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Distributed time—varying formation
control for unmanned surface vehicles
guided by multiple leaders

WU Wentao, GU Nan, PENG Zhouhua', LIU Lu, WANG Dan
Marine Electrical Engineering College, Dalian Maritime University, Dalian 116026, China

Abstract: [Objectives] This paper investigates the distributed time-varying formation control of a swarm of
under-actuated unmanned surface vehicles (USVs) guided by multiple leaders in the presence of complex model
uncertainties and unknown ocean disturbances. [ Methods | At the kinematic level, distributed time—varying formation
guidance laws are designed on the basis of the containment method and path maneuvering principle; at the kinetic
level, the surge speed and yaw rate control laws are developed on the basis of the extended state observer (ESO)
method such that the influences of the model uncertainties and unknown disturbances are mitigated. Further, cascade
system stability analysis is undertaken, and the validity of the controller is demonstrated via a simulation. [ Results ]It
shows that the closed—loop distributed time-varying formation control system for USV is input-to-state stable by the
cascade system stability theory. The simulation results verify the effectiveness of the control method. [ Conclusions |
With the proposed controller, USVs are able to achieve the predefined time-varying formation while following the
convex combination of multiple leaders.
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0 Introduction

In recent years, with the rapid improvement of
communication technology and embedded system
performance, the development of intelligent devices
such as an unmanned surface vehicle (USV), un-
manned aerial vehicle (UAV), and mobile robot (MR)
has been promoted. As an emerging type of un-
manned surface platform, USV has been studied ex-

tensively " So far, a single USV has been able to
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accomplish such tasks as target and path tracking
and obstacle avoidance, but in the face of complex
sea conditions, especially in the implementation of
tasks such as military, rescue, and detection of fish
school, higher requirements are put forward for the
operational efficiency and speed of USV. The capa-
bility and efficiency of a single USV are generally
difficult to meet the needs ", and multiple USVs or
clusters are required to jointly perform specific oper-

ational tasks. Therefore, in order to make the USV
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meet the higher application requirements, we need to
develop the cooperative control of the USV formation
and improve its intelligence level, which is of great
significance """,

At present, many control methods have been devel-
oped in the field of USV formation control, among
which the representative ones are graph—theory—
based method ", virtual structure method ", lead-
er—following method """ and artificial potential field
method ", Among these methods, the graph—theo-
ry—based method has been deeply studied. Accord-
ing to the types of leaders, formation control methods
can be divided into two types generally: One is coop-
erative control guided by tracks, and the other is co-
operative control guided by paths. The latter has an
outstanding advantage that spatial and temporal con-
straints can be decoupled *"". In addition, a number
of studies on distributed convergence and distributed
formation control have been conducted on the issue
of formation control. Based on the above studies, the
formation can be determined by the formation track-
ing controller, with specific models including colli-
sion avoidance tracking of distributed formation, and
leader following, etc. """, For the distributed forma-
tion control of USVs, the current main research direc-
tion is the non—time—varying formation control guid-
ed by multiple leaders, the shortcoming of which is
that, according to the given communication topology,
the formation can only be fixed but cannot change in
response to the demand. In other words, when the de-
mand changes, only by changing the topology can
the desired performance be achieved, which lacks
flexibility. Compared with non-time—varying forma-
tion control, distributed time—varying formation con-
trol method guided by multiple leaders can not only
keep multiple USVs in fixed formation but also gen-
erate time—varying formation, which makes the for-
mation flexible, easy to operate, etc. If there is no
mission, under the guidance of multiple leaders, the
USVs can take a fixed formation. On the contrary, if
the mission requirements change, the USVs can be
changed to the desired formation without changing
the topology.

This paper investigates the distributed time—vary-
ing formation control of a swarm of under-actuated
USVs guided by multiple leaders in the presence of
complex model uncertainties and unknown ocean dis-
turbances. Firstly, at the kinematic level, distributed
time—varying formation guidance law is designed on
the basis of the containment method and path maneu-

vering principles, and the basic formation is de-

signed through information transfer relationships be-
tween USVs and between USVs and leaders. The
guidance law is based on the information of neigh-
bors (position, surge speed, and heading) and given a
time—varying input signal to calculate the desired
heading and surge speed of the following ships.
Then, at the kinetic level, the surge speed and yaw
rate control laws of USVs are developed on the basis
of the extended state observer (ESO) method such
that the influences of the model uncertainties and un-
known ocean disturbances are mitigated. Further,
cascade system stability analysis is undertaken to
validate the input status stability of the closed—loop
control system for the time—varying formation of
USVs, and the effectiveness of the controller is dem-

onstrated via simulation.

1 Problem description

This paper uses a time—varying formation system
consisting of M twin—propeller USVs and N-M virtu-
al leaders, as shown in Fig. 1, where p: = (x,, y:), rep-
resenting the position of the i—th USV (i e M) in the
north—east—down (NED) reference frame Xy—Yy; @ is
the heading angle of the i—th USV in NED reference
frame; 6, is the parameter variable of the k—th (k e

[M + 1, N]) parameterized path.

XE“ 1
1
Lo S
o X
Pn: (ezy) """""" ' ......
a P_(}:{ﬂ)r ()]
% - ]
TR '
T]L ' //’/ Ty ; P
d Xs D1
0 i
Fig.1 ~ System structure of time—varying formation

At the kinematic level, the i—th USV can be repre-
sented by the state equation shown in Eq. (1) %\
Xi=u; CoS @; —v; SIn g;
YVi=u; Sin; + v; COS ; (1)
Yi=Ti
where w;, v; and r; are respectively the surge speed,
side velocity, and yaw rate of the i—th USV in the
body-fixed reference frame Xy—Ys.
Based on the hydrodynamic equations of the USV
at the surface, the kinetic equations of the USV can

be obtained as shown in Eq. (2) .



12 CHINESE JOURNAL OF SHIP RESEARCH, VOL.15,NO.1,FEB. 2020

mi = f} (i, vi, 1) + T} + Ty (1)

myvi=f; (i, vi, r;) +7p4 (t) (2)

m =[] (Ui, vi, 1) +T; + iy (1)
where m} , m;
of the i-th USV; f“(), f"() and f() are distur-
bances caused by the model uncertainties of the i—th

USV; 7(t), 7,,(t) and t,(f) are respectively the

and m: are the inertial coefficients

time—varying external disturbances of the i—th USV
in the directions of surge speed u, side velocity v and
yaw rate r; 7, and 7, are respectively the surge
force and yaw control input of the i—th USV.

The under—actuated USV studied in this paper is
propelled by twin propellers, and steering is provid-
ed through the speed differences of the propellers at
different control inputs. Due to the control coupling
of the surge speed and yaw rate of the USV, which is
fixed by twin propellers, to simplify the design of the
controller, we need to decouple the control inputs of
these two parameters, namely that the control inputs

L

of left and right propellers of the USV, 7,7 and rl.R ,
are split “" as shown in Eq. (3).
=(1-e(r/2+7}/d)

R =(1-e)(r¥/2-7]/d) (3)

where ¢ is the thrust deduction factor; d is the dis-
tance between two propellers.

In this paper, in order to perform the guiding func-
tion of the virtual leaders, we need to make them
move along the known parameterized path, so the po-
sition of the parameterized path at moment ¢ is the
position of the virtual leaders. The parameterized
path of the k—th virtual leader is set as pi.(6i(t)) =
col(xi(6h), vi(6))), k=M + 1, ..., N, where 6, x.(6,) and
yi(6)) are the parameters of the k—th leader path. To
perform the synergistic movement of the USV and
the virtual leaders, we design the derivative of the
path parameters of the k—th virtual leader as follows:

Oe=1uo — 1Tk (4)
where w, is the desired update rate for path parame-
ters; 7, is the synergistic parameter for the USV and
virtual leaders.

To perform the distributed time—varying formation
control for USVs guided by multiple leaders, we
make the following hypotheses:

Hypothesis 1: Each USV has at least one directed
path from the virtual leaders to the USV and is able
to obtain a time—varying input signal. Besides, the
virtual leaders can communicate with each other.

Hypothesis 2: The parameterized path p, (0,(?))

and its first—order partial derivative p, (0,(¢)) are

bounded.

In order to achieve the desired control effect of the
movement of the USV, we should make the following
control objectives satisfied:

1) Geometric targets: Each USV converges to a
point within the convex combination of the virtual
leader by a time—varying positional deviation pu(z)
according to Eq. (5), thus forming the desired distrib-

uted time—varying formation.
N
pi()— > APk (Oc()—pia (1)
k=M+1
where pi(t) is the position of the i—th USV in the

<061 (5)

lim
t—o0

NED reference frame at the moment of t; A, >0 is

the weight coefficient for the i—th USV and the k—th
N
Z A,=1; 8 is a positive

k=M+1

leader, and it meets

number greater than zero; the given time—varying de-
viation signal pu(t) = col(xu(t), v (2)), i = 1, ..., M is
the time-varying positional deviation of the point
within the convex combination of the virtual leader
and the i—th USV, where xu4(t) and yu(t) are respec-
tively the components along the X; and Yy directions
in the NED reference frame.

2) Dynamic targets: Each virtual leader moves at a
given parameter update rate u, as shown in Eq. (6) to
perform the desired formation structure.

{ Jim 64() - 6] < .

lim |6k(®) — uo| < 63
where k, [ =M + 1, ..., N, and k # [; 6,(¢) is the path
parameter of the [—th virtual leader; 6, and 6; € R" re-
spectively, are some positive numbers greater than

Z€ero.

2 Controller design

This section mainly introduces the design of the
UAYV time-varying formation controller from the ki-
netics and kinematics aspects. The cascade system
structure that makes up the controller is shown in

Fig. 2.
2.1 Kinematic controller

According to containment method and the path
maneuvering principles, the operation error e; of the

i—th USV in NED reference frame is defined as fol-

lows:

M
e; =col(eix, eiy) = Z aij (Pi —Pija— Pj)+
=1
N J
Z aik (Pi — Pid — Pkr)
k=M1 (7)

where e;, and e, are the errors along the directions of
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Fig. 2 System structure of time—varying formation

Xy and Yy in NED reference frame, respectively;
when the i—-th USV can obtain the information from
the j—th USV, a; =1, otherwise a;=0; when the infor-
mation from the k—th virtual leader can be obtained,
@i=0; pj=pa—pu s
time—varying positional deviation signal between the
i—th USV and the j—th USV.

According to the kinematic state equations for

a;=1, otherwise the given

USV in Eq. (1) and parameter update laws for virtual
leaders in Eq. (4), there is the partial derivative of

operation error e;:

M
éi =ci[uigu(pi) +vigv(p)] - Z aij

=
[(ujgute)) +vigv(e))+Pija] -
N
Z ai [Pkr(uo - +P, id]
k=M+1 ( 8 )

where 8u (i) =col(cos(p;), sin(p;)), gv(p:i) = col(

N
—Sin(goi),COS(QOi)), i= 1""’M5 Ci = Zlaij .
]:

In order to stabilize the operation error e in
Eq. (8), we design the distributed guidance laws for
time—varying formation shown in Eq. (9).

a; =col (a,-x,a/,-y) =col (u:‘ CoS;, U; singo;-*) =

1 Kc,'e,' u
C—i{——zz +Zaij(ujgu (07)+vige(es)+
Vel +6% =1
N
Pijd)+ Z aik (uol"krﬂ"id)}—ngv (‘Pj)
k=M+1
(9)
where uj and goi* are respectively the desired head-
ing and surge speed of the i—th USV; K. =diag{k..,
k..} € R*? is the kinematic gain matrix; 5, € R is the
parameter preventing the saturation of the surge
speed.
According to Eq. (9), the desired surge speed and
heading angle of the i—th USV are respectively as fol-

lows:

A

<p;‘=atan2(a,~y,a,~x), i=1,....M (10)

In order to perform the synergistic movement on
USVs and virtual leaders, we design the synergistic
parameter 7}, as

M= = Sk0%= = Sk (Ok1 — T2) (11)

where s, is the synergistic gain constant; o is

the synergistic error divided into two parts: O%1 =

N
2 aikpzrei representing the path update rate calcu-
k=M+1

lated from the information of USVs by virtual lead-
N
ers, and or2= Y au(Ox—0)+aw (G —6), repre-
I=M+1

senting that when the k—th virtual leader is able to
obtain the path information of the super leader,
aw= 1, otherwise ak, = 0; 6, is the path update param-
eter of the super leader, and 90 =u,.

The synergistic error of the global path variable is
defined as 6,.= 6,— 6,, and it meets

Oke = —Tik (12)

The synergistic error vector of global path variable
is set as @ = cOl(Ou+1)es---»ONe), and the synergistic
error vector of partial path variable is set as
z=col(Zap+1,--..,2n), which meets z=C0. C=Ay+By.
Here, Ao= [aij] e RV-MW-M) .14 it is the communi-
cation matrix for virtual leaders. When the i-th lead-
er can obtain the information from the j—th leader,
a;=1, otherwise a;=0; Bo= diag{as+1)0,---,ano0} is
the matrix of leaders.

Substituting Eq. (9) into Eqgs. (8) and (12), we can
obtain the dynamic error of kinematic system repre-

sented respectively as follows:

N
. K e; .

bi=— ———=r+cidic + Z GIPre (| 3
_ (R Wi

Oke =~k

where die = uigu($:) — Ui gu (so;k) is the kinetic track-

ing error vector.
2.2 Kinetic controller

In Section 2.1, based on containment method and
path maneuvering principles, this paper designs de-
sired headings and surge speed for multiple USVs.
In this section, this paper uses ESO to estimate model
uncertainties and unknown ocean disturbances.
Then, on this basis, kinetic control laws of ESO are
designed to make the actual speed and headings of
USVs meet the requirements of desired values.

Because the adopted USV uses an under—actuated

unmanned system, in order to simplify the design of
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ESO, we rewrite Eq. (2) as follows:
{ u,=T;‘/m;‘ +h;.‘(u,~,r,~,t) (14)
Fi =7} /m] +h (u;,ri,1)
where 7 (i, rint)= (£ (i,virs) +7% () [, B (i) =
(]‘l.'(ui,vi,ri) +Ty (t))/m; are both unknown functions.

The design and analysis of ESO are assumed as
follows:

Hypothesis 3: The derivatives of &} and A (dis-
turbances caused by model uncertainties and un-
known environmental disturbances) are bounded and
meet |h;‘| + |htr| <k, where h; is an arbitrary positive
number.

1) The design of control laws for the surge speed:
Because there are uncertainties and unknown ocean
disturbances in USV model, the following second—or-
der ESO system is designed for estimating the un-
known A .

A u~ o iu U [0U
{oiartim s
i2

where 4, 1, € R™ and they are ESO observer gain;
i, , hA;' are respectively the estimated values of u; and
hi; @, =1,—u,, is the estimated error of the surge
speed. The estimated error of /% is defined as
hNIl.‘ Zﬁ:‘—h:'. Combining Eqgs. (14) and (15), we can
obtain the dynamic error expression of second—order

ESO as follows:
2 us o qu
hilbas 00
i i2 i
The tracking error of desired surge speed is set as
12:=12i—u:. Its derivative with respect to is as fol-
lows:
i = —pl i+ b+ T ml =i (17)
According to Eq. (15), active—disturbance-rejec-
tion control laws of surge speed shown in Eq. (18) is
designed to stabilize ftj :
u px

_ ﬂicui Tu .k
e (18)
+6%,

73

12
where x4 € R" is a kinetic gain constant; 6, € R is a
positive number. Coupling Eqgs. (17) and (18) yields

the dynamic form of flf

. pear

Ak Ic 1 u ~

[ . . E—— L TR

! ~x|2 62 ﬂll ' ( 19)
up| +op

Eq. (16) is rewritten into a matrix as follows:
Ej =BaEjy +Cyh! (20)
where Ej = COl(ﬁi, 71?)9 B = [ My 15 —up 0 ]’
C.i=col(0, —1). Because B; is a Hurwitz matrix, there

is a positive definite matrix P;, which makes B;

meet the following inequality:

B! Py +PyBiy <—-¢1lh (21)
where & is a positive number; I, is a two—dimension-
al identity matrix.

2) The design of control laws for the yaw rate: Sim-
ilar to the design of control laws for the surge speed,
this paper uses third—order ESO for estimating the
unknown /%] , and the following expression for third—-
order ESO system is designed:

=1 Bi+ Fi
Py = —uh i+ b+ ] (22)
=155

©
i2°

where ,uj.ol,,u ,uge R" are all ESO observer gain;

@,, 7, and hAlr are respectively the estimated values
of g, riand h}; §,=¢,—¢,, is the estimated error
of heading angle. The estimated errors of r; and 4]
are respectively 7 =7 —r,, lef = I’Alf —h}. Coupling
Egs. (14) and (22), we can obtain the dynamic error
expression for third—order ESO as follows:
$i= = Pi+Fi
Fi=—ub@i+hl (23)
B= =i~ I
It is assumed that gﬁi* and }7: are respectively the
estimated tracking errors of the desired heading an-
gle and desired yaw rate, i.e., gﬁ: =9, —gD; ,

A

Po=F = ri* . Coupling Eq. (22) and taking the deriva-
tive of gﬁlx and f: , we have
{ Gi=—pBi+ = 4]

Ak__ P~ o Pr P [opa ok
Pi= ,ui2g0,+hi+‘ri/mi P

(24)

The desired virtual angular speed shown in Eq.

(25) is designed to stabilize gﬁ; .

* _ 'uic(pi Ak
(i v-a B
¢ +03

where ,uf,pc € R is kinetic gain constant; 6; is a posi-
tive number. Based on Eq. (22), this paper designs

control laws for the yaw rate shown in Eq. (26) to sta-

bilize 7, .
uh
ro__ 1 ic'i Tr =%  Ax
T, =m; B —h+i; — @; (26)
Ak 2
P +05,

where ) € R is kinetic gain constant; 8. is a posi-
tive number. Coupling Eqs. (24)-(26), we can rewrite

the derivative of 43; and }7: as follows:
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P ~x

A 'uic‘pi © ~ A
T e

¢+

P (27)
Ax _ ic’i PN 2Ny
hi = ) Hip%i—¢;

A~k

PH +05,

Eq. (23) is adapted into a matrix as follows:
Ep =BpEp+Cph! (28)
where

Ep = col (@7, 1), Cip =col(0,0,-1)

¢
“#; 10
B 2= —,u;.g 01
-4 0 0

Because B, is a Hurwitz matrix, there should be a
positive definite matrix P, making B, meet the fol-
lowing inequality:

Bj,Po+PpBp < ~¢nls (29)
where &, is a positive number; I; is a three—dimen-

sional identity matrix.

3 Stability analysis

3.1 Demonstration of the stability of ESO

subsystem

This section will demonstrate the stability of ESO
subsystem proposed in Section 2.2. Considering that
the subsystems in Eqgs. (20) and (28) are in the same
form, this section mainly introduces the demonstra-
tion of the stability of ESO subsystem shown in
Eq. (20), which is given by Lemma 1.

Lemma 1: Under Hypothesis 3, the ESO subsys-
tem shown in Eq. (20): [h?] = [Ej] is input-to—state
stable (ISS).

Proof: Lyapunov equation is built as follows:

M
1 T
V1=5;Ei1Pi1Ei1 (30)
Taking the derivative of Vi, we have
M
VFZE,-TlPil (BilEil +Ci1h?) (31)
i=1

Coupling Eq. (21) and Eq. (31), we have

M
V1< 3 (S E IP +E NP Calli]) (32)
i=1

Whenitmeets||Eill > 2||Pi Citll 4| / (€n&ir), there is
M f'l
Vi< —Zl] = (A=e) (33)

where 0<e&;<1. According to Theorem 4.6 in Refer-
ence [25], it can be seen that the ESO subsystem is
ISS, and the boundary of llE;Il can be represented as

IExll < max{uEﬂ (10) ™8 (1ment0)2,

211P;1 Cill VAmax (Pi1)
&i€i1 VAmin (Pi1) (34)

Lemma 2: According to Hypothesis 3, the ESO
subsystem shown in Eq. (28), [hlr]'—) [Ei], is 1SS,

|h;‘|}, vt 10

and the boundary of |lEyll can be represented as

IExll < maX{IIEiz (to)|| e s -#2)t=10)/2

2||PpColl VAmax (Pi2)
&nein Vamin (P2) (35)

where 0 < £, < 15 Aui(*) and A, (+) are respectively

i

}, Vt>to

the minimum and maximum eigenvalues of the ma-
trix; to is the initial time.
3.2 Demonstration of the stability of
kinetic system

The kinetic system stability composed of Eq. (19)
and Eq. (27) is given by Lemma 3.

Lemma 3: The kinetic system shown in Eq. (19)
and Eq. (27), [ @]~ [i7,¢7.7] is 1S

Proof: Lyapunov equation is built as follows:
1 M
Vo= (67 + 41 +717) (36)
i=1

Combining Eq. (19), Eq. (27) and Eq. (36), and

taking the derivative of V,, we have

M u P
v {9 A A ic
Vo= E ——Z—y?lu,-u:f -
— Ak 2 A% 2
= ;| +63 ¢l +933
r
O~ Ak ic @ ~ A
K $id; = — M, Bl
7 +62
i 4
(37)

Let

. ~x|2
ri= ding{yi/ o+

~x|2 ~x[2
Hiel 18]+ 63 il 7] +5?4}

Ei3 = col(@}, ¢}, r})

The following inequality comes into existence:
M
V2 <= ) Amin Ci) A=) Bl (38)
i=1

where 0 < g5< 1.
According to Lemma 1 and Lemma 2, the kinetic
system composed of Eq. (19) and Eq. (27) is ISS, and

the boundary of IlE;;|l can be represented as
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IEiz (0l < maX{IIEi3 (19)|| e~ minTi)1=€n)t~10),

g NEn | + (4, + 1 g)“Eﬂ“} "
s 210
€i3Amin (Lic) (39)

With consideration of the tracking error of kinetic

surge speed Uie = Ui —u; = i — ;< |’/Ai;k| =l&| and the
tracking error of yaw rate @ie = @i—¢; =@; —@i <

o
be seen from Eq. (34), Eq. (35) and Eq. (39).

=1@il, kinetic tracking error is bounded, as can

3.3 Demonstration of the stability of
kinematic system

The kinematic subsystem stability shown in Eq.
(13) is given by Lemma 4.

Lemma 4: In Eq. (13) of kinematic subsystem,
[4ie] —lei,0;] is 1SS.

Proof: Lyapunov equation is built as follows:

M
1 T 1 T
V3=5;eie,~+§«s»ccae (40)
Coupling Eq. (13) and taking the derivative of V;,
we have
M
V3 =Z (-e,-TKciei/ ylleil® +62 + Cie;-rAic)—
i=1
N
> ot
k=M+1 (41)

It is assumed that E1 = COI(BT,O'T), E; = col(eT, 03),
which meet  E1=VE;, e= C01(9¥s---, ez), o=

col(Opm+1, -+ ON).

Where
| In®I, 0
"”‘[ T —C
AM+1)1PM+D)r an1Pnr
= : :
AM+1)MPM+1)r aNMPNr

Thus, there is an inequality:
V3 < —AIE1 [P+ llell el 1]l < —AAmin (P) I E2|*+
Amax (P) llell Il E2 |
(42)
where
Cc= diag(c1®12,...,cM®Iz)

A= {Amm (Kc,-e,-/ lleil + 6,.21),gk}

i=1,...M; k=M+1,..,N
de =col(47,,....4},)

min

E; meets the following relationship:

Amax (V) lc||[|4ell
lE>]| > W (43)

where 0 < e,< 1.

Coupling Eq. (42) and Eq. (43), we have
V3 < ~Ain (P) (1 - ) | E2l® (44)
It can be seen from Lemma 3 that, input signal A.
is bounded, and there is a positive number A;, meet-
ing [lA.ll <A Thus, the kinematic system shown in
Eq. (13) is ISS, and the boundary of lE|l can be rep-

resented as

E> | <max{ | E5 (to)|| e~ *Amin(¥)(1~€4)t~10)

Amax (P) llc|| |4 el|
Ae4 Amin (V)

, Vit

} NPT

3.4 Demonstration of the stability of
cascade system

For USVs with twin propellers and guided by mul-
tiple leaders, the stability of cascade system for their
time—varying formation control system can be given
through Theorem 1.

Theorem 1: Considering the distributed time—
varying formation for USVs guided by multiple lead-
ers, the kinestate of USVs can be expressed by the
mathematical model shown in Egs. (1) and (2). The
controller consists of the kinematic guidance laws
shown in Eq. (10), path update laws shown in Eq.
(11), ESO predictor shown in Eq. (20) and Eq. (28),
and kinetic control laws shown in Eq. (18) and Eq.
(26). If it meets Hypotheses 1-3, the closed—loop
control system of time—varying formation for USVs
guided by multiple paths is ISS.

Proof: Based on Lemmas 1-4, the cascade system
composed of subsystems shown in Egs. (13), (19),
(20), (27), and (28) is ISS. When t— %, it meets the
following relationships:

UE (Ol oeo < 21Pir Cirll VAmax (Pir)
éngit Vimin (Pi) '
2||PpCol| ‘//mh*
nen Vmin P2)
241653 1 PirCit IN Amax(Pin)
&neneiVAmind N Amin®iD)
2653 (114, + 1) IP2Coall Vamax (Pr2)
&n€i1€i3 VAmin (Cic) VAmin (Pi2)

A3 Amax () el
B (D)l —yo0 < —2Z 200
2 A&4Amin (P)

”Ei2 (t)“t—wo <

1Ei3(0)]l o0 (46)

4 Simulation results

This section verifies the distributed time—varying
formation system for USVs guided by multiple lead-
ers through simulation. By the system composed of six
USVs and two virtual leaders, which is shown in Fig. 3,

the effectiveness of discussed control laws is verified.
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Fig.3 Communication network structure of time—varying

formation system

As shown in Fig. 3, the lines between any two USVs
indicate the information transfer between them, and
the arrows indicate the direction of information flow.
The corresponding communication structure of the
simulation is as follows: 2#-4# USVs can get the
path information of the virtual leader, and 1#, 5# and
6# USVs can only get the information of neighboring
USVs.

The physical parameters of USV in this simulation
come from Reference [26]. Parameters needed in this
paper are elaborated as follows: The initial status in-
formation of the i—th USV is represented as s:= col(x;,
Y, @i, W, Vi, r;) and the initial status information of
1#-6# USVs is respectively represented as follows:
s1=col(35,-90,=,0,0,0), s2= col(35,-100,=,0,0,0)
s3=col(35,-75,n,0,0,0),s4= col(25,-70,7/2,0,0,0)
s5=col(50,-95,=,0,0,0), s¢= col (20,-100,,0,0,0)

The positions of 7#-8# virtual leaders are respec-
tively represented as follows:

P7e = col(40 — 40 V2 sin ((67 — 800) /200 — 51/8),

—40—-20 V2cos ((67 — 800) /200 — 57/8))

Ps: = col(40 — 40 V2sin ((pg — 800) /100 — 57/8),

—40-20 V2cos ((pg — 800) /100 — 57/8))

The corresponding time—varying deviation signals
of 1#-6# USVs are respectively represented as fol-
lows:

P1d=p2d = p3a = col(0,0)
Paq = col(25sin?/50,25 cost/50)
Psa=col (25sin(¢/50+2n/3),25 cos (t/50+2m/3))

Pea= col (25sin(¢/50+4m/3),25 cos(t/50+4x/3))

The kinematic parameters of 1#-3# USVs are K., =
diag{0.18, 0.775},i=1,2, 3,8, =5 and s, = 2. The
kinematic parameters of 4#-6# USVs are K.= diag
{0.5,2},i=4,5,6,and 6, = 5.

Considering that all USVs use the same physical
model, this paper sets the kinetic parameters at 8, =
2,8:=2,8.=2, =2, u¥ =2,and p' =5, and
ESO parameters at /.L';1 =20, ,LL?Z = 200, ,u,f] =30,
ws =300,and u; =1 000.

Fig.4 shows the simulation results of the time-

varying formation system guided by multiple leaders.

As can be seen from the figure, the two virtual lead-
ers, 7# and 8#, move along the given parameterized
paths p; and ps to form a circle, respectively.
According to the communication topology shown in
Fig. 3, 1#-3# USVs converge simultaneously and are
eventually evenly distributed between two virtual
leaders, keeping in a straight line. 4# USV obtains
the central position of the virtual leader and uses it
as a formation reference point. 4#-6# USVs, respec-
tively, under the action of given time—varying input
signals pa, psi, and pe, with the formation reference
point as the center of the circle, rotate clockwise
around the reference point in a circle of radius of
25 m, move forward in synergy with the virtual lead-
er, and always maintain the triangular formation

shown in Fig. 4.

o
201 )
0 -
—20 21 ]
4
g L8
< ‘ -4
—60
80| & 1
— 1#-3# USVs
100 | ——Parameterized path - =0 }/mual(leader
----Time-varying formation - re"fgrne‘;‘é‘;“pqim

20 0 20 40 60 80 100
Yy /m

Fig.4 Time-varying formation structure guided by multiple

virtual leaders

Fig. 5 and Fig. 6 show that the tracking error of all
USVs in the NED reference frame converges to a val-
ue within the threshold at steady state and fluctuates
up and down in this range. Figs. 7-10 show the actu-
al speed and desired speed of the USV, as well as
the actual heading and desired heading curves. It
can be seen from the figures that, based on ESO, the
surge speed control laws and the yaw rate control
laws enable the USV to keep up with the desired val-
ue in a short time and keep it moving at the desired
value. The physical quantities in each figure are rep-
resented as follows: w,—ue are actual speeds; u, —u,
are desired speeds (Fig. 7 and Fig. 8); ¢1—¢s are actu-
al heading; ¢, —¢, are desired heading (Fig. 9 and
Fig. 10).

Fig. 11 and Fig.12 show the control input curves
of thrust in the u direction and the control input

torque curves in the r direction for all USVs, respec-



18 CHINESE JOURNAL OF SHIP RESEARCH, VOL.15,NO.1,FEB. 2020

—— 1#USV — 2#USV 3#USV
R

0 50 100 150 200 250 300 350 400
Time/s

(@ e

g U=
238
0 50 100 150 200 250 300 350 400
Time/s

(M)e,
Fig.5 1#-3# USVs' tracking error of the NED reference frame

1

e /m

W

. . .
— U U Uy= = U Us— — Uy

] Seemminenen

0 50 100 150 200 250 300 350 400
Time/s

@u

10 —————————————

& 0.5V\ ]
< 0

N

n n L n L L L |
0 50 100 150 200 250 300 350 400

Time/s

(b) u,
PN ¥ Y . e e m—— —(—— ———
190 | A
= 0 50 100 150 200 250 300 350 400

Time/s

(©) uy

Fig.7 Actual speed and desired speed of 1#-3# USVs

—_— Y Y = =y Y= =y

4 T - r r r : ;
3;2}‘«/“ ]
N e

0 50 100 150 200 250 300 350 400
Time/s

@y

L o
s PR E—

0 50 100 150 200 250 300 350 400

Time/s
®) v,
L] 4F _.___.__.___.__. T T
o —— ————— 1
s _4 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400
Time/s
©) v

Fig.9 Actual heading and desired heading of 1#-3# USVs

G L S

10 T T T . T T
] "———— ]
L _10‘- 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400
Time/s
(@
50 : - : : : : .
¢ p————]
0 50 100 150 200 250 300 350 400
Time/s
(b)

Fig.11  Control input of all USVs' thrust in the u direction

tively. Fig. 13 shows the variation curve of path
parameters for two virtual leaders. It can be seen by
coupling Fig. 4 that because the initial position of
the given USV lags behind the virtual leader, in or-

der to realize the synergy between the virtual leader
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Fig.6 4#-6# USVs' tracking error of the NED reference frame
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Fig.12  Control input of all USVs' torque in the r direction

and the USV, we update the path parameters with
negative values so that the virtual leader can ap-
proach the USV, and when it approaches the USV,
the synergistic movement around the circle shown in

Fig. 4 begins.
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Fig.13  The parameter update curves of virtual leader
5 Conclusions

This paper mainly introduces the issue of distribut-
ed time—varying formation control for USVs guided
by multiple leaders with model uncertainties and un-
known ocean disturbances. Firstly, at the kinematic
level, distributed time-varying formation guidance
laws are designed on the basis of the containment
method, path maneuvering principles, and neighbor-
ing information (position, surge speed, and heading).
Then, at the kinetic level, the surge speed and yaw
rate control laws are developed on the basis of the
ESO method to estimate the model uncertainties and
unknown ocean disturbances during the navigation
of USVs. Further, cascade system stability analysis
is undertaken to validate the input status stability of
the closed-loop control system for the time—varying
formation of USVs, and the effectiveness of this meth-

od is demonstrated via simulation.
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