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Abstract: The state space model is a common and important model structure for automation and control. In this pa-
per, the robust identification of nonlinear state-space model corrupted by outliers is investigated. The outliers imposed on
both the state transition process and the output measurement process are considered and a more comprehensive and robust
identification algorithm is proposed. To ensure the robustness of the proposed algorithm, two independent heavy-tailed Stu-
dent’ s t-distributions are used to describe the state noise and the output noise, respectively. Then the particle smoothing
method is applied to estimate the posterior distribution of the unknown states. Finally, the expectation maximization algo-
rithm is used to realize the parameter estimation problem. The mathematical decomposition of the Student’ s t-distribution is
employed in the identification process which brings two main advantages: (1) facilitating the derivation and implementation
of the proposed algorithm; (2) providing a more clearer explanation of the robustness of the algorithm. The usefulness of the
proposed algorithm is demonstrated via the numerical and mechanical examples.
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BEXS R BUE G A SCHT R 55 7T LA A Y
SRR AT EeRIES(47) LS sub(,) -



3058 W T

i 2024 4F

g

sub(Z, )= zzz [ 1N

k=2i=
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X<ﬂk> (xp—ax,_,—b l+(x2,1)2
Jﬂﬁﬁ#ﬂbﬂ%’@]?"%ﬁaﬂbE’Jﬁiﬁ’&fﬂﬂ

zzz Wk,k I\N”kxk l<ﬁk>[j

k=2i=

Aiew = (f541)

N

ZEEmywmqme

—2i=1j=1

iii”’m i (1+(“))<ﬁk>

p = 22ElU= (55)

—u,)* (53)

~

N L L < >
wi B
Z;; k- 1\1\11 (kl) k
Horr,
xi
V= ’ b,y (56)
nig= oldl+(xj{ 1)2 k
I:j:le;_aoldx;r—l_uk (57)

[R5 (49) , TS sub(Z;) o :
sub(/, )= 22W|N</1 > (,—c(xi)?)y  (58)

=1li=1

PR, AT LIS 3 288 e il A
22 Wk\Nyk (xk) </1k>

Chew = ST ( fSE):

N L

S Wi ()

5.1 ek

FEARTTH Ry T IR S S (A R K Y
S)oyARTEL =5 5 15 R I B 22 i S (B e T g
FEIRA A0 A BPPR 2 5 ik A A o e v
TCREAR D 8 ARSI 5 B 75 0 B S (L TR A T
P EATRG HE A [R] B 25 RS B O A R S 00 Ak T .
IRIABE AR BT

(DR E BB E N a=0.6.b=2L M c=0.5,
SRR AR R 200 1K

(2) 5 A M5 5% B u, = 4cos(1.2k), 75 I IR Ik
£E N=500 N HERECHE . B2 RIR T SR B
10% B AT 5 T 7o 5080

(3) 31 ATE WL I TP A AR (0 a,=0.3, by =
1.2,¢,=0.2.

(4) 5 H.52 5 5% 1] MATLAB R2022a I 4% K 1 1
A7, B TR CPU -5 R SR /R I 4 17-7700, 40
4 3.60 GHz, A7 4 16 GB.

E LR BEE T, T VAN AR SO HE Bk )
P, R 2 Fh s A

L1 Wi E L 4R

WA A5 R 10% B g

TR MR
— o
=
k:
E
I—
=

0 100 200 300 400 500

et 2]
FEl2 JRAMR
Ptk
Bl 3 R T RS oL 18 A0 o A2 4552 31 10% S

WAE TN, RES RS A . AXER ), 15 R 2
AR 100 W BT A 2 505 BERS 5 M e B8 BL(E . X il
BIIAR SCHR M A 53k 4 DR 25 A o 7 L B i o 0 i

PZ R S5 E TSI T KR Be A 0 R L B
RUSHL, AT RO AD B A e 75 TP A S {1
06— — — — — ==
=
0.4
0 50 100 150 200
IEARIKEL
5 :
< 4r
DL
0 50 160 150 200
BRI
%0.4
&
02 slo 160 1;0 200
AR EL

K3 S 1N 10% R S50l s th 2%

P4 JoR T MR iRpIRAS AR HE g AR AT
AR A i i A8 5 Ak LEAE 2R . AMER Y, T
S AT TRTER AR SR T, A B T AR
AR S T BE ARGV R A0S LS X ] T 5
Tk 4 3 B BB TR FE

K5 7R 1 Q BB B 2K a il ¢ B9 =2 K
ek, Horp 2o @2 S 8 a Ml e BOATHRLE . BARQ
PR W KT e ZR RS, N33 T 2%
e WA TR, X AR 130k 4 BOUCSL .
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Vo,

AL NP LG X A O R X O KA X L C v‘

0o 100 7200 T300 400 500
SRR

Fl4 S E G 10% 1 R GORBAG I AL

02 02

E5 QREETSE oM — 4R

W2 BRI AR SR R 4 R
ghEAL

16 53 R 1 78 S H B LU 5% . 10% . 15% F11
20% I, ZHUE T AR EE R . NE S5 SR T LR
FEAN A B8R T 25 1 AR SO 0 4 kT 28K
T AR HEWCSCE FLAE ML, IF H B & 5 5 EH E 4 Lo
N B MSIHE 20 T AR

b AN O AT LA Rk 4 BERE A R Ak
PSR (EL, [R) B A 2 A R 04 2 B0 1R B RS 7 i )
FERE . FLAE S0 (A F BB, B0k 4 AR IH AR BE T8¢
SR (1) AR
5.2 3fEbifne

R T HE 2 SR S (A A AR SRR A
SRR B AT . X F AR EAN T

(D FECHR[16] 1, Gopaluni $2 H T —Fh 3 F & i
O3 AR LR A 25 Bl R G HFIR J7 %, 128 Gaussian-

06— — — =
=
] 5% 15%
A\ 10% 20% ]
0 50 100 150 200
AR
5 : ‘
o4 5% 15% 4
E=i) 10% 20% |
i\
5 =
0 50 100 150 200
AR EL
:
o
& 04 5% 15% 7
A\ 10% 20%
02 : ‘ :
50 100 150 200
IEAR VKL
K6 S (A H B B S8 25 0
Iden;

(2)FESCHR[28 ], Lin 88 A T2 [ o 4 1
TR T A R R IR R
P BT m Wt A2 | 128 Student-Single ;

(3)7E CHk[35 ], Schon 25 A4 H T —Fl IR 4 i
ARZS A (8] R GEPFTTVE , FErroIR 08 75 i iy ) g s ]
DU AT B 03 . B &35 1% T 43 107 FH IR 75 A 1
SR IR, IR AT MR A A A L IR RS RO A AR IR L A
I, AR S HON AR AT A, 70 2R T BELJE 2R i R 14
FEEARIZH, iCH Student-Newton.

TEXT L SEgs v ik AT PR b ok it A 4% Sk 1)
ZERAN TR B 5 R R I AR 40 o 1 O AR R 22
(Root Mean Square Error, RMSE ) HIAHX} 1% 22 2% (Rela-
tive Parameter Estimation Error, RPEE),E XI'F :

RMSE = /%;(y;—y;f (60)

j5-o~
2 % 100% (61)
[o<],

Horbr , N REAREL, y, B9, 53900 0 5 n A SRAE I 220 1) B
T R AR 0 Il © 23 I RS i B S A A
THE.

K3 RIS A A R 2 109% 1Y S AE
TR Z B OR EEXT LE

K7 T7E10% W) S fEAAF T, A kSR
B LR . IR 8 25t T A BR T A g Uk AR 1Y
RMSE 55205 bE . M EIRPHRES SRR i -

(1) N7 T AR M, 2R 2 M P i o o e s 0, 5
S EET, B 2R ol S RN B AR M = 43 A5 B, Gaussian-
Iden 1 Student-Single 75 % /) 2 B9V BEKG KIREE T
k% , Student-Single 77 [ S EHEEOR BE WS =5 T Gaussian-

RPEE =
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i\,\\\ 0.4 ~ Gaussian-Iden Student-Newton -
Student-Single Our approach
0.2 . . :
0 50 100 150 200
IEARTREL
- 6 Gaussian-Iden Student-Newton |
Fa t-Single Our approach
&
2
0 50 100 150 200

IEARIREL

T
S

%\& V Gaussian-Iden
\1\\\\ Stud

Student-Newton

t-Single Our approach
0 \ . .
0 50 100 150 200
AR

K7 S BN 109% B9 USSR

Iden J5 1% . XU WY Sl oA A f2 LA AR S 1 S 114y
PR A S E S ORS BERE TC AR S P

(2) NI 7 Fn 8 AT LI i, 583k 4 5 Student-Newton
D7 VRT3 TORE BE = 1 SRR S L ORI
PR A 5 10k 40 Al 15 AR A M 7 R 1 R P IR A2 2B TG e 4
i SEE A L, 254 R e A R R
(R0 25 20 3 T v 3 A 2 2R IR e oA R S e
% B 15 0 AR FLGE TR B TORS o b A RS 1
BEITRRIE ORI TSR T S B R Bk

KT Student-Newton J7 1 5 A SCHE H Y SEEE 4 1 X
SPE T — RN A

Gaussian-Iden
Student-Single
Student-Newton
Our approach

0 50 100 150 200
AR

8 SHAH LB R 109% B AR Jy $ B AR ) RMSE {E

L4 SFERFRIEAT S

R T A B UEAR SCHE A B 4 R R
Bk, AR SCEE T SRR R I AT LSS . AR ARG R
ST AT B AT RN B 100K . ESERERIE LR
i, SEP R E ag by co 77 A [0.3 0.5 .[1.0 1.4] |

[0.2 0.4 BEALEER: . FT1 2] 1Y 5245 R I S gn 4 1 an
RVMR 2R, R 1VER T 24575 (1 B 10% 191
LT & TR SR R S B v BERAS B 1 S A 1
P bR 22 DL SRR B AT ) 5 3R 2 SRR T EAR TR
WA LIS, &N IR E S RIg 9250 PP 25 RMSE
FIRPEE {B . R4 bR xh 528G 45 5, o A4t LLR
458

(M 17] AFE 1, Gaussian-Iden /5 5 #1 Student-
Single J7 75 M S BN TH I E L SEE A ORI 2 (1
S FVE W IB AT I [R]AH X 80, Tk BB 1% 1) 52 % B R X
B

(2) N TR 2 AT LLA 509k 4 (S BT
1 Student-Newton J5 2 F A B, 264 [A) 508 2514 T 34
REVEGA M Al T H AR 2800 LS E . (HJZ T Student-
Newton J7 12t R HI T A 12 48 SR S 40, (A9 5900
BT AR A SCER R B 4 280

(B ME 1 FIFR 27T LUE I, FEAR A 5 E 4T
DL RAEA R B RIIR I S5 0F T A ST HR A1 4 YRR MR
Hu Ak TR SR SO UE T AR AR T RN AT A5

(4) N2 FTLAF Hh, 22 5 (B LU0 W e, 35
2: 4153 1Y) RPEE (E R . XAk 4 R M S
B B BB OC 25 5 A LA W e, K o
TN TREAR , B30 4 B9 SR THRS FE A T .
5.3 SKmgTHE

10 R R E A B A SO R 4
Student-Newton 77 1 i S50 982K B AH2Y . 5 Student-
Newton J7 A L, A SCHY 5L 4 EEAR SR IAE LT L
A HTT

(1) B A 510 5 18 B A 00 B A A T
NS 2E .

Student-Newton 77 2 % H BHJE 4= 1 2 L AL A AN bR
B R F RS E AR T AN BT A Hl i g Ay ] 5
2 B8 b PR v ) S (R . AR SCHR R SR 4 T)
DA 2 Tl figp o o A Rk o S i (EH EL A M . DAY
SR e WP, HATERIB N (59) s . Hrp<a,>!
AT LA A — AR ph B 1 0 53 TG 265 R — 1 i
gy, SR (A FIN(52) < 4,> " 1 BRI 00T B
HF

1+v]

2 = | pICos )0 d0, = :
< k> fp( 1 Cops Y da, (yk—C(x}c)z)z/RZ-l-VZ

B EEAT DU A <A, > 5 T L R0 S B
DR 225 UL . B AE RS I 22 i H R Ly
JE SRR B ATE XA I 20 IR 22 (v, — e(x) )P ) I i%
FHOXH R, 32l T R A 70 4 i o 0k v, PSR A X
BUN, BRI T 0. B, 55 EX S ROb T AR
RRFEAR , S OR 1SRN S (AT B e

(62)
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(2)

t=1i=1

R RN E TR
PIRESECR, WK R 5], 7€ Student-Newton J7 7
rh G LR AR T A A R AR

N L
L= W,y log p(ylxi. 0)

> Wiylog{

N L
=1li=1

t

(1 +v,)2)nv,R,)"

ISR B T 7E Student-Newton J7 7% A H 20 FH T 2%
Az G A BB R 2 AR e R T4 4 A
13 R, (O FRENTIEAAAAE . RS 208 A Ak i Bl Ak
FBORM T R, G THE , X o B8 2 1 Bk ny &2

IR

I(v,/2)

(L + (= e ) VI RO

R1 SEELA 102 HRFEFBHESHGITERNBENREE

(63)

TEAR SRS 4 v, RUEE S BOR, 19 1 i i 5
(44) 251 . AN, 2 2 PRL AT T A R ], S0k 4

FHRRCR B R

a b ‘
i Fyli - o - i | e | e
Gaussian-Iden 0.5558 0.001 1 25511 0.014 8 0.4219 0.001 5 486
Student-Single 0.583 2 0.002 8 2.188 2 0.0325 0.458 8 0.0057 1227
Student-Newton 0.598 9 0.000 3 2.0059 0.059 5 0.498 5 0.000 6 13410
Our approach 0.597 5 0.002 0 2.000 3 0.009 3 0.4929 0.000 2 10015

SEEILARRNFEFEHENFH RMSE .RPEE &

Gaussian-Iden Student-Single Student-Newton Our approach
(7] RMSE RPEE RMSE RPEE RMSE RPEE RMSE RPEE
5% 0.576 6 9.27% 0.524 0 4.68% 0.4899 0.23% 0.484 2 0.32%
10% 0.775 3 26.00% 0.568 5 9.01% 0.495 1 0.29% 0.4815 0.52%
15% 1.075 4 38.37% 0.748 0 11.24% 0.504 9 2.20% 0.494 8 2.17%
20% 1.8399 79.51% 0.910 4 26.24% 0.5119 2.82% 0.5109 3.56%
6 ZEMHME RFWIE
AU 2 B Tl e LA — KA LA
R, AU s o fros . Horp, F( s FE 0 F
HIA 1, BIVAA B oy = 90", At 4y B0 AR Sk 14 At B DL SC ik
[13,36]. R —IEFFHUE R 5052 3] — MR/ BEDL
SNRFH A M S AR ] AR R R
M®+E®+K(t)d=0 (64)
Hr,
M= |:bl 0 ],E: [Eu E12],K(t): [Kn K12:| (65)
0 b, Ey, Ey Ky Ky
E\=d+dy,E,=E) =—d),Ey=d,,
K, =k +k,—b,sin(a,,)—F(t)l cos(a,,—a;),
Koy =ky=bssin(ayy )= F (1)l cos(ay—ay), - -
T (66) E, E, K, K
K=Ky =—ky, ®=[oy 0y], b T b T b T p
by =4ml*/3,by=ml*/2,b,=ml*/3, ] ] ' ‘
b,=3ml*g/2,b;=ml*g/2 A= —% —% % - 1222 (68)
3 3 3 3
HEHOIR 2578 By x= [ @7 @], AT K (64) 10 0 0
B, L O 1 0 0

& ox

i (67)

FHA FR2E 73 B etk 7 i nDRE 3 (67) 1 (68) H 11

T SR A 2 B A R A O A LIRS s Rl H

HOIR SRS R BRI HH I R 5 )
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