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Abstract: This study proposes a control method for Remotely Operated Vehicles (ROVs) to
actively dock with AUVs, to address the limitations of traditional docking and recovery
schemes for Autonomous Underwater Vehicles (AUVs), such as restricted maneuverability
and external disturbances. Firstly, a process and control strategy for ROV active docking
with AUVs is designed, improving docking safety. Secondly, a Nonlinear Model Predic-
tive Controller (NMPC) based on a Gaussian Function Sliding Mode Observer (GFSMO)
compensation is designed for the ROV, generating smooth control inputs to achieve high-
precision trajectory tracking and real-time docking. Finally, a joint simulation experiment
is established through WEBOTS 2023a and MATLAB 2023a, verifying the superiority and
feasibility of the designed controller and the proposed method. After parameter optimiza-
tion, the simulation results show the method proposed in this study has a 90% success rate
in 10 docking experiments under different disturbances.

Keywords: ROV; GFSMO; NMPC; active docking

1. Introduction

As an essential tool for marine resource exploration, the demand for Autonomous
Underwater Vehicles (AUVs) [1,2] has been steadily increasing. However, the endurance
and real-time communication capabilities of AUVs are limited by battery capacity and un-
derwater environmental conditions, necessitating periodic recovery for tasks such as data
transmission, equipment maintenance, and battery replacement [3,4]. With the continuous
development of operational requirements and technological advancements, various under-
water docking and recovery methods for AUVs have emerged. By adopting underwater
docking and recovery, tasks such as energy replenishment, command configuration, and
data exchange can be carried out while underwater. This capability allows AUVs to quickly
resume operations without the need to return to the deck. However, underwater AUV
docking and recovery technologies are affected by factors such as the maneuverability of
AUVs, the size of the docking device, and external current disturbances, which increase the
risk of docking [5]. Therefore, achieving safe and reliable underwater docking and recovery
of AUVs has become a critical question in underwater operations.

Most AUV docking and recovery methods can be classified into two categories: fixed
docking stations and mobile docking stations. Fixed docking stations are typically de-
ployed on the seabed or in a floating state, with pre-programmed homing trajectories for
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autonomous docking [6-8]. This method simplifies the target positioning process, but
limits the operational range of the AUV. In contrast, mobile docking stations rely on ships
or floating carriers for positioning, and AUVs autonomously identify and dock with the
station using sensors [9-11]. This method expands the operational range of AUVs, but
poses challenges for their autonomous positioning capabilities. Both approaches require
AUVs to have strong maneuverability and increase the cost of recovery. To address these
issues, researchers have proposed using Remotely Operated Vehicles (ROVs) [12,13] to
actively dock with AUVs [14-16], thus reducing the control requirements for AUVs and
improving the docking and recovery efficiency. However, current active docking strategies
for AUVs using ROVs primarily rely on remote operation. Remote operation of ROVs for
AUV docking requires operator training, which limits the universality of the system [15].
Furthermore, constrained by signal transmission delays, operator responses may lack
timeliness, thus increasing collision risks during docking [17].

To overcome these challenges, developing an autonomous ROV active docking control
method for AUVs is an urgent problem. Its implementation will help reduce docking
and recovery costs and improve efficiency. In this process, the ROV must achieve precise
tracking and positioning of the target. Researchers have conducted related studies on ROV
underwater docking and tracking control. Trslic et al. [17] developed a seabed-resident
ROV docking station, applying an advanced visual navigation system to the ROV and
using a PID algorithm to achieve precise docking between the ROV and the docking station.
However, in close-range docking, the performance of the PID control deteriorates due to
sensor noise. Li et al. [18] developed a learning-based particle swarm optimization fuzzy
rule controller based on region-based fully convolutional networks for visual positioning,
achieving target capture without considering the ROV’s horizontal speed and position
information, but the complexity of the controller design increased significantly. However,
high-precision ROV tracking control has garnered widespread attention from scholars. Mu
et al. [19] developed a double-loop sliding mode controller with an ocean current observer
for ROV trajectory tracking, reducing the overshoot error by 93% and the response time
from 16.3 s to 0.07 s compared to traditional sliding mode control. However, the chattering
issue of sliding mode control cannot be ignored.

Nonlinear Model Predictive Control (NMPC) has attracted significant attention due
to its strong robustness in handling nonlinear and multi-constraint problems, as demon-
strated in terrestrial robot tracking control. In the context of AUV autonomous docking,
Uchihori et al. [20] proposed a linear parameter-varying model predictive control (LPV-
MPC) method for AUV underwater docking, simplifying the AUV’s nonlinear model into
an LPV model combined with a thruster allocation algorithm to reduce computational
pressure and achieve high-precision docking under current disturbances. Wu et al. [21]
designed an Adaptive Integral Event-Triggered Nonlinear Model Predictive Control (AIET-
NMPC) for AUV tracking with a mobile docking station, dynamically adjusting the trigger
threshold and introducing exponential robust constraints to enhance system stability and
achieve safe docking. In trajectory optimization, Zheng et al. [22] proposed a coordinated
trajectory tracking method for Underwater Vehicle Manipulator Systems (UVMSs) using
model predictive control, optimizing system steering performance by actively utilizing the
drag force generated by the manipulator. For ROV tracking control, Anderlini et al. [23]
proposed an Adaptive Model Predictive Control (AMPC) for ROVs carrying objects, opti-
mizing control actions and suppressing excessive control variations compared to sliding
mode and PID control. However, due to system nonlinearities and online system identifi-
cation, the tracking error of the ROV increased, reducing its performance. Overall, while
NMPC has advantages in autonomous ROV docking tasks, the uncertainty of the model
remains a significant challenge for control systems.
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To address these issues, this paper proposes a Gaussian Function Sliding Mode Ob-
server (GFSMO)-compensated Nonlinear Model Predictive Controller (GFSMO-NMPC)
for autonomous ROV active docking with AUVs. The controller consists of two parts.
The first part is GFSMO, which effectively solves the overshoot and lag issues caused by
initial errors while ensuring the transient response of the sliding mode observer, used to
estimate ROV model uncertainties and external disturbances. The second part is NMPC,
which performs rolling optimization based on the desired state, ROV state information,
and constraints to derive the optimal control sequence, achieving precise trajectory tracking
and stable docking with the AUV. The main contributions of this study are as follows:

*  The process and control strategy for ROV active docking with AUVs is designed,
improving docking safety.

* A GFSMO-NMPC controller is proposed to enhance system control performance.

*  Ajoint simulation experiment is established through WEBOTS and MATLAB, verify-
ing the superiority and feasibility of the designed controller and the proposed method.

This paper is structured as follows: Section 2 describes the ROV active docking process
and the control strategy. Section 3 establishes the ROV dynamic model. Section 4 designs
the GFSMO-NMPC controller for the docking control strategy. Simulation results are
provided in Section 5 to validate the proposed method and the docking control strategy.
Section 6 introduces the “Experimental guides”. Section 7 concludes the paper.

2. Docking Process and Control Strategy

This paper assumes that the ROV possesses reliable autonomous localization and target
AUV localization capabilities in real-world scenarios. The ROV active docking process is
systematically divided into three stages: long-distance approach, relative hovering, and
contact docking. Transitions between these stages are governed by the Euclidean distance d
between the ROV and AUYV, as illustrated in Figure 1. To ensure docking safety, two critical
constraints are defined based on engineering experience and practical project requirements:

e Hovering offset point S: A safety offset point S is established 2 m above the AUV’s
docking interface. This offset prevents potential collisions caused by ROV over-
approximation during the approach stage. The 2 m distance is empirically determined
to balance vertical collision avoidance and the effective detection range of the binocu-
lar camera.

e  Steady-state circle diameter D: Maintaining absolute horizontal stationarity relative to
a moving AUV is challenging due to hydrodynamic interactions. Therefore, a hori-
zontal “steady-state circle” with a diameter D = 10 cm is defined around the docking
interface. This tolerance accommodates minor positioning errors and mechanical
alignment tolerances observed in field tests. Once the ROV stabilizes within this circle,
it is considered horizontally aligned with the AUV.

To ensure the rationality of the docking logic, the following variables are defined:
Prov, Pauv and Pg represent the position vector of the ROV, AUV and the hovering offset
point S, respectively. [e, ey, ez, ey] denote the error between the ROV and AUV in surge,
sway, heave, and yaw, respectively.

Long-distance approach (d > dp): In this stage, the ROV utilizes an Ultra-Short
Baseline (USBL) system to localize the AUV. The position of the hovering offset point Pg
is transmitted to the controller. The control objective is to minimize the position tracking
error ey, defined as e; = ||Proy — Ps|.

Relative hovering (d < dp): Upon entering this stage, the binocular camera replaces
the USBL for high-precision localization of the AUV’s position and yaw angle information,
and the control objective is still to track the hovering offset point 5. Unlike the long-
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distance approach stage, in this stage, it is important to minimize both [ez, e;, e]. Under
the condition of maintaining heading alignment between the ROV and AUYV, the control
objective transitions to converging the ROV into the predefined “steady-state circle” around
point S. This requires satisfying the following constraints: |ez| < 2, [e;| < T, minimize
the €y-

Contact docking (Jez| < D &|e,| < £): Once the ROV stabilizes within the “steady-
state circle”, it enters the contact docking stage, descending vertically until successful
docking is achieved. When the ROV stabilizes in the “steady-state circle” around the S
point, the ROV is considered to be stationary with respect to the AUV. Cancel the hover
offset at point S and minimize e; while ensuring that the |ez| < D&ley| < D&lep| < Pmax.

Since it is not possible to set up the physical phenomenon of electromagnetic phase
attraction in the simulation, the mark of successful docking adopted in this paper is the
convergence of the position and heading angle errors between the ROV and the AUV to
within the specified range: |ez| < D&ley| < D&ley| < pmax& — Iy < eg < —hy, where hy
is the height of the origin of the AUV body-fixed coordinate frame to the highest point of
the docking armature, and h; is the height of /11 minus the guide cover.

Figure 1. ROV active docking AUV scheme.

3. Dynamic

This section introduces the general ROV dynamic model, which is used to design
the predictive model of the NMPC in Section 4. The thrust allocation model for the ROV
platform used in this study is also introduced for the WEBOTS simulation environment
setup in Section 5.

An Earth-fixed coordinate frame and a body-fixed coordinate frame are established [24]
to describe the ROV’s motion in the dynamic model. The Earth-fixed coordinate frame
E — ¢n( is used to determine the ROV’s position underwater, with its origin fixed at any
point on the Earth. The body-fixed coordinate frame O — xyz is rigidly attached to the ROV
and its origin coinciding with the vehicle’s center of mass (Figure 2). This frame translates
and rotates synchronously with the ROV’s motion.

The nonlinear dynamic equations of ROV are widely described using the Newton-
Euler method in most studies [25], as follows:

Mo+ C)v+DW)v+g(n) =T+ 1)

where M = Mpgp + My is the inertia matrix, C(v) = Cgp(v) + C4(v) is the Coriolis
and centripetal matrix, D(v) is the damping matrix, and g(#) is the restoring moment
matrix. ¢(y) = [& 1,0, ¢,0,9]T represents the ROV’s position and orientation in E —
Inl. v = [u,v,w,p,q,r]" represents the ROV’s linear and angular velocities in O — xyz.
v=[F,F,Fo, Ty, Ty, Ty T is the force and torque applied by the thrusters, and 7, represents
external disturbances such as wind, waves, and currents.
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Figure 2. ROV Earth-fixed coordinate frame and body-fixed coordinate frame.

The ROV used in this study is the “R-ROV” [26] independently developed by the
Shenyang Institute of Automation, Chinese Academy of Sciences. It is in a floating state in
water and generates the required forces and moments in six degrees of freedom (DOFs)
using eight thrusters. The thruster distribution is shown in Figure 3, providing dimensional
data for the “R-ROV” simulation in WEBOTS.

7 o a,
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< 650mm N
(@ (b)

Figure 3. “R-ROV” thruster distribution. (a) Top. (b) Side.

The relationship between the T applied by the thrusters on the “R-ROV” and the T of
each individual thruster is expressed as follows:

=BT )

T = [Tll TZ/ T3/ T4/ T5/ T6/ T7/ TS]T (3)

In Equation (3), T; — Tg represent the thrust of the eight thrusters distributed on the
“R-ROV”. In Equation (2), B is the thrust allocation matrix, expressed as follows:

cos cos —cosae  —cosa O 0 0 0]
sina —sing —sina sinux 0 0 0 O
B=| 2 ’ oo At @
lisine —ljsina —lLijsina Lisina =l b L —I
—lycosa —ljcosa Iljcosa lycosa —l3 —Il3 I3 I3
| L —Iy Iy —l4 0 0 0 0|

where «,11, I, 13,14 represent the angle between the horizontal thrusters and the x — axis
of the ROV’s body-fixed coordinate system, the distance between the horizontal thrusters
and the O — xy plane, the moment arm of the vertical thrusters relative to the x — axis, the
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moment arm of the vertical thrusters relative to the y — axis, and the moment arm of the
horizontal thrusters relative to the z — axis, respectively.

4. GFSMO-NMPC Controller Design

Figure 4 shows the control framework. The GFSMO-NMPC controller consists of
a Gaussian Function-based Sliding Mode Observer (GFSMO) and a Nonlinear Model
Predictive Controller (NMPC). After the ROV locates its own state and the AUV’s state
information through sensors, it calculates the pose error between them. Based on the three-
stage docking control strategy, the ROV’s desired state is determined, and the GFSMO
estimates the ROV’s predictive model compensation term. The NMPC performs rolling
optimization based on the ROV’s desired state, the compensated predictive model, and
model constraints to derive the predictive control sequence. Judging whether the predictive
control sequence meets the optimal solution or reaches the maximum number of iterations,
the optimal control sequence is output [27] to drive the ROV to approach the AUV.

NMPC
X,y += Rolling L. (o)f .
— O$timization Max_Tter
o g
Cost  Constraint |
Three—stage function o Sensor
strategy
ROV U
Nonlinear time-
varying model [«
! GFSMO
Sensor X 1T
auv = L
Data ‘ Cf‘\__‘.
T Xrov

Figure 4. GFSMO-NMPC control framework.

4.1. NMPC

The predictive model is the foundation of the NMPC controller. Constructing an
accurate ROV model is difficult, and as the dimensionality of the predictive model increases,
the computational pressure of NMPC significantly increases. To address this issue, the
following reasonable assumptions are made:

1.  The ROV’s roll and pitch motions are ignored since the ROV relies on physical design
(metacentric height) to maintain roll and pitch stability during active docking tasks.

2. The Coriolis and centripetal matrix C(v) is ignored. Since the ROV operates at
low speeds (less than 2 kn) during docking tasks, the influence of the Coriolis and
centripetal matrix is proportional to the square of the velocity. Calculations show that
the Coriolis moment accounts for less than 5% of the main control moment at these
speeds, so ignoring this term does not significantly affect modeling accuracy [28].

Based on these assumptions, and referring to the existing parameters of the “"R-ROV”
system and the ROV dynamic model (1) in Section 3, the state variables of the ROV are
selected as x = [x,, xu]T, where x;, = [&,7,{, %], x» = [u,v,w,7]T, and the control input
u = T. The constructed NMPC predictive model is as follows:

044 J(xy)
O4xsa —M'D(xy)

. 0
X = fr(xy, up, T, t) = x+ 7;@: (u+ 1) )
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where [(x;) is the Jacobian matrix corresponding to each moment, defined as in
Equation (6), and the simplified mass matrix M and damping matrix D(x,) are defined as
in Equation (7).

cosyp —sinyp 0 O
sinfp cosyp 0 O
= 6
J(n) 0 0 1 0 6)
0 0 01
M = diag{m,m,m, L
g{ 2z} %

D(XU) == diag{Xu + Xu\u\ulu|/YU + Yv,v\ |U|,Zw + Zw|w\ |w|/NY + Nr\r\ |7”|}

where m is the ROV mass and I, is the rotational inertia of the ROV. (X, Yy, Z., N;) and
(Xujul» Yolo|» Zw|w|s Nyjr) are the hydrodynamic coefficients of the ROV.

The 4th-order Runge-Kutta (RK4) method [23] is used to approximate the solution of
the differential Equation (5). Within a small discrete time step At, the ROV’s state at the
next time step x;; is obtained as shown in Equation (8).

X1 = fi(0) = 2 + %(fl +2f2+2f3+ fa)
fr = At fi(xt, up, Te)

f2 :At'ft (xt+j;1,ut,re> (8)
fz=At-f; <xt + %,ut, Te)

fa=At- fi(xe + f3,u1, Te)

The NMPC optimizes the cost function based on the ROV’s system state, desired
state, and constraints. In the docking task, the primary considerations are the posi-
tion error between the ROV and AUV and docking safety. The predicted state sequence
[x(k+1]k),...,x(k+Np | k)] T and the control sequence [u(k |k),...,u(k+Np—1| k)]T
are selected and the cost function is constructed as in Equation (9).

Np N1
. . N ; 2
min [ () = ) [lx(t+i | ) = xeer(t + D)o+ ) [Ju(t+i|£)ll% +pe ©)
! i=1 i=0
where Ny, is the prediction horizon, N¢ is the control horizon, Q is the state weight matrix,
R is the control weight matrix, p is the weight coefficient, and ¢ is the relaxation factor.
The constraints are related to the ROV’s physical limitations and task requirements,
expressed as follows:

Xt41 = ft(xt/ Ut, Te, t) (10)
umin S ul(t) S umax/ l = O/ 1!‘ . '/NC - 1 (11)
Atipmin < Aui(H) < Amax, i=0,1,...,N. —1 (12)

Xmin < xi(t) <iXmax, 1=0,1,.. ~/Np (13)
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where Equation (10) is the dynamic constraint of the ROV, Equations (11) and (12) are the
input and input increment constraints, and Equation (13) is the state constraint.

Through the predictive model (5) and cost function (9), the optimal control se-
quence (14) is derived within each control cycle, and the first control input u(t|t) is applied
to the ROV. The optimal control input u(t|t) is transformed into individual thruster com-
mands through multiplication with B*, the pseudo-inverse of the control effectiveness
matrix B. This computation yields the required thrust T; for each thruster, driving the ROV
toward the target position.

Us(t) = [u(t | t),...,u(t+Ne—1| )" (14)

4.2. GFSMO

A sliding mode observer-based feedback compensation mechanism is introduced [29]
to reduce the NMPC controller’s dependence on the model. The sliding mode observer
has transient response characteristics, quickly converging the observation error between
the ROV’s actual state and desired state to zero, thereby dynamically compensating the
NMPC’s predictive model.

The original sliding surface is defined as follows:

t
S:e+/ edt (15)
0

where e = X, — X, Xy is the desired ROV state and x is the actual ROV state.

The original sliding surface (15) does not consider the limitation of the integral term,
leading to excessive cumulative errors during the initial motion stage (when errors are
typically large), causing lag and overshoot in the ROV’s motion. To address this issue, a
sliding surface based on Gaussian function is introduced, replacing the original integral
term fOt edt with a Gaussian distribution curve, as shown in Figure 5.

fle)

1
o2

1 fle)= exp

Figure 5. Gaussian function.

(e=p1)?

exp 202 (16)

1
f(e):ﬁ

L_ is the maximum value of the mapping interval, y is the center value, and ¢ is

o2 ]
the standard variance.

where

The sliding surface based on the Gaussian function is defined as Equation (17):

S:e+/0tf(e)~edt (17)

With the introduction of a sliding mode surface based on the Gaussian function, it
becomes an integral over fot f(e) - edt, where the interval range of f(e) is [0, 1]. This method
not only ensures the transient response characteristics of the sliding mode observer but
also solves the overshooting and hysteresis problems.
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The GFSMO is designed as follows:

T, = Ky - S+ K; - sign(S) (18)

where Kj is the sliding mode gain, K is the adaptive gain, and sign(S) is the sign function
on the sliding surface. By adjusting K; and K3, the ROV can estimate model uncertainties
and unknown disturbances.

5. Simulations and Analysis

In this section, a joint simulation experiment using MATLAB and WEBOTS is con-
ducted. MATLAB is responsible for writing the robot control program and data visualiza-
tion, while WEBOTS handles the ROV’s dynamic simulation and visual simulation. The
two platforms interact through the “Remote API” to collaboratively verify the feasibility of
the GFSMO-NMPC control method and the three-stage docking control strategy. WEBOTS
is a widely used open-access simulation platform for robotics, supporting underwater
environments, underwater robot setup, and current disturbance settings. The simulation
environment comprises a water tank with dimensions of 100 m (length) x 50 m (width)
x 20 m (depth), into which the “R-ROV” and AUV models are integrated to accurately
simulate the docking procedure. The simulation environment is shown in Figure 6.

Figure 6. WEBOTS simulation. (a) Pool. (b) AUV. (c) ROV. (d) Docking.

In WEBOTS, the relationship between the thrust generated by the thrusters and the
motor speed is as follows:

T, =k |nlni=1,2---,8 (19)

where T; represents the thrust of the 8 thrusters of the ROV in Equation (3), k is a coefficient
related to the shape, size, and fluid density of the thrusters, and for simplicity, k = 1 in this
paper. n is the rotational speed applied to the thruster motor.

The hydrodynamic parameters and mass of the robot in WEBOTS are modified accord-
ing to Table 1 to simulate the hydrodynamics of “R-ROV”. Here, “dragForceCoefficients”
and “dragTorqueCoefficients” represent the drag force and drag torque coefficients in three
directions, respectively, and “viscousResistanceTorqueCoefficient” represents the viscous
resistance coefficient.

In MATLAB, the NMPC predictive model shown in Equation (5) is constructed accord-
ing to Table 2, and the parameters in the thrust allocation matrix (4) of the “R-ROV” are set
according to Table 3.
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Table 1. ‘ImmersionProperties’ setting.
Properties X y z
dragForceCoefficients 0.46 0.6 2
dragTorqueCoefficients 0.001 0.005 0.001
viscousResistanceTorqueCoefficient - 0.005 -
Table 2. Parameters of the ‘R-ROV’.
Parameter Value Unit Parameter Value Unit
m 170 kg N, —0.1 kg-m?/(s- rad)
L, 10.07 kg m? Xyl —15.83 kg/m
Xy —2.39 kg/s YUM —158.2853 kg/m
Yy —23.90 kg/s Zw|w| —150 kg/m
Zew —20 kg/s Ny —0.01 kg- m?/rad?
Table 3. Parameters of the “R-ROV” thruster distribution.
No. 1 2 3 4 5
Parameter o I I I3 Iy
Value 30° 0Om 0.22m 0.225m 0.3128 m

Here, the “Supervisor” function in WEBOTS is used to replace localization sensors
such as USBL and a binocular camera, enabling the simulation to obtain the position and
orientation information [, 7, , 1/J]T of the ROV and AUV in the Earth-fixed coordinate
system E — ¢n¢. Four different simulation scenarios are designed as follows:

Scenario 1: 3D trajectory tracking under disturbance; the tracking trajectory is given
by Equation (20), with a simulation duration of 96 s and a simulation step size of T = 32 ms.

Xg = Xpopo + £
Y4 = Yropo + 10 Sil’l(O.lt) t= [T,ZT, e, NT} (20)
Z4 = Zypopo + 0.1¢

where (x,,14,24) represents the desired trajectory of the ROV, and (X000, Yro00, Zrov0) T€pre-
sents the initial position of the ROV.

Scenario 2: docking with a floating AUV without disturbance; the motion trajectory
of the AUV is given by Equation (21), with a maximum simulation duration of 30 s and a
simulation step size of T = 32 ms.

Xaup = Xq0 +0
Yauo = Ya0 + 0 t=[T,2T,...,NT] (21)
Zauo = Zao + 0.5t

where (Xau0, Yauo, Zauv) T€presents the motion trajectory of the AUV, and (X400, Yau00, Zaus0)
represents the initial position of the AUV.

Scenario 3: docking with a moving AUV without disturbance; the motion trajectory
of the AUV is given by Equation (22), with a maximum simulation duration of 50 s and a
simulation step size of T = 32 ms.
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Xaup = Xq0 + 0.3t
Yauo = Ya0 + 0 t = [T,ZT,...,NT} (22)
Zauv = Z40 + 0.5t + 0.3 . Sil’l(O.ZT(t)

where (Xau0, Yauo, Zauv) TEPresents the motion trajectory of the AUV, and (X400, Yau00, Zauz0)
represents the initial position of the AUV.

Scenario 4: docking with a moving AUV under disturbance; the motion trajectory of
the AUV is given by Equation (23), with a maximum simulation duration of 50 s and a
simulation step size of T = 32 ms.

Xaup = Xg0 + 0.3t + vyt
Yauo = Yao + Oyt t = [T,2T,...,NT] (23)
Zauo = Zq0 + 0.3 - sin(0.277¢)

where (Xauv, Yauv, Zauv) represents the motion trajectory of the AUV, (X400, Yauv0, Zaus0)
represents the initial position of the AUV, and v,t and vt represent the distances moved
by the AUV in the longitudinal and lateral directions, respectively, due to stream velocity.

In practice, the success rate of ROV active docking with AUVs depends on the tra-
jectory tracking performance of the ROV and the docking method. Therefore, Scenario
1 is designed with a nonlinear curve to verify the trajectory tracking performance of the
proposed controller. Scenario 2 and Scenario 3 are designed to demonstrate the feasi-
bility of ROV docking with a floating AUV and a moving AUV, respectively, without
disturbance. Scenario 4 verifies the adaptability of the docking method under different
current conditions by varying the stream velocity. The success mark for ROV-AUV dock-
ing task in Scenarios 2—4 are defined by the following: |ez| < 0.05m and |e;| < 0.05m and
ley| <0.175rad and —0.45m < ¢; < —0.35m.

5.1. Scenario 1

In WEBOTS, the simulation environment is initialized as follows: the initial position
of the ROV is set to (X000, Yrov0, Zrovo) = (—49,0,1), with units in m. A constant stream
velocity of [—0.5,0.3,0.5] m/s is applied. The NMPC parameters are configured as follows:
prediction horizon N, = 5, control horizon N. = 1, and discrete time step 6t = 0.2
s. The state weight matrix is Q = diag(104, 104,104, 104), the control weight matrix is
R = diag(1,1,1,1), the weight coefficient p is set to 1, and the relaxation factor ¢ is set to
0.0001. In this paper, considering the temporary unavailability of the future trajectory of
the AUV, the future reference trajectory of the NMPC at each sampling period X, (t + 1) =
Xref(t), foralli = 1,---, Ny, where x,¢(t) is the AUV state information collected at each
sampling moment.

The GFSMO parameters are configured as follows: sliding mode gain k; = [10, 10,10, 0]
and adaptive gain k, = [0.5,0,0.5,0]. Three algorithms are used to control the ROV to track
the desired trajectory (20), and the results are shown in Figure 7.

Figures 7-10 present the simulation results of Scenario 1. The trajectory using GFSMO-
NMPC is smoother than PID and NMPC, and the ROV stabilizes on the desired trajectory
after 16 s. Both PID and NMPC exhibit significant fluctuations during trajectory turns,
with larger tracking errors in the # direction. Figure 8 shows the states of the ROV at
different times during the tracking simulation using the GFSMO-NMPC algorithm in
WEBOTS. Figure 9 illustrates the changes in the ROV tracking error in the [, 7,, ¥]T
directions. It is clear that in the ¢ and ¢ directions, GFSMO-NMPC eliminates the steady-
state error compared to NMPC, with maximum tracking errors not exceeding 0.8 m and
0.2 m, respectively. Figure 10 compares the variations in [Fy, Fy, Fo, Tr}T, showing that
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the proposed method suppresses control input chattering. To evaluate the superiority of

the proposed method, the root mean square error (RMSE) of the position and orientation

tracking for the three algorithms is compared, and the results are shown in Table 4. It

is evident that the proposed method improves the trajectory tracking accuracy of the
ROV, with RMSE values of 0.1300 m, 0.1554 m, 0.0416 m, and 0.0029 rad in the [, 7, , 1[)]T
directions, respectively. The results demonstrate that the proposed method significantly

enhances the accuracy and control robustness of tracking task.

Table 4. The RMSE performance of different algorithms—Scenario 1.

Algorithm ¢ (m) 7 (m) ¢ (m) P (rad)
PID 0.4763 0.9940 0.2397 0.007
NMPC 1.2113 0.5951 0.3641 0.0104
SMO-NMPC 0.1300 0.1554 0.0416 0.0029
12
10 1; g —Desired trajectory
\ —PID
8 ——NMPC
S 3 —— GFSMO-NMPC

Figure 8. ROV 3D trajectories visions for tracking based on GFSMO-NMPC—Scenario 1.
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Figure 9. ROV position and pose tracking errors for tracking under disturbances—Scenario 1.
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Figure 10. The control input of ROV—Scenario 1.

In order to verify the anti-disturbance performance of the GFSMO-NMPC, the constant
stream velocity in the WEBOTS was changed without changing the trajectory and controller
parameters. The simulation results show that when the vertical stream velocity is greater
than 0.5 m/s, the vertical direction will lose control. So, three sets of stream velocities
[0,0,0], [-0.5,0.3,0.5] and [—0.7,0.5,0.7] were selected for comparison and the results are
as follows:

Figures 11-13 present the simulation results of ROV 3D trajectories for tracking under
different disturbances. Figure 11 visualizes the results of trajectory tracking, and it can be
seen that the ROV tracking results are similar under both sets of disturbances, [0,0, 0] and
[—0.5,0.3,0.5]. However, when the stream velocity increases to [—0.7,0.5,0.7], the controller
fails on . This is also reflected in the F, variation in Figure 13, when the ROV resists
the upward current with maximum thrust, but still fails to track the desired trajectory.
In Figure 12, it seems that as the current increases, it does not affect the tracking results
in the ¢ and 7 directions, as well as in the ¢ attitude, with the ROV tracking the desired
trajectory steadily after 10 s. However, in Figure 13, it can be seen that as the stream velocity
increases, the thrust/torque required by the ROV increases. For example, the stabilized
thrust changes from 100 N to 210 N, and the final 290 N in the case of F,,. It should be noted
that the controller losses control on  because the ROV still has to overcome the effects of
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buoyancy. The RMSEs under the three disturbances are compared in Table 5. The results
demonstrate that the proposed method is robust.

- — -Desired trajectory
12——1000]

——[-0.5 0.3 0.5]
10-——1-0.70.50.7]

¢(m)

-40

-15 -50

Figure 11. ROV 3D trajectories for tracking under different disturbances.
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Figure 12. ROV position and pose tracking errors for tracking under different disturbances.
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Figure 13. The control input of ROV under different disturbances.
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Table 5. The RMSE performance of different disturbances.
Stream Velocity (m/s) ¢ (m) # (m) C (m) ¥ (rad)
[0,0,0] 0.1091 0.1588 0.0177 0.0028
[—0.5,0.3,0.5] 0.1300 0.1554 0.0416 0.0029
[-0.7,0.5,0.7] 0.1415 0.1607 0.9788 0.0032

5.2. Scenario 2

In WEBOTS, the initial positions of the ROV and AUV are set as follows: (X050, Y1000, Zrov0)
to be (—20,0,12) and (X400, Yauv0, Zauwo) to be (0,2,5); the unit is m. The three-stage control
strategy mentioned in Section 2 is adopted, and the AUV follows the trajectory specified in
Equation (21). The GFSMO-NMPC parameter settings remain unchanged. The results are
shown in Figure 14.

14 ||——ROV-PID
ROV-NMPC
——ROV-GFSMONMPC

12
1
10 !

E
= \-

: 1
!
1
6 14 !
’ 1
1
]
4 12, | I

1

i

10.
2 -
- 1
10 \ .
5 o 1 -
nm)o > Yy T o1 2 -
5 77'\77*77jﬁ77777<7*777<7 \0
<10 &(m) 5

20 -15

Figure 14. ROV 3D trajectories for docking unpowered AUVs—Scenario 2.

Figures 14-16 present the simulation results of the ROV docking with a floating
AUV without propulsion in Scenario 2. The simulation results demonstrate that the ROV
successfully completed the docking task with the AUV in 18.3 s by implementing the
proposed three-stage control strategy integrated with the GFSMO-NMPC algorithm. In
contrast, the NMPC algorithm requires 22.24 s to complete the task. Although the PID
algorithm allows the ROV to adjust to the same depth as the AUV in a shorter time, its lower
control precision prevents it from completing the docking within 30 s. Figure 15 shows
the changes in the position and orientation of the ROV during the docking process with
the floating AUV. In the # direction, overshoot occurs when using the proposed method.
Through trajectory analysis in the WEBOTS, the phenomenon primarily stems from the
directional coupling of the ROV. This occurs when uniform state weight coefficients are
maintained in the Q matrix across all DOFs. Although the coupling effects between system
states restrict the independent adjustment of weight coefficients due to potential instability
risks, this limitation can be effectively mitigated through the implementation of advanced
trajectory-planning techniques. Figure 16 shows the relative position between the ROV
and the AUV during the docking simulation of Scenario 2 with the proposed method
in WEBOTS.
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Figure 16. ROV and AUV relative positions for docking unpowered AUVs—Scenario 2.

Table 6 compares the terminal position and orientation errors between the ROV and
AUV, as well as the docking time, at the end of the simulation for Scenario 2 using the three
methods. The terminal errors in the { direction are similar for all methods. In the horizontal
plane, the PID algorithm exhibits oscillations, preventing the ROV from stabilizing within
the “steady-state circle”, with a deviation of 0.44 m in the ¢ direction and a lag of 0.276 m
in the 7 direction relative to the AUV’s docking interface. In contrast, both the NMPC and
GFSMO-NMPC algorithms can stabilize within the “steady-state circle” . As for the yaw
angle ¢, all three methods show minor fluctuations, but these do not affect the final results
and can be ignored.

Table 6. The performance of different algorithms—Scenario 2.

Algorithm  Docking Time(s) ez(m) e, (m) e;(m) ey (rad)  Result

PID - —-0.440 0.276 —0.424 0.001 Failed
NMPC 22.24 0.034 —0.003 —0430 —0.001 Succeed
SMO-NMPC 18.3 0.049 —0.034 —0.350 —0.002  Succeed

5.3. Scenario 3

The initial positions of the ROV and AUV remain the same as in Scenario 2. The
AUV follows the trajectory specified in Equation (22), and the parameter settings remain
unchanged, except for the maximum docking time, which is set to 50 s. The results are
shown in Figure 17.
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Figure 17. ROV 3D trajectories for docking a moving AUV—Scenario 3.

Figures 17-19 present the simulation results of the ROV docking with a moving AUV
in Scenario 3. The results clearly demonstrate the superiority of the proposed method,
as the ROV successfully docks with the AUV in 22.12 s. In contrast, both the NMPC and
the PID algorithms fail to complete the docking task within 50 s. This result indicates
that the proposed method remains feasible even when the AUV moves. Figure 18 shows
the changes in the position and orientation of the ROV during the docking process with
the moving AUYV. Similar to the case of docking with a floating AUV, an overshoot issue
occurs in the # direction, with a maximum overshoot of 2.3 m. Figure 19 shows the relative
position between the ROV and the AUV during the docking simulation of Scenario 3 with
the proposed method in WEBOTS.

Table 7 compares the terminal position and orientation errors between the ROV and
AUV, as well as the docking time, at the end of the simulation for Scenario 3 using the
three methods. The ROV using the PID and NMPC algorithms has terminal errors in the {
direction, and the PID algorithm predicts oscillations in both the ¢ and # directions. Overall,
the proposed method demonstrates feasibility in the docking task.
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Figure 18. ROV position and pose tracking performance for docking a moving AUV—Scenario 3.
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Figure 19. ROV and AUV relative positions for docking a moving AUV—Scenario 3.

Table 7. The performance of different algorithms—Scenario 3.

Algorithm  Docking Time(s) ez (m) e;(m)  e;(m) ey (rad)  Result

PID - —0.082 —-0.166 —0.500 —0.001 Failed
NMPC - 0.032 0.001 —0.808 0.001 Failed
SMO-NMPC 22.12 0.019 —-0.049 —-0.373 0.009 Succeed

5.4. Scenario 4

After fixing the parameters of the GFSMO-NMPC algorithm, nine docking simulations
are conducted with different stream velocities while keeping the initial positions of the
ROV and AUV unchanged. The AUV follows the trajectory specified in Equation (23), and
the results are combined with the special case of no current in Scenario 3. The terminal
position and orientation errors between the ROV and the AUV, as well as the docking time,
are compared, and the results are shown in Table 8.

Table 8. The performance of ROV docking a moving AUV under changed disturbances—Scenario 4.

Stream Velocity (m/s) Docking Time (s) ez (m) e, (m) e; (m) ey (rad) Result

(—-1,-1,0) 35.136 0.048 0.018 —0.359 —0.035 Succeed
(—0.7,-0.7,0) 34.72 0.049 —0.043 —0.354 —0.018 Succeed
(—0.4,-0.4,0) 28.384 0.041 0.049 —-0.364 —0.023 Succeed
(—0.1,-0.1,0) 29.6 —0.038 0.049 —0.359 —0.006 Succeed

(0,0,0) 22.12 0.019 —0.049 —-0.373 0.009 Succeed

(0.2,0.2,0) 24 0.032 —0.037 —0.401 0.018 Succeed

(0.5,0.5,0) 247 0.023 —0.048 —0.356 0.031 Succeed

(0.8,0.8,0) 29.12 0.033 —0.045 —0.351 0.049 Succeed

(1.1,1.1,0) 36.32 0.021 —-0.045 —0.360 0.098 Succeed

(1.4,1.4,0) — 0.468 —2.040 —2.406 0.158  Failed

An important limitation to consider is that the stream velocity is fixed in WEBOTS.
However, the current is random in the real world. In this study, ten docking simulations
with varying horizontal stream velocities were conducted to investigate the effects of
stochastic hydrodynamic disturbances on docking performance under real-world condi-
tions. The results show that the proposed method achieves a docking success rate of 90%.

In Table 8, it can be seen that as the stream velocity increases, the docking time also
increases. The docking time reaches its minimum when the stream velocity is 0 m/s.
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Since no current is set in the { direction, e; does not change significantly compared to
the no-disturbance condition. In the horizontal plane, influenced by the stream velocity,
eg is larger when the ROV moves against the flow (—1 to 0 m/s) than when it moves
with the flow (0 to 1 m/s). When the stream velocity exceeds 1 m/s (2 kn), the ROV’s
maneuverability is affected, making it difficult to complete the docking with the AUV. At a
stream velocity of 1.1 m/s, the docking is completed in 36.32 s. However, when the stream
velocity reaches 1.4 m/s, the docking task fails. These results indicate that the proposed
method has disturbance rejection capability and is suitable for ROV-AUV docking tasks
within a small stream velocity range (—1 to 1 m/s).

6. Experimental Guide

To provide a clear understanding of the physical implementation of the proposed
method, this section introduces the R-ROV platform, followed by the experimental proto-
cols. The R-ROV platform (Figure 20) integrates a dual-sensor system for self-localization
and target localization and employs two computing units.

On the self-localization hand, the Ellipse-2A inertial sensor provides 6-DoF kinematic
data (linear acceleration, angular velocity, and attitude). The TCM XB electronic compass
calibrates the heading angle of the Ellipse-2A to ensure yaw accuracy. On the target
localization hand, a USBL sonar system acquires the target’s positional coordinates. A
ZED2 binocular camera estimates the target’s 6-DoF pose (position and orientation). In
addition, the platform employs a 9602 calculator for sensor data fusion, motion control,
and thruster actuation. A dedicated Jetson Orin NX GPU is used for real-time visual
processing. With a total mass of 170 kg, the R-ROV demonstrates robust self/target
localization capabilities underwater.

Self-localization Target-localization

Inertial Sensor

Figure 20. R-ROV test platform.

The guidelines for the experiment are as follows:

1.  Pre-dive inspection: Verify the watertight integrity of the R-ROV and target AUV.
Calibrate all sensors.

2. Task initialization: Configure the AUV’s operational mode via the surface console
(constant-speed cruising at 1 kn or station-keeping with +0.1 m positional tolerance).
Initialize the R-ROV docking mission parameters.



J. Mar. Sci. Eng. 2025, 13, 601

20 of 22

3.  System deployment: Deploy the R-ROV and target AUV into the water using a crane,
maintaining a horizontal separation of 20 m.

4. Long-distance approach: Activate the USBL system on the R-ROV. Navigate toward
the hovering offset point S using USBL-derived coordinates.

5. Sensor transition: When the Euclidean distance satisfies d < d|), deactivate the USBL
system. Enable the ZED2 binocular camera for vision-based localization.

6. Relative hovering: Converge into the steady-state circle around point S using real-
time pose data from the binocular camera. Maintain horizontal tracking errors within
lez| <0.05m & |ey| < 0.05m.

7. Hovering validation: Synchronize horizontal motion with the AUV for 1 min within
the steady-state circle. Log telemetry data (position, orientation, thrust) for offline
analysis.

8.  Contact docking: Disable hovering control once stabilized within the circle. Initiate
vertical descent toward the AUV until physical contact is achieved.

9.  Recovery and analysis: Synchronize the ascent of the R-ROV and AUV to the surface.
Retrieve both vehicles via crane; inspect docking mechanism wear and clean optical
sensors. Process logged data to compute performance metrics.

In the real word, overshooting and hysteresis may occur in the R-ROV due to the
model uncertainty of the R-ROV and the disturbance of the current. It is necessary to set
the R-ROV remote control maneuvering mode to start the remote control maneuvering
mode to drive the R-ROV away from the docking area when the R-ROV and the AUV are
about to collide, and adjust the control parameters in time for the secondary docking test.

7. Conclusions

This study proposes a control method for Remotely Operated Vehicles (ROVs) to
actively dock with AUVs, to address the limitations of traditional docking and recovery
schemes for Autonomous Underwater Vehicles (AUVs), such as restricted maneuverability
and external disturbances. A process and control strategy for ROV active docking with
AUVs is designed, dividing the docking process into long-distance approach, relative
hovering, and contact docking stages based on the Euclidean distance between the ROV
and AUV. An NMPC algorithm is used as the ROV’s motion controller, and a GFSMO is
introduced to compensate for the predictive model, eliminating steady-state errors during
the ROV’s motion.

In the simulation experiments, the GFSMO-NMPC algorithm demonstrated strong
robustness in trajectory tracking tasks compared to PID and the original NMPC, with
RMSE values of 0.1300 m, 0.1554 m, 0.0416 m, and 0.0029 rad in four DOFs, and discuss
the performance of controller under different disturbances. In the docking experiments,
the ROV successfully docked with both stationary and moving AUVs, with docking times
of 18.3 s and 22.12 s, respectively. After optimizing the controller parameters, the docking
success rate reached 90% in 10 docking experiments under varying stream velocity. These
results indicate that the proposed controller and method are suitable for docking tasks.
Finally, we introduced the “Experimental guides”.

Future work will consider the impact of sensor measurement errors on the ROV’s
self-localization and target AUV localization, and a trajectory prediction-based method
will be used to guide the ROV toward the AUV. The method will also be tested in pool test
using the “R-ROV” .
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