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RESEARCH ON ADAPTIVE ROBUST TRACKING
CONTROL METHOD FOR ROBOT MANIPULATORS

ABSTRACT

With the further development of robotics technology, robotic
manipulators, as the most widely used mechanical device in robot control,
can reduce production costs and replace humans to complete complex and
dangerous tasks. They have been widely used in industrial manufacturing,
military, aerospace, medical, etc. With the complexity and diversification
of target tasks, especially the model parameter uncertainty and external
disturbance that are commonly present in most practical applications, the
trajectory tracking control of high-performance robotic manipulator
systems remains a challenge. This article focuses on this control problem
and combines backstepping, disturbance observer, sliding mode control,
finite-time theory, fixed-time theory, adaptive technology, neural network
control, and Lyapunov stability theory to study high-precision trajectory
tracking control methods for robotic manipulators. The main research
content is as follows:

Firstly, a dynamic model of a robotic manipulator with external
disturbances is presented, and the design and analysis of all control

methods in this paper are based on this foundation. A control law is
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designed based on the dynamic equation of the robotic manipulator, and
simulation is conducted on a two-degree-of-freedom robot model. The
results showed that the designed control law can ensure that each joint
can track the desired trajectory, which verifies the reliability and accuracy
of the established dynamic model.

Considering the uncertainty of the system model and external
disturbances as lumped disturbances, a disturbance observer is designed
to accurately estimate the lumped disturbances. It ensures that the
observation error converges to zero within a finite time. Based on
disturbance observer, finite-time theory, and backstepping control
technology, a kinematic tracking control law is designed to enable the
robotic manipulator to track virtual trajectories. Next, design a dynamic
controller to track the aforementioned kinematic control laws. The
finite-time convergence characteristics of the system have been proven
using stability theory. Simulation results show that the proposed control
strategy has better control performance.

Based on finite-time control, fixed-time control is proposed, which
has the advantage of being able to calculate the system convergence time
in advance and is not affected by the initial state of the system. By
designing a fixed-time disturbance observer to estimate the lumped
disturbance online and providing real-time feedback to the controller for

compensation. Furthermore, a fixed-time sliding mode controller is

v
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constructed, making use of the sliding mode control's quick convergence
speed and robustness to disturbances. It adds the integral term of the
position error sign function to the sliding mode surface, which can reduce
the steady-state error of the system and ensure fixed-time convergence of
tracking error while suppressing the inherent chattering phenomenon of
sliding mode control.

A disturbance observer-based adaptive neural network control
scheme 1is investigated to better properly address system model
uncertainty. Using neural networks to approximate uncertainty online
effectively overcomes the dependence of ordinary control methods on the
precise model of the robotic manipulator. Then, the system state equation
is innovatively rewritten, and a new disturbance observer is designed to
estimate the approximation error of the neural network and external
disturbances of the system, and provide compensation to the controller.
Finally, the Lyapunov stability theory is used to prove the uniform
boundedness of all error signals in the closed-loop system. The
simulation results have verified the effectiveness and superiority of the
designed tracking control method.

Li Tianli (Robot Manipulator Motion Control)
Supervised by Zhang Gang
KEY WORDS: Robotic manipulator, Backstepping control, Sliding

mode control, Adaptive neural network, Disturbance observer
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2R E OO AN E DUEATIE I AL B, SR SRS TR, AR T Rl
HIPL B LI 28 R AE LAl T 28 WA 2% 38T iR 72 A1 R GEANER L8N, i ds iR fi sk
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WUBRE 20 0 22 138 1 HUBURES % 5719 4 B2 A E MU P2 5 R i N ez
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n B NS 30 705205 R i) — B 0N -
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X 4.4, e R" D HIFRHIBE RTTALE . HENIERE; M(q) e R™ HHL
B BIERERE:  C(q,q)g € R™ ZomHUE BRI G(g) € R" FomHUE
HAME; e RNHIE RS HNEHIMARE.
SRTAESE PR TREA, MU 25 5 32 2 AT TP CAnBURME JEAFHC T
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PENHRIREE), XA VU CE AT P PR B AT 55 I AN BEAR B P /R RSB, 520
RYGNASE, "R TUNIIE, R 24 A0 &R LA E K
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K, ARG RS, AXHERAE IR YL A THE SR ER 22— € 1Y

AR

Q-2)Fr7r U E 3 71 AR B U R -

M (q) NIEEXNFRAERE, M(q)-2C(q,q) AR FRIERE, VAeR", Wi

R
AT (M(g)~2C(q,4)A=0

2.2 B S W FAR BRI IE

2.2.1 = H T

(2-3)

AFTVCE T Ak R RO A AR ) R A AU BRER 0 B BT,

PABSAIE 2.1 T LB 30 /) B A e A 1
% RS AL B R ER R ZE N
€=4d—4q,

R, g, =gy I W] SRR

xf B AT R G A5
e=q—4,
B Y :
s=ce+e
AH, ¢>0.

W R2-2), .
§=M"(q)[z-J"(9)f()-C(q.9)g—-G(q)]

%t (2-6)3K 5

s=ce+e

=cetq—q,

=ce+ M (9)lz-J"(9)f()-C(9.9)q - G(9)] -4,
fREEIE AR BN

s =-nsgn(s)—ks
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- MK(2-9) &I, 11

7 =M(q)[§, —cé—nsgn(s)—ks]+J (q)f 1)+ C(q,4)d + G(q)

9 7 BT B AL BOR . A Lyapunov B

V= lSTS
2
Xt EACKRS, 3K AQ2-9)FQR-10 RN AT 15
V=s"s
=s"(ce+ M (Qlr ~I () f ()~ C(g,9)4~G(@)]~4,)
=s" (- sgn(s) —ks)
=-n |s| —s"ks
<0
222 HEWIE
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(2-12)

PR AE = B B Y GRS ) A AR R 1, XU
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+d CZI C22

Gl]
G(q) = [G }

Jll J12:|

J@)={] 7

X,
M, =ml*+m,(>+1,>+21,cosq,)+1I, +1,
M, =m,(,*+1l,cosq,)+1,
M, =m,(,"+1l,cosq,)+1,
M,, = mzlc2212
G, =-myl,q, sing,
C,=-mll,(q, +q,)sing,
G, =myll,q, sing,
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HUME AL S Hn & 2-1 P

*2-1 HIME SR
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(2-15)

(2-16)
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MRAE 2R (Q2-2) et A A, R BE AL AR I 18] PN BRI _E BB, X IGHIE 1AL
B Bl 77 A AR R A

2.3 FHKREIRFIR

ARATAE T R KB HEA Lyapunoy A3 HEERIE, R 5 4% I 88 10 1 7RI RAE
R GRRE A

SESL 2-187), R AR RS X = (X, 1), X eR", 121, ST TAEEREQ,
VMR IR 2% X (2,) €Qy » 547 168 B >0 A 18] % 30 T(p, X (1)) » M TAL
21, +T(u, X (1) B2 | X @) < s TBAE LRGORE X (0) R4 i — 30 7
[

51 2-19): FHRINTF AL RS x(t) eUy < R" -

xX(t) = f(t,x(1)), x(0)=x, (2-17)

Ho £, x(0) NAELEREL x(0)=x, /& REVIHIRE . R Q-17)BFH 6155
R AW RSE ), W RS x(r) A PRI [ A5 5E
STAEZEEHRAL>0, >0, E>0, 0<¢ <1, FHEELIEEREV (x),
> 0mF, AT A
(1) XFAEAT x(r) , HIRTH A2 -
V(x)<—1V(x) -1,V (x) (2-18)

W x(r) R GE A PRI TRIRGSE , 7 (x) RERSLEA BRIN 8] T AL 77, WAt ] 7

AT AR
1 In V' (0)+,

< 0 . (2-19)
(2) FIBIEEHE FREV (x) I /L
V(x) <=1V (x) -1V (x)+Z (2-20)

W ARS8 x(e) B PRI TEASRE , HIA RGERZEAS 5 BENSAEAT BRI 18] 77 A RS E £ T8 1
B AL SR A, TS 1) 7 5 2 R AR
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1-¢
TSmax{to+9 (11 . N ORI
(1= l
‘ L 2 (2-21)
- 4 (0)+912}
ll(l_g) 912

XH0e(0,1), 1 RokLiaifZl.
5138 22000, ERELAL A TRV R > R U0}, R WTR A
(1) V(x)=0=x=0;
(2) XHFAEAT x(r) , IR A2 -
V(x)<—cV " (x)—c,V (x) (2-22)

A, e pg>0, 0<p<l, g>1. WRGHETH SR E 2 Wilist, ik

S E) 5 R G RIPIIRIRESTE oG, Hoi e i N AEE R
1 1

T<T = + (2-23)
o(-p) c(g-1
(3) FHTFATAT x(¢), AT 2 -
V(x)<—c VP (x)—cVi(x)+ 9 (2-24)

WU 2% G5t 2 SE B[] g I TRIWCSR ), AFAEIEH 0 € (0,1) S A5 MBI T 2 4n R A

F3

O
c0(1-p) c,0(g-1)

(2-25)

G138 2-3087: X T AWIIG AT, EAFAEZELEEE Lyapunov BRELV (x) i 2
K, (||x||) <V(x) <k, (||x||) (M, BT K KA, #15:
V(x)<—pV(x)+C (2-26)
Hrp, pMC¥RIEER, B xt) —35H 5.
# H Lyapunov 318K 73 ARG N UGS 2 48 AR € 1t o 2 B80T il 7 A2

x=f(x,1), telt,,o] (2-27)

Hp, xeR", f(x,0) & n HEAELRNE R E i BARE B RIHAFLE x, , W2 f(x,,0)=0,
TLFR x, & RGN — P A B RBTHMBIRBN IR, RG> gk SR RE

BB A PR — MR RV (x), HV(0)=0, V(x)RA Mg S5
V(x), Bt
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(1) Vx)IEE, Vx>0, MHANHx=02%5/r.
(2) V(x)IEE, V(x)E5E, MRAGE x, =024 Rk E R,
(3) V(x)IEE, V() E, WHKRLSEx, =0 &4/t En.

2.4 KREBINGE

AEELG W TA MBI 2 B HEIURE 20 72, SRR R 2 /)
ORI T AT TR BT R I B A, O E B AU A B AT
o, BUE 13 RO R e SR S HERA I . BJR N T ARSI R E XL 51
A Lyapunov & e PEHEE, A ERE T RINUIRE DU ERER 12 6] ve it TARFT b 7%
fiitc
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8 3 8 ETREENERITEIHTRERTTH

3.1 5|5

BHOREATLB R A28 R B T A2 S A I AL N R AL S5 o) g 92 R AR T DA 5 LA R H
b, (BSOSO TR TR TH S, ANHI T HURCE (1 ks BEER BR =] . AL, N 7 ORIEE
RGURER IR ZAEAT BRI 8] WIS, AR 2 S 1 45 BRIN 8] B R 42 T ik
Wang S UOVR A BIR A e 00 00 58 A AE 2 Ay T Xk DL 1) K T 238 shid i, 5]
N BE N A R GRS, DIE IR TSRS IR 2 Javier FFWTUN AT
AWESN 15 SRR SR A U, SR 1A BRI ()42 1) 5 3
FF A O 1 D7) R BURF AT B B AR T R s WG TR R A S v AR
FRL RIS, DMRIE S S8 5, 128048 FOA S5 1T 0, AR B
BB ARSI AL 2R SES IR T — A T I A2 fRAS Lyapunov bR A1
TR RIE, TR A IR [RIZh &S RUE R 7 IR 8%, PRIERSUIRS 2L A %A T
RIBR A1 AR 22 28 G AT PRI TRV RS E « R3S IO 1 IR0/ MU R 2 1 AR AN 5 PR S
SR PN b SR R R ST, A3 T b IR ) R A BRI 8] B 3
BRI

LR, D EHIEARLNE R G IS 7B RRCR, REIERTE AR
PER AR AN HI T EC 29K . Chang S50 IEREIAR 5 OB &
SEHY T Tl E Al AR PR R S DA 5% SRR 2R G AR LR 1 eR AR AT
VAT Mai SEUOTE A H I8 A S B S o 2 ) i B4 [ 4 il 240
N T TRREABENESE, BOh T BN B PR S e g . (H B TVE R g
PRUE R GEBNL N U SL,  1 ORAIECE A BRIV 18] A 58 IR RAE 55, Dong Z¢ 15004k
LML 2 B REAR R TU 1A BRI [) [ 3 B 25 2 1) SRS, A g BT gl T
—MER/N IR, KA B RIS TR) A S D B AR S P R 51k 57 il
Van SEEUEEFAR ) AR 2 S PRd 2 i i 4 T AT SOD A2 SR, R T — M) e 28
ARAy e POk L i B A, BAT R BRI L DU ERER R SR PRI () i S5 7
T A AL Yu S8R H B HIE S5 B B G R EAMEE S, &k T —MA
BR8] S 20 4 ] S, RS 8 R T U IEOR, Bt G oDVA R IR 2%

21



L N N 2T e A e

R I

g5 by tir, AR EAERHUBE PUL BRSO TS RE T, e SD R AN 5)
R 25% 51N A7 PRI Ta) 22 o R ROOLIN 25 %5 2 AN PE AN SR TPt AT A
SCHLPE R 20 SR B P ah I AME:, SR R GUEREATERE -

3.2 EHI R G

3.2.1 BAREELEIINZRIR T

AN, BB — /M BRI A PRI 2%, DU S Sl it A7 R
it IR SR b A PR I S A THE,  SEOLERER R .

% S BINIARE 3h 172 77 2 3RQ-2) A AE AN 8 MR AN SR B, S 178 T4
i, HRe2)ME M-

M(9)G+C(q.9)4+G(q)=7-J (@) f () -7, G3-1)

b, 7, e R R C4,q) FIGlg) TAFE RIS
ENx =g, x,=¢, WALKHURES /%07 R E 5 A

{%:%1 (3-2)
X, =M (x)[t-C(x,,x,)x, —G(x)]+ @,

e, @, = =M (7 () £ () +7,) For R R 5 AN S S SR 1 4 2 e 3
T o

fBBE 3-1: AL METI £ (1) RS2 0K HAS LB I SR, S || f ()| < F
FRIEHS.

B 3-2: LB o RERN, AL |o|<a, 7RIEHL.

BUBRE 5 1 FEL PR 2 6 R AR AR D 0 S R4 e 30 ) 35 R ey AL
BB ERGE I 05, HUBRE (06T 00 ¢ « SBE g AU G #0250, B
DB RS 2 AR B H A S 1, DRI E 3-1 OBt 3-2 2 A TR IR,

EL— AR R, AABRMT:

M=x,-y (3-3)

Her,  y RO R EBE R, KSR RIEW T
7= A+ AL + A4 sig(I) + M (x)[-C(x,, x,)x, —G(x,) + 7] (3-4)
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Ay 4 AMALRIERH, JWE0< <,
WHERG-2)ERGB4), HFRE-3)RFAE:
M=x,-y
=M (x)[t-C(x,,x,)x, —G(x,))]+ @, —

3-5
j'11_[_/12H§ _/13 Sig(n)_M_l(xl)[_c(xl’xz)xz _G(‘xl)+T] ( )
=-AI1- AI1° - 4, sig(I1) + @,
FETLL B A, ALK A BRI (R P WL I 25 44 18 A -
&, = A+ AT + A, sig(T) (3-6)
E MM EE TR ENG, =0, -o,, NA:
@, = AT+ A1 + A, sig(IT)
+M™! ()7 —C(x;,x,)x, —G(x)]— x, (3-7)

= y—x,=-I1
HRG-7) AR, RIS, TR & W
SEH 3-1: N (3-6)M1E FIPL WM 25 7] LAORIE 2 e /e fe g 18] 7, 9 X4 e

o Kt Ha =0.
UEBH: #i&E W Lyapunov R

KleTI (3-8)
2
XTH(3-8)K T, W13
S
=TT [-AI1 - A,I1° - A, sig(TT) + @]
= AT - AT TI¢ - A,T17 [[T|sgn(1)+ 173, (3-9)
1+¢ 1 1+¢ 1

sﬂufn—zz@(Iﬂn)z—@nﬁ1+;fn+zd%a

9 ;
1 e I+g
S2UA A== A2 Y 4E

MRS 5131 2-2 Wr A, OWLIN 2R Gt Tt S A BRESS Tag e SR, ST S ) 7, 5% 1
EREMHEE0< 0, <1 #iHi 2 -
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1 In Q]l,Vl’g (0)+4,

@hU—C) L
A hﬁylﬁm+a@}
hﬂ-() QQ

R EiR i, He>T e, GV, =0, V,=0fTI1=0, #—$HF =0, A
I, Fri vk s I 28 v CAZE A BRI 6] 77 N PR RS dE LA TF 82 2 3

EBSEEE .
3.2.2 BIRFfE) R iEHIgF T

T B AR MIEAEA BRI R USSR B oAb 2%, HRes & BEE 3.2 7
B vt A PR TR SR sh A 28V N S S sh A, ksl o, PRUENLRE BE
TEA BRI TE] P IE B E R . WA R SR 4 o7 ZAEE i 1 3-1 P o

b

1, < max {to +
(3-10)

@,

Errzip MG E=9SE w2

A

@,

q

A 4
AR T

WUB

A 4
v

K 3-1 =il 25 E

73 LR AN 2D BROR e B A
(1) EHRWRIT— a8z A 25 R ERER I -
T ARG B ERER RN

e =Xx—-Xx, (3-11)

Hrb, x,(0)=[q,,(),....q, O NETEE A FIHBEHIL,
DS = v N

& =x,—x, (3-12)
BB AR o, BTN
a, =%, —ke —ke’ (3-13)
A, & Mk BIRIERE, 0<p<1.
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N VAR ¢ WS, 1E$E Lyapunov BREUN:

v, :%erel (3-14)

R R (3-12)F1K(3-13), XFV,RF A5

Vz = elTél
= elT (o, —X,)
= e? (—ke, - kzelﬁ)
= —klelTel - kzelTelﬂ (3-15)

1 a | Zhak
S—2k1(EelTel)—k22 2 (EelTel) 2

p+1 - gl
<=2kV,-k2*V ?
p+1
=-V, _lez ?

B+
X, =2k, ,=k22

HH 51 2-1 AT %0, A7 B ERERRZE e A A RIS 8] T, N B Fa e RS, T, AT
AL
1-¢
1 In Ve (0)+1,

b0 L (10
(2) Wit — D ah APl B R BRER R GE (1) IS B A2 4%
TE SR L ERER 1R 229
e,=x,—a, (3-17)
RAE(3-2), * EAK TG
& =x,-a, =M_l(x1)[T—C(x1,x2 x, —G(x)]+@, -aq, (3-18)
FEHIE o w] LU 9 R 4544
= M(xl)[—k3€2 _k4ef _wAi +dv]+ C(xvxz)xz + G(x1) (3'19)
Rebr, k Rk SHERR, HE >05.
NT WAL RS e, FINEME, %3 40°F Lyapunov %%
V. —lere (3-20)
3T 550
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RIEHXGB-13), XK (3-15)K FA13:
V,=ele,
= e/ (M7 (x)[ - C(x,. %)%, — G(x)]+ @,— )
=/ (M7 (x)IM (x)[~kse,~ kel — &+ a,]l+@,— a,)
= ezT (~ke,—k,el —o,+@,)

= —k3efe2 - k4ezTef - ezT @, (3-21)

1, L TN
S—(2k3—1)(zeze2)—k42 (Eezez) +5w

sl gl
<—Qk,-D,-k22V,? +E
B+l
<=V, -V, +2
P+l

He, =2k-1, ,=k22 .

HEHE 3-1 /AL, 21e[0,T]] B, FAAE—NIEFH 0, M40 25 2
G,<0, Mr=TH, Ha,=0. W53 2-1, AR IRE R 5 e, &4 BRI
FasE 1

R 3-2: HEMRAYG-DMG-2)MINE 248, AR P
#5(3-6) FHILRG-13)MGB-IHER T, Al SZINLE 8 iR, B AR
RGN ITA RE(S T HAEA BRI R 7, AWk, T, 2 F A

T, <1 +T, (3-22)
NP LTS .
WEBH: EFEANT Lyapunov BRECKIERA H13E & 48 B4R € -
V=V,+V, (3-23)

xt ERRS, FBRG-15MRE2DRN, 7775
V=V,+V,
1 Al £l
£—2k1(EelTel)—k22 2 (Eelrel) 2

p+1 p+1

1 =1 £
—2k3(EezTez)—k42 2 (Eezrez) 2 (3-24)
g pr pri pr
S=2kV,-k,22V 7 =2kV-k2 2 V2
B+
<= V-V 2
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A, g =2min{k.k}, 1, =2min{k,,k,} .
M TAERIEHH0<0, <1, HIRMFE T 2 a0~ AR

1 In 1V (0) +1,

I, <
(1-4) L

R T I, R DR S R T, ZERT T, N, SRERS %
Fil e, BT . R, AR50 T I 2 0l R B R B 74 BRI 1) 7, P 3
USRS

UL e

(3-25)

33 fHEER

AT I MATLAB i BT BT 25 1R R R P REJEAT 07 LI0AIE, I STk [30]
A 1) B bk T S i AR A% (SOFNTSMC) 5 ¥ #E AT 5 Ll o (7 LN ik 5
55 2.2.2 FiHR — 2.

RGMVIIEIRE N ¢,(00=¢,(00=0.2, ¢,0)=¢,(0)=0, HENTKE N
x, =[0.14sin(0.5¢);0.14cos(0.5)] - 1t 3 ¥ B A () =[0.3sin(¢);0.3cos(?)]
7, =[0.1sin(7);0.1cos(¢)]» 1 BT H] LB A 40s o 2 il 25 A0 UL 2% 1) AH 5¢ 2 $00% HY
N2 3-2 fin.

* 32 RS

5 A 5 HiE
k, 15 k, 20
k, 40 k, 30
B 9/13 A 35
4 40 y8 25
¢ 0.6

K 3-2 A& 3-3 95 1 ASCHT 2 MBI B A BR R R ZE A L. AT
PAE tH B4 A BRI SOE B, 720,165 WALAT LUBER FIASERE, HirzE
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BN, SR 1 RIS 2 PIERER IR ZE AT IA$] —4.4x107 rad F1-1.2x107rad i i .
3-4 FHE 3-5 9P T AL B SE bRl 5 2o A BRI [RS8 28 2Adi o s
s B DA LR 22 . AT AR B, W% 22 BAT SR I BIGE B, £
0.07s PR AT LU ILINR 215 5 BIA AL, R AE SPREN AT A b . B 3-6
FE 3-7 95 SOFNTSMC AH EL B A B BRI B o 45 J /R AR ST ) 77 v 1
fir B EREF IR 2 R %, H L SOFNTSMC (Y Si it ] bk 25 £247

Q.2 T T T T T T
0.15 0.03 \/ |
--------- X
0.15%
Pr | g 5
é‘ﬁj 0.05 j:\; 01%
& iy X 15.8768
= oy Y -4.44769e-05
. m
K 005 = 0.06F
-0.1
0 --------------------------------------------------------------
-0.15 : : : : : : : :
5 10 15 20 25 30 35 40 0 10 20 30 40
I i) () f ] (s)
(@) T 1 TR PR (b)KFT 1 BRI
Bl 3-2 SCTT 1 TR PR IR J iR 22
0.1
0.08
= 2 006}
5 E
o b X 19.582
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AT AL (Nm)

178 (rad)

K

ST 2 (Nm)

0.4 ‘ : . ‘ . : .
S EALEN L R 0.04
0.3r ceemeen 40 BRI
0.02
0.2t
= (1] P, P, T L Sl o g magef Varun gy o8
01F z
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o7 =004
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-0.025 sl
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04 : 004, ‘ . ‘ . 0.1 . .
0 5 10 15 20 25 30 35 40 10 20 30 40
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. 0, 0.4 1 . . ‘ . ‘ ‘
o 5 10 15 20 25 30 35 40 '20 10 20 30 40
HF ) () i ) (s)
(a) T 2 [P Bl 25 SR (b)ZTT 2 B R 22
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0.2{, e L '
oe] T | srvenen K A
il l\ -------- SOENTSMC 0.081

Jer 26 B (rad)
FREFIRTE (rad)
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=

0 i gaattiaey - A e o 22|
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[ (s) 1 s)
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el 3-7 IR TS 2 OB RRE
34 FRENGE

AR T P YOOI AR AN A BRIV T8) SOob P T . BB R 4t
AHEVERSNEI G F BB I080, SOOI as DA SR B IR HEAT M TH A,
SRJE GG REAFR A . AT PRI TR B R U I, T ER R 2, SCHLERER
HAx, 2T Lyapunov BHABUER] 1 Bk 42l 45 AU &8 10 A7 BRI [) A2 e . s
FLERRW], ASCHr PR 7 S8 ) 1 FUY (1 i L R AT BR IR RE o
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£ 48 ETEENEFEHERERES]

415|5

HI%F 3 FE RN, A3 PRI [A) ol J2 il 4 nl DRSS (O ERER BT I B2 (4, {E/EZ)
TEER R TR R PRATF I DL » U B D F R CL28 JE i A2 R g E 2 ]
BER o TR RO B SO IS S E AR S TR s S e, FESEBR R
O TSR R G, Soh, A PRI TRl (0 BE Al b, [5] A a] 42 f)
SRR REWS DRALE 2R G ] 52 I [A) Ak BIWCSICIRAS . BANZ R GRS B RE . &
Xt A AN E B 1A AAN TR LS PO BRER ], ZhangPO%E A\ $ Hi—Fh
T s [ R IR V) P AR 1) 77 2 A O AR A SR B 2 2 ] 5 I T P e Ry WA S )
JEss 3 AN ISR AR AN B RN L B B P R S S AN 2 T, SO 1 A%
grim L AT R PR ). Sai SR HAT S BUESAE AR LA R EOIA 2
[ 5 IS TRI AR, ORISR A A TR RSN 1, SRR 1 AU R
RGP HIBESZAFEHRILR » Zhang SR 7 —Fh i 2 i (A ERER 0], H T
FAAEZHA R EVER TR B0 T BOHURCOE PUILERER I K], T DL T3-S R GUIRE
ISR Ta], I ST TC AT R B PR ORI B g sl AR I, )5 & R 1
FITBE U] SR LA SR 10 e 285 ) IS AT v P R B T o

LS, PLah A R e T, BOE S 80D, i T AR B ARLME R
GirP AN E S, RS RGBT IMASSIWIM G, M IRARLIENURE &
G R R 1 1) A BTV o AR GERIAT BRI TRL I 5% 6 TH S TR) i, 52
P R SR A RS RO, FLWCSRn 18] JC ik R 1 3R 45, 22T, Zhang %5015°)
BEUE [ I T S Bl UL I s SR AL AU 28 4t E ST AN B S P A A B P sh 41
ISR B PEEN, DRAEVLIN 1R 72 REWS 72 [ % I 18] A YRS 1%, HLAMVKH T R 48 4)4R
WA, T I EEIT ATl ] 5 I [ 7 S R 2 i AL ) 2, AR DR 7
PERIEL, $Em ARG EpETE. £ S0 [ € I R EAe, Bt Pesh W& i K
AU AR R ), DOSEIN AR AR Sh A A AN sl I F S I RCR
FURT, [ € I U & 30 R D i ia F B RGeSt s BRI ) o, A
b, AR B 220K [ 5 I R 0 I 45 FH - AL B AR 2R PE DS 2 g0 b B AL ANl
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RN STREN o

REAEL 3 FEA PRI ARG b, R [ e IR ER S SR #E T e
HIBARA L G, Bert 7 — P T[] 52 B () H0 20000 4 [ 7€ B (8] 7 A (FTDO-FTSM)
P77 %, RS R SR SCE BEFAPTTIANEIAT 7 — e FE R Bt =
REEMINE 4-1 s

FTDO ERPEh

A

s v q
FEhlER HUBE

FTSM

A 4

v

A 4

K 4-1 ARGz

4.2 =R R

4.2.1 [E B B B BRI

N TR, 55 3 B A IR [EEsh I a5 it B AR R, 556
EXx =q, x,=q, WADRHUE )55 i H S 0N:

X, =X,
_ 4-1)
{Xz =M 1(xl)[r—C(xl,xz)x2 -G(x)]+ o,

He, @ =-M"'(J (x)f(t)+7,) TRRGELRINI,
ZREN(4-1), TG E B S0 28 (FTDO) LA 4 S 48 2h Tk AT #
Wafhith. EARIN—NHIIERE e R, BMAEAT:
E=x,-r (4-2)

B, roAfF T s, SR E T
r :lulé:"',uzfp +,u3é:q + 1y Sig(§)+M71(x1)[_C(x1 X6, =G (x)+7 ] (4-3)

X o iy M, ZIEEE, pMglliLo<p<l, g>1,
(42K T, HBERE-DIMRE-3)FN, 7775
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E=x%,—F

=M (x)[r —C(x;,x,)x, —G(x)]+ @, -

(44)
;ulé - luzép - :u3é:q —Hy Slg(é) _M71 (x1 )[_C(x1 » Xy )xz - G(Xl) + Ti]
= _lulg - :uzé:p - Il'l3§q —Hy Sig(f) + @,
FET UL B, AT DR [ e B[R] He sl A 2% 44 & R BA R T K
Za—i = lulé + /szp + /J3é:q + 4, sig§) (4-5)
SO R E N G, =& —a,,
@; = & + &P+ &7+, sig(é)
+].Mil.(x1)[7_c(xl’xz)x2 _G(xl)]_xz (4-6)
=r— xz
=—¢

N TAER R (4-5)Fr BB FTDO A& 88 PRUE VLI 2 22 15 [ % i 18] Y YR8, Ayt
W' Lyapunov BR%L:

V=gt @7
XH(4-7)RK T, 015
Vi=¢"¢
= §T [_,u1§ - ,uzfp - /us‘fq —Hy sig($)+ Zﬁl]
= _ﬂ1§T§ - ﬂzgrfp - ﬂngfq - :u4§T |§| sgn(&)+ frwA—i

1+p l+q
- - 1 I .7 .
< E-m(ETE) 2 — (€T — T 555 + wawi (4-8)
I+p l+p l+g l+q 1 5

S_ﬂzzTVlT_/'%ZTVIT"'E

¥

I+p 1+p I+q l+gq

S-p22 1 _ﬂszTV;T""g

1 1
:/H\:EP7 Z—y 19:—
=y 2

A 12
T -

MR PE 0 (4-8) A1 5| B 2-2 AT 1, WL & St & S S B B e i) [a] i 8k iy, A7 7E
0<6 <1, {EFHCSUNTA] 7,3 2 a0 N ANGE
_ 2177‘” N 2%
“ /u201(1 -p) ﬂ36}1(q -1)
BT B, Fri it BIPsh I 2s nr UL [ i) 77 4 B ERS A o

RGEEIE.

T <T, (4-9)
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4.2.2 [EERTB)EIRIEHIZ I

KA BT s A #8 v DASHEE S S AT A T, FRR S THE R e
Fl BRI AT AME, DASE s BRERAS R o ZEARTT R, 20 UL RN i
Bl

() RGLE L. AT LEEEM I & S THMEfE, READ
Ao e B PRER A AR U, RIS IR BT I v BT A4S 1] 2 ) B P Bh I B

8 SCER BRI A 28 51028 2 18] (R 22N

{el —hT (4-10)

e, =Xx,—X,
Hrb, x,(0)=[q,,(),....q, O NETEE A FIHBHIL,
X (4-10)K T, 715

él :xl _xd =6
e e o . (4-11)
e, =x—x,=M (x)[t-C(x,,x,)x, = G(x,)]-X,

PREZ IR ZE e F e, B[] 5E I [ 1E A 1  TE v tn 2K
5 =, +hie +he™ + ket +k, [ sig® (e)di (4-12)

LH, oy B M ¥IRIFHHB R, = /a,, a,>1, 0<B,=8/p,<1, H
Frog . o, BB HRIETH: ko k Fk 32 ESH
VERE 4-1: WSEN(4-12), TEMPRLTT PN T RS 30 &, [ sig™ (e )t » %38
THEBARMFSREGIENRES, WA RN RENTaRE, Kl k, NIER
B, B RIEUER 2 B RS BA R RAS 1T .
¥ 2 (4-12) %I AR A -
§, =6, +ke, +kae e, +k B e, +k, sigh () (4-13)
WR4E IR A3 AT, [ I R (FTSM) 3% il e i -
r=C(x,,X,)x, +G(x,)
—M (x,)[-%, + ke, + k,a,e, e, + k, Be/" e, + k, sig” (e, (4-14)
+ A8, + A" + s,
Het, >0 (i=123)s m« n+ aFbERIEFHHBELm >n Ma<b.
(2) HIEBINURE R PSS E), ¥ 2 4.2.1 &I FTDO 5 FTSM
&G, R A R RGE SIS THE, S5 THE 5 SEbRE < (8] 1% 2
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WS BN, ASZIUGTSE SRS M, AT I 380 B8 & ) BR B 2
B @-DAE- 10 RN B @E-1)F A

e =X —X,=¢€
L. L ) (4-15)
& =X —¥, =M (x)[t-C(x,,x,)x, -G (x))]+ &, - X,
55:(4-12) %1 B g AH I, BB i A
s=e,+he +he +he +k, [ sig® (e )ar (4-16)
X (4-16)=K F A 15:
§=é, +ke, +k,a.e e, +k, B e, +k, sigh (e,) (4-17)

e ER BT, B sEN:
7=C(x,x,)x, +G(x,)
~M(x)[@, — X, + ke, +k,a,e e, +k,Be/ e, + k,sig” (e) (4-18)
FAs+ 45" + A5 ]
4.2.3 FREM DT
I8 i % FE Lyapunov B8 20X 2 # R ()R E ST o b, ik
Lyapunov EREUHN:

V,=—=ss, (4-19)

ST (@4-19)RSH
V=55, (4-20)

$ 20 (4-13)F1 20 (4-14) RN F20(4-20), 775
Vz =55,
=5, (&, + ke, + ke, “ e, + ks Poe, e, + kysig™(e)))
= s/ {M7'(x)(7 = Cx,,x,)x, = G(x) = £, + ke,
+hyage e, + k, Bye e, + k, sig” (e,)} (4-21)
= SlT (=45, = ﬂzslm/n - %Sla/b)
; me oy, e Cal
<=As —A42% (Es1 5) 2 =422 (ES1 s5) %

m+n m+n a+b a+b

3_122 2n v, 2n _23251/25
MR 51 B 2-2 WI A1, RG] I T e 8y, USRI Al A 52 RFVILEIRES
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DR, FLUSCSIOR 8] 7 i 2 i A A

m—n b-a
2n 26
]12 = Tmax = 2 L + 2 b
A(m—-n) A(b-a)

(4-22)

\ e N N 1 \ . .
HE— 2 ¥ R 5 (2)EH Lyapunov RREUN Y, ZESTS , T HSR SR

V,=s"s (4-23)
¥ (4-17)F10(4-18) N B (4-23), 715
V,=s"s

=s'[é, + ke, + ko, e, + ky fre M e, + k, sig™ (e)]

=ST{M 7 (x0,)(z = C(x,.x,)x, — G(x) + @, — X, + ke,

thyge e, + kB e, + k, sig” ()] (4-24)

=5 (A5 =" = 15" )+ 5" @,
=-As"=1,2 (ES ) =42 (ES ) +5S s+5w

m+n m+n a+b a+b

o e
S22 Y =220 % +552

MRAE 51 2-2 AL, AE RGUFAEARAE EA MBI, Priscit (4% ) 25 5E
{3 75 [ 5 IR 8] A R B P 608 RS BRI . ZEINFIR) TN, R 4 T DAV Af UL U 281 4R A
Wi, FENTE T, P, FRGEAT LABIIE [ 5 I (B AR s, A2 BRI 125 61 2 Bl
HIERER IR 72 ¢ 11 e, WSR2, DR IE PR BATZE ) 2R G MATARIRES B IE AR 2 IR A I )
i A2 2

- 27 .\ 27 .\ 2 . 2% (4-25)
- /’lze(l_p) /J30(q_1) ﬂz(m_n) ﬂ*j(b_a)
43 (nEER

ARATWGAE B BN b AT 07 B0 USSR b SCRT s il 7 v A 8k %
NUBE 456 B0 TR R RS 58 2.2.2 TR — 2.
UM BN x, =[x,,5%,,] :
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{xdl =0.14sin(0.5¢)
(4-26)
x,;, =0.14cos(0.5¢)
T FER GRS
{ql (0)=0.1,4,(0) =02 (4:27)
¢,(0)=¢,(0)=0

W W EN: (1) =[0.3sin(t);0.3cos(r)] F 7, =[0.1sin(¢);0.1cos(r)] , i ELHT
()35 B 40s o PLBlLINAS [ 5 A [ A5 Th0 A28 1 28 TR AR S S E N =R 4-1 B

% 4-1 FTDO-FTSM 1/ &%

5 HE 5 il

3/5 q 3
4y 30 My 4
A 5 Hy 7
o, 7 a, 3
B 5 B, 7
k, 100 k, 16
k, 2 k, 10
a, 5/3 m 9
n 5 a 7
b 9 A 1.2
4 0.8 A 5

AR T VT PR ) 25 5 AN 5 AR T ] T A ) B EAT X L, HLAROG
SRR IS A SO 2 S HOAH R, AR A 8 4% 1 7 ik . pont Lo v
BT -

s'=e, +ke +ke” + ke’ (4-28)

R (4-31)RGH:

§'=é,+ke, +kae, e, +k,Be e, (4-29)
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ik Bl R 4 i) 25 45 K A
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AR EN AR S RO 58 VEAE N ISR AR E I, IF 91 AN FLB%EAS Lyapunov B
BRI 50 B 28 G0 R Ak P o R 22 2 AR By A BRI RON o Lia SES22HY 17—
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HERAHLAN TT P2 I 2 RE I 1R 22, AT DACRTE AL 38 45 4 (R e 1k
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FsE T AL 1 I R Gt A IR E S 5 10— 2ua FHk.

5.2 RBF HZ 4%

A2 1 BRI 22 [ 2% (RBFNIN) A2 2k VE S B A i 22 X 2% (1) — i, e B AR P AR
LI R AU A RGP BT RE /7, MR AR A 5-1 Flos

A\ 4

5-1 RBFNN 54 [&]

FEARTESE R AL f,(Z) B AT AR 22 IR 28 K8 T, ik sURT B i h 2K

£(Z):R" >R,

5-1
f(Z)=W'S(Z),i=1,2,---,n (5-1)

R Z=[Z,-. 2] MW, =[w, -, 0,1 73 AMEMLERMAFBERE, N>1
RFEHZMLE T S, S(Z2)=[S,(2), -, S (2)]" Nk R Ha & .
VERE 5-1: Gl T A R R, W R SV RE IR R OR,
W'S(Z) AILATEAL 5 Z (4 DIBUTAT (TS s AL, ik B B 75 D& I R JEE
AN RRBUE W, =W, -, W 1e RV RIEEL EMEEZeQc R BN
BREL £ (Z), T DU A 22 P 48 I H DT RORS REE I, HRiA R
[(Z)=WS(Z)+&(Z),i=1,2,--n (5-2)

K, €(2)=[g(2),,¢,(2)) NBIEIRE, BEWEVZeQ,

£(2)|<E, LHg

AR R, 5 SRR W AT FT A Z e Q. RY 4] (2)] S
AR, R TS R,
W, =arg. min fsupl£(2) - 15,(2) (5-3)
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HFE I BT R S, (2) 1R
&(Z)zexp(—ﬂiigﬂLJ,i=1;-3N’ (5-4)

o, B, 52 B AR ST R B
VR 52: UKW AR, W | <. B ONIER S, bRt

l

T, RMBUE W RARFIM, HEeE A W S THERIEMS T .
5.3 TR R Gt

5.3.1 BIER A WIS HIZE T

ARAT IR H bl Bk — Mg, U OGS L B AR & g RS
Hh PR R BT E A TR x, () =[q,,(0),....q,, O] » TR HRER L HAGR Z 8L
B AU BB AZTE I B A A E M, AT T —Fhi 2 4 AR A
SR SR, BE S BT T — B R S I 25 SR R B AT R 2 AN R E)
PRERAR 7 AR A 5-2 s

SHERHLED LMW |

q.9

o
e(z)

TR whEmgIEh | |
SETE w7Ts(Z)+&(Z)

K52 #HlRa K

AT EFES R, £XQ) P, E X x=qg=[x,x,] >
X, =G =[x,00x,,10 s WADRHLE 2) ) 2 RS

{)’C, =X, ) T (5-5)
X, =M (x )7=J (x)f (@)= C(x;,x,)x, -G (x)))

RNTEERS, M) FEAM, Cx,x,)HWENC, Gx)HE
NG .
B XIRBERZE 2,(6) A 2, (1) -
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z, () = [Zn(t)""azln(t)]T =x, (1) —x,(?)
=[x,(H)—-q, (t)a"'oxln(t)_an(t)]T

z,() =[z,, 1), .2, )] =x,()—a(t)
=[x, () - (t):"'axzn(t)_an (t)]T

b, a() =[a, (), o, (O] FEAFBC BRI 5 -
W IR S, () W
S, =20+, [ z ()t
REE IS o BT AW R IR

a=-Kz -KS +x,

Hor, K MK 35920 52 5 AR
X A(G-6)K T, Al

4 =z,+a-%,=z,-Kz —K.S,
HRG-DKRS, HFEHRGE-5)MRG-9HRN, H:
L =M"c-J f(t)-Cx,-G)—a
WIa, Xa(5-8)kKT, wf5:
S, =2+Kz =z, +a—x,+K.z
HT DA A s v Ji AT fR 42 ) 25 7, 9
7,==8,-K,z,+J f(t)+ Ca+G+Ma

A, K, S 1E 5 AR

R ARG E MEREAT 0, 1% Lyapunov pRELY 8-

1 1
V.= ESlTSl + EZZTMZ2

S ¥ 3R 5 AT A R

V.= ~S'K.S, +S8"z, + %ZZT M —2C)z,

+2" (2, ~J" f(t)~Ca~ G~ M)

=-S"K,S,+5"z,+2 (1, J" f ()~ Ca~G~Ma)
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IRENUE 3 7% 7 PR 0(2-3), A
%zj(z\z—zc)z2 =0 (5-16)

IR RS- 13) RN HK(5-15), AT

V,=-S'K S -z'K,z, (5-17)

VIERE, V55E, Bk RGRARHELFaEn, W S, (1) B aWisiE®,
S @#)=0, MRIFERG-12), S, =2+Kz =0, FTUAREIRZz =0

PUBRE & — MR I S 2 R G, RMESAFAE ISR, Fr DU TR 1)
P2 7, PTRETCIE TE AR HIT 55 o 5 BB B E AZIE T C(x,x,) « G(x) F £(2)
T 5N FE A 4 I 48 DS S 40 i AT M

L I 25 25 1) 2R BT

r==8 —K,z, +J" f()+ W' S(Z)+M(x,)éu(r) (5-18)

X S(2) RAZRFIZEEE, Z =[x, x],a",a" | AMERE RN E, wRwW" 5
SR 22 X 288 A T BB R AR B, BT I RR 2 SUN W =W - o NT
{6 T4 SR, M T mARUE, FHPS@) HitwTs2), HxEmT:

C(x,,x,)a(t) +G(x,)) =W "S(Z) —&(t) (5-19)

K, e(r) e R AME MWL FIEIT IR Z
R LR R I, B
W, =T (S(Z)z, + ) (5-20)

Hrb, o R/AMUIERE, HTR&EEENE, T oI e a5,

R S-3: KoY x, v x, Mlx, B 1, DR E(S-8) 1 11 S, (1) A1 (5-9)
i o BT G IRIERIE L E L, B RBIEG T S(Z) B4 5,
T4 &R 98 ¢ FIRER A . 746, W C(x,,x,) 1 G(x,) B i3 —

AN, PTG 19X — I, HAER(S-18) P EHEIX 4

PA BVt CORM B RANE E 1 C(x,, x,) A1 G(x,) BEAT AL, T T A 3 Pt s 0 il
KA (5-18) P IIEIT IR % () RIS BB ST £(6) » T2, 2T R HIE
A2 P L 18T, (S-5) RN BPIRA T FE v] LLE 5 N
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{xl —n A (5-21)
X =M (x) e =W'S(Z)+M " (x)@

Het, @=-J"f(t)-e(t) N EENANE I IEUT R 2 KRG IMRIE) .

ER 54 N TRz, U s, WRIEXG-7). XAG-18)MAG-1), FH
C(x,, %)%, + G(x,) = C(x,, x,)a(t) + G(x,) =W S(Z) + &(t) o x, AF7E TRV Hi 58
Vb, SR A 4 I SR e e HOE AT AR EE, S ERER IR 2E 2, = x, —a 8K
THRAEFH/NRIR, B, Bt WEser, a7 LA EEE X, S T o .

e, MRARIRASHIR, T DA I LI AR £ A

@ =1(x)(M(x)x, +W'S(Z2)+& -t —&) (5-22)

Hodr, (x)=diag{l,,1,, -1, } > O NAFLRIERE 80 fAERE, 7 7S, HH
W ALMEREE. & 2 o PRI THE.

EAER A, N(G-22)Fr i iP5 o ] fE ok 5 ez il H A,
XREFNE FEMINEEE T &, , MEXE S S AT RS IR 52
SEAGAFE . BIL, AR T BT =P BRI RIX A A L

AR MBI E RO ES N RS AR R E N

y =@ —h(x) (5-23)

X,y e R MM NEHIREAE, h(x) e R Zfs i 1R HUA & .
N7 3Rt BUINE LA 5, BETH DU 25 (11 23 0 K £ (o) AT e A & ()
1ok R RIEA Y-

1M (), = ) (5-24)
dx

IR W PE A R . iR X (5-22) 2 K (5-24), FILARH:
y‘:z(x)(WTS(Z)+§—r— y—h(x)) (5-25)
HH UL g3, AT DS 2 InE 1) & A

{z& =7+ h(x)

) N (5-26)
y=1)W'S(Z)+&—1 -7 —h(x))

R 5-5: LTI T BT R M fl s, il |e(2)|<e, vZeQ,
TELRUE WL 25 25 M R e MR R, B REXTIE I R 22 e(¢) 3EAT B RUb
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IR T8 SCHRBI AR I 5 2R «
G=w-& (5-27)
WRIERG-24)ER(5-26), HRG-27)KS, A[H:
G=w—-0
dh(x)
dx
= 1(x) - I(x)WS(Z)+ & —1)—1(x)Mx, (5-28)
=1(x)d - I(x)W'S(Z)+E-1)—1(x)c-WTS(Z) + @)
=—l(x)@—1(x)e

WU E 24T I RE T, IRAEIRAS IR oy 1 SE B kiR, BRI B s & AR
TR &% AR R, e =0,
gi ERE, BT N A e P 4 5 1 25 9

r=—8 —K,z, +W'S(Z)+ M(x,)éu(t) - & (5-29)

532 REMS
FEAT R, CRERIH] 2.3 FTRIASE BB IR I R G 4 JRRe e 1

SEH 5-1: 0T RQ2)FRMHME RG8, LU (S5-29) i1 HIE R AHE
P2yl s . X THIIREEQ,, RERESZERWIILFARZE RN, ATELRN:
(x,(0),x,(0),7.(0),5,(0)) € Q, » FIEREZRERELERAAEN, ARG N K5
EET 2z 2,0 6 WHBBAES BHEEREQ . Q.. Q.. Q, M
2

0, ={l&| <D} (5-30)

Hr, D=21,(0)+C/ p), pFCHNIEFHE.
UEBH: #Ji& Lyapunov BRELV, A :
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v, =%S]TS1+%Z§MZZ ZW F‘1W+;w @ (5-31)

i=1

X (GS-3D)KT, A

V,=—-S"K.S +8'z, + 2 [t —W'S(Z)+@ - Md]

5-32
+ZWF W+~T~ (5-32)

i=l1

B (5-20) H(5-21). K(5-28) M (529 RN L, IS5 W1 R Frosss
V,<-S/KS +8'z,+2][-S, - K,z, + &~ @]
+ZW T+ 66
i
< —SITKSS1 — ZZTKzz2 - Z;Zﬁ'

—i WioW +&" (~1(x)& —1(x)&) (5.33)

i=1

<-STK.S, 2! (K, - 11 )z~ iﬁ\Wi I

-5 1 (x)- 5 D+ 1 ()]

X,

Arin (K 51 ) o,
p mln 2/’i’mm( ) l (M) ’ i (m

max

J Awin ()= 1) | (5-34)

c=y C; z|f (5-35)
i=1
WL EiR T, WTLAEM 2« z,+ & WALS, &2F4 /50 M.
%EifK5-33)ZEZEﬁﬁﬁ%Fﬂ$Ti@ELep’, ﬁ&ﬁng[OJ],tiﬁ TASY, AT LLAER.
Ve’ <—pV,e” +Ce”

d
—V,e”)< Ce”
dt(z )

5-36
Ve <Cem v 1,0)-S) (-39
p p

<,0-S)e +E<r0)+ &
p p p
Rk, Tz, e FREN:
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1
Sl v +% (5-37)

LELAHT, TR z ST REQ, , WA LUEW 2, . & . WIS, 431
WSEERQ, « Q.. Q, FQ; W

5 b
54 (FE4Z

ANCRAE  E HEEHUME BT 05 5, DASSIE BT S 42 il ik i 2, 1AL
W S B T R R RS B 2.2.2 IR — B
W R GRS

{ql (0)=0.1,4,(0)=0.2 (5-38)

%(0) = ‘jz(o) =0
BOE MR 5 SCERS 11 BIAR T, A

{xdl =0.14sin(0.5¢)

(5-39)
x,;, =0.14cos(0.5¢)

ARG E S, A BN MWME R G WK A
f(¢)=[sin()+1L;2cos()+0.5] . # il = ¥ % W K : K, =diag[30,30] ,
K, = diag[30,30], K, =diag[5,5], T,=0.10, > I,=0.1l, > 0,=02,
0, =02, WEMEYIEBUEIEDN: W, =0, W,, =0, (i=12,-,256). #i&
WL T B B N N =256, n=10. PLEhALHIAS 3 25 R R B
N: I(x)=[0.01 0;0 0.1]"'M'(x,) -

N T AR R I AR RO, AT I T STHR[S 1] B 2 4 4%
HINNC)BEAT LU, HoAzs il 28 iRk s

r=—z,—K,z, —sgn(z) " (x,) f +W'S(Z) (5-40)
Horbr, NNC &S 805 AT Pt ) 6 1 S 80k i — 2.

PR AIR WA 5-3 218 5-9 P, Hp B 5-3 21 5-4 P12 & B Lk
PREFFIR 22, v] DU RS A A @ MR AN 2, WIS SePrfr B AE ¢ ~ 0.3s
JE kAT LG R _EIAERAE, IR ORFFEGE ARG L o 1] 5-5 T O [0 T B IR it 2k
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