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ABSTRACT Aiming at the formation control problem for unmanned surface vehicles under input overload
and external disturbance, a leader-follower formation control law based on input saturation and the adaptive
super-twisting algorithm was designed in this paper. Firstly, the mathematical model of underactuated
unmanned surface vehicle formation based on the leader-follower method is established, and the virtual
expected velocity is designed by the back-stepping method to improve the control accuracy of formation.
Secondly, the parametric uncertainties and unknown external disturbances in the USV’s dynamical model are
compensated by the proposed adaptive super-twisting control laws. In addition, the input saturation function
is added to the controller to avoid machine necrosis caused by input overload. Finally, Simulation results
show that the controller can roughly keep the trajectory of the USV consistent with the expected trajectory
and ensure that the input values are within the safe range, which proves the effectiveness of the method in

this paper.

INDEX TERMS Unmanned surface vehicles, multi-agent system, super-twisting algorithm, input saturation.

I. INTRODUCTION

With the rapid development of unmanned intelligent sys-
tems and the growing demand for unmanned surface
vehicles(USVs), USVs formation is gradually coming to
researchers’ minds. Due to the limitations of a single USV
operation, a single USV can not efficiently complete or even
complete complex tasks, with a small operating range and
poor fault tolerance. Scholars are currently conducting exten-
sive research on the performance of USV formations in some
special missions [1], [2], [3], [4], [5]. Multiple USVs oper-
ating at the same time can enable marine operations to be
more durable, intelligent and large-scale, becoming one of the
important development trends of future marine operations.
Meanwhile, due to the diversity of tasks and the complexity of
the external environment [6], the control performance of the
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USV formation is increasingly required, which greatly affects
the stability of the USV formation.

USVs can be mainly divided into underactuated USVs and
fully actuated USVs. The fully actuated USVs haye a lateral
swing direction control mechanism, which can provide the
lateral swing direction of power. However, considering that
most USVs are only equipped with propellers and rudders in
the transverse swing direction in practical applications, this
under-actuated system cannot be transformed into a drift-free
system. In [7], and [8], neural networks (NNs) are used to
approximate the uncertainty of the USV model and realize
the ideal formation mode. However, the problems of external
interference and input overload are not considered. In order to
solve the problem of underactuated USV formation control in
a complex external environment, a leader-follower formation
control law based on saturation safety constraints and the
adaptive super-twisting algorithm was designed in this paper,
which is more suitable for the actual application and more in
line with the genuine demand of underactuated USV.
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There have been many research achievements in improv-
ing the accuracy of formation control and maintaining the
formation state [1], [9], [10]. In [9], a Bio-Inspired Method
based on a virtual leadership strategy is proposed to ensure
the organization’s stability and reduce disturbance through
coordination transformation. By combining virtual structure
with the artificial potential field, the USV can maintain high
formation accuracy and formation change flexibility [10].
The formation control model based on deep reinforcement
learning (DRL) was constructed in [1] to promote USV to
form preset formation. However, to solve the problem that the
upper and lower bounds of the external disturbance of USVs
formation are unknown, this paper introduces the adaptive
super-twisting algorithm on the conventional formation con-
trol strategy to compensate for the external disturbance so that
the accuracy of formation control is better guaranteed.

Back-stepping control is a recursive design method with
high robustness when disturbance and uncertainty do not
meet the matching conditions, and has been widely studied
in formation control [11], [12], [13], [14], [15]. In order
to improve the robustness of the control system under
model uncertainty and environmental interference, Sun Z al.
proposed a robust adaptive trajectory tracking algorithm
based on proportional integral sliding mode control and
back-stepping technology [11]. In [12], a sliding mode con-
troller based on approach law and adaptive back-stepping
execution are designed to improve the disturbance rejection
accuracy of USV. In [13], an adaptive technique based on
back-stepping sliding mode theory is introduced to compen-
sate for model uncertainties and time-varying disturbances
of the system, which enhances the robustness of the under-
actuated USV in unknown environments. In [14], a con-
trol method combining adaptive back-stepping technique and
sliding mode is proposed to achieve a smooth transition of
formations and cope with various uncertain disturbances.
In [15], a Lyapunov-based back-stepping controller is pro-
posed to successfully achieve cooperative motion control
of multiple underwater robots in discrete data transmission.
Inspired by the above literature, this paper uses back-stepping
control in the controller’s design to improve the formation
control’s stability.

During work time, USVs are inevitably subject to exter-
nal environmental influences that interfere with the normal
operating conditions of the USVs. Therefore, how to realize
convergence of USV in finite time has been widely studied,
and finite time convergence control can achieve faster con-
vergence speed and provide higher control precision and anti-
interference ability. Among them, the adaptive super-twisting
(AST) scheme is a second-order continuous sliding mode
control algorithm with relative degrees equal to 1. When
the bound is known and smooth matching perturbations with
bounded gradients is existent, a continuous control function is
generated and the sliding variable and its derivative are driven
to zero in a finite time. It has been widely studied in academia
because of its fast convergence speed and high convergence
accuracy. [14], [15], [16], [17], [18], [19]. In order to improve
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the tracking performance, Qiu B designs an im- proved fast
and super fast nonlinear sliding mode controller for nonlinear
sliding surfaces [14]. In [18], to ensure the ideal performance
of uncertain nonlinear systems, a new adaptive super-twisting
structure is designed to solve the problem of uncertain match-
ing and mismatching nonlinear systems. However, the litera-
ture above does not guarantee finite time convergence in the
upper and lower bounds of unknown systems and perturba-
tions. Adopting the adaptive algorithm enables us to eliminate
the boundary information of the lumping uncertainties. The
tracking controller in this paper adopts super-twisting control
to ensure the formation convergence of USV in finite time
under unknown initial conditions.

When the USV is working on the water surface, the control
force and control torque required by the USV may exceed
the maximum control force and control torque it can provide
when resisting external interference and achieving tracking
targets, so that the dynamic performance of the USV forma-
tion will become low, the closed-loop system may become
unstable, and it is easy to lead to collisions between USVs.
Saturation control is a safety constraint for setting upper and
lower limits on the control rate at the control terminal so that it
is within the limits that the system can withstand. Qiu B intro-
duced smoothing assistant system in tracking path to alleviate
the influence of input saturation [20]. In [21], neural net-
work minimum learning parameter method and disturbance
observer are used to compensate the unmodeled dynamic
disturbance and external disturbance respectively. In [22],
RBF network was used to approximate the input saturation of
the system, and optimization was carried out through genetic
algorithm. The safety constraint used in this paper is a con-
straint function attached to the adaptive super-twisting con-
troller, which is used to further improve the dynamic stability
of the USV formation and avoid input overload problems.

Motivated by the above discussion, we note some research
results on sliding mode control of USVs and the application
of saturation control in the presence of input saturation, which
are instructive for our research work. Unlike the controller
designed in [23] that cannot achieve finite-time convergence
and guarantee the USV’s dynamic performance in input sat-
uration when the upper and lower limits of disturbance are
unknown. Compared with existing USVs formation meth-
ods, we have the following four advantages: 1. Faster con-
vergence, higher control precision and stronger robustness.
Benefiting from the adaptive super-twisting (STW) scheme,
the USVs can maintain tracking stability and good control
accuracy despite disturbances from external factors. 2. The
boundary information is no longer needed, thanks to the adap-
tive algorithm that eliminates the lumping uncertainty. 3. Bet-
ter formation retention capability. The leader-follower control
and back-stepping method are used to improve the stability
of formation control. 4. Avoid the input overload problem.
The use of saturation control provides greater stability in USV
formations.

The contributions in this paper are as follows. 1. To achieve
trajectory tracking under uncertainty, a controller based
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on leader-follower control and back-stepping method is
designed to improve the stability of formation control. 2. The
controller uses adaptive super-twisting control, which enables
the USV to maintain tracking stability and good control accu-
racy despite disturbances from external factors. 3. To avoid
the input overload problem, the controller uses input satura-
tion control to make the dynamic performance of the USV
formation more stable.

Il. PROBLEM DESCRIPTION
The motion of USV is a compound motion in three-
dimensional space, which is composed of linear motion and
rotational motion around three coordinate axes. The motions
of the six free degrees are as follows: 1) longitudinal oscil-
lation along x-axis and transverse oscillation around x-axis;
2) transverse oscillation along y-axis and longitudinal oscil-
lation around y-axis; 3) vertical oscillation along z-axis and
bow oscillation around z-axis. Since the effects of vertical,
longitudinal and transverse oscillation can be ignored for nav-
igation on river water in this paper, the model can be simpli-
fied to a nonlinear model with three degrees of freedom. The
mathematical model is described as follow:

Define water surface coordinate system O.X.Y. opxpyp 1S
the system coordinate system. The formation system consists
of many USVs, define the model of the iy, USV:

X; = u; cos (¢;) — v;sin (¢;)

Vi = u; sin (¢;) + v; cos (¢;)

@i =ri

MiVi+Ci ) Vi+D; ) Vi + Ad = 1

ey

where (x;, y;) is the coordinates of the i, USV under O X, Y.
The heading of the iy, USV is respectively defined as ¢;, u;,
v; and r; are the longitudinal velocity, the transverse veloc-
ity and the bow-roll velocity of the i;; USV respectively,
Vi = [u;, vi,r,-]T, i=12...n; 15 = [‘[,'u 0 ‘L','r]T is the
nmii 0 0
0 mpy O
0 0 m33
olis force and centripetal acceleration matrix of the USV;
dip 0 0
0 dy» O
0 0 dx3

Ad =[Ad, 0 Ad, ]T is the unknown external disturbance.

control input of USV; M; = is the Cori-

D; (vi) = is the damping matrix of the USV.

A. FORMATION MODEL OF USVs

The leader-follower method is used to control the formation
of USVs in this paper. As shown in Figure 1, one USV in
the formation is designated as the leader. In practice, we use
the latitude and longitude information obtained by GPS to
determine the position information between USVs. L is the
distance between the two USVs, L, and Ly are the transverse
and longitudinal distances of the two ships. By making the
actual distance L between the leader and follower close to the
expected distance Ly, we can realize the formation control of
multiple USVs.
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Leader

FIGURE 1. Leader-follower model.

From Figure 1, it can be seen that the relative position
relationship between the leader and the follower is

{LX = —(xj1 — xir) cos @i — (yii — yir) singj @)

Ly = (xiy — xir) singi; — (it — Yif) €os @j

Take the derivative of both sides and we get the following:

Lx = —uj] + ujf Cos e, + vir siney + Lyri

L), = —Vjj — Uy siney, + vir cose, — Lyri
Among the formulas, 6; represents the expected relative
angle of the leader and the follower, and L; represents the

expected relative distance between them. Then, the error in
the x and y directions is

{ex =L, —Ljcosby 3)

ey =Ly — Lgsinty
Take the derivative of both sides of (3) and we get the model
of the USV formation
éx = ujr cose, + vir siney + eyry + fi
ey = —ujr siney, + vir cos e, — exrii + 2

ey =Tril — Iy

. my, dl' 1 4
ity = Vi = i+ s T + Ad @
S o_my o dy

Vlf - _me ulfrlf maf vlf

Lo myp—myp oy 1

Tif = =y WifVif ~ iy Tif + sy Tirf + Ad,

where 7, and 7, are the forward thrust and bow rolling
moment of the follower respectively; f; and f> are defined as
follows:

fi = —ui —La, + La,ra

) %)
fo=—vi—Laq, — Lq, 1

To illustrate the idea and design of the leader-follower
approach in this paper more accurately, we have added more
descriptions and added a navigator-follower topology dia-
gram as shown in figure 2.
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FIGURE 2. Leader-follower topology diagram.
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FIGURE 3. Formation control block diagram.

B. FORMATION CONTROL GOAL
(a) In order to make Ly — Lg , Ly — Ldy, we design the
virtual lateral velocity us, and virtual longitudinal velocity
Vrq of the following ship such that

lim |Ls = La, | = lim llexll =0

hm HLy Ld H = hm ||e} || =0
(b) In order to make vy — vy, since there is no control rate to

directly control vy, we design the virtual bow swing angular
velocity 7, such that

Jim vy —vra | =0

(c) In order to make ur — ug, ry — rp,We change the
forward thrust and the yaw angle torque so that

lim lur — uye || =0

—>00

Jim [ry —rpof =0
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lIl. FORMATION CONTROLLER DESIGN
A. VIRTUAL QUANTITY DESIGN
Based on back-stepping control method, define z; and z; as:

(6)

7] = exCcosey, — eysiney
722 = ey siney, + ey Ccos ey

take the derivative of both sides and we get the following:

{21 = ujr + ficose, — fasine, + 221y o

22 = vy +fisine, + facosey, — 217y

Suppose uy, vy are (21, z2) system inputs, uz, and vy, are

non-dummy quantities of uy and vy, respectively, and define
the Lyapunov function V| = %le + %122, the derivative of

both sides gives
Vi = zi(up + fi cose, — fosine, + z2277)
+ Z2(Vf + f1 sin €y + f> cos €p — 21 rf) (8)

the expected value of virtual velocity uy and vy are
designed as uy, and vy, relatively.

ufp, = —k1z1 — f1 cos €y + f> sin €y

v, = —kozp — fisiney, — f> cos ey

C))

The velocity error is e, = vy — vy,. Take the derivative of
both sides and we get

) miy dxn .
= — — —vir + ko (v; sin
G = i e T Vi 2(vir +fisine,
+/f2cose, — z11ir) + fi cos ey (riyp — 1y,)

—fasiney(ry —ry,) (10)

In order to obtain the control goal hm ey, = 0, we choose

the Lyapunov function by virtual expectatlon of the angular
velocity of the heading

1
Vo = €2 (1)

ev—zv

dx .
m—zzvif — ko (vif + fisiney, + f> cos e(p)

e, = —f1cose,ri — kzey . (12)
m22 uif — koz1 — ficose, + f>siney

Substitute (12) into the derivative of (11) we can get Vev =
—k3e,? < 0, which indicates that e, is asymptotic stability

Remark 1: The parameters ki, ky and k3 in equation (9)
and (12) affect the convergence rate of velocity error of the
unmanned surface vehicle. The larger k1, k> and k3 lead to
the faster convergence rate but at the cost of introducing more
measurement noises.

B. POSITION CONTROLLER DESIGN

In the above section, the distance error was designed using
the inverse step method for coordinate transformation, and
the virtual desired speed was designed based on the distance
error. The purpose of this section is to use the design con-
troller to make the actual velocity converge to the virtual
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desired velocity. When the velocity error tends to zero, the
USVs formation is in a stable state. The velocity error is
designed as e, = ujr — ujf;. After deriving both sides of the
equation, the velocity error equation can be transformed into:

ey = K1Tiyf + &1+ ¢2 (13)

_ 1 — . — M. ... y
where k| = i @ = T b1 = Vil m” wif = o
¢ = Ad,,, which satisfies ¢o < &
Consider the influence of input saturation of underactuated
unmanned surface vehicle, the above formula can be trans-

formed into the following formula:

ey =Kia+ @1+ ¢ (14)
among them, a is the nonlinear saturation characteristic func-
tion, a = g1 + Tiyr. 1 is expressed as follows:

|Tiuf| > Tiu max

1= {Slg”('fiuf')fiumax — Tiuf 15)

0, |Tiuf| < Tiumax
where Tj, max is the maximum allowable force value of the
actuator. Saturation control and high-twisting control are used

in a single USV. According to the above formula, the speed
controller is designed as follows:

1
Tiyf = —¢1 — K_l(kMISl(eu) +0,)
Ou = —kinka(ew) (16)

For more precise control, we have designed &;(e,) as the
sliding surface of the controller and &(e,) = di‘TEj“)Sl(eu)
as the partial derivative of & (e, ) with respect to e,,.
ey
&1(en) = W + kyzey, ki3 > 0

dt (s
Erey) = fl(e TGP

1 eu 2
= - + k 33—
2 Jleul “lle ||1/2

in which k1, k,» are the adaptive gain greater than 0.

+ ku3 €u 17

: Kl <
oy = 1M . WS )
Kur - llewl - sign(leall — e1), Kt > g
ko = nuku (19)

Substitute (16) into (13), we can get

ey = —ky&i(e,) + Oy
Oy = —kpé(ey) + Ad, (20)

Theorem 1: In the velocity subsystem, the error e, can
converge to 0 in finite time under the control law (16) and
adaptive gain (18) and (19) when appropriate parameter
W, ky3, nu, €1, €, are selected.

Proof In this part, we will analyze the stability of the
USV system. Select the Lyapunov candidate function as

1 1
Vi = cTPe 4+ — (ku — k)" + =— (k2 — k)" 1)
——

2y 2y

Vio
Viad
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where, k,; and k}, are constants greater than 0; ¢ =
2 —
[ & @u]r, P = |:)L i—)»481 I)L] is a symmetric positive
definite matrix, where A > 0, &1 > 0.
Take the derivative of both sides of (22) to get

— 1 .
Vi=¢"Pe+ TP+ ; (kut = k;fy) ke
1 .
+ — (k2 — k) kua (22)

V2

make K, = k,» — # Vip = gTPg can be turned into:

Vio = —2&1¢7 Q¢ (23)

in this formula, Q is a symmetric matrix, and Q = |:Z 1 2112 i|;
2 43

q1 = kA + dkae — AK, = arky — 2K,

1 1
q = = (_)L2 —4de1 — Ak + Ku) = 5 (—a1 — Ak + Ky)
q3 = A

If Vo is negative definite, then the matrix Q is positive
definite and its determinant has to be greater than zero.
If det(Q) > 0 is to be guaranteed, then the root discriminant

AK,(k,g — A) > 0. And because |Ad,| < 3, Hé” <2

so K, > 0, then ko > 28, k,1 > A, where the range of
Kyis K, € |k, k| = [kuz — 28, ko + 25]
Let k,; = A + 1, then the solution of det[Q] = 0 is

Py = Mt + Ky + 2y AKy (kut — )
;01_ = Aky1 + Ky — 2\/ MKy (kup — 1) (24)
If p; takes values in the range (pl_max, p‘l"min), then

det[Q] > 0. The existence of a root is guaranteed when

< P{ ... Letky = &%, which gives § < At«x?, from

0y max 1 max*

which we can deduce k; > %, hence ky > % + 26.

(23) can be turned into

. . 1 2
Vio = =281 1P minfQ} < =11 V{Z —»Vio  (25)

Amin{Q}Mﬂnﬁ{P}

Amin{Q}A
Amax{P} ka3

where y1 = 43 T P)

SO

Vio < 7/1V1/2 (26)

Substituting the adaptive gain (18) (19) into (22) can be
translated as

< ,3,7\/1/2

+ <_ZIE“1 ley| sign (ley| — €1) +/31) ’kul _k:l‘

&
o
+ <_E7)kul lew| sign (leu] — 1) + ﬂ2> ‘kuz - k:z’

@]
(27)
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where /377 = min{nl’ ﬁl’ ,32}’ ﬁl = %k:l’
1
B2 = ki

In order for &, and k,» to grow at the slopes of k1 leu| and
nuky1 |ey| respectively, |e,| > €1 has to be satisfied, when the
following conditions are met:

nulgulgl
B B2

We can get §; > Oand {» > O, soV; < /3,7V1 2+§1+§2
—ByV, 1/ , ley| can converge to |e,| > &1 in finite time,
if |eu| < €1, then ¢ < 0 and & < 0, the state of V] is
unknown. The rate of change in gain is going to be —k, |e,|
and —nulgul ley|. So when the gain goes down to interval
ley| > 1, the gains will increase at the slope of ku1 le,| and
Nuku1 ley].

Remark 2: When the velocity error is greater than 1,
the adaptive gain k,; remains unchanged at a fixed value.
When the velocity error e, is less than ¢, the adaptive gain
k.1 decreases with a small slope. To speed up the conver-
gence rate, &1 should be given a small value. The parameter
k,1 determines how fast the adaptive gain decreases, which
should depend on the control effect. In order to avoid singu-
larities in the system, the parameter w is as small as possible
in the range of values. The parameter k,3 in the equation
relate to the rate of growth of the adaptive gain. A larger
ky3 results in faster growth of the adaptive gain and a more
dramatic response to changes in error, but at the cost of intro-
ducing more measurement noise. The parameter 7, is the
ratio between the respective adaptive gains k,,; and k2, which
should depend on the control effect.

kuie1

Y1 < V2 < (28)

C. ATTITUDE CONTROLLER DESIGN

Define the angular velocity error e, = ry — ry,, take the
derivative of both sides:
. myy — mp d33 1 .
e = ———upvif — —rif + —7Tpr — 71, (29)
ms3 ms3 ms3 ¢
Consider the effects of unknown external disturbances
Ad,, we get the velocity error equation:

er =K2Tipf + @3+ s (30)

mll m22

where k) = —, ¢p3 = Wif Vif — —r,f —Fd, 94 = Ad,
is the external mterference of the angular velocity ring, and
meet 4)3 < 8.

Among them b is nonlinear saturation characteristic func-
tion. b = g2 + Ty, g2 is expressed as follows:

, = !Sign(firf)fir max — Tirf» |firf| > Tjr max 31)

0, |77irf| < Tir max

Tir max 1 the maximum allowable torque value of the actuator.
According to the formula, the angular velocity controller
is designed as follows:

1
Tif = —¢3 — E(krlél(er) +0;)

114890

®r = kr262(er) (32)

For more precise control, we have designed £i(e,) as the
sliding surface of the controller and &(e,) = d%—g’)&(e,)
as the partial derivative of &;(e,) with respect to e;.

€r

&ier) = W + krzer, ky3 >0
Ex(e,) = dél(e’)s (er)
_1 e +2k k2, (33)
2 Jler| le 172

ky1, ky2 1s the adaptive gain greater than 0.

I ’ k <
=17 _ G 7Y
kr1 - llerll - sign(lle;|l — &2), k1 >0
k2 = nrky (35)

Substitude (33) into formula (31)

er = —kr11(e;) + O,
Or = —kp2b2(er) + Ad, (36)

Theorem 2: In the attitude subsystem, the attitude angle
tracking error e, can converge to O in finite time under the
attitude controller (32) and adaptive gain (34) and (35) when
appropriate parameter o, k3, 1, €3, €y, k1.

Proof In this part, the stability of the USV system will
be analyzed, select the Lyapunov candidate function:

2

1 1
Vo=¢'Prc+ —(key — K k 37
2= 2§+2V3(r1 ) +2y4(r2 ) (37)
Vao
Vaaa

k-1 and k;‘l are constants greater than 0; ¢ = [ég O, ]T,
)\22 +4ey —Ao
-\ 1

matrix, among them A, > 0, &5 > 0.
Take the derivative of both sides of (38) to get

P, = :| is a symmetric positive definite

. . . 1 .
V) = §2TP25‘2 + oTPyér + 7/_ (kr] — kfl) k1
3

1 .
+L k= ki 3

LetK, = k,p — Aé—‘j’, then Vo9 = gTPg can be reduced to
Voo = —215"Q0¢ (39)

where Q is a symmetric matrix and Q = {ql 92 J;
q2 93

q1 = krj)\.z + dky16 — MK, = ajk,1 — MK

1 1
g2 = 5 (=32 =4 — ko1 +K,) = 5 (—a1 = ks +K;)
q3 = A

If Vyo is negative definite, then the matrix Q is positive
definite and its determinant has to be greater than zero.
If det(Q) > O is to be guaranteed, then the root discriminant
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FIGURE 5. Formation detail trajectory diagram.
AK (k;1 — X)) > 0. Again, because |Ad,| < 5, ‘ é < 2, Therefore, we gain

so K, > 0, and thus k.o > 26, k,; > A. where K, takes

= [ky2 — 28, k2 + 28]

Let k,; = A + t where T > 0. Then the solution for
det[Q] =01is

o = Mo + Ky + 20K, (kpy — A)

,01_ = M1 + Ky — 2/ AK; (kpp — A)

values in the range K, € |:k_2, ko

(40)

If p; takes values in the range (P] . Pimin)s then
det[Q] > 0. The existence of a root is guaranteed when

< P7 Let ky = «2 and we have 8, < Atk2, from

o 1 max 1 max*

which we deduce that ky > %, hence K, > % +24.

Let the maximal and minimal eigenvalues of the Apax{P}
and Apin{P}, on matrix P such that (3) can be reduced to

¥ 1/2
Vao = =26l Pamin{Q) < —11Val” — 12Vao  (41)
) 1/2
where Y3 = %’ = 2k, )\mm{{QIE})L
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. 2
Vao < =1V (42)

Substituting the adaptive gain (34)(35) into (38) can be
transformed into

vl

—BVs
+ (—%12,1 le,| sign (ler| — €2) +ﬁ3) [kt — k|

€]
1 -
+ (-Zﬁkn ler| sign (ley| — &2) + ﬂ4> ko — k5|

&4
(43)

where B, = min {n2, B3, B4}, B3 = y3 kY, Ba = y4 kr,
[n order for k1 and k7 to grow at the slopes of k1 |e,| and
nrky1 |er| respectively, |e,| > &> has to be satisfied. When the
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FIGURE 6. Position error diagram of USV ith (i=1,2,3,4,5).

following conditions are met:

kriea
B3
we can get ¢3 > O and &4 > 0.

Therefore V, < —/3,7V21/2 +83+8 < —,8,7V21/2, so |ey|
can converge to |e,| > &> in finite time; if |e,| < &2, then
23 < 0, &4 < 0. The plus or minus of Vs is unknown. The
rate of change in gain is going to be —ky le;| and —an2,1 ler],
so when the gain goes down to interval |e,| > &2, the gains
will increase at the slope of k1 ler| and n,lzrl ler|.

Remark 3: When the velocity error is greater than &5,
the adaptive gain k,; remains unchanged at a fixed value.
When the velocity error e, is less than e, the adaptive
gain k,; decreases with a small slope. To speed up the

nrkr1€2

Ba

ys < va < (44)
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convergence rate, ¢ should be given a small value.
The parameter k,; determines how fast the adaptive gain
decreases, which should depend on the control effect. In order
to avoid singularities in the system, the parameter o is as
small as possible in the range of values. The parameter k3
in the equation relate to the rate of growth of the adaptive
gain. A larger k.3 results in faster growth of the adaptive gain
and a more dramatic response to changes in error, but at the
cost of introducing more measurement noise. The parameter
n, is the ratio between the respective adaptive gains &, and
k2, which should depend on the control effect.

IV. SIMULATION
A. SIMULATION PARAMETER SETTING
The designed adaptive super-twisting controller is simulated.

VOLUME 10, 2022



Z. Yuhan et al.: Back-Stepping Formation Control of USVs With IS-STW

IEEE Access

x10'° x10"
10 6 10 v 10
—_— e e e e e e e— o = —— —— —— — — —— 10 000112
afl
— o — — — — — 00 b s — —f — e
0 —_— — =L
Z ARis 015l ZE ? -0.001
= 0.10 = L 0.025 wso 5 10 15
— —_—— | | — = = —_—— =1 =z o
-10 0.00 u
g 4 = o ——— —— -
- 010 -
-10 <015 2
0.025 0.050 10 1
20 ke L . N Y " M M
0 5 10 15 20 0 5 10 15 20
s t's
x10'
10 prmpem 5
— — — — — — — — — — — — — — — — — — 0.001
JF
3 P —_—\— —ff— 4
0 - [ 2
[ X 10" £ L r
§ o 02, Z 01— = -
= I I — _— et = —_— = N\— — — 4 2 °F
-10 o 0.0 Toap
= 12k
-0 0. G m— — - — - — - — — - = — — — — — — — ]
N 0.01 0.02 , 003 0.04 0.05 0 15 N N N N
20 4
0 s 10 15 20 0 5 10 1s 20
tis ths
_x10° %1010
12
101 0
8 — o - — — — m— — — — — — — — — — — — ] 4 ; 0.001 -
' L __ ] -7 =] |
0 = = Tl ~0.001 1
z , G 020107 z 0.05 0.10 / 10 15
ER LA _ El
8 G [N S = —_— 4z
B .§- 0.0
12 i 2f
-16 <16 0 - L - - - - e e e e e e e e e e _ —_—— -
0.0 0.1 0.2 03 s
20 4
0 s 10 15 20 0 2 4 6 8 10 12 14 16 18 20
t's tis
x10' x10'
15 4
i e e e e e e e e e e e e e = = = = —
b —- —_ _ _ _ e e e e e e e — — = = b ]
1k
z o 20l
£ S z of
¥ 100 10" T 0 o
- o N k| ” Eaf i s ]
L= — 1 TN 173 s | = ]
15 o 1 i 0 By S HEI _——==== 0014 J—
0.05 0.10 - 10 15 - 0 0.1 [ 3
“4
0 5 10 15 20 0 5 10 15 20
ts tis
x10'° x10'
T T o T 0 T
N L i oo L = = i
. 010 |
0 2F gmA\ 0.00 o
] 009 1 G501 7
z 2 101 002510 z - 0 Py o _ s 10 15
T o4 : s r
0.0 2
0.00]
N 29 2
s H i RN R L - — e . e e e e e e e e e _——_
10 o e 5 4
0 5 10 15 20 0 5 10 15 20
t's tis
FIGURE 7. Control law diagram of USV ith (i=1,2,3,4,5).

TABLE 1. Control parameter setting.

parameter parameter parameter parameter
k1 15 €1 0.01
ko 15 €2 0.01
ks 15 M 1
kus 20 0 1
ko3 20 m 0.2
Eu1 5 o 0.2
ko1 5 tmax +3 x 1010

trmax +8 x 1010

The USV parameters are:

1.2 x 10°kg, dy; = 2.15 x 10%*kg
my = 2.179 x 10°kg, d» = 1.17 x 10%kg - s~
m33 = 6.36 x 10'kg, d33 = 8.02 x 10%g - s~

mi

In order to verify the feasibility of the formation keep-
ing algorithm in this paper, time-varying reference trajectory
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is used to test the performance of formation. Consider the
case that the initial position of the virtual leader is Prg =
[xL0, YL0, <pL0]T = [0,0, O]T. The dynamics of the virtual
leader is described by

XL = ug cos (L) — v sin (@)

yL = ug sin (¢1) + v cos (¢r)
oL =r1L

(45)

The variable xz, yr, ¢r, ur, v, rpare the position and the
velocity of the virtual leader. Where u; = 200, vy =t,rp =
0, v; = sin(?), The initial positions of the USVs are selected
as Table.2.Since the external disturbance is related to the
environmental changes of the unmanned boat sailing and the
external wind and wave current loads, we define the external
disturbance as a sinusoidal function Ad, = 3sin(3¢), and
Ad, 3sin(3¢) to test and compare the response speed
and immunity of the system to the external disturbance.
The parameters are set as shown in the table 2, and the
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FIGURE 8. Control gain diagram of USV ith (i=1,2,3,4,5).

parameters are selected by referring to Remark 1, Remark 2
and Remark 3. The proposed algorithm is compared with
an adaptive back-stepping control formation strategy based
on a nonlinear disturbance observer in literature [25]. Its
control parameters are shown below, k,; = 20, ky;
2, ki = 20,kqui = 15, kari = 15, hp0i = Ar0i = 10,
Auti = Ar1; =0.1.

B. THE SIMULATION RESULTS

Figure 4 - Figure 5 show the trajectory of USV forma-
tion based on the leader-follower method of back-stepping
formation control of unmanned surface vehicles with
input saturation based on adaptive super-twisting algorithm

114894

TABLE 2. Formation settings.

USVnumber =z y Expected distance L; Expected Angle 6,4
1 0 o0 20 w/6
2 0 o0 15 /6
3 0 o0 10 w/6
4 0 o0 5 /6
5 0 0 0 /6

(IS-STW) and adaptive backstepping control formation strat-
egy based on a nonlinear disturbance observer (AB-NDO)
in [26]. The solid line is IS-STW and the dash line is
AB-NOD. Figure 6 describe the lateral and longitudinal
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position error of the USVs under IS-STW control and
AB-NDO under external disturbances. Figure 7 describe
the control efforts of the USVs with time of the USVs
under IS-STW method and without input saturation method.
Figure 8 describe the control gain of the each USV in the
formation.

It can be clearly observed from Figure 4 the two meth-
ods all can ensure satisfactory control performance under
complex practical applications. The performance of forma-
tion strongly verifies the validity of back-stepping formation
scheme. Meanwhile, our proposed method can still ensure
the best comprehensive control performance compared with
the AB-NOD control schemes as indicated in Figure 5.
At the beginning, the USVs can form a stable formation more
quickly under the IS-STW method, which shows the effec-
tiveness of the proposed control more specifically. When voy-
aging in straight line and curve line with external disturbance,
the formation of the USVs under IS-STW control is kept more
perfect, which shows that our method is able to respond more
rapidly to external disturbances.

As can be seen in Figure 6, when there are large error
between the initial position and the desired position, the tra-
jectory error of the USVs under IS-STW control converges
at 0.05s seconds, while the error converges in more than 0.4s
under AB-NDO control. When the formation is asymptoti-
cally stable, the trajectory error of the USV under IS-STW
control is much smaller under external perturbations, indi-
cating that our adaptive gain and controller are better able
to deal with time-varying external environments and have
higher control accuracy.

In Figure 7, the velocity of convergence is more quickly
and the force and moment of is bigger under the IS-STW
method, which represents the USV with our proposed method
can highly resistant to the external disturbance. Furthermore,
the torque under saturation control always remains within the
range of the upper and lower bounds £3 x 10'%, +:8 x 1019,
which means that saturation control can successfully limit
the input to a safe range. Our approach additionally avoids
the problem of input overload while ensuring good control
accuracy and fast convergence of errors in the controller.

As can be seen in Figure 8, the derivative of the adaptive
gain fcul remains constant at a fixed value when the veloc-
ity error is greater than ¢;. When the speed error e, is less
than 1, the derivative of the adaptive gain fc,,l decreases
with the decrease of the error. Since the error varies abruptly
because of external disturbances, the adaptive gain changes
from moment to moment in order to maintain the stability of
the formation. The change rule of the adaptive gain &, is the
same as k1.

V. CONCLUSION

In this paper, we have solved the problem of the formation of
multiple unmanned surface vehicles under input overload and
external disturbance. Firstly, the modelling of underactuated
USVs formation and the design of virtual desired velocity
are completed using the leader-follower and back-stepping
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methods. Secondly, the proposed adaptive super-twisting
algorithm is used to compensate for parameter uncertainties
and unknown external disturbances in the dynamics model.
In addition, an input saturation function is constructed to
prevent the input overload problem during the navigation
of USV. Finally, the effectiveness of the proposed control
law is verified by simulations. Simulation results show that
the controller can roughly keep the trajectory of the USV
consistent with the expected trajectory and ensure that the
input values are within the safe range. In the formation of
multiple unmanned surface vehicles, this controller not only
can achieve the USV trajectory while keeping the formation
stable, but also can maintain the stable dynamic performance
of the USV during navigation and avoid the problems of
input overload and jitter, which proves the effectiveness of
the method in this paper.

REFERENCES

[1] Y.Zhao, Y. Ma, and S. Hu, “USV formation and path-following control via
deep reinforcement learning with random braking,” IEEE Trans. Neural
Netw. Learn. Syst., vol. 32, no. 12, pp. 5468-5478, Dec. 2021.

[2] W. Zhou, Y. Wang, C. K. Ahn, J. Cheng, and C. Chen, “Adaptive fuzzy
backstepping-based formation control of unmanned surface vehicles with
unknown model nonlinearity and actuator saturation,” IEEE Trans. Veh.
Technol., vol. 69, no. 12, pp. 14749-14764, Dec. 2020.

[3] X. Sun, G. Wang, Y. Fan, D. Mu, and B. Qiu, “A formation collision
avoidance system for unmanned surface vehicles with leader-follower
structure,” IEEE Access, vol. 7, pp. 24691-24702, 2019.

[4] Z. L. Ouyang, H. Wang, Y. Huang, K. Yang, and H. Yi, “Path planning

technologies for USV formation based on improved RRT,” Chin. J. Ship

Res., vol. 15, no. 3, pp. 18-24, 2020.

D. Wang and M. Fu, “Adaptive formation control for waterjet USV with

input and output constraints based on bioinspired neurodynamics,” IEEE

Access, vol. 7, pp. 165852-165861, 2019.

F. Deng, L. Jin, X. Hou, L. Wang, B. Li, and H. Yang, “COLREGs:

Compliant dynamic obstacle avoidance of USVs based on the dynamic

navigation ship domain,” J. Mar. Sci. Eng., vol. 9, no. 8, p. 837, Aug. 2021.

X. Liang, C. Xu, and D. Wang, “Adaptive neural network control

for marine surface vehicles platoon with input saturation and out-

put constraints,” AIMS Math., vol. 5, no. 1, pp. 587-602, 2020, doi:
10.3934/MATH.2020039.

X.Liang and N. Wang, “‘Adaptive leader—follower formation for unmanned

surface vehicles subject to output constraints,” Int. J. Fuzzy Syst., vol. 22,

no. 8, pp. 2493-2503, Nov. 2020.

[91 M.-Y. Fu, D.-S. Wang, and C.-L. Wang, “Formation control for water-jet
USV based on bio-inspired method,” China Ocean Eng., vol. 32, no. 1,
pp. 117-122, Mar. 2018.

[10] X. Yan, D. Jiang, R. Miao, and Y. Li, “Formation control and obstacle
avoidance algorithm of a multi-USV system based on virtual structure and
artificial potential field,” J. Mar. Sci. Eng., vol. 9, no. 2, p. 161, Feb. 2021.

[11] Z.Sun,G.Zhang, and L. Qiao, “Robust adaptive trajectory tracking control
of underactuated surface vessel in fields of marine practice,” J. Mar. Sci.
Technol., vol. 23, no. 4, pp. 950-957, 2018.

[12] Z. Piao, C. Guo, and S. Sun, “Adaptive backstepping sliding mode
dynamic positioning system for pod driven unmanned surface vessel
based on cerebellar model articulation controller,” IEEE Access, vol. 8,
pp. 4831448324, 2020.

[13] Y. Zhao, X. Sun, and G. Wang, “Adaptive back-stepping sliding mode
tracking control for underactuated unmanned surface vehicle with distur-
bances and input saturation,” IEEE Access, vol. 9, pp. 1304-1312, 2020.

[14] H.Jianzhang, T. Guoyuan, W.Jianjun, and X. De, “Swarm control of USVs
based on adaptive back-stepping combined with sliding mode,” Chin.
J. Ship Res., vol. 14, no. 6, pp. 1-7, 2019, doi: 10.19693/J.ISSN.1673-
3185.01521.

[15] R.Routand B. Subudhi, ““A back-stepping approach for the formation con-
trol of multiple autonomous underwater vehicles using a leader-follower
strategy,” J. Mar. Eng. Technol., vol. 15, no. 1, pp. 38-46, 2016.

[5

—

[6

—

[7

—

8

—

114895


http://dx.doi.org/10.3934/MATH.2020039
http://dx.doi.org/10.19693/J.ISSN.1673-3185.01521
http://dx.doi.org/10.19693/J.ISSN.1673-3185.01521

IEEE Access

Z. Yuhan et al.: Back-Stepping Formation Control of USVs With IS-STW

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

Y. El Houm, A. Abbou, M. Labbadi, and M. Cherkaoui, “Optimal new
sliding mode controller combined with modified supertwisting algorithm
for a perturbed quadrotor UAV,” Int. J. Aerosp. Eng., vol. 2020, pp. 1-10,
Nov. 2020.

B. Brogliato, A. Polyakov, and D. Efimov, “The implicit discretization of
the supertwisting sliding-mode control algorithm,” IEEE Trans. Autom.
Control, vol. 65, no. 8, pp. 3707-3713, Aug. 2019.

M. V. Basin and P. C. R. Ramirez, “A supertwisting algorithm for systems
of dimension more than one,” IEEE Trans. Ind. Electron., vol. 61, no. 11,
pp. 6472-6480, Jan. 2014.

B. Tian, J. Cui, H. Lu, L. Liu, and Q. Zong, “Attitude control of UAVs
based on event-triggered supertwisting algorithm,” /IEEE Trans. Ind. Infor-
mat., vol. 17, no. 2, pp. 1029-1038, Feb. 2021.

M. Jouini, S. Dhahri, and A. Sellami, “Design of robust supertwisting algo-
rithm based second-order sliding mode controller for nonlinear systems
with both matched and unmatched uncertainty,” Complexity, vol. 2017,
pp. 1-8, Dec. 2017.

P. Singh, A. Nandanwar, L. Behera, N. K. Verma, and S. Nahavandi,
“Uncertainty compensator and fault estimator-based exponential super-
twisting sliding-mode controller for a mobile robot,” IEEE Trans. Cybern.,
vol. 52, no. 11, pp. 1-14, Nov. 2021.

B. Qiu, G. Wang, Y. Fan, D. Mu, and X. Sun, “Path following of underac-
tuated unmanned surface vehicle based on trajectory linearization control
with input saturation and external disturbances,” Int. J. Control Automat.
Syst., vol. 18, pp. 2108-2119, Feb. 2020.

D.D.Mu, G. F. Wang, Y. S. Fan, B. B. Qiu, and X. J. Sun, “Adaptive course
control based on trajectory linearization control for unmanned surface
vehicle with unmodeled dynamics and input saturation,” Neurocomputing,
vol. 330, pp. 1-10, Feb. 2019.

H. Deng, R. Wang, J. Li, and D. Chen, “RBF neural network control for
USV with input saturation,” in Proc. MATEC Web Conf., vol. 214, 2018,
Art. no. 03002.

C. Zhang and Q. Dong, “Adaptive gain sliding mode control for fixed-
wing UAV with input saturation,”” Acta Aeronautica et Astronautica Sinica,
vol. 41, no. S1, pp. 79-87, 2020.

Y. Fan, X. Shen, D. Mu, G. Wang, and Y. Zhao, “Formation control of
unmanned surface vehicle for actuator failure,” in Proc. 34th Chin. Control
Decis. Conf., 2022, pp. 457-462, doi: 10.26914/c.cnkihy.2022.020833.

ZOU YUHAN is currently pursuing the Bachelor
of Engineering degree with the Hubei University
of Technology (HBUT), Wuhan. She is also pursu-
ing her research under Dr. Wei Shang. She helped
complete a few projects in the fields of formation
control, stability analysis, and super-twisting.

WANG KUN received the master’s degree from
Beihang University, Beijing, China, in 2016. He is
currently an Engineer with the China Ship Devel-
opment and Design Center. His research interests
include unmanned system design and reliability
systems engineering.

114896

7

SHANG WEI received the Ph.D. degree in aero-
nautical and astronautical science and technology
from the Beijing Institute of Technology, China,
in 2017. He is currently a Lecturer with the Hubei
University of Technology. His research interests
include control theory of multi-agent systems and
fight control.

LIU ZHOU is currently pursuing the Bachelor of
Engineering degree with the Hubei University of
Technology (HBUT), Wuhan. He is also pursu-
ing his research under Dr. Wei Shang. He helped
complete lots of jobs of spacecrafts, which include
distributed control, attitude control, and trajectory
tracking.

ZHENG ZHONGZHONG is currently pursuing
the Bachelor of Engineering degree with the Hubei
University of Technology (HBUT), Wuhan. He is
also pursuing his research under Dr. Wei Shang.
He helped complete lots of jobs of quadrotor,
which include distributed control, nested adaptive,
and trajectory tracking.

JING GUO HAO is currently pursuing the
degree with the Hubei University of Technology
(HBUT), Wuhan. He is also pursuing his research
under Dr. Wei Shang and he has completed a few
projects in the fields of quadrotors control, sta-
bility analysis, and data processing. His research
interests include distributed control, nested adap-
tive, and formation control.

VOLUME 10, 2022


http://dx.doi.org/10.26914/c.cnkihy.2022.020833

