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Highlights

What are the main findings?

¢ A fully vectored propulsion underwater robot with an eight vector-distributed thruster
layout is designed and experimentally validated, in which each thruster simultaneously
contributes to both translational and rotational motion, thereby significantly enhancing
maneuverability and motion flexibility.

* A MPC-based 6-DoF control framework, constructed using a simplified Fossen dynamic
model with explicit input constraints, achieves synchronized position and attitude
control in a real indoor tank, demonstrating high position accuracy (<0.069 m), attitude
accuracy (<2.41°), and robustness across waypoint tracking, continuous trajectory
tracking, and artificial perturbations in the hovering state.

What is the implication of the main findings?

* The proposed mechatronic design for the robot’s fully vectored propulsion and MPC-
based 6-DoF control framework demonstrate a practically feasible and robust solution
for autonomous underwater robots, providing a compact and agile platform suitable for
underwater manipulation.

Abstract

This paper presents the design and implementation of a novel autonomous underwater
robot with fully vectored propulsion based on model predictive control (MPC) to rapidly
respond to the position and attitude required for autonomous operation. Specifically, the
mechatronic design of the eight vector-distributed thruster layout for the robot’s fully
vectored propulsion is detailed, and the software architecture based on the robot operating
system (ROS) is constructed. Then, the corresponding dynamics model is established by
adopting the Fossen approach for the prediction and optimization of the control process.
To achieve autonomous control, an MPC-based controller is designed and implemented to
calculate the control input for the specified control objective. Finally, way-point tracking
and trajectory-tracking experiments are carried out in an indoor tank equipped with a
motion-capture system to validate the feasibility and effectiveness of the robot’s design and
control framework. In addition, the robustness of the robot system is verified by artificially
perturbing the robot in the hovering state.
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1. Introduction

At present, underwater robots are widely used in a variety of fields, such as hull
inspection [1], marine ecosystem observation [2], aquaculture [3], archaeology [4], and sci-
entific research [5], and have now transitioned from underwater monitoring to operations.
As underwater operation tasks require robots to accurately manipulate targets in complex
underwater environments, this introduces more technical challenges. In recent decades,
remotely operated vehicles (ROVs) equipped with teleoperated manipulators have been
the mainstay for underwater operations. However, this demands skilled operators and
support from a mother vessel, which is costly and limits their operation range [6]. In
contrast, autonomous underwater vehicles (AUVs) can reach a larger range and complete
tasks autonomously without human intervention. However, traditional AUVs usually
lack actuators for close-up manipulation. Therefore, developing underwater robots with
autonomous manipulation capabilities can not only greatly reduce costs, but is also a future
trend [7].

Currently, one of the main methods for addressing underwater operation tasks is to
use underwater vehicle-manipulator systems (UVMS). In the well-known TRIDENT project,
a floating underwater manipulation collaborative control framework was developed based
on the task priority paradigm and dynamic programming technology using the Girona500
robot with a seven-degrees-of-freedom (7-DoF) underwater arm and dexterous hand, which
successfully recovered the black box in the tank [8]. The Italian MARIS project developed
an autonomous UVMS to increase the mission success rate and enhance robustness [9].
Although this provides a solution for underwater operation tasks, it also brings new issues.
For example, the complex mechanical structure makes it difficult to establish an accurate
dynamic model, and its motion-redundant system inherently increases the complexity of
the controller. In addition, the coupling between the robotic arm and the robot body during
operation will cause the robot’s center of gravity to shift, introducing internal disturbances,
and thus affecting the control performance [10].

Another research approach is to develop a highly maneuverable underwater robot that
achieves the same manipulation abilities as a UVMS by utilizing its agile, omnidirectional
6-DoF motion. Reference [11] presents a micro-underactuated AUV with high agility,
and experimentally demonstrates its maneuvering performance in confined environments
based on the proposed navigation and control framework. Reference [12] proposes a
hydrobatic AUV and demonstrates its large-angle maneuvering capability through both
simulations and experiments. However, despite the improved agility achieved by these
designs, the underactuated structure inherently limits the robot’s ability to realize fully
omnidirectional motion. In [13], a maneuverable underwater vehicle is developed to
achieve near-seabed motion with low environmental disturbance through a flat-structured
design. Reference [14] introduces a portable multi-thruster underwater vehicle capable of
fully omnidirectional motion and experimentally demonstrates its tracking performance.
However, the adoption of a layout with separate horizontal and vertical thrusters leads
to motion inefficiency and cannot meet the requirements for rapid response to various
underwater postures during autonomous operation. Therefore, one of our research goals is
to design a novel type of underwater robot, comprising the robot body and simple actuators
to form an agile, efficient, kinematically non-redundant underwater autonomous system
for operation tasks.
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To achieve autonomous motion, numerous controllers have been proposed, including
proportional-integral-derivative (PID) [15], backstepping [16], sliding mode [17], and neu-
ral network [18] control methods. However, these methods exhibit inherent defects and
limitations in practical applications, such as handling nonlinearities, robustness against
external disturbances, chattering issues, and generalization capabilities [19,20]. More-
over, they cannot effectively handle constraints in accordance with actual scenarios. MPC,
as an optimal control method, has the advantage of handling constraints, nonlinearities
and model uncertainties [20], and being robust against external disturbances [21], and is
therefore increasingly used to control robots in complex underwater environments. Refer-
ence [22], based on linear wave theory, shows that the use of MPC in the station-keeping
problem can achieve smaller position errors compared to traditional feedback control.
For agile maneuvering in AUVs, Reference [12] demonstrates that the effectiveness of
MPC exceeds that of PID and a linear quadratic regulator (LQR). In [23,24], numerical
simulations of the trajectory tracking of an AUV were performed based on MPC. In [21],
the performance of MPC for underactuated underwater robots under conditions of limited
underwater sensor perception, model uncertainty, and external disturbances was inves-
tigated, and simulation results were provided. In [25], MPC is used to study way-points
tracking and obstacle-avoidance problems faced by underwater robots in confined spaces,
and the influence of ocean currents on controller performance is considered; however,
this was implemented with only 4-DoF. In addition, for model-based control strategies,
the fidelity of the dynamic model is crucial for achieving high control performance. To this
end, a variety of system identification approaches have been applied to obtain dynamic
models of underwater robots, including theoretical analytical methods [26], computational
fluid dynamics (CFD) [27], and data-driven modeling techniques [28]. To the best of our
knowledge, no research has yet addressed the problem of synchronously controlling 6-DoF
in an underwater robot using MPC and testing it in a physical environment. Therefore,
another goal of our research is to model and design an MPC-driven 6-DoF controller for
our fully vectored propulsion underwater robot to achieve a full range of autonomous
motion and test its performance in underwater environments.

The contribution of this work is the development and implementation of an au-
tonomous underwater robot with a fully vectored propulsion and control strategy. Firstly,
we propose a novel concept of fully vectored propulsion and develop an innovative un-
derwater robot based on an eight-thruster vectored layout. The advantage of this design
over other existing underwater robots is that each thruster acts on all DoFs, enabling
synchronous and rapid responses to position and attitude commands. Then, we establish
the dynamic model for the novel system and construct the MPC controller in combination
with physical constraints. Finally, we build an ROS-based software framework to achieve
efficient communication between the robot components and verify the performance of
the proposed robot through extensive underwater experiments. Building on our previous
work [29], we refined the system design and physical constraints and supplemented a series
of physical experiments in accordance with actual needs, including way-point tracking
with small-angle and large-angle maneuvers, trajectory tracking of continuous curves, and
robustness tests.

The remainder of this paper is organized as follows. The custom-built underwater
robot system is detailed in Section 2. Then, the dynamic model and MPC-based control
framework are established in Section 3. Relevant physical experiments in a water tank
are conducted and analyzed in Section 4. Finally, the conclusions and future work are
presented in Section 5.
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2. Underwater Robot System Design

This section details the system design of our proposed underwater robot with a fully
vectored propulsion layout, including the mechanical structure, hardware configuration,
and software architecture.

2.1. Mechanical Structure

Figure 1 shows different views of our proposed robot. If considering the main body as
a cylinder, its length is 0.55 m and its diameter is 0.3 m. The total mass with the battery
included is 36.65 kg. Figure 1a illustrates the main components of the robot, whose core
structure consists of two sealed cabins made from aluminum alloy. The upper one is the
main control cabin and the lower is the battery cabin. Both are enveloped by buoyancy
blocks to provide buoyancy. The control cabin communicates with the ground control
station via a neutrally buoyant cable to monitor the robot’s status. The battery cabin,
containing the battery pack and power management module, is connected to the control
cabin via aviation connectors. This configuration not only powers the entire robot system
but also lowers the robot’s center of gravity. The robot’s external framework, such as the
main connecting components, support frame, and gripper accessories, is made of aluminum
alloy, high-density polyethylene (HDPE), and 3D-printed nylon, specifically designed to
support and suspend loads. Additionally, several blocks of stainless steel (316L grade) are
employed as counterweights. After a series of waterproof tests, it was found that the robot
can operate 150 m underwater.

Thruster

Realsense
T265

Realsense
D405

Sonar
Altimeter

. Thruster
Gripper

(b) © (@)

Figure 1. The custom-built underwater robot. (a) demonstration of all main components, (b) front
view, (c) side view, and (d) top view. x, y, and z represent the robot’s movement directions. "F”
denotes the projection of the thrust generated by each thruster on each plane. I, I, and Iy denotes
the moment arm of the thruster with respect to the roll, pitch, and yaw axes.
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To enhance the robot’s agility and motion efficiency, we designed a fully vectored
layout for the propulsion system; the details are depicted in Figure 1b—d. It can be seen that
the robot is equipped with eight thrusters, and four of them are arranged symmetrically
around the center from all frontal views. It is worth noting that the thrust generated by
each thruster forms an angle of % with the x, y, and z axes when projected onto the xy,
yz, and xz planes, respectively. Therefore, each thruster can simultaneously act on all
degrees of freedom. This compact dynamic system is very suited to autonomous control
and underwater manipulation.

2.2. Hardware Configuration and Software Architecture

We designed a specified hardware configuration and software framework to address
the requirements for underwater operation tasks.

2.2.1. Hardware Configuration

The hardware configuration of the robot is mainly composed of five units, the sensor
unit, processor unit, actuator unit, communication unit, and power unit, as shown in
Figure 2a. The sensor unit includes a Realsense T265 visual odometry (Intel Corporation,
Santa Clara, CA, USA) and a Realsense D405 RGBD camera (Intel Corporation, Santa Clara,
CA, USA), both of which were waterproofed, as well as a P30 sonar altimeter (Blue Robotics
Inc., Torrance, CA, USA), all mounted at the front of the robot. Additionally, an Xsens AHRS
(Xsens Technologies B.V., Enschede, the Netherlands) is installed inside the main control
cabin. In particular, the D405 camera is used to capture color and depth images. The Xsens
AHRS is used to obtain the robot’s attitude information (roll, pitch, yaw) and provides
pose feedback with the T265. The P30 sonar altimeter is used to measure the robot’s height
from the seabed. The processor unit includes a ReComputer J4012-Edge Al device (Seeed
Technology Co., Ltd., Shenzhen, Guangdong, China), equipped with an NVIDIA Jetson
Orin NX 16 GB module (NVIDIA Corporation, Santa Clara, CA, USA), enabling real-time
computation for tasks such as processing sensor feedback and executing control processes.
Additionally, a Pixhawk embedded device is installed to receive commands to control
devices such as thrusters, the gripper, and lights. The actuator unit consists of a single-DoF
gripper mounted on the front underside of the robot that opens and closes to manipulate the
target, and eight underwater thrusters that provide propulsion for the robot’s movement.
The communication unit includes two power line communication components. One is
installed inside the robot’s main control cabin, facilitating the conversion between network
and electrical signals. The other is connected to the ground control station via an Ethernet
cable, thereby enabling long-distance communication. The power unit consists of a battery
pack and a power management module, providing power to other units.
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Figure 2. (a) Hardware configuration and (b) software framework of the underwater robot.

2.2.2. Software Architecture

The system architecture is developed based on Ubuntu 20.04 and ROS Noetic, and effi-
cient information exchange between different components is achieved through ROS topics.
As shown in Figure 2b, the software system comprises three units: perception, planner,
and controller. The perception unit is responsible for processing the information fed back
by the robot’s sensors in real-time and estimating the states of the robot and the operation
target. The planner unit processes and optimizes the state information provided by the
perception component. It then plans a sequence of motion commands based on the task
objectives and forwards them to the controller unit. The controller unit receives instructions
from the planner unit and computes appropriate control inputs in real-time based on the
robot’s state. Additionally, the open-source software ArduSub (https:/ /www.ardusub.com/
(accessed on 15 August 2023)) is installed on the Pixhawk, and a bridge is established with
ROS through the Mavros (https:/ /wiki.ros.org/mavros (accessed on 15 August 2023)) node.
It receives computational results from the controller unit via Mavlink messages and drives
the actuator units. To avoid damage to the robot during experiments, we also established
an emergency stop component for manually stopping all actuator units.

3. Dynamic Modeling and MPC-Based Control

This section presents the dynamic model and control architecture developed for our
proposed underwater robot. A standard model of the underwater robot is first established.
Then, according to the engineering implementation requirements, several assumptions and
simplifications are made, and the thrust allocation matrix is formulated to map the force
and torque to thruster output. Finally, model predictive control is constructed to address
the 6-DoF synchronized motion problem of the proposed robot.

3.1. Dynamic Modeling of the Underwater Robot

Figure 3 illustrates the body coordinate system and world coordinate system used to
represent the translation and rotation motion of the robot. The origin of the body coordinate
system is located at the robot’s center of mass. The world coordinate system is represented
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using the East-North-Up (ENU) coordinate system. The robot’s position and orientation
in the world coordinate system are denoted by #, and corresponding linear and angular
velocities in body coordinate system are represented by v. Then, we establish the robot’s
dynamic model based on the Fossen method [30] as

i1=J(n)v @

(Mgp +Ma)0 + (Crp(v) + Ca(v))o +D(v)o +g(n) = T 2

where J(77) represents the rotation matrix between the pose vector 7 and the velocity vector

v. Mpp denotes the mass and inertia matrix, M 4 signifies the added mass, Crp(v) and

C 4 (v) represent the Coriolis and centripetal force matrices caused by the rigid body and

added mass, respectively. D(v) is the hydrodynamic damping coefficient matrix, g(#)

denotes the gravitational and buoyancy forces, and 7 is the vector of forces and torques
acting on the robot.

To avoid singularities when the pitch angle is 7, we express the robot’s orienta-
tion using unit quaternions. Define x as the robot’s state vector, including pose and
velocity; then, according to (1) and (2), we can obtain the continuous state space in
the form of ¥ = fg,(x,u) = [pyw 4w s @], where pw = [x v 2T
Gw = [qw  9x qy qz)" represent the position and orientation of the robot in the world

and

coordinate system, respectively. Similarly, vp = [ v w]" andwp =[p ¢ 7]" denote
the linear and angular velocity vectors in the body coordinate system.

Z
@
World Coordinate
X o System

@ Y

Figure 3. Coordinate systems definition of the proposed underwater robot.

Then, we made some approximations of the dynamic model. The inertia matrix, added
mass matrix, and hydrodynamic damping coefficient matrix are simplified into diagonal
matrices, with non-diagonal elements set to zero. High-order damping terms are neglected,
and a simple linear relationship is assumed between the hydrodynamic damping and both
the linear and angular velocities of the robot. In addition, the robot is considered to be
neutrally buoyant in water, and the center of gravity and the center of buoyancy of the
robot coincide with its geometric center. Consequently, the restoring forces can be neglected
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and the effects of Coriolis and centripetal forces are also neglected. Thus, we have the final
dynamic model.

(—p9x — qqy — 9z)

=,
g
|

(Pqw + 19y — q92)

(99w — r9x + Pq2)

=, =
< =
| |

NI—= N~ N =N -

(rqw + qqx — pdy)

Ty — uXy)/ (m+ Xy)
T —0Yy)/(m+Yy)
Tw — WZy)/ (m+ Zy)
Tp — pKp)/ (Lex + Kp)
—qMg)/ (Lyy + My)
—rN;)/(Iz + Nj)

.
N
|

=
Il

s}
I I
~—~~ ~

|
—~~ ~~
s

)

W
p
q
f

where m represents the total mass of the robot, {Ixx, Ly, IZZ} denote the rotational in-
ertia in each respective direction, {Xu, Yo, Zw, Ky, My, Nf} represents the added mass,
{Xu, Yo, Zw, Ky, My, Nr} correspond to the hydrodynamic damping coefficients and
{Tu, T, Tw, Tp, g, Tr} signify the forces and torques in each respective direction. All physical
parameters in the above dynamic model (3) are obtained through a combination of theoreti-
cal analysis, SolidWorks 2022-based geometric measurements, and parameter identification
experiments. More detailed parameter values and the corresponding analysis procedures
can be found in [29].

3.2. Thrust Allocation

The underwater robot proposed in this paper adopts eight vector-distributed thrusters
to control the 6-DoF motion. Therefore, after obtaining the control inputs, it is nec-
essary to design an allocation matrix to map the control inputs containing force and
torque to the control inputs of thrusters. For ease of calculation, we expressed the ac-
tual values of the forces, torques, and control inputs of the thrusters in percentage form.
Ugyn = [y Uy U Up Ug u,] T represents the percentage of the actual control input
T. Uthryster — [u1 Up Uz Uy Us Ug Uy ug}T represents the percentage of the control
input of thrusters f. The conversion of force and torque to thrust is defined as

ToFraxtihruster = TmaxUdyn (4)
where Tpax = diag(Tnax (1), Tnax(0), Tnax (W), Tmax(P), Tmax(q), Tmax(r)) represents the
maximum force and torque produced by thrusters, Fuax = diag(fimax(1), fmax(2),

-+, fmax(8)) represents the maximum thrust of each thruster, and T, is a 6 x 8 dynamics
allocation matrix that characterizes the mapping from the forces generated by individual
thrusters to the forces and torques acting on the robot. To maintain the angular momentum
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balance of the robot, the thrusters are arranged in alternating clockwise and counterclock-
wise configurations, and the allocation matrix T is defined accordingly as

ro1 1 1 1 1 1 1 _ 17
1 T R R GO G TR
V3 V3 V3 V3 V3 V3 V3 V3
1 -1 1 1 _1 1 1 _1
_| 3 V3 V3 3 V3 V3 V3 V3 5
Tu=| va;  v2a; V2; V2 2 R 2 2 ()
Y Y RV S AV vahooVveT s T
—19 1 A, 17 _ 19 1y iy — 19
e e B T Tl B B T
_V2p V21 N2 V21 V21 V21 W2 V2]
L V3Y V3Y  3Y V3 V3Y V3Y V3Y V3

where I;, I, and I, denote the moment arms of the thruster with respect to the roll, pitch,
and yaw axes, respectively, as illustrated in Figure 1. In addition, it should be noted that in
the pitch plane, as shown in Figure 1c, the direction of the thrust generated by the thruster
is parallel to the nominal moment arm / ! and therefore the effective moment arm lp is
defined as the perpendicular component of I},. As a result, once we have the percentage
of the dynamic control inputs u4,,, we can calculate the percentage of the thruster control
inputs from (4) as

-1 ot
Upnruster = Frnax T TmaxUdyn- (6)

3.3. Model Predictive Control

The general form of model predictive control involves predicting the future states of
a system within a defined finite prediction horizon T based on the system’s initial states
and the system dynamics ¥ = f,, , (x,u), and then determining the optimal control input
at each time step. In our application scenario, the control objective is to maneuver the robot
synchronously to a specified target position with the desired orientation, and to maintain
specified linear and angular velocities. Therefore, the control objective can be formulated
as X3 = [X,Y,2,Gw, Gx, Qy, 9z, U, 0, W, P, 4, r]T. To obtain numerical results, the prediction
horizon T is represented as N discrete time steps. Using a prediction step size of 6t = T/N,
the robot’s dynamic model (3) can be discretized by employing the explicit fourth-order
Runge-Kutta method, x;1 = frya (%, g, 0t). The discretized model will be utilized in the
prediction and optimization process of MPC.

Therefore, the MPC controller designed for our proposed robot can be described
as follows:

min(xy — )" Qxn — xg)

N
+) {(xk —xg) T Qxp — xg) + ”kTRuk}
0 @)

X1 = fria (X g, 0t)
s.t. X0 = Xinit

Upin < U < Umax

where xj is the state of the robot at the beginning of each optimization process. Q and R
are the weight matrices for the loss function. u,,;,, and #,,,x represent the lower and upper
limits of the percentage of force and torque inputs for each degree of freedom, respectively.

By solving the constructed MPC, the optimal control sequence u* = [ug, u], ..., u};_4]
can be obtained in real-time. Subsequently, the first control vector u; is selected as the
current control input #4,,,, which is then converted into a percentage of thruster control
inputs 510 through (6). Finally, the thruster control inputs are applied to the actual
underwater robot system. During the implementation process, similar to the approaches
in [31], we employ CasADi [32] to formulate the MPC problem and utilize ACADOS [33] to
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generate the C++ interface, which is subsequently solved in real-time using the qpOASES
solver [34], thereby implementing real-time control for our proposed robot.

4. Experiments and Results

In this section, to validate the effectiveness of the proposed robot system design
and the performance of the MPC-based motion control framework under different control
objectives and disturbance conditions, and to demonstrate that the robot has the potential to
accomplish autonomous operation tasks, we conducted a series of experiments in an indoor
water tank, including way-point tracking, trajectory tracking, and robustness testing.

4.1. Experimental Setup

All the following experiments were conducted in an indoor rectangular water
tank with dimensions of 5 x 3 x 1.5 m3. The tank was surrounded by a NOKOV
motion capture system equipped with six underwater cameras, providing the robot’s
position and velocity information within the tank with sub-millimeter accuracy at a
frequency of 100 Hz, as shown in Figure 4. To ensure accurate data quality, only a square
area (1.5 x 1.5 m?) in the center of the water tank was used as a reliable testing area.
Additionally, the Xsens AHRS was used to provide attitude and angular velocity in
the ENU coordinate system at a frequency of 70 Hz, with accuracies of 0.2°,0.2°,1° in
the roll, pitch, and yaw directions, respectively. Define { Xy, Yo, Z} and {X;, Y, Z} as
representing the Xsens AHRS and motion capture coordinate systems, respectively. It is
worth noting that there is an offset of approximately 10° between the positive direction

Xw and the positive direction X;.

Figure 4. The testing environment of the underwater robot in a water tank: (a) a rectangular water
tank equipped with six underwater capture cameras, and (b) the robot in the tank.

4.2. Way-Points Tracking Tests

Two way-point tracking experiments were conducted by guiding the robot to follow a
series of predefined waypoints within the tank and maintain a specific attitude at each point.
In Experiment 1, the robot’s ability to move towards the desired waypoints while maintaining
small-angle maneuvers was preliminarily determined. Subsequently, Experiment II further
validated the robot’s ability to perform large-angle maneuvers during the motion.

4.2.1. Experiments I

The robot initially started from a random position and orientation in the tank, and se-
quentially moved to several waypoints, maintaining stability for a period after reaching
each target, as shown in Figure 5. From 0 s to 26 s, the robot moved to the first way-
point [x1,y1,21] = [—0.1,—0.1,0.6] m. From 26 s to 66 s, it moved to the second way-
point [x,¥2,22] = [—0.1,0.1,0.6] m. From 66 s to 106 s, it reached the third waypoint
[x3,v3,23] = [0.1,0.1,0.6] m, and from 106 s to 146 s, it arrived at the fourth waypoint
[X4,Y4,24] = [0.1,—0.1,0.6] m. After 146 s, it returned to the first one. Throughout these
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movements, the desired orientation was consistently maintained at [¢y, 64, 4] = [0°,0°,0°].
The controller parameters used for the experiments were set as follows: the prediction
horizon for MPC was T = 0.5 s with N = 5 and the weights for the loss function
were Q =11,1,1,1,1,1,0.5,0.01,0.01,0.01,0.01,0.01,0.01] and R = [0.1,0.1,0.1,0.1,0.1,0.1].
The entire optimization process was executed at a frequency of 20 Hz, and the frequency of
thruster execution was set to 50 Hz. To ensure that each thruster was not overloaded, we
set the control input limits to 60% of the maximum capacity.

Figure 5. llustration of the robot’s movement in way-points tracking experiment I. The red points
indicate the center of the tank’s coordinate system.

Figure 6 illustrates the experimental results of position and attitude during way-points
tracking. It can be seen that after receiving the control objective, the robot reached the
target within 2 s of the initial position, then swayed around the target for a period of time
and gradually stabilized within 10 s. The control inputs throughout the entire motion
process are plotted in Figures 7 and 8, where red solid lines represent the actual values,
green dashed lines represent the upper and lower bounds of the constraints, and the
actual forces and torques always remain within the set constraints. The robot can maintain
relatively stable for 15 s after receiving each new instruction, and we calculated the average
steady-state error in Experiment I, which are [Xerr, Yerr, Zerr] = [0.0035,0.0024,0.0267] m in
x, y, and z directions, respectively, and [¢err, Oerr, Perr] = [1.06°,2.15°,0.35°] in roll, pitch,
and yaw orientations.
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Figure 6. Way-points tracking experiment I: tracking results of the underwater robot’s position
and attitude.
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Figure 7. Way-points tracking experiment I: actual control inputs and constraints, expressed
as percentages.
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Figure 8. Way-points tracking experiment I: actual input of eight thrusters.

4.2.2. Experiments II

From 0 s to 54 s, the robot initially moved from a random position with a ran-
dom attitude to the first waypoint [x1,y1,2z1] = [0,0,0.6] m and maintained the first
target attitude [¢1, 601, 91] = [0°,0°,0°]. Then, from 54 s to 100 s, it moved to the sec-
ond waypoint [x2,y2,22] = [0.2,—0.2,0.6] m, then executed a 90° rotation and main-
tained the second target attitude [¢,, 62, 2] = [0°,0°,90°]. In this experiment, we set
Q=1[05,05,0.5,1,1,1,0.5,0.01,0.01,0.01,0.01,0.01,0.01] and R = [0.2,0.2,0.2,0.3,0.1,0.1].

The experimental results are shown in Figures 9 and 10, where we can see that upon
receiving the control objective, the robot can reach the desired position and attitude within
6 s and maintain stability. Similarly, we further calculated the average steady state error
in Experiment I, which is [Xerr, Yerr, Zerr] = [0.0162,0.0275,0.0691] m and [¢err, Oerr, Yerr] =
[1.43°,1.31°,2.41°].
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Figure 9. Way-points tracking experiment II: tracking results of the underwater robot’s position
and attitude.

Force (%)
=)
Moment (%)
=)

-

=)

L

o © o
5

L

|
-]

Force (%)
<)
<
Moment (%)

|
-]

L

Force (%)
o
1 C
Moment (%)
-]
© o ©
=1
1
1
1
1
1
1
1
1
1
1
il
1
1
1
1
1
1
1

time (s) time (s)

Figure 10. Way-points tracking experiment II: actual control inputs and constraints, expressed
as percentages.

From the above experiments, it can be seen that the maximum value of the average
steady-state error in position and attitude does not exceed 0.0691 m and 2.41° for both
small-angle and large-angle maneuvers. Furthermore, it is noted that the average error on
z axis is relatively large compared to the x and y axes. This is because the robot’s motion in
z axis is influenced by both gravity and buoyancy, and the thrusters we used have a range
of dead zone. When the control input is very small, the thrusters cannot be effectively
activated, but this can be solved by using thrusters with higher precision.

4.3. Trajectory Tracking Tests

In this experiment, the robot initially started from a random position with a
random attitude, and tracked a desired circular trajectory with a radius of 0.1 m,
while maintaining a fixed height of 0.6 m. The desired trajectory is expressed as
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[xq(t),ya(t),z4(t)] = [0.1sin(27t/60)t,0.1cos(27t/60)t,0.6] m, and the desired orienta-
tions are [¢4(t),0,4(t), p4(t)] = [0°,0°,0°]. The controller’s parameters are identical to
those in way-points tracking Experiment II. The tracking results are plotted in Figure 11,
where the black line represents the desired trajectory, and the red line represents the actual
motion trajectory of the robot. It can be seen that upon receiving the control command,
the robot can respond within 2 s and gradually reduces the tracking error to approaching
the desired trajectory within 30 s. After stabilized, the maximum errors in x, y, and z are
0.0213 m, 0.0343 m, and 0.0744 m, respectively, and that in ¢, § and ¢ are 1.88°, 1.41°,
and 2.41°, respectively. Furthermore, the control inputs are plotted in Figure 12, showing
that the constructed controller can always determine the optimal force and torque within
the constraints.
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Figure 11. Trajectory tracking experiment: tracking results of the underwater robot’s position
and attitude.
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Figure 12. Trajectory tracking experiment: actual control inputs and constraints, expressed
as percentages.
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4.4. Robustness Tests

To test the robustness of the proposed controller, we randomly pushed the robot from
different directions when it was hovering. Figures 13 and 14 representatively demonstrate
the results that the robot was initially hovering, and we pushed itat 14s,42s,58 s, and 84 s
to cause it to deviate from the target position. It can be seen from the several peaks that,
after experiencing disturbances, the robot can quickly return to the target position and
orientation through the controller’s adjustments. During the entire adjustment process, all
control inputs were found within the constraints.
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Figure 13. Robustness testing experiments: tracking results of the underwater robot’s position
and attitude.
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Figure 14. Robustness testing experiment: actual control inputs and constraints, expressed
as percentages.
5. Conclusions and Future Work

In this paper, an autonomous underwater robot with fully vectored propulsion was
proposed and prototyped. The hardware platform and software architecture required for
autonomous underwater manipulation were developed. The proposed robot’s control
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system, which is based on model predictive control, aims to enable the robot to perform
synchronized movements in 6-DoF, making it potentially applicable to various ocean
manipulation tasks. The experimental results in the tank demonstrated that the robot has
precise and flexible movement capabilities and can adapt to a certain degree of disturbance.

While the proposed robot’s system design and the MPC-based control framework
demonstrate satisfactory performance in 6-DoF motion control, the robot’s continuous
aggressive maneuvering ability has not yet been fully explored. The employed thrusters
limit the robot’s achievable motion. Therefore, future work will focus on integrating energy-
aware thrust allocation strategies into the proposed control framework to enhance the
robot’s ability to perform aggressive maneuvers. Another future direction is to evaluate the
robot’s performance in real marine environments and to achieve underwater manipulation.
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Abbreviations

The following abbreviations are used in this manuscript:

MPC Model Predictive Control

ROS Robot Operating System

ROVs  Remotely Operated Vehicles

AUVs  Autonomous Underwater Vehicles

UVMS  Underwater Vehicle-Manipulator Systems
PID Proportional-Integral-Derivative

LQOR Linear Quadratic Regulator

HDPE High-Density Polyethylene

ENU East-North-Up
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