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Abstract: By using the augmented method with fictitious noise and derandomization approach, the networked mixed
uncertain system with uncertain variances-multiplicative noises, and three networked induced features, including missing
measurement, packet dropouts and one-step random measurement delay, is converted into time-varying system with un-
certain fictitious noise variances. Then, based on the minimax robust estimation principle, the robust time-varying and
steady-state Kalman estimators are designed for worst-case system with conversative upper bound of fictitious noise vari-
ances. For all admissible uncertainties, the actual Kalman estimation error variances are guaranteed to have minimal upper
bounds. The robustness of designed estimators is proved by extended Lypunov equation method and matrix decomposition
method. The accuracy relations between actual and conservative estimators, and the convergence in a realization between
time-varying and steady-state are proved. A numerical example used to F-404 aircraft engine system shows the correctness
and effectiveness of the proposed results.
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(46)F1:X(54).
g1 Wiz, KRR, R RSR
(D=3 [FEHE A Kalman fh{E #5
Z(tt+ N) = Co@a(t|t + N), N = —18(N >0,
(56)

HAC, = [I,,,0, 0], KR F M5 EIRZE T £

N
P(tlt+ N) = C,Py(t|t + N)Cy,
P(t|t + N) = C,P.(t|t + N)Cy (57)
P(t|t+ N) < P(t|t+ N), N = —18N >0,
(58)

HP(t|t + N)RbrI7 2R P(t]t + N) R/ E5
EH3 A ANEE RS T 2 R L
SR A — A BN F5 VR & AN E 14 2%
ARG (1)-(3), TEE1-3T, BN 4 Kalmanfi{E
WA LU TR FEA SRS R
P(t|t+ N) < P(t|t+ N), N = —18(N >0,
(59)
Ptt+N)< P{t[t+N—-1)<--- <
P(tlt+1) < P(t|t) < P(tjt — 1), N>1 (60)
AR AN 2R R 2R
tr P(t|t + N) < tr P(t|t + N), N = —18(N > 0,
(61)
tr P(tft+ N) <trP(t|{t+ N —-1) < --- <
tr P(¢]t + 1) < tr P(t|t) < tr P(t|t — 1), N > 1.
(62)
M HE B2, BLAHER T, 513 AE(59)
JAL. AR SCHR (18] 5 75 30 (60) L. %t 2 (59) A1 2
(60) B 5, AT 73 AT (6 1) AN(62) AL
UEEE,
5 skt
5E SUHERE AR By 3N
A=d2d+ i&,@j@@ﬂ (63)
=1

B =0, ® Dy + AP2 @ Py + {9P3 ® D3+
BoPy @ Ds. (64)

R AN BB 42/ 11, Bl p(A) < 1HIp(B)
<1,
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i) TATEYMEX(0) > 01X (0) > OFIRTAR 3L
Lyapunov /7 F£Q21)F1(22) 73 A8 F #2245 X Lya-
punov 7 FE R ME— 2 1E & fif

p
X =0X0" + Y R, &/ X)T + 1QI'", (65)
=1

v v 5T LA v T AT
X =0X0" + 3 R, & X" + IQr'", (66)
=1
Jim X(t) = X, lim X = X. 67)
i) WALV XL (0) > 0FIX,(0) > OFIRAZ
M Lyapunov /5 F£(28)F1(29)7r AU 8 TR 45 X
Lyapunov /7 P2 iE— 2 1E & i

Xa = P Xo®, + NP2 XoPy +
E0P3Xa®3 + BoDaXa® +
(1= m)QaIT + mCQ.CT, (68)
Xo = Do XoPL 4 NP X D1 +
03 Xa®3 + BobaXad +
(1= m)QaIY + mCQ.CT, (69)
lim X,(t) = X,, lim X, = X,. (70)
t—o00 t—o0
B2, 1t — oo, W AR (1) 75 45 1 HURK R,
AT LATS B AH B (1) 8 H e S SR Qa, Qa, Q. Q. Ry,
Rf, Sf, S'f, M*DM
F 4 SR 232610 A E BEHLILIIIN 2510 2 45, BT
AT BENLAS S TR ZE WS 2. Fodh, SOk (23]
{8 Fd Bernoilli A1 4% & 41 ik il LU DI ECHE , 0 AN e 1H Re A
BEE RS, 20 T NS SRR I BUAE, I 20IE (AR
RRFBIE, HRZE T ESHMERYMEA A SEdE2A
TR/ N T BIE, Al THRZE T XA S E R SCHk 24132
H U BEA R ST 1 I, BEALRZE T ZE 8 G 2 I T 2 bR
By A 22 SR R SCHR (25150 5 AN E S BUFIREN LI 2R 4t
Wit T BB HEVES A EES, FR4T TSR, 4 T
P77 ZE RS TP AR AT I R LS . FERLERR B, SCHR [26]
X By JRBF SRR PIBEH LI R G, 25 7 U SOs Z TR
Tt ERE I TR SR A 53R [23-26] A ], 4
SO} MR T ZE RN 2 PN 45 5 SN E R, TR
& ¥ Kalmanfi (B 2%, X SINE L RGBT Z b E2.
Xt AT 2 AN E (LG 2555 S AN 5E), TRIESEBRAl T
WENEGHRNER. p(A) < 1Hp(B) < 15 HoMD, &
SERERE, XARIE T RS Kalman TR 83775, TS Tikes,
RIEGE I SESS & IR 2
X DR ST R S BT Qr, Re FUAH IR S 1 BN 1
T8 w3 4 KRG TRIAS), B (Do, Hy )5 2R
Bxt, (@, — Se Ry ' H,, G) RE5EARERXT, HGGT =

Qr — Sp Ry 1 SE, NI HFaAS Kalman HRAA71E. 24
t — cofif, A N T I} AFKalman Tl i #%(37)-(40), &
Efa S Kalman Tk 28 N

TRt +1]t) = Tpa23 (¢t — 1) + Kpy(t), (7D
le/pa = @a - Kpaﬁaa
Kpa = (PaPa(—1)HY + Sf)
[FIaPa(_l)FIaT + Rf]717
Wpa & — M HEBE, RS TIRARZETT 2 Pa(—1)1H
JERiccati HFE
Py(—=1) = $,P,(—-1)®T — [, P.(—1)HT + Sg]x
[HoPo(—1)H} 4+ Rg] ™'
[PaPa(—1)Hy + Si]T + Qr. (72)
R 0 (43) I (44), TRAT FISEBR AR TR =
FEJT 72 Po(— 1) F1LP, (—1) 23 5l /2
Pa(=1) = Vo Pa(-1)¥,, + IZ ML, (73)
Pa(=1) = Vo Pa(-1) W, + IZ M. (74)
BT & HRASKalman ik 45, B 184 Kalman
JENER(N = 0)FIPFIEER (N > 0)5—H
Bt + N) =22 (tt — 1)+
N
> Ka(j)ealt +34),N >0, (75)
j=0
ealt+7) =yt +j) — Hady(t + jlt + 5 — 1),
Ka(j) = Pa(_l)(wpi)jﬁg[ﬁapa(_l)ﬁg + Rf]ilv
Hordras (¢t — 1) laRT DG . SERRAR ST I8
FPFRZETTZN > 057 2
pa(N) = &DNPa(_l)W]r{/"i_

N _ T
SIKYNKNIMIEYN KN, (76)

p=0
Py(N) = NPy (—1) W+
N
Z[KZ,“NK;’N]M[K,E"NKEN]T, (77)
p=0
N > O

N _ .
Uy = In+2m - Z Ka(j)HaWéa,
Jj=0
N N N7 oTi—p—1
KV =— > Ka(j)H¥3,7 7,
J=p+1

N _
> Ka(j)Hag/;])a_p_lea — Ka(p),
Jj=p+1

oN __
Kp =
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p=0,--- ,N—1, KN =0, K¥¥ = —K.(N).

MN = 0, K0 =0, K§° = —K,(0), ¥ =
Inyom — Ka(0)H,.
o A i 1 T A R o AN B ORI R A R

Py(N) < Py(N), N = 15N >0, (78)
tr Py(N) < tr Py(N), N = 18N >0, (79)
tr P,(N) <trP,(N—-1)<--- <

tr Po(1) <tr Pa(0) <trPa(—1), N >1, (80)

HP,(N)Z5EbrT5 % Po(N) N 5
EE 4 XARREEY 4 RG0T)MAS), 7E
i 1-3Fp(A) < 1Fp(B) < 15644, & & AN
y() B I, WY 4E RG0(17)F(18) )2 5E & RER AN 5E
A RE AR, W OR S B AR W RS G 1E Qe (), Re(t) 1
St (t) I AZ 22 30 1) B A8 Kalman it B 48 12 S0
ST PR AT MRS GE T Qr, Re S HE H R4S
&t Kalman {2525 (¢t + N), Bf
[Za(t|t + N) — 25 (t|t + N)] — 0,
t — o0, iar, N =—18N >0, (81)
F5 “Lar” RoRTE — AN SLHUCER, AH B 3R 2 T7
ZP,(t]t + N)FIP,(t|t + N) AR FR
Py(t|t + N) — Pa(N), Pa(t|t + N) — Py(N),
t — 0o, N = —18({N > 0. (82)
W p(A) < 1Hp(B) < 15| tHof, & F e 5k
B, IXPRIE T Fa & Kalman {5 25 776, N A H R IE
Riccati (YRS, BhA&RZE T TR sl 5 %
R 23 BT 7V, AT SR (181 B IE B, W] 45 5K
@M (®2)A HISA R K. TR,
HiL 2  fEEEHAZKMT, FERS)-Q)E
BfatsKalmanf5 BN
Bt + N) = Codi(t|t + N), N = —15N > 0.
(83)

FHNE ) SEBRA R T A A R 227 220 N

P(N) = C,P,(N)CY, P(N) = C,P,(N)C}.
(84)
XF A S VAN E ME(6), TR IR R S0(1)-(3)H]
SEBRAR A Kalman i B 2345 55 FEAS S5 R RE PR A
P(N) < P(N), N = —18(N > 0, (85)

P(N)<P(N-1)<-- <

P(1) < P(0) < tr P(—1), N > 1, (86)
tr P(N) <tr P(N), N = —18(N >0, (87)
tr P(N) <trP(N —1) <--- <trP(1) <

tr P(0) < tr P(—1), N > 1, (88)

HP,(N) j&sE2b5 7 2 Py (N) e/ 5 B/ IS
KA

[E(t]t + N) — 25(t|t + N)] = 0,

t — oo, iar, N = —18(N > 0, (89)
P(tl{t+ N) — P(N), P(t|t + N) — P(N),
t — 00, N =—18N > 0. (90)

FES5 o EHERAKalman i 8 35 (¢t + N)5EER
12577 ZE I e P(IN) HSEBRAREE, Ry 25 77 ZE 0135 ()
B RE E FEAR S (85) i, BUN = —1, 18 P(—1) I
P(=1)W955(j, ) MRTCR SN0 5T, EA T EHR L
tr P(—1) FISE RS Btr P(—1) [ 8554 4 i & Yo Fa 55
A HE Kalman TR 28 119 56 54N 43 & 1 B A S B fE 22
ISR Roy < 0,5 = 1,0 . BT R A%
28, A5 58 54 40 2 11 S B T % 2 DAOK 10,8889 1 i 6 74
TE+35; XA N, WK FEL30; XA N R, 24 PR 2 ik
MIERS AR, TR ZE4E +36; A8 1E0.99.

6 fiEHEH
2 FRF-4041 25 RN HL R 42, RAE R WIT, =
0.1 s, T ESHLe I R G

0.8673 0 0.2022
¢ = 10.0145 0.9763 —0.0316| ,
0.0259 0 0.8032

FEF-4041 2 R BIHU R R, o () Mg (£) R 7K T
P, w3 (t) R VAT . RSB A, RSl AR
G 252 B9 X 5L BRI AR IR P SR
P2 2R Gt T AR AR SR R IR S5 B
HZEHINEE N, AR AL N 2% 5 52 2T AR
i, PR A B A% 2R e b Bt B0 K0 i 2k
ZAABENU AT E . £ H P, REE(1D-3)
hHAhSECN

0.0360 0 0 0 0
I'=102470 0|, ?] = |-0.01 —-0.01 0 [,
—0.0890 0 0 0 0.02

100
H= . Q = diag{7.2,2.0},
[0 ) 0] Q = diag{ }
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Q = diag{5.6,1.6}, R = diag{0.9,5.0},
R = diag{0.7,3.9}, R,, = 0.5,

R, =04, m\ =0.98, ¢ = 0.95.

EI45 T I A Kalmanfli (282 (¢t + N), N =
—1, 0, LA SERRAIEFEREE. B0AIE T B ARKEE 0 R
(61) A3 (62) /2 IEHA.

09 T T T T T T T T T
0.8 wP(t|t-1)  wP(t|t) twPt|t+1) A
0.7 1 ,trP(-1)
0.6 A trP(0)

trP(1)
L= trP(-1)
041 N\ P(0)
03 wP(t|t+1)  wP(|t)  wP(t|t-1) 1'wP1)
02 1 1 1 1 1 1 1 1 1

0 20 40 60 80 100 120 140 160 180 200

L%

K1 B2 K alman fl (L2451 SERRAHE RS E
Fig. 1 The actual and robust accuracy of robust time-varying
Kalman estimators

K14 T EHEFaS Kalman B35 25 (¢t + N),
N = —1,0, 1) SEBr AN FEFE . 30AE T RS E
K ZAZA(BT)AIFU(8Y) & IEHAT].

& 1 &5 Kalman &4 5 69 5% Infe & 4545 &
Table 1 The actual and robust accuracy of robust
steady-state Kalman estimators estimators

tr P(—1) tr P(0) tr P(1)
0.6018 0.5498 0.4999
tr P(—1) tr P(0) tr P(1)
0.4685 0.4280 0.3893

K245 H 7 /KA B oy () Ml (8) B9 20 Al
1B, W S 4 RN L BRIRA, 4068 i 48 R 7R SEbr —
Az =R

B p = 10000#)Monte Carlof/j &, & #:Kalman i
A AT 25 R R 22 05 12 22 (MSE) # 4 in I3 s
e B 2 R AN SE B T RN~ 1% 22 1 7 22 B8, il
L RINAH N FIMSERIME. MEI3E B, Yp 208 KET,
MSE 26 H:1E B2k, IXI0UE 1 SEPhRRAE 7 Z 10— 2L
PE.

04 T T T T T T T
0.2
0.0 f-{¥s
-0.2
_04 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400
t/ %
— X, () TPRIRE e SEpR AR g

1 1 1 1 1

1
0 50 100 150 200 250 300 350 400

_4 1
7
X () SEFRIRAS e SZPR TR 4R

B 2 AP B SR b T g
Fig. 2 The horizontal position and their actual 2-step

smoothers
7E (@), B 28y e B4 8K v, 10 B R AR A%
R WAL R i X 2% S 5 (19 T >, D Sz ot o
RIS/, EIEX 150, € X
Te=1—mg, M\ =1—m,

[re ml=n[l 1,0<7<1 (O

1-1 T T T T T T T

L%
3 EbEKalman TR A AT S MSE HIZk
Fig. 3 The MSE curves of robust Kalman predictor and

smoother

W7 2 7 WU S 2K« 2560 0 i M LT i 37 DX 4% 15
SR E R, B4 BT S0 SE bRk R
tr P(N)flitr P(N), N = —1,0, 156778 1k 15 . 7]
DABE R, Y tfnit, tr P(N) Fltr P(N) 23801,
1.8 T T T T
1.6

T T T

trP(- i)

14 L |
f A
0.8

trP(1)

0.6 —
trP(0)
0.4 o

PRy S T3 72 U7 72 (R 3

trP(-1)
0.2 L

1 1 1
01 02 03 04 05 06 07 08 09 10

4 EFEMSEPRRS R AL DL
Fig. 4 The variation of robust and actual accuracy with 7
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Q=0aQ, R=aR, R%:ava,Oéagl, *ﬁ 03 A L L LA S . -
_ = o02F 36,
BISE5 H T B Kalman FHR A SRk Bt P(-1)BE - 2 (|
afn B4k =4k B, 7] LLE Bltr P(—1)BE & afin ) ﬂmi 0.0 !
N . ﬁ -0.1
< -02k 1-30,
] 03 L L L L L L L L L -30
0 100 200 300 400 500 600 700 800 900 1000
L/
(c) 34l

trP(-1)

5 GRS KIS o M A2tk

Fig. 5 The variation of robust prediction actual accuracy

with o and 7
{ERAH SRS T 2Q, R, Ry N
(a) Q = diag{0.56,0.32}, R = diag{0.1,0.9},

R, =0.05.
(b) Q = diag{2.8,0.8}, R = diag{0.4,2.2},
R,, =0.15.
(¢) Q = diag{5.6,1.6}, R = diag{0.7,3.9},
R, =04.

A3 By (1) B B AS 2 (¢ + 1)),
| = a,b,c, XARLHITHR 72 2 F1 B A 30 F 5K
br430,bn i 22 4 i Bl 6t s, AT & 2 1499 % i) 11
AR ZEVEAEL35,, | = a, b, cX [8] ], HIELEL30IX
B

;}% 0.3 T T T T T T T T T 3o
oK
'E% 0.2 R
ﬁ oLr 36,
I]I a
& 0.0 P Mmooy~
K»ﬁ _303
o —0.11 1
=
< -02r 1
EP& _0 3 1 1 1 1 1 1 1 1 1 _30
0 100 200 300 400 500 600 700 800 900 1000
t/ %
(a) ZB140

30
30,

SEIASIRS / EE TR R

-30,
-30
_03 1 1 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800 900 1000
7
(b) 2

K6 oy (t) FISEPRTIRIRZE B 3 EHR AN SERRbniE 2=
Fig. 6 The prediction errors of =1 (¢) and their 3 robust
and actual standard deviations

7

AT T IRA A E M 2510 R 48 & 5 Kalman
v n) 8, R 25 B8 T AN e M 7R U 22 etk e
A=Fh T 2T, ik T ST S FE P
Foh ) 288 5 AN (1) SR B, R 1 A STk 25 51
PEH T T R AL R AT A B R R A 4 0V,
DL 3T 9 i i) Lyapunov /5 72 77 V5 H B & 05 M IE
B 7325, AT T S0 A2 2% TR & AN o X 2844
F G EF Kalman i 11 7] @ A2 S EE B 7] 751

AT RE K Lyapunov /7 FE 7 VAR KA /N
BRAG TV, Wit 7 &N AR A Fa A Kalman it
&, gt T IS AR AR AS Ak A A BB SR A, 2 R
G B e RR U FE IR, ¥4t R G 8 A Re AR ISy, AH R 1Y
& FR I A Kalman il {45 4% SE IS 84 T2 &5 Kalman
ThE RS (2 RS PR AR 1) SR A8 SEBR B A A R
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PG AE RS, FFHIF0 N 2875 3 AN s o B (G (A5 1Y)
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(P

SI3E2IERR  ARAER 2, XHRSPIRASFISLBRR A 7 A
RE T EVIMEERS). W R R G H D) AX(E+1) =
Elz(t +1) 2T (t + 1)), al5R22). *HRF R4, Kl
Q1) F75 Z AR SUENE, X (0) >0, X(0) >0, Ry, >
0, Ry, 20,Q >0,Q>0, rQr* > ofrQrt > o, m
AX(1) > 0MX (1) > 0, @ik MA(22), ATfFX (2)
> OFIX (t) > 0.

EMXAQ =Q — Q, ARy, = Ry, — Ry, MIAX (1) R

AX(t) = BAX(t — )BT + Z Ry @) AX(t — 1)8) T+
=1
L Y T T
Zl ARy, @] X (t— 1)@ + TAQI . (al)
1=
FIAX(0) = Py— Py > 0, AQ > 0, ARy, > 0F1X(0) >

0, AAX (1) > 0. &R (al), ATHAX(t) = 0. EEE
SI3E3IERR  MRIEBE1-3, 515 M 40U S, (1) AN 4
W 75 qwq () S FME 9 0 M 75, B wn (t) 7 N Elwn (t)
wyy ()], A ARSFRISE bR 5 22 9 30(26). A7) AI1ER(25).
Hiwa (8) Mo (t)HANE[wa(t) oT (¢)], AT 4552 BRATRSF 1A 5%

FE S F1S,.
EXAQn(t) = Qn(t) — Qn(t), HIXQ26)H
P _
AQn(t) = ER BTAX (1)) T+

7

iS]

2 ARy @] X)) + raQrt
=
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HAQ >0, ARy, >0, LR 51 FH2, 014 AQn(t) > 0. XF
AQa(t), 1 K(25), HAQa(t) = diag {AQn (1), AR}, HAR
> OFIAQR(t) = OVLKFIFLLG), AI3AQa(t) > 0. IEE

SIEBAERR  MRAE(17), XSRS, A

= Elza(t + D2l (t+1)] =
BaXa(t)Pa + E[a(t)za(t)za (t)a (1)]+
E[La(t)wa(t)wa ()15 (t)],

Xa(t+1) =

oI RINE ()N B, BHE AT 13 30(29). KL, SRR
A, 715 3028). M () flza (t) 155 R, A K (30). H20@28)F
KQ29), HAXa(t+ 1) A
= $a AXa(t)Pr + NP AXa(t)Ds +
E0B3AXa(1)P3 + BoPaAXa(t)D] +
(1= m)[1AQa()IT + mACAQa(t)CT.

AXa(t+1)

FIFRIEIE, GFAXA() > 03T, iEH
SIHBSIERR 44 30(32)~(36) 40 B A M () FINI (¢), 353
fitN

5 B 5.
M) = 32 Mi(t), M(t) = 3 Mi(t), @)
)= [ 7RO O
0 o]’

< [@aXa(t)BY  PoXa(t)HT
Ma(t) = Ao |:H1Xa(t)¢2 H]_Xa(t)HlT] 7

_ g, [PeXalel psxae
Ms() =& |:H2Xa(t)¢3T H2Xa(t)H2T} 7

= [PaXa(t)Dy By Xa(t)Hy
My (t) = Bo |:H3Xa(t)¢4 H3Xa(t)H;;r} ’

T
oo S
R

0 o]’

L [0Xa8] eaXa(H]
Ma(t) = Xo |:H1Xa(t)¢’2r HlXa(t)H;r] 7
Ha(t) — & [P 509 2 %a) ] }
SEN  mxaned mXanHS ]
[0 Xa(t)8] i Xa()HY
M4(t) = Bo |:H3Xa(t)q5} HgXa(t)H?:f:| ’
— T bl
s (t) = mn {023(25 Cg] “
TE X

AM(t) = 25; AM;(t), (a5)

38 %
Ay (0) — [(1 - WA)FBAQa(t)FlT ((7)] 7
s = [ O] [0 axo e o)
s =6 [t Q][50 axo) [ o

AMs5(t) = ma {C ] {AQE‘Q AA%] {g IZ]T. (a6)

Hi 5 ERUA 5] 24, 5 fFAM;(t) > 0,4 = 1,2,3,4. NilE
AMs(t) = 0, AN
AMs(t) = AM2(t) + AMZ, (a7)
L. [c 0][AaQl®) o][c ol"
st =m o o] 67 ollo nl
, [ 071[a@2 as.][c o]"
AMs = m [0 Im] [AS;F AR] {o Im] ’
1 . AQn(t) O
AQa(t) - [ O O:| )
s [0 O
AQz = {O A R} ; (a8)
ML AQR (1) = 0, HIEFAME (1) > 0.
HAQ2, AS.HMARKIER, H
AS, = AQ2BY, AR = BAQ2BT,
HYB=[0 In]. MAMZWES N
2 cC O Im+n (0] AQ% AQg.
AM5 = [o Jm] [ 0 B] {AQE AQ?J %
T T
Imin O] [C O
"o 8 [o w)
Bt T HAM2Z >0, MAMs(t) > 0, M TTTAM(t) > 0,
BIRSRNI (1) < M(DIRSE.  JFEEE.
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