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Abstract; To overcome the tracking control problem for a class of strict-feedback nonlinear system with model
uncertain, an adaptive fuzzy backstepping predication control algorithm which can make the closed-loop system
stable and minimize the receding horizon guaranteed cost on-line is proposed. Fuzzy logic systems are employed
to approximate the unknown term in the design process. As the adaptive parameter are directly used to estimate
the norm of the optimal approximation weight vector, only one parameter need to be tuned on-line. Considering
the property of the fuzzy basis function, the designed control laws and adaptive laws do not contain the fuzzy
basis function term. Theoretically, it is proved that the using the constructed controller can guarantee that all
signals in closed-loop are semi-globally uniformly ultimately bounded, and the tracking error convergence to a
small neighborhood of the origin. As the form of the controller designed in this way is simplicity and the
computation is small, this control strategy is easily realized in practice. Finally, the simulation results
demonstrate the feasibility of the proposed scheme.

Keywords: model uncertain; receding horizon ; fuzzy adaptive control; backstepping design; prediction control

TESR T RGP AFE A 7E, BA  BUEBAEE RGN A A ICr:, 2 s
ROMEREE R R B R HMAGARE PN,  THERERGERIES 0 R TR AR E T
AHE RGEMIEE RSB O PR U S B X TR I PR RE SR b Bk = F IR BE T A
BT Backstepping Wit ik FEAL B R Ak iz TRIMFAST A fr DL 42 ] AOAE 2R P T b s b b B AR S
AR FUAR 3 (A5 42 i TGI8 e B b if 2 1e

W B 2013-10-09. :
HEE : [5% [ AFIES (61102107; 61374208). SEBRIE AR T A HE H A KR
fREB A A = (1982—) A, B LRI 5 A T 42 3] ( model predictive control ,

JATZR (1966—) , 5, 2, 1A= S Vil e
EEEE: B %, rhenglan000@ 163.com. MPC) , X H A ¥R 2l B 38 4% 1l ( receding horizon



- 108 - L =S

ANV

5 46 4

control, RHC) , J& &b BN & [ i) — Fh AT 2 A1
R JT . A AR R A 2 5 1Y H A R BOR 3
RS BE B IZ N T & ST B XA
ST FR G B P T s 1 F T A A2 G
] L 26 SR 47 S i A SN 4 ) ) 4
LT T — R E LRI RGN H, &
RTINSk A O 5 T B Ak oY
TR BA ZMAHE A RS RIS
i 3 P A AR R TN 2 4], O P PR R SRR AR
SEPEREAT TR XA A5 B — e R i H A
ARSI A A AANERE T SR Gl oK figt
TC55 IR U RE S B U0 A TR RS, 4 T A T
WU 2 AT i 5 2 RN S SRR 11 1Y
BEfl b, B[] i A7 7E 22 FOR ST 5 A i
HBEAGIRLMEI S AT E RGEDETE 1 H & il
T T2 R T ks B A5 B LA A AR
SN Z AT EREERBIT T RHRES
H,/H,, 86548 T 42 ) 5 12 0 e S ]
ATPE R M DL R AE 4 5 19 03 s S A ik
U E XA PR A Z FRAR L R G, T R
AT RS I T — S s, Has T
PLBh 1 PR A i 5 KRG 45 T4 i AR AR
RITIEWIIE T — 2R BAT S5 AN s PRI RSEHY
PR 6 TN 1) S50, Hn 1 Pkl Y A i
JiE A R R A O T 5 o] 5 A i s o 25 5
FE T BT B BT B R 3 P A e 1 T 4 ) 5
R AR 2 TR AL B B B E R
FERIFEAT TESY, B T RO A AL BB T 5T
T AL I 4 ) A R, X RGBT
AT T or M AR B B R BT Pk
PR PRV R 5 75 S T A 5
WA I EARSS & BT R RUA I & Y FE 1 R
GEvit 7 —Rh I AR A 20 s AR G T
AL EA S MR ARG, HRA RIFH
SARRE AR 7 5 R AR RS R GE I AN E 1 2
A FH B A FOCHE A TR T HEFERY,
it PG FEAR A B DR B X T — e ) R G 1A
IO F) 42 ] 5 A o e — 2D R R 0 ) R
ASCHESCHR [ 18 ] (LAl b B 5 X — A
TUANH 2 B8 BB R Lt R it 3 T b ik
(1) 3 L BOR 455 T . 38 2ok B — 2P X Lyapunov bR
HRR I LA KON BR324 R GE R, e 245 3
SEBRAGAE AR F S A, 5 O R IR SR AN
FEPEWAT LU . 5 DR BT B i 22 il 5 40 L, A
SCHT BT B il 4% 45 F 1 B O B3 DA H
W SR A —A) WA T iR s

TR ] (7 20 SR T P A A
1 [f] AR

BN — 2R B A e AR R S

X =%, tf(X),1<i<n-1;
{9: =g(x)u +[,(x); (1)

AHex, = (o0, 0], (i=1,2,-,n-1);
x =[x,,x6,,,x,]" € R" flu e R" 3 HJER G
A AERE Ay e R VRS (),
g(+) R () ARG IELE RS = 1,2,
o n = LA AR R BT — 8 1Y H 18 B
ar R () A ME SRR RA R i,
PRI MR

g1 fAELEHEg Mg =g > 0k
g(x) WHEO<g<lg(x)I<gHIl gx) |l <g.
X ARG g(x) =g > 0.

Big2 y,(1) LH-H38y,(0) 2EHDE
HEEER LTS8

T FE NS d s e AR )

€, =% — Yy,

€, =X, — 0,0 =2, (2)
sy, FORBER L o, ZIE RSG5,
e i Db g .

BRI (1) PAFTERY R AR LM Rk
FHBOR 22 G HEA 718 I AR 95 7 A 18 3L, ] LA
BRI RS M g,

a,(X,) =@ P(X,) +5,(X,).
P @, I AAL I &, P(X,) AR 5L R 2L,
8,(X,) MEIriRE, H18,(X,) | <e,,&, NF—IEH
HBOHIELREL P.(X,) W2 0 < P/(X,)P(X,) < L.
7E X
O =max{ | D, ||*:i=1,2,-,n}].

FERERIAR BT B, 6 Sy 0 1Al Al
20H60=0-6.

38 i Backstepping $4 il 532 v i 40095 ]
PLK H G BT

-1
(X)) =——eb,lsisn-1; (3)
2a;

n.

5 T A
0= 2 72(961' - ai—1)2 = ky0. (4)

=1 2a;
;T:El’l—l kO’r’a‘i(i = 1’25“"’7’) j’ﬂﬁﬁ‘é‘]ﬁﬁﬁ,i
PreEfil At u = e, RI

1 .
u=——:medb. 5
2ai " (5)



EERNE |

2, A, BREURH AR M RSN B S N Backstepping F4 il - 109 -

2 FEHPH

2.1 #=HIZFET
FEhl gt n B e — LT iR
PR o, i = 1,2, n 5 T4 n 2BIPE 4
B RGN u.
$EB1 ZEUTAY Lyapunov {55 pREL
V= el + o 0,
(1) ((2) AT
é =%, +fi ~ ¥,

%V, Sk AT
i 2 - 1, 1.,
W= —ce +ee, tea; telce +f) _Eel - 00.
’

(6)
e, WHEL,

_ 1 _
fi =/ +Eel ~ Y4 @ =cie; +f.

PR @, S oA TR, FHASOR 2 48 3R G ok il
it a,,
a =® P, +5,,
K18, 1 <e,e, B—PTIEFEH
FRBIBREERBOR L 0 < PP, < 1A
1 1, 1, 1,

eldl = Ef‘f@ '|'?(I,1 +?€1 +?81. (7)
1

X (5) . (12) AKX (10)  BEHAT 4

y 2

< —
|/1 = — €] +ele2 + 3
a,

1, 1 1.
—ef0+—2 (a} +&7) ——00.
r

2 BT AY Lyapunov {5 35% PR £k
Vo=V, + iei’
2
Xf vV, K315
V,=V _Czei +ese; te,a; +ey(ce, +}2) €6~
1,
S
X, A=W a, = cre, +f,,
_ 1 dar, dory  doyy
L=/ +e +Eez _glocz +f1> —@yd - 896-

H R 2R GE AR AUAZE ] o, AT A

2 2
) I -
V, = - Zc[e? + e,e, + z fzef0+
i=1 » -1 2a;
2
1, , ) 1-.
—(a; +&7) — —06.
; 2 (a; +20) r
$BEk 3<k<n-1), FHLLHES
T FEFHIERE Lyapunov 515 pRECH

1 2
V/r = V/c*l + ?ek.
R TSR 28 e R R DL ) oo, ) B P4 1
) k k 1 ~ k
V, = - z‘ciei2 + e, t 2 —e’ 0 + z
i=1 : “
1 1-.
?((ll2 + 812) - ?09
Pn X DRREEER o B | ()T
éll :f;z(x) + g(x)u - dn—l‘
” 1
jim LyapunOV 1’;&“5&@7}#& Vn = Vn—l + Tei ’
g
%V, Rk

n-'n n-'n

1
7 — T r 2 ’
Vn - Vn*l —-c,e +enu’ +en[ gf‘n +c,e +en71 +

1 1 & O,y 1 do,_,
- € _72 “+xi+l)_g Ya ~

2 " g i=1 89@ ayd
1 do, 1 j
——1] - e,ie, — oen - e,
g 0 2" 2
:—thj: c’n jg—/l\’l'%%%&’an :C,ne/l +.}7;1’
-1 1 1 ¢ o,
f‘n :7f‘n +en*1 +7ew _72 1(-}(; +xi+1)
g 2 g i=1 axi
1 aan,—l 1 aC(n—l A
- Yo = T
g Iy, g 90

SR IR 2R Ge s il R AR AL &, , AT 45

L g 1
Vn $ Vn—l - (C’n + 2 erzz + enu + ei 0 +
3 2g 2

a

n

1
7(012, +&,) —e, e, (8)

HifR 1 Al fs

’ J gr
- (cn +2§2) e <-— (c’" —ngj e =-ce. (9)

N vy N0 73 ’ 4 ’ &
ﬁﬁlﬁ*%ﬁéﬂgc n {ﬁ1ﬂa‘ c,=c, ~ F > 0.
g

X (5) .(9) FRAK(8),V, ATE—2LFoR N

. 1 -
V, < - zlciei2 + z 726?0_,_
i1

i=1 a.

i

n

1 1-s
Y, —(al +&l) - —60. (10)
2 r

i=1

MALEE 1 BLBE n BT RS, A o
AT IR E 1, XS EESCHR[9 — 107 45, HESCHY
Kt Z ATET R T —Fh 19 Lyapunov PREL, H
TN AL S — NS AL 6. 5 ICHER[ 18 ] Tk ity
PR G A LG AR SCBET 042 T f b A8 17 R AR T
AR, WD T ]

2.2 REMSH
N1 oL IR R GE AR E P, 1B B Lyapunov



- 110 - U S W A N I ¢ 5 46 &
EIERBCH V=V, C(4) .(10) 715 L. .-
1%1_|_|%&j‘7 ] n Etiit]( ) ( ) T": J(k) — Z [el(k + L)Qe(k + L) + Aul(k +L‘ _
. 2 2 2 072 0 2 i=1
V$—;20l?el+;?(al+al)—50 +;9 1)RAu(k+z—l)]+e[(k+P)Se(k+P)

(11) K Au W AR E,Q,S HIEEHER R

1"}Xlao = min%zcisko,i = 1,2,"',71} )

k() n 1
by =—0" + —(a’ +¢&)).
07 5, ; z(az &;)

(1) V() +a,V(t) < b,, N

by
V(t) < (V(O) —]

by
e+ 2 1 =0.(12)
do a

0

TFt=0,e= [el,"-,en,mT}E:P%%ﬂ:

le

n) FOHIEAT T, XA Ky 02—~ i, W 0 A
T BT o, WA L. b A5, S L. IE
IR R G A G5 A R0 ¢ ra, Bk, 2
TS5, IEH 0,0 Ml g BEEOERS EN e >
0, HIEWitSE e, Mk, ,%Ff a,,e, Mp F853/NH. 1
TR, S by a, < £2/2. 840, = (12) 18

1 1,

2
—e; =< —e| +

2

b
V(e(t)) < V(0) +°}. I, e(i= 1,2,

1
el = V() <

b b
=+ (V(O) - "j e,

ao aO
FirlA, tlirilef < 2by/a, < & 3HTERI B IRZE I
TF0,e,,r,ky,c, Fla, KA O FEARFNN, TSR] —
A R ERERR AT RN AT RERY. AR I o, T
ky , [RIEEEETN ¢, AN r P REN D IR ER IR 22,

3 BHESBELMEMN

FIFHAEZIR S AR A B e P il 2 S 40, B —
P2 P o042 ) 350k 7EAL G2 1Y) Backstepping 15X
T EERIRSSE o, ey, om0’ IS 1) 1F SE U
i IER A B TR S E ) ey, e,
¢!, AR RN ARG Y B A R ER /).

i AR LA AR 2 R 22 0 7
EERGE(1) ((3) FI(5) B AL, RARMSE] R T

x,(k+1)= x,(k) + Tx,(k) + Tf,(x,,k),

x,(k + 1): x,(k) +Tx3(k) + T, (%, k) , (13)
x,(k +1)= x,(k) +Tf,(x k) +Tg(x k)uk),

-1
22(k)

a, (k)= e(K)Ok),1 <i<n-1;(14)

2a; (k)
% EHCH bR ek ECR

u(k) = e, (k)O(k).

(15)

RIESEERL, P ok P B 3. 3 T Backstepping 1% 11
SR B AR S P T 45 i 55
. 2mln UJ(k)
s.t (13),(14),(15),
e (k) - 0
C(k)= : > 0.
0 . c’ﬂ(k)

I TELOR A 2 R AR LR 1 7 s 15
BN H bR s B R P 88 S BOE M C, 153 BT
B S0 45 ] . R P 91 — LR 1) Oy i
Sfef 192

4 EHR
SR = BrAR gt R 5%

x, = 0.5 +x,,
BRI
Ny = 4y,
Pl
"
Xy = 25072 +% u,
1 + a3 + a5
Wy = x,.
FE Ly, =sin 2t + cos t, FEHIEES HE N H R
e
u=i——-e,l,
2a; ’
-1 .
a, _72610
2a,
-1 )
o, = —e,0,
2 2&; 2
. 3 r
=2 —(x —a_)" - k.
i=1 2a;

WIHAEIRZS x(0) = [%,(0) ,x,(0) ,x,(0) ] =[0.8,
0.45,0] VAT« = [,,x,,%,] = [0,0,0].
A0 3 LS 06 UE T 1R 4 o ) R A AR L R
BRI 7T =002, HHIBAET SH 0 =

1.5 0 1.5 0
,R=0.3,8= P =4,
0 0.5 0 0.5

0(0)=0,k, =0.001,a,=0.21,a,=0.2,a,=0.3,
r=20, WEHUEh 30 s, 0 BE5 R A& 1 ~4 s,

M 1~2 T LLUA RSk BE IR ER 48 1Y
WIEA(ES IR IR 22 S T 1 3 — 403 /] 3 3%
ARFETE A R TR A G S R 4 S RS
PEREFE AR, v T BT B 5 4 25 1T 4514 RE 45 A5
Lk fME.



CAE 2%, e R AR LA RS 3 DB Backstepping BT I S 111
2500
) — y R 0.6
= S
| S04 21500
= 0 o2 & 500
N M A A R
= 0
= -so0l ..
2 10 20 30 0 10 20 30 0 10 20 30
t/s t/s
E1 REHHEHERESHEIIT B2 RERIRZEHZ 3 EHIENEZ
35 systems with dynamic input and output interactions|[J].
25 Automatica, 2009, 45(1); 55-67.
w28
g_é s [7] CHEN Bing, LIU Xiaoping, LIU Kefu, et al. Direct
g
;AE adaptive fuzzy control of nonlinear strict-feedback
s systems[ J]. Automatica, 2009, 45 1530-1535.
Se 10 0 0 [8] SUA. BG5S AR R E R G000 F 3 1 AR 4 1
s ‘ BRFE B[ D). 5 B ATALAS AR K, 2011,
B4 R (0] i, FHE, Kok FELEAT HLS T HOTE Lt
\ BRI T]. A S 4, 2008, 34(2) : 215-219.
5 % &

FERIRCRY ANEA P, ASSCITSE 1 — 2™ 8
WAL RGO S A0 T 42 ) S0
AT SRR R GE 0T AR T RO BB
FEME R ) 2 0 TR e B 5 T8 R E R
FVETR L R A PR T, Bt P Rl A 25 A f o, HL
AR TP LA T . Tl (7
UE T Rt d gt r i A R
%25 Uik
[1] KANELLAKOPOULOS I, KOKOTOVIC P V, MORS E

A S. Systematic design of adaptive controllers for

feedback linearizable systems[ J ]. IEEE Transactions on

Automatic Control, 1991, 36(11) . 1241-1253.

[2] ZHANG Tao, GE S S, HANG C C. Adaptive neural
network control for strictfeedback nonlinear systems
using backstepping design[ J]. Automatica, 2000, 36
(12). 1835-1814.

[3] YANG Yansheng, ZHOU Changjiu, REN Jusheng.
Model reference adaptive robust fuzzy control for ship
steering autopilot with uncertain nonlinear systems[]J].
Applied Soft Computing, 2003, 3. 305-316.

[4] YANG Yansheng, FENG Gang, REN Junsheng. A
combined backstepping and small-gain approach to
robust adaptive fuzzy control for strict-feedback nonlinear
systems[ J ]. IEEE Transactions on Systems, Man, and
Cybernetics-Part A Systems and Humans, 2004,
34(3) . 406-420.

[5] ZHOU Jing, WEN Changyun, WANG Wei. Adaptive
backstepping control of uncertain systems with unknown input
time-delay[J]. Automatica, 2009, 45(6) ; 1415-1422.

[6] WEN Changyun, ZHOU Jing, WANG Wei. Decentralized

adaptive backstepping stabilization of interconnected

[10]° P80k, T4, whaEi. shaSh i S s G e ml i
MERILY]. A shiessde, 2012, 38(1) : 31-37.

C1LIXIBERE, ERIAR. 27 A RS F A i A 5 T
ARG GBI RI[ )], #HBLE 58 A, 2010,
27(4) : 527-532.

[12] 8. IREA H,/H, T8 PRS Fe s 780 ) 4 6l 25 1912
(D). . E#IZEKRY:,2011.

[13] 7 f, KRR, 7. —KEAELERIIN L E
A AN E R r BRI ()], A kA,
2013, 39(5) . 644-649.

[ 14 ] SHI Donglin, MAO Zhizhong. Input-to-state stabilizing
MPC for constrained nonlinear system with persistent
disturbance [ C ]//Proceedings of the Chinese Control
and Decision Conference ( CCDC), Mianyang: IEEE,
2011, 1126-1129.

[ 15]ZHENG Pengyuan, XI Yugeng, LI Dewei. Closed-loop
robust model predictive control for time-delay systems
with structured uncertainties [ J ]. Control Theory &
Applications, 2013, 30(6) : 683-692.

[16 171y, frfiide. 3T Kb B H M A Rt i 42
MR ] (RS0, 2011, 40(3) : 314-317.

[17] ZHANG Libin, CUI Naigang, PU Jialun. Research on
nonlinear attitude control algorithm for upper stage during
multi-satellite disposing[ J]. Journal of Harbin Institute of
Technology (New Series) , 2011, 18(5) ; 14-18.

[181#1 , ZEW5R. KT Backstepping BETTAY A E AL
PER G0 T [ 7], =B 5 A, 2007,
24(4) . 525-529.

(19130, Ph3CH. S 5ork[M]. Lt B
2EH R, 2001.

(20 0f, 2/ am. 05 ek — v L Sl A9l 2 A 21
T e A SR [T, B B 5 A, 2009,
26(6) : 634-640. (8 whHZ)



