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Finite-time Consensus Based Unscented Kalman Filter
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Abstract
sensor networks. With the aid of finite-time average consensus for discrete-time multi-agent systems, we present unscented

This paper investigates how to design the distributed unscented Kalman filter (UKF) for nonlinear system in

Kalman filters for undirected and directed communication topologies, respectively. For the undirected communication case,
the distributed unscented Kalman filter is computed by the kernels of some Hankel matrices. The components of these
Hankel matrices are the difference values of this node’s current and past consensus iteration values. The stability of this
filter is further proved via the Lyapunov function and the stochastic stability theory. For the strongly connected directed
communication case, a distributed unscented Kalman filter is designed through combining ratio consensus and Hankel

matrix. Finally, the tracking performance of these two filters are verified by the simulation examples.
Key words Consensus Kalman filter, unscented Kalman filter (UKF), finite-time consensus, Hankel matrix

Citation Liu Peng, Tian Yu-Ping, Zhang Ya. Finite-time consensus based unscented Kalman filter. Acta Automatica
Sinica, 2020, 46(7): 1357—1366

Tk A s Y 2% £ 0 A AE — 8 2 ) ) B AR K
T ALK, XSS AR S R LUK ] A B B kAT
KA TSI, oAt J s W 2 HAT By 2% I
THSLREAS S T w5 R AN SR m] 37 Jre P A L
A AR T2 TG e A IR 9 2% £ — S B W ] g 1
0 4 22 e RV B epond J U B AR R R, e
HL P FRPIRAS Al 7230 DU FAd AR G 1) 48 A%
SRR A R g, R R 2 DL
S, —NT R T I D Y R TR R oK

WA H0) 2017-12-25 A H ) 2018-04-04

Manuscript received December 25, 2017; accepted April 4, 2018

H R B R 54 (61573105, 61473081), YL H AR R 5 4
(BK20141341) %)

Supported by National Natural Science Foundation of China
(61573105, 61473081), Natural Science Foundation of Jiangsu
Province (BK20141341)

BXTHEME #ii

Recommended by Associate Editor ZHU Bing

1. B AR M 210096 2. KM AEE TR AZMN
LG PHIEE A A S B 210096

1. School of Automation, Southeast University, Nanjing 210096
2. Key Laboratory of Measurement and Control of CSE, Min-
istry of Education, Southeast University, Nanjing 210096

AR S A W 45 00 5 i, AT BETE HY B A i A
(23 A 2 A VSR H A — A AT 1167,

BRSSP A AR A A T
AW REE A FEE, XA 8UES 1 R A
IRA AN 2% (1 40 0 S5 M B AR O ok, A — 32X
Ph WA BT 0 AT A T 52 B A 2 W T (K
RSO T ER PR SE, HATAE T SOt r s 5
REEA =IO I R, B T
FERIEATIN A S — BSOS R AT el AR L 97 6%
Kalman JEH M Hy, —EEEE B TILR. 25 3K
SeA A R R B s A AR S, SRR SR
B RIS AT — B0 (WIRBCT )15 101 B8 =R R
I R R R BEAT — B SR VL S8 RN
ZRIE TR AR UM K2 B T — Bk vg e Ak
T — BOSAUE —MHHE KRR, A R Sk
AR AT TGRS 2REBA — 2UE. DL, bl — 80k
W SOR AT 21 b LI DE B A 1 — NS5 s 1), HL
LSRR g 6T 10121 Sk [7] FR Y HOR
W FCT I T Bk e 11y 23 A DR e 4 R A



1358 H ]|

¥ {1 46 %

J7 RN ARG T, 3K B Bk T A
WfEE. R T SEE M 4 h 2R — MR
(7 R, WA 5 00T H bR Y e 1S 2088 e
(A VR SCHR [10] B B K —Ecbh sl i AR N F 2
AT IEW A, T — AN AE (0 v R A A AT
XIS RN %) A R R 2 TR
ipii] ﬁUﬁj\Z‘ﬁE’Jﬁ/iﬁfﬁﬁﬂjHT}E ERSRI R K = e
MM, SCHR [12] th4e T — N RlE 2 IR R A 4y
A2\ Kalman-Bucy JE¥ 4. /5, Yuan S5 3CHR
6] T A F A4t Hankel 7R PR3 o R S I n gt — 35
IR A B L. X — sl 1845 14 %%
VIS
bR R BE H A AL MR A, T
Kalman 3§ ¥ #5001 %) 2 48 26 Pk 0k 0 JE 26 1 &
GRS AT U, B REWAELERE RS, ¥
Kalman JEJ% 5L IR ERRCR BT, (A7 Z0H5 Jaco-
bian %, A T kR TES Jacobian AR EiAl
RSB, £1F Kalman JE9% 2% (Unscented Kalman
filter, UKF) & —/ M7 AR ME#. L Kalman
JEUE A R e RS B R Sigma- fURIE LIRS
PN R 5 o BT R R R PR AR BR324 AR
=05 K SRR A Sigma- 5T AL, %33
8 R A A R B A T — 8 1 g kg 1517 3
BR [18—19] 73 T RJESHON UKF 150, 2R 45
(0 A1 i 22 AR IR AR SRR, 5 BB v LAYk
L5 R R B R A A 2022 AL AR, I
15 BRI A3 120221 BR AL k2% 2 1) (V38 A5 7 Xk 5
AW, AR BERE AR R R, MR 2 1) R
BB RN R i X UKFsR-3:23-24 0 J3
A x8 UKFs Jo i A5 #4456 4 1, ZIKEJZIEXT%
O S PER AR 10 A U8B SCHR [2] $2H T N0
BRSNS T ) R G HPIRE, ﬁ«lﬂﬂ']iﬁ
1B Dy N R B UKE. 230 ) KR4 HE R
W EL RN AR A ik V1 0T LR — S S vk 3 2160, 1
Tola B, Li S5 SCHR (23] 3l T — N ET IR
BOFI—38U) UKF Hk, JER B LR e P 5 | 3
W T A TR Z A8 T B SO A S, h 1 kg
WS VBB R, SCHR [24] #2172 T Sigma- 2111
TR —BE R A P T IE . AR R G R
W2 A P A UE B 8 ) R A S s 4 R
SRR E V5 | B HEA T3, 257261 Sk [2—3, 23 —24]
th IR B R R R U s e o SEARL b i — 3k
IR A A s A e 1 ORI AR, T A A Y — 35U
BT AT 2, i — SO R T A A
IR STER T R OV BN H T
PR3 15 = I 1 62 Kalman Y828, AL, ASCHIH
FRAE 2k Bt B AP @[5 N UKFs. A BRI
) — S0 B ISCAE SCHR [27] FNSCHR (28] HEAE TIRA

5. AR S A R () — S50k B @\ 3] UKF
SR AT RO SOk [23—-24] B4R S
H, T kAT . S 21 T o

LA SCHRAE T, 12 S0 BT 1S 458 1 vk A
fifi:

1) 0 F-JC ) % 30 1) A 2 W0 24l Ik i3 Han-
kel HREM 732k e vE o0 A 0 BRI 1R — 3% UKF 5
/2 HFIFHBENURS e PE S 1 B, 25 HiZ 40 A 20 BRI 1)

- UKF fhfsse HEE.

2) 0T I G 34 () A AR N 4, i P AT
SN — B U B AR BE T R 16 20 A A R
i 1] — 2 UKF 5532, 1Za89gs Ase tardr 5 61
A B ARL.

1 EEFIRSEE#IA

B4y, AT 4 HAHSCI 8 R BL &
A BRI R Ik B3 — 30 k. ARG, S AR
I i) 5 PR A DA K SR R U UKE.
1.1 Eit

ik G={V,E} A—NEHTHESEY =
{vi,v9,-+ v, } FILEER E C VYV A MK,
H) (vi,v;) € € BWHZA MK EAFEAE A1 A
v; BT v, MIBEIERE. B G HKEBRAT v ~ vy 2
ff, lo, € V AR, Blo, € V B SNES &
o R A R ) AR, IF BN S A AT (R 35
— NIRRT ) B2 FE AR R (v, v05) € &, #
f (vj,v;) € E X T—ATaim B, FATRRI K i
(e, B AR TR v, Aoy Z (R —
A AT RIE B AT, X T —AN T 1 B, AT
HON M 2 4R, B AR PN TI A v, Aoy 2
[ AT — 457 1] BR AT R B e AT ], I PR AT 1)
Pl by BRI (1), — BRI In) 2L PR 1 S A 00 7 1)
SRR = I N B il SIS Sl I i 25 i < P s = WO
PINAB SR /\/;i“ SRR (vj,0;) € E BIFTA T A
v; MISIIER G 15 R v I AR N2t SR 2 45 A
(vi,v;) € E BIPTA T AL v; BIESES. FTJ0m K
BN = NP = N; Bz, Ho, N IR AL v,
PIAR . 5 A v, IR dir 3R EH, B
dir = NP, W R v B dovt 2 4RI H
E]] d?ut — ‘Mout"
1.2 FH—Hih R EBRETE ]

SR SR BT DA 52[@15’]5’% WAE

RAF 2NN SATIRAE K AR 2 (E. TG 1) M A A5 4
FhF, B R A 20
wi(k 4+ 1) = w;(k +§:%j% wi(k)) (1)



7 4 NG A5 BRI ] — SO Kalman S8 &% 1359

o wi (k) 550 (i € {1,2,--- ,n}) MEER (5
B EAK) 75 k200 SR E A THE, n 20l
B H AR AE R IEH , a; RonTAIIBUE (K
o FEIRES 7 2 s RS #2450, R i = 5 58
B AL R AR EREERE, W oa;; = 0; WRAE
TERUEFT 0 ARG, Woay; € (0,1). h TR
UE— B VR Sk, BESRAE R WAAUE a;; i
RO <ay < g QU & ZAERE R, B
5550 AERN A BARMEH KILA S, ERGE
MBI iy, — BB (1) o7 DU TR TE
(2) (WK 8, 27))

wilk +1) = wi(k) + €Y (w;(k) —wi(k)) (2)
JEN;:
Hoh, BURSOER K DK e WL 0 < e < 11—,
Apax 2B G WK, LTI (1) 5
TiRE (2), BT A s 1 p i n] L 3 s e S48 AT
WA AR, BIWR & — oo, M4 w;(k) —
LS ap(0). 0 T IHOXAKSIGE R, — T LAk
BURUE a;; i Metropolis #3124,
U RAEAS T RO AT A7 Ak B i B, AT BUR)
HI A B A7Ak 14T BR A Kk it — > Hankel ZEFE. Py
A ARG S AR R RSB PT DL A 3 1%
Hankel 2 ¥ FIE A B Rk PR S BT AS
B TR TR, WA EN R k=25 -1
(k 2FH, = 1,2, ) 176k B S PTFHESHRES
H w; (0), w;(1), -, w(2j — 1). XEELAY 2 (1]
2, WLLZ O R (3) BT A,

@, (k) = w (k) —wi (K —1), K =1,2,--k (3)

(R IS A7 A I e T AR BT X AR IS 1 s, AT DA H
IXLL A MY IE— A KN 5 x 5 B Hankel 0%, G0
TR

w;(1) w;(2) w;(j)
i — U_)i'(2) wi‘(?’) U_Ji(j.ﬁL 1)
wi(j) wi(j +1) w;(25 — 1)

T I 2031 S5 M 3 1) Hankel HEE OBk, T 54—
I 07T 4, Hankel 4085 4 77 540 B, 7T LAGHST G
ER B9 = 607,80 0T, Mk, M, &
Hankel %55 3 U HUBLAT SN O 5. BRI, — B0
LR R A

T A()
p= lim w;(k) = M
k=00 1Tﬂ(1)
Hrb, wyy, = [wi(0), wi(1), -, wi(M; — 1)]T.

SRR B AT BRI TR PRy 2 2R
TAF 6N A TG ) ETE K. AR, KT SE B[] 2,
N AR BRACHIFARFRE XS BR I, XA 1 96
FMBCAIE T DL, R A R SCE AR I
fr B A A0 — AN I EAR TBL

X T AT 1B AR A0 4, K B — EUE
A ATy e L A S50 sk X T
SR T AP AT T B, SCRR 28] S T AR
B SRR S B RAEE T, A1
G =(V,&) IR H A« #A AW EIRES 9,
A G XSRS AT N IR BB

ni(k+1) =Y wijn;(k) (4)
jeNn

Glk+1) = Y wisG(k) (5)
JEND

Horp, TR w; ; AEAREERE W = [w; ;] € RIVXIVI
AFBEHUANA G (— AR IHGE: 20 e NP I,
w; ;= 1/d™; FAWH) w; ; = 0), FF LA AN

n(0) = [71(0),72(0), - - ,m (0)]",  ¢(0) =1

oA W 2 B B LR AR J5U ) i LU 4 Perron-
Frobenius 5&# A 40, limy,_,. W* = 01T, H, v >
0 1 1Tw = 1, PEGIREFE WL SCHR [31] 58 516 L.
AMERER i € V ITBOR g, Bl ¢ 3R TR LA
D7V R A~ YA

} s n:(k) _
O G
0 3 0,(0)  3eymi(0)
v; z;‘;‘l 1 |V|

Horb, #7595 (4) FoRIE (1) 05 @ ool A
FI % BRI AR 4RI A (K 3 Hankel HiFE, I
THELE R BRI Hankel R 1) IERUAZ, X5 A HIR
A 03 HCAH L P LE R U A A3 21 0 I ) — 3 200,
Hankel FF4 FERRIN O 4E B0 — A BREL, #amFR
SRR T LAAEAT BRI [ 3 A5 2.

1.3 [ElEdEs
e N IR HAT IR 0 B i e i R 423
Ty = f(z) +wy (6)

Hrp, z), € R RRGURE AR, €AMb
I SER R R g . % HARIRES i N MBI 41
T R 28 R B, A e i P I AR Dl

2z, = h'(xy) +vl, i=1,2,--- N (7)



1360 H %) 2 i 46 %
b, 2t € R™ BR800 AMERISEE k%00 & N A
W J7RE (6) A1 (7) thitaAELE RS £() A R Pue—1 = ) W (Xijpor — Erip—1) ¥
Iy IR RGN ARG | A B IR B, 3 = L
B T 5wy RUEE ¢ AR vl AR Ok = Zrik-1)" + Qi
(9 S5 01 0 0 1T 3 A Ty KAV Qr Hrh R Y
RRL. AT AR SRR — MBS G = {V, €Y. -
B R kB e UKE $3, X ANMEf & — =0
BRI, XA TR H 4k UKF 3% W = 1 o (9)
f3ERE. M TFHEHIBIG UKE S0k, S0 i & 2An+r) T

JTREHERg — AN 5K 17

7 h'(xy) Vg
22 h?(x v?2
zo=| | | = (, 2 | " | = hizy) o
zy AN (1) vy
(8)

EFXF 7 RE (6) A (8), UKF Hykn] L&l Fik
BRI, FERXANFEF, n 4ERES & 2 7TULH
2n + 1 4> Sigma- fURIT L. —ekud, 75 k£ — 1 i
2, XL Sigma- i HR S THE 2, P BRZE )
J7 ZEFERE Py RAfE.

1.3.1 UKF W5 Zi2
—feH, B — 1 W) BAITR RS VHE 2,y
M IR ZE T ZEHRE Py SREEHWTR 2n 4+ 1

/> Sigma- £,

serb, w2 R, (Vi R)Pes) A
(n 4 K)Py_1 E’J$7§*§E’J§§ s 4, S 1P BT £
Cholesky 7 iR A NAT 2.

FIX 2n 4+ 1 /> Sigma- f 2858 SR PER A BR 2L
() WA

X2|k71 =f(XGi-1), s=0,1,---,2n

e ROk, Mk FIRIAL Sigma- 25 R VST TR

BT J7 2 50

2n

- _ Sn,S
Tplk—1 = E w Xk|k—1

s=0

1.3.2 UKF WE #3752
KWL S ) Sigma- AR & e L A(-), AL
33
’YZ:h(XZ\k—Ja s=0,1,---,2n

Ha X LB 19 20 1) Sigma- ST A, T
A5 B (R ST I AL, RO AR P g 2 R
AR — 0 T By 22 FE

2n
2 = Z Weys

zkzk ZWS : —Zk —Zk) —|-.R/C
2n
Prroe = > W (X1 — &xi—1) (Vipeos — 20)"
s=0

Forp, RUE M (9) Fros. UKFE S0 01 a8 5
A

Kk = szzk (szzk)71

fge e, L I SER R UK SRR A Al T

A7 2

Ty = Tppp—1 + Ki(zr — 21)

Pk} = Pklk—l - Kszkzk (Kk:)T

ARSI H 2T AR H bR 248 (6) F1 (7) i
oA PR B %, W AR s 2 (Al B AT 4 (40 A
ﬁ)ﬁﬁ”/\ﬂ%}ﬁ%&ﬁ’m MAREE AL TE RS Rk
A, FF HoaZz o A 08 ik S5 2 AT S /D [l A A R
AL TERGEE. TR, FRAT TR A X L) 8 i Sk
Wik e Kalman JEK.

2 AIRETE—H 2% UKFs

By, B TAT BRI R — S, JATT Ak
TG 1) AR 199 2 A 1) 345 P9 2% 4 H 70 A1 5 UKF 57
Wk BESUAUE, Y R R R B Aok



7 NG A5 BRI ] — SO Kalman S8 &% 1361

R M2 AR5 R A, BATIER] T g 5k
IRGEE, JFoth TR LA HARSCBLU K T
A, 1X B BATIEA S A iy O SE, (7] i
AN R £ R A A L

2.1 ZREBENSHR UKF

X B At UKF 592 1, XANE L
FETC ) 34l K BT %@?ﬁ%ﬂ%ﬁﬁ'ﬁﬁﬁﬁﬂﬁﬂ .
B, AERGUEALIN ) 2 18], 39 0 K LR
& &L, P AR &, P, IR SLARIE. it
RO SBR[ AR ) R AR I R R T A
e IR — S0P B R OB a0 RS . (B AR B AR
TR A g R ). B Ja, R XL LRA7 1)
{H AT IE 4 v S AR s A 18 1Y) Hankel 55Kk 1S

Bl—EE B, HATAREIR AT A, XA —2E BT
AT B AR B, 1 SCHR [8, 23] HAR R DGO 1 —E
{5 BV A A2 I — SO Pl DRI RR I AN 43 AT
. UKF #.%: 4 Finite-time consensus-based UKF
(FCUKF). &H ik, EAR R AL B 1Y R i hR iR
FF RRRAT5 S; RoREE ¢ AT A Ak THE B U7
ZRERE, Y S, RonAlitHE R, B4 TP 1 = 0,
h FopAThe D, 24 S; Kosth iy ZH PR, PR 4
Si(T)[h, 1] TRt 2 FEAEIa AT — B A 2R
T WA (1) DNICE. LRI h, L, 83k 1 H
o) 385 B IR Bk Hankel EBE I, AH S 1) B RR I 211
ot =SB AT R L > maxy, , 70 il A
FCUKF ik, P (4% Beds 17 s A0 fe i i bR 2k
Pk H AR PR

8% 1. K E AP BRI 2 UKE

BB 1. Wit B EYIGME 2, M P AR
(¥ 2n + 1 4 Sigma-f x5° (s =0,1,---,2n) /LA
Xinoa = FOGL), JBAT FbmT

P,j‘k,l = Z we (XZ]S)CA - 5’2|k—1) X
(X;;\Sk—l - 532|k—1)T + Qi1

P 2. ALIRERIE H s, MAIIE 2, KEH
THIIAA:
= + K 2)
Py =Py — K P, (KG)T

22k

" s i ,
T} 3. W, = %, P, = P, (=

0,1,---, L, 817 ik —8 5
-"A"'Z,Hl = ﬁi,e +e Z (fi'ie - :%;cl)
JEN;
Pzi,eﬂ = Pzi,e +e Z (Piz,e - P/i,z)
JEN;
PB4 XNAEEM KL), IHHE S B

ME S I 2 (0 24 Sorlhl] = {Si(D)[h,1) —
Si(0)[R, 1), -+, Si(2r +1)[h, 1] — Sy(27)[h, 1]}, Forfr,
Si(7) A& S L5 7 LA, R HIXLEZAE, #3E Han-
kel % [ T'(S,,[h, 1)), ﬁrﬁﬁm&mff L(Sa-[h, 1])
WIER B K = [, BT, IR ST
%8l Seh,l) = Sl“;jjh, , o Sih) =
[9:(0)[h, 1), Si(L)[h, 1], - -, Si(m)[h, 1] AT S° AX
B S WITEITHE A, TH

), = ﬁ:;c,Lv Py = PI@,L

L 5E L i 8UE BT 6 U7 T Han-
kel % FERIRRIO T, STk [27] $5H, 24 5 = M, i,
Hankel 5 FERERE. 00 S B2 05030 48 f AN R 1R 22 15
5 R A A A R A ELZAS UL TR, Yuan
ST o W BT T I DD B B R . SO AER T
BEANANARIT 75 B 1) 20 pR PR A2 A B 1 o Pl e -
FHNY. T 12 A% S 2% 717 10 1) VR 1 B /N A0 B 43 S R AH
N T %A A A B KB B S — B R
FAEL, 47 PR A ] — 35k 1 AR IRAR (2). 4R,
A BRI a2k B 4k n BRI 2M; 2PN
RERGE T ARG, R, MR H 1)
EAREH A 2) BEUGEAR I AR . DRk, A A
BIEPREE LN, NAZE R 1) B A
Llﬁcﬁjzaﬁl‘aﬂzraﬂt’ﬁﬂﬁ H2) %éﬁaﬁ%'ﬁ ﬁnﬁ%@
UCEMAE . MRS TR, &, M
P, WA IKEEmEﬂ VRS BT ME.

KT R (6) s (7), AT H{ES
#T FCUKF ffsse P, 1 B FH A0SOk [25]) ALY
WEBIEEAR. Bk, SR IER S 1 A, IR
GURERE Fi o AR ERRE H . X H;; CINEE o
7331

H (P;kzk) (P]i‘k—l)_l

MR Fi_, TLAth
‘7:1271 = (Paﬁk,lmk‘k_l)T(Plifl)_l

RITA, ey, REFE Py R Al vHE S TRINE

Tr—1Tk|k—1



1362 H ]|

46 %

¥ {1

Pl I RER ) WA=y el
2n
Bl = D WX — #0) X
(X;;fkfl - -’%Z|k—1)T
[ p, AR A SCHR [32] 7k, X HE SN
XMAREE o), = diag{ag 1, 40,05, BB, =

dia'g{ﬁlic,h ﬁliQ? e 7/6127m} %%U%m'&‘{%ﬁ’fuﬁjﬁ%ﬁ:
fiitt, J7EE (6) A1 (7) WLAEES Ny

(10)

FI R X L7 R, A E G R ZE T g 22 Rz
Py R/ UKE 34 55 50 BEn] PAR 7R N

Pli\k—l = aZ—lfli—lPli—l(ai—lfli—l)T+Qk71 (12)
P = (I - KiBi M) Py (13)

Ky = Pl (BH) T (B H Pl (B H) T + Ry
(14)

7 7
Zpy1 = . F @, + wy

T UEWIUE B A M ASE T, XS BENLR E
RETEER
SIEE 1. (BERUREMES ) o €, 2—A

BENLIE R, 0 RAFAE— A S5 A CBENLIE R V (€,)
FSEEL Vininy Vmax > 0, 0 >0, 0 < X < 1, XHEREIT
B Z K, Wi A2 :

Vrnin I 1% < V(§4) < Vina €I

E{VEI€e1} —V(E1) Sp—AV(§_1)
MR BENLE R AR 38 7 3 SO 3REcH 5, /)

k—1

B{J6:1°} < B¢’} 11"

I/
Vmin min i=1

(15)
It FLZBILIL B MR 1 475

7 KR, 5 T SO B 1 R P
FFI.

H 1. LGl (6) MR (7) %
SEAELEBENL R S, KT 505 1, S0 F b BB 4
PR

1) fF1ES8 o, £, B, h A 0 Fl &, £, 3, £ 0, %
FEREMIRZ] & > 0, 41 AR 1 i

Q¥ < al(af)T <@L, fI<FF)T <

RPT < HiL(H)T < BT

2) AR IESH ¢,q > 0, r,7 > 0, Flp,p > 0,
SR Z] k> 0, 5 FRAE X loT:

3) ZH e WAL I BRI P SR AT

Mo, MEER i € V, iRz e, =
Ty — &y TERTE SN IRECH L

WERR.  BEH ¢ MR S TR ZE A T
REDNIN €)1y = Trwr — Ty M e =z — 2y,
i SR ZE N €rtilk = col(e}'ﬁ”k,i € V), e, =
col(el,i € V).

MR SCHR [27] e EE 1 A, HA 1 DR

pl < P <pl

4 j:;c,L = %Zjev"i"i H PIQL = % Zjevplz'
2% J8 IR (P R AL A
V(ertir) = Z(eiﬂw)T(P/iHuc)_132+1|k (16)
i€V

M B 1 AR (12
(pa’f? +q)~'1 < (Pli+1|k)71 <
MM, 5 FE (16) e

||ekt1\kH2 < V(e eyl
parfr+q = T T pazpt 4y
AR BRI TR B T

), AN

(Bg2i2 +g)—11

k) <

i _ i _
ik = Tht1 — Tppqp =

jeV jev
4,7 50 =%,
ZFk €lk—1 +Z~k v, +wy,
jev =Y
i, 1 i i J QI =tJ
Horp, ry = Nak}-k(l — K{BiH;) M= =

— Sl FLKY. B N, B ERAR (16), 573
E{V(ek+1|k)|ek|k—1} =
E{ Z(e;lﬂ-l\k)T(PIz+1\k)_1e;;+1\k ekk1} =
eV

Ppir + Phpr + iy

Hor

7, _E{ > (ZF”em 1>T(P,j+1k)‘1x

1€V NjEN

4,7 50
( E Ly ek|k—1> ‘eklkl}
JjEV



7 4 NG A5 BRI ] — SO Kalman S8 &% 1363

T
Py iy :E{ Z <Z:§c]” ) (Pesae) ™" X

i€y N jev

(Z:Zjvk> ’ekk—l}
jev
Pia :E{ ng(PliJruk)l'wk‘ekk—l}

i€V
R, R SCHR (23] T o BT AT AR A
5, B OAF BT S I @Y, WAL

Pri1 < (1- A)E{V(ek\k—l)}
WS O, 4+ OF, WAL
(I)ZH + (bk+1 >
(pa*f* +q) " (a*[*k*m + GNn) = p
RS, AL F:

E{Viii(ers1n)lexp—1} — Vilerr-1) <
= AVi(€xjr-1)

R, ARSI 1, BN AR ey AEBIHT RIS R
HOHCA 00, SRR €, fEHITT R R I
RO .

Tk, BA T IR ef,, MR T
5. K e W R T A

i i i
€1k = oy, (T — Z),) +wy

X B ILEUN S, AT
Efllel 2} < a2/ (B{llefyul*} — B{wx]?})

[FRERTE ) w,, 238707 B T R 5 ).
DR, BeATTrT DA e A TR 2E ef  WTE SO
INEFRAREE R O

20 EHE T fEURPIER EE 1 AR PRI,
FIH IS G R ALY (10) F0(11), %802k
PEA F AR0O=21 ZE Sk [23] UF BT P34 — B
Kalman JEH a3 G H. X+ ALt R
ge, H 1 AT AR I S AU W 98 B 28BS e 1k
A 29 R, MRS HIE 1 BT S H e 4
ERL 1 AT AT A S HOE G W R
CLAN, XL S0 FI FH SCk [23, 32] vk BT
FE ST SEBR ), — B S S AR T L ), AT
VL BB AT HE B 50k, KT i sh &2 e
AL IRAT L, RIS SR UER: 1) Wik —A
P 25 4 () AR e B T) P P DAAS 28 A PR B TR) — 2, )
S5 1 AT DAAE SR EE M LIS AT, R e 1 A

FAFH IS BARIE; 2) WEARIR I AR BR,
FE A0 AN G (R DR EF I 1] Y AN A2 LAAS 2 BRI )
B WA 1 AR R E R EAELUEAT. B D)
Bt A, BECRGUA PRI 1] — b v A 4

2.2 BREEFNSHR UKF

TR A X UKE Sk e RS
b g G 1w P A O SEAEUIE R A7 Aidh 50t R b i %
1) Hankel %085, 7 H % Hankel %0 B4 1) 4% 5k 5K
I—BUE AT T T A i s, b
WEEATIE . SR BRATTRT LA Bh b — S0y
Pk e T A R ) 23 A XA R ) — 3K
UKF §00k 2. EFED, £75 a,[0) B b;[0) F£or
B (17) AUEAR (18) MISS € WRAY, L SRkl
DA B —BUE R EG o £ Mh%Ie T, Bk
FoR N AL B p06F N A VB RN 45 22 B 22 58
FErr 625, al0] = ao A1 b[0] AL KBS URE F Ik
(1) i) £

Bk 2. 4w B A B A —2 UKF

HB ISR 2. [ 1 HPE 1 AD R
2.

S®,3. Wi, =4, P,=P. ¥t=
0,1,--+, L, &4 Fl Py PIOREA BT F kA
I B[] — S B

1) 1247 Pk bR —8dvk

aill + 1] = waai () + Y wya,(l] (17)
vjeN,-‘“

bill+ 1] = wabill] + > wi;by[] (18)

vy ENI®
Hor, al0] = [aom,ao(z)%-'- Lao(IV)]" A b0] =
[b0(1), b0(2), -, bo([V)] " =
)ﬁt ﬁ%ﬁwﬂhzw,%ﬁ“ﬂm

o [0) WIELAE 2 ZE i) 1) 5 ey, , R e}, 1iE
Hankel 5 F%, 340077 7 Hankel HiFEFI4E%0 ¢ H 3
HIF U BERR A 1L

3) h 5 B R Hankel 3EFEHI B, =
(Bos- -+ 5 Baay—1, 1), FFTHEAFI— 0 E

_oag(h) ey B,
BB () T T B,
Hr al, = [al(O) a;(1), -, a;(M; — 1)], bTMi =
[ :(0),b ( )y b (M — 1)) ME Bl vE, AT LL
55, P EPH/\ﬁj\EEI’Ji’ﬂE

FIF 4. EEU/E 3 R EDRAS AT £), A
Wy ZHIEE Py



1364 H ]|

46 %

HIRBEE 1 A, X B PR S 2 (AR
SETEL .

T 2. HEARE TR (6) A =T (7)
Y E MARRIERINL R S, X 0L 2, A 1
B4 1) F4AE 2) w2, IF HABE W 45
BEHLA ARG, A, XHERR 0 € V, HfliihiR 2z
€l =Tpy1 — Ty, ERITTROCNIREAT A

WERR. L 2 AN TR ZE AR T R PR
FLHUE B VR s B 1 AR, S ORR R A —
S SGEAT 7 2. MR LR — B P U 4G 4%
PERISCHR (28] HFAEEE 1 AT, S005 2 T 4) 1Y
T =Y iep® HPi=%2 0, Pl AER 1
FOTIE B R REREA T oy B ) RO BEOIERE. O

3 (hEHTF

A28 )T A SR B IE BT B e S 1
U 2 HOVPERE. MR I SO s SR I B T, 55
121 R 2 43 m F R AR #EIG 1) 3845 40+ R ) 3
EHAN, XA EVERIS AT DUPREE H AR, X
H ] FCUKF1 f1 FCUKF2 k% 5 %" 5005 1 M
vk 2. I8 6 MERESIHAT I 12 3 H br
MOORERNE L. KRR, 4
EENMEL LS HIN

VRIS % R 4TIl o — y I —ANIE B 1 T
M, %S AESE I %) K (R 3R A0 e i 4
JeRs I, Hxy, = [z o) o) o, o) o]’ K&
N o al ) xd ad RN KT ) ALE L
B I 23, oy, 8 o AN 1 T W AL E
TR IR, B EZ R A M AESKE T 1R TR
I A AL A Ik T 2k32 5. WA 7 1) B R ELAT ik
ARG MR w,,, WEE Cartesian AR R N %% s f)is
SRS TFER

Tpy1 = Ty +wy

o o o~ o N
o o~ o N o

o O O O O
o O O O = O

(19)

RV ARFRALE R (w0, y0) HITRIEXS B M 2
ATERER, W] LA B FIENUT AL M Z 18] (R B 7,
A A MR T IERIASE @, SEER N HIX
FATIVEN R S vy, 7EDLE IR0 D AR R R,

-, 6) ANEIB ORI TR A

i Tk Ur(k) .
= [m]*[vm]‘

V(@) = x0)? + (27 = 40)? v, (k)
zp —%o +
arctan (%) v, (k)
Ferp ap R 2 23 RS T R AR BR AL A

0“9
F—(—) ©O—0O—®

1 6 MERES R TC 1 55 A [ £ ]
Fig.1 Undirected and directed communication

topologies of 6 sensors

PIECAEE T, RAER O T = 0.5s. R
G wy P72 Qp AR vy, (IS
ZEREE Ry 7390k

(10 0 0 0 0 |
01 0 0 0 0
0001 0 0 0
@%=100 0 o1 o0 0
00 0 0 000 0
00 0 0 0 0001
100 0
R p—
g 0 0.012

WILRIR & &0 FAMIGR 7 22 Py WA &0 =
[LOO0O 5000 10 50 2 — 4], By =
diag{100,100,1,1,0.1,0.1}. X5, FTATHFL 1
52 R S RACT— e Kalman 3iE9 2527
(Weighted average consensus unscented Kalman
filler, WACUKF) #H17 L%, 5% WACUKF 1
BUE IR Metropolis A, —Eitk kAR K43 I A
36 F1 25.

Bl 2 2 0 ) R I 2% 28 A0 oF B bR S i 54k
TG Kalman J§as A VHE P20 7. 509
FCUKF1 24T i KA BRI o) — Bt b 80 36, 5
—HUPRIERA AN 36 5L WACUKF BEAT HUEL.
2 " LLH ), Hik FCUKF1 f1&: WACUKF
#B AT LS 5 4R a0 Kalman 38 U 25 AHACLP) R
BERUR. 2 5: WACUKF i — 80 iE A8 Kl
55 FCUKFL fsek—8ubn, WK 2 ERB T H



73]

HIMEEE: A BRI TR — e Kalman JE

1365

1 WACUKF X 4EH A Toik Kalman JEHR A1 —
FUTRL, Mk FCUKFL &R sc B,

3 A [ SR T AT I s P 28 A T HARIR 2R I

(R340 5 Al TR 25 ISR, (5 BLR SR v, 3547 200 )
S, Sk FCUKF?2 847 18 KA PR a) —3
I HCh 12, WK 3 WTLUE 1, 9k FCUKF2 48

LAY A B

R/ R 8] AT URE

HEIT SIS 5% WACUKE A ERER AR

5.
4.
4.
3.
3.
2.
2.

1

1

0.

875 vt B A

%107
or

—&— WACUKF
i
|
i
|
)|
|
S+
0+

S5t

0 .
0 10 20 30 40 50 60 70 80

B2 6 AR R B 22

Fig.2 The average tracking deviation of 6 sensors

307
— WACUKF
B —% FCUKF2
25F Rt P
¥
200 /
st
10
o
%" 5 10 15 20 25 30

Time
K3 6 A iy r flivhis = n A
Fig.3 The mean value of 6 sensors’ mean square

estimation error
AY4N
i

A SCHESE T AR 2k BB AR g8 10 2 A 5 i

Kalman JE 3 a5 (0 BETF )8, T2 28005 7 4> 5 i
(RIS, KT 1) JE I R Fh 40 Sk, &A% S 1 R
HE B B4 Gk B s A K 38 Hankel FEEE, JF A H] %
A R A A A B8 T R 22 W 7 22 RE R )P 241
RAFEIE A Ll A BROP 2] SCP B BN

EMEGIFEN] T FCUKF HfE

P XA T 3

fedhidh, FCUKF i) BUNREAFIEH, s 51
o3 BATR R AE R, JE LR B0 B
PEEEE T R S

10

11

12

13

14

15

References

Tian Y, Chen Z, Yin F L. Distributed IMM-unscented
Kalman filter for speaker tracking in microphone array net-
works. IEEE/ACM Transactions on Audio, Speech, and
Language Processing, 2015, 23(10): 1637—1647

Singh A K, Pal B C. Decentralized dynamic state estima-
tion in power systems using unscented transformation. IEEE
Transactions on Power Systems, 2014, 29(2): 794—804

Qing X Y, Karimi H R, Niu Y G, et al. Decentralized un-
scented Kalman filter based on a consensus algorithm for
multi-area dynamic state estimation in power systems. In-
ternational Journal of Electrical Power & Energy Systems,
2015, 65: 26—33

Li W L, Jia Y M. Consensus-based distributed multiple
model UKF for jump Markov nonlinear systems. IEEE
Transactions on Automatic Control, 2012, 57(1): 230—236

Battistelli G, Chisci L, Mugnai G, et al. Consensus-based
linear and nonlinear filtering. IEEE Transactions on Auto-
matic Control, 2015, 60(5): 1410—1415

Yuan Y, Shi L, Liu J, et al. Distributed Kalman filtering
with minimum-time consensus algorithm [EB/OL]. arXiv:
1703.05438v1 [cs.SY], March 16, 2017.

Li W L, Jia Y M. Distributed estimation for Markov
jump systems via diffusion strategies. IEEE Transactions on
Aerospace and Electronic Systems, 2017, 53(1): 448—460

Olfati-Saber R, Murray R. Consensus problems in net-
works of agents with switching topology and time-delays.
IEEE Transactions on Automatic Control, 2004, 49(9):
1520—1533

Gu D B, Sun J X, Hu Z, et al. Consensus based distributed
particle filter in sensor networks. In: Proceedings of the 2008
IEEE International Conference on Information and Automa-
tion. Zhangjiajie, China, 2008. 302—307

Liu P, Tian Y P, Zhang Y. Distributed Kalman filtering with
finite-time max-consensus protocol. IEEE Access, 2018, 6:
10795—10802

Battistelli G, Chisci L. Stability of consensus extended
Kalman filtering for distributed state estimation. Automat-
ica, 2016, 68: 169—178

Ren W, Al-Saggaf U M. Distributed Kalman-Bucy filter
with embedded dynamic averaging algorithm. IEEE Sys-
tems Journal, 2018, 12(2): 1722—1730

Julier S J, Uhlmann J K. Unscented filtering and nonlinear
estimation. Proceedings of the IEEE, 2004, 92(3): 401—422

Gustafsson F, Hendeby G. Some relations between extended
and unscented Kalman filters. IEEE Transactions on Signal
Processing, 2012, 60(2): 545—555

Chang L. B, Hu B Q, Li A, et al. Transformed unscented
Kalman filter. IEEE Transactions on Automatic Control,
2013, 58(1): 252—257



1366 H ]| 24

¥ {1 46 %

16

17

18

19

20

21

22

23

24

25

26

27

28

29

Menegaz H M T, Ishihara J Y, Borges G A. New minimum
sigma set for unscented filtering. International Journal of
Robust and Nonlinear Control, 2015, 25(7): 3286—3298

Menegaz H M T, Ishihara J Y, Borges G A, et al. A system-
atization of the unscented Kalman filter theory. IEEE Trans-
actions on Automatic Control, 2015, 60(10): 2583—2598

Dunik J, Simandl M, Straka O. Unscented Kalman fil-
ter: Aspects and adaptive setting of scaling parameter.
IEEE Transactions on Automatic Control, 2012, 57(9):
2411-2416

Straka O, Dunik J, Simandl M. Unscented Kalman filter
with advanced adaptation of scaling parameter. Automat-
ica, 2014, 50(10): 2657—2664

Vercauteren T, Wang X D. Decentralized sigma-point in-
formation filters for target tracking in collaborative sensor
networks. IEEE Transactions on Signal Processing, 2005,
53(8): 2997—3009

Lee D J. Nonlinear estimation and multiple sensor fusion us-
ing unscented information filtering. IEEE Signal Processing
Letters, 2008, 15: 861—864

Liu G L, Worgotter F, Markelic I. Square-root sigma-point
information filtering. IEEE Transactions on Automatic Con-
trol, 2012, 57(11): 2945—2950

LiWY, Wei G L, Han F, et al. Weighted average consensus-
based unscented Kalman filtering. IEEE Transactions on
Cybernetics, 2016, 46(2): 558—567

Liu G L, Tian G H. Square-root sigma-point information
consensus filters for distributed nonlinear estimation. Sen-
sors, 2017, 17(4): 800

Reif K, Gunther S, Yaz E, et al. Stochastic stability of the
discrete-time extended Kalman filter. IEEE Transactions on
Automatic Control, 1999, 44(4): 714—728

Li L, Xia Y Q. Stochastic stability of the unscented Kalman
filter with intermittent observations. Automatica, 2012,
48(5): 978—981

Yuan Y, Stan G B, Shi L, et al. Decentralised minimum-time
consensus. Automatica, 2013, 49(5): 1227—1235

Charalambous T, Yuan Y, Yang T, et al. Distributed finite-
time average consensus in digraphs in the presence of time-
delays. IEEE Transactions on Control of Network Systems,
2015, 2(4): 370—381

Yang T, Wu D, Sun Y N, et al. Minimum-time consensus-
based approach for power system applications. IEEE Trans-
actions on Industrial Electronics, 2016, 63(2): 1318—1328

30 Xiao L, Boyd S. Fast linear iterations for distributed aver-
aging. Systems & Control Letters, 2004, 53: 65—78

31 Horn R, Johnson C. Matrix Analysis. New York: Cambridge
University Press, 1985

32 Xiong K, Zhang H Y, Chan C W. Performance evaluation
of UKF-based nonlinear filtering. Automatica, 2006, 42(2):
261—270

PUN B NN S S PR A L Tl
. 2006 FEIRATIT R Tl KA B2 e o
12207, 2011 SEFRAGWM KA HCEE 5 E
BBz B L2 . EZRFSE 5 1A
ZRRER RS, SRS, AT
E-mail: PengLiu_SEU@163.com
(LIU Peng Ph.D. candidate at the
School of Automation, Southeast Uni-
versity. He received his bachelor degree from the College of
Science, Henan University of Technology in 2006, and his
master degree from the School of Mathematics and Infor-
mation Science, Wenzhou University in 2011. His research
interest covers the multi-agent systems, structural systems,
and distributed estimate.)

BEF ZKEA¥FAIMb e =
BT 1) O 2 R AR R AT, AT M 2%
TPt S . AR SRR
E-mail: yptian@seu.edu.cn

(TIAN Yu-Ping  Professor at the
School of Automation, Southeast Uni-
versity. His research interest covers the
multi-agent systems and optimization
and control in communication networks. Corresponding
author of this paper.)

b1 AN N S Rl S IS € e
BT 1) N 2 R AR R G, oA sk
W HEiE. E-mail: yazhang@seu.edu.cn
(ZHANG Ya  Associate professor at
the School of Automation, Southeast
University. Her research interest covers
the multi-agent systems and distributed
filtering theory.)



