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Abstract: Autonomous underwater vehicles (AUVs), as primary platforms, have significantly con-
tributed to underwater surveys in scientific and military fields. Enhancing the maneuverability
of autonomous underwater vehicles is crucial to their development. This study presents a novel
vectored thruster and an optimized blade design approach to meet the design requirements of
a specially shaped AUV. Determining the ideal blade characteristics involves selecting a maximum
diameter of 0.18 m and configuring the number of blades to be four. Furthermore, the blades of
the AUV were set to rotate at a speed of 1400 revolutions per minute (RPM). The kinematics of
the thrust-vectoring mechanism was theoretically analyzed. A propulsive force test of the vectored
thruster with ductless and ducted propellers was performed to evaluate its performance. A ductless
propeller without an annular wing had a higher propulsive efficiency with a maximum thrust of
115 N. Open-loop control was applied to an AUV in a water tank, exhibiting a maximum velocity
of 0.98 m/s and a pitch angle of 53°. The maximum rate of heading angle was 14.26° /s. The test
results demonstrate that the specially designed thrust-vectoring mechanism notably enhances the
effectiveness of AUVs at low forward speeds. In addition, tests conducted in offshore waters for
depth and heading control validated the vectored thruster’s capability to fulfill the AUV’s motion
control requirements.

Keywords: autonomous underwater vehicles; novel vectored thruster; thrust-vectoring mechanism;
specially shaped AUV

1. Introduction

As an extremely significant tool, underwater vehicles play a significant role in various
ocean-related activities, such as military applications, scientific research, port operations,
and maritime safety. Underwater vehicles are primarily used for inaccessible, hazardous,
and expensive tasks for divers [1]. Engineers have an essential mission to improve the
capability of underwater vehicles to explore oceans while performing these tasks [2].

These missions require underwater vehicles equipped with advanced and vital tech-
nologies to expand their capabilities such as maneuvering and autonomy. Sophisticated
sensors and intelligent algorithms can improve the autonomy of underwater vehicles.
The propulsion system is a crucial factor determining the maneuverability of underwater
vehicles; hence, the question of how to incorporate underwater propulsion technology with
high navigation efficiency and excellent maneuverability has always been a research focus
in the field of underwater robots [3].

Different missions and applications determine the shapes, configurations, and propul-
sion systems of underwater vehicles [4]. The propulsion systems of underwater vehi-
cles can be classified into three types: classical rear propeller propulsion, bio-inspired
propulsion [5,6], and vectored thrust propulsion [1]. The propulsion strategy of an under-
water vehicle determines its movement-control mode. Underwater vehicles intended for
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high-speed cruising are designed with streamlined hulls to reduce hydrodynamic drag.
A main propeller equipped at the tail cone enables these streamlined-shaped vehicles to
propel, and the steering ability is achieved by changing the angle of fins and rudders [7].
However, a major disadvantage of propulsion technology is that the underwater vehicle
control authority is unstable at low speeds or suspended [8]. Under such conditions, the
effectiveness of fins and rudders for controlling the vehicle is diminished or rendered
nearly ineffective.

However, this limitation can be overcome by adding additional thrusters to under-
water vehicles [9,10]. The ineffectiveness of the control surfaces was solved using the
differential propulsive forces of the thrusters. This results in an overall hull configuration
of the underwater vehicle complex. The weight, manufacturing cost, hydrodynamic drag,
and energy consumption of underwater vehicles have also increased [11].

Another effective method to overcome the drawbacks discussed above is vectored
thrust propulsion (VT), which replaces conventional rear or multiple propeller propulsion
and bio-inspired propulsion [7]. Typically, an underwater vehicle is equipped with only
one vectored thruster. The vectored thrust provided by the vectored thruster can be
decomposed into two components: a control force and a driving force.

In recent decades, the application of vector propulsion technology in the field of under-
water robots has undergone rapid development. There are relevant studies documenting
the application of vector propellers in various underwater robots. However, some vector
propellers remain at the theoretical design stage or prototype verification stage. In other
words, during the process of transforming vectored thruster prototypes into practical appli-
cations, a multitude of issues tend to become pronounced. The following will introduce the
design or applications of typical vector propellers.

Some vector propulsion technologies have their main propulsion motor placed at the
end of the propeller, and the propeller is directly driven by a waterproof motor, meaning
that the motor is exposed to water. The vector mechanism changes the thrust direction
by altering the orientation of the motor itself. Obviously, this kind of mechanism has
a large rotational inertia at its end, and when the propeller deflects, the power required by
the reversing drive motor is also relatively large. Below, we will introduce several vector
propellers of this type.

The Bluefin series AUV [12] is equipped with a vector propulsion system that changes
the orientation of the mobile platform through the linear movement of a push rod to
alter the direction of the propeller thrust. This vector propulsion device boasts a simple
mechanical structure, flexible movement, and easy sealing.

The vectored thruster designed by E. Cavallo consists of a spherical parallel mecha-
nism, which comprises a fixed platform and a moving platform connected by three identical
chains [13,14]. By rotating the three active joints on the fixed platform, it drives the rotation
of the three driven joints connected to the moving platform, thereby changing the attitude
of the moving platform.

Spherical underwater robots employ three or four vectored thrusters based on pumped-
water jets, with each vectored thruster controlled by two servo motors for a total of 2 DOFs
(degrees of freedom) [11,15]. This vector mechanism is only suitable for this kind of small
underwater robot like SUR-I and SUR-III This article refers to this design method, but
there have been critical issues in practical applications, which will be discussed later in
the text.

For AUVs with a torpedo shape and limited tail space, Tao Liu designed a vector
mechanism based on the 3-RPS parallel mechanism. The author conducted simulations
on this mechanism but did not provide any practical application cases. Compared to the
method of using two servo motors to achieve two degrees of freedom, this mechanism
utilizes three linear motors. The control of various kinematic and dynamic methods for this
mechanism is overly complex, and there are few documented cases of its actual application
in AUVs. The biggest issue is that for the three linear motors of this mechanism to achieve
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a certain angle of the vectored thruster, a certain response time is required, resulting in
input time delays for the AUV [2,7].

In addition to the direct drive of the propeller by a waterproof motor, there are also
some vector propellers that utilize a non-waterproof motor to drive the propeller through
a drive shaft or magnetic coupling. The drive shaft is a flexible transmission shaft formed
by connecting a ball gear and a universal joint in series. The propeller is rotated in different
thrust directions by driving the flexible shaft with the main motor. The magnetic coupling
drive method achieves the rotation of the propeller in different thrust directions through
a magnetic coupling drive.

A study has reported the implementation of a spherical reconfigurable magnetic
coupling (S-RMC) method for motor-driven propellers [16]. A servo motor is utilized to
ensure that the change in thrust direction can be achieved with one degree of freedom
(DOF). However, the vectored thruster remains in the design phase and has not been
applied to underwater robots.

Based on reference [16], which utilized a single steering gear to achieve one degree
of freedom for the vectored thruster, Yaxin Li et al. [3] proposed the use of two servo
motors to form a vector steering actuator, enabling two degrees of freedom for the vectored
thruster. To achieve spatial vector thrust output, the steering actuator is assembled from
two intersecting arc-shaped slide rails. At the end of each slide rail, a servo motor is
mounted on the support frame to change the deflection angle. The propeller’s driving
method still utilizes the spherical reconfigurable magnetic coupling (S-RMC) approach.

Luca Pugi and his team proposed a method similar to the one in reference [16] for
designing a vectored thruster. To address the sealing issue, this vectored thruster employs
two magnetic couplings. One magnetic coupling is used by the main motor to drive
the propeller rotation, while the other magnetic coupling is used by the steering gear to
adjust the attitude of the thruster, thus achieving one degree of freedom for this vectored
thruster [8]. It has not been actually applied to underwater robots.

The magnetic coupling-based vector propulsion device scheme is conducive to achiev-
ing the sealing of the main motor, but the non-collinear torque transmission performance
of the magnetic coupling shaft coupler will deteriorate when the propeller deflects.

There are also some studies that provide cases of propeller rotation driven by the
combination of drive motors, spherical gears, and transmission shafts [17]. For instance,
the gear-and-ring vector propulsion device developed by MIT [18] utilizes gears meshed
with incomplete gear rings to control the horizontal and vertical movement of the propeller.
This solution is still in the theoretical research stage.

In conclusion, a considerable amount of research is currently focused on underwater
vector propellers. While there are mature design schemes for vector propellers with classic
application cases, most of the research is still in the model testing phase, and practical
applications are not yet mature. The main reasons for this inability to achieve practical
application are poor sealing reliability, as well as corrosion issues faced by mechanisms
in seawater; the non-collinearity of the propeller shaft and motor shaft during deflection,
which can easily lead to low transmission efficiency; complex vector mechanisms prone
to processing errors, reduced coupling between branches, and increased control difficulty;
and the cumulative errors of each joint in serial vector mechanisms, which can result in low
deflection accuracy at the end.

There is a comprehensive plan available as a reference for designing an underwater pro-
peller prototype. The design of the propeller prototype typically requires considerations of
the driving motor, the shape and diameter of the propeller, the number of blades, the shape
of the duct or nozzle, the drive circuit, and the coupling transmission components [19,20].
After the design is completed, the thrust, friction, torque, and efficiency values of the
propeller are first calculated through finite element analysis [21]. Secondly, an open-water
test is conducted to identify the thruster parameters [22]. Finally, performance tests are
carried out on an actual underwater vehicle to verify the performance of the propeller [23].
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The main contribution of this study lies in the design of two prototype vectored
thrusters based on linear actuators and steering motors, which aim to fulfill the design
requirements of specially shaped AUV. Both vectored thrusters were utilized for AUVs to
perform underwater missions lasting for weeks and months, and the linear actuator-based
vectored thruster was selected after evaluation. Propulsion force tests were conducted to
evaluate the performance of the vectored thruster, and kinematic analysis was performed
on the thrust-vectoring mechanism to achieve reliable and precise control. To verify the
design principles, an AUV equipped with this vectored thruster was tested in a water
tank. Different thrust forces for propelling the AUV were tested to investigate the vehicle’s
open-loop response at various vector angles. Additionally, the closed-loop control perfor-
mance of the vectored thruster was tested in a real marine environment. Experimental
results demonstrate that the thrust-vectoring mechanism can adjust the vector thrust in a
directionally, and the vectored thruster can achieve a sufficient level to meet the control
requirements of the AUV.

This study focuses on the design and validation of a novel vectored thruster that
exhibits reliable performance and precise control. Successfully applied to the motion
control of AUV, it provides a new solution for enhancing the design and performance of
AUV. Section 2 presents the design requirements of the vectored thruster, and the general
design of the vectored thruster is analyzed. In Section 3, the kinematics of the thrust-
vectoring mechanism are discussed and the propulsive force test of the vectored thruster
is described. Section 4 conducts water tank tests and offshore depth and heading control
tests using an actual AUV to verify the performance of the developed prototype. Finally,
Section 5 summarizes the study and discusses future work.

2. The General Design of the Vectored Thruster
2.1. Specifications of the Solar-Powered AUV
As illustrated in Figure 1, an underwater vehicle preparing to install the designed

vectored thrust is a specially shaped AUV. The required design parameters for the AUV are
listed in Tables 1 and 2.

Figure 1. A specially shaped AUV equipped with a vectored thruster.

Table 1. Main parameters of AUV.

Parameter Value

Weight 205 kg
Dimension 2391 mm x 2130 mm x 519 mm
Max. speed 2.5kn

Designed positive buoyancy 1kg
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Table 2. The relationship between power and speed of AUV.
Parameter Value
V (knots) 1 15 2 25
Pr (W) 8.12 24.76 56.93 109.74
Pg (hp) 0.0107 0.0328 0.0753 0.1452
R (N) 15.79 32.09 55.33 85.33

The designed vectored thruster was installed below the stern of the AUV. The AUV
was not equipped with traditional fins or rudders. The driving and control forces generated
by the vectored thruster combine to form the resultant force for controlling the motion of
the AUV. The inclination of the thruster is a critical variable that governs the operational
efficacy of the AUV. The deflection angle of the vectored thruster determines the direction
and magnitude of the driving and control force.

The design of a vectored thruster consists of two parts. The first part involves the
design of the thruster itself, including the selection of the motor and the design of the pro-
peller. The second part is the vector mechanism that enables the spatial vector output of the
thruster, typically with two degrees of freedom. This study first designed the corresponding
propeller based on the motor specifications, and then designed and fabricated two types of
vector mechanisms using steering motors and linear motors. Finally, open-water tests of the
thruster and control tests of the autonomous underwater vehicle (AUV) were conducted to
verify the practical application performance of the vectored thruster.

2.2. Design of Propeller Blades

The design of underwater propeller blades requires comprehensive consideration of
various factors, including blade shape, angle, pitch, rotational speed, noise and vibration,
load, and strength, as well as material and manufacturing processes. These factors interact
with each other and jointly determine the performance and service life of the propeller.
In this study, the underwater D5085 motor was selected, and the motor parameters are
presented in Table 3. To ensure that the propeller and motor can work efficiently and stably
together to achieve the best propulsion effect, the matching relationship between the under-
water propeller blade and the motor must be fully considered during the design process.

Table 3. The parameters of the motor.

Parameter Specification

Product Model D5085
Voltage 222V
No-load Current 0.8 A

No-Load Speed 3100 rpm
Load Current 295 A
Power 650 W
Weight 680 g

To meet the design requirements of an AUV in Table 1, an analysis of the propeller
design was conducted, including variations in the number of blades and propeller diame-
ters. This investigation was conducted within the framework of an optimum blade design
technique. The present study considered two, three, and four blades. The diameter values
for the propeller were in the range of 0.15~0.18 m. The other relevant parameters for the
propeller are listed in Table 4.
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Table 4. The parameters of the propeller.

Parameter Specification
Airfoil Profile NACA
Number of Blades 2-4
Number of Propeller Single
Propeller Rotation Direction Clockwise
Diameter of Blade 0.15~0.18 m
Pivot Diameter 0.058 m
Rotate Speed of the Propeller 400 r/min~1600 r/min

The propulsion efficiency was calculated for different rotational speeds, diameters,
and number of blades to obtain the optimum combination. The values of the rotation
speeds were in the range of 400-1600 rpm. Two, three, or four blades were used. The
calculation results are shown below.

As shown in Figure 2, the larger the diameter of the blade, the higher the efficiency.
When the maximum diameter of the blade was 0.18 m, the propulsion efficiency of the
propellers with different numbers of blades did not differ significantly. Therefore, the
number of blades of the propeller was set to four. When the rotation speed was 1400 rpm,
the propulsion efficiency was the highest, and in the range of 1000-1600 rpm, the propulsion
efficiency was also relatively high. Considering the motor’s efficiency, the propeller speed
was selected as 800-1600 rpm. A preliminary determination of the propeller parameters
was obtained, which is shown in Table 5.
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Figure 2. Optimization results of rotation speed, blade number, and diameter.
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Table 5. The preliminary parameters of the propeller.

Parameter Specification
Airfoil Profile NACA
Number of Blades 4
Diameter of Blade 0.18 m
Rotate Speed of the Propeller 800 r/min~1600 r/min

For a rotational speed that meets the thrust requirements, the Lifting Line Theory is
used to optimize the chord length of the propeller and the torque, Mp,.p, generated by the
optimized chord length of the propeller at a specific speed. We assumed that the torque
generated by the motor was M;o1or. Considering the torque loss due to sealing, friction,
and other reasons for the motor, the efficiency of the motor was set to Mytor = 0.8-M Prop-
The blade design employed the foil NACA65A010 thickness distribution, with a modified
mean line of NACA a = 0.8 modified mean line.

Load coefficient, o7, is defined as

T
om0 = ———— 1
= TRy 1)
The efficiency formula, 74, for an ideal actuating disc is
2 .
T]dlsk 1 + m

Classical propeller open-water characteristics were used as the performance metrics
in this study. The metrics were the thrust coefficients Kr, torque coefficient Ko, propeller
efficiency J, efficiency 7, propeller speed n, and diameter of blade D.

T

K= s ®
Ko = s @
J= o ©)
=i ©

The propulsion coefficients K19 and Krq were used to represent the load coefficients
oro and or;. The advance ratios were taken across the range of 0.14 to 0.34. Under
the condition of satisfying the thrust coefficient, the propeller design was optimized for
different advance ratios. Finally, the relationship between K19 and Krq1, as well as the
open-water performance curve Kt and the efficiency of the propeller under different design
inlet ratios, were obtained, as shown in Figure 3.

The open-water characteristic curves of K, K, and 7 based on the designed blade
are shown in Figure 4.
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Figure 3. Thrust-torque balance propeller design points and performance curves.
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Figure 4. Open-water characteristic curves.

2.3. Performance Testing of the Thrust-Vectoring Mechanism

After summarizing the relevant literature on the design of vectored thrusters, it can be
seen that there are two types of vector mechanisms used to achieve the spatial movement of
thrusters: steering motors and linear motors. In this study, two types of vectored thrusters
were designed and manufactured, as shown in Figure 5.

The vectored thruster in Figure 5a was designed with reference to the vectored
thrusters used in the small underwater robots SUR-I and SUR-IIL, which utilize two steering
motors to achieve two degrees of freedom of rotation of the vectored thruster. Steering
motor 1 enables the rotation of the thruster around the x-axis with a range of [-180°, 180°],
while steering motor 2 achieves rotation around the y-axis within a range of [—20°, 20°].
The significant advantage of this approach lies in its simple structural design, and the
steering motors’ faster response speed compared to linear actuators. Standard steering
motors typically take from 0.11 s to 0.21 s to rotate 60°, which can be considered almost
instantaneous for the motion control of AUVs with slower movement speeds.
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Driver Motor
And Propeller

Steering motor NO. 1

Steering motor NO.2

Vector Mechanism Section
Propulsion Section

(a)
Driver Motor

Steering motor )
Linear Actuator And Propeller

Drive Shaft

Vector Mechanism Section

Propulsion Section

(b)

Figure 5. Schematic of vectored thruster configuration. (a) Two steering motors; (b) a steering motor
and a linear actuator.

When this vector mechanism is applied to an AUV, the circular duct of the thruster
functions as a rudder surface. As steering motor 2 rotates around the y-axis up and down,
the greater rotation speed generates higher resistance. Figure 6 shows the vector diagram
of the surface pressure field of the AUV operating at speeds of 0.5 kn, 1 kn, and 2 kn, with
a detailed vector diagram of the thruster enclosed in the red box. The surface pressure
distribution of the AUV remained almost the same at these three speeds, and the regions
of maximum and minimum pressure distribution were identical. The key point to note is
that when the speed was 0.5 kn, 1 kn, and 2 kn, the maximum pressure at the front of the
annular duct of the AUV’s vectored thruster was approximately 30 Pa, 130 Pa, and 520 Pa,
respectively, while the rear of the duct was under negative pressure. The pressure at the
front of the circular duct was significantly greater than that at the rear, indicating that the
circular duct encountered significant hydrodynamic resistance. And, the hydrodynamic
resistance increased exponentially with the increase in speed, and steering motor 2 needs
to provide torque equal to the hydrodynamic force to maintain the attitude of the vectored
thruster. If steering motor 2 sustains a large torque for a prolonged period, it can lead to
damage. When this solution was applied to an AUV for sea trials, the lifespan of steering
motor 2 often lasted for only a few hours. From this, it can be concluded that steering
motor-based vectored thrusters are not suitable for underwater robots.
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Figure 6. Velocity and pressure cloud maps of an AUV. (a) 0.5 kn; (b) 1 kn; and (c) 2 kn.

In Section 2.2, the design of the blade of the vectored thruster is described. This
section discusses the vector mechanism of the vectored thruster. As shown in Figure 5, the
vectored thruster designed in this work was composed of a linear actuator and a steering
motor, a stepping motor, and a steering motor, which achieved a change in the tilt angle.
The tilt angle combines two angles: elevation « and azimuth (3. Referring to Figure 5,
when the vectored thruster rotates around the y-axis, this was defined as a change in the
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(a)

elevation angle o of the vectored thruster, and the red arrow indicates that the rudder is
pointing downward at this moment, as shown in Figure 7a. Similarly, when the vectored
thruster rotates around the x-axis, this was defined as a change in the azimuth angle 3 of
the vectored thruster, and the red arrow indicates that the rudder is rotating clockwise at
this moment, as illustrated in Figure 7c.

(b)

Figure 7. Tilt angle adjustment of vectored thruster relative to AUV: (a) elevation angle «; (b) initial
position; (c) azimuth angle (3.

Due to the frequent damage to steering motor 2, this study proposed an improved
design for the vectored thruster. This design replaces steering motor 2 with a linear actuator.
The vectored thruster comprises two parts: a propeller and a thrust-vectoring mechanism.
The ductless propeller and ducted propeller are shown in Figure 8a,b, respectively, and
their physical structure and local design details are shown in Figure 8c. A ducted propeller
combines a screw propeller and annular wing. The annular wing also mitigates the threat
posed by marine animals and seaweeds to screw propellers. However, a ductless propeller
without an annular wing has higher propulsive efficiency, as shown in Figure 9. Underwater
vehicles can quickly accelerate from zero or low speed to a predetermined speed.

(b)

Figure 8. Cont.
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Figure 8. Schematic of vectored thruster configuration. (a) The ductless propeller; (b) ducted
propeller; and (c) design details.
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Figure 9. Thrust testing of two types of vectored thrusters.

3. Analysis and Test of the Thrust-Vectoring Mechanism
3.1. Thrust-Vectoring Mechanism Design

As an executing actuator, the vectored thruster is a critical component in the overall
system of the AUV. Depending on the collocation requirements and application circum-
stances, there are many design schemes for the mechanical structure of thrust-vectoring
mechanisms. Implementing thrust-vectoring mechanism functions for AUVs relies entirely
on the chosen mechanism structure. Based on the application background of AUVs, the
new design concept presented in this article for a thrust-vectoring mechanism for AUVs is
shown in Figure 10.

The thrust-vectoring mechanism has two rotational degrees of freedom, which are
achieved through four rotational axes. These two rotational degrees determine the spatial
posture of the vectored thruster. Rotating coupling, namely rotary axis 1, joins the steering
motor to a platform in a circular truncated cone, as shown in Figure 10. The steering
motor can achieve platform rotation, thereby changing the azimuth angle of the vectored
thruster. The platform can be considered as a fixed base relative to the ducted propeller
and linear actuator.
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Steering Motor

Rotary Axis 1 Rotary Axis 4

Rotary Axis 2

Rotary Axis 3
Linear Actuator

Rotating Coupling
Figure 10. Thrust-vectoring mechanism.

The linear actuator assembled on a fixed platform with two joints was an actuating
prismatic joint. One of the joints, rotary axis 2, was attached to the platform by a rotational
joint, which had only one rotational degree of freedom. Another joint, rotary axis 4, was
connected to the ducted propeller by a passive rotational joint. The linear actuator consisted
of a ball screw assembly, magnet, Hall sensor, and stepping motor. The Hall sensor was
installed in a fixed position inside the linear actuator, and a magnet was installed on the ball
screw assembly. Thus, the feedback signal from the Hall sensor can be used to determine
the operation length range of the linear actuator during working when the Hall sensor
approaches the magnet. Similarly, the ductless propeller was installed on a fixed platform
by a rotational joint, rotary axis 3, which had only one rotational degree of freedom. The
length variation of the linear actuator achieved a rotational degree of freedom.

3.2. Kinematic Analysis of the Thrust-Vectoring Mechanism

The tilt angle of the thrust-vectoring mechanism is essential. Accurate control of
the tilt angle ensures the safety and reliability of AUV operations. An accurate tilt angle
measurement can be realized by mounting an attitude transducer on a fixed platform.
However, this practical and straightforward approach has not been adopted because of
the limited space available for the vectored thrusters. A kinematic analysis of the thrust-
vectoring mechanism was performed to achieve reliable and accurate control of the tilt angle
of the thrust-vectoring mechanism. This study’s kinematic model of the thrust-vectoring
mechanism is more accessible than the 3SPS-S parallel manipulator-based vectored thruster.
There is only a linear actuator and a steering motor.

The linear actuator connected the ductless propeller and stationary platform via
revolute joints. The two connecting joints are identified as points A and B. The ductless
propeller was connected to the linear actuator and stationary platform by two designated
connection points, points R and B, where the distance between locations A and B exhibited
variability. It should be noted that points A, B, and C correspond to rotary axis 2, rotary axis
3, and rotary axis 4 in Figure 10 respectively. The distance between the RB and RA remained
constant, with RB measuring 2 cm and RA measuring 10 cm, as shown in Figure 11.
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Figure 11. The schematic representation of revolute and spherical joints.

The cosine theorem describes the length of the RB, AB, and RB line segments and the
angles between the neighboring line segments. The angle between RB and RA is denoted
by «.

AB? = RB? + RA? +2 x RB x RA x cos(«) 7)

The relationship between the change in length of AB and « is

& = arccos RB? + RA® — AB® 8)
N 2x RB x RA

Because RB = 2 and RA = 10, the range of length changes of linear actuators is
limited to
8<AB <12

Due to the structural limitations, the range of changes in & is limited to
—20° < a <20°

As shown in Figure 12, when the ductless propeller moved regularly according to the
input of elevation angle «, the length changes of the linear actuator present a regular trend
that echoes the inputs of elevation angle «.

110
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1.56
100
1.54
95
a0 252
[=]
o o
2 85 Z 15
< &
80 §,
S 148
75
1.46
70
. 1.44
60 1.42
9.2 9.4 9.6 9.8 10 102 104 106 108 0 5 10 15 20 25 30
Length Length

Figure 12. Changes in «, when the length of the linear actuator changes.
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Thrust T in the two-dimensional plane can be rotated by adjusting the tilt angle . The
components of T are expressed as follows:

Fy|  |Tcosa
[ij - [Tsinlx} ©)
(3 is achieved by a rotating motor, with a variation range of [-180° 180°]. At this time,

the three components of T in three-dimensional space can be represented by the following
equation:

F, FE, Tcosa
Fy| = |Fysinp| = | Tsinasinf (10)
F, Fyz-cosp TsinacosB

Assuming T is a fixed value of 112 N, the spatial motion range of the output terminal
can be obtained when the sliding range of the linear actuator and steering motor are given,
as shown in Figure 13.

40

Figure 13. Propulsive surfaces of vectored thruster.

The AUV was capable of conducting six-degree-of-freedom (6DOF) movements in
water, but the vectored thrusters can only control three of them, namely surge, pitch, and
yaw. In this study, the component forces [Fx F, F;] for controlling the three-degree-of-
freedom movement of the AUV were the outputs of PID (Proportional-Integral-Derivative)
controllers. That is, given the output of the vectored thruster as [Fy F, F;], the input
[T « ] to the vectored thruster can be expressed using the following equation:

T F2+FR?*+F?

2 2\ /2
« | = |arctan ( (Fy + F, ) /Fx> (11)
p arctan(F,/F,)

3.3. Control of Thrust-Vectoring Mechanism

The hardware and software implementation strategies are provided in detail based on
the thrust-vectoring mechanism of the AUV. The main control board used to control the
vectored thruster in Figure 14a was designed by our team. The MUC is an STM32F103C8T6
chip, which is responsible for generating PWM (Pulse Width Modulation) signals to control
the steering and thruster. The PWM was set at 50 Hz, with a pulse width ranging from
1 ms to 2 ms. The propeller power was the smallest when the pulse width equaled 1 ms.
When the pulse width was 2 ms, the propeller power was at its maximum. The control of
the linear actuator was achieved through a driver board and a position sensor. The position
sensor was a Hall sensor.
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Figure 14. The (a) hardware and (b) software implementation strategies for vectored thruster.

(b

~

The propeller and steering motor were controlled using PWM frequency, which was
set at 50 Hz, with a pulse width ranging from 1 ms to 2 ms. The propeller power was the
smallest when the pulse width equaled 1 ms. When the pulse width was 2 ms, the propeller
power was at its maximum.

The relationship diagram between the propulsive force and current was obtained
based on the thrust test in Section 2.3, and is shown in Figure 15a. To facilitate control of the
upper computer, it was necessary to map the pulse width to the control input. The control
inputs on the upper computer were set between 0 and 5. The mapping of the pulse width
of 1 ms—2 ms to the control input was 0-5. The propulsive force and control inputs were
fitted to obtain two curves, Fitted Curve 1 and Fitted Curve 2, as shown in Figure 15b. The
control input was selected to be Level 0-4 to avoid excessive current, and the program used
Fitted Curve 2 as the mapping relationship. When the pulse width was 1 ms, the control
input was 0, and when the pulse width was 2 ms, the control input was 4.
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Figure 15. (a) Vectored thruster thrust testing; (b) propulsive force fitted curve; (c) fitting error of
fitted curve.

The two curves in Figure 15c represent two types of fitted error curves. As the
control input was selected as Level 04, the error of Fitted Curve 2 was smaller. Finally,

Fitted Curve2 was selected as the mapping relationship between the pulse width and
control input.

4. Field Tests and Results

Assuming that the thrust generated by the vectored thruster is T, the thrust T acting
on the AUV can be illustrated as shown in Figure 16 below. Here, coordinate system
ONED — XnYnZ, is defined as the reference inertial coordinate system, while coordinate
system Opog, — XpYZ) is defined as the body-fixed coordinate system attached to the AUV.

The thrust and its direction generated by the vectored thruster are indicated by the red
arrow in the figure.
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NED-frame

Body-frame

Figure 16. Coordinate frame of the AUV.

4.1. Water Tank Tests

Underwater tests of an actual AUV are necessary to determine the propulsive effect
of the designed vectored thruster. A validation test was conducted in a water tank. The
test environment was a water tank that was 22 m in length, 10 m in width, and 20 m in
depth. The AUV was placed in an underwater environment, as shown in Figure 17, and the
detailed venue and methods of the water tank tests can be found in the field test videos in
the Supplementary Materials. Open-loop control for the horizontal and vertical motion of
a specially shaped AUV is an essential and efficient method for evaluating the propulsive
efficiency of a newly developed vectored thruster. The horizontal and vertical motions
include three basic motions: surge, pitch, and yaw. The durations of the three basic motions
were restricted to relatively small ranges. Surge and yaw motions were conducted in the
horizontal plane, and pitch motions were conducted in the vertical plane. Owing to the
asymmetric shape in the XY-plane and YZ-plane of the AUV, it was evident that the motion
and hydrodynamic characteristics of the three basic motions may be distinct.

Figure 17. The AUV was tested in a water tank.

4.1.1. Surge Motion

In the surge motion, the AUV moved forward along the X-axis, and the rudder angle
o and elevator angle (3 of the vectored thruster were equal to 0. The tests conducted were
assigned to three groups, where the thrust outputs were Level 2, Level 3, and Level 4. Each
test was repeated three times.

The DVL sensor measured the speed. Figure 18a—c shows the velocity—time relation-
ship during the surge stage of the AUV. The reproducibility of the three test results was
satisfactory. The maximum velocity corresponding to the three levels of propulsion inputs
was 0.41 m/s, 0.65 m/s, and 0.98 m/s, respectively. Owing to the limited space in the test
pool, the AUV did not accelerate to its maximum speed. The maximum speed measured
did not reach the designed speed of 2.5 knots.
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Figure 18. (a—c) Velocity—time relationship during surge motion.

4.1.2. Pitch Motion

An AUV is an underactuated underwater robot, whose depth and descent speed
are related to the pitch angle. The heave motion was achieved using pitch motion. The
maximum designed working depth of the AUV was 300 m. The maximum depth of the
water tank was 20 m; tests of the heave motion could only be carried out in shallow water.
The pitch motion was performed to verify the maximum diving speed of the AUV. To
obtain the AUV’s maximum pitch angle, the elevator angle « of the vectored thruster was
set to a maximum angle of 20°, and the azimuth 3 was 0°. Simultaneously, the control
input to the thrusters was fixed at 4. The test was repeated three times.

The IMU sensor was responsible for measuring the rotational angle. The depth sensor
measured the depth. As Figure 19a—c indicate, the tests were repeated three times and the
results matched each other reasonably well. The maximum errors appeared in the three
pitch curves; the pitch curve L4 T3 represented the fastest descent speed during the tests.
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Figure 19. Heave motion of AUV. (a) Velocity; (b) depth; and (c) pitch.

In Figure 19a, the maximum speed along the X-axis was reduced from 0.98 m/s to
0.67 m/s. Figure 19b indicates that, in the initial stage of motion, the depth of the AUV
remained unchanged from 0 to 15 s; the depth gradually increased after 15 s, and the
descent speed remained stable after 25 s. As shown in Figure 19¢, the pitch angle of the
AUV remained unchanged from 0 to 12 s, gradually increased after 15 s, and remained
stable after 30 s. The maximum pitch angle of the AUV was 53°, and the fastest descent
speed of the AUV was 0.45 m/s.

4.1.3. Yaw Motion

The yaw motion of an AUV refers to its rotational movement around the z-axis. The
azimuth angle of the vectored thruster was configured to —90 degrees to achieve the highest
rate of change in the AUV heading angle. For comparison, the elevator angle was set to
its maximum value of 20°. This configuration was intended to induce a counterclockwise
rotation in the AUV. Because of the symmetrical shape of the shell of the AUV in the XZ
plane, the hydrodynamic characteristics in the counterclockwise and clockwise directions
were the same. Simultaneously, the control input to the thrusters was fixed at 4. The
test was repeated three times. As shown in Figure 20, the results from the repeated tests
matched each other reasonably well. The heading angle of the AUV remained unchanged
from 0's to 12 s and gradually increased after 12 s. The maximum rate of the heading angle
was 14.26° /s, and the turning radius was less than 1 m.
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Figure 20. Yaw motion of AUV.

4.2. Offshore Tests

The open-loop test of the vector propeller applied to an AUV was completed in
a safe and controllable still-water environment, and the basic performance parameters of
the propeller were obtained. Next, a closed-loop test of the AUV’s depth and heading
control were conducted in an actual marine environment. The test was carried out in
Nanshan Port, Sanya City, as shown in Figure 21, and the detailed testing results of
offshore depth and heading control can be found in the field test videos provided in the
Supplementary Materials.

Figure 21. Offshore testing area of AUV.

The AUV only utilized one vectored thruster, making it an underactuated system. This
vectored thruster could only control three degrees of freedom of the AUV, namely speed,
depth, and heading direction. The combined force T of the vectored thruster and its three
component forces Fx, Fy, and Fz are defined in Equation (10). Specifically, Fx serves as the
driving force to control the speed (u) of the AUV, Fy is the steering force for the AUV’s
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heading direction, and Fz regulates the depth (h) of the AUV. The control scheme of the
AUV is shown in Figure 22 below, where all three controllers utilize PID control.

Ah F
——[ Depth Controler ]—x— T
Au F. E a
Reference Value ——[ Velocity Controler J—y— Transfz:::ati an
A F
_go»[ Heading Controler ]—z- B

hue

Figure 22. Motion control of AUV.

From Figure 13, we can see that the variation ranges of the three components Fx, Fy,
and Fz of the thrust T generated by the vectored thruster were [0 112], [-38 38] and [—38 38].
Within these ranges, the control input for the AUV can be calculated using Equation (11)
based on the three thrust components [T a f].

Generally, the three parameters Kp, K;, and K; wee adjusted and set by trial and error.
Finally, a set of relatively ideal adjustment parameters were obtained, as shown in Table 6.

Table 6. Coefficients of PID controller.

Parameter Heading Depth Pitch Velocity
Kp 0.2 1.5 1 1.3
K; 0.01 0.1 0.1 0.15
Ky 3 5 5 3

During the test, the rotational angular velocity of the linear actuator was set at 1.6°/s,
and the rotational angular velocity of the steering motor was set at 25°/s. The target
AUV was set with a reference depth of i, = 6 m, a reference speed of 1, = 0.9 m/s, and
a reference heading of ¢, = 50°, and multiple tests were conducted. Figure 23 below shows
the results of two of these tests.
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Figure 23. Cont.



Actuators 2024, 13, 228

23 of 27

2

Heading (Degree)

Steering Motor (Degree)

00 T
Testl
Test2
50 — — —Reference Headingl | |
— — — Reference Heading2
Q
E
Test2
% 041 — R:ference Velocity
3
>
0.2
0
—50 i i i L —0.2 n L " n L
0 100 150 200 250 300 0 50 100 150 200 250 300
Time (s) Time (s)
(c) (d)
Figure 23. Results of motion of AUV (the maximum angular velocity of linear actuator is set at
1.6°/s). (a) Pitch; (b) depth; (c) yaw; and (d) velocity.

As can be seen from the diagram, the depth control and heading effect of the AUV
based on this vectored thruster were not satisfactory, as the AUV oscillated near the
reference values without converging to the target depth and heading. Further discussion is
needed on the response of the AUV’s steering motor and linear actuator, as illustrated in
Figure 24 below.
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Figure 24. The target angle output by the PID. (a) Steering motor; (b) linear actuator.

Because the depth and heading control did not converged, resulting in repeated
oscillations around the reference values, the two actuators needed to continuously adjust
the attitude of the vectored thruster based on the PID output. Figure 24 shows the target
angle output by the PID, and the linear actuator and the steering motor needed to track
this target angle. As seen in Figure 24, the linear actuator would have to adjust from 20° to
—20° within 1 s, but with a maximum adjustment angular velocity of 1.6°/s, it was unable
to track the target angle output by the PID. Similarly, the steering motor would also need to
adjust from 80° to —80° within 1 s, but it was also unable to track the target angle output by
the PID. There was a relatively long input delay for the AUV, preventing it from accurately
tracking the target depth and heading.

The output angular velocity of the linear actuator needed to be adjusted, and the
rotational angular velocity of the linear actuator was reset to 3.2° /s, while the rotational
angular velocity of the steering motor was set to 25°/s. With the PID control parameters
remaining unchanged, multiple tests were conducted. Figure 25 shows the results of two
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tests, where the reference depth of the target AUV was set as i, = 6 m, the reference
velocity was u, = 1 m/s, and the reference headings were ¢, = 140° and ¢, = 110°.
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Figure 25. Results of motion of AUV (the maximum angular velocity of linear actuator is set at

3.2°/s). (a) Pitch; (b) depth; (c) yaw; and (d) velocity.

From Figure 25, it can be seen that the depth control and heading of the AUV based
on this vectored thruster achieved the expected results, both converging to the reference
values. The response of the steering motor and linear actuator is also presented in Figure 26.
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Figure 26. Yaw motion of AUV. (a) Steering motor; (b) linear actuator.
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As seen in Figure 26, during the first 40 s, there was a significant error between the
actual pitch angle and heading angle when compared to the reference values. The range of
target angle variations output by the PID was relatively wide, making it difficult for the
linear actuator and the steering motor to track the target angle. However, after 40 s, the
error between the actual pitch and heading angles and their reference values gradually
decreased, allowing the linear actuator and the steering motor to track the target angle
output by the PID. As the movement of the AUV stabilized, the adjustment range of the
linear actuator and the actuator’s output gradually narrowed, eventually reaching a stable
state. This indicates that when the rotational angular velocity of the linear actuator is
set to 3.2° /s and the rotational angular velocity of the steering motor is set to 25°/s, the
configured vectored thruster can meet the AUV’s motion control requirements. In future
research, a more suitable controller can be designed for this vectored thruster to further
enhance the stability of the AUV’s motion control.

5. Conclusions

In this study, we designed a vectored thruster based on a linear actuator and steering
motor to satisfy the design requirements of a specially shaped AUV. It employs a ductless
propeller as a thrust supply to produce a vectored thrust for driving the AUV. Propulsive
force tests were performed to evaluate its performance. Kinematic analyses of the thrust-
vectoring mechanism were performed to achieve reliable and accurate control of the
thrust-vectoring mechanism.

An AUV equipped with the designed vectored thruster was built to verify the design
principles. The AUV was tested in a water tank. The thrust used for propelling and control-
ling the AUV was selected to study the vehicle’s response at various vectoring angles.

Three basic motions (surge, pitch, and yaw) of an AUV are essential and efficient
methods for evaluating the propulsive efficiency of a newly developed vectored thruster.
The results showed that the thrust-vectoring mechanism directionally regulates vectored
thrust. The vectored thruster can reach a sufficient level for AUV control.

The performance of the vectored thrusters in actual marine environments was tested,
indicating that the vectored thrusters can meet the motion control requirements of AUVs.
In the future, long-term sea trials will be conducted on the AUV to verify the durability and
reliability of the vectored thruster. Considering the characteristics of the vectored thruster
from the perspective of control algorithms, such as the rate and range of variation in the
elevation angle «, the motion control of the AUV can be more efficient. In addition, in
subsequent tests, improvements and upgrades will be made to the vectored thruster based
on the problems encountered.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/act13060228 /s1. This section provides videos of field
tests, including the open-loop control test video in the water tank, and the offshore heading control
test video and depth control test video to demonstrate the effectiveness and mechanism of the work.
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