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Abstract
A new Adaptive neural state-feedback controller for the fully nonaffine pure-feedback nonlinear system are
presented in this paper. By reformulating the original pure-feedback system to a standard normal form with
respect to newly defined state variables, the proposed controller requires no backstepping design procedure.
Avoiding backstepping makes the controller structure and stability analysis considerably simple. The proposed
controller employs only one neural network to approximate unknown ideal controllers, which highlights the
simplicity of the proposed neural controller. Simulation examples demonstrate the efficiency and performance of

the proposed approach.

AN AGA 2ol U g AAY AoiE At
A

gepazol el A EE ATHOR ATt AN FAGORA e Fm
o : 3.
]

é
rO
ol
ol
s
o
rE
rlo
o
1o,
M

oA L 3 (backstepping)= 3 ¥ 3 + Atkes FHES zteth
2 =fol A AlgtstE MRS ‘jo“\'é% 71E 9 ]01 ﬂﬁlgoﬂ vl A] A7) e b

o]F AolAE ZArssty] AAsiA A ke AT
Xﬂoi%ﬂﬂl%o] E}—’F-‘ﬂ NAEE AHEshe 2 FEEE Holth RAds §

O oo
2 o 1t

Key words © adaptive neural control, pure—feedback nonlinear system

. MEB AF = A
7 200 EoF U] A AEo] UAE B3 A g'[;i: T, i=1,m—1
=4 3t7] 918 217 FHneural network, NN)o]1} 3 %] z,= f(x)+g(x)u )
=2 Al 2 ¥ (fuzzy logic system, FLS)¥} & A¢ | Y=,

& T-AF7] (universal approximator, UA)E ©]&3F A
& el op € | AN x= [y e, w, g 7 Epa e,

o 71 el A - 5““0}71] AF-E o] gt = i i
Ausls Ao NE Ao (Lol e 2/ A9, ABELIR B4 [ g() MAe
o ATATE L 5}941} e AN T FEHE o 3 &34 (smooth function)olth. Rg A3 A& Ao
el A% (affine sysem)®] SFAES} ol o] = 71l A= shbe] UAZY o)Al d s ALgkstr] 28l
A AREE I T AS AT A= T e UAZY
« ARMREE S SEIETR L g f()o g() 5 F487 gaAM AgHE o] F
(Dept. of Control and Robot Engmeen'ng, Mokpo o= %1 22 vlo]32l Al (noaffine system)Z
University) A o] 2= ek [10-15]
#% 0l Al A 2} (Corresponding author) - .
¥ L] 2 (Acknowledgment) : ©] =i 20088 = T= Tivy i=1ln—l
AR (DG ALY e APoz I en S o3 .rn:f(x,u) 2
g Sulalf Au] A el sk AL Y=

a5z H:20104: 91 4H, EIE5ET H: 20104 97 28H

(182)



Adaptive Neural Control of Nonlinear Pure-feedback Systems

AZIA f( -, - )& mA] FE3golr) o] AF
2 (DF 2 nHA ATl AodY wel A
S-8k<=(implicit function)o] 22 Ao} EA = ] waj &)
Aok AN 99 (DA )2 7EH e AT
] 7] €] 6”“7} A o] 9] & o] nE2 o YElYE &
¢ % 2344 (matched uncertainty)o] &4 3t}h=
FEAe] At

AqgAe] Foff A= BUl-§ &EA A (unmatched
uncertainty)e] £A&E ATl de)A Wl AHE
(backstepping)[16], % <(tuning function)[17], H]
8 3 (nonlinear damping)[18] 53 722 F 7|49l
ATZAA7E S ATt ol A WAHE VEE
I UAE A%ste] £+ o H2ole vgxstd 284
dol EAstE thad 22 vAE AT Aoyl

Ul

F

[QAR=N
DA

©

o

A A77F 1y Ea loh[19-26]
ﬁzi:f( )+g( 1) ;1 =1n—1
va:f7z( )+gn( ) @
y= o
T

AN %, =lrye oz ]le FEAWASFHEH 2 3
] 5}

+ fi( ) g; ()& VA2 W23} (smooth function)
oty i [19-26]e 4 A|tH Aloj7|He BT
A Mg g 7P UA7]‘?}91 Aol 7)1 eke] Ajto R
e AT MYE T Atk 7+ ff]
g e oA ?ﬂﬂ (pure—feedback) H]X
1ol disiA A7 FPEEHT 9

A A&7t
ol
7A€
o}.[27-31]

\:1 6‘]-3—

O.u.,

X%] 017

"] o] 7l
E8 Aew B F gl
g A wagg 7Nk As Aol e 4
A g 2 e u AAGANA Ao
} 1 NP ERe] Agte] w9 EReithE Mol
AA AN s Ze T
A EGE FASA H = ]
AA Aol AE FASEY nl F& 2n7ie UAY}
QT A Ak g 2o] UAY ——,534*—14 Al B35 (S
AnL)7t v A GANA AFEEE=H o] A A
Ao]7]9] F@E v ofHA gt} olYd HFE

ArsHow FhtEY FF B

15@@ %4
]

o

ot
\-4

rn

lo 9 m

2 e f

£ nol A4FE

(183)

11

#%= Zdk(explosion of complexity)' & AF % 7%=
=

2 =RdAE uAdg A% @ dig 18 AAEE

A o715 Akt ol gt 22 AFA I LA

A71E SAIRH27-31] 2% W ~e)g s]uke] Ao 7]

Solm A& S MAa ok Agksle AA W

Aol7lE M Po] oA eFow & Q3|A Ao

2 e FHol FiHeR wg HAsE Ak y

©A s

f
o
>
>
oo
o
) Ei
o,
po)
o
2
2
ol
ol
A

. 2 &2

B o= Al AlE @7 7HAlel S 7HA 7]
AN ki3t g sbgel Aest,

A 1. Ane of/ox, ., i=1,n—13% of /u
o #& V(xu)ER"X Rl tdaiA 00] ofur}, =
o] 8F4=+ strictly positiveo]l At strictly negative©] ]
of slm & t}&y o] oo Z+E zr=tia 7pAsT
nLof (x,2;,,) | of, (X.u)
(II fi (%o )f -
ioh 0Ty ou (5)
, V(x,u)ER"XR
2 =534 f418 AsS tUREE o2 2dE
[26-30]9] 4= fiofl Od A4 BE G35 o) 7}
Zko] mio] <Folal fAEI 7HAgth
0. (X x )
0< %< 0, i=1,n—1
i+1 (6)
aof,(x,u)
< —< @
ou
SHAIRE B =R A= 24 (5)9

2714 shjgre] A}
Ae}7)7k o] 7 Rke ol §ate] MAE
1E<047aq%ﬁwe%ayAwg

S50 o]

Aol AAE DS &8 yo 1 NNEFS
o @%ﬂgi A7) %S

%Eyﬂﬂ»”ﬂﬂ“ %:fx@)ﬂq
Aosta 1 AUNE

gl



12 A7 AAE 3] =5 (Journal of IKEEE) Vol. 14. No.3

of (x,) . of,(x,) .
2= 0xy o1 0x, T2
_ofi(xy) of 1 (x,)
= Tvlfl (x2)+Tx2j2(x3) 7)
Rhef
of,(xy)
aQ(XQ) = ;xlz fl(xz)
af(x,)
bQ(XS) = ;x; fQ(X;;)
2o Aot A (7)2 tha 2ok
2y =y (X,) +by (%) ®)

T 2y = ay(x,) +by (%) Bt Belsta o A ES

¥
il
i)
_ﬂ
i
o
E
H
et
v}

6f1(x2) af(x3)
+TQT:3JEQ(X4)

= a,(x;) +by(x,)

o ﬁsﬂﬁ}ﬁ 1=2," ,n°ﬂ A eI 2 Ayt
28 Frd 5 A
2= a; (%) b (x;) (10)
2= aq;(%;) +b;(x; )
714 a; =00l b = f,(x,) olH
i1l g
q;(x;) = 1:1%]'( i71+bi,1)fj(xj+l)
ab,_, .
) = 11
b, (x;.,) o, x; (1)

N (H 8f8;(njﬂ) fi(xi+1)

=1

o|i X, = ul"eltt. o] Atz el A

x”
AAE e 2299 2 235 5,(i=1,n)0 NP
=

EP/\1~ °é° =& 2}2“1 (12)01]

£ S22 A (matched uncertainty)t A8t 2 =
NP S 9 4 Uk 2 WY EA 29 oy
o =¥ FAVsEA FouR o5S FAE
s =34 #EH/F Fesn ol F=

Il Hoj7] dA 2 otdx sy

E Ao A= WA o] AR Ol Hojao] EATS H o]
31 RBFEN (radial-basis fucntion network)< A}-8-3}o]
vAe] ol Aol ge Eabshal: W e Add 1

g3 AW ASWHS ARY T FAE FHe
.
-

1

o fEs

oAl EWE y,, FTLAWEH e, 221 I

BHygd FEFoa sE S o]l AAZ,
Ya= [yd yd y((i7171)]T
e=12—y,
d - . (13)
= (L4 =471
s (dt ) e =[A7 1]e
e=y—y,
o] 7] A A>02 A A 240
=

A=D""0 (=N 2 (n—1)A\] Tl e Y
1+

3714 v=—y) +[0 AT]ec|}.
%- whet Zh10] AR FY, v REAS

=3l gds 34 u (x,0,8)7F EABTH

714 k>0 dgel 5o 2N AA Gl
z9: o3 g=xTvs]TERMor HEY
m=n+20|t}. 9 H4 hinu )=O9 L=
nol 3+ w7t EAE
= 0sr el A
h(nu) =
£ 3t A 7] (implicit function theorem)ol] <18 ol
g he 7197 (gradient)?]  oh/ourt 7+
(invertable)o] 2}, Z, 0] o}y zhd h(n,u*)=0%

a, (x) +b, (x,u) +v+ks (16)



Adaptive Neural Control of Nonlinear Pure-feedback Systems

wESE o7 2R u'E o e Ao F
gk 29 11)2 ol $8tw oh/ous gt o
w
ah _ an(x,u)
ou - ou
- n]j:lafi(xivxi,+1) (‘)fn(X,u) (7)
i emig du
o ¢t 7H 10 el RE (xu) ER"X Rel
A 00 otk WA hin,u’) =0< wEsE

A
u(n)7h 33 2400

=
=
o
Z
o
3
olo
ol
£
E
lo,
o
\
Q
Q_

3.2 RBFNoll cf &

durA o g ey

v
o
1)
=)
N
N
2
)
m
1o
1

function network)9] %¥

k.

Uad(ﬂ) = WT¢ (n

=
=
©

1714 u,,E RS RBFNE]
stebiel wE, (- ): R
#4 weolth, aem Lo RBF°I AFE vhebdch
e wo WA 84 w,, 1= S LE Y=Y g

WA S EYesste] AARE

3 2L AL Foln,
() =exp|— 20
¢;(n) = exp 207 ) (20)
4714 m;E R™ & A AAg5e F4E vehy

i

.

i

wEoly g5 1 7]1¢7E Yed,

RBFNS| F& 44de thg Agel 7158 nhs} 2
of et ARER MAY FHE AT 5 A
2o glth.

off md

(185)

13
A 1 (88 2AE o] &) ojW 2 E(compact)
q48 02, ERn+1°ﬂ/‘1 Aol A% A u,ldﬂ
doje] A €., > 00 A th5e Reas wE
[ (19)“4 7L°] 714 %= RBFN3} 22 9] vletv g
W E W 7} E A gk
SUP,,EQ"‘uZd(n) *ﬁad(mw*)\ <€, - (21)

Ao A 1A €, HAH FetuElel dis)A
T FxAQ Adgod A8 ErtH sk A A= Al
A @ ZF(reconstruction error)E UERRH UdwrAH o g

RBFNS| 722 7% Hole), B %ol A

L

g

10914 & % 5 a, ()9
L)E A Faolnr 2,2 AelF YuA
| =2,+,m) AlNte] 875 steh ubebA

535t7] flelAl el el A eh 2o] o]
HGO)&

Aol ¥

il

Jl)l ~

(high-gain observer,

BxAY1: %9 y(t)e 2 n—14 A 3
7t fABE AAsA oAl v e ARAES
23R

6.51:_
g’n

€7+17i = 17

—di&, —dyg, g
*€1+y( )

n—1

dl’...
~+d,_;st+1°] Hurwitzo] =%
Q0] ZE t >t o ualA A

t 7 EA@Y

@3

z7e19 YL [32]oA Zeol & 4 Stk
(24)

(25)

= A e



14 ANz g

3.4 MolHm ot s M

sSevE F4x we 9% sauEe oo Ao
Lol AA gt
BzA4e 2 Aehie 244 wel spude o
2 2ot
w="7(s¢(n)—0,(t)lslw) 20
“ i W
~ 2 >
o, (W) =ie, Zf N €u
0 otherwise @7)
% & (learning rate)°] 3L €, 49

AAge A5 e e ()l <c, B THEAIE A
& dpolth o] SuAe Wl <e, B nFATY
= T 5 1 -
F9 :golxxn 52 [ = VW gt 1
Y
A EH4E Fehd e g
1 ~7x
L= ~—w'w
’yT
= w (s¢g—o,(Wlslw) (28)
< Islwle, —o, (¢ )|5||w\2
—lstwl(o, ()wl—c,) -

A e w5 Ao s h?v|>ew°1‘d L,<00]
Yo lw <e, 7t RAEG »
@ A FA AL 291985 o, (W) & RBFN

o] B HARE FAAIEE 3] Y =UHA
A&

om, olAL wHAQ AHgA ] switching-o
AMB3S AL Aotk o sEe wek ¢ vt
e, >Iwle BEars 28 27 A4909 Wl
o §AE wAHHA EAC S5E Ao £AE
Bhe 5 ol
AA Ao e Bt o] AR
~T o~
u=—rks—w'é(n) (29)

%9
2 @k

491 2018 18 ERaE AT @t Aol A
(29 eln A8 B2 olFold AFIAES
nelsa, o) AE] BHPH FFELANE 59k HE

A ¥ Al %= UUB(uniformly ultimately bounded)©] t}.

(186)

=% A (Journal of IKEEE) Vol. 14. No.3

9 : Polxwn §4g L=s"/28 dAysim
I ANDEFFE FrEY g 2t
L= ss
= slax)+bx,u)+v)
= s(a(x)+b(x,u*)+v (30)
b(X,U)_b(X7U*))
= — ks’ +s(b(x,u)—b(x,u*))
g4 f,(xu),i=1,--,ne F2PFonz 5
b( -+, )& wol sl xd=" oz Lipschitzolth.
w2l deole] FHE (compact) Pl dal teS
53 Lipschitz A4 [7F EAES & 4 4
b(x,u) —b(x,u*)| < I lu—u*| (31)
kA (30)9] mRA e F5 S vk 2ol F u
=% & gtk
L= *k32+lb|s||ufu*|
= —ks®+1,/s|
X |=k(s—s)+w Tp—w'd|
= —ks®+1,/s|
< 1= KA 1] le—&l+w Tg—w' 3|
< *kSQ+klblA‘3Hy7§’|+lb|5|6~,c¢
L€
< —k|s|(|s 1 seh+ b;; “’)
(32)
4714 g=g(n), 1, =I[4"1], 2813 ¢ =lWl+e,

oty 54 (32)¢] viAT PomRE s7} e HE
of sl Al positive invariantd-S HA & 4 Atk

lbu Q}
k

& €3t Ao of

S
AR 14

0 = {s [s| < 1)) seh+ (33)

Remark 1 : &
Al =g e] Ao} 7] A 3
D}. ol Aol A E

A AFAe Aol (12)&2
ohﬂ e o= <l PO% A o] 4
§ dsHA 2s 1A

Remark 2 @ °]3 ¢ +7Ur°ﬂ ojshwl W Esg 7wk
o] Aoi71EL vl AAGA v UAE AHgstnz &
n ool UAE AHEReT ollo] Ala|le] A

7} FN5E AL Fol Fx %
Qelel AR TEt B e AR Aol

B s A =



Adaptive Neural Control of Nonlinear Pure-feedback Systems

A Y, €y €, d; %iﬂ(ﬂ] 1%]"”4% x7e] Bax &
}.
plant
fully nonaffine X
pure —feadback
nonlinear system
< z-.<..<_ J
+_ 2| high-gain | Y
b 1] observer
Yd
Fig. 1. Block diagram of the closed-loop control
system
I3 1. dA HE2E=Z ASe S5ctolofa#
V. 2olAlg
AtE Ag AAY A7) & B7] $A
S 2E nAFEAT gaA 2oddS s
}.
z, =z, +2,+0.223
Ty = xxy tutu®/T (34)
Y=
AT B4 SAAZASIY 7HA 18 WETES
A @ & Ak dahs e y,(t) = 2sin(t)o]
th oA AFe] A7 22k0] 7] W] thed 2 2
2} HGOE A&3hu)
G=bfe (35)
&= 7d1£27£1+y)/6
714 AAETE €e=0.01, dy =22 A3k

RBFN®| J&W% z,, 2o, v, sl ¥ RBF| 4+
247k 4, 4, 2, 202 AASA R A 7171 (-2,
-09, 1.1, 3.1; 2), (-3 -1 1 3; 2), (-4.75 5.25; 10), (-6.8
32; 1022 AR ek F 5o AFE 64
Aoltt. o] gk RBFN-J JeEES 2 BH AM

Atk 7] Aews= x(0)=1[0.1 0]7e]x HGO
¢} RBFN¢| 27] ¥Zghe B% 0o a9} wea

(187)

15

(b)  time [sec]
a% 2.(a) 53} st £, (b) Moy
Fig. 2.(a) Ouput and desired output, (b)

control input

(a) time [sec]

a2 3. wlel #=
Fig. 3. Trajectory of |wl|



16

to

e
38

RS

T

3 7He] RNFNREe] Ao}7] oA AL-&
=oll A Alkd Ao HAEE o
HRE Fal AR Aor]e] HeE

o

e 2
ey

e ® oo
3 ot

[1]1 E. Tzirkel-Hancock, F. Fallside,"Stable
control of nonlinear systems using neural
networks,” Robust and Nonlinear Control,
vol. 2, pp. 63-68, 1992.

[2] L.-X. Wang,"Stable adaptive fuzzy control
of nonlinear systems,” IEEE Trans. Fuzzy
Systems, vol. 1, no. 2, pp. 146-155, 1993..

[3] A. Yesildirek, F. L. Lewis,"Feedback
linearization using neural network,”
Automatica, vol. 31, no. 11, pp. 1659-1664,
1995.

[4] S. Fabri, V. Kadirkamanathan, "Dynamic
structure neural networks for  stable
adaptive control of nonlinear system,” IEEE
Trans. Neural Networks, vol. 7, no. 5, pp.
1151-1167, 1996.

[5] L.-X. Wang,"Stable adaptive fuzzy
controllers with application to inverted
tracking,” IEEE Trans. Fuzzy Systems, vol.
26, no. 5, pp. 677-691, 1996.

[6] J. T. Spooner, K. M. Passino,”Stalbe
adaptive control using fuzzy systems and
neural networks,” IEEE Trans. Fuzzy
Systems, vol. 4, no. 3, pp. 339-359, 1996.

[71] S. N. Huang, K. K. Tan, and T. H.
Lee,"Futher results on adaptive control for
a class of nonlinear systmes using neural
networks,” IEEE Trans. Neural Networks,
vol. 14, no. 3, pp. 719-722, 2003.

[8] J-H. Park and G.-T. Park, "Robust
adaptive fuzzy controller for nonlinear
system Using Estimation of Bounds for
Approximation Errors,"Fuzzy Sets &
Systems, vol. 133, no. 1, pp. 19-36, 2003.

[9] J.-H. Park, G.-T. Park, S.-H. Kim and

C.-J. Moon, "Output-feedback control of

uncertain  nonlinear systems using a

self-structuring adaptive fuzzy observer,”

Fuzzy Sets & Systems, vol. 151, no. 1, pp.

21-42, Apr., 2005.

S. S. Ge and C. C. Hang and T.
Zhang,” Adaptive neural network control of
nonlinear systems by state and output
feedback,” IEEE Trans. Systems, Man and

[10]

(188)

A 7] 283 =52 (Journal of IKEEE) Vol. 14. No.3

Cybernetics—Part B:Cybernetics, vol. 29, no.
6, pp. 818-828, 1999.

[11] A. J. Calise, N. Hovakimyan, M.
Idan,”Adaptive output feedback control of
nonlinear systems using neural networks,”
Automatica, vol. 37, no. 1, pp. 1201-1211,
2001.

[12] J.-H. Park, S.-H. Huh, S.-H. Kim, G.-T.

Park,"Direct Adaptive Controller for
Nonaffine Nonlinear Systems Using
Self-Structuring Neural Networks,” IEEE

Trans. Neural Networks, vol. 16, no. 2, pp.
414-422, 2005.
[13] J.-H. Park, S.-H. Kim, "Direct Adaptive

Output-Feedback  Fuzzy  Controller for
Nonaffine Nonlinear System,” IEE
Proceedings—Control Theory and
Applications, vol. 151, no. 1, pp. 65-72.
2004.

(14] J.-H. Park, G.-T. Park, S.-H. Kim and
C.-J. Moon, "Direct Adaptive
Self-Structuring  Fuzzy  Controller  for

Nonaffine Nonlinear Systems,” Fuzzy Sets
& Systems, vol. 153, no. 3, pp. 429-445,
Aug., 2005.

J-H. Park and G.-T. Park,
Adaptive Fuzzy Controller for Nonaffine
Nonlinear Systems with Dynamic Rule
Activation,” Int. ]J. Robust and Nonliner
Control, vol. 13, no. 2, pp. 117-139, 2003.
[16] I Kanellakopoulos, P. V. Kokotovic, and

A. S. Morse,"Systematic design of adaptive

controllers for feedback linearizable

systems,” IEEE Trans. Autom. Control, vol.

36, no. 11, pp. 1241-1253, 1991.

[17] M. Krstic, 1. Kanellakopoulos, and P. V.
Kokotovic,” Adaptive nonlinear control
without overparametrization,” Syst. Control
Lett, vol. 19, pp. 177-1185, 1992.

[15] "Robust

[18] I Kanellakopoulos, "Passive adaptive
control of nonlinear systems,” Int. J. Adapt.
Control Signal Processnig, vol. 7, pp.

339-352, 1993.

M. U. Polycarpou and M. ]J. Mears,
"Stable adaptive tracking of uncertain
systems using nonlinearly parameterized
on-line approximators,” Int. J. Control, vol.
70, no. 3, pp. 363-384, 1998.

[20] W.-Y. Wang, M.-L. Chan, T.-T. Lee and
C.-H. Liu, "Adaptive fuzzy control for
strict-feedback canonical nonlinear systems

[19]



Adaptive Neural Control of Nonlinear Pure-feedback Systems

with HY tracking performance,”” IEEE
Trans. System, Man, and Cybernetics—Part
B:Cybernetaics, vol. 30, no. 6, pp. 878-885,
2000.

[21] Y. Li, S. Qiang, X. Zhuang, O. Kaynak,
"Robust and adaptive backstepping control
for nonlinear systems using RBF neural
networks,” IEEE Trans. Neural Networks,
vol. 15, no. 3, pp. 693-7001, 2004.

[22] S. S. Ge, C. Wang, "Direct adaptive
NNcontrol of a class of nonlinear systems,”
IEEE Trans. Neural Networks, vol. 13, no.
1, pp. 214-221, 2002.

[23] J. Q. Gong, B. Yao,’Neural network
adaptive  robust control of nonlinear
systems in semi-strict feedback form,”

Automatica, vol. 37, pp. 1149-1160, 2001.
[24] Y. Yang, G. Geng, ]J. Ren, "A combined
backstepping and small-gain approach to

robust adaptive fuzzy control for
strict-feedback nonlinear systems,’” IEEE
Trans. System, Man, and Cybernetics -

Part A, vol. 34, no. 3, pp. 406-420, 2004.

[25] Y. Yang, C. Zhou,Adaptive fuzzy H ¥

stabilization for strict-feedback canonical

nonlinear systems via backstepping and
small-gain approach,” IEEE Trans. Fuzzy

Systems, vol. 13, no. 1, pp. 104-114, 2005.

J-H. Park, S.-H. Kim, C.-]. Moon,

"Adaptive  Control for  Strict-Feedback

Nonlinear Systems Without Backstepping,”

IEEE Trans. Neural Networks, vol. 20, no.

7, pp. 1204-1209, 2009.

[27] S. S. Ge, C. Wang, "Adaptive nn control
of  uncertain  nonlinear  pure—feedback
systems,” Automatica, vol. 38, pp. 671-682,
2002.

[28] D. Wang, J. Huang, "Adaptive neural
network control for a class of uncertain
nonlinear systems in pure-feedback form,"’
" Automatica, vol. 38, pp. 1365-1372, 2002.

[29] C. Wang, D. J. Hil, and S. S. Ge, G.
Chem "An ISS-modular approach for
adaptive neural control of pure-feedback
systems,” Automatica, vol. 42, pp. 723-732,
2006.

[30] T. P. Zhang, S. S. Ge, "Adaptive dynamic
surface control of nonlinear systems with
unknown dead zone in pure feddback form,”
autimatica, vol. 44, pp. 1895-1903, 2008.

[26]

(189)

17

[31] B. Ren, S. S. Ge, C.-Y. Su, T. H. Lee,
"Adaptive Neural Control for a Class of

Uncertain Nonlinear Systems in
Pure-Feedback Form  with  Hysteresis
Input,” IEEE Trans. Sys. man, and

Cybern.—part B:Cybern, vol , no , pp, 2008.
[32] S. Behatsh,”Robust output tracking for
nonlinear systems,” Int. J. Control, vol. 51,
no. 6, pp. 1381-1407, 1990.

P. A. Joannou and J. Sun, Robust
Adaptive Control, EnglewoodCliffs,
NJ:Prentice-Hall, 1996.

[33]

NIPNEAIP

19954 : wefhshan 717]3 5
25 (oD

1997+ nH gt tiEhd 7]
o3t (FAM

2002

o
£l

g
R

~
=
~

3

EETENS

1981 : A oista
=4 (@D

1984 : Aduigtu g 7]
Fe3} (344D
1991 : dgdistn gty 717
a3} (F3tutap
1991 39~&A) : ZEosta

Gl Rl 471717, AF AR



