ICIC Express Letters ICIC International (©2024 ISSN 1881-803X
Volume 18, Number 2, February 2024 pp. 175-182

DISTRIBUTED EVENT-TRIGGERED COORDINATED CONTROL
FOR QUAVS UNDER QUANTIZATION

HonGzHEN GUuO, Mou CHEN*, SHUYI SHAO AND XIAOLONG WANG

College of Automation Engineering
Nanjing University of Aeronautics and Astronautics
No. 29, Jiangjun Avenue, Jiangning District, Nanjing 210016, P. R. China
{ guohongzhen; shaosy; xiaolongw }@nuaa.edu.cn
*Corresponding author: chenmou@nuaa.edu.cn

Received May 2023; accepted July 2023

ABSTRACT. A distributed event-triggered (ET) coordinated control method is designed for
quadrotor unmanned aerial vehicles (QUAVs) under quantization. The distributed distur-
bance observer is adopted to tackle the unknown external disturbance. On this basis, the
distributed coordinated controller is designed. When the ET occurs, the distributed coor-
dinated controller is quantized and updated to the actuator. Furthermore, the Lyapunov
theorem is employed to analyze the stability of the whole closed-loop system. Finally,
some experiment results based on the QUAVs are given to demonstrate the effectiveness
of the proposed control method.
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1. Introduction. In the last few years, due to the characteristics of simple structure, low
cost, vertical takeoff, landing, and hover, the quadrotor unmanned aerial vehicle (QUAV)
has been applied broadly in monitoring, road rescuing, and fire prevention [1]. One QUAV
cannot satisfy the increasingly complex task due to its limited load capacity and short
endurance time. By comparison, multiple QUAVs working together can transport more
cargo and execute more complicated task than one single QUAV, such as the coordinated
rescue, and strike [2]. Therefore, the coordinated control method has been developed
rapidly and has a good development prospect in the military, chemistry, transportation
and other industries.

In actual flight, QUAV is inevitably affected by the unknown external disturbance,
which affects the stability of the system, and a serious disturbance even leads to the
system out of control. To tackle this problem, the disturbance observer (DO) has been
extensively studied [3-7]. In [3], the unknown external disturbance of the QUAV was
estimated by the nonlinear DO. Furthermore, the controller was designed based on the
output of the DO and the sliding mode control method. A fixed-time DO was presented to
tackle the unknown external disturbance and the actuator faults in [4]. In [5], an extended
state observer was designed with one parameter needed to be updated. A finite time DO
was constructed to deal with the adverse effect of the unknown external disturbance in
[6]. In [7], a finite-time extended state observer was designed to deal with the unknown
external disturbance for networked QUAVs. In reviewing the above observations, how to
improve the robustness of the QUAVs should be deeply researched.

The QUAVs need frequent communication during coordinated flights. To release the
communication load, the event-triggered (ET) mechanism has attracted much attention
in recent years [3,8-10]. In [8], a distributed ET controller was designed to deal with
the coordinated control problem of QUAVs with unknown external disturbances. The
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attitude controller was designed with an ET mechanism including the unknown upper
bound threshold in [9]. Furthermore, the quantization is also a typical way to release the
communication load [5,10-12]. The appointed time controller for QUAVSs in attitude loop
with the quantization was designed in [5]. An adaptive fuzzy quantized control method was
proposed by using the fuzzy logic system to deal with the trajectory tracking problem
of QUAVs in [10]. Since frequent data transfers are required between QUAVs, how to
release the communication load on the premise of stability of the system needs to be
further studied.

To deal with the above problem, a distributed ET coordinated controller for QUAV's
under quantization is designed to achieve the control objective with restricted commu-
nication resources and unknown external disturbances. To achieve the motivation, the
distributed DO (DDO) is adopted to tackle the unknown external disturbance. Then,
the distributed coordinated controller is designed. When the ET occurs, the controller is
quantized and updated to the actuator only at the ET times. The contributions of this
paper are shown as follows.

1) A novel DDO is constructed by using the information from the neighbors to estimate
the unknown external disturbance.

2) To release the communication load, the ET mechanism and quantization are com-
bined to not only reduce the number of communication, but also reduce the amount of
data each communication occupies.

3) A real time flight experiment, which includes four QUAVs, is conducted to explain the
superiority of the proposed controller. Compared with the literature, which only carries
out the simulation, it is more convincing.

Inspired by the above literature, a distributed ET coordinated control method is de-
signed for QUAVs under quantization. The remainder of this paper is organized as follows.
Section 2 describes the problem statement and preliminaries. A distributed ET coordinat-
ed controller is designed based on the DDO in Section 3. The experiment results are given
to demonstrate the effectiveness of the proposed control method in Section 4. Finally,
Section 5 concludes this paper.

2. Problem Statement and Preliminaries.

2.1. The nonlinear model of QUAVs. The dynamic model of the ith QUAV is mod-

elled as [3]
{ pilt) = vi(t)

0i(t) = 7i(t) + Biwi(t) + wi(t)
T

(1)

where i = 1,2,...,n, p; = [Piz, Piy, Piz]* and v; = [viz, vy, vi]T are the position and
velocity of the ith QUAV, respectively. v; = [—Cixviz/mi, —CiyViy /iy —Cizviz/mi — g]* is
the nonlinear term, (;z, Gy, and ¢;, are aerodynamic damping coefficients, m; is the weight
of the ith QUAV, g is the gravitational acceleration, B; = m%_]g, Ui = Wiz, Wiy, u;.] T is the
input of the ith QUAV, and w; = [wiz, wyy, wiz]T is the unknown external disturbance of
the ith QUAV.

2.2. Graph theory. Suppose G, = (V,, E;, A,) as an undirected and connected graph
to describe the communication network. V;, E,, and A, = [a;;] are vertexes, edges, and
adjacency matrix, respectively. If the ith and jth vertexes can communicate with each
other, then a;; = 1; otherwise, a;; = 0 [7]. L, = D, — A, is the Laplacian matrix, where
D, = diag (diy, day, - - -, dny) is the degree matrix with diy = > 7| a;;. As for the leader-
follower system, an undirected graph is defined as G,. B, = diag (b1y, ba, - .., byg) is the
leader adjacency matrix. If b, = 1, the ith follower can receive the data from the leader;

otherwise, b;, = 0 [2].
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2.3. Uniform quantizer. Due to the limited communication resources of the system, a
uniform quantization is modelled as [11]

[
U, uT—§§u<ur+§
qu(u) =14 0, —uy < u < ug (2)

—u, —ur—§§u<—ur—|—§

where ug = 1/2 and u,41 = u, + 1, (r=0,1,2,...), [ is the quantized interval, ¢, (u(t)) is
in the set of U = {0, +u, }, and the quantized error satisfies Ag, <.

To achieve the distributed ET coordinated controller, some Assumptions and Lemma
are introduced.
T

Assumption 2.1. [3] The reference trajectory of the leader p; = [piz, Dy, Piz) -, and its

derivatives py, and p; are bounded.

Assumption 2.2. [13] The undirected graph @g is connected. Furthermore, L, + B, is a
symmetric positive definite matriz.

Assumption 2.3. [14] The unknown external disturbance and its derivatives are bounded,
and then there are two constants that satisfy ||w;|| < 1 and ||w;|| < .

Lemma 2.1. [15] Suppose that there is a continuous positive function V(a) satisfing
r(llal]) < V(a) < ro(l|al]) and V(a) < —rsV(a) + ky with bounded initial conditions,
where k1 and ko are class K functions, ks and k4 are positive constants, then the solution
1s uniformly ultimately bounded.

3. Distributed ET Coordinated Controller.

3.1. Design of the DDO. In this subsection, the DDO is developed to estimate the
unknown external disturbance [16].

{w:§+K%

: _ L (3)
§E=—-KL(y+Bu+w—p)

where @ = [w?,w;,...,wﬂT is the output of the DDO, i = [thyy, Wy, W], & =

[flT, &, ... ,SE]T is the auxiliary variable, & = [&iz, &y, fiz]T, K = diag(Ky, Ks, ..., K,) is

the gain of the DDO, K; = diag(K;s, Kiy, Kiz) > 0, L = (L, + By) ® I3 with ® as the Kro-
necker product, v = [+f,77,. .. ,fyﬂT, B = diag(By, Bs,...,B,), u= [uf,uj,... uT}T,

ron

=1, @p, e = [elTp,egp, e egp}T is the tracking error, and e;, = [eim,eipy,eipz]T is
defined as
N
eip = Y aij(pi(t) — p(t) — Mij) + big(pi(t) — pu(t) — M;) (4)

i=1
where M;; is the desired distance between the ith and jth QUAV, and M; is the desired
distance between the ith QUAV and the leader.

Defining the estimate error w = w — w and differentiating it yield
W =1 — =1 — KL (5)

T

e e T T
where @ = [@T, @3, ..., Wy T owd S

- - T
n] , Wi = [Wig, Wiy, i), and w = [wl,wQ,...,wn

3.2. Design of the distributed ET coordinated controller. The distributed ET
coordinated controller is designed based on the DDO and the backstepping method. Then,
we define



178 H. GUO, M. CHEN, S. SHAO AND X. WANG

2o =0V —
h _ [.,T T T17T _ T _ [.T T 71T _
whnere z; = [211,221, .. .,an} , Zi1 — Zilxyzilyyzilz] , 29 = [212,222, .. "Zn2:| , R =
T T . .
[2i2s Zing, 2i2:) T, v = [vf,v3,...,0F] ", a = [af,a3,...,a}] is the virtual control law,
_ T
and o; = [z, iy, i
Differentiating z; yields

sHi=Lw—p)=L(zn+a—pn) (7)
Then, the virtual control law is designed as
o= —E’lklzl +ﬁl (8)

where ky = diag(ki1, ka1, .., k1) and k;y = diag(kiie, kiny, ki1.) > 0 are the designed
parameters.
Substituting (8) into (7), we obtain

3 = —kiz1 + Lz 9)
Differentiating 2, yields
Zo=v+Bu+w-—a& (10)
Then, the controller is designed as
U=-B'(y+W—d+kez+ L %) (11)
where @ = [al,af, ..., @X]", G = [Uig, Uiy, W), ko = diag(kua, kaa, . ., ko) and ki =

diag(kizs, Kioy, ki2z) > 0 are the designed parameters.
To release the communication load, the ET mechanism based on the quantization is
defined as

uin(®) = au (s (8)) (12)
o) = inf{t € R |Hyl > v} (13)

where ¢ = z,y,2, Hyy = U;(t) — iy (), i is the ET time, and x;, > 0 is the fixed
threshold.

In [t} ¢, ), we can obtain |Ej| < . And there exists a time-varying function satis-
fying Ty (t5) =0, Ty (t,;) = £1, and |T';| < 1. Then, we obtain

u=1u+ Iy + Ag, (14)
where I = diag<rla F2a s 7Fn)a Fz = dlag(Fzmy Fiyy Fzz)a X = [X’1r7 Xg7 s ,XE]T» Xi =
[Xizs Xiys Xis) s Agqu = [Aql,, Agd, - Aqgu]T is the quantization error, and Ag;, =

T
[AQZuxa A%uyu A%uz} .

3.3. Stability analysis.

Theorem 3.1. Consider the nonlinear model (1) of the QUAVs under Assumptions 2.1,
2.2, and 2.5. If the uniform quantizer is designed as (2), the DDO is designed as (3), the
distributed coordinated controller is designed as (11), and the ET mechanism is designed
as (12), (13), all the closed-loop signals are bounded, and there is no Zeno Behavior.

Proof: Consider the Lyapunov function candidate as

1 1 1
V = 52?21 + 52522 + §U~)Tw (15)

Differentiating V' yields

= 2 (=k121 + L) + 23 (0 — ko2o — LTz + BTx + BAg,) + @ (1 — KLb)
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= 2l k121 + 29 W — 23 kozy + 25 BTX + 23 BAq, + b — 0 KL (16)
According to Young’s inequality, we obtain
~ a1 TR
zib < §z2TZQ + 2—a1wTw (17)
1
BTy < 2202 + —x"TBBTY (18)
2 2(12
1
S BAG, < Sz + 5 —Aqi BBAG, (19)
as
1
0T < =T 4 —a? (20)
2CL4

where ai, as, az, and a4 are positive constants to be designed.
Thus, we obtain

. - (1
Vv S —lekrlzl — Zg <k‘2 — <% + % + %) [3n> Z9 — IZ)T (KL (— + %) [?m) w + A
=—kV+A (21)

where J = min (Anin (k1) Awin (K2 = (5 + % + 5 Jn)  Amin (KL = (5 + %) Jon )) and
A = 50-X"TBBUX + 5-Aqy BBAG, + 5,13,

To ensure the system’s stability, the designed parameters should satisfy ks — (“71 + % +

a—23) I, > 0 and KL — <ﬁ + %) I3, > 0. By Lemma 2.1, the whole closed-loop signals

are uniformly ultimately bounded. Otherwise, H is reset to zero at the ET instant, and
we can obtain

i
IH]|
where H = [HY, HY, ..., H'|" and H; = [H,,, Hy,, H.]".

yy 444
Involving (21), one has « is bounded. Furthermore, there is a constant ©;, > 0, and

q = x,y, z satisfies ;| < ©;,. We can obtain limy i |Hiq| = Xiq in the ET time. Thus,

d .
SIH| < = il 22

one has ¢} ., —ti. > Xig/©iq > 0, and there is no Zeno Behavior.

4. Experiment Results. Some flight experiments are implemented to verify the va-
lidity of the proposed control method. The platform and communication topology are
shown in Figures 1 and 2, respectively. The initial position of the QUAVs is (0,0,0) m,
(—1.158,1.781,0.101) m, (—1.153,0.867,0.099) m, and (—1.243,—1.232,0.083) m. The
parameters of the QUAV are m; = 0.3 kg, g = 9.8 m/s?, and &, = &, = &, = 1.2
Nm-s?/rad. The reference trajectory of the leader is p, = sin(¢) m, p,, = cos(t) m,
pi. = 1 m, and the desired distances are M; = [1,—1,0] m, M;» = [0,1,0] m, and
M; = [1,1,0] m. Furthermore, the designed parameters are k; = diag(1.25,1.25,1),
ko = diag(2.5,2.5,2.5), [ = 0.005, x;; = 0.001, x;, = 0.001, x;, = 0.001, and K; =
diag(0.5,0.5,0.5). The control parameters of the PID controller in attitude are k;ps =
kipo = 5, kipx = 2.8, kiprg = kipro = 0.08, kirg = kipg = kire = kipo = kirx = kipx = 0,
k:iIRqﬁ = k’ZjRg = 003, kiDRqﬁ = kiDRQ = 0001, kiDRX = O, and kiPRX = kiIRX = 03, where
¢, 0, X are the roll, pitch, and yaw angle.

The trajectories of four QUAVs in the actual flight experiment are shown in Figure
3. Although QUAVs take off from different positions and the initial tracking errors are
large, every QUAV can track its desired trajectory. On this basis, the desired formation
is achieved. Thus, the presented distributed ET coordinated control method with quanti-
zation can realize the desired formation. Furthermore, the ET instants and intervals are
shown in Figure 4. Although the ET instants are few from 16 s to 23 s, 28 s to 33 s, and
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0 s to 5 s in the first, second, and third subfigures, the satisfactory tracking errors are
obtained in Figure 3. Furthermore, the communication efficiency is increased by 89.7%.
Thus, the communication load is released on the premise of stability of the system.

Based on the flight experiments above, the distributed ET coordinated control method
with quantization can realize the control objective of the QUAVs.

5. Conclusions. The distributed ET coordinated control method has been presented
for QUAVs under quantization. The DDO was developed to tackle the unknown external
disturbance. On this basis, the distributed coordinated controller was designed, quantized,
and then updated to the actuator in the ET instant. Moreover, the Lyapunov method was
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employed to guarantee the stability of all closed-loop signals. Finally, the experiments
were given to demonstrate the effectiveness of the proposed method. Furthermore, the
distributed coordinated control problem with switching formation for QUAVs will be
studied in the future.
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