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Abstract— In this paper, a position control method based
on an improved dynamic surface control is proposed for
an underactuated underwater biomimetic vehicle-manipulator
system (UBVMS) driven by undulatory fin propulsors. A surge
force adaptive process is designed to solve the underactuated
problem of the UBVMS. And the proposed closed-loop con-
trol system is verified to be stable in terms of Lyapunov
theory. Simulation results indicate that the proposed control
method has good control effectiveness. Finally, experiments in
an indoor experiment pool are implemented to validate the
control method’s feasibility and robustness in the applications
of UBVMSs.

I. INTRODUCTION

With the rapid development of exploitation and utilization

of ocean resources, underwater vehicle-manipulator systems

(UVMSs) have captured researchers’ attention and are grad-

ually being widely used [1]. The main fields of current

research on the UVMSs include mechanism design, sensor

and communication systems, underwater localization, au-

tonomous control strategies, etc [2].
In the past few years, lots of research teams around the

world are committed to the exploration of the UVMSs. In

the United Kingdom, researchers in Heriot-watt university

started a project named ALIVE to develop an UVMS capable

of docking to a subsea structure. The developed UVMS

can perceive the underwater environment through sonar and

video sensor processing techniques and used a six-degree-of-

freedom (DOF) underwater manipulator to complete fixed-

point underwater tasks [3]. In 2015, Doc Ricketts, an UVMS

developed by the Monterey Bay Aquarium Research Institute

explored the Palos Verdes Fault offshore in Southern Cali-

fornia [4]. The UVMS made it possible to present tectonic

geomorphology and seascape evolution. The TRIDENT was

an UVMS project in Europe focusing on the autonomous

operation of UVMSs [5]. Based on the developed Girona-

500 UVMS, this project has completed several autonomous
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tasks, including autonomously searching and recovering a

black-box, autonomous valve turning, etc [6], [7]. In China,

the manned deep submersible JIAOLONG was developed to

achieved manned deep-sea diving [8]. In 2020, China’s new

manned deep submersible FENDOUZHE reached a depth of

10,909 meters in the Mariana Trench.

The UVMSs in the above researches are mainly driven by

traditional thrusters. Recently, with the advancement of the

bionic mechanism, the UVMSs driven by bionic propulsion

methods have also been in progress. In Norway, a modular

and flexible underwater robot capable of swimming like

a snake named Eelume was developed to provide imme-

diate response to unpredicted inspection, maintenance and

repair requirements at the bottom of the sea [9]. Inspired

by cuttlefish’s swimming mode, RobCutt II, an underwater

biomimetic vehicle-manipulator system (UBVMS) driven by

undulatory fins was developed in 2018 [10]. On the basis of

the developed UBVMS, underwater autonomous free floating

manipulation experiments about opening a door and grasping

objects were conducted [11].

The research in the control field has always been one of the

research hotspots of UVMSs. Tang et al. designed a vehicle-

manipulator coordinated plan and control methodology, and

the autonomous grasping manipulation experiments verified

the effectiveness of the proposed control methodology [12].

Cai et al. presented a depth control for an UVMS, which was

implemented by an adaptive sliding mode control method,

and the simulations conducted on UWSim verified the pro-

posed control method [13]. Ma et al. presented a position

control for an UBVMS by reinforcement learning method,

and simulations in 5 cases verified the validity of the pro-

posed control method [14]. Nevertheless, specialized control

designs for underactuated UBVMSs are relatively rarely

involved and are mainly based on simulations. Hence, this

paper presented an improved dynamic surface control (DSC)

method to solve the position control for an underactuated

UBVMS.

In the rest of this paper, Section II presents the configura-

tion and dynamics of the UBVMS. In Section III, the position

control framework based on an improved DSC method is

proposed. In Section IV, simulations and indoor experiments

are implemented to verify the effectiveness of the proposed

method. Finally, conclusions are summarized in Section V.
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II. CONFIGURATION AND DYNAMICS OF THE

UBVMS

A. Configuration Overview of the UBVMS

As shown in Fig. 1, the UBVMS is composed of a

control cabin, a visual system cabin, two symmetrically

arranged biomimetic undulatory fin propulsors and a 5-DOF

underwater manipulator. The mainly structure parameters of

the UBVMS prototype are listed in Table I.

Fig. 1. Prototype of the UBVMS.

TABLE I

STRUCTURE PARAMETERS OF THE UBVMS PROTOTYPE

Parameters Values Parameters Values

Mass 120.6 kg Length 1200 mm

Width 1210 mm Height 950 mm

Manipulator total length 1220 mm Manipulator mass 19.4 kg

Fin width 220 mm Fin length 550 mm

Number of fin rays 12 Fin thickness 4 mm

B. Mathematical Model of the UBVMS

In this paper, 3-DOF kinematics and dynamics are consid-

ered in the mathematical model of the UBVMS. The 3-DOF

velocity vector relative to the earth-fixed frame is given by

a velocity transformation:

η̇ = J (η)ν (1)

where ν=
[
u v r

]T
denotes the velocity vector relative to

the vehicle-fixed frame. η =
[
x y ψ

]T
denotes the pose

vector relative to the earth-fixed frame. The transformation

matrix is defined as:

J (η) =

⎡
⎣cosψ − sinψ 0
sinψ cosψ 0
0 0 1

⎤
⎦ (2)

According to Newton-Euler dynamics, the dynamic equa-

tion of the UBVMS can be written as:

MRBν̇ +CRB (ν)ν + τh (ν, ν̇) = τ (3)

where MRB denotes the rigid-body inertia matrix, CRB (ν)
denotes the rigid-body Coriolis and centripetal matrix,

τ=
[
X Y N

]T
denotes the resultant vector of control

input forces and moments, and τh (ν, ν̇) denotes the the re-

sultant vector of hydrodynamic force, which can be obtained

in literature [14].

The detailed descriptions of MRB and CRB (ν) are as

follows:

MRB =

⎡
⎣ m 0 −myG

0 m mxG

−myG mxG Iz

⎤
⎦ (4)

CRB =

⎡
⎢⎣

0 0 −m (xGr + v)
0 0 −m (yGr − u)

m (xGr + v) m (yGr − u) 0
n

⎤
⎥⎦ (5)

where m = 120.6kg denotes the mass of the UBVMS, xG =
0.015m, yG = 0.008m represent the barycentric coordinates

relative to the vehicle-fixed frame, Iz = 15.44kg·m2 denotes

the moment of inertia of the UBVMS on the horizontal plane.
The UBVMS is actuated by two symmetrically arranged

undulatory fin propulsors. Each undulatory fin propulsor
consist of 12 fin rays and a black silicone sheet. The
undulatory fin propulsors can provide the UBVMS with
thrust by controlling the 12 fin rays to make the fin surface
generate undulating motion. The undulating motion of each
fin ray can be described as:

βi = βm sin [2π (ft+ xi/λ) + φ0] + βB , i = 1, 2, · · · , 12 (6)

where βm denotes maximum angular deflection of the

sinusoidal waves, f denotes oscillating frequency, t denotes

time, λ denotes the wave length, φ0 denotes the initial phase,

βi and xi represent the deflection angle and the position of

the ith fin ray, respectively; and βB denotes the deflection

angle of the undulatory fin propulsor.

The undulatory fin propulsor can generate force and

moment of varying magnitude by changing the motion

parameters in (6). A measurement platform is constructed to

obtain the thrust-parameters relationship of the undulatory

fin propulsor [15]. These experiments indicated that when

βm = π/6, λ = 275mm and φ0 = βB = 0, the undulatory

fin propulsors can generate surge force (X ∈ [−13, 13] N)

and yaw moment (N ∈ [−6.4, 6.4] N · m) with the

oscillating frequency varying within f ∈ [−1.7, 1.7] Hz.

The relationship between the force/moment (X/N ) and the

two oscillating frequencies of the left and right undulatory

fin propulsors (fL, fR) was mapping by fuzzy approach. The

detailed implementation can be found in literature [16].

Considering that the UBVMS is an underactuated system

and can only produced the surge force X and yaw moment

N , while the sway force Y cannot be generated by the

biomimetic undulatory fin propulsors, we designed a surge

force adaptive processor (SFAP) to solve the problem of the

underactuated UBVMS. The SFAP can be described as:

X = ε (Δr0 −Δr) ·X + ε (Δψ0 −Δψ) ·X
− ε (Δr0 −Δr) · ε (Δψ0 −Δψ) ·X (7)

where X denotes the surge force X derived from the

controller, ε (·) denotes the step function, Δr denotes the
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distant between the actual position and the target position,

Δψ denotes the absolute value of the difference between

the actual yaw angle and target yaw angle, Δr0 and Δψ0

represent the adjustment parameters.

The step function is defined as:

ε (t) =

{
0, t < 0
1, t ≥ 0

(8)

III. POSITION CONTROL METHOD OF THE

UBVMS BASED ON DSC

In this section, a DSC algorithm for position control of

the UBVMS is presented, which introduces a low pass filter

into the conventional backstepping control to avoided the

”explosion of complexity” problem. The block diagram of

the position control framework is shown in Fig. 2.

DSC

SFAP

Fuzzy logic controller 
based on models

X
N

IMU

Global vision 
camera

+
+

Desired 
position

+ leftf
rightf

x y

y

dx dy d

dx dy d

x

Fig. 2. Block diagram of the position control framework.

A. Dynamic Surface Control Framework Design

Transform (3) and we have:

Mν̇ +CRB (ν)ν + τ ′
h (ν)ν = τ (9)

where M = MRB +MA denotes the inertia matrix includ-

ing the rigid-body inertia matrix MRB and the added inertia

matrix MA, τ ′
h (ν)ν = τh (ν, ν̇) − MAν̇ denotes the

hydrodynamic force that removed the added inertia effects.

Choosing: x1 = η, x2 = ν, according to (1) and (9), the

dynamics are described as:{
ẋ1 = J (η)x2

ẋ2 = −M−1CRB (ν)x2 −M−1τ ′
h (ν)x2 +M−1τ

(10)

Step 1:

Define the first error surface as

z1 = x1 − ηd (11)

where ηd denotes the desired position.

Then we have

ż1 = ẋ1 − η̇d = J (η)x2 − η̇d (12)

Define the second error surface as

z2 = x2 − a2 (13)

where a2 represents a state variable.

By defining a low pass filter, we can obtain a2 and avoid

the ”explosion of complexity” problem.

ȧ2= (r2 − a2) /e2 (14)

where e2 denotes the time constant of the low pass filter, and

r2 denotes the virtual control and is chose as

r2 = −k1z1 + J(η)
−1

η̇d (15)

where k1 > 2 denotes a designed parameter.

Step 2:

According to (10) and (13), take the derivative of z2 and

yield:

ż2 = −M−1CRB (ν)x2 −M−1τ ′
h (ν)x2 +M−1τ − ȧ2

(16)

Let

ż2 = −J (η)k2z2 (17)

where k2 > 1
4 denotes a designed parameter.

Then we have the control law as:

τ = CRB (ν)x2+τ ′
h (ν)x2+M (ȧ2 − J (η)k2z2) (18)

B. Stability Analysis

Step 1:

Define the filter error as

p2 = a2 − r2 (19)

The Lyapunov function candidate is chosen as:

V1 =
1

2
zT
1z1 +

1

2
pT
2p2 (20)

Differentiate V1 and combine (12), (13) and (19), we can

obtain the following equation:

V̇1 = zT
1 ż1 + pT

2ṗ2

= zT
1 [J (η)x2 − η̇d] + pT

2ṗ2

= zT
1 [J (η) (z2 + a2)− η̇d] + pT

2ṗ2

= zT
1 [J (η) (z2 + p2 + r2)− η̇d] + pT

2ṗ2

(21)

Substituting (15) into (21) yields that

V̇1 = J (η)
(
zT
1z2 + zT

1p2 − k1‖z1‖2
)
+ pT

2ṗ2

≤ J (η)

(
2‖z1‖2 + 1

4
‖z2‖2 + 1

4
‖p2‖2 − k1‖z1‖2

)

+ pT
2ṗ2

(22)

Choose k1 = 2 + a0 and we have

V̇1 ≤ J (η)

(
1

4
‖z2‖2 + 1

4
‖p2‖2 − a0‖z1‖2

)
+pT

2ṗ2 (23)

According to (14), (15) and (19), we have

ṗ2 = ȧ2 − ṙ2

= −p2

e2
+B2 (z1, z2,p2,ηd, η̇d, η̈d)

(24)

where B2 (·) represents a continuous function and B2 has a

maximum M2.
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Fig. 3. Pose and velocity of the UBVMS during the position control simulation.

Choose 1
e2

≥ (
1
4 + a0

)
J (η) + ‖M2‖2

2b and according to

Young’s inequality, we can obtain that

V̇1 ≤ M3

(
1

4
‖z2‖2 − a0‖z1‖2 − a0‖p2‖2

)
+

b

2
(25)

where M3 denotes the maximum value of J (η), a0 > 0 and

b > 0 represent designed parameters.

Step 2:

Choose the Lyapunov function candidate as:

V2 = V1 +
1

2
zT
2z2 (26)

Then we have

V̇2 = V̇1 + zT
2 ż2

≤ M3

(
1

4
‖z2‖2 − a0‖z1‖2 − a0‖p2‖2 − k2‖z2‖2

)
+

b

2
(27)

Let k2 = 1
4 + a0 and we have

V̇2 ≤ M3

(
−a0‖z1‖2 − a0‖p2‖2 − a0‖z2‖2

)
+

b

2
(28)

Finally, we can obtain that

V̇2 ≤ −2M3a0V2 +
b

2
(29)

Then we can derive that

V2 (t) ≤ b
2

t−t0
+ 4M3a0

+
1

1 + 2M3a0 (t− t0)
V2 (t0) (30)

From (30), it is observed that when t → ∞, V2 converges

to b
4M3a0

. So, the proposed control system is semiglobally

uniformly bounded. And by choosing appropriate designed

parameters, the tracking error converges asymptotically to a

small value.

IV. SIMULATIONS AND EXPERIMENTS

In order to verify the effectiveness of the proposed con-

trol strategy, simulations and experiments are conducted to

the UBVMS. The designed parameters are set as k1 =
diag (3, 0, 4.5), k2 = diag (5, 0, 3), e2 = 0.1.

A. Simulations and Analysis

The starting position and yaw angle of the UBVMS are

(2, 1) and π, respectively. The desired position and yaw angle

of the UBVMS are (−1,−1) and −π/2, respectively.

Fig. 3 shows the pose and velocity change curves of the

UBVMS. The red and blue curves represent the desired and

actual data of the UBVMS, respectively. It can be observed

that under the action of the controller, from 0 to 18 seconds,

the UBVMS first adjusts the yaw angle so that its head

faces the desired position. Then from 19 to 51 seconds,

the UBVMS performs the position control and reaches the

desired position. Finally, from 52 to 80 seconds, the UBVMS

completes the yaw control and reaches the desired yaw angle.

Fig. 4 displays the control law during the simulation. The

red, blue and green curves represent the surge force X ,

the sway force Y and the yaw moment N , respectively. As

mentioned before, the UBVMS is an underactuated system,

hence the sway force of Y of the control law remains to zero.

However, through the designed SFAP, the position control

of the UBVMS in the y direction can be achieved. Fig. 5

208

Authorized licensed use limited to: INSTITUTE OF AUTOMATION CAS. Downloaded on September 17,2021 at 02:24:40 UTC from IEEE Xplore.  Restrictions apply. 



demonstrates the control frequency of the fins during the

simulation. The red and blue curves represent the frequency

of the left fin and the right fin, respectively. Consistent with

the control process, from 0 to 18 seconds, the frequency

difference of the left fin and right fin provides yaw moment

N to control the yaw angle. Then from 19 to 51 seconds, the

fins have the same frequency with positive value to generate

surge force X so that the UBVMS can swim forward in a

straight line. And from 52 to 80 seconds, the yaw moment N
is produced by the frequency difference to drive the UBVMS

to complete control.
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Fig. 4. Control law during the position control simulation.
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Fig. 5. Control frequency of the fins during the position control simulation.
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Fig. 6. Trajectory of the UBVMS during the position control simulation.

Fig. 6 displays the trajectory of the UBVMS during the

simulation. The red circle and the red asterisk represent

the starting point and the desired point, respectively. The

red arrow and the blue curve represent the yaw angle and

trajectory of the UBVMS, respectively. It can be observed

from Fig. 6 that the UBVMS’s trajectory is smooth and the

final pose and velocity of the UBVMS reach the desired

values, which indicates that the proposed control method has

good control effectiveness.

B. Experiments and Results

Experiments are carried out in an indoor experiment pool.

The starting position and yaw angle of the UBVMS are (1, 1)
and 0, respectively. The desired position and yaw angle of

the UBVMS are (−1, 0) and π/2, respectively.
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Fig. 7. Pose of the UBVMS during the position control experiment.
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Fig. 8. Control frequency of the fins during the position control experiment.

Fig. 7 shows the UBVMS’s pose during the position

control experiment. The red and blue curves represent the

desired and actual data of the UBVMS, respectively. During

the F-UVMS’s position control experiment, the actual pose

of the UBVMS (x,y and ψ) reaches to the desired pose at

T = 45s based on the proposed controller.
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Fig. 9. Snapshots of the UBVMS during the position control experiment.

Fig. 8 displays the motion frequencies of the biomimetic

undulatory fin propulsors. It is worth noting that from 9

seconds to 36 seconds, the motion frequencies of the left and

right fin show oscillational changes. The disturbance of the

current accounts for a significant portion of this phenomenon.

Fig. 9 shows a few images of the F-UVMS’s position

control experiment, where the UBVMS starts from (1, 1) as

shown in Fig. 9 (a) at T = 0s. Fig. 9 (b) to Fig. 9 (e) show

the motion process of the UBVMS. In Fig. 9 (f) at T = 45s,

the UBVMS reaches the desired pose. The experimental

results show that the proposed control method exhibited good

control effectiveness in the application of underwater robots.

V. CONCLUSIONS

In this paper, in order to solve the position control

problem of an underactuated UBVMS, an improved DSC

method combined with a surge force adaptive processor

was proposed. The stability of the proposed control method

was verified by the Lyapunov theory. Simulations on the

UBVMS demonstrated the proposed control method can

achieve accurate postion control even if the UBVMS’s sway

force Y = 0. Experimental results in an indoor experiment

pool showed good control effectiveness, which validated the

feasibility and robustness of the proposed control method

in the application of UVMSs. In the future research, based

on the proposed control method, the autonomous grasping

control task of the UBVMS will be carried out.
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