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�e underwater vehicle manipulator system is a powerful tool for the exploration and development of marine resources. Due to
the complexity of the marine environment, there are many disturbance factors and di�cult to control. Taking the �xed depth
control in hovering mode as an example, the vertical plane decoupling control model is established, and the adaptive sliding mode
control method based on the disturbance observation is studied. �e nonlinear disturbance observation is used to estimate the
external unknown disturbance in real time, and the adaptive sliding mode method is used for compensation control. Simulation
results show that the control method can e�ectively compensate for the sudden disturbance term, does not produce obvious trim
motion, has strong robustness, and provides a reliable and stable base for the operation of the underwater manipulators. Finally,
the operation experiments in the pool and real sea area under the disturbance condition are carried out, respectively. �e
experimental results show that the control e�ect is good and the stability is greatly improved compared with the traditional
control method.

1. Introduction

�e deep-sea environment presents the characteristics of
high pressure, low temperature, and lack of oxygen. Humans
cannot complete tasks in such harsh environments [1].
�erefore, it is necessary to use high-tech tools and methods
to understand and explore the ocean [2, 3]. Underwater
robots are undoubtedly a tool that can be relied upon on [4].
According to the degree of human intervention, underwater
robots can be divided into cabled underwater vehicles
(Remotely Operated Vehicle, ROV) and cableless under-
water vehicles (Autonomous Underwater Vehicle, AUV)
[5]. �e basic functions of ROV/AUV are observation and
inspection tasks, which are fully competent in support tasks
such as entertainment and surveying, but underwater en-
gineering operations require more implementation tools [6].

On the basis of ROV/AUV body equipped with ma-
nipulators, we can expand the operation �eld of underwater
robots, which not only have the ability of underwater op-
eration but also retains the characteristics of autonomy and
�exibility of underwater robots [7, 8]. �is control system is

referred to as the underwater robot-manipulator system.
According to the degree of intelligence, it is divided into
manned type, remote control type, and autonomous type
[5]. Manned UVMS is mainly used for deep-sea expedition
missions in large research institutions or national research
institutes. Compared with autonomous UVMS which is
immature and has a higher risk of loss, remote-controlled
UVMS develops an intelligent control system on the basis of
ROV to achieve semiautonomous type underwater opera-
tions often appear to be both economical and realistic. �e
remote control UVMS only needs the operator to send the
underwater operation task to the UVMS, and the actual
operation can be coordinated by the underwater robot to
complete the underwater operation task, and has the
functions of autonomous navigation, autonomous obstacle
avoidance, and autonomous operation [9, 10].

In recent years, a variety of control methods for UVMS
have been proposed, including PID control, fuzzy control,
adaptive control, robust control, sliding mode control, and
neural network control. Comprehensive analysis shows that
the PID control system is slow and its control accuracy is
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limited [11]. Fuzzy control is a kind of empirical control, and
its control accuracy depends on the perfection of summing
up the experience. Although it has a strong anti-interference
ability, it is rarely used in actual control systems alone, and
most of them are used in combination with other control
methods. Adaptive control is not very stable, and the power
controller integration process is very time-consuming and
usually cannot be completed online. 'e initial weight of the
neural network-based method has high randomness and a
long learning process, so it is difficult to apply in practice. In
contrast, sliding mode control has the advantages of simple
structure, fast response, small model parameter disturbance,
and strong robustness [12]. For nonlinear systems like
UVMS with external environmental interference, the sliding
mode control method can provide a good solution. On this
basis, domestic and foreign scholars have successively car-
ried out arduous exploration and research and proposed a
variety of sliding mode optimization control methods to
improve the ability of UVMS underwater anti-disturbance
operations [13].

In order to reduce the influence of UVMS in trajectory
tracking control by external unknown disturbances and
system coupling effects, PID sliding mode control [14],
exponential method (SMC-EAL) sliding mode control [15],
adaptive sliding mode control [16], inversion sliding mode
control [17], integral sliding mode control [18], fuzzy sliding
mode control [19], and other methods have been proposed
one after another and achieved excellent control effects in
the simulation stage. Wang et al. [20] combined sliding
mode control and adaptive fuzzy control to form a multi-
strategy fusion control, which solved the motion variable
control problem of UVMS low-speed maneuvering, mini-
mized the controller’s dependence on the UVMS accurate
model, and reduced the design cost of groundbreaking. In
addition, in order to solve the disadvantage that the system
state cannot converge to the equilibrium point in a limited
time, the method based on or extended by terminal sliding
mode control has gradually become the mainstream.
Mobayen et al. [21] proposed a continuous nonsingular fast
terminal sliding mode control with time delay estimation,
which can ensure satisfactory tracking control performance
and good robustness under lumped uncertainty conditions.
'e effectiveness of this method is verified in the pool ex-
periment of the seven-degree-of-freedom UVMS. Mofid
et al. [22] proposed a fuzzy terminal sliding mode control
method with time delay estimation, which focuses on using
fuzzy rules to adaptively adjust the terminal sliding mode
surface to get rid of the internal and external uncertainties
caused by complex dynamics. To sum up, although sliding
mode control has made significant breakthroughs in the
application of nonlinear system control, the main problem
of UVMS is to estimate the lumped uncertainty disturbance
on the basis of getting rid of the constraints of dynamics.
Many scholars have begun to introduce disturbance ob-
servers to improve the sliding-mode control performance,
and this method provides a novel solution for studying
UVMS high-precision control under perturbed conditions.

Nonlinear Disturbance Observation (NDO) is an ef-
fective control method to deal with system model mismatch

and external disturbance [23, 24]. 'e NDO has the ad-
vantages of simple algorithm and easy engineering imple-
mentation [25]. It can estimate factors such as external
disturbance and parameter uncertainty in real time and use
this estimated value to compensate the influence of aggre-
gate disturbance on the control accuracy of the servo control
system. Attenuate the high-frequency chattering caused by
aggregation perturbation to sliding mode control, and a new
adaptive algorithm is used to estimate the sliding mode
switching gain online in real time to avoid the sliding mode
chattering problem caused by excessive gain. It has gradually
become a popular method for anti-disturbance control of
nonlinear redundant systems and is widely used in nonlinear
disturbance environments [26]. Systems such as permanent
magnet synchronous motors, unmanned aerial vehicles,
launch vehicles, helicopters, and surface unmanned ships
[27].

In the research of UVMS control methods, disturbance
observation control has also made some progress, such as
fast terminal sliding mode control based on a nonlinear
disturbance observer, nonsingular a fixed-time terminal
sliding mode control with a fixed-time disturbance observer,
and nonsingular fixed-time terminal sliding mode control
with disturbance estimator [28, 29]. Methods such as sin-
gular fast fuzzy terminal sliding mode control and fuzzy
sliding mode active disturbance suppression control based
on extended state observer have been proposed and verified
accordingly. Relying on its powerful nonlinear approxi-
mation ability, the disturbance observer can not only esti-
mate the external disturbance but also estimate the dynamic
changes of the system and the uncertainty of the model [30].
Combined with the strong robustness of sliding mode
control, it can be used in transient response and stability
[31]. State accuracy, convergence speed, and robustness
ensure that the given trajectory is reached and meet the
requirements of underwater refined operations.

2. Dynamic Modeling of UVMS

'rough the corresponding analysis of UVMS and operating
environment, the dynamic model of the underwater robot
under disturbance conditions is established. Among them,
the lumped uncertain disturbances in the actual underwater
environment are considered when modeling, including fluid
dynamics (additional mass, damping force, and restoring
force), underwater environmental disturbance forces, and
coupling moments between systems, which are conducive to
a reasonable judgment of UVMS effectiveness of control
methods.

2.1. UVMS Kinetic Model. According to Newton’s law of
dynamics and the law of moment of momentum, the
nonlinear dynamic equation of the six-degree-of-freedom
motion of the underwater vehicle body is usually expressed
in the body coordinate system as follows:

MRB _v + CRB(v)v � τ. (1)
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Among them, MRB is the mass inertia matrix of the body
coordinate system, which is determined by the body mass
distribution, and CRB is the Coriolis force and centripetal
force matrix.

'e general formula of the external force and external
torque on the underwater robot body (τ) can be written in
the form of the sum of various forces and torques:

τ � τH + τR + τP + f. (2)

Among them, τH is the hydrodynamic force, including
the inertial force generated by the additional mass of the
fluid, the Coriolis force, the centripetal force, and the fluid
damping force, τR is the gravity and buoyancy, τP is the
thrust and thrust moment provided by the propeller, and f

is the unknown external environment forces.

2.2. &rust and &rust Moment of the Propeller. In order to
better analyze, the six-degree-of-freedom motion control of
UVMS when modeling, it is necessary to calculate the
corresponding vector thruster system in advance for the
UVMS power distribution method. 'e installation posi-
tions and angles of the four thrusters installed in vector
symmetry in the space coordinate system are shown in
Figure 1:

'e positive direction of its thrust is at an angle of 15°
with ObXb，and the total thrust produced by the propeller is
expressed as follows:

TXh � − T1 cos α − T2 cos α,

TYh � T1 sin α − T2 sin α,

TZh � 0.

⎧⎪⎪⎨

⎪⎪⎩
(3)

In the formula, T1、 T2 represent the thrust of the
horizontal thruster, α represents the vector angle formed by
the horizontal thruster and the ob axis, and TXh、 TYh、
TZh represent the combined thrust of the horizontal
thruster.

Referring to Figure 2 and Table 1, the UVMS thrust
matrix after removing the pitch degrees of freedom can be
expressed as follows:
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(4)

'e thrust required for each thruster to achieve its own
degree of motion can be calculated by the following formula:

f � B
+
1τp1,

B
+
1 � B

T
1 B1B

T
1 

− 1
.

(5)

2.2.1. Water Power. 'e underwater robot body will face
additional mass, damping (resistance, lift, lateral force),

restoring force (weight, buoyancy), etc. due to hydrody-
namic effects during movement:

τH � − MAM _v − CAM(v)v − D(v)v − g(η). (6)

Additional mass: When the underwater robot body is
running in a fluid environment, it will inevitably drive part
of the water flow attached to the periphery of the robot,
causing this part of the water flow to move with the un-
derwater robot body, thus generating additional mass.

Any object motion will produce inertia. In the rotating
system, the Coriolis and centripetal terms of UVMS are
expressed as CAM.

Viscous damping: It mainly comes from the linear
friction of the laminar boundary layer, the secondary friction
of the turbulent boundary layer, and the secondary resis-
tance caused by eddy currents. Viscous resistance and torque
are the equations of the relative fluid-motion relationship.
According to the second-order Taylor series expansion, the
viscous resistance of the underwater robot body can be
expressed as follows:

fv � − DLxτ − Dq xτ( . (7)

DL: linear damping coefficient matrix
DL � diag Xu, Yv, Zw, Kp, Mq, Nr . (8)

Zb

4 3

Ob
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Yb

Yb

Xb

1 2

Figure 1: UVMS thruster power layout.

Figure 2: 'ree-dimensional distribution of propeller.

Table 1: Configuration parameters of UVMS thruster.

Number Describe X
(m)

Y
(m)

Z
(m)

Vector
angle

1 Stern left horizontal − L1 L2 L3 15° to ObXb

2 Stern right
horizontal − L1 − L2 L3 15° to ObXb

3 Stern left vertical − L4 L5 − L6 15° to ObZb

4 Stern right vertical − L4 − L5 − L6 15° to ObZb
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DL: nonlinear damping coefficient matrix

Dq xτ(  � diag Xu|u||u|, Yv|v||v|, Zw|w||w|, Kp|p||p|, Mq|q||q|, Nr|r||r| .

(9)

Froude–Krylov wave force: the force exerted by the
unstable pressure field formed by the undisturbed wave, the
Froude–Krylov force and moment can be expressed as
follows:

fFK � MFK _uf. (10)

2.2.2. Gravity and Buoyancy. 'e combined effect of gravity
and buoyancy is called restoring force/moment. After the
underwater robot body is fully submerged, due to the action
of the floating body, W (gravity term), and B (buoyancy
term) will generate a restoring force/moment parallel to the
z-axis of the Earth coordinate system. In the body coor-
dinate system, the restoring force/moment can be decom-
posed into components on each axis.

'rough the neutral buoyancy test, to ensure that the
gravity and buoyancy are the same, the expressions of re-
storing force and moment can be expressed as follows:

g(x) �

0

0

0

yIW − yBB( cos θ cos ϕ + zIW − zBB( cos θ sinϕ

− xIW − xBB( cos θ cos ϕ − zIW − zBB( sin θ

xIW − xBB( cos θ sinϕ + yIW − yBB( sinϕ
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(11)

2.2.3. Unknown External Environmental Forces

(1) System Uncertainty Disturbance. System uncertainty
disturbances are mainly caused by parameterized uncer-
tainties and unmodeled dynamics of the system. 'e
parametric uncertainty is due to the change of hydrody-
namic coefficients during the movement. 'e unmodeled
dynamics of the system is because the hydrodynamics are
expanded according to the second-order Taylor series during
the modeling process, and the neglected high-order terms
will cause certain errors.

(2) External Wave Current Disturbance. 'e near water
surface is mainly disturbed by waves, and the distance from
the water surface is mainly disturbed by currents. For the
near-water surface environment, the disturbance of the
second-order wave force is the main influencing factor, and
the model can be expressed as follows:

τwavei �
Kwis

s
2

+ 2λiweis + w
2
ei

wi + dwi, dwi

·

� wdi, (12)

wi, wdi: Gaussian white noise, Kwi: Spectral amplitude, λi,
wei: Spectral parameter pair, dwi: Low frequency spectrum
drag.

For the water flow in the underwater environment, it can
be regarded as the fluid circulation system in the horizontal
and vertical directions. It is caused by the friction force of the
tide and wind and the change of fluid density. It is a process
of low-frequency slow change, and its flow velocity and the
interference force produced. Can be described as follows:

vc � − μvc + ωτcurrent � CAvc + Dvc, (13)

vc: Ocean current velocity vector, μ: Positive definite diag-
onal matrix, ω: Gaussian white noise vector, CA, D: Constant
parameter.

(3) Unstructured Random Disturbance. Unstructured ran-
dom interference refers to the noise interference in the
sensor measurement, and the actual underwater environ-
ment is complex and changeable, and the calibration ac-
curacy of themeasurement equipment is limited, resulting in
the measurement system inevitably being polluted by var-
ious noises, introducing nonstationary random errors into
the measurement so that the frequency of the measurement
signal changes with time. Combining the effects of the
abovementioned time-varying disturbances of external wave
currents and measurement noise disturbances, the complex
environmental disturbances can be described as follows:

d � J(η) τwavei + τcurrent( , _τcurrent � − Tτcurrent + Λw, (14)

η: Pose vector, w(w ∈ R6): Zero mean Gaussian white noise
vector, T(T � μ ∈ R6×6): Positive definite diagonal matrix,
Λ(Λ � CA + D ∈ R6×6): Gaussian white noise gain matrix.

In order to better summarize the dynamic model of the
underwater robot, we regularize the hydrodynamic force,
restoring force data, and external unknown environmental
forces into external lumped interference items:

k � diag fX, fY, fZ, fK, fM, fN 
T
. (15)

Considering the uncertainty of model parameters, the
dynamic equation of the underwater vehicle can be sum-
marized as follows:

M _v + C(v)v + D(v)v + g(η) + k � τp. (16)

'e parameters in this model are as follows:

M � MRB + MAM + ΔM,

C(v) � CRB(v) + CAM(v) + ΔC(v),

D(v) � 2DL + Dq xτ(  + ΔD(v).

(17)

3. UVMS Modeling Analysis

'e ocean is low-temperature and high-pressure, complex
and changeable, and more robust control methods are
needed to achieve UVMS operation control under distur-
bance conditions. When studying control methods, not only
the accuracy of the job task must be considered but also the
influence of the external environment. 'erefore, it is
particularly important to choose a method that meets the
control objectives and operating environment. Compared
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with the manipulator system, unknown disturbances from
the outside have a great influence on the body of the un-
derwater robot, so the hovering accuracy of UVMS directly
affects the gripping performance of the manipulator. 'e
hover mode of UVMS includes fixed depth control and fixed
bow control. Taking the fixed depth system as an example,
based on the establishment of the UVMS model under
disturbance conditions, the research on the anti-disturbance
control method of UVMS motion is carried out to provide a
stable base platform for the subsequent manipulator.

3.1. UVMS Fixed Depth Adaptive SlidingMode Control Based
on Nonlinear Disturbance Observation. Adaptive sliding
mode control can no longer meet the control goal under a
relatively small control amount. 'e introduction of a
nonlinear disturbance observation method can estimate the
internal and external unknown disturbance values in real
time, calculate the input compensation amount, and make
up for the shortcomings of adaptive sliding mode control in
dealing with sudden unknown disturbances.

'e basic idea of the built depth antidisturbance control
system is shown in Figure 3:

Using the control concept of the combination of non-
linear disturbance observation, adaptive control, and sliding
mode control, the UVMS depth control system is used as the
research object, and the antidisturbance control method is
researched. Sliding mode control is chosen as the basic
control method, which is widely used in time-varying
nonlinear systems with unmodeled dynamics, uncertain
model parameters, and susceptible to external disturbances.
'e nonlinear disturbance observation method can perform
online estimation of system uncertainty and external en-
vironmental interference based on the information provided
by the existing system.'e adaptive algorithm can effectively
reduce the disturbance estimation error and improve the
disturbance observation accuracy. Sliding mode control has
the advantages of simple structure and insensitive to pa-
rameter changes, but it is also prone to chattering problems.
'erefore, the saturation function is introduced to weaken
the chattering of sliding mode control.

3.1.1. Depth Control Model Design. 'e dynamic model of
the underwater robot under the condition of external
lumped disturbance is analyzed for motion decoupling. 'e
addition of the external lumped disturbance item makes the
decoupled depth control system more comprehensive.

'e kinetic model of UVMS under disturbance condi-
tions is as follows:

_η � J η2( v,

M _v + C(v)v + D(v)v + g η2(  + k � τp.

⎧⎨

⎩ (18)

UVMS is equipped with a front manipulator. Although
the center of buoyancy is changed by adding a floating body
to the bow, it destroys the stability of the original floating
body to a certain extent. 'is will produce a roll angle and a
pitch angle, so when we consider the depth fix mode, we
must comprehensively consider the vertical motion and
pitch motion after UVMS decoupling, that is, the four
vectors of UVMS (z, θ, w, q). 'e UVMS kinematic models
established under different reference coordinate systems are
shown in Figure 4.

'e vertical motion after decoupling is expressed as
follows:

_z � w cos θ − u sin θ,

m _w − uq − xG _q − zGq
2

  � Z _q _q + Zw _w + Zuquq

+Zuuuw + Zw|w|w|w| + Zq|q|q|q|

+ W − Bo( cos θ + Zutu
2δs.

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(19)

'e trimmotion after decoupling is expressed as follows:
_θ � q

Iyy _q + m xG(uq − _w) + zGwq  � M _q _q + M _ww _w

+Muquq + Muwuw + Mw|w|w|w| + Mq|q|q|q|

+ − xGW − xBBo( cos θ − zGW − zBBo( sin θ

+Muuu
2δs + k.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

(20)

In view of the actual situation, we simplified the above
model, assuming the submerged speed ω ≈ 0, _ω ≈ 0; the
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disturbance
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Figure 3: UVMS antidisturbance motion control system.
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center of mass of the geodetic coordinate system
(xG, yG, zG); buoyancy center of the geodetic coordinate
system (xB, yB, zB).

According to the relevant spatial definition,
xG � xB � zB � 0.

'e vertical motion model can be simplified as follows:

Iyy − M _q  _q � Muquq + Mq|q|q|q| − xGW cos θ

− zGW sin θ + Muuu
2δS + k,

_θ � q,

_z � − u sin θ.

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(21)

Definition x1 � z, x2 � θ, x3 � q，'e simplified kinetic
model is as follows:

_x1 � − u sinx2,

_x2 � x3,

_x3 � M1x3 + M2x3 x3


 + M3 cosx2

+M4 sinx2 + M5δS + K.

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(22)

In this formula:

M1 �
Muqu

Iyy − M _q 
,

M2 �
Mq|q|

Iyy − M _q 
,

M3 � −
xGW

Iyy − M _q 
,

M4 � −
zGW

Iyy − M _q 
,

M5 �
Muuu

2

Iyy − M _q 
,

K �
k

Iyy − M _q 
,

(23)

K is the unknown disturbance outside the system.

3.2. Research on Adaptive Sliding Mode Control Method

3.2.1. Nonlinear Disturbance Observation Control. 'e
nonlinear disturbance observation method will estimate in
real time the unknown external disturbances received by the
UVMS during depth control. Estimated value of external
unknown disturbance k � (Iyy − M _q) K.In order to estimate
K and obtain the external unknown disturbance value by
conversion, define the UVMS state variable x � [x1, x2, x3]

T

to obtain the vector form of the UVMS vertical plane system
model:

_x � A(x) + B(x)δS + C(x)K. (24)

In this formula:

A(x) � − u sin x2 x3 M1x3 + M2x3 x3


 + M3 cosx2 + M4 sin x2 
T
,

B(x) � 0 0 M5 
T
,

C(x) � 0 0 1 
T
.

(25)

Consider the basic composition of the nonlinear dis-
turbance observation method:

dM− A � m + p(x),

_m � L − F(x) − Q1(x)δs − Q2(x)(m + p(x))( .

⎧⎨

⎩ (26)

In this formula:

p(x) � p1x1 + p2x2 + p3x3 p1 > 0, p2 > 0, p3 > 0( . (27)

'e following nonlinear interference observer is estab-
lished with reference to the basic structure:

m � K − f(x),

_m � − L A(x) + B(x)δs + C(x)(m + f(x))( .

⎧⎨

⎩ (28)

In this formula:

f(x) � f1x1 + f2x2 + f3x3, f1 > 0, f2 > 0, f3 > 0, L(

�
zf(x)

zx
� f1 f2 f3 .

(29)

In the absence of prior knowledge, since the range of
unknown disturbances cannot be effectively estimated, it is
assumed that the dynamic changes of disturbances are
slower than the dynamic changes of UVMS. which is _K � 0.
'e observation error of interference is K � K − K.

_K � _K −
_K � −

_K, _K � _m + _f(x) � − LC(x) K. (30)

Due to that − LC(x) K � − f3
K and f3 > 0. 'erefore, the

error value of the nonlinear disturbance observer converges
to zero, that is, the observed value gradually tends to the
actual external unknown disturbance value.

'e control quantity output by the nonlinear distur-
bance observer is expressed as follows:

Ontology coordinate system

End effector coordinate system

Geodetic
coordinate

system

Figure 4: UVMS coordinate system and degree of freedom
parameters.
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uNDO �
1

M5

K. (31)

3.2.2. Adaptive Sliding Mode Control with Nonlinear Ob-
servation Method. On the basis of constructing a nonlinear
disturbance observation method, UVMS can be transformed
as follows:

_x1 � − u sinx2,

_x2 � x3,

_x3 � M1x3 + M2x3 x3


 + M3 cosx2

+M4 sinx2 + M5δS + K + K.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

(32)

'e estimated error value of the external unknown
disturbance K is obtained by the nonlinear disturbance
observation method. In order to improve the control per-
formance, the corresponding control rate design must be
carried out. For the convenience of description, let K � J.
Further estimate the estimated error value of the external
unknown disturbance: J � J − J. 'e same as the design of
the disturbance observation method, the error estimate is
slower than the rate of change of the UVMS control system,
namely _J � 0. 'e dynamic surface definition and Lyapunov
function of vertical motion are expressed as follows:

S1 � z − zd � x1 − zd,

V1 �
1
2
S
2
1.

(33)

Define the virtual control input α1 as follows:

α1 � k1S1 −
1
u

_zd, k1 > 0. (34)

'e definition of the dynamic surface of the trim motion
and the Lyapunov function are expressed as follows:

S2 � x2 − α1,

V2 � V1 +
1
2
S
2
2.

(35)

Define the virtual control input α2 as follows:

α2 � − k2S2 + _α1 + uS1. (36)

'e dynamic surface of the angular velocity tracking
error of the trim motion is defined as follows:

S3 � x3 − α2. (37)

Finally, the terminal sliding surface is integrated as
follows:

σ � S3 + 
t

0
m1 S3



asign S3(  + m2 S3



βsign S3(  dt. (38)

Among them, m1, m2, α, β is the positive definite coef-
ficient, and the sign function is as follows:

sign S3( 

� 1, S3 > 0,

� 0, S3 � 0,

� − 1, S3 < 0.

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(39)

Due to the problems of time lag, space lag, system
inertia, system delay, and measurement error in the actual
system, a saw tooth trajectory is formed on the sliding
mode surface, so the sliding mode control chattering
phenomenon always exists. Chattering not only affects
control accuracy, increases energy consumption but also
easily stimulates high-frequency unmodeled dynamics in
the system, destroys system energy, and even damage
system components.

Excessive switching gain δ will cause chattering phe-
nomenon when the system approaches the sliding mode
surface, and the introduction of saturation function sat(s,Δ)
can effectively alleviate this phenomenon:

sat(s,Δ) �

s

Δ
, |s|≤Δ,

sign(s), |s|≥Δ.

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(40)

'e value of Δ is determined by the switching gain δ.
'e sliding mode controller established above can be
updated to

σ � S3 + 
t

0
m1 S3



asat S3,Δ(  + m2 S3



βsat S3,Δ(  dt. (41)

In order to obtain the estimated value J, the adaptation
rate can be designed as follows:

_J � λσ, λ> 0. (42)

'e control quantity output by the adaptive terminal
sliding mode controller is

uATSMC � −
1

M5
M1x3 + M2x3 x3


 + M3 cosx2 + M4 sinx2 + J + m1 S3



asat S3,Δ(  + m2 S3



βsat S3,Δ(  +(J + c)sgn(σ) .

(43)
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Finally, the output of the adaptive sliding mode con-
troller based on the nonlinear disturbance observation
method is expressed as follows:

δS � −
1

M5
M1x3 + M2x3 x3


 + M3 cosx2 + M4 sinx2 + J + K − _α2 + m1 S3



asat S3,Δ(  + m2 S3



βsat S3,Δ(  +(δ + c)sgn(σ) . (44)

'e Lyapunov function of the entire controller is

V3 �
1
2
σ2 +

1
2

K
2

+
1
2λ

J
2
. (45)

3.3. Stability Analysis. In order to study the convergence of
depth trajectory tracking, each sliding surface of the control
method should be analyzed. In the actual operation engi-
neering, the UVMS trim angle x2 � θ changes in a relatively
small range, that is cosx2⟶ 1. For the convenience of
verification, it is assumed that cosx2 � 1, sinx2 � x2.

_V1 � S1
_S1 � S1 _x1 − _zd(  � S1 − ux2 − _zd(  � − S1u S2 + α1(  − S1 _zd � − S1u S2 + k1S1 −

1
u

_zd  − S1 _zd � − uS1S2 − k1uS
2
1. (46)

In the above formula, u is the forward and backward
speed of UVMS, and the default is u> 0. In summary, to

ensure the stability of the above vertical movement, S2 � 0
must be guaranteed.

Analyze the dynamic surface of trim motion:

_V2 � _V1 + S2
_S2 � − uS1S2 − k1uS

2
1 + S2 x3 − _α1(  � − uS1S2 − k1uS

2
1 + S2 S3 − k2S2 + _α1 + uS1 − _α1(  � − k1uS

2
1 + S2S3 − k2S

2
2.

(47)

When S3 � 0, it can be seen that _V2 ≤ 0, that is, the sliding
surface of the trim motion gradually converges to zero.
When the current assumption is established, the angular

velocity tracking error of the pitch motion will gradually
converge to zero, and the stability of the slidingmode surface
S3 will be judged:

_V3 � σ _σ + K _K +
1
λ

J _J � σ _S3 + m1 S3



asat S3,Δ(  + m2 S3



βsat S3,Δ(   + K − f3

K(  +
1
λ

J(− _J)

� σ M1x3 + M2x3 x3


 + M3 + M4x2 + M5δS + K + K − _α2  + m1 S3



asat S3,Δ(  + m2 S3



βsat S3,Δ(  

+ K − f3
K(  −

1
λ

J
_J � σ(− J − (δ + c)sgn(σ) + K) − f3

K
2

−
1
λ

J(λσ) � − σ(δ + c)sgn(σ) − f3
K
2
.

(48)

In summary, when σ � 0, it can be seen that _V3 ≤ 0, the
terminal slidingmode surface S3 gradually converges to zero.
'at is, the sliding mode surface S2 and S1 also converge to
zero accordingly. 'erefore, it can be proved that the
designed control method tends to be stable in the end.

4. Analogue Simulation

In order to verify the performance of the adaptive sliding
mode control method based on nonlinear disturbance ob-
servation in the depth control of UVMS, simulation ex-
periments are carried out. 'e parameters of the nonlinear
disturbance observer are as follows: f1 � f2 � f3 � 1

'e parameters of the adaptive terminal sliding mode
controller are as follows: k1 � 1.5, k2 � 2, k1 � 1.5, m1 �

m2 � 2.1, α � 0.6, β � 1.2, λ � 0.1. For the UVMS fixed-
depth control model, the fluid dynamic parameters refer to
Peng Shengquan’s “Underwater Robot-Manipulator System
Motion Planning and Control Technology Research,” and
the physical parameters are shown as Table 2:

Since the vertical dynamic model only considers
x � [z, θ, w, q]T. 'e initial state of UVMS is expressed as
follows: x � [0, 0, 0, 0]T.'e duration of external unknown
disturbance is 20 s–40 s. 'e amount of disturbance is
expressed as follows: k � 5sin(0.1t) + 6cos(0.3t).
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'e biggest disturbance that UVMS faces when oper-
ating in real waters is the unknown amount of interference
from the outside world, so the abovementioned disturbance
functions are individually tracked and tested. As shown in
Figure 5, in the face of the sudden disturbance at the 20th
second, the nonlinear disturbance observer responded in
time, but the value of the first disturbance was not captured
when the upper limit of the first disturbance appeared, and
the subsequent disturbances were tracked within 2 seconds
and the disturbance value was tracked. Limit and better
complete the tracking of the disturbance and provide a better
control performance basis for subsequent compensation.

In order to meet the requirements of actual underwater
grasping operations, the simulation is static depth setting,
and the depth setting is set to 30m. 'e adaptive sliding
mode method with the intervention of a nondisturbing
observer is compared with the traditional adaptive sliding
mode method, and the simulation is compared. 'e graph
analysis is as follows:

Analyzing Figure 6, the intervention of the nonlinear
disturbance observer improves the response speed of depth
tracking and realizes stable control within 10 s. Overshoot
occurs in adaptive sliding mode control, and the inter-
vention of nonlinear disturbance observer makes the depth
tracking curve smooth. 'ere is no obvious change in the
disturbance interval, showing good depth tracking

performance. It can also be clearly seen from the depth
tracking error graph in the figure below that the adaptive
sliding mode compensation performance after the nonlinear
disturbance observer captures the disturbance is excellent,
the curve is smooth as a whole, and the expected com-
pensation control effect is achieved.

As shown in Figures 7 and 8, UVMS acquires state
variables in real time during the process of tracking the
target depth. In the disturbance simulation interval, both the
trim angle and the trim angular velocity are affected to
varying degrees, but the overall variables remain in the ±5°
interval. 'erefore, it can be seen that the open-frame
structure of the floating body is beneficial to the mainte-
nance of positive stability, and the degree of freedom of the
UVMS pitch is passively adjusted. Although the installation
of additional power components can achieve active com-
pensation, it is often accompanied by an increase in
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Table 2: Physical parameters.

Number Value
xB, yB, zB 0m
xG, yG 0m
zG − 0.05m
m 18.7 kg
Iyy 2 kgm2

W 184N
Bo 190N
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Figure 5: Disturbance tracking observation.
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redundancy and complexity. In the stability analysis of the
abovementioned fixed-depth controller, the hypothesis:
cosx2 � 1, sinx2 � x2 is also disproved. In addition, the
vertical speed almost tends to zero during the entire control
process, and the speed when the disturbance emerges is also
quickly corrected by the control method, which satisfies
w � 0, _w � 0. In summary, it can be seen that the adaptive

sliding mode method that introduces the nonlinear dis-
turbance observation method has achieved better control
results.

5. Experiments

'e accuracy of UVMS underwater operations can be judged
by grasping control in hovering mode. We simulate sea
cucumber fishing operations in a real marine environment
to detect the depth, bow, and robot control accuracy of the
designed control method for UVMS in a disturbed envi-
ronment. In order to verify the functionality and reliability
of UVMS, relevant tests have been carried out successively in
swimming pools where artificial waves are created and real
sea areas.

Simulating the sea cucumber fishing operation in the real
sea area for pool test, which is different from the underwater
industrial task. Most of the fishing operations are close to the
seabed. What has a great impact on underwater fishing is the
turbulent boundary layer between the whole flow layer
(shallow water area) and the zero flow layer (seabed) pro-
duced by the ocean current. In order to simulate the dis-
turbance effect of the turbulent layer, taking UVMS as the
center, two 250W aerated surge water cannons are set
horizontally and vertically within 30 square meters of the

Figure 9: UVMS pool test.
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Figure 10: Adaptive sliding mode depth control data chart.
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Figure 12: Adaptive sliding mode fixed bow control data graph.

Figure 13: Data diagram of adaptive sliding mode bow control
based on nonlinear disturbance observation.
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critical point of water surface to achieve the effect of the
water flow disturbance. 'e reference velocity is 5m/s.

As shown in Figure 9, we carry out the fixed depth and
fixed bow tests under the artificial disturbance environment
of the pool are carried out, respectively. 'e nonlinear
disturbance observation method is used to track the dis-
turbance faced in the process of fixed depth and fixed bow
movement in real time, and the adaptive sliding mode
control method is used to adjust the power output to realize
the tracking of the target path.

'e desired depth in fixed depth mode is 1m under-
water. Figures 10 and 11 record the UVMS depth deter-
mination mode variables with or without nonlinear
disturbance observation and control intervention for a pe-
riod of time, save the data frame of the whole depth de-
termination process, and obtain the motion curve of the
whole depth determination process through postprocessing
of the data. It is analyzed that under the disturbance en-
vironment, the variable error remains in the range of
±0.05m after the intervention of the control algorithm, the
average depth is 1.007m, the system error is 0.007m, and the
control accuracy is excellent. It shows good depth deter-
mination performance. Due to the lack of effective judgment
on the interval of disturbance, the system error of adaptive
sliding mode depth determination control reaches 0.033m.

Underwater operations are generally required to follow a
certain direction. Due to the special underwater environ-
ment, the operator cannot directly judge the heading of the
UVMS with the naked eye, so the heading needs to be
obtained through the gyroscope and displayed in the ground
monitoring software. However, UVMS is very susceptible to
interference by ocean currents and often deviates from the
actual set route. 'erefore, it is necessary to estimate the
disturbance force of the external environment to realize the
real-time trajectory correction of UVMS.

Set the rated sailing speed to 1.5m/s, refer to the depth-
of-fix control on the previous vertical plane, and carry out a
similar antidisturbance bow design for the UVMS fixed bow
system, combining the conventional adaptive sliding mode
method, and nondisturbance observer. 'e interventional
adaptive sliding mode method is used for the comparative
test of the fixed bow in the disturbed environment. As shown
in Figures 12 and 13 in a disturbance environment, the
conventional adaptive sliding mode method has a slightly
poor direct navigation control accuracy and cannot track the
desired trajectory in time, while the active disturbance

rejection algorithm can capture external disturbances in
time and carry out active advance power intervention, which
is helpful to improve UVMS fixed bow control performance.

Although the water tank experiment caused artificial
disturbances, compared with the actual marine environ-
ment, the experimental environment and experimental data
were relatively one-sided. As is shown in Figure 14, the team
conducted a related underwater submarine test in an off-
shore area in Shandong.

'e quantitative analysis of the heading determination
mode of UVMS under different control methods can be
obtained from Figure 15: compared with the ±5° yaw angle
error under the conventional adaptive sliding mode control,
the control method after NDO intervention has achieved a
smoother yaw angle curve change, and the variation am-
plitude of yaw angle is controlled at ±2°, which timely
suppresses the heading determination error caused by the
disturbance of lateral environment during the movement of

Figure 14: Ocean test.
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UVMS, and achieves a better heading determination control
effect.

'e control of the manipulator in this subject is a visual
servo control method. 'e vision system captures the target
and performs relevant calibration, correction, stereo
matching, ranging, and other steps to solve and obtain the
rotation angle of each joint of the manipulator. 'e
abovementioned relevant solution process is not the focus of
this paper. We assume that the joint angles are known to
judge the grasping accuracy in a disturbed environment.

As is shown in Figure 16, the input torque change di-
agram of each joint of the underwater manipulator is ob-
tained in real time through the monitoring controller. As
shown in Figure 16, the control input torque includes the
approximation compensation for the coupling torque.
When the disturbance comes, joint 1 generates a large
compensation torque, and a large fluctuation occurs. Under
the blessing of the control method, by increasing the input
torque quickly. 'e joint angle and angular velocity are
corrected to reflect the response performance of the control
method. In the later control input, the control torque tends
to a normal and stable amplitude, which highlights the
excellent robustness of the designed back-stepping adaptive
sliding mode method.

Experiments have verified that the control method can
effectively compensate for sudden disturbances without
significant pitch motion. It has strong robustness and
provides a reliable and stable base for underwater manip-
ulator operations.

6. Conclusions

'rough research, by decoupling the UVMS dynamic model
under disturbance, the vertical motion equation and trim
motion equation related to depth determination control are
obtained, and the adaptive sliding mode depth determina-
tion control involving nonlinear disturbance observation is
studied. 'e ability of a nonlinear disturbance observer to
approach external unknown disturbance is verified by
simulation. 'e comparison diagram also shows that this
method has a better disturbance compensation effect. It is
verified that the nonlinear disturbance observation sliding
mode adaptive control method has excellent control per-
formance in UVMS fixed-depth control system.
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