Hindawi

Mathematical Problems in Engineering
Volume 2019, Article ID 7234969, 11 pages
https://doi.org/10.1155/2019/7234969

Research Article

Hindawi

Distributed Formation Control for Multiple Quadrotor Based on
Multi-Agent Theory and Disturbance Observer

Xiaohua Zhang ®,' Junli Gao ®,” Wenfeng Zhang (»,’ Tao Zeng,' and Liping Ye'

""The College of Automation, Zhongkai University of Agriculture and Engineering, 501 Zhongkai Road, Guangzhou 510225, China
*The School of Automation, Guangdong University of Technology, Guangzhou 510006, China
The Institute of Rural Development, Zhongkai University of Agriculture and Engineering, 501 Zhongkai Road,

Guangzhou 510225, China

Correspondence should be addressed to Junli Gao; robotsys2000@163.com and Wenfeng Zhang; zhwf999@163.com

Received 18 December 2018; Accepted 27 January 2019; Published 12 February 2019

Academic Editor: Ricardo Aguilar-Lopez

Copyright © 2019 Xiaohua Zhang et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

This paper presents the disturbance observers-based distributed formation control for multiple quadrotor aircrafts with external
disturbances and uncertain parameters using multi-agent theory and finite-time control method. Firstly, the finite-time disturbance
observers are proposed to handle the external disturbances on the position-loop. Similarly, when there are both the uncertain
parameters and external disturbances on the attitude-loop, the finite-time disturbance observers are designed to estimate the
total lump disturbances. By skillfully using homogeneous system theory, Lyapunov theory, and multi-agent theory, the distributed
formation control algorithms are developed. Finally, through simulations, the efficiency of the proposed method (including the

convergence rate and disturbance rejection) is verified.

1. Introduction

With the development and application of the quadrotor air-
craft, nowadays, the formation control problem for multiple
quadrotor aircrafts has become a hot topic and attracted a
great deal of attention. Compared to the fixed-wing aircraft,
the quadrotor aircraft has many different features, such as
simple structures, easy maintenance, and maneuverability,
etc [1]. Due to these advantages, the quadrotor aircraft has
been widely used in the civilian field and the military field,
such as aerial photography, geological survey, disaster relief,
pipeline inspection, environmental assessment, etc. [2, 3].
Meanwhile, in some complex and specific environments,
multiple quadrotor aircrafts have more advantages than a
single aircraft. For example, multiple aircrafts can signifi-
cantly improve the efficiency and the robustness of the whole
system. In addition, more aircraft collaboration means more
different equipment that can be carried on to accomplish
more difficult tasks. From the control point of view, it is quite
difficult and challenging to realize the formation control of

multiple aircrafts because it is necessary to further coordi-
nated control of multi-aircraft on the basis of controlling a
single aircraft. Actually, even the design of control system and
the analysis of stability for single quadrotor aircraft are also
challenging since the model has highly nonlinear and strong
coupling [4].

Up to now; a series of achievements have been made in
the formation control problem. For the heterogeneous multi-
agent systems with nonlinear dynamics, the leader-following
consensus problem has been considered in [5]. The work [6]
studied a novel reliable consensus for uncertain nonlinear
multi-agent systems in the presence of probabilistic time-
varying delay. This article considers the leader-following con-
sensus problem of heterogeneous multi-agent systems The
time-varying formation tracking control has been realized for
quadrotor aircrafts [7, 8]. Based on complex Laplacian, the
work [9] studied the distributed formation control problem
for multi-agent systems. Considering sampled-data and com-
munication delays, the distributed formation controllers have
been designed for mobile robots [10]. The work [11] discussed
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the problem of vision-based leader-follower formation con-
trol for mobile robots.

However, note that most of the existing control algo-
rithms are required to satisfy the Lipschitz continuity condi-
tion. In other words, the desired formation will be achieved at
best exponential with an infinite time. As we all know, for the
quadrotor aircraft, whether it is multiple formation control
or single control, it is hoped that the convergence speed
will be as fast as possible. To enhance the convergence rate
and the ability of disturbance rejection, recently a nonlinear
control method (i.e., finite-time control method) [12-14] was
introduced. Theoretically, the finite-time control algorithm
can guarantee that the system will stabilize in a finite time.
Firstly, there have been already some results with regard
to finite-time control for a single quadrotor aircraft [15-
22]. Moreover, for the single quadrotor aircraft during the
flight, the external disturbances are often unavoidable, such
as wind disturbances. Some theoretical and experimental
analysis were given in [13, 18, 23], to explain why finite-
time control can offer better ability of disturbance rejection.
Compared to the study of a single quadrotor aircraft, the
results of finite-time research on multiple quadrotor aircrafts,
especially the results of finite-time formation control, are still
limited. Most of the existing finite-time formation control
research results are mainly for multi-agents [24-26], mobile
robots [27], etc. The high dimension and nonlinear coupling
of multiple quadrotor aircraft systems make the controller
design and stability analysis of the closed-loop system more
difficult.

Based on the advantages of finite-time control, this paper
will employ it to design a distributed formation control for
multiple quadrotor aircrafts. It is worth noting that the results
in most of the previous papers on formation control problems
did not consider the effect of external disturbances, such
as payload changes (or mass changes), wind disturbance,
inaccurate model parameters, and so on. The robustness
is an important aspect in the controlling of quadrotors.
To improve the system dynamical performances, the finite-
time position and attitude controllers are proposed for the
nominal systems based on homogeneous systems theory. A
quadrotor controller must be robust enough in order to reject
the effect of disturbances and cover the change in model
parameter uncertainties and external disturbances. To handle
the external disturbances for the position-loop subsystem,
the finite-time disturbance observers are deigned to estimate
the disturbances in a finite time. Similarly, when there are
both the parameter uncertainties and external disturbances
for the attitude-loop subsystem, the finite-time disturbance
observers are deigned to estimate the lump disturbances in
a finite time. Compared with the existing results, the main
contributions of this paper are as follows: (1) Construct
the finite-time observers to achieve accurate estimation and
compensation of disturbances. (2) Based on the finite time
control technology, the system dynamical performances can
be improved (i.e., faster convergence speed and better anti-
interference ability). Finally, based on the finite-time distur-
bance observers, the finite-time distributed formation control
strategy is developed for multiple quadrotor aircrafts, whose
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efficiency (including the convergence rate and disturbance
rejection) is verified through simulations.

2. Preliminaries

2.1. Problem Description. This paper mainly studies the for-
mation control problem of a group of four-rotor aircraft. Then
defineT = {1,2,...,n}. Generally speaking, the motion infor-
mation to describe the an aircraft is mainly composed of six-
degree-of-freedom variables, i.e., the position information
and the attitude information. Specifically, the coordinates of
the aircraft can be described as

(Pi’qi’ri’(pi’ei’V/i)T €RS, i€l 1)

where x; = (p;,q;»7;)" € R denotes the position information
by inertial coordinate system, and ®; = (¢,,6,,v;,)" € R® are
Euler angles to describe the attitude information based on the
inertial coordinate system.

2.1.1. Position Dynamical Model. From [28, 29], the position
dynamical model for i-th quadrotor aircraft can be described
as

. T . . .
pi = ;’ (cos ¢, sin 6; cos y; + sin ¢, siny;) + 8>

1

T
g; = ;‘ (cos ¢, sin 6, siny; — sin ¢; cos ;) + 8ip (2

. T
#; = — cos¢;cost; — g +9,,,

1

iel,

z,q’8i,r)T
represents the unknown external disturbances, T; is the total
thrust produced by the four rotors, and g is a positive
constant, i.e., the gravitational acceleration.

where m; denotes the mass of the aircraft, §; = (§; ,, §;

2.1.2. Attitude Dynamical Model. The description of i-th
attitude dynamical equation is based on Euler angles [29],
which is given as

Jia®i =ity + dig (1),
Jiab; = iy + dip (8) 3)
JisVi =Tz +dy, (£), i€l

where J; = diag{J;, J;,, J; 3} is the inertia matrix in the body-
fixed frame, 7; = (Ti)l,‘l'i)z,‘l'iﬁ)T represents three rotational
forces produced by the four rotors, ¢; and /; are the constants,
respectively, for the force-to-moment factor and the arm
length of the aircraft, and d;(t) = (d,-,(p(t), di,e(t),di)w(t))T
denotes the unknown time-varying external disturbances.

2.2. Control Objective. The control objective of this paper
is to design a a distributed control law for a group of
quadrotor aircraft (3)-(4) such that the formation control can
be achieved in a finite time. Specifically, define the desired
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formation trajectory y; = (pg>qas )’ - At the same time, as
we all know, the geometry in 3D space can be described by
vector A; = (Apyj Aq,-j,Ar,-j)T, i, j € I'. In other words, the
relative positional deviation between aircraft i and aircraft j is
expressed as

T T
Ay=A,—A;=(Ap,Ag,Ar) - (ApjAg;,Ar;) . (4)
Based on mathematical expressions, the control objective of

this paper can be described as that there is a finite time T~
such that for anyi, j € I

[pi (&) = p; ()]
Jim | g; O)—q;®) | =4y t<T,
| Ti (t) - r; (t) )
- - €)
pi () - p; (1)
9 () —q; () | =4, t= T,
RAOEAVN
and
Tim 1 50,4, 0] = (pavgora)
—hnia
t<T",
(6)

n

N IACHACRAC) TR

i=1
t>T".

To achieve the control objective, for each quadrotor
aircraft, the following assumptions are imposed.

Assumption 1. Assume that the desired position trajectory
is xg = (paqur7a)’> where x,; and §, are continuous and
bounded.

Assumption 2. Assume that the external disturbances and the
change rate of the disturbances are bounded; i.e., d;(¢), di(t),
8;(1), Si(t) are bounded.

To achieve the finite-time formation control task, we will
employ the multi-agent theory to design a distributed forma-
tion control algorithm. Next, we first review the knowledge
of graph theory.

2.3. Graph Theory. Considering a group of quadrotor aircraft
with leader-follower structure, assume that each aircraft is a
node and the information exchange among # follower agents
is denoted by a directed graph G(A) = {V,E, ALV = {y, :
i =1,...,n}is the set of nodes, E € V x V is the set of edges,
and A = [a;] € R™ is the weighted adjacency matrix of
the graph G(A) with non-negative adjacency elements a;;. If
there is an edge from node j to node i, i.e., (v;,v;) € E, then

a@; > 0, which means there exists an available information

channel from node j to node i. The set of neighbors of node
iis denoted by N; = {j : (v;, ;) € E}. The out-degree of node
v; is defined as deg,,,(v;) = d; = 2?21 @; = Y jen, %;j- Then
the degree matrix of digraph G is D = diag{d,,...,d,} and
the Laplacian matrix of digraph Gis L = D — A.

A path in graph G from v; to v, is a sequence of
Vi» Vi, v; offinite nodes starting with v; and ending with
v; suchthat(v;,v; )€ Eforl=1,2,...,k—1.ThegraphGis
connected if there is a path between any two distinct vertices.

Assume that the reference state is represented by a leader.
The connection weight between the » agent and the leader
is denoted by b;,i € T. If the i-th agent has access to the

information of leader, then b, > 0; otherwise, b, = 0. Let
B = diagi{b,,...,b,}.

Assumption 3. For the communication topology, it is
assumed that the graph for all follower agents is connected.
Meanwhile, at least one agent has access the signal directly
from leader.

2.4. Related Definitions and Lemmas. Since the main objec-
tive of this paper is to design a finite-time formation control
algorithm, we first introduce the concept of finite-time
stability.

Definition 4 (see [13]). For a nonlinear system,

x=f(x), f(0)=0, xeR", (7)
where f(-) is a continuous function. If the system is Lyapunov
stable and finite-time convergent, then it is called finite-time
stable. The finite-time convergence is defined as that there
is a finite time T(x,) such that lim, 7, )x(f,x,) = 0 and
x(t,x,) = 0 forall t > T(x,).

In addition, for brevity, we define the following notation.

Definition 5. Define function
sig” (x) = sign (%) [x|*, «=0, x€R, (8)

where sign(-) is sign function.

Finally, since the finite-time controller design in this
paper is based on the homogeneous systems theory, we give
the related definition and lemma about homogeneity.

Definition 6 (see [13]). For the system (7), if, for any ¢ > 0,
there exists (ry,...,1,) withr; > 0, i = 1,...,n, such that

filexy, e x,) = fi(x), i=1...,m (9
where k > -min{r;,i = 1,...,n}, then f(x) is said to
be homogeneous of degree k with respect to the dilation
(ryse..1,).

Lemma 7 (see [30]). For system (7), if it has a continuous
homogeneous vector space and is homogeneous of degree k < 0



with respect to the dilation (ry, ...
time stable.

,1,), then it is globally finite-

3. Main Results

The controller design method is mainly based on the back-
stepping design and disturbance estimation-compensation
method. Specifically speaking, the design procedure is
divided into two steps.

(i) Step 1: for the position subsystem, the attitude ©; =
(¢;,0;, ;) is taken as the virtual control input and is
designed as the desired attitude such that all aircraft
can converge to the desired 3D-pattern and move
along the desired leader’s trajectory in a finite time.
For the external disturbance, a finite-time disturbance
observer is used to estimate and compensate the dis-
turbance, i.e., disturbance estimation-compensation
method.

(ii) Step 2: for the attitude subsystem, by combining
disturbance observer and finite-time controller, a
control law 7; is designed such that the each quadrotor
desired attitude can be tracked by the real attitude in
a finite time.

3.1. Finite-Time Position Formation Controller Design. For the
sake of statement, denote

T.
= — (cos ¢; sin 6; cos y; + sin ¢, siny;),
m

Uip = —
1
T; . . .
Upg = p— (cos¢; sin0; siny; —sing; cosy;),  (10)
1
T; )
Ui = - cos¢;cost; —g, i€l

under which the position system’s equation (3) can be
rewritten as follows:

pPi=uip+ 6,
Gi =g+ Si,q, 1)
i:i = Uiy + 8i,r'

In order to design a finite-time controller for system (11), we
first consider the case without external disturbances.

3.1.1. Case 1: No External Disturbance

Lemma 8. For the position motion model (11) without the
external disturbances, i.e., §;(t) = 0, if the controller is designed
as
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== ), [kpsig" (pi = p; = Ap;)

JEN;

+ kysig™ (Pi - PJ)] —b; | kysig™ <Pi = Pa—Ap;

+ = ZAP1>+kd51g (i = Pa) | + Pa>

] 1

g = = Y ay [kysig® (a - ;- Aa)
jex,

i kdsigo‘z (% — q])] -b kPSig‘x1 (q, ~4qa —Aq; (12)

+ = Z%) +kgsig™ (4 = Ga) | + da>
] 1

rj= ;)

+ kysig™ (1”,- - fj)] - b kpsig“l <r,- —ry—Ar;

1 n
—Z >+k sig™ (7, — #5) | + 74
7’l =

where 0 < oy < 1, &y = 20¢/(1 + &), k, > 0, k; > 0,
then the desired formation position control can be achieved in
a finite time.

Proof. Since the three axis controllers are similar, without loss
of generality, we will only give the proof process about p-axis.
Let

€, =Pi—Pa—Ap;+ ZAP, (13)

be the coordinate changes for i-th quadrotor aircraft. Under
the proposed controller (12), it can be concluded from (11)
that the position tracking error equation is

éi,p = pi— Pa>

a; [kpsig“1 (el-,P - (14)

-y

ej,p) + kgsig™ (éi,p - éj,p)]
JEN;

- b [kpsig"‘l (e,»,p p)] , i€l

In the sequel, we will prove that the system (14) is globally
finite-time stable and the proof is divided into two steps.

At the first step, we will show that system (14) is globally
asymptotically stable. The Lyapunov function is chosen as

) + kysig™ (é,-,
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V=V, +V, 15) Clearly, the Lyapunov function V is positive definite and

radially unbounded. On one hand, the derivative of V; along

where

N
/
-

+2b, J 7 sig® (p) dp> , (16)
0

system (14) is

n n
Vi=k,) (Z“ijSigal (eip —eip) (Eip — i)
i=1 \ j=1

(17)
+ 2b;sigh (ei,P) éi,P> .

On the other hand, based on a;; = a;, i,j € T and the
function sig(-) being an odd function, the derivative of V,

along system (14) is

n
V, = _Zzéi»}? ( a; [kpsig“1 (ei,p - ej,p) + kysig™ (e'i)P - éj,p)] +b, [kpsigo‘1 (ei)P) + ksig™ (e'i,P)])
=1 j€

1) 9 (e 1)

In summary, the derivative of V along system (14) is

Ty <ia,.j lesp— 5 | + 20 ¢, "‘2“> )
i=1 \ j=1
Since a;;

i 20,5, >0,k > 0, itis obvious that V < 0. Define
set ¥ =

{(e,,p,e,»,p) | V = 0}. It can be concluded that V = 0
implies ¢;, = 0 and ¢;, = 0, which also implies thate; , =
0 from (14), Vi e T. Using LaSalle’s invariant principle [31]
leads to (e; i p) — 0ast — 0;ie, system (14) is globally
asymptotically stable.

Furthermore, according to the definition of homoge-
neous system (i.e., Definition 6), it can be found that system
(14) is homogeneous with degree of k = (o — 1)/2 < 0
with respect to the dilation A = (sy,...,58,, s5,...,5, ), where

for ey prneyp fOr €y 4,

np
s; = 1,8, = (o) + 1)/2. In summary, based on Lemma 7, it

can be concluded that the closed-loop system (14) is globally
finite-time stable. 0

However, in practice, the external disturbance is usually
unavoidable. Next, we will consider this case.

Assumption 9. Assume that there are known positive con-
stants M,, M,, such that |§;] < M, |§;| < M,.

3.1.2. Case 2: The Existence of External Disturbance

Lemma 10. For system (11) under Assumption 9, the distur-

bance estimation (9, ” 5, P 8 ,) from the observers

+2be

i szIg(Xl (ei,p)> (18)

n n
k), <Z“ff (€ = €p) sig™ (€3 = €1,p) + 2016, p5ig™ (éz:p)) :

op; 5 i b, — b
= = tip 8ip + A, sigh? (Pi - Pi)’

3i,p = Asign (Pz - Z)z) >
o Mgt 8iq + Aysig'”? (4= 4)- (20)
gi,q = A,sign ("Ii - ;11) >

% =u;, + Si)r + /llsigl/2 (fi —?,-) ,
3,»), = A,sign (f’,- - ?,-),

will converge to the real states (J;
where

i,p>0ig> 0ir) i a finite time,

A, > M,,
2
A .
‘>JM—M2

with0 < h, < 1.

(A, + My) (1+hy) (21)
1-h ’

Proof. Similarly, here, only the proof about x-axis is given.

Define the disturbance observer error as#, = p; — f)l., M, =



d; , under which the error dynamical equation can be
obtame(i7 from (11) and (20) that

M=M= Alsigl/z (’71) >
(22)

iy = —Aysign () + Si,p

By Assumption 9, we have -M, < Si’ < M,. As a result, it
follows from [32] that system (22) is finite-time stable under
the gain condition (21), which means that Si)P can converge
to §; , in a finite time. The proof is completed. O

Based on the precise estimations for the external distur-
bances, a disturbance-observer-based composite controller is
given to achieve finite-time position tracking control.

Theorem 11. For the i-th position motion model (11) with the
disturbance, if the controller is designed as

Uip =~ Z

JEN;

a;; [k,sig™ (pi = p; — Apy)
+kgsig™ (B = ;)] — b | kpsig™ <Pi = Pa—Api

+- ZAP1>+k451g (B = pa) | + ba— 8 p>

] 1

Uig =~ Z

JEN;

a; [kpsig” (a9, — Agy)

+kgsig™ (d; - d;)] - b hﬂ§“<%—qd—A% (23)
+ -~ ZM)+%% (di = da) | +da — Oigs

JEN;

a; [kpsig"‘l (ri ~7j= Ar,-j)

+ kysig™ (1"1- - i’j)] ~b; | k,sigh (ri —ry—Ar;

n

1 ~
=N Ary |+ kysig® (7~ 74) | + 74~ 8y
+ I’lz rl> + K418 (rl rd) +74 ir

j=1

where 0 < oy < 1, ay = 20¢/(1 + o), k, > 0, k; > 0,
then the desired formation position control can be achieved in
a finite time.
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Proof. The proof is straightforward since the results in Lem-
mas 8 and 10 are about finite-time convergence. In other
word, there is a finite time T*, for any i € T,

dim (e ()., (1) =0, t<T,
(24)

e, (),é,()=0, t>T".
P P

Therefore, considering the coordination changes (13), for any
i, j € T, it can be concluded that

i [n0-,0] =30,

lim Z Pa>

t—T* 1/1

(25)
[Pz‘ (t) - pj (f)] = Apyj»

n

t>T".

Therefore, the formation control of a group of quadrotor
aircraft can be achieved in a finite time. The proof is
completed. O

3.2. Attitude Controller Design. In the previous section, the
attitude (i.e., Euler angle ®; = (¢, 6;, 1//,»)T) is taken as a virtual
control input. It is designed such that the desired position
trajectory can be tracked in a finite time. Next, in this section,
the attitude dynamical system will be considered. According
to the relation (10), the desired attitude can be generated
from the virtual control input u; ,, u; 5, u;,. Denote @, ; =

(¢; a5 i)d,v/i)d) as the desired attitude for i-th quadrotor
aircraft; then it follows from (10) that

2
,d—m\/u +u? gt (4, +9)°

m; )
T (ui,p Sin Y g — t; 4 COS Wi’d)) ,

i,d

big = arcsin(
(26)

1
0,4 = arctan( (u» cosy; 4 +u;, siny;
id i,p id i,q Yid >
Uir +9

iel.

Since the variable y; ; is a free variable, the desired yaw angle
can be set as y; ; = 0 for the convenience of analysis.

Due to both uncertain parameters and external distur-
bances, the unknown parameters are broken into two parts,
i.e., known nominal parts and unknown uncertainty parts.
Specifically, let

].4_]I.j+A]1], j=12,3, (27)



Mathematical Problems in Engineering

where J7 ; represents the known part and AJ; ; is the uncer-

tainty part. With the help of the above notations, the attitude
equation (4) can be rewritten as

1.
(/)1 = ]_:)Ti,l + d:,qﬁ’
il
b= d;
i = ]TTi,z +4d;p (28)
i2
C:
Vi ]TlTi,a + dl{,l//’
i3
where
11 dig (t)
d:¢:(]__]7>li711+ ;
i1 i1 i,1
1 1 d.g(t
d1{9:(__7>liTi,2+L()7 (29)
’ T T Jiz

11 diy (1)
dl{w:(__T>CiTi3+ d .
’ Jiz  Tis ’ Jis

Remark 12. Note that the uncertainty functions, ie., d, =

(dl{)(P, d;,@’ d;’w)T, defined above include not only the external
disturbances but also the parameter variations, which are

usually called the lumped disturbances in the literature [33].

To deal with the lump disturbances in system (29), a
disturbance estimation and then compensation method will
be employed. As that in [33-35], the following assumption is
given on the lump disturbances.

Assumption 13. Assume that there are known positive con-
stants L, L,, such that |d;| < L, |d}| < L,.

Under this assumption, motivated by the work [32], a
finite-time disturbance observer is proposed to estimate the
lump disturbances in a finite time.

Lemma 14. For the system (28) under Assumption 13, the

states Ei: = (JI()(b, c?;)e, c?;)w) of the observers

a(i)i l; ) .
i ETi,l + 517,»,¢ + p1s1g1/2 (‘/’z - ‘/51) >

! .
di,qb = p,sign (¢i - ¢i) >
% = l—oi‘ri,z + &:9 + plsigu2 (91' - 5,) >

o i, ’ (30)

I ~

7= poisn(4,-3).
a’." . P

-1

ai,y/ = pysign (1/’1 - ‘7’;) >

will converge to the states d, = (d{)qs, dz{,ﬂ’dz{,y/) in a finite time,
where

P2 > Lo,

N 2 (py +L,) (1 +h,) (31)
& pr—L, 1-h, ’

with0 < h, < 1.

Proof. The proof process is the same as that of the position
loop disturbance observer, ie., Lemma 10. The proof is
straightforward. O

Based on the precise estimations for the lump distur-
bances, a disturbance-observer-based composite controller is
given to achieve finite-time attitude tracking control.

Theorem 15. For the attitude subsystem (4) of i-th quadrotor
aircraft in the presence of unknown parameters and external
disturbances, if the controller is designed as

T (i B

Til = 7 (¢i,d +a,sig (bia — ¢:)
;
+ adSigﬁz (¢i,d - ‘/’1) - ‘Zq&) >

]’—02(0 +a,sigh (6,,-6,)
. \id Tap g id ~Yi
i (32)

+ agsig” (Gi,d - 91‘) - gfi,@) ,

Tin =

Jis (. .
Ti3 = 73 (Wi,d + apSIgﬁl (Wia —v:)

+ adSigﬁz (V’i,d — ;) - &Zu/) >

where 0 < B, < 1, B, = 2B,/(1 + By), a, > 0, a5 > 0,
then the desired attitude can be tracked in a finite time, i.e.,

(565 ¥0)" — (b0 6,0 ¥10)" in a finite time.

Proof. Since the disturbance observers (30) are about finite-
time convergence, then there is a finite time T, such that

U !
di,</> = di,([)’
77 !
di,e = di,(-)’
(33)
77 !
dw = dw,

VE>T,.

Similarly, only the proof about roll angle ¢; is provided.
Define the attitude tracking error as e;, = ¢, ; — ¢;, when
t > T, whose dynamical equation can be obtained from (28),
ie.,

éi,¢ = ¢i,d - ‘/51"
o I, (34)
€ip=Pia— ]_Ti,l'

i1
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TABLE 1: Systemy’s parameters.

Descriptions Parameter Values
mass m; = 0.468 kg
gravitational acceleration g =981 m/s’

inertia matrix

Ji=J°+ AJ, i =1,2,3, with
J° = diag(0.0020,0.0022,0.0030)
AJ; = diag(0.0003, 0.0002, —0.0004)

position-loop disturbances

8, ,(t) = 0.0025sin (¢ + 5)
51-,,1(1‘) =0.002cos (2t +3) i=1,2,3
8, (t) = 0.003 sin (3t +2)

attitude-loop disturbances

d;4(t) = 0.8 5in (0.4t + 5)
dig(t) = cos (0.3t +3) i=1,2,3
d;,,(t) = 0.5sin (0.3t +2)

q
Follower 1

ap =ay =1

Follower 2 a3 =3 =1 Follower 3

FIGURE 1: The communication topology graph and the desired
formation pattern.

Under the proposed controller (32), the closed-loop system is

éi,¢ = ‘/’i,d - ¢

(35)
é,-,(p = —apsigﬁ1 (ei,¢) - adsig/32 (éi)qﬁ) .

It can be found that the closed-loop system (35) has the same
structure as that of system (14). Hence, based on Lemma 7, it
is easy to prove that system (35) is globally finite-time stable,
which is omitted here. O

4. Numerical Simulations

To verify the proposed theoretical results in Theorems 11
and 15, some numerical simulations are given. The network
system considered in this section consists of one leader and
three followers. The undirected topology graph topology is
shown in Figure 1. Specifically, the weights of the undirected
edges are, respectively, given as b, = 1,a,, = a5 = 1,
4,3 = as, = 1. Meanwhile, the desired formation pattern is to

form a regular triangle on in the p-g plane. And from Figure 1,
the relative position deviations can been given as

Ap;=(0,1,0)",
sa=(o(Z)n(Z)o)
Ar; = (cos(%),sin(%),O)T.

4.1. Model Parameters and Controllers Gains. The desired
formation trajectory, i.e., leader’s trajectory, is

(X3 yrzg)" = (55in(0.2¢),5c0s (0.2¢),0.50)7.  (37)

And the initial conditions for each quadrotor aircraft are
as follows:

(p1(0),q, (0),7,(0), ¢, (0),6, (0),y, (0))

= (_3; 5: 0) O; Oa 0) >

(p,(0),9,(0),7,(0),¢,(0),6,(0),y, (0))
(38)
=(1,-4,0,0,0,0),

(p5(0), g5 (0),75(0),¢5 (0), 65 (0), 35 (0))
=(2,3,0,0,0,0).

The model parameter values are given in Table 1. Mean-
while, by Theorems 11 and 15, the controllers’ and observers’
parameters are selected as k, = a, = 3.5, k; = a; = 4.5,
o, =P =3/4A =41,=1p =5p,=2.

4.2. Numerical Simulation Results. Under the proposed con-
trol algorithm, Figure 2 shows the position trajectory of each
quadrotor aircraft in 3D space. It can be found that the
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-10 -10

— leader
--—- quadrotor 1
quadrotor 2
---- quadrotor 3

FIGURE 2: The response curves of each aircraft’s trajectory in 3D

space.

qi+Aq; (m)

Time (sec)
2 30 . : : : : , ,
20}
-
T 10t ]
0 - - - . . . .
0 5 10 15 20 25 30 35 40
Time (sec)
——leader quadrotor 2
-~ quadrotor 1 - - - quadrotor 3

FIGURE 3: The response curves of the position for each aircraft.

desired formation control task can be achieved under the
proposed finite-time controller. The tracking curve for each
aircraft’s position and attitude are given in Figures 3 and 4.
And the adjacent distance of all quadrotor aircrafts is shown
in Figure 5. The response curves for the estimated position
disturbances and the estimated attitude lump disturbances

¢; (rad)
<)

-0.5 " " " " " " "
0 5 10 15 20 25 30 35 40
Time (sec)
0.5 T T T T r r r
=l 5
=
-0.5 L L L L L L L
0 5 10 15 20 25 30 35 40
Time (sec)
x107°
<5 5 g
. I\
_5 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40
Time (sec)

—— quadrotor 1
quadrotor 2
- -~ quadrotor 3

FIGURE 4: The response curves of the attitude for each aircraft.

Adjacent distance (m)

1 1 1 1 1 1 1 1 )
0 5 10 15 20 25 30 35 40

Time (sec)

—— reference distance
-~ quadrotor 1 and 2

quadrotor 1 and 3
- -~ quadrotor 2 and 3

FIGURE 5: The adjacent distance of all quadrotor aircrafts.

are, respectively, shown in Figures 6 and 7. It can be found that
the proposed methods of finite-time disturbances estimation
are effective.

5. Conclusion

In this paper, observers-based distributed formation control
law has been proposed to solve the formation control problem
for multiple quadrotor aircrafts in the presence of parameter



10
1 T T T T T T T
Pal(ES J
\
_1 1 1 1 1 1 n 1
0 5 10 15 20 25 30 35 40
Time (sec)
1
& ot _
R
0 5 10 15 20 25 30 35 40
Time (sec)
o~

0 5 10 15 20 25 30 35 40
Time (sec)
- § hat §,
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FIGURE 6: The response curves of the estimated position distur-
bances for each aircraft.

0 2 4 6 8 10 12 14 16 18 20

Time (sec)

0 2 4 6 8 10 12 14 16 18 20

Time (sec)
— hat d’,
~.— hatd, --— hatd’;

FIGURE 7: The response curves of the estimated attitude lump
disturbances for each aircraft.

uncertainties and external disturbances. Rigorous stability
analysis and some simulation results have been presented
to show that the formation task can be achieved using the
proposed control algorithm.
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