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Abstract This paper develops an adaptive fuzzy optimal control method for a class of strict-feedback nonlinear
systems with dead zone input and prescribed performance. Fuzzy logic systems are used to approximate unknown
nonlinear functions and cost functions. Under the command filtered technique and the backstepping method, the
feedforward controller is designed. And an optimal feedback controller is derived to stabilize the tracking error dy-
namics in the affine form via an adaptive dynamic programming technology. Based on the prescribed performance
control method, the tracking error can be limited in a prescribed area. Moreover, the control problem of nonlinear
systems with dead zone input can be addressed by utilizing the information of dead zone slopes. All signals in the
closed-loop system can be proved to be uniformly ultimately bounded by using the of Lyapunov stability theorem.
Finally, the simulation results verify the feasibility and effectiveness of the proposed method.

Key words Adaptive fuzzy optimal control, adaptive dynamic programming, backstepping method, dead zone in-
put, prescribed performance

Citation Guo Zi-Jie, Bai Wei-Wei, Zhou Qi, Lu Ren-Quan. Adaptive optimal control for a class of nonlinear sys-
tems with dead zone input and prescribed performance. Acta Automatica Sinica, 2019, 45(11): 2128-2136

AN RE AR LA 2R G T i R A Al S
B FE AR RO i DRSO IZ A R 48, fh e I 4%
DNFERIR ) B & N BTk, TR T ME RS

Wk F 3 2019-05-28 A H 41 2019-08-15

Manuscript received May 28, 2019; accepted August 15, 2019

R AR 4 (61425009, 61673072), IR HREI 4
(2018B030312006) A1/ M FH T8I H (201904020006) #51h

Supported by National Natural Science Foundation of China
(61425009, 61673072), Guangdong Province Natural Science
Foundation (2018B030312006) and the Science and Technology
Program of Guangzhou (201904020006)

AT MHE

Recommended by Associate Editor LIU Yan-Jun

L RTEREF AR 17 510006 2. ) ZRAE AR RSE
5P R ) Sk G = T 510006

1. School of Automation, Guangdong University of Techno-
logy, Guangzhou 510006 2. Guangdong Province Key Laborat-
ory of Intelligent Decision and Cooperative Control, Guangzhou
510006

AR LA R L R L IR E 2% AT B S B g R A1
fif R T AN R DL IE 25 AT B AN E [ AR R G 458
il R B I R IR N T A S AR A S A
BN B KRG, ZRMAZEL R, DL
ZEBRMAE RS . HFEENE, 2T backstep-
ping FEAR R B ot Tk AE R — DA TR B X
THI R AR BT )R SR T, TR “ih SRR
YE? ). T B 2 A% ] R E S AE backstep-
ping BT — B o] N —BM I g &R, A 20
G X — ] L FE LR B, SCER [10] $EtH—Fh
i 2 PR TT %, R ZAMEBL ] R s R
HEBOR ZEN RGPERE MR, FIR TAR A 2
RN R G HIR M | — M EAL, S5 IITIE,
B L BRI A 2% 8 A A% 1) L.



11 FOT A BT YERETRAR LRI — I A SEIX AR bk R G DL ) 2129

B AP ) — 2R FB R G il 1 R AN 1 BE RN
p ¥z g . RS A K (Dynamic pro-
gramming, DP) S F % I (8] B B 300 [ 2t 44 1) 77
TEA SR T B R ) 1) @0 (H i ) SRR AR
AAEES T 4ok IR ER. BIERE)
AFE (Adaptive dynamic programming, ADP)
TR N DP ik el gz, 9R4h 1 DP LN
AR, FRARE Z ARV R G f A d5 ) i) S it T
FrE B, Murray 5517 5 e X IELE RS H
T Mk ADPRE VL, FEMNECE BB TR E
AT . Vamvoudakis 551 $2 H 1 JE T HEREIE A
TEZE ADP 77k, wflk 140 ADP 5% TGEdE M
RGN RIE A, IR R ST ADP Big 1
KBEA BREENE . N THRIERFEITH R
SE M, SCHR [15-16] BT th i 7 R EE R 45 2 — M)
G I ) SRS BT XTI iR, Zargarzadeh 217
PRt — Mk T PP BRI AE 2R ADP R,
HRRH S EON G T, =T VI aa ke e 150 5k
W& FI PR . JESESR, ADP 23| [E N A& KT 2k
FERR O O — PR E B AR AR ) T

HHl, M ADP J5iEWt st R tE R S sl
i O HR T — R TR, SR TE AT
B NSCX G € M Re 2 A S AR L M R G AT il
M FLR D . s b FEXAE N — R IR g ARk
PR AN ICE MU B2, VU 1 Bl 28 A A% ks 55
SR TR RS, WKW KA MTERE, H2 5]
ARG AT T, Xk, ik [24-25) fEBIBEX 1R
BRI NFEIX 0] JR . S — 7T, ARy s
il ae MU BB ARIE R G ha e, 1 BT RS R ES R 2
1E— 58 264 RS Uik [26] 83 15 15 e R iR 1
RE BRI 2L, $2 H— M da e R T i, 145 R G IR
R 22 PRFFAE AT 08 14 8 BR B R ) A PR Y L Y
fif e 1 F R T S AR T M ) R

FTFLLEVTS, ASCE 255 [B 15 5 M RE AT
HARNICX LV R 48 AR R 4, St —
o B AR e A ) 7. AR SO EE AR T
1) 4562 IR H AR backstepping LW T
— AT RS, 50k [19, 27) BIJTEEM LG, AL
KR 2 IR HEARAERE R T EEIE” [,
T H BEAMZ IR U a8 R 22, B B aF i 2R 2)
Wit 7 — P H ADP 455k 2 R Rt Ak,
1) FH B D 248 7 208 T A SR I Al B AR i il 2% 3) A
AR T —I5 RN FE X NG E M B 2 R 1 HE 2R
PE TR SR R G A g i ) R e, e sE
5 FLEGIE P h 328 1) 07V I A RUHE.

IR LIk e
F R — R R R G
x; = T,y + fl(jl) )

in=u+ fu(Zn), 1<i<n-—1 (1)
y=a
ﬁ\:l:':l’ -fz == [3317:1:23"' 7xi]T ERZ7 yER%%Uié}j—‘_\‘%

GRS B A, f;(2) 2 AR OE T AR bk
BREL, u = D(v) € REZRHIASE DO AT 42 AU RZ R,
—a.),v > ay

M, (v
u= D) = {O, —aq<v<a (2)
My(v+a), v < —a
H v e REEXFIANG T, M, Fl M RRIEX
B, aq Ma, WS, M, My, a,, a#RIEH 5L
BRI 17, A E— N IEF B = W2 |v| < =
R 2% BEMNZHEAE T v1g LI 2
d1q G A HA S
FEIX N (2) AT TR AL
u= K(t)v(t) +d(t)

/\I:F‘,
M,.,v>0
K(t) =
Ml, v S 0
—M,a,, v>a,
d(t) = { —K(t)v(t),—a; < v < a,
Myay, v < —aq

mH, dt) <d, d=max{Ma;, M,a,}. & X
mo = min{M;, M.}, m; = max{M;, M,.}, 11§
K(t)
mg
Ho, p(t) 2 B B FHIeR AL, 2 p(t) < 22— 1.
FR4E LA BT, AT
w = mol1+ p(t))u(t) + d(1) 3)
HHOCHR [26] AT D, B RGRZE 7 (5 W EAEE
SCHAES (6) W4 ) i R A
—Ominft(t) < Z1(t) < Omaxpe(t), ¥t >0 (4)
MIFR FR G 008 A VERe I 2 18 PERR I 2K, L
H, Smin, Omax > 072 T T 2480, 48 € 1 A o U
A () = (o = Hoo)e™™ + oo, BRELp(t) 52 ™ 1 HL
PIBIRITEREL n > 0, po = w(0), proo = limg_ oo u(t),
W4 o> proe >0, T HL i s (0) < 1 (0) <
Smaxt(0) . ETIANZE XTI LA T LA R 25X
Z21(t) = p(t)S(xa(t), vt = 0

=1+ p(t)



2130 H )] % 2 ik 45 &
5max X1 — 5min X Mo S N e SEL g N e =]
S, SOu() = S R s BRI, o, RO BRI B

OB TIE i A

=57 () = gz
xit)=p (él(t) _ “<%1) (t)>

o, p= b (b — ) BRI R
BB B, P T

S0 = () - 310 3
C gk a(t)z(t)
Z1(t) =p(z(t) - W) (5)

AV ST H 0 E 0 —25% 18 48 e P Re AN
HA R NIEX LR AR L 4% S 5 R G e vk — b
& MO B LA 4%, PRI RGP A (5 5
R — B A A, REGE SIEEILL <07 b
AR, I HLpE 2 4R 2 TEREEE R, R A4 B
HoE 2 e/ MA.

SIER 1ML MMER S ERIRE ¢ > 0, AAFAEM
BIZEAG w ¢(2) BB TR IES A ARL M R L
F(2),f§5 F(2) = w"¢(2) +9(2), K |9(2)] <,
RHF(Z) 28 NEEEQ: e R EWERE, w2
HAEBE A&, &N

w=arg min sup |F(Z)-— wT¢(Z)| <s

PERN zcQ o

5138 2 (Young's A%ER). X T{EE z,y € R,

A UL AR S RL:

b
T a b 1 q
zy< " " + qat lyll
H a>0 0>1, ¢g>1HOGB-1)(¢g-1)=1.
2 EHISRT
TEAT | B4 4 backstepping J7 kMl 4
PEPEHEAR, Wi AT RS A U R s, KA B IEM

AN T E o sl s gy U e, B
MNEFHIAU, = U + U*

ey any

T AEHEAT U0 A bR AR

Z21=21—T1d, % =T — N, 2<1<n

2.1

(6)
Hrb, 21a AZHES, N R RMIERRA 2, 8L
— B PR A R g = 2y + 2y, ol 2R

Ja— B E X v =0 + v, v* NATESERRIETRIH,
v N AR B PR RN — B 2 I A Rk
XN

Tihi + A = Tid, Ai(0) = 2ia(0) (7)
Hor, 2R EL N T IEBRIEB AR IR ZE N — 24g
R, BT RZEAMEES G 2<i<n—1)H

G =—c1C1 +p(A2 — 20 + C2) (8)
G = —ciCi + (Nigx1 — T(ip1ya + Giv1) 9)
C'n = _chn (10)
Hr, ¢ > 02 WIS, ¢(0) =0.
TE X AMERRER R 22N
e (5) ~ (11), Xz R FAT1E
z1=p(z2+ a5, + a5, + hi(Z1) + fi(z1q)—
R (12)
T1d — %) + C1C1
2= Zig1 + 2 ayg + T+ i(Zi)+ (13)
fz(:fzd) _).\i"'ci(ia 1= 2) , L — 1
Zn = mo(v® + v*) + mop(t)v + d(t)+
of ) 0p() (t) (14)

hn(Zn) + fn(i'nd) - /’\n + CnCn
Hob o M=, A=-2284 1y(Z)) = fi(z)-
[i(Zid), Zi = [Z;%ia), 1 <i<n.BT fi(2:), fi(Zia)
TARMBRE, A EEH TIPS 8. 1
ol # 1, FIHERZE RRIER f(T4), T4

fi(Tia) = w] i(Tia) + V:(Tia)

252
FIH Young's AR, pzid(214) < p221+
'2 _9o /9
G 72 ¢ .
o Ai(@ia) < A 2SS G 95(ZiffLE

FE LM TR S MBS, w Rw; P THE,
W = w; —w; RBHOARE, W= —wi. 7 >0, ¢ >
0,0, >0 WIS, 1<i<n.
1 FEEAR Lyapunov BRI
L,

Vi= 52’1 + melwl

B A A 38 2, B ELE R ) 20 F

a c1iz1  pa . . fZ1
Tog=———— — —wW1P1(T1q) + T1q + — (15
ja= -0 -1 (10 =)

w1 = Y1pZip1(14) — oy [ (16)



11 FOT A BT YERETRAR LRI — I A SEIX AR bk R G DL ) 2131

RIE (15) Fk (16), X VviRSH
W < —C12} + pZ1Z + pEaah, + p2iha (Z1)+
S+ Dbl [y

Fiw(2<i<n—1): FEWT Lyapunov B

VLAt Rl PO 1 25 g, TS AR o, T T

Z2

T3q = —CaZy — 5 — pZ — Waa(Tog) + Ao (17)
Tlit1ya = TCi% T Z—1 T % wjp; (Tja)+ (18)
)‘ja j = 37 ;T — 1
w; = i Zipi(Tia) — o, i) (19)
RIS (17) ~ (19), X ViRSH
V; < Z 76.72.] + wTwJ ||wJH +2 JF
j=
ZiZit1 + pZi(ha(Z1) + a3 )+
% (ma + 1o(2)
Fn P FZEEWT Lyapunov B%L
1o, 1 o a
e B i 1) 2% oo RN E S N A 0, 10 R
o 1 Zn _ :
v® = m—o( CnZn—Zn—1 3 Wi on(Tnd)+An) (20)
ﬁ)n = VnZnPn(Tnd) — OnWn ”"i’n”2 (21)

R (20) fk (21), X v, KGH

. n ’2
Vo <30 i + Sl [l + 5+
i=1

n—1

pzi(ha(Z1) + 23,) + 22 Zi(@linat  (22)
=

hi(Z;)) + Zn(mov* + hy(Z,)+

mop(t)v + d(t))
HRAE Young's A2, 3t (22) K2R A il
52,6 DULHRUTT
> i) b | |* < —— || I+ < H It (23)
=1
Z(mop(tyv +d(t)) < Zfﬁer%(P (24)

ek (23) P (24) AR (22), W73

Vi, < —k1[|Z)|* = k2 |@||* + D+
ZP(h(Z) + GU*)
Hi, w(2Z)=[h(Z), -  ha(Z)]", G =diag{l,
1am0}7 Z = [Zla"' vzn]Tv U* = [x;d7'” ’x;;d’
v*]Tv P= dlag{pa ]-7 T = mO) “

1y, p=lmomole
1- 1 n ’ O max
5@+ 5 T oo

(25)

2
v Omax = max{o;},
Ymin = min{%’}a K1 = min {Cz‘ -
1<n
ﬁu AATIR, R4 ( ) B4 N U, =
[Tads - - s Tnd,v]T PR 2P U RIU* ¥ J, HI 40 4% 1]
WU = [28,,- 20,0 T FRIA X (15), (17),
( 8), (20) Arz~. Mzl (25) AT, ATBHIE SIS U AN
REPRIEEEAN IR R feE e, B, fF 2T
ﬁﬁ&@ﬁ%ﬁ%d%& U* =23y, ... 2%, 0*|T 13U, BEW
RS R4 (1) g,

2.2 mMRIEEHERRT
AR, Bt R B 8% U I R R ZE

[\V]

1}, ke = min{ﬁ 1<

S RGRE, I HARSAAN Bk B ).
/= P(h(Z) +GU") (26)
EXF4: (26) IR RN
V(Z) = / h Q(Z)+U*TRU*at (27)
0

Ht, Q(Z) 2 IEEiTRkE, R=R">0.
FRIEACAT BREL (27), 5 S 50 R i tn
H(Z,U)=Q(Z)+U'RU +VV(Z)P(WMZ) + GU)

(28)

L, V.V(2) BV(Z) Xz Biw S, @R
=0, syt

U* = —§R‘1GTPTVZV*(Z) (29)

Bl (29) RN (28) AT1E w AR I Hil5 A 1 78
GBS H(Z,U*) = Q(Z)+ VIV*(Z)Ph(Z)-
%v;v*( VEV,V*(Z) =0, Wb ig 25 11 6% 508 /)N
He, E=PGR'G™PT, HV*(0) =0.

3138 37, X+ R4 (26), AR (27), AL
R (29), FAEE R A HaE4:n S 1) Lyapun-
ov R J(Z,), J(Z), 13V J(Z,)Z <0. Hrh
v 0(z) = 22 s a2y s 0 —Aokiss
BRSO, W51 Z]| = 0, B [AZ)]] = 0; 24 Ll <
||Z|| S gmaxaﬁ Amin S ||A(Z)|| S Amax; émina gmax, Amim

s




2132 H Zf) (24 ¥ { 45 &
Aoy TR EHHG limg_ oo A(Z) = 00, FARMESER M, Z, = P(W(Z) + GU*).

Q)+ VTR = TNV I(2) R, 3 R 4 Q(Z) = ~wlV.0(2)PH(Z) + {wlThw, ~
V. J(Z) = ‘9‘]( ) , A 1§V J(Z)Z = -V ersp Mwe = —t,, 113

HZIND . I(2).
HLAR 31 TR 1, BRI 8t A SR A% 0
A, A

VH(Z) = wid(Z) +e(2)
Hob, w. NEAERBUE, ¢(2) AR, o(2)
7‘7@ WZE. MARARH B BB
V.V (Z) = V.6(Z)w. + Ve(Z) (30)
K (30) AN (28), (29) W1
U* = f%R*GTPT(v;b(Z)wC +V.e(2)) (31
(32)

1
Zwiﬂwc +engsp =0

Hrh, I=V.0(2)EVI¢(Z), ensp NIELIRIZ
iﬂ%@f%*’]%liﬁﬁ@%% ensp = Vie(Z)P(h(Z)+

GU*) + VT( VEV.£(Z).
%Uﬁﬁ*ﬁ*ﬁﬁiﬂ%ﬁéﬁﬁfﬂu B AT A6,
V(Z) = ¢(2) (33)
Hort, b, 2w, B THE, T B P B3 H e A

0 = *%R%GTPTVZQS(Z)M (34)
A4 (34) FRAR (28), B BIRHTBRALIEH

H(2,0%) = Q(Z) +0IV.6(Z)Ph(Z) - imgnwc
(35)
K, h(Z) = [h(Zaldr), o (Zalon)]T, Ba(Z]
W) = fi(Zi|w;) — fi(Tialws),i =1, ,n.
NAE H(Z,U*) /), FIFBERE R BRE T . 13
W, = ~16(Q(Z) + W!V.4(2)Ph(Z)-
%wznwc) L 1B (2,0)x
V.0(Z)EV..J(Z,)

(36)

Hrh, 6 =V.0(2)P (( )4+ GU*), 1 >0, B2>0
R ZH, ERIN I (Z,) = (212,)5 /5. T RIE
RGRasE, U (2,041

1, HAth

Z\)Zs <0

-5 (7
2ch) x

(Z Ph(Z) + EV'Z;(Z>>+
(@!v.0(2) (2 - Ph(2)+

EV.,e(Z 1. -
25( )) + ngﬂwc +cecgsB+

WIV-H(2)PH(Z)) - 5625 (2,07)x
V(2)EV.,(2,)

(37)
HH, W(Z) = h(Z) - h(Z).
WA [ 3E B (16), (19), (21), 31N,
g

w_ ZPBZP)%ZZSD%( Tid )

A Z(Z U*)PH(Z)V

S

> Biogaw; [lawi]|*~

i=1

A (Zs)
(38)

3 EP? B; = [07"' ;0,1,0,--- 70]2><17 @(Z):diag

i—1

801($1d),"‘ o7

{pr(en) - (@) = @al@aa) i = W],
]

EIR 1. B — 83 B4R E MR F B A fi A\t
X 2 PR S A AR 2R R G (1), BT HT 5 R 40
g (15), (17), (18), HimsLbrizEdilds (20), Kk
i sl (34) K HIERNE (36) £ (38), @it
EHFEENSHAR AT RANTAES — ﬁlﬁﬁé@
A A, BRERR 2 DL AR 0 7 e S B 2 48 5 PER

MERR. MLFfs% AL

3 HRFE

AATRE L — RS RS0 JAIE i
T IR e IC 25 1) 5 9k (A RV E R AT AT AT
NFEXLREINUE R G5h 1507 12T

T] = T2

. Mgl . D

{xg = — 7 sinx| — 73@2 +u
y=m

Ho, @y, @y 23 A JIERT F I BE A A MR EE, M =
lkg NIEM R ER, g=98m/s> NE JJ &,
U=1m NN 17500 BRI 5 3 o 1)
FEES, D =2 N-ms/rad N I%EF % 30 1R V5 BE 25 R




11 3

FOT A BT YERETRAR LRI — I A SEIX AR bk R G DL )

2133

., J=1kgm? NIEMFHE.

SEE T r1q = sin(t). JEXSE M, =3, M; =1,
a, =1.5, a = 3. *ﬁ*ﬁﬂiﬁ)g@ﬁyﬂu@(%) = €xp

2 2

BUELEE s [PWAPES RETEES L |
(z —3+1)?

3
4,5. VIEIEN 21(0) = 1.4, 22(0) = —0.2. b, = [1,1,
1,—1, —1]". PERERRAL 1 = 2.5e7 95 + 0.05, dmin = 0.6,
Smax = 0.8. WIS HN ¢, =10, 2 =50, v =1,
vo=1, 01 =50, 0o =50, f; =0.01, B =0.01, &
ERGRMEE (27) F R=[0.2, 0; 0, 0.01],
Q(2) =22 + 22 . HRZHAIBE N 0.

R RME 1~4 Fin, B 14H 72%E
G rg MR GG 5y FERERPUE, REtfty £
5 s WERER B2 E (55, RPAR TR H 77 kel

,LLF?(Zi):eXp |: :| , 1=1,2. 1:172,37

1.5

Y
--- Ty

1.0}

0.5

0 5 10 15 20 25 30
Time /s
K1 ZHESz MahESy

Fig. 1  Reference signal z;4 and output y

2.0
L5 ¢
1.0

.-

—— Performance bounds

0.5}

—-05¢}

-1.0} O /=~

-1.5 —-0.01
2.0

0 é) 1.0 1‘5 2‘0 2‘5 30
Time /s
Bl 2z B ANR € PERR I I 2%

Fig. 2 Trajectories of z; and performance bounds

AGuha i BAT RUFRORERRCR. B 2 45 T BRERIR
72 7 WVl 2, iy B b T DA R R R 2 2 WS
T DA 0 L B AT TR A, i A2 IR 1 RE Y 22
K, I HARSRZENT 0.01. B 3 4 TAM K
AR s PO 2 0 B 501 i B T (2, 0 ) R AR Ay
2, RUBUELS 5 e PRIE SR H ARBUE IS IS
FWRHGE T 0. B 4 f% THATSRBAE To M
PAT AT A T w MR ZR . D7 A R AT A
SCHR BT RS RGN T E S # R H
FH, PRAE T RGTHIAENE.

1.0
0.5
Ofoeeeoe I
i}
P R F—"
71.0 1 1 1 1 1
0 5 10 15 20 25 30
Time /s
(a) AU BB @,
(a) Cost function weights @,;
? H(z, U
0 ’
-2
—4
76 1 1 1 1
0 5 10 15 20 25 30

Time /s
(b) Ve 1 bR 4
(b) Hamiltonian estimation

B3 AR R EOBUE o, FING B ER B 7 (2, U*) 3L
(:1=1,2,3,4,5)
Fig. 3  The trajectories of cost functions weights w.;

and Hamiltonian H(Z,0*) (i =1,2,3,4,5)

50 F —

-5

5 . . n .
10 12 14 16 18 20

10 15 20 25 30
Time /s

o
(S8

4 PUTERRING S o MPAT S E S u
Fig. 4 Trajectories of actuator input v and actuator

output u



2134 H )| 1 2 £ 45 &

4  HRIE Visg < —ki | Z)]° + k2 || Z)) — ks || * —
LR 3 SR R R R A b B e |[el|* + ks [| e | + ko —

i, 2% HEH T DRI RE RGP 20004 #F, B 53 (2,07 (1wsz S2)E - TP

Tl SRR B AR 2 ) 7. 1 567E backstep- 2

ping 77 kAl S PSRN L, FIAFLIX % go(Z))vsz(Zg 1 BT J(2)2, (A3)

= 1 R BB bR B RS T T R s i 52 E T SR

FZEH ADP 7k, weit 7 st s bl 55
K H Lyapunov &2 € HESIEH T A RS0
FaoE e, (B85 BRI T AR SR VA RE A AU
Y2 FEBEIX FNFE % 14 5 1 74 S 15t R e (P AR A4 il
i e
Mk A
i%H Lyapunov BN
Vg = Vo + %wgﬁ)c + B2 J(Zs) (A1)

a3 (25), (37), W Vi yjpRS, W15
Vs < —k1||Z)* — k2 @] + D+

Z'P(WZ) + GU*) = prab; (V$(Z) %

EV.e(Z)\ 1. .
0 i)

(w;vz¢(z) (Z — Ph(Z) + EV;(Z)> +

Z(Z)> -

Z,U%) (;@ZVZQS(Z)E —w"Px

(Z — Ph(Z) +

1
Z@EHU% +ensp +wiV.p(Z)P

B2 (

so<z>) V..J(Z) + BV J(Z,)Z, (A2)

FRYESCHR [27), ¥ || V.e(2)]] < bay |[V20(2)| <
o, emssll < Ae, 1Ly, < ||| < Iy, ||P(7l(z
GUN| < I/ Z] . W||V.¢(Z)EV.e(Z)|| < Aar. Hrh
I, by, Onrs Aey Iy, Ty, Ay #ORIESHL 8% T
I, R Young's A%, MA%R (D0 a:)% <
Son na?, BT R

81 (@IV.0(2)Ph(Z)) (@IV.6(2)Ph(Z)) <
5 ['” <8||u~,|4 + (; 4¢? +4<;2> ) +

9 —
b ]|

b, m RIERH, 6. o AR (7;) F10;(Ta) 100 R
HARB TR MR )77 KA B, w45

1 3 1 1

27l53

167‘[5

1
o, ky=h— (5 —
EF ! i (27E2+ 47'[8

1 1 1
T4 — = ky ==
2n16>ﬁ1 2T 9

37 2 2
ﬂ2)+2(ﬁ4+ﬁ9+n11)+7+?+*+ﬂ13+ﬁ15 ;
10

12, ky = ko — Bu ||P||* [4(m +

T

2, 9 1 1 9my
ks = mo (2, - 4 - T2
‘ Bl{ (2n1+2 T T2 T

3 2Tmg 1 1 9 9
167‘[5 16 47'53

smy , 3
8 87'[6

dmg | dmyy | dmyy

T13 T15
5 )

T14 Img _97T11 9m13 | 9mys 4
A2+ = we| |,
4) <4 Tyt T ) o [lowel

;16 RIEWH, EHFEENSH, WG

T i= 17
ki, ks, kg > 0.
430 (2,0%) = 08, WHVL J(Z,)Zs <0, FiLd
VT J(Z)Zs > 0, WHLE kr > 04543 0 < kr [|V., ]
(ZS)” < VT ( S)Zsa 2l VESJ(ZS)Z.S < —k7 ||Vz3J
(Zy)| < 0. LEA (A3), WTH
Virsp < —k1 HZH2 + k2 [|Z]| —
Fa | el* + ks || e | + ke —
k7B2 ||V 2, J(Z)|l
WS LR 244 T
Vo, J(Zs)|| > A, 8| Z|| > By,
& ||| > Cr, B|lw|| > Dy

kg B ko + /K3 + 4k1 ke oy —
1= ’ -

k7B’ 2k
ks + ];;;—‘,— 4k4k6, D = 6 )”'J VHJB < 0.
4 \/

B 5N(Z,U%) =1 1, ER ( A3 U IDNCA VA
J(Z )gv § - [gla : ,(n] 3 ﬁ2vi ( S)g ) ( - [gla )
cn]T, 5T J(Z,)EV.e(Z), FIRFIE3 f Young's A

E SR

~ 4
ks ||w|” —

'/E;EP7 Alz




11 3] T A

HETEREFE R 20 R 10— A A SE X AR R G foe I 42 1

2135

st Ay = Zoar | PIP | RTIGI + B2 15l + Bz

Virss < —ki |1 Z)) + k2 || 2] — ks |w|* —
ka | el|* + ks ||| + ko + B2V J(Z5) %
P(h(Z) 4+ GU*) + BoVE J(Zs)x
1 ,
<2EV25(Z) - §_+§_> <
—k1 |Z)% + k2 || Z)] — ks [l —
kg |le||* + ks ||| + o—
>\5 ||st J(ZS)H2 + )\7 ”vsz(ZS)”

"
Ji

A5 = BQ)\HHH(A(Z))7 )\mm(A(Z)) %A(Z) ) e/ NRFAE AR
R B A AL

ﬁ\:l:':l’ A2 -

By

10

11

IV, J(Zs)|| > Az, 5| Z]| > By,
5 ||w.| > Cy, 8 ||w| > D,

A7 4+ VA2 + A5k

s FilIE78 VHJB <0.

5
S LR R [V, J(Z4)]| > max{ Ay, A}k | 2] >
EijCH > Cl, =i |’U~JH > Dy, WA Vers <O0.

References

Lee H, Tomizuka M. Robust adaptive control using a universal
approximator for SISO nonlinear systems. IEEE Transactions
on Fuzzy Systems, 2000, 8(1): 95-106

Ge S S, Wang C. Adaptive NN control of uncertain nonlinear
pure-feedback systems. Automatica, 2002, 38(4): 671-682

Ge S S, Wang C. Direct adaptive NN control of a class of non-
linear systems. IEEE Transactions on Neural Networks, 2002,
13(1): 214221

Hu X, Wei X J, Zhang H F, Han J, Liu X H. Robust adaptive
tracking control for a class of mechanical systems with un-
known disturbances under actuator saturation. International
Journal of Robust and Nonlinear Control, 2019, 29(6):
1893-1908

Chen M, Shao S'Y, Jiang B. Adaptive neural control of uncer-
tain nonlinear systems using disturbance observer. IEEE Trans-
actions on Cybernetics, 2017, 47(10): 3110-3123

Chen C L P, Wen G X, Liu Y J, Liu Z. Observer-based adapt-
ive backstepping consensus tracking control for high-order non-
linear semi-strict-feedback multiagent systems. IEEE Transac-
tions on Cybernetics, 2016, 46(7): 1591-1601

Qian W, Gao Y S, Yang Y. Global consensus of multiagent sys-
tems with internal delays and communication delays. IEEE
Transactions on Systems, Man, and Cybernetics: Systems, 2018
Qian W, Wang L, Chen M Z Q. Local consensus of nonlinear
multiagent systems with varying delay coupling. IEEE Transac-
tions on Systems, Man, and Cybernetics: Systems, 2018, 48(12):
2462-2469

Li T S, Wang D, Feng G, Tong S C. A DSC approach to ro-
bust adaptive NN tracking control for strict-feedback nonlinear
systems. IEEE Transactions on Systems, Man, and Cybernetics,
Part B (Cybernetics), 2010, 40(3): 915-927

Dong W J, Farrell J A, Polycarpou M M, Djapic V, Sharma M.
Command filtered adaptive backstepping. IEEE Transactions on
Control Systems Technology, 2012, 20(3): 566—580

Bai W W, Zhou Q, Li T S, Li HY. Adaptive reinforcement

12

13

14

15

16

17

18

19

20

21

22

23

24

26

27

learning neural network control for uncertain nonlinear system
with input saturation. IEEE Transactions on Cybernetics, DOI:
10.1109/TCYB.2019.292105

Bellman R E. Dynamic Programming. Princeton: Princeton Uni-
versity Press, 1957

Wang Ding, Mu Chao-Xu, Liu De-Rong. Data-driven nonlinear
nearoptimal regulation based on iterative neural dynamic pro-
gramming. Acta Automatica Sinica, 2017, 43(3): 366—375

(S, BRgs, o, BT kA 23 250 i i 3R B AR 2 itk
AR . AR, 2017, 43(3): 366-375)

Zhang Hua-Guang, Zhang Xin, Luo Yan-Hong, Yang Jun. An
overview of research on adaptive dynamic programming. Acta
Automatica Sinica, 2013, 39(4): 303-311

(TR, TRk, PHLL, IR, QG NESRIZHR. B3R,
2013, 39(4): 303-311)

Murray J J, Cox C J, Lendaris G G, Saeks R. Adaptive dynam-
ic programming. IEEFE Transactions on Systems, Man, and Cy-
bernetics, Part C (Applications and Reviews), 2002, 32(2):
140-153

Vamvoudakis K G, Lewis F L. Online actor-critic algorithm to
solve the continuous-time infinite horizon optimal control prob-
lem. Automatica, 2010, 46(5): 878—888

Zargarzadeh H, Dierks T, Jagannathan S. Optimal control of
nonlinear continuous-time systems in strict-feedback form. IEEE
transactions on neural networks and learning systems, 2015,
26(10): 2535—2549

Wang D, He H B, Zhao B, Liu D R. Adaptive near optimal con-
trollers for nonlinear decentralised feedback stabilisation prob-
lems. IET Control Theory and Applications, 2017, 11(6):
799-806

Li Y M, Sun K K, Tong S C. Observer-based adaptive fuzzy
fault-tolerant optimal control for SISO nonlinear systems. IEEE
Transactions on Cybernetics, 2019, 49(2): 649—661

Sun J L, Liu C S. Distributed fuzzy adaptive backstepping op-
timal control for nonlinear multimissile guidance systems with
input saturation. IEEE Transactions on Fuzzy Systems, 2019,
27(3): 447-461

Wei Q L, Liu D R, Lin Q, Song R Z. Adaptive dynamic pro-
gramming for discrete-time zero-sum games. IEEE Transactions
on Neural Networks and Learning Systems, 2018, 29(4): 957-969
Fan B, Yang Q M, Tang X Y, Sun Y X. Robust ADP design for
continuous-time nonlinear systems with output constraints.
IEEE Transactions on Neural Networks and Learning Systems,
2018, 29(6): 21272138

Chen M, Tao G. Adaptive fault-tolerant control of uncertain
nonlinear large-scale systems with unknown dead-zone. IEEE
Transactions on Cybernetics, 2016, 46(8): 1851-1862

Tong S C, Li Y M. Adaptive fuzzy output feedback control of
MIMO nonlinear systems with unknown dead-zone inputs. IEEE
Transactions on Fuzzy Systems, 2013, 21(1): 134-146

Yu J P, Shi P, Dong W J, Lin C. Adaptive fuzzy control of non-
linear systems with unknown dead zones based on command fil-
tering. IEEE Transactions on Fuzzy Systems, 2018, 26(1): 46-55

Zhang L L, Yang G H. Adaptive fuzzy prescribed performance
control of nonlinear systems with hysteretic actuator nonlinear-
ity and faults. IEEE Transactions on Systems, Man, and Cyber-
netics: Systems, 2017, 48(12): 23492358

Tong S C, Sun K K, Sui S. Observer-based adaptive fuzzy de-
centralized optimal control design for strict-feedback nonlinear
large-scale systems. IEEE Transactions on Fuzzy Systems, 2018,
26(2): 569-584


http://dx.doi.org/10.1109/91.824777
http://dx.doi.org/10.1109/91.824777
http://dx.doi.org/10.1016/S0005-1098(01)00254-0
http://dx.doi.org/10.1109/72.977306
http://dx.doi.org/10.1002/rnc.4465
http://dx.doi.org/10.1002/rnc.4465
http://dx.doi.org/10.1109/TCYB.2017.2667680
http://dx.doi.org/10.1109/TCYB.2017.2667680
http://dx.doi.org/10.1109/TCYB.2017.2667680
http://dx.doi.org/10.1109/TCYB.2015.2452217
http://dx.doi.org/10.1109/TCYB.2015.2452217
http://dx.doi.org/10.1109/TCYB.2015.2452217
http://dx.doi.org/10.1109/TSMC.2018.2883108
http://dx.doi.org/10.1109/TSMC.2018.2883108
http://dx.doi.org/10.1109/TSMC.2017.2684911
http://dx.doi.org/10.1109/TSMC.2017.2684911
http://dx.doi.org/10.1109/TSMC.2017.2684911
http://dx.doi.org/10.1109/TSMCB.2009.2033563
http://dx.doi.org/10.1109/TSMCB.2009.2033563
http://dx.doi.org/10.1109/TCST.2011.2121907
http://dx.doi.org/10.1109/TCST.2011.2121907
http://dx.doi.org/10.1109/TSMCC.2002.801727
http://dx.doi.org/10.1109/TSMCC.2002.801727
http://dx.doi.org/10.1109/TSMCC.2002.801727
http://dx.doi.org/10.1016/j.automatica.2010.02.018
http://dx.doi.org/10.1109/TNNLS.2015.2441712
http://dx.doi.org/10.1109/TNNLS.2015.2441712
http://dx.doi.org/10.1049/iet-cta.2016.1383
http://dx.doi.org/10.1109/TCYB.2017.2785801
http://dx.doi.org/10.1109/TCYB.2017.2785801
http://dx.doi.org/10.1109/TNNLS.2016.2638863
http://dx.doi.org/10.1109/TNNLS.2016.2638863
http://dx.doi.org/10.1109/TNNLS.2018.2806347
http://dx.doi.org/10.1109/TCYB.2015.2456028
http://dx.doi.org/10.1109/TCYB.2015.2456028
http://dx.doi.org/10.1109/TFUZZ.2012.2204065
http://dx.doi.org/10.1109/TFUZZ.2012.2204065
http://dx.doi.org/10.1109/TFUZZ.2016.2634162
http://dx.doi.org/10.1109/TFUZZ.2017.2686373
http://dx.doi.org/10.1109/91.824777
http://dx.doi.org/10.1109/91.824777
http://dx.doi.org/10.1016/S0005-1098(01)00254-0
http://dx.doi.org/10.1109/72.977306
http://dx.doi.org/10.1002/rnc.4465
http://dx.doi.org/10.1002/rnc.4465
http://dx.doi.org/10.1109/TCYB.2017.2667680
http://dx.doi.org/10.1109/TCYB.2017.2667680
http://dx.doi.org/10.1109/TCYB.2017.2667680
http://dx.doi.org/10.1109/TCYB.2015.2452217
http://dx.doi.org/10.1109/TCYB.2015.2452217
http://dx.doi.org/10.1109/TCYB.2015.2452217
http://dx.doi.org/10.1109/TSMC.2018.2883108
http://dx.doi.org/10.1109/TSMC.2018.2883108
http://dx.doi.org/10.1109/TSMC.2017.2684911
http://dx.doi.org/10.1109/TSMC.2017.2684911
http://dx.doi.org/10.1109/TSMC.2017.2684911
http://dx.doi.org/10.1109/TSMCB.2009.2033563
http://dx.doi.org/10.1109/TSMCB.2009.2033563
http://dx.doi.org/10.1109/TCST.2011.2121907
http://dx.doi.org/10.1109/TCST.2011.2121907
http://dx.doi.org/10.1109/TSMCC.2002.801727
http://dx.doi.org/10.1109/TSMCC.2002.801727
http://dx.doi.org/10.1109/TSMCC.2002.801727
http://dx.doi.org/10.1016/j.automatica.2010.02.018
http://dx.doi.org/10.1109/TNNLS.2015.2441712
http://dx.doi.org/10.1109/TNNLS.2015.2441712
http://dx.doi.org/10.1049/iet-cta.2016.1383
http://dx.doi.org/10.1109/TCYB.2017.2785801
http://dx.doi.org/10.1109/TCYB.2017.2785801
http://dx.doi.org/10.1109/TNNLS.2016.2638863
http://dx.doi.org/10.1109/TNNLS.2016.2638863
http://dx.doi.org/10.1109/TNNLS.2018.2806347
http://dx.doi.org/10.1109/TCYB.2015.2456028
http://dx.doi.org/10.1109/TCYB.2015.2456028
http://dx.doi.org/10.1109/TFUZZ.2012.2204065
http://dx.doi.org/10.1109/TFUZZ.2012.2204065
http://dx.doi.org/10.1109/TFUZZ.2016.2634162
http://dx.doi.org/10.1109/TFUZZ.2017.2686373
http://dx.doi.org/10.1109/91.824777
http://dx.doi.org/10.1109/91.824777
http://dx.doi.org/10.1016/S0005-1098(01)00254-0
http://dx.doi.org/10.1109/72.977306
http://dx.doi.org/10.1002/rnc.4465
http://dx.doi.org/10.1002/rnc.4465
http://dx.doi.org/10.1109/TCYB.2017.2667680
http://dx.doi.org/10.1109/TCYB.2017.2667680
http://dx.doi.org/10.1109/TCYB.2017.2667680
http://dx.doi.org/10.1109/TCYB.2015.2452217
http://dx.doi.org/10.1109/TCYB.2015.2452217
http://dx.doi.org/10.1109/TCYB.2015.2452217
http://dx.doi.org/10.1109/TSMC.2018.2883108
http://dx.doi.org/10.1109/TSMC.2018.2883108
http://dx.doi.org/10.1109/TSMC.2017.2684911
http://dx.doi.org/10.1109/TSMC.2017.2684911
http://dx.doi.org/10.1109/TSMC.2017.2684911
http://dx.doi.org/10.1109/TSMCB.2009.2033563
http://dx.doi.org/10.1109/TSMCB.2009.2033563
http://dx.doi.org/10.1109/TCST.2011.2121907
http://dx.doi.org/10.1109/TCST.2011.2121907
http://dx.doi.org/10.1109/TSMCC.2002.801727
http://dx.doi.org/10.1109/TSMCC.2002.801727
http://dx.doi.org/10.1109/TSMCC.2002.801727
http://dx.doi.org/10.1016/j.automatica.2010.02.018
http://dx.doi.org/10.1109/TNNLS.2015.2441712
http://dx.doi.org/10.1109/TNNLS.2015.2441712
http://dx.doi.org/10.1049/iet-cta.2016.1383
http://dx.doi.org/10.1109/TCYB.2017.2785801
http://dx.doi.org/10.1109/TCYB.2017.2785801
http://dx.doi.org/10.1109/TNNLS.2016.2638863
http://dx.doi.org/10.1109/TNNLS.2016.2638863
http://dx.doi.org/10.1109/TNNLS.2018.2806347
http://dx.doi.org/10.1109/TCYB.2015.2456028
http://dx.doi.org/10.1109/TCYB.2015.2456028
http://dx.doi.org/10.1109/TFUZZ.2012.2204065
http://dx.doi.org/10.1109/TFUZZ.2012.2204065
http://dx.doi.org/10.1109/TFUZZ.2016.2634162
http://dx.doi.org/10.1109/TFUZZ.2017.2686373
http://dx.doi.org/10.1109/91.824777
http://dx.doi.org/10.1109/91.824777
http://dx.doi.org/10.1016/S0005-1098(01)00254-0
http://dx.doi.org/10.1109/72.977306
http://dx.doi.org/10.1002/rnc.4465
http://dx.doi.org/10.1002/rnc.4465
http://dx.doi.org/10.1109/TCYB.2017.2667680
http://dx.doi.org/10.1109/TCYB.2017.2667680
http://dx.doi.org/10.1109/TCYB.2017.2667680
http://dx.doi.org/10.1109/TCYB.2015.2452217
http://dx.doi.org/10.1109/TCYB.2015.2452217
http://dx.doi.org/10.1109/TCYB.2015.2452217
http://dx.doi.org/10.1109/TSMC.2018.2883108
http://dx.doi.org/10.1109/TSMC.2018.2883108
http://dx.doi.org/10.1109/TSMC.2017.2684911
http://dx.doi.org/10.1109/TSMC.2017.2684911
http://dx.doi.org/10.1109/TSMC.2017.2684911
http://dx.doi.org/10.1109/TSMCB.2009.2033563
http://dx.doi.org/10.1109/TSMCB.2009.2033563
http://dx.doi.org/10.1109/TCST.2011.2121907
http://dx.doi.org/10.1109/TCST.2011.2121907
http://dx.doi.org/10.1109/TSMCC.2002.801727
http://dx.doi.org/10.1109/TSMCC.2002.801727
http://dx.doi.org/10.1109/TSMCC.2002.801727
http://dx.doi.org/10.1016/j.automatica.2010.02.018
http://dx.doi.org/10.1109/TNNLS.2015.2441712
http://dx.doi.org/10.1109/TNNLS.2015.2441712
http://dx.doi.org/10.1049/iet-cta.2016.1383
http://dx.doi.org/10.1109/TCYB.2017.2785801
http://dx.doi.org/10.1109/TCYB.2017.2785801
http://dx.doi.org/10.1109/TNNLS.2016.2638863
http://dx.doi.org/10.1109/TNNLS.2016.2638863
http://dx.doi.org/10.1109/TNNLS.2018.2806347
http://dx.doi.org/10.1109/TCYB.2015.2456028
http://dx.doi.org/10.1109/TCYB.2015.2456028
http://dx.doi.org/10.1109/TFUZZ.2012.2204065
http://dx.doi.org/10.1109/TFUZZ.2012.2204065
http://dx.doi.org/10.1109/TFUZZ.2016.2634162
http://dx.doi.org/10.1109/TFUZZ.2017.2686373
http://dx.doi.org/10.1109/91.824777
http://dx.doi.org/10.1109/91.824777
http://dx.doi.org/10.1016/S0005-1098(01)00254-0
http://dx.doi.org/10.1109/72.977306
http://dx.doi.org/10.1002/rnc.4465
http://dx.doi.org/10.1002/rnc.4465
http://dx.doi.org/10.1109/TCYB.2017.2667680
http://dx.doi.org/10.1109/TCYB.2017.2667680
http://dx.doi.org/10.1109/TCYB.2017.2667680
http://dx.doi.org/10.1109/TCYB.2015.2452217
http://dx.doi.org/10.1109/TCYB.2015.2452217
http://dx.doi.org/10.1109/TCYB.2015.2452217
http://dx.doi.org/10.1109/TSMC.2018.2883108
http://dx.doi.org/10.1109/TSMC.2018.2883108
http://dx.doi.org/10.1109/TSMC.2017.2684911
http://dx.doi.org/10.1109/TSMC.2017.2684911
http://dx.doi.org/10.1109/TSMC.2017.2684911
http://dx.doi.org/10.1109/TSMCB.2009.2033563
http://dx.doi.org/10.1109/TSMCB.2009.2033563
http://dx.doi.org/10.1109/TCST.2011.2121907
http://dx.doi.org/10.1109/TCST.2011.2121907
http://dx.doi.org/10.1109/91.824777
http://dx.doi.org/10.1109/91.824777
http://dx.doi.org/10.1016/S0005-1098(01)00254-0
http://dx.doi.org/10.1109/72.977306
http://dx.doi.org/10.1002/rnc.4465
http://dx.doi.org/10.1002/rnc.4465
http://dx.doi.org/10.1109/TCYB.2017.2667680
http://dx.doi.org/10.1109/TCYB.2017.2667680
http://dx.doi.org/10.1109/TCYB.2017.2667680
http://dx.doi.org/10.1109/TCYB.2015.2452217
http://dx.doi.org/10.1109/TCYB.2015.2452217
http://dx.doi.org/10.1109/TCYB.2015.2452217
http://dx.doi.org/10.1109/TSMC.2018.2883108
http://dx.doi.org/10.1109/TSMC.2018.2883108
http://dx.doi.org/10.1109/TSMC.2017.2684911
http://dx.doi.org/10.1109/TSMC.2017.2684911
http://dx.doi.org/10.1109/TSMC.2017.2684911
http://dx.doi.org/10.1109/TSMCB.2009.2033563
http://dx.doi.org/10.1109/TSMCB.2009.2033563
http://dx.doi.org/10.1109/TCST.2011.2121907
http://dx.doi.org/10.1109/TCST.2011.2121907
http://dx.doi.org/10.1109/TSMCC.2002.801727
http://dx.doi.org/10.1109/TSMCC.2002.801727
http://dx.doi.org/10.1109/TSMCC.2002.801727
http://dx.doi.org/10.1016/j.automatica.2010.02.018
http://dx.doi.org/10.1109/TNNLS.2015.2441712
http://dx.doi.org/10.1109/TNNLS.2015.2441712
http://dx.doi.org/10.1049/iet-cta.2016.1383
http://dx.doi.org/10.1109/TCYB.2017.2785801
http://dx.doi.org/10.1109/TCYB.2017.2785801
http://dx.doi.org/10.1109/TNNLS.2016.2638863
http://dx.doi.org/10.1109/TNNLS.2016.2638863
http://dx.doi.org/10.1109/TNNLS.2018.2806347
http://dx.doi.org/10.1109/TCYB.2015.2456028
http://dx.doi.org/10.1109/TCYB.2015.2456028
http://dx.doi.org/10.1109/TFUZZ.2012.2204065
http://dx.doi.org/10.1109/TFUZZ.2012.2204065
http://dx.doi.org/10.1109/TFUZZ.2016.2634162
http://dx.doi.org/10.1109/TFUZZ.2017.2686373
http://dx.doi.org/10.1109/TSMCC.2002.801727
http://dx.doi.org/10.1109/TSMCC.2002.801727
http://dx.doi.org/10.1109/TSMCC.2002.801727
http://dx.doi.org/10.1016/j.automatica.2010.02.018
http://dx.doi.org/10.1109/TNNLS.2015.2441712
http://dx.doi.org/10.1109/TNNLS.2015.2441712
http://dx.doi.org/10.1049/iet-cta.2016.1383
http://dx.doi.org/10.1109/TCYB.2017.2785801
http://dx.doi.org/10.1109/TCYB.2017.2785801
http://dx.doi.org/10.1109/TNNLS.2016.2638863
http://dx.doi.org/10.1109/TNNLS.2016.2638863
http://dx.doi.org/10.1109/TNNLS.2018.2806347
http://dx.doi.org/10.1109/TCYB.2015.2456028
http://dx.doi.org/10.1109/TCYB.2015.2456028
http://dx.doi.org/10.1109/TFUZZ.2012.2204065
http://dx.doi.org/10.1109/TFUZZ.2012.2204065
http://dx.doi.org/10.1109/TFUZZ.2016.2634162
http://dx.doi.org/10.1109/TFUZZ.2017.2686373

2136 H )

45 %

WFA TR KR AR
LA A 32 BT I o ARG
ARGy, .

E-mail: guozijie1995@Q163.com
(GUO Zi-Jie Master student at
the School of Automation, Guang-

dong University of Technology. His
main research interest covers nonlinear systems con-
trol, optimal control.)

BiEfE T AT KEASMEER
R R, FEER R RN EE
iy, A ), RPN, KIHAE
ARSI R G IR,

E-mail: baiweiwei dl@163.com
(BAI Wei-Wei
searcher at the School of Automa-

Post-doctoral re-

tion, Guangdong University of Technology. His re-
search interest covers adaptive control, reinforcement
learning, system identification, and their applications
to marine cybernetics.)

B #H T ARITIRY AR
. EEBTIT MR IR ARG B
it IRV E R S IAER

E-mail: zhouqi2009@gmail.com
(ZHOU Qi

of Automation, Guangdong Uni-

Professor at the School

versity of Technology. Her research

interest covers intelligent control of complex systems,
cooperative control and its applications.)

E-2  JTARIWRFEINME T
k. B TOIT A 2% A ] &
GEEAR LA, BEST OREUE A,
REMIE. ASCHAEEE .

E-mail: rqlu@gdut.edu.cn

(LU Ren-Quan Professor at the
School of Automation, Guangdong
University of Technology. His research interest covers
theory and application of networked control system,
medical big data analysis and intelligent manufactur-
ing. Corresponding author of this paper.)



