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En The topic of the article is “Integral data filter with prediction for attitude de-
termination control system of spacecraft”. This article discusses methods of the
satellite sensors data filtering using Kalman filter, Butterworth filter and the pro-
posed integral filter with the prediction. The problem consists in data filtering
without phase lag and without knowledge of disturbing force, since Kalman filter
uses prediction based on mathematical model of the object with the known disturb-
ing forces.

There are five parts in the article: introduction, formulation of the problem,
methods and techniques of research, results and its discussions and conclusions. In
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the introduction the problem of data filtering for a spacecraft is formulated. Then
the methods of solutions are discussed with the help of Kalman filter, Butterworth
filter and the proposed integral filter with the prediction. The author examine
methods of data filtering on the mathematical model of spacecraft angular motion
built in Matlab and then on a real model of the object in ground tests. The resulted
comparison graphics of different methods data filtration is shown.

The author makes a conclusion that proposed integral filter with prediction is
the most effective in this case. He mentioned that the output of this filter is phase
advance of the input signal by 5 degrees and the proposed filter gives also filtered
derivative of the input signal. After testing the filter on the real model of space-
craft, the attitude determination accuracy of 0.1 degree was achieved.

Ua [IpononyeThCst IHTErpAIBHUM (IIBTP aHUX 2-TO TOPAJKY 3 MOIMEpeHKaHHS,
BUXIJHHUI CHTHAN SIKOTO BUIIEpeIKae 1o (a3l BXiqHUI curnain. Posrnsgaerbcs Bu-
Ma/I0K BiACYTHOCTI iH(opMarlii mpo Airody 30yprorouy cuiy.

Berynuienue

B nocnennee Bpems HaOmrogaeTcsi TEHIEHIMS CHIDKCHHE Macca-
rabapyuTHBIX XapaKTepUCTUK Kocmuyeckoro ammapara (KA) 3a cuer ncnomnb3o-
BaHMS HAHOTEXHOJIOTMM Ha 0a3e MHKPOIJIEKTPOMEXAHHUYECKUX CHCTEM
(MBOMC). bonbiioe BHUMaHHUE YACISAETCS MaJIbIM CITyTHUKaM JUCTaHIIMOHHOTO
sonaupoBanus 3emin (/133) (cnyrauku PlanetLab, Corvus-BC u ap.), koTopsie
JIOJDKHBI 00€CTIeunBaTh TOYHOCTh opueHTanuu nopsaka 0.1 rpamyca, U yriaoBoit
ckopoctu 0.01 rpan/c. Ilpu ucHosb30BaHUM U3MEPUTEIBHBIX JATYUKOB CHUCTE-
Mbl yriaoBoil opueHtauuu U crabuwnuzauuu (CYOC) no texnonoruu MOMC
poOIEeMOI CTAHOBSITCS IIYMBI, BEIMYMHA KOTOPBIX MPH MaJbIX YTIOBBIX CKO-
poctsix kocmudeckoro ammapara (KA) cymiecTBeHHa MO OTHOIICHHUIO K TOJIE3-
HoMmy curHainy. [losTtomy, mns oOecrieueHus 3alaHHON TOYHOCTH W3MEPEHUM
BOXKHBIM BOIIPOCOM SIBJISIETCS MCIIOJIb30BaHUE (PUIBTPOB JAHHBIX, KOTOPHIE OBI
YMEHBIIIWIN BIUSTHUE [ITYMOB.

OngnumM u3 cambiX 3(PGEKTHBHBIX M HCIOJIB3YEMBIX SIBISETCS (QUIBTP
Kanemana. [Ipunnun paGotsl 3TOr0 (GUisTpa OCHOBAH Ha 3HAHUM CHJI U MOMEH-
TOB, JeucTByromMX Ha KA, 10 KOTOphIM OCYHIECTBISIETCS MpPEACKa3aHUe cCle-
JYIOIIETO MOJIOXKEHUS. YUYUTHIBasl, YTO KPOME MOMEHTOB OPraHOB YIPABJICHHUS
Ha CIYTHUK JCHCTBYIOT €€ U BHEIIHHE BO3MYIIAIOIINE MOMEHTHI, TAKHE Kak
a’pOJIMHAMUYECKH, JIIEKTPOMAarHUTHbII MOMEHTBI, MOMEHT OT JABJICHUS COJI-
HEYHOTO CBETa U JPYTHE, HE BCE ATH BO3JACUCTBUS MOTYT OBITh MPEICKA3aHbl U
yurenbl B puiibTpe Kanbmana. B nporecce MogenupoBanus quHaMuku KA Bbl-
SCHWJIOCh, YTO NMPU OTCYTCTBUU 3HAHHS OO0 BO3MYIIAIONIMX BO3JECUCTBUSIX pe-
3ynbTaT (uiapTparuu 1o KanpbmaHy 3HAYMTENBHO YXYAIIAETCS: HAOIIOmaeTCs
CHJIBHOE OTCTaBaHHe Mo ¢a3e U HeTOCTATOUHOE IIIYMOIIOAaBIICHHUE.
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ITocTanoBKka 3a1aun

PaccmoTpum criocoObl (puiibTpanuu BEICOKOYACTOTHBIX ITYMOB JATYHMKOB
CYOC mna manbix yriioBbix ckopocteit KA u obecrieueHus TOUHOCTH OIpee-
JeHust opueHTauu He Xyxe 0,1 rpagyca mpu ycIoBUU OTCYTCTBHUS JIaHHBIX O
BO3MYUIAIOLIUX BO3JACHCTBUSX.

MeToabl M CIOCOOBI MCCJIeI0BAHMI

Paccmotpum Tpu criocoba punprpanuu: punstp Kansmana, unstp bat-
TEPBOPTA U MHTETPATTLHBIN (QUIBTP.

OuneTp Kasibmana — 310 HAOOp MaTeMaTUYECKUX YPaBHEHUI, KOTOPbHIC
obecnieunBalOT A(HPEKTUBHOE PEKYPCUBHOE CPEJCTBO MJI OLICHKU COCTOSTHUMN
mporecca MyTéM MUHUMHU3AIWMU CpeIHEKBaApaTHIHOW omulOku. PuibTp uc-
MOJIb3YET OLEHKU MTPOLLIOT0, HACTOSIIETO U OyAyliero usmepenuu [1].

Ounbtp barTepBopTa — OAMH U3 TUIIOB AJIEKTPOHHBIX (UIBTPOB, KOTO-
PBI POEKTUPYETCS UCXOMs U3 TPeOOBAHUS MAKCHUMAJIBHO TJIAJIKONW aMIUIUTYI-
HO-YaCTOTHOW XapaKTEPHUCTHKU HAa YacTOTaxX Mojockl mpomyckanus [2]. [lepe-
narouHas ¢pyHkuus ¢punbrpa H(S) umeet Bu:

GO

Hs_sk (1)

k=1 O,

H(s)=

G, — k03 HUIIUEHT YCUTICHHS IO TTOCTOSIHHOM COCTaBJISIOIICH;
®, —y4acToTa cpe3a puibTpa; S, — noJroca GuiIbTpa; N — NOpsIOK PpUiIbTpa.

WNHuTerpanbHblil GUIBTP BTOPOTO MOPSAIKA UMEET CIAEAYIOUIYIO CTPYKTYpPY
(puc. 1) [3].

S

:——ng -1_ (1)
N

S-ilt
- K1 Integrator K3 Integrator
Add1

w

0.7

K2

Puc. 1. aTerpanpaplii GUIBTP BTOPOTO TOPSIKA, S — BXOJIAIIUN 3a-
mrymiieHHbIN curdan, S-filt - punbrpoBaHHbBIN cUrHAT

N3 puc. 1 BugHo, uto nepen Inegratorl MokHO NOIy4YUTHh NEPBYIO NPOU3-

BOJIHYIO BBIXOJs1Iero gruibTpoBaHHOTO curHana S-filt, koropas taxke sBisercs

bunbTpoBaHHOM. Tak Kak Kaabl GUIbTp MpUAaET OoTcTaBaHuE MO (a3e ero

BBIXOJTHOMY CHUTHaNY, YTOOBI U30€XaTh 3TOr0 HEJOCTaTKa MPEI0KEeHO JOMOoJI-
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HUTb UHTErPAJIbHBIN UIBTP, MOJIyJIEM MpEeABAPEHUS, TONOJIHUTEIBHO CTJIa/IUB
IPOM3BOJIHYIO allePUOINICCKUM 3BEHOM IEPBOTo mopsiaka (puc. 2 - puc. 3).

+
Lb— 1 02 N »[+
5 5

» - K1 Integrat K3 Integrator1
ntegrator negraorh . I yT) Sf
Addf I "

0.7 Transfer Fen1 Gaing

K2 Mpou3BofHasA CUrHana s

Puc. 2. UnTerpanbubiii puiasTp 2-T0 MOpsiiKa ¢ MpeIBapeHHEM

CurHan c
npeasapeHuem

1.05

Koopp,_MHaTa

0.95

HesawymneHHbl
0.3 curHan

0.85

be3 npegBapeHun
0.7
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Puc. 3. CpaBHeHHE CUTHAIOB HHTETPAIBHOTO (QHIIBTPA C MPEABAPCHUEM
u 0e3 HEero

Jl7is cpaBHEHHS M OIEHKHA PAaCCMOTPEHHBIX (DPUIBTPOB OBLJIO MPOMOJIEIIH-
poBano CYOC crnyTHHKa B CUCTEME aBTOMaTHYECKOTO TpoekTupoBanus Matlab
(puc. 4). IloctpoeHHast MOJIeb BKJIFOYAET B C€Os: MOJIeNIb BpaIllaTeIbHOTO JIBU-
YKEHUSI HA OCHOBE KBATEPHUOHOB, MOJIJIb JaTyuka yriioBoi ckopoctu (AYC) u
akcenepomerpa (matumk MPU-6000), ™moaens MarHutoMetrpa (JaTUUK
HMCS5883), anroput™mbl ONpenesieHUs] OPUEHTALMU [0 HUM M MOCIEAYyronas
KOPPEKTUpPOBKa BbluMciaeHHOW opueHTaunu no JAYCy, u cucrema ynpaBieHUs
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(CY) opuenranueii Ha 0aze [IN]] perymnsropa. AkcenepoMeTp HUCIONb3YETCs B
KaueCTBE 3aMEHBI COJTHEUHOMY JIaTYUKY JJIS UCTIBITAHUN B HA3€MHBIX YCIIOBUSIX.

W= |

€OENTEHN

Puc. 4. Marematnueckast moaeinr CYOC

Jlist ompeneneHus: OpPUEHTALIMM WHTETPUPYETCS Clenylouas 3aBUCH-
MOCTb:

.1 -

qzz- 0 -0 -0, -o,|q
o, 0 0, -0, )
o, -0, 0 o,
o, o, -0, 0 |

rie ( — ICKOMbIM KBaTEPHUOH OPUEHTAIIUH,
®,, ®,, ®, - YIIOBBIC CKOPOCTH C JIYC 110 COOTBETCTBYIOIIUM OCSIM.
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JIs KOPPEKTUPOBKHU OIIMOOK THMPOCKOIA HMCIOJIB3YIOTCS JATYMKH aKcelie-
pPOMETP U MarHUTOMETP, MO KOTOPBIM OIpEAeseTcs CIASAYIONUNA KBaTEPHUOH
opueHTamuu [4]:

p:C; '[(b.t—rl)x(bz_rz)’bz'rl_bl'r2:| ®)

C — HOpMHUPYIOHIH K03 pHIIMeHT,

b,, b, - mokasanust akcenepoMeTpa ¥ MATHUTOMETPA B CBSI3aHHOM C TEJIOM CHC-
teme koopauHat (CK), cCOOTBETCTBEHHO;

I, I, - IOKa3aHUsAM akceaepoMeTpa U Maruuromerpa B HenoJasmwxkHoM CK, co-

OTBETCTBEHHO.
Pesynbrupyromas opuentanuss KA m onpenensiercss myTéM oObeAMHEHUS
g 4 P KOMIUIEMEHTapHBIM (QUITBETPOM:

m=k-q+(1-k)-p (4)

rae K — ko3 QUIMEHT KOMIIEMEHTAPHOTO (PHIIBTPA.

Pe3yabTaThl M MX 00CY:KIEHUE

MopaenupoBaHue NpOU3BOAUIOCH MPU YIIOBBIX CKOPOCTSX CIYTHHKA A0
0,5 rpaz./c, Ipu BO3ACHCTBUU HA HETO CIIYYAHBIX BO3MYIIAIOIIMX MOMEHTOB.
Ha nannbie ¢ JaTYMKOB HAKJIABIBAJICS IIIYM ¢ HOPMAJIBHBIM 3aKOHOM pacmpejie-
neHust, Kotopblid uMeeT 9acToThl — 50 — 1000 I'm 1 ammmuTymy B 3 pasza OobIie
aMIUTATYAbl HE3alllyMJIEHHOTO curHana. @unetp batrepBopTa ObUT B3SIT TpeThe-
ro MopsiaKa.

B pesynbrare MoaenupoBaHus (GUIBTPALMKM JAHHBIX BUIHO, YTO JyYIle
BCET0 CIPAaBWJICS MHTErpalibHblil GuinbTp (puc. 5, a). Cieayer OTMETUTh, UTO
WHTErpalbHbIN (QUIBTP UMEET MopsaoK MeHblne punbrpa barrepBopra. bonee
TOTO, BBIXOJIHOM CHTHAJl MHTETPAJIbHOTO (UIbTpa omnepexaeT mo (ase He3a-
ITYMJICHHBIN CUTHAJI MPAKTHYECKH Ha S5 TpaycoB (puc. 5, a - puc. 5, 6), 4To0 To-
3BOJISIET paHblle pearupoBath CVY.

[IpennoxxeHHbI WHTETPaIbHBIN (UILTP TaKKe MaéT JOCTATOYHO TJiajl-
KYIO0 MPOU3BOJIHYIO TI0 (UIBLTPOBAHHOMY CUTHAITY Ja)Ke MPU OOJIBIION 3alryM-
JICHHOCTH BXOJISIIET0 CUTHAJIA, KOTOPYIO Jajiee MOXHO MUCToJib30BaTh B CY.

BriBOALI

PaccmoTpeHo U cpaBHEHO Tpu crnocoda (UIbTpali JaHHBIX B MOCTPO-
€HHOM MAaTEMaTUYECKOM MOJEINH I MajbIX YIJIOBBIX CKOpocTed BpameHus KA
U B OTCYTCTBUMM HH(popManuu o0 BO3MYIIAOIIMX MOMEHTax. B pesynbrate
CpaBHEHUS (DUIBTPOB JAHHBIX ONPEAEICHO:

1) HawmbOomaee 3G (HEKTUBHBIM SBIACTCSA MHTETPANBbHBIN (QUIBTP 2-TO MOPSIKA C
npensapenreM.  [lpenioxkeHHbld  GUIBTP  MO3BOJSET  MOJIYYHUTH
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GUIBTPOBAHHBIA CHUTHAT C  ONepexeHueM Mo ¢aze He3anyMIEHHOTO
CUTHAJIa TPaKTUYECKU Ha 5 TPaayCoB;
2) TPEeNJIONKCHHBI  WHTETPANbHBIA  GWIBTp  JaeT  (UIBTPOBAHHYIO

IMIPOU3BOJHYIO IIO BXOIAIICMY CHUIHAJly, KOTOPYIO MOXHO HCIIOJIb30BATHh B
CVv.

UHTerpanbHblii
e
dunbTp

KoopauHata

bH

dunbtp
LEVIETE]

o5 8 Barrepsopta HesawymneHHbI \ -
curHan

Bpems, ¢

Puc. 5. CpaBuenue pasubix MeroaoB ¢unsTpanuu (a). CpaBHeHue
(GUIBTPOBAHHOTO CHUTHAJIA HMHTETPAIbHBIM (PUIHTPOM C 3a-
IIYMJICHHBIM M HE 3alllyMJICHHBIM CUTHaJIaMU (0)

B pesynbrare amnpoOauuu anroputMa (QUIbTpalMd Ha BBIYMCIUTEIBHOU
miare Raspberry Pi ¢ yka3aHHBIMHM JaTYuKaMy Ha MaKeTe CIYTHUKA, ObLia J0C-
TATHYTa TOYHOCTH onpeneneHus opuentauny B 0,1 rpamyca.
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