paboTku. B o01ieM Bujie npeasioKeHHasi CUCTEMATU3AIMs TIpeIcTaBlieHa Ha puc. 1.

[pynna UM

Mapxa N

(Bapnam NONYYEHIA CNIOEE C U3MEHEHHbIMH CBOICTBAMH )

OCHOIBB Y(I I/Im YCII/III—| ______

( Boamoxwan rexsonorua nonyyenns CUC )

| |
XTO | ITO+KIAB1A+KIAB | Maaep Ty Mex ynp

KB [|| AT (I 1T |l GM || GC

I | | I I |
( BoamoxHas cymmapHaa Tonuyea CHC, mkw I

| | I
<G (138 (] 5T |[7.10]]10.14

I | | | |
( Bapuaxt kokcrpykuwn CUC )
| | I | | | I
TN || TIC ff ZN || MaNfi CN [] A0,

TIC-TICN-TIN | TIC-ALOTIC-TICN-ALQy IC-TICN-TIN-ALD,

Puc. 1. CucremaTn3anusi BApUAHTOB MaTepHaJia pexylueil YacTH HHCTPYMEHTOB,
HMEIOIINX ¢JION ¢ n3MeHeHHbIMH cBolicTBamu (CHUC) sl MX aJIbTEPHATHBHOIO BhIOOpa
NPH NPOEKTHPOBAHNH NPOLECCOB Pe3aHMA

[IpumMensieMble criocoObI CrPYIIUPOBAHBI B HEHM HE MPOCTO MO UX (PU3MYECKUM OCOOCHHOCTSIM,
HO ¥ 110 KOHEYHOMY pe3yJIbTaTy - TUaNa30Hy XapaKTePUCTHK M BapHaHTAM KOHCTPYKIMH HOJTy4aeMbIX
CIIOEB, KOTOpblE M HEOOXOIMMO 3HaTh Ui NPHUHATHS pelleHus o0 HX IpuMeHeHuHu. Bcero
IPEeyCMOTPEHO YETHIpEe MPH3HAKA, PAHKUPOBAHHBIX B CTPOTO OMPEIETICHHOM MOPSIKE.

Hcxons u3 Toro, 4to 00J1IaCTH NPUMEHEHHS TPAJAULIMOHHBIX MAapOK MAaTEPHAJIOB OIPEICIICHbI
JIOCTaTOYHO YETKO, MEePBBIM NMPH3HAKOM CTaHOBHUTCS HAJIMYHE HA MaTepuasie PEXyIIed 4acTH
UHCTPYMEHTAa KaKoro-iubo BapuaHTa YIPOYHEHHOIO CcJos. OTO YCIOBHE pa3rpaHUYMBAET
JIaIa30Hbl CBOMCTB ATHX CJIOEB, T.€. IO CYTH, BBOJSATCS HOBBIE KJIACCHl MAaTEPHANIOB, 00J1aJaroNie
Ka4eCTBEHHO Pa3IMYHBIMH CIY)KEOHBIMHU XapakTepucTuKaMu. OUeBUIHO, YTO YIPOUYHEHHE OCHOBBI,
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T.€. U3MEHEHUE CBOMCTB YK€ HMEIOUIErOCs MaTepuaj, HE MO3BOJUT HAMHOIO YBEIMYUTH HX
TBEPAOCTh M HW3HOCOCTOMKOCTb, B OTJIHWYME OT HAHECEHHS NOKPBITUH, CBOWCTBA KOTOPBIX
MPAKTUYECKHU HE 3aBUCST OT CBOMCTB OCHOBBI.

Mo cocTaBy NOKPbITUA Mo cTpoeHuio Mo Tnny cBA3u
NOKPbITUA nokpsiTne-MM
OfHO3/1IeMEHTHble
Ha ocHoBe coeanHeHns O4HocnolHble AZresnoHHble
OZJHOTO TYTOMMABKOTO N
MeTanna \ Mpn3HaK:
Mpumep: TiC; TiN; OtcyTctaue
(Ti-TiN)-TiN NepexoLHOM 30Hbl
mexay 1lv UM
Tvn |
MHOroanemeHTHble
Ha ocHoBe cmeceit o Mpu3Hak:
[1BYX uu Gonee MOCTOAHHbIN COCTaB,
COeAMHEHMIA OIHOTO CTRyKTypa 1 AnddysnoHHble
MeTanna CBOWCTBA N0
Mpumep: (Ti-Cr)N; obvemy. Mpu3Hak
MoN-TiN dopmmpoBaHmre
NepexoAHOM 30Hbl
mexay v UM
MHOroKOMMOHEHTHbIE AY .
Z COM3MEPUMON C
Ha ocHoBe cmeceit y
Bonee TONWMHOM ||
BYX UM 60
oy v Tun i
COeAMHEHMIA OLHOTO .
A A MHorocnouHble
MeTanna
Mpumep: TiCN;
TiC-TiCN-TiN
KomMnosuumoHHble MpuaHaK: AnresnoHHo-
Ha ocHoBe cmecei AByx MepemeHHbiit AN bY3MOHHble
unn Gonee COeANHEHMH, COCTaB, CTPYKTYpa U Mpu3Hak:

AByx unm bonee CBOVCTBA 06beMy Obpasosanne
MeTannoB / NepexoAHOM 30Hbl
1. Npumep:TiC- [ mexay Il UM
Al,05-TiN MEHbLUE TOAWMHSI ||

Tun Il

Puc. 2. Kitaccudukanust ”3HOCOCTORKHX MOKPBITHH TSI PeKyIero nHcTpymenTa [1]
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BropbiM npu3HaKoOM cUCTeMaTHU3alMH SBISETCS BO3MOKHASI TEXHOJOTHUS MOIYyYeHHs] TOTO
WIM HMHOTO BapHaHTa YIPOUYHEHHOTO CJIOS pEXylled 4Yactu uHCTpyMeHTa. OH ompefenser
BO3MO>KHOCTH MCIIOJIb30BaHMs YIIPOUHEHHOTO cJ10s1 B ITpou3BocTBe. Hanbonee pacnpocTpaneHHOM
TEXHOJIOTUEH MOBEPXHOCTHOTO YIPOYHEHUS SBIISICTCS HAHECEHHWE M3HOCOCTOMKUX TMOKPBHITUN Ha
pexymue HHCTpyMeHThI. CyIecTBYIONIME U HIUPOKO MPUMEHSIEMbIe B TPOMBIIIIEHHOCTH METObI
HaHECEHUS MOKPBITHI YKPYITHEHO pa3OuThl Ha Tpu rpymisl (puc. 2) [1].

OnHako, MOMUMO HAHECEHHS M3HOCOCTOMKHMX MOKPBITUM HA MOBEPXHOCTH MHCTPYMEHTOB,
CYIIECTBYIOT €Il€ YEThIpe TPYIIbl TEXHOJOTUH TOBEPXHOCTHOI'O YIPOUHEHHS PEXKYIIUX
UHCTPYMEHTOB[1]:

1. MeToapl MEXaHMYECKOTO YIPOUYHEHHUS: BUOPAIIMOHHBIN, qpoOecTpyiHbIN, B3pHIBOM U T.J.
Hawnbosee yacTo UCHONB3YIOT U1l YIPOUHEHUS! HHCTPYMEHTOB M3 OBICTPOPEXKYILEH CTalld U TBEPAbIX
crmaBoB.  [loBepxHocTHOe Mutactudeckoe aedopmupoBanue (III1[]) — Haknen MoOBEpXHOCTHOTO
cinost Ha Tiyouny 0,2-0,8 MM ¢ menbio co3laHusi B HEM OCTAaTOYHOTO HampspkeHus cxkarud. [lpu
HaKJIeNle MOBEPXHOCTHBIM CIION pacIUIOMMBAETCA. Y IMHEHHIO MOBEPXHOCTHOTO CJIOSI MpPEersiT-
CTBYET CHMJIa CLEIUICHMs C HIKEJIekKAIIUMU CIOSIMU MeTaija. BeaencTBue 3Toro B HakjI€aHHOM
CJIO€ BO3HUKAIOT JBYXOCHBIC HAMIPSHKCHUS CXKATHS, a B TOJIIIE OCHOBHOTO METaJlJIa He3HAYUTETbHBIC
pEaKkTUBHBIC HAMpsDKeHHs pacTshkeHus. CKIaabIBasch ¢ pabodyrMM HAMPsHKCHUSAMU PACTsDKCHUS,
OCTaTOYHbIE HAMPSIKEHUS CKaTUsl YMEHbBINAIOT, a MPU JOCTATOYHO OOJBIINX 3HAUEHUSX KOMIICHCH-
pyIOT nepBble. Bo3HuKarolme npyu HaKkJIerne MHOKECTBEHHbIE UCKaXEHHs CTPYKTYpHI (aedopmanus
3epHa, MECTHbIE MJIACTHYECKHUE CIIBUTH) 3(PPEKTUBHO TOPMO3ST Pa3BUTHE YCTAIOCTHBIX MOBPEXK/IE-
HUHN U paclIUpsIOT 00JaCTh CYIIECTBOBAHUS HEPACIPOCTPOHSIOIIUXCS TPEIINH, YBEIMUEHUE KOTO-
PBIX 00YCTIOBIMBAET CYIIIECTBOBAHKE PA3PYIIAIOIINX HATIPSKCHHH.

O¢ddexTuBeH HaKIEN B HAMPSHKEHHOM COCTOSHUH, MPEICTABIAIOMINANA COOON coueTaHUe
YIPOYHEHUs Meperpy3Kkoil ¢ HakienoM. [Ipu 3ToM croco0e aeTanb HarpyKaroT Harpy3Koil TOro e
HaMNpsDKEHUs, YTO U paboyast, BbI3bIBAs B MaTepuasie yIpyrue Wil yrnpyromiactTuueckue nedopma-
uuu. [locne cHATUS Harpy3ku, B MOBEPXHOCTHOM CJIO€ BO3HUKAIOT OCTATOYHbIE HAIPSDKEHUS CXKa-
. Haknemausblil cjl0M uyyBCTBUTENEH K HarpeBy. IIpu temmeparypax 400-500 °C npeiicteue
HakJena IOJHOCThIO MCYE3aeT M3-3a HACTYMAIOLIEro IpU ATHX TEMIIEpaTypax Ipolecca peKpu-
CTAJTU3allMH, YCTPAHSIONIET0 KPUCTAIO-CTPYKTYpHbIE H3MEHEHUs, BHECEHHbIe HakiemoM. Oc-
HOBHBIC PA3HOBHIHOCTH YIPOYHEHHUS MOBEPXHOCTU TIACTUYECKOM nedopmanueii: npodecTpyitHas
o0paboTka, OOKaThIBaHHE, YEKAHKA, aIMA3HOE BBITJIAXKUBAHUE.

HpobGectpyiiHas 00paboTKa 3aKJI0YaeTCsS B HAKJIENE MMOBEPXHOCTHOTO CJIOS MOTOKOM 3aKa-
neHHbIX mapukoB (auametp 0,5-1,5 MM), co3naBaeMbIM LEHTpOOEkHBIMU JApoOemeTkamu. Kadge-
CTBO IOBEPXHOCTH IPH JIaHHOM IPOLIECCE HEMHOTO cHUXKaeTcs. [I1ockue moBepXHOCTH YIPOUHSIOT
OOKaThIBAaHUEM IIAPUKAMH, YCTAHOBJICHHBIMH BO BpAIIAIOIIEMCs IMATPOHE. 3aroTOBKE MPUAAIOT
JBUKCHHE TPOJIOJIBHON U MOTIEPEYHOM MOIa4yH, MPU MPABIILHO BEIOPAHHOM pPEXXUME OOKAThIBAHUS
OCTAaTOYHBIC HAIPSKEHUS CKATHS B MOBEPXHOCTHOM ciioe cocTtaBisitor 600-1000 MITa. I'myOuna
ymtotHenus cios 0,2-0,5 mm. JlaHHBIN Tpoliecc yiaydImaeT KadecTBO MOBEPXHOCTH AeTanu. I1o-
BEPXHOCTh BpAIllEHUsl YIPOYHSIOT OOKAaThIBAHMEM CTaJbHBIMHU 3aKaJIeHHBIMH posukamu. Cuiy
MIPWKATHUS POJIMKA BHIOMPAIOT C TAKUM PAacueTOM, YTOOBI CO3/1aTh B IOBEPXHOCTHOM CJIO€ HaTpsikKe-
HUS, IPEBBILIAIOIINE NPEAE TEKYUYECTH MaTepraia B YCIOBUIX BCECTOPOHHETO CxKaTus (U1l CTalu
5000-6000 MIIa). Yekanky npousBoAsaT OolikaMu co cepuueckoil paboueil moBepXHOCTbIO, TIPHU-
BOJMMBIMHU B KOJIeOAHUS THEBMAaTHYECKHUMHU yCcTpoiicTBamMu. YacToTa KojaebaHuil U CKOPOCTh Bpa-
IICHHSI 3aTOTOBKH JTOJIKHBI OBITh COTJIACOBAHBI TAKMM 00pa3oM, YTOOBI HaKJICMaHHBIE YYaCTKH Iie-
pPEKpBIBANIM Ipyr JApyra. AJMa3HOE BbIMJIaXMBAaHHE 3aKIIOYaeTcsi B 00paboTKe MpeaBapUTENIbHO
nuiM(OBaHHOW M TMOJIMPOBAHHON IMOBEPXHOCTH 3aKPYIJIEHHBIMH ajMa3HbIMH pe3lamu (paguyc
2-3 mm). [ToBepXHOCTHBIH cIloi yrmoTHseTcs 10 riryouns! 0,3-0,5 Mm.

2. Metonpl XxuMuKo-TepMudeckoir 00padotku (XTO) HHCTPYMEHTANBHBIX CTAlleH: a30THPO-
BaHUE, [IEMEHTAIUs, KapOOHUTpAIUs, OKCUANPOBaHNE, OOPUPOBAHUE B TA30BBIX M JKUIKUX Cpelax,
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TJICIOLIEM Ta30BOM JJIEKTPUYECKOM pa3psijie (MOHHOE a30THPOBaHHUE). BBICOKYIO MOBEPXHOCTHYIO
MIPOYHOCTH O0ECTICUYMBACT M30TEPMHUECKAs 3aKalKa, a TaKKe TepMOMeXaHudeckass oopaboTka mo-
BepxHOCTH JeTanu. [lpu moBepXHOCTHOW 3akanke (Ta3olulaMeHHas 3aKajka) W XUMHKO-
TepMUYecKoi 00paboTKe (IIeMEHTOBAHUE) YIPOUYHEHHE OOYCIOBIEHO TJIaBHBIM 00pa3oM BO3HHUK-
HOBEHHEM B MOBEPXHOCTHOM CIIO€ OCTAaTOYHBIX CIKUMAIOIIUX HAMPSIKEHHUM BCIEICTBHE 00pa3oBa-
HUSL CTPYKTYp OOJIBIIETO yAEIbHOr0 00beMa (HUTPUABI U KapOOHUTPU Bl P HUTPOLIEMEHTAIIUN U
a30THUPOBAHUM), YEM CTPYKTYPbl OCHOBHOTO MeTailia. Pacuupennue moBepXHOCTHOTO CJIOS TOPMO-
3UT CEepIIEBHHA, COXPAHSIONMIAs MCXOIHYIO TEPIUTHYIO CTPYKTYpPY, BCIEACTBHE YEro B MOBEPX-
HOCTHOM CJIO€ BO3HHKAIOT JIBYXCIIOMHBIC HANPSIKEHUS CKaTHA. B HIDKHUX CIIOSX pa3BUBAIOTCS pe-
aKTHBHBIC PACTATHBAIOIINE HANPSDKEHHS, UMEIOIUEe Majoe 3HaYeHHUE M3-32 HE3HAYMTEIBHOCTHU Ce-
YEeHUSI TEPMUYECKH 00pabOTaHHOTO CII0S CPABHUTENIBHO C CEUeHHEM cepueBuHbl. Co3nanue npen-
BapUTENIbHBIX HAMPSDKEHUN CKATHsI CHIDKAET CpeaHee HalpssKeHUE B 00JaCTH CKATHsl, TEM CaAMbIM
MOBBILIAETCS MPe/ie] BHIHOCIUBOCTH. ['a30Bas 3akajka MOBBIIIAET MpeAesl BBIHOCIMBOCTH MO CPaB-
HEHUIO C UCXOAHOW KOHCTpyKIueH 3 HeoOpaboraHHoi cramu B 1,85 pa3a. Haubonee sdpdextus-
HBIM CIIOCOOOM 00pabOTKH ABISETCS a30TUPOBAHKE, KOTOPOE MPAKTUYECKH MOJTHOCTHIO YCTPAHSAET
BHEIIHUX KOHIIEHTPATOPOB HampsKEHUH. A30TUPOBaHME HE BBI3bIBAET M3MEHEHHsS (OPMBI U pas-
MEpPOB JleTajli. A30THPOBAHHBIA CIIOM 00J1aaeT MOBBIIIEHHOW KOPPO3MOHHO - U TEPMOCTOMKO-
cTbI0. TBEPHOCTH U yIpOoUHAIOMMA 3P(PEKT COXpaHsIoTca BILIOThL A0 Temmepatyp 500-600 °C. Om-
TUMaJbHbIE TOJIIMUHBI closl YIuIoTHeHUs npu nemeHtauuu 0,4-0,8 MM, leMEHTOBaHUU U a30THPO-
Banuu 0,3-0,5 MM, 3aKajike ¢ HAarPEBOM ¥ ra30BoH 3akaike 2-4 MM. KadecTBO MOBEPXHOCTH 3HAYH-
TEJBHO YITy4IIaeTcsl.
3. DJeKTpOMCKPOBOE, MAarHUTHOE, YJIbTPa3BYKOBOE yIpouHeHHE. J[aHHBIE MeToja peiKo
NPUMEHSIOTCS JJ1s1 00pabOTKU PEXYIIIMX HHCTPYMEHTOB.
4. duznueckoe yIpoyHEHUE: Ja3epHas 00paboTKa, MOHHAS MMILIaHTAIMs. TeXHOIOTHsS HOH-
HOW MMIUIAHTAIIUHU SIBJISIETCS HA CETOJHS OJTHOW M3 Hambosiee MepCrleKTUBHBIX C TOUKH 3pEeHUs Co3/a-
HUST KOMITO3MIIMOHHBIX MAaTepUallOB C ONTUMAJbHBIM HAOOpPOM ITOBEPXHOCTHBIX M OOBEMHBIX
CBOMWCTB.
Honnast uMIIaHTausi — 3TO MpoOIecC, B KOTOPOM MPAKTUYECKU JTIO00H 3JIEMEHT MOXKET
OBITH BHEJIPEH B MPHUIIOBEPXHOCTHYIO 00JacTh JIIOOOr0 TBEPIOro Tejla — MUIIEHHU (TOJJIOKKH), TO-
MEIICHHON B BAKyyMHYIO KaMepy, MOCPECTBOM THUIIa BHICOKOCKOPOCTHBIX HOHOB, HMEIOIINX YHEP-
THI0 B HECKOJIBKO MErasjIeKTPOHOBOJIBT. MIOHBI BHEAPSAIOTCS B MaTepuan MUILICHH (ITOAJIOKKH) Ha
rryouny ot 0,01MkM 10 1MKM, Tepsisi SJHEPTUIO B MPOIECCE CTOJKHOBEHHH C aTOMamMu OCHOBBI.
[Ipodwis (pactpenencHne) KOHIEHTPAIIMH TPUMECH IO TIIyOUHE i OONBIIMHCTBA KOMOWHAIIMA
BHE/IPSIEMBIN aTOM — MHIIEHB (ITOJII0KKA) MOXKET OBITh BBIYUCIIEH. J[i1st Manoi 10361 HOHOB (Majio-
ro YHcia MOHOB Ha €MHUILY IUIOLaIN) MPOQHIIb paclpeleeHus] KOHIEHTPAUN PUMECH TI0 TIIy-
OuHE 0OBIYHO XOPOILO ONKCHIBACTCS I'ayCCOBBIM paclpeiesieHUeM € LIEHTPOM B cepeIuHe 00JIacTH
pacnpocTpaneHusi. B pe3ynpraTte HOHHON MMIUIAHTAIlMN 00pa3yeTcsl MOBEPXHOCTHBIM CION CIsiaBa
C MU3MEHSIOLIUMCS] COCTAaBOM, KOTOPBIA HE 00JIaJaeT BHIPAKEHHOM MOBEPXHOCTHIO pa3fena, Xxapak-
TEPHOM JJI OCAKIECHHOTO MOKPBITHSI.
[IpenmymiecTBOM MOHHOM MMIUIAHTALIMHU, KaK METOJIa MOAH(DHUIMPOBAHKS TOBEPXHOCTH IO
CPaBHEHHIO C APYTUMH METOAAMH YIIPOUHEHUS TIOBEPXHOCTH, SBIISIOTCS:
e yBEIUYEHHUE PACTBOPUMOCTHU B TBEP/IOM COCTOSHUM;
e HE3aBHCUMOCTh 00pa30BaHMUs CIUIABOB OT KOHCTAHT AU dy3uu;
® BO3MOKHOCTb OBICTPOTrO U3MEHEHHs COCTaBa CILIaBa;
e HE3aBHUCUMOCTH OT IIPOLIECCOB, MPOTEKAaEMbIX B 00bEMe MaTepuaa;
e BO3MOKHOCTH IPOIIECCa MPH HU3KHUX TEMIIEPaTypax;
e BeChMa HE3HAYHMTEIHHOE M3MEHEHHE pa3MepoB 00pabaThIBaEMO 1eTalu;
e OTCYTCTBHE IPOOJEMBI ayre3uH, Tak Kak HE CYIIECTBYET SIPKO BBIPR)KEHHOW MOBEPXHOCTHU
paszena;
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e KOHTpOJHMpyeMas IiTyOMHa paclpeesIeHUs] KOHLEHTPALKY;
e BaKyyMHas YHCTOTa,
®  BBICOKAasl KOHTPOJIUPYEMOCTb U BOCIIPOU3BOJUMOCTb.

OCHOBHBIM HEIOCTAaTKOM HOHHOW HMIUIAHTAllUU SIBJsieTcs 0OpaboTKa TOJIBKO TOM 4YacTH
MOBEPXHOCTU HMHCTPYMEHTa, KOTOpas HAXOIUTCS HEMOCPEICTBEHHO B OOJIACTH ACUCTBUS Iy4yKa
HOHOB.

TexHooruM HaHeCEeHUs! OKPBITUH Ha MHCTPYMEHTHI 00JIalal0T BBICOKOW MPOU3BOIAUTENb-
HOCTbIO, YHUBEPCAJIbHOCTHIO, SKOHOMUYHOCTHIO. KpoMe Toro, mosBiseTcs BO3MOXHOCTh YIpaB-
JIeHUs YCIOBHSAMH (POPMHUPOBAHUS U CBOWCTBAMH HOKPBITHH, a TaKKe CBOMCTBAMHU KOMITO3HUIIUU
IIOKPBITHE — UHCTPYMEHTAJIBHBIN MaTepuall. IHCTpyMEHTAIBHBIN MaTepUall ¢ U3HOCOCTOMKHUM I10-
KPBITHEM SIBJISIETCS. HOBBIM MAaTEpHAJIOM KOMIIO3UIIMOHHOTIO THIA, B KOTOPOM ONTHMAaJIBHO COYe-
TAlOTCSI CBOWCTBA MOBEPXHOCTHOI'O CJIOS (BBICOKHME 3HAYEHUS TBEPIOCTH, TEIIOCTOMKOCTH, Iac-
CHUBHOCTH TI0 OTHOIIEHHUIO K 00padaThIBa€MOMY MaTepuaiay U T. /1.) U CBOHCTBA, NPOSBISIOLINECS
B 00beME Tea HMHCTPYMEHTA (IPOYHOCTh, YapHas BSI3KOCTb, TPEIIUHOCTONUKOCTD U T. 11.).

TpeTbuM NpPU3HAKOM SBIIETCS OOIIas, WHTETpajbHAs XapaKTEPUCTUKA YIMPOYHEHHOTO
CJIOSI - €ro CcyMMapHas TOJIIIMHA, BiHMsSHME TOJIIMHBI HW3HOCOCTOMKOIO TOKPBITHS Ha
paboTOCIOCOOHOCTh MHCTPYMEHTA IOCTATOYHO MOAPOOHO paccMOoTpeHo B [1, 2].

TomnmuHa €105 ¢ N3MEHEHHBIMH CBOMCTBAMU SIBJIIETCS BayKHEHIIEH €ro XapakTepuCTUKOM.
Bo-nepBbIX, pa3Hble TEXHOJOTMM YINPOYHEHUS MOIYT OOECHEeYUTh CTPOrO OIpe/eIeHHbIe
JMana3oHbl TOJIMH,  BO-BTOPBIX, KaXIbli BapuWaHT CJIOS HMMEET CBOW oOnTuMyM.  Tak,
A.C.Bepemiaka u C.B.KacesiHOB crienan BBIBOA, 4TO "3((PEKTUBHOCTH 00JIee TOJCTHIX MOKPHITUH
OpU TOYCHMH TPOSBIAETCS IO Mepe pocTa CcKopocTH pe3aHus. OpHako, Jaxe mpu
ynosneTBoputenbHOi kectkoctu CIIMJ] mpu ckopocTsx pesanus 80-120 M/MHH, pOCT TOJIIUHBI
HOKpBITUSL Oojiee 7 MKM HE NMPUBOJUT K TOBBILIEHHIO CTONKOCTH HMHCTPYMEHTA BCIIEICTBHE
IUIOXOM COMPOTUBISIEMOCTH 00JI€€ TOJCTBIX IMOKPBITUI pa3pyIIEHUI0 B YCIOBUSX BbIPAXKEHHBIX
a/JIre3MOHHO-YCTaJIOCTHBIX IPOLECCOB, CBOMCTBEHHBIX paccMaTpUBAaEMOMY AHAna3oHy CKOpOCTEi
pesanus. [lpu pocte ckopoctu pe3anus Oonee 160 M/MUH BO3HUKAIOT BBICOKHE TEMIICPATYPHI,
PE3KO MHUIMHUPYIOTCS KOPPO3MOHHO-OKUCIUTENbHBIE U AU QPY3MOHHBIE TPOIECChl U B OOJbIICH
CTETIEHU CKa3bIBACTCS POJIb MOKPHITUA Kak Oapbepa nuddy3noHHbIM npoueccaM. IlosTomy 31ech
6onee 3¢dextuBHBI TONCTHIE (10 14 MKM) mOKpbITHS". B Hacrosiiee BpeMss JOCTaTOYHO YETKO
YCTAQHOBJICHO, YTO, HAIPUMEP, HA MHCTPYMEHTaX U3 OBICTPOPEXKYILEH CTaIM TOJILIMHBI TOKPBITUH
HE JOJDKHBI MPEBbIMIATh 4-5 MKM NP HEMPEPHIBHOM PE3aHUU M 2-3 MKM IIPHU NMpepbIBUCTOM. JlJis
OBICTPOPEIKYIINX CTaJieH MOBBIICHHOW TEIUIOCTOMKOCTH PEKOMEHAYIOT TIOBBIMIATH TOJIIUHY
MOKpBHITUS Ha 2-3 MKM. PekomeHmamuu 1mo Ha3HAYEHWIO TOJIIWHBI CJIOS Ui MHCTPYMEHTa W3
TBEPJIBIX CIIJIABOB IPUBEICHBI B PA3IMYHBIX CIIPABOYHHUKAX.

YeTBepTHIM NPU3HAKOM IpyNIUPOBAHUS SBIISICTCS nuddepeHpoBaHHAas
XapaKTepUCTHKA YIIPOYHEHHOTO CJIOS - KOHKPETHOE COYETaHUE TOJIIUH, XMMUYECKOI0 COCTaBa U
CTPYKTYPBI COCTABIIAIOLIMX €ro cioeB. IIIupoko H3BECTHO, HAIPUMED, YTO JaXKe HE3HAYMTEIbHOE
U3MEHEHHE TOJIbKO OJHOI0 3JeMEHTa (TOJIIMHBI WM XHMHYECKOIO COCTaBa OJHOrO W3
COCTAaBJISIIOIMX  CJIOEB) IO3BOJSIET CYIIECTBEHHO IMOBBICUTH IOTEHIMAI pabOTOCIIOCOOHOCTH
uHCTpyMeHTOB [1].  [Ing ympoOYHEHHBIX CIIOEB OCHOBBI Ba)KHBIM SIBJISIETCS ONTHMAJIbHOCTD
IpaJieHTa CBOWCTB OT CEPALIEBUHBI K MOBEPXHOCTH. TeXHOJIOrMuecKkue 0cOOEHHOCTH MOTY4EHUS
CIIOEB C  W3MEHEHHBIMM  CBOWCTBAMHM HE SBIAIOTCS  CaMOCTOSITEIbHBIMM INpPU3HAKAMHU
IpYyNIIUPOBaHMS, OHU JIMIIb 00ECIECUNBAIOT CIYXKEOHbIE XapaKTEPUCTUKHA KOHCTPYKLIUH CIIOA.

B pesynbrate npoBeNEHHBIX MCCIEIOBAaHUN IPEUIOKEHA M peayin30BaHa Ha IPAKTUKE
MeToArKa (OPMHUpPOBAHMS TEKylled Oas3bl JaHHBIX BapUAHTOB MarepHaja pPeXyled YacTh
MHCTPYMEHTA U METOJ]a €r0 MOBEPXHOCTHOTO YIPOUHEHHUS.

CoOcTBeHHO Tporecc 0TOOpa MPEACTAaBIsIET cOOOM  IMOCIEI0BATEIBHOCTh NPOLETYp BBOAA
OrpaHMYEHHMH Ha NMPUMEHEHHE BapUAHTOB, BKIIOYEHHBIX B 0a3y MaHHBIX, IOCTPOSCHHYIO HAa OCHOBE
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cUCTeMAaTU3alluu, PEAJIOKEHHON BbIIIe. B Ka)K10M CTPYKTYpHOM 3JIEMEHTE MPUHUMAETCS pelieHre 00
UCKJIIOYEHWH TeX WIM UHBIX BapuaHToB. [IpakTMueckn MeETOAMKA pealu3yercs IyTeM
TMIOCJIEIOBATENHHON pabOThI C KOMIUIEKTOM TaOJIUI], PACKPBIBAIOIINX COJIEpKaHUEe OrpaHUUYCHHI 100 ¢
HECJIOKHOM KOMITBIOTEpHOH IporpamMmoii, BcrpanBaemoil kak B CAIIP PU, tak u 8 CAIIP TIIL

KonkpeTHOMY BapuaHTy MaTepuana pexylled YacTh WHCTPYMEHTa MPUCBAUBAETCS CBOM
koz. Vcnone3yst ero, jerko o0ecrneynuTh aBTOMAaTH3UPOBAHHBIA BHIOOP BapHaHTOB M3 CO3JAaHHOMN
0a3pl ganHbIX. [Ipu sToM mpoueaypa ordopa B KaXI0M CTPYKTYPHOM 3JIEMEHTE BBIIOJIHSAETCS IO
eIUHOH cXeMe:

e BBHIOOP XapaKTepUCTUK (GAKTOPOB, BIUSIONTUX HA BHIOOD;

® [IpUHSATHE pEUIeHHs 10 BO3MOXHBIM albTEPHATHBHBIM BapUaHTaM  COJAEPIKAHUS
CTPYKTYPHOTO 3JIEMEHTA;

® OKOHYATEJIbHBIN pe3yabTaT 0TOOpA.

Hanpumep, npuMeHeHue mpeioKeHHOro npoliecca Bbl0opa MaTepHana pexyllei 4acTu Ha
npuMepe Hauboyiee Pa3BUTOH, YHHMBEpPCAJILHOW omepanuu oO0paOOTKH 3aroTOBKM Ha CTaHKE
TOKAapHOM TpYIIbl IOKA3bIBAET, YTO TOJBKO 3a CYET ATHX HPOLEAYpP BO3MOKHO IOBBIIIEHUE
spdextuBHOCTH 00padoTku 10 10%, Tak Kak B TOKapHOHM omepaluu BO3MOXHA 00paboTka
NPAaKTUYECKH BCEX TIpynn oO0paldaThIBa€MbIX MaTepUaloB B IIUPOKOM JHara3oHe 3HauyeHHH
TBEPAOCTH, OHM MOTYT COJAEpX aTh pPa3NUYHbIE COYETAHUS IMEPEXOAO0B (TOUEHHE MPOXOIHBIMH,
(bacouHbIMH, PACTOYHBIMH, OTPE3HBIMH, NPOPE3HBIMU, OTPE3HBIMU, (PACOHHBIMH, (ACOHHBIMU
TaHT€HIMAJIBHBIMUA DPE3LaMH, CBEpJICHHME, 3€HKEpOBaHHUE, pa3BEpPTHIBAHUE OTBEPCTUM, Hape3aHHe
HapY)KHBIX U BHYTPEHHHUX pe3b0, HakaTeiBaHue pudeHuit). Bo MHOrux mepexomax MoryTr ObITh
UCIOJIb30BaHbl Pa3HOOOpa3Hble KOHCTPYKLUHUH PEXYIIUX HHCTPYMEHTOB KaK LEJIbHBIX, TaK H
coopHbIX. Pexymias dYacTh HMHCTPYMEHTOB, KpPOME TOTO, MOXET OBITh U3rOTOBJICHA U3
MHCTPYMEHTAJILHBIX MAaTEPUAJIOB PA3IMYHBIX TPYII, B TOM YHUCJIE UMEIOIIUX MIOBEPXHOCTHBIE CIOU
C pa3nuuHbIMHU cBoiWcTBaMu. [Iporiecchl pe3aHHss MOTYT BBIIOJHATHCS B IIMPOKOM JHara3oHe
napaMeTpoB pexkuMa pe3aHus. [loaToMy HMMEHHO [UIsi TOKapHOH Omnepanmud MOXKET ObITh
IIPEIJIOKEHO HAMOOJIbLIEE KOJIMYECTBO BO3MOJKHBIX BapHaHTOB MaTepuayla pexylled yactu
MHCTPYMEHTA.

[TosTanmHoe ymopsA0ueHHOE BBIOJIHEHNE BCEX PACUETOB MPHU MPOSKTUPOBAHUN TEXHOJIOTUU
IpU YCJIOBUM TPYNIHUPOBAHMSI PACUETHBIX MApaMEeTPOB IO3BOJIAET YYECThb BCE BO3MOYKHbBIC
BapHaHThl peanu3aliy MPOLECCOB pe3aHus (KOMOMHALIMIO MapaMeTpoB peXHWMa pe3aHus u
MaTepuaja pexylled YacTH HWHCTPYMEHTa) NpPU M3BECTHBIX OIPAaHUYEHHUSAX IO YCIOBHIM
IIPOM3BOJCTBA U TPEOOBAaHUSM TEXHOJOIMH, a 3HAYUT, ONEPATUBHO OLEHUTH 1I€J1€CO00Pa3HOCTD
MIPUMEHEHHS OTJICJIbHBIX BAPUAHTOB IS TaJbHEUIINN pacyeToB Ha JI0O0M 3Tarne NpOeKTUPOBAHMUS.
CtpykTypa 06a3bl HMCXOJHBIX JAaHHBIX Ui  pacyeToB  (GOPMHPYETCS B COOTBETCTBUU  C
MOCIIEZIOBATETFHOCTHIO BBHITIOJTHEHUS PACYETOB U IPYIITUPOBAHUEM PACUETHBIX XapaKTEPUCTHK.

Bri6op anbTepHAaTUBHBIX BapHaHTOB MaTepuala Pexylleil YyacTH MHCTPYMEHTA, B OTIHYHE
OT CYILIECTBYIOIIUX METOAMK, MHpEeACTaBiseT co00il He pa3oBYIO, OTIENbHYI MpOLEAYypY, a
YIOPSA0OYEHHBI TPOIlECC BBOJA OTPaHUYEHUN HAa  HCIIOJIb30BAHHME BCEX BO3MOXKHBIX MapokK
CEp/ALICBUHBI PEXYIICH YacTH, a Takke KOMOMHAIui "OCHOBA-MIOKPHITHE" U3 YKCIIa TPUMEHSIEMBIX
B YCJOBUSX JAaHHOTO MPOM3BOJICTBA B paMKaxX KaXI0TO CTPYKTYPHOI'O 3JIEMEHTa TEXHOJOTHH.
VIMeHHO Takoil MOJIXOJ TMO3BOJWJI 3aMETHO MOBBICUTh 3(P(EKTUBHOCTh TEXHOJIOIMYECKUX
npoueccoB 00pabOTKK pe3aHUEM B MACCOBOM U KPYIMHOCEPUMHOM MPOU3BOJCTBE MPU MUHHUMYME
MTOHECEHHBIX 3aTpar.
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FORMATION OF THE DATABASE OPTIONS FOR THE MATERIAL
OF THE CUTTING TOOL AND ITS METHOD OF SURFACE HARDENING

Kazan national research technical university n.a. Tupolev (Naberezhnochelninsky branch )

Modern mass production machining is characterized by significant volumes of production parts. Efficient
operation of a special expensive equipment leads to an intensification of the cutting processes. These processes can
be effectively controlled by choosing the optimum combination of properties of tool materials and methods of surface
hardening treatment parameters and combinations of cutting. The final selection of the most cost-effective treatment
option for an individual is not the cutting process, and for the entire system of relations in the operation.

Key words: tool material, surface hardening, the process of cutting.
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VJIK 621.912

B.U. Koreabaukos', A.O. KpaCHOBZ, B.IL. Koxemsikun’, A.A. MPIpOHOB3

IKCIIEPUMEHTAJIBHAS ITPOBEPKA D®PEKTUBHOCTHU METO/JA
TEPMOJUHAMMWYECKOM OBPABOTKH HA CTPOT'AJIbHOM CTAHKE

Hwkeropoackuii rocyapCTBEHHBIM TEXHUYECKUM yHUBepcuTeT uM. P.E. Anekceesa’,
. . " 2
Huxeropoackuil BOGHHBIM HHCTUTYT UHKEHEPHBIX BOMCK PO,
[MHNUN <<EypeBeCTHI/IK))3

Heas: Onpenenenue N3MEHEHNH OBEPXHOCTHOTO CJIOS IETAJIN MOCIIE XOJIOJHOTO CTPOTaHUS M TEPMOJAMHAMUIECKON
00paboTKH.

Metoauka: O6paboTka MIOCKOI MOBEPXHOCTH 00pa3ua u3 cranu 45 Obliia IpoBeIeHa XOJIO0JHBIM pe3aHueM, pe3aHneM
C HarpeBOM M HaKaThIBAHHEM HArpeToi MOBEPXHOCTH 00pabOTaHHOM JIETaIN POJIMKOM IIPH Pa3IMyHOM JaBICHUHU. JKC-
MEPUMEHTBI IPOBEZICHBI MTPU pa3iuHbIX pexxumMax pesanust (t = 0,5; 1,0 u 1,25 mm  S=200,0; 300,0 u 500,0 mm/MuH).
PexxuM HarpeBa MoBEpXHOCTH IIPH TEPMOANHAMUYECKOI 00paboTke n3mensuics ot 450 no 600°C.

Pe3yabTaThl: B pesynbraTe ObLIO MOIYYEHO JOKA3aTEIbCTBO 00JIe€ BEICOKOTO KauyeCTBa MOBEPXHOCTHOTO CJIOS ACTANIH
TI0CJIE PE3aHHs C HarpeBOM M TEPMOIMHAMHYIECKOH 00paboTKN 06€3 MUKPO HAZPBIBOB M TPEIIHH.

Kniouesule cnosa: Teopus pesanusi, XoJIoaHass 00paboTKa MeTaslia, pe3aHne ¢ HarPEBOM, TEPMOINHAMUIECKAs
00paboTka MeTaia.

XonoaHas 06paboTKa MeTalljla PE3aHUEM XapaKTepHU3yeTcsi 00pa3oBaHUEM Ha MMOBEPXHOCTH
00paboTaHHON AeTanu OOJBIIOr0 KOJUYECTBA MHUKPOTPEIIMH PA3IU4YHOM BenuuuHBL [IpuumHON
00pa30BaHUsI MUKPOHAJIPHIBOB B TOBEPXHOCTHOM CJIO€ SIBIISICTCS TUIACTHYECKas JAeopManus Me-
TaJjia B KOPHE CTPY>KKH IIPU pe3aHuU. B Kiaccuyeckol TeOpUH pe3aHusi XapakTep CTPYKKooOpas3o-
BaHUS U TUIACTUYECKUHN CIIBUT METAJUIA TPAKTYETCS CISAYIOIUM 00pa3oM.

Kak mpaBuiio, ¢ nenpio ynpoueHus AeGopManui B Cpe3aeMOM CIIO€ TIPU pe3aHUH MeTajuia
paccMaTpUBaIOTCS B OJHOW TUIOCKOCTH. KpucTammmyeckne oObeAMHEHUsI, HA30BEM MX YaCTHIIAMU
Cpe3aeMoro Cliosi, HaXOJIIMECs HA yJAJCHUU OT JIMHUM IacTudeckoro tedenus CB meramia B
KOPHE CTPY)XKH, CBOOOIHBI OT HANPSHDKCHUH W JBUTAIOTCS MO HANPABJICHUIO K MHCTPYMEHTY C
OIpeieIeHHONH CKOpocThio. [lo Mepe mpuONMKEeHHsT K pexXylleMy MHCTPYMEHTY HAIpsDKEHUS B
paccMaTpuBaeMoO YacTHIle OYAyT BO3pacTaTh.

Puc. 1. Cxema Bo3aelicTBHSA pesKyInero KJINHA Ha MeTAJLJI PH Pe3aHHH

B MOMCHT, KOI'’la HAIMPSDKCHUA NOCTUTHYT BCIIMYUHBI MPEACiIa YIIPYIroCTH, 4aCTrUlla HAYHCT

© Kotensuukos B.U., Kpacuor A.O., Koxxemsikun B.I1., Muposos A.A., 2012.
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actuuecku aedopmupoBaThes. OHa mosydaeT OT JEHCTBHS PEXYLIEro KJIMHA IUIACTHYECKOe
CMEILEHIE U MEHSET HalpaBJIeHUE CBOETO ABIKEHUS. [IpH 3TOM CMEIIeHnH IPOUCXOIHT Jaedopma-
s Metayia (006éM ABCD nedopmupyetcst B 00EM EBCN) (puc. 1).

B pesynbraTe Takoi aedopmanuy mpou3onHaeT OTACICHHE YacTH MeTajula OT aeTainu. To-
IIMHA HaOerarouiero MeTajula Ha pexyliui KIMH «a» B OTIENIIeMON CTpyxKe, Ojaronaps IiacTu-
YeCKOMY CABHTY, U3MeHHUTCs Ha AS. Yrou, 00pa30BaHHBIN JTUHHEH TIACTHYECKOTO TEUSHHS YaCTHIL
MeTaJula ¥ HallpaBlieHUeM HaOeraHusl MeTajlla Ha PeXYLIH MHCTPYMEHT, MTOJy4ll Ha3BaHHUE yria
caBura u obo3HaueH Ha puc. 1 OykBou .

Ecnu npenctaBuTh nepexo/iHyr0 30HY IUIACTUYECKOH AedopManuu B BUjae Mapajjienorpam-
ma ABCD (puc. 1), a nTMHAN CKOJTBKEHUS B HEW MPUHATH 32 MPSMBIE, TO CABHUT ATOM 30HBI TPOU30Hi-
JIeT Ha BEJIUYUHY AX.

3HaueHue AS COOTBETCTBYET PacCTOSHHIO, HA KOTOPOE€ CIBHUHYJACh BEpPXHsS CTOpOHA
KBaJpaTa OTHOCUTEIbHO HIKHEH, U Ha3bIBaeTCs aOCONIOTHBIM CIBUIOM. B Teopum mnactuye-
CKuX AeopManuii A XapaKTepPUCTUKA MHTEHCHBHOCTH CJBHTA IIOJB3YIOTCS BEJIMYMHOM €, OT-
HOCUTENIbHBIM cJIBUrOM. OH paBeH OTHOUICHHIO a0COMIOTHOro ciasura A Sk tommuHe ciost AL,
MPETEPIEBIIETO 3TOT ¢aBUT, T.€. € = A §/ A L T'eomerpudecku € paBeH TaHIEHCY yria \y HAKJIOHA
CTOPOHBI KBaJpaTa K OCH z, T.€. € = tg y.

OneMeHT cpezaemoro ciosi ABCD moa AeiCTBUEM pexyIero KiInHa HHCTpYMEHTa nedop-
MHUpYyeTcs ¥ TpuHUMaeT popmy napasienorpamma EBCN.

B tpeyronsanke CDN - DN= AX; <CND = 90°; <CDN = y=1vy; <NCD = f3;

NE=AS;e=AS/Ax=NE/EA =ctgp +tg (B-v). 1)

Ananus ¢opmyn (1) mokassiBaet, 4To JUIsl ONpEIEIeHHs] OTHOCUTEIBHOIO CIIBUTA IPU OTpe-
JIeIEHHOM YTJjle Y He0OX0IMMO 3HaTh 3TO yroji. Ero MoxxHO ompeaenuTs no anuHe cTpyxku. [Ipu
nepemMenieHnl nHeTpyMeHTa Ha Al nHa ctpyxku oyaet Ale. U3 A ABE (puc. 1)

Alc. I'sin B=Al/sin § =Al /cos (B —y) u Al /Alc =cos (f —y) / sin B.

Otnomenue Al / Ale. = Kl nonyunino Ha3BaHue Ko3(QdHUIIMEHTA yCaKU CTPYKKH:

Kl =cos (B —y)/sin . 2
Haunyro Gopmyny HazpBaroT hopmynoit M1.A. Tume. C €€ mOMOIIBI0O MOKHO BBIPA3UTh YTOJl CIBU-
ra yepe3 kodddunuent ycaaku Kl:

Kl =(cospcosy+sinpsiny)\sinB=ctgp cosy+sinvy,

OTKyZa tgp=cosy/ (Kl -sinvy). 3)

HecMmoTpst Ha npuHATHIE JOMYIIEHUS O 3aMEHE 30HbI EPBUYHON Ae(opMaluy eTMHCTBEH-
HOM IIOCKOCTBIO CABHUIAa M MJEAIM3alMM Ipoliecca MPEBPAILEHUS CPE3AEMOr0 CIOSI B CTPYXKKY
¢dopmyna Tume M. A. noka3piBaeT cBA3b MEXAY KOI()PUIUEHTOM yCcaJKu CTPYKKU U YIJIOM CABHra
[, TOCKOJIBKY OTpa)kaeT YCIOBHE CIUIOIIHOCTH MaTepuaia CTPYKKH.

Takum 00pa3oM, OTHOCUTENIBHBIA CIOBUT NPU PE3aHUM 3aBUCHUT OT yrjla cIBuUra 3 u me-
penHero yrina y. Yron [ MOXHO ompenenuTh, 3Has Y. Ilpaktuuecku & = 2-5. Onpenenum, npu

KakoM [} OTHOCUTENbHBIH CABHI Oyle€T MUHUMAJIbHBIM. /{711 3TOro BO3bMEM MEPBYIO IPOU3BOJ-
HyI0 ypaBHEHHUs (3), IpUpaBHSAEM ee K HYJIIO M PEIIUM ypaBHEHHE OTHOCHUTEIBHO [3:

de / dp = - cosec? B +sec? (B —vy) =0. 4)

Oto ycnoBue crpaBemBo mpu = 90° - (B — v). Torma [B]8 omin =45°+v/2. 3Has oTHO-

CUTENbHBIH CIIBUT, MOHO ONPEIENHTh CKOpocTh Aedopmamuu (c '), KoTopas IpejicTaBlseT

cO0OH OTHOLICHHE MAaKCHMAJbHON IJaBHOW JedopMalni €max K €€ IPOJOIKUTEIBHOCTH T ey,
B €/IMHUILY BDEMEHH, T.€. V oo = Emax/ Tregy -

B ciryyae HepaBHOMepHO# AedopMaluu cBUra €€ CKOpPOCTh WIIH CKOPOCHb OMHOCUMENb-
HO20 CO6U2a OTIPEIENSETCS KaK OTHOCUTENBHBIN CBUT B €IMHNIY BpeMenn V , = de/dt.

Ot ckopoctu nedopmalii 3aBUCUT TeMIlepaTypa, BO3HUKILIAS B Pe3yJbTaTe€ COBEPIICHMUS
PEXYLIMM HHCTPYMEHTOM paboThl IO CABUTY MeTaljla B KOpHE CTpyKku. Hanbosiee MHTEHCHBHO
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iacTudeckas aehopMaliisi MpoTeKaeT B y3KOH 30He, IIMPHHA KOTOPOH MpHHUMaeTcs 3a AX. Bpewmst
aepopmanuu onpenenurest u3 Gopmysl T, =Ax/ AV, =(Ax-K|)/V , T.e.

Viep =6V 1 AXK, . (5)

pa

CxopocTh nedgopManvu Mpu pe3aHuu oueHb BhicOKa. [1o manubM [1], mpu o6paboTke KOH-
CTPYKIIMOHHBIX cTajel oosraHoro kagecrsa Ax= 0,02- 0,005mm; € =2 — 5; Kl = 2,0 -4,0. IIpu cko-
poctu pezanust 60 M/mMuH = 100 cM/c ckopocTs fedopManuu OyaeT paBHa Ve, =4000 ™.

Bricokne ckopoctu aedopManuyd HE TO3BOJSIOT YCTAHOBUTH YETKYIO TPAHUILY MEXKITY
XPYIKUMH U TJIACTUYHBIMHU MaTepHaIaMH, TaK KaK OJIMH U TOT K€ MaTepuaj B 3aBUCUMOCTHU OT Xa-
paxkTepa HanpsHKEHHOTO COCTOSTHHS MPH PE3aHUM W CKOPOCTH JeOpPMAaIIU MOXKET BECTH cels pas3-
anuHo. IlockonbKy MOJHOE OomMcaHHe MeXaHu3Ma OOpa30BaHUsl CTPYXKKHU CJIOXKHO, JUIsl aHauu3a
HamnpspDKeHUH U aedopManuii Ipu pe3aHuy peajbHBIA MPOIECC 00pa30BaHUs CTPYXKKH 3aMEHSIOT
YIOpOILEHHOW Mozenbio. [Ipu 3TOM He TPUHUMAIOT BO BHUMaHUE UCKaKeHUE (DOPMBI MOJTYIEHHOTO
CEUEHHUs PEAIbHOM CTPYXKKU U YBEJIIMUEHHE €€ IIUPHUHBI, a €€ MONEPEYHOE CEUEHNE NIPEICTABIISIOT B
BHJIE IIPSIMOYTOJIBHUKA C BBICOTOW, PABHOM CpeHEN TOJIIUHE CTPYKKHU, U IIUPUHOM, PABHOM Iep-
BOHAYaJIbHOW IIUPHUHE PE3aHUsl.

[Ipu pe3anun Mertamia ¢ HarpeBoM B o0pabaThIiBaeMblii METAJI BBOAUTCS JOMOJIHUTEIBHOE
TEII0, KOTOPOE COBMECHO C TEIUIOM, 00pPa30BaHHBIM 3a CUET COBepIIaeMOi paboThI pe3aHus, pa3o-
IpeBaeT Kak JeTallb, TAK U CXOISAUIYIO C pe3lla CTPYXKKY. MIMEHHO m03TOMy 3KCHEpPUMEHTAJIbHbBIE
3aMepbl TEMIIEPATyphl HarpeBa CXOAIIEH CTPYXKKH BBIIIE TEOPETUUECKON CpeHEN TeMIepaTyphl B
cpe3aemMoM cioe Metaiuia. Hampumep, cpeaHsst TemnepaTypa CTPY»KKH, IOJTy4aroLeiicss B pe3yib-
TaTe Cpe3aHus CJ0s TOJIIMHOHN B 4 MM OyJeT:

7= (1000 +800 + 600+ 450) / 4 + AT =1712,5° C. + AT,

rae AT — mpupallieHue TemrepaTypbl B 30HE Pe3aHMs 32 CUET COBEPIICHHOM paboThl pe3a-
Hus. YnclieHHOe 3HaueHUE MPUPAIIEHUS TEMIIEPATYPhl MOXKHO OMPEACIUTh TEOPETUIECKH, MPpUbe-
rasi K 3aBUCUMOCTSIM TEILJIONIPOBOJHOCTH, IMOO B PE3YyJIbTaTE SIKCIIEPUMEHTA 3aMEPOM TEMIIEPATYPHI
CXOJISINIEH C pe3la CTPYKKH.

C y4eToM TpHBEEHHBIX NAHHBIX TUIACTUYECKHE CBOMCTBA CTPYXKKU B KOPHE CTPYXKKU TpU
CTPYKKOOOpa30BaHUH OyyT BBIIIE, YEM Y CPE3aEMOT0 CIIOS Mepesl KOPHEM CTPYKKH. Jlpyrumu cio-
BaMHU, MPOIIECC MIACTUYECKOro JAe(hOpMUPOBAaHUS KPUCTAIOB HA JIMHUU CKajbiBaHUs (puc. 1) Oyaer
WITU B PeXHUME TIACTUYECKOTO TEYCHHUSI HE OT/ENBHBIX CI0eB Ie(OPMUPOBAHHOTO METasia TOJIIIH-
HOMW AX, a TOHYAHIIIUM CJIOEM, C pa3MepaMH COIIOCTABUMBIMU C pa3MepaMu, OTAEIbHBIX KPUCTAILJIOB.

CxopocTts V HaberarIero Ha pe3el] CJIOs TOJIIIMHON «a» Cpe3aeMOTo MeTajlIa ONPeaeIuTCs
Kak repBast mpousBoaHas paccrosaus Al mo Bpemenn At. BenuunHa 3T0i CKOPOCTH YHCICHHO PaB-
Ha BEJIMYMHE CKOPOCTH JedopMaluy WIA CKOPOCTH CMENICHHS KPUCTAIJIOB B KOPHE CTPYXKKHU
BJIOJIb TJIOCKOCTU CABHUTA VT U CKOPOCTH JBIDKEHUS CTPYKKHU Ve TONIMIHMHON ac, BAOIH MEepeaHEH
MOBEPXHOCTH pe3la. J[BukeHne MeTajuia Mpu TakoM CTPY>KKOOOpa30BaHHM MOKHO CPaBHUTH C I10-
TOKOM JKUJKOCTH, MPOXOASIIENH NOCIEA0BAaTENIbHO YepPe3 HECKOJIBKO Pa3IMYHbIX cedeHuid. B cooT-
BETCTBUU C 3aKOHOM COXPAaHEHHUS KOJIMYECTBA JIBUKEHUSI CEKYHIIHBIM pacxoja OyIeT ompenesiTbes
MIPOU3BEICHUEM CKOPOCTH Ha MOIMEPEYHOe CEYeHHE MOTOKa. B cuily TOro, 4to CTpyXKa MpU CBOEM
JBW)KEHUH OYyZEeT TOPMO3UTHCS CUJIONW TPEHHs O MEPEeIHIOI0 MOBEPXHOCTh pe3lia, CKopocTh Ve Oy-
JEeT OTIMYAThCS OT CKOPOCTH IUIACTHUECKOro TeueHus Vt. B To ke Bpems IlacTHYecKoe TeueHHe
BJIOJIb JIMHUW CJIBUTA KPUCTAJUIOB UJET C OYECHb OOJIBIIMMHU CKOPOCTSAMU. i1 COXpaHeHHS paBeH-
CTBa MOTOKOB CKOPOCTb T€UEHHUS CTPYKKHU V¢ NOIKHA CHU3UTHCS, a BEIMYMHA TOJIIIUHBI CTPYIKKH —
BO3pacTH NpU HEW3MEHHON HIMPUHE Cpe3a «a», paBHOM IIyOuHe pe3aHud. [laHHoe yToiieHue
CTPY’KKH Ha KOPOTKOM y4YacTKe, 0 MOMEHTa OTPbIBa CTPYKKHU OT IMEpeaHeN MOBEPXHOCTU pe3lia,
HarJISIIHO BUJHO TMPU pAacCMAaTPUBAHUM BHYTPEHHEW BOJHHUCTOW MOBEPXHOCTU CTPYKKU METaa,
00pabOTaHHOTO C HATPEBOM.

[Ipu pe3anun ¢ HarpeBoM oOpa3yeTcst CTPYXKKa, UMEIOMIasi CEPbIii METAJUTMYECKUI IBET C
a0COJIIOTHO TJIaJIKOI BHYTPEHHE! 10 OTHOUIEHHUIO K Pe3Ily OBEPXHOCTBIO.
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Puc. 2. ®otorpadus cTpy:KKkH, NOJY4eHHOI B pe3yJibTaTe
pe3anus ct. 45 ¢ HarpeBom npu V=47 m/MuH

B pesynbTate pezanusi ¢ HArpeBOM IMPOKCXOJIUT CPE3aHUE CIIOEB MeTailia 0e3 00pa30BaHMUsI MUK-
PO HaJIPHIBOB OBEPXHOCTHOT'O CJI0s1 00padaThiBaeMoii ietanu. [IpoBeprM 3TO SKCIIEPHMEHTAIBHO.

Puc. 4. BHemHuii B HaKATHIBAHUS HATPETOI IOBEPXHOCTH AeTAJH POJITHKOBBIM
HAKaTHHKOM Ha CTPOTajIbHOM CTaHKe

OO0paboTKa MIOCKOW MOBEPXHOCTH 00pasma u3 CT. 45 OblIa MPOBEICHA XOJIOAHBIM PE3aHU-
€M, pe3aHHeM C HarpeBOM M HaKaThIBAHUEM HArpeToi MOBEPXHOCTHU OOpaOOTaHHOH IeTanu poJH-
KOM TIPU Pa3IMYHOM JABICHUH. DKCIICPUMEHTHI TIPOBEACHBI HA CTPOTAIBHOM CTAHKE MPH pa3ind-
HBIX pexumax pezanus (t =0,5; 1,0 u 1,25 mm S=200,0; 300,0 u 500,0 mm/Mun). Pexum HarpeBa
MOBEPXHOCTH TPU TepMoauHamMuyeckor o0padotke ot 450 mo 600°C. Pexxumbl HaKaTHIBAaHHUS PO-
JUKOM HarpeTol MOBEPXHOCTH T€ K€, YTO U MPH XOJOAHOM cTporanuu. [Iponecc Tepmonnnamuye-
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cKoil 00paboTku OBLT 3aMKCUPOBAH Ha BUJEO, a 00pa3isl choTorpadupoansl. doTorpadus mpo-
[ecca CTPOTaHMs HArpeTOd MOBEPXHOCTH JETall Ha CTOJE CTPOTajJbHOrO CTaHKA IIOKa3aHa
Ha puc. 3, a potorpadus nporecca HaKaTHIBAHUS POJIMKOM — Ha pHC.4.

Jlnist poBeieHus SKCIIEPUMEHTa CTaHOK ObLT I0000PYIOBaH JEPEBSIHHBIM JIOTKOM C BOAOH
(OT4ETIMBO BUAMMBIM Ha puc. 3 U 4) 1 OXJIaXICHUS pe3lia U POJIMKa B KOHIE padouero xoj1a nH-
CTpyMEHTa. DKCIepUMEHTaIbHAs IPOBEPKA MPOBOIMIACH C MOBTOPEHUEM KaXKAOTO MPOX0/a pesa
U poJuKa. 3aMep TeMIepaTyphl HarpeBa MOBEPXHOCTH OINpPEAeIIsyICs TepMONapoil KacaHus, Tapupo-
BAaHHOU B rpaaycax Llenbcus.

[Tocne 06pabOTKM MOBEPXHOCTH IIIOCKON JI€TANM XOJIOJHBIM CTPOTaHUEM M TEPMOAMHAMHU-
4eCcKoi 00pabOTKOI MPOBOAMIICS 3aMeEp IIEPOXOBATOCTH MOBEPXHOCTH IMOJT OMHOKYJISPHBIM MUKPO-
ckoroMm (tabi. 1).

Tabauuya 1
Pe3yJ’lLT3T])I 3aM€EpoOB MICPOXOBATOCTH MOBEPXHOCTH
Bun 06pabotku Pexxumbl 00paboTKH MeTaia [Tapamerpsl
Temneparypa Bennunna I'myOuna VYceunue CPOXOBATOCTH
Harpesa oJauu pe3anus, HaKaTbIBaHUS, Ra, Mmkm
MOBEPXHOCTH, | HMHCTPYMEHTa, t MM xkH
T°C S, MM/MUH

Xonoauoe - 500 0,5 - 12,5

CTpoTaHue - 500 1,0 - 12,5

- 500 15 - 25,0
Crporanue 450 500 15 - 6,3
HarpeTou 500 500 2,5 - 6,3
MIOBEPXHOCTHU 550 500 4,0 - 3,2
600 500 55 - 3,2

[MoBepxHOCTHOE 450 500 - 1,156 1,25

negopMupoBaHre 500 500 - 1,045 1,25
Harperou 550 500 - 0,870 0,8
MTOBEPXHOCTH 600 500 - 0,643 0,8
[ToBepxHOCTHOE 20 500 - 4,023 2,5
nehOpMUPOBaHHUE 20 500 - 4,560 2,5
XOJIOTHOE 20 500 - 4,730 1,6
20 500 - 5,380 1,6

B pesynbTaTte npoBeAeHHOI0 HCCIeT0BaHUS ObLIN MOJIYYEHBI CIIEAYIONINE PE3YNIbTAThI: 1Ie-
POXOBAaTOCTh MOBEPXHOCTH IOCIIE XOJIOAHOM 00paboTku cTporanuem Ra = 12,5 — 25,0 mkM, 1iepo-
XOBaTOCTh IMOBEPXHOCTHU IOCIIE TEPMOAMHAMUYeCcKo 00padboTku Ra = 1,6 — 2,5 MkM.

3aTteM 3aMepsuld TBEPIOCTH IOBEPXHOCTHOI'O CJIOS HAa KOCOM cpe3e. PesynbpTaTsl 3aMepoB
CBeJIeHbI B Ta0I. 2.

Tabauua 2
Pe3yabTaTsl 3aMepa MHKPO TBEPAOCTH MOBEPXHOCTHOTO CJI0SI
Bunx 06paboTku 3aMepsl MUKPOTBEPIOCTH Ha riryouHe cpesa, HV xr/mm?
OMMm 0,02Mm 0,04Mmm 0,06MM 0,08Mm
[ToBepxHocTh  0OpaboTana  xojomHbiM | 250 230 210 180 140
CTpOTaHueM
Harpertas mo 500°C noBepxHocTs 00pado- | 100 50 30 10 0
TaHa CTPOTaHUuEM
[MoBepxHoCTh, TIOMyueHHas! nedopmuposa- | 150 110 85 54 25
HUEM ¢ HarpeBoM g0 600°C
[ToBepxHOCTB, MOTydeHHAS 300 270 240 200 140
XOJIOAHBIM _/1e()OPMHUPOBAHHEM
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Kak mnpaBuno, mocie XonoaHON oOpaOOTKH CTpOTraHMEM Ha MOBEPXHOCTH oOpa3yercs
Hakyen. [locne T/IO Bennuuna Haknena cHukaercsa B 1,5-2,0 paza. III1/] no Harperoil moBepxHo-
CTH HECKOJIBKO MOBBIIIAET MUKPOTBEPIOCTb.

Jlyis uccnenoBaHusl KauecTBa IMOBEPXHOCTHOTO CIIOSI MOCIE KaXKIIOTO BHJIa 00pabOTKH 00-
pasibl pa3pe3auch B MOMEPEYHOM MIIOCKOCTH HA MJIACTUHKM TodmuHoM 10 mM. Hape3annsie ma-
CTHUHKHU IHJ'II/I(l)OBaJ'II/ICB " noABECprajinucChb HUCCICAOBAHUIO N3MEHCHHUH CTPYKTYPBI IMOBEPXHOCTHOT'O
CJ10s OJ, MTHCTPYMEHTAIBHBIM MHUKpOCKonoM IpH yBenuueHun x200. CTpyKTypa MOBEPXHOCTHOTO
CJI0s IoKa3aHa Ha poTocHuMKe ( puc. 5).

[ToBepXHOCTHBIN C€0H 0Opa3LOB IOCIE CTPOTaHUs MMEET XapaKTepHble MHUKPOHAJPHIBBI,
o0pa30BaHHBIC BCJIEJICTBHE CABHTOBOH JedopMalii MeTajla B KOPHE CTPYXKHU. [10BepXHOCTHBIH
CJION MeTaa Mocjie pe3aHusi ¢ HarpeBOM He COJEPXKUT 3TUX AedekroB. Pororpadus CTPyKTypbl
MeTauia Toka3aHa Ha puc. 6.

Puc. 6. ®oTorpacdusi NOBEpXHOCTH cpe3a JeTajH Moc/jie CTPoranus ¢ Harpesom (x200)

BrIBOaBI

1. IIponiecc cTporaHus HarpeToro A0 TEMIEPaTyp pasylnpOYHEHUs MeTalla XapaKTepu3yeT-
Csl TOJYy4YEHUEM TOBEPXHOCTHOIO CJIOS JAeTanu 0e3 MHKPOHAJIPHIBOB C MOHMKEHHOM BETMUMHON
HaKJIena.

2. IToBepxHocTtb aetanu nocie TJIO obnanaeT 3HAYUTEIHLHO MEHBIIMMU MapaMeTpaMu Ie-
POXOBAaTOCTH U HE TPeOyeT NOTOIHUTENFHBIX OTIEIOYHBIX ONepanuii (Hanpumep, NUTH(OBaHUS ).

3. IIponiecc TepMoAMHAMUYECKOM 00pabOTKH MOXKHO YCKOPUTH 3a CYET YBEIHMUEHUS MOJauu
MHCTPYMEHTA, a CJIE0BATEIbHO, 3HAUUTEIBHO YICIIEBUTh MPOIECC H3TOTOBICHHUS IeTaJICH.
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V. I. Kotelnikov?, S. A. Krasnov?, V. P. Kozhemyakin®, A.A. Mironov®

EXPERIMENTAL VERIFICATION OF THE EFFECTIVENESS OF THE METHOD
OF THERMODYNAMIC TREATMENT IN THE PLANER

Nizhny Novgorod state technical university n.a. R.Y.Alexeev’,
Nizhny Novgorod military institute corps of engineers RF?,
CRI "Petrel™

Purpose: Determination of changes in the surface layer of the detail after cold planing and thermodynamical metalcutting.

Methodology: Processing of the flat surface of a sample of the steel 45 (CIS GOST) was carried out with cold cutting,
cutting with heating and rolling the heated surface of the machined detail with roller at different pressures. Experiments
were conducted at different cutting conditions (t = 0,5; 1,0 and 1,25 mm S = 200,0; 300,0 and 500.0 mm / min). Mode
of heating surface in the thermodynamic treatment varied from 450 to 600 ° C.

Value: As a result, evidence was obtained of a higher quality of the surface layer of parts after cutting the heating and
thermodynamic process without micro-tears and cracks.

Key words: cutting theory, cold-working, cutting with heating, thermodynamical metalcutting.
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B.B. BecnaJioB

METOJIUKA SKCHEPUMEHTAJBHOM ITPOBEPKHY BJIMSAHUSA ITOTPEIIIHOCTEM,
NBMEHAIOIUXCA 110 CHHYCOUJAJBHOMY 3AKOHY 110 YIIY ® U 2@
HA ITOI'PEHIHOCTD 3ALEIVIEHUA

Huxeropoackuit rocygapcTBeHHBIN TeXxHUUeCcKuid yHuBepcutet uM. P.E. Anekceea

Meron 01HOTIPO(HIEHOTO KOHTPOJIS IIPH OCYILECTBICHUH HENPEPHIBHOTO 00KaTa C MapHbIM KOJIECOM HCIIOJIb30BaH
B 9KCIIEPUMEHTAIBHO IPOBEPKE BIMSHMUS PaJUabHOTO OMEHNS M MEPEKOca IIIEBEPa Ha MOTPEIIHOCTb 3allCIICHHS.

Kniouesvie cnosa: MOTrpenIHOCTh 3aLEIUICHUS], IUKIMYECKas MOTPEIIHOCTh 3yOI[OBOM YacTOTHI, EpeKoc, O
HOTIPO(HIIBHBINH KOHTPOJIb, paliajbHOE OMEeHNEe, IMCKOBBIN IIeBep, IMIMHAPHYECKIE 3y0UaThie Koeca

JIyist cuIToBBIX OBICTPOXOJIHBIX Mepenay 0osiee BaXKHBIM IMOKa3aTeIeM SIBISCTCS HapYIIEHUE
KMHEMAaTUYEeCKOT0 3aKOHA JBMKCHHsI, BO3HUKAIOIIEE MPHU BXOJE U BBIXOJE 3yObeB B 3allCIUICHUE,
TaK KaK 3T OTKJIOHEHHS BBI3BIBAIOT ITUKIMYECKHE MOTPEITHOCTH 3YOIIOBOM YaCTOTHI, CO3/IAIOIIHE
JUHAMHYECKHE MePerpy3KH MpHU padoTe nepenadn, IryM | BUOpAIUIo Mpy €€ dKCIuTyatanuu [3].

OCHOBHBIM METOJOM KOHTPOJISI KHHEMAaTHYECKOW TOYHOCTH 3y0YaToro Kojieca B mepeaade
ABIIAETCSA ONHOMPOGUIbHAS 00KATKa €0 ¢ MAPHBIM KOJIECOM.

Mertox omaHOMPOGUILHOTO KOHTPOJS TMPU OCYIISCTBICHWU HEMPEPHIBHOTO oOOKaTa C
MU3MEPUTENBHBIM JJIEMEHTOM SBIISCTCS TUIMYHBIM CIy4aeM KOMILJIEKCHOTO KOHTPOJS, MOCKOIBKY
MOJTy4aeMBbIi pe3yJbTaT 1aeT HEMOCPEICTBEHHO KOMIUIEKCHYIO OIEHKY KHHEMAaTUYeCKOW TOYHOCTH
U3JIeTNsl W XapaKTepU3yeT HEeMPephIBHOC HW3MEHEHHE TMOTPEIIHOCTEeH YIJIOBOTO TOJOKEHUS
KOHTPOJIUPYIOIIETO KoJieca 1mo yriy ero moBopota [3].IlosTomy B kadecTBe JIMHUM 3alCTUICHHS
BBICTYIAET KHHEMATHUECKasl MOTPEIIHOCTh 3y04aToro KoJeca.

B pa6ore [2] 6pu10 MOKa3aHO, YTO JIMHKS 3allCTUICHUS BUHTOBOM ITapbl HMEET MOTPEITHOCTD.
BenuunHa TOrpemIHOCTH JIMHUW 3allelUICHUsT OT JJIEMEHTHBIX TOTPEITHOCTEeH W3TOTOBICHUS,
3aTOYKH M YCTAaHOBKH JUCKOBOTO IIEBEpa BIIEPBBIC paccunTaHa B padoTte [1].

Jis w3MepeHus JIMHUW 3allelieHus] JUCKOBOTO IIIeBepa HCIONB3YyeTcsl MpuOop st
KOHTPOJISI KHHEMaTHUECKOH morpemHocT Mojienu bB-5058:

e Tunopasmep npudopa CII-1;
MOJ1yJIM KOHTPOJIMPYEMBIX KoJiec OT 1 10 8 MM;
IUaMETPhI JETUTEIHLHON OKPYKHOCTH KOHTPOIUPYEMBIX 3y0uaThiX Kojiec oT 20 mo 320 mm;
Macca KOHTpoJupyemoro uzaenus He 6onee 40 kr;
JUTMHA BaJia OMPABKH, YCTAaHABIMBAaeMoOu B 1ieHTpax, oT 200 qo 300 mwm;
[epelaTOuHOE OTHOLIEHUE KOHTPOJIUPYEeMbIX Kojiec oT 1:1 no 1:16;
9HCII0O 00OPOTOB BEAYIIETO MIMUHACIS 6 00/MHH;
MIPUHLIMI AEHCTBUSA - JIIEKTPOHHBIM.
[TpuGop mo3BoJIIET KOHTPOIUPOBATH LIMIIMHIPUYECKHE 3yOUaThie Kojeca BHEIIHETO U BHYT-
PEHHETO 3alleIUICHHUs MPU HEMPEPHIBHOM OJHOMPO(PHUILHOM 3alCIUICHUH C U3MEPUTEIbHBIM WU
MapHBIM KoJiecoM (0OKaT mapsl kKojiec). KoHTponupyembie 3y0uaThie KoJieca YCTaHABIMBAIOTCS Ha
BEIyLIUI 1 BeJOMBIN mmuHaenss. Ha koHiax o0enx mmuHaeneil ycTaHoBICHBI (HOTOIICKTPUUECKUE
KpyroBeie u3MepurenbHbie mnpeodpazoBatenu (OKUII). Kopmyca mpeoOpaszoBareneid CBS3aHbBI C
KopmycamMu 0a0OK MOCPEICTBOM MapalljieIorpaMMOB, MO3BOJISIONIUX HCKIIIOUUTH U3 PE3YyIbTaTOB
M3MEpEHUIl MOTPEIIHOCTH, BO3HUKAOIIME OT OMEHUI KOHIOB LIMHHJENIEeH mpubopa, HaA KOTOPBIX
yctanoBieHsl OKUIIL.

Cxema paboTsl mpubopa npencrapieHa Ha puc. 1. B nmpubope bB-5058 ncnonszoBan npuH-

© becnanos B.B., 2012.
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IIUIT TTpeoOpa3oBaHMsl MOTPEIIHOCTH Mapbl 3yO0UaThiX KOJIeC, OOKATHIBAEMBIX B OJHOMPOPUIHLHOM
3aIeTUICHUH, B KoJieOaHus (a3bl AJCKTPUUICCKUX CUTHAJIOB, MOCTYIMAOIINX C ABYX (OTOIIEKTpUYE-
CKHX KPYTOBBIX M3MEPHUTENBHBIX MpeoOpasoBareneil 4, OWH U3 KOTOPBIX JKECTKO CBSI3aH C BEIY-
MM BajJoM 5, a BTopoii-c BeoMbIM 8. Ha Benymiem Bay 3akperuisercs 3youaroe koyueco 6 ¢ uuc-
JIoM 3yOBEB Z;, @ Ha BEIOMOM - 3y04aroe Kosieco 7 ¢ guciioMm 3y0neB Z;. C obenx OKUII mpu ux
BpAIlICHUN TIOCTYIIAIOT CUTHAJIBI HA JBa BXOJa JJCKTPOHHOUW cxembl mpubopa. [Ipu oOkarke m3me-
PSAEMBIX KOJIEC C OJMHAKOBBIM YHCIIOM 3yObeB, T.€. Z1=Z», curHaibl ¢ ®KUII ¢ ogunakoBoii yacTo-
toii f1=f, mocrynarot Ha dazomerp 9.

Puc. 1. Cxema padoTbl npudopa

Cnsuru (a3, BO3HUKAIOIINE MEXKIY JIBYMsI 4acTOTa, O0YCIOBIEHBI YIIIOBBIM PaccoryiacoBa-
Huem OKUII, cBsA3aHHBIX HEMOCPEACTBEHHO C OOKATHIBAEMBIMU KOJIECAMH, T. €. IMOTPEIIHOCTHIO
oOKaThIBaeMBIX KoJieC Z; U Z; Pa3HOCTh (a3 3ammceiBaeTcs ayiekrpocamonuciiemM 10, u 3Ta 3amuch
SBISIETCS TPaUKOM KHHEMATHYECKON MOTPEIIHOCTH OOKaThiBaeMbIX koiiec. [Ipu Z1#Z, CUrHAIIBI C
@®KMUII noctynatot ¢ pa3Hoit yacToToi, T €. f1£f,. B aToM cirywae wacrora, mocrynaromas ¢ ®KUIT
BEIyIIEro 00KaThIBAEMOT0 KoJieca, MPUBOAUTCA K "acTote, nocrynatomieit ¢ ®KUIT Bexomoro 06-
KaTBIBAEMOTO KOJIECa Yepe3 YMHOKHUTEIh 3 U ICTUTENIb YacTOTHI 2, T.€. CABUTHU (Da3, BOSHUKAIOIIHIEC
MEX1y JIByMsl 4aCcTOTaMM, O0OYyCJIOBJIEHBI yrioBbIM paccoriacoBanueM ®KUII, cBs3aHHBIX Hemo-
CPEICTBEHHO C OOKAaThIBAEMBIMH KOJIECAMH, T. €. IMOTPEITHOCTHI0 OOKaThIBAEMBIX KOJIeC Z1 W Zo.
Pa3nocTh (a3 3ammceiBaeTcs smekTpocamonuciieM 10, ¥ 3Ta 3anmuch SBISIETCS TpapuKoOM KHHEMa-
TUYECKOM MOTPeITHOCTH 0O0KaThiBaeMbIx komnec. [Ipu z;#Z, curnanel ¢ ®KUII moctynatot ¢ pa3Hoii
yactoroi, T e. . f1#f,. B aToM cinydae wactora, nocrynatorias ¢ ®KUIT Begyiiero o6kaThBaEMOIro
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KoJieca, MpuUBOAMUTCA K dyacTtore, moctynatomiein ¢ ®KUII Bemomoro obkaTeiBaeMOro Kojeca depes
YMHOKUTEINb 3 U JEIUTENb YaCTOTHI 2, T.€.

f1=:—1=if2,TaKKaK %=i
2 2

Teneps cHOBa oguHaKOBbIC YacToThI if1=f; mocTymaoT Ha Gazomerp, KOTOPBIHA MOKA3BIBACT
pa3HOCTh (pa3 MPUBEIACHHBIX YACTOT, a CAMOITUCEI] PETUCTPUPYET KHHEMATHYECKYIO TIOTPEITHOCTh
00KaThIBaEMBIX 3yOUaTHIX KOJIEC.

JlJiss yCTaHOBKU PA3IMYHBIX JHMANA30HOB M3MEPEHHs UCIIOJIB3YETCS perucTp macmrada 1,
YCTAHOBJICHHBIH B 2JIGKTPOHHON YacTH npuoopa.

s coOnrofeHus CTAaTUCTUYECKON YCTONYMBOCTH HAOMIOAAEMbIX 3HAYEHUH OTKIOHEHUI
MapaMeTpoB TNPUHUMAIKHCH CIEAYIONIHE Mepbl MO O0O0ECIEeYeHHI0 OJHOPOJHOCTH YCIIOBHUI
AKCNEPUMEHTOB:

1) Bce 3aMepbl IPOBOJMIINCH HA OJTHOM M TOM K€ IPHOOpE;

2) BIpoIecce BCeX U3MEPEHHI MPOBOIUIIACH eIMHAast KaTMOPOBKA U HACTPOIKa MprOopa;

3) Bce M3MepeHHs MPOBOAMIKMCH HA CIEHUAIbHO M3TOTOBJICHHBIX OMpPaBKax, MCKIIOYA0-

[IUX BHECEHUE JOMOIHUTENbHBIX OTPEITHOCTEN.

B paGote [1] ObuTO MOKa3aHO, YTO CyMMapHasi MPUBEJCHHAS MOTPEIIHOCTh 3alleTICHUS
ONpeeNsieTCss MOHOTOHHBIMU KYCOYHO-JTMHEHHBIMU COCTABIISIOIIMMH, CUHYCOUIAJIbHBIMU I10 YIIIY
® u yriy 2¢. CymmapHas mpuBeJACHHAs IMOTPEITHOCTh MOXKET OBITh pa3jioKeHa Ha yKa3aHHbBIC
COCTAaBJISIOLINE.

CuHycOMTQJIbHBIE COCTABJISIONMIUE IO YIAy ( CYMMapHOW MPUBEICHHOW MOTPEUTHOCTH
3aleTUICHUS] OMPENEIISIIOTCS paaualbHBIM U OCEBBIM OMEHHEM IIeBepa, a TakkKe paguaibHOU
COCTABJISIOLIEH OT IepeKoca meBepa.

DKcrnepuMeHTalIbHasl [IPOBEPKA YKA3aHHOM 3aBUCUMOCTH IPOBOAMIIACH 3a CUET U3MEHEHUS
panuanbHOro OueHus mesepa. OTCYTCTBHE IEpeKoca MeBepa KOHTPOIMPOBAIOCh. MOHOTOHHBIE
COCTABJISIIOLME TOTPEHIHOCTH 3alleTUICHUs] HAa BCEM MPOTSKEHUU HKCIIEPUMEHTa OCTaBaJIUCh
MTOCTOSTHHBIMH.

[Topsinok MpOBEPKU CIEAYIOLINN:

1. BriOupaercs meBep, YAOBIETBOPSIONIUN IO TOUHOCTH YCIOBUSM IKCIIEPUMEHTA.

2. VI3MeHeHHWe paaMambHOTO OMEHHs IIEBepa OCYIIECTBISIIOCH 3a CYET pacuuiiu(oBKH

MIOCaJ0YHOTO OTBEPCTHS.

3. Ilpum yctaHoBKe mieBepa Ha MIMHHIETs TPHOOpa CO3/1aBaINCh Pa3INYHbIe HEOOXOIUMBbIE

paauanbHbIe OUEHUS.

4, Ha mpubope sl KOHTpOJsS KHHeMaTudyeckod morpemHoctn bB-5058 mesep

0OKaThIBaJICS C MAapPHBIM 3y0UaThIM KOJIECOM.

5. 3amuch KHHEMaTHYEeCKOW IOTpEenIHOCTH 3yOuyaTod mepenayd Ha OyMakKHYIO JIEHTY

(mpumep 3amucH Ha pucC. 2).

6. OOpaboTka pe3yTbTaTOB U3MEPCHHUIM.

7. CpaBHEHHE pe3yIbTaTOB MOJYYCHHBIX IKCIIEPUMEHTAIBHBIM U PACUETHBIM MyTSIMH.

CuHyconaJIbHbIE COCTABJISIONIUE IO YIJy 2¢ CYMMapHON NPHUBEACHHON MOTPENTHOCTH
3alCIUICHUS ONPEICISIIOTCS OCEBOM COCTABIIONIECH IepeKoca ieBepa.

Boigenutb  CMHYCOMAANbHYIO  COCTaBIAIONIYIO IO yray 2¢ B  4YHCTOM  BHJE
AKCIEPUMEHTAIBHO HE ynaercs. B cBA3M ¢ 3TUM B JaHHOM pa3jielie pacCMaTPUBAETCS CyMMapHOE
BO3JICMCTBHUE MEpEKOCca 1IeBepa HA MOTPELTHOCTD 3alEIIICHUSI.

MOHOTOHHBIE COCTAaBIISIONIME MOTPEIIHOCTH 3alEIUICHUs OCTABAINCh IMOCTOSIHHBIMM Ha
MPOTSHKEHUH BCErO AKCIEPUMEHTA.
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Puc. 2. Bausinue paguajJbHOT0 OMeHHs IeBepa

HAa MOTPeNIHOCTDH 3anenieHus (nMpaBblii NpoQuIIb):
paguanpHOe Ouenue mesepa 40 MxMm; F3=13,8 Mkm

S B,

{144

[T | ]
[ LT

Puc. 3. Bausinue nepexkoca Ha MOrPeLIHOCTD 3alenieHus: (MpaBblil Mpoguin):
nepekoc 30 mxm; F3=14,5 MM
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[Topsimok MpoOBEpPKHU CIAETYIOLINNA:
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BriOupaeTcs 1meBep, yI0BISTBOPSIONIUNA 10 TOYHOCTH YCJIOBHUSAM SKCIICPUMEHTA.
[lepekoc 1IeBepa OCYIIECTBISAETCS 3a CUET pacuuI()OBKH IMOCAT0YHOTO OTBEPCTHS.
[Tpu ycTaHoBKe mieBepa HAa MIMUHAEIH MPHOOpPA CO3AABAIMCH PA3IMYHBIC TPeOyeMble
BEJIMYMHBI ITEPEKOCa.

OOxkaTka 1IeBepa ¢ TMapHBIM 3yO4aThIM KOJECOM Ha TpuOOpe ISl KOHTPOJIS
KHHEeMaTH4ecKou morpemuoctu bB-5058.

3anuch KUHEMATHYECKOH TOTPEIIHOCTH 3y0dYaToil mepenadn Ha OyMaKHYIO JICHTY
(IpuMep 3amucH Ha puc. 3).

O06paboTKka pe3yIbTaTOB H3MEPCHUI.

CpaBHEHHUE Pe3yIbTATOB MOJIYUCHHBIX IKCIIEPUMEHTAIBHBIM U PACYCTHBIM MTyTSIMH.

Ha ocHoBanum pa3pa®oTaHHON METOIUKU TMOSBISETCS BO3MOXKHOCTH IKCIEPUMEHTATHHOM
IIPOBEPKU BIIUSIHUS MOTPEIIHOCTEN, U3MEHSIOMIMXCSA IO CUHYCOUJAJIbHOMY 3aKOHY MO YIIIy @ U 2
Ha MOTPEUIHOCTD 3alECIICHHUS.
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V.V. Bespalov

METHOD OF EXPERIMENTAL VERIFICATION OF THE EFFECT OF ERRORS THAT
VARY SINUSOIDALLY IN ANGLE ® AND 2® ON THE TRANSMISSION ERROR

Nizhny Novgorod state technical university n.a. R.Y. Alexeev

Purpose: Development of sequence of determine the effect of radial runout and shaver cocking on the transmission

error.

Design/methodology/approach: It creates a variety of radial runout and cocking. It measures the line of contact.
The method of single-flank control is used for rolling action with mating gear.

Findings: This method allows to determine the effect of radial runout and shaver cocking on the transmission error.
Originality/value: The article is of interest to specialists in the manufacture of gears.

Key words: the transmission error, cyclic error of gear-meshing frequency, cocking, single-flank control, radial
runout, disc shaver, spur gear.
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AOEPHAA SQHEPTETUKA U TEXHUYECKAA ®U3UKA

VIIK 621.039

A.B. Bapeﬂuonl, JI.B. 3H6JII/IIICB1, JLH. CO.J'IHHeBl, AH. Hponnﬂl, O.H. Mopo31mn2

SKCHEPUMEHTAJIBHBIE UCCJIEJOBAHUS JIOKAJIBHBIX THAPOAUHAMMWYECKHUX
XAPAKTEPHUCTHK IIOTOKA B TEIUIOBBIIEJISTIOIIINX CBOPKAX PEAKTOPHOM
YCTAHOBKH IIIABYYE ATOMHOM SJIEKTPOCTAHIINA

. . . 1
Huxeropoackuii rocynapcTBEHHbIM TeXHUUECKUM yHUBepcuTeT M. P.E. Anekceesa’,
OAO «OKBM AcppI/H(aHTOB»2

HPG,Z[CTaBJ'IGHLI PE3YJIbTAaThl U aHAJIN3 SKCIICPUMCHTAJIbHBIX JAHHBIX IO UCCIICAOBAHUIO JIOKAJIbHBIX THAPOANHAMU-
YECKUX XaAPAKTCPUCTUK MOTOKA TCIIJIOHOCUTEIIA B TBC peaKTOpHOfI YCTaHOBKH rmaByqeﬁ aTOMHOM QJICKTPOCTAHIIH.

Knrouesvle cnosa: H}IepHBIIjl PEAKTOP, aKTUBHAA 30HA, TCIIJIOBBLLACIIAIOIIASA c6op1<a, ruapoanHaMuKa TCIJIOHO-
CUTEJISI, AMCTAHITUOHUPYIOIIast PEIIETKaA.

BBenenue

B nacrosmee Bpems B Poccuu BeeTcst CTpOUTENBCTBO IJIaBy4Y€d aTOMHOM AJIEKTPOCTAHIIMHI
(ITATOC). JlaaHbBIl TPOSKT OTHOCHUTCS K YUCITY MHHOBAITMOHHBIX Pa3pabOTOK POCCHICKON dHEpre-
TUKH U He uMmeeT aHainoroB B mupe. OAO «OKBM AdpukaHTOB» 3aHUMAETCS peai3aliieii mpoeK-
Ta aTOMHOM SHEPreTUYECKOW YCTAHOBKM MajOW MOIIHOCTH JJIsl IUIABy4€ll aTOMHOM 3JIEKTPOCTaH-
nuu. I[Ipoekt TTATOC mo3BONMHT POCCUHCKONW aTOMHOM MPOMBIIIJICHHOCTH Tpe/jarath 3apyoex-
HBIM 3aKa3YMKaM YHUKAJIbHYIO TEXHOJIOTHIO B CETMEHTE PEAKTOPOB MAJION U CpEeIHEN MOIIIHOCTH.

Baxnoil xapakrepuctukoit [IATOC sBnsieTcsi BO3SMOXKHOCTb €€ 0a3supoBaHUs B TPYIHOJO-
CTYMHBIX pailoHaX M MCIIOJIB30BaHMA JJIsl BEIpAOOTKH AJIEKTpUYECTBA U Teruia. Pa3menienue miaBy-
YMX aTOMHBIX TEIUIO3JIEKTPOCTAHIMI Hanboee 1enecoodpa3Ho B pailoHax, I/ie OTCYTCTBYIOT TOTI-
JMBHO-3HEPreTUYECKHE PECypChl MIIM UX JIOCTaBKa CONpsDKEHa ¢ OOJIBIIMMM TPYAHOCTSMHU, B TaK
Ha3bIBAEMBIX 30HAX JEIEHTpaIn30BaHHOro sHeprocHadxenus (Kpaitnuit Cesep, Hanbuuii Boctok
Poccuu, octpoBHbIe rocynapcTBa A3uaTcKko-THUX00KeaHCKOro peruoHa u ap.)[1].

OueprouctoynukoM [TATOC sBasercs peakropHas ycranoBka (PY) KJIT-40C. TpeGoBanus
K SICPHBIM YHEPreTUYECKUM YCTAaHOBKaM 00YCIOBIUBAIOT He0OXoaumocTh obecnieuenust KJIT-40C
HKCIUTYaTallMOHHON HAAEKHOCTH U OE30MAaCHOCTH, a TAK)KE BBICOKUX TOKa3zaTeneil 23 PpeKkTUBHOCTH
paboTHL

AxTtuBHas 30Ha naHHOW PY kaccetHas u coctout u3 mecturpanHabix TBC. Paspaborannas B
OAO «OKBM AdpukantoB» TBC mns aktuBHbIX 30H peakropa KJIT-40C momkHa COOTBETCTBO-
BaTh MEXIYHApOJIHBIM CTaHAapTaM u TpeOoBaHusM [2]. Jlisi BHEeApEHHUs TaHHOW KOHCTPYKIIMU B
aKTHBHYIO 30HY SIIEPHOTO PEAaKTOpa, HEOOXOAMMO MPOBECTH KOMIUIEKC MCCIEeIOBATEIBCKUX padoT
10 0OOCHOBAHUIO TETUIOTEXHUYECKON HAJIe)KHOCTH JTAHHOW TETUIOBBLACISIONIeH cOopku. B cBs3u
3THM 3KCIIEpUMEHTAIIBHOE HCCIeI0BaHuE 0COOEHHOCTENW (POPMUPOBAHMS JIOKAJIBHBIX THIAPOANHA-
MUYECKUX XapaKTePUCTHUK MOTOKA TEIUIOHOCUTENS B Iyykax TB3J0B TBC npu ncronb3oBaHUU JU-
CTAaHIMOHUPYIOIINX PEIIETOK SBIIAETCS aKTyaJIbHOM 3a/1auel.

© Bapenros A.B., 3s6mmieB JI.B. , Comnues JI.H. , [Tponun A.H., Mopozkun O.H., 2012.
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3KCHepHMeHTaJIbHBIﬁ CTCHA 1 METOAUKA NMPOBEACHUSA HCCJIe0BaHMIi

OCHOBHBIM METOJIOM M3y4YEHUS THJIPOJUHAMUKU COOPOK TB3JIOB M AKTUBHBIX 30H PEAKTOPOB
B 1IEJIOM SIBJISIETCSl SKCIIEPUMEHTAIbHOE MCCIIEJOBAHNE MACIITAaOHBIX M MOJHOPAa3MEPHBIX MOjeeH
KacceT M aKTHBHBIX 30H Ha a3po- ¥ TuApoarHamMudeckux creHnax [3]. [loatomy mccrienoBanus jo-
KAJIbHBIX THAPOAMHAMMUYECKUX XapPAKTEPUCTHK IOTOKA TEIJIOHOCUTEINS IMPOBOAWIMCH HA a’pOAu-
HaMHUYECKOM SKCIIEPUMEHTAIBHOM CTeH e (puc.]) Ha MaciITaOHON MOIETH.

DKcnepuMeHTallbHast MoJienb, npencraBisitomas coboir TBC peakropa KJIT-40C, Bbimo-
HEHa B IIOJIHOM I'€OMETPUYECKOM IOJ00MH M COCTOWT: M3 HIECTUTPAHHOTO 4exia, /8-MH LWINH-
JPUYECKUX TBIJIOB-UMUTATOPOB, IIecTH IuuHapuueckux CBII-umuraTopos, ycrpoiictBa (hukca-
UM JaTYUKA, TPEX MOSCOB JUCTAHIIMOHUPYIOIUX PELIETOK.

Brixoanas yacTp 3KCIIEpUMEHTAIBHON MOJENHN NIPECTaBIEHA Ha puc. 1.

Puc. 1. BeixogHasi 4acTh IKCIEPUMEHTAIBLHOI Moaeu

HccnenoBanust J0KaNbHBIX THAPOJIUHAMHUUYECKUX XapaKTEPUCTUK IMOTOKA TEIIOHOCUTEIS
3aKJII0YAJIUCh B U3MEPEHUU MOJYJISl BEKTOPA CKOPOCTHU MATUKAHAIBLHBIM THEBMOMETPHUUECKUM 30H-
JoM (pHC. 2) BHYTpH TPYOHOTO MydYKa SKCIEPUMEHTATbHOM Mojienu. [IaTHKaHATBHBINA 30H O3BO-
JISICT TIPOM3BOIUTE 3aMephl (B CpeaHeM OK0JI0 50 TOYeK) B KaXKI0i M3 SYeeK B MOMEPEYHOM ceue-
HUU HCCIIEAyeMOro yyactka OM.

[IpuemHuble oTBEpCTHS

Puc. 2. quCTBI/ITeJIbHaﬂ YacTh NATHKAHAJIBHOIO IHEBMOMETPUYECKOI'0O 30HAA
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g nmonydyeHus moiaHoW MHGOpPMALUK O TPEXMEPHOM TEUYEHHUHU MOTOKA MCCIEAOBaHUS JIO-
KaJIbHOW TUAPOAMHAMHKH TETUIOHOCUTEIISI TIPOBOIMINCH B TPEX XapaKTEPHBIX 00JACTSIX: CTaHIapT-
HoM obmactu (puc. 3, a), obmactu BeiTecHUTEs (pHc. 3, 6) u nepudepuitHoit obmactu (puc. 3, 6).
Kaxxnas obmacte BKIIOYasia B ceOsi OMpEAeIEHHOE KOJMYECTBO SYEEK, KOTOphIE pa3OMBaIuCh Ha
30HBI U3MEPEHUS. B Ka)x 1011 U3 TaKKMX 30H 3aMepbl TPOBOAMWINCH B 19 ceueHusix no aiaune DM.
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Puc. 3. PacnoJsio:keHue siueek B MOMEPEYHOM CEUEHUH IKCIEPUMEHTAIbHON MOIe)IN
a — cTaHgapTHas 00JacTh; 6 — 00J1aCTh BEITECHUTEINS; 6 — Nepudepuiinas 001acTb

Pe3ysbTaThl 3KCIIEPUMEHTAIBHBIX UCCJIET0BAHUI JIOKAJIBHBIX M0JIel CKOPOCTH
B Mozesin TBC peakropa KJIT-40C

DKcNepUMEHTANIbHbIE UCCIIEA0BAHUS JOKAIbHBIX THAPOJUHAMUYECKUX XapaKTEPUCTUK I10-

TOKa TETUIOHOCUTEIS MPpoBoAWIMCh Ha MaciuTadHoi moaenun TBC peaktopa KJIT-40C npu uncnax
Re = 90600. Llenb 1aHHBIX MCCIEI0BAaHUN 3aKJI0YAJIaCh B U3MEPEHHUH MTPOEKLUI BEKTOpa CKOPOCTH
Ha ocH X, Y, Z B TpeX XapaKTEpHbIX 00JIacTAX MOJEINH, BKIIIOYAIOLIUX B ce0s OIpe/Ie]IeHHOE KOJIH-
YECTBO SAYEeK:

e craHgaprtHas oonacts (srueiiku Ne 80;86;92;93);

e o0macts BeITecHHTENS (stuekiku Ne 87;94;95;103;104;111;112;121);

e nepudepuiinas oomactp (sueiiku Ne 69;70;79;85;91;92).
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Jls1 momydeHus HanGosee MONHOTO MPEICTABIEHUS O XapaKTepe TeUeHHs TErIOHOCHTEIS B pac-
CMOTpPEHHBIX 00JIACTSAX MOCTPOEHB! KAPTOIPaMMBI H30Tax oTHocHTeNbHBbIX ckopocteit W /W, W, IW

u W, /W s ucenemyembix obmacteii. Takas GopMa MPeACTABIEHUS SKCIEPHUMEHTATBHBIX JIaHHBIX
TI03BOJISIET KAYECTBEHHO OMPEIEIMThH OCHOBHBIE 3aKOHOMEPHOCTH TeYEHHS TEIIOHOCUTEJISL.

Puc. 4. Kaprorpammel pacnpe/ieieHusi 0THOCHTEJILHBIX ckopocreii W, / W, w, / W u w,/ W

IUISL 30H CTAHAAPTHOM, nepudepuiiHoi 00,1acTH U 30HbI BBITECHUTEJIS
B BBIXOJIHOM Ce4YeHUH IKCIEePHUMEHTAIbLHONH MO/IeJIN

AHanu3 ruipoIMHAMMUYECKUX BEJIMYMH B TpeX BbIOpaHHBIX oOnactTsax 3a /IP OM nozBossier
OIpeAENIUTh OOILIUE 3aKOHOMEPHOCTH JBM)KEHUS TEIIOHOCUTENS 32 JUCTAHLMOHUPYIOLUIUMH pe-
metkamu TBC peaxrtopa KJIT-40C. IIpu ananuse ruipoInHaMUYECKUX BEIUYHH CIEAYET YUUTHI-
BaTh, YTO KaXkJasi 00JIacTh BKJIIOYAET B ce0sl ONpeesIeHHbI Ha0op sueeK, OTIIMYAIoIUX s TUIoIa-
JSIMU TIPOXOJHBIX CEUEHUI.

[To pe3ynbraTtam pacrpeaeseHus MpoeKIuii abCOTIOTHON CKOPOCTH B CTaHIaPTHOM 00J1acTH,
o0jacTu BeITECHUTENS M NepudepuiiHoi 001acTi BBIIBIEHO, 4TO BO Beex sueiikax TBC peaktopa
KJIT-40C noTok TenjaoHOCUTENS MPEUMYIIECTBEHHO HOCUT OCEBOM Xapakrep. 3HaueHUs OTHOCH-

TeJbHBIX Monepednbix ckopocteit W, /W), W, /W He npeBbimator 5%. 310 00ycnapiuBaeTcs TeMm,

YTO JUCTAHIMOHUPYIOIINE PEHIETKH, COCTOAIUE U3 IJIACTHH, BHOCSAT HE3HAYHUTEIIbHBIE BO3MYIIE-
HUS B NIOTOK TEIUIOHOCUTENs, a Takxke TeM, uto TBC peakropa KJIT-40C umeer pa3aBUHYTHIH ITy-
4OK TBIJIOB. [losydeHHBIE pe3ynpTaThl MOATBEPKIAIOT TAK)KE MAIYI0 HHTEHCUBHOCTh MEXbsdeed-
HOI'0 MaccOOOMEHa MOTOKa TEIUIOHOCUTENS 3a JUucTaHmoHupyomumu pemetkamu KJIT-40C.
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W3 xapTorpamMm pacnpeneneHusi MpoeKIuii abCOIOTHON CKOPOCTH B CTaHIApTHON 00sacTu
(st4. Ne 86) BuaHO, uTOo B 1eHTpe sueiiku Ne 86 HaOromaeTcss SpKO BBIPAXKEHHOE SJIPO MOTOKA,
uMelolee TpeyroyibHyto Gopmy (puc. 4). 3HaueHHe aKCHAIBHOM COCTaBIAIONIEH BEKTOpa CKOPOCTH
B s,/Ipe MOTOKA JIOCTHTaeT MakcuManbHoro 3Hadenust (W, /W ) = 1,1+1,2 ot cpegHepacxoJHON CKO-
POCTH.

B siueiikax o6macTy BRITECHUTENS 3HAUEHUSI aKCHAIBHOM COCTaBISIONIEH BEKTOpPAa CKOPOCTH

W,/ W pacnipeeNuiInch CIeayIM 00pa3oM:
e B ayeiikax Ne 95, 104 3nauenus W, /W = 0,90+1,07;
e B sueiikax Ne 94, 112 3nagenus W, /W = 0,95+1,10;
e B sueiike Ne 103 3nauenus W, /W =0,83+1,00.
Ilo pesynpTaTtam pacmpenesieHus] aKCHaIbHOM cocTaBistoniel Bekropa ckopoctu W, /W B

siueiikax obnactu seitecuutens TBC suano, uro suauenus W, /W na (10-15)% wmenbue, yem B

CTaH/IapTHBIX SYEHKaXx.
Jns nepudepuitHbIX sYeeK ObUIO MOIYyYeHO CIEAYIOIIee pachperesieHue 3HAYeHU aKcH-

aIbHOI cocTasisiromet Bekropa ckopoct W, /W :
o B sueitkax Ne 69, 91 snauerus W, /W = 0,67+0,84;
e B guerikax Ne 79, 85 3HaueHUs WZ /W = 0,81-+1,00.
B pesynbprare pacnpeneneHus akCHaJIbHOM COCTABIISIIOLIEH BEKTOpA CKOPOCTH WZ /W &

nepudepuiinoii o6nacty suauenns W, /W na 20-30% meHbIue, 4eM B CTaHAAPTHBIX SYEHKAX.

DKcrnepruMeHTalbHbIE HCCIEA0BaHUS JOKAJIbHBIX MOJIEH CKOPOCTH B CTaHIApTHOM 00JacTH,
00J1aCTH BBITECHUTEINS U Nepr(epuitHoil 001acTH MO3BOIMIIN ONPEIEINUTh PacpeesieHHe pacxoia
TEIUIOHOCHUTENIS, YTO UIPAET BAKHYIO POJIb MPHU pacyeTe TeMIEepaTypHOIo IOJsl B aKTUBHOW 30HE
peakropa.

[Ipu ananuse pacxonoB yepe3 XapaKTepHble 00JACTH HEOOXOAMMO YYMUTHIBATh IJIOLIAAH
MPOXO/IHBIX CEYCHUH SUEeK, BXOASIIUX B JaHHbIE O0JIACTH.

BBHly KOHCTPYKTHMBHBIX OCOOEHHOCTEH IUIACTUHYATON AMCTAHLMOHHUPYIOIIEH pPEIIeTKH
TBC peakropa KJIT-40C e€ nmnacTuHbl o-pa3HOMY 3aTECHSIOT IPOXOJHOE CEYEHNE CTaHIAPTHBIX
syeek. fAdeitka Ne86 OTHOCUTCS K MEPBOMY BapUaHTY 3aT€CHEHHMs ruiacTuHamu [P momepedHoro
CEYEHHU, IUIACTUHBl JUCTAHLMOHUPYIOIIEH pEIIETKH paclojiaratlorcs B BHJIE «TPEYrOJIbHHUKA»
(puc. 5, a) . Sueciiku Ne80, 92, 93 OTHOCATCS KO BTOPOMY BapHaHTy 3aTeCHEHHs IiacTuHamu JIP
MIONEPEYHOI0 CEUEHUS, IUIACTUHBI TUCTAaHIIMOHUPYIOIEH PEIIETKH pacIioylaraloTcsl B BUJAE «3BE3-
e (puc. 5, 6).

Puc. 5. 3arecHeHue nonepeyHOro ceyeHusi CTAaHAAPTHOM siueiiku muiactunamu /IP B Buse:
a — «TPEYTOIBHUKAY; O — «3BE3/Ib»
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CpaBHCHI/Ie PacxoJ0B B CTaHAAPTHBIX sTYerKax ABYX BAPHAHTOB 3aTCCHCHUA ITOIICPCUHOIO
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CCUCHHUA pacxo TCIIJIIOHOCUTEIA Ha 10% 60J'IBIH€, YEM UEPE3 STYCHKH BTOPOTI'O BapHaHTa 3aTCCHCHUA
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Puc. 6. OTHoIIEHHe pacnpeie/ieHHs] PACX0/1a TENVIOHOCHTEJIA Yepe3 CTAHAaPTHbIE TYeiiKu ¢ ABYMsI
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BapHaHTaMHU 3aTCCHCHUS MOMEPEYHOro CCUYCHUA IJIAaCTUHAMHU I[P

Jlnist cpaBHEHUS PAacXOJ0B TEINIOHOCHUTENS 4Yepe3 CTAaHIapTHYIO 00JacTh U 00JacTh BhITEC-
HUTEJIA, a Takke nepudepuitnyro 061acTh 3HaYCHHs PACX0/I0B B sUeiikax JaHHBIX 00JacTeil OTHO-
CWJIMCH K 3HAUEHUIO PACX0/1a Yepe3 CTaHAAPTHYIO S4eiKy Ne86.
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Puc. 7. OTHoOIIeHHe pacnpeaeeHNs pacxoaa TenJoHocuTe s yepe3 ssueiiku Ne 95, 104
K CTaHAapTHON A4eiike Ne86
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Puc. 8. OTHOIIEHHEe pacnpeesieHUsI Pacxoa TeMJIOHOCHTEs Yepe3 siueiiku Ne 69, 91
K CTaHAApTHOI A4eiike Ne86

B pe3ynbTare ObUIM MOMYYEHBI CACAYIOIINE 3HAYEHUS PACHpPEeSICHHUsI pacXoJ0B TEIUIOHO-
cutens yepe3 obnacTb BeiTecHUTENA (stueiiku Ne95,104) u uepe3 nepudepuiinyro ob6mactp (sueiku
Ne69, 91). B sueiikax o6sacTu BeITeCHUTENS pacxo] coctapisieT 40% M0 OTHOIIEHUIO K PacXxoay
CTaHJApTHOM sUYEHKH, B stueiikax nepudepuitnoit — 30% OT pacxosa B CTaHJApTHOH sTueiike.

BoIBOaBI

1. Ompenenenbl XapakTepUCTUKU JIOKAIbHOM T'MIPOAMHAMHUKU TOTOKA TEIJIOHOCHUTENS B
TBC peakropa KJIT-40C. Tlo pesynpTaTaM HcCleqOBAaHUN BBISIBICHBI OCOOCHHOCTH TEUYCHHS TETl-
JIOHOCUTEJIS 33 AUCTAaHIIMOHUPYIOIIMMHU PELIeTKaMHU, a UMEHHO:

a) Bo Bcex sueiikax TBC peakropa KJIT-40C moTok TEmIOHOCUTENSI MPEUMYLIECTBEHHO

HOCHT 0CeBOii XapakTep. 3Hauenns oTHocuTenbHbX nonepeunpx ckopocreir W, /W, W /W re

MpeBBIIAIOT 5%;

0) B IIEHTpax CTaHAAPTHBIX sSUEEK, IJe MIACTUHBI AUCTaHIMOHUpYromel pemetku TBC pe-
aktopa KJIT-40C 3aTecHSIOT MPOXOJHOE CEUCHHE SUCHKU B BHJIC «TPEYTrOJbHUKAY, HAOII0aeTCs
SIPKO BBIPKEHHOE SIIPO TOTOKA, UMEIOIIee TPEYrodbHyl (opMy. 3HAUCHHE aKCHAIBHON COCTaB-

nsronieil BEKTOpa CKOPOCTH B si/pe MOTOKa JocTuraeT Makcumanbhoro snavenns W, /W = 1,1+1,2
OT CPEIHEPACXOIHON CKOPOCTH;

B) 3HAUeHMs akcuanbHol coctasomeii Bekropa ckopoctu W, /W B sueiikax o6nactu

BerrecHurenss TBC peakropa KJIT-40C na (10-15)% wmenbre 3Hauenuit W, /W B CTaHJApPTHBIX

sTYeHKax;
r) B nepuepuiHbIX SYEHKaX 3HAYCHUS aKCHAIBHOM COCTABJISIONIEH BEKTOpa CKOPOCTH

W, /W Ha (20-30)% MeHbI1Ie, YEM B CTaHIAPTHBIX sTYEHKaX.

2. AHanmu3 pacmpenenieHus pacxoloB yepe3 xapaktepHsie obmactu monenu TBC peakropa
KJIT-40C no3Bosiui BBISIBUTH CIEAYIOIICE:

a) uepe3 sA4YEHKH, I/ie TUIACTUHBI TUCTAHIMOHUPYIOUIEH pPEIIeTKH pacrojiaraioTcsi B BHJIE
«TpeyrojabHuKay, pacxoj termtonocutens Ha 10% Oomnblie, yeM depe3 siYCHKH, T TUIACTUHBI TU-
CTaHIIMOHUPYIOUIECH PEIIETKH PAcojaraloTcs B BUJE «3BE3bI»;

0) uepe3 stueiKku 00JIACTH BBHITECHUTENS U nepudepuitHoil 00aacTu pacxos TeIIOHOCUTENS
Ha 30—40% menbie, uem yepes3 ctangaptabie ssueiiku TBC peakropa KJIT-40C.

O06o001eHa dKcrepuMeHTanbHass UHPOPMAIUS M CO3/laH OaHK JaHHBIX I BepUUKAIUN
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CFD-konoB u mporpaMm J€TajabHOr0 MOSYEeHyHOro pacuera akTuBHBIX 30H ¢ TBC mis peaktopa
KJIT-40C c uenbio yMEHbIIIEHUS KOHCEpBaTHU3Ma B pacyeTax TEIJIOTEXHUYECKOW HAJEKHOCTU aK-
TUBHBIX 30H.

PaGora Bemonnena mnpu mnoxanepxkke Coera mo rpantam I[lpesumenra P® (rpant
NeMK-3172.2011.8) u rpanrta Hukxeropoackoit o6aactu B cepe HayKH, TEXHOIOTHH U TEXHUKH.
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A.V. Varentsov', D.V. Zyablitsev', D.N. Solntsev', A.E. Khrobostov', O.N. Morozkin®

EXPERIMENTAL RESEARCHES OF FLOW HYDRODYNAMICS IN FUEL
ASSEMBLIES OF FLOATING NUCLEAR POWERPLANT REACTOR

Nizhniy Novgorod state technical university n.a. R.E. Alexeev’,
Joint stock company «OKBM A frikantov»®

Purpose: Experimental research of local hydrodynamics of coolant in the KLT-40S nuclear reactor FA.
Design/methodology/approach: The main method of investigation of hydrodynamics in the nuclear reactor FA is an
experimental research of full-size fuel assemblies and cores models on aero- and hydrodynamics stands. Researches of
coolant local hydrodynamics are based on measurements of local velocity vectors with five-hole pressure probe inside
experimental model.

Findings: Characteristics of local hydrodynamics coolant flow in KLT-40S reactor fuel assembly were defined.
Features of coolant stream behind spacer grid were revealed. Experimental researches of local velocity fields in
standard cells, cells around displacer and peripheral cells of FA allowed to define distribution of coolant expense in FA,
what plays important role at calculation of a temperature field in core of the KLT-40S reactor

Research limitations/implications: The special databank was created basing on the experimental results. The data are
used for verifying CFD-codes to reduce conservatism on esteeming the KLT-40S reactor heat engineering reliability.
The results of the research were accepted and are used now by JSC OKBM Afrikantov.

Originality/value: Originality of this article is in local hydrodynamics of coolant research, and revealing features
and conformity of coolant flow in the nuclear reactor FA to physical laws. Therefore we can prove heat engineering
reliability of the KLT-40S reactor core.

Key words: nuclear reactor, fuel assembly, hydrodynamics of coolant, spacer grid.
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HNCCJIEJOBAHUE 3JIEKTPOMA1:HHTHOI>1 OBCTAHOBKMU B TABOPATOPUHA
MHUKPOBOJIHOBOH SJIEKTPOAUMHAMUKHU HI'TY

Hwuxeropoackuii rocynapCTBEHHbI TeXHUUECKUM yHUBEpcUTeT M. P.E. Anekceena

PaccMoOTpeHBI MeTOMBI pacdeTa 3ISKTPOMArHUTHOW OOCTaHOBKH. JIy4eBBIM METOJIOM HCCIICAOBaHA JCKTPO-
MarHuTHas 0OCTaHOBKa B MOMeIIeHUH Jabopatopuu. [lokazaHa BO3MOXHOCTh CO3/IaHHs KBa3UOE33XOBOW 30HBI LIS
MPOBEJCHUST aHTCHHBIX u3MepeHuil. [IpuBeneHbl pe3ynbTaThl M3MepeHuil. [IpeyioxkeHa MeTOMKa MaTeMaTHYECKOM
00paboTKH Pe3yabTATOB U3MEPECHUH MPU HATUYUH MTEPEOTPAKEHHBIX BOJIH.

Knrouesvie cnosa: anekTpoMarHuTHas 00CTaHOBKA, Oe33X0Bast Kamepa, KO3 dHUIMEHT 0e39X0BOCTH, HHTEP(HEPEHITHS.

BBenenune

OreHka 35ekTpoMarauTHo ooctanoBku (OMO) (pacueT mpoCTPaHCTBEHHOTO pacipeerie-
HUS SJIEKTPOMArHUTHOTO TOJISI BHYTPH OTPAaHHYEHHOTO MPOCTPAHCTBA) SBIISETCS aKTYyaJIbHOM 3a1a-
yeit. 3Hath OMO HYKXHO Il 00ECTICYeHHs] HOPM TEXHHKH O€301aCHOCTH, PEHICHUS MPOOJIEMbI
ANEKTPOMATHUTHOW COBMECTHMOCTH, MTPOBEJICHUS aHTEHHBIX U3MEPEHUH. AMIUIUTY/AA OIS B KaXkK-
JIOM TOYKE MPOCTpAHCTBA JabopaTopuu ompenensercs WHTepdepeHnreit 00abpIIoro Yynucia BOJH,
UCTIBITABIINX MHOTOKPATHBIE OTPAXKCHUS OT PA3NMYHBIX MPEMSITCTBUN, IPU STOM YIUTBHIBACTCS pac-
CesTHUE Ha MEJIKOMACIITAOHBIX CTPYKTYpPaX U LIEPOXOBATHIX MOBEPXHOCTSX, JUPPAKIHS HA OCTPBIX
KPOMKaX OOBEKTOB W T.I. XapakTep WHTEP(EPEeHIIMOHHON KapTHHBI 3aBHCHT OT YaCTOTHI M3Iyde-
HUSl, TEOMETPUU OOBEKTOB, PACIIOJIOKEHHBIX B HCCIIEIYyEeMOM IPOCTPAHCTBE, JIEKTPUUYECKUX H
MarHUTHBIX CBOMCTB 3THX OOBEKTOB.

B pabote uccnenosamace SMO B nomemnieHun J1abopaTOpud MUKPOBOJIHOBOHM 3JICKTPOIH-
Hamuku HI'TY ¢ nenbro KOppeKTHOro IpOBENEHMs aHTEHHBIX M3MEPEHMM B JMAIa30HE 4acTOT
2—12 I'T'u. st mpaBHIIBHOTO MPOBEACHUSI aHTEHHBIX MU3MEPEHUI B 1a00paTOpUM MUKPOBOITHOBOM
3JIEKTPOJIMHAMHUKY CHaYalla pelajach 3ajada OMpe/eJCHUs OCHOBHBIX MCTOYHHKOB MOMEX JIyde-
BbIM MeTooM. [locne TpaccupoBKU Jiyuel ompeneNsuiuch HalpaBiIeHus, OTKy/1a B IPUEMHYIO aH-
TEHHY NMPUXOIUIIN HanboJiee MHTCHCUBHBIC OTPaKEHHbIE CUTHAJBI. sl co3manus KBa3nOe37X0BOM
00JacTH B MECTE PacMOJIOXKEHHS MPUEMHON aHTEHHBI 3TH HANpPaBIEHUS 3aKPBIBATUCH MOTJIOMIAL0-
M Matepuaiom ECCOSORB VHP-4-NRL, cBoiictBa kotoporo onwucassl B [1]. Koaddumuent
0€37X0BOCTH B 00JIACTH MPUEMHOM aHTEHHBI MPHU 3TOM U3MeHsuics oT -15/16 mo -30/16. Onxnako
MOJIHOCTHIO UCKJTIOYUTH BIUSHHUE MEPEOTPAXKEHHBIX CUTHAIOB HeNlb3s. [l0aTOMy Ha OCHOBE Teopuu
uHTepdepeHun OblT pa3paboTaH alNrOpuTM JUIsl BBIIEIEHUS WHTEPECYIOIIECH HAac COCTaBISIOIIEH
MIPUHSATOTO CUTHAJA. AJITOPUTM OCHOBAH Ha PEIICHUH CHCTEMbl HEJIMHEWHBIX ypaBHeHUM. J{is pe-
IIEHUS TaKUX CHUCTEM HCIOJIB30BaIM BO3MOXXHOCTH makera Optimization Toolbox cpemas
MATLAB, B wactHocTH, QyHkius fsolve. PacueTsl moka3bIBaroT, 4YTO JJIsi XOPOIIETO COBMAACHUS
HKCIIEPUMEHTAIBHBIX H TEOPETUUECKUX PEIYIBTATOB JOCTATOUYHO YUECTh MSATh OTPAKEHHBIX BOJIH.

MeToabl pacyeTra 3JIeKTPOMATHUTHOI 00CTAHOBKH

W3 MHOrO4YMCIEHHBIX TyOIMKaLKi, IOCBALECHHBIX JAHHOM TEMaTHKE, MOXHO BBIJICIIUTh Ye-
ThIpe OCHOBHBIX MeToja pacuera DMO. IlepBblii - cTaTucTHUECKUi, He TpeOYOUMA MOAPOOHON
MH(POPMALMU O MOMEILEHUH, KpOME OOLIEro ONUCaHMA €ro TUIA: IPOU3BOJCTBEHHOE 3[aHHE, IOC-
TUHHUIA, OOJNBHUIIA, 34aHUE CTAPOW MOCTPOMKH U T.N. [2]. 3nech 3amaeTcs AMIUpPUYECKas 3aBHCHU-

MOCTbB IIOTEPH Lp OT paCCTOAHUA d MCXKIY aHTCHHaAMMU

© buprokos B.B., I'paues B.A., KonbioB M.B., Manemmes I'.C., Paesckuit A.C., lllep6akos B.B., 2012.
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rac LpO — HOTCPU B I[eI_II/I6eJ'IaX Ha pacCTOAHUUN do OT U31y4dareys, N - IMoKa3aTeb CTCNCHH, KOTO-

pBIi onpenensieTcs TUIOM 3/1aHusl. Takas MO/IeNb XapakTepu3yeTcsi ObICTPOTOM pacdyeToB, MPH BbI-
MOJIHEHUHU KOTOPBIX TpeOyeTcs OMpelesUTh TOJIBKO PACCTOSHUE MEXIY aHTEHHaMHU — BCE Apyrue
IIapaMeTphl U KOHCTAHTBI OTHOCATCS KO BCEMY 3/IaHUIO B LIEJIOM U 33Jat0TCsl IPEABAPUTENBHO.

Bropoii - sMOupudeckuii, OCHOBAHHBIM HA aHAJIM3€ OJTHOTO WJIM HECKOJIBKUX JIy4eH, COenu-
HSIOIIUX TEePEJarolIyi0 U MPUEMHYIO aHTeHHBI [3]. 31ech YYUTBHIBAIOTCS MOTEPU BO BCEX IMPETIAT-
CTBHSIX Ha MYTH MEXIY NPUEMHON U Mepenaroneil anTeHHaMu. Moenu BTOpOoil TPyIbl OCHOBaHbI
Ha 100aBneHnH K (1) moTeps BO BceX CTEHKaxX Ha IMyTH MEXy MPUEMHOM U Mepenaroiiel aHTeHHa-
Mu. [Ipu 3TOM TOUHBIN TOUCK TOUYEK OTPAKEHUSI CUTHAJIA HE TPOU3BOIUTCS.

Tpetuil - 1y4eBOH, B KOTOPOM HCIIOIB3YETC KBa3HOITUYECKOE IPEACTaBICHUE MpoLecca
pacnpocTpaHeHus BOJH U YUUTHIBAETCS OTPaKEHUE OT CTEH MOMEIICHNS U AU(PaKIMsI Ha TPaHUIaX
npensatcTBuii [4], [5]. 3mech MakCUMaNbHO TIOJHO YYMTHIBACTCS MHGOpPMAIMS O TUIAHUPOBKE 371a-
HUSL U OTPENENSIIOTCS BCe BO3MOXKHBIE MyTH MOMNaJaHMs CUTHAJAa M3 aHTCHHBI MepelaTyiKka B aH-
TEHHY NpueMHHKa. /[M(ppakinoHHbBIE TOTEPH CUTHAJA BAOJIb KaXKAOTO MyTH PACCUUTHIBAIOTCS C UC-
MOJIb30BaHUEM T€OMETPUUECKOI Teopun AUPpakiuu, a KOIPPUIUEHTH OTPAKEHUS — C TTOMOIIBIO
dopmyn @penens. Bo3aM0OXHO Takke MCHOIB30BAHUE SMIUPUUIECKUX COOTHOIICHUH, OTKaIUOpO-
BaHHBIX MPU MOMOIIU IKCIEPUMEHTAIbHBIX JaHHBIX. OCHOBHBIM HEIOCTATKOM MOJIENEH TpeTheit
IPYNIbI ABISETCA UX YyBCTBUTEIBHOCTh K TOYHOCTH MCXOJHBIX JaHHBIX. B ciydasx, koraa HeTou-
HO YKa3aHbl JIaHHbIE O MapaMeTpax CTeH WM MX MECTOIOJIOKEHHE, Pe3yJbTaThl pacueTa cyllle-
CTBEHHO yxyawarorcs. Ilose oueHb 4yBCTBUTENBHO K MapamMeTpaM MOJIENH, HUCIOJIb3YEMOU IpU
pacuerax. HeGomnblnrie M3MEHEHHs IIAHUPOBKU IMOMEIICHUS, PACIIONOKEHHSI OOBEKTOB BHYTPH
MOMEILEHUS WM 3JIEKTPUUYECKUX CBONCTB CTPOMUTENBHBIX MaTE€pHaOB MPUBOAUT K 3aMETHBIM Ba-
pHaIsIM CTPYKTYpHI ToJisl. B CBSI3M ¢ 3TUM B psifie Ciay4yaeB AOCTATOYHO PAaCCUUTATh HEKOTOPHIE
CpEIHUE XapaKTEPUCTHKHU JIEKTPOMArHUTHOTO TOJIsI, HAPUMEp, CPEIHEE 3HAUEHUE TPUHUMAEMON
MOIIIHOCTH.

YeTBepThlli - YUCIIEHHBIA, OCHOBAaHHBIM Ha pelleHWH ypaBHeHM Makcsesta. [lo cpaBHe-
HUIO C MEPBBIMU TPEMS JaHHBIA METOJ ABISAETCA OoJiee CIOXKHBIM, TPEOYIOMIUM OOJNBIINX 3aTpaT
MalIMHHBIX PECYPCOB, MIOATOMY €r0 NMPUMEHSIOT, KOrAa Jy4eBOW Moaxo He paboTaeT (kKoraa pas-
Mepbl 00bEKTa COU3MEPUMBI C ITTUHOM BOJIHBI).

Br16op Meronuku pacuera MO 3aBUCUT OT COOTHOIICHUS MEXAY JUIMHOM BOJHBI M3IIyde-
HUS M pa3MepaMu UCCIIEIyeMOro MoMeIeHus. AHaIN3 OMyOJIMKOBAHHBIX PE3Y/IbTATOB TEOPETUUECKHX
HCCIIEIOBaHUM IMOKA3bIBAET, YTO B BHICOKOYACTOTHOM O0JIACTH 3aJJaHHOIO JMana3oHa 4acToT, KOrja
CIIPaBEeAIMBO NPUOIMKEHHE TeOMETPUUECKON ONTUKH, 3(h(hEeKTUBHBIM METOJIOM pacyera Mojiei sBis-
eTcs JTydeBol. B HM3KouacTOTHOM yacTu Mana3oHa JAJIMHA BOJIHBI U3y4Y€HHsI CTAHOBUTCS CPaBHUMOMN
C pa3MepaMu MOMEIIECHUs] 1 TPUOIMKEHUE T€OMETPUYECKON ONTHKK He paboTaeT. B aTom citydae 1e-
Jecoo0pa3Ho MpHOeraTh K YMCICHHOMY pelleHHI0 ypaBHeHHH MakcBeiia. B mocneanue roapl mmpo-
KOE TMPU3HAHKE MOTYYHI METOJT KOHEUHBIX Pa3HOCTEl BO BpeMeHHol oonactu (FDTD)[6].

Ha pe3ynbTaThl u3MepeHnil OCHOBHBIX MapaMeTPOB U XapaKTEPUCTUK aHTEHH OKa3bIBaeT ce-
pbE3HOE BIMSHUE SBJICHHE MHOTIOJIY4eBOH MHTEp(PEpEeHIUH, TaK KaK B TOUKY IpUeMa MOMHMO OC-
HOBHOT'O CUTHAJIa MPUXOAST BOJIHBI C Pa3IMYHbIMHU aMIUIMUTYyAaMU U (pa3zaMu, OTpa)kKeHHbIE OT 00b-
€KTOB HAaXOJAIIMXCS BOJM3M JTAOOPAaTOPHON YCTAaHOBKH (IIOJ, MOTOJIOK, CTEHbI, METAJUINYECKHE
KopImyca nmpuOopoB U T.1.).

Hcnoas3oBanue JIYY€BOro Meroaa

Ha puc. 1, a cxematnuno u300pake€HO TOPU3OHTAIBHOE CEYCHHE YacTH jJabopaTopuu Ha
YPOBHE pacmoJIOKEHUs Nepenaromiell aHTeHHbl. JKupHbIMU JTUHUAMH 0003HA4YEHBbl CTEHBI Jabopa-
TOpUHU U Auarpamma HarpasieHHocTH (/IH) nepenatoiieii aHTEHHbI, B KaUECTBE KOTOPON UCHOJIb-
30BaJICSl OTKPBITHIM KOHEL IPSIMOYTOJIBHOTO BOJIHOBOJA. J[MarpamMma HaIlpaBJIEHHOCTH IE€pENaro-
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el aHTeHHBI B3gTa U3 paboThl [7]. Ha ocHOBe reomMeTpruyecKuX 3aKOHOB ONTUKU Obla pa3zpaboTa-
Ha nporpamma pacuera OMO j1ydeBbIM METOJIOM JJIsl IEPCOHAIBHOIO KOMIbIOTEpa. TOHKUMU sIp-
KUMHU JIMHUSIMU U300payKeHbl JIy4H, UAYIIUE OT Mepearonieil aHTeHHbI, TOHKUMU OJIeITHBIMH — JIy-
Y1 OJHOKPATHO M JIBYKPAaTHO OTpa3UBILKECS OT CTeH jabopaTtopuu. BuaHo, yTo uepes3 obiacts,
BBIICJICHHYIO KBaJpaTHBIM KOHTYPOM, B KOTOPOW pacrojiaraercs NpueMHas aHTEHHA, MPOXOIAT
Jy4d TIPSIMOM M IEPEOTPaKEHHBIX BOJIH.

_ }— L
~__

////,f‘f
////
6)

Puc. 1. [IpuMeHeHue JydeBoro Meroaa s anaauza MO B jJadopaTopumn:
a — 0e3 UCIOJIb30BaHMs MOTJIOMIAOIINX MaTEPHUANIOB; 6 — C HCIIOJIb30BaHHEM
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[MpuMeHeHHeM crieMaIbHBIX YKPAHOB, a TAKXKE 3a CUET IPAMOTHOM IJIAHUPOBKH B3aUMHOTO
pacmtoioKeHus: TPUOOPOB B JIAOOPATOPUHM MOMKHO CHU3UTH BIHSIHHEC OTPAKEHHBIX CUTHAJIOB B Me-
CT€ PaCIOJIOKCHHS TIPUEMHON aHTeHHBI. [103TOMY Ha BTOPOH CTaJMK 3KCIIEPHUMEHTAIBHBIX UCCIIE-
JIOBaHUH Ba)KHO OBLIO PACIIONIOKUTH MPUEMHUK U UCTOYHUK B 1a00paTopun TakuM 00pazoM, 4ToObl
CBECTH K MHHUMYMY BJIMSIHUE OTPa)KArOIIUX MOBEPXHOCTEH, KOTOPHIE U SIBJISFOTCS OCHOBHOM MPU-
YHUHOW BO3HUKHOBEHUS OTPAKEHHBIX CHTHAIOB. J[Js 3TOro OBUIM MPUMEHEHBI OJIOKU M3 IOTJIONIA-
romero matepuasa ECCOSORB VHP-4-NRL. Ha puc. 1, 6 mokaszad xoja Jydei Mpu UCIOJIb30Ba-
HUU TOTJIOIMAIIINX MaTeprasioB. [IpoxoxaeHne NmepeoTpaKeHHBIX Jydei depe3 00JIacTh pacro-
JIOXKCHUSI IPUEMHON aHTEHHBI CYIIIECTBEHHO CHIKCHO.

BaxabiM mapaMeTpoM, XapaKTepU3yIOIUM aHTEHHBIC U3MEPEHUs, SABISCTCS KodpdummeHT
6e33xoBoctH [8]. KoadduumeHT 6€33X0BOCTH BBIYHUCIISCTCS KaK OTHOLICHHE MOIIHOCTEH paccesH-
HOH ¥ npsMoii BouH B aneprype npueMHoi anTeHHbl: KbO=1019(Ppac/Prax). A1 pacuera xospdu-
IIUCHTa 0€39XOBOCTH CTPOUTCS PACIpe/eliecHUe HHTEHCUBHOCTH TIOJISL B J1a0OPaTOPUU B IJIOCKOCTH,
napaIeIbHON MOBEPXHOCTH 36MJIM Ha YPOBHE aHTCHH. DTa NOBEPXHOCTh pa30MBACTCs Ha AJICMCH-
TapHbIC ITUIOINAAKH, B TIpeaeiax KOTOphiXx MoOmHOCTh CBY H3IIyueHHs] CUMTAETCS MOCTOSIHHOM.
MOIITHOCTE B K&XKIOM 3JIEMEHTE HAXOJIUTCS CJIOKESHUEM MOIIHOCTESH MPHUIICANINX B TAHHYIO TOUKY
MEPEOTPAKEHHBIX BOJH. YHCIO yYUTHIBAEMBIX MEPEOTPAKEHHBIX BOIH OBLIO OTPAaHUYEHO TpeMs,
TaK KaK WHTCHCHBHOCThH BOJIHBI, OTPA3UBIICHCS YETHIPSK/IbI, HACTOJIBKO MaJia, 9YTO HE BHOCHUT CY-
IIECTBEHHBIN BKJIaJl B CyMMapHbIil pe3ynbrar [6]. be3 ydera mornotureneit koddduiment 6e33xo-
BocTH cocTaBui -15 nb, a ¢ yaerom -30 ab.

[pakTryeckas peanusaus pabouero MecTa il aHTEHHBIX U3MEPEHUI NpUBEIeHa Ha pHC. 2.

Puc. 2. PaGouee MecTo /151 aHTEHHBIX H3MepPEeHUii B J1abopaTopun

MeToanka 3KcnepuMeHTa

Cxema U3MEpUTENIbHON yCTaHOBKM NpuBegeHa Ha puc. 3. CBY curnan, MoayiupoOBaHHBIN
1o aMIuIuTyze, ot reaeparopa CBY 4 uyepes HarnpaBiieHHBIM OTBETBUTENb D MOCTYNAET HA Nepesa-
IOIYI0O aHTEHHY 2 U Ha BXOJ OMOPHOTO M3MEpUTENbHOTO KaHana. [lepenatomas 2 u npuemnas 3
aHTEHHBI PACIIOJIOKEHBI HA ONTHYECKOH ckambe 1. OOe aHTeHHBI MOTYT MEpEeMEeNIaThCsl U BpamaTh-
Csl B IBYX B3aWMHOIIEPIEHIUKYISIPHBIX MIOCKOCTSX.
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OnopHbBIi KaHal HEOOXOIUM ISl KOHTPOJISA 32 YPOBHEM M CTaOMIIBHOCTHIO BhIXoaHOW CBY
MOIIHOCTH, MOJaBa€MOM Ha IMEpeAarollyl0 aHTeHHY. B omopHom kaHaiie monynupoBaHHbli CBY
CUTHAJI JIETEKTUPYETCS C TIOMOIIbIO IETEKTOPHOM ceKluu 6. 3aTeM HU3KOYACTOTHBIM CUTHAN, MPO-
MOPLIMOHATILHBIN BBIXOJIHOM MOILTHOCTH T'€HEpaTopa MOCTYMAET Ha BXOJ JUHEHHOTO MaJIOITyMsiIile-
ro ycuutens (MILY) 8, roe on ycunuBaeTcst 10 ypOBHsI, CTAOMIBHO PETUCTPUPYEMOIO YHHUBEP-
casibHBIM 1M (ppoBBIM BostbT™MeTpoM 10.

CBY curHa, npuHITHIA TPUEMHOW aHTEHHOW 3, MOCTYyMaeT Ha BXOJ OCHOBHOT'O M3MEPH-
TENBHOTO KaHama. [I[puHATHIN CUTHANI AETEKTUPYETCS C TIOMOIIBIO JETEKTOpHOU cekiuun 7. [anee,
HU3KOYACTOTHBIN CUTrHaJ, MponopuroHanbHbli CBY MOIIHOCTH B TOYKE MpUEMA, MOCTYMAET Ha
BxoJ1 JinHeiHoro MIITY 9, riae oH ycwimBaeTcs A0 YPOBHS, CTAOMIBHO PErUCTPUPYEMOTO YHHUBEP-
CaJIbHBIM U(PPOBHIM BOIBTMETPOM 11.

Kanan KaHaa

4
Mpuemunan [Mepeaarowmasn .,
AHTEHHA AHTEHHA
lenepatop
¢ - CHIHANOB
N BLICOKOMACTOTHBII
| B
.
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i - "T_ -
> N
L} I 5
T pememem———e e —————
[ 71 rﬁ 1|
[ J [ \ |
— | N |
[ |
[ |
I f | : f :
: 9 : I 8 |
, MY / . : \ MIIY :
| |
11 |10 '
: | B N :
[ B | [ I
: L ugporoii : [ Ludporoii I
\ BOJLTMETP , : BOJILTMETD :
|
| | :
I IMEPHTEILHBIH 1 I Onopubrii I
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[ | [ |

Puc. 3. Cxema U3MepHUTEILHOM YCTAHOBKHU

[IpenmyrecTBa, KOTOpbIe MAET MCIONB30BAHKUE CIICIUATBHBIX MOTIOMAIONINX MOKPBITHIA U
IITOPOK, CTAHOBSITCS SICHBI U3 pUC. 4 HA KOTOPOM MOKAa3aHO pacrpeeiicHUe UHTCHCUBHOCTH U3ITY-
YeHHsI BJIOJIb U3MEPHUTEIBHOM CKaMbU JI0 U TIOCJE MCIOJb30BaHUS CIEIMATBHBIX MOTIOMIAIONUX U
pacceuBaronux Matepuanon. [1o ocu abCIUCC OTIOKEHO PACCTOSTHUE OT UCTOYHUKA U3ITYYCHUS 10
MpUEMHHKA, TI0O OCH OPJIMHAT — HANPSDKEHUE HA BBIXOJE MPUEMHUKA, COOTBETCTBYIOIIECE NHTCHCHB-
HOCTH TPUHSTOTO M3JIYyYEHHUs. XOPOIIO BHUAHO, YTO MCIIOJIH30BAHME TMOTJIONMIAOIINX U PACCEHUBAIO-
[IMX MaTePUAJIOB B JIA0OPATOPUU MO3BOISET MOMYUUTh PE3YNIbTAThl IKCIIEPUMEHTAIBHBIX H3MEpe-
HUH, OJU3KHE K TEOPETHUECCKUM. B naeanbHOM ciiydae TEOPETHUECKHUE KPUBBIC JOJHKHBI TIPEICTaB-
JSTh pacTlpeelieHne HHTEHCUBHOCTH CTOSYEH BOJIHBI (M3-3a MEPEOTPAKECHUS BOJIH OT MPUEMHON U
nepeaaroniei aHTeHH ).

Pe3ynbpTaThl M3MEpEeHHs COTJIACYIOTCS C pe3yJbTaTaMHU JIy4€BOTO pacueTa M CBHJCTEb-
CTBYIOT O CYIIECTBEHHOM YMEHBIIECHUU KO3 (dUIIMEHTa 0€39X0BOCTU MPU MCTOIB30BAHUH TIOTJIO-
LIAOIIUX TOKPBITUH.



Aoepnan snepzemura u mexuHuueckas uuka 131

OpHako IMOJHOCTBIO MCKIIIOYHUTH BIMSHHUE NEPEOTPAKEHHBIX CUTHAIIOB HEIB3s, MO3TOMY
BO3HHMKAET 337a4ya pa3paboTaTh Ha OCHOBE TEOPHH MHTEP(EPEHIIMN YUCICHHBIN aJTOPUTM IS BbI-
JEJICHNs NOJIE3HOM COCTaBJISAIONIEH NMPUHATOro curHaia. IlombiTka MpencTaBUTh CYILECTBYIOILEE B
00J1acT! MPUEMHOM aHTEHHBI 10JIe KaK MHTEP(EPEHIIMIO IBYX BOJH SIBISIETCS IOBOJIBHO TPYOBIM TPH-
OompkenneM. OfHaKO JaHHas 3a7ada MOXKET ObITh pelleHa AHAIUTUYECKH, YTO IO3BOJIIET OLIEHUTh
BKJIaJ] OCHOBHOM BOJIHBI B pe3yJbTupytomiee nose. st 6oee TOYHOro perieHus 3a1a4u HeoOXonum
y4€T OOJIBIIEro Yucia BOJIH, YTO MPUBOAUT K HEOOXOAUMOCTH PELIEHHs HEIMHEHHBIX CUCTEM C 00MIb-
IIMM YHCJIOM YpaBHEHUM. DTU CUCTEMBI MOTYT ObITh pEIlIEHbI TOJIbKO YMCIEHHO U UMEIOT MHOXKECTBO
PELLICHUI, B TOM YHMCJIE U KOMIUIEKCHBIX. Pe3ynbTaT pereHust TaKuX CUCTEM CYILECTBEHHO 3aBUCHUT OT
HAYaJIbHOTO MPUOIIKEHUsI. B KauecTBe TaKOro Ha4anbHOTO MPHOIMKEHHUS MPEIaraeTcsi UCIOIb30-
BaTh PE3yJIbTATHI PACUYETA, ITOJIyUEHHBIE IIPH PELICHUN 33/1a4M O IBYX BOJIHAX.

F=4TTy
7, B I7, B
500
500}
400
200 500}
1.1 1.2 L,m 112 118 1,23 Lou

a) 0)

Puc. 4. Pacrlpeueﬂelme HHTCHCUBHOCTHA U3J1YYCHUS BIA0JIb I/ISMeplrlTeJII)HOﬁ CKaMbH
a— 0Oe3 MOrJIOMAIINUX MaTCPUAJIOB; 6 — C X HCIOJIb30BaHHEM

MeTtoa pacuera

PaccmoTpuM ciydait mHTEpdEepeHIIH IBYX JIydel — IPSIMOTO Jy4a, MPOMIEIIIEero OT UCTOY-
HUKa K NPUEMHHUKY IO MPSMOMY IYTH, U Jiyda, OTPaXEHHOTO OT 3JIEKTPOJUHAMUYECKU Ooiee
IUIOTHOM CpeJibl, HallpUMep, OT U3MEPUTEIBLHON CKaMbH PHC. 5.
"E‘l

I H -

|
Ly Ly
|

Puc. 5. 3agaua 00 untepdepeHunU ABYX BOJIH

CornacHo METOZy BEKTOPHBIX JUarpaMM, aMIUTUTYAa A BOJHBI, IOTy4YEeHHOU MPU UHTEpde-
PEHLIMU IBYX BOJIH € aMIUIUTyAaMu A u A, , HaxoauTcs 1o ¢popmyiie

A? =N+ A +2AACOSAp, Ap=¢,—p,, ¢, =KL, +7, @, =KLy, k=271

C
A=A+ A +2A A, cosAp, Ap=0, -0, ,
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rae L, u L, - reomerpuueckue mytu syueil 1 u 2 coorBeTcTBEHHO. JlonoaHUTENbHBIN Ha0er (asbl,

COCTaBHHI-OH_[I/Iﬁ T UM J1y4da 1, 00BsCHICTCS OTPAKCHUCM OT JJICKTPOANHAMUYCCKHU Ooliee IIOTHOM
Cpeanbl. YaureiBas KBaApaTUIHOCTDb HpI/IéMHI/IKa, B I[ﬁJILHCﬁHICM, BMCCTO KBaJIpaTa aMIUIMTYAbI BOJIHBI,
6y,[[eM 3aIlTACHIBATH HAIIPS’)KCHUEC HA BBIXOAC HpI/IéMHI/IKa. To ectb MOJIyYuM CJIICAYIOIINUC YPABHCHU !

2r f
U = Uy, +Ugy + 24JUgyUgy COSAQ = Uy, + Uy, + 24/Ug,Uy, COS [T(LX —Ly)+7|=

2rf
= Uy, + Uy, — 24/Ug,U,, COS [?(LX - LO)}

U = Uy, +Ug, —2 U01U02COS[?ALj|, AL=L -1,

_ [i2 2
L = «/ Ly +4h” .
3nech L, u L, - reomerpuueckue mytH jydeil 1 u 2 COOTBETCTBEHHO; N — paccTOsIHUE 10 OTpakaro-

IeH MOBEPXHOCTH; L, - pacCTOSHME OT UCTOYHHKA O MPUEMHHUKA (3Ta BEIMYMHA HAM H3BECTHA).

W3 nocnennero BeipakeHus: Hailném Gopmyiy A KOOPAMHATEL M-TO MUHUMYyMa. 3aluiieM
CUCTEMY IJISl ABYX COCEAHUX MHUHUMYMOB:

() :ﬂ[hZ _ szz}

cm 412

2 2

(o _ 28 . c(m+)”
™ e(m+1) 4f?

U3 naHHOM cHCTeMBI MOXKHO Haiith Benmuuny h. 3navenns X, x™Y koopmunar nByx cocennux

MHWHHUMYMOB HU3BCCTHBI U3 PE3YJIbTATOB SKCIICPUMCHTA. 3Has BCINYHNHY h, HeO6XOI[I/IMO pPE€IIUTE CU-

cTeMy:

2 f
Uy = Ug; +Ug, — 24/UgyUg, COS [T( Lo - Lm)}

2 f
Uy = Ug; +Ug, — 24/UgyUg, COS [T( L, — Ly )}

L, =42 +4h?. |

I[aHHaH CHUCTEeMa pa3penraeTcd OTHOCUTEIIbHO HEU3BECTHBIX Uy, U Uy, .

(u, cos 6, —u, cos Gz)i\/—uf sin” 6, —u; sin 6, + 2u,u, (1-cos 6, cos 6, )
2(cosg, —cosb,)

01

S €Y

L (u, cosé, —u, cosez)l\/—uf sin” 6, —u; sin” 6, + 2u,u, (1-cos 6, cos b, ) @
- 2(cos 6, —cos6,) ’
2r f 2r f
QIZT(LXI_LOl)’ ‘92:—(Lx2_|-02)-

3Hauennsa Ly, L, M COOTBETCTBYyIOIME MM BEIMYMHBI U; ¥ U, HampsKCHUI Ha BBIXOJE

MpUEMHHKA U3BECTHBI U3 dKcnepuMeHTa. [Ipu moacTaHOBKE HKCIIEPUMEHTANIBHBIX JTAHHBIX (4acTO-
ThI, TTOJIOKEHUS JIBYX COCETHUX MUHUMYMOB U COOTBETCTBYIOLIUX UM HAMPSKEHUN) B BBIPAKEHUIX
(1) u (2) mony4aroTcst YUCTO NEUCTBUTEIIbHBIC PEIICHMUS.

PaccMmoTpuM B kadecTBe mpuMepa 3aqady UHTepPepeHInu maTy tydeid. [[ns onpenenénno-
cTH Oy/IeM CYUTATh, YTO MIEPBBIN YU SABJISETCS MPSIMBIM, TO €CTh WAET 10 MPSIMOMY ITYTH OT UCTOY-
HUKa K TpUEMHUKY. J[715 HaxoxaeHus ¢a3bl U aMIUIUTYIbl BOSHUKAIONINX B pe3yibTare uHTepde-
PEHIIMU BOJIH KOJIEOAHUM UCTIONB3YEM METO/ BEKTOPHBIX IUarpaMM.
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HpI/IBeI[éM COOTHOHICHH, KOTOPBIC OIPECACIIOT 3aBUCHUMOCTL HAIPSKCHHA Ha BbIXOZC
HpI/IéMHI/IKa OT PAaCCTOAHUA MCKIAY HCTOUYHUKOM U HpI/IéMHI/IKOM u ( Li) .

U = Uy + Ugg + 24Uy lyg [ COS(245)€OS (15 ) +5iN (245 )i (15 ) |
Ass Ass

J(e) () () ()
A =—Ju, cos(KL,, ) —Jus cos(KL, ). A}S:—\/Esin(kLM —Jug sin (kL
u,cos(ey,) \/_ U,Cos (KL, ) Uy, sin(¢y,) \/_ sin(

() )2 () +( f
Ay = Ju,Cos (@) —Juscos (KL ), Al = Juy, sin(g,)—+Jus sin(kL,,),
u123=u12+u3+ZMEcos (,)cos(gy, ) +sin(e,)sin(g, ) |=
=u, +U, —2@[005 kLX3)cos((p12)+sin(kLX3)sin(golz)]

_ A,
(=) Az +(Ay) «/(A2)2+(Aé)2
Ay = Ju, cos (KL ) —Ju, cos(KL,, ), A} =1Ju, sin(KL,)—+u, sin(kL,,)
Uy, =U, +U, +2,Juu,cos KL, + 7 — kL, ] =u, +u, —2,Juu,cos [ k(L,, —L,) ],

Uy =U, +Us +2,Ju,uscos K (Ls — L, ) ], =27t

c
L, = +4h , i=2345.

Bce 3anmcannbie PaBCHCTBA MPEACTABIIAOT coboit (baKTI/I‘{CCKI/I OJIHO BBIPAXKCHHUC, KOTOPOC

COS @, = , Sing, =

COS @y, =

Cos @, =

3a1a€T 3aBUCUMOCTh u(Li) JlaHHOE BBIPAXEHUE CONEPXKHUT IEBATh HEM3BECTHHIX - U, U, N,

1=2,3,4,5. TloaToMy Hy>KHO 3amycaTh €ro Ui ACBSITH IIPOU3BOJIBHBIX 3HAYEHMI L, M COOTBETCTBY-

IOUIMX UM HanpsOKeHWH U, KOTOpbIE JOJDKHBI OBITh MOJYYEHbI SKCIEpUMEHTaNbHO. B pe3ynbrare
Oyzer 3ammcaHa CUCTEMa W3 JICBITH HEJIMHEHHBIX ypaBHeHUH. [lockonbky nyd 1 momaraercs mpsi-
MBIM (MAYILUM 110 NPSIMOIl IMHUU OT UCTOYHMKA K MPUEMHUKY), BEJIMUMHA U, MPEICTaBIIeT COO0i

OCHOBHYIO COCTAaBJIAIOLIYIO IPUHATOrO curHana. Ilocie Toro, kak Bce IEBATb HEU3BECTHBIX BEIIU-
YuH OYyAyT HAWJIEHbl, MOKHO HOCTPOUTH TEOPETHUECKYIO KPHUBYIO U(Ll) pacrpeneieHuss HHTEH-

CUBHOCTH BJIOJIb ONITUYECKON CKaMbH M CPaBHUTD MOJYYEHHBIN pe3yabTaT C SKCIEPUMEHTAIbHBIMU
JaHHBIMU.

B kxadectBe HauagbHOrO MPUOMKEHUS 3a[aBajCh T€ JAaHHbIE, KOTOPbIE OBLIM MOJYy4YEHBI
Ha TpeAbLAYILIEM IIare peuieHus 3agaun. Tak, mpy peleHnn 3a1aun 00 narepdepeHunu TpéX BOIH
MCIIOJIb30BAJINCh JIaHHbIE, MOJTYUYEHHbIE IPU PEIICHUU 3a/ladyd O JBYX BOJIHAX. 32 MCXOJHYIO Opa-
Jack 3aa4dy ¢ ABYMsI BOJTHAMM, KOTOpask PEIIAETCs] aHATUTHUECKH.

PesyabraTsl pacuera

Jlis pemieHUsl HETMHEWHBIX CUCTEM HCIOJIb30BAINCh BO3MOXKHOCTH Makera Optimization
Toolbox cpenst MATLAB. B wactHocTH, ¢pyHkius fsolve, koTopast HAXOIUT KOPHU (HYJIN) CHCTE-
MBI HEJIMHEHHBIX ypaBHeHUI. B kauecTBe npumepa oOpabaThiBaIvCh SKCIEPUMEHTAIbHbIE JaHHBIE,
MIpUBEICHHbIE Ha pucC. 4, 6.

PesynbTat pemenys ais ciaydas 1Byx uHTepdepupyronmx BomH: U= 635,85 MxB, U,=8,08 mMkB,
h,=9,08 M. 3xnech u B manbpHelmem HanpsbkeHrne Uy cOOTBETCTBYET OCHOBHO#M BoaHe. [Tox hj monum-
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MaeTCsl PACCTOSIHUE JI0 TOH MOBEPXHOCTH, OT KOTOPOH OTPa)KaeTcsl BOJHA C HOMEPOM |, HHTCHCHB-
HOCTH KOTOpOH cooTBeTcTBYeT HanpspkeHue Uj. Ha puc. 6, a nmpuBeneHO CpaBHEHUE SKCIIEPUMEH-
TAJILHOTO paclpe/ie/ieHHss HHTEHCHUBHOCTH (IIOKA3aHO TOYKAMH) C Pe3yJibTaTaMH PEIICHUS 3a1auu
00 uHTEep(depeHITNH IBYX BOJH.

I7, ueB 77, nmB
700 700
GO0 \\ GO0
S00 S00
1,08 1,18 1,28 L. m 1,08 1,18 128 L,m
a) 0)
U,I‘.‘EL-B U,I‘.‘EL-B
00 700
AR
&00 &00
)
500 s00
1,08 1,18 128 Lom 1,08 1,18 128 L. m
B) r)

Puc. 6. CpaBHeHHe IKCIIEPUMEHTATBLHOI0 pacnpeaeleHus] HHTEHCUBHOCTH
(MOKa3aHO TOYKAMHM) € pe3yJIbTaTaMH pellleHus 3a1a4i 00 MHTepdepeHINH BOJIH
a — naTepPEPEHIINS IBYX BOJH; 6 — MHTep(EepEHITNS TpeX BOJIH;

6 — MHTep(epeHIINs YETHIPEX BOJH; & — HHTepepeHIus MATH BOJIH

i cnydas tpéx mHTepdepupyromux BoaH: U;=641,20 mxB, U,=1,29 mxB, U3=0,56 MkB,
h,=9,0 M, h3=0,50 M. Pe3ynbTaThl penicHus MPUBEICHBI HA pUC. 6, 0.

Ha puc. 6, 6 mpuBeIcHO CpaBHEHHE IKCTICPUMEHTAILHOTO PaCIIPEICIICHIS MHTCHCUBHOCTH C
pe3yabTaTaMu pelieHus 3a1a4u 00 uHTephepeHINH YeThipeX BoJIH. [l mstu uHTepPepupyronmx
BonH: U;=611,98 mxB, U,=127,22 mxB, U3=0,19 mxB, U;=11,59 mxB, Us=84,15 mxB, h,=4,15 m,
h3=0,57 m, h4=1,99 M, h5=5,99 M. Pe3ynbTathl peiieHus npuBeIeHbI Ha puc. 6, 6.

AHanu3 MOyYEeHHBIX PE3YJIbTaTOB MOKA3bIBAET, YTO 1O MEPE YBEJIMUYCHHUS YUCIIA YIUThIBA-
€MBIX BOJIH BEIMYMHA MHTCHCUBHOCTH OCHOBHOMW BOJIHBI CXOJIUTHCS K ONPEICIEHHOMY 3HA4YCHUIO,
MIPEBBINIAsi MHTEHCUBHOCTH TEPEOTPAKEHHBIX BOJIH. PaccunTaHHbIe B XO/€ PEIICHUS 3aJlayd pac-
CTOSIHUS JIO OTPAXKAIOIIUX MMOBEPXHOCTEH HE MPEBBINIAIOT MAKCUMAILHOTO PACCTOSHUS MEXIY HC-
TOYHUKOM H3JIYYCHHUS U OTPKAIOIIMMU MOBEPXHOCTAMH B jJadoparopun. Habmromaercs xopoiiee
HAJIOXKEHUE DKCIIEPUMEHTAIBHON U TEOPETUUECKOW 3aBUCUMOCTE MHTEHCUBHOCTH MPUHUMAEMOIO
CUTHAJIa OT PACCTOSIHUS MKy aHTCHHaMU. TakuM 00pa3om, B paCCMOTPEHHOM MPUMEPE OCHOBHOM
BKJIa] B (hopMupoBaHHe WHTEP()EPEHIIMOHHOW KapTHHBI BHOCST IISITh BOJIH, a JaJbHEWIIee YBEIH-
YEHHUE KOJMYECTBA YUUTHIBAEMBIX MEPEOTPAKEHHBIX BOJH MPUBOAUT K N3MCHEHUIO HHTCHCUBHOCTH
OCHOBHOM BOJIHBI, HE ITpeBbILIatoieMy 1%.
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BriBoaLI

B pa6ote omucano uccnenoanne MO B moMemeHnn J1ad0paToprui MUKPOBOJHOBOMU AJIEK-

tpoaunamuku HI'TY, npoBenenHoe /i o0ecnieueHust KOPPEKTHBIX aHTEHHBIX U3MEPEHHI B JHara-
3oHe¢ yactor 2—12 I'Tu. Kosaddumuent 6e39xoBocTr B 00JaCTH NMPUEMHON aHTEHHBI COCTABHII
-30 nb na uactore 4 I'T'u, Gnaromaps npumenenuto nornomatouiero matepuasa ECCOSORB
VHP-4-NRL. IIpennoxxeH anroputM AJis BbIIEICHUS OCHOBHOM COCTaBIIAIOIIEH MPUHSATOTO CUTHA-
J1a, MO3BOJISIONINNA 00JIe€ TOUHO U3MEPSTh OCHOBHBIE MTApaMeTPhl U XapaKTEPUCTUKN aHTEHHBI B Ja-
O6opaTopuu, He 000PYIOBAaHHOM CHEIMATIBHO J1JIs1 AHTEHHBIX U3MEPEHNUH.
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RESEARCH OF THE ELECTROMAGNETIC ENVIRONMENTS
IN NNSTU MICROWAVE LABORATORY

Nizhniy Novgorod state technical university n.a. R.Y. Alexeev

The study considered different models for electromagnetic environments calculation and comparisoned their

computational complexity.

Ray tracing method has allowed to reveal sources of the reflected waves and partly weaken their influence.
It is possible, for example, to reach conditions for antenna measurements execution indoors usual educational

laboratory. The study presented examples of measurements results for initial laboratory and quasi unecho one.

Moreover, the study offered the method of the mathematical processing of measurements results for reduction

the reflected waves influence. The method is based on multirays nterference analysis.

Key words: electromagnetic environments, unecho camera, unecho factor , interference.
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YJK 621.039.5
AM. baxmetbeB, U.A. bbliios, E.A. 3Bsrun, JI. AOpamoB

IMPOIT'PAMMHO-METOANYECKOE OBECIIEHEHHE
JJISA BEPOSATHOCTHOI'O AHAJIN3A BE3OITACHOCTHU OBFBEKTOB DOHEPI'ETUKHU
ITPU PASPABOTKE U OKCIIIYATAIIUA

OAO «OKBM AdpukaHToB)

BBeaenue

DNeKTPOIHEPTUs MPUCYTCTBYET MPAKTHUECKH BO BCEX c(hepax KU3HEAEATEIbHOCTH YeIoBe-
Ka M HEMOCPEICTBEHHO BJIMSET Ha €€ KayeCcTBO, I03TOMY aBapHU B cdepe NMPOU3BOACTBA U Nepea-
YK 3JIEKTPOIHEPTUU HAHOCAT HEMOMPABUMBIN YPOH KaK SKOHOMUYECKOMH, TaK M COLMAIbHOMN cdepam
HaIlIeH )KU3HU.

HenaBHue aBapum Ha 0O0BEKTax »HEpreTuku, ocobeHHo aBapusi Ha Casno-llymeHckoi
I'SC, ocTpo moctaBmIM BOIPOC 00 OIEHKE YPOBHS 0€30MaCHOCTH JICHCTBYIOMUX U IPOCKTUPYEMBIX
00BEKTOB PHEPTETUKH, KAK OCHOBBI I €€ 00ECIIeUeHHUs U TIOBBIIICHUS B Oy IyIIEM.

OOBEKTHl PHEPreTHKH, HECOMHEHHO, IMPEJICTABIAIOT COOOH CIIOKHBIE COLIMOTEXHUYECKHE
CUCTEMBI, JJIl KOTOPBIX OJHUM U3 HambOojee 3PPEKTUBHBIX METOJIOB HCCIEJOBAHUS U, IPAKTHYE-
CKHM, €IUHCTBEHHBIM HMHCTPYMEHTOM KOMIUIEKCHOHM OIICHKH O€30MacHOCTH, MO3BOJISIOMIUM IOITY-
YaTh KaYECTBEHHBIC M KOJIMUYECTBEHHBIE XapaKTEPUCTUKU PHUCKa aBapHil, ABISETCS BEPOSTHOCTHBIN
aHanu3 6e3onacHoctu. Ha 3aceqanun CoBeTa TeHEpaibHBIX M INIABHBIX KOHCTPYKTOPOB, BEAYIUX
YUEHBIX U CHEIUAINCTOB B 00JACTH BHICOKOTEXHOJIOTMYHBIX CEKTOPOB 3KOHOMUKHM Tipu [Ipencena-
tene [IpaBurenscTBa, cocrosBemMcs B nekadbpe 2009 roxa Oblia mocTaBiieHa 3aa4da 00s3aTeIbHO-
ro NpUMEHEHHUS METOJIOB BEpOATHOCTHOro aHanuza OezomacHoctu (BAB) mpu mpoektupoBanuu,
IKCILTyaTallul U PEKOHCTPYKIIUH 00BEKTOB dHEpreTuku [1].

BeposiTHOCTHBIN aHanmu3 0€30MaCHOCTH MOMYYWJI HMIMPOKOE PACIpPOCTPAHEHUE ISl OLICHKU
0e30MacHOCTH 00BEKTOB HUCIIOJIB30BAHMS aTOMHOU dHepruu. COBpeMEHHbBIE OTEUYECTBEHHBIC TPEOO-
BaHMs K aHAJIM3y U OOOCHOBaHHWIO O€30MacCHOCTH SAEPHBIX YCTAHOBOK, pykoBojcTBa MAI'ATO
IpeyCMaTPUBAIOT MCIIOIB30BAHHUE JETEPMHUHUCTCKUX U BEPOSTHOCTHBIX METOJOB KaK HEOOXOaH-
MOTO YCJIOBHSI OJHOTHI HCCIEA0BaHUs 0€30MaCHOCTH Ha BCEX ATalax KU3HEHHOTO LIUKIIA S/IePHON
ycTaHoBkH (A1Y).

BeposiTHOCTHBII aHanu3 0€30MacHOCTH ONACHBIX MPOMBIIIIEHHBIX OOBEKTOB MPEACTABISET CO-
00if CIOXKHYIO KOMIUIEKCHYIO 33Jady CHCTEMHOTO aHaJIM3a, BBHIOJHEHHE KOTOPOH HEBO3MOXHO 0e3
pa3paboTKH U UCTIOJIB30BAHUS COOTBETCTBYIOIETO METOIMYECKOTO M IPOrPAMMHOT0 00€eCTICYEHHUS.

OAO «OKBM AdpukanToB» o0namaeT OOJBIIMM OIBITOM BBITIOJHEHHSI BEPOSTHOCTHBIX
aHanu30B Oe3omacHocTH 1Y pasnuuHOro HazHayeHHs. B HacTosIiel ctaThe MpeicTaBiIeHO OMuca-
HHUE MIPOrpaMMHO-METOIM4ecKoro obecneueHus s BAB, pa3paboTaHHOrO crienuanucTaMu Ipe-
MOPUSITUS U PE3YIBTAThl €r0 MPUKIIATHOTO UCIIOIB30BaHUSI.

1. MeTtoauueckue M0JI0KeHHUS MO PCHICHUIO 32/1a4 BEPOATHOCTHOI'O aHAJIU3a O0e3omacHoOCTH

[Ipy BBIOJIHEHUN BEPOSITHOCTHOTO aHAIM3a 0E30MacHOCTH PELIAIOTCS CIEAYIOINE OCHOB-
Hble 3a1auu (puc. 1):
e opranusanus BoioiHeHuss BAB (pa3paboTka muan-rpaduka paboT ¥ nmporpaMmsl obecrie-
YEHUS KauecTBa),
e BBIOOD U TPYNNHUPOBAHNE HHULIMUPYIOMINX COOBITHI,
® MOJIETMPOBAHUE aBapUIHBIX MOCIIEI0BATEIbHOCTEH;
® aHaNM3 HAJAEKHOCTHU CUCTEM,

© BaxmetseB A.M., Beutoe UL A., 3sarun E.A., A6pamos JI., 2012,
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cOOp ¥ aHaJIN3 UCXOIHBIX JaHHBIX;

aHaJIN3 HAJEKHOCTU MEPCOHAIIA;
KOJIMYECTBECHHBIN aHaAIN3;

WHTEPIIPETALMS U PEICTABICHUE PE3YIIBTATOB.

Opranusanps BIIOIHeHHI BAD -
pazpaboTKa IwaH-Tpapuka padot 1 [TOK

Pazpaloria H0TRKO-BEpOSTHOCEHON MOJIEH

Y

BEeI0op I TPYIMHPOBKA HCXOTHEIX
Cco0BITHI

v

<« > MonenapoeaHie aBapHiHbIX Y
TOCTIEI0BATENBHOCTELT
¢ CGop 1 aHaTH3 HCXOJTHEIX
. “ JIaHHBIX
< AHamis HaTEKHOCTH CHCTEM L

v

AHamM3 HATEKHOCTH IIEPCOHATA

A

|
L J

KommecTBeHHEI aHaTI3

v

NHTepnpeTalys U IpefcTapleHue
PE3YNIBTATOR

A
A

Puc. 1. OcHoBHBIE 32124 BEPOSITHOCTHOTO aHAJIN3a 0€30MAaCHOCTH

Pexomenparnuu no BeinoHeHUIO 3a1a4 BADB miis 2HEpro60koB aTOMHBIX CTAHIIMMA TIpeI-
ctaBieHbl B JokymeHTax MAI'ATO [2, 3], pykoBozacTBax no 6e3onacHoctu PenepaabHOM CI1yKObI
I10 9KOJIOTMYE€CKOMY, TEXHOJIOIMUYECKOMY M aTOMHOMY Haj30py [4, 5]. OaHako, JaHHBIE JOKYMEHTBI
HE CoJiepKaT MOJHOTr0 00beMa METOJIMUYECKUX TOJI0KEHUH, MO3BONIAIONUX peIlaTh 3aJa4l BEpOsIT-
HOCTHOT'O aHajiu3a 0€301acHOCTH.

B pasBurue Tpe6oBaHMiI HOPMATUBHBIX JOKYMEHTOB, pykoBoACTB MAT'ATD cnenmanucramu
OAO «OKBM Adpukanto» coBmectHo ¢ DI'Y PHIl «KypuaroBckmit wuHcTHUTYTY, DI'Y
«I THUM MO P®» 6butn pazpaboTaHbl pyKOBOJCTBA U METOAMKH IO BBITIOJIHEHUIO 3a/1a4 BEPOST-
HOCTHOT'O aHaJIn3a 0€30IacHOCTH TPAHCHIOPTHBIX S/IEPHBIX YCTAHOBOK.

KommiekT 10KyMEeHTOB BKJIIOYaeT 00Ilee PYyKOBOJCTBO IO MPOBEACHUIO BEPOSTHOCTHOTO
aHaJM3a, B KOTOPOM OIpe/esieHbl Ha3HAu€HWE U 00JIacTh MPUMEHEHUsS! pa3paOOTaHHBIX METOJHUK,
o0IIKe MOJIOKEHUS 110 OpraHu3aluu padoT M BBINOJHEHHIO 3a1a4 BAB, METOIMKHU BBINOIHEHUS
3anad BADB, pykoBoJcTBO 10 cOOpy M aHaIU3y JAaHHBIX, CTPYKTYypa U CojAepk aHHe OaHKa JaHHBIX
[0 HaAEKHOCTH 3JIEMEHTOB OOOPYAOBAaHUS M YacTOTaM HCXOJHBIX COOBITUH, HEOOXOIUMBIX IS
IIPOBE/ICHUS BEPOSITHOCTHOIO aHAJIN3a O€30I1aCHOCTH.

OOmee pyKOBOACTBO JOMOJIHSACTCS TPEOOBAaHUSAMH K MpOTrpaMMe OOECleYeHHsl KauecTBa
P BEPOSTHOCTHOM aHanm3e OesomacHoctd AY. B pykoBouactBe copmynupoBaHbl 3a7aqd IO
00ECTIeYeHNIO KaYyeCTBa BBIIOJIHAEMBIX pabOT MO TPEM OCHOBHBIM HAIPABICHUSAM:

e OpraHuzaius ¥ yrnpasjieHue pa3padborkoit BAb;
® BBINOJHEHHE COOCTBEHHO BEPOSITHOCTHOTO aHaIM3a 0€30MacHOCTH;
e paspabotka nokymeHtauuu BAB.

B oTnensHOM pyKOBOJACTBE IMpEACTAaBICHBI TPEOOBAaHUS MO JOKYMEHTUPOBAHHIO PE3YJIbTa-
TOB BEPOSITHOCTHOTO aHaiMu3a 6e3omacHOCTH. PaccMoTpensl obmiue u cnenuduueckue TpedoBaHUs
K 3aKJIIOYUTENFHON JJOKYMEHTAIlMH MPOeKTa U oblue TpeboBaHus K paboueil (IeTanabHOi) TOKY-
MEHTAIMH 110 3a]]a4aM.
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Pesynbpratom pemienus 3agad BAD sBnsiercs ¢dopMupoBaHre TOTHKO-BEPOSTHOCTHOM MoJie-
nu SY. JIoruko-BeposITHOCTHAsE MOJenb SIY cTpouTcs 1o pe3yiabTaTaM aHaiu3a (MOACIIUPOBAHUS)
aBapHUIHBIX IOCJIEIOBATEILHOCTEH (IIOCTPOCHUS J1€PEBHEB COOBITHII), aHANM3a (MOAEIUPOBAHMUSA)
CHUCTEM M JICMCTBUI MEPCOHAJIA U BKJIIOYAET BCIO COBOKYIHOCTh YKa3aHHbIX Mojenei. HMccimenosa-
HUE CJIOKHOM JIOTMKO-BEPOATHOCTHON Mozenu Y HeBO3MOXXHO 0€3 COOTBETCTBYIOIIErO Mpo-
IPaMMHOT'0 00E€CIIEUEHUSI.

2. IlporpaMMHBIii KOMILJIEKC /151 BEPOSITHOCTHOIO aHa/In3a Oe3onacHocTu 1Y

OcHOBy mporpaMMHOro oOecreueHus Ui aHaju3a HaJAEeKHOCTH U Oe3zomacHoctu Y co-
CTaBJISIET OTEUECTBEHHBIM MPOTPAMMHBIA KOMIUIEKC JUIsl BBIIIOJHEHHUS BEPOSATHOCTHOTO aHaln3a
6e3onmacuoctu CRISS. IIporpammusiii kommieke (ITK) CRISS pa3pabaTsiBaeTcs M COBEPIIEHCTBY-
ercst B OAO «OKBM AdpukanTtoB» B TeueHune mocieqaux 20 JeT U sBISETCS MEPBBIM OTede-
CTBEHHBIM MPOTPAaMMHBIM MPOJYKTOM, BHEAPEHHBIM B MPAKTHKY BEPOSTHOCTHOTO aHajim3a 0e3-
omacHoctH SY. IIK CRISS pa3nuunbIx mokojieHnd, HadYuHas ¢ KoHIa 80-X ro10B, MIUPOKO UCTIOb-
30BaJINCh KaK JJI MOAAEPKKU IPOEKTUPOBAHMS HOBBIX YCTAaHOBOK, TAK U COIIPOBOXKIEHUS IKCILTY-
aTauuu aercteyrommx AY.

B nacrosiiee BpeMs B DKCILIyaTallMM HAXOMUTCA IPOrpaMMHBIA KoMIuieke IV mokosenus
CRISS 4.0 [6]. IIporpamma CRISS 4.0 arrectoBana Poctexnaazopom B 2006 roay U 3KCIUTyaTUpPy-
erca B OAO «OKBM AdpukantoB», OAO « onoBuoit uncturytr « BHUIINIDT», na benosipckoit
ADC, a Takke UCTIOIB3YETCS IS TOIEPKKH yaeOHoro nporecca B UATD (r. O6uuHCK), Hikero-
POJICKOM TOCYJapCTBEHHOM TEXHUYECKOM YHUBEPCHUTETE, YPajbCKOM rOCYJapCTBEHHOM TEXHUYE-
ckoM yHHuBepcuTeTe (r. ExarepunOypr).

OmnpiT 3kcmtyatauu nporpamMmmuoro cpeactsa CRISS 4.0 u ero arrecranuu, HOpMaTUBHOE
pacimupeHe HOMEHKIATyphl 3a/lady BEpPOSTHOCTHOTO aHalin3a 0€30MacHOCTH ONpeAesniIn HeoOXo-
JUMOCTh JaJIbHEHIIEro pa3BUTUS W COBeplIeHCTBOBaHUS mnporpammbl. Ha ©0aze CRISS 4.0
B 2007-2009 rogax pa3pabdoran nporpammusbiii komruiekc CRISS 5.1 [7], ¢ ucnons3oBaHreM KOTO-
pOro MOTyT OBITH pelIeHBl 3aJjaud MOJHOMACIITAOHOTO BEPOSATHOCTHOTO aHain3a OE30MacHOCTH
Pa3IUYHBIX YPOBHEH C MCIOIB30BAHUEM METOJIOB JIEPEBHEB OTKA30B U JEPEBHEB COOBITHIA.

[Mporpammuetii komrieke CRISS 5.1 moctpoer Ha 6a3e apXUTEKTYPhI «KIHEHT-CEPBEP» C UC-
MOJIb30BAaHUEM €IHOM aIMHUHUCTPUPYEMOil 6a3bl JaHHBIX C pa3rpaHUuEHHEM IMPaB MOJIb30BaTENe Ha
BHeceHue n3MeneHuil. B kauectse CYB/I ucnons3yercst Oracle Database 10g Express Edition.

[IporpamMMa mo3BoOJISET:

® HakamuMBaTh B 0a3ax JaHHBIX MH(OPMAIIMIO O COCTABE CHUCTEM O€30MaCHOCTH, MCXOIHBIX
COOBITHSIX aBapHii, yUUTHIBAEMBIX OLIMOKAX MEPCOHANIA U MOKa3aTeNsAX HaJe)KHOCTH 000py-
noBanus AY, BKIItodas mapaMeTphl MojieNiel yaera oTka3oB mo obmieit npuunae (OOII), ga-
CTOTaX MCXOJHBIX COOBITHH, perjJaMeHTe MPOBEPOK pabOTOCIIOCOOHOCTH HIIEMEHTOB CHCTEM
0€e30I1aCHOCTH;

® YIPaBIATH PENIALIMOHHBIMU Oa3aMU JAHHBIX;

® CO3/1aBaTh U PENAaKTUPOBATH JAepeBbsi 0TKa30B (O) ¢ ucmosb30BaHUEM JIOTHUECKUX Onepa-
TopoB «», «MJIN», «M n3 N»;

® CO3/1aBaTh U PeAAKTUPOBATH AepeBbs cobObITHil ([C);

® IPOBOJAUTH KAYECTBEHHBIH W KOJIMYECTBEHHBIH aHAIN3 JIEPEBHEB OTKA30B U JIEPEBHEB COOBI-
TUW ¢ aBTOMAaTU3UpoBaHHbIM yueToM OOII;

®  BBINOJHATH AaHAIN3 3HAYMMOCTH, YyBCTBUTEILHOCTH U HEOIPEIEICHHOCTH;

® PpPEIaKTHPOBATh MUHUMAJIbHbBIE CEUCHUS;

e BBIBOJUTH HA IeYaTh U COXpaHAThH B cTaHmaptHoM (opmate Microsoft Word rpaduueckue
nzoopaxenus 1O u JIC, pe3ynbTaThl KaUeCTBEHHOTO U KOJMUYECTBEHHOTO aHaln3a, aHaIu3a
3HAYUMOCTHU, YYBCTBUTEIBHOCTH U HEOTIPEECIEHHOCTH;

e pa3pabaTbIBaTh HOBBIE (POPMBI OTUETOB M PEAAKTUPOBATH UMEIOLIHECS;

® pa3rpaHMYMBATH MIPaBa JOCTYIA MOJb30BATENEH Al pabOTHI C MPOTPAMMON;
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® OCYIIECTBJIATh ONEPATUBHYIO BEPH(PHUKAIIMIO IPOTPaMMBbI TIOCIIE €€ KOPPEKTHUPOBKHU (MOJEp-
HU3AIUN);
® UMIIOPTHPOBATH 0a3bl JAHHBIX U JOTMUYECKHE MOJENH (IepeBbsi OTKA30B U JIEPEBbs COOBI-

Tnii) u3 3apyoexHsix nporpamm (SAPHIRE u Risk Spectrum) ans eimonaenust BAB.

B nporpammuom kommuiekce CRISS 5.1 Obut BHEpEeH yCOBEpIIEHCTBOBAHHBIA aJTOPHUTM
reHepalud MUHUMAaJbHBIX CEUYEHUH, MO3BOJISIONINI Ha HECKOJIBbKO MOPSIKOB MOBBICUTH OBICTPO-
JeicTBUE TPOTPAMMBI, pacIIMPEHb! (PYHKIMOHATBHBIE BOZMOKHOCTH HHTEpdeiica mporpammsl. Jlo-
TMKa U OCHOBHBIE 3JIEMEHTHI MHTepdelca MporpaMMbl HACIEIYIOTCS Yy MPOrPaMMHOTO CPEICTBa
CRISS 4.0; ero BHemHM BUI U (QYHKUMU A0pabOTaHbl C YYETOM PEKOMEHIALMM U 3aMeuaHuit
MOJIb30BAaTENEH MO OMBITY SKCILTyaTalllu.

B 2009 rony 8 OAO «OKBM AdpukanToBy» BeinonHeHa Bepuukamus nporpammbel CRISS
5.1. B Hacrosimee Bpems nporpaMMubiil kommuieke CRISS 5.1 npoxoauT npoueaypy arrectauuu B
denepanbHON CITyKO€ 110 3KOJIOTNYECKOMY, TEXHOJIOTHYECKOMY M aTOMHOMY HaJ130pYy.

C ucnonb3oBanueMm nporpammHoro komiuiekca CRISS Obuin BBIOTHEHBI BEPOSTHOCTHBIH
aHaym3 6e3onacHocty 1 ypoBHs sHeproo6sioka Ne 3 benospckoit ADC [8] st mosrydeHust TUIEH3UN
Ha MPOJUIEHUE SKCIUTyaTallud 3HEprodJioKa, IIaByyero 3HeprodJoKa ¢ pPeakTOPHOM YCTaHOBKOM
KIIT-40C [9] mis monmy4eHus JIMIEH3UN Ha COOPYKEHHE U psy Apyrux Y.

Hanuuune GpicTposelcTBYIOIIEH MPOrpaMMBl JIJIsl BEPOSTHOCTHOTO aHau3a Mo3BoJsieT Gop-
MHUPOBaTh CUCTEMbl MOHUTOPUHTIA pucka 1Y B mpouecce uxX IKCITyaTal|y.

3. Cucrema MOHUTOpPHHTIa pucka «PUM»

Lenbto BHEIpeHUs TEXHOJOTMM MOHUTOPHHIA PUCKA SIBISIETCS OCYILECTBIECHHE HENPEPBHIBHOMN
OLICHKU M KOHTPOJISI U3MEHEHHsI KOJIMYECTBEHHBIX TOKa3aTeneil 6e30MacHOCTH, KOTOPbIe MOTYT MPOKC-
XOJIUTh BCJIEIICTBUE BO3HUKHOBEHMS TP KCIUTyaTallud SHEProOJIOKa pa3MyYHBIX COOBITHH, MPUBOJIS-
[IMX K HAPYIICHUIO HOPMAJIbHOW IKCILTyaTallui WA K U3MEHEHUIO KOH(MUTypalu (CTpyKTypbl) CHCTEM
0€30MacHOCTH BCIIS/ICTBUE BBIBO/IA B TUTAHOBBII MITH HETUIAHOBBIN PEMOHT UX KOMIIOHEHTOB.

PazpabateiBaemas B OAO «OKBM AdpukantoB» cucrema MoHutopusra pucka (CMP)
«PUM» obecnieunBaeT MoAIEPKKY pEIICHUs CASAYIONINX 3a/1ayu:

® OICHKAa B PEKUME pealbHOTO BPEMEHHU BEPOSITHOCTHBIX MOKa3zarenel O6e3omacHocTH (Bepo-

SATHOCTEH MOBPEXK/ICHUSI aKTUBHON 30HBI U OOJIBIIOTO BEIOpOCA paJuOAKTHUBHBIX BEIIECTB 32

IpeJeIibl YHEProdI0Ka) B pa3IMyHbIX COCTOSHUSAX YCTAHOBKH U JIJISl pa3jIMYHBIX THIIOB HC-

XOJIHBIX COOBITUI;

® OILIEHKAa JOMYCTUMOI'O BPEMEHHM BbIBOJIA B PEMOHT WM Ha TEXHUYECKOE OOCIYyXUBaHUE
oIpeJiesieHHoro Habopa 000py10BaHuUs, T.€. BDEMEHHU CYILECTBOBAHUS ONPEICICHHbIX KOH-
¢durypaumii cucteM 3HeprodIIoka;

® CpaBHEHHE PA3JIMYHBIX BAPMAHTOB M ONTUMH3AIMS PETIaMEHTa TEXHUYECKOTO 0OCTyKHBa-

HUSL ¥ PEMOHTOB MPH YCJIOBUU BBHIMOJIHEHHS] OIpaHUYEHHI Ha MoKa3aTeln O0e30MacHOCTH

(mepepacnpeseneHre paboT MEXAY pa3IMuHBIMU COCTOSIHUSIMH SHEProOJIOKa, COKpaIleHNe

o0bema paboT, yTOUHEHHE JOMYCTUMOTO BPEMEHH BhIBOJA B PEMOHT MpHU paboTe peakTopa

Ha MOIIHOCTH U Jp.);

e onpezeneHre Hauboyiee KPUTUYHBIX SKCIUTYaTAllMOHHBIX MPOLEAYP C TOYKH 3peHust 6e3-

OTMAaCHOCTH U MOJTOTOBKA PEKOMEHAIMH 110 UX COBEPUICHCTBOBAHUIO;

® aHAJIM3 U PaHXUPOBAHUE MO 3HAYMMOCTU COOBITUHN «IPEAIIECTBEHHUKOB aBapuil» C LIEIbI0

MPUHATHS TOTIOJIHUTENBHBIX MEP 3aLUThI K HanOoJIee KPUTUYHBIM COOBITUSM;

e paszButHe mUpoko pacnpoctpanstonierocs B CLIA u apyrux crpaHax noaxoja K NpUHATHIO
perieHuit Mo 00beMy SKCILTyaTallMOHHBIX POIEyp Ha OCHOBE MH(POPMALIUHU O PUCKE;

e 000CHOBaHHE Nepesa HaJ30pPHBIMU OpraHaMHM M3MEHEHUH B TEXHMYECKUX PEIIEeHUSX M pe-
rJIaMEHTE SKCIUTyaTalliu YHEPro0ioKa;

® paHXUPOBAHHS IO 3HAYUMOCTH JUIsI O€30MACHOCTH PA3IIMIHOTO 000PYIOBAHNUS;

e 00yueHue nepconansa AC B 4acTU 3HAUUMOCTHU I 0€30MaCHOCTH PA3JIMYHBIX CHUCTEM M CO-
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OBITHI; TUIAHUPOBAHUS MPOLEAYP TEXHUYECKOTrO OOCTY)KMBaHHS W pPEMOHTa 0e3 cylie-

CTBEHHOT'O CHIDKEHHUSI YPOBHS 0€3011aCHOCTH;

e BCIOMOTaTeNbHBIC 33JJa4H [0 0OECTICUCHUIO XPaHEHHUS] HEOOXOAUMBIX 0a3 JaHHBIX.

Jlornko-BeposiITHOCTHBIE MOJIETN HEProOoKa pa3pabaThIBAIOTCS C MOMOIIBIO MIPOTrPAMM-
Horo komiuiekca i Beimonnenns BAb CRISS 5.1.

Cucrema monutopunra prucka «PMM» moctpoeHa Ha 0a3e apXUTEKTyphl «KIHUEHT-CEPBEP» C
UCTIOJIb30BAHUEM €IMHONM aIMUHUCTPUpYyeMO 0a3bl JaHHBIX C pa3rpaHUUYeHUEM TpaB MOJb30BaTENeH
Ha BHeceHnue m3menenuil. B kauectse CYB /] ucnons3yercst Oracle Database 10g Express Edition.

[Mpenycmotpen oomen uHpopmarmeit mexay CMP «PUM», nHpopMaIrimoHHO -TOMCKOBOMH
cucremoit «Mcrounuk-bH», nporpammubiM komriuiekcoMm it BAb CRISS 5.1 u cucrtemoii nianu-
POBaHMsI TEXHUUECKOI0 00CIyKMBaHUS U peMOHTOB benospckoit ADC.

B UIIC «Ucrounuk-bH» HakammuBaeTcsl akTyalibHass WHGOpMAIUsS MO HAJIEKHOCTH dJie-
MeHTOoB CBB ¥ MHTEHCHBHOCTSM HMCXOJTHBIX COOBITHIA, YTO MO3BOJISIET aKTyaJTHU3UPOBATh COOTBET-
ctBytronyro 6a3y nmanueix CMP. Css3b ¢ CIITOP obecrieunBaeT cucteMy MOHUTOPHHTA PUCKA aK-
TyalbHOW WHPOpPMAIIMEH 0 TEKYIIEM COCTOSTHHHM O0OpYIOBaHUS U IJIAaHUPYEMBIX TEXHHUECKOM 00-
CIIY>)KUBaHHUU U PEMOHTaX.

[o pe3ynbTaTam BBIOJIHEHHBIX MPOPAOOTOK U 00CYXKICHUs ¢ TiepcoHanioM benosipckoit ADC B
OAO «OKBEM Adpukanrosy B koHie 2010 rona OyzmeT pazpadoTaHa BepcHsi CHCTEMbl MOHHUTOPHUHTA PHCKa
«PUM» 1151 OTIBITHO-TIPOMBIIIUIEHHOM KCIUTyaTaluu Ha sHeproosioke Ne 3 benosipckoit ADC.

4. CucremMa aHAJUTHYECKOT0 MOHUTOPUHIA HAJEKHOCTH U Oe3onacHocTH Y

Jlns obecrnieueHuss HaEKHOCTH U Oe3omacHocTH Y (yHIaMeHTanbHOE 3HAUYEHUE HMEET
peanuzanus mporecca CUCTEMAaTUYECKOro, BCECTOPOHHEr0 HCCIIeI0BaHUS (MOHUTOPUHIA) OIbITA
sKcIutyaTauu SY, OpUYMH U yCIIOBUM BO3HUKHOBEHMS HApYyUIEHUN HOPMAJbHOM SKCIUTyaTallluu
000py/IOBaHUs U YCTAHOBOK, YTOUHEHHUSI MPOTHO30B U BBIPAaOOTKH MEP MO MPEIOTBPALICHUIO HEXe-
JaTenbHbIX coObITHi. B (henepanbHpix HOpMax M mpaBuiax, pekomenaanusix MAI'ATD chopmy-
JUPOBaHbI TPEOOBAHUS O PEIICHUI0 OTMEYEHHBIX 3a/a4.

J171s BBITIOJIHEHUS 3TUX TPpeOOBaHUI A BceX NEeHUCTBYOMUX 1Y M OTBETCTBEHHOTO 000py-
noBanus pazpadbotku OAO «OKBM AdpukanTtoB» Ha 6a3e cemeiictBa UIIC «McTounuky» co3manbl
CHCTEMBbI aHATMTHYECKOT0 MOHUTOPHHTA HAJIC)KHOCTH 1 Oe3onacHoctH [10, 11].

Cucrema aHaJIMTUYECKOTO MOHHUTOPHMHTA MPEACTABISIET cO00I MOCTOSHHO JIEHCTBYIOILYIO
YeJI0BEKO-MALIMHHYIO CUCTEMY, 00€CIIEUHBAOIIYIO:

e cOop nH(popManuu B onpeesieHHOM (opmare;

® CO3/IaHME KOMIThIOTEPHOM 0a3bl qaHHBIX B pamkax UIIC;

e aHaIW3 [OJIYYEHHBIX JAHHBIX C OIIEHKOW TIOKa3aTeled HaJAeKHOCTH, HHIUKATOPOB
0€30I1aCHOCTH, TeHACHIUN UX U3MEHEHUS;

e BBIPAOOTKY PEKOMEHAALNN MO pe3yiabTaTaM aHaiu3a, aHanu3 3()PEeKTUBHOCTH BHEAPSEMBIX

MEpONPHUATHH;

® TMOAJEPXKKY 3KCIUTyaTHPYIOLIEH OpraHu3alu IO BompocaM o00O0IIeHus HH(pOpMaLuy,
aBTOMATHU3HPOBAHHON MOJTOTOBKU PETYISPHBIX COOOLICHHM (OTYETOB IO SKCIUTyaTallln);

CucrtemMa aHAIMTHYECKOTO MOHHTOPWHTA HAJIEKHOCTH M O€30IMacCHOCTH 3HEProdiIoKa ¢ pe-
aktopHoii yctaHoBkoir BH-600 pa3paborana u BHeapena OKBM coBmectHo ¢ benosipckoit ADC Ha
6aze UIIC «Mcrounuk-bH». B UIIC «McTounuk-bH» 3a mepuon ¢ Havana 3KCIUTyaTalluyd SHEPTO-
0JI0Ka 70 TEeKyIIero MOMEHTa BPEMEHH co3/jaHa 0a3a NaHHBIX M0 HAJIEKHOCTH 000pYA0BaHUs peak-
topHOH ycTanoBku bH-600, mo rotoBHOCTH 3HEprodioka BH-600, mo napymenusm B pabore bH-
600, Bxto4yas WHGOPMAIMIO MO HEIJIAHOBBIM CIy4asiM OTKJIIOUEHUN MeTelb U cpadaThbIBaHHUSIM
aBapuiiHOM 3amuThl. HakoIUIEHHbIE NaHHBIE PETYNISAPHO AKTYAIM3UPYIOTCS W UCIOJIB3YIOTCS MpHU
MOATOTOBKE €KErOJIHBIX OTYETOB [0 aBTOPCKOMY CONPOBOXKIEHUIO SKCIUTyaTalluu yctaHOBKM BH-
600. Mudopmanmnonno-nouckoBas cucrema, Hapsagy ¢ OKBM, ycranosnena Ha benosipckoit ADC,
MEXAY IpeanpusITuIMu GopMHUpYyeTCs SIEKTPOHHBIN 0OMEH NaHHbIMH. B nanpHeiieM miaHupyeT-
cst uaterpanust padotsr UIIC "Hcrounnk-BH" ¢ cuctemoit momaep K TEXHUIECKOTO 00CTyKHBa-
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Husa 1 peMoHTa benosipckoit ADC B yactu obecrnedeHus: HHOOPMAITMOHHOTO B3aMMOJICHCTBHS CHU-
CTEM, MpEeAyCMaTPUBAETCS PACIIMPEHUE HOMEHKIIATYphl HAKAIUIMBAEMBIX JIAHHBIX C YBEIMUYEHUEM
¢dbyHKIMOHATBHBIX Bo3MokHOCTeH UTIC mpuMeHuTeNnbHO K 3aa4am, pemaeMbiM benosipckoit ADC.

AHaIUTHYECKUIT MOHUTOPUHT HAJIGKHOCTH U Oe30macHOCTH S1Y aTOMHBIX CyJJOB OCYILECTBIIACT-
csi OKBM c ucnons3oBannem UIIC «ctounuk-Cy. UTIC «Mctounuk-Cy» BHeapeHa Ha cygax OI'YII
«Atompnor». B UTIC «McTounnk-Cy» co3nana 6a3a TaHHBIX M0 HAJEKHOCTH obopymoBanws Y, dhakru-
YeCKUM MOJIEISIM 3KCIuTyaTaimu SV, HapymeHusim B padote S1Y u ap. ba3a qaHHBIX 0XBaThIBAET MEPHOJ
C HayaJia HKCIUTyaTallil YCTAHOBOK, IIOCTOSSHHO OOHOBIISIETCS] U aKTyaJIM3UpYyeTCs 10 pe3yJbTaTaM dKC-
ryaraiuu. UIC «Mctounuk-Cy» MCHONB3yeTcsl SKCIUTyaTUPYIOLIEH OpraHu3alyeil Ui aBTOMATU3UPO-
BaHHOTO (hOpMHPOBAHUS COOOIICHHUI O CpaOATHIBAHUK aBAPHITHOM 3aIlUTHl PEaKTOPa, MECSYHBIX JIOHE-
CEHUH U FOJJOBBIX OTYETOB I10 FKCILTyaTanuu Y.

[lpu dopmMupoBaHMK CUCTEMBI aHAIUTHYECKOTO MOHHTOpWHTA HaaexHocTn ['TIH ADC c
peakropamu PBMK u I'lTH BH-600 OAO «OKBEM AdpukantoB» 6su1a pazpadorana UIIC cucre-
Mma «Mctounuk-Hy. /g obecriedenns: GyHKIIMOHUPOBAHUSI CUCTEMbI AaHAJTUTUIECKOTO MOHUTOPHH-
ra "HagexHoctu ['TTH ADC c peakropamu PBMK u I'lIH BH-600 Obi1 pa3zpaboTan, corjiacoBaH ¢
ADC u yrBepxkaen OAO «KonuepH Pocaneproarom» «PerinameHT cOopa, aHajiM3a U HCIOIb30Ba-
HUS SKCIUTyaTallMOHHBIX JIAaHHBIX MO HAJEKHOCTH HACOCHOTO 00OpyAOBaHHWsS» U ObLIa MpOBeIeHA
OIIBITHO-TIPOMBINIUICHHAST 3KCIuTyatanus cucteMbl [12]. C yueToM MOJIOKHUTEIBHBIX PEe3yIbTaTOB
OTIBITHO-TIPOMBIIIUIEHHOM JKCIUTyaTallud CUCTEMBbI PernmaMeHT (yHKIIMOHUPOBAHHS CHUCTEMbI ObLI
BBeJIeH B aKkcIutyatanuto npukazoM OAO «Konuepsn Pocaneproaromy».

HNndopmannonno-nounckosas cucrema «lcrounuk-H» pazpaborana OAO «OKBM Adpu-
kanToB» Ha Oaze CYBJl Oracle, moctpoeHa mo apXUTEKType «KIHUCHT-CEPBEP» M MOAICPKUBACT
6onbiioe konmuecTBo nosszoBateneil. B UIIC ucnonb3yercs yHuBepcaabHbIi pOpMaT JaHHBIX IS
cbopa uH(popmManuy MO OMBITY IKCIUTyaTalMu 0b6opyaoBanusa. Crucrema o0ecrieunBaeT CTPYKTYpH-
pOBaHHOE XpaHEHHE MH(OPMAIIUU, CUCTEMATH3AIMIO0 U 00paOdOTKY JaHHBIX, UIMEET Pa3BUTYIO CH-
CTEMY MOMCKa M OOMEHa JTaHHBIMHU.

B UIIC «Mcrounuk-H» cozmana 6a3za manueix mo HagesxxHoctd ['TIH ADC c¢ peakropamu
PBMK u I'lH BH-600 3a nepuoa ¢ Hayana 3KCIUTyaTalluy 110 HACTOSIIIEE BPEMS.

3aKjI04YeHue

1. IlpumeHeHHE METOJOB BEPOSTHOCTHOTO aHalM3a 0€30MaCHOCTH MpPHU MPOCKTUPOBAHUH,
AKCIUTyaTallil U PEKOHCTPYKIUU OOBEKTOB DHEPreTUKH TpeOyeT pa3pabOoTKU COOTBETCTBYIOIIETO
MIPOTPaAaMMHO-METOIUIECKOTO 00eCIIeUeHUsI.

2. OAO «OKBM AdpukantoB» pazpaboTaHO, aTTECTOBAHO U UCIOIB3YETCS IPU MPOEKTHU-
POBaHUM ¥ COMPOBOXKACHUH dKCIUTyaTanuu 1Y mporpaMMHO-MeToandecKoe o0ecrieueHne st aHa-
JM3a HAJIE)KHOCTU U OE€30MaCHOCTH.

3. PazpaboraHHOE OTEUECTBEHHOE IMPOTPAMMHO-METOINYECKOE OOeCIeueHNe CIOCOOHO
pemiaTh 3a1a4yu:

® [I0JIHOMACIITaOHOTO BEPOSITHOCTHOI'O aHaIM3a 0€30MaCHOCTH PA3IMYHBIX YPOBHEH;
e MOHMTOPHMHIA pHCKa B Ipouecce dKcruryatanuu AY;
® AHATUTHYECKOTO MOHHTOPWHTA HAJCKHOCTU U Oe30macHOCTH 1Y U OTBETCTBEHHOTO 000pY-

JIOBaHUS.

4. C wucnonp30BaHUEM MPOTrpaMMHO-METOIMYECKOro obecrneueHust paszpadbotku OAO
«OKBM AdpukantoB»:

e pa3paboTaHbl BEPOSITHOCTHBIE aHAJIN3bl 0€30MacHOCTU 1-T0 YpOBHS AJisi pEaKTOPHOH ycTa-

HoBku bH-600 sueprob6moka Ne 3 benosipckoit ADC u miuaBydero sHepro0ioka ¢ peakrop-

Hou yctaHoBko# KJIT-40C niig moniepsKku nporiecca JUIEH3UPOBAHHUS;

® COBMECTHO C dKCIUTyaTalluOHHBIM nepcoHanoM benosipckoit ADC pa3zpaboTaHa U rOTOBUTCS
K OTIBITHO-TIPOMBIIIJIEHHOM KCIITyaTalluyd Ha CTAaHIIMM CUCTEMa MOHUTOPHUHIA PUCKa;
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e peann3oBaHa U BHeApeHa Ha benospcekoi, Kypcekoi, CMoneHnckoi u Jlenunrpaackoin ADC
CUCTEMa aHAJIMTUYECKOI'0 MOHUTOPUHIA HAZEKHOCTH U Oe30macHoCcT 1Y U OTBETCTBEHHO-
ro 00OpyOBaHMUS.
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METHODS AND SOFTWARE FOR POWER UTILITIES PROBABILISTIC
SAFETY ASSESSMENT UNDER DESIGN AND OPERATING

Joint stock company «OKBM Afrikantov »

Purpose: Safety analysis of power utilities as complex socio-technical systems is important and urgent problem. Probabilistic
safety assessment (PSA) is one of the most effective tool for quantitative safety assessment of such utilities.
Design/methodology/approach: Probabilistic safety assessment methods are widely used for safety assessment
of nuclear utilities. PSA development under design and operating of nuclear utilities is a regulatory requirement.
Findings: JSC «Afrikantov OKBM» has an wide experience in PSA development for nuclear utilities of different purposes.
OKBM specialists worked out software for all PSA tasks fulfillment during nuclear utilities design and operation.

Research limitations/implications: The present study provides description of CRISS PSA software, RIM risk monitor
and reliability and safety monitoring system Istochnik.

Originality/value: Above-mentioned PSA software used for safety analysis of OKBM designed nuclear utilities and
may be used for safety analysis of power utilities.

Key words: probabilistic safety assessment, software, reliability, safety
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HA3EMHbIE TPAHCIMNOPTHbLIE CUCTEMbI

YK 621.855
I'.K. PﬂﬁOBl, B.C. JIEOHTbeBal, 10.B. (I)ezmceeB2

O MEXAHM3ME NEPEJIBUKEHHUS BECKOJECHOM BUBPOILIUTHI

«KOBpOBCKast TOCYAapCTBEHHAs TEXHOIOTHYECKast akagemus uM. B.A. Jlertsapesa»’,
2
OAO «3aBon uM. JlertsipeBay

PaCCMO’I‘peHLI YpaBHCHUA NBUKCHUA BI/I6pOHHI/ITLI " OMPCACIICHBI YCIIOBUA NEPECABUIKCHUS TTJIUTHI. Onpez[ene-
HbI OIITUMAJIBHBIC COOTHOIICHUS CABHUIA (1)8,3 Bpalaromerocsd rpysa u nepeMeICcHus mJINTbl B BEPTUKAJIBHOM W T'OpHU-
30HTAJIbHOM HAIIPABJICHUAX. OnpeneneHH YCJI0BUA pa6OTLI, O6€CH€‘II/IB3K)HII/I€ HanOoJIbIIICE yaapHoe BO3,I[CI710TBI/IC Ha
OMOPHYIO MOBEPXHOCTh.

Kniouesvie cnosa: BUOpoILTUTA, pacueTHas CXeMa, CHCTEMa YpaBHCHHMA, Pe30HAHC, KOJICOAHUS, YIAPHBIH HM-
TyJIbC, BUOPOYINIOTHEHUE, OUTYM, PEMOHT, JOPOTa.

BubGporura npeacTtaBnser co6oi KOMIAKTHOE U MOOMIBHOE YCTPONCTBO C JBUTATENEM
BHYTPEHHETO CTOpaHusi MOIIHOCTHIO 0 3—4 KBT, npennasnaueHHoe 1iist peMoHTa ac(haabTHPOBaH-
HBIX JOPOT C TIOMOIIIBIO TPaMOOBKH OUTyMa B 00pa30BaBIINXCs HEOONBIINX BHIOOMHAX. YTIPOIICH-
Hasl pacy€THasi CXeMa yCTPOMCTBa Mpe/ICTaBlIeHa Ha puc. 1.

AR
M7Y>X2

] G

y2‘

310
k2

e
NS
e

Puc. 1. PacueTHasi cxeMa BUOPOIJIMTHI:
m,, M, - Macca INIMTBI U JIBUTaTelll COOTBETCTBEHHO; C;, C, — KCCTKOCTH I'PYHTA H 3JICMEHTOB COCIUHE-

Hust (BuraTens ¢ wmroit; K, K, — koadduupentst Heynpyroro conportusienns; P, — nenrpoGexHas cuia

BuGparopa; P,*, P, — ropusonransuas u Beprukanshas cocrapnsromme Py X, X, u Y;, Y, — ocu Koop-

JIUHAT NepeMeIeH s IUINTHI U ABUraTeNs [0 TOPU30HTANIN U BEPTUKAIN; () — YIIJIOBas CKOPOCTH BPALIECHUS
HEYpaBHOBELICHHON Macchl BUOpaTopa

© Ps6os I' K., JIeoutseBa B.C., ®enocees 10.B., 2012.
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Cucrema ypaBHCHI/Iﬁ SJICMCHTOB IINIMTHI 3allMCBIBACTCA B BUJIC

2
m, ddt)z(l + G4 + X)) + KX + X, = mérciézcosw- (G,+G,)f ;
d?y, . - L
mlF_'_ CY: — GV — Y)Y — KoY, — ¥, ) = MG, sinet ; (1)
d?x, L _
m2F+CZ(Xz—X1)+kZ(X2—X1)=O,
d?y, o
m2?+cz(y2_yl)+k2(y2_yl):O,

rae t — rekymee BpeMs; M, U I, — Macca LEeHTPOOEKHOTo Ipy3a U paJiyc CMEIIEHHs LIEHTpa Mac-
CHI IIEHTPOOEKHOTO Tpy3a OT ocHu Bpamenus; f — koaduuuent Tpenus mwmrsl mo rpynry; G, u

G2 — BEC IVIUTHI U ABUT'AaTCJIA.

[Ipu cocTaBieHnH ypaBHEHHI IBUKEHUS CEIaHbl CIEAYIOLIUE IPeIBaApUTENIbHbBIE JOIYILEe-
HUS: HE IPUHUMAIOTCS BO BHUMAHUE KayaTeNbHbBIE JBUKEHMSI 2JIIEMEHTOB CUCTEMBI, a TAKXKE HEJIU-
HEHHOCTB YIIPYTUX JIEMEHTOB.

PacueTHast cxeMa u cucteMa ypaBHEHUH JBUKEHMSI IUIUTHI U IBUTATENsl paCCMOTPEHBI B pa-
oote [4]. TeopeTnyeckne U SKCIIEPUMEHTATBHBIC UCCIEAOBAHUS MMOKA3BIBAIOT, YTO BUOPAIMH JIBH-
raresisi HeraTUBHO OTpakaroTcs Ha 3()(EeKTUBHOCTH pabOThl BUOPOIIUTHL. B CBSA3M C BBIIEU3IIO-
JKCHHBIM JIBUTATEJIb YCTAHABIMBACTCS Ha CHELUAIBHBIX PE3MHOBBIX YINPYrHMX JJEMEHTax ¢ Ipo-
I'PECCUBHOM XapaKTEPUCTHUKONW ¥ ¢ MAKCUMAJIbHO BO3MOXKHBIM JEMII(PHUPYIOIIUM E€HCTBHEM.

[ToaToMy BuOpamus npuraresis B pabodeil 3ape30HaHCHOM 30HE 10 CPaBHEHHUIO C aMIUIUTY-
701 KoneOaHuM IUINThl HE3HAaUuTeNbHas [3], U IpU MIPeIBAPUTEIBHON OLIEHKE CKOPOCTH NEpEaBU-
’KEHUS1 BUOPOIUIMTHI MOTYT HE YUUTBIBAThCSI.

Torna cucrema quddepeHaTbHbIX YpaBHEHUHA ABMKECHUS IUTUTHI IPUHUMAET BU:
2

dex
1 . 2 .
m, - —+C,X, + K% =mirw’cosmt —(G, +G,)- f;
dt
2 )
ATy
dt?
[epenBukeHne BUOPOIUIUTHI 0OECTICUNBACTCS MIPH OTKJIOHEHUH TUTHTHI B TOPU30HTATIHLHOM
HaIpaBJICHUH B MEPUOJ, KOT/Ia OHA OKa3bIBACTCS B BEPXHEM ITOJIOKEHUU U HE KacaeTcs rpyHTa. To-
rja ypaBHEHUs (2) IPUHUMAIOT BU

m +(C1_C2)'y1+(k1_k2)yl=mo'ro'w25ina)t;

d*x .
m, - 21+C'X1+k'X1:PoX;
dt
; (3)
m dy, k-y, =P/
W TO YKy, =R
dt
rac i 1 K — DKBUBaJEHTHBIE KECTKOCTH U K03(1)(1)I/IHI/ICHT I[eMH(bI/IpOBaHI/IH, ONpCACIICMbBIC JDKCIIC-
puMeHTaNbHO. BripaxkeHus (3) mpeacTaBiIsioT co00l CaMOCTOATENIbHBIC HE3aBUCAIINE IPYT OT JIPY-
ra nuddepeHIaIbHbIe YPaBHEHHUS, PEIICHUS KOTOPBIX OMPEACIISIOTCS (PYHKIUSIMH

X, = Xy B, COS(at =6, );

Y1 =Y ﬁy sin(awt — l9y ). (4)

Te X U Y — TOPU3OHTAIBHBIC W BEPTHUKAIBHBIC OTKIOHCHHS OT CTATHYCCKOTO BO3ACHCTBHS
cuit cootBeTcTBeHHO P n P,

Kosddumentsr S, u f,, yunTbiBatomye NepuoauYHOCTD ACHCTBUS YKA3aHHBIX CHJI, OIpe-

nensitores mo gpopmynam [1, 2]:
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1- ”—2
Py
B, = 2 :
[0 w
Q=)+ @2y )’
px y
>
- ?
B, = - , (5)

2
(1—“;2)2 + (27,22

y y

rae y, 1 y, — Ko3hduUMeHTbI AeMIpUpoBaHus. B 3aBUCUMOCTH OT XapakTepa NepeMeLIeHuU, Co-

TJIACHO ONBITHBIM JiaHHbM [1, 2] y, =0,3 mns ropusonTansHeix nepememennii u y, =0,1 s Bep-

TUKaIbHBIX. Da30BbIe YIIbl 6 U 6, PEKOMEHIYIOTCS OLPEAEIATH 110 POPMyIIam:

2%7
0, = arct _ /P
X g

1-0°/

2y, @
Py
0, =arctg ———

1-@

Py

(6)

CoriacHO ONIBITHBIM JaHHBIM, NPH TPHUHATHIX JOMYHICHUAX HMCECM PABHBIC YaCTOTHI co0-

CTBEHHBIX KoJleGanmii p, = p, = ,%n :
1

6
T
y=0,1
v=0,3
n
2
0 1 2

Puc. 2. U3menenne ¢ga3oBoro yria

E

[Ipu nepexone yepe3 pe30HAHC aMILIUTYbl KOJeOaHUN MIIMTHl MEHSIIOT CBOM 3HaK Ha 00-
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paTHBIN, YTO YUUTHIBAETCS IPU MOCTPOCHUH IpaUKOB ee nepeMenieHnuid. Bennunna dazoBoro yria

€ 3aBUCHUT OT OTHOILICHUS % U BeJIUUYUHBI ¥ . Tak, B 4aCTHOCTH, Ha TpaduKke pHcC. 2 MOKa3aHO €ro
usmenenne npu y, =0,3 u y,=0,1 [3]. Orcroma BUAHO, Hampumep, 4TO MNPH % =10,
0 =7
0,=0,= 5
Torna rpadguku nepeMenieHni MINTHI 10 OCSIM X U Y OyIyT IPOMCXOTUTh MO YPAaBHEHHSIM
/4 .
X, = —X,;, COS( ot _E) = X, Sinat;

(7)

Yy ==Y sin(at —%) =Y,, COs wt.

2 (0) (/2) (m) . (1,51 ) (2m)
1 2 3 4 5

—\\}-\ =it

P’ =P kos wt

X1=XycZin wt

P' =P, sin wt /m’{\ %\
‘l,.'i:yisgggm't m" m

il

Puc. 3. IHoJ10:keHHe MJIUTHI B 3aBUCHMOCTH
OT YIJIOBOT'O MOJIOKEHUS LIEHTPOOEKHOT 0 rpy3a
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B 1o BPCM: KaK BOSMYIIAOIINEC CUJIbI 6y,HYT HeﬁCTBOBaTB COINIAaCHO BBIPAXKCHUAM
P =P, cos wt;

(8)

P/ =P, sinat.
Ha puc.3 npencrasnensl rpadguku P = f(at);P, = f(at);x, = f(at);y, = f(at) npn

“_10.
p

[To mpuBeaeHHBIM TpaduKkaM MPEICTABISIFOTCS BO3MOXKHBIM ONPEACIIUTh TEKYIIee MOI0XKe-
HUE TUTATHI B 3aBUCUMOCTH OT YIJIOBOT'O TIOJIOKEHHS LIEHTPOOEKHOTO rpy3a. Tak, HampuMmep, B me-

V4 .
puoxn or 0 10 — Ha IIMTY AeiicTByeT nHeHTpobexkHas cuia P BBepx.
0]

T T
‘—Iepe3 YCTBCPL MICpuoga OT 2— A0 — IUIMTa HA4YMHACT MNOAHHUMATBLCA BCPXHU 3aHUMACT
0] w

1
(0]

B sToT %€ nepuoa ropu3oHTaibHass COCTABJIAIOIIAA HCHTpO6€)KHOﬁ CHJIBI POX BOSﬂeﬁCTByeT

BEPXHEC MOJOKCHHUE 1O MOMCHTA

Ha IUIMTY, U OHA YCPE3 NMOCICAYOIIUC YECTBCPThL NEPpUOAda HAYUHACT NICPEMEINATLCA B TOPU30OHTAJIb-

27 3
HOM HarlpaBJIeHUH C MOMEHTa — JI0 —.

a a
Bce ocrannHOE BpEMs IUINTA HAXOAUTCA B HUXKXKHEM IIOJIOKCHHU B IMPHXKATOM K aC(I)aJ'II)Ty

coctossHuH. [109TOMY rOpU30OHTaIbHAS COCTaBIsIomas P, HampaBieHHas B OOPAaTHYIO CTOPOHY,

racutcs CUJION TPEHUs IUIMTHI O TPYHT, U IUIUTa B 0OpaTHOM HaIlpaBJICHUU HE TIepeMeIaeTcs.
Boruncnum yapHblii UMITYJIBC. AEMCTBYIOIUI Ha IUINTY B TOPU3OHTAJIBLHOM HAIpaBJIEHUU

s 1,57
3a MepuoJ; OT— JI0 .
20 w

% P
IX:IPéxcosa)t:—Z—°. 9)
- w

20

OTOT HUMITYJIBC MEPCXOAUT B KOJIUIYCCTBO ABUKCHUS BI/I6pOHJ'II/ITLI, HaIlpaBJICHHOC 110 T'OPpHU30HTAIN
K, =(m, +m,)V,. (10)

[lpupaBuuBas |, Bemmumnue K, , momrydaem

s}
(m, +m,)V, = 25’4 2m, x, (11)
Otcrona nomydaeM
2m, x
V, = ——2= (12)
m;+m,
pao . -2 .
Tak, B wactHoctr, ipu @ = 600 , m, =2xkr;r, =3-107" M; m; =m, =47 Kr nony4aem
c
M =275
q

[Ipu m3BecTHON aMIIMTyAE KoneOaHUN NMPEACTABIAETCS BO3MOMKHBIM BBIYUCIIUTH YCKOpE-
o 2
HUs, MOJlydaeMble IUIMTON 1o dopmyne a, =X, . Ha puc. 4 npuseneHa rpadpuyeckas 3aBUCH-
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MocTh X, = f(@). Kpome toro, Ha (puc. 4, 6) npuBeeHbl B BUAE KBaJAPATHBIX TOUCK OIBITHBIC

JaHHBIC 110 YCKOPCHUAM IIJIMTHI.
)4 K CpaBHCHHA pAaCUCTHBIX 3HAYCHUN C OIBITHBIMHU JaHHBIMU CJICAYCT, YTO PACUYCTHLIC 3HA-

YCHUA JOCTAaTOYHO OIU3KO0 COBIIaAAarOT C OIIBITHBIMH JaHHBIMU.

X1, MM

6
5 f’/ \
4 /

: i

0 1 2 3 4 5 6 m'm'zﬁpf—.a
6

Puc.4. 3aBucuMocTh nepemMenieHuii H yCKOpeHHid BUOPOMJINTHI:
a - TIepeMeIleHHs, O - YCKOPEHHS

BriBoaLI

1. U3 ananu3a MexaHu3Ma MepeaBUKEHUST BUOPOIUTUTHI CJIETYET, YTO OCHOBHOM MPUUNHOMN
NEpCABUKCHUA BI/I6pOHJII/ITI:I ABJIICTCA OIMPECACIICHHOC COOTHOIICHHUEC 110 BPCMCHU CABHUIA (1)213 Bpa-
HIeHHUsI LEHTPOOEKHOro Tpy3a M IEepeMelIeHHs] IUIMThl B BEPTHUKAJIbHOM U TOPU30HTAIBHOM
HaIlpaBJICHUAX.

2. Haubonee 6aronpusiTHBIM YCIOBHUEM JJI NIEpeMELIeHUsI BUOPOILTUTHI SIBISIETCS 3ape30-
HAHCHBIA PEKUM BOJIM3M OT PE30HAHCA, KOTJla UMEET MECTO CMeIleHHe (a3 BO3MYINAIONIEH CHUIIBI

T
OTHOCHUTCIIBHO IICPCMCIICHUA BI/I6p0HJ'II/ITBI, PaBHOC E .

3. Pexxum paboThl, yKa3aHHBIN B 1. 1 U 2, sBisieTca Takke Hanbosee OIaronpusTHBIM IS
obecrieyeHnsT HauOOJIBIIEH CHITBI yIapa IUTUTHI 10 OUTYyMY, YTO CIIEyeT U3 aHajau3a a3 CMeIeHHs
BEPTHUKAIBHON COCTABJISIONICH CUITBI BUOPATOpa U BEPTUKAIBHBIX EPEMEIICHHUH MTUTHI.
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G.K. Ryabov?, V.S. Leontieva®, Y.V. Fedoseev

ABOUT THE MOVEMENT MECHANISM OF WHEELLESS VIBROPLATE

Kovrov state technological academy n.a. V. A. Degtaryov *,
Public Corporation “The Plant n.a. V.A. Degtaryov”2

Purpose: The theoretical investigation of the wheelless vibroplate movement. Full-load conditions determination for
securing the maximum striking force to the ground surface. Optimum proportion researching between the phase shifting
of revolving charge and vibroplate in vertical and horizontal directions.

Design/methodology/approach: The study is based on theoretical analysis of differential equations that describes the
process of wheelless vibroplate movement. The main constructive parameters of the vibroplate are included into math-
ematical model.

Findings: It is possible to apply the research results for preliminary estimation of the wheelless vibroplate movement
mechanism and determination of optimum proportion between the phase shifting of the revolving and sliding motion.
Research limitations/implications: The present study provides a starting-point for further research in the field of
wheelless vibroplate theory.

Originality/value: The main peculiarity of the study is original approach of theoretical research of wheelless vibroplate
movement mechanism that could have a good practical application during the vibroplate design stage.

Key words: vibroplate, design scheme, equations system, resonance, vibrations, impact momentum, bitumen,
repairing, road.
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YK 629.113
JLH. Opaos’, I1.C. Poros', A.C. Bamypun', A.B. Tymacos’, H.®. ®eoxucros *

OIIEHKA HECYIIENA CHOBOHOCTHU KAPKACA KY30BA ABTOBYCA
1O PE3YJBTATAM KOMIIBIOTEPHOI'O MOJAEJIMPOBAHUSA

Hwmkeropoackuii rocyaapCTBEHHBIM TEXHUYECKUM YHUBEPCUTET UM. P.E. Anekceesa’,
00O «/IHHOBalMOHHBIE TEXHOJIOT U

[Tokazanbl pe3yabTaThl pacu€THOM OLEHKH MTACCUBHOM 0€30MacHOCTH aBTOOYCOB. BBINOIHEHB! pacyeTHbIE HC-
CJIEZIOBAHUS CEKIMH THIIOBOTO Ky30Ba aBTOOyca B YCIOBHSX ONPOKHAbIBaHWA. IIpencTaBieHb! pa3nuyHbIC BapHAHTHI
MOJIENTUPOBAHUs YCIOBUM HarpyxeHus. IlokazaHsl mpeuMyIiecTBa U HEJOCTAaTKH Pa3IMYHBIX BapUAaHTOB IpPECTaBIIe-
HUSI MOJIETIEH Ky30BOB aBTOOYCOB.

Kniouesvie cnosa: 0e30macHOCTh aBTOOyCa, KOHEUHO-IJICMCHTHBIM aHAIM3, OIMPOKUIbIBAHHUE, HECYINas
CIIOCOOHOCTE.

[IpobiiemMa mnpenoTBpallleHus: JOPOKHO-TpaHCHOPTHBIX mnpoucmectBuil (UATII) sBusercs
BeChbMa aKTyaJbHOH Ui KaXJI0i cTpaHbl MupoBoro coobuectsa. JITII ¢ yuactuem aBToOycoB Xxa-
PAKTEpU3YIOTCS CEPhE3HBIMUA TPABMAMU U PAHEHUSAMHU, IIOJIy4a€MbIMU I1ACCAKUPAMH BO BPEMS aBa-
pun. XOpOIIO M3BECTHO, YTO ONPOKUIBIBAHUE — OAMH M3 HambOonee omacHbX BunoB [TII, xors
IIPOMCXOJAT OHU HE TaK 4acTo, Kak JOOOBOE MM OOKOBOE CTOJIKHOBEHMs. TeM He MeHee, B COOT-
BETCTBUU CO CTATUCTHKOW, MPOLEHT MOTHUOLIMX U TSXKEJIO paHEeHbIX JIoAeH OoJblie B CIydasx
OTIPOKH/IbIBAHUS, YEM B JIPYTUX BUIAaX aBapUiHbIX cuTyauui. [loBblieHne nmaccuBHOM Ge3omacHo-
CTH aBTOOYCOB BO3MOKHO U MOXET OBITh IOCTUTHYTO 32 CUET MPUMEHEHHsI MPOYHBIX U 0€30MacCHbIX
KY30BHBIX KOHCTPYKIIUH.

Puc. 1. ITII ¢ onpokuabIBaHHEM aBTO0OYCOB

Xopomio M3BECTHO, 4TO J00ast aBTOOyCHass KOHCTPYKLMS JOJDKHA TOTJIONIATH HHEPIHI0
yaapa u COXpaHsITh HEOOXOAMMOE KUZHEHHOE MPOCTPAHCTBO Vsl TACCAKUPOB B MPOIEcCce OMPOKU-
neiBanus. Bee 3t TpeboBanus pernamentupoBansl [Ipasmnamu EQK OOH Ne66, koTopsie gomyc-
KaIOT KaK SKCIEPUMEHTaIbHOE HCCIe0BaHNE TIOBEICHNSI KOHCTPYKIIMH aBTO0YcCa, TaK U KOMIIbIO-
TEPHOE MOJICIIMPOBAHUE YCIOBUN ONMpOKUAbIBaHU. 3a mocnennue 10 net 6pu1 mpuoOpereH qocra-
TOYHBI ONBIT B UCTIBITAHUU U pacyeTe Ky30BHBIX KOHCTPYKIMK aBTOOycOB [1—4]. B TO xe Bpems
CJIEZIyeT OTMETUTh HECKOJIBKO KIIOYEBBIX MPOOJIEM, C KOTOPBIMU MOYET CTOJIKHYTHCS WH)KEHED B
Mpolecce MPOSKTUPOBAHUS Ky30Ba U OIICHKHU €0 MacCUBHON 0€30MaCHOCTHU:

® JIOCTOBEPHOE MOJEIMPOBAHHE MpOIlecca ONMPOKHUABIBAHUS aBTOOyca ¢ MUHUMAJIbHBIMH 3a-
TpaTaMH BPEMEHH JJIs1 KAUeCTBEHHOH OI[EHKH MEXaHU3Ma pa3pylIeHus Ky30Ba aBTo0yca;

© Opnos JI.H., Poros I1.C., Bamrypun A.C., TymacoB A.B., ®eokucto H.®., 2012.
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e aHaJIW3 MIPOYHOCTU U 0€30MACHOCTH Pa3IMYHbIX BapUAHTOB KOHCTPYKIMH M BBIOOP Hanbo-

Jiee pallMOHAJILHOTO BapyaHTa.

OTH npo6sieMbl MOTYT OBITh PELIEHBl CIIOCO0AMU KOHEYHO-3JIEMEHTHOI'O aHallu3a U COOT-
BETCTBYIOILIETO0 MPOrPaMMHOT0 OOECIEUEHHUsl, KOTOPHIE 1al0T BO3MOXKHOCTb AaHAJIM3UPOBATH BO3-
MO’KHOE€ TOBEJCHHE KOHCTPYKIMU TOJ Harpy3Koid Ha OCHOBE pe3yJbTaTOB PacueTOB MOJeleH,
MMEIOIIUX Pa3INYHYIO0 CTETIEHb IPOPAOOTKHU U JIeTaIU3a1H:

® YIpOIIEHHAas KOHEYHO-3JIEMEHTHAsi MOJIENIb Ky30Ba aBTOOyca (MPEHMYIIECTBEHHO HCIONb-
3YIOTCSI CTEP’KHEBBIE HJIEMEHTHI), KOTOpasi MOKET ObITh MCIOJIb30BaHA HA HAYAJIBHBIX 3Ta-
nax MPOEKTUPOBAHMSI JUIsl IPOBEJICHUS OLEHKU BIMSHMS OTAEIbHBIX CHUJIOBBIX 3JIEMEHTOB

KOHCTPYKLIMHU Ha €€ MaCCUBHYIO 0€3011aCHOCTb;

e JeranbHas (MOJHAs) KOHEUHO-3JIEMEHTHAsi MOJIeJb Ky30Ba aBToOyca (IIperMYIIECTBEHHO

UCTIOJB3YIOTCS TOHKOCTEHHBIE 000JI0YEUHBIE AJIEMEHTHI), KOTOpasi OMHUCHIBAET BCE OCOOCH-

HOCTH KOHCTPYKIMH M MOXKET OBbITh MCIOJIb30BaHA Ul cepTU(UKALMU aBTOOyca Ha COOT-

BercTBUE TpeboBaHusM [IpaBun EOK OOH Ne66.

ITpouecc onpoKuabIBaHUS MOXKET ObITh CMOJEINPOBAH Pa3IMYHBIMU CIIOCOOAMHU:

® Harpy)KeHHUEe yIja KpbIIY HEMOABMKHOW MOJIENH CTATUUECKOM WM AMHAMUYECKON SKBUBAJICHT-

HOU Harpy3KoH, CO3jaBa€MOM JKECTKOM IUIUTOM, COBEPILIAIOILEH ITOCTYIATEIbHOE IBHKCHNUE;

e JMHAMUYECKOE Harpy:K€HHe yria KpbIIIN HEMOJBHXHON MOJAENH JKECTKOW IUIMTOH, coBep-

LIAIOLIEH BpalaTeJIbHOE IBUKECHHUE;

® MMHUTALUS ONPOKUIBIBAHUSA MOJEIH N0 JEHCTBUEM CUJIBI TSKECTH.

OueBuAHO, YTO UCIOIB30BAHUE PA3IUYHBIX TUIIOB MOJIEJIEH M BapUAHTOB UMUTAIUH OINPO-
KHJIBIBAaHUSI MOXKET MPHUBECTU K PA3IMUHBIM PE3yJbTaTaM, HO BCE OHM MOTYT OBITh MCIOJIb30BAHBI
MH)XEHEpaMHU Ha pa3IM4HbIX CTaJUsAX MPOEKTUPOBAHMA, JOBOJAKHM U cepTudukanuu aBrodyca. B
JaHHOM paboTe MOKa3aHbl MPEUMYILECTBA U HEJOCTATKU PAa3IUYHBIX METOJ0B MOJICIUPOBAHUS, KO-
TOpBIE MOT'YT OBITh MCIIOJIb30BaHbI 1JIs1 paCUETHON OLIEHKH MaCCUBHON 0€30I1aCHOCTH aBTOOYCOB.

OOBeKTaMH pacueTHBIX MCCIEIOBAaHHMIA ObUIM THIIOBBIE KOHCTPYKIIMM CEKIIMH Ky30Ba aBTO-
Oyca (puc. 2, 3). Kapkac kax10il CeKUUM COCTOMT U3 CTaJbHBIX TPYO, KOTOPbIE MMEIOT MPSAMO-
YroJibHOE TOHKOCTEHHOE ceueHHe. brumn pa3paboTaHbl JBa BapHaHTa KOHEYHO-3JIEMEHTHBIX MO/JIe-
nerr (KOM) cexuuu: ynpoméaasie KOM (MCoOab3yroTCsl TOIBKO CTEP)KHEBBIC JIEMEHTHI) M I10-
IpoOHBIe (MCTONB3YIOTCS 000I04YEeYHBIE 3JIEMEHTHI). [l KaXK10i MOJeNN Ha3HAYAIUCh OJIMHAKO-
Bble MEXAHMYECKHE XapaKTEepPUCTHKH CTald C YHIPYroIUIACTHYECKOW KpUBOH Jedopmanus-
HaIpspKEHUE.
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Puc. 2. TunoBas cxema kapkaca aprodyca

VYcnoBust HarpyXeHus! Il paccMaTpUBaeMbIX Mojieneil Obutn uneHTuuHbMu: KOM nHarpy-
KaJUCh MapajuleIbHO JBIXKYIIeHcs xécTkoil mmuroil. Kaxnas KOM Obuia 3akpernsieHa y OCHOBa-
HUS B HECKOJIBKMX 30HaX. YTOJ 0L MKy KECTKOU TIJIMTOW M CEKIMel ObUT pacCYMTaH B COOTBET-
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CTBUM C METOJIWKOW OMNPOKHUABIBAaHUS aBTOOycoB 1o TpeboBanusM [IpaBmmamum EDK
OOH Ne66 1 cCOOTBETCTBYET YINly KOHTAKTa Ky30Ba C KECTKOW MOBEPXHOCTHIO MPHU ONPOKUABIBA-
HUU ¢ ycTymna BbicoTor 800 MM. J[BrkeHHUE KECTKOW TUIMTHI OBUIO ONPEACIICHO 3aBUCHMOCTBIO TTe-
pemenierus S(t) (puc. 4), Takum 00pa3oM, YTO CKOPOCTh TUIUTHI MOHOTOHHO BO3PACTaeT C MOCTOSH-
HBIM ycKopeHueM. JIaHHBIN croco0 HarpyXeHHs He MO3BOJISIET JOCTOBEPHO CHIMHUTHPOBATH IMPO-
LIECC ONMPOKUIBIBAHUSA, HO TaKWUE€ YCIOBHS MOXXHO CUMTATh MPUEMIIEMBIMH AJIi CPAaBHUTEIBHOTO
aHaJM3a pe3yabTaToB.

6)
Puc. 3. Cekuuu Ky3oBa aBTo0yca:
a — mepeaHss; 6 — CpeaHss; 6 — 3aTHSSA

HecTtKkan

s(t) t

30Hbl 5(t) = 2a = const
3aKpennenun

—+

Puc. 4. Cxema Harpy»eHusi pac4eTHOI Moe/H

MNepemelyeHna, Mm MNepemeLieHuna, Mm

Puc. 5. Ilepemeniennst ynpoweHnHoi (@) u noapooHoii (6) KoM



Hazemnble mpancnopmuble cucmembl 153

OueBHIHO, YTO CyMMapHbIe MepeMEeIleHUs s YIPOWEHHOW U MOApoOHON Mozenei oka-
3BIBAIOTCS CXOXKHMHU (pUC. 5). DTO MOKHO OOBSCHUTH XapaKTepOM MPHIOKEHHON Harpys3ku. B To
’Ke BpeMsl yCWJIMs B 30HE KOHTAKTa IUIUTHI ¢ neMeHTaMu KOM aiist pa3nu4HbIX BapuaHTOB Mojie-
neit otmyarores (puc. 6). M3 rpadukoB BuaHO, uTO yrnpoméHHas (ctepxueBas) KOM umeer 6oree
BBICOKYIO HecyIyto criocooHocTs (Ha 10-30%), yem ananoruynas nogpodnas KOM, cocrosimas u3
000JI0YEUHBIX 3JIEMEHTOB.

25000
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3agHAA cekuma

15000

T e e
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Ycuame B 30HE KOHTAKTAa,

o1
o
[=]
[=]

MNepeaHaa cekumn CpepgHas cekumsa

0 50 100 150 200 250 300 350 400 450 500
lMepemelweHne, Mm

Puc. 6. I'paduku n3mMeHeHusi yCHJIMS B 30He KOHTAKTA B 3aBUCUMOCTH
OT NepeMeleHus KECTKOH MJINThI

Paznunia B Hecymieit cnocobHoctn pa3inudHbix KOM o0bsicHSIETCs 0COOCHHOCTRIO edop-
MHUPOBAHMS PA3JIMYHBIX THUIIOB 3J€MEHTOB. CTEep)KHEBBIE SJIEMEHTHI HE MO3BOJISIIOT UMHTHUPOBAThH
TUTACTHYECKUE JeOpMaIid TOHKOCTEHHBIX CTEHOK MOIEPEYHBIX CEUEHHUH, KOTOPhIE OTYETIHBO
BUJHBI NIPH pacueTe noipooHoit KOM (puc. 7).

Puc. 7. JlokajJbHble IJIacTHYecKHe AepopManuu pparMeHTOB NOAPOOHONH MO/EJIN |
a — mepeaHss CeKIUs; O — CPEIHSIS; 8 — 3a/THSISI CEKITHS

OcoOblif WHTEpPEC TPEICTABISICT CPABHUTEIBHBIN aHAINU3 TIOBEICHUS YIPOIICHHONH U MO-
IpOOHOM KOHEYHO-3JIEMEHTHBIX MOJIeNIe BCEero Ky3oBa aBTOOyca B YCJIOBHUSX, WMHUTHPYIOIIMX
onpokuapiBanue. Ha puc. 8 mokazaHa cxema ONMpOKHIBIBAaHUS aBTOOyca B cooTBeTCTBUU C [IpaBu-
namu EDK OOH Ne66. Llentp macc aBToOyca Cpys epe; KOHTAKTOM € KECTKOM IITUTON coBepIIaeT
BpalmiareabHoe ABMKEeHHE. [IpenonokuB, 4To IEeHTp Macc aBTo0yca OyAeT IBUTATHCS 110 KPYTOBOM
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TpaekTopuu paanyca R kak 10 yaapa, Tak U Mociie Hero, Obuia mpeyiokKeHa SKBUBAJICHTHAsI CXeMa
HArpy>KeHUs, UMUTHPYIOIIasi OMPOKUIBIBaHNE aBTOOyca. B 3TOM ciryuae Mozens kapkaca aBTodyca
nedhopMupyercs moj JeHCTBUEM SHEPTUU JKECTKOM CTEHKH, COBEpILAONICH BpallaTeIbHOE JIBUXKE-
Hue. B aToM citydae meHTp Macc Harpykaromieil mthl Cry JOMKEH TOBTOPATH TPASKTOPHIO TYTH,
paauycoM R. HeoOGxomumoe nonoxenue Cry MOXKET OBITH JOCTUTHYTO M3MEHEHHEM T'eOoMeTpuye-
CKUX ¥ (PU3NIECKUX CBONCTB KECTKOU TUIMTHI, B YACTHOCTH 33 CYET BAPbUPOBAHHS MAaCCHl YIaCTKOB
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Puc. 8. Cxema onpoxuabiBaHus aBTo0yca
(B coorBercTBUM ¢ TpeboBanusamu IIpasnn EDK OOH Ne66)

Ha ocHOBe MaHHBIX 10 MOMEHTY WHEPIMHU JKECTKOM TUINTHI M DHEPTHH yAapa NpU ONpPOKH-
JIBIBAaHUM BO3MOXKHO OIICHUTh Ha4yallbHOEC 3HAYCHHWE YIJIOBOM CKOPOCTH (O JKECTKOM TILIHTHI
(puc. 9, a). B atom ciydae kapkac aBroOyca OJKEH OBITh 3aKpeIUIEH B OCHOBAHMH, a KECTKAS
IUTMTA B IIGHTpPE BpalleHus. Pe3ynbraThl pacyera Mo TaKOMY YIPOLIEHHOMY BapHaHTy MOJEIHPO-
BaHUs YCJIOBUI ONIPOKU/IbIBaAHMS IOKa3aHbl Ha puc. 9, 0.

MepemelteHne, mm
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i OcTaroyHoe

FKU3HEHHOE
MPOCTPAHCTBO

YpoBeHb
| | nona

&

Puc. 9. DxBuBajeHTHAs cXeMa JUHAMHYECKOr0 HArpPy:KeHusi aBTodyca:
a - UMUTalus BpallaTCJIbHOI'0 JBMKCHHA KY30Ba IPpU ONIPOKHUIbIBAHUN aBT06yca;
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0— PE3YIbTAaThl KOHCYHO-3JICMCHTHOI'O aHA/IK3a
Ha puc. 10 noka3zansl pe3yapTaThl MOAEIUPOBAHUS, TIOJIYyUEHHBIE JIUIS IBYX BapUAHTOB pac-
4eTa, B KOTOPBIX Ky30B aBToOYyca ObLI MPEACTABIICH CTEP)KHEBBIMU dJIeMEHTaMU (YIpOIIEeHHAs MO-
Jieb) U 00O0JIOYEUYHBIMHU 3JIEMEHTaMH (MOApOOHask MOEIb). AHAIN3 PE3yJlbTaTOB MOATBEPKIACT
BBIBOJIBI: YIIPOILIEHHAs MOJIETh UMEeT 0oJiee BBHICOKYIO Hecyinyko crmocooHocth (Ha 10-30%) mo
CpaBHEHHIO C aHAJIOTUYHOM MOAPOOHOI MOJIEIIBIO.

4.5 5
4.0 ’
‘I
3.5 1 4 ’J
CrepHesaa KM |
3.0
é |
T LEE 3 7‘ 1
~s 257 Y CrepxHeBasa K3M
=] S |
x ) |
: 20 A
s MNoppobHasa KM 32 i |
] >
&S I
1.0 l
T
0.5 ‘\
~_ MNogpobHas KIM
0 0.02 004 006 008 01 012 014 016 0 002 004 006 008 01 012 014 0.6
Bpems, ¢ Bpems, c
a) 0)

Puc. 10. I'paduxu usMeHeHHs1 JHEPIrUHU yIapa U pa3pylialolleil HAarpy3Ku:
a — rpaduK U3MEHEHHUS SHEPTHH yJapa; 6 — quarpaMMa KOHTaKTHOH CHITBI

[lo pe3ynpTaraM pacyeToOB MOXHO CJAETaTh BBIBOJ O TOM, YTO YIPOIIEHHYIO KOHEYHO-
HJIEMEHTHYIO MOJEIb PAallMOHAIBHO HMCIIOJIb30BaTh Ha HAYaJbHOW CTaJUU MPOCKTHPOBAHUS, KOT/A
WHKEHEP J0JDKEH aHAIM3UPOBATh HECKOIBKO BApHAHTOB KOHCTPYKIIMHM M OLIEHUBATH BIMSHUE Pas3-
JMYHBIX KOHCTPYKTUBHBIX M3MEHEHUI HA HECYIIYIO CIIOCOOHOCTH aBTOOYyca. JTO MO3BOJIIET MUHU-
MU3UPOBaTh BPEMEHHbIC 3aTPaThl HAa pa3pabOTKy U pacyeT Mojaenu. Tem He MeHee, 3aBbIILICHHAs
HecymIasi ClIOCOOHOCTh CTEP’KHEBBIX MOJIENICH HE IMO3BOJISIET UCTIONIB30BATh WX JUI OKOHYATEILHON
OLICHKH 0€30MacHOCTH aBTOOYyca, MOITOMY PE3yIbTaThl MOACIHPOBAHMS, TOTYYEHHBIE C HCIIOIb30-
BaHUEM YIPOILEHHON KOHEUHO-3JIEMEHTHOM MOJIeNH, JOJDKHBI OBITh YTOUHEHBI B JANbHEHIIIEM MU
pacdere MoxpoOHON MOIeNH.
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THE ESTIMATION OF BUS STRUCTURE BEARING CAPACITY
ON BASIS OF SIMULATION RESULTS

Nizhny Novgorod state technical university n.a. R.Y. Alexeev’,
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Purpose: The developing of computational methods of estimating of bus bearing capacity at the different
stages of the design process.

Design/methodology/approach: The computational research based on finite element method with using of
different types of simulation models: simplified that is based on beam type elements and complicated that is
based on shell type elements.

Findings: It is possible to apply the research results for estimation of passive safety of buses structures in
rollover conditions.

Research limitations/implications: The present study provides a starting-point for further research in the
field of bus design and estimation of bus passive safety.

Originality/value: The main peculiarity of the study is executing of comparative analysis between simula-
tion results that were received for simplified and detailed models.

Key words: bus passive safety, finite element simulation, rollover, bearing capacity.
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A.M. I'pomes’, C.}O. Kocrun, FO.IL. Tpycos', I'.A. Konnxosa®, IL.B. Cepeaa

HCCJEIOBAHUE TOPMO3HBIX CBOMCTB ABTOBYCA 110 PE3YJIbTATAM .
KOMIIBIOTEPHOI'O MOJAEJIMPOBAHUA U JAHHBIX TOPOXHbBIX UCIIBITAHUU

. . . 1
Hmxeropoackuii rocyjapcTBeHHBIH TexHIHYecknid yHuBepcuTeT UM. P.E. Anekceesa’,
2
I'pynna I'A3

[IpuBeneHsbI pe3yabTaTHl UCCISIOBAHIA TOPMO3HBIX CBOMCTB aBToOyca [TA3. OmmcaHbl OIXOIBI, MCIIONB30-
BaHHBIE MIPU MIPOBEACHUH JOPOXKHBIX UCIBITAHUN U KOMIIBIOTEPHOTO MOJEIUPOBAHUS, UMUTHPYIOIIETO YCIOBHS pealb-
HBIX UCHbITaHUH. [IpencraBieH CpaBHUTENbHBINA aHAIN3 PE3yJIbTaTOB, NMOJYYEHHBIX NMPH MOJECIMPOBAHUM Mpolecca
TOPMO>KEHHS aBTOOyCa U B YCIOBHUSX JIOPOKHBIX UCITBITAaHUH.

Knrouesvie cnosa: aktnBHas 6€3011aCHOCTh, MOICIMPOBAHNE, JOPOKHBIE UCTIBITAHNSI, TOPMO3HOMH ITyTh, 3aMe ICHNUE.

[IpoGneme MOBBIICHNST AKTUBHOM 0€30MaCHOCTH TPAHCIIOPTHBIX CPEJCTB BCETAA YACTSACTCS
Oonblioe BHUMaHKe. B nocienHee BpeMs: Haubosee akTyaabHbIM CTAHOBUTCS BOIIPOC MPUMEHEHHUS
U COBEpILECHCTBOBAaHUS MHTEJUIEKTYaJIbHbIX CHUCTEM IOMOIIM BOJUTENIO, MO3BOJIAIOIIUNX MUHUMHU-
3MPOBaTh MOCIEACTBUS OLINOOK, TOMYyCKAEMbIX YEJIOBEKOM B IPOLIECCE YIPABIECHUS TPAHCIIOPTHBIM
cpenctBoM. Hanbosbliee pacnpocTpaHeHHE U IPAKTUUECKOE BHEIPEHHUE TOTYYHMIIN CUCTEMBI 3JIEK-
TPOHHOTO KOHTpouisi ycroiunBocTH (DKY), cHiKaromue BEpOSTHOCTh BOSHUKHOBEHHS 3aHOCOB U
ornpokuasiBanuii [1]. [Ipoext HOBOM penaxkimu npasuit EDQK OOH Nel3 (Ilepecmotp 6, [lonpaska 1)
IpeJycMaTpuBaeT perjiaMeHTalni0 0cOObIX TpeOOoBaHMN K TPAHCIOPTHBIM CpPEACTBAM, OCHAICH-
HBIM (YHKIMEH 00ecreueH sl yCTOWYMBOCTH TPAHCIIOPTHOTO cpefcTBa (nodasnenue 12, mpui. 21).
B cooTBeTcTBUU C TEKCTOM JOKyMEHTa, 3((HEeKTUBHOCTh (YHKIIMU KOHTPOJS TPAEKTOPUU JIBHXKE-
HUSl W/WIN YyCTOMYUBOCTH K ONPOKUIBIBAHUIO MEXAaHMUYECKUX TPAHCIOPTHBIX CPEACTB U MPHULIETIOB
kareropuit M, N u O MoxeT OBITh ONpe/iesieHa KaK B MPOLECcce JOPOKHBIX UCIBITAHUHN, TaK U TIPU
MTOMOIIN KOMIIBIOTEPHOTO MojenupoBanus. [Ipu aTom atrecranusi NpuMEHsEMBIX CPEICTB MOJIEIH-
pOBaHUs JOJKHA OBITH MPOBEZEHA HA OCHOBE CONOCTABICHUI pe3ylbTaTOB PACUETOB C JaHHBIMU
peaNbHBIX UCIBITAHUI TPAHCIIOPTHOTO CPEICTBA.

B HacTos1ee BpeMsl CyHIECTBYET IUPOKUI CIIEKTP KOMIBIOTEPHBIX IPOrpaMM, I03BOJISIO-
IIMX UMUTUPOBAThH Pa3IMUHbIE YCIOBHS JBHKEHUS aBTOMOOWIISI U BOCIIPOM3BOAUTD alITOPUTMBI pa-
OOTBl MHTEJUIEKTYaJIbHBIX CUCTEM aKTUBHOW Oe3omacHocTH. OJHON M3 TaKUX MPOrpamMM SIBIISETCS
SDK-Simulation, ucrnonp3yemass B MpaKTHKE HAy4HO-HCCICIOBATEILCKOTO IEHTPA KOMIIAHHU
Kuopp-bpemse (bynanemr, Benrpus). /lannas nporpamma o6siaaeT 3HaUUTENbHBIM (DYHKIIMOHA-
JIOM U 00€cleynuBaeT BHICOKOTOUHOE MOJIETUPOBAHUE YCIOBUI JBUKEHHS Pa3INYHBIX KaTeropui
TPaHCIOPTHBIX CPEACTB [2].

B cucremax DKV ncnonb3yeTcss IpUHIMI aBTOMAaTUHYECKOTO YIPABICHHS TSITOBBIMU U TOP-
MO3HBIMM MOMEHTaMH Ha KoJjiecaxX, TakuM o0pa3oMm, 3(p(peKTHBHOCTH CHUCTEMBI BO MHOTOM 3aBUCUT
oT 3(hpexTUBHOCTH TOPMO3HOM cucTeMbl. C TOUKH 3peHHs] MOJICIUPOBAHUS ABMXKEHUS aBTOMOOMIIS
¥ uMuTanuu padoTsl cuctembl DKY BakHO B mepByro ouepeb 00eCeunTh JOCTOBEPHOE MOJIEITH-
poBaHMe JIIOOBIX MPOIIECCOB TOPMOKEHHSI, B TOM YHcIie U 0e3 BO3ICHCTBUS WHTEIICKTyaIbHOU CH-
creMbl. Takum 00pazom, 000CHOBaHHE BO3MOKHOCTH IIPUMEHEHUS TEX WM UHBIX CPEICTB MOJIEIIH-
poBanust i onieHKH dddexTruBHOCTH DKV MOMKHO BKITIOYATh B C€0S1 COMOCTABICHUE Pa3IMYHbBIX
BapUaHTOB PAcU€TOB M SKCIIEPUMEHTOB, UMUTHPYIOLIMX BO3MOXKHBIE JTOPOXKHBIE CUTYal[MH: TOP-
MO>KEHHE, CMEHA MOJIOCHI ABM)KEHUS, BXOJ] B TIOBOPOT U JIp.

B naHHOH cTaThe NpeAcTaBlIEHbl PE3yIbTaThl CPABHUTENBHOIO aHAIN3a PE3YyIbTaTOB MOJIE-
JUPOBAHUS TOPMOKEHHUS aBTOOYyCa, MOJYyYCHHBIX ¢ UCMOIb30BaHueM mporpammbel SDK-Simulation,
C JJaHHBIMM JJOPOKHBIX MCHbITaHUI. McciaenoBaHus BBIOIHEHBI COTPYAHUKaMH ABTOMOOMIBHOTO
unctutyta HI'TY npu nogaepxke UcnwitatensHoit nadopatopuun HI'TY u ['pynmst 'A3. O0bek-

© I'pome A.M., Koctun C.I1O., Tpycos IO.I1., Konukosa I'.A., Cepena I1.B., 2012.
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TOM HccienoBanus sBisics aBrooyc 11A3-4234-05 (puc. 1). JlopoxHble UCHBITAHUSA TPOBOAMIUCH
Ha aBTomnosiurone I'A3.

Puc. 1. ABTodyc I1A3-4234-05

Jyis1 omipeieieHuns TapaMeTpoB ABIDKEHHSI aBTOOYCa MCIIOJIb30BAIaCh COBPEMEHHAs H3MEPH-
tenpHas cucrema RacelLogic VB20SL3 20Hz GPS Data Logger With Slip, Pitch and Roll Angle.
[TpuHIMI paboThl CHCTEMBI OCHOBaH Ha ncnoib3oBannu GPS texHomornit. Ha kpbiiry aBToMoOMIIs
YCTaHABJIMBAIOTCS MATHUTHBIE aHTEHHBI (pHUC. 2), KOTOpbIe 00€CIeYnBaIOT CBSI3b CO CIIyTHUKOM U
MTO3BOJISIIOT 3a()UKCUPOBATH CKOPOCTh TPAHCTIOPTHOTO CPENICTBA, YCKOPEHHE (10 JBYM OCSIM), Tpa-
EKTOPHIO IBMKEHUS, YTOJI KPEHA U YITIOBYIO CKOPOCTh IMOBOpoTa (pHC. 3).

‘ /’A’D 6)\

Puc. 2. ABToOyc I1A3-4234-05:
a — 6110k cbopa maHHBEIX cHcTeMBI RacelL0gic; 6 — cxema yCTaHOBKM aHTEHH Ha KPHIIIE aBTo0yca
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Puc. 3. Uutepdeiic nporpammuoro odecrniedenust RacelLogic
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Puc. 4. UccinenoBanue npouecca TOPMOKEHHUS :

6)

a — NOPOKHBIC UCIIBITAHUS, 06— KOMITBIOTEPHOC MOJACIINPOBAHUEC

Ha puc. 4 noka3anbl (parMeHThl SKCHEPUMEHTAJIbHBIX W PACUYETHBIX MCCIIEIOBaHUM.
Ha puc. 5 — puc. 7 noka3zansl rpa¢ukd U3MEHEHHUSI POJIOJILHOTO 3aMeJICHUs aBToO0yca MpHU TOp-
MO>keHUHU. CIUIOIIHBIMY JTUHUSIMH MOKa3aHbl JaHHbIE, 3a()UKCUPOBAaHHBIC B X0JI€¢ HATPYHBIX UCIIBI-
TaHUH, MyHKTUPHBIMU — JAHHBIE KOMITBIOTEPHOTO MOAeNupoBanus. B Tabin. 1 mpuBeaeHbI 3HAYCHUS
TOPMO3HOTO MYTH JIJISl pa3HbIX HaYaJIbHBIX CKOPOCTEH TOPMOKEHHUSI.

Tabnuua 1

3HaueHusn TOPMO3HOT0 MYTH JAJHA PA3JIUIHBIX HAYAJIbHBIX CKOpOCTeﬁ TOPMOKCHUSA

Havanenas ckopocthb

TopMo3HOM ITyTh, M

Pacxoxnenue, %

TOpMOXKeHNs Vo, KM/1 MCTIBITAHHMS] MOJIETTUPOBaHHE
40 13,77 12,12 11,96
50 18,65 18,01 3,43
60 27,93 25,25 9,59
— mogenuposaHue ——MWcnbiTaHue (3 3ae3pa)
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Puc. 5. I'paduku n3mMeHeHHs 3aMeNJIeHUS IIPH TOPMOKEHUH €O ckopocTH 40 kKM/4
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— MogennpoeaHue ——MWcnbiTaHue (3 3ae3ga)

Yckopenue, mfc2
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Bpema, ¢
Puc. 6. I'padpukn usmenenus 3amMeaJeHUs NPU TOPMOKEHUH €O ckopocTu 50 kM/4

— MofenMpoBaHne ——wucnbiTaHue (3 3aesga)

Yckopenue, mfc2

Bpems, ¢

Puc. 7. I'paduxn n3mMeHeHUs 3aMeAIeHHA MPU TOPMOKEHUH €O CKOpPOcTH 60 KM/4

AHanu3 JaHHBIX MMOKa3bIBAET, YTO PE3YNbTaThl IKCIIEPUMEHTAIBHBIX UCCIEIOBAHUN U KOM-
IIBIOTEPHOI0 MOJEJIMPOBAHUS MMEIOT XOPOILIYIO0 CXOAMMOCTb. PacxokieHue Mo 3Ha4eHUsM TOp-
MO3HOTO0 ITyTH He npeBbimaroT 3—12%. KpuBble n3MeHeHns 3aMeJIEHUs] B TPOLIECCE TOPMOXKEHMS,
MOJIy4Y€HHBIE TIPU pacyere, MOJHOCTHIO MOBTOPSIOT KPUBBIE, IOCTPOEHHBIE MO TAHHBIM JIOPOKHBIX
ucneltaHuii. Tem He MeHee, caenyeT OTMETUTD, YTO BUPTyaJIbHAs MOJENIb UMEET JIydllIne MOoKa3a-
TEJIU TOPMO3HBIX CBOMCTB, YEM PEAIbHOE TPAHCIOPTHOE CPEACTBO. DTO OOBSICHSETCA TEM, UYTO B
MOJIeNIb 3aJI0’KEH MJI€aNIbHBIA aJropuT™M paboThl TOPMO3HOM CHCTEMBI U JIEKTPOHHOrO OJIOKa aH-
tubI0KUpoBOYHOM cucteMbl (ABC). PeanpHasi TopMO3Hasi crucTeMa M €€ KOMIIOHEHTHI UMEIOT I1e-
JBIA psiZi OCOOCHHOCTEH, KOTOPBIE JOCTATOYHO CJIO0XKHO BOCHPOM3BECTH B KOMITBIOTEPHON MOJIEIH.
B a10i1 cBs13u 11€71€c000pa3HBIM SABISIETCS PACIIMPEHUE BO3MOXKHOCTEH KOMIBIOTEPHOTO MOJICIIUPO-
BaHUs IIyTEM MEpexoJa K KOMIUIEKCHOMY MMHUTALlMOHHOMY MOJEIMPOBAHMIO, B KOTOPOM MO>KHO
ObLIO ObI CHIMUTHPOBATh HE TOJIBKO YCIIOBHS JIBUXKEHHSI TPAHCIIOPTHOT'O CPEJCTBA, HO M pEallbHbIC
IIPOLIECCHI, MPOUCXOASIINE B aBTOKOMIIOHEHTaX. Hanbosee nepcrneKTUBHBIM SIBISETCS MCIIONb30-
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BaHUE MporpaMMHo-anmapatHoro komiiekca (ITAK), Bkirodatomiero B ce0si: peaabHble KOMIIOHECH-
ThI aBTOMOOMJISI, CTIEHUABHBIA U3MEPHUTEIBHBIN KOMILJIEKC, COBPEMEHHOE MPOrpaMMHOE o0ecTeye-
Hue. Takoil MoaxoJ] MO3BOJISIET MOJICIIMPOBATh MMOBEJICHUE TPAHCIIOPTHBIX CPEJICTB C YYETOM OCO-
OeHHOCTel paboTHI peallbHBIX arperaToB U 0JIOKOB yrpasiieHus [3].

ITo pe3ynbTaT™ HCCIIEIOBAHUS MOXHO CHIENATh CIEAYIOIINE BHIBOJIBI:

e pa3paboTaHa UMHTAITMOHHAS MOJIENb aBToOyca [1A3 4234-05 B mporpammuaoM Komimiekce SDK-
Simulation, yunTsIBaroIias OCHOBHBIC TAPAMETPBI KOHCTPYKIIUK TPAHCTIOPTHOTO CPEICTRA;

® CpaBHEHHE PE3yJbTaTOB KOMITBIOTEPHOTO MOJIEIUPOBAHUS M TIOPOKHBIX MCIBITAHUHA MTOKA-
3aJI0 XOPOIIYI0 CXOJUMOCTh. PacxokaeHue 3Ha4eHWH TOPMO3HOTO IYyTH TPH Pa3HBIX
HayvaJbHBIX CKOPOCTSAX TOPMOXKCHHS He mpeBbliaeT 3—12%);

e pa3paboTaHHAs HMMUTAIIMOHHAS MOJEIH aBTOOYCa M Pe3yJIbTaThl UCCIIEAOBAHUI MOTYT OBITh
UCTIOJIB30BaHbl TpU pa3pabOTKe METOAMKH OLIEHKHM CBOMCTB AaKTUBHOW 0€30macHOCTH
TPAHCMOPTHBIX CPEACTB MO pe3yJIbTaTaM UMHUTAIMOHHOTO MOJIEIIUPOBAHUS, KOTOpAsk UMEET
Ba)XHOE MPAKTHYECKOE 3HAYCHUE Ha HTaraxX MPOSKTHPOBAHUS M TOBOAKH AaBTOMOOMIICH.

® Ui MOBBIIICHUS! TOYHOCTH MMHUTAIIMOHHOTO MOJEIUPOBAHUS HEOOXOIUMO HCIOIh30BAHUE
IPOTPaMMHO-AIMAPaTHOTO KOMILIEKCa, O0ECIIeUMBAIOIIETO (PH3HMUECKOE MOJICITHPOBAHUE
paboThl TOPMO3HOM CHCTEMBI TPAHCTIOPTHOT'O CPE/ICTBA.
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RESEARCHING OF BUS BRAKING CHARACTERISTICS ON THE BASIS
OF SIMULATION AND ROAD VEHICLE TEST DATA
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Purpose: The estimating of bus behavior in braking conditions on the basis of computer simulation results and its
comparison with experimental data.

Design/methodology/approach: The simulation study based on dynamic analysis method with using of SDK-software
that allows take into account main vehicle parameters, road conditions and driver behavior. The experimental research
was made in real road conditions with using of RaceLogic measurement system.

Findings: It is possible to apply the research results for preliminary estimation of bus braking characteristics on the
basis of simulation results and road test data.

Research limitations/implications: The present study provides a starting-point for further research in the field of
vehicle active safety and estimation of effectiveness of active safety systems.

Originality/value: The main peculiarity of the study is original approach of computer simulation of vehicle behavior
that could have a good practical application during the vehicle design stage.

Key words: active safety, simulation, road test, braking distance, deceleration.
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YK 629.113
JL.B. BaanTaHonl, B.B. BeJIHKOBl, JI.A. I'ankun 2,
A.C. 3aiines®, A.B. 3esrounn’, B.C. Malcaponl

3KCHEPUMEHTAJBHO-TEOPETUYECKHUE UCCJEJOBAHUS OIIOPHON
IMPOXOAUMOCTHU MHOI'OOCHBIX KOJIECHBIX MAILIINH

Hwuxeropoackuii rocyaapCTBEHHbIM TEXHUYECKUM YHUBEPCUTET UM. P.E. Anekceesa’
00O «BoeHHO-TIpOMBIIITIEHHAS KOMITAHUS, T. Mocksa®
00O «BoeHHO-NHKEHEPHBII I.IeHTp»3

PaccmarpuBaroTcst pe3ynbTaThl AKCIEPUMEHTAIBHO-TEOPETHUECKUX HCCIIEI0BaHUN OMOPHOM MPOXOJUMOCTU
MHOTOOCHBIX KOJIECHBIX MAIllMH B Pa3JIMYHbIX YCIOBHX NepeABrkeHus. [Ipoanann3upoBaHa BO3MOKHOCTb HCIIOIb30-
BaHUs CYLIECTBYIOLMX MAaTEMaTUYECKUX MOJENIeH JJi1 OLUEHKH ONMOPHOW MPOXOJAMMOCTU CHELUHAIbHBIX MHOIOOCHBIX
KOJIECHBIX MallIMH. [Ipou3BeieHa OLlEHKa CXOAUMOCTH PE3YIbTaTOB PACYETHBIX M HKCIEPUMEHTAIbHBIX U CCIEA0BAHUMN.
[IpoaHamu3upOBaHO BIMSHUE PA3IMYHBIX BAPUAHTOB KOHCTPYKIIMOHHOW KOH(MUTypaluu XOJOBOW YaCTH MHOTOOCHBIX
KOJIECHBIX MAaIllMH Ha CONPOTHUBIJIEHUE ABUKEHUIO U TATOBO-CLIENHbIE CBOMCTBA. B COOTBETCTBUM C NPOBEACHHBIMH JKC-
MIEPUMEHTATHHO-TEOPETHYCCKIMHU UCCIICAOBAHUAMU CHCIaH P BRIBOJIOB O BEIOOPE PAlMOHAIBHBIX ITAPAMETPOB ITHEB-
MOKOJIECHBIX IBWKHUTENEH C TOUKU 3PCHHUS TOBBIMICHNUS dPPEKTUBHOCTH UCTIONBb30BAHIS HCCIIEAYEMBIX MaIliH.

Kniouegvie cnoea: onopHast IpoXoMMOCTb, CIIELIUaIbHbIE MHOTOOCHBIE TPAHCIIOPTHBIE CPEACTBA, 0€30POKbE,
PE3yIIBTaThl AKCIIEPUMEHTAIBHBIX NCCIIETOBAHHH.

N3MmeHuBIIAsICS TEOTOIUTHYECKAs 0OCTAHOBKA U ONIBIT MHOKECTBA JIOKAIBHBIX KOH(IHKTOB
MOCIIETHETO JECATHIICTUSI TIPU OJJHOBPEMEHHOM COKpAIlEHWH YHCICHHOCTH JTUYHOTO COCTaBa ap-
MU HArJSITHO TIOKA3aJId, YTO CIIEIMANIbHBIM MOIpa3/IeJICHUsIM OUY€Hb YaCTO MPUXOIUTCS JIEHCTBO-
BaTh B OTPBIBE OT OCHOBHBIX CHJI U BecTH 00pbOYy C HEOOJIBIIMMU, MOOMIIBHBIMH M XOPOILIO BOOPY-
YKEHHBIM TPYyMIaMu TPOTUBHUKA. B pe3ynbrare B CO37aBIIMXCS YCIOBUAX KaXK/1ast OTAEIBHO B3sITast
€AMHUIIA CTICIUATBHON TEeXHUKU TaKUX MOJpa3ieNieHuil T0KHA ObITh BRICOKOMAHEBPEHHON U 00-
Ja71aTh BEICOKOM MPOXOIUMOCTHIO0. IMEHHO B COOTBETCTBUU C MTOJA0OHBIMU TPeOOBAHUSIMU U pa3pa-
0aThIBAIOTCS MHOTOOCHBIE KOJIECHBIE MHOTOIIENIEBbIE MAIIMHBI, CIIOCOOHBIE BHICOKOA((HEKTUBHO
peniaTh COBpEeMEHHbBIE CIICIIHMAIIbHBIE 3aIaUH.

B pamkax naHHOU cTaTbU MPOBOJUTCS HKCIIEPUMEHTANIbHASL U TEOPETHUUECKAsl OLIEHKA BIIUSI-
HUS TIapaMeTPOB XOJA0BOW YAaCTH MAIIIMH JIAaHHOTO Kjacca (puc.l) Ha OmopHYIO MPOXOAUMOCTb. [y
KOJIMYECTBEHHOW OIICHKU MPOXOJAMMOCTH Pa3IMYHBIX MAIIUH 110 TPYHTAaM B paMKax JaHHOUN paOoThI
UCIIOJIB3YETCS MTOKA3aTellb MPOXOAUMOCTH [1]

M=¢-f, (1)
rlie ¢ — MaKCUMaJIbHas yIeJIbHAs CUJIA TATH IO CIIETUICHHIO MAIIUHBI C OMTOPHOM MOBEPXHOCTHIO; f —
KOA((QUIIMEHT COMPOTUBIICHUS KAUCHHUIO.

HeobxoammMo OTMETHTB, YTO IO ATUM TOKa3zaTessiM B ABTOMOOMIbHOM MHCTUTYTE HITY
HAKOIUICH OOTaThIil SKCIIEPUMEHTANILHBIN MaTeprai, TOITOMY CYIIECTBYET BO3MOXKHOCTh IPOH3BE-
CTH OLIEHKY a/ICKBaTHOCTH HCIOJIb3YEMBIX MaTeMaTHUeCKHX Mojeneil. Jlanee mpoBOAUTCS aHAIU3
pPEe3YIBTATOB SKCHEPUMEHTATBHBIX HCCIIEIOBAHUI OMOPHONW MPOXOJAMMOCTHA MAIMHBI MHOTOIIEJIE-
Boro HasHauenust I'TIM 3901 (pumc.2). [lanHas mamuHa Obuta co3faHa s uccriempoBanuii OHU-
JIBM HI'TY B pamkax xoznoroBopoB ¢ «BHUMUTPACMAIL» (Canxt-IlerepOypr) B mepuoj c
1982 r. mo 1989 r. [To 1983 r. paboThI BeIUCh MO OOIMUM PYKOBOACTBOM HAYYHOT'O PYKOBOIUTENSA
nabopaTopun Be3neX0oAHbIX MamuH PykasumankoBa C.B., a 3areM mox pykoBoacTBoMm bapaxraHo-
Ba JI.B. DkcniepuMeHTaIbHBIE HCCIIeIOBAaHUS OMOpHON mpoxoaumMocTH MarmuHbl ['TIM-3901 Obumm
npoBeaeHsl npu ydactuu corpynnukoB OHWJIBM benskosa B.B., Kosnosa B.C., Kypuesa B.I.,
Macnennukosa B.A. [1-3].

© Bapaxranos JI.B., bensikos B.B., I'ankun JI.A., 3aiines A.C., 3e3tonun JI.B., Makapos B.C., 2012.
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Puc. 1. MHoOroocHsle KoJjieCHbIe MAIIIMHBI:
a —BTP-60; 6 — BTP-70; ¢ — BTP-80; 2 — ETP-90

IIpu pazpaboTke U U3rOTOBIEHUH XOA0BOro uccienoBatenabckoro makera I'TIN-3901 ocoboe
BHUMaHHE OBbLIO 00paIIeHo Ha TO, YTOOBI 3aJI0’)KEHHBIE B HEM BO3MOXKHOCTH 00ECTICUMBAIIN BBITOJI-
HEHME MOCTaBJICHHBIX 3a/1a4 McciaeoBaHus. [ 3Toro XoaoBas 4acTh MAIIUHBI CJIEIaHa Perylu-
pyemoii. MimeeTcst BO3MOXXHOCTh U3MEHSATh KaK KOJECHYIO (hOpMyiy, Tak M OTHOIIEHHE 0a3bl K KO-
Jee, a TaKKe OCYIIECTBIIATH ABMKEHHE C PA3IMUYHBIMU pajauycaMu noBopoTa. Hapsay c atum,
IpeayCMOTpEHa PETyIMPOBKA JaBJICHHS BO3IyXa B IIMHAX, YCTAHOBKA CABOEHHBIX KOJEC, CPEICTB
MOBBIILICHUS TPOXOAUMOCTH, IUPOKONPO(PUIBHBIX IIMH U JIETKUX I'yCEHHUIL.

Puc. 2. XonoBoii motHOpa3MepHBIX MaKeT KojecHoro maccu ['TTH-3901
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B tabn. 1 npexcraBneHa KkpaTkasi TEXHUUECKas XapaKTEPUCTHKA TTOJIHOPa3MEPHOTO XOZ0BOTO
HCCIIEIOBATENILCKOTO MaKeTa KOJIECHOTo maccu ¢ 6opToBsiM nmoBopotom ['TIM-3901.

Taobauua 1
Texunueckasi xapakrepuctuka makera I'lTA-3901
[Tapamerp, arperar, pazmep | T.II 3HaveHHe MapaMeTpoB U pa3MepoB, THIT arperara
Ty MamvHeL KOJIECHAsI MOJTHOMPUBOJHAS C OOPTOBBIM CIOCO-
00oM moBOpOTa
Konecnas ¢popmyna nu3MeHsiemas: 8x8, 6x6, 4x4
[Tonnas macca, kr mo 9500+100 (c skumaskeMm, ammaparypoi, Oai-
JIACTHBIMH TPY3aMH)
Kones, mm 2550
baza, mm:
¢ KoJIeCHOH opmymon 8x8 3800...4350
6x6 2540...4350
4x4 1250...4350
J1OpOKHBIN IPOCBET, MM 450
MakcumaiibHast MOIITHOCTB, JI.C. (KBT) 2x115 (2x84,50) mpu 3200 mun™
MaxkcuMalbHBIA KPYTAIIHA MOMEHT, KM (Hwm) 2x29 (2x284,40) mpu 2000...2200 mus"
JlaBieHue B IIIMHAX, Kr/em® 0,5-2,5

DKcrepuMeHTaIbHbIE MCCIEIOBAaHUSA MPOBOJMWINCH B pa3W4yHble NEPHUOJbI IoJa Ha POB-
HBIX, FTOPU30HTAJIBHBIX YYaCTKax MeCYaHbIX U 3aCHEKEHHBIX IMOJIEH; Ha 3a00JI0YEHHBIX TOBEPXHO-
CTSIX; a TAK)Ke Ha POBHOM IPSIMOJIMHEHHOM y4dacTke acanbToBOro mocce. B xone nccienoBanmii
IIPY Pa3IMYHBIX BapUaHTaxX XOJOBOI YacTH MakeTa ONpPEAEIISJINCH CUJla CONPOTUBIIEHUS JBUXKE-
HUI0O W CUJIa TATH MO CLEIUIeHUu0. MeToauka MpOBEIECHHUS UCHBITAHUM M CTPYKTYpPHO-
GyHKIHMOHATBHAS CXEMa COEJUHEHUS H3MEPUTEIbHO-PErUCTPHUPYIOUIEH amnmapaTypsl MOApOOHO
omnucaHbl B pabortax [2].@parmenTsl ucnbiTanuii xogoBoro Makera I'TIM-3901 B ycnoBusax mosnu-
rOHa TPEJICTABICHBI Ha PHC. 3.

[Ipumeps! pe3ynbTaToB 3KCIEPUMEHTANIbHBIX UCCIEAOBAHUN MO OLIEHKE BIUSHUS HapaMeT-
POB JIBIKUTEINS Ha mMokaszaTtenn onopHoi mpoxoaumoctd I'TIN-3901 npencraBnens! Ha puc. 4 u
puc. 5. AHanTU3UPYys UMEIOIUECs] MaTepUaIbl HEOOXOUMO OTMETHUTH, YTO BEIMYHHBI K03 punmeH-
TOB COINPOTHBIICHUS TBWKCHUIO f U CLICTUICHUS TPAKTUYECKH HE 3aBUCAT OT KOJECHOM (OPMYIIBI U
kodduimenTa 60a3pl. 3HAUYEHUS UX CYIIECTBEHHO 3aBHUCST OT JaBJICHMS BO3[yxa B mmHax. Vccie-
noBanusi Makera ['TIM-3901 mokazanu, 4yTo CHWXKEHUE NOaBieHUsS Bo3ayxa B mmHax ¢ 0,25 no
0,05 MIla BexeT K yMEHBIIICHHIO CHJIBI CONMPOTHBIIEHU IBIKeHnI0 Ha 10-15% Ha mecke u cHere,
Ha TBEPJBIX IPyHTaX BEIMUYMHA €ro HecKobko (5-10%) yBennuuBaeTcsl U3-3a BO3pacTaHUs TUCTeE-
PE3UCHBIX MOTeph. IIpoBeneHHbIe NCCIIe0BaHMS TIOKA3ald, YTO Ha 1e()OPMUPYEMBIX I'PYHTaX CHH-
KEeHHe JaBiieHus Bo3ayxa B mmuHax ¢ 0,25 no 0,05 MIla BeneT k pocTy kodddunmerTa crerieHus
Ha 10-30% na nepue, Ha 10-20% na necke u Ha 10-15% Ha cHere.

Ilo pe3ynbraTaM 3aMepoB CHJIbI CONMpOTUBICHUS nBUxkeHuto maketa ['TIN-3901 ¢ ogHo- u
JIBYXCKAaTHBIM BapHaHTOM XOJIOBOM 4acTHU MOCTpoeHbl rpaduku (puc.4). AHaiau3 UX MOKA3bIBAeT,
YTO COMPOTHUBIIEHUE JBUKEHUIO 10 TIECKY BO3PACTAET C YBEIMUEHUEM JaBJICHUS BO3yXa B HIMHAX.
Tak, HE3aBUCUMO OT BapHaHTa XOJ0BOM 4acTH MakKeTa, U3MEHEHHE JIaBJICHUS BO3/yXa B IIMHAX OT
0,05 no 0,25 MIla BezeT K BO3pacTaHUIO CHJIBI CONPOTUBIICHUS IBHXEeHHUIO B 1,8-2 paza. D10 00y-
CJIOBJIEHO TE€M, YTO, HECMOTPSI Ha CHM)KEHHE TUCTEPE3UCHBIX NOTEPh B IIMHAX, YBEJIMYEHUE JaBJe-
HUS BO3/yXa BEJET K BO3PACTAHUIO JAaBJICHUN KoJieca Ha TPYHT, MIYOUHBI cliefia U paboThl nedop-
Manuu rpyHTta. Cuja conpoTHUBICHUS ABM)KEHUIO MAaKeTa C IByXCKaTHBIMH KOJIECAMU B CPEIHEM Ha
12-20% ©Ooublie, 4eM C OAHOCKATHBIMH. JTO CBS3aHO, MPEXKIE BCETO, C YBEIWYCHHEM HIHMPUHBI
clieZla ¥ BO3pACTaHHUEM M3-3a 3TOTO pabOTHI Ha JedOpMAaIIHIO TPYHTA.
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Puc. 3. ®parmeHTbI HCCIEI0BATENILCKUX UCNBITAHMIA X0M0Boro makera I'TTU — 3901:

a — obuuii Bug (8x8) mpu pasHom L/B; 6 — ucnibiTanus Ha CHEXKHO# 1enuHe; ¢ — 00umid BU (6X6) pH pas-
HoM L/B; 2 — namomerpupoBanue (onpenesaeHie pacnpeaeieHns Harpy3KH Mo Koyecam); 0 — HCTIbITaHHS Ha
MIMPOKOTNPOMUIBHBIX LIHHAX, J/C - UCIIBITAHHUS Ha KOJIECax cO CABOCHHBIMH IIMHAMH, 3 — UCTIBITAHUS 110
CHEXHOM LIeJIMHE C JICHTOUYHBIMH YIIUPUTENSIMH KOJIEC; U — UCTIBITAaHUS C ICHTOYHBIMH YIIUPUTEISIMU KOJIEC
Ha MepeceueHHO MECTHOCTH; K — HCIIBITAHUS C PE3MHOKOPAHBIMHU YIIMPUTEIISIMH; /1 — UCTIBITAHHS C ChEM-
HBIMH TPyHTO3alleNIaMH Ha MecYaHoil LesnHe; M — OOKOBOW CIIBUT MakeTa Ha JIyTOBHHE; H — MaKeT C JIETKOH
3BEHYATON TYCEHUIIEeH, TPE0I0JICHHE TIECYaHOTO MObEMA; O — OMIOPHBIE TUIOIIAIKH [IUKIUYECKOTO JCHCTBHS
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Ecnu mpoananu3npoBaTh BapHaHThl XOIOBOM YaCTH MaKeTa CO CABOCHHBIMHU M OJJUHOYHBIMH
KoJIeCaMH TI0 TIOKA3aTeJi0 MPOXOJUMOCTH (PHC.S), CTAHOBUTCA SICHO, YTO NMPUMEHEHHE IBYXCKaT-
HOTO KOJICCHOTO MBIDKHMTEJNS JUIS YIyYLICHUS MPOXOAMMOCTH HE TEPCIEKTHBHO HA MalMHAX,
OCHAIIIEHHBIX HIMHAM C PeryiupyeMbiM JaBieHueM. C U3MEHEHHEM JaBJICHUS BO3[yXa B IIHUHAX
IUISL IByXCKaTHOTO BapuaHTa IOKa3aTelb MPOXOJUMOCTH MPAKTHYECKH HE M3MEHSETCs, TOTAa Kak
IUI. OTHOCKAaTHOTO BapuaHTa MMEET MECTO BO3PACTaHHME €ro NMPH CHIKCHWHU JaBieHus. Tak, mpu
JaBJICHUH BO3/yXa B muHaX, paBHOM 0,05 MIa myis oTHOCHTEIBHOTO BapuaHTa MaKeTa IoKa3aTeb
npoxogumoctu Ha 20-25% Oonblile, 4eM Uil IBYCKaTHOTO BapuaHTa. B Toxke Bpems ipu 1aBICHUU
Bo3nyxa B mmHax 0,25 MIla moka3aTens NpOXOAMMOCTH JBYXCKAaTHOTO BapuaHTa Ha 16-22%
OouibIe ISt OMHOCKAaTHOT'O BapUaHTa MaKeTa.

O—f

0.26

/70

0.24

0 0.05 0.1 0.15 0.2 0.25 p w, MIIa

Puc. 5. 3apucuMocTh noka3aress NPOXOAMMOCTH MALIMHBI OT 1aBJIeHUs BO3AyXa B LIMHAX
monesin U-112 Ha mec4aHOM TpyHTe:

. — OJUHOYHOEC KOJIECO, — CABOCHHOC KOJIECO

Heo6xonuMo y4MThIBaTH Takke CIEAYIOIIME HEAOCTATKH, BO3HUKAIOIIME IPU YCTAHOBKE
CABOEHHBIX KOJIEC: YBEJIINYEHHE MIOJHOW M HEMOJIPECCOPEHHON MacChl MaIlIMHbI; YBEJIUYEHUE €€ ra-
OapUTHOM LIMPUHBI, YXYALIEHWE TUIABHOCTU XO0J1a; BO3pacTaHHE JUHAMUYECKUX HAarpy30K B XOZ0-
BOIl yactu. OTCI0/1a MOKHO CJIeaTh BbIBOJI, YTO NPUMEHEHHUE JBUKHUTENS C IBYXCKAaTHBIMU KOJie-
caMM B KaueCTBE CPE/ICTBA MOBBILICHUS MIPOXOAUMOCTHU JIJIsl MAIMH C OOPTOBBIM CIIOCOOOM IOBO-
poTa Heresecoo0pasHo.

VYcranoBka Ha MakeT ['TIM-3901 konec ¢ mupokonpoduiabHbiMU mHaMu Thna 1200x500-508
HEe Jlaja OLIyTUMBIX pPe3ylbTAaTOB JUIsl MOBBIIIEHUS MPOXOJUMOCTH. DTO OOBICHIETCS TEM, YTO
Harpy3ka Ha KOJECO MakeTa IPUMEPHO BTPOE MEHBUIE MACHOPTHOIO 3HAUEHUS €€ Ul LIMHBI.
BcenenctBue storo nedopMainuy myH NPaKTUYECKHU HE MPOUCXOAST (Aake MpU OYEHb MaJIbIX J1aB-
JICHUAX BO3/lyXa) U IUIOLIA/(b KOHTAKTa UX C MOJIOTHOM IYTH JMIIb HE3HAYUTEIBHO BO3PACTAET MO
CpaBHEHHIO ¢ OMHApHBIMU muHaMu Trma 13.00-18.

CHmwxenne naneHus Bo3ayxa B mmHax 1200x500-508 mo 0,06 MIla obecnieunBaer crierieHue
KOJIEC C MIECKOM, paBHOE clerieHnto muH tuna 13.00-18 npu naBnennu Bo3nyxa B HuX 0,05 MIla. Ilpu
3TOM COMPOTHBIIEHHE JIBIKEHUIO MAaKeTa Ha IIMPOKHX MIMHAX OOJIbIle MpUMepHO Ha 5%.

Taxum oOpa3om, nmpuMeHeHHe mUpoKonpoguabHbIX mH Moaenu 1200x500-508 B xavecTBe
CPEJICTBA MOBBILIEHHS IPOXOAUMOCTH MosiHONpUBOoAHBIX KM ¢ nmonHoit maccoit 1o 10-12 T He nep-
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cnexktuBHO. IIIuHBI 3TOro THma 1enecooOpa3HO HCIONB30BATh HAa MalllMHAX C TMOJHOM Maccoit
20-25 T.

B ocHOBy TeopeTMUeCcKHX HMCCIIEIOBAHMI B paMKax JaHHOM CTaThbU IPHUHATHI MaTeMaTUye-
CKME MOJENH JBWXKECHHS aBTOMOOWIS MO aehopMUpyeMOMY TPYHTY M CHETY, pa3paboTaHHbIE U
ycrmemHo ucnoipdyembie B 21 HUM MO PO [10] u HITY wum. P.E. Anckceesa
[4-9].C ucnonb3oBaHMEM TaHHBIX MAaTEMaTUYECKUX MOJEJICH MPOBEACHA pacyeTHas OLIEHKa OIop-
HOM NMPOXOJUMOCTH CIIELMAIBHBIX MHOTOOCHBIX KOJIECHBIX MAIMH IPU JBUKEHUU IO ChIIYyYeMY
IIECKY, CBEKEBCIIAXaHHOMY CYIJIMHKY M CHEXHOH LienuHe. Pe3yiabTaTbl IpOBEAEHHBIX TEOPETHYE-
CKHX HCCJICIOBaHHUI MpeIcTaBlIeHbI Ha puc. 6 — puc. 11.

PacueTHOll OLIeHKE OMOPHON MPOXOAUMOCTH IOJABEPraIMCh MHOTOOCHBIE MALIMHbBI Pa3jIny-
HbIX BecoBbIX Kateropuii (o 10000 mo 23000 xr). B mpomecce pacdyeToB 3a/1aBaioCh MUHUMAJIBLHO
JIOITYCTUMOE JIaBJICHHE BO3/yXa B IIMHAX KaK 0OOCHOBAaHHOE CPEICTBO OOECIeueHHsl YPOBHS MakK-
cUMaIbHOM moABMKHOCTH [11-14] crieruanbHbIX MAIIMH B YCIOBHUSIX 0€310POXKbSI.

PacueTsr mpoBOAMIHCH 111 aBTOMOOWMIIEH C COOTBETCTBYIOUMMH TY 3HAYEHUSMHU MOJTHON
MaccChl U €€ pacIpeie]eHHs M0 OCSIM IMPH ABMKEHUHU C 3a0J0KHPOBAHHBIM MEKOCEBBIM MPUBOIOM.
[lonyueHHble AaHHBIE, MIPEKIE BCErO, MOATBEPXKIAIOT PE3yJbTaThl paHEE BBIOJHEHHBIX padoT B
OHWJIBM HI'TY. Ha puc.6 npencraBieHsl pUMepbl CPaBHEHHS SKCIIEPUMEHTAIBHBIX JaHHBIX C
pe3ynbpTaTaMu pacuera mokaszaresneil npoxoaumoctu TC B yCIOBHSIX TECYaHOM W 3aCHEKEHHOM
MECTHOCTE! PpU MUHUMAJIBHOM JIaBIIEHUH Bo3ayxa B muHax (Py=0,05 MIla).
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Puc.6. CpaBHeHHEe pacyeTHBIX JAHHBIX C Pe3yJbTATAMM IKCIePUMEHTATbHBIX HCCIE0BAHUI MaKeTa
I'lTM-39011a pa3HBIX ONIOPHBIX OCHOBAHMAX IIPH MUHMMAJIbHOM JIABJICHUH BO31yXa
B mmHax p,=0,05 MIla:
a — HauOoJpIIas y/AeIbHAS CHIa TATHU 10 CLUETUICHHIO; 6 — YAEIbHOE CONPOTHUBICHUE IBHKEHHIO;

B — >kcriepuMeHT; MW — pacyer

N3 puc. 7— puc. 10 BugHO, 4TO HanOoOJIee TSHKEIBIM PEKHMOM PabOThI MHOTOOCHBIX KOJIEC-
HBIX MAIIMH SBJISETCS MX JBM)KEHUE B YCIOBHAX 3aCHEKEHHOH MecTHOCTU. J{ns onpexneneHus >¢-
(EKTUBHOCTH BIMSHHUS Pa3MEpOB KoJieca Ha MPOXOAMMOCTh MHOIOOCHOM KOJIECHOW MAallUHBI 110
CHETY B paMKax JaHHOH paOoThI MPOBEACHBI TEOPETUUECKUE MCCIEIOBAHUSA, PE3yabTaThl KOTOPBIX
naHbl Ha puc. 11. IlpuBeneHHbIE JaHHBIE CBUAETENBCTBYIOT O TOM, YTO C YBEIMUEHHEM HaApPyKHOTO
auametpa muHbl (puc. 11, 6) nmpoucxoaut HanboIee MHTEHCUBHOE BO3pAacTaHHUE 3amaca CUJIbl TATH
nipu riiyoune cHera 0,7-0,9 m. [Ipu menbmel rimyoune caexxnoit nenuss (0,5 u 0,6 M) yBenudeHue
mmpHuHbI npoduiis muHb (puc. 11, @) obecneunBaeT OONBIIYIO0 BETUYMHY 3aMaca CUJIbI TATH U HH-
TEHCUBHOCTb €€ BO3pacTaHUsl.
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Puc. 7. 3aBucUMOCTh MaKCMMAJIBbHON yaeabHO
CIJIBI TATH HA KPIOKE MAIIUHBI
(m;=10 000 kr) oT AMaMeTpPa KoJeca MpH
B =const Ha pa3HBIX ONMOPHBIX OCHOBAHHUAX:
1 — mecok; 2 — CyrJIMHOK; 3 — CHEr
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Puc. 9. 3aBucumocts ko3punuenta
CONPOTUBJICHHUS] KAYEHHI0 MAIIMHbI IIPH
B.. =const u D,,=const oT moJiHoii
maccel TC Ha pasHBIX TpyHTaXx:

1 — mecok; 2 — CyrJMHOK; 3 — CHEr

045

¥

0.4

0,35 R
03

]

0,05

0.5 0,7 0.9 1.1 1,3 125
Dm M

Puc. 8. 3aBucumocts ko3 (punuenta
CONMPOTHUBJIEHHS KAYeHUK) MAIIIMHBI
(m;=10 000 kr) oT AMaMeTpPa KoJeca MPu
B =const Ha pa3HbIX ONMOPHBIX OCHOBAHUSIX:
1 — mecok; 2 — CyrJIMHOK; 3 — CHEr
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Puc. 10. 3aBucuMocTh MAKCUMAJILHOM yIeIbHOM
CIJIBI TATH HA KPIOKe MalIMHbI ipu By, =const
u D,=const ot moHoii maccoel TC
HA pa3HbIX TPYHTAX:

1 — mecok; 2 — CyriMHOK; 3 — CHEr
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Puc. 11. Binsinue pazMepoB IIMH HA BeJJMYMHY 3aMaca y/eJbHOM CHJIBI TATH HA KPIOKe MHOTOOCHOTO

TPAHCIOPTHOTO CPEICTBA ¢ MOJIHOI Maccoii 13,5 T npu naBjaenun Bo3ayxa 0,05 MlIla:
a — wpuHbI poduis muHb By, npu Dy=const; 6 — napyxuoro nuametpa D, mpu
B.. = const; rimyouna caera H: 1 —0,5m; 2-0,6 v; 30,7 M; 4 — 0,8 M; 5-0,9 M

Takum 06pazom, B paMKax JaHHOM pabOThl IPOAHATU3UPOBAHO BIMSHHUE Pa3IMYHbIX BapHaH-
TOB KOHCTPYKLIMOHHON KOHQUIYypallH{ XOJO0BOH 4YacTH MHOTOOCHBIX KOJIECHBIX MAIMH Ha HUX
OTIOPHYI0 IPOXOAUMOCTb B Pa3/IMYHBIX YCIOBUSAX JIBMKEHHS. B COOTBETCTBMM C MPOBEACHHBIMU
HKCHEPUMEHTATIBHO-TEOPETUUECKUMH UCCIIEOBAHUSMH CAEaH psii BBIBOJOB O BBIOOpE L1€1ec000-

Ppa3HbIX

TCOMETPUUCCKUX IMapaMCTPOB IMHCBMOKOJICCHBIX JIBIDKUTENEH ¢ TOUKU 3PpCHUS MTOBBIILICHUA

3(1)(1)6KTI/IBHOCTI/I HCIIOJIB30BAHUA UCCICAYEMbIX MAIllNH.

10.
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L.V. Barakhtanov', V.V. Belyakov', D.A. Galkin?,
A.S. Zaytsev®, D.V. Zezyulin®, V.S. Makarov*

EXPERIMENTAL AND THEORETICAL INVESTIGATIONS OF PASSABILITY
MULTI-AXIS WHEELED VEHICLES

Nizhny Novgorod state technical university n.a. R.Y. Alexeev',
Ltd. «Military Industrial Company» (Moscow)?,
Ltd. «The military engineering centre» (Nizhny Novgorod)?

Subject/topic/purpose: Experimental and theoretical investigations of the influence of parameters of multi-
axis wheeled vehicles on passability.

Methodology of work: Assessing the impact of various options of structural configuration of the chassis on
the resistance and traction characteristics of multi-axis wheeled vehicles.

Results/application: The ability to use existing mathematical models for assess of passability of special
multi-axis wheeled vehicles was analyzed. The estimation of the convergence of the results of theoretical and
experimental studies was made. The results are important for the activity of research laboratories and auto-
motive companies involved in the design of multi-axis wheeled vehicles.

Findings: According to the results of experimental and theoretical investigations it was established that the
most heavy duty mode of operation of multi-axis wheeled vehicles of various weight categories is their
movement in a snow-covered terrain. The number of recommendations about the choice of rational parame-
ters of wheels in terms of efficient use of multi-axis wheeled vehicles was proposed.

Key words: passability, special multi-axis wheeled vehicles, terrain, results of measurements.
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NMPOBJIEMbl KOPABJIECTPOEHUA N OKEAHOTEXHUKU

YK 629.5.01
HI'YEH JbIK TXUHb

CO3JJAHUE ®JIOTA CKOPOCTHBIX NTACCAKUPCKHUX CYJOB AJ151 CPB.
BbIBOP OIITUMAJIBHOI'O TUITA ITACCAKUPCKHUX CYAOB JIJIsA CPB

Huxeropoackuii rocygapcTBEHHBIN TeXHUUECKUN yHUBepcuTeT UM. P.E. AnekceeBa

PaccmartpuBaercst Bonpoc 0 co3gaHuu (I0Ta CKOPOCTHBIX MACCAKUPCKUX CYIOB U BEIOOpE ONTUMAIFHOTO THIIA
cynoB uid BeeTHama. PaccMOTpeHBI BOIIPOCH aKTYyalbHOCTH CO3JaHus (PIoTa CKOPOCTHBIX MACCAKUPCKUX CYIOB IUIS
BreTHama, nmpuBeeH aHAJIN3 MOPCKUX MaplIpyToB BO BheTHaMe U MX MacCa’kUPCKOTo MOTOKA B HACTOAIIEE BPEeMs.

Kniouesvie cnosa: BpeTHaM, ONTUMABHBIA TUIT MTACCAXKUPCKUX CYJIOB, MATPULIA TPUHITHAS PEUICHHS, MOPCKHE
mytu Bo Beername, CBII, xaramapansl, CIIK, skpaHOTUIaHEL.

AKTYaJIbHOCTB CO31aHusl ()JI0Ta CKOPOCTHBIX MaccaKUPCKuX cynos ajist CPB

Pa3BuTHe TpaHCIOPTHBIX CPENCTB XapaKTEPU3YETCs HEYKIOHHBIM YBEIMUEHUEM HX CKOPO-
cteil. B HacTosiiee BpeMsi HaOIIOAA€TCd UHTEHCUBHOE PAa3BUTHE CKOPOCTHBIX CYJIOB Pa3iMuyHOIO
Ha3zHaueHus. OHM UCTIOJIB3YIOTCS JUIS TIEPEBO30K MACCaKUPOB, KOHTEHHEPOB U aBTOMOOMIIEH, B BO-
€HHBIX LIeNAX U T.1. B HacTosmiee BpeMs KJacC CKOPOCTHBIX CYNIOB SIBJISIETCSI OAHUM U3 HanboJsee
pa3BUBAIOIINXCS.

CynocTtpoeHue B IUIaHE COLUATbHO-DKOHOMUYECKOT0 pa3BUTH BbeTHama — o/lHa U3 aKTUB-
HO DPAa3BUBAIOIIMXCS U MMEIOIIMX 3HAYUTENIBHYIO IOCYAAPCTBEHHYIO IMOJAJEP)KKY OTpaciieil mpo-
MBIIIIEHHOCTH.

BbeTHaMm - cTpaHa B IOro-BOCTOYHOM A3WH, PacIoNIOKEHHas Ha nonyoctpoBe Munoxurail. C
BOCTOKa M rora BeeTHama ombiBaetcst HOxHO-KuTalickum MopeM. bosbiias Tepputopust Mops, poTsi-
’KEHHast IPUOpeKHast 30Ha, OOraTCTBO OCTPOBOB JIENAIOT BOIHBIM TPAHCTIOPT BaXKHBIM ISl CTPAHBI.

Bo BbeeTHame ecTh MHOXECTBO KPAaCHBBIX MECT BIOJb MOOEPEXbs, YTO OE3YCIOBHO, MpH-
BJIEKAE€T OTPOMHOE KOJIMYECTBO TYpUCTOB. VICIIOIb30BaHNE CKOPOCTHBIX CYJOB SIBISIETCSI OTIIMUHBIM
BapUaHTOM JJIsl NEPEBO3KH JIIOAEH BIOJb MOOEPEXbs, YTO MOXKET CTaTh Haubosee BBITOIAHBIM U
NpUOBUIBHBIM JIeNIoM. B HacTosimee BpeMs B CTpaHe SKCIUTyaTUPYIOTCS TACCAKUPCKUE CY/a, HO OHU
HU3KOCKOPOCTHBIE M YCTAPEBIINX MOJU(PHUKALIMHA.

OOmiast amuHa 6eperoBoit TMHUM paBHa 3260 kM. BeeTHaM pacronaraeTcs Ha MOPCKOM ITy-
™1 oT MHamiickoro okeana k TuxoMy. 9To JOMOJHSAETCS Pa3BUBAIOIICICS U TOCTOSTHHO COBEPIIICH-
CTBYIOIIEHCS MHOPACTPYKTYPOH, KOTOpasi COCTOMT M3 CUCTEMbl MOPCKHX MOPTOB, BHYTPEHHHUX U
MEXIYHapOAHBIX a3pPONOPTOB, CETEW IOCYJAapCTBEHHBIX U TPAHCA3UATCKUX TPAHCIOPTHBIX ITYTEH.
OnHako ymoOHBIX AJIsi CyA0XOACTBA OYXT M 3a]IMBOB Masio. B HacTosiiee Bpemst TMHUN BIOJIb BCETO
1o0epexbst TOJIBKO Hayalld pa3BUBAThCS, TO3TOMY ITOCTPOMKA U BBOJ| B SKCILIIYaTALMIO CKOPOCTHBIX
MACCAXHUPCKUX CYIO0B — akTyanbHas mpobiema st CPB.

Tunbl CKOPOCTHBIX Cya10B

ITpu npoeKkTUpOBaHUK CKOPOCTHBIX CY/I0B Ba)KHO MOBBIIIEHHE UX TMIPOAMHAMUYECKOH 3(-
¢extuBHOCTH. OJHUM U3 BO3MOXHBIX IyTEH MOBBILICHHUS THAPOJUHAMHYECKON 3((HEKTUBHOCTH
ABJIAETCSA CHU)KEHHUE CONPOTHUBIICHUS BOJbI IBUYKEHUIO CyHA.

© Hryen JIpik Txunb, 2012,
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VBeJln4eHne CKOPOCTH CYIOB CTaJI0 BO3MOXHBIM TOJIBKO IIPU CO3JIaHUM CYJOB, UCIOJbB3Y-
IOLUX HOBBIE IPUHIIMIIBI IBUKEHUS, @ UMEHHO:
e IBIKCHHE Ha MOJIBOJHBIX KPbUIbSX;
® [JIMCCUPOBAHMUE;
e IBIDKEHME Ha BO3JYIIHOHN NMOAYIIKE;
e IBIDKEHME C MCIIOJIB30BaHUEM IKPAHHOTO YPQeKTa;
e MHOTOKOpITYCHBIE cyAa ( KaTaMapaHbl, TPEXKOPIYCHBIE CY/1a).
[TpuBenem KpaTHOE ONMCAHNE PACCMATPUBAEMBIX CYJIOB.

Cyna Ha BO3IyLIHOH MOAYIIKe

[lon cynHOM Ha BO3AYIIHOM MOAYUIKE MOJAPa3yMEBaeTCsl TPAHCIOPTHOE CPENICTBO, IPEIHA-
3HAYEHHOE JIJIs AKCIUTyaTallu HaJl BOJOW, CIIOCOOHOE IBUraThCs TaKXKe HaJl OTHOCUTEJIBHO POBHOM
MOBEPXHOCTHIO CYIIH, JIbIOM, 3200JI04€HHON MOBEPXHOCTHIO, MOABbEMHAs CHJIa Y KOTOPOTO TOJHO-
CTBIO MJI YaCTHUYHO CO3/aeTCs 00JIACThIO M30BITOYHOTO JIaBICHUS BO3AyXa MOJ €ro JHUIIEM, IT'eHe-
pUpYEMOH CIEUAIbHBIMU BO3/lyXOHAarHEeTaTeNIsIMH, YCTAHOBJIIEHHBIMH Ha CYyJIHE.

Bravane CBII nosBWINCh HUCKIIOYUTEIBHO KaK albT€pHATHBA CKOPOCTHOMY BOIAHOMY
TpancnopTy. OJIHaKo B MPOIECcCe UX Pa3BUTHSI K BBICOKOM CKOPOCTH TOOABUIIHUCH €II€ CPaBHUTENb-
HO BBICOKas MPOXOJIUMOCTh U aM(PUOUHHOCTD - JOCTOMHCTBA, KOTOPHIMU B MOAO0HOMH Mepe He 00-
JAJaeT HU OJUH APYTrOM Ha36MHOW MJIM BOJHOM BUJ TPAHCIIOPTA.

W3BecTHBI 1Ba MPUHLIMIIMAIBHO OTJINYHBIX TUIIA CYJOB HAa BO3YIIHOW MOAYIIKE:!

e aM¢puOHiiHBIEe, KOPIYC KOTOPBIX NPHU JIBHKEHUU MOXKET IOJHOCTHIO OTPHIBATHCS OT BOJIBI

(CBITA);

e HeamM(puOUHBIC, WM CKETOBBIE, — C HEIMOJHBIM OTPHIBOM KOPITyCa OT BOJIBI M YKECTKUMHU
6oproBbIMH orpakaeHusMu — ckeramu ( CBIIC).

Ampuoduitnsie CBII nmeror rudkoe orpaxaeHue 30Hbl BO3AYIIHON MOAYIIKH MO BCEMY Iie-
PUMETPY, CIIOCOOHBI BBIXOAUTh Ha Oeper, Npeoj10JeBaTh NPEMATCTBUS, IBUrAThCs HAJl yd4acTKaMu
cym, Hag apAoM. [lo apxutexktype CBIIA mano moxoku Ha OOBIYHBIC CyAa BOAOM3MEIIAOIIETO
wm rauccupytoniero tTuma. CBIIC mo apxutekrype, MpUHIMIIAM OOIIETr0 pacroiIOKeHUs, SHEpre-
TUYECKUM YCTAaHOBKaM, YCTPOWCTBAM YIPABICHHS, ABIKUTENSAM OJM3KM K OOBIYHBIM BOJIOM3MeE-
LIAIOIIUM CYJIaM.

AmdnbuitHan cxema CBI Ckerosan cxema CBIl
>0< an«yu.mﬁ BUHT
% { /CD\_} {_ Bosayx —
Harneratens Kopnyc

Harnetatens Kopnyc

-
4

——

I'peOHOM BUHT

Mibkoe orpaxaeHue «obka»

Puc. 1. Cxemnl CBII

Karamapanbi

Karamapan — 3To AByXKopiycHoe cyaHo. Kopryca cynHa COSAMHSIOTCS CBEPXY MOCTOM
(bepmeHHOTO MM MATyOHOTO THIIA).

KaTaMapaHH MMOoKasaJii OTINYHYIO OCTOHYUBOCTE: KpPE€H IpH CKOIUICHUH BCEX IMAaCCaXKUpOB
Ha 0JHOM OopTy He npebinaet 2—3°. [Ipu paBHBIX ¢ OJHOKOPIITYCHBIM CYIHOM IAaCCaKUPOBMECTH-
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MOCTH M CKOpPOCTH y KaTaMapaHa PUMEpPHO BJIBOE MEHbIIee BojonusmenieHue u Ha 30% MeHblas
MOIIHOCTH BHCpFGTI/I‘IeCKOI\/’I YCTaHOBKH. 21]'[5[ KaTaMapaHOB XapaKTCPHBI BO3MOKHOCTb YMCHLIICHUS
ocaJiku 0e3 CYIIECTBEHHOTO yX Y IIICHISI MOPEXOJIHOCTH U OTIMYHASI MAHEBPEHHOCTh

JKPaHOIVIAHBI

DKpaHOIUIaH — 3TO YHUBEPCAIbHOE BBICOKOCKOPOCTHOE TPAHCIIOPTHOE CPEACTBO, MpEeaHa-
3HaYE€HHOE B OCHOBHOM JUIsI 9KCILTyaTalluu HaJl 9KpaHoM (BOJI0H, 3emiield u Ap.), obinaatoiiee BceM
KOMIUIEKCOM KOpaOeIbHBIX CBOMCTB, 3HAYUTENIbHON YacThO aBHAIIMOHHBIX M HEKOTOPBIMHU CBOIi-
CTBaMH Ha3€MHOT'0 TPaHCIIOPTA.

CornacHo orpeeneHuo, chopMyIupoBaHHOMY BO «BpeMeHHOM pyKOBOACTBE 1O Oe3ormac-
HOCTH IKpaHOIUIaHOBY», npuHATOM MMO: 3KpaHOIUIaH — 3TO MHOTOPEKHUMHOE CYIHO, KOTOPOE B
CBOEM OCHOBHOM JKCIUIyaTal[HOHHOM DPEXUME JIETHT C HCIOJIb30BAHUEM <«OKPAHHOTO 3PdexTar
HaJ BOJHOW WJIM MHOW MOBEPXHOCTHIO, 0€3 MOCTOSHHOTO KOHTaKTa C HEW, M MOJJEpKHUBACTCA B
BO3JIyX€, TJIAaBHBIM 00pa3oM, a’dpOJIMHAMHYECKOW MOABEMHOM CHUIION, TEHEPUPYEMOM Ha BO3IYIII-
HOM Kpbule (KpbUIbSIX), KOpIIyce, WIM HUX YacTAX, KOTOpBIE IMpeIHa3HAaYeHbl I UCIOJIb30BaHUS
JEUCTBUS «IKPAHHOTO P PeKTar.

. k
T
25 h=hb
2 _
C.=Cyh
1.5 (*)_
Cih==)
11
S~
| I ] | I
T T T T T —
02 0.4 0,6 0,8 1 h

Puc 2: 3aBucuMocTb KOB(l)(l)I/IIII/IeHTa NOAbEMHOM CHJIBI BO3AYIIHOI'0 KpbLJIa
OT OTHOCUTEJIBbHOM BBICOTHI HAJT IKpPpaHOM

DKpaHOMIaHbl CHOCOOHBI AKCILTyaTUPOBATHCA HA CaMBIX PA3UYHBIX MapIIpyTaxX, B TOM
YHCclie ¥ HEAOCTYIHBI JIJIs1 OOBIYHBIX Cyn0B. Hapsigy ¢ Gonee BHICOKUMU THAPOAdIPOAMHAMUYECKIM
Ka4eCTBOM M MOPEXOAHOCTBIO, YEM Y IPYTUX CKOPOCTHBIX CYJIOB, SKPAHOIIaHbI MPAKTUYECKU BCe-
raa odnmagaroT ampuOuitHEIMEA cBOicTBaMU. [ToMUMO BOHO# TJIal OHU CTIOCOOHBI TIEPEABUTATHCS
HaJ| TBEPIOM MOBEPXHOCTHIO (3€MJIsI, CHET, JIE) U 0a3UpOBATHCS HA HEH. DKpAHOILIaH, TAKUM 00pa-
30M, O0BEIUHSCT B ceOe MydIlne KadecTBa CyHA U CaMOJIETa.

Cyua Ha MOABOAHDBIX KPbLIbAX

Cynno Ha moaBoAHbIX Kpbuibix (CIIK) — THI CKOPOCTHOTO Cy/lHA C TMHAMUYECKUM MPUH-
LUIIOM MOJAJIEpXKaHUsA, Yy KOTOPOro MOJ KOPIYCOM PacHoJIOKEHBI ClielHalibHble Kpblibd. [Ipu cTo-
STHKE U CJIEJJOBAHUM HAa HU3KOW CKOPOCTH CYJHO Ha IOJBOJHBIX KPBUIbSX YAEPKUBACTCS HA BOJE 3a
c4€T cuiibl ApxuMmesa, Kak 1 0OBIKHOBEHHOE BojoMU3MelIaromiee cyaHo. Ha BeICOKOM ckopocTu 3a
CYET CO3/1aBa€MON 3THUMH KPBUIbSIMU IMOJBEMHOM CHIIBI CYIHO IMOJHUMAETCs HaJ BoxoH. [Ipu sTtom
3HAYUTEJIBHO YMEHBIIIAETCSl COMPOTUBIIEHUE BOJIbI, YTO IIO3BOJIIET Pa3BUBATh BBICOKHE CKOPOCTH.

CymecTByeT fABa THNA IOJABOAHBIX KpPBUIBEB — YAaCTUYHO IOTPYKEHHOE KpBLIO (MU
U-o0pa3Hoe KpbLIO) U MOJHOCTHIO MOTPYKEHHOE KPBUIO (KpbUIo B popme nepeépHyToro T).
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Tunbl NOABOAHBLIX KPbI/IbEB

YacTtunuHo norpyxeHHoe(SP) kpbino(U-o6pasHoe)
Bug crnepegn Bug c3agm Bwng cooky

Nert

[MonHocTblo norpyxeHHoe(FS) Kpblino
(B doopme nepesepHyTOoro T uaun V)
Bug cnepegun Bug c3agu Bup, cooky

Banka nogeogHoro Kpelna
T-Twna mMoxeT BbITb
MSOI’HyTa TakK:

4+ Oenrarenn 4

4+ Jenratenn 4

Puc. 3. Tunbl noaABOAHBIX KPbLIbEB

Bp100op onTHMAaJILHOI0 BAPHAHTA MACCAKUPCKOro cyaHa 1jis1 BbeTHam

Uto6bl BRIOpaTh ONTHMAJbHBIA THUII MACCAaXHPCKUX CyAOB Al BbeTHama Bocmoib3yemcs
MaTpULeH NPUHITUS PEelIeHHs], COCTaBIeHHON sKkcrepTaMu (Tabu. 1). CBoiHbIE pe3yabTaThl IPHUBE-
JIeHBI B Ta0T. 2.

Tabnuua 1
Marpuiia peiieHus, COCTaBJIeHHAasl IEPBBIM IKCIIEPTOM
Kpurepuu : . R
155 | 5%z s |5 |5¢ |E¢ _
o = O > T g ! Q S » X < S = g = >4
& 2 = 5 Z % % 2 g =M Q = £ S g E =
FEE E o o s 5 153 = &) S0 o T o & o
o g 8 g § a = = o 3 ® e =
5 o) O T O = = B Qe ©)
1 2 3 4 5 6 7 8
DKpaHOTIAHbI 1 1 1 5 1 1 1 1,6
CIIK 2 2 2 3 2 2 2 2,15
CBII 3 3 3 4 3 3 5 3,35
KaramapaHsl 4 4 4 2 4 5 3 3,7
Bec kpurepus 0.25 0.15 0.1 0.15 | 0.15 0.1 0.1

Tlpumeuanus x maoa. 1.

1 — crourenpHast CTOUMOCTD KOpabis ¢ y4€TOM CTOMMOCTH MaTepHajoB, 000PYIOBaHUI U KOMIUICK-
TYIOIIKX, a TaKkKe MPUYaIbHBIX coopykeHuil. HauBpicimii 6ait naérea 6osee eneBoMy BapHaHTY,

2 — 3KCIUTyaTalMoOHHBIE pacxobl. HauBeicmuii 6amn gaércst Gojee neeBoMy BapHaHT,

— (CIOXKHOCTh MHTEIUICKTYaIbHAS) PEIICHHS BOMPOCOB MPOCKTHPOBAHUSI, TIOCTPONKH M IKCILTyaTa-

uuu s Beernama. HanBpicimii Oani qaéresi MEHBIIMM MHTEIUIEKTYaIbHBIM 3aTpaTam;

4 — CKOpOCTb: HACKOJBKO Ba)KHO MMEThH Il BheTHama OOJBIIYI0 CKOPOCTh MACCAKUPCKUX CYAOB.
Hawusbicimii 6amt naércs 60siee CKOPOCTHBIM CyIaM C y4ETOM ITOCTAaHOBKHU BOIIPOCA,;
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5 — momuOoCcTs COY IS DOCTHKEHUST TTOCTAaBICHHON 3aqaun. HauBpIcimii 0am — MUHUMAaJILHEIE 3a-
TpaThl MOIIHOCTH;

6 — MOpexojHbIC KauyecTBa MpesiaraéMbIX TUIOB cynoB. HauBbicimii 6amn na€rcs Hanbosiee Mope-
XOJIHBIM CyJaMm;

7 — TEXHOJIOTHsI U3TOTOBJICHUS CyJ0B. HauBwicimii 6ain qaércs MeHee CI0XKHBIM CyJaM;

8 — 00was onenka: t = X, @; X T; . TIe d; — BeC KPUTEPHS; 1; — OILIEHKA 110 3TOMY KPUTEPHIO.

Tabnuua 2
Cpennsis oueHka
DKCHepTh 1 2 3 4 5 6 OO01mas orieHKa
DKpaHOIUIaHbI 1.6 14 3.95 1.1 1.3 1.3 1.78
CIIK 2.15 2.85 4 3 2.9 3.15 3.01
CBII 3.35 2.15 4 2.8 2.9 3.6 3.13
Karamapansl 3.7 3.85 4 4.2 3.1 4.2 3.84

B pesynbrare mosygaem: B HacTosllee BpeMs 11 BbeTHama caMbIMM ONTUMAJIbHBIMU TH-
IIaMU CKOPOCTHBIX MTACCAXUPCKUX CyA0B sABIsAt0TCa CBII 1 kaTamapaHsI.

OpnHako KaTaMapaHbl UMEIOT PAJl HEIOCTATKOB JUIsl HCIIOJIB30BaHMS BO BreTHame:

e (Qojbllas IJIOLIAJb CMOYEHHON IMOBEPXHOCTH JejaeT KaramapaHbl Hed((EKTHUBHBIMH Ha
MaJlbIX CKOpPOCTSIX;

® HCHOJB30BAHUE JABYX KOPITYCOB U COEIMHHUTEIHLHOIO MOCTa TpeOyeT OOJbIIero pacxoaa Me-
TaJula IPHU MIOCTPOMKE. BpICOKasi CTOMMOCTb ITOCTPOMKH U IKCIUTYaTalllH;

e MpoOjemMa NPOYHOCTH COEIUHUTENBHOIO MOCTa, KOTOPBIM MoABepraeTcsl OOJIBIINM Harpys-
KaM TIpY Kadke, YTO JIeJaeT MCIIOJIb30BAaHME KaTamMapaHoB OoJiee MpPUBICKATEIbHBIM Ha
BHYTPEHHUX BOJHBIX IIyTSAX, 4 HE Ha MOpE.

Wtak, B HacTos1Iee BpeMsl IUHUU BJIOJIb BCEro modepexbs BreTHaMa TOJIbKO Havyaau pa3Bu-
BaThCsI, HO B CEBEPHBIX M I0XKHBIX MOPCKHX IOpPOaX XOPOIIO pa3BUTO MPHOPEKHOE MACCAKUPCKOE
CYIOXOJICTBO Ha OTHOCHTEIBHO KOPOTKHE PAaCCTOSHUS, UCHOib3ylolee HeOonbimue cyna. [lacca-
KUPCKUM MOPCKOM TPaHCIOPT NPEACTABIECH CylaMH Majioro U CpeAHEro ToHHaxa. OCHOBHBIE MOP-
CKH€ IyTH TIOKa3aHbl HA puc. 4 U B Taodi. 3.

Tabnuya 3
OcHoBHbIE MOpCKHE TYTH BO BheTHame
OCHOBHBIE MapuIPYTHI [IpoTsxeHHOCTS, [Taccaxxupckmii
(Tyma — o06partHo) KM MOTOK (4eJ1./IcHb)
(8 1 cropony)

Xatidon - Txanpxoa 220 200
Xaiidon - Bunb 399 200
XaiidoH - Jlananr 690 450
Xaiidpon — XommmuH 1500 800
Txanpxoa - Bunb 205 150

Buns - Jlananr 450 250

Buns - Jlonrxoit 270 100
Jounrxoii - Jlananr 290 200
Hananr - Kynaén 300 250
Jananr - XoaHrma 315 100
Hananr - XommMuHb 820 600
Kynnén — ®an Txuet 440 250
®danrxuer - XommuMu 290 300
XormmMuH- YbIOHT A 670 150
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Puc. 4. Kapta BbeTHamMa ¥ 0CHOBHBbIE MOPCKME TYTH
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B tabn. 3 mokazaHbl OCHOBHbIE MOpCKME NyTH BbeTHama B HacTosliee Bpemsi, UX MpPOTs-
KEHHOCTb, 1ACCAKUPCKHUE TOTOKH.

Otmerum, 4T0, BO BheTHaMe OOJBIIMHCTBO MApIIPYTOB UMEET OTHOCHUTEIBHO KOPOTKYIO
HPOTSKEHHOCTH ¢ HEOOJIBIIMM TACCAXUPCKUM MOTOKOM, osToMy CBII Gosnee akTyanbHBI 17151 CO-
31aHUs (PIIOTa CKOPOCTHBIX ACCAXKUPCKUX CYZOB CTPAHBI.
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Y]IK. 629.5.015.2
JI.A. CemeHoB, B.A. 3yeB

BJIMAHUE U3SMEHEHUS IIVIOTHOCTHU BO/IbI U JIBJIA
HA COIIPOTUBJIEHUE CYAOB B BUTBIX JIBJIAX

Huxeropoackuii rocyaapcTBeHHbIM TEXHUUECKUM yHUBepcuTeT uM. P.E. AnekceeBa

Henn: Onpenenenue 1eA0BBIX KauecTB CY0B B IIPOLECCE UX IIPOEKTUPOBAHUSA 3acTaBiIieT 00palaThcs K MOASILHOMY
9KCHEPUMEHTY. MoenupoBaHne OCYLIECTBIICTCS B JICIOBOM OacceiiHe C IMOCIeAYIOIUM IIepecyeToM pe3yabTaToB Ha
HaTypy O OTpeeeHHbIM MeToanKaM. [IoaToMy mpencTaBiisieT HHTEpEC MOMCK HOBBIX MaTepHAaIoB, OoJiee MOJHO YI0-
BJICTBOPSIIOLIMX YCIOBHSM T000MsI, U pa3paboTKa METOJMK IepecueTa pe3yJabTaTOB MCIBITAHUH Ha HATypy INpH Ya-
CTUYHOM MOJ00HH.

MeTOHOHOFI/lﬂ: PaCCMOTpeH METOA MOJACIIUPOBAHUA COJICHOCTU BOJbI U JibJia IPHU MOACJBbHBIX HCHbITAHUAX CYJI0B B
OuThIX Jibaax. CONEHOCTh pacCMaTPUBACTCS KAK OCHOBHOM (haKTOp W3MEHSIOLIMI ITIOTHOCTE BOJBI H JIbJa, a CIIeI0Ba-
TEJIHO, ¥ CONPOTHBIICHUE CyAHA B OMTOM JIBAY.

PesyasTatsi: [IpencraBieHs pe3yabTaThl MOJACTBHBIX HCIBITaHUH cyaHa mp. 1105 u mp. 22450 B mpecHO# 1 conleHO
Bosie. TeopeTHUecKHM M SKCIIEPUMEHTAIBHBIM IyTEM J0Ka3aHO, KaK COJICHOCTh BIMSET Ha CONPOTHBIICHHE CYJHA B
OuThIX nbax. [IpemiosxkeHsl HOBbIE pacyeTHbIE (GOPMYIIBI U1 IIEpEcUeTa JIEOBOTO CONPOTHUBIICHNS MOJICIH B IIPECHOH
BOJIC Ha COJICHYIO.

3HaveHNs1 UcCIe0BaHUA: AHAIN3 MTOJIYYEHHBIX JIAHHBIX TO3BOJIMII SKCIIEPUMEHTAIIBHO TIOITBEPIUTh U 000CHOBATH METOJ
nepecyeTa pe3yJabTaToB MOCIBHBIX HCIIBITaHHI B IPECHOM BOJIe Ha HATYpHOE CYIHO, IUTABAIOIIee B COJICHOH BOJIE.
Hosusna/nennocts: Ha 6a3e momydeHHBIX (GopMyn pa3spaboTaHa METOAMKA OIPEJENEHUs JIEIOBOIO CONPOTUBICHHSA
MOPCKHX CYIOB ITyTe€M IPOBEACHNS MOJENBHBIX UCIIBITAHUH B OUTHIX JIbJaX B ONBITOBBIX OacceliHax.

Kniouesvie cnosa. JICAOBBIC YCJIIOBHA, JIEAOBOC CONPOTHUBJIICHUEC, OuThIC JbJbl, CYyIHO, COJICHOCTb, IEPECUCT C
MOJCJIN HAa HATYPY, MOACIbHbIC UCIIBITAHNUA, MOACITIUPOBAHUC.

[Tpu MonenupoBaHUM JIEJOBOTO COMPOTHUBIICHUSI BAXKHO COOJIOIaTh MOJ00ME B OTHOIICHUH
IUIOTHOCTH JIbJIa M €70 MOJENH, IMJIOTHOCTU BOJBI U €€ MOJeNH. BiusHue mioTHOCTH OUTOTrO JIbjaa
Ha cornpotuBiieHne uccienorai M.E. Pabunosud [11]. Bausiauio mioTHOCTH BOABI HA COMPOTHBIIE-
HUE CYZOB B OUTHIX JIbJ]aX HE BCEr/ia yAeNsUId JOKHOE BHUMAaHUE.

[110THOCTH MOPCKOTO JIbJIa 3aBUCUT OT €ro TeMIEepaTypbl, COJICHOCTH, BO3pacTa, yCIOBUN
oOpa3oBanus u T.4. U cocrasnser 0,86—0,94 /M. TINOTHOCTD MOPCKOI BOJIbI 3aBUCHUT OT €€ coJie-
HOCTH, TeMIIepaTypsl U TIyOuHbl. CpelHue 3HAYCHUS! COJICHOCTU BOJIBI BJIOJIb APKTHYECKOTO 1Mo0e-
pexbst cocTaBisAOT 30—35 %o. 3HaUECHMS TUIOTHOCTH MTOBEPXHOCTHOTO CJIOS BOJbI IPU TEMIEpaType
0 °C mosxHO mpuEsTH 1,025 /™ [1, 2].

Mopckas Bojia UMeeT OOJBIIYIO MIIOTHOCTh, @ MOPCKOM JieJl — MEHBIIYIO MJIOTHOCTh. boJib-
[10€ KOJIMYECTBO aBTOPOB UTHOPHUPOBAJHN TH (PAKThI, 9TO MPUBOAMIO K HETOYHOCTSIM TIPH MIPOTHO-
3UPOBAHUU COMIPOTUBIICHUSI BO JIbJAX.

[oBpIlIeHNE TUIOTHOCTH MOPCKOM BOJIBI M TIOHM)KEHHE TUIOTHOCTH COJICHOTO JIb/Ia CKa3bIBACTCS
Ha TUIABYYECTH JIbJIUH, a CJIEI0BATEIBHO, HA COCTABIISIIOLINX COTPOTUBIICHHUS JIBAWH O KOPITYC CY/IHA.

[Ipu nBuxeHUM cynHA B OUTHIX JibAax OOJbIIOE 3HAUEHUE UTParOT CUibl TpeHus. PaccMot-
pUM 3TH CHUJIBI: TaK HAa3bIBAEMOE CyXO€ TpPEHUE U rujpoauHamuueckoe. Cyxoe TpeHHE BO3HHMKAET
IIPY B3aUMOJIEWCTBUHU KOPITyca CyJHa CO JIbJAOM U JbJAUH MeXay co0oil. Bennuuna cui cyxoro Tpe-
HUS HE 3aBUCHUT OT CKOPOCTU CKOJBXEHHSI U MPOIMOPLHMOHAIbHA COOTBETCTBYIOIIUM KOHTAKTHBIM
naBieHussM. CHIlbl THAPOJMHAMUYECKOTO TPEHUS MOSBIAIOTCS NMPU OOTEKAaHUH BOJOM KopIryca
CyJIHa | JIbJIUH, a TAKXE MPHU UX Pa3ABUTAHUM, NPUTAIUIMBAHUHN U MOBOpauynBaHuu. OOYCIOBIICH-
HBIE BA3KOCTBIO BOJIbI, OHH 3aBUCST OT CKOPOCTH JIBUKCHHUS.

Cyxoe TpeHHE JibJla OTHOCUTCSI K KaTerOpPUH CHUJI BHEUIHErO TPEHUS; JUIsl HErO CIPaBEJJIUB
3akoH Kynona—AwmoHToHa. CHIIBI CyXOTO TPEHUS MPU MOJCIMPOBAHUM MOMYUHSIOTCS YCIOBHIO
nonobust dpyna, ABISIOTCS aBTOMOJICITBHBIMU TIPH COOJIFOJICHUN PaBEHCTBA KOI(DPHUIIMEHTOB Tpe-
HUS HATYPbI U MOJEIIH.

© Cemenos [I.A., 3yeB B.A., 2012.
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['uapoauHamMuyeckoe TPEeHHWE OTHOCHUTCA K KaTerOpUU CHJI BHYTPEHHEro TPEHHS, TaK Kak
CKOJIBKEHHE B 3TOM CJIydyae MPOUCXOJUT BHYTPH KUIKOCTU MEXKIY €€ CIOSIMU. ITH CHUIIbI 3aBUCST
OT BA3KOCTH KUJKOCTU U CKOPOCTH JTBUKECHHUSI.

[Ipu nocraTouHo OONBIIMX YAETBHBIX JABICHUSX, XapaKTEPHBIX NJISl JABMXKCHHUS CyAHA BO
JpAaX, THIPOJUHAMUYECKOE TPEHUE JIbJa O KOpIlyca CyAHa TaKKe€ MOXHO paccMaTpuBaTh Kak He
3aBHcsIIee OT ckopocTH [9]. OnbITamMu, TOCTaBIEHHBIMUA B HATYPHBIX YCIIOBHUSX, OBUIO JOKa3aHO,
YTO TPEHHUE JIb/Ia O CYJOBYIO CTalb U JIbJAA O JeJ KaK IpU OTCYTCTBHUH KUIKON cMa3Ku (BOJIBI) MEXK-
Iy TPYUIUMHUCS TTOBEPXHOCTAMHM, TaK U B BOJIC MOJAUYMHSACTCS 3aKOHAM TPAHUYHOTO TPEHUS (TpEeHUs
MIPU HATMYUU TOHKOW CMA304HOM MPOCIOWKH), K KOTOPBIM MpUMEHUM 3akoH KynmoHa—AMOHTOHA.
VYka3aHHBIN BBIBOJ PACTIPOCTPAHSIETCS MPAKTUUECKH HA BECh JUAINAa30H YACJIbHBIX JaBJICHUN U CKO-
POCTEN CKOJIBKEHHSI, BCTPEUAIOIIUXCS MTPU ABMKEHUU CyHa BO ibaax [10,11].

Ha ocHoBanuu cka3aHHOTO MojaraeTcs, YTo OOJIbIIasi YaCTh KOHTAKTHBIX CHJI TPEHUS, BO3-
HUKAIOIIUX MPU B3aUMOICHCTBUU KOPITYCa CO JBJAOM U JIBIUH MEXKIY CO00i1, MOKET OBITh OTHECEHA
K KaTErOpUU CUJI, MOJCIHPYIOIIUXCS COTIIACHO YCJIOBHIO TTo100ust Ppyna.

Cunbl TpeHUs BKIIOYAIOT BA3KOCTHOE COMPOTHBICHHME KOpITyca CyAHA W TPEHUE JIbIUH O
BOy. BA3KOCTHOE CONMPOTHBIIEHHE KOPITyca CyIHA MOXXET HE MPUHUMAThCS BO BHUMAaHHE, KOT/Ia
pedb UIET O YUCTOM JIEJOBOM CONPOTUBICHUU. BS3KOCTHOE CONMPOTUBIEHUE JIbJUH COCTOUT U3 CO-
MIPOTHUBJICHHSI TPSHHSI M COMPOTUBIICHUS (POPMBI (BUXPEBOTO conpoTHBiIeHUs ). [lepBas U3 cocras-
JSOIMMX MOXET MOAENMPOBATHCSA JUIIb M0 YCIOBUIO PeliHonbAca, BTOpas SIBISETCS YacThIO CO-
CTaBJSIIONICH THUAPOJMHAMUYECKOTO JIaBJICHHS, BO3HUKAIOIIETO BCJICJICTBHE TepepacpeeICHHs
JIaBJICHUS, BBI3BAHHOTO BIUSHHUEM BA3KOCTH XHUAKOCTU. J[ns yno0ooO0TeKkaeMbIX Tell ¢ OONbIINM
YUIMHEHHEM 3Ta COCTABJISAIONIAs IEPECUUTHIBAETCA HA HATYPY C TaK HA3bIBAEMBIM OCTATOYHBIM CO-
MPOTUBJICHUEM, COTJIACHO YycioBUIO moaoous dpyna. OqHako 0OJIOMKH JBINUH CIEAyeT OTHECTH K
m10x0 o0TekaeMbiM TeiaaM. CKOPOCTH MX MEPEeMEIEHUs CPAaBHUTEIHLHO HEBEJIHMKH, TTOITOMY KO (-
(GUIIUEHT CONMPOTHUBIICHUS 3aBUCUT OT uncia PeitHonbaca. CrnemnoBaTenbHO, CHITBI, 00YCIOBIMBAIO-
IIUE COMPOTUBIICHUE (POPMBI JIbANH, HE MOJETUPYIOTCS 10 ycioBuio dpyma.

[Ipu MonenupoBaHUU IBUKEHHS CyJHA B OWTHIX JIbJaX TOJHOE COIMPOTUBICHHE MOKHO
MPEACTaBUTH TaK:

R=R,+R;, 1)
rae R, — uucro nepoBoe conporusienue; R, — cOnpoTUBIEHHUE BOJIBL.

AHanmu3 MpUPOJIBI NEHCTBYIONIMX HAa CYTHO CHJI TPEHUS MO3BOJHI YCTAHOBUTH, UTO JIJISI MO-
JeTUPOBaHMs JBM)KEHUS B OMTHIX JIbJaX HEOOXOAMMO JIEOBOE COMPOTUBICHUE PA3JIEIUTh Ha CO-
CTaBJsIOIIKE pHUC. 1: mpsiMoe (He 3aBHUCSIIEe OT CKOPOCTH) U CKOPOCTHOE (3aBHCSIIEE OT CKOPOCTH),
KOTOPBIE MOTYT ONPEACIATHCS pa3aeibHo [3, 5].

R

RS

Reg

Rnp

v
Puc. 1. CocTaBasiionmye j1eJ0BOIr0 CONPOTHBJICHNUS:
Rup - IpAMoOe conpoTuBieHue; Ry - CKOPOCTHOE CONMPOTUBIIEHHE; R, - COMPOTHBIIEHHE B YUCTOM BOJIE;
R, - monHOe nenoBoe conporusieHue, R, - 4UCTO J1e10BOE CONPOTUBIICHUE
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B 060011eHHOM BHJIe COMPOTHUBICHUE OUTOTO JIbJ]a C TOYKU 3PEHHUS aHaJIN3a BIUSHUS TIOT-
HOCTEH MOKHO IIPEICTABUTH CJIECIYIOUIUM BBIPAKEHUEM:

R:(pA_PE)Fl"'pEVZFz+pAV2F3' 2)
rae F1, F2, F3 — dyskiuu, 3aBucsmme oT GopMbl Kopryca cyaHa, KoddpuimenTa TpeHus Kopiyca
o nex u tonmwuubl Ibaa (Oyakmuun Fi, F, u F3 mogpobno omumcansr B kaure Monosa b. I1 u I'pa-
Mmy30Ba E. M. «JlemoBast XogkocTh cyzioBy» [9]); V — CKOPOCTh ABHKCHUS CYy/IHA.

CymiecTByroImMe METOAUKY pacyeTa YUCTOro JIEJOBOTO CONPOTUBIICHUS POTUBOPEUAT JPYT
JIPYTY B KOJMYECTBEHHOM, a MHOTJAa U KaU€CTBEHHOM IUIaHE, U YacTO HE JAIOT YAOBIETBOPUTEIb-
HOTO C TOYKH 3pEHHsI OTPEOHOCTEH MPAKTUKKU OTBETA. B 3TOM CBA3M aKTyalbHBIMU OCTAIOTCS JKC-
MEePUMEHTAJIbHbIE METOIBI OTIPEICIICHNUS JIEIOBOTO COIPOTUBICHHUS.

JIJIst SKCTIEpUMEHTAIILHOTO ONPE/ICIICHHS COPOTHUBIICHUS CyJHA B OUTOM JIbaY OBUIO Tpe.i-
JIO’KEHO PAa3eNUTh €ro Ha cocTaBismomue. [lpu pa3neneHur CONPOTHBICHUS HA COCTABIISIONINE
MIPUHSTA TUTIOTE3a HE3aBUCUMOCTH OT/IEIbHBIX COCTABIISIOIIMX MOJHOTO JIEIOBOTO COMTPOTHUBIICHHUS.
[Tpu TakoM pazzieIeHUH KaXIyl COCTABIIAIOIIYI0 MOKHO ONPESIUTh MOJACIbHBIMH HUCTIHITAHUSIMU
U MIepecUuTaTh Ha HaTypHOE CyIHO [6,7,8].

N3 Gpopmynsl (2) BUAHO, YTO MPSIMOE COMPOTUBICHHUE MPOTMOPIIMOHAIBHO PAa3HOCTH TJIOTHO-
CTel BOABI U JbJa (Ps — Pr). CO CKOPOCTHBIM CONPOTHUBICHUEM BCe C0XHee. Ero Hesb3st aKcrepu-
MEHTAJIbHO pa3/eiiuTh Ha MHEPLMOHHOE U TUApOoAMHaAMUYecKoe. MHepluroHHOE CONpOTHBIECHUE
MPOMOPIIMOHAIBHO TIJIOTHOCTH JIbJA, @ TUIPOJIMHAMUYECKOE — TUIOTHOCTH BOJIBI. Y UHTHIBast O0Jb-
LIYI0 ONPEJIENIEHHOCTh IJIOTHOCTUA BOJBI, [0 aHAJIOTUU C THHoTe30oi Ppyaa st OCTATOYHOrO CO-
MIPOTUBJICHHMSI, TIPEATOaraeTcst (s MoaydeHusi 0oyiee JOCTOBEPHBIX JAHHBIX), YTO CKOPOCTHOE
CONPOTHUBJIEHUE MPONOPIIMOHAIBHO TUIOTHOCTH BOJIBI.

B cooTBercTBHM C KJIaCCHYECKOW TEOPHEH MOIETWPOBAHUS, HEOOXOAUMO COOJIOCTH Teo-
METPHUYECKOE, KHHEMATUYECKOE U AUHAMUYECKOE MOA00HE SBICHUHN, COMTPOBOXKIAIONINX Pa3pylie-
HUE JIbJa KOPITYCOM CY/THA.

Tabauuya 1
YcaoBusi MOAETHPOBAHUS MPH UCIBITAHUAX CYA0B B OUTBIX JbIAX
CynHo Jlen
Hapaverp Harypa Mogens Hapaverp Harypa Mogens
Jmna L, L, - % Tonmuna h, h, %
IHupuna B, B, - % [IpotsxeHHOCTD r, r,- %
Ocanka T, T,- % Koad. Tpenus f, f,
Bopousmelenue Vv, vV, 'ys
A MaccoBast mioT- ( ) ( )
HOCTb BO/IbI ¢ Pe )
CkopocTb x01a v, v, %/I
t t, - y
Bpews " VNG Maccosas ( P ) ( P )
Yckopenue g g IUIOTHOCTH JIbJIa oH om
CHJTBI TSDKECTH 5 M
ConpoTuiieHne R -
BIDKCHHIO R, " %3 ConeHocTb S, S,
R . CIJI0Y€HHOCTD
Pa6ora cun A, " %4 . S, S,

A= % - IMHEHHBIA MacTad MOAEIUPOBAHUS
M
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JIist KaxI0#t mapbl JEWCTBYIOIIMX CHJI MOKHO HAaIKMCcaTh CBOE ycioBhe mojoous (tadum. 1),
KOTOPOE Ha3bIBAETCS YCIOBHUEM YaCTUYHOTO MOJ00Ms. B ciryuae BBINOIHEHHS BCEX YACTUYHBIX IO-
J00MI HMEeeT MECTO MOJIHOE JUHAMUYECKOe 1oA00ue.

[Ipu BBINONHEHNMH IIPEICTABICHHBIX YCIOBHMH JIEOBOE COIPOTHUBIEHUE HATYPHOI'O CYy/HA
IIPU JIBUKEHUU B OMTHIX JIbJ1aX MOKHO OIPEJENIUTh EPECYETOM B COOTBETCTBUU C 3aKOHOM IOJI0-
oust ®pyna no kyOy macmraba 223 I'eomeTpuyeckne XapakTEpUCTUKH JIBIUH U KaHaJa OIpeaess-
IOTCSI MacIITa0OM T€OMETPHUECKOr0 OJ00US.

[IpuHKrMast BO BHUMaHHE H3JI0KEHHOE, MOYKHO 3amucaTh GOpMyIIbl JUIsl IPSIMOTO U CKOPOCT-
HOTO COIIPOTHBIICHUH C Y4E€TOM IUIOTHOCTEH BOABI 1 Jibaa [6, 7, 8]. B aTom ciydae npsimoe corpo-
TUBJIEHHE OOJOMKOB JIbJ]a MPU HEpecyYeTe C MPECHON BOJABI HA COJICHYI0 MOXHO MEpPEeCcYUTaTh I10

dbopmyre:

C (4
Rt =Ry | P —Pa 3, (3)
pB _p.]]
/I MHICKCAMH «H» U «M» 0003HAYCHBI HATypa U MOJIEIb, & HHIEKCAMHU «II» M «C» MPECHBIA U CO-
JICHBIN JIE.
CKOpOCTHOE CONPOTUBIICHHE 0OJIOMKOB MOKHO OIPEICTUTH CISAYIOIINM 00pa3oM:

R =R o3, (4)

rje A — reoMeTpu4eckuii Macmrao.

JUJ1sl OLIEHKHU BIIMSAHUSA IUIOTHOCTH BOJIBI U JIb1a PACCMOTPUM JIBUKEHHE IO TOBEPXHOCTHU BO-
JIbI, TIOKPBITOU OWUTBIM JIBJIOM, CITIOYEHHOCTHIO0 10 6autoB, MIOCKOH Tu1acTuHbI, pazmepamu LXBXH;
L, B, H — anuna, muprHa ¥ BbICOTA MJIACTUHBI COOTBETCTBEHHO, M — Macca MIacTUHBbI, IUIOTHOCTb
BOJIBI — Py, JIBJIA — Py JAABJICHUE JIbUH Ha TIACTUHY (P - Py)dN,; (N, — ToNmHA nb12).

AF

—_— ]

-”’_ﬁiFmp T
— | | | | | | | | —

- - NN __ _ -

VMg

Puc. 2. Cuibl, BO3HUKAOLIUE PHU ABUKEHHE 110 IOBEPXHOCTH BO/bl, HOKPBITOH OUTHIM JILAOM,
CILI0YEHHOCTHI0 10 6a/1J10B, MJI0CKOM MJIACTHHBI

CyMMapHa}I CHJia CO CTOPOHEI JIbJIda Ha IMIJIACTUHY
N = (ps- px)ghsS, ®)

rue S — mIomaas IIacTUHEL B TUIAHE.
B cooTBetcTBUM ¢ 3ak0oHOM KysnoHa — AMOHTOHA, CHJIa TPEHUSI OUTOTO JIbJIa O TIOBEPXHOCTh
IUIACTUHBI

Fp=FfN, (6)

rae f — koaddurreHT TpeHus napsel Jiea — MIacTHHA.
W3 dopmyn (5) u (6) BUIHO, UTO CHIIa TPEHUS OUTOTO JIbJIa O TOBEPXHOCTH TIACTUHBI 3aBH-
CUT OT COOTHOIICHHUS IJIOTHOCTH BOJIBI U JIbJIA.
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0,008
38 Yy,
0,007 e
250
0,006 w e

= /
0,005 12 %0 —
0,004 —————— 0%, /

0,003

Rnp, H

0,002

0,001

0,06 0,08 0,1 0,12 0,14 0,16 0,18

PazHMUa MeXAY NNOTHOCTBKO EOgbl W fbaa, T/m?

Puc. 3. Onpenenenue 3aBHCMMOCTH NMPSIMOT0 CONPOTHBJICHUS OT U3MEHEHHS Pa3HUIIbI
Me:KAy MUIOTHOCTBIO BOJbI U JIb/AA (1151 Pa3HOIi COJIeHOCTH)

[Ipu mnoTHOCTAX MOpPCKOW BoAbl U Jbaa 1,025 T/M3, 0,89 /™ 1 npecHoBoAHbIX 1,000 T/M3,
0,92 t/M” aTa pasznuina pasHa 0,135 /M 1 0,080 /M coorBercTBeHHO. TO €CTh CONIPOTHUBIICHUE
TPEeHHsI TIpU TIepecueTe Ha MOPCKOU e[ HeoOXoAnMMoO yBenuumBath B 1,7 pasza. TpeHue urpaer
OOJIBITYIO POJIh B MTPOTHO3UPOBAHUH JIEJOBOTO COMPOTHUBIICHUS CY/IOB B OUTHIX JIbJIAX, TO3TOMY JJIS
MoJTydeHus: 0oJiee JOCTOBEPHBIX JaHHBIX HEOOXOAMMO YUUTHIBATH COJICHOCTh BOJBI U JIbJA, TAK KaK
OHa B 3HAYUTEIHHOHN CTEICHM BJIMSAET HA TUIOTHOCTH, & CJICIOBATEILHO, U Ha JICJIOBOE COMPOTHUBIIE-
HUE B 1eJIoM. Takke Ha 3TO YKa3bIBaIOT MOJCIILHBIC UCIIBITAHUS CYyJ0OB B OUTOM IIbAY, IPOBOJIH-
mble B jienoBoM Oacceitne HI'TY um. P.E. Anekceesa.

Puc. 4. Buemrnuii Buj jegooro doacceitna HI'TY uwm. P. E. AtekceeBa
nocJjie MogepHuzanum B 2010 r.

[Toxakem, HACKOJIBKO aJICKBATHBI TEOPETHUECKUE 3aBUCUMOCTH (3) U (4), peIIOKEHHBIE U
00ocHOBaHHBIE BbIIIe. MOEIbHBIE UCTIBITAHUIA B OMTOM Iy Pa3HOW TOJIIMHBI, CIUIOYEHHOCTH
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IpU pa3HOW COJICEHOCTH BOJBI OBUIM MPOBENEHBI ISl CYJOB JIEJOBOTO IUIABAHHS, XaPaKTEPUCTHKH
KOTOPBIX IPECTABICHBI B TAa0. 2.

Tabnuuya 2
XapakTepucTuKH MojeJiei
XapaKkTepUCTHKH mp.22450 mp. 1105 mp. 16 np. P-47

Macmrab A 1:60 1:50 1:33,3 1:17,7
Bonousmemenue D,, kT 30,5 17,9 17,7 38,5
Jmvaa mogenu L, M 1,271 1,42 1,341 1,525
[Hupuna monemu B, m 0,30 0,32 0,336 0,435
Ocanka moaenu T,, M 0,108 0,065 0,072 0,120

B kauectBe mpumepa Ha puc. S IpUBEACHBI PE3YJIbTATHI IEPECYETa MOJCIbHBIX UCTIBITAHUN
Mozenu neaokona mp. 1105 «Kanutan Yeukun». Monens BeinoyiHeHa B Maciitade 1:50, UCTBITHI-
BaJIaCh B IUIMTKAX MOJUATHIIEHA (TUIOTHOCTh 0,92T/M3) TONMIMHON 15 MM, crutoueHHOCThIO 10 6an-
JI0B B KaHase mupuHoit 0,6 M. B s3KCriepuMeHTe U3MEHSIIACh COJICHOCTh BOBI, P 3TOM IUIOTHOCTh
BojbI nonyuyunack 1.000, 1.011 u 1.023 M,

R, kH

IDDD—E
QDD-;
SDD—;
00 —;
600—2
500—;
400—;
300—;
200—?

100

llupuHa kawana _ 30,0m
Tonwuna neda __ 0,75M
CnnoyeHHocme Abda

B kanone _ 108annob

Puc. 5. IToaHoe JienoBoe conpoTuBjaeHne HATYpHOro cyana tTuna "Kanurtan Yeukun" np.1105:
R; - mpecHas Boza u ipecHslii jen; R, - conenas Boaa (motHocts Boabl 1,011 1/M%) U nipecHsIit nex;
Rs - comenast Boga (tutotHOCTh Bozb! 1,023 T/M%) M ipecHsIit liex

40 5.0

50 70 ¥V, M/C

Ha puc. 6 moka3aHsl pe3ybTaThl IIepecyeTa JIeJ0BOr0 CONMPOTUBICHUS CylHA — CHAOKEeHIIa
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npoekTa 22450 nemoBoro kiaacca Arc 5 Ha HaTYpHOE CYIHO C MCIOJb30BaHHE MOMpaBok (3) u (4).
Mopens B Macmrtade 1:60 UCIBITHIBAIACH B IUIMTKAX MOJMATHIIEHA TOMIUHONW 20 MM, CIUIOYEHHO-
cteio 10 OamnoB B kaHase mupuHoi 0,48 M.

R, kH

5000

4000
/

3000

2000
WupuHa kaHana __ 28,8M

TonwuHa neda 1,2
CnnoyeHHocmb AbOaA
B kaHane _ 10dannod

1000

0 1.0 2.0 3.0 L0 5oV, M/c

Puc. 6. IlotHOE J1eT0BOE COMPOTUBJICHUE HATYPHOTO CyAHA-CHA0KeH1[a mP.22450:
R; - mpecHast Bosia 1 IpecHsbIit nex (P, H=1T/M3, p,,H=0,92T/M3); R, - conenas Bojia U IpecHbIH Jiex
(ps"=1,0251/M°, p,"=0,921/M%); R3- conenas Boa u cosensiit nex (p, “=11/M°, p,"=0,891/m°%)

[IpuBeaeHHBIC TPUMEPHI POTHO3UPOBAHUS COIIPOTUBJICHHUS MOPCKUX CYJIOB B OMTOM JIBY C
MIOMOIIIBI0 MOJIETBHBIX UCTIBITAHUN YOEIUTEIHHO MOKa3bIBAIOT HEOOXOAUMOCTD YUeTa MOMpPaBOK Ha
IJIOTHOCTB BOJIBI U JIbJa ¢ OMOIIbIo hopmyi (3) u (4).

[IpenyioskeHHBIN METOJ TepecueTa JIEJOBOTO CONPOTUBICHUS B OUTOM JIbAy IO3BOJISET,
MIPOBECTH UCTIBITAHUS B IIPECHOM BOJIC U IEPECUYUTATh HA HATYPHOE CY/IHO, YUYUTHIBAs, YTO OHO IKC-
IUTyaTUPYETCS B COJICHOM BOJIE. DTO aKTyaJbHO JJIsl MOPCKUX CYJIOB, TaK KaK BO3pacTaHUE COJICHO-
CTH MPHUBOIMT K YBEIHMUCHHUIO CONPOTHBIICHUS. ECITM HE YYHUTHIBATh MOMPABOK HA M3MEHEHHUE COJIe-
HOCTH TIPH TIepecyeTe Ha HAaTypy B MeTone, u3ioxkeHHoM B PTM 212.0102-80, To Tpebyercs npo-
BOJIUTh UCIIBITAHHS B COJICHOM BOJIC.
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