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ABSTRACT Autonomous Underwater Vehicles (AUVs) epitomize a revolutionary stride in underwater
exploration, seamlessly assuming tasks once exclusive to manned vehicles. Their collaborative prowess
within joint missions has inaugurated a new epoch of intricate applications in underwater domains. This
study’s primary aim is to scrutinize recent technological advancements in AUVs and their role in navigating
the complexities of underwater environments. Through a meticulous review of literature and empirical
studies, this review synthesizes recent technological strides, spotlighting developments in biomimicry
models, cutting-edge control systems, adaptive navigation algorithms, and pivotal sensor arrays crucial for
exploring and mapping the ocean floor. The article meticulously delineates the profound impact of AUVs on
underwater robotics, offering a comprehensive panorama of advancements and illustrating their far-reaching
implications for underwater exploration and mapping. This review furnishes a holistic comprehension of the
current landscape of AUV technology. This condensed overview furnishes a swift comparative analysis,
aiding in discerning the focal points of each study while spotlighting gaps and intersections within the
existing body of knowledge. It efficiently steers researchers toward complementary sources, enabling a
focused examination and judicious allocation of time to the most pertinent studies. Furthermore, it functions
as a blueprint for comprehensive studies within the AUV domain, pinpointing areas where amalgamating
multiple sources would yield a more comprehensive understanding. By elucidating the purpose, employing
arobust methodology, and anticipating comprehensive results, this study endeavors to serve as a cornerstone
resource that not only encapsulates recent technological strides but also provides actionable insights and
directions for advancing the field of underwater robotics.

INDEX TERMS Air-water trans-media vehicles, autonomous underwater vehicles, bionic models, Doppler
velocity log, self-adaptive AUV-based localization, underwater acoustic sensor networks.

I. INTRODUCTION
Autonomous Underwater Vehicles (AUVs) or Underwater
The associate editor coordinating the review of this manuscript and Unmanned Vehicles (UUVs) play a pivotal role across diverse
approving it for publication was Wenming Cao . industries and scientific domains, significantly contributing
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to underwater exploration and mapping. These state-of-the-
art vehicles have become indispensable for tasks traditionally
undertaken by manned vehicles, excelling in complex under-
water environments characterized by unpredictable currents,
varying water pressure, rugged topography, and harsh con-
ditions. AUVs facilitate the automation of crucial functions,
resulting in increased operational efficiency, cost reduction,
and minimized risks to human operators. This transfor-
mative technology has revolutionized underwater research,
empowering scientists and researchers to acquire precise and
valuable data for fields such as marine biology, oceanogra-
phy, and environmental studies [1].

Furthermore, AUVs have emerged as instrumental assets
in diverse offshore industries, including oil and gas explo-
ration, underwater infrastructure inspection, and pipeline
maintenance. The capacity of AUVs to collaborate in joint
missions, employing sophisticated algorithms and coordi-
nated efforts, introduces novel and exciting possibilities. This
collaborative approach enhances the overall effectiveness of
underwater missions, facilitating comprehensive exploration
and documentation of underwater ecosystems and resources.
This underscores the versatility and adaptability of AUVs
across a spectrum of applications in the marine and offshore
sectors [2].

In the past two to three years, there has been a notable
surge in the development and deployment of Remotely Oper-
ated Vehicles (ROVs) and AUVs, marking a significant
stride in underwater technology. These advanced vehicles
have showcased their capabilities across a spectrum of
applications, including oceanographic surveys, bathymetric
measurements, and underwater maintenance activities such
as servicing oil platforms and fiber optic communication
lines. Designing and implementing effective guidance and
control systems for these vehicles necessitates expertise from
multiple disciplines, encompassing vectorial kinematics and
dynamics, hydrodynamics, navigation systems, and control
theory. This interdisciplinary approach ensures the develop-
ment of efficient, stable, and reliable control mechanisms,
enabling ROVs and AU Vs to navigate and operate effectively
in challenging and dynamic underwater environments.

However, despite their remarkable advancements, AUV
control still presents fundamental challenges that need to be
addressed. Issues such as navigation in complex marine envi-
ronments, dealing with external disturbances, and achieving
precise depth control remain areas of active research and
development. Solving these control challenges will further
enhance the capabilities of AUVs and broaden their scope
of applications. The design of these vehicles’ guidance and
control systems necessitates the expertise of a wide range
of disciplines, including vectorial kinematics and dynamics,
Hydrodynamics, navigation systems, and control theory. The
fundamental issues with AUV control include parametric
uncertainties (e.g., additional mass, hydrodynamic coeffi-
cients, and so on), and non-linear and coupled dynamics [4].
Several engineering difficulties linked with autonomy must
be solved to obtain a high degree of autonomy with the high
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density, non-uniform, and unstructured seawater environment
(disturbances, etc.), and the nonlinear response of the vehicle
must be considered and overcome [5]. Underwater Robots
have received a lot of attention as a promising research area.
Many publications have been published to date in order to
sift out, classify, and provide specific techniques for various
elements of underwater robots. For example, some major
sensing technologies, including underwater acoustic sensing,
underwater optical sensing, underwater magnetic sensing,
and underwater bionic sensing are presented in [6]. The lit-
erature of Neira et al. [7] provides a review of Unmanned
Underwater Robotics, Structure Designs, Materials, Sen-
sors, Actuators, and Navigation Control. The research of
Barker et al. [8] briefly reviews the scientific inspiration and
problems, development, and use of underwater robotic vehi-
cles built for use in ice-covered seas, with special attention
dedicated to the navigation systems utilized for under-ice
deployments. The literature of Laranjeira et al. [9] discusses
the advantages and disadvantages of using mixed reality
(MR) to explore deep-sea areas with remotely operated vehi-
cles. The strategy is twofold: virtual reality (VR) allows
the scientist to study the world through visual 3D repre-
sentation, transcending the constraints of local perception.
Augmented reality (AR) concepts are intended to increase
perception and interaction with the environment. The study
of Connor et al. [10] summarizes the current state of under-
water swarm robotics; it covers the design of the underwater
robots, the methods used by individual robots to perceive their
environment, the methods of communication available under-
water, centralized and decentralized control, the foundation
of swarm algorithms, the behaviors displayed when a swarm
works collectively, and how swarms were applied underwater.
Subsequently, in [11], underwater navigation, its advantages,
challenges, and future ventures are presented. Wang et al.
in [12] presents a comparative analysis on gliding Robots.
Similarly, Huy et al. introduces sensing technologies and
perception techniques for underwater robots [13]. Addition-
ally, Li et al. [14] addresses challenges, recent developments,
and design strategies on bioinspired soft underwater Robots.
Finally, Ma et al. highlights terrain matching techniques for
navigation of underwater Robots [15].

Table 1 provides an overview of above literature reviews
that delve into AUVs technology. Each entry highlights
specific focuses and corresponding limitations identified in
the respective reviews. Offering a concise overview, this
summary shows insights from multiple literature reviews,
emphasizing both the identified strengths and the territories
that beckon for further investigation in AUV technology that
were not highlighted in the associated reviews. The literature
presented in Table 1 focused on specific components like
sensors, actuators, or materials, but they lack a holistic view
by not addressing the integration of these components into
a comprehensive underwater robot system. The absence of
discussions on propulsion systems, communication models,
and charging mechanisms indicates a gap in understanding
the interconnectedness of these elements.
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TABLE 1. Overview of several previous reviews.

Literature Highlight Limitation References
Cong, Y et al. Detailed review regarding the Does not include other prospects [6]
sensing technology process. such as a propulsion system,
navigation control, etc.
Neira, J., Sequeiros et al. Discusses  structure  designs, Does not mention about control and [7]
materials, sensors, actuators, and communication system.
navigation control.
Barker, L. D., Jakuba et al. Review vehicle design and Leaves aspects like control [8]
navigation algorithms. systems, communication models,
and applied sensors.
Laranjeira, M., Arnaubec et al. Highlights the recent 3D perception ~ Does not include the models where [9]
and augmented reality it can be implemented.
developments.
Connor, J., Champion, B., & Culminates algorithms, Does not include sensors for [10]
Joordens, M. A. communication methods, and achieving such tasks.
designs.
. X Highlights some typical Leaves other aspects like [11]
Yinghao Wua, Xuxiang Taa, ef al underwater robot localization and Charging, navigation, sensing etc.
navigation approaches,
Wang, J., Wu, Z, et al. Comprehensive review of Does not include sensors for [12]
underwater gliding robots, and the  achieving tasks, Charging systems,
methodologies used to guide future  and navigation systems.
advancements.
Huy, D. Q., Sadjoli, N., et al. In-depth description of sensing Omits other aspects which include [13]
technologies ~ and  perception charging and Navigation.
techniques for underwater robots.
Li, G., Wong, el al. Addresses  challenges, recent Does not explore navigation [14]
developments, and design methods, Charging methods, and
strategies on bioinspired soft  Sensors for relative tasks.
underwater Robots.
Ma, T., Ding, S., et al. Highlights  Terrain  matching Does not include the models that [15]
techniques for Navigation. can be used for such Navigation.
Xu, Y., Zheng., et al. Centers on feature-based Does not explicitly mention [16]
underwater  localization = and  potential limitations or areas for
navigation employing 2-D imaging  further improvement as well as
sonar measurements does not explore other aspects like
sensor, charging system and
Control Schemes.
Zhong, Y., Hong, Z., et al Addresses  the challenge of Does not explore the fusibility of [17]

modeling and controlling various
swimming motions in fish
locomotion, including cruising-

straight, cruising-turn, and fast

turns

the kinematic model across
different models does not highlight

aspects such as Control
methodologies and Navigation
Algorithms

Table 1 presents an overview of various literature reviews
on AUV technology, for instance in [9] a comprehensive
study of sliding robots has been presented but does not
incorporate other segments like charging system and con-
trol systems. furthermore, in [11] typical navigation process
algorithms are presented but do not include sensors or
related bionic models additionally, a comprehensive review
of underwater gliding robots and methodologies for future
advancements has been offered in [12] but overlooks critical
components such as sensors for achieving tasks, charging
systems, and navigation systems. Similarly, feature-based
underwater localization and navigation using 2-D imaging
sonar measurements is described in [16] but fails to address
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potential limitations, areas for improvement, and other crucial
aspects like sensors, charging systems, and control schemes.
Additionally, the challenge of modeling and controlling vari-
ous swimming motions in fish locomotion has been addressed
in [17] but neglects to explore the compatibility of kinematic
models across different platforms and omits discussions on
control methodologies and navigation algorithms. These defi-
ciencies underscore the need for more comprehensive and
integrated approaches in AUV technology research.

Fig. 1 represents the number of research papers published
regarding AUVs in intervals of 5 years, starting from 1996 up
to 2023. The graph showcases the distribution of research
papers over time, providing insights into the volume of
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FIGURE 1. Number of Articles published on AUV over last two decades.

publications within each 5 years. It allows for visualizing any
trends or patterns in the number of research papers published
over the years, highlighting periods of increased or decreased
activity in the field. After observing the graph, it can be con-
cluded that the research in the field of AUV has substantially
increased in the last decades after 2015.

The latest developments in UUV technology are covered
in detail in this research paper, with a special emphasis on
bionic models, control systems, navigational algorithms, and
sensors. The most recent advancements in each of these
fields are examined in the paper, along with trends, difficul-
ties, potential uses, and applications. The use of biomimetic
designs, such as bionic fins, flippers, and propulsion systems,
which are inspired by marine animals and plants, is discussed
in the paper’s discussion of bionic models. The paper also
looks at recent advancements in communication and network-
ing, as well as trajectory planning, obstacle avoidance, and
mission optimization algorithms that are used by AUVs. The
development of navigation algorithms is also covered, includ-
ing path planning optimization and the use of simultaneous
localization and mapping algorithms. The paper concludes by
examining recent developments in sensor technology, such as
the miniaturization and integration of multiple sensors, which
are essential for effective and efficient underwater exploration
and monitoring.

This study serves as a vital compilation of cutting-edge
biomimetic designs in underwater robotics, featuring diverse
technologies inspired by marine creatures like fish, jellyfish,
turtles, sea lions, and manta rays. Through a comprehensive
table, it delineates innovative advancements, encompass-
ing flexible fin ray structures, hydraulic actuators, dynamic
algorithms, and a spectrum of technologies for charging
systems, control systems, navigation algorithms, and sen-
sors. These insights shed light on their potential applications
for enhancing underwater propulsion, maneuverability, sen-
sory capabilities, and overall autonomy. Crucially, the paper
examines the limitations and challenges these designs may
encounter, offering invaluable guidance for refining exist-
ing technologies and inspiring future developments in the
realm of nature-inspired underwater robotics. This reposi-
tory serves as a pivotal resource, guiding researchers and
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engineers toward the development of more efficient, adapt-
able, and nature-mimicking underwater vehicles, propelling
advancements in this rapidly evolving field.

This study represents a significant contribution to the field
of AUV technology, offering a coherently presented synthesis
of crucial aspects in the realm AUVs. The following key
contributions distinguish this study from existing studies.

« Holistic Integration: The study adeptly integrates var-
ious critical aspects of underwater robotics, including
bionic-inspired models, control systems, navigation
algorithms, charging systems, and sensors. This compre-
hensive approach allows for a nuanced understanding of
the interconnected components of AUV technology.

o Cohesive Narrative: In contrast to many referenced
papers that focus narrowly on specific facets, this study
weaves together insights from diverse domains into
a cohesive narrative. This approach provides a con-
solidated and accessible overview of advancements in
underwater robotics, enhancing clarity and understand-
ing.

o Guidance for Development: Going beyond singu-
lar insights, the study offers valuable guidance for
researchers and engineers engaged in AUVs develop-
ment. By integrating multiple critical domains, it pro-
vides a roadmap for a holistic and integrated approach,
fostering a comprehensive understanding of AUV tech-
nology. This guidance is essential for navigating the
complexities of designing and advancing AUVs in the
rapidly evolving field of underwater robotics.

This paper on AUVs is structured into seven main sections,
each delving into crucial aspects of AUV development and
operation. The Introduction sets the stage by emphasizing the
significance and challenges associated with AU Vs, highlight-
ing the necessity to delve into bionic-inspired models, control
systems, and navigation models. The Bionic Models section
traces the evolution of nature-inspired designs in AUV devel-
opment, showcasing the progression from mimicking marine
animal movements to the latest hybrid designs. It focuses
on biomechanical aspects and unique features inspired by
marine creatures, such as fish, dolphins, whales, and jelly-
fish, contributing to improved performance, maneuverability,
and efficiency in underwater environments. The Charging
System section delves into relevant charging and docking sys-
tems, highlighting recent improvements in the field of AUV
charging. The Control System section explores effective con-
trol systems for AUVs, encompassing classical and modern
approaches, including AI and machine learning. It addresses
the challenges of underwater environments, enabling AUV's
to adapt, optimize performance, and enhance decision-
making capabilities. The Navigation Models section covers
navigation capabilities, including sensor integration, SLAM,
path planning, and obstacle avoidance, ensuring autonomous
and intelligent AUV movement. The integration of various
sensors and algorithms empowers AU Vs to gather data, create
maps, navigate autonomously, and avoid obstacles in the
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underwater environment. In essence, this research paper aims
to offer readers a comprehensive understanding of the latest
advancements in AUV technology, intending to inspire fur-
ther research and development in this dynamic field.

Il. BIONIC MODELS

The evolution of bionic models in AUVs has been driven by
a desire to improve the performance and capabilities of these
vehicles [18]. In this section, a brief overview of the major
stages of the evolution of bionic models is discussed.

A. STAGES OF EVOLUTION

In the early days of AUV design, engineers looked to marine
animals such as fish, dolphins, and whales for inspiration.
The goal was to create AUVs that could move efficiently and
maneuver effectively in the water. These early AUVs were
often simple in design, using basic propellers and fins to move
through the water [19]. For instance, in [20] a biomimicry
model is developed using stingrays as its incitement. Sim-
ilarly, in [21], authors took inspiration from Leptocephalus
(Eel Larva) for its soft robot model. Furthermore, a jet propul-
sion model mimicking a scallop is developed in [22].

As AUV technology advanced, sensors and control sys-
tems were added to enhance the vehicle’s ability to navigate
and collect data [7]. These systems allowed AUVs to
autonomously navigate through underwater environments,
avoid obstacles, and collect data using a variety of sen-
sors such as acoustic altimeter used in [23], Pressure sensor
in [24], Long baseline (LBL) acoustic positioning sensor
in [25], Inclinometer in [26], Magnetic compass in [27],
True North-Seeking Three-Axis Gyrocompasses in [28] and
Two-axis and three-axis magnetic sensors in [7].

The next step in the evolution of AUVs was the incor-
poration of artificial intelligence (AI) and machine learning
(ML) algorithms. For example, an AUV could use machine
learning to adjust its path based on the presence of underwater
obstacles or changes in water currents [29]. The application
of artificial intelligence techniques for fault diagnostics of
AUVs is presented in [30], Furthermore, Object Detection
and Tracking for a Small Underwater Robot is proposed
in [31], Moreover, different advanced applications using
neural networks for underwater water robots are illustrated
in [32].

The latest evolution of AUVs involves the integration
of multiple bionic models and advanced technologies. For
example, an AUV may use a combination of fish and
jellyfish-inspired designs and Al and ML algorithms to cre-
ate a highly efficient and adaptable vehicle. These hybrid
bionic models can perform complex tasks such as underwater
exploration, ocean mapping, and environmental monitoring
mentioned in [33].

B. BIONIC INSPIRED MODELS
Several bionic models have inspired the design of AUVs,
including:
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FIGURE 2. Manta ray robot.

1) BIOLOGICAL FISH MODELS

AUVs designed after biological fish models mimic the
undulating movement of fish tails or fins for propulsion.
These biomimetic underwater robots not only emulate the
elegance of manta rays’ swimming but also capitalize on
their intricate wing-like structures and cutting-edge control
mechanisms. By harnessing nature’s design, these robots
excel in maneuverability, making them invaluable for diverse
aquatic missions, ranging from marine research to underwater
surveillance, while minimizing disruption to delicate ecosys-
tems Fig. 2 represents a manta ray robot and a biomimetic
underwater robot designed to mimic the graceful swimming
motion of manta rays, enabling efficient and agile underwa-
ter exploration and data collection. It utilizes its wing-like
structures and advanced control systems to navigate through
water and perform tasks in various aquatic environments.
In the context of biomimetic underwater robots inspired by
fish models, an equation relating to the geometry of the model
can focus on the lift coefficient (CL ), which quantifies the lift
generated by the wing-like structures. One such equation is

2.m.
Cr = & (D

1 «)’

+/(5)

where, o represents the angle of attack of the wing-like struc-
ture and S denotes the aspect ratio of the wing-like structure.
This equation underscores the significance of optimizing the
geometry of biomimetic designs, like those mimicking the
elegant swimming motion of manta rays depicted in Fig. 2,
in achieving efficient and agile underwater exploration while
minimizing disruption to delicate ecosystems [34].

2) OCTOPUS MODELS

Octopuses are known for their remarkable underwater abil-
ities, exceptional maneuverability, and ability to manipulate
objects with their flexible arms. In the domain of biomimetic
robotics inspired by the remarkable abilities of octopuses,
an equation relevant to the provided description can focus on
the bending behavior of soft-bodied robotic arms. A relevant
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FIGURE 3. Jellyfish model robot.

equation, stemming from the Euler-Bernoulli beam theory,
delineates the deflection (8) of a beam under a distributed load
(9), expressed as,
q.L4

~ 8EI @
where, L represents the length of the beam, E denotes
the material’s modulus of elasticity (such as the flexible
silicone structure), and [ signifies the cross-sectional area
moment of inertia. Researchers have been inspired by these
characteristics and have developed underwater robots that
mimic the movements and functionality of octopuses. It is a
soft-bodied robotic arm designed by the German Aerospace
Center (DLR). The Octopus Gripper consists of a flexible
silicone structure that can bend and adapt to different objects,
just like an octopus arm. The gripper is equipped with suction
cups that can adhere to various surfaces, enabling the robot
to grasp and manipulate objects underwater [35]. Similarly,
an octopus-bioinspired solution to movement and manipu-
lation for soft robotics was proposed in [36]. Furthermore,
another octopus model has been suggested for locomotion
and grasping in water [37].

3) JELLYFISH MODELS

Underwater robots inspired by jellyfish, such as Robojelly
developed by Virginia Tech and the University of Texas at
Dallas, JEROS from the National University of Singapore,
and Cyro created at Harvard University, mimic the effi-
cient swimming mechanisms of these creatures. These robots
utilize materials like silicone and electroactive polymers,
incorporating features such as shape memory alloy actuators,
artificial muscles, and embedded sensors. By replicating the
propulsion and movement of jellyfish, these robots offer
energy-efficient and maneuverable swimming capabilities.
They find applications in marine exploration, environmental
monitoring, and underwater tasks [38]. Fig. 3 represents a
jellyfish model robot inspired by the elegant movements
of jellyfish [39]. Another jellyfish-inspired robot has been
developed driven by fluid electrode dielectric organic robot
actuators [40].
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FIGURE 4. Sea turtle model.

4) LOBSTER MODELS

Lobsters are known for their excellent sensory perception
and ability to navigate through complex underwater envi-
ronments. AUVs modeled after lobsters have sensors and
navigation systems that mimic the abilities of the crus-
tacean [38].

5) SEA TURTLE MODELS

Sea turtles serve as an exemplary model for designing effi-
cient underwater vehicles, as demonstrated in Figure 4, where
AUVs emulate their streamlined shell-like structure and flip-
pers for agile and precise movements in the water [41].
This bio-inspired approach not only enhances the AUVs’
hydrodynamic performance but also facilitates their abil-
ity to navigate through complex underwater environments
with ease. In contrast, [42] introduces a novel concept of a
bio-inspired variable-stiffness morphing limb for amphibi-
ous robot locomotion. This innovation aims to emulate the
adaptability and versatility of biological limbs, enabling
amphibious robots to navigate both land and water envi-
ronments efficiently. By mimicking nature’s designs, these
advancements in AUV and robot locomotion contribute to
the development of highly capable and adaptable autonomous
systems for various underwater and amphibious applications.

These bionic models are often combined with advanced
technologies such as artificial intelligence, machine learning,
and computer vision to create AUVs that can autonomously
navigate, collect data, and perform specific tasks underwa-
ter [43].

Table 2 presents a comprehensive overview of vari-
ous developments and technologies in underwater robotics
inspired by different marine creatures. It outlines specific
advancements, technologies used, the objectives behind each
development, as well as potential disadvantages or limita-
tions associated with these innovative designs. Each entry
in the table focuses on a unique biomimetic robot or AUV,
describing its technology, its intended purpose or objective,
and the potential drawbacks or limitations that might affect
its operational efficiency.
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TABLE 2. Discussion on bionic models.

Development

Technology and
Methodology

Objective

Disadvantages

References

Pangasius fish Hybrid

Macroscale Flagellated

Similarity Evaluation and
Biomimicry Manta Ray

Yellowfin Tuna

Robot

HABH jellyfish

uuv

Robot

- Tunabot Flex using
Actuation mechanism
Theory.

- The robot employs a
flexible fin ray tail
structure.

This structure serves as the
soft body of the robot.

- Driven by a servo motor.
Motion Generation:
Provides motion to the
caudal fin of the fish-
inspired robot.

- Hydraulic  actuators
selected for higher forces
and speeds.

- Hydrogels chosen for
flexibility and high water
content.

- Utilizes rotary actuation
for soft body movement.

- Incorporates soft
materials, leveraging the fin
ray effect for body and tail
undulation.

- Utilizes the Dynamic
Time Warping (DTW)
algorithm while introducing
bias equations and time
asymmetry coefficients.

- Characterizes the time and
space asymmetry of the
pectoral fin motion of a
manta ray.

- Leveraging the unique
features of yellowfin tuna
for biomimicry.

- Aims to close the
performance gap between
robotic and  biological
systems.

- Develop a robot that
mimics the motion of a fish
using a flexible fin ray tail
structure.

- Achieve soft and flexible
movement resembling the
natural motion of fishtails.

- Aim to make the

underwater robot
transparent under broad
acoustic detection,

enhancing stealth during
operations.

- Specifically  targets
acoustic detection within
the 10 kHz to 1 MHz range.

- Aims to navigate and
maneuver effectively in
slender and narrow
underwater spaces.

-Seeks to mimic the natural
body and tail undulation of
fish for optimal
maneuverability.

- The central goal is to
optimize the motion posture
of the Manta Ray Robot and
Seeking to replicate the
nuanced and asymmetrical
motion observed in the
pectoral fins of a manta ray.

- Aim to enhance the overall
motion  dynamics  and
efficiency of the Manta Ray
Robot by incorporating bio-
inspired asymmetry.

- The design may not be
well-suited for operations in
shallow water.

- Flexible fins could be
damaged by obstacles or
debris near the seabed.

- May be less efficient at
generating forward thrust
compared to other
propulsion systems.

- Undulating motion of the
fins may create more
turbulence and drag in the
water.

- Controlling the hydraulic
system and tentacle
movements requires
sophisticated algorithms.

- Hydrogel tentacles may
experience wear and tear,
reducing efficiency and
lifespan.

- Regular maintenance is
essential to address wear-
related issues and ensure
optimal performance.

- Very sensitive to
vibrations, which may
affect the stability and
precision of the robot
posing challenges in
maintaining stability during
operation.

- The soft materials and
rotary actuation may be
prone to mechanical wear
over time, potentially
affecting the longevity and
reliability of the robotic
system.

- Heavy computational
burden requiring significant
computational resources to
find the optimal time
alignment path.

- The algorithm's
complexity may lead to
extended processing times,
potentially affecting real-
time applications.

[44]

[45]

[46]

[47]

(48]
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TABLE 2. (Continued.) Discussion on bionic models.

Piezoelectric pulsed-jet
actuator for developing a
jellyfish-like structure

Turtle-inspired Robot
with Variable Stiffness
Hydrofoils

Pectoral fins and
gliding Manta-Ray robot

Sea lion Robot

- Utilizes six Piezoelectric
Pulsed-Jet Actuators
(PJAs).

- PJAs arranged crosswise
to form a miniature cross-
shaped underwater robot.

- Driven by two variable
stiffness  hydrofoils  for
thrust.

- Employs two soft hind
hydrofoils for controlling
movement direction.

- Utilizes a system for
adjusting buoyancy and
mass.

- Implements the NACAO00
series airfoils as the basic

airfoils.

- Employs a two-

dimensional airfoil
optimization system.

- Incorporates flippers
inspired by the

biomechanics of Otariidae.

- Utilizes a serial
mechanism consisting of a
wobbling coin mechanism
and an RSSR spatial crank-
rocker mechanism.

- Primarily designed for
exploring, mapping, and
sampling narrow areas of
the deep sea.

- Aims to achieve efficient
fast swimming.

- Designed for high spatial
maneuverability, allowing
precise control over
movement.

- Flexibility and Long-
Range Gliding Propulsion
which aims to achieve
flexibility and long-range
gliding  propulsion, s
inspired by the Manta ray.

- Designed for dynamic
adjustments in buoyancy

and mass for optimal
gliding.

- Aims to mimic the
propulsion mechanisms
observed in Otariidae for
enhanced underwater
movement.

- Draws inspiration from the
natural  locomotion  of
Otariidae to improve the
robotic system's propulsion
efficiency.

- Frequency Response:
Exhibits variability in the
velocity-frequency
response, especially
concerning different
frequencies and angles.

- Achieving consistent and
predictable  performance
may require sophisticated
control algorithms due to
the variability in response.

- The design and structure
of turtle-inspired robots
with  variable  stiffness
hydrofoils may limit their
ability to carry heavy
payloads or equipment.

- In applications requiring
the transport or deployment
of instruments or sensors,
the payload limitations may
hinder the effectiveness of
the robotic sea turtle.

- The design's constraints
may make it less versatile

for tasks requiring
substantial payload
capacities.

- The maneuverability and
stability of the gliding
propulsion are not up to the
mark yet.

- Challenges in achieving
the desired levels of
maneuverability and
stability may impact overall
performance

- Further optimization and
refinement may be
necessary to meet desired

standards of  gliding
efficiency.
- May be difficult to

maintain  due to the
complexity of the serial
mechanism and the bionic
flippers.

- The intricate nature of the
serial mechanism could be
prone to wear and tear over
time, potentially affecting
reliability.

- Maintenance  might
require specialized
knowledge due to the
unique design, potentially
limiting accessibility for
repairs.

[49]

[50]

[51]

[52]
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C. RECENT DEVELOPMENTS IN BIONIC MODELS

The mechanical mechanisms that have evolved in aquatic
organisms are extremely effective in light of each species’
habitat and way of life thanks to natural selection. The ability
to move faster than artificial propeller-propelled vehicles has
evolved in animals like dolphins and fish. Since the release
of the first bionic fish in the world, ROBOTUNA, in 1994,
researchers have studied bionic robotic fish in great detail.
To further improve the stability, mobility, and bio-affinity
of robots, the development of underwater vehicles using
bionic means has become an international scientific research
hotspot [53].

A basic issue that needs to be resolved is how to control the
Movement of the pectoral and caudal fins to attain superior
locomotor capabilities. A range of robots resembling manta
rays’ anatomy and movement has emerged. A novel vehicle
that combines gliding and flapping propulsion inspired by a
manta ray is presented in this article.

The geometric relationship of the design parameters of the
undulating fin can be expressed by the equations

Ro 4Ly 3)
(L, — Ly)
(L, — Ly)

— 2=y 4

(R2 — Ry) @

d =Ry — R 4)

The parameters D, Ly, Ly, Ry, and Ry are integral to defining
the geometry of the undulating fin. D represents the disparity
between the radii of the inner and outer arcs of the fin,
while L; and L, denote the lengths of the inner and outer
arcs, respectively. Ry and R; correspond to the radii of the
inner and outer arcs. These parameters play a crucial role in
describing the fin’s shape both before and after it undergoes
straightening, facilitating the understanding of its geometric
transformations and ensuring the accurate representation of
its design characteristics.

Furthermore, the current development of manta ray robots
is usually based on functional bionics, and there is a lack of
bionic research to enhance the similarity of motion posture.
A similarity evaluation rule is constructed by a Dynamic Time
Warping (DTW) algorithm to guide the optimization of the
control parameters of a manta robot. The experimental results
indicate that the similarity between the forward motion of the
optimized robot and the original one has been analyzed and
improved to 88.53% [54].

Alongside, for aquaculture biofuel cleaning a spherical
underwater robot has been proposed which is equipped with
one thruster for the forward propulsion system, and one rud-
der for steering the robot. Suckermouth Catfish inspired the
conceptual designs of this underwater robot. The finite ele-
ment analysis is implemented in the robot structure to test the
structure mass properties and the fluid flow. Analysis shows
satisfactory results, where the triangular shape produces a low
coefficient of friction [55].
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Finally, a robot inspired by the motion principle of jellyfish
has been developed for deep-sea exploration. A novel piezo-
electric pulsed-jet actuator (PJA) is used as the power source.
Six PJAs were arranged to form an anti-hydro pressure minia-
ture cross-shaped robot (CSUR) [56].

IlIl. CHARGING SYSTEMS FOR UNDERWATER VEHICLES
AUVs’ endurance is limited by onboard energy storage,
primarily battery systems. To increase their range and auton-
omy, various underwater recharging methods are employed.
Contact-based underwater recharging uses wet-mate connec-
tor technology, which requires high-precision docking and is
susceptible to electrical safety issues. Wireless underwater
charging techniques have been developed to overcome these
constraints. AUVs require regular recharge, which can be
done during operation or downtime, or by swapping batteries.
Other methods include using environmental energy sources
like solar, tidal, wave, geothermal, and wind energy. How-
ever, this advancement introduces new challenges, such as
docking station construction, lowering to the seafloor, sta-
bilization, establishing and maintaining connections during
charging, and homing to a stationary charger [57], [58].

A. OVERVIEW OF AUV SWAPPING AND CHARGING
SYSTEMS

1) BATTERY SWAPPING

Battery swapping is a common method for AUVs when sur-
faced, but it requires high downtime and requires a supporting
vessel and crew. Such as in [57] Bluefin offers a battery
swapping option with a mission turnaround time of less than
30 minutes, but the total surfacing, battery swapping, and
descending time constitute 20% of the total operation time
per AUV cycle [59].

2) SOLAR CHARGING

Solar charging provides an AUV with virtually unlimited
endurance, but the AUV must surface during the day to
harvest solar energy and store it in onboard batteries. For
example, the SAUVI in [60], one of the first solar-powered
AUVs, is a lightweight (90kg) system with two 30-W solar
panels, 32 Ni-Cad cells (eight in series), and a charging
controller. The second generation SAUV II as shown in Fig. 5
is intended for long-duration monitoring, surveillance, and
station-keeping missions. It has Im2 of solar panels on the
roof and a 32 V, 2 kWh energy system. The solar power
generated by underwater vehicles can be determined using
the equation

Psolar = Nsolar -Axolarjsolar (6)

where, Py, T€presents solar power, g4 denotes the effi-
ciency of the solar panels, Ay, signifies the surface area
of the solar panels, and Iy, represents the solar irradi-
ance, which is the solar energy received per unit area. This
equation encapsulates the relationship between these vari-
ables, providing insight into the solar charging capabilities
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of underwater vehicles. The requirement for the supporting
vessel and human personnel to recharge or swap the battery
and retrieve the AUV data reduces autonomy and raises
mission costs. This constraint prompted the development of
submerged recharging systems [61].

3) SUBMERGED (DOCK-BASED) RECHARGING SYSTEMS

A submerged recharging system is an underwater platform
that allows for autonomous docking, battery recharging, and
data transfer for an AUV. The platform consists primarily of a
docking station that houses batteries, navigation, power, and
data transfer systems. The docking station is required to keep
the AUV stable across crosscurrents during power and data
transfer. It can be supported by the seabed, a ship on the sur-
face, or a buoy-supported mooring system. To approach the
docking station for charging, the AUV requires a navigation
system [62]. This section provides a brief overview of various
docking mechanisms and homing systems.

The funnel-type docking station is the most popular dock-
ing structure as it provides a protective garage around an
AUV and requires no additional hardware modifications on
the AUV. This concept is implemented in REMUS docking
stations in [63] and EURODOCKER [64]. Fig. 6 represents
the REMUS docking station, which has an entry cone and the
docking tube where the AUV is clamped down. The charging
and data transfer is initiated via contact driven against the
vehicle by a motor unit [64].

The Woods Hole Oceanographic Institution (WHOI),
Woods Hole, Massachusetts, United States, developed a
docking system for Odyssey class AUVs that uses deep-sea
moorings that are supported as mentioned in [66]. The moor-
ings support the AUV’s massive battery, electronics, and
docking system cables for data and power. The AUV is guided
by the V-shaped latch to the docking pole, where the AUV is
clamped by the carriage before the power transfer is initiated.

The MARINEBIRD mentioned in [67] is an experimental
AUV with an underwater docking-based “‘landing-on-base”
concept. The docking procedure is similar to landing an
aircraft on the base. When the AUV approaches the base,
hooks of the two catching arms drag it, holding the AUV
firmly. The vehicle moves downward to latch the connectors
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and completes the docking process. The AUV’s battery is then
charged through an inductive coupler mechanism.

Researchers at Michigan Technological University in
Houghton, Michigan, USA, created ROUGHIE, an under-
water glider that can wirelessly charge from another AUV
underwater, as mentioned in [68]. The glider is a functional
robot, whereas the AUV serves as an energy carrier. The
two vehicles are forced together using the wings as guides.
The switchable magnet will be turned on by the glider after
a successful capture so that the coupling can become rigid
before the power transfer happens. The equation related to
the wireless charging process between ROUGHIE, and the
AUV acting as an energy carrier involves the power transfer
efficiency (nansfer ), the distance between the vehicles (d),
and the transmitted power (Pyansmited )- It can be expressed
as,

Precieved = Ntransfer f (d) @)

where, Preceived 1 the power received by ROUGHIE and f (d)
represents the dependence of power transfer on the distance
between the vehicles, encompassing factors such as electro-
magnetic field strength and attenuation.

4) HOMING SYSTEM

An AUV needs a homing navigation system to find a docking
station. The homing system, which directs the AUV to the
docking station, is essential for the autonomous charging of
an AUV. Power transfer to the AUV begins once the hom-
ing and docking process is complete. The equation related
to the homing navigation system for an AUV, crucial for
directing it to a docking station for autonomous charging,
involves the determination of the AUV’s position relative
to the known position of the docking station. This can be
achieved through methods such as triangulation, as utilized in
ultrashort baseline (USBL) or short baseline (SBL) systems,
or dead reckoning (DR) systems. Letting P, represents the
position of the docking station and P4yv denote the estimated
position of the AUV, the equation is,

Pgock = Payy + AP (8)
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Expresses the displacement vector AP necessary for the
AUV to navigate towards the docking station once the hom-
ing process is complete, facilitating autonomous charging.
Ultrashort baseline (USBL), short baseline (SBL), and dead
reckoning (DR) systems are examples of common homecom-
ing systems [69]. The majority of AUVs use DR to find the
closest docking station. Since USBL is extremely accurate to
a range of one meter, it is used close to the docking station.
Additionally, some AUVs employ optical and electromag-
netic homing systems [70]. A review of navigation systems
for AUVs is presented in [71]. Two methods of transferring
power underwater are through direct electrical contact (DEC)
and the WPT method.

5) DEC CHARGING METHOD

DEC charging is a popular underwater charging method.
Establishing a secure electric connection underwater is a
challenging task due to the high conductivity of salt water,
biofouling, and the complexity involved in connection mech-
anisms. Underwater power connectors known as wet-mate
connectors require high-precision mating [72]. The equation
is as follows:

Reonnection Zf(o'watera Bfoulinga Smating) 9)

Encapsulates the challenges of establishing reliable electric
connections underwater with wet-mate connectors. It inte-
grates factors such as saltwater conductivity (oyqzer ), biofoul-
ing (Bfuling), and mating precision (€,asing), highlighting the
intricate nature of underwater charging systems. Underwater
wired (conductive) power delivery to an AUV is a technical
challenge since the use of wet-mate connectors is discussed
in [73] which requires high precision alignment, and it makes
the system prone to failure due to biofouling and corrosion.

B. WPT METHODS FOR UNDERWATER APPLICATION
S

1) RADIATIVE WPT

Far-field WPT, also referred to as radiative WPT, includes
power transfer techniques that make use of microwaves
or laser beams. Microwave power transfer over long dis-
tances of up to a few meters is possible with a frequency
range of 300 MHz to 300 GHz. When an experimental
helicopter was powered wirelessly in the 1960s by Brown
mentioned in [74] made the first demonstration of microwave
power transfer. An energy-radiating antenna and a rectenna,
which transform microwave power into direct current power,
make up the microwave WPT system. The RNF region falls
between the reactive near- and far-field regions of the trans-
mitting antenna calculated from the formula as follows:

D3 2D?

where, D is the longest dimension of the transmitting antenna
and A is the wavelength at 1900 MHz. Due to the attenuation
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provided by seawater at high frequencies, radio waves cannot
be used in underwater applications, and the few attempts to
implement radiative WPT in underwater applications to date
have yielded inefficient systems [75], [76].

2) NONRADIATIVE WPT

The primary drawback of radiative systems is that they are
more susceptible to medium losses brought on by signal
attenuation. Capacitive and inductive power transfer tech-
niques are among the non-radiative WPT methods. These
techniques have a maximum distance for power transfer
through electric and magnetic fields of a few tens of centime-
ters. According to experiments highlighted in [76] and [77],
a capacitive WPT (CWPT) system consists of submerged
insulated electrodes spaced apart by a water medium and
transfers power using high-frequency electric fields.

3) INDUCTIVE WPT

Nikola Tesla designed the IWPT system that used elec-
tromagnetic resonance in the 19th century [78]. He used
resonance to produce higher voltages for wirelessly trans-
mitting power over long distances. Even though some of
his experiments weren’t completed, they served as a starting
point for subsequent work in the WPT field [79]. In the realm
of inductive wireless power transfer IWPT), the power trans-
fer efficiency () can be encapsulated by the equation (11).

k2.0
 k+R +R,
where, k represents the coupling coefficient between trans-
mitter and receiver coils, Q denotes the quality factor of
the coils, and R, and , signify the equivalent resistances of
the transmitter and receiver coils, respectively. This equation
offers a nuanced understanding of IWPT efficiency, consid-
ering factors such as coil geometry, coupling efficiency, and
impedance matching. It underscores the complexity involved
in optimizing power transfer efficiency and highlights the sig-
nificance of coil design and system parameters in achieving
efficient wireless charging, thereby emphasizing the advance-
ments in IWPT technology discussed in the paragraph. In the
last ten years, emerging wireless charging technology has
spread, offering mature solutions for recharging a variety of
devices with power ranging from microwatts to hundreds of
kilowatts [80]. IWPT systems in the kW range that produce
less than 10% of the loss are commonplace today. IWPT
is currently employed commercially to charge EVs (electric
vehicles), electronic devices, and biomedical systems. Safety,
convenience, dependability, and a fully automated charging
process are benefits of wireless charging [81]. High levels of
misalignment between the two coils are permitted by IWPT
and still result in effective power transfer. IWPT has been
used to recharge AUVs mentioned in [82] and [83], ships
mentioned in [84], underwater robotics mentioned in [85]
and [86], and underwater sensors in [87] while they are sub-
merged. IWPT eliminates DECs, biofouling-related issues,
the possibility of leakage currents, and corrosion in saline

n (11)
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environments. IWPT systems increase the AUV’s energy
autonomy, reducing the need for personnel and support
vessels and lowering operational costs. Governments, busi-
nesses, and top research institutions have put a lot of effort
into creating standards for IWPT in the air. These standards
offer design specifications for IWPT systems that cover many
different factors, such as power levels, operating frequencies,
and shielding, primary and secondary designs. Application-
specific SAE J2954 Technical Informational Report [88] is
designed for EV charging. For aligned magnetic pads, SAE
J2954 specifies power levels of 3.7, 7.7, 11.1, and 22 kVA
operating at frequencies between 81.38 and 90 kHz and calls
for a minimum efficiency of 85%. Commercially available
standards for low-power IWPT applications in the air have
been created by the Wireless Power Consortium (Qi standard)
and the AirFuel Alliance (AirFuel Resonant and AirFuel RF)
as shown in Figure 7 [89]. By standardizing the operating
frequency from the industrial, scientific, andmedical bands
to 6.78 MHz, the AirFuel Resonant. However, due to the sig-
nificant attenuation that seawater provides to high-frequency
signals, these standards are only applicable for in-air WPT
and cannot be used directly in maritime applications.

Table 3 presents various technological developments in
the realm of wireless power transfer (WPT) systems tai-
lored for underwater vehicles (AUVs and UUVs). Each
development aims to address specific objectives such as
minimizing susceptibility to electromagnetic interference,
enhancing energy efficiency, achieving stable output despite
misalignments, and ensuring robustness in underwater con-
ditions. However, each technology also comes with its set of
disadvantages and challenges. For instance, implementations
like the Fe-based Nanocrystalline Soft Magnetic Material
and Direct-Quadrature Transmitter and Dipole Receiver offer
improved efficiency and stability but may face issues such as
susceptibility to external magnetic fields or higher power con-
sumption. Meanwhile, developments like the Finite Element
Analysis (FEA)-Based Coupler and Distributed Ferrite Cores
focus on minimizing leakage magnetic fields and reducing
electromagnetic interference but may encounter challenges
in maintaining alignment and consistent performance under
varying environmental conditions. Despite these limitations,
each technological approach represents a step forward in
advancing wireless power transfer capabilities for underwater
vehicles, contributing to the overall evolution of underwater
technology.
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C. RECENT DEVELOPMENTS IN CHARGING SYSTEMS FOR
UNDERWATER VEHICLES

Considering the limitations of the annular magnetic coupler
A Circumferential Coupled Dipole-Coil Magnetic Coupler
has been developed using a dipole-coil-based magnetic cou-
pler with a novel circumferential coupling manner where the
Experimental results show that the system transfers 630W
underwater with a DC-DC efficiency of 89.7% [90]. Along-
side, a docking design, based on a funnel-type docking
station, an acoustic and optical combination guiding method
and a position locking mechanism, is presented to smoothly
dock the AUV and eliminate the dynamic disturbance dur-
ing the charging process. Then, a novel magnetic structure
with an overlapped direct-quadrature transmitter and a dipole
receiver is proposed. The two-layer transmitting windings,
decoupling each other, form a constant amplitude traveling
wave under the space-time coordination mechanism for sup-
pressing output fluctuation with misalignments. Moreover,
a practical wireless charging circuit, based on a current dou-
bler, is developed, modeled, and analyzed. To verify the
proposal an experimental model is also constructed [91].

Furthermore, an IPT system structure has been developed,
and corresponding design techniques to increase misalign-
ment tolerance. The series-series compensation method is
used in the proposed IPT system, which also has a vari-
able inductor on the secondary side. Based on the existing
mathematical model, a general design approach is suggested.
The worst-case scenarios, or the highest possible level of
misalignment, are used to optimize the system parameters.
Without any communication link to the primary side, the
control strategy for VI is established. Finally, a 1 kW IPT
system is set up with a tolerance range of k of 0.15-0.5 and a
variable output voltage of 74—150 V. The experimental results
demonstrate that the maximum system efficiency exceeds
96% for full power output, and the horizontal and verti-
cal direction misalignment ranges reach 47% and +140%,
respectively [92].

Moreover, a hull-compatible coil structure serving as the
foundation for the design of an ultra-rapid inductive power
transfer system has been developed. The design was sim-
ulated for an 80kW system that can charge a commercial
AUV battery at 10C. Additionally, a scaled-down proto-
type is created, with its peak power in saltwater reaching
5.18kW at 96.8% efficiency. The system also exhibits high
efficiency throughout the entire power range and excellent
360-degree rotational misalignment tolerance [93]. Along-
side this, a Radially Coupled Wireless Charging System for
Torpedo-Shaped AUVs has been developed. The geometry
parameters of the mathematical model of the curly coils were
optimized using genetic algorithms. The ferrite core layout
was examined and optimized using ANSYS Maxwell.

In saltwater, a prototype of the AUV wireless charging
system showed a maximum efficiency of 94% at 2.2 kW. The
system’s rotation adaptivity was also tested, and the results
showed stable output performance within the AUV’s potential
roll-angle variations [94].
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TABLE 3. Overview of the latest charging systems.

Technology Development Objective Disadvantages Reference
Fe-based Implementation a dipole-coil-based - Reduce susceptibility of AUV - Susceptible to interference [89]
Nanocrystalline magnetic coupler with electronics to electromagnetic from external magnetic fields,
. circumferential coupling. interference. potentially impacting AUV
Soft Magnetic
performance.
Material
- Enhance overall energy efficiency - Limited scalability in power
through optimized magnetic transmission efficiency.
coupling.
Direct- Creation of a novel magnetic - Achieve stable output despite - Higher power consumption [90]
Quadrature structure with overlapped direct rotational misalignment. compared to simpler
. quadrature and dipole elements. modulation techniques.
Transmitter and - Impl t adanti dulati
plement adaptive modulation
Dipole Receiver techniques for efficient power - Limited adaptability to
consumption. dynamic underwater
environments.
Cross-Type Implementing a UUV landing gear- - Attain high signal quality despite - Faces challenges related to [91]
Magnetic based cross-type magnetic coupler. ~ UUV fuselage imbalance. signal quality and potential
signal loss.
Coupler - Ensure ease of deployment and
robustness in various underwater - Increased mechanical
conditions. complexity.
Finite Element Designing a 360° folded spatial [92]
Analysis (FEA)- unipolar coil adapting to the - Minimize leakage magnetic field - May not offer well-aligned
cylinder AUV body shape. and sustain good rotational power along 360° rotation
Based Coupler - .
misalignment tolerance. despite challenges.
- Integrate self-adjusting
mechanisms for real-time - Potential increased
adaptation to environmental manufacturing complexity and
changes. cost.
Distributed Employing a pair of radially - Reduce axial electromagnetic - Limited effective coupling [93]
Ferrite Cores coupled coils. interference. range compared to other
methods.
- Extend effective coupling range - Susceptibility to
through adaptive tuning environmental conditions,
mechanisms. affecting consistent
performance.
Compact Dipole- Designing a magnetic coupler with - Achieve strong coupling but with - Compact dipole-coil-based  [94]
Coil-Based cross-coupling for stable three- limitations in power handling. receivers may have limited
Receiver dimensional alignment. power handling capabilities.
- Optimize design for modular
scalability in power handling - Challenges in maintaining
capabilities. optimal alignment over
extended operational periods.
Full-Bridge LLC Developing a 200W - Develop wireless charging - Susceptible to interference and  [95]

Resonant

Circuit with
Loosely Coupled
Coil and Step-
Down Circuit

Wireless Power Transfer (WPT)
charging system.

technology for underwater vehicles.

- Implement adaptive noise
canceling techniques for
interference mitigation.

noise, potentially
reliability.

impacting

- Limited adaptability to
varying charging distances and
orientations.

A brand-new magnetic coupler (MC) with a cross-coupling
mode has been developed. It has the advantages of being
lightweight in the receiver and fit to the surface, and it
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supports stable and effective charging for AUVs. The pro-
posed magnetic structure, which consists of an arc bipolar
transmitter and a small, dipole-coil-based receiver, makes use
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of horizontal flux to create a strong, stable coupling against
three-dimensional misalignment. The MC structure is built
and optimized in accordance with the characteristics of the
magnetic field distribution. Based on the ANSYS Maxwell
simulation, with which the MC’s parameters are optimized,
it is possible to determine the impact of geometric parameters
on the performance of the MC. An AUV wireless charging
system circuit is also developed in order to fully verify the
performance of the designed MC. A 600 g receiver is used to
test a wireless charging system prototype, which can deliver
1 kW at 95.1% dc-to-dc efficiency. The proposed MC is
viable and can be used for charging the AUVs, according
to the experimental results under various operating condi-
tions [95].

Finally, a 200W WPT charging system is implemented
based on the full-bridge LLC resonant circuit combined
with the loosely coupled coil and the step-down circuit. The
experimental results have validated that the system is able to
operate in an underwater environment with an efficiency of
up to 90.17% in freshwater and 87.05% in seawater [96].

IV. CONTROL SYSTEMS FOR UUVS AND THEIR RECENT
DEVELOPMENTS

One of the most crucial components of UUV control is
the UUV depth control technology. For instance, when two
UUVs are docking underwater, both UUVs must main-
tain a constant attitude at a specific depth [97], [98]. The
UUYV motion control has the following characteristics. First,
UUVs generally work in complex marine environments
with complex and changeable external disturbances, so they
should have strong robustness. Then, the UUV model is
quite complex, which makes the controller design more
difficult. Finally, UUVs are not always equipped with a high-
performance processor, which requires the controllers to have
better real-time performance [99].

A. THE UNDERWATER VEHICLE CONTROL SYSTEM
1) PROPULSION CONTROL SYSTEM
The propulsion control system is a critical component of
an underwater vehicle’s control system, as it enables the
vehicle to move through the water and change its speed and
direction as needed. For example, a Conceptual design of
a hybrid propulsion underwater robotic vehicle with differ-
ent propulsion systems for ocean observations is developed
in [100]. Moreover in [101] Performance Evaluation of a
Novel Propulsion System for the Spherical Underwater Robot
(SURII) is analyzed. Furthermore, the Design and Control
of an Underwater Robot Based on Hybrid Propulsion of
Quadrotor and Bionic Undulating Fin is proposed in [102].
Fig. 8 shows a block diagram for a propulsion control
system which includes several crucial parts that combine to
produce propulsion and regulate the motion of the vehicle.
The equation for the propulsion system of underwater robots
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is given by
F=pAVy.Cr (12)

where, F represents the thrust generated by the propulsion
system in Newton’s, p denotes the density of the water in
kilograms per cubic meter, A stands for the swept area of
the propeller in square meters, V> signifies the velocity of
the water exiting the propeller in meters per second, and Cr
represents the thrust coefficient of the propeller, dependent
on its design and operating conditions. This equation serves
to approximate the thrust produced by the propulsion sys-
tem, grounded in fluid dynamics principles governing the
interaction between the propeller and the surrounding water.
The shaft mode, which contains the shaft that transmits the
rotational motion from the propeller to the engine model,
is further connected to the propeller mode. The propulsion
system’s power source, which is commonly a combustion
engine or an electric motor that transforms fuel or electri-
cal energy into mechanical energy to push the propeller,
is represented by the engine model. Finally, the governor,
connected to the engine model, regulates and controls the
engine’s speed and power output to ensure efficient operation
and stability of the propulsion system. Together, these com-
ponents form a comprehensive block diagram that orches-
trates the functioning of an underwater vehicle’s propulsion
system [103].

2) NAVIGATION CONTROL SYSTEM

The most common sensors used in underwater vehicle nav-
igation are sonar, GPS, and inertial navigation systems.
Sonar is used to detect and map the surrounding environ-
ment, providing information about the water depth, seafloor
topography, and the presence of obstacles. GPS can be
used to provide a rough estimate of the vehicle’s posi-
tion, while an inertial navigation system uses accelerometers
and gyroscopes to measure the vehicle’s acceleration and
rotation, allowing for precise determination of its position
and orientation e navigation control system combines the
data from these sensors to calculate the vehicle’s position
and orientation in real-time, allowing it to maintain a pre-
determined course or navigate to specific waypoints. This
multi-sensor approach ensures both global positioning and
localized awareness, enhancing the vehicle’s capability to
traverse complex underwater terrains with efficiency and
precision. Fig. 9 demonstrates the combination of data from
these sensors to calculate the vehicle’s position and orien-
tation in real-time, allowing it to maintain a predetermined
course or navigate to specific waypoints [104]. An essential
equation utilized in navigation control systems for under-
water robots is the Proportional-Integral-Derivative (PID)
controller equation, given by

t

u(t) = Kpe (1) + Ki/e(r) + Kd%e(t). (13)
0
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FIGURE 8. Propulsion control block diagram [103].

where, u(t) denotes the control signal applied to the actuators
at time t, while e(r) represents the error signal, indicating
the disparity between the desired and actual states. The
terms Kp, K;, and Kp are the proportional, integral, and
derivative gains, respectively, determining the controller’s
response to the error. By adjusting the actuators based on
this equation, the navigation control system enables precise
maneuvering and orientation adjustments of the underwater
robot to achieve its desired trajectory efficiently in vari-
ous underwater environments. The navigation control system
may also incorporate algorithms for path planning and obsta-
cle avoidance, allowing the vehicle to navigate complex
environments [105].

3) DEPTH CONTROL SYSTEM

This system maintains the depth of the underwater vehi-
cle using depth sensors and ballast systems. Depth control
is a very important research topic for aquatic robots. For
example, when AUVs need to arrive at an area with a
specified depth for more complex ocean tasks, it is crucial
to achieve steady depth control. Besides, depth control is
also an important part of navigation and path following.
An equation fundamental to depth control systems for under-
water robots is derived from buoyancy principles, relating
the robot’s depth to the net buoyant force (Fpuoy) acting
upon it. The equation incorporates parameters such as the
density of water (p,qrer), gravitational acceleration (g), the
volume of water displaced (Vispiacea) by a robot, and a
robot’s mass (m).

Fouoy = Pwater-8-Viisplaced — Mg (14)

By adjusting the buoyant force, typically via adjustable bal-
last tanks or buoyancy control devices, the depth control
system can effectively regulate the underwater robot’s depth,
enabling precise navigation and operation in various aquatic
environments the traditional AUVs, the propellers equipped
in vertical planes are usually used to generate the forces for
diving or surfacing, which may cause environmental damage
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FIGURE 9. Navigation control system [105].

due to the noise [106]. In contrast, in [107] the underwater
robot with a buoyancy control system based on the spermaceti
oil hypothesis development of the depth control system is
used for depth control. Similarly, in [108] Depth control
of underwater robots is achieved using sliding modes and
Gaussian process regression. Fig. 10 conveys the depth sensor
control which includes the depth controller, Buoyancy sys-
tem, and Depth controller [109].

4) ATTITUDE CONTROL SYSTEM

The altitude control system typically includes sensors that
measure the depth or pressure of the water around the vehi-
cle, as well as a ballast system that allows the vehicle to
adjust its buoyancy. The ballast system can be adjusted by
pumping water in or out of tanks, allowing the vehicle to
change its weight and therefore its depth in the water. The
altitude control system may also include feedback loops that
monitor the vehicle’s depth and adjust the ballast system
accordingly to maintain a stable altitude. These feedback
loops may incorporate sensors such as pressure gauges,
accelerometers, or inclinometers to provide real-time data on
the vehicle’s position and orientation. The altitude control
system must also take into account environmental factors
such as water currents and temperature, which can affect the
vehicle’s buoyancy and stability. The system may need to
adjust the ballast system in response to changing conditions
to maintain a stable altitude [110]. Such an example is imple-
mented in [111] where the altitude control is done through
combined reinforcement learning with active disturbance
rejection control.

5) COMMUNICATION AND TELEMETRY SYSTEM

The communication system typically includes acoustic
modems, which use sound waves to transmit data through
the water. These modems can transmit data at rates ranging
from a few hundred bits per second to several megabits
per second, depending on the modem’s capabilities and the
distance between the vehicle and the surface. The telemetry
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FIGURE 10. Depth sensor control [109].

system allows the vehicle to transmit data about its operation
and environment to the surface, allowing operators to monitor
the vehicle’s performance and make adjustments as needed.
This data can include information about the vehicle’s depth,
altitude, speed, and orientation, as well as data from sensors
such as cameras, sonar, or other instruments [112]. Such an
example can be found in [113] where the communication
system for the underwater robot is developed, the Commu-
nication experiments with the robotic fish demonstrate the
effectiveness of the developed electric current communica-
tion system.

B. THE LATEST CONTROL SYSTEMS

A controller design method for UUV depth control (VD-
SIFLC) based on fractional calculus, fuzzy control, dynamic
parameters, and a fast non-dominated sorting genetic
algorithm (NSGA-II) has been proposed in [114]. Simulation
results show that the controlled system with the VD-FIFLC
could achieve better robustness and dynamic and steady-state
performance

Table 4 shows different controllers used in AUVs
with their technology development, the objective of each
controller, and technology with the problems that the con-
trollers may face. The table provides a summary of var-
ious control system developments for underwater robots,
including the objectives, advantages, disadvantages, and ref-
erences for each control method. Techniques range from
fractional order control and machine vision systems to
PID controllers and adaptive model predictive control,
offering insights into diverse approaches for enhancing
the performance and functionality of underwater robotic
systems.

For locating animals of interest and extended visual obser-
vations a machine learning algorithm has been developed
in [115] using a multi-object detector and a 3D stereo tracker
which show constant input from the ML-Tracking algorithm
to the vehicle controller throughout a 5+ Hour continuous
observation of a siphonophore, a midwater gelatinous inver-
tebrate.
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Six-degree-of-freedom (6-DOF) hovering control is impor-
tant for underwater robots to perform various tasks. A robot
has been developed with tilting thrusters that improved its
hovering performance. The stability of the hovering per-
formance under tidal currents was demonstrated through
disturbance experiments [116].

To achieve better mobility an underwater robot based on
the hybrid propulsion of a quadrotor and undulating fin has
been proposed and is controlled by hybrid Propulsion of a
quadrotor [117]. In a further study, the hydrodynamic char-
acteristics of the spherical robot are studied, and a model
predictive of a control strategy based on these characteristics
is proposed. When the current disturbance velocity was twice
the robot’s speed, the proposed strategy reduced the tracking
error by 39% and 42% respectively [118].

A remotely operated underwater vehicle (ROV) is cru-
cial in ocean exploration and underwater missions. Position
control and movement of an ROV are not stable due to
buoyancy, ocean currents, and surge waves. A novel switch
proportional-integral controller combined with a buck-boost
converter has been developed [119].

Finally, another paper proposes a synchronous naviga-
tion scheme for two BlueROV2 underwater vehicles for a
coordinated multi-vehicle task. A model-free second-order
sliding mode controller with finite-time convergence is used
to accomplish this task. Simulation experiments were con-
ducted to verify the controller’s performance in the presence
of high ocean currents [124].

V. MOST RECENT NAVIGATION ALGORITHMS

Due to the radio frequency signal’s extreme attenuation and
the energy-intensive nature of these systems, GPS-based
solutions are not suitable for use in submerged situations.
To lessen the radio frequency attenuation issue, the under-
water nodes interact via acoustic signals to circumvent
the attenuation issue that arises when utilizing radio fre-
quency. The present underwater localization approaches take
advantage of the spatiotemporal relationship between an
unlocalized node and a small number of reference nodes
in place of employing GPS to pinpoint the locations of the
unlocalized nodes [125], [126].

Self-adaptive AUV-based Localization (SEAL) is designed
to provide network-wide localization service to sensor
nodes in sparsely deployed Underwater Sensor Networks
(UWSN) using a high-speed AUV SEAL achieves signif-
icantly improved coverage while maintaining the energy
efficiency of the AUV [127].

The designed adaptive noise canceller (ANC) repre-
sents a significant advancement in addressing the issue
of noise interference from AUVs in towed array sensor
systems [128]. By employing the partitioned fast block
least-mean square adaptive algorithm, the ANC efficiently
mitigates the radiated noise, resulting in improved sensor
performance and enhanced navigation algorithm for the AUV.
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TABLE 4. Overview of the latest control system.

Controller Development Objective Disadvantage Reference
Fractional Order - UUV depth control (VD- - Have good transient - It has more parameters to tune than a classical ~ [113]
Control SIFLC) and a fast non- response and robustness PID.
dominated sorting genetic under the premise of ensuring
algorithm (NSGA-II). real-time performance. . .
- It may lead to challenges in real-time
parameter adjustment.
- Incorporates fractional- - Explore the benefits of
order control principles for fractional-order control in
enhanced system achieving improved UUV
adaptability. depth control.
Machine Vision - Multilevel system to - Dynamic positioning over - Need for regular monitoring. [114]
Systems (MVS) control the movement of a various objects on the
multilink manipulator seafloor. . . s
(MM). -L11n.1t-ed robustness in extreme lighting
conditions may affect vision-based control.
- Enhance machine vision
- Integration of advanced capabilities for more accurate
machine vision algorithms and autonomous control.
for real-time object
detection.
Redundant Tilting - Six-degree-of-freedom - High accuracy - Specific posture has to be maintained for [115]
Mechanism with PID (DOF) hovering control. determination of the shape underwater testing.
Control and location of the work
. object relative to UUV. . .
- Integration of redundant - Redundant mechanisms may lead to increased
tilting mechanisms for system complexity and potential mechanical
improved stability. - Achieve robust hovering failures.
control through redundant
mechanisms.
4-DOF Cascade PID - Stable, quiet, and efficient - Underwater robot based on - It requires an additional measurement [116]
Controller propulsion with high the hybrid propulsion of a (usually flow rate) to work.
efficiency and high quadrotor and undulating fin.
mobility at the same time. - There is an additional controller that has to
- Optimize propulsion control  be tuned.
- Integration of cascaded for enhanced stability and
PID control for precise maneuverability. .
coordination of propulsion - The control st.rategy is more'comp'lex. The
systems. added complexity may result in an increased
likelihood of software bugs.
Adaptive Model - Reducing tracking errors - Hydrodynamic control of - Sensitive to parameter variation and all [117]
Predictive Control for a spherical underwater the robot under static water nonlinear parameters were not measurable.
(AMPC) robot. and constant flow
disturbance. . .
-Increased sensitivity may lead to tracking
- Incorporates adaptive errors in the presence of uncertainties.
model predictive control for - Enhance adaptive control
improved trajectory strategies for improved
tracking. trajectory following.
Proportional-Integral - Six-axis ROV designed - Hydrodynamic control of - The lower range of stability and no isolation [118]

(PI) Controller with a
Buck-Boost Converter
(BBC)

by an NI-roboRIO-based
embedded system.

- Integration of PI control
with a buck-boost converter
for improved energy
efficiency.

the robot under static water
and constant flow
disturbance.

- Optimize energy efficiency
through improved control and
power management.

from the input to the output side.

-Limited stability may result in performance
degradation during extreme conditions.
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TABLE 4. (Continued.) Overview of the latest control system.

Relative-Position
Output Feedback
Consensus

- Swarm multiagent
systems.

- Development of
advanced algorithms for
consensus-based control
among UUVs.

Gaussian Process (GP) - Complex dynamics

characterizing.

- Integration of Gaussian
Process for improved
navigation strategies.

Back Stepping
Technique

- Improvement of path
following for a quadcopter
aircraft.

- Application of back-
stepping control technique
for enhanced path
following.

Servo Compensator - A robust output feedback
Sliding Mode Control

(SMC).

- Integration of servo
compensator for improved
stability and control.

- Stability improvement of
UuVv.

- Achieve consensus-based
control for coordinated
movements within a UUV
swarm.

- Improvement in navigation
by avoiding different

obstacles by going over them.

- Optimize navigation
algorithms for obstacle

avoidance using the Gaussian

Process.

- Control of a Quadcopter

with Uncertain Vehicle Mass,

Moment of Inertia, and
Disturbances.

- Optimize path-following
algorithms for improved
quadcopter control.

- Semi-global asymptotic
stabilization of the internal
state.

- Achieve semi-global
asymptotic stabilization
through servo compensator.

- Isn’t reliable for the terrains it is not familiar [119]
with during programming. Limited adaptability

may result in reduced performance in

unfamiliar environments.

- They are not sparse and they lose efficiency [120]
in high-dimensional spaces namely when the

number of features exceeds a few dozen.

Limited efficiency may result in increased
computational load.

- Applicability is limited to systems in strict [121]
feedback form, and an “explosion of terms”

when operating with several levels of

recursion. Increased complexity may result in
challenges in real-time implementation.

- Needs additional controllers to improve [122]
stability and accuracy.

- Increased complexity may result in challenges
in real-time implementation.

This innovative solution ensures more accurate and reliable
data acquisition, enabling AUVSs to carry out complex under-
water missions with reduced signal interference and enhanced
operational efficiency [129].

Furthermore, the MAHKF algorithm introduces a novel
approach by incorporating multiple fading factors, enabling
it to adaptively adjust the Kalman filter parameters based
on varying environmental conditions and uncertainties. The
significant reduction in position errors by approximately
66.57%, 67.98%, and 64.51% showcases the algorithm’s
effectiveness in enhancing the localization accuracy of the
UUV in all three spatial directions. These promising results
demonstrate the potential of MAHKEF as a robust and reliable
solution for accurate navigation and localization tasks in
challenging underwater environments [130].

Moreover, in scenarios where the AUV operates on the
water’s surface and benefits from the Global Positioning
System (GPS) for position acquisition, a navigation strategy
incorporating an adaptive fault-tolerance filter has been
employed. This filtering approach effectively refines the GPS
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trajectory, enhancing accuracy. In contrast, when GPS data
isn’t available and the AUV operates underwater, the naviga-
tion system relies on the Variational Bayesian (VB) method.
This technique serves to estimate the measurement error
covariance of the Doppler Velocity Log (DVL), playing a
pivotal role in optimizing navigation performance [131].

Finally, the kinematic stability of the motion of air—water
trans—media vehicles (HAUVs) has been introduced and stud-
ied. The results show that the proposed criterion is effective
in judging the vehicle’s design, including the geometry and
thruster power. The introduced criterion serves as a valu-
able tool to evaluate HAUV designs, ensuring their efficacy
in navigating the intricate boundary between air and water
“Nezha”, anovel HAUYV, was used as an example to demon-
strate its stability [132].

VI. RECENT INTEGRATED SENSORS
The number of tactile sensors designed specifically for
marine applications is still relatively small, although existing
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force/torque is potentially applicable to marine measure-
ments. Marine mammals with tactile receptors can sense
complex stimuli from organisms’ motion. Tactile perception
is the main way of perceiving the surrounding environment
among most aquatic and semi-aquatic taxa, especially when
hunting buried invertebrates or fishes. In light of that various
sensors for underwater robots are being developed [135].

The self-powered triboelectric palm-like tactile sensor
(TPTS) not only replicates the unique texture found in sea
otter palms but also harnesses energy from surrounding
movements to power itself, making it an energy-efficient and
sustainable solution for underwater vehicles’ tact Perceptual
systems [136]. This innovative design not only enhances the
UUVs’ ability to interact with their environment but also
reduces their reliance on external power sources.

As Kalman filter variants are widely used in underwater
multi-sensor fusion applications for localization and nav-
igation. An algorithm has been proposed where the RBF
neural network is utilized to compensate for the lack of
ESKF performance. Despite facing challenges such as high
nonlinearity, modeling uncertainty, and external factors, our
proposed method consistently delivers superior navigation
and localization results [140].

Accurate sensor localization serves as a critical prereq-
uisite for the successful deployment of underwater acous-
tic sensor networks (UASNs) [141]. In response to these
challenges, researchers have developed an innovative solu-
tion: an AUV-aided localization approach for UASNSs.
This novel method leverages the AUV’s capabilities to
assist in accurate node positioning, enabling UASNs to
overcome localization difficulties and optimize data acqui-
sition for various underwater monitoring and research
tasks.

Table 5 presents various algorithm developments for
underwater systems, detailing their objectives, advantages,
disadvantages, and references. These algorithms range from
localization schemes utilizing self-adaptive AUV-based tech-
niques to Doppler velocity log (DVL) implementations with
deep learning frameworks. Each algorithm aims to enhance
different aspects of underwater navigation, such as localiza-
tion precision, noise cancellation, velocity estimation, and
robust estimation in challenging environments. Alongside the
possible limitation each system can face has been mentioned
as well.

Moreover, the construction and testing of a part of the
AUV body in the towing tank of the National Iranian
Marine Laboratory represents a significant step forward
in the development of underwater vehicles [141]. Through
meticulous experimentation, the study demonstrates remark-
able accuracy in measuring the axial velocity, with results
showing an impressive precision of approximately 0.05m/s
in the speed range of 0.5-4.5 m/s. This level of accuracy
is crucial for optimizing AUV performance during various
underwater missions, including navigation, data collection,
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and environmental monitoring, reinforcing the potential for
enhanced efficiency and reliability in underwater vehicle
operations. Such advancements in AUV design and test-
ing contribute to the advancement of marine research,
exploration, and applications across diverse underwater
environments.

VII. DISCUSSION
In this section, a brief discussion of the aforementioned mod-
els and algorithms related to AUV is presented.

A. BIONIC MODELS

The evolution of bionic models in AUVs has significantly
contributed to improving their performance and capabili-
ties. By drawing inspiration from marine animals such as
fish, dolphins, octopuses, jellyfish, lobsters, and sea turtles,
engineers have developed AUVs that can move efficiently,
maneuver effectively, and perform specific tasks underwa-
ter. These bionic models have been enhanced through the
integration of advanced technologies like artificial intel-
ligence, machine learning, and computer vision, enabling
AUVs to autonomously navigate, collect data, and adapt to
changing environments. The incorporation of bionic designs
has led to the development of highly efficient and adapt-
able AUVs, expanding their potential applications in marine
exploration, environmental monitoring, and underwater
tasks.

1) BIOLOGICAL FISH MODELS

AUVs inspired by fish models mimic the undulating move-
ment of fish tails or fins for propulsion. These models provide
efficient and agile underwater exploration and data collection
capabilities.

2) OCTOPUS MODELS

AUVs mimicking the movements and functionality of octo-
puses offer exceptional maneuverability and the ability to
manipulate objects underwater. These models are character-
ized by flexible arms and adaptive gripping mechanisms.

3) JELLYFISH MODELS

AUVs inspired by jellyfish replicate the efficient swim-
ming mechanisms of these creatures, utilizing materials like
silicone, electroactive polymers, and shape memory alloy
actuators. These models offer energy-efficient and maneuver-
able swimming capabilities.

4) LOBSTER MODELS
AUVs modeled after lobsters incorporate sensory perception
and navigation systems inspired by the crustacean’s abilities.
These models enable effective navigation in complex under-
water environments.

In conclusion, the evolution of bionic models in AUVs
has been a promising area of research, with many innovative
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TABLE 5. Analysis of the navigation models.

Algorithm Development Objective Disadvantages Reference
UWSN  localization - Utilizes self-adaptive - Provide network-wide localization - Prone to security issues like [126]
schemes AUV-based localization  service to sensor nodes in sparsely hacking due to the nature of

techniques. deployed Underwater Sensor Networks.  wireless communication.
- Incorporates advanced - Enhance localization precision - Challenges in dense and
machine learning algorithms ~ through continuous learning from dynamic underwater environments
for real-time adaptation. environmental dynamics. affecting localization accuracy.
- High energy consumption due to
constant ~communication  and
computation.
- Requires periodic recalibration
to maintain accuracy under
changing environmental
conditions.
Partitioned fast block - Implements partitioned fast - Mitigate AUV-radiated noise to - Challenges in highly variable [127]
least-mean square block least-mean-square  improve the detection performance of a noise environments, affecting
adaptive algorithm adaptive algorithm. linear array towed by an AUV platform.  adaptability.
- Incorporates advanced - Achieve adaptability to varying noise -  Computational  complexity
signal processing techniques  patterns for enhanced noise cancellation.  increases with the size of the linear
for noise cancellation. array.
- Continuous adjustment of
parameters may be required for
optimal performance.
Doppler velocity log - Introduces BeamsNet, an - Estimate the DVL velocity vector for - Requires a large amount of [128]
(DVL) end-to-end deep learning improved accuracy. - Enhance the labeled data.
framework. - Implements framework’s adaptability to diverse
novel training strategies for underwater conditions. . .
efficient deep learning. -Tralpmg and deploying deep
learning models can  be
computationally intensive.
-Regular model retraining may be
necessary for accurate predictions.
H-infinite Kalman - Incorporates H-infinite - Improve system robustness under -  Possibility of unmolded [129]
filtering algorithm Kalman filtering algorithm extreme external environments and deterministic  disturbances. -
for UUV navigation. adapt to environmental change. Sensitive to sudden changes in
environmental conditions.
- Introduces advanced - Optimize the filter for adaptability to
filtering strategies for robust  varying environmental conditions. - Higher computational
estimation. requirements compared to
traditional Kalman filtering.
- May exhibit reduced accuracy in
complex underwater terrains.
Doppler velocity log - Proposes an adaptive - Improve measurement deviation of - Salinity and temperature affect [130]
(DVL) navigation algorithm using navigation sensors, especially MEMS  calibration.
deep learning. SENnsors.
- Reliance on deep learning
introduces computational
complexity.
VOLUME 12, 2024 46221
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TABLE 5. (Continued.) Analysis of the navigation models.

Huber loss function
into the recursive least
square method

INS/DVL integration
system. With
Variational Bayesian
(VB) and Pressure
sensors (PS)

Digital acoustic

message

- Implements novel training
methodologies for improved
learning.

- Incorporates Huber loss
function into the recursive
least square method.

- Integrates advanced
optimization techniques for
robust control.

- Develops an INS/DVL
integration system with VB
and Pressure sensors.

- Develops a tactical
decision-aid framework for
human decision-makers
collaborating with AUVs. -

- Enhance the adaptability of the
algorithm  to  changing  sensor
characteristics.

- Implement a robust identification
algorithm to improve the control of the
underwater robot’s accuracy.

- Optimize the algorithm for robust
performance in challenging
environments.

- Improve navigation accuracy for AUV.

- Improve navigation and reciprocal
communication  during  under-ice
missions. - Optimize the framework for
real-time decision-making in complex

- Limited interpretability of deep
learning models.

- May experience decreased
accuracy in regions with extreme
salinity variations.

- Achieving robustness may [131]
increase computational
complexity.

- Challenges in tuning Huber loss
function parameters.

- May exhibit reduced
performance in scenarios with
rapid environmental changes.

- Lack of robust specific
processors for optimal estimation.

- Produces posterior distributions
influenced by priors.

- Increased computational
complexity due to  sensor
integration and Bayesian methods.

- May experience increased
latency in processing sensor data.

- Requires higher bandwidth than
usual.

[132]

[133]

Implements advanced
decision-aid algorithms for
dynamic decision-making.

environments.

- Complexity in real-time
decision-making due to decision-
aid algorithm intricacies.

- Potential challenges in adapting
to rapidly changing environmental
conditions.

- May exhibit delays in decision-
making under bandwidth
constraints.

designs being developed that can perform complex tasks
underwater. With the continued advancements in technology
and the increasing demand for underwater exploration, the
use of bionic models in AUVs will likely continue to play a
significant role in the future of underwater robotics.

Each of these bionic models has been improved by using
the latest innovations, allowing AUVs to complete difficult
tasks independently of the latest innovations, allowing them
to complete difficult tasks on their own. AUVs influenced
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by bionics are still being developed and researched, with an
emphasis on enhancing stability, mobility, and bio-affinity.
AUVs have a great deal of potential for a variety of underwa-
ter applications since they can use the biological mechanisms
found in aquatic animals.

Dynamic temporal warping methods have been used in
recent works to refine the control parameters of manta ray
robots, enhancing their motion posture similarity, and obtain-
ing superior locomotor capabilities. A spherical underwater
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robot for aquaculture and biofuel cleaning has also been
developed as a result of conceptual designs inspired by suck-
ermouth catfish, illustrating the viability of bionic methods in
real-world contexts.

In conclusion, the evolution of bionic models in AUVs
has been a promising area of research, with many innovative
designs being developed that can perform complex tasks
underwater. With the continued advancements in technol-
ogy and the increasing demand for underwater exploration,
the use of bionic models in AUVs will likely continue
to play a significant role in the future of underwater
robotics.

B. CONTROL SYSTEMS

The field of underwater robotics has seen tremendous growth
in recent years, with UUVs being widely used for various
applications, such as exploration, scientific research, and mil-
itary operations. One of the most critical components of UUV
control is depth control technology, which plays a vital role
in maintaining a constant attitude at a specific depth while
navigating complex marine environments.

Designing a depth control system for UUVs presents
several challenges, such as strong external disturbances, com-
plex UUV models, and real-time performance limitations.
In this regard, the VD-SIFLC controller, based on frac-
tional calculus, fuzzy control, dynamic parameters, and a
fast non-dominated sorting genetic algorithm (NSGA-II),
has been proposed, which achieved better robustness and
dynamic and steady-state performance.

these characteristics was proposed, which reduced the
tracking error significantly in the presence of high current
disturbance velocity. Moreover, a synchronous navigation
scheme for two BlueROV2 underwater vehicles was proposed
using a model-free second-order sliding mode controller with
finite-time convergence, which showed promising results in
high ocean currents.

Lastly, remotely operated underwater vehicles (ROVs)
are crucial in ocean exploration and underwater mis-
sions. However, maintaining stable position control and
movement of ROVs is challenging due to various
factors such as buoyancy, ocean currents, and surge
waves. To overcome these challenges, a novel switch
proportional-integral controller combined with a buck-boost
converter
was developed.

In conclusion, the research conducted in the field of UUV
control has led to significant advancements in underwater
robotics technology. These research studies have addressed
several challenges and proposed novel control strategies,
improving the performance, robustness, and stability of
UUVs in complex marine environments. These findings can
contribute to the development of better UUV control systems,
paving the way for more efficient and reliable underwater
robotic operations in the future.
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Furthermore, hovering control is crucial for UUVs to
perform various tasks. The tilting thrusters-based underwa-
ter robot demonstrated stable hovering performance under
tidal currents, improving its mobility. Additionally, a hybrid
propulsion system based on a quadrotor and undulating fin
has been proposed to achieve better mobility, and its control
is based on hybrid propulsion.

C. CHARGING SYSTEM

The discussion of underwater charging systems for AUVs
presented in the provided section highlights the critical chal-
lenges and recent developments in this field.

1) ENERGY AUTONOMY VS. CHARGING METHODS

The primary limitation of AUVs is their onboard energy
storage, mainly relying on batteries. The discussion intro-
duces various charging methods, including battery swap-
ping, solar charging, submerged recharging systems, and
wireless power transfer (WPT). Each method has its
advantages and disadvantages, and the choice depends
on factors like mission requirements, downtime tolerance,
and operational costs. Battery swapping offers a quick
turnaround but requires surface access and crew involvement,
while solar charging provides near-unlimited endurance but
relies on daylight hours. Submerged recharging systems
and WPT methods offer autonomy without surfacing but
come with the challenges of docking, homing, and power
transfer.

2) DOCKING MECHANISMS

This section discusses several docking mechanisms, includ-
ing funnel-type docking, deep-sea moorings, and innovative
approaches like the ‘“‘landing-on-base’ concept. The choice
of docking mechanism affects the efficiency and reliability of
the charging process. For instance, the funnel-type docking
station provides protection for AUVs during charging but
may require modifications to the AUV itself. Understanding
these mechanisms is crucial for the successful implementa-
tion of submerged recharging systems.

3) HOMING SYSTEMS

To enable autonomous charging, AUVs need homing systems
to locate and approach the docking station accurately. This
section mentions various methods like ultrashort baseline
(USBL), short baseline (SBL), dead reckoning (DR), opti-
cal, and electromagnetic homing systems. The accuracy and
reliability of these systems are vital for ensuring successful
docking and charging. Advances in navigation technology
play a crucial role in the effectiveness of underwater charging
methods.

4) DIRECT ELECTRICAL CONTACT (DEC) CHARGING VS. WPT

This section compares DEC charging, which involves phys-
ical connectors, with WPT methods, which use wireless
transmission of power. DEC charging is challenging due to
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TABLE 6. Latest integrated sensors.

Sensor Development Objective Disadvantages Reference
Triboelectric - A tactile perceptual system for - Achieve a tactile sensor system - Limited sensitivity and reliability in high- [133]
Palm-like Tactile underwater vehicles. suitable for underwater vehicles. temperature environments, restricting its use
Sensor in certain underwater conditions.
- Developed to have the ability - Enable real-time detection and
to detect and distinguish normal  differentiation of external loads, - The tactile sensing mechanism may be prone
and shear external load in real- enhancing environmental to wear and tear, affecting long-term
time and approximate the perception. performance.  Potential ~ challenges in
external stimulation area. accurately distinguishing complex external
loads due to the sensor’s design.
LiDAR  Camera - Visual-based underwater - Develop an advanced - Susceptibility to inaccurate in-depth maps [134]
and Inertial ~ positioning system. positioning system for and altitude information if the system’s
Measurement Unit underwater applications. components are not well-calibrated.
- Integration of a LIDAR camera
and inertial measurement unit - Provide accurate depth maps - High power consumption, impacting the
(IMU) to generate associated and altitude information through  overall energy efficiency of the underwater
depth  maps and  offer sensor fusion. vehicle. Dependence on clear visibility
information about altitudes. conditions for accurate LiDAR data
acquisition.
3D-Laser Scanner - The first laser line scanner - Mitigate refraction-related - Vulnerability to ambient light interference  [135]
with 2-Axis Mirror  actively counteracts the distortions in laser scanning for ~may limit its accuracy in certain lighting
refraction of the projected light improved accuracy. conditions.
in the context of underwater
robotics. . .
- Demonstrate the effectiveness -  Complex  calibration  process  for
of compensating for refraction compensating refraction-related distortions
- Aim to prove that refraction- using a 2-axis mirror. might require frequent adjustments.
related distortions can
practically be compensated for i L .
by using a 2-axis mirror, along - Challenggs in achieving consistent results
with presenting a simple across varying underwater environments.
calibration algorithm.
Biaxial MEMS - Designed to project optimally - Achieve cost reduction in - High initial fabrication and assembly costs, [136]
Mirror curved light shapes, mirror actuation for improved potentially  limiting scalability and
transforming them into planes affordability. widespread adoption.
through the refraction process.
- Minimize distortions in - Mechanical wear and tear of the MEMS
- Aims to reduce the cost of a  projected light shapes for mirror components may affect long-term
rotating mirror actuated by a accurate results. reliability.
galvanometer, producing
accurate results with minimized e e o
distortions. - lelteq versat.lht)'/ in projecting light shapes
for certain applications.
Radial Basis - A  multi-sensor fusion - Enhance sensor fusion - Complexity in tuning the neural network due  [137]
Function (RBF) algorithm  for  underwater capabilities  for  improved to the nonlinear nature of unit activation
Neural Network vehicles. estimation. output characteristics.
with ESKF
- Developed to compensate for - Minimize estimation mean - Increased computational load during real-
the lack of Extended Kalman square error (MSE) using the time operation, potentially impacting system
Filter (ESKF) performance by steepest descent optimization responsiveness.
improving the innovation error  approach.
term. T e
- Potential instability in the network when
adapting to dynamic underwater
environments.
Water ~ Velocity - Development of a water - Create a specialized sensor for - Limited suitability for environments with  [138]
Sensor velocity  sensor  for the estimating sideslip angle in water intoxications or high pollution levels
estimation of sideslip angle. underwater vehicles. due to potential sensor contamination.

- Designed to measure surge
and sway  velocity  for
underwater vehicles.

- Susceptibility to fouling, which may affect
accuracy over extended deployment periods.

- Challenges in accurately estimating sideslip
angle in turbulent water conditions.
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issues like precision alignment, biofouling, and corrosion.
On the other hand, WPT methods offer advantages like
greater flexibility, reduced maintenance, and compatibility
with underwater environments. The choice between these
methods depends on the specific needs of the AUV and the
operational conditions.

5) WPT METHODS FOR UNDERWATER APPLICATIONS

This section explores two categories of WPT: radiative and
non-radiative. Radiative WPT using microwaves or laser
beams faces challenges due to signal attenuation in seawa-
ter. Nonradiative methods, such as capacitive and inductive
power transfer, offer solutions for shorter distances but are
more efficient in underwater environments. Inductive WPT,
in particular, has gained prominence in various applications,
including AUVs, due to its reliability and adaptability.

6) RECENT DEVELOPMENTS

The discussion highlights recent developments such as the
Circumferential Coupled Dipole-Coil Magnetic Coupler.
This innovation addresses some of the limitations of existing
magnetic couplers, achieving high efficiency in underwater
power transfer. Such advancements are critical for enhancing
the energy autonomy of AUVs, reducing the need for frequent
recharging or battery swapping, and ultimately extending
mission capabilities.

Table 6 provides an overview of diverse navigation algo-
rithms developed for underwater localization, addressing the
challenges posed by GPS limitations in underwater envi-
ronments. SEAL, a self-adaptive AUV-based localization
system, enhances coverage and energy efficiency. It employs
a partitioned fast block least-mean square adaptive algorithm-
based active noise control (ANC) to mitigate AUV-radiated
noise. Another approach, Doppler velocity log Beams Net,
employs an end-to-end deep learning framework to enhance
the accuracy of velocity vector estimates. MAHKEF, an adap-
tive H-infinite Kalman filtering algorithm, focuses on reduc-
ing position errors, while Variational Bayesian is utilized
to estimate measurement error covariance from Doppler
velocity log (DVL) data when GPS is unavailable. Addi-
tionally, a study on the kinematic stability of HAUVs
introduces a novel criterion for vehicle design, exemplified
by Nezha. These algorithms collectively offer promising
solutions to enhance underwater navigation and localization
across diverse applications.

D. NAVIGATION ALGORITHMS

Underwater localization approaches rely on acoustic signals
due to the extreme attenuation and energy-intensive nature
of GPS-based systems. SEAL is a self-adaptive AUV-based
localization system that achieves improved coverage and
energy efficiency. A partitioned fast block least-mean square
adaptive algorithm-based ANC has been developed to mit-
igate AUV-radiated noise. Doppler velocity log Beams Net
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is an end-to-end deep learning framework that improves the
accuracy of velocity vector estimates. MAHKF is an adaptive
H-infinite Kalman filtering algorithm that reduces position
errors. Variational Bayesian is used to estimate the measure-
ment error covariance of DVL when GPS is unavailable. The
kinematic stability of HAUVs has been studied, and a novel
criterion for vehicle design was introduced, with Nezha as
an example. These approaches offer promising solutions for
underwater navigation and localization in various applica-
tions.

E. SENSORS USED

The development of sensors for marine applications is still
relatively small, but various types of sensors are being
developed for underwater robots. Tactile sensors are being
designed to mimic the leathery, granular texture in the palms
of sea otters. Novel visual-based underwater positioning sys-
tems based on LiDAR cameras and inertial measurement
units have been developed, while underwater 3-D laser scan-
ners are being used for inspection and navigation. Kalman
filter variants and RBF neural networks are utilized in under-
water multi-sensor fusion applications for localization and
navigation, and accurate sensor localization is crucial for the
deployment of underwater acoustic sensor networks. These
advancements in sensor technology will contribute to the
progress of underwater robotics and enhance their capabilities
in exploring and monitoring the marine environment.

The outcome of this review has provided the recent
advancements for unmanned AUV for navigation and explo-
ration. It also familiarizes the development of biomimicry
models, which discusses the latest control system that is
being used for different tasks, reviews the algorithms that
have been developed within the last 5 years, and finally
talks about the sensors that are being implanted to achieve
those goals. For each case what is it developing, what is
the objective for the development, and the problems it may
face during implementation has been presented. Finally, the
review concludes with valuable recommendations for future
research and development in this field, aiming to drive further
progress and innovation.

VIil. CONCLUSION

Control issues with AUVs provide several challenges due
to their nonlinear dynamics, the existence of disturbance,
and observation sounds. Shallow water phenomena caused
by the combination of wave dynamics, tidal currents, coastal
currents, and artificial objects, particularly in shallow, limited
water areas, offer a challenging environment for operating
AUVs. As a result, directing AUVs to monitor trajectories in
shallow waters remains a challenge.

Advancements in collaborative AUV technologies have
shown promise in addressing these challenges. Commu-
nication, collaborative localization and navigation, surveil-
lance, and intervention missions have seen progress. Hybrid
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technology, combining acoustic and light-based communi-
cation, emerges as a viable solution. Long-range commu-
nications are handled acoustically, while light-based com-
munication ensures inter-vehicle communication, crucial for
collision avoidance. Collaborative navigation benefits from a
hybrid approach, using acoustic methods for medium/long-
range navigation and visual-based techniques for formation
maintenance and collision avoidance.

In reflection, the journey of underwater robotic evolu-
tion unveils a remarkable trajectory marked by ingenuity,
technological leaps, and collaborative exploration. From the
inception of bio-inspired designs mimicking fish motion
through innovations like flexible fin ray tail structures to the
utilization of advanced materials such as hydraulic actua-
tors and hydrogels for acoustic transparency, the field has
witnessed substantial progress. However, challenges persist,
particularly in the delicate balance between efficiency and
the weighty demands of payload capacity and maintenance.
An insight into these findings from this study with their past
and present developments with the concerns they possess are
as follows:

« Hydraulic actuators, preferred for their higher forces and
speeds over pneumatic systems, coupled with hydrogel
materials, contribute to omnidirectional transparency for
acoustic detection. Sophisticated control algorithms are
required for precise tentacle movements, but wear and
tear on hydrogel components pose longevity concerns.

o In the realm of bio-inspired robotics, the adoption
of rotary actuation and soft materials mimicking the
fin ray effect provides agility for navigating narrow
spaces. However, these systems are sensitive to vibra-
tions, limiting their robustness. Additionally, dynamic
time-warping algorithms for mimicking manta ray
motions present heavy computational burdens.

o Underwater robots inspired by sea turtles and manta
rays offer promising solutions for efficient swimming
and maneuverability. However, limitations in payload
capacity and difficulties in maintenance pose challenges.
Buoyancy and mass adjustment systems employing air-
foils enhance gliding propulsion for manta ray-inspired
vehicles but face stability issues. Advancements in
magnetic couplers, utilizing various configurations and
materials, present opportunities for wireless charging
and data transfer in underwater vehicles. However,
challenges such as susceptibility to external magnetic
interference and limitations in power handling persist.

o In terms of control systems, fractional-order control
mechanisms, machine vision systems, and adaptive
model predictive control have been explored for precise
maneuvering and stability. Yet, these approaches may
require complex tuning and face limitations in certain
conditions.

o In sensor technologies, triboelectric tactile sensors,
LiDAR cameras, and water velocity sensors have
been developed for enhanced environmental perception.
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However, challenges include reliability in extreme con-
ditions, susceptibility to fouling, and limitations in
accuracy.

Looking beyond the current milestones in UUV technology,
the future presents a landscape rich with potential advance-
ments. Future research endeavors are poised to concentrate
on refining collaborative AUV technologies. Some of such
future directions are mentioned below,

o Al and ML: The integration of artificial intelligence
(AID) and ML techniques into underwater robots holds
promise, allowing them to adapt to changing envi-
ronments. Swarm robotics, where multiple underwater
robots work together, has the potential to significantly
enhance efficiency and effectiveness in exploration and
monitoring missions.

o Enhanced Environmental Sensing: Future research
could focus on improving the environmental sensing
capabilities of AUVs through advancements in sensor
technologies. This includes developing more reliable
and robust sensors for improved data collection in chal-
lenging underwater conditions.

« Autonomous Decision-Making Algorithms: Exploring
and refining autonomous decision-making algorithms
would be crucial. This involves developing Al and
machine learning algorithms that enable AUV to adapt
to dynamic environments, make real-time decisions, and
optimize mission objectives.

« Swarm Robotics Optimization: Further exploration into
optimizing swarm robotics for underwater missions
could be a promising avenue. Understanding how to
enhance coordination, communication, and collabora-
tion among multiple AUVSs in a swarm can significantly
improve their efficiency and effectiveness.

o Energy Efficiency and Charging Systems: Developing
more energy-efficient propulsion systems and exploring
innovative charging solutions can extend AUV mis-
sion durations. This includes advancements in battery
technologies, wireless charging methods, and energy
harvesting techniques.

« Integration with Emerging Technologies: Investigating
the integration of AUVs with emerging technologies,
such as blockchain and IoT, presents exciting possibil-
ities. Research in this area could focus on enhancing
data security, real-time monitoring, and remote control
capabilities.

o Biomimicry Advancements: Advancing biomimicry in
AUV design can lead to more efficient and adaptable
underwater vehicles. Researchers could explore new
bio-inspired models, materials, and propulsion systems
inspired by marine life to improve AUV performance.

« Integration of 5G Technology: As 5G technology contin-
ues to advance, exploring its integration into underwater
communication systems could revolutionize AUV capa-
bilities. High-speed and low-latency communication can

VOLUME 12, 2024



K. Hasan et al.: Oceanic Challenges to Technological Solutions: A Review of AUV Path Technologies

IEEE Access

open up new possibilities for underwater data transfer
and remote control.

Overall, the prospects of AUV technology are vast and excit-
ing. Ongoing research and development efforts are fueling the
continuous expansion of capabilities in these robots, leading
to a revolutionary transformation of how we explore and
operate in the underwater environment.
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