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Adaptive Fault-Tolerant Formation Control for Quadrotors with Actuator
Faults
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ABSTRACT

In this paper, we investigate the fault-tolerant formatammtrol of a
group of quadrotor aircrafts with a leader. Continuoustfsalerant formation
control protocol is constructed by using adaptive updatimechanism and
boundary layer theory to compensate actuator fault. Resllow that the
desired formation pattern and trajectory under actuatalt faan be achieved
using the proposed fault-tolerant formation control. Aglation is conducted
to illustrate the effectiveness of the method..
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I. INTRODUCTION systems. Work §] analyzed the coordinated control
performance of the UAV formation system. In practical
engineering, the control problem of a single quadrotor
is challenging given its strong nonlinear couplirg. [
However, designing a controller for a quadrotor is
difficult, the quadrotor is open-loop instable because
of its rotary-wing and inherent nonlinearity, which
systems. Formation control is an important branch requires a fast co'ntrol response and a large operation
range. The formation control problems of second-order

of cooperative control, the goal is to form a certain i ith NN X |
predefined shape using a group of agents. For complexU/ti-agent systems with a time-invariant topology

systems composed of numerous autonomous agents, thi&/€re studied in g 9]. However, above literatures
centralized control method is no longer applicable, and disregarded the cooperative control problems in the case
developing a distributed intelligent control strategyttha of actuator faults, which are not negligible in formation
is independent of global formation is crucial. control problems. _
Many previous studies systematically investigated A FTC system can control the system with

the problem of the cooperative control of multi-agent Satisfactory performance even if one or several faults,
or critically, one or several failures occur in this
Wanzhang Liu, Ke Zhang and Bin Jiang(e- system. In _general, FTC can be_ classified into two
mail:kezhang@nuaa.edu.cn) are with the College of types: passive and active. An active FTC depends on
Automation Engineering, Nanjing University of Aeronastic  the fault-diagnosis module that monitors the system
and Astronautics, Nanjing 211106, China. o health. [LO] proposed a sliding mode observer(SMO) to
Xinggang Yan is with School of Engineering and Digital  o4yer the pitch rate information. A distributed fault
Arts, University of Kent, Canterbury, Kent CT2 7NT, United . . . .
Kindom. estimation observer (DFEO) design for the multi-agent
This work was supported in part by National Natural Science Systems with switching topologies was studiedid][
Foundation of China(61673207, 61773201), Qing Lan Project and a active fault-tolerant scheme for a hypersonic

of Jiangsu Province, the Fundamental Research Funds for thegliding vehicle to conuteract actuator faults and model

Central Universities (NJ20170005, NJ20170010), A Project . . .
Funded by the Priority Academic Program Development of uncertainties was studied id]. In the present study,

Jiangsu Higher Education Institutions, and China Schbiprs ~ We focus on the passive FTC problem of a group of
Council. guadrotor aircrafts.

In recent decades, cooperative control of multi-
agent systems, including numerous mobile robot
systems ], UAV [2, 3], and microsatellite attitude
synchronization control 4, 5], has received con-
siderable attention from the community given the
potential practical application of these multi-agent
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In practical cases, actuator faults affect the normal |1, System Model and Problem For mulation
operation of each agent, thereby making the actual
outputs of the actuator different from its control 2.1. Graph Theory
inputs. A distributed control strategy of a class of This study mainly focus on the formation control
nonlinear second-order leader-following multi-agent of a group of quadrotor aircrafts with a leader-
systems against multiple actuator faults was consideredfollowing architecture, which consists of a leader and
in [13] by designing adaptive schemed4] develop followers. If the leader is a node labeled as 0, and each
an auxiliary system to ensure actuators behave within follower is also a node labeled as2,3,---, N., then
amplitude and rate limits under the influence of partial the node indexes belong to a finite index set, . Thus,
loss of control effectiveness. A fault tolerant control @€ I'={1,2,---,N}. Subsequently, an undirected
was studied in 5] for a two-dimensional airfoil ~ 9raphg = {V, E, A} is denoted as the communication
with input saturation and actuator fault, and a robust topology amongN quadrotors, wherd” = {v;} and
nonlinear controller, which combines sliding-mode and € &V <V represent the set of nodes and the set
backstepping control techniques, was considered in©f edges, respectivelyd € RV*™ is the weighted
[16]. A novel fault tolerant control (FTC) scheme for ~adjacency matrix of the gragh If an edge is observed
hybrid systems modeled by hybrid Petri nets (HPNs) Petween agent and j, that is, (vi,v;) € £, then
was proposed inll7. A novel robust fault-tolerant ~ % = @ji > 0; otherwisea;; = a;; = 0. Moreover, we
controller for the attitude control problem of a quadrotor aSSume that;; = 0 for all i € I'. The set of neighbors
aircraft in the presence of actuator faults and wind Of node vi is expressed byVi = {j: (vi,v;) € €}.
gusts was developed ia8], and a fault-tolerant control 1€ ou]t\;degree of node; is defined as deg(v:) =
of feedback linearizable systems with stuck actuators di = 2 j=10ij = D jen; @ij- The degree matrix of the
was studied in19]. A fault-tolerant consensus control unidirected grapl§ is D = diag{d1, d»,--- ,dn}, and
protocol for multi-agent system with actuator bias faults the Laplacian matrix of the undirected grapghis
was developed in20]; the consensus control problems L =D — A. A path in the graphg from v; to v; is
under bias and loss of effectiveness faults for a group @ sequence of distinct vertices that start withand
of second-order agents were considered?.[In the end withv; for the consecutive vertices to be adjacent.
framework of a distributed cooperative control of a 1he graphg is connected if a path exists between two
group of quadrotor aircrafts, the actuator faults of the Vertices. The_ refere_nce state is assumed to be a leader.
inner-loop subsystem (attitude subsystem) in a single The connection weight between the leader and/the
quadrotor can affect the normal operation of the outer- quadrotors canaccess the mformat_lon of the leader, then
loop subsystem (position subsystem), which can spread?: > 0, otherwiseb; = 0. Let B = diag{b;, by ---bn}.
to neighboring aircrafts via the interaction topology, 'hroughout the study, the network communication
thereby affecting the performance of the entire multi- tOP0Iogy satisfies the following assumption.
agent system. Therefore, the FTC method for the multi- ASSUMPption 1. The communication topology for the
agent systems must be explored. The main contribution ©°llOWers is connected , and at least one path from the
of this study is to solve the fault-tolerant formation €2der to the follower exists.

: - Remark 1. For undirected networks considered in
problem for a group of quadrotor aircrafts, which can .
be simplified into two subproblems: (i) for position this study, Assumption 1 can ensure that each node

subsystem, a formation control strategy base on the.have paths from the leader node and thus can receive

. information from leader node. Then the formation

global error is formulated so that the quadrotor can control can be performed
track the desired trajectory with a predefined shape. '
(ii) for actuator faults of attitude subsystem, a adaptive .
fault-tolerant controller is designed to ensure that three 22 SyStém Model and Problem Formulation
angles can track the desired value. To the best of our This study investigates the formation control of
knowledge, the fault-tolerant formation control of a a group ofn quadrotor aircraftsI’ € (1,2, -, n)
group of quadrotor aircafts with undirected topologies is denoted. The quadrotor typically consists of four
remains open. motor drive systems, which are fixed to a rigid cross

Throughout this paper,| -|| stands for the  structure. Degree-of-freedom variable, that is, position
Euclidean norm of a vector, diag represents a diagonaland attitude, is typically required to predict the motion
matrix, sgrf-) denote the sign function. A vector is of a three-dimensional quadrotor. Specifically, the
considered positive if all its elements are greater than coordinates of the quadrotor aircraft are expressed by:
zero,R* represents a real number field. (x4, Yi, 2i, b3, 05, 00)T € RS, i €T, (1)
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where ¥; = (z;,v:,2:)7 € R® represents the position which indicates the desired position deviation between
of the aircraft mass center relative to the inertial quadrotori and j. We only consider the invariant
coordinate system®; = (¢;,0;,%;)" € R® represents  formation mode to simplify the statement, that\is,c

the three Euler angles used to describe the posture ofl" ,A;; are constant vectors.

an aircraft relative to the inertial coordinate system. The By using a mathematical statement, the control
rotational Euler angles around the x-, y-, and z-axis are objective of this paper is to design a distributed control
represented by the roll angilg pitch angled, and yaw law in which, for anyi, j € T’

angley. - . 7i(t) = (1)
The detailed description of the dynamic model of a Hm | yi(t) —y;(t) | = Ay, (5)
guadrotor aircraft was introduced i87]. In this study, O i) — 2 (t)
to simplify the implementation of the control scheme,
we apply the simplified model. Then, the dynamic N
model is expressed as: Jim > i (0),vi(0), 5 (0] = e,y 2]
mii; = —Kpd; + T;(cos ¢; sin 6; cos 1); + sin ¢; sinv;), i=1 ©6)
miji = —Kizpi + Ti(cos ¢; sin b sinyp; — sin ¢; cos i), Remark 3. The overall control objective is to design the
m;Z; = —Kis2; — mg + T;(cos ¢; cos0;), control input signal for the quadrotor aircraft to track
Jindi = —Kialsds + limaa, the t|me'-va_ry|ng degred trajectoy,(t), ya(t), za(t)]
. i and maintain the given pattern.
Jioli = —K;5l:0; + liTia,
Jisthi = —Kislihi + liTis,

) [1l. Formation Controller Design
where K;; € R™ for j =4,5,6 denotes the aerody- . , , .
namic damping coefficient/;; € R+ for j =1,2,3 In this section, the formation controller algorithm,

denotes the moment of inertia, € R represents the which can be divided into two steps, is proppsed. The
distance between the center of the aircraft and the motorcONtrol strategy for a group of quadrotor aircrafts is
axis,;; for j = 1,2, 3 represents three rotational forces illustrated in Fig. 1.

generated by the four rotors; € Rt is a constant Position control

force-motor coefficient,7; € R represents the total !

thrust generated by the four rotors.

Remark 2. Ideally, the dynamics model of the
quadrotor includes a gyroscopic effect caused by the
rotation of the space rigid body and the four propellers.
These are often overlooked in previous works.

PR R R

atitude | 4,0, Fault-tolerant
decoupling

attitude

Xk, Tzt je N, '

2.3. Control Obj ectives ‘ Attitude control

The purpose of this study is to design a distributed
control law for a set of quadrotor aircrafts (2) to achieve  Fig. 1. The control block diagram for a group of quadrotocrift.
fault-tolerant formation control. Specifically, the fault
tolerant formation control requires that pattern and
desired formation trajectory can be achieved.
The desired tracking trajectoryy, yq, z4|” is 3.1. Controller Design of Position Subsystem

generated by: The position dynamics (2) is used to facilitate the

— _— . design of the position controller:
$q = Vads Ya = Vyd, Za = Vzd, ®) T

. iy . . . Ui = ——(cOS ¢p; $in B cos 1h; + sin ¢; sin ;)
in addition, the desired geometric pattern in three- m;

dimensional space is determined by vector wiy = —* (cos s sin 8; sin; — sin é cos ),
m;
Agj =D = A = [Nig, Niy, Ai]" = (D, Ajy, AT T; ‘
4) U;, = — cosp;cosb; —g, i €T,
m;
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Under these notations, the position dynamics equation\We will show that the multi-agent system (9) is globally

for a quadrotor aircraft is rewritten as:
Kzl

Ty = — T + Uigs
i
. K .
Yi = — - i + Uiy, (7)
m;
K;
Zz = - E¥ ZL + Ujz.

m;
Theorem 1. For position dynam|c model (8), if the
virtual control inputsu;, u;, andu,, have the same
form, andu;, is designed as follows:

Uiy = — Z aij[ki(zi — ) — Dijz) + ko2 (Vig — vjz)]
JEN;
N
— bz [kl( — Td — Z + k2 Uzz
K; )
—0a)] + =2 0pq + D,
mg
iy == Y @ik (v — g5 — Digy) + ka(viy — v3)]
JEN;
L X
= bilk1(ys —ya = Diy + D Aiy) + ka(viy
i—1
Ko )
_ ’Ud)] + o Vyd + Vyds
Uiz = — Z aij[k1(zi — zj — DNijz) + ka(viz — v52)]
JEN;
N
— bz [kl( — Zd — Z + k2 vzz
i3 .
— Va)| + —Vzd + Vzq,
8)

where k; >0, ko >0 are two positive constants,
and &; = vz, ¥ = vy, 2 = viz, then the task of the

formation control can be achieved under the controller.

Proof. Without loss of generality, we provide proof only

on the x-axis;th quadrotor coordinate changes are as

follows:

Cixp = Tj —

1 N
Trq — Au + = ZAU,7
N i=1

— Vgq, 1 €T

Cizv = Vig

Under these notations, it follows from (8) and (9) that

the closed-loop system is:
eup = €izv,

Z Qi [kl (mixp - mja;p) + k2 (eia;'u - eja;'u)]
JEN;

Cigv = —

Kie;
— bi[k1€izp + k2€izy] — 7175- .

9)

stable, and is verified as follows.

A candidate Lyapunov function for system (9) is
constructed as:

Y
ZG?I’U’

—_

—aij(€igp — e]-xp) + b; ewp)

[\

=1
(10)
where the derivative of” along system (9) is:
N N
V(t) =k1 > (D (aijeizp — €jap) (Eiap — €jap))+
i=1 j=1
N
2bzk1 eia:peizv + 2 Z eixvéizvv
=1
(11)

by substituting (9) into (11), the second item to the
right of the equal sign in (10) obtains the following
expression:

N N
Z eia;'uéi:cv Z euu - eLCCU - Z Q5 [kl (eia;p
i=1 =1 JEN;
— €jap) + k2(Cizv — €jav)] — bilk1(€iap
- ej:vp) 2(61':671 - ej:m;)])
N
Z mz1 €iov — Zem Z aij[k1x
i=1 = JEN;
(eia:p - ej:”p) + k2 (eix’u - eja:v)]

N
- Z eizvbi(kleixp + kQGixv);
i=1

(12)
owing to A is a symmetric matrixa;; = aj;, i € I;
thus, (12) can be rewritten as follows:

N
> eivn > aijlki(Cinp — €jup) + Ea(Ciny — €jon)] =
i=1 JEN;
1 N
9 Z Z aij[k1(€izo — €jzv)(Cizp — €jap) + ka2 (€izv
i=1 jEN;
2
- e]'ﬂ/> ]a

(13)
after taking the simplification of (13)2?;1 €izvCizv
can be expressed as follows:
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Kz'l 2

1TV

- Z Z aij[k:lx

i=1jeN;

N N
2 § CizvCizy = —2 E
i=1 1=1

(eizv - ej:vv)(eixp - ejxp) + k2 (eixv
N
- ej;cv)Q] -2 Z bi(kleia;peea;'u + er?m)v

i=1
(14)
by using the time derivative of (10) and
substituting (14) into (11), we obtain that:

N g N
il
= — oy = D > aijka(Ciny — €ju0)’
i=1 i=1 jEN;
N
-2 Z bikgefw,
i=1
(15)

owing toa,;; > 0, b; > 0, it can be concluded from (15)
that

e
my;

V(t)

V(t) < 0. (16)

Define setW¥ = {(eiup, eizy)|V = 0}. Owing to the
connectivity of the communication topology graph,
V = 0 implies thate,,, = 0 and therg;,, = 0, Vi € I.
Hence, based on LsSalle’s invariance principle, it can
be concluded thate;,,(t), €izw(t)) — 0 ast — oo for
any: € I'. In particular, the closed-loop system (11) is
globally asymptotically stable. O
Simultaneouslye;yyp, €iyv, €izp, €120 CAN CONVerge
to 0 under the controllers;, , u;., thereby realizing the
ideal formation control.
Remark 4. LaSalle invariance principle is an effective
tool in studying nonlinear time-invariant systems,
by using LaSalle invariance principle,the underlying

The desired yaw angle can be setytg = 0 for easy
analysis because the variahlg is a free variable, and
the subscriptl means the desired value.
Remark 5. u;, + g should constantly be positive to
avoid the discontinuity. It is feasible because proposed
controlleru;, is bounded by appropriately selecting the
gainsky, ko and the condition that, 4, 0.4 IS in a certain
range when we calculatg, from (17).

The dynamics of attitude subsystem can be
expressed as a second-order system:

{ X(t) = xu(t),
X.v(t> = ale(t> + a2p(t>u(t)a

where x(t), x»(t), and wu(t) represent the posi-
tion, velocity and control input vector, correspond-
ingly. p(t) = diag{p1(t), p2(t), ..., pm(t)}, where0 <
p;(t) <1 denotes the unknown efficiency factor of
actuator channel(j = 1,2,...,m).

Assumption 2. The unknown efficiency factop(¢) is
bounded, and an unknown positive constaeiists in
which0 < p < p(t) < 1. B

Remark 6. Assumption 2 implies the following two
cases: (i)0 < p(t) < 1 means that controller partially
lose its effectiveness. (iip(t) = 0 indicate the outage
of source, that is, input channel can no longer
receive information from controllex(t). (i) p(t) =1
correspond to the normal operation.

Owing to the fault-tolerant tracking control in the
case of the actuator damage, the design contraller
enables the system to implement the tracking control in
case of actuator faults.

Let
ex(t) = x(t) — xa(t),

ex, (1) = xu(t) — Xwall),
£(t) = ex(t) + ey, (1),

(18)

(19)

mechanism that attains the algorithmic convergence iswhere z4,v4 is the desired position and velocity

uncovered.

3.2. Attitude Controller Design

The desired attitude of the quadrotor aircraft can
be generated by the three virtual control inputs=
[um, Uiy uiz]T. Specifically,

Tia = miyJug, +uZ, + (wiz + g)?,
m; (Ui sinpd — uzy cos )
T;
Uiz cOs YT 4w, sin ?
iz i iy i

¢iq = arcsin(

);

ieT.
17

),

0;q = arctan(

of the formation, respectively. For the second-order
system, consider the following fault-tolerant time-
varying control protocol:

u(t) = —a(t)&(t) — f(E(1)), (20)
wherea(t) is an adaptive parameter updated by

a(t) = y(=na(t) + a2l €O + €@ (1Xva®)]
+Ixe @I + llex, @),

(21)
wherea(tp) > 0, v is a positive constant, angl is a
small positive constant selected by the designer. The
nonlinear functionf (£(t)) is defined as

B)E®) BEE) > k

_ ] T
Je) { B0 < b

| I
BZ(#)E(t) (22)

k )
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where 3(t) = a(t)(Ixva(®)l + Ixo @)1 + llex, ()1])
and k is a positive constant.
boundary theory, the functiofi(£(¢)) is the continuous
approximation of the sign function, anid represents
the size of the boundary layers. Af— 0, f(¢(t)) —
B(H)sgnE(h)).

In practical applications, the errors can hardly

converge to zero exactly under the influences of the

actuator failures. If the errors are uniformly ultimately
bounded with sufficiently small bounds, system (18)

is assumed to achieve the tracking control with a where Young’s inequality can be determined using the

(i) If )W) < k, then&T(2) f(£(t)) can be

According to the expressed as

e (0 e = TOEOD g
furthermore, (28) and (29) can be obtained as
PBOIEWD)] ~ aspf(EH)EW) < Fpkas,  (30)

certain small error, which is acceptable in most practical following form: —a—j +a<icwitha>0andc>0

circumstances.

Theorem 2. If Assumption 2 holds, then the errors
£(t) and the adaptive control gaiagt) are uniformly
ultimately bounded under the FTC protocol (20) and
converge exponentially to the bounded set:

D = {€(0),6() s V(1) < 55plhaz +10)}, (23)
where . —
v =5 e+ S @9

a(t) = &(t) — a, the positive constant satisfiess <
77, and the positive constantis sufficiently large; thus

! i}. (25)

1 a
a>max—, —,
P2

Proof. On the basis of the definitions af(¢), the

second-order system can be rewritten in the following

form:

E(t) = ex, (8) + arxu (t) + azp(tyu(?)

The time derivative o¥/(¢) along the trajectory of (26)
is obtained as

V() =" (t)(e
X p(t)f(E(t)) = Xvalt) +

eXu(t)+a1€ (t) U(

- de (t)7 (26)

o (8) F @ (t) — asp(DA(ED) — a
a(t;j(t)ﬂ S fT(t)X
— anpa (D)D) — arpx
€7 (D) F(E) — €7 Xua (D FED) — Koalh)
+ T80, 4 o) + ol ]+
EOIUa®] + xo®l + llex, BI).
27)

Two cases are considered in the following proof.

@) If BOIEDI >k, then " (1) f(£(t)) can be
expressed as

gr () f(E®)

= BONEDI; (28)

has been used.

Therefore, according to the above two cases (28)

and (29), (27) can be denoted as

V() < - oV(@) + 30700 + 25 + €0
ex. (1) + € (D) — aspi (D) 00) —
€ (O FE(0)) — €7 (0),0(0) + p53(0)
(=16 (0) + a2l + 1€ a -+
o + e, (D),

(31)
note that —a(t)(a(t) + o) < —3a%(t) + sa. Then,
(31) expresses

. S (t
V(o) < - V(0 + 2ol + 25 + )]+

llex, O + axllE@ o] — azpa(t)l€)]?
—azp&” () F(E(1)) + 1€ O Xwa(®)+
)on + az x pa(t)l|IE@)|1* + palt) x
€@ Uwa® + o @1 + llex. (1)),

1
—(a? — &*
2

then

V(t) <= oV(t) + (1= pa)([Xwa ()l + Ixo(®)]])x

o P20
€Ol + a5~ )+ (@1 = gl 0]
X € + pokas + 3pn0® + ()] x
(%(5 — agpa),

(33)
let the positive constant be sufficiently small; thus
0 < nv, and designa is sufficiently large to satisfy
o> max{1 a ‘5} then, (33) indicates that

V(t) < =o0V(t) + %/_)(kag +na?), (34)
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using the comparison lemma in [31], anddet kas +
na?, the following equation can be obtained:

1 1 Quadrotorl
< — —pr)e % + —pk.
V(t) < (V(0) 25/_)!%)6 + 55 LF (35)
(35) expresses thaft(t) converges exponentially to the
bounded set defined in (23) with a convergence rate
that is faster thare—%¢, where the positive constant -
. Virtual x
o provides a lower bound of the convergence rate of loader

V(). Thereforeg(t) anda(t) are uniformly ultimately
bounded. These variables complete the proof. O : \
Remark 7. The formation errors are confirmed to

uniformly converge to a bound defined in Theorem
2. From (23) and (25), the bounds of the actuator
faults, the design parameters and 75, and the Fig. 2. The communication topology graph and the desirethétion

' . ! pattern.
parameters of the attitude subsystem can affect the
bounded setD in (23). We can designk and  fagilitate analysis. The relative position deviations are
n to be relatively small to enable the formation nresented as follows:
errors to converge to a small neighborhood of zero, 5 -

iafyi i i Ay =0,0,1]", Ay = [cos(=), 0,sin(—)]"

thereby satisfying the requirements of most practical 1 I B 6 6 )
applications. The nonlinear functiorf(£(¢)) is a -7 =T
continuous approximation of discontinuous function Az = [COS(T),O,sm(?)]
B(t)sgn&(t)) using boundary layer theory. A large The initial conditions for quadrotorl, quadrotor2 and
chattering in the control input is prohibited in practice quadrotor3 aircraft arg0.46,0,—3.6,0,0.46,1.31]%,
despite the convergence of the formation errors to zero [0,0.76,5,0,0.33,0]”7 and [-0.54,0.76,0,0,0.51, 0]
by using the sign function. The continuous control respectively, and the trajectory of the virtual leader is:
protocol (20) can avoid the large chattering efficiently.  [x4(t), ya(t), za(t)]* = [5sin(0.2t), 5 cos(0.2t), 0.5¢]"
Remark 8. The system model mentioned in (21) is Two cases will be considered.
similar to the attitude subsystem in (2), that is, the Case 1. Absence of adaptive mechanism
proposed control scheme (23) can compensate for the By Theorem 1 and Theorem 2, the gains of
actuator faults. Therefore, the three attitude angles indistributed formation controller (9) and controller
the inner-loop subsystem can still track the desired without adaptive mechanism are selected as follows:
attitude angles generated by the three virtual control

Quadrotor2 Quadrotor3

inputs of the outer-loop subsystem, and the formation . _ _,. Ji1 b)) — ke Jin o b ) 4 Ji1
control can still be accomplished when the actuator | iy (91 = bua) = ks li (91 = dua) li bid
faults occur in the attitude subsystem. + Kisia,
Jiz iz s 4 Jiz ;
: ) Ti:—k;—t%—t% _k_ei_ei +—9,‘
V. Simulation Results ? U, ( 2) ~ka li ( 2 I
Three network systems that follow a quadrotor +Ki59f;’ J J
and a leader quadrotoris considered in this study. | -, — g, =% ) — ) — k22 (4 — thig) + g
The exchange of information between quadrotor li li li
aircrafts is illustrated by the undirected topology + Kigtid,
depicted in Figure 3. The weights of the undirected
edge are as followsu s = as; = 1,493 = ass = 1, where
and b; = 1. The inertia matrices are selected as: k1 =35,k =4.2,k3 =3.0,ks = 3.5.
J; = diag(0.0023, 0.0024, 0.0026), and the mass of the In this case, under the proposed control algorithm,
aircraft ism; = 0.468, the distance is selected §s= the response curves of errors between position
0.3, and the aerodynamic damping factor is selected asand desired position for quadrotorl, quadrotor2 and
K;; =0.01,wherei =1,2,3,j=1,2,3,4,5,6. quadrotor3 are respectively exhibited in Fig 3, Fig 4

In Figure 2, the regular triangle determined in the and Fig5, because quadrotor2 and quadrotor3 are barely
X-Z plane is selected as the desired formation pattern to affected by the actuator fault, the response curves with
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adaptive mechanism for quadrotor2 and quadrotor3 can 03
be omitted. The response curves for the attitude for 0ak
guadrotorl are displayed in Fig 6. Here, the following oal

fault mode is considered:

The attitude system of quadrotor 1 before 37 s
operates in the normal case. After 37s. The actuator of
quadrotor 1 loses 50% of its effectiveness, whereas the
other quadrotors are normal.

-0.4]
1 -05 L L L L L L L L L
o 10 20 30 40 50 60 70 80 90 100
[y tls
o R E— x7xy| Fig. 6. The response curves of attitude for quadrotorl witlaaptive
oot 7 i mechanism.
-2 2,72y — a7y
1 T
-3 VU ixl—xd
4 T s w0 oF 0
s b — 7
5 ] x10”
ol
& i
3l 0
770 10 20 30 40 50 60 70 80 90 100
tls -4
Fig. 3. The response curves of errors between position astlede 5 @ & 0 w0
position without adaptive mechanism. .

_70 1‘0 2‘0 3‘0 4‘0 5‘0 60 70 80 90 100
T 3 t's
4 Fig. 7. The response curves of errors between

"& position using proposed scheme.

S 02
A=y
JA ,

position asttede

. VU 0.1p fei
ar R 1 or
s 0.01
o | -0.1H \ —
0 e 781
I | | I | | | | | 02
0 U il k) “ ‘5'2 60 o o @© 100 -0.01
03 40 6?/ 80 100
. e . I's
Fig. 4. The response curves of errors between position astlede
position without adaptive mechanism. -o4r
_O'EO 1‘0 2‘0 36 4‘0 5‘0 (;0 76 8‘0 S;O 100
t's
=] Fig. 8. The response curves of attitude for quadrotorl ughogosed

o — scheme.

' —
) iy

x4
2 — ) ﬁ“
3] Ed 4 50 0

1

-
5 1 1 1 1 1 1 1 | |
0 0 2 ki) o0 50 0 ) o ] 100

ts
Fig. 5. The response curves of errors between position astlede
position without adaptive mechanism.

Case 2: With adaptive mechanism y
The fault mode is similar to Case 1. By Theorem Fig. 9. The response curves of aircraft formation trajectasing
1 and Theorem 2, the position and the desired position proposed scheme.
for quadrotor 1 are presented in Figure 5. The response
curves for the attitude and aircraft formation trajectory The proposed adaptive controller can guarantee the
of quadrotor 1 are illustrated in Figures 6 and 7, tracking errors that converging to the bounded set in
correspondingly. faulty cases.

-10 -10 X
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V. Conclusion 0.

The main goal of this study is to solve the fault-
tolerant formation control for a group of quadrotor

aircrafts through the distributed control method. A 10.

distributed formation control algorithm that uses the
global errors and a fault-tolerant control algorithm base
on adaptive mechanism have been proposed. A precise
theoretical analysis has indicated that the required

formation pattern and the desired formation trajectory 11.

can be achieved through the proposed fault-tolerant
formation control algorithm.

12.
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