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0 Introduction

With the development of the economy and soci-

ety, human activities on the water are increasingly

frequent. Unmanned surface vehicles (USVs), as

lightweight surface robots, can free human beings

from repetitive and dangerous tasks, which have at-

tracted extensive attention from researchers all over

the world [1-4]. It is worth noting that motion control

is the core technology to realize the autonomous op-

eration of USVs, among which stabilization control

is the basic problem of the USV motion control and

has significant application value and market pros-

pects in the fields of docking, berthing and unberth-

ing, dynamic positioning, etc.

To reduce weight and cost, USVs are often

equipped with two propellers or a single propeller

and rudder at the stern, which can only provide

surge thrust and yaw moment. In fact, this power al-

location mode brings great difficulties to the design

of the stabilization controller of USVs. The main

reason is the underactuated property of USVs,

which uses two control inputs to simultaneously sta-

bilize the three motion states of the USVs, includ-

ing the plane position and yaw angle. For the under-

actuated stabilization system of USVs, due to the

non-integrable second-order nonholonomic con-

straints, there is no continuous time-invariant feed-
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back control law, which makes the system asymptot-

ically stable in the sense of Lyapunov [5]. In addi-

tion, the underactuated USV stabilization system is

highly nonlinear and cannot be converted into an in-

tegral chain form, making the standard chain sys-

tem control method not directly applicable [6]. To

solve the problem of stabilization control of under-

actuated USVs, global scholars have successively

proposed the design methods of discontinuous time-

invariant and continuous time-variant controllers. In

the aspect of discontinuous time-invariant control-

ler design, Reyhanoglu [7] proposed a σ transforma-

tion method to design discontinuous coordinate

transformation on the premise that the yaw angle er-

ror was not zero and designed reduced order system

control input in kinematics. Finally, a time-invariant

discontinuous feedback control law was constructed

to ensure that the posture error was asymptotically

stable at an exponential convergence rate. Ghom-

mam et al. [8] proposed the cascade control method,

which used the differential homeomorphic coordi-

nate transformation to transform the USV system in-

to a cascade form. The original problem was simpli-

fied into the stabilization control problem of a third-

order chained system. On the premise that the yaw

angle error was not zero, the time-invariant discon-

tinuous feedback control law was derived to ensure

that the system was uniformly and asymptotically

stable globally. In the aspect of continuous time-

variant controller design, Pettersen et al. [9] put for-

ward the homogeneous method, which represented

the dynamics of the USV stabilization system in the

body coordinate system by the coordinate transfor-

mation method, and they designed a time-variant

feedback control law with periodic oscillation per-

formance and proved the exponential convergence

of the closed-loop system using the homogeneous

degree and average theory. Mazenc et al. [10] pro-

posed the backstepping design method, skillfully es-

tablished the equivalent controlled system through

coordinate transformation, and introduced the peri-

odic function into the smooth time-variant state

feedback controller so that the underactuated USV

stabilization system was uniformly asymptotically

stable globally in the sense of Lyapunov. Under the

cascade control framework, Dong et al. [11] designed

a global smooth time-variant control law using the

backstepping method, making the closed-loop sys-

tem state asymptotically converge to the origin.

Dong et al. [12] put forward the block backstepping

control method in the polar coordinate system, and

they transformed the underactuated USV stabiliza-

tion control problem in the rectangular coordinate

system into the fully driven stabilization control

problem in the polar coordinate system by using the

known sideslip angle, thus reducing the difficulty in

controller design.

Although the research on the stabilization control

of underactuated USVs has achieved fruitful theo-

retical results, most of the literature assumes that

the position of USVs is precisely known. In fact,

USVs often use GPS devices to measure the posi-

tion and even movement velocity. Generally, the po-

sitioning accuracy is only on the level of meters [13].

In addition, in water areas such as ports and rivers

sheltered by tall buildings or trees, GPS has the

problem of signal attenuation and loss, which

makes the above control algorithms unavailable in

this scene. With the rapid development of artificial

intelligence technology and computer computing

ability, visual servo methods relying on the high-

precision positioning ability of optical cameras

show significant advantages in the motion control

of USVs [14]. Compared with the binocular visual

servo and multi-visual servo, the monocular visual

servo processes fewer images, which can better

meet the real-time computing requirements of the

servo process. At present, the monocular visual ser-

vo is mainly used in docking and berthing tasks of

USVs. In other countries, Martins et al. [15] assumed

that the yellow underwater vehicle was floating on

the water, and under the condition that the internal

and external parameters of the monocular camera

were calibrated, the relative position and direction

between the USV and underwater vehicle were cal-

culated. According to the distance between them, an

event-triggered control strategy was designed, and

the speed of the two propellers was controlled by

proportional differential state feedback to complete

the tasks of approach, alignment, and docking suc-

cessively. Dunbabin et al. [16] used the calibrated

height and inclination angle of the monocular cam-

era to locate the position of the surface target. The

virtual attractive and repulsive forces were generat-

ed according to the relative distance, and their resul-

tant direction was set as the desired yaw angle of

the USV. The proportional controller was used to

adjust the output thrust of the two propellers and

change the position and attitude of the USV, so as to

realize the docking of the USV with the surface tar-

get. Kim et al. [17] used monocular vision to deter-

mine the position and attitude of the target when the
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distance was relatively close. The proportional con-

troller and modeless control strategy were designed

using the pseudo-inverse technique and reinforce-

ment learning method, respectively, to perform ser-

vo control on the docking between the USV and the

surface robot. In China, Xu et al. [18] used the detec-

tion network to identify the suspended carrier, and

the yaw angle of the USV was calculated according

to its projected image and the internal parameters of

the camera. Under the constant throttle, the rudder

angle S-surface controller was designed by integrat-

ing the proportional differential signal of the deflec-

tion angle, and the USV kept approaching the carri-

er by controlling the rudder angle in real time until

the docking task was completed. Zhang et al. [19]

took the red rectangular surface as the identification

marker of the monocular camera and used the cur-

rent image, the desired image, the camera's internal

parameters, and the marker's calibration height to

calculate the course deviation angle and yaw dis-

tance of the USV, which were used as the control

variables to design a proportional differential con-

troller. It regulated the voltage of the two propul-

sion motors at the stern and changed the surge ve-

locity and yaw angle rate of the USV, making the

underactuated USV approach the berth along the

marking line. Since it is an under-constrained prob-

lem to recover three-dimensional (3D) spatial infor-

mation using two-dimensional (2D) images, the

above monocular visual servo methods need to cali-

brate the external parameters of the camera or the

model information of the known target in advance

during relative positioning. To facilitate practical

application, under the condition that the external pa-

rameters of the monocular camera were not calibrat-

ed, Wang et al. [20-22] adopted the servo strategy

based on homography and researched the visual ser-

vo stabilization control of the fully driven USV. In

Ref. [20], the posture error of the USV with a scale

factor was directly obtained by the current and de-

sired images. A monocular visual servo framework

based on homography was established for the first

time, and the unknown image depth was estimated

by using the parameter adaptive method, which real-

ized the asymptotic stability of the USV stabiliza-

tion system. In Ref. [21], aiming at the problem of

unknown image depth, model parameters of the

USV, and external disturbance, a single hidden lay-

er neural network was used to identify the unknown

nonlinearity of the system, and an extreme learning-

based visual servo method was proposed. The con-

troller and adaptive law were designed through the

Lyapunov function to make the posture error of the

fully driven USV uniformly bounded. Considering

that it was difficult to measure the movement veloc-

ity of the USV in the GPS-denied environment,

Ref. [22] recovered the system state through a finite

time observer and formed a visual servo strategy

with output feedback. The asymptotic stability of

the fully driven USV stabilization system was

achieved by using only an onboard monocular cam-

era.

Inspired by the above literature, this paper will re-

search the monocular visual servo-based stabiliza-

tion control of the underactuated USV, which relies

only on one eye to achieve the underactuated USV

gradually approaching the desired posture. Firstly,

the homography decomposition technique is used to

directly reconstruct the posture error of the USV

from the current and desired images without cali-

brating the external parameters of the camera or the

model information of the known target in advance.

Different from the control system using GPS, the

homography decomposition technique will inevita-

bly lead to the unknown image depth appearing in

the USV kinematics subsystem and make the coor-

dinate transformation method [7-11], which avoids the

underactuated constraints, no longer applicable.

Secondly, considering the practical problem that the

movement velocity and model parameters of the

USV are difficult to obtain accurately, a continuous

time-variant output feedback controller is designed

to overcome the non-integrable second-order non-

holonomic constraints, and it does not depend on

the velocity state and model parameters. Then, un-

der the framework of the Lyapunov theory, the sta-

bility of the closed-loop servo control system is rig-

orously proved by the Barbalat lemma. Finally, the

simulation experiment verifies the effectiveness of

the visual servo strategy. The proposed monocular

visual servo control scheme can realize the asymp-

totic stability of the underactuated USV stabiliza-

tion control system under the condition that the im-

age depth, movement velocity, and model parame-

ters are unknown. This research work can expand

the application of the underactuated USV in a GPS-

denied environment, enrich the stabilization control

theory of the underactuated USV, and improve the

autonomy and intelligence of the underactuated

USV.

HE H K, et al. Monocular visual servo-based stabilization control of underactuated unmanned surface vehicle 3
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1 Basic knowledge and problem
description

1.1 Basic knowledge

For the convenience of reading, the key lemmas

involved in this paper, such as the matrix positive

definite discriminant method, Hurwitz criterion,

and Barbalat lemma, are stated as follows.

Lemma 1 [23]: Let matrix A ∈ Rn × n and A = AT,

where R represents the set of real numbers. If each

order principal minor determinant of A, i. e. Δi > 0

(i = 1, …, n), then A is positive definite.

Lemma 2 [24]: Let the characteristic polynomial

of the second-order linear time-invariant system, i.e.

, be a2s2 + a1s + a0 = 0. If ai > 0 (i = 0, 1, 2),

then there is a positive definite matrix P ∈ R2 × 2,

which makes the Lyapunov equation ATP + PA = -I

have a unique solution, where I ∈ R2 × 2 is an identi-

ty matrix.

Lemma 3 [25]: Make the function φ: [0, ∞) → R

be square-integrable, that is . If

exists and is bounded, then .

Lemma 4 [26]: When the function φ: [0, ∞) → R

is uniformly continuous, if exists and

is bounded, then .

1.2 Model of USV stabilization control

system

The maneuvering tasks such as berthing and un-

berthing, docking, and dynamic positioning com-

pleted by the under-actuated USV on the water sur-

face can be abstracted as the stabilization control

problem from the current posture to the desired pos-

ture, and its mathematical model of kinematics and

dynamics can be described as [6-11]

(1)

where

where η = [x, y, ψ]T is the current posture vector, in-

cluding the position (x, y) and yaw angle ψ of the

USV in the inertial coordinate system. The units of

the position variable and the attitude variable are m

and rad, respectively; ν = [u, v, r]T is the velocity

vector, which represents the surge/sway velocity (u,

v) and the yaw angle rate r of the USV in the body

coordinate system. The units of the linear velocity

and the angular velocity are m/s and rad/s, respec-

tively; τ = [τu, 0, τr]T is the system control input vec-

tor, and the units of the input force and the input

torque are N and N·m, respectively; M = diag(m11,

m22, m33) > 0 and D(ν) = diag(d11, d22, d33) > 0 are

the inertia mass matrix and system damping matrix,

respectively; C(ν) is the Coriolis centripetal force

matrix; R(∗) is the rotation matrix function of the at-

titude variable ∗.

To adjust the USV from the current posture to the

desired posture, the posture error vector is defined

as e=RT(ψ) (ηd - η). Combined with Eq. (1), by the

derivation of e, the stabilization error dynamics can

be obtained as follows.

(2)

where e : = [e1, e2, e3]T; ηd = [xd, yd, ψd]T is the con-

stant desired posture vector.

1.3 Monocular visual servo dynamics of

USV

The current position (x, y) and the desired posi-

tion (xd, yd) of the USV are difficult to obtain in a

GPS-denied environment. To this end, a monocular

camera was installed on the USV, as shown in Fig. 1(a),

to sense the surrounding environment and achieve

relative positioning. In addition, a series of feature

points (red light emitting diode (LED) in Fig. 1(a))

were arranged on the target plane to form a monocu-

lar visual servo-based stabilization control task

scene of USVs based on homography.

To facilitate the following description of the

meaning of each parameter, 3D coordinate systems

corresponding to Fig. 1 (a) were established accord-

ing to the right-hand rule, as shown in Fig. 1(b), in-

cluding the earth inertial coordinate system E-XYZ,

the USV body coordinate system B-XbYbZb, and the

camera coordinate system C-XcYcZc. The origin C is

the optical center of the camera, and the optical axis

Xc is oriented straight ahead of the bow; B-XbYbZb is

located below C-XcYcZc and keeps a fixed parallel

relationship with it; E-XYZ is the lower north east

coordinate system as usual. In addition, O-XoYo is a

2D image coordinate system, where the origin O is

located in the top left corner of the image, the Xo ax-

is is horizontally pointing to the right, and the Yo ax-

4



downloaded from www.ship-research.com

is is vertically pointing to the bottom. Correspond-

ingly, Bd-XdYdZd, , and are the

USV, camera, and image coordinate systems under

the desired posture.

Current image

Current posture

Desired
image

Desired posture

T
ar

ge
t

pl
an

e

(a) USV monocular camera, images, and feature points

(b) Inertial, body, camera, and image corrdinate systems

Fig. 1 The monocular visual-servo system of underactuated

USV

In E-XYZ, the 3D coordinates of feature points

are expressed by pi, where the subscript i represents

the i-th feature point. As a reference signal, the de-

sired image containing feature points is captured by

a monocular camera in advance in .

Correspondingly, the actual signal is represented by

the current image and can be acquired in real-time

in C-XcYcZc. According to the camera pinhole imag-

ing model[20], there is

(3)

where

Specifically, and

respectively represent the homogeneous projection

coordinates of pi in O-XoYo and coordi-

nate systems, with the unit being the pixel, which

can be obtained through target recognition algo-

rithms [27]; and

are respectively the position coordinates of pi in

C-XcYcZc and coordinate systems; Tc is

the calibrated camera internal parameter matrix [28];

(xc
o, yc

o) is the coordinate of the principal point of

the image; ax and ay are the focal lengths in the cor-

responding direction.

Actually, and have the following coordinate

transformation relations with pi, respectively.

(4)

where pc = [x, y, -hc]T and are

respectively the position coordinates of the optical

centers C and Cr in the coordinate system E-XYZ; hc

is the camera height. In addition, according to the

epipolar geometry principle [21], and have the

following projection relationship.

(5)

where H ∈ R3 × 3 is the Euclidean homography ma-

trix. When i ≥ 3, H can be obtained by solving Eq.

(5) [29].

Combining Eqs. (3)–(5), we can get

(6)

Therefore, the homography matrix H can be ex-

pressed as

(7)

where is the camera translation

vector [e1, e2, 0]T; is the ver-

tical distance from Cr to the target plane, namely,

the inherent unknown image depth; nr ∈ R3 is the

unit normal vector of the target plane in the coordi-

nate system .

Obviously, the homography matrix H implies the

stabilization control error information e of the USV.

By using the homography decomposition tech-

nique [30] to decompose the matrix H, the translation

error (ex, ey) and rotation error eψ with a scale factor

can be directly obtained, namely,

(8)

Therefore, by taking the derivation of Eq. (1),

Eq. (2), and Eq. (8) with respect to the available er-

rors ex, ey, and eψ, the monocular visual servo-based

stabilization control system of the underactuated

USV can be obtained as shown in Eq. (9).

(9)

In order to realize the monocular visual servo-

based stabilization control of USVs, the following

assumptions are made in this paper.

Assumption 1: The USV is equipped with one

sensor, that is, a wide-angle monocular camera,

which can keep the feature points in the field of

view all the time, so the image depth d and move-

ment velocity (u, v, r) are unknown.

Assumption 2: The motion characteristics of the

HE H K, et al. Monocular visual servo-based stabilization control of underactuated unmanned surface vehicle 5
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USV can be expressed by the classical mathemati-

cal model of Eq. (1). In other words, the internal un-

modeled dynamics and external disturbances can be

ignored, and the dynamic model parameters, name-

ly, (m11, m22, m33) and (d11, d22, d33), of the USV are

unidentified.

Control target: When assumption 1 and assump-

tion 2 are satisfied, only a monocular camera is

used to measure information (ex, ey, eψ) and design

the control law of τu and τr for the USV motion sys-

tem of Eq. (1), which makes the posture error (e1,

e2, e3) and movement velocity (u, v, r) of the USV

asymptotically stable, so as to realize the stabiliza-

tion control of the underactuated USV, namely, η →
ηd when t → ∞.

It is noted that although the laser rangefinder,

doppler log, and inertial navigation unit can directly

measure the image depth d and the movement ve-

locity (u, v, r) of the USV, carrying more sensors

will inevitably increase the energy consumption and

manufacturing costs of USVs. In addition, semi-

empirical methods, software packages, and physical

experiments can be used to identify the inertial pa-

rameters (m11, m22, m33) of USVs [31], but this way

will cost a lot of manpower and material resources,

and the damping parameters (d11, d22, d33) are actual-

ly very difficult or impossible to be accurately iden-

tified [32]. Therefore, for the practical problems of

the monocular visual servo-based stabilization con-

trol of underactuated USVs, this paper gives reason-

able assumption 1 and assumption 2. Obviously, un-

der the premise that the image depth, movement ve-

locity, and model parameters are unknown, the

USV monocular visual servo system of Eq. (9) has

unknown kinematics and dynamics, which leads to

the inapplicability of the coordinate transformation

method [7-11] to solve the underactuated problem. It

can be seen that it is of practical significance and

serves as a theoretical challenge to design a stable

underactuated USV dynamics controller to asymp-

totically stabilize the posture errors by using only

monocular vision measurement information.

2 Controller design and stability
analysis

2.1 Controller design

In addition to closed-loop control, image process-

ing, target identification, image matching, homogra-

phy matrix calculation and decomposition, and oth-

er operations are also inevitably involved in the

USV monocular visual servo system, which re-

quires a large amount of computation. To ensure the

real-time performance of the entire visual servo sys-

tem, this paper does not use the parameter adaptive

method [20] to estimate the image depth online, nor

does it design an observer [22] to reconstruct the

movement velocity of the USV, which can reduce

the complexity of the controller and the computa-

tional consumption. Fig. 2 is the block diagram of

the monocular visual-servo stabilization control sys-

tem.

Monocular visual-servo stabilization control of USV

Homography
matrix calculation,

Eq.(5)

Homography
matrix calculation,

Eq.(8)

Continuous time-variant
output feedback

controller, Eq.(10)

USV motion
system, Eq.(1)

Fig. 2 The block diagram of monocular visual-servo stabilization control system

In the USV monocular visual-servo stabilization

control system, the projection points and in

the desired and current images are first used to cal-

culate the matrix H, and the homography decompo-

sition technique is then used to decompose the ma-

trix to directly obtain the visual servo stabilization

error (ex, ey, eψ). Finally, under the premise that the

image depth, movement velocity, and model param-

eters are unknown, in order to make the underactu-

ated USV monocular visual servo system of Eq. (9)

asymptotically stable, the continuous time-variant

output feedback controller is designed as

(10)

where , k2 > 0, k3 > 0, and k4 ≠ 0 are

all design adjustment parameters.

It can be seen from Eq. (10) that the output feed-

back controller designed in this paper has only four

adjustment parameters, each of which has physical

significance and is convenient for adjusting the con-

trol performance. Intuitively, k1 is the feedback

6
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gain, which determines the control input τu and is

used to adjust the convergence rate of the longitudi-

nal error ex; τr is coupled by the attitude error eψ and

the transverse error ey; k2 and k3 are feedback gains.

When the longitudinal error ey is not zero, the time-

variant sine function will generate a continuous ex-

citation signal, and k4 is used to adjust the period of

the excitation signal, so as to change the yaw angle

of the USV, eliminate the longitudinal error ey, and

solve the underactuated problem of the USV. When

the longitudinal error ey is 0, τr only feedbacks the

attitude error eψ, and the yaw angle of the USV is fi-

nally stabilized to the desired direction.

2.2 Stability analysis

Theorem 1: Considering the underactuated USV

monocular visual servo system of Eq. (9), we select

the control design parameters, which satisfy

, k2 > 0, k3 > 0, and k4 ≠ 0. The pro-

posed continuous time-variant output feedback con-

troller of Eq. (10) proposed in this paper can asymp-

totically stabilize the posture error (e1, e2, e3) and

movement velocity (u, v, r) of the USV using only

the onboard monocular camera to measure informa-

tion (ex, ey, eψ) when the image depth, the velocity

of the USV, and the model parameters are unknown.

Proof: The system state (e1, u, e2, v) is uniformly

bounded; the system state (e3, r) is uniformly

bounded; the system state (e1, u, e2, v, e3, r) is as-

ymptotically stable.

We substitute the control input of Eq. (10) into

the USV monocular visual servo system of Eq. (9)

to obtain a closed-loop control system.

(11)

(12)

(13)

(14)

(15)

(16)

1) The system state (e1, u, e2, v) is uniformly

bounded. We select two symmetric matrices, name-

ly,

(17)

(18)

where d > 0. The determinants of them are as fol-

lows.

(19)

(20)

According to lemma 1, P1 and P2 are positive def-

inite matrices. Using the positive definiteness of P1

and P2, the Lyapunov function is constructed as fol-

lows.

(21)

where x1 = [ex, u]T; x2 = [ey, v]T.

Taking the derivation of Eqs. (11) - (14) with re-

spect to V1, we can get

(22)

where

Since k1 > 0 and , so Q is

a positive definite matrix according to lemma 1. Ac-

cording to Eq. (22), , namely, V1(t) ≤ V1(0).

When the initial value V1(0) is bounded, and the sys-

tem state (ex, u, ey, v) is uniformly bounded, namely,

ex ∈ L∞ , u ∈ L∞ , ey ∈ L∞ , and v ∈ L∞ . It can be seen

from Eq. (8) that the system state (e1, e2) is also uni-

formly bounded.

2) The system state (e3, r) is uniformly bounded.

Eqs. (15)~(16) of the system are rewritten into the

following vector form.

(23)

where

where x3 represents the system state vector; A is the

gain matrix; b can be regarded as time-variant dis-

turbances. The characteristic polynomial of the lin-

ear time-invariant system is

. According to lemma 2, there is a unique posi-

tive definite matrix P3 ∈ R2 × 2 that satisfies ATP3 +

HE H K, et al. Monocular visual servo-based stabilization control of underactuated unmanned surface vehicle 7
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P3A = -I.

The Lyapunov function is constructed as follows.

(24)

Taking the derivation of Eq. (23) with respect to

V2, we can get

(25)

where δ = 2P3b. It can be seen from Eq. (22) and

Eq. (23) that the system state (ey, u, v) is bounded,

so there is an upper bound value , and it satis-

fies .

By using Young's inequality of Eq. (26), Eq. (25)

is rewritten into the form of Eq. (27).

(26)

(27)

where θ ∈ (0, 1); λmax(P3) > 0 is the largest eigenval-

ue of the positive definite matrix P3. The inequality

of Eq. (27) shows that when

the system state (eψ, r) converges to the set

and then we have and . It can be seen

from e3 = eψ that e3 is uniformly bounded.

3) The system state (e1, u, e2, v, e3, r) is asymptot-

ically stable. Since the system state (ex, ey, eψ, u,

v, r) is uniformly bounded, its derivative

is also uniformly bounded according to

Eqs. (11)-(16).

It can be obtained from Eq. (22) that

(28)

so and is uniformly continuous.

According to lemma 3, . Similarly, it is

easy to prove and according

to Eq. (22).

By combining the uniform continuity of

and and referring to lemma 4,

there is .

Besides, since and

(29)

is uniformly continuous. According to

lemma 4, we have . By using

, and

(30)

we can directly get . Because and

(31)

is uniformly continuous. According to

lemma 4, it can be proved that . Since

, , , and ,

we can finally prove that according to

Eq. (16).

In summary, the system state (ex, u, ey, v, eψ, r) is

asymptotically stable. According to Eq. (8), the as-

ymptotic stability of (e1, e2, e3) can be directly

proved. Theorem 1 is thus proved.

3 Simulation experiments

In this paper, simulation experiments were car-

ried out by taking the famous Cybership I underac-

tuated USV as the model to verify the effectiveness

of the continuous time-variant output feedback con-

troller of Eq. (10). The USV was developed by the

Norwegian University of Science and Technology

based on a large supply ship, with a scale ratio of

1: 70, a length of 1.19 m, and a weight of 17.6 kg.

Its main model parameters are shown in Table 1.

Table 1 Model parameters of the Cybership I [33]

Parameter Value Parameter Value

In order to establish the USV monocular visual

servo simulation scene, four feature points are ar-

ranged on the target plane, whose 3D spatial posi-

tions are p1 = [0.8, - , -0.2]T, p2 = [0.8, 1, -0.2]T,

p3 = [0.8, 1, -2.2]T, and p4 = [0.8, -1, -2.2]T, respec-

tively. The camera height is set to hc = 1. The USV

obtains the desired image in advance at the posture

of ηd = [0, 0, 0]T, so the image depth is d = 0.8. In

order to enable the monocular camera to capture

feature points at the initial moment, the initial state

of the USV is set as η(0) = [-10, -10, 1.5]T and

v(0) = [0, 0, 0]T. In other words, the USV is in a stat-

ic state. It should be noted that for the USV control-

ler, the 3D spatial position of the above feature

points, camera height, UAV model parameters, de-

sired posture, and initial state are all unknown. In

the monocular visual servo-based stabilization con-

trol of USVs, firstly, the initial and desired images

are generated by using Eq. (3), and the projection

coordinates and of the feature points can be

determined by the recognition algorithm. Then, the

8
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calibrated camera internal parameters xc= yc= 512

and ax = ay = 200 are used to solve Eq. (5), so as to

obtain the homography matrix H. Finally, the ma-

trix is decomposed by the homography decomposi-

tion technique and the visual servo initial errors,

namely, ex(0) = 13.35, ey(0) = -11.58, and eψ(0) =

-1.5, are obtained. It can be seen from theorem 1

that the gain parameters of the controller of Eq. (10)

must meet the following conditions, namely,

, k2 > 0, k3 > 0, and k4 ≠ 0. The maxi-

mum input force and torque of the Cybership I are

about 2 N and 1.5 N·m, respectively.

In conclusion, the gain parameters are conserva-

tively set to a smaller value, that is, k1 = k2 = k3 =

0.06, so as to meet the selection requirements of

gain parameters and avoid control input saturation.

In addition, in order to avoid over-frequency excita-

tion, the excitation period is about 30 s, and k4 = 0.2

is set. In the simulation experiments, the wide-angle

camera is selected to lower the risk of feature tar-

gets going out of view, and the image resolution is

selected as 1 024 × 1 024.

The simulation results are shown in Figs. 3-7. In

order to save space, the desired and current images

at each moment are drawn in the same image to

form the motion trajectory of feature points in the

image space. With the motion of the USV, the cur-

rent image tends to overlap with the desired image,

as shown in Fig. 3. In the visual servo process, the

Euclid homography matrix is calculated by using

the current and desired images, and the posture er-

rors related to the unknown image depth are ob-

tained by decomposing the matrix, as shown in

Fig. 4. Therefore, it is not necessary to calibrate the

external parameters of the camera or know the tar-

get model information in advance, which facilitates

the practical application of the visual servo method.

Since the movement velocity of the USV is un-

known, a continuous time-variant output feedback

controller is designed to reduce the computational

HE H K, et al. Monocular visual servo-based stabilization control of underactuated unmanned surface vehicle

Fig. 3 The trajectories of feature points in the image space

Fig. 4 Posture errors with scale factor

Fig. 5 Control input

Fig. 6 Surge/sway velocity and yaw angle rate

Fig. 7 The trajectory of an underactuated USV

Initial image
Desired image
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complexity and ensure the real-time operation of

the entire servo system.

The two control inputs are shown in Fig. 5, in

which the continuous time invariant-control input τu
is used to stabilize the longitudinal position error,

and the continuous time-variant control input τr gen-

erates a continuous excitation signal according to

the longitudinal position error, which changes the

yaw angle of the USV and reduces the lateral posi-

tion error of the underactuated USV. In addition, τr
is used to adjust the yaw angle of the USV to make

it converge to the desired value. Although the USV

monocular visual stabilization control system has

unknown image depth, movement velocity, and

model parameters, the posture errors of the underac-

tuated USV are still asymptotically convergent to

the origin under the effect of control inputs, and the

movement velocity is asymptotically convergent to

0, as shown in Fig. 6, which is consistent with the

aforementioned stability analysis. The underactuat-

ed USV continuously adjusts its position and pos-

ture according to the measurement information of

the onboard monocular camera and gradually reach-

es the desired posture. The overall control effect is

shown in Fig. 7.

To sum up, the designed continuous time-variant

output feedback controller can overcome the non-

integrable second-order nonholonomic constraints

under the premise that the image depth, movement

velocity, and model parameters are unknown by on-

ly using the image information of the onboard mon-

ocular camera, and it can achieve the asymptotic

stability of the monocular visual servo stabilization

control system of the underactuated USV.

4 Conclusions

To solve the stabilization control problem of the

underactuated USV in GPS-denied environments, a

monocular visual servo method with continuous

time-variant output feedback is proposed in this pa-

per, which realizes the asymptotic stability of the

closed-loop control system when the image depth,

movement velocity, and model parameters are un-

known. Specifically, the homography decomposi-

tion technique is used to recover the posture errors

with a scale factor directly from the current and de-

sired images, which avoids the tedious processing

of calibrating the external parameters of the camera

and the target model information in advance. In or-

der to overcome the underactuated property of US-

Vs, the lateral position error and yaw angle error

are coupled, and a continuous time-variant output

feedback controller is designed by incorporating a

time-variant periodic function. It is worth noting

that the system does not make additional estima-

tions or observations of the unknown image depth

and movement velocity, which greatly reduces the

computational complexity of the controller. The Ly-

apunov theory and Barbalat lemma are used to rig-

orously prove the stability of the closed-loop con-

trol system. Simulation results have verified the ef-

fectiveness of the proposed visual servo stabiliza-

tion control method. Future research work will con-

sider the external disturbances of the underactuated

UAV to improve the robustness of the monocular vi-

sual servo controller.
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欠驱动无人船单目视觉伺服镇定控制

何红坤 1，王宁*2

1 大连海事大学 船舶电气工程学院，辽宁 大连 116026

2 大连海事大学 轮机工程学院，辽宁 大连 116026

摘 要：［目的目的］针对全球定位系统拒止环境下的欠驱动无人船（USV）精准位姿镇定问题，提出一种基于单应

性的欠驱动无人船单目视觉伺服镇定控制方法。［方法方法］借助单应性分解技术，直接从当前图像和期望图像中

重构出具有未知尺度因子的位姿误差，可完全摆脱相机外部参数标定和目标物先验信息；针对欠驱动约束，在

连续时变输出反馈控制器中引入基于持续激励艏摇角的周期函数，使得欠驱动无人船能够在图像深度、运动速

度、模型参数均未知的情况下实现镇定控制。［结果结果］ 在李雅普诺夫理论框架下，采用芭芭拉引理严格证明了

欠驱动无人船视觉伺服闭环控制系统的渐近稳定性。［结论结论］仅采用船载单目相机，所提出的视觉伺服策略能

够确保欠驱动无人船实现精准位姿镇定，为海上接驳对接、靠离泊、动力定位等实际需求提供重要技术支撑。

关键词：欠驱动无人船；单目视觉伺服；镇定控制；连续时变输出反馈
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