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Fig. | Dynamic base docking system coordinate system

i 2 R A FE 4k (USBL) U &2 (AR “a” ) 1
AUV A X 2475 A 19 B 25 5 38 2 6 22 A% AR DU
R AR o) M ZREAE LR R B, N AT RIR N
K (D), Hh AR dev 78 AUV AH XS 3l J3E 1 137
ZAw 2 (deviation) .

— T
Ndeva = [-xdcva Ydevs chv]

ndevo = [¢dev’ gdev’ l//deV]T (1)

1.2 AUV #H=iE5

BEXS AUV gl 5 J38 0T 122 7] B, 8 H R 3t AUV
SME BAT 3 A RFRF 1o (Wi O 1 A ), AR
OB, B B PR T 22 AR SRS
“HIK 100" i AIHE R GG LR BT RE
BTk, ASCRE T A i E (5-DOF) AUV
55 By KL 0 3 R 3 gl B ) S AR 1 2
JETL A



194 “OK T RNRG MR AR % 5 2026 4E
HSTLUNT 5-DOF iz 824 5 X m b AUV it fes 1 L oA ¥ ol X, Y,
) 0w ARV S TP NG TN 0NN

n :|: 02><3 JZ(’]I):|VI (2) E(J 7J(£jjjj§ﬁ§&; ﬁlﬂ’ X”l’YVI’Zwl’Mql’NthX|M1|M|’

_tq:' Ji(n) = lﬁ]z(ﬂl)jﬂﬂ;ﬁ_f R 56 1, 15 B2
FREREF R

X| = uycosy; cosB; — v sinyg; +w, siné; cosy,

Vi = u; siny; cos @, + v, cosy; +w, siné, siny,

21 = —U Sin91 +wy COSG] (3)
0 =q
g = ri/cosb

A o= xnynzn 0y e ROPE AL R &2
AUV I B 5 %5 v = [u,vi,w,q,r]" e R IR
MBS AUV BYZEEIE 5 MR
F i AUV IEWIZ T, RN 2 L
e BT RIVREAD 73395 A2 1601 < /2, Fh ko Bl 7 B o
AN AR )
% JEF 5-DOF 3l )12 7 it
My +C(vvi+Di(vivi+gi(m) =ta+7ta  (4)
s My e R™ AUV 5 BEf 44 55 B o 2 7
LS Ci(vy) € R™ B BRI ) 5 1) ) 36
WF; Dy(v) € R™ N BHIEHEFE gi() € ROIKH )
KR T, € ROAFEG 1M 70 € ROAIESN A IE

- 2, =1 s
5-DOF 3l J) 2= 7 B I
. Ny, 33 d 1
Uy =—vr — _WICI1 + _Ml +—Ty
nmy, my, nmy my,
My, dy 1
V= —ury——v; + TV1
mp my; Ny,
. nmp ds; 1
Wy = —ugqy— — W+ —T,, %)
ns3 ms;3 ms;3
my, ds; 1
qi —_u|q1—_W1+ qu
33 mss3 mss3
1 1
ry=—vihn —W]q| + — U +_Tr1
11 11 np
>N I:F.:

my =m _Xu.
my =m; =Y,
ms3 =m, —Zw,
mss =1, —M,,
mee = I, — N,
dy =X, + X, 1
dy, =Y, + Y, il
dyz3 = Zy, + Zy o, W1
dss = My, + My, 191
des = N, + Ny, |11
gss =p1gV1GTLlsin8, (6)

Yo s Ziwiwns Migriars Ny 45 11— B BHJE R B0 — By
FHJE 280 GMy, h AUV BYZN[ Raut i

R X I S 0 9 A T 5 O B
W, AR SO P ELR TS T AR T S — 25

1) &1 Xtz SR A A (AN sk B L 07 5. 45l
F15): Fhs 17 ¥ FRR AUV M &S50 Cln
vio BiEm . 5 )5 B <27 ¥R ik
BRI S BN S v, | (B %) .

2) EFxFah A R R A (T L PHJEAF)
W H SNAME #r#E, R H FArije(1,2,3,4,5,6}5
BIXF RN . K T BERE . OARE L EEE S A
FOE . (40 mas R T 35 7 1] (19 5 2 2500
T B A, B 038 SR A AR SR AU A
AUV Bl 3 X 22 1 s B IR EE AR 5 2% 5k, R
W RO F sl

1.3 EHBFr

ARSCER X AUV 55 5l 285 5 J3E 0 6] 4 2 il [7)
BOTE— P R | WSO R PR A o B
bR 2 7R ASE R AN 2 1 A A 5 ) I 22 3
PR, SREh AUV PR | S 7l 528015 ] i £
A A A AT gl B e ) 0, O AUV RS
F AL 5 Bl e T g | A A RS E B, DASE IR 2K
URoEFCIE s

2 EhEEEXEE IR

A B T PO AR A R R A A R iR
(FNITSM) , 313l J 2 ¥ il 4%, 456 v A 4b
12 AUV BB Bff 22 1 R AR S0 19 52 4
0 1 AR AUV BR ER 2 900 B B 5 i1 is
Bl il 2%, SCEL AUV 7 235 25 0 P s i 84
Jr s 3l 7 2% 5 1 gy e i g 00 BRI (R FR e
PESR A FEW] . 1B 2 S 4 A% i iy B AR HE
&1, W 735 WU PR 42 ) o e %) 1 1 R i, Horp
FNITSMKC & FNITSM iz 32~ 4§, AFNITSMDC

lfdl
i 7475 1 2 O 124 1 25 I T—
Fnitsmkc N Afnitsmdc 8
1

[Jiefs | e [USBLfiitn
| Sl
K2 XU R G RHHE R
Fig. 2 Block diagram of dual-loop control system design




%23

AR A A - T I D R I AT S B St R AUV 5 5 e P 0 47 7 195

>k F 3% W FNITSM 3l J1 208 2% .
2.1 HBIEM FNITSM zh 135 418815 1t

KGRI T AUV SR80 3h 12707
e, 07 (B P 4% B, F IR R R s, # X (3)
HRORRE SR [ TR A D s o Bl 0 A R S AN
PSR R . B

M, =M, +AM,
C\(v) =C,(v)+AC,(v)
D,(v))=D,(v))+AD,(v))
gi(m) = g:()+Ag () (7

W] AUV 122 LB 207 B AT LAFRIA R
Mﬂ"l+él(V1)V1+D1(V1)V1+§1(771):Tv1+T<r ®

B 15 B A 1 2 1k 5 A0 B B 0T T A AR
Pezh:

T, =Ta —AM v, — AC,(v,)v,—
ADy(v)vi = Agi(m) ©)
B R T RIS FNITSM™:

s = [ emdr+aer 0+

B (f e(r)dr)gl/gz (10)
K e) =x(t)—x(), WARFWEF IR ZE; a>0,
B> 0 BT H s pipas g1, 2 4 IE 7T BB H W A2
1<pi/p<25g/8:> pi/pso
MR Gk A #) 3k FNITSM | i, s(r) =
et = [ e(o)dr, T 7 e B SR 22 (o) ¥ 1 A7 WL B
B] e, BB [R] R
() el
I =ﬂ ! (elfﬁmde' (11)
BBE1 (UH LM R TR AUV
Y, FEAMIEA FEAYIE 0L, 8 SN P 2
oIl < Ao+ Ay Vil + Al P (12)
AH, A, A R R A IE 8, FLE R AR 41k
A8 KT 7, 09 5 B R EG A& KT o,
(v 159 22 5505 748 K7, 1 v P30 R 50
% 8 1s Bl e w2 i o v, R AE 2.2 38 3)
RS ER RO A ), SCHEEEIRERIR2E R
Ve =V, —Vq (13)
BT OGE IR BE R 22 v, B R MY B Sy o
FNITSM T

t t ni/ny
5,= [ vidr+ Ko 1 K [ var) (14)

X . Ky = diag(ks,,. .., kis), K, = diag(ky,,. .., kis), N

o BT B IE W B B 5 my,my,ny,n, >0 A IE

AR WL <my /my <2, ny/ny>my[my o
VAN [ 3 0 PR AR 3 2% i T 42 o

Ty = Teq+Tsw (15)
K 1o =70+ 7 PR 27 1Y 25 I 7, Oy U] R
i, Feik L r

To = Ml‘.}d"'é](vl)vl +D1(V1)V| +&i(m)

T, = _K4*V82—m1/mz_
K *d ! d m/nl 2—-m, [m, 16
3 lag(ﬁ) Ve T) Ve ( )
s,7TA)"
-8 o Jsii#0. vl %0
Tow =9 (s, )
0, else
Q = Is, 1A Qo + A [yl + Lol (17)
/\Ei:l:
A = Kydiag(v," ™M™
K" = (mznl/man)K3_|K4
K, = (my/m))MK;™" (18)
A6 =0,1,2) 0 4B AR THE, A0 H 3E S B A
AR
o —Xo IISVIIIIAII
A=x 1— (s [ TIA T[] (19)
A = Xz IISVIIIIAIII|V1|I
itq:" Xi > O(l = Oa 1’2)’ y‘j Q iﬁmiﬁﬁﬁo
1 HX AUV 8 J12#2 B (4), #1331

s EER e, R (15) . K (16) H5X(17),
AUV 138 B 152 25 v I 75 A BRI [R] Ty = 1,0 + 1 IR
HENE (r Fon TR B, s ol BB .
FEHL L UERI T
IR HIE NS B HAG T E A E B RR,
W) A7 7 6 A A

A" > A
>4

0,1,2), &0 208 K

i=0,1,2 (20)

A :;li_/li (i=
PR

l\)l'd
l\)|>—‘
MN

(e2))

i
=]

K, 0,i=0,1,2) HIEH L, H
X (21)3Rk S, 1S

ﬁﬁ/@(ﬂ, <Xio



196 KT RN FR G

VAR &

2026 4F

V,=s,"$, + Z goi’l;l,;l,v =

i=0

m . T
5,7 (ve + m—1K3 diag(v,"/™ 1) (V — Vg)+
2

n . 1 ny/ny—1 2 s &
n—2K4d1ag((f0 vedr) )ve + Z; o A (22)

B 4 8 22 J7 B (8) Sl v fUA

2
V,=s," (::%A(Tsw + ‘rp)) + Z 0. A (23)

i=0

Hls,]1 # 0, vl # O,
Vi=s, (—A(rsw+n,»+2¢, i =
i=0

(s,74)"
- v /10
mz( )|| A 1Ml o

Al + Xl + 7o)+ Y07 A =
i=0

n, A A~
= —lIslINIAll (Ao + A [l +
ny

2
LinIPy+, )+ > 07 A4, (24)

i=0
B 1A X, T
m > .
V,=s" (—IA(TSW + T,,)) + Z 0, A <
m, i=0

m a ~ A
m—l ls IHIAN (= (o + Ay 111+ ol )+
2

Qo+ 4 Il +LInIPY + > 9 A (25)
S

L=A-1i=1, i=0,1,2 (26)

4438 (25) 5 18 1 BB A (19) R AR (24),

EC:
’ m; - ® 3 i
Vi< s AN (=)l
2 i=0

2
m i
o Is1 D =l +

i=0

—IISVIIIMIIZ((D,’IXM =4Il <

i=0

-— IISVIIIIAIIZ(/l =Wl =

i=0

m 3 i
=L ls, 1Al Z(w;‘x,- DA = @)
n i=0

yifh— AL, 4
m 2 .
——1|M||Z<ﬂ,-*—a,~>||vl||'<i: 0.1,2)

3 = ——IISVIIILAIIZ(WIX, Dl (28)

i=0

Fr LAV, Al gk — Ak A, 15

V| < _84||sy|| - Z(DiilSi(/l,‘* _;11) < _80V21/2 (29)
A, & >0, R H
£ = min( V2&;, 20480, V20,81, \/2_(0282), g
SCHR [19] £ H 59 A FR A [a] i 84 B, =X (14) T 42
B FNITSM K 76 A8 FIR Bsf ] Py Ui 8 3 & B s, = 0,
H S ast a) Ay
2v, 7|

ty < 8—00 (30)
ls, |l # 0,v. = OFF, =L (13), A%
Ve = Ve~V (31)
¥ 2 h J12E 7R (8) v = OfR A, 175
Ve=V—Vy=

Mq (T +7,— év(Vl W=
gm)-ve=M"z, (32)

A1 L, AT, 2 0, fitlhy, = OAN2BHAS FNITSM
s, = Oy Al ik [A 3R, AR 513 1, RERE
K FNITSM Ji , AUV 3 B2 15 25 v R 76 A BRI [a] 1
S 0, TSI B 14 o

Ph b, 3h g 2z 4 A b v B e A R B al i ik
SBNE, BIBEENT, =t + 1

AR TFAL Ge AR 4t 1 4 I 2% ™ "' ( nonlinear
disturbance observer) i # 7 Z R T ZL R A
FHEM ES, A Eiﬁf“@ﬁﬂﬂ?ﬁm
AN E PE G F R AE CIBORE 1 R ) o X ERE
5 il 5 T 7 PSR LA 3 EHJIL"F:HEmmeJZBEED
AL 38 3 2 A 3 I T S BT A I B A AR
%, B 3G T 22 AR 1 B R R X R 5

2.2 FNITSM iEzh iz 28 i% 1t

iz gl AR B R A AUV 5 ] CRE i 7
Hu[E L AR bR 28 T B R B3R 25

D(VI)VI -

n,=1m-1 (33)
EE%kFiEﬁBEﬁ%J AUV TGk S AR BURE s
0 %y, HREE I 75 Y6 B £ AR U AR B 2 F 19 AR

X AT 28 U 22 Nae» o A8 38 P T I O 4 g e 1 153



%23

AR A A - T I D R I AT S B St R AUV 5 5 e P 0 47 7 197

PEARFR R T WAL B R 22, RS MTEM IR R T
AHIA], TCFE . FrLiA
e :[ Ji ()N deva } (34)

'7 devo

BEXT AUV 5 B 09 A8 X7 1R 25 . e R°H
JEANR 1912 3% FNITSM:

t t Y1/72
s, = L n.dr+ Kip 0% + K2<L qed‘r) (35)

K, = diag(k,,,..., kis), K, =diag(ky,..., k) N
T BB IE 2 W R, 91.¢0,71,7, > 0L N IE
B WL < qi/q <2,v1/Y2 > q1/q20

BTN 1942 82 FNITSM 45 il %% :

ve=J (- K + Ty, —
. t
K]*dlag(J;) ,’ch)yu/yrlnc%ql/qz) (36)

K K =@o/ay)K 'Ky, K =(q:/q)K ™ -
FeR*HEHR HIEENERE. L36) HE T8
A 25 M0 2 R 5053 1 i BRI T A S S
ik [12].

KT “
§ || |
2 nl| >
Vew ”K”

0, else

0, (|7, 0
syl| # 0. llmell # a7

A, k=s,"K diag(n.”/="),

2 AUV 24X (1) 5K (12), &
Wz g2l 25 va 28 (36) 55 (37), W AUV
SRRSO R g G AEA PR R T, = 1, + 10 N
s E %

FE R 2 AOE B LT LR TR AUV B JE
vy REAS 76 AT IR A [) P B 0t 300 28 e 1 v, L GRS iR
Z, |/

YVi—Vq4 =0 (38)

P B 1 AT, AR SO ) Bl ) 2 4 o AR R
fifi AUV 3 B 15 22 76 47 BR8] py e85 3 2%, AT
RAER (38) Jlior . EFE 2 ATEIA BRI T .

BN ZE A R R AL

1 T
V.=35,'S, (39)
X HSR IR AR (35) ~K(37), WA

V,=8,"S, = SUT('le + K, L diag(p i+
q>

Y1 . t /y2—1 _
szzdlag ((L ned‘r) )Tle) =

SIIT(ne + Kl @diag(,’e%/qz—l)("]d_
q>2

t Yi/y2-1
K,"diag (jo nedT) R
Fvsw - i]d - KZ*’lcqu/qz)-’-
t yi/y2—1
K, L diag ((j qed‘r) )ne) -,  (40)
72 0 9>

w

s,|| # O,
. . ra
V.= S’ITSU = _q_;rkw ”SUH S
~ 2 @V, @1
q>

FdE L™, = (35) Fr ikt i 194z 3l 2% FNITSM
B AEAT B A [a] B 2N 28, ELSCBIRT ] Ry

to < —2V21/2|t:0
(q1/g2)Amin(I)
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v, <L Lave (45)
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Table 1 Hydrodynamic coefficients of AUV and mothership
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Xus Y,z [(Kg-m) 30 110
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GMy /m 0.02 0.04
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Fig. 3 Thruster layout of the AUV
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Tu| = T] + T2
T,,] = T5 + TG
Twl=T3+T4 (51)

Ty =Ld2'T3—Ld1 'T4
T, = Ld4T6—Ld3T5

ot —2, n] DIAG B AR 0 B 1 5
JIHEH

Ld,t,, -7, (32)

25 HEE 25 B9 HE T BRI A £150 N
5 B, X REA B0 bR 6 8 5 B R
x2(0) = O m, y2(0) = O m, Zz(o) = Om
6,(0) =0rad, y¥,(0)=0rad

u,(0) =0.5144 m/s, v,(0)=0m/s, w,(0)=0m/s
q-(0) =0rad/s, r,(0)=0rad/s
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Tay, = 20-sin(0.3¢+7/5)+ 10
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Taw, = 20-sin(0.3t+7/5)+ 10
Tyq =20-sin(0.3t +m/5) - wy + 10
T4, =20-sin(0.3¢+7/5) + 10 (53)
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tive fast nonsingular integral terminal sliding mode
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AP 25, B ILE 2.

F2 AUV EHIRSH
Table 2 Hydrodynamic coefficients of AUV
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Double-loop adaptive fast nonsingular integral terminal
sliding mode control for dynamic base recovery of AUV

ZOU Quan, LIU Yang', HAN Peiyu
College of Intelligent Systems Science and Engineering, Harbin Engineering University, Harbin 150001, China

Abstract: [ Objective ] This paper investigates the high-precision control challenges associated with the au-
tonomous recovery of an autonomous underwater vehicle (AUV) by a dynamically moving docking base. Dur-
ing the docking process, the recovery performance is significantly affected by complex underwater environ-
ments, including time-varying external ocean currents and inherent model uncertainties. To address these chal-
lenges, this study aims to propose a robust double-loop control strategy designed to achieve rapid, stable, and
precise pose alignment between the AUV and the moving docking base under constrained conditions.
[ Method ] Using the "White Dolphi 100" docking system as the primary research platform, a 5-DOF motion
model is established to formulate the dynamic docking problem. The proposed control architecture consists of
an outer kinematic loop for pose error regulation and an inner dynamic loop for velocity tracking, utilizing an
adaptive fast nonsingular integral terminal sliding mode control (AFNITSMC) strategy. Specifically, a fast
nonsingular integral terminal sliding mode surface is designed to ensure finite-time convergence of the system
states while effectively eliminating the singularity issues inherent in conventional terminal sliding mode control
methods. To enhance robustness, an adaptive lumped disturbance estimation law is incorporated to online esti-
mate and compensate for uncertainties—such as model parameter mismatches and time-varying ocean cur-
rents—without requiring any prior knowledge of the disturbance upper bounds. Furthermore, a boundary layer
technique is introduced into the switching term of the control law to mitigate the chattering phenomenon, there-
by protecting the mechanical actuators. The stability and finite-time convergence of the overall closed-loop sys-
tem are rigorously established using the Lyapunov stability theory. [ Results ] Extensive simulation studies
were conducted using the hydrodynamic parameters of the "White Dolphin 100" docking system to validate
the effectiveness of the proposed control method. The simulation scenarios accounted for 20% thrust satura-
tion limits, time-varying ocean current disturbances, and 20% perturbations in model parameters. The results
indicate that the AFNITSMC method achieves rapid pose convergence within 10 seconds, with specific con-
vergence times of 4.6, 7.0 and 9.39 s in the longitudinal, lateral, and vertical directions, respectively. This per-
formance significantly surpasses that of the baseline nonsingular integral terminal sliding mode control
(NITSMC), which required much longer intervals to stabilize. Regarding steady-state accuracy, the mean abso-
lute errors (MAE) for position were measured at 0.142, 0.103, and 0.0397 cm, while the attitude errors were
0.012° and 0.054°. Compared to the NITSMC method, the proposed method reduced position errors by 75.7%,
87.6%, and 95.3%, and attitude errors by 96.5% and 62.2%, demonstrating its superior tracking precision and
robustness. [ Conclusion ] The proposed AFNITSMC exhibits excellent control performance and promising
engineering application prospects in addressing the dynamic base docking problem under external distur-
bances and model uncertainties.
Key words: autonomous underwater vehicles; docking control; dynamic base recovery; adaptive control
systems; sliding mode control; double-loop control
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