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Abstract: In this paper, the distributed formation tracking control problem of quadrotor unmanned
aerial vehicles (UAVs) is considered. Adaptive backstepping technology is used to design flight
control schemes for quadrotor UAVs. For the position subsystem, a distributed robust formation
tracking control scheme is developed to achieve formation flight of quadrotor UAVs and track
the desired flight trajectory. For the attitude subsystem, an adaptive disturbance rejection control
scheme is proposed to achieve attitude stabilization during UAV flight under uncertain disturbances.
Compared with the existing results, the novelty of this paper is that the proposed formation control
scheme does not require the use of the quadrotor model parameters. Finally, a quadrotor UAV swarm
system is used to verify the effectiveness of the proposed control scheme.

Keywords: unmanned aerial vehicles (UAV); formation tracking control; disturbance rejection;
unknown parameters

1. Introduction

In recent years, cooperative control of quadrotor unmanned aerial vehicles (UAVs) has received
considerable attention due to its broad applications in areas such as wireless communication, nuclear
radiation detection, and agricultural mapping. Formation control is one of the most important research
areas in the field of cooperative control for quadrotor UAVs. A formation composed of multiple
low-cost UAVs can replace an expensive multi-functional UAV to complete complex tasks. In addition,
UAV formations can provide system redundancy and reconfiguration ability [1]. Formation control of
quadrotor UAVs has garnered significant research attention owing to its prospective applications in both
military and civilian domains [2-4]. From the perspective of control mechanisms, the existing methods
of quadrotor UAV formation control include leader-follower method [5], artificial potential method
[6], behavior-based method [7], etc. Recently, the work in [8] studied dynamic formation collision
avoidance control for quadrotor UAVs using the virtual structure method. In [9], a consensus-based
method was used to design a time-varying formation tracking control scheme for quadrotor UAVs.
However, the quadrotor UAV model considered in the above literature is simplified, and the designed
formation control schemes rely on the model parameters of the quadrotor UAV. In many practical
applications of quadrotor UAVs, it can be difficult to accurately obtain model parameters. As a result,
it is important to design a formation control scheme for quadrotor UAVs that does not rely on the use
of model parameters. In addition, quadrotor UAVs are very sensitive to uncertain disturbances, and it
is necessary to design effective disturbance rejection flight control schemes. The disturbance rejection
control of individual UAVs has been extensively studied in the existing literature [10-15]. For quadrotor
UAV swarms, uncertain disturbances acting on each UAV will affect neighboring UAVs through the
communication network. Hence, designing disturbance rejection control schemes for quadrotor UAV
swarms is a more complex task. The existing literature has not extensively investigated the problem of
disturbance rejection control for quadrotor UAV swarms, which underscores the significance of the
research presented in this paper.

In this paper, a distributed robust formation tracking control method is proposed for quadrotor
UAVs with unknown parameters and uncertain disturbances. The proposed method has the following
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novelties. First, a more practical formation tracking control method is proposed in this paper, which
does not need to use the model parameters of the quadrotor UAV. Second, an adaptive disturbance
rejection control scheme for quadrotor UAV swarms is developed. In the presence of uncertain
disturbances, this scheme can still achieve formation tracking control for quadrotor UAV swarms, and
the tracking error can eventually converge to zero.

The structure of this paper is arranged in the following manner. In Section II and Section III, a
distributed formation tracking control scheme and an adaptive disturbance rejection attitude control
method are designed for quadrotor UAVs. The efficacy of the proposed control method is validated in
Section IV. Finally, Section V concludes the paper.

2. Distributed Robust Formation Tracking Control for Quadrotor UAVs

In this section, a distributed formation flight control method is developed for quadrotor UAVs to
achieve the following three control objectives: 1) form the desired formation; 2) track the desired flight
trajectory; 3) reduce the influence of uncertain disturbances.

2.1. Graph Theory

The communication topology among a group of N quadrotor UAVs is considered as an undirected
graph G = (W, S), where W £ {1,2,--- , N} denotes the vertex setand S = {(i, j) : i € W, j € N} denotes
the edge set. The neighbor set of the ith UAV is N; £ {j € W: there is a communication link between
UAV i and UAV j, j # i}. Define a weight a;; for each edge (i,j) € S, a;; = 1if j € Nj, and a;; = 0

€ RNXN where Wi = le\[:l,j;t‘ ajj and Wi = —ajj (] #1).

otherwise. The Laplacian matrix is £ = [w;;] ;

The leader adjacency matrix is D = diag{ds,--- ,dn}, where d; > 0 if UAV i can obtain the desired
flight trajectory and d; = 0 otherwise. An undirected graph is considered connected if there is a path
between every pair of distinct vertices.

Next, two useful lemmas are introduced.

Lemma 1. [16]. If the undirected graph G is connected, and at least one UAV can obtain the desired flight
trajectory, then the symmetric matrix L + D is positive definite.

Lemma 2. [17]. For any x > 0 and ¢ € R, the inequality 0 < |¢| — £ <« holds.

2.2. Quadrotor UAV Position Dynamic Model

In this paper, define & = [, 0, ¢]T as the attitude of the quadrotor UAV, where ¢, 6 and ¢ denote
the angles of roll, pitch and yaw, respectively. The rotation matrix that describes the transformation
from the body-fixed frame to the earth-fixed frame is denoted as

Ri=| SpCo SpS6So+CpCo SpCySo—CySs 1)
~Sp $5Co CyCo

where S and C(,y denote sin(-) and cos(-), respectively.
Define h = [x, y,z]" as the position of the quadrotor UAV. As described in [18], the translational
dynamic equations are given as

X 0 0 1 dyx

Jl=Re| O [+| O |—=] dyy (2)
m .

Z U -9 d,z

where m is the quadrotor mass; dy, dy, d. are the air drag coefficients; Us = b(Q% + Q% + Q% + Qi) /m,
b is the lift coefficient and () (k = 1,2, 3, 4) are the rotor speed; g is the acceleration of gravity.
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In this paper, the formation tracking control problem of quadrotor UAVs is studied. From (2), the
position dynamic system of the ith (i =1,--- ,N) UAV can be described as

hip = v;)+ wy,
{ 1,1 il hi (3)

0 = i) + O v +wy,, 1=1,2,3

where [h;1,hi2,hi3] = [xi, yi,zi] and [vj1,vi2,vi3] = [%i, Vi, 2] are the position and velocity of UAV i,

. d
respectively; [@;1,0;0,0;3] = [—%", -, —%”] are the unknown system parameters; u; 1, U; 2, U; 3 are the

control inputs, and u;1 = (Cy,S6,Co; + S¢:Se; ) Us;, tia = (C;S0,Sp; = S:Cop; ) Us;, iz = Cy,Co,Us; — g
In addition, wy,, and wy,, represent uncertain disturbances.

Assumption 1. The uncertain disturbances satisfy
|whi,1| < wh/ |w01‘,l| < Wy, i= ]-/ e /N (4)
where Wy, > 0 and @, > 0 are unknown constants.

Definition: A time-varying formation formed by a group of N UAVs is specified by F(t) =
[FlT(t), e, F{,(t)]T € R3N, where F;(t) = [F;1,F;2, Fi3]T € R? is the piecewise continuously formation
vector. Formation tracking control of quadrotor UAVs can be achieved if

lim [r;(t) - F;(t) -n()] =0, i=1,---,N ®)

t— 00
where h;(t) = [x;,y;,z]"; and n(t) = [n1,np, n3]" represents the desired flight trajectory.
Assumption 2. The desired flight trajectory satisfies

ny| <@, 1=1,23 (6)
where @ > 0 is an unknown constant.

2.3. Distributed Formation Tracking Controller Design
For the ith UAYV, define two error variables
N
1= 2, ajj(hj;—F;;—h;;+F;
Xil j§1 i ]( il il il ],l) @)
+di(hi; - Fjp —my)

N =vii—a;, =123 8)
where a;; are the virtual control functions. The detailed design procedure is given as follows:

Step 1: By defining x; = [x1,, -+, xn,]!, one can obtain x; = (£ + D)e;, where e, = h; - F, —n,
with by = [hy,--- Sl E, = [F,--- ,Fy )T, and n =[n,--- ,n;]T. Then, the derivative of ¢; satisfies
a1+ 11+ Wy, = B —ny

6 = . )
N, 1N+ Why, — Fng—1y
The virtual control function «a;; is chosen as

Xil

aj; = —ky, xig + Fip + diy — Wﬁhu (10)
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where ky, ,>0isa design constant; i, . 1s the estimate of yy, =W+ (1—d;)i; and 6;,(t) is a positive

continuous function satisfying lim; fto 6;1(t)dt < §;; < +00, and §; is a positive constant. Consider
the Lyapunov function

Viy = 3¢/ (L+D)er + Z 7 i, (11)

where the estimation error fi;,, = yy,, — fip,; and Ay, > 0 is a design parameter.
From (9)-(11), the derivative of V}, satisfies

z

. X'
V= 3 b G-,
i=1 ’ X Hoy, (12)
Ah,’ 1)(121

1 ~ A
+ XiMig + =i, (= — )]
XiiMil Mgy Mh,,,( T*‘Sz th,,)]
The parameter update law is chosen as

ﬁ = /\hilxzzl (13)
hi; IX”erz :

Then, by applying Lemma 2, we have
. N 2
Vi, < Zl(—kh,,,xill + XiaMig + Oigpn;,)- (14)
=

Step 2: From (3) and (10), the derivative of 7;; satisfies

. da;
Nip = wig + 0 jv;) + Wy, — 5= = (03 + wp,,)

(90{1',[ 2 (90{1 1 (90(1

T 95, T 9Hh [Uh,l iy In n (15)
dlaa? Z al]gh i (051 + Wiyy)-
The formation flight controller is designed as
i) = —ko, M —@101'1 + %Uu + 3?;511

‘90‘11 A
+ 3“}1 !J +d1 an nl+d1 anl nl (16)

azx,v,l i, Z(Dil ~

N
+ Z A5 Vi1 — ———Hv;; — Xi]l
= Jah,,, ] '7721 121+(52 i,

. . da;,
where ky,; > 0 is a design constant; @;; = \/ 1+ (5 e l) +yN =1 alj( ah 412 and flo, | is the estimate of

Lo;, = max{@y, Wy, A}.
Construct the following Lyapunov function

N .
Vo = Vi +3 L 05 + 585, + 7, ©7) (17)
1= 1, i

where the estimation errors fiy,, = iy, — flv,, and @z’,l =0; - @i,lr' Ay, > 0 and Ag,, > 0 are design
parameters.
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From (14)-(17), the derivative of V, satisfies
. N 2 0%
Vo, < X [=kn, x5, + (Iniploi — —==—=) b,
i=1 t 5@ 07

Ao, 1207 .

i1 A
_ v,v,;) (18)

— ko, 2, + T flo,
o'l Aoy flo NS

+ t@i,z(/\(ai,lvi,ﬂ?i,l - 041) + Oin, -
The adaptive update laws are chosen as

A Aoy 507, A
Hvi,l = \/ml ®i,l = A@,‘/lvi,lni,l' (19)
il Tl

Then, by applying Lemma 2, we have

] N
Vvl < 'Z‘l(_khi,lng,l - kUi,I T]l%l + (31‘,1[.1;,1,,Z + 61',1[,101,,1). (20)
1=
Now, we present the analysis results.

Theorem 1. Consider the quadrotor UAV swarm system (3), the formation tracking controller (16), and the
adaptive laws (13) and (19). All the signals in the closed-loop system are globally bounded, and the quadrotor
UAV swarm can achieve time-varying formation flying and track the virtual leader.

Proof : Integrating both sizes of (20), it follows that

Vo (B) + Ky, Jo 22, (0)dT + oy, [ 02, (1)dx o
< Vvl (0) + (yhi,z + Hvi,l)gi,l'

From the definition of V, in (17), one can get that x;, i), i, flv;,, and @)i,l (1=1,2,3) are bounded.

From (10), (16), and Lemma 1, ;, u;;, and h;; are bounded. Therefore, the boundedness of all the

signals is guaranteed, and y;; is bounded. By applying Barbalat’s lemma, one has lim;_, x;;(t) = 0.

From the definition of x;; and Lemma 1, it follows that formation tracking control of quadrotor UAVs

can be achieved, i.e. limy—, ;o [h;(t) — F;(t) —n(t)] = 0. This completes the proof.

Remark 1. When the distributed formation tracking controller u;1,u; 2, u;3 is designed, and the desired yaw
angle @; o is treated as an additional reference signal, then the desired roll angle ¢; o, the desired pitch angle 0;,
and the control input Us, can be obtained in the following way

C‘f’i,O ujq +S(pi,0 Ui )
ui3+g
(Sp;0#i1=Co; o #i2)Co; )
Uiz+g

0o = arctan(

¢io = arctan( (22)

US, = \/uiz,l —+ u%z + (1/[1"3 + g)2

1
Since ujq,uio, u;3, and @; o are continuous and bounded, it is known that 0;, ;o and Us, are bounded.

3. Disturbance Rejection Control of Quadrotor UAV Attitude

In this section, an adaptive disturbance rejection attitude control method will be designed for the
quadrotor UAV.
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3.1. Quadrotor UAV Attitude Dynamic Model

The angular velocity with respect to the attitude is given as W = [p,q,7]T. As described in [19],
The correlation between the attitude angle and angular velocity can be denoted by

(]:5 1 T@qu THC‘P p
0 1=10 Co Sy q (23)
P 0 S¢ /Cag C(P /Cg r

where Ty denotes tan(-).
By employing the Newton-Euler formulation, the rotational dynamic equations can be derived as

W = =W x [, W —Mg - M+ M, (24)
4 .
M, = _21 Jr(W xe3)(=1)F10y; (25)
1=
Md = dlllg{d¢, d@, d(p}S (26)
Ib(0Q3 - 03)
M, = Ib(OF - 03) (27)

2 2 2 2
A2 - 02+ 0%-02)

where [, = diagl{]y, |y, ]z}, Mg is the resultant torque; M, is the aerodynamic frictions torque; M; is
the rotor torque; [ is the distance between rotor and center of mass; d denotes the reverse moment
coefficient; J, is the rotational inertia of each rotor; Jy,Jy,J. are the rotary inertia; and dq,, dg,d, are the
drag coefficients.

Then, the following dynamic equations can be derived

p=11qr — 1209 - 13p + Up
4 = t4pr +150p — 169 + U, (28)
7 = Typq — T8t + u,

where
] _]Z 7 d z— )X
11 = y]x , T2 = {_x’ T3 = ]_(f/ T4 = ]]y] ’
Ir __dg _Jxy _ d_q)
T5_]y/ Te = ]y/ 7 = T. ’ 8 = T’

O=01 -+ 0O3-0Qy, U, =1b(05-02)/],,

Uy =(05-03) /]y, Uy =d(QF -5+ 05 -03)/ ..
Consider a group of N quadrotor UAVs, define m; 1 = ¢, m;» = 05, mjz = @, nj1 = pi, iz = i,

and n; 3 = r;, then the following unified attitude system can be obtained

{ ) =n;+ fi,l + Wiy, (29)

fli,l = ul’l,"] + q)l?:lgi,l (ni) + w}’li'l/ l = 1/ 2/3
where wy,,, and wy,, represent uncertain disturbances, and

fi,l = Tmi,zs mi Mi2 + Tmi,z Cmi,1ni,3/

fiz = Gy ni2 = Smiyniz — ni2,
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fi,3 = sz}l / Cmi,znir2 + Cmi,l / Cmi,zni,3 — i3,
&in(ni) = [nigniz, —Omin, —niq]T,
&ip(ni) = [nianis, Omin, —nipl”,
&iz(np) = [nianip, —nigl", @51 =[11, 12, 13]7,

iy = (14, 15, T6)", Pi3 = [17, T8]".
Assumption 3. The uncertain disturbances satisfy
|wmi,l| < Wm, |wni11| < Wy (30)
where Wy, > 0 and w,, > 0 are positive constants.

Remark 2. Note that each UAV has to estimate the desired yaw angle ¢ by the information obtained from its
neighbors. Inspired by [? |, design the following distributed estimator

N
Pio = —€1] ;1 a;j(@i0 — jo) + di(@io — o)l
= N (31)
— ezsgn| ‘21 a;j(pio = ®jo) + di(@io — o)l
]:

where @;  is an estimate of o, €1 > 0 and ep > 0 are design parameters; sgn is the signum function. From
Theorem 3.1 in [19], one can get that @; o — @q in finite time.

3.2. Disturbance Rejection Attitude Controller Design

For the ith UAYV, define two error variables
e =mi =9, pip=mny—Pi, 1=123 (32)

where 9,1 = ¢;0, 95 = 0;0, and ;3 = ¢;; and f;; are the virtual control functions. From (22) and
(31), there exists an unknown constant 3 > 0 such that |Si,1| < 3. The detailed design procedure is given
as follows:

Step 1: The derivative of ¢;; satisfies

&1 = nig + fi1 + Wmy — 9. (33)

7!

The virtual control function f;; is chosen as

Bis = —km; €i1— fi1 - m‘”mlz (34)

where ky,,, > 0 is a design constant; {l,,, is the estimate of y,,, = @, + 5. Consider the Lyapunov
function

Vmi,l = % + 2/\m l“mi,l (35)

where the estimation errors fi;,, = tm,, — {lm;;; and Ay, > 0 is a design parameter.
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From (33)-(35), the derivative of Vy,,, satisfies

2

- 2 il
Vmu < _km,»,lgi,l + (Igi,l| - \/m)ymi,l
il il

Ami,l 812,1 (36)

1 ~ %
+ &0+ i (——= — f ).
l,lpl,l Ami,l ’lml,]( '8%1—0—6?1 luml/l)
The parameter update law is chosen as

2
Ay €5

Hm;y = —(M : (37)

Then, by applying Lemma 2, we have

MMz

Vhl <

1(—kmz-,,€f,l + €101 + O 1thm;,)- (38)

Step 2: From (29) and (32), the derivative of p;; satisfies

Iip
T 2
Pig = Unyy + P, &51(ni) + Wnyy = 35701

_ 9Bl 4 IBii

(39)
T, iy = Gy (i + fig & Wiy )-

The attitude controller is designed as

1 pT alg',l A
Un;y = —kn; i) — €5 — <I>Z.,15i,z(ni) + m#mu
L8, + 5L W 40)
3{5 PN 3[3 1 Pz,llP |l . (
+ Wl—léi,l + 3mll- . (i1 + fir) = T’éz fin,,-

where knl.’, > 0 is a design constant; fin,, is the estimate of Pny = max({wWy,, Wy, 9}; and ¢;; =

1+(ﬂ)2.

Bm“
Construct the following Lyapunov function

V”i,l = Vmi,l + %(pil + /\il_l ﬁ%u + %ﬂézl&)i,l) (41)

where the estimation errors fly,, = pn,;, — fln;, and CTDZ-,Z =®;; - CTDZ-,I ; An, > 0and Ag,, > 0 are design
parameters.
From (38)-(41), the derivative of V), satisfies

22
. 2 Pt
Vi < —kmy 7, + (pildiy - 5= e ),
VP 0%
A PEYE & (42)
ATl T _ ni,l)

— k. 0%+ [,
aPip ™ T B ul N

+ ﬁﬂégl()\cbi,zpi,zéi,l("i) — D)) + O pim,,-
The parameter update laws are chosen as

2.2
Ay Pi Vi

[:lniJ = \/mr (Di,l = A':I)i,lpi,léi,l (T’li). (43)

Now, we present the analysis results.


https://doi.org/10.20944/preprints202309.0002.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 September 2023 do0i:10.20944/preprints202309.0002.v1

9of11

Theorem 2. Consider the quadrotor UAV attitude system (29), the attitude controller (40), and the adaptive
laws (37) and (43). All the signals in the closed-loop system are globally bounded, and the tracking error of the
attitude angle system can converge to zero.

Proof : The proof is similar to Theorem 1.

Remark 3. The proposed distributed formation tracking control scheme does not require the use of the quadrotor
model parameters. Therefore, the proposed scheme is significant for achieving distributed formation tracking
control of heterogeneous quadrotor UAV swarms.

4. An Illustrative Example

In this section, we consider a swarm system consisting of five quadrotor UAVs, and the model
parameters of quadrotor UAVs are borrowed from literature [18]. The communication topology among
UAVs is shown in Figure 1. The desired flight trajectory are chosen as n(t) = [0.1¢,0.001¢?,0.1¢]7, and
the desired yaw angle @y = t. The reference formation shape vectors are given by F;(t) = [cos( ZIT” +
25t), sin(% + &t),0)T (i = 1,---,5). The controller parameters are chosen as ki, =1, ko =1
(1=1,2,3), Ap,; = 0.01, Ay, = 0.01, 6;(t) = 0.1e7!, 61 = 2,62 = 2,k = 1, kn;; = 1, Ay, = 0.01, and
An;; = 0.01. In addition, some uncertain disturbances are considered as wy,; = wy,, = 0.25sin(t)cos(t)
and wy,, = wy,, = 0.15c05%(t) 4 0.25sin(t).

The quadrotor UAVs' flight trajectories in the 3-D space are displayed in Figure 2. As can be seen
from Figure 2, by applying the proposed control scheme, the five UAVs form a desired formation shape
and track the desired flight trajectory. Figure 3 shows the reference formation shapes and the actual
flight formation of quadrotor UAVs. The response curves of formation tracking errors are also shown
in Figure 3. It can be seen that the formation tracking error of each UAV converges to zero.

---n(t)
. . —UAV1
Desired flight 8+ gAt‘jz
trajectory —UAV3
64 —UAV4
/E\ UAV5

0
yi(t)(m) -2 x;(t)(m)

Figure 1. The communication topology. Figure 2. The quadrotor UAVs’ flight
trajectories in the 3-D space.
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[2 = = vavi UAVZ % UAV3 & UAV4 UAVS)

© c 2 t=0s 2 t=20s | 3} t=40s 51 t=60s

O o 1 Yr * e

S 2 1= 2 i 4l

s 0 A A * A

3 E . 0 1} 3 .

s 5 -1 * #

o+ 2 -1 0 2
2-1012 01234 23456 45¢6738

_.*S) < 12 t=0s ? t= 20s g £= 403 2 £ =405

= = Fo !

— ®© A % A

5 £ Of * A & 0 A o 3

2 5 -1 % *

g2, -4 0 2
21012 01234 23456 4561738

c S UAV1 UAV2 UAV3 UAV4 UAVS

S5 |

T O

£ _% O.Sl' E

Sike] .5\}

Y : : : : :
0 10 20 30 40 50 60

Time (s)

Figure 3. Formation shapes and formation tracking errors.

5. Conclusion

In this paper, a distributed formation tracking control method has been proposed for quadrotor
UAVs. The proposed control scheme does not need to use the model parameters of quadrotor UAVs,
which has wider practicality. The effectiveness of the proposed method has been verified by a numerical
example. Our future work includes time-varying formation tracking control of heterogeneous quadrotor
UAVs under switched communication topologies.
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