YOK 621.396.96
A. 10. BOJIOBHUK, O. B. OCAJUYVK, M. A. LIYTUJIO, O. II. HEPBAK

Bunnunxuii HalMOHAIBHBIN TEXHUYECKUH YHUBEPCUTET

UJIEHTA®UKAIIMUS 3APOKIAIONINXCSI HEUCITPABHOCTEN METOJOM
PA3JIEJIBHOI'O OHEHUBAHUA

IlepgoHauanbHO Memod pa3denbHO20 OYeHUBAHUS, pa3pabomaHHbilii PpudaaHOOM, UCNOAb308AACS 8 Kayecmeae
agpdpekmusHo20 cpedcmea NOHUNCEHUS 8bIYUCAUMEABHOU CAOHCHOCMU pacuupeHHo2o duasempa Kaamana m.e. uirompa,
PA3MEepHOCMb KOMOpPo20 3HAYUMENbHO 8bllle pa3MepHOCMmU KOHmMpoJaupyemoll cucmembsl. Cmpykmypa, npednoxceHHast
®Ppudaandom, npedcmasasem coboll napy cneyuaabHuvlX @duabmpos, Komopble passeduHeHbl, HO delicmgylom
napannensHo, a AUHelHas KoMOUHayus ux 8b1x0008 annpokcumupyem 8ovixod pacuupeHHozo guabsmpa Kaamana. B camom
obujem cayvae, sIma cmpykmypa He s18/15emcsi ONMUMA/AbHOU 8 MOM CMbIC/e, YMO OHA He NOJAHOCMbI0 3K8UBA/NEHMHA
pacuwiupenHomy @puabmpy Kaamana. B dauHol pabome paccmampusaemcsi npumeHeHue Moou@uyupoeaHHo20
deyxkackadHozo pasdeseHHozo guabmpa Kaamana k 3adave udemmugukayuu sapoxcoaroujuxcs HeucnpagHocmell 8
JIUHEUHbIX OUHAMUYECKUX CUCMEMAX.

Karuesble crosa: pacuwuperHblil puremp Kaamawa, dgyxkackadwolil pussmp Kaamaua, pursmp, ceo600Hblil om
HeucnpasHocmell, pazdenbHoe oYeHU8aHuUe 3apoxicoaruxcsi HeucnpasHocmetl.
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ARISING MALFUNCTIONS IDENTIFICATION BY METHOD OF SEPARATE ESTIMATION

Annotation - Originally the method of separate estimation developed by Friedland was used as an effective
approach of computing complexity lowering of an expanded Kalman filter i.e. the filter which dimension is much higher than
dimension of controlled system. The structure offered by Friedland represents pair of special filters which are isolated, but
work in parallel, and linear combination of their exits approximates an exit of an expanded Kalman filter. In the most general
case, this structure is not optimum in the sense that it is not completely equivalent to an expanded Kalman filter, being
optimum only for perturbations of the determined type. In case of random disturbances the two-stage Kalman filter stops
being an optimum filter because of connected with performance of very rigid restrictions which are difficult for executing in
practice. The purpose of this work is such modernization of two-stage structure of the filter of Friedland which with the
arising malfunctions modelled by accidental process of the general type is capable to provide filter responses close to
optimum. Use of unitary matrix transformation for the purpose of receiving two standard Kalman filters which linear
combination of exits approximates an exit of an expanded Kalman filter is the basis for a method of modernization, and
introduction of the additional adjusting input significantly weakens the restrictions imposed on a mutual complete
correlation matrix between noise of perturbation and system noise. From the mathematical point of view of structure of the
separated filters the expanded Kalman filter which leads covariation matrixes to a diagonal look can receive by application
two step linear unitary transformation. The main feature, the entered transformations the fact that direct and return
transformations are connected by rather simple parity is. Direct application of the specified transformations to an expanded
Kalman filter allows to offer parallel structure of the two-stage filter based on linear combination of exits of the modified
filter free from malfunctions, and the filter specializing only in estimation of dynamics of the arising malfunctions.

Keywords: the expanded filter of Kallman, the two-cascade filter of Kallman, the filter, free from malfunctions,
separate estimation of the arising malfunctions.

Beenenue

PaccmarpuBas 3azady OLEHMBAHUS COCTOSIHMSI JIMHEMHOW AMHAMMYECKOM CHUCTEMBl B IPUCYTCTBUU
3apO’KAAOIINXCS HEMCTIpaBHOCTEH. B 00mem cirydae, WX MPUHATO CYUTATh COCTAaBHON YacTBIO BEKTOPA COCTOSHUS
W, CJIEIOBATENbHO, OLCHUBATHh TaKXKe KaK W BEKTOP COCTOSHHA. lIpyW Takod HHTEpIIpEeTary 3apOiKIAIOIIHXCS
HEWCIpaBHOCTEH MpuxoanM K ¢mibTpy KanmMana ¢ pacmiMpeHHBIM BEKTOPOM COCTOSHHMA, Pa3MEpHOCTh KOTOPOTO
3HAQUUTEIHHO BHIIIE Pa3MEPHOCTH KOHTPOJIMpYeMoi cucrembl. IlpakThdeckass peanmzanus Takoro QuibTpa
CONPSDKEHA CO 3HAYUTEILHBIMU TPYIHOCTSAMH BBIYHCIUTEIBHOTO XapakTepa. [Jist MpeooieHus 3TuX 3aTpyAHEHNUIH
Opmtann [1] npemnoxun BMecto paciuupenHoro ¢uistpa Kanmana wHcrnons3oBaTh COCTaBHOW —(MIIBTD,
COCTOSIIMI U3 IBYX MapauIe]bHO pabOTaIOMMX OT/ACIBHBIX KaCKa 0B, HO MEHBIIICH pa3MEpPHOCTH.

W3BecTHO, 4TO JEKOMIO3MIMS pacuiMpeHHoro ¢uiabrpa Kammana, pexomenjgoBanHash DpuuiaHiom,
SBIISICTCA ONTUMAJIBHOW TONBKO JUIsl BO3MYILEHMH JeTepMHHMpOBaHHOro Tuma [l]. B cmyuae cmoywaiiHbIX
BO3MYIICHNH ABYXKacKanueld GpuiasTp Kanmana mepectaer OBITH ONTUMAIBHBIM (QHIBTPOM IO MPUYMHE CBSI3AHHOM
C BBIIIOJTHEHNEM BEChMa JKECTKHX OIpaHIMYEHHN, KOTOPBIE TPYIHO BHITTONHUTE Ha mpakTuke [4,5].

IMocne BeIXOma paboTer [1], BO3MyIIEHHS MHOTMMH aBTOpPaMH pPacCMaTPHBAJINCh B BHIE IMpoIiecca,
yOpaBiIsieMoro OeJbpIM IIyMOM KOTOPBI HE OBUT KOpPPEIMPOBaHHBIM C CHCTEeMHBIM ImymoMm [2,3]. Omnako
MOJTydeHHbIE pPe3yiIbTaThl OKa3allMCh KBa3WONTHMAaNbHBIMHA. B pabotax [5,6] ObUT paccMOTpeH ciydail, Koraa
CiTy4alHble BO3MYIIEHHSI TOPOXKIAIUCH OCNBIM IIIyMOM, KOPPEJIMPOBAHHEIM C CHCTEMHBIM IIyMOM. bbuto mokasaHo,
YTO B 3TOM ClIy4ae MOXKHO MOJYYUTh ONTHMAJIBHYIO CTPYKTYpy ABYXKackajHoro ¢guibrpa Kanmana, ogHako
OCTaBaJIMCh OIPaHUYEHHS, HaKJIa[bIBaeMble Ha B3aNMHYIO KOPPEISLHOHHYIO MAaTPUILy MEXKIY IIyMOM BO3MYIICHUS
Y CUCTEMHBIM IIyMOM. Llespo 1anHOM paboThl SABIISETCS TaKash MOJCPHHU3ALMS BYXKACKaIHONW CTPYKTYpPBI QHIIbTpa
@®puyianna, KoTopas NMpHU HaJMYUK 3apOKAAIOIIMXCS HEUCIIPABHOCTEH, MOJICIUPYEMBIX CIyYalHBIM IPOLIECCOM
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06H161"0 THIIa, criocobHa 00€eCIeunTh XapaKTCpUCTUKHN (1)I/IJ'ILTpa OnM3KHe K OIITUMAJIbHBIM, a BBCIACHUC
JOMOJIHUTCIIBHOTO KOPPEKTHUPYIOLICTO BXOAa CYIIECTBEHHO ociabiser OrpaHU4CHU, BBEJICHHBIC B pa60Te [5]

IlocTaHoBKA 3aa4M MCCIEeIOBAHUI
IIpeanonaraeTcs, YTO MpeIMET UCCIEIOBAHN OMMCHIBAETCS CUCTEMOM Pa3HOCTHBIX YpaBHEHUIA

y (k)= A(k)x(k)+Z (k) (k)@ (k)+v(k); )
x(k+1)=®(k)x(k)+G(k)o(k)+w,(k); )
q)(k+1):l“(k)q)(k)+wq,(k), (3)
rue y(k)eR'“ — BEKTOp HabIIoeHui; x(k)eR" — BEKTOpP COCTOSIHHS CHCTEMEI, (|)(k)eRp — BEKTOD

COCTOSIHHS 3apOIKIAIONIEHCA HEUCIIPABHOCTH, @ CHCTEMHBIE MATPHUIBI A (k) , X (k) , D (k) ,G (k) ,T (k) W3BECTHBI

U UMCIOT COOTBCTCTBYIOLIUEC PA3SMCPHOCTHU, KPOME TOro Marpula r(k) npeamnoJaracTces HeBprO)KﬂeHHOﬁ.

[IymoBble mpomeccsl W 0 (k ) SW (k ) ,V (k ) SIBIIIFOTCS.  OCNBIMH ~ TayCCOBBIMHU  TOCIICIOBATEIBHOCTSMH,
AMEIONTUMHU HYJIeBbIE cpenHue 3HAYCHUS u 3a/laHHbIC KOBapHAaIlMOHHBIC MaTpPHIIBIL:
Miw, (k)w," (j)1=Q, (k)3(k, /)

MIw, ()W, (1) Q, (F)8(k.j): MIw, (£)w," (1)]=Qu (€)8(k.j):  M[¥(k)v" (j)]=R(£)3(k.)).
M [qu (k) vT (j)] =0; M[w, (k) vT (j)] =0. HauanbHbie COCTOSIHUS X 0),(9 (0) MPEAIOJIaraTCs
HEKOPPEIUPOBAHHBIMU C OCJIBIMH TayCCOBBIMU ITOCIICIOBATCIBHOCTSIMHU W, ( k)an ( k ,V(k) U TPEICTaBISIIOT

co00¥ TayCcCOBHI CITy4YaifHbIe BETHIUHEI C TapaMeTPaMHu:
M([x(0)]=x,, Cov[x(0)]=P,(0). M[¢(0)]=9,. Cov[9(0)]=P,(0)>0, Cov[x(0)¢" (0)]=P, (0).
PaccmarpuBas x( k),(p( k) B KayecTBE IEPEMEHHBIX COCTOSHHUS gz ( k) 0000IIIEHHONH CHCTEMBI, MOKHO

3alrcaThb YypaBHCHUS IJI1 PACIHUPEHHOTO (bPIJ'Ipra Kanmana B CTaHﬂapTHOﬁ (1)opMe:

2 (k/k=1)=F,(k=1)z" (k=1/k-1); @)
2" (k1k)=2"(k/k-1)+K, (k)] y(k)-T(k)z" (k/ k-1)]; (5)
P, (k/k=1)=F,(k-1)P (k-1/k-1)F", (k-1)+Q, (k—-1); (6)
K, (k) =P, (k/k—=1)0" (k)| TL(k)P, (k/k—1)T" (k)+R(k)]"'; (7)
P, (k/k)=[1-K, (k)11 (k) |P, (k/k-1), ®)

OOIIEU3BECTHO, 4YTO CJOXKHOCTh BBIYMCICHUH BO3pacTacT HEJIMHEHHO C POCTOM pa3MEepPHOCTH
3 v
pacmmpeHHoro (GuibTpa ~(n+ p) W BO MHOTHX CiIydasx mojenb (4) — (8) CTaHOBUTCS HENMPHEMIIEMOW st

MPaKTUYECKUX NpuiokeHUH. OCHOBHBIM MCTOYHHKOM JTHX TPYIHOCTEH CTAaHOBUTCS 4Ype3MepHas CIIO0XKHOCTb
BBIYMCJICHUI B3aUMHOM KOPPENALMOHHON MaTpPHULIbI P, ( k/ k), YcrpaHeHue 3TOM COCTaBIAIONIEH U3 PACCMOTPEHUS

OyzeT crocoOCTBOBATh CYIIECTBEHHOMY YIIPOLICHUIO BHIYNCIICHUH NPH MPAaKTHYECKOH peann3anun GuibTpa B BUIE
(poBOro CHENUATM3UPOBAHHOTO YCTpoiicTBa. B ciemyromem mnozpaszene mpeaiaraeTcs KBa3HONTHMAalIbHas
JBYXKACKa/IHas allIPOKCUMAIIHS PACIIMPEHHOTO (GUIBTPA, O3 SIBHBIX BBIYUCICHUH COCTABIIAIOMICH P, (k/k).

CTpykTypa MOAU(UIIUPOBAHHOTO IBYXKACKAAHOTO (PUILTPa 1Jis1 pa3iebHOr0 OLeHMBAHUS

IIporecc cmATE3a KBa3MONTHMAIBHOTO ABYXKACKAJHOTO (MIBTPAa COCTOWUT M3 IBYX JTAIOB, M €r0 MOXKHO
ommcath cremylommM obpazom. Ha mepBom 1mare mpoekTHpyercss (WIbTp, B KOTOPOM 3apOKIArONIHEcs
HEHWCIIPABHOCTH WTHOPHPYIOTCSA, a JUIA TIOCHEAYIOIIeTO ydeTa BO3HUKIIEH HEWCHPAaBHOCTH, BBOIUTCS
JIOTIOTHUTENFHBIA BHENTHWA BXoJa. Ha BTOpPOM Imare MpOeKTHUPYETCS OTACNbHBI (DUILTP, KOTOPBIA OIICHUBAET
TIEPEMEHHBIC 3apOKIAIOIIEHCSI HEHUCTIPAaBHOCTH C IENBI0 BBEICHHS KOPPEKTHUPYIOIIEro BO3IEHCTBHA B (UIBTD,
CBOOOJHBIN OT HEWCIpPAaBHOCTEH. DTH JBa (QUIBTPA COCTaBISIFOT Oa3KC, HA OCHOBE KOTOPOTO CTPOWTCS HOBBIM
(UIBTP, B HEKOTOPOM CMBICIIC, SKBUBAJICHTHBIN HCXOJHOMY paciimpeHHOMY QuibTpy Kanmana.

C ¢dopManpHO-MaTEeMaTUYCCKOW TOYKH 3PCHHS CTPYKTYPBI Pa3JCICHHBIX (DUIBTPOB MOXKHO TOJNYYUTH
MyTeM TPUMCHEHUS JBYX IIarOBOTO JIMHCHHOTO YHUTapHOTO IpeobOpazoBanus U-V k pacmmpeHHOMY QUIBTPY

Kanvana, koTopoe mpnBosuT koBapuaunonnsie Matpuusl P, (k/k—1),P,(k/k) x mmarowambhomy Bumy. Dt

npeoOpa3oBaHMsl UIMEIOT BUJ:

T[U(k)]:{(l) ng)} U(k)=P,(k/k=D[P,(k/k-D]";

[V (k)]= LI) VE")} V (k) =Py, (k/ KR, (k/K)] .

I'naBHoOI OCO6€HHOCTLIO, BBCACHHBIX npeo6pa3OBaHnﬁ ABJIACTCA TO, 4YTO MpAMOC U OGpaTHOC
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peoOpa30BaHusl CBSI3aHBI OYEHB IPOCTHIM COOTHOIICHUEM, a IMEHHO T-! [U( k)} = T[—U(k)] , T.€. OTJIMYHE TOIBKO

B M3MCHEHHMU 3HaKa. B CBA3M C 3TUM CIPaBeAJIMBBI BBIPAKEHHS, KOTOPHIC OMKMCBHIBAIOT B3aMMOCBS3b MEXKAY
nepeMeHHBIME (4)—(8) B cTapoil 1 BHOBL BBEJICHHOU KOOp,HHHaTHOﬁ cHCTEME:!

2" (k/k-1)=T[U(k)]2(k/k-1); 2(k/k=1)=T[-U(k)]z" (k/k-1);
(k/k T[V(k)]|2(k/k); (k/k) [ ]z (k/k):;
 (k/k-1)=T[U(k) ]F k/k-1)T"[U(k)]; B (k/k-1) 1—T[U k)], k/k—1)TT[-U(k)};
K T[V(k)]R (k); K, (k)=T[-V(k)]K, (k)

k/k T[V(k)]P,(k/k)T[V(k)]; Z(k/k) T[-V(k)]P,(k/k)T"[-V (k)]

3akaiouyeHnue
HemnocpenctBeHHoe TpHUMEHEHHE VYKa3aHHBIX TpeoOpa3oBaHWi K pacmupeHHoMy ¢(unsTpy Kammana
MO3BOJISIET TPEMIOKUTH CIETYIONUTYI0 MapalIeNbHYI0 CTPYKTYPY ABYXKacKagHOTO (HIBTpa, OCHOBAaHHOTO Ha
JUHEHHOW KOMOWHAIIMK BBIXOJIOB MOJIU(PHUIIMPOBAHHOTO (UIILTPA, CBOOOIHOTO OT HEUCHPABHOCTEH, U (PUIBTPA,
cneunanmnpy}omeroc;{ HCKITIOYUTENIHO Ha OLICHUBAHUH JUHAMUKH 3apOKAAIOIINXCS HEUCTIPABHOCTEH

Rk / k=1 =", (k [ k=1)+U (k)9 (k/k=1); ©)
x(k/k)—xl(k/k)+V() “(k/k); (10)
ll(k/k—1)— (k7 k=1)+U(k)P, (k/k—1)U" (k)= M{[x (k)= &(k / k= DI[x (k) - ]Gk / k=D]"}; 1
P, (k/k)=P, (k/K)+V (k) (k/K) VT (k) =M{[x (k) - 3Gk / O)IDx ()~ &(k /)] (

P, (k/k-1)=U(k) (P(k/k—l)=M{[x(k)—i(k/k—1)][q) )=o" (k1 k-1)]'}; (12)
P, (k/k)= V(k)P, (k/k)=M{[x(k)-x(k/ D[ @(k)-0 (k/k)] (1)
P, (k/k—1)=P, (k/k—1)= {[(p(k)—q)*(k/k—l)][ (k)-¢ (k/k—l)]T}; 2:3
P, (k/k)= P, (k/k)= {[q)(k)—qf(k/k)][ (k)-¢" (k /)] } (16)

[IPH CIEYIOINX HAaYaJIbHBIX YCIOBUSX:
V(0)=P,(0)P" (0); X(0/0)=x,+V(0)p,; @ (0/0)=g,;

P, (0/0)=P,_(0/0)-V(0)P,(0/0)V(0)"; P,(0/0)=P,(0).
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