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Abstract
An integrated hydrodynamics and control model to simulate tethered underwater robot system is proposed. The
governing equation of the umbilical cable is based on a finite difference method, the hydrodynamic behaviors of the
underwater robot are described by the six-degrees-of-freedom equations of motion for submarine simulations, and a
controller based on the fuzzy sliding mode control (FSMC) algorithm is also incorporated. Fluid motion around the
main body of moving robot with running control ducted propellers is governed by the Navier–Stokes equations and
these nonlinear differential equations are solved numerically via computational fluid dynamics (CFD) technique. The
hydrodynamics and control behaviors of the tethered underwater robot under certain designated trajectory and
attitude control manipulation are then investigated based on the established hydrodynamics and control model. The
results indicate that satisfactory control effect can be achieved and hydrodynamic behavior under the control
operation can be observed with the model; much kinematic and dynamic information about tethered underwater robot
system can be forecasted, including translational and angular motions of the robot, hydrodynamic loading on the
robot, manipulation actions produced by the control propellers, the kinematic and dynamic behaviors of the umbilical
cable.  Since these hydrodynamic effects  are  fed into the proposed coupled model,  the mutual  hydrodynamic
influences of different portions of the robot system as well as the hydrological factors of the undersea environment
for the robot operation are incorporated in the model.
Key words: tethered underwater robot, umbilical cable, ducted propeller, fuzzy sliding mode control, CFD, trajectory and

attitude control

1  Introduction
Tethered underwater robot is a kind of apparatus which

is extensively used for undersea observation and research,
whose trajectory and attitude are usually manipulated by
users on board, sending control signals through an umbilic-
al cable to actuate the control ducted propellers mounted on
the robot, thus performing an underwater survey task.

In studying trajectory and attitude control performance
of a tethered underwater robot, different mathematical mod-
els or numerical approaches have been proposed to observe
robot’s hydrodynamics and control behaviors (Akkizidis et
al., 2003; Feng and Allen, 2004; Fang et al., 2007; Bagheri
and Moghaddam, 2009; Bessa et al., 2010; Vu et al., 2017).
In the underwater robotics area, most of the above research
attempts have been conducted on control design methodolo-
gies rather than in hydrodynamic modeling or coupling
mechanisms.

In simulating hydrodynamic performances of a tethered
underwater robot system, the hydrodynamic model is usu-
ally composed of two parts: the umbilical cable and the un-
derwater robot with its control mechanisms. It is generally
believed that the most suitable approaches used nowadays in
determining the hydrodynamic performance of the cable in a
tethered underwater vehicle system (tethered underwater ro-
bot, underwater towed system etc.) are the lumped mass
method (Walton and Polachech, 1960) and the finite differ-
ence method (Ablow and Schetchter, 1983). Wu and
Chwang (2000) gave some overviews of these two methods.
In describing the hydrodynamic behavior of an underwater
robot, the six-degrees-of-freedom equations of motion for
underwater vehicle originally proposed by Gertler and Har-
gen (1967) and Abkowitz (1969) and their simplified forms
can be adopted. A successful numerical simulation on the
hydrodynamic performance of a tethered underwater robot
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system depends greatly upon whether the hydrodynamic
forces and control forces can be objectively predicted.

A number of numerical investigations have been con-
ducted on the hydrodynamics of a tethered underwater ro-
bot system. Driscoll et al. (2000a, 2000b, 2000c) analyzed
the hydrodynamic performance of a vertically tethered
caged remote operated vehicle (ROV) system subject to sur-
face excitation by the numerical simulation and field experi-
mental observation. In their numerical simulation, the dy-
namic behavior of the tether is described by a finite-ele-
ment lumped-mass model, and the drag force on the cage is
determined based on a drag coefficient. In studying the dy-
namic and control performance of the mini-type underwater
robot Subzero II, Feng and Allen (2004) adopted Ablow and
Schechter (1983) model to describe the umbilical cable of
the underwater robot, and extended the model dealing with
the case when the length of the cable is non-fixed. In their
model, the kinematic states of the robot are taken as the
boundary conditions for the equations of the cable, but no
governing equation of the robot is coupled with that of the
cable. Fang et al. (2007) investigated the kinematic proper-
ties of a tethered underwater robot system under the influ-
ences of the umbilical cable tension and maneuvering opera-
tions by the robot active control thrusters. In their research,
the hydrodynamic forces on the robot are described based
on the hydrodynamic derivatives of the robot, whose values
are determined by a planar motion mechanism (PMM) test-
ing technique.

It is found that the determinations of hydrodynamic
forces on an underwater robot on the mostly published liter-
atures at present can be classified into experimental method,
test-based predictive method, and numerical data-based pre-
dictive method. In the first method, the hydrodynamic
forces on the robot are determined based on the convention-
al captive model or full-scaled prototype testing with the ex-
perimental facilities, such as PMM and rotating arm test
basin etc. (Nakamura et al., 2001; Fang et al., 2007). A dis-
advantage of the method is that the method is often ex-
tremely expensive and time consuming, which may not be
available because of its costly testing expense or urgent
design schedule. The test-based predictive method is con-
cerned with the determination of a proposed underwater ro-
bot hydrodynamic parameter by empirical approach re-
gressed from the past experimental information or numeric-
al combined test-based data method according to the robot
design information such as robot’s geometry (Driscoll et al.,
2000a, 2000c; Sayer, 2008; Li et al., 2011; Ropars et al.,
2018). The method can give reasonable results only under
the condition that the contours of the robots are ordinarily
typical types. However, it is difficult to provide accurate hy-
drodynamic information specific to unconventionally geo-
metrical characteristics of underwater robots. In numerical
data-based predictive method, the hydrodynamic paramet-
ers of underwater vehicle are determined with computation-

al fluid dynamics (CFD) commercial codes, and the hydro-
dynamic formulas for the vehicle are deduced by the regres-
sion method (Liu et al., 2017). A weakness on this method
exists that it is not easy to reveal the dynamic coupled rela-
tionships among different parts of an underwater vehicle.

Very limited reports can be found in studying 3-D hy-
drodynamic behaviors of a tethered underwater robot sys-
tem by means of a pure numerical approach, under the con-
ditions when the joint effects of umbilical cable, attitude
control propellers and hydrodynamic loading on the robot
itself should be considered.

2  Hydrodynamics model of a tethered underwater robot

2.1  General conception to construct the hydrodynamics
model
This section describes the development of a hydro-

dynamic model of a tethered underwater robot. The tethered
underwater robot investigated in this paper consists of a
cuboid main body mounted with several control ducted pro-
pellers for the robot attitude and trajectory control, and an
umbilical cable is connected to the robot for transmission of
the control signals and power. The ducted propeller applied
here is a propeller fitted with a non-rotating duct, or nozzle.
Configurations of the tethered underwater robot and ducted
propeller are shown in Figs. 1 and 2.

2.2  Coordinate systems applied in the model
As shown in Fig. 1, three different coordinate systems

are used in the derivation of the hydrodynamics model of a
tethered underwater robot system, i.e. the fixed inertial co-
ordinate system (X, Y, Z), local coordinate systems for an
umbilical cable (t, n, b) and for an underwater robot (x, y, z).

2.3  Motion equations for an umbilical cable
The motion equations for an umbilical cable can be writ-

ten in a matrix form as (Wu and Chwang, 2000):

MY′ = NẎ+Q; (1)

Y = (T,vt,vn,vb,ϑ,ϕ)T; (2)

Y′ =
∂Y
∂s
, Ẏ =

∂Y
∂t
, (3)

Fig. 1.   Coordinate systems applied in the model.
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ϑ φ

V |V|

where T denotes the tension force of a cable; vt, vn and vb
are the three velocity components of a cable relative to the
fluid in the local coordinates of a cable;  and  are the rel-
ative orientations of the local frame of a cable to the inertial
frame; s is the unstretched cable length coordinate; M and N
are the square matrices of order 6; and Q is the column mat-
rix of order 6. The expressions of matrices M, N and Q can
be found in Wu and Chwang (2000). The resultant velocity
and their modulus of vt, vn and vb in Eq. (2) are  and ,
and

|V| =
√

v2
t + v2

n+ v2
b, (4)

V = Vs−Vc, (5)
Vs

Vc

where  is the velocity at a point of cable in still water, and
 is the current velocity in the region of the cable.

(t,n, b) (i, j, k)
At any point on the cable, the relation between the local

frame of a cable and the inertial frame  can be
determined by
(t,n,b) = (i, j,k)D, (6)
where D is the transform matrix between the local frame of
a cable and the inertial frame (Wu and Chwang, 2000).

2.4  Boundary conditions for the equations of the umbilical
cable
The relation between the working ship velocity and the

linking point velocity at the upper end of the umbilical cable
is
[vt,vn,vb] = [vX ,vY ,vZ] D, (7)

vt vn vb

vX vY vZ

where , , and  are the velocity components of a cable
expressed in the local frame of the cable; ,  and  are
the velocity components of the working ship at the linking
points in the inertial coordinates.

The velocity coupling relation between the lower end of
the cable and the linking point of the underwater robot is
[V0+ϖ× rT ] = EDVa, (8)

V0 = (u,v,w)T ϖ

rT = (xT ,yT ,zT )
Va

where  and =(p, q, r) are the translational
and angular velocities of the underwater robot in the robot-
fixed coordinates;  is the linking point co-
ordinates in the robot-fixed frame;  is the velocity of the
linking point between the underwater robot and the umbilic-

al cable expressed in local coordinates of the cable; and E is
the transform matrix between the local frame of the robot
and the inertial frame (Abkowitz, 1969).

2.5  Motion equations for an underwater robot
The six-degree-of-freedom equations of the motion for

submarine simulation proposed by Gertler and Hargen
(1967) are adopted to estimate the hydrodynamic behaviors
of the underwater robot and are written in a robot-fixed co-
ordinate system as (Gertler and Hagen, 1967; Abkowitz,
1969):

m
[
u̇− vr+wq− xG(q2+ r2)+ yG(pq− ṙ)+ zG(pr+ q̇)

]
= X;

(9)

m
[
v̇+ur−wp+ xG(pq+ ṙ)− yG(p2+ r2)+ zG(qr− ṗ)

]
= Y;

(10)

m
[
ẇ−uq+ vp+ xG(pr− q̇)+ yG(qr+ ṗ)− zG(p2+q2)

]
= Z;

(11)

Ix ṗ+ (Iz− Iy)qr+ Ixy(pr− q̇)− Iyz(q2− r2)− Ixz(pq+ ṙ)+
m
[
yG(ẇ−uq+ vp)− zG(v̇+ur−wp)

]
= K; (12)

Iyq̇+ (Ix − Iz)pr− Ixy(qr+ ṗ)+ Iyz(pq− ṙ)+ Ixz(p2− r2)−
m
[
xG(ẇ−uq+ vp)− zG(u̇− vr+wq)

]
=M; (13)

Izṙ+ (Iy− Ix)pq− Ixy(p2−q2)− Iyz(pr+ q̇)+ Ixz(qr− ṗ)+
m
[
xG(v̇+ur−wp)− yG(u̇− vr+wq)

]
= N, (14)

m

(u,v,w) (p,q,r)

where  is the mass of the underwater robot; Ix, Iy and Iz are
the mass moments of inertia of the robot; Ixy, Iyz and Ixz are
the products of inertia of the robot;  and  are
the translational and angular velocities of the robot in the
vehicle-fixed coordinates; xG, yG and zG are the center of
gravity of the robot in the vehicle-fixed coordinate system.
In the above equations, the left-hand sides represent inertial
forces and moments and the right-hand sides denote extern-
al forces and moments acting on an underwater robot.

F0= (X,Y,Z)T

M0 = (K,M,N)T
It is assumed that the external forces  and

moments  on a robot in Eqs. (9)–(14) are
composed of the restoring forces, umbilical cable forces, hy-
drodynamic forces on the robot and thrusts produced by
control ducted propellers as well as their corresponding mo-

Fig. 2.   Geometric model of the underwater robot and ducted propeller.
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ments, both of which are respectively written as:
F0 = FW+FT+FH+FTH; (15)

M0 = MW+MT+MH+MTH, (16)
where subscript W is the buoyant and weight effects, T de-
notes the umbilical cable forces, H denotes the hydro-
dynamic forces, and TH, the propulsion control forces.

FTH

FTHi

In Eq. (15),  is determined by the summation of dif-
ferent individual thrust  produced from different indi-
vidual control ducted propellers, that is,

FTH =
∑

FTHi, (17)

NTH NTH

FTHi

FTHi

MTHi FTHi

where subscript i is the sequence number of the propellers,
i = 1, 2, …, ,  is the total number of the attitude
control propellers on the robot, and  is expressed on the
robot-fixed frame. It is assumed that  is a function of
multiple factors such as the propeller rotating speed, speed
of advance meet by the propeller after the main body flow
field influence to the propeller being involved. Accordingly,
the moment  generated by the propeller thrust  is
MTHi = ri×FTHi, (18)

ri

ri = (xi,yi,zi)
NTH MTH

where  is the dynamic reference point position of the pro-
peller control force in the robot-fixed frame, 
(i = 1, 2, …, ). Therefore,  in Eq. (16) is given by

MTH =
∑

MTHi. (19)

FT MTThe umbilical cable forces and moments  and 
acting on an underwater robot in the local coordinates of the
robot are presented as:
FT = −EDT; (20)

MT = rT×FT. (21)
In Eq. (20), T is the cable tension expressed in the local

coordinates of the cable.

2.6  Hydrodynamic loadings acting on an underwater robot
and thrusts by control ducted propellers

FH MH

FTH MTH

In this study, the hydrodynamic loadings acting on the
main robot body  and  as well as the ducted propeller
control forces  and  respectively in Eqs. (15) and
(16) are determined by the CFD technique. In the research,
three dimensional (3D) geometric models of ducted pro-
pellers and underwater robot are constructed according to
their geometrical features. Sliding mesh technique is ap-
plied to simulate propeller rotating motion in the duct. The
finite volume method is used in the region of robot, ducts
and propellers to solve the fluid governing equations with
the CFD code Fluent. In this way the thrust and torque of a
ducted propeller in the flow field of unsteady robot motion
under the given rotating speed and in incoming flow can
then be calculated.

2.6.1  Basic governing equations and geometric models
The fluid in the research is assumed to be viscous and

k− ε

incompressible, its dynamic behavior around the duct, pro-
peller and the main robot body in unsteady motion is de-
scribed by the Navier–Stokes equations, and the standard

 model is adopted to describe the turbulent motion of the fluid.
In order to simulate the hydrodynamic performances of

a propeller within a ducted propeller unit in running flow
fields, it is necessary to establish a geometrical model of a
propeller. To do this, the spatial contour of the propeller
blade is first constructed with software Pro/E according to
the overall dimension of the blade, section dimension at dif-
ferent radius of the blade as well as the blade pitch ratio.
The 3D geometrical model of the propeller is then estab-
lished with software Gambit. The basic procedure to estab-
lish the geometrical model can be found in Wu et al. (2009).

2.6.2  Determination of the computational domains
FH

MH

FTH MTH

LC

In the calculation of the hydrodynamic loadings  and
 on the main robot body and the propeller control forces
 and  numerically with the CFD technique, a quad-

rate computational domain is constructed with certain di-
mensions in the stream-wise, cross-stream and depth direc-
tions. The main robot body, on which the control ducted
propellers are mounted, is located in the central region of
the computational domain. The chosen domain limits should
be far enough to exclude any influence between the robot
and the domain boundary conditions. According to the char-
acteristics of the research, the computational domain is di-
vided into Domain I which is a rotator region with its
boundaries clung to the duct inner surface as well as the in-
let and outlet of the duct, and Domain II which is a cuboid
region in the computational domain except for Domain I in
a dimension of L×B×H (length×breadth×height). The axis of
Domain I is consistent with that of the propeller, and the
length of the domain is  which equals the length of the
duct. Common boundaries between the two domains are the
inlet and outlet of the duct. Sliding mesh technique is ap-
plied in Domain I so that the consistency of the rotating
speed in the rotator region and that of the real propeller in
the duct can be retained. To ensure that the fluid flows con-
tinuously between the boundaries of Domains I and II in the
inlet or outlet of the duct, the interface technique is adopted
to combine two domains for their forming an integral com-
putational one, which is named Domain III.

NTH

NTH I1 I2 INTH

In such a way, the original boundary condition of Do-
main II becomes that of Domain III, while the original
boundary condition of Domain I can then be determined
automatically with the interface technique. The number of
Domain I is determined according to the running propellers
mounted on the main robot body. By letting the number of
running propellers be , the number of Domain I is also

. They are labeled as , , …, . The sketch and the
geometric models of the computational domain, underwater
robot and ducted propeller are shown in Figs. 2 and 3.
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3  Controller design for the robot maneuvering
After the hydrodynamics model is established, a control-

ler for the manipulation of control ducted propellers is in-
corporated into the model constituting the integrated hydro-
dynamics and control model of a tethered underwater robot
system.

The purpose of the controller design is to apply a con-
trol algorithm for manipulation of the control propellers
generating necessary control forces to maneuver the under-
water robot motion along a prescribed trajectory in a de-
manded attitude. The theoretical approach to the controller
design applied here is based on the fuzzy sliding mode con-
trol (FSMC) algorithm. Wang et al. (2002) applied a sliding
mode control (SMC) algorithm for manipulating an AUV
(Autonomous Underwater Vehicle). This paper extends
their SMC algorithm to FSMC algorithm by combining the
fuzzy logic with sliding mode control to bring about the tra-
jectory and attitude control for a tethered underwater robot
system.

In the control simulation, the error and rate of change
for the error of robot’s state variables are regarded as input
parameters for the controller. The controller generates an
output which can then be transferred to the control signals
governing the rotating speeds of control propellers to bring
about the trajectory and attitude control. The hydrodynamic
response under this control manipulation is then estimated
by the numerical solution of the hydrodynamics model as
described in Section 2.

3.1  Design of the FSMC controller

3.1.1  Control model of the trajectory and attitude
The hydrodynamics model of the tethered underwater

robot described in Section 2 is a six-degree coupled nonlin-
ear dynamic system. In order to design the controller, the
underwater-robot motion equations (9)–(14) are rearranged
by setting the terms related to the robot’s accelerations on
the left and the rest of terms on the right. The rearranged
equations in the form of a matrix are written as:

MẊ = (FC+FTHR), (22)
where

M =



m 0 0 0 mzG −myG
0 m 0 −mzG 0 mxG
0 0 m myG −mxG 0
0 −mzG myG Ix −Ixy −Ixz

mzG 0 −mxG −Ixy Iy −Iyz
−myG mxG 0 −Ixz −Iyz Iz


,

(23)

Ẋ =
[
u̇, v̇, ẇ, ṗ, q̇, ṙ

]T. (24)
FTHR

FTH MTH

FTHR = (FTH+MTH)T FC

In Eq. (22),  is respectively the propeller-con-
trolling force  and moment  in Eqs. (15) and (16),

, and  denotes the rest of terms in
Eqs. (9)–(14). Eq. (22) can also be written as:

Ẋ = M−1FC+M−1FTHR = α+u, (25)
M−1FC = αwhere , u is the output of the controller, and

u = M−1FTHR; (26)

α =
[
α0

1(x),α0
2(x),α0

3(x),α0
4(x),α0

5(x),α0
6(x)
]
. (27)

A switch pattern based on the discrete FSMC algorithm
is utilized to bring about the system decoupling. The dy-
namic system of the robot is divided into six subsystems,
that is, each controller is designed for every independent
subsystem. After the system decomposition, the single in-
put subsystem is

ẋi =

[ 0 1
0 0

]
xi+

 0

α0
i (x)

+ [ 0
1

]
ui, i = 1,2, · · · ,6 (28)

The six-degree thrusts required to be generated by the
control propellers can be determined by
FTHR = Mu, (29)
where

u = [u1,u2,u3,u4,u5,u6]T. (30)
xState variable  is introduced here as:

x =
[
xT

1 , x
T
2 , x

T
3 , x

T
4 , x

T
5 , x

T
6

]T
, (31)

where

x1 =
[ x

u
]
=
[ x11

x12

]
=

[ x11
ẋ11

]
;

x2 =
[ y

v
]
=
[ x21

x22

]
=

[ x21
ẋ21

]
;

x3 =
[ z

w
]
=
[ x31

x32

]
=

[ x31
ẋ31

]
;

x4 =
[ φ

p
]
=
[ x41

x42

]
=

[ x41
ẋ41

]
;

x5 =

[
θ
q

]
=
[ x51

x52

]
=

[ x51
ẋ51

]
;

x6 =
[ ψ

r
]
=
[ x61

x62

]
=

[ x61
ẋ61

]
.

(32)

φ θ
ψ

xd

In Eq. (32), x, y, and z are the surge, sway, heave mo-
tions of the robot defined in its local coordinates; , , and

 are the roll, pitch, yaw angles of the robot. The expected
variable  applied in the controller design is expressed as:

xd =
[
xT

1d, x
T
2d, x

T
3d, x

T
4d, x

T
5d, x

T
6d

]T
, (33)

Fig. 3.   Sketch of the computational domain mesh.
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and

x1d =
[ xd

ud

]
=
[ x11d

x12d

]
=

[ x11d
ẋ11d

]
;

x2d =
[ yd

vd

]
=
[ x21d

x22d

]
=

[ x21d
ẋ21d

]
;

x3d =
[ zd

wd

]
=
[ x31d

x32d

]
=

[ x31d
ẋ31d

]
;

x4d =
[ φd

pd

]
=
[ x41d

x42d

]
=

[ x41d
ẋ41d

]
;

x5d =

[
θd
qd

]
=
[ x51d

x52d

]
=

[ x51d
ẋ51d

]
;

x6d =
[ ψd

rd

]
=
[ x61d

x62d

]
=

[ x61d
ẋ61d

]
.

(34)

ei ėi xiThe error  and the rate of change for error  of  in
the i-th subsystem can be expressed as:

ei = xi− xid =
[ ei1ei2

]
, i = 1,2, · · · ,6 (35)

.
e
i
=
.
x
i
− .x

id
=

[ ėi1
ėi2

]
=

[ ẋi1− ẋi1d
ẋi2− ẋi2d

]
=[ xi2− xi2d

ẋi2− ẋi2d

]
=

[ ei2
ẋi2− ẋi2d

]
. i = 1,2, · · · ,6

(36)

From Eqs. (28) and (36), the state equation for traject-
ory or attitude motion controller for the i-th subsystem can
be expressed as:

ėi =

[
0 1
0 0

]
ei+

[
0

α0
i (x)− ẋi2d

]
+

[
0
1

]
ui. i = 1,2, · · · ,6

(37)
where
ėi1 = ei2; (38)

ėi2 =
[
α0

i (x)− ẋi2d
]
+ui; (39)

ẋi2d i = 1,2, · · · ,6and  ( ) is the expected six-degree accelera-
tion.

ẋd

ẋmax

The expected acceleration  in the next time step can
be determined by means of the restrictive maximum acceler-
ation of the robot, whose value depends on the driving
capability of the given robot control mechanism, and
ẋd = Pẋmax, (40)

Pwhere  is a six-order diagonal matrix, that is,

P =


p1 0

p2 p3 p4 p5
0 p6

 (41)

and

p1 = th (px/2)
p2 = th

(
py/2
)

p3 = th (pz/2)
p4 = th

(
pφ/2
)

p5 = th (pθ/2)
p6 = th

(
pψ/2
)

(42)



px = S∗x −CxVx

py = S∗y −CyVy

pz = S∗z −CzVz

pφ = S∗φ−CφVφ

pθ = S∗θ−CθVθ

pψ = S∗ψ−CψVψ

(43)

C j V j

j = x,y,z,
φ,θ,ψ S∗x S∗y S∗z S∗φ S∗θ S∗ψ

where  is a pending positive parameter;  is the velocity
of the robot in the robot local frame; subscript 

; , , , , , and  are respectively the re-
quired driving distances in the x, y, and z directions and the
driving angles in the roll, pitch and yaw motions of the ro-
bot from the present values to the expected values. They are
defined as:

S∗j =


S∗jmax, S̃ j ⩾ S∗jmax

S̃ j, −S∗jmax < S̃ j < S∗jmax

−S∗jmax, S̃ j ⩽ −S∗jmax

j = x,y,z,φ,θ,ψ

(44)
S∗jmax

S̃ j

where  is a pending positive parameter whose value
can be determined by the constraint condition of the robot
control system (Wang et al., 2002), and  is the errors
between the state variable and expected variable as defined
in Eq. (35).

3.1.2  Determination of the controller output
SA linearly switched function  is applied in the process

of control, that is,

S = [ s1, s2, s3, s4, s5, s6 ]T = CX=
[ C1e1, C2e2, C3e3, C4e4, C5e5, C6e6 ]T,

(45)

Ci = [ci1,ci2] ci2 = 1 ci1where , i=1, 2, …, 6, , and  is determ-
ined by a pole-setting method.

si = 0According to the FSMC algorithm,  is adopted, i.e.
si = ci1ei1+ ci2ei2 = ci1ei1+ ei2 = 0. (46)

By substituting Eq. (38) into Eq. (46), it can be found
that
ėi1 = −ci1ei1. (47)

ci1

c11 = c12 = 0.06 c13 = 0.04
c14 = c15 = 0.01 c16 = 0.03

S

The nature for the underwater robot to the control mo-
tion in six degrees requires that the robot responses to the
motions in the surge, sway and heave may be swift and to
those in the roll, pitch and yaw may be somewhat slow.
Based on this reason, the parameter  is chosen as

 in the surge and sway,  in the
heave,  in the roll and pitch, and 
in the yaw. Therefore, the linear switched function  is ex-
pressed as:

S =


s1
s2
s3
s4
s5
s6

 =


0.06e11+ e12
0.06e21+ e22
0.04e31+ e32
0.01e41+ e42
0.01e51+ e52
0.03e61+ e62

 (48)
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The exponential convergence rate is used in the design
of the FSMC controller. For a certain subsystem,
ṡi = −εsgn(si)− ksi, ε > 0, k > 0, (49)

ε kwhere  and  are two coefficients whose values are determ-
ined by the controller designer. It is shown from Eq. (46)
that
ṡi = ci1ėi1+ ėi2. (50)

uiThe component of the controller output  (i=1, 2, …, 6)
can be deduced by Eqs. (38), (39), (49) and (50), and

ui = −
[
α0

i (x)− ẋi2d
]
+ [−εsgn(ci1ei1+ ei2)− k(ci1ei1+ ei2)]

−ci1ei2, i = 1,2, . . . ,6.
(51)

ui

FTHR

 obtained by Eq. (51) is then substituted into Eq. (29) to
find .

3.1.3  Alleviating chattering strategy with fuzzy logic in the
FSMC controller design

siLet >0, Eq. (49) becomes
ṡi = −ε− ksi, ε > 0, k > 0. (52)

The solution of Eq. (52) is si(t) = −
ε
k
+

(
si0+

ε
k

)
e−kt

si0 = si(0)
. (53)

ε

ei ėi

It is found from Eq. (53) that the convergence process
can be accelerated if the value of coefficient k is augmented
and the value of coefficient  is abated. Since k appears in
an exponential form, its convergence effect is more evident.
It is obvious that when the phase trajectories are far away
from the switching surface, k with a larger value accelerates
the convergence process; while when the phase trajectories
are adjacent to the switching surface, k with a smaller value
will reduce the convergence rate. Therefore, it is practical to
adjust the value of coefficient k in order to alleviate the
chattering phenomenon in the conventional SMC algorithm.
In our research, the value of coefficient k is dynamically ad-
justed with fuzzy control rules by fuzzification of  and .
In such a way, the FSMC controller is constructed by com-
bining fuzzy logic with sliding mode control.

3.1.4  Distribution of propeller thrusts
FTHRThe control force  determined from Eq. (29) is a

resultant effect produced by all propellers, and its compon-
ents should be distributed to separate corresponding control
propeller to bring about the given control task. In our re-
search the control task focuses on manipulating the robot
running on an approximate horizontal plane. So, the pro-
pellers are required to generate the control forces mainly in
the X and Y directions and a moment to turn the robot round
a vertical axis. To achieve this purpose, two pairs of ducted
propellers with the same physical characteristics are in-
stalled on the side surfaces of the main robot body
numbered Propeller 1 to Propeller 4, as shown in Fig. 2.

XTH

YTH

NTH

Propellers 1 and 2 are responsible for generating thrust 
in the x direction on the local coordinate of the underwater
robot, and Propellers 3 and 4 for thrust  in the y direc-
tion. At the same time, the two pairs of propellers also gen-
erate turning moment  round the z axis during their gen-
erating thrusts in the x and y directions.

XTH YTH NTHWhen ,  and  determined by Eq. (29) are re-
quired to manipulate the robot in the prescribed motion, the
thrust produced by each of the four control propellers is dis-
tributed respectively by

XTH1 =
XTHr12+αNTH

2r12
; (54)

XTH2 =
XTHr12−αNTH

2r12
; (55)

YTH3 =
YTHr34+βNTH

2r34
; (56)

YTH4 =
YTHr34−βNTH

2r34
. (57)

XTH1 XTH2
YTH3 YTH4

r12

r34

α β

FTHR

α+β = 1 0 ⩽ α, β ⩽ 1

In Eqs. (54)–(57),  and  are the thrusts gener-
ated by Propellers 1 and 2;  and  are the thrusts
generated by Propellers 3 and 4;  is the distance between
the rotating centers of Propellers 1 or 2 and the longitudinal
symmetrical plane of the robot;  is the distance between
the rotating centers of Propellers 3 or 4 and the transverse
symmetrical plane of the robot;  and  are the pending
coefficients whose values are determined based on the prin-
ciple to ensure the total control force  being evenly
distributed to each control propeller with a better control ef-
ficiency, and , .

3.1.5  Transformation of the thrust to the rotating speed

XTH ⩾ YTH

XTH < YTH

In our research the dichotomy is utilized to find out the
relationship between the thrust and rotating speed of a con-
trol propeller, the hydrodynamic effects of the main robot
body and other running propellers are considered in the de-
termination of the thrust of the control propeller when it ro-
tates at a definite speed. At every time step the required ro-
tating speed needed for each propeller is calculated accord-
ing to the required thrust being determined by Eqs.
(54)–(57) with the dichotomous technique. Since the great-
er the required thrust, the greater the influence of the pro-
peller on the surrounding fluid fields, the rotating speed of
the propeller with greater required thrust is first determined
in the transformation process, then those with lesser thrust
and so on. For example, if , the rotating speeds of
Propellers 1 and 2 are first evaluated, and then those of Pro-
pellers 3 and 4; if , the transformation process is
opposite.

4  Numerical solution of the hydrodynamics and control
model
Numerical simulations are carried out with above estab-

lished hydrodynamics and control model to examine the hy-
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drodynamic and control behaviors of the described tethered
underwater robot system. In the numerical simulations, the
rotating speeds of the control ducted propellers, which are
taken as the input data for the hydrodynamics model, are
governed by the proposed controller to manipulate the ro-
bot moving along a designated trajectory configuration with
a demanded attitude. The output data of the model are the
hydrodynamic responses of the robot under these control
manipulations, so that the dynamic behaviors of a tethered
underwater robot under different control operations can be
numerically observed.

The computational procedure of the numerical solutions
of the robot hydrodynamics and control model is briefly
outlined below.

T 0
S = 0

(1) Input particulars of a tethered underwater robot sys-
tem which include the geometric and physical data of the
umbilical cable, underwater robot and control ducted pro-
pellers; let the simulation time , superscript 0 means
the time step 0.

φ θ ψ

(2) Calculate the steady solution of the robot system
when the robot is freely suspended in water or in a steady
undersea current; introduce initial values of x, y, z, , , 
and their derivatives of the robot system which are obtained
from the steady solution; let n=1, and n is the number of the
time step.

m = 1,2, · · · ,Mp

Mp

(3) Introduce the expected translational and angular co-
ordinate values and their derivatives of the robot at Point m,

, m is the sequence number of the desig-
nated point at a prescribed robot motion trajectory set by the
controller designer, and  is the maximum number of m.

(4) Go to Step (5) if the robot does not reach the co-
ordinates at Point m; otherwise go to Step (13).

ei1

ei2 i = 1,2, · · · ,6
(5) Determine the error  and the rate of change for the

error  ( ) as described in Eq. (35) at the time
step n by applying the state and expected variables based on
the data of Steps (3), and (2) or (11).

FTHR
FTHR

XTH1 XTH2 YTH1 YTH2

(6) Determine  by Eq. (29) based on the data from
Step (5). Distribute  components to each propeller
thrusts , , ,  according to Eqs. (54) –(57),
these propulsion forces are transferred to the control signals
governing the rotating speeds of the control propellers.

(7) Introduce the rotating speeds of the control pro-
pellers at the time step n.

FH MH FTH MTH(8) Calculate , ,  and  at the time step n
by the CFD technique with the commercial code Fluent ac-
cording to the output kinematic parameters of the robot and
the given control signals of the propeller rotating speeds.
Their values at the new time step n+1 are obtained by extra-
polating the values at the time step n and n–1.

(9) Solve the hydrodynamics model for the tethered un-
derwater robot system numerically as described in Sections
2.1 to 2.4.

T n
s

T n
S = T n−1

S +∆T ∆T
(10) Output the simulation time  at the time step n,

, and  is the time step size between the

time steps n and n–1.
(11) Output the kinematic parameters of the robot at

new time step n+1, these parameters are the velocity com-
ponents in three dimensions, translational and angular co-
ordinates of the underwater robot.

ei1 ei2
i = 1,2, . . . ,6

ε1 ε2

(12) Let n=n+1, and go to Step (5); if  and 
( ) determined by the data in Step (11) do not
reach the given relative errors  and , otherwise go to
Step (13).

m ⩽ MP

(13) Let m=m+1 and n=1, and then go to Step (3) if
, otherwise output the simulation results and end the

program.

5  Numerical simulation of the trajectory and attitude
control to the underwater robot
In this section, the trajectory and attitude control tech-

nique proposed in previous sections is applied to analyze the
hydrodynamics and control behaviors of a tethered under-
water robot. In the numerical simulation, the commanded
robot trajectory and attitude are first pre-designated, to meet
the commanded requirements of the trajectory and attitude
manipulation is regarded as the control objective, and ad-
justments of the control propeller rotating speeds for gener-
ating required control forces are considered to be the major
control means to accomplish the control task. Trajectory and
attitude control to the robot is numerically simulated accord-
ing to the control objective so as to observe the hydro-
dynamic performance of the robot in this kind of control op-
eration.

The underwater robot investigated in this paper is as-
sumed to be a cuboid main body with round fillets at its
sides. Four control propellers are installed on the main
body, and their sequence numbers are assigned as shown in
Figs. 2 and 4. The four propellers are located at the centers
of the four surfaces of the main body perpendicular to the
xoy plane in the robot local frame. An umbilical cable is
connected at the upper surface of the robot. Principal para-
meters of the umbilical cable, main robot body and control
propellers are shown in Table 1.

Numerical simulation is carried out with the model and
the tethered underwater robot system as described above to
observe the validity of maneuvering the robot moving along

Fig. 4.   Computational domain and serial numbers of the propellers.
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I1 I2

I3 I4

Ii i = 1,2,3,4

Ii

i = 1,2,3,4
I I = 1,2,3,4

a specified trajectory with a demanded attitude. The traject-
ory and attitude control to the robot is accomplished by the
combined action of the four running ducted propellers. In
our numerical simulation, a quadrate computational domain
referred to as Domain III is constructed. The dimension of
the domain is L×B×H = 2.0 m×1.5 m×1.0 m, and the main
robot body fitted with the control ducted propellers is loc-
ated at the central region of the computational domain as
shown in Figs. 3 and 4. According to the nature of the re-
search, Domain III is divided into five portions, i.e. Do-
mains ,  denoting the rotator regions of Propellers 1 and
2, and ,  denoting those of Propellers 3 and 4 as well as
Domain II representing the region in Domain III except for
Domain  ( ). Velocity boundary condition is
defined as the boundary condition of all external surfaces of
Domain III whose value is determined from the resultant re-
lative velocity of robot motion and incident flow met by the
robot .  The common boundary between Domain 
( ) and Domain II is defined at the inlet and out-
let of Propeller  ( ). Interface technique is used
to determine the boundary conditions at these faces to im-
plement their data interchange. Definitions of boundary con-
ditions for the computational domains are demonstrated in
Table 2.

Numerical simulation is conducted with the parameters
of the tethered underwater robot system and computational
domains as described in this section to observe the hydro-

dynamic behaviors of the robot under manipulation of the
four propellers controlled by the proposed controller. The
computation starts with a steady solution when the robot is
suspended freely in water and a uniform current velocity of
0.1 m/s is assumed to be the operational undersea environ-
ment. In numerical simulation, trajectory description of the
robot under a control operation is defined as the linking
point coordinate between the lower end of cable and the un-
derwater robot in the fixed inertia frame. Dynamic perform-
ances of the underwater robot at the following two stages of
control objectives are numerically observed.

Stage 1: To manipulate the robot traveling in a straight
line from the points (0, 0) to (0.25, 0) defined in the fixed
coordinate XOY. During this stage of control operation the
yaw angle of the robot is required to be changed from 0° at
the coordinate (0, 0) to 90° when the robot reaches the co-
ordinate (0.25, 0).

Stage 2: To manipulate the robot traveling from the
point (0.25, 0) in a prescribed circular orbit with a diameter
of 0.5 m and its center at the point (0, 0) to the same point
after one circle of clockwise running. The robot yaw angle
at this control stage is required to be manipulated from 90°
to 450° linearly. At this stage of numerical simulation, 36
designated points described in Step (3) in Section 4.2 are
evenly distributed in the circular orbit where expected co-
ordinate values at these points are prescribed.

Fig. 5 shows a comparison of running paths between the

Table 1   Principal parameters of the robot system

Components Parameter Value

Umbilical cable
Diameter (m) 0.01
Length (m) 3
Mass per unit length (kg/m) 0.5

Main body of the underwater robot

Main body dimension (m) Length=0.3, Width=0.15, Height=0.15
Mass (kg) 10
Center of gravity in the robot-fixed frame (m) xG=0, yG=0, zG=0
Center of buoyancy in the robot-fixed frame (m) xB=0, yB=0, zB= −0.05
Connected point coordinates between robot and cable in the
robot fixed frame (m) xT=0, yT=0, zT=−0.075

Attitude control propellers

Type of the ducted propeller Ka 4-70/19A
Pitch ratio of the propeller P/D 1
Diameter of the propeller D (m) 0.0473
Length of the duct LC(m) 0.075

Dynamic reference point positions of the control forces from
four propellers in the robot-fixed frame (m)

Propeller 1: x1=0, y1=0.125, z1=0
Propeller 2: x2=0, y2=-0.125, z2=0
Propeller 3: x3=-0.2, y3=0, z3=0
Propeller 4: x4=0.2, y4=0, z4=0

Table 2   Boundary conditions of the computational domains

Category Boundary coordinates Definition of boundary condition

Peripheral boundary of Domain III x=± 1
2 L y=± 1

2 B z=± 1
2 H; ; Velocity boundary condition

Common boundary of Domain I and Domain II Two ends of the duct Interface technique
Propeller Outer surface of propeller Non-slip boundary condition

Duct Inner or outer surface of the duct Non-slip boundary condition
Main robot body Outer surface of the main robot body Non-slip boundary condition
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commanded trajectory of the robot under above described
control manipulation and the simulated one. Table 3 prese-
nts the simulated and commanded kinematic parameters of
the robot in the representative positions during the control
operation. From the results of Fig. 5 and Table 3 it can be
seen that the simulated trajectory and yaw angle agree well
with the commanded ones, the whole control process being
satisfactory.

Figs. 6 and 7 illustrate the time histories of the robot
yaw angle at Stages 1 and 2 under the same control manipu-
lation as that in Fig. 5. From the figures one can find that it
spends 3 s for the robot to finish the control operation at
Stage 1 and that at Stage 2 the yaw angle changes linearly
from 90° to 450° which meets the control requirements of
this stage well.

Figs. 8 to 10 present time histories of the robot transla-
tional velocities in X and Y directions, angular velocity and
angular acceleration round the vertical axis Z in running
motion during the control operation at Stages 1 and 2. It is
shown from these figures that the change pattern of the
translational velocities matches well with the motion pat-

tern in Fig. 5, that the robot angular velocity becomes lar-
ger and larger gradually when the robot is in control man-
euvering of Stage 1 but keeps almost constant when the
control operation is at Stage 2, and that the corresponding
change of the angular acceleration also takes place with the
change of robot translational and angular velocities, its mo-
tion nature being also consistent with the character of robot
translational and angular velocities shown in Figs. 8 and 9.

ft
fm fc

Three displacement components of the robot in X, Y, and
Z directions are demonstrated in Figs. 11 and 12. Numeric-
al simulation results of the force components in X and Y dir-
ections caused by propeller thrust , hydrodynamic loading
on main robot body , umbilical cable tension , and the

Fig. 5.   Trajectories of the robot.

Fig. 6.   Yaw angle of the robot at Stage 1.

Fig. 7.   Yaw angle of the robot at Stage 2.

Fig. 8.   Velocities in X and Y directions.

Fig. 9.   Angular velocity in yaw motion.

Table 3   Kinematic parameters of the robot at the representative positions

Position mark in Fig. 4 Simulation time (s) Commanded coordinate (m) Simulated coordinate (m) Commanded yaw angle (°) Simulated yaw angle (°)
① 3.0 (0.25, 0.0) (0.25, 0.0) 90.0 90.4
② 4.6 (0.0, 0.25) (0.0, 0.25) 180.0 178.3
③ 6.4 (–0.25, 0.0) (–0.25, 0.0) 270.0 270.9
④ 8.2 (0.0, –0.25) (0.01, –0.25) 360.0 360.6
① 10.0 (0.25, 0.0) (0.25, 0.0) 450.0 451.2
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resultant force F as well as their corresponding moments
during the control operations are provided in Figs. 13 to 15.
The relationship among the force components of , , 
and F in X and Y axes shown in these figures are written as:
FX = fcX + ftX + fmX; (58)

FY = fcY + ftY + fmY , (59)
where subscripts X and Y denote X and Y directions.

fcX fcY

Numerically simulated result from Fig. 12 reveals that
only a slight change of the robot submerged depth takes
place when the robot is under the control operation at Stage
1, but there is almost no change at Stage 2, which means the
robot motion keeps on a nearly horizontal plane under this
stage of control operation. The comparisons among Figs. 11,
13 and 14 show that curvilinear configurations of umbilical
cable tensions  and  are coincident with those of surge
and sway. Which indicates that the factor of umbilical cable
tension is important for the determination of tethered under-
water robot motion.

It is noticed from the computational results that angular

velocity of the robot remains almost constant when the ro-
bot moves at Stage 2 (Fig. 9), that its angular acceleration
approaches zero (Fig. 10), and that the resultant moment ex-
erted on robot is therefore closed to zero (Fig. 15).

The four control propellers on the robot should run at
given rotating speeds regulated by the controller to generate
needed thrusts in order that the robot might be driven to
travel in the specific circular orbit. Figs. 16 and 17 provide
the simulated results of rotating speeds and corresponding
thrusts of the control propellers required to manipulate the
robot to undertake the prescribed underwater survey with
the speeds being governed by the controller, whose values
are determined according to the control requirements. In
Figs. 16 and 17, the legend “(R)” standards for rotation, and
“(T)” for thrust; the simulated results of thrusts in the fig-
ures are expressed in the local robot coordinates; the posit-
ive directions of propeller rotating speeds as well as thrusts
defined in these figures coincide with those of the local co-
ordinates of the robot. Numerical results in Figs. 16 and 17

Fig. 10.   Angular acceleration in yaw motion.

Fig. 11.   Surge and sway motion of the robot.

Fig. 12.   Heave motion of the robot.

Fig. 13.   Exerted forces on the robot at X direction.

Fig. 14.   Exerted forces on the robot at Y direction.

Fig. 15.   Exerted moment on the robot.
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show that the time history patterns between the rotating
speeds and corresponding thrusts of Propellers 1 and 2 (Fig. 16)
and those of Propellers 3 and 4 (Fig. 17) are similar respect-
ively, which illuminates that the rotating speed and thrust of
a certain control propeller is correlative.

fc

The control operation at Stage 1 is carried out by the
joint dynamic effects of multi-factors, such as two pairs of
the control propellers, hydrodynamic loading on the robot
due to current velocity and the robot motion itself as well as
the umbilical cable. While at Stage 2, the robot conducts an
approximate steady circular motion with a nearly constant
angular velocity by the driven forces produced by the two
pairs of control propellers. At this stage of motion, Pro-
pellers 1 and 2 generate thrusts in the direction tangential to
the circular orbit, thus leading the robot to travel clockwise
starting at the point (0.25, 0). On the other hand, Propellers
3 and 4 produce thrusts in the direction of pointing contrar-
ily to the circle center to keep the robot in the prescribed or-
bit, while the direction of cable tension  always points to
the circle center. The dynamic situation of the controlled ro-
bot at different motion moments of Stages 1 and 2 is presen-
ted in Fig. 18. The directions of thrusts and cable tension

presented in Fig. 18 are described in their authentic ones.
Table 4 provides the computational results of resultant con-
trol force generated by Propellers 1 and 2 in the representat-
ive positions during the control operation.

A comprehensive inspection of the numerical results
shown in Figs. 16 to 18 and Table 4 reveals that the process
of control operation to the robot at Stage 2 driven by the
two pairs of propellers can be roughly divided into two
phases, i.e.

Phase A: The counter current phase between 3.0 and 6.4
sec when the robot runs clockwise in the first half of the cir-
cular orbit from the point (0.25, 0) to point (–0.25, 0).

Phase B: The fair current phase between 6.4 and 10.0
sec during the second half of the circular orbit from the
point (–0.25, 0) to point (0.25, 0).

It can be seen from Table 4 and Fig. 18 that the result-
ant thrust of Propellers 1 and 2 in position  reaches its max-
imum during the whole control operation. This is because
position  is the transition point of the robot from a straight-
line motion to a circle motion, which needs the Propellers 1
and 2 to provide a strong enough thrust so that the robot can
obtain an enough starting acceleration for actuating of the
circular motion. When the robot travels from position  to
position  on the counter current phase, a greater thrust is re-
quired to drive the robot than that on the fair current phase.
When the robot runs in the fair current condition, a relat-
ively lesser thrust is needed, especially when the robot
reaches position  the required resultant thrust approaches its
lowest value because of the strongest fair current effect on
the robot at that moment.

6  Conclusions and discussions
A three-dimensional integrated hydrodynamics and con-

trol model for simulating a tethered underwater robot sys-

Fig. 16.   Rotating speeds and corresponding thrusts in x direction of Pro-
pellers 1 and 2.

Fig. 17.   Rotating speeds and corresponding thrusts in y direction of Pro-
pellers 3 and 4.

Fig. 18.   Dynamic situation of the controlled robot at different motion mo-
ments.

Table 4   Resultant control force by Propellers 1 and 2 in the representative positions

Position mark in Fig. 20
Commanded coordinate (m) (0.25, 0.0) (0.0, 0.25) (–0.25, 0.0) (0.0, –0.25) (0.25, 0.0)

Simulation time (s) 3.0 4.6 6.4 8.2 10.0
Resultant control force of Propellers 1 and 2 (N) 11.82 9.79 6.61 0.15 7.05
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tem is proposed, and numerical simulation to study hydro-
dynamics and control performances of the robot under tra-
jectory and attitude control operation is presented. Numeric-
al results revealed that satisfactory control effect can be
achieved when the FSMC theory is applied to govern a
tethered underwater robot and that much kinematic and dy-
namic information about the underwater robot when it is
manipulated to accomplish a given underwater survey can
be forecasted with the proposed model. The information in-
cludes translational and angular motion of the robot, hydro-
dynamic loading on the robot, manipulation action pro-
duced by the control propellers, the kinematic and dynamic
behaviors of the umbilical cable, and the influencing factors
of undersea environment to the robot etc. Since these hydro-
dynamic effects are fed into the proposed coupled model,
the mutual hydrodynamic influences of different portions in
the robot system as well as the hydrological factors of the
undersea environment for the robot operation are incorpor-
ated in the model. The computational results of the pro-
posed model demonstrated more realistic predictions of the
hydrodynamic performances of a tethered underwater robot.

In our research, fuzzy sliding mode control is taken as
the core control algorithm for the controller in our model. In
fact, other control algorithm such as neural network control
can also be chosen as the control algorithm. Control al-
gorithms are most suitable for the hydrodynamics and con-
trol model established in this paper remains to be studied.
To strengthen the established hydrodynamics and control
model, it is the further research target to find an optimum
control algorithm matching mostly the established hydro-
dynamics and control model of a tethered underwater robot
system, so that a better control effects can be obtained.

The hydrodynamic model proposed in the paper is es-
tablished on the conditions that the tethered underwater ro-
bot is working in still water. It can extend the model to sim-
ulate the robot being manipulated under more ocean envir-
onmental effects such as local current and wave, which can
be achieved by coupling the local velocities of current into
the velocity components of the umbilical cable relative to
still water, and by taking the velocity at the conjunction
point between umbilical cable and working ship at the wave
as the boundary conditions for motion equations of the um-
bilical cable.
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