Journal of

Marine Science
and Engineering

Article

Development of an Underwater Detection Robot for the
Structures with Pile Foundation

Wenwei Zhang !, Kun Zhu !, Zhichun Yang !, Yunling Ye ?*, Junfeng Ding 2 and Jin Gan 2

check for
updates

Citation: Zhang, W.; Zhu, K; Yang, Z.;
Ye, Y.; Ding, J.; Gan, J. Development of
an Underwater Detection Robot for
the Structures with Pile Foundation. J.
Mar. Sci. Eng. 2024, 12,1051. https://
doi.org/10.3390/jmse12071051

Academic Editor: Rafael Morales

Received: 1 May 2024
Revised: 16 June 2024
Accepted: 18 June 2024
Published: 22 June 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1 CCCC Second Highway Consultants Co., Ltd., Wuhan 430056, China

School of Naval Architecture, Ocean and Energy Power Engineering, Wuhan University of Technology,
Wuhan 430063, China; ganjin@whut.edu.cn (J.G.)

*  Correspondence: yeyunling@whut.edu.cn

Abstract: Addressing the challenges for detecting underwater damage to the structures with pile
foundation, this study presents the design of an adsorption-operated robotic system. Initially, a
prototype is proposed for an adsorption-operated robot that is equipped with an automatic movement
mechanism. To account for the disturbance of the drag force in the control system, a hydrodynamic
numerical model for the detection robot is established. The numerical results of the drag force are
then integrated into the control system, leading to the design of a force-redeemed active disturbance
rejection controller. Furthermore, a novel detection algorithm based on the image segmentation
network UNet is developed for the automatic identification of damages. The performance of the
controller and detection algorithm is evaluated against traditional methods. The results indicate
that the proposed force-redeemed active disturbance rejection controller outperforms traditional
PID and ADR controllers in terms of overshoot and adjustment time. Moreover, the developed
detection algorithm exhibits superior performance in precision, F1 score, and mean intersection over
union compared to the traditional algorithms of FCN, PSPnet, Deeplabv3, and UNet. Overall, this
paper advances the technology of autonomous robots for underwater detection in the structures with
pile foundation.

Keywords: underwater detection; adsorptive-operating robot; detection algorithm; pile foundation

1. Introduction

In response to global carbon reduction initiatives and the demand for clean energy for
offshore activities, there has been a surge of interest in the exploration and utilization of
marine renewable energy resources [1,2]. Offshore wind power is a crucial part of marine
renewable energy, representing the most developed and widely applied technology [3,4]. As
the installed capacity of offshore wind turbines continues to rise, the maintenance of these
facilities throughout their lifespan has increasingly drawn attention [5,6]. Particularly the
underwater foundations of wind turbines, which are highly prone to structural damage due
to exposure to environmental loads such as waves and currents, as well as corrosion from
marine organisms [7-9]. Consequently, the detection of structural damage on underwater
piles during their service life is a vital step to ensure the safety and reliability of offshore
wind turbines.

Currently, divers and remotely operated vehicles (ROVs) are the two primary means
for inspecting underwater structures. Diving operations are highly mature, offering advan-
tages in the detection of underwater piles in shallow waters. However, they suffer from
low work efficiency, high operational risks, and considerable vulnerability to deep-water
environments [10,11]. On the other hand, ROVs show improved efficiency and can access
certain areas with deep water or narrow spaces that are unreachable by divers. Yet, when
utilized for the detection of underwater piles, they exhibit poor operational stability and
low efficiency under adverse environmental conditions, due to the significant risk of the
ROVs becoming unrecoverable due to the entanglement of their umbilical cables. In light
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of these challenges, underwater adsorptive-operating robots have gradually become a
potential solution to the problems.

The adsorption mechanism and locomotion system represent the two pivotal factors
in the design of an adsorptive-operating robot [12-15]. An appropriate adsorption system
not only ensures stabilization against currents and waves but also enhances the robot’s
load-bearing capacity. There are four common underwater adsorption methods: magnetic
adsorption [16,17], negative pressure adsorption [18,19], thrust-based adsorption [20,21],
and mechanical gripping [22,23]. Magnetic adsorption typically employs permanent mag-
nets or electromagnets to generate adhesive holding. For instance, Fan et al. [24] embedded
four-ring magnets into the wheels of a cleaning robot, generating an adsorption force
exceeding 500 N to ensure stable motion. However, the drawbacks of magnetic adsorption
are its limited adaptability to uneven surfaces and the corrosive effect of seawater on mag-
netic materials. Negative pressure adsorption works by creating a negative pressure zone
between the adsorption device and the wall surface, enabling the device to be subjected
to a force against the wall due to the positive pressure of the environment [25]. Similar
to magnetic adhesion, it faces challenges in adapting to uneven surfaces, and the seal be-
tween the suction cup and the wall impedes continuous movement along the wall. Thrust
adsorption utilizes the pressure difference on either side of the robot for adhesion [26].
Yet, its performance is constrained by the thrusters, which are too expensive to provide
sufficient thrust to counteract the environmental load of waves and currents. Mechanical
holding is typically used to detect objects with high curvature, such as offshore risers and
chains [23,27]. It offers excellent anti-slip properties, making it ideal for high-precision
tasks. Mechanical holding aligns well with the adsorption method for the wind turbine
pile according to its cylindrical shape.

Similar to adsorption methods, the locomotion mechanism of the robot determines its
ability to move continuously and stably on the walls of the piles. Common mechanisms
include wheeled, tracked, legged, and railed systems. The wheeled mechanism equips
the robot with multiple motor-driven wheels for flexible motion, offering a simple design
and cost-effectiveness [20,24,28]. Conversely, the tracked system is better suited for flat
surfaces and possesses strong obstacle-overcoming capabilities, but it is bulky and makes
driving difficult [26]. Legged mechanisms have excellent obstacle-overcoming ability
but are slow-moving and challenging to design [29]. Rail systems are often applied to
pipe-shaped structures, with movement restricted to two degrees of freedom, significantly
simplifying position and navigation methods [23]. Given that the study focuses on cylin-
drical piles, requiring only vertical and horizontal mobility, the rail system emerges as the
preferred choice.

In addition, effective communication and sensing are crucial for underwater detection
robots. In underwater environments where radio and optical signals degrade, acoustic
systems are vital for communication and navigation [30]. Recent developments in dual-
function acoustic systems combine communication with echo-location, similar to marine
animal sonar, allowing robots to map their surroundings and transmit data reliably over
long distances underwater [31]. This integration enhances efficiency and safety, making
these systems essential in underwater robot design.

Advanced robotic designs can provide an efficient and stable working environment
for the collection of images of underwater foundation damage. However, the effect of water
results in images with low contrast and blurriness, presenting additional challenges for the
detection of underwater structural damage. Traditional detection methods, which predom-
inantly utilize manual marking, are time-consuming and susceptible to subjective bias in
the results. With the advancement of image processing technology, researchers have begun
to employ methods such as wavelet analysis [32], threshold segmentation [33,34], and edge
detection algorithms [35] for automated detection. These methods significantly reduce
detection time and minimize the occurrence of human error. However, when addressing
low-quality images caused by complex underwater environments, these methods struggle
to achieve precise results [36].
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The advent of deep learning methods has marked significant progress in detection
tasks, offering faster and more precise detection compared to manual recognition and
traditional image processing methods [37,38]. Cha et al. [39] introduced an image detection
method based on Faster R-CNN [40], achieving the detection of five types of damage,
including concrete cracks, rebar corrosion and delamination, and bolt corrosion, with an
average accuracy of 87.8%. Fan et al. [41] proposed a novel crack automatic detection
algorithm based on local-global clustering to address the inadequacies of conventional
crack detection methods in identifying dam surface cracks. Xiong et al. [42] developed a
new YOLOv8 model for the automatic detection of bridge surface cracks, incorporating
GAM and Wise-IoU to enhance detection accuracy. Moreover, utilizing deep learning
methods for detection relies on damage features and contextual information within images.
However, when images contain excessive noise, shadows, or poor lighting, extracting
features becomes challenging, leading to potential errors in the detection results. The
complexity of underwater environments and significant light attenuation often result in
issues in images of underwater structural damage. In response to the challenge, this paper
introduces a surface damage detection algorithm based on the encoder-decoder structure
of the image segmentation network UNet [43], incorporating ResNet50 [44] in the encoder
and a self-designed parallel attention module in the decoder. This decoder selectively
captures and emphasizes crucial damage features while suppressing non-essential features,
thus enhancing the accuracy of the underwater detection algorithm. In addition, the
unique underwater environment poses significant challenges for visual data acquisition,
including severe light attenuation, color distortion, and blurring caused by particulate
matter in the water. Recent advancements in image processing technologies have led to
the development of various methods aimed at enhancing underwater imagery [45-47].
Effective image enhancement techniques are essential to ensuring clearer, more accurate
visual representations of underwater structures.

Table 1 serves as a comprehensive summary of the various adsorption mechanisms,
locomotion systems, and detection methods utilized in underwater robotics, specifically
tailored for the detection of offshore structures. Given the cylindrical nature of the wind
turbine underwater structures, it indicates a preference for mechanical holding and rail
systems as the optimal choices for adsorption and locomotion, respectively. These methods
are particularly suited for the stable and efficient navigation required on such uniform
surfaces. Furthermore, the table highlights the adoption of deep learning techniques
for damage detection, which provide enhanced accuracy and efficiency. This approach
leverages the latest advancements in image processing to overcome the challenges posed
by underwater environments.

Table 1. Comparative Analysis of the adsorption mechanisms, locomotion systems, and detection
methods in underwater detection robotics.

Category

Pros Cons

Adsorption
Mechanism

Magnetic adsorption

Strong adhesive force (over 500 N); Limited to flat surfaces, corrosion

stable motion. issues with seawater exposure.
. . Enables firm adhesion through Challenges with uneven surfaces;
Negative pressure adsorption . . .
negative pressure zones. continuous movement issues.

Thrust-based adsorption

High operational costs;
performance limited by
environmental loads.

Utilizes environmental pressure
differences for adhesion.

Mechanical gripping

Excellent for objects with high Less effective on irregular or
curvature; high precision. flat surfaces.
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Table 1. Cont.

Category

Pros

Cons

Wheeled system

Simple design, cost-effective, and
flexible motion.

Bulky, difficult navigation on
non-flat surfaces.

Tracked system

Strong obstacle-overcoming

Bulky, difficult navigation on

Locomotion capabilities; suited for flat surfaces. non-flat surfaces; high maintenance.
System .
Legged system Excellent obstacle navigation. Slow m.ovement, complex
design challenges.
. Simplified navigation; restricted to  Restricted mobility; suited only for
Rail system . .
linear movements. cylindrical structures.
Traditional methods Familiarity a.nd maturity in Tlme-con'surr.ung,lprone to
application. subjective bias.
. . Reduces detection time; minimizes  Struggles with low-quality images
Detection Methods  Advanced image processing

human error.

from complex environments.

Deep learning (for example,
Faster R-CNN, Unet)

Fast, precise, and less reliant on
manual recognition.

Challenges in noisy, poorly lit
conditions. Potential errors in

complex scenarios.

An adsorption-operated underwater robot is designed for the detection of jacket piles.
The robot is capable of vertical and circumferential movements and possesses the ability to
overcome obstacles. Additionally, an underwater detection algorithm based on UNet is
developed for damage identification. The organization of the remainder of this paper is
as follows: Section 2 introduces the concept of the underwater detection robot. Section 3
describes the motion system and obstacle avoidance strategies. Section 4 analyzes the
robot’s hydrodynamic performance, while Section 5 focuses on the design of a control
system that accounts for the disturbances caused by the flow. In Section 6, an UNet-based
detection algorithm is developed. Section 7 concludes the paper.

2. Concept Design
2.1. Design Requirement

As the scale of offshore wind turbines increases and their deployment extends into
deeper waters, significant challenges arise in the design and construction of their foun-
dations. Jacket piles, tailored for larger turbines, are emerging as a prospective direction
for the advancement of wind farms situated in deep-sea regions. Jacket piles are sub-
ject to various environmental impacts such as current loads, wave loads, and biological
corrosion, leading to structural damages including surface corrosion, cracks, and fatigue
damage, which put the jacket piles at high risk of structural failure. Therefore, in light
of the unique structure of jacket piles and the harsh ocean environment, the design of
underwater detection robots needs to fulfill the following functional requirements: The
capacity for stable adhesion and mobility along the structure’s surface; the capacity for
obstacle avoidance, such as navigating across weld joints; and proficiency in automatically
detecting and recording underwater structural damage.

2.2. System Composition

In response to the requirements for underwater detection of jacket piles, as shown in
Figure 1, the designed underwater detection robot comprises several modules: the carrier
system, control system, motion module, position module, detection module, and cleaning
module. The carrier system primarily includes the structural frame and buoyancy blocks to
carry all functional modules of the underwater detection robot. The control system controls
the drive signals for the robot system, communicating with the shipboard control center.
The motion module executes translational and rotational movements according to control
signals. The position module utilizes multiple sensors mounted on the robot to locate
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damage. The underwater detection module, mainly consisting of visual equipment, is
tasked with photo capture and automatic identification of structural damage. The cleaning
module is equipped with underwater cleaning equipment to clean the wall.

System
composition
Equipped Equipped

Control system
Drive signals Operate signals

Communicate Shipboard
control center

Figure 1. Logical diagram of the system composition.

2.3. Structural Design

As illustrated in Figure 2, the structural design of the underwater detection robot is
composed of a structural frame, a lifting system, a rotation system, a holding system, a
detection system, an electronic cabin, and a cleaning system. In detail, the robot consists of
two identical structural frames connected by the screw of the lifting system. The detection
system, lighting system, and electronic cabin are mounted on the upper structural frame
and are responsible for controlling the robot’s underwater detection, movement, and
positioning capacities. The cleaning system is installed in the structural frame and tasked
with performing cleaning capacity. Moreover, the robot adopts a three-segment structure of
mechanical holding mechanism—carrier frame—mechanical holding mechanism, realizing
holding motion through the control of the mechanical holding mechanism by electric
push rods.

1- Holding system  2- Lifting system 3- Rotation system
4- Electronic cabin  5- Buoyancy block  6- Structural frame
7- Detection system 8- Lighting system  9- Cleaning system

Figure 2. Structural design of the underwater detection robot.

3. Traversal System
3.1. Locomotion Mechanics

(1) The holding mechanics

As depicted in Figure 3a, the mechanical holding system primarily consists of an
electric push rod, a linkage mechanism, a holding claw, and two wheels. The thrust output
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from the electric push rod acts upon the levers, driving the holding claw in a gripping
motion to achieve contact between the wheels and the jacket pile. This contact force ensures
the robot’s stable attachment to the jacket pile.

(a) (b) (©)

1 \ oo 3 4
S5 @ | A
2 k 17 ¢ Wheel )

®©
O8O0}/ /| 1- Electric push rod | 2 1- Elevator ‘ O/ Vol
3 2 Link rod. 3 >Linkshart | \NFZOF/
3- Rotary rod i ];aCk rod
A - Servo motor N
4 4- Holding claw 4 5- Reducer
5- Wheel Propeller

Figure 3. Locomotion mechanics: (a) the mechanical holding mechanism; (b) the lifting mechanism;
(c) the rotary mechanics.

(2) The lifting mechanics

To facilitate the robot’s vertical movement along the walls, the lifting mechanism
employs a dual-gear and rack system, mainly consisting of a servo motor, reducer, elevator,
rack rod, and link shaft. The torque output from the servo motor is amplified through the
reducer and transmitted to the link shaft, causing the gears within the elevator to roll along
the rack rod. It then drives the carrier frame of the robot to move vertically. The design of
the lifting mechanism is illustrated in Figure 3b.

(3) The rotary mechanics

As shown in Figure 3¢, there is a propeller mounted on the exterior of the structural
frame and four wheels mounted on its interior. The thrust from the propeller pushes the
structural frame to rotate along the jacket pile, while the wheels serve to reduce friction
and promote propulsive motion stability. The rotation speed of the robot can be controlled
by adjusting the propeller’s power.

3.2. Movement Strategy

(1) Rotary and vertical motion

The rotary movement is facilitated by a rotary mechanism that provides tangential
force, driving the robot’s wheels to move on the wall of the jacket pile. Furthermore, as
illustrated in Figure 4a, for vertical motion, the holding system of the upper frame is first
opened. Subsequently, the upper frame descends until it reaches the desired position. Then,
the upper holding system locks while the lower holding system is released. Finally, the
lower frame moves downward to a predetermined position and locks in place. By repeating
the process, the robot can continuously move downward. In contrast, the movement
sequences of the upper and lower frames are alternated for upward progression.

(2) Obstacle avoidance strategy

The K or X truss of the jacket pile necessitates the design of the underwater detection
robot with a non-fully enclosing structure, which allows the robot to avoid obstacles.
Figure 4b illustrates the obstacle avoidance strategy of the underwater detection robot.
When the robot encounters an obstacle that cannot be directly passed, it first utilizes the
rotary mechanism to turn around until the gap in the structural frame aligns with the
obstacle. Then, the lifting mechanism is engaged, allowing the robot to translate and thus
avoid obstacles from the opposing side of the jacket pile.



J. Mar. Sci. Eng. 2024, 12,1051

7 of 19

II: The upper frame descends until
the desired position. Then, the upper
holding system locks while the
lower holding system is released.

III: The lower frame
moves downward to a
desired position and then
locks in place.

I: Initially, the holding
system of the upper
frame is activated.

Rotation Vertical movement

Figure 4. The movement and obstacle avoidance: (a) the stages of the vertical motion; (b) the obstacle
avoidance strategy.

4. Hydrodynamic Analysis of the Robot
4.1. Numerical Model

Since the robot operates in underwater environments, the effect of the flow on the
robot cannot be overlooked, and this also poses higher demands on the robot’s control
system. Thus, it is necessary to analyze the drag force to provide design inputs for the
control system of the robot.

It is essential to simplify the robot model by removing minor components to reduce
the computational demands for hydrodynamic analysis, and the numerical convergence is
thereby easy to facilitate. The simplified model is illustrated in Figure 5a, which is then
imported into Star-CCM+, as shown in Figure 5b. The size of the rectangular computa-
tional domain is 10 L x 5 L x 5 L, where L is the characteristic length of the robot. To

improve numerical precision, the mesh near the robot is refined; the refinement area is
2L x2L x5L.

(b) Mesh refined  Computational domain

Velocity inlet Pressure outlet

—

(d)

60

Z
<
o]
=)

Bl
EE
51

a

—=—0.2m/s
05 —— 0.6 /s

0 X . A . I
2000 2500 3000 3500 4000 4500 5000
The magnitude of mesh (x10%)

Figure 5. The numerical model of the underwater detection robot: (a) The simplified model of the
robot for hydrodynamics analysis; (b) computational domain; (c) drag force vs. varied mesh size;
(d) meshing model.
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Hydrodynamic results are related to the magnitude of meshes. Thus, numerical models
with different mesh sizes of 0.25 m, 0.125 m, and 0.05 m are analyzed under flow velocities
of 0.2 m/s and 0.6 m/s to decide the optimal mesh size. The numerical results of the drag
force for each case are shown in Figure 5c. As the magnitude of meshes increases, the drag
force initially increases and then stabilizes. Therefore, considering computational efficiency
and accuracy, the 0.125 m mesh size is chosen for meshing, as depicted in Figure 5d. Under
this scheme, the mesh sizes of the computational domain, the refinement area, and the
jacket pile are 0.125 m, 0.025 m, and 0.05 m, respectively. The mesh size of the robot model,
which has the most significant impact on precision, is decided to be 0.01 m.

4.2. Simulation Strategy

Calculating the drag force exerted by the flow on a robot during its rotational move-
ment presents considerable challenges. To address this complexity, the process is divided
into two steps: first, calculating the drag force experienced by the robot rotating in station-
ary water, and then evaluating the force exerted by flowing water while the robot remains
static. To assess the impact of rotational velocity, the speeds are set at 0.04 rad /s, 0.08 rad /s,
0.12rad/s, 0.16 rad/s, and 0.2 rad /s. Furthermore, to simulate the effects of varying flow
orientations, the robot model’s direction is adjusted from 0 to 360 degrees in 15-degree
increments. The flow’s velocity is set at 1 m/s.

4.3. Results and Analysis of the Drag Force

The drag forces experienced by an underwater detection robot at different rotational
speeds are detailed in Figure 6.

2.0 T T T T

Linear fit

1.34N
B -

—_
wn
T

0.66 N
> X

Drag force (N)
=

o
n
.

~036N

O‘O 1 1 1 1 1
0.00 0.04 0.08 0.12 016 020 024
Rotational speed (rad/s)

Figure 6. Drag forces vs. various rotational speeds for the underwater detection robot.

The results indicate a direct proportionality between the drag force on the underwater
detection robot and its rotational speed. The highest recorded value is only 1.68 N. This is
primarily attributed to the robot’s open-frame structure, which minimizes the contact area
with the flow. A linear fit of the drag force against rotational speeds yields the following:

F; = 847w (1)

where F is the drag force and the w is the rotational speed.

As depicted in Figure 7a, the drag force is decomposed into radial and tangential
components, designated as F4, and Fy,, respectively. This decomposition not only facilitates
a thorough evaluation of the flow’s impact but also enables its integration into the control
system. The drag force experienced by the underwater detection robot in a stationary
state, depicted as a function of the flow direction, is illustrated in Figure 7b. Due to the
robot’s symmetry, the magnitude of forces from 0° to 180° are the same as those from
180° to 360°. It indicates that the Fj;, exhibits a trend of gradual decrease followed by an
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increase, peaking at 173.24 N at the initial position. The minimal F,, recorded at 7.82 N,
occurs at the 90° position, marking a shift in the direction of the force. Conversely, Fy,
demonstrates an initial increase followed by a decrease, with a maximum value of 174.85
N at the 90° position. Moreover, the minimum value of Fgyis 88 N, observed at the 0°
position. A notable change in Fy, occurs at the 180° position, transitioning from resistance
to propulsion.

/0 n—n | 1\.\\

\ e
o iy
-150; \100;  -508s, 0 o250 100 150
' | e .

» 3

F,,

Flow direction 210 o/ 330

240 300
255 70 285

Figure 7. The results of the drag force: (a) The drag force is decomposed into radial and tangential
components; (b) The drag force on the robot at varying angles of flow.

5. Control System Design
5.1. Motion Control Algorithm

The proportional integral derivative (PID) algorithm is a common motion control algo-
rithm for underwater robots due to its simple structure and rapid response. Nevertheless,
the PID algorithm struggles to process external disturbances. To address this deficiency,
the active disturbance rejection controller (ADRC) algorithm has been proposed, capable of
effectively mitigating disturbances. The ADRC categorizes disturbances as either internal
or external and employs a closed-loop feedback system to significantly minimize these
disturbances, thereby enhancing the precision of control. The motion of the underwater
detection robot along the jacket is subject to additional disturbances originating from the
flow, exhibiting variability under angular alterations. These extra disturbances increase the
burden on the state observer and constrain the efficacy of the ADRC. Consequently, a force-
redeemed active disturbance rejection controller (FADRC) is then proposed to consider the
effect of the flow and improve its precision and efficacy. Figure 8 illustrates the PID, ADRC,
and FADRC control structures for the rotation angle of an underwater detection robot.

(a) PID (c) FADRC

T
e® 1 K, J e(t)de |—E "(t)

Disturbance

Drag-force
model

Y (U P

1
1
1
1
Force-redeemed 1
1
1
1
1

o

=

Figure 8. The control structures of the underwater detection robot: (a) PID, (b) ADRC, (c) FADRC.
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5.1.1. Proportional Integral Derivative (PID) Controller

Proportional Integral Derivative (PID) is a commonly used feedback controller. It
uses three parameters to control the robot. The proportional term produces an output
value (part of u(t)) that is proportional to the current error value, e(t). The constant K,
is the proportional gain, a tuning parameter. The integral term is concerned with the
accumulation of past errors. If the error has been present for a while, it integrates over
time. The constant K; is the integral gain. This term aims to eliminate residual steady-state
errors. The derivative term produces an output that is based on the rate of change of the
error de(t)/dt, preventing the system from overshooting the setpoint. The constant Kj; is
the derivative gain.

The PID controller takes the error signal e(t) from the sensor, which measures the
difference between the desired and actual rotation angles, and computes the control input
u(t) to correct the rotation angle of the robot. Its differential equation is expressed as follows:

de(t)
dt

u(t) = Kye(t) +Ki/e(t)dt+Kd @)

E(t) = IV — MV (3)

where [y represents the input value of the robot’s target rotation angle, My is the measured
value of the actual rotation angle measured by the sensor, and e(t) signifies the error between
the target and the actual rotation angle. Ky, K;, K; are the proportional gain, the integral
gain, and the derivative gain, respectively.

5.1.2. Active Disturbance Rejection Controller (ADRC)

This control method is designed to deal with disturbances more effectively than
traditional PID controllers. ADRC incorporates three critical components in terms of the
tracking differentiator (TD), the nonlinear state error feedback control law (NLSEF), and
the extended state observer (ESO). The TD is used to filter and differentiate the input
signal. It can track the signal and its derivative simultaneously. The NLSF provides
nonlinear feedback control based on the state errors e; and e,. The ESO estimates the total
disturbance affecting the system and compensates for it in the control signal. The control
gain b characterizes the efficiency with which the control input is converted into control
action. The 1/b is the inverse of the estimated total disturbance gain, which is used in the
control structure to scale the output of the extended state observer (ESO). The system states
that z1, zp, and z3 are internal representations used by the ADRC controller. The control
action 1 is a combination of the state error feedback and the disturbance compensation,
which is used to adjust the My for the robot.

In this study, the motion system of the underwater detection robot is simplified into a
second-order system. Thus, the discrete form of the second-order ADRC controller’s TD is
expressed as follows:

{ 01(k+1) :Ul(k)+]’l02(k) )
va(k+1) = va(k) + hFnan (v1 (k) —v(k),va2(k), 7, h)

where vy is the tracking signal, v is the derivative of the tracking signal, & is the sampling
step, and r is the adjustable parameter. The formula for Fy,, is given by the following:
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d=rh
ap = l’lvz
y=1v1+4a
ay = +/d(d +8y|)
ay = ag +sign(y)(a; —d)/2 (5)
sy = [sign(y +d) — sign(y — d)]/2
a=(ap+y—az)sy+az
sa = [sign(a +d) —sign(a —d)]/2
Fran = —t[a/d — sign(a)]s, — rsign(a)
Moreover, the discrete form of the extended state observer (ESO) is as follows:
e(k) = z1 (k) —y(k)
z1(k+1) = z1(k) + T[za(k) — Bre(k)] ©)
Z2(k—|— 1) = Zz(k) + T[Zg,(k) ﬁzfﬂl(e( ) o1, ) + b(u)]

23(k+1) = z3(K) — TBsfal(e(k), a2, 9)

where ¢ is the error, z; is the observed value of the system output, z; is the derivative of
the observed value of the system output, z3 is the disturbance of the observed value of
the system, y is the actual output of the system, 1, B2, and B3 are adjustable parameters
of the observer that determine its sensitivity and speed of estimation, T is the sampling
period, b is the control gain parameter, and the function fal is defined as in Equation (7):

iy lel <0

e|*sign(e), |e| > @)

fal(e,u,8) = {

where e is the error, « is a nonlinearity factor, and ¢ is the adjustable parameter of the
controller.

The discrete form of the control amount introduced by the nonlinear combination
feedback of the error is as follows:

e1(k) = v1(k) — z1(k)

ea(k) = va(k) — za(k) ®)
uo(k) = Borfal(e1(k),a01,0) + Poxfal(ea(k), a2, 6)

u(k) = ug(k) — 28

where 1 is the initial control action, u is the system’s output, e; and e; are the errors, and
Bo1, By, @01, @02, and 6 are adjustable parameters of the controller, and b is the control
gain parameter.

5.1.3. Force-Redeemed ADRC

The FADRC model is illustrated in Figure 8c. Through the incorporation of the flow’s
velocity and direction into the drag force-angle relationship, the disturbance attributable to
the flow is calculated. This approach alleviates the burden on the observer and facilitates
enhanced control precision and adjustment speed for the controller.

The discrete form of the extended state observer (ESO), incorporating the drag force,
is given by the following:

e(k) = z1(k) —y(k)
z1(k +1) = z(k) + T[z2(k) — Bre(k)]
z23(k +1) = z3(k) + T[z3(k) — B2fal(e(k), a1,6) + b(u + f(¢)]
z3(k +1) = z3(k) — Tpsfal(e(k), az,0)

where f(¢) represents the drag force, which is a function of the angle ¢.
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5.2. Three-Dimensional Motion Simulation Model

A three-dimensional motion simulation model of the underwater detection robot is
constructed using the Simscape Multibody toolbox in Simulink. As shown in Figure 9a, the
components of the underwater detection robot are modeled, with constraints and degrees
of freedom added to the connections between each part. Release the rotational freedom of
the propeller blades to allow them to spin and generate thrust, providing power input to
the robot, as depicted in Figure 9b. The degrees of freedom for the wheels are also released,
and rigid constraints are applied between other mechanisms. By connecting the main body
and the propulsor, the simulation model of the robot is modeled as illustrated in Figure 9c.
The disturbance is composed of the robot’s rotational resistance and the drag force from
the flow. Here, the rotational resistance is considered an internal disturbance, while the
resistance from water flow constitutes an external disturbance.

Figure 9. Three-dimensional motion simulation model: (a) robot main body model; (b) simplified
propulsor model; (c¢) motion simulation model of the underwater detection robot.

5.3. Control Model

Figure 10 shows the PID control model, the ADRC control model, and the FADRC
control model, respectively. The main components include target input, algorithm con-
troller, propulsor model, underwater detection robot model, and external disturbances. As
shown in Figure 10a, the PID control model receives the target angle as input and produces
a control signal u(t), which is used to adjust the thrust of a propeller, in turn affecting the
rotation system of the robot. The rotation system is linked to the center of gravity of the
robot, suggesting that the control action directly impacts the robot’s orientation. The drag
force f(u) exerted by the fluid environment on the robot is also accounted for, affecting
the propeller’s effectiveness. The scope is used for the output measurement in the system.
Moreover, the ADRC control model is designed to handle both the target angle and drag
force more effectively by actively estimating and compensating for disturbances. Similar to
the PID system, it produces a thrust that influences the robot’s rotation system and center
of gravity. However, it provides more robust control by handling disturbances through a
feedback loop. The FADRC is an evolution of the ADRC that takes into account the impact
of the drag force even more directly in the control algorithm. The FADRC receives three
inputs: the target angle, the drag force, and the measured. This indicates a more complex
strategy that factors in the drag force to tailor the control actions more precisely for the
environment in which the robot operates.
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Figure 10. Control models of the underwater detection robot.

The flow velocity is set to 1 m/s, and the total simulation duration is 100 s. To analyze
the performance of the control algorithm under varying flow angles and robot rotation
speeds, the robot reverses and then proceeds at two different speeds. The strategy for
rotational movement is detailed as follows: At T = 0 s, the underwater detection robot is
positioned initially with an angle of ¢; = 0°. At T =20 s, the angle increases to ¢, = —30°.
Finally, at T = 50 s, the angle is set to g3 = —30°.

5.4. Control Simulation Analysis Results

The simulation results for the three methods are depicted in Figure 11, and the com-
parison of the controller’s performance is provided in Figure 11d. During the movement
from 0° to —30°, a reverse rotation, the robot experiences resistance due to the flow, which
further introduces disturbance. After being controlled by PID, ADRC, and FADRC, the
robot accurately reaches the designated positions. PID shows the largest overshoot of
27.5%, while FADRC has the smallest overshoot of 8.5%. Additionally, PID has the longest
adjustment time of 23.8 s, whereas FADRC has the shortest at 12.58 s. When moving from
—30° to 60° at 50 s, the robot undergoes a forward rotation. In this phase, PID shows the
highest overshoot of 45.7% and FADRC the lowest at 8.8%, with PID also having the longest
adjustment time of 36 s and FADRC the shortest at 18.73 s. The simulation results at 20 s
are superior to those at 50 s due to the lower magnitude of resistance experienced by the
robot at 20 s compared to 50 s. In all cases, the FADRC algorithm outperforms both PID
and ADRC, demonstrating its effectiveness in enhancing the anti-interference capability
and control performance of the underwater detection robot.
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Figure 11. Control Simulation Results: (a) PID; (b) ADRC; (c) FADRC; (d) Comparison of controllers’
performance.

6. Detection System
6.1. Detection Algorithm Based on UNet

This research proposes a novel method for detecting surface cracks in underwater
structures based on the UNet, as illustrated in Figure 12. The detection framework is
primarily composed of three parts in terms of an encoder, a decoder, and a parallel attention
module. The encoder utilizes the ResNet50 configuration instead of the conventional VGG
configuration [48] to enhance feature extraction capabilities. Moreover, it incorporates a
designed attention module to suppress disturbances caused by background noise, thereby
increasing the precision of underwater crack feature extraction.
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Figure 12. Detection framework of underwater structural surface cracks.

For model training, underwater crack images are input into the encoder, where features
within the crack images are extracted via the residual network ResNet50. The network
begins with initial pre-processing through zero padding and a combination of convolutional,
batch normalization, ReLU, and max pooling layers to extract basic features. It then
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advances through multiple convolutional and identity blocks, systematically refining and
deepening feature extraction to capture more complex patterns. This progression includes
mechanisms to prevent information loss and facilitate deeper network training without the
vanishing gradient problem. Finally, the network employs average pooling and flattening to
condense the extracted features, which are then fully connected for final output generation.
Then, these feature maps F1 to F5 are upsampled and concatenated in the decoder to
produce new feature maps L1 to L5. Concurrently, feature maps L1, L2, and L3 are fed into
the parallel attention module. After processing, L3 is upsampled to match the size of L2,
concatenated with L2, and then passed into the attention module associated with the L2
layer. Finally, the output of the last layer, after processing through the attention module, is
obtained through a1 x 1 convolution, yielding a prediction output identical in size to the
original image.

6.2. Dataset and Data Augmentation

Regarding datasets, the commonly used crack datasets predominantly originate from
above-water structures, featuring fewer disturbances and higher image quality compared
to images of underwater surface cracks collected in actual environments. Hence, an under-
water crack image collection experiment is conducted, simulating underwater conditions
within a cistern, as shown in Figure 13. Using an underwater camera, 200 images with a
resolution of 5120 pixels x 3840 pixels are captured. To mitigate potential training failures
due to the large size of captured underwater crack images, the original images are cropped
and resized to 512 x 512 pixels. This approach increases the number of training images
and enhances the proportion of cracks within the images, which is beneficial for improving
model detection accuracy. From the cropped images, 600 containing cracks are selected to
compose the dataset, which is then divided into a training set and a test set at a ratio of 9:1.
The images are annotated at the pixel level for supervised learning. Data augmentation
techniques, including rotation, random noise addition, and scaling, are applied to quadru-
ple the magnitude of the training set. Additionally, to validate the model’s efficacy, two
other public crack datasets, CFD [49] and DeepCrack [50], are utilized as test sets to assess
the model’s detection performance. The number of images used in the test phase is 600,
which are the same as those in the collected underwater dataset.

ol i

REE
11

HEN

Image acquisition Underwater crack image = Manual annotation Dataset

Figure 13. Dataset of underwater structural surface cracks.

6.3. Experimental Results and Analysis

Four metrics of precision—rate of recall, mean intersection over union (MIoU), and F1-
score—are employed to evaluate the detection algorithms. The superiority of the proposed
algorithms is compared against UNet [43], FCN [51], PSPNet [52], and Deeplabv3 [53]
algorithms. The results of different algorithms are shown in Figure 14. All algorithms
indicate superior segmentation characteristics when underwater images are clear. Nev-
ertheless, when cracks are too slender or the contrast between cracks and background is
low, FCN and PSPNet results are notably inferior, with a significant loss of crack features.
Deeplabv3 and UNet perform better than other algorithms but still have issues such as
missing crack features, discontinuous prediction pixels, and over-segmentation. Compared
to these methods, the proposed algorithm achieves smoother crack segmentation and
suggests more closely matching the manually annotated results. A quantitative comparison
using the four metrics of MloU, precision, recall, and F1-score of the different algorithms
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is shown in Figure 15. The developed method outperformed others in all four metrics,
achieving an MloU of 84.45%, which is higher than both UNet and Deeplabv3’s 83.26%
and 82.38%, respectively, and significantly surpassing FCN and PSPNet by 7.43% and 6.3%.
It also scored the highest in precision, recall, and F1-score, reaching 91.46%, 90.63%, and
91.04%, respectively.

Original image Ground Truth FCN PSPNet Deeplabv3 Unet Ours

Figure 14. The visualization of different algorithms’ results applied to the collected datasets.
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Deeplabv3+ 89.93% 89.35% 89.64% 82.38%
UNet 89.91% 90.58% 90.24% 83.26%
Ours 91.46% 90.63% 91.04% 84.45%

Figure 15. Quantitative comparison using the four metrics of precision, recall, F1-score, and MIoU of
the different algorithms applied to the collected datasets.

7. Conclusions

Structural concepts, a traversal system, a controller, and a detection algorithm have
been developed to enable autonomous robotic underwater detection for the structures with
pile foundation. The main conclusions are obtained as follows:

(1) Inresponse to the requirements for underwater detection of jacket piles, the under-
water detection robot is designed to comprise a structural frame, a lifting system,
a rotation system, a holding system, a detection system, an electronic cabin, and a
cleaning system.

(2) The robot employs dual claws, link rods, and an electric push to attach itself to the
jacket pile. Rotary movement is facilitated by a propeller mechanism that provides
tangential force, enabling the robot’s wheels to traverse the wall of the jacket pile. The
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vertical movement is achieved through the alternating movement of the robot’s upper
and lower structural frames.

(8) A force-redeemed active disturbance rejection controller is designed to account for
the impact of water drag force. A simulation model is created in Simulink to compare
the performance of the FADRC with two traditional controllers in terms of PID and
ADRC. Simulation results show that the FADRC exhibits optimal performance in both
overshoot and adjustment time.

(4) Furthermore, a novel underwater crack detection algorithm based on the image
segmentation network of UNet is developed. The proposed method achieves a mean
intersection over union (MIoU) of 84.45%, surpassing UNet and Deeplabv3 by 383.26%
and 82.38%, respectively, and showing improvements of 7.43% and 6.3% over FCN
and PSPNet, respectively. It also demonstrates the best performance in precision,
recall, and F1-score on the test set, achieving 91.46%, 90.63%, and 91.04%, respectively.

This work significantly advances the technology of autonomous robots for underwater
detection in the structures with pile foundation.
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