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Flexible Collision-free Platooning Method for Unmanned Surface
Vehicle with Experimental Validations

Bin Du'>%, Bin Lin"3, Wei Xie!'?, Weidong Zhang!:3, Rudy R. Negenborn?, Yusong Pang?

Abstract— This paper addresses the flexible formation prob-
lem for unmanned surface vehicles in the presence of obstacles.
Building upon the leader-follower formation scheme, a hybrid
line-of-sight based flexible platooning method is proposed for
follower vehicle to keep tracking the leader ship. A fusion
artificial potential field collision avoidance approach is tailored
to generate optimal collision-free trajectories for the vehicle to
track. To steer the vehicle towards and stay within the neigh-
borhood of the generated collision-free trajectory, a nonlinear
model predictive controller is designed. Experimental results
are presented to validate the efficiency of proposed method,
showing that the unmanned surface vehicle is able to track
the leader ship without colliding with the surrounded static
obstacles in the considered experiments.

I. INTRODUCTION

In recent years, unmanned surface vehicle (USV) has been
applied in many fileds, e.g., search and rescue, water quality
monitoring, platooning transportation, etc., to name a few [1].
Due to the limited transportation capacity of a single ship,
multi-vessel formation transportation could be the future
alternative solution. A fleet of USVs with platooning could
be used for the transportation in few of riverside cities [2] [3]
[4]. However, platooning of USVs suffers from the risk of
collision. Considering this problem, the aim of this work is
to develop an platooning method for follower USV to follow
a leader ship in an open environment without colliding with
other vessels and obstacles.

The meaning of “platoon” is similar to the “formation”,
which can help to increase the vehicles’ transport efficiency
and reduce the cost [5]. Many results have been reported
on USV platooning. The USV’s behavior model based on
navigational situations [6], [7], [8], was presented for path
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following, formation maintaining and obstacle avoidance
within ports. The distributed flocking theoretical framework
for distributed system was developed in [9], which controlled
agents at uniform speeds while avoiding collisions. Eco-
nomic assessment about application of USV platooning in
the inland sector was studied in [10]. The choices of different
types platooning in various scenarios were discussed in [11].
However, conventional method of platooning always requires
followers to strictly follow the leader’s movement route. As
the position of the obstacle changes in real time, the follower
USV should choose a flexible platooning route independently
to track the leader ship without collisions.

It is still challenging for USV platooning designing col-
lision avoidance method and putting it into application.
Several attempts have been made to automate the collision
avoidance. To obtain collision free paths, a monte-carlo
sampling path planning method was developed in [12] for
USV based on the monte-carlo and A* algorithm. In [13],
a dynamic reciprocal velocity obstacles avoidance method
was proposed for USVs to deal with the uncertainty of future
behavior for obstacles avoidance. In [14], a robust distributed
obstacle avoidance was developed for USV platooning by
surrounding obstacles with stable cycles. Some platooning
methods changed formation to follow the paths around
static and dynamic obstacles. In [15] [16], model predict
control (MPC) approaches were applied to calculate the
optimal control inputs to achieve collision avoidance. The
artificial potential field (APF) method was initially reported
in [17] , whose basic idea was to build a virtual artificial
potential field. We defined various potential functions that
generate different forces, such as potential of leader ship
generates attractive force for the follower USV and potential
of obstacle generates repulsive forces, respectively. Then the
gradient descent method was used to find the direction of
gradient descent. Finally, a collision-free optimal platooning
trajectory was obtained. However, in the conventional APF,
the potential field has a saddle point, e.g., the follower USV,
leader ship and obstacle are in a line, where the attractive
force is equal to the repulsive force. This saddle point will
cause the stagnation to the follower USYV, that is the inherent
drawback of conventional APF. To overcome this drawback,
we develop a fusion artificial potential field (FAPF) method
in which both virtual and tangential repulsion potential fields
are introduced to reduce the local stagnation situations.

The main contributions of this paper are given as follows:
In previous studies, the follower vessels in platooning strictly
followed the trajectory of the leader ship, but when the
obstacles changed their positions, the follower vessels had
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the risk of collision. Therefore, we propose a flexible USV
platooning method, which consists of three parts: First, a
hybrid line-of-sigh (HLOS) based flexible platooning method
is proposed for follower USV to automatically track leader
ship. Second, a FAPF method is developed to generate
a collision-free trajectory which can be directly navigated
USV bypass obstacles. Finally, an online nonlinear model
predictive controller (NMPC) scheme is developed with full
state integration for stable and accurate tracking

II. USV’S KINEMATIC AND DYNAMIC MODEL

The USV is modeled as a rigid body regard to thrust and
torque. An inertial coordinate frame {I} and a body-fixed
coordinate frame {B} are introduced in this section. which
are used for analyzing the motion of the vehicle. According
to the mathematical model in [18], the kinematic of the
follower USV are as follows:

i=J ). (1)

where n = [z,y,7] and v = [u,v,7|". The z and y are the
coordinates of the vehicle’s center of mass, and the v stands
for the yaw angle. The v is the velocity vector including u, v
and 7. The u and v denote the surge and the sway velocities,
respectively. The v indicates the yaw angular velocity. The
matrix J (¢) is the rotation matrix from {B} to {I} as
shown below

]T

cos(yp) —sin(yp) O
J(p) = | sin(¢)  cos(y) 0 |. 2)
0 0 1

The dynamic model of USV is given below [18]:
Mv+OW)v+Fw)v=m1,+T. 3)

The Tw = [Twu, Tww, Tw~y] | stands for disturbances in surge,
sway and yaw directions. The decoupled symmetric mass
matrix M is described as:

M = diag {m11, ma2, m33} . )

where mjj,mo2 and mgs are mass parameters [19]. The
coriolis and centripetal matrix O (v) is given as:

0 0 —MmMoovU
Ow)= 0 0 muu | . (5)
MmooV —Mi11U 0

The damping matrix F' (v) can be expressed as:
F(V) :diag{XuaYvaNr}' (6)

where X,,,Y,, N, are hydrodynamic coefficients.
Assumption 1: The hydrodynamic coefficients X,,Y,,
and N, are positive, constant, unknown, and satisfy [20]

‘Xu| S 517 |Yv| S 527 |NT‘ S SS' (7)

where S7, S2, S3 are a positive number.
Assumption 2: The external disturbances are unknown,
and satisfy [20]
[Twll < B. (8)

where B is a positive number. The disturbances formulated
by external environment are formulated based on the ran-
domness statistical analysis [21], [22].

The T = [7y, 7w, 7] | denotes the thrust forces and torque,
respectively.

p(t) = f(p(t),u(t)). ©)

Follower
Usv

A\

Fig. 1: The leader ship and follower USV’s positions and
velocities diagram.

III. HLOS BASED FLEXIBLE PLATOONING METHOD

In this paper, the leader ship is manned and follower USV
is unmanned. We devise a platooning method for the follower
USV to track the leader ship. The relationship between leader
ship and follower USV are shown in Fig. 1. The kinematics
equations [23] are expressed as:

R ="V cos (0 —q) — Vpcos (0 — q).

R . . (10)
Gg=R™ " [Vrsin(0r —q) — Vpsin (0r — q)].

where ¢ and R are the follower USV’s line-of-sight angle
and the relative distance to the leader ship. V and V7, stand
for the follower USV and the leader ship’s velocities, 0
and 0y, are the follower USV and the leader ship’s heading
angles. a;, and ap are the accelerations of the leader ship
and follower USV, respectively, that are counterclockwise
perpendicular to their corresponding velocities. We have
ép = aFVp_1 and éL = aLVL_l. The main work of
platooning method is to design a guidance law providing
reference heading angel 67, angular velocity 6% and velocity
Vi for follower USV.
From Eq.(10), we have

B VLcos(q—GL)—R

Vi = cos (0 — q) (b
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To make follower USV track leader ship in an optimal
trajectory, we should design reference 6%. In [24] [25], the
proportional relationship between 9'}5 and ¢ was establish for
aircraft approaching the target. Inspiriting from that work, a
HLOS based platooning method is constructed by correlating
9% with the proportional, differential and integral terms of
line-of-sight ¢ as shown in Eq.(12).

. tey
Op = k1d+k2€j+k3/ qdt. (12)
to
After the integral term is simplified, Eq.(12) is rewritten as
O = k1d + ko + katgo ™" (a = q0) - (13)

We have
bes . . 1
b= [ B bty g a9
to

where k1 = 5,ky = 3,ks = 1. ty, is completion time of
formation that can be defined as [23]

R 0.2
tyo= — 14+ —rt— .
8o VL< +2(2k1—1)>

The derivatives of Eq.(10) is
j=—-R! [QRq' —apcos(q—0r)+apcos(q—0r)+
Vi sin (Op — q)}

15)

(16)
Since ay of the leader ship is unknown for the follower
USV, ap can be treated as an uncertainty. As the ship’s
acceleration should be continuous and bounded, we can refer
to the mathematical model in [26] to describe the uncertain
variable ay,.

d7
dZ.L <u forj=0,1,2,...,n. (17)
Eq.(10) can be expressed as
d(Rq .
% =—Rg¢+arcos(q—0r) —apcos(q—0F) (18)

— Vpsin (0 — q).

Form [27] and [28], the disturbance observer for a;, and a L
can be defined as

ar cos (¢ —0r) = p11 + liiry
P11 = —l11 (2 + p11 + li121) + P12 + Loz
Pi2 = —li2 (X2 + p12 + l1221)

(19)

where 1 = Rq and zo = —Rj — apcos(q—0p) —
Vrsin (0 — q) [27]. p11 and pio are auxiliary variables.
l11 and [y, are positive constants.

-~
—————- Virtual 41,1 )
eader shi “Iy
leader slllp, -l

-~ -
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// - -~ \\ v Real Iy‘adcr

/ . Vi _- . \ ship
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Fig. 2: The force diagram of follower USV in FAPF field.

To overcome the stagnation caused by the saddle point, we
introduce the concept of virtual leader ship which provides
additional potential with regard to the direction of motion
of the leader ship. The position of the virtual leader ship
is at the intersection of the heading of the real leader
ship and the heading of the follower USV. In Eq.(20), the
attractive potential function U, (X) is affected by both the
real leader ship potential U] (X) and virtual leader ship
potential UY (X).

Ua(X) = Ug(X) + U (X). @21

The U} (X) is related to the distance between the follower
USV and the leader ship. The UY(X) is produced by the
virtual leader ship.

{U:(X) = | Xp(t) - X5(0)™

- m (22)
U (X) =ng | Xp(t) — X7(0)]™.

X7 (t), X} and Xp(t) represent the positions of the real
leader ship, positions of the virtual leader ship and positions
of the follower USV at time ¢, respectively. i, 1, and m
are constants.

Fo(X) = —VU,(X). (23)

The potential field formed by the obstacle will repel the
follower USV. As the distance between follower USV and
the obstacle decreases, the effect of the repulsive force
increases. We add an extra component to repulsive potential
that provides force along the obstacle’s tangent direction
(Fig. 2).

2
e [4-2] d<m

IV. FAPF OBSTACLE AVOIDANCE METHOD US(X) = ! 24)
The APF method has the characteristics of simple form, 0, d>r
high precision and easy application [17]. To address the 2
saddle point in the traditional APF, we developed a FAPF UP(X) = %77,%’ [ﬁ - %] , d<m (25)
method for follower USV collision avoidance. In FAPF, the " 0 d>r
total potential is described as follow: ’
where d = |Xp(t) — Xo| which is the distance between
U(X) =U,(X) 4+ Up(X). (20)  the follower USV and obstacle. dp = | Xp(t) — Xr| is the
6856
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distance between the follower USV and tangent point.
Fo(X) = —VU,(X). (26)

The resultant force provieded by FAPF on follower USV is
shown as:

F = F,(X) + F.(X). 27)

The tangent point X7 (27, yr) can be formulated as
or = (20 — muyr + pizr + myo) (1 + pf) " 28)

yr = (yr + uzo + piyo — marr) (L + pf) ™

where o, x1,yo and yp are shown in Fig. 2. The variable
of y; can be written as [29]:

_ ZoYo + TFYF — TFYo — TOYF £ TaN
/~Ll = 3 ) 3 . (29)
—r5 +x5H — 2r0TF + TH

where \; can be formulated as:

A = |[(xF —20) + (yr — yo) — r2l|- (30)
V. NMPC TRAJECTORY TRACKING CONTROL
The typical NMPC problem can be described as follows:
p(t) = f(p(t), u(t)),p(0) = po.
st. p(t)eX, u(t) el.
where X C R™ and U C R" define the allowable state and
control set respectively. The solution is obtained from finite
horizon optimal control problem.

3D

t+T
min h(p(t),u(t) = [ 1(p(z),u(e))ds+

L(p(t+1)).
subject to
p(2) = f(p(2),u(2)), p(0) = po-. (33)
p(z) € X,u(z) e U,Vz € [t,t + T). (34)

h(p(t),u(t)) stands for the objective function. I(p(t),u(t))
is the phase cost function and L(p(t)) is terminal cost
function. {(p(¢), u(t)) is described as

I(p(t),u(t) = [[p(t) = p" ()] lw, + [[u(®)]|w,.

W; and W, are positive semi-definite weighing matrices.
p’(t) = [n"T, v"T]T is the reference states in which n" =
[xd,yd,wd]T VT = [ug,va,va] - L(p(t)) can be expressed
as

(35)

L(pirr) = lpt+T) —p"(t +T)||lw,- (36)

W, is the penalty matrix influencing the stability of the
control. Final solutions are obtained from optimal control
law: u = u*(-, p(¢)) which can be obtained by using infinite
prediction and control horizons.

p(t) = f(p(t),u=u’(-p(t))).

This optimal problem solved by Fmincon Sequential
Quadratic Programming (FSQP) algorithm. According to
the NMPC algorithm, the optimal control problem of real-
time accurate trajectory tracking is effectively solved for the
follower USV.

(37

TABLE I: The basic parameters of USV.

Items Characteristics

Size 2mx1.19mx0.75m
Maximum displacement  120kg

Draft of the ship 15cm

2 x 1.5kw brushless DC motor

3 x 120Ah ternary lithium-ion batteries
4-5 hours

2m/s

RTK GPS, millimeter-wave radar

Thrusters

Power energy
Cruising time
Maximum velocity
Onboard sensors

VI. EXPERIMENTS AND RESULTS
A. Experimental setup

We have developed an aluminum hull USV with dual
propellers for optimal maneuverability, of which two sealed
hollow shells at the bottom provide buoyancy for the hull.
A hollow quadrilateral aluminum box with equipment is
connected to two aluminum pontoons. The maximum dis-
placement of the aluminum catamaran is 120kg and the
maximum velocity is 2m/s. The detailed specifications are
shown in Table.I.

The onboard computer on the USV runs Robot Operating
System (ROS) as a middle-ware. It was responsible for
sending its sensory values to the central computer, where the
high-level computations, such as collision avoidance and path
planning, were performed in Matlab. The SP70C millimeter-
wave radar is the primary perception sensor to detect ob-
stacles. The SP70C is a K-band radar sensor developed by
the NANO radar company, which utilizes a 24GHz band and
detects multi-targets(at most 8). It can measure the direction,
range, velocity and angle of moving targets. The real-time
kinematic positioning (RTK) GPS receivers are integrated on
the bow and stern of USV. Two GPS receivers provide sub-
meter position and linear accelerations for the USV. Two 25v
x 1.5kw lithium batteries are installed in the quadrangular
cabin. Our USV can cruise continuously for 4-5 hours on
the calm water.

An accurate dynamic model of USV is essential for
NMPC to achieve precise control. Since the established
USV’s dynamic model is an unknown model with undefined
hydrodynamic parameters, such as mjj, maa, mss, Xy, Yy,
and N, all of parameters should be determined. The identi-
fication can be expressed as an optimization problem in (38)

(2] [3]:
arg minZe(t)TWE(t).
" t (38)
S.t. K <k < Ky.
where £ = [m11, Ma2, M33, Xu, Yo, N;] T, k; and k., are the
lower and upper bounds of k. W € R3*3 stands for the
weight matrix for the optimization. €(¢) donates the error
from the real experiment. After experiment and measure-
ment, we get identified hydrodynamic parameters mi; =
115.50, M9y = 180.69,m33 = 73.61, X, = 61.36,Y, =
180, N, = 123.08.
The experiment was conducted as follows. First, we ar-
ranged moored vessels are distributed along the river as static
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_ Follower

-

Fig. 3: (a) The Leader ship and follower USV. (b) The
display of USV flexible platooning with obstacle.

obstacles. Then, we organized one remote controlled leader
ship and one autonomous follower USV in the river. After
setting up the shore-based communication equipment, we
assigned state information of leader ship for the follower
USV. The HLOS based platooning method will generate
a feasible V%, 05 and @} for the follower USV. When
the obstacles would block the follower USV approach the
leader ship, the collision avoidance method based on PFAP
created a collision-free route for the follower USV. Lastly,
the follower USV starts to track the reference trajectories by
NMPC method to form a platooning. We experimented with
straight platooning and circle platooning respectively. Both
field tests were performed on Huchuntang River in Shanghai,
China. We repeated the each tests several times during the
experiments.

B. Main results

Fig. 3 displays a experimental scenario and we dissect it to
explain the autonomy process. The follower USV executed
both tracking and collision avoidance manoeuvres between
two moored vessels. At first, the follower USV tracks the
leader ship, their trajectories are shown as blue and red line
respectively. The follower USV detects the obstacle on the
way and generates optimal collision avoidance route. After
obstacle avoidance, the follower USV re-tracks the leader
ship and returns to the platooning path.

The results of straight platooning are shown in Fig. 4 and
Fig. 5. In Fig. 4, as the follower USV tries to approach
the leader ship from start point, it is forced to track leader
ship while going to the right of moored vessel. The obstacle
forces the USV coming cross from right direction. Before
the second obstacle, the obstacle avoidance path of the

follower USV depends on the direction of movement of the
leader ship. In Fig. 5(a), the black circle depicts impassable
obstacles. The trajectories of follower USV and leader ship
are shown in blue and red respectively. Fig. 5(b) reflects the
change process of the heading angle of both the follower
USV and the leader ship. The speed changes of the two
ships are shown in Fig. 5(c). The follower USV successfully
avoided all obstacles in the experiments. The guidance,
collision avoidance and control methods are validated by this
experiment.

Fig. 6 depicts the experiment results of circle platooning.
We can see that even leader ship does a circular motion
around the center of obstacle, the trajectory of follower
USV is stable and collision-free. All of experiments in
Fig. 4(a)(b) and Fig. 6 have been repeatedly tested. Results
of experiment shows that the follower USV can complete
platooning around obstacles. These extensive experiments
demonstrate the effectiveness of our autonomy system for
river waterways. Our proposed method could successfully
control the follower USV being along with the leader ship
without collision.

VII. CONCLUSIONS

In a multi-ship platooning, the follower USV should
flexibly plan a route based on the surrounding environment.
This paper proposed a flexible platooning method to generate
a collision-free trajectory for follower USV. To achieve this
purpose, we present HLOS based flexible platooning method
for USV and it can flexibly select the optimal movement tra-
jectory according to the environment. An integrated collision
avoidance is achieved by the FAPF method in which both
virtual and tangential repulsion potential fields are introduced
to reduce the local stagnation situations. We formulated a
NMPC method for the follower catamaran vessel to track
the optimal trajectory. Finally, we developed a aluminum
catamaran USV that can perform guidance, collision avoid-
ance and accurate tracking control in the river waterways
in the scope of the experiments considered. Experimental
results have validated the efficiency of proposed flexible pla-
tooning method in straight and circle platooning scenarios,
which is critical for accomplishing advanced autonomous
missions, e.g., cooperative platooning of distributed USVs
for unmanned transportation.
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