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ABSTRACT Autonomous berthing is the last step to achieving the autonomous operation of unmanned
surface vehicles (USVs). Due to the significant disturbance of wind, waves, and currents and the uncertainties
of the model, it is difficult to realize autonomous berthing. For the case of obstacles and dynamics of USVs,
it is transformed into three steps including path planning, path tracking, and motion control of USVs in the
paper. A new advanced Dubins-RRT algorithm is proposed for path planning, which improves the capacity
of obstacle avoidance and path smoothness level. A virtual target guidance method is used to guide and track
the planned path. In addition, a finite-time disturbance observer and a non-singular terminal sliding mode
controller are designed to control the autonomous USVs. Observing and estimating the uncertainty terms
in the model can ensure the convergence of the tracking error in a finite time. Finally, the feasibility of the
designed method is verified through simulation and experimentation.

INDEX TERMS Autonomous berthing, USVs, path planning, virtual target guidance, terminal sliding mode

control.
I. INTRODUCTION challenging. Therefore, many researches have been carried
Autonomous USVs are surface mission platforms with capa- out on the autonomous berthing of USVs.

bilities of environmental sensing, path planning, navigation,
and control [1], [2]. Compared to traditional marine equip-
ment, they are smaller in size, more maneuverable, and more
intelligent. They can perform various dangerous tasks with-
out casualties and are widely used in military and civilian
fields [3], [4], with typical equipment shown in Fig. 1. For
autonomous USVs, autonomous berthing is the last step. Due
to the low speed in shallow water, disturbances from wind,
waves, and currents, and underactuated, it is also complex and FIGURE 1. Typical unmanned surface vehicles.
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as shown in Fig. 2. Due to not being consistent with the
dynamics of USVs, stern-first berthing is rare. The lateral
approach is common, such as an adaptive model reference
controller for the lateral approach with uncertain dynamic
characteristics is designed and good results are obtained [5].
Reference [6] has addressed the model uncertainty problem
and designed a dynamic surface control (DSC) based on
backstepping and Lyapunov direct methods during berthing,
which is effective in the lateral approach. Reference [7] has
combined the artificial potential field method to achieve
a berth in an environment with obstacles for the lateral
approach. In addition, direct bow-first berthing is also a
common berthing method with the advantage of no special

requirements for the environment.
U Berth of ship

@ Beith of ship
| | © g

K G Berth of ship
(a)bow-first berthing

lateral thrust

(b)lateral approach (c)stern-first berthing

FIGURE 2. Schematic diagram of docking schemes.

In recent years, there have been many studies on the
motion control of USVs, but relatively few on autonomous
berthing. It can be decomposed into three steps: path plan-
ning, guidance law design, and motion control. The meth-
ods of path planning can be divided into four categories:
graph search, virtual potential field, random sampling, and
intelligent algorithms. Graph search algorithms mainly rely
on geometric shapes, including Dijkstra’s algorithm and A*
algorithm. In Dijkstra’s algorithm, a greedy approach is used
to solve the shortest path problem from one node to another.
It has low efficiency and is often used in combination with
other algorithms. The A* algorithm is a heuristic algorithm
that establishes heuristic search rules to measure the distance
from the target, prioritizing the search direction towards the
target, and improving the search efficiency [8]. The concept
of potential fields is drawn in the virtual potential field
method, a virtual potential field is constructed in the map,
and a smoother path can be generated. The new attractive
and repulsive potential field functions are designed and a
new process of dynamic collision avoidance is constructed
to ensure safe collision avoidance of USVs [9]. The rapidly
exploring random tree (RRT) method is a random sampling
algorithm, which tends to search for unexplored areas of
space. A space-filling tree is randomly constructed to search
the nonconvex high-dimensional space to improve efficiency.
It is fast and scalable, and widely used in path planning in
dynamic environments [10]. The planned path is consistent
with the dynamics of USVs. However, the search of the RRT
algorithm is not directional, and the path is not optimal.
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Despite the drawbacks, various improvements have been
made. Focusing on narrow channels and unevenly distributed
obstacles, a variable-step RRT* algorithm is proposed that
changes the fixed step to a variable step, and proved that it
is better than the RRT and RRT* algorithms [11]. A quick-
RRT* method is proposed by extending the set of possible
parent nodes in [12], which obtains a lower-cost path than the
RRT* algorithm. Potential Function Based-RRT* (P-RRT*)
is combined with Q-RRT™* to obtain the PQ-RRT* algorithm,
which can quickly converge to an optimal solution, and the
effectiveness of the algorithm is validated through simula-
tion [13]. Recently, the reinforcement learning approach has
been utilized for the path planning of USVs. For exam-
ple, a Q-learning-based path planning algorithm has been
designed for smart ships. The effectiveness of the method
has been demonstrated and compared with the traditional
path planning methods [14]. In [15] the deep deterministic
policy gradient (DDPG) algorithm is utilized for path plan-
ning of the unmanned ship. An optimized DQN algorithm
is proposed with an improved reward function, and achieves
better planning results [16]. A global path planning algorithm
based on DDQN is proposed for amphibious USV. The paths
generated by the proposed method have better performance
by comparing with DQN, A*, and RRT algorithms [17].

In order to follow a path, appropriate guidance laws are
needed. Common guidance laws include the line-of-sight
(LOS) [18] and virtual target methods [19]. Based on the
basic LOS algorithm, the predictor LOS (PLOS) [20], inte-
gral LOS (ILOS) [21], adaptive LOS (ALOS) [22], and
other algorithms are proposed. The virtual target method is
also commonly used. The LOS algorithm and virtual tar-
get method are combined to convert the tracking problem
into a guidance problem with angle constraints [23]. Cas-
cade control is adopted to conquer the tracking and control
problem of USVs. And a tracking error dynamics model is
established to generate a reference trajectory for a virtual
leader to achieve the guidance [24]. In addition, effective
control of USVs is required to generate the desired signal
for tracking. To address the problem of unknown distur-
bances, various control algorithms have been proposed to
design corresponding controllers, such as backstepping con-
trol [25], adaptive control [26], neural network control [27],
sliding mode control [28], etc. In [29] the unknown functional
bounds of uncertainties in the system are modeled by fuzzy
logic systems, and an adaptive fuzzy fixed-time high-order
sliding mode controller is designed to fulfill the pre-set con-
straint condition. It also has the advantages of good transient
response and strong robustness by the sliding mode control
[30]. To achieve finite time convergence, nonsingular ter-
minal sliding mode control (TSMC) [31] and nonsingular
fast TSMC [32] are adopted in the design of controllers for
trajectory tracking. The super-twisting method is a better
sliding mode method to reduce chatting for USV control
[33]. The problem of steering gear wear is also addressed,
an active disturbance rejection control (ADRC) method based
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on linear sliding mode is proposed and its effectiveness is
verified through simulation [34]. A globally asymptotically
stable tracking controller for USVs is proposed based on the
nonlinear backstepping sliding mode method and Lyapunov
stability theory, with characteristics of insufficient power and
asymmetry, and its effectiveness is verified through simula-
tion [35]. To address the effects of the sideslip angle, a finite-
time predictor LOS-based integral sliding mode adaptive
neural (FPISAN) scheme is proposed, and simulation results
show good control performance [36].

Inspired by previous research, autonomous berthing of the
USVs is converted into a navigation, guidance, and control
problem of the bow-first berthing mode in the paper. Due
to the obstacles and inertia, the path planned should be with
obstacle avoidance and smoothness. Therefore, the Dubins
method is integrated into the RRT algorithm to obtain a
smoother path. A guidance law based on the virtual tar-
get method is designed and a controller based on global
non-singular terminal sliding mode (NTSM) is also designed.
The main contributions of the paper are as follows,

1) To make the path smoother, especially poses of the
starting and ending, a new improved Dubins-RRT algorithm
is proposed to plan the berthing path. The straight-line exten-
sion random tree of the RRT algorithm is replaced by the
Dubins path. It can obtain a smoother path that also satisfies
the dynamics of USVs.

2) For the control of the USVs, a global NTSM controller
is designed, which is suitable for nonlinear dynamic systems
with parameter uncertainty and external disturbances. In the
controller, the non-singular terminal sliding mode surface is
designed to overcome the singularity problem of the common
terminal sliding mode controller, and any initial state can
converge to the sliding mode surface in a finite time.

3) Simulation and field experiments are carried out to
validate its effectiveness.

The remainder of the paper is organized as follows. The
kinematic and dynamic model of the USVs and the control
objective is introduced in Section II. A new path planning
method of Dubins-RRT is proposed under the multi-obstacle
environment in Section III-A. In Section III-B, the virtual
target guidance method is proposed to guide the USVs. The
finite-time disturbance observer and the non-singular termi-
nal sliding mode controller are designed in Section III-B and
Section 3.3, respectively. Section IV provides a simulation
and experimental results to validate our method. Finally,
conclusions are summarized in Section V.

Il. PRELIMINARY KNOWLEDGE AND PROBLEM
FORMATION

A. COORDINATE SYSTEM OF USVs

The body-fixed frame and earth-fixed inertial frame are two
common coordinate systems for the USVs. They can be used
to describe the motion and attitude of the USVs, as shown
in Fig.3. The earth-fixed inertial frame is used to describe the
positional state of the USVs, and the body-fixed frame is used
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to describe the linear velocity and angular rate of the USVs.
The center of gravity is consistent with the origin of the body-
fixed frame, represents the longitudinal axis from the stern to
the bow, represents the lateral axis pointing to the starboard,
and represents the vertical axis pointing to the center of the
earth. Similarly, is the north, is the east, and is perpendicular
to the stationary horizontal plane and points to the center of
the earth. The specific meaning of each symbol is given in
Table 1.

Ye Earth-Fixed
v ~~
Sway P \:;] Op
Y,
-

Pitch e l

q,0

. . Zr
Body-Fixed SIS —

Roll

Surge O -~
“ . .
x,u,Xp op ) < — Yaw
ry
l z,0,Zp

Heave

FIGURE 3. Coordinate system of the USVs.

TABLE 1. Six-DOF motion symbols of the USVs.

Position and
Euler angle

motion state velocity and

angular rate

Surge u x
Sway v y
Heave w z
Roll p ¢
Pitch q p?]
Yaw r /4

B. KINEMATICS AND DYNAMICS MODEL OF THE USVs
During autonomous berthing, it has a relatively trial impact
in the roll, pitch, and heave. To facilitate the design of the
controller, the following assumptions are given,

1) Only surge, sway, and yaw are considered, thus,
72=0,0=0,0=0,w=0,p=0+b?>—4acand g = 0.

2) The mass of the USVs is uniformly distributed, and is
symmetrical about the x andz axis, thus, Iy, = Iyxy = 0.

3) The centers of gravity and buoyancy are both on
the Opzp.

The kinematics of the USVs is represented as follows [37],

X = ucosyr — vsiny,
y = usinyr 4 vcosy, )
v =r,

where, (x, y) is the position, v is the heading angle; u and v

denote the linear velocities of surge and sway, and r is the
angular rate of yaw, respectively.
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To facilitate the observer and controller design, the uncer-
tainties are combined and the motion model of the USVs are
written in the following,

n=Jmv
MppU + Crgp (V) v =T + 1
costy —sinyy O
J () =| siny cosyr 0],
0 0 1
m 0 0
MRB = 0 m 0 s
0 0 I
0 0 —my
Crg=1| O 0 mu 2)
my — —mu 0

External disturbances g = (1, TvE, rrE)T are written as,
T = —MaU — C4 (V)v —D (V) v —g )

where My, is the added mass matrix; Cy4 (v) is Corio-
lis and centripetal force matrix; D (v) is the damping
matrix; and g (n) is the restoring force and moment vector.

C. PROBLEM STATEMENT

In the paper, the autonomous berthing of USVs is transformed
into a navigation, guidance, and control problem to track a
planned path, and can be solved by three steps, as shown
in Fig. 4.

Start and target Dubins-RRT path
points planning

desired path
ny
usv L »&—»| Virwaltargets ‘,Q »  NTSMcontroller |

PRA

‘ d,.d,

Finite time ‘
disturbance observer

FIGURE 4. Flow chart of autonomous berthing of the USV.

The berthing path should be planned first. Consider-
ing the characteristics of underactuation, it needs certain
smoothness. In addition, obstacle avoidance capability is
also requirement. Due to the large inertia, it is difficult to
make rapid turns and translations. To obtain smooth path and
advance obstacle avoidance capability, the path should meet
the requirements of the starting and ending positions of the
USVs. So, Dubins path and RRT algorithm are introduced
and improved to obtain a smooth path and meet the charac-
teristics of the USVs. To track the planned path, the virtual
leader method is also used to guide the USVs. The expected
pose of the virtual leader is ng = [xg, Yr, ¥r], and the
tracking error n, = 1 — MR, Ne = [Xe, Ve, Yel. To track the
planned path, control laws t,andz, are designed to make 7,
tend to O in a finite time.
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IIl. AUTONOMOUS BERTHING PATH PLANNING AND
CONTROL LAW DESIGN

A. PATH PLAN ALGORITHM BASED ON DUBINS AND RRT
Considering the dynamics of underactuated USVs and the
requirements for path planning, a new improved Dubins-RRT
path planning algorithm is proposed. The straight-line exten-
sion random tree of the RRT algorithm is replaced by the
Dubins path. For any starting and ending poses, at least
four different curves can be obtained, and it is impossible
to determine the unique path between the two points. The
shortest Dubins path is defined as the unique path during
the growth of the random tree. To determine its length,
each Dubins curve path should be calculated, it is time-
consuming and nonfeasible. So, it has been improved in the
paper. According to the definition of Dubins path, CSC, CCC,
and their sub-paths are continuous differentiable curves, and
there must be an optimal path in each group. To convert
any point (x,y, ¢) € R’ into a corresponding phase point,
three operators are defined: L, (left turn), R, (right turn), and
Sy (straight line). The definitions of these operators are as
follows,

X + sin (¢ + I) — sing

y —cos (¢ + 1) + cos¢

¢ +1

x — sin (¢ — ) 4 sing

y+cos (¢ — ) — cos¢

¢ —1

x + lcos¢

y + Ising 3)
¢

Among them, [ is the length of arc or segment in the
Dubins. After the conversion, any curve in the Dubins path set
D = {RSR, RSL, RLR, LSL, LSR, LRL } can be expressed
through the corresponding operator. Given the starting pose
is (0, 0, ¢s), the ending pose is (d, 0, ¢s), and the Euclidean
distance between them is Dg. Let d = Dg/R, R is the
minimum turning radius of the USVs. If the curve is LRL
and the starting pose is (0, 0, ¢s), and the lengths of the three
segments are a, b, c, respectively, then the endpoint must be
d, 0, ¢s) and L. (Rp (Ls (0,0, 9s))) = (d, 0, ¢s). The total
length L of the curve is as shown in (4),

Ly(x,y.¢) =

Ry (x,y, ) =

Sy (x, v, ) =

L=a+b+c @)

Similarly, the calculation of curve length can be obtained
based on the type in set D, which can be found in reference
[38]. It can be used to quickly and easily obtain the shortest
path. In the RRT algorithm, the growth of the tree depends on
the randomly generated point Qrang = (Xrand» Yrand), Which
lacks pose information. So, the pose information should be
added to satisfy the conditions for generating Dubins paths.
Sampling point Q is obtained from random sampling. If the
sampling point is within the obstacle, then sampling process
needs to be rerun. The pseudocode of the new improved
Dubins-RRT is shown in Table 2.
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TABLE 2. Pseudocode of the Dubins-RRT algorithm.

Input: Map, Qunic = (Xinie» Yinie» Yinic) anal = (Xgoaergoalr 1l’goal)
Output: Path
Step 1: Process the map and convert it into a grayscale map
Step 2: Path planning with Dubins-RRT
Let the random tree be T and there is T. init(Q;ni¢)
for k=1 to K
Take a random pose point on the map Q,qna
Find the pose point Q,¢qrest N€arest to Qpqpq in T
If(There is a Dubins curve between Qpeqrest and Qrana):
List all possible Dubins curve types to find the shortest one
if (Qrana does not collide with obstacles)
Add Q,4nq as a new node to tree T
else abandon Q,4,4, give up this growth, jump out of the loop
end
else
Abandon, Q4. give up this growth, continue the cycle
end
If(The distance from Qe to the end point Qgoq; is less than €)
The target point has been found, the loop exits, and the path
planning is completed.
Else
Continue the loop
end
end

B. GUIDANCE AND CONTROL LAW DESIGN

1) VIRTUAL TARGET GUIDANCE

To track the planned path, a virtual leader can be set, and the
USVs can be guided to track the virtual leader. Assume that:

1) The hydrodynamic coefficients and dynamics of the
virtual leader are consistent with the USVs.

2) The path expected can be described as a sufficiently
smooth time function generated by the motion of the virtual
leader with the time parameter ¢.

3) The center of the virtual leader coincides with the refer-
ence point of the expected path, and the speed of the virtual
leader is greater than zero, i.e., the virtual leader cannot move
backward.

In the inertial coordinate system, the center of mass of the
leader can be expressed as mg = [xg, yR]T, and the virtual
leader is along the desired path, as shown in Fig. 5.

FIGURE 5. Guidance based on virtual target.

Assume the speed of the virtual leader is vp, and

vp =l vp ll=Il mg ||= «/xr + yg. Correspondingly, the
first-order derivative is vp, and the second-order derivative
is Vp. The lateral velocity of the virtual leader is given by
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VR = %,/ v%) — u,ze, where ug is the longitudinal velocity, and
the sign of + is the direction. According to the planned path,
the virtual leader may turn left or right. As assumption 3,
it can only move forward, which means ug > 0. The sign
of the lateral velocity v, depends only on the yaw rate rg.
When rg > 0, vg is positive, otherwise, vg is negative. When
ug = vp, the lateral velocity, lateral acceleration, and their
time derivatives are all zero. In the process of autonomous
berthing, the longitudinal velocity ug is a constant. Conse-
quently, the longitudinal acceleration itz and the second-order
derivative of the longitudinal velocity iig are both zero.
From Fig. 5, it can be seen that the expected yaw angle
Yr = y — B, sideslip angle 8 = arctan;—’; and heading
angle y = arctan%. It can be deduced that the yaw rate
VRUR — URVR

2 9
VD

'R =W

and ip = @ — VR“RV_Z"RVR + ZVR“RV?‘R"R vp, where angular
D D, . .
velocity of heading angle @ = BRXEIRIR 5, — ZRIRTIRVR _
. VD VD
wvp
290,

To obtain the relationship between the actual state and the
desired path, the tracking error equation is

Ne=1—1R, Ne=[Xe, Ve, Vel,

The desired position and pose of the virtual leader is
nR = [xr, YR, YR].

e =1 — IR &)
Expand (5) and simplify it,
e =J (M) ve — (J (n) —J (R)) R (6)

where, ug = [ugr, VR, rr] is the expected speed of the virtual
leader, and v, = [ue, Ve, re] is velocity tracking error. Since
there are uncertainties in the dynamics and kinematics models
of the USVs, and can be given as follows,

dy = () —J (mr)) vr
dy = [dy1, dy2. 0] 7

Then (6) can be rewritten as follows,
Ne=J () ve + dn (8)

Combined with (2), the speed of the virtual leader can be
obtained,

UeZl)—l'JRZMEBI(—CRB(U)U+TH+T)—OR )
Thus, the tracking error equation is obtained,

Ne :J(n)ve+dn
Ve = U — U = Mgg (—Crp (V) U + T +7) — Vg
(10)
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2) DESIGN OF FINITE-TIME DISTURBANCE OBSERVER

Due to the influence of wind, waves, currents, and other
factors, it is difficult to accurately measure the hydrody-
namic coefficients. The uncertain terms are unbenefited to the
control performance. The finite-time disturbance observers
are used to estimate the disturbances and uncertainties in
the system, which make sure that its state variables can be
converged in a finite time. So, two finite-time disturbance
observers El,l and d,, are designed. To facilitate the design of
the observer, the kinematic equation of the USVs is rewritten
as follows,

Xe = UeCOSY — VSINY + dyyy (11)
Ve = UeSINY — vecosyr + dyp (12)
Ve =re (13)

System (11) is taken as an example to illustrate the design
methodology. It can be rewritten as follows,

Xe =dy +fx (14)
where

fr = Uecosyy — v sinyr (15)

and x, is the state variable, ¥ (¢) is the input, and these
two variables are available in real time. d;; is an uncertain
function with m — 1 derivative, which is unknown disturbance
in the system. So, di’;’l_l exists, and there is a known Lipschitz
constant L > 0. At the same time, the input ¥ (¢) is measur-
able by Lebesgue.

Assume that u, is second order derivative, the finite-time
disturbance observer is designed

Zx0 = Vx0 + UeCOSY — Vesinyr

Vx0 = _)\)COL)y4 |zxo — xe|3/4 Sign (zx0 — Xe) + Zx1
Zxl = Vil

Vx1 = _)‘le)}B |ze1 — V)r0|2/3 sign (zx1 — Vx0) + Zx2
Zx2 = Va2

vi2 = =2l ze2 — var| V2 sign (22 — ver) + 23
L3 = —)»xaALxSigﬂ (zx3 — v2)

glnl = Zx1, é’nl = Zx2

(16)

In (16), L, and A,; (i =0, 1, ...m) are the coefficients of
the observer. To demonstrate the relationship between z,; and
Elnl, propositions are given as following.

Assume that ¢ (t) and f (x.,¥) can be bounded by
Lebesgue measurable noise ¢ > 0 and ke ™~ D/" respectively,
where k > 0 and is constant. If the parameter X,; is large
enough, then, for normal numbers w; and n;, the following
inequalities can be established in a finite time. The establish-
ment of these inequalities depends entirely on the selection

43164

of k and parameters

|zx0 — Xe (D] < poe

i —dy (t)‘ < e M=HDImAD = m,
Vi — dé’f (t)‘ < eI+ =0, m— 1,
(I7)

When there is no input noise, the following exact equation
can be established in a limited time

=L, . i=Vvic1=fx

250 = Xe (1), ]
D=1 m,

(18)

The proposition is proved. First, define the estimation error

Xe0) = Zx0 — Xe (1)
Xel = 2x1 — fx (1)

(19)
Xe2 = Zx2 _f;cz
Xe3 = 2x3 _ff
From Equations (17), (18) and (19)
Koo = —AoL* x| sign (xe0) + xer
fe1 = =MLY xe1 — S| sign (xe1 — %e0) + Xe2 20)
Koo = =ML |xp0 — Xo1 |2 sign (xe2 — Fe1) + Xe

Xe3 € —A3Lsign (xep — Xe1) + [—L, L]

The error of the observer can be stable in a finite time [39].
It can be seen that there is a finite time to make x.3 (1) = 0.

Similarly, the observer (21) can be designed for (12).
According to (16) and (21), the estimation of model uncer-
tainty in the kinematics is realized, and the estimated value

A A

A T
isd, = (dnl, dp, O) . Derivative estimate of uncertainty

~ ~

2 2 T
dy = (d,,l dy2, 0) . At the same time, define the estimation

~ ~

error of derivative d,, = d,) — dy,.

2y0 = Vy0 + UeSINY + vecosy

1/4 3/4 .
Vyo = —)»yOLy/ |50 = ye| ™" sign (zy0 — ye) + 231
iyl = Vy1

vl = _)‘yll'yl‘ﬁ |1 — Vy0|2/3 sign (zy1 = vy0) + 232
20 =V

vz = =Ly 50 = v |7 sign (52 = vu1) + 213
&3 = —hyalysign (23 — )

~ 0

dp =2zy1,dp =2y
(21)

Next, to estimate the model uncertainty in the dynamic
equation. First, the dynamics equation of the USVs
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is written as follows,

uw=vr+1,+dy (22)

V= —mur + dy (23)

.omy mu

F=—r——r+717+dy; (24)
I I

where d,1 = ty1/m,dyy = tga/m, dy3 = t3/l;. In this
way, the observers of sway and surge motions can be obtained

Zu0 = Vuo + V1 + 1y

v = =0l 1zu0 — ul¥ sign (zyo — u) + zy1
Zul = Vu1
Vul = —?»y1Ly1/3 |zu1 — vuol 3 sign (zu1 — vuo) + zu2
Zu3 = —AusLysign (23 — vi2)
aUl = Zul,
(25)
VivO = W0 — mur
Vo = _}\yOL)}/4 |ZyO - V’3/4 sign (zy0 — v) + zv1
vl = Wl
o1 = —diLo” zo1 — ol sign (zu1 — vi0) + 22
23 = —Ay3Lysign (zv3 — vi2)
_6}112 =yl
(26)

Similarly, the observer of yaw motion can be written as

. my mu
Zr0 = vrol—zr — I—Zr + T

Vr0 = _)LrOLi}/3 lzr0 — r|2/3 sign(zr0 — 1) + 21

Zr1 = Vrl

Vet = =1L 21 = veol 2 sign (zr1 — vro) + 212
23 = —Ap3Lysign (zy3 — vy2)

av3 =2rl

27)
In the way, the estimated model uncertainty value in the

~ ~ ~ ~ T .
dynamics can be obtained d,, = (mdvl, mdyo, mdvg) .d=

((Al,] , cAiu) are the estimated value of the finite-time disturbance

observer.

3) DESIGN OF GLOBAL NONSINGULAR SLIDING MODE
CONTROLLER
Due to the significant external disturbances, it is difficult to
control them effectively in the autonomous berthing. NTSM
controller is also devised in the paper. A non-singular termi-
nal sliding mode surface is designed to overcome the singu-
larity problem of terminal sliding mode controller, and any
initial state can converge to the sliding mode surface in finite
time.

Combined with the finite-time disturbance observer
designed in the previous section, a second-order uncer-
tain nonlinear system can be obtained and rewritten in the
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following,

vae =J () ve +dy o8)

iie = J (1) Ve +J (1) Ve +dy
where 7, = n — ng. J and J are smooth nonlinear functions
of n. d is the uncertainty in the system and satisfies d <
D,D > 0.

Here, the non-singular sliding surface can be designed as
follows,

s =ne + KiPlt (29)

where, K = diag (ki, k2,k3), ki is the constant and k; > 0, i =
1,2, 3. p and ¢q are the positive and odd, which are satisfied
p>qandl <p/q <?2.

When s = 0, taking ¢ / p powers on both sides of the
equation

,]Z/p + K’””ﬁe =0 (30)
The control law can be designed as,
T=7+10 3D
71 = Cry (W) v —dy = Mgs (77 ) (7 O ve +

2P
K diag (ﬁe ) - oR)) (32)
p
11_1 T
(sTKdiag (7‘75’ ) J () MR—BI)
n=- = 7 I
sTKdiag (ﬁg ) J (0 Mgy

A (33)

2_q
s Kdiag (ﬁg ) J () Mgy

A = diag (A1, Ay, A3) are parameters to be set.

The stability of the system is demonstrated as following,

Theorem 1: The mathematical model (2) and finite-time
disturbance observer of the USVs can ensure that all con-
sistent signals and states are ultimately bounded under the
control laws (31) and (32).

Proof: Firstly, the stability of the system is analyzed. For

the system in (31), the sufficient conditions for the existence
of terminal sliding mode are

1
— =5 < =8| (34)

where, § > 0. Combine the differencing of the sliding surface
s with formula (29):

5= e + i—;Kdiag (ﬁfl) (J () vet
x J () (Meg (~Cro ) v+ 7 + D)) +dy) 39)

According to the finite time error observer designed in the
previous section, dU =T1H — d is the disturbance estimation
error. Meanwhile, there is an upper bound of disturbance
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estimation error, and the upper bound is constant. In this way,
the derivative of sliding surface s can be rewritten as follows,

< 1_7 . .Iﬂ,*l 1 (5 s

=" Kdiag (ne ) (J (1) M) (dv + 1.’2) + dn) (36)

Both sides are multiplied by s’

T._ _Po 15 .%,1 —1 (7 5

s's = qKs diag (ne ) (J () Myp (dv + rz) +d,,)
(37)

Since p, g are positive and odd, and p > ¢, 1 < p/q < 2.
Then 0 < p/g — 1 < 1. And n, # 0, so /¢ > 0. Therefore,

. 21
§=Cknd 50 (38)
q
When 7, # 0, there is
sTs < =3 1s| (39)

Equation (39) shows that the controller satisfies the Lya-
punov stability condition.

Next, it can be proved that the state can converge to zero
in finite time #;. Let #; be the time from s (0) %2 Otos = 0.
That is, when t = t;, s(t;) = 0. Whens > 0, t;, < _sO)
Meanwhile, when s < 0, £, > —S(gﬁ. So, t; < —@.

Given the time is #, from n, # 0 to n, = 0, and at stage
s = 0, then (40) can be rewritten as follows,

W kP, =0, (=1,2,3) (40)

el

The above differential equation is transformed and integral:

1y nei(tr) q/p —q/p
/ di = / (—kl. n )dne,- (41)
0 nei(o)

According to the (41), it can be obtained that t,; =
kip/ (p = @) nei (0)|P~9/P can reach the equilibrium state
along the sliding mode surface from any initial state that
Nei (0) # 0. Thus, it can be concluded that any point in the
phase plane can be reached the sliding mode surface s = 0 in
finite time. Hence, the nonsingular terminal sliding surface
can be reached within finite time and the sliding mode state
can reach zero in finite time. The proof is completed. (l

IV. SIMULATION AND FIELD EXPERIMENT

In the simulation, it is assumed that there is a pool with
50 meters of length and width, in which there are two
obstacles (represented by black circles) and a berth in the
upper right corner, as shown in Fig. 6. The USV enters into
the pool from the lower left corner to perform autonomous
berthing. Given (35, 45) is the endpoint of the planned path,
and (43, 45) is the endpoint after entering the berth. The
starting point is (1, 1), the initial heading angle is {9 =
/6, the maximum turning radius of the USV is 5m, the
allowable error to the endpoint ¢ = 1m, and the maximum
number of sampling points N,, = 5000. In order to ensure
smooth entry into the berth, when arriving the endpoint of
the path, 7 meters should be travelled along a straight line
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to fine tune the heading angle. The red point is the starting
point, and the green point is the endpoint. Under the obstacle
environment, our improved Dubins-RRT method is used to
plan the berthing path. A total of 0.0975 seconds is taken,
and the path planned is as shown in Fig. 6. The black path is
the final obstacle-avoiding path, and the other colored paths
are the abandoned paths. From Fig. 6, it can be seen that
our improved Dubins-RRT algorithm can plan a relatively
smooth path, which not only meets the obstacle avoidance
requirements, but also satisfies the dynamics.

FIGURE 6. Obstacle avoidance path planned by Dubins-RRT.

In addition, to verify the validation of the proposed
finite-time disturbance observer and non-singular terminal
sliding mode controller, the path tracking experiment is car-
ried out based on the USV designed by our laboratory. The
USV experiment platform has a twin hulls, as shown in Fig. 7.
It is with a mass of 21.2 kg, a length of 1.5 m, a width of
0.7 m, a moment of inertia I, = 20.24kg - m> and a maximum
power of 630 W for a single thruster [40]. Propulsion system
is installed at the rear, and with no lateral propulsion. Sensors
and positioning systems required for the experiment are also
installed on the platform. The speed of the USV is 1m/s.

FIGURE 7. USV experimental platform and environment.

It can be seen that the path tracking and the designed path
are relatively close in Fig.8. Due to the low accuracy of the
positioning system and error accumulation caused by inertial
navigation, it drifts in the second half path. The heading is
shown in Fig. 9. Even subjecting to the delay and noise,
there are some oscillations. But it can be also seen that the
USV can follow the desired heading reference, the heading
angle changes with the desired value, and the changing trend

VOLUME 11, 2023



F. Song et al.: Autonomous Berthing of USVs Based on Improved Dubins-RRT Algorithm and Non-Singular TSMC

IEEE Access

is similar to the desired heading reference. The surge speed
is illustrated in Fig. 10. It can be seen that the surge speed
remains constant at about 1 m/s with oscillations. However,
the surge speed response was able to reach the desired speed.
It can be concluded that our controller design is effective.
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FIGURE 8. Results of Dubins-RRT path tracking experiment.
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FIGURE 9. Yaw angle change of the USV.
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FIGURE 10. USV velocity change.

V. CONCLUSION

In the paper, the autonomous berthing of the USVs is divided
into three parts: navigation, guidance, and control. To achieve
obstacle avoidance and satisfy the underactuated dynamics
of the USVs, a new improved Dubins-RRT algorithm is pro-
posed to plan the path. The RRT algorithm is introduced to
avoid obstacles, and the Dubins path is used to make the path
smooth. In terms of path tracking controller design, firstly,
the virtual target method is used to guide the USVs. Secondly,
a corresponding finite-time disturbance observer is designed
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to estimate the uncertain terms in the USV model due to the
lower speed and environmental disturbances. Finally, a non-
singular sliding mode controller is devised to control the
USVs, which can guarantee that the state variables reach
stability within a finite time and achieve convergence of the
tracking error. The feasibility of our algorithm is verified by
simulation and experimentation.
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