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MpeanaraeTcs opyrMHaNbHas KOHCTPYKLUMS
ONTUYECKOr0 YeTbIpeXKaHabHOro fnesieHraTopa
C nonsipHom Koppensauwuei. MeneHraTop,
BXOASALLMIA B COCTAaB MHOrOQYHKLMOHA/IbHOMO
60pTOBOro KOMMJIeKCa KOCMUYECKOro
NneTaTeNbHOro annapara, Cnoco6eH 3HauYUTeIbHO
NoOBbICUTb TOYHOCTb HABEAEHUSA NMpPU NocagkKe

Ha masible Tena ConHeYHOM CMCTeMbI,
OCYLLECTB/ISEMYIO B aBTOHOMHOM pexume. Mogenb
nesieHraTopa co3faHa B TOHKMX KOMMNOHEHTax

Ha OCHOBe MaTemMaTU4eckoro MoAe/IMpoBaHus

M 32aKOHOB FreOMeTpUYeCcKoi ONTUKK.

KnioueBble c/10Ba: ONTUYECKUI MeeHraTop,
KOCMUYeCKue ieTaTenbHble annapaThbl,

60pTOBOV KOMMIEKC HABMUIALLMM 1N HABEAEHMS,
paccornacoBaHme yraoBbiX KOOPAMHAT Liean, Cryck
M nocaaka

CTaTbd nony4eHa: 24.06.2022
Cratbs npuHaTa: 05.08.2022

CHOBHasl 3aJaya IeJleHraTopa - pacllo3HaBa-

HHe 06pa3oB 111 oIpesiesieHHsI PaccoraacoBa-

HHS YIVIOBBIX KOOPAMHAT Leian. ONTHYecKHe
YCTPOMCTBA MOTYT BBIIIOJHSTH Psifi Ipeobpa3oBaHUN
IIPOCTPAaHCTBEHHOM ABYXMepHON HMHopMalLUu (K30-
6paskeHu) 6bICTpee U 3ddeKTHBHee, UeM 3JIeKTPOH-
Hble YCTPOLCTBA. DTO CBOHCTBO OINTHYECKHUX CHCTeM
B II0JIHOI Mepe MOsKeT OBITh HCII0/1b30BaHO TP HaBU-
ralMd M HaBeJeHHH KOCMHYeCKHX JIeTaTeJbHBIX
anmnapaToB. OTHOCHTe/bHASl IIPOCTOTA KOHCTPYKLHH
IIOBBIIIAET Ha/IeKHOCTh PabOTHI yCTPOMCTBA U B LIeIOM
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The original design of the multichannel optical
finder with polar correlation is proposed.

The finder considers as a part of the aboard
multifunctional system of the space probe. The
direction finder is able to significantly improve
the accuracy of guidance when landing on
small bodies of the solar system, carried out

in an autonomous mode. The direction finder
model is created in thin components based

on mathematical modeling and the laws of
geometric optics.
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the accuracy of a space probe landing on small
bodies in the solar system. The finder considers
as a part of the aboard multifunctional system of
the space probe. The main purpose of the finder is to
determine the angular coordinates of a landing site.
The optical processing of the visual information is an
essential feature of this finder. Optical processing
has a number of significant advantages, and first
is the possibility to transform of two-dimensional
(visual) information faster and more efficiently than
electronic devices can do it. This property is important
for navigation and guidance of a space probe.
Mathematical and computer simulation is used to
create the model of the optical finder. Calculations of
the main parameters of the proposed optical finder are

The optical finder allows significantly improve
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Bcero 60pTOBOro KOMIUIEKCA HABUTALIMH U HaBeJeHHUs
B IIpoLiecce IIOCaaKHU.

HoBu3Ha pelleHHs 3aK/IIOYaeTCsd B YCTaHOBKe
BO BXOLHOM 3pauke 4YeTbIPeXI'PaHHOM ITHPaMH-
OATbHOU IIPHU3MBI, KOTOpas BBINONHSET QYHKIHIO
ONTHUYeCKUX K/IHHBEB, pasfeiss JIYYHUCTBIH IIOTOK
Ha 4eTbIpe YacTu. M3ob6paxkeHHe, GopMHUpyeMoe Kaxk-
IOBIM M3 KIHHbEB, IepefaeTcsl Ha COOTBETCTBYIOIIHMI
CeKTOp IPHEeMHOI0 yCTPOHCTBA. JTO I0O3BOJSIET IIpH
COXpaHeHMH rabapuUToB CO3AATh YeThlpe KaHaa Iepe-
Jayd HHOOpPMALHH B OJHOM yCTpofICTBe. PacuyeTtsl
IOKa3bIBaIOT, UTO IIpe/jlaraeMblll OIITHYECKHUI Koppe-
JIILIMOHHBIM YeTblPeXKAHA/IBHBIL IIeJIEHTaTOP MOXEeT
OBITH KCIIONIBb30BaH B KadecTBe AHddepeHIHaTIbHON
JBYyXKOOPAMHATHOM KOPPeNslMOHHO-3KCTPeMaTbHON
CHCTeMbl HAaBHTALIUK M HaBeOeHUS KOCMHUUYECKOro
JIeTaTeJIbHOTO alllapara.

BBEAEHWUE

OnTHhYeckoe HaBelJeHHe [JISI IIOCAAKHM KOCMHYe-
CKHUX JIeTaTeJlbHbIX anrmapaToB (KJIA) Ha masble Tenla
ConHeuHon cucteMbl (MTCC) sABAseTCS aKTyaJIbHOM
Hay4HOH 3ajauer [1-3]. [s [OajabHeMIIero IIOHH-
MaHHUs MporeccoB GOPMHPOBAHUS IUIAHET U 3apPOXK-
IeHUs >KU3HU CIIeLHaINCTaM HeobXomuMo Hccie-
[IOBAaTb COCTAB KU CTpPOeHHe, a TaKKe MOPQOIOTHIO
ManelXx Tenl CONMHEYHOM CHCTeMBI: KOMET, acTepou-
OB, MaJbIX JyH IUIaHeT W T.Hn. HM3ydemme MTCC
BO3MOSKHO JIHIIb C ITOMOIIBI0 KJIA MM CIIYCKaeMBIX
Mopyner, paboTalomMX Ha IIOBEPXHOCTH MAaJIbIX
Tes. Ilpolenypa CIycka W MOCaAKH Ha MaJlble Tena
CONTHeYHOM CHCTeMBl — 5TO [OCTATOYHO TPYAOEMKHI
Y OTBETCTBEHHBIH 3Tall MUCCHH. JTO IT0Ka3a/l aHa/IN3
3aBepUIMBIINXCSI MHCCHH [0 HCCAeJOBAHHIO MaJjbIX
tes1 ConHeuHoH cucteMbl: NEAR Shoemaker, Stardust
1 Deep Impact (NASA), Huygens probe u Philae lander
(ESA), Hayabusa (JAXA) [4-14].

TouHoe HaBefleHUMe Ha Masnble Tena COMHEYHOM
CHCTeMBl 3aTpyAHseT cr1aboe TPaBHUTALMOHHOE IIONe
TaKUX OOBEKTOB. B yCIIOBHSX MasOM CHJIBI IPUTS-
>KEHHSI HeBO3MOXKHO B IIOJIHOM Mepe MCII0/Ib30BaTh
MHepLUa/IbHble CHUCTeMbl HaBUrauuu KJIA. YBenu-
YeHHe TOYHOCTH KU YYBCTBUTEIBbHOCTH HHEPLHAIb-
HBIX CHCTeM He MOKeT 00eCIleYHTh CYIeCTBEHHOIO
yBeJIMUYeHHS TOYHOCTHU HaBefeHUs U Iocagku KIIA.
IIpuumrHa B TOM, 4To MTCC, KaKk MpaBHJIO, HUMEIT
CJIOKHYI0 GOPMY, HAIIPXMeEP aCTepPOU IPOC ¥ KOMeTa
67P YypromoBa-TepacuMeHKO. B KayecTBe ajibTepHa-
TUBHOIO IIOJXOAA JJISI TOYHOM HaBUTAIlMH, HaBele-
HUS U nocagku KJIA mpefrionaraeTcs HCIIONb30BaTh
BH3ya/IbHble MeTonHI [14,15].

Peanmnsanusi  KOPPeasLMOHHO-3KCTPeMajbHbBIX
ITOPUTMOB PacIlo3HaBaHHS 06pa3oB Ha 6opty KIJIA

=

performed. Among these the minimal length of the
optical system of the finder is determined.

The next advantage of the optical finder construction
is an optical wedge that is installed in the input optical
channel. This solution allows to separate the spatial
(visual) information transmission in one optical
finder while of a small size. The calculations show
that the multichannel direction finder can be used as
a differential two-coordinate system for guidance and
landing the space probe.

INTRODUCTION

The study of small bodies of the solar system (SBSS)
is an actual scientific problem [1-3]. First of all, it is
necessary to study the morphology and the geology
structure of the SBSS. It could be helpful in further
understanding of the processes of the formation of the
planets and the origin of life on the Earth.

That kind of study of comets, asteroids, small
moons of the planets, etc. is possible only with
the space probes or descent modules operating on
the surface of the SBSS. An analysis of completed
missions to study the SBSS shows that the descent and
landing on small bodies of the solar system is rather
complicate and responsible stage of the mission (e. g.
NEAR Shoemaker, Stardust and Deep Impact (NASA),
Huygens probe and Philae lander (ESA), as well as
Hayabusa (JAXA)) [4-14].

The problem is the low gravity field of small bodies.
It is impossible to fully use the inertial navigation
system to guide and land a space probe on the
SBSS surface under the low gravity conditions. The
increasing of the accuracy and sensitivity of the
inertial systems will not increase accuracy of the
guidance and landing of a space probe. The known
SBSS have a complex shape, for example, the asteroid
Eros and comet 67P Churyumov-Gerasimenko. The
precise visual guiding a space probe is a reasonable
option as amethod for the guidance and the landing on
the surface of the SBSS. As an alternative approach for
precise navigation, guidance and landing of the space
probe, visual methods are supposed to be used [14,15].
The problem is that the already used correlation-
extreme algorithms of pattern recognition cannot
be fully implemented for the onboard navigation
systems of a space probe. The space probe guidance
and landing is completely autonomous. For example,
the landing of Philae’s lander on the surface of the
comet 67P Churyumov-Gerosimenko was carried out
at a distance of 500 million kilometers from the Earth.
The signal delay between the lander and the Earth was
28 minutes. There is impossible any manual correction
in the real time. The onboard computing equipment
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BBI3BIBAET Psifi Cepbe3HbIX IpobieM. Bo-mepBHIX,
BBIUMC/IHTEe/IbHBIE Pecypchl OOPTOBBIX KOMILIEKCOB
KJIA, Kak IPaBUJIO, YCTYIIAIOT aHAJIOTHUYHBIM YCTPOH-
CTBaM Ha3eMHBIX aIlllapaToOB, YTO HaKIAObIBaeT Orpa-
HUYeHMs Ha HCIIOJIb3yeMble aJITOPUTMEI. BO-BTOPHIX,
Impolenypa HaBeoeHUs U ITocaiku KJIA BBIIIOIHSETCS
IIOJIHOCTBIO aBTOHOMHO, B TO BpeMs KaK «Ha3eMHBbIe»
AJITOPUTMBL Pa3/e/sioT BBIUUCIEHHS Mexay 6op-
TOBBIMU M yJJIEHHBIMM BBIYHCIMTEIBHBIMHU Cpef-
CTBAaMH. 3aMeTHM, YTO, HaIpuMep, II0oCaaKa CIIy-
CcKaeMoro amrmnapaTa Q®uibl Ha II0BePXHOCTb KOMETHI
67P YypromoBa-T'epacMeHKO BBIIIOJHSAJIACh Ha pac-
cTossHUU 500 MH/UIMOHOB KHJIOMETPOB OT 3eMIIH.
Takue yCI0BHS UCKIIOYAOT J1I00YI0 BO3SMOXKHOCTb pyu-
HOM KOPPeKLHH H/IH paclpeleleHUs] BBIYHUCIeHHUH
B PeKHMe peajibHOTO BpeMeHH.

AHa/IN3 HAy4YHOH JIMTepaTyphbl IIOKa3bIBAaeT, UTO
Pa3paboTKU CHCTeM BU3yalbHOro HaBemeHus KJIA ms
[ocafiky Ha Masible Tesla COJTHEUHOM CHCTEMBI COCpe-
JOTOYeHBl B OCHOBHOM Ha CO3JaHUHU U ONITHMHM3ALHUU
KOPPeIALHOHHO-3KCTPeMa/IbHBIX aJITOPUTMOB IIejIeH-
raiyy IIyTeM PacIio3HaBaHMS XapPaKTePHBIX TOYEK
obpexTa [16, 17]. TakoM crocod MMeeT CyIIeCTBEHHOe
[IperMYINecTBO. [I/Isl ero peanusaldu He Tpebyercs
BHOCHUTb IIPUHIIUIINAJIBHBIX CTPYKTYPHBIX H3MeHeHHUH
B KOHCTpyKUMI0 KJIA, a B KayecTBe MCIIO/Ib3yeMOro
000pyZoBaHHUS BBICTYIAIOT CyILIeCTBYIOIIHe 60pTOBBIE
boTOKaMepEI 1 BEIYUCIHUTE/TBHBINA KOMILIEKC.

BMmecTe c TeM MMeeTCS Psii HeIOCTAaTKOB. Bo-TIepBhIX,
3TO BBICOKAasl HArpy3ka Ha 6OPTOBOM BBIYHCIHUTENb-
HBIM KOMILIEKC, TpeboBaHMS K KOTOPOMY Cyle-
CTBEHHO BO3pacTawT. IIpy 3TOM 3HAYMTe/IbHAs YacTh
BBIYMC/IUTEIBHBIX PECYPCOB OTBOAHTCS Ha IIPOLIeCC
pacrmosHaBaHusl 06pa3oB, B TO BpeMsi KaK JIpyrue
mporiecckl 06pabaThIBAIOTCS 10 OCTATOYHOMY ITPHH-
LUIy. Bo-BTOphIX, TpebyeTcsi CTabMIBHOCTH BO Bpe-
MeHH MelKUX GopM 06beKTa X B3aKMMHOIO PaCIIONO-
SKEHHS XapaKTePHbIX OPHUEHTHPHBIX TOYEK, KOTOpPhIe
KCIIOJIB3YIOTCS B KayecTBe OIOPHBIX IMPU IleJIeHTa-
nuu. HakoHell, B-TPeTbUX, Ha TOYHOCTh PabOTHI
AJITOPHUTMA CYLIeCTBEHHOE BIMSHME OKa3bIBaeT OCBe-
[IeHHOCTh 0OBeKTa. H3y4yeHue KomeTsl 67P Yypromosa-
FepacMMeHKO B TeyeHHe HECKOJbKMX JIeT alIapa-
TOM Po3erTa IMoKasaao, 4YTO IOBEPXHOCTb MaJIOro
Tejla MOJKET CyIeCTBeHHO MEHSThCS C TeYeHHeM Bpe-
MeHHU [18-20]. B mporiecce cxoma ¢ OpOUTHI MCKYCCTBEH-
Horo crnyTHuKa MTCC u mocagku KJIA oCBeIeHHOCTb
MeCTa IIOCaAKA MOXKEeT MeHAThCS. IlpuBeneHHBbIe
co0bpasKeHHs II0KA3bIBAIOT, YTO TOUHOCTh HaBeJeHHU S
KJIA MOKeT CHH3UTCS I10 CPaBHEHHUIO C PaCYeTHBIMU
IapamMeTpaMH.

CymecTByeT 0COOBIE K/IACC YCTPOHCTB — ONITUYECKHe
IleJIeHTallHOHHBIe YCTPOMCTBA, KOTOpBIe MOLYT OCY-
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of a space probe is significantly low than devices
of ground vehicles. The publications analysis shows
that the development of visual guidance systems for
the landing on small bodies of the solar system are
focused mainly on the creation and the optimization
of the correlation-extreme algorithms of the direction
finding by recognizing the control points of the
object surface [16,17]. The advantage of this method
is a usage of standard space probe’s equipment. The
onboard cameras and the computer system could
be used. However, this approach has a number of
shortcomings. The first one is a high load the onboard
computer system. The pattern recognition process
demands significant computational resources. In this
case the onboard computer system of the space probe
could be overloaded. The limited resources could be
used to compute the other processes. The second
shortcoming of this approach is a high sensitivity to
light conditions and the stability of the object. The
relative location and light conditions of the control
reference points on the target surface is very important
for the accuracy of the pattern recognition process.

A study of the comet 67P Churyumov-GCerasimenko
for several years by Rosetta mission showed that the
surface of the small body significantly changes over
the time [18-20]. The illumination of the landing site
may change during the descent of the space probe.
All these changes may decrease the accuracy of the
guidance and landing of the space probe comparing to
the predicted parameters.

There is a special class of devices - optical direction
finders, which can provide correlation in the optical
range of the spectrum. Such devices have many
advantages. They don’t need computing resources.
They have high noise immunity. They continue to
work in conditions of changing light and perspective
of the object. To improve the landing accuracy in
autonomous mode, it is proposed to use an optical-
correlation direction finder as part of the onboard
guidance and landing complex. The operating
principle of the direction finder is based on the optical
processing of spatial two-dimensional information for
the constant determination of the angular coordinates
of the landing site by pattern recognition [21-25]. This
solution will allow us to perform a precise landing
without loading the on-board computing complex.

DESCRIPTION OF THE DESIGN AND
OPERATION OF THE DIRECTION FINDER

The main part of the direction finder is an optical
system. The optical system is designed to create an
image of a remote object in the focal plane of the
lens. The finder optical system will form and transmit
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IECTB/ISATh KOPPESILUIO B OINTHYECKOM [HAIla30He
crekTpa. Takue yCTpPoMCTBAa 06/1alalOT JOCTATOUHO
GONBIIMM KOTHYECTBOM [OCTOMHCTB, ITaBHBIMU
M3 KOTOPHIX SIBJISIIOTCS OTCYTCTBHE HeOOXOMMMOCTH
B BBIUMC/ITHTEIBHBIX PeCypcax, BBICOKAs IIOMeXO03alH-
IEHHOCTh, B TOM YHC/Ie K H3MEHEHHIO OCBeIleHUSs
U IIepCIeKTUBHBIM HCKaKeHUsIM. Takum obpasoM,
IJIs. TIOBBIIIEHHUs] TOYHOCTH ITIOCAAKH B aBTOHOMHOM
pPeXRMMe IpefjlaraeTcsi HCIONb30BaTh ONTHYECKHUM
KOPPeJISILIMOHHBI IIeIeHIaTop B COCTaBe HOPTOBOIO
KOMIUTeKCa HaBeJeHUsI U ITOCAIKH.

[IpUHLMI [JeHCTBUS IIeJIeHraTopa OCHOBAaH
Ha OITHYeCcKOM 06paboTKe ITPOCTPAHCTBEHHOM IBYX-
MepHOH HMHOOPMALMHU A IOCTOSHHOIO OIlpefe-
JIeHHSI YIJIOBBIX KOOPAHMHAT MeCTa IIOCaJKH IIyTeM
pacmo3HaBaHHsl obpasoB [21-25]. Takoe peleHHe
II03BOJIUT BBHITIONHSITh TOYHYIO IIOCAAKY, He Harpyskas
GOPTOBYIO BEIYUCIUTEIBHYIO CUCTEMY .

KOHCTPYKUWNA

N NPUHLUUN OENCTBUSA NEJIEHTATOPA
OCHOBHOM YaCTBhIO ITeJIEHTaTOPA SIBJISETCS OIITHYeCKas
cucTeMa, IpeJHAa3HAYeHHas AJIS CO3MAHUS B GOKAIb-
HOM IIJIOCKOCTH 00BeKTHBA U306paskeHUs beCKOHEUHO
YOAIEHHOTO IIpegMeTa W GOPMUPOBAHUS PETHCTPHU-
pyeMoro NpreMHHKOM H3J1yueHHs JIyYUCTOro II0TOKa,
IIPOIOPLIMOHAIBHOIO IIJIOMIAAHON KOPPeNISIIUU H30-
OpaskeHUSs 00BEKTA U MPOITyCKAHHUSI STa/IOHA.

ABTOpPaMHM IIpeAjiaraeTcs OPUTHHAJBHAS CXeMa
meseHratopa. /s yMeHbIIeHHs Maccorabapur-
HBIX IIapaMeTPOB YeThlpe KaHaja IIeJIeHraTopa Co3-
JAIOTCS IIpH IIOMOINM OJHOM YeThIpeXI'PAaHHOM
IIPU3MBI-KIMHA, YCTAHOBJIEHHOIO KaK IIepBHIM 3Je-
MEHT OIITHYeCKON cXeMbl. OITHYecKasl cxeMa TaKOro
nejeHraTopa (puc. 1) COCTOUT M3 4YeThIpeXI'PAaHHOM
npusMsl-KiuHaA (1), o6bekTHBa (2), 3TasmoHA (3), KOH-
IeHcopa (4), IpueMHHUKA HU3Ty4deHus (5).

Ormpasa mipu3Mel (1) SIBJIsIeTCs allepTypHOM guadpar-
Mot (AJl) ¥ BXOOHBIM 3paukoM OOBeKTHBA. [JIs co3ma-
HUSI KOPPe/ISILIMOHHON KapTUHBI KsKasi IPaHb IIpejyia-
raeMoy MUPaMUIBl NIPefCTaBiseT cOO0M ONTHYECKUH
KIMH, KOTOPBIM OTKJIOHSIET IIPOXOZSINME 4depe3 Hero
ny4u Ha yron 8=0-(n-1), rme 6 - MasbIi yroa IIpU Bep-
IIMHe KIHUHA, N - [I0Ka3aTelb [IpeJIoMIeHHs MaTepraia
KIKMHA. TakuM 06pa3oM, JIyUHCTHIH II0TOK, aJAIOIHH
Ha IHpaMUAy, pasfensieTcs Ha 4deTbipe 4acTHU. M3-3a
3TOro B 3aHeH GOKAIBPHOM IIJIOCKOCTH 06beKTHBA 06pa-
3YIOTCSI 4YeTblpe HIEeHTUYHBIX H300paskKeHUS yHaseH-
HOro 06beKTa, CMelleHHble OTHOCHUTEIBHO OIITHYeCKON
OCH Ha OJMHAKOBYIO BeTUYHHY J'=8-f 5, Iie f 5~ 3aHee
doKyCcHOe paccTosiHHe 06 BEKTHBA.

B poxasbHOM MJIOCKOCTH 06BEKTHBA (2) YCTAHOBIEH
3TalIoH - M306paskeHHe MecTa Imocagku KJIA Ha mpo-

=

a radiation flux to the radiation receiver proportional
to the area correlation of the object image and the
transmission of the standard.

The optical scheme of the direction finder is
presented in figure 1. The scheme allows to form
a two-coordinate direction finding characteristic.

The optical scheme consists of a four optical wedges
(better say a four-sided pyramidal prism) (1), a lens (2),
an optical transparency standard (3), a condenser
(lens Fabry-Perot) (4 and a four-sector radiation
receiver (5).

The peak of the four-sided pyramidal prism is
centered on the optical axis of the system. The rim
of the pyramidal prism is the aperture diaphragm
(AD) of the optical system and is the entrance pupil
of the lens (2). Each face of the pyramidal prism is an
optical wedge that deflects the rays passing through
it by an angle 6=0-(n-1), where 0 is a small angle
at the top of the wedge, n - is the refractive index of
the wedge material. The wedge divides the radiant
flux into the specific channel. As a result, several
(e.g. four) identical images of the distant object are
formed in the rear focal plane of the lens (2), shifted
relative to the optical axis by the same value y'=6-f,
where - is the rear focal length of the lens. An
optical transparency standard (3) is mounted at the
focal plane of the lens (2). The optical transparency
standard (OTS) is an image of the target object printed
on an optical transparency film. The OTS rim is the
field diaphragm (FD) of the collective lens (4).

The lens Fabry-Perot is used for saving light
energy (4). This lens collects the all rays passed
through the entrance pupil and guide them on the

/[

RN

Puc. 1. Onmuyeckas cxema neneHzamopa
Fig. 1. Optical scheme of the direction finder
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3pa4yHOM IoAjoXKe (3). OnpaBa 3Taj/loHa BBIIIOTHSET
byHKuMIO IToseBo Aradparmel (I1[]) o6beKTHBA.

Bo u3be>kxaHHe IOTepb CBeTOBOM 3HepPruu HeobXo-
oMo cobpaTh Ha IIPHEMHHKe H3JIy4eHHUs BCe JIy4H,
IIpoIle/IHe Yepe3 BXOJHOM 3padyok o6beKTHBA. s
3TOTO 32 3TJIOHOM (3) yCTaHOBJIEH KOHAeHcop (4),
KOTOPBIM IlepefaeT BBIXOLHOM 3pauvoK 00BbeKTHBa (2)
B IUIOCKOCTb YyBCTBUTE/IPHOM IIJIOMIAIKU ITPHEeMHHKA
usnydeHus (5).

KoHeHCOp ITPOeKTHPYeT BBIXOLHOM 3Pavok 00b-
eKTHBA B IIJIOCKOCTb YYBCTBUTE/IBHOL ILIOMAAKU IIPH-
eMHHKa H3/1y4eHHUs. B KauecTBe MpHeMHHKA MOXKeT
OBITH KCIIONB30BAH, HAIIpUMep, UeTbIPeXxCeKTOPp-
HBIN $oTomuof. ONTHUUecKas cxeMa IOCTHPYeTCs Tak,
4TO6BI M306paskeHHe Ka’KAOM T'PaHHU YeThIpeXI'PaH-
HOM IIHPaMHJBl COBIAJAIO C COOTBETCTBYIOIIEI UyB-
CTBHUTE/IPHOM ILIOIIAQJKON IIpHeMHHKa H3/IyueHHs .
JlocTUraeTcst 3T0 3a C4YeT TOLO, YTO BXOJHOM 3PauoK
1 GOTONPHEeMHHUK HaXOASTCS BO B3aUMHO COIPSIKEH-
HBIX IUIOCKOCTSIX KOHIEHCOpa. B TakoM cxeme Jyd,
IIpoIle/IIINI Yepe3 OJHY M3 IPaHel IMPHU3MBI-KIHHA
(1), momazaeT TOIBKO Ha COOTBETCTBYIOUIUK €My CeK-
TOp ¢GOTONpHUEeMHHKA. IDTO II03BOJISIET BBHIIIOJIHATH
paslenbHBIN KOPPEISILMOHHBIM aHAAHU3 [/ Kaxk-
IOro K3 KaHalIoB CMEIIEeHHOIo H300pakeHUs C efu-
HBIM 5TaJ0OHOM. OIMChIBaeMoOe pelleHHe II03BOIHUT
paccMaTpHBaTh IMpeAJiaraeMblil aBTOPAMHU OIITHYe-
CKHH KOPPeJsiTOp KaK COBOKYIIHOCTb YeThIpeX CaMo-
CTOSITeNIBHBIX KOPPEISTOPOB, YTO B CBOIO O4depenb
yMeHbIIaeT rabapuThl U pa3Mepsl IeIeHIAIl[MOHHON
cucteMsl. [IpyU 3TOM Pa3HOCTb TOKA C ITPOTHBOIIOIONK-
HBIX CEKTOPOB GOTOIIPHEMHHUKA OyIeT CUTHAJIOM YIJIO-
BOT'O PaCCOIacOBaHMUSI.

TakuM 00pa3soM, BBIXOJHOHM 3PayvoOK ONTHYECKOH
CHUCTeMBl IIeJleHraTopa COBIIafiaeT C OINPABOM IIpHU-
eMHHKa H31ydeHHs. Kpome Toro, KOHAEHCOp COBH-
paeT Ha MpHeMHHUKe H3JIy4eHHUs IIPOLIe[IINI Yepe3
3TAJIOH JIYYHCTBIH IIOTOK, KOTOPBIM ITPOIOPIIHOHA-
JIeH IJIOMIQJHOM KOPpessiLiuU H306pakeHUs 06beKkTa
Y IIPOIYCKAHUS 3TaJIOHA.

Jlyuu, mpoxofsile dYepe3 OAHY OIlpeleleHHYIO
I'PaHb IPU3MBI-KIKHA (1), JO/KHBL OIAJATh TOIBKO
Ha OJHY COOTBETCTBYIOLIYIO 3TOM TPaHU IIIOMIAJKY
IpUeMHHMKa HM3/ydyeHHsA. B 3ToM ciaydae omTh4ye-
CKasl CHCTeMa IleJieHraTtopa OyJeT COCTOSTb K3 YeThbl-
pex He3aBHCHMBIX KaHaloB. Kpome Toro, Heobxo-
OUMO, YTOOBI OCBENIEHHOCTb BBIXOJHOIO 3padKa
IeJIeHraTopa I10 BCeH ero Iviomany 6piia paBHOMeEp-
HOM [26]. [/l BBIIIOJTHEHHMS 3TOrO yC/IOBHUS B ONTHYe-
CKOIM CHCTeMe IIeJIeHTaTopa [O/KHO OTCYyTCTBOBATh
BHHBETHPOBaHHUe.

PaccMoTpuM paboTy OfHOIO M3 KaHaJIOB JIJIsl OHOM
IUIMHBL BOJHBI. IIyCTh OCBeLIeHHOCTb IIOBEPXHOCTH
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radiation receiver. The collective lens should be
installed behind the OTS (3), which transmits the exit
pupil of the lens (2) to the plane of the sensitive area of
the radiation receiver (5).

The collective lens projects the exit pupil of the
lens (2) into the plane of the sensitive area of the
radiation receiver (5). A four-sector photodiode
is proposed to use a radiation receiver. The optical
scheme is adjusted so that the image of each face of
the prism deflects rays to the corresponding sensitive
area of the radiation receiver. The entrance pupil of
the lens (2) and the radiation receiver (5) are mounted
in the mutually conjugated planes of the lens Fabry-
Perot. In this case, the beam passing through one of
the faces of the pyramidal prism (optical wedge) falls
only on the corresponding sector of the photodetector.
The scheme allows to separate correlation analysis for
each channel with one common OTS. In this case, the
optical correlator can be considered as a set of four
independent correlators arranged in a special way
relative to each other. The current difference in electric
signal from the opposite sectors of the photodiode
could be used as the control signal for the angular
misalignment. This solution allows to arrange the
analog optical processing compact, lightweight and
precise the direction finder.

Let’s consider the features of this solution more
carefully. The exit pupil of the optical system of
the direction finder coincides with the frame of the
radiation receiver. The lens Fabry-Perot collects all the
radiation flux on the radiation receiver only in the
case when the radiation transmitted through the OTS
is proportional to the area corresponding to the image
of an object and the transmission of the OTS.

Assilicon photodiode is proposed to use as a radiation
receiver (5). The silicon photodiode consists of four
sensitive areas having the shape of a circle sector. The
rays passing through the one face of the pyramidal
prism (1) should reach only the corresponding area of
the radiation receiver. The illumination of the exit
pupil of the direction finder should be aligned. The
execution this condition allows reduce the sensitivity
variation of the radiation receiver (5). It is necessary
to exclude the vignetting in the optical system of the
direction finder to execute this condition [26].

For more understanding let’s consider the operation
in the channel for the single wavelength. Suggest that
an intensity on the surface of the object is E;. Then
divide the surface of the object into elementary sites
dA=dx-dy with a constant reflection coefficient py(x, y).
Then it is possible to calculate the magnitude of the
radiation flux incident on the entrance pupil of the
system from an uniformly illuminated elementary



RRRRRR RN RN R RN N R R R RN AR R R NN NN RN RN NN R AR RN RN
I OPTICAL DEVICES & SYSTEMS
RRRRRR RN RN R RN N R R R RN AR R R NN NN RN RN NN R AR RN RN

obwvexTa 6ymer E,. Pa3obbeM IOBepXHOCTb 0OBEKTA
Ha 371eMeHTapHble IUlomanaku dA=dx-dy ¢ mocTosiH-
HBIM K03)OULIEHTOM OTpasKeHUS py(X, y). BenmnuuHa
II0OTOKA M3/IyYeHUs], IIPUXOASINEr0 Ha BXOLHOM 3pa-
YOK CHCTEMBI OT PAaBHOMEPHO OCBEIIeHHOM 3JIeMeH-
TapHOM IUIOIIAAKY dA, eskale Ha OIITUYEeCKON OCH,
COCTaBUT [27]:

d® = 1, - Ejr(x,y)cosi-sin’ o ,dxdy, 1)

TAe Ty — KO3QOUIIMEHT ITPOIYCKAHHS aTMOChepHI;
i - yron MexAy HOPMa/blo K IUIOIIAZKE K IJIaBHBIM
JIy4OM, MAYLIMM K3 LEeHTpa IUIomanku dA depes
LIeHTP BXOJHOIO 3payKa IleJeHraTopa; d, — allepTyp-
HBIH YTOJI B IPOCTPAHCTBE IIPeIMETOB.

Ecnu OpUHSTH, 4YTO A YOaJeHHOro obbekTa
sino, =% , rme D - mruamMeTp BXOLHOIO 3pavyKa obbek-
THBA, a p ~ PACCTOSTHHE OT BXOIHOT'0 3pavKa JI0 IIJIOCKO-
CTH IIpefMeTa, a TakKe YIHUTHIBAasl, YTO B IVIOCKOCTH
1300paskeHUsT 0OBEKTHBA IUIOMNAAKA dA IepeXxomuT
B aneMeHT dA’=dx'dy’=dxdyp*cosi, rme B - nuHerHOe
yBelIM4eHHe 00BEeKTHBA. MOKHO BBIIIOJTHUTH IIPeob-
Pa3oBaHMUS U MpefCcTaBUTh popMyiy (1) B craenyrouem
BUJIE:

1_(DY VYV (o N
do =’C2J.JA§<I)3 = EIO[FJ EOJ-[AapO(XE,%jTB(X ' )dx dy’, (2)

rae T; - Ko3QOULIHMEHT IPOIyCKAHHSA KIMHA U 00D-
eKTHBa, T, - KOGOUIIMEHT I[IPOIYCKAHUS KOH-
IeHCopa, Ty=T;'T, - KO3QHUILIMEHT IIPOITyCKAHHUS
OIITHUYeCKOM CHCTeMBl KOppensiTopa, A, - IUIONAdb
3TaJIOHA, I10 KOTOPOM BeJeTcsd MHTerpupoBaHue. Pop-
MyJa 2 TaKKe YYUTHIBAeT 0C/MablIeHHUs ITOTOKA 3TaJIo-
HOM. ECIM 3meMeHTapHBle IUIOIIAJKU 3TanoHa dA',
COOTBETCTBYIOIIME 3/MeMeHTapHBIM ILIOIIAAKAM H30-
OpaskeHHs 00BeKTa, UMET KO3POUIIUEeHT IIPOIyCcKa-
HUS T,(X, V).

TakuM 006pa3oM, IpemsiaraemMoe pelleHHe I103BO-
J5eT BBIYHUCINUTD KOPPEISILIMOHHBIN WHTErpasl C TOY-
HOCTBIO IO IOCTOSHHOI'O MHOMXHTeIL. [IJIT II0THOIO
HCIIO/Ib30BAHUSL JIYYUCTOTO II0TOKA, IIPOLIeINIEro
yepe3 0OBEKTHB, KOHAEHCOP MAOJDKEeH IepefaBaTh
r300paskeHHe BBIXOZHOIO 3payka OOBeKTHBa B ILIO-
CKOCTh YyBCTBHUTEJBHOM IIOMIAAKH IIPHEMHHKA
H3/Iy4eHHus.

CyuTasi, 4ToO alepTypHas Auadparma coBIaJaeT
c obvexTHBOM (pHC. 1), M Hcronb3ys popmyiy laycca,
OTHECeHHYIO K 3pauKaM, IIOIy4YHM:

1 1 1
- 3
2

rze f/ - 3asiHee pOKYCHOE PacCTOSTHHE KOHAEHCOopa.

=

area dA, which lies on the optical axis using next
equation [27]:

o = 1,,,, Egr(x,y)cosi-sin® o ,dxdy, 1

where i - is an angle between the normal to the site
and the main beam coming from the center of the
elementary area dA through the center of the entrance
pupil of the direction finder; g, is an aperture angle in
the space of the objects.

For a remote object, we can assume that sinc, = E’
where D is the diameter of the entrance pupil of the
lens; p is a distance from the entrance pupil to the
plane of the object.

In the image plane of the lens dA platform goes into
the element dA’ = dx’dy’ = dxdyp’ cosi, where p is a linear
magnification of the lens.

The radiant flux passing through one face of the
pyramid and the lens will be:

2
do - T J.[AOTqu)B = %To [%J EO‘”AOTSPO [%’%j'rors(x'vyl)dx,dy" 2)
where 1, is a transmission coefficient of the wedge and
lens, 1, is a transmission coefficient of the lens Fabry-
Perot, T, is a transmission coefficient of the direction
finder optical system, the Ay is the area of the whole
OTS is used for integration in (4).

The solution allows us to calculate the correlation
integral up to a constant factor. The condenser will
transmit the image of the exit pupil of the lens to the
plane of the sensitive area of the radiation receiver.
Under this condition it is possible to use the full
radiant flux passing through the lens of the direction
finder. If the aperture diaphragm coincides with the
lens (figure 1), we can use the Gauss formula related to
the pupils and obtain as follows:

T 3)

where f’ is the back focal length of the lens
Fabry-Perot.

The diameter of the sensitive area of the radiation
receiver Dgg should be equal to the diameter of the exit
pupil of the lens Fabry-Perot, in this case the optical
magnification in the pupils should be equal and we
can obtain as follows:

B = ==L, @

where D, is the diameter of the aperture diaphragm
of the leans.
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JlviaMeTp YyBCTBUTE/NBbHOM IUIOMAAKH IIpHeM-
HUKa usnydeHus (Dy,) OTKeH ObITh PaBeH AUAMETPY
BBIXOJJTHOTO 3payKa CHCTeMBl «06beKTHB-KOHAEHCOP?”,
II03TOMY yBeJIMUeHHe B 3pauKax COCTABHT:

D, D a,
P ap P
Bp=~=7 =7 (4)

rzie Dy; — IMaMeTp arepTypHOM Juagparmsi.
Perliasi COBMeCTHO ypaBHeHHS (2) U (3), IONMyUYHM:

1_B ’ 4 ’
=5 Lan=(1-B,)f . (5)
P
J/IUHa CUCTEeMBI, 6e3 IIpU3Mbl, COCTaBHUT:
2

—(1-
L=a;,—ap=ﬂf;. (6)

By

13 (6) cnenyet, uto nipu ,=-1 onTryueckas cucrema
HMMeeT MUHUMAJIBHYIO AJTUHY, PaBHYIO L. =4f,, Ipu
3TOM [IHaMeTp aIlepTypHOM AuadparMbl paBeH [IHa-
MeTpy UYBCTBUTEJIBHOM IIOMAAKY IIPHEeMHUKA U3TTY-
uenus (Dyy=Dyp) v ay=-a,=2f,.

CornacHo BBIpaKeHHUIo (1) cpefiHee 3HaUeHHe JTyIH-
CTOro IIOTOKA4, IIOIIafAdlOmero Ha OAHY YYBCTBHTE/Ib-

HYIO HHOU.IaﬂKy HPI/IeMHI/IKa I/I3queHI/IH, GYI[ET:
2
b (D
@, = MTOEOpOTS[f‘,] D3, @)
06

I7e p, - CpefiHee 3HaUeHHe KO3QPUITHeHTa OTPasKeHH S
IIOBEPXHOCTH 00BEKTa, T, - CpefHee 3HAUYeHHe K03d-
dUILIMeHTa IpOIyCKaHUS 3TAIOHA, Dy - AHaMeTp
3TaJIOHA.
U3 puc. 1 c yueTom (4) u (5) monyuunm:
BZS lf;—q,D=%, 8)
P P
I7ie q - PACCTOSIHUE OT 3TAJIOHA JI0 KOH/IEHCOopa.
BBIIIONIHUB Psif, PacCyskKOeHUN M IIpeobpa3oBaHUI,
KOTOPBIF ONYILEHBI B CHIy HeOOXOIHMOCTH OIPaHU-
YUTh 00BEM CTaThH, MOXKHO IIOJYYIHTh, UTO IT0JIEBOH
YIo/l @ OITHYeCKOHM CHCTeMBI IeJIeHIaTopa IIpHU yC/Io-
BUH (q<<f,) MOSKHO BBIYHCIUTD I10 GOpPMYJIe:

DB,

tgﬂ)=%=7ap=m. (9)

HpeﬂeHbHLIM 3Ha4YeHHeM OTHOCHTE/IIBHOIO OTBep-

fo’ﬁ =-a,-94=

1
=71, OpH 3TOM
BeJIMYHHA W, =14°, a YITI0BOE I10JIe CUCTEMBI 20 =28°.

Ha pwuc. 2 mnpexacraBieHbl TpadUKH 3aBHCH-
MOCTeH OTHOCHTEeIbHBIX 3HadeHUM (II0 CpaBHe-
HUIO C MHUHHUMQIBHBIMH) [JIHHB ONTHYECKOH

cucrembl L(B,)=L/L IpolleJlIero IMOTOKa H3Iy-

D
CTHS KOHAEHCOPa MOXKHO CUHTATDh f_,E
k

min’
uenus ®(B,)=@,, /@, tmiv’ u yrnoporo mons speHus
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If we solve the equations (2) and (3) together we can
obtain the follow expression:

1-
P BPBP . a;' = (1_Bp)fc, . (5)

The length of the optical system of the direction
finder without prism could be calculated, using the
follow expression:

a

2
L=a;,—ap=%fc’. (6)
p
The direction finder optical system has a minimum
length under the condition ,=-1 in the equation (6).
If optical system length is equal L_;,=4f",. In this case
the diameter of the aperture diaphragm is equal to the
diameter of the sensitive area of the radiation receiver
(Dap=Dgg) and a’y=-a,=2f".
If the direction finder is a minimal length, we can
obtain the average value of the radiant flux incident
on an elementary area of the radiation receiver:

2
Lmin T D
(DEIR - aToEoporors DéTs[f_fij ’ )
le

where p, is the average value of the reflection
coefficient of the surface object, 1, is the average value
of the standard transmittance, Dy is the diameter of
the standard.

From Fig. 1, taking into account (4) and (5), we
obtain:

DI’

B,
were D, is the diameter of the receiver. After a series
of arguments and transformations, which we omit
due to the need to limit the volume of the article,
it can be obtained that the tangent of the field
angle w of the optical system of the direction finder

under the condition (q<<f’,) can be calculated by the
formula:

fi-q,D= (8)

’ B -1
fle =_ap_q= PBp

DOTS DOTS Bp DOTS (9)
C2f7 24, 2f(p -1)
c p fc (Bp

If the ultimate value of the lens Fabry-Perot relative
aperture in the optical system is % =%. It’s possible
to obtain field angle of the system.

Figure 2 shows the dependences of the relative
values (relative to the minimum) of the optical
system length L(B,)=L/L,,;,, the transmitted radiation
flux @(B,)=®,/®min), and the angular field of view
w(B,)=tgw/tgwm;, per linear pupil magnification B,
where w_;, is the field of view angle of the optical
system at the minimum length of the direction
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co(Bp)ztg(o/ Wiy OT JIMHEHHOTO YBe/MYeHHUS B 3pad-
Kax Bp, IlIe Wi, — [10JIEBOM YIOJI OITHYECKOI CUCTeMBI

. D
[IpU MHUHHUMAJIBHOM JJIKMHe I1eJleHraTopa (tgmzf,3 ).
Kmm
ITom NTUHENHBIM yBeJIMUYeHHeM B 3pauKax [IOHHMAaeTCs

OTHOIIIEHHe [UaMeTpa BHIXOZHOIO 3padka K AHaMeTpy
BXO/IHOTO 3payKa. AHIN3 3THUX QYHKITUI [T0Ka3bIBaeT,
YTO AJIS1 YBEIMYEHHUS JIyIHCTOTO IIOTOKA HEOOXOMHMO
YyMEHBIIATh 10 ab6COMIOTHOMY 3HAYeHHIO BEIUYHHY
B,, ~ oTHOILIeHMe pasMepa H300pakeHHs K pasmepy
IpeqMeTa, MpH 9ToM OymeT yBeIHMYHBAThCS [JIMHA
IIeJIEHTaTOPa U YMEHbIIATHCS €0 YITI0BOE IoJ1e 2.

PaccMOTpeHHasl ONTHYECKasl CXema IleJleHraTopa
SIBJISIeTCS. YIIPOLIIEHHOM, TaK KaK B peasbHOM ONTHYe-
CKOM CHCTeMe 4YeTblpeXI'PaHHasd IpH3Ma, a ClefoBa-
TeJIPHO, M BXOJHOM 3padok Koppenstopa bymyT pac-
IIOJIOKEHBI Ha HEKOTOPOM PAacCTOSIHUHU OT IepefHel
[JIaBHOM IIJIOCKOCTH 06BbeKTHBa. OMHAKO BBIIIOIHEH-
Hble pacdeTsl, CAelaHHBle HAa OCHOBE IIPUOJIIIKeH-
HOM MaTeMaTH4eCKO¥ MOAeNH, BecbMa ybemrTenbHO
[IOKa3bIBAIOT, UTO IIpeAJiaTaeMbIll ONTHYECKHUH KOpP-
PeNSIIMOHHBIM YeTbIpeXKaHA/IBHBIK IIeIeHTaTop
MOKET OBITh HCII0/IB30BaH B KAYeCTBE IKCTPEMAIbHOMN
crucTeMbl JUGdepeHIIUAIBHOIO THIIA, II03BOJSIONIEHN
cOOpMHUPOBATh [BYXKOOPAHWHATHYIO IIe/IeHTallHOH-
HYIO XapaKTepUCTHUKY.

3AK/TKOYEHUE
JlJ1s1 IIOBBIIIEHUS TOYHOCTH ITocanky KJIA Ha mosepx-
HOCTb MaJjibix Tes COJHEeYHOH CHCTeMBI, Ha B3I,
aBTOpPOB, ILieecO0Opa3sHO HCIIONB30BATH OTHeENb-
HBIM CIeUaJbHBIM OOPTOBOM KOMIIJIEKC HaBHU-
raiuyu M HaBeZeHUsS KJIA. B HacTosmeH cTaThe
NpeA/JosKeH BO3MOXKHBIM BapHaHT IPaKTHUYECKOM
peanusanyu gudPdepeHIINATbHOIO KOPPEeISLHOHHO-
3KCTPEeMaJIbHOIO YCTPOMCTBA HaBeleHHsS KU HaBMra-
LMK KOCMHYECKOIO JIeTaTeJIbHOIO aIlllapaTa, BXO-
OSIIero B COCTAaB TaKOro KOMILJIeKca. B oTauuue
OT PecypcoeMKHX CUCTeM C KOppersiliuelr B 3/1eKTPOH-
HOM TpaKTe IpefjiaraeMoe B JAaHHOM CTaTbe yCTPOK-
CTBO C KOppeIsiIKel B ONTHUYECKOM TPaKTe IIPeIbsB-
7T MUHHMaJIbHble TPebOBaHUS K BHIUH CIUTE/IBHBIM
pecypcam, UTO OCOOEHHO II€HHO IPH peaqH3aliu
6opTOBoro KOMIIJIeKCa HaBUTaLIMU U HaBegeHUs KJIA.
KpoMe TOro, onTHYeCKHH KOPPeISLHMOHHBIN IIe/leH-
raTop crocobeH BBIMIONHATH BBHIYMCIEHHUS C OYEHb
BBICOKOIM CKOPOCTBIO, IIPH 3TOM HEIIOCPeNCTBEHHO
obpabaTbiBaeTcsi ABYXMepHasi IIPOCTPAHCTBEHHAs
nHObopMaLus 6e3 LOIIOTHUTEIBHBIX IIPeobpa3oBaHUM.
YcTporicTBO 0bmamaeT BBICOKOM HAMEKHOCTBIO, ITPO-
CTOTOM M OTHOCHUTEJIBHON KOMITIAKTHOCTEIO.

B pabore mpenmsioskeHa OpUTHHATBHASI KOHCTPYK-
LM IIeJIEHIaTopa, B KOTOPOM C IIOMOILBIO OpUTHHAIb-

finder (tgo Z?TS ). Linear pupil magnification refers

Cmin
to the ratio of exit pupil diameter to entrance pupil
diameter.

The analysis of these functions shows that in order
to increase the radiant flux, it is necessary to reduce
the absolute value of the value B,, - the ratio of the
image size to the size of the object, while the length of
the direction finder will increase, and its angular field
2w will decrease.

The considered optical scheme of the direction
finder is simplified. However, the calculations
presented in the paper show the possibility to form
a correlation coordinate-defining characteristic.
Thus, the proposed four-channel optical correlation
direction finder can be used as a correlation extremal
system of a differential type.

DISCUSSION OF THE RESULTS

The considered model of the optical direction finder
is simplified. The real optical system will have
the entrance pupil located at some distance from
the front main plane of the lens because of the
mounted four-sided pyramidal prism. However,
the calculations show that the proposed four-
channel direction finder can be used as an extreme-

0 L L L L L
0 0,5 1,0 1,5 2,0 2,5 3,0

_Bp

Puc. 2. 3agucumocmu 0MHOCUMEeAbHbIX 3HA4YeHUL OAUHbI
onmuuyeckol cucmembl, NpoLweoLWwez0 NOMOoKA U3Ay4eHus

U y2/08020 N0ASl 0M AUHELHO020 y8eAuYeHUs! 8 3pavkax onmu-
yeckol cucmembl neAeH2amopa

Fig. 2. Dependences of the relative values of the length of the
optical system, the past radiation flux and the angular field
on the linear increase in the pupils of the optical system of
the direction finder
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HOM NPHU3MBI-KJIMHA CO3JAI0TCS YeThIpe He3aBUCHMBIX
KaHaJla, YTo HeobXoAHMO AJIS CO3[aHHS Ile/leHralu-
OHHOM XapaKTePHUCTHUKH M HKCII0/Ib30BaHUS JAHHOIO
YCTPOMCTBA B Ka4eCTBe CHCTeMBI HaBeJeHHUs Ha TOUKY
rmocankyu KJIA. BBIIIOJTHEH pacyeT TeOpeTHYeCKHX
3HaueHUM I1apaMeTpoB YCTPOMCIBa. Ilo/yueHHBIE
Pe3yabTaThl MOIYT OBITh HCIIOIB30BAHBI JI/Is1 IPOEKTH-
POBaHHUS OIMBITHOrO 06paslia OINTHYECKOTro KOppesi-
LIMOHHOTO YeThIPeXKaHaIPHOIO ITeJIeHraTopa.

REFERENCES

1. Bhaskaran S., Mastrodemos N., Riedel J.E., Synnott S. P. Optical Navigation for
the STARDUST Wild 2 Encounter. 18" International Symposium on Space Flight Dynamics,
ser. ESA Special Publication. 2004; 548: 455.

2. Cocaud C., Kubota T. Autonomous navigation near asteroids based on visual SLAM.
Proceedings of the 23 International Symposium on Space Flight Dynamics. Pasadena.
California. 2012.

3. KulumaniS., Takami K., Lee T. Geometric control for autonomous landing on
asteroid Itokawa using visual localization. Proceedings of the AAS Astrodynamics Specialist
Conference Stevenson. WA. 2017.

4. Veverka ). et al. The landing of the NEAR-Shoemaker spacecraft on asteroid 433 Eros.
Nature. 2001;413: 390-393.

5. Nelson R.L. et al. 433 Eros landing - development of NEAR Shoemaker's controlled
descent sequence. Proceedings of 15th Annual AIAA / USU Conference on Small Satellites.
2001; SSCO1-11.

6. RobertW.F., David W.D., James V. M. NEAR Shoemaker at Eros: rendezvous, orbital
operations, and a soft landing. Proceedings of AAS Astrodynamics Specialists.

7. Antreasian P.G. et al. Preliminary considerations for NEAR's low-altitude passes
and landing operations at 433 Eros. Proceedings of AIAA / AAS Astrodynamics Specialist
Conference and Exhibit. 1998; AIAA Paper 98-4397.

8. HajimeY. et al. Touchdown of the Hayabusa spacecraft at the Muses Sea on Itokawa.
Science. 2006; 312: 1350-1353.

9. KubotaT. et al. An autonomous navigation and quidance system for MUSES-C asteroid
landing. Acta Astronautica. 2003; 52(2-6): 125-131.

10. Yano H. et al. Touch-down of the Hayabusa spacecraft at the Muses Sea on Itokawa.
Science. 2006;312: 1350~1353.

1. Broschart S.B., Scheeres D.). Control of hovering spacecraft near small bodies:
application to asteroid 25143 Itokawa. Journal of Guidance, Control, and Dynamics.
2005;28(2): 343-354.

12. Ferri P. Mission operations for the new Rosetta. Acta Astronautica. 2006; 58(2): 105-111.

13. Ulameca S. Rosetta Lander—Philae: implications of an alternative mission. Acta
Astronautica. 2006;(8): 435-441.

14. Miso T., Hashimoto T., Ninomiya K. Optical guidance for autonomous landing of
spacecraft. IEEE Transactions on Aerospace and Electronic Systems. 1999; 35(2):459-473.
ISSN: 0018-9251. DOI: 10.1109/7.766929.

15. Cheng., Johnson A., Matthies L. MER-DIMES: a planetary landing application of
computer vision. IEEE Comp. Soc. Int. Conf. on Computer Vision and Pattern Recognition. San
Diego. USA. 2005.

16. Johnson A., Ansar A., Matthies L., Trawny N., Mourikis A.1., Roumeliotis S. 1.

A Ceneral Approach to Terrain Relative Navigation for Planetary Landing. AIAA Infotech at
Aerospace Conference. Rohnert Park USA. 2007.

17. Cocaud C., Kubota T., «SLAM visual landmark 3D mapping system for autonomous
navigation and landing on small celestial bodies», 35™ Annual American Astronomical
Society (AAS) - Guidance and Control Conference, Breckenridge, USA, 2012

18. Before and after: unique changes spotted on Rosetta’s comet cant. URL: http://www.esa.
int/Our_Activities/Space_Science/Rosetta/Before_and_after_unique_changes_spotted_
on_Rosetta_s_comet.

19. URL: http://www.esa.int/spaceinimages/Images/2017/03/Comet_changes.

20. Collapsing cliff reveals comet's interior. URL: http://www.esa.int/Our_Activities/Space_
Science/Rosetta/Collapsing_cliff_reveals_comet_s_interior.

2. Prenston K. Kogerentnye opticheskie vychislitel'nye mashiny. — M.: Mir. 1974. 399 p.
(InRuss.)

MNpeHcToH K. KozepeHmHble onmuyeckue sbiucaumenbHble matutel. — M.: Mup. 1974. 399
C

22. Venikov G.\V. Opticheskie vychislitel'nye sistemy. ~ M. Znanie. 1976. 64p. (In Russ.)
Benukos I'. B. Onmuveckue gbl4ucaumenbHble cucmembl. — M. 3HaHue. 1976. 64 ¢

23. Akaev A.A., Majorov S.A. Opticheskie metody obrabatki informacii. - M.: Vysshaya

412 POTOHMUKA TOM 16 Ne5 2022

CECEEEEEEEEE e e e e e e e e e e e e e e e e e e e e e e e e e e ey
ONTUYECKME YCTPOUCTBA M CUCTEMbI I
CECEEEEEEEEE e e e e e e e e e e e e e e e e e e e e e e e e e e ey

correlation system for autonomous guiding and
landing a space probe at the small bodies of the
solar system. The four-sided pyramidal prism
allows to create the two-coordinate differential type
direction finder. The analog computing principle
is the essential advantage of the optical direction
finder. The direction finder doesn’t load the onboard
computer system in the spatial data process.
The analog processing of the visual information
improves the accuracy of the targeting. The optical
direction finder allows to separate the navigation
from other onboard processes, it helps to decrease
the load of the onboard computer.

The possible variant of practical realization of the
direction finder for the guidance and landing the
space probe is offered. The proposed model of the
direction finder has the necessary properties for
autonomous guiding the space probe. The proposed
model is highly resistant to noise, changing the light
conditions and the shape of the SBSS. The guidance
in the systems is carried out in the local coordinate
system by comparison current view with the standard
image.

Atthe moment the most of the spacecraft navigation
systems use the onboard computer. The solution
with an electronic correlation principle demands the
powerful onboard computer equipment. The direction
finder with the optical correlation principle imposes
minimal requirements for the onboard computing
resources.

The optical correlation-extreme systems for the
onboard navigation and guidance system have
a number of other advantages. Optical correlation
devices are able to perform calculations very
fast. Optical correlation-extreme systems process
two-dimensional spatial information without
additional transformations. The optical navigation
and landing system is rather simple comparing to
electronic ones. The simplicity of the construction
increases the reliability of the system and the
whole process of the landing. Compact size and
rather small number of the mechanical parts allow
to construct the light weight and compact optical
direction finder.

CONCLUSION

We propose the design of the direction finder with
four independent channels. This device is using the
original wedge prism, which is necessary to create
adirection-finding characteristic as a guidance system
for the landing point of the space probe. The theoretical
values of the device parameters are calculated. The
direction finder doesn’t load the onboard computer
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MeskayHapoaHasi KOHPepeHL HS
IO MepeaoBbhIM JIa3epPHBIM TEXHOJIOTHSIM ALT’22

11-16 ceHTs6ps 2022 roga B Mockse B 343-  POCCMIACKONA akagemuu Hayk, OTgeneHue BepcuteT MUOW, LleHTp nasepHOM TexHo-
HAN POCCMIACKOW aKaAeMUM Hayk mponget Gu3nyecknx Hayk  POCCUICKOM  akafemum JoruM M- Marepuanosefenus. lNpeaceaarens
29-5 MexgayHapoaHas KoHepeHUms no nepe-  Hayk, WIHCTUTYT CneKTpockonuu Poccuitckon KOH(QEpeHLMM:  Hay4HbI  PyKOBOAUTEND
[OBbIM  1a3epHbIM  TexHonorusm — ALT'22 akagemun Hayk, MOCKOBCKMI rocyAapCTBeH- WHcTuTyTa 06wwen dusnku um. A.M.Mpoxo-

(Advanced Laser Technologies). HbI  yHMBepcuTeT uM. M. B.JIoMOHOCOBa, poBa PAH akagemuk PAH W.A. LLlepbakoB.
Cnegys MHOTONETHUM TPAZMLMAM, KOHpe- Hay4HO-UCcCneoBaTeNbCknii - SAEPHLIA - YHU- https://altconference.org / alt22.

peHunn ALT'22 0bbeanHWUT [OKNAAbl, MOCBS-
LWeHHble GYHAAMEHTANbHBIM U MPUKAALHDIM
acnekTam MHHOBALMOHHBIX 1a3epHBIX TEXHO-
JIOTWIA, @ TAKKE UX HAY4HOMY W BbICOKOTEXHO-
JIOTUYHOMY  MPOMbILUIEHHOMY NPUMEHEHUIO.
OyHLamMeHTaNbHbIe TeMbl BK/IHOYAIOT B3au-
MOZENCTBIe Na3epa C BeLecTBOM, GpOTOHMKY,
HEeNMHEeMHYI0  ONMTUKY, NAA3MOHUKY, u3m-
yeckylo onTuKy M T.A. [puKknagHble Tembl
BK/IIOHAIOT Na3epHyt0 06paboTky MaTepuanos,
MOBEPXHOCTHYIO 3aNNUCb M 06LEMHYID MOAW-
GuKkaLmio M QyHKUMOHANM3ALMIO, MOLLHbIE
nasepbl 1 Nazepbl C BbICOKOW YaCTOTON MOBTO-
peHus, 6BUOMEeANLIMHCKME Na3epHble MpUIoXKe-
HWS, ONTMYECKWe MaTepUanbl U T. 4.
OduumancHble  A3bIkM  KOHOepeHUun -
AHIIMACKUIA / pycckuin.  KoHdepeHumus npoii-
LET B OYHOM (popmaTe (B UCKIIOUMTENbHBIX
C1y4asx BO3MOXHO OH/IAMH-y4acTye).
Opranmsatopbl  koHbepeHuun:  UHCTH-
TyT obwen ¢usmkn um. A.M.poxoposa
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