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ABSTRACT In this paper, the adaptive super-twisting distributed formation control of multi-quadrotor in
the presence of external disturbances and uncertainties is studied. First, the quadrotor formation system is
separated into a position subsystem and an attitude subsystem which are represented by unit-quaternions.
And then a composite adaptive super-twisting control method is proposed for the position subsystem
and attitude subsystem respectively. For the position subsystem, an adaptive multivariable super-twisting
controller is designed such that the positions of formation converge to the desired formation configuration
and generate the desired attitude. And the adaptive fast super-twisting controller is designed for the attitude
subsystem to track the desired attitude in finite time. Based on Lyapunov-based stability analysis, finite time
convergence stability of the whole closed-loop system is proved. Finally, a numerical simulation result is
provided to illustrate the effectiveness of the proposed formation control scheme.

INDEX TERMS Formation control, finite time convergence, quadrotor, adaptive super-twisting control,

disturbance.

I. INTRODUCTION

In recent years, the quadrotor control problem has received
much interest from many researchers. The main reason is the
diversity of quadrotor applications, such as geographic sur-
vey, agricultural plant protection, military reconnaissance and
so on [1]-[5]. However, due to its characteristics including
that nonlinear, strong coupling multi-variable, under-actuated
and so on, it puts forward high requirements for its control
ability. The quality of control performance greatly affects the
safety and stability of quadrotor.

Compared with a single quadrotor, the quadrotor forma-
tion may provide a better performance for the difficult tasks
[6]-[10]. Furthermore, system stability and reliability can
also be improved through the exchange of information
among multiple quadrotors. Meanwhile, formation control
of quadrotor formation is more challenging. And the main
issue of formation control is how to achieve and maintain
the desired configuration while tracking a desired trajectory.
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Hence, it is practical significance to study the formation
control problem for quadrotors [11].

For achieving the formation control, the typical control
strategies can be categorized as leader-follower [12]-[14],
behavior-based [15] and virtual [16], [17]. These strategies
all lack their own drawbacks [18]. However, for the rea-
son of simplicity and flexibility of leader-follower strategy,
this strategy is the most widely employed and most effi-
cient approach for quadrotor formation control. Meanwhile,
to avoid the formation falling caused by the failure of the
leader, leader-follower strategy is integrated with distributed
formation control approach, which is more suitable for a large
number of quadrotors to maintain the formation configures.
And a great deal of literature has been presented for the
formation control problem by this strategy.

For the leader-follower formation problem of quadrotors,
Jasim and Gu [19] developed a suboptimal H-infinity con-
troller. However, this paper is only expected to perform a
formation flight in the x-y plane and use a PID control law to
control the inner-loop, which may lead to a poor control per-
formance. Liu et al. [20] proposed a robust formation control
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based on backstepping approach for a group of quadrotors.
The convergence performance is not discussed in this paper.
A consensus formation control algorithm is also proposed and
utilized in [21], the inner-loop modeled by quaternion can be
stable in finite time, but the outer-loop is not. Du et al. [22]
presented a finite-time formation control algorithm in the
basis of backstepping approach and the finite time con-
vergence characteristic is proved in outer-loop and inner-
loop respectively, but the finite time convergence of closed
system is not discussed. In addition to the above methods,
the optimal control method is also used in the formation
control problem of quadrotor. In [23], a formation control
algorithm was proposed based on optimal control method,
which aims to achieve the desired formation behaviors of
multiple quadrotors in asymptotic stability with not finite
time stability. Although the above methods improve the con-
trol performance to a certain extent, the further improvement
performance is urgently needed, especially the convergence
rate.

Over the years, sliding mode control has been applied
into many nonlinear robust control systems because of its
insensitivity to matched disturbances and finite time conver-
gence [24]-[28]. However, many sliding mode controllers
have the problem of chattering, and then the second order
sliding mode control is developed. It can hide the switching
terms within the derivatives of the controllers themselves.
In addition, the super-twisting algorithm has been immensely
popular since its inception [29]-[32]. Recently, there has been
a lot of interest in adaptive versions of the super-twisting
algorithm [33], [34]. The adaptive law can change the control
gain. When a second order sliding surface is established,
the adaptive law stops and the gain remains constant. One
advantage of this adaptive method is that the boundary infor-
mation of the disturbance can be unknown. However, for
the characteristics of quadrotor formation system mentioned
above, there are so many problems that need to be considered
in the application of this algorithm, such as external inter-
ference, communication between quadrotors, the selection of
adaptive parameters and so on. These problems increase the
difficulty of applying this method to multi-quadrotors. And
this paper considers a multivariable adaptive super-twisting
sliding mode control method for the quadrotor formation
system.

Motivated on above analyses, to improve control perfor-
mance, this study focuses on the whole closed-loop stabil-
ity control algorithm for quadrotor formation modeled with
unknown bounded external disturbances and uncertainties.
For the characteristics of inner loop and outer loop of quater-
nion modeled, the different adaptive super twisting control
algorithms are designed to improve the convergence rate and
accuracy respectively. The finite time stability analysis of
whole closed-loop quadrotor formation is proved by a novel
Lyapunov function. The main contributions of this paper are
summarized as follows:

1) Based on the quaternion model, an super-twisting
distributed formation control is designed, which ensures
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the stability of quadrotor formation under the condition of
unknown upper bound of external disturbance. And the sta-
bility of closed-loop finite time convergence is proved.

2) For the typical second-order dynamic model, the pro-
posed control law has the advantages of fast convergence
speed and high convergence accuracy, which satisfies the
speed requirements of quadrotor in fast maneuverability.

The remainder of this paper is organized as follows.
In Section II, notations and graph theory, some useful lem-
mas and problem formulation are given. In Section III, the
control laws and adaptive laws are proposed, and the stability
of the whole closed-loop system is proven via Lyapunov-
based analysis. In Section IV, simulation results are given to
demonstrate the effectiveness of the control laws proposed
above. Finally, the conclusions are given in Section V.

II. PRELIMINARIES AND PROBLEM STATEMENT

A. GRAPH THEORY

For the formation with n quadrotors, the interaction among
the n quadrotors is modelled by weight undirected graph G
which is (V, E, F). In undirected graph G, V = {v;,j =
1,...,n}is the set of nodes, E € V x V is the set of edges.
F is the weighted adjacency matrix of the graph G. For K,
we have a;; = 0 and, a;; = 1if there is an edge between agent
J and agent i while a;; = 0 otherwise. The set of neighbors of
node v; is denoted by (v;,v;) € E. The out-degree of node

n
v; is defined as d; = deg,,,(vj) = ) aj;. The degree matrix

=1

of undirected graph G is D = dijag{dl, dy, ...d,} and the
Laplacian matrix of graph G is K = D — F. The path from v;
to v; is a series of different nodes, starting with v; and ending
with v;, so that the continuous node are adjacent. The physical
structure of the quadrotor is shown in Figure 1 [35].

Assumption 1: The communication topology for n agents
is connected at the initial time.

B. USEFUL LEMMAS
Lemma 1 [36]: Consider the following nonlinear system
x(t) = f(x(2)) + g(x(¢))u + o with £(0) = 0. Suppose there
exists an open neighborhood ® of the origin, a C! positive-
definite function V:® —  and real number ¢ > 0, such
that V 4 aV* is negative semidefinite on ©. Then the origin
is a finite-time stable equilibrium of nonlinear system.
Lemma 2 [37]: Suppose that there exists a continuous
differential positive definite function V(¢),and« > 0, 8 > 0,
0 < r < 1 are real numbers. If V(¢) satisfies the differential
inequality Eq.(1). Then, V () will converge to the equilibrium
point in a finite time #r, where #r can be obtained by Eq.(2)

V4+aV+BV <0 )]

1 aVIi="(xp) + B
+ (=7 In 5 )

Ir=t

C. SYSTEM MODEL
Considering that n is the total number of the formation
quadrotors, the jth quadrotor is denoted by the subscript j. The
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FIGURE 1. Physical structure of a quadrotor.

configuration of quadrotor is shown in Figure 1. To describe
the space motion state of the quadrotor, the inertial frame
E = {e}, e, e3} with e; = [1,0,0]7, e = [0,1,0]” and
e3 = [0,0, 1]T the unit vectors in the directions x, y, z of
the frame E. F = {fj1, f2. f;3} denotes the body-fixed frame
of the jth quadrotor, with i = [1,0,0]7, f» = [0, 1,0]”
and f3 = [0, 0, 1]T the unit vectors in the directions x, y,
z of the frame Fj. wj is the angular velocity and the orien-
tation is represented by unit-quaternions defined by Q; =

T
[qu, ﬂj] , which is composed of a vector component g; =

[4i1- g2- 4j3]" and a scalar component ny, satisfying

qjqi+n =1 3)

The multiplication between two unit-quaternions Q1 =
[q), m1" and Q> = [¢], n2]" are defined by

maqz + n2q1 + S(ql)qz)
O] = 4
QO ( mn — g qn @

where © a non-commutative multiplication operator, S (x) is
the skew-symmetric matrix operator that is defined by

0 —a3 a
S@)=| a3 0 —a (5)
—ay ay 0
where a = [ai, as,a3]". Let R(Q) € R3*3 denote the

Rodriguez rotation matrix from the inertial frame to the body
frame, and R(Q) in terms of unit-quaternion can be obtained
through the Rodriguez Formula as

RQ) = 1 = llgl*Is + 294" — 21S(9)) (6)

where I3 is the 3-by-3 identity matrix, ||-|| is the Euclidean
norm of vectors.

The model differential equations of the jth quadrotor are
expressed as

pj=vj

) - )
mjv; = mjge3 — TiR(Q))e3 + dyj;
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o

g =5 [nits + S (¢))]

, 1

nj = —ECIJ'ij

Io; = Tj — S (w)) Iw; + dr;

®)

where m; is the mass of the jth quadrotor and g is the grav-
itational acceleration. p; and v; are the position and linear
velocity expressed in the inertial frame. 7 is the magnitude
of the control thrust and 7; > 0. I'; = (T, Ty, ['y)T € R3
represents the control torque applied on the system expressed
in the body frame F. dy; and dr; are composed of the
aerodynamic disturbances and parameter uncertainties. I; =
diag(lxyj, lyyj, I;j) is the symmetric positive definite constant
inertia matrix of the jth quadrotor.

Assumption 2: For the formulation control of quadrotors,
the communication topology graph is undirected.

Assumption 3: The disturbance dy; and dr; are bounded
and we denote |de| < Dyj; and |drj| < Drj, where Dy; and
Dr; are unknown upper bound.

D. PROBLEM FORMULATION
Assuming thatpg = [pax, Pay, pa:1” andva = [Vax, vay, va:1"
denote the desired position and velocity of the quadrotor,
respectively, and the position and velocity tracking error of
the jth quadrotor is defined as

n
e = ) ajipj = pi = Aji) ©)
i=0
n
ey = Y aji(vj —vi) (10)
i=0
where Aj; = [Ayji, Ay, Azﬁ]T represents the relative dis-

tance between the ith quadrotor and jth quadrotor, which
determines the desired formation pattern. For the leader
quadrotor, the desired trajectory A; = Ajg = [0,0, 017,
po = pa.vo = va. Let Qg = [q},nq]" and g4 =
[gd1, qa2, ng]T denote the desired orientation expressed in
the desired frame, and w; denotes the desired angular velocity
expressed in the desired frame. 0 = [, 7]" and § =
[31. 42, G317 denote the relative orientation error from the
body frame to the desired frame, and Q is defined by

- —1ga — S
0-0"'00= <ndqndij qquqd)q> (11

where the inverse of the unit-quaternion is defined by 0~! =
4", nT. Let wg denote the desired angular velocity and the

angular velocity error from the body frame to the desired
frame @ is described by

&:w—R(Q)wd (12)

E. CONTROL OBJECTIVES

In this paper, the main objective is to design a formation
control law for quadrotor formation to achieve the desired
formation pattern and track the desired formation trajectory
under parametric uncertainties and external disturbances.
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IIl. FORMATION CONTROL DESIGN

To facilitate the design of formation controller separately,
the quadrotor model is divided into the outer-loop subsys-
tem and the inner-loop subsystem. From Eq.(7), it’s clear
that by designing 7; cannot maintain the stability of jth
quadrotor(because it is under-actuated), so, another control
input U; = T;RT(Q))e3 is designed, which aims to solve
under-actuation of the position system. For the system (7) and
(8), the outer-loop subsystem and inner-loop subsystem can
be written as

Outer-loop subsystem:

pj=vj

. (13)
mjvj = mjges — Uj + du;
Inner-loop subsystem:
) 1
g = 5 [0y + S (¢))]
. 17 14
nj= _qu wj (14

Io; = Tyj — S (w)) lw; + dr;

The position formation control for out-loop subsystem and
the attitude tracking control for the inner-loop subsystem will
be designed respectively.

A. POSITION FORMATION CONTROL DESIGN
The error system can be written in a matrix form as

ey = &y (15)

Submitting Eq.(9) to Eq.(15) and it yields

n
by = ai(vj — V)
i=0
n n

n n

_ ) Y dy

= ajiges — ajl; + ajl? - a;ivi
i=0 i=0 J i=0 ] i—0

n
U.
=Goj— Y @i~ +p (16)
— " m;
i=0
where
n
Goj = Y _ ajige3 (17)
i=0

pj = Z%i? - Zajif)i (13)

The virtual displacement controller Uj is designed as fol-
lowing
m
Uj = ——(Goj + b1(v(ep)) + 0.5u(ey))) (19)

n

> aji
=0

X
e x#0 . .
where v(x) = { Il |L 7 is the ratio of x to the norm

ll+e0 =
of x, &g > 0 1is a very small constant to avoid singularities.
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b1 > 0 defined as

3
n(g)?
b= 1 7 et lienliehes lewll =21
R
0 lepill < &1

Let U; = [u;1, ujp, uj3]T, so in order to get a unique set of
solutions, let g453 = 0, and then we get

uji 2Tjnqjqai2
up | = _ZTjgdj‘Mj] , (1)
Uj3 T;[1 — Z(del + qdjz)]
where
uj3 = sz - ”]21 — ujzz (22)

So, we can extract the thrust force T;

Tj = \Juj +up + s 23)

And the jth ng4; exception is

1 Uup3
g = |5+ 5

24
2t a7 (24)

Then, using the first two equations of Eq.(21), extract ggj1
and ggj» as

9dj1 1 —Up2
g = | qap | = ==— | uj (25)
qaj3 Mg

The required angular velocity wg; can be obtained as
T
ngilz + S(qq) | -
w@==2[ e oY (26)
qgj

Theorem 1: Consider the outer-loop subsystem (7) with
the control strategy (19), the tracking error converges to the

region around zero within a finite time.
Proof: Choose the following Lyapunov function

candidate:

1 1
V = ey s"As + Z(evTjevj)2 + E(bl — b
b % r
= |y [8en) ey] L op [8(ep) €]
2

1 1
+ 5 (een)” +vaw#

1
= biehiey + v epi| P eien + b1 [en | eliens

1 1
+ Z(ef,evj)z + E(bl — byt 27)
T 3
where s = [8(epj), evTj] Jlet y < 2b7,b] > 0,81 >
b %
0,A = Vl 192 is a positive definite symmetric matrix,
5 b
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T
L - x#0
2 . . .
8(x) = | ‘xu is the ratio of x inverse to the square
X x=0
[lx112 +&o

root of the norm of x.
Consider the Lyapunov function has a number of variables,
for the sake of brevity, it is proved in two parts below.

1
V=Vi+—(b-b)" (28)

Bi

where
Vi=Vii+Vio+Viz+Vis (29)
where
V11 = b%e;jepj (30)
1
Viz = v |ley| 2 epen (1)
Vis = bi [ley] ejjey (32)
1 2
Via = (eye) (33)
The time derivative of Eqs.(29)-(33) are given as follows:
V]l = b%e},}épj (34)
. 3 Lo Lo,
Viz = v llell* evjev + v e e (35)
el.

Vi = biejey—rép +2b1 || enery  (36)

llens]
Vig = efjevjezjévj 37

Substituting Eq.(16) to Eq.(29), together with Eq.(29)-(33)
yields

Vi=Vii+Vio+Vizs+ Vi
1 3
= —y (b1 + 3biv(ey)0en) — 0(epp)] e
3 1
= llewl 5 lenil* llew]

1 2
+ (Ebl — 0(ey)p))| e

+bi(b1 —20(e,)p) | epi|) (33)
T
o X#0 . .
O(x) = r is the ratio of x inverse to the norm
X —
Tl * =0
of x.

Assuming that by > 2C and ”pj” < C, then

e;jevj e;j
b1 +0.5 x by — ijO.Sbl -C
o ”er” ”e\’j” ”epj” (39)
0.5 — —2_p > 0.5b; — C
lew]
therefore

Vi < —y(0.5b — C)”e,,jH%
3 1
= flewl <57 lewll? Jewl + @551 = Offey |
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+2b1 ||| (0.561 — C©)) (40)
Let
1 T
= lesl? leul ]

p_ [ 26100551 = O) —3y
- -3y 0.5b; — C

Submitting it to Eq.(40),then we have

Vi <~y ©.5b1 — Olleyi]? = eyl x"Px @)
Moving forward a single step we can obtain
~lep 20551 — €) ~ e Amin(P)
~M(Je]? + ey

M !
2—%(Hep,-]| 2 4 [y’ (42)

Vi

IA

IA

where

KTPx = i) || + e

> dmin(P) | ey | (43)
(lew [ + e[ D < 255 (ep]” + ey, @ <)
(44)

M = min{y(0.5b; — C), Amin(P)} ~ (45)
By analyzing the Eq.(43) with Eq.(44), there is

1
max(@) (e * + e D = Vi (epjiey)  46)
so it follows that
3 1 3
hmax(@([epi |2 + ey )’ = Vi (epney) @7
. M %
Vi< -— T3 Vi 48)
235 M hax(Q)

From Eq.(28) and Eq.(48), there is
V=V + (2ble;jepj + Heij e{jevj)l'yl
4 *\3 7
+ —(b1 — b])'b
Bi
M3
-3
23 Amax(P)
. 4 .
+Q2bieley + | e elen)br + 501~ b}Y’bi (49)

(epj ) evj)

where €1is a constant greater than 0.
Formulation when ||epj|| > ¢1, by = 0, getting

M

]

V=iV ey)  GO)
25 kmax(P)
Formulation when Hevj” < &1, getting
3
b w5 (51)
1= -
2biegepitlleplleyey 4
|b1—b7 ] B
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. 3 .
V < =NV} + @bieley + ey ehenby

4 . 4 3
+ 5 b - b hy — HG b1 — ;[

4 3 13
+ u()4|by — b (52)
Bi
where N = +
23 Adax(P)
Note that
4 3 3 4 3
(Vi + — (b1 —bDH3 < VI + u(-)3 (b1 — b)) (53)
Bi p1
and
NV} u(—)4 by = B[ = e (v +(—)4 by — b5
(54)
where @ = min {N, u}
Then we have
3 4 3 3
—oVi> —wV} - u(ﬂ—)4|b1 — b| (55)
1
then
V<-oVitene vieni + len evﬁw)bl
3 3
(e by —bi|”  (56)
Bi
It follows that
14 < —wV%
. b]ee +He Hee
3 pi pi vj
+ |1 = B[ (Bi( v 2
p—nif B
4 3
+u()4) (57)
Bi
3
. n(z)*
Submitting by = L to Eq.(57), it can
Zbl‘p; PJ+||ePJ”eL/eU 4
|h1 b*| B
be concluded that
V<-ovi (58)

Thus the outer-loop proof is completed.

Remark 1: The parameter ¢; affects the convergence rate
of position error. In order to accelerate the convergence rate,
itshould be given a smaller value. The parameter & is to avoid
singularity in the system, it should be as small as possible in
its range of values. The parameter b determines the band-
width of the sliding mode dynamics. A larger b; leads to a
larger bandwidth indicating a faster response rate and higher
tracking accuracy but it will cause larger measurement noises.

B. ATTITUDE CONTROLLER DESIGN
Consider the Inner-loop subsystem (14) and Assumption1-3,

let the virtual attitude controller I'; be designed as below.
[ = —15®y; — I(bg1615 + s15) (59

VOLUME 9, 2021

where
1 . e n _
@y = S(ls + 5@ — 1 'Sl
=+ S(CZ)])R(Qj)a)dj — R(Qj)d)dj (60)
51 = bgj&aj 61)
where
§j = -+ bysjleq| sgnley) (62)
>k
ey, 1 egi|’
by = Ej'élj = 5V(eq) + by o T5871(¢q)
qj L2
”eqj H
+rb23/|€qi| ~sgn(eq) (63)
bqu > 0, quj > 0, bq3j > 0 and
Y1
. k.| — i %0
byij = 2y 97 (64)
0 egi =0
bgaj = obyij (65)

where e is the error of g; and @;, o is a constant greater than
0.

eqj = qj + @ (66)
Take its first time derivative
eqj = éIj + @
= 1(@13 +8@)a; +1;'T;

+1; 'dr; + S(@)R(Q))wa — RQ)évg;
= rju; + ch] + (DZJ (67)

—1
— Ifj S(wjljw;

where rjp= Iﬁfl, uj = Fj, Csz = ]ﬁf]drj and satisfies ” Cbz]'” <

Submitting Eq.(59) and Eq.(61) to the Eq.(67),we can have

egj = —bq1j€1j + ¢ (68)
Sgj = —bgpj&r + oy (69)

Theorem 2: Consider the inner-loop subsystem (8) with the
control strategy (59), the attitude error converges to the region
around zero within a finite time.

Proof: Choose the following Lyapunov function
candidate:

1
Vi =g/ Ps+ (bql, o)+ 3, b~ i) (70)
2 _
where ¢; = [51 sqj]T, P = |:)" j}\48 1)\ is a positive
definite matrix. andb >0, b;zj >0,A>0,¢>0
. , 1 ,
Va =25/ Pé + ;(bql,, i )baij + by = by
(71)
. . d&y;
Vao = 26/ Pgj = 25/ 0ig (72)
deqj
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01 Q12

where = s a symmetric matrix.
01 |:Q21 ), } y
in which

Q11 = bgijA* + 4bgije — Aby

1
011 =0y = 5(—A2 —4e — Abg1j + b)

If Vao is negative definite, then it needs Q is positive
definite, only needing to det(Q1) > 0. Then it satisfies that

_Zal + zkbqual + zbzal Aby — —)» bqu

+ E)ubququj — sz >0 (73)

where
ay = 2> +4¢ (74)

So we can get the discriminant Aby(b,1; — ) > 0. Because
|d>2j‘ <L, H%H < ¥, we can get by > UL, bg1; > A and
]
by € [bgaj — VL, bgyj + VL]
Let det(Q1) = 0, we can get

b;;. = Abgij + by + 2/Aba(by1j — A)

by; = Abqij + by — 2\/Aba(bg1j — A) (75)

—

It’s obvious that b+. > b ,ifa; € [b bf;.], then we can
get that the matrix Q) is posmve defined.

Taking 1nto account a well-known inequality Amin(Q1)
lgil? < S; T O¢; with Eq.(72), there is

—ﬁngnzxmm {01}

Voo <
20 = deq/
_ d&1j Vaohmin {Q1}
deq/' Amax {P1}
V20Ami
_ K +Kbq3j 20/ A min {Ql}
2 “eq;” )\max {Ql}
__ Kk Vaohmin {Q1} 3_V20)»min {01}
2{sll Amax {Q1} ™ Amax {01}
1
Kimin {01} A {01} L kbg3idmin {01}
= - 075 o0
Amax {Ql} Amax {Ql}
1
< —N1V220 (76)
1
. 2
where N = W, k is a constant and x <
1+rbgsjlwl™!

I+bys;
Substituting (76) to (71), there is

. . 1 .
Vo) = Voo + z(bqu qu)bqu ” (bq2j - bZZJ')quj
3 1 . i 1 . i
< =NiVy + —(bg1j — by pbgij + —bgaj = bypj)bga;
Y1 V2
1 N> N3
- NV, ——‘b b, ——‘b b ‘
V20 m q1j q1j 2 q2j q2j
148110

FIGURE 2. The communication graph.

+ l(bqu — by bgij + %(quj — bpbe;

+ = (bqu byy| + % by = by
< —w2V22 + i(bqu - b:;lj)bqu + %(btﬂj - bsz)Z’ﬂj
«/_ ‘bqll qu‘ + \/1\273— ‘quf - bZ2j‘ )

where b1, byo; are both bounded, by selecting b* 7l b;zj there
is bg1j — by < 0,bgaj — by < 0.N2 > 0 and N3 > 0 are
both constants, wp = min {N, N, N3}

The Eq.(77) can be rewritten as

. 1 1. N>
Vo < —wo V.2 — ‘b 1 — b* ‘ <—b i — —)
2 ql] qlj i qlj \/2_3/1
1. N3
— |baj — b* -‘<—b2~——>
o=t (e~
1
=~V 41 (78)
where

1. Ny
by — b* -‘(—b ~——)
‘ qlj qlj ” qlj m
1. N3
— |be — b (—b % — —) (79)
‘ qz] q2j » q2] /_2)/2
If eg; # 0, there is by1j = k,/% and
N3

1.
v = = |bgzy — by (quz,- - _—m) (80)

; _ N p
By selecting o = N5/ o We can get that

quj = 20‘l.7q1j — quj

; 2
= oN2y/2y1 = bypj =N ) 81

So there is T = 0, substitute it to (78), then there is
1

Vo < —m V) (82)
Thus the inner-loop proof is completed.
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TABLE 1. Initial values of the control.

State Position(m) Velocity(m/s) Quarternion Expected quarternion Angular velocity(rad) Expected angular velocity
quadrotor1 [1;2;2] [0;0;0] [0,0;0.6;0.8] [0,0;0;0] [0;0;0] [0:0;0]
quadrotor2 [2;1;3] [0;0:0] [0;0;0.6;0.8] [0;0;0;0] [0;0;0] [0;0;0]
quadrotor3 [3;2;3] [0;0:0] [0;0;0.6;0.8] [0;0,0,0] [0;0;0] [0;0:0]
quadrotor4 | [2;-1;2] [0;0;0] [0;0;0.60.8] [0;0;0;0] [0;0;0] [0;0;0]
quadrotor5 [1:1;2] [0;0;0] [0;0;0.6;0.8] [050:0;0] [0;0;0] [0:0;0]
‘— Quadrotor] = Quadrotor2 Quadrotord = Quadrotor4 QuadrotorB‘
35 ~ r s
2
! 0
-2
0 N
4
| \ -
N\
St
. \
10
4F

FIGURE 3. Formation tracking trajectory of five quadrotors.
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FIGURE 4. Control forces of the ASTDFC.

Remark 2: The parameter k in Eq.(64) will affect the
convergence of attitude error of quadrotor. A larger k leads
to faster convergence but at the cost of introducing more
measurement noises. The parameter A also affects the con-
vergence of attitude error of quadrotor and it is suggested to
be in the range of 1 < A < 3.

C. CONVERGENCE ANALYSIS OF THE CLOSE-LOOP
SYSTEM

In section III.LA and III.B, the stability analysis of the
outer-loop and inner-loop have been proved. In this section,
we will prove the stability analysis and convergence charac-
teristic for the closed-loop of quadrotor formation.

VOLUME 9, 2021

Theorem 3: For the whole closed-loop system given by
outer-loop subsystem (13) controller by (19) with adaptive
law (20) and inner-loop subsystem (14) controller by (59)
with adaptive law (64) under the upper bounded disturbances
and uncertainties. The whole closed-loop system is input-
state stable in finite convergence time. To this end, the control
objectives can be established.

Proof: Consider the Lyapunov function candidate of
whole closed-loop system as follows:

Viwhote = Vouter + Vinner (83)

where Vyuer and Vigner are the Lyapunov function of
outer-loop system and inner-loop system. As Vyyzer and Vipper
are positive definite, the whole closed-loop system Lyapunov

148111



IEEE Access

C. Zhang et al.: Adaptive Super-Twisting Distributed Formation Control of Multi-Quadrotor Under External Disturbance

‘ Quadortor] —— Quadortor2

—— Quadortor3

Quadortor4 Quadortor5 ‘

T T T T

I;; esstimate
—=

I, esstimate

T

T T T T

[; esstimate
B
I
\

" N N N
0 5 10 15 20 0 5

FIGURE 5. Control torques of the ASTDFC.
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FIGURE 6. ASTDFC and FTC comparison of position errors for quadrotor 1.

function is positive definite. Differentiating the Lyapunov
function V.. along the trajectory of the system, we can
derive that

Vouter + Vinner

3 1
—min {N, /‘L} Vottter — min {Nl N2, N3} Virzmer

(84)

For the convenience of the proof, divide the space
[Vouter Vim,e,]T e %2 into two different areas, O and R,
area R further divided into two areas Ry and R;, which are
defined as follows:

O = {(Vouter Vinner) : Vouter
R=RIUR,

Ri = {(Vouter, Vinner) : Vouter < 1&Vipner < 1} (87)
Ry = {(Vouters Vinner) : Vourer < 1&Vipper = 1} (88)

When [Viuter, Vinner] 18 in the area O, Eq.(84) can be
rewritten as:

Viwhole =

IA

v

1} (85)
(86)

thole < —min {min {N, u}, min {Ny, N2, N3}}

148112
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FIGURE 7. ASTDFC and FTC comparison of position errors for quadrotor 2.

1 1
(Vozuter + Vi;21ner>
1
< —min {min {N, x} , min {Ny, Na, N3}} V.2, o
(39)

When [Vouser, Vinner] 18 in the area R. First, in the area Ry,
Eq.(89) can be rewritten as:

— min {mln {N’ /~'L} ) min {N17N27 N3}}
3 3
(Vfﬁﬂer + Vizner)

3
— min {min {N, 1}, min (N, N2, N3}} V.5,
(90)

Vihote <

IA

From Theorem 1, the space can be satisfied to be stable in
finite time as shown in Eq.(89) and Eq.(90). And it is hard to
determine the convergence characteristic in the area, because
the outer-loop and inner-loop Lyapunov function cannot be
easily replaced to satisfy the finite time convergence theorem.
However, it does not affect the proof.

As shown in theorem 2, the independent inner-loop system
can be stable within finite time. The inner-loop Lyapunov

VOLUME 9, 2021



C. Zhang et al.: Adaptive Super-Twisting Distributed Formation Control of Multi-Quadrotor Under External Disturbance

IEEE Access

— ASTDFC — FIC

Position error e,

10 15 2

s

10 15 2

s

Position error ¢,

Position error e,;

10 15 0

s

FIGURE 8. ASTDFC and FTC comparison of position errors for quadrotor 3.
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FIGURE 9. ASTDFC and FTC comparison of position errors for quadrotor 4.
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FIGURE 10. ASTDFC and FTC comparison of position errors for
quadrotor 5.

function also will convergence to zero. Hence, the space
[Vouters Vinner]T € Rt2 will not stay in R forever, but cross
from R, to Ry within the finite time. Once the space enter
R;. Therefore, the finite time stability of whole closed-loop
system can be guaranteed.

Thus the proofs are completed.
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FIGURE 13. Quaternion tracking errors of quadrotor 3.

IV. SIMULATION

To prove the effectiveness of the proposed control laws and
adaptive laws for the formation modeled on quaternion, sev-
eral simulations are carried out in this section. In this section,
we suppose a quadrotor formation including five quadrotors.
Quadrotor communicates with other quadrotor within the

148113



IEEE Access

C. Zhang et al.: Adaptive Super-Twisting Distributed Formation Control of Multi-Quadrotor Under External Disturbance

—— ASTDFC ——FTC
s
o i s
’ i s

< V
’ ' Tis
FIGURE 14. Quaternion tracking errors of quadrotor 4.
[—— ASTDFC ——FTC

2

Quaternoin error e g,

TS

TS

TS

~

v
—
i

TS

FIGURE 15. Quaternion tracking errors of quadrotor 5.

TABLE 2. The parameters setting of the five quadrotors.

parameters value | parameters value
I 12 o 2
B 2 g 9.8m/s?
bgs; 1 Y1 2
k 10 Iyj diag(0.039,0.039,0.12)kg - m?
1 0.22(deg) €0 0.01
20 -
[—— 1l b —
15 |-
10 =
5k
o 1 f 1 )
0 5 10 15 20

FIGURE 16. Curves of adaptive gains b; and -l

range of communication, and the communication graph is
presented in Figure 2. Five quadrotors have different initial
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FIGURE 18. Real white Gaussian noises of power on attitude subsystem.

position and attitude. The simulation will verify that quadro-
tors can form and maintain the formation with high perfor-

mance by

using the proposed control method. For further

prove the superiority of proposed algorithm, it is compared
with the finite time convergence control algorithm in [20]
with quaternion-based system.

A. SIMULATION I
B. PARAMETERS SETTING

Assuming

that the leader quadrotor flies along the predeter-

mined trajectory: the reference trajectory of the leader used
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FIGURE 20. Quaternion tracking errors of quadrotor 1.

FIGURE 21. Quaternion tracking errors of quadrotor 2.

in the simulation can be expressed as:

P 2 si ! 3 al
q = |: sm2, cos3, 2]

To verify the validity of the adaptive law equation
(19) and (59), the disturbances of outer-loop and the
inner-loop are given by dy; = [sint,sint, sin 17,
drj = [sinmt, sinmt, sinzt]”, forj=1,2,3,4,5. The initial
values and desired trajectory of each quadrotor are given
in Table 1, and the parameters of the controllers and proof
process are shown in Table 2.
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FIGURE 22. Quaternion tracking errors of quadrotor 3.

C. SIMULATION RESULTS

In this part, we compare the proposed algorithm with finite
time control(FTC) algorithm [20], and the purpose of this
comparison is to explain which method can form and main-
tain the formation configuration with higher precision and
faster convergence speed.

The simulation results are provided in Figure 3-Figure 16.
Figure 3 shows the x-coordination, y-coordination and
z-coordination trajectories of five quadrotors with proposed
algorithm. Figure 4 and Figure 5 show the control forces and
torques of the ASTDFC. And Figures 6-15 show the compar-
ison results between the two algorithms. From Figure 16, the
curve changes of the adaptive law and disturbance are clearly
presented.

Figure 3 shows the control strategy designed in this paper
can form and maintain formation quickly in the x y z plane.
From Figure 4 and Figure 5, it can be observed that the
control forces and torques can converge in short time. Fig-
ures 6-9 illustrate that the method proposed in this paper
converge to 0 within 2s, which is faster than that by finite time
convergence method. Moreover, the errors convergences to
0 with higher convergence precision and faster convergence
rate by the proposed algorithm. From Figures 10-15, it can be
observed that convergence of ASTDFC is faster than FTC.
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FIGURE 24. Quaternion tracking errors of quadrotor 5.

In Figure 16, it’s clear that both the adaptive b; and %1 are
larger than the disturbance || dyj |, and finite-time stability can
be established.

D. SIMULATION II

In this section, we test the convergence performance of
quadrotor formation under irregular disturbances. The Real
white Gaussian noises are considered as the irregular distur-
bances. We design a new trajectory for the quadrotor forma-
tion, and the other parameters are the same as in Simulation I.
The reference linear velocity is

vg = [sin(0.17)  0.5cos(0.17) 1]

The simulation results are shown in Figure 17 - Figure 24.
Figures 17-18 show the noise added to the position subsystem
and attitude subsystem. Figure 19 is the specific trajectory
of the quadrotor formation in three directions. Figures 20-24
show the quaternion errors of each quadrotor.

As shown in Figure 19, it can be seen that the quadrotor for-
mation can maintain unity at about 2.5s. From Figures 20-24,
it can be seen that the quaternion errors of each quadrotor can
converge before 3s. From these figures, it can be seen that the
proposed method has an improved tracking performance of
the closed-loop control system.

V. CONCLUSION

Distributed formation control problem for multi-quadrotors
described by unit-quaternions has been studied in this paper.
Based on super-twisting control and finite time control
method, considering the characteristic of the position subsys-
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tem and attitude subsystem, the different control methods are
developed and adopted to improve the convergence rate and
accuracy of the system respectively. Then with the theoretical
analysis, the stability of whole closed-loop system is proved
and quadrotor formation can converge to the desired forma-
tion configures in finite time. Finally, the effectiveness of the
proposed method has been illustrated with numerous simu-
lations. In the future work, the actuator deadzones, unmod-
eled dynamics and other practical problems will considered.
The hardware implementation of quadrotor formation will be
developed, and the simulation results will be compared with
the actual results.
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