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Adaptive non-backstepping output-feedback control of nonlinear strict-
feedback systems

NA Jing®, ZHENG Ang, HUANG Ying-bo

(Faculty of Mechanical and Electrical Engineering, Kunming University of Science and Technology, Kunming 650500,
China)

Abstract: To remedy the issues of explosion of complexity, nonconvergent parameter estimation, control singularity, and
stringent requirement on the full states in the conventional backstepping methods, this paper proposes a new adaptive
identification scheme with guaranteed convergence and an adaptive output-feedback control method for nonlinear strict-
feedback systems without using backstepping. By defining new state variables and a coordinate transformation, the state-
feedback control of strict-feedback systems can be transformed into an output-feedback control of the derived canonical
model. Then, an one-step adaptive control with high-order differentiators is designed. Furthermore, two neural networks
(NNG5s) are employed to approximate the lumped unknown dynamics so as to avoid the potential singularity in the existing
control designs. To ensure the convergence of parameter estimation, a novel adaptive law is constructed to online update
the NN weights. We adopt the Lyapunov method to prove that the tracking error and estimation error can converge to a
small compact set around zero. Comparative simulations based on a hydraulic servo system are performed to show the
effectiveness and superiority of the proposed methods.

Keywords: strict-feedback systems; adaptive control; non-backstepping control; neural network; parameter estimation

|3

0 3l e — T R T VE, I ST B R Sk

JELE M R G R LRI 304E 88 TR R, [10-11BF7E B A AR AL 3 i AN A0 R4 ) 7 1)
FREE TR 2 ¥ 7 v, a0 & B L e AR s KNP AT E F G0 15 G SN 6] )L R A% 4t ) Pk
HIRT 2 W G BB, B s ERRGE R SR RIREIEL N R E T T 4, LR
ARG, M R ARG AR R R bEx g s WEEIEHIE S RS, T B AR BRI
EN S T e R A T Rli= I ot NI & <O R - S B | AP eI P NTTE € | DR St i PO RGN 38
FR A L R TR S R G HEGE M, S ) BB PO PUR IR RS 5 S O T D

Wks B ER: 2021-02-09; R HAR: 2021-07-05.

EEWH: EFHRBFERESTH (61922037,61873115,62003153); = F48 HalH-RIHF 4 5 H (202001AV070001).
RERE: %

VA IA/EL . E-mail: najing25@163.com.



2426 # % 5

xR ¥37%

HH IR 523 JEE R ) AL, AELAR AR 2 13t E Ve T RBAE, OF
R R AR TR, R 7 HAEBE A IR R 58
S S PR AR .

NS IR 3 T Vv SR ) il R, SRR [14] 42
T R e A TV, R AR G SE  e  h A
R BEE T OIS AR R A, O 5
NFRZE P28 3060 2 58 R RS A AT R LR8I D9 fil
22 I 245 BUAE WSS T B K T A, S T
LRVESl B AR G R T — ST I AR AR AR T VR, K
20 J5 % 28 G0 AR 3 B o) e A D s A AR 4 )
HhY S R 47 ) i) A, B SR B R B A A T
ARl Oy SEEUR 20 AR L R GraE i g TSR At 1R
BB BLAL, TBORR 2 g8 AR A 2RI AR B, SCHR [9]
ARSI 855 S EAR A BT 7O T WL 25
4 3 B S Bt R s, 12T iR — oD HE) T AR
WU 2R 1), b ik 55 4 22 o 5% e 2 1) s e v o, et
T HEE R ST W GIN, P s 2 A7 ARV A A3 1 3
I (FE 2l A% B4 2t A7 AE T RER I F LR,

BT [ R 47 ) 389 2 A S ) R, SR [17] 42 HE A
7T S A BT i 4 R AT R, H 2 R AR R AN
At 58 4 M2 B0 ) L SCHIR [18] 3 BUK RBER M B A&
BEAT EAMG T, IR 22 A Wl R b
RITVE R TR R R G K SRR RO i, 1
X e B 28 G AT AL 2 2% 5 TR 4 1) 1) AL SCHR [20] 2 H
R 2 1) 5% T AR R SR 4 o 08 2 BE AT BEAR A T, OF 4
S VR R 1 7 vk, T A T A A A o R S I
A B B 18 L% ] 05 17T S, A% St 1l R AR
JH 3 i) 45 22 3R AT YR 5y, M LA PRAEAS T+ 2 8 (b 22
ZEASL A5 ) PRk A AT S48 SR, DR L v ALK R
RFABNZSREAT R HEAL T, 25 170 e 2547 1l P8 E.

Bt B A, A S DA A SR R AR R, B2
H o 0 AT A ORGSO AR S D AR T R
B ) S B 1 O AR A g i TE T V. BT S TR OR
FHRTI R (0 2 Gl o, 8 G 1 Sk R 2R K HE BT
IR, R T 4 A S WA S S L MR IE
2T BE DR AIE 2 KAt THPRIZE OB, WofE Sy Hh R R
{1 [ I RE % X6 28 B8 R R0 3 A5 SEDURS HERE IR, B %6, 8
SEIL LD AT, SIS AR M S B R G
WIIbRIE R S, IR R o0 4 SEBUR RS PR
itttk SR, D TE S R RN ) 18 2 0 T R AR T S )
R R G RN B A BEAT IR P2 M 2%
BT BT, B e, S B 28 R 28 BUE DRI WS, $2
BT I S BUE A TR ZE B I B G N % B
N ATEAR 1A SRR Bl B R 22 1 ) R A
ik T R A AN USSR il L 9 AR
ARG A AL T de Hh 7 ik A R

1 RGHAESENHEL
1.1 RGiRE

e — R AR T R G
&y = fi(z1) + g1(z1)2o;
&y = fi(®:) + 9i(Ti)Tig1, 1=2,3,...,n—1;

(M
Yy=2x.
ﬁ\:qufl = [xl,xz,...,xi]TERi(i:LZ...,n)ﬂ\j%

GRS & u(t), y(t) € ROHINTESIHNF R St
H () 6E=1,2,...,n) ARFESLIELEREL g:(-)
#£0(i=1,2,...,n) NAFIFE G 55 K %L

ASCH WA T Bt — A B IS s
ol R o) RS B S 5155 v, FIN X R
GERFENZ fi () M g, (-) SEDURS TR,

1 ORFR R ARG ), OB ER AR T
7z SRS A 5 2 P s HE T, I R R O,
H—MERREZ T 01, 20, x, B HEC R4,
HIA 45 RA R, A SCH A 48— 28 9E o i i ot
il %, A B R R G oy AT, 20, 23, .. 2, ATN
ARHI
1.2 FMNiEi

SRR OB FE ], ' SO H T PR S A &, 5F
P& S AR K T i R G (1) e A AR A A
ESCIRESZFR R

21 = T1;
Zi:'é'i—lai:2337"'an_]-; (2)

Yy=2z21=21.

WU 2o PR IS 1) S K RT T 5

. afy . dg1 . .
Zy = 87531381 + 875;961302 + 9122 =
0 0
(879{1 + Tiim) (fr + q122) + g1 (f2 + gow3) =
as(Za) + Pa(Z2)xs. 3)
a2 (Z2) = (87501 + Tixz)(fl + g172) + g1 f2,
B2(Z2) = G192
5 R Ti=3,4,...,n, 0115
2 = o (T;) + Bi(Ti)wiqy. 4)
U
N - aai—l 351’—1 ) ) .
al(ml) - JZI ( axj * 8%‘ ml) (f] +g]x]+1)+
Bi—lfiv

Bi(Z:) = Bi—19: = Hg;a
j=1

Tp+1 = U. (5)



FoH

AR AR AR R 8 £ 8 AE R RO IE ) 2427

R € XFPRET & 2,0 = 1,2,...,n)fl L
RGN AR, R R R SRR (1) T SN
21 = %2;
%i:ziﬂ,_z:?,?),._..,n—l; ©)
Zn = an(Zn) + B (Tn)u;
Yy=-z.
oo, (z,) M B, (2,) A B E A& RN RS
BN fin g FIESRAL. AR RS ()WL g:(1) #0,
WS 2R GE A G 2R 00 2 B (Tn) # 0. AR — U,
13 (6) HH 42 1) 1 7 BR B B, AR O IE HLO < by <
B <o, 1 by Al by N IEH AL
i T b A AR TR R S B R G (1) S A D i
tH 21 HIBRTHE R 4 (6), 38 G A ) S v iy s 4 e i, B
y = z1 = x JEAL, #CAT B X R G (6) Bevt R il 2 S 3
JR RS (1) %45 5€ B bR IR ER. (BAE R4 (6) 1, IRE
zi(i = 2,3,...,n) NAEHE BN & H &K $ a,(z,) A
b (Zn) RH, TAEFE 85 BT 5 S,
1.3 =SS
NIEIRIRES 2;(i = 2,3, ..., n) A H0 1) 8, =% F& f
H Yy=z1=21 ﬂﬁ?ﬁiﬂ“%,ﬁﬁzm 2359 ”n SR
it 2y B0 B R AR R i 2R 22T AT
XL

fiﬁ = U1,

v = —k1 |8 — T Tsign(F — y) + 2o

éi = Vs,

V; = —Ri|Z — Vi1 %sign(éi —Vi—1) + Zit1;

Zn = Un,

Up = —Fn|2n — Un_1|2sign(Zn — Up_1) + Zns1;

Zng1 = —Fng18ign(Zn1 — Un).

(7

Ht: ki, ko, Ky > 0 RN ER 38 25, 200 WL 25560
N, 21,20, 2 IRFRES 21, 20, ..o, 2 HIAl TR AR

& SCHR [26-27], L3 oy 4% BAT A RIS Ta] Se SACRs k.

2 HEMN RGN R AR ]

5 RGRABNES o B IEATHER, 217 ¥ it
o Y B U ) . AR DR G, A A T R AR 4 il 25
A5 P e, B L — T ) AR T A ) S BT HAE 2.
2.1 RHARGESPHR

NG B, FLEAN VA AR I 5] A A2 4% o
AR L RGO RG TS RGEEN

1 Qan,

H1 20 (8), R FH 2 AN I 45 43 Tl i T 24 5 1 A

HBhA& N
1
F = wTT% + €1,
bn ©)
n *T
F =wy @2 + E2.
n

He:wr = [wi,wly, ..., wi,|T € RN flws = [ws,
Wiy, ..., w3,]T € RN BB E; ¢ = (11, 12,
0]t € RN Mgy = (o1, daz, -+, 2] € RN
R AL I 2% Bk ) By e Rl g A A 40 I 285 4R 22 T T
le1| <eins |e2| <ean,e1n~ean NIEFH L.
FIN EIRMZ AT, RG(8) AT 5 A
u=wid1z, —wioy +e, (10)
Hrhe=e12, — g NMEMLE LT IR ZE.

BT RGURES 2, AR, R 0548 (7) BWIE

2, R A
u=wi' 12, — ws'$s +E, (1
Hrhe=c +wiTo, 2, WA FIPHREE.

A B A R 2 BUE wi -~ wg Bl B —
Fpr FE N T ARG ETHIRGS S 82, KA (X
A RGAGTHIRE 2, S50, %F 30 (1) U 51 A% 8 38
PRI () = p81+1<->,p > 0 R AL, 3
Laplace [ A% 4 (720 $8 2O SAWT 46 2% F 2, (0) B 5%
W) AT 45 2, R 2, BOUEIR AR 2, 0 2,0 N

- ’ 2”]"(0) =0,

ps+1
by = R0t (12)
p

AU, 53 BIRT 1~ o u FIE TE S AT B b, 5 =
¢1/(ps + 1), ¢ap =d2/(ps + 1), up =u/(ps +1),&; =
/(ps +1). i ¢14(0) = 0,27(0) = 0,us(0) = 0,
£r(0)=0.

SIFE1RY FEESRE () = x1(2)x2(z),
Forf g () R o (20) 0 T8 482 o . o7 A1 918 38 4
1/(ps + 1), HUEBE R E x f (z) W E R

X (@) = x1p(z)x2r(z) +6. (13)
o xg p (@) B xap () 50 3008 X1 (2) T xo () B0 I8
IEUE B AR, 6 A R AR 2.
KHRIBIEDE 2 T 61 2, FHTI FE 1,755

Zns

($120)f = Biflns + 0. (14)
HAE FIR AT, % 28 (8) BI M@ IE I, 75 51
up = WP, + . (15)

Horfiy =04 & NERGRE, W =[wi", wiT]" Ji/™
PUBIVE, @ = [h17 (20 — Znyp)/ps —das]" AHET 1A

[F ..



2428 # % 5

*x R %37%

RSB R W A 3 ORAIE S W Uk
SBIEAE W, B E TR EW = W - Wi
HE N 5 B AR & M (t) € RPVENFIN(t) €
R2N><1 ?'\j

Mt YL i ST
()__:u +V+¢}¢fv ()_7
' (16)
N(t) = - + 224 N0y =0
N H V+@}@f7 e

Forb p A v O IE R B H T ORAE M () MTN () A 5
R AR (16) T AL N (1) = M(E)W* — AROL,
s A = [ emnt=n) BB gy s i 2

v+ @};@f
1A <A
R BN BERAE G TR 2, 2 XA &
E =MW — N. (17)

e A6 M 17), T E=—MW + A. @it =
IR ERAEAGBR B P ER AR E BT
fETHRZE W, B AT T3 R B R

W =-TE, (18)
H >0 NHIER 2] 5.

EER1 B H &R (18), 47 8] 5 1] B B i A2
o 8 il 2% A, U)o 22 ) 2 AR 35 22 W 45 B 8 5
Bg=Yiplin N .

BB % Lyapunov R EUAV = §WTF*1W,
B (17)F1(18) i H L FHCN

V=WTr'W=_—Ww'MW+W'A. (19

2 [a] VA ) B 5 A2 T SR A AR, R RF 4R
B, EVAEAE ¢ >0, Ty >0,/ 15Vt >0,

J~t+T1 ud oy

dr > «I. 20
t v+ @;Qf TZs (20)
= (16), 73 5
B t ud b}
nT f >
M(t) > e L_T vy dr>ol, (1)

Hrho=e "M ONHIEHHL Ml (19), 753
VS-WIMW+WIA< =V +b, (22

Hrife = 0/ dmax(T7Y), 0 = A2/20 ¥ IEH $. H
Lyapunov i€ F 7] &1, V MUl 15 22 W 48 Bk Sk 3
F R A, O

A2 I N E M AN, M H SRR
WE AL TR 2 B IR IREN B IE R (18). 5155
J3E S0 L, % 1 ARSI i AU T U Sk R
SEAE W B, PSRN AR AN RGBS HER AL Tt
22 RISt RIBES ST

SRR 1, 8 IR ER R A

e=2z—Tg, 7 =" 1]e. (23)

K2y = [wa, &g, ..., 2y T ABERL, T = 13,
Topoo L] A" + 15”2+ 4 TR
Hurwitz £ 3503, 45 ik r 45 5/ W BIORT, BREFIS 22 o
T/ Y8k,

BT R GURES 2 A1, R 28 (7) WLIAR 2 2
Bz, AT bRz e Ml

é=%—1g,
F=[r"1]e. (24)
#2498 (6) 1A (23), H
P =10,7"e + ap + Bou— =z, (25)
B P2 P 2% (9) RN (25), 15 2
5%7; =W + o+ &[0, 7"]e. (26)

Hoeh:w = [$1[0, 7] — ¢y o) JgHET A A,
o= (wiT¢1 +€1)[0,TT]Z + e3 — eyu NI SR AR
SR

I PR R 22 r WL W R 2 u

u=—ki —j¢([0,77e — i) — iga.  (27)

b k> 08 R 25, e Al AR (24) HhosE I
RZE, Wy A adg 73l Y BRREABUE wi Al ws Ak T, 1 A
b0 LI, 2" RS E T n b SHL

¥ (27) AN (26), 15331
%f = — ki + W + ¢ + 1[0, 77]e. (28)

n

T b3 J2 o) 3% rh 75 10 28 T S o 2 I 2 LA T
AR, WA R B AR B B MR R R 2 A T
™ HIE R

W = (U7 — aE). (29)
Horb I > 0825511838, a > 0B IERHL
BT IR R GRS P A0 S R BRI R 22 WS,
SE SOWIM S 5INHIRZ Z M 7
Z=e—€é=2z—2,
F=r—7=["1]z 30)
AR _E R R 2 5 X, 15 5

1. .
5772 = ki + W +e+2[0,7"e, (31

Hebe=["1]2/8, + ¢ NE RN 2F 2, B ] <
EN.

PR R 2 1) 22 G2 110 B e R R BB A 28 RV iR 22
FIUSCSRCPE AT U 40 R o e HE

EI2  HREE RIARLNE R G (), Wiy
A (7) EEHIEE (27) A E & R (29), 5 #0225 8] )
IFi] B W3 A R SN 2 A, W PR R T B 5 5



FoH

AR S F AR AS RE R S B 2 AR R it ROBEE 2429

A G, R 22 A B e BRER IR 2 e AIRUE 1R 22
W S Sh 3 2 r Bl R AR
HEBH 1% Lyapunov B ECH
V= %vﬂ + %blvaF*W. (32)
XtV R FIHAEEQ)MAE, A
V=i by W =
— Bpki? + (Bp — b)) WP + B,e17[0, T T]é+
Brei — aby WTMW + abyWTA. (33)
B2 (24) 773 7] > €] /e, e1 = Amin (7T, 1]), K
V < —Bnki? + (Bn — b)) WIW# + B, e+

/3n,5lz£|f|2 — abyWTMW + ab,WTA <
1

— b1k + (B — b)) WTWOF + B ei—
aby WTMW + aby W' A. (34)
;H\:EF’Z Co = /\max([()v TT]), E =k — 51]\/02/61. E&ﬁﬁﬁ
PRI 25 k15 k> 0.
24 [ U5 17 £ W 3 A AR SRR IS, B B L E R AT
B Amin(M) >0,
V < —biki? + (by + bo) [WT||7] + Bren]|F]|—
abyo||[W|)? + aby | W] A. (35)
XH|WT[|7]« ||W || AR Ben|#| B Young A2
HRIFACANRK (35), 153
V< —aV 4. (36)

e 2(b1 + bo) || ¥[? ao
Ho.q = _
Sestsa = min{Eby gaby A (I )

n = b3e /201K + aby A% Jo. LA, 2 AT 55 k AE
1E R a 29 KET, oo ¥R IEH 4. AR HE Lyapunov
5 B AT 49, FR R 22 7 A TR 22 W A ROt s s &
AT EEN. R ©Q4). 29)F1 2/ R, Al 15 52 bRiR
B EE e fle g R B S BW A R/, R
Q7 FFESE FuA . O

E3 gl g vE — M 24 w2 I 2% 43 il
i F cu, 1 B,y W By (IS T4 H B AE 4% 1) 2% 20 BE o,
A7 AETEAE (3 22 25 S ) R0 AR ST T 1 4 1) 2% (29)
H 2 AN 22 I 25 1y by T oo 20 I FH T4 1 1/ 8,
un / Bro, BT A T 70 4% 1) 2% 43 B 51 R 185 57 1]
RO LA, BT Y 3 R T CRAIE i AU W e
FLHE W BIARIR, ST R G0 SN 2h A (e .
3 fiRKIE

N6 BT B A R R TV A R, e
FE AR LR MR A IR R G52, H A an B 1T,

1 RERREIERG S

AR SCHR [21], RGERLN

1 = T,
. ks c
Ty == &1 = — Ty + x3,

37
. wA? wAY (7)
T3 = — ro — wCixs + ——u,

m

Yy = I,

Horw = 46, /Vi. S H Am = 40kg, ks =
15000N/m, ¢ = 1500N/(m/s), V;=6.531 2x10~5 m?,
A=3.2656x10""m? C; =4x 10713 (m3/s)/Pa, 8. =
700 Mpa, 1»=0.01 (m®/s)/V.

W IETZAE S 2g = 0.1sint MBI, R LA
IR N 2(0) = [0.1,0.03,0.02)T, X b £ sl 25 K0 0
23 BRS8NSR Ky = 20,k =
2.5, k3 = 0.5, kg = 0.1. ¥ 2% (27) F 7 1& S (29) 1)
ZHNT =4, k=157 =80,1,1]". HHL RBF #1£: %
2%, TR E NN =16.

JiT 4 AR A S A L R U O N R 4
R 2~ 6. B2 Ml as 27) fEYI %4

0.2
—_——Xy ==X =-=1Z
NN
& A AN ARRYA
2 AN A A A
1% [ O A U R N
Dm n
== \/’ \\‘l' \\‘/ \,/, \
-0.2 : : : : :
0 5 10 15 20 25 30
t/'s
(a) PrEIREPERE
0.1 =)
—_—0 e
_
H hif
R
mX
o8
-0.1
0 30

(b) frE e R
B2 (ERERTEIMEEMRERIRE



2430 w % 5 & K #37%
100 100
g — T - B
50
s o‘l\/\/\/\/\/ j;jj
-50 =
_1000 5 1I0 ll5 2IO 2I5 30 0 5 ll() 1I5 2I0 2I5 30
t/s t/'s
E3 THIES B 6 HMEMEIT /B, PHRITELER
100 TR B B g O B S A 52 (7) O
. SR 2 W, TR O R R R4 o 8 R A
= ol 1 R Gt oy KSR ER A T2 1055 (3 5 g, FFIR £
53 0 A5 B 2, 1B R 6 2 0K 25 AT R
W, Ak, 23 AT IR B0, 1 R G R i 2
0TS 10 15 20 25 30 G 5 I A 2 R ST 2 R M () — AN N4 R, 45
5 s B4 B IR 3 T, 45 SO T, G T 925 T
T IS . (L7 I 25 I BB, B (4 7T A o 30 R 1 R
) /\ /\ /\ I, 675 J5 52 30 AU AIRMES, P 4 J9 R 4 i 2 1 o
= 0\ \/ v v BRI 22 16 B B R 0 75 30 1o 220 9 45 L
V V (B % He G5 5 phy 4 7T L, AR i 2 BB IETR
5 - S I8 0 22 T £ KA W LA T £ i e (I
b 4), T P8 4(a) 28 IR 6 A AR 2 B 1 T (0B 12 77 45
(a) EREAR RO HE LU B FIBUAE R T WA 2 B3R %, 135 T 5 0 6 R 0 5)
20 A I HHRSCR. TS L 6 40 30157 P P 1 366 I e
(I 2 2% 0 RGERHNENZS 1/ B v/ B [ HER M
x 0 —— B, B IAIE T BT B 0 A R . |
R 4 B, ARSI A R BRSO 38R
-20 , RIS S A TR 1 Y, ARSI 8 A B F S Bet
20 25 30 RGN SRS
e B4R H O 4 S A IR A I
toor — R 28 T 4% J2 542 1 705 AT o E 0 2, 2R i it
o, BRI 6 LA ) 5 S P 7 .

0 5 1I0 1I5 2I0 2I5 30
t/'s
(b) FRZEE G E N AUE

B4 HEMEIEW
30

2 _mé:——%ﬁ& - - B

0 5 10 15 20 25 30
t/'s

El5 #EMLEIT 1/, PHRAITELEER

PRERTERE

Y

t/'s
R ¥iJjik - - RBFNN ik

E7 tgRPESRIREEARERIEREXTLE

H P 7 ) DL, TRt A e £ ] 2% B 4 il g
2 BACR ARG A5 5 T S5, (L R A
ENA B AT E I AL TR, SORAS T R AR A A
HIREALR. HAEB S B)lB%Eﬁ SE FR) I A O
IERIih] N e euR 1V SR BBV AT REE -/ 6t a7

30




FoH

AR AR AR R 8 £ 8 AE R RO IE )

2431

BE. BEAN, FE T 38 A48 X 45 110 B s SR, 36 4
T ARG D | o R 2 B R AR 1D IR R, TR T X6 R
AR A HE A ER
4 & ©®

v B A G T N e A ) R AR 4 B AR A E
2 1) 98 2 ik Ik 2 5] R I A S A ), A SCER R R
LRVEFERE IR R T —FhAE OB AR B G N
g LR R B T T e, B R R G
7R e Sy s R AR, 3 et B 0 4 o) B RT S I H R
5. SR FH 2 4% S T HE S 28 SR SRR S W, A %o
RGNS C IR SR 5, 91 N2 W 28 X 544
(1) 2 G5 A S0 sh A Rz )38 25 AT Al T, 8 1 i 7
S ) e, W R A S A TR E B R H
T NTE LR AG T 2 N AU, B DR L S 2 LB B
I, T SEBRAT 2R GU A KN B4 RS RN, B8 20 BT
IGAF 7 45 R G Re e M KR B AR ZE AU TR ZE
W SR . T — S £ Al R G Y ) 4 4 R
UE T ATHE O VR A RO AR R % R T A S
St R AR R R B R G, IR R
1) A AN R A HH 24 PR )

S 3k (References)

[1] Sharma R, Zare F, NeSI¢ D, et al. A hidden block in
a grid connected active front end system: Modelling,
control and stability analysis[J]. IEEE Access, 2017, 5:
11852-11866.

[2] Yang J, Li S H, SulJ Y, et al. Continuous nonsingular

sliding mode control with
mismatched disturbances[J]. Automatica, 2013, 49(7):
2287-2291.

[3] Nal,Huang Y B, Wu X, et al. Active adaptive estimation

terminal for systems

and control for vehicle suspensions with prescribed
performance[J]. IEEE Transactions on Control Systems
Technology, 2018, 26(6): 2063-2077.

[4] Tri N M, Nam D N C, Park H G, et al. Trajectory
control of an electro hydraulic actuator using an iterative
backstepping control scheme[J]. Mechatronics, 2015, 29:
96-102.

[5] Kusti’e M, Kanellakopoulos I, Kokotovi’c P. Nonlinear
and adaptive control design[M]. New York: John Wiley,
1995.

(6] FRePoR, BRam, FhBIAT, 55, BUR a8 a4 0 e
i [7]. S EE 5 A, 2020, 37(2): 355-364.
(Chen Z T, Chen Q, Sun M X, et al. Full state constrained
output feedback control for rigid spacecraft[J]. Control
Theory & Applications, 2020, 37(2): 355-364.)

[7] Huang Y B, Na J, Wu X, et al. Approximation-free

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

control for vehicle active suspensions with hydraulic
actuator[J]. IEEE Transactions on Industrial Electronics,
2018, 65(9): 7258-7267.

KR, SR E R, BRFEE. — Rl AR 2k S bt S D i
HE VR I 26 1 55 4k [J]. #2 H 5 Y3k, 2015, 30(9):
1641-1645.

(Zhang X K, Zhang G Q, Chen X J. A kind of
linear reduction of backstepping algorithm based on
nonlinear feedback[J]. Control and Decision, 2015,
30(9): 1641-1645.)

Tong S C, Li Y, Li Y M, et al. Observer-based
adaptive fuzzy backstepping control for a class of
stochastic nonlinear strict-feedback systems[J]. IEEE
Transactions on Systems, Man, and Cybernetics — Part
B, Cybernetics: A Publication of the IEEE Systems, Man,
and Cybernetics Society, 2011, 41(6): 1693-1704.

Wu Y, Xie X J. Adaptive fuzzy control for high-order
nonlinear time-delay systems with full-state constraints
and input saturation[J]. IEEE Transactions on Fuzzy
Systems, 2020, 28(8): 1652-1663.

Wu Y, Xie X J. Robust adaptive control for
state-constrained nonlinear systems with input saturation
and unknown control direction[J]. IEEE Transactions on
Systems, Man, and Cybernetics: Systems, 2021, 51(2):
1192-1202.

Swaroop D, Hedrick J K, Yip P P, et al. Dynamic
surface control for a class of nonlinear systems[J].
IEEE Transactions on Automatic Control, 2000, 45(10):
1893-1899.

Xu B, Shi Z K, Yang C G, et al. Composite neural
dynamic surface control of a class of uncertain nonlinear
systems in strict-feedback form[J]. IEEE Transactions on
Cybernetics, 2014, 44(12): 2626-2634.

Park J H, Kim S H, Moon C J. Adaptive neural
control for strict-feedback nonlinear systems without
backstepping[J]. IEEE Transactions on Neural Networks,
2009, 20(7): 1204-1209.

Na J, Yang J, Wang S B, et al. Unknown dynamics
estimator-based output-feedback control for nonlinear
pure-feedback systems[J]. IEEE Transactions on
Systems, Man, and Cybernetics, 2021, 51(6): 3832-3843.
Li Y, Tong S C, Li Y M. Observer-based adaptive
fuzzy backstepping control for strict-feedback stochastic
nonlinear systems with time delays[J]. International
Journal of Innovative Computing, Information and
Control, 2012, 8(12): 8103-8114.

Li Y, Tong S C, Li Y M. Observer-based adaptive fuzzy
backstepping control of MIMO stochastic nonlinear
strict-feedback systems[J]. Nonlinear Dynamics, 2012,
67(2): 1579-1593.



N

2432 # % 5

xR ¥37%

[18] Ge S S, Wang C. Direct adaptive NN control of a class
of nonlinear systems[J]. IEEE Transactions on Neural
Networks, 2002, 13(1): 214-221.

[19] Ge S S, Wang C. Adaptive neural control of uncertain

IEEE Transactions on

Neural Networks, 2004, 15(3): 674-692.

Zheng D D, Pan Y P, Guo K, et al. Identification

and control of nonlinear systems using neural networks:

MIMO nonlinear systems[J].

(20]

A singularity-free approach[J]. IEEE Transactions on
Neural Networks and Learning Systems, 2019, 30(9):
2696-2706.

Wk, T, TR, & S HAT I AR A S S HUE
il R 5 Gt i s A5 1 [0, 4% 1) 55 P, 2020, 35(5):
1077-1084.

(Na J, Dong Y, Ding H G, et al. Output feedback
control for hydraulic servo systems with unknown
actuator dynamics[J]. Control and Decision, 2020, 35(5):
1077-1084.)

Mo, BEROMK, FRIR, . — R EIRLE RSN
3 S A 1] B (] A A S S TR ) ], 41 5 ok
3%, 2019, 34(1): 63-71.

(Chen Q, Lou C L, Nan Y R, et al. Adaptive support

vector regression modeling and dynamic surface control

(21]

(22]

of a class of uncertain nonlinear systems[J]. Control and
Decision, 2019, 34(1): 63-71.)
Yu J P, Zhao L, Yu H S, et al. Barrier Lyapunov

functions-based command filtered output feedback

(23]

B B e TR B A

TH BRI 7 10 S FAE AR B RS e N

55T CBAM-CNN [0 b B i s is iy - - oo
£ T TN-LP-LSTM-SVM V& A5 R 1 Ji yitt 91 6% ¢ H A0 A AR A 7 1) A8 3 238 DR/ Ft
2 FEIBURT AN B PR BT 1 T 13 P A A48 S A = e 3
BT O SR A 2] o R AR B B S

BT 77 T AT SR AN AL 4L F vy B S8 P A A B0

BT 2 XL A TN s S 2 Hbstiie s - -
BT 2 RIERZETE M REEIAT NRtERREE -
RS — Ao R
BT =y e AL AL R L o B

............................... ok g

control for full-state constrained nonlinear systems[J].
Automatica, 2019, 105: 71-79.

NalJ,LiY P, Huang Y B, et al. Output feedback control of
uncertain hydraulic servo systems[J]. IEEE Transactions
on Industrial Electronics, 2020, 67(1): 490-500.

Na J, Ren X M, Zheng D D. Adaptive control

for nonlinear pure-feedback systems with high-order

[24]

[25]

sliding mode observer[J]. IEEE Transactions on Neural
Networks and Learning Systems, 2013, 24(3): 370-382.
[26] Levant A. Higher-order sliding modes, differentiation
and output-feedback control[J]. International Journal of
Control, 2003, 76(9/10): 924-941.
Levant A. Robust exact differentiation via sliding mode
technique[J]. Automatica, 1998, 34(3): 379-384.
Khalil H K, Grizzle ] W. Nonlinear systems[M]. Upper
Saddle River: Prentice hall, 2002.

fEEEN

ARuk (1982—), B, #u%, HL AR, NFHAGEMNE
il SHAL T AEZ PRI H) K& N ST 5T, E-mail: najing25
@163.com;

HE (1992—), L, AR, IF & s RAR R4
&% B8 9T, E-mail: zhengang1017@163.com;

WU (1991-), 5, MR, 181, IN3E8 6E & R
il VR B IE R G F 3% H G HF AL, E-mail: Yingbo_Huang
@126.com.

(27]

(28]

(Fiesst: 1 k)

S 2 85 &5 & ¥ %2
Bk > oW o &
EEHF A RAERNF W
dr dr o odn dp odh dp odh dp dv e

e
I
4



