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Adaptive robust control for
a class of uncertain non-affine nonlinear system

CHEN Long-sheng’, WANG Qi
(College of Aircraft Engineering, Nanchang Hangkong University, Nanchang Jiangxi 330063, China)

Abstract: An adaptive robust control law is proposed for a class of uncertain non-affine nonlinear system with unknown
structure, parameters and control direction. The non-affine system is first transformed into a time-varying system with a
linear structure by using the mean value theory; and then, the bounded time-varying parameters are estimated by adap-
tive algorithms with projection. The estimation error and external disturbance are compensated by employing nonlinear
damping terms. By combining dynamic surface control (DSC) with backstepping technique, and employing Nussbaum
gain approach, the designed algorithm eliminates not only the “complexity explosion” problem inherent to the backstep-
ping method, but also the possible “controller singularity”” problem causing by unknown control direction. Finally, based
on Lyapunov stability theorem and decoupled backstepping method, the semi-global stability of the close-loop system is
proved. The simulation results demonstrate the feasibility and validity of the proposed control schemes.

Key words: non-affine nonlinear system; dynamic surface control (DSC); Nussbaum function; adaptive control

1 5|5 (Introduction)

WAk, AR AR R G il ia) 1 2R [ Py b
G AN RN, A AR T 2 T,
U BRER MR . BN 38 AR I 28 BRI BB
B A0S N 2 RO R S AT X S R,
R0 5T RGBT R .

R4 56 R 5, BIR i AR LR P by s it
P 25 BN I RGBSR, S DAAEZRPE
Bt it o R G EVE . AU RABA Ui R
G IRy« Pl A5 7 R <Rl R RS JR
U RS AT F I ARLRE . AN e MR Rk, SizBr

AR H 38: 2014—02—17; s HIH: 2014—10—09.
T0{E/E# . E-mail: lschen2008@163.com.

b, RZHS R TRER G AT _E#S & 7 51, W5
LR ART S FR G il i) B A T 22 1 BRAS A S B

H A, B0 5 2GR G R EAE I 25
PRSBSOS L. STk (76 E e — 2 ARy
CLAH AR ST R 2 R e P R s 1l e 85, 3 — b
¥ Backstepping #5 il| Sl . (H 2 SRR 2 R4 H
T G5 MRS B AN 52 P T A ME SR L — S 2 A
R0 KATHE R R G055 Labiod SZEBIRM T L+
Ke pR R 1) 1 IS N 7 58, (HRIE RO 5 AR
LM RGOS AFAE, R Be ek B0E R Af % 48 =g AT

FIRARHLBIFHHESITH (CAST2014CHO L), {LVHE #E T ARSI H (DB201206238) %t ).
Supported by Aerospace Science and Technology Innovation Fund (CAST2014CHO1) and Foundation of JiangXi Educational Committee (DB2012

06238).



2

SRAEH RIAER); T H Park S50 25 & OBRER PEAL B, 15
HE RN FE AR, %07 BRI AR R EL S () %
Fu(t) e, R ZREERITE P e B, Fu(t)
Or B O 5T 2R 4L, Labiod SFIJ.H.Park {1 /71444
BB AICL > 0); Lin§ 00 %)
SR R e B AR S RGO U R G, A
Bt 5 ANussbaum 4 pg £, fif e T 3151 77 1) A 0
(IR 3 75 G PR ) A2 R FH SR o 2 0 8% TG B
IEIT RGN ASN AR L bR EFAN e T, B RZe P R
B (1) AT SR FHASORAE T 22 48 P IR AN 52 T A5
RN X 286 AT TR BRIV 2 2 e ), RERSIE IR AL B4
RO E RS E, & — AR BA Wik
AT 5 AR e B 11 0 N 45 i e vk TR, 4R,
X EARMARZ I R G, R PSRN 28 ) 28 42 il e
PRAE RS S A Al

ST BRI, A SCER 6T ) AR S —
KA W RIS HAR 5 BB A AR BE) A A T3 1)
G5 A T RGP T — PP [ IE N T .
FARg: 1) R AR e B AR 5 Rt HAT 2R
P &5 48 () I AR 2R 4, 35 o A v h AN T AR ek R
() RTHBREN W FECE T, HAL T AW,
[ () B m SR BB RS 5t I8, 2) S5
BEREAG VAN RAHE VT VAR B IS Y A o)
. BT RV AE T E IR 1) 1) R, WK shA T
S A S A, RN B R o 5 N &
WAy, WG o R U S S 1SRk S DR
B IK ) #5551 A Nussbaum % p& Z b 21 7 1) R S0
AN AT I 20 PR AL, o5 R FHABDRI/ A28 Y 2 o)
FRGE AR AL e BORIANf o TUEAT T PR T, %
il 4% 25 74 187 5L 3) K F A A ) 41 (decoupled backste-
pping) J V20 IR R G REA TR Tk 44T
2 o)A (Problem formulation)

2 e 4N PR N P HE (STSO) AR B AR MEAH
TERA:

& = fi(e,,,) + Ai(xit), 1 <i<n—1,
{fbn = fulx,u) + A, (2, 1), €))
Yy =T,

Hpre=(z1, 20, ,2,)" € REARE I @ =
(1,29, )T w A FEHIE N 7] 2 g RS H;
[ ()R RS E AR A AR M R G A (e, t) (1
< 4 < n) AL R LS A NS TP A 2 Tt
RGN H bt Bevh—FrE s FE AR T, A
WRG A5 —BURLH TR, Nk, X LR Rg M
WA S DU R .

Rig1 AL tE RS, ( )Rk Tafui 2 T,
HAom P EG 5, AT F esnitm:

MRteleas: — AR AR BN E R EE N SR ) 257
ofi
Q5 = oz, S [aijminaaijmax]a
/L:]-u 7n_1)j<7'+1)
Ofn .
Qpj = 8$j S [anj minaanjmax]a J < n,
Ofn

/6 = % S [/Bminalgmax]-

Bi&2 fi()fER 20,0, 00 & X,
HALFEmF W [ £:(0,0,---,0)] < do.
BRi&3  AfiE A (x, t)i=1,2, - ,n)ili
R [ A, t)]| < piles) fai(t), X ps(2e:) 0 B A1
(106 BRI B, faa () 29 AR SIELAT F I A2 R £, HL i
| fai (B)] < di, di i CHNFIIER L
®i&4 SH%E5y0)uER HEA &
LAy S8, WAAAE— N IEH L Co, 1S I, =
(s Ges i) = Nyell® + N19ell® + M35 ll* < CopIAE
HTRGEW T f; () WA S EER AN AR L
BRI, AH H A S B AT F, T LA SO S A P i e
PR AR 5 B UeA A BAT LevE S I 22 R 4,
f
;= ALz + fi(0) + Ai(zxi, 1), 1<i<n—1,
{xn = Al x+ Bu+ f,(0) + Az, t),
Yy = 1,
(2)
A Ay = [041'1 ai(i+1)]T, Apn = [anl 2%))
: O‘nn]T’ fz(O)jjfZ(O, 0,--- 70)(i =12, n)EKJ
a5 (R ), e

dfi
ij — (axj)|(0,--'7/\j7---7wi790i+1)’
of
Qpj = (aa:”(ow-,Ajy-umn—l,rn)v
J
Ofn
/6 - ( au )|(07“‘7/\j7“'7)\n)'

AN AN Tz Z [H R EAME, N oA T05uZ
(AR HEAMEL, AR RELA,;, A, BT, B2
%1,

E 1) RGIBERAG R, T RS ) BAT
LRMELS RN AR R GE, AR SHTRN & U, B REEARL
BRAOC T 50 B AR G 3RAT i, AR LA 20 1) AR Ak 5 1) A K
2) P K2 HRGACVIIRZAT N EE A T 3) REm
BN AR S IR AR A 5 R PR BN A A O T ) BN
MR GERRBIFE AR AT S, IR ~ 42 AR HAF
B SBRI.

Nussbaum R.D.#2 H Nussbaumpf %, fi# ¥k T R 4t
P 5 0] A I 5 2 1 U 1), AR SR A Nuss-
baum PR 0w IR FH FR SR 1) AT AN i jdE, 3 A2
QT PR R ) Nussbaum 8 pR 5 :



258 BowoE 5 N M %32 %
lim sup — N( )dT = 400, HEMBALIT G =1,2,--- ,n):
e 'kia !pz S (!pimina Eﬁimax)ﬁjz
Jim 1nf N( )dT = +oo0. W > W, - ki < 0BF
K 3CHY Nussbaum u%[ij(T) = ¢ cos((m/2)7), T Projg, (ki) = Uy < Wipnin, ki > 0,
ijussbauleliﬁ}EF‘m 07 WZ 2 Wzmmxv kt > 07
07 Wz g Wimlna kl < 07

SIE1 WV ()fr( )%%Xf[o te) RO
PREL, WVt € [0,8), V() >0 ( VAN
Nussbaumil%liﬁ ﬁVt € [0 tf) 25 B3z, )

%uf 7)FAreE X A0, ) 5E

0<V({#) <

by +e 0t fot (a(z(k))N (1) + Dietdr, (3)
AP by A IEFEL bo AIE U H AL, a(x(k) AR S
e, XN = [, T1]HO ¢ RPHUE!.

SIFR 2 XS TARES E W IE R it > 0, &
REMRAEIX A0, te) LAT L, Wity =

3 B HEMNPEF ST (Design of adaptive

robust controller)
Step 1 L& 1M1 RSE, & UE—AMRZE:

51:.%'1

ﬁ??

ool14l.

~ Y “)

ISR S A
Sl - .fifl

— g =AL @+ f1(0) — . ()

s _FR T HA LGS HIN AR R ROA, A
51 = Q12T2 + LplTTl + Ay, (6)
b =lay f1(0) 157 = [z 1 —g]", Arh
Az, )T S, PLE e M1 R 22 58(6) 1) M2 FUL42 il
1, B R GE(6) WP AT T A HN I AN a2 R 04 ) B 2
A 3K I Nussbaum# 75 $57 A S Ak #; ﬁXﬁ@UE%Mﬂ%—
K EGENARR:
Zor = N(11) (k1 Sy + UTT + 9y),
N(m) = €7t cos((m/2)7),
= (¢i/4er + pi(@1)/4cra) - S,
7'j1 = (k1S1 + WlTrl + 1) - S,
U = Projz, (A1 7115), j’l(o) € Oy,

@)

A

Cl = H@lmaXHHTiHa @1max = Wlmax
17,
1,

- Wl mins

g/imax - [ail max *°° QYimax dO
Vi min = [ailmin T

i=1,2
s @fTﬁ%%’EiﬂEﬁ@}f%ﬁE‘Jﬁ%ﬂﬁ@%l‘%‘?’%
i, Uy KR AT, &y = U — 0 RoRn S5
TRz, H ﬁf@%mﬁﬁ"@&& TELJFQ%?/ZJEPrOJ()

Qiimin  — do

,’I’L*l,

A g, € [Prmins Uimax]s (0) € 2y, AFRB
BOHFR R P AR, 0T B S EhR AL, B
AW FEE: Ve U (t) € 2, IS HL AT, BAr
T OAn g, L H AR B I R WL SCHR [15]; 90 8 Sk
RAESHA T LU 5 1R ) REAH
FEME, ki, o Mle g AR T F M IE R £ h T78
AR R 2 A o, KIS T dar, BT
T G 0 o, IR BT A 55, R 38 3 I 8] 5 280K o () — B
I ED B8 IR 20 [P VB 20, BY
HaZa + 2o = Top, 22(0) = z4.(0). (8)
EFE, 4E R BB IC T b g, R AR PRI T3k
S, NI G T S ATV () VSR 1) 8, 5 A4 TR
JfaifE i, Step i(i = 2, - - )**ﬁfﬁ’]?‘fi&%ﬂuiﬁ
it
Stepi(i=2,--- ,n—1)
Si =z —

€ SR AR ZE I
2. 9
Fflih,

S; = Qi(i+1)Ti+1 + vrY + A,
L = [aq - a fi(0) 15,7 [z1 -+
xp 1 — g, T, ZRUH, B RS B G N
T(ipiy = ( ) (kiSi + TFT +9,),
N(r;) =¢€i COS((?T/Q)TZ)

- (@2/4@—1_/)1( )/4Czd) ‘Sza
= (kS + W'Y, +19) Si,

W——PI‘OJW(ATS) @;(0) € 2y,
—ﬁl:':[ Cz HLpzmax”HTH Wimax _!pzmax_wlmln IEJ
FE, R I8 I I TR) S EA o R — B 0 A0 38 3 2% 3 Y
Ty AT 2541y
HiZ(i+1) T Z(i41) = T(it1)rs
2(i+1)(0) = 2(i4+1):(0).
Step n SEPr¥EH WP I, & X n MR ZEN:

(10)

(1)

Sp = Ty — Zn- (12)

KApiHh, 1
S, =Bu+VrT, + A,, (13)
Hi: v, = (o -+ ann fn(0) U5, 7, = [y

e



2

MRoEEas: — AR AR AN AE REE FIE R B 259

w= N(1,)(knS, +¥TT, +9,),
N(r,) = e cos((7/2)7,),
Oy = (CilAcn + ph(x)/4cna) - Sh, (14)
tp = (knSy +UIT, + 9, )-S
W—PI‘OJW(ATS) .(0) € 2,
A
C > ||anax||||Tn”7 anax = !pnmax
Qppmax dO}T7
Wn min — [anl min """ ®npmin T dO]
IR BB T R B AR,
RGP ARG R EL S () K, MU RS G
XA S AR S HOIA T HRR, PR ZE RN TR
AR R JE T A T AM TCTa R HIASOR /A 28 P 24 %
Ltk R A TIE I, I g ah M TR B, TR, 2
i 1RGSR,
4 AN RGAE SR B 43 B (Stability

and tracking performance analysis of the

- yv/nmina

Wn max — [anl max ©°°

closed-loop system)
E X RGHIA TR R
Yir1 = Zigr = Ty, 0= 1,2,-om — 1. (15)
Dz = Sy + oy + Yo, ’ft)\Jﬁ(QTT—T
Sy = a1a(S2 + y2) — k1Si + ¥y —
9+ Ay + (e N(11) + 1)1 /S1. (16)
Ffpih,
S, = Qi(ip1) (Sit1 + Yiv1) — kiS; + j’zTTz -
Vi + A+ (g N () +1)7:/S;, (A7)
S, = B(N(7,) + 1)1/ S, —
knS, +UIT, — 9, + A,. (18)
RIS 11 22 = (22—22) [ 11 = =2 2. WHT g =

Zy — doe = —Ya /s — Co(S1, S, Y2, 1, e, s B0),
B, f

Yir1 = —Ya+1)/a+1) — Cira(S1, - Sivas

Yo, ,yi+1,¢/1, : @ yrayr)

HpCi( )i =1, - n— 1) smil, LK
Feak L h:

~(B) 725, - N+

(ki + p?(mi)/4cid)si + Sz(p;(;:) )(8[;;;?)) +

(G gy o ).

BUE T TR ZEQR) REAUFERIHT)(1 1) LAz il (14)
AR R GURENE, oG i e B

EH 1 J:Jilﬂﬂ%éﬁ XTT? & AT = E Ep;,
WG 4 A3 2 1T, = {Z S? + Z Yro, <2p;}, AR
SR 14T, ﬂc}fﬁﬁ/ﬁﬂiﬁ(mﬁlﬁﬂ@ #1V;(0)
< pi, WHEERE S50k, ¢;, Cia, pi 1 FUA;, A1 FTER
RGN — B AT Y R, AT DU i o e i 4
SHAFAHRESRZE 7S 07N

W HTE PRI VR, R 4G
2 J&Step i(i =1, ,n— 1)L & EHEE
KRAETER

Vi = 5‘2/2+yi2+1/2‘ (19)
XViskz, IR ADA6)N, AT
V - k 52 (al i+1) N(Tz) + 1)7—’L + ai(i+1) .
Si(Sit1 + Yiv1) + Virr (= VYir1/pis1 +

Ci1) = (G /4ci + pi () [4cia) ST —
LTS — AS). (20)
bl IE G
Vi < =kiS? = (Iimax I T 1115511 /2v/2: =
Ve +ci = (Sipi(®:)/2/Cia — Veadi)® +

Ciad? + Yis1¥is1 + (@i N(:) + 1)7; +
@i(i+1)Si(Sip1 + Yiv1)- (2D

WEI Sab < (1 /4)(12 82, T
¢ + Cz’dd? ( /4) i1+ Wini%i +

(@ /47 ), (22)

A g = ma'X(|ai(i+1)max|)y T I, e R3AIII,; €
R DHEREEA, PRI IT o x IT; € R¥H2 2 1, DA
|Ciy1| TEITy x I A —NEIAE M, o, Tk o5

_yz'2+1/ui+1 + (yi2+1 + z+1)/2 (23)
MR 23) 13
Vi < —(k; — 2)S? + (aiasyN (1) + D)7, +
+ (4] /4)SH — Ay, (24)
AN =1/ —1/2—q2 /4, EXRIEREL, 67 =
G+ ciad? + M2 /2, %k = A\ + 2, WA
Vi< —2\Vi+ (a a;i+y N (1) + )7 +
+ (g} /1) S 25)
Vi( ) + 87 /2, W1 IR B 9 Lhe?t, JEAE(O,
Gt
Vi(t) < 0; + e f:(ai(m)N(Ti) +
e*Mitde + Z;, (26)
Rz, = e 2t jo (q2/4)S2, et du, W R B AT Z,
T, AR 51 B AT DAAS 20): A2 BRI [R)[0, ¢) Y, V(1)

Yir1Yir1 S

@)

N

]

46,
t] AR

N

~—



260 o B

AR 5 32

M7, LR T S; My, #REA 0, I B 51 #20] &1
te = oo, RIIIZAT e — B &7 JL, (HH T Z, 10
fEAE, I HIA R HEIE H, (M R T — 2 S
Ref 2H0E, HAEA FRISTANO, ) WA, W) Z, 3o

2t
Z; < e sup Sfﬂq—zf e*itdr <
L€[0,¢] 4 Jo

@ )
sup Si+17 (27
8 L€[0,t]

SARAS, QT AT AR
Vi(t) < by e 2N L’f(ai(m)N(n) 4
1)7e*itdy, (28)
b, = Vi(0) + 6;/2\; + Z;, ORI BE1, S, 14
FEPEIR TS BRIE. IRAEZS FEStep nITE L, & X2
W R REE PAEL
V, = (1/2)S2. (29)
WL, v
KH10* = ¢, + cpad?, BN\ = ky, H—00 1
Vi < =2\, Vo, + (BN(7,) + D)7 4+ 6, (31)
At AT LAA R
Valt) < 8, + e [ (BN (r,) +
1)7,e* du, (32)
K6, =V, (0) + 67 /2., iR4E 5131, 5 %1V, RS,
P REW AR — B AT R, TS, A
Ft, FtLAStep n — 19K Z,, 1 AT FREEAFRLRIE, PT%0
n — 17 RG HIMAEAT A0, dnk, mfsisiEn — 1
ARSI 4
ﬁﬂﬁﬂﬂﬁéﬁ‘]&ﬁr%ﬁk“ Ci, Cid, Aﬁum, i)
AN IR RGP R UL RS R PRS 2 (6) 12T
B BN AR AL A U A AL,
HRAE Vi e R (26) R (32), 15 %
151] <

\/Z SN v+ 23 Vi(0)em ot (33)
i=1 i=1

e
Ao = max{A;, Ao, -, A\ ),
n—1 t
v = ), sup {fo (aii+1yN(1;) + 1)e2i=0d, +
]

i=1 1€[0,t
t
|, (@2/4)82,e00du} +

sup {It (BN (1,) + 1),e?»=9d, ),
] 0

L€[0,t

A,

lim |, =[N+ (34)
—> i=1

ROHX T4 e > |3 0rAG L + vy, 47 15 I 1]
i=1
T(Xo) = 0, FFAFERERRZE S W A2
IS1] =y — we| <&, VE = T(N\o), (35)
R A] 3 I 24 s S B A IR R R 2ES = v — i,
JRATREIZN, CUR 2 IR SRS
5 {E45HE 5% Hr(Simulation result and ana-
lysis)
D5 AR S AR A e A

1 = fi(zy,za) + Ay,

Eo = fo(x1, T2, u) + Ag,

Yy =T,
e f;(C)RF, AEINA, = 0.05sint; AT an
€ [—05, 05], Qg € [05, 15], Qo1 € [—1, 15], (65D
€ [-2,2],3€[0.5,1.5],|f(0)| < 0.1, sLprEg ks

fi(xy, o) = 0.5z 8in(2t) + x4,
e
C ltem
xy1 sin(3t) + u.

W15 Sy, = sin(0.5t) 4+ 0.5sin(1.5t), REHIIAK
f2(0) = [0.01 0]T; E IR IF S H Ne, = c1q =
5, Cy = Coq = 25, k’l = 20, ]6'2 = 5, Al = d1ag{35},
Ay = diag{0.125}, JE % 25 I 18] 5 £, 35 490.05, 15
FEINBCREEEIAT = 0.001 s, 47 45 R 1-2 7.

fa(z1, 22, 0) + 2x5 sin t+

-2 1 1 1 1
0 5 10 15 20 25
t/s
(@) Rty 925 F Sy
0.05 T T T T
IQ 0.00
S
-0.05 1 1 1 1
0 5 10 15 20 25
t/s

(b) HEARZE M2



52 W MRteleas: — AR AR BN E R EE N SR ) 261
300 ' ' ' ' £ ik (References):
200 F i [1] SONG M C, LIN Y. Robust adaptive output-feedback dynamic sur-
face control of a class of nonlinear system with unmodeled dynam-
s 100 ics [J]. Asian Journal of Control, 2013, 15(5): 1377 — 1345.

-100 1 1 1 1
0

t/s
(o) FEHlasH
Bl 1 RS S w8 T i th 2

25

Fig. 1 Curves of system output and controller

B 1R RS y B2 (5 5y, 1 FIE RIS
PR O DI 2, A DL SR P A R RIS B FOR £
Y01 B2 1) s 200 2 7R Nussbaum 1 R EUN (1)
MIN (12) K S Hm Mol A GG N 2. Fib 07 545
REBRYIA ST BEvE AP s BAT R A R BRER R EAN

%%lféll‘i (SONG Yongduan,SONG Qi. Survey of the latest developments in
15 . : ; . control of non-affine systems [C] //Proceedings of the 30th Chinese
______ Control Conference. Yantai: IEEE, 2011: 785 — 790.)
i I 1 (7] 33, S, %K, 4. 3 TBackstepping f AN et R4
0.5+ ... 1 PR ). 25 PSR, 2014, 29(1): 19 - 26.
.:,: a0 :,7 ] (ZHANG Qiang, WU Qingxian, JIANG Changsheng, et al. 'Robust
& control for nonaffine nonlinear systems based on backstepping [J].
0.5+ T 0 1 Control and Decision, 2014, 29(1): 19 - 26.)
1ok —h i [8] LABIOD S, GUERRA T M. Adaptive fuzzy control of a class of
SISO non-affine nonlinear systems [J]. Fuzzy Sets and Systems, 2007,
—1.50 15 1'0 1'5 2'0 25 158(10): 1126 — 1137.
[91 PARKJH,HUH S H, KIM S H. Direct adaptive controller for non-
t/s affine nonlinear systems using self-structuring neural networks [J].
(a) Nussbaumi}i&n %DTQ E]':J E Jﬁ)ﬁ Elﬂgk IEEE Transations on Neural Networks, 2005, 16(2): 414 —422.
2 , . , . [10] LIU Y J, WANG Z F. Adaptive fuzzy controller design of nonlin-
ear systems with unknown gain sign [J]. Nonlinear Dynamics, 2009,
58(4): 687 — 695.
T (1] AR, POk, Bl b A0 STSOARAT S Z G432 138 A
= : vtk St [7). FBIELE SR, 2013, 3009): 1131 - 1137,
’:: """"" (ZHOU Weidong, LIAO Chengyi. Indirect adaptive fuzzy output-
\2" - 4 feedback controller for a SISO nonaffine system with unknown con-
""" N(x) trol direction [J]. Control Theory & Applications, 2013, 30(9): 1131
— N(©) -1137)
15 s 10 15 20 25 [12] AR, SR, G S A AN AT i ALt B R R (0],
FHELE SR, 2005, 22(2): 315 - 320.
t/s (DU lJialu, GUO Chen. Nonlinear adaptive design for course-tracking
(b) Nussbaum FRE N (7—1 ) N (7—2) control of ship without priori knowledge of control gain [J]. Control
2 Nussbaum g4 H 25007 20 h 2k Theory & Applications, 2005, 22(2): 315 - 320.)
[13] YE X D, JIANG J P. Adaptive nonlinear design without a priori
Fig. 2 Curves of Nussbaum function and its parameter knowledge of control directions [J]. IEEE Transations on Automatic
6 %%(COHC]USiOH) Controls, 1998, 43(11): 1617 — 1621.
. N . . . . [14] RYAN E P. A universal adaptive stabilizer for a class of nonlinear
4F1ﬁﬁﬂ|€§£'@$ﬁﬁﬂ??\%?ﬁ%*ﬁ%%ﬁ%ﬂlﬂbﬁﬁﬂ systems [J]. Systems & Control Letters, 1991, 16(3): 209 — 218.
Y IR R 55 A SCEF SR EE R RIS B A%, [15] BOSKVOIC J D, CHEN L J, MEHRA R K. Adaptive control design
S oo N, e R s for nonaffine models arising in flight control [J]. Control and Dynam-
HAAT jﬂﬁi‘%zﬂ?ﬁﬂ%ﬁ%aﬁ (FIARD S R 4, H5 FR ios. 2004, 27(2): 200217
P PPEE B AL BAT A MBS R I AR 2R 5, AE TR A
b, BT SEBGUAN A S TR S
BN, SOt MR AR TS R

Jik: 1) 78, ) FH Nussbaum 25 457 K e ik T 7] e A7 AE 1Y
PR A R L AT IR H as & N )
Sk T R HOGH JC R, 5 T TR SEIL, £E TRE SR

[2]

[3]

[4]

[51

[6]

B, XZE, RS A — ARG MR IR RGN 35 S ASORA 3 A i 4
i [7]. B3EAHER, 2011, 37(1): 83 -91.

(JIA Tao, LIU Jun, QIAN Fucai. Adaptive fuzzy dynamic surface
control for a class of nonlinear systems with unknown time-delays [J].
Acta Automatic Sinca, 2011, 37(1): 83 -91.)

SWAROOP D, HEDRICK J K, YIP P P. Dynamic surface control
for a class of nonlinear systems [J]. IEEE Transactions on Automatic
Control, 2000, 45(10): 1893 — 1899.

el ARHLEE, DR, BT DSCIRHEEMAREIE ARG B4 &
JNNFE] (1], A4, 2008, 34(11): 1424 - 1430.

(LI Tieshan, ZOU Zaojian, LUO Weilin. DSC-backstepping based
robust adaptive NN control for nonlinear systems [J]. Acta Automatic
Sinca, 2008, 34(11): 1424 — 1430.)

CHEN M, GE S S, REN B B. Adaptive tracking control of uncer-
tain MIMO nonlinear systems with input constraints [J]. Automatica,
2011, 47(3): 452—465.

KK, R AR RGO RIS B rikesid [C] /4530w b E
4. W& IEEE, 2011: 785 - 790.

W AR IR R R i

BRoel:  (1983-), 53, filt, YT, HATHFFT o IRt R
S FHFFT, E-mail: Ischen2008 @ 163.com;

T OB (1963-), B, W, #o%, iR S, BRI R
HIES . WITERZ EEMAAL BT, E-mail: wangqi439@126.com.



