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HTUT 4 4 ) 25 T BORHIR )8, B4 0 AT A% 1) REFE
FIHLAR S 2, T 455 4 1) 375 20 iff A B AL, 5 )
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HERK AR AR . A T — DB R T R G
A MFRAYERE, MR fE i (prescribed perfor-
mance control, PPC) i iz Il 4£ ™, ‘B REW i f R 5
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A il g A 4, — b B A B R SR FH B 1 2 A
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2332 BRI o 175 T A e BK 3 % BB 2 W 5k T
MO TS B B RL, il Toc AR I 2R
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F
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¥R s a6 A RIE
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5D RAAMEA RN BIAFE—H%EA>0
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ID,I<A,, ID,I< A, |D,| <4, HID,< 2,

1.2 XKIRZH UUV T =S R

W Tk BB % A w0 16 i 0, Bk e > T,
RIKB) UUV W PAT &8 & A T e, A0 48 fin 4 ik
s R e P BB, A A R IR ST BT 8 K Y
i A T, LR o B ) S R A AR

ki) = k() + by(t), Yt >T; )

U, be(n) e B 4 O e e, 2 X (E ORGSR
BB, O Hob() R T ¢ SRR B
AP M ik B ) g AR Dy

oi(t) = m(Do(t), Vt>T; (10)

o, me(r) € [0, 17, me(e) BIEAEANTR T I0AT i i e
AR

e (9) MK (10) 255, 7T LIS 2 5 B 1 h AT
e A R AR

T = m(t)Toom + b(t), Yt 2T (11)

A, m(e) = diag (m (1), ms(2),me(1)) 1 AL HAH B4,
mi(t) € (0,11(i=1,5,6)c Hm(r) = 0fLEE i MAT
ot AR, i 1R 0, Y my(n) = URER AT
e R KRB . b(t) = [b) (1), bs(1), be(D)] A AT 4%
i B B, HLby(r) < O, $AAT &% A ARl BN, i i
1 3 A0 — /N T IR RS TR fa s i g A
B, Ybo=0REXMITHL T EFRE.
Toom = (71,75, T6) A TRAT A8 A K Az BB 1) 4 18 1)
5

AR SOREPRAT i I I 48 2% 19 01 0 ) R e S
Y zh D— RN & B B) Dy, W] LIS 3% 8 AT
AR R A R BRBf UUV B

b= f0)+M Ty +70)+ D =
f(v)+M_lTnom +Dal] (12)

1.3 F& &N
FEMTIEL MRS

x=f(t,x), x(ty) = x, (13)
Afrs xR AR A 1 A5 Ak £k MR B R S
R. xR" — R'E T ] £ 3 4%, % FARZS 1 Lips-
chitz ¥ 4%, B £(1,0) = 0t W I HA I %15 x0 9 0 B4R
25 W% R 2T & 41 % O Filippov 2 X I
s -
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XM WR EIRAEL A R g (13) [
SE I IR AR i, EL AR AE I [a) b B¢l UL R e, IR
LAFAETIE SN 8] T, fl AR BRI B AR x, € R

x(t,xO) =0, V> Tp (14)

BT RRAELR PE R G (13) M T E XA a4 e o
SIFE 1" R AEAE— Lyapunov BT V(x):
U — R, 2 LUT &A%
1) V(x)=2&TC AR5
2) V(x)ZIEE 1 H V(0) = 0;
3) FAAESELT, > 0H p € (0, D V(x) il 2 41 F
J7 R
V(x) < 20T,V + V' /> 4 VI*/2) (15)
W% 2 52 R e R TRl AR R 1, WSt el R T, o
5138 2" Xt FAEExeR’, y>0, #Flxll <y,
A AT
InG? /(" = 11xIP) < 11xlP /07 = llxI) (16)
2 TARE X BB h Wi 25 1% it
X BB D, R T ) TE SCR TR 3 3 W
HERS/ I

. —1 A
14 =f(v)+M Tnom+Dall

D= a,(v=9/y)+asig " (v =9 /y)+
1l 1 [y) +assig ' ( [¥) (17)

t
assig (v =9/y) + [ ausigy—9/y)/yds
0

A 9O R AN THE s D S5 SR S Al T
y e R¥Hllp, € (0,1) 0 n JH WL &% S %, Hohyhy
E%Xﬁ‘ﬁ]%ﬁ@, ay, Ay, A3, Ay > O%Xﬁi)ﬂ”%&i’fﬂio
e Bl LI 5% 2 S
g‘=v—17'/‘}/, DallzDall_Dall (18)

P K BK Bl UUV 3l ) 27 7 #82 5 (12) A 5
KODRATL WM 222 1) FE s =v—p/yh, 0]
MRAGIRZENES TN

¢=v-b/y=M Duly=M (Du-Du)ly=
M (Do~ —ansig " ()
a;sig' "' (¢) - fo’ a,sig(s)/yds)/y =

—1

M (~ais - asig " (¢) — asig " (6)) [y + M w/y
(19)
A, o AR &, Ho = Dy —aysign()/y -
Fis S ] B PEE B ¥6#% Lyapunov 5K
V.=¢22, iR 2 & EAA KT #
Vg = §§":F':

. —-1 Ll . l4p
Vi=cM (—ai6—asig ™" (¢)—assig'(¢) +@)/y =
+w¢)/y  (20)

M@ SRR AT LA H, sign(s) Flsign(w)
(IPFE MR, e > Off g < 0. ey =2y/To M
@, = 27/21_p1/2po1M717 a3 = 2’}’/21+p'/2T<1,l71M7l , H
o Ty ok A 2l 0L I g B 9 e S St 1] . IR A
X (20) 7T LALE Sy

2+p1

37! 2 291
M (a6 —als] - aslg]

. —1 3
Vo< M (—ai6” —anlg ™ — asls) [y <

—2(2(6%/2)+ (2 /2)% 2 4 (62 12) ) [p Ty <
—2QV + VPR L Vw2 15 T, 1)

k511 A S (21) AT AR UL I R 25 ¢ Tl i
— .

SCI 8] Ta N WS 0, ¢ = M Doy /y tRE W8T
0, RIS UL #5815 22 D, W ST 0, IE B 785
3 FuigtEgerEdleRigit

PE B bR UUV BRI B gk A, Il (0 8 i
2 1 P e R B 2958, B0 |fe, | < o), Fothe,
/\éb'fjﬁigé%‘;, en ='7_77d, ndy‘:’/ﬂﬁgﬁgﬁéo ‘féﬁlé
BRIECRE 8 X 2R G B R 22 1 S AR S M RE EA T
2y, VERERRECH

=t

pl](t) = (pnO _quo)e ' +p7]°0 (22)
K, 010y One T LT R HEL, pro B T 7 B 1R 2
HIPIEA TERE I AL, o DAE T 7 B iR 25 R S PERE
WA LY T AL E R ZE ISR R . R T R
e, T /2 1 BE PRER I 9 B, 75 25| A RS Lyapunov
BRI S B 1k A B R 25 A R R AR I o,
e, 1% p, I}, B A% Lyapunov B & & T 6
I3 K, HEAARFERA R
Vi =In(p;/(p; —e,e,))/2 (23)
M2, Vi FECHh
Vi = 2p,0,(0% —ele,) 1202(p —ele,) -
pr(p;—ere,) (2p,,p,7 - ZeIé,,) / pr](pf, - e:e,])2 =
(_e;l;eripn/pn + ezen)/(pi - e:en) (24)
e, [ FHCH
é,=n—1) (25)
e, RAK(24), AT 15
Vl = (_pr]e;l;er]/pn + e};éu) /pi - e:eﬂ =
[-puete,/p,+ ey —i0)] /0] - ee, =
(_pneger]/pq + eZ(R(l])V) - Tld)/(ﬂi - egen) (26)

HAEV, <0, BETHANT HE LR ] v,
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v = R ()G - Kre, + €, /1) @7 B E PR 205 2 || Dal| < ¢, Bk

;T:EEF', Klﬁﬁﬁﬁﬁiﬁgﬁﬁo
LMEIRZE e, =v—vy, SO B IRZE R, #
FEDR 2T 2 H AR lle,ll < p, (1), 3 BE 152 25 (1 M BE o
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Fig. 2 Three-dimensional path view in path following task
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Prescribed performance path-following fault-tolerant control
of an underactuated UUV based on a disturbance observer

YU Haomiao', WANG Yue, QIAO Shiguang
College of Marine Electrical Engineering, Dalian Maritime University, Dalian 116026, China

Abstract: [ Objectives | To address frequent actuator failures caused by complex underwater environments
and the inherent characteristics of unmanned underwater vehicles (UUVs), this study investigates a prescribed
performance path-following fault-tolerant control scheme for an underactuated UUV subject to ocean current
disturbances, model uncertainties, and actuator faults. To ensure safe UUV navigation, a path-following fault-
tolerant controller is designed by integrating an improved prescribed performance function with a barrier Lya-
punov function, enabling full-state-constrained fault-tolerant control. [ Methods | A novel predefined-time
disturbance observer is developed to estimate the lumped disturbances arising in UUV path-following, includ-
ing ocean currents, parameter perturbations, unmodeled dynamics, and thrust loss caused by actuator faults.
The lumped uncertainties with actuator faults are incorporated into the prescribed performance fault-tolerant
controller for compensation, ensuring that all path-following state errors remain within predefined bounds.
[ Results | Simulation results demonstrate that the position error, attitude angle error, and angular velocity
error converge rapidly while strictly satisfying the prescribed safety constraints, achieving a steady-state posi-
tion error bound of 1 meter and an attitude angle error bound of 0.05 radians. When the actuators suffer up to
80% thrust loss, the disturbance observer rapidly estimates the lumped disturbances, and the controller com-
pensates for the faults within 1 second without significant path-following deviation. The maximum transient
error does not exceed 20% of the prescribed limit. These findings validate the strong robustness of the pro-
posed method against actuator faults. By unifying disturbance observation with prescribed performance con-
straints, the fault-tolerant control structure is simplified, achieving both fast fault response and full-state safety
guarantees. [ Conclusions | This work provides a universal solution for high-performance UUV navigation in
complex underwater environments.
Key words: unmanned underwater vehicle; fault-tolerant control; prescribed performance control; fault di-
agnosis; disturbance observation
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