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”CCﬂenOBaHbl onTtu4Yeckune mertoAabl
n3mMepeHnsi CKOpoCTH Noe3408

B METPOMno/IMTeHe ¢ NoMoLLbio 60PTOBbIX
AaT4ynkKkoB, B TOM 4Yucjie B cutyaumuun
conmxeHnst cocTtasa C Apyrum o6bLeKTom.
IMpu pewwexnnn aTux 3agay NUCNosib30BaH
onbIT Pa3paboTKN ONTUKO-3/1IEKTPOHHOM
annapartypbl 47151 NepcrieKTUBHbIX
KocMmuyeckux annaparos. lNoka3aHo,
4YTO HauMeHbLUasi NnorpeLUHoCTb
n3amepeHuii obecrneynBaeTcs C y4eTom
a¢ppexkTa reomeTpnyeCKNX NUCKaXKeHNN
n3obpaxeHnusi, popmupyemoro KMOIT-
¢poronpuemHukom. lNpumeHssembie
AaTYnUKN CrioCOGHbI BbIMOJIHATb POJIb
pe3epBHbIX cCpeacTB B cuUcteme
ynpaBJsieHUs1 aBTOMaTUKOW noe3aa,

TeM caMbIM MOBbILLASA HAAEXHOCTb

1 6e30MacHOCTb MaCcCaXKUPCKNX
nepeBO30K.

KnyeBble caoBa: METPOrOJINTEH, 10e34,
CKOPOCTb, UIBMEPEHUNE, ONTUYECKNI AaT4UK,
KMOIT.
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HAYKA 1 TEXHWKA

U3mepeHune cKopocTu
MeTponoesna 6opToBbIMU
ONTUYECKUMM JaTYNKaMu

Cmapoeoiimoe Eezcenuii Hzopesuu — kanoudam
MeXHUHeCKUX HayK, Cmapuuil Hay4Holii COmpyOHUK
OAO «PKK «Dnepeus» um. C. I1. Kopoaésa»,
Mockosckas 06a., Poccust.

Bopoo6vee Cepeeii Anopeesuy — xanouoam
MEXHUMEeCKUX HAYK, CMAaPUULl Hay4Hblil COMpPyOHUK
000 «HIIIIT «Ceem», Mockea, Poccus.

JIs1 obecrnedyeHUST 0€30MaCHOCTH
IBUKCHMS B METPOIIOJMTEHE WC-
MOJIb3yeTCsl OBICTPOACICTBYIONIAS
MCTeMa aBTOMAaTHYECKOTO PEeTyIMPOBaAHUS
ckopoctu AJIC-APC yacTtoTHOTO THIIA,
B KOTOPOI1 KOTOBBIC CUTHAJIBI TOMTYCTUMBIX
CKOpOCTEii IepeaaroTcsl Ha 3J1eKTPOTIOIBIK -
HOM COCTaB I10 PeJIbCOBOM JIMHUM C YACTOTOMU
75-325 Iz [1].

WM3MepeHmne cKopocTu Ha OOpPTy Ioe3na
BBITIOJTHSIETCS] OTOMETPUUYECKHU, TIPU ITOMOIITA
3JIEKTPOMEXaHNICCKUX KOJIECHBIX JaTUNKOB.
Mx HemocTaToK 3aKI0YaeTCsI B OOIBIION
MOTPEIIHOCTH U3MEPEHMUI (5 KM/4 Uan
1,39 M/c), 00yCIIOBICHHOM TPOCKAIb3bIBAHN -
€M U IIpOoOYKCOBBIBaHMEM Koutec [2].

s mepenaym CUTHAJIOB YIIPABJICHUS aB-
TOMATHKOM TT0e3/1a UCIIOIB3YETCST peIbCcoBast
LeTTb, UMEIOIIasi OTpaHMICHHYIO HAIESKHOCTb.
B mepcrnekTUBHBIX pa3paboTKax M Maru-
CTPAIbHBIX KEJIC3HBIX JOPOT OIpeaeeHNe
KOOPIMHAT Toe3a M Tepenada Ha Hero MH-
dopMali OCYIIECCTBISIOTCS] ITOCPEICTBOM
panumokaHana [3]. OgHaKo B MOA3EMHBIX
TOHHEISIX METPOMOJIUTeHA 3KCIIIyaTallus
panmoKaHaia 3aTpyadHeHa U HEBO3MOXKHO
MIpUMeHEHNE CITyTHUKOBOM HaBuraiyu (IJ10-
HACC, GPS).



Tlpu onpeaeneHur NPOUAEHHOTO MYyTU
U CKOPOCTU JBUXKEHUS XEJE€3HOAOPOKHOTO
TpaHCIIOpTa B LieJIoM NMpUroaHbl gaTurku CBY-
Jvana3oHa [4] wim ynbTpa3ByKOBbIe TaTIMKKU
[5], ycTraHOBIEHHBIE TTO1 AHUILIEM JIOKOMOTHBA.
Ho B CBY-a1ana3oHe MOTyT BO3HUKATh [TOMe-
XU, OOYCIOBJIEHHbIE MHTep(epeHLIreii 1 repe-
OTPaXXEHWEM CUTHAJIOB, a PU UCTIOJIb30BAaHUN
YJBTPa3ByKa MOBEPXHOCTb, C YYaCTHEM KOTOPOM
BBITTOJIHSIIOTCST UBMEPEHUSI, He TOJIKHA MOTJI0-
11IaTh 3ByKOBBIE KOJIEOAHUSI.

B maHHBIT MOMEHT U3MEPEHUST CKOPOCTHU
JIBUXXEHUS 2JEKTPOIOABUXHOIO COCTaBa
B TYHHEJISIX ¥ TIOMEIIIEHMSIX METPOTIOJIUTEHA
BBITMIOJIHSIIOTCST yCTPOMCTBAMU KOHTPOJISI CKO-
poctu nBuxkeHus noe3nos (YKCIIT), B koTo-
PBIX IMPOXOXJIEHUE BaroHa (pukcupyercs
JIByMsI TTapaM¥ ONITUYECKMX TaTIMKOB, yCTa-
HOBJIEHHBIMU B Hayaje W KOHIE KOHTPOJIU-
pyeMoro yuyactka. [TorpenrHocTs moka3aHui
cocrapiser 1 km/4 nau 0,28 m/c [6]. docro-
WHCTBAMU JaTYMKOB ONTUYECKOT0 T1ana3oHa
KpPOMeE BBICOKOU TOUHOCTU SIBJISIIOTCS KOM-
MaKTHbIE pa3Mephl, Majible BeC U MOTpedisie-
Masi MOITHOCTb.

IlepcrieKTUBHBIM BBITJISIIUT pa3paboTKa
OOPTOBBIX ONTUYECKUX TATYNKOB CKOPOCTH [2],
KOTOPBIE MOTYT OpaTh Ha ce0s1 POJIb PE3EPBHBIX
U3MEPUTEIE B CUCTEME YIPaBJICHUST aBTOMa-
THUKOI MeTpoIioe3ia B JOMOJIHEHUE K CYIIECT-
BYIOIIIM CPE/ICTBAM.

31ech MpeacTaByIsieT UHTEPeC MpUBJIeUeHYE
MOTEHLIMAIA, HAKOTUIEHHOTO B KOCMUYECKOM
npudopoctpoeHuu. [Tpu yripaBieHun coamxke-
HUEM U CTBIKOBKOA, a TakXKe CITYCKOM Ha Mo-
BEPXHOCTD IJIAaHET Pa3IMYHBbIX KOCMUYECKUX
anmnaparoB (KA) BBITTOTHSIOTCS UBMEPEHMST UX
OTHOCUTEJIbHOI cKopocTU. [Tpruem peub unet
00 ONTUKO-3JIEKTPOHHOM amnmapatype [7-11],
obecreuynBarollei U BBICOKYIO TOYHOCTh U3Me-
pPEHUIA, HEOOJbIIME FrAdapUThI UBMEPUTETBLHON
TEXHUKH.

TTon 3TKM yIJIOM 3peHUs B CTaThE PacCcMO-
TPEHbI IBE MPAKTUYECKUE 3aJa4l: UBMEPEHUE
CKOPOCTH CONIVMKEHUSI MOe3/a C APYTUM OObEK-
TOM — TIO€3[I0OM WJIU TYTTUKOM B TIpeesiax mpsi-
MOV BUIMMOCTU U U3MEPEHNE CKOPOCTU JIBU-
JKEHMS MOoe371a OTHOCUTEBLHO XKeJIe3HONOPOXK-
HOTO MOJIOTHA.

1. ABMEPEHME CKOPOCTU

CBJINXKEHUSA C APYIT'MM OBbEKTOM
IIpu comxennu ¢ ApyruM 00bEKTOM U3-

MEpEHNE CKOPOCTH OCYLIECTBIISIETCSI OTHOCH -
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TEJIbHO XKeJIE3HOAOPOXKHOTO MOJIOTHA, a AaJIb-
HOCTb O 00BEKTa OMPEACIISIETCS BU3YAIbHO
MAILIMHUACTOM, KOTOPBII PETYIUPYET CKOPOCT-
HoW pexuMm. OTHOBPEMEHHbIE U3MEPEHUS
IAJIbHOCTU 0 00BbeKTa (KOTOPOIl COOTBET-
CTBYET OIpe/e/ieHHas TOMyCcTUMasi CKOpOCTh
NBUDKEHUS T0oe3[1a) U u3MepeHus dakTuye-
CKOIl CKOPOCTU COJIMXKEHUSI ONTUYECKUM
MaTYUKOM MOTYT MO3BOJUTh Pean30BaTh
aBTOMAaTUYECKOE YIPaBJIEHUE CKOPOCTHBIM
PEXHMMOM TIPU €ro TMPEBBILICHUU U aBapuii-
HBIM TOPMOXEHUEM Moe3/a.

JlazepHbie NOMIEpOBCKUE TATYNKU CKOPO-
CTU UMEIOT OTPaHUYEHHBIE Pa3MePhI U3MEPU -
TEJIbHOU 30HHI [12], MO3TOMY MX HEJIb3s UC-
MOJIb30BATh [IJIS1 U3BMEPEHUS] CKOPOCTU COTH-
XeHus. B 60pToBOM maTuuke Jydilie mpume-
HSATbh KOHEUYHO-Pa3HOCTHBIA HUIHU
nuddepeHIUATbHBIA MeTO DUKCALIUY CKO-
POCTH IO IBYM 3HAYEHUSIM JATbHOCTU
p=2 (1)

At

At=1—1, ()
rae D, D, — u3MepeHHble 3HaYEH U JalbHO-
CTH B MOMEHTbI BDEMEHH 7, £,. JlaTbHOCTD ITp1
9TOM MOXET OTPEAENSATHCS MAaCCUBHBIM WJTU
AKTUBHBIM METOJIOM.

ITo aTomMy npuHITUITY pabOTAIOT JIa3epHbIE
CKOpOCTEMEPHI, KOHTPOJIMPYIOIIINE ABIKEHIE
aBToTpaHcmopTa [13].

Ha npakTtuke 11st usmMepeHuii 1aTbHOCTH
IUPOKO MPUMEHSIIOTCSI CUCTEMBI U3 JBYX
TeJeKaMmep, pa3HECEHHBIX MEXIy co0oi
Ha HEKOTOpOe 6a30BOE PACCTOSTHUE — CTEPEO-
TeJeBU3UOHHBIE CUCTeMbI. JlaTbHOCTh HaxXo0-
JIATCS TI0 BeJIMYMHE JIMHEHOTO Tlapajiiakea,
XapaKTepU3yIolleTo B3auMHOE CMellleHUe
M300paXkeHU M onpenesIeHHOM TOUKM 0ObEeKTA.

JaTbHOCTB OT CTepeOTeIeBU3NOHHOM CH-
CTeMbI 10 00beKTa paBHa:

ptrt
P
e [, — pa3mep 6asbl MEXIY TeJleKaMepaMu;
f — dokycHoe paccTossHUEe OOBEKTUBA; p —
JIMHEWHBIA Mapajiakc.

J1aJbHOCTh U TOYHOCTHh M3MEPEHMIt
CTepEeOTEeIEBU3NOHHOM CUCTEMBI IIPOTIOPIINO-
HaJIbHBI JTUHE 0a3bI, KOTOPast TOJIKHA UMETh
TMOCTOSTHHYIO BEJIMYMHY (OBITh YCTOMYMBOM
K BUOpauusaMm, repernagaM TeMIlepaTypbl
U T.1.). Takke qoJKHA ObITh oOecredeHa na-
paJUIeTbHOCTh ONITUYECKUX OCelt 00enX Tese-
Kamep.
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Puc. 1. leomeTpuyeckmne nckaxxeHus npuv ABMKeHNn
TecT-00BbEeKTa 10 HanpPaB/IeHUIO K AaT4YUKY: a) TecT-
006BEKT HenoABuXeH; 6) TeCT-00bEKT NPUGMKaeTCs.

I[Ipumem, 4TO MOrpelIHOCTh U3MEPEHUST
JIMHEeMHOTro Mapajuiakca CTepeoTeIeBU3UOH-
HOM CUCTEMOU ONIPENEIISIETCS IMCKPETHOCTBIO
MaTpUYHOTO (DOTOIIPUEMHMKA A®, 2 OIINOKKN
MpU YCTAaHOBKE TeJieKaMep MpeHeOpeXKnuMo
MaJbl. Torga morpeirHoCcTb U3MEepPeHUsI 1aib-
HOCTHU COCTABUT
b Ao

. 4
p DPHAw )

9p

OnHaKo UCTOIb30BaHUE OTHOM TeJieKame-
PBI B Ka4eCTBE PE3ePBHOTO U3MEPUTENISI CKO-
pocTtu GoJiee PEeATOYTUTETHHO.

B aTOM Cllyuae MOXHO peain3oBath yIiio-
MEPHBII CIIOCO0, OCHOBAHHbIIA Ha M3BECTHOM
pasMepe 0ObeKTa WK ero YacTu. lcXoqHbIMU
JAHHBIMU CITyKaT pa3Mepbl 00bEKTa U XapaK-
TEPUCTHKU TeJIeKaMepHl (yIaomepa).

JlabHOCTB OT 00BEKTA JI0 YIJIOMepa Orpe-
JIEJISIETCS 10 BBIPAXKEHUIO

_ 106
~tan(g)’

e [, — nuHeiHbIi pasmep 6asbl (00beKTa);
¢ — BUAMMBI yIJI0BOU pa3Mep 00beKTa.
B o61iem ciyuae

/
=arctan| 2 |,

[TorpenrHocTh U3MEPEHUS JATBHOCTH:

P latAL; L, , ™
tan(g+Aw) tan(g)

rae Alo6 — NOTPEILIHOCTD OIIPEACACHUS JINHE-

HOTO pa3Mepa 00beKTa.

HenocraTtok yriiomMmepHOro Merona uaMepe-
HUIA B TOM, UTO JIMHEMHBIE pa3Mephbl 0ObeKTa
JIOJDKHBI OBITh U3BECTHBI C IOCTATOUYHOI TOUHO-
cThlo. B TakoMm cityyae 1ieecoo0pa3Ho ycTaHO-
BUTB HAa 00BbEKTE KOHTPACTHbIC MUIIICHH (OIITH-
YECKIE MAsIKH ) C TOYHO M3BECTHBIMU pa3MepaMI.

&)

(6)
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M3mepeHne cKopoCcTH COMMKEHUS C 00b-
€KTOM MOKET OBITh peaii30BaHO 3a CUET Xa-
pakrtepHoro pig matpudHoro KMOIT-doTto-
npueMHuKa 3¢ deKTa reoMeTpuIeCcKnx
HWCKaXEeHU 32 BpeMs OHOTO Kaapa, 00yCJIOB-
JIEHHOTO OCOOEHHOCTSIMU PadOTHI €ro JIeK-
TpOHHOrO 3aTBOpa [14-16].

B KMOII-dboTonpueMHUKe HaKOTUIEHUE
CTPOK IMPOUCXOIUT HE CHHXPOHHO, a CO CMellle-
HUEeM BO BpeMeHU (Oeryiiuii 3aTBop). B pesyib-
TaTe TPU JUTUTETHbHBIX BBIIEPKKAX TBVKYIITN -
cs1 00BEKT Ha M300pakeHUU BBITJISIUT MCKa-
JKEHHBIM: BEPTUKAJIbHBIE JIMHUU CTAHOBSTCS
HaKJIOHHBIMU. BUJT reoMeTpriecKnx mcKaxe-
HUI1 3aBUCUT OT B3aMHOI OPUEHTAIH B ITPO-
CTPaHCTBE HaIpaBJIECHUS ABWXKEHUST Habo1a-
€MOTO 00BbEKTa M HAITPaBJIeHMIT TOPU30HTAIb-
Hoii U BepTukanbHoi pa3Beptku KMOII-do-
TOTIPUEMHUKA, a UX BEJIMYMHA — OT CKOPOCTH
COMKeHUs ¢ 0OBEKTOM, OT (hopMaTa U TaKTO-
BOI YaCTOTHI TeJIEKaMEPBI.

Db deKT reoMeTpIIECKIX NCKaXKEHUH ITpU
JIBVXXKEHUM TECT-00BEKTa MO HaIlpaBJICHUIO
K JaTYMKY TT0Ka3aH Ha puc. 1.

st moBbILIEHUsT 0€30MTaCHOCTU KOHTPOJISI
CKOPOCTH COJIMKEHMS TTPU CTHIKOBKE KOCMU -
YecKoro ammnaparta pa3paboTaHa cuctema
Ha ocHOBe 3((heKTa reoMeTPUIECKUX UCKa-
JKEHW I M300pakeHusl, BKITIOUAIoNas JaTIuK
¢ KMOII-doTonprueMHUKOM, PacoJOXeH-
HbII Ha akTUBHOM KA, 11 4eThIpe ONTUYeCKUX
Masika Ha maccuBHOM KA, ycTaHOBJIEHHBIE
B TUIOCKOCTH, TIEPIIEHINKYJISIPHOI OCHU Ha-
MpaBJieHUs CKOPOCTU cOavkeHust. Onruye-
cKkue Masiku nmaccuBHoro KA oGpasyroT npsi-
MOYTOJIbHUK B IT0JI€ 3pEHMS TeJIeKaMephbl, IIpU
9TOM JIBE CTOPOHBI IPSIMOYTOJIbHUKA TIapaji-
JIEIbHBI CTPOKAM YyBCTBUTEJIbHBIX 2JIEMEHTOB
KMOII-dbotonpuemHuka (mukcesneit), 4to
SIBJISIETCS YCJIOBUEM TIPOsIBIeHUST 2 deKrTa
cMa3za n300paxeHus ¢ Mmasgkamu [8,11].

ITpu upe3aMepHOM BO3pacTaHUU CKOPOCTH
CcOMIMKEeHMST 3a BpeMsI TOCJIeI0BaTEIbHOTO
HakoruieHust curHasia B KM OTI-doTtonpuem-
HUKe M300pakeHne HWDKHEN Mmapbl MasikoB
OKa3bIBaeTCsl CMa3aHHBIM OTHOCUTEIbHO
BepxHell mapsl. B pesysbraTe 6a3a HUXHEH
napbl MasikoB MoJTyyaeTcs 0oJiee pacTIHYTOU
110 CpPaBHEHMUIO ¢ 623011 BepXHEe mapbl, U psi-
MOYTOJIbHUK Ha M300pakeHuu, hopMupye-
mbiii KMOII-doTtonpreMHUKOM, MpeBpaliia-
eTcsl B Tpaleuuio (CM. puc. 2).

OTHoOIIIEHe OCHOBAHU I TpaIleliu OIpe-
JIeJISIET BEJIMUMHY W HaIlpaBJIeHUE CKOPOCTH
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Puc. 2. UameHeHne pacrosioXxeHns onTu4ecknx MasskoB Ha n3obpaxeHum, popmmpyemom KMOIT-
¢doronpueMHUKoM: a) Masiku HernoABWXKHbI; 6) Masiku NPUGINXKAIOTCS K AaTYNKY CO CKOPOCTbIO v 1;
B) Masiku NpUGNXaloTCs K 4aTYNKy CO CKOPOCTbIO v2>u 1.

commxenus KA. OTHoIIeHrE [UTMHBI HDKHE-
O OCHOBaHMS Tpaleldy K BepxHeMmy Oyaer
YBEJIMUMBATHCS C BO3pACTAHUEM CKOPOCTHU
commkennst. [TorpenHoCcTh U3MEPEHUI CKO-
POCTH 3aBHCHMa OT pa3pelaroiieii crocoo-
Hoctu KMOII-doTonpuemMHuka.

W3MmepeHusT BBITOIHSIIOTCS YIIIOMEPHbBIM
MeTomoM (5) TTooUYePETHO TS BEPXHEH 1 HITK-
Heil 6a3 Mexny Masikamu. IlpuHumasi, 4to
MOrPELIHOCTh YCTAHOBKY MAsIKOB IIpeHeOpe-
JKMMO MaJia 10 CPaBHEHUIO C ITOrPELIHOCTHIO
JUCKPETHOCTU (DOTONMPUEMHUKA, MOJYIUM
BBIpaXXKEHUE IS TOIPELTHOCTH OIpeAesIeHUS
JaJTbHOCTH:

1, -(tan(¢+ Aw) —tan(g) )
© tan(g)-tan(g+Aw)

rae [, — pa3mep 0asbl MEX1y MasgKaMu.

Ecnu onTrueckre Masiku caMU SIBJISTIOTCS
WCTOYHUKOM U3TY4YEeHUSI, TO I pabOThI 1aT-
yuKa cMa3a nu3obpaxeHus He TpeOyeTcs
BHEIIHSA 3acBeTKa. Mcrnoib3oBaHMe y3KOIO-
JIOCHOTO cBeTOo(WIbTpa 0OeCreunBaeT Hal-
€XXHOCTh U3MEPEHUI IPU HAJIMYUU CBETOBBIX
oMeX.

Ha puc. 3 mokazaHa (GyHKIIMS YCTaHOB-
JICHHOTO Ha KaOuHe 1moe3na OOpToBOro aatT-
YHKa CMa3a U300paKeHMSI BMOMEHT KOHTPOJIS
JIOITYCTUMOU CKOPOCTH Tepel TYITUKOM.

W3 BoipaxkeHus (1) cienyet, 4To Ipu U3-
MEPEHUN CKOPOCTH G, T bepeHINaTbHBIM
METOJOM €€ MOTPEeUIHOCTh ONMpeneaseTcs
MOTPELTHOCTAMYU U3MEPEHMS JTABHOCTHU G
U BpEMEHHOTO UHTEPBAIa G, MEXIY U3Mepe-
HussMu. GopMaIbHBIM 00pa30oM 3TO MOXHO

®)

D

IpeaACTaBUTL B BUIC

2 2 2
O, _Optoy O

2

= g

v

v’ v? AP

® MMWP TPAHCMOPTA, Tom 13, N2 4, C. 80-93 (2015)

[Mpeanonoxum, 4to 6, <<c,. [IpeHe6pe-
rast BTOpbIM WIEHOM B BhIpaxkeHuH (9), mpeo-
OpasyeM ero K BUAY
o, N0 (10)

At

Bruipaxenus (4), (7), (8) u (10) neMoH-
CTPUPYIOT, YTO MOTPEIIHOCTh U3MEPEHUS
CKOPOCTHM CHUXAeTCS MPU YMEHbIICHUN
NIaJIbHOCTU M3MEPEHUI U YBETUUYEHUU Bpe-
MEHHOTO MHTepBayia Mexay Humu. Ho mipu
9TOM TEeKYIIEel 1aJTbHOCTH U3MEPEHUI 1 Ya-
CTOTHI BBIIAYM NAaTYMKOM MHOOpMAILIUU
0 CKOPOCTH JOJIKHO OBITh JOCTATOYHO JJISI
BBIITOJTHEHUST 9KCTPEHHOTO TOPMOXEHUS
rmoesa.

s cpaBHUTEJIBHOTO aHaIn3a MpUMeM
CKOpPOCTh OBMKEHHUS Toe3na v = 2 M/c
(7,2 xm/49), pazmep 06a3bl MEXTY TeJleKaMmepa-
MU [ = 2,5 M, TMHEHHBIH pasMep 00beKTa
[ = 2,7 M (uMpuHa BaroHa), 6asy Mexmy
Masgkamu [, = 2,5 M. I3MepeHus BbIMOJIHSA-
I0TCS B IUamna3oHe gajabHocTei 20-2 M.

OO0bekT (ero 6a3bl ¢ MasgKaMM) Ha OJIMXK-
Hell gaabHOCTU (2 M) AOJKHBI MOJTHOCTHIO
TTOMEIIAThLCS B T10JIe 3peHUST OOPTOBOTO aT-
YHKa, TTO3TOMY OHO NPMHUMAETCS PaBHBIM
55°. MaTpuuHblii GOTONIPUEMHUK UMEET
Gpopmart 1024x1024, ero paspemieHue 3 =
0,94 mpan, a iuckpeTHOCTh — A® = 0,47 Mpan.

BpemeHHOI MHTepBal MEXIY U3MEPEHM-
SIMU CTEPEOTEIEBU3MOHHOM CUCTEMBI U YTJIO-
mepa Af = 1 ¢, a JIst JaT4YMKa cMasa u3obpa-
SKEHUSI OH OTIPEIEIISIeTCSI BpeMEHEM CUMThIBA-
HUST U300pakeHMsT OOBEKTa C MasKaMMU:
At=th, (11)
e 4 — BEpTUKAJIbHBIN pa3Mep N300pakeHUs
00bEKTA ¢ MasgKaMU, CTPOK; . — BPEMS CUU-
TBIBAHMS CTPOKH.
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Puc. 3. Ucnonb3oBaHne 60pTOBOro gaTtynka cMa3a
un3o6paxxkeHuns 4151 KOHTPOJIS AOMYCTUMOWN CKOPOCTH
noesna nepen TYMAKOM.

CKOpOCTh BBIYUCIISIETCS O Pa3HOCTHU
JUTMHBI U300pakeHUld BepXHEN U HUXXHEU
0a3bl ¢ MasikaMu (cMasy), T03TOMY MHTEPBaJ
MEeXIYy OBYMS U3MEPEHUSMU AaJbHOCTHU
HE JOJDKEH OBbITh MEHbIIE MOTPEIIHOCTH €€
usMepeHuil. Takum odpaszom,
D S D 1~ %pp
OTKyIa

(12)

Ar>Zo
1%

(13)

OILIeHKY MTOTPENTHOCTEN U3MEPEHMUSI 1aTh-
HOCTE ¥ CKOPOCTH JJTST ONTUYECKUX TATINKOB
pa3HoOro TUMa MpeacTaBieHbl B Tadaulie 1.

W3 manHBIX TaOMUIBI BUAHO, YTO HAU-
MEHBIIIME TTOTPEITHOCTA U3MEPEHUI o0ecTie-
YUBAIOTCSI MTPU UCITOJIb30BAHNU NAaTYNKA
cMa3za uzobpaxenust. OmHAKO, KaK CIIeayeT
u3 (10) u (11), HauMeHbIIasT MOTPEITHOCTh
HaOJIoaeTcsl IPpU yBEJIMUYEHUUN BPEMEHU
CUUTBIBAHUS CTPOKU U COOTBETCTBEHHO JTH -
TeJIbHOCTU DKCTO3UIIUU KaJapa B ILIEJIOM,
B pE3yJIbTaTe YET0 CHUKAETCS YaCTOTa OOHOB-
JieHust TH(OPMAIINK, BEIIaBAEMON TaTYUKOM.

CpaBHeHUE JaTUMKa cMa3a u3obpaxe-
HUS C aKTUBHBIMU U3MEPUTEISIMU TTOKA3bI-
BaeT ero mpenmylecTna. JlazepHanie cKopo-

cTeMepbl [13] ¢ MOrpelIHOCThIO U3MepEH U
okoiio 0,42 M/c paboTaroT Ha TaJTbHOCTIX
He MeHee 5 M U UMEIT 0ojiee CIOXHYIO
KOHCTPYKIIVIO.

2. UBMEPEHME CKOPOCTHU
OTHOCUTEJ1IbHO MOJIOTHA

3/1ech Mpexe BCETo CeNyeT UMETh B BUTY
WCITOJIb30BAHME JIa3€PHBIX JOTIEPOBCKUX
JATYNKOB, 00€CTIeunBaIOIINX TTOTPEITHOCTh
usMepeHuii ckopoctr 1o 0,05% ot ee Benu-
yuHBL. J{oTIepOBCKMi ATIYNK, TOCTPOSHHBIM
no obuwenpuHATON nuddepeHunanbHON
cxeMe, hopMupyeT MHTEpPEPEHIIMOHHYIO
KapTUHY B U3MEPUTEJILHOI 30HE, T TOJIKEH
HaXOAUTHCS O0BEKT, TIPU ITOM BEKTOP €ro
CKOPOCTH OPTOTOHAJIEH K OMTUYECKOW OCHh
natuuka [12].

M3MepeHne CKOpOCTU MOXKET BBITIOJTHSITh-
csl TI0 3JIEMEHTaM JOPOXKHOTO TIOJIOTHA, KakK
3aMepPSIETCS] CKOPOCTh IBUXKEHUST TTPOAYKIUN
B TIPOKATHBIX 1IeXaX Ha METAJLTyPruYeCcKUX
MPEATPUSITHUSIX.

OpmHako Tpu pa3MellieHUu ! TOTIePOBCKO-
ro JaT4MKa Ha BaroHe rmoes3aa KojebaHwus
¥ BUOpPAIIMU TIOCJIEIHETO BHI3OBYT CUJIBHOE
yBeJIMYEHNE MTOTPEITHOCTY U3MEPEHU T BCIIe -
CTBUE CMEIIEHUSI U3MEPUTETbHOUN 30HBHI.
Kpome Toro, mpu MaibiX CKOPOCTSIX M3-3a
HU3KOW KPYTU3HBI BHIXOMHOTO CUTHAJIA TIO-
TPEUTHOCTh U3MEPEHUST TOKE PE3KO BO3pacTa-
er [12].

W3BecTeH MeTON M3MEpPEeHUsT CKOPOCTHU
JIBUKEHMSI TI0€3/1a B METPOIIOTUTEHE 110 U30-
OpakeHUI0 PETbCOBOI KOJIEN C UCTIONIb30Ba-
HUEM ONITUYECKOTO AaTynka Ha ocHoBe [13C-
dortonpuemHuka. JJatuuk pazMmemniaercs
Ha JHUIIE BaroHa, CpeaHEeKBaIpaTudecKast
TOTPEITHOCTh U3MEPEHU I CKOPOCTU COCTaB-
nstet 0,84% OT ee BeIMUMHBI, HO Ha IIPOLIECC
BJIASIIOT CBETOTEXHUYECKUE YCIoBus [2].

He meHee mpuMeHUM METOA U3MEPEHUsI
CKOPOCTHU XeJIe3HOJAOPOXKHOTO COCTaBa
T10 CIIBUTY Ha M300paXKeHUSIX KeJIe3HOTOPOXK-

Taomuna 1
O1eHKH MOrpeIHocTeil u3MepeHns JaJIbHOCTEl M CKOPOCTH IS
ONTHYCCKUX JATYUKOB PA3HOro THUIA

Wsmepurenn D,m G, M D, m G,,,M |G, M/c(KM/4)
CrepeoteneBusznoHHas cucreMa (f= 0,1 m) 20,00 0,72 18,00 0,59 0,93 (3,35)
Yrmomep (Al = 0,1 m) 20,00 0,67 18,00 0,61 0,90 (3,24)
JlaTunk cMa3a u300paxeHust 20,00 0,08 19,60 0,07 0,53 (1,91)
(At=0,2¢c;t =1,510%¢c)
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Puc. 4. leomeTpuyeckmne nckaxeHus npu 60KOBomM
ABWXEHUN TeCT-00beKTa: a) TecT-o0beKkT
HenoABuXeH; 6) TecT-o0beKT ABUraeTcsl BJIEeBO.

HOTO TI0JIOTHA, (DOPMUPYEMBIX IByMsI BUIEO-
perucTpaTopaMu, KOTOpble HAXOMSITCS Ha 3a-
JlaHHo# BbicoTe [17]. OgHaKO U B 3TOM cllyyae
PaboOTOCITOCOOHOCTD TeJIeKaMep CUIILHO 3aBU -
CUT OT CBETOTEXHUYECKUX YcI0BMil. [ToBbIIe-
HUST TIOMEXOYCTOMYMBOCTA U3MEPEHUI MOXK-
HO JIOOUTHCS C TTOMOIIBIO ONTUYECKUX Masi-
KOB.

JaTuynk cMa3a n300pakeHusT OTHOKaMep-
HBIM M 32 CYET MCITOJIb30BAHUST ONITUYECKUX
MasikOB B MEHBIIIEH CTETIEHW 3aBUCUT OT CBE-
TOTEXHUYECKMX YCIIOBUI, UTO JIaeT eMY TTpEeu -
MYIILIECTBA IO CPABHEHUIO C JIBYMSI YITOMSTHY -
ThIMU MeTonaMu. Kpome Toro, pazmerieHue
JaTYMKA HaJ MyTSIMU IO THUILEM BaroHOB
roe3aa HexeJaTeJIbHO 110 PUYMHE ObICTPOTO
3arpsI3HEHMST ONITUYECKUX TTIOBEPXHOCTE.

IlpennoxenHas B [8,11] peanuzauus
JaTIMKa CMa3a M300pakeHus IToapa3yMeBa-
€T pa3MellleHNe ONTUIECKUX MasIKOB B TIJI0-
CKOCTH, MIEPTIEHAMKYJISIPHOM OCY HamIpaBJie-
HUS CKOPOCTH cOMmkeHus. [ nuaMepeHuia
Ha BCEM IPOTSKEHUU ITYTH CJIEIOBAHMST CO-
cTaBa IMpPEeANOYTUTEIbHEE MCIOJb30BaTh
addexT cMaza B INIOCKOCTH, MapauieIbHON
HarpaBJIeHUIO IBUXeHUs. [eoMeTpuyeckue
MCKaXXeHUsI TTpu OOKOBOM JBMKEHUU TECT-
00beKTa MOKa3aHbl Ha puc. 4.

Torma naTyMK cMa3a M300PaKEHMS MOXKET
yCcTaHaBJIMBAaThCsl Ha OOKOBOI 4acTW BaroHa
noe3na. st u“BMepeHust CKOpOCTH B Ka4eCTBe
ONTUYECKUX MAsIKOB B 3TOM CJIyyae MCITOJIb-
3YIOTCSI KOHTPACTHBIC WM TTOJICBeUYMBAEMbIe
BepTUKaJIbHBIE TI0JIOCHL. [10 yrimy ux HakJioHa
Ha M300pakeHUM OIpeNesIIeTCs CKOPOCTh
JBUXKEHUS 1oe3aa (CM. puc. 5).

Kpowme Toro, mosiockl, uMerolne HakJIoH
B CTOPOHY, ITIPOTUBOIIOJIOKHYIO CMa3bIBAHUIO
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Puc. 5. Ucnonb3oBanme 60pTOBOIro AaTtynka cMa3sa
un3ob6paxxeHuns Ans noaaepxxaHns Tpedyemoii
CKOPOCTU [ABUXEHUS.

Ha KMOII-doTtonpueMHuKe, Ha U300paxe-
HUU OYIyT BBITJISAETD MpsiMbIMU. HaHeceHue
TTOJIOC C Pa3HOIi CTENEeHbIO HAKJIOHA 1O X0y
cJIeToBaHMSI TTOe3/1a TI03BOJISIET 3a/1aTh TPeOy-
€MYI0 CKOPOCTb JIBVDKEHUST Ha Pa3HBIX yUacT-
Kax MyTH, ¥ JaTYUK cMa3a N300pakeHusI 110~
JIydaeT BO3MOXKHOCTb HETIOCPEACTBEHHO W3-
MepSITh ITPEBBIIIEHHUE TOITYCTUMOI CKOPOCTH.
DTO MoMoraer peajan3oBaTh aBTOMaTHIECKOE
yrpaBJieHUEe CKOPOCTHBIM PEXXMMOM Ha OCHO-
Be MHGbOPMAIMK OT JJaTYMKa cMas3a nu3o0pa-
SKEHMS.

Kak cienyer u3 04eBUIHBIX TeOMETPUYEC-
CKHX OTHOIIEHUI, CKOPOCTh, C KOTOPOIA Tie-
pemMeniaeTcss Masik OTHOCUTEJIbHO IaTuyuka
cMmasza u300paXkeHusl, MOXHO OIPENeIUTh
W3 BhIpAXKEHUS
b D-tan(s- f)

h-t,

rae s — cMa3 MuKcelseid, B — rmosie 3peHust
MMKCEJIS.

Tak kak n3MepeHue BBITTOJTHSIETCS Ha (PUK-
CHPOBaHHOM AAJIbHOCTHU OT MAasIKOB 1 3apaHee
M3BECTHO KOJMYECTBO CTPOK, KOTOPOE OHU
3aHMMAIOT 110 BepTUKaIM (B OTCYTCTBUE Ha-
KJIOHA BaroHa ¢ 1aTYMKOM), TO IIPUMEM JIOITy-
LLIEHKE, YTO MTOTPEIIHOCTh UBMEPEHUSI CKOPO-
CTU OIIpeAe/sIeTCs] B OCHOBHOM IOTPEIIHO-
CTBIO ONPEIC/ICHUST CMa3a U300pakKeHUs Ma-
gka. Torma

D-(tan(s- f+Aw)—tan(s- B))
o, o .

; (14)

(15)

I[MorpemrHOCTh, U3MEPEHUI 3aBUCUT
OT CKOPOCTH JABMKeHUs Ttoe3na. [IpuHumMaem
D=1wm;B=0,94 mpan; Ao = 0,47 mpan; , =
104 ¢ (COOTBETCTBYET YaCTOTE OOHOBJIEHMS
nHpopmaruu okosio 10 Iir). Ecim BepTukab-
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Puc. 6. 3aBUCUMOCTb NMOrpeLIHOCTY N3MePEeHnii aT4ynka cma3a n3o06paxxeHusi OT CKOPOCTU ABUKEHUS rnoe3aa.

Y

Has 0asa Mmasika paBHa | M, Torma & = 836.
3aBUCUMOCTD ITOTPELIHOCTU U3MEPEHMS CKO-
POCTH OT CKOPOCTHU JIBVMKEHMSI IIPEACTaBIeHA
Ha puc. 6.

JlomosHUTEeIbHAS TTOIPEIIHOCTh MOXET
BO3HUKATh B pe3yJibTaTe OOKOBOI KAuKU Ba-
rOHA C JaTYMKOM, a TAKXKe HEM30eXKHOTO IIPpU
0OJIBIIIOM KOJIMUECTBE MasikOB pa3zdopoca
JaJIbHOCTU MX YCTAaHOBKU AD BOOJb MYTU
cienoBaHud mmoe3na. Torma
(D+AD)-tan(s- f+Aw)— D-cosa -tan(s- B)

cosa-h-t,

o =

v

, (16)

L€ o, — YTOJl OTHOCUTEIbHO HOPMAJIH K ILJI0-
CKOCTH YCTAHOBKM MasiKOB.

Cuenaem nonyliieHue, 4to AD paBHOMeED-
HO pacnpeneneHo B auanasoHe 0...0,01 M,
a yroJjl OTKJIOHEHHUSI BaroHa Ipu OOKOBOM
Kayke, IpeACTaBIsIoNIeil OO0l TapMOHUYE-
ckue KojebaHus ¢ yactoroit 0,7 I, He mipe-
BeimaeT 1°. Ilpu cKopocTu ABMXKEHUS L =
40 km/a (11,11 m/c) cma3 coctaBuT s = 796
nukceieid. Ha puc. 7 nmpeacraBieHbl pe3yiib-
TaThl MOJIEJIMPOBAHMSI ITOTPEILIHOCTHU U3Mepe -
HMI1 CKOPOCTH AaTYMKOM CMa3a M300pakeHMsI
B Te€UEHME BPEMEHHOI0 MHTepBasa 45 c.
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Kak BugHoO 13 puc. 7, IOrperHoCTb U3Me-
PEeHMII CKOPOCTH ITOe31a JaTYMKOM cMasa
M300pakeHUs TP HATMINY OOKOBOI KauKu
BaroHOB 1 BUOpamuu He TipeBbicut 0,47 KM/4
unu 0,13 m/c.

KoMmOnHMpoBaHMe DaTYIMKOB cMas3a M30-
OpaKeHUsI C 3JICKTPOMEXaHNIECKIMMU JaTIH -
KaMU W IPYTUMU U3MEPUTEISIMUA CKOPOCTH
MOXET IOBBICUTh HAACXKHOCTb W TOCTOBEP-
HOCTh U3MEPEHUIA, UTO MO3BOJISCT YIYIIIUTh
TOYHOCTD MOIIACPKAHUSI CKOPOCTHOTO PEK1-
Ma I0e310B B METPOIIOJIUTEHE.

SAKJTOMEHUE

WccrnenoBaHbl BO3MOXHOCTH U3Mepe-
HHsSI CKOPOCTHU IMOe3/1a B METPOIIOJIUTECHE
OOPTOBBIMM OTITUYECKUMM JATUMKAMHU ITPU
CONMMKEHUH C IPYTUM TO€3I0M WM TYTIH -
KOM B IIpeaesiax MpsSIMOil BUIAUMOCTH,
a TaKXXe M3MEpPEHUs CKOPOCTU ABUXKCHUS
noe3na OTHOCUTEIbHO JOPOXHOTO MOJIOT-
Ha. [Ipu1 3TOM UCITOIB30BaH OIIBIT pa3pa-
OOTKM OMTUKO-3JEKTPOHHOM almapaTypsl
IUTST TIEPCTIEKTUBHBIX KOCMUYECKMX aria-
paToB.
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CpaBHEHME pa3HbIX ONTUYECKUX METOIOB
MOKa3bIBaET, YTO HAMMEHBbIIIAsI TOTPEITHOCTh
M3MEPEHUI TTPY TTPOYMX PABHBIX BO3MOXKHO-
CTsIX 00ecIieunBaeTCs] METOJIOM Ha OCHOBE
¢ dekTa reoMeTpUIECKUX UCKaKEHUI U30-
opaxenusi, popmupyemoro KMOII-doTo-
TIPUEMHUKOM.

ITpoBeneH aHaau3 BIMSHUS Ha TTOTPEIII-
HOCTb U3MEPEHUIT OOPTOBBIM JATINKOM CMa-
3a U300pakeHUsI CKOPOCTH IBUKEHMST, 0OKO-
BOIl KauKy BaroHOB M pa30dpoca MaabHOCTU
YCTaHOBKM OTITUYECKMX MAsSIKOB IO XOIY
clenoBaHus Toe3na. Takue MaTyuku JaroT
MEHBIIYIO TTOTPENTHOCTh U3MEPEHUI CKOPO-
ctu aBuxeHus (0,47 xm/4a unm 0,13 m/c)
10 CPaBHEHMIO C UCITOIb3YeMBIMU JIEKTPO-
MEXaHWUYEeCKUMU KOJIECHBIMU JaTYNKaMU
(5 xm/4 wnu 1,39 m/c), TeM caMbIM MOBBIIIAsK
TOYHOCTbD MOIEPXKAHUST CKOPOCTHOTO PEXKM -
Ma TT0e37I0B B METPOITIOJINTEHE.

Yro KacaeTcst MOrPelrHOCTH U3MEPEHUI
JATYMKOM CMa3a CKOPOCTU COMVKEHUs ¢ 00b-
extoM (1,91 km/amm 0,53 M/c), To OHa MEHBIIIE
B 1,7 paza mo cpaBHEHUIO C MOTPELIHOCTHIO
M3MEpEeHU, KOTOPbIE TIPOU3BOISTCSI C TIOMO-
IIBIO CTEPEOTEIEBU3MOHHBIX CUCTEM U1 YTJIOME-
poB (3,24-3,35 km/qa i 0,90-0,93 m/c).

Hatyuku cMa3a MOTYT ObITh UCIOJIb30Ba-
HBI B KAUECTBE PE3EPBHBIX U3MEPUTENIEH IS
YIIpaBJIeHUST aBTOMATUKOM TT0e371a B JOTION -
HEHUEe K CYIIECTBYIOIIUM CpPEACTBAM, UTO
TTO3BOJISIET TIOBBICUTH HAJIEXKHOCTD 1 Oe3011ac-
HOCTb MACCaXKUPCKUX MIEPEBO30K B METPOITO-
JINTEHE.

TIpennonaraercs, 4To JajibHEHIINE UCCTIE-
JIOBaHUSI OYIyT HAMpaBJeHbl HAa YBEJIMUEHME
OBICTPONIEUCTBUSI U TOBBIIIEHUE TTOMEX03a-
IIUIIEHHOCTH JJAHHOTO TUTIA JATYNKOB.
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Z{# & MEASURING METRO TRAIN’S SPEED BY ON-BOARD OPTICAL SENSORS

Starovoitov, Evgeny l., JSC «S.P. Korolev Rocket and Space Corporation «Energia», Moscow region,

Russia.

Vorobiev, Sergey A., LLC «R&D enterprise «Svet», Moscow, Russia.

ABSTRACT

The optical methods of measuring the speed
of trains in metro by onboard sensors are studied,
including situations of train’s approach to ano-
ther object. In solving these tasks the experience
of the development of opto-electronic devices
for probable future spacecrafts is used. It is

shown that the smallest measurement uncer-
tainty is provided by considering the effect of
geometric distortion of the image formed by
CMOS photodetector. The sensors are able to
fulfill the role of reserves in the system of auto-
matic train control, thereby enhancing reliability
and safety of passenger traffic.

Keywords: metro, train, speed, measurement, optical sensor, CMOS.

Background. To ensure traffic safety in under-
ground a high-speed automatic speed control system
ALS-ARS of frequency type is used, in which code
signals of permissible speeds are transmitted to
electric rolling stock along a rail line with a frequency
of 75-325 Hz [1].

Measuring the speed on the train’s board is per-
formed odometrically by means of electromechanical
wheel sensors. Their disadvantage is the large mea-
surement errors (5 km/h or 1,39 m/s) due to sliding
and skidding of wheels [2].

To transmit automatic train control signals track
circuit having limited reliability is used. In promising
developments for main railways determination of
train’s coordinates and transfer of information to it is
carried by the radio channel [3]. However, in metro
underground tunnels channel operation is difficult and
itis impossible to use satellite navigation (GLONASS,
GPS).

In determining covered distance traveled and
speed of railway transport generally microwave
sensors [4] or ultrasonic sensors [5] are suitable,
installed underneath the locomotive. But in the
microwave range disturbances may occur due to
interference and signal rereflection, and in case
of use of ultrasound surface with which the mea-
surements are performed shall not absorb sound
vibrations.

At the moment, the measurement of electric rol-
ling stock speed in tunnels and metro premises are
performed by speed control devices UKSDP in which
the passage of the car is fixed by two pairs of optical
sensors, installed at the beginning and end of the
controlled section. Indication error is 1 km/h or
0,28 m/s [6]. The advantages of optical range sensors
in addition to high precision are compact size, low
weight and power consumption.

Development of on-board optical speed sensors
[2] looks promising, which can take on the role of
reserve measuring devices in the system of auto-
matic control of metro trains in addition to existing
facilities.

There is the interest to attract potential gained in
space instrumentation. In controlling approach and
coupling, as well as entry of different spacecraft
(hereinafter — SC) to the surface of planets measure-
ments of their relative speed are performed. And we
are talking about the opto-electronic equipment
[7-11], which provides high accuracy of measure-
ments, small size of measuring equipment.

From this perspective, the article discusses two
practical problems: measurement of the speed of
train’s approach to another object — a train or a dead-
end in line of sight, and measurement of train’s speed
with respect to the railway track.
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Objective. The objective of the authors is to study
the process of measuring metro trains’ speed using
special onboard sensors.

Methods. The authors use general scientific and
engineering methods, modeling and evaluation ap-
proach.

Results.

1. Measurement of the speed of train’s ap-
proach to another object

When approaching another object speed mea-
surement is carried out with respect to the railway
track, and the distance to the object is determined
visually by a train driver, who regulates the speed
limit. Simultaneous measurement of distance to the
object (which corresponds to a certain allowable
speed of the train) and measurement of actual speed
of approach by an optical sensor can allow imple-
menting automated control of speed and emer-
gency braking when it is exceeded.

Laser Doppler speed sensors have limited size of
the measuring area [12], so they cannot be used to
measure approach speed. In onboard sensors it is
better to use finite-difference or differential method
of fixing the rate on two values of the range

— Dl _ Dz 1

At (7)
At=t,-t, (2)
where D,, D, are measured values of range at times
t, t,. Range may be determined using passive or
active method.

According to this principle works laser speedo-
meters, controlling the movement of vehicles [13].

In practice for range measurements systems of
two cameras spaced apart on a base distance are
widely used — stereotelevision systems. The range is
determined by the value of linear parallax character-
izing the mutual displacement of images of a certain
point of an object.

Distance from stereotelevision system to an ob-
ject is equal to:

v

p=il, (3)
p

where I, is size of base between cameras; f focal
length of the lens; p is linear parallax.

The range and accuracy of measurements of the
stereotelevision system is proportional to the length
of base, which must have a constant value (be resis-
tant to vibration, temperature variations, etc.). Paral-
lelism of optical axes of both cameras should be
provided.

We assume that the measurement error of the
linear parallax by stereotelevision system is deter-
mined by the minimum resolution of matrix photode-
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tector Aw, and errors when installing cameras are
negligible. Then, the range measurement error will
be

_f-lT. Aw
p ptAe’

) (4)
However, the use of one camera as a backup rate
meter is preferred.

In this case it is possible to realize goniometric
method based on the known dimensions of the object
or partthereof. The initial data are the object’s dimen-
sions and characteristics of the camera (protractor).

Distance from the object to protractor is deter-
mined by the expression

/

_— ob

“Tan@)’ (%)

where |, is linear dimension of a base (object); ¢ is
apparent angular size of the object.
In general case

/
=arctan| -2 |
oo’
Range measurement error:
lab + Alﬂb lob
(7)

Op=T— f
tan(¢+Aw) tan(g)

where Al , is error in determining linear dimension of
the object.

The disadvantage of goniometric measuring
method is that linear dimensions of the object need
to be known with sufficient accuracy. In this case it is
advisable to install on the object contrast targets
(optical beacons) with accurately known dimensions.

Measuring the speed of approach to an object
can be realized by characteristic of matrix CMOS
photodetector effect of geometric distortion during
one frame due to the work peculiarities of its elec-
tronic shutter [14-16].

In CMOS photodetector accumulation of lines is
not in sync, and with a shift in time (running shutter).
As a result, in long exposures moving object in the
image appears distorted: vertical lines become in-
clined. Kind of geometric distortions depends on the
relative orientation in space of the direction of move-
ment of the observed object and directions of hori-
zontal and vertical development of CMOS photode-
tector, and their value depends on approach speed
to the object, as well as the format and the clock rate
of camera.

The effect of geometric distortions during the
motion of the test object in the direction of the sensor
is shown in Pic. 1.

To enhance the security control over approach
speed during the coupling of the spacecraft a system
is designed on the basis of geometric distortions of
the image, including a sensor witha CMOS photode-
tector, disposed on the active SC, and four optical
beacons on the passive spacecraft mountedin a plane
perpendicular to the axis direction of approach speed.
Optical beacons of passive SC form a rectangle in the
camera view, two sides of the rectangle are parallel
to the rows of sensitive elements of CMOS photode-
tector (pixels), which is a prerequisite for manifesta-
tion of the effect of blurring the image with beacons
[8,11].

In case of excessive increase in approach speed
during successive accumulation of signal in CMOS
photodetector image of the lower pair of beacons is
blurred in relation to the upper pair. As a result, the
base of the lower pair of beacons is more stretched
compared with the base of upper pair of beacons and

N34 56%8 12 34 5768
s -2 A

a) b)

Pic. 1. Geometric distortion when driving the test
object in the direction of the sensor: a) test object is
stationary; b) test object approaches.

a rectangle on the image formed by a CMOS photo-
detector becomes a trapezoid (see. Pic. 2).

The ratio of the bases of the trapezoid defines
magnitude and direction of approach speed of SC.
The ratio of the length of the lower base of the
trapezoid to the upper base will increase with an
increase in approach speed. Speed measurement
error is dependent on the resolution of CMOS pho-
todetector.

Measurements are performed by goniometrical
method (5) alternately to the upper and lower bases
between beacons. Assuming that the error of the
beacon is negligible compared with the error of
minimum resolution of photodetector, an expression
for the error in determining the distance will be:

1 -(tan(g+ Aw) - tan(g)) .
"7 tan(g)-tan(p+Aw) (8)

where |, is a size of the base between beacons.

Ifthe optical beacons are themselves a source of
radiation, for operation of image blurring sensor ex-
ternal illumination is not required. Using a narrow-
band filter ensures reliable measurements in the
presence of light interference.

Pic. 3 shows the function of installed in the cab of
the train on-board image blurring sensor at the time
of control of permissible speed in front of railway
siding.

From the expression (1) it follows that in the mea-
surement of the speed o using a differential method
its error is determined by range measurement errors
o, and time interval ¢, between measurements. This

can be formally represented as

2 2 2 2
Oy _Ont+0h  Ou

; o (9)

? v* AP
Suppose that ¢, <<c,. Neglecting the second
term in the expression (9), convert it to a form

N 0'12)1 + 0'12)2

o, A . (10)

Expressions (4), (7), (8) and (10) show that the
speed measurement error reduces by reducing mea-
surement range and increasing the time interval bet-
ween them. But at the current measurement range
and frequency of sensor’s release of information on
the speed should be enough to perform emergency
braking of the train.

For comparative analysis we take train speed
v =2m/s (7,2 km/h), the size of the base between
the cameras I, = 2,5 m, the linear dimension of the
object| , =2,7 m(width of the car), the base between
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Pic. 2. Changing the arrangement of optical beacons in the image generated by CMOS
photodetector: a) stationary beacons; b) beacons approach the sensor at a rate of v1;
c) beacons approach the sensor at a rate of v2>v1.

Pic. 3. Using the on-board
image blurring sensor for
controlling permissible speed
of the train in front of railway
siding.

beacons|,=2,5m. The measurements are performed
in the range rate of 20-2 m.

The object (its base with beacons) at close range
(2 m) must fit in the field of on-board sensors, so it is
assumed equal to 55°. The matrix photodetector has
a format of 1024 x 1024, its resolution of B =
0,94 mrad, and minimum resolution — Aw = 0,47 mrad.

The time interval between measurements of ste-
reotelevision system and protractor At = 1 s, and for
image blurring sensor it is determined by the time of
reading the image of the object with beacons:
At=t:h, (11)
where his vertical dimension of the image of the object
with beacons, lines; t,is time of line’s reading.

The speed is calculated from the difference be-
tween the length of the image of the upper and lower
bases with beacons (blurring), so the interval between
two range measurements should not be less than the
error of its measurements. Thus,

D,<D,-o,, (12)
from which
Ar=Zo (13)

v
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Estimates of the errors of range and speed mea-
surements for optical sensors of various types are
shown in Table 1.

The data from the table shows that the smallest
measurement errors are provided when using ima-
ge blurring sensor. However, as it follows from (10)
and (11), the smallest error is observed with an
increase in time of line’s reading and accordingly
frame exposure time as a whole, thereby reduces
the frequency of updating the information supplied
by the sensor.

Comparison of image blurring sensor with active
measuring instruments shows its benefits. Laser
speedometers [ 13] with measurement errors of about
0,42 m/s operate at ranges of at least 5 m and have
a more complex structure.

2. Measuring the speed of the train with re-
spect to the railway bed

Here we should think of using laser Doppler sen-
sors providing speed measurement error of about
0,05% of its value. Doppler sensor, constructed by
conventional differential circuit, generates an interfer-
ence pattern in the measurement zone, where there
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Table 1

Estimates of the errors of range and speed measurements for optical sensors of different types

Measuring instrument D, m

Gy M D,, m Gy M G,, m/s (km/h)

Stereotelevision system (f= 0,1 m) 20,00

0,72 18,00 0,59 0,93 (3,35)

Protractor (Al = 0,1 m) 20,00

0,67 18,00 0,61 0,90(3,24)

Image blurring sensor 20,00

(At=0.2s;t=1,51075)

0,08 19,60 0,07 0,53 (1,91)

should be an object, while its velocity vector is or-
thogonal to the optical axis of the sensor [12].

Speed measurement can be performed on the
elements of the railway bed as speed of the products
in the rolling mills at the metallurgical enterprises is
measured.

However, in case of placement of the Doppler
sensor to the train’s car oscillation and vibration of the
latter will cause a strong increase in measurement
error due to displacement of the measuring area.
Furthermore, at low speeds due to the low steepness
of the output signal the measurement error also in-
creases dramatically [12].

A method of measuring the speed of the train in
the subway on the image of a rail track using an opti-
cal sensor based on a CCD image sensor is known.
The sensor is placed on the bottom of the car, rms
error of speed measurement rate is 0,84% of its
value, but the process is affected by lighting condi-
tions [2].

No less applicable is method of speed measure-
ment of the train from the shift in the image of the
railway track, formed by two dashboard cameras
which are located at a given height [17]. However, in
this case working capacity of cameras strongly de-
pends on lighting conditions. Increased noise immu-
nity of measurements can be achieved using optical
beacons.

Image blurring sensor is single chamber, and
through the use of optical beacons itis less dependent
on lighting conditions, which gives it advantages over
the above two methods. In addition, placement of the
sensor above the railway bed under the bottom of the
train is undesirable because of the rapid contamina-
tion of optical surfaces.

Proposed in [8,11] design of image blurring sen-
sor involves placing optical beacons in the plane
perpendicular to the axis of direction of approach
speed. For measurements throughout the route of

E
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e

b)

a)

Pic. 4. Geometrical distortion at the lateral movement
of the test object: a) test object is stationary; b) test
object moves to the left.

the train it is preferable to use the effect of blurring in
a plane parallel to the direction of movement. Geo-
metric distortion at lateral movement of the test object
is shown in Pic. 4.

Then image blurring sensor can be installed on the
side of the train’s car. To measure the speed as optical
beacons in this case contrast or backlit vertical stripes
are used. According to the angle of slope of the image
speed of the train is determined (see Pic. 5).

Furthermore, stripes having a slope in the direc-
tion opposite to blurring at CMOS photodetector in
the image will appear straight. Striping with varying
degrees of slope in the course of the train allows set-
ting the desired speed of movement in different sec-
tions of the track, and image blurring sensor is able
to measure overspeed directly. It helps to realize the
automatic control of the speed on the basis of infor-
mation from image blurring sensor.

Pic. 5. Using on-board image
blurring sensor to maintain
the desired speed.

U< D,
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Pic. 6. Dependence of the measurement error of image blurring sensor on the speed of the train.

As obvious from the geometrical relationship, the
rate at which the beacon moves relative to the image
sensor blurring can be determined from the expres-
sion

_ D-tan(s- f)
v= TR : i (14)
where s is blurring of pixels, B is field of view of the
pixel.

Since the measurement is performed at a fixed
distance from beacons and the number of lines, which
they occupy vertically (in the absence of the slope of
the car with sensor), is known in advance, then we
take the assumption that the speed measurement
error is mainly determined by the error in determina-
tion of beacon’s image blurring. Then
o D-(tan(s- B+ Aw)—tan(s- B))

v ht, '

Measurement error depends on the speed of the
train. We take D = 11 m; B = 0,94 mrad; Ao =
0,47 mrad; t, = 10 s (corresponds to information
update frequency around 10 Hz). If the vertical base
of the beacon is 1 m, then h = 836. Dependence of
speed measurement error on the speed of motion is
shown in Pic. 6.

Additional error may result from a lateral rolling of
a car with the sensor, as well as the inevitable when a
large number of beacons of dispersion of range of
their installation AD along the route of the train. Then
o (D+AD)-tan(s- f+Aw)— D-cosa -tan(s- )

v

(15)

cosa-h-t, - (16)
where o is angle relative to the normal to the plane of
installation of beacons.

We make the assumption that AD is uniformly
distributed in the range 0... 0,01 m, and the deflection
of angle of the car at lateral rolling, which is har-
monic oscillations with a frequency of 0,7 Hz, shall not
exceed 1°. When speed v = 40 km/h (11,11 m/s)
blurring will be s = 796 pixels. Pic. 7 shows simulation
results of speed measurement error of blurring image
sensor during a time interval of 45 seconds.

As can be seen from Pic. 7, the measurement
error oftrain by image blurring sensor in case of lateral
rolling and vibration will not exceed 0,47 km/h or
0,13 m/s.

Combining of image blurring sensors with elec-
tromechanical sensors and other speed measuring
devices can improve reliability and accuracy of mea-
surements, thereby improving the accuracy of main-
tenance of speed limit of metro trains.
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Conclusion. The possibilities of measuring speed
of the train in the subway by onboard optical sensors
when approaching another train or another dead end
in line of sight are studied, as well as measuring the
speed of the train with respect to the railway bed. For
this purpose was used experience in developing
optoelectronic devices for future spacecraft.

Comparison of various optical methods shows
that the smallest measurement error at other equal
opportunity is provided by a method based on the
effect of geometric distortion of the image formed by
CMOS photodetector.

The analysis is given on the effect of measurement
error by on-board image blurring sensor of speed,
lateral rolling of cars and dispersion of range of instal-
lation of optical beacons along the route of the train.
Such sensors provide a smaller speed measurement
error (0,47 km/h or 0,13 m/s) compared with used
electromechanical wheel sensors (5 km/h or
1,39 m/s), thereby improving the accuracy of main-
taining speed limits of trains in the metro.

With regard to the measurement error of blurring
sensor in approach speed to an object (1,91 km/h or
0,53m/s), itis 1,7 times less in comparison with errors
in measurements, which are produced using stereo-
television systems and protractors (3,24-3,35 km/h
or 0,90-0,93 m/s).

Blurring sensors can be used as back-up measur-
ing devices for automatic train control in addition to
existing tools that can improve reliability and safety of
passenger transportation in the metro.

It is expected that further research will be aimed
atincreasing the speed and increase noise immunity
of this type of sensors.
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