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ABSTRACT

The issue of controlling a swarm of autonomous unmanned surface vehicles (USVs) in a practical maritime environment is
studied in this paper. A hierarchical control framework associated with control algorithms for the USV swarm is proposed.
In order to implement the distributed control of the autonomous swarm, the control framework is divided into three
task layers. The first layer is the tele-operated task layer, which delivers the human operator’s command to the remote
USV swarm. The second layer deals with autonomous tasks (i.e. swarm dispersion, or avoidance of obstacles and/or
inner-USV collisions), which are defined by specific mathematical functions. The third layer is the control allocation
layer, in which the control inputs are designed by applying the sliding mode control method. The motion controller
is proved asymptotically stable by using the Lyapunov method. Numerical simulation of USV swarm motion is used

to verify the effectiveness of the control framework.
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INTRODUCTION

In recent years, the concept of marine ranching has become
a research hotspot. However, in a real case, it is a high risk
that the marine ranching may get stolen, and more than
ten thousand dollars can be lost in a single night. Thus, the
surveillance and observation performed by a number of
cooperating USVs is of great practical significance. Beside
the surveillance task and patrolling the growth environment
of marine creatures, it is also sometimes necessary to achieve
the roundup of thieving ships.

The USV motion control has received high attention from
control communities in the past decades, and the research
topics about USVs were focused on path planning, path

following, and formation keeping [1-3]. Recently, there are
two significant trends in research focused on USV motion
control. One is to equip the control system with intelligence,
or in other words to achieve autonomous control of USV,
while the other one is to extend the autonomous control from
a single vessel to a number of cooperating vessels.

So far, studies on multi-agents are mainly about formation
keeping, obstacle avoidance, and connectivity maintaining
[4-6]. For the formation keeping, extensive studies have been
made, and the study objects include satellites, aircrafts, vessels,
and underwater vehicles. During the research progress,
three dominating methods for formation control have been
universally acknowledged, i.e. the leader-follower method [7],
the virtual structure method [8-9], and the behavior based
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method [10]. The formation control can preserve the desired
formation well, but the controller is centralized, and the
members are not endowed with the capability of decision-
making. Thus, when dealing with some problems, for
instance avoiding obstacles and/or collisions with other fleet’s
members, the controller might get unstable [11].

It is worth mentioning that the concept of swarm control
has become a focus recently. It aims to achieve automatic
control of a multi-agent system [12-13]. Being superior to the
formation control, the swarm control focuses on attaching
robotics with intelligence. Much of the inspiration for artificial
swarms stems from the study of biological swarms, and most
of the earlier investigations that focus on this general theme
of artificial swarm consider a homogenous swarm [14, 15].
In Cepeda-Gomez et al. [14], a robust sliding mode control
strategy is implemented on two competing multi-agent
swarms, called pursuers and evaders. The proposed control
achieves the stability and the ability to capture the evaders
by the pursuers despite the uncertainties in the evaders’
behavior. Liu et al. [16] have studied the problem of bilateral
human-swarm interaction, which enables a human operator
to simultaneously interact with a group of swarm robots in
a remote environment. The authors have developed a task-
oriented control framework for 2-DOF robots.

So far, swarm research is mainly about ground robots and
unmanned aerial vehicles. In general, USV swarm is the object
of research in the aspects of obstacle avoidance, formation
control, and collision avoidance.

In this paper, the swarm control problem of a group of
autonomous USVs is studied, and a hierarchical control
framework is proposed. The underactuated property is
considered in the controller design, and control allocation
is then supplemented. According to different functions of
tele-operated task, autonomous tasks, and control allocation,
the designed controller has three layers. The controller is
proved asymptotically stable by using the Lyapunov method.
Numerical simulation is also provided to illustrate the validity
and effectiveness of the proposed method.

USV DYNAMICS

In motion control of ships in the horizontal plane, it is
conventional to ignore heave, pitch, and roll motions, and
only consider such motions as surge, sway and yaw. Assume
that the swarm is composed of n USVs, and for the ith USV,
the mathematical equations of kinematics and kinetics are
defined as follows [17]:

n=J,(w), (1)
My, =—C(v,)v,— Dy, +1,

where 7, = (x,,7,,¥,)" denotes the earth-fixed coordinate
frame coordinates and the yaw angle of ith USV, and
v, =(u,,v,,;)" denotes the body fixed velocities for
i=1,2,--,n. J,(w,) denotes the rotation matrix of the ship
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from body-fixed frame to earth-fixed frame. The frame
transformation is presented in Fig. 1, where the X-axis points
to the north and the Y-axis points to the east.

Rl

~
The ith USV

(@] ¥

Fig. 1. Frame transformation in horizontal plane

M, is the inertia matrix considered with hydrodynamic
added inertia. C(v,) denotes the Coriolis and centripetal
matrix, which is caused by the rotation. D, denotes the
damping matrix, which is composed of damping coeflicients
in the surge, sway, and yaw axis directions. 7 =(z,,0,7,)" is
the control input, which consists of surge thrust and yaw
moment. It should be pointed out that M, and D, are both
positive definite, and they are assumed to be constant. The
abovementioned matrixes have the following forms:

My 0 0 0 0 My
M= 0 my 0| cv)=| 0 0 U,
0 0 my My Vy —Myld; 0
d, 0 0 cosy, —siny, 0
D=0 d, 0], J(y)=|siny, cosy, 0
0 0 d, 0 0 1

Based on the motion model of each individual, the integral
dynamics of the swarm can be defined as:

n=J)w 2
My =—-C(yv)yv—-Dv+rt

where the symbols in Eq. (2) have the following form:
n=ln ., m 1 v=w vy T r=le),5 00, T

J =diagiJ,,J,,--J }, M = diag{M,, M, M}

C(v)=diag{C(v,),C(»,),"-,C(v,)} D =diag{D,,D,,---,D }

FRAMEWORK DESIGN FOR SWARM
CONTROL

In order to achieve the autonomous motion control of USV
swarm, the controller is bilaterally designed according
to different goals. It is composed of three layers, the supreme
of which is the tele-operated task layer. In this layer, the center



position of the swarm and the average distance between USVs
and the center position are remotely controlled by a human
operator. The second layer is the autonomous task design, in
which some autonomous tasks are defined to solve specific
problems in practical navigation, and it is essential for
these tasks to meet the demand of the tele-operation layer.
The bottom layer is the control allocation design. In this
layer, the underactuated feature of USVs is considered, and
the control input is re-designed to fit the drive appliances.

TELE-OPERATED TASK LAYER

In this layer, an individual position of each USV is not
directly controlled. The human operator only controls the
center position and the average distance, the desired values
of which are delivered to each USV. In order to express these
orders in a mathematical way, the desired position function
is defined as follows:

X, =[%,.5,,0,1 ®)

where (X,,7,) denotes the desired value of the center position
and o, denotes the desired distance variance.

According to the form of Eq. (3), the position function
of the swarm is defined as:

X, =[x,y,0]" ()

s

where (X,7) denotes the desired value of the center position,
and o denotes the desired distance variance, which can be
written as follows:

I _ 1
x_;;xi’ y_;;yi

(5)
1 & _ —
o= n_Z(Z[(xl _x)2 +(, _y)z])
i=1
The tele-operated task error e, is further defined as:
eh:Xs_Xh:[elnezﬂ%]T (6)

where ¢, e,,and e, denote the components of e, .

The control framework with the task layer design and the
sequence of information transfer is shown in Fig. 2. Some
symbols shown in the figure, such as 7 and 7', will be
explained later in the article.

— Instruction delivery Human

=i »  Information feedback Operator

t

X, P X,
_________________________ T s e
. |
H €, T :
1| Tele-operate Autonomous > Control |
. |
! task 4 == =4 task CIEPE 4 allocation |
: X, 7V |
g S g g }_-_—_-_-_—_—_—_-_-_—_-_I
T 1 inv
usv
dynamics

Fig. 2. Framework of the closed-loop control system

Differentiating Eq. (4) we get

X, =J,(mn (7)

where ] is the Jacobian matrix having the following form:

J . = - ) s
. (1) on on T om

ox, |ox," ox," ox,’
on

T
} c R3><3n (8)

Notice that J is not a square matrix, and the pseudo-
inverse of ] is defined as J," =J"(J J"), which satisfies
the condition of J J,"=I, [18].

AUTONOMOUS TASK LAYER

During the autonomous navigation of USV swarm, many
autonomous tasks may need to be conducted simultaneously,
and controlled solely by USVs instead of the human operator.
To simplify the research, only 3 typical cases have been
selected as autonomous tasks, which are: obstacle avoidance,
inner USV collision avoidance, and swarm dispersion. The
autonomous tasks are designed by making use of potential
functions. By defining a specific mathematical function for
each task, the corresponding purposes can be achieved.

Obstacle avoidance

In this task the obstacles are assumed to be known, and
the collision avoidance algorithm presented by Stipanovi¢ et
al. [19] for a multi-agent system is used for the USV swarm.
Then the obstacle avoidance task function @  is given by

. , R’
@, =2 {min(0,————=)} (9)

where d(i,oj) is the distance between the ith USV and the
jth obstacle, whose position in the remote environment is
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denoted by n ;and given by the operator. R  is the avoidance
distance, and r, is the shortest safe distance. As for Eq. (9), it
can be used to avoid both static and moving obstacles. Thus,
the avoidance of sailing ships can be achieved as well.

The partial derivative of ®  for n has the following form

4

on (d(z',o/.)z—rf)3

od, (R -r))d(i,0,)" -R)) .
=4 : (n,—-n,)" if 7, <d@i0,)<R, (10)

where 7, =[x,,,,0,--,x,,¥,,0,]" denotes the position of
USVs, i, = [ox.,oyj,O,“-,oxj,oyj,O]T is the obstacle vector,
and 7,7, € R™".

The auxiliary control function ¢, is further defined as:

@, =-) (0D, [on)" (11)
j=1

Inner USYV collision avoidance

This task aims to keep a safe distance between each pair of
USVs to avoid collision between them. Similarly to Eq. (9), the
inner USV collision avoidance can be achieved by defining
the following function:

dG,j)’ —R;
dG, j)* -r?
where d(i,j) is the distance between the ith USV and the jth
USV, R is the avoidance distance, and  is the smallest safe

distance between two USVs.
Taking the partial derivative of @ for n we get the following
equation:

2
@, =" {min(0, )} (12)
i=1

0P, _ (R, ) R
on @G-y
where | =[x;,»,,0,---,x;,¥,,0] is the position vector for
the ith USV, and 7, € R™
The auxiliary control function ¢, is further defined as:

(m,-n,)"if r, <d@j)<R ~ (13)

m

@, =2 (00, [on) (14)

Jj=1

Swarm dispersion

USVs might gather together into several small groups while
achieving the tele-operated task. However, in applications such
as coverage control of a mobile robot network, increasing the
coverage area is necessary to improve the swarm performance
in the cases of surface search or seabed detection [20]. The
swarm dispersion task is considered to maximize the inter-
member distance and thus to enlarge the area of coverage.
The task function is given as

n—1 n
O, =-> > d(i,j) (15)

i=1 j=i+l
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The auxiliary control function ¢, is further defined as

9, =00, /om)" =3 (n,-n,)" (16)
Jj=1

Remark]1.Intheautonomoustasklayer, the abovementioned
tasks should be considered simultaneously. The autonomous
task functions can be combined to generate the auxiliary
function, for example @ = k@, +k,® ; + k,®@ . Then the total
auxiliary control function is givenas ¢ = k@, +k,9 +k,p,,
where k, k, and k, are proper gains for each task.

As for parameters k, k, and k., they are proportional to
relevant virtual forces, and they can be chosen according to
task priority. The obstacle avoidance task has higher priority
than inner USV collision avoidance, and swarm dispersion
is the last task needed to fulfill. In addition, virtual repulsive
forces for each USV should be large enough to achieve the
goal of collision avoidance, but also should not be excessively
large to avoid unstable operation of the controller system.
Combining the above factors, k and k, were assumed to be
large constants, and k, to be a large constant at the beginning.
Then multiple simulation tests were conducted, after which
the final values of parameters were selected as k=20, k=5,
k,=0.1.

Preliminary design of control input
To accomplish the tele-operated task and autonomous
task, the following Lyapunov function is defined:

1
Vo= Eehfeh +O (7)

Differentiating both sides of Eq. (17), we get

Vi=e/ é,-2p'n=e(Jn-X,)-0'5 (18)
= (ehTJx - ¢T)77 - el1TXh
According to Eq. (18), we define a virtual control item to
make V| converged, which is designed as follows:

0 =—k,(J, e, —p) (19)

where 7 is the desired value of 77, and k, is a positive
constant coefficient. Then we define another error variable
as: E=np—n".

In the task design, it is convenient to set X, constant
over a certain period of time, as a result of which X, =0.
By substituting Eq. (19) into Eq. (18), V1 can be rewritten as:

Vi=(e,/J,—@" )5 + &)

(19)
= _k4 (Jsre/, - ¢’)T (Jsreh - ¢) + (JsTeh - ¢)T§



In the next step, another Lyapunov function V, is defined as

V,="W +%§ch (20)

Taking the time derivative of V, along the solution of
Eq. (19) and setting Jv = —k,& — Jv, where k  is also a positive
coeflicient, we get Eq. (21) as follows:

Vy=—k(J e, —9) (J e, @) k&' +
(JSTeh _¢)T§_ gTﬁa

(21)

If the coefficients satisfy the condition of &, =1/(4k,), then
Eq. (21) can be transformed to the following form:

Vy=—kJ e,~p=8)(J e,~p-£)-&"ij" (22)

Since & and 7j“ are bounded, then Frij“ <A, canbe
obtained, where A, is an arbitrary small positive constant.
Then, Eq. (23) is obtained as:

V,<—k,J e,—p-&(J e,—p-E)+A, (23

Thus, ¥, is asymptotically converged, and the same applies
to (e, 9, §). .

Substituting Eq. (2) into Jv = —k,& —Jv , the initial form
of control input 7 is given as 7’:

7' =—kMJ"E—~MJ" Jv+C(v)v+Dv (24)
where 7' =[z/,7/,,0,7,,7.,,0,--7. .7/ ,0]".
In the preliminary design of control input, the yaw angle
of each USV is not designed, and the motion control mainly
relies on 7, and 7. . Under the input of Eq. (24), the yaw
rate acceleration is 7 =0 for each USV. In other words,
USVs will sail without making a turn. However, this drive
configuration and motion pattern do not accord with the
practical situation. Therefore, the control input needs to be
reshaped considering the underactuated feature of USVs,
which is called the control allocation.

CONTROL ALLOCATION

The control allocation can be achieved by properly
designing the yaw angle, as shown in Fig. 3. By defining
the yaw angle error and applying the sliding-mode control
method, the yaw moment t_ is designed. In the control
allocation layer, the surge thrust t remains unchanged, i.e.
7, =7,, while the sway thrust t_is set equal to zero, and the
yaw angle varies in real time to eliminate the demand of t .

‘ wa T”J
. Vi LA
| Y <,
{ 7\\/’ /X\\ \\'.“ 91
I 1 ——
‘ .l“f \/ -
;‘f T
The ith USV
4,
0 Y

Fig. 3. Schematic of yaw angle designing

The yaw angle error of the ith USV is defined as

v, =y v =6, (25)

where ;" is the desired value of ,,and 6, =atan 2(z/,,7/,) .
Then, in order to eliminate the yaw angle error, the
following first-order sliding manifold is introduced:

S, =V, + Ay, =1, -y = A6, (26)

and the Lyapunov function V; is defined as

v, = %Sﬁ 27

Differentiating both sides of Eq. (27), and setting # as
follows

==+ A+ )~k sgn(S) (28)

we get

V=S8, =S + 21, = Ay +1)] 29
= —k|S|<0
Thus, the sliding surface S, is asymptotically stable, and

the same applies to 7, . Substituting Eq. (1) into Eq. (28), the
yaw moment of the ith USV is obtained as follows:

myy; — My, wy, + (A +%) (30)

m33L

7, = —kgmsy;, sgn(S,) +(d,, 71’"33[)’? -

To avoid differentiating of v, the following second order
filter is introduced to calculate ¥ and ;.

yiteyitoly -y, -6)=0 (31)

where ¢ and o are filter gains, which are to be properly
chosen.
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NUMERICAL SIMULATION

To illustrate that the proposed methodology is effective,
numerical simulations of USV swarm motion have been
performed. The swarm comprises 6 homogeneous USVs.
The total length of each USV is 13 meters, and the motion
parameters of USVs are given as follows [9]: m =120x10°
kg, m,,=177.9x10° kg, m ,=636x10° kg, d =215x10* kg's™,
d =147x10°kg's", d =802x10* kg's'. In order to be consistent
with the actual situation, the actuator saturation is taken into
account and the saturation limits of control inputs for each
USV are set as |r,,| <1.0<10°N and |r,,| < 1.0x10°Nm.

The control parameters mentioned in the controller
design are chosen as follows: k=20, k,=5, k,=0.1, k,=0.5,
k,=2,1=0.2, =10, w=20. While selecting parameters, some
aspects need special attention. The collision avoidance task
has higher priority than the tele-operated task and swarm
dispersion, so it is advisable to set k, and k, relatively large,
while k, only needs to be a small variable. Parameters k,
and k_ affect directly only the convergence rate of error
variables, but if they are too large, the system response will
also be affected. The distance parameters mentioned in the
autonomous task have been chosen as follows: R =50m,
r =25m, R =20m, r =10m.

SIMULATION 1: TARGET TRACKING WITH STATIC
OBSTACLES IN THE VICINITY OF THE COURSE

In simulation 1, the USV swarm tracks a moving
underwater target, and there are some static obstacles in
the navigation area. The target position (x, y) is assumed
always known, and the desired distance variance of the swarm
is chosen equal to 80m?, thus the desired position function
is designed as X, =[ x,, y,, 80m?]. The target starts moving from
point (40m, 180m) at time ¢=0s, and reaches points (250m,
450m), (150m, 650m), (-50m, 450m) at times t=30s, 55s, and
80s, respectively. Besides, since the target is under water, the
USVs will not collide with the target. The initial velocities of
all USVs are set equal to zero. The overall performance of the
USV swarm is illustrated in Fig. 4 through Fig. 8.

Fig. 4 presents the sailing paths of USVs and moving target.
The six colored lines denote the paths of six USVs, while the
black dotted line denotes the target path. As we can see in
the subfigures, the swarm has a good performance in target
tracking, and each USV can automatically choose a proper
route to avoid collisions when getting close to the obstacle. It
is easily noticeable in Fig. 4(b) that when the obstacle is too
close to the target, the six USVs choose to bypass the obstacle
in different directions. Besides, during the navigation, each
USV keeps a safe distance from other USVs, and collision
between USVs does not happen.
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Fig. 4. Sailing path of the USV swarm

Fig. 5 shows the error curves of the tele-operated task,
where e, and e, denote the relative positions of the swarm
center and the target, and e, denotes the error of desired
distance variance. The most expected case is that e, e, and
e, all converge to zero. However, in this simulation, due
to the existence of obstacles, these error variables will not
converge to zero until the swarm has sailed away from the
obstacles. This phenomenon is explained by the fact that
collision avoidance has higher priority than target tracking
and formation keeping.

In order to see how each USV works, let us take USV 1 as
an example. Fig. 6 shows the desired yaw angle error of USV
1, while Fig. 7 and Fig.8 show the input of thrust and yaw
moment respectively. In Fig. 6, most of the time, the error
of the desired yaw angle keeps equal to zero, while the large
error values at times 30s and 55s are caused by surrounding
obstacles. In Fig. 7 and Fig. 8, high frequency oscillations of
control inputs are observed. These oscillations are due to the
combined effect of tracking the desired position with virtual



repulsive forces from adjacent USVs and from the obstacle.
After the obstacle avoidance is finished, the control inputs
get stable. From the sailing paths shown in Fig. 4 we can find
that these oscillations do not affect the performance of target
tracking and obstacle avoidance. It is important to note that
in practical applications, USVs may get a larger spacing than
that assumed in the simulation, or smaller USVs may be used
at the same spacing extent. In those situations the control
inputs will be much smoother when adjusting position and
orientation.
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Fig. 5. Response curves of tele-operated task error
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Fig. 8. Yaw moment input of USV 1

SIMULATION 2: TARGET TRACKING WITH MOVING
OBSTACLES IN THE VICINITY OF THE COURSE

In simulation 2, the USV swarm tracks a moving
underwater target, and there are three moving obstacles in
the navigation area. The target position (x, y) is assumed
always known, and the desired distance variance of the swarm
is chosen equal to 80m?, thus the desired position function is
designed as X, =[ x,, y,, 80m’]. The target starts moving from
point (40m, 180m) at time t=0s and moves at constant speed
to reach points (250m, 500m), (440m, 590m), (585m, 725m) at
times t=40s, 60s, and 80s, respectively. The initial velocities
of all USVs are set equal to zero. The overall performance
of the USV swarm is illustrated in Fig. 9 through Fig. 13.

Fig. 9 shows the sailing path of USV swarm at times #=20s,
34s and 80s. In the subfigures, the black polyline denotes the
path of the moving target, while the six colored curves denote
the tracking paths of six USVs. As we can see in Fig. 9(a) and
Fig. 9(b), there are 3 ships sailing in the vicinity of the swarm,
and they are equivalent to moving obstacles for the USVs. It is
easily noticeable in the enlarged drawing fragments that USVs
automatically avoid the obstacle ships. In this simulation, each
USV tracks the moving target well with acceptable overshoot
at turning points. Initially, the 6 USVs are far apart from each
other, then they gather rapidly and form a relatively stable
formation shape while tracking the target. During the auto
navigation, the 6 USVs always keep a safe distance from each
other, and no collision between USVs occurs.
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Fig. 9. Sailing path of the USV swarm

Fig. 10 shows the error curves of the tele-operated task,
and Fig. 11 shows the desired yaw angle error of USV 1. In
Fig. 10, it is easy to notice that the initial errors are rapidly
eliminated, which means that the swarm reaches the desired
position and gets the desired distance variance gradually. As
for the rebounds at times t=17s, 40s, and 65s, they are caused
by the presence of the obstacles, as a result of which the USVs
need to take time for making a turning. The underlying reason
has been explained in detail in simulation 1.

Fig. 12 and Fig. 13 show the thrust and yaw moment
input of USV 1. Combining with Fig. 11, we can see that the
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controller is running smoothly, except for the oscillations
at times 17s, 40s, and 65s, generated while avoiding the sailing
ships. Once the swarm sails away from the obstacle ships, the
error variables converge to zero rapidly. We can conclude
from the simulation results that the proposed USV swarm
control method has a good performance in target tracking
and obstacle avoidance.

e (m)

-100

Vi 1 1 1 1 1 1 1

0 10 20 30 40 50 60 70 80

time (s)

Fig. 10. Response curves of tele-operated task error

0.4

02 | —1 .
I
M
‘L!
0
‘ N\
i
i
R / } : .
< 0.5 : |
|
04 L I ]
i
I
05 | :
-06 L . .
-1
38 40 42
-0.8 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80
time (s)

T M

16 18 20

L
0 10 20 30 40 50 60 70 80
time (s)

Fig. 12. Thrust input of USV 1



15 X
1 r‘\
|
i
il
05 L I
i
2 1
> 0 AR
Z T MO
= i
= /
9 |
0.5 | x 10 | }
1 '
Bl
al Bl
B L
s 39 40 41
0 10 20 30 40 50 60 70 80

time (s)

Fig. 13. Yaw moment input of USV 1

CONCLUSIONS

In the paper, a hierarchical control framework with
relevant algorithms is proposed to achieve auto navigation
of a USV swarm. This control enables the swarm to track
autonomously the desired target, avoid obstacles, and avoid
collisions between swarm members. Theoretical proof and
numerical simulations are provided to demonstrate the
efficiency and robustness of the overall control system.

It can be seen from the simulation results that the originally
designed hierarchical swarm controller based on potential
field method and individual control allocation design is
suitable for the underactuated USV swarm. Besides, compared
to other formation control methods, a fixed formation shape
is not needed in the swarm control, and the swarm members
are intelligent to a certain extent.

In the future study, the proposed USV swarm control
method will be improved to facilitate its conversion into
practical use. For example, an actual electronic chart will
be pixelated and used for modeling external geographical
information for USVs.
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