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ABSTRACT 

This paper is concerned with the formation control problem of multiple underactuated surface vessels moving in a 

leader-follower formation. The formation is achieved by the follower to track a virtual target defined relative to the 

leader. A robust adaptive target tracking law is proposed by using neural network and backstepping techniques. The 

advantage of the proposed control scheme is that the uncertain nonlinear dynamics caused by Coriolis/centripetal forces, 

nonlinear damping, unmodeled hydrodynamics and disturbances from the environment can be compensated by on line 

learning. Based on Lyapunov analysis, the proposed controller guarantees the tracking errors converge to a small 

neighborhood of the origin. Simulation results demonstrate the effectiveness of the control strategy. 
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1. Introduction 

The last decade has witnessed the widespread interest in formation control of multiple vehicles 

from control community. This is partially due to the fact that there is an increasing need for utilizing 

multiple vehicles to operate effectively as a team, where it contributes to enhanced efficiency, reduced 

system cost and increased robustness towards individual failures. Relevant applications arising in the 

marine industry include automatic ocean exploration, environmental monitoring, towing of large 

structures, surveillance of territorial waters, and so on. To achieve a desired formation, various control 

schemes have been proposed, which include leader-follower strategy (Wang, 1991), virtual structure 

method (Beard et al., 2001), behavioral approach (Balch and Arkin, 1999), and artificial potential 

function (Leonard and Fiorelli, 2001). Most studies investigating the formation control usually use one 

or more of these approaches in either a centralized or distributed manner. 

Among these control schemes mentioned above, the leader-follower strategy seems to be much 

preferred due to its simplicity and scalability. During the past decade, the marine control community 

has focused on the formation control. Most of works appeared to have been done within the 

leader-follower framework. The leader-follower formation control involves the control of each vehicle 
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to follow a predefined path, which can be seen in the references (Skjetne et al., 2002; Børhaug et al., 

2006; Ihle et al., 2006; Aguiar et al., 2006; Almeida et al., 2007), or to track a desired location relative 

to a reference point (Fahimi, 2006; Breivik et al., 2008b; Cui et al., 2010). As a consequence, the 

coordinated path following and coordinated target tracking problems have attracted great attention 

(Aguiar et al., 2009; Breivik, 2010). As for the coordinated path following, a fleet of vehicles is 

required to track a series of pre-defined spatial paths, while holding a desired formation pattern at a 

desired speed (Aguiar et al., 2009). Skjetne et al. (2002) studied the coordinated path following 

problem of marine craft, where vectorial backstepping is used to solve the geometric task and dynamic 

task. Ihle et al. (2006) studied the synchronized path following problem of marine craft, where the 

individual systems are controlled by a path-following design and the path variables are synchronized 

by using a passivity-based synchronization algorithm. Aguiar et al. (2006) studied the cooperative path 

following of underwater vehicles, where the Lyapunov-based technique and graph theory are brought 

together to yield a decentralized formation control structure. Almeida et al. (2007) studied the 

coordinated path following problem of multiple vehicles with discrete periodic communication. In the 

coordinated path following, however, the formation heavily depends on the priori knowledge of the 

predefined path. Once the mission is changed and something unexpected happens, the path must be 

redesigned. As an alternative, the target tracking scheme seems to offer greater flexibility and 

scalability over the path following by defining some virtual points for the followers to track. Breivik et 

al. (2008b) considered the straight line target tracking problem of unmanned surface vehicles. The 

motion control system employs a guidance principle originally developed for intercepting missiles, as 

well as a novel velocity controller inspired by maneuverability and agility concepts found in fighter 

aircraft literature. Cui et al. (2010) studied the leader-follower target tracking problem of underactuated 

autonomous underwater vehicle, where a virtual vehicle is constructed such that its trajectory 

converges to the reference point. Based on backstepping synthesis, an adaptive position tracking law is 

designed for the follower to track the virtual vehicle. 

It is noticed that most studies aforementioned above typically used some variants of the model by 

Fossen (2002), assuming that the model parameters are either perfectly known or known with a small 

degree of uncertainty (Skjetne et al., 2002; Ihle et al., 2006; Almeida et al., 2007). In practice, it is 

quite difficult to obtain the model parameter accurately, especially with regard to the hydrodynamic 

damping matrix. The presence of the modeling errors, in the form of parametric and function 

uncertainties, unmodeled hydrodynamic and disturbances from the environment, is a common 

problem. Neural network (NN) as one of the universal approximators has been demonstrated very 

useful to handle the uncertain dynamics in several studies (Polycarpou, 1996; Lewis et al., 1996; 

Zhang et al., 1999; Hovakimyan et al., 2002; Wang and Huang, 2002, 2005; Wang, 2010; Chen et al., 

2010). The rigorous proofs of convergence, stability and performance can be found in Polycarpou 

(1996) and Lewis et al. (1996), which are well known. NNs are introduced to deal with the uncertain 

dynamics in formation control system and can be found in Chen and Li (2008), Dierks and 

Jagannathan (2010), Cui et al. (2010), and Peng et al. (2011a and 2011b). However, neural adaptive 

control has not been fully explored for the control of marine surface vessel. The trajectory tracking 

problem for fully-actuated ocean vessel is considered in Tee and Ge (2007), where radial basic 
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function (RBF) NN is employed to handle both unknown uncertainties and time-varying disturbance. 

The focus of this research, however, is on the formation control of multiple underactuated vessels 

rather than the trajectory tracking control for fully-actuated vehicle as in Tee and Ge (2007).  

In this paper, we consider the leader-follower formation control problem of underactuated surface 

vessels (USV) in the presence of unknown nonlinear dynamics and disturbances from the environment. 

Motivated by the pure pursuit guidance developed for intercepting missiles described in Breivik et al. 

(2008a) and the control development for the point-to-point navigation of underactuated ships in Li et 

al. (2008), a pure-pursuit target tracking control scheme is proposed to achieve a leader-follower 

formation. The formation is performed by the follower to intercept a virtual target defined relative to 

the leader. The robust adaptive formation tracking law is developed by utilizing neural network and 

backstepping techniques. Compared with the existing results, the proposed control law takes the 

following advantages: first, the proposed controller is universal and model-independent, while the 

formation controllers in Skjetne et al. (2002), Ihle et al. (2006), Almeida et al. (2007), and Breivik et 

al. (2008a) depend on the accurate model of the vessel, which is unavailable in practice; second, the 

nonlinear dynamics caused by Coriolis/centripetal force, nonlinear damping, unmodeled hydrodynamics 

and disturbances from the environment can be compensated by on line learning; third, the developed 

control law avoids the singularity problem appearing in Li et al. (2008). In addition, the linear- 

in-parameters assumption in the study is also removed.  

This paper is organized as follows: Section 2 introduces the problem formulation and summarizes 

some preliminaries. Section 3 presents the formation tracking control design. Section 4 gives the 

simulation results. Section 5 concludes this paper. 

2. Problem Formulation and Preliminaries 

2.1 Vessel Model 
Consider a group of N  USVs, each of which is governed by following dynamics found in 

Fossen (2002) with kinematics 

( )i i iη J ν , (1) 

and kinetics 

( ) ( ) ( , ) ( )i i i i i i i i i i i i i t    M ν C ν ν D ν ν Δ ν η τ w , (2) 

where 
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T 3[ , , ]i i i ix y  η  is the position and heading in the earth-fixed reference frame; 
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T 3[ , , ]i i i iu r ν  is the velocity vector in the body-fixed reference frame; T 3[ , 0, ]i iu ir  τ  is 

the control input vector with iu  (the surge force) and ir  (the yaw moment); T 3[ , , ]i iu i irw w w w  

a vector of the time-varying disturbances induced by wind, wave and ocean current. 3( , )i i i Δ ν η  

denotes the unmodeled hydrodynamics; 3 3

i

M , 3 3( )i

C ν , and 3 3( )i i

D ν  denote the 

inertia matrix, Coriolis/centripetal matrix, hydrodynamic damping matrix, respectively; 

By choosing appropriate body-fixed frame origin as in Do and Pan (2006), the vehicle dynamics 

in Eqs. (1) and (2) can be written as: 

cos( ) sin( )i i i i ix u     ; (3) 

sin( ) cos( )i i i i iy u     ; (4) 

i ir  ; (5) 

 1

11 13 11( ) ( ) ( , ) ( )i i i i i i i i u i i iu iuu m c r d u w t           ; (6) 

 1

22 23 22 23( ) ( ) ( ) ( , ) ( )i i i i i i i i i i i i i im c r d d r w t              ; (7) 
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33 31 32 32 33( ) ( ) ( ) ( ) ( , ) ( )i i i i i i i i i i i i i r i i ir irm c u c d d r w t                 . (8) 

2.2 Target Tracking 
Let 2( )d ds q  be the position of the leader and T 2: [ , ]id id idx y q  be the position of the 

virtual target. Then, the position of the virtual target can be calculated as: 

( ) ( )
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where 2

i l  is a constant vector and 2 2( )s R  is a transform matrix with s  (the heading 

angle of the leader).

 

 
 
 
 
 

Fig. 1. Target tracking.

As illustrated in Fig. 1, to achieve the target-tracking of the virtual point
 idq , define a distant 

tracking error: 
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2 2

ie ie iez x y  ; (10) 

and a yaw tracking error:
 

ie id i    ; (11) 

where ie id ix x x  , ie id iy y y  , arctan 2( , )id ie iey x  ; id  denotes the desired angle of the 

follower relative to the target. 

The control objective is to propose a control scheme for the i-th USV with dynamics in Eqs. (1) 

and (2), to intercept the virtual target idq  in Eq. (9), such that the tracking errors  ie and iez  in Eqs. 

(10) and (11) are guaranteed to be semi-globally uniformly ultimately bounded (SUUB). 

2.3 Preliminaries 
In the sequel, we will make use of universal approximation property of a feedforward NN to 

estimate the uncertain dynamics in Eq. (2). A single hidden layer (SHL) NN with kx  as the input and 

iy  the output is an input-output mapping defined as follows: 

2 1

1 2( 1) ( 1) 3 2 1
1 1

, ( 1,..., , 1,..., , 1,..., )
N N

i ir r rk k r N i N
r k

y w x w i N r N k N    
 

        
   

  , (12) 

where rk  is called the weight from the input neuron i  to hidden neuron r ; 
1( 1)r N   is the bias term 

of the hidden neuron r ; irw  is the weight from the hidden neuron r  to the output iy ; 
2( 1)i Nw   is 

the bias term to output iy ; 2N  is the number of hidden neurons; r  is the activation function of the 

neuron. The common activation functions include sigmoid function and hyper-tangent function. For 

convenience, we will express the input-output mapping of NN as follows: 

1

T T

1( ,..., ) ( )Nx x F W σ V ξ , (13) 

where 
1

T

1[ , ..., , 1] ,Nx xξ  W  is a vector consisting of all irw , 
21[1, , ..., ]N σ  is a vector 

consisting of all r  and V  is a matrix with its r-th column given by rV , where 

1 1

T

1 ( 1)[ , ..., , ]r r N r N r   V . 

The universal approximation theorem in Hornik (1991) claims that, given a continuous 

real-valued function 3: Nf x  with a compact set 1Nx , and for any 0M  , there exist an 

ideal weight matrix W  and ideal weight matrix V  such that 
T T( ) ( ) ( )f x  W σ V ξ ε ξ , (14) 

where ( ) Mε ξ . 

Let ˆ ˆandW V  be the estimates of the ideal weight W  and V ; then, the estimation errors for 

the NN weights can be described as: 

ˆ ˆand W = W W V = V V  . (15) 

Let the hidden-layer output error for a given ξ  be 
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T Tˆˆ ( ) ( ).   σ σ σ σ V ξ σ V ξ  (16) 

Then, the function approximation error can be expressed by: 
T T T T T T T Tˆ ˆ ˆ ˆˆ ˆ ˆ( ) ( ) ( )     W σ V ξ W σ V ξ W σ σ V ξ W σ V ξ d  , (17) 
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    ; (18) 

and the residual term d  is given by 
T T T T 2 T T T T Tˆ ˆ ˆˆ ˆ ˆ ˆ( ) ( )O        d W σ V ξ W V ξ W σ σ W σ V ξ W σ V ξ  . (19) 

For the sigmoid activation function and 3 1N  , we have 

T T

1
ˆ ˆˆ ˆ| | | |

F F
   d V ξW σ W σ V ξ W . (20) 

3. Target Tracking Design 

The control design follows two steps. At first, a neural yaw controller is developed to stabilize the 

ie  dynamics; then, a neural surge controller is designed to stabilize the iez  dynamics by employing 

backstepping. The stability of the entire closed-loop system will be analyzed in subsection 3.3. 

To move on, the following assumptions are needed: 

Assumption 1: The disturbances ( )iuw t , ( )iw t  and ( )irw t are bounded and there exist positive 

constants iuMw , ivMw  and irMw  such that | ( ) |iu iuMw t w , | ( ) |iv ivMw t w , and | ( ) |ir irMw t w . 

Definition 1: (Li et al., 2008) 

Consider a system 1( )ix f d X , where T

1[ , ..., , ..., ]i nx x xX , : nf    is a function and 1d  

is a disturbance term. For all bounded ,  jx j i  and 1d , if there exists a scalar function 

1( )iV x C such that 

a) ( )iV x  is globally positive definite and further radically unbounded; 

b) ( ) 0iV x   if ix b , where b is a positive constant and its magnitude is related to the bounds 

of ,  jx j i  and 1d ; then, the variable ix  is passive-bounded. 

Assumptions 2: Assume that the sway velocity i  is passive-bounded. 

Remark 1: Passive-boundness of sway dynamics has been systematically analyzed by considering 

different cases in Li et al. (2008). This assumption is highly realistic since in practice the 

hydrodynamics damping force dominates in the sway direction and the sway speed is damped out by 

the force. Following Li et al. (2008), we make the same assumption on the sway dynamics. 
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3.1 Yaw Control 
Taking the time derivative of ie  twice and using Eqs. (5) and (8), we have 




1
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33 ( ) Δ ( , )i i i r i i ir id r w       , (21) 

where
 

1

32 22i i i i irw m m w w 
  . Since iw  and irw  are bounded, there exists a constant i Mw  such that

 
| i i Mw w | . 

Introduce a filtered error state 

: .ie ie ie     (22) 

Then, the time derivative of Eq. (22) with Eq. (21) can be written as: 

33 1 ( )i ie i ir im f w     , (23) 

where 

 1

1 33 32 22 23 22 23( ) ( ) ( )( ) ( ) Δ ,i i id i i i i i i i i i i i v i if m m m c r d d r             

31 32 32 33 33( ) ( ) ( ) ( ) Δ ( , )i i i i i i i i i i i i r i i i iec u c d d r m              . (24) 

Note that 1 ( )if   is an unknown function; thus, a SHL NN is used to approximate it as follows: 

T T

1 1 1 1 1( ) ( )i i i i if   W σ V ξ , (25) 

where T T T 10

1 [ , , , , , 1]i i i id id id   ξ η ν   ; 1i  is a approximation error satisfying 1 1i i M   with 

1i M  a positive constant. 

To cancel out the uncertain dynamics
 1 ( )if  , an adaptive term, denoted by

 1
ˆ ( )if  , is introduced in 

the yaw control, which takes the form of 
T T

1 1 1 1
ˆ ˆ ˆ( ) ( )i i i if  W σ V ξ . (26) 

Choose a yaw controller 
T T

1 1 1 1 1 1
ˆ ˆ( ) ( )ir i i e i i ik h   W σ V ξ  (27) 

with adaptive laws 

1 1

T

1 1 1 1
ˆ ˆ ˆˆ ˆ[( ) ];

i ii i i ie ik   W WW σ σ V ξ W


 

1 1

T

1 1 1 1
ˆ ˆ ˆˆ[ ].

i ii i ie i ik   V VV ξ W σ V


 (28) 

where  2 2
T T

1 4 1 1 1 1
ˆ ˆˆ ˆ 1i i i i i i

F
h k    ξ W σ σ V ξ , 

1 1 1 1
0, 0, 0, 0and

i i i i
k k    W V W V . 

Next, we are ready to get the closed-loop subsystem in the yaw direction. Substituting the control 

law Eq. (27) into Eq. (23) yields 

33 1 1( )i ie i i ie im f k w      , (29) 

where the function estimation error 1( )if   is given by 
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T T T T

1 1 1 1 1 1 1 1 1 1
ˆ ˆ ˆ( ) ( ) ( ) ( ) ( )i i i i i i i i i if f f        W σ V ξ W σ V ξ . (30) 

From Eq. (17), one can obtain 
T T T T

33 1 1 1 1 1 1 1 1 1 1
ˆ ˆˆ ˆ ˆ( ) ( )i ie i i i i i i i i i i ie im d k h w           W σ σ V ξ W σ V ξ  , (31) 

where 1 1 1
ˆ

i i i W W W , and 1 1 1
ˆ

i i i V V V . 

3.2 Surge Control 
The surge controller is developed by employing the backstepping technique. At first, a virtual 

control iu  is designed to stabilize iez . Next, the surge force iu  is designed to stabilize the surge 

dynamics. 

Step I: Taking the time derivative of iez  and recalling Eq. (10), we have 

2
2cos sin 2 sin sinie

ie id id id id i i i iez x y u u         . (32) 

Let ie iu iu u  , such that Eq. (32) becomes 

2cos sin sin 2
2

sin ie
ie id id id id i ie i ie iuz x y u u


           . (33) 

To stabilize iez , choose a virtual control law 

2

3 ( ) cos sin sin 2 si n
2

ie
iu i ie i id id id id i ie ik z x y u


            , (34) 

where 3 0ik  . 0i   is used to avoid the sensitivity to calculate id . Similar approach can be 

found in Cui et al. (2010). 

Consider a scalar positive function 

2

1

1

2i ieL z , (35) 

where ie ie iz z   . Taking the time derivative of 1iL , we have 

2

1 ( cos sin s in 2 )
2

sin ie
i ie id id id id i ie i ie iuL z x y u u


             (36) 

It follows from Eq. (34) that 1iL  can be written by 

2

1 3 i i ie ie ieL k z z u   . (37) 

Step II: Taking the time derivative of
 ieu , we have 

11 11 13 11( ) ( ) ( , ) ( )i ie i iu i i i i i i u i i iu ium u m c r d u w            . (38) 

Consider another scalar positive function 

2

2 1 11

1

2i i i ieL L m u  , (39) 

whose time derivative along Eq. (38) is 
2

2 3 2[ ( )] ) (i i ie ie i iu iuL k z u f w      , (40) 

where 2 11 13 11( ) ( ) ( ) ( , ) .i i iu i i i i i i u i i ief m c r d u z            

As 2 ( )if   is an unknown function, similarly, a SHL NN is used to approximate it as follows: 
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T T

2 2 2 2 2( ) ( )i i i i if   W σ V ξ , (41) 

where T 0

2

1T T[ , , , , , 1]i i i id ie iuz  ξ η ν  ; 2i is an approximation error satisfying 2 2i i M   with 

2i M  a positive constant. 

Similar to Eq. (26), an adaptive term 2
ˆ ( )if   is introduced to estimate the uncertain nonlinear 

dynamics 2 ( )if  , which takes the form of 

T T

2 2 2 2
ˆ ˆ ˆ( ) ( )i i i if  W σ V ξ . (42) 

Now, select a surge controller as 
T T

2 2 2 2 2
ˆ ( ˆ( ) )iu i i ie i i ik h u   W σ V ξ  (43) 

with adaptive laws 

2 2

T

2 2 2 2
ˆ ˆ ˆˆ ˆ[( ) ];

i ii W i i ie W iu k   W σ σ V ξ W


 

2 2

T

2 2 2 2
ˆ ˆ ˆˆ[ ].

i ii V i ie i V iu k  V ξ W σ V


 (44) 

where  2 2
T T

2 5 2 2 2 2
ˆ ˆˆ ˆ 1i i i i i i

F
h k    ξ W σ σ V ξ ,

 2 0ik  , 
2 2 2 2

0,  0,  0,  nd 0a
i i i iW V W Vk k     . 

Substituting the control law Eq. (43) into Eq. (38), we get 

11 2 2( )i ie i i ie ium u f K u w    , (45) 

where the function estimation error 2 ( )if   satisfies 

T T T T

2 2 2 2 2 2 2 2 2 2
ˆ ˆ ˆ( ) ( ) ( ) ( ) ( )i i i i i i i i i if f f        W σ V ξ W σ V ξ . (46) 

Finally, recalling Eq. (17), we get the closed-loop surge subsystem 
T T T T

33 2 2 2 2 2 2 2 2 2 2
ˆ ˆˆ ˆ ˆ( ) ( )i ie i i i i i i i i i i ie ium u d k h u w         W σ σ V ξ W σ V ξ  , (47) 

where 2 2 2 2 2 2
ˆ ˆ, andi i i i i i    W W W V V V . 

Remark 2: Li et al. (2008) considered the point tracking of marine craft. The key differences between 

our proposed control law and the control law in Li et al. (2008) are that: first, the vehicle kinetics in Li 

et al. (2008) only contains the linearly parameterized uncertainties, i.e, the uncertain parts of the 

kinetics are in the form of T ( )θ f  where θ  is an unknown vector and ( )f  is a vector composed 

of known functions. Therefore, the adaptive control law given in Li et al. (2008) cannot be applied to 

our case where the uncertain parts 1 ( )if   and 2 ( )if  are totally unknown; second, the singularity 

problem arising in the surge controller is avoided by our proposed control law. 

3.3 Stability Analysis 
By combining the above controller design for each subsystem, the main result of this paper is 

given as follow: 

Theorem 1: Consider the leader-follower formation of N  vehicles governed by the dynamics in Eqs. 

(1) and (2), and select the control laws in Eqs. (22) (27), (34) and (43) with adaptive laws in Eqs. (28) 

and (44) to track the virtual target in Eq. (9). If Assumptions 1 and 2 are satisfied, then all the signals in 
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the closed-loop system are SUUB. 

Proof: Construct the following Lyapunov function candidate 

22 2 2 T 1 T 1

33 111 1

1
{ [ tr( )]

2
 } 

ij ij

N

i ie ie i ie ij W ij ij iji jL m z m u   
       VW W V V    , (48) 

whose time derivative with Eqs. (31), (37) and (47) is given by 
T T T T

1 1 1 1 1 1 1 1 1 11

2 T T T T

3 2 2 2 2 2 2 2 2 2 2

ˆ ˆˆ ˆ ˆ{ [ ( ) ( ) ]

ˆ ˆˆ ˆ ˆ[ ( ) ( ) ]

N

ie i i i i i i i i i i ie ii

i ie ie i i i i i i i i i i ie iu

L d h k w

k z u d k h u w

  




         

          

 W σ σ V ξ W σ V ξ

W σ σ V ξ W σ V ξ

  

 
 

2 T 1 T 1

1
ˆ ˆ[ tr( )]}

ij ijij W ij ij ijj   
  VW W V V

   . (49) 

Substituting Eqs. (28) and (44) into Eq. (49), we have 
2 2 2

1 1 1 1 3 2 21{ ( ) | || | | | ( )N

i i ie ie i ie i M i ie i i ieiL k h d B k z k h u           

2 T T

2 2 1
ˆ ˆ| || | | | B [ tr( )]}

ij ij

T

ie i ie i M ij ij ij ijju d u k k    W VW W V V  , (50) 

with 1 1i M i M i MB w   and 2 2i M i M iuMB w  . 

Using Young's inequality, the following inequalities hold 

2 2T Tˆ , 1, 2
2 2

ij ij

ij ij ij ij ij

k k
k j    W W

W W W W W  ; (51) 

2 2T ˆtr{ } , 1, 2
2 2ij ij ij ij ij FF

k k
k j    ij ijVV

V V V V V  ; (52) 

 
2 2 2

2 22 1 1 1T T 1
1 4 1 1 1 1

4

ˆ ˆˆ ˆ| || | 1
4

i i iF
ie i i ie i i i i

F
i

d k
k

 
 

    
V W W

ξ W σ σ V ξ ; (53) 

 
2 2 2

2 22 2 1 2T T 1
2 5 2 2 2 2

5

ˆ ˆˆ ˆ| || | 1
4

i i iF
ie i i ie i i i i

F
i

u d k u
k

 
    

V W W
ξ W σ σ V ξ ; (54) 

2 2

1 6 1

6

1
| | B B

4ie i M i ie i M

i

k
k

   ; 2 2

2 7 2

7

1
| | B B

4ie i M i ie i M

i

u k u
k

  . (55) 

Thus 

2 222 2

1 6 31 1

2 2 2

2 22 1
2 7

( 3) ( 5)

( )
2 2

( )
2 2 4 4

ij

ij

N

i i ie ij ij i iei j F

ij ij ij ijMF
i i ie ij ij F

i j i j

k k
L k k k z

k k B
k k u

k k

 

 

            
            

  ij

ijW V

W V
W V

V W W
W V

    

2 L    , (56) 

with 

1, ..., 1 6 3 2 7 1,2 1,21 1

max max

: min , , , min , min
( ) ( )

 ij

ij ij

i N i i i i i j j

k k
k k k k k

      
  

     
    
        

ijW V

W V

; (57) 

2 2 2

22

( 5) ( 3)

2

1 1: || ||
2 2 4 4

ij ij ij ij ijijM F
ij ij Fi

j

N

i

j

i j

k k B

k k
 

 



  
   


 
 
  


 
 

  W V V W W
W V . (58) 
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By integration of Eq. (56), it follows that 

( ) (0) exp( 2 )
2 2

L t L t
  
 

 
    

 
 (59) 

Note that L  is bounded by 
2




 as t  . Thus, the signals 1 1 2 2,  ,  ,  ,  , andie ie ie i i i iu z    W V  W V  for 

1, ...,i N  are all SUUB. Since 1 1 2 2,  ,  andi i i iW V W  V  are constants, we conclude that 

1 1 2 2
ˆ ˆ ˆ ˆ,  ,  andi i i iW V W  V  are all SUUB. By Assumption 2, we know that i  is passive-bounded. 

Therefore, all signals in closed-loop system are SUUB. The proof is complete. 

Remark 3: To improve the tracking performance, we provide the following design guidelines: (1) 

Increasing the number of the neurons will decrease the approximation bounds, which consequently 

results in a smaller tracking error. (2) From Eq. (57), it can be observed that the compact set to which 

the tracking errors converge can be deduced by increasing the control gains 1 2 3,  ,  ,  and  
ij iji i ik k k  W V . 

4. Simulation 

In this section, an example is given to illustrate the efficacy of the proposed control scheme. 

Referring to the nonlinear dynamical model of an experimental surface vessel used in Do and Pan 

(2006), the model parameters are given in Table 1. 

Table 1                       Model parameters 

Parameter Value Parameter Value 

m11 25.8 D11 12+2.5|u| 
m22 33.8 D22 17+4.5|| 
m33 2.76 D23 0.2 
m23 6.2 D32 0.5 
m32 6.2 D33 0.5+0.1|r| 

Without loss of generality, some uncertain dynamics and time-varying disturbances are introduced 

into the model, in particular,  
2 3 2 2 2 T[0.0112 0.0942 , 0.01 , 0.0257 0.0793 ]i u u r ur r     Δ ; 

T( ) [0.254cos(0.5 )sin(0.2 ) 0.196sin(0.3 )cos(0.4 ), 0.01sin(0.2 ), 0.05sin(0.9 )cos(0.2 )]t t t t t t t t w . 

In the formation setup, one vehicle is designated as the leader, another two as the followers. The 

formation is designed as T

2 [0, 2]LF  l  and T

3 [0, 2]LF l . In the simulation, T T

1 1
ˆ ˆ( )W σ V ξ  and 

T T

2 2
ˆ ˆ( )W σ V ξ  contain eight neurons, respectively, and the activation function is selected as 

 1/ 1 exp( )x  . The control parameters for the control laws in Eqs. (22), (27), (34) and (43) with the 

adaptive laws in Eqs. (28) and (44) are chosen as follows: 
11 2 32, 10, 1, 10, 100,

ii i ik k k     W  

2
10,

i
 W 1 2

1, 1,
i i

  V V 1 2 1 2 4 50.3, 0.01 and 0.02.
i i i iW W V V i ik k k k k k       

The path of the leader is generated as 1 110 10cos(0.015 ) and 10sin(0.015 ).d dx t y t    

The simulation results are shown in Figs. 2~6. Fig. 2 shows the entire formation trajectories 
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where the leader is commanded in a circular path. It can be observed that the formation is well 

established. The uncertainties in the surge and yaw direction and outputs of NNs are plotted in Figs. 3 

and 4, where we note that the uncertainties in the model are efficiently compensated by the outputs of 

NNs. Fig. 5 demonstrates the boundedness of the control actions with respect to the two followers 

respectively, and no oscillation occurred during the adaptation process. Fig. 6 shows that with the 

proposed control law, the tracking errors converge to a very small neighborhood of the origin.

 

 
 
 
 
 
 

Fig. 2. Formation trajectories in 2-D plane.

 

Fig. 3. NNs approximate the uncertainties in the yaw 
direction. 

 

Fig. 4. NNs approximate the uncertainties in the surge 
direction. 

 
Fig. 5. Control efforts. 

 
Fig. 6. Tracking errors. 
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5. Conclusions 

This paper has presented the development of a neural formation controller for multiple marine 

surface vessels in the presence of unknown nonlinear dynamics caused by Coriolis/centripetal force, 

nonlinear damping, unmodeled hydrodynamics and unknown disturbances from the environment. 

Compared with the model-based control, the NN-based scheme shows some advantages to handle 

these uncertain dynamics. The stability of the closed-loop system has been proven by using Lyapunov 

theory. Simulation results have demonstrated the efficacy of the proposed method and the learning 

ability of NN. 
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