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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 «
satisfies 0 < o < 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.
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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 6, and let r = [z,y,6]T be
the position vector of the USV. The dynamic model of the
fractional-order USV is given in fractional-order differential
form as D{r (t) = fo (r,t), where the fractional order sat-
isfies 0 < ¢ < 2, and the smoothing function fy (r,t) is
unknown to all other agents. The time origin of DY is 0.

Assumption 1: Let ~y (r,t) = D; “fo (r,t), it can be
expressed as a linear parametric neural network over a pre-
scribed tight set Q.; C R? as:

v (r,t) = ¢Z; (r,t) 0, + ey,

where d)g': [¢’y7ﬁ1a ¢’yi27 o
resents the radial basis

T ,
, Pryi] € R rep-
function, the parameter

0,?: [0i1,0vig, - - - ,Gyil]T € R is the unknown
constant vector, e, is the neural network estimation error.
From the expression (ro, t) in Assumption 2, it can be

obtained:
Dy~ U(Dir(t)) = Dy~ folr,t) = #(t) = y(r,1).

Assumption 2: Estimation error of the neural network
defined in Assumption 11is 0, i.e., ey = 0.
So the estimation of «y (r, ¢) can be written as:

3 (r,t) 2 6T (r,1) 0,

The corresponding estimation error is 7 (r,¢). Assume
that all approximation errors are equal to zero, i.e. e, =

0. In this case, % (r,t) = ¢Z (r,t)0,, — ¢7 (r,t)0,, =
oL (r,1)0,,, where 0., =0, —0,.
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:

1 (cos 1 sin 6 cos ¢p+sin ¢ sin 1)
)

€Tr =

. ul(sinwsinacggqb—singﬁcosw)

Y= m )

5 ul(cosﬂicosdﬂ — g,

7 Uy—1:)0¢+us (1)
¢ - I i

) —_— (IZ_IE)Z(‘bw-i_u'
§ = Le=Telovtus

Y.,

b= (I, 17})2¢(9+u47

where the mass of the quadrotor body is denoted by m; =,
y, z denote the displacement in three directions under the
ground coordinate system; The moment of inertia is I, I,
I, respectively; u; is the control input to the position of the
body; wueo, us, uy are the control input of the roll, pitch, and
yaw respectively; The Euler angles ¢, 6, 1) 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 w;, while the virtual control inputs
u, and u, are introduced in the x, y directions, respectively:

Uy = (cost)sin 6 cos ¢ + sin @ sin 1)),
U,y = (sinysin @ cos ¢ — sin ¢ cos ).
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By giving the desired trajectory (xq, Yo, 20, %0), the ex-
pression for the expected value of Euler angles ¢, 6y can be
obtained:

¢o = arcsin (ug sin g — u, cos 1) ,
Uy COS Po~+uy sin Yo )

0y = arcsin ( 03 B

Ensuring the validity of the inverse trigonometric function
arcsin, the domain of expressions in parentheses is restricted
o[-1,1].

3 Control method

Now considering a swarm with n UAVs. For the ith

quadrotor ¢ € {1,2,...,n} £ 7, when all directions are
subject to external disturbances such as gusts, the following
dynamic model can be established:

Zi = VUgyg .

{ Uzz = Uzz + dzz (t) 0 € I’ (2)
T; = Ugi .

{ 'U:m - Umz + dmz(t) 0 € 1-7 (3)
Yi Uyz ; T 4

{ byi = Uyi +dyi(t) 1S @

where U,; = wuj;cosfcosd/m — g, Uyi = uyjtiz;/m,
in = ulluyz/m dzi(t), dyi(t), dm(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 = Uoys — dy;, then we need to design the nominal con-
troller Up,y,. Let
Yi1r = Yi —To,
. &)
{ Yi2 = U; _’7(7“17 ) =V — (b'y(rw )
The derivative of y;5 yields:
) ) X 0 ~
Yi2 = U; — (j),y('ri,t)@,y - gd)'y(rm )9 (%2
+¢’y(ru ) ) ¢—y(7‘1, )
5 ) ©)
=u; + d? - (ZS’Y(Tivt)a’y - W(ZS’Y(TH )9 (y72

A 0 A
+ (b’Y(Tivt)eV) - aqb’Y(ri’t)e’W

where 57 = 9:, — 0, rg is the position vector of the tar-
get USV. Next, the UDE will be used to estimate the un-
known disturbance d;(t), which is obtained according to the
dynamic model (4) v,; = Uy + dy;(t). Then we have
dyi(t) = UW — UUZ

According to the UDE theory, d,; can be estimated
as dyi(t) = Ga(s)(0y(t) — Uyi(t)), where Gyq(s)
1/(1 +Tys), T, is the time scale parameter. Substituting
Gya(s) into (fyi(t), we get:

R 1 . .

1

= = (vyi (t) — vyi (0) — g Uoyi () dT> : "

where v,,; (0) is the initial value of the velocity of agent ¢ in

the y direction. Define eiy as the consensus tracking error in
the y direction: e,; = Z ai;(y; —yj) + bi(y; — 70). The

designed control input 1s as follows:

Uyi = —ceyi — Czyz + ¢y (ri, t)év +

) .
&(b»\/ (Ti, t)efy

0 N R
+ 37.2,‘/5 (75, 8) 0~ (Yi2 + 04 (13, 1)0-).

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

®)

{ %1 i Yio + b~ (14, 1)0, )
Yiz = *dyi — CCy;.
Let -
Y1 =y, Vit Ynal
Y, = [3/12,"'%27"':9712]—'—_,'_
D = [Jyh...gyi’...gyn} : (10)
?’y :[Qﬁlv"'?ia"'ﬁsn]—rv

0, 2[517"'9i7"'9~n]T-

Then the following matrix form can be obtained:

Yl Y2 + q) (Tu )9’\/’ (11)
Y2 —D—C(L+B)Zl.
The parameter update rate of the RBFNN is:
0., = —co(ri,t)e; (12)

Theorem 1: For the multi-agent system (4), when the
control input Uy; has the form of (8), the update rate of the
relevant parameters satisfies (12), and the control gain sat-
isfies ¢ > 0, then consensus tracking control for the target
USV in the y- direction can be achieved.

Proof:

The Lyapunov function is chosen as follows:

1
Y)Yy 4 = Ze i (13)

V= 5YT(L+B)Y1+2
i=1

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, ey, €yn]T,

iéﬁ—;éw = _CZ Oy (it 9 i€
i=1
= —C(L + B)Y[ @, (r;,1)0.,.
So We get from (13):
V = —c(L+ B)Y, ®(ri, )0, — Yo(D + ¢(L + B)Y])

+¢(L+ B)Y] (Yo 4 @, (74, 1)0,
= —DYy — ¢(L + B)Y{ &, (r;,1)8,
+¢(L+ B)Y, @, (4, 1),

= -DY,.
(14)
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Except for the case when ¢,; = 0, the above equation
yields: HVH < HDH Y2 < DH V]| < V2VVD, when
V # 0, we can get: dV/\/V < v/2Ddt. By reducing the

value of T sufficiently, the error of the UDE d,; (t) can be
reduced to O (or to a negligible value), which in turn leads to

’Jyl (t)’ < d, and d is a small positive value that guarantees

the boundedness of d,; (t). Based on the relationship of D
and dy; (t), ﬁH < nd, we can obtain: dV /v/V < v/2nddt,
so there are:

VV () —+/V(0) < ?nd(t—to). (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 ¢ € Z, we eventually have

tlim Y1 = 0, which means that for all agents ¢ € Z , we
—00

have tlim ly; — ro| = 0, i.e., consensus tracking in the y-
— 00

direction is achieved. The proof of Theorem 1 is complete.
So we can get the actual control input as shown below,

1 ~
(m — ceyi — dy;

Ul = — - -
"7 (sin; sin 6; cos ¢; — sin ¢; cos ¥;)

0y (e D (3 + (s 1))
+ %(ﬁ»ﬂﬁ, t)HW).
(16)
Since both the = 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 = direction is obtained:

Upi = m(_cpwiewi ; Cdmiémi - dm) ) (17)
14

Because c,. > 0,cq. > 0, according to the Rouse sta-
bility criterion that det([ 0 1—cps —Caz |) = cpu > 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: U; = wy; cos; cos ¢;/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 (xo;, zo;)-
Meanwhile, according to the desired attitude angle v)q;, the
desired values of the roll and pitch angles ¢q;, 6p; can be
obtained.

The PD control is used for the inner loop control. The
actual control inputs us;, us;, ug,; for the three Euler angles
are given here without proof:

Ui = (CpgiAG; + CapiDdi) o — (I, — I.)0;1b,
uzi = (cpei A0; + Cdez‘Aei)Iy -1 - Ix)@?/{m_
g = (Cpyi D + capid;) 1. — (Ip — 1)) $i0;,

where Ag; = (doi — ¢i), AO; = Oy — 0;), Ab; = (Yo; —
¥i), and Cpgi, Cdgis Cpois Cdois Cpipis Cdyi 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

1.5 kg

9.81 m/s”
1.745x1072 kg * m?
1.745x10° % kg * m*?
3.175x10 2 kg * m?

Mass m

Gravity acceleration g
Moment of inertia I,
Moment of inertia I,
Moment of inertia I,

length of arm [ 0.225m
air resistance (z, y, 2) 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

0 05 0 05 05 0 0 0
05 0 05 O 0 0 0 O
L= 0 05 0 05 B = 0 0 0 O
05 0 05 0 0 0 0 O

The position of heterogeneous swarm

Fig. 4: The trajectories of heterogeneous system
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Fig. 5: The y-direction trajectories

The UDE estimation error of UAV swarm
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Fig. 6: The z-direction trajectories

45 50 0 20 40 60 80 100 120 140
time

Fig. 7: The z-direction trajectories
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Fig. 8: (a) is the trajectories of UDE estimation error; (b) is the trajectories of u;; (c) is the trajectories of v; in y-direction; (d)

is the trajectories of tracking error

The dynamics model of a USV of fractional order is cho-
sen as DY5ry = —0.03r¢? + 2cos (0.03t) + 0.01¢ + 1. The
RBF basis function chosen for the estimation of ~y (z,t) is

87 (1,0) = eap {~[(r — pyirs)? + (¢ = pirie )}/ 02 -
ke {1,2,...,hy}. The neural network center
(Myiw, ks fyit,ke) is uniformly distributed in the interval
[—25,25] x [0,50]. The initial values of the states of the
USV and the four UAVs are:

-3
-3
-10
-10
70(0) = 3,6,;(0) = 0,4,,(0) = 0.

[2:(0),:(0), 2:(0)] " = i=1,2,3,4

o O OO
o O O O

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, ¢ = 10;5¢p2 = 2,Cq2; =
105cpei = 2,¢awi = 105¢p0 = 2,capi = 20;cp0i =
2,cq0i = 20;¢ppi = 2,cqpi = 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:

dy(t) = sin(t)e™t + sin(t),
da(t) = sin(t)e™" + cos(t),
d3(t) = 2sin(t)e™t + sin(t),
dy(t) = 2cos(t)e™t + cos(t).

The disturbances to the UAV team in the = and z direc-
tions are set as d, () = sin(0.1¢), d.(t) = 0.5sin(0.1¢).

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
r, 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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