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Abstract: In this paper, a decentralized fault-tolerant cooperative control scheme is developed for multiple un-
manned aerial vehicles (UAVs) in the presence of actuator faults and a directed communication network. To
counteract in-flight actuator faults and enhance formation flight safety, neural networks (NNs) are used to approx-
imate unknown nonlinear terms due to the inherent nonlinearities in UAV models and the actuator loss of control
effectiveness faults. To further compensate for NN approximation errors and actuator bias faults, the disturbance
observer (DO) technique is incorporated into the control scheme to increase the composite approximation capability.
Moreover, the prediction errors, which represent the approximation qualities of the states induced by NNs and DOs
to the measured states, are integrated into the developed fault-tolerant cooperative control scheme. Furthermore,
prescribed performance functions are imposed on the attitude synchronization tracking errors, to guarantee the
prescribed synchronization tracking performance. One of the key features of the proposed strategy is that unknown
terms due to the inherent nonlinearities in UAVs and actuator faults are compensated for by the composite approx-
imators constructed by NNs, DOs, and prediction errors. Another key feature is that the attitude synchronization
tracking errors are strictly constrained within the prescribed bounds. Finally, simulation results are provided and
have demonstrated the effectiveness of the proposed control scheme.
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Yan et al., 2017).
nicational and computational burdens in coopera-
tive control of multi-UAVs, the decentralized control

For the reduction of commu-

architecture is more efficient than the centralized
control frame.

Numerous results have been obtained for coop-
erative control of multiple vehicles in a communi-
cation network, where each vehicle can use only its
individual states and neighboring vehicles’ states to
determine its behaviors (Ren et al., 2007; Han et al.,
2015). Bayezit and Fidan (2013) proposed a de-
centralized cohesive motion control scheme for an
autonomous formation, such that the formation can
move from the initial positions to the final desired
positions while maintaining the formation geome-
try during the motion. This method was then ex-
tended to the cases of fixed-wing UAVs and quadro-
tors. Liao et al. (2017) developed a cascade robust
feedback control approach for formation control of
multiple vertical takeoff and landing (VTOL) UAVs
in a dynamic communication network, where a po-
tential field approach was used to generate a desired
velocity in the outer loop and a velocity controller
was then designed to track the desired velocity in the
inner loop. He et al. (2016) investigated the output-
feedback formation tracking problem of multi-UAVs
by integrating a state observer, a virtual structure,
and a path following approach. Using a differential
game approach, Lin (2014) considered a formation
control problem for multi-UAVs in a communication
network, and each UAV was able to exchange infor-
mation with others via an information graph. Then
a formation control protocol was proposed for multi-
UAVs and each UAV tried to minimize its terminal
formation errors, velocity errors, and control efforts.
It should be stressed that most existing results on co-
operative control of multi-UAVs are about the point-
mass model (Lin, 2014; He et al., 2016; Xue et al.,
2016), i.e., the outer loop model. Regarding the at-
titude model, i.e., the inner loop model, few results
have been obtained, because their focuses are the
position formation control, and/or nonlinearities in-
herent in the attitude model are strongly coupled.
However, to incorporate many practical situations
in research, such as actuator saturation, faults, and
dead-zone, the attitude model should be considered
in the cooperative control of multi-UAVs. Further-
more, investigation on the attitude synchronization
tracking control of multi-UAVs can be seen as the

replenishment of existing results about the point-
mass UAV model.

For the formation flight of multi-UAVs, actu-
ator faults may cause performance degradation or
even lead to a chain of failing UAVs, and this may
cause catastrophes (Shi et al., 2017). In the past few
decades, fault-tolerant control (FTC) against actua-
tor faults has attracted much attention, and numer-
ous results have been reported (Zhang and Jiang,
2008; Liu et al., 2016, 2017; Wang and Zhang, 2018;
Yu X et al., 2018a, 2018b; Yu Z et al., 2018). Xu
et al. (2014) and Yu et al. (2016) investigated fault-
tolerant cooperative control (FTCC) strategies of
multi-UAVs in the leader-follower architecture. Re-
garding the FTCC of multi-UAVs in a decentralized
communication network, little literature is available.
Therefore, more investigations should be conducted
to develop effective FTCC control schemes for multi-
UAVs in a decentralized communication network.

The emphases of most existing results reported
on an FTC of a single UAV or an FTCC of multi-
UAVs are placed on how to guarantee the tracking
error for converging to a bounded region or an origin,
which can be seen as research handling only steady-
state performance. However, to improve flight per-
formance in the case of actuator faults, research is
needed on transient performance, including over-
shoot and convergence rate, to achieve a safe for-
mation flight of multi-UAVs. The prescribed perfor-
mance control (PPC) proposed by Bechlioulis and
Rovithakis (2008, 2010) is that using a prescribed
performance function and an error transformation
function, the tracking error will converge to a prede-
fined small residual set. Moreover, the convergence
rate of the tracking error will not violate the de-
creasing rate of the prescribed performance function.
Based on the dynamic surface design architecture, an
FTC scheme was proposed by Qian et al. (2016) for
a single UAV by considering the transient tracking
performance with the prescribed performance func-
tion. By estimating the bounds of fault uncertainties
and using a PPC method, an adaptive FTC scheme
was developed by Li et al. (2017) for a single hy-
personic flight vehicle in the presence of elevator
faults. Tracking errors were reduced to the prede-
fined small residual set with prescribed maximum
overshoots and convergence rates. To the best of
our knowledge, few results on the FTCC scheme
for multi-UAVs in a decentralized communication
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network with prescribed attitude synchronization
tracking performance have been reported.

Motivated by the aforementioned analyses,
we attempt to develop a decentralized FTCC
scheme for multi-UAVs with prescribed attitude
synchronization tracking performance, such that all
UAVs can synchronously track their attitude refer-
ences in the presence of actuator faults. Specifically,
to constrain the synchronization errors within the
prescribed bounds, synchronization errors are first
transformed into a new set of error variables by
the prescribed performance functions. Then neural
networks (NNs) are used to approximate unknown
nonlinear terms due to the nonlinearities inherent in
UAVs and the loss of control effectiveness actuator
faults. Disturbance observers (DOs) are used to com-
pensate for NN approximation errors and bias faults.
Furthermore, prediction errors are incorporated into
NN adaptive laws and DOs to enhance approxima-
tion abilities. Compared with other existing works,
the main contributions of this study are summarized
as follows: (1) The attitude synchronization track-
ing control of multi-UAVs is investigated in a de-
centralized communication network with a directed
information flow rather than a centralized commu-
nication topology; (2) Compared with numerous re-
sults of FTC of a single UAV and several studies on
the FTCC of multi-UAVs in a leader-follower frame-
work, an attitude synchronization FTCC scheme is
further developed for multi-UAVs in a decentralized
communication network; (3) Transient fault-tolerant
synchronization tracking performance is consid-
ered by incorporating the prescribed performance
function.

2 Preliminaries and problem state-
ment

2.1 Unmanned aerial vehicle model

In this study, it is assumed that there ex-
ist N UAVs in the formation team. By denoting
2 =1{1, 2, ..., N} as the set of UAVs, the inertial
position coordinates of the i*" UAV are expressed as

T; = V;cosvy;cosx;,
U; = Vicosy;siny, (1)

zZ; = Visiny,,

where i € (2, z;, y;, and z; are the positions, and V,
~i, and x; are velocity, flight path angle (FPA), and
heading angle, respectively.

The force equations are presented as

1

v =—(=D; + T;cosa;cosf;) — gsiny;,
m;
X ! (L;sinp; +Y; )
; =———— (L;sinpu; ;COS/U;
XZ ml‘/lCOS’Yl 3 /’LZ K2 /’LZ
—————(sinq;sinu; — cosq;sing;cosy; ),
m; Vicosy;
. 1 ) COSY;
i :miVi (Licosp; — Yisinu,;) — ng%
4 = (cosaysinf;sing; + sina;cosp; ),
iVi

(2)
where i € 2, m; and g are the mass and gravitational
constant respectively, u;, «;, and [; are the bank
angle, angle of attack, and sideslip angle respectively,
and T;, D;, L;, and Y; are the thrust, drag, lift, and
lateral forces respectively.

The attitude kinematic model is expressed as

&; =q; — tanf;(picosay; + risina;)
— (xscosyisinu; + icospu;)/cosp;,
Bi =p;Sinay; — r;cosq; + X;COs7Y;CoSp; — 7Y;Singt,

i =(picosa; + risine;) /cosf; + icosptans;

+ xi(siny; 4 cosysing;tang; ),

(3)
where i € §2, and p;, ¢;, and r; are the angular rates.
The attitude dynamic model is given as

pi =(cirri + ciapi)qi + ci3Li + cialNi,

G =cispiri — cie(p; — 17) + ca M, (4)

7 =(cispi — CiaTi)qi + ciaLi + cioNi,
where ¢ € 2, and £;, M;, and N; are roll, pitch, and
yaw moments, respectively.

The forces T;, D;, L;, and Y; and the aerody-
namic moments £;, M;, and N; are expressed as

T; =Timaxdt;, Di = Q;5:Cip,

Li =Qis:Cir, Yi = Q;siCiy,

Li =Q;sib;Cic, M; = QisiciCinm,
Ni =QisibiCin,

(5)

where Q; = pV;?/2 is the dynamic pressure, s;, b;,
and c; represent the wing area, wing span, and mean
aerodynamic chord respectively, and Timax and o,
are the maximum thrust and instantaneous thrust
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throttle setting, respectively. C;r, Cip, Civ, Cir,
Cim, and Cipr are given by

Cir =Ciro + Cipaoy,
Cip =Cipo + Cipai + Cipazas, (6)
Ciy =Ciyo + Ciy B,

Cic =Ciro + CicpBi + Cizs, 0ia + Cirs, Oir

Cicpbipi  Cigrbir;
2V 2V,
CimqCidi
Cim =Cimo + Cimati + Cipms, 0ie + A;i‘q/cq,
Cin =Cino + CingBi + Cins,0ia + Cins, Oir
n Cinpbipi . Cinrbir;
2V; 2V,

(7)
where ;a, ;e, and ;. are aileron, elevator, and rud-
der deflections, respectively, and C;ro, Cira, Cipo,
Cipa, Cipa2, Civo, Civs, Cico, Cicp, Cics,, Cics,,
Cicps Cicrs Cimo, Cima, Cims.» Cimq, Cino, Cing,
Cins., Cins., Cinp, and Cipr are aerodynamic co-
efficients. Definitions of inertial terms ¢;; (j=1, 2,
.., 9) in Eq. (4) are referred to Yu Z et al. (2018).

Defining @1 = [p;, o, Bi|*, ®i2 = [pi, @iy 73],
and u; = [0ja, 0je, 0i]T, the attitude model can be
formulated as

i1 = fin + gz, (8)
Tio = fio + gi2us, 9)

where f;1, fi2, gi1, and g;o are expressed at the top
of the next page, with fio1, fiz2, fi23, gio11, gi213,
Gi222, gios1, and g;233 also being expressed at the top
of the next page.
Assumption 1 The control gain function g;> can
be written as a known part g;on and an unknown
part Ags.
Remark 1
served that g;» depends on the aerodynamic coef-
ficients Cizs,, Cins,, Cics.s Cins,, and Ciags,. In
controller design, rough aerodynamic coefficient val-
ues can be obtained by simple wind tunnel test or
software calculation. Therefore, it is reasonable to
assume g, = gion + Ag;2 in the controller design.
In the attitude dynamic models (8) and (9), fi1 and
fi2 are unknown nonlinear functions.

From the expression of g;o, it is ob-

2.2 Actuator fault model

In practical engineering applications, actuator
faults may degrade system performance or even lead
to system instability if faults are not handled in a
timely manner. Actuator loss of control effectiveness
and bias faults are often encountered by UAVs in
formation flying. To facilitate the fault-tolerant con-
troller design, the actuator fault model is first given
by

U; = Pilip + Uif, (10)

where w; = [0ia, 0ie, 0ir]T is an applied signal,
Wip = [0ia0, 0ic0, Oiro]T is a control signal com-
manded by a controller, p, = diag(pi1, pi2, pi3)
represents a remaining control effectiveness factor,
and w;r = [wif1, Uif2, Uifg]T denotes a bounded
bias fault.

By applying the actuator fault model (10) into
model (9), the attitude dynamic model in the pres-
ence of actuator faults is formulated as

Tz = Fi2 + gionuio + di, (11)
where Fi2 = fio + gian pittio + Agiz pitkio — giaN Wio
and d; = (gion + Agi2)uiy.

Therefore, the attitude model in the presence of
actuator faults is given by

i1 = fin + g%z,

T2 = Fia + gianuio + d;.

It should be noted that the unknown nonlinear
function Fjs involves a control input signal u;g. Al-
gebraic loops will be introduced into the controller
design if the radial basis function neural network
(RBFNN) is employed to approximate the nonlinear
function, since the input signal w; is directly fed
into the Gaussian function of the RBFNN. To break
the algebraic loop, a Butterworth low-pass filter is
introduced as

wiof = Bi(s)uwio = w0, (14)
where B;(s) is a Butterworth low-pass filter, and
U0y is the filtered signal.

Therefore, one has

€ = Fia(wio) — Fiop(wioy), (15)

where €; is a bounded filter error (Zou et al., 2008).
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[0 sinvy; + cosvy;sinp;tanB; cosp;tans;

fi1 = |0 — cosy;sinu;/cosp; — cosp; /cosf;
L 0 cosy;cosp; — sing;
r —D,; + T;cosa;cosf3; — gsiny;
m;
L;sinp; + Yicosu; + T;(sina;sinu; — cosa;sin;cosp;)
m;V;cosy;
L;cosp; —Yisinu; —m;gcosy; + T (cosaysinB;sing; 4+ sina; cospe,; )
L m;V;
Fio =[fio1, fiz2, fi2s]",
[ cosa;/cosB; 0 sina;/cosp;
gi1 = | —cosagtanB; 1 — sinagtang; |
sinoy; 0 — Ccosqy;
[ gion 0 gio13
giz2 = 0 giz2e 0 |,
L gi2s1 0 gioss

fi21 =cinqiri + ciapiqi + ¢i3Qi5:bi(Cico + CiraBi + Cicpbipi/2Vi + Cigrpbiri /2V;)
+ CiaQisibi(Cino + CinpBi + Cinpbipi /2Vi + Cinrbiri /2V5),

fioe =cispiri — cio(p; — 1) + cirQisici(Cipmo + Cima i + Cinmgciqi /2V5),

fias =cispiqi — ci2qiri + ciaQisibi(Cico + CicpBi + Cirpbini/2Vi + Cigrbiri /2V5)
+ ¢i9Qisibi(Cino + CingBi + Cinpbipi /2Vi + Cinrrbiri/2V),

gi211 :CiSQiSibiCiLS& + Ci4Qi5ibiCiN5av
gi213 =¢i3Qi8:biCirs, + ciaQisibiCins,,
gi222 =Ci7Qi8:¢iCims, s

gi231 :Ci4Qi3ibiCz‘L5a + CiQQSibiOiNJav
9i233 =¢i4Qi5:b;Cics, + ci90Qi5:0;Cins, -

Considering the filter error €;, model (13) can
be further transformed to

T = Fiop + gionuio + d; + €;. (16)

Based on the control-oriented attitude mod-
els (12) and (16), a decentralized FTCC scheme will
be developed. Since the control scheme is to be de-
veloped for multi-UAVs in a decentralized communi-
cation network, the basic graph theory will be given
in the subsequent subsection.

2.3 Basic graph theory

Assume that the information exchange of N
UAVs is modeled by a weighted-directed graph G =

v, & A), where V = {v1, v, ..., vy} is a
set of nodes, &€ C V x V is a set of edges, and
A = [a;;] € RV*N is a weighted adjacency matrix of
graph G. Node v; can access information from node
v; if (v;, v;) € €. The set of neighbors of node v; is
denoted as N; = {v; € V|(vj, v;) € £}. A directed
path from v; to v; is a sequence of edges of the forms
(vi, v1,), (viy, viy), ..., and (vy,, vj), where v, € V
for 1 < l,, < l;. The elements of A are defined as
a;j > 0if (vj,v;) € &; otherwise, a;; = 0. The Lapla-
cian matrix £ = [I;;] € RV*Y associated with graph
G is defined as [;; = Zivzl a;, if © = j; otherwise,

lij = —04j.

Lemma 1 For a weighted-directed graph G with
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N nodes, all eigenvalues of the weighted Laplacian
L have a nonnegative real part (Wu et al., 2011).
Lemma 2  Suppose X € R™*™ and Y € R"*",
and let A\11, A2, ..., and Ay, be the eigenvalues of
X and Aop, Aog, ..., and Mg, be the eigenvalues of
Y. Then the eigenvalues of X ® Y are Ay;Ag;, ¢ =
1,2, ..., m,j=1, 2, ..., n, where “®” denotes the
Kronecker product (Wu et al., 2011).

2.4 Control objective

The objective of this study is to design a set of
decentralized FTCC laws for a group of UAVs in the
presence of actuator faults and directed communica-
tion network, such that all attitudes of multi-UAVs
can track their attitude references with prescribed
synchronization tracking performance.

3 Main results

In this section, a decentralized FTCC scheme
is developed with the integration of PPC, NNs, and
DOs. Auxiliary systems are used in the proposed
control scheme to compensate for the errors induced
by the first-order filter and actuator saturation.

3.1 Performance function and error transfor-
mation

By defining the desired attitude reference of the
ih UAV as xj1q = [ftid, @i, Bia)T, the individual
attitude tracking error of each UAV is denoted as
T;1 = ®;1 —x;1q. Define the attitude synchronization
tracking error as

Ni
€1 = M1 + A2 Z aij(&in — 1),  (17)
i=1

where e;1 = [ei11, €12, en3]t, and A\; and )y are
positive constants which are determined by the con-
troller designer to regulate the convergence rate of
the state trajectory. Note that \; is related to the
attitude tracking of the i*® UAV, i.e., the station-
keeping behavior, and A2 and a;; are associated with
the attitude synchronization between the " and jt"
UAVs, i.e., the formation-keeping behavior.

Using the Kronecker product, one has

e = [(/\11]\/ + )\2£) 9 1—3]5217 (18)

— [T T TIT 4 _ [#T T
where e1 = [e1, €315 - €Ny]', 1 = [Zi1, Ta1, s

z1,]T, and Iy and I are identity matrices with
appropriate dimensions.

In the view of Lemmas 1 and 2, one can conclude
that (M In + A2L) ® I3 has a full rank. Therefore,
it follows that £; — 0 when e; — 0.

A new set of error variables is introduced to
achieve the prescribed transient and steady per-
formances, such that the fault-tolerant capability
against actuator faults can be guaranteed. FTCC
with prescribed performance means that the atti-
tude synchronization tracking errors strictly evolve
within the predefined residual set and that the con-
vergence rates cannot violate the predefined values.
PPC can be guaranteed if the following condition is
always satisfied:

— ki < ety < ki, ¥t >0,

where i € 2, v =1, 2, 3, k;;,, and k;1, are pos-
itive design parameters, and €1, is a strictly de-

(19)

v

creasing smooth function which is chosen as ¢;1, =
(Eilyo — Eiluoo)e_L““t + €ilvoo With €;1,00 being the
maximum allowable value of e;1, at the steady state
and ;1,0 being the initial value of &;1,,. Note that
€i110, Eilvoo, and t;1,, are positive constants which
should be chosen to satisfy —k;;,€i1.0 < €;1,(0) <

kiiv€itvo, where —k; €1, and kji,€41, are allow-
able lower boundary of the undershoot and upper
boundary of the overshoot of e;1,, respectively. The
allowable steady-state value of e;1, is in the region
of [—Eﬂ,,filuoo, Eﬂufiluoo]-

To use inequality (19) for the decentralized
FTCC scheme design, inequality (19) is transformed
to

ety = €i1,0(Eiy), (20)
where ©(-) is a smooth and strictly increasing func-
tion with the following properties:

0(0) = 0,
- Eilu < 8(‘Eilu> < Eillj7
limEilu‘>+OOQ(EilV) = Eily,

limEil,/*)foo@(Eilu) = _E'

ily

(21)

Using the error transformation (Eq. (20)), the
controller design for the synchronized tracking error
ei1, with prescribed performance can be converted
to the control scheme design with a uniformly ulti-
mately bounded error Ej;q,.

In this study, @(F;1,) is chosen as

k.1 eBivtrin
@(Eilu): 1lv

_ k'l e Binv—ri1y
—11v

ebitvtrity 4 e=Fitv—rity
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where K;1, = —ln*““
Comblnlng Eqs (20) and (22) yields
E;y, =071 Cily
Eilv
1 kiwks, + kiwoity
=—In=

2 kilukilu - EiluUz‘lu

; (23)

where 01, = €51, /€410
Taking the time derivative of Eq. (23) yields

. 1 1 1
B, = + =
2ei10 \k;1, + 0i1v kil — oiw
) €i1vEily
| ey — —
Eilv
) €i1vEily
=Ni1v (eilu - ) 5 (24)
Eilv
1 1 1
where Nilv = 2€i10 [Eil,,-‘rlfilu kiiy—0oi1y

Then the matrix form of Eq. (24) associated
with the i*® UAV is given by

E; = ni1(€é — 8;11&;1'161'1), (25)
where By = [Ejn1, Ene, Eus]', eq = diag(ein,

i1z, €i13), and M1 = diag(Mii1, M2, Mi13)-

3.2 Decentralized FTCC with prescribed at-
titude synchronization tracking performance

Based on the transformed error variable

(Eq. (23)),
controller with prescribed performance is developed
with the integration of NNs and DOs. In the view of
model (12) and error (17), Eq. (25) can be derived
as

the attitude synchronization tracking

: . 1.
E;1 =n1(éin — e, €inen)

N;
) < -1 -
=MNi1 ([(biwil — A2 E Q551 — €1 Eilei1>

Jj=1

=M1 [¢i (.fil + gi1xi2 — dlz‘ld) — A2 Z aij-%jl
=1

— E;llé'?ﬂ 6i1:| s (26)
where ¢; = A\ + Ao 27 1 QGj-

Using an RBFNN to approximate Iy f;; with I}
being a positive design parameter, one has

Ezl =M1 |:¢z ( Wl Pil + gi1Zi2 + Dzl - mzld)

N;

* 1.
— A2 E a;jTj1 — €;1 €i1€41 |,
j=1

(27)

where W} is an optimal weight matrix, ¢;; is a
Gaussian function vector, D;; = I L¢1, and & is
a bounded RBFNN approximation error.
Assumption 2 Disturbance D;; is unknown but
has a bounded variation, and there exists an un-
known positive constant D;1,, such that
D! D;; < Diim. (28)
To move on, the prediction error is introduced
as

{Tu =xi1 — Zi1,
T =TT W3 i + ginzio + Diy + k1 T,
(29)
where W and D;; are estimations of W5 and Dy,
respectively, and k; is a positive design parameter.
Using the prediction error (29), the DO is de-
signed as

Dy =m;1 + kaxi,

1 = — kamwin + ¢ina B — ko [ﬂ Wil pi

+ gin®io + koxi — ky (k3 i + Ezl):| ;

(30)
where ks and k3 are positive design parameters.
Taking the time derivative of Eq. (30) yields

Dy =kyDiy + koI "W i1

(31)
+ k3¢ X1 + By + ¢imin B,

where W = W —

estimation errors.

VAV:i and Dil = Dil — ﬁil are
Taking the time derivative of f)il yields

Dy =Diy — koD — koI ' Wi i

(32)
— k3¢ Y51 — By — ¢ By

Design the intermittent control signal and adap-
tive law as

Lon — ¢iDi
— 05 KB

Zina =(¢igin) ' (— @Fl

+ ¢iking + € Enein
(33)

+ kspri1 + A2 Z aij-%jl)v
=1
Lo —1/, T T -
Wi = ke |:90i1¢ip1 M Ei + ksX1) " — k?“@q} ;
(34)
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where K, is a diagonal matrix with positive ele-
ments, ks a positive parameter, p;1 an auxiliary
signal to be designed later, and kg and k7 positive
design parameters.

In this study, a dynamic surface control tech-
nique is used to facilitate the controller design, which
uses the first-order filter technique to obtain the vir-
tual control signal x;2q and its time derivative. The
first-order filter is given by

TiEiod + Tiod = Tiad, Xi2d(0) = Ti24(0),  (35)

where 7; is a positive design parameter, and x;oq
is a virtual control signal and the correspond-
ing time derivative can be calculated as ®;0q =
(Ziza — @i2a) /T

To compensate for the filter error ;1 = ®joq —
Tiod4, an auxiliary system, inspired by Chen et al.
(2011), is designed as

— kspin — pit [@(H;ﬁuil)lE;‘EmlgnCil

¢hian

+ Ti

210 it

0, A i < i,

(36)

where i1 = [,uﬂl, Hi12, ‘uilg]T and Milb isa positive
constant to be determined by the designer.

it = Bh it > i,

:|+Cila

Using the auxiliary system (36) and a similar
analytical procedure to the one in Du et al. (2016),
when u;rluﬂ > l4i1b, one has

. 1
b i < — kspipin — i Eimingin i + 5#?1#1'1-
(37)

When H’;‘E/Lil < [i1p, one has

1 i1 = 0. (38)

By defining the angular rate tracking error as
€2 = Tj2 — X;2q and using an RBFNN to approxi-
mate I Fjo, with I being a positive parameter, the
time derivative of e;s is given by

€i2 =T;2 — Tj2d

=Fio, + gionUio + d; + €; — Xjq (39)

=Ty "W pis + gionuio + Diz — @24,
where W}, is an optimal weight matrix, ;s is a

Gaussian function vector, and D;s = Iy l¢in+ei+d;
with &;2 being the RBFNN approximation error.

Assumption 3 For disturbance Do, there exists

an unknown positive constant Do such that

DLDjs < Diopp. (40)
The prediction error under the RBFNN and DO
is constructed as

{Tiz = Tiz — Tiz,
Zio = Iy "W @in + gionwio + Dio + ks Yo,
(41)
where W7, and Dy are estimations of W5 and D;s,
respectively, and kg is a positive design parameter.
Then to estimate Do, the DO is designed as

Djy =mj + kozia,
o = — kg — ko [F§1m§T¢i2 + GiaN U0
+ kowia — kg ' (k1T + ei)],
(42)
where kg and kqg are positive design parameters.
By taking the time derivative of Eq. (42), one
has

Djy =iz + koo
=koDis + koI "W iz + k10Ti2 + €i2,
(43)

where VV;; =W} — VAVE and D;y = Djs — D5 are
estimation errors.
Taking the time derivative of D5 yields

Diy = Diy — koD — koI'y "W in — k10Ti2 — ejo.
(44)
Design the control input signal and adaptive law

as
wio =gin (— Iy " Wit pio — Dyp + @04 (45)
— Kuieir + kiapio — ¢igiyminEi),

Wiy = ks |@ialy e +k10Yi2)T — ks Vi, (46)

where K;; is a diagonal matrix with positive el-
ements, and kio, k13, and ky4 are positive design
parameters.

In practical engineering applications, actuators
often encounter input saturation due to physical lim-
itations, which is given by

Ui0max ﬁiO 2 Ui0max;s
U0 = § W, Wiomin < Wio < Uiomax,  (47)
Wiomin, Ui0 < U;iOmin,
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where %;gmax and w;omin are the maximum and min-
imum allowable values, respectively.

Inspired by Chen et al. (2011), to avoid per-
sistent actuator saturation, the auxiliary system is
introduced as

—kiapi2 — g2 [(N;rzll:m)_le?zgmNCm

iz = B i
= i

2 + =2 + Gz, Bigliz > fiob,
2C CzQ

0, Bightiz < [izb,

(48)

where Hio = [,ul'gl, Hi22, ‘ui23]T, Hi2b is a positive

constant to be chosen by the designer, and (o =
Wip — Uip-

Using the auxiliary system (48) and a similar
analytical procedure to the one in Du et al. (2016),
regarding ph o > fion, one has

1
“phpio. (49)

i2gi2N Cio + 5

Wiskviz < —kiapispuio —

When M;FQMQ < l4i2b, one has

Pizftio = 0. (50)
Remark 2 From the auxiliary system (36), it
is observed that if the filter error ¢;; = 0, one has
i1 = —kspi1, showing that p;; converges into the
set p,;Flp,il < Wi1b- When ;1 is in the set p,;Flp,il <
Wi1b, one can reset p;; to H;F1 i1 > Wi1p if saturation
i1 # 0. Then the auxiliary system
(36) will be reactivated to compensate for the error.
Such a procedure can be used to handle the auxiliary
system (48) if saturation occurs (2 # 0) when ;o
is in the set u;gmg < i2b-

Remark 3 In the presented control scheme, the
attitude synchronization tracking error (17) is first
transformed into a new set (Eq. (20)) using a smooth
and strictly increasing function ©(-). Then based on
the transformed attitude error dynamics (26) and the
angular rate tracking error dynamics (39), NNs with
updating laws (34) and (46) and DOs (30) and (42)

are integrated to approximate the unknown nonlin-

occurs, i.e.,

ear functions due to the actuator faults and inherent
nonlinearities in the UAVs. To enhance the approxi-
mation ability, the prediction errors (29) and (41) are
introduced into the approximators. Using the aux-
iliary systems (36) and (48) to deal with the filter
error ;1 and the actuator saturation (47), respec-
tively, and integrating the approximated nonlinear

functions, the overall controller can be developed as
Egs. (33) and (45).

3.3 Stability analysis

Theorem 1 Considering a group of UAVs de-
scribed by Eqs. (1)—(4) with Assumptions 1-3, if
the control laws are chosen as Eqs. (33) and (45),
the prediction errors are constructed as errors (29)
and (41), the disturbance observers are designed as
Egs. (30) and (42), the adaptive laws are developed
as laws (34) and (46), and the auxiliary systems are
constructed as systems (36) and (48). Then the atti-
tudes of all UAVs can track their attitude references
in a synchronized behavior even in the presence of
actuator fault model (10), the attitude synchroniza-
tion tracking errors are strictly confined within the
prescribed performance bounds (19), and all signals
in the closed-loop system are bounded.

Proof Choose a Lyapunov function candidate as

L ﬁ:L 5 (sz +ZL12J) G1)

=1 =1

b D = %E}IEM, Lz =

where Lill = %

1 5T TR _ T _
_Qkﬁtr(”'i*l ) L114 = 2k3¢iT¢1Ti1, Liys =
AT 7 1T _

211'11#/117 Lio1 = DigDi27 Ligo = 5€j5€i2, Lijoz =
T 1 T _
katr(w/;g W5), Lia = 5k10 5 Yi2, Lizs =

Th iz, and tr(.) is the trace of a matrix.
Taking the time derivative of L;1; along with
Eq. (32) gives
Liin =DA Dy — ke DDy — ko I DEW AT i1
— k3¢ DY = DL Ein — ¢:Dfimin Eqn.
(52)
By substituting Eq. (33) into Eq. (27), one has

Livo =6 [T EE Wi o + g ERmin Diy
— E K E;; + ksEj pi
+ ¢ EfininginCa + 6 Eliningi eio.

(53)

In the view of the developed adaptive law (34),
the time derivative of L;13 is given by
Lz =— It iT17711W1 Pi1
- (szl 1]931‘5 11 (le
— krte(WiTW) + krte(WTW).

(54)

By taking the time derivative of L;14, one has
Litg = ks Iy " YAWS i + ks,
— kiks o X1 X

D,
T (55)
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Therefore, by considering Eqgs. (52)—(55), the

time derivative of L;; = 25

=1 Li1; satisfies

DiDy D,

L < dm DT D,
b=z 2 2Hi1 il
kIT'DID;y  DLDy  hL,ELNE;
2h§2 2h2, 2
ko' h2, 0i1m
—E;‘EK4EZ'1+M (Wzl 11)
+ ks Ej pi + ¢ Einagn i + ¢ Ejiniigiien
ke /€
- _t (Wzl 11) (Wzl 11)
— k1/€3¢iT¢1Ti1 + i i, (56)
where

* 1 * X * *
tr(WT W) < B { tr(W; Wi1) + tr(WnTWu)} )
Dt

DT
h,

O 1
DD, < 5( + huDum),

Dlebl
hi

Dzl Dll
hi

- DAWiTpn < 2[

— D} Ex <

3 + hi&E;’TlEil)v

2
where ||<le|| S Pilm, and hll, h12, and h13 are
positive constants.

When H’;‘E/Lil > [Li1p, one has

. 1 koIt L\ AT 5
Lin <— <k2 o ;hflg - 2h§3> DD
- {/\mm(KAL) = %%3 - %} E}Ex
+ ¢ Ejinigiiein
- % (k7 — ko I'T " iy piim) tr(W;TW;)
— k1ks X1 T — % (ks — 1) iy prin
B awrwy) + Wlam )

When ugflun < l4i1b, one has

: 1 keIt 1\ At =
Ly <-— (k2 - - - ) D;D;
2h3,  2h3,  2h3,) M
h? ks ¢
— Dmin(Ky) - 2 -2 - 2 EYE,
[ (K4) = =7 = 5
+ o Efniagien (58)

+ his @ilmtr(Wi*lT Wi )] )

1 _ X 7% x7*
— 5 (k7 — k2F1 1h%2<ﬂi1m) tr(WilT il)

k h? Di m
— kiksi X1 Yin + —-te(WiTW) + %
1 T ks
+ 5@(771'191'1@1) (771'191'1@1) + 7Mi1b~

Similar to the analytical procedure in Du et al.
(2016), synthesizing inequalities (57) and (58) yields

1 hely? 1\ =1~
Lin <— [k — — D! D,
b ( PUony amd, 2y

+ 0Bl ningiei
1
— 5 (k7 k2F h12<p11m) tI‘(W )

— kiks: X1 T — B (k5 — 1) gy
k h2, Diim
2 (Wzl zl) + HT

k

+ 75,Ui1b- (59)

Next, we will present the time derivatives of
Lig;, wherei € 2and j =1, 2,..., 5.

By recalling Eq. (44), the time derivative of L;o1
is given by

Lisy =D3Dis — kgD Djs — kioD5 Y5

- D};eig - k‘gFQ_lDZ—EWZ—BTQOiQ.

1
+ 5@(771'191‘1 Cil)T(Tlilgil Cil)

(60)

Taking the time derivative of L;s9 yields
Lios =Ty te, Wit pio + e Do — dienghinia Ea
e Kiiepn + ke pin + €55gianCin. (61)

In the view of law (46), the time derivative of
L;o3 is calculated as
Liss = — Iy e, W' pi2 — Iy koY Wi o
— k1atr(WETWh) + kate(WT W), (62)
Taking the time derivative of L;o4 yields
Liza =k10ly " Y5 W' @in + k10775 Do (63)
— ksk10X 3 Xio.

In the subsequent analysis, the following in-
equalities are used:

(WETWE) < (Wil W) + (W Wi .

Dz2Db2
h3y

DALDis < = 5 { + h%lbmm},

DL2 Dl?
h3s

- DZTZWZQ Pi2 < 2 |: + th@i27rztr(Wi§TWi*2):|7
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where ||pi2||? < @iam, and hay and hag are positive
constants.

Using the inequalities mentioned above and tak-
ing the time derivative of L;o = Z?Zl Ljo;, one has

r DTDz h2 Di m ~ ~
L < 2122 2 21 5 m ng;ng-Q
21
k9F2_1DiT2Di2 T T
oz + e;59ianCi2 — ;5K 11650
22

koly 'h2y0iom | <z ez
Tz e (WE *
2 I'( 12 12)

k X7k X 7%
- ¢ie;r29¢T177i1Ei1 - %tr(WﬂT )

+ k126;gui2 +

k .
+ %tY(WET ) = ksk10Y 2 iz + ppftio.
(64)
By recalling inequality (49) and Eq. (50) and

taking the procedure similar to inequalities (57)—
(59), one has

Lip < — (kg - 2]11%1 - %)ngﬁ
- [)\min(Kll) - % - %] epei
- %(/m — hopizmko Iy )tr(Wi' W)
— ¢iejrghmi Ein — kskioYi5 i
- @Hgmz + %(giQNCiQ)T(giQNCiQ)
+ %Mzb + %tf(WﬁT i2) T @

(65)

By combining inequalities (59) and (65), the
time derivative of L; is given by

Li < —0;L; + 0, (66)

where ¢; = min{2[ky — 1/(2h3,) — koI, '/ (2h3,)—
1/(2h35)], 2[Amin (K1) = hi5/2 — k5/2 — ¢i/2],
2k6(k7/2 — ngl_lh%ggDilm/2)7 2/617 /€5 — 1, 2[/€9 —
1/(2h3)) — kol '/ (2h3,)], 2[Amin(K11) — k12/2 —
1/2], 2k13(/€14/2 — h%2<pi2mk9F{1/2), 2]68, klg — 1},
and ¥; = Skrtr(WATW) + 203 Divgy + Skspinn +
%@' (Mi19i1€i1) " (Mi1gin€in) + %k12ui2b + %(gi2NCi2>T'
(gianGiz) + Skiatr(WETW) + $h3, Diop,.
Taking the time derivative of Eq. (51) yields
L<—IL+w, (67)

where | = min{l;} (i € £2), and ¥ = Zivzl ..

Furthermore, L can be calculated as

v 4

0<L<—+ [L(O) — T}e_”. (68)

From inequality (68), it is known that L — ¥
as t — oo. Therefore, it can be concluded that
all signals in the Lyapunov function of Eq. (51) are
uniformly ultimately bounded (UUB). According to
Eq. (20), it can be seen that the synchronization
tracking errors e;; (i € 2) are confined within the
prescribed bounds since the errors E;; (i € 2) are
UUB. By recalling Eq. (18), it is observed that the
individual attitude tracking errors &;1 (i € (2) are

also UUB.

4 Simulations

In this section, the effectiveness of the proposed
control scheme is verified via numerical simulations
on a network of four UAVs.
topology and the corresponding weights are illus-
trated in Fig. 1. In the simulations, the initial at-
titudes of all UAVs are chosen as p;(0) = 1.719°,

The communication

a;(0) = 2.865°, B3;(0) = 1.719°, and the initial
angular rates p;(0) = ¢;(0) = r;(0) = 0 deg/s,
i=1,2, 3, 4.
05
UAV 1 >
0.5 0.7 0.3
UAV 4 04

Fig. 1 Communication topology

In the simulations, the sideslip angle commands
of four UAVs are chosen as 0°. The bank angle p;q
and angle of attack references «;q can be obtained by
shaping the bank angle command p;. and the angle
of attack command «;. (i = 1, 2, 3, 4), respectively,
with a second-order linear command filter. The bank
angle and angle of attack commands are chosen as

0s<t<6s,

7 2007 Qjc = 207
Hic c (69)
6s<t<20s,

Hic = 10°, e = 5°,
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where ¢ = 1, 2, 3, 4. The second-order filter is
chosen as

pa_ o _ (r0
Pic e 2+ 28qwas + w3’
where wqg = 0.8 and &4 = 0.9.

The upper and lower limits of input saturation
are assumed to be Wjomax = [60°, 60°, 60°]T and
Wiomin = [—60°, —60°, —60°]T, respectively. To
verify the fault-tolerant capability of the proposed
control scheme, it is assumed that UAV 1, UAV 2,
and UAV 3 encounter aileron, elevator, and rudder
actuator faults at the 3", 8" and 12" s, respec-
tively. Based on the fault model (10), the following
faults are adopted in the simulation:

1. UAV 1 aileron fault (¢=3 s):

p11 =1, u1f1:0°, 0s<t<3s, (71)
p11 =0.7, w11 =17.19°, 3s<t<20s.
2. UAV 2 elevator fault (=8 s):
=1, ugpo = 0°, 0s<t<8s,
P22 U2f2 S S (72)
pa2 = 0.7, ugpp = 8.595°, 8s <t <20s.
3. UAV 3 rudder fault (t=12 s):
-1, - 0°, 0s<t<12s,
P33 U3 f3 S S (73)
p33 =0.5, uzps =17.19°, 125 <t <20s.

The design parameters are chosen as follows:
Al = 2, )\2 = 15, &ilu = 1, Eilvo = 22.9207
Eilvoo = 8.5950, Lily = 03, kl = 2, kQ = 50,
ks =5, K4 = diag(4, 12, 3.87), ks = 1.5, k¢ = 30,
k‘7 = 0.02, Ty — 0.05, kg = 3, kg = 3, klO = 4,
K11 = diag(15.7, 8, 7), k'12 = 4, k13 = 30,
k14 = 0.15, It = 3, and I = 2. The Gaussian
function in Zhang et al. (2017) is used in the
RBFNN with the width of each neural cell being
20. The RBFNN in Eq. (27) contains 30 nodes
for «;, Bi, pi, and V; with their centers evenly
spaced in [—28.65°, 28.65°] x [—28.65°, 28.65°] x
[—28.65°, 28.65°] x [20 m/s, 50 m/s]. The
RBFNN in Eq. (39) contains 30 nodes for V;, aj,
ﬁi, Pis 4Qiy, Ti, 5ia0fa 51’60]‘7 and 6ir0f with their
centers evenly spaced in [20 m/s, 50 m/s] x
[—28.65°, 28.65°] x [—28.65°, 28.65°] X
[-57.3°, 57.3°] x [-57.3°, 57.3°] x [-57.3°, 57.3°] x
[—57.3°, 57.3°] x [—57.3°, 57.3°] x [-57.3°, 57.3°].

From Fig. 2, it is observed that the bank an-
gles, angles of attack, and sideslip angles of UAVs

1-4 can successfully track the bank angle p;q, angle
of attack «;q, and sideslip angle references ;q, re-
spectively, even when UAV 1 encounters an aileron
fault at t=3 s, UAV 2 encounters an elevator fault at
t=8 s, and UAV 3 confronts a rudder fault at t=12 s.

Reference — — j=1======- jE2 e =3 mmmmans i=4

10 (a)

UAV 1 fault

pand y, (°)
[¢)]

a, (°)
\W
’~.\‘ |

T 277
m~
s 0f UAV 2 fault
0 5 10 15 20
Time (s)
27 T
. (©)
= 1{ UAV 3 fault i
Q.
= Sl
c (=g
@
< W ,
0 5 10 15 20
Time (s)

Fig. 2 Bank angles u; (a), angles of attack a; (b),
and sideslip angles 3; (c) of four UAVs, ¢ =1, 2, 3, 4

References to color refer to the online version of this figure

Fig. 3 shows the attitude tracking errors of four
UAVs with respect to their individual attitude refer-
ences (id, @d, and B;q for i = 1, 2, 3, 4). It can
be seen that a slightly worse transient performance
is induced when the aileron of UAV 1 is subjected
to an actuator fault at t=3 s, the elevator of UAV 2
encounters an actuator fault at t=8 s, and the rud-
der of UAV 3 is subjected to an actuator fault at
t=12 s. Moreover, it can be observed that the bank
angle tracking errors of UAVs 24, the angle of attack
tracking errors of UAVs 1, 3, and 4, and the sideslip
angle tracking errors of UAVs 1, 2, and 4 encounter
very slight performance degradations at t= 3, 8, and
12 s, respectively. This is due to the fact that in the
communication network of numerous UAVs, the state
variations of faulty UAVs can be sent to other healthy
UAVs. Large performance degradations or instabil-
ity can be caused if prompt actions are not adopted.
Fortunately, under the proposed decentralized fault-
tolerant cooperative control scheme, tracking errors
are driven into regions containing zero in a timely
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Fig. 3 Bank angles #;11 (a), angles of attack &;12
(b), and sideslip angles &;13 (c) tracking errors of
four UAVs with respect to their attitude references,
i=1,2 3, 4

References to color refer to the online version of this figure

manner, and the stability of the overall multi-UAV
system is hence guaranteed.

The attitude synchronization tracking errors are
shown in Fig. 4. It can be observed that the bank
angle, angle of attack, and sideslip angle synchro-
nization tracking errors strictly evolve in the region
between the prescribed upper boundary of kilv€ity
and lower boundary of —k;;,€i1,, even in the pres-
ence of actuator faults.

The curves of control inputs are shown in Fig. 5.
To attenuate the adverse effects of aileron, elevator,
and rudder faults on the tracking performance, the
control inputs are adjusted to achieve a satisfactory
tracking performance,
Figs. 2—4. It can be seen that both aileron control
input of UAV 1 and rudder control input of UAV 3
get saturated at the beginning. By imposing the sat-
uration limits (47) on the control input signal (45),
the control input signals sent to the UAV system
are strictly restricted between w;omin and w;omax-
To compensate for the error between the control in-

which are illustrated in

put signal and saturated control input signal in the
event of input saturation, an auxiliary dynamic sys-
tem (48) is introduced to pull the saturated control
input signal back to the unsaturated region without

(a) Upper bound 0 '

20 3|n
10} 3.0 3.5 4.0
SRS U
Q):
_10 L
UAV 1 fault
-20p A Lower bound
0 5 10 15 20
Time (s)
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Fig. 4 Attitude synchronization tracking errors e;11

(a), e;12 (b), and e;13 (c) of four UAVs, i =1, 2, 3, 4

References to color refer to the online version of this figure

persistent actuator saturation.

Figs. 6 and 7 illustrate the approximation er-
rors under NNs and DOs. Fig. 6 shows that the
nonlinear function f;; in model (12) can be well ap-
proximated using error (29), Eq. (30), and law (34)
even when aileron, elevator, and rudder faults are
encountered by UAVs 1-3, respectively. Fig. 7 shows
the approximation errors =; = [3’1, Zi, éig]T =
(Fio + d;) — (F{lm’ggoig + bi2)7 which rapidly
converge into the regions containing zero under
prediction error (41), Eq. (42), and law (46). When
UAVs 1-3 respectively encounter the aileron, ele-
vator, and rudder faults, slightly degraded but ac-
ceptable approximation performances are induced.
Under the proposed NNs and DOs, the approxima-
tion errors :;il, éiz, and éig are pulled into the
small regions containing zero. Therefore, the approx-
imation ability can be guaranteed. Furthermore,
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consider the simulation scenario in which UAVs 1-3
encounter aileron, elevator, and rudder faults, re-
spectively, and UAV 4 is healthy. One can conclude
that the proposed decentralized FTCC scheme with
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Fig. 7 Approximation errors of neural networks and
disturbance observers under Eq. (42) and law (46):
(a) Ei15 (b) Zi2; () Eis
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the prescribed attitude synchronization tracking per-
formance can be applied to UAVs in both faulty and
healthy conditions.

5 Conclusions and future work

In this study, a decentralized fault-tolerant co-
operative control scheme with the prescribed at-
titude synchronization tracking performance has
been proposed for a group of UAVs in a di-
rected communication network. Neural networks
and disturbance observers were combined to ap-
proximate unknown nonlinear functions and non-
linear terms due to the actuator faults. Moreover,
prediction errors were integrated into the adaptive
laws and disturbance observers to enhance the ap-
proximation ability. By imposing the prescribed per-
formance functions on the attitude synchronization
errors, prescribed synchronization tracking control
It has been theoretically proven
that the proposed control scheme can make the at-
titudes of all UAVs synchronously track their atti-
tude references.
four UAVs have demonstrated the effectiveness of the

can be achieved.

Simulation results of a network of

proposed control scheme.
Although the presented method can achieve
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attitude synchronization tracking control with the
prescribed performance in the presence of actuator
faults and a fixed communication topology, issues
of actuator dynamics and switching communication
network have not been addressed in this study. In-
vestigations of these factors in a decentralized fault-
tolerant cooperative control framework can be parts
of future work.
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