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ABSTRACT: To address the challenge of precise station-keeping for underactuated unmanned surface vehicles (USVs)
in unknown current environments, our team previously proposed a solution based on a “virtual anchoring” method.
However, field tests revealed that the inherent “virtual anchor line” constraint limits positioning accuracy. This work
introduces a novel control strategy to overcome the aforementioned issue, which enables accurate unmanned surface
vehicle (USV) station-keeping by significantly reducing the distance constraint inherent to traditional virtual anchoring.
The core innovation lies in a Dynamic Virtual Guide-Point, whose position is updated based on a real-time estimate
of the current direction. The current direction is approximated in real time using a discrete low-pass filter, which
provides smooth tracking of the instantaneous flow-direction observation. Subsequently, a controller is designed based
on Lyapunov theory to drive the USVs to track this dynamic point. Numerical simulations demonstrate that, compared
to the conventional virtual anchoring method, the proposed approach achieves effective hovering at the target with a
substantial reduction in positional error. The controller also exhibits strong robustness against variations in current
and external disturbances. The proposed Dynamic Virtual Guide-Point (DVP)-based strategy effectively mitigates the
limitations of the original method, enabling true “point-keeping” rather than “arc-keeping”, thereby enhancing the
USV’s capability to perform precise maritime operations.
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1 Introduction

As a key component of mobile marine platforms, unmanned surface vehicles (USVs) have attracted sig-
nificant attention due to their flexibility, cost-effectiveness, and suitability for high-risk missions [1]. With the
continuous expansion of application scenarios, the functional requirements for USVs have evolved beyond
basic transit and navigation to include missions that demand high-precision station-keeping in dynamic
marine environments [2]. For example, in applications such as fixed-point hydrological observation [3] and
deployment and recovery of underwater equipment [4], precise and stable hovering capability is essential
for mission success. This capability directly reflects a USV’s level of autonomous control and environmental
adaptability, and has become a core metric for evaluating its intelligence and capacity to execute complex
maritime tasks.

Existing research on dynamic positioning (DP) has established a relatively comprehensive theoretical
system for vessels or USVs equipped with redundant propulsion systems. However, due to cost and size
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constraints, most small and medium-sized USVs are typically equipped with only a single propeller and
rudder, making them underactuated platforms. Traditional DP methods that assume full actuation are
difficult to apply directly. Moreover, even among the limited studies addressing underactuated unmanned
surface vehicle (USV) station-keeping, existing approaches exhibit inherent limitations: path-following-
based methods require continuous propulsion operation, leading to high energy consumption [5], whereas
virtual anchor-based strategies are constrained by fixed geometric configurations that prevent true point-
keeping at the target. Therefore, designing a station-keeping control method for conventional underactuated
USVs—one that does not rely on propeller redundancy, yet achieves high precision and high energy
efficiency, and maintains strong robustness against unknown time-varying disturbances—remains an open
and challenging problem.

Precise station-keeping of vessels and USVs in dynamic marine environments is essentially a dynamic
positioning (DP) control problem. Existing DP research has established a relatively mature theoretical
system. In the following, we review the state of the art from the perspectives of observer techniques, nonlinear
control, model predictive control, data-driven methods, and the DP challenges specific to underactuated
USVs, in order to identify the research gaps that motivate this study.

The key challenge in DP systems lies in the accurate estimation and effective rejection of unknown, time-
varying environmental disturbances from wind, waves, and currents. Disturbance observer (DO)-based
control has become a mainstream framework to address this challenge. Du et al. [6] constructed a disturbance
observer to handle unknown time-varying disturbances and employed adaptive vectorial backstepping,
achieving globally asymptotic regulation of positioning errors. Yu et al. [7] proposed a composite anti-
disturbance control strategy integrating a stochastic disturbance observer, adaptive techniques, and robust
control terms. For unmeasured states, Fu et al. [8] proposed a finite-time extended state observer that
simultaneously estimates unmeasured states, unknown model parameters, and time-varying disturbances.
Liu et al. [9] introduced a sliding mode disturbance observer with a unified barrier function to keep the
vessel within safety boundaries. These observer-based methods have significantly improved DP accuracy
and robustness; however, most rely on the assumption that the vessel is fully actuated, and the observers are
typically designed based on the vessel’s kinetic model structure, which limits their applicability when model
information is unreliable.

In terms of controller design, backstepping combined with disturbance observers is one of the most
widely adopted frameworks. Hu et al. [10] and Tomera and Podgérski [11] both employed DO-based
backstepping, achieving globally asymptotic convergence of positioning error and demonstrating superior
performance over traditional nonlinear PID controllers. Liang et al. [12] proposed a robust adaptive
neural network control based on minimal-parameter-learning, using RBF neural networks to approximate
uncertainties. Mu et al. [13] investigated robust adaptive DP considering thruster dynamics using a single-
parameter-learning approach. To further enhance transient and steady-state performance, sliding mode
control has been extensively studied. Li and Lin [14] developed a nonsingular fast integral terminal sliding
mode control for fault-tolerant DP. Chen et al. [15] studied a DO-based finite-time control scheme for
DP ships subject to thruster faults. In terms of prescribed-time performance, Sui et al. [16] introduced a
predefined-time lumped disturbance observer and prescribed performance control, ensuring the positioning
error converges within a preset time. Li et al. [17] proposed a finite-time adaptive control scheme based
on a saturated command filter. For scenarios where dynamic parameters are entirely unknown, fuzzy logic
methods have shown strong capability. Wang et al. [18] designed a composite adaptive controller using both
tracking and prediction errors for online parameter estimation. Song et al. [19] combined a T-S fuzzy model
with event-triggered Q-learning for optimal DP. Moreover, Zheng et al. [20] and Zou and Zheng [21] studied
sampled-data control using improved Lyapunov-Krasovskii functionals, effectively reducing conservatism.
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These model-based methods have laid a solid theoretical foundation for DP of fully-actuated vessels, but
they generally require knowledge of dynamic model parameters and assume independent control in all three
degrees of freedom, which does not apply to underactuated USVs.

Model predictive control (MPC) has emerged as a powerful tool for DP due to its inherent ability to
handle constraints and optimize over a receding horizon. Zhang and Guo [22] developed a Lyapunov-based
MPC scheme combining an extended state observer with backstepping to guarantee recursive feasibility.
Deng et al. [23] proposed a UKF-based offset-free NMPC for DP under stochastic disturbances. Hou
etal. [24] investigated robust NMPC using Laguerre functions. Event-triggered dual-mode robust MPC [25],
tube-based MPC [26], and discrete-time integral fast terminal sliding mode predictive control [27] have
also been explored. MPC methods excel at constraint handling, but they place high demands on prediction
model accuracy and real-time computation, thereby limiting their application on underactuated platforms
with highly uncertain dynamics.

Data-driven and intelligent methods offer new avenues for reducing model dependence in DP. In
reinforcement learning, Yuan and Rui [28] proposed a deep RL algorithm based on PER-SAC for USV DP.
Sinisterra et al. [29] compared nonlinear SMC and DRL for station-keeping under harsh environmental
disturbances. Li et al. [30] proposed a robust adaptive neural network control for DP with input saturation.
Zhang et al. [31] developed a robust neural event-triggered control for DP ships with actuator faults. Cheng
et al. [32] designed an adaptive multi-event-triggered fuzzy DP controller to counter denial-of-service
attacks. These methods represent a promising direction toward model-free DP, but challenges remain in
training stability, generalization to unseen conditions, and the simulation-to-reality gap. Moreover, most are
still designed for fully-actuated platforms.

At the control implementation level, Sarda et al. [33] and Zhou et al. [34] compared the performance
of nonlinear PD, backstepping, sliding mode control, and PID control in station-keeping through field
experiments. Although the aforementioned fully-actuated DP methods have become quite mature, most
small and medium-sized USVs are underactuated, equipped with only a single propeller and rudder, thus
lacking independent control in the sway direction. Research on DP for underactuated USVs is relatively
limited. Zheng et al. [5] proposed a fixed-time DP method based on path following, but it requires continuous
propulsion, leading to high energy consumption. In addition, control methods such as adaptive control [10]
and MPC [35] place high demands on the accuracy of ship model prediction and the computational capacity
of the hardware. Therefore, developing a simple DP method suitable for underactuated vessels is of great
significance for the engineering application of USV hovering.

In summary, existing DP methods suffer from the following shortcomings: (1) fully-actuated DP
methods are mature but cannot be directly applied to underactuated platforms; (2) underactuated DP
methods either consume high energy (path-following methods) or are constrained by fixed geometric
configurations that only allow arc-keeping (virtual anchor methods). Therefore, designing a station-keeping
method that achieves high precision, low energy consumption, and suitability for underactuated USVs
remains an urgent problem.

To address the above limitations, this study proposes a Dynamic Virtual Guide-Point (DVP) control
strategy building upon our previous work [36]. The core concept of this strategy lies in transforming virtual
anchoring into dynamic guidance: by introducing a virtual guide point that is dynamically updated upstream
of the target point based on real-time estimates of the current direction, the fixed anchor-line constraint is
conceptually removed, providing a theoretical foundation for achieving precise point-keeping. Concurrently,
a hierarchical motion planning and control system centered on this dynamic guide point is constructed,
encompassing a guidance law, a zoned speed planning law, and a dual-loop tracking controller based on
Lyapunov theory that integrates sliding mode and adaptive compensation. Theoretical analysis confirms the
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stability of the closed-loop system. Numerical simulation results indicate that, compared to the previous
virtual anchor method, the new strategy can significantly reduce positioning error, achieve true hovering at
the target point, and effectively enhance the precision and robustness of vessel control.

The specific structure of this manuscript is arranged as follows. Section 2 introduces the limitations
associated with virtual anchoring and describes the USV model. Section 3 elaborates on the design of the
dynamic guide-point, the flow-direction update module, and the control laws involved in this study. Section 4
employs Simulink to model the control scenario of a USV under strong interference and significant tidal
current variations, in order to validate the advantages of the dynamic guide-point proposed herein. Section 5
summarizes the research findings and provides an outlook on potential future research directions in this field.

2 Problem Statement and Modeling
2.1 Problem Statement

In our previous work, we simulated the physical anchoring process. This method stabilizes the USV
at a position downstream of a designated anchor point Pp(xp, yp) by emulating the restraint of an anchor
chain. As illustrated in Fig. 1a, a fixed desired anchoring distance R; (i.e., the virtual anchor line length) is
defined. The USV’s desired heading vy and speed over ground up, are then controlled in real time to ensure
the distance d between the USV and P, asymptotically converges to R;.
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Figure 1: Schematic diagram of the anchoring method: (a) Virtual anchoring method; (b) Virtual anchoring method
based on dynamic virtual guide-point.

Although the virtual anchoring method has achieved satisfactory results, it still exhibits the following
limitations:

o  Theoretical difficulty in achieving zero steady-state error: In essence, the virtual anchoring method
performs arc-keeping rather than point-keeping. Consequently, it is fundamentally challenging to
eliminate steady-state position error; theoretically, the error magnitude will stabilize around the preset
virtual anchor-line length R;, which is set by the user according to specific requirements.
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«  Poor adaptability to environmental changes: When the current direction y varies slowly, the steady-
state position of the USV will drift around the anchor point Pp, forming a circular trajectory instead of
remaining at a fixed point.

+ Contradiction in setting the virtual anchor-line length: Selecting an appropriate R; is critical to the
control accuracy of the virtual anchoring method. If R; is set too small, although the steady-state error
may be reduced, it could cause the USV to approach or even cross the anchor point during adjustment,
leading to control singularity and instability. Conversely, if R, is set too large, it may result in significant
positioning errors.

The inherent limitation of the virtual anchoring method-namely, its fixed geometric constraint-makes
precise point hovering inherently difficult. To address this critical issue, we developed a new approach. As
shown in Fig. 1b, our method introduces a Dynamic Virtual Guide-point. The DVP replaces the fixed anchor
point Pp, with a guide point P, which is estimated in real-time based on current dynamics. This effectively
removes the virtual anchor line, providing a theoretical basis for significantly reducing hovering error.

2.2 USV Modeling

The design of the controller requires a mathematical model of the USV’s motion. USV motion is com-
monly described by a six-degree-of-freedom (6-DOF) rigid-body model, which utilizes two right-handed
Cartesian coordinate systems, as established in numerous studies. Building on our earlier research, and under
the assumption of relatively stable hydrodynamic conditions (i.e., currents and tides with negligible short-
term variations in speed or direction), a three-degree-of-freedom (3-DOF) model is employed. This model
captures the surge, sway, and yaw motions, with its structure detailed in Fig. 2.

oV

Figure 2: Coordinate system definitions for the 3-DOF ship model: (a) Earth-fixed coordinate system; (b) Body-fixed
coordinate system.

Based on the principle of velocity superposition, the kinematic equations of the proposed USV model
can be expressed as follows:

X cosy —siny Of[u Ve cosye
yl=|siny cosy O||v]|+]| Vesinye )
W 0 o 1|~ 0

Here, (x, y) and y denote the position and heading of the USV in the earth-fixed coordinate system,
respectively; u, v, and r represent the surge velocity, sway velocity, and yaw rate of the USV in the body-fixed
coordinate system, respectively; V¢ and y¢ indicate the velocity and direction angle of the current in the
earth-fixed coordinate system.
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Furthermore, the acceleration model of the USV is described by Eq. (2):

=—au+bncosd+w
V=—ay+bynsind +w, (2)
t=—asr+bznsind + w;

Here, 1, v, and 7 represent the surge, sway, and yaw accelerations of the USV, respectively. The constants
a~as and b;~b; denote the damping coefficients and control force coeflicients for each degree of freedom,
respectively. In this manuscript, these parameters are set as follows: a; = a, = a3 =2, b; = b5 = 0.001, and
bs =0.002; n is the propeller rotational speed; and w;~w5 are the uncertain disturbances acting on each
degree of freedom. Furthermore, we assume that the longitudinal velocity of the USV dominates (u > v).

3 Methodology

The three limitations identified in Section 2.1, namely the arc-keeping behavior, the poor adaptability
to current variations, and the trade-off involved in selecting the virtual anchor-line length R, all originate
from the fixed geometric constraint inherent to virtual anchoring. To address these limitations in dynamic
environments, this paper proposes a Dynamic Virtual Guide-Point (DVP) strategy, which replaces the fixed
anchor point with a guide point that is updated in real time based on the estimated current direction. The
overall framework of the proposed precise hovering control system is shown in Fig. 3. The framework adopts
a hierarchical design and consists of three main modules: a DVP generator, a flow estimator, and a USV
controller. These modules work in coordination to achieve the control objectives outlined in Section 2.1.
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Figure 3: Architecture of the dynamic-guide-point strategy for underactuated USVs.

3.1 Dynamic Virtual Guide-Point and Motion Planning Law

As the geometric core of the control strategy presented in this work, the DVP departs from conventional
methods that anchor the control target to a static point Pp. Instead, it defines a time-varying virtual reference
point P (t) = (xg(t), yg(t)), on the ship’s motion plane. The motion law of this point is directly coupled
with the real-time estimated direction of the unknown current y¢. Its specific generation mechanism is
described by the following nonlinear mapping:

{xG (t) = xp + Ry - cos(yrc (t) + ) (3)

yG (t) = yp + Ry - sin(Yc (£) + )
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As described in Eq. (3), the dynamic virtual guide-point Pg lies permanently upstream of the desired
target Pp. It is offset by a constant distance R, in the direction opposite to the estimated current V.
Consequently, the trajectory of P; (where P # 0) is dictated solely by the output of the flow-direction update
module. As illustrated in Fig. 4, by tracking this dynamically moving point Pg, the USV is ultimately guided
to converge onto the stationary target Pp, rather than a point downstream.

P
P, :_;(J'(_:.,l'(_-")\( East

~
\\~—_!L_

~
~

Figure 4: Schematic for high-precision station-keeping via dynamic virtual guide-point.

The generated DVP enables the design of the USV’s desired heading. The associated guidance law
continuously aligns the vessel’s longitudinal axis with the time-varying guide point Pg, thereby steering its
motion. The desired heading angle yp is defined as the bearing from the USV’s current position P(t) =
(x(t), y(t)) to Pg, computed as shown in Eq. (4):

yp (1) = atan2(yg () = y (1), x6 () = x(1)) (4)

Guiding the heading alone is insufficient for achieving precise positional control, necessitating the
incorporation of a well-designed longitudinal speed plan. To this end, we define two concentric circular
zones centered on the DVP and devise a zonal desired speed-over-ground (up) planning law. This approach
enables a smooth and stable approach to, and eventual hovering at, the target point, as illustrated in Figs. 1b
and 4.

The real-time distance between the USV’s position P and the virtual guide point Pg is denoted as d (t) =
|P(t) — Pg(t)|. The motion plane is partitioned into three operational zones by two concentric circles
centered at P with radii R; and R,. The corresponding desired speed planning law is given by:

0, d(t) <R,
up (t) = upp-%, Ry <d(t) <R, (5)
Urp, d(t) >R,

Here upp is the preset maximum approach speed. This speed-planning law allows the USV to approach
rapidly in the outer zone, transition smoothly in the intermediate zone, and maintain precise position keeping
in the inner zone.
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3.2 Flow-Direction Update Module

The flow-direction update module provides a real-time approximation of the current direction to enable
the DVP update. It consists of two phases: an initialization phase that obtains an independent initial estimate
through physical drift measurements, and an online tracking phase that uses a first-order low-pass filter
to smoothly track slow variations of the current direction. This module is not intended as a formal state
observer with strict observability guarantees; rather, it is a practical heuristic whose validity is empirically
demonstrated and whose bounded estimation error is accommodated by the robustness of the closed-loop
control system.

3.2.1 Initialization Phase: Rapid Estimation of Flow Velocity and Direction

Before the USV enters the virtual anchoring state, it undergoes a short initialization process to acquire
an initial estimate of the flow state. This process simulates the “current measurement” operation performed
before a ship drops anchor, requiring the power system to be shut down to let the hull drift with the current
for a period. The positions at the start and end times, (x¢, ¥o) and (x1, y1), as well as the elapsed time interval
At, are recorded. In this manuscript, At is set to 5 s. The initial estimates of flow velocity and direction, V2
and 2, are then calculated.

\/(xl = x0)%+ ()1 - y0)*
) At (6)
1//% = atan2(y; — ¥o, X1 — Xp)

70 _
Ve =

This initial estimate provides the crucial initial condition y¢ (fy) = ¢/ for the subsequent real-time
estimation, effectively preventing slow convergence that would result from an excessively large initial error
in the filter.

3.2.2 Real-Time Estimation Phase: Discrete Convolution-Integral Low-Pass Filtering

During this phase, the USV moves under the action of the control law, and its motion state results
from the combined effect of control inputs and current disturbances. To continuously extract a smooth flow-
direction signal from the coupled motion, we design a discrete convolution-integral estimator based on a
first-order low-pass filter principle. The specific steps are as follows: first, an instantaneous flow-direction
value is estimated; second, a discrete convolution-integral operation is performed on the instantaneous value
to obtain the low-pass filtered flow-direction estimate V.

According to the motion planning law described in Section 3.1, when the control system drives the USV’s
heading y to track the desired heading vy, the USV’s bow tends to point into the current under steady-state
conditions. Therefore, an instantaneous flow-direction observation 6(t) can be constructed as:

O(t)=yp(t)+m 7

To maintain control effectiveness under negligible or zero flow, the above flow-direction estimate is
superseded by the expression below when the USV’s speed-over-ground falls below a minimum threshold:

e(t):{wD(t)Hr, d>R; )

(1-&)y )+ & (o () +7), d<R

Here, R, is the tolerance radius, which allow the USV to hover within a small margin of error under
conditions of negligible or extremely low current.
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The instantaneous observation 0(t) is subject to noise and transient fluctuations. To obtain a smooth
and stable approximation of the current direction, a first-order low-pass filter is applied. For digital
implementation, the filter is discretized using the backward-Euler method:

Ve (k) =9c(k=1)+kTs-[60 (k-1) - ¢ (k-1)] 9)

In Eq. (9), Ts is the sampling period; k denotes the current sampling instant; k is the filter gain, which
determines the estimator’s bandwidth and response speed. This filter ensures that /¢ smoothly tracks 6 with
a time constant of 1/ks. When the initialization phase (Section 3.2.1) provides a reasonable starting point,
and the true current direction varies slowly relative to the filter’s response rate, §/c remains close to yc.

Furthermore, to extract the rate of change of the true current 1/>c, a first-order low-pass filter is employed
for recursive estimation. Its continuous-time form is given by:

ye (1) = kg[8 (1) = ye (1)] (10)

After obtaining the flow-direction estimate /¢, the flow speed magnitude V¢ is estimated by combining
the USV’s speed over ground (ug, v ) with its velocity relative to the water (u, v). The relative water velocity
can be obtained from a ship-borne log or estimated from the propeller speed using the vessel’s calm-water
speed-thrust relationship. Based on relative motion, the estimated current velocity vector is expressed as:

Vecosie| [uc cosy —siny||d a
Vesinye | [ve siny  cosy ||?
Here, (i1,7) represent the estimated relative water velocity. However, the estimation of relative water

velocity is subject to significant uncertainty; consequently, the accuracy of the flow-speed estimate is
generally lower than that of the flow-direction estimate.

Furthermore, the role of initialization and the boundedness of flow-direction tracking need to be further
clarified in this manuscript. The initial estimates of current velocity and direction, denoted as V2 and 92,
obtained from Section 3.2.1, are independent solutions that do not rely on the controller. These estimates
serve as the initial input to the recursive update loop in Eq. (9), effectively avoiding the cold-start problem.

3.3 Control Law Design

To achieve precise tracking of the dynamic virtual guide-point P; and ultimately stabilize the USV at
the target point Pp, Building on our prior work, the controller is designed based on Lyapunov theory and
comprises two cascaded loops: a heading tracking loop and a thrust tracking loop. Its inputs are the desired
motion commands (yp,up), the USV states, and the current estimates (¢, V¢), and its outputs are the
propeller speed n and the rudder angle §.

3.3.1 Heading Tracking Controller

The objective of the heading controller is to achieve fast and accurate tracking of the desired heading
¥p. In the presence of unmodeled dynamics and disturbances, a strategy combining error feedback with
sliding-mode control is adopted to enhance robustness.

First, the heading error ey, is processed. Considering its periodic nature, the error must be mapped onto
the interval (-7, 7], as detailed in Eq. (12):
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o J¥—wp—2m-sign(y—yp), |y-yo|>7 12)
)=
V=¥, ly—ypl<m

Subsequently, a sliding surface S is designed, which integrates the heading error and its rate of change,
as detailed in the following equation:

S=éy+Ay-ey=r—vyp+iy-ey (13)

In Eq. (13), Ay, > 0 is the sliding surface parameter, which determines the error dynamics. In this work,
the rudder control law is designed based on a Lyapunov function, following the methodology established in
our prior research, as specified in Eq. (14):

0= arcsin{bL [(a3 —Ay) = W3+ Ay Yp +Yip — Ku,sat(g)]} (14)

3N v

Here, w3 is the estimated value of the total disturbance w; in the yaw degree of freedom; Ky >0is the
sliding mode control gain; ®,, > 0 is the boundary layer thickness used to suppress control chattering; and
sat(-) is the saturation function, defined in Eq. (15):

m, |m| <1

sign(m), |m|>1 (15

sat (m) :{

This control law drives the sliding surface S into the boundary layer @, within a finite time, thereby
guaranteeing exponential convergence of the heading tracking error e,.

3.3.2 Thrust Tracking Controller

The objective of thrust control is to adjust the propeller speed #, so that the USV’s speed-over-ground ug
tracks the desired speed up, thereby driving the distance d between the USV and the dynamic virtual guide-
point Pg to converge to R;. We define the speed-tracking error as e, = ug — up and the distance error as
ep = d — R;. The thrust control law is formulated as a modified PID structure, whose core lies in integrating
ep with an exponentially decaying weight to adaptively compensate for unknown constant or slowly varying
current forces:

1

b [KI 'f(eD) - Kueu - 1'/{’1:| (16)
1

n=

Here, b, is the control-force coefficient in the surge dynamics; K, > 0 is the speed-control gain; #; is
the estimated total disturbance in the surge degree of freedom; K; > 0 is the integral gain; and f (ep) is
the distance-error integral term with adaptive weighting. This term, given in Eq. (17), is key to canceling
unknown steady-state current effects and is defined as:

f(ep) = [Ot ep(7) - elerMlxgy (17)

In Eq. (17), k > 0 is a tuning parameter. When the USV deviates significantly from the desired position,
the integration weight exp(—|ep (7)|/x) decreases automatically with the distance error |ep|, effectively
preventing integral wind-up and avoiding overshoot or oscillation caused by large initial errors. As the USV
approaches the target position, the weight approaches unity, allowing the integrator to operate at full strength
and accurately eliminate steady-state position errors. Consequently, the controller adaptively generates the
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thrust required to balance the current effect without relying on precise feed-forward knowledge of the
flow velocity.

3.4 Stability Analysis Based on the Backstepping Method

In this work, however, it is necessary to verify that under the combined action of dynamic guidance,
flow estimation, and tracking control, the USV can converge stably around the target point without diverging
or losing control. The core error states of the overall system are defined as the flow-direction estimation error
ec = Y¢ — Ve, the distance error ep, the heading error ey, and the speed error e,.

To facilitate the derivation of the stability proof for the entire system, the backstepping method is
adopted in this work, which decomposes the original complex high-order nonlinear system into multiple
low-order subsystems for separate stability proofs. According to the backstepping framework, we first discuss
the stability of basic motion control, i.e., the stability of distance, speed and heading angle control. On this
basis, the convergence problem of flow direction angle estimation is further analyzed. Since the proof of flow
direction angle estimation is relatively cumbersome in the planar Cartesian coordinate system (x — y — v),
a polar coordinate transformation is performed to reformulate the original problem in the polar coordinate
system (d — 0) for subsequent discussion.

3.4.1 Stability of the Closed-Loop Control System

We now analyze the stability of the main control loop. A composite Lyapunov function candidate is
considered, as given by:

1 1 1
Vi==-ep’+—-e,l+--e,’ 18
1 2 D 2 7] 2 u ( )

Differentiating V; yields Eq. (19):
\71:eD-éD+ew-é1,,+eu-éu (19)

From Eq. (13), the convergence of the sliding surface S implies the convergence of both e, and é,.
Therefore, differentiating S and substituting Eqs. (2) and (14) leads to:

S =7"—1././D+A11/'("_‘/'1D)
= [—asr + bsnsin§ +ws3] —p + Ay - (r—¥p) (20)
= —Kwsat(o%) + (w3 —Ww3)

A Lyapunov function for the sliding surface is constructed as Vs =1/2- S? and its derivative is taken.
Considering the case inside the boundary layer (i.e., |S| < ®,), where the saturation function satisfies
sat (S / GDV,) =S/ ®,, and substituting this relation into the derivative, £q. (21) can be derived:

o S K
Vs =88~ S| -Kysat[ — | + (w3 —w3) | » ——£8% + 8 (w3 — 103) (21)
CDII/ q)ll/

Let w3 = w3 — 3. Applying Young’s inequality, ab < a*/2e + eb*/2, with a = S, b = W3, and € = O, /Ky,
we obtain:

K )
Sy < — 1824 V42

w 22
20,7 2K, ° )
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Substituting Eq. (22) into Eq. (21) yields:

: K o)
Vs < ——— 82+ —Lip2 n —5sS? + 05 (23)

Here, 15 = K,//(2®y) > 0 and o5 = [®, /(2K )]w3 > 0. Since the disturbance estimation error w5 is
bounded after the current observer converges [36], it indicates that the sliding variable Sis bounded. When
the disturbance estimate becomes accurate (w3 — 0), the system state S converges asymptotically to zero,
which further implies the convergence of e,.. Based on Eqs. (13) and (23), the dynamic inequality for e, can
be inferred as follows:

Similarly, the stability of the speed loop can be derived:
ey ey, < —queuz + 0y (25)

Furthermore, ép = d ~ Ve cos (yc — 0) + ucos(y — 8). As the system approaches steady state, where
O~yc+mnm—yc+nmand y - yp =60 -7, it can be obtained that ép = —V¢ + u. Combining this with
the speed over ground ug = u — Ve cos (¢ — ) ~ u — V¢, we derive ép ~ —e, — up. Considering that the
planned speed up > 0 when d > Ry, it holds that —epup < 0. Substituting Eqs. (26) and (25) into Eq. (19)
yields:

y 2 2
Vi=-ep-e,—ep-up—fye,” +0y—Hue,” +0, (26)

Here, 0y, and o, are related to the system disturbances and are bounded. By selecting sufficiently large
control gains, oy, 0, — 0. Therefore, the closed-loop control system is uniform ultimately bounded.

3.4.2 Stability of the Current Estimator

On the premise that the stability of basic motion control is achieved, it is necessary to further ensure that
the flow direction angle estimation is accurate and convergent in dynamic environments, that is, whether
the designed guidance law can satisfy the control objective of 6 = y¢ = Y.

In Fig. 4, for the real-time position point P, the desired positioning point Pp, and the virtual guidance
point Pg of the unmanned surface vehicle (USV), only Pg is a moving point, while the other two points
are fixed points. Taking the moving point Pg as the origin of the coordinate system, the motion Eq. (8) is
transformed from the Cartesian coordinate system to the polar coordinate system, as shown in Eq. (27).

d= /G5 + = yo
{G:atanZ(y—yg,x—xG) @7)

Under this formulation, the overall control problem of the full paper can be simplified as how to realize
the dual control objectives of d = R; and 0 = y. Differentiating Fq. (27), the following kinematic equation
can be obtained:

d=Vecos(ye —0) +ucos(y - 0) - I?JCRI cos(o +m/2—-0)
= Vecos(yc —0) +ucos(y - 0) —ks(0 - )R sin(0 — Ve)
6 = Vesin(ye - 0)/d + usin(y - 0)/d - ¥R, sin({. + /2 - 0)/d
= Vesin(ye - 0)/d + usin(y - 0)/d — k(0 — )R cos(0 - 1) /d

(28)
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By controlling the bow of the USV to always face the desired anchoring point, i.e., designing the
desired heading of the USV as 0 = yp + 7, and adopting the heading angle control method proposed
in the previous section to make the actual heading consistent with the desired one, i.e., y ~» yp = 0 — 7.
Meanwhile, it can be known from Eq. (10) that after several seconds, the dynamic convergence of the heading
angle is approximately completed, and the condition 6 — /¢ ~ 0 satisfied. Substituting the above conditions
into Eq. (28) and performing simplification operations, the equation can be further rewritten as Eq. (29):

d = Vecos(ye - ) (29)
0= Ve Sin(l//C - 0)/d
Regarding the value of distance d, the control objective of d = R; can be easily achieved by combining
the thrust control algorithm in Section 3.3.2 with the stability proof in Section 3.4.2.

Defining the flow-direction estimation error ec = ¢ — 0, and construct a Lyapunov function for
the flow-direction estimation error as V, = 1/2- ec?. Taking its derivative and substituting the estimator
dynamics yields:

. ) . : . Ve .
Vo=ec-ec=ec (1//6—6) :ec[wc—7C51n(ec)] (30)

Assuming the flow direction changes slowly (i.e., y¢ ~ 0), and substituting the rate of change of the
current from Eq. (10)—noting that under ideal convergence 6 — y ¢, we can obtain:

V. Ve
b= Yeccsinteoy s Esm(ec) <o o

Therefore, the flow-direction estimation error ec is exponentially asymptotically stable. Combining the
proof process of Section 3.4.1, the overall control system is uniform ultimately bounded.

4 Simulation Experiments and Results Analysis

To validate the effectiveness and superiority of the proposed DVP control strategy, a high-fidelity closed-
loop control system simulation model is constructed in the Simulink (R2025b) environment. Comparative
simulation experiments are then conducted. This section compares the control performance of the con-
ventional virtual anchoring method and the proposed DVP method under two typical scenarios: constant
current and 24-h tidal current. The results are analyzed in depth. The control parameters for the vessel used
in all simulations are listed in Table 1.

Table 1: USV control parameters.

Parameters K, D, K; K, K
Number 0.5 5 0.0002 0.25 15
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4.1 Simulation Result under Multi-Disturbance Constant Current

Given the complex and variable nature of the marine environment, an ocean-current disturbance model
was designed to achieve a more realistic simulation, as detailed in Eq. (29):

VC:|V_C+VCE‘
Ve =VYc+ Yt
1 (32)
Ver = ——— &y (s
< 52+105+O.5£VC()
=— &, (s
Vee 52+105+0.5£w°()

Here, &y, and &, are the random disturbances in current speed and direction, respectively. Both are
zero-mean white Gaussian noise with a power spectral density of 0.05.

In the constant-current simulation, the initial position of the USV is set to (xo, yo) = (20,20), and
the target (anchoring) point is set to (x4, y4) = (0,0). The constant current has a speed V¢ = 1m/s and a
direction y¢ = 45°. The USV’s initial state variables (u, v, r, and y) are all set to zero. The simulation step
size is set to 0.1 s.

The 800-s trajectories of the USV under the DVP and virtual anchoring methods in a constant current
are shown in Fig. 5. With the DVP method (Fig. 5a), the USV travels smoothly and directly toward the target,
as the dynamic guide-point is updated around radius R;. With virtual anchoring (Fig. 5b), the USV follows
a path that remains a constant distance from the target, maintaining a fixed radial distance throughout.
A detailed analysis of the time-series results in Fig. 6 highlights the key performance differences between
the proposed DVP method and the conventional virtual anchoring approach. As shown in Fig. 6a,b, which
plot the distance to the target point, the DVP controller converges the USV to within 3 m of the target after
200 s and maintains precise station-keeping. In contrast, the virtual anchoring method is confined to a steady
orbit at a fixed 15-m radius, a fundamental limitation of its “arc-keeping” nature. The vessel’s heading and
the estimated current direction, compared in Fig. 6¢,d, are both accurately tracked after convergence, as they
utilize the same estimator and control framework from our prior work. For the DVP method between 200 and
800 s, the estimation achieves a mean absolute error (MAE) of 3.1399° and a root-mean-square error (RMSE)
of 3.8469°, sufficient for practical applications. The corresponding control inputs are shown in Fig. 6e-h.
These inputs show only minor adjustments to compensate for the current once motion is stabilized. The
identical current disturbance profiles applied in both simulations are presented in Fig. 6i,].

To comprehensively evaluate the convergence, robustness, and environmental adaptability of the DVP
control strategy under different marine conditions, we conducted adaptability simulations. This was done by
maintaining the simulation parameters and controller settings from prior verification tests and systematically
varying only the USV’s initial state and the current conditions, as specified in Table 2.
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Figure 5: Trajectory comparison between the proposed DVP method and the conventional virtual anchoring method
under a steady current: (a) Trajectory of USV with DVP; (b) Trajectory of USV with virtual anchoring method.

Angle (°)

Rudder Angle ¢ (°)

Distance (m)

=N
=

N
=

[
=

(a) Distance Comparison with DVP

" Distance to Virtual Anchor
' — — =Distance to DVP
I\ - = =R, = 15m
\ weeseeeees Ry = 30m i
ST R T S e TR M e S e T Wt e _—‘._--—-
200 300 400 500 600 700 800
Time (s)
(¢) Heading Angle Comparison with DVP
s o N g

y (Actual)
= == = yy (Desired)

200 L L L L L L L
0 100 200 300 400 500 600 700 800
Time (s)
(e) Control Inputs with DVP
40 T T T T T 600
Rudder Angle
20 Propeller Speed
1400
40 L s ' s ' L f 0
100 200 300 400 500 600 700 800
Time (s)

Propeller RPM n (rpm)

(b) Distance Comparison with Virtual Anchoring Method

== == = yy (Desired)

Distance to Virtual Anchor
Eeo- ———.R, = I5m T
= cereneeeees Ry = 30m
g 40 /\ y
s
Ezoé_\‘_‘_‘_r__‘.__ ]
0 L A L . A L .
0 100 200 300 400 500 600 700 800
Time (s)
10 (Sd) Heading Angle Comparison with Virtual Anchoring Method
p; N B |
ok v (Actual) | J

200 L . L L 1 L 1
0 100 200 300 400 500 600 700 800
Time (s)
(f) Control Inputs with Virtual Anchoring Method
40 T T T T T T T 600
Rudder Angle
20H Propeller Speed
1400
40 L L L L L L L 0
0 100 200 300 400 500 600 700 800
Time (s)

Figure 6: (Continued)

Propeller RPM n (rpm)



16 Comput Mater Contin. 2026;89(2):34

(g) Velocity Response with DVP (h) Velocity Response with Virtual Anchoring Method
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Figure 6: Comprehensive performance comparison between the proposed DVP method and the conventional virtual
anchoring method: (a) Distance comparison with DVP; (b) Distance comparison with virtual anchoring method; (c)
Heading angle comparison with DVP; (d) Heading angle comparison with virtual anchoring method; (e) Control input
with DVP; (f) Control input with virtual anchoring method; (g) Velocity response with DVP; (h) Velocity response
with virtual anchoring method; (i) Current direction disturbance; (j) Current speed disturbance.

Table 2: Specific operating conditions for constant-current adaptability tests.

Test . .. Heading Current Current Presence of Current
Initial Position . | ] X
Case Angle Direction Velocity Disturbance
1 [20, 20 m] 0° 45° 1m/s No
2 [20, 20 m] 0° 135° 1m/s Yes
3 [20,20 m] 225° 45° 1m/s Yes
4 (10, 0 m] 0° 325° 1.5 m/s Yes
5 [-40, —20 m] 90° 225° 1.5 m/s Yes
6 [-40, 20 m] 0° 45° 1.5 m/s Yes
7 [0, 60 m] 0° 90° 1.5 m/s Yes
8 [0, 60 m] 225° 135° 1.5 m/s Yes

The results are shown in Fig. 7 and Table 3. Here, the settling time refers to the time required for the USV
to be within 5 m of the anchor point, and the average error is the mean distance from the anchor point after
the settling time. As illustrated in Fig. 7, in all test cases, the USV successfully converged to the target point
from various initial positions and ultimately maintained a heading-into-current orientation. Specifically,
Fig. 7a-c show that with a fixed initial ship position, the controller autonomously planned an effective
approach path regardless of changes in the current direction. Notably, in Fig. 7c, the USV did not take the
most direct up-current path to the target, which is likely attributable to an initial estimation error in the
flow-direction observer. In Fig. 7d-f, the current speed was increased, and the USV was placed in different
quadrants. The trajectories demonstrate that the control strategy still ensured stable convergence, proving its
global stability from different initial locations. Finally, Fig. 7g,h verify the effectiveness of the control strategy
over a certain range. Moreover, from the average errors in Table 3, it can be observed that the steady-state
error increases slightly as the current speed increases. Taken together, this set of experiments confirms that
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the DVP strategy provides an effective solution for achieving high-precision, highly reliable point-keeping
for underactuated USV's in complex, unknown current environments.
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Table 3: Settling time and average steady-state error for each test case.

Test Case Settling Time Mean Error Test Case Settling Time Mean Error
1 78.50 s 1.1326 m 5 73.50's 1.5013 m
2 103.60 s 11765 m 6 36.00 s 1.6205 m
3 57.00 s 1.2993 m 7 80.00 s 1.5749 m
4 82.50 s 1.4784 m 8 87.00 s 1.5031 m

4.2 Simulation Result under Tidal Current

Given the highly variable nature of oceanic currents, simulations were conducted to evaluate the DVP
control strategy under tidal conditions. Tidal forces induce two flood-ebb cycles per day, resulting in specific
flow patterns with varying directions and speeds. The tidal model developed in our prior work [36] is
employed in this study, as described by the following equation:

Ve =

o () o
cCOS| —
¢ 4320 ¢

(33)

_ — 27 20
=y¥c+m-min|0, Ve - t)+V, + t+
Ye=ve mm[ Sgn( ¢ COS(4320 ) Cf)] 8640 Vet

To improve computational efficiency, the simulation duration was scaled down from 86,400 to 8640 s,
with a fixed step size of 0.1 s. The initial position of the USV and the anchoring point were set to (20, 20) and
(0, 0), respectively. All initial states of the USV (u, v, r, ) were set to zero.

Given that tidal action induces four abrupt changes in current direction over the simulation period, the
total 8640 s simulation data is divided into five phases for detailed analysis, as illustrated in Fig. 8. The results
show that the DVP control strategy successfully drives the USV to converge to the anchoring point each time
the current direction changes drastically. Specifically, every directional shift requires the USV to reorient
itself and replan its path to quickly restore a heading-into-current attitude. Relevant vessel and current data
are provided in Fig. 9. Under the sustained 24-h tidal condition, the DVP strategy demonstrates excellent
environmental adaptability, strong robustness, and high steady-state precision. It not only achieves global
convergence from arbitrary initial points to the target but also maintains precise “point-keeping” control over
extended periods under continuous external disturbances. This effectively overcomes the inherent problem
of steady-state position drift in traditional methods when the current direction changes, demonstrating its
application potential in complex, dynamic marine environments.

In summary, under a 24-h tidal-current scenario with periodic changes in current direction, the DVP
control strategy demonstrates favorable environmental adaptability, strong robustness, and high steady-
state accuracy. The strategy not only achieves global convergence to the target from arbitrary initial points
but also maintains precise point-keeping over prolonged periods under sustained external disturbances. It
effectively addresses the drawback of steady-state position drift inherent in conventional methods when the
flow direction changes, thereby confirming its significant potential for application in real-world, complex
marine environments.
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(a) USV Trajectory with Poses (0.0-800.0s)

(b) USV Trajectory with Poses (800.0-2900.0s)

(c) USV Trajectory with Poses (2900.0-5000.0s)
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Figure 8: Segmented USV trajectories and poses under 24-h tidal current simulation: (a) USV Trajectory with pose in

0-800 s; (b) USV trajectory with pose in 800-2900 s; (c) USV trajectory with pose in 2900-5000 s; (d) USV trajectory
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5 Conclusions and Future Work

This manuscript proposes a DVP control strategy to address the challenge of high-precision station-
keeping for underactuated USVs in unknown, time-varying currents. Specifically, we introduced a
time-varying virtual guide point whose position is updated online upstream of the target point based on the
estimated current direction. This effectively removes the fixed “anchor-line” constraint inherent in our team’s
prior virtual anchoring method. Building on this, a complete hierarchical control system was developed,
and Lyapunov-based stability analysis demonstrates the uniform ultimate boundedness of the closed-loop
system. Simulation results under various scenarios, including constant and 24-h tidal currents, show that
the proposed strategy successfully guides the USV to converge precisely to the target, achieving true “point-
keeping” The steady-state error is significantly lower than that of conventional methods, and the strategy
demonstrates excellent environmental adaptability and robustness even during abrupt changes in current
direction. The main contributions of this work are summarized as follows:

«  To overcome the geometric constraint of the virtual anchoring method for underactuated vessels, a
dynamically updated virtual guide point was introduced. Its position is adaptively adjusted upstream of
the target based on the real-time estimated current direction, providing the theoretical foundation for
achieving substantially reduced steady-state hovering error.

o An integrated robust tracking control system was designed, comprising DVP generation, a flow-
direction update module based on discrete low-pass filtering, and a robust tracking controller
combining sliding-mode control with adaptive integral compensation. This system effectively mitigates
the steady-state position error caused by unknown currents. Stability analysis via Lyapunov methods
theoretically demonstrates the uniform ultimate boundedness of the closed-loop system.

o The DVP strategy has been validated through simulations in both constant-current and 24-h tidal-
current scenarios. The results indicate that the DVP strategy reduces the USV’s steady-state error
to within 3 m and exhibits favorable environmental adaptability and robustness in dynamic flow
conditions.

Despite the progress achieved, work on station-keeping for underactuated USVs is ongoing. Future
research will focus on the following directions: (1) Implementing the algorithm on a USV hardware platform
for physical model tests to evaluate the feasibility and performance of the control strategy under real-world
composite disturbances and system constraints; (2) Incorporating a more comprehensive dynamic model.
This study employed a simplified kinematic model; future work will consider more complete vessel dynamics.
(3) Exploring deep integration with data-driven methods as a promising direction. A hybrid theory-and-
data-driven approach may be investigated to further advance USV station-keeping capabilities.
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