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Abstract
Cooperative control technology has propelled the development of unmanned surface vessel and unmanned aerial vehicle (USV–UAV) systems. 
To extend their application potential in complex environments, it is essential to improve the flexibility and robustness of time-varying formation 
tracking (TFT) control for USV–UAV systems. This article proposes a distributed adaptive TFT control scheme with the output regulation 
theory, such that all vehicles can realize the expected time-varying formation while tracking multiple leaders. First, a distributed observer is 
constructed to estimate the global states of all leaders. Subsequently, an adaptive TFT controller is presented for each vehicle based on the 
output regulation framework and the estimated states of the leaders. Given the external disturbances and unknown nonlinearities, system 
robustness is effectively enhanced by introducing adaptive parameters and compensation inputs. Additionally, extra formation compensation 
terms are incorporated into the controller to ensure system adaptability to time-varying formation changes. Finally, theoretical analysis and 
numerical simulations are presented to demonstrate the effectiveness of the proposed scheme.
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1  Introduction

Surface unmanned equipment with excellent autonomy 
and adaptation, including unmanned surface vessels (USVs) 
and unmanned aerial vehicles (UAVs) (Barrera et al., 2021; 
Sendner, 2022), has remarkable value in ocean applica‐
tions, such as marine exploitation, investigation, and search 
and rescue over the past decades (Kang et al., 2020; Chang 
et al., 2021; Johansen et al., 2022). In recent years, the 
problem of UAV cooperative control has been solved 
through a number of methods, such as centralized control 
and distributed control (Ouyang et al., 2023; Yu et al., 
2022; Liu et al., 2022). Cooperative control of multiple 

USVs has captured increasing attention and has been 
widely applied in marine engineering areas (Huang et al., 
2024). To enhance the operational efficiency of maritime 
tasks, recent research has increasingly focused on USV–
UAV systems (Shao et al., 2019; Bi et al., 2024; Tian et al., 
2024). Compared to UAVs or USVs system that are com‐
posed of homogeneous platforms, such systems exhibit 
broader surveillance coverage, increased reconnaissance pre‐
cision, and greater operational flexibility.

Formation control plays a crucial role in ensuring effec‐
tive task execution for USV–UAV systems and has become 
an essential area of research (Li et al., 2023a), which 
needs to force the overall system into a presupposed for‐
mation pattern. However, compared with swarm systems 
composed of either USVs or UAVs, the strong dynamic 
differences between USVs and UAVs, such as spatial 
inconsistencies, different damping sources, and actuator 
types, pose exceptional challenges for the formation con‐
trol of the system (Gonzalez-Garcia et al., 2021). To drive 
the USV–UAV systems along the desired trajectories with 
the desired shape, the dynamics of UAVs were projected 
onto the horizontal plane, and distributed tracking control‐
lers for USVs and UAVs have been designed indepen‐
dently by Wang and Ahn (2021). Based on platform group‐
ing, the time-varying formation tracking (TFT) control 
issue was effectively resolved with guiding and program‐
ming algorithms (Li et al., 2022a; 2022b; 2022c). To fur‐
ther simplify the control structure and enhance the flexibil‐
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ity of USV – UAV system collaboration, virtual USVs and 
UAVs were introduced to program reference routes (Li 
et al., 2023b). However, the controllers depended on the 
guidance and planning procedure, which imposes restric‐
tions on the number of vehicles and the formation shape of 
the system. For this issue, a distributed formation control 
with a UAV as the leader center was proposed by Liu et al. 
(2023). The aforementioned research yielded positive out‐
comes in coordinated control and proposed novel methods 
for USV–UAV system control.

Fortunately, despite the challenge of matching the inter‐
nal states of each member in heterogeneous systems, the 
outputs are often identical (Dong and Hu, 2017). On this 
basis, output regulation theory was widely applied to deal 
with the cooperative control problems of full heteroge‐
neous linear systems (Zhang et al., 2019; Hua et al., 2019; 
Jiang et al., 2022), which unifies the control law design for 
different members with regulatory equations. To enhance 
control performance under external disturbances, a distrib‐
uted proportional–integral control law is proposed for het‐
erogeneous systems by Lv et al. (2018) and Xu et al. 
(2019). Nevertheless, the aforementioned solutions primar‐
ily focus on traditional linear agents, and the USV–UAV 
systems exhibit strong nonlinear characteristics, which 
makes cooperative control for heterogeneous systems chal‐
lenging (Du et al., 2020). In addition, the dynamic model 
parameters of USVs and UAVs are difficult to fetch in 
practical scenarios (Qin et al., 2022; Khalid et al., 2023), 
which further exacerbates the difficulty in designing a con‐
troller with the output regulation theory for USV–UAV 
systems. In light of this situation, universal approximation 
systems, such as fuzzy systems (Bounemeur et al., 2019; 
Bounemeur and Chemachema, 2025; Chen et al., 2020), 
have been widely adopted in the control of nonlinear sys‐
tems. However, fuzzy control relies on expert knowledge 
for rule design (Bounemeur and Chemachema, 2021). The 
strong coupling of the system and disturbances caused by 
the complicated external environment considerably limits 
the applicability of fuzzy logic for USV–UAV systems. 
Therefore, methods to solve the TFT robust control prob‐
lem for USV–UAV systems under uncertain external dis‐
turbances need to be investigated.

Motivated by the aforementioned discussions and analy‐
sis, this article focuses on developing a unified scheme of 
TFT control for USV–UAV systems subject to external dis‐
turbance with the output regulation theory. The heteroge‐
neous system can achieve the target time-varying forma‐
tion along the trajectories of multiple leaders. First, a dis‐
tributed observer is developed for each vehicle to estimate 
the states of all leaders. Furthermore, an adaptive TFT reg‐
ulation control structure is developed. Through dynamic 
transformation, the regulation control scheme is applied to 
the USV–UAV system effectively. The main striking supe‐
riorities of this paper are described as follows:

1) Different from the existing control methods of USV–
UAV systems (Li et al., 2022a; 2022b; Li et al., 2023b), 
the proposed approach provides a unified control law 
design method for heterogeneous vehicles, where the 
tedious coordinated guidance procedure is not required any‐
more, which simplifies the control structure to some extent. 
Compared with the existing output regulation methods 
(Zhang et al., 2019; Jiang et al., 2022), adaptive compensa‐
tions are introduced to deal with the time-varying forma‐
tion and mitigate the effects of nonlinearities and unknown 
external disturbances. In this way, the control schemes can 
adapt to a wide range of engineering scenarios.

2) The proposed observer enables each node to acquire 
the global states of the reference center, which are deter‐
mined by the time-varying positions of the leaders. More‐
over, with the combination of the observer and the output 
regulation controller, this control structure avoids platform-
specific grouping for TFT (Li et al., 2022c; Liu et al., 
2023). Thus, this control structure balances the roles of 
USVs and UAVs within the system, facilitating the flexi‐
ble configuration of time-varying formations.

This paper is organized as follows: Section 2 provides 
the control problem formulation and some preliminaries. 
Section 3 discusses the main results of the adaptive TFT 
regulation controller for the USV– UAV system and pres‐
ents the proof process in detail. Section 4 showcases the 
simulation results to illustrate the validity and advantages of 
the control scheme. Finally, Section 5 concludes this paper.

Variables and formulas
Throughout this paper, let Rn × m represent a real matrix 

with n × m dimension and the operator ⊗ represent the 
Kronecker product. 1N and 0N are applied to denote a col‐
umn vector consisting of the elements 1 and 0 with size N, 
respectively. In represents an identity matrix with dimen‐
sion n. A diagonal matrix is symbolized as diag{ }⋅ . Let R >
0 denote a positive definite matrix, and λmax(R) and λmin(R) 
are used to represent the maximum and minimum eigen‐
values of this matrix, respectively. Let the superscript T 
represent the transpose of a matrix, and  ⋅  denote the 
Euclidean norm. The hyperbolic tangent function of x =

[ x1, x2, …, xn ]
T ∈ Rn is expressed as tanh ( x ) = [ tanh ( x1 ),

]tanh (x2 ), …, tanh (xn )
T
. The function linespace (α1, α2, β ) 

is used to generate an equally spaced vector, where α1 is 
the upper bound, α2 is the lower bound, and β is the interval.

2  Preliminaries and problem formulation

2.1  Graph theory

This paper considers a TFT system with M agents marked 
from 1 to M and N virtual leaders marked from M + 1 to 
M + N. A graph G = {Q, E, W} is applied to describe the 
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interactive relationship within the system, where Q =

{q1, q2, …, }qM, …, qM + N  is the node set and E ⊆ { |( )qi, qj qi,

}qj ∈ Q, i ≠ j  is the edge set. Let eij = ( )qi, qj  denote the 

directed edge from qi to qj, and qi is called a neighbor of 
qj. The overall neighbors of qi are defined by the neighbor 

set Ni = { |qj ∈ Q eji ∈ E}. W = [ ]wij ∈ R( M + N ) × ( M + N ) denotes

 the adjacency matrix, and the adjacency element of W sat‐
isfies wij > 0 if and only if eji ∈ E, and wij = 0 otherwise. 
If eij ∈ E implies eji ∈ E and wij = wji, then the graph G is 
said to be undirected. An undirected graph is connected if 
there is a path between any two nodes. The Laplacian matrix 
of G is defined as L = D − W, where D is diagonal with di =

∑
j = 1

N + M

wij, i ∈ Q. Based on the leader–follower structure, the 

M agents within the system are defined as followers. Let 
ϒF = {1, 2, …, M } and ϒL = {M + 1, M + 2, …, M + N} 
represent the follower and leader subscript sets, respectively.

Assumption 1. The interaction topology among the 
USVs and UAVs is undirected and connected. In addition, 
the follower system can receive messages from each leader, 

which indicates that ∑
i = 1

M

wij > 0 is satisfied for the leader 

j ( j ∈ ϒL ).
Remark 1. Given the difference in mission payload and 

communication status, only a part of the agents within the 
USV–UAV system can obtain external information, such 
as the states of the leaders. However, USVs and UAVs can 
realize effective information exchange through short-dis‐
tance communication networks. Therefore, Assumption 1 
is reasonable and necessary for USV–UAV systems.

2.2  Mathematical modeling of the USV–UAV 
system

Consider a USV–UAV system composed of ns underac‐
tuated USVs and M − ns quadrotor UAVs. For convenience, 
the models of USVs and UAVs in the system are described 
under two Cartesian coordinate frames (the earth-fixed frame 
OE XEYEZE and the body-fixed frame Ob XbYbZb) as shown 
in Figure 1.

By referring to Wu et al. (2023), the kinematics of the 
underactuated USV i in the horizontal plane can be repre‐
sented as follows:

ì

í

î

ïïïï

ïïïï

ẋs, i = us, i cos φs, i − vs, i sin φs, i

ẏs, i = us, i sin φs, i + vs, i cos φs, i

φ̇s, i = rs, i

(1)

where i = 1, …, ns is the label of each USV. Let ηs, i =

[ ]xs, i, ys, i, φs, i  denote the state vector with the position 

( )xs, i, ys, i  and the yaw angle φs, i of the USV in the naviga‐

tion frame. xs, i = [ ]us, i, vs, i, rs, i  represents the velocity vec‐

tor containing the linear velocities and yaw angular rate in 
the body-fixed frame. Given the external disturbances, the 
dynamic model of the USV can be expressed as follows:

ì

í

î

ï
ïï
ï
ï
ï

ï
ïï
ï
ï
ï

u̇s, i = ( )m22, ivs, irs, i − d11, iui + fi + dx, i m11, i

v̇s, i = ( )−m11, ius, irs, i − d22, ivs, i + dy, i m22, i

ṙs, i = ( )( )m11, i − m22, i us, ivs, i − d33, irs, i + Ti + dφ, i m33, i

(2)

where m11, i, m22, i, and m33, i are the inertia and added masses 
of the USV and d11, i, d22, i, and d33, i are the hydrodynamic 
damping parameters. Moreover, fi /Ti denotes the control 

force/torque for surge/yaw motion and [dx, i, dy, i, dφ, i ]
T

 rep‐

resents the unknown external disturbances.
The simplified schematic of the quadrotor UAV i (i =

ns + 1, ns + 2, …, M ) with cruciform structure in the for‐

mation is presented in Figure 1. The specific position and 

Euler angles are denoted by χa, i = [ xa, i, ya, i, za, i ]
T
 and ka, i =

[ϕa, i, ]θa, i, φa, i

T
, respectively. Following Song et al. (2018), 

the nonsimplified dynamic model can be expressed as 
follows:

ì

í

î

ï

ï

ï

ï

ï

ï
ïï
ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï
ïïï
ï

ï

ï

ï

ï

ẍa, i = ( )sin ϕa, i sin φa, i + cos ϕa, i sin θa, i cos φa, i u1, i ma, i −
ζx, i ẋa, i ma, i + d1, i

ÿa, i = ( )cos ϕa, i sin θa, i sin φa, i − sin ϕa, i cos φa, i u1, i ma, i −
ζy, i ẏa, i ma, i + d2, i

z̈a, i = ( )cos θa, i cos ϕa, i u1, i ma, i − g − ζz, i ża, i ma, i + d3, i

ϕ̈a, i = u2, i Ix, i + θ̇a, iφ̇a, i( )Iy, i − Iz, i Ix, i − ζϕ, iϕ̇a, i + d4, i

θ̈a, i = u3, i Iy, i + ϕ̇a, iφ̇a, i( )Iz, i − Ix, i Iy, i − ζθ, iθ̇a, i + d5, i

φ̈a, i = u4, i Iz, i + ϕ̇a, iθ̇a, i( )Ix, i − Iy, i Iz, i − ζφ, iφ̇a, i + d6, i

(3)

Figure 1　Reference frames of the USV–UAV system
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where ma, i is the mass of the UAV, g is the gravitational 
acceleration; Ix, i, Iy, i, and Iz, i represent the inertia coeffi‐
cients, and ζk, i, (k = x, y, z, ϕ, θ, φ) denotes the aerodynamic 

coefficient. In addition, uk, i (k = 1, 2, 3, 4) and dz, i ( z =

1, 2, …, 6) represent the control inputs and environmental 

disturbances, respectively. The following assumption for 
external disturbances is employed in this paper.

Assumption 2. The unknown external disturbances of 
the USVs and UAVs are bounded and satisfy  dk, i ≤
d̄s, k (k = x, y, φ) and  dz, i ≤ d̄a, z ( z = 1, 2, …, 6), where 

d̄s, k and d̄a, z are unknown positive constants.
To simplify the TFT problem of USV–UAV systems, 

multiple linear virtual leaders are introduced. The dynamic 
of the leader j is described as follows:

ì
í
î

ν̇j ( t ) = Sνj ( t )

pj ( t ) = Fνj ( t )
(4)

where νj ( t ) ∈ RnL and pj ( t ) ∈ R2 represent the global state 
and position output, respectively. S and F are the known 
constant matrices for all virtual leaders, which determine 
the movement of the leaders.

Remark 2. Marine environmental activities, such as wind 
and waves, always change with finite energies (Yu et al., 
2022; Qin et al., 2022); thus, it is reasonable to set the 
external disturbances of agents as Assumption 2. The linear 
leaders are widely used in output regulation issues (Zhang 
et al., 2019; Hua et al., 2019; Jiang et al., 2022). Alterna‐
tively, the leaders are just employed to guide the USVs 
and UAVs to move along the expected trajectory in this 
paper. Based on these two points, the leaders are modeled 
in Equation (4). By adjusting the matrix S, the navigation 
trajectory of the USV–UAV system can be effectively set.

2.3  Control objective

Considering the difference between USV and UAV in 
internal states or control characteristics, we focus on the 
position control of each agent. The objective of this paper 
is to design an adaptive controller for a USV–UAV system 
to track the expected time-varying formation.

The expected time-varying formation structure can be 
specified by hi ( t ) ∈ RnL that is required to be piecewise 
continuously differentiable. The target formation position 
offset Δ i ( t ) ∈ R2 is yielded as Δ i ( t ) = Fhi ( t ). It is worth 
noting that the formation structure vector has the same 
dimension as the global state of multiple virtual leaders 
based on the output regulation theory. The formation is 
only known by the corresponding agent i.

For any bounded initial state, if pi ( t ) −Δ i ( t ) −PL ( t ) → 0 
holds for every agent, the system is considered to have 
achieved the time-varying formation. pi ( t ) is the horizon‐
tal position of the agent i, Δ i ( t )is the relative formation 

position offset, and PL ( t ) is the desired trajectory deter‐
mined by multiple leaders.

Remark 3. PL ( t ) = ∑
j = M + 1

M + N

ρ j pj( )t , ( ∑
j = M + 1

M + N

ρj = 1 , ρ j > 0) 
represents the desired trajectory generated by the reference 
center of multiple leaders, which can be any point in the 
convex combination of multiple leaders with different ρ j. 
All USVs and UAVs remain at the desired position offsets 
relative to the reference center when formations are formed. 
For example, if there exists only one leader, the reference 
center represents this leader. By changing the desired for‐
mation shape and trajectories of the leaders, a more flexi‐
ble control effect can be achieved, compared to coopera‐
tive path following (Li et al., 2023b).

2.4  Related lemmas

Preceding the design of the TFT regulation control pro‐
tocol, the ensuing lemmas, which will be utilized in the 
forthcoming sections, are presented.

Lemma 1 (Godsil and Royle, 2013). For the Laplacian 
matrix of an undirected connected graph, there is a simple 
eigenvalue λ1 = 0 associated with the eigenvector 1N and 
λk > 0 (k = 2, 3, …, N ) without loss of generality.

Lemma 2 (Zhang, 2006; Schur complement). For a given 

symmetric matrix R = é
ë
êêêê ù

û
úúúúR11 R12

RT
12 R22

∈Rn × n, where R11 ∈Rr × r, 

the following conditions are equivalent:
1) R < 0;
2) R11 < 0, R22 − RT

12 R−1
11 R12 < 0;

3) R22 < 0, R11 − R12 R−1
22 RT

12 < 0.
Lemma 3 (Wu et al., 2023). For the arbitrary smooth 

function f ( x ):Rn → Rm, the radial basis function neural 
networks (RBFNN) with k neurons can be applied to 
approximate it. The network output is expressed as f ( x ) =
W TG ( x ) + ε. According to the minimum learning parame‐
ter (MLP) algorithm , the RBFNN output satisfies :

 f ( )x ≤  W T  G ( )x +  ε ≤ Γγ ( x ) + R (5)

where x ∈ Rn represents the input vector, W ∈ Rk × m denotes 
the weight matrix, and ε ∈ Rm is the approximate error. 

G ( x) = [ ]g1 ( x ) , g2 ( x ) , …, gk ( x )
T
 represents the basis 

function output vector of the hidden layer expressed as 

gj( )x = exp ( )− ( )x − cj

T( )x − cj 2ℓ 2
j ( )j = 1, 2, …, k , where 

cj ∈ Rn is the Gaussian basis function center point vector and 
ℓ j refers to the width of the basis function. For brevity, 
denote c = [c1, c2, …, ck ]. Based on the MLP algorithm, 

the maximum norms of the learning parameters are 
employed, where Γ =  W T , γ ( x ) =  G ( )x , and R is a pos‐

itive design parameter.
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3  Main results

In this section, we present the TFT control scheme for 
USV‒UAV system. The schematic diagram is illustrated in 
Figure 2. First, the redefined states of USVs and the dou‐
ble-loop control structures for UAVs are introduced to con‐
struct the unified formal like-linear models for the USV‒
UAV system. Then, a distributed observer for each agent is 
employed to estimate the states of the leaders.

Furthermore, the TFT regulation control protocol and 
adaptive laws are proposed for the USV–UAV system based 
on the output regulation theory and MLP-based RBFNN 
algorithm. Finally, it is proved that the desired time-vary‐
ing formation can be realized under external disturbances.

3.1  Model transformation

Notably, only two control inputs ( fi, Ti ) are provided for 

the USV; there is no input acting on the sway motion. Thus, 
the USV model is regarded as underactuated. To deal with 
this issue and simplify the development of the control pro‐
tocol, the redefined states are employed for USV i (i =

1, 2, …, ns ) by combining the positions and yaw as follows:

ì
í
î

px, i = xs, i + li cos φs, i

py, i = ys, i + li sin φs, i

(6)

where li is a designed parameter, and this change is a trans‐
lation of the origin in the body-fixed frame. Then, the 
dynamics of the USV i can be expressed as follows:

ì

í

î

ï

ï

ï
ïï
ï

ï

ï

ï

ï

ï
ïï
ï

ï

ï

p̈x, i = fx, i + fi cos φs, i m11, i − liTi sin φs, i m33, i +

           dx, i cos φs, i m11, i − dy, i sin φs, i m22, i −
           lidφ, i sin φs, i m33, i

p̈y, i = fy, i + fi sin φs, i m11, i + liTi cos φs, i m33, i +

           dx, i sin φs, i m11, i + dy, i cos φs, i m22, i +

           lidφ, i cos φs, i m33, i

(7)

where

fx, i = (m22, ivs, irs, i − d11, ius, i ) cos φs, i m11, i − us, irs, i sin φs, i −
          (( )− m11, ius, irs, i − d22, ivs, i m22, i )sin φs, i −
          li( )( )m11, i − m22, i us, ivs, i − d33, irs, i sin φs, i m33, i −
          vs, irs, i cos φs, i − lir

2
s, i cos φs, i

fy, i = (m22, ivs, irs, i − d11, iui ) sin φs, i m11, i + us, irs, i cos φs, i +

          ( )( )− m11, ius, irs, i − d22, ivs, i  m22, i cos φs, i +

          li( )( )m11, i − m22, i us, ivs, i − d33, irs, i cos φs, i m33, i −
          vs, irs, i sin φs, i − lir

2
s, i sin φs, i

(8)

To simplify the model, we defined the input transforma‐
tion matrix as follows:

Ωi =
é

ë

ê
êê
ê
ê
ê ù

û

ú
úú
ú
ú
úcos φs, i m11, i − li sin φs, i m33, i

sin φs, i m11, i li cos φs, i m33, i

(9)

which satisfies Ω−−1
i =

é

ë

ê
êê
ê ù

û

ú
úú
úm11, i cos φs, i m11, i sin φs, i

− m33, i sin φs, i li m33, i cos φs, i li
, 

and obtained the following expression:

é
ë
êêêê ù

û
úúúúux, i

uy, i

= Ωi
é
ë
êêêê

ù
û
úúúú

fi

Ti

(10)

Therefore, the USV model can be rewritten as follows:

ì
í
î

ïï p̈x, i = fx, i + ux, i + d1, i

p̈y, i = fy, i + uy, i + d2, i

(11)

Figure 2　Schematic of the adaptive TFT regulation control scheme
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where the redefined disturbances are described as follows:

ì

í

î

ï
ïï
ï
ï
ï

ï

ï
ïï
ï

ï

d1, i = dx, i cos φs, i m11, i − dy, i sin φs, i m22, i −
            lidφ, i sin φs, i m33, i

d2, i = dx, i sin φs, i m11, i + dy, i cos φs, i m22, i +

            lidφ, i cos φs, i m33, i

(12)

Remark 4. Based on the output redefinition, px, i and py, i 
are defined as the formation position of each USV, instead 
of xs, i and ys, i. This approach allows us to focus on the essen‐
tial formation position control. Nevertheless, an excessively 
large li may lead to unacceptable TFT control errors, whereas 
a smaller li results in control input escalation. Thus, a trade-
off is necessary for selecting li.

Given the hovering states of the UAVs, which indicate 
that the attitude angles and angular velocities are small 
enough, and u1, i ≈ mi g, if the TFT problem focuses on the 
formation position of each member within the USV–UAV 
system, then the control of the altitude and attitude of the 
UAV can be disregarded in this paper. Thus, the UAV model 
expressed in Equation (3) can be simplified as follows:

ì
í
î

ïï
ïï

ẍa, i = ux, i − ζx, i ẋa, i ma, i + d1, i

ÿa, i = uy, i − ζy, i ẏa, i ma, i + d2, i

(13)

where ux, i = ( )ϕa, i sinφa, i + θa, i cosφa, i g and uy, i = (θa, i sinφa, i −
)ϕa, i cos φa, i g are the virtual inputs for horizontal movement.

Remark 5. The UAV can be controlled with the double-
loop structure. The outer loop focuses on the position, 
whereas the inner loop ensures the desired attitude track‐
ing of the UAV body (Zain, 2011), which places high 
demands on the inner-loop response performance. In addi‐
tion, the transition of the UAV model effectively enhances 
the simplicity of the analysis. However, the simplified con‐
ditions for the hovering states constrain the values of the 
attitude and altitude of the UAV. As a consequence, the 
controllability of the UAV degrades during the altitude 
change phase, and the control effectiveness may be com‐
promised when dealing with rapidly changing formation 
configurations.

The differences in model composition and driving modes 
between different agents would compromise the design of 
the TFT control protocol. Based on the aforementioned 
operations, the relative degree and matching of the USV–
UAV system are increased considerably. Then, the forma‐
tion control model of the agent i in the USV–UAV system 
can be described as follows:

ì
í
î

ïï
ïï

μ̇i ( t ) = A iμi ( t ) + B i( )μi ( t ) + di ( t ) + fi ( t )

pi ( t ) = C iμi ( t )
(14)

where μi ( t ), pi ( t ), ui ( t ), di ( t ), and fi ( t ) are the reference 
state, output vector, virtual control input, disturbance input, 
and nonlinear uncertain term, respectively. Given that the 
TFT problem focuses on the position of each member, the 
position vectors have the same dimension. The TFT con‐
trol model of the USV–UAV system can be described con‐
cretely. For the USV i (i = 1, 2, …, ns ),

μi( )t = [ px, i( )t , ṗx, i( )t , py, i( )t , ṗy, i( )t ]T

pi( )t = [ px, i( )t , py, i( )t ]T

ui( )t = [ux, i( )t , uy, i( )t ]T

di( )t = [d1, i( )t , d2, i( )t ]T

fi( )t = [ fx, i( )t ,  fy, i( )t ]T

A i = I2 ⊗ é
ë
êêêê ù

û
úúúú1 0

0 0

B i = I2 ⊗ é
ë
êêêê ù

û
úúúú0

1

C i = I2 ⊗ [1 0 ]

(15)

For the UAV i (i = ns + 1, ns + 2, …, M ),

μi ( t ) = [ xa, i( )t , ẋa, i( )t , ya, i( )t , ẏa, i( )t ]T

pi( )t = [ xa, i( )t , ya, i( )t ]T

ui ( t ) = [ ]ux, i( )t , uy, i( )t
T

di( )t = [ ]d1, i( )t , d2, i( )t T

fi( )t = 0

A i =

é

ë

ê

ê

ê

ê
êê
ê

ê

ê

ê ù

û

ú

ú

ú

ú
úú
ú

ú

ú

ú0 1 0 0
0 − ζx, i ma, i 0 0

0 0 0 1
0 0 0 − ζy, i ẏa, i ma, i

B i = I2 ⊗ é
ë
êêêê ù

û
úúúú0

1

C i = I2 ⊗ [ ]1 0

(16)

Notably, the matrix Bi of each agent is a full column 
rank, such that there exists matrices B1, i ∈ R2 × 4 and 
B2, i ∈ R2 × 4 to be determined, such that B1, i B i = I2 and 

B2, i B i = 0. In addition, the matrix BB i = [B T
1, i, B T

2, i ]
T
 is 

nonsingular. The following assumptions are helpful for the 
design and analysis of the TFT control protocol in USV–
UAV systems.

Remark 6. The formation control model expressed in 
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Equation (14) is crucial for the simplification of the subse‐
quent TFT control protocol design. Given Assumption 2 and 
the boundedness of the attitude of each agent, there exists an 
unknown upper bound δ̄ i with  di ( t ) ≤ δ̄ i. Based on the 

definition of virtual control input ui ( t ), the thrust and torque 

of USV i, (i = 1, 2, 3) can be solved as [ fi, Ti ]
T

=Ω−1
i ui ( t ), 

and the desired attitude angles for the ith UAV (i = 4, 5, 6, 7) 
are given as 

é
ë
êêêê

ù
û
úúúú

ϕ*
a, i

θ *
a, i

=
é

ë

ê
êê
ê
ê
ê ù

û

ú
úú
ú
ú
úsin φa, i g − cos φa, i g

cos φa, i g sin φa, i g
ui ( t ).

Assumption 3. For the given time-varying formation 
hi ( t ), the following formation-feasible condition should 

be met B2, i X i(Shi ( t ) − ḣi ( t ) ) = 0.

Assumption 4. The following regulation equation has 
the solution pair ( X i, Ui ):

ì
í
î

X i S = A i X i + B iUi

0 = C i X i − F
(17)

Remark 7. Not all time-varying formation configura‐
tions can be realized by USV– UAV systems subjected to 
the dynamic properties. Assumption 3 restricts the desired 
formation configuration according to the dynamic con‐
straints of the transformed models. In practical applica‐
tions, the desired formations should be selected based on 
Assumption 3 for the accomplishment of TFT.

Remark 8. The solvability of the regulation equation 
(Equation (17)) is a precondition for TFT in this paper. 
Notably, Assumption 4 is a standard process for coopera‐
tive control of heterogeneous swarm systems based on out‐
put regulation (Hua et al., 2020). This regulation equation 
is of great significance for dealing with the heterogeneous 
characteristics of the USV–UAV systems and realizing TFT.

3.2  Distributed observer design

Multiple leaders exist in the swarm system, and the states 
of the leaders are only knowable for a part of the vehicles. 
However, the real-time states of all leaders are especially 
indispensable for the entire USV– UAV system to realize 
the TFT. Therefore, a distributed observer for each agent to 
estimate the global states of all virtual leaders is designed 
as follows:

ι̇̂i, j ( t ) = Sι̂i, j ( t ) − ϑ1∑
k = 1

M

wik( )ι̂i, j ( t ) − ι̂k, j ( t ) −
ϑ2wij K (Fι̂i, j ( t ) − pj ( t ) )

(18)

where ϑ1 and ϑ2 are positive constants to be determined. 
ι̂i, j ( t ) ∈ RnL and ι̂k, j ( t ) ∈ RnL represent the estimations of 
agents i and k for the states of the leader j, respectively. 
pj ( t ) denotes the position vector of the leader, and S and 

F are the known constant system matrix of the leader. K =
P−1F T is a constant gain matrix, where P is a positive defi‐
nite matrix defined by the following linear matrix inequal‐
ity (LMI):

ST P + PS −− F TF < 0 (19)

Remark 9. Based on the proposed distributed observer, 
the problem induced by the lack of global information of 
the leaders is overcome effectively. Each member of the 
USV–UAV system can obtain the real-time states of the 
leaders by only using the information of the neighbors (the 
observed result ι̂k, j ( t )) and the positions of the leaders 
pj ( t ). Thus, the reference center can be determined through 
distributed communications. Notably, the gain matrix P is 
determined by the model of the leaders, which cannot be 
freely chosen. Thus, to ensure the estimation effect, the 
parameters of the observer also need to be discussed in the 
subsequent stability analysis part.

Theorem 1. If ϑ1 and ϑ2 are large enough, then the esti‐
mation ι̂i, j ( t ) will converge to the states of the jth leader, 

i.e., lim
t → ∞ ( ι̂i, j ( t ) − νj ( t ) ) = 0 under the distributed observer 

expressed in Equation (18) and Assumption 1.

Proof. Let ι̂i ( t ) = [ ι̂Ti, M + 1 ( t ), ι̂Ti, M + 2 ( t ), …, ι̂Ti, M + N ( t ) ]T
 

represent the state estimation of the agent i for all leaders. 
From Equation (18) and the dynamical model of the leader 
expressed in Equation (4), the following expression can be 
derived:

ι̇̂i ( t ) = ( IN ⊗ S ) ι̂i ( t ) − ϑ1∑
k = 1

M

wik( )ι̂i ( t ) − ι̂k ( t ) −
ϑ2 diag

j = M + 1, M + 2, …, M + N
{wij P

−1F TF}( ι̂i ( t ) − νL ( t ) )
(20)

The estimation error of the observer i can be defined as 
ῖi ( t ) = ι̂i ( t ) − νL ( t ), where νL( )t = [νT

M + 1 ( t ), νT
M + 2 ( t ), …,

νT
M + N ( t )T is the state of virtual leaders. From Equation (20), 

we can obtain the following expression:

ι̇͂i ( t ) = ( IN ⊗ S ) ῖi ( t ) − ϑ1∑
k = 1

M

wik( )ῖi ( t ) − ῖk ( t ) −
ϑ2 diag

j = M + 1, M + 2, …, M + N
{wij P

−1F TF} ῖi ( t )
(21)

To verify the stability of the distributed observer, we 
consider the following differentiable candidate Lyapunov 
function:

Vob = ∑
i = 1

M

ῖTi ( t ) ( IN ⊗ P ) ῖi ( t ) (22)

By inserting Equation (21), the derivative of Equation 
(22) can be obtained as follows:
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V̇ob = ῖT ( t ) ( IM ⊗ ( IN ⊗ (ST P + PS ) ) ) ῖ ( t ) −
2ϑ1 ῖ

T ( t ) (LF ⊗ ( IN ⊗ P ) ) ῖ ( t ) −
2ϑ2 ῖ

T ( t ) diag
i = 1, 2, …, M

ì
í
î

diag
j = M + 1, M + 2, …, M + N

{wij F
TF}üý

þ
ῖ ( t )

(23)

where ῖ ( t ) = [ ῖT1 ( t ), ῖT2 ( t ), …, ῖTM ( t ) ]T
 is the overall esti‐

mation error. It follows from Assumption 1 and Lemma 1 
that, for the follower subgraph GF, there exists an orthogonal 

matrix QF = é
ë

ù
û1M M , QF, 1 ∈ RM × M with QF, 1 ∈ RM × ( )M − 1 ,

such that QT
F LFQF = DF = diag{0, ΛF}, where ΛF = diag{λF, 2,

λF, 3, …, }λF, M . Let ξ͂ ( )t = ( )QT
F ⊗ INnL

ῖ ( )t . From Equation 

(23), we can further derive the following expression:

V̇ob = ξ͂T ( t ) ( IM ⊗ ( )IN ⊗ ( )ST P + PS −
2ϑ1(DF ⊗ ( IN ⊗ P ) ) −

)2ϑ2Q̄
T
F diag

i = 1, 2, …, M

ì
í
î

ü
ý
þ

diag
j = M + 1, M + 2, …, M + N

{ }wij F
TF Q̄F ξ͂ ( t )

(24)

where Q̄F = QF ⊗ INnL
. To facilitate, let

Rob = IM ⊗ ( IN ⊗ (ST P + PS ) ) −
2ϑ1(DF ⊗ ( IN ⊗ P ) ) −
2ϑ2Q̄

T
F diag

i = 1, 2, …, M

ì
í
î

diag
j = M + 1, M + 2, …, M + N

{wij F
TF}üý

þ
Q̄F

(25)

The expression of Rob shows that it is a symmetric matrix, 

i. e., Rob = é
ë
êêêê ù

û
úúúúR11 R12

RT
12 R22

. To prove the convergence of the 

observer, Rob < 0 will be verified with the appropriate ϑ1 
and ϑ2. According to the definition of matrix DF and Equa‐
tion (25), we can obtain the following expression:

R11 = diag
j = M + 1, M + 2, …, M + N

ì
í
î
ST P + PS − 2ϑ2

M ∑
i = 1

M

wij F
TF

ü
ý
þ

R12 = − 2ϑ2( 1T
M

M
⊗ INnL ) ×

          diag
i = 1, 2, …, M

ì
í
î

diag
j = M + 1, M + 2, …, M + N

{wij F
TF}üý

þ
Q̄F, 1

R22 = IM − 1 ⊗ ( IN ⊗ (ST P + PS ) ) − 2ϑ1(ΛF ⊗ ( IN ⊗ P ) ) −
           2ϑ2Q̄

T
F diag

i = 1, 2, …, M

ì
í
î

diag
j = M + 1, M + 2, …, M + N

{wij F
TF}üý

þ
Q̄F

(26)

where Q̄F, 1 = QF, 1 ⊗ INnL
. Considering the LMI (Equation 

(19)) and ∑
i = 1

M

wij > 0 under Assumption 1 and that ϑ1 and ϑ2 

are large enough, we can obtain the following expression:

ì
í
î

ïï

ïï

R11 < 0

R22 − RT
12 R−1

11 R12 = Φ − 2ϑ1( )ΛF ⊗ ( )IN ⊗ P < 0
(27)

Based on Lemma 2, Rob < 0 can be obtained. Therefore, 
V̇ob ≤ 0 can be verified. Moreover, it follows from Equa‐
tion (24) that ῖ ( t ) = 0 when V̇ob = 0. From LaSalle’s invari‐
ance principle, lim

t → ∞
ῖi ( t ) = lim

t → ∞
( ι̂i ( t ) − νL ( t ) ) = 0 can be 

obtained.
This completes the proof of Theorem 1.
Remark 10. According to the previously presented 

analysis, some rules of the parameter setting strategy for 
DETO can be summarized as follows: For the observa‐
tion system, the convergence property of ῖi ( t ) is deter‐
mined using ϑ1 and ϑ2, where larger parameters guaran‐
tee a more effective estimation. Based on Equation (26), 
the inequality expressed in Equation (27) is satisfied in 

the case where ϑ2 > M ( )2 min
j = M + 1, M + 2, …, M + N

∑
i = 1

M

wij  and 

ϑ1>max
ì
í
î

ïï

ïï
0, 

λmax( )Φ

2λmin( )ΛF λmin( )P

ü
ý
þ

ïïïï

ïï
, where

Φ = IM − 1 ⊗ ( IN ⊗ (ST P + PS ) ) −
2ϑ2Q̄

T
F, 1 diag

i = 1, 2, …, M

ì
í
î

diag
j = M + 1, M + 2, …, M + N

{wij F
TF}üý

þ
Q̄F, 1 −

RT
12 R−1

11 R12

(28)

Therefore, the parameters should be selected reasonably.

3.3  Adaptive TFT regulation control protocol design

We consider a USV–UAV system consisting of ns USVs 
and M − ns UAVs that suffers from bounded unknown 
external disturbances. To tackle the issue of USV–UAV 
TFT, the following error definition is given.

Definition 1. The formation state tracking error of the 
follower i can be described as follows:

ei ( t ) = μi ( t ) − X i( ∑
j = M + 1

M + N

ρ jνj ( t ) + hi ( t ) ) (29)

where ∑
j = M + 1

M + N

ρ jνj ( t ) represents the expected formation ref‐

erence center state generated by multiple leaders, and hi ( t ) 
is the expected time-varying formation vector that satisfies 
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Assumption 3. Based on Equation (14) and the regulation 
equation (Equation (17)), we obtain C iei ( t ) = pi ( t ) −Δ i ( t ) − 
PL ( t ), such that the convergence of ei ( t ) is equivalent to 
the realization of time-varying formations.

By resorting to Lemma 3, the nonlinear uncertain term 
fi ( t ) and the bounded disturbance di ( t ) in Equation (14) 
can be approximated as fi ( t ) + di ( t ) = W T

i G i + εi. Accord‐
ing to the MLP algorithm, we obtain  f i ( t ) + di ( t ) ≤
Γiγi ( x ) + Ri, where γ ( x ) =  G ( x )  denotes the output 

vector norm of the hidden layer. In this way, the computa‐
tional load and the difficulty of subsequent stability analysis 
are considerably reduced. Then, the adaptive TFT regulation 
control protocol for the follower i is designed as follows:

ui ( t ) = K1, iμi ( t ) + K2, i( ∑
j = M + 1

M + N

ρ j ι̂i, j ( t ) + hi ( t ) ) −
rh, i ( t ) − rf, i ( t )

(30)

with

rh, i ( t ) = B1, i X i(Shi ( t ) − ḣi ( t ) ) (31)

rf, i =
( )Γ̂ iγi

2

BT
i ei ( t )

Γ̂iγi BT
i ei ( t ) + c1, i

+
R̂2

i BT
i ei ( t )

R̂i BT
i ei ( t ) + c2, i

(32)

where c1, i and c2, i are positive design parameters, and K1, i 
and K2, i = Ui − K1, i X i are the gain constant matrices. Fur‐
thermore, Γ̂i and R̂i represent the adaptive estimations for 
the parameters Γi and Ri of the MLP-based RBFNN.

Inspired by Bounemeur et al. (2018), the adaptive update 
laws are designed as follows:

Γ̇̂i =  − k1, ic1, i Γ̂ i + k1, iγi BT
i ei ( t ) (33)

Ṙ̂i =  − k2, ic2, i R̂i + k2, i BT
i ei ( t ) (34)

where k1, i, k2, i, c2, i, and c2, i denote positive constants to be 
determined. The initial values of these adaptive parameters 
are limited to Γ̂i ( t0 ) > 0 and R̂i ( t0 ) > 0.

3.4  Stability analysis

In this subsection, the following theorem guarantees that 
the time-varying formation can be realized by the USV–
UAV systems under the presented scheme.

Theorem 2. We consider a USV–UAV system with ns 
USVs and M − ns UAVs that suffers from time-varying 
formation and bounded external disturbances under Assump‐
tion 2. If Assumption 1 holds and the time-varying forma‐
tion hi ( t ) satisfies Assumption 3, the virtual control input 

is generated by the control scheme expressed in Equation 
(30). Moreover, K1, i should be designed to ensure that A i +
B i K1, i is Hurwitz and the parameters of the adaptive update 

laws meet max{c1, ik1, i, c2, ik2, i}≤ −2λmax(Ai +Bi K1, i ). Then, 

the control objective could be achieved.
Proof. To show the stability of the agent i within the 

USV–UAV system, the candidate Lyapunov function is 
selected as follows:

Vi =
1
2

eT
i ( t )ei ( t ) +

1
2k1, i

Γ͂ 2
i +

1
2k2, i

R͂2
i (35)

where Γ͂i = Γi − Γ̂i and R͂i = Ri − R̂i are the adaptive esti‐
mation errors. By substituting the control protocol into the 
like-linear model, the tracking error system can be trans‐
formed into the following expression:

ėi ( t ) = (A i + B i K1, i ) ei ( t ) +

(A i + B i K1, i ) X i( ∑
j = M + 1

M + N

ρ jνj ( t ) + hi ( t ) ) +

B i K2, i( ∑
j = M + 1

M + N

ρ j ι̂i, j ( t ) + hi ( t ) ) −
B irh, i ( t ) + B i( f i ( t ) + di ( t ) − rf, i ( t ) ) −
X i( ∑

j = M + 1

M + N

ρ j ν̇j ( t ) + ḣi ( t ) )
(36)

Given that K2, i =Ui −K1, i Xi and ι (t ) satisfied ι̇ (t )=Sι (t ), 
recalling Equation (17) yields the following expression:

ėi ( t ) = (A i + B i K1, i ) ei ( t ) + X i Shi ( t ) − X i ḣi ( t ) −
B irh, i ( t ) + B i( f i ( t ) + di ( t ) − rf, i ( t ) ) +

B i K2, i ∑
j = M + 1

M + N

ρ j ῖi, j ( t )

(37)

Given that B1, i B i = I2, B2, i B i = 0, and the time-varying 
formation obeys Assumption 3, we obtain the following 
expression:

B2, i X i(Shi ( t ) − ḣi ( t ) ) − B2, i B irh, i ( t ) = 0 (38)

Based on the definition of the time-varying formation 
compensation rh, i ( t ), it holds the following:

B1, i X i(Shi ( t ) − ḣi ( t ) ) − B1, i B irh, i ( t ) = 0 (39)

As BB i = [BT
1, i, BT

2, i ]
T
 is nonsingular, it holds from Equa‐
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tions (38) and (39) the following:

X i Shi ( t ) − X i ḣi ( t ) − B irh, i ( t ) = 0 (40)

Moreover, if Theorem 1 holds, Equation (37) can be fur‐
ther expressed as follows:

ėi ( t ) = (A i + B i K1, i ) ei ( t ) + B i( f i ( t ) + di ( t ) − rf, i ( t ) )
(41)

We take the time derivative of Vi as follows:

V̇i =
1
2

eT
i ( t ) é

ë
êêêê(A i + B i K1, i ) + (A i + B i K1, i ) Tù

û
úúúú ei ( t ) +

eT
i B i( f i ( t ) + di ( t ) − rf, i ( t ) ) +

1
k1, i

Γ͂ i Γ̇͂ i +
1

k2, i

R͂i Ṙ͂i

(42)

where the matrix A i + B i K1, i is ensured to be Hurwitz, 
depending on K1, i, which indicates that all eigenvalues of 
A i + B i K1, i have negative real parts. Based on the MLP-
based RBFNN method, if the inequality eT

i ( t ) B i( f i ( t ) +

di ( t ) ) ≤  BT
i ei ( t ) ( Γ̄ iγi + R̄i ) holds, then the following 

inequality can be derived:

V̇i ≤ λmax(A i + B i K1, i ) eT
i ( t )ei ( t ) + BT

i ei ( t ) ( Γ̄ iγi + R̄i )−

eT
i ( t ) B i( ( )Γ̂ iγi

2

BT
i ei ( t )

Γ̂iγi BT
i ei ( t ) + c1, i

+
R̂2

i BT
i ei ( t )

R̂i BT
i ei ( t ) + c2,i )−

1
k1, i

Γ͂ i( − k1, ic1, i Γ̂ i + k1, iγi BT
i ei ( t ) )−

1
k2, i

R͂i( − k2, ic2, i R̂i + k2, i BT
i ei ( t ) ) (43)

Based on the definition of Γ͂i and R͂i, we first derive the 
following expression:

V̇i ≤ λmax(A i + B i K1, i ) eT
i ( t )ei ( t ) +

c1, i Γ͂ i Γ̂ i +
c1, i Γ̂ iγi BT

i ei ( t )

Γ̂iγi BT
i ei ( t ) + c1, i

+

c2, i R͂i R̂i +
c2, i R̂i B i

Tei ( t )

R̂i BT
i ei ( t ) + c2, i

(44)

and then obtain the following expression:

V̇i ≤ λmax(A i + B i K1, i ) eT
i ( t )ei ( t ) +

c1, i Γ͂ i Γ̂ i + c2, i R͂i R̂i + c1, i + c2, i

(45)

According to Young’s inequality, it holds the following:

V̇i ≤  − aiVi + ( λmax(A i + B i K1, i ) +
ai

2 ) eT
i ( t )ei ( t ) +

( ai

2k1, i

− c1, i

2 ) Γ͂2
i + ( ai

2k2, i

− c2, i

2 ) R͂2
i +

(1 +
Γ̄ 2

i

2 ) c1, i + (1 +
R̄2

i

2 ) c2, i

(46)

where ai indicates a bounded positive constant with ai ≤
min{c1, ik1, i, c2, ik2, i}. According to the settings for c1, i and 

c2, i in Theorem 2, we eventually derive the following 
expression:

V̇i ≤  − aiVi − ( − λmax(A i + B i K1, i ) − ai

2 ) eT
i ( t )ei ( t ) + Θi

(47)

where Θi = (1 + Γ̄ 2
i 2 ) c1, i + (1 + R̄2

i 2 ) c2, i. To facilitate, 

let

Jmin , i =  − λmax(A i + B i K1, i ) − ai

2
(48)

When  ei ( t )
2

> Θi Jmin , i, the derivative of Vi yields 

V̇i ≤  − aiVi. Thus,  ei ( t )
2
 will converge to the upper 

bound Θi Jmin , i. Given that pi ( t ) −Δ i ( t ) −PL ( t ) = C iei ( t ), 

from the definition of the matrix C i in the USV–UAV sys‐
tem, the formation position error will converge to the 
upper bound Qi ≤ Θi Jmin , i.

This completes the proof of Theorem 2.
Remark 11. In practical application, c1, i, c2, i, and c3, i 

can be reasonably chosen to ensure that the error pi ( t ) −
Δ i ( t ) − PL ( t ) is as small as possible. If the formation error 
is small enough to meet practical requirements, then the 
TFT can be said to be accomplished by the USV–UAV sys‐
tem. In addition, we observe from Equation (47) that the 
convergence rate of V ( t ) is mainly decided by ai. It is pos‐
sible to select design parameters on the basis of satisfying 
max{c1, ik1, i, c2, ik2, i} ≤  − 2λmax(A i + B i K1, i ) to increase ai 

and achieve faster convergence. Note that extremely small 
k1, i and k2, i may cause the slow convergence of the adap‐
tive parameters. Thus, it is necessary to make a trade-off 
when choosing the parameters.

4  Numerical simulation

To demonstrate the effectiveness of the proposed adap‐
tive TFT regulation controller, the TFT maneuver simula‐
tion examples are constructed according to the escort mis‐
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sion in this section.
A system with three USVs marked as 1–3, four quadro‐

tor UAVs marked as 4–7, and two virtual leaders marked 
as 8 and 9 is considered. The nonlinear kinematic and 
dynamic parameters of each USV and UAV are given in 
Table 1 (Huang et al., 2024; Song et al., 2018). Simultane‐
ously, the underlying communication topology is shown in 
Figure 3. From the reality of mission facts, only the first 
USV can obtain position data from two virtual leaders.

The external disturbances of the USVs (i = 1, 2, 3) are 
expressed as follows:

ì

í

î

ï

ï

ï

ï
ïï
ï

ï

ï

ï

ï

ï

ï

ï
ïï
ï

ï

ï

ï

dx, i = 9.8sin ( )2t + ( )i − 1 π 3 −
           6.2cos ( )1.1t + ( )i − 1 π 3 sin ( )0.38t

dy, i = −8.8sin ( )1.6t + ( )i − 1 π 3 cos ( )1.25t + ( )i − 1 π 3 +

           4.8cos ( )0.55t

dφ, i = 10.3cos ( )1.2t + ( )i − 1 π 3 cos ( )0.83t −
           5.2sin ( )0.11t

For the UAVs (i = 4, 5, 6, 7), this paper only considers 
the disturbances in positioning the outer loop as follows:

ì

í

î

ï
ïï
ï
ï
ï

ï
ïï
ï
ï
ï

d1, i = −3.25sin ( )2t + ( )i − 4 π 4 + 3.5 cos2( )1.1t

d2, i = 3.6cos ( )2t + ( )i − 4 π 4 −
           3.35sin ( )1.4t + ( )i − 4 π 4 cos ( )0.95t + ( )i − 4 π 4

The USV model transformation parameter is chosen as 
li = 0.2. In addition, the RBFNN with 64 neurons is 
applied to approximate the unknown terms, and the param‐
eters of the Gaussian function are chosen as c = [ linspace 

(−5, 5, 64) linspace (−5, 5, 64), linspace (−5, 5, 64), linspace 

]( −5, 5, 64 )
T
, and ℓ j = 0.8, (  j = 1, …, 64). Moreover, the 

parameters of the adaptive laws in Equations (33) and (34) 
are set as k1, i = 10, k2, i = 1, c1, i = 0.05, and c2, i = 0.05 (i =
1, 2, 3, 4, 5, 6, 7) . Meanwhile, the gain K1, i can be solved 
by the pole assignment method to ensure that A i + B i K1, i 
is Hurwitz and K2, i = Ui − K1, i X i. To satisfy the con‐
straints for the parameters discussed in Theorem 1, A i +

B i K1, i is plotted as [ −3.998, −3.999, −4.001, −4.002]T
. In 

addition, we choose ρ8 = ρ9 = 1 2, which indicates that the 
formation reference center is defined as ( )p8 ( t ) + p9 ( t ) 2. 

The gain parameters of the distributed observer i (i = 1, 

)2, …, 7  are set as ϑ1 = 10 and ϑ2 = 10. In this section, the 
initial position vectors of USVs are given as ηs, 1(0) =

[3, 3, 0]T
, ηs, 2(0) = [ −3, 3, 0]T

, and ηs, 3(0) = [3, −3, 0]T
. 

We assume that UAVs 4 and 5 launch from the 1th USV, 
whereas UAVs 6 and 7 take off from USVs 2 and 3, 
respectively. The initial velocities of each vehicle are all 
set to zero. The initial value of the distributed observer 
ι̂i(0) is set to the origin.

4.1  Effectiveness validation

This subsection presents the simulation of the proposed 
adaptive TFT for the USV–UAV systems. We assume that 
the leaders have the dynamic model parameters S =

I2 ⊗ é
ë
êêêê ù

û
úúúú0 0.05

−0.05 0
 and F = Ι2 ⊗ [ 1 0 ]. According to 

the regulation equation (Equation (17)) in Assumption 4, 

we can solve X i = I2 ⊗ é
ë
êêêê ù

û
úúúú1 0

0 0.05
 (i = 1, 2, 3, 4, 5, 6, 7), Ui = 

I2 ⊗ [ ]−0.002 5 0  (i = 1, 2, 3), and Ui = I2 ⊗ [−0.002 5 
]0.03  (i = 4, 5, 6, 7). Based on Assumption 3, the expected 

time-varying formations are set as follows:
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4cos ( )0.05t + ( )i − 1 π 3 + π 2

− 4sin ( )0.05t + ( )i − 1 π 3 + π 2

4sin ( )0.05t + ( )i − 1 π 3 + π 2

4cos ( )0.05t + ( )i − 1 π 3 + π 2

, (i = 1, 2, 3)

hi(t ) =

é
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ê

ê

ê
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ê
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ê

ê

ê

ê

ê
ù
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8cos ( )0.05t + ( )2i − 7 π 3

− 8sin ( )0.05t + ( )2i − 7 π 3

8sin ( )0.05t + ( )2i − 7 π 3

8cos ( )0.05t + ( )2i − 7 π 3

, (i = 4, 5, 6, 7)

Table 1　Model parameters of the USV and UAV

Component

Model parameters of 
the USV

Model parameters of 
the UAV

Value

m11, i = 25.8, m22, i = 33.8, m33, i = 2.76,

d11, i = 0.72 + 1.33| us,i |, 
d22, i = 0.889 6 + 36.5| vs,i |+ 0.805| rs,i |,

d33, i = 1.9 − 0.08 | vs, i |+ 0.75| rs, i |
ma, i = 2.0, g = 9.8,

Ix, i = 1.25, Iy, i = 1.25, Iz, i = 2.5,

ζx, i = 1.2, ζy, i = 1.2, ζz, i = 1.2,

ζϕ, i = 0, ζθ, i = 0, ζφ, i = 0

Figure 3　Interaction topology of the USV–UAV system
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The results of the simulation under the proposed TFT 
control scheme are shown in Figures 4‒6. The trajectories 
from two perspectives of the system are shown in Figure 4, 
from which we can observe that TFT control can be 
achieved under the algorithm proposed in this article. The 
adaptability of the entire swarm to a time-varying forma‐
tion is verified. Figure 5 presents the time responses of for‐
mation tracking errors. A further observation of Figures 4 
and 5 indicates that the adaptive regulation control scheme 
effectively causes the formation tracking error to converge 
to a small region around zero. The adaptive estimations for 
Γi and Ri are depicted in Figure 6(a). By observing these 
results, we can determine that the boundedness of the 
adaptive parameters is guaranteed. The estimation errors 
of the distributed observer are given in Figure 6(b), where 
we observe that the estimation can converge to the states 
of the leaders. From the aforementioned results, we deter‐
mine that the proposed TFT strategy for the USV–UAV 
system has satisfactory performance and robustness.

4.2  Comparison results

In this section, the comparison results are presented to 
show the advantages of the proposed TFT control scheme 

(PTFTC). The leaders are modeled as S = I2 ⊗ é
ë
êêêê ù

û
úúúú0 1

0 0
 

and F = Ι2 ⊗ [ 1 0 ], and the regulation matrices are 
solved as X i = I4 (i = 1, 2, 3, 4, 5, 6, 7), Ui = I2 ⊗ [0 0 ] 
(i = 1, 2, 3), and Ui = I2 ⊗ [1 1 ] (i = 4, 5, 6, )7 . Mean‐
while, the desired time-varying formation satisfying 
Assumption 3 is obtained as follows:
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− 10 8 sin ( )t 8 + (i − 5) π 2

10sin ( )t 8 + (i − 5) π 2

10 8 cos ( )t 8 + (i − 5) π 2

, (i = 4, 5, )6, 7

Figure 5　 Time responses of formation tracking errors related to 
positions

Figure 4　Trajectory in 2D and 3D space evolution of the USV –
UAV system
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We present the comparison results of the basic regula‐
tion TFT control (BTFTC) derived from the output regula‐
tion control methods (Dong and Hu, 2017). To apply the 
TFT protocol for linear heterogeneous systems to USV –
UAV systems, the display linearization method is intro‐
duced. Specifically,

ui ( t ) = K1, iμi ( t ) + K2, i( ∑
j = M + 1

M + N

ρ j ι̂i, j ( t ) + hi ( t ) ) −
rh, i ( t ) − fi ( t )

(49)

where fi ( t ) is a nonlinear term in the system expressed in 
Equation (14). The control gains are set to the same as 
those of PTFTC. The comparison of the simulation results 
are shown in Figure 7.

From the horizontal plane trajectories in Figure 7(a), we 
observe that both control schemes can achieve the TFT of 
the USV–UAV system. The magnified inset in Figure 7(a) 
illustrates that PTFTC is actively striving to alleviate chat‐
tering induced by environmental disturbances. Figure 7(b) 
shows the formation position error norms of each vehicle. 
Obviously, PTFTC achieved better control effect com‐
pared to BTFTC, with fewer shakes and tracking errors, 
indicating that the proposed scheme preserves satisfactory 
control performance under uncertain disturbance.

5  Conclusions

This article investigates a distributed adaptive TFT regu‐
lation control scheme for USV– UAV systems subject to 
unknown external disturbances. The control framework is 
established by output redefinition-based dynamic transfor‐
mation and a double-loop control structure. A distributed 
observer is then developed to estimate the global states of 
all leaders. Inspired by the MLP-based RBFNN, an adap‐
tive TFT control strategy is designed within the output reg‐
ulation framework. In particular, adaptive laws are intro‐
duced to enhance the robustness of the control scheme. 
The effectiveness of the proposed control scheme is con‐
firmed by Lyapunov stability analyses and numerical simu‐
lations. Despite its advantages, the proposed strategy has 
certain limitations. Notably, the selection of parameters, 
such as observer gains and regulation matrices, still depends 

Figure 7　Comparison of the simulation results

Figure 6　 Time responses of the adaptive parameters and the 
estimation errors of the states of the leaders
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on the dynamics of the leaders. Therefore, future research 
will consider the full nonlinear dynamics of USV– UAV 
systems under leader uncertainty or in leaderless configu‐
rations. Moreover, leveraging the spatial mobility advan‐
tages of UAVs remains a challenging yet promising direc‐
tion for future exploration.
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