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OOBEeKTOM HCCNeAOBaHUS SIBIISIETCS CTEHJ ISl PacKpbITHS pediekTopa
AHTEHHbl C BOCBMBIO cCIHIAMH auameTpoM 8,6 MerpoB. lLlens palOoTel —
MOJIEJIMPOBAHUE HA3EMHBIX HCIBITAHUM pPEe(IEKTOPOB AHTEHH KOCMUYECKOTO
annapata (KA) Ha cTeHze ¢ akTUBHOM cucTeMON 00€3BEIINBaHMSL.

B npouecce ucciienoBaHus NpOBOAWICS aHAIN3 CYLIECTBYIOIIMX CIIOCOOOB
o0Oe3BelIMBaHusl 3JIEMEHTOB KOHCTpyKuui KA, paspabarbiBaics aaroputM
00€e3BEIIMBAaHUS CIULBI, ONPEACIIUCh KUHEMAaTHYECKUE 3aBUCHUMOCTU YTJIOB
MEXaHU3Ma pACKPBITHS CHOUI OT MEPEeMEIIEHUSs MauTbl TpPH PACKPBITUU
pednexTopa anteHHbl KA, pa3zpabarbeiBaiack MOJI€Ib CUCTEMbI PACKPBITUS CIIUIIBI.

Peduextop anTeHHbl KA, mpUHATHIM 11 paCCMOTPEHUS UMEET TUAMETP
8,6 M, coctouT U3 8 criuil Maccoit 4,7 Kr, MmauThl Mmaccou 10 Kr, ajieKTpoaBUTaTENS
mapku J1b25-11-6.

Crenenbp BHenpeHus. JlaHHas auccepTallMOHHas paboTa BBINOJHEHA B
paMKax XO03/I0TOBOPHOM OMBITHO — KOHCTPYKTOPCKOHM paboThl «Maremarnudeckoe
MOJEIUPOBAHUE M  HUCCICHOBAaHWE ABTOMATH3WPOBAHHOW MHOTOKaHAJbHOU
aKTUBHOM cHCTEMbI 00€3BEIIMBAaHUS C KapeTKaMu» 1o 3aka3zy KoHcTpykTopcko —
TEXHOJOTMYECKOr0  MHCTUTyTa Hay4dHoro mnpubopoctpoeHuss Cubupckoro
oTAeNeHus Poccuiickon akaieMuu HayK.

OO6nacTh NpUMEHEHUs: KOCMUYECKas MPOMBIIIIEHHOCTb.

DakTOpOM SKOHOMHUYECKOTO 3(deKTa, peannu3yeMblM B MPEIII0KEHHOM
paboTte SABISETCS BO3MOXXHOCTh COKPAILEHUS PUCKOB, OIIMOOK MPH TEXHHUYECKOM
KoHTpoJie. B Oynmyriem mimaHupyercs NMPOW3BECTH WCTIBITAHUS I JalibHEUIen

HACTPOMKHU MOJENN.
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Beenenue

AKTYyaJIbHOCTb. B yCIOBHSIX COBPEMEHHBIX TEHJCHIUN YIYUYLICHUS
KauyecTBa MOOWIBHOH (B TOM 4HCie Tele(OHHOMN) CBS3M, a TAaKKE BO3MOXKHOCTH
o0OecrieueHusl €10 TPYAHOJOCTYITHBIX YYaCTKOB HAIlleH IJIAaHETHI, CTAJI0 OCOOCHHO
aKTyaJbHBIM pa3MelieHue Ha 0opTy KocMuueckux amnmnapatoB (KA) aHTeHH CBs3U
OONBIINX JHAMETPOB, YTO IO3BOJUIO OBl YBEIUYUTh €€ YYBCTBUTEIBHOCTH K
MIPUHUMAEMBIM 3JIEKTPOMArHUTHBIM CUTHAJIAM.

B cBsi3u ¢ 3TUM B HACTOsIIEE BpeMs MHOXKECTBO MNPEANPUSTUN
KOCMHYECKOM OTpacid BEAyT HWHTEHCUBHBIE HAy4YHO-HCCJIEIOBATEIbCKUE U
MIPOEKTHO-KOHCTPYKTOPCKUE PabOThl, HapaBJICHHbIE Ha pa3pabOTKy OOPTOBBIX
anteHH KA Bce Oompmmx auameTpoB. OJHAKO YBEIMYEHUE JAUaMETpa
HAKJIaIbIBA€T JIOMOJIHUTEIbHBIE CIIOKHOCTA Ha TMPOLECC MX HCHbITaHW. B
OONBIIMHCTBE  CIyyaeB, HCIOJb30BaHHBIE paHEE  TMACCHUBHBIE  CIOCOOBI
00€3BEIINBAHUS COCTABHBIX YacTel pedIeKTOPOB aHTECHH, MO0 MEPE YBEIMUYCHUS
nraMmeTpa anTeHH KA ctaHoBsTCS Bce MeHee d(P(EeKTUBHBIMH, TaK KaK BBI3BIBAIOT,
TaK Ha3bIBaeMbIl, dPHEKT «IIPUCOEAUHEHHBIX MACcCy», MPU KOTOPHIX MPUBOJIBI BCEX
BXOJISIIIIUX B COCTaB pedIeKTOpa MEXaHU3MOB OJTHOBPEMEHHO C JIMHEWHBIMU W/UITN
YTIIOBBIMH TEPEMEIICHUSIMH MPUBOJUMBIX UMH YacTed pedieKkTopa mepeMeniaroT
U CPEJCTBA, BXOAIINE B CUCTEMBI X 00€3BEIIMBAHUS.

B cBsa3u ¢ atuM ocoboe 3HAYCHHE MPUOOPETaeT HCCIICIOBaHME,
HaIpaBJICHHOE Ha CO3/IJaHUE CIIOCOOOB U YCTPOMNCTB, MO3BOJISIOMINX MPOU3BOAUTH
Ha3eMHbIE UCIBITAaHUS packpbiTusi aHTeHH KA  Oonbpliux aAuamMeTpoB B
HUCKYCCTBEHHO  CO3J@HHBIX  YCJOBUSAX  HMMUTHUPYIOIIUX  HEBECOMOCTh C
BO3MOYKHOCTBIO CHUXKEHUS 3 (PeKTa «IPUCOCAUHEHHBIX MACC.

Heabio guccepTAalMOHHONA PAdOTHI SBISICTCS MOACIUPOBAHME HAa3€MHBIX
ucnbITaHuil  pednekropoB aHTeHH KA Ha cTeHAe ¢ aKTHBHOM CHCTEMOU
00€e3BeIINBaHUSI.

OcHOBHBIE 3a1a4M UCCJIETOBAHUH



Ha ocHoBe ananm3a CymecTBYIOIIMX CIIOCOO0B 00E3BEIIMBAHUS AJIEMEHTOB
KOHCTpyKIui KA onpeneneHs! cleayromnme 3a1a9u JUCCEPTAIIMOHHON pabOThI:

- TPOM3BECTH aHAIM3 CYIIECTBYIONIMX CHOCOOOB 00€3BEIIMBAHUSA
AIIEMEHTOB KOHCTpYKImi KA;

- pa3paboTaTh aaropuT™M OOE3BEUIMBAHUA CHUIBI pedieKTopa aHTEHHBI
KA;

- ONpeAeciuTh KHUHEMAaTUYECKHE 3aBHUCUMOCTH YIJIOB MEXaHU3Ma
PACKPBITHS CIIUIL OT TIEPEMEICHUs] MaUThl MIPU PACKPBITHH pedieKTopa aHTEHHBI
KA;

- OTNPEJEIUTh 3aBUCUMOCTh CUJIBI TSTU CIHIIBI OT yTJia €€ PACKPbITHUS;

- pa3paboTaTh MaTEMAaTHYECKYI0 MOJIENb CHUCTEMBbI PACKPBITUS CITHUIIBI
pediekTopa anteHHbl KA.

MeTtoabl pelieHus 3aaa4

[TocTraBneHHple  3aJaud  PEIIAUIMNCh  MYTEM  TEOPETHUYECKUX U
DKCIEPUMEHTANIBHBIX HCClenoBaHui. lIpu pemeHnn 3agad  HMCHOJIB30BAJIUCH
COBpEMEHHbBIE KOMITBIOTEPHBIE TEXHOJIOTHH, B YacTHOCTH makeTsl MatlLab R2015a,
Autodesk Inventor Professional 2015, AutoCAD 2016.

Hayunasi HoBU3HA paOOTHI 3aKITIOYAETCS B CIACAYIONIEM:

- pa3zpaboTaH anroput™m 00e3BeIIMBaHMs CIIUIIBI pediiekTopa aHTeHHBI KA
C MCITOJIb30BAHUEM TPOCOBOT'O MOJABECA C PETYIUPYEMOM CUIIOW €r0 HATSKEHUS U
CeAsIel CUCTEMON KapeTKH;

- TIOJIy4eHbl (POPMYJIbI OMPEACISIONINEe KUHEMATUYECKUE 3aBHCUMOCTHU
VIJIOB MEXaHU3Ma PACKPBITHUS CHUIl OT BBIABUKEHUS MauThl U OT JIPYTUX YTJIOB
TP pacKpbITHU pediiekTopa aHTeHHBI KA;

- TIOJTy4eHbl (hOPMYJIbI 3aBUCUMOCTHU CUJIBI TATU MPUIIOKEHHOM K CIHIIE OT
yTiia pacKpbITUS CIIUIBI peduiekTopa aHTeHHa KA |

- pa3paboTaHa MaTeMaTH4eCKas MOJEIb CHCTEMbl PACKPBITHS CITHIIBI
pediexropa anTeHHbBI KA.

Ha 3ammuTy BBIHOCATCH CIEAYIOUIME OCHOBHBIE HAay4YHBIE PE3yJIbTaThl U

IMMOJIOKCHHA AUCCCPTALlUN:



- aIropuT™M 00€3BEIIMBAHUS CIIUIBI peduiekTopa anTeHHbI KA;

- (hopmynbl A OTpeeNieHUs] 3aBUCUMOCTH YIJIOB MEXaHHU3Ma PaCKPBITUS
CIUI] OT MEpEMENICHUS MauThl IPU PACKPbITHUH pediiekTopa aHTeHHBI KA;

- (opMyna 3aBUCUMOCTH CWJIBl TATH CHHIBI OT yIJIa PAaCKPBITHS CIHIIBI
pedekropa antenHa KA;

- MaTeMaThyeckas MOJENIb CHUCTEMBbl PACKPBITHS CIHHUIBI pediaekTopa
anTeHHBI KA

- Pe3ynbTaThl 3KCNEpUMEHTANBHBIX HCCICIOBAHUI MOJYyYEHHON CUCTEMBI
00€3BeIINBAHUS.

IlpakTHYeckass WLEHHOCTb PE3YJIbTATOB JUCCEPTALMOHHON pabOThI
3aKJII0YAETCS B BO3MOXKHOCTH HCIIOJB30BAaHUS CMOJEIUPOBAHHONW CHCTEMBI
packpeITHs cnull peduiekTopa aHTeHHbl KA mnpu co3gaHvM HCHBITATENbHOIO
CTEHJIa PACKPBITHS pedaeKTopa aHTEHHbI C aKTUBHOM CHCTEMOI 00e3BelIMBaHus,
YTO MO3BOJIUT IPOU3BOJUTH UCIBITAHUS B YCIOBUSAX 00JIe€ TOUHOTO MPUOIHKEHUS
K YCJIOBUSIM HEBECOMOCTH.

Peanu3zanus padornl. JlanHas auccepranvoHHas paboTa BBITIOJIHEHA B
paMKax XO03JI0TOBOPHOM OMBITHO — KOHCTPYKTOPCKOM paboThl «MareMarnyeckoe
MOJCJIMPOBAHUE W  HCCIEAOBAHME ABTOMATU3MPOBAHHOM MHOTOKAHAJIBHOMN
aKTUBHOM CHCTEMbI 00E€3BEIIMBAHUS C KapeTKaMu» 1o 3aka3zy KoHCTpyKTOpcko —
TEXHOJIOTUYECKOr0  MHCTUTYTa Hay4yHoro mnpubopoctpoeHuss CuOupckoro
otnenenusi Poccuiickoit akagemun Hayk (KTU HII CO PAH), xoTopslii B cBOIO
ouepenb aBisiercs no KOHTpakTy Ne 37-14 ot 01.07.2014 r. ucnonaurenem OKP
st ['enepanbHoro 3akazunka — AO «MHpopMannoHHble CIIyTHUKOBBIE CUCTEMBI
uMeHn akaaemuka M. @. PemetnéBa» (AO «MCCy), peanusyromiero ['ocynap-
CTBEHHBII KOHTpakT Ha BbinmojgHeHue OKP «Pa3paboTka TexHOJIOTHM CO3/1aHUS
NPELUU3HUOHHBIX Pa3MEPOCTAOMIBHBIX KOHCTPYKLIMHA U3 TMOJMMEPHBIX KOMIIO3H-
LUOHHBIX MaTEPUAJIOB M BBHICOKOTOYHON WMMHTALIMHM YCIIOBUA HEBECOMOCTH IPH
KOMILJIEKCHBIX MPOBEpKax (PyHKIMOHUPOBAHUS KPYIMHOTabapUTHBIX TPaHCHOPMHU-

PYEMBIX KOHCTPYKIMIA KOCMUYECKHX aIIapaToBy.



Anpobanust pa6orbl. OCHOBHBIE MaTepHalbl JAUCCEPTALMOHHONW PabOTHI
JOKJIa/1bIBAIIACH:

Ha VIII ®ectuBane Microsoft B TIIY. XIII Bcepoccuiickas Hay4yHO-
IpaKkTHUecKass KOH(EpEeHIMs] CTYJCHTOB, AaCMUPAHTOB M MOJIOABIX YUYEHBIX
«Texnonoruun Microsoft B Teopuu 1 mpakTUKe MPOrpaMMUPOBAHUsD», T. ToMCK, 22-
23 mapta 2016 1.;

Ha XXI mMexmyHapoaHON HaydHO-TEXHHUYECKON KOH(EPEHIIUU CTYIIEHTOB,
acrMpaHToB U MonoabiX yuéHbix «Hayunas ceccuss TYCYP-2016», r. Tomck, 25-
30 anpens 2016 r;

Ha [V BcepoccuiickoM MOJIOAEKHOM (QopyMe € MEXIYHAPOIHBIM
yuactueM "MHxenepus miig ocBoeHus kocmoca', r. Tomck, 2016 r.

Hyoankamuu. [lo matepuanaMm aucceprauud OnyOIMKOBAaHbI 3 Hay4yHbIE

paboTHI.



1. O030p cnOCO00B UMHUTAIUN HEBECOMOCTH JJIsl HA3€MHBIX MCIBITAHUM
KOCMHYECKHX aNnapaTon

1.1 Knaccudukanus cnoco00B 00e3BeIIMBAHUSA

JUis  yCHEHIHOrOo pacKpbeITHS pPEQIEKTOPOB AaHTEHH B KOCMHUYECKOM
IPOCTPAHCTBE, IPEIBAPUTEILHO HEOOXOAUMO IIPOU3BECTH HA3EMHBIE UCIBITAHUS B
UCKYCCTBEHHO CO3/IaHHBIX YCIOBHUSX UMUTAIIUU HEBECOMOCTH. UTOOBI MPUOIN3UTHCA
K YCJIOBUSIM HEBECOMOCTH HEOOXOJIMMO MaKCHUMAalbHO OOE3BECUTh TEM WJIU UHBIM
CI0CO00M KaXKIyI0 M3 MOJBIKHBIX YaCTeH UCIBITYeMOro u3aenus. st aTux menew,
Ha MPAKTHUKE IMUPOKO UCTIOIB3YIOTCS CIIeIaIbHbIe CTEH/IBI.

Beibop  cucreMbl  00e3BEeHIMBAaHUS ~ OMNpEAeNseTcs  KUHEMaTHKOM
pacKpBIBAIOIIETOCS 3BEHA, JAMHAMUYECKUMHU €r0 XapaKTePUCTHKaMH, TpeOyemoii
TOYHOCTbIO 00€3BELINBAHUS, YUUCIIOM UCTBITBIBAEMbBIX U3IETUHN U Jp.

B cooTBeTcTBUM € NPUHIUIOM JAEUCTBUS BO3MOKHBI PA3JIMYHBIE CHUCTEMBI
00€e3BEIINBAHNUA:

- Ha BO3AYIIHBIX ONOpax;

- Ha DJIEKTPOMATrHUTHON TIOJIBECKE;

- Ha @3pOCTATUYECKON IMO/IBECKE;

- B TUJIPOCPEJE;

- B caMoJIeTax, JICTAIIUX IO CTIeNUaIbHON TPAeKTOPHH;

MEXaHUYECKUE C MPUMEHEHHEM TPOCOB, MPOTHUBOBECOB, MPYXKUH, POJIUKOB,
pBIYaroB, MAPHUPOB H JIp.

Ha ceromnsmHuii 1eHb W3BECTHHI pa3jMYHbIE CIOCOOBI WMHUTAIUH
HEBECOMOCTH, HCIIOJIb3yEeMbIE IIPU Ha3eMHBIX MCIIBITAHUSIX MEXaHUYECKUX YCTPOUCTB
KpynHorabaputHbix TpaHchopmupyembix usnenuit (KTH). B 3aBucumoctu ot
crioco60B (OpPMHUPOBAHUS CHIJI 00E3BEIIMBAHUS BCE ATH CIIOCOOBI MOXKHO Pa3/IC/IUTh
Ha TIaCCHBHbIC, NACCUBHO-aKTUBHbIE U AaKTUBHble. B akTUBHBIX cucTemMax
00€3BeIIMBaHNE JOCTUTAETCS TMOCPEICTBOM PETYIUPOBAHUS MOMEHTa CO3/1aBacMbIM

QJICKTPOIIPUBOAOM, B ITACCHUBHBIX — IIOCPCACTBOM HCIIOJBb30BaHHUS IIPOTHBOBCCOB, B



KOMOMHHMPOBAHHBIX (TIACCUBHO-aKTHUBHBIX) - COYETAIOTCS CBOMCTBA MEPBBIX JIBYX

CHCTCM.

1.1.1 Cnoco0bI MIACCHBHOI0 00€3BEIINBAHUSA

Ha pucynke 1.1 npeacraBiena cxema CTaTUYECKOW CUCTEMBI 00€3BEIITMBAHUS
C BEPTUKAJIBHON TOYKOW MpuiokeHusl ycuiua. OHa npeJHa3HadyeHa s 0TpabOTKU
TpaHCHOPMUPYIOUTUXCS CUCTEM THUIA «CIOUCTON» IIATGOPMBI MPU YCIOBUHU, UYTO

ycuiane 00e3BeIINBaHUSI HE MEHSETCS.
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Pucynok 1.1 — CxeMa cTaTH4ecKoro 00e3BEIIMBAHMS C BEPXHUM
MIPWIOKEHUEM Harpy3KU
1 — nportuBoBec; 2 — Tpoc; 3 — 610K; 4 — miargopma; S — 3aMoK; 6 —

ImoacraBKa

I[JI?I ClIydas, Koraga HU3MCHACTCA YCHIINC 00C3BEIIMBAaHNUSI U M3BECTECH 3aKOH

ero U3MEHEHHs, cxema 00e3BelIMBaHMs MpeACTaBlieHa Ha pucynke 1.2.
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Pucynox 1.2 — Cxema o0e3BemmBaHus IPH U3MEHEHUN yCHITUS



1 — npotuBoBec; 2 — Tpoc; 3 — ynuTka; 4 — 0JI0K; 5 —

TpaHCHOPMHUPYIOMIMICS KOKYX; 6 — MOICTaBKa

B xauectBe mpumepa 00BEKTa MCHBITaHHUS BBIOpaH TPaHCHOPMHUPYIOIIUKUCS
KOXYX 5 C TOPLUEBBIMU HIMAHTOyTaMH, TPEOYIOIMM MaJIbIX CKOPOCTEH PaCKPBITHSL.
BocrnpousBenenue 3aJaHHOTO 3aKOHAa U3MEHEHHS yCWIMs 00€3BElIMBAaHUS OT
BeMMuMHbl H Npou3BOAMTCS € MOMOIIBIO YIUTKKA 3, TpEACTaBIAIONIEH COO0OM
OapabaH MepeMeHHOTO JUaMeTpa.

Cxema o0Oe3BelmIMBaHUSI B TOPU3OHTAIBbHOW MIOCKOoCcTH  (puc. 1.3)
MPUMEHSETCS B TE€X CIydasX, KOTJa €CTh BO3MOXKHOCTh MOJHATh TOYKY KpPETUICHUS

CHUCTCMBI 1OCTAaTOYHO BBICOKO, YTOOBI YMCHBIINTB YCHUJIMA B Y3JIaX BPAIlICHHA.
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Pucynok 1.3 — Cxema o0e3BemmBaHusi B TOPU30HTAIBHOM MJIOCKOCTH

1 — ynpyruii anement; 2 — tanaep; 3 — AuHaMoOMeTp; 4 — y3ein

VYopyruit snemMeHT | mnpenHasHaueH IS KOMIEHCAlMM HETOYHOCTEH
YCTaHOBKHM CUCTEMBI, TAHJAEP NMPEAHA3HAYCH ISl PETYJIUPOBKUA U HACTPOUKH CUCTEMBI
Kputeprem MUHMMyMa TOTPEIIHOCTH YCUJIUS OOE3BEIIMBAHMS SIBJISIETCS YCJIOBHUE
H > R [1].

[ToMumo mpencTaBiIeHHBIX CHOCOOOB OO0E3BELIMBAHUS C HCIOJIB30BAHUEM

IHaCCMBHBIX MCTOJ0B 00e3BENIMBaHUsI B KAa4eCTBE OCHOBHBIX DJIEMEHTOB CTCHIOB
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UCIIOJIB3YIOTCSL TPOCHI, NMPOTHUBOBECHI, NPYXUHBI, POJUKH, PbYArd, MAPHUPHI U
MHOT'O€ APYTO€.

Hcnonb3oBaHre MAaCCUBHBIX CIIOCOOOB 00E3BEIIMBAHUS [TO3BOJISIET CO3/1aBATh
POCThIE MEXaHUUECKHE CUCTEMbI 00e3BemuBanusl. OHU JOCTATOYHO YHUBEPCAJIBHBI,
JIETKO TEepeHacTpauBaeMbl, HAJECKHbI B YCIOBUSX HW3MEHEHHUS TeMIEpaTyp H
JABJICHUSI, HO MMEIOT Mallyl0 TOYHOCTh o0Oe3BemMBaHusl 3a cueT Hddexra
«IPUCOEAVHEHHBIX ~Macc» W  HENPUMEHUMbl B  CJIOXHBIX  MHOT'O3BEHHBIX
KOHCTPYKIUSX, B YAaCTHOCTH, OTHOCUTEIHHO peduieKTopoB aHTeHH KA Oomibiimx

JTMaMETPOB.

1.1.2 Crioco0bI MACCHBHO — AKTUBHOI'0 00€3BeIlIMBAHUSA

OnHOM M3 M3BECTHBIX WJEH CTEHJAa C UCIOJb30BaHME KOMOMHUPOBAHHOTO
cnocoba  00e3BELIMBaHUS, SBIAETCA CTEHJ s MOJECIUPOBAHMSI HEBECOMOCTHU
JBYX3BEHHbIX MexaHu3MoOB (puc. 1.4), uznoxennslii B marenre CCCP Ne 1467418,
CYTh KOTOPOT'O 3aKJIFOYaeTCs B MOBBIIIEHUN TOYHOCTH MOJEIMPOBAHUS HEBECOMOCTHU
32 CYET HCKIIOYEHHS BIUSHUS CUJ TPEHUS B BJIEMEHTaX MOJBECOK CTEHIa H
CUHXPOHHOT'O MEPEMEILEHNS KaXKI0M TIOJIBECKH B HY>KHOM HaIIpaBJICHUU.

PabGora crTeHma oOCHOBaHa Ha WCIOJB30BAHUM CHUCTEMBI IPOTHBOBECOB,
KApeTOK M JJIEKTPOABUTATENIel, padOTaIIMX [0 ONpereeHHbIM anropurMmam. Ilox
nerctBueM cBoux mnOpuBoAoB 11 3BeHbss 9 um 10 wucmeiTyemMoro mexaHusma
NEepPEMENIAIOTCS B BEPTUKAIBHOW IUJIOCKOCTH, a WX MAacChl YpaBHOBEUIEHBI
npotuBoBecoM 20. Ilpu mnosiBIeHMHM B BETBAX NaHeNel THOKHX 3JIEMEHTOB 6
TOPU30HTAJIBHBIX COCTABJISIOIIMX OT YCHUJIMH HAarpy3Kd HayMHAKOT [EPEMEIAThCs
COOTBETCTBYIOIIME KapeTKH 3 U CBSI3aHHBIE C HUMHU 4Yepe3 THMOKHE dJeMEHThl 12
npotuBoBechl 27 u 28. CTeHn cHaOXeH AByMsI ypaBHUTEIbHBIMH MEXaHU3MaMH,
BKJIIOYAIONITUMU B ce0s Kaxablid diekTpoasurarens 13 ¢ pemykropom 14,
YCTAaHOBJICHHBII Ha BBIXOJHOM Bally penykropa 14 peryaupoBouHbIA IIKUB 15 u
bpuknnonnyro Mydty 16 ¢ npyxusoi 17 u raiikoit 18. OgHU KOHIIBI OCHOBHBIX

rMOKUX DSJIEMEHTOB 6 3aKperyieHbl Ha OCHOBaHWUHM 1, a Jpyrue ux KOHIIbI uepes
11



JOTIOJTHUTEHHBINA TIOJIBIKHBIN 010K 19, 3akperyieHHbI Ha mepBoM mpoTuBoBece 20,
3aKperieHsl Ha O6apabane 21, yCTaHOBIEHHOM Ha OCHOBAaHUHU 1. DIEKTpOABHUraTeNN
13 depe3 peryiupoBOYHbIEC MIKUBBI U (DPUKITMOHHBIE MY(PTHI KOMIIEHCUPYIOT YCUIIUS
MEePEMEILICHHS] KapETOK 3 MO HANPaBISIONIMM 2 ¥ TUOKUX JIEMEHTOB 6 IO IIKUBaAM 5
U TOJBWXKHBIM Oyiokam 7. OOMH 3JEKTPOJBHUraTelb YINPaBISETCA OT CHUCTEMbI
yopaBieHdss npuBogamu 11, a BTOpo — OT YCTpPOWCTBAa YyHpPaBJIECHUS,
YCTAHOBJICHHOTO Ha OJHOM M3 KapeTOK 3 U pPearupyrollero Ha yCUIUE HATSKECHHS
rHOKHX 3JIeMEHTOB 6. [2]

Takum o0pa3oM, KOMIIEHCAIUsI CUJI TPEHHUS B TIOJABUKHBIX AJIEMEHTaX CTeHIa
OCYILECTBIISIETCS OJlarojapsi MPUIOKEHHBIM KOMIICHCUPYIOIIUM CHJIaM CO3/IaHHBIM
AIIEKTPOJBUTATEISIMU Yepe3 MKUBbI 15 u mydTsl 16, paboTa npuBoioB 11 nporekaer

TP UMHTALIMN HEBECOMOCTH 3B€HBEB 9 1 10.
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Pucynok 1.4 - Ctenn 1151 MOAEIMPOBAHUSI HEBECOMOCTH JIBYX3BEHHBIX

MEXaHHU3MOB: a) BUJ cOOKy; 0) ceueHne A — A.

HenocraTkaMu mpeanokeHHOro crnocoda siBisieTcs CI0KHOCTh KOHCTPYKIUH,
HEBO3MOXHOCTh TOJCOEOUHUTHCS K LEHTPY Macc IMOJABHKHOTO 3BEHA, IIpH
HEKOTOpPbIX BapuaHTaXx €ro KOHCTPYKTHUBHBIX OCOOEHHOCTEH, 3HauUTeNIbHas

IMOIrp€IIHOCTh UMHUTAIINKN HCBCCOMOCTH, HCBO3MOJKHOCTb U3MCPCHUA XaPaAKTCPUCTUK
12



00e3BeInBaeMOi KOHCTPYKIIMHU (MOMEHTOB CONPOTHUBJICHUS, BECOBOM
COCTABJISIFOLIEH, CKOPOCTH NEPEMEIICHHS] MOABUKHBIX 3JIEMEHTOB KOHCTPYKIIHH,
MpeIHa3HAYCHHBIX JJIs1 paOdOThl B COCTOSIHUM HEBECOMOCTH B HA3€MHBIX YCIOBHSIX).

K npyromy nzo0perenuro, npeaHa3Hau€HHOMY JJIsl UCIIBITAaHUS KOHCTPYKLUH,
COBEpIIAIOIIUX B Mponecce (QPYHKIIMOHUPOBAHUS CIIOKHBIE TPOCTPAHCTBEHHbBIC
NepEeMEIICHUS, B YCIOBHSIX HMMHUTAIlMA HEBECOMOCTH OTHOCUTCS cTeHn (puc. 1.5),

onucanue kotoporo coaepxkurcs B nareHre CCCP Ne 1722946.
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Pucynoxk 1.5 - Crena umuTaTopa NOHMKEHHOM TpaBUTAIlUU a) OO BU]T

WCIIOJTHUTEIILHOTO MEXaHU3Ma UMHUTATOpa MOHKEHHOM TpaBuTanuu; 0) Bug A

VYerpoiicTBo paboTaeT CiaeAyoIuM 00pa3oM: UCIIBITYEMbIi 0OBEKT COSIUHEH
C MOJBECKOW 4 MCIOJHUTEIHHOTO MEXaHNW3Ma MOCPEACTBOM MapHUPHOTO y3ia. [Ipu
OTOM YIPYTrUid BJIEMEHT 9, B3aUMOICHCTBYS C HCIHBITYEeMBIM OOBEKTOM Yepes

TPOCOOJIOUHYIO cucTeMy S5-8, BIIIKY 3 U TOJIBECKYy 4, oOecrieunBaeT 00€3BEIIMBAHIE

UCIBITYEMOTr0 00BEKTA.
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B nponecce ucneITaHusi OOBEKT UCIIBITAHUI MOYKET COBEPILATH IEPEMEILIEHUE
B BEPTUKAJILHOMW IJIOCKOCTU HA YTOJI (0 M1 BOKPYT CBOEH MPOJI0IBHOM ocH Ha yro 6.

HcnonHurtenbHbIN MEXaHU3M oOecreynBaeT OTCJIC)KUBAHUE
MPOCTPAHCTBEHHOI'O TIOJIO)KEHHSI O0OBEKTAa MCHIBITAHUW 3a CYET MOBOPOTA BWIKU 3
CUHXPOHHO C MepeMENICHUsIMU 00bEKTa B BEPTUKAIHLHOM IMJIOCKOCTH Ha YOIl (.

IMpu yrmax @, OTIHYHBIX OT 180°, MOMEHT CONPOTHBIICHHS BPAIICHUIO Ha
miectepHe 15 mpeBbIIIACT MOMYCTUMBIM KpyTAIIMM MoOMeHT Ha wmydte 13, B
pesynbTaTte yero mydra 13 pazMbIikaeT KHHEMAaTUYECKYIO CBS3b MEX]Y ILIECTEpHE
14 penyxropa 12 m mecrepHen 15, )KeCTKO 3aKpEIUICHHOW HAa BUJIKE 2, U BPAILICHUE
Ha BWIKY 2 HE MEPEIacTCs.

[lpu mnepemenieHun oObeKTa Ha yroa ¢, Onuskuit k 180°, MOMeEHT
CONPOTHUBJIEHUS] BpAIICHUI0 Ha IIecTepHE |5 cTaHOBUTCA OJM3KUM K HYJIIO.
CpaOateiBaeT My¢Ta 13, BOCCTaHaBIMBAE€TCSI KHUHEMAaTUYeCKas CBSA3b MEXKIY
mectepHsaimMu 14 u 15, B pesynbrare yero ycuiue ot npuBoaa 11 mepemaercs Ha
BWIKM 2 W 3, KOTOPbIE NPUBOAATCA BO BPAIICHUE OTHOCUTEIBHO HEMOJBHKHOU
MOABECKU 4.

[Tpu @ = 180°00BEKT U CBA3aHHAS C HUM MOCPEICTBOM MOABECKU 4 BIJIKA 3
HaYMHAIOT nepemenmarbes. OTHOBPEMEHHO MPEKPALIAETCS BpAIICHUE BUJIOK 2 U 3,
TaKk KaK 3TOMY MpEMsSITCTBYeT MmojBecka 4, cBsA3aHHas ¢ OOBEKTOM, BO3pacTaer
MOMEHT COINpPOTHUBIICHUS BpallleHUWIO Ha miecTtepHe 15, cpabarbiBaer mydra 13 u
pa3phIBaeT KMHEMATHYECKYIO CBsI3b MEXIy miectepHedl 14 m 15. Takum oOpazom
MIPOUCXOJUT MEPEXO]] YEPE3 MOJIOKEHUE «KMEPTBOM TOUKIY. [3]

[IpeumyiiecTBOM  JTaHHOTO CTEHJA sBIseTca  Ooyiee  pacUIMpEHHbIE
(GYHKIIMOHAJIbHBIE BO3MOKHOCTH UCIIOJIHUTEIBHOTO MEXaHM3Ma 3a CUET 00ecreueHust
BO3MOYKHOCTH VCTIBITAHUS 00BEKTOB, COBEpUIAIOIINX B nporecce
(YHKIIMOHUPOBAHMSI  CJIOKHBIE MPOCTPAHCTBEHHbIE TEpeMeIleHus, Onarogaps
ONKCaHHOMY BbIIIE criocoOy. HemocTaTtkoM NaHHOTO CTEHJA SIBISETCS CIOXKHOCTH
KOHCTPYKIIMU, a TakXKe ele OoJiblliee €€ YCIOXKHEHUE MO0 Mepe YBEJIWYEHUs
COCTaBHBIX 3JIEMEHTOB 00€3BEIIMBAEMbIX KOHCTPYKIMI, OTHOCUTEIHHO HEBBICOKAs

TOYHOCTH 00€3BEIIINBAHUS.
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YcTpoiicTBO 00e3BemIMBaHUs SJIEMEHTOB, IMpeAcTaBiIeHHOe Ha puc. 1.6,
COAEpPKUT B ce0de IIECTHCTENEHHOE TIa30CTaTMYeCKOe YCTPOMCTBO IOJBEca U
CIEJSIIYI0O CHUCTEMY IO TOJJECPKUBAHUIO 3aJaHHOrO JAaBieHus rasa. TpeOyemoe
ycusre 00e3BEeIIMBaHUS CO3JaeTcsl MOCPEACTBOM Trasa ImoJ AaBiieHueM. OCHOBHOM
MHUHYC - CJIOKHOCTb KOHCTPYKLMHU U HKCIUTyaTalluH, 0OyCIIOBICHHbIE, IPUMEHEHUEM

rasa 1noJ peryJmpyCcMbIM JaBJICHUCM.
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Pucynok 1.6 - YerpoiicTBo 00e3BenBaHus 3JIEMEHTOB

1.1.3 Crioco0bI AKTHBHOI'0 00e3BeIIMBAHUS

VYkazaHHble HENOCTATKH Ui CTEHJA MOJEIMPOBAHUS HEBECOMOCTHU
JIBYX3BEHHBIX MexaHu3mMoB (puc. 1.4) cTpemsarcss wuCHOpaBUTh B CICAYIOIIEM
nzooperennn, onucanHom B mareHtre RU 2334970, B 4yacTHOCTH, YNPOIICHHS
KOHCTPYKITUU U ONIPEJICTICHUU XapaKTEPUCTUK MOJABMKHBIX DJIEMEHTOB KOHCTPYKIIHM,
MpEeIHA3HAYCHHBIX JJI PaOOThI B COCTOSITHUM HEBECOMOCTH B HA3EMHBIX YCIIOBHSX.

KoHncTpykius n3o0pereHus npuBeaeHa Ha pucyake 1.7.
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Pucynok 1.7 - YcTpoiiCTBO MMUTAIIMM HEBECOMOCTU MEXAHU3MOB C THOKOM

KOHCTpYK]_II/ICI\/'I OJICMCHTOB

[Ipenyiaraemoe ycTpOMCTBO MMHUTAIIMM HEBECOMOCTH pabOTaeT CieayIoIuM
oOpazoM: 0Ji0k ynpasieHust 9 GopMHUpPYET aIropuT™M pabOThl YCTPOHCTBA UMUTALIUN
HEBECOMOCTH NYTEM CHSATHS 3HAYECHUS BEJIMYMH BECOBOW COCTABJISAIONICH B TOYKAX
TPaCKTOPUM JIBIJKEHUSI OO0E3BEIIMBAEMOr0 dJIeMEHTa (MpU He3aJeCTBOBAaHHOM
MEXaHU3Me, IPUBOJSILIEM B AEHCTBUE 00€3BEIIMBAEMbIN 371eMeHT). CHATHE BECOBOM
COCTABJISIFOIICH  OCYIIECTBIACTCS C HArpy3o4HoOW s4eiiku S5 mpu  pabote
ANEKTPONPUBOAA BEPTUKAIBHOIO nepemenieHuss 3. OIHOBPEMEHHO 3JIEKTPOIPHUBOJ
TOPU30HTAIBHOTO TIEpeMENIeHUsT 7/ KapeTkn 4 mno KOMaHJe C JaTdyuka yria &
MOJIJIEP)KMBAET BEPTUKAIBLHOE TOJIoKeHHe ruOkoi cBsizu 2. Ilocie dopmupoBanus
3HAYEHWN BEJIMYWH BECOBOW COCTABIAIOIICH MNPUBOJUTCS B JCHCTBUE MEXAHWU3M
JBUKEHUSA 00e3BelnBaeMoro 3yeMenta 1. JlaHHble ¢ Harpy304HO#l s4eiiku S5 mpu
3aJICCTBOBAHHOM  MEXaHU3ME JIBIDKCHUS  00€3BEIIMBAeMOro  dJieMeHTa |
cpaBHHUBaKOTCS B bY 9 cO 3HaYeHWAMHM BEJIMYMH BECOBOW COCTABIISIOLICH IIPU
HE3aJIeMCTBOBAHHOM MEXaHWU3ME ABIDKEHHS 00e3BernBaeMoro semenra 1 u BY 9
BBIIAET KOMAaHAy O BEJIWYHMHE CKOPOCTH Ha DJJIEKTPONPUBOJ BEPTUKAIBHOTO
nepeMenieHns 3. OQHOBPEMEHHO JJIEKTPOIPUBOJ TOPU3OHTAIBHOTO NIEPEMELIEHUS 7
Mo KOMaHje C JaTdyuka yria 8 Ha Onok ympaBienus 9 cooOmaer kapetke 4

MNOCTYNIAaTCJIbHOC IBUIKCHHC.
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YCTpOWCTBO HMMHTALIMM HEBECOMOCTH OPHEHTHPOBAHO Ha PAa3JIUMYHbIE
CKOPOCTH JABMKEHUS 00€3BEHIMBAEMOIO 3JIEMEHTA |, a Takke MMEET BO3MOXXHOCTb
YAEPKUBATH DJIEMEHT (KOHCTPYKIIMIO B IIEJIOM) B 00€3BEILIEHHOM COCTOSIHUU.

YCTpolCTBO HMMHUTAIMM HEBECOMOCTH I103BOJIIET MMUTHPOBATH IPOLIECC
JBIDKEHUS DJIEMEHTOB KOHCTPYKIMH, WMEIOIIUX Pa3HYI0 CKOPOCTh JIBUKEHUS B
00€3BEIICHHOM COCTOSIHUM, ITyT€M YCTAHOBKM CHCTEMBbI Ha KaXKIbIM OTIEIbHBIM
AJIEMEHT KOHCTPYKIMHU. B3anMopeiicTBue cucTembl obOecrednBaceTcsl uepe3 OJIoK
ynpasicHus 9. [4]

Ha Oonee pa3Burom »stame pa3BuTusi cucrem oOe3BemmBanus KTU
IIPOU3BOAMTCS pa3pabOTKa CHEASIIMX CHUCTEM Ha OCHOBE WHTEUIEKTYaJbHBIX
AIIEKTPOIIPUBOOB.

OgHuM U3 TakUMX MPUMEPOB CTEHAA AKTUBHOTO OOE3BELIMBAHHUS SIBISIETCS
MOOWIIbHASI CUCTEMa UMUTAIIMU HEBECOMOCTHU JJII KPYMHOTA0APUTHBIX KOCMHUYECKHUX
anmapaToB, pa3paboraHHas B CHOHMPCKOM TOCYJapCTBEHHOM a’pOKOCMHUYECKOM
YHUBEPCUTETE UMEHHU akafneMuka M. @. PemerHeBa.

Cucrema BKJIIOYaeT B ceOsi 050K ympaBiieHust 1 1 HEOOXOUMOE KOJIMYECTBO
MoayJei oOe3BemmBanms (11 mpuMepa Ha puc. 1.8 moka3zaHa cucTema ¢ JIBYMS
MOJYJISIMH 2 U 3).

Kaxnpiit monysns 2 unu 3 BKiIouaeT B ceds Ba cepBonpuBoga (M1 u M2).
[lepBblii cepBornpuBOoA 4 KpenmuTcs K CTeHE WM K moToiky. Ha pabouwmii Ban 6
CEpBOINpPUBOAA 4 KPEMUTCSI OBOPOTHASI KOHCOJIb 7, HA KOHIIE KOTOPOM pacIioNOXeH
BTOPOI CEpBOMPUBOJA 5, B CBOIO OuYepe]lb, UMEIOUIUNA COOCTBEHHYIO MOBOPOTHYIO
KOHCOJIb 8, Ha KOHIE KOTOpPOW HAaXOOUTCA TIPy303axBaTHBIM opraH 9.
['py303axBatHblii OpraH 9 cOCTOUT U3 BECOM3MEPUTENbHOM stueiiku 10, coennHeHHOI
¢ mardopmoii 11, Ha KOTOPOIl yCTaHOBJEH SJEKTPONPUBOJ 12, peayKTOp KOTOPOTO
cBs3aH ¢ Karymkod 13, Ha koTopoii Hamotan ctpon 14. Crponm wuager Ha
TPOCOYKJIAIUUK 15, HA KOTOPOM YCTAHOBJIEH JaTYWK yria 16, onpenenstommii ero

BEPTUKAJIBLHOE OTKJIOHEHHUE, U JaTYMK pacxoja ctpona 17.
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Pucynok 1.8 - MicxoaHoe mosoxeHue

CucreMa UIMHUTALIUK HEBECOMOCTH pabOTaET CIAEAYIOLIUM 00pa3oM:

- Mepe] MPOLIECCOM PACKPBITHS YCTaHABIUBAETCS HEOOXOAMMOE KOJIUYECTBO
MoayJieh 2 W 3, COOTBETCTBYIOUIEE KOJMYECTBY TOUEK NPUIIOKEHUS YCUIHS
o0Oe3BenMBanus, THOKKE CBsI3M 18 rpy303axBaTHOTO OpraHa 9 MPUCOEAUHSIOTCS K
AJIeMEeHTaM 00e3BeIIMBAEMOro 00beKTa 19, HaXOAAIIErocs B CI0)KEHHOM TOJI0KEHUH
(puc. 1.8);

- TIPYU PaCKPBITHH 3JIEMEHTHI 00e3BemmBaeMoro oobekra 19 (puc. 1.9 u 1.10)
HAYMHAIOT TOCTYNATEIbHOE JBUXKEHUE, CHCTEMa HMHTAIlMM HEBECOMOCTH IO
CUTHajJaM C JaTYMKOB yriia 16 ocylecTBISIET MO3WLIMOHUPOBAHUE Moayjed 2 u 3
TakuM 00pa3oM, 4yTOObI TMOKME CBsi3U 18 OBUIM BEpTUKAIbHBIE 1O OTHOIICHUIO K
o0BeKTy oOe3BemmuBaHusg 19 BIUIOTH O KOHEYHOTO PACIOJIOXKEHUS CUCTEMBI (pHC.
1.4.4).

CurHasiel ¢ gaTtyuka yria 16 mocTynarT B CHCTEMY YyIpaBieHUs |, B
KOTOPOM 3aJar0TCsl aIrOPUTM M JUHAMUYECKUE XapaKTEPUCTHUKU (CKOPOCTH,
yckopeHusi) cepBorpuBojioB (M1 u M2) ¢ uenbio moajepkaHus BEPTUKAIBLHOCTH

ruOKoi cBsa3u 18.

18



CucremMa HMMHUTAllMd HEBECOMOCTH TO3BOJIAET OOE3BEIIMBATH 3JIEMEHTHI
KOHCTPYKIIMHU, UMEIOIINE Pa3HyI0 CKOPOCTh ABM)KCHHS B IMPOLIECCE PACKPBITHS, TaK
Kak paboTaeT B CIEASIIEM PEKUME M0 CUTHAJIaM C IaTYMKOB yrila OTKJIOHEHus 16, u
KaXABIA MOAYNb 2 W 3 CUCTEMBbI pabOTaeT Ha «CBOW» 3JIEMEHT 00e3BEUIMBACMO
KOHCTpYyKIuu 19. Takum 006pa3zom, UMeETCs BO3MOKHOCTh YJEPKUBATh BECh OOBEKT
B I[CJIOM B OOE3BCIICHHOM COCTOSIHMH. Tak, B mpuBeaeHHOM mpumepe (puc. 1.11)
MOJYJIb 2 TPOXOAMUT MPSMOJMHEHHYIO TPAaeKTOPUIO OT TOYKM A 10 Touku B, a
MOJAYJb 3 MPOXOAUT CIOXKHYIO TPAGKTOPHUIO OT Touku A 110 Touku C u nanee - 10

touku D. [5]
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Pucynok 1.9 - TIpomexxyTouHOE TIOJIOKEHNE
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Pucynok 1.11 - Bun cBepxy

HpeI/IMYIJ_[eCTBaMI/I HaHHOﬁ CHUCTCMblI HMHUTAIIMK HCBCCOMOCTH ABJIACTCA
BO3MOXXHOCTB HCIIOJb30BaHUA cC I 3HAa4YUTCIIbHBIX HepeMeHleHI/Iﬁ

00€3BEUINBAEMbIX  MOJIBI)KHBIX  JJIEMEHTOB KOHCTPYKLMH  KpPYMHOraOapUTHBIX
20



KOCMHUYECKHX amapaToB, TaKKe MOJYJbHBI NPHHLMI ITOCTPOECHHUS I103BOJISET
aJanTHPOBaTh CHCTEMY IIOJ PA3JIMYHBIE XAPAKTEPUCTHUKH KOHKPETHOIO OOBEKTa
(ucxoAs W3 €ro reoMeTpur U HEeOOXOAMMOTO YHUCIa TOYEK MPHUIIOKEHHUS YCHIIHS),
IIOMHAMO 3TOTO KOHCTPYKLMS IO3BOJIAET PACIIOIOKUTH TOYKH NPWIOKEHHUS YCHIINA
KOMITaKTHO, KOTJ]a IEPBOHAYAIILHO 3JIEMEHTHI 00€3BEIIUBAEMOT0 00BEKTa HAXOIATCS
B CIIO)KCHHOM IIOJIO)KEHWHU U IO MEpE PACKPBITUS U IepeMelleHuss B pabouee
COCTOSIHME NEepeMENIaTh 3TH TOYKHU IO CaMOCTOSITEIIBHBIM TPACKTOPUSAM C Pa3HBIMU
CKOPOCTSAMH B CJIEIAIIEM PEXKUME, IO MEPE PACKPBITHUSI COCTABHBIX YacTe 0ObEKTa
o0e3BelIMBaHUA. YCTPOMCTBO HMMHUTAIMM HEBECOMOCTH IO3BOJISIET MMHUTHPOBATH
IIPOLIECC  JBWXKEHUS DJIEMEHTOB KOHCTPYKIIMM HMEIOIIUX Pa3Hyl0 CKOPOCTh
JBUKEHUS! (€ClIM 3TO HEOOXOJUMO) B 00€3BEIIEHHOM COCTOSHUM IMyTEM YCTaHOBKHU
MOAYJS «00€3BEIIMBAHU» HA KAXKIBIN OTAEIbHBIA 3JIEMEHT KOHCTPYKLIMH.

[loMmuMO mpeAcTaBIEHHBIX CHOCOOOB HMMMTALlMM  HEBECOMOCTU IS
obe3pemnBanus getaned KTU cymectByer u psn Apyrux, pealu3yeMbIX C
UCIIOJIb30BAaHUEM BO3JYIIHBIX ONOp [6], pa3rpy3ku peQreKkTopa aHTEHHBI C
MOMOUIbIO BO3AYIIHBIX MIAPOB [7], MCMOJB30BAaHUU CIEUUATbHONM KOHCTPYKLIHUHU, B
COCTaB KOTOPOM BXOMST BO3MYIIHBbIC TMOJIIUIHUKKA [8] U Jpyrue CrnocoOsl
oOe3BemmmBanus anemeHToB KTH.

Cucrema aKTUBHOTO 00€3BEUIMBAaHUS CHOUL pPEQIIEKTOPOB AaHTEHH Ha
pa3zpabatsiBaeMoM B paMkax OKP «Kemuyr» creHzme noikHA peliaTh 3aaavy
paboTOCIIOCOOHOCTH NPUBOJA PACKPBITHUS AHTEHHBI, YTOOBI OH HE HCIBITHIBAI
JOTIOJIHUTENBHBIX MOMEHTOB, CO3/1aBAaEMBIX CHJIAMU TSHKECTH €€ PACKPBIBAEMBIX
AJIIEMEHTOB, Ha BCEX 3Tamax UX pabOThl OT HAayajga PACKPBITHUA 10 €r0 OKOHYAHUS U
NpUIaHusl aHTeHHe ee pabouedt ¢Gopmbl. Takum 00pa3oMm, cCuUCTEMa aKTUBHOTO
0o0e3BEIIMBaHUsl PACKPBHIBAEMBIX Ha CTEHJE AaHTeHH JOJDKHA pelaTh 3a7ady
o0ecrieueHrss HHBAPUAHTHOCTH CHCTEMbI YIPaBICHHUS MPUBOAOM PACKPBITUSA
AHTEHHBI K BECY PACKPBIBAEMBIX 3JIEMEHTOB.

[Ipu pemiennu 3aiaun 00€3BEIMBaHUS CIIMI] pedieKTopa aHTEHHBI, CIEAyEeT
paccMaTpuBaTh KaXIyl0 OJHO3BEHHYIO CIHILY KakK OajiKy, MIApHUPHO 3aKPEIJICHHYIO

CBOUM OJJHUM KOHIOM Ha HCIIOABHKHOM OCHOBAHHMH M ITOJABCHICHHYIO Ha TPOCEC.
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Crenpn, oOecrneuuBaronii 00e3BeIIMBaHUE CHOHI] pedJeKTopa aHTECHH,
paboTaeT CcieayOIMKUM 00pa30M.

Kaxnas u3 crui pedraekTopa aHTEeHHBI T0JDKHA OBITh MOJBEIIEHA TPOCOM K
KapeTke, KOTOpas IepeMemaercs Haja pedieKTopoM Ha TOPU30HTAIBHBIX
HAMpaBJISIOMUX B TUIOCKOCTU PACKPBITUS CIUI], pUYeM paboTa KapeTKHu J0JKHA
IPOU3BOJIUTHCS B PEKUME CIESKEHHSI 32 BEPTUKAIBHBIM TOJIOKEHUEM Tpoca TOBeca
crimil. HeoOxomuMmbie 11si 00€3BEIIMBAHUS CIUI] CHJIBI HATSHKCHUS B TPOCaxX HX
HoJBeca B CTEHJE JOJDKHBI 00eCrieuyuBaTh CUCTEMbl aBTOMAaTHYECKOTO YIPABJICHUS
HATSDKEHHEM TPOCOB, KOTOPBIE C ATOH IEIBIO TIOJKHBI C MOMOIIIBIO AJIEKTPOIIPHBOIOB
HE TOJIBKO TIOJICPKUBATH TPEOYEMBIE CHIIbI HATSKEHHSI TPOCOB, HO M HAMATHIBATh Ha
KaTyIIKH 0CBOOOKIAIOIINECS YaCTH TPOCOB TOJIBECA, PA3MEIIICHHbBIE HA KapeTKaXx.

3amady oOecriedeHUs] MHBAPUAHTHOCTH PaOOTHI MPHUBOAA PACKPHITUS CITHIIBI
OT €€ Beca MOXHO MPEICTABUTH CIETYIOIUM 00pa3oM:

MA(G)+M ,(F)=0, (1.1)
Fa(G)+F4(F)=0. (1.2)

B paBenctBax (1.1) u (1.2) ucnosnb3oBaHbl CleAyONIME 0003HAYCHUS:

G — BekTOp cuIIbI Beca 00e3BEIMBAEMON CIUIIBI;

F — BekTOp CHIbl HATSHKEHUS TPOCA 0OC3BEIIUBAHNS;

M A(G) — MOMEHT, CO3/1aBa€Mblii BEKTOPOM CHJIBI BECa CITHIIBI OTHOCUTEIIEHO
ocu A ee pa3BOpoTa IPH PACKPHITUH;

M A(F) — MOMEHT, CO3[aBaeMblii BEKTOPOM CHJIbI HATSHKCHHUS Tpoca
OTHOCHUTEIILHO OCH A €€ pa3BopoTa NP PaCKPHITHH;

F A(G) — BEKTOp CHJIbl JABJICHUS Ha IMIAPHUPHOE COWICHEHHE CIUIBI C
OCHOBAHHEM, CO3/1aBaeMblii BEKTOPOM CHJIBI BECa CITHIIBI;

FA(F)— BEKTOP CHWJIbl JaBJIEHWS HAa LIAPHUPHOE COYJICHEHUE CIHIBI C

OCHOBAaHUEM, CO3JI&B8,6MBII>1 BCKTOPOM CHIJIBI HATSAXKCHUA TPOCaA.
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CucremMa axKTHBHOro 00O€3BeIIMBaHUS CTCHAAa OOJDKHAa 00ecIIeunBaTh
BBIIIOJIHCHUC 3TUX PABCHCTB 3a CUYCT I'CHCPAITUHU TaKOW CHUJIbl HATSXKCHUS TpocCa F (t)

AHTEHHBI, TPU KOTOPOU BBIMOJIHSAIOTCS JAHHBIC PABEHCTBA.

B pamkax penieHust 3Toi 3a1a4u ObLIO MPEIIOKEHO JIBa BApHAHTA allTOPUTMA
peanu3anuu 00€3BEIIMBAHMS CHUIBI: NPU KPEIUICHUH Tpoca ToJIBeca B €€ IEHTpe
Macc M Ha MOJBIWKHOUN KapeTke (puc. 1.12, a) u mpu KperieHny Tpoca mojBeca He B

IIEHTPEe MacC CIUIILI M Ha TOJABMKHOM KapeTke (puc. 1.12, 6).

| 4

a) 0)

Pucynok 1.12 - Cxema oOe3BemmBaHUs OalKu, IIAPHUPHO 3aKPEIICHHOM
OJIHUM U3 CBOMX KOHIIOB Ha XECTKOM OCHOBAHHWU: a) MPU COBMAJCHUU €€ LIEHTpa
MacC M TOYKHM TMOJBEca Tpoca; 0) NMpH HECOBMAJCHUM €€ IIEHTpa MacC M TOYKHU
nojiBeca Tpoca

Peanuzanms anroputMa 00€3BEIIMBAaHMS Ha AHAIUTAYECKOM YpPOBHE IpHU
peanu3aiuy MEepBOrO0 BapuaHTa O0€3BeMMBaHUS OajKd TPU KPEIUICHUH IMOJBECa
Tpoca B €€ ILIEHTPE MacC PEelIaeTcs JOCTAaTOYHO MPOCTO, HO MPHU MPAKTHUYECKOM
peanu3anid  BO3HUKACT psAJ  MpoOJieM, CBSA3aHHBIX C  HEBO3MOXKHOCTHIO
MOJICOEMHEHUS TIOJIBECA TPOCA K LIEHTPY MAcC CIUIbI, TaK KaK MpH MOJHOM cOOpKe
aHTEHHBl TPYIHO OyJeT ONpeNeUTh MECTOIMOJOXEHUE IIEHTpa MacC CIHUIbI U

MOJIICPKUBAEMOM €10 4acTu ceTenojioTHa oTpaxatens. K Tomy ke, oH OyieT MEeHATh
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CBOE TIOJIO)KEHHE B 3aBHCHUMOCTH OT YIJIa PAcKpbITHs O cnuipl.  [loatomy
11eJecoo0pa3Hell MPUMEHNUTh BTOPOM BapHWaHT CXEMBI O0E3BEUIMBAHMS OAJIKH, TIPH
HECOBIAJICHUU €€ IIEHTpa Macc M TOYKH MOJBECa TPOCa, B 3TOM cllydyae, aJlrOpPUTM
oOe3BelIMBaHusl COUIBI OyneT Oosee CI0XKEH, HO TPAKTHUECKH peallu3yeM
Oslaroyiapsi OTCyTCTBUIO HEOOXOJMMOCTH KPEIUICHUs MOJBECA TPOCca B IIEHTPE Macc
CITUIIBI.

Takum oOpazoM B pe3yinbTaTe MPOBEIECHHOTO AaHalM3a CYIIECTBYIOLIUX
croco0oB o0e3BemuBanus 1eMeHToB KOHCTpykimii KTY kocMuyeckux anmaparos,
OBUIO yCTAHOBJIEHO, YTO B OOJBIIMHCTBE CIIy4aeB, HCIIOJb30BAHHBIE paHee
MACCUBHBIE CMOCOOBI 00E3BEIIMBAHMS COCTABHBIX YacTe peQreKTOpOB aHTEHH, IO
Mepe yBenndeHus auamerpa anteHH KA cranoBsatcs Bce MeHee 3G ()EeKTUBHBIMU, TaK
KaK BBI3BIBAIOT, TAK HA3bIBAEMBIN, 3QPEKT «IIPUCOSTUHEHHBIX MAcCy», TIPH KOTOPBIX
IPUBOJBI BCEX BXOMAAIIMX B COCTaB peQuieKTOpa MEXaHU3MOB OJHOBPEMEHHO C
JUHEHHBIMU W/WUIM  YTJIOBBIMU  TEPEMEIICHUSIMH TPUBOJAMMBIX HUMH 4YacTeu
pediekTopa mepeMeNIaT U CPEACTBa, BXOAIINE B CHCTEMBI MX O0OE3BEIIMBAHMS.
MHorue u3 OCTaJdbHBIX CIOCOOOB OO€3BENIMBaHUSA (ITACCUBHO — AKTHUBHBIX H
aKTUBHBIX) UMEIOT CJIOKHYIO0 KOHCTPYKIHMIO M ObUTH Obl HEYIOOHBI JIsl pean3aliu B
ycinoBusix mexa AO «MCC». B pesynbrare, Hamnbosiee 3(PGEeKTUBHBIM CIOCOOOM
oOe3BemmBanus B ycnoBusx mexa AO «MMCCy» Ob11 BBIOpaH crmoco0d o0e3BeIIMBaHUS
cnull pedaeKkTopa AaHTEHHBI, OCYIIECTBISEMBIA MOCPEJACTBOM MEXaHHMYECKON
CHJIOKOMIICHCUPYIOIIEH CHUCTEMBI, COCTOSIIEH M3 KapeTOK M TPOCOBOTO IOJBECA C

PETYJIMPYEMOM CUJION €T0 HATSIKEHUS.
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2. O0BbEeKT U MeTOAbI UCCACTOBAHUSA

B xauectBe oOBeKTa MHCCIEIOBaHUSA BBIOpAaH CTEHJ ISl PACKPBITHS
pedrexTopa aHTEHHBI ¢ BOCBMBIO CITULIAMU TUaMETPOM 8,6 METPOB.

IIpeaMeroM wuccjieq0OBaHHMA  SBIIIETCS  MOJEIMPOBAHHE  HA3EMHBIX
UCTIBITAaHUHN pe(IEKTOPOB aHTEHH, KOCMUYECKUX allapaToB Ha CTEH/E C aKTUBHOMN

CHCTEMOM 00e3BEIINBAHMS.

2.1 Onucanue KOHCTPYKUMHU peduiexkTopa ¢ AuamMeTrpoM 8,6 MeTpoB U

MpoIecca ero pacKpbITHS

Ha crenne, paspadarsiBaeMom AO «MCC» u KTU HIT CO PAH B pamkax
OKP «Kemuyr», maHupyeTcs UCHBITBIBATH AHTEHHBI C pediaeKkropamuy,
COCTOSIIIIIMU U3 YETHIPEX, IIECTH, BOCBMU MJIU ABEHA/ILIATH CIUL C AUAMETPAMH 10
24 MeTpoB.

[Ipeanonaraercs,, 4TO Ha 3TOM CTEHJE€ UCIBITAaHUS U Ha3eMHas OTpabdOTKa
MEXaHUYECKUX YCTPOMCTB pedIeKTOPOB aHTEHH MOKET MPOBOJIUTHCA B JIBYX
BAapUAHTaX MX PACKPBITUS: «PACKPBITHEM BBEPX» U «PACKPBITUEM BHU3». B nepBom
BAapUAHTE TOCIJIE PACKPBITUS PEeQIIEKTOpP AOJKEH 3aHATh TAKOE MOJOKEHHE, MPHU
KOTOPOM CETEIMOJIOTHO OTpakaTelid aHTeHHbI Oy/eT HaxOIWUTbCs Haja HUM. Bo
BTOPOM BApHAHTE CETEMNOJOTHO OTPAXKATENsl AaHTEHHbl [IOCJIE PACKPBITUSA
pedaexkTopa JOJKHO HAXOIUTHCS MOJ HUM. AHTEHHBI B cOOpe (C 3aKpeIICHHBIM
Ha pedraekrope CceTenoJoTHOM) OyIyT pacKpbIBaTbCs TOJIBKO [0 BTOPOMY
BApUAHTY.

OO6mmit Bua aHTeHHBI ¢ pediiekTopoM 8,6 METPOB MPEJCTABICH Ha PHC.

2.1.
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Pucynoxk 2.1 - Peduiextop ¢ nuamerpom 8,6 M B paboueM MOJI0KCHUU:

1 — cunoBoit Kapkac, 2 — CETenoJI0OTHO, 3 — CTPYKTYypa hopMooOpasyromast

PackpeiTe aHTEHH IPOUCXOIAUT MOJ AEHCTBUEM BXOMSALIETO B €€ COCTaB
MeXaHu3Ma BbIIBHKeHU MauThl (MBM). DTOT MeXaHU3M NPUBOJUTCS B JICUCTBUE
BCTPOEHHBIM B HET'O 3JIEKTPONPUBOAOM, CBSI3aHHBIM Yepe3 PEAYKTOpP (THUIA «BUHT
— raiikay», peeuyH0-3yOuaThiii, ITHEKOBBII) C MaudTOM, BBIJBUTAEMOI B Ipoliecce
packpbITUs pedieKkTopa aHTeHHbl M3 BHYTpeHHeH udactu MBM, koTopas uepes
MPUKPEIUICHHBIE K HEW M CIOHIlaM JICHTOYHBIC OTTSDKKU (TSTH) PAacKphIBaeT
nocyieHue (MMOBOPAuYMBAET BOKPYT IIAPHUPA UX KPETUICHUS Ha KOPITyCE aHTECHHBI)

70 TpeOyeMOro UX MOJIOKCHHS B IITATHOM pexuMe €€ dKCILTyaTauu (puc. 2.2).
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mazea

nodxoc

Pucynox 2.2 - Tlonmoxxenue criuiibl peduiekTopa 10 Havana €€ pacKphITHs

(a) 1 B IPOMEKYTOUYHOM TOJI0KEHHUH (0) B MPOIIECCEe PACKPBITHS

s anteHH guametpoMm 10 10 MeTpoB crouibl pedIeKTOpOB OOBIYHO
BBITIOJHSIOT OJHO3BEHHBIMH, T. €. HE HM3MEHSIONMMH CBOIO (GopMy B Mpoliecce
packpbeiTsi  aHTeHHbl. Koprmycel cnuil ¢ LENb0  YMEHBIIEHHS  Beca
W3IOTaBIMBAIOTCS IIyCTOTENBIMM M3 YIVICIUIACTUKA IIPSIMOYTOJIBHO-OKPYIJION
dbopmbl B moriepedHoM ceuenuu (puc. 2.3). B cunoBoii kapkac pedaekropa BXOIUT
OJlHAa CIIHMLA KpPYIJOro CEYEHHUs, Yepe3 KOTOPYH pPEQIIEKTOP COEIUHSAETCS

IIAPHUPHO C KOPITYCOM KOCMHYECKOTO armapaTa. [9]
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OCh pPaseopoma
CRUY b

YEeHMP MACC CRUY b1

Kpenngxiie mAazii
Ha MAyme

Pucynok 2.3 - Cnuna peduiektopa aHTEHHBI B cOope

JUIst yBEIMYEHUS NEPENaBacMOro Ha CHHUIYy KPYTALIEr0O MOMEHTa IpH
BBIZIBKEHUM MayThl B Hayajieé MpOLIECCa PACKPBITHS AHTEHHbl Ha CHOUIAX B
HEKOTOPBIX BapUaHTaX pean3aliy peQieKTopa pa3MeNatoT MOAKOCHI, paCKpbIBa-
eMble MOJ JEHCTBUEM TAr (OTTSKEK) MPU HayaldbHBIX IMEPEMEIIECHUSX MayThl
aHTEHHBI elle 0 HaJyajla pa3Bopora (packpbiTus) cruibl. KunemaTuyeckas cxema
TAKOI'0 BapHaHTa MCIIOJHEHUS pe(IeKTOpa NPUMEHUTEIBHO K OJJHOU U3 €ro CIIHIL

npecTaBieHa Ha puc. 2.4.

0Ch PA3_OPOMA
cnuy b

YEHMp MACC CRUY b

KPennesiie macu
Hd Maume

Pucynox 2.4 - Kunematuueckasi cxeMa MeXaHHU3Ma pPaCKpPbITHS

OJIHO3BEHHOM CIHUIIBI pePIIEKTOPa aHTEHHBI C UCTIOJIB30BAHUEM MOJKOCA

2.2 MeToabl HccJIe10BaHUS

B pamkax pazpabaTbiBaeMOro mpoeKTa MPUMEHUMBI CIICTYIONTHE METOIbI
UCCIIEOBAHUS:

- AaHAJIUTUYECKUM;
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- KOMITBFOTEPHOT'O MOJICITUPOBAHUS;

- Ha 3aBOJICKMX CTEHJIaX B UCKYCCTBEHHBIX YCIIOBUSX;

- Ha HATYpPHBIX 00pa3iax B peaIbHbIX YCIOBHUSX.

[IpumeHeHne TOro WM HWHOTO METOJAa B KOHKPETHBIX YCIIOBUSX
onpenenseTcs TpeOyeMou, UCX0/I U3 3a71a4, TOCTaBJICHHBIX Ha KOHKPETHOM 3Tare
paboThl, TOYHOCTBIO U JOCTOBEPHOCTBHIO PE3YyJbTaTOB, HEOOXOJAUMBIM 00BEMOM
uH(OpMaIuu, HEOOXOTUMBIMHU 3aTpaTaMd BpPEMEHHU, CPEIACTB W Tpyda MpHU
MIPUMEHECHUH PA3JIMYHBIX METOAOB UCCIICOBAHUIA.

AHaJIMTHYECKHII MeTOo UCCTIe0BaHMI

AHanu3 U pacyeT CUCTEM U PEKUMOB PabOThI, MOTYT OBITh MPOU3BEIECHBI
HA OCHOBE CYIIECTBYIOIINX AHAUTUTHUYECKUX METOJ0B HCCIICIOBAHUM.

OnHaKO TOYHBIA AQHAJUTHYECKHM PpAacueT HEJIWHEHMHBIX WJIM CIIOKHBIX
JUHEUHBIX CHCTEM MPEJCTABISIET COO0M TPYIHO pa3pemmmyro 3anauy. [loatomy,
WH)KEHEPHBIC UCCIISOBAHUS IIEIECO00pa3HO MPOBOJAUTH, coueTas MpUOIHKEHHbBIC
AHAIUTUYECKUE PACUETHI C IKCIIEPUMEHTAIBHBIMH UCCIEIOBAHUSMM.

AHQIUTHYECKUA METOJ HCCIACAOBAHUM HEOOXOIUM TMPEKIE BCEro s
MaTeMaTUYECKOr0 ONMUCAHUSI OOBEKTA MO JaHHBIM, MTOJTYYEHHBIM MPU MPOBEACHUHN
AKCIIEPUMEHTAIBHBIX UCCIICIOBAHUM.

MeToa KOMIBIOTEPHOT0 MOJACJTUPOBAHMS

B ocHOBy MeTOona MaTeMaTHYECKOTO MOJIECIUPOBAHUS CUCTEM IOJIOKEHO
MOHSATHE MaTEMAaTHYECKONW MOJeIu OO0BEeKTa HccienoBaHuii. B 3tom ciyuae
MPEAMETOM HCCIEOBAHUSI CBOMCTB CHCTEM CTAaHOBHUTCS He camMa (usnueckas
CHUCTEMA, a €€ MaTeMaTUYECKasi MOJIEJIb, OMUCHIBAIONIAS TUMHAMUYECKHUE MPOLIECCHI,
npoucxojsmue B cucteme. CienoBaTellbHO, MaTeMaTUYE€CKOE MOJICIIMPOBAHUE
clieayeT MOHMMATh KaK pelleHue 3ajauu mpeoOpa3oBaHUsl CUTHAJIOB B CTPYKTYpE
MAaTEMATUYECKOM MOJEIM BO B3aMMOJCHUCTBUUA C CUTHAJaMHW YIIPABJIECHUS U
BO3MYIIICHUS, OMPEACISIONUME YCIOBUS (YHKIIMOHUPOBAHUS HCCIIETyEeMOM

CHCTCMBHI.
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OnHMM U3 BOXHEUIIUX KPUTEPUEB KayecTBa Pe3yJbTaTOB MOJICIUPOBAHUS
SBIIIETCSL TOYHOCTh. OHa 3aBUCUT OT MHOTHX (DAaKTOPOB, CpPeld KOTOPBIX CIICAYET
BBIJICTTUTH:

1) TOYHOCTH COOCTBEHHO MaTeMaTHYECKOW MOJICITH 00BEKTa;

2) TOYHOCTH BBIUHCIIUTEIIS.

MeToa CTEHA0BLIX MCCJIeJ0BaAHUN

[TpoBeneHne UCTIBITAHUM PACKPBITHS pedIeKTOpa aHTCHHBI B IPOIIECCE €To
pa3paboTKi B pealbHBIX YCIOBUSX HEBO3MOXKHO, a 3allyCcK YCTpoicTBa 0e3
IPEIBAPUTEIBLHBIX UCIBITAHUN MOJKET OKA3aThCs JOPOTOCTOSIIMM MEPOIIPUSTHEM.
B CBS3M ¢ 3TUM CTaHOBHTCS aKTYaJlbHBIM CO3JaHHE CICIHAILHBIX CTCHJIOB,
MO3BOJIAIOIINX HCTBITHIBATh PACKPHITHE PE(ICKTOPOB AHTECHH B HCKYCCTBEHHO
UMUTHPYEMBIX YCIIOBHSIX HEBECOMOCTH.

[lenpro CTEHIOBBIX HMCCIEIOBAHUHN SIBIISETCS TPEIBapUTEIIbHAS MPOBEPKA
OTIBITHBIX O0OPA3I0B YCTPONCTB B YCIOBHUAX, HMUTHPYIOIUX pealbHbie. O0BbeM U
COJICp)KaHUE OTJCIBHBIX JTAllOB JTHX HCCJCIOBAHUN OMNPEICIISAIOTCS IEIbI0

HUCCIIEeI0OBAHUMH.
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3. AJropuTMbl ynpaBJieHUsl JAJsl AKTHBHBIX CHCTeM 00e3BelIMBAHUS
OHOCTEPKHEBBIX CHHUI Pe(pIeKTOPOB AHTEHH KOCMHUYECKHX allaparToB NpH
Ha3eMHbIX HCIIBITAHUSIX UX MEXaHNYECKHX YCTPONCTB

3.1. IlocranoBka 3a1a4 o0e3BelIMBAHUA PeduIEeKTOPOB AHTEHH [JIA

HA3€MHbIX UCIIBITAHUM

Chopmynupyem 3amady, KOTOPYIO JOKHA peliaTh B pa3pabaTbiBaeMOM B
OKP «KeMuyr» crTeHJe cuUCTeMa AaKTUBHOTO OO0E3BEIIMBAHUSI HCIBITYEMbIX
MEXaHUUYECKUX YCTPOUCTB peIEKTOPOB aHTEHH.

Ot cucrembl aKTUBHOTO 00€3BEIIMBAaHUSI TPEOYeTCs, UTOOBI B MpOIECCce
UCIIBITAaHUST pabOTOCIIOCOOHOCTH MPUBOJIA PACKPHITUSI AHTCHHBI OH HE MCIIBITHIBAJ
JOTIOJIHUTENBHBIX CHJI W MOMEHTOB, CO3JaBaeMbIX CHJIAMH TSKECTH €€
pacKpbhIBa€MbIX 3JIEMEHTOB, Ha BCEX ATamax MX pabOThI: OT Havaja pacKpbITUS 10
ero OKOHYAHMS W TMpHJAHHU aHTeHHE ee padoucit ¢opmsel. [10,11] Beimonuenue
ATOTO TPEOOBAHUS MO3BOJIUT MPUOIU3UTEH YCIOBHUS PabOTHl MEXaHW3MOB aHTECHHbI
BO BpeMs Ha3€MHBIX CTCH/IOBBIX UCIBITAHUNA K T€M, MPU KOTOPHIX OHU pabOTAIOT B
KocMmoce. Ero peanuzanusi paBHOCUJIBHA PEIICHHUIO 3aJa4yd  OO€3BEIIUBAHUS
AJIEMEHTOB AaHTEHHBI, COBEPIIAIOIINX MPOCTPAHCTBEHHBIEC IMEPEMEIICHUS TPHU €€
PACKpBITHH.

IIpaBoMepHO cYMTATh, YTO CHCTEMAa AKTHBHOI0 00e3BelINBAHMS
PacKpbIBaeMbIX HA CTEH/Je AHTEHH [0/LKHA peliaTh 3aaady olecredeHus:
HHBAPMAHTHOCTH CHUCTEMbI YNPABJIEHUS NMPHUBOJOM PACKPBLITHA AHTEHHBI K
BeCy PacKpbIBaeMbIX €€ 3JIEMEHTOB.

B paspabartpiBaemMoM CcTeHAE OTy 3ajaudy IUIAHUPYETCS PpeIaTh,
oOe3BelMBas KaXxAyl M3 CHULl pedieKTopa aHTEHHbI 3a CUET HX TPOCOBOTO
BEPTUKAJILHOTO TOJBECAa HA KapeTKax, MepeMenaronuxcs Haj pedeKTopomM Ha
TOPU30HTAIBHBIX HAMPABISIOMIMX B IUIOCKOCTSX PACKPBITHS CIHI. JTH KapeTKU
JIOJDKHBI paboOTaTh B PEKHUME CIEKEHHS U B MPOIIECCE PACKPhITUS pediiekTopa
o0ecreynBaTh ¢ MAKCUMAaJIbHO BO3MOKHON TOYHOCTHIO BEPTUKAIHHOE TIOJIOKECHHE

TPOCOB TMOJBECA CIIUII. HeoOxomumele Uit 00€3BEIIMBAHUS CHOUI[ CHJIIBI
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HATSOKEHUST B TPOCaxX WX TMOJBECAa B CTEHJE MOJDKHBI 00€CTeunBaTh CHUCTEMBI
ABTOMATHYECKOTO YIPABJICHHS HATSKEHHUEM TPOCOB, KOTOPBIE C ITOW IIEIBIO
JIOJDKHBI C TIOMOIIBIO DJICKTPONIPUBOJIOB HE TOJIBKO TMOJJIEPKUBATH TpeOyeMble
CWJIBl HATSDKCHHSI TPOCOB, HO W HAMAThIBaTh Ha KATYIIKA OCBOOOXKIAFOIIHECS
JaCTH TPOCOB IOJIBECA HA KATYIIIKH, pa3MEIEHHbIC Ha KapeTKaXx.

Jlns o0e3BemMBaHus KaXa0W CrHIbl pediekTopa HE00X0IUMO, YTOOBI B
npoiiecce ee paboThl CyMMapHBI MOMEHT BpAIleHUSI OTHOCUTEIBHO IIEHTPa Macc
CITUIIBI TIO/JIEPIKUBAJICS B IIPOIIECCe PACKPHITHS pedIeKTOpa Ha HYJIEBOM YPOBHE.

JlaHHOE yTBepkJieHHEe ObLIO OBl CIpaBEeMJIUBBIM B TEX CIydasx, KOrjaa
pemasiach Obl 3a7adya OOE3BEIIMBAHMS CHUL] (WJIM KAaKUX-TO JPYTUX H3ACIHAN
HEeU3MEHsS-eMorl  (OopMbI), CBOOOJHO TMEPEMEHIAIOMIUXCI B TPEXMEPHOM
MIPOCTPAHCTBE U 3aKPETUICHHBIX Ha BEPTUKAIIBHOM TPOCE B UX IICHTPE Macc.

IIpu packpeiTiu pedieKTopoB aHTEeHH Ha paspadarsiBaeMoM B OKP
«KeMuyr» cTeHae KasKAYH0 0JJHO3BEHHYIO CIIHILY CJIeyeT paccMaTpUBaTh Kak
0aJIKy, IIAPHAPHO 3aKPeNJIeHHYK) CBOMM OJHHM KOHIIOM HA HENOIBHKHOM
OCHOBAHHMH ¥ TO/BEIIMBAEeMYyI0 Ha Tpoce (He 00513aTeIbHO C 3aKpelieHneM
ero B LIEHTpe Macc IToM OaJjikm). PacueTHas cxema pacKpbITHS CIHIBI B 3TOU

MHTEpIIpETalNY Npe/icTaBieHa Ha puc. 3.1.

OCHOBAHHEC

Ve

Pucynox 3.1 - Cxema TpocoBOro 00e3BeIMBaHUS OATKH, IIIAPHUPHO

3aerHHCHHOﬁ OJHHUM CBOHUM KOHIIOM Ha OCHOBAaHHNU
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B »T0if cBs3m 3amada oOecriedeHWs] WHBAPUAHTHOCTH PadOTHI MPHUBOA
PAcKpBITHSl CIHIIBI OT €€ Beca CBOAUTCS K CO3JaHUI0 CHCTEMOW aKTUBHOIO
o0e3BeIMBaHUs CTEH/]a TAKOM CHIIBI HATSHKEHUS TPOCa, KOTOPasi B COBOKYITHOCTH C
BECOM CHUIBI MPHU JIIOOBIX TMOJOXKEHUSAX CHHUIBI BO BpeMs €€ paCKpPbITHS

oOecrnieunBasa Obl BBITOJHEHUE CIICAYIOMINX YCIOBUM:
MA(G)+M,(F)=0; (3.1)
FAo(G)+F,(F)=0. (3.2)
B paBenctBax (3.1) u (3.2) ucnosiib30BaHbl CIEAYIOMINE 0003HAYCHUS:

G _ BexTop CHIIBI Beca 0Ge3BEIIMBACMOIT CIIHLIB;

F_ BCKTOP CHJIbI HATAKCHHUSA TpOCa O6€3BCH_II/IB3HI/I$I;

MA(G)

— MOMCHT, COSIIaBaCMBIP'I BCKTOPOM CHJIBI BCCa  CIIMIbI

OTHOCHUTEIBHO OCU A €€ pa3BopOTa NpU PaCKPBITHH;

Ma(F)

— MOMCHT, CO3I[aBaeMBIf/'I BCKTOPOM CHJIBI HATSOKCHUA Tpoca

OTHOCH-TEJIBHO OCH A €€ pa3BOpOTa MPU PACKPHITUH;

FA(G)

— BCKTOP CHIJIbBI AABJICHHA Ha HIAPHHUPHOC COYICHCHUC CIIMIbI C

OCHOBAHUEM, COSHaBaCMBIfI BCKTOPOM CHIJIBI BECA CITMIIBI;

FA( ) — BEKTOP CHWJIbl JABJICHHWS HA IMIAPHUPHOE COWIECHECHHUE CIHIIbI C
OCHOBAHHMEM, CO3/IaBAEMBIN BEKTOPOM CHJIbI HATSHKEHHS TPOCA.

PaBenctBa (3.1) u (3.2) 1 ABJSIIOTCA YCJIOBUAMH a0COJIOTHOI UHBAPHU-
AHTHOCTHU PadoThl MPUBO/IA PACKPBITHS CIIUILI AHTEHHBI OT €€ Beca, KOTOPhIC
JIOJDKHA 00ECIICUNTh CHCTEMAa aKTUBHOT'O 00€3BEIITMBAHUS CTCH/IA 34 CUCT

reHepaliy Ha BCEM MEPUOE PACKPHITUS pedIeKTOpa aHTCHHBI TAKOW CUIIBI

HATSDKEHUS TpOca ( ) AHTEHHBI, TPU KOTOPOU BBIMOJIHSAIOTCS IAHHBIE PABEHCTBA.
Anipuopu ciienyeTr mpu3HaTh, YTO JOOUTHCS TP CTEHAOBBIX HCIBITAHUSIX
MEXaHUYECKUX YCTPOMCTB aHTCHH a0COJIIOTHOM MHBAPUAHTHOCTH K BO3JEHCTBUAIM

Ha HUX BCCA PACKPBIBACMBIX 3JICMCHTOB aHTCHHBI IIPH 3aKJIaAbIBACMBIX B pa3pa6a-
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THIBAEMBIN CTEHJ] CUCTEM aKTUBHOTO OOE3BEIMBAHUS HE YIACTCS B CHIIY IIEJIOTO
psina npuduH. [lepeyrcinm oCHOBHBIE U3 HHUX.

1. B Tex cimydasx, Korjla MEXaHU4YEeCKUEe yCTPOCTBa pedIeKTOPOB aHTEHH
OyZlyT UCIBITHIBATHCS HA CTEHJIE MPHU MOJHOW COOpPKE aHTEHHBI (C 3aKPETICHHBIM
Ha peQIIEKTOpE CETENOJIOTHOM OTpa)KaTelisi aHTEHHBI), TPYJAHO OyAET ONpeneauTh
MECTOTMOJIOKEHHE IIEHTPa MacC CIHMIIbI U MOJIEPKUBAEMOM €10 YACTH CETEIOJIOTHA
orpaxareins. K ToMy ke, oH OyJleT MEHSTh CBOE MOJIOKEHUE B 3aBUCUMOCTH OT
yriia packpbitus ¢ CruIsl.

2. He yuuThIBaeTCsl KOHEUHAsl )KECTKOCTh DJIEMEHTOB CIIUI] aHTEHH, B CBSI3U
C KOTOPOM MPU UX PACKPBITHUH U3MEHSIETCSI HE TOJIBKO UX YIJIOBOE MOJIOKEHHE, HO
U CBS3aHHBIE C UX THOKOCTBIO MPOTUOBI U CMEIICHUS IIEHTPOB MAcC CIUI[ WM UX
3BEHBEB.

3. He yuuTtsIBaeTCs BIHMSHUE a3pOJAMHAMUYECKUX CHJI, IEUCTBYIOLIMX Ha

aHTCHHY U €€ Pe(IEKTOP B IIEXOBBIX YCIOBUIX MPHU UX PACKPBITUH.

3.2. Anroputm 00e3BellIMBAHNS CIIUIBI IPU KPeIJIECHWH TPOCAa MmoJaBeca

B €€ IICHTPE MaCC 1 Ha HOI[BI/I)KHOﬁ KapeTke

3amaua oOe3BEIIMBAHUS TPU HA3EMHBIX HCIBITAHUSIX PACKPBITHUS CIIHII
pedaexkTopa B TeX clydasX, KOTJa STU CIHIbI SBISIOTCA OJIHOCTEP>KHEBBIMU,
MOXET OBITh CBEJeHa K PEIICHUIO 3a/auyd O0O0E3BEIIMBAHUS OaiKku, MIAPHUPHO
3aKpEMJICHHOM OJIHUM M3 CBOMX KOHIIOB Ha ’KECTKOM OCHOBAaHWHU, UMUTHPYIOIIEM
KOpPIyC ~KOCMHYECKOr0  ammapara. YIOpoIleHHass cXema Takou  Oaiku,
00e3BelIMBaEMOl  C¢  TOMOIIbIO  CHUCTEMbl ~ AaKTUBHOTO  OOE3BEIIMBaHUS,
MCIOJIB3YIOIIEH TPOCOBBIM MOJIBEC U KAPETKOM, MPEACTaBIEHA Ha puc. 3.2.

Ha sToM pucyHke HCIONIB30BaHbI cienyromue obo3HaueHus: b — Ganka
m-Ho AB, Tp — Tpoc nmoaBeca 6anku, K — kapeTka s ee mojBeca, nepemeria-
OIasca Mo Topu3oHTadbHOM Hampasistouler H. Ilpexmomaraercs, yro maHHas
Oaika IIApHUPHO 3aKpeIuieHa Ha ocHOBaHmM B Touke A. Ee mentp wmacc

Haxoautcs B Touke C. Kpenwurces 6anka Ha Tpoce B Touke C (B ee IIEHTpe Macc), a
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BEPXHUU KOHEIL TPOCA 3aKPEIUIEH HA IIITyJie, pa3MENICHHON Ha KapeTke K, koropas
OCHAIlleHA CHCTEMON aBTOMATHYECKOTO YIPAaBJICHUSI CUJION HATSHKEHUS Tpoca U
clendieid CUCTEeMO#, oOecreuMBaroliell MpHU HCIBITAHUU MPUBOJA TOBOPOTA
OaJIKK, pa3MelaeMoro B TOYKE A, TaKO€ IMEpEeMEIIEHUE KapeTKh MO TOpPU30H-
TaJbHOW HAINpaBISAIONIEH TakK, YTOObI TPOC IMOJBECa OCTABAJICS MO BO3MOKHOCTHU

0oJice TOYHO B BCPTUKAJIBHOM ITOJIOKCHHMU.

7 B

Pucynox 3.2 - Cxema o0Oe3BenmmBanus 0aiku, MIAPHUPHO 3aKPEIICHHON

OJHHUM N3 CBOHMX KOHIOB Ha > KCCTKOM OCHOBAaHHUH

3amaya aKTUBHOM CHCTEMbl OOE3BEIIMBAHUS CBOAMTCS K MUHUMHU3ALUU
BJIUSIHUS BCEX YCTPOMCTB, MpEJHA3HAYEHHBIX IJisi OOe3BelIMBaHUs Oalku, Ha €e
JBUKEHHUS B Tpoliecce paboThl MPUBOJA €€ pacKpbITHs. byneMm monaraTe, 4Tto B
UCXOJAHOM COCTOSIHUM Oajka Iepel HayajioM paboThl €€ MPHUBOJA PACKPBITHS
HAXOJIUTCS B BEPTUKAJIBLHOM MOJIOKEHUHU. E€e OTHOCUTENbHOE YIIIOBOE MOJIO0KEHUE
B IIPOLIECCE PACKPBITUS OMPEIEISAETCS YIIOM o, @ TEKYIIEE YIJIOBOE OTKIOHEHHE

Tpoca OT BEPTUKAIH — yriIoM f3.
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3amaua cuctembl obOe3BemmBanus akTHBHON (COA) — HeWTpaim3oBaTh
BIIMSIHME Beca 0allki Ha MPOILIECC €€ pa3BopoTa («PACKPBITHS»), KaK 3TO Obl UMEIO
MECTO TpPHU €€ PACKPHITUM B KOCMHUYECKOM IPOCTPAHCTBE. DTO 3HAYMUT, YTO B
ujeane TpeOyeTcss 00ECeYnTh B MPOIIECCE PACKPBITUS OAKH CYMMAapHBIE CHJIBI U
BpallalouMe MOMEHTHI, MepeaBaeMbleé Ha Hee OT TPOCOBOTO IMOJBECAa U CHUJIbI
TSOKECTU OajKy, paBHBIMU HyN0. IMEHHO 3TU TpeOOBaHUS W MPEIONPEICIISIOT
anroputM padbotel COA.

OnpenenuM, yka3aHHbIEC BBIIIE CUJIBI U MOMEHTBI, UCIIOJIb3Ysl IPUHSTHIEC B
nozApaszaene 1.2 o603HaueHus U nojaras B JaJIbHEHIIIMX MaTEMaTUUE€CKUX BBIKJIA]I-

Kax, 4TO OCHTP MaccC OaJIKn HaxXoauTCsa OT LOCHTpPa €€ IoABCCAa Ha PaCCTOSHUU

L, = AC. B Takom ciyuae cuny Beca 6aiku G mpu ee yriie OBOpOTa, PAaBHOM

O, MOKHO pa3lIOXUTh Ha JBe B3aMMHO cocraBisironmx G; u G,, nepsas us3

KOTOpBIX OpPTOrOHAJbHA OCU OAlKM, a BTOpas — HalpasjeHa o 3Toi ocu. llpn

9TOM
G,=G-Sina; (3.3)

G,=G-Cosa. (3.4)
[TogoOHBIM e 00pa3oM pa3yiokUM Ha B3aUMHO-OPTOTOHAIbHBIE COCTABIISA-
omne U cuny F HarsbkeHust Tpoca. B pesynbTaTe mpOeKUrsi 3TOM CHIIbI HA OCh

OaJIKK OTIPEACIUTCS KaK
F,=F-Cos(a—pB), (3.5)
a OPTOrOHAJIbHAS K HEW IPOEKIUsA
F,=F-Sin(a—p). (3.6)
B Takom ciydae oOycioBiieHHBIH naericTBHeM Beca Oanku G u cuioi

HATSDKEHUS Tpoca F Bpalllaroiiuii MOMEHT OTHOCUTEIBHO OCH MIapHUpa A MOKET

OBITH OTpeJIesIeH KaK
Mpa=Lsc-(F,=Gy)=L,c-(F-Sin(a—B)-G-Sina), (3.7)

a nerictByromas nof BiusaueM G u F BIoJib ocu Oajku Ha ee omopy B

TOUukKe A cujia
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Fa=G,—F,=G-Cosa—F-Cos(a—p). (3.8)
Ob6e3BemnBanue 0anku OyAeT UACaIbHBIM B CUTYallUsX, KOTAa

M,=0 u F,=0. (3.9)

JIis  BBIMIOJIHEHUS STUX YCJIOBHHA HEOOXOAMMO, 4YTOOBI B MpoIliecce

Pa3BoOpOTa Oanku Imoa I[GﬁCTBI/IeM C€C IIPHUBOJA BBIITIOJIHAIIOCH YCIIOBHUC

Mp=L,c-(F-Sin(a—B)-G-Sina)=0, (3.10)
49TO PpaBHOCHUIIBHO Tpe60BaHI/IIO, tITO6I>I BCIIMYMHA CUJIbI HATSDKCHHA TPOCa
F :G.Sins(igfﬁ)_ (3.11)
A€ 34€Chb U JajIec
F2|F; G2|G|. (3.12)

B stom cnydae cormacuo (3.8) u (3.11) Oyner BBINOJHATBHCS U BTOPOE
ycioBue u3 (3.9).

CrnenoBaTenbHO, B TPOIECCE Pa3BOPOTa OalKH C IEIbI0 HCKIIOUYEHUS
BIIUSIHUA €€ Beca Ha pal0oTy MPHUBOJHOTO JBUTATENSI CHUJIa HATSKEHUS Tpoca

JIOJKHA YJIOBJIETBOPATH ycioBuio (3.9) U, 3HAYUT, 3ajaroliee BO3ACHCTBUE Fy0T

Ha CHUCTEMY AaBTOMATHMYECKOIO YIIPABICHUS  HATSHKEHUEM TpOCa B CHUCTEME
aKTUBHOTO 00€3BEIIMBAHMS OAJIKK cleAyeT (popMUpOBaTh Kak
F3an _G.— Sin o . (313)
Sin (a.—B)

OnHo OyzAeT paBHO cujle Beca OaJIKu JIMIb B TOM Ciy4ae, KOrjaa cieasiast
CHUCTEMa KapeTKH B TIpollecce pa3BopoTa Oanku OyaeT olecrneuuBaTh CTPOTO
BEPTUKAIIBHOE TIOJIOKEHUE TPOCa O/BECA, T. €. BBINOIHATE yeoBue [3=0.

Anroputm  (3.13) pemeHus 3agauu  O0O€3BEIIMBAHUSA  MIAPHUPHO-
3aKPEMJICHHO-TO U3JIEusi, MO-BUIUMOMY, SBIIsSIETCS Hanbosee nmpocThiM. OHAKO
ero peanusalnusi MpH CTEHAOBBIX HCHBITAHUSX HE TapaHTUPYeT aOCOJIOTHOM
WHBAPUAHTHOCTH PAOOThl MEXAHMUYECKUX YCTPOMCTB peduieKTopa OT Beca CIUII,

TaK KaK Ha TMPaKTHKE TPYAHO (a MOXET JaKe MPAKTHUYECKH HEBO3MOXKHO)

00eCIeYnuTh COBMCIICHHUC TOYKH BBIBCCKH TPOCA IMOABCCA CIIMIBI TOYHO B HOCHTPC
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€e MacC B CBS3M C KOHCTPYKTUBHBIMH OCOOCHHOCTSMH CaMOW CHUIBI |
peanm3yeMoro B pa3pabaTbl-BaeMOM CTEHJIE mojiBeca. bomee Toro, 3amgauda
yKa3aHHOW WHBApPUAHTHOCTH OCJIOKHEHA y)K€ OTMEUCHHBIMH B KOHIIE TIOIpa3zeria

2 axTopamu.

3.3. Aaroputrm o0e3BeIIMBAHUS CIHIbLI NPH KpeIJIEeHHH Tpoca

nmoaBE€Ca HE B €€ HECHTPE MacCC U HA MOJABUKHOM KapeTke

CxeMa Takoro mojBeca InpeIcTaBieHa Ha puc. 3.3.

«—> K H

X

Pucynok 3.3 - Cxema o0Oe3BemMBanus 0anku, MIAPHUPHO 3aKPEIICHHON
OJTHUM M3 CBOMX KOHIIOB Ha )KECTKOM OCHOBAaHMU IPU HECOBMA/ICHUU €€ LIEHTpa

MacCC M TOYKH BBIBCCKHU

B nmanHOM ciydae TOuyka 3aKperuieHHs Tpoca TojiBeca £ Ha Oanke He

coBmajaeT ¢ ee nentpom Macc C. Jlanee mojaraeM, Kak U B mojapasjeie 3.2, 4To
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A
L, =AC u uTOo paamyc-BEeKTOp TOYKM BBIBECKM E OTHOCHTENBHO LEHTpa A
o o A
IIAPHUPHOTO COETMHEHUs OaJIKM CO CTOlKoM paBeH L, = AE.
[Ipu TakoM BapuaHTe MOJBEca MPOCKIMU CHJIbI Beca 0ajku Ha ee ocb A A4

U B NEPHEHAMKYJISIPHOM K HEH HampaBlIeHUH OyAyT ONPEIEHAThCA TEMHU XKe

dbopmynamu (3.3) u (3.4), UTO U B pACCMOTPEHHOM BBIIIIE BapUAHTE TO/IBECA, T.€.
G;=G-Sina; G,=G-Cosa. (3.14)

[Ipoekuus cuiibl HaTsDKEHUA Tpoca F Ha HampasiieHue AE Oynet ompee-
AAThCA (popmyIoi

F,=F-Cos(a+v-B), (3.15)

r7e y — yroi Mexay ocbto 6anku AA; u pagumycoM-BeKTOpoM AE TOYKH

3aKpPCINICHUS TpOCa IIoJBECa.
,Z[pyraﬂ coCTaBJomiasd CHJIBI HATKCHHA TpocCa F IIp TaKOM CC
PAa3JIOKCHUH HAa ABA OPTOT'OHAJIBHBIX HAIIPABJICHUA OIPCACIISACTCA KAaK
F,=F-Sin(a+y-B), (3.16)
[Ipu 3TOM MOMEHT BpalleHHs 0alKyd OTHOCUTENIBHO €€ OCH BpalleHuss A B
IapHUPHOM COYJICHCHUH, COBI[aBaeMblf/'I COBOKYIIHOCTBIO CHJIBI BE€Ca 6a.111<1/1 " CHUJIBI
HaTsKCHUA TpOCa €€ IMoJABECa

OTOT MOMEHT B Tpoliecce pa3BopoTa Oajnku OyneT paBeH HYNIO TpH

YCIIOBUHM, YTO CUJIA HATSHKEHUS TPOCca IPH 3TOM OyAEeT NOAAEp>KUBATHCS paBHOU

) .
F_G.—AC.__ Siho (3.18)

' L, g 'Sin(oc+y—B) '

CrnenoBatesibHO, 3aJalolllee BO3JCHCTBUE HA CHUCTEMY aBTOMATHYECKOTO

YHpaBJICHUA CHJION HaATS KEHUS TpOCa BBIBECCKH JOJIZKHO 6I)ITI) PaBHBIM
L AC Sin a

F =G _ .
e L. Sin(a+y—)

(3.19)
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Ecniu mpu sTomM cuna HaTsDKeHHS Tpoca OydeT TOYHO OMNpEeNeNsaThes
cornacto (3.19), To s ee cocrapistomeit F, Brons ocu AE Oyaer crpaBeuIHBO
CJIEAYIOIIEE PACUETHOE 3HAYCHHUE:

G. L AC Sin o
L,z Sin(a+y—B)

L,
=G-—2£ .Sina- Ctg(o+y—P).
[

F,= -Cos(a+y—P)=

(3.20)

Ecan IIpU HA3CMHBIX HWCIbITAHUAX 00€e3BeIInBaeMOe HU34CIINC YyOacTCs

IIOABCCUTL TaK, 4YTO 6y,[[eT BBIIIOJIHCHO YCJIOBHC 'Y:O U omuoKa B pa60Te
cneﬂﬂmeﬁ CUCTCMBbI KapCTKH 6YI[€T HE3HAUUTEIILHON B IICPeCUCTC Ha YIOJI B

OTKJIOHCHHUS TPpOCa OT BCPTHUKAJIHN, TO COCTABJIAIOIIAA F2 CUJIbI HATAKCHUA TPOCa

MOKET ObITh MPUOIMKEHHO OTpeiesieHa o popmyie:

F,=2G-— € .Cos a. (3.21)
LAE

CrnenoBarenbHO, €€ BEJIMYMHA 3aBUCUT OT TEKYILETO YIJIOBOTO MOJIOKEHUS
OaJIKH.

[Ipu BeImONHEHMK yKaszaHHBIX Bbime ycinoBuil (Y=0, B=0) 3anaromee

BoznericTBre Buaa (3.19) MoxeT ObITh 3aMEHEHO Ha 0oJiee TPOCTOE, & UMEHHO:

LAC
AE

T.e. IPUHATO B TOM JK€ BHUJE, YTO M JJISI CUTyallud, KOTJa W3JeNIHe
MOJBEIIMBAETCS B €r0 LIEHTPE Macc.

OTnuuuTenbHON O0COOCHHOCTHIO PACCMOTPEHHOIO B JIAHHOM MOJIpa3jese
BapuaHTa 00€3BEIIMBaHMS OalKW 1O CPAaBHCHHWIO C MPEABIAYIIUM BapUaHTOM
ABJISIETCA TO, YTO Jaxe IMpu HACATbHOM paboTe aBTOMAaTUYECKOM CHCTEMBI
aKTUBHOTO OO0€3BElIMBaHUSI (€€ CIeNAIled CUCTEMbl KapeTKh U CHUCTEMBbI
HaTsDKEHUSI Tpoca II0JBeca), CyMMapHas cuila JaBJICHHUS Ha MOJIIUITHUK
HIAPHUPHOTO TMOjBeca He OyaeT paBHa Hym0. Ee 3HadeHuwe ompenensiercs

BekTopHO# cymmoit G, +F».
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[Mpoekunu cymmsr cun G,+F, Ha ocu Y u Z omopHoro mjis creHia

00e3BelIMBaHUs OPTOTOHAIBHOTO TpeXrpaHHUKa ocel XYZ, NpHUBEACHHBIE K

Touke A (ocu mapHupa) u obosHauaemble nanee kak Fp, u Fj,, cormacno puc.
3.3, paBHBL:
Fay =—F,-Sin (a+y)+G,-Sina; (3.23)
Fa; =F,-Cos(a+y)-G,-Cosa. (3.24)

WTOroBBIN BEKTOp CHIIBI, C KOTOPBIM clUlia OyJIeT AaBUTh Ha OMOpPY B €€
COUJICHEHUH KOPITyCOM MEXaHU3Ma BBIBUKEHUS MauThl pediaexkropa

a €C MOAYyJIb MOJKCT OBITH BBEIYHCIICH 110 (bOpMYHe:

Fa|=F2ay +F2a, - (3.26)

Ota cwia OyJeT co371aBaTh JOMOJHUTEIbHBII MOMEHT CyXOro TPEHHS B
COWICHEHUU CIuubpl ¢ KopnycoM MBM u TeM camMblM MCKaXaTb IPOLECC
packpeITHs pe(IeKTOpa Ha CTEHJIE MO0 CPABHEHUIO C TE€M, UTO OyAeT IPOUCXOIUTH
IIPU PACKPBITUM AHTEHHBI B KOCMOCE. 3aMETHM, YTO HaIlpaBJICHUE MPHIIOKEHUS

CHJIBI FA B COYJICHCHHH B AHHOM CJIy4dC HC NMCCT CYIICCTBCHHOI'O 3HAYCHHA.

Tounas peanu3zanus anroputMma (3.19) ynpasnenusi 06€3BeIIMBaHUEM IIAP-
HUPHO-3aKPETUICHHONW OajaKy SBISETCS OTHOCHTEIBHO CIIOKHBIM B peaM3aIluu
perieHreM, Tak Kak TpeOyeT HWHGOPMAIMIO O TEKYIIUX 3HAYCHHSIX yriaa o
HOBOPOTA GalKK M yria [3 OTKJIOHEHHs Tpoca MoJABECa OT BEPTUKAIK. Ero MOKHO
CYIIIECTBEHHO YMPOCTUTh, €CIU B CIEHASIICH CHCTEMEe MPUBOJIA KApETKH YCTaHO-

BUTL 3a/JaHHOC 3HAYCHHC YTJla B HC paBHBLIM HYIIIO, 4 IPUHATH IOCTOSHHBIM

Box=7- (3.27)

B Takom ciygae mpu ero JI0CTaTOYHO TOYHOM OTPaOOTKE CleasIe
cucteMoit kapetku anroput™m (3.19) moker ObITh 3aMeHEH Ha 0ojiee MPOCTOM,
cooTBercTBYtomuid (3.22). Ilpu 3TOM B mporecce pa3BopoTa Oajqku ycTaBKa B

KaHaJIC aBTOMATH4YCCKOI'O  YIIPaBJICHHA CUJIOM  HaTSKCHUS TpocCa 6y,21€T
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MOCTOSTHHOW M HE MOTpeOyeTCs sl €€ 3aJaHus UCTIOIb30BaTh TEKYIIUE 3HAYCHUS
ouf.

Ho naxe mpu moxactpoiike (3.27) u peanusamuu aiaroputMa (3.22) B
cUCTeMe O0O0€3BeIIMBaHUS HEOOXOJUMOCTh CTPEMHUTHCS COBMECTUTH TOUKY
3aKpETUICHUs TPOCa BHIBECKH Ha CIHIIEC C IIEHTPOM €€ MacC KaKk MUHUMYM TTOTOMY,
qT0 YeM Ooiibllie OyAeT pasHUIla MEXKIY WX TOJOXKEHHUSAMH, TeM OoibIine Oymer

cwia F, B coureHenmn cmunel ¢ KopmycoM MBM M, COOTBETCTBEHHO,

HapyleHue ycnoBus (3.2) aOCONIOTHOM WHBApUAHTHOCTH MPOLECCA PACKPBITUS

CITHIIBI OT €€ Beca.

3.4. BbiOop BapuaHTa BBIBECKH CHMIl PeIeKTOpPOB aAHTEHH /A

pa3paﬁaTuBaeM0r0 cresaa

PaccmoTpenHbie Bhillie 00a BapuaHTa MoABEca 00E3BEIIMBAEMOT0 U3/IETuUs
COMPSKEHBI C TPYIHOCTSIMU B X IIPAKTUYECKOMN peain3aryi.

Haubonee mnpuBnekarenbHbIM BapHaHTOM OOE3BEIIMBAHMS,  KakK YXKe
OTMEYaJIOCh BBIIIE, SBJISETCS NEPBBIA K3 PACCMOTPEHHBIX BApPHUAHTOB, IPU
KOTOPOM TPOC BBIBECKH CIHIIBI KPEMUTCS B €€ LIeHTpe Macc. KOHCTpyKnKu aHTeHH
OOJBIIMX AMAMETPOB M CIHUI UX PEPIEKTOPOB 3aTPYIHSAIOT KPEIJIEHUE TPOCOB
nojBeca B 1eHTpax Macc cnuil. B pazpadoranubix AO «MCCy anTeHHax OOJIbIINX
JIUaMETPOB ISl PACKPBITUS CHUI] pediIeKTopa HCIONb3YIOTCS BCTPAaUBAaEMbIi B
aHTEHHY MEXaHU3M BbIJIBIKEHHUS MauTbl (MBM), npuBoAMMBINA 31€KTPOJBHUIra-
tenem. [12] Tlpu aTom asst packpbITusi peaeKTopa aHTeHHBI ¢ MPUKPEIUICHHBIM K
HEMY CETENOJIOTHOM BCE€ CHHUIbI pedIeKTopa KpEemsTcs K MayTe OTTSKKaMu
JICHTOYHOTO THIa NIUPUHOH mopsiaka 40 mum (puc. 3.4).

Ecnu mpoBoauth Ha paspabateiBaeMoMm B pamkax OKP «Kemuyr» crenpe
packpbITHE peduieKTopa TakK, YTOObl B €ro padodyeM MOJIOKEHUU CETENOJIOTHO
0Ka3aJ0Cch HaJl HUM, TO TPOCHI BBIBECKU CIHII JAOJDKHBI OyIyT MPOXOIUThH 4Yepes3
CETENOJIOTHO aHTEHHbI U MPHU PaCKPBITUU €€ pedeKkTopa «Ipope3aThy €ro, 4ro,

€CTECTBEHHO, He aomyctuMo. [lo 3ToN npuurHEe Ha JAHHOM CTEHAE PACKPBITHE
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perJIeKTOPOB AdHTCHH, OCHAIlICHHBIX MCXAaHM3MadMM BBIABHXXCHHUA MadT, MOXCT

IMPOBOJAUTHCS € BBIZIBUXKCHHUEM UX MAayT TOJIBKO BBCPX.

PI/ICYHOK 3.4 - PacnonoxxeHue CIINOBI U TATH €C PACKPLITHUA B

TOPU30HTAJIBHOM TPAHCIIOPTHUPOBOYHOM ITOJIOKCHUHN

Ecnu packpsiTue pedaexkropa mpoBOAUTh Ha CTEHE TaK, 4TOObI B paboueM
€ro MOJOKEHNUU CETENOJOTHO OKa3aloCh MOJ HUM (T. €. C BBIABUKEHUEM MAUTHI
BBEpPX), TO B MPOLIECCE PACKPBITHS OTTSDKKH (TSATH), CBS3bIBAIOLIME CIUIBI C
Ma4ToOl, OyIyT pacrmoyiaraTbCsi HEMOCPEACTBEHHO HaJ MPUBOJUMBIMH UMHU
cnunamu (puc. 3.4), nepeMenaTbcs B BEpTUKAIbHBIX MIIOCKOCTIX PACKPBITHSI CIIULL
U TIEPEKPbIBaTh AOCTYI K CHOUIE AJII TPOCAa CUCTEMBbl aKTUBHOTO O0E3BELIMBAHUS
[0 BCEM IJIMHE CHULBI OT IIApHUpA €€ KPEIUICHWS Ha OCHOBAaHWU AHTEHHBI 10
TOYKH 3aKpEIJICHUS HA HEH OTTSIKKHU.

C y4yeroMm TOro, 4To IIMPUHA TIAT PACKPBITUS crnull nopsiaka 40 M, B
IIPOIIECCE PACKPBITUSA CIIWIL B BEPTUKAIBHOM IIOCKOCTH HAJl CTPOUTENBHOM OCHIO
KaXIOW COUIbl OyIeT TakoW IIMPUHBI 30HAa pabOuyuX IMOJIOKEHUH TAITH ee

PAcKpBITHS M 3Ta 30Ha OYyJIEeT 3aKpbIBaTh CBEPXY LIEHTP MACC CHUIbI B TEUEHHUE
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BCETO BPEMEHU PACKPHITHS peduiekTopa. B 3Toi CBA3M TPOCOBBIN BEPTUKATHHBIN
MOJIBEC CHUIIbI B OAHOKUJIBHOM BapUaHTE €ro MCIHOJHEHUS C KPEIJIEHUEM €ro Ha
CIHULE B 30HE €€ ILIEHTpa MacC M Ha BEPTUKAJIBHO DACIOJOKEHHOM HaJ HHUM
KApETKE HE BO3MOKEH.

Bropoli cxeMOoTeXHHWYeCKHMII BapHaHT O0O€3BEIIMBaHMs, KOIJa TPOC
BBIBECKU KPEMUTCS Ha CIUIE B €€ KOHLEBOM YacTH (MOCIe MECTa 3aKpEeIIeHHUs Ha
HEH OTTSDKKU MPUBOAA PACKPBITUSA) OylIeT psAl JOCTOMHCTB JIMIIb B TEX CIydasx,
KOI/Ia Ha CHOMUAX HE YCTAHABJIMBAIOTCA IOJAKOCHI JJI1 YBEJIWYEHUS MOMEHTOB,
MPUJIAra€MbIX K CIIMIIAM Y€pe3 OTTSHKKU B HaYaIbHbIE MOMEHTBI UX PACKPBITHSL.

Ecin sxe conuuel OyAyT HMMETh MOJKOCHIL, TO MNPHU HA4YaJbHBIX 3Tarax
PacKpBITUSL CIHUI MOJKOC C pa3MElIaeMOl Ha HEM JIGHTOYHOW OTTSKKOM Oyaer
IPENsATCTBOBATh BEPTUKAJIBLHOMY PACIOJIOKEHHUIO OAHOXKUIBHOTO Tpoca 00e3Be-
muBaHus (OyAeT MX MEepexJIecT, OTTSKKA Takke OyleT HaXxoAWTbcs B paboueit
30HE 3TOT0 TPOCa Ha IIEPBOM ATAIE PACKPHITUS pedaeKTopa).

[lo »TOll mpuyMHE W B 3TOM Ciy4yae HEOOXOJMMO BBIOpaTh Kakoe-Iudo
JIPYroe CXEMOTEXHUYECKOE PEIIEHNE NOJIBECA CIMIIBI WM IPUBOAHBIX 3JIEMEHTOB
€€ pacKpbITUs (JICHTOYHYIO OTTSKKY U TIOJIKOC).

VYuuThiBas BbBIIIE U3J0KEHHOE, MPEAJIaraeTcs CIEAYIOIIUA BapUaHT

KPCIUICHUA TPOCOB BBIBCCKHU HA CITMIIAX.

3.5. BapuaHT KpernieHusi TPOCa BHIBECKHU HA CIHIIE B ee HEHTPe MAace C

HCIIOJIB30BAaHHUEM CABOCHHOI'0O €I'0 HCITIOJIHCHHUHA

OTOT BapHaHT BBIBECKM MOXKHO CUHTATh HanOoJiee MPEANOUYTUTEIHHBIM 3
BCEX BO3MOXHBIX BAPUAHTOB KPEIUICHUSI TPOCA BHIBECKU HA CIUIIE, TAK KAK TOJIBKO
B CiIy4yae 3aKperyieHUuss Tpoca MMEHHO B LIEHTPE MacC CHHUIbl MOTEHLHUAIBHO
00eCIeuynBarOTCsl HEOOXOAMMBIEC YCIOBHUS a0COIOTHOM MHBAPUAHTHOCTH TPOIecca
PaCKpBITHUSI CUI] OT WX Beca (ero BiusHMSA). g Takoro pemieHusi mpoOJIeMbI
MOYHO MPHUHATh U PeaIn30BaTh MPU HA3eMHBIX CTEHJIOBBIX MCIBITAHUSIX MEXaHU-

YECKUX YCTPOMCTB peIIEKTOPOB aHTEHH CIICYIONTNE TEXHUUECKHUE PEIICHUSI.
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1. B Mecre meHTpa Macc ChOuibl Ha HEW JKECTKO YCTaHABIMBACTCS
OaHmaxHOE MPHUCTIOCOOICHUE (XOMYT) JUIsl 3aKpEIUICHHs] TPOCOBOTO MojBeca. B
YaCTHOCTH, I TEpelalolluX aHTeHH JuamMeTpoM 8,6 MeTpa Takoe
MPUCTIOCOOJICHHSI JTOJKHO PACToiaraThCsl Ha CHUIAX C MOPSAKOBBIMH HOMEpaMHu
or 2 10 8 Ha paccrosHur 3175+100MM OT oceili MX MOBOpPOTa Ha OCHOBAaHUU
peduiekropa u Ha pacctosaun 32901100 MM — Ha cuioBoM cromimbl Ne |
muametpoM 230 MM, K KOTOpPOM KpemuTcsi OJIOK MEeXaHHYEeCKHHl yCTpoicTBa
OBOpOTa pediekTopa.

2. TpocoBblil TOABEC B HMXKHEW YaCTA MEXKJYy CHULEN U TOJABHKHBIM
POJIMKOM TIOJIMCTIACTA CJIEYET BBITOJHUTH B JBYXTPOCOM HCIIOJIHCHHH, KaK ATO

noka3aHo Ha puc. 3.5. /lnuHa nBYXTpocoBoro noxaseca L, mDoimkHa mpeBbIIATh

amuHy cruisl Las (em. puc. 3.3) oT ee meHTpa Macc OO OCH IOBOpOTa A Ha
BenUUUHY al,., TO €CTh TOKHA BRIOMPATHCS U3 YCIOBUSL:

L, > Lac +aly,. (3.28)

Bxmouaemass B cootHomenue (3.28) BemuumHa al,.  momxna

o0ecrnieunBaTh CBOOOIHOE MTPOXOKACHUE MOJKOCA U OTTSKKHU CIULIBI MEXKTY ABYMSI
TPOCaMU €€ MOJBECA B IIPOLECCE PACKPBITUS CIULBI U3 UCXOAHOTO TPAHCIIOPTHOIO
MOJIOKEHUST 10 €€ pabodyero MoJIOKEHHUs. DTy BEIUYMHY HE TPYAHO BBHIYUCIHTH
MIPU 33JIaHHBIX KOHCTPYKTUBHBIX MapameTpax pediexropa.

3. Jlnsg ynepkaHusi BYX TpPOCOB BBIBECKM CIHIIbI NapajuieIbHBIMH B
MPOIIECCE €€ PACKPBITUSL CJIEIYET YCTAHOBHUTH JKECTKUU (PpuUKcaTOp TPOCOB (puC.
3.5), mociie KOTOPOTO MOBEC BBHITIOIHASTCS B OJHOTPOCOBOM HCIIOJIHCHUH BILJIOTH
JI0 TIITYJIN KapeTKU CUCTEMbI aKTHBHOTO 00€3BEIIMBAHMSI ATOU CIUIIHI M B TOM €TO
3amace, KOTOpbI HamaTblBaeTCs Ha wmmyJiro. [Ipu 3ToM matdymk Beca KeaaTesIbHO
PacCIoJIOKHUTh Cpasy 3a (PUKCATOPOM TPOCOB.

4. Ecnu B co3maBaeMoOM CTEHjJE OyAeT peaau3oBaH 3aJ0KCHHBIM B
KOHCTPYKTOPCKYIO JTOKYMEHTALMIO MOJUCHACTHBIA MOJBEC, TO MOJBUAKHBIA POJIMK

noJjmciacrta CJICAYCT pacnojararb Cpasy KE 3a AATYMKOM BECa. DTO IO3BOJIUT
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CHU3UTDH Tpe6OBaHI/I$I K BBICOTC 1I€Xd, B KOTOPOM IPCAIIOIaracTcsa pasMeCTUTb 3TOT

CTCHA.

[o——0!

Kapetka

Tpoc

DHKCATOP TPOCOB

Tpoc Tpoc

XomyT

Pucynok 3.5 - Bapuant KOMOMHUPOBAHHOT'O TPOCOBOTO MOIBECA CITUIIBI

IIpn BbICOTE Lexa B 11 MeTpOB yka3zaHHasl BbIlI€ KOMIIAHOBKA IOJBECA

cnull OyneT TapaHTUPOBAaHHO MPUEMIIEMOM [IJIi  PAaCKPBITHS  pedIEeKTOPOB

aramMeTpoM 8,6 MeTpa, HO MOXKET OKa3aThCid HEIOCTATOYHOM JJII HCHBITAaHUM

pediiexkTopoB nuamerpom 12 MeTpoB u GoJiee.
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B aT10il cBsi3u mpuaercs MNPUHUMATh PEIICHHE OTHOCUTENBHO BbIOOpa
Jpyroro BapuaHTa BBIBECKM CHUIl (HE B IEHTpax Macc UX 3BeHbeB). Hambonee
IPOCTHIM pEIIEHHEM B TaKOM ciydae OyJleT MEepeHOC TOYEK BBIBECKH, Kak
MUHHAMYM, Y KOPHEBBIX 3BEHBEB CIHUI[ B HMX KOHEL, HO W B 3TOM ClydYae
OJHOTPOCOBBIII BapHMAHT BbIBECKH OyleT HempuemJeMbiM M3-32 €ro
nepexJiecta ¢ MOJAKOCOM M OTTSKKOW Ha TIEPBOM CTaJAWM PACKPBITHS CIIMIIBI.
bonee Toro, nmepeHoc TOYKH BBIBECKM 3BEHA CHMIIbI U3 LIEHTPA €ro Macc B KaKyIo
au00 JAPYryr TOUYKY HpHUBEIET K TOMY, uTo ycjaoBusi (3.1) u (3.2) abcosroTHOM
MHBAPUAHTHOCTH NPOLECCA PACKPBITHA CIHHMIbI OT €e Beca OKAXKYTCH [Jaxe
NOTEHUMAJTbHO He BbINOJHMMBIMH. CreqoBaTeNbHO, OyAeT HeHu30eKHO
CYyLIECTBEHHO HApPYyLIEHA HA CO31aBaeMOM CTeHJAe HMHTALHMA HEBECOMOCTH
IPH PacKpbITHH HA HeM pe(uIeKTOPOB AHTEHH, a 3HAYWUT, U CYIIECTBEHHO
CHU3UTCS 3PPEKTUBHOCTh HA3EMHONU OTPAOOTKH HAa TaKOM CTEH/I€ MEXaHUYECKHX

YCTPOMUCTB pehIEKTOPOB aHTCHH.
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4. OmnpeneneHne OCHOBHBIX KHHEMATHYECKMX 3aBHCUMOCTEN
pa3padaTbiBaeMoOii MAaTeMATHYeCKOW MoOJeJHd TMPOIEcCOB  CTEHJA0OBBIX
UCIBITAHUN MEXaHUYECKHUX YCTPOMCTB pe(pIeKTOPOB AHTEHH

4.1 UcciienoBaHue KUHEMATH4Y€CKOM 3aBUCUMOCTH YIJIOB MEXaHNU3MA

PACKPLITHUSA CIIHII OT BBIABUKCHUA MAYThI

JIJIsl yCTIETITHOTO MOJEHPOBAHUS TPOIIECCOB PACKPBITHS CIUIL pedekTopa
aHTEHH HEO0OXOJAMMO 3HATh KWUHEMAaTHYECKHWE 3aBUCHUMOCTH YTJIOB MEXaHH3Ma
pacKpbITUSl  CHOMI[ OT TMepeMelieHuss MauTbl. PacueTHas cxema A
MaTeMaTUYECKOr0 OMHUCAaHUsSI TpoIlecca PaCKpbITUS  CHUlbl  pediiekTopa
npenacrabieHa Ha puc. 4.1. U3 3Toil cxembl BUIHO, YTO HauOoOJiee BaKHBIMU

yriiaMu, BIUAIOIOMMHA HAa X0 MOACIIMPOBAHUS, ABIAIOTCA YIJIbI O, 9, Q.

B ocHOBYy ompeaeneHusi 3aBUCUMOCTEH YIJIOB MEXaHW3Ma PaCKpBITUS
CHOUIBI OT BBIJBWKEHUS MauThl OBUIM 3aJI0KEHBl MapaMeTpbl 3aMKHYTOM
KUHEMATUUYECKOW IIEMH, BKJIOYAIONIEH OCHOBAaHHWE AaHTEHHbI, madry MBM,
JICHTOYHYIO OTTSDKKY, TOJKOC U camy crimnty (puc 4.1 - 4.1).

N3 »5Tux pUCYHKOB OYEBHJIHO, YTO JUIsl BBIBOJA HaubOOJIEe TOYHBIX
KMHEMAaTUYECKUX 3aBUCUMOCTEH VTIJIOB MEXaHW3Ma PACKPBITHUS CIHUIBI OT
BBIJIBUKEHUSI MAuThl, HEOOXOUMO BCce (Pa3bl pacKphITHs pedieKkTopa pas3ieauTh
Ha TPU MEPUOJA: OT TPAHCTIOPTUPOBOYHOTO MOJOKEHHS pediekTopa 10 MOMEHTa
dbukcanuu mojakKoca, ¢ MOMEHTa (UKCAllMU MOJIKOCAa U JO €ro OTCOEIUHEHHUS, C
MOMEHTa OTCOSMHEHUS MTOAKOCA U 10 pabodero moyiokeHus: pedieKkropa, mpuiem
IPOMEKYTOUHBIM TOJIOKEHUEM (a3bl PACKPBITUS pePIeKTOpa MEXIy €ro
TPAHCIIOPTUPOBOYHBIM TOJIOKEHHEM M (PUKcalMel mojKkoca MOXKHO MpeHeOpeub,
BBUJYy OTCYTCTBHSI €rO CYIIECTBEHHOTO BIIMSHUS HA PE3YJIbTAThI MOACYETA.

JIns ucclieoBaHusl 3aBUCHUMOCTEH KHHEMATHMYECKUX YIJIOB MEXaHHU3Ma
PACKPBITHSI CIUITBI OT BBIIBM)KCHHSI MA4Thl OBLT MCIOJIb30BaH MAaKET PaCIIUpPEHUs
Matlab - Curve Fitting Toolbox, npeanasHaueHHBIH I Pa3TUUHBIX MPUKIATHBIX
3aJlad  anmpoKCUMAIlMd W HWHTEPIOJSIUA JaHHBIX, BKJIOYAOIIMH B ce0s

WHTEPAKTUBHBIE CPEACTBA TMPEABAPUTEILHON O0O0paOOTKMA MTaHHBIX, CPaBHEHHS
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CTaHJAPTHBIX MOJENed M pa3pabOTKU MOJENed MONb30BaTeNs, MOJTOHKH C
MOMOIIBI0O CTAHJAPTHBIX M POOACTHBIX METOJOB U aHajdu3a KadecTBa

arnmpokcumaiuu. [13, 14]

ZchA

Pucynok 4.1 — PacueTHas cxema i1 MaTeEMaTUYECKOTO OMTUCAHUS

IIpoLECcCca PaCKPBITHS CIULBI peduIeKTOpa
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Pucynok 4.2 — ®a3bl packpsiThs pediekropa OT MOMEHTa (PUKCALIMH

OKOCa 0 pabovero MoJI0KCHHS

Vron packpeIiTud ChouIbl O CBA3aH 4YCPE3 JICHTOYHYIO OTTIXKKY,
HCIIOJIB3YCMYIO I PaACKPBITUA CIIMObBI, C IICPCMCIICHHUCM  MAUYThI Z M

YpPaBHEHUEM:
o=K,.(Z,) Z, (4.1)
rie Ky — kKodbduiment nepenaun MexIy NEpeMEIICHUEM MadThl U
YIIIOM packpbiTHs cruibl. CrenyeT 3aMeTuTh, 4To Ky - B Ipolecce pacKpbITHSA
CIUIBI HE OyZIeT BCEe BPEMsI OCTABATHCS MOCTOSTHHOM BEJTMYUHOM.
AHanuTudeckas 3aBUCHUMOCTD YIJIa PACKPBITHS O CHMIIBI OT ITEpEMENICHUS
Z,, MauThl OblIa OMpesieNieHa Mo MapaMeTpaM 3aMKHYTOH KHHEMaTH4eCKOH IIerH,
BKJIFOYAIOLIEN OCHOBaHUE aHTEHHBI, MauTy MBM, JIEHTOBYIO OTTSIKKY, IIOJKOC U

camy crmiy (puc. 4.1). 3Ta 3aBUCUMOCTbH BBITJISIAUT CIEAYIOIUM 00pa3oMm:
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0, mpu 0,2< Z ,<0,9m
a(Z,)=40,729-Z, —0,623, npu 0,9 M<Z <2,0 M (4.2)
-0,174-Z *+1,351-Z -1171, npu2,0m < Z <3,5Mm

T T T T

a, pag

ZM, M
PI/ICYHOK 43 — Fpa(bHK 3aBUCHUMOCTH yTIJla PACKPBITHA CITMIIBI o OT

MECXaHHU3Ma BbIABMKCHUSA MA4YThl ZM

N3 mpencraBieHHoro rpaduka BUJIHO, YTO 3aBUCUMOCTb B KaXIbId W3
NEpPUOJIOB  pacKpbiTusi  pediiekTopa  JTuUHEHHAas,  OTJIMYAIOWAsCAd  JIMIIb
HE3HAYUTEIBHBIM M3THO0B B TPETUH MEPUO, KOTOPHIN YKa3bIBAE€T HA OCTENIEHHOE
YMEHBIIIEHUE CKOPOCTU PACKpPBITHUSI CIHULBl B TPETUH IMEPUOJ PACKPBITHUS
peduexropa. [15]

OnHUM U3 BOXKHBIX KMHEMATUUYECKUX YTJIOB PACKPBITHS CIHUIIBI SBISIETCS
YroJI MEXKIY CIHIEH U MPUCOCIUHCHHON K HEH OTTsDKKOM 0. J[ist MakcHMMabHOM
TOYHOCTH TMPEJCTABJICHUSI ATOW 3aBUCUMOCTH KaK M B MPEIbIAYIIEM Ciydae
MpolleCC M3MEHEHHUs YIJla MEXIy CHUIEd U OTTSKKONW ObUT pa3OuT Ha TpHU
IepUO/Ia.

Ha ocHOBaHMM BBIIECKAa3aHHOTO, a TAaKK€ IApaMETPOB 3aMKHYTOU
KMHEMATUYECKOM 1ENM, BKIKOYAKOUIEH OCHOBAaHWE aHTEHHbl, Maury MBM,
JICHTOBYIO OTTSDKKY, IOJIKOC M CaMmy CIHIly, C IIOMOIIBI CPEACTB IMaKeTa
pacmmpenuss Matlab - Curve Fitting Toolbox Obputa mosydena cremyroras
3aBUCHUMOCTb:

0,261-Z,—-0,048, mpn 0,2< Z <0,9m

0,c(Z£,)=10,174, npu 0,9 M<Z <2,0 M (4.3)

0,215-7Z,-0,189, npu2,0m < Z <3,5m
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Pucynok 4.4 — I'paduik 3aBUCUMOCTH yIjia MEXIy CIUIEH 1

MIPUCOCAMHCHHOMN K HEH OTTSDKKOW 0 OT MeXaHHW3Ma BBIJIBUKCHHS MAUThI ZM

N3 pucynka 4.4 BUOHO, YTO 3aBUCHUMOCTH yIJIa MEXIy CIHIEH U

HpHCOGIIHHGHHOﬁ K HEeH OTTSHKKOM O oT MexaHu3ma BBIIBMKCHHUA MA4ThI ZM’ B

KQKJIbIM M3 TPEX NEPUOJOB PACKPBITUS PEPIEKTOPA, TUHEITHAS.

JlaHHBIA BUJ 3aBUCHUMOCTH OOYCIJIOBJIEH TEM, UYTO IO MEpPE PaCKpBITHUS
MOJIKOCA, MPOUCXOIUT YBEIUUCHHUE yIjla MEXIY CIUIEH U MPUCOCAMHEHHON K HEH
OTTSDKKOM 0, BO BTOpOU MEepHOJT PacKphITHS pediiekTopa JanbHEHIIee HapacTaHUe
yria O orpanuumBaeTcs (pUKcalMer MoaKoca, IOCAC OTCOSIUHEHHS MTOAKOCA, YIoJl
MEXIY CHUIEM M OTTSHKKOM CHOBa IPOJOJDKACT YBEJIMYMBATHCS, IIOKA HE
3aKOHYUTCS MPOLIECC PACKPBITUS pedieKTopa, YTO MOXKHO HATJISIHO MPOCIEIUTh
Ha pUCyHKe 4.2.

Takke HeMaJIOBaXXHBI YIJIOM JJII MOJCIMPOBAHUS MPOILIECCOB CTEHIOBBIX
UCTIBITAHUM PACKPBITUS pedIeKTOpa aHTEHHBI, SIBJISETCS yroj MEXIYy MaudTod U
OTTSKKOU @ (puc. 4.1), KOTOPBI U3MEHSETCS B Pe3yJIbTAaTE BBIABUKECHUSI MAyuThl.
[To aHamOrMYHOMY CIOCOO0Y C UCIOJB30BAHUEM TMPUOIMKEHUS IO METOIy
HAaUMEHBIIUX KBAAPaTOB Obla MOJyYe€Ha 3aBHCUMOCTH yTIJla MEXIYy MauTod Hu
OTTSDKKOH () OT MEXaHM3Ma BBIJBHKEHHS MadThl Z,, ONpeaensieMas CleIyIonM
BBIPAKCHUEM:

—0,052-Z,+1,09], mpu 0,2 M< Z_,<0,9™m

Oyc(Z,)=1-0,291- ZM2 +0,229-Z +1,046, npu09m<Z <2,0m (4.4)

-0,108- ZM2 +0,758-Z —0,465 npu2,0m < Z <35Mm

DTa 3aBUCUMOCTH TpaduuecKu MpecTaBicHa Ha pUcyHke 4.5.
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Pucynok 4.5 - I'paduk 3aBUCHUMOCTH yTiia MEXI1Yy MAauTON U OTTSHKKOU
OT MEXaHMW3Ma BBIIBIDKCHUS MAuThl Z

[TomyyeHnnas 3aBUCUMOCTD IoKasasia, HaJINYNE XapaKTepHOU
«IIEePEIIOMHOI» TOYKH B MOMEHT OTXO/Ia TIOJIKOCA OT OTTSKKH. [16]

Takum 00pa3om, MO U3BECTHBIM MCXOJHBIM JaHHBIM IPOIECCa PACKPBITHUS
pednexkTopa ObUTM BBIBEICHBI KMHEMATHYECKHE 3aBUCHUMOCTU YTJIOB MEXaHH3Ma
PACKpBITUS CIUIl OT MEPEMEIICHUS MadThl, KOTOpPbIE Jajee OyayT MCIOJIb30BaHbI

IIpu MOACIUPOBAHHH ITPOICCCOB CTCHAOBBIX HUCIIBITAaHUA PACKPLITHUA pe(bﬂeKTopa.

4.2 OnpeaesieHue 3aBUCHMOCTH CHJIbI TATH NPUJIOKEHHON K Ma4Te 0T

yrija pacKpbITHA CIIMIIBI U BBI/IBUKCHUA MAYThI.

JJist MOJIeTMpPOBaHUSI MPOIIECCOB CTEHIOBBIX UCTIHITAHUHN PEIIEKTOPOB
aHTEHH, TOMUMO YTJIOB PACKPBITUS CIUIIBI pedieKTOopa aHTEeHHBI, HEOOXO0IUMO
3HATh, KAK U3MEHSIETCS CUJIa TATH CHULbI, TPUIIOKEHHAS YEPE3 JICHTOUHYIO
OTTSDKKY K MauTe.

bananc MOMEHTOB B TOUKE A CIHIIbI PABEH:

MAZ :FT'Sine’LAB—G'Sin(X'LAC=0 (45)
G-sino-L

Fr=—"r A (4.6)
SINO - Lag

Fr, = Fr-coso (4.7)
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Ucxona wm3 3aBucumoctenn 4.6, 4.2 - 4.4 3aBUCUMOCTH CWIBI TATH B

OTTSKKE OT yIjla PacKpbITHS CIMIIBI OIPEeAesieTcs CIeIyoIuM 00pa3oMm:

0, mpu 0=0
C.S-Slna. Lac , ipu 0<a. < 0,872
sin0,174 - LAB 48
FT(a)_< G'Sin(l'LAC ( . )
sin(0,291- a? — 0,098 0:+0,103) - Lag
pu 0,872 <a.<1,430
1m_ T T
8ot
L or
st
2F
D I 1
0 05 1 15

o.paa

Pucynok 4.6 — I'paduk 3aBucumoctu Fr OT yriia pacKpbITHs CIIULIBI O

AHaJIOTHYHBIM 06pa30M OonpeacisiICTCA 3aBUCUMOCTb CHJIBI TATM B OTTAKKE OT

BBIIBHMKCHUSA MAUThI:

O, mpuOm < Z,<09m
G-sin(0,729-Z,, -0,623)- Lac
sin0,174- Lag
G-sin(0,421-Z,, —0,003) - Lac
Sin(0,052-ZM2 —0,041-Z,, +0,103) - Lag

Fr(Zy) = ,mpu 0,9 M<Z,, <2,0 M (4.9)

, qpu2,0m < Z,, <3,5™m
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it

Pucynok 4.7 — I'paduk 3aBUCUMOCTH CHIIBI TATH CHMLBI Fr OT

nepeMEILEHUS MaYThl Z,

3aBUCHUMOCTDL CHJIBI TATH, HpPIJIO)KGHHOI?I K Ma4dTC, OT VyIJIa PACKPBITHUA

CIUITBI onpenensiercs u3 popmyn 4.7, 4.2 - 4.4 u UMeeT CIEAYIOIIAA BUI:

0, ipu 0=0
M -c0s(—0,84-0:+1,09), mpn 0<a < 0,872
sin0,174-L +10
Fra(0) = s o
z G-sina-Lac

: > -c05(~0,365- 0% +1,274- 0,— 0,205),
sin(0,291- a2 — 0,098 0:+0,103) - Lag

npu 0,872 <0<1,430

1III' T T

15

0, paa

Pucynok 4.8 — I'pa¥ik 3aBHCUMOCTH CHJIBI TATH CIMIBI Fp OT yria

PACKpPBITUA CIULBI O

AHQJIOTUYHBIM ~ 00pa3oM  OMpeAeNsieTCs 3aBUCUMOCTh  CHJIBI  TSTH,

HpHJ’IO)I(GHHOfI K Ma4dTe, OT ICPCMCIUICHU A MAYThI:
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0, mpuOm < Z,<0,9m
G-sin(0,729-Z,,—0,623) - Lac
sin0,174- Lag
Fr,(Z,,)=4-cos(—0,291-Z,,2 +0,229-Z, +1,046), mpu 0,9 m<Z, <2,0 m (4.11)
G-sin(0,421-7,,-0,003) - Lac
sin(0,052-Z,,> —0,041- Z,, +0,103) - Lag
.c0s(~0,108-Z,,% +0,758-Z,, —0,465), mpu 2,0 M < Z,,<3,5 M

T T T T T T

o
(=]
T

Pucynox 4.9 — I'paduk 3aBUCHUMOCTH CHIIBI TSTH CITHIIBI, TIPUIIOKCHHON K

Maute Fr, OT mepemelenus MauThl Z,

Takum  00pa3oM, BBIBOJ JTHX 3aBUCHMOCTCH  HEOOXOauM  JIJis
MOJICITUPOBAHUS HAIPY30YHOI'0 MOMEHTA, CO3/]JaBaéMOT0 Ha JBUTATEJIe B MPOIECCe
PACKPBITHSI CIUITBI U CPABHEHHS CHIIBI TATH CHUILI, GOpMUpPYyEeMOW CHCTEMOM ¢

AaHHBIMH, ITIOJIYYCHHBIMH aHAJIUTUYCCKHUM ITYyTCM.
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5. MaremaTrnueckoe MOAeJIMPOBaHME MPOLECCOB  CTEHIAOBBIX
HUCNBITAHUI MEeXaHUYEeCKUX YCTPOHCTB pe()ieKTOPOB AHTEHH
5.1. Ctpykrypa MareMaTH4ecKOH MoOJeJM TMPOIECCOB CTEHI0OBBIX

HCNBITAHNI MeXaHUYeCKUX yCTpOﬁCTB pe(l)HeKTOpOB AHTCHH

MaremMaTH4YecKyl0  MOJi€Jib, OMNHUCHIBAIOIIYI0  MPOLECC  PACKPBITUS
pedaexkTopa aHTEHHBI Ha pa3pabaThIBAMOM CTEHJE, Ha TEPBBIX CTAaIUAX €¢
COCTABJICHUSI ¥ UCCIIEOBAHUS 11eJIeco00pa3Ho (OPMHUPOBATH B BUJIE OOBEIMHECHHUS
OJIHOTUITHBIX MATEMaTUYECKUX MOJIEJEH MPOLECCOB PACKPBITUSA KAXKJIOW M3 CIHIL
pednekropa.

B cBowo ouepenp Kaxkaas W3 YKa3aHHBIX MaTEMAaTHUYECKUX MOJEIEn
PACKpbITUS KaKOW-TMOO CHUIIBI OYJET MpPeACTaBIsATb cOO0M 0O0bENMHEHUE IBYX
MaTeMaTUYECKUX MOJIEIIECH:

* MaTeMaTU4YECKOM MOJIENIM MPOoIlecca PaCKpPBITUS CIHUIIBI pedieKTopa €ro
IITATHBIM TPUBOJOM (JIIEKTPONPUBOJAOM MEXAHU3Ma BBIABMIKEHHUSI MAauyThl),
OTpaXKAOUIEH CTPYKTYpY M HapamMeTpbl KHHEMATUYECKOM LENU U BXOA-BBIXOJIHbIE
OTOOpaXEHUS BCEX BXOJSIINX B HEE AJIEMEHTOB U YCTPOUCTB;

=  MareMaTUYeCKOM MOJEJIM TOM 4YaCcTU  CHUCTEMbl  AKTUBHOIO
00€3BCIIMBAHUS, peaJu3yeMol B CTEHAE, KOTOpas HCHOJIb3yeTcs st

00€e3BEIIMBaHNUA JAHHOU CITUIIEI.

5.2. MaTtemaTnuyeckoe Mo/1eJIMPOBaHMe MPOLECCOB PACKPBITHA CITHIL

peq)JIeKTopa AHTCHHBbI B 3¢MHbLIX YCJI0BUAX

PackpbiTue Bcex cnuil B pedIeKTOpe aHTEHHbI OCYIIECTBIISIETCS
OoIHOTUNHO.  KunHeMmarnueckue cXeMbl HX PACKPBITUS HUMEKT OJHHAKOBBIC
CTPYKTYpY U Mapa-MeTpbl. PacCKpbITHE NPOUCXOJUT C TOMOUIBI0 YCTAHOBJIEHHOTO B
Kopryce (OCHOBAaHMM) AaHTEHHbl MEXaHW3Ma BbLIBUXKEHUS wMauTel (MBM),
AJIEKTPOJIBUraTeNIb B KOTOPOM CBSI3aH 4epe3 3yOuaThlii M IIHEKOBBIA PEAYKTOP C
BbIAIBUTaeMoil UM MauToit (puc. 5.1). Ha BepiiriHe MauThl 3aKperyieHbl JICHTOYHbIE

TATA (OTTSKKH) U3 YTJIEBOJOKHA, BTOPBHIE KOHIIBI KOTOPBIX KECTKO KPEISTCS Ha
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civie. JIsi CHMKEHHSI CONPOTHBIICHHS HATSDKEHUIO TAT HAa HAYaJIbHOM JTarle
PACKpPBITHS CIHII, MOJ KaXXIOM M3 HUX PaCIOJIATalOTCS JIBE POJMKOBBIE OIOPHI,
OJlHa U3 KOTOPBIX pa3MelleHa Ha BepxHeh yactu MBM, a Bropas — Ha nojakoce,
CIIEIMAIIBHO IIAPHUPHO 3aKPEIUVIEHHOM HA CIOUIE W PACKPBIBAIOMIEMCS MOJ
JIEMCTBUEM TSTH JI0 HAaYasla ee pa3BopoTa. DT MOJKOCKHI CIIyXaT Jyuisl o0ecreueHus
0oJiee BBICOKUX YPOBHEH MOMEHTOB OT CHJI HATSDKCHHS TAT MPU MaJbIX yriax
packpeiTud cnuil. B panpHeWmeM, npu AOCTUKEHUU YIJIOM Pa3BOPOTa CIIUIIBI

HCKOTOPOTO Ja o TATH OTXOAAT OT POJIMKOBBIX OIIO H TC YyXC€ HC
HM

OTIPENEIISIFOT UX TeKyIlee moyiokenue. [17]

MaHma masa

nedroc

chnuya

Pucynoxk 5.1 - Tlonoxenue cniuiisl pediekTopa 10 Hayajaa ee pacKphITHS

(a) u B mpomexxyTouHoM mnosioxkeHuu (b) B mporiecce pacKpoIThs

MaremaTnueckass OMHMCAHHWE TPOIECCOB PACKPHITHUS CIHIl PEQIIEKTOPOB

aHTEHH CBOJAMTCA K OMUCAHUIO Mpolecca MOBOPOTa CIHUL, pabOThI 3JIEKTPOIIPUBOIA
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UX PACKpBITUA U €0 IUHAMUYECKUX CBSI3ed yepe3 MauTy M TiIrd co cnuiamu. B
UCIBITYEMBIX Ha CTEHJE pediekTopax aHTEHH NPUBOJ BCEX CMUIl (AKTUUECKU
oauHakoB. [loaToMy Ha mepBBIX 3Tanax €€ COCTaBJICHUS U HUCCIEIOBAHUS MOKHO
paccMaTpuBaTh MPHUBOJ KakOW-THOO OJHOM CHOUIBI M €€ Pa3BOPOTHl O]
JeificTBUeM 3Toro npusoja. Harpyska Ha aiekTpoaBUrareib NpuBoja OyAeT paBHa
€ro Harpyske, CBSI3aHHOW C PacKpbBITHUEM OJIHOM CIHUIbl, YMHOXEHHON Ha YHUCIIO
pacKpbIBaeMbIX CIUIL B peeKTope.

[locnennee nomymienve (00 WIOSGHTUYHOCTH HArpy3kM Ha IPUBOJ
MEXaHHU3Ma BBIIBIKEHUSI MaYThl OT BCEX CIUI] PeIIEKTOpa) SIBISIETCS HEKOTOPHIM
pUOJIM-KEHUEM, CBA3aHHBIM C UCIIOJIb30BAaHUEM B pe(IeKTOpax aHTEHH OOJBIINX
IUaMET-pOB OAHOM U3 CIUIL, 4Yepe3 KOTOPYI0 pe(JIeKTOp aHTEHHbI CBSA3aH C
KOPITyCOM KOCMHUYECKOTO armapaTta, Jpyroro UCIIOJHEHHS U Beca, IO CPAaBHEHUIO C
OCTaJlb-HbIMHU.

Hcxonnas pacueTHas cxema JJIsi MaT€MaTHYECKOro OMHCaHUs Mpolecca
PaCKpBITUS CIHIIBI peIEKTOpa B 3MHBIX YCIOBHIX MTPUBEICHA HA PUC. 5.2.

N3 5TOll cxembl BHUIHO, YTO OCHOBHBIM YPAaBHEHHEM, OIMCHIBAIOIIEM
pacKphITHE KaKOH-IMOO CHUIBI TPU €€ OJHOCTEP)KHEBOM HCHOJHEeHUH (0e3
oOe3BemnnBanus), OyAeT Cieaylollee yYpaBHEHHE OajlaHca MPHIOKEHHBIX K HeEH
MOMEHTOB:

do
Jew °TC: Mex(t) =M () (5.1)
B sTOM ypaBHEHHU TIPHUHSTHI CIIEAYIONINE YCIOBHBIE 0003HAUYCHUS:

JCHp_ NPUBEJCHHBIA K IICHTPY A IIApHUPHOTO COYJICHEHHWS CIHIIBI C

OCHOBAHHMEM AHTEHHBl MOMEHT MHEPLUWHU CIUIbI M BPALIAIOIIMXCS BMECTE C HEM
JIPYTUX yacTel peduiekTopa U OTpa)kaTesisi aHTCHHBI,

. — YIJI0Bast CKOPOCTb PACKPBITHS CITMIIBI,

M

o MPUJIOKEHHBIM K CIIAILE Yepe3 JICHTOYHYIO OTTSKKY MOMEHT

BpalllCH1s OT MECXaHN3Ma BbIJIBUJKCHHA MA4dThI,;

M

¢g — MOMEHT BPAILCHHS CITULEL, 00YCJIOBJIEHHBIN €€ BECOM.
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Zs

»
»

Os X6

Pucynok 5.2 - PacuetHast cxema Juisi MaTeMaTHIECKOTO OTTMCAHMS

Imponecca paCKpbITHA CITUIIBI pe(bﬂeKTopa AHTCHHBI B 3CMHBIX YCIIOBHAX

PacuetHble 3HaYCHWs BBIIIC MNEPEYMCICHHBIX MOMEHTOB M, M, s
VMMEIOT CIEAYIOLINN BUI:

My (t)=Fy, (1) Lag: (5.2)

MCG =G1-Lac. (5.3)
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B ypaBuenumsx (5.2) - (5.3) uCHOJB30BaHBI CIACAYIOIINE YCIOBHBIC

obosHaueHus: Lag — umHa ortpeska AB oT ocu mapHupa A4 10 TOYKH

3aKpEIJICHUS Ha CIIMLE €€ OTTSKKU; L - — umna otpeska AC OT ocH mapHUpa 10
LEHTpa MaccC CIHIIBL.

[IpuBeeHHBIT MOMEHT HWHEPIUU CIHIIBI Jcnp OBLT OmpesneneH B
nporpamMmmHoit cpene Autodesk Inventor Professional 2015 Gnaromaps Haau4uio

3D monenu pedexkropa u paBeH J Cap =18,7 kr-m> (puc. 5.3).

Obwwe | JokymedT | Mpoext | Ctartyc | Mpouwe | CoxpanuTe | Bxomaerne PHsH-EHE
MaTepuan

OBHOBHTL
MnoTHOCTE Tpebyeman ToUHOCTE
2,000 rfem®3 | | Huzkoe

Ofiwme csoiicTEa

Bybep obMeHa

W

[[]Brn. koomeTiieckyo ceapry [] € namerermen senaHe:
LleHTp TaMecT
Macca | 4,683 kr (OTHooMT

¥ | -22,067 mm (OTHOO

Mnow. | 4058264,408 mn"2 Y —Z?Z,h?‘} mM (OTHO
Ofbem | 2341573,390 mn"3 Z | 3192,919 MM (OTHC

WHEPLMOHHBIE CEORCTEA

LLeHTp TAXECTH
FnaBHble MOMEHTHI

I1 | 18677352,5501 12 | 18683841,0551

I3 | 16288,332Kkrm
MoBopoT ocei

Rx | 0,03 paa (OTHe Ry | 0,00 paa (OTHe Rz | 0,75paa (OTHe

OTMeHa MpuMeruTE

Pucynok 5.3 — Onpenenenue MOMEHTa HHEPIIUHU CIHIIBI B IPOTPaAaMMHON

cpene Autodesk Inventor Professional 2015
VYron packpeITHs CIUIBI O OyAeT OmpenessIThCs M0 U3BECTHOUM (opmyre

€r0 CBSI3U C YTVIOBOM CKOPOCTBIO €€ TOBOPOTA:

: (5.4)
0
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OnuiieM ganee MaTreMaTUYECKH MPOIECCHI, MPOTEKAIOIIUE B MEXaHHU3ME
BBIJIBIDKCHUSI MA4Thl U B TSATOBOM COYIEHEHHWHM MayThl co cnuier. OHu OynyT
OIACHIBATHCS KaK COBOKYITHOCTH IIPOIIECCOB:

" IPOTEKAOIINX B JIEKTPOJABUTATENE U CBI3aHHOM C HUM IIHEKOM:

* CBSI3aHHBIX C NIEPEMEIICHUEM MAUThI;

= CBSI3aHHBIX C MEPEavYei yepe3 JICHTOYHYIO OTTSKKY co3aaBaemoro MBM

TATOBOI'0 YCHUIINA FTZ C YCHIIUEM FT , IPUKJIaAbIBACMBIM K paCKpBIBaCMOﬁ CITNIIC.

[Tonaraem, 94To UCIIOJIB3YEMBIN B IPUBOJIC MEXaHW3Ma BBIJIBUKCHUS MAUThl
OCCKOHTAaKTHBIM JBUTaTelb MOCTOSHHOrO Toka JIb25-11-6 omnuchIBaroTCA
CJICAYIOIIUMHU YPABHECHUSIMU:

" YPABHCHUCM OajlaHca MOMEHTOB Ha BaJly IIPpUBOAHOI'O ABUI'aTCIIA:

do
A _
Vo "t = M (t)-M (1) (5.5)
B stom YPaBHCHUM IIPHUHATHI CIICAYIOIINUC 0003HAYCHUS:
J Mgy IIPUBEICHHBIA K BAJIy ABUTATENII MOMEHT MHEPLUH €T0 POTOpa U

COUJIEHEHHBIX C HUM 3yOUaToro peaykropa u mHeka MBM;

@y — YTJIOBAsi CKOPOCTH BPAIICHHUS Bajla IBUTATEIIS,
M ™ JBMOKYIIIMM MOMEHT, pa3BUBACMBbIN JIBUTATEIIEM HAa CBOEM Bally;

MCHMZ_ CyMMapHbIi MOMEHT CHJI CONpPOTHUBIIEHUS BPAILECHUIO POTOpa

JIBUTATEJIS, IPUBEICHHBIN K €TI0 Bally;

" YPaBHEHHEM CBSI3H yIiia MOBOPOTA POTOpA JIBUTATEISl O, C €r0 YIIOBOM

CKOPOCTBIO O '

t

P (1) = [0, (1) -t (5.6)
0

" YPaBHCHUCM JJICKTPUICCKOT'O PABHOBCCHUS ABHUI'AaTCIIA:

dl
U (t)=Rp (1) + L dIt‘M +E (1), (5.7)

rac
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UIﬂVI (t) — TCKYIICC 3HAYCHHC DJICKTPHUUCCKOIr0 HAIPAKCHUSA, TIOABOJUMOTO

K JICKTPOABUIATCIIIO OT €TI0 CUCTCMbI YIIPABJICHUA

II[M (t) — TCKYHICC 3HAUYCHUC TOKA B 00MOTKE poTopa ABUTaTCIIA,

RHM, L,ZlM — COOTBCTCTBCHHO, AaKTMBHOC M HHAYKTHBHOC COIIPOTHUBJICHHUC

OOMOTKH POTOpA;

Ew (t)— TeKyllee 3HaueHue npotuBo-2/1C;

" 3aBUCHMMOCTBIO Pa3BUBACMOI'0 ABUTATCICM Ha CBOCM BaJly MOMCHTA C

TOKOM B OOMOTKE pOoTOpa:
M i (1) =Cary, e (1), (5.8)

" a TEK)KE 3aBUCHUMOCHIO TPOTUBO-D/]C nBUTaTENs] OT CKOPOCTH BPAILICHUS

€ro poTopa:
En(t)=Ce oy (1), (5.9)
bosbIIMHCTBO TTapaMeTpoOB JBUTATENsl, BXOMSAIIUMX B OIMCBHIBAIOIIHUE €r0
YPaBHEHUS, HE YAAJIOCh HANTHU MO0 HAYYHO-TEXHUUYECKOHN JTUTEPATYPHI, TOIYUYUThH OT
3akazunka OKP. IloaToMy mnpu MOJIETMpPOBAaHHM TIPOLIECCOB PACKPBITHUS
pedIeKTOpOB aHTEHH Ha CO3[JaBAEMOM CTEHJIe€ MpeJIaraeTcsi YIpOCTUTh

MaTeMaTHYECKOE OMMCAHUE JIBUTATEINSI CICTYIOIUM 00pa3zom (puc.5.4):

(71\7476;(;1;{;371\;;271:1;317{(7)1;;(1:1771 M pyemp o :': e
1z §
1 | e |
y o o e L TNy, 1
R M | 7 >
M | M | J ‘S
E | - | 1

Pucynok 5.4 — OnepaTopHO-CTPYKTYypHAasi CX€Ma JIBUTATElIsl MIOCTOSHHOTO

TOKAa C 3a4EKOBKOU
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3adeKkoBKa JABUTATENSI B MEXaHU3ME BBIIBHIKCHUS MA4Thl TPOUCXOIUT JIJISI
OTPaHUYCHHsI  TOCJICAYIONMIETO  BBIABMKEHUS  MayThl TPH  JTOCTHKCHHH
pedaekTopoM CBOETO paboyvero MoJ0KEeHUs, ITyTEM CO3/IaHUsl Ha Bally JBUTATels
MOMEHTA, OTPAaHUYMBAIOIIETO €0 BpalleHuE.

[TapameTpsl 1151 MoieupoBaHus paboThl aBuratens J1b25-11-6:

» HanpsbkeHue nutanus U = 27 B;

* HOMUHAIBHBIN TOK | = 0,5 A;

* yacToTa BpallleHus Baja asuraress — 6000 o6/mMuH;

= AKTUBHOE COIPOTHUBIICHHE OOMOTKHU pOTOpa RHM= 1 Owm;

* NOCTOSIHHBIN K03 dunment nsuratens C,, =0,035;

* [IOCTOSTHHBIN KO3(PPUIIUEHT ONpeesieMO KOHCTPYKIIUEH TBUTATEIS

C, =0,043. [18]

MomeHT HHEPpIHUN HpHBGI[CHHBIﬁ K BaJIy OJICKTPOJABUTATCIIA:

2
Vv
A

2
J=o,ooo392+(10+4,7-7+10)-(%) ~0,000375 kr-m?  (5.11)

MOMEHT CONPOTUBIIEHNS IPUBEACHHBIN K Bally JBUTATEI:

M ()= Y (5.12)
Oy M
Fu®)=F, )N +Gy, (5.13)

I'me F,, - cuna npuknaasiBaeMast K MauTe

FTZ - IIPOCKIU CUJIBI TATH HA OCh Z, MCHACTCA B 3ABUCUMOCTHU OT yIjia

PACKpPBITUS CIIUIBI ¥ OTIPEETISIeTCS BEIBEACHHON paHee 3aBUCUMOCTBIO;
G,,- cuia TSHKECTU MayThl;
N, - KonngecTBo crui;

V- CKOPOCTb BBIABHUKCHHA MA4YThI.
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[Tonaraem, 4to mogaBaeMoe Ha 3nekTpoasurarenss MBM tuma J1525-11-6
HanpsOKEHUE TUTaHUsS (GOPMHUPYETCS B COOTBETCTBHU C NMPHUHSATHIM aITOPUTMOM

YIIPaBJICHHS
U (1) = (00, ): (5.14)
IJle @y, - 3aJaHHas yIIOoBas CKOPOCTb POTOPA SIEKTPOIBUrATEI.

Bnonne BCPOATHO, YTO I3TOT AJITOPHUTM IIPpH HpaKTI/I"IEECKOﬁ pcaln3annn

IMPUHUMACTCA B BUIC:

U (t)=K (5.15)

) .
Ym MM 3an

OHpGI[eJ'II/IM CYMMapHBIﬁ MOMCHT COIIPOTHUBJICHHUA Ha Bally JABHUIaTCIIA

MCan' OH ckiameiBaeTcss W3 MOMEHTa cyxoro TpeHuss M MC (t), KOTOPBIi

ONUIIEM TPAAUIUOHHO B BUJIC:
M v, (t)=M Ay max I O (t), (5.16)
U MOMEHTa Harpy3ku M H (t) OT NPUBOJIUMOM B JBHAKEHUE MauTel MBM u

CIUIl, KOTOPBIM MOXET ObITh aHAIMTUYECKH OIpEAeNIeH U3 yCJIOoBUs OajaHca
MOIIHOCTH, JJIEKTPOABUTATENSA, OIPEACIIEMON Ha €ro Bajly, U Ha JBHXXCHUU
MauTBhI.

MO]_HHOCTB ABUI'aTCJI1 HAa Bally

d
NHM(t):MHM(t)o(DHM(t):MﬂM(t)-%. (5.17)

MomHOCTh, XapakKTepU3YIIIYI0 JUHEHHOE nepemelnenne madtsl MBM,

MOKHO OIIPCACINTD KaK
dz, (t
NHHH(t):FM(t)-w, (5.18)

rac FM — CHJIa, IIPHUKIAAbIBACMas K MAUTC OT JJICKTPOABHUIATCILA, ZM —

MNEPCMCIICHUC MAYThI.
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Ecnu mpusaTh K03()pPHUIMEHT MOJIE3HOTO AECUCTBUS PEAYKTOPHON CBS3U

aNieKTpoBUTaTeNsd ¢ MauToii MBM paBHBIM 1), TO OaimaHC MOIIHOCTEM NBp (t) u

N (t) OyJeT ONucaH ypaBHEHUEM:

Npen - NBp (t) =N (t)’ (5.19)

HJIK, YTO PAaBHOCHUJIBHO, YPABHCHHUCM

Mpen "M v (t)-dcz% =Fy (t) dzgt(t)- (5.20)
Orcroa nosyyaem
Fa (1) =Mpex - M u (1) dd(ZiM =M 1 () Mpen /Ko (5.21)
re
K e & (5.22)

do
— KOB(i)(I)I/IHI/ICHT peI[yKI_[I/II/I oT er’Ia HOBOpOTa (le BaJla JABHUI'aTCIIsd K

nepeMenennio z,, Mayrel MBM, onpenensemMslii U3 NPOEKTHOM JOKYMEHTallUuU

pediiekTopa aHTCHHBI.

N3BecTHO, 4TO IIHEK COBEPIIAET OJUH 00OPOT 32 TO K€ BpeMs, 32 KOTOPOE
nsurareinb [[b25-11-6 cosepmiaet 2550,069 060poToB, a 3a 0OJIUH 00OPOT IITHEKA
MayTa BeIIBUTaeTcs Ha 50 M.

W3 3TUX maHHBIX CIIEAyeT, 4TO KOIPPHUIINSHT TIepeaadn MExIy

ABUTATCJIEM W IIHCKOM PABCH:

1

K. =——  ~0,000392 5.23
A 2550,069 (5:23)

KoadduimenT nepenaum Mexay IMHEKOM U MauTON paBeH:

0,05

K =20 0 00796w/ 5.24
M =g og3 Hpaa (5:24)

Torga ko3 duLKeHT nepeaadyn MeKIy JBUraTeIeM U MauTOH MOKHO

OTIPEJICITUTH CIEAYIOIINM 00pa3oMm:

K = Ky - Ky =0,000392-0,00796 ~ 0,00000312 m/pan, (5.25)
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a CKOPOCTBb BBIZIBUKCHUA MAYTHI PABHA!

V=0, K, =628*0,00000312=0,002 m/c (5.26)

CBs13p MepeMeIIeHNsT MauThl B TIPOIIECCE PACKPHITHS PeQIIEKTOpa ¢ YoM
MOBOPOTA POTOPA ANEKTPOABUTATENS OYAET ONMPEACIATHCS COOTHOILICHUEM

sz, =K (5.27)

v AP s

rae z,, — nepememienue Mautel; K, — KoapduuueHT nepenaun Mexmay

M

JIBUTATEJIEM M MauTOM, U3MEpsieMbIi B M/pajl.
B cBoro ouepenb yron pa3zBopora (pacKpbITHs) CHUIBI Ol CBs3aH 4epe3

JICHTOYHYIO OTTSIKKY, UCHOJBb3YyeMYIO JUISl PAaCKpBITUS CIHIIbI, C MEepEeMEIIeHuEM

MauThbl ZM YPAaBHCHUCM:
a=Kye Zy, (5.28)

rac K - KOB(b(l)I/II_[I/ICHT nepcaadyn MCXAy INCPpCMCIICHHUCM MadThbl U

MC

YIJIOM PACKPBITHUA CIIHMIBI. CJ'IGIIyeT 3aMCTHUTb, 4YTO KMC B IIpOHCCCC PACKPBITHUA

Cuibl He OyJIeT Bce BpeMsi OCTaBaThCs TOCTOSIHHOM BenuuuHOM. Ero
aHaJUTUYeCKasi 3aBUCUMOCTh OT YIJIa PacKpbiTUs O Oblua oOmpejesieHa paHee
4.2).

[Tapamerpsl pedyieKTOpOB ¥ CTeHAA C aKTUBHOM CHCTEMOH €ro
o0e3BeIINBa-HUSA, KOTOPbIE HEOOXOIUMBI MJI €€ HCIOJIb30BaHUSI, MOTYT OBITh
MOJIYYE€HBI U3 KOHCTPYKTOPCKOM TOKYMEHTAIIMU Ha PEQIICKTOP U CTEHI.

UucneHHble 3HAYEHUSI PACUETHBIX MAacC M PACUYETHBIX PACCTOSHUN [0
1eHTpoB Macc crui pediaekropa 14D151.2850-0: ceuenne crumbr 140x80 MM
Macca He Ooitee 4,7 kr, qiuHa 10 1eHTpa Mace 3175 £ 100 mm, qmmHa cnunbl 6113
MM.

MexaHn3M BbIIBH>KEHUSI MauThl uMeeT Maccy 10 kr.

[Ipu Bepudukamm npeacTaBIeHHON Ha pyc. 5.7 onepaTopHO-CTPYKTYpPHOM
CXeMa CHUCTEMBI PACKPBITHS CIUILI pedieKTopa ObUIA HUCIIOIb30BaHbI MAPAMETPHI,
COOTBETCTBYIOIIUE aHTEHHE C AuamMeTpoM peduiektopa 8,6 Metpa. OHH OTpaKEHBI
YaCTUYHO Ha KOHCTPYKTOPCKHUX uepTekax pediekropa d3TOW aHTCHHBI,

MPE/ICTABJICHHBIX Ha PUCYHKaX 5.5 u 5.6.

67



Pa3zmepsl BepXHEN 4aCTU MadThl U OTHOCUTEIBHOE MOJI0KEHNE K HEN CIUIL
U KPEIUJICHUA WX OTTSKEK IMPU TPAHCIOPTUPOBOYHOM COCTOSIHMM pediiekTopa (B

HayaJyie ero pacKpbITHs Ha CTEH]I€) IPUBEJCHBI Ha PUCYHKE 5.5.

Bce atu gaHHbIe OBUTM yYTEHBI IPU MOJAEIUPOBAHUU CUCTEMBI PACKPBITHS

CHHIBI peIeKTOpa B 3eMHBIX YCIIOBUSAX (pHC. 5.8).

ped

DO 7 |

32,5

186,5"

527

Pucynok 5.5 - [lapameTtpsl pediiekTopa aHTEHHBI TMaMeTpoM 8,6 MeTpa B

30HE KpeIuieHus crnuil Kk Maute MBM

VYkazanHble Ha pUCYHKE 5.6 nuHEHHBIE MmapaMeTpbl s pediiekTopa
nuaMeTpom 8,6 MeTpa UMEIOT CIeAYIONIMe 3HaUeHUS (B MIJIJTUMETPAX) :
L, =1000; L, =1318; L, =5317; L, =5000; L = 6500;
L =1450; L, =6500; Lg=3500; Lg(wratra)=1475;
L g (crimra) =1200, a yrnosbie mapameTpst Oy = 98%; a 5 = 35°,

bonee mompoOHass cxema MOJEIMPOBAHUS CTEHAOBBIX HUCIBITAHUM

mpoliecca pacKphITHs pedieKTopa aHTEHH B 36MHBIX yCIIOBHUS, 0€3 00e3BeIBaHMS

CIIUII, IPEACTABJICHA B MPUIOKEHUHU A.
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PRV e o st s s = s i i & cis

/ IeHtp
——30. Macc

H:— e TR T e = e e
T

L

1 Il 111 v v VI VIl

[- TpaHcropTHpOBOYHOE Monoxenue, 1I- Hagano gBrokeHus MauTthl, I11- pukcanus noakoca, IV- noBopot

CNHIBL, V- OTXOM OTTSHKH OT nogkoca, VI- mpomexyTtounoe nonoxenue, VII- pabodee nonoxenue

Pucynox 5.6 - KoHCTpyKTHBHBIC TTapaMeTphl CIUIILI pediiekTopa nuaMmeTpom 8,6 MeTpa
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Pucynok 5.7 - OniepatopHO-CTPYKTYpHAsi CXeMa CUCTEMbI PACKPBITHSI CIIUIIBI PEIICKTOPa B 36MHBIX YCIOBUIX

Uam

Upm

n

Mogens fsurarena

It HIOPMADOBEHIUE NepeMeLLEH

Zn

Nam

Fr

Qopmupoeanme Fr

Product!

Zn

0

agvcumocti yrna O ot Zm

Trigonometric
Function?

Mg

143

amax

Scoped

a4

MomeHT or cHnl TRKECTH CIHUE!

Jauek0aKa pacKpBITIA Cr

Pucynok 5.8 - MoaenupoBaHue CUCTEMBI paCKPBITHS CIUIBI PEIIEKTOPa B 36MHBIX YCIOBUAX
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5.3 I'paduxu, nosryyeHHblIe B pe3y/ibTaTe MOAEIHPOBAHUA PACKPHITUS

CIIMNII peq)JIeKTopa AHTCHHBI B 3¢EMHBLIX YCJI0BUAX

JIisi mpoBepKH TMPaBUILHOCTH PabOTHI MOJCIH HEOOXOIMMO CPAaBHHTH
pe3ysibTaThl  MOJEJIMPOBAHUS CHUCTEMBI C 3aBUCUMOCTSIMHU  BBIBEJCHHBIMU

AHAJINTHYCCKU.

356+
3_ -
25 -
=
= 2r 7
N
1.5 -
17 -
05+ -
| | | | | | | |

|
0 200 400 600 800 1000 1200 1400 1600 1800
t, ¢

Pucynok 5.9 — I'paduk nepemenieHus: MauThl ZM C TEYEHUEM BPEMEHU

['paduk nepemenieHrs MayThl OKa3aj, YTO MayTa epeMeniaercs 1o 3,5 M
3a 1790 cexkyHn (29,83 MuHyTHI), yTO Ha 4,8 CEKyHJ JOJbLIE, YEM 3aJaHHOE BPEMS
BBIJIBMOKEHUSI MayThbl, BBUJY MAajoro 3Ha4€HUS NOTPEIIHOCTH, MOXHO IPUHATH

MIOJIyYEHHBIN PE3YyJIbTAT 3a JOCTOBEPHBIN.

T T T T T 15 T T T

Pucynok 5.10 — I'paduk 3aBHCHUMOCTH YIJIa PACKPBITUS CHMIBI OL OT
MepeMeNIeHns MauThl: a) Tpaduk, BHIBEICHHBIN aHATUTHUYECKH, 0) Tpaduk,

MOJIYYEHHBIN MPU MOJCIUPOBAHUU
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Pucynok 5.11 — I'paduiku 3aBUCUMOCTH yIJla MEXAY OTTSKKON M CIHIIECH
0 or mepemerenus MauThHL: a) rpadMK, BHIBEICHHBIH aHATUTHYECKH, 0) TpaduK,
NOJIYYECHHBIN ITPU MOJEIUPOBAHUH

N3 pucynka 5.11 BuAHO, YTO HE3HAUYMTENIBHOE pa3IMUUE MEXKIY
rpa¢ukamMu HaONIOAAETCS TOJIBKO B TPETHM IMEpPUOJ pPacKpbITHs pediekropa,

rpadguk ¢ Mojenu 0oJiee TMHEapU30BaH Ha 3TOM y4acTKe.

uF ‘ : - — 11 T . ‘ T .

Pucynok 5.12 — I'pauk 3aBUCUMOCTH yIJla MEKAY OTTSDKKOM M MauToi (O

OT MepeMEUIEHUs] MayThl: a) rpauK, BBIBEJCHHbIA aHAIUTHYECKH, O) rpaduk,
NOJIYYEHHBIN ITPU MOJEIUPOBAHUH
Kak u B mnpempiaymiem ciydae, cCpaBHEHUE TpadUKOB IOKa3allo

HE3HAYUTEIBHOE PACXOXKIECHUE B TPETUM MEPHUO]T PaCKPBITUS pediekTopa.

10f T T T T T L 100 T T T T T T
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Pucynox 5.13 — I'paduku 3aBUCUMOCTH CHJIBI TSTH FT OT IIEPEMELLEHUS

MauThl: a) TpaduK, BHIBEJACHHBIN aHaIUTUYECKH, O) TrpaduK, MOTYUSHHBIH NpU
MOJIETUPOBAHUU

Kak BuOHO, JaHHBIE I'pa@UKA UMEIOT CXOKHE 3HAYEHHS CUJIbl TATH Ha
COOTBETCTBYIOIIUX MOMEHTaX MEPEMEIEHUSI MauThl, TOJIBKO I'paduK, MOTyICHHBIH

IIpu MOACIIMPOBAHHNH, Ooece JIMHCAPHU30BaH.

Pucynok 5.14 — I'paduku 3aBUCUMOCTH CUJIbI TATH NPHUIIOKEHHOW Yepes

JIEHTOYHYIO OTTSDKKY OT CIUIIBI K MayTe FTz OT MEepPEMEILEHUS MauThl: a) rpaduk,

BBIBEJICHHBII aHAIUTUYECKH, 0) rpad MK, MOTYUEHHBIN P MOAECITUPOBAHUHT

Kak m B mnpenpinymem ciydae, BUIHO, YTO pas3iuyus 3TUX TIpaduk
HECYIIECTBEHHbl M HE OKa3bIBAIOT CYIIECTBEHHOIO BIUSHUSA HAa MPOLECC
MOJIETTUPOBAHUSI.

Takum o0Opa3oM, NOrpPemIHOCTh MEXAY 3aBUCHUMOCTSIMH YIJIOB OT
NIEPEMEIICHUS] MauThbl, BBIBEJACHHBIMA AHAJIUTUYECKHM M CHATBIMH C MOJEIHU
COCTABJISIIOT COThIE JIOJAM pPaJMaH, TAKXKE KAaK M TMOTPEIIHOCTh MEXIY
CpaBHHUBAEMbIMU TpauKaMu CHJIBI TSTH, TO3TOMY MOKHO CUUTATh, YTO COOpaHHAs
MOJIeJIb aJIEKBATHO OTpakaeT MOBEICHHUE CIMIIbI MPU PACKPBITUU pediekTopa B

3CMHBLIX YCIIOBUAX.

5.4 MaremaTuyeckoe MOJEJTHPOBAHHME NPOLECCOB PACKPBITHS CIMIL

pe(l).]'leKTOI)OB AHTCHH B YCJIOBUAX UMUTALIUA HEBECOMOCTH
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Obe3BenmBaHue CIUIBI peIeKTOpa AHTEHHBI OCYIIECTBIIACTCS
MOCPEACTBOM MEXaHUYECKOM CUIIOKOMITEHCUPYIOIIEH CHCTEMBI, COCTOSIICH 13
KapeTOK M TPOCOBOT'O MOABECA C PEryIMPYEMON CHIION €ro HaTsKEeHHUS.

HcxonHas pacueTHas cxeMa Uil MaTeMaTHYECKOro ONHCaHMs Ipolecca
packpbiTusi cnuubl peduiekTopa IpuUBeAeHa Hke Ha puc. 5.15. Ona
OpUEHTHpPOBaHA Ha BapMaHT BBIBECKU CIIMI[ HE B LIEHTpaxX HUX Macc. DTO CHEIAHO
JUIE  OOIIHOCTH MaTeMaTHMYeCKOTO OMNHCAHMUS TpoIlecca PACKPBITUSA  CIIHIL
peduiekTopa (M UX 3BEHBEB) JJIS OJI00HOM BBIBECKH CIHII M TIOJBECA X B CTCHIE
3a ILEHTpPHl Macc. B yacTHOCTH, BIIOJIHE BO3MOXHO, YTO B JajbHEHIIeM Ha
CO3/1aBa€MOM CTEHJIE /ISl HA3eMHBIN UCTIBITAHUI PACKPBITHS pedICKTOPOB aHTECHH
OONBIIMX JUAaMETpPOB OYyIyT CHUTyallMd, KOTJa NPUBOJBI 3BEHBEB CHMIl (a
BO3MOJXKHO, YTO U CaMU CIHUIIbI) OyAyT UMETh APYTHe MPUBOJBI PACKPBITHS WA UX
KOHCTPYKTUBHBIE HCIIOJIHEHUS HE TIO3BOJIAT PEAIM30BaTh UX BHIBECKY Ha CTEHJE 32
LEHTPBI Macc.

[Tpu BTOpOM BapmaHTe MOJBECA CIHI] yPAaBHEHUS, OMUCHIBAIOIINE MPOIIECC
UX PACKPBITHS, OyIyT MOJyYeHbl KaK YacTHBIN Cly4yail MyTeM COBMEIICHUS TOUKU

BBIBECKHU CITMIBI C €€ HCHTPOM MacCcC.

74



»
»

Os X5

Pucynok 5.15 - PacueTHas cxema 1ji1 MaTeMaTHUECKOTO OTTMCAHUS

poliecca pacCKPhITHSI CIIUIIBI PedIeKTOpa

U3 pucynka 5.15 Bumgno, uro ypaBHenue (5.1), onuceiBaroiee pacKpbITHE
OIHOCTEPKHEBOW CIUILIbI IPUMET CIICAYIOIINN BUI:

o
Cp

B 3TOM ypaBHEHUU IPUHSATHI CICAYIOIINE YCIOBHbIC 0003HAUCHUS:

=M., (t)+ Mep (t)=M, (1) -M_(1). (5.29)

75



Jcnp_ NPUBEICHHBI K LEHTPY A MIAPHUPHOTO COUWICHEHHsS CIHIIBI C

OCHOBAaHHWEM AHTEHHbI MOMEHT WHEPIMHU CIIHIIbI U BPAILAIONINXCS BMECTE C HEl
JIPYTUX yacTel peduiekTopa u oTpaxaTeliss aHTCHHBI;

®.— YriioBasa CKOPOCTb PACKPBITHA CIINIBI,

M

ca HpHHO)I(@HHBIﬁ K CInuoe 4Yepe3 JICHTOUYHYHO OTTSKKY MOMCHT

BpalllCHUA OT MCXaHU3Ma BBIIBUIKCHUA MAYThI;

Mc,: — MPUIIOKEHHBIM K CIHUIE Yepe3 TPOC €€ BBIBECKM MOMEHT OT
H

CHUCTCMbI aBTOMATHYCCKOI'O YIIPABJICHUA HATAKCHUCM TPOCaA,

M

g — MOMEHT BPAICHHUS CIHIIB, 00YyCIJIOBIICHHBIN €€ BECOM;

MCCT — MOMCHT OT CYXOro TpCHH:A B COUWICHCHHUHU CIIMIBI C OCHOBAHHUCM

aAHTCHHBI.

PacueTHple 3HAUCHHMs BBINIE ITIEPEYMCIEHHBIX MOMEHTOB M, Mc,: :

M, ¢ HMMeIoT CJICTYFOIINN BU/I:
My (t)=F, (t)- Lag: (5.30)
M C, (t) =Fy (t) Lag- (5.31)
Mc, =Gr-Lac. (5.32)
B ypaBuenusx (5.30) — (5.32) wmcnosb30BaHbI CIIEAYIONIHME YCIOBHBIC
obo3Haue-HusA: Lpg — nnmHa oTtpeska AB or ocu mapHupa A 0 TOYKH

3aKpeIUICHUs Ha CIIMLE €€ OTTSKKU; L g — nmHa oTpeska AE OT ocu IapHUpa
710 TOYKH IOJBECA CIIULBI HA Tpoce; L - — mHa oTpeska AC OT ocu LIapHHUpa 10

LOCHTpa MacC CIIMIbI.
MomeHT CyXOro TpC€HHA B HIApHUPC KPCIUICHHUA CIHMIObI Ha OCHOBAHHHU

AHTCHHBI IIPUMECM B I[aﬂbHeﬁIHeM B BUJIC:
M. (t)=M_ (t)-sign o (t). (5.33)
OTOT MOMEHT B IMpoHeCCC PACKPLITHUA CIIMIBI MOXKCT MCHATHCA N3-3d HABbI-

IMOJHCHUS YCIOBHUA a0COJIIOTHOM HHBAPWMAHTHOCTH M H3MCHCHHUS B IIPOLECCE
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PACKpPLITUA CITUIBI COCT&BJISIIOH.Iﬁﬁ FTl CHJIBI TiI'U, HpHKHaﬂBIBaCMOﬁ K CIIMIEC

4epe3 OTTAKKY OT MCXaHW3Ma BBbIJIBMKCHHA MAYTHI. AHanmuTHYeCKun pacydcT

TEKYIIUX 3HAYEHUU MCCT JUISL €ro ydera MpU MOJEIMPOBaHUM IMpouecca

packpeITHsl criuil pedeKkTopa aHTEHHBI Ha CTEHAE KpalHe CJIOXKEH (a CcKopee
BCEro, C HEOOXOAMMOW TOYHOCTHIO M He BO3MOxeH). [loatomy Tpebyercs
IPOBECTU TPENBAPUTEIbHBIE HSKCIEPUMEHTHI JJISl ONpEAeTeHUs 3aBUCHUMOCTU

MC OT BCKTOpa CHIIBI JaBJICHUA FA CO CTOPOHBI CIIMOBI Ha €€ MIAPHUPHOC
CT

COCANHCHUC C KOPIITYCOM pe(bneKTopa AHTCHHBI B PA3JIMYHBIX €C IIOJIOKCHHAX H

IPH pa3HbIX BenuuuHax Fj .

NneamnsupoBanue noxacucteM CAY HT m CCK 3aximrouaercss B 3aMeHE

CAY HT 3BeHoM ¢ K03 (dUIMEHTOM paBHBIM enuHulE, T.e. Fp =F; u samene

CCK maeanu3upoBaHHOM MOJACUCTEMOW C MPUHATOW MOTPEIIHOCTHIO OTKJIIOHEHMS
TpPOCa OT CBOEr0 BEPTUKAIBHOIO IOJIOKEHUE, PaBHOU 2 nporeHTa. Toraa ¢ yuetom
BbICOTHI ITOTOJNIKA B 1Iexe AO «MCCy» yron OTKIOHEHHsI TpOca OT BEPTHKAIBHOIO

MOJIOKEHUS OYJIET PACCUUTHIBATHCS CIEAYIOIMINM 00pa3oMm:

aX=Xg —XH, (5.34)
AX
B=arctg : (5.35)
L AH
LEH = LAH + LAE -COSQ, (5.36)
B =arctg aX (5.37)

LAH + LAE .coSaL’
rac XE - IPOCKIHA Ha OChb X TOYKH KPCIIJICHUSA TPOCA,
XH - IPOCKOMA Ha OCh X ITOJIOKCHHUA KapCTKH,

L AE - paccTosiHMe OT TOYKHM KPEIUICHHUs Tpoca JI0 MIApHUPa CITHIIBI 110

BEPTHUKAJIH;

LaH =4M — paccTrosiHUE OT MIapHHUpa CIHIBI 10 TTOJIOKECHUS KapeTKu

10 BEPTUKAJIH.
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OmnepaToOpHO-CTPYKTYypHAs CXeMa CUCTEMbI PACKPBITHS CITUIBI pediekTopa
npu ee 00e3BEIIMBAHHUHM TPEJICTaBIeHa Ha pucyHke 5.16. Monenb, coOpaHHas B
Simulink npencrasnena Ha pucynke 5.17. Bojee moapoOHO OHa IpeacTaBicHa B
npuioxkennd  A.  Jlng  MakCMMaabHO  TOYHOTO  OTOOPaKCHHS  CHCTEMBI
00C3BEIIMBAHUS CHCTEMa ABTOMATHUYECKOTO VIPABJICHUS HATSKCHHEM Tpoca
(CAY HT) u cnensmas cucrema kapetku (CCK) mpencrtaBieHbl YNPOIEHHO,

HACATIM3UPOBAHHBIMU IOACUCTCMAMMU.
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5.5 I'pa¢ukn, nosryuyeHHsble B pe3yabTaTe MOJEJIUPOBAHUS PACKPBHITHSA

CIIMNII pe(l)JIeKTOpa AHTCHHBI B YCJIOBUAAX UMUTAIIMH HEBECOMOCTH

['paduk mepemerieHuss MauThl C TEYEHHWE BPEMEHHU MOJYUYEHHBIX B XOJ€
MOJICJIMPOBAaHUSl  PACKPBITUS CHMIBI  pedaeKTopa AaHTEHHbl B  YCJIOBMSX

HEBECOMOCTH MpEJICTaBIEH Ha pucyHke 5.18.

4 T T T
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tc

Pucynok 5.18 — I'paduk nepemenieHus: MauThl ZM C TEYCHUEM BPEMEHHU

['padux mepemenieHnss MayTHI MOKA3ajl, YTO MavTa rnepeMeniaeTcs 10 3,5 M
3a 1787 cekyHI, 4TO Ha 3 CEKYH]Ibl OBICTpee, YeM MPU PACKPBITHUH CHUILI 0e3

00€e3BEIMBAHUS.

0.6 T T T

05 h

ZM, M

PucyHnok 5.19 — I'paduku 3aBUCUMOCTH yIila MEXy OTTSKKOM 1 cruiei 0

OT ICPCMCIICHN S MAYThbI
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Pucynoxk 5.20 — I'paduk 3aBHCHUMOCTH yIJla MEXKAY OTTSKKON M MauTOR (P

OT MepeMENIEHUS MaUThI
['padvku 3aBUCUMOCTH YTJIa MEXKIY OTTSKKOM U CITUIEH U yTiia MEeXIy
OTTSKKOM M MayTON OT NEPEMEILEHHUS MauThl [TOKA3aJId UX CXOXKECTh € rpadukamu
IIPH MOJICITUPOBAHUU CHCTEMBI O0e3 o0e3BermmBanus cruibl (puc 5.11, 5.12)

CJICIOBATCJIBHO o6111a;1 KHHCMAaTHKa MCXaHU3Ma PACKPBITHUA CIIMIObI COXPAaHUJIACh.

5 T T
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I,
Pucynok 5.21 — I'padux 3aaroriero Bo3A€MCTBUSI HA CUCTEMY
ABTOMATHUYECKOI0 YNPABICHUS HATSKECHUEM TPOCA B CUCTEME AaKTUBHOTO

00€e3BelINBaHUS CIULEI

05+ 7

B. paa
=

051 b

MM

Pucynok 5.22 — I'pahuk yriioBOro OTKJIOHEHHS TPOCA OT BEpTUKAIH [3
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ZM, M
Pucynok 5.23 — I'paduk pa3HOCTH MOMEHTA CO3JJaHHOT'O TPOCOM U

MOMCHTA OT BE€Ca CIIUIIbI
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Pucynox 5.24 — I'paduiku u3MeHEeHUs! CKOPOCTU PACKPBITUSI CIIUIIBI C
TEYECHUEM BPEMEHU: a) MPU PACKPHITUM HEOOE3BEIICHHOMN CITUIIBI, 0) Mpu

PACKpPBITUH 00E3BEIICHHOMN CIUIIBI

1.5 T T T

o, pas

0.5

Pucynok 5.25 — I'paduiku 3aBUCUMOCTH yTJIa PACKPBITHUS CIUIBI OT
MEepEeMEILEHUS MauThl: a) IPU PACKPHITUH HEOOE3BEIIIEHHO! CIHIIbI, 0) pU

PACKpPBITUH 00E3BEIICHHOMN CITHIIBI
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Takum 00pazom, U3 MONTYYEHHBIX TPaUKOB CKOPOCTH U yIila PacKpbITUS
COMIIBI TIPH MOJEIUPOBAHUM PACKPHITUA pedIeKTOpa B YCIOBHUIX HMHUTAIUH
HEBECOMOCTH U CpPaBHEHWU HX C TpaduKaMH, MOITYYCHHBIMU TMPU PACKPBITUU
peduekTopa 0e3 00€3BEUIMBAaHUS €ro CIHIl BUIHO, YTO CKOPOCTh PACKPBITHA
CTIHIIBI TIPH €€ 00e3BEIINBAHNN OOJIbINE, YeM ITPH MOJICIIMPOBAHUN €€ PACKPHITHS B
3€MHBIX yCIOBHSIX. JTO CBSI3aHO C TEM, YTO MPHU UCTIBITAHUN PACKPBITHS CIHIIBI B
3eMHBIX yclioBHs (0€3 ee 00€3BEIICHHUS) 3a CUET TOr0, YTO CHUIA UMEET BECOBYIO
COCTaBJISIIONTYI0, TO €CTh 00J71a1aeT MOMEHTOM COTIPOTHBIICHHUST PACKPBITHIO CITUIIBI
U JOMOJIHUTENbHBIMU CHJIAMHA CyXOTO TpPEHHsS OT Beca CHHIBI, OHAa HMEEeT
MEHBIIIYI0 CKOPOCTh PACKPBITHSI, €CIIN K€ CIUIa 00e3BeIIeHa, TO OTCYTCTBYET BEC
Y CWJIBI CyXOTr'0o TPEHHsI OT Beca, YTO JAET OOJIBIIYI0 CKOPOCTh PACKPBITUS CITULIBI U
CWJIa TATH WIET HA TWHAMHKY criuibl (puc. 5.21 6). Hanmuue oGe3BemmBaroniero
Tpoca 00yCJIaBIMBAET CO3/IaHUE JOMOJIHUTENBHON CHIIBI CYXOr0 TPEHHsI OT Tpoca B
COUJICHEHUU CIUIBI C OCHOBaHMEM aHTeHHBI. JTa cuia (3.25) OyneTr co3gaBaTh
JIOTIOTHUTEIBHBIA MOMEHT CYXOrO0 TPEHHS B STOM COWICHEHHHM U TEM CaMbIM
UCKaXkaTh MPOILIECC PACKPBITUSL PeQIIEKTOpa Ha CTEHJE M0 CPaBHEHHUIO C TEM, UTO

OyJeT NPOUCXOUTh IPU PACKPBITUU aHTEHHBI B KOCMOCE.

5.6 PexoMeHaanmuM N0 HACTpPOHKe MAaTeMATH4YeCKOl  MoOjesu
MPOLECCOB CTCHAOBBIX MCNBITAHUI MEXaHMYECKHX YCTPOMCTB pedIeKTOpoB

AHTCHH

Tak Kak aHAINTHYECKUU pacyeT TEKYIIMX 3HAYEHUHW MOMEHTA OT CyXOIO
TPEHUS B COWICHEHUM CHOULBl C OCHOBAHMEM AaHTEHHBI MPU MOECIMPOBAHUU
Ipolecca pacKpbITUs CHUL pedIeKTopa aHTEHHbI Ha CTEHIE KpaiHe CIOXEH (a
CKOpee BCEro, ¢ He0OXOAMMON TOYHOCTBIO M HE BO3MOXkeH). [Toatomy TpeOyercs
IIPOBECTH IPEABAPUTEIBHBIE SKCHEPUMEHTBI IS OINPEICICHHUS 3aBUCUMOCTH

M, or Bekropa cuibl AaBICHUS F, CO CTOPOHBI CHHUIBI HA €€ MIAPHUPHOE
CT

COEIMHEHUE C KOPIYyCOM peduieKTopa aHTEHHBI B PA3IUYHBIX €€ MOJOKEHUAX U
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npu pasHbIX BenuuynHax F,. OnpeneneHne XapakTepUCTHUK CYXOro M BSI3KOTO

TPEHUS! OCYIIECTBISIOCH HJKCIEPUMEHTANIbHO, corjiacHo Metoauke [19] mpu
BBIIIOJIHEHUHU CIIEAYIOIINX IKCIIEPUMEHTOB!

IrcnepuMeHnT Ne 1. Onpenenenue cui cyxoro TpEeHHUsl, IPUBEAECHHBIX K
BaJly JIBUTATENs, OT POTOPA DIEKTPOJABUTATENS, 3y0UaTOro peayKTopa u ImHeKa
MBM:

- IEMOHTUPOBATH OTTSKKY OT MayThI;

- 3a]1aTh TPEeOYEeMYI0 CKOPOCTH (ITOOYEPETHO OT CKOPOCTH OIU3KON K HYITIO
710 MAKCUMAJIbHO) BpallleHUs1 pOTOpa 3JEKTPOABUTATENS, TOCPEICTBOM
W3MEHEHHUS HANIPSKEHUS IUTaHUS;

- I3MEPUTH TOK B OOMOTKAX CTaTopa JABUTATENs;

- IOJTYYUTh 3aBUCUMOCTb 3JIEKTPOMATHUTHOTO MOMEHTA JIBUTATEIS OT
BPEMEHHU MPHU 33TaHHON CKOPOCTH;

- OIIPENIENUTh CPEIHEE 3HAUCHHE MOMEHTA MPH 3aJJaHHON CKOPOCTH
BpAaIlCHUS.

IkcnepuMeHT Ne2. OnpeneneHue Cruiibl CyX0ro TPEHUS B IIAPHUPE CIIMILIBI
MIPU Pa3HbIX YPOBHSIX Pa3rPy3KU U Pa3HbBIX MOJIOKEHUSIX.

- IEMOHTHPOBATH OTTSKKY OT CIIHIIBI;

- 3a71aTh TpeOyemyto Bennunny ooespemmmBanus (0, 20, 40, 60, 80, 100%
OT Beca CIUIIbI);

- TMHAMOMETPOM MOALEIUTHCS K CIHULIE U TIHYTh €ro 10 MOMEHTA, MOKa
CIUIA HE HAYHET OTKJIOHATHCS, IPOJAOJIKUTh POLIECC PACKPBITHSI CIIHILIBI C
bukcaryeil mokazaHuii TMHAMOMETPA JI0 €€ MOJIO0KEHUS TP MOTHOM PACKPBITUU
pediexTopa;

- IOJTYYUTh 3aBUCUMOCTbD CHJIBI OT YIJIa PACKPBITHUS CIIUILIBI IPU 3aJaHHOM
YPOBHE pPasrpy3Ku;

- OIIPENIENIUTh CPeIHEE 3HAUCHHE CUJIbI PU 33JIaHHOM YPOBHE Pa3rpy3Ku;

IkcnepumenT Ne3. OnpeneneHue CHI CyMMapHOro TPEHUS C yYETOM
OTTSDKEK.

- YCTAHOBUTD OTTSKKH K MAa4TC U CITUIIAM,
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- 33/1aTh TPEOYEMYIO0 CKOPOCTh (TIO0YEPETHO OT CKOPOCTU OJM3KON K HYITIO
JI0 MAKCUMAJILHO ) BpaIlleHUsT POTOPA IEKTPOABUTATEIS, TOCPEIACTBOM
W3MCHEHUS HaNPsDKEHUS TTUTAHNUS;

- I3MEPUTH TOK B OOMOTKAX CTaTopa JABUTATEIIS;

- TIOJIY9UTh 3aBHCUMOCTH 3JIEKTPOMAarHUTHOTO MOMEHTA JABUTATENS OT
BPEMEHH IIPH 3a]aHHON CKOPOCTH;

- OTIPEJICNIUTD CPEeHEE 3HAUCHNE MOMEHTA IIPU 3aIaHHOM CKOPOCTH

BpalliCHUA.
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3akioueHue

B mipotiecce BbITIOIHEHMS TUCCEPTAIIMOHHON pabOThl ObLI MPOBEACH aHAU3
CYILIECTBYIOIIMX CHOCOOOB 00€3BEIIMBAHUS, B pe3ylbTaTe KOTOPOro ObLIO
YCTaHOBJICHO, 4YTO HamoOosee 3(PPeKTuBHBIM CHOCOOOM 00€3BEIIMBAHUS B
ycioBusx mnexa AO «MCCy sBasiercs: cnocod o0e3BelIMBaHus CIUIl peduiekTopa
AHTEHHBI, OCYIIECTBIISIEMbII MOCPEICTBOM MEXAHUYECKOW CUIIOKOMIICHCUPYIOMIEH
CUCTEMBI, COCTOAIIEH M3 KapeTOK M TPOCOBOIO MOJBECA C PETYIUPYEMOUN CHUIION
€ro HATSHKCHUSL.

beun  paspaboTanHbl  anropuTMbl 00€3BEUIMBAaHUA CHMIBI  pediexkTopa
AHTEHHbl KOCMHUYECKOTO amnmapaTra NpH KpeIUIeHWU Tpoca MOJABECa KAaK B IIEHTPE
Macc CIHUIbI, TaK M HE B IIEHTPE MacC W Ha MOJBWXKHOW KapeTke. Takxke
MPEJIOKEH CIOCO0 KPEIICHWs Tpoca K IEHTPY MacC CHOHIBI C Yy4eTOM ee
KOHCTPYKIIMH.

ITo ucxoaubiM nanHbIM 0T AO «CC» ObLu orpeieseHbl KHHEMaTUUeCKUe
3aBUCHMOCTH YTJIOB MEXAHU3Ma PACKPBITUS CIHI] OT MEPEMELICHHUS MayThl MPU
packpeiTi  pedieKTOpa AaHTEHHbI KOCMUYECKOro ammapara. Takxe Obuin
OTpEIeSICHbl 3aBUCUMOCTH CHUJIbI TATH, MPUKIAABIBAEMON Ye€pe3 OTTIKKY K CIHILE,
Y CUJIbI IPUKJIAABIBAEMON K MAUTE OT CIHIIbI OT IEPEMEILICHHS] MAUThI.

brina pazpaborana maTemathueckas MOJCNIb CUCTEMbl PACKPBITHS CITUILIBI
pedaexkTopa aHTEHHBI KOCMUYECKOTO aIlfapaTta Mpyu PaCKPhITHH CIUIIBI B 3€MHBIX
YCIOBUSIX W TpU €€ OOe3BeNIMBaHWU. Pe3ynbTaT MOJEIMpOBaHUs TOKa3al,
OOJIBIIIYIO CKOPOCTh PACKPBITHS CIIUII, PU UCTIBITAHUHN PACKPBITUS pediieKTopa B
YCJIOBUSIX HMMHUTAllMd HEBECOMOCTH, YE€M MpPH €€ PACKPBITUU MO JIEUCTBUE
coOcTBeHHOTO0 Beca. Takke cpaBHeHHME TpadUKOB, TMOJYYCHHBIX TIPHU
MOJICTTUPOBAHUN CHUCTEMBI PACKPBITUS CHUIBI pedJeKTOopa aHTEHHBI B 3€MHBIX
YCIOBUSIX TOKa3ajdl WX MWJICHTUYHOCTh C 3aBUCUMOCTSIMHM, BBIBEJECHHBIMU

AHATUTUYECKUM ITYyTEM 110 UCXOAHBIM JaHHBIM OT AO «CCy.
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Jlns  nanmbHEMIIer HacTpOWKM MOJEIN PacKpBITUS CHHIBI  pediekTopa
AHTEHHBI NIPU €€ 00E3BEIIMBAHUM, MPEJI0KEHBl PEKOMEH/IAIMU 110 TPOBEACHUIO
DKCHEPUMEHTOB ISl OINPENEICHUS] MOMEHTAa CyXOro TPEHHUs, MPUBEICHHOIO K
pOTOpY IBUTaTeNlsi U MOMEHTA CYXOTO TPEHHS OT BEKTOpa CHJIBI JABJIICHHUS CO
CTOPOHBI CHUIBI Ha €€ IIAPHUPHOE COEOUHEHHE C KOpmycoM peduiekTopa

AHTCHHBI.
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Ipuioxenue (A)

JeTaqu3amusi MOJEJIH CHCTEMbI PACKPBLITHS CHUOBLI  peduiekTopa
anreHusl B Simulink MatLab

Ta6numa A.1 — O603HaYeHUs, UCIIOJIB3YEMbIE B CXEME

U HanpsbxeHue nuTanus JBUraTens

R AKTHBHO€ CONPOTHUBIIEHHE OOMOTKH pOTOpa

I TGKYHIE?G 3HAYEeHHE TOKA B OOMOTKE poTopa ABUT'ATCIIA

3a4eKOBOYHBIA MOMEHT JABHUI'aTCJIA

I[BI/I)KYIHI/Iﬁ MOMCHT, paSBHBaGMBIﬁ ABUIaTCIICM Ha CBOCM Bally

MomeHT Harpy3ku

< Z| (L

'HMCTp MomeHTa CyXOro TpCHHU:A

o

HpI/IBGI[eHHHﬁ K BaJly ABUI'aTCIIsI MOMCHT HHCPLUHU CI'O pOTOpa U

MM
couJie-HEHHBIX C HUM 3y04aToro peaykropa u mHeka MBM

e

™ VYTroBasi CKOpOCTh BpallleHHs Bajla JBUTATENS

¢ ™M Yron IIOBOPOTA BaJia ABUT'ATCIIA

KoaddunmeHT nepegaun Mexay IBUTaTeIeM U MaYTOM

=
<

NI X

=

[Tepemernienne MauThl

T

-
N

HpOCKLII/IH CHJIBI TATH HA OCh Z

Bec mauTel

g

Macca cruiIisl

9}

Y ckopeHnne cBOOOTHOTO MaieHuUs

<« 3|3

=

CKOpOCTB BBIABMKCHUA MAadThl

KommnuecTBo crmig

[

I[J'II/IHa OT IIapHHUPLI CITMIBI JO €€ ICHTPpa MacC

Q
(9}

I[J'II/IHa OT IIaPHHPBLI CITMIBI 10 TOYKH KPCIICHUA OTTSKKHU

Q
S

2

I[J'H/IHa OT IIapHUPHBI CITMOBI O TOYKH KPCIJICHHUA TPpOCa

N
Q

n

-

Cuna tarun CIIMIBI, ITPUITOKCHHAA YCPC3 JICHTOUYHYIO OTTAKKY

£

VYrioBas CKOPOCTDb BpaIllCHU:A CITMIIbI

YT0JI pacKpbITUSL CIIULIBI

Yroa Mex1y OTTSKKOW U CHULEH 0

Y10 OTKJIOHEHHs KPETUIEHNs TPOCa OT IEHTPa MACC CITUIBI |

VT0J1 OTKJIOHCHUS TpOCa OT BEPTHKAJIbHOI'O ITOJIOKCHUSA B

o
aQ
=

MomeHT oT CyXOT0o TPpCHHA B COYJICHCHUHN CIIHUIIBI C OCHOBAHUCM
AHTCHHBbI

93




[Tponomkenue Tabmuipl A

M ., IIPWIOKEHHBIN K CITUIIE YE€PE3 TPOC €€ BEIBECKM MOMEHT OT CUCTEMBI
aBTOMAaTHUYECKOT0 YNPABJICHUs HATSKEHUEM TPOCa,

M s MoMeHT BpalleHus Clulbl, 00YCIOBICHHBIN €€ BECOM;

M, [IpuIOXKEHHBIN K CIULIEC Y€Pe3 JICHTOUHYIO OTTSKKY MOMEHT
BpalICHUs OT MEXaHU3Ma BbIIBWKCHUS MAYThI,

Xe PaccTostnue Mex 1y TOUKOM KPEIIEHUs CIIALBI A U TOYKOU IOJBECA
TPOCa K CIUIIE 10 TOPU30HTAIIN

X, PaccrosiHre 110 ropu30HTAIN MEXKAY TOUKOW KPETUICHHsI CIMLBI A 1
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3. Control algorithms for active systems of weightlessness imitation of
single-rod spokes of the spacecraft’s reflector-type parasitics at the ground
testing their mechanical arrangements

3.1. Statement for weightlessness imitation of the spacecraft's reflector-

type parasitics for ground testing

We will formulate the task that must be solved and developed by the system
of active weightlessness imitation of probationary mechanical arrangements of
reflector-type parasitics in the developing stand of DDW “Kemchug”.

The system of active weightlessness imitation is needed for the process of
operational test of aerial's opening drive without secondary forces and moments
created by gravity forces and its opening elements at all stages of their work: from
the beginning to termination of disclosure to and allotment of working form to the
aerial. Implementation of this requirement allows approaching the operational factors
of aerial's mechanisms during the ground benchmark tests to those wherein they work
in space. Its realization is equivalent to the problem of weightlessness of aerial
elements, making spatial movements at its disclosing.

The system of active weightlessness imitation of the disclosed aerials on
the stand has to solve a problem of ensuring immutability of a control system by
the opening drive of aerial to the weight of the disclosed elements.

In the developing stand this problem is planned to be solved by
weightlessness imitation of each spokes of reflector-type parasitics at the expense of
their hummock vertical suspension on the slides moving over a reflector on
horizontal guides in disclosure's planes of the spokes. These slides have to work in
the mode of tracing and in the course of reflector's disclosure to provide vertical
position of the spoke's wire suspension with the ultimate in accuracy.

Straining forces in wires of their suspension in stand that are necessary for
spoke's weightlessness , have to provide automatic-control system by cable tension

that for this purpose should not only encourage the required  funicular force with
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the help of electric actuators, but to spool the stripped parts of suspension's wire on
the thimbles scattered on slides.

For the weightlessness imitation of each spoke of reflector it is required that
in the process of its work the sum of rotation's moments in reference to center of
inertia would be supported as zero-based in the process of reflector's disclosure.

This statement would be fair when the problem of a weightlessness imitation
of spokes (or some other products of an unchangeable form) that are moving freely
in three-dimensional space and fixed on a vertical cable in their center of inertia
would be solved.

At disclosure of reflector-type parasitics at the stand developing in DDW
“Kemchug” each one-unit spoke should be considered as the beam swivel fixed
by the one end on the fixed base and suspended on a wire (it isn't obligatory with
its fixing in the center of inertia of this beam). The settlement scheme of the

spoke's disclosure in this interpretation is represented in Figure 3.1.

OCHOBaHHUEC

A

Figure 3.1. The scheme of a hummock weightlessness imitation of the beam

swivel fixed by the one end on the base.
In this regard the problem of ensuring the immutability of drive operation of

the spoke's disclosure from its weight is reduced to creation by the system of active

weightlessness imitation of a such stand's funicular force that in conjunction with a
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spoke's weight at any provisions of the spoke during its disclosure would provide the
performance of the following conditions:
M, (G)+M ,(F)=0; (3.1)
FA(G)+F,(F)=0. (3.2)
In equalities (3.1) and (3.2) the following designations are used:
G _ vector of a weight force of a weightlessness spoke;

F — vector of weightlessness funicular force;

MA(G) — the moment created by a spoke weight force vector concerning

axis A of its turn at disclosure;

MA(F) — the moment created by a vector of weightlessness funicular force

concerning axis A of its turn at disclosure;

FA(G) — the pressure force vector on a hinged joint of a spoke with the basis

created by a vector of a spoke's weight force;

FA(F)— the pressure force vector on a hinged joint of a spoke with the basis
created by a vector of weightlessness funicular force.

Equalities (3.1) and (3.2) are also conditions of absolute immutability of
the spoke's disclosure drive operation of the aerial from its weight that the system
of an active weightlessness imitation of the stand has to provide due to generation on
the entire period of aerial reflector's disclosure of such aerial's funicular force at
which these equalities are carried out. A priori it is necessary to recognize that it
won't be possible to achieve at benchmark tests of mechanical devices of aerials the
absolute immutability to impacts of the weight of disclosed aerial elements on them
at putting the systems of an active weightlessness imitation in the developing stand
for a variety of causes. We will list the main of them.

1. When mechanical devices of reflectors of aerials are tested at the stand at
full assembly of the aerial (with a knotted fabric radio mirror fixed on the reflector),

it will be difficult to define the location of the center of inertia of the spoke and the
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part of a knotted fabric radio mirror supported by it. Besides, it will change its
location depending on the aperture angle of the spoke.

2. Finite rigidity of elements of aerial's spokes connection with which at their
disclosure not only their angular situation, but also deflections connected with their
flexibility and shifts of the centers of inertia of spokes or their links changes is
disregarded.

3. Influence of the aerodynamic forces affecting the aerial and its reflector in

shop conditions at their disclosure is disregarded.

3.2. Algorithm of spoke's weightlessness imitation when mooring

suspension in the center of inertia and on movable carriage

The task of weightlessness imitation in case of CAT of disclosure of
reflector's spokes when these spokes are one-rod, can be reduced to the solution of a
task of weightlessness imitation of the beam gimbal-mounted by one of its ends on
the rigid foundation imitating the spacecraft's case. The simplified scheme of such a
beam with weightlessness imitation by means of the system of an active
weightlessness imitation using a rope suspension and the carriage is provided in
Figure 3.2.

In this Figure the following designations are used: b is a beam length AB, Tp
is wire beam suspension, K is the carriage for its suspension moving according to the
horizontal directing H. It is expected that such a beam is hinged to the foundation in
point A. Its center of inertia is located at the point. The beam is persevered on a wire
at the point (in its center of inertia), and the upper end of the wire is fixed on the
bobbin placed on carriage K which is equipped with a funicular force of the closed
loop circuit and servo-mechanism providing at testing the swing drive of the turn of
the beam placed at point A, such a movement of the carriage on a horizontal guide is
so that the cable of suspension remained whenever possible more precisely in vertical

position.
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Figure 3.2. The scheme of weightlessness imitation of the beam gimbal-

mounted by one of the ends on the rigid foundation.

The task of active system of weightlessness imitation is reduced to
minimization of the influence of all devices intended for beam’s weightlessness
imitation on its movements in the course of operation of the drive of its disclosure.
Let's consider that in an initial condition the beam before operation of its drive of
disclosure is in vertical position. Its respective angular provision in the course of
disclosure is determined by a corner o, and the current angular error of a cable from
a vertical is the corner J3.

The task of the system of weightlessness imitation of an active (SWI) is to
neutralize the influence of weight of the beam on the process of its turn (“disclosure")
as it would take place in case of its disclosure in space. It means that ideally it is

required to provide in the course of disclosure of the beam joint forces and angular
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forces transferred to it from a rope suspension and gravity of the beam, equal to zero.
These requirements also predetermine the algorithm of SWI work.

We will determine forces and the moments stated above using the
designations accepted in designation (see subsection 1.2, Russian variant) and

believing in further mathematical calculations that the center of inertia of the beam is

from the center of its suspension at the distance L ,~ = AC. In that case beam weight

force G its angle of rotation, equal toa, it is possible to spread out on two mutually

constituting G; u G,, first of which is orthogonally to the beam axes, and the
second is directed on this axis. At the same time

G,=G-Sinaq; (3.3)

G,=G-Cosa. (3.4)

In a similar way we will decompose on mutually orthogonal components and

funicular F force. As a result the projection of this force to an axis of the beam will

be determined as

F, =F-Cos(a—p), (3.5)
and projection, orthogonal to it
F =F-Sin(a-p). (3.6)
In that case caused by action of weight of beam G and funicular force F the
rotational moment about an axis of the link 4 can be determined as
Ma=L,c(F=Gy)=L,c-(F-Sin(a—B)-G-Sina), (3.7)
and acting under influence of G and F along the beam axis on its foundation
in point A force
F,=G,—-F,=G-Cosa—F-Cos(a—p). (3.8)
Imitation of the beam in weightlessness will be ideal in situations when
MA,=0 u F,=0. (3.9)
It is necessary for accomplishment of these conditions that in the course of the

beam turn under the influence of its drive the next condition will be satisfied
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Mp=L,e-(F-Sin(a—p)-G-Sina)=0, (3.10)

It is equivalent to the requirement that cable tension force size

Sina
F=G-——M—. 3.11
Sin (a—p) 3.41)
Hereinafter:
F2|F|; G2|G]. (3.12)

In this case according to (3.8) and (3.11) the second condition from (3.9) will
be satisfied.

Therefore, in the course of the beam turn for the purpose of an exception of
influence of its weight for operation of the driving engine force of tension of the

cable shall meet condition (3.9) and, so the setting impact F. on the system of

automatic control of a cable tension in system of an active weightlessness imitation of
a beam should be created as
F. =G % (3.13)

It will be equal to beam weight force only in that case when the follow-up
system of the carriage in the course of a turn of the beam provides strictly vertical
position of the cable of suspension, i.e. to satisfy condition 3 =0.

Algorithm (3.13) solutions of task of weightlessness of imitation gimbal-
mounted product, apparently, are the simplest. However, its implementation in case
of bench testing does not guarantee absolute immutability of operation of mechanical
devices of a reflector against the weight of spokes as in practice it is difficult (and can
even impracticably) provide combination of a point of the sign of the cable of
suspension of the spoke precisely in the center of its inertia in connection with design
features of the spoke and implemented in the developed suspension stand. Moreover,
the task of the specified immutability is complicated by 2 factors which have already

been defined above.

106



3.3. Algorithm of spoke’s weightlessness imitation at suspension's

mooring not in its center of its inertia and on movable carriage

The scheme of such suspension is provided in Figure 3.3.

Figure 3.3. The scheme of the beam's weightlessness imitation in case of

discrepancy of its center of inertia and points of the sign.

In this case the point of fixing of the cable of suspension £ on beam does not

match with the center of inertiaC. Further we believe, as well as in 3.2, that

L, = AC sign point radius vector E concerning the center of A swing joint of the

beam with a rack is equal L, = AE.
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In case of such option of suspension of projection of force of weight of the

beam to its axis A4, and in the direction, perpendicular to it, will be determined by

the same formulas (3.3) and (3.4), as in the suspension option considered above, i.e.
G,=G-Sina; G,=G-Cosa. (3.14)

Force projection F to the direction AE will be determined by the formula
F,=F-Cos(a+y—pB), (3.15)
where vy is a corner between an axis of beam AA, radius vector AE of a

point of fixing of cable of suspension.
Other component of force of tension of cable F in case of its decomposition
on two orthogonal directions is determined as
F =F-Sin(a+y-B), (3.16)
At the same time the moment of rotation of the beam concerning its axis of
rotation in a hinged joint created by set of force of weight of beam and force of
tension of the cable of its suspension
Ma=F-L,;z—G;-L,=F-L,-Sin (oc+y—B)—G-LAC-Sin o. (3.17)
This moment in the course of the turn of the beam will be equal to zero
provided that force of tension of the cable will be supported at the same time equal to
Lyc  Sina
L,z Sin(a+y-B)

Therefore, the setting impact on the system of automatic control of force of

F=G-. (3.18)

tension of the cable of the sign shall be equal

L )
F3aﬂ=G' AC - Sin a .
L, Sin(a+y-p)

(3.19)

If at the same time force of cable tension is precisely determined according to

(3.19), then for its component F, along axis AE there will be fairly following

calculated value:
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L i
F2=G° AC . Sin o
L,z Sin(o+y-p)

L
=G- <. Sina-Ctg(a+y-B).
Lig

-Cos(a+y—B)=
(3.20)

If in case of ground tests the weightlessness product manages to be suspended
so that the condition and a mistake in work of the watching system of the carriage
will be satisfied will be insignificant in terms of cable deviation corner  from a

vertical, then the component of force F, of cable tension can be approximately

determined by the formula:
FZEG-%-COS QL. (3.21)
AE
Therefore, its size depends on the current angular provision of the beam. In
case of accomplishment of the conditions stated above (y=0, B~0) specifying
impact of type (3.19) can be replaced with a simpler one, namely:

LAC
F, . =G.—4¢
33/1 LAE

(3.22)

I.e. it is accepted in the same type, as for the situation when the product is
suspended in its center of masses.

Distinctive feature of the beam's weightlessness imitation option considered
in this subsection in comparison with the previous option is that even during the ideal
work of automatic system of an active weightlessness imitation (its follow-up system
of the carriage and system of a tension of a cable of a suspension), total pressure
force on the bearing of a hinged suspension will not be equal to zero. Its value is

determined by vector amountG, +F,.
Projection of the amount of forcesG,+F, to the axesY and Z an

orthogonal trihedron of axes, basic for the stand of a weightlessness imitation XYZ,

brought to point A (the hinge pin) and denoted as follows F,, u F,,, according to

Fig. 3.3, are equal:
Fay=—F,-Sin (oc+y)+G2-Sinoc; (3.23)
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Fa, =F,-Cos(a+y)—-G,-Cosa. (3.24)

Final vector of force with which the spoke will press on support in its joint the
case of the mechanism of promotion of a mast of a reflector

and its module can be calculated by the formula:

Fa|=yF2ay +Fa, - (3.26)

This force will create the additional moment of Coulomb friction in the spoke
joint with the case and by that to distort process of disclosure of the reflector at the
stand in comparison with what will occur in case of disclosure of the antenna in

space. We will notice that the direction of application of force F, in the joint in this

case has no essential value.

Exact implementation of algorithm (3.19) managements of weightlessness
imitation of gimbal-mounted beam is rather difficult decision in implementation as
demands information on the current values of angle o of rotation of a beam and a
corner 3 of a deviation of a cable of a suspension from a vertical. It can be simplified
significantly if in the follow-up system of the drive of the carriage to establish a

preset value of a corner 3 not equal to zero, and to accept to constants

o =7 (3.27)

In that case in case of its rather exact working off by the follow-up system of

the carriage algorithm (3.19) can be replaced on simpler, corresponding (3.22). At the

same time in the course of a beam turn the setting in the channel of automatic control

of force of a tension of a cable will be a constant and will not be required for its task
to use the current values o u f3.

But even in case of fine tuning (3.27) and implementation of algorithm (3.22)

in system of weightlessness imitation need the aim to combine a point of fixing of the

cable of sign on the spoke with the center of its masses at least because the more

there will be a difference between their provisions, the more will be force F, in
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spoke joint with the case of antenna and, respectively, violation of condition (3.2)

absolute immutability of process of disclosure of the spoke from its weight.

3.4. Choice of variant of spokes sign of reflector-type parasitics for the

developing stand

The both options of suspension of weightlessness imitation mentioned above
are integrated to difficulties in their practical implementation.

The most attractive variant of weightlessness imitation as it was mentioned
above is the first considered variant in case of which the cable of sign of the spoke
fastens in its center of inertia. Structures of antennas of big diameters and spokes of
their reflectors complicate mooring of suspension in the centers of inertia of spokes.

In antennas of big diameters developed for disclosure of reflector's spokes
they use the mechanism of tower advancing (MTA) which is built in the antenna
reducible by the electric motor. At the same time for disclosure of reflector-type
parasitics with the attached network fabric to it all spokes of a reflector are attached
to the tower by the ribbon type anchor wires with the width about 40 mm of (Fig.
3.4).

If to carry out the disclosure of a reflector at the stand developed within DDW
"Kemchug" so that in its working position the network fabric appears above it, than
the wires of a spoke's sign will have to pass through the network fabric antennas and
at disclosure of its reflector "to cut it through" that is, naturally, isn't admissible. For
this reason the reflector-type parasitics disclosure equipped with mechanisms of

promotion of towers can be carried out with promotion of their towers only upwards.
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Figure 3.4. Arrangement of a spoke and draft of its disclosure in a horizontal

shipping position.

If to carry out the disclosure of reflector at the stand so that in its working
position the network fabric appears below it,(i.e. with promotion of a tower upward),
then in the course of disclosure of a delay (draft), the connecting spokes with a tower,
will directly settle down over the spokes (Fig. 3.4) given by them, move in the
vertical planes of disclosure of spokes and to block an access to a spoke for a wire for
the system of an active weightlessness imitation on all length of a spoke from the link
of its binding on the base side of the antenna to the point of fixing of an anchor wire
on it.

Taking into account that width of drafts of disclosure of spokes is about 40
mm, in the course of disclosure of spokes in the vertical plane over a construction
axis of each spoke will be such width a zone of working provisions of draft of her
disclosure and this zone will close from above the center of interia of a spoke during
the whole time of disclosure of a reflector. In this regard the rope vertical suspension

of a spoke in single-core option of his execution with his fastening on a spoke in a
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zone of its center of interia and on the carriage which is vertically located over it isn't
possible.

The second circuitry variant of weightlessness imitation is when the cable of
sign fastens on a spoke in its trailer part (after the point of fixing of a disclosure drive
delay on it) will have the advantages listed in subsection only when on spokes struts
for increase in the moments attached to spokes through delays at the initial moments
of their disclosure aren't established.

If spokes have struts, then at the initial stages of disclosure of spokes the strut
with the tape delay placed on him will interfere with a vertical arrangement of a
single-core cable of a weightlessness imitation (there will be their overlap, the anchor
wire will also be in a working position of this cable at the first stage of disclosure of a
reflector).

For this reason and in this case it is necessary to choose any other circuitry
solution of a suspension of a spoke or driving elements of its disclosure (a rubble
anchor wire and a brace strut).

Taking the above into account, the following option for weight mooring on

spokes is offered.

3.5. The type of weight's mooring on the spoke in its center of inertia with

the use of its reduplicate performance

This type of weight can be considered as the most preferable among the all
possible options of weight's mooring as only in the case of cabling exactly in the
center of inertia the necessary conditions of absolute invariance of revelation the
spokes from their weight (its influence) are potentially provided.

For such solution it is possible to accept and realize the following technical
solutions at ground benchmark tests of mechanical devices of reflector-type
parasitics.

1. In the place of the center of inertia of spoke bandage device (loop) for

fixing of rope suspension is rigidly installed on it. In particular, for the transmitting
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antennas with a diameter of 8,6 meters such devices have to settle down on spokes
with serial numbers from 2 to 8 at in distance of 3175+100mm from axes of their
turn on the basis of the reflector and at distance of 3290+100 mm — on a force a
spoke Ne 1 with a diameter of 230 mm to which the block mechanical devices of the
reflector's turn fasten.

2. The rope suspension in the lower part between spoke and a mobile roller of
a sheave block should be executed in a two-cable execution as it is shown in fig. 3.5.

The length of a bi-cable suspension L, has to exceed the spoke length L - (see Fig.

3.3) from its center of inertia to the  pivot point 4 at size al,,, that is it has to be
chosen from the condition:

Ly, > Lac +aly,. (3.28)

The range that is included in ratio (3.28) aL,, has to provide the free pass of a

kneepiece and guy wire of a spoke between two wires of its suspension in the course
of disclosure of spoke from starting transport position to its working position. It isn't
difficult to calculate this size at the set design requirements of the reflector.

3. For retention of two wires of spoke's weight that are parallel in the course
of its disclosure it is necessary to establish a rigid clamp of wires (Fig. 3.5) after that
the suspension is carried out in the single cable execution up to the bobbin of the
carriage of system of an active weightlessness imitation of this spoke and in that its
stock which is reeled up on the bobbin. At the same time the sensor of weight it is
desirable to arrange behind the clamp of cables at once.

4. If in the created stand the polyspast suspension put in design
documentation will be realized, a mobile roller of a polyspast it is necessary to
dispose right behind the weight sensor. It will allow to lower requirements to height

of shop in which it is supposed to place this stand.
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Figure 3.5. Variant of the combined rope suspension of spoke.

With a height of shop of 11 meters the configuration of suspension of the
spokes stated above will be guaranteed accepted for disclosure of reflectors with a
diameter of 8,6 meters, but it can be insufficient for tests of reflectors with a diameter
of 12 meters and more. In this regard it is necessary to decide about the choice of
another variant of sign of spokes (not in the centers of inertia of their links). The
simplest decision in this case it is the transferal of sign's points, at least, from the root
parts of the spokes to their end , but also in this case the single cable variant of a
sign will be unacceptable because of its strutted overkill and anchor wire at the

first stage of the spoke's disclosure.
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Moreover, the carrying over of spoke's part sign point from the center of its
inertia in any other point will lead to the fact that conditions (3.1) and (3.2) of the
absolute immutability of spoke's disclosure process weight will turn out to be even
potentially failed to deliver. Therefore, the weightlessness imitation will be fatally
and essentially affected on the developing stand at expansion of weightlessness
imitation on it, and therefore the effectiveness of the land optimization on such

reflector-type parasitics mechanism of the stand will drop essentially too.
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