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Nonlinear Disturbance Observer Based Backstepping Sliding Mode Depth Control for UUVs
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Abstract A nonlinear disturbance observer based backstepping sliding mode depth control algorithm is
proposed for hovering operation of unmanned underwater vehicles (UUVs) in shallow marine environment. Firstly,
based on the hovering characteristics of a fully actuated UUV, a five-degree-of-freedom decoupled heave channel
dynamic model is established. Then, a nonlinear disturbance observer (NDO) is used to effectively estimate the
time-varying wave disturbance and model uncertainty, and the exponential convergence property of the NDO is
proved. Based on the UUV nominal model and the estimated disturbance state by the NDO, a backstepping sliding
mode controller is designed using the backstepping method. By introducing a hyperbolic tangent function instead of a
discontinuous switching function, the sliding mode approach law is improved and the chattering effect of the sliding
mode is reduced. The stability of the system is proved using Lyapunov theory. Finally, the effectiveness and
superiority of the control algorithm is verified through simulation experiments.
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Fig. 1 UUV Simplified Schematic diagram
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1

A -
[ Satd "u"kf::"“:’”"fﬂzﬂr'“ﬂ"k‘{'"’Xﬁi
vf Yi

0
1k BSSM+NDOi% %
—— SMCiRE

PR 2 /m
b

-5

50 100 150 200 250 300 350 400 450 300
] 8] /s

B 5 BRTREEFIREML

Fig. 5 Depth control error curves under wave disturbance

300

— EhHRA

200
100+
Z
<
& 0
=
M -100
-200
~300 1 I | | 1 | 1 I I
0 50 100 150 200 250 300 350 400 450 500

o Irl/s

6 EEMEENT ML

Fig. 6 Vertical auxiliary thrust change curve



316 - FHELSRT G # 7%

250 . . : . . : :
200+

hah
— e

sl JIN

0 50 100 150 200 250 300 350 400 450 500
B Rl/s

7 TR £k

Fig. 7 Disturbance observer curves

2 HTREEBER S INE 5% 0 5 LA e 28 R an &l
8-11 ffirn. & 8 MRS T e R 5 PR iR
FERIMhZe, B9 MRS T /Y 2 MR RS
il 22k, BSSM+NDO S il iR 24 0 /T
SMC Bk, 48, fE0FER 500 s i
T BSSM+NDO Bk 2 M Iridh 0326, /N T
SMC BRI R 0.418, & 10 Ryl ELAHERHE ST
A g B 11 B ARLE T 25 x4 8h
FIATHE, 5528 1 XFEenT s, JAEZRrETHeum g
TEVEE 58 2R i 7 Al 28 AT B 5 b i v i oz e
SR AR
WK 2 5K 2 A, ARXEBH
BSSM+NDO Fik REE B b i il i IR e sl , mlis 2
82 ARK IR TR s i 20K

0 —
PEMH
-1 BSSM+NDO
— SMC

R /m

50 100 150 200 250 300 350 400 450 500
I TE)/s

8 BRI TREENME

Fig. 8 Depth motion curves under wave disturbance

Fig. 9

1

~ \
. yns
: . 1
W 2L WP SN 1}.-*!. T ANy S
q\no‘\b \7 Frdedpiys ..,‘;naég.,@.‘.ﬁ
. ) \
=1+
£ ——— BSSM+NDO# %
i 2 —— SMCiR %
==
¥ 3
4
050 100 150 200 250 300 350 400 450 300
IS R /s
B9 BRTREEZHIREHZ
Depth control error curves under wave disturbance
250 T T T T T T T T
200F izl
100+
Z 50}
=
] 0
5 s
—100}
—1501
200}
-250 . i i i i i i I f
0 50 100 150 200 250 300 350 400 450 500
T/
B 10 T 27 i 2k
Fig. 10 Disturbance observer curves
300
P A
200+
100+
Z
2
E o
=
&
-100
-200
-300 L L L L L L L L L
50 100 150 200 250 300 350 400 450 500
A )/
B 1 EEHEEHITHHE
Fig. 11 Vertical auxiliary thrust change curve
HRiE

BEXT UUV AR ERE T ARG | s i

PERIRAFARL TR, ASCHR H—FPE T NDO #Y {5



%3

A A, & ATFIELBFHRANEGE UUV FUE G ALEE 45 4| - 317 -

BRI IZESE T NDO 5 R s i A |
TR B, Bt NDO X AR IRAL 8 5 R Ge 0
BN S HEA T AT A8 A T R TIT I 53 R SE RS s
HBEST, JFUEMT T NDO RY4E ROl SeRet:, 7e LR
b, RA T RS, SRR, X
it IE V] eR T | A B RS T A R PR . e
W SR RR Y], SRR R Ak, A
SCHE M A R Ok AT SO R AN ISl
o R LA AR

£ % 3Lk

[1] Fhek, WEE, EE%E, F EANEMGREHEARK
Je B AR fGE FIWETE )], ARARAHEHR , 2023, 45( 21 ):
105-109.

[2] BREWY, SR, Wk, 5% KN R AKAINT LR
G ORI ]. KT EANRG =M, 2023,
31 (1): 1-9.

[31] LIJY, BIAN XY, HUANG H, et al. Hybrid visual
servoing control for underwater vehicle manipulator
systems with multiple cameras[J]. IEEE Transactions
on Systems, Man, and Cybernetics: Systems, 2024,
54 (3): 1742-1754.

[4] YANGNK, CHANG D, JOHNSON-ROBERSON M,
et al. Energy-optimal control for autonomous underwater
vehicles using economic model predictive control[J].
IEEE Transactions on Control Systems Technology,
2022, 30 (6): 2377-2390.

[5] QIAO L, ZHANG W D. Double-loop integral terminal
sliding mode tracking control for UUVs with adaptive
dynamic compensation of uncertainties and disturbances[J].
IEEE Journal of Ocean Engineering, 2019, 44 (1):
29-53.

[6] SMALLWOOD D A, WHITCOMB L L. Model-based
dyamic positioning of underwater robotic vehicle:
theory and experiment[J]. IEEE Journal of Ocean
Engineering, 2004, 29 (1): 169-186.

[7] B0, BB R, R T 29KEh A 3K T T8
Bt sh Jp e i), g R E 2=, 2011,
45 (7): 961-965.

(8]

[10]

[11]

[12]

[13]

[16]

[17]

[18]

R, BOBERR, BOR, AF. —ROK T EROHLEE A S
Ty AR I A, HENL S ECF TR, 2023, 50
(3): 644-649.

W, WA, RET, . 28 AUV 3 E
PLRGEHERLERIOT ], MRk AR
TRERR, 2023, 50 (3): 644-649.

RIEDEL J S. Shallow water station keeping of an
autonomous underwater vehicle: the experimental results
of a disturbance compensation controller, ADA436011[R].
Monterey: Naval Postgraduate School, 2005.

mOl, MR, 2R, % TR TSR E s
(4 F T S T AR D], P AL Tk R e sl
2007, 25 (4): 552-555.

O, BT, RER, A KT s 3 Y
A A B R AR A [9]. SR T A, 2008, 29
(3): 374-378.

SENI, ZESCNI, sRARRE . AF. HRREREE A K T AL
NS I L Rl a 0], BRI TR 24 AR
Bl 5 TR, 2018, 32 (11): 179-186.

BSF—. UUV JKF RN A Pedi 4l O 2 WF 2 [D].
MREE TR, 2019.

TANG J, DANG Z K, DENG Z C, et al. Adaptive fuzzy
nonlinear integral sliding mode control for unmanned
ESO[J].
Engineering, 2022, 266 (5): 113154,
BHEIR, RKAF. UUV KT AR TR0 3 A5 BB 42 ) 5
P09 PEH TR, 2022, 29 (7): 1196-1203.
FOSSEN T I. Marine Control Systems: Guidance,
Navigation and Control of Ships, Rigs and Underwater
Vehicles[M]. Trondheim: Marine Cybernetics, 2002.
FOSSEN T 1. Handbook of Marine Craft Hydrodynamics
and Motion Control[M]. Chichester: John Wiley and
Sons Ltd, 2011.

JiAE A, WERERAPEIM]. dbat: BB ol A
2021.

FOSSEN T I, STRAND J P. Passive nonlinear observer

design for ships using Lyapunov methods: full-scale

o
IR «

underwater vehicles based on Ocean

experiments with a supply vessel[J]. Automatica, 1999,
35 (1): 3-16.

(RIEHE: KZA)



