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ABSTRACT This paper deals with the problem of formation collision avoidance for unmanned surface vehi-
cles (USVs). Compared with the generalship formation, the formation collision avoidance system (FCAS)
needs better responsiveness and stability because of faster speed and smaller volume for USVs. A method
based on finite control set model predictive control is proposed to solve this problem. The novelty of the
method is that it can control formation quickly to avoid obstacles and reach the destination in accordance
with the dynamics of each vessel in the formation, without the prior knowledge of the environment and
reference trajectory. The thruster speed and propulsion angle of the USV form a finite control set, which is
more practical. The FCAS adopts the leader—follower structure and distributed control strategy to ensure that
the followers have a certain autonomy. The first two simulation tests verify that the system has the formation
stability, formation forming ability, and the applicability in restricted water. The last simulation test shows
that the system can control the USV formation to sail quickly and safely in complex sea scenarios with
formation transformation task and multiple dynamic obstacles.

INDEX TERMS Unmanned surface vehicles, formation collision avoidance system, finite control set, model

predictive control, leader-follower structure.

I. INTRODUCTION

As unmanned surface vehicles (USVs) are finding increased
utility in both military and commercial applications, their
research are gaining importance [1]. In the process of achiev-
ing a mission, more than one USV is often needed, so the
coordination of USV formation needs to be considered. The
USYV formation can improve the robustness and fault-tolerant
resilience of the USV, improve mission performance, reduce
the operating cost, and extend the coverage of application
strategies such as monitoring, communication and measure-
ment [2]. So much of the focus of recent USV research has
shifted to USV formation issues.

In terms of USV formation, the main control goal at
present is to design a series of controllers for each vessel
in the formation to ensure tracking and maintaining the
desired positions and orientations. In the presence of mod-
eling uncertainties and time-varying external disturbances,
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scholars have adopted many advanced control algorithms for
USV formation, including neural network control [3], [4],
disturbance observers [3], [4], dynamic surface control tech-
nique [3], sliding mode control [5], input-output linearization
technique [6], adaptive feedback control [7], back-stepping
control [8]. And Chen et al. consider the problem of guiding
the underactuated ship formation to track a general kind of
non-convex, closed curves, and eventually achieve attitude
synchronization [8]. Next, considering the convergence time
of the controller, finite time formation control is also very
important. In [9], based on terminal sliding-mode observer,
anovel disturbance estimation scheme is proposed to achieve
high-accuracy formation control of multiple vessels, which
can accurately estimate external disturbance after finite time.
Literature [10] presented a fault tolerant leader-follower
formation control scheme for underactuated USV formation,
and although there are actuator faults and system uncer-
tainties, the formation tracking errors can converge into
arbitrarily small neighborhoods around zero in finite time.
Gao and Guo [11] investigate a fixed-time leader-follower

2169-3536 © 2019 IEEE. Translations and content mining are permitted for academic research only.

VOLUME 7, 2019

Personal use is also permitted, but republication/redistribution requires IEEE permission. 24691

See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.


https://orcid.org/0000-0003-2607-5134
https://orcid.org/0000-0002-3482-8100

IEEE Access

X. Sun et al.: Formation Collision Avoidance System for Unmanned Surface Vehicles With Leader—Follower Structure

formation control method for autonomous underwater vehi-
cles (AUVs) with event-triggered acoustic communications.
Aiming at the communication problem (network-induced
delays and packet dropouts) of USV formation, an incremen-
tal predictive control scheme is adopted to ensure that outputs
of all USVs in the formation reach consensus asymptotically
in [12]. In the formation control strategies, the most common
control strategy for USVs is the leader-follower control [5],
[10]-[12], and for other unmanned platforms, there are the
behavior-based formation control [13], [14] and the virtual
structure approach [13], [15]. However, most of the litera-
tures only consider the internal control problem in the USV
formation, and do not consider the formation control problem
in complex environmental constraints.

In the system structure of guidance, navigation, and con-
trol (GNC), formation path planning is used to solve this
problem. The formation path planning algorithm generates
the collision-free optimal path or way-points for each individ-
ual of the formation in clutter environment, and the controller
is responsible for tracking the generated trajectory. Based on
GNC system structure, Hao and Agrawal [16] first proposed
aplanning and control framework for unmanned ground vehi-
cle formation by using the A* algorithm. Saska et al. [17]
then employ this framework and replace the A* by the
Particle Swarm Optimization (PSO) and spline-path plan-
ning to generate better trajectories. In the same way,
Liu and Bucknall [18] replace the A* by the fast marching
method (FMM) for USV formation path planning in a practi-
cal maritime environment. Urcola et al. [19] further refine the
formation path planning into local path planning and global
path planning, and obtained optimal formation path through
traversability maps.

However, both the path planner and controller need a lot
of computing resources, which hardly meet the real-time
requirement of USV formation [20]. And because the planner
and the controller are separated, the planner rarely considers
the motion characteristics of the vessel, which may make it
difficult for the controller to track the planned path.

In order to combine path planner and controller, the idea
from optimization-based control can be adopted. In vehicles
formation problem, model predictive control (MPC) is
increasingly applied [21]-[23]. However, due to the heavy
computational load of MPC method, its application in for-
mation control is restricted [23]. Therefore, we use the finite
control set model predictive control (FCS-MPC) to reduce the
computational load of MPC while preserving the advantages
of MPC, such as inherent decoupling, multi-objective opti-
mization, and nonlinear constrained optimization [24].

The literature [18] mentions the formation forming
requirement, which is particularly important for formation
navigation of USVs. Most of the literature on formation
problem has assumed that formation has been formed before
starting control. However, this situation is very unreason-
able. In practice, although the desired formation shape can
be formed at the beginning, the formation shape needs to
be changed according to the requirements in the process of
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task execution, so the formation forming problem needs to be
considered.

Finally, the main contributions of the proposed approach
are:

1) The FCAS for USV formation is designed in accor-
dance with the theory of FCS-MPC, which not only
combines path planner with controller, but also reduces
computational load.

2) Instead of force and torque, the thruster speed and
propulsion angle are the control outputs of the FCAS,
which is more practical.

3) The FCAS can cluster multiple USVs and ensure
that each individual has a certain autonomy through
the leader-follower structure and distributed control
strategy.

4) Under the premise of fully considering the dynamic
characteristics of underactuated USV, the FCAS can
control the USV formation in the complex simulation
environments, and has the formation stability, forma-
tion forming ability and the applicability in restricted
water.

The rest of the paper is organized as follows. Section II
briefly introduces the USV system structure. Section III gives
the collision avoidance system (CAS) based on FCS-MPC
method for single USV with its mathematical model. On the
basis of the CAS, Section IV puts forward the FCAS for
USV formation by using the leader-follower structure and
distributed control strategy. Section V is the simulation result
verification. Finally, Section VI concludes this paper and
discusses the future works.

Il. THE OVERVIEW OF USV SYSTEM

Before discussing the FCAS, a single USV system structure
needs to be introduced. This study is based on Lanxin USV
of Dalian Maritime University, which is a podded propul-
sion USV. The hierarchical structure of Lanxin USV system
is illustrated in Figure 1. It is divided into four layers,
including Perception layer, Task layer, Decision layer and

FIGURE 1. The hierarchical structure of USV system.
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Execution layer. And the Decision layer connects the other
three layers. The CAS based on FCS-MPC is the main
component of the Decision layer. The Perception layer is
responsible for perceiving the information of the surround-
ing environment, and the Task layer assigns the target point
according to the mission. Their information is transmitted to
the Decision layer, and the control commands are generated
from the Decision layer to the Execution layer.

In the FCAS for USVs, a distributed control architecture
is adopted, that is, each individual must carry such a CAS,
so that each has certain autonomy. The detailed description
of CAS and FCAS are given in Section III and IV.

Ill. COLLISION AVOIDANCE SYSTEM FOR USV

A. MATHEMATICAL MODEL OF USV PLANE MOTION
Assuming the ocean environment is calm, the external distur-
bances are neglected; the USV has x-y plane of symmetry,
and its geometric center coincides with the barycenter. The
mathematical model of the USV moving in surge, sway
and yaw is derived using the Lagrangian mechanics [25] by
neglecting motion in heave, pitch and roll can be describes as

X =ucosy —vsiny
y =usiny + vcosy
y=r
. my dij 1
U= —vr— —u+ —T, €))
mi miy mi
my] dn 1
V=——ur— —v+ —r,
m) m) m)
myy —my dz3 1
= uw — —r+ —r,,
ms33 m33 m33

where (x,y) denotes the surge, sway displacement of the
center of mass, ¥ is the course angle of the vessel in the earth-
fixed frame, (u, v, r) are the surge, sway and yaw velocities
respectively expressed in the body-fixed frame. The terms m;;
denote the vessel inertia and added mass, while d;; represent
the hydrodynamic damping. (z,, 7,, 7,) are the surge thrust,
sway thrust and yaw moment.

Additionally the propulsion force of podded propulsion
USV can be regarded as a vector force 7', which in different
directions is [26], [27]

T, = T cos(6,)
7, = T sin(6,)
7, = T sin(8,)L /2,
T = (1 —1y) pn*DyKr )
where §, is the propulsion angle of the steering gear output,
L is the USV length.

The steering gear response model is a second-order system
[28], [29], which is

8 + 20 wnby + 028, = K8 (3)
with |8,] < 30°.
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The state quantity X of USV includes the outputs and
inputs of its model, as

X =[xy v, uvrdnl. 4)

B. THE CONTROL STRATEGY

The MPC approach uses the controlled system model to
predict its future behavior subject to series of control actions,
and then selects the best next control action according to
an objective-based cost function. When the control actions
comes from a series of discrete candidate control actions
(finite control set S), this method is called FCS-MPC.

For the CAS of USV based on FCS-MPC, the proposed
schematic can be described as Figure 2. At the #; instant,
the control sequence S;(#x) is generated according to the state
quantity X () of the current time. The future state Xp;(tx+p)
for each control set S;(fx) can be predicted by the USV
model f,(X, S), and 1, is the prediction time. The Xp;(tx4p)
is evaluated by a user-defined cost function J(Xp;, S;) with
the constraint of target point, environment model.

FIGURE 2. The control strategy block diagram.

C. FINITE CONTROL SET FOR USV
For the USV, the two control actions § and »n are discretized
with their discrete quantities 64 and ny in discrete time inter-
val At. However, due to the constraints of USV actuators,
the 8 and 1 are constrained by change rate 8, 72 and the actuator
range. The change rate constraint is

s={on| At ©
The actuator range is
Sm =16 € [<6m, 8ml, n € [0, nyl}. 6)
And the amounts of control sets is
c = (25At1/87) x (2hAt/ng). @)

If the values of 84 and n; are small, the controller will be
more accurate, but the amount of computation will increase.
So it is necessary to choose appropriate §4 and ny.

24693



IEEE Access

X. Sun et al.: Formation Collision Avoidance System for Unmanned Surface Vehicles With Leader—Follower Structure

D. THE COST FUNCTION

The control sequence S; with the greatest cost function
J(Xpi, S;) is optimal. The cost function consists of four sub-
functions, which correspond to four demands of attainability,
safety, stability and rapidity [30], as

J1(Xpis S)) = 1 — O

HXpi, Si) = do; @)
HXpir Si) = 6m — 164
fa(Xpi, S)) = V.

The attainability subfunction fi(Xy;, S;) is related to the
angle 6,; between the predicted course /,; and navigation
angle, as shown in Figure 3. The safety subfunction f>(Xp;, S;)
can be described by the minimum distance do; between vessel
and z obstacles Xo in a distance range d,. The propulsion
angle § and speed V of USV can depict the stability and
rapidity.

FIGURE 3. Description attainability subfunctions.

]lllll Xoy if Xop d,
<
dimax else.

)_(Ok = |X0k _Xpi|

where the X oy is the state quantity of the kth obstacle.
Moreover, the stop distance dg;,, of USV is calculated by

di =Vt /2 Vo). ©)

stop

When dgwp > do;, the ith control action S; is removed.
Then these subfunctions are smoothed by the normaliza-
tion method, for example, the normalized attainability sub-

function is
S1(Xpi, Si)
i1 [1Xpin Si)
The cost function with four weighting factors (wy, wy,
w3, wq) is
I Kpis i) = w1 - fi(Xpis $i) + w2 - o(Xpis Si)
+ w3 f3(Xpir Si) + wa - faKpir Si). (1)

FiXpi, Si) = (10)
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Finally, the optimal control command S, is selected
through cost function to ensure the USV to complete the task
safely and quickly.

IV. FORMATION COLLISION AVOIDANCE SYSTEM

A. THE SYSTEM STRUCTURE

For the formation collision avoidance problem of USVs,
a formation collision avoidance system (FCAS) based on
the single CAS is proposed with the system structure shown
in Figure 4. The system adopts leader-follower approach
to form formation shape, which selects one USV from the
formation as the Leader and guides other USVs (Followers)
to maintain formation navigation by the method of generat-
ing the sub-target [18]. According to the distributed control
strategy, the CAS is applied to each USV to follow its target
point individually.

FIGURE 4. The structure of FCAS for USVs.

B. SUB-TARGET GENERATION
The principle of sub-target generation is based on the leader-
follower scheme, which can flexibly generate sub-targets to
make the formation deformable according to the surrounding
environment. The sub-target is calculated from the desired
formation shape parameters according to the position of the
Leader. In Figure 5, the desired formation shape parameters
are the formation angle (8) and formation distance (d) [18].
The B determines the bearing of the Follower around the
Leader, and the d represents the relative distance between the
Leader and the Follower. The desired formation configuration
vector D can be expressed by 8 and d, as

D = d cos(B)i + dsin(B)], (12)

where i is the unit vector in the opposite direction to the course
of Leader and j is the unit vector perpendicular to the course.

According to the Leader’s position Py, the desired position
of the Follower can be calculated as

-

Py =P, — D. (13)

In the collision avoidance algorithm, when the USV
approaches the target point, the algorithm will reduce the
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FIGURE 5. Sub-target points generation illustration.

speed of the USV and make the USV reach the target
smoothly. So it is necessary to maintain a certain tracking
distance dyqcx = Vit between the tracking sub-target and
its Follower. On the other hand, in order to make tracking
more accurate, the proportional-differential (PD) regulator is
introduced to adjust the position of the sub-target according
to the error e;, ¢; in i and} directions, and the adjustment
variables are expressed as

ri = kpei(k) + kg [ei(k) — ei(k — 1)]

14
rj = kpej(k) + kg [ej(k) —ej(k — 1)], (14)

where k, kg are the proportional and differential coefficients
of the regulator.
So the configuration vector of the sub-target is

Dy = dyi + dyj, (15)
among

dsi = d cos(B) — dyrack + i
dyj = dsin(B) + r;.

And the position of the sub-target is
Py = P = Ds. (16)

However, by following Equations (15) and (16), the forma-
tion shape cannot be flexible. Such formation is not practical
for USV navigating in restricted waters. To solve this prob-
lem, formation needs to be adjusted according to the hazard
of surrounding environment. For hazard assessment, the min-
imum distance between obstacles and USVs can be used as
an evaluation index. And the hazard is € = do/d,, which is
the range from O to 1.With the increase of its value, the hazard
of vessel is lower. When the hazard is higher, the change that
the formation needs to do is bigger, so the hazard can be used
as the deformation parameter B = E. And in order to avoid
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sub-target entering obstacles, the minimum hazard of the sub-
target and the corresponding kth USV should be calculated as
the deformation parameter By.

So, the sub-targets generation equations for k Followers are
updated to

Dy = dgi1i + Bidgjij, - - -,

S k—B
Dsk:(

= O + Bedgid, k= 2&k € N. (17)

Here, when the deformation parameter (B; or By) values is
closer to 0, the distance value in the direction of ] decreases
and the?direction increases, that is to say, with the decrease of
the security, the formation’s shape is contracted to a straight
line. The parameter k represents the priority of each Follower.
With the increase of the k value, the sub-target of the Follower
needs to make more adjustments. When k = 2, the maximum
distance difference in i direction is 2ds;p — dsi1. However,
such distance difference may be equal to 0, thus setting a

2000

»
N
[=]
o
(=]
o8

- ©

1500 1500

1000 1000
o ] ry i
0* ‘e 500 .* 4. )
(d { ]
[ > [
0 [ ] 9 o, 0| L J 9
-1000 -500 0 500 1000 -1000 - 500 1000

500

0| B
-1000 -500 0

(e)
FIGURE 6. The motion sequence diagram of Test one. (a) Time 1 s.

(b) Time 42 s. (c) Time 80 s. (d) Time 139 s. (e) Time 250 s.
(f) Time 281 s.
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FIGURE 7. Evaluation results of Test one. (a) Speed V of USV. (b) Course y of USV. (c) Thruster speed n. (d) Propulsion angle §. (e) Computation
time T. (f) Distance D between obstacles and USV. (g) Formation keeping error E.

fixed distance difference d; to adjust positions, that is C. FOLLOWER'S COLLISION AVOIDANCE SYSTEM
L —B The significant difference between the single vessel and the
Bsk = [ k dgix + (1 — Bk)dii| i + Bkdsjk}- (18) formation collision avoidance is to increase the problem of
k—1 internal collision avoidance within the formation. Because of
In addition, due to the existence of hazard, error adjustment the distributed control structure, other USVs can be regarded
is meaningless, so when B > b, b € [0, 1), the regulator’s as the additional obstacles called the ““internal obstacle” in
coefficient is k, = kg = 0. the CAS of each Follower. The CAS of the Follower is basi-
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TABLE 1. Parameter information of the USVs and FCAS.

Parameter Value Units
Yo 90.0 °
Vo 0.0 (0.0) m/s (kn)
no 0.0 r/min
Nm 66.7 (4000) 1/s (r/min)
n 6.7 1/s?
USVs ng 1.7 (100) 1/s (r/min)
do 0.0 °
Om 30.0 °
) 5.0 °fs
04 1.0 °
dg, 500.0 m
dyr 200.0 m
FCAS tp 15.0 s
At. 1.0 S
Ne 8.3 (500) 1/s (r/min)

wi,we, w3, wa 1.0,2.0, 1.0, 0.5 -

TABLE 2. Results of evaluation index about USVs in test one.

Usv Index V(m/s)  n(r/min) 6(°) T(s) D(m)
maximum 9.5 3700 5.0 0.20  200.0

Leader minimum 0.0 0 -5.0  0.02 54.9
average 8.4 3450 0.1 0.11 1577

maximum 11.1 4000 9.0 0.20  200.0

Follower |  minimum 0.0 0 -15.0  0.09 16.4
average 8.7 3475 0.4 0.14 1479

maximum 11.1 4000 15.0 0.21 200.0

Follower 2 minimum 0.0 0 -5.0 0.09 42.8
average 8.7 3493 0.4 0.15 1595

cally same as that of the Leader except that its tracking target
and safety subfunction f>(Xp;, S;). In the safety subfunction of
Follower, the obstacles include internal obstacle (Leader and
other Followers), and the position of internal obstacles are the
predicted positions from their CAS.

In order to better maintain formation, the Leader’s max-
imum thruster speed ny,, should be slightly lower than the
Followers to ensure that the Followers have the ability to
follow the Leader. The above goal can be achieved by
limiting the maximum thruster speed 7y, of the Leader,
as

npo = min(ngy, np2, -+, NFg) (19)
ﬁLm = min(nFO + n()ﬂ an)v (20)

where npy is the thruster speed of kth Follower, n. is the
adjustment range of the thruster speed.

The formation transformation task of Followers can be
accomplished only by changing their sub-targets. The sudden
change from current Py, to desired P}, sub-target will cause
instability of the system, so a transition sub-target i’sub is

needed from time #; to 1, as

t_
L telnnl @)
Hh—n

Psub = Psub + (P;kub - Psub)

Through the above methods, we can achieve a USV clus-
ters including multiple Followers.
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FIGURE 8. The motion sequence diagram of Test two. (a) Time 49 s.
(b) Time 59 s. (c) Time 85 s. (d) Time 162 s. (e) Time 247 s. (f) Time 308 s.

V. SIMULATION STUDIES

To demonstrate the performance of the proposed FCAS for
USV formation, we perform simulation in three different
testing environments. The formation includes a Leader and
two Followers, and the desired formation shape is an isosceles
triangle with its parameters d and B are 120 m and 55°.
The first test includes three scenarios: formation disorder,
restricted water, and open water. They respectively test
the formation forming ability, the applicability in restricted
water, and the formation stability. On the basis of the first
test environment, second test adds dynamic obstacles and
formation transformation tasks to further test the first two
performances. Finally, to verify the ability to solve the real
situation for system, the third test runs in an actual sea scene
with formation transformation task and multiple dynamic
obstacles.

The parameters of the USVs and FCAS are in Table 1. The
Yo, Vo, ng and &g are the initial course, USV speed, thruster
speed and propulsion angle. And to maintain the formation
shape, the maximum speed ny, of the Leader is limited to
61.7 t/s (3700 r/min). At, is the control update interval. The
dynamic obstacles are obtained in the detection area d,,.
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FIGURE 9. Evaluation results of Test two. (a) Speed V of USV. (b) Course y of USV. (c) Thruster speed n. (d) Propulsion angle 5.

(e) Computation time T. (f) Distance D between obstacles and USV.

The effectiveness of the FCAS is verified by Matlab sim-
ulation on the computer equipped with 4 GB of RAM and
a Core i7 3.6 GHz processor. The simulation results show
in the motion sequence diagram. In the diagram, the colors
associated with Leader, Follower 1 and Follower 2 are blue,
red and magenta. The ‘+’ and “*’ are markers for start and
end points, and the end point is extended to a red circular area.
The green curves is the current predicted trajectories of USV.
For dynamic obstacles (DOs), the positions of DO1, DO2 and
DO3 are represented by cyan, yellow and green circles, and
when they enter the detection area, the color turns magenta.

A. TEST ONE
In the test, the dimensions of simulation area are
2400 m x 2200 m, and 30 static circular obstacles with radius
between 10 m and 60 m are randomly generated in the area
[0-1000, 0-1000] m.

Figure 6 is a motion sequence diagram of USV forma-
tion in Test one. To verify the formation forming ability,
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the positions of the Followers are reversed at the beginning
in Figure 6(a). Figure 6(b) describes the formation form-
ing process. Figure 6(c) shows the scene of USV formation
sailing in restricted waters. After passing through restricted
water, formation enters open water, as shown in Figure 6(d).
Figure 6(e) shows that USVs stability maintain desired for-
mation shape. Figure 6(f) describes that the USVs arrive at
their respective ending area.

Figure 7 compares the main parameters of the three USVs,
and Table 2 is their evaluation index. Figures 7(a-d) show
the control input (n, §) and state output (V, ¢) of the USVs
throughout the process. The USVs maintain maximum speed
as far as possible and adjust speed according to risk level and
formation constraint condition. In Figure 7(d), the propulsion
angle values of Followers are larger at the beginning, which
is due to form formation. After that, the propulsion angle
is less than 10°, so the system is stable. Figure 7(e) is the
computing time T for each FCAS in the formation, and the
maximum computing time of 0.21 s is much less than the
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control update interval Az, = 1.0 s. Figure 7(f) describes the
distance D between each USVs and the detected obstacles in
the distance range d,, and their minimum distance is 16.4 m
with average distance 147.9 m. So the USV formation safely
avoids all obstacles to the end. In Figure 7(g), from 230 s
to 260 s, in open waters, the formation remains stable and
follows the Leader to the end, while the formation keeping
error E is less than 10 m. In this period, the minimum keeping
error is 1.3 m and 2.3 m, thus the stable formation keeping for
USVs is achieved.

B. TEST TWO
The three performance of the system is preliminarily verified
by static environment simulation in Test one. To better verify
the applicability in restricted water, on the basis of Test
one, three dynamic obstacles (DO1, DO2 and DO3) with the
radius of 20 m and speed of 10 m/s, 10 m/s, and 7 m/s are
added. For the formation forming ability, at 120 s and 200 s,
the system begins to perform two formation transformation
tasks respectively by exchanging the Follower’s sub-targets.
In Figure 8, the cyan circles with number 1, 2 and 3 are
the DO1, DO2 and DO3. When the time is 49 s, DO1 and
Follower 2 are in a crossing situation, which forces the
Follower 2 to decelerate. Next, Leader completely avoids
DO2, and Follower 1 are avoiding DO1 at 59 s. After 85 s,
the formation completely avoids the DO1 and DO2, and
began to evade the DO3. At 162 s, the formation is executing
the first formation transformation task. After completing the
first task, the vessels continue to perform second formation
transformation task, as shown in Figure 8(e). Finally, at 308 s,
the formation completes these tasks and reaches the ending
area.

TABLE 3. Results of evaluation index about USVs in test two.

Uusv Index V(m/s) n(r/fmin)  4(°) T(s) D(m)
maximum 9.5 3700 6.0 0.21  200.0
Leader minimum 0.0 0 -10.0  0.02 5.7
average 7.7 3263 0.1 0.11 1509
maximum 11.1 4000 20.0 0.22  200.0
Follower 1 minimum 0.0 0 -15.0 0.10 14.8
average 8.1 3344 0.4 0.15 147.1
maximum 11.1 4000 15.0 0.21  200.0
Follower 2 minimum 0.0 0 -8.0 0.10 15.2
average 8.0 3341 0.4 0.15 1534
6000 Coastline.
Island
5000 9 O-Approximate circle-of obstacl
4000 S Q
3000
/ S)
2000 \\—/
1000
% 2000 4000 6000 8000 10000

FIGURE 10. The actual sea environment model.
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Compared with Test one, the evaluation index is almost the
same except for D and § in Table 3. In Figure 9(a-d), the for-
mation avoids dynamic obstacles and completes the forma-
tion transformation tasks by adjusting the §, and maintains the
rapidity as far as possible. Figure 9(e) is the computing time
of each FCAS with the maximum computing time of 0.22 s.
For the distance D, because the Test two is more complex
than Test one, their minimum distance becomes smaller, but
the formation still safely passes through the complex scenario
and completes the formation transformation tasks.
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C. TEST THREE

The outer sea area of the harbor basin at Dalian Maritime
University marine is selected as the environment modeling
area, which is built by expanding the island and coastline into
the circle [31], as shown in Figure 10.

Because the open water cannot effectively test the algo-
rithm, the map has been reduced by 3 times to make
the environment more complex. The system parameters are
still consistent with the first two tests, and three DOs and
a formation transformation task are added into the test,
where the speed of DOs are 4 m/s, 10 m/s and 10 m/s.
The movement sequences are represented in Figure 11.
Figure 11(a), 11(b) depict the trajectory of the formation leav-
ing its initial position and meeting the DOI to form a over-
taking situation, in which case the FCAS control formation to
change course without slowing down. At 30 s, the formation
transformation task is executed, and then through the transi-
tion, the desired shape of formation are completed at 80 s.
Figure 11(b-d) show the process of forming a new formation

24700

shape while avoiding DO1. Then, from 160 s - 200 s, the for-
mation continuously evades DO2 and DO3. The formation is
in restricted water when the DO3 is avoided, and at 261 s,
the formation reaches safely the ending area.

The results of USVs input and output with realistic sea
environment are shown in Figures 12(a-d) and Table 4.
In Figure 12(a), 12(c), as the Follower 1 is far away from

TABLE 4. Results of evaluation index about USVs in test three.

usv Index V(m/s) n(r/min) §(°) T(s) D(m)
maximum 9.5 3700 20.0 021  200.0

Leader minimum 0.0 0 -7.0  0.02 19.5
average 8.0 3344 1.0 0.11 120.3
maximum 1.1 4000 10.0 0.21  200.0

Follower I  minimum 0.0 0 -6.0  0.09 4.3
average 9.0 3564 1.2 0.13 1309
maximum 11.1 4000 12.0  0.20  200.0

Follower 2~ minimum 0.0 0 -5.0  0.09 19.0
average 8.2 3371 1.1 0.15 1135
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the obstacles on the outside of the formation, it needs to take
more distance, so the speeds of Follower 1 and it’s thruster
quickly increases to the highest speed and maintains the speed
at the beginning. When the thruster speed of the Follower is
lower than Leader by n., the Leader will slow down appro-
priately to ensure formation maintenance in Figure 12(c).
From Figure 12(d), during the whole test process, except
that the leader’s propulsion angle reaches the climax value
of 20° to adjust the course at the beginning, their propulsion
angles are always less than 12° after that. The computing time
is basically the same as the first two tests in Figure 12(e).
In Figure 12(f), their minimum distances are 19.5 m, 4.3 m,
and 19.0 m, which means that the formation is safe.

VI. CONCLUSION

This paper considers the autonomous navigation of USV
formation in complex environments and presents a novel
formation collision avoidance system (FCAS) for improving
the autonomy of USVs in the present of multi-obstacles.
The FCAS is developed based on the FCS-MPC principle,
which not only combines path planner with controller, but
also reduces computational load. Furthermore, the thruster
speed and propulsion angle instead of force and torque are
the control outputs of the FCAS, which is more practical.
By adopting the leader-follower structure, multiple vessels
can be used to achieve the USV clusters. And the distributed
control strategy can solve the problem of internal collision
avoidance within the formation. Besides, the experiments are
implemented under the simulated marine environments and
the results have illustrated the formation stability, formation
forming ability and the applicability in restricted water of the
proposed FCAS. The formation scheme can also be extended
to the other marine formation system.

In terms of the future work, the FCAS proposed will be
improved in several ways. First, the environment model can
be more practical. Second, because the actual marine environ-
ment is complex and changeable, external disturbances need
to be considered. Thirdly, the USV formation also should
comply with the Convention on the International Regulations
for Preventing Collisions at Sea (COLREGsS).
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