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   Dear editor,
This  letter  addresses  the  multi-target  tracking  of  underactuated

unmanned surface vehicles (USVs) subject to multiple stationary/mo-
ving obstacles. The kinetic model parameters of each USV are totally
unknown. A safety-critical model-free control method is proposed for
tracking multiple targets with a collision-free containment formation.
Specifically,  a  distributed  containment  extended  state  observer
(DCESO)  is  designed  to  estimate  the  convex  hull  spanned  by  the
multiple  targets.  At  the  kinematic  level,  a  collision-free  kinematic
guidance law is presented using a control barrier function (CBF) and
an  extended  state  observer  for  each  follower  USV.  At  the  kinetic
level, a model-free position tracking control law by using an adaptive
ESO (AESO)  is  presented  for  each  follower  USV.  By  the  designed
safety-critical  model-free  control  method,  cooperative  tracking  of
multiple  targets  under  multiple  stationary/moving  obstacles  can  be
achieved  using  completely  unknown  kinetic  model  parameters.
Simulations  are  provided  to  illustrate  the  efficacy  of  the  proposed
safety-critical model-free control method for a fleet of USVs.

Related work: As an important tool for developing and protecting
the ocean, marine vehicles are widely used in military and civil fields
such  as  situation  awareness  of  offshore  areas,  environmental
monitoring,  and  cooperative  rescue  [1]−[6].  For  diversified  oceanic
missions,  different  motion  scenarios  have  been  studied  in  recent
years [7], including cooperative trajectory tracking, cooperative path
following [1], cooperative target enclosing [8], and cooperative target
tracking [9]. More specifically, cooperative target tracking is to force
a  swarm  of  follower  marine  vehicles  to  track  one/multiple  target
vehicles.

Recently,  target  tracking  of  marine  surface  vehicles  has  aroused
word-wide  interest  [9]−[12].  In  [10]  and  [11],  one  follower  vehicle
can track one target vehicle subject to the unavailable target velocity.
In [9],  [12],  a fleet of follower vehicles can track one target vehicle
under  the  unavailable  target  velocity.  However,  the  target  tracking
control  methods  in  [9]−[12]  can  only  achieve  that  one  follower
vehicle/multiple follower vehicles track one target. This will limit the
autonomy  level  of  USVs  [13].  Besides,  the  target  tracking  control
methods  in  [9]−[11]  can  not  guarantee  the  collision  free  tracking.
This  may  cause  a  failure  of  cooperative  control  [14].  Addition,  the
target  tracking  control  methods  in  [9]−[12]  assume  that  the  kinetic
vehicle  model  is  a  prior  model.  Nevertheless,  the  prior  model  is
obtained  from  a  large  number  of  experiments.  Besides,  the  prior
model  may  suffer  from  variations  in  practical  applications  due  to
load  change,  actuator  faults,  or  additive  nonlinear  disturbances

induced by environmental circumstances [15]. More practically, it is
highly  desirable  to  design  a  model-free  control  method  for  USVs
without a prior kinetic model.

In this letter, we aim to address the multi-target tracking of USVs
subject  to  multiple  stationary/moving  obstacles,  in  addition  to
completely  unknown kinetic  model  parameters.  By using a  DCESO
to  estimate  the  convex  hull  spanned  by  the  multiple  targets.  A
collision-free  kinematic  guidance  law  is  designed  for  each  follower
USV using  a  CBF  and  an  ESO at  the  kinematic  level.  Besides,  the
developed  kinematic  guidance  law  only  uses  the  relative  range  and
angle, which can be obtained by local sensors. At the kinetic level, a
model-free position tracking control law using an AESO is designed
for  each  follower  USV.  The  contribution  of  the  proposed  control
method is threefold. Firstly, the autonomy level of USVs is enhanced
by achieving multiple follower USVs to track multi-target. Secondly,
the  CBFs are  embedded into  the  guidance  laws such that  the  USVs
will  not  collide  with  stationary/moving  obstacles  and  other  USVs.
Finally,  the  cooperative  target  tracking  can  be  obtained  without  a
prior kinetic model.

Problem  statement: Consider  a  coordinated  control  system
consisting of N  follower USVs and M  leader vehicles. The dynamic
equation of the ith follower USV can be described as
 

ṗi =

[
cos(ψi) −sin(ψi)
sin(ψi) cos(ψi)

] [
ui
vi

]
ψ̇i = ri
u̇i = fui (ui,vi,ri)+buiτui+dui
v̇i = fvi (ui,vi,ri)+dvi
ṙi = fri (ui,vi,ri)+briτri+dri

(1)

pi = [xi,yi]T ψi
ui vi ri

fui fvi fri

bui bri τui τui
dui dvi dri

where i  =  1,…,N;  and  are  the  position  and heading
angle  of  the i th  follower  as  shown in Fig. 1;  , ,  and  represent
the surge velocity, sway velocity and angular rate of the ith follower;

, ,  and  represent  the  uncertain  nonlinearities  including
unmodeled  hydrodynamics,  hydrodynamic  damping  forces,  and
Coriolis  forces;  and   denote  the  mass  parameter;  and  
denote  the  control  input; , ,  and  denote  the  disturbance
caused by wind, waves and ocean currents.
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Fig. 1. The geometrical illustration of safety-critical model-free control.
 

pk = [xk,yk]T
The N  USVs  are  supposed  to  track M  target  vehicles  and  their

positions are denoted by  with k = N+1, N+2, …, N+M.
Assumption 1: For each follower USV, there is at least one target

that can access to the follower USV.
The  control  objective  of  this  letter  is  to  design  a  safety-critical

model-free  control  law for  a  fleet  of  follower  USVs with  dynamics
(1) to track multiple target vehicles under multiple stationary/moving
obstacles.

ẋ = f (x)+g (x)u
x ∈ RN u ∈ RM f (x) : RN → RN g (x) :
RN → RN×M S ⊂F ⊂ RN h (x) : RN →
R S = {x ∈ RN |h (x) ≥ 0} ∂S = {x ∈ RN |h (x) = 0} Int (S ) = {x ∈
RN |h (x) > 0} ḣ (x)+ κh (x) ≥ 0

Basic  concept: Consider  a  system  as ,  where
 is  the  state,  is  the  input, ,  and 

.  Let  as  the  superlevel  set  of 
, ,  and  

.  If h  is  a  CBF,  and  the  inequality ,
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∀x ∈F ḣ (x) = ∇h( f (x)+g(x )u) κ ∈ R+ holds where  and .
Design and analysis: Model-free control architecture for tracking

multiple targets is shown in Fig. 2.
Distributed containment ESO: In this letter,  the cooperative target

tracking problem is addressed by a design of DCESO for followers to
infer the convex hull spanned by the targets. The DCESO is designed
as
 

˙̂pki = −ckpi

(∑N

j=1
ai j(p̂ki − p̂k j)+

∑N+M

k=N+1
bk

i (p̂ki − pk)
)
+ ω̂ki

˙̂ωki = −ckωi

(∑N

j=1
ai j(p̂ki − p̂k j)+

∑N+M

k=N+1
bk

i (p̂ki − pk)
) (2)

p̂ki = [x̂ki, ŷki]T ω̂ki = [ûki, v̂ki]T

bk
i

kpi ∈ R+ kωi ∈ R+ c ∈ R+ p̃ki = p̂ki − pk ω̃ki = ω̂ki−ṗk

ξi = [p̃T
ki, ω̃

T
ki]

T
ξ = [ξT

1 , . . . , ξ
T
N ]T

where  and   are  the  observer  states  of
the ith virtual point of the convex hull spanned by the leaders. Let 
be  the  communication  between  the i th  virtual  point  and k th  target,

, ,  and .  Let , ,
,  and ,  and  the  dynamics  of  the ξ  is

given
 

ξ̇ = (IN ⊗A− cH⊗FC)ξi − IN ⊗ (Bp̈k) (3)
Ai = [02, I2;02,02]T A = diag{A1, . . . ,AN } Bi = [02, I2]T B =

diag{B1, . . . ,BN } Ci = [I2,02]T C = diag{C1, . . . ,CN } Fi = [kpi,kωi]T

F = diag{F1, . . . ,FN } H =L+Bk Bk = diag
{
bk

i

}
L

q = [q1, . . . ,qN ]T =H−11N Z = diag {zi} =
diag
{
1/qi
}

G = ZH+H−1Z
AT P+PA−

PCT CP ≤ −Q

where , , , 
, , , ,

,  and  with  ,  as  the
targets adjacency matrix. From Lemma 1 in [16], we can get that 
is the Laplacian matrix and , 

 (i  =  1, …,N),  and  .  Suppose  that  there
exist  two  positive  definite  matrices P  and  Q  such  that 

.
F = PCT c >

1/mini=1,...,N {qigi}
[
p̈k
] 7→[

ξi
]Lemma  1:  Consider  the  DCESO  (2)  with  and  

.  Under  Assumption  1,  the  subsystem (3): 
 is input-to-state stable (ISS).

Vξi =

(1/2)ξT
i (Z⊗P)ξi Vξi V̇ξ =

∑N
i=1((1/2)ziϱ

T
i ×

((AT
i Pi +PiAi)− cqigiPiCT

i CiPi)ϱi − ziϱ
T
i (PiBi p̈k)) ϱi = (UT⊗

IN )ξi
V̇ξ ≤ − 1

2 mini=1,...,N {zi}λmin (Q) (1− θ1)||ξ ||2

||ϱi || ≥ 2 ||PB || || p̈k ||/θ1λmin (Q) θ1 ∈ (0,1)

Proof: Construct a Lyapunov function for error dynamics (3) as 
.  The  derivative  of  is  

 where  
 is  a  state  transformation  can  be  found  in [17 ].  Therefore,  one

can  see  that   as  long  as
,  where  .  Thus,  it  is  con-

cluded that the DCESO (2) is ISS. ■
pdi = [xdi,ydi]

ρi βi

ρi =

√
(ŷki − yi − ydi)2 + (x̂ki − xi − xdi)2

βi = atan2(ŷki−yi − ydi, x̂ki − xi − xdi)

Collision-free  guidance  law:  Define  as  the  desired
deviation  between  the i th  reference  point  and  the i th  follower.  The
relative range  and angle  between the ith follower USV and the
ith  virtual  point  are obtained 
and .  The  tracking  errors  are
defined as
 

eρi = ρi −ρdi, eβi = βi −ψi (4)
ρdiwhere  is the desired distance between the ith reference point and

eρi eβi ėχi =[ėρi, ėβi]T

αi = [αui,αri]T

ζi = [ζui, ζri]T = [ûkicos(βi)+ v̂kisin(βi) − l̇i −ui +αui − visin(βi −ψi)+
2uisin2((βi −ψi)/2) (1/ρ)i(−ûkisin(βi)− θ̇+ v̂ki (βi)− vicos(βi −ψi)+
uisin(βi −ψi)− ri +αri]T ζi

vi ζi

the ith follower USV. The dynamics of  and  is ,
and  is the guidance law to be designed in the following,

, 
.  The  function  is  unavailable  because  of

unknown  sway  velocity .  To  recover ,  an  ESO  at  the  kinematic
level is proposed
 

˙̂eχi = −kei
(
êχi − eχi

)
+ ζ̂i −αi

˙̂ζi = −kζi
(
êχi − eχi

)
.

(5)

ζi ζ∗i ∈ R
+

|| ζ̇i || ≤ ζ∗i
Assumption 2: For unknown function , there is , such that

.
ẽχi = êχi − eχi ζ̃i = ζ̂i − ζiDefine  and , and it follows from (5) that:

 

˙̃eχi = −keiẽχi + ζ̃i,
˙̃ζi = −kζiẽχi − ζ̇i. (6)

eχiTo stabilize , a guidance law based on the ESO is given as
 

αi = kαieχi + ζ̂ (7)
kαi ∈ R2

|| pi − pio ||2 −µio ||ψi − ((π/2)+βio)||2 ≥ ρ2
io || pi − p j ||2 −µi j ||ψi−

((π/2)+βi j)||2 ≥ ρ2
i j pi = [xi,yi]T

pio = [xio,yio]T

ṗio = 0
ṗio , 0 ρio ρi j

βio = atan2(yio − yi, xio − xi)/βi j = atan2(y j − yi, x j−xi)
µio ∈ R+

µi j ∈ R+ hio

hi j hio= ||pi−pio||2−µio||ψi− ((π/2)+βio)||2 −ρ2
io hi j =

|| pi − p j ||2 −µi j ||ψi − ((π/2)+βi j)||2 −ρ2
i j ∇hio = 2(xi − xio)+

2(yi − yio)−2µio(ψi − ((π/2)+βio )) ∇hi j = 2(xi − x j)+2(yi − y j)−
2µi j(ψi − ((π/2)+βi j ))

where .  To  achieve  collision-free  control,  the  inequalities
, and 

 hold, where  is the position of the ith
follower  and  is  the  position  of  the ith
stationary/moving  obstacle.  For  the  static  obstacle, ,  and  for
the  moving  obstacle, .  and   are  the  desired  obstacle
avoidance  distance  and  the  USVs  avoidance  distance  respectively.

 is  the  angle
between the ith USV and the ith obstacle/jth USV, and  and

. According to the definition of the CBF, the function  and
 are defined   and 

, with  
 and  

.
α∗riThen,  the  collision-free  guidance  law  is  obtained  by  the

following quadratic programming problem:
 

arg min
α∗ri∈R

Ji
(
α∗ri

)
= ||α∗ri −αri ||2

s.t. ∇hiwα
∗
ri = −kiwhiw (8)

kiw ∈ R+ w S
S = {p ∈ R|hiw ≥ 0} hiw : ∃Ciw ∈ R+ ||∇hiw || ≤Ciw
∀p ∈ S ∇hiw , 0

where  and   denotes  o  and  j .  The  safe  set  is  defined  as
,  here  such  that ,

, .
Model-free  control  law:  At  the  kinetic  level,  to  achieve  collision-

free track, define the velocity tracking error as
 

eνi = νi −α∗i (9)

eνi = [eui,eri]T νi = [ui,ri]T α∗i = [αui,α
∗
ri]

Twhere , , .  It  follows  from
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Fig. 2. The safety-critical model-free control architecture.
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eνi ėνi = si +bνiτνi =σi + b̂νiτνi
bνi=diag{bui,bri} τνi= [τui,τri]T si= [ fui, fri]T−[αui,α

∗
ri]

T+[dui,dri]T

σi = si +bνiτνi−b̂νiτνi b̂νi bνi
si σi bνi

si σi
bνi

(1)  that  the  dynamics  of  is  ,  and
, , ,

,  and  is  the  estimate  of .  The  kinetic
model  satisfies  the  ultra-local  model  [18].  Since , ,  and  are
totally  unknown,  and  the  presented  control  method  is  model-free
[18].  To estimate unknown functions  and ,  and mass parameter

, an AESO is proposed as follows:
 

˙̂eνi = −kνi (êνi − eνi)+ σ̂i + b̂νiτνi
˙̂σi = −kσi (êνi − eνi)
˙̂si = ΓsiProj{ŝi, σ̂i − ŝi}
˙̂bνi = ΓbiProj{b̂νi, τT

νi(σ̂i − ŝi)}

(10)

Proj(·) Γsi Γbi
ẽνi = êνi − eνi s̃i = ŝi − si σ̃i = σ̂i −σi

b̃νi = b̂νi −bνi σ̂i − b̂νi = −s̃i − b̃νiτνi +εi
εi

where  is  the projection operator,  and  and  are positive
constants.  Define  , ,  and

,  and  it  can  be  obtained  with
 being the reconstruct error and

 
˙̃eνi = −kνiẽνi + σ̃i
˙̃σi = −kσiẽνi − σ̇i
˙̃si = ΓsiProj {ŝi, σ̂i − ŝi}− ṡi
˙̃bνi = ΓbiProj{b̂νi, τT

νi(σ̂i − ŝi)}− ḃνi.

(11)

si σi bνi
s∗i ∈ R

+ σ∗i ∈ R
+ b∗νi ∈ R

+ || ṡi || ≤ s∗i
|| σ̇i || ≤ σ∗i

∣∣∣ḃνi∣∣∣ | ≤ b∗νi

Assumption  3:  For  unknown  functions , ,  and  ship  mass ,
there  exist , ,  and  such  that ,

, and .
eνiTo  stabilize ,  the  model-free  control  law  for  target  tracking  is

proposed
 

τνi =
−kνieνi − σ̂i

b̂νi
(12)

kνi ∈ R2where  is a control law parameter vector.
Main results:

[ζ̇i] 7→
[ζ̃i, ẽχi]

Lemma  2:  Under  Assumption  2,  the  ESO  subsystem  (6): 
 is ISS.

ẽχi ζ̃i
˙̃ϕi = Aϕiϕ̃i − ζ̇ϕi ϕ̃i = [ẽχi, ζ̃i]

T Aϕi = [−kei,

1;−kζi,0] ζ̇ϕi = [0, ζ̇i]
T Aϕi

Pϕi AT
ϕiPϕi +PT

ϕiAϕi = −I
Vϕi =(1/2)ϕ̃T

i Pϕiϕ̃i

Vϕi V̇ϕi = ϕ̃T
i (AT

ϕiPϕi + PT
ϕiAϕi)ϕ̃i + ϕ̃

T
i Pϕi(−ζ̇ϕi) ≤ −|| ϕ̃i ||2+

|| ϕ̃i || ||Pϕi || || ζ̇ϕi || ∥ϕ̃i∥ ≥ (∥Pϕi∥ ∥ζ̇ϕi∥)/a1 V̇ϕi ≤ −(1−
a1)|| ϕ̃i ||2 a1 ∈ (0,1)

Proof: It follows from ESO (5) that the dynamics of the  and 
is  rewritten  as ,  where , 

, and .  is Hurwitz, and there exists a unique
positive  definite  matrix ,  such  that .  Cons-
truct  the  Lyapunov  function  as .  The  dynamics
of  is  

.  Note  that  as , 
 with . ■

[σ̇i] 7→ [ẽνi, σ̃i]
Lemma  3:  Under  Assumption  3,  the  AESO  subsystem  (11):

 is ISS.
Vsi = (1/2)(s̃T

i Γ
−1
si s̃i+

b̃T
νiΓ
−1
bi b̃νi) Vsi V̇si ≤ −s̃2

i −2s̃ib̃νiτνi−
b̃2
νiτ

2
νi − b̃νiτνiεi +Γ

−1
si s̃is∗i ≤ −||ϵi ||

2 + || ιi || ||ϵi || ϵi = s̃i+b̃νiτνi
ιi =max{εi,Γ

−1
si s∗i } ||ϵi || ≥ || ιi ||/a2 V̇si ≤ −(1−

a2)||ϵi ||2 a2 ∈ (0,1) ϵi
[˙̃eνi, ˙̃σi]

T

Proof:  Construct  the  Lyapunov  function  as 
,  and  the  time  derivatives  of  is  

 where  
and .  Note  that  as , 

 with . It is concluded that the error  is bounded.
Then, the proof of the first part  in equation (11) is similar to
Lemma 2, which is omitted here. ■
[ζ̃, σ̃i, ϵi] 7→ [eχi,eνi]

Lemma 4: The tracking error subsystem consisting of (4) and (9):
 is ISS.

Vei Vχi +Vνi =√
(1/2)eT

χieχi +
√

(1/2)eT
νieνi Vei

Proof:  Construct  the  Lyapunov  function  as  =  
, and the time derivative of  is

 

V̇ei = −keie2
χi − fi − kνie2

νi − eνiσ̃i + eνi
(
−s̃i − b̃νiτνi +εi

)
≤ 1√

2eT
χieχi

(−λmin(kαi)∥eχi∥2 + ∥eχi∥ ∥ζ̃i∥)

+
1√

2eT
νieνi

(−λmin(kνi)∥eνi∥2 + ∥eνi∥ ∥σ̃i∥)

≤ −kminVei +
1
√

2
(∥ ζ̃i∥+ ∥σ̃i∥) (13)

kmin =min{λmin (kαi) ,λmin(kνi )}where .

λmin(kei) >
max{κio, κi j}

(p0,eν0) ∈ C⇒ p (t) ∈ S,
∀t ≥ 0 C ={( p,eνi)∈R×RN : hiw(p,eνi)≥0} hiw (p,eνi) =
ke

iwh (p) −Vνi (p,eνi)+ ke
iwιiw (|| σ̃i ||∞)/

√
2kiw ke

iw = (λmin (kei)−
kiw)/

√
2Ciw > 0

Theorem 1:  Consider  the  follower  USVs (1),  the  DCESO (2),  the
ESO (5), the collision-free guidance law (8), the AESO (10), and the
model-free  control  law (12).  Under  Assumptions  1–3,  if 

, the entire closed-loop safety-critical model-free control
system  is  input-to-state  safe  such  that 

, where , with 
,  and 

.
ẽχi ζ̃i

ζ̇i
ẽνi σ̃i σ̇i

eχi eνi ζ̃
σ̃i ϵi

ẽχi ẽνi eχi eνi ζ̇i σ̇i ϵi
(p0,eν0) ∈ C ḣiw (p,eνi) ≥ λmin (kei)Vνi −1/

√
2(|| σ̃i ||∞)− kiwhiw −

kiwVνi + 1/
√

2(|| σ̃i ||∞) − ke
iw ||∇hiw || ||eνi || ≥ ( − kiw −λmin(kνi ))Vνi−

ke
iw ||∇hiw || ||eνi || ≥ −kiwhiw p (t) ∈S, ∀t ≥ 0

hiw > 0

Proof: Lemma 2 shows that the subsystem (6) with states  and 
and  input  is  ISS;  Lemma  3  shows  that  the  subsystem  (11)  with
states  and   and  input  is  ISS;  Lemma  4  shows  that  the
subsystem consists of (4), and (9) with states  and  and inputs ,

,  and  is  ISS.  By cascade stability  analysis,  it  is  proven that  the
entire  closed-loop  subsystem consists  of  (6),  (11),  (4),  and  (9)  with
states , ,  and   and  inputs , ,  and  is  ISS.  Since

 and 

.  It  is  concluded  that ,
and . Therefore, the entire closed-loop system is input-to-state
safe. ■

kpi = 10 kωi = 10 = 1
kei = 10 kζi = 100 kαi = [1,0.5]T µiw = 20 kiw = 0.5 ρio = 2.5
ρi j = 1.5 ρdi = 5 kσi = 400 Γsi = 40 Γbi = 1 kνi = [5,5]T kσi =
[40,40]T (x9,y9,ψ9) = (8,8,π/4)
(x10,y10,ψ10) = (14,2,π/4) (x1,y1,ψ1) = (−3,8,0) (x2,y2,ψ2) = (2,2,
π/6) (x3,y3,ψ3) =(8,−5,0) (x4,y4,ψ4) = (14,8,0) (x5,y5,ψ5) = (10,
15,0) (x6,y6,ψ6) =(15,−4,π/4) (x7,y7,ψ7) = (2,12,0) (x8,y8,ψ8) =
(10,−10,0) [x1o,y1o]T= [30,23]T [x2o,y2o]T= [40,19]T [xd1,yd1]T=

[−9,−3]T [xd2,yd2]T= [−6,−6]T [xd3,yd3]T = [−3,−9]T [xd4,yd4]T =

[13,13]T [xd5,yd5]T = [10,16]T [xd6,yd6]T =[16,10]T [xd7,yd7]T =
[1,7]T [xd8,yd8]T = [10,−2]T

Simulations: The  model  parameters  of  the  USVs  are  taken  from
[19]. The control parameters are chosen as: , ,  c ,

, , , , , ,
, , , , , , and 
,  The  initial  states  are  chosen  as: ,

, , 
, , , 
, , , 

,  ,  , 
, ,  ,  
, , , 

,  and . Fig. 3  shows the  communication
topology among the follower USVs and targets.
 

Target 1

Target 2

3

1

2

6

48

57

 
Fig. 3. Communication topology.
 

Simulation  results  are  given  in Figs. 4−6.  Fig. 4  shows  that  the
eight  follower  USVs  can  track  two  targets  under  two  stationary
obstacles. Fig.5  shows  that  the  estimation  performance  of  the
DCESO. Fig. 6 shows the tracking errors.

Conclusions: This letter addresses the problem of multiple targets
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Fig. 4. Safety-critical model-free control performance.
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tracking  of  USVs  in  the  presence  of  multiple  stationary/moving
obstacles, in addition to completely unknown kinetics. A DCESO is
designed to  estimate  the convex hull  formed by the multi-target.  At
the  kinematic  level,  a  collision-free  kinematic  guidance  law  is
designed for each follower USV based on a CBF and an ESO. At the
kinetic level, a model-free position tracking control law based on an
AESO is proposed for each follower USV. Simulations are provided
to  illustrate  the  efficacy  of  the  proposed  safety-critical  model-free
control method for USVs.
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Fig. 5. Estimation performance of the DCESO.
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Fig. 6. Tracking errors.
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