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Abstract A class of time-varying nonlinear stochastic systems subject to unmodeled dy-
namics and disturbances is considered. Through online filter parameter identification, a
robust adaptive filter (RAF) is proposed. The optimal filtering parameters, such as co-
variance of state errors and filtering residuals, are determined by minimizing the covari-
ance of state errors and ensuring the orthogonality of the filtering residuals at two adja-
cent times. The simulation example is a nonlinear time-delay stochastic system, in
which mean and covariance of measurement errors are changed randomly and abruptly to
simulate sensor faults. Even in such severe scenario, the RAF has strong robustness a-
gainst measurement errors and shows satisfactory adaptive ability to track changes of
time-delay and parameters no matter whether such changes are abrupt or slow.
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EY B E/R2E B (extended kalman filter, EKF) 5, kX BE N5 SERBEMAITHE
BT .EZRXHM. BT MY BFREEEMERBES. HXMRELELFRIEEEREE
WSHERC U RETENREM EEN MDY EXHEMNAP, RERT MRS
i AR ETAERREEFEESEMBNRA NI FEARAN A EI . 5 &
FEEDNSARS T —RIELBEHEIAE A LEIEERH ARTSMBRIEENRERE
Wt £, BB AEMNAMERBESN S, F ML H T —Fh &% B &N 38 B 4% (robust
adaptive filter, RAF).

2[RRI IR S AT

ZR—RERBEGSHMI THRLHEBILRSA
x(k+1) = fle.x(k)u(k)) +T'(k)qk) -+ 0, (k) (1)
y(b+1) =hk+1,x(k+ 1) +vk+1)+& k4 1) (2)
FRARE xER A UER Bl ye R, i3 BEFE qc RPABMME vE R EFEH
PR FEZS N QMR I BR— 1T EAEEYARNERE: fCOMR - )FEXRT x KESE
— MR EEGRENLINS) 6. 1 & REHE LA ST R AN q.v,0,,8 AHE XK.
BIEHEBEEFTER M T R
x(E+1) = F(k)x(k) + Af(k) +T(k)q(k) + 0(k) (3)
y(b+1) = H+Dx(k+1)+ AR+ 1) +v(k+1) +8(k+ 1) (4)
Hth F(k)=0f/0x!,:an » H(E+1) =0h/0x| ,—sce+1p +0(k) =08, (k) +0,(k),0,(k)= f(k,

x(B) u(B))—F(B)x(B)—Af(B) yJAf(R)=f(k x(k|k) s u(k))—F(k)x(k|k),E(k)=§ (k)
+E (b)), AR(E+1)=h(k+1,xk+1|k)—HGk+Dx(k+1]1k),5 (k) =h(k,x(k))—
HRE)x(B)—ARE) &, ENFRFEEREFTEMBM BN ARBEENER. RIZL LTI LRF

ﬂg{EE"%F:E yHE5 q:Vaal !él%*ﬁ%
ZEETEAGCOHAMMBA T IEEES

41 k+1) =xk+1 k) +KE+DYR+1) (5)
(k4 11k) = Fl)x(k | B) + Af(k) (6)
Y(h+1) = y(k+1) — H(k+Dx(E+ 1| k) — ARk + 1) (7)

Heip x(b+11R) HRE—SHMME, e+ D HBHEERE KE+DRIBHEEE.
WHEERR,EXE kD) =x(b+1)—x(k+1]k),e (k+1)=x(k+1)—x(k+1|k+1),
Pk+11k)=E{g,(k+1)el(k+1)},P(k+1lk+1)=E{e (k+1)E (k+1)},Q" (k)=
E6(E)8" (k) ,R* (b)) =EER)E (B),L(F)=FR)P|LF (&), Vk+1D=E[Yk+1D7Y (k+
1)].
2.1 FRBEZNEMMHT IR LSRG ~ (DRI K
ETEL EFEAECGOHMM@MBELZRG) ~(DHA
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1) g, (k+1 Y5 qle+1),0k+1),v(k+1),v(k+2),§k+1),5k+2) R, 6 (k+1)
5 q(k+1),0(k+1)FHE.
2) P(k+1)| k) =L(EF+TRQETI () +Q" (k) (8)
3) P(k+1|k+1)=U—KGZk4+1DHG+1)PR+1 ]| BDDUI—K(k+1) -
He+1)"'+KGE+DRE+1D+R" (k+ DK '(+ 1) (9)

4) Vik+1) = He+1)P(k+1 | BDH (A4+1)4+RGE+1) +R (B+1) (10)
5) E[v(e+2)Y"(e+1)] = HG;+2)F(E+1)[P+1|BDH"(E4+1) —
Kk+DVGR+D] (1D
iEBH. KB FIG)F
g,(k+1) = F(k)e, (k) +T(k)q(k) +6(k) (12)
B (D, G)FDE
g(k+1) =[I—KGE+DHG+D]e,(k+1) —KGE+D[ve+1)+EGR+1)]
(13)

= (13)718 . (&), H AR (12)715
£,(k+1) = F(R)[I—K(k)H(E)]g,(k) + T(k)q(k) +8(k) — F(R)K(R)[v(k) + &(k)]
(14)
MA(2)FAD G5 e, (k+1)R €.(0), qii), 6(), v(i),E@) O i<h)HR M RELA I
g,(k+1)5 qk+1),0(k+1),v(E+1),v(E+2),E(k+1),E(k+2) R X, AR (13) 5
e.(k+1D5 qlk+1),0(k+1)AMERX. 45 DBIE. ARA2)MEL DERGB). B30
2 D/ . HRWHDA |
Yk+1) = HG+1e,(k+1)+Fvk+1)+E+1) (15)
B AHFE L DB aRXAHOFADE
Y(k+2) =HGk+2)F(k+1De,(k+1)—HG;+2)Fk+1DKGE+DYE+1) +
H(k+2)|0(k+ 1)+ (k+ D+ 1]+ v(k+2) + &+ 2)
FIHE® 1 2Z24#® 1.5 H EAAMA5)/AD. iE EE.
WA Q (MXRH,P(k+1 DD XEHEEXK. MG A—HZER 0k)={0,(k),,0,(k},
HP 0 Z1A<<s,s B—MEHWIEEE) . HE—1ERE P (o) §1E
P(k+1|k) =P (D)) +IR)QARIT (k) (16)
R @)FOAORE P (@ERDBERENMMEHR . DP (@EDR— I WHEE; 2P (d(k)) =
LB, K o) R“1"BTER S SRR ETBPAFEERBESI S MM AIF 5.
2.2 MHgEHESR
AT AMERBEEIISHMARIZ 0, F BRSO~ (DRSS EN TR
DminP(k+1|k+1); 2DELY(E+2)Y"(k+1)]=0, VE=0.
HAopeEEirs DAURIEEBRMATHRES, YBESERKHEERERERAN,
13 AH <8 PR 9 B9 AH O P 1 1 B 5 s ME BB 4R AR 2) BoR IE B 2R 6B 45 3 1F I b W BR U8 I 7R 2= M A o6
Y, AT A R BUE &.
i oP(k+1|k+1)/9K(k+1)=0 715
Kt+1)=Pk+1|BDH " (+1DVIH(E+1) (17)
KA R (e+DRA,VR+DBERESARIGEMNE, A TIiTEEEE R, BINFHV: (24+1)
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& VE+1),Bf

K(k+1) = P(k+1 | HT(k+ DV (k4 1) (18)
3 IEIKARIIT

KL AR BEE S ML ME, TR SENRRIA-EREN LT AR
Big P (P AF M T RN
P (k) = @R LROk) = [0.(R)O.(E)L,, (k) ],.. (19)
Hh @(k) =diagl{d, (k) , -, 0,(k)},0.(k)=1,i=1,yn. BRIXADFHE L P (PR HH
A
= 2. E N AR =diag{A, (B) A, (B) ) =1, AR =0T FMHH
DAR) TR
V' (k+1) =H(+D[AMBLMKBAGR) +
FOQEIIT (k) JH (B 4+ 1) + R(k+ 1) (20)
2)rank(F(k))=rank(H((k-+1))=n
iEBA. B IO (16)~(20)F
Ht+ DIABRLMKRAG) —ORLEROE) JH (E+1) = R" (k) =0 (21)
X QAR H (b+1) 5% He+1)15
H (F+1HGE+D[AKRLEAGR —O(RLLHOR) JH (k+1DHMG+1) =0
B &4 2)H H (b+ 1) He+ D iR BT LA
ABOLMBIAR) —ORLE)OR) = [A (A (B)L, (k) —0.(R)0, (R)L,; (k) Jn = 0
BELEREL, YFERHEBRAE PRl >0B,LE)>0.H L, (£)>>0,4,(k)>0, 0,(k)>0
518 A () =0.(k). XHEKF AR O BT AEE, Hit ACk) =600k). iF 5.
FH2BMHTV C+DR-—FHRREX RS E THEKFLT @GR LR AR,
WESH R AG M E I REH#—2KE 0. HHF|I A AEE Gk =diagig, (k),
ey g (R 1,0 g, (<1, KPP g, (BRI P RAR

0,(k) = /g:(k) + (1 — g, (R))A: (k) (22)
s (MOMNERBFTERBET 6(OXMRE xR+DOME i M E o e+ DHER. #lI g, (k) =1
BHE LG r,(b+ DR M g.(B)=0 BEREF 06X x, (k+ 1M MER K. Gk K&
M5 LR RS A X TEN AR A Monte Carlo {f E#%E.

B AR BATTEZEMLEI RO Ak)<calk) , FHTF ACk)=dk)alk), HF
alk) =diagla, () oy, (k) }ya, (B)=1,i=1,,n,d()>0 B— N HENIFE. o(b) KM
TARBEZAFE SRS R4 B A AT R o 8K T SR B4 3 AR RI 3 /Y R e
K. AR HARZO TR

d2(BYHE+ Da(B)L(R)a(k)H (B + 1) =
V' (k+1) —HGE+DIRQEI (BYH (k4 1) —R(k+1) (23)
TV e+ DR O AT S5R A B A HHE Ve DRAE
(Y(LY' (1), =0
V) + 1 —p)Yk+DY k+1), k>0

-

Vik+1) = < (24)
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XE <<l BBEHEHF N TFRERG o NHBUMMTEERS p MEB K. BRI
B, BXOHEETBEE . MATEER I EABRED I ZEREAXATCEL BRHEXH
BRI ERBE db),HR(23)15

d(k) = r{V(k+1) —R(k+1) — Hk+ DI'BDQUT (B H™ (k + 1)}
- tr { H(k + Da(k)L(k)a(k)H" (k+ 1)}

HTABRITSARIHMALSEXREZEOAFESE B A G RN T 1, R EH
AR)<L BN, BANEREAESBERAMBNRSEEITINAER. BHRATTRE
A

(25)

A:CR) =={ 1= 1,,n (26)

d(R)a;(k), d(k)a;(k) >1

BIECHNEREEAHEBRESH G a(k),o MIBEE®E £(0|0), PO]0),H
FREVENER T ES EKF . A5 ,RAF gEa] LI #4Ti##i1H .
F1H. HAGOFMDEHKE x(+1RFH Y(k+1);
E24. HACO~CO)RE AR ,HR(22)KE 60, B O FADRE P(e+1|k),
HACOMA)HIRE V* e+ K(k+1);
EF3IF. ARXGCORSE xk+1{12+1). R (D), (16)F(18)~(21) 5
Pte+1k+4+1)=U,—KGE+DHGE+1D)IPR+1] k) (27)

4 HFREME

A ZAETERSRT, SEERASHAMREH KA, EE—MABERKEH
KR, MER—ITHRRE, WRERENBEERALTHNFERE, RERITERAR
BES. A ERRETARENZESH, BN TR 5SS HMKS AT RIBHEB R,
=1

— AH

q(k) FE
TCP k(} exp( a'C (k))CA_‘_

y(E+1) = y(&) +dt LEL(T, — y(k)) + dt

V o [u(k—{—l——-T(k—l—l))—_V(k)]+e(k+1)

HPdBE S y, SBWA u, AR T, BRI ¢ F1u(k) Z2—ANE{E R 1. 0057, F1 0. 995T,
BB n. =5, 8B dt=0.2,V=100,—AH=5X10*,t=1000, T,=350,C,=
0.239,UA=5X%X10*,E/x=8750 ,C,=0.1,k,=7.2X10"°,T,=309. 9K. £G4 ¥ T(0)=
1, g(0)=100,y(0)=2350.

By AR BT i S B RS FII T .

1, k<< 149
T(k) =<3, 150<Ch<C349; q(k) =<
5y 350 < £ < 500

100, k< 99
100 4+ 0.3 X (B —100), 100 < k<< 199
130, 200 < & < 399
110, 400 < & < 500

EX x(B)=[Tk)qg()]",F(k) =I'(k) =I,,q(k) = 0pr, H(k+1) =[h h, 1, K by =
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U T,—y(k)
dt oo Lule— TCet+116) —uCk+1—Tk+ 11k hy =dt =127 R Mt 8 IS0k
[5].
=R e KIS RFEN
(N(O,Ry) ke [1,50] U [251,300]) U [451,500]
e(k) € {N(0.01,11R,), k€ [51,250] , R, =0.01x0.01.
(N(—0.01,9R,), k€ [301,450]

ﬁﬁ*ﬁfﬂﬂ@_ﬁﬁ% R=R,,M5= ¢ JFF

WESTERERERRBERG SN, HH

RAF ¥E T . T€0|0)=0,q(0|0)=80,P(0]10)=1001,. 1 Fht > E G LB {= A, FF Lk
#ak)=1,0=0.5 HIHERBHE Gb)=0.9L. B AL Pt 2 IEf ¥, @t

fIHER 4 & 5 ABRE. fIRERME 1 ME 2 Frw.
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Fig. 2 Estimated time delay and parameter q(k)

K1t RAF HBESEAEBEBEEENANEN. B2 EHAERMPEEREE
HASMWFERT . RAF XTHEVL LR R FNZSENAEFRBTFH BENLITESN. XK
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