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Abstract:
This paper addresses the robust formation tracking problem for a heterogeneous multi-robot system consisting of unmanned

aerial vehicles (UAVs) and unmanned surface vehicles (USVs). When performing complex marine missions involved with the
oil spills, such as oil spill cleanup tasks or marine search and rescue tasks, the USV in the marine multi-robot system will become
a fractional-order system with uncertain dynamics and the UAV will be affected by multiple dynamic disturbances. This work
proposed a distributed formation control scheme for the UAVs to track the fractional-order USV while maintaining a desired
heterogeneous formation. Radial Basis Function Neural Network (RBFNN) is used in the design of the controller for the UAVs
to approximate the uncertain dynamics of the USV. The estimation and compensation of the multiple disturbances of each UAV
are handled by the Uncertainty Disturbance Estimator (UDE) method. Then, the stability of the distributed control law for the
heterogeneous multi-robot system was mathematically proved based on a Lyapunov function term. A simulation case study
with four UAVs and a USV was conducted to validate the effectiveness of the proposed control scheme and the results have
successfully demonstrated the robustness of the formation tracking control strategy.
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1 Introduction

Nowadays, increasing attention has been paid to hetero-

geneous system, such as land-air cooperation system com-

posed of UAVs and unmanned ground vehicles (UGVs) [1],

sea-air cooperation system composed of UAVs and USVs

[2], and others composed of robots of different dynamic

models [3]. The distributed adaptive fixed-time output time-

varying formation tracking problem of heterogeneous mul-

tiagent systems (MASs) with actuator faults is explored,

where the leader has unknown constrained input and the fol-

lowers have loss-of-effectiveness actuator faults [4]. The

time-varying formation tracking problem of heterogeneous

multiagent systems with dynamic event-triggered control

is discussed by Song [5]. The problem of bipartite time-

varying output formation containment tracking control is in-

vestigated by Li [6] for general linear heterogeneous mul-

tiagent systems with multiple non-autonomous leaders and

incomplete knowledge of the agents’ states.

As the exploration of heterogeneous systems continues

in practical applications and research, it is found that these

agents tend to perform fractional-order dynamics when mov-

ing in complex environments, such as vehicles moving on

the surface of macromolecular fluids and porous media ,

high-speed aircraft traveling in sandstorms, rainy, or snowy

environments. Some researchers are turning to the study of

the fractional-order heterogeneous system. Yin devoted to

the consensus protocols design for a set of fractional-order
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heterogeneous agents, composed of two kinds of agents

that differ by their dynamics where the fractional-order α
satisfies 0 < α < 2 [7]. More specifically, multiple

fractional-order systems with heterogeneous unknown non-

linearities and external disturbances are considered, includ-

ing the second-order multiagent systems as their special

cases [8].

In the case of disturbing situations or the existence of un-

certainty, the attainment of robust control in heterogeneous

systems is often regarded as a challenging task. To design

model-independent estimation algorithms, neural networks

are often used to estimate the uncertainty part. Sharafian

[9] proposes a novel methodology to cover the problem of

consensus of multiagent systems with sliding mode con-

trol based on the Radial Basis Function (RBF) neural net-

work. The adaptive neural network consensus control prob-

lem is addressed for a class of non-affine multiagent sys-

tems (MASs) with actuator faults and stochastic disturbances

[10]. Another common solution is to use the existing input

and output information of the system to estimate the error

and feed it back to the input for compensation, thus reducing

the impact of uncertainty and disturbance on the system. The

observers accordingly developed are, for example, unknown

input observer (UIO) [11], disturbance observer (DO) [12],

uncertainty disturbance estimator (UDE) [13], etc. In par-

ticular, the UDE has effectively dealt with wing sway mo-

tion control problems [14] and nonlinear systems with un-

certainty disturbances [15].

However, to the best of our knowledge, there are few stud-

ies on robust tracking control for heterogeneous system con-

sisting of fractional-order USVs and UAVs, and how to com-
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bine proper strategies to enhance the robustness and overall

performance is still an open topic. In this paper, the dynamic

model of the target USV is unknown to all UAVs, but it

can communicate with one UAV so that the multi-UAV can

track the USV by continuously building a fractional-order

dynamic model through RBFNN-learning (see Fig. 1). Be-

sides, the UAV team is disturbed in all directions. The con-

tribution of this paper is mainly threefold. (i) This paper

extends the robust consensus tracking problem to the UAV-

USV heterogeneous system robust tracking control, in par-

ticular, the USV has a fractional-order dynamic model. (ii)

Unlike the existing control method, by applying RBFNN to

estimate the unknown-model USV, a y-direction consense

tracking control and an all-direction robust tracking control

method are proposed to address the heterogeneous system

robust tracking problem. (iii) UDE is used in all three direc-

tions to estimate and compensate for the disturbances in the

UAV team.

The rest of this paper is organized as follows. Section 2

describes the dynamic model of fractional-order USV and

UAVs. The tracking control method of multi-UAV to track

the target USV is presented in Section 3. The experimental

results are discussed in Section 4 followed by the conclusion

in Section 5.

Fig. 1: UAV-USV heterogeneous system schematic

2 Dynamic model

2.1 Fractional-order target USV modeling by RBFNN
The size of the USV model can be simplified because

the USV’s physical size is much smaller than that of the

formation, and its impact on the overall system dynamics

is minimal. The state information of the USV consists of

position (x, y) and heading θ, and let r = [x, y, θ]T be

the position vector of the USV. The dynamic model of the

fractional-order USV is given in fractional-order differential

form as Dq
t r (t) = f0 (r, t), where the fractional order sat-

isfies 0 < q ≤ 2, and the smoothing function f0 (r, t) is

unknown to all other agents. The time origin of Dq
t is 0.

Assumption 1: Let γ (r, t)
Δ
= D1−q

t f0 (r, t), it can be

expressed as a linear parametric neural network over a pre-

scribed tight set Ωγi ⊂ �2 as:

γ (r, t) = φT
γ (r, t) θγ + eγ ,

where φT
γ= [φγi1, φγi2, · · · , φγil]

T ∈ �lγi rep-

resents the radial basis function, the parameter

θTγ = [θγi1, θγi2, · · · , θγil]T ∈ �lγi is the unknown

constant vector, eγ is the neural network estimation error.

From the expression γ(r0, t) in Assumption 2, it can be

obtained:

D1−q
t (Dq

t r(t)) = D1−q
t f0(r, t) = ṙ(t) = γ(r, t).

Assumption 2: Estimation error of the neural network

defined in Assumption 1 is 0, i.e., eγ = 0.

So the estimation of γ (r, t) can be written as:

γ̂ (r, t)
Δ
= φT

γ (r, t) θ̂γ .

The corresponding estimation error is γ̃ (r, t). Assume

that all approximation errors are equal to zero, i.e. eγ =

0. In this case, γ̃i (r, t) = φT
γ (r, t) θ̂γi

− φT
γ (r, t) θγi

=

φT
γi
(r, t) θ̃γi

, where θ̃γi
= θ̂γi

− θγ .

2.2 Quadrotor UAV modeling
Firstly, the six-DOF nonlinear model of the UAV is estab-

lished (see Fig. 2). According to Newton’s second theorem,

we can get the following expression:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ẍ = u1(cosψ sin θ cosφ+sinφ sinψ)
m ,

ÿ = u1(sinψ sin θ cosφ−sinφ cosψ)
m ,

z̈ = u1(cos θ cosφ)
m − g,

φ̈ =
(Iy−Iz)θ̇ψ̇+u2

Ix
,

θ̈ = (Iz−Ix)φ̇ψ̇+u3

Iy
,

ψ̈ =
(Ix−Iy)φ̇θ̇+u4

Iz
,

(1)

where the mass of the quadrotor body is denoted by m; x,

y, z denote the displacement in three directions under the

ground coordinate system; The moment of inertia is Ix, Iy ,

Iz respectively; u1 is the control input to the position of the

body; u2, u3, u4 are the control input of the roll, pitch, and

yaw respectively; The Euler angles φ, θ, ψ indicate the roll,

pitch, and yaw respectively.

Fig. 2: UAV coordinates schematic

From equation (1), it can be seen that the control input

u1 has an effect on all three directions x, y, and z, which is

a typical characteristic of quadrotor underdrivability. Since

the z-direction coupling is relatively small, let z-direction be

directly represented by u1, while the virtual control inputs

ux and uy are introduced in the x, y directions, respectively:{
ux = (cosψ sin θ cosφ+ sinφ sinψ),
uy = (sinψ sin θ cosφ− sinφ cosψ).
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By giving the desired trajectory (x0, y0, z0, ψ0), the ex-

pression for the expected value of Euler angles φ0, θ0 can be

obtained:{
φ0 = arcsin (ux sinψ0 − uy cosψ0) ,

θ0 = arcsin
(

ux cosψ0+uy sinψ0

cosφ0

)
.

Ensuring the validity of the inverse trigonometric function

arcsin, the domain of expressions in parentheses is restricted

to [−1, 1].

3 Control method

Now considering a swarm with n UAVs. For the ith

quadrotor i ∈ {1, 2, . . . , n} Δ
= I, when all directions are

subject to external disturbances such as gusts, the following

dynamic model can be established:{
żi = vzi
v̇zi = Uzi + dzi(t)

, i ∈ I, (2)

{
ẋi = vxi
v̇xi = Uxi + dxi(t)

, i ∈ I, (3)

{
ẏi = vyi
v̇yi = Uyi + dyi(t)

, i ∈ I, (4)

where Uzi = u1i cos θ cosφ/m − g, Uxi = u1iuxi/m,

Uyi = u1iuyi/m. dzi(t), dyi(t), dxi(t) denotes the un-

known disturbances in three directions.

Here, the y direction is chosen to accomplish the UAV

tracking task of the target USV in the horizontal plane. Let

Uyi = U0yi − d̂yi, then we need to design the nominal con-

troller U0yi. Let{
yi1 = yi − r0,

yi2 = vi − γ̂(ri, t) = vi − φγ(ri, t)θ̂γ .
(5)

The derivative of yi2 yields:

ẏi2 = v̇i − φγ(ri, t)
˙̂
θγ − ∂

∂ri
φγ(ri, t)θ̂γ(yi2

+ φγ(ri, t)θ̂γ)− ∂

∂t
φγ(ri, t)θ̂γ

= ui + di − φγ(ri, t)
˙̂
θγ − ∂

∂ri
φγ(ri, t)θ̂γ(yi2

+ φγ(ri, t)θ̂γ)− ∂

∂t
φγ(ri, t)θ̂γ ,

(6)

where θ̃γ = θ̂γ − θγ , r0 is the position vector of the tar-

get USV. Next, the UDE will be used to estimate the un-

known disturbance di(t), which is obtained according to the

dynamic model (4) v̇yi = Uyi + dyi(t). Then we have

dyi(t) = v̇yi − Uyi.

According to the UDE theory, dyi can be estimated

as d̂yi(t) = Gd(s)(v̇yi(t) − Uyi(t)), where Gyd(s) =
1/(1 + Tys), Ty is the time scale parameter. Substituting

Gyd(s) into d̂yi(t), we get:

d̂yi =
1

1 + Ts

(
v̇yi − U0yi + d̂yi

)
=

1

T

(
vyi (t)− vyi (0)−

t

∫
0
U0yi (τ) dτ

)
,

(7)

where vyi (0) is the initial value of the velocity of agent i in

the y direction. Define eiy as the consensus tracking error in

the y direction: eyi =
n∑

i=1

aij(yi − yj) + bi(yi − r0). The

designed control input is as follows:

Uyi = −ceyi − d̂yi + φγ(ri, t)
˙̂
θγ +

∂

∂t
φγ(ri, t)θ̂γ

+
∂

∂ri
φγ(ri, t)θ̂γ(yi2 + φγ(ri, t)θ̂γ).

(8)

Substituting the designed control input back into (5), we

get: {
ẏi1 = yi2 + φγ(ri, t)θ̃γ ,

ẏi2 = −d̂yi − ceyi.
(9)

Let
Y1 = [y11, · · · yi1, · · · yn1]�,
Y2 = [y12, · · · yi2, · · · yn2]�,
D̃ =

[
d̃y1, · · · d̃yi, · · · d̃yn

]�
,

Φγ = [φ1, · · ·φi, · · ·φn]
�
,

θ̃γ = [θ̃1, · · · θ̃i, · · · θ̃n]�.

(10)

Then the following matrix form can be obtained:{
Ẏ1 = Ẏ2 +Φγ(ri, t)θ̃γ ,

Ẏ2 = −D̃ − c(L+B)Z1.
(11)

The parameter update rate of the RBFNN is:

˙̂
θγi

= −cφγ(ri, t)ei (12)

Theorem 1: For the multi-agent system (4), when the

control input Uyi has the form of (8), the update rate of the

relevant parameters satisfies (12), and the control gain sat-

isfies c > 0, then consensus tracking control for the target

USV in the y- direction can be achieved.

Proof:
The Lyapunov function is chosen as follows:

V =
c

2
Y�

1 (L+B)Y1 +
1

2
Y�

2 Y2 +
1

2

n∑
i=1

θ̃�γiθ̃γi. (13)

Clearly, the positivity of V can be observed, and the

derivative of V can be obtained. Moreover, based on the

equations (10) and (12), the following relation can be estab-

lished:

(L+B)Y1 = [ey1, · · · eyi, · · · eyn]�,
n∑

i=1

θ̃�γi
˙̃
θγi = −c

n∑
i=1

φγ(ri, t)θ̃
�
γiei

= −c(L+B)Y�
1 Φγ(ri, t)θ̃γ .

So We get from (13):

V̇ = −c(L+B)Y�
1 Φγ(ri, t)θ̃γ −Y2(D̃ + c(L+B)Y�

1 )

+ c(L+B)Y�
1 (Y2 +Φγ(ri, t)θ̃γ

= −D̃Y2 − c(L+B)Y�
1 Φγ(ri, t)θ̃γ

+ c(L+B)Y�
1 Φγ(ri, t)θ̃γ

= −D̃Y2.
(14)
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Except for the case when eyi ≡ 0, the above equation

yields:
∥∥∥V̇ ∥∥∥ ≤

∥∥∥D̃∥∥∥ ‖Y2‖ ≤
∥∥∥D̃∥∥∥ ‖V ‖ ≤ √

2
√
V D̃, when

V 
= 0, we can get: dV /
√
V ≤ √

2D̃dt. By reducing the

value of T sufficiently, the error of the UDE d̃yi (t) can be

reduced to 0 (or to a negligible value), which in turn leads to∣∣∣d̃yi (t)∣∣∣ ≤ d̄, and d̄ is a small positive value that guarantees

the boundedness of d̃yi (t). Based on the relationship of D̃

and d̃yi (t),
∥∥∥D̃∥∥∥ ≤ nd̄, we can obtain: dV /

√
V ≤ √

2nd̄dt,

so there are:

√
V (t)−

√
V (0) ≤

√
2

2
nd̄ (t− t0) . (15)

Since (15) is obtained by integrating over a finite inter-

val, it will not overflow in finite time. Then obviously,

we can obtain that for all i ∈ I, we eventually have

lim
t→∞Y1 = 0 , which means that for all agents i ∈ I , we

have lim
t→∞ |yi − r0| = 0, i.e., consensus tracking in the y-

direction is achieved. The proof of Theorem 1 is complete.

So we can get the actual control input as shown below,

u1i =
1

(sinψi sin θi cosφi − sinφi cosψi)
(m− ceyi − d̂yi

+ φγ(ri, t)
˙̂
θγ +

∂

∂ri
φγ(ri, t)θ̂γ(yi2 + φγ(ri, t)θ̂γ)

+
∂

∂t
φγ(ri, t)θ̂γ).

(16)

Since both the x and z directions receive disturbances, the

same UDE estimation is applied to compensate for the dis-

turbances. So the principle and process of the UDE are not

repeated here, and the conclusion is given directly. The vir-

tual control input for the x direction is obtained:

uxi =
m(−cpxiexi − cdxiėxi − d̂xi)

u1i
. (17)

Because cpz > 0, cdz > 0, according to the Rouse sta-

bility criterion that det(
[
0 1−cpx −cdx

]
) = cpx > 0,

the stability of the PD-based controller can thus be demon-

strated.

Obviously, we can obtain the virtual control input of the z
direction: Uzi = u1i cos θi cosφi/m− g.

To realize the tracking of the target USV by the UAV team

in fixed formation, the position point information generated

by the virtual structure method is directly set as (x0i, z0i).
Meanwhile, according to the desired attitude angle ψ0i, the

desired values of the roll and pitch angles φ0i, θ0i can be

obtained.

The PD control is used for the inner loop control. The

actual control inputs u2i, u3i, u4i for the three Euler angles

are given here without proof:⎧⎨
⎩

u2i = (cpφiΔφi + cdφiΔφ̇i)Ix − (Iy − Iz)θ̇iψ̇i,

u3i = (cpθiΔθi + cdθiΔθ̇i)Iy − Iz − Ix)φ̇iψ̇i,

u4i = (cpψiΔψi + cdψiΔψ̇i)Iz − (Ix − Iy)φ̇iθ̇i,

where Δφi = (φ0i − φi), Δθi = θ0i − θi), Δψi = (ψ0i −
ψi), and cpφi, cdφi, cpθi, cdθi, cpψi, cdψi are all positive real

constants.

4 Simulation results

In this section, the numerical simulation will be given to

illustrate the proposed tracking control scheme for the het-

erogeneous system. The UAV parameters used in this paper

are shown in Table 1.

Fig. 3: The communication topology

Table 1: UAV model parameters

Mass m 1.5 kg

Gravity acceleration g 9.81 m/s2

Moment of inertia Ix 1.745×10−2 kg ∗m2

Moment of inertia Iy 1.745×10−2 kg ∗m2

Moment of inertia Iz 3.175×10−2 kg ∗m2

length of arm l 0.225 m

air resistance (x, y, z) 0.056,0.056,0.078

air resistance (roll, pitch, yaw) 0.0059,0.0059,0.0228

Considering a group of four UAVs and a USV, the com-

munication topology of the heterogeneous system is shown

in Fig. 3, where node 0, marked in yellow, is the target USV

and the remaining four nodes are UAVs. Moreover, node

1, marked in dark blue, is the UAV that can obtain the tar-

get USV’s position. The multi-UAV communicate with each

other, and the target USV only transmits signals to the UAV

of node one but does not receive information from it. Based

on the communication topology, the Laplace matrix and the

weighted information exchange matrix are obtained as

L =

⎡
⎢⎢⎣

0 0.5 0 0.5
0.5 0 0.5 0
0 0.5 0 0.5
0.5 0 0.5 0

⎤
⎥⎥⎦ , B =

⎡
⎢⎢⎣

0.5 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0

⎤
⎥⎥⎦ .
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Fig. 4: The trajectories of heterogeneous system
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Fig. 8: (a) is the trajectories of UDE estimation error; (b) is the trajectories of ui; (c) is the trajectories of vi in y-direction; (d)

is the trajectories of tracking error

The dynamics model of a USV of fractional order is cho-

sen as D0.6
t r0 = −0.03r0

2 + 2cos (0.03t) + 0.01t+ 1. The

RBF basis function chosen for the estimation of γ (x, t) is

φ�
γ (r, t) = exp

{
−[(r − μγir,k)

2 + (t− μγit,k)
2]/σ2

γi,k

}
,

k ∈ {1, 2, . . . , hγi}. The neural network center

(μγix,k, μγit,k) is uniformly distributed in the interval

[−25, 25] × [0, 50]. The initial values of the states of the

USV and the four UAVs are:

[xi(0), yi(0), zi(0)]
� =

⎡
⎢⎢⎣

0 −3 0
0 −3 0
0 −10 0
0 −10 0

⎤
⎥⎥⎦ , i = 1, 2, 3, 4

r0(0) = 3, θ̂γi(0) = 0, δ̂γ(0) = 0.

The initial speed of the UAV is zero, and it is in a hov-

ering state, and the initial pitch, yaw, roll angles, and angu-

lar velocity are also zero. Each control parameter is set as

follows, where i = 0, 1, ..., 4, c = 10; cpzi = 2, cdzi =
10; cpxi = 2, cdxi = 10; cpφi = 2, cdφi = 20; cpθi =
2, cdθi = 20; cpψi = 2, cdψi = 20. The time scale func-

tion for all UDE estimators is set as 0.01. The disturbance to

the y-direction of the multi-UAV is set as follows:⎧⎪⎪⎨
⎪⎪⎩

d1(t) = sin(t)e−t + sin(t),
d2(t) = sin(t)e−t + cos(t),
d3(t) = 2 sin(t)e−t + sin(t),
d4(t) = 2 cos(t)e−t + cos(t).

The disturbances to the UAV team in the x and z direc-

tions are set as dx(t) = sin(0.1t), dz(t) = 0.5 sin(0.1t).
The simulation results are shown in Fig 4, 5, 6, 7. Looking

at Fig. 4, all four UAVs can track the target USV’s trajectory

ro eventually. Furthermore, there is no divergence afterward,

which confirms that the integrated control scheme proposed

in this paper for heterogeneous system in all directions can
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effectively achieve tracking. Next, each direction will be an-

alyzed in terms of convergence time, tracking error, etc.

Fig. 5 illustrates that in the y direction, the heterogeneous

system can finally achieve consensus, and the convergence

time is about 6s. Then there is no more dispersion, indicating

that the consensus tracking control scheme in y direction is

effective.

Fig. 6 shows the trajectories of the UAVs team, except

the one of USV because it does not have motions in the

z-direction. Moreover, the trajectories in Fig. 6 converge

to two altitudes respectively because we set the desired al-

titudes of the UAVs team according to the fixed forma-

tion. The convergence time of UAVs is different from the

detail enlargement; UVA1,2,4 converge in about 7s, while

UAV3 converges in about 10s, which can be explained from

the communication topology because UAV3 is the most ex-

tended node on the USV communication link, while the

UAV1,2,4 communication link is about the same.

In the x direction, five desired positions are set in the

x-direction respectively, so the final trajectories in the x-

direction converge to five positions respectively in Fig. 7.

Still, the trend of the UAVs trajectories is finally consistent

with the USV. The convergence time is about 50s, which is

much longer than the convergence speed in the y and z di-

rections because the desired position set in the x direction is

time-varying and therefore converges more slowly.

The disturbances estimation errors of UDE are shown in

Fig. 8a, which illustrate the sum of the errors in the x and z
directions. From the enlarged plot, it can be seen that they

converge to the bounded set in about 6s. This demonstrates

that the UDE is effective in estimating and compensating for

disturbances, which is essential to be able to achieve robust

tracking control.

To match the actual controller, we have limited the control

input u to be within 30, so in Fig. 8b, it can be seen that the

control input is restricted and eventually stabilizes around

15, which suggests that the proposed control input is stable

and feasible.

In addition, a velocity simulation in the y-direction was

done in Fig. 8c to prove that not only was the position kept

up (Fig. 5), but also the velocity was steadily kept up, and

the convergence time was about 7s.

Fig. 8d shows the tracking errors for each of the four

UAVs, which converge to a bounded set in about 6s. As can

be seen from the detailed plot, the tracking error for UVA1

is always the smallest, while the tracking error for UAV3 is

always the largest, which is consistent with the results for the

length of the communication link to the USV in the commu-

nication topology.

5 Conclusion

In this paper, an adaptive robust control scheme was pre-

sented for multiple UAVs to track a fractional-order USV so

that the heterogeneous multi-robot system would maintain a

desired working formation in the specific marine missions

related to oil spill. In the robust tracking control strategy,

RBFNN is added for the distributed control of the UAVs

to estimate the uncertainties of a moving USV. As for the

UAV control, UDE approach is utilized to estimate and com-

pensate uncertain disturbances caused by wind and other

environmental factors. A simulation case study with four

UAVs and a USV was performed and the results show that

the multi-UAV team successfully forms a desired rectangu-

lar formation by tracking a target USV in a reasonable con-

vergent time, which demonstrates that the adaptive control

scheme is effective and robust and will provide potential so-

lutions for the cooperative control of the marine heteroge-

neous system.
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