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Path tracking control algorithm for the underactuated
USYV in the marine environment

CHEN Xiao, LIU Zhong, LUO Yasong, WANG Lian, DONG Jiao

(School of Weaponry Engineering, Naval University of Engineering, Wuhan 430000, China)

Abstract; A path tracking control algorithm based on the improved line-of-sight guidance algorithm and adaptive
sliding-mode heading control algorithm is proposed. Based on the Lyapunov and cascade theory, the proposed path
tracking control system is proved to be uniform globally asymptotic stable ( UGAS) when the target tasks are all
achieved. Compared to the traditional line-of-sight guidance algorithm, the improved guidance algorithm in the
paper can realize the real-time estimation and compensation of the drift angle by introducing the adaptive observer.
At the same time, the design of the forward-looking distance makes the manipulation of the underactuated USV
more flexible. Based on the maneuvering model and parameters identification of the USV called “sturgeon 03”7, the
path tracking contrast simulations were carried out on MATLAB/SIMULINK software. The simulation results show
that the path tracking algorithm proposed in the paper has more dynamic performance and less steady-state error
than the traditional LOS guidance algorithm. Then, the sea-field test using the USV called “sturgeon 03” confirms
that, under the action of the tracking control algorithm, the USV can track the desired path accurately, and the
track error is relatively small during the whole tracking.
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Fig.2 Design block diagram of the path tracking control system

2.2 LOS §5|F&%

LOS F:5| Fyk & —Fh 8 M7 350 S 3k, 3¢
BROT7 12 s 1 ARz shss il 4 b LOS R3[| 353k
195 X LOS 5kt 72 M A >4 Fi 67 E7E 09 22 il B 45050
SUAYIZR b — R 5 Y A AR 00 i 2k 3 i 45
P05 R B R 2 iE LOS K, 51 SN E
VTR . LOS F5| JH <7 F 3 Jy 2 il , AR
AR R T BT S50, B S
Mg P AN SRR, SO R AL I P R B 5 20 0 ) ST R A
AR ) SE R B AT O, B A% S0 A s Ak b T 53 01
WU AL A P i 2. LOS 58| B g Al 404 3 T/
PR B R [ PV, A SR FH R iR
LOS T 5| 5k, ani® 3 frow, LL USV 4 i B
(x(1),y(1)) S HFBRE LR E S (v(0),
yo(w)) M EST Serret-Frenet A8 AR 22, Horp 0 Ny
B SHCT R AR RN X, TS % AR Y]
A7), KA Y, W22 AR N 207 Il 48 ) A
i, HL9\G X, S50 A b 2R At A 1Y) e fhid o g A
Fifah

§(0) = arean(HE) ¢ [ (2)
, d , dx
s yi(w) = T () = Pule)
w w
B2 2 U R PR A
w = u >0,

i (o) +y, (0)
A, U= Vi +0° =0 J USV (RATEEE. FR A
(X100 5Y10e) 5 Serret-Frenet A 45 2R J5 55 8] ) B 25 by i
MEEEA,A=nL,n=1,LHEK.
51 LOS S8 IR

XM=%w»mva”y5,
Sy oSSR R A . TR R 1 £
wd=m“—ﬁ=¢Aw>+wmw<—”y)>—&

X, B il T AMEAE ELSCHFR PR AP LA TN ,
SEPRAT B R A R 2 52 B AR AN T IR
M, DTG 25 3 B0 TR f x 5 A ¢ 2
[AFEAE IS, IR A



5 10 3

WRTS , 45 IR R T BBl 0 A B B 2 ) SR vk - 113 -

B3 ETaIlEEHN LOS &5 K REE
Fig.3 LOS guidance based on lookahead distance

AR SCHE T H A I A AR, BT E 2 UL
KA IS AR ISR B, PRI RN 2 1Y M2 F00 45
BNy XTI A AT R, S5 26 52 6 100 B8 it 5 1)
Kot RS [T, 25 P& 3 Y J0 A 2 41 B i 2 3 iz
B, T AT 55 2 D i A B B2, YR/ [ 1R 2
MIC M B 2 B A B, AT 55 R A R
HHERACI , kS B R AR AT R, PR A A% Y i
PR B 2 TC A ME R T fin R 3% . T LR R,
PEHH—FPHT Y LOS F 5| 5k it an F

b = (o) - ey (3)
Ay p— DR
VA + (v (1) + Ay

k= ke, (5)
A= (A, -A, >e-““> A (6)

Kk oA ﬁjjﬂﬁ%mfrlﬂwﬁ*ﬁﬁ?iﬂﬁﬁﬁﬁ
B0y AT RSO BB A A 23

SHHTEEES A BRI /ME. 8 8 K E LA UKL
SIS B TS, AAS TR E N B = B - B, M

= B, (4) By [ 38 B A B 00 .
(4) ~(6) ATLAT Y, 24T At BE 35 300 28 46 o
Fif, Ry 3 ﬁl hm e < STy, = 0 i

(t)—w

YEH é%k;ﬁf%ﬁ%ﬂm@iﬁﬁﬁﬁ]‘ T2y 4 25
lim ™% =~ 1 | BRI v, iE?MEfr%MM%

Ye(1)—0

YA MIVEH , B0 PR T\ HE BE 92 4 1 b 52 AT 0
PRERAT 55 . BRI 04 365 B A A RT AT 4550 o 4 e R 3
125 SRR PR 215 ok i B i RN S TR R 42 (]
B, S (6) T LUE H, Jo R FE 5 1 B8 i 2k 4 I
BE, lim e ™" =0 A = A, , R0 TC A S e b

Yelt)—o

TSR R E A RE e 1) S8 4R B O
lim e ™" =~ 1 A=A, , A {HIC AR R0 1

Ye(1)—0

P WAL, A Rl M B TR 2= (Y .

44 L S5 F R G R AT
FE] 3 1 JL AT 56 2 Al A
v (1) == (x(t) —x(w))sin g, (w) +
(y(1) = y,(@))cos (@),
%ty (1) sRGAE
v (1) = = (x(t) —xy(w))sin g, (@) -
¥, () (6) (x(1) = x,(w))cosy, (w) +
(y(1) = y4(@))cos (@) -
U, (@) (y(1) = yy(@))sin i, (w). (8)
b (2) T
x,(w)sin v, (o) — v, (@) cos ,(w) =0. (9)
L 3 B LA e 2755 .
¥, (o) [ (x(t) - x,(0))cos ¢y, (@) +
(y(t) = y,(@))sin ()] = 0. (10)
(1) (9) . (10) Fo AR (8) a4
(1) = Usin(p +B - ¢, (). (11)
X U = Vu® +07 =0 %5 USV [T e, B
V£ RO USV A7 I 6 S 4 1.
S A BN B <5°) HNER
Asfl. BIFEAE B, > 0 875 |8 < B, ,HB =0.
M2, (1) M
y.(1) = Usin(p — ¢, (@)) + Ucos(yh — ¢y, (0)).
A = — oy NTCNSE R R A
A(7) W4
y.(1) = Usin(f + i,
Ucos(¢ + i,

(7)

-, (w)) +
-y, (0))B, (12)
XHH

sin( - arctan(%ye(t) + yim)) =

ye(t) + Ayim
YA+ (. () + Ay)®

cos( - arctan(iiye(t) + yim)) =

A .
VA + (. (1) + Ay,
B (13)  (14) A (12) T 15
- _ U(y.(t) + Ay,,)
y (1) = - —= -
VA + (y (1) + Ay
vA 3 +
VA + (y (1) + Ay,
Ul (v, (1) ) + By (v, (1) 4) 14,
(15)

(13)

(14)




- 114 - oK T

5 50 &

NI

oo,
@Kﬂw%@=5?%mﬂ%—¢AM)+

COS

b= Lin (g, -y, (@),
"

%uxw@>=—f%hmw—¢xm>+

st = Los(yy - g, ().
7
H RO IR AT A1, | (cos o — 1)/ <0.73,
| sin /gy | <1, | cos(yp, —y,(0)) | <1, | sin(y, —y,(0)) | <L.
I, BB @, (7. (1) ) @ (yo (1) ) TR -
Lo, (v () ) [S LT3, |, (v (1) ) | < 1.73.
I R 6 2 T 25 295 A 0 e s R B TS0 )
1, BUBREE IR v = B R &0 1 1,
K (15) TS %
(1) = - Oy.(t) — +
A+ (. (1) + AB)?
UA ~

JA + (r.(1) +A8)
WIE 5 LA [ 0 5 (2 5 R RV,

Vl(yc(t) ,L,é) = %yc ([)2 + 21716:@2 > 0.
(16)

K.y (1) #0,8#0HE>0.
X (16) T al s

Vi(y. (1) ,6,8) = 5. (0)y. (1) +
L U 2

%[3/3:— 2 y, (1) — .

I+ (L) + )

( UAy, (1) 1

= +f,é.
JA + (5.(0) + 88)°

(17)
T B = - B 45 (4) [RAR(17) T/

ACAORNIES D<o
VA + () + 4p)°
WL, APy () = 0 4k, S5 FREGRE—
B4 Jmy ¥ i 2 2 1Y (uniform  global asymptotic
stability, UGAS).
2.3 fmEElFRS
M HFOL T, BT T 45 e, AR 2 v P
(432 B ECFRERYIE R FH Nomoto #8579 (I 5 Al
SEAEARII/MIE A RO BB A0 T EAT HE S 09, T A

FE A A SR A N T A g ML Bl M S R R e A
FRAE , P Nomoto # BUANGE H] T ASE. A SCHEH
JETC N R PE DL R e A A A M Y Al L, R
Norrbin FER AT ] 45 61 &5 19 33t

Ty + Hy(¢) = K3,

Hy(p) = ngp® +nyp” +np +ny. (18)

Kb o NI & REFAEA; T i E w4 K
Jdtas s Hy () RARZAMEDT, T4 USV 4540
PERE; ny w1y <y . 0y 23008 Norrhin 245, 24 USV
HAXFREEHRINE, ny = ny ~0 524 USV HA EATHE
PERE, ny = 1, B0, = - 1. 8EK18) Al

T + ny’ + 4 = Ko.

PR T 2% Y, s

s, 1. K
A Ak

r=-—

b=
PN OISy

g = =y, (o) - arctan(%(At) + ¥ s

(19)
I,
— = - A
re =y = ¢, (0) A* + (y. (1) + Ay, )Y
S SC— By i BB T Ay

S =;+’ylp.

Vy = s(= 2 =S 4 58— 1y +y). (20)
ALt i T 42 Ty
T ng 3 1 . -
T =6 = f(Tr +7r+rd —yr —kys),
(21)
K, by > 0 A HAESE R (20) A (21) AT
V, = —k;s* <O.

PG, s =0 (8ir =0 Hy = 0) Wit +
RGOV HAEZA RS Y, e — B R
F2 %€ B%) (uniform global asymptotic stability, UGAS).

3 ARG MRE AT

TEIT RG] T R G R T i
P BRI 75 1 R G, AT A M RS AR S R %2



5 10 3

WRTS , 45 IR R T BBl 0 A B B 2 ) SR vk - 115 -

VSRR AZ B, BE 525 v, (1) 2RI IS, A

T X 0 BT R ) T 2R 3 3o A

EREE RS ¢ = o — o, IS T 2%, S5 T

RANET B %5 ¢, AHEBESEES r, P

v, (0) BT T RS, T WA A 2 5

R RaRE PRSI, TC MR I 4 22 45 1] 83k Ny
v.(t) = Usin(yp +B - 4, (w)),

b=, (22)
r =- 7]‘ - 7}# + 75
1 UM EREHET RS T 5] 7 R 4%

20t A SUTER A 1) A B R 2 (19) HLA% i A6 2
A (21) If, RGE(22) JE 2 Ry A 1.
UERA BEHGEE HAR ) J0 5 A 2R e v K R AR

s 1 1 S .
BV, = gy (07 4o IR AR

Vi = . (05.(0) +55 =
y () Usin(p +B - ¢, (w)) +

s(—%rs—LTr+§5—}d+'y;)‘ (23)
K (19) L (21) fRA(23) i[5
V3 =y, (1) Usin(B - arctan(y“(Aw +Yi) ) +

s(—hr3 —]fr+££(ﬁr3 +Lr+
T T T K* T T

fd - y; —kys) - ;d + 'y;) =
¥ () U( sin B4
VA + (v (1) + Ay’
cos B(y. (1) + Ay,,)
VA + (. (1) + Ay’
A 1 AT A BAR/N(—EB <57 )L Bl
Wi sinB = B, cos B~ 1, BiREHIE NS
(4) A& ER AT 2218 A Y B, B v, =
B =B M (24) AT

kst (24)

d

ARO[ e— -
VA + (v (1) + AB)
(.(1) + AB) e
AN x (. () +88)°
Uy. (1) - kdsz < 0.

VA + (y.(1) +AB)”
DRI 92 40 R 55 (22) A HOF 5 5 (v (1) )
(0,0) b B4 oWl F s 19

4 FEIERE RSN
Sy T S HE B G S P R S, 8 1 2

WA H LA IR B A% , 76 MATLAB ~F- &5 TR A SCRT
BT B SR 4 R R (B 1) AifL 4t LOS
I SRS AT B R SR (B 2) R AT LS g Xt
Fb. USV 7 _E AT, XU TR A P4 F i 2B AR
FHEIXF TC A A A 45 00 00 TP, B HAT 4 i 7
RGN, PRI AR S 3 7 AT 1) 2 1 op i 2 %
TR A 0.1 (1 P M A R AT ALl B 7 rp g
WER: U, =0.2m/s , ¢, =30°;USV [FIHIR
SAEHN > =0m,y =- 15 m WIHATMNEE N
¢ = 90° FTHBIE N 10 3.

B HRBEIREMN T A =4,k =0.03,
p=5,y=42,A,=6,A, =1651k2 PRSLL
WEN:A=6,y =5 JfELERUME 4 ~7 Fimn.

25 100 175 250 325 400 475 550 600
y/m

El4 USV fhZk 12 IRERPIT
Fig.4 Curve path tracking of USV

75 100 125 150
t/s

BS #HmiREHETL

Fig.5 Variation of cross-track error

75 100 125 150
1/s

E6 RIMERMEL
Fig.6 Variation of lookahead distance




- 116 -

5
=
5
H

NI

5 50 &

™
=
=
==
=
=
=

150

7 HEREEAREERNEL
Fig.7 Variation of expected heading angle and
actual heading angles

HiTE 4 af DUA 7R3k | FIBE 2 By Bl 4
FITF , USV HB B Ay v 1 1 B 025% 265 5 1) S0 SR T 3
HAEI R A M 2 B, 50 1 i B ROR 2 W]
BTV 2; NS alfe  7e5k | A 2 (5
AR, USV 30 REAS 15 40 .60 s I I S 3] 1] 22
WL, ZE5EVE 1 AE AT, USVY Ll R s o e v iR 1A
BUN(E RN 10 m) , Hiz 3l 80 A8 X 4, 105
U 2RO (e Kik 20 m) X2 T3
V1 P A I LI S BE A fo T A B S 1
=3 BT% 58 vin i N S Py IR vive it S A N DT SR NS
BT TR , 00 e S S R U AT I, [ 3
PP T AL B , DT RE 95425 i) JC A - 22 Hb
FEATIHIATLR X 5 K 6 HhIEk 1 Y RTHLEE B2 £k
O — BRY PRI I 28 i A0 B B A BT RE B8 1l
USV HYIRHAPESE IR 6. 18 7 25 1 ik iR i o
ROCARE B R 1 R BE 1 Rk 2 AR
USV i 1 B A 00, T LA M Bk 1 AR R
SRE AU TR 2, ELA 1) Ff BRI h £k 5 P30

5 SEMEIIERFER N

5.1 RIeHiR

T SRR (AT 55 X 38k oA 7 15 25 = s 2 (A
S 3, XIS B IR T A B A i 2
P, 01 3 G, SR ok B an 1#] 8 . e ik
FE I BT — AT U IE, ik B KN
2 km , SRR B E A 10 797, M3 v A 45 550 A A
FARE AR, ARG 0 95 ) B30 T 5 25 Kb 1 R
RE. BRIt AR rp, M 2R T R ST S S TT AR Y
A St R RGP IR B A SRS L
SESCAHE B JT i IO L 1R (5 18 S R 45 A
(BHI) = F R G, 7R BR i Lk 7 500 .
5.2 ELBEWIEZERESHW

R AT 300 R B 2ok 7 v B 2 1 S ) B B
DA RE R A bR, LA BE A bk, B USV 9 52k
AAT AL 5 15 1) BB 0T R AL AR AT 6T L, i 9
FiE7 , start £l end 43518 USV 2 5 f12K i, USV 3
BB iAT

B8 AuifiRERSKAE IR T TE
Fig.8 The real ship test process of path tracking

PO S

=== ----e-

—reference trajectory| /
-.-actual trajectory

- e --e--e--e--e--s--%-- o -—o-v

B9 “iBE 03" iRIEMATITIRERE R
Fig.9 Test result of path tracking of “sturgeon 03”7 USV

MO AT LAFE Hy 7 AR SO A0 SR 8% 42
SRERVEITR , J0 A BE A A v 1 b R B2 PTG 1R
ARSI ER LI , LA RE ATl R e o, I iR 25 A
XD s H 10 v ) e 22 4R Y A2 A 1 oL il AR
i, HIC SR AT 28 0T BT 1) 50 s AR, A
[ ZAZ A AR BB A B3 AL, e T S ER T B A )
ARARE N AR FN” R BI04 90 BRI R 2 A
R IRIEEFKAL 2179 20 m, {FJEAE A SO BR 7 47
HHEE BT, BEAS A5 J0 R B bR b o) 25 D68/
PSR 2 (477 1) 328 B, 1 R I (8] P9 45 D0 A E 119
S PRI TS 0 R AU BT, AT ORI T A a8 R
BT FRORS B RTINS B 1 24 ) B30 A S B T
RN FH A R

30r
10

(\ao -10+
>

=301 —I=I=y.=0

ye
_50 | |
0 150 300 450
t/s

10 HEEIREREL
Fig. 10 Varying of cross — track error
120

v
60

0

vi(°)

-60+-

-120+

-180 : !
0 150 300 450
t/s

B 11 faEfAaEd

Fig. 11 Varying of course degree



WRTE, 25 PR N R IK Bl 0 A A 320 R 42 1) 4 <117 -

5 10 3
6 % i
1) BEFELSE M PERR B R — 5 YK A E )

U B A i [, $i Y 1 — b T e A 5|
SRS A TE I R 1) ) SR SRR 3 K 3R 3l
TC NS AR R B A T Bk

2) BT 2R U R HE M R 48 B IR
T YA P B AR SEBURE, AR SCRT R H B4 R 58
N—E e R R g .

3) LIt 037 5 Jo N AE RNz S I K B iR
MIS RO RN, 0 5 A GE R T IR T 5 AT R
ERBR AT 07 ELSE RN L 3 A, R W] T S BT R
PR 42 T SR05 AT S e O A 320 R B R RN B AP RE
HA—E RSt

4) 1675 By Bk vk 2 18 Ba vk, ) < b 03
7 JCNSHE X T i A 2 o Rk AT T R
BAIE VIR SR AR A

5% Xk

[LTSRBIEL, XIEL, SR, % AR R R MR [T].
Bfgiz, 2015, 38(9) : 29. DOI:10.16176/jenki2l - 1284. 2015.
09. 008
ZHANG Shukai, LIU Zhengjiang, ZHANG Xianku, et al. The
development and outlook of unmanned vessel [ J]. World Shipping,
2015, 38(9) : 29. DOI:10.16176/jcnki2l —1284. 2015.09. 008

IR, MEM, REE, 9I~+7T:}\§ T IR 5 e F
[J]. ik 5%, 2016, 36(1) : 1. DOI.10.19341/j. cnki. issn.
1009 - 0401.2016.01.001
XUE Chunxiang, HUANG Xiaopeng, ZHU Xianjun, et al. Status
quo and development trends of foreign military’ s unmanned systems
[J]. Radar & ECM, 2016, 36(1): 1. DOI; 10. 19341/j. cnki.
issn. 1009 - 0401.2016.01. 001

[3] MR, BARE, 5/ AR 22 )R — S0t i A2 PR ER AR A4
T FAUKRE )], RIS SR, 2015,32(3) : 849. DOI:10.
7641/CTA.2015. 14067
WANG Haoduo, WANG Qinruo, WU Xiaoze. Uniformly globally
asymptotically stable path following with integral gain-variable
guidance law for ships[ J]. Control Theory & Applications, 2015,
32(3): 849. DOI:10.7641/CTA.2015. 14067

[4]EWIT, HER. BT B U 9K I 0 A A2 R 4 )
] IARRZAER (T AR L 2016, 46 (4) @ 54. DOI: 10.
6040/j. issn. 1672 —=3961.0.2016.010
WANG Changshun, XIAO Hairong. Path following controller for
unmanned surface vessels based on ADRC[ J]. Journal of Shandong
University ( Engineering Science ), 2016, 46 (4):. 54. DOI. 10.
6040/j. issn. 1672 —=3961.0.2016.010

[5]FOSSEN T I, PETTERSEN K Y. On uniform semiglobal exponential
stability ( USGES) of proportional line-of-sight guidance laws[ J].

Automatica, 2014, 50 (11): 2912. DOI; 10. 1016/j. automatica.
2014.10.018
[6] FOSSEN T I, LEKKAS A M. Direct and indirect adaptive integral
line-of-sight path-following controllers for marine craft exposed to
ocean currents [ J ]. International Journal of Adaptive Control and
Signal Processing, 2015, 28(3) . 20. DOI.10. 1002/ acs. 2550
[7]BORHAUG E, PAVLOV A, PETTERSEN K Y. Integral LOS control
for path following of underactuated marine surface vessels in the
presence of constant ocean currents [ J |. Proceedings of the 47th
IEEE Conference on Decision and Control. Cancun, Mexico: IEEE,
2008 4984. DOI.978 -1 —4244 - 3124 -3/08
(8TME, T, IR, 5. JCAIK I T LR Al B B o 65 1) 1%
HEEIELT]. R4, 2015, 41(4): 14, DOI:10.
16411/j. enki. issn1006 —7736.2015. 04.017
TIAN Yong, WANG Dan, PENG Zhouhua, et al. Design and
validation of path tracking controller for USV along straight-lines[ J].
Journal of Dalian Maritime University, 2015, 41(4) :14. DOI.10.
16411/j. enki. issn1006 —7736.2015. 04.017
[9]OH S R, SUN Jing. Path following of underactuated marine surface
vessels using line-of-sight based model predictive control[ J]. Ocean
Engineering, 2010, 37(2) : 289. DOI:10. 1016/j. oceaneng. 2009.
10. 004
[10]FOSSEN T 1, PETTERSEN K Y, GALEAZZI R. Line-of-sight path
following for dubins paths with adaptive sideslip compensation of
drift forces[ J]. IEEE Transactions on Control Systems Technology,
2015, 23(2) : 820. DOI.10. 1109/TCST. 2014.2338354
[11 ] CAHARIJA W, PETTERSEN KY, SORENSEN A J, et al.
Relative velocity control and integral LOS for path following of
autonomous surface vessels: Merging intuition with theory [ J].
Engineering for the Marine Environment, 2014, 228 (2). 180.
DOI:10. 1177/1476 - 090213512293
[12]DO K D. Global robust adaptive path-tracking control of underactuated
ships under stochastic disturbances[ J]. Ocean Engineering, 2016,
111; 267. DOI:10.1016/]j. oceaneng. 2015. 10. 038
[I31FERME, XU, T4, 55, BT Takagi-Sugeno BRI B 22 ) 24 1y
RBRBNTENE LA BR B [T ). AR AR 24, 2015,
36(4): 863. DOI.10. 16322/j. cnki. issnl123 — 7687. 2015. 04.
014
DONG Zaopeng, LIU Tao, WAN Lei, et al. Straight-path tracking
control of underactuated USV based on Takagi-Sugeno fuzzy neural
network [ J ].
36(4) . 863. DOI: 10. 16322/]. cnki. issnl23 — 7687. 2015. 04.
014
[14]ZHANG Tianhong, ZHANG Jun, LIU Zhilin, et al. Finite time

control line path following of underactuated surface vessels[ C]//

Chinese Journal of Scientific Instrument, 2015,

Proceedings of the 34th Chinese control conference. Hangzhou:
IEEE, 2015 5084. DOI.10. 1109/ChiCC. 2015. 7260432

[15] WIIG M S, PETTERSEN K Y, KROGSTAD T R. Uniform
semiglobal exponential stability of integral line-of-sight guidance
laws[J]. IFAC - PapersOnLine, 2015, 48 (16): 61. DOI; 10.
1016/j. ifacol. 2015. 10. 259

(%4 &K <)



