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PaccmaTpuBaeTcs NpUHLMNManbHas cxema
M napamMeTpbl CTaTMYECKOro yCcTpoicTBa
opueHTauuu no 3emne (NocTponTens MecTHOM
BepTuKanu) kocmuyeckoro annaparta (KA),
NOCTPOEHHOro Ha OCHOBE MUKPO60/IOMETPUYECKOM
MaTpuLbl C UCMO/Ib30BAHMEM NAHOPAMHOIO
3epKafbHO-/IMH30BOr0 06bekTUBa (panoramic
annular lens — PAL-NUH3bI).
B JeTaTeJIbHBIMU alllapaTaMU IIHUPOKO IIPH-
MEeHSIOTCS IOCTPOUTENN MeCTHOH BepTHU-
Kanu (IIMB), paboTaromue 10 KOHTPACTy MeXKAY
IIOBePXHOCTBIO IIJIAHETHl MU KOCMHUYECKHM IIPO-
CTPAHCTBOM B HHOPaKpacHOM 0671acTH CIeKTpa.
B pacmpoctpaHeHHbIX [IMB cexkymmero tuma ocy-
IeCTB/sIeTCS. ONTHKO-MeXaHHYeckoe CKaHHPO-
BaHMe, obecreumBarmiee "cedyeHHe' TOPHU30HTA
3eMJIM y3KMM MIHOBEHHBIM YIJIOBBIM IIOJIeM
(1]. CTpemieHHe CHHU3HUTH >HepPromorpebiaeHue
[IMB, yMeHBIIUTb UX FabapUTBH M MacCy, IOBBI-
CUTbh HaMEeXHOCTb IPHUBOAUT K TeXHHUYECKHUM
pelIeHUsSIM, HCKAIOYAIONUM OINTHKO-MeXaHHUe-
CKoe CKaHHpoBaHHe. OZHHUM M3 TaKUX pelleHUH
SBJISIETCSl HCIIOAb30BaHHE MAaHOPAMHBIX ONTHYe-
CKHX CHCTeM, OXBAaThIBAIOUIMX YTIJIOBEIM IIOJIeM
BeChb TOPHU30HT, B COYeTAaHHUHU C MHOTO3JIEeMeHT-
HBIMHU MAaTPUYHBIMH IIPHeMHHKaAMH H3JIyde-
HUs (MaTpUYHBIMU QoTompueMHUKaMU - MOII),
C IOMOIIBI0 KOTOPBIX MOKHO HCIIOJb30BaTh pa3-
THYHBIle CII0COOBI aHalM3a IIAHOPAMHOTO HK30-
O6paskeHHS U ero IpelBapHUTelbHOH obpaboTku
(3aiep>KKy, HMHTepIOJHMpPOBaHUEe, HHTEerpHUpOBa-
HHUe, MacmTabupoBaHue, QUIBTPALHIO).

CHuCTeéMaX YyIIpaBJIeHHd KOCMHYECKHMH
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A DEVICE CONSTRUCTING
LOCAL VERTICAL

WITH A PANORAMIC
MIRROR-LENS SYSTEM

A.V. Melnikov', V. A. Solomatin', A. E. Rabovskii?
! Moscow State University of Geodesy and
Cartography, Moscow

! Optical research and development center of
‘VNIIEM Corporation’ JC, Moscow

The basic scheme and parameters of the static
device for orientation on the Earth (the device
constructing local vertical) of the space vehicle (SC)
on the basis of the microbolometer matrix using

a panoramic mirror lens (panoramic annular lens -

PAL-lens) are considered.
I working by contrast between the surface of
the planet and the outer cosmic space in the
infrared spectrum are widely used in the spacecraft
control systems. In the widespread cross-type
DLV, an optical-mechanical scanning, providing
a "section" of the Earth’s horizon by a narrow
instantaneous angular field [1] is performed. An
intention to reduce the DLV energy consumption,
decrease their overall dimensions and weight,
enhance reliability leads to engineering solutions
that exclude optical-mechanical scanning. One of
such solution is the use of panoramic optical systems
covering the entire horizon with an angular field, in
combination with multiple-unit radiation detector
arrays (photodetector arrays - PHAs), whereby
various methods of panoramic image analysis and
its preliminary processing (delay, interpolation,
integration, scaling, filtering) can be used.

he devices constructing local vertical (DLV),

PANORAMIC OPTICAL SYSTEM

Among the possible ways of panoramic optical
systems constructing covering the whole horizon [2],
mirror-lens structures known as PAL-lenses
(panoramic annular lens) are the most promising
for use in DLV. The lens of the PAL lens-based
positioning mechanism was successfully applied
in the SEASIS system (The SEDS Earth Atmosphere
and Space Imaging System) for the SEDSAT-1 micro-
satellite [3].The original version of the PAL-lens
was designed at MIIGAIK [4]. Compared to the
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NMAHOPAMHAA
OMNTUYECKASA CUCTEMA A

Cpegu  BO3MOXHBIX IIyTeH
IIOCTPOEeHHU S MIaHOPaMHBIX
ONTHYECKUX CUCTeM, OXBa-
THIBAIOIIMX BeCh TOPU30HT [2],
Haubomee  MepCHeKTUBHBIM
OJs1 HCcIoJb3oBaHUS B IIMB
IIpeJCTaBASIOTCA 3epPKaJbHO-
THH30BHE KOHCTPYKILHH,
M3BeCTHBle KakK PAL-THH3B
(panoramic annular lens). O6%-
eKTHB YyCTPOMCTBA OpPHeHTa-
MU Ha OCHOBe PAL-THMH3EI OB
yCIIeIIHO IIPHUMeHeH B CHUCTeMe
SEASIS (The SEDS Earth
Atmosphere and Space Imaging
System) nAJis MHUKPOCIHYTHHKA
SEDSAT-1 [3].0purunans-
HBIM BapuaHT PAL-o6berTHBA
(PAL-THH3BI) paspaboraH
B MUUTAuK [4]. B ornmuue
OT M3BEeCTHBIX MOAOOHBIX ONTH-

OnTnyeckas ocb

PAL-nnH3a

MNepepatoLmi
06beKTMB

Puc.1. Cxema PAL-aUH3bI ¢ nepedatow,um 06vekmueom
Fig.1. PAL lens diagram with a transmitting lens|

YeCKHUX CHCTeM pa3paboTaH-
Hbll B MUHUTAuK 06BbeKTUB He
nMeeT acheprHUeCKUX IIOBePXHOCTeN U obiamaer
6onpmKUM yIIOBBIM II0JIeM. O6beKTHUB IIpeACTaB-
nseT cob0l MOHOKOHCTPYKIHIO, OTPAaHHUYEHHYIO
YeTBIPpbMS IIOBePXHOCTSIMM: IIepBas IOBepX-
HOCTb - cpepHdYecKas IpeloMaspIlasi, BTOpas
U TpeThs IIOBEPXHOCTH - ChepHUUYeCKHe OTpa’ka-
I0IlMe, 4YeTBepTas - IIJIOCKAsl IpeoMJISgomas.
I/Izo6pa>1<eH14e, co3maBaeMoe PAL-00BbeKTHBOM,
HaXOAUTCS BHYTPHU CTeKJa, II03TOMYy Heobxo-
OUM [OIOJHUTE/IbHBIH Mepefaloluil o6heKTHUB,
IepeHOCSINUH H300paskeHHe B IIJIOCKOCTh BHE
obvekTHBa (puc.l).

PAL-06beKTHBBI CO3[0aI0T KOJblleBoe H300pa-
>KeHHe IIPOCTPAHCTBA, COOTBETCTBYIOIIee LIUJIMH-

known similar optical systems, the lens designed
at MIICAiK does not have aspheric surfaces and has
a large angular field. The lens is a mono-structure
bounded by four surfaces: the first surface is a
spherical refracting surface, the second and third
surfaces are spherical reflecting, and the fourth
is a plane refractive one. The image created by
the PAL-lens is inside the glass, so an additional
transmitting lens transferring the image to the
plane beyond the lens (figure 1) is required.
PAL-lenses create an annular space image

corresponding to the cylindrical projection (fig. 2).

The width of the ring corresponds to o angle, blind
spot to 2P angle.
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OpuuecKor IpoeKUHH (puc.2). IlupuHa KolblLa
COOTBETCTBYeT yIJy , C/Ieloe ISITHO - yIay 2.

[IpuMeHeHHe KOJIBI[EBOr0 MAHOPAMHOIO 00%b-
eKTHBa IT03BOJISAT II0Jy4aTh H306paskeHHe BCEro
TOPU30HTAa 3eMJIM IIPpU MeHbIIUX Trabapurax
M Macce B CpaBHeHMHU C M3BECTHBIMH IIHPOKO-
YrOJbHBIMH OOBEeKRTHBAMHM THIIA ' PHOMH rnas”
u 6e3 NpUCYmMX TaKHUM CHCTeMaM IIPOCTpaH-
CTBeHHBIX HCKa’keHUH B IIpeobpa3oBaHUU a3UMYy-
TaJIbHOTO yIJIa B fHama3oHe ot 0° go 360°.

Ha puc.3 npencrasineHa QyHKIHMOHAJIbHAS
cxeMma omTuuyeckoro 6moxka IIMB c ucmonb3oBa-
HueM PAL-ob6bekTUBa. [nsg obeclieyeHHUs OHa-
[a3oHa M3MepeHHS yIla OTKJIOHeHHUS OT BepTHU-
Kanuy #*3°C y4YeTOM H3MeHEeHHMS BBICOTHI IIOjIeTa
Y [IOTPeIIHOCTH YCTAHOBKHU yCTPOMCTBA TpebyeTcs
noctpoeHue Ha MOII yvacTtka "Kocmoc-3emis"
C YIJIOBBIM pa3MmepoM Iopsanaka 10°, YTO BKIIIO-
YyaeT 3amac Ha abeppallUM ONTHYECKON CUCTEMBI,
JOMYCK Ha TOYHOCTh 3amycka KA M 3/IMITHY-
HOCTb opbuTel [5]. IIpH yKa3aHHBIX IapaMeTpax
M BBICOTe IIONeTa paBHOM 650 KM YIJIOBOM pas-
Mmep 3eMIM COCTAaBUT 130°, ciemoBaTe/IbHO, MakK-
CHMaJjbHasl BeJIHYHHA YIJIOBOTO IO/ 06beKTHUBA
OOJIKHA COCTAaBUTH 140°, a MUHUMAJbHAY 120°.

Jns mpoBeleHHUs pacyeToB B KaudecTBe IIPHU-
eMHHKa H3/yUYeHHUs IPUHITA MHKPobolIOMeTpH-
yecKkass MaTpuna, paspaboraHHass B MHCTHUTyTe
OU3UKU TMOJYyIPOBOOHUKOB HM. A.B.PXXaHoBa,
CO C/lefyIOMKUMHU XapaKTepUCTHKaMHU [6]:

e o61acTp CHeKTPaabHOM YyBCTBUTEJIBHOCTH -

8-14 MKM;

*  ¢dopmart 320 x 240;
e mIar 3JeMeHTOB MAaTPHLBl INPHEeMHUKOB - 51

MKM;

* TeMIepaTypHOe pa3pelleHue Aty,=0,1 MK,

[IpuMeM paZuyC BHeIIHEro KoJbla H3006paxke-
HHS 3eMJ/IM PaBHBIM I, =6 MM (II0JIOBUHA I IHUHBI

CTOPOHBl MATpPHUIIEI), YIAB B, =60", B, =70".
Paguyc BHYTpeHHero KoOJblla OIIpefensgercs
Kak [7]

T 2- Z(Ctg(ﬁmin) - Ctg(ﬁmax))

min — rmax ’ 2 + Z(Ctg(ﬁmin)_ Ctg(ﬁmax)) '

Ilpu z=0,7574, 1, =5,1 MM [7], a yrinoBon pasmep
nuKkcena cocrasasieT 33'. IIMpuHe KOJIbLIEBOIO
nu3obpaskeHHUs B YIJIOBOM Mepe, paBHOM 10° coot-
BeTCTByeT 18 371eMeHTOB MaTpUUBI. II0CKOIBKY
IIOZIOBUHY M3 HUX 3aHMMaeT HM300paskeHHe KOC-
MoOCa, Yrojl OTKJIOHEeHHS OT BepPTHKAIH OIpejens-
eTcs 1mo 220 cTpokaM u3 240.
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The use of an annular panoramic lens will make
it possible to obtain an image of the entire horizon
of the Earth with smaller dimensions and mass
compared to the known wide-angle fish-eye type
lenses and without spatial distortions inherent in
such systems in azimuth angle transformation in
the range from to.

A functional diagram of an optical DLV unit using a
PAL-lens is shown in fig. 3. To provide a measurement
range of the deviation angle from the vertical +3°,
taking into account the altitude change and the device
installation error, it is required to build a "space-to-
Earth" section on the PHA with an angular dimension
of around 10°, which includes margin for the aberration
of the optical system, tolerance on a startup accuracy
of the SC and orbit ellipticity [5]. With the indicated
parameters and flight altitude equal to 650 km, the
angular dimension of the Earth will constitute 130°,
therefore, the maximum value of the lens angular
field shall be 140°, and the minimum 120°.

To perform the calculations, a microbolometer
matrix designed at the A.V. Rzhanov Institute of
Semiconductor Physics is accepted as a radiation
detector with the following specifications [6]:
 spectral sensitivity range - 8-14 pm,;

o format 320x240;
« elements step of the receivers matrix -51 pm;
- temperature resolution At,.,=0,1 mK.

Let us assume the radius of the outer ring of the
Earth image equal to 1, =6 mm (half the length of
the matrix’s side), the angles B, =60°, . =70°. The
radius of the inner ring is defined as [7]:

. =T . Z_Z(Ctg(ﬁmin)_Ctg(ﬁmax))
- - 2+Z(Ctg(ﬁmin)_Ctg(ﬁmax)) ’

Atz=0,7574,r_. =51mm [7], and the angular size
of the pixel is 33'. The 18 elements of the matrix
correspond to the width of the annular image in an
angular measure of 10°. Since half of them are
occupied by the image of the cosmos, the deflection

angle is defined by 220 lines of 240.

THE DEFLECTION ANGLE ALGORITHM
The algorithm of signals transformation from a
PHA is designed for preliminary frame processing,
signals correction and an output information
computing - roll and pitch deflection angles of the
spacecraft.

As a result of each frame processing received
from electro optical probing payload, the following
tasks are solved:
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AJIFCOPUTM ONPEAENEHNA YT NIA

OTKNTOHEHWA

AnroputMm mnpeobpa3soBaHHsS CHIHaAJNOB ¢ MOII

npefHa3HaueH [/as IpefBapUTelbHON obpa-

60TKM KaJapa, KOPpPeKLHMH CHUTHAJOB K BBIUHCIIE-

HHU S BBIXOJHOU MHPOPMALIMH ~ YIJIOB OTKJIOHEeHHU

110 KpeHy U TaHT'a’kKy KOCMHYeCKOro armnapara.

B pesynbraTe 06paboTKM Ka>kA0ro Kajapa, Mmouy-
YeHHOI0o OT 60PTOBOM ONTHKO-3/IeKTPOHHOM aIlma-
paTypsl 30HAHMPOBAHMSA, PeIIAIOTCS CJIeAYyHoI[He
3aJauyMu:

1. IIpou3BOAMUTCS KaJTHOPOBKA MATPHUIIEL 10 OJHO-
ponHoMy ¢oHy. Ompenensercd GyHKUMS Iepe-
Aa4yH [ KakOoro IIMKcela U B IMIaMSATh
BBIYMCIMUTENST 3aHOCHUTCS KaaHUOPOBOUHBIN
KO3pPULIUEeHT K. CUrHaabl OT IIUKCeJIOB
C HeAOCTAaTOYHOM YYBCTBUTEJHHOCTHIO HIIHU
TaKHUX, el HIyM IIPeBBbICU/I JOIYCTHUMOe 3Haue-
HHe, 3aMeHAI0TCA Ha CpeHKe OT OKPYKAIHX
IIHKCeJIOB.

2. BBISBISIIOTCA M HCKI0OYAOTCS (IPUBOASITCS
K YPOBHIO OKpYyKamoilero ¢oHa) IIOMexOBble
MCTOYHMKH H3JIyYeHHsA, CeJeKTHpPyeMEbIe
10 YIJIOBOMY pa3Mepy.
dopMaT MaTpHUIL II03BOJISIET IIPOBECTH Bpe-

MeHHOe aJIFOPUTMHYECKOe OTKIKYeHHe HHOOp-

MaILlMH C YYBCTBUTE/IbHBIX 3JIEMEHTOB, B yIJIOBOE

Iojie KOTOpHIX momanmaeT ConHue, JlyHa MK 3je-

MeHTHI kopryca KA (Hanmpumep aHTeHHBI HJIU COJI-

HeuHEble baTapeu).

3. Ompepensercs OTKJIOHeHHe ocH KA OT Hampas-
JTeHHUS Ha LEeHTP 3eMJIM, TO eCTh CTPOUTCH
MeCTHas BepTHKaJb.
3amaya omnpefesieHHe OTKJIOHeHUs ocu KA

OT HaIlpaBJIeHU S Ha LIeHTP 3eM/IM MOKeT pelIaThCs

MEeTOJOM OCpeJHeHHSI KOOpAMHAT, HPU KOTOPOM

OCYIIEeCTB/ISIOTCS CIeAYIOINHe OllepallhHu.

e B Razgpe pasmepHOCTBI0O MXN, (roe N - Konude-
CTBO CTPOK B Kajape, M - KOTHYECTBO 3JIeMeH-

i1

Puc.2. L{uauHdpu4eckast npoekuus npocmpaHcmaa
Fig. 2. Cylindrical projection of space

1. The matrix is calibrated against a uniform
background. The transmission function for each
pixel is determined and the calibration factor Kj
is stored in the memory of the calculator. Signals
from pixels with insufficient sensitivity or those,
whose noise exceeds the allowable value, are
replaced by the averages of the surrounding
pixels.

2. Interfering sources of radiation, sorted by the
angular size, are detected and excluded (brought
to the surrounding background level).

The matrix design allows performing temporary
algorithmicinformation deactivation from response
elements, the angular field of which catches the
Sun, the Moon or elements of the spacecraft body
(for example, antennas or solar cell batteries).

3. The deviation of the SC axis from the direction
to the center of the Earth is determined, that is,
the local vertical is constructed.
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TOB pa3pelleHUs B OLHOM CTPOKe) BBISIBASIOTCS
KOOPAHMHATBl 37eMeHTOB pa3pelleHUs] COOT-
BEeTCTBYIOI[HEe TOYKAaM KOHTypa HabmiomaeMon
durypsl 3emnu j, I u j, I, (puc.4).

* HaxogaTcsa KOOpAMHATH 6 ; U 6, , IPU KOTO-
PBIX yPOBeHb CUTHaJIa 6yleT paBeH BeTUYUHAM
Up;=1/3 1 U,;,=2/3 0T MAaKCUMaJIbHOIO CUTHAJA
U ax IPH MUHUMAJIBHOU SIPKOCTH 3eMJIH, COOT-
BeTCTBEHHO, U AONYLeHUHN THHEHNHOCTH 3aBU-
CHMOCTH aMIUIUTYABL CUI'HaJIA OT yI/Ia BU3UPO-
BaHus (puc.5).

o TIpoM3BOAUTCS MHTEPHOJSILINS, [103BOJSIONAS
YMEHBIIUTD IOTPEUIHOCTD OIpefesleHUs KOOp-
OUHAT 6, U 6_,, BOSHUKAIOIIYIO K3-3a JTUCKDPET-
HOCTH ITHKCeJOB.

ITpy TMHEeMHON UHTEPIOASLHH:

. Unl_Ui—l

+A ,
U;-U;

0; - yr/oBBle KOOPAHMHATHL IHKCeJs, IPH OIpa-
IIMBAaHHUU KOTOPOTO CHTHAaJ IIpeBHIIIAEeT 3Ha-
vyeHnue Uy, A - yIJIOBOM WIAar IHKCeJIeH IpHeM-
HUKa U3ny4deHHus, U;_;, U; - CHTHa/IbI C IHUKCelel
BIOJb CTPOKM C KOOpPAHMHATaMM i-1, i cooTBeT-
CTBeHHO. JIMHeHHasl UHTepIOoIsLUs [03BOIsgeT
onpefenuTh KOOPAHHATy H3006pa>keHUS B ILJIO-
CKOCTH MHOT03JIeMeHTHOIO IpHUeMHHKa H3Jy-
YeHUSsI C IpeJelbHOM IOrPemHOCTh0 OT 1/10
1o 1/100 ot pa3mepa snemeHTa [8].

« IIpoBoAuTCS APKOCTHAas KOPPeKLHS, IIOCKOJBKY
curHan U,,, MoXeT U3MEeHSITbCA B 4UeThIpe pasa
B 3aBHCHMOCTH OT SIPKOCTH 3emiu [9]. KpyTH3Ha
y4acTKa XapaKTepUCTHUKH MeXAY OBYMS IIOpPO-
raMH II03BOJISeT OIpefe/lHuTb BeIMYHHY SIPKOCT-
HOM HoInpaBKU. Torna yTouHeHHOe 3HaYeHUe Iep-
BOrO IIOpOra COOTBETCTBYeT YIJIOBOM KOOpAHHaTe
IPaHHUIIBI KOCMOC-3eMJIsl II0 cTonb1y j (pHC.6):

rge IT - II0IIpaBKa, KOTOpAasa 3aHOCHUTCA B aJITO~
PUTM 06p3.60TKI/I CHMTI'HaJIOB C 3JIEMEHTOB
MaTpHIBbl, 3aBHCAIASA OT BEJIHYHMHBI Al. Ecnu
CYHUTATh YU4aCTOK MeXAY ABYyMS IIOPOTaMU CUT-
Hajla J'II/IHeI;IHbIM, TO MOJXKHO IIPUHATH

H=9H2— el'[l’

. OHPEHEHHETCH oCpefHeHHOe 3Ha4YeHHe II0JI0-
JKEHH S CTOPOHBI TOPHU30HTA Kak
1 =N,
-——— No.
cpl mj
N,-N, 2

J=Ny

0
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— Mony

~1 Nepepatownin 06LeKTHB

Puc.3. [puHyuUNuUanbHas cxema onmu4ecko20 6Aoka
Fig. 3. Schematic diagram of the optical unit

The problem of determining the deviation of the
SC axis from the direction to the center of the Earth
can be solved by the coordinates averaging method
at which the following operations are performed.

« In the frame of MxN dimension (where N is the
number of lines in the frame, M is the number of
resolution elements in one line), the coordinates
of the resolution elements corresponding to the
contour points of the observed figure of the
Earthj, I, and j, I,, are indicted (fig. 4).

+ The coordinates 6, and 6_, are found wherein
the signal level will be equal to the values of
U,;=1/3 and U_,=2/3 of the maximum U_,,
signal at the minimum brightness of the Earth,
respectively, and the assumption of linearity
dependence of the signal amplitude on the
sighting angle (Fig.5).

« Interpolation is performed, allowing to reduce
the positioning error of 6, and 6_, coordinates
and resulting from pixels discreteness.

For linear interpolation:

Um-Uy,

0 ,
U;-U,

176, ,tA

0; - angular coordinates of the pixel whose
signal interrogation exceeds the value U,
A - pixel angular pitch of the radiation receiver,
U;_;, U; - signals from pixels along the line
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paHunLUa 3emss — KOCMOC

i=0;j=N

[TTTTTT I IO T T I T T T AT T ]

]
77777777 I

S}

[ LTl ]

cpl

i=0;j=0 : i=M;j=0

Puc.4. NMapamempsi ducka 3emau Ha mamput,e MOl
Fig. 4. Earth disk parameters on the PHA matrix

i1

with the coordinates i-1, i respectively. Linear
interpolation allows determining image
coordinate in the plane of a multi-element
radiation receiver with a maximum error of 1/10
to 1/100 of the element size [8].

+ Brightness correction is performed, since the
U,..x signal can vary four times depending on
the Earth brightness [9]. The steepness of the
response region between the two thresholds
allows determining the value of the brightness
correction. Then the refined value of the first
threshold corresponds to the angular coordinate
of the space-to-Earth boundary along the column
j (tig. 6):

G'H]:Gm—l_[,

where II is the correction that is entered in the

signal processing algorithm from matrix elements,

depending on the A, value. If we consider the region
between the two signal thresholds to be linear,

then we shall accept

1= enz_ enl’
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rme N; u N, HOMepa CTPOK,

COOTBeCTBYIOIIKEe TpaHHUIAM
u.B Unmax
' paHuua "3emns — kocmoc" [

3eMiu 1o cTob1y j.
IToCKONBKY YTIJIOBOe IIOJIe
npubopa 6osblie yrioBoro
pasMepa 3eMJH, CHUTHal
0T KOCMoOCa BCerjia Ha/eXHO
duKkcupyeTcss Kak MHHHU-
MaJIbHBIH yPOBeHb, OTHOCH-
TeJIbHO KOTOpPOIO YCTaHaB-
nuBarTca moporu Uy, u Up,.
3HaueHue 0., AN BTOPOH
CTOPOHBl TOPH30HTa OIpe-
HensieTcss  aHAJOTHYHBIM

obpasom.

* BpIuHCIsieTCS OTKJIOHeHHe
ocu KA oT HampaB/lIeHHS Ha
LeHTp 3eMiH (j,, iy) Kak

Puc.5. K onpedenexuto yana 9,,,
Fig. 5. For the angle 9, determination

ecpz B ecpl
p=""">5—""

OLUEHKA TOYHOCTU

[l7s onlpefeneHUs KOHKYPEHTOCIIOCOOHOCTH IIpes-
JIlaraeMoro TexXHHYecKoro pemeHHs I[IMB Heo6-
XO4HMa OLleHKa TOYHOCTH IIOCTPOEHHS] MeCTHOH
BepTHUKaIU. PaccMoTpuM Haubosee CyIlecTBeH-
Hble COCTaBJSIONIME IOIPEIIHOCTH H3MepeHHUMH:
GNYyKTyallMOHHYIO0 (IIYMOBYI), MHCTPYMeHTAaJlb-
HYIO U METOLUYECKYIO.

Ompenmenum bnyKRTyanu-

The averaged value of the horizon side position is
determined as:

1 j=N,

!

0  =—- .
cpl mj *
Nz _Nl J=Ny

where N; and N, are the line numbers
corresponding to the boundaries of the Earth by
the column j

OHHYIO IIOTPEmHOCTb. Kpy-
TH3HA dHepreTuveckoro ¢poHTa
(puc.5) "kocmoc-3eMmns” ompene-
nseTcs Kak

uU,B

k UHZ_Unl
0,,-0

.

I nl

[IpencTaBUM BelH4YUHY Kk
KaK OTHOLIEHHe IOTOKA HM3J/Iyue-
HUS 0T 3eMnu @, =B ,=A;, =0,
CO CpemHel SPKOCTHIO B JTAHHOM
IHuara3oHe K BeJHYHHe Ilepe-
xoma "kocMmoc - 3emis’, cocTas-
JSIOIEero C y4eTOM Pa3MBITHS
aTMocdepsl 3eMJ/IH YTOJI:

roe A, - IJIOIIajgb BXOJHOTO
3pauka, Qg - yIJIOBOH pa3smep

3JIeMeHTa MAaTPHUILbIL.
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Puc.6. K onpedeneHuto spkocmHol nonpasku
Fig. 6. For the brightness correction determination
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H_IYMOBaH COCTaB/IdOIIasd CUTHAJIA:

o, =—2
p.1I ’
M
Ifie | - OTHOLIeHHe CUTHAJ/IIyM.
Torma cpegHeKBaJpaTH4YecKoe 3HaueHHUe QIYK-
TYaLlHOHHOM IIOTPeIIHOCTH 6yieT paBHO

G = q)cp.m

"ok
[IpeAcTaBUM OTHOLIEHHE CHUTHAI/IIYM Kak
OTHOIIEHHE BeJTUUYHUHbI IYYHUCTOrO [I0TOKA Ha I1J10-
majKe NpUeMHUKA HpU pabore mo abCOMIOTHO

yepHOMYy Teny ¢ K MUHHMAaJbHOK pa3pelraeMol
BeJIMUHHe IoToka @

T]=q)—,

m
T4
=0t Ay Q)

OIIT

4'T13. 5 X

‘EOHT

o =0

piig

Ay Qupy p* | Atem

roe o -nocrogsHHas Credpana-bonpiimaHa, T - TeM-
neparypa AYT, T,;; - KO3QOUIHEHT IPOIMYCKaHHUS
OIITHUYeCKOM CHCTeMBl, p — KO3QOUIIMEHT, y4H-

i1

Since the angular field of the device is greater
than the angular dimension of the Earth, the
signal from the space is always reliably fixed as
the minimum level with respect to which the
thresholds Uy, u Uy, are set. The value 6, for
the second side of the horizon is determined in
a similar way.

« The deviation of the SC axis from the direction to
the center of the Earth (j,, i,) is computed as

0,,-0
— cp2 cpl
p=—""

ACCURACY EVALUATION
To determine competitive performance of the DLV
proposed engineering solution, it is necessary to
evaluate the accuracy of constructing the local
vertical. Let us consider the most essential
components of measurement error: fluctuation
(noise), instrumental and systematic.

Let us determine the fluctuation error. The
steepness of the "space-to-Earth" energy front
(Figure 5) is defined as

k= UnZ_Unl .
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THIBAIOIIMU IIOT€PU Ha OTpakeHHe, T, - cpenHAA
pPadHalHOHHAS TeMIIepaTypa 3eMIJIH.

HJiss CUCTEMBI C AUAMETPOM BXOAHOIO 3paydyka
D=4 MM OTHOIIeHHEe CHUTHaJ - IIyM COCTAaBHT
n=360. Torma npu, T,=300 K, t,,,=0,8 [10], p=0,97,

T,=250 K [1], B_ -3,3-MBT

op W’ 0=3° cpenHekBagpa-

TUYeCcKoe 3HaueHHe (QJIYKTYallHMOHHOM IIOrPeIIHO-
ctu 6ymet 0, =0,5".

COCTaBAAIOIUMHU HHCTPYMEHTAa/IbHOM
IOTpPelmHOCTH O6yfeM CYHUTAaTh IIOTPEIIHOCTh
IOCTUPOBKU ONTHUYECKOM YacTu mnpubopa u reo-
MeTpPHUYeCKyI0 IIOTPeIIHOCTh ONpefdeeHHUs yria,
COOTBETCTBYIOLIEro rpaHulle " 3eMis - Kocmoc"
(yrma ropusoHTa).

IOcTupoBKa ONTHYECKOM 4acTuU mpubopa obe-
CIIeYMBAETCS MPELU3NOHHON HMMHUTAIMOHHOU
ammapaTypor C IpefelbHON MOTPEIIHOCTHIO
A,=1.

[IpefenpHasi MOTPEIIHOCTh IPHU BBIYHCIEHHUH
YIJIOBBIX KOOPAMHAT TOPHU30HTA 0,; MOXeT OBITH
yMeHbIIeHa 3a CYeT UHTEPIOISLHUHU 10 BeTUUHHEL
He 6osee 0,5'. Torga c yueToM OCpeHEHHUS 110 CTPO-
KaM MaTPHULBI JAHHAS MOTPEeIIHOCTh YMEHBIIUTCS
B /220 pas M COCTaBUT

o 05
ToV20

HMCTOYHHKOM MeTOAHYECKOH IIOrPelHOCTH
npubopa gABasieTCs OTIMYHe pabodyero MCTOUHHUKA -
3eMJIH OT UZeaILHOHM PABHOSIPKOM COepHI.

BenlMYKMHA 3TOH MOTPEIIHOCTH He 3aBHUCHUT
0T Tuma npubopa U ompemenseTcs TOIbBKO reoMe-
TPUYECKUMU IapaMeTpPaMHU IIIAHETHl U OPOUTEHI
HNC3 u BapHauUMsIMH SPKOCTH 3eMJIH. MakcH-
MajlbHad BeJHYHHA 3TOM I[OTPENIHOCTH HMeeT
MeCTO B MEPHAHOHA/JIbHOM HaNpaBJIeHUH IIPU
I poTe HO,ELCHyTHI/IKOBOI;I Touku HlI,=45° u piasa
BBICOTHI IHojseTa H=650 KM MeHseTCs B Hpenenax
+9' U MO>KeT OBITH IIOJTHOCTBIO CKOMIIEHCHPOBaHA
AITOPUTMHYECKUM IIyTeMm [11].

OcraTtoyHas cpefHeKBaJpaTHYecKas IIOTpell-
HOCTb 3a CYeT HIMPOTHOM BapHALIUU SIPKOCTH He
IpeBBIIIAET 0,=1".

[TorpemHOCTh H3-3a CJIYy4YaHMHBIX MeTeOopo-
JOruYecKux (aKkTOpoOB 3aBUCUT OT SPKOCTHU
HK-ropu3oHTa 3eMJM U IPHU CpefHEHN SIPKOCTHU
coctaBnser 3' [11]. CpegHHM Ppa3Mep Yy4acCTKOB
HEOOHOPOAHOCTH aTMocdeprl [I1d [AHAlIa30HA
8-14 MM cocTtaBuser 600 KM (CpegHUU pa3mep
0611a4HOCTH), TOTZA IPU BBICOTe IToNeTa 650 KM

-0,34",
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Let us represent the k value as the radiation
flux ratio from the Earth ®.,=B=A,,=Q, with
an average brightness in a given range of B, to the
value of the space-to-Earth transition, composing an

angle 0 by the blurring of the Earth’s atmosphere:

where A, ~is the area of the entrance pupil, Q- is
the angular dimension of the matrix element
Noise component of the signal:

o =—2
cp.mx n
where 1) is the signal-to-noise ratio.
Then the root-mean-square value of the
fluctuation error will be equal to:

P

Ccp.
G =

"ok
Let us represent the signal-to-noise ratio as the
radiant flux ratio at the receiver site when working

on a perfect radiator ® to the minimum resolved
flux @,;:

71=q)—m,

T, 5 2
<I)=0'?2"l: .ABX.an.p’

OomT

T3
O = 0'4 g T 'ABX'an'pz Aty

biid ot
TT

where ¢ is the Stefan-Boltzmann constant, T, is
the temperature of the perfect radiator, t,;, is the
transmittance factor of the optical system, pis the
factor considering reflection losses, T, is the mean
radiant temperature of the Earth.

For a system with an entrance pupil diameter of
D=4 mm, the signal-to-noise ratio will be n=360.
Then at T,=300 K, t,,,=0,8 [10], p=0,97, T,=250 K [1],

MBT

=33

———, 0=3° the root-mean-square value of
cp cp-cm

the fluctuation error will be ¢,=0,5".

The alignment error of the device optical part
and the geometric error in determining the angle
corresponding to the "Earth-to-space” boundary
(of the horizon angle) will be considered as
components of the instrumental error. Alignment
of the device optical part is provided by sensitive
imitation equipment with a maximum error of
A =T

The error limit in calculating the angular
coordinates of the horizon 6_; can be reduced by
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Ha BU3HUPYEMBIH YYaCTOK FOPU30HTA IIPUXOLUTCS
nopsifika 11 y4acTKOB HEOLHOPOLHOCTH aTMOC-
dbepsl, B pe3ynbpTaTe OCpegHeHUs OaHHAas BelH-
YHHa CHUXKaeTcq 5o 0,9":

o, =—=0,9",

B okHe mpo3padyHOCTH (8-12 MKM) HUMeeT MeCTO
CylleCTBeHHas BapHalUsd KaK SPKOCTH, Tak
M BBICOTBHI H3/lydvalIleld aTMocdeprl B Ipefenax
OT TBEPAOTO TOPH30HTA [0 BEPXHUX CJI0€B TPO-
nocoepri. CpefHeKkBaZpaTHYecKoe OTKJIOHeHHe
BBICOTBl H3Jyd4aloller aTMocdeprl COCTaBJsIeT
0,=2,5 KM. B yI/IoBOH Mepe ¢ y4eTOM OCpeJJHeHU s
OHa coCcTaBHUT d,=0,9" [11].

CunTas MOrpemHOCTh A, CHCTeMaTH4eCKOH,
MOTPeIllHOCTH Oy, O, O, O,, CAy4auHBIMH U He3a-
BUCHMBIMH C HOPMajbHBIM pacIpefeleHUeM,
[IOTPEIIHOCTh 0y, =0,9' c/Iy4ariHON C pABHOMEPHBIM
pacmpefeneHHeM, IIOJy4UM GOpMYay CyMMapHOH
IIOTPEIIHOCTH B BUJE

Ayns =Aw+\/(3~0m)2+(3~0r)2+(.’>-0M P +(3-0,)+(2:0,) .

HPI/I IIOACTAHOBKE YHCJIIOBBIX 3HAYeHUH B OdaH-

HY10 popMyny mony4uM Ay, =5,7".

i1

interpolation to a value of not more than 0.5'. Then,
considering the averaging over the matrix lines,
this error reduces by a factor of v220and be equal
to:

5 .05
T 20

Systematic error source of the device is the
difference between the working source - the Earth
and an ideal even sphere.

The magnitude of this error does not depend on
the type of device and is determined only by the
geometric parameters of the planet and the orbit
of the ESV and the variations in the brightness
of the Earth. The maximum value of this error
occurs in the meridian direction at a latitude of
the sub-satellite point of L,=45 ° and for the flight
altitude of H=650 km varies within +9' and can be
completely compensated by an algorithmic method
(11].

The residual root-mean-square error due to
latitudinal variation of brightness does not
exceed g,=1".

Due to random meteorological factors the error
depends on the brightness of the Earth’s IR horizon

=0,34",
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3AK/TIOYEHUE

PaspaboTaHHasi NPUHIOHWIHAIbHAS cxema [IMB Ha
OCHOBe 3epKaJIbHOJIMH30BOIo 06beKTHBA (IIaHOPaMHOM
KOMbLIeBOM PAL- JIMH3BI) B MHKPOOOTIOMETPHUYECKOM
MaTPHIIBI HCKIIOYAeT OITHUKO-MeXaHUYeCKoe CKaHUPO-
BaHHe, obecrieuyrBaeT YIIpolleHHe KOHCTPYKIHH, yBe-
NMuYeHHe pecypca paboTsl Ipubopa, yMeHBIIAeT ero
sHepromnorpebreHre, a TakKe YIPOIIAET PaCIIOIOXKe-
Hue [IMB Ha kopmyce KA. IlpefaraeMslil aJIFOPUTM
11peobpa3oBaHUsI CHUTHAJIOB II03BOMISIET OCYIIECTBIISITH
SIPKOCTHYIO KOPPeKIHI0 CHUTHajIa IIPU OIIpefe/IeHHuH
yIJla OTKJIOHeHH s 0CH KA 0T BepTHKaJIH.

PacyeTHasd TOYHOCTh IIMB mpu HCIIONIB30BaHHH
IIpe/jIaraeMoro TeXHHUYeCKOro pelleHus XapaKTepH3y-
eTCsl IIpeJie/IbHOM IIOIPeNTHOCThI0 He 6oree 5,7' B Aua-
I1a30He yIJIOB PaCcCOIIaCcOBaHMS +3° IIPU BBICOTE I10JIeTa
KA 101000 kM, 4yTO cormocTaBuMO ¢ [IMB cexy1uero Tuma
(c onTHKO-MeXaHU4YeCKUM CKAaHHPOBaHUEM).

[IperMyInecTsa IpefjiaraeMoro TeXHHUYEeCKOro
peleHHsI 0cOOeHHO aKTyasbHBI /151 Mablx KA ¢ orpa-
HUYeHHBIM OSHepronorpebreHueM U [IJIMTeIbHBIM
pecypcom paboTsl.
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and at an average brightness equals to 3’ [11]. The
average size of the inhomogeneity sections of
the atmosphere for the 8-14-pm range is 600 km
(average cloud cover size), then at a flight altitude
of 650 km, about 11 sections of the atmospheric
inhomogeneity are accounted for the aimed horizon
area, as a result of averaging this value decreases
to 0.9":

In the window region (8-12 pum), there is a
significant variation in both the brightness and
the height of the radiating atmosphere in the
range from the firm horizon to the upper layers of
the troposphere. The root-mean-square error of the
radiating atmosphere height is 0,=2.5 km. In an
angular measure, considering averaging, it will be
0,=0,9" [11].

Assuming the error A, being a systematic, the
errors of o, 0., d,, 0, - random and independent
with normal distribution, the error 0,=0,9" -
random with uniform distribution, we will get the
net inaccuracy formula of the form

Ay =Am+\/(3‘0m)2+(3‘0r)2+(3-0M )2+(3-0ﬂ)2+(2-0h)2.

When substituting numerical values to this
formula, we get Ay, =5,7".

CONCLUSION
The developed schematic diagram of the DLV based
on the catadioptric lens (the panoramic ring PAL
lens) and the microbolometer matrix excludes
the optical-mechanical scanning, simplifies the
design, increases the service life of the device,
reduces its power consumption, and also simplifies
the positioning of the DLV on the spacecraft body.
The proposed signal conversion algorithm allows
performing brightness correction of the signal in
determining the angle of deviation of the spacecraft
axis from the vertical.

The designed accuracy of the DLV applying the
proposed engineering solution is characterized by
the limiting error of not more than 5.7" in the
range of displacement angles +3° at the altitude
of the spacecraft flight up to 1000 km, which is
comparable to the secant type DLV (with optical-
mechanical scanning).

Advantages of the proposed engineering solution
are particularly topical for small spacecraft with
limited energy consumption and a long service
life.



