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Global Asymptotic and Finite-time
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Abstract In this paper, the problems of global asymptotic
and finite-time stability of a class of nonlinear systems are con-
sidered. The control law is designed in the following three steps:
First, the full matrix form nonlinear system is divided into a
lower-triangular form plus a upper-triangular form. And for the
lower-triangular systems, the generalized adding a power inte-
grator technique is used to design the global stabilization con-
troller from top to bottom. Next, we proof that the whole system
is locally asymptotically stabile in a given region under the above
controller. Finally, a series of nested saturations are imposed on
the above controller. And by adjusting the saturation level, the
global asymptotic stability of the closed-loop systems is ensured.
In addition, we can also obtain the global finite-time stability of
the whole nonlinear system under appropriate conditions.

Key words Global stabilization, nonlinear system, adding a
power integrator, finite-time stability

Citation Zhou Ying-Jiang, Wang Li, Sun Chang-Yin. Global
asymptotic and finite-time stability for nonlinear systems. Acta
Automatica Sinica, 2013, 39(5): 664—672

T8 BRI AL I SE B N A JBE, A oA 2 A 42 1) )

Trid, MEARIEATAR 2 A AR S 7 11 ) BB AT 75 24T R0l vk
Uk, AR OGN = A B = AR R
gt, (HAR DAY SCHRIIE 9T A M0 sUAR R ME R GE i) 4 R R 1

Wehs W 2012-05-15 A HIY 2012-08-28

Manuscript received May 15, 2012; accepted August 28, 2012

K HARR A4 (61034002), HEAHEHFEREAES: (61125306) %)

Supported by National Natural Science Foundation of China
(61034002) and National Science Fund for Distinguished Youth
Scholars of China (61125306)

Recommended by Guest Editor LI Shao-Yuan

1. RERZADMEAERE B 210096 2. #MKFBEIE S 8 ) TR e #H
225127

1. School of Automation, Southeast University, Nanjing 210096
2. School of Energy and Power Engineering, Yangzhou University,
Yangzhou 225127

RN, LT d;(z) N fi(z) RATA A RS,
di(z) € C° fi(z) € C°, I HIGHL p; AW IEREH Y LLAE
(Bt p/q, p, ¢ RAFEIEATHEEL).

AKX T ARG RGN, T2
BRI =MW AEER RS (R ERE (1) 1, pi =1,
di =1, fi(z) WA T =MERN), BBHEMILENE, fux
Tob i L 1 o 0 A g 0 Bk 8 ROk, OB Y R B
pi > 1 ST, kR R T R kL R, eV
ZAEE ARSI, IR 7 1 BRI 4% 1 AN T ks S Al
I BT pi (SRt AE AT AR 7).

S A = 2 1 Sl e | 65 7 ¥ s Wi U E ks T
Pip=1Md =1 W, AR EER I, G RE
5 AR A T VA, 2R v e s ) k2 Ak
A i R 2 A7 O R B2 % B R e T ) S 0 Sk
[10—11] B X3 BRI G715, SRE, MR 1R R 5
WSRO, XA 7 R B R e S
HURD211 JF Y py > 1, EEMARR I RS A R R
SEHRAT PR, OBk [16—17]) 30T M I )y Ak
BREH L8 G B i, 5946 T FRBOM AL L TR FR A1,
PRk, m) DLAR 3 SE — i (0 2t R G R v M ) .

SR, RE CAAEEVF 2 ARGt 7 1, ARAR DA 3
TR AR M RGP 8. 455 R = AER
K B =AM R RGN 0, AR SCEE A A i e fs il g i
WEMRE R, BB EE RS (1) AR
W e v . e, AR ARk R G A
T=ARARGE N LD =B A%, R)5, HxF=
M NXARL M R R, 12 Y R INEIR 2 B W R 4
A JERase ey Ok, IEH SN M ERRAE NS EX
B A JR T R 1 B S, — AR A T TR e 0K A
AriE RS, JF A R, SRR RS AR
WLRRE. BEAN, TR M RGITT IR SO, wT AR B4
RYA A PRI R 45 R

HOFER W, X X, = [z1, -
ik '

A, T LI AR R TIRLERSE (1) B
AR R e .

W& 1. Hi=1,---,n b, UFASER R

fi®) = hi(@) + fai(@)
| f1: ()] < b1s (X)) (|2 |90 + - -
| f2:(@)] < bas(wisr, -

|f2n(2)] = 0,

o), i =1, n, XK

-4+ |1:i“1u)’ i=1,---,n
7-Tn)(‘$i+1|qi,i+l + .o+ ‘$n|qi")

i=1,,n—1



5 Y] AT A —RARZ ML R G 1 42 Jry il A s M B 1] 0 665

[fi@)] < bs(Xn) (21| + -+ + faa] ™)

;H:J:F” blz(X ) >0, b21($1+17 o xn) >0 jjﬁ(ﬁ ﬁ& qij /Wj

r
qij = M > O7
T

i=1,,n,

qij > per—l >0,
Tj
WAL > 0,0 = 1,--- ,n, EXWF:
(ri+7)/piyi=1,---,n, 7 H—HH.
L TR N, AR AR T RS A
Lefl, Bl 7 = 71 /72, 3, 7 RAREL, = RFEL B, W
Hors RPN ETHEILGAE.
®ig 2. Hi=1,---,nMf, di>0,d;, >0, H'Ef1ZH
WRLLF LR 0<d, <di(x) <di,i=1,---,n

1 REHEBRENE

FSEA TSGR [7] 8T e R R o iR vt = A
SARZKANE R G R JRBE R e I, RS, RIS RS IE
ARG (1) AR HAE 1.

FLpORE, fEfBcie 1 A0 2 Z60F N, Bovt il o8

Tl
u=—0n (w,?“ —x,?“) (2)

Hh, o > maxi<icn {ri}, p > maxi<i<n {7 +ri,0}, 27 =
ri/o
0,58 =i (a7 a7 ) i,
EI 1. B 1R 2 &0 T, TR k% 81 (- ) Fndz
B (2) [ARRS (1) JREHHERE. MR 1 B
TR, HERRLE (1) A (2) S i IR 0 .
TERR. Tt BB RS, B (2) MR
G R RA .

Cbl = d1 ((L‘)

To = dg(m)

i=1,--,n—1, j=i+1l---.,n

ri =1, riq1 =

x5 + fu(x)
x5 + fi2(x)

Fn1 = dn1(@)20" " + frn-1(2)
b = du (@) + fuu (@)
XL, G T7 AR T R SCER [7) HL AR EIES s Tk, B
DAHEIE SR 7 A0 i, Rgh i gh . a8 A= A ghd, et i —
I B EIRE, HRT R kDI RIS, RS, 4
k=n+1 K, BIHH&RERIEEIZN

rn+T

U= Tn41 = $:+1 =—& 7 B (Xn) =

P (i 4 B (e
22 (e + Bagt) o))
BHH I V(X)) < 722;15;0 < 0, 1 V(X)) =
Dy ey (s7/7% — »’CZU/T’“)W*T*T’“)/”ds J2 1F 8 A
BB I, REE (1) M (2) R4 Rlna ke .

Bk, MR 1 M2 £F, U8 AE, WHR
g (1) RRHHFIERER, B8 r haw, IITRRS
(1) J& R BRI i, 78 (2) BIFEHT, /&%
R4 (1) * vn(xn) FFA Vi(Xa) < —Zl 15 +
wi(Xn) f21(:) + - F wn1(Xn) fan-1 (). HH, wi(Xy) =
WolXn) =1, ,n— 1L
+E?Ex¥dx [17} EPB’J%Xl LA
(€M@, - e i) = el (Xio1)
V(e a, - 62P7TVn(Xn)

RIG, RIHFIR ARG H G, 7 A3

JETMT,) =

Ei(eMawr, e w) = 76(Xa),
w.(arlxl"" 75rnmn) = EzpiririWi(Xn) (4)
FRAER S 1, W] LLAE5):
PiTitl
|f27'( )l < b2i(£i+17"' 7xn)(‘m7;+1‘ Titl 4.
Pi 1+1 i _PiTi41  Pitit1
|£L'n| )(|CE2'+1|‘1,, 1T +...+‘xn|qm o )
20
Hl( ) 51 .+£na
B2 pira
Hy(Xyn) =wi(Xn )(|x2| "2 et o] e )4+
Pp— 1
wWn—1(Xn) |zn] )

A1 (4) ATRAMSE], Hi(Xn) A H2 (X ) IIFFHREEN k= 2p.
HRAESTHR (18], A UEWIFFAE — M IEWH ¢ 13 Ho(Xn) <

CHy (X ), 483K (5) FAN Vi (X ), WIHR:

V(X)) € —H1(X ) 4 bai(mig1, -+ @n)Ha(X0n) ¥
nt @i, ip1— 2TitL Qi — PiTiEL
2 (lzea ™ L o [ T ) <
iil = qi, i1 — DL
ai(Tir1, ) Hi(Xp) 2 (Jwapa | 7 7o 4o

=1
PiTi41

a7 ) = Hi(Xn)
(6)
miRi& 1, F Gij > piTig1/75. Kk, FE—4
X Q = {Xn|VaXn) <o} FHFIAEM X, € Q,
Z?;ll (|xi+1|lh', i+1—PiTit1/Tit1 4+t |xn|qin7pi7'i+l/7"ﬂ) <
1/2¢p, 1, Xo > 0.

HX (6), AHB ), MPIAN Xn € Q, H Va(Xn) <
—H1(X)/2, WA BIAR RS (1) ~ (2) 2Rl ia
TE .

[l RE, 2% 5 403 Vi (X)) TR IREE R k = 2p,
HOHE SOk (18] ISR 2.3, W LA 5 1S B, 1R H

¢ > 0, i Hi(X,) > eVt PP (X ). WT L7 5
V(X)) < —cV2/Cemm (X, )/2, VX, € Q. Ik, aTLLfE
B M <0 B, A 20/ (20— 1) € (0,1). FF HARHE STk

(17] W51 2.1, wf DG B RGE (1) 2 Ja AT BRI TR R0 1.
O

2 FEMFRFEEEEM

AT IRRHAHR RS (1) WRRRGERE, #5657 R4
TR bR BN T g il e, O ELR AR BE . EfR e 1 A0 2



666 H /T 39%
SAER, FEAE—ADNER 9 > 0 MRS 8 Wit Rk 1,0+ ,n—1, FA7ERX (9) & XWEE i (61, -+, B:) FI—A
R RS (1) &Rk, WO <O < 1, EER 0 <9 < 91, FUHA7:

U=un(Xn(t))=—Bnd o (zi" —u," 1 (Xn-1)) (7)
Hop, i = Leoon =1 w = 0, wi(Xi(t)) =
BT 7 (@I T (X)),
sy = | Psnle), Vx>0
x, V|:L‘|S19

Wha B AR

Bo=0

B> max{ﬁlj <17;2d1> } (8)

ity ( 1+ Bi1)ai_ 1+1+2d) ﬁ}

d;

=1

ﬁi>max{
i=2-.,n

ar(B) = 0B (du(1+ )" +1)

0[3 J+1 fed

r (1+ﬂa 1) X

)Pi) + B; i aj—1(Br, -, Bi-1)s
(9)

Oéj(/gla"' 7ﬁj)
(14 d;j(1+ Bj-1

j=2,n—1

B, R (1) BB u = wn (X)) R 7
BT+ /7 WE . IF LT 0 AT AT R 0 0E % 4L,
P LAS RIS (7) HOWE (Gt iT MRS /N, ZEEW] 4598 2 71, 26
A TR A T |
BIH 1. HIEAFEME RS (1), wEHE (7) R,
B |2y < 079/ +B521), 5 = 1, ,m, (HE AR
0< 9 <1, HEMTEEO <9 <V, |f1(a:)
M.
SERR. HBE 1 A, TR ] < 07/70 +
Bi—1),j=1,---,n, #A:

£@)] < X1+ 50)10"
(1+6n l)qnﬁ Un):
bi(X ) (1 + Boyr 9 "%

(1+ﬁn l)q"'ﬁ( z;r Pir(;;+1)

tl 1

ce 4

(10)

r1 PiTit1
=

)+...+

PiTi41
[y —

it gk 1 Rk (8), nI1H, qijrj/o > piriy1/o MR 3;,
j =0, ,n—1. JFEHTLIREZMIEFEE 91 e
0<9 <1,0<9 < <1, fif5:

41T PiTi41
2

B (1 + o>

SR (P
(14 oy (555 )) <
15X (10) AR (11), AIAn5 2 1 2 IEAI. O

3118 2. HIEARLEVE RS (1), ¥ |z < 07/7°(1 +
Bi—1), j =i+ 1,--- n, FEFEHEIZ (7) EHT, MgA 7 =

uw, (X)) —u T (XG(2)] < (12)

ai(ﬁh'" 7/81')190::7 (5_2)7 V{ZE

ERR. 5B PRI RIE IR (12), W R 9 WL
0< <.

F—5.

BV |25| < 07/7(1 4 Bj_1), =2,

n, WXt €

[t, 2], z1(t) Je—BUELMN, @1(¢ ) EASM. B, Ht =t
TEth, TEERTIEA] b, o= 1,0, N 464 |27/ (1) = 0,
u{% (e1(D) —u{% <m@>>] <
. (13)
3 (xl(tk)) —uy? (@1 (th+1))

to = t, tny1 = ¢ WSRO IR X [t teea] HLIW
Fidi t, WA ]x"/“( )) > 9, M 2 (tn) B a1 (ters) B
FRE 25, B 29/ () > 9, 2 (k) > 9 B
# 27 () < —0, o M(tesr) < -0, % 5|
Wl @1 (1) — uf" (o (b)) | = 0. B, DU A1

2 27/ ()| < 9, V€ [te, tia] B, BRI (b0, ] PO
frhi L.
HBAE AN AR ) [£7, £, Horh, "/Tl())w. i
ik [7] TR AL A
Wl (2 (F)) — u]? (@1 ()] =
B o () — o5 ()] <

B |2 (F) — a1 (L
o2 0TI gy () — (2]

HE), 27N ) <

)| max {x{~

(14)
Hi o] < 073/ (14 By-1), j = 2,--- ,n, FEANEHI3E 1,

3
o1 () =2 (£7)] <
[ 4@ (5)+ s (@() + a(as)lds <

pP172

(di(1+B)" +1)0 7

G (15)

W oy < 971+ Bioa), G = 2,
(14), fi:

,n, B (15) AR

e e

ul® (21 (7)) — u]® (2 ()
0B (di(1+ B)P + 75 (B — 1)

WA, ¥ ooaa(B) = oB72(di(1 + B + 1). i

T Sty —ti) = (E—t), 4t (13) A (16),

WA F o] < 909/70 + Bia), g

/"2 (@1 () = wf" (@1 (8)] < e (B9
YALRER S .




5 Y] AT A —RARZ ML R G 1 42 Jry il A s M B 1] 0 667

BB i — 1 B, AT o] < 99/7(1+ 8;1),
j:l7 , N, ﬁ‘:

o

(X1 (D) — uty (Xio1 (1)) <

(17)
Qi1 (Br,-- - Bim)0T (F—1), V<t
N E W] LR KR Y |2y] < 07/7(1+ Bo0), § = i+

Lo m B, 7625 i SR
AT WL, A TFAE M2 o (X))
B A X)), A R A 6, A

/7 ()~ (Ko (0))] = 0,
Xi(t) - ”1 (Xi(1))] <
N w (18)
Z}O U (X)) — 1“ (Xi(tr+1))
Hor, ty = t, tny1 = L fE X Fh 1wl R, 2%
BLF 5 — S W aE W, X T B X0 [t terd] B

SN TR 1

A ‘u:/mﬂ(xi(tk))—u:/ml(xi(tkﬂ)) = 0 M
B, R G R XA [tk teea] B, 2K L,

27— u T (Kia ()| < 9, V€ Ttin). K
o777 (0) = § (Kima ()] < 0 W, AT B X
(£, Mt B 2t (14) fTE,

70 —u X)) =9,

W X)) - ul T (X)) <
57 (off @) -l )
W )~ X)) <
s <
o) = () e { o () 5T a6 T ) <
oI (ZQ+ B 97 o) —aalt)] +
Wi ) — 0 (K )|)

.
T

_|_

N

u (X () — /7 (X (1)

o
+ — X
r

2

(19)
W |25 <O/T(U4 Bya), j =i+ 1, ,n, BI5IE 1 AT

5
|$i(f*)j*$'(t*)| <
‘d o7ty (s) + fri(x(s)) + failz

(1 + B+ 1) (1)

}ds <

&.\ \L*

(
(20)
A, T "/”()—u;’_/’;f(xifl(t)))sa, vt € [t*, 8], T

A

rj T

2i(t)] < 9T (14 81T <9F (1+ i)

1 ERAT ;) < 979/7(1 4 B_1) TN, AN I B 4
PRI, BT SN (e — te) = (E— ), 838 (17),

(19) Fil (20) PN (18), w740, 0 FATR |2;] < 07/7 (1+
ﬁj_1)7 .7 :7'+ 17 P /}%

i

(L+ 87 + 1)+

Ydi(1
511+1041 lﬁl, ",ﬁz )

)l/ﬁ
(515 . 7/31) =
oB; o Z 1,7 pi
(BT ) )+
ﬂi s Oéi—l(ﬁh te 7@'71)
Sy, R (12) 7658 ¢« SR IERIR. 9984 Ik Btk 58
A, R, 51 2 RaRIE e K. O

FHSIBE 1 RN 2, w] AR R R i A = e 24

EIE 2. 7EMRBEL 2 /R, FE—ANEELY € (0,94],
HuFnEEglgs (7) R R A (1) A JREERRE.

SERR. 43D SRUERE: L, UEBEAE B WAL A (8) T,
B (1) SRS (1) FPRESWESE — N HBRESE 9
YU /NI Py JLUR, TF B0 0 R, RGOIRAS Kk
NGEE 1 EAR 51, TR H g, W% B S 9
W 0 <9 <91, REREE —MAHUEAN—ME 5 R
AN AR IX A

F—5. X T HIEWGFEALE DL g,
"X AERt > t, A X.(t) € Qn =
{Xa: ‘x:’/“ (t) =’/ (Xn,l(t))] <},

ok, RIS, EWIAE(E— AN b, AR T
t>t H:

e

23 (t) — w7 (X1 (t1))
% bR AR, WM AER e > 0 f
27/ () =T (K (0) > 0/2. A PR
WE: W00 1 27/ (1) — ul P (X (1) > 0/2; WL 2
27T (1) — ul T (X (1) < —9/2. B, HREN 1, 4

RIS

<

£
L 2

t>0 W, f:
En(t) = ful@) — B dn (@) x
PnTn+1 = -z
57 (@ (1) —up (X a1 (1)) <
PnTn41 PnTn PnTy
—pmrd, (2) T 4™ o 0™
(21)

+

-1 Jrﬂgndn(%)mr:ﬂ > 1t

( 6 1)ad 1() dn(%)

41+ gn_l)a:ll(gh ot Bno1) +2dn >0

PnTn41 2Pn7‘n+1
o

(22)
Mt >0, H zn(t) < 2n(0) — u, 9P ™1/ 4553 (21)
Hul " (X (1)) < B0, SHEREMI ¢ > 0, B 9/2 <

27" () —ul T (X e (8) < (2a(0) —

n—1

unﬁpnTn+1/fft)ff/Tn +



668 H | 1k

B/, MmN T LA, LA B E 9/2 < —oo,
BHRIAEN 1 BAKASE. FHAE, FHH 2 B2
ALK, B2, B —ANNZ 4, SMEEt > t, §
25/ (1) — “”n(Xn 1()] < 0/2.

n 1
T A < S 5 S~ 11 7 1 O = R N W £, AV
xz/rn(t)fug/j;(xn,l(t))‘ < 9, vt > b, B
ERR I, WESA AL G > 4, 8
2527 (4) — '} (X (1) = 0.
ELARM, FAAEIZ) 6 < t) < oo Flt] < tF < oo f#if5:
2 () —uim (X () = 5 (23
T —uny (X (8) = (24)
Y <an (t)—ui(anl(t))sm teftr]  (29)
. v 2 i
(1) = i (X1 (8) = —5 (26)
i () — ulmy (X () = (27)
< el () —ult (X (D)) < -2 te 8] (28)

2’
H o, HIE (23) ~ (25) Eﬁﬁﬁ’”aﬁ Tt HEWI AT /g, 45
= (25) Hl Tn(t) = fo(x) — BB dn(z )5PnTn+1/U( o/rn () —
WL (X (1)), T BLAFE] dn(t) < —upd "1/, ¢ €
[t t1], Mk, w, 72K (22) hiE X 1 ER, A

PnTn+1

up® @ (17 —t1) < zp(ty) — za(t]) (29)
gt (23) A (ul (X)) < BT, Mrnjo < 1R
1

<1+5n_1> ﬂ @ < (1+ﬂn71)19%
K, = (24), 4
xn(t1) > (9 — BT" 9) > 31)
—(A+B]m) T > — (14 Bu1)V

=X (31) A1 (30) £RAK (29), fi:
2

Tn(t1) — @n(17)
PnTn41
Un o n

2 —r
?(1 + ﬁnfl)ﬂ7

n

th =t <

i H, Ha (29) B 2, (8]) < zn(th), BRI
Ty ( i) -

uny (Xno1(t7)) <
aat () —

U£’11(anllf(t'1))+
Uy (X1 (1)) = w3 (X noa (1))

Je (23) 1 (24) FRAS (31), A5

o

< |ulm (Xnoa () —ulm (Xua ()] (33)

52 i 39 %
gk (25) A |l (Xno)| < B0, A
jen (D] < (14 B]7,) %0 < (L4 Ba)0

t € [th,t]] (34)

gty (34) MR 2 kAl (33), B

5 < [ ) —uE K)o
An1 (i, s B1)0 T (£ — 11)
fuxk (32) AR (35), A
g < %(1+ﬁn—1)an—1(/@17'” 76"-1)19 (36)

Jy— 77, 2 (8) AL (22), f7:

1 PnTn+1
un = —1+d, pno> 14

2
PnTn+1

d(%) ’ 2—”"’}“4(1+ﬁn—1)a2—1(-)+1+2‘7">

=n

41+ Bp—1)an-1(")

(37)
= (36) F1 (37), 1 9/2 < 2/un(1 4 Brn-1)an—1(B1," -,
Bn-1)9 < 9/2. XKFHETE, S5, X (23) ~(25) EALE
ffr). [RIHE, W DR 2 A5 H 2 (26) ~ (28) HIE AN IERfT).
B2, WHERI ¢ > 0, A |27 (1) = a7 (X (9)] <
O, WU, MRt > b, A X.(t) € Qn =
{Xn : ‘xZ/T" (t) — s/ (X,H(t))\ < 19} .

n—1
YILNERSY
TR i — 1B, FIE0<ty < <ty Pt >t
A
X0 € {X5: o 0 - w2 (Km0 <0} )
Vi=n—1i+2, N
WHES  PERRAFERY. ERFE—-DWIE
B, WAERER & > tior, WA Z & WL

oL ) =l e < 02
B AR, B AT M ¢ >t
> 9/2.  [FAFEAELE

a0 T (K ()

w0 - T ) > 02 R
27/ ) — ul T (X (0) < —0)2, PG

T ARG DL, MRS, AT LA RIS T 4 s o

n—it1Tn—i42

Zﬂ zjl»+ll( n— ’L+1( )) = sn 7,41»+115 7
e () —u (Xn_iu))) < (39)
Pn—it1Tn—it2
n—i L W —
=B (%)



5 Y] AT A —RARZ ML R G 1 42 Jry il A s M B 1] 0 669

gt b3, Mt >t W, A

Gn—it1(t) = dn—it1(@®)up" 5 () + frmit1 ()+
i1 () [ 55 () — w8 ()] <
| + fa—iv1()+

(19) pn7i+1‘77‘71.7i+2
n—i+1l Zn—i+1

i1 (@) [0 05 () — w0 )]
(40)

PR —I0. 158, 3 (38), F |zj] <
,n. A, A

BN 7 o =W g vl
(L4807 j=n—i+2,

Pp— z+1 Tn—i42

[fr—it1(x)] <99 ,

M0 < Pr—itiTn—iva/o < 1 I, BSCHK [7] 512 ALL 5

i

t>ti (41)

’wpn—i,+1_ Pn—it+1]| __
n—i+2 n—i+l | —
iz ProiklTaoidz o Ffo PnoidiTnoit2
[ n—i+2 ] 7 _[ n—i+1 ] L <
poa - Pn—itl™mn—it2
_Pn—it1"™n—it2 T 1o F— o
21 = n_w+27u'n.z+2 <
n—i+2 n—i+1 =
Pn—itl"n—it2
29 -
(42)

ORI, 24 poiara—ia/o > L, EEUPEARA. K5, B
% Do is1rni12/0 € [+ 1), 0 € B BB
Wk [7) HLAIE AL, LI

| Pn—itl _ pn L+l} _
xn7i+2 n 7+1
> Pn— 1+lrn i+2 o Pn—it1"n—i+2
Tn—it2 [, Tn—it2 7
‘[ n—i+2 ] [ n—i+1 } S
- - - pn7i+lo_7‘n—i+2 1
Tn—i+2 Tn—i4+2 Tn—it+2
z, s g | X ([ ] -
Pn—itlT™n—it2 -
[ %2 ” << g
n—i+1 = = n—i+2
- n . Pn—i+1UTn—i+2 —n
Tn—i+2 % [ Tnf'i+2] _
n—i+1 n—i+2
ﬁ Pn—it1"n—i4+2
[ n—i+1 7 —n| <
o o m ) )
Trn—it2 _  Tn—it2 21_%
n—i+2 n—i+1
- - pn7i+1;n7i+2
Tn—i+2 Tn—i+2
Tp—it2 — Up—it1 —-n<
Pn—it1Tn—i42
29 v
(43)
N . N N N LE
Mt >t B, B (41) ~ (43) AU (40), AT
Pn—i+1"™n—i+2
Dn—it1 1 7
. n—1
xn—i“’l(t) S (/Bn i+1 dn i+1 2 -
Pn—it1Tn—i42
1= 2y ia)0 e =
Pn—i4+1"™n—i+2
—Un—i+1 T
(44)
Pn—i4+1"™n—i+2
_ aPn—i+1 1 7
:/H\:EP, Un—i+1 = ﬁn i1 an it (5) - 1-

2dy_it1.

FEH i (8), 15321

4(14Bn—i)an—i(B1, - sBn—i)+14+2dpn_it1 d

Un—it1 = — Qpip1™
1- 2d_n71‘+1 >
4(1 + Br—i)an-1(B1,- -, Ba—i) >0
(45)

XA (44) PIRATER ) [tio1,t] BB, 13 zp_iqa(t) <
Tt (tim1) — Un—igr 9P =i+ n=i42/7 (f — 1, ),
G5 B (i (X )| < Bri®m=i41/7 | LI F):

o fod

19 Tn—i Tn—i
5 < ‘rn H»-;l (t) - ’u‘nfi i (X"*’b(t)) S

2
ﬁ;"l 9+ (Tn—it1(tim1)—

Pn—id+1"™n—i4+2 —
Up—ip1V o (t = ti—1)) m—it1

bl RS BTSN, 9/2 < —co. BTSN,
A EOURA T RE R AR, L, 7T LLZR b M1 E A
PO R AL, B2, HEAAE NN ¢, 15
27/ ) — M“"“(Xm-(t)) < —0/2 .

PRk, BHRUEEEY |27 () —u x
(Xn—i(t)] < O L. RBIEA AL, BFETERZI ¢ < o0
Rl ] < +oo, FaURL.

. . 9

o/rn—it1
n—i

e ) T Ka) = 0 (46)

Tt () — T (X (E) =0 (47)

n—i+1 n—i
v_ [yt "
5 S ‘Tnfi«‘:il (t) - unfi i (Xn—l(t)) S 197t € [tgvtz} (48)
ﬁ
o, () —u, T (X)) = 5 (49)

led

z, i (8) =

W (X () =~ (50)

n—1i

= = 2
2

=9 <, () =T (X (1) < -
tet,ti]  (51)

(48) Mt HL, IF HAEEATRA AT
(43) F1 (46), X2 (44)

)

AL, e R (46) ~ (48)
M. 2t e[t t7], 46X (39), (41) ~
WALy, 15

Pn— 7,+17‘n i+2

Up—i+10 ;5 —t]) < Tn—ig1(t]) — Tn—iy1(t])

(5
i (46) A [ulTm (X a)| < B9, H: miga (8) <
(14 Bui)0m=i+1/7 ol (3 (47), &1 @i (1) >
— (14 Ba)9m 1/ B BN (52), B

2 Tn—i+l = Pn—it1Tn—it+2

1+ n—1 Y g -
un7i+1( Br—i)

(14 Bo-i)0 =

DO
~—

-t <

Un—i+1

x‘rwl*.i#»l (t:) o uvn i+1 (Xn—z(t )) < ZC,:L" ZerJil (t;)f

n—i+1
Uy (X1 (6) w5 (X () —

urnf_wrl (Xn—z(t:))

n—i



670 H | 1k

F {4

39 %

15X (46) Fi1 (47) A (52), nIf5:
19 g o

Ul Kt~ (X)) 6)
o, g4 (46) A uz{?j&iﬂ < ﬂ:—/T‘n—H»l,l% W

t € [ti, ] M, on— (O] (L4 By /o
ERERK (38) 41, Wt e [t“t |, A1 |z(8)] <
(1+ﬂ]—1)19”/07j7n—l+1

CABE0 <9 <9y <1, U'JJEE kfﬁiﬂ, ATLAHI G 2
At vk T3
[y () — T (¢!
unfi (X"*Z(tz)) un;i‘r (anz(tz)) S (55)
O‘"*i(ﬂb"' 7571 1)19 c (t —t;)

K (53) A (55) A (54), 2 9/2 < 2/up—iy1(1 +
ﬂnfi)anfi(/@17.“ ’/Bn 7«)
e (45) FEZIEH T

2

Un—i+1

AR T X AMAER 9/2 < 2/un—ia (1 +
Br—i)an—i(Bi, -+, Bnoi)d < /2. RIFE, X (46) ~ (48)
FIEBLATT Bk 2. [EE, 38 (49) ~ (51) BT BLB AT
M. B2, Ht>t I, A

N | =

(1 + /ani)anfi(ﬁlv e 7ﬂ”*i) <

o o

P ()~ (Km0 < 0

KEWH, 4t >t W, Xooia(t)
U/Tnf'H»l(t) _

X" i+l - ’xn i+1

FL 5 (38) *H/u:l, At >t HJ X;(t) € Q;

€ Qn-iv1 =
W X ))‘ <19}.

n—

_ {xj; )~ (x H())‘w}, i=n—i+
1o, m.

LS T A

mE—5.

R _LIHER, SIEAFLE— DA thor, Mt >t
W, A

X0 € {25 [o) 0 - w0 <),

j=2,--,n (56)

EREES Juj1(Xj—1(t)] < Bj—1973/7, 512t > t_y B,
|z (8)] < 1+ B-0)97/7, j=2,--- n. HBIEL 50, 24
t>ta 1 I, H: |fi(z)] < 9P72/0,

SbAh, IBHSCER [7) FEIE AL IR (56), Mt > taoy
i, A

|25 (t) — ul Nz ()] =
piT2 Z P72

(237 (1)) 5 — (u]? <x1<t>>>7] <

p172
g o

w7 () —u? (m ()] T <

1_T2P1
o

p17m2
o

AR LT A HERE, 7T LAKIE:

:bl = d1 (.’E)ZE
d1 (.'z:)u

5t filx) =
D) + fi(z) 4 di(z )(

-z Pl

2! (1) —ur’ (21(1))) <

—dy (@) 0 (@] () + 075 2di 0"
ﬁﬂ% t Z tn—l [:H‘v
. p1ry v
i(f) <~ <0, ¥ ozl (1) > 5 (57
. piry o v
B Zwd e >0, F o) <-5 (58
Fort, = dy B (1/2)77%7 — 1 — 2di. 115k (30), A4
Bi > 272/ ((1+ zcil)/gll)”’“, I
w=d, B () 120>
dl(%) a 27" 1+2d1 —1-2d; =0

Bz, M2 > 9/2 i, R (57) BABR AR Y
t>t, I, m% A t,, W75 z‘l’/”(t)‘ <92 < 9, W
z1(t) € Q1 = {azl : mff/”( )‘ < 19}7 t>tn.

243 (56), Mt > t, N, AT R 458, X (t) SHEA
FEARRELE R TR A A

Q:

{Xn :

BIIE, 4t > t, I, ZESHISE v = afyy = —Bi(20/"
gy /o =1 ERF, X ()h;ﬁ)\aﬂ%%
0 P, B o R 2 s S,

ST £, I, WIS (7) R EEN S (2).
TS 9, T LR

g o o

" () —u,m™

x{‘(t)‘«%---,

(Kama ()] < 0}

QCQ={X,:Va(Xn) < Ao}

Hoep, Q 2 wH 2 o XML B A e 2, JMIEHK RS
(1) A0 (7) AW R E M. B, MRS (1) #(7) 1
A Ja A R AR . O
IS 1. 7R L2 AN, Wk 1 i E
T R, MR RSE (1) A (7) R4 R BRIN e A 1.
MERR. FEMRBE 1 A2 IOARAE R, B 2 ORIUE T M R4
PR ASAE AN BRI ) AR 2 BE N X8 Q, FFAE T I ) O3
FREXHE Q . fEX S Q ), s e B 1, WA 7 < 0 B,

VIR 40 2 A BRI IRV RA 2 0. DRI, PRIBR R4S (1) A0 (7) 24
SR RS T 52 (. 0
3 {hE

AR ST A S AR 1) T BRI 5. AHA SRR I R 48
FEATSEBR NI ELRY, SCHR [19] TP =B g R et g A
ELELLF IR R R G T

T AN A A W AR SR 5 5RO SO [17] 45 R AE
fif.

Bl 1. R R XA AR R 4



5 Y] AT A —RARZ ML R G 1 42 Jry il A s M B 1] 0 671

&1 = kix§ + xo + ko

i3:u

ETXT RS (59), M k1 =0, k2 = 0, XRE—NFIRRYL,
Mk £0, ke =0, XE—NTFTZARE, Mk =0, ka #0,
EEALE=MRE, YLk #0, ko # 0, X ADEHFFER
B Mk =0,k =1,b=2 I, R (59) BAISCHR [17]
45 5.2 &,

MRS (59), ZH, pr =1, p2 =3, ps = 1. N TRIUEA
JakasEtE, B 1 A

1+2 1
rm=1Lnro=147,1r3= +T,r4: + 57
3 3
q11:a=p1T2 =147>0
" (60)
Q13:b>p;r2 =147>0
1

Gin, WAL 7 > =1, ATREUERCR[FER @ > 0, b > 0 L
A EH & Bk, 24 > 0 i 3 H o, b 2 (60),
SEH 2 FAL RA (59) R HWHETEEN. M -1<7<0
B, Hoa, b W20 (60), H51HE 2 /401, R4 (59) A=A
L T ).

WG M B G103 M e, TTLABCTHIT T A3 ) 28

u=—Ps (0" (a5° + B5°0 (¢5° + 10 (21"))))

Ak, a1 = o/r1, as = o/re, a3 = o/rs, as = r4/o, 0 >
maxi<;<4 {7"1}

B, 2 r=-2/15 N, W o =1, Wa1 =1, az =
15/13, a3 = 45/11, as = 1/9. X7 =1 i, & o = 3, NI
a1 =3, a2 =3/2, a3 = 3, as = 2/3, XA E T 3CHR [17] 1)
%1 5.2.

H 1 50, a R b LR T 240 7. Pk, w7 BAad i
WIS U IS8 kb G@EMEsHlss. mHEASH, &
W pi ARG A, SLBr b, fTEARSCH, po HESKERAS
FE O,

5 2. BT 53CHR [17) SEATXTLE, IR g L2tk
REE:

3
o1 = k12§ + (1 + Sin2($1)) xd + koxb

i'2=u

(61)

RE, EH p1 = 0.6 < 1, BB HASCH 7 vk vt il as
i3 R4 (61) misE. [FFE, LN 7 = —0.4, W p1 = 0.6,
p2 =1, a=06,b>06 (Uit b =1). Bk 1, A%
ri =110 =1, r3 = 0.6, and 0 > maxi<;<3{r:}, LI
o=1,Wa =c/r1 =1,a2=0/ra =1, a3 =13/0 = 0.6,
RAEHER 1, IEBGE M IS H 61, B2 M e, REGE (61) 4 NI
FERIERAE T A BRI TR 1.

u=—P320 (232 + B1%c (z11)) =
—B20%° (22 + Bro (1))
TEINIZS 81 =4, o =25 Fe=03. 1 BRTIRLER

GUit) 4z AT BRI T BUE ST O, 1 2 Bo T Pl A M A2 A6
L

4 L5it

AR SCIE G 5 4 4 R O s B4y O T R kB A B
RO WEFCT ARk v RS A R AR . A SO AR
HAELLE = A5 1) HRE 2 e A AR et R4,
MAGE T =MEReE E= MBI RS 2) BEAR TRk
PER GBI AT, 3) TR i 4 4% L — 2624, WA
FHENARLME R G 42 Jm A PRIV TR B0 BTt ik

2

L5t

- X

\ —X;

I

Time /s
Bl 1 RS

Fig.1 State trajectory

0 2 4 6 8 10
Time /s
B2 A
Fig.2 Control input

References

1 Isidori A. Nonlinear Control Systems II. Berlin: Springer,
1995

2 Kokotovic P V, Freeman R A. Robust Nonlinear Con-
trol Design: State-Space and Lyapunov Techniques. Berlin:
Springer, 1996

3 Krstic M, Kanellakopoulos I, Kokotovic P V. Nonlinear and
Adaptive Control Design. New York: Wiley-Interscience,
1995

4 Lin W, Qian C J. Adding one power integrator: a tool for
global stabilization of high-order lower-triangular systems.
Systems & Control Letters, 2000, 39(5): 339—351

5 Qian C J, Lin W. A continuous feedback approach to global
strong stabilization of nonlinear systems. IEEE Transactions
on Automatic Control, 2001, 46(7): 1061—1079

6 Polendo J, Qian C J. A universal method for robust sta-
bilization of nonlinear systems: unification and extension



672 H | 1k

{4

39 %

of smooth and non-smooth approaches. In: Proceedings of
the 2006 American Control Conference. Minneapolis, MN:
IEEE, 2006. 4285—4290

7 Polendo J, Qian C J. An expanded method to robustly sta-
bilize uncertain nonlinear systems. Communications in In-
formation and Systems, 2008, 8(1): 55—70

8 Mazenc F, Praly L. Adding integrations, saturated controls,
and stabilization for feedforward systems. IEEE Transac-
tions on Automatic Control, 1996, 41(11): 1559—1578

9 Sepulchre R, Jankovic M, Kokotovic P V. Integrator for-
warding: a new recursive nonlinear robust design. Automat-
ica, 1997, 33(5): 979—984

10 Teel A R. A nonlinear small gain theorem for the analysis
of control systems with saturation. IEEE Transactions on
Automatic Control, 1996, 41(9): 1256—1270

11 Teel A R. Global stabilization and restricted tracking for
multiple integrators with bounded controls. Systems and
Control Letters, 1992, 18(3): 165—171

12 Lin W, Li X J. Synthesis of upper-triangular non-linear sys-
tems with marginally unstable free dynamics using state-
dependent saturation. International Journal of Control,
1999, 72(12): 1078—1086

13 Isidori A. Nonlinear Control Systems, vol.II: Communica-
tions and Control Engineering Series. Springer: London,
1999

14 Ye X D. Universal stabilization of feedforward nonlinear sys-
tems. Automatica, 2003, 39(1): 141—147

15 Chen T S, Huang J. Disturbance attenuation of feedforward
systems with dynamic uncertainty. IEEE Transactions on
Automatic Control, 2008, 53(7): 1711-1717

16 Qian C J, Lin W. Using small feedback to stabilize a wider
class of feedforward systems. In: Proceedings of the 14th
IFAC World Congress. Beijing, China, 1999. 309—314

17 Ding S H, Qian C J, Li S H. Global stabilization of a class of
upper-triangular systems with unbounded or uncontrollable
linearizations. International Journal of Robust and Nonlin-
ear Control, 2011, 21(3): 271—294

18 Qian C J, Li J. Global output feedback stabilization of
upper-triangular nonlinear systems using a homogeneous
domination approach. International Journal of Robust and
Nonlinear Control, 2006, 16(9): 441—463

19 Rui C L, Reyhanoglu M, Kolmanovsky I, Cho S, McClam-
roch N H. Nonsmooth stabilization of an underactuated un-
stable two degrees of freedom mechanical system. In: Pro-
ceedings of the 36th Conference on Decision & Control. San
Diego, California, USA: IEEE, 1997. 3998—4003

[ S N N = B P 4 T e w1 BT Wl =X 3 | S WA N O | B A = B
Mo, A AT A H]. E-mail: zhou 4714@163.com
(ZHOU Ying-Jiang Ph.D. candidate at the School of Au-
tomation, Southeast University. His research interest covers non-
linear adaptive control and hypersonic vehicle control.)

I OF ORMRYF AL LA, EERI 0 e
T, HiEMN#EHl. E-mail: wanglshenhl@126.com

(WANG Li Ph.D. candidate at the School of Automation,
Southeast University. Her research interest covers hypersonic
vehicle control and adaptive control.)

IMEIR AR BB AE R . BT I D R AR e A& L
N, gt RGBT S AL, BRI, A SO AE 1

E-mail: cysun@seu.edu.cn

(SUN Chang-Yin Professor at the School of Automation,
Southeast University. His research interest covers intelligent con-
trol theory and its application, nonlinear system analysis and
optimization, and pattern recognition. Corresponding author of
this paper.)




