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LA W FAE RIS SE BTV R (b5 KYCX23.2437) FE K B AR 284 (HHE'S: 61991402, 61973136) HEHITH

WE AHIFRE (Kalman) KN TN A, A FEEEUL L HER KRN RE R
REA LGB, NI SBREIT R TR At —FRACERE, AXE T A &%, WAEET
K +#® (Riccati) 7B & N &4 £/ ZIEH (adaptive robust Kalman filter, ARKF) &%, Hl|5+
R MR E B, RO, Bk, AH PR B L R R s o E A R R 2k, R
BENERRETHZESTRNANRE E; A5, REANREELHREL TR FELRELL
R, ERFRERKEBHNEEN R, BAEERE R, BXREFEURENZEAEEZRF
WA RL R, IE SE T 4R R R AT Bt AR

XiiE FARBIRE, BENEBRIRE, FHAREK, RFREAE, AT

1 35

ARG TR AR P RAF NG B E @R &, W I RO E M, LSRG RGUIRSHER I 51
iAol IBHPRES AT EIS AR, T L — BB R 20 2D 50 R4 MR 2 K O i R,
Wiener &5 6] EIRFELLMEIER . O o) L 51N T Gevk 22, FEBUS A SKRAE 1 &1 XA BEHLAE = (1
ARG T . BB 2 A S B R IR K, Kalman #1 Bucy (7 £E 1960 46 Wiener AR
BUEN B P REBEHLE S8 ) T I A AR T RS BENLE 5, 1R 1 T X H0R/R 2388 (Kalman filter,
KF). R/R SRR BHEL N, R 7 PR vE 0 Az & 5 MR, 8l SR —AME T T S LB KA
AIARZRE R T R ARSI (Riccati equation), T@bHIAE R 1 AP A2BENUE 5 B AL T ]
L RORZ BRI B (BRI B S ), (kg RO 2R B R ELAE T TS LS.
e, Bz R T A SRR KL s NSRS, JEIAS T BRI 018 R R 8 B B R
RS A A A B L S T b R, o Mk 2R G rboxfl AU B ) — ElRES A Bt AT Al ok 98770, |
T RGENR A, PR AIVLACSE PR R 48, SN XE LR MR 7 (Ganss) FIMEF 240 THEF
M. XL R R AR BR ] 7 R AR 2R AR e bR T RGN A, RS SE OkEr MR . H
IRyt SR IHE H AR RS AN E 1k T 1R /R IR S I AR 2 1T RE.
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BEXS AN E P TR A T i), A F2 00 R R B2 g i et Uy NI M AE. — ek g = e 0
DA JE T 2R SR sl 75 e v R, AT R AN o i TR 22 B 2 0], B FR A B R R 7K 2 )8
¥ (adaptive Kalman filter, AKF). WISC#k [15] #&H H T 2K SN ELE RFRE ARG €6 2 E %
B 3E N R S I, Heg 1 T N SEROUL IR 75 B 7 22 R SCHR [16] 2 HH Y I8 N R 2R R UL
5, BT AL SR A T B B R AR e 75 b 7 22, B i, A8 4y DU (variational Bayesian, VB) J7
A T SR AR AL N R g 2 (T R R R 2 Y I B R A R T I S G TR PR AR O
AN, ABR BRI AN e M, TR 2 AR5 R AR oy DU IR /R 2 YK (variational
Bayesian Kalman filter, VBKF) 81 7 % £ S0 5 B2 A iff 5 P 3508 4E 177 5 3 82 B S R ) 4 o

Ty Mt Ty 2 FE AN E 1, AR SISO VTR S, A T BEAE AT 2 IRVE I N,
PR EFEARIR 2 8P (robust Kalman filter, RKF). H— K HEE & 18 =R B INFF & TFE SRR 2%
JE£ BR BRI 5 T AN & S8 URs € U S e /0. ansCik [19) a5 IRER B AT Kullback-Leibler
(KL) PH &R F R A iR A e 75, S AR R 7K 2 08U (robust elliptically contoured
Kalman filter, RECKF) (200 SRRV & i Ur sl ¢ 4371 T J 10 6 153 47 Sl ik U0 00 e 75 Db 18 5 B0 o % 28
AN E VLR EHEIE. S, R ¢ 20 AT L 300D S0 ATt R F DR ITLTC S Bm 28 495 H g 7 8 00 M4 75 )
KR AEXRREEREAE 21, 5450 v Wi 43 A A L, 2% LR TR A R 77328 25 20 A7 HH O B8 R R
DAL SRAT 0 PR AE AN 8 1 BE R AL 1. [RIRE AR A 9 H I, 53— SR 18 RS 56 (5 S A B 5 22 A
BRI /INT )R E B AN e M AR 3. B anic 12 2B 8 (fading memory Kalman filter, FKF) 22 ]
P85 R - 3/ SR AL RIS B Hoo JEUR (Hoo filter, HF) 15231 5@ i X e KA v Z2 /MK
B MAEAE A TR ZG F T AR SN N T4 588 R/R 2 IEPA HIE N -R /R 28T
L, EHEEENR/R 2R (robust adaptive Kalman filter, RAKF) [F]I 4 FH H 38 8 45 44 F1E #4544
X AN () B AN 14 2 ol 3R AT AR B 50t SR [24) %o LIRS R M 7 I Ty 22 St 1 3 S 2T R, (R
Xof B A A FH R PR S5 K405 SRR [25] UL N0 2 AR5 P 68 2 5 ) ol L0 e 75 1377 222 S e 4 o v
. BRGNP IR AT B RS R AN B S R EAT O, B DAE 2R R 30 AR (RN 28 T
R

ERERIR B UEBAR T I 5 7 AEAE VERISER. SR, Bl R K B B LIt RE A0 R AR 4 R
G, BT DMEAE S ORI (B PETUR) (ARG IERE P RE. BRIk Ah, REECRIR SR G5
B T AR 2 560 NN BUE IS HESH, A T R S EUE 2 iIVERERUR. Mok Lk ial i, A
SCHEH Bl B & R B FE R R 208 (adaptive robust Kalman filter, ARKF) 3%, FIFH 521 ) R HUsk
SRS ANES 5 VEFD R U1 BE A SE M, I 1 — 2D A S R 45 SR R /R BB de s B 7 22
S TSI AR R B R S PR YRR FOE SRR SIA TTEAR L, AR SO DTk R

o TR NN EEFAHRSHL, W Sl Fe & B od S B AR -RAR T R I e 3a s B B 7Y

o JITHR HIE N EHE R /R S BN F I R A5 R B R R EEAT T o, — @R E BB T B ROR
DIEPE NS T TURIIBR A

o JITHE HE N B R /R 2 I P DIARE AN [R] PR B AR 228, 1 3 I A 5 i U BV 1 e 1Pk

o JTHR HIE N B HE R IR S B AT DUBCHTI I [ B 25 4EAN I E VRS R, IS BPIRES 1) & B SeBilet
RS )5 25 4 58 1) 22 S T

2 [E)E A

2.1 KREEK

BN &G MR FE (backward Euler method, BE [26]) 5 21 {2 HOR A 25 18] 75 F2:

Ty = Anwnfl + Enun + wy, (1)
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Yn = CpTy + Uy, (2)

Hrb, n e N FoRmaE, RM RoR M 4ERRIRTA], 2, € RM AHRGIREHE, y, € RM2 ARG
WiE &, u, € RM ARGIEHIFE, A, € RMOM RPRIREHBIERE, B, € RMO>Ms Ny RGEHIH
B, C,, € RM2>XMu Sy ZGUULINAE g, I PRI 7S r) 2w, € RAM FOIINGE S ) B v, € RM2 ZIMEA 0
HWWHZEDHN Q, = E{w,w!} fl R, = E{v,vl} WEliEsE HFHAE w, M v, SHMEE kE Fln
I Z A BT H G S

RR BB AR @, XN RIREMTHEAN @, FIHIBILEE] n 1521058 BT 0%
P HEAT IR R 2 A BB e /M o, B

min E[(e?)" S, e”], (3)
Hr, et =z, — 2, N KF fiithiR%E, S, € RM>M [ AR E I E INBUERE. 2T ER iR (3),
AT H b N 27

n
Jn = Z {”yk - CkmkH;Zl + ”mk - ael;“?pk—)—l - ”yk - Ck:&;”?CkPk_ngLRk)*l} ) (4)
k=0

Hrt, [, T ST P, B, HT2 (4), MR (3) S FIR AL i

T, = argmin J,. (5)
T

U ERIE AT N (x5; 2o, Py) FIMEFE T2 Q, M R, FETHI (1) F1 (2), 3 (5) o J, ATLLBE
RIRZUEH (Kalman filter, KF 1>28]) f/Mk, BJ

&7 = Apien_1 + Eyu,, (6)
P, = A, P, A" +Q,, (7)
P, = [(P))'+CrR;'C, ], (8)
K, = P,.C'R;!, 9)
&, = T, + Kn(yn — Cn,), (10)

Ko, &, 79 KP ERRSEHE, (y, — Cou,) A KF BTE, K, A KF H25, &, 9 KF EReRE
HE, Py = El(@, — &) (@0 — &,)7] RSRAREWTTZIBE, LKL P, = E(@, — &) (@0 — &0)7] 1
JE W R IE 7 2. B (8) A (7) 1 KF AR R TR

P =A,P A'+Q,-A,P_.C' (C,..P_,Ct
n n—1“*n n—1""n—1 n—1

n—

1+ Rnfl)_lcnflpr;—lAE- (11)
FRREE R REER TAGS AR P, P, W LUEEREKR (11) B P, | HEHESEE]
[FEF, 2 P UGSk, B2 RIEHFE (11) FfSME P AR RuAl THEDN B TR Ak il (5) Bt

2.2 THRAEMRGRSMETT

HLNE R R G BORZE B2 BIR RTINS, RGUEFERIRERE A, E,, Cp, wy, v, ZARKIA
TE AA,, AE,, AC,,, Wy, U, FH, IR AT E Ay

z, = (A, + AA))zy 1 + (B, + AE, )u, + w, + Wy, (12)
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Hr, @, NRERR, y, AWM E, w, NG R, o, € RM RIS RFRA R, 0, € RM2 N
KA T &, AA, € RMOM FRAMRES R KB, AE, € RMOMs JgR Az KBl
FE, AC,, € RM2>XMu g REII R BLH RE. A E MRS A T DL MR (AA,, AE,, AC,)
FRATI (w0, 0,). DTS EAER TR LA 04 FEH . FFEAERE S BEHLAL &5

AL AR RO AN E PRI AT LSRN ey e It AN E M, BN (A, + AA,) = A, x AA
B (A, +AA,) = A, @ AAL, H @ RIS, BVAEREXTRIC 3R 7 7l A 3.

RIEHET (1), (2) A1 (10), 15 KF FHEN

el =y, —C,z, =C,Ae;_, +Chw, + vy, (14)

Hrb, ey NKFHE, el | =xn1 —@Tn1 N n— 1% KF HTHRE.
IRAE A E PR (12) 1 (13), 5N E 1 T UEBGH EoN

el =y,—C,z, =C,A,€é +Crw,+v,+Cpw,+0,+C,AA,x, 1+C,AE,u, + ACpx,, (15)

L, &, = An®n1 + Eyu, AABEME T RIEAST, 2, NABEME FETHE, ey NABEMTE,
L =®po1 — Ty N n— 1 ZETHRE.

e A TR/ T RGUE R E, (B Sl 4 R as I 245 2 i ST WA B T RAE. T
DAANH S P 5 0 P SR 5 AT 75 AR T L .. ELAARAE, N S T S A A S A A . FR 3R v
Wi s NAEAL (1) R0 (2) ABE MR (12) A1 (13) KF #E (14) AUORTREMSEE (17), & Wil
R 6, N

[T

On 2 Yn —Yp = yn — Co,, — (yp — Cuyy) + Cu(&, — @) = €4 — €l + CrAp(@n1 — En1)
= C,AA,z, 1 + C,AE,u, + ACyx, + C,w, + 0, + CrAp(Tp_1 — &n_1), (16)
Hrp )y, e s A e R FEVE R, 530 (13) A (15) SRR A8 X oy, A oS
FR e RO, 530 (2) A (14) ORIy, AHED; 6, AAHE S B REE E. BRI E
PHEAEAIIN v8 2]y, PR RS E 6, =y, — yl.
Y ERETY (12) A1 (13), [ KF 532 (6) ~ (10), SR E M T K KF i EN

&5 = 2n + Kn[ChAA, Ty + CoAE U, + Crthy, + AC, Ty, + B + Crp A (Zp—1 — &5-1)], (17)

Horb, &8 A EVERZ A A LR KE A THE. KF #85 K, 7] DU R BE G vk C R
KF ¥, MAE G ABAREHE. AEES B KE 5 ERE TR MTHR 28 K 2R
&R R R USRS AL E MR K UL T ik 25, 5 B Z TSR

3 ETEMARBHBENEERREIEE

NFERANE EVE N R /R SRR RN B e @, AR SR — bR TR0 7 ek A S R B R R R 2
JEW (adaptive robust Kalman filter, ARKF). | FH 5200 /7 5 BURFIAN 1, AR B R0 45 2R H & v
Hi T B AR, LEJR/INAN RE 1 5 1 (R I f IMAPE REAR 2K
3.1 THRAEMBRFREARE

AHENET @, KIS THEE XN @,,. AFEAHE VRIS B4t 108 AT PR oy an R LAk )

:in :argmin{zﬁk(mkayk)}v (18)

Zn k=0
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Horp,

Fro(@r, yr) = Fr(r, yp) + fu(AAy, AEy, ACk, Wy, U, Tk, i), (19)

Fr(zk,y0) = llyp — Ck“”k”i;l + |k — 53];”?13}:)—1 — Iy} - Cki/?”?c;kpk—cngRk)—u (20)
1Pk |5, T OF Pu®y; &, = Ap@r—1+Epu, A ARKF B TIE, WAL fr(AAr, AE,
ACk, W, Vg, Ty, Yi) A E HERHRAG T FE I FZ M. X EEAERL (1) A1 (2) 5AFAE AL (12) M
(13) 713, HEAENE (AAy, AEy, ACy, Wy, ©y) 73 AEE A FIEAR 0 HARR L, I y? B
B gy, HRE &, REMS. SAMEERI, W fL(AAL, AE, ACy, Wy, Ok, Ty, yr) XN ALIEFE
(18) FEMHARN, FECNMENE T BT AT (18) BB il SR A7 1 IR A

RPN (12), (13), (18) A1 (A2) (Ff A), A & HEREE - RIETREEM AN

P, = (A, +AA,)P, [Ly, + (M, + AM,)P; ] YA, +AA,)" +Q, + AA,, (21)

Hri AM, = ACY C, 1 +CF |AC, | +ACT |AC, 1, AN, 2 E[(AE, u, +w,)(AE,u, +w,)"],
FEE UAHEME A, 2 (AA,, AM,,, AN,) XILIEZ Ve S HE%L (Frobenius norm, F- Ju%) A

1Aullr = 1Anll = I(AAL AM,, AN = 30D A2, (22)
i

Hd ALl N F¥EE AL e BITES, Ay RORFERERES ¢ 4755 5 FIoTEK, Frbh F YO8 v o
I A SE AR TR

A2 JEBIG R A TN I E, Hat BB H— A, FrLl AA, M1 AR,, £ E[v,0, | &
I A5 R R T A HE T AN 2 G0, BTUART RIS AR, = 0 % AA, RIS AR,
AUAA, FEINEE. 25 5 30 (22) H A, BF AN, SEMTRNES AN, f1 AR, 0 (12) Al (13)
5 (21) A R 8 B Py Sk, K P = P ARAAHE R R RE (21) Fif3iE
P A AT, XN A e R A (18) IR

E A (A2) =8| P, f] Fréchet ST (291 HE 41 ke ok e 7 (implicit function Theorem [30]), aJ
340 °F & B

EE1 AHeMRRIRTRE (21) 7 P, MSUNAME R P, = P, + AP, = P,(A)), A, =
(AA,, AM,,AA,), P,(0) = P, HEDTEFE SAURAEAHEE |A, )| B8N, P PoR e
e (AA,, AM,,, AN,) JTC&R KIFEHT %

L%, = (A, M, Q,), HETEHR 1 WE P, = P, + AP, HXY P W8l P, = P, I,
IR R FESEM LI (A3) F1 (A4), RHEMERRRTIE (21) BB N

(P, + AP, %, +A,)
=®(P,;,%,)+Pp(AP;) + Pa(AA,) + Pp(AM,) + ®g(AA,) + G(AP, ,A,) =0, (23)

Hp, op(-) € LM M MM Sy o(P, %) XF P, 16 P, = P s AL Fréchet S48, b
LRMxM pMix My FORK T (linear operators) Z¥[H] RMix My pMux M IAZTE i S5
(induced norm) A

[Prlle = max{[[Pn(Zn)l : [[Zn]l = 1]}, (24)

R, Py e LERMOM RMOM) S (23) B G () ¢ RMOM x (RMDM s MM
RMXME) 5 MM AL w = [(Za, Al = 0, |G (Z, An)]| = O(@?).
(23) At Fréchet SN

Op(Z,) = Z,, — AnZ, AL, dq(Z,) = —Z,, (25)
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DA(Z,) = —(Z2,P; AL + A, P7ZT), ®p)(Z,)= AP, Z,P; AL, (26)

Hip A, = A, —CFIr, + C.P;CHIC P A, = (I, + M,P;7) A, A, NI RGURESH:
FERRE Bk (BPILREL2 /N T 1).

E3 EBAE P SUIRA (ED |P)| RN, &p A BAE M, SURN (BI | M,| 285N,
Opr 171E; @4 Fl g [FIEE

LRI G (Z,,A,) FERWHSE B fir. B (A4) A1 (25) FCAR (23) B

Op(AP;) = AN, — DA(AA,) — D (AM,) — G(AP, , A,). (27)

n

S AALEN. B0 < || <2 IEL, FA1E &p BIIET, MIRAE (27) 7115

AP, = 05 (AN,) — 05 [@A(AA,)] — 051 [P0 (AM,)] — 51 [G(AP, , Ay (28)
A, — 0 B, AR (28) TS
AP, || < KQllAAu|l+ Kal|AAL| + Kan|AM, | 4+ O([|An]?), (29)

Hip, Ko = 195 12, Ka = |95 0 @alle, Kn = @5 0 Ppglle, 155 o FREEREL B (90 f)(x) =
g(f(x)). 2 [|An]l — 0 I, 2 (29) ST

IAPT (| < KallAnll + O(1AL?), (30)

Hrp, Ko N Ko, Ka, Ky FREIMRE. 30 (30) R AP, || /AL, B AP, || LA S5AE
PEVEEL (A, || BUEMIDRR AR, (AP, || EFSIEB B VEA G, EWIAS RS SEAN 5 1 75 BEAH B ek
BEATACEE. DRI, MRAESEANBETE A, ARSI B 0T 2, BT B FEE B G N  RE, AAIT SEILeb
P RE 5 5% 1A R AN F) 555 A8 52 PRS2

3.2 ETEMNRBHNN R ERR

BRRIE B IG5 B SEI A RS AN E VERE L, SRR P ARIR NS5 R, AT AN E
PEXS At THPERE A RE R, S MG SR IR 2 W T ZZAERE P, BIERR S ERE, ARG E VE e
73, IS INAN 8 PESZ. 9 T RN ANEA 52 PRI AT L2, M e S min 0 4 B eR 20

@n(€) = arg min {Z Fi(an, y2) + elFo(@n, yn) — Fol@n, yi)]} ; (31)
" k=0

Horr, e e [0,1] AAHEE R T, 7 LOBOREEE N A E VX THEE RIEEI. 2 e = 0 I,
z,(0) =&, (WX (5)); He=1H, z,(1) =&, (WX (18)). AHHEHEMLERGRE KRR THER
AT A%, FHBNRREL (31) MR T Al BRI ANE E PR R A A B BREOC R, IR S PR s 4
FER/INY AN TE P FE a4, AT AR 44 32 35 AR BT AN 7 P AT 4 B 1) R RO 2R, 817 58 Bk 52
TR,

NT BT AN MR g, KRR SCHER [31]) AR (C8) (M3 ©), WIfHR (31) 1 @, (e) Kt e MY
P59

Oe

_ [0%Fu(zn,¥5)

_ - O, (0, yn) _ OFu(mn,y,)
e=0 - 6.’1)3 mn:wn(o)

ox,, =z, (0) oz

. (32
mn—acn(O)‘| ( )
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A, 2N AL =0 B, 3K (16) O FFZE (|6, — 0, T

H‘Slill‘ILOFn(mnayn) = Fn(mmyn) (33)

KA @z, RIESAEHY 6, R/, X (33) AIET R ERBLE (explicit forward Euler method [32])
At (32) Tk

aﬁ‘n(a’myn) . aFn(a’myg) - OF, (0, Yn) _ 3Fn(fvn,yfl)
oxy, z,=x,(0) 8$n z,=x, (0) - 8$n z,=x,(0) ail?n z,=x, (0)
I*F, (T yg) 5
| — o). 4
e N e (31)

R (34) 6, =y, — o, B30 (32) w1, 775

O, (2) O*Fo(@n,y0) T [F (20, y0)
A e A B On. (35)
O le=0 oz Zn=2, (0) 0yYlox, le,==,(0)
WRyEEFE 1, [ (35) AHTFH K%
O Fp (@0, y0) [P (20, y0)
1) - ~—(1-— — _n\m Ing Y n\Ens Yn) .
wnll) =0y~ =1 =0) [ o, mn=mn<0>] { Oy o, mn:in(OJ o (36)

Zi b, B HARBREL F, (2, ys), FIRIRRAEANE RN AL & 6, AN 2 1E T 10 KF {41t
@y, FERTANER E PEXT AL TR RE AR, AT A5 AN 2 XS THERERIREN T Ly (22, yn)

n\Fn>Yn) = 9o, su=0 0, om0 0zp(l)  lsi—0 90, ls.—0
_ _OF(@8,y)T [0 Fu(@ayh)] 0P Fu(wa, i) (37)
N oz, ox? oyl ox,,
¥ (20) AR iR (37), w75
. OF, (22, y,)T
A N ns

2(P,) H&h —&,) — CIR,  (y, — Cr@t)|"(P,) ' +CFR,'C,)] 'CI R,

n

Horb, gy, NAERERIRAT AT 22 NATENE TET KF 532% (6) ~ (10) /5245 THE, sl (17) B
Ny RS HMN KF 88 L, (25, yn) NABEVER S THERERIZm s WRZ 7T s % (38)
R, AN E VER G T RE A U AT L IR D BT UL i A% A AT H bn ek A RS R . FLAAOR
Y, MR (16) FIAF AN E PR AT 2 th X Rl I WG HEAT AL, BT LI R B R0 I i £ B R S AN
. 20, TR S 0 i 7 B H A bR A 5 MR P SRR AR S AN R M XS il TR RE R R . 52
Wi 3R] LA b e SR SRR (P I 520 7 il KSR W e S B e kA s R i 0 N R T LA A
B VER IR A THE REFZ M.
FTAWEVELW ) Ly (25, yn), RIERIEATENE A, KRAOAKIBN R E 6,. 3l (37) AT

Fn(‘ﬁﬁayn) = Ln(iﬁayn) On + Bn, (39)
Fu(@,9n) = {lun — Cadl s + 182 — 5 12+ — It — Coi g prct gy < b (40)
Brn = min{Fn(zfzﬁ,yn) |V (iﬁayn)} =0. (41)

I 18] & RGN ZI08 m (m = n — My + 1, Herh My JyRLIN A = 4ERL), 24T %] n AF 9 B0ER
Z, MBS R EEY M. AN E PR BRI % BEAE KN My, JBIGEIET [m, n] IO TR T CT A
BHEN E(6,), MY el (39) AN E & 11 4321
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Fn_1(:f:$_1, yn—l) = Ln—l(iﬁ—lv yn—l) E(5n),

Fo(@,ym) = Lin(2, ) EG0).
W ik My AN TR IR A N T
F,,, = L, ,E(3,), (42)
B = [Fu@2.90) - Ful@Boum)] Lo = [L@2,00) - Lu@dogn)?] - ()
5 1T,

E((sn) =

0, HoAt,

b 6, AT DARAEAH E VRN RS =, F, (22, yn) A EREREL, L,(25,y,) A E X
AT PERERITENE 7, RIANH E - B A I i 7 Xk H s R 5P 5 i R L.

A EVERIR RS AT HINE, SEAEERRES S RAME . KAERERFELEETC
A S AT, A RS BRI J) eR 8, RS AN E VR AN S AT AT, Ot b R TR
AEANE 2 PR/ HOUL DN (i B8 22, Dy 8 e A S AR 3t 1 K 4.

3.3 ETINRBEMNBENEEHFREIER

MRy E R 1 PAA N (30) AI4N, ARKF ] LUEHE K KF (6) ~ (10) H 536 /7 Z2 5 B3R5 S 4
M, TN ASEE PERI S0, g 3R 1 /540 Py = Py + AP, T WIREE 6, WHEAHELES
I T T E R mAs R AP . |3l (20) A (36) ATFE

, — @, = [(P,)7 + C R Co] T Cy R0, (45)
A E R THEMN 2, WEF] &, HiLuEs A E RS R s, £ T X (45) 1%
AP, =E[(@, — &)@, —27)"1 O In, = DaE(00-1)E(6,-1)"TT @ Ln, (46)

H, Ty = A (P ) + C R, Co 1] T CRL R P T, @ R R, BIEREXT MG
HHIR. P ® Iy, BHEWUMRE P AN MZous, HRAEITTERE 0. Bl [a,b;¢,d] ® I = [a,0;0,d].
gi b, BENEER/REIEN (adaptive robust Kalman filter, ARKF)

&, = Apin_1 + Eyu,, (47)
P, = AP, AT +Q,, (48)
r, =A,[(P_) ' '+C' R C,.]"'CF R}, (49)
AP, = T,E(0,-1)E(6,-1) T} @ Ly, (50)
P, =P, +AP,, (51)
P, = [(15;)*1 + CER,;lcn]_l, (52)
K, = P,C'R;", (53)
&, = 2, + K, (yn — Co&;)), (54)

H, & N ARKF B fhiit; P > E((z, — 2;,)(z, — ;)] N ARKF 563015 8 EFAERE, R0
WEN T ZRHIE LR, P, > E[(x, — &) (Tn — &,)T] A ARKF 53615 B _E R, FRERZ T
EHEE F AR &, A ARKF J53 i, #iFk ARKF ffiit; K, N ARKF JERIE 2.
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H% 1 Adaptive robust Kalman filter (ARKF) algorithm.

Input: A,, En,Cn,Qn, R, P1,un, yn, &1, Mo;
1: forn=2,3,... do

&n = Ap@n_1 + Enun;

33 Py =A.P, 1AT +Qu;

4 Py =[(Py) '+ CIR;'Cul 7

5. Kp=P,CrR;";

6: &% =&, + Kn(yn — Cn&y);

7

8

9

Calculate the influence Ly (25, yn) according to (38);
Calculate the objective function F, (£, ynr) according to (40);

:  Calculate the observation deviation mean E(d,—1) according to (44);
10: Tp=An[(P ) ' +C R L Cod] IO R
11: AP, =TpE(n—1)E(6n—1)TTE ® Ih;

12: Py =P, + AP,

13: P, =[(Py) '+ CIrR;'C.]™ Y
14: K, = P,CTR;";

15:  @n =&, + Kn(yn — Cnn );
16: end for

Output: @,.

3.4 BHEBENBBRREIERKINTEAKEG

X (47) ~ (54) AN, HIEN G R/RZIESE |E(0,)| € [0,+0c] = AP, € [0,+00]. A
AFAEAN 8 PRI, 1 I8 B B R IR 2 R0 LS R AR N RR 2983, B |E(6,)|| — 0= AP, — 0 =
ARKF — KF. {IEAEAHE MR, 4R E(5,), ARKF 2> M35 24 i P55 op ORH 5 PEFL T SR AR AT fig
(B 1) S DU A TR B B G R R R S B B On RS AN B3k 1 R, Hoo RO B A
Bl 1 s, FE T30 1 AT SRR AT, PR R EE A SRR 1880 R, Kb 1 AMENTE
W BEEE 1SR 1 AR, ARKE JRECA R AIEFR, Fir DA RT3 (0] 52 2% BE A O (n). 45 BT
— NI ZIHEAT 04T, ARKF 3817 A K KE =1

4 MESSCRIIE

A 43 ) A AN SEEG T B G M B R R 2983 (adaptive robust Kalman filter, ARKF)
(B35 1) ATH BN, IR T bk — DAL iR B AR . AT TR IR % (root mean
square error, RMSE B4) /54 3 B REFE 4.

4.1 BT HSMAERNE LS

AT FTEEIER (ARKF, 8k 1) 5R/K2IEWH (Kalman filter, KF 8), (02 B R /R 2 380
(fading memory Kalman filter, FKF [22), &8 #E /K2 W (robust elliptically contoured Kalman
filter, RECKF 1201) 1455 LK /R S €Y% (variational Bayesian Kalman filter, VBKF [18]) ZE%yk
FE A2 DA ERAT O BT EE. B E AR (12) M (13) #EkOy E, = [1,1]T, C, = I, A
A, =[1,1+d,;0,1], Fr, 2150 < n < 250 B, d, = 6, HRRZ] d, = 0. FHEIES u, = 1. REH]
RSN @ = [1,0.1]7, HRVIIEMHKRSEN P =0,Q, = I, R, = L. BN REE1T 400 2 ().
S FA RSN BT FKF R EHESE N, = 1.1; VBKF H m = 1,p = 0.9 (p € (0,1]), 40 =
1,Bo=1,L =7, 200 <n <210 I, n =105, HAMKZ] n = 105, RECKF &' Ny = 11, = 1072 H
EC 7341 #%y LEC (Student’s ¢) 734t i BB AW E VEIGHLINE 2 Fros, B A e P Bk S5
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_.I Adaptive regulation 13’: |‘_

| Run ARKF |

l

| Output X, |

End

E 1 ARKF RZE.
Figure 1 ARKF flowchart.

%1 ARKF ERESTEEIERITLE.

Table 1 ARKF complexity analysis and comparison of common filters.

Filter Time complexity T'(n) Space complexity S(n)
Adaptive robust Kalman filter (ARKF) O(n) O(n)
Kalman filter (KF) [28] O(n) O(n)
Fading memory Kalman filter (FKF) [22] O(n) Oo(n)
Heo filter (HF) [5:23] O(n) O(n)
Strong tracking Kalman filter (STKF) [33] O(n) O(n)
Robust elliptically contoured Kalman filter (RECKF) [20] O(nl) O(n)
Variational Bayesian Kalman filter (VBKF) [18] O(nl) O(n)

WK 2 Frows. e EBAL (12) A (13) 7F H i F AR 0 221k
Ly = AAn 29 Anmn—l + Enun +Wn, Yn = Cncnmn + U,

Hrh, AA, ® A, FoRmi e, RIFEREXT R TG R AR Weibull(0.1, 9) FRELBIZH 0.1 TRIRZSH 9 1
{434 (Weibull distribution); ¢(100) 7~ H H A 100 [ t 4347 (student’s t-distribution); A/(1,0.01)
FoRBMEN 0 2N 0.01 FEH/3 4 (Gaussian distribution). £EAST, AU W ANH & P % B LA
e, RUIE AT e o 0, FetEATEER 1.

Kl 2(a) 1 (b) FHHPAAR A THRIRZE (root mean square error, RMSE), HERIAX 41T :

. 1 < B
RMSE?L = E Z(xj’i — .’Ej,i)Z,
i=1
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0.2 — - - 0.1
Q O
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0.2 7100 120 200210 300310 400 1o 100 120 200210 300310 400
Time (s) Time (s)
(a) (b)
8000 — - ~—vpKE 500
[~
6000t <] ! 400r
0 ;7 \/\/\/ || 300
8]
Z / NN 2!
U NN 1 5
22 / /FKF RECKEY | 200
, A 2007 220 ==
2000 \ |
A i1 1l L L L
0 100 120 200210 300310 400 O 100 120 200 210 300 310 400
Time (s) Time (s)
(©) (d)

2 (MERE) —#ZHAGESER. (a) AAL{L 1}; (b) AAL{2,2}; (c) B—HRT; (d) FZERS.
Figure 2 (Color online) Two-dimensional polynomial simulation results. (a) AA,{1,1}; (b) AAL{2,2}; (c) the first
state; (d) the second state.

*® 2 ZHZIMARBTEIFE.

Table 2 Two-dimensional polynomial modeling simulation environment.

100 ~ 120 s 200 ~ 210 s 300 ~ 310 s
AAL{1,1} Weibull(0.1, 9) 1 0.1£(100)
AAR{2,2} 0.1sin(%) 1 0.1cos(%7)
n 1 N(1,0.01) 1

Hor, RMSE?, #on n BIZIEE § 48RS RMSE, x;,; FoR @ BZIESDRA @ BI5E § 4512, 2, Fonfh
THRAE @ 78 0 RIS 5 4B, K lih, HARUEE K RSME R &% &, B MmNl THE.

2 A A R 2 PR, RO EE R, R ARKE MERER I R 4. ARKF A DU
HUMETSE I DL RS B S 1t DAL &R AR AT AN e 1. BRI A, ARFE T 2 L], &
o ) U S LWL A P 250 B H P2 AT 1), A5 7] DAZE A A B 4 P AN e e LR DB I B DA
(1] 72 A P R ST BT A B 0 (R AN P, 5 IR e T A s e 1 TR A O

Nit— R ARKF Bi%, Wi 3 fos, 477 3 ARTRVEE N SRR RISTE. 72002 (s):
1~ 150, 1~ 250, F1 1 ~ 400. FHEFENTESHESAHEMSHEE 2 —8 P ettt S
Bl 2 —3, HAAREEAR. SRRSO ERECN 500 k. B4 RFRE 2 SR BAGREME. it
ARKF RILH s v REAE BT S B0 1 BT 05 ARS8 AR T Aok L g k.

4.2 ETFMNR/KFESEIHIEEIIIE

1E 4t 2 T A R b, — AN ET DU K AR R e SE e it — P R i de ARKFE S8 B PERE.
AT LB N R R 238 (Kalman filter, KF 28), 22 3B EH (fading memory Kalman filter,
FKF) 22| H,, €W (Hy filter, HF) 5231 A543 UM /R S €3 (variational Bayesian Kalman filter,
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4

. x10
1200f <= 1 3
1000+ | - ‘ i {00y | | 25
800 E — m—— 2000 : )
2 | 4 3
g 4 1500 : © st .
400 i i
i 1000} £ s 4 E3 1 +
2001 = e e s I i
== 500 —— i + T | 05 & i + j
0 - == == ey BN ==
KF FKF  ARKF VBKF RECKF 0L - I ot ]
KF FKF  ARKF  VBKF RECKF KF  FKF ARKF VBKF RECKF
(a) (b) (c)
250 ‘ T 1500
2500 | i 2000 ] + + :
2000 + I 1 — i : +
i 1500 1 L i {1000 :
&21500 | 1 | | = + 3 i
= 1000 % i : 100y - T =+ 500+ = 1
so0 = = s + T | 50¢ + 1 T 1 i ;
= = == T
0 0 0
KF FKF  ARKF  VBKF RECKF KF FKF  ARKF  VBKF RECKF KF  FKF ARKF VBKF RECKF

() (e) ()
B 3 (MERFEE) —HEZUARFFRMESER. F—ERESHESER (s): (a) 1 ~ 150, (b) 1 ~ 250,
(c) 1~ 400; FB-HERZSAFESEE (s): (d) 1 ~ 150, (e) 1~ 250, (f) 1 ~ 400.

Figure 3 (Color online) Two-dimensional polynomial Monte Carlo simulation results. The first state time (s): (a) 1 ~ 150,
(b) 1 ~ 250, (c) 1 ~ 400; the second state time (s): (d) 1 ~ 150, (e) 1 ~ 250, (f) 1 ~ 400.

VBKF) 181 FI5818 B R /R 23 % (strong tracking Kalman filter, STKF [331).

SEERAE VYA KA B, K 4 Jeon 1 SRind B M HoR R B, Horh i & /K 18 P 25 /K I AN ALY
IKFEHEK. FKFE 3 F1 4 75 A8 I B H K FLIRZKAR 1A 2 FEK. BN w, = [un (1), un (2)]T F5E X
REZE 2, = [20(1), 20(2), 20(3), 2 (4)]T = [hn (1) =5(1), 2 (2) —5(2), hn(3) —5(3), hu(4) —s(4)]T, Herp
hn(d), i =1, 2, 3, 4 fRFAE n BFZIEE ¢ NIKHA, [s(1), s(2), s(3), s(4)]" = [0.1226, 0.2602, 0.0101, 0.0408]"
m. FHRLPIRAS 2 AR AL LR (12) A1 (13) NEEHIFEIR B39

T
0.9321 0 0.4173 0 0.0008 0 10
, 0 0.9395 0 0.1123 , 0 0.0013 01
An = ) En = , Cp=
0 0 08613 O 0  0.0006 00
0 0 0 0.909 0.0021 0O 00

A R B (AU 1 B 55— AN SR —ZE 73500 [hn (1) — s(1)] AN [h(2) —5(2)]. BEAE, 9T bt
JETRUEAEA RIS BUA & v F AR AL vk B, <B4 BEFS: v, ~ N(0, R,), Hi R, = 10721,
AR ALY e 7 U AR B AN A R A — A I N LB TE BN g = ¢ Cry + vy, SEIFEFEANH E
YSH o, MHAFR 3 PR, S oKAAKAL K AL AR 28 3RAF, AR BOULIIME AN K R P A AN i & 4 Fos.
gi b, KFESREARSAG T H AL E B IEAR v, T & KK AL

NTSERE W, R E R E N Q, = 1071 I, LRI RGN S50 FEAT R, K
FESRIG A FLN A B E Y 700 s. KA RGHIIWSEON @1 = [—0.0047, —0.0089, —0.0012, 0.0066]T LA K
Py = 0. KFERAHESHE WL 3 Fin. KERGHSEEALE Bl I —& /e A i
SE MR, RISBRAEAY (12) R (13) 40 F Fis:

Ty = A:lmn—l + Enlun +wn, Yo = cnCpxy + vy
JEE A AR, RUARPRAL Y 40 R Bl

Ly = anAnwnfl + enEnun +Wn, Yn = ann + U,
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115
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I
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Sensor 1 observation data Control input 1 =
0.5 | | (\-
’ ‘1.5 )
0 ’ ‘ 0
0'50 100 200 300 400 500 600 700 O 100200 300400500600 700
Sensor 2 observation data Control input 2

B 4 (MEREE) MEKERS.

Figure 4 (Color online) Quadruple-capacity water tank system.

® 3 KERFIHIE.

Table 3 Experimental environment of the water tank system.

100 ~ 200 s 300 ~ 400 s 500 ~ 600 s
AA,{1,1} =0.10 an = 0.9 an ~ t(100)
AAL{2,2} =0.99 en ~ N(1,49) cn ~ N(1,3)

Forr, 7E 100 ~ 200 s BFZI, 7 A4 4 FE 1] 22 S5 X0 AR PR AR 2R AT AR e, A G W] DAAEAS [ 48 B2 7= A AN [
FIARHENE, BIFRFRIETY o, A, BN AA, ® A, = diag(AA,{1,1},AA,{2,2},1,1)®A,, AA,® A,
Fon ri e, RIFE T ST R AR, SEXHIEIIN 5, SEPR RGRHN, WFR R G CAMBAEEATRE . fEA
T, AU A AN 8 R B R TEANEE 1, RUIMEASHA 2 M 0, JeMEAHE R 1.

XL T TR S EOE BN R HE 3%y, = 30, L, = I, S,, = I;; FKF &#%Z2508 A, = 1.3 (\, >
1); VBKF 28N m=1,p=09 (p € (0,1]),60 =1,80 =1,L =7, 24 500 < n < 700 i}, n = 104, KA
W2 n = 0.1; STKF %N B = 4.5, p = 0.95.

IKFE S EE R an &l 5 A1 6 Fros. Bl 5 s —4EAGE 4R Al vha5 R NG a5 AR k. Bl 6 N =
YEANE VY AEAL 25 R R ARIG A IO, BS54 BT AN, FKE A1 HF 2850580 250U AR R 84T
e — AT G, X B, I — YR A AN T R AR 2 AR R AR A, AT S SO
WERIVERERISR. 11 ARKE RJ DUER X0 45— O I 4 P SR AN o 1k, il Jgk an 48 R g — RS 4 1
ZrA R E . 25 E, PTiR ARKF S0ASEIL 7wt H I, 0 A RIS AN R R B AN E 1
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B (FUEPE) KEShE—, THERSIRER. (a) E—HRE; (b) K. (1,1} & K, {1,1}; (c) B4
Figure 5 (Color online) First and second state experimental results in water tank experiment.
(b) Kn{1,1} and K,{1,1}; (c) the second state; (d) Kn{2,2} and K,{2,2}.

(a) The first state;

® 4 KETRKIERRELESITHIE (s).

Table 4 Runtime (s) of each filtering algorithm for water tank experiments.

Filter Single experiment runtime 100 Monte Carlo experiment runtime
Adaptive robust Kalman filter (ARKF) 0.471537 18.5708
Kalman filter (KF) 0.188829 3.4902
Fading memory Kalman filter (FKF) 0.083090 3.5736
Heo filter (HF) 0.109597 3.6829
Variational Bayesian Kalman filter (VBKF) 0.210244 9.3873
Strong tracking Kalman filter (STKF) 0.093397 21.3548

TEN LA RE T RS SRS T WS TROR. K 4 BR T AL BARZ AT R Hod Bkt e
5 F1 6 X RSEES, ARKE 847 EA KF IS4TIHEI 2.5 % N 1t —2 i Eas 47 i e, 7EAH
FZH T 100 IRERF RIS, 19 218088 HI% 100 RELIRIE1T Bl A, ARKF fl STKF 5k %)
H L SRR B A B T 0, HORSRIIE SR (], 5 30BN IE S SRS AT 3G K, 118 ARKF i2
ITIEN KF 1 5 £, PRI S8 STKF 1217 I (A ARKF.
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6 (PEIRFE) KEZIE=, MEFRSIRNARREKER. (a) BZHERS; (b) Ka{2,1} R K.{2,1};
(c) Kn{3,1} & Kn{3,1}; (d) Kn{4,1} B Kn{4,1}; (e) BEERT; (f) Kn{l,2} & Kn{1,2}; () Kn{3,2}
K K.{3,2}; (h) K.{4,2} R K.{4,2}.

Figure 6 (Color online) Third and fourth dimension state experiment results and the rest of the gain in water tank
experiment. (a) The third state; (b) Kn{2,1} and Kn{2,1}; (c) Kn{3,1} and Kn{3,1}; (d) Kn{4,1} and Kn{4,1};
(e) the fourth state; (f) K,{1,2} and K,{1,2}; (g) Kn{3,2} and K,{3,2}; (h) K,{4,2} and K,{4,2}.

5 518

ASCEE XA 2 MR RGO R R 2B PGHAT T ok, fR T — R B &R E R R 2R ik HE
825 R R IR 2 B A 2 ) R B A AN E PR, Il — D 3 TR SO AN e MERR L, 2T
IR R R BIEECE R, O FORSEIR SRR, — 5, it B IE N RR 8 IERE TR AN
BEEME LI, ATLLE SR TG G S S BB L R, - Tr i, BIENE R R2IERA
HSEHL T I () RUBE B BN, RSBl RS FE R 22 A0 G . PR, B B R /R 2 B AR
T P T IR S DR AT PR TRV OF T, RIVHR SRS 24 AT AN 58 TR S SR I & (B R 1k

SE 0k
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An adaptive robust Kalman filter based on influence function
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Abstract To solve the engineering application problems of the Kalman filter, the existing methods often enhance
the robustness at the cost of excessive performance loss, which leads to performance degradation. To improve the
filtering accuracy, this paper constructs the adaptive robust Kalman filter (ARKF) algorithm based on the Riccati
equation with the influence function to minimize the performance loss while reducing uncertainty. First, the
influence function is used to perceive and quantify the uncertainty influence in real time; second, the observation
deviation caused by uncertainty is inverted according to the quantification; then, the priori covariance matrix of
the Riccati equation is adjusted according to the observation deviation, thus realizing the adaptive tuning of the
robustness and minimizing the performance loss; lastly, the effectiveness and superiority of the proposed algorithm
are demonstrated by numerical simulation and application in the quadruple-capacity water tank experiments.

Keywords Kalman filter, adaptive robust filter, influence function, Riccati equation, uncertainty



