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Ha ocHoBe Teopum onTHManbHOM (UIBTpanmuu NPOBOAWTCS aHAIN3 METOAMYECKHX OIINOOK,
KOTOpBIE BO3MOXHBI IIPU NPUMEHEHUH aJITOPUTMA ONTHMAIBHON OIEHKH (a30BBIX KOOPIMHAT
CTOXaCTUYECKOH CHCTEeMBI. [IpoBOAMTCS HCCIeNOBaHUE 3THX OLIMOOK IyTEM MOIEIHPOBAHUS
KOHKPETHOTO ITpUMepa.

Kniouesvie crosa. nponecc, U3MEpUTeNb, OLIEHKA, ANTOPUTM (QUIBTPALUU.

BBeaenue

CymiecTByeT IIUPOKHM KJIacC CHUCTEM, IOABEPKECHHBIX CIIy4ailHBIM  BO3JIEHCTBUSM,
rapaMeTpsl KOTOPBIX HEOOXOIWMO OIICHHTh Ha OCHOBE M3MepeHHil. K TakuMm cructemMam OTHOCSTCS
KoMIuTekchl opueHTanuu W Hapuranuu (KOH) aBmwxymuxcs B mpocTpaHCTBe 00BEKTOB. B cBs3u ¢
MHTCHCHBHBIM Pa3BUTHEM OCCIMJIOTHBIX aBHAIMOHHBIX KoMiniekcoB (BAK) akryanbHOU sBseTCS
3a/laya OIICHWBaHWs HABUTAIMOHHBIX MapaMeTpoB OecmioTHOro JieratensHoro ammapara (BJIA) B
npornecce nonera [1]. Heobxomumo onpenenuts Bektop X =[X,,...,X,]= X(t) , xapakrepusyrommit
nonoxxenne BJIA B mpocTpaHcTBe (JIMHEHHOE, YIJIOBOE IOJIOKEHHE, a TaKKe COOTBETCTBYIOIIHE
JMHEHHBIE W YIJIOBbIE CKOpocTH U yckopenus). Cocrapisionrie Bektopa X(t) wu3MepstoTcs
OOpPTOBBIMH JIaTYMKaMH, ITOKAa3aHMUS KOTOPBHIX NPEJCTAaBIAT coboit Bektop Z =[z,...,z,]=2Z(t),
m<n.

B xmaccudeckoit mocTaHOBKE 3aJaud MaTeMaTHdeckas MOJENb OLIEHMBAeMOro Ipolecca U
HU3MEPUTEIS 3alIUChIBAIOTCS B BUE [2]

X (®)=A)- X(®)+U 1) +BOE®) , X () =X, 1)
Z(t)=C(t)- X[ +H(1)-C(), )

rae X(t) — n-MepHbIi BeKTOp (a30BbIX KOOPAUHAT CUCTEMBI, X, — CIy4alHbIH BEKTOp HAYaIbHOTO
cocrostaus, U (t) — IeTepMHHUpPOBAHHBIA BEKTOP YIpaBlIeHHH (BHEUIHUMX Bo3aedcTBuit), Z(t) —
m-mepubii Bektop usmepenuii, A(t), B(t), C(t) H(t) — marpuust kosppunmentos, E(t), (t) —
BEKTOPbl HEKOPPEIMPOBAHHBIX OCNIBIX TayCCOBBIX INYMOB C HYJIEBBIMH MAaTeMaTHYECKUMHU
OXHJaHUSAMU 1 Matpuliamu uHTeHcuBHOCTe G(t) m N(t), cooTBeTCTBEHHO.

3aMeThM, 4TO 37IeCh Mbl paccMaTpuBacM JIMHEHHYIO MOCTAHOBKY 3ajaud. Bce ocraibHbIC
MOCTAaHOBKU 3a7iaudl (HEJIMHEWHas MOJENb, MPH HEOeJbIX IIyMaX, IpHM HHEPUHOHHOM H3MEpHTEINe
U T. 11.) KaK MPaBUJIO, Pa3IMYHBIMU CIIOCOOaMHU CBOAATCS K paccMOTpeHHOH Bbitie MoaenH (1), (2).

AJITOPUTM ONITUMAJIBHOU (PUJIbTPAIIUU

Jns mopnenert mpouecca u umiamepurens (1), (2) chnpaBeuB aaropuT™M ONTHUMAIBHOTO
oueHuBanus — punbTp Kanmana-berocu (OKB) B Bune anocrepuopHoro ypaBHeHus [3]

67



X=A-X+K(Z-CR), X(t)=X,, (3)

rme X — anocTepHOpHas ONTHMAJbHAs OIEHKa Iporiecca X MPpU HAIMYAW U3MepeHU Z U U3BECTHBIX
MaTEeMaTHYECKUX MOJCISAX Ipollecca M HM3MEpPUTENa. 31eCh apryMeHT t Ui ynpoleHHUs 3amucu
omymieH. B BeipaxkeHnn (3) BTOpoe ciiaraeMoe MpeACTaBisieT cO00H anoCTEPHOPHYIO MOJENb ITyMa

mponecca (1) K-n, roe n =(Z —c>2) — TaK Ha3blBaeMasi QYHKIHS «HEBSI3KW», XapaKTepPH3YIOIIas

pPa3HOCTh TMOKa3aHWUH W3MEpUTENIss Z W €ro amocTepHOpHOW Maremarmdeckod mozenmun CX . K —
KO3 (OUIIUEHT yCUIICHHS «HEBSI3KM», BEIYHUCIISIEMBIH IO hopMyIie

K=RC'Q?, (4)

rae R — MaTpuia amocTepHOPHBIX KOPPEISLMOHHBIX MoMeHToB Buma R=M[(X — X)(X = X)'].

M[...] — cuMBOI OTEepany MAaTEMaTHIECKOTO OXKUTAHUSI.
i BeIUMCIIEHUST MaTpuilbl R HE0OXOAMMO pEIIUTh BEKTOPHO-MATPUYHOE YPaBHECHUC
Puxkxatu Buza

R=AR+RA" —RC'Q'CR+BGB', R(0)=R,. (5)

Ha pucynke npencrasnena crpykrypa peannzanuu OKb.

X(@) Z() X

IIpomecc ——> I3MepHTemlb |—— ®Kb —t

Puc. 1. Crpykrypa peanuzanuu ®PKb

CyILIecTBYIOT pa3iMyHbIE CHOCOOBI IOJyYEHHs aJIrOpUTMa ONTHMAIBHOW (UIbTpanuu
(3)~(5): ma ocuoBe mubdepennmanpaoro ypaBHeHusi CtpaToHoBnya-KyirHepa, WHTETpaIbHOTO
ypaBHeHus: Bunepa-Xonda u t.4. [Ipu stom Bug anroputma ®Kb npu kaHOHWYECKOW MOCTaHOBKE
3aJa4d OCTaeTCs HEM3MEHHBIM. 3aMETUM, YTO B CHUCTEMax YNpPAaBJICHHUS COBPEMEHHBIX TEXHHYECKHX
CUCTEM, K KOTOpbIM OTHOCsTCS BJIA, 0OpaboTka mHGpOpMAaIMK MPOU3BOIUTCS B HU(POBOM BHUJIE.
CnenoBatensho, 1 @Kb B Takux cucreMax MOJDKEH MPEACTaBIATH COOON AMCKPETHBIA alrOpUTM.
Huckpernsie Kb 1 ocobeHHOCTH MX peaju3auud MOAPOOHO HCCIENIOBaHBl B COOTBETCTBYIOLIUX
HCTOYHHKaX [2-4].

PaccmoTpum, uto npezcraBisior codoit npouecesl X (t) u Z(t) na npumepe KOH BJIA. Tlpu

MaTeMaTU4eCKON CI)OpMaJ'II/ISaLII/II/I MMPAKTHUYCCKNU HEBO3MOXKHO COCTAaBUTH a0COIOTHO TOYHYIO
MaTeMaTU4CCKYI0 MOJCJIb HaGJ’IIO,Z[aGMOl"O mnponecca X (t) 1 TCXHHUYCCKHU CO31aTh a0COJIFOTHO TOYHBIHM

nmamepurens Z(t) . CnemosatenbHo, ciydaiteie npouecchl &(t) u ((t) npencraBistor coboit

MaTeMaTHYECKOe TPEICTaBICHUE HEOoNpeAe]IeHHOCTe (OTCYTCTBHE 3HAaHWH) O COOTBETCTBYIOILEM
oObekTe. BepositHOocTHBIE XapakTepucTuku mpouecca X (t) mon BmmsHHeM E(t) ompenensirorcs

YPaBHEHUSMU /711 MOMEHTOB [5]:

m,=A-m +U, m(t,)=m,,
0, =A0,+0O A" +BGB", ©,(0)=0,. (6)

3pece m =m,(t) 1 © =0, (f) — cOOTBETCTBEHHO, BEKTOP MAaTeMAaTHYECKUX OKUIAHHH W
MaTpuIa KOPPENSALMOHHBIX MOMeHTOB Bektopa X (t). Marpuua aucriepcuii KOMIIOHEHT BEKTOpa
X (t) umeer Bug D, = diag[ @, ].

Jlnsi OnpesieNnenus KOPPENSIMOHHOH MaTpuibl @, B yCTAHOBMBILIEMCS PEXHMME, KOTOPBIA
3aBHCHT OT MaTPHIbl TMHAMUYIECKHX CBOMCTB A, B ypaBHeHUH (7) CIIELYET JIEBYIO 9acTh IIPHPABHATE
Hymo (©,=0). Torma HCKOMBIE XapaKTEpPHCTHKH TOYHOCTH cucTeMbl (1) ompenensiorcs us
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anreOpanvyecKux ypaBHEHHN
n
D (a0, +a,6,) =-biG;, (i,j=1,....n).
1=1
[pu i= j nonyunm anreOpanyeckue ypaBHEHUS sl TUCTIEPCHI KOMIOHEHT BekTopa X (t).
Jucniepcus curnana usmepuress Z(t) B cOOTBETCTBHY ¢ BbIpakeHHe (2) ONpeaeNseTcs AUcepeueii
myma C(t) u nucnepcueit mporecca X (t) . [Ipu HexoppenupoBannocTr mymoB &(t) u (t)

D,=CD,C" +HD,H".

[lo ompenenenuto, u kKak BuaHO u3 Boipaxkenud (3)—(5), ®Kb maer ontumansHOE
npubmkenne oneHkn X (t) He k TeopermyeckoMmy (omopHoMy) mpoueccy X, (t), KoTopsrit
OIHCHIBAETCA ypPaBHEHHEM

X (1) = At)- X, (©) +U (1), X; () = Xqo,

a Kk ciydaiiHomy mporieccy X (t), MUHUMH3UPYSI BIMSHHE Ha OLCHKY MPOIIECCa IIyMOB H3MEPHTEIIS
C(t). Ilpu orcyrctBum B mnpomecce X(f) cucremarnyeckux OMMOOK (HEOMPEICICHHOCTEH)
X; (@t)=m,(t). Muade rosops, pe3yibTaT IOJY4aeTCss MyTEeM MaTeMaTHYECKOIO MOJEITHPOBAHMS
mporiecca X (t) ¢ yderom mozeneit neompenenenHocterd &(t) m C(t). Ha puc. 2 mpencraBneHb

rpadpuku m3menenust X, (t), X(t), X(t). [ng HarmsgHOCTH paccMaTpUBAIUCh MaTeMAaTHYECKHE
MOZCIIH ITpoueccca U USMEPUTEIIA IIEPBOro NMOpsAAKa B THIIOTCTUICCKUX YCIIOBUAX, J€EMOHCTPUPYIOIIUX
KaueCTBEHHYIO CTOPOHY PAacCMaTPUBAEMBIX IPOIIECCOB.

I | ! |

. XO

[y

] 1 ] 1
0 1 2 3 4 5

Puc. 2. Tpaduknu nporeccos X (t), X(t), X (1)

W3 puc. 2 HarmsagHO BUIHO, YTO B JAHHOM CITy4ae ONTHMajbHasl OLIEHKA X (t) mpexncraBuser
co0oii ciryuaitHbIil Tiporiecc, Om3kuil Kk ciydaiiHomy mporieccy X (t), ¥ 3HAUUTENBHO PACXOIAIIUICS
c omopHoil Tpaektopuenr X;(t). DTo 00ycnoBIeHO mOCTaHOBKOW 3amaum, npu kortopoit OKb
NPE/ICTaBIsIeT COOOM amoCTEpPUOPHYID MaTeMaTHYeCKyH MOjenb ciydaiiHoro mporecca X (t),

KOTOPBII MOXET CYILIECTBEHHO OTJIMYATBCS OT TEOPETHYECKOro 3HaueHust X (t).

KommiiekcupoBanune nzmepuredieii ¢ nomombio ®Kb

Paccmotrpum npumenenue ©OKb  and  KOMIUIEKCHPOBAHMS — PA3IUYHBIX — H3MEpUTENEH
HaBUTanMOHHBIX mapameTpoB bJIA. OcHoBoit cucremsr ympaBnenuss bJIA sBusercs KOH,
OCHOBHBIMHU IOCTaBIIMKamu wuHpopMmanmuu Kotoporo sisitorcs: BUHC — Oecrmatdopmennas
vHepuuanbHas HaBuranuoHHas cucteMa; CHC — cnyTHukoBas HaBuranuonHas cuctema; CBC —
CHUCTEMa BO3AYIIHBIX curHajioB; PB — pammoBeicoTomep; BB — Gapomerpuueckmii BbicoTOMEp. B
obmieM cirydgae Bce OHH PabOTAarOT ¢ MOTPEITHOCTAMHU Pa3IMIHON (PH3NIECKO MPUPOIBI, KOTOPHIE,
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KakK MMoKa3aHo B [1], MOXHO NMpeAcTaBUTh B BUJIE CYMMBI CITYYalHBIX MOCTOSHHBIX (CHCTEMaTHUYECKUX
omuoO0K), OenbIX IIYMOB W «IBETHBIX» IIyMOB (CIydallHBIX TPOIECCOB C W3BECTHBIMU
KOPPEISIMOHHBIMU (DYHKIIASIMU).

Kak mokazano Ha mpocToMm mpumepe Bbimie, cam 1o cebe ®KB He mo3BomseT OueHHUTh
MpOoIECC U3MEHEHU TTapaMEeTPOB OPUEHTAIIMKM U HaBUranuu bJIA mpu HalU4MKU HEONpeaeIeHHOCTEM.
Bosnukaer Bompoc — HyxkeH mu oH? Jlemo B Tom, uto ®Kb ymobGHO wncmomb30BaTh I
KOMIUIEKCUPOBAaHMS paznuuHbIX u3Mmepureneil. Ilpu stom omnum u3 usmepureneid KOH sBusercs
BUHC, nmpencrasisiromas codoii MaTeMaTHYecKylo MoJienb nBrmkeHust bJIA B mpoctpancTse. B aToM

T . A P o
caydae X (t) =Xy ®), EO) =Eunc®) . Xpme =[Xg-Xs] > Tae X4 (i=1n) — i-it BeIXOAHOMH
R . T
napamerp BUHC (numeiinblii wim  yrmosoi). B kauectBe Bextopa & =[&5,- &)
paccMaTpUBAaIOTCS ~ MaTeMaTHYECKHUE  MOJAEIM MHCTpyMeHTanbHbIX  norpemHocredi  BHUHC,
IIPUBEACHHBIE K O€JIBIM IIyMaM B MPeesIaX COOTBETCTBYIOIINX MOJIOC MPOIYCKaHMS.

B kauectBe Bekropa Z=[z,..,z,]' B JaHHOM cilydae BBICTYNAKOT TOKA3aHHS
JIOTIOJTHUTENbHBIX u3Mepurenet, Hanpumep CHC. IIpu aToM MOAEnN MOrpeIHOCTH U3MEPEHUH TaKkKe
CBOAATCS K O€JbIM LIyMaM B IpeJesiax 3aJaHHbIX quana3oHoB. Ha puc. 3 mpencraBieHa CTpyKTypHast
cxema komuiekcupoBanusa BITHC u CBC.

X (@
BHHC — X
PKb
—

X, (0)

—
—> CHC >
Z (1)

Puc. 3. Crpykrypa xomiuiekcupoBanus uzmepureneit KOH
B pesynbraTe MBI MoiydaeM OIIEHKY HaBHUTAIlMOHHBIX MapameTpoB BJIA, BBIYMCIEHHBIX B
BUHC X (t) u ckoppekrupoBaHHbix ¢ nomonipio ®Kb Ha ocHOBe MH(OpMaIMK C TOTOTHUTETBLHBIX
mmepurenei Z(t) @ Z(t) =C(t)- X, (t)+ H(t)-C(t).
Ha puc. 4 u puc. 5 npeicrasieHbl rpadukn u3menenns mnpouecco X (1), Z(t), X(t), X, (t)
AJIS CITy4asi, KOT/Ia BXOJAHBIMHU [IaPAMETPAMU HU3MEPHUTENEH ABJIAIOTCA IapaMeTpel BeKTopa X, (t). [Ipu

MOJICTTUPOBAaHUH 33/IaBAJIUCh THIIOTETHYECKUE YCJIOBHA TNPUMEHEHHS, INPH KOTOPBIX HArJISAIHO
neMoHcTpupytotcs coiicta OKb.
Ha puc. 4 Buano, uto nporece X () (Boxomuoit curnan BUHC) cyiecTBEHHO OTKIIOHIETCS

OT ONOPHOI1 (TeopeTnueckoit) Tpackropun X, (t). B 1o sxe Bpems curnan usmepurens Z(t) cuibHO
3amymiieH. Ha puc. 5 HarisimHo 1oka3aHo, 4YTO onThMaibHas oreHka X(t) He3HauuTelbHO

OTKJIOHSIETCSL OT TPAEKTOPHH onopHoro npouecca X (t).

T T T T

(=)

o
I

T ST, S SRSR R T

Z(1)
6 | | | l4

0 1 2 3
Puc. 4. I'paduxu nporiecco Z(t) u X (t)

70



I I I I

0""%-.4__, % =)
-“;\\"‘Wh___‘_ % X(t)
Mgl /
-2r 'r‘_’\:l"‘“.%:."n -
/ TR
T
e,
~77L\"""'\-:& p

_aF o TP
3 ‘X ;r(t ) Nl Eea

-6 | | | |

0 1 2 3 4 5

Puc. 5. I'padukn poriecco X, (t) u X (t)

Takum 00pa3oMm, B pe3ynbTaTe KOMIUICKCUPOBAHUS HM3MEPHUTENEH MBI  MONYYHITH
KOMITEHCAIMIO CHCTEMATUYECKUX ommnbok, Bxoasuux B mpouece X () (Boixomuoit curnan BUHC),

3a CYET WCIOJB30BaHUS JONMONHUTENbHBIX u3Mepennii Z(t) (Beixommoii curman CHC), a Taxke

YACTUYHOE CTIIAKMBAHKE IIYMOB BXOHBIX ryMoB m3mepureneit &(t) u C(t).

FEATURES OF APPLICATION OF FILTERS KALMAN-BJUSI
IN ORIENTATION AND NAVIGATION COMPLEXES

A.S. BENKAFO, A.A. LOBATY

Abstract

On the basis of an optimum filtration theory the analysis of methodical errors which are
possible at application an optimum estimation algorithm of stochastic system phase co-ordinates is
carried out. Research of these errors by modelling of a concrete example is carried out.
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