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Abstract: This paper investigates the adaptive fault-tolerant formation control scheme for heteroge-
neous multi-agent systems consisting of unmanned aerial vehicles (UAVs) and unmanned surface
vehicles (USVs) with actuator faults, parameter uncertainties and external disturbances under di-
rected communication topology. Firstly, the dynamic models of UAVs and USVs are introduced,
and a unified heterogeneous multi-agent system model with actuator faults is established. Then,
a distributed fault-tolerant formation controller is proposed for the unified model of UAVs and USVs
in the XY plane by using adaptive updating laws and radial basis function neural network. After that,
a decentralized formation-tracking controller is designed for the altitude control system of UAVs.
Based on the Lyapunov stability theory, it can be proved that the formation errors and tracking errors
are uniformly ultimately bounded which means that the expected time-varying formation is achieved.
Finally, a simulation study is given to demonstrate the effectiveness of the proposed scheme.

Keywords: fault-tolerant formation control; heterogeneous multi-agent systems; actuator faults;
external disturbances; neural networks

1. Introduction

In the last three decades, the formation control of multi-agent systems (MASs) has
drawn lots of researchers’ attention in both theoretical research and practical applica-
tions, such as forest fire monitoring, power grid inspection, search and rescue, and so
on [1-6]. The purpose of formation control is to form a specific formation to complete the
tasks. One of the fundamental problem in MASs is consensus problem. Consensus prob-
lems of MASs have been investigated extensively and results have been achieved [7-13].
Based on the consensus theory, the formation control problem of MASs can be solved.
In [14], the output-feedback formation control protocol of tracking a desired trajectory for
a set of UAVs is developed. In [15], a distributed time-varying output formation control
scheme is introduced for general linear MASs with directed topology. In [16], a distributed
leader-following formation control for multiple quadrotors is studied by using nonsmooth
backstepping method. In [17], a distributed relative position-based formation control by
using backstepping approach is studied for leader—follower MASs.

However, the above results for formation control are used for homogeneous multi-
agent systems. In the actual applications, for the heterogeneous multi-agent systems
(HMASs) in which each agent may have different structures, dynamics and even the
information perceptions and decision-making capabilities are considered. The time-varying
formation-containment control for homogeneous and heterogeneous MASs is studied
in [18]. In [19], the time-varying output formation-tracking scheme for linear HMASs is
developed with directed topologies. In [20], the coherent formation control for HMASs is
introduced. The distributed cooperative synchronization control problem for a networked
HMASs is developed in [21]. The HMASs can achieve more complex and variable tasks
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through information interaction. For example, the HMASs consisting of multiple UAVs
and USVs have a larger search radius and attack range, which is of great significance in
both military and civil fields. Due to the heterogeneous characteristics of UAVs and USVs,
as well as the influence of parameter uncertainties and external environment, the air-sea
heterogeneous formation faces several important challenges which are shown as follows:

¢ UAVs and USVs differ notably in structure, model parameters, and state dimensions.
Furthermore, the task changing is random, making it difficult to complete air-sea
coordinated formation tasks.

*  During the process of formation, the UAVs and USVs may inevitably be subjected
to internal and external uncertainties, such as parameter uncertainties and external
disturbances caused by modeling techniques and external environment.

e Unsatisfactory faults caused by a lot of damage to the actuator of the multiple UAVs
and USVs system may affect the tracking performance.

In practical applications, faults may occur in the MASs. Faults may lead to system
performance degradation, or even more serious consequences. Fault-tolerant control (FTC)
is a useful method that has drawn wide attention [22-25]. In [26], a distributed adaptive
leader-following formation control problem is studied for nonlinear second-order MASs
in the presence of actuator faults. The distributed fault-tolerant time-varying formation
control scheme for second-order MASs is presented subject to actuator faults in [27]. In [28],
the active FTC problem is illustrated for the high-order HMASs with network disconnec-
tions and actuator faults. In [29], an adaptive FTC strategy by using a virtual actuator
framework is presented for nonlinear HMASs with actuator faults. In addition, external
disturbances and parameter uncertainties can also impact the performance of the systems.
In [30], the time-varying formation tracking control scheme for the linear MASs is presented
with external disturbances under directed graph. In [31], the time-varying anti-disturbance
formation control scheme is introduced for nonlinear MASs under switched directed topolo-
gies. An adaptive tracking controller by adjusting the coupling weight is designed for the
leader—follower linear MASs with external disturbances in [32]. In [33], an internal model
approach is studied for the leader-following rendezvous with external disturbances and
parameter uncertainties. During the process of formation, unmanned vehicles inevitably
suffer from actuator faults, parameter uncertainties, and external disturbances. For exam-
ple, due to modeling techniques and unpredictable marine environments, USVs are subject
to internal and external uncertainties consisting of parameter uncertainties, nonparametric
uncertainties, and external disturbances [34]. In addition, the actuator faults and uncertain-
ties in a single vehicle can spread unevenly to neighboring vehicles through the directed
communication topology in the process of formation. Hence, it is necessary to study the
fault-tolerant formation control for HMASs consisting of multiple UAVs and USVs with
parameter uncertainties and external disturbances. Although the research on FTC of MASs
has achieved some results, the adaptive fault-tolerant formation control under directed
communication topology for air-sea systems is still open, and needs to be further studied.

Motivated by the abovementioned results, this paper presents the adaptive fault-
tolerant formation control scheme for multiple UAVs and USVs with actuator faults, pa-
rameter uncertainties, and external disturbances under directed communication topology.
In order to handle the problems, a unified dynamic model of UAVs and USVs, which
includes the XY plane and Z axis, are presented. To deal with the parameter uncertainties
and external disturbances, a distributed fault-tolerant formation controller by combining
adaptive control method and the radial basis function neural network is proposed in the XY
plane and a decentralized formation-tracking controller is designed for the altitude control
system of UAVs in the Z axis. The main contributions of this paper are summarized as

1.  The adaptive fault-tolerant formation control is developed for the HMASs with
parameter uncertainties, external disturbances, and actuator faults including loss
of effectiveness and bias under directed communication topology. Some existing
results have been researched for time-varying formation control, such as [16,34-37].
However, these results only consider the formation control of single vehicle or the
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HMASs consisting of a UAV and a USV. In this paper, the fault-tolerant time-varying
formation for multiple UAVs and USVs can be achieved.

2. In order to handle parameter uncertainties and external disturbances, the adaptive
control method and the radial basis function neural network (RBFNN) are combined
to ensure that the formation errors and tracking errors of the closed-loop system are
uniformly ultimately bounded.

3. Compared with the works [20,38], in which the height of each UAYV is the same and
time-invariant, this paper presents a decentralized tracking controller for the altitude
control system of UAVs to track the reference signal to meet the requirements of
practical tasks.

The rest of this paper is organized as follows. In Section 2, some preliminaries and
problem formulation are given. In Section 3, the distributed adaptive fault-tolerant forma-
tion control scheme is introduced for multiple UAVs and USVs in the presence of actuator
faults, parameter uncertainties and external disturbances. In Section 4, a decentralized
formation tracking controller is proposed for the altitude control system of UAVs. In
Section 5, a simulation study is given and some conclusions are drawn in Section 6.

Notation 1. || x || denotes the Euclidean norm. For a matrix A, Amax(A) represents the maximum
eigenvalue of matrix A, Ay(A) represents the minimum nonzero eigenvalue, and || A||g denotes the
Frobenius norm of the matrix. Let 1 denote 1 = col{1,...,1} € RN,

2. Preliminaries and Problem Formulation
2.1. Graph Theory

Let G = (V, &) be a directed graph, in which V = {1,2,..., N} represents the set of
nodes and £ C V x V represents the set of edges. The neighbour set of node i is denoted
by N; = {j € V|(j,i) € E}. If there exists a directed path between two arbitrary nodes,
the graph G is strongly connected. A = [a;;] € RN*N denotes the adjacency matrix of G,
where a;; = 1if (j,i) € € and a;j = 0 otherwise. D = diag{dy,dy,...,dx} denotes the
degree matrix of G, where d; = Z}il a;j. The Laplacian matrix of G is defined as L = D — A.

Lemma 1 ([39,40]). If the graph G is strongly connected, the following statements hold.

o There exists a vector ¢ = [@1, 92, ,¢n]| with YN, @; = 1and ¢; > 0, such that
(pTE =0.

o Define a symmetric matrix L = YL + LTY with ¥ = diag{g1, ¢2,- -+, on}. Then L
can be treated as Laplacian matrix associated with an undirected graph. Let @(t) € RN*1,
the following inequality holds

A (L)

min@(t) " La(t) > N

@(t) T o(t).

2.2. Problem Formulation

In this subsection, the HMASs consisting of M UAVs and N — M USVs are considered.
The dynamic models of the UAVs and USVs are given firstly. Based on them, a unified
dynamic model for the HMASs is demonstrated. For convenience, let ITy = {1,2,..., M},
I, ={M+1,M+2,...,N}and IT =T1; UII,.

Unmanned aerial vehicle model.The structure of the quadrotor UAV is shown in
Figure 1. The dynamic model of the i-th (i € I1;) quadrotor UAV is given as [41]

. . . . U, d g .

Paix = (cOS ¢; sin 0; cos P; + sin ¢; sin wi)m—’; — %ﬂ’:” + Ny,

. . ) ) Wy diyPu;

Paiy = (cos ¢; sin6; sin P; + sin ¢; cos wi)m—’; — Wm—:’y + Daiy, D)

. . Upi diy Pai
Paiz = (COS t; cos sz)m*m - ’;1;12 — 8§+ Dgiz,
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where [paix, Paiys Paiz) | denotes the position state, [¢;, 6;, ;] T denotes the attitude state, Upi
denotes the control thrust of the quadrotor, 7y;, Ty;, Ty; denote the three control torques o_f
the quadrotor, m,; is the mass of the quadrotor UAYV, g is the gravitational acceleration, d;
denotes the overall residual rotor angle, d;y, d;y, diz, dig, djs, diyy denote the translational
drag coefficients, Jax, Jay, Joz are the moments of the inertia, J,, is the moment of rotor’s
inertia, Agjy, Agiy, Baiz denote the external disturbances encountered by the quadrotor UAV.

Fs F

Figure 1. The structure of the quadrotor UAV.

From the dynamic model (1) and (2), we can found that the motion of the quadrotor
consists of translational dynamics with respect to positions and rotational dynamics with
respect to angles. Our formation goal is to locate the center of mass in a predefined position,
while the rotational dynamics can be stabilized separately. Hence, the position dynamics of
the i-th (i € I'T{) UAV based on (1) can be rewritten as

fjui = &Qailtai + fai + Agi, (3)

where pa; = [Paix, Paiy, Paiz) | denotes the position of the i-th UAV, f,; = [~dixPaix/Mai,
_diyﬁaiy/mair —diy Paiz / Mai —8}T/ 8ai = diag{l/mai/ 1/my;, 1/mai}r Agi = [Aaim Aaiyr Aaiz}T/
Ugi = [Uaix, Uaiy, Ugi;) | is the new control signal which is given as [42]

Ugix = (cOs ¢; sin 6; cos i; + sin ¢; sin ;) u;,
Ugiy = (cos ¢; sin 0; sin ¢; + sin ¢; cos P; ) uy;,
Ugiz = (c0s0; cos P;)up;.

Unmanned surface vehicle model. The kinematic and dynamic equation of the i-th
(i € ITy) USV in the horizontal plane is described as [35]

Xsi = Jsi COS Pgi — Vs; SIN Py,

Ysi = Msi SINPg; + Vs; COS P, 4)
lpsi = Tsj,
— (a1 ,
si — f}lsz(“l) M ysi ( usi + wVSZ)’
Vsi = fvsi( i) m}/sl Wysi, ®)

i’si:frsl( )+ ! (rf51+wrsz)
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and

fusi(ai) = ﬁ (mysivsirsi — Aysittsi — dysi | silpsi ),
fvsi(‘xi) ﬁ (_mysil/’sirsi — dysiVsi — dysit |Vsi|Vsi)/ (6)

frsi(‘xi) = mlrsi ((mysi - mvsi),usivsi - drsirsi - drsil ‘rsi|rsi)r

where (x5, Ysi) is the position of the i-th USV; ¢ is the yaw angle of the i-th USV;
®; = [psi, Vsis rsi] | are the surge, sway, and yaw velocity, respectively; m,;, Mysi, Myysi
are the inertial mass; fysi(«;), fusi(@i), frsi(«;) are the nonlinear dynamics consisting of the

unmodeled hydrodynamics and Coriolis forces; T{ 5 and Trj;. are the surge force and the

yaw moment; and w);s;, Wysj, Wys; are the bounded disturbances caused by waves, wind,
and ocean currents.

Since the motion model of the USVs described by (4) and (5) is underactuated, a hand
position approach is used to deal with it. We define the front point (ps;y, psiy) of the USVs
as the hand point which can be formulated as

{psix = Xs; + Lgj cOS P, @)

Psiy = Ysi T Lsi sin g,

where L is the distance between the actual position (xs;, ys;) and the new defined hand
point (psix, psiy), which is shown in Figure 2.

YA

psiy
Ysi

|
|
|
0 X5 Pox >
Figure 2. The motion model of USV.
By taking the second derivative of (7), one can obtain

ﬁsix = ,usi Ccos lpsi - (1./51' + Lsii'si) sin ¢si — Msil'si sin lPsi
- (Vsirsi + Lsirgj) cos lpsi/

) o . . 8
Psiy = Hsi sintps; — (Usi + Lsitsi) cos Psi + Usitsi COS P
- (Usirsi + Lsirgi) sini;,
Substituting (6) into (8) yields that
i i L sinips;
Puix = fon(B) + Sl — Lasibaigf oy, o
75 i si Lsi si
Psiy = fsiy(,B) + Siz;fi T;{ + ;lc:ssilp T7f =+ wdiyr
where
fsix(B) = fula) cos psj — (fu(a) + Lsifr(a)) sinps;
—UsiTsi SIN Ps; — (Vsirsi =+ Lsirgi) cos s, (10)

fsiy (ﬁ) = fy("‘) sin,; + (fV(“) + Lsi fr (a)) cos {12%,

2 .
+Usitsi COS Psi — (Vsirsi + Lsirsj) sin s,
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and
— wP’Si Wysi Lsiwrsi :
wyix(B) = hysi COS Psi — (@ + ?m) sin Yg;, an
Wysi . : Loit0e:
waiy(B) = iy SN s + (5 + 5575) cos i,

with g = [,usir Vsis ¥sis #’si} .
Based on (9), the position dynamics of the i-th (i € I1) USV can be described as

Psi :fsixy + Qsi(lpsi)“osiusi + Wdixy, (12)

where ps; = [Psix, psiy]T is the position of the i-th (i € Il) USV, fy = [fsixrfsiy]T;
Qi (i) = [cossi, — sin ihsj; sin Py, cos Piil, s = [1,, 7] ", @5 = diag{1/mysi, Lsi/mysi},
Waixy = [Waix, wdiy]T

Actuator fault model. The actuator fault model for the h-th actuator of the i-th (i € IT)
HMASs is given as

uly, = Oithin + inp, (13)

where uﬁq is the actual actuation input, u;, is the applied control signal to be designed,
0 < pjn, < 1is the unknown effectiveness factor and u;;,;, represents the unknown bias. For
the actuator fault model (13), p;;, = 1 and u;;,;, = 0 denote that there is no fault; 0 < p;; <1
and u;,, = 0 denote the loss of effectiveness fault; p;;, = 0 and u;;,;, # 0 denote bias fault;
0 < pir < 1and ujy,;, # 0 denote both loss of effectiveness and bias faults.

From (13), the fault model for all actuators can be described as

ul =pju; +uy, i€ll, (14)

where p; = diag{pi1, 012, ---,0in} and uy, = [uip1, Uipp, - - -, Uipy] | With n representing the
dimension of the control input signal.

Unified model. The UAV model with actuator faults (14) in the XY plane can be
rewritten as

Xail = Xai2,
Xai2 :faixy + &aixy (Pai”aixy + ”uib) + Aaixy (15)
= Fuixy + Gaixyuaixy + Auixy/

7

where X4i1 = [Paix/ Paiy] T is the position of the i-th UAV in the XY plane, Ugixy = [Uaix, Uaiy)] T
&aixy = diag{1/mga;, 1/my;}, faixy = [~dixPaix/ Mai, *diy?aiy /mai]T/ Faivy = faixy + SaixyUaibs
Guaixy = SaixyPais Pai = diag{paix, Paiy } denotes the effectiveness factor, uy;, = [Ugipy, um-by]T
denotes the bias, Ay, = [Aix, Amy]T

Similarly, the UAV model with actuator faults (14) in the Z axis can be rewritten as

f’aiz = Uiz,
Ugiz = faiz + m%n. (Paizuaiz + Z’laibz) + Aaiz (16)
= Faiz + Guizlgiz + Dyiz,

where p,;, is the altitude of the i-th UAV, v,;, is the velocity of the i-th UAV in the Z
axis, fyi; = —dizPaiz/Mai — &, Paiz is the effectiveness factor, u,;,, is the bias, F,j, = fii, +
Uitz / Mais Gaiz = Pqi/ Mai-

The USV model with actuator faults (14) can be rewritten as

Xsi1 = Xsi2,
Xsiz = fsixy + gsi(Ositlsi + Usip) + Waixy (17)
= Fi + Gsjlsi + Wixys
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where xgi1 = psi, psi = diag{psix, psiy } is the effectiveness factor, g, = [tgipy, usiby}T is the
bias, g5; = Qs;(Psi) @i, Fsi = fsixy + Gsiltsibs Gsi = 8siPsi-

Combining (15) and (17), the unified model of UAVs and USVs in the XY plane can
be obtained

X1 = Xip, (18)
Xip = Fyi + Gyjtlyi + Ay,

where x;; = X1 € R?, x5 = x4 € R? are the position and velocity of the i-th (i € TT;)
UAV in the XY plane, Fi = Fuixy/ Gyi = Guixy/ Ayi = Am’xyr Uyj = Ugixy; Xi1 = X5i1 € Rz;
Xj» = Xgp € R? are the position and velocity of the i-th (i € I1p) USV, F,; = F;, Gy; = Ggj,
Axi = Waixy, Uxi = Usi.

Hence, we are under the situation to design the fault-tolerant time-varying formation
control scheme for the HMASs consisting of multiple UAVs and USVs in the presence
of unknown actuator faults, parameter uncertainties and external disturbances under
directed topology.

Remark 1. In the inertial frame O — XY Z, the USV's only move in the XY plane. The UAV's move
in three-dimensional space, but their motion in the Z axis can be decoupled from that in the XY
plane. Hence, the height of the UAV's can be controlled independently. Therefore, the fault-tolerant
time-varying formation control for multiple UAVs and USVs is considered in the XY plane. At
the same time, the formation-tracking controller is designed for the UAV's so that the height of the
UAVs can track the reference signal. In this way, the fault-tolerant time-varying formation control
for multiple UAV's and USVs can be achieved.

Assumption 1. The effectiveness factor p;, and bias u;, are unknown but bounded. There
exist positive constants P, Pin and il satisfying 0 < f, < pin < P <1 and uyy <
iy, respectively.

Assumption 2. The aerodynamic drag coefficients d;y, d;, and d;, are unknown but bounded.
Assumption 3. The external disturbances Agix, Doiy, Dgiz encountered by the quadrotor UAV are

bounded and satisfying || Agix|l < BDaivs |Daiv]l < Baiy, |Dsiz || < Dgiz, where Agiy, Dgiyy and Ay,
are unknown positive constants.

aiy ‘ aiys aiy

Assumption 4. The external disturbances wys;, Wysi, Wys; encountered by the USV are bounded
and Slltle]/li’lg ||wysi|| < ZDysi/ vasiH < Wysi, ersiH < Wysiy where wysi/ Wysi and Wysi are
unknown positive constants.

Assumption 5. In (4), the sway velocity vs; of the underactuated USV is passively-bounded.

Remark 2. Assumption 1 is standard to handle the actuator faults in the existing literature [43,44].
Due to the unpredictable aerodynamics produced by the complex operation environment, it is difficult
to obtain accurate system parameters, so Assumption 2 is reasonable and realistic. Since UAVs and
USVs will not be used under extreme whether conditions, Assumptions 3 and 4 are also reasonable.
Supetficially, Assumption 5 seems to be restrictive. However, it is easy to verify that Assumption 5
is always satisfied in most practical applications of the USV's [45].

2.3. Radial Basis Function Neural Network

Since the radial basis function neural network can approximate any continuous func-
tion with arbitrary precision, in this paper, the RBFNN is used to approximate the nonlinear
function. The RBFNN can be expressed as

f(2)=0"Tw(Z)+e(2), Z € Qy, (19)
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where f(Z) is a smooth nonlinear function, Z = [Z1, Z,, .. .,Zn]T € )y C R" denotes the
input vector, w(Z) = [wy(Z), wy(Z),...,wy(Z)]" € R is the basis function vector, p is the
number of the RBFNN nodes. €(Z) is the approximation error, bounded by ||e(Z)]| < &.
6* = [01,02,...,0,]" € RP is the ideal weighting vector, which is denoted as

0* =arg min{ sup |f(Z) — 60 w(Z)|}, (20)
0ERP 7€y

where 6 denotes the weighting vector.

2.4. Control Objective

The control objective of this paper is to design an adaptive fault-tolerant formation
control scheme for multiple UAVs and USVs (16) and (18) to achieve the time-varying
formation of the HMASs in the presence of unknown actuator faults, parameter uncer-
tainties and external disturbances under directed topology, that is, for any given bounded
initial states,

Lim [} (xi = Pin) = (= hjp) | < xa, im [ (xi = i) || < x2, i € T,

tlirgo | Paiz — Cip“ < X3, tlglt}o 94z — cio|l < Xxa, i € 11,

where X1, X2, X3 and )4 are small enough positive constants, h(t) = [h1(t), ha(t), ..., hn(t)] T
is the desired time-varying formation with h;(t) = [h;(t), hiy(t)] T being piecewise contin-
uously differentiable. ;1 (t) and hj(t) are the position and velocity, respectively. c;, and c;,
are the desired height and velocity reference signal, respectively.

3. Distributed Fault-Tolerant Formation Control Scheme and Performance Analysis

In this section, a distributed fault-tolerant formation control scheme is designed to
achieve the time-varying formation control of HMASs composed of UAVs and USVs with
actuator faults, parameter uncertainties and external disturbances under directed topology
in the XY plane.

3.1. Distributed Fault-Tolerant Formation Controller Design

Define a synchronization formation error signal for each vehicle as
N
ei=Y_ ajj((xn —ha) — (x1 —hjp)) + xip — hip, i €TL (21)
=1
Let z; = x1 — hj; and s; = x;p — hjp. Then the time derivative of z; and s; can be

written as

Zj=2xjp + hip — hj1, (22)
$i = Fxi + Gyitlyi + Dyi — hip. (23)
Let z; = z; — Zjl\il ?izj, where @; is given in Lemma 1. Let Z = (21,2, . . .,ZN]T,

e=[e,ez,...,en] . If the feasibility condition hj, — /1;; = 0 is satisfied, then the HMASs
(22) and (23) based on the definitions of Z and e can be written as
E=(Iy—1¢ e — L2, (24)
é=Le— L2+ Fx + Gyutx + Ax — iy, (25)

where Fy = [Fy, F, ..., Fen] ', Gy = diag{Gy1, G2, ..., Gan}, ha = [l12, hap, ..., hna] T,
Ax - [AxlleZ/' . '/AXN]T/ ux - [uxlzux2/~ . '/uXN]T'
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The control input of the HMASs and the adaptive laws are developed as

N T ~
iKW Wit ejKi1p

=G (—die; — — + hi), (26)
“ 265 263 l
R R el ejw! wi
Ritn = (—knkin + —4—), (27)
264
.
. . e e
Rit2 = 2 (—kioking + 257), (28)
2¢5
i2
0, ifGy=GyandP >0
Gui =Projg ]{73} = or Gy = G,;and P <0, (29)

P, otherwise,

where P = 113(—k13Gy; + ejtiyi), G,; and G,; are the lower bound and upper bound of the
parameter G,;, respectively, J;, k11, k12, k13, 111, t12, 113, Gi1, Gip are positive parameters to
be designed.

The schematic of the control system is illustrated in Figure 3.

Adaptive Actuator External
e[ 2]

Communication
Topology

Foliszlggr? Ig)anrltrol Actuator Multiple UAVS
and USVs Systems

Unknown
Uncertainties

Scheme

Pre-defined
Time-varying
Formation

Figure 3. Schematic of the control system.

3.2. Performance Analysis

The performance of the time-varying formation error system is given as follows.

Theorem 1. Consider a heterogeneous multi-agent system (18). Suppose that Assumptions 1-5
hold and the feasibility condition hy — hy; = O of the time-varying formation is satisfied, the
fault-tolerant control scheme is designed as (26) and the adaptive laws are developed as (27)—(29),
then the time-varying formation errors Z and e in the XY plane are uniformly ultimately bounded.

Proof of Theorem 1. Consider the following Lyapunov candidate function

2 N =2 N AT A
i Tr(G;Gyi)
V_~T1.PZ+ —ele+ E 111 2 Zil2 2 X (30)
2 2[ 11 i—1 2[12 i—1 2[13

where ®j11 = Kj11 — K11, K12 = K12 — Kz and Gy = Gy — Gy
The time derivative of (30) is given as

N
V<e'Le—el L22422T (‘I’— qo(pT) T Lz+ Y el Fy
i=1
N ~
+ Y e (Gyi + Gri)uyi — Ze h12+Ze Ay
i—1
N - = N - & T
Rtk Ki1oKi12 Tf(Gxtii)
+ + + : (31
1; 111 l; 112 l; 113 )
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Substituting the control input (26) into (31), we can obtain

N
V<e'Le—e'L22+227 (‘I’ — (pq)T>e —2TL2-Y Giele;
N

N T,.2. T, .. N T,z

n ZETF o Z ¢ GikinWwy Wil Z €, €iKi12
o 202 202
i=1 i=1 Ci i=1 <52

N - N - N R

~ 1 1

+Y e Gy + Y e Avi + ) -
i=1 i=1 i=1 ‘11

N ~ = N AT A
Ki1[2Ki12 Ly Tf(Gxtii).

i-1 h2 i-1 3

+

(32)

Then, the RBFNN is used to approximate the unknown nonlinear function F,;, which

is shown as
* T
Fi =07 wi +e€i,
where |[e;1]| < &x.

In terms of Young’s inequality, we can obtain

T T 2

€, eiKiiw, Wit G

T2 T2
Ci

2

Si2

2 7

TpoxT
e 01 wi

IN

T

€; €iKi12

= 2
265

A

e/ (€n + Axi)

+

where xj;; = 9;‘1—'—9;‘1 and K1 = (€1 + Ayi) T (Eq + Ayi).
Substituting (34) and (35) into (32), we can obtain

N
V<e'Le—e'L?24257 (‘I’ - (pQDT)e -zl - Y sie; e;
i=1

N ,T T N T N ,T,» T
Z €, iKj11W; Wil 2 ¢ ikitp Z e, €jKj11Ww; Wit

2 2 2
i=1 265 i 26 i=1 265
N T,z N ToT

e ejKi1o - n e e;jW; Wit

_ Z 12121 _ ZKil <_k11K1’11 4 i 12 él i )
i=1 <52 i=1 S
N N eTe;

+ ) e Gyittyi — ) Rip | —kiokino + 2172
i=1 i=1 %)

N ; . N 2 N 2

— 2Tr<G;(—k13Gxi + eiuxi)) + 2 % + Z 712

i=1 i=1 i

=1
N
<elfe—elr?2 4257 (‘Y — (p(pT>e —2TL2-Y diele;

%knkz N k12k2 iklsHG I
=2 K — ) 5 Ko — ) 5 1lGaillF
520 H27 H2

Nk k N k

1 12 13

"’277‘1‘2114’Z*Kz‘zlz‘kz‘,*HGxiH%

~ 2 ~ 2 ~ 2

i=1 i=1 i=1

N 2 N 2
E1ER

(33)

(34)

(35)

(36)
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According to Lemma 1, we can obtain

A2 (L)
N

—2Lz < — 12]|%. (37)

In terms of Young's inequality, we can obtain

T 2z 2 ~ N/\;lnax(ﬁ) 2 ( ) 2
L72 < Amax (L) [lel[[12]] < W” el* + 12115, (38)

. 4N A (L
T(‘f—qogf)esznennznsAz(ﬁ-) el + 224)

|1£]]. (39)

Substituting (37)—(39) into (36) yields that

_(5_Amax<.c> _ (((‘”4)) el - 224 2

L)
kll 2 k12 N k13 2 N kll 2
Z K Z 5 k2, — Z GuillE + — ki

i=1 i=1 2 i=1
kiz o k13 N 92 N (52
+Z 112+Z |Gxi|\%+27ﬂ Zi?ﬂ
i= i=
< —QV + 1, (40)
where 6 = min{4y,6,...,0n},0 = min{2(6 — Amax (L) — N “fgﬁx((f))“) ), 228 111k, 119k,

nskiz} > 0, p = 3 O (knawh, + kior?, + kisl|Guil|2 + 6% + ¢5).

In terms of the boundedness theorem, the time-varying formation errors Z and e are
uniformly ultimately bounded. Recalling the definition of Z;, s; and ¢;, we can conclude that
s; is uniformly ultimately bounded. According to the control objective, the time-varying
formation of the HMASs in the XY plane is achieved. This completes the proof. O

Remark 3. The time-varying formation feasibility condition hyy — h;yy = 0 indicates that there
exists a constraint on the formation that can be achieved. Due to their dynamic limitations,
the HMASs are unable to achieve any formations. Therefore, it is necessary to judge whether the
feasibility condition is met when a formation is given. If the condition is met, the pre-designed
time-varying formation can be achieved.

4. Decentralized Formation Controller Design and Performance Analysis

In this section, a decentralized formation controller is designed to achieve the height
tracking control of UAVs in the Z axis.

4.1. Decentralized Formation Controller Design

The altitude error system is defined as

Cizp = Paiz — Cip, (41)

€izv = Uiz — Civs (42)

where ¢;,, is the desired position signal and ¢;, is the desired velocity signal.
The formation tracking control input and adaptive laws are designed as
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Al eikmwpwp  eigkip
Ugiz =Gy, (—0ieir — 202 iy kizeizo), (43)
Si3 Gia
T T
€.>C;7 W W;
A A igtigWip 2
Rio1 = 121 (—ka1Rio1 + T), (44)
i3
-
ele;
2 ~ ictig
Riy = 22 (—kaaRing + -2 5 ), (45)
2634

0/ lf Gm’z - Gm‘z and S Z 0
Gaiz]{‘s} = or Gyiz = Guiyand S <0, (46)
S, otherwise,

Gaiz = Proj[G

~aizs

where S = 153(—kp3Gaiz + eicUaiz), Gy, and G,iz are the lower bound and upper bound of
the parameter G,;, respectively, where 0;, ko1, k22, ko3, ki, 121, 122, 123, Gi3, Gia are positive
parameters to be designed.

4.2. Performance Analysis

The performance of the altitude error system is given as follows.

Theorem 2. Consider the UAVs altitude control system (16). Suppose that Assumptions 1-3
hold and the feasibility condition c;, — ¢;, = 0 is satisfied, the formation tracking control scheme is
designed as (43) and the adaptive laws are developed as (44)—(46), then the UAVs’ altitude trajectory
can track the reference signal and the tracking error e,y is uniformly ultimately bounded.

Proof of Theorem 2. If the feasibility condition c;, — ¢;, = 0 is satisfied, then the time
derivative of the altitude error system (41) and (42) can be written as

éizp = Cizv, (47)
€izp = Faiz + Gm’zuaiz + Aaiz — Cip- (48)

In the system (47), e;,, can be regarded as the virtual control input. By designing the
virtual control input §; = —kjze;zp, the stability of the system (47) can be ensured.
Consider a positive Lyapunov function as

1
Vizp = Ee;peizp. (49)

The time derivative of (50) is given by
g T
Vizp = —kigejpeizp- (50)
Define a new error as
eig = Cizp — Gi- (51)
Taking the time derivative of (51) and substituting the control input (43) into it, we
can obtain
eirRin1whwip  eigRiz
2 2
263 265

éig = —0ii + Faiz + Dgiz + Gaizlhaiz — (52)

Consider the following Lyapunov candidate function

N
V= Z Vizr (53)
i=1
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where Vj; is given as

1T LT Ko | Koy | Tr(G,,Guiz)
V,= ey + —eheir + ki Yy iz aiz) 54
z 2 IZP zp 1@ i 2[21 2!22 2[23 ( )
with Rip1 = K1 — Rin1, Rip = Kip — Ripp and Gz = Gaiz — Gz
Taking the time derivative of (54) yields that
Vie < —kige, eizp — Oieizeic + ez Faiz + eip Mgz
el egeigkizlwgwa B egeigkizz
aiz**aiz

¢ 265 26

+7?i21f<i21 n RinoKino n Tr(szsz). (55)

21 122 123

Similarly, the RBFNN is used to approximate the unknown nonlinear function F,;,,
which is shown as

Foiz =0 win + €in, (56)

where |[e|| < &p.
In terms of Young’s inequality, one can obtain

ele i T/, 2
CigligKin1WpWin ¢4

92 (UIZ >~ N 7 (57)
‘ic¥i 262, 2
ereickin  ¢2
eir(en+ Agiz) < @72 + 714 (58)
263

where ki1 = 05" 0% and ko = (€ + Agiz) T (€12 + Bgiz).
Substituting (57) and (58) into (55), we can obtain
EiTgez'ng’mw;wiz eiTgeigKizz
2 2
260 265

T, » T T, 2 T
iglickiz1Wp Wi €€igKipg e; gezg
- 202 53 F2 —kaoRinn + 52
Si3 Gig Cia

. T T
Vi, < _kiCeizpein — Oiejzeic +

Terwlw:
el-gelgwizwlz

—Rio1 | —ka1Riz1 + 5 + ez Gpizthaiz
2633

2 2
& | ¢

TI'( lllZ( k23sz + ez@'umz)) + > >
kn o ko 2 ko ||G

T T
< —kigeizpeizp — Uiéjzeir — 7’9‘21 3 Kino — aiz|[F

kov o ko 5 kns % QZ
R Ky + —= ||Gm'z||F+71+714
< 7191'2 Viz + Viz, (59)

. . k2 koo 2 k 2
where 1.91'2 = m1n{2ki§, 20'1', lglkzl,lzzkzz, lz3k23} > 0, Viy = %KZQ] + %KiZZ + %HGIZZ'Z”F

g2'3 924
ACCOI'dil’lg to (59), the derivative of (53) can be obtained

Vz <=8V, +v,, (60)

where 9, = min{9;,}, v, = Zf\il Vig.
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In terms of the boundedness theorem, the solution of the closed-loop system is uni-
formly ultimately bounded. Recalling the definitions of e;;, and e;z, it can be concluded
that the altitude tracking error and velocity error of UAVs is uniformly ultimately bounded.
According to control objective, the pre-defined time-varying formation h(t) is achieved for
multiple UAVs and USVs. This completes the proof. O

Remark 4. For simplicity, it is assumed that the height of each UAV in the existing literature [20]
and [38] is the same and time-invariant when achieving a formation. However, in practical
applications, the height of UAV's may vary according to the tasks. For the altitude control system
of UAVs, a decentralized tracking controller is designed to track the reference signal to meet the
requirements of practical tasks in the presence of actuator faults, parameter uncertainties and
external disturbances in this paper, which has more application value.

5. Simulation Study

In order to verify the effectiveness of the proposed fault-tolerant time-varying forma-
tion control scheme, a HMAS composed of two UAVs (i = 1,2) and two USVs (i = 3,4)
is selected in this section. Table 1 shows the system parameters of UAVs and USVs. The

directed communication topology is shown in Figure 4, in which the weights are selected
as one.

Table 1. System parameters of UAVs and USVs.

Parameter Value Unit Parameter Value Unit
My 2 kg dysi 0.725 kg-s7!
g 9.8 m-s 2 dysi 0.89 kg - s1
Jax, ]ay/ Jaz 1.5 N-s?.rad ! dysi -1.9 kg - m2.s71
dix, diy, d;z 0.012 N-s-rad! dysin —1.33 kg-s!
ysz 25.8 kg dvsﬂ —36.47 kg . Si1
Mys; 33.8 kg dysil —0.75 kg-m=2.s7!
Mysi 2.76 kg

Figure 4. Directed communication topology.

The actuator faults of UAVs and USVs are given as

pa1 = diag[1,1], a1y = [0,0]7, t<8s,
pa1 = diag[0.9,0.7], gy = [0.15, 0.3¢~08(- 81T, t>8s,
pa2 = diag[1,1], gy = [0,0]T, t<12s,
pa2 = diag[0.8,0.9], wuuy =[0.2, 0.1]T, t>12s,
ps3 = diag[1,1], ugy = [0,0]7, t<15s,
ps3 = diag[0.8,0.7], ug, = [0.3,0. 18] t>15s,
pss = diag[1,1], usap = [0,0]7, t<18s,
pss = diag[0.7,0.9], gy = [0.2,0. 4} t>18s.

The actuator faults of UAVs in the Z axis are given as t < 135, ps1; = 1, 515, = 0;
t > 13s, pg1z = 0.9, ugp, = 02, £ < 10s, paaz = 1, tgpp, = 0; £ > 10's, p2z = 0.8,
Ugopzy = 0.1.
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The external disturbances are given as Agy, = [0.2cos(0.5t),0.8cos(t)]",
Apz = 03cos(0.2t), Apyy = [06sin(t),03]", Ap. = 05sin(0.4t),

Wiry = [1.1cos(0.5¢), —0.2sin(2t)] T, Wagry = (0.6, —0.2cos(t)]". The desired time-varying
formations are described as h;; = [3cos(t + (i — 1)7t/2),3sin(t + (i — 1)7t/2)]7, hp =
[—3sin(t + (i — 1)7t/2),3cos(t + (i — 1)/2)]",i =1,2,3,4. cip = 0.1t, ¢, =0.1,i =1,2.
The initial values are chosen as x11(0) = [0.5,0.8,0]", x;(0) = [2.6,2.2,0]7, x3;(0) =
[3.1,2.3] T, x41(0) = [2.6,3.8] .

The performance of the proposed adaptive fault-tolerant time-varying formation
tracking scheme is compared with the robust backstepping sliding-mode control scheme
in [41]. To quantitatively evaluate the fault-tolerant time-varying formation tracking
performance, X-axis position tracking error metric (XPTEM), Y-axis position tracking error
metric (YPTEM), and Z-axis position tracking error metric (ZPTEM) are defined as

4
Y |Zix|?, YPTEM =
i=1

4
XPTEM =

|2, ZPTEM =
1

1

The position snapshots of the HMASs in the XY plane at different time instants is
shown in Figure 5. The time-varying formation errors of all agents in the XY plane are
depicted in Figure 6. The altitude tracking error of UAVs is shown in Figure 7.

4 ‘ ‘ ‘ 4
X « UAVI UAVA
351 S% | B UAV2| 3t UAV2H
%o | ¢ Usv3 usv3
3r * USV4| 2r usv4j]
25+ 1
> 2 >0
1.5+ At
1t 2t
05+ 3
0 -4
0 1 2 3 4 -4 2 0 2 4
X X
(a) (b)
4 4 ‘
e UAVI * UAVI
3r o
| ¢
2t Lx
1}
>0
,1 L
ot
3+
4 -4
4 2 0 2 4 -4 2 0 2 4

X X
(c) (d)
Figure 5. Position snapshots of the heterogeneous multi-agent system at different time instants.
(@)t=0s.(b)t=10s.(c)t =20s. (d) t =25s.
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Figure 6. Position errors of time-varying formation in the XY plane (Case 1: proposed scheme; Case 2:

scheme in [41]).
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Figure 7. Altitude tracking error of UAVs (Case 1: proposed scheme; Case 2: scheme in [41]).

From these curves, it can be seen that the tracking performance by the proposed
control scheme is better than the robust backstepping sliding-mode control scheme in [41].
Furthermore, under the proposed control scheme, all tracking errors of the systems are
uniformly ultimately bounded. From Figures 6 and 7, it can be seen that the tracking errors
under the scheme in [41] have sharp deviations from the small region containing zero when
the actuator fault occurs. The position tracking error metrics are shown in Figure 8. It can
be seen from these curves that the proposed control scheme has better performance than the
scheme in [41]. From Figures 5-8, we can know that the expected time-varying formation
is achieved for the HMASs in the presence of actuator faults, parameter uncertainties and
external disturbances. The effectiveness of the proposed fault-tolerant formation control

scheme is verified by the simulation study.
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Figure 8. XPTEM, YPTEM, and ZPTEM.



Sensors 2022, 22, 6212 18 of 20

6. Conclusions

In this paper, an adaptive fault-tolerant time-varying formation control scheme is
designed for a heterogeneous multi-agent system composed of multiple UAVs and USVs
with actuator faults, parameter uncertainties and external disturbances under directed
communication topology. Based on the unified dynamic model of UAVs and USVs in the
XY plane, a distributed fault-tolerant formation controller utilizing adaptive control and
RBENN is proposed. At the same time, a decentralized formation tracking controller is
designed for the altitude control system of UAVs. Based on Lyapunov stability theory,
the time-varying formation errors and tracking errors are uniformly ultimated bounded,
and the pre-defined time-varying formation for multiple UAVs and USVs can be realized.
Simulation results verify the effectiveness of the proposed scheme. Nevertheless, the com-
munication topology is fixed in this study. Hence, a fault-tolerant formation control for
multiple UAVs and USVs under switch topology will be investigated in our future works.
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