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Abstract: This study focuses on the remotely operated underwater vehicle (ROV) and ad-
dresses key issues in existing simulation systems, such as neglecting the influence of ocean
currents on the ROV’s trajectory or only simulating the impact of ocean currents instead of
combining wake flow and ocean currents. Additionally, the visualization capabilities of
current simulation systems still have room for improvement. This paper develops a three-
dimensional path simulation system for ocean inspection robots to tackle these challenges
based on MATLAB and Simulink. The system optimizes the drag matrix of the original
simulation model by decomposing the sea current into three directional components in
three-dimensional space and simulating the relative velocity in each direction separately; it
introduces the influence of the current wake, thus more accurately realizing the trajectory
simulation of the ROV under the current perturbation. Experimental results demonstrate
high consistency between the optimized model’s simulation outcomes and theoretical
expectations. The proposed system significantly improves trajectory evolution stability
and consistency, compared to traditional models. The findings of this study indicate that
the proposed optimized simulation system not only effectively verifies the applicability of
control algorithms but also provides reliable data support for ROV design and optimization.
Additionally, it lays a solid foundation for further developing intelligent underwater robots
based on Internet of Things (IoT) technology.

Keywords: three-dimensional path simulation; MATLAB; ocean currents

1. Introduction

In recent years, the global underwater robotics market has been experiencing rapid
growth (Figure 1). Underwater robots have a wide range of applications and significant mar-
ket demand in fields such as deep-sea exploration, aquaculture, and marine engineering [1].
Currently, a variety of robots have been developed that can operate at different depths and
perform multiple tasks, including oil extraction, seabed mineral surveys, salvage opera-
tions, pipeline laying and inspection, cable installation and inspection, offshore aquaculture,
dam inspections in rivers and reservoirs, and military applications [2]. Underwater robots
are increasingly vital in military and civilian sectors, among which autonomous navigation
and path planning are considered core technologies.
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Figure 1. Global underwater robotics market size.

A significant body of research has focused on the path planning and simulation of
underwater robots, with particular emphasis on enhancing performance in complex ma-
rine environments. A deep-sea condition-based simulation system has been developed to
replicate underwater scenarios, highlighting the importance of intelligent path planning
for improving operational efficiency [3]. However, such systems often assume simplified
current fields and do not integrate high-fidelity control or close-range hydrodynamic effects,
which limits their predictive capability in dynamic environments. A six-degrees-of-freedom
underwater robot model has been proposed to track moving targets, offering high precision
and incorporating ocean current effects; however, it is limited to tracking along fixed linear
paths and does not account for wake flow during close-range maneuvers, reducing its ap-
plicability in dynamic settings [4], which are especially critical during docking, inspection,
or other operations that require precise proximity control. The genetic algorithm-based
simulation framework considers automatic obstacle avoidance and two-dimensional ocean
current influence, yet it remains constrained to planar analysis, omitting the impact of
three-dimensional current disturbances and wake effects on trajectory accuracy [5], limiting
its applicability in complex ocean environments where vertical current gradients and vortex
shedding significantly affect vehicle stability. Another model integrates path planning in
ocean environments but lacks support for three-dimensional current simulations, thus fail-
ing to provide robust trajectory optimization for real-world deployment [6]. While effective
in route optimization, this model abstracts away from physical hydrodynamics and fails
to simulate near-field flow interactions needed for real-time control. Force and motion
data of a tethered ROV operating under combined wave and current conditions have been
presented to provide a reliable benchmark for validating numerical simulation methods [7].
The fixed structure cannot support trajectory tracking or adaptive control in unstructured
flow fields. However, the fixed configuration of the ROV in this setup limits its applicability
to scenarios requiring real-time control and unrestricted movement. A computational fluid
dynamics (CFD)-based modeling approach has also been employed to analyze hydrody-
namic forces on ROVs under varying current speeds and flow directions [8], suggesting
that similar hybrid techniques could be adapted to underwater domains, especially for
real-time trajectory tuning in turbulent fields. Nevertheless, this method lacks integra-
tion with trajectory tracking and closed-loop control mechanisms. In a related domain,
an aerodynamic optimization method has been proposed for reducing drag on vehicle
surfaces using CFD in combination with machine learning and genetic algorithms [9].
Although applied in an atmospheric environment, this approach highlights the potential of
simulation-driven optimization strategies for improving underwater trajectory planning in
complex flow fields.

Based on the deficiencies in path planning for underwater robots mentioned above,
this paper proposes an optimized simulation model for underwater robots under the
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influence of three-dimensional ocean currents by considering the interference of ocean
currents and introducing the influence of wake currents simultaneously, based on previous
research results. The model allows the user to specify the currents in a particular region,
set the size, and then observe how the trajectory of the six-degrees-of-freedom ROV model
is affected by the currents and wake flows while moving close to the target, which makes it
easy for the user to re-specify the route or analyze the data.

2. Extension and Refinement of the Ocean Disturbance Simulation
System Model

To achieve precise modeling and control of underwater vehicle motion in the pres-
ence of complex ocean current disturbances, it is essential to construct a comprehensive
simulation framework that integrates both physical dynamics and control logic. This sec-
tion presents the theoretical underpinnings of the proposed ocean disturbance simulation
system. By leveraging the MATLAB/Simulink environment, the framework establishes
a closed-loop control structure composed of five interrelated functional modules. Each
module plays a critical role in accurately simulating the real-time behavior of underwater
vehicles under hydrodynamic forces and control feedback, thereby ensuring the fidelity
and robustness of the simulation system.

2.1. Theoretical Basis

The proposed method established a closed-loop framework within the MATLAB/Simulink
environment to enable accurate motion control and dynamic simulation under ocean
current disturbances. The system architecture comprised four interdependent modules—
Kinetics, Kinematics, Controller, and Allocation—constituting an underwater vehicle’s
fully integrated motion control and simulation loop [10]. The functional descriptions of
each module are as follows.

1. Kinetics Module

The Kinetics module models the dynamic behavior of the underwater vehicle by
solving the six-degrees-of-freedom (6-DOF) Newton-Euler equations of motion. It receives
external force and moment inputs T and ocean current disturbances v and computes the
linear and angular accelerations of the vehicle. The dynamic model includes an inertia
matrix M, a Coriolis and centripetal matrix C(v), a hydrodynamic damping matrix D,
and a restoring force vector G(n), all contributing to a physically realistic simulation. The
resulting accelerations are passed to the Kinematics module for further processing.

2. Kinematics Module

This module estimates the real-time status of the robot, including position, velocity,
and orientation (i.e., roll, pitch, and yaw angles). It integrates the accelerations provided
by the Kinetics module to derive the vehicle’s motion trajectory in the global frame. The
module also accounts for initial pose conditions and continuously updates the robot’s
motion states throughout the simulation [11]. The resulting kinematic information is then
forwarded to the Controller module to support closed-loop control [12].

3. Controller Module

The Controller module is the decision-making center of the system. It compares the
real-time motion states from the Kinematics module with the desired trajectory and ori-
entation. Based on the computed tracking errors, it employs control strategies—such as
proportional-integral-derivative (PID) control or advanced nonlinear control algorithms—
to generate control inputs u. These inputs represent the desired generalized forces and
moments needed to correct the robot’s trajectory and are passed to the Allocation mod-
ule [13].
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4.  Allocation Module

The Allocation module decomposes the control inputs u into actuator-level commands.
Utilizing a predefined thrust allocation matrix T and actuator calibration matrix K, it
computes the required thrust for each thruster such that the resultant forces and moments
match the global control objectives. This module ensures effective resource distribution
and minimizes control errors due to actuator constraints. The computed thrust commands
are passed to the Thruster module for implementation.

5.  Thruster Module

The Thruster module acts as the actuator interface. It is responsible for transforming
the individual thruster commands into a combined force/moment vector T applied to the
vehicle in six degrees of freedom. The module can compute the net force and moment
exerted by all thrusters using the thruster configuration model, considering their positions,
orientations, and operational characteristics [14]. The output T is then used by the Kinetics
module to update the robot’s motion dynamics, thereby closing the simulation loop.

In this paper, the dynamic model of the underwater vehicle is established based on
the Newton-Euler equation.

The dynamic model of the underwater robot is defined as follows:

T is the external input control force and moment;

v € R® denotes the velocity vector of the underwater vehicle expressed in the body-
fixed frame. It is composed of three linear velocity components (1, v, w) and three angular
velocity components (p, g, 1):

1", )

v=[u,o,wp,q,r

v denotes the time derivative of v.
The forms of each matrix are expanded as follows.

° Inertia matrix M

The inertia matrix M = Mg + My consists of two parts:

Mg: inertia term composed of rigid body mass and rotational inertia;

M_j: the added mass matrix accounting for the fluid-induced inertial effects due to the
hydrodynamic coupling between the vehicle and the surrounding water.

The complete form is as follows. The body-fixed coordinate system is defined with
its origin located at the vehicle’s center of gravity (CoG). The x-axis points forward, the
y-axis points to the starboard, and the z-axis points downward, following the standard
right-hand convention.

In the following matrix, m denotes the mass of the ROV. I, Iy, and I, represent the
moments of inertia about the roll, pitch, and yaw axes, respectively. The coordinate system
used for defining these quantities is illustrated in Figure 2. My is the additional mass
term; and X, Y;, and N; are the added mass coefficients on the three directions of freedom,
respectively. The terms such as Zg, Z;,, and similar off-diagonal components reflect the
coupling effects arising from the offset between the center of gravity (CoG) and the center
of buoyancy (CoB).

Specifically, (x¢, yq, z¢) represents the coordinates of the CoG, which is the point where
the total gravitational force is considered to act. These coordinates are determined by the
mass distribution of the vehicle.

(xp, Yp, zp) denotes the coordinates of the CoB, which is the centroid of the displaced
fluid volume and the point where the buoyant force acts. These coordinates depend on the
geometry and submerged volume of the vehicle.
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Figure 2. The coordinate system.
Therefore, M can be expressed as follows:
[m—-X;, 0 0 0 mzg  —myg |
0 m=Y, 0 —Mmzg 0 mxg
0 0 m—272, m —mx 0
M = o T $ : 2)
0 —mzg  myg L—K, 0 0
mzg 0 —MmXg 0 Iy, — Mq 0
| —myg mxg 0 0 0 I; — N, |
e  Coriolis moment matrix C(v)
[0 0 0 0 mw  —mo]|
0 0 0 —mw 0 mu
0 0 0 mv  —mu 0
0 mw  —mov 0 —rl; gl
—muw 0 mu rl, 0 —ply
| mv —mu 0 —qly  plx 0 |

This matrix reflects the inertial coupling effect, mainly affecting the system’s stability
under high-speed motion [15,16].

e  Damping matrix D(v)

The matrix reflects the damping effect of the surrounding water on the vehicle’s
motion and is divided into linear and nonlinear components. The linear damping model
accounts for viscous resistance proportional to velocity, while the nonlinear damping
accounts for drag forces that increase nonlinearly with speed, typically using quadratic
terms. To simplify the hydrodynamic model and reduce computational complexity, the
damping matrix is assumed to be diagonal, neglecting cross-coupling terms between
different degrees of freedom—an approach commonly used for symmetric underwater
vehicles operating at low to moderate speeds [17].

The nonlinear damping terms are represented in a simplified quadratic form, e<|v 17,
which captures the dominant drag behavior in most practical scenarios and maintains
computational efficiency. It is acknowledged, however, that more rigorous models may
employ third-order terms (e.g., |v10?) or sign-varying cubic expressions to reflect direction-
dependent energy dissipation, since nonlinear damping forces are not always strictly
positive. Such complexities become important under oscillatory flow or dynamic maneu-
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vering. The current model adopts the simplified form as a practical trade-off between
model fidelity and computational tractability:

Diin = diag(Xu, Yo, Zu, Ky, Mg, Ny), (4)
Dhonlin = diag(X|u\ |u|/Y|v| ‘U|/Z|w\ |w|/K\p\ |P’,M\q\ |Q|/N\r\ |7’|), 5)
D(v) = Dyjn + Dronlin, (6)

Note that although the damping matrix D(v) includes terms proportional to the
absolute value of the velocity, all damping coefficients (e.g., Xu, X |u|) are strictly non-
negative. When the damping force is computed as —D(v)v, the result always opposes
the direction of motion, ensuring that the damping effect is dissipative. Therefore, D(v)
is positive definite (or semi-definite) in the sense of energy dissipation and does not
introduce any energy into the system. The parameters can be obtained by CFD simulation
or experimental calibration [18].

e  Gravity and buoyancy matrix G(n)

The matrix reflects the restoring force caused by gravity and buoyancy under attitude
change. Some parameters are defined as follows:

8 represents the pitch angle;

@ represents the yaw angle;

W represents the weight of the underwater vehicle, typically measured in newtons (N);

B represents the buoyancy force acting on the vehicle, measured in newtons (N);

G(n) represents the gravity and buoyancy force/moment vector as a function of the
vehicle attitude #;

n=I[xy z ¢, 0, l[)]T represents the pose vector, including position and attitude in
six degrees of freedom.

Then, we can express the matrix G(n) as follows:

(W — B)sin®
— (W — B)costsin f
—(W — B)cosfcos f
(y¢W—yy, B)cosBcos f + (zgW—2z; B)cosBsin f
(zgW—2zp B)sing + (x;W—x;, B)cosfcos f
(x¢W—2xp, B)cosOsinf + (ygW—y;, B)sing

After the definition above, the Newton—Euler equation’s general form is:
MY +C(v)v +D(v)v +Gn) =7, ®)

Several simplifying assumptions and physical constraints were adopted to facilitate
the establishment of the dynamic model of the underwater inspection robot. First, the
robot was modeled as a rigid body, and structural deformations were neglected during mo-
tion. Second, the surrounding fluid was considered an incompressible and homogeneous
medium, allowing the application of classical hydrodynamic theories. Third, ocean cur-
rents were treated as external disturbances with constant velocity, and their influence was
incorporated into the path planning and control framework. Finally, internal disturbances
caused by the thrusters, including high-speed rotational effects on the fluid environment,
were not considered in the current model to reduce computational complexity and focus
on the primary dynamic behavior of the vehicle.
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In this simulation, the ROV was modeled as a rigid rectangular prism, consistent with
common industrial designs for observation-class or inspection-class underwater vehicles.
The simplified shape was used for hydrodynamic calculations and thrust distribution.

The dimensions of the simulated ROV were approximately length 1.2 m, width 0.8 m,
and height 0.6 m, based on the configuration in the source model. The vehicle was assumed
to maintain a neutral buoyancy condition, and its center of mass was located near the
geometric center shown in Figure 3.

Figure 3. Real shape of an ROV.

The ROV’s orientation followed the standard right-hand coordinate system (Figure 2).
Thrusters were symmetrically distributed on the ROV frame to enable overactuated motion
in all six degrees of freedom. This layout allowed full control of the surge, sway, heave, roll,
pitch, and yaw and facilitated realistic control and response testing under multi-directional
flow conditions.

Based on the theory above, we added three-dimensional ocean currents to the system.

2.2. Method Analyses

Before starting the simulation, we must determine the ROV’s path. As Figure 4 shows,
its path was as follows.

ROVgiStartmg Poirt Possible Wake Flow Range

/
ES /

-

~
\
1
1

| _Target

Figure 4. The path that the ROV travels.
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According to experimental observations, we defined d as the distance between the
ROV and the target. When d was less than 4 m, the influence of the ocean wake flow
should be taken into account in some cases. Figure 5 illustrates a typical wake flow pattern
encountered as the ROV approached the target.

|

D Separated
f Flow

Wake Region

Target

Figure 5. A Typical type of wake flow.

As shown in Figure 5, the influence of wake flow varied significantly, depending on
the ROV’s relative approach direction to the target. When the ROV approached the target
head-on (i.e., directly facing the current), the impact of wake flow was minimal and could
often be neglected. In contrast, wake-induced disturbances became more prominent when
the ROV approached from the side or the rear, either perpendicular to the flow or aligned,
and they must be considered in the trajectory and control model because wake turbulence
introduces unpredictable velocity fluctuations and pressure gradients, which can degrade
control accuracy and cause trajectory deviation, especially when using PID-based or linear
control strategies. Therefore, we divided the directions from which the ROV approached
the target into three parts, as shown in Figure 6.

Wake Flow Area 1

|

The Direction of Ocean Current

Non-Wake Flow Area

—
— /,

Figure 6. Illustration of wake flow near the target, segmented into three analytical regions.
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In the non-wake flow area, we only simulated the path under the influence of ocean
currents, while in the wake flow area, both ocean currents and wake flow needed to be
considered [19]. Based on Figure 6, in wake flow area 1, we considered the wake flow in the
same direction as ocean currents, but in wake flow area 2, it was in the opposite direction.

w denotes the angle between the ROV’s approach direction and the ocean current (as
shown in Figure 6). The flow field around the target was divided into three regions based
on w:

e  Thenon-wake flow area corresponded to w € [—45°, +45°], where the ROV approached
from the front without entering the wake region;

e  Wake flow area 1 covered the angular range w € (45°, 135°) U (225°, —45°), where the
ROV encountered lateral wake effects;

Wake flow area 2 was defined for w € [135°, 225], representing the direct downstream
wake region behind the target.

According to DNV RP C205 [20], the velocity within the wake region vy can be es-
timated as a fraction of the freestream current velocity v. The wake deficit coefficient
A, which depends on the geometry and blockage of the upstream obstacle, was used to
characterize the velocity reduction inside the wake region. The relationship is typically
expressed as follows:

vr=v(1—A4), 9)

Thus, the wake velocity generally ranged from 30% to 80% of the freestream current
velocity, consistent with engineering approximations suggested in DNV RP C205 and
supported by empirical studies, such as those by Vermeer et al. A was set to 0.5 in wake
flow area 1 and 0.3 in wake flow area 2.

This region-based classification is informed by classical wake flow theory and offers
clear physical interpretability and engineering practicality. Compared to continuous gradi-
ent models, discrete disturbances improve simulation stability while sufficiently capturing
the dominant characteristics of the flow field, making it suitable for path planning and
control algorithm development [21]. According to the standard DNV RP C205, when
detailed field measurements are not available, the variation in shallow tidal current velocity
with depth may be modeled as a simple power law. Assuming unidirectional current, some
parameters are defined as follows:

0. is the ocean current velocity at depth £;

v is the tidal current velocity at the still water level, which must be measured in the
actual experiment;

z is the vertical distance from the still water level (positive upwards, typically negative);

h is the total water depth measured downward from the still water level.

« is an exponent, and typically, & = 1/7; we can calculate the speed of the ocean current:

h+z)“
h

ve=v X ( (10)

To improve simulation efficiency while maintaining modeling accuracy, the tidal
current velocity profile was simplified based on the operational depth range of the robot
(025 m below the still water level). According to Equation (9), the velocity variation within
this depth range was moderate and allowed for approximation. For example, assuming a
total water depth d = 100 m, the distance from the still water level z = —60, and an empirical
exponent & = 1/7, the velocity decreased gradually from the surface downward. The
velocity was approximated to be v, = 0.14 x v. These representative values were derived
from the theoretical profile and effectively reduced computational costs while preserving
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the fidelity required for motion simulation. The corresponding value was selected based
on the robot’s real-time depth in actual implementation.

2.3. Building the Ocean Current Disturbance Module

To better illustrate the ocean currents, we decomposed the three-dimensional model,
as shown in Figure 7.

~~_ Currents (v,

><V

Y

Figure 7. Ocean current example model.

Based on Figure 7, if the angle between the current and the XOY plane was defined
as @, the angle between the current and the ZOX plane was 6, and the speed of the ocean
current was v.. According to the knowledge of trigonometric functions, we can obtain the
formula for calculating the components of the ocean current in all directions as follows:

Vx(l) = U, X cOSP X cosu
Veurrent Vy(l) = ve X sinB x cosw (11)
Vo= — v, X sinax

Wake flow happened in the horizontal direction, making it easier to analyze. Figure 8
shows the decomposed wake flow model.

——————————————— Wake flow (v))

a /

Figure 8. Wake flow example model.
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Using the same method as in Equation (10), we can obtain the formula for calculating
the components of the wake flow in all directions as follows:

(2 _

V™ =v¢ X cos

unke{ (2) / . ﬁ (12)
Vy™ =vs xsinp

Thus, based on Figure 8 and Equations (8)—(11), we can calculate the influence of ocean

currents and wake flow (vy) as follows:

e Non-wake flow area: V = Vyrrent;
e Wake flow area 1: V = Veyrrent + Viyake, that is:

Ve = vV 4 v
Vﬁmll Vy = Vy(l) + Vy(z) (13)
V.=V,

e  Wake flow area 2: V = Vyrrent — Viwake, Which means:

Ve = v — v
Vina{ Vy = vV — v (14)
V.=V,

The ROV’s approach direction relative to the ocean current was determined based on
the initial and target positions, as illustrated in Figure 4. The approach angle w, defined
in Figure 6, was used to classify the flow interaction region and to select the appropriate
control model accordingly:

e Non-wake flow area (w € [—45°, +45°]): When the ROV moved approximately in the
same direction as the ocean current, approaching from the front without entering the
wake region, Equation (11) was applied;

o  Wake flow area 1: (w € (45°, 135°) U (—135°, —45°)): When the ROV experienced
lateral wake interference due to side-on current interaction, Equation (13) was used;

o  Wake flow area 2: (w € [135°,225°]): When the ROV moved directly against the current,
entering the downstream wake region behind the target, Equation (14) was employed.

This classification balanced hydrodynamic realism with computational simplicity by
adapting the model to varying current interaction scenarios.

According to the previous analysis, to incorporate the influence of ocean currents
on the underwater robot’s trajectory, we only needed to modify the relative velocity com-
ponents in the drag matrix’s X, Y, and Z directions (shown in Figure 2). Specifically, the
relative velocity was defined as the difference between the vehicle’s body-fixed velocity
and the ocean current velocity projected into the same frame. This approach followed the
conventional assumption in underwater vehicle hydrodynamic modeling that the ocean
current affects the system linearly by modifying the relative velocity vector, without intro-
ducing additional nonlinear terms [22,23]. Thus, the nonlinear terms in the dynamic model
remained unchanged. The updated relative velocity vector was then used to calculate
hydrodynamic damping forces, and the modified drag matrix [24] was expressed as:

Dy O 0 0 0 O
0 Db O O 0 0
Dy 0O 0 0
Dcurrent = v (15)
0 K, 0 0

(@]
(@)
=
o

o O O O
oS © O O
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By combining Equations (11), (13), and (14), we updated the components Dy, Dy, and
Dy, in the drag matrix to Dy, Dy1, and Dy, as follows:

Dut = Xu (= Vi) Xy = Vi (u— Vx)
Dot = Yo(u=Vy)+ Yool [0— Vi (0= V) (16)
Dit = Zuo(w— Va) 4 Zigj [0 Ve (w— VZ)

Thus, the continuous influence of ocean currents on the underwater robot was suc-
cessfully integrated into the simulation system.

3. Experimental Materials

Simulation Environment: All simulations were conducted using MATLAB R2022b
and Simulink, developed by MathWorks Inc. This environment provided an integrated
platform for modeling dynamic systems and performing time-domain simulations.

The hardware platform used for simulation was a ROG Gunship 6p laptop equipped
with an NVIDIA RTX 3070 Ti GPU. The specific configuration included an Intel Core i9
processor and 32 GB of RAM. This setup ensured sufficient computational capability for
real-time rendering and large matrix calculations, especially in simulating the six-degrees-
of-freedom (6-DOF) dynamics of the ROV under complex ocean flow fields.

4. Experimental Results

The ROV’s trajectory was simulated in Simulink under the influence of ocean currents
and wake flows. We could accurately simulate the ROV’s path in various scenarios by
analyzing the wake flow from different directions and assessing its impact on the ROV’s
motion. The simulation explored multiple orientations the ROV may face, allowing us to
observe the resulting changes in its trajectory. The results were as follows: we determined
that the range of wake flow was R =2 m, the ocean current on the surface was v =2 m/s,
and the depth of the ocean was 100 m.

4.1. When the ROV Is Facing Directly Toward the Current

In this scenario, the ROV was oriented directly against the direction of the ocean
current, resulting in minimal disturbance from wake flow. The simulation was configured
with consistent parameters for the first and second path segments. Specifically, the ROV
started at position [0, 0, —40] and aimed to reach the target location [-15, —15, —60]. The
yaw angle at the target was set to 0°, while the ROV’s initial yaw was 165°, causing it to
face nearly opposite the current.

Be = /4, representing the current’s direction in the horizontal xy-plane, was measured
counterclockwise from the x-axis, and

ac ~ 0.955 rad, representing the elevation angle of the current from the xy-plane
toward the z-axis.

This configuration ensured that the current vector was oriented near the target direc-
tion, resulting in an angular separation of approximately 180° between the current and the
desired trajectory. The resulting ROV trajectory under these conditions is illustrated [25] in
Figure 9.

In this sample, the ROV started at [0, 0, —40] and finally reached [—14.8114, —14.5905,
—60.039]. Using the Euclidean distance formula, there was approximately 0.4525 m between
the final position and the target. The component-wise deviations were 0.1886 m in the
x-direction, 0.4095 m in the y-direction, and 0.0390 m in the z-direction.
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Figure 9. When the ROV moves facing the ocean current.

4.2. When the ROV Is Side-On to the Current

In this scenario, the ROV moved along the direction [-15, —15, —60], while the ocean
current flowed orthogonally to its trajectory. To achieve a 90° angle between the current
and the path, the current vector was defined as [1, —1, 0], lying purely in the horizontal
plane. This corresponded to an azimuth angle . = —m/4 and elevation angle . = 7t/2.

With the ROV’s initial position at [0, 0, —40], target at [-15, —15, —60], and target yaw
set to 0°, this setup allowed us to analyze how lateral wake effects influenced the vehicle.
The simulation outcome under this perpendicular interaction is visualized in Figure 10.

Influence Range

. of Wake Flow . ..
Starting Final position of
. arrent: 1.4 m/s .

P‘?}J‘t the First Path

-45
=0 Pat =
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-55
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color filled) and Target
(no color filled)

Figure 10. When the ROV moves side-on to the ocean current.

In this sample, the ROV started at [0, 0, —40] and finally reached [—14.6195, —14.4217,
—60.0334]. The resulting Euclidean distance between the two points was approximately
0.8221 m. The individual absolute deviations were 0.3805 m in the x-direction, 0.5783 m in
the y-direction, and 0.0334 m in the z-direction.

4.3. The ROV Is Facing Away from the Current

In this scenario, the ROV moved along the vector direction [-15, —15, —60] while
the ocean current flowed orthogonally to its trajectory. To establish a 0° angle between
the current and the ROV’s path, the current vector was defined as [1, —1, 0], which lay
entirely within the horizontal xy-plane. This configuration corresponded to an azimuth
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angle . = —3m/4 and an elevation angle a. ~ 2.34 rad, representing a purely horizontal
flow with no vertical component.

The ROV started from the initial position [0, 0, —40] and navigated toward the tar-
get position [—15, —15, —60], with the target yaw set to 0°. This setup facilitated the
investigation of how lateral ocean currents and resulting wake flow influenced the vehi-
cle’s maneuvering and trajectory correction. The simulation results for this perpendicular
interaction are presented in Figure 11.

Final position of

40 __Current: 03 m/s the First Path
Starting

& Point

-50

E
N Path
% nfluence Range
of Wake Flow
60 Current§0.3 m/s
! %
4 s <15 Final Position (With
Xm  © 0 Y] color filled) and Target

(no color filled)

Figure 11. When the ROV moves facing away from the current.

In this sample, the ROV started at [0, 0, —40] and finally reached [—14.9869, —14.7836,
—60.148]. The resulting Euclidean distance between the two points was approximately
0.6924 m. The absolute deviations in each direction were 0.3805 m along the x-axis, 0.5783 m
along the y-axis, and 0.0334 m along the z-axis.

Table 1 compares three scenarios of the ROV approach relative to the ocean current.
The ROV exhibited the highest efficiency when aligned with the current, achieving the target
with minimal deviation. In contrast, lateral approaches resulted in moderate sideways
drift, while moving against the current demanded substantial corrective actions and caused
trajectory delays. These findings highlight the critical role of orientation in path planning
within dynamic underwater environments.

Table 1. The results of three cases.

Scenario Start Point Final Position Distance (m) Error (%)
facing directly toward the current [—14.8114, —14.5905, —60.039] 0.4525 15 %o
side-on to the current [0, 0, —40] [—14.6195, —14.4217, —60.0334] 0.8221 28 %o
facing away from the current [—14.9869, —14.7836, 60.148] 0.3805 13 %o

Such insights are valuable for developing adaptive control strategies for ROVs operat-
ing under varying flow conditions, ensuring robust performance despite changing current
directions [26,27].
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5. Comparison Between the Proposed Model and Current
Mainstream Models

This model was based on the existing six-degrees-of-freedom ROV model, with opti-
mizations made to the resistance matrix and including the three-dimensional ocean current
interference on the underwater robot’s motion path. Additionally, the plotting functions
of the original model were modified to enable the simulation of the underwater robot’s
three-dimensional path.

To objectively highlight the advantages and innovations of the proposed model, a com-
parative simulation was conducted against a baseline model. To emphasize the differences
in behavior under dynamic flow conditions, we intentionally used an intensified ocean
current velocity of v = 7m/s, not to represent typical marine conditions but to amplify the
response characteristics of the models for clearer observation. In this scenario, the ROV
started from position [0, 0, —40] and aimed for a target at [-15, —15, —60]. The water
depth was set to 30 m, with the ROV initially located 12 m below the still water level. The
baseline model results are presented in Figure 12, while the simulation outputs from the
proposed model are shown in Figures 9-11.

Starting Point

X[m]

Path

Final Position (With color
filled) and Target (no color
filled) '

Y[m)
Figure 12. The simulation result of the previous model.

The results were as follows: In the previous model, the ROV finally reached [—14.96,
—14.77, —60.34], which was considered to have no ocean currents and wake flow because
it reached the target with minor inaccuracy, which is not based on real-life. Compared
with Figure 13, where a considerable gap was found between the target and final positions,
the ocean current successfully influenced the path of the ROV. Thus, the proposed model
successfully figured out how ocean currents influenced the path of an ROV’s track with a
3D visualization.
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Figure 13. The simulation result of the proposed model.

6. Discussion and Future Work

This study investigated the motion behavior of an ROV under the influence of ocean
currents and wake disturbances. The primary contribution lay in improving the accuracy of
the hydrodynamic damping matrix D, which is often oversimplified in traditional models.
Refining this matrix based on empirical data and theoretical corrections, we aimed to
enhance the ROV’s responsiveness to lateral and angular hydrodynamic forces.

However, several simplifications in the overall system remain, mainly inherited from
the baseline control framework and the need to constrain computational complexity. These
include the following:

(1) The control structure is based on a traditional PID controller, which, although widely
used in marine systems, does not adapt to environmental variations or uncertainties.

(2) The environmental model assumes quasi-steady ocean currents and simplified wake
interference, which may not fully capture real-world turbulence or chaotic fluctuations.

(3) The simulation does not incorporate external feedback loops, real-time sensor data, or
actuator dynamics.

(4) The study is limited to a single-ROV scenario and does not account for distributed
cooperation or inter-ROV interference.

While these simplifications are standard in preliminary marine vehicle modeling, we
performed a comparative simulation to evaluate their quantitative impact. Specifically,
we examined the difference in trajectory when wake flow effects were excluded from the
damping matrix D. The results indicate that neglecting wake interference can result in tra-
jectory deviations of up to 3.9% in lateral motion under certain ocean current configurations.
Therefore, the assumption of steady-state flow and uniform damping, as used in traditional
models, may underestimate hydrodynamic disturbances in real-world conditions. This
further justifies the inclusion of an empirically corrected damping matrix in our study.
Based on similar findings in related hydrodynamic simulation studies, other assumptions,
such as fluid incompressibility and rigid body modeling, are expected to introduce smaller
errors (typically below 1.5%) in low-speed operations.

Moreover, the current damping model assumes a diagonal damping matrix with
simplified quadratic nonlinear terms, neglecting cross-coupling between different degrees
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of freedom and potential higher-order nonlinear damping effects. While this assumption
balances model complexity and computational efficiency, it limits the ability to capture
complex hydrodynamic interactions that may significantly influence ROV dynamics in
turbulent or rapidly changing flow conditions. Future research will focus on incorporating
these effects to enhance model fidelity and simulation accuracy.

While unnecessary for focusing on the damping model’s impact, these constraints
could reduce the model’s fidelity when applied to field deployments or more complex
operational conditions. As noted by the reviewers, unexpected environmental fluctua-
tions, model uncertainties, and control delays may affect both performance and stability,
especially in unstructured or chaotic marine environments.

In future works, we plan to address these limitations in several directions. First, we will
consider time-varying and turbulent flow fields to better model realistic ocean disturbances.
Second, advanced control strategies, such as model-predictive control (MPC) or data-driven
adaptive methods, may be incorporated to improve system robustness. Third, extending
the framework to include multi-ROV interactions and cooperative decision-making will
allow for more complex mission scenarios. Additionally, improving the visual simulation
platform and analyzing computational efficiency will be necessary for real-time deployment
on embedded hardware.

This work provides a solid foundation for these enhancements by addressing a key
physical component—the damping matrix—while outlining the path toward more compre-
hensive and field-ready ROV navigation systems.

7. Conclusions

This study addresses the issue that existing simulation systems overlook or only
simulate the impact of two-dimensional ocean currents on ROV motion trajectories [28]. It
also acknowledges that these systems’ visualization of simulation results could be improved.
Focusing on the ROV, a highly modular simulation system was built using MATLAB and
Simulink to optimize these issues. The system primarily optimized the resistance matrix in
the original simulation model, decomposing three-dimensional ocean currents into the X,
Y, and Z directions. Simulations were performed on the relative velocity in each direction,
enabling the simulation of ROV motion trajectories under ocean current interference.
Additionally, to provide an intuitive display of simulation results and data, the model
incorporated a 3D plotting module, allowing users to rotate the 3D view and observe
the results.

In contrast to traditional path planning simulations that often ignore the impact of
current direction and magnitude, this study incorporated a complete 3D current model
to replicate realistic underwater conditions better, which enhanced the validity of the
simulation outcomes and provided a more comprehensive understanding of ROV trajectory
behavior under various current alignments. Yaw dynamics and directional drift also
improved upon prior simplified methods, making the results more applicable to real-
world operations.

Although this research has made some progress, many areas still warrant further
exploration. Future studies may incorporate time-varying or turbulent currents and au-
tonomous decision-making for real-time path correction. Additionally, game theory or
distributed control methods could be introduced to extend the control of a single ROV to
collaborative control and path planning for multiple ROVs. Artificial intelligence (AI) tech-
nologies, such as deep learning algorithms, could be integrated on the technical application
front. Combined with deploying distributed sensor networks and a hardware/software
simulation test platform, this could push advancements in the direction of intelligence and
multi-functionality.
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