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Adaptive finite time command filtered output feedback control of
nonlinear systems with state constraints

SU Hang', DU Yu-hang

(College of Electrical Engineering and Automation, Shandong University of Science and Technology, Qingdao
266590, China)

Abstract: This paper proposes an adaptive neural network finite time command filtered control scheme based on
observers for a class of nonlinear systems with full state constraints and unmeasured states. Firstly, the integral barrier
Lyapunov functions are constructed to guarantee that the state variables satisfy the time-varying constraint conditions.
Secondly, considering that the states of most nonlinear systems are unmeasurable, an adaptive neural network state
observer is designed to estimate the unmeasurable states. Then, the finite time command filtered control method is used
in the process of controller design to avoid the phenomenon of ‘differential explosion’, and the error compensation
mechanism is further introduced to eliminate the filtering errors. Besides, the dead zone model is described as the form
of linear input and bounded disturbance to solve the input dead zone problem. The proposed method ensures that the
system states do not exceed the constraint bounds, all signals in the closed-loop system are bounded in finite time, and
the tracking error can converge to within the neighborhood near zero in finite time. Finally, the effectiveness of the
proposed method is verified by two examples.
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k2(t) — (v + mi0) ° “i (k‘fj(t) — (v; + 7rg'1)2> } i ]Zl T 50+
BEZ(t) . :
w,lj' ci Sdp+ Vivss 1 k2 (1) 1~ 1
om; 1 k2 - - R N
i1 k2(t) — (/g];-(?T) ) 200 — (v + 7o) + 5 ]z_; S+ 5 ;SJ"F
zdf. o
f 8k = (B+ i) 644) 1(5f +di+ (1+17)e"e). (48)
2 (44) IR TR N step no: Fh 2 PR IR 45 22 X I )oK S, IR
[ BELE) 5 )%
0o Oma k2 ()~ (Bma) b, = f.(2]0,) + 07S,(2) — 67, (2)+

k% (1)
v-(kz (t) (0 1)2_¢i(”ivﬂi1,kci)),
MW) B
f 8k Y E— _df =
—vk: ( )
vi(kfi(t) — (v; + 7&71)2 + Ii(vi?ﬂ.i—l;kci)). (45)
Horp

1/&-(% i1, kci) =
kci(t) In (kci(t> + v, + ﬂ-i—l)(kci(t) - 7Ti—1)
2v; (kci(t) —U; — ﬂ_ifl)(k‘ci ’
Ii(vi; i1, kci) =
_Tri—lkci(t)
k2,(t) — (0 + i)
balt) | R0 -2,
Ui kgz(t) - (Ui + 7Ti71)
T 1 In (kci(t) —V; — Tri—l)(kci(t) + 772'71)'
2v;  (ku(t) + v+ miy)(k(t) —miiq)
533 5 2K, o (vs, miq, ko) RN (v, 7y, ke ) 7B X
TEv; = OFARI N A A
# 2 (28). (30). (41) A1 (45) fC N (44), I F)
Young’s N5 X733
vk, (1)
k2 (t) = (v + mimy)
GR()
. (kgz(t) - (Ui + 7Ti1)2) a
v vkZ (1)
k2 (t) = (Vi + mis)

ZFEUWN Lyapunov BR%L:

+

2+

V< 307 S:(2:) + vin — kv

S8 o

2+

1 -
Vi=Via+V/ + 62 (47)
2r,

KV RS, FHANEENE 3 H
. . . 1 ~..
Vi=Vi,+V/ - —GE& <

. : k; U2]€2 (t)
VvV, — J 73 "¢cj +
’ ; |:kr-2,j( t) = (v; +m50)°

cvo+d+1l,e; — g — §n (49)
RPN A Y BLF &1k V)

P e kan(t)
Va _L k2 (t)—(,B—i-ﬂ'n 1)2d5’ 0

FEr R S RS T, A T SR AT R B, i 2
|71 <Y, (t) < ke (t), Yn(t)zeﬂi% BRIE. BRIV
TEEEA v, 4 Tot| < Koy () FHR IEE S LTI,
H RIS EAE. 28 = v, i3 L F AL

2

v

5 SVi<
2 (" k2, (%)
UnJ; k2 (t) — (Tv, + sign(v,)Y, (t))QdT (51)
VS A
7 — ’U”kfn(t) .
TR Ot
: o BE2 (1)
WHI f?m - (rmay
j MM) a8
6k By e—l
(52)
ﬁ@@¢m$%ﬁﬁTﬁ
" B2, (t) B
J 8% B0 - (B+m )

k2. (t)
(it 0= ot = o s, Ken) ).
[ e
8k —(B+ 7))
) k‘cn( )
’U"(kgn(t) _ (,Un + 7Tn_1)2 + In(’Un,ﬂ'nil’ k;cn)>
(53)
Hrp

P, (Um Thn—1, kcn) =
ke (1) In (Fen(t) + v, + 1) (ke (t) — Tzn)
20, (ke (t) — v — 1) (ben(t) + Ty)’
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In(’una 7rn—17 kcn) -

_Trnflk“cn(t)
2 +
kgn(t) - (Un + ﬂ'n—l)
kc’n(t) ln k?n(t) B 71—727,71

U R0 — (0 )’

Moy (ken(t) — v, — 1) (Ken(t) + 7rn_1)‘
20, (ken(t) +vn + mpe)(Ken(t) — muiv)
535 2B, b, (Vo Ty ke ) ML, (0, T o) FE

X AEv, = ORI AN & T

¥ 2 (28). (30). (49) A1 (53) fA N (52), FHF]
Young’s A5 A1F 2|
v, kZ, ()

V.= 01.5,.(&) — kov,)—
n kgn(t) o (’U,n +7Tn_1)2|: n (':L') (Y ]
vRk?, (1) "
Wn(kQ ( ) (U + 7_‘_”1)2)
U" 1U kcn 1( )
kfn () = (Vney + Toss)”
5(d2 + 52 4+60%0,). (54)
ZFEUNT Lyapunov BR%K:
1 -
V.=V, +V +—0. (55)

2r,
XV, RS, AN B@ERE (31), HFIH Young's N5
W

) ) . 1 - .

. N /fﬂﬂkf (t)
VI)_ J Ve .
; [k2( t) = (v; + 1) i
GRSy T,
wj(kfj(t) (v, +m5-1) 2> ]+ 229j+
- m] *2
= <2r 9 o, ) Zs +
é(&f +d+ (1+TIP)e"e+d°). (56)
32 BEMEST
EBE 1 FBRG () WM 1 ~ i3, &

ESHAG T xy, 5 R FPIRES WIS (20)s A FRET 8] 1

L UEUE A (26). R ZEAMEYLE] (28). I HIE T

o M I (30) A H & 2 FE A (31), I wT DARAIE:

1) BRERVRZE 2, T BB [a) Y WSO SA B SR Rt BT F) —

QBN ; 2) R R G b (1 A (5 5 74 BR AN ) Py #8

FEH T, 3) BT IRES 2 |2, < kyi(t), VE = 0.
WEB ARAESIHE 1 A1

—pi(e'Qe)" + pi(e'Qe)" <

_n_
(I —=mn)nt-n + pe'Qe,

n

P
)n +p2(jz 21%912.)” <
) 1

7 1 -
L—nno4p, 3 =0
j=1 T +p2( )77 n+p2j:1 27“]' 7

(57)

— D (eTQe

— D2 (Z r ~J2-
J

\_/

+

Y|
— —

n

51:

j=1
_p2<

ﬁ\:EPZH ﬂEHPQ %Eiﬁﬁ'%ﬁ
K= (25). (57) RN (56) AT 1%
V, <

1+17 - k 02k (t)
— lo— LleTe — Rt Rl +
[O 2 } Jz_; |:k2j( t) = (v; + 7Tj—1)2
v7k;(t)

(v; + 1)2)7]} N (ﬁ— HQHQ)éf_
i(“!@\l )02+Z< a9*2>

Jj=

*ZS + Cy +

B { lo . 1 + F12
)\max(Q) 2)\mdx
- k,vk? (t)

> oo

(v; +7rj_1)2

W

(-

(52_"_d2+d2)

~p]eQe —pi(e"Qe) -

+

2k.2()

J <

(v +7Tj—1)2>n}_
> (M - - i)

j=2
(m1 — P2
2r,
2

AL 0
pQ(E ﬁ)n + (pr 4 p2) (L= )T+

j=1 7'

wj(k;-()

1QII*) 0z~

( J*2> ZS+C+ 52+d2—‘rd2)
(58)
MR 51 3 2 F1 5] B 3, KX (58) fL A

Jj=1

V, < —aV, —bV" + p. (59)
7N q:I
a =
lo 1+ 17
min{ — — p1, My — pa— 214|Q|?,
)\ma.x(Q) 2)\11151)‘(@)

m; —pPs —T; — 2T1’|QH27 kl7ki7i = 2737"' 7n}7

b = min{p,,w;, ps,i = 1,2,...,n},
— _ j - & *2
p=(p+p)(1—mn? "+Z(2rﬂj )+
723 +Co+ 52+d2+d2)
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FAE—ANEHO < A < 1, #1538 (59) 5 N
V, < —AaV, — (1 — AaV, —bV" +p,  (60)
%)
V, < —aV, — AV — (1 — DbV +p.  (61)
R (60) T MRV, > 7 WY, <
—AaV, — bV, FTLEG R EIN (e, v;, 6,) (1 = 1, 2,
;) RS B an T X

5 p
S B (62) TG O T 2
1 AaVI=1(0) + b
ng/la(l—n)ln 5 .
R (61) TS WORV, > (e WA, <

—aV, — AbV,?, Bt LATEAT BRI T P9, (e, 05, 0,) (6 =

1,2, ..., n) KUk ®an T Xk h:
; P \n
(e,v:,0:) € {Vn < ((1 —A)b) }, (63)
FIA X35k (63) BT B[] 2
1 aV=1(0) + Ab
T < a(l —n) n Ab
i3 (62) F1 (63) K3 (34). (43)s (51) AT 41, &%
%Ko, (1 =1,2,...,n)=WEBINX I

1
2p ;
\/ (64)
1 —

FIIE X 1, (64) E/]H]L[Eﬂ/vﬁ/%ﬂl = maX{T2, T}

|vs] <m1n

M R GEH Lyapunov 4 RV Ny
I
V=3 e (65)
XV RS
V= ka—
- ]f1§1 + &6 — 515151gn(€1) + 51(771 - 041)—
k2€2 + 5253 - 32§251gn(€2) + 52(77'2 - 042)+
e T kn&i - SngnSign(gn) =
=Y k&Y &b §j K|+§:§7r —a,)
i=1 i=1 =1 (66)

Hi 5 B 5 RG] B 6 W] A, 75 BRI R T, 4, 7T
LA B |m — o] <@y 3t > max{T, i,
Young’s A& FI 5| 2 2 AI15

=

n—1

V< (k- 5)€ - Y- 1E -

1=2

1

" n—1
5)53 N ZSZEA + Z il + [€n | <
i i=1

_ _ 1 _ 1
—aV —s,V2 +vV2nw, Va2 <

_ _ 1
—aV — (sy — V2nw,)Ve. (67)
_ ) 1 1 .
T a—2m1n{k:1—§,ki—1,k‘n—§,z—2,3,
.,n—1}>0, sozﬂmin{si,i:LQ,...,n},

@, = max{w;,i =1,2,...,n}.
RS IE W s, 5 s, — V20, > 0, U
H 5l B 4 0] 50, SIS AEA IR RN & TRE. 3

9 ay/V(0) + s, — V2nw@,
T, = maX{EQ}‘F 5 In s — one iNg
0 1

AL lim (1) =
ﬂ%uiﬁmiﬁmu>mﬂu;nw¢7ﬁ
< ol + 6] <

2p n
(1-A4 1—

rnln

gELATR, 2,(i=1,2,...,n *Dvhfﬁﬁﬁﬁf
() PN W S TR B A R AR SN, A MEAE 5 S AE A IR
Al o2 A A iR R 1 e, = v, + 24+
&, W3 x, RAFMHWL |2, = v, + 24+ & <
|y + 24| + |&1] < kot (B) + |&1] = ki (2), FTLA R Gt
WE 2 W RLREZEM. BN RZE e = [e, e,

e )T RE T, NIRYE 23— 3 = e, M Ty = v+
1+ &, AR 2o < keo(t) + & + |ea| = kio(t), T
DL RG0S a1 R LV KA. AU, |2,| < Kyi(2)

(i =3,4,...,n) AT #5 55F 8. R 2 Fl k., (0)
= Fyo () — €| FT A, Koy (8) Rl koo (1) 22 F1H0, SURR

0, = 07 — 0,435)0, 024 F. TR R EHIE
By Ty gl T~ Tas ks ks 010 0 LR T (B
B, ibha, — &A1 0, v th—E 2 H 7.
FEABL Hb, Efﬁﬁ:’ﬂaﬁﬂm(z =23,...,n—1)#—
SEA S AR MR b, IR SR B R b
55 EA BRI A N # S, RGUIRASHR I 24
WA O

VE6 EASCHIERS RS, P 7512 5 Ayl
HeFMER|m — ol <oy EE, WEIENR
(26) AN o, N2 MRS B FEE, W oo, = 0; ez, 7]
LG EE 6 15 24518,

w7 AT {RiIEa >0, XJUJEIJ%&i‘*L?FDP"%%IpD

;) RIS 2

pQ\ E\ m;~T; (Z == 1,2, .
14+ 17
)

ax(Q)

_pl > 0,m1 _pg —27’1HQH2 > O,mz_
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po — 1 — 2r||Q? > 0, H4% 3G 25 95 2 by > 1/2,
ki>1(i=2,3,...,n—1), k, > 1/2. B4, Kik
BRI H K, wi~ r LB S5 s, B, 7] A
PRUE R 7 R 22 1IN IS S A7

4 HEGEREHT

FEAS T A, 43 ) F H0ME 5491 R 552 B S8 491 >R 36 ik
B i 451 7 32 1A k.

1 BUEZRG)  FIELUT BA R RIS
M AR R 5t

&y = xy + fi(zy) + di(t),
Ty = u+ fo(Zs) + dy(t), (69)
Y = T;.
Hrr: f) = sin(2?) cos(z,), fo = @y sin(x,) (1 + 22),
d, = 0.01cos(2t), d, = 0.02sin(t); % 4t HIHI 4 IR
BNz,(0) = 2,(0) = 0, RGUIRZW 2 LR %
N x| < ki (t) = 0.1sin(t) + 0.5, |@s| < kiyo(t) =
0.1sin(t) + 0.4; A2 E 52, = 0.3sin(t). JEX IR
AR A
0.8v+ 0.4, v < —0.5;
0, —0.5 < v <0.75; (70)
1.20 — 0.9, v > 0.75.
FRAE (20), IRAWI 547 B 1H A
Ty = &y + 078, (1) + L(y — ),
Ty = u+ 01 S,(%,) + L(y — 1), (71)
)= I.
FE A RS WM 25 W1 4IRS A 2, (0) = 2,(0) = 0.
N T E T R G AR LM R R, 1 B BT R B O A
_(X - Ci)T(X - Cz)}
2b2
Hepoi=1,2,...,p, WEHEp =7; @B R EH
e, AR IX TR [—3, 3], m TR SR b, = 1.

R KM 5 o AT 0 X (30) 45, #b
e zfE o 28) i, BN 31) 4.
B &HE TS ERHRSH" T ry =7, =0.2,
my, =my =0.1,v =0.8, k, =10, k, =50, R, =
10, R, = 20,w, = w, = 1,7 = 0.97,8, = 0.1, 3, =
0.2,s, = 0.01,s, = 0.02,1, = 10,1, = 200, 6,(0) =
02(0) =0, £(0) = &:(0) = 0.

N T UE AR ST IR O S B0 H R, ¥ BT iR Tk
(BAWRELH. HRE A a0 EH) 54
IR A 249 TR LR FH ¥ 0 WAe o i) ) i 4 B 4%
(CFC) J7 AT LU, WM 7 ik e 1) & T2 40—
;TR RIE 2 ~ K 4 s

u=D(v) =

S,(X) = exp [ (72)

2.0 0.3 %,-The proposed method
1.5¢ -=- x,-The proposed method

7 — %-CFC  —e—x,-CFC
1.0F o R

e 0 1
:g O.SZMA/A\LM\A\A

0
70-5,1 ) ¥ - > 2

0 5 10 15 20 25 30
t/'s

(a) RGUREMMGTHEU S EE S

2.0 x,-The proposed method
1.5} - - - X,-The proposed method
10l ---x,-CFC —o-k,
<><:' :
RS
0 5 10 15 20 25 30
t/'s
(b) RGUIRFZ AL THE
El2 RGRESREMGTERNIE (FF) 1)
0.04 | z,-The proposed method
——- z-CFC
0.02 ;
|H\ \ —— - . =
0 n“"“‘t‘*"’c‘;v"” """ T T R TN e T Ty
-0.02 j
-0.04 .
0 5 10 15 20 25 30
t/s
(a) BREZRZE
0.1k e,-The proposed method ---- ¢-CFC
. : -~ e,-The proposed method — ¢,-CFC
N
) 0 ¥ g™ ™ w - e T T e o T
-0.1 : : : : :
0 5 10 15 20 25 30
t/s
(b) flithizE
E3 m#MEETRIFREMGITRE (RFID
wf —v
2 ova """" !
S 3 X0 0.2
S R i e S
0 5 10 15 20 25 30

t/s
E4 FrRAETRXBMAFMRGMANIT (RF 1)

B2 gt TS 5 o, LR RN 59T R GEIR
B, (i = 1, 2) MRS TH 2, KL, /T LR, RS
W&z W R L AT, H il 7 ik o, M 2, 7T
DAFEA RIS 18] i T30 0E . AN, REUIRES 2 FUIRES
ik, BB, A5 i R 22 1 73R T AR SoE B2 5
PR, T ELp AR L AR 1B 3 g T AR5 BRER
W MG TH R Z e, (i = 1,2). ATLAE H, Frigdsd]
TiE R R ER VR 22 2, S/, HAEA BRI 8] P T B e



3310 = % 5

*x R £40%

BET, Sk bR RO AT R, 75 BT R ) 7 vk
N, A TR 2 ey Fll ey 2 BAT AR MR SICE B, B
WEE/N NE 49T LLE H, EFTRTIE TN, RG5H
NE S uMIEX NG S ot e A . W b5 &
SERATA, ARG FTE (S 5 A S, Bt
[0 4 i) 2% 1 i T AT 81 A0 1 4 o) 2R

R 2 (SEBREG])  FHRESCHER [41] H ) SRE AT
HUBRTFARAL, 5l )7 2R R AR

JG+ Bg+ Mglsin(q) = u(t). (73)

Lxy = qlila, = ¢4 BIFRANER I F FER A E
FE, JR AL S S E, BRBARNEE R,
MOEEM IR, DR E OIS, g2 E )
DEEE, wieiEhliN. & R50 (73) A 1EA 3,
MRy LK X (73) 05 N

i1:$27
. B Mgl sin(x u d(t
Yy=2;.

FRRFERMWESH NI =1, B=2,
M=2 g=10, I=1, Wl fi, =0, f,=—21,—
20sin(x,), d =0.01cos(t); & 4 M ¥ 4R & R
z,(0) = 2,(0) = 0, RGEARATH L 129 3 5413
PS5 RZEG 1, FEX AR [E X (70).

R4 20 (20), TR VLI 245 151 M

B =ds+ L(y — ),
To=u+ 08, + Ly — ),
Yy = 2.
L AFOIR A U 28 AT UE AR S R 2,(0) = 2,(0) = 0.
N T IEE R G AR LR I R K, 3 U B R BN R A
W2 (1 R A, HRIA RS A A (72).
YT &840 (74), Wit EEMEHNE S o, N
= —kiz, — ky(t)v,—
E2 () — (v, +24)° -

(75)

k2, (1) Like (t)+
K1) = (0 +2a)”
B
5 vik?, (t) B
2k2,(t) — (v +aa)’
k2, (1)

“’l(kgl(w ~ (v, +xd>2)n_ w' (70)

Pl o [F 2 (30), MR Z(E 5 H X (28), H
& MR (31).

PRSI REOEES RN T =, =
0.2, m; =m, =0.1, v, = 0.8, k, =10, k, = 20,

R, =10,R, =20,w;, =w, =1, =0.97,5, = 0.1,
B, =0.2,s =0.01,s, =0.02,1, =10, 1, = 1200,
0,(0) = 0:(0) = 0, & (0) = &:(0) = 0.
AR RS (74), R R E 5 A
6 FT~. W] LUE Y, P42 il 5 VA A8 210 S 401 A0 52 B
S (AT LA SN, R SR A H i L RE AR
ADARTEH, B RS0 a, 7T DUR 5 b PR ER I A5
15 506 , % -k,
1.0} 0 I
0.5 /‘_‘_"_
IAVAVAVAVAN
0.5 Tt T P

0 5 10 15 20 25 30

XX 15X,

1.0

05 broe e e
%, - . T -

........

x25x2
t
N
3

I 3 3 %
-0.5¢ . . : .

t/'s

(b) RGUREMGTHE
E5 FrRAETRGERESREMIHENNT (RF 2)

0.1
— z,
N 0
,01 1 1 1 1 1
0 5 10 15 20 25 30
t/'s
(a) PREFRZE
“““““ e
0.1 .
)
Ny

"0 5 10 15 20 25 30
t/s

(b) fhiTiR%E

0 5 10 15 20 25 30
t/'s
(c) FEXHMAF RZGHIN
Eo FREAFETIREFRE., MITIREUK
FEXHNF RGN (R 2)
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