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Abstract: This paper offers a finite-time prescribed performance tracking control framework for underactuated un-
manned surface vehicles based on disturbance observers, adapting it to the tracking challenges. Firstly, the prescribed
performance control is employed to limit the tracking error variables, and the limited error variable is transformed by
the transformation function and applied to the control design process to ensure that the trajectory tracking control system
converges according to the prescribed performance control. Secondly, the dynamic surface is adopted to make the virtual
control signal pass through the first-order filter, avoiding the direct derivation of the virtual control law and simplifying the
design process of the control law. Thirdly, in the presence of disturbances, a disturbance observer is proposed to estimate
and compensate for the disturbances in finite time. Finally, theoretical analysis demonstrates that the system is finite-time
stable. The effectiveness of the proposed control protocol is validated by the simulation results.

Key words: underactuated unmanned surface vehicle; trajectory tracking; prescribed performance control; finite-time
disturbance observer; dynamic surface control

Citation: YANG Mingxuan, WANG Baofang, CAI Mingjie, et al. Prescribed performance control for trajectory tracking
of underactuated unmanned surface vehicle. Control Theory & Applications, 2026, 43(4): 927 — 935

1 355 Jrz 2l s s AR, RERS /KT AR
AR, BT 8 MUK S S ke Ry RESSIERALE & 3 o — AN RIKBI AR R 4,

NTARAE, AR BN TRAM 2 4 WG ) i, e AIERRIZ ) h et

T AME (unmanned surface vehicle, USV) £ 3445 I il EFXF 7K T T AN 2R R B 1 R, W o S )

FEHITHRGERHA ST N OOk J7 A BB T 4% )B4 S5 vk e i 57| g 4%

i 3: 2024 —04—22; S A : 2024—12—-24.

Ti@fEE4 . E-mail: yjp1109@126.com; Tel.: +86 532-85953690.

AT IMCER.

B 5% [ AR B T H (62473220, 62103212), 8 #2422 TR RIS 22 0T H (T2022265), 1R B R AFA TR H (2022CXGC020901),
H By RBERORBER B RIS H (RH2300004017) ).

Supported by the National Natural Science Foundation of China (62473220, 62103212), the Chang Jiang Scholars Program (T2022265), the Major
Innovation Project of Shandong Province (2022CXGC020901) and the Qingdao Key Technology and Industrialization Demonstration Program
(RH2300004017).




928 oA R 5 N A

43 3%

| (8100 AR s o 11131456 AR Sk [14], # 30 A 5t
PE T BUR IR AR 18 3 2 sh A7 7. I
— I, AT LAAN T R 18 ), il A A s
HERM G E FERER R, X — AR T P
EREHE TR AL 17, STER (15148 1 —Fh sl
KT NN ERER I 7715, A ATToR FH SO A J 15t
M AR R IKBIUSV PR BRER I il 2% SR
T, FEABATT BRI FE T 5O 5 R AR i 2 52
Wi, SCHR (1615t 1 —Fha s B & B o7k, H
TAEAEAR AT RGO T BRI EE L. (2T
RO FIEAE SO VERESR A AR, Rk, R DM )
T HIR SR A IR RNE R R, O T XA
e, SCHR (17-181F A 1 ShaAS TR G 1 X REA %
s T HIR S

AT FE ] 77 12 SR T Jo NS AR (e R i
P, SR, BEAE S AR, KT AR ER
A 2 S S AS TR RE T P 75 SR AW . SEbr ]
Hh, FKTHTG AAREERR 78 B A ATLIE Hh AT 2 AN ] ke
Gl A TC NMTASBERG T PR 2 HE ) SR AT 1E, 2008
T Hb 4 e Al F8E 1R R RE . PR 14 e 4% i (prescribed
performance control, PPC) il ¥ #{ FH ok Ab 21X — ] 7.
PPC/2 fif 2 4t 1 22 14 3| 0 1 22 Y0 1 P9 35— K~ 1
1% 0, WACSICTE N i K TR - R ) 5 E S
(BT, SR (2015 0] R SRS ZK TG A Mz 22 0K
FR)Ta) S, 2 HE T — M A A i R ) 24 TR ) O
A PR ER R R ZE AR P BB, JR A U R R R 2 R
FRAEVOE A AYE I N, SCER 21138 H T —Fh B 3& B
TRk R T 3, MR T AR GE e ik e 2 ) o PR R
ER R ZERR T 5 EC AT S e R WA, SCHR [22] 555
W RS LRI 4 SOmAE & R4 7 —FhE
& RN AS R 7. AR FaR¥E) 77 28 R ER R
ZETEAT PR, A5 G A 7 AT RN 7] A USe S 21 T4 [X (18],
TR HAb R 2215 51 IR, BTG ORIIE R G
FIT A R ZEAE T PIAEAT FRIN R] LS.

PSR, FK T o N AN AEAS AT FR00 0 A 55 A
WHiAT, T HIL 252 BR AR IRAIAER A, X
S PIt 2 0] M A IS R A2 1) 0 A 7 A AR
Wi, FEIX A IGO0 T, g ST FER Jo NI 245 1 3=
G, TERE RGN S EERPILEE /). FEUSVHLIL
PR g o T b R P PO I S 0 R ZE A T A
THRIAMEE. PRI Al 58 ) BRI L RE.
PRI, #as— M RE A RSl &0k 6 A
MR PR R 28 OC B

FE_ERVHEHIR KR, RSB T AR US VL
PREF B AR A7 PR A RS SAORN R IR )45 i) .
I, AR PR Re R BAS R K P00
EE RSy VAR RN eIl T AN AR 458 S a7
TR EAFAE LI, MRS AT RO ) 4

%
Sz il s et (R, 1t 176 45 BT P BE R 2
B A B R R TR IR S R A PERE.
2 PAEIRS A A
2.1 g HEIR

SIE 1T X TAEEe € Ry € R BURIESH
m, n, 1, FHIAERRAL:

L e

m+n m+n

I 27 TRz, eR,i=1,--- ,nfilge
(0,1). mux%zuil i) < 7zl|xi\q5zﬁ.

SIE 3 WNTELSRG = f(x), f(0) =0,
Hrbr € RARBAAE— DML RV () > 0,
HV(z) < =bV(z)—cV*(x)+d, HH: b > 0,¢ > 0,
0<a<l1,d>0, WRFLPrA PR ERE.

22 RGHEA

FEME R, SR TG A3 B B R
IR A, SRS B R RIEEh. N T
R USV IS BN 735, 18 H 188 AR R0
[ 5E AL bR 2R, W BT B, AR SCRR (23], 7K THEE A
ST = B IS 3 N5 JJ BRI o TT R AT R A

l—% |y’7n+n‘

T =ucosy —vsiny,
Uy = usiny + v cos, (D
Y=r,

m du Tu | Twu
W= —vr — —u+— + —,

my My My my
. my dy Twv
V= ——ur — —v+ —, ()

my my my
. my — My dr Tr Twr
T = - T + + 9
m, my my My

KA (2, y, ) FRARUSV Iz — yfor B ASFRAME AR
ZHIRETEA; (u, v, ) FRORTERE EALFR R I
W35 ARG B8 ()3 B2 AE3) ) 2 Bl B v, (my, my, my)
R REL (dy, dy, d) ABRJE REL 7 M 3 il
N, 58 RS IR DI (Taas Twys Twr) R HETR
VeSS RIS 7S 7 vl

X (north)

frE:lvy wJT

W u vl

% Yy (east)

Kl 1 USVILEAERHIA
Fig. 1 The description of USV motion variables



Fam e

5 IREKENTE N B RE U ER R 929

B 1 WAERE T Twes Twr&/ﬁ\lﬁlﬂv
B R EEA FL, Bl

|Twu’ Hus ‘va’ < Hvs ’Twr| M

|Twu] < Wa, |Twr] < Wy [T < wi,

FoA: fog, s fhey Wy, Wy, w NIESEEL

{inﬁ 2 ﬁﬂ\éj\%}_‘_‘uda /Ud, Td&/\ %i&ud, /l'}da ":.d
By A, BT () S BT i

i 3 oS REE A,

FE 1 TESzRRR, R MR RSN A AR
L, BEER A BRI, X ahn] LEE 2R ME 5. ik 2
BRI R H— S50 B — I S8BT, RIH S
HUOIE AT 2 . FE SRR ol s A Ak, BD R4
R H AR BTG 3 AR S o R R, B 132 A
.

3 =l
MR (D), F BRI B i 3) w:
Tgq = Uq COSPgq — Vg SN Ygq,
Yd = Uq SINtPq + vg COS Yy, (3)
ta = Ta,
Hoi: ug, vg, rq NS E . 6 B AR N Q)
(0T, Tos FESEBRPNIIE (2, 3y, o) TEAG PRI R] P R i 21 34
LI (2d, Ya» Ya)-
T SUEREFRTE e, Yoo 1o WMD) FT7R:

Te cosy siny 0| |z — xq
Yo | = | —sing cosy O {y—wa|, 4
we 0 0 1 w - wd

@) 13, Hr. =0 y. =01, 2 = 24, y = ya.
I, BRER ) R 4 N ., yo R AT 5. R 3K
@RFHHFROMAG)N, 153
Te = U+ TYe — Uqg COS Yo — Vg SIN Yy,
Yo =V — T'Te + Ug SIN P — Vg COS P, o)
1/‘16. =Tr—rg.
3.1 Pishm g it
T N Bh 358, ] LA DR 32454
M — I AE sl R G IA
mo = f(v) + 7 + T, (6)
Hr: v e RARGRE, f(o) ML MBS R EL, 7
NEEHIERN, T IARFI AR SN LS, moy A 2.
R T ATEARFIR SN, I NG EO R &I
PO 2%
O =muv — ¥, (7
X FHG R
X =f(v) +7+ 7, ®)

XA BT
2o = 68ig°0 + 6 fsig59dt 9)
Hrr: sig’©=10|°sgnO, sgn(-) N5 &5 €160,
BIRIESEEL, HO5 < 6 < 1.
G iEsS ¢
O=Ty — T =

—e1sig’O — & j sig’@dt + 7, (10)

A7 = e j sig? @dt + 7, A (10)HF Ftn T
Fiv
C
{9 €181g°O + Z, an
7 = —e818°0 + 1oy,
O, Z EA TR ) Y #aiE T 0, W OTEA BRI ] Py
IETF0HT, = 7.
A SCHR [5]7] 45, OA Z 0] 154 RIS ] Py Ui 880,
DRI, RN B RENS LA PRI A Py H 7, ML 2.

3.2 ERlEsIERH

N TR E ARG, X IREARZE T AT
PRl
{ — pxaq(t) < 2o < praq(t), 1)
- pqu( ) < Ye < py2q( )s
EFI Px1s Px2» Pyl*DPijjIE ﬁl%ﬁ q( ) #/\7%
g, PRSI R A, T
q(t) = (90 — goc)e™ ™ + Goos (13)

Hrf:a > OB IES S, qo > 0Fgs > 0735
Hq(t) FIWHMERZAA. BT q(t) 2™ h& SR s,
1A HR IR B S HnT DU G0 AR 3 1 PR R R ZE 08K
B[ —pr1Goos Pxaloo F[ = Py1Gocs Pyaloc]- I T A 12 i
3T aam '3[)\32?5% %ﬂﬁj

£ _ pxl
= T+ 55 —n(pa =) ~ (2L,
_ 1 % _ _ Yy (P2
Ny = 10[ln(pyl+ q ) 1n(py2 q ) ln(pr )]a
(14)
H Ay &m0 ST 15
q
x = lx\Le —Te) =
7 ( . )
(U + Yo — Uq COS Py — Vg SIN Y, — g:ne),
(15)
1 1 1 s s o
Hrp, = —( ), AR YA B R

10 20 + px1q  Te — prag
FPRRZETE(—px1q, px2q) ™, 0>0.

\ “ 1 N
% Lyapunov RV, = 577)2(. XV, KR35



930 B oW H w5 M OH 438
VX = 77x77x = hc (ud sin wc - /L}d CcOs wc - C‘Vhf) +
nxbx(u + TYo — uq COS ¢e - he (ud COs ¢e + vq 8in ¢e)¢e +
Vg sin e — gxe), (16) OheOtpe =
he(Uq SIN P — Vq COS Yo — Ctpg) +
S H O A g (f Ye — o 008 )
1 ) OpeQlhe + heUd COS(T/Je - /8) X
au:—L—nX—rye+udcos¢e+vd81nwe+ (e +7 = — 1), 25)
nge _ ésig‘snx, (a7 HA:Us = /v] 4+ ud, B = arctan Z—j.
q bx
. - \ e ) Pt 1o M
KRATYRAR(16) T = —(Uacos(¢e — B)) ™" [kshe —
. 9 .5 . . On — Oy
Ve = —kini + v (u — o) — E1msig’ne. (18) (t1q 8iN e — Vg cOS P — 7% ) —
HUAR By, 1 ST 7 Essig’he] + ra, (26)
iy = 1y (G — L) = Serlr g WIETHL Hioh, — B = £, o A,
q - v b, .
mmiwiﬁ¢ﬁ%@um#W@/ﬂ<gmm
ty(v = rze +h = 5%) U 27 il T 3% s L.
1 1 1 _AB_ _
Hor: Ly:ﬁ( — ), h = ug sin,— e =B —m, Y —F>0.5m,
Ewggﬁﬂ Ye = Py2q . Vo— B,  —057 <t—B <057, (27
e+ MY, = e - s H‘ O
Vq COS’IIZ) S Y. € ( pqu py2Q) Ly > ’QZJe _ ﬁ +7T, d)e _ 5 < —0.57.

P Lyapunovid 3V, = 77y KV, RS, A7

Vy = 77y77y =
wm@—T%+h—g%L (20)

TR B R R

ap = —fny —v+me+ ye — éag Ny, (21)

Ly Ly
>N EP&ijJ__E*ﬁ
DA Q015
V; —
Lyly (v —rze + h — gye +oy —ay) =

—/@773 + tyny(h — o) — &nysig‘sny. (22)

A, I DL —BMICIE e A%, DARE S oy, [F2R F.

ThCeng + o = oy, ot (0) = ay, (0), (23)

Hor ape gt S S, v > OISR E 2L

ENIEIR R ZEN e = ap — o, EILIRZE N b, =

h— Qpf. EE ﬁ(zs)j?%’ dhe = Ah(nyvv T, Te, Ly) -
?iﬁ¢AMyh¢ﬁ B LAy M, 24,

h

I FF Lyapunov R %
Vy = A—hQ-%:Iahe, (24)
XV, RS
Vw = he(h — Cpg) + Qpeline =

R 6)FRAA (25115
Vi = —ksh? + peGne — Eshesig’ he +
heUq cos(ve — B) (1 — ). (28)
3.3 R

Lo JBI DUR —BHRIEIE B, DL o, IR T

®

i)

Vuduf + Qyf = Oy, auf(o) == au(o)a (29)

HH: o A—PEE RS, ya > 0N H 2L

TE XIEBRFE N Qe = yp — gy REALRZE N U =u—

%[uf- Hﬂﬁ(zg)j‘?%auc = A (77)(7 s Ye, ¢c,ud, (%0 Lx)_
=, KA, () &L R E H s A M,

u

\ " 1 1
i% $¥Lyapunove 1V, = V, + §muu + QOzueﬂfF
VR FH
Vu = _klni =+ anX(u - au) -
élnxSig(sT/x + MyUele + QyeOlye =
- 517leig§77x + Ue (Tu +
Ay — Oyt
— mui _.I_
Yu
anx) + UxT)x Olye + dueaue- (30)
W, N

Tu = —kaUe + dyt — MyUT — Ty —

—k177)2<

My VT — dyU + Twu

E8ig U + my = e GBD)

u



Fam

W e 5 RN N OB B ER 4 ] 931

o oy, § N IESEL 70 AN IS LE U0 I &%
Hh AL :

Oy = Myt — Xu, (32)

Xu = fu(V) + Tu + T, (33)

Tan = €181’ Oy + €us f sig’@,dt,  (34)
Horfre, Mleo NIESEEL.

KGN (30), AL E]
Vi < —kanf — Eumusig”ny — kau? —
€4ueSig6ue + UeOy + LxTxOlye + dueauey
(35)
g\:l:‘:%wu = Twu - %wuy\jj:jtijjmimﬂiséﬁs %WIIEﬁKEHj‘
[ WS HA I, AFAE RSB  Tu | < 0.
%o, I PUF — B @R AR, DLl feo, 1R 3
i1 L.
Vrdrf + O = Oy, Oérf(O) = ar(())v (36)
Forr: one A — B BB AR5 145 5, v, > 09I A) H 4
TE X PEPRFE N e =ty — 0, BINRZE AP =1 —
Q. Ia ﬁé, drc:Ar(hm cha Uq, V4, T4, uda i}da ’r.'da /8) -

Yre b A, () NSRS H A M,

i%&#ELyapunov iRV, = V,+V,, +%mr7‘§+ %afe,
XVRFE
V.= —kgni + tyny(h — o) —
Eanysigny — ksh? + Qneie —
E3hesig’he + MyTele + Crere +
heUq cos(ve — B)(r — a,) =
—kyn? — Eanysig’n, — ksh? —
£3hesig® he + aneheUq cos(he — B) +

ahcdhc + arcdrc + Te [Tr - drr + Twr +
O — Ot

(my —my)uv — m, +

r

heUq cos(the — B)] + tymy (he + ane), (37)
Wit N

T = —ksre + dor — (my — my)uv +
O — Ot
me( ) — hoUqcos(ve — B) —
Far — E5518°Te, (38)

Horf: ks, &N IESEL 7, MBI A dn ) 2%
RIS
O = M7 — Xo, (39)
Xe = fr(v) + T + Tor, (40)
Fur = €SI’ O, + €0 f sig®©,dt,  (41)

/ﬁ\:qji €r1$”€r27ﬂﬁi§ﬁ.
HAREHRANRIABE
Vi < —k‘277§ - £znysig5ny — ksh? —
£3heSig§he - k57"§ - §5TeSig6Te +
[’yny(he + ahe) + TeOy + aheo.[he +
- f), (42)
HF T = Twr — Tur NIESIRZE, 7o FEFG PR A TE]
WIS E A F, AR IS | T | < 0
34 faetkar
1 HEAGARRR RIS KT A
TR (1)—(2). T R B 130N, SR FH R U035 il 2 (17)
(21)(26), F-HEAL I 22 (32)—~(34)(39)—(4 )z (31)
(38), HHERE MRS E W UME T A REREE2IFE
SE ARSI, BRI R 25 2 A BRI (8] Ft i, HL PR
ARG HANE SR E 0.
WE ik FELyapunovR H(V = V, + V. IEXTHOR &
CIEE:

OlreOlye + areh’eUd COS(Q;Z)e

V=V, +V, (43)

¥ (35)@2) RN
V< —kin2 — kan? — ksh? — kau? — ksr? +
UeOy + TeOr + LxNxQye +
LyNy(he + Qne) — Empesig’n. —
€2ny8ig577y - §3heSig5he -
EqUesigUe — E5TesigoTe +
CyeOye + QheGthe + Qellre +
aehoUq cos(ve — ), (44)
HH Young’s A4 AT 15

. 1
V< —(k — 5%2()77)% — (kg — Li)ni -

1 1 2\1 2 1 2
(ks — 5~ 2Ud)he — (ks — 2)“'3 -
@%—lyg—«l—lAi—lmi—
2 Yo 2 2
1 1 1 .
(5 — 540 = ok — Emsig’n, -
1 1 1 .
(- = 54— ot — Gamysie’ny —
3hCSi éhc - §4ucsi 5“0 -
shesig g
1 1
Erasigr. + 202+ 207, 45)
1 1 1 1 1 1 11
P — ,MQ — —(qp, — = *Mz 5 S 9us
AT R I R S R T
1 1 1 1 .
= g ME g+ g it g g Mg MRS



932 oA R 5 N A

43 3

HARNN45)FF48 & 51 #2153 2]

. 1
V<- (lﬁ*ib) (k‘sz)
1 1
(ks — 5 §U§)h§ — (ks — *)Uz -
(k )7’2+102+702—1g ai, —
5 2 e 2 u 2 T 2 h he
1 1
2gu ig!'are - gl‘nx‘5+1 -
Ealny|PF — Ealho|* T — Eglue Tt —
Eslrel”, (46)
5 EE 1R 1§
1 o+1 1-96
onlane™! < —=gnai. + ——gn, @7
1 o+1 1-96
gOulone " < = gualo + =g 48)
1 o0+1 1-96
Olon" < — =gl + =g, (49)
H—1E
. 1
V<— (k‘l—*b) 2 (k’g—b)
1 1
(ks — 5 — SUDR — (ks — et -
1 s s
(ks — 5) - 51’77x| - 52’77y|
LESY a1 LIS
Elh2T —&lul|F — &2
1 sr1 1 s41
igh(ahe) 2 = igu(aie) 2
1 11 1
59:(0%) T + o+ gol +
(1=0)(gn+gutg)
4
1-96 1-96
1 InOpe — Tguaﬁe -
1-96
Tgr (50)
S
C1 =
mln{2k,‘1 — 12, 2ky — ,2k3 —-1-U;,
1-— 5 1-96 1-96
2]{?4—1,2k5—1, 92 Gh, 9 Gu, 2 gr}a
s+l 1 1 1
Co = 27 mln{fla§27§3)€4a€57 ighv 591“ Egr}u
(1_5)(gh+gu+gr) 1 2 1 2
d= — —
4 TR%t g%
M= (50T S5 N
V —01V—02V +d (51)

RGOS B3RS, V() A BRI A 5, 3 —
WA T, Yoo Ues Ter he AEH T, FETUSV I B
(x,y) SMEREMAYA . B2, B HHa,,

an, o Ft, I USV A T8 o 5 R RE A T8 r
A G, TE MR S N T, TR A S0 IR,
X (51), VAER RIS T Pfies, BT 2

5+1

1 01V(0)177 + ACQ
T < s Sor ., (52)
all= =)
A IESAL
23 b, Te NG RO IZE ER R 22 AT BRI TRI A ),

HAR ARG A G SN E TGS
4 fHESEE

326 Y SC IR [25] 7 FA JiR 2R A R 3R A7 1 B S . A
RUBR K N 1.2m, i &N 17.5kg. USV KR 2
HN: my =25.8kg, m, =33.8kg, m, =2.76 kg - m?,
d,=12kg/s, d, =17kg/s, d, =0.5kg - m?/s. T& A
HIRTAE AL B AR A BEE N [—2 0 0], HAh vl ahE
YINO. BH S BRI ky = 1, ky = 0.001, ks =
20, ky = 5, ks = 10, v, = 0.8, 4, = 0.07, 7, = 1.1,
§=0.7,& = 0.001, & = 0.001, & = 0.001, & = 3,
& = 0.01, 6,y = 10, &5 = 10, &,y =10, &5 = 10,
G =1,0,=0.01,a=04,61 =25, =3, 6,1 =
1.7, €,0 = 2. FPRBUAR SCRT45 ] 28 (10 2500 S AR ik
P, SR SCHR [26]1472 Hi 1R B 38 I A5 s 20 5 1l 7 ik
%n (2717 [ D5 S Ay IR AR 45 & B0 i g vt

7% L, SCHR (2617 1) 2 1) 2 $0E BURN: Ky = 0.05,
k2 =1, ks =0.55, ks = 0.3, ks = 0.5, w, = 100,
w, =20, ky =10, k, =0.1. 3k [27]%F Iz H S E08:
ki =20,ky = 0.4, ks = 8, ky = 0.025, ks =6, A, =
26, Ay =23, A3 =1, B, =1, B,=24, B;=3, D, =
30,Dy =5,D5=T1.

FE 2 rHR27) ddid R R 0 TE A
FERESESHOIAT T flh, N T th g B Z Al R ZE R
Wi, FEX A B AR SCHR [27] R IR 2 %, T AR AR S
FR T F 21 886 U0 I TE AR S BN B4 i) 8 4T 6 LA
H.

PN LGRS R U e W)

Uuq = 3 m/s,
rq = 0 rad/s, t < 10,
Uuq = 3 m/s,
t 1 27
— 4+ — —t) rad/ < t < 100.
"= 700 T dom Sln(35 ) rads,
ARFNINTI BB N

Twu = 1.5[sin(0.4¢) + cos(0.3t)] N/s,
Twv = 0.5[sin(0.1¢) + cos(0.4¢)] N/s,
Twr = [8in(0.3t) + cos(0.2t)] N/s.

NTRUARG SR EIEHIVERE, Wit 7T ERER



Fam

W e 5 RN N OB B ER 4 ] 933
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Fig. 2 Reference trajectory and actual trajectory in plane
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