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ABSTRACT This paper presents an adaptive null-space-based behavioral (NSB) method to deal with the
problems of saturation planning and lack of adaptability when the traditional NSB method is applied to the
formation control of multiple unmanned surface vehicles (MUSVs). First, the NSB method is analyzed, and
the matrix theory is introduced to propose a behavior priority theory determination method based on a vector
graph. Second, consider the maneuverability of the unmanned surface vehicle (USV), variable coefficients
with physical significances are introduced to redefine the behavioral motion model, making the speed limit
solved in each working condition within the maneuvering range of the USV and effectively improving the
formation ability of MUSVs. Third, a logical priority collision avoidance strategy between the MUSVs is
proposed, aiming at the problem that when the USVs judge each other as obstacles, both of them adopt the
obstacle avoidance behavior resulting in two vehicles’ courses deviating from the direction of the target point.
Finally, a simulation platform for the formation control of MUSVs was established by taking the Dolphin-I
prototype USV as the experimental object, and the feasibility of the proposed method was verified by a
simulation test.

INDEX TERMS Multiple unmanned surface vehicles (MUSVs), adaptability formation control, null-space-

based behavior (NSB), behavior priority, cooperative collision avoidance.

I. INTRODUCTION

The unmanned surface vehicle (USV), an underactuated vehi-
cle, is used for dangerous and inhospitable missions [1], [2].
The multiple unmanned surface vehicles (MUSVs) sys-
tem [3]-[6] has attracted increasing attention due to its low
cost, and robustness. In recent years, the coordination of
MUSVs has become a new research hotspot. Formation con-
trol of unmanned surface vehicles [7], [8] refers to the control
technology in which multiple robots maintain a certain for-
mation during transit to a destination while at the same time
adapting to environmental constraints (such as the presence
of obstacles and space constraints). Formation control of
MUSVs is a typical and universal coordination problem. It is
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also the most important problem facing MUSVs system and
is worth deep and detailed investigation.

To solve the MUSVs formation problem, central-
ized [9], [10] distributed [11], [12] formation control methods
are often adopted. Compared with the centralized method,
the distributed method has become a hotspot in unmanned
surface vehicle formation research because of its high reli-
ability, and good flexibility. The null-space-based behavior
control (NSB) method is a typical method to study the
distributed formation control problem [13]. In [11] and [12],
the NSB method was applied to the formation control
of underactuated unmanned surface vehicles to simulate
formation navigation tasks under sea currents and faced
with obstacles. In [14], the formation control method was
adopted based on the NSB method and applied to the dis-
tributed multi-soccer robots, transforming the environment
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from two-dimensional space to three-dimensional space. The
NSB method was also applied to the collaborative control
of spacecraft formation to solve problems such as global
movement, global convergence and dispersion, configuration
transformation, and collision avoidance [15]. In [16] and [17],
research tackled the problem of precise formation control of
the multi-Euler Lagrange system with model uncertainty in
the obstacle environment; the gain of the obstacle avoidance
task was determined by using sliding-mode control and
Lyapunov theory in NSB obstacle avoidance behavior.

The above methods are based on the traditional NSB
method for formation control. In application, since the gain
coefficients of this method are constant coefficients (without
clear physical significance) and are constrained by robot
motion factors (velocity, starting point, and ending point),
their values need to be reselected and debugged under each
working condition. This lacks adaptability and is not con-
ducive to engineering applications. Moreover, because the
gain coefficients are constant at each fixed condition, the tra-
ditional NSB formation control method will produce the
saturated planning phenomenon; the planned expected speed
is higher than the actual speed limit of the robot (exceeding
its maneuverability) and task failure will occur. At the same
time, the traditional NSB method does not have a theoretical
definition of behavior priority and is mostly based on empir-
ical sorting.

In this paper, the traditional NSB method is first analyzed,
and a vector analysis method based on a vector graph to
determine the behavior priority is proposed. Second, com-
bined with the maneuverability of the USV, an adaptive
null-space-based behavioral (ANSB) control method is put
forward. By introducing the variable coefficients with phys-
ical significance to redefine the behavioral motion model,
the speed limit calculated in each working condition is within
the maneuverability range of USV. Third, aiming at the prob-
lem when the USVs judge each other as obstacles, both of
them adopt the obstacle avoidance behavior resulting in two
vehicles’ courses deviating from the direction of the target
point, a logical priority collision avoidance strategy between
the MUSVs is proposed. Finally, a simulation platform for
formation control of multiple unmanned surface vehicles was
established by using the Dolphin-I prototype USV as the
experimental object; simulation results demonstrated that the
ANSB method can effectively improve the formation perfor-
mance of MUSVs.

Il. ANALYSIS AND DESIGN OF THE USV

GUIDANCE SYSTEM

MUSVs control system includes a navigation subsystem,
guidance subsystem, and motion control subsystem [18].
The guidance subsystem deals with navigation; a feasible
navigation path can be continuously generated according to
the navigation system’s information, task requirements, and
environmental status, and the reference path can then be sent
to the control subsystem [19]. The distributed NSB formation
control method undertakes the tasks of path planning and
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trajectory tracking in the centralized formation control
method, and forms the guidance system of the USV.

This paper first briefly analyzes the theory of the NSB
method, and then proposes a theoretical determination
method of behavior priority based on a vector graph com-
bined with the matrix method [20]. Finally, a dynamic model
of the Dolphin series mini-type MUSVs is described.

A. NULL-SPACE-BASED BEHAVIORAL THEORY

The null-space-based behavioral method is a typical dis-
tributed control formation method [21]. The central idea is
to decompose the task into different behaviors, such as tar-
get reaching, collision avoidance, and cooperative formation,
and use the matrix theory method of null space to fuse the
behaviors according to a certain priority.

We assume that x and y are the coordinates under the
inertial coordinate system, and set the coordinate position of
USV as p; = [x;, yi]T, the linear velocity of navigation as
v; = [x;, ;17 , the position of the target point as p, = [x;, y,17,
the obstacle coordinate as p, = [xg, ya]T, and o as the task
function in the behavior control:

o =f{p) (H
We take the derivative of both sides of equation (1):
0
o= Mv =J(p) 2)
ap

where J(p) is the Jacobian matrix of o. Then, the expected
velocity of the USV is

v=Jls 3)

where v is the expected speed for a single behavior, and J t
is the generalized inverse matrix of J. If the system needs
to execute multiple behaviors o1, 02, 03 . .. at the same time,
the priority of each behavior is specified and the subscript
is used to indicate the expected speed of multiple behaviors,
such as vy, vo,v3..... Then, the NSB method can be used
to fuse multiple behaviors and obtain the final velocity as
follows:

v=vi+ T~ I @

where Null(j) =1 — JjTJj is the null space of the task velocity
matrix of level j.

B. VECTOR GRAPH BEHAVIOR PRIORITY
DETERMINATION METHOD

Definition 1: Given that A is a matrix, the null-space of A, also
known as the kernel, is a set of n-dimensional vectors [20]:

Null(4) = {x € R" : Ax = 0} 5)

The null-space-based behavioral method projects the level
i+ 1 task vector to the level i task vector and obtains the new
task output, that is, when the system completes a high-priority
behavior, it maps a low-priority behavior to the output matrix
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FIGURE 1. Schematic diagram of null-space-based behavior mapping.

FIGURE 2. Vector graph of the cooperative formation behavior with a
higher priority than the target reaching behavior.

FIGURE 3. Vector graph of the target reaching behavior with a higher
priority than the cooperative formation behavior.

of the high-priority behavior so as to complete some low-
priority behavior [11], [21]. Fig.1 shows a schematic diagram
of the behavior mapping.

Based on behavior mapping, we propose a method to
determine the behavior priority namely vector graph analysis
of the NSB formation control method. Two indistinguishable
behaviors (cooperative formation and target reaching) are
taken as examples, and the schematic diagrams for these
behaviors are shown in Fig.2 and Fig.3.

The velocities of the cooperative formation behavior and
target reaching behavior are represented by vy and v,
respectively. When prioritizing two behaviors, there are two
combinations: the first combination is that the priority of
cooperative formation behavior is higher than that of the
target reaching behavior, and the second combination is that
the target reaching behavior is of a higher priority than the
cooperative formation behavior. The fusion velocity results
of the two combinations using the vector graph determination
method are shown in Fig.2 and Fig.3. In Fig.2, v, is projected
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FIGURE 4. Unmanned surface vehicle coordinate system.

to the null space of v¢, and is fused with the velocity vy at high
priority. In Fig.3, v is projected to the null space of v, and is
fused with the velocity v, at high priority. Compared with the
first combination, the fusion velocity in the second combina-
tion was more oriented to the desired formation point, which
was conducive to accelerating formation.

The behavior priority based on the vector graph determi-
nation method can theoretically rank the fusion of behaviors.

C. DYNAMIC MODEL OF USV
In this paper, the formation system of the Dolphin series mini-
type MUS Vs is established. In order to describe the motion of
an USV, two right-handed rectangular coordinate systems are
adopted [22]. The first coordinate system is the inertial frame
00 — x0Yozo and the second is the body-coordinate system
o — xy (Fig.4). The inertial frame is fixed on the earth. The
plane o9 — xpyo is on the undisturbed free surface and the
Xo axis points toward the initial straight course of the USV
with the zp axis going straight down. The body-coordinate
system is fixed on the vehicle and the origin is located in the
middle of the vehicle. The plane o — xy is on the undisturbed
free surface. The x axis points to the bow, the y axis points
starboard, and the z axis points straight down.

Since the transverse speed can be neglected without con-
sidering the external environment interference, the maneuver-
ability model of USV is as follows:

X =ucosy

Y =usiny

W=1’ (6)
= —(K§ —r —ar’

7 T( r—ar’)
u=k1n2+k2n~|—k3

where (x, y) is the position of the USV, u is the longitudinal
speed, ¢ is the heading angle, r is the heading angular
velocity, § is the rudder angle, and K, 7', and « are the motion
model parameters. Dolphin-I is a mini unmanned catamaran.
Referring to the model of thrust and velocity in reference [23],
the corresponding relationship between the speed and voltage
of the USV was established. n is the propeller’s voltage,
and ki, k,7 k3 are propulsion system parameters. The main
parameters of the Dolphin-I USV are shown in Table 1.
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TABLE 1. Main parameters of Dolphin-I1.

Parameters Parameter values
Length 2.0m
Spacing between two floating body 1.1 m
Maximum speed 1.2 m/s
Propulsion method Two propellers with a rear-mounted
rudder plate

Maneuverability model K =0.287, T=0.410, a =0.009

Velocity model k,=-0.006, k,=0.159, k,=0.004

FIGURE 5. Principle block diagram of the USV control system.

To sum up, the principle of the USV control system
adopting the null-space-based behavioral formation control
method is shown in Fig.5.

In Fig.5, o; contains oj, 04, and oy, which respectively
represent the task functions of three behaviors of the i-th
USV. vi(vy, vy) is the expected velocity vector calculated by
the NSB method, and V; is the actual velocity vector of the
USV. ¢ and |v| are the inputs of the motion control subsystem
and propulsion control subsystem, respectively. § and n are
the corresponding outputs of the two systems. The expected
heading angle of the USV can be obtained by Eq.7.

()

arctan | — Ve >0

Vx
vy

Y = { arctan (V—}) +m v <0,v,>0 7)
X

vy
arctan <l) - v <0,v,<0
Vx

Ill. ADAPTIVE NULL-SPACE-BASED BEHAVIORAL
METHOD

In application, since the gain coefficients of the traditional
NSB method are constant coefficients (without clear physical
significance) and are constrained by robot motion factors
(velocity, starting point, and ending point), their values need
to be reselected and debugged under each working condition.
This lacks adaptability and is not conducive to engineer-
ing applications. The adaptive null-space-based behavioral
method redefines the behavioral motion model by introduc-
ing the variable coefficient with physical significance (the
maximum speed of USV, the terminal coordinate, and the
current positioning coordinate). Therefore, the speed limit
calculated in each working condition is within the maneu-
verability range of the USV. Compared with the traditional
NSB method, the ANSB method is adaptive and can con-
sider both the efficiency and the maneuverability of the
USv.
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We set the coordinate position of the USV as p; = [x;, yl-]T
the linear velocity of navigation as v; = [x;, y,»]T, the position
of the target point as p; = [x;, yt]T, the obstacle coordinate
as pg = [xq, ya]T, the task function in the behavior control as
o, the expected value of the behavior control variable as oy,
and the gain coefficient as A. In the traditional NSB control

method, (3) can be changed to obtain (8).

i

vi = Jhi(oq — o) ®)

According to the requirements of USV operation, task
execution is divided into three behaviors: target reaching
behavior, collision avoidance behavior, and cooperative for-
mation behavior. According to the physical meaning of each
behavior, the behavior gain coefficient of the ANSB method
is redefined to make the method have the speed controllability
and the working condition adaptability.

A. MATHEMATICAL MODEL OF TARGET REACHING
BEHAVIOR

The target reaching behavior runs throughout the MUSVs’
operation. The mathematical model of this behavior is
shown in (9)-(11). By introducing the maximum speed,
real-time coordinate position, and terminal position of the
USY, the gain coefficient of the target reaching behavior is
redefined to ensure that the final speed calculated is always
within the maneuverability range of the USV and thus we
effectively avoid the phenomenon of “saturation planning”’.

ve = JF@Apr — pi) ©)
1

)\c = Vmax ° —  —/—%= 10

v CET (10)

De = /G =3P + 0 — i) (1)

where the variable r. > 0 is the regulatory factor of the target
reaching behavior.

As shown in (10), after redefining the gain coefficient A,
the expected speed of the target trend behavior is less than
the maximum speed, that is, |v.| < Vmax. 7¢ 1s introduced
to solve the phenomenon where the USV does not reach the
target point with the traditional NSB method and the sudden
and uncontrollable large deceleration leads to slow speed and
a slow change in the expected path point.

B. MATHEMATICAL MODEL OF COLLISION AVOIDANCE
BEHAVIOR

In the course of MUSVs navigation, collision avoidance
behavior can guarantee the safety of MUSVs and provide a
basic guarantee for the realization of subsequent tasks. The
safe distance for collision avoidance is defined as d, D,
represents the distance between the USV and the obstacle,
and A, represents the gain coefficient of collision avoidance
behavior. The mathematical model of collision avoidance
behavior is shown in (12)—(14).

va = JF (P)Aa(d — Dy) (12)
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FIGURE 6. Schematic diagram of logical priority collision avoidance
strategies between USVs.

_
(d = Dao)

Dy = /(5 — 5 + (0 = i (14)

where D, J,0 are the values obtained by D,, J, at the initial
moment of obstacle avoidance, and D,y < d.

According to (12), the expected speed for the danger avoid-
ance behavior of the USV is less than the maximum speed,
that is, |v4| < Vmax. When the USV is gradually approaching
the obstacle, the expected speed decreases gradually. When it
is infinitely close to the safe distance for obstacle avoidance,
the expected speed of collision avoidance behavior is zero,
and since the collision avoidance behavior is the highest-level
behavior, the expected speed of the USV is zero.

When considering the problem of collision avoidance
between MUSVs, a logical priority strategy is proposed; all
the MUSVs in the formation should be numbered and an
USV sees vehicles which numbered numbers are smaller
as obstacles. This kind of collision avoidance strategy can
effectively solve the problem when the USVs judge each
other as obstacles, both of them adopt the obstacle avoidance
behavior resulting in two vehicles’ courses deviating from the
direction of the target point. Fig.6 shows a schematic diagram
of logical priority collision avoidance strategies between
MUSVs.

Jao(p) (13)

Aa = Vmax °

C. MATHEMATICAL MODEL OF COOPERATIVE
FORMATION BEHAVIOR

The formation of MUSVs is a complex task that involves
cooperation between different MUSVs. In order to realize for-
mation, a behavioral control function was established based
on the distance deviation between the formation’s form and
the formation’s center. The mathematical model of coopera-
tive formation behavior is shown in (15)—(17).

= Ik =) 15)
1
A = Vo - e (16)
DJ% + rf
Dy = /Gy —xiP + (5 — 3 (17)

where §r is the actual horizontal and vertical coordinate
deviation between the robot’s current position point and
the formation’s center, and 6 4 is the expected horizon-
tal and vertical coordinate deviation between the robot’s
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current position point and the formation’s center. (xr, yr) is
the desired formation position point of the USV at the current
moment, and ry > 0 is the formation threshold. In this behav-
ior, it is considered that the formation and maintenance of the
formation are interdependent, and that cooperative formation
behavior is always accompanied by target reaching behavior
so that robustness can increase during operation. Based on the
vector graph method for determining behavior priority, it can
be seen that the priority of the target reaching behavior is
higher than that of the cooperative formation behavior, which
is conducive to accelerating formation and maintenance of
the formation. Therefore, when the cooperative formation
behavior projects to the null space of the target reaching
behavior, the fused velocity |vcf| 18 less than vyax.

IV. NUMERICAL SIMULATION OF MUSVs

FORMATION TEST

Taking the Dolphin-I prototype USV as the experimental
object, the formation simulation platform of five unmanned
surface vehicles was established to verify the adaptive null-
space-based behavior formation control method proposed in
this paper. The simulation platform was built using MATLAB
software, and the PID control method [24] was adopted to
control the course and speed.

A. COMPARATIVE EXPERIMENTS USING THE FORMATION
CONTROL METHOD

The initial positions of the five USVs were p; =
(1 m,—10 m), pp = (6 m, —20 m),p3 = (4 m,20 m),
pa = (8 m, 10 m), and p5s = (10 m, 1 m), respectively.
The target position was (800 m, 100 m), the obstacle position
was (300 m, 10 m), the obstacle radius was r = 20m,
the influence radius was r;;, = 0.2 x r, and the iteration step
length was 1 s. We suppose that the maximum speed of the
USV was 1.5 m/s. The traditional NSB method adopted the
same obstacle avoidance strategy and behavior priority as the
ANSB method. The formation of MUSVs was expected to
be a regular pentagonal shape, in which USV no.1 served as
the vertex of the formation’s forward direction. After several
simulation tests, it was finally determined that when the gain
coefficient of the three behaviors were A, = 0.001, Ay =
0.020, and A, = 0.025, the expected speed calculated by
the traditional NSB formation method would always remain
within the maximum maneuvering speed range of the USV.
The simulation results are shown in Fig. 7 and Fig. 8.

Fig.7 shows the path planning diagram of five USVs by
the NSB method, and the dotted black line indicates the
formation at every 200 iterations. Fig.8 shows the expected
speed curve of USV no. 1 under the current mission condi-
tion; the red dotted line is the maximum maneuvering speed
of the USV, and the blue solid line is the expected speed.
It can be seen from Fig. 8 that when adopting the traditional
NSB formation control method, the selected behavioral gain
coefficient can make the maximum expected speed be cal-
culated within the maneuvering range of the USV. However,
the expected speed decreased exponentially. The expected
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FIGURE 7. Planning path diagram of NSB (condition 1).

—Uusv 1
-=v=1.5m/s
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FIGURE 8. Expected speed of USV no.1 determined by NSB.
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FIGURE 9. Planning path diagram of ANSB (condition 1).

speed of the first third of the voyage was reduced to 0.2 m/s,
resulting in a slow update of the position of the USV in
the second half of the voyage. When encountering obstacles,
the speed was adjusted to maintain formation.

Fig.9 and Fig.10 are USV paths under the same work-
ing condition using the ANSB formation control method.
As shown in Fig. 7 and Fig.9, the priority collision avoidance
strategy can effectively avoid that both vehicles perform the
collision avoidance behavior against each other, and improve
formation efficiency. The dotted black line in Fig. 9 shows the
formation of MUS Vs at every 20 iterations. Fig.10 shows the
expected speed curve under the current task condition. As can
be seen from Fig. 10, the expected speed of the USV always
remained within the maximum maneuvering speed range, and
slowly declined. When two-thirds of the distance was cov-
ered, the speed showed an obvious downward trend. When
encountering obstacles, the speed was adjusted to maintain
formation.

It can be seen from comparing Fig.8 and Fig.10 that
under the current working condition, the navigation time
of the ANSB method was reduced from 5,000 s by the
traditional NSB method to less than 1,000 s. Therefore,
the ANSB method can control the speed, optimize the speed
change trend, and effectively improve the task completion
rate.
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—Usv1
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FIGURE 10. Expected speed of USV no.1 determined by ANSB.
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FIGURE 11. Planning path diagram of NSB (condition 2).

—Uusv1
--v=1.5m/s

expect V(m/s)

0 1000 2000 3000 4000 5000 6000
t(s)

FIGURE 12. Expected speed of USV no.1 determined by NSB.

B. COMPARATIVE EXPERIMENTS ON THE
SHORT-DISTANCE FORMATION TASK

Under the same simulation environment, we control the itera-
tion step size and behavioral gain coefficient by the traditional
NSB method as in the above experiment. The formation of
MUSVs sailed from the same position to a closer target
point (400 m, 300 m) than the previous experiment. The
obstacle position was (150 m, 50 m), the obstacle radius was
r = 20m, and the influence radius was rj;, = 0.2 x r.
The test results of two formation control methods are shown
in Figs. 11-14.

According to Fig.12, with the same behavior gain coeffi-
cient, the maximum speed calculated by the traditional NSB
method was only 3/4 of the maximum maneuver speed at
the early stage of planning, and then the speed decreased
exponentially. At 300 iterations, the expected speed dropped
to 0.3 m/s, and the number of iterations to complete tasks and
reach the target point was more than 5,000.

Fig.14 shows the expected speed under the ANSB method.
It can be seen from the figure that the expected speed was
always within the maximum maneuvering range of the USV,
and the speed trend was relatively gentle. When approaching
the target point, the speed decreased slowly, and the number
of iterations in the whole journey was approximately 500.
Table 2 shows the detailed simulation results and the
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TABLE 2. Detailed results for short-distance formation task performed by TWO methods.

NSB METHOD ANSB METHOD
Time (s) Expected v Position X Position Y Time (s) Expected v Position X Position Y
(m/s) (m/s)
2 1.19 2.09 -9.50 2 1.50 244 -9.58
202 0.42 107.33 54.72 22 1.50 30.03 2.05
602 0.29 217.30 139.21 62 1.50 80.31 34.61
1002 0.20 294.40 197.85 102 1.49 128.23 70.50
1402 0.14 348.19 238.76 142 1.28 174.46 105.65
1802 0.10 385.71 267.29 182 1.20 213.13 135.06
2202 0.07 411.88 287.20 222 1.17 250.76 163.68
2602 0.05 430.14 301.08 262 1.12 287.21 191.40
3002 0.03 442.87 310.77 302 1.05 321.95 217.82
3402 0.02 451.76 317.52 342 0.95 354.04 242.23
3802 0.02 457.95 322.24 382 0.79 381.95 263.45
4202 0.01 462.28 325.52 422 0.56 403.54 279.88
4602 0.01 465.29 327.82 462 0.31 417.38 290.40
5002 0.01 467.39 329.42 502 0.15 424.57 295.87
400 . - 1000
300 :323; 1 800
—Uusv3
200 —usv4 = 600
S el Euw v
—Usv3
0 | 200 —UusV4
—UsVv s
| | | | 0 | | | | USV Center
100 0 100 200 300 400 500 600 0 500 1000 1500 2000 2500
X(m) X(m)
FIGURE 13. Planning path diagram of ANSB (condition 2). FIGURE 15. Planning path diagram of NSB (condition 3).
2 3
—Uusv1 —usv1
—mv=1.5mis | 25 ~-v=15mls -
E i ]
% 51.5
g g
) i X 1 1
05 1
1000 2000 3000 4000 5000 6000 % 1000 2000 3000 4000 5000 6000 7000

t(s)

FIGURE 14. Expected speed of USV no.1 determined by ANSB.

relationships between the expected speed, position coordi-
nate, and number of iterations under the two methods.

C. COMPARATIVE EXPERIMENTS ON THE
LONG-DISTANCE FORMATION TASK

Under the same simulation environment, we control the iter-
ation step size and behavioral gain coefficient by the tra-
ditional NSB method as in the above experiment. In this
task, the formation of MUSVs sailed from the same posi-
tion to a distant target point (2000 m, 800 m). The
test results of two formation control methods are shown
in Figs. 15-18. The formation track of USVs under the two
formation control methods is shown in Fig. 15 and Fig. 17.
The dotted black line in Fig. 15 shows the formation of
MUSVs at every 200 iterations, and the dotted black line
in Fig. 17 represents the formation of MUSVs at every
20 iterations. According to the figures, both the traditional
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t(s)

FIGURE 16. Expected speed of USV no.1 determined by NSB.

1000

800 -

600

Y(m)

400 -

| | J
0 500 1000 1500 2000 2500
X(m)

FIGURE 17. Planning path diagram of ANSB (condition 3).

NSB and the ANSB method can successfully complete the
tasks. In Fig. 15, the trajectory update of the MUSVs became
more and more slow after half the journey towards the tar-
get point. Meanwhile, in Fig. 17, the trajectories through-
out the journey were relatively stable, and the trajectory
update did not become slow until they approached the target
point.
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—Uusvi1
-=v=1.5m/s

expect V(m/s)

I I I |
0 1000 2000 3000 4000 5000 6000 7000
t(s)

FIGURE 18. Expected speed of USV no.1 determined by ANSB.

TABLE 3. Comparison of two formation control methods.

NSB ANSB
Maximum  Sailing Maximum  Sailing
Condition  Target (m) expected time expected time
speed (s) speed (s)
(m/s) (m/s)
1 (800,100) 1.51 5602 1.50 742
2 (400,300) 1.19 5002 1.50 502
3 (2000,800) 2.85 6602 1.50 1762

Fig.16 reveals the expected speed under the NSB method.
It can be seen from the figure that the expected speed in the
first 400 iterations was significantly higher than the max-
imum maneuvering speed of the USV, resulting in satura-
tion planning. In the subsequent planning, the speed was
within the range of the maneuvering speed of the USV, but
it decreased exponentially. At 2000 iterations, the expected
speed decreased to 0.3 m/s, and the iteration step size under
the current working condition for MUSVs to complete the
task was more than 6000 s.

Fig.18 reveals the expected speed under the ANSB method.
It can be seen from the figure that the expected speed was
always within the maximum maneuvering range of the USV,
and the speed trend was relatively gentle. When approaching
the target point, the speed decreased slowly, and the number
of iterations in the whole journey was less than 1800 s.

Table 3 illustrates that the ANSB formation control method
in the long-distance task can achieve consistent with the first
two test operation conditions, and can maximize the use of
the USV’s maneuverability. The ANSB method can effec-
tively solve the problems of saturated planning and lengthy
planning that plague the traditional NSB formation control
method, thus improving efficiency on the formation task.

D. SIMULATION TEST OF THE ANSB METHOD UNDER THE
NOMINAL MODEL

The MUSVs formation motion model was built on a simula-
tion platform. This paper focused on the formation control of
MUSVs, thus this platform adopted the classic PID control
method to control course and speed of the single vehicle. The
control law is shown in Eq. (18) [25]-[29].

d
w:K[,e+Ki/edt+Kdd—f (18)

where w is the output of the controller, and e is the deviation
between the given expected value and actual output value.
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FIGURE 19. The Dolphin-1 developed by Harbin Engineering University.

400 - 7

300 -

2 207 —usv 1

—Uusv2
—Uusv3

<] usv 4
0= —Uusv 5
USV Center
-100 U I I I I I J

0 50 100 150 200 250 300 350 400 450
X(m)

FIGURE 20. The track of MUSVs formation by the NSB method with a2 m
safe distance between USVs. (The gain coefficients of the three behaviors
were A¢ = 0.001, Af = 0.020, and g = 0.025).
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FIGURE 21. Speed contrast curve of USV no.1 determined by the NSB
method.

The iterative step length and control cycle were both 0.1 s.
The parameters of the course PID controller were set as K, =
1.0, K; = 0.001, and K; = 1.0. The parameters of the speed
controller were K, = 2.0, K; = 0.001, and K; = 0.001. The
dynamics model motion parameters for the Dolphin-I mini-
type USV were K = 0.287,T7 = 0.410, and @« = 0.009,
and the velocity model parameters were k| = —0.006, ky =
0.159, and k3 = 0.004. Fig.19 shows a photo of Dolphin-I in
the Songhua River.

The MUSVs formation operated under the same working
conditions as in the above tests, but from the same starting
point to a closer target point (400 m, 300 m). The obstacle
position was (150 m, 50 m), the obstacle radius was r = 20m,
and the influence radius was rj;, = 0.2 x r.

In the first group of comparative tests, the safe dis-
tance which was the minimum distance between two USVs
to ensure safe navigation was set as 2 m. Fig. 20 and
Fig. 21 show the simulation test results of five USVs in a
cooperative formation task under the nominal model con-
trolled by the traditional NSB method without a collision
avoidance strategy.

The dotted black line in Fig.20 is the formation of the
MUSVs every 200 s under the NSB method. As can be

VOLUME 7, 2019



J. Fan et al.: Formation Control of MUSVs Using the Adaptive NSB Method

IEEE Access

—Uusvi1
—Uusv2
—Usv3
usv 4
—Uusvs
USV Center

100 I I I I
0 50 100 150 200 250 300 350 400 450 500
X(m)

FIGURE 22. The track of MUSVs formation determined by the ANSB
method with a 2 m safe distance between USVs.
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FIGURE 23. The speed contrast curve of USV no.1 determined by ANSB.
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FIGURE 24. The track of USVs formation determined by the NSB method
with a 10 m safe distance between USVs. (The gain coefficients of the
three behaviors were ¢ = 0.001, A = 0.020, and g = 0.025).

seen from Fig.20 and Fig.21, under the safe distance set
in this experiment, the MUSVs formation can complete the
task, however, in the absence of obstacle avoidance strategy,
the voyage time of was more than 5000 s. According to
Fig.21, with gain coefficients of 1, = 0.001, A = 0.020, and
Aq = 0.025, the planned maximum speed is only 3/4 of the
actual maximum speed of Dolphin-I when the NSB method
is used.

Fig.22 and Fig.23 show the results obtained by the ANSB
method with the collision avoidance strategies.

Fig.22 presents the formation track of MUSVs under the
ANSB method. The dotted black line in Fig.20 is the for-
mation every 20 s, and the solid yellow line represents the
track of USV no. 3. The first third of the track of USV
no. 3 is a wavy line. This is because according to the logi-
cal priority collision avoidance strategy, USV no. 3 regards
USVs no. 2 and no. 1 as barriers to keep safe distance from.
In this test, because the distance between the USV no. 2 and
USV no. 3 was less than the safe distance, USV no. 3 gave
way. Moreover, because the minimum rotation radius of the
Dolphin series USV is 8 m, sinusoidal motion is generated
when two adjacent planning nodes are relatively close.

Fig. 23 shows a comparison curve between the actual speed
and the expected speed determined by the ANSB method for
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FIGURE 25. The speed contrast curve of USV no.1 determined by the NSB
method.
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FIGURE 26. The track of MUSVs formation determined by the ANSB
method with a 10 m safe distance between USVs.
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FIGURE 27. The speed contrast curve of USV no.1 determined by ANSB.

USV no.1 as an example. It can be seen from the figure that
the expected speed of the USV was always within the range
of the maximum maneuvering speed (1 m/s) of the Dolphin
series MUSVs, and it declined slowly. The motion control
subsystem could well keep up with the change in expected
speed, and the speed approaching the target point gradually
approached 0.

In the second group of comparative tests, the safe distance
between two USVs was set as 10 m. The test results of the
two methods are shown in Fig. 24 to Fig. 27.

When the safe distance between the USVs was set at 10 m
and the NSB method without a collision avoidance strategy
was used, USVs no.1, no. 4, and no. 5 all performed obsta-
cle avoidance behaviors, and the three vehicles interacted
with each other, causing the USV no. 4 to deviate from the
navigation path (Fig. 24). Furthermore, the planned speed of
USV no. 1 for some time far exceeded the maneuverability
of Dolphin-I (Fig. 25). Fig. 26 shows that with the ANSB
method the MUSVs can still maintain the formation to com-
plete the task. Fig.25 and Fig.27 show that utilizing the ANSB
method can help MUSVs complete tasks more quickly.

V. CONCLUSION

1) By analyzing the NSB method theory and the USV
dynamic model, we found that when the traditional NSB
method is applied to the MUSVs formation control, problems
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such as saturated planning and lengthy planning easily occur.
The lack of operating conditions adaptability is not conducive
to engineering applications.

2) We proposed a vector graph behavior determination
method to determine the behavior priority from the per-
spective of the matrix theory. Compared with the traditional
experiential behavior prioritization method, the vector graph
behavior determination method is more rigorous, has higher
controllability, and is convenient for parameter analysis and
debugging.

3) The proposed redefined behavioral motion model makes
the speed in each working condition adaptively and within the
maneuverability range of the USV. Furthermore, the proposed
logical priority collision avoidance strategy simplifies the
process of obstacle avoidance and facilitates formation task
efficiently. The simulation illustrates the effectiveness of the
proposed ANSB control method.

For future work, this can be extended towards the forma-
tion control of heterogeneous MUSVs. This will help various
USVs collaborate on tasks.
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