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Abstract 

Maintaining mechanical stability and achieving precise motion control on cylindrical sur-
faces remain critical challenges for underwater jacket cleaning robots. To address these 
issues, a systematic mechanical model is initially established for a standard column (di-
ameter 2000 mm, inclination angle 90°) to determine stable climbing conditions. By ne-
glecting equivalent gravity, the critical constraint relationships between adhesion and 
propulsion forces are derived. Subsequent open-loop maneuvering simulations, con-
ducted via a six-degree-of-freedom dynamic model in MATLAB/Simulink, reveal that the 
robot achieves a straight-line speed of 0.233–1.601 BL/s and a maximum steady-state 
thrust of ~80 N at rotational speeds between 500 and 3000 rpm, and this thrust level cor-
responds to a required maximum adhesion force of approximately 106.4 N. To enable au-
tonomous navigation, a closed-loop control system is developed for two-dimensional 
waypoint tracking, integrating line-of-sight (LOS) guidance, a waypoint switching radius 
strategy, and a proportional-derivative (PD) controller. Simulation results verify that the 
robot successfully navigates through five sequential turning waypoints under operational 
constraints, maintaining well-converged position and heading errors, with the maximum 
heading deviation controlled within ±5°. All simulation validations in this study are com-
pleted through numerical simulations in the MATLAB/Simulink environment. These 
findings offer a practical reference and theoretical foundation for the autonomous control 
and reliable deployment of underwater cleaning robots. 

Keywords: underwater jacket cleaning robot; operational state analysis; dynamic  
modeling; line-of-sight (LOS) guidance; proportional-derivative (PD) control 
 

1. Introduction 
With the rapid development of the global marine economy and the expansion of off-

shore wind and oil/gas industries, underwater jackets, as vital load-bearing units for off-
shore oil and gas platforms, offshore wind power foundations, and other large-scale 
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marine engineering structures, operate long-term in complex environments characterized 
by high salinity, strong corrosion, and wave–current coupling. Recent studies indicate 
that marine biofouling significantly alters the surface morphology and hydrodynamic 
characteristics of underwater structures, increasing added mass and drag, and further af-
fecting structural fatigue life, operation and maintenance costs, and long-term safety [1–
4]. Concurrently, microbiologically influenced corrosion, coating degradation, and the 
coupled damage between the fouling layer and the metal substrate also accelerate the per-
formance degradation of marine steel structures [5,6]. Therefore, carrying out periodic, 
highly efficient, and low-damage cleaning and maintenance for the attachments on jacket 
surfaces is an essential technical procedure to guarantee the safe operation of marine plat-
forms and prolong structural lifespan. 

Traditional jacket cleaning operations primarily rely on divers carrying high-pres-
sure water guns or brushing tools for manual treatment; however, this operational 
method is significantly restricted by factors such as water depth, ocean currents, visibility, 
sea state windows, and human diving limits. It suffers from issues including low effi-
ciency, high cost, substantial risks, and inconsistent cleaning quality. In recent years, wa-
ter jet, cavitating jet, and robotic cleaning technologies aimed at ship hulls, jackets, and 
other underwater steel structures have received widespread attention. Related studies 
have systematically analyzed the influencing factors of high-pressure water jets in remov-
ing biofouling from the perspectives of cleaning mechanisms, nozzle parameters, pump 
pressure, standoff distance, moving speed, and surface damage control [7,8]. This pro-
vides an important reference for underwater cleaning robots to be equipped with efficient 
cleaning actuators and achieve engineering applications. 

The development of underwater robotics technology offers a new automated ap-
proach for the inspection, cleaning, and maintenance of marine structures. Compared to 
manual diving, robotic systems possess advantages such as prolonged operational time, 
high repeatability, reduced personnel risk, and the ability to integrate sensory and inspec-
tion equipment. In recent years, domestic and international researchers have conducted 
extensive studies on ship hull cleaning robots, structural inspection robots, biomimetic 
underwater inspection robots, and adhesion-based underwater operational robots. This 
has led to the formation of various technical routes, including magnetic adhesion, nega-
tive pressure adhesion, thruster-pressed adhesion, crawler walking, wheeled crawling, 
and robotic arm cleaning [9,10]. Among them, wall-climbing cleaning robots designed for 
the cylindrical surfaces and variable-curvature steel pipes of jackets need to simultane-
ously address issues such as curvature adaptation, reliable adhesion, wave–current dis-
turbance resistance, and the coupling of cleaning reaction forces. 

Focusing on jacket cleaning scenarios, the stable operational capability of the robot 
on cylindrical column surfaces is the key factor determining system feasibility. Existing 
research indicates that marine organisms attached to the jacket surface, such as barnacles, 
shellfish, and algae, increase the structural load-bearing area and intensify wave and cur-
rent loads, thereby affecting the robot’s adhesion safety margin and operational flexibility 
[11]. Consequently, the robot design must not only consider the static balance among its 
own gravity, buoyancy, propulsive force, adhesion force, and friction, but also incorporate 
external loads such as waves, currents, and the reaction forces of the cleaning actuator. 
This requires establishing an operational state analysis model applicable to typical jacket 
columns to provide a basis for matching adhesion forces, propulsive forces, and driving 
structure parameters [12]. 

In terms of dynamic modeling and simulation, underwater robots are jointly affected 
by added mass, nonlinear damping, restoring forces, thruster propulsive forces, and en-
vironmental disturbances, causing their motion to typically exhibit strong coupling, se-
vere nonlinearity, and parametric uncertainty. Recent studies generally employ six-
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degree-of-freedom nonlinear models to describe the spatial motion of underwater robots, 
analyzing hydrodynamic parameters and motion responses in conjunction with system 
identification, CFD data, extended Kalman filters, long short-term memory networks, and 
simulation platforms like MATLAB/Simulink [13–15]. For jacket cleaning robots, estab-
lishing an open-loop maneuvering simulation platform helps predict straight-line speed, 
thrust output, and attitude response under different thruster rotational speeds, providing 
support for subsequent controller design and actuator selection. 

Regarding motion control, underwater cleaning robots must achieve stable path fol-
lowing under conditions of current disturbances, model uncertainties, actuator saturation, 
and nonlinear thrust mapping. In recent years, methods such as line-of-sight (LOS) guid-
ance, improved LOS guidance, model predictive control, sliding mode control, robust 
adaptive control, fuzzy sliding mode control, and reinforcement learning-assisted PID 
have been widely applied to AUV path tracking and waypoint following problems [16–
20]. Among these, LOS guidance is highly suitable for converting target waypoint posi-
tions into desired headings due to its concise form and convenience in engineering imple-
mentation; meanwhile, PD/PID control remains appropriate as a foundational control law 
during the engineering prototype and simulation verification stages because of its clear 
structure, intuitive parameter tuning, and low computational load. 

In summary, research on the operational state analysis and motion control of under-
water jacket cleaning robots involves multi-disciplinary domains, including marine bio-
fouling, robotic adhesion and locomotion mechanisms, hydrodynamic modeling, guid-
ance and control, and simulation verification. Existing research has laid the foundation 
for underwater cleaning robots from structural design to autonomous control. However, 
three specific gaps remain: the lack of systematic analysis of the propulsion–adhesion con-
straint for large-diameter jacket columns, the absence of an integrated six-DOF dynamic 
simulation framework, and the insufficient validation of waypoint tracking control strat-
egies for jacket structures. Based on this, targeting typical operational conditions of un-
derwater jacket cleaning robots on column surfaces, this paper establishes a mechanical 
model of the operational state and an open-loop maneuvering simulation platform. To 
address these gaps, it further designs a closed-loop motion control system integrating LOS 
guidance, a waypoint switching radius strategy, and a PD control law to verify the robot’s 
stable operational and waypoint-following capabilities. The simulation results demon-
strate that the robot achieves stable climbing constraints, reaching straight-line speeds of 
0.233–1.601 BL/s within designated thruster limits. Moreover, the proposed control sys-
tem enables the robot to sequentially navigate turning waypoints with well-converged 
position and heading errors, providing a reliable technical reference for autonomous 
jacket cleaning operations. 

However, the primary objective of this paper is to demonstrate the theoretical feasi-
bility and basic performance of the proposed control scheme under nominal conditions. 
Rather than attempting to incorporate all practical disturbances and uncertainties—such 
as sensor noise, time delays, actuator rotational speed saturations, ocean-current disturb-
ances, and parameter variations—we focus on establishing the fundamental validity of 
the control architecture in a clean, well-defined setting. This preliminary numerical feasi-
bility analysis serves as a first step toward more realistic implementations, and the results 
obtained herein provide a solid baseline for future robustness enhancements. 

2. Operational State Analysis of the Jacket Cleaning Robot 
Under the operational state on the surface of the jacket column, the cleaning robot is 

subjected to six external forces: gravity of its own weight and payload 𝐺, thruster forward 
propulsive force 𝐹், the robot’s adhesion force 𝐹ு, normal support force from the column 
surface 𝐹ே, friction force 𝐹௙, and water buoyancy 𝐹஻. The resultant force of the robot’s 
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gravity 𝐺  and the buoyancy 𝐹஻  it experiences in water can be denoted as the robot’s 
equivalent gravity 𝐺௘௤. On the one hand, the friction force generated by the adhesion force 
serves as an effective driving force for the robot to resist the gravity component and pre-
vent sliding; on the other hand, during the robot’s motion, the friction force also acts as a 
crawling resistance. When the robot is stationary, two primary failure modes may occur 
during operation: falling off and overturning. To meet the underwater operational condi-
tions and achieve stable crawling on typical jacket columns, a column with a diameter of 
2000 mm (maximum specification) and a horizontal inclination angle of 90° is selected as 
the analysis object to conduct an overall mechanical analysis of the robot. 

A three-dimensional coordinate system is established with the base of the jacket col-
umn as the origin. The coordinate system is constructed with the circular cross-section of 
the column as the XOY plane and the upright section of the column as the XOZ plane, as 
shown in the corresponding Figure 1. 

 

(a) XOY Coordinate System (b) XOZ Coordinate System 

Figure 1. Jacket Column Coordinate System. 

To prevent the robot from falling off the jacket while operating on the column, the 
XOZ plane of the robot on the jacket needs to be taken as the research object. In this case, 
to maintain stability, the sum of the friction force 𝐹௙ between the robot and the jacket 
column and the robot’s own equivalent gravity 𝐺௘௤ must be less than or equal to the for-
ward propulsive force 𝐹் of the thruster. As illustrated in the corresponding force state 
diagram (Figure 2). This yields: 𝐹் ≥ 𝐹௙ + 𝐺௘௤ (1)

 

 

Figure 2. Diagram of the robot’s force state in the XOZ coordinate system. 
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Furthermore, according to Newton’s third law, the robot’s adhesion force 𝐹ு and the 
support force 𝐹ே exerted by the jacket column on the robot are equal in magnitude and 
opposite in direction, i.e., 𝐹ு  =  𝐹ே. Assuming the friction coefficient between the jacket 
column (steel) and the rollers (rubber) is 𝜇, and taking a safety factor 𝜆 of 1.5, the me-
chanical condition at this point becomes: 𝐹் ≥ 𝜆൫𝜇𝐹ு + 𝐺௘௤൯ (2)

By consulting mechanical design manuals, the friction coefficient between the jacket 
column (steel) and the rollers (rubber) is 0.5. The robot has a mass of 150 kg, giving a self-
weight of 𝐺 = 1471.5 N. Its displaced volume is approximately 0.150 m3, and the buoyancy 
force provided by seawater is 𝐹஻ = 1471.2 N. Thus, the equivalent gravity is 𝐺𝑒𝑞 =  𝐺 − 𝐹஻ ≈ 0.3 N. This value accounts for only 0.4% of the maximum steady-state thruster thrust 
(~80 N), indicating that the installed buoyancy material can provide buoyancy nearly 
equal to the robot’s self-weight. Therefore, the equivalent gravity of the robot can be ne-
glected. Finally, it can be concluded that the robot’s adhesion force must satisfy the fol-
lowing constraint: 𝐹ு ≤ 1.33𝐹். For the specific dimensions of the robot and the position 
parameters of the actuators, please refer to Appendix A. 

3. Construction of an Open-Loop Simulation Analysis Platform for the 
Robot’s Operational State Based on the Theoretical Model 
3.1. Theoretical Model 

An open-loop maneuvering model of the underwater cleaning robot is constructed 
between the Earth-fixed coordinate system 𝑂𝑋𝑌𝑍 and the body-fixed coordinate system 𝑂଴𝑋଴𝑌଴𝑍଴ attached to the robot, which is described by the following Equations (3) and (4). 
The input of the model is the control command u of the actuators, and the output is the 
position and attitude 𝜂 of the underwater cleaning robot in the Earth-fixed coordinate 
system. 𝑴𝝂̇ + 𝑪(𝝂௥)𝝂௥ + 𝑫(𝝂௥)𝝂௥ + 𝒈(𝜼) = 𝝉் (3)

𝜼ሶ = 𝑱(𝜼)𝝂 (4)

Here, 𝝂 ∈ ℝ଺  represents the generalized velocity vector; 𝝂𝒓 ∈ ℝ଺  represents the 
generalized velocity vector considering ocean current disturbances, where the disturb-
ance forces of the current are represented by the relative velocity (i.e., the velocity of the 
robot relative to the current); 𝜼 ∈ ℝ଺  denotes the position and attitude vector; 𝑱(𝜼) ∈ℝ଺×଺  denotes the coordinate transformation matrix; 𝑴 ∈ ℝ଺×଺  is the generalized mass 
matrix; 𝑪 ∈ ℝ଺×଺  is the generalized centripetal and Coriolis matrix; 𝑫 ∈ ℝ଺×଺  is the 
damping force matrix; 𝒈 ∈ ℝ଺ represents the restoring force vector; and 𝝉் ∈ ℝ଺ repre-
sents the propulsion force provided by the actuators. Furthermore, 𝝉் = 𝑓(𝜈,𝑢), where 𝑢 
represents the rotational speed of the thrusters. The specific parameters and solution 
method of the coefficient matrix mentioned in Equation (2) are provided in the Appendix 
B. For the actuator model, please refer to Appendix C. To simplify the analysis process, 
during the operation of the robot, the adhesion forces provided by the vertical thrusters 
and the magnetic adhesion driving wheels are determined by the formula 𝐹ு ≤ 1.33𝐹். 

3.2. Construction of the Open-Loop Simulation Analysis Platform 

Based on the previously designed and derived mathematical and dynamic models of 
the underwater cleaning robot’s motion, an open-loop maneuvering simulation platform 
was built in the MATLAB/Simulink R2023b environment, and its structure is shown in 
Figure 3. The simulation model consists of four encapsulated modules: (1) Control 
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parameter input; (2) System model (kinematics and dynamics); (3) Attitude and position 
conversion module (converting the attitude description from quaternions to Euler angles); 
(4) Motion state and control force observation module. 

 

Figure 3. Simulink open-loop maneuvering simulation model of the system. 

During the three-dimensional spatial motion of the robot underwater, the rotational 
speeds 𝑛ு௉ଵ, 𝑛ு௉ଶ, and 𝑛௏௉ଵ&௏௉ଶ of the two horizontal propeller thrusters (HP1 and HP2) 
and the two vertical propeller thrusters (VP1 and VP2) are used as the control input sig-
nals of the control system. When the rotational speeds 𝑛ு௉ଵ and 𝑛ு௉ଶ of HP1 and HP2 
are equal, the robot moves in a straight line in the XOY plane; when 𝑛ு௉ଵ and 𝑛ு௉ଶ are 
unequal, the robot performs a yawing motion. The rotational speeds of VP1 and VP2 are 
always kept equal to 𝑛௏௉ଵ&௏௉ଶ to control the heaving motion of the robot. 

Figure 4 shows the detailed structure of the system model module. The overall block 
diagram is presented in Figure 4a. The internal structure is shown in Figure 4b, where the 
yellow-highlighted subsystem on the left represents the robot’s propulsion system. Under 
given control parameter inputs, the total driving control force 𝝉𝑻 generated by the robot’s 
motion actuators can be calculated using the thruster driving force formula. In the right 
subsystem, the kinematic and dynamic equations that constitute the mathematical model 
of the robot are implemented. All the driving forces and kinematic/dynamic equations 
discussed are represented by the block diagram shown in Figure 4a. Figure 4c illustrates 
the internal structure of the mathematical model subsystem of the underwater cleaning 
robot, taking into account environmental disturbances from ocean current velocities. 
Within this subsystem, the vector representing the attitude is described using the Euler 
angle method for internal transmission, and it is converted into unit quaternions when 
outputting from the subsystem. In addition, Figure 5 and Figure 6 display the internal 
structures of the attitude and position representation conversion module and the motion 
state and control force observation module, respectively. This completes the construction 
of the open-loop maneuvering simulation model platform. 

 
(a) Theoretical mathematical signal flow 
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(b) Top-level simulation block and 6-DOF definitions 

 
(c) Detailed Simulink implementation 

Figure 4. System model module. (a) theoretical mathematical signal flow; (b) top-level simulation 
block and 6-DOF definitions, where u, v, and w denote translational velocities, and p, q, and r de-
note angular velocities; (c) detailed Simulink implementation. The asterisk denotes matrix–vector 
multiplication in MATLAB/Simulink notation. 

 

Figure 5. Attitude and position representation conversion module. 
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Figure 6. Motion-state and control-force observation module, where x, y, and z denote positions; 
u, v, and w denote translational velocities; p, q, and r denote angular velocities; and the corre-
sponding τ terms denote the generalized control forces and moments. 

3.3. Open-Loop Maneuvering Simulation Results 

Prior to designing the closed-loop control system for planar motion, the motion per-
formance of the robot was tested by applying given control inputs. The straight-line speed 
of the robot directly demonstrates its locomotive capability. In the Simulink platform, the 
straight-line speed of the robot in the horizontal plane was analyzed under the condition 
that the horizontal propeller thrusters provide forward thrust. Different cruising speeds 
can be obtained by varying the thruster rotational speed. Figures 7 and 8 show the planar 
motion velocity and thruster forward thrust curves at different propeller thruster rota-
tional speeds, respectively. Results show that, as the thruster rotational speed increases, 
the robot’s steady forward speed increases gradually, and the time to reach steady state is 
shortened. Within the rotational speed range of 500–3000 rpm, the robot’s straight-line 
speed can reach 0.233–1.601 BL/s (robot body length 𝐿 = 1.3  m), and the maximum 
steady-state thrust provided by the thrusters can reach approximately 80 N. Therefore, 
the maximum required adhesion force is around 106.4 N. 

 

Figure 7. Time–history curves of the robot’s straight-line speed under propeller thruster mode. 

 

Figure 8. Time–history curves of the robot’s forward thrust under propeller thruster mode. 

4. Control Performance Analysis 
4.1. Guidance and Waypoint Switching Strategy 

In the path-following problem of underactuated underwater vehicles, the guidance 
law plays an important role. Line-of-sight (LOS) guidance strategy has become the most 
widely adopted mainstream solution in this field due to its concise implementation frame-
work and reliable path-following capability [21]. 

During operation, the robot adheres to the jacket surface, and its motion can be ap-
proximated as two-dimensional planar motion. Let the target waypoint position in the 2D 
plane be denoted as (𝑥ௗ ,𝑦ௗ)். A 2D LOS guidance law is adopted, with the objective of 
reaching the 𝑥 and 𝑦 coordinates of the waypoint. To achieve the designated task, the 
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guidance law calculates the distance deviation D between the waypoint position (𝑥ௗ ,𝑦ௗ)் 
and the robot’s position (𝑥,𝑦)்  at time t, as well as the heading reference command in real 
time: ቊ𝐷 = ඥ(𝑥ௗ − 𝑥)ଶ + (𝑦ௗ − 𝑦)ଶ𝜓ௗ = 𝑎𝑡𝑎𝑛2(𝑦ௗ − 𝑦, 𝑥ௗ − 𝑥)  (5)

The geometric relationship of the above LOS variables is illustrated in Figure 9. 
Therefore, the surge and heading motion errors of the underwater robot can be expressed 
as 𝑒 = (𝐷,𝜓௘)் , where 𝜓௘ = wrapToPi(𝜓ௗ − 𝜓) , and wrapToPi(∗)  maps any angle into 
the interval ሾ−𝜋,𝜋ሿ, ensuring that the error remains bounded and continuous across the 
±π boundary. This error vector is fed into the controller. Furthermore, the required posi-
tion control path for the robot is described by N discrete waypoints 𝑃଴, … ,𝑃௞ିଵ,𝑃௞,𝑃௞ାଵ, … ,𝑃ே given in the 𝑂𝑋𝑌 coordinate system, with adjacent waypoints 
connected by straight line segments. To ensure the continuity and smoothness of the ro-
bot’s movement along the predefined waypoint path, an “acceptance radius 𝑅଴” is intro-
duced in the waypoint switching logic [22]. Specifically, when the robot enters a circular 
neighborhood of radius 𝑅଴  around the current waypoint 𝑃௞ , the target is updated to 𝑃௞ାଵ, and the robot continues along the path. This process iterates in a loop until the robot 
reaches the neighborhood of the final target waypoint 𝑃ே, at which point the motion ter-
minates. 

 

Figure 9. 2D Line-of-Sight Guidance Method. 

4.2. Control Strategy 

4.2.1. Nonlinear Mapping Process 

In the closed-loop motion control system of the underwater cleaning robot in this 
study, the output forces and moments from the controller undergo a process similar to 
“thrust allocation” to convert the control signals input to the robot from control forces into 
control commands for each actuator. This process is referred to as the nonlinear mapping 
from control forces to actuator commands. It aims to construct the inverse process of the 
actuator model 𝜏் = 𝑓(𝑢, 𝜈) , i.e., 𝑢 = 𝑓ିଵ(𝜏ௗ , 𝜈) . For planar operation, we only control 
two degrees of freedom: surge and yaw. Therefore, 𝜏ௗ ∈ ℝଶ  represents the 2D control 
force/moment output by the controller. 

Robots with nonlinear actuators must undergo this mapping step when implement-
ing closed-loop motion control. The nonlinear thrust allocation process in this paper is 
essentially a numerical approach that takes the reference forces/moments output by the 
controller as known inputs and online solves the coupled nonlinear equations in the surge 
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and yaw degrees of freedom, thereby obtaining the required rotational speed control var-
iables for each thruster. This process transforms the high-level control commands into 
physical drive signals that the actuators can respond to, serving as the critical link between 
control decision-making and low-level propulsion execution. As shown in Figure 10, since 
we have already constructed the analytical model of the thrusters in previous studies, 𝑢 
can be obtained by solving nonlinear equations (NLEs) online. Due to coupling between 
the surge and yaw control forces and moments, the Levenberg–Marquardt method is used 
to solve for the horizontal thruster commands, implemented via the fsolve function in 
MATLAB. In addition, the following techniques are applied for setting initial values dur-
ing the numerical solving process: 

(1) Determine the signs of the actuator control commands 𝑛ு௉ଵ and 𝑛ு௉ଶ based on the 
sign of the control force/moment output by the controller. 

(2) The initial magnitude values of the actuator control commands 𝑛ு௉ଵ and 𝑛ு௉ଶ are 
set to the extreme values of their saturation constraints. 

(3) To achieve high-maneuverability in situ turning, the initial values of the control com-
mands 𝑛ு௉ଵ and 𝑛ு௉ଶ for the HP1 and HP2 actuators are specifically designed: for 
straight-line motion, 𝑛ு௉ଵ = 𝑛ு௉ଶ ; for turning, 𝑛ு௉ଵ = −𝑛ு௉ଶ . The decision to exe-
cute straight-line motion or in situ turning depends on whether the heading angle 
error falls within the allowable tolerance 𝜖, where 𝜖 = 5∘ in this paper. 

 

Figure 10. Schematic of the nonlinear mapping from controller forces and moments to horizontal-
thruster commands. 

Due to the complexity, strong nonlinearity, and time-varying characteristics of the 
mathematical model of the robot system, the control strategy for the closed-loop motion 
control system primarily selects a model-free control method that is concise in form and 
easy to design [23]. In this study, the PD control law is adopted for heading and position 
tracking. From an engineering perspective, the PD controller features a simple structure, 
physically meaningful parameters, and low computational cost. Moreover, compared 
with the standard PID controller, the pure PD controller eliminates the integral term, 
thereby effectively preventing integral windup and the associated heading overshoot. 
More importantly, the core contribution of this work lies in the feasibility validation of the 
guidance law and thrust allocation strategy, rather than a comparative study of high-or-
der control algorithms. Given its maturity and proven reliability in industrial applications, 
the PD controller provides sufficient control performance for the intended guidance veri-
fication objectives. 

Therefore, the control strategy ultimately adopts a hybrid architecture consisting of 
“PD outer-loop control + model-based thrust allocation”: the outer-loop PD controller is 
model-free and is responsible for generating the desired control forces based on the track-
ing errors; the inner-loop thrust allocation module, built upon the analytical actuator 
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model, employs numerical methods to solve the nonlinear equations online to obtain the 
rotational speed commands for the thrusters. 

4.2.2. PD Control Law 

The PD controller model in the 2D state space ℝଶ of the controlled degrees of free-
dom is expressed as follows: 𝝉ௗ = 𝑲𝒑𝒆(𝒕) + 𝑲𝒅𝒆ሶ (𝒕) (6)

where , ,[ , ]Tp p D pK K K ψ=
 and , ,[ , ]Td d D dK K K ψ=

 are gain vectors corresponding to the 
distance error and heading error, respectively; 𝒆, 𝒆ሶ ∈ ℝଶ represent the system error and 
the rate of change of the system error, respectively. In addition, 𝒆 = (𝐷,𝜓௘)୘,𝒆ሶ = ൫𝐷ሶ ,𝜓ሶ௘൯୘. 
Since PD control is a single-input single-output (SISO) controller, for the 2D waypoint 
tracking task, it is necessary to design controllers separately for each controlled degree of 
freedom. The parameter tuning of the PD controller adopted in this study is carried out 
in two steps. First, initial gain values are obtained using the Ziegler–Nichols critical sen-
sitivity method [24] on a simplified linearized model of the system. Second, these prelim-
inary gains are manually fine-tuned in a fully nonlinear simulation model that incorpo-
rates hydrodynamic damping, nonlinear thrust mapping, and waypoint-switching logic, 
with response speed and overshoot as the trade-off criteria. Following the above tuning 
procedure, the final gain values are determined as: position loop 𝑘௉,஽ = 200, 𝑘ௗ,஽ = 20; 
heading loop 𝑘௉,ట = 100, 𝑘ௗ,ట = 20. 

4.3. Construction of the Closed-Loop Simulation Analysis Platform 

Combining the open-loop maneuvering model constructed in Section 3.2 with the 
waypoint switching strategy, LOS guidance method, and control strategy introduced in 
Sections 4.1 and 4.2, a closed-loop feedback control system is constructed as shown in 
Figure 11a, and the closed-loop control simulation platform is further refined in Simulink. 
The platform adopts a modular design following the hierarchical structure shown in Fig-
ure 11b: 

(1) The navigation layer implements the waypoint switching strategy triggered by the 
radius 𝑅଴ = 0.1𝐵𝐿 = 0.13 𝑚 , outputting the desired target waypoint position (𝑥ௗ ,𝑦ௗ)்; 

(2) The guidance layer uses the LOS guidance method to resolve the real-time position 
into the desired heading angle 𝜓ௗ and horizontal distance 𝐷, and outputs the error 
variable vector 𝒆 = (𝐷,𝜓௘)்; 

(3) The control layer embeds independent PD controllers to control the two planar de-
grees of freedom of the robot separately, outputting the system’s 2D control force 𝜏ௗ; 

(4) The nonlinear mapping process utilizes numerical calculation methods to solve non-
linear equations in real time to obtain 𝑢 = 𝑓ିଵ(𝝉ௗ, 𝜈); 

(5) The controlled plant calls the 6-DOF dynamic model established in the previous sec-
tion to return the state variables (𝑥,𝑦, 𝑧,𝜙,𝜃,𝜓,𝑢,𝑣,𝑤,𝑝, 𝑞, 𝑟)் in real time (here we 
focus solely on the planar state variables (𝑥,𝑦,𝜓,𝑢, 𝑣, 𝑟)்; 

(6) Sensors collect state variable information (ignoring noise and delay for now) to form 
the outer-loop feedback. 
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(a) Theoretical block diagram of the closed-loop control system 

 
(b) Hierarchical Simulink model implementation 

Figure 11. Closed-loop control simulation platform: (a) theoretical block diagram, where arrows 
indicate signal flow; (b) hierarchical Simulink implementation, including the delay/memory ele-
ments used in the feedback loop. 

4.4. Waypoint Following Simulation Results 

To evaluate the performance of the proposed closed-loop guidance and control 
framework under nominal operational conditions, a round-trip mission encompassing 
five sequential waypoints is designated as the simulation benchmark, spanning a total 
trajectory length of 16 BL (21 m). The sequence of waypoints is shown in Table 1. The 
comprehensive control performance is illustrated in Figure 12; specifically, Figure 12a–c 
delineate the time-histories of the robot’s kinematics, the allocated thruster speed com-
mands, and the evolution of tracking errors, respectively. From the simulation results, it 
can be seen that the PD control law enables the robot to achieve waypoint tracking control 
within the allowable radius 𝑅଴ and the thruster rotational speed constraints. In the sim-
ulations, the thruster dynamics were modeled with a rotational speed saturation of ±2000 
rpm and a minimum response time of 0.02 s (50 Hz), consistent with the typical specifica-
tions of the commercially available T200 thrusters commonly used in underwater vehicles. 
The rpm commands from the waypoint-following tests were recorded and checked 
against these limits, and as shown in Figure 12b, all commanded values remained strictly 
within the allowable range throughout the entire maneuver. However, the nonlinearity of 
the actuator model, combined with the instantaneous command variations at discrete 
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waypoint switching instants, causes fluctuations in the PD outputs and thrust allocation. 
While this is a normal consequence of the switching logic, it remains within the actuator 
limits. Future mitigation could include command filtering or smooth trajectory planning 
to reduce such transient effects. 

To quantitatively evaluate the waypoint-tracking control performance, the following 
metrics are extracted from the simulation results: the minimum heading tracking error is 
approximately 0.08°, the settling time (within ±5° error band) is about 5 s, and the mini-
mum waypoint distance tracking error is approximately 0.13 m (i.e., the waypoint switch-
ing radius). In addition, to provide a more comprehensive assessment of the overall track-
ing performance, we further compute the maximum error, root-mean-square error 
(RMSE), and integral absolute error (IAE) for both position and heading errors. Specifi-
cally, the maximum position error and maximum heading error are approximately 10 m 
and 90°, respectively, corresponding to the inter-waypoint distance and heading differ-
ence; the RMSE of the position error D is 5.63 m, and the RMSE of the heading error is 
14.14°; the IAE of D is 804.31 m·s, and the IAE of the heading error is 803.67 deg·s. The 
reported maximum error occur transiently immediately after waypoint switching, due to 
abrupt changes in the desired heading, these values do not reflect the steady-state tracking 
accuracy. Together with the basic transient indicators, these results demonstrate that the 
proposed guidance and control strategy achieves satisfactory waypoint tracking under 
the specified operational constraints. 
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Figure 12. Waypoint following control results of the underwater cleaning robot. 
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Table 1. Waypoint Sequence. 

No. Waypoint Coordinates (m) 
1 (0, 10) 
2 (0.5, 10) 
3 (0.5, 0) 
4 (1, 0) 
5 (1, 10) 

5. Conclusions 
This paper presents a systematic study on the mechanical analysis and motion con-

trol of an underwater cleaning robot operating on jacket columns. The primary conclu-
sions are as follows: 

(1) By analyzing the robot’s stationary operational states, the main failure modes of the 
robot in a stationary state were identified. Taking a typical column with a diameter 
of 2000 mm and a horizontal inclination angle of 90° as the object, the mechanical 
condition for the robot’s stable climbing was derived: 𝐹் ≥ λ൫𝜇𝐹ு + 𝐺௘௤൯. Assuming 
the equivalent gravity is neutralized by buoyancy materials, the constraint relation-
ship between the adhesion force and the propulsive force simplifies to 𝐹ு ≤ 1.33𝐹், 
which provides a design basis for the parameter matching of the adhesion and driv-
ing systems. 

(2) Leveraging the developed six-degree-of-freedom dynamic model, an open-loop ma-
neuvering simulation platform was constructed in the MATLAB/Simulink environ-
ment. Simulations reveal that within the rotational speed range of 500–3000 rpm, the 
robot’s straight-line speed can reach 0.233–1.601 BL/s, and the maximum steady-state 
thrust of the horizontal thrusters is approximately 80 N, corresponding to an upper 
limit of the required adhesion force of about 106.4 N. This platform can effectively 
predict the robot’s underwater motion response, laying a foundation for subsequent 
closed-loop control design. 

(3) To address the planar waypoint tracking mission, a closed-loop control system inte-
grating line-of-sight (LOS) guidance, a waypoint switching strategy with an ac-
ceptance radius, and a PD control law was designed, and a complete simulation plat-
form. A complete simulation framework, including the nonlinear mapping from con-
trol forces to thruster commands, was established. The waypoint-following simula-
tion results show that under the thruster rotational speed constraints and the allow-
able radius condition of 𝑅଴ = 0.1𝐵𝐿, the robot successfully navigates through five 
designated waypoints, with position and heading errors converging well, thereby 
verifying the effectiveness of the proposed guidance and control strategy. 

In summary, the mechanical analysis model, open-loop simulation platform, and 
closed-loop motion control strategy established in this paper can provide a theoretical ba-
sis and technical reference for the stable operation and autonomous navigation control of 
underwater jacket cleaning robots. It is important to acknowledge that the closed-loop 
simulations presented in this work are performed in an idealized environment. Several 
factors that are present in real-world operations, including sensor noise, communication 
delays, actuator saturations, time-varying ocean currents, and model parameter uncer-
tainties, have been deliberately omitted to isolate the core theoretical contributions. These 
practical issues, however, constitute essential directions for our ongoing and future re-
search. Future work will focus on incorporating current observers, actuator saturations, 
sensor noise, and model parameter uncertainties to further enhance the engineering prac-
ticality and robustness of the control strategy in real underwater operating environments. 
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Appendix A 
The robot adheres to the surface of the offshore jacket through the thrust generated 

by vertically mounted thrusters and the magnetic adhesion force provided by magnetic 
adhesion drive wheels. It moves along the jacket surface driven by the magnetic adhesion 
drive wheels, while the cleaning discs mounted on the robot perform the cleaning opera-
tion. The robot mainly consists of a magnetic adhesion wheeled chassis, cleaning discs, 
thruster assemblies, and a control compartment. The total mass of the robot is approxi-
mately m = 150 kg, and its principal inertia tensor is I = diag{61.26, 54.63, 96.83} kg·m2 The 
overall dimensions are approximately L× W × H = 1.3 m × 1.2 m × 0.4 m. The simplified 
virtual prototype model and the detailed dimensional drawing are shown in Appendix 
Figures A1 and A2, respectively. The left and right horizontal thrusters are denoted as 
HP1 and HP2, respectively; the left and right vertical thrusters are denoted as VP1 and 
VP2, respectively; the left and right front wheels are denoted as FW1 and FW2, respec-
tively; and the left and right rear wheels are denoted as BW1 and BW2, respectively. 

Four T200 propeller thrusters with forward-rotation propellers are used to provide 
horizontal thrust and vertical thrust, the latter serving as the adhesion force. The wheel 
diameter and width of the wheeled chassis are 0.5 m and 0.1 m, respectively. The positions 
of the thrusters and drive wheels relative to the robot’s center of gravity are listed in Ap-
pendix Table A1. 
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Figure A1. Simplified virtual prototype model of the underwater cleaning robot. 

 

Figure A2. Dimensional drawing of the underwater cleaning robot. 

Table A1. Coordinates of the rotating-domain center with respect to the robot center of gravity. 

 Propeller Thruster Center Coordinates (mm) Wheel Center Coordinates (mm) 
Coordinate Values HP1 HP2 VP1 VP2 FW1 FW2 BW1 BW2 

X 2.86 2.86 −221.12 −221.12 400.93 400.93 −399.07 −399.07 
Y 215 −215 222.5 −222.5 540.9 −540.9 540.9 −540.9 
Z 129.91 129.91 −28.23 −28.23 −139.07 −139.07 −139.07 −139.07 

Appendix B 
The appendix provides the numerical values of the hydrodynamic forces and mo-

ments, and the coefficient matrices for the robot model mentioned in Equation (3) of this 
paper. 
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The hydrodynamic forces and moments can be further divided into three compo-
nents: added-mass forces and moments, damping forces and moments, and hydrostatic 
restoring forces and moments caused by gravity and buoyancy. 𝝉𝑯 = −𝑴𝑨𝝂̇ − 𝑪𝑨(𝝂)𝝂ᇣᇧᇧᇧᇧᇤᇧᇧᇧᇧᇥ𝑨𝒅𝒅𝒆𝒅ି𝒎𝒂𝒔𝒔 𝒇𝒐𝒓𝒄𝒆𝒔 𝒂𝒏𝒅 𝒎𝒐𝒎𝒆𝒏𝒕𝒔

− 𝑫(𝝂)𝝂ᇣᇤᇥ𝑫𝒂𝒎𝒑𝒊𝒏𝒈 𝒇𝒐𝒓𝒄𝒆𝒔 𝒂𝒏𝒅 𝒎𝒐𝒎𝒆𝒏𝒕𝒔
− 𝒈(𝜼)ถ𝑯𝒚𝒅𝒓𝒐𝒔𝒕𝒂𝒕𝒊𝒄 𝒓𝒆𝒔𝒕𝒐𝒓𝒊𝒏𝒈 𝒇𝒐𝒓𝒄𝒆𝒔 𝒂𝒏𝒅 𝒎𝒐𝒎𝒆𝒏𝒕𝒔 𝒅𝒖𝒆 𝒕𝒐 𝒈𝒓𝒂𝒗𝒊𝒕𝒚 𝒂𝒏𝒅 𝒃𝒖𝒐𝒚𝒂𝒏𝒄𝒚

 
(A1)

The added-mass forces and moments are expressed as 𝝉஺ = −𝑴஺𝝂̇ − 𝑪஺(𝝂)𝝂, By ap-
proximating the robot as a regular geometric body, the following expression can be ob-
tained: 𝑴஺ = ൤𝑴ଵଵ 𝑴ଵଶ𝑴ଶଵ 𝑴ଶଶ൨ = −diag ൛𝑋௨̇,𝑌௩̇,𝑍௪̇,𝐾௣̇,𝑀௤̇ ,𝑁௥̇ൟ (A2)

𝑪஺(𝒗) = ൤ 𝟎ଷ×ଷ −𝑺(𝑴ଵଵ𝝂ଵ + 𝑴ଵଶ𝝂𝟐)−𝑺(𝑴ଵଵ𝝂ଵ + 𝑴ଵଶ𝝂𝟐) −𝑺(𝑴ଶଵ𝝂ଵ + 𝑴ଶଶ𝝂𝟐)൨ =
⎣⎢⎢
⎢⎢⎢
⎡ 0 0 0 0 −𝑍௪̇𝑤 𝑌௩̇𝑣0 0 0 𝑍௪̇𝑤 0 −𝑋௨̇𝑢0 0 0 −𝑌௩̇𝑣 𝑋௨̇𝑢 00 −𝑍௪̇𝑤 𝑌௩̇𝑣 0 −𝑁௥̇𝑟 𝑀௤̇𝑞𝑍௪̇𝑤 0 −𝑋௨̇𝑢 𝑁௥̇𝑟 0 −𝐾௣̇𝑝−𝑌௩̇𝑣 𝑋௨̇𝑢 0 −𝑀௤̇𝑞 𝐾௣̇𝑝 0 ⎦⎥⎥

⎥⎥⎥
⎤
 (A3)

where 𝑋௨̇,𝑌௩̇,𝑍௪̇,𝐾௣̇,𝑀௤̇ ,𝑁௥̇ are the added-mass coefficients, which are obtained through the 
CFD simulations. 

The damping force 𝝉஽ is one of the fundamental components of the fluid forces act-
ing on the robot during its motion. The viscous resistance in six degrees of freedom is 
described using the second-order Taylor series expansion of the Morison equation, with 
higher-order terms neglected. Accordingly, the viscous-force coefficient matrix can be ex-
pressed as: 

𝑫(𝒗) = −
⎣⎢⎢
⎢⎢⎢
⎡𝑋௨ + 𝑋௨|௨||𝑢| 0 0 0 0 00 𝑌௩ + 𝑌௩|௩||𝑣| 0 0 0 00 0 𝑍௪ + 𝑍௪|௪||𝑤| 0 0 00 0 0 𝐾௣ + 𝐾௣|௣||𝑝| 0 00 0 0 0 𝑀௤ + 𝑀௤|௤||𝑞| 00 0 0 0 0 𝑁௥ + 𝑁௥|௥||𝑟|⎦⎥⎥

⎥⎥⎥
⎤
 (A4)

Similarly, the damping-force coefficients involved are also obtained through CFD 
simulations. 

Gravity and buoyancy are referred to as hydrostatic restoring forces in fluid mechan-
ics, acting at the center of gravity and the center of buoyancy of the underwater cleaning 
robot, respectively. Moreover, since the center of gravity and the center of buoyancy do 
not coincide, when the underwater cleaning robot undergoes pitch and roll motions, grav-
ity and buoyancy no longer act along the same vertical line, thereby generating restoring 
moments. Therefore, the six-dimensional restoring force vector can be obtained as: 𝒈(𝜼) = −൤ 𝒇𝑮(𝜼) + 𝒇஻(𝜼)𝑺(𝒓𝑮)𝒇𝑮(𝜼) + 𝑺(𝒓𝑩)𝒇஻(𝜼)൨ (A5)

Here, 𝒇ீ(𝜼)  and 𝒇஻(𝜼)  are the vectors of gravity and buoyancy in the body-fixed 
frame, 𝒓𝑮 and 𝒓𝑩 are the vectors of the center of gravity and buoyancy in the body-fixed 
frame. 

Through CFD simulations employing overset grids, moving reference frames, and 
forced oscillation techniques [25], the damping coefficients and added-mass coefficients 
are identified for each degree of freedom, as shown in Appendix Table A2. In particular, 
the added-mass coefficients were determined via the forced oscillation method using tran-
sient CFD simulations in Fluent on a simplified 3D model of the robot, where sinusoidal 
periodic motions with very small amplitudes were imposed in each degree of freedom, 
and the coefficients were calculated from the forces and accelerations at the instants when 
the motion velocity reached zero; the damping coefficients, on the other hand, were 



Appl. Sci. 2026, 16, 7224 19 of 21 
 

https://doi.org/10.3390/app16147224 

obtained through steady-state towing simulations in Fluent over a flow velocity range of 
0.1 to 1.0 m/s, with numerical fitting performed along each degree of freedom to yield both 
linear and quadratic damping coefficients. 

Table A2. Hydrodynamic coefficient values. 

Hydrodynamic term Parameter type Surge Sway Heave Roll Pitch Yaw 

Coefficients of damp-
ing forces and mo-

ments 

Linear coefficient 𝑋௨ 𝑌௩ 𝑍௪ 𝐾௣ 𝑀௤ 𝑁௥ 
Value −2.01 -5.08 3.02 −0.148 −4.73 −5.96 

Quadratic coefficient 𝑋௨|௨| 𝑌௩|௩| 𝑍௪|௪| 𝐾௣|௣| 𝑀௤|௤| 𝑁௥|௥| 
Value −293.8 −718.57 −844.9 −131.56 −88.61 −217.62 

Coefficients of added-
mass forces and mo-

ments 

Added-mass coefficient 𝑋௨ሶ  𝑌௩ሶ  𝑍௪ሶ  𝐾௣ሶ  𝑀௤ሶ  𝑁௥ሶ  
Value −46.46 −248.23 −325.81 −32.38 −29.04 −39.84 

Appendix C 
The thruster model of the robot is presented in this section. 
Under conventional motion, the robot uses only the propeller thrusters as actuators 

for motion driving and control, while the magnetic adhesion drive wheels remain inactive. 
The driving forces and moments generated by different actuators can be expressed as: 𝝉் = 𝝉ு௉ଵ&ு௉ଶ + 𝝉௏௉ଵ&௏௉ଶ (A6)

where 𝝉ୌ୔ଵ&ୌ୔ଶ denotes the resultant forces and moments generated by the left and right 
horizontal propeller thrusters, and 𝝉୚୔ଵ&୚୔ଶ denotes the thrust forces and moments gen-
erated by the two vertical propeller thrusters. 

The thrust of the propeller thruster is generated by the rotation of the propeller 
driven by the motor. A series of simulation data for the thrust 𝑇 and torque 𝑄 can be 
obtained through CFD simulations, based on which the thrust coefficient 𝐾் and torque 
coefficient 𝐾ொ are calculated using Equation (A7). ቊ𝑇 = 𝐾்𝜌𝑛|𝑛|𝐷ସ𝑄 = 𝐾ொ𝜌𝑛|𝑛|𝐷ହ (A7)

where 𝜌 denotes the fluid density, 𝑛 denotes the rotational speed of the propeller, and 𝐷 denotes the propeller diameter. The simulation data are analyzed using least-squares 
fitting to obtain the relationship curves between the advance coefficient and 𝐾் =−0.3299𝐽ଶ − 0.2771𝐽 + 0.304  and 𝐾ொ = −0.239𝐽ଶ − 0.096𝐽 + 0.432 . The advance coefficient is 
calculated as follows, where the rotational speed is expressed in rev/s: 𝐽 = 𝑈𝑛𝐷 (A8)

where 𝑈 = ‖𝝂ଵ‖ = √𝑢ଶ + 𝑣ଶ + 𝑤ଶ denotes the translational velocity of the thruster. 
Taking the force and moment generated by the right horizontal propeller thruster as 

an example, its thrust can be expressed as 𝑇ୌ୔ଶ𝒆ଵ, and the corresponding moment is given 
by 𝑄ு௉ଶ𝐞ଵ + 𝑺(𝐫ு௉ଶ)𝑇ு௉ଶ𝐞ଵ. Here, 𝒓ୌ୮ଶ denotes the position vector from the origin of the 
body-fixed frame to the thrust application center of the right horizontal propeller thruster, 
and 𝑺(𝒓ୌ୔ଶ)𝑇ୌ୔ଶ𝒆ଵ represents the moment generated by the thrust 𝑇ୌ୔ଶ𝒆ଵ about the body-
fixed frame. Since ‖𝑄ு௉ଶ𝐞ଵ‖ ≪ ‖𝑆(𝐫ு௉ଶ)𝑇ு௉ଶ𝐞ଵ‖ , the propeller-induced torque 𝑄ୌ୔ଶ𝒆ଵ  can 
be neglected. Therefore, the resultant driving forces and moments generated by the left 
and right horizontal propeller thrusters can be expressed as: 𝝉ୌ୔ଵ&ୌ୔ଶ = ൤ (𝑇ୌ୔ଵ + 𝑇ୌ୔ଶ)𝒆ଵ𝑺(𝒓ୌ୔ଵ)𝑇ୌ୔ଵ𝒆ଵ + 𝑺(𝒓ୌ୔ଶ)𝑇ୌ୔ଶ𝒆ଵ൨ = ቂ 𝒆ଵ 𝒆ଵ𝑺(𝒓ୌ୔ଵ)𝒆ଵ 𝑺(𝒓ୌ୔ଶ)𝒆ଵቃ ቈ𝜌𝐷ସ𝐾்,ୌ୔ଵ 00 𝜌𝐷ସ𝐾்,ୌ୔ଶ቉ ൤𝑛ୌ୔ଵ|𝑛ୌ୔ଵ|𝑛ୌ୔ଶ|𝑛ୌ୔ଶ|൨ (A9)
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where 𝑛ୌ୔ଵ and 𝑛ୌ୔ଶ denote the rotational speeds of the left and right horizontal propel-
ler thrusters, respectively. Similarly, the thrust forces and moments provided by the ver-
tical thrusters can be expressed as follows: 𝝉୚୔ଵ&୚୔ଶ = ቂ 𝒆ଷ 𝒆ଷ𝑺(𝒓୚୔ଵ)𝒆ଷ 𝑺(𝒓୚୔ଶ)𝒆ଷቃ ቈ𝜌𝐷ସ𝐾்,୚୔ଵ 00 𝜌𝐷ସ𝐾்,୚୔ଶ቉ ൤𝑛୚୔ଵ|𝑛୚୔ଵ|𝑛୚୔ଶ|𝑛୚୔ଶ|൨ (A10)
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