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Abstract: This paper studies the fault-tolerant control problem for the heterogeneous multiagent
systems consisting of multiple quadrotors and mobile robots with guaranteed performance
in the presence of unknown actuator faults. First, the full-state performance constraints of
the position and attitude subsystem of follower vehicles are considered, especially in the
case of actuator faults, and then the state constraints of heterogeneous unmanned systems are
addressed by combining the performance functions and barrier Lyapunov function method.
Then, the constraints-based cooperative adaptive fault-tolerant control strategy is proposed,
where the adaptive terms are adopted to compensate for the unknown bounded actuator loss
of effectiveness faults and bias faults and the constraint signals are introduced to ensure the
performance conditions of system states. Based on the theoretical analysis, the cooperative
fault-tolerant time-varying formation convergence performance is discussed. The simulation
results on the UAVs-UGVs formation systems composed of quadrotors and mobile robots are
presented to validate the effectiveness of the proposed control strategy.

Keywords: fault-tolerant control; adaptive control; heterogeneous miltiagent systems; actuator
fault; performance constraint

1. Introduction

In recent years, there has been a growing interest in the cooperative formation control of multia-
gent systems (MASs) due to its wide range of practical applications. The formation tracking
problem has become a focal point in research, aiming to design appropriate control strategies to
track dynamic trajectories and maintain desired formation structures. This problem has been
extensively studied across various domains, including collaborative search and rescue missions
involving unmanned vehicles [1-3], formation flying of multiple satellites for astronomical and
deep-space exploration [4-6]. Compared to homogeneous MASs, the cooperative control of
heterogeneous MASs has greater challenges, which are not only from differences in system
parameters but also from the heterogeneous state dimensions of dynamic systems.

The cooperative output regulation problem of heterogeneous MASs has garnered con-
siderable attention recently. Unlike homogeneous MASs, state consensus schemes are not
directly applicable to heterogeneous MASs. These systems consist of agents with different
dynamic structures and physical parameters, making traditional state consensus approaches
unsuitable. Consequently, researchers have increasingly focused on output regulation problems
for heterogeneous MASs, as explored in [7], the output formation problem was investigated
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for heterogeneous linear MASs, and a distributed output formation tracking protocol based
on neighborhood interactions was proposed. However, the real physical systems usually con-
tain nonlinear terms, such as heterogeneous MASs composed of multiple unmanned aerial
vehicles (UAVs) and unmanned ground vehicles (UGVs), each with nonidentical physical
models. Therefore, the control schemes for linear MASs cannot be directly applied to the UAVs-
UGVs formation systems. Despite the challenges associated with controlling heterogeneous
UAVs-UGVs formation systems, they find wide-ranging applications in various real-world
scenarios. For instance, in speeding up forest fire rescue operations, a group of UAVs can
monitor forest fires in real-time and provide rescue locations for ground-based UGVs, enabling
swift execution of rescue missions. Consequently, recent attention has been directed towards
the cooperative formation problem of the UAVs-UGVs colleborative systems. In [8], the
observer-based fault-tolerant controller policies are designed for the team of heterogeneous
vehicles via reinforcement learning. Additionally, [9] studied time-varying output formation
problems for multiple UAVs-UGVs cooperative systems with switching directed topologies.
Nonetheless, the cooperative formation control problem of the UAVs-UGVs system investigated
in [8] and [9] are limited. The existence of nonidentical systems parameters and structures
between UAVs and UGVs may significantly increase the difficulty of the control design, so it is
important to study how to deal with the heterogeneous dynamic structures and further achieve
the cooperative formation tracking more effectively.

In addition, considering the accuracy and safety factors in the formation process of MASs,
the system states also havecertain limitations and constraints. If the system violates these
restrictions, it may cause system performance degradation and even cause serious security
problems. Therefore, investigating cooperative formation control with constraints is of great
significance to ensure the safe operation of MASs [10-15].

In [10], the consensus control problem is studied for uncertain nonlinear multiagent systems
with output constraint, and a distributed adaptive fuzzy output feedback control scheme based on
barrier Lyapunov functions (BLFs) is proposed. In [11], the adaptive tracking control problem
was considered for nonlinear multiagent systems under a directed graph and state constraints,
and the integral barrier Lyapunov functionals are introduced to relax the feasibility conditions.
[12] investigated the containment control for state-constrained MASs, and a log-type nonlinear
state-dependent barrier function is established to cope with the time-varying asymmetric full-
state constraints. In [13], the event-triggered consensus control is investigated for a category
of uncertain nonlinear MASs with full-state constraints. The finite-time cooperative control
and fixed-time control were developed for nonlinear MASs with full-state constraints in [14]
and [15], respectively. The above mentioned works mainly concentrate on the study of constraint
control for homogeneous MASs and do not consider the heterogeneous MASs which have
different system structures. In [16], the cooperative control for heterogeneous MASs with
time-varying full state constraints, and the nonlinear state-dependent function is introduced
to construct the new systems, which is free of constraints. However, for such networked
UAVs-UGVs systems with heterogeneous structures and uncertain system parameters, how to
guarantee the performance constraints of system states is an important issue to be addressed.

In addition, these complex real-world systems are accompanied by various challenges such
as actuator faults, which may seriously affect the performance and stability of the system. The
occurrence of actuator faults, such as reduced propeller efficiency in a quadrotor or reduced
drive wheel torque in a mobile robot, leads to uncertainty in the control gain matrix, which
makes control design more difficult. In recent years, fault-tolerant control (FTC), has attracted
widespread attention, which aims to design a control scheme that automatically compensates for
faults and maintains system performance, and has been applied in various fields [17-20]. Fault-
tolerant control methods are also combined with other technical methods to solve fault diagnosis
and fault-tolerant control problems, such as robust control [21-23], artificial intelligence [24,25],
and applications in aerospace [26—28]. With regard to multiple heterogeneous autonomous
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unmanned systems, the fault-tolerant cooperative control problem was investigated in [29], and
the FTC cooperative strategy is designed to re-coordinate the motion of each UAV and UGV in
the whole team. To the best of our knowledge, although there have been many FTC studies
on a single system or a class of homogeneous MASs, considering the comprehensive impact
of the state constraints of UAVs and UGVs during the formation process, especially under
the influence of unknown actuator faults, how to ensure system performance has become an
interesting and challenging questions, which also motivated this study.

In this paper, we consider the UAVs-UGVs formation systems with actuator faults and
full-state constraints. The main contributions of this paper are presented as follows:

1) A new cooperative fault-tolerant adaptive control scheme is developed, which can
ensure system stability and fault-tolerant tracking property for the multi-input multi-output
heterogeneous UAVs-UGVs formation systems with full-state constraints.

2) The performance constraints of state variables of quadrotor UAVs and mobile robot
UGVs are considered, and barrier Lyapunov functions are introduced in virtual control signals
and fault-tolerant control signals to guarantee the full-state constraints, especially under the
influence of actuator faults.

3) The control-gain reconstruction based adaptive controllers are constructed to deal with
the uncertain fault pattern matrix caused by actuator loss of effectiveness faults and bias faults.

The rest of this paper is arranged as follows: the preliminaries problem formulation are
delivered in Section 2, while the main results of the designed constraint-based distributed adap-
tive fault-tolerant control scheme is elaborated in Section 3. Simulation study of the proposed
control algorithm an the conclusion are presented in Section 4 and Section 5, respectively.

2. Preliminaries and problem formulation

In this section, the basic knowledge of graph theory is first presented, then, the dynamic models
of the UAVs-UGVs formation systems are introduced, and the guaranteed-performance-based
cooperative fault-tolerant problem for the UAVs-UGVs formation systems with actuator faults
is formulated.

2.1. Graph theory

. ) : — A . . . . :
A directed interaction topology E = (X,®,A) is presented to describe the information communi-

cation between N + M unmanned systems, where X £ {ni,ny,...,ny+m} denotes the node set,
® C X x X denotes the edge set, and A = [ay ] € RW+M)x(N+M) represents the adjacency matrix.
In the adjacency matrix A, the element a;; represents the weight of the communication link
and satisfies ay; > 0 if (ng,n;) € ® and ay; > 0if (ny,n;) ¢ ®. The edge (ny,n;) € P implies
that the node n; can receive information from node 7y via a directed communication link, the
set of neighbors of node ny is %, = {j|(n,n;) € ®}. The Laplacian matrix L is expressed as
L =D — A with D = diag{d,} € RNVM>*N+M) ‘\where d,; = Zl}lle ag;. Let by represents
the weight of the communication link between the leader vehicle and the kth follower agent,

then the pinning matrix B is defined as B = diag{by} € RN +M)*(N+M),

2.2. Models of the UAVs-UGVs formation systems

In this paper, a group of heterogeneous multiagent systems including N quadrotors and M
two-wheel driven mobile robots are considered. The dynamic modes of quadrotor UAVs and
mobile robot UGVs are presented respectively.

Quadrotor model. The dynamics of the k(k = 1,...,N)th quadrotor UAV can be formu-
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lated as:
Prx = (0 @ sin B cos Yy + sin Y sin ¢k>ﬁ - %Pkm
my my
. . . . Ukp Cky .
Pry = (cos @ sin 6y sin Yy + cos Y sin ) —= — == pyy,
my ny
. . Uy kz .
Prz = (cos @ sin Gk)—p —g— &sz,
my,
o Dy — I Ji i
O == Z9k1lfk—91< O — ¢¢ + 2k
Iy Tix Ty Ikx
i D=l ok Cko ;| Uko
O = =Y+ G Qpg — O+ ——,
Iy Iy Iy Iky
o D=y s Gy wg
V= ——2 G0 — >+ 2, (1)
Ikz Ikz [kz

where pui = [Pix, Piy, pro) | and ru = [, Ok, wi] T represent the position variable and attitude
variable of the kth quadrotor, respectively, m; is the mass of the kth quadrotor, g is the ac-
celeration of gravity, ., Cky and {;, denote the aerodynamic damping coefficient, Dy Ly I
are the body inertia, Ji, and €2 denote the inertia and residual rotor angular, respectively,
Ck(p, Cro, Ckw are drag coefficients, uy, urg, g and uyy represent the control input generated
by four rotors. All state variables are limited, which is described by |py| < ¥i,! = x,y,z and
|sk| < Xks:s = 9,6, y.

Two-wheel driven mobile robot model. The dynamics of the k(k = 1,...,M)th mobile
robot UGV is given as follows:

cosy, O ;
Prg= | siny; 0 { wk ]
0 1 k

Mo = —(Di + Ce Wi ) Xk + Tk, (2)

where py, = [Pk, Dky> l//k] represents the position variables and the orientation variable of
the kth UGV, v, and oy are the linear and angular velocities, Xy = [@)1, a)kz]T represents
the angular velocities of the left and right wheels, 7, = [, Tkz]T denotes the control torque,
Dy = diag{Dy1, Dy, } denotes the surface friction, Cy = [ Cua Cr ]denotes the centripetal
and coriolis matrix with Gy = [0, —c7],Cr2 = [}, 0], ¢ = O.Shk_Ir,%kackg, and cg, being the
distance between the center of mass and the middle point of two wheels, M = [ My M, } is
the inertia matrix with My; = [m}'gl,mzz]T, M, = [m}zz,mzl]T, my, = ﬁr,%((mkc + 2mkw)hi +
Ikg) + o, miz = ﬁr,%((mkc + 2mkw)h% - Ikg) and Ikg = mkcc,%g + kawh% + Iy + 21,y,, and my,
and my being the mass of the body and the wheel of the kth UGV, respectively, I being
the moment of wheels with the motor about the wheel axis, I, and I, being the moment of
inertia of the kth vehicle about the vertical axis through the center of mass and the moment of

wheels with the motor about the diameter, respectively. The position and orientation variables
are limited, which satisty |py| < ¥u,! = x,y and || < Xy

Since
v
{ o } = Rtk (3)
where Ry, = [ l/lhk B 11/ I } is a nonsingular matrix, r; denotes the radius of the wheel
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and /i, denotes the half width of the robot. From (3), define &, = [v;, @], we further have:

& = —Mpy & — My oy &y + Mgy vy, “4)
where Mgy = (MiR,,)) ™Y, Mpr = MeDikR,}!, Moy = MriCiR,,
Then, to address the underactuated problem in the kinematic system model and facilitate
the fault-tolerant control design, from [30], we introduce the coordinate transformation:

Xkg = Pkg + Pkp
Xy = Wi+ @3, &)
where Xgo = [Pix, ﬁky]T and xyy are the transformed position and heading angle variables of

T T -

the kth UGV, pig = [Pk, Piy) ' Pt = [@rut, Prpz] - With @rut = @1 €08 Xy — Py sin Xy and
. . i . 1—

Prp2 = Q1 SINXgy + P2 COS Xy, P3k = Vp COS U, P = Vg SIN Ui 51;3(’)3, Qo = Vg Sln.uk%%,

v, > 0 and v, € (0,7/2) are positive parameters.

Then, the transformed kinematic system dynamics can be further obtained:

2 -
Y — COS Yk 3Lulkk Vi | L OE [ ou B
k8 sin Yy ¢ %—‘Zk e | Oxgy | Ou |V

[x]

o v ], 98
= %o | K|+
ko { L } akaﬁDk ky
P31 .
Xy = @ — S Mo (6)
Hk
where Z; = [Elk Eok ], Ei = [cosxkv,,sinka]T, B = [— sinxkll,,cosxkq,]T, O =
T = = = CP— i T e, —=9 9P T

(@16, 0] s Bhp = [ Eky Bk |» iy = [cos Wi, sinyg] T, By = uk[%,ﬁ%}f] . From (6),

the kinematic system model in (2) is transformed into a nonlinear system with strict-feedback
form, which is adopted in the following fault-tolerant control design.

Virtual leader model. The system dynamics of the virtual leader are given in the following
form:

X():f()(X(),t), (7)

where xg; = [xox,xoy]T € R? denotes the position coordinate of the virtual leader, fy(xo,?) =
[fox foy] " represents the smooth function.

Assumption 1. The leader’s state variable x is bounded and continuous i.e., |xo.(f)| < Moy
and |xoy(¢)| < Moy, where My, and My, are positive constants.

Actuator faults. In the UAVs-UGVs collaborative formation systems, the propellers of
UAVs and the driving wheels of UGVs will suffer from certain faults inevitably due to the
complex structures of heterogeneous MASs and flexible task scenarios. Consider the following
actuator fault model:

ukif = Gki”ki"‘fuki(t)ak: 17"'7N7i:p7¢797ll/7 (8)

where uy; ¢ 1s the actual control input of the kth quadrotor, oy; € (0,1] and f4;(¢) € R denote
the unknown loss of effectiveness fault and bias fault, respectively.
For the two-wheeled driven mobile robots, the control torque faults are modeled as:

T = Ok T+ fur(t), k=1,...M, &)

where ;¢ is the actual control torque of the kth mobile robot, oy = diag{ oy, 0Or2 } is fault

pattern matrix with the fault factor oy € (0,1] for [ = 1,2, and fe(t) = [frx1 (1), fora(2)]
denotes the vector of fault values.
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Assumption 2. The bias fault values are bounded, i.e., | f,4;(t)| < furi fork=1,...,N, and
| fex ()] < fox for k= 1,...M, where f,4; and fz; are unknown positive constants.

Remark 1: As pointed out in [20], Assumption 1 is a standard condition in leader-following
control design. Since the dynamic trajectory of the leader is commonly regarded as the desired
tracking path for each follower, it should be bounded in practice. As stated in [17], Assumption
2 is reasonable in dealing with the adaptive fault-tolerant control problem of actuator faults.

The UAVs-UGVs formation system model. The UAVs-UGVs formation systems consid-
ered in this paper is a typical class of heterogeneous MASs, and the system state structures
and physical parameters are non-identical. In the following fault-tolerant control strategy, the
UAVs-UGVs formation systems model is divided into the position subsystem and attitude
subsystem, where the position subsystem includes the trajectory dynamic of the UAVs-UGVs
system, and the attitude subsystem includes the attitude dynamics of UAVs.

Based on the above descriptions on system dynamic models and fault models, define
the following agent sets .%, = {1,...,N}, %, ={1,...,M} and F#,, = {1,...,N + M}, thus,
the position subsystem dynamic models of the k,k € .%,cth vehicle under faulty case can be
expressed in the following form:

X1 = Fr1 + Graxa,
Xro = Fio + Grolguk, k € F g, (10)

where Xx1 = [Pres Prys Piz) s Frr = [0,0,0] 7, Gy = diag{1, 1,1}, xk2 = [Pras iy Pie) | » Fro =
—Cim1 + Fukp©®r/mi + 8a» 8a = 0,0,—8] ", Gm = diag{i—";, %7 ,§,—’;} Gio = 1/my, Ty = oyp,
Ui = Ugg = Ouy, denotes the control channel of the quadrotor position system for k € .7,
O = [cos @ sin O cos Wy + sin Y sin @, cos @ sin O sin Y + cos Y. sin ¢, cos ¢ sin Gk] s Xkl =

O%; ~ .
[x;—g,ka]T, Fq = [Flep,Fkly/]T, Frip= #(kakw, Fry = ——Hk, G = diag{Exg, 1}, xp2 =
Vies e, @] T, Fio = [Fraws e, Fiow] T With Fror = [Fiay, Fiow] T = —Mpr&i — Mk ocE + My ks
G = lTMRkl, 1= (1) 8 (1) A= diag{le,O, sz}, Uy = [Tkl,o, Tkz]T denotes the control

torque of the mobile robot system for k € .7,.
Then, the attitude subsystem dynamic models of the kth quadrotor under faulty case can be
expressed as:

Xkr = Xk,
Xko = Fro + Grol kolko, k € Fa, (11)

Where X = Tak = 0606V, %o = 0666, Fo = [Fo Fo.EE]T, Fl =

I A u I X r U, J—
kLGIV _eklkrgka_gk_d)qbk_'_fk(b Fk%)_ ke~ kw¢k+¢k1]]: Qy — Ckee +fk9 Fklg)_

]kx ’
)/ 1 : ’ )
kxlkzqul)k@ Ckwllf + f’“", Gro = diag{1/lix,1/Iiy,1/Ii.}, Tho = dlag{Gk(p,O'ke,ka}
U = [uk¢,,uk9,ukw] denotes the control signal of the attitude system of the follower
quadrotor for k € .Z,,.

2.3.  Control objective

For the UAVs-UGVs formation systems with guaranteed performance and actuator faults
considered in this paper, the main objective is to develop adaptive fault-tolerant controllers such
that:

1) the follower UAVs and UGVs can track the dynamic trajectory of the virtual leader and
further obtain the expected time-varying formation configuration under the influence of actuator
faults;

2) all signal in the UAVs-UGVs formation systems are bounded, and all state variables stay
within constrained performance boundaries.
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3. Constraint-based distributed adaptive fault-tolerant control scheme

In this section, the formation tracking errors of the UAVs-UGVs formation systems are first
defined, then, a constraint-based distributed fault-tolerant control algorithm is proposed for the
position subsystem of the UAVs-UGVs formation systems to obtain the desired time-varying
formation configuration and full states performance constraints. The fault-tolerant adaptive
cooperative control strategy is further developed for the attitude subsystem of follower UAVs to
guarantee that the attitude angles can achieve consensus and maintain constraints.

3.1. Formation tracking errors

To facilitate the following fault-tolerant controller design, the formation tracking errors of the
UAVs-UGVs formation systems are introduced as:

erp =Y, aj((rp — %) — (jp = 1)) + bro(okp — % — %0), k € Fug,
je%
€kz = sz_xOmk S yaa €y :xkl//_x()lﬁak € yga
ekr:xkr_XOrak:yav (12)

where ey, = [ejpx, ekpy]T represents the neighborhood trajectory tracking error of follower UAVs
and UGVs in the horizontal plane, i, = [Pkx, pky]T for k € 7, and xy), = xi, for k € #, denote
the state variables in the forward and longitudinal directions, ¥ = [Vix, }/ky]T is the desired
formation structure vector, xo denotes the state information of the virtual leader; ey, and ey
denote the altitude tracking error and the orientation tracking error of the kth follower UAV and
UGV, respectively, xo; is the desired flight altitude, xoy, = arctan(xoy/%Xo.) denotes the desired
heading angle; ey, is the attitude tracking error of the follower UAV, xo, = g, de,xol,,]T is
the desired attitude information.

3.2.  Fault-tolerant controller design for position subsystem of the UAVs-UGVs formation
systems

The adaptive FTC scheme with state constraints for position subsystems is composed of the
kinematic control laws design and the dynamic control laws design.

Kinematic control laws design. From (10) and (12), the dynamics of the error variables
can be obtained as:

éxp = (duk +bio) (Frap + Gr1 pXiw — i)
— Y aj(Fjip+ Gjipxjy — 7)) — bro%o, k € Fyg,
JEY;
I3

. . . k . R
€z = Viz — X0z5 keyaaekl//:wk—a_‘uk,uk_xOV/a kEﬁg, (13)

where Fy1, =[0,0] ", Gy1, = diag{1, 1}, x, = [Pix, Piy] | fork € F, Fy1p = i—i’;@kka, Giip=

Ek(p’ Xjy = [vk,/,'tk]T fork € gg.

In the kinematic control design of the positon subsystem, the radial basis function neural
network is employed to cope with the system unknown functions. The unknown nonlinear
function %(¢) to be approximated can be expressed as:

h(g)=0""@(g)+8(g), (14)

where ¢ = [¢],...,Gn] " € R™ is the input signal of the neural network, * = [0,...,9,]"
represents ideal weight vectors, The basis function @(¢) = [@(g),...,®,(¢)]" € R" satisfies
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PR (o 1) M (v () NI ith Y: € RP . i i
o;(c) = exp( o ), i=1,...,nwith ¥; € R” and d; > 0 being the center and width

of @(¢g), 6(¢) is the bounded optimal approximation error which satisfies |6(¢)| < 6 with
€ > 0 being a constant. Thus, from (13) and (14), the radial basis function neural network is
constructed to approximate unknown functions in ey, and the dynamics of ey, can be rewritten
as:

érp = (dnk + bro) Gt pXiw + P,

= (duk + bi0) Gr i + 5y Bip(6) + 8 (), (15)
where hy, = [hkpx(€)7hkpy<g)]T = (du + ka)(Fklp — %) — % akj(Fjlp—f—Gjlpxjv—)'/j) —
JEY

kaXO, wkp(g) = [w];;x(g)a w,;;y(g)] ﬁk—r dlag{ kpx7 19kpy} and ka(g) = [kax<g) kay(g)]T
satisfy Hﬁ,f;H < O and |81 (S)|] < Sepil = x,y with Dy and & being unknown positive
constants, || - || is the Frobenius norm.

Define the virtual error variables as ey = X, — Op, Zkz = Pkz — Okaz» k € F4, Where Ockp
and oy, represent the virtual control signals. Then, the virtual control law oy, = [Ockp, akaz]
for the kth follower quadrotor UAV is designed as:

1 Oy — &
= | Trtio"R1ekp —Eka By = 22nk) | p e 7 (16)
—kgzer; + Xo;

further, let the error variables zx, = Vi — Oy, Zkew = Ok — Ok, kK € F4, O, and O, represent
the virtual control signals, the virtual control law oy, = [Oc,;, OCkV,]T with oy, = [0y, L] " for
the kth follower mobile robot UGV is designed as:

L1 __ 5 9 1 33k A .
ke (dnk+bk0 (—kiexp — Exa Orp — 2an) - ‘Pk(kgwekw _Xov/)>

—k q/ekw+ (9[1 ,uk‘i‘X()lI/

akg: - ,keyg,
(17)

and |egpy| < Niys

where Znk = [Znkes Tnky] T with ke = and zp, =

nkx kpx nky -

- o o,
N > 0 and 1, > 0 denote the constraint values, Zyg = dlag{z”’“ 1B : Z”"‘2||K 7 Fo Kiepe > 0
kpy

and Ky, > 0 are designed constants, ﬁkp = [kax, ﬁkpy] is the estimate of ﬁkp = [ﬁkpx, ﬁkpy]T,
ki >0, kg; > 0 and kg, are designed parameters.

To update the virtual control signal oy,, we construct the adaptive law ﬁkp as:

Op = AipZraink — EpOip: k € Fa, (18)

where A4, > 0 and &, > 0 are designed positive parameters.
Consider a positive candidate function V),; to perform a preliminary analysis of o, and
Oy as:
2 2
nkx nky
_ 2 +log— — 2 )+ Z 21 19kpﬁkp
kx kpx ky kpy ke Fug

1
Vo1 = E(log 5
k€ Fyq

771? 1 r’/glll
74
kz kz  keF, ky ky

where U, = U, — O, is the estimation error, ey, and ey satisfy |ex.| < My, and ey < Niy,
Mk and 7y, denote the constraint values of the altitude tracking error of follower UAVs and the
orientation tracking error of follower UGVs, respectively.
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On the basis of the dynamic functions in (13), the derivative of V) is

Y * e .
Vo1 = Z ng((dnk—Fka)lepxkv—I—ﬁk;wkp(g) —{—ka(g)) + Z %(sz — X02)
kGegag keﬂ nkz — ekz
P31 .
+ Z (o — L — Xoy) — Z ﬁk 19k (20)
keF, nky/ kq/ 0 KT )Lkp pEp

Then, by utilizing Young’s inequality, one can obtain that:
N - = 1
Z;‘[rkﬂk[;rwkp(g) < ng‘:‘kd)'ﬂkp + E(K]gpx + Klgpy)a (21
1+
Z;kskp(g) Zanan +5 (5kpx + 5kpy) (22)

kam-kpr%‘ anwakva}z""

)
ZK'kpx 21<k by

Combined with the virtual signals in (16)-(17) and the adaptive law in (18), we further
have:

where Z;5 = diag{

} with &g, > 0 and Ky, > 0 being positive constants.

kaze]%Z kg‘Ve%l//
Vp1 < — Z klznkekp Z 2 2 Z 2 2

kE Fag keZ, e — €z ke, ey ~ Chey
JdE eryZ
T = —k - ky<kw
+ Y | ane(dk+bro) (Z + e Pitko)) +
keF, Xky ky ~ Cky

exz
+ ) ng«dnk‘f’bko)ekz)‘i‘% + Y

= 2 Byt vp, (23)
kEFq ke " Ckz) k€T

lkp

1/,.2 2
Where Zky = [Zkv Ccos II/IG Zky Sln l//k] Upl - Z 2 ( Kkpx + Kkpy + 5kpx 6kpy>
kE Fug

Fault-tolerant control laws design. Let 7, = [ek2= 2] ", from (10), the dynamics of zy,, is

. fukp Okp .
ka = —CrmX1 + —— O + 84 + — g — Ogq
my my

Okp
= hyy + —Uigq, (24)

my
where hy, = —Cuninn + f;l—’;"(@k + g4 — Oy,. Similarly, the radial basis function neural
network is adopted to approximate hy,, we have hy, = 19,2? O, (S) + Ory(g), where
19*T = diag{ "%, kvx, ,jv;, kvz} and @, = [GfkTvx,wkTvy,CUkTvz]T denote the ideal weight vectors

and the basis functions with ||19kvl | < Oy and ||6kx(S)|| < Gty = x,,7, respectively,
Olkv = [Okvxs Okvys O] ' is the approximation error.

Further, the adaptive fault-tolerant control signal u,,k € %, of the follower UAVs is
designed as:

Uka = 6mkl/_tak7
_ ., & 1
kg = —ka2Zka — :"];a)' Uy — Ezr?ka - Ykm (25)

where 6, is the estimate of Gmk, Ok = M/ Okp, kqo > 0 is the designed parameter, zn ka =

[z ks nky’znkz] with anq e ‘fuq |Zkaq| < Mg 4 = %,:2, Ny, > 0 is the constraint value,
,,kql\ kquF

= diag } Kivg > 0 s the designed constant for g = x,y,z, ﬁkv is the estimate
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of Oy, = [ﬁkvm{,kvyaékvz]—r Yia = [Yho, Yay, Yie] T with Yo = —(de + bro) Znie (M2 — Z00)

kax
ka = _(dnk + ka)any(nky Zkay) Yy, = ekz(nkz - Zkz)/(nkz - el%z)
To construct the fault-tolerant control signal u,;in (25), the adaptive update laws of G,

and Oy, k € .%, are chosen as:
A T - o
Omk = _;Lkozgkauka — Eo Omk; (26)
Uy = )‘kV‘Ezm’Z%ka - gkvﬁkw (27)

where Ais, Ak, Eo and &, are positive constants.
Define the error variable z;, = [Zks zkw]T for the kth follower UGV, from (10), the dynamics
of 7y, 18:

kg = —Mpi&x — Mcx O + My fror + MicOx T — Ot
= iy + MRk O T, (28)

where hy,, = —Mp&x — My &g+ Mgy fox — Olkg. From g, = 07 @, () + 04y (), the adaptive
fault-tolerant control signal 7,k € .7, of the follower UGVs is constructed as:

T = Gk,
_ _ —_ & 1
T = M (—kea2ig = Ziy Dt = 5 g — Yie), (29)

where 6 is the estimate of oy = diag{ oy, 0k2}, kg2 > 0 is the designed parameter, z/

nkg —
v v T : v _ Tkgl _ Zkg2
AT 4 with 20, = =55 and z),, = 75—, |Zel| < Np» |2ke2] < Moo >0
2015 ] kL T - k2 T pE-2, ol <M |2ke2] < Mips My
) - o Dl @ellE 2ol @oll?
and 7, > 0 are constraint values, E) = diag{ ”klzkglv L "kzz,(zv E1, K1 and ko are

positive constants, ékv is the estimate of Oy, = [O,1, Do ', Ykg [Ykgl,Ykgz] Yie1 =
_ JdE
(duk +b10) 2 Ery (MT — 22,,) and Yo = ((dk + bro) 2y Ty Pt —— ) (M3 — Zy)-
To construct the fault-tolerant control signal 7in (29), the adaptive update laws of 6 and
s k € F,4 are designed as:

A - 2T T ~
6k = — Ao TMpiZnie — €ko Ok (30)
Vi = )Vkvzliwzgkg — €y Uk (31)

where Ao, Apys Eko and &, are positive constants.

3.3.  Fault-tolerant controller design for attitude subsystem of quadrotors

The adaptive FTC scheme with state constraints for position subsystems includes the kinematic
control laws design and the dynamic control laws design.

Kinematic control laws design. From (11) and (12), the dynamics of the error variables is
described below:

ékr = Xk — Xor, kK € Fy, (32)

where ey, = [exg, exo,ery] s Xkor = [0k Oko, Oy = [0k, O, W] ', Xor = [Bka, Oka X0y | de-
noted the desired attitude information, and ¢, and 6;, can be obtained from the control input
signal uy, of the position subsystem.

Define the virtual error variables as 7, = @y, — Oy, k € .%,. Then, the virtual control law
oy of the kth follower quadrotor UAV is designed as:

Oy = —Kareir + Xor, (33)

10
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where k, > 0 is a designed parameter.
Consider a positive candidate function V,; to perform a preliminary analysis of o,
1 2 2 2

Mo Mio Ny
Vi =) >(log +log +log —5—5-), (34)
ez, 2 nlg(p - el%q; Mo — €io nkl// eiw

where |exg| < Mg, |eko| < Mko and exy < Niy With Mig, My and My, being the desired constraint
values of attitude tracking error of follower UAVs.
From (33), the derivative of V, is:

: T T
Vii=— Z karznkrekr+ Z Znkrlkrs (35)
ke F, ke F,
_ €k¢ ro Ly
where zpir = |20k 2Znko s Znk with Zpre = , Inko = >, Znk ——t.
nkr [ nk><nk6s<n ‘l/] nk¢ — ¢ 2¢ n nZy— 2 nky — Tl/?we/%w

Fault-tolerant control laws design. The adaptive fault- tolerant control law uyq, k € F, of
the follower UAVs is designed as:

Ukp = fkco’hcm»
iy = G,;(—kawzw—kakw—kaa+akr—Tkr) (36)
1

~Ok¢” ko’ O’k

6
W, = [ Wie Wiy | with Wie = dlag{—— -k — } and Wy = dlag{lkx7lk T Y, Gro

I’ Iy

is the estimate of @y = [Cl«p ko Gy fuko f_ukﬂafukl//]—r, Froa = [qu;m,Fk%,a,Fktm]T
the known term with quioa = ") IkZG Wi — le"’Qka, km = %l]lk(ﬁk + ¢kKkyera and

where ka is the estimate of Iy, = dlag{ } kaw > 0 1s a designed constant.

IX I
FY =22 00, Yy = [qu)aYkekal//] with g = znie (N —224)> Yko = 20k (NG —220)>
Yiy = anv/(nky/ Z%q/)-

To construct the fault-tolerant control signal u, in (36), the adaptive update laws of L',
and @, are chosen as:

A _ T 2
L'ko = —MritkoZnre — &l ko, (37)
Oro = Ak(kawan(o —&o Qi (38)
ko 2k Zky 1T o . _ ®
s kgl < =¢,0,vy, > 0, &, Arg, Er and
nl%z_zi(p > n]géz_zie ) nl?u?_ziw] | kql nkqaq (pv Y nkq k"> ks> <k
Ekp are positive constants.

3.4.  Performance analysis

The overall formation tracking control performance of the proposed fault-tolerant adaptive
control signals with constraints is given as follows.

Theorem 1. For the UAVs-UGVs formation systems with actuator faults and state
constraints, the adaptive control signals u,(t) in (25), ue(2) in (36) and 7 (¢) in (29) updated
by the adaptive laws in (26)—(27), (37)—(38) and (30)—(31), it can be guaranteed that all closed-
loop signals are uniformly ultimately bounded, and the errors ey, €x;, exy and ey, can converge
to a small adjustable neighborhood of the origin, and the full state variables of UAVs and UGVs
can maintain the performance constraints.

Proof: Consider the Lyapunov function candidate as:

1 =+ =
V=V +Vp+ Z 2)% tr{ G, Gk} + % M {6y &} + ; mﬁijvﬁkv
ke k€F g
+ Vi +Vi+ Z 22‘ tr{rkakwrkw}+ Z 2){]( gokw(pk(m (39)
4

ke F, ke %,

11
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v2 v2

where V,, = Y. (log n"l +log — n"2 )+ ¥ (log nk‘ +10gn»2nz +log vzk“ )»
keﬂ‘g

mi— kgl s — kg2 keZ, e i ky ~Zkay Mkz ~Zkaz

Vie= ¥ ;(log ag 7, tlogog """ I ).
keZ, ke My %y

Remark 2: In the performance analysis, the log-type quadratic barrier Lyapunov function in
(39) 1s introduced to ensure that all states of follower UAVs and UG Vs can satisfy the designed
performance constraints. Although the non-quadratic Lyapunov function employed in [31]
and [32] can increase the convergence speed of the system, we mainly focuses on solving the
problems of heterogeneous system structures and cooperative formation of the UAVs-UGVs
systems, as well as fault-tolerant control in the presence of actuator faults, and the log-type
barrier Lyapunov function can also solve the state constraint problem. In addition, the quadratic
Lyapunov functions are also a special case of non-quadratic Lyapunov functions, such as the
log-type barrier Lyapunov function in [12], and the tan-type barrier Lyapunov function in [15],
and they are used to solve the state constraint problems of nonlinear systems with adaptive
control design, and the structure of the constraint-based fault-tolerant controller designed in
this paper is also not complicated. Thus, a quadratic barrier Lyapunov function is applied to
conduct the system performance analysis.

From (10) and (11), and together with (23) and (35), the time derivative of is:

. . O
V=Voi+ Y a0 O+ G+ mp”ka)+ Y 2o (85 By + Sy + Mg O )

keZ, k k€ F,
Okp 1 LT A 1
- Y 7 tr{o Ot — Y, }L—tr{ak ot — ), 7 ﬁkvﬁkarV,l
ke 7, "ol ke 7, "*ko kEFag 7KV
. 1 = A 1 =T A
+ Z ngw(ka‘Fkaka”kw_O‘kr)_ Z Ttr{F;kakaw} Z T (P
keZ, ke, "I keZF, 'ko
(40)
According to Young’s inequality, one has:
—_ q 1 2 2 2
Z Zl;ykal9 Oy < Z erﬁa‘:“l;wﬁkv"i_ Z E(Kkvx+Kkvy+Kkvz)’ (41)
keZ, keZ, ke%
T

Z anaékv < Z Z;}]kaz‘;]ka Z 8kvx+ 6kvy+5kvz) (42)

kEJa ke a kefja
Y ke O < Y Zpie BV + Z (Kot + Kio2): (43)
ke F, ke Fy ke/a

1 T
Y oo < Y STnkelnig + Z (801 + 8a)- (44)
keF, ke,/g

Combined with the fault-tolerant control signals in (25), (29) and (36) and the adaptive

12
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laws in (26)-(27), (30)-(31) and (37)-(38), we further have:

T k ze/%Z kgllfe%y/ E&p =T 4
Z kizgiekp — Z - Z 2 7 T Z A_kpﬁkpﬁkp"‘”pl

kE Fug %, e — €k kEF, nkly - ekw kE Fug
€160,
vT vT ko Okp ~T A
keZ, ke Z, kefag kv keﬁa ko !Mhk
Eko T T
Z Ttr{ Gk}+1)p2— Z KarZyirer — Z KawZnkehr
ke Z, ke %, ke F,
ko =T 2
Z tr{rkakakw}+ Z l 7 Pk Preo> (45)
9‘ ke,
_ 1 1 2 2
where Up2 = kez} Z(Kkvx + K‘kvy + Kkvz) + Z ( kvx 5kvy 6kvz) + kech? E(Kkvl + Kka) +

Z % (akvl 5kv2 )
ke F,

Using the Young’s inequalities and the properties @' @ < —%flel + %aTa withd =a—a,
one has:
&p 5T 3 €p 3T 3
Y, 0% <— ), 2 D+ Y, =500, %), (46)
kE Fyg Mp P k€ Fag 2)‘ ! kE Fag 2p "
€ko Okp €oOkp ~ €ko Ok
o COmGm < — ) 2;—” 2 2;—”0,%,{, (47)
kez, oMk ke7, <ok ke7, <ok
& ~T A
) lk—otr{ck 6y < — Z tr{O’k &1} + Z tr{ck o}, (48)
ke F, ko keﬂ keﬁ
keZ, lkl“ keZ, 21’5 kegf 2Mx
k(P =T k(p =T =
Z )Lk(p (pka) (Pka) = Z 2A«k(p (Pka) (Pka) Z 2)%@ (Pkw(Pk(o (50)

Then, we have:

2
ke kgye €
T az€; 8Y*ky Skp_
Z kiznrexp — Z 22 Z 2 2 Z 19kpﬁkp

k€ Fug e, M —Ce ke, Moy ~Chy kT 20
vT vT Ev TR € Okp o
- Z kﬂ2znkazkll_ Z nganngg_ Z 22 19kv19k\’_ Z mcmk
keZ, ke F, ke Fyg <Mk ke 7, </ka!k
T T
- Z 21 tr{o-k Gk} Z karznkrekr_ Z kaa)ankar
ke %, ke F,
gk(p =T =
- Z 27L tr{rkakakw} Z 2 Pk Pro» T V5 (D
keZ, ke F, <"ko
8/<; £ Eko Ok,
where v = kezgi = '9kp19kp + ): z,lkv 9, B + Z 2,{;6,,{; P Z 2"" r{o, or} +
g

13
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2
According to [33], one has log — 7 lez < %k s it yields,

% Mi—C
n? 7713
V=—k Y (log—5—"5—+log—5—>5—)— ) (21 By, Vi + 21 19kvl9kv)
k€Fag kx ekpx ky ekpy k€ Fag kp
2 e
—kaz Y log——5 —key ¥ log—————kia Y. Via—kp2 ¥ Vig
ke, Mz~ i keZ, Ty ~ Cky kEFy key‘g
EocOkp o &o ~T ~
— LG — ) t{G; 6} —kaw Y, Voa— Y, (T}, Grol ko }
keZ, 2smi " ke F, 2o keZ, keZ, 2/1
2 2 2
N n Up Ep =T =
— kar Z (log 2 ¢2 +10g 2 k92 +10g 2 Wz )_ Z 2)L(P fkaw(Pkw‘FU
kE Fug Nip — €ko Nio — €ko My ~ €y kez, “Mo
(52)
nkx ’7/?3 o _ nkl n3
where V,, = log +log — +log =755 2 Vig = log —; + log v2 s Vowa =
2 e —Zha My — kuy Mz ~Zkaz M1 — kgl Mo~ kg2
log g2 +log -5 ""9 + +log wgk‘” :
Mk qu) My —Zky
Finally, it can be obtalned that
V< —BV+u, (53)

where B = 2min{ky,kaz, kgy, ka2, kg2, kar, ka1, Mea}, et = {&kp, &vsEko ) hk € Fugs
I, = {Skr,&'k(p},k € Z,.

From (53), one can obtain that the tracking error signals ey,,k € Fuq, ek, ek k € F,
eky,k € F, and the estimation errors Oy, Oxy, k € Fugy Gk, Lkwrs Pk € Fa, ik € Fy
are bounded. It can be further obtained that the control signals O, Uia, Qir, Uk, k € F, and
Okg, Tk, k € F4 are bounded.

Since the neighborhood synchronization error ey, is bounded, the formation tracking

- — - llep]| T T T
error xﬁ— }/—Txo sitlsﬁes ||xpT— }/—iou < W:’W, wThere xpT— [xlTp,...,xNJrMp] ,
y:[yl""7yN+M] N XOZI:XO?"‘VXO] ER + N €p:[€1p,...,€N+Mp] . AS ||.xP_
Y — %ol| < m, we have [pr| — Y| — [fo| < % and |pyy| —
Yyl = [ foy| < %frl%@b)' Then, by choosing Y, > % + My + Mo, and

[lepl

Ty = n (L BET3) + My, + Moy, it yields, |pr| < Xk and |pry| < Jiy» i-e., the state
constraints can be guaranteed. Similarly, through selecting the appropriate parameters,
the constrains of py,, xi, for each follower UAV and xy, for each follower UGV can be
obtained. From the previous analysis, the virtual control signals og,, o4, and oy, are
bounded. It is supposed that |0y | < Ogur,l = x,,2,k € Fu, |Oy| < Ogrq = v, 0,k € Fy
and |og| < Gy, s = 9,0,y,k € F, with Ggy > 0, Gg, > 0 and 0y, > 0, respectively.
Since |Zkal| < r’]l;[’l = X0 |ZkV| < T[};l,|ka| < n]:z’ |st| < n]gs)wy = ¢,0,y, one has
\Pra| S X1 =%.9,2, |@xs| < 71,5 = ¢, 6,y for the kth follower UAV and |vi| < Fiv, | 0| < Xro
for the kth follower UGV. Therefore, all state variables of quadrotor UAVs and mobile robot
UGVs satisty the performance constraints. The proof is completed.

4. Simulation study

To show the effective fault-tolerant and state constraints performance of the proposed coopera-
tive adaptive FTC control scheme, a numerical simulation for the UAVs-UGVs collaborative
formation system are presented in this section,

14
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Figure 1. Communication topology.

4.1. Simulation conditions

The information communication among the UAVs-UGVs collaborative formation system is
expressed by the digraph Z in Figure 1, where agents 1-4 denote four follower UAVs, agents
5-7 denote three follower UGVs, and agent O represents the virtual leader. The weight of each
communication link between two agents equals to one.

Then, the system physical parameters of the quadrotor UAVs and mobile robot UGV
are given below: (1) the system parameters of follower quadrotor UAVs are considered as
my = 2kg, Gix = Gy = G = 0.012N - s/rad, Il = Iy = 1.25N - s /rad, I, = 2.5N - s /rad,
Iy = 0.001kg - m?, $p = Co = {y = 0.012N - s/rad,k = 1,2,3,4. (2) the system parameters
of three mobile robot UGVs are considered as h; = 0.75m, ry = 0.25m, my,. = 10kg, myq =
1kg, Iy = 5.6,I;p = 0.005, I, = 0.0025, ¢k = 0.3m, Dy = Dyo = 5,k = 5,6,7. The dynamic
trajectory xo is considered as xo = [t,3sin(0.5¢)] ", and the expected heading angle xoy is
described as xpy = arctan(Xgy/Xox). The desired cooperative height xo, of each follower
UAV is given by xo, = 6. The expected geometrical formation structure is selected as ¥, =
[4cos((k — 1)x/2),4sin((k — 1)m/2)] ",k =1,...,4 and ¥ = [2cos((k — 5)7/1.5),2sin((k —
5)x/1.5)]",k=5,6,7. In this simulation of the UAVs-UGVs formation systems, all follower
vehicles are required to track the trajectory formed by the virtual leader O and achieve the
desired geometric configuration and maintain the state performance constraints subject to
actuator faults under the proposed adaptive FTC strategy.

The actuator faults are simulated as:

uzpf(t) = 0.5up,(t) +2sin(z),for t > 15s;
u3¢f(t) = 0.6u3zy (t),ugwf(t) = 0.55u3w(t),f0rt > 25s;
T51f(l) = 0.451'51<t) +1.5 sin(t), T52f(l) = 0.5152(t),f0r t > 15s; (54)

which indicate that 1) the control thrust of UAV 2 loses its effectiveness from 100% to 50% and
has a bias fault at = 15s, the roll and yaw subsystem of UAV 3 loses its effectiveness from
100% to 60% and 100% to 55% at t = 25s; 2) in UGV 5, the control torque of left wheel loses
its effectiveness from 100% to 45% and has a time-varying bias fault and the control torque of
right wheel loses its effectiveness from 100% to 50% from ¢ = 15s.

The initial conditions are chosen as x11(0) = [1.5,0.8,5.5]7, x21(0) = [0.8,2.5,5.8] T,
x31(0)=[0.6,2,6.5]", x41(0) =[1.2,1.2,3.5] ", x5, (0) = [2.5,1.5,0.2] T, x61 (0) = [1.5,0.8,0.5] ",
x71(0) = [0.7,1.6,0.2] T, x,(0) = [0.2,0.3,0.4]", x,(0) = [0.1,0.25,0.7]", x3,(0) =
[—0.1,0.6,0.3] ", x4,(0) = [-0.3,0.7,1]".  B,(0) = [0.1,0.1]",6,x(0) = 0,0,(0) =
[0.1,0.1,0.1] ", T4, (0) = diag{0,0,0}, $c(0) = [0.1,0.1,0.1,0.1,0.1,0.1]" for k € .Z,,
61(0) = diag{0,0}, 04, (0) = [0.1,0.1]" for k € .F,. The gains in the control signals and
adaptive laws are chosen as ki = 2,kq; = 2,kgy = 2,kar = 3, Mip = Ay = Mo = 1,&p = &0 =
o =0.1,fork € g‘\ag, A«kl" = A‘k(p =1.5gr= Ekp = 0.1 for k € Z,.
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Figure 2. Tracking trajectories of follower vehicles in XY Z plane.

4.2.  Simulation results

The following simulation results are presented to show the control performance of the proposed
adaptive FTC algorithm with state constraints. Figure 2 and Figure 3 show the position tracking
trajectories with geometric formation structure of the UAVs-UGVs formation systems in XYZ
plane and XY plane, respectively, where the red “x” represents the position of the virtual
leader, the “W” and “ e in different colors represent the initial positions of follower UAVs and
follower UGVs, respectively, the solid red line represents the movement trajectory of the virtual
leader, and the dashed line represents the movement trajectory of followers. It can be seen from
figures that during the formation movement of UAV's and UAVs, the follower UAVs and UAVs
achieve the desired geometric formation configurations, such as the quadrilateral and triangular
formation configurations formed at # = 20s and ¢ = 40s, respectively. Thus, we can obtain that
all follower UAVs and UAVs can perform an effective formation tracking with the developed
cooperative adaptive FTC scheme under the influence of actuator faults. Figure 4 shows the
neighborhood formation tracking errors of the position and attitude subsystems of follower
UAVs, when the position subsystems of UAV 2 and the attitude subsystems of UAV 3 suffer
from actuator faults at r = 15s and ¢t = 25s, respectively, the neighborhood formation tracking
EITOTS €2y, €2py, €2p; and the attitude tracking errors e3¢ ,e3y can converge to a small adjustable
neighborhood of the origin after the transient deviation. Figure 5 shows the neighborhood
formation tracking errors of the follower UGVs, which indicates that the cooperative formation
tracking performance of UGV 1 recovers after a transient response when the actuator faults
occur at t = 15s. For comparison purposes, the formation tracking error performance indexes
of follower UAV 2 and UAV 3 and follower UGV 1 in the presence of existing control scheme
are also plotted in Figure 6 and Figure 7. It is clear that the proposed cooperative adaptive FTC
method provides better convergency for the synchronization errors under the influence of same
actuator faults. Figure 8 show the position variables and attitude variables of follower UAVs, it
can be obtained that the system states piy, iy, Pkz» Ok> Ok and Wi,k = 1,2,3,4 can satisfy the
predesigned performance constrains even when the actuator faults occur, and from Figure 9,
the position and orientation variables py,, pxy, and xz¢,k = 1,2,3 can also maintain within the
designed performance requirements.
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Figure 3. Tracking trajectories of follower vehicles in XY plane.
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Figure 4. Formation tracking errors of five follower UAVs.
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Figure 5. Formation tracking errors of three follower UGVs.
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Figure 6. Formation tracking error performance indexes of faulty UAVs.
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Figure 8. The position and attitude variables of follower UAVs.
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Figure 9. The position and orientation variables of follower UGVs.

5. Conclusion

In this paper, a cooperative adaptive FTC scheme is presented for the UAVs-UGVs formation
systems with full-state constrains and actuator faults. By using the proposed method, the
system achieves a good fault tolerance performance while the system states of quadrotor UAV's
and mobile robot UGVs do not exceed the boundaries of the performance constraints. The
simulation study shows the constraints and fault-tolerance performance of the presented adaptive
FTC scheme. However, the types of faults considered in this paper are relatively simple and
do not take into account the uncertain time-varying characteristics of the control gain matrix
caused by time-varying faults, as well as the effects of network communication faults among
agents. In the future work, we will investigate the constrains-based cooperative FTC control
problem for the UAVs-UGVs formation systems with multiple complex faults.
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