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Abstract: Recently, as humans have become increasingly interested in ocean resources, underwater
vehicle-manipulator systems (UVMSs) have played an increasingly important role in ocean exploita-
tion. To realize precise operation in underwater narrow spaces, the fly arm underwater vehicle
manipulator system (FAUVMS) is proposed with manipulators as its core. However, this system
suffers severe dynamic coupling effects due to the combination of small vehicle and big manipulators.
To resolve this issue, we propose a robust adaptive controller that contains two parts. In the first
part, the extended Kalman filter (EKF) is designed to estimate the system states and predicts external
disturbances to achieve adaptive control. In the second part, a chattering-free sliding mode control
(SMC) is designed to converge the tracking errors to zero, thus guaranteeing the robustness of the
controller. We constructed the simulation platform based on the geometric model of FAUVMS,
and various simulations are carried out under different situations. Compared to the traditional
methods, the proposed method has a faster convergent speed, a better robustness and adaptiveness
to external disturbances, and the tracking errors of positions of the vehicle and each end-effector are
much smaller.

Keywords: underwater vehicle-manipulator systems; extended Kalman filter; sliding mode control;
mechanical structure; control architecture; robust adaptive control

1. Introduction

Recently, as humans have become increasingly interested in ocean resources, under-
water vehicle-manipulator systems (UVMSs) have played an increasingly important role in
ocean exploitation. Different kinds of UVMSs have been proposed to perform underwater
tasks, such as grasping ocean animals, underwater welding, lifting heavy objects, opening
and closing valves, biological sampling and salvaging of sunken objects [1–4].

Jiaolong [5] is a human-occupied UVMS with individual manipulators for underwater
operation. This kind of underwater vehicle has a strong anti-interference capability because
of its very large restoring moment, and the combination of heavy vehicles and light
manipulators also improves the working stability, i.e., the dynamic coupling is small
for the large vehicle. However, such a vehicle of large volume limits the working space of
Jiaolong, causing work in narrow spaces, such as underwater structures, to be difficult.

To improve the environmental adaptability of such systems with individual manipu-
lators, some UVMSs with small dimensions have been proposed to complete underwater
operations [6,7]. Their UVMSs mainly consist of small vehicles and manipulators. Moreover,
the combination of small vehicles and manipulators allows UVMSs to swim in an underwater
structure. However, such a small vehicle cannot generate enough restoring moments, which
leads to a poor anti-interference capability. Additionally, the movement of the manipulator
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can cause severe coupling dynamics. Researchers usually choose a small manipulator that is
manufactured of light material, although it will reduce the load capacity of the UVMS.

UVMSs with individual manipulators have difficulties performing precise tasks due to
floating vehicles. The dual-arm UVMSs are designed to carry cooperative manipulators [8,9]
that could work with one manipulator while the other manipulator grasps underwater objects to
remain stable; this characteristic helps the dual-arm UVMSs to overcome external disturbances
with small sizes, and it has been proven that the dual-arm system has a higher working
effectiveness than a single-arm system in valve tasks [10]. However, dual-arm UVMSs also
suffer the same problem as single-arm UVMSs, i.e., severe dynamic coupling between the
vehicle and manipulator, and the payload capacity is also limited by the size of the vehicle.

In this paper, a novel UVMS is proposed to complete underwater operations with
certain payloads in narrow spaces; this UVMS is equipped with two cooperative heavy load
manipulators to achieve a heavy load capability and six thrusters to achieve six degrees of
freedom (DOF) to maneuver in complex environments, as shown in Figure 1. The special
combination of two heavy load manipulators and a small vehicle indicates that the main
components of the system are the manipulators; thus, we name the novel system the fly arm
underwater vehicle manipulator system (FAUVMS) (Supplementary Materials). FAUVMS
is designed with a navigation mode and operation mode for performing underwater tasks.
It is placed into water with the navigation mode and navigates to the working place auto-
matically, then switches to the operation mode to perform tasks with one manipulator while
the other manipulator grasps an underwater object to remain stable, i.e., an underwater
pipeline. With the help of two manipulators, FAUVMS can lift 10 kg loads in the air, but the
high-load manipulators cause the system to break the 10 percent law [11]; this law states
that the mass ratio between the manipulator and vehicle should be below 10 percent to
gain motion stability. The dynamic coupling in the system is severe, and the direct effects
on FAUVMS are hard-control attitude, highly influenced end-effector and increased system
hysteresis. The severe dynamic coupling is complex and nonlinear and varies with the
motions of the manipulators. The coupling will decrease the system stability and tracking
performance, which causes controlling FAUVMS to become a major challenge.

Figure 1. Mainframe mechanical structure of the FAUVMS prototype.

Several control techniques appear in literatures. For a conventional UVMS equipped
with a manipulator that is light compared to the vehicle [12], i.e., the mass ratio between
the manipulators and vehicle is less than 10 percent, the system dynamic coupling is
small and often directly considered an external disturbance. The proportion-integration-
differentiation (PID) technique is the most widely used control scheme [13,14] due to its
simplicity of development, small computation cost and good transient response when
facing linear systems or linear disturbances. However, it has been verified that the per-
formance will be unsatisfactory even during the tracking of a second-order trajectory.
The sliding mode control (SMC) technique is a robust variable structure control strategy,
and many robust control algorithms based on SMC have been developed for UVMS motion
control [15,16]. Controllers derived from the SMC framework mainly suffer from two prob-
lems, i.e., the chattering problem and the singularity problem; moreover, researchers have
proposed methods to solve the controller’s singularity problem and chattering problem
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by improving the sliding surface or using the continuous reaching law [17–19]. The SMC
is also used to develop an auxiliary controller with tube-MPC to guarantee the tracking
performance of the whole system [20]. However, the SMC will have a slow convergent
speed to the equilibrium point when the system state is far from the equilibrium point.

For UVMSs having a manipulator with big mass, i.e., the mass ratio is higher than
10 percent, the motion of the manipulator highly influences the motion control stability.
In this case, it is significant for designing the motion controller to estimate the dynamic
coupling effects in the system accurately. Numerical analysis methods are widely used
to gain a clear understanding of the system dynamics of UVMSs [21–23], and the recur-
sive Newton-Euler method (RNEM) can provide more simple and accurate estimation
of dynamic coupling between vehicles and manipulators [24]. Researchers incorporate
the estimated coupling force into the control law and obtain robust controllers during the
motion of the manipulators [25,26]. However, the RNEM is built on the accurate kinematic
and dynamic model of the UVMS systems, which is difficult to derive in reality.

Controlling a UVMS is barely well-performed due to the existence of external distur-
bances, modeling uncertainties and measurement noises. The extended Kalman filter (EKF)
is a well-known nonlinear filter for fusing measurement data with white noises [27,28]
and estimating constant external disturbances [29,30], and the combination of EKF and
model predictive control (MPC) [20,31] decreases the model dependency of MPC with EKF
making the initial estimation of the nonlinear system uncertainties and modeling errors.
However, the tracking performance of EKF-based controllers cannot be satisfied with the
presence of irregular measurement noises and time-varying external disturbances.

FAUVMS suffers severe dynamic coupling, persistent modeling uncertainties, time-
varying external disturbances and non-Gaussian distribution measurement noises in the
underwater environment, which is a major challenge for the motion control of FAUVMS.
Inspired by previous works, we designed a robust adaptive controller based on the above
techniques, in which the RNEM method is used to evaluate the dynamic coupling effects
and the EKF is used to fuse the measurement data and estimate the external disturbance.
The control law is derived from the computed torque control (CTC) framework based on
the estimated states and external disturbances, which guarantees the adaptiveness of the
controller; moreover, an auxiliary chattering-free sliding controller is used to converge
system tracking errors to zero, which guarantees the robustness of the controller.

Compared with related works in the literature, the main contributions of our work
can be summarized.

• A novel concept of a dual-arm UVMS with manipulators as its core is proposed, the me-
chanical structure is designed in detail based on the modular design approach, and the
control architecture is constructed based on the Robot Operating System (ROS).

• The dynamic model of FAUVMS that considers dynamic coupling is developed,
and the RNEM is used to evaluate the dynamic coupling effects in the system.

• A robust adaptive controller is designed based on CTC, EKF and chattering-free SMC,
and the closed-loop stability is guaranteed by Lyapunov theory.

• The simulation platform for FAUVMS is proposed based on Gazebo and the unmanned
underwater vehicle simulator (UUVSimulator), and simulations are carried out to
verify the effectiveness of the proposed control method.

The rest paper is arranged as follows. First, in Section 2, the detailed design of FAU-
VMS, including the mechanical structure and control architecture, is introduced. Then,
the dynamic model of FAUVMS is presented in Section 3. The proposed controller is formu-
lated in Section 4. In Section 5, simulations are demonstrated to verify the adaptiveness and
robustness of the proposed control method. Finally, in Section 6, our work is summarized
with conclusions and future works.

2. Design of FAUVMS

In this section, we introduce the mechanical structure and control architecture of
FAUVMS for underwater tasks. We construct the mechanical structure of FAUVMS based
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on the modular design approach to easily maintain and reconfigure the robot for different
underwater operations, and we construct the control architecture with ROS to achieve
distributed communication.

2.1. Mechanical Structure

The detailed mechanical structure of FAUVMS is represented in Figure 2a, and the
main parameters are shown in Table 1. FAUVMS is composed of an aluminum alloy frame,
a control warehouse, two neutral buoyancy manipulators, six thrusters and two buoyancy
shells. The neutral buoyancy manipulators are mounted on both sides of the frame, which
is surrounded by two buoyancy shells to offer buoyancy and restoring moments. Six
thrusters are used to serve as the propulsion system of FAUVMS.

Figure 2. Mechanical structure of FAUVMS. (a) CAD drawing of FAUVMS. (b) Thruster lay-
out of FAUVMS. (c) The control warehouse of FAUVMS. (d) CAD drawing of the manipulator.
(i) Perspective drawing of the four DOF manipulator. (ii) Prototype of the four DOF manipulator.
(iii) Prototype of the joint module. (iv) CAD drawing of the joint and gripper.

Table 1. Technical parameters of the FAUVMS prototype.

Parameters Values Parameters Values

Vehicle mass 63 kg Metacentric height <5 mm
Vehicle length 640 mm Vehicle width 450 mm
Vehicle height 450 mm Maximum depth 1000 m

Max/Min thrust 5 kg/−4 kg Number of thrusters 6
Payload of arm 5 kg Number of joints 4

Link mass 1.5/2.5/2.5/2.5 kg Link length 220/330/250/50 mm
Link radius 60/60/60/50 mm IMU&Compass Pixhawk
Altimeter Ping30 Velocity logger Waterlinked A50

The thruster configuration method is shown in Figure 2b. Six thrusters are used to
achieve six DOF, two thrusters are mounted vertically, the other two are mounted laterally,
and the rest are mounted horizontally. This configuration method is easy to install and
layout, and the thrust control matrix (TCM) can be easily generated. The rotation and
locomotion of each dimension of the space are only controlled by two thrusters, and each
thruster is surrounded by a thruster tube to decrease the coupling between thrusters. The
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thruster layout increases the maneuverability of the FAUVMS and helps the vehicle to
counter the dynamic coupling while the manipulators move.

The control warehouse is shown in Figure 2c. The control warehouse consists of
Raspberry Pi, an STM32 controller, a DC battery, a DC-DC converter, an inertia measure
unit (IMU) and a depth sensor. The battery, which can supply 16.8 V of power to the
thrusters and 48 V of power to the manipulator actuators, is mounted at the end of the
control warehouse. The STM32 controller and Raspberry Pi are mounted at the top of the
control warehouse, and the STM32 controller can collect data streams from navigation
sensors and transfer them to the Raspberry Pi through Recommended Standard 232 (RS232)
serial port. An Nvidia Jetson Xavier is used to collect and process video streams from the
binocular camera, which is mounted in front of FAUVMS.

Figure 2d is the structural diagram of the manipulator. The manipulator is surrounded
by buoyancy shells to achieve neutral buoyancy, and this design minimizes dynamic
coupling when the manipulators perform tasks. Each manipulator is composed of four
joints and one gripper, and the compensation hydraulic oil supplied by the compensator
fills the inner space of the manipulator to balance the pressure between the inner side and
outside of the cylindrical shell, and this configuration method allows the manipulator to
work in the deep ocean. The joint module consists of a DC brushless motor, a motor driver,
a reduction mechanism and two encoders. The brushless motor, which is controlled by
an Elmo Golden motor driver, actuates the joint through the reduction mechanism, i.e.,
a harmonic reducer and the encoders are used to feed the absolute joint positions back. The
gripper is actuated with a screw and a gripper transmission mechanism, the screw converts
the rotation of the motor into linear motion and actuates the transmission mechanism to
achieve the actions of the gripper.

2.2. Control Architecture

ROS is an open-source framework for robot systems that offers a rich set of libraries and
tools, extensive tutorials, a modular architecture and platform independence. Furthermore,
these features help remove the barriers of robotics development, making ROS a popular choice
for building robot control systems. As shown in Figure 3, the ROS-based control architecture
for FAUVMS is grouped into four distinct parts, i.e., a ground control station (GCS), a mission
layer, an execution layer, and a perception layer. ROS runs on all computers to build TCP/IP
communication between ROS nodes with the help of ROS master via an Ethernet connection,
which is a convenient way to realize distributed communication.

Figure 3. Control architecture of FAUVMS.
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2.2.1. Ground Control Station

The ground control station (GCS) runs on a land monitor computer to achieve system
monitoring and task distribution. It consists of an ROS-based navigation commander,
operation commander, state monitor and camera monitor. The commanders receive human
orders and translate them into manipulator commands and vehicle commands, and then
publish those commands to the ROS master running on the companion computer Raspberry
Pi. The state monitor and camera monitor receive processed system states and video streams
from ROS master and show them on the GCS.

2.2.2. Mission Layer

The mission layer running on the Raspberry Pi mainly consists of a robot navigation
node, vehicle control node, manipulator control node, and thrust control node. Raspberry Pi
receives navigation sensor streams from the STM32 chip through RS232 serial and processed
them by the navigation node, and the processed navigation data is then published to ROS
master for vehicle and manipulator control nodes. Moreover, Raspberry Pi processes
system commands from the GCS through vehicle and manipulator control nodes and sends
actual control signals to the execution layer, i.e., thrusts and joint angles.

MoveIt! [32] is used to plan a 3D trajectory of manipulators based on commands
in manipulator control node, and a sequential quadratic programming method [33] is
exploited to allocate thrust based on the vehicle control node outputs. The proposed
algorithms runs on the vehicle and manipulator control nodes.

2.2.3. Execution Layer

The execution layer consists of an STM32 chip, vehicle and manipulator actuators and
navigation sensors. The STM32 chip collects navigation sensor streams and transfers them to
Raspberry Pi via Inter-Integrated Circuit (IIC) and RS232 serial. The actual control signals from
the mission layer are processed by STM32 and then translated into pulse-width modulation
(PWM) signals via a timer to control the rotation speed of the thrusters and controller area
network (CAN) signals via a CAN controller to control the joints of the manipulators.

2.2.4. Perception Layer

The perception layer consists of a front-looking binocular camera and an Nvidia Jetson
Xavier, which is an embedded system with a GPU lying in the control warehouse. The
binocular camera, which captures two images from different angles simultaneously, can
gain the depth information of an object after image process procedure. The ROS-based
video processor running on the embedded system receives the video streams of the front-
looking binocular camera and exploits them for underwater video enhancements and
pose estimations of underwater objects, and the enhanced videos as well as the poses of
underwater objects are then published to ROS master.

Figure 4. The basic frames of FAUVMS are defined and presented.
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3. Dynamic Modeling of FAUVMS
3.1. General Model of FAUVMS

The basic frames pf FAUVMS is defined as shown in Figure 4. Then, the mathematical
model for FAUVMS is presented as follows [34,35]

M(q)q̈ + C(q, q̇)q̇ + D(q, q̇)q̇ + G(q) + F(q, q̇) = τ + τd (1)

where

M(q) =
[

Mv(qv) HT(qm)
H(qm) Mm(qm)

]
, C(q, q̇) =

[
Cv(qv, q̇v) 0

0 Cm(qm, q̇m)

]
D(q, q̇) =

[
Cv(qv, q̇v) 0

0 Cm(qm, q̇m)

]
, G(q) =

[
gv(qv)
gm(qm)

]
F(q, q̇) =

[
Fv(q, q̇)
Fm(q, q̇)

]
, τ =

[
τv
τm

]
, τd =

[
τvd
τmd

]
(2)

q = [qT
v qT

m]
T and qv = [x y z φ θ ψ]T denote the absolute positions and Euler angles of

FAUVMS, respectively. x y z are surge, sway and heave positions, φ θ ψ are roll, pitch and
yaw angles. qm = [ql1 ql2 ql3 ql4 qr1 qr2 qr3 qr4]

T denotes joint positions of manipulators,
ql1 ql2 ql3 ql4 denote joint positions of the left manipulator, and qr1 qr2 qr3 qr4 denote joint
positions of the right manipulator. M(q) is the mass and inertia matrix (including the added
mass effects), C(q, q̇) is the Coriolis matrix including the added mass effects, D(q, q̇) is the
hydrodynamic force matrix, G(q) is the force and moments vector generated by buoyancy
and gravity, F(q, q̇) is the coupling effects term, Fv(q, q̇) is the coupling acting on the vehicle
due to motions of manipulators, Fv(q, q̇) is the coupling acting on manipulators due to
motions of the vehicle, τ denotes the control inputs of FAUVMS, τv and τm are control
inputs of the vehicle and manipulators, τd denotes the force/torque of FAUVMS generated
by persistent modeling errors and external disturbances, and τvd and τmd are disturbances
suffered by the vehicle and manipulators.

Let
H(q, q̇) = C(q, q̇)q̇ + D(q, q̇)q̇ + G(q) + F(q, q̇)

Then, Equation (1) can be rewritten as follows:

M(q)q̈ + H(q, q̇) = τ + τd (3)

3.2. Coupling Force Estimation

The term Fv(q, q̇), which is significantly nonlinear and related to the motion of the
manipulators, represents the system coupling effects. We will work on estimating the
coupling force with the RNEM.

The velocity of FAUVMS is ν = [νT
1 νT

2 ]
T expressed in the body frame.Then, the velocity

of Frame 0 of a manipulator can be presented as

q̇v = Jν (4)
0ν0 = R0

Bν1 + ν2 × r0
0,B (5)

0ω0 = R0
Bν2 (6)

where J denotes the corresponding Jacobian matrix, R0
B is the rotation matrix from the body

frame to Frame 0 of the manipulator, r0
0,B is the position vector from the origin of Frame 0

toward the origin of the body frame expressed in Frame 0, 0ν0 and 0ω0 are the linear and
angular velocity of Frame 0 expressed in Frame 0.
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Then, the velocity and acceleration of all links can be derived by substituting the
velocity of Frame 0 of the manipulator with an iterative method [25].

i+1ωi+1 = Ri+1
i (iωi + q̇i+1

−→z i) (7)
i+1ω̇i+1 = Ri+1

i (iω̇i +
iωi × q̇i+1

−→z i + q̈i+1
−→z i+1) (8)

i+1νi+1 = Ri+1
i

iνi +
i+1ωi+1 ×i+1 ri,i+1 (9)

i+1νi+1,c = Ri+1
i

iνi +
i+1ωi+1 ×i+1 ri,c (10)

i+1ν̇i+1 = Ri+1
i

i ν̇i +
i+1ω̇i+1 × i+1ri,i+1 +

i+1ωi+1 × (i+1ωi+1 × i+1ri,i+1) (11)
i+1ν̇i+1,c = Ri+1

i
i ν̇i +

i+1ω̇i+1 × i+1ri,c +
i+1ωi+1 × (i+1ωi+1 × i+1ri,c) (12)

where i+1νi+1 and i+1ωi+1 denote the translational and rotational velocities of Frame i + 1
expressed in Frame i + 1, i+1νi+1,c denotes the translational speed of the center of mass
(COM) of Link i + 1, q̇i+1 denotes the rotational speed of Joint i + 1 in the joint space, −→z i
denotes the rotational unit vector of Joint i + 1, i+1ri,i+1 is the position vector from the
origin of Frame i toward the origin of Frame i + 1 expressed in Frame i + 1, and i+1ri,c is
the position vector from the origin of Frame i toward the COM of Link i + 1 expressed in
Frame i + 1.

With the velocity and acceleration of each link, we can obtain the inertia force i+1Fi+1
and moments i+1Ti+1 acting on Link i + 1 based on the following equations:

i+1Fi+1 = Mi+1(
i+1ν̇i+1 +

i+1 ω̇i+1 ×i+1 ri,c +
i+1ωi+1 × (i+1ωi+1 ×i+1 ri,c)) (13)

i+1Ti+1 = Ii+1
i+1ω̇i+1 +

i+1ωi+1 × (Ii+1
i+1ωi+1) (14)

where Mi+1 and Ii+1 are the mass and inertia matrix of Link i + 1 including the added mass
effects expressed in Frame i + 1.

Considering underwater environments, we have

i fi = Ri
i+1

i+1 fi+1 +
i Fi −migi + ρgi5i +

idi (15)
ini = Ri

i+1
i+1ni+1 +

i ri−1,i × Ri
i+1

i+1 fi+1 +
i ri−1,c × iFi

+i Ti +
i ri−1,c × (−migi +

i di) +
i ri−1,b × ρgi5i (16)

where i fi and ini denote the force and torque acting on Joint i,5i is the volume of Link i, gi
is the gravity acceleration vector in Frame i, iri−1,b and iri−1,c are the position vector from
the origin of the Frame i− 1 toward the center of buoyancy (COB) and COM of Link i, mi
is the mass of Link i, idi is the damping force of Link i expressed in Frame i, and ρ denotes
the density of environmental fluid.

Referring to Equations (15) and (16), it is capable of deriving the dynamic coupling
acting on the vehicle:

0 f0 = R0
1

1 f1 (17)
0n0 = R0

1(
1n1 +

1 r0,1 × 0 f0) (18)
B f0 = RB

0
0 f0 (19)

Bn0 = RB
0

0n0 +
1 r0,1 ×B f0 (20)

where B f0 and Bn0 are the estimated coupling force and torque expressed in the body frame,
RB

0 denotes the rotation matrix from Frame 0 of the manipulator to the body frame.
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Considering that FAUVMS carries two manipulators arm-l and arm-r, we can easily ob-
tain the forces and torques generated by arm-l B f0,l ,B n0,l and arm-r B f0,r,B n0,r, and Fv(q, q̇)
in the mathematical model of FAUVMS is derived:

Fv(q, q̇) = [ f T
m nT

m]
T (21)

fm =B f0,l +
B f0,r (22)

nm =B n0,l +
B n0,r (23)

4. Robust Adaptive Control of FAUVMS

The control diagram is shown in Figure 5. Note that trajectory planning and inverse
kinematics are not part of our research, so it is assumed that we already have the desired
states of FAUVMS. Considering the complex underwater environment and highly nonlinear
dynamic coupling, the robust adaptive controller is arranged into two parts. The first part
is the main control law derived by the EKF and CTC framework; the famous nonlinear
filter EKF can fuse the measurement data with zero-mean Gaussian noise and estimate
the external disturbances, which are then incorporated into the control law to gain better
performance. However, the EKF technique is formulated with zero-mean Gaussian noise,
which never exists in the real world; thus, this method can only fuse data with zero-mean
Gaussian noise and cannot guarantee robust control performance. To overcome this issue,
the second part is developed with the system error model through the SMC technique.
The main purpose of the SMC controller is to converge the system tracking errors to zero.

Figure 5. The robust adaptive control diagram of FAUVMS.

4.1. EKF Disturbance Observer Design

The famous nonlinear filter EKF is formulated to estimate the states of FAUVMS for
robot localization and the external disturbances generated by the water current, model
uncertainties and measurement noises. The state variables are defined as follows:

X = [qT q̇TτT
d ]

T

The augmented system dynamics are expressed as:

Ẋ = f (X, τ, e1)

where e1 ∼ (0, E1) is the system noise vector, and

f (X, τ, e1) =

 ˙q
M(q)−1(τ + τd − H(q, q̇)) + e1

0
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The measurement equation is designed as:

Z = h(X) + e2

where
h(X) = [x y z φ θ ψ ql1 ql2 ql3 ql4 qr1 qr2 qr3 qr4]

T

e2 ∼ (0, E2) is the sensory noise vector.
e1 and e2 are white noise vectors with zero mean Gaussian distribution, E1 and E2

denote their covariance matrices related to the filter sampling time T, i.e.,

E1 =



0.25T4 0.5T3 0 0 0 0
0.5T3 T2 0 0 0 0

0 0 0.25T4 0.5T3 0 0
0 0 0.5T3 T2 0 0
0 0 0 0 0.25T4 0.5T3

0 0 0 0 0.5T3 T2

 ∈ R6×6

E2 = diag(T T...T T) ∈ R14×14

(24)

The proposed EKF consists of the prediction step and the correction step, which are
designed as follows.

Prediction step:

X̂−k = f (X̂k−1, τk−1, 0) (25)

P−k = APk−1 AT + WQWT (26)

Correction step:

Kk = (P−k HT)(HP−k HT + VRVT)− (27)

X̂k = X̂−k−1 + Kk(Zk − h(X̂−k , 0)) (28)

Pk = (I − Kk H)P−k (29)

where

A =
∂ f
∂X

∣∣∣∣
X̂k−1,τk−1

W =
∂ f
∂w

∣∣∣∣
X̂k−1

H =
∂h
∂X

∣∣∣∣
X̂k−1

V =
∂h
∂v

∣∣∣∣
X̂k−1

4.2. Chattering-Free Sliding Mode Controller Design

We let qd be the desired position for FAUVMS, q̃ = q− qd denote the position error,
˙̃q = q̇− q̇d denote the velocity error, and ¨̃q = q̈− q̈d denote the acceleration error. The
control law for FAUVMS is designed as follows:

τ = M(q)(q̈d − KCP q̃− KCD ˙̃q) + H(q, q̇)− τ̂d + τSMC (30)

where KCP and KCD are diagonal positive definite weight matrices, τ̂d is the estimated
disturbance vector, and τSMC is the control law designed by the sliding mode control tech-
nique.

By substituting Equation (30) into Equation (3), the error system can be derived:

M(q)( ¨̃q + KCP q̃ + KCD ˙̃q) = τSMC + d (31)

where d = τd − τ̂d denotes the uncompensated disturbance vector.
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The following notations are used to simplify the expression and design of the sliding
mode controller.

sig(q)γ =
[
|q1|γ1 sign(q1) ... |qn|γn sign(qn)

]T (32)

qγ =
[
qγ1

1 ... qγn
n
]T , |q|γ =

[
|q1|γ1 ... |qn|γn

]T (33)

Hence, the sliding surface is designed as

s = q̃ + αsig( ˙̃q)γ = 0 (34)

where s = [s1 ... s14]
T ∈ R14, α = diag(α1, ..., α14), and 1 < γ1, ..., γ14 < 2. A fast-type

reaching law is designed as

ṡ = −Ks1s− Ks2sig(s)$ (35)

where Ks1 and Ks2 are the diagonal positive definite weight matrices, $ = [$1 ... $14], 0 <
$1 = ... = $14 < 1.

Theorem 1. Regarding the UVMS error dynamic system Equation (31), if the sliding surface is
chosen as Equation (34), the reaching law is designed as Equation (35), and the chattering-free
sliding mode control law is designed as

τSMC = τ0 + τ1

τ0 = M(q)(KCD ˙̃q + KCP q̃− α−1γ̄−1sig( ˙̃q)2−γ)

τ1 = −M(q)(Ks1s + Ks2sig(s)$) (36)

where γ̄ = diag(γ1, ..., γ14). Moreover, we can deduce the following results.

(i) In the absence of uncompensated disturbances, i.e., d = 0, the system error q̃ will converge to
zero in finite time.

(ii) In the presence of uncompensated disturbances, i.e., d 6= 0, the system error will converge to
the region

||s|| ≤ ∆ = min{ ||M(q)−1||d
¯ks1

, (
||M(q)−1||d

¯ks2
)1/$}

in finite time, where ¯ks1 and ¯ks2 are the minimum eigenvalues of Ks1 and Ks2. In addition,
the position errors q̃i and velocity errors ˜̇q converge to the regions

|q̃i| ≤ 2∆, | ˜̇qi| ≤ (
∆
αi
)1/γi , (37)

Proof. Consider the Lyapunov candidate V = ||s||22. We have

ṡn = ˙̃q + αnγn| ˙̃q|γi−1 ¨̃q (38)

V̇ = sT ṡ = sTαγ̄diag( ˙̃qγ−1)M(q)−1(τ1 + τ̃d) (39)

and the rest of the proof is the same as in [18].

5. Simulation and Analysis
5.1. Description of the Simulation Platform

In this section, the adaptiveness and robustness of the proposed control scheme are
demonstrated by simulations carried out on the UUVSimulator platform [36] based on the
ROS. The thrust allocation matrix is derived through the geometric model of FAUVMS,
and thrusts are allocated with sequential quadratic programming (SQP) [33].
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The vehicle is trimmed to have the COB nearly vertically above the COM and the origin of
the body frame locates on the COM. The manipulator links are not strictly neutrally buoyant but
are trimmed to have the COB coincide with the COM of each link, and each link is set with a 0.5
kg net weight in total. The whole system is adjusted to nearly neutrally buoyant. Considering
that the vehicle has an ellipsoid shape and the manipulator links are all cylindrical, the added
mass term and hydrodynamic term are then estimated with experimental equations [35].
Other parameters, such as mass and inertia, COM, COB and volume, are derived from the
geometrical design of the FAUVMS. The total parameters are shown in Table 2.

Table 2. Simulation parameters.

Parameters Values Parameters Values

Inertia of vehicle diag[11.5 7.1 11.5] kgm2 COM of vehicle [0 0 0]T mm
COB of vehicle [0 0 3]T mm Ellipsoid parameters A 280 mm

Ellipsoid parameters B 350 mm Ellipsoid parameters C 280 mm
Inertia of link1 diag[7.6 7.3 4.5] gm2 Inertia of link2 diag[5.8 19.1 17.2] gm2

Inertia of link3 diag[7.5 20.6 19.7] gm2 Inertia of link4 diag[7.6 7.3 4.5] gm2

COM of link1 [0 17.8 147.6]T mm COM of link1 [124.9 4.7 30.7]T mm
COM of link3 [108.9 2.1 9.6]T mm COM of link4 [0 0 238.6]T mm

Volume of Link1 2.13× 10−3 m3 Volume of Link2 1.64× 10−3 m3

Volume of Link3 1.64× 10−3 m3 Volume of Link4 1.21× 10−3 m3

In the proposed performance analysis, comparisons between the proposed controller
and three conventional controllers are made to demonstrate the tracking performance
and effectiveness. The conventional controllers used in simulations are the PID controller,
EKF-based computed torque controller proposed by Mohan [29], and EKF-based computed
torque control with the H-infinite controller proposed by Dai [30].

The PID control law used for comparisons in simulations is as follows

τ = KPm q̃ + KDm ˙̃q + KIm

∫
q̃dt (40)

where KPm, KDm, KIm are the positive definite gain matrices of the PID controllers.
The EKF-based computed torque controller law proposed by Mohan is as follows

τ = M(q̂)(q̈d − KPn q̃− KDn ˙̃q) + H(q̂, ˙̂q)− τ̂d (41)

where KPn, KDn are the positive definite gain matrices of Mohan’s controllers.
The control law presented by Dai is as follows

τ = M(q)(q̈d − KPd q̃− KDd ˙̃q) + H(q, q̇)− τ̂d −M(q)R−1BT P (42)

where KPd, KDd are the positive definite gain matrices of Dai’s controllers, R, P are the
positive definite matrices, and B is the coefficient matrix of the control input.

5.2. Description of the Scenarios

Three scenarios with four different cases have been considered in our simulations.
All scenarios are carried out based on a simple task. The task is that FAUVMS moves
the manipulator from the initial state to the working state when the vehicle performs a
dynamic positioning (DP) task at the initial state [0 0 − 6 0 0 0]T , as shown in Figure 6.

The first scenario is that FAUVMS carries out a simple task without payloads, mod-
eling uncertainties, measurement noises and external disturbances to illustrate the basic
performance of the proposed controllers. The second scenario is that FAUVMS performs
the same task with payloads, modeling uncertainties, measurement noises and external
disturbances. A small constant water current and payloads are added to the simulations
to show the tracking performance and adaptiveness of the proposed controller. The third
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scenario is the same as the second scenario with the application of a time-varying water
current. The time-varying water current is added to verify the effectiveness and robustness
of the proposed controller. All scenarios are carried out four times with different controllers
to obtain comparisons.

Figure 6. Two states of FAUVMS. (a) The initial state. (b) The working state.

5.3. Results and Discussion
5.3.1. Scenario 1

The first scenario is carried out without measurement noises, external disturbances
and payloads. It is noted that this scenario will never occur in the real world; however,
the first scenario can illustrate the basic performance of the robust adaptive controllers.
Figures 7 and 8 show the tracking errors of the vehicle and each end-effector. Table 3 shows
the mean square errors (MSEs) of positions of each end-effector. Since tracking errors
of the vehicle will eventually be reflected in the tracking errors of end-effectors, we only
provide MSEs of positions of each end-effector. The results show that all controllers have
good performance with small tracking errors maintained in both the position and attitude
and the MSEs of the positions of each end-effector are all less than 4 cm. The pitch tracking
errors are slightly higher than the roll and yaw errors with a maximum of 0.1 rad because
each link of the manipulators has 0.5 kg net weight. Overall, the proposed controller has
the same basic tracking performance as the conventional three controllers.

Figure 7. Tracking history of positions and attitudes of the vehicle with different controllers in
Scenario 1. (a–c) Tracking errors of the surge, sway and heave displacements. (d–f) Tracking errors of
the roll, pitch and yaw angles.
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Figure 8. Tracking history of the positions of each end-effector with different controllers in Scenario 1.
(a–c) Tracking errors of the left end-effector in the X, Y and Z directions. (d–f) Tracking errors of the
right end-effector in the X, Y and Z directions.

Table 3. Mean square errors (MSEs) of positions of each end-effector with different controllers in
Scenario 1.

MSE/cm PID Mohan Dai Proposed

Left X 1.89 1.23 3.36 1.31
Left Y 2.19 1.39 3.98 1.65
Left Z 1.78 2.31 1.45 0.29

Right X 1.96 0.99 3.17 1.74
Right Y 2.04 1.24 3.59 1.69
Right Z 1.93 2.74 1.85 0.21

5.3.2. Scenario 2

The second scenario is carried out with measurement noises, external disturbances
and payloads. In this scenario, 1 kg payloads are added to each manipulator and a 0.15 m/s
water current with a horizontal angle of 0.1 rad and a vertical angle of 0.1 rad is also added
to the simulation. In addition, noises affect the sensory measurements, Gaussian noises
with a square deviation of 0.01 m2 are added to the position measurements, and Gaus-
sian noises with a square deviation of 0.01 rad2 are added to the attitude measurements.
Figures 9 and 10 show the tracking errors of the vehicle and each end-effector. Table 4
shows MSEs of positions of each end-effector.

The results show that all controllers except the PID controller are better in the DP task
and end-effector tracking by adapting the constant external disturbance, Gaussian noises
and payloads, the positions holding errors of the PID controller is much larger than others.
However, Mohan’s controller and Dai’s controller have poor performances in maintaining
the pitch angle due to the movement of the manipulators, and there exists a steady state
error of 0.1 rad, thus leading to a poor tracking performance of the end-effector in the Z
direction with MSEs of 4.15 cm and 3.89 cm of the left end-effector and MSEs of 6.22 cm
and 6.27 cm of the right end-effector, respectively. The proposed controller is satisfactory in
maintaining the pitch angle and has a faster convergent time, which is contributed by the
SMC control law for compensating the payloads and converging the tracking errors to zero,
and the MSEs of the left and right end-effectors in the Z direction are 1.02 cm and 0.61 cm,
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respectively. Overall, the proposed controller, Mohan’s controller and Dai’s controller all
have adaptiveness to constant external disturbances, Gaussian noise and payloads, but the
proposed controller has a faster convergent speed and small tracking errors.

Figure 9. Tracking history of positions and attitudes of the vehicle with different controllers in
Scenario 2. (a–c) Tracking errors of the surge, sway and heave displacements. (d–f) Tracking errors of
the roll, pitch and yaw angles.

Figure 10. Tracking history of the positions of each end-effector with different controllers in Scenario
2. (a–c) Tracking errors of the left end-effector in the X, Y and Z directions. (d–f) Tracking errors of
the right end-effector in the X, Y and Z directions.
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Table 4. MSEs of positions of each end-effector with different controllers in Scenario 2.

MSE/cm PID Mohan Dai Proposed

Left X 1.74 1.92 1.49 0.93
Left Y 1.95 2.33 1.35 1.23
Left Z 4.99 4.15 3.89 1.02

Right X 1.08 1.31 1.61 1.72
Right Y 1.59 2.69 1.13 1.15
Right Z 5.17 6.22 6.27 0.61

5.3.3. Scenario 3

The third scenario is carried out with non-Gaussian measurement noises, payloads
and time-varying water currents. The same payloads are added to the simulation, the wa-
ter current still has a horizontal angle of 0.1 rad and a vertical angle of 0.1 rad, and the
current speed is generated by the following sinusoidal function. Non-Gaussian measure-
ment noises, which have the same deviation as the noises in scenario 2, are added to
the simulation, and the mean values of the noises are 0.01 m and 0.01 rad, respectively.
Figures 11 and 12 show the tracking errors of the vehicle and end-effector. Table 5 shows
MSEs of positions of each end-effector.

νc = 0.25sin(t)

The PID controller performs poorly in maintaining the position, where the tracking
errors are even divergent when facing the time-varying water current. The time-varying
water current mainly affects the linear motion of the vehicle, but Mohan’s controller and
Dai’s controller perform well in position tracking. However, their controllers are highly
influenced in attitude tracking, thus having poor end-effector tracking performances in the
X and Z directions with the smallest MSE of 3.82 cm and the largest MSE of 10.59 cm. The
proposed controller has the smallest tracking errors both in the DP task and end-effector
tracking task, the MSEs of positions in highly influenced directions are all less than 2 cm,
which are much smaller than the conventional methods.

Figure 11. Tracking history of positions and attitudes of the vehicle with different controllers in
Scenario 3. (a–c) Tracking errors of the surge, sway and heave displacements. (d–f) Tracking errors of
the roll, pitch and yaw angles.
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The advantages of our proposed controller are that the EKF makes the initial com-
pensation of the Gaussian noises and model uncertainties, i.e., unknown payloads; then,
the torque derived by the computed torque techniques is applied to FAUVMS, and the
torque derived by the error system and SMC technique is added to the vehicle to compen-
sate for the non-Gaussian term and converge the tracking errors. The EKF and SMC are
all insensitive to external disturbances and payloads, thus ensuring the robustness of the
proposed controllers.

Overall, the third scenario verifies the effectiveness and robustness of the proposed
controllers facing non-Gaussian measurement noises, payloads and time-varying water cur-
rents. Parameter tuning is carried out with practical engineering experience, and parameter
tuning will be considered in our future work.

Figure 12. Tracking history of the positions of each end-effector with different controllers in Scenario
3. (a–c) Tracking errors of the left end-effector in the X, Y and Z directions. (d–f) Tracking errors of
the right end-effector in the X, Y and Z directions.

Table 5. MSEs of positions of each end-effector with different controllers in Scenario 3.

MSE/cm PID Mohan Dai Proposed

Left X 9.28 9.24 9.71 1.63
Left Y 1.88 3.37 4.33 1.59
Left Z 5.23 3.95 3.82 1.92

Right X 6.24 9.55 10.59 1.86
Right Y 0.78 2.05 2.57 1.34
Right Z 5.99 6.38 6.72 1.83

6. Conclusions

The goal of this article is to propose a novel UVMS system with manipulators as its
core. The advantages of the proposed FAUVMS, which is a combination of a small vehicle
and big manipulators, are its high environmental adaptiveness, ability to handle heavy
payloads and high maneuverability. Since FAUVMS suffers severe dynamic coupling due
to its unique mechanical structure, we designed a robust adaptive controller to estimate
the coupling force, modeling uncertainties and payloads to overcome the severe dynamic
issue. The EKF is used to fuse the measuring data and estimate the payloads and external
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disturbances. Then, a chattering-free SMC controller is used to compensate for the rest of
the disturbances and converge the tracking errors to zero.

Simulations are demonstrated to illustrate the robustness and adaptiveness of the
proposed control method based on Gazebo and UUVSimulator platforms. It is observed
that the PID controller is easily influenced by disturbances such as non-linear water currents
and payloads on each end-effector. Methods proposed by Dai and Mohan have a good
performance in position holding of the vehicle, but there exist steady state errors in pitch
holding of the vehicle, thus leading to a poor tracking performance of the end-effectors.
Compared to the traditional methods, the proposed method has a faster convergent speed,
a better robustness and adaptiveness to external disturbances, and the tracking errors of
positions of the vehicle and each end-effector are much smaller.

In the future, parameter tuning of the controller and an experimental pool test will be
carried out for further research.
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