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RESEARCH ON THE ROBUST CONTROL OF FIXED TIME
OF MULTI-JOINT ROBOT MANIPULATORS

ABSTRACT

With the rapid development of industrial automation and intelligent
robotics technology, multi-joint robotic arms have been increasingly
applied in precision manufacturing, assembly, surgical medicine, and
autonomous driving. In these scenarios, robotic arms are required to
perform high-precision trajectory tracking tasks under wuncertain
environments. Traditional control methods often fail to ensure system
stability and accuracy in complex environments due to the inherent high
nonlinearity, strong coupling characteristics of robotic arms, and external
disturbances, particularly when confronted with model uncertainties,
external disturbances, and initial errors. Moreover, practical engineering
applications are frequently constrained by limited computational and
communication resources. Therefore, designing a control methodology
that guarantees fast and accurate fixed-time trajectory tracking with strong
robustness for robotic arms has emerged as a significant research challenge.
This paper addresses these issues by integrating backstepping control,
fixed-time theory, observer technology, and event-triggered mechanisms

into the trajectory tracking control algorithm design, considering practical
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factors including external disturbances, model uncertainties, convergence
speed, and computational resource constraints. The main contributions are
summarized as follows:

Firstly, to mitigate the impact of external disturbances, a fixed-time
tracking control method with disturbance observer compensation is
proposed. A fixed-time disturbance observer is designed to accurately
estimate system disturbances and provide feedforward compensation,
while hyperbolic tangent functions are introduced to effectively suppress
observation chattering. Subsequently, a controller combining backstepping
control and fixed-time theory is developed to ensure stable trajectory
tracking within a fixed time frame independent of initial states, thereby
enhancing convergence speed and system robustness.

Secondly, considering model uncertainties, limited computational
resources, and restrictive assumptions in observer design, an event-
triggered fixed-time trajectory tracking control scheme is proposed. A
fixed-time disturbance observer based on unknown input observer
concepts is first constructed to reconstruct lumped disturbances comprising
external disturbances and model uncertainties. The estimated values serve
as feedforward compensation to enhance robustness while relaxing
restrictive assumptions such as prior knowledge of disturbance upper
bounds. Within the backstepping control framework, an event-triggered

fixed-time controller is then developed for robotic arms, significantly

v
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reducing control input transmission frequency and computational time for
control outputs. Theoretical analysis excludes Zeno behavior through
rigorous proof.

Finally, the closed-loop system stability is theoretically verified using
Lyapunov stability theory, and simulation experiments demonstrate the
effectiveness of the proposed control schemes.

Pan Jing (Control Engineering)
Supervised by Zhang Gang
KEYWORDS: Multi-joint robotic arm, Backstepping, Fixed-Time

theory, Observer technology, Event triggering mechanism
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£2E HMBRBLHEXER

2.1 HmERE

n R )30 71 57 RE B — OB A m] DLz R
M (q)G+C(a,d)q+G(q)=7(t) (2.1)

Her, 0,0,0 € R"/:5IFos HUME 55 (0 f A5 A B AT A s M(g) e R™
AN IR IE E AR A RS s C(a,G) € R™ FaR NI 2 808 0 JI AR IR
HikE: G(q) € R" FoRHUMUE RGN EFHEFE: 7(t) e R" AHME KRG 1150
B

H T AESE bR Tk AE =i A b, HULBRE 5 25 %2 B AN ER A BE T8, AT 32X
HUBE TEPAT BT R ER AT 55 1), AR IE A B PRSI FE, H 2 BN
B, SRS R ERIATERER, 2.1 25 F R AP

M(a)§+C(a,d)q+G(q)=7(t)-J3"(a) f (t) (2.2)

Horb, J(q) MAEBT RIGTEAT LU RE:  f (t) e RT MU 2 2000 2h k80 .

FIS RN 3 AR, N T T RS ETTHITHE, K B A fE AL
F— AN R BN o SO U 17 = I an B 2-1 B

Joint 1

Bl 2-1 XSG AU ~F- T Y
Horp, i =1,2)i%%%)\9‘%”ﬁi—@Uﬁﬂifﬁlbﬁﬁﬁﬁ%; I 0 m, 23 5 AT K
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JEAN 5 o
2.2 7, HURCE B 7 A R b (AR SRR R 2 KD T

M M c, C
M (q) — 11 12 ,C(q, q) — 11 12
MZl M22 C21 C22

G
amzkﬂer{? ?}

2 2 2
My, =ml “+m, (" +1.,"+2Ll,cosq,)+ 1, +1,

Hrp,

M, =m,(l.,>+11,cosq,)+1,
M,, =m,(l.,>+11,cosq,)+1,
Mzz = m2|c22|2
C,=-m,ll.d,sinq,

Clz = _m2|1|c2 (q1 + qz)Sin q,

C21 = mzlllcqu sin Q,

C,=0

G, =(ml,, +m,l,)gcosq, +m,l.,g cos(qg, +0,)
GZl = mzlczg cos(ql + %)

J,, =—(;sing, +1,sin(q, +0,))

Jp, = _Iz Sin(ql + Q2)

I = |1 Cosq, + Iz cos(ql + qz)
J5, =1, c0s(0; +0,) (2.3)

Hrh, |1! Iz MU L s 0 & .

2.2 FHRIEIRHIR

AN AT T[] E I 14 IR AR 5 52 SO 51 BEBL K Lyapunov Fa e 1
B, Jya I HEE R BRI R SRR e MR E B AR R K I
2.2.1 EEREREMREXS3E
RN AELIER G T
x(t)=f(x(t)),x(0)=0, f(0)=0,xeR’ (2.4)

Hof, x=[x, %, - x| FORARGHCRE, T () Foom s SR A I R
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SEX 240330, ZpEAEAME RS (2.4) , WRE R A RETHERE I AR
P X (t, %o ) T EAFEAT BN ) 255 -7 s, B

X(t,%)=0,YT =T (x,) (2.5)
Hrr, T(x):R"—> R, {0} Mg et f2 .
Wz, EAD RGOV R X =0 5E SOV E RA IR RS E, I 2RI 1€ I 1]
T(x%) A L5, e
T (%) < T 7%, € R" (2.6)

W, XA ZRGEE N4 R E I R R E
G2 24P bR RG] DU ﬁﬂ?

y==2Y"""=7,y"",y(0)=Y, 2.7)
Hor, p My, WREFH, mAn N EFSEBELEm<n, BLAXD ARG
TN RN, 3BT (v, ) W i F AR %R,

Nz
T(Yo)<Tha = (2.8)
(o) <o =5 T )

51 2209 fpfE—MEGAERA RREHV R >R U{0}, W2 FHI%M

(2) G e IR (U)W A R AR
V(y)S—an(y)—,BVq(y) (2.9)

HA, o, p, PAOEZEFHEB E0<p<l, q>1. BAZRG 2L HIE
SENTRIARE , I HIHWSAET [R T 5 KRG MPILRIRSTE R, i KIS 18] v LA
TR

1 1

T<T := 2.10
~aft-p) A0 =

513 2,300 fpfE—MEGAEFA FREHV R >R U{0}, W2 FHI%AM

(1D V(u)=06 p=0;
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(2) WS E A o (t) 35 2 R A
V(u)<—aVP(u)-pV(u)+9 (2.11)

K, o, g, P QMGHRIEFHHBL0< p<l, g>1. BAZRGZKIR

I8 % IR e A e 1, Hede RSSO fa) m] LR T 3 (A5 H

S L (2.12)

" af(1-p) " £6(q-1)

HA, 0<6<1,
S 2.4071381, Zein s R4

{. =X, (2.13)
X2 :Vnom(xi’xz)

Hoif, x,% e R FRREDHE, v, eR"ZREHBA. W, (%, x,) 20
T4

Voom (X1, %, ) = —(glsigyl (%) +esig (X )+esig” (xl))

| (2.14)
—(&,5197 (%,)+ &;5ig (X, ) + £35197 (X, ))
Y 4-3
H : / " P 7/ = _ ,:—7
Hr, €|>0, €|>0, (9I>0, (I 1,2), 1 2_7/7 Vo=V, N 2_7/ ’
' 4_37 4 y
V> :E, }/E(O,l) o AR AR RN R 451k
(1) IXAPAPA R G AE i m A2 ] o i Ta) A2 e 1Y o
(2) & WSS ) s KAE T
2 2
T = 2.15
“Tloi-v) b0 @15
/\I:'ji kaEE_/I\IET%L'éi Vl_dV0+k50 VZZdVOO-l-ksOO kSO__lv kSoozl
de dVoo
dvo:max(z_y’ij de:max(z__y,ﬂ)
1-y 1-y 1-y 1-y

518 250 W4, 0,0 20, ATLAREI T A
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(2.16)

2.2.2 Lyapunov f2E 4 IEit

Lyapunov g€ P18 T EAT AR AL D) 1) RGHIASEME R A, Rl R AEA
BHRPIEHTRRTE DT, PIWT R STIRGEVE, PR LA 42 6 U AR O i
RAEEZ LR EMEM . Lyapunov £ € VEERIR AL E RGUASE RN A IRl 572,

55— 595 R Lyapunov 55— J5E SCRRIAIEVEL, I8 SR LENE R S RAEAE R 23
T R/gnIfaE ik 38 M7 iERD Lyapunov 25 — 7 A NRRE#%, HAZOBER
WA —AS “ZA S R K4 (Lyapunov function) ” Ko RAFE M. X
MRRESRALT RS “BEE” B, W AR RGUIRES A ] b AR A 15 0 R AE I
RGN E M. AL FEEIZH Lyapunov EIEEXHIME R Gt i7F e Mo,
FHA LRI

513 2.6 HEIELM RS (2.5 , WRAFLEV (x,t) Hith L 51

(DV (X IEE, V(x,t) E, BAZRGER SR RER, I Hink
IX|=>o0, V(x,t) >0, HBAIZRGRRIEFEHHTRRE R

QIV(xD)IEE, V(xt)rhE, EERRET, V) HER 0, AXA
RGAE T WL AR E 1 o

2.3 KRB/

AT E BT T WA PSR n KATHURE 2 /1 2R R, PR 21 1 R A
B A SRR BARE SO IR STHURCE PR BRER P2 1 AT B0 1 3k 28, i
DA T B E I TRV RS E M SCUA B SR 1 51 B, O JiE SCse T[] R i Tl S sl
SR g Rt TSR B IR SR . HJR N4 T Lyapunov A2 € PEAHREEE, N
Ja SV BB UBMRE 2 ) SR SR A 17 RGE 1k 20 A B IE A
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£ 3 8 E TN [ +M2RIVE Bl E B (8)4E ]

3.1 5|§

X AU L R B 1) [ L, WAC SO ) e — IR B4R bR . HAT,
JHAR S voi 28 G I B 1) 42 1) 5005 2 A It WA S0 A BRI T AL SO [ 5 I T g
$it. Hernande “FUUHIFFE 7 — M=% fe Ar B RN I R AR IRES S A2 il o 4 et
Jiiks BITIEW BT AR EEANE 18 BRI ) A5 -AR 3 -l o 42 A 25 A S ALL Y B 3 B
Pl g . S, Jia SEMMRH T —FE R R G E VR A BEL RN RIS A
HIE PRI b, ZHE R A RE RGP 8l A I . Mai ZEPHRH T —F
N2 FH 3 L SR A J5 209 R B v A S AT LR (1 28 E I ELX b 5 kAN P 75 A A
PR RGN SR kiR, BIUERFN s ST, A R e 17 e 280,
ER PR R 2 R TS, RGuE TR P (M e B AR BRI, S EUR
SitkRe BRSO 7 IR RS ER AR ZE A0 A BRI F) A YSesie, A RIS ) 453k
ROETAEIAFE] 7218 o Wang SEHIE I HIASOR 2 1l AN B 3& N s oI 45
AT BRI 1) SRR i 1 — b ek i) AR I ) 2, A RO 7 B A AT AR i
e PR AR S B 2 22 G OIS BRER P2 ] 1P L. Doong S5 193 S 4 A7 BRI ] 42
il Fhee g M S IR & R 1 BAT AR A% S R SN AR 2 22 4 e 1A AR
G B A RS [F) — S50k 2 e 2 o] BRLER ) R ZR T, I Ah ) 75 vk LR AT LA Rt
PRUGSCHEZ, (B HUSCSIN 18] 5 R GUIRES IR IRAS A 5, A JE ik i E H LA
AL S ] B 5

[ 5 IS TIPS TSGR B, JE T DA DRAIE 28 S [ e IR 1) P 3 3 A
I HSCSURS 7] 5 RS AIRIRA TR . 1K 75 12 AT AT E 22 G i B R Wl 1],
MR AT A B R RGIEREME B o i BRC HEIE F T — SE 75 2™ R Wi Sl Ta] 1
FYi. Yang SFUOMRHY b T[] 2 I 1] i) A SR A0E PR REBRER I HI 5, A
A3 B ER 1 e 285 0 R B v PR A A 58 A SR A AT s b . ZEC AN g AN 57T
PERI SR R &R Dy 1 SEHL I R I (] W SIORT S 47 1) & 4R %, Zhang SFHYRA T —
o ] 5 B TR A2 A ) G A v, T AT A s O A LB e R B o 2%
1M, [ 58 I TR R A — okt ROV E 2 AR BRI, AT E U E 5
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SR BIBUMIRD - I, FEADIER T R oD VR e I TRl il & HR
FEREIRAN, BOE PRARBIIR AR . Jin SFUSNE I 45 G [ Rl OB
BT 138 P 55 22 s K, BRIDR R T A AR Rk 20 ) 22 N\ 2 AR
ARG R ) A BT 2 A PR T AR BT R TR RS AT LA A Bl
TIEAR R BRI SR, PRSI, 5 AR HIEMEL, T RPN
R SRS T S B ) SRR 2 AR

N T RRIBNIAE, BN T VF 2 A8 2. H AT 2 RS R 1
Bk (1) FETHAEMGRITPEDE; (20 ETFINNESKEL. £ T
90 2% (4 35095 T LA P i K BRI AL RE J0 SR A T4 s IR, Zha ZEDURF ST 7 —
Tl [ 5 B[] 0 0 2 416 7 v, TSR ARIEARZN I, Liang ZB2JF R T — Bl H &M
R A um i AR, e AR PR B R S B, e R AT e g R
SN, e 2% BRI AL S ] RER i O LU 22, IX R RSkl e )R
B)SIH FERERE RS, AR BNEAE M. ST T IOWM SRS E T, BhI
HIF PO S i Zhou SEPUFAL T — R ARL AT PO I 2% R AL BEALAE 32 21
RIS EBIEEN . EIRIZAI 45 REE XS TS IUBEATAS WAl 11, (B RE ST AR E 1Y
PRERTERE, X EMRAE RS H) A ICIOR E 2 1 B0, BRIERR 22 ] LAAE TG PRIV (8]
WUSCSAEIE . BEJE, Yao SEPYHR M T — bk T4 BRI 18] 532 1) T PURL I 48 R At ok
T FAENURE L 10T IR0 SR RIS 18] T PEWL &% 5e 06 HEm i T LIS I+
Yo, (B HCSON [8) ST LN IR Z A 0%, PRI 1 Had k. R3RPA, [E 5E i [a]
THOUI &8 A WSO 18] 5 RTINS TR, IR 40 2 T THH LS
RGBT, Ullah SEPE I A2 6 SR 5 A S s sl E M b, 1%4%
AT T I T BRAR Be T 1 — Fh I AU 2% RIVEAEAAAE SN RT3
HIE LT, W REBEAT AR E BBV L I Hazdzhi 7 vk B SR SIOR JE; Vo 45
COLREAF R I 2% FH T BT E — AN [ 8 I TR ORI &, & PT DAAE i 5 B I T 5 ] A v
B TEIUE RS MPEEh 0. H AT, V2 2238 #E T 7T [ I Ia) T &5, €
ST g B ) TR W00 88 R e R WU 2 4 P A LB T R — A F O 1

BT Bid g, AR BRAPEIE n SSTIHUE Pk B R 6] i 2
R T — RTINS M2 A ] 45 o AU EE ST A R (1D
POCHR T — M T SO b 2 Y [ R I A R R ) &, A AR v 0 AL S AR BR R
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W, (2) Wit 1N E R RIS &5, AHERA S THI LS R S8 A
FRPBNT, AR, TSR T RS R RERVEREA B k. TR,

S NH E D) s tanh (+) , SR 8k S I AR B 7] R

3.2 IR RE T RIS E M SR

3.2.1 [a]RafEIR

R 2 RPN IS INUE 3 )2 2.2, N T OB, X

X=0q
V=g 3.1)

X 2.2 ATRAE pean g
X=V
v=M*(x)[z(t)-C(x.V)v-G(x) ]|+
X @=-M7(x)I7 (x) f (t) RaRIERAENME L8RS,
R0 3.2, BRERBE AT LLR sl dn T

{Vd sz—l(x)[Td (t)d_czxd,vd)vd—G(xd)] (3.3)

FA, o =[Ay Gy Qo] FIV, =[Ayy Gy G ] 2 TR LIRS 2240

(3.2)

KB RE, 7, (t)-C (X, Vy )Vy =G (X, ) TR ML) J12
AT RGO R R, S LU B
Bi% 3132 o ZHERMN, Wo|<L<o, HPLE

TP Bl B 2-Y5 K
EILNTRERMER, BTHURE B B BRE], H oS iy A

RELU f (1) BRI 3.1 f 2B,

PER H bR AT 2 H) B bs 2 e 3.0, PUE st — R T1i
WL 25 1) 8] 5 ] ) BR R A (FDO-FTC) , {f ¥R RGN TG 15 5 5L
R E R AR g, HAEWIRER R RIE . EE AW, B b REE kb
AT R I TR) S A MU it — A [ E I R BRER I 4% (FTC) o 28 0524t
Xt ARG S PUBIT , SIN R E R P 4 (FDO) , 54 FTC, N
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ARG T HM% FDO-FTC, 384 R40A] LLERE (178 RUTUT R ERIE 55
3.2.2 FTC =88t
TOHE BN I 4 1l 98 ) ALV R
B 1 € UM SEPrin B 5 UL 2 B A B 2 e e R", 407 FR:
€ = X=X (3.4)
R 3.2 Mk 3.3, xfe RFEEH]
& =V-V, (3.5)
iR 7 ik R ia 2h 4 38 a,
a, =V, —aef ™" — fe"" — ke, (3.6)

He, o, ARIK, HETHEH, mAn#REETHEHLEm<n.
#J& Lyapunov H¥L, T FiR:
V, = %efel 3.7)

435 fk 3.6, XV RS AH

vl = elTél
=e (V—-vy)
=€ (_aelzim/n —pe" - kOel)
— _ael?»—m/n _ﬂei.+m/n _ koe12 (38)
3-m/n # 1+m/n @
=kl —ax2 2 x(%efj —pBx2 2 (%efj

3n—-m m+n m+n m+n

S—ax2 ™V o _pgx2ay”
== 21\/127 Pla /12\/1 Pl

3n-m m+n

H, A=ax2 , L, =px22, p=m+n, qg=2n , P<Q.
EG 51 2.1, B IRERIRZE & RS TE [ e I [R] P9k B Rs e LGSt e T, v]
BRI

(3.9)

T, = 4
242 (a-p)
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BB 2 S GEEIRE IR E e, e R W

€,=V-q, (3.10)
RAE 3.2, WLt — 543 2
&, =M7[r(t)-C(x,v)v-G(x)]-¢, (3.11)

T HEMS 7 (1) AT LA s F TR

7(t)=M[-ke, —ae; ™" - Be]"" +a,]+C(x,V)v+G(X) (3.12)
#e, k>0,
¥ 312 A EIS 301, AT RIS
e, =—ke,—aes™" - pe)" (3.13)
et Lyapunov BREL, 40 F FiR:
v, =%62€2 (3.14)

o313 x5V, RS, W

vz = e;éz
T 2-m/n m/n
=&, (_k1ez —ae, " - fe, )
= ke —ae; ™" - " (3.15)
3n—-m 3n—-m m+n  m+n
S—a><2 2n V2 2n —ﬂXZ 2n V2 2n
2 P P
- q q
- _/13\/2 _14\/2
3n—-m m-+n

He, A =ax2™ 3, =px22,p=m+n,q=2nHi#HL P<(.
SEAEIHE 2.1, IR EERZE e, BENE AL [F 2 i TR) P IA B AR e H S 1a) T,
Iz RN KN

T,=— (3.16)
244, (- p)

SEFE 3T PR BN U 42 i SR FTC (3.12) AF DA AL 78 i 5 i)
(1) P R R R H B aE, S He St 1) 5 R BRI IR S TE 5%
WEBH: JEFU R B Lyapunov BREL:
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V, =V, +V,

1. 1. (3.17)
:Eel el +§ezez

4530 3.8 M 3.15 W LIS RV, I R 2508 -

V,=¢] (V-v,)+e; (—ke, —ae; ™" - Be)")
=e] (—aef ™" - Bel"" —koe, ) +e; (—ke, —ae; ™"~ By )
— _aels‘—m/n _ﬂelhm/n _ k0e12 _ klezz _aeg—m/n _ﬂe?m/n (318)

= —koelz — kle22 _ a(ef*m/n + e;’:*m/n ) _ ﬂ(eifrm/n + e;+m/n )

anm E T e men men
1 1 - 1 2n 1 2n
<—ax2 2 (Eefj +[Ee§) —px22 {(Eefj +[§e§j }

HRE 3120 2.5, AT LAE—B 8 5,

3n-m m+n
m-+n 2n

V3 S—Z(ZXV3 ! —/5'>< ZWV3 (319)
=_/15V3 _;tevs

He, 4=2a, i =px2m, U:3n2;]m’ sz;]n’ A>0, >0, v>1,

O<o<l.
GEAEIH 2.2, ZIEH RS RE e AR M, ISt ) Tyl DLl R R
THHEASH:

1 1
T.<T =
3T 140—3+2A1—a)
n-m 3.20
0 (1 2m (3.20)

IE B 2] b 45
3.2.3 FDO-FTC #=F#I881& 1t

WU (14 SE PRz RGAFAEIRB I, 2252m 7B RGNS AT
T T RGN, S HUE 13 71 R R S I S AR 45, RS0
MR TSI HE, RB5, B IEEPMSTHE, EIsEhrE ST
HZ iR ZE T AR % . DL 2 BRI S TR R
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ST, SR RE
E=v-T (3.21)
:/H\:EF" r EH—Fﬁéé\Hj

s 1 _ _ 5
F=M7(z(t)-C(xv)v-G(x))+a (322)
@ = K E +,E® + i, E” + «, tanh (E)

Hor K e RP(i=1,2,3,4) %2 TF 5 0 f1 E0E HL i, 0B TR EAT L. o
BASRIE RO L 0< <1, B, >1. tanh () RXUHEYIHE. & & o (6
P

M 3.2 f1k 3.22, ATLAMFH E mmdia S4ch
E=v-T
=M™ (z(t)-C(x,V)v-G(x))+@-M*(z(t)-C(x,v)v-G(x))-& (3.23)

= - KE—1,E® —i,E” —k, tanh (E)

BB 2. EXWMEIRE G, WHHFR:

G=6-a (3.24)
M 3.22 f1X 3.23, ATRAASEIN R R IE
T=0—-T
=K,E+1,E® + ,EA + 1, tanh (E) — E — 5,E — x,E® — i,E” — k, tanh (E)) (3.25)
=-E

HUER 3.05 WAL, WISE S, B4 & kst
REE 3.2 (EBW 3.0 WTERK b, ACWBTR LI E M LA FDO
(3.22) ATLAFE SERTI PYHERR 1 @ (010, 36 ELESLFRE & ol DA%
VES: M T TR Lyapunov B3
1

V,=E'E (3.26)

4% 3.23 TSRV, B S E08
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V,=E'E
=E' (ZD‘—K‘lE —1,E” —i,E” -k, tanh (E ))
i At
<-#,(E'E) 2 —x,(E'E) 2 —~LE" tanh(E)+L| E|| (3.27)
a1+1

< ~Kmin (1)(E'E) 2 =Xy, (1) (E'E )l

o+l il
2

:_2 2 xmm( )V4

_2 7{‘mm( ) 4 +‘9
Hr, 9=L0 Ho&—MIEw4E.

WRHEGI B 2.3 ATHN, 12 R G0 SE bR e I 1A A e 1, I HLASIOns 18] T, w7 DA
FAIEA

o 15
2 2 22
T, < ; (3.28)
xmin (Kz)g(l_al) mln( ) (ﬂl )

RV, B LT, 2 t>T, gk, aTelgmy, =0, V,=0, E=0, M

A LR =0,
EW] B A5 TR
B3 56X 312, UAAEELIRITUT, HUBE RS H 5H 7 (t)
CIYS> S s AR i 75w
r(t)=M[-ke, —ae; ™" - Be;"" + &, —&]+C(X,V)v+G(X) (3.29)

EHE 3.3 EAEEAESPE TR, =X 3.29 F sk sERg FDO-FTC 1] LU#HL
o A ] 5 s 1) P SR ST SR ) B3

ER: 4563 23 A 3.15, BERELRI T o, V; W ESERT LIS
A B
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f(t)=[02sin(t) 0.2cos(t)] (3.33)
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TR THE e s, BARR IR T.
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ST 1% 258 (4.6) , BINWTNHB RGORME — N RAFIN L RS .
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37



TR R R A 22 A i S

}?1:;22
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X2 = Z y+vnoms (lel’ZeZ)

i Ya=l— T Xea =20 1o
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3 . 1.
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BN T o WL o AL
423 fEHIZRLIT
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-k, 52 (EepﬁJ —K; 52 (Eep,aj —Ks o5~ Kys ‘ep,a“

Ul 1 2 m 1 2
Eelz)’dj +(pp,5 —1)k2’§2 2 (Eeibj
o=1

g5 513 2.5, X425 ATULRR A T ER

m/n

(4.25)

K o] ) + K o

3-m/n

(ppg—ﬂhﬁZZ’(

<
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3n—-m n+m

V,<-aV, ™ —pV, (4.26)

o, (%:mm(@_pmg&ﬁf%f}ﬂf,;g:mm(@_pm)@ﬁiﬁﬁJo
MRAESIHE 2.2 w50, o EERERRZE €, W] LALE ] 52 I Ta) Y Y08l 21 2%
BB 2 E U R R R e, eR"WIF
e, =V-a, (4.27)
R 4.2, ATLAAFH]e, I ] S HCN
&, =M (X)[z(t)-C(x,V)V-G(X)+@ |-4, (4.28)
HUBRE R G 50 7 (1) TROR T A TR

7(t) = M (x)(~Kssign e, (), ()" ~kesign (e, (), €)™ ~ksign (e, @), 0] 4 50
—kysign(e, (t)) 1™ +¢, )+ C(x,V)v+G(x)-&

o, ky=diag|[key,nks, | > ke =diag[Kgyonks, | 5k, =diag[k, ...k, ]
ke =diag[ Koy, Koy | B KesiKs s Kp sk s >0, (6=12,2,.0m)
SIEEERE o, ML, AR 7, SO I Rk
7, (t)=sign e, (t))(—k5 e, (O™ — ks Je, O K, [e, ®)] =K, "Xl)
—sign (e, (6)) (ks e, (61" —kslo, ()™ ~ Ko fe, (6] k! ™)
Ak A R AT AT R

Yvs (t) =12y (t)| ~Pus (ks,a‘

(4.30)

m/n

2-m/n m/n
ev,é‘ (t)| + kG,é‘ ev,é‘ (t)| +k

15180 O]~y (43D)
Hrr, p, s €(0,1) 2 vhesg A il R B R A 1 2 ) 2 8
BT AL IR -
t,yp =inf{t>t 37, ;(t) =0k e N},t, =0 (4.32)
Mt BAR, Y, ()20, 431 Bfih&EEHNE FRESE L.

N TYGAE e, Msitt, &+ Lyapunov {535 B #0y
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1 51
V, :Eej g, = ;Eejﬁ (4.33)
BV, BB 1A S50k
V,=¢l¢
( (X)[z(t)-C(xVv)v-G(x)+@ ]|-4,) (434)

B 429 AR 4.34, R 434 AL E B FER

V,=¢ (_Sign(ev(tk))(k5 e, ™" e, €)™
+k Je, (1)) +1 ™) +M 7 (%) (@ - 7))

(4.35)

LI 41, M2, @,=o-6=0, X435 AL HHEL

V, = ( sign (e, (t, ))(k le, (b ™" + kg [, @)™ +k, |ev(tk)|+k8I”X1))

—e] (-2, -sign(e, ) (ks e, OF ™" + ks e, O +k; e, O+ k1 ™)
<>k

2,5 (t)|—esign(e, (t))(k e, " kg fey "+ K [y |+ K “*1)

v5
2-m/n m/n
< (pv,a‘ ev,§ (ks,s ev,(s +k6,(>‘ ev,a +k7,5 ev,o‘ )+k8,b‘ ev,a‘ (4'36)
5=1
_k5,52 2 (%e\iﬁ) _k6,52 2 (%e\isj _k7,5e5,5_k8,5 ev&}
n o 2 i e
SZ(/O\,,(; _1)k5,52 ? (Ee\isj +(10v,§ _1)k6,52 2 (Ee\i(sj
5=1
gianlH 2.5, X 4.36 nTLLEE—0 5 plian F
3n—m n+m
V, <—aV, 2 — BN, (4.37)

3n—-m

:/H\:EP’ a, = min[(l_pV,J)kS,o‘z 2n Jnmznn’ ﬂz _ min((l_p\/ﬁ)kaézhzrr;/nJ 0

WA 3 2.0 T, ok P B 25 €, T LLYE 5 6] P i S B

B 4.2 EENE S S 4.2, 5 An Al R HLE 5B
RS R, g5 A [ e I PR X 4.10, Wk pE s SEmg =X 4.29 AT B
AR M LIRS 75 [ 5 st ) Py PR B AR I B a2s,  HLSI 18] 5 R B VTARIR S T % .
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UEBA: N 7R I R G R e M, 1 H Lyapunov BRELLNT
V3 :V1 +V2 (4.38)

zia i 4.25 A 4.36, Vs TRV HCN

V,=e,8 +e8,

3-m/n 1+m/n

" 1 e
< (s —1is2 2 (Eegﬁ) " (s —1)ky,2 2 (Eeﬁﬁ) ©(4.39)

3-m/n 1+m/n

0 ﬁ 1 2 2 ﬂ 1 9 2
+Z(pv,5 _1)k5,a‘2 ? (Eev,(sj +(pv,§ _l)k6,52 ? (Eev,(s)
WA 426, KX 4.37 LLELSIH 2.5, ATLAdE— D453

V, < _alvl% - ﬂlvl% - azvz%m - ﬁzv%
S—min(al,az)Z%V;%m —min(ﬂl,ﬂz)V3% (4.40)
= —asvjnT_nm - ﬁsvs%
Hif,  a—min(au@)22 . By=min(B.5,)-
MRYE S 2.2, FTLAPS A 5 3 H A 1 S A L o) RO AU (] P ] 4%
W RS2 — AN eI AR E R G, WSS Ta) | 57 T i 2

1 1

To = T = 3n—m * n+m
1 1-
as( 2n j ﬁ{ 2nj (4.41)
2n (1 1
= _+_
n—m{ox3 ﬂsl
DA U S 1a] Ty < T, + T o

LB
4.2.4 ZiRITRHBR

FRINBEVE— AN F A A 2% 0 G AE T-VHBR Zeno MR, & B S BIEHI4:
FEAT BRI T P ARG PR O i A2 o SRR 408 7 K i A IF 1) -2 TR R (A — AN IE RO R 5T,
X B AE F A il O R AN AETE Zeno 4T 4

EH 4.3 HENMESN /A 4.2, SHPARRAIVIME &M, 16 @A
Pl X 4.29 Ao A XA AL R 4.23 FIK 433 EAT T, AR XK
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I % 2 [ (R Z2AE A — AN IE R 5
EB: RAER 420, WFAEREte[t t,,), ATLEEIFRIER

1-m/n

205 (0] =((2=m/n)ky s fe, 5 O
i 43X 417 M 418, ATLAE—045 2
2,5 (0] =((2-m/ )k e, s )

«2 m/n)k,, fe,, @ ™" +

x(hg%ﬁagy' s [, )] +gg%ﬁmﬂ+mﬁ)

+(m/n)k,, |ep,a. (t)

mt k3'§)|ép,5(t)| (4.42)

1-m/n m/n-1

ka6 0)

M1&J (4.43)

+(Mm/n)k, ; e, (1)

(m/n) 25‘ep5(t)

e, O ™" [e,s O ens @™ Jeys " HBA G, B
EAFAE— N IEFH w2
(2-m/n)k,,le,, H(minYk,, Je,, O ko, <v, (4.44)
[FII), D EAEAE— AN IR Hy, i 2
Ko e G Koy s @)+ [0 ()] Koy <1, (4.45)
B 4.44 F1K 4.45 AKX 443 &, W5
|%ﬁaNsLHﬁpr (4.46)

MAHT 4.20. 2 4.21 fix 4.22, ATLIEF]
2-m/n
2o (tea) = 2o (K s OF ™ e O + koo O]+
Y
SL wy,dt (4.47)

=y, (tk+l -t )
W5 4.47, 7 LA 2

m/n

2-m/n m/n
P (K e O ™"+ ke o s O+ 0]+
tk+1_ k 2
Vi,
k
>_29 50 (4.48)
Vi,

1 4.48 HIlR T HHm A RIEA — DN IER N, LR A FAE Zeno 1T H.
WEAH5EEE
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43 fiR%R

FEARATH, O T SRS B i B A I A A Rk, iRie I 2-1 o
UK ATHUE B AT 0 FOsk s, HUBE AR RS HGE 25K 3-1,
ARGV EBEN:
4,(0)=0,(0)=01
4.49
P o
AT B B PN FE A A R AR R RS R ¥ 08 0.001 #5, )5 FLI [) v
No40 B, EHIASKME RS RWMKR 41 P, SNEIE RN
f (t)=[sin(0.5t)cos(0.8t) cos(0.8t)cos(0.5t)]T , BEROR B E TR RN
AC(x,v)=02C(x,v) , AG(x)=02G(x) , H & # & & # N
g, =[0.14sin(0.5t);0.14cos(0.5t)] .

N T IR E R R F0E, K5 FDO-FTC AT ELBU i, 17 4
Rkl 4-1 2E 4-12 for.

M 4-1 FIE 42 AT UG, FERZRMIPBNIRAETT, PN 25 H Ak i
HiPRERIHER MBS . B, FDO-FTC WS R R, (H2 A 4-3 ATLAE
FDO-FTC TEM N FF 4RI 75 BEAR K42 I, T AR 3 B th g4 1) 7 v A mig 1 FF
A B TR BRI AR M SE /N, B R Gk i, Pl SRR AE — AN A B H n] 8
PLRVE R Y, ERH T g T AT . (R AT LR B, #R FDO-FTC AHEL, &
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P SR (A N 5 B TN il R S8 PR SRS LA 2GR ETC T
SRS HEAT LLRL AT, Fe i BB A TN S iR S 800 p, = diag[0.01,0.01],

p, =diag[0.01,0.01], f B4t B anlel 4-4 FE 4-5 bz, NEHFTLEL, %

5 ETC (TR AN 15 7 AT Rh ) A L ot S ORI, SR
REHH, PR OIRSTEE RN . ST IREER, DA DL T 456
(1) BHENRS 5 AR 2502 M 7E A R,
(2) ETC HUBIEIBI NI T 2 W5, (ESehRmiflr, 465 % feh]
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