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Unmanned surface vehicle tracking control based on time delay estimation
and terminal sliding mode

Liu Chao Ye Huasheng Shen Yue Liu Hui Shen Yayun

(College of Electrical and Information Engineering, Jiangsu University,Zhenjiang 212013, China)

Abstract: To solve the problem of difficulty in obtaining the parameters of the dynamic model of underactuated
unmanned surface vehicle, and the tracking control is susceptible to interference from water flow and natural wind, this
paper proposes a trajectory tracking control method based on adaptive time delay estimation and super-twisting fast
terminal sliding mode. First, the hand position point coordinate transformation method is used to reconstruct the state
expansion of the underactuated unmanned surface vehicle mathematical model; then adaptive time delay estimation
technology is used to estimate the unknown dynamic model part of the unmanned surface vehicle and external
disturbances, and design a super-twisting fast terminal sliding mode control strategy compensates for errors caused by
time delay estimation and improves the robustness of the control system; finally, the feasibility of the control method
in this study is verified based on simulation analysis and navigation tracking experiments. In the trajectory tracking
experiment, the average positional error was reduced by 35. 1%, 24. 7%, and 20. 8% compared to the PID algorithm,
sliding mode algorithm, and adaptive delay estimation sliding mode algorithm, respectively, demonstrating high
trajectory tracking accuracy. The control method proposed in this paper does not rely on the parameters of the dynamic
model and can achieve precise trajectory tracking control for underactuated unmanned surface vehicles. It features fast
convergence speed and high robustness, providing a reference method for trajectory tracking control of underactuated
unmanned surface vehicles.

Keywords: underactuated unmanned surface vehicle;adaptive delay estimation; super-twisting fast terminal sliding mode

control; trajectory tracking control
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Fig. 1 Schematic diagram of underactuated USV plane

motion coordinate system

BT BRI, #7 RIRSh USV Hrg i nt=,
& = ucos¢g — vsing
y = using + vcos¢
o=r
0= Gmour+Xu+X,, ulul|t+c)/m,+A,
o= ((mur+Yo+Y,, vlvl|)/m,+A,
F=Ln,—mD)ouu+Nr+N,, r|r|+zc.]1/m +A
D

Kb 2oy 5 ¢ 43138 USV AR AR bR 2R 00 7 ' Ak
PRSI0 A 5w o 43 SRR DL A AR 2R R I 21 A 11
R ; v, 0, S HRRAEF T USV 9k 4 7
g sm, =m—X, m,=m—Y,,m,=1.—N, %
7N USV R s m 278 USV BB 1. R Bt
JiHE: X WY, o No, FaREHT USV ks I 250G A,
AL A, FRIR AR IR S S Bk S AR B 55 R T
1.2 FEHMUERLIRTHR

T REKZ) USV TEfm A I3 77 AL <, .,
T 42 1) o A2 o G 1] L 1] 2 " A T ) R R 28 L L
P LT R A ) A0 b Sy B U R 25 L (], BRI A o
il 2R A e e L, S TR B R A, 5T
DL AR BR AR R K R G IE Bl el B T A bR A
PR IR S T TR S K A o 4 5 R LE AR 1) ) o AR
ZEIREEAE R b BE RIS Y R = Dy




3 A SR T D 4R TR AN R AAR S8R 3 )

541

£ — F.} _ E+ZC9S¢} ()
3 + Ising

P L NP AR R IO RS BB RS, HL L > 0.

HOR IR S USV 1 3l 7 2% 86 30 76 4R 28 25 8] vh /] DL 3k
R

{éi = ’G‘z

E,=RWFE)+FRWGEDT: +R(HAE)

3

K. & HE MREZR; 1. = (o0, )" AR AR
IR f(ED gD AE) BRI R.

cos¢

B — sing
Rig) = |:Sing[} cos¢ }

1/m, 0
g = [: 0 l/m,]

FE = B‘M(u)vrlr2 J
' () Hur +1f, ()

4

A,

Aﬁmj

bR BARSRIR N .

folw) = mor+Xu+X,, ulul)/m,

fo)=(Cmur+Yo+Y, , vlo|)/m,

£, =0m,—mDvu+N,r+N,, r|rl|]/mP

(5)

KPR 5 g& ) T REE  RAMBHMEAE ) =
(A, A1 B EFRR PRI A, 5 A, FHR,

2 B R ER AR A 2R

2.1 ETFHEMAITH USV shHFERE

FHEOE AP RIBIA LM T USV BREE 75 2% H
FEMIE Y A7 Sk 1) B, 545 TDE AR 7T Al 30 Jy 2468 75
TR KN ERAY L R p R IR B USV 3 85280 2 50k L3R B )
B, N T TR HES . F TDE £oAK W T XK sh USV
B4 2R KO E R

. =MR,($)& +H 6)
K. H=—gE) ' (f&) +AE)D).M = gD,
R, () =R(p) ",

S P B T M, R (OB — L E R

7. =MR,($)E, + N D
Xf: N =[M-MIR, ()&, +H .M K—A1EE F ¥ 5
B, N AL T I AR A T (E S S B I 25 L ) ) 2
TR (1 R AR 43 L) B A 23, R TDE $52 A X I
Tkt

BN N I A

N=N,=N,, =1.,, —MR,($, DE ., (8)

AE) = {

K (o), TR G HRri ZPIRE R, (o), IR () Aj—
KRR ZRAS i, LAy SR B B 1] 18 G Lk /s 15 1 28 SR
BERA S, Lo/ N AT N s

et () v, RGETT— 20 B B €, . WO
0 15 BT 2 4B A )

E L =& —28,, , +E& /L7 9

BIAME BB RE A, AR N X800 58 10 B i, 25 4
H(DH ()5,

T. =MR, ()&, + AN 10
K A A—AIEE A,
2.2 FBIERERELIRIBEESSEIEIT

I SE Ak 3 AR BE X USV B 3l Jfy 2B 8 v B 2R 4
AE 0 R AT AR B3 (0 S 7 AR JE 2R R 4 I Al 1 22, R
ETRES R G W EEMN., i, T & R 50 R E
B BE A S M P, AR SOOKE 8 I BE W B B 3 (super-twisting
algorithm , STA) 5 8 2 b 1 #5455 1l (fast terminal sliding
mode control, FTSMOC) 54, 32 ) 1 — ol 8 12 5 B ok 28 o
TR A ) SR e IO o AN AL TR 22, R FTSMC 2 2
iRz HEsh SR, i d STA I R GRS U E W
AT TN -3

E X R USV BRER R 2 K

e, = é‘l’ —&,
e :é(ll _él

it':’:' é‘l’ - [1‘4 vyd]T j‘jfﬁiﬂ%ifﬂﬂ LH édl ﬂﬂﬁﬁ%?ﬂﬂ‘ﬂﬂ‘l‘ﬂ

GBS R G  E RN RS RE R ZE,
e S5 B e, R TR R G ) iy R L S — AN A
BR2E L PRI B b i ¢ ity 1 A TG

s =é, +Ae, +Ae, " 12
Kes =[s1.5. 14, 54, FIEEEX AR, p Hag
FRRIEAT #8022 G B R RS, Ae, " TRE NP
REWSEE FHH g > p. W e, 5 e, NIEAE IR B0, &
B T HAEAF SR ] A

23R G IR 10D L LD HF A 3 25 % 4 i 33
T, H:
T, =MR, () (EL+ A6, +A.e.e,"" " X q/p)+AN (13)

STA Sk fai 5, Be A 2cm il B9k, B8 etk , b Tl
SRR IS PR R ek A B Tk A R L, 3 T R
R AR .

T = —k, |'s |"sgn(s) —kzj;sgnmdz — ks (14)

A ks SREHIE O BT, B A 0 bR G

ko k. .k, HIEE®WIAM, sgn(e) T (o) RS HEL,
B SR M AR U A R ep L AT S R AR A AR I L B

S EY) e A AR L 0T IR R B &, o g R A

¢« 03

an



548 4

v F o

T # K

FOE RRZMR DRI, AR SCH 1 S TE YT eR RO #1555 1R B

DIl gt . HRKA N .
tanh(+) = (¢ —e ) /(e +e )
DEAR 5 1Y e e 3T A

., = —k, | s | tanh(Bs) szﬁ tanh(Bs)dt — ks
0

(15

(16)
K. g NFHIRMIES W R
KA S5O EHE B, X AD IR,

jrg :m,,(gb)(-};;‘f +Ae+Aee"" ! Xqg/p—1.) +AN
{rm = —k, | s |""tanh(Bs) *kzjttanh(ﬁs)dz —k,s

an
2.3 B iE R IE A i R g
T v TDE BEAAS T 1, B AR PR 458 1 A8 42 2
FETFROCR A2 L 51N T 1 AR Y 1 3 A A A R
W2 S A TR Y B R T O 6 b i R R Bl g 2 A
Y R SR BT B o B T i s R

B Na Oy NG U I I 4 30 51 30 25 3
W Na ik

Na =Na, = N, , +W(N,, — AN, ,,) (18)
fCEP W= diag('wll s Wy ) jﬁ’quﬁ%E% »ﬁﬁﬂ:iiﬂgﬂ:{%*ﬁ
AR MG TR A IE N TR, W B BAR R RN .

2

. . AT
W, = —a;s;5e y Wy = Wy

19

Wi — Wi s
A G FCoody ArRZ I ) W28 0 N TTR MR
e Coo) BYSR @i DXTATCE s v Mla, BIE QLN 5. H
TS w, MHEE; w; B—NIEREE FBEHTHRIEA
T o7 A R e 1) e

F 0 (18) (19 AT AT, W 2 Bifi o5 1 A58 A8 £ 1) A8 {1k i A%
b, 2R U S MR IR, WA ik, e SE BT N
PR ORI Y N e

FIsk (18) iy N* fRE R (17D P g N A5 B 5
HH

w; < wy

Jrf :MR,,(gb)(Ef +A.e; +Ayee, " Xq/p —‘5,\1;) Jﬂl&

FTsmcC STA ATDE

7., = —k, | s |"tanh(Bs) —kZJItanh(Bs)dt —k.s

(20)

ARG EE F 2 H 3 T4 R FTSMC i . STA
Yt 5 ATDE 5, ATDE 3 F 78 2 A 11 F1 55 B #b 2 R 5t
RN B Iy AR SRR T4 4 SR 8l FTSMC i
TP 22 G5 DA VAT 1T L S0 S50 - A A TR YT R 4 B A i
FEPE s STA T F D 3 48 4R 25 ) 35 2 o I A5 1 L, 00 )

e 94

PR G R ARG G M. ATDE 951 A B A &4 kK9
R AR T 9 45 L 4R R R S BL YL RE L T STFTSMC
BT RERS AT AR ATDE A 115 22 X R L5 0 L 42 %5
AR ENE . WA AR 2 R,

N =N, W@, = AN |

***** 7, =k M‘ * tanh(fs) + [ +kys
| | e / =—k, tanh(/3s)
S + S ="
ﬂ’@ «

B2 g A ah F AE 1R

Fig. 2 Controller structure block diagram

2.4 TEAEMSN

SRUE A AR SCT 5 9 i B s P 4F ATDE A TH % 22 30
17 R0 R RE IS R LT 3 AR

D TDE {15 224 A 4 #r

SesE L TDE AR 224 .

&€ = R(H)M (N —AN) (21)

A F =Ed,+Ae,+Ae e, Xq/p—rt. HHHFARX
A

T. =MR,(J)F + AN (22)
KX CHEXDEEETH.
F—& =§—1,.=c¢ (23)
A
MR, ($)& = MR, ($)(F —£)) (24)
FEORAKXCO P, HEE 22, .
MR, ($)e = (M —NDR,())F — (AN —H) (25
= 6) 45
TorL =M, R, (y, D&, +H,, (26)
$ L 2OMRAK ) 5.
N =M, R, ($, D&, +H, , MR, (p, D&, , .
27

ok QDAL 25, 2523 Fifkis.
MR,(y)e =AM —M)R,($, e, | +

(M —M)R,(y)F —A(M —M)R,($, DF, ;| —

AM, , —M)R,($, D&, ., +H—AH, (28)
TS B 2 (28) FH BT LA .
R,(y)e = A —M 'M)R,($, D&, . +

AU —M'M)n, +n1,

n, =A 'R, (\)F —R,(p, OF,, (29)

n. = Mil[A (M7M/7L)Ru($[}/fl,)§l./fl. +A:|
A=H—AH, |



3 A SR T D 4R TR AN R AAR S8R 3 )

FH STk [ 16 19 A8 5 1k TE BA mT 60, 24 SR R (] 1) B L
SERG/N, BARRE (T —M M) (15— (E (0 2 X3 (B #R /D
Fim,RCOFH R, (We HARUFHEFED, Hi5
IR, (pre | <. MF R, (Y NIEFHBEE, LEHH 1.
BOATIEAS & A RGO PR,

R, (prell = el <I (30)

2) ATDE fhi iR 2245 A a0

IER] ATDE fhitiR2H A, R REH A8 h i A
T o7 A R R M WA AL BE I w, AR

XF o, WATERETIA] ¢, B4 RTHSE] ¢ B3 .

t t 2 2
7}/11\14‘{ 7y!l'\l.
J Wy dr = j — ;s Se dr = «a,(e f—
t

0 ‘o

e Yy 1)
20 3D W 22 47 AR 4y, 45 31
Wi, = ay(e T — e Y fy 4 (32)
X w, H—NHERE L
B G2AHL 2 5., Bam T I K, w,, /NI

v

Py wn. Bs, BT 0B, w,, Bk

U E o, (1 — e )y, + wa. BCATHL w,, D
ay /7wy WA w; i w,, <a,/7:+w: =
wh, WAEWLlw" HH,

HE —a.e

ML, TDE fhitiRZA 7. WA el <,
le .|| < . .®&r5r., Ur" h#. ATDE fiif

W2 e W LIFRN.
I || =R()M—1|N—ANa |l =
D —AwWDr,_, || < | —Aw' I | (33)
Wl e DLTE AL,
3) ¥ il A AR E PR
R Y ITE ST IR SRR R AT S R O e D) 4 4
il 8 v 8 X T B BRI
B R RN

V:%sTerE Lo, —wid (34)
i=1 Qi
RO H, w, = w,, WFIEEs, WHEV >

0, X (34K G5,

o1 : 2
V= ?sTs' +V.=s"[—k, | s |"sgn(s) —k,s —
thzsgn<s>dt+R<¢)M*1<N—Aﬁa>]+v'w (35)

Rif: V= D] oo BT ATDE i FR 2010
T, MOTERGHWE R .
V<D =k s 5= D0 | s, | ﬁkz,dt— Dkt +

n ] n ‘ ]
Li . 2 .
Dl I TE 4 D0 Sy <= D kst + D) i+
=1 Qi i=1 i—1 Qi

i=1

%4
D0 sl *J.:kz,dt) (36)
FVEHL ko, 15 ﬁokz,dt B N P
V< Zk;s + E aL“ (37)

MR w, 5T w, SH RS, ) iu — o,
HEXGBDOAHEY <0, HFM,XOHATHRE X,

. . )
y 2 . Vs B
VvV <— E kays; — 5 s; S.e

i=1 i=1

<— 2/%;\7 +

2

Zk,’s,‘s“;‘)eﬂ”ﬁ" <— Zk:g,sf(l — e iy (38)
= i1

B AT X T AR s, AR A S R KRB0 I ] S 4
U2 S B T AR U AR E AR R AR E

3 FESH

Jg T B AEA S B ATDE+STETSMC WA Rt , 7
SCLL CyberShip 11 By $5 2% £ 8 4 S | X &, 2 F
MATLAB/simulink /f 57 S & T 05 BRI #3750
0 R LS

CyberShip 1 1 [ 5 S50 1 Fis,

&£ 1 CyberShip II R HEXSH
Table 1 Related parameters of CyberShip II model

S8 EAEIEN E 210 EAEIEN

m 23.8 X —1.327 4
I. 1.76 Y, —0.086 12
X, —2 Y., —36.472 8
Y. —10 N, —1.9
N, —1 A —0.75
X, —0.722'5

SRR T B R L PRI, R 4, () ERRES NG
SRS BI AR 2 Ha, Jy 220 0.5 7 31 M 75 4
I BEALEE ) I AER W B B A d, () BYERAE S5 1E  By
Bk 3.

3 — 2sin(0. 15¢) — 1. 2sin(0. 5¢)

d,(t) = |3—3sin(0. 15¢ — x/8) + 0. 8sin(1. 5¢)
3 -+ 2. 5sin(0. 3¢ + n/6) — 2sin(0. 05¢)
(39)
[12;050](10 s <<r << 20 s)
d,(t) = {[0;8;0](20 s<C¢ <30 s) 40)

[8;0;8](30 s <<1t)
A 6 I T TR 4 ol %) BR M AR L B A ERGE Y
[Id »y(/] =

e 05



948 & 2 F o

T # K

[£/1.584+0.5,—0.5] (2.37 s<<t)

[2+ 3sin((t — 2. 3D =/15),

2.5—3cos((t —2.3Dx/15)] (2.37 s <t < 17.37 )
[13—1¢/1.58,5.5] (17.37 s <t <C19.74 s)

[— 3sin((zt —19. 74)7/15+0. 5,

8.5—3cos((t —19. 7D)n/15)] (19.74 s <t < 34.74 s)

[—21.5+¢/1.58,11.5] (34.74 s <1)
“n
W USV M EGRIRE N -
L2 (0),y(0),¢(0]" =T[0,0,0]" 42
[u(0),0(0),r (0] = [0,0,0]"
2R S HOLE N .
{ = 0.01,4, = diag(3.5.2.5),4 = diag (0.1,
0.1),L = 0.01.k, = diag(2.5,2.5),k, = diag(0.1,

0.1),8 = 100,k; = diag(0.1,0.1), M = diag(42,65),
A = diag(0.21,0.65) @ = diag(0.4,0.4).p =3,9g =25,
Y = diag(0.1,0.1),w = diag(0.3,0.1),

T SRS LB, SR T PID, SMC 5 A & Wi I
FEAG T L ) CATDE + SMO) 535 1R b X [k . J
T, PID 5005 5 T 52 B0 HL B o U, 5 A SRk o I e
BTN 2 RS P AR () i) X LG 30 TR A SO vk Y AR B
SMC 583 /2 B AT A A 5 T4 80 1% IR B 42 1 0k, /T
BEA SR B ATDE HOR 1 &0 s ATDE+ SMC 8.2
AU EA SC B B STRTSMC B W ik s rk g, K
T3 .

1)SMC:

{1:5 = MR, ()@ +A.e, + K tanh(@) +H .

s =eé, +4,e,
2)ATDEA+SMC:

Jrg =MR, () (E! 4+ 24,é, +A,s + K, tanh(Bs)) +
AN_, +W(N,_, —AN,,))

[s =é, +Ae,

(44)
3)PID:
r. :MR,,(¢)(k,,e1—b—k,ﬁeldz—O—kDél) (45)

TEAFPIG R S WG R ¥ AR SCE 35 5 PID,
SMC.ATDE-+SMC 3 #5545 3 14 5 5L 47 AH B b 48, 38
i e, = el et SMMTALE AR T AL E S BT Al
LB R IR2Z U [0.0] m XIRN ., Heoh, R H P24
iR 22 (MAE) B4 3 % 22 (TAE) ® 4k 40 M & ik P g .
Pt AeIE bR K 2 A, LR 38 A5 X B A2 K s 4
A

e
MAE, = — >, |e,, | (46)
m o,

IAE, — J e | dt U7

¢« 0F o

*2 HEXBRUEBREMBEIER
Table 2 Simulation experiment position error

performance index

ik MAE/m IAE/m

PID 0.038 8 1.550 7

SMC 0.032 4 1.2927
ATDE+SMC 0.029 5 1.176 1
ATDE+STSFSMC 0.021 2 0.843 8

K3 JE/R T USV i 4 Rl Jr ik T e 0 2R 00
BRERAE B0, fh 18] 3 W] 72 = R Y SR L 4 B 5 ik 2 RE BR
b BRI L (AR SCAR I 32 Bl 38 T U S B L L B
PR ACR A

seedees Desired —-=— PID ‘eeeeee SMC
ATDE+STFTSMC

— — ATDE+SMC

242
4.99 5.0l

E of
= Al
2_
O_
) L
-3 2 1 0 1 2 3 4 5 6
x/m
&3 S BRI S 0 A R T 4

Fig. 3 Actual trajectory and expected trajectory tracking curve

Pl 4 Ry for R R 25 2R 18], DAIEL 4 ] DL L A
SRS AR L T PID.SMC 5 ATDE+SMC 3% 3 Fli it
B Wi S B B e, Hip SMIC 5 ATDE + SMC 8.3 #0840
BF ] 433008 5. 81.5. 16 s, A WF 5 BT 42 55 32 1 e 8 A 1] oy
2. 64, M5 T SMC 5 ATDE+SMC & 843 50 T 3,17,
2.52 s, Ui B T8 B E Do S 2% ity 9 5 42 % 0 1% 3 BE 8
RAGUS N 4 B3R 2 0B I AR I B L 0L & 1T
YR 25D K BR8N 0. 021 2 m.0. 843 8 m, Hifli ¥ /N T
A A S L h A 5T R 1 7 R AR OT IR 25 4 L
T PID.SMC 5 ATDE+SMC 233 SIAR T 45.4% .
34.6%.28. 1% AFHA T 13 N7 s 2E Ak 3 4 R A ik, i g
i e T 2% i A A o 2 BB 0 A A ) B A A R 22 4R S
FRGUHY PR ERRE R R et

(& 5 S AT 5% B30k v 42 ) i i 1 B G 1) 7 B R
MR NE 5 W LLE AR &M, AR T iR
SRR A RO BRI ] AP TR AR 2 L A8 R G AR ) B
M, HACE A 15 5 2828, UL E T ACHIF 5T 305 Hhols IBURE W
AL K U 1E 1) eR B 23T, BE 5 78 R0 ) T A R o b g )
PRIML 2 = R G T E T,

Bl 6~7 530 AW 5 S R USV G [ 8 ) 3 B A Ak



XM F R TR AR I S AR TR AR 0 RS IR IR AR 4

54

SMC —— —— ATDE+SMC ATDE+STFTSMC

AL B BRERR 2 /m |

0 5‘ ll() 1‘5 2.0 2‘5 310 3.5 4.0
B [a)/s
B4 R R 2 4k
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