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Abstract

Aiming at UAV formation flight trajectory tracking affected by external disturbances and limited communication,
this article studies a robust sliding mode formation control law based on event triggering strategy. To suppress
external interference, a robust controller is used. In order to reduce communication between adjacent UAVs,
a distributed exponential convergence form of sliding mode control scheme based on an event-triggered
strategy is designed. Under this scheme, the communication channel only transmits information at the trigger
moment determined by the predetermined trigger conditions, and discontinuous communication is realized in
the state of discrete updating of the sliding mode surface. According to theoretical analysis, it can be proved
that the stability of the closed-loop system. Zeno behavior does not exist. Finally, numerical simulation was
applied to verify the effectiveness of the control law.
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1. Introduction

In recent years, unmanned aerial vehicles (UAVs) have been gradually used in military, scientific,
commercial, and civil fields due to their advantages such as lightweight, portability, and flexibility.
With the diversification of mission requirements and the complexity of the social production
environment, multi-UAV formations have more prominent advantages and capabilities [1]. The
communication methods of UAV formation are mainly centralized, distributed, and decentralized [2].
The centralized type has a large amount of interactive data between members and is prone to
communication blockage affecting the formation effect and high cost; the decentralized type has no
information interaction with each other, and the formation effect is poor; while the distributed control
only needs information from local and neighboring agents, and the formation effect is better, with
fewer communication needs and lower cost. It is the main communication transmission method used
in the research on formation control nowadays [3].

The main control methods for UAV formation are the leader-follower method, the virtual structure
method, and the behavior-based method. The leader-follower method means that one UAV is the
leader of the whole formation, and the other UAVs are the followers; the leader flies along the pre-
planned path, and the followers keep a certain spatial geometric distance from the leader and fly
along with it. The leader-follower method is currently the most common and mature form of formation
control. Many other scholars have completed the experimental validation of UAV formation based
on the leader-follower method [4], [5], [6], [7].

Sliding mode control is widely used to deal with uncertain nonlinear systems because of its high
reliability in dealing with uncertain parameters, nonlinearity, and external disturbances [8]. The
trajectory tracking control problem of the formation system under external disturbance is studied,
and the sliding mode controller technology is used to ensure the robustness of the system [9]. Shen
Suiyuan et al. proposed a control law design method based on the adaptive neural network extended
state observer-based finite-time convergent sliding mode control [10]. Wang et al. designed the
sliding mode formation controller, which not only ensures that the linear velocity and angular velocity
of the UAV meet the constraints but also relaxes the speed adjustment range of the leader [11].



ROBUST SLIDING MODE CONTROL FOR UAV FORMATION WITH EXTERNAL
DISTURBANCES UNDER EVENT-TRIGGERED STRATEGY

From the perspective of resource utilization, the above control methods are based on continuous-
time trigger control, which undoubtedly causes great waste because some communications are
unnecessary. In order to solve this problem, reducing communication frequency has been proposed
as an effective method in the past decade. Event-triggered control has been widely used [12].
Guerrero et al. realized the formation test flight of vertical take-off and landing UAVs based on event-
driven communication [13]. Yang et al. proposed a state prediction formation algorithm based on an
improved dynamic event-driven communication mechanism that can reduce information
transmission and ensure high control accuracy of the system [14].

Inspired by the above discussion, this paper adopts the leader-follower method under the distributed
structure for the UAV formation problem; in order to make the UAV formation track on the desired
trajectory, the sliding mode formation controller is designed by constructing the sliding mode surface
containing the formation coordination error to ensure the stability and reliability of the formation; for
the external perturbation of the UAV formation, the robust control law is designed to inhibit and
process it; and for the problem of the high number of communication between the UAV formation
members, the fast update frequency of the controller, and the high consumption of the resources,
the event-triggered control strategy is designed to solve it.

2. Problem Description

2.1 Graph Theory

The communication topology relationship in a UAV formation can be represented by an undirected
graphG(v,¢,4), where v={v,,v,,---,v,} is the nonempty finite vertex set, representing each member;

¢ coxuv is the edge set, representing the communication links among UAVs; and 4=/a,] e R™ is

the weighted connectivity matrix. If a member v, in a UAV formation has access to the state
information of a member v, through interaction, then there exists an edge pointing from v, to v, inthe

graph G, denoted as (v, v;)e( . v, is said to be a neighbor of v,, and there is a corresponding
element a; >0 inthe array A4, otherwise a;=0. In an undirected graph G, the edges are bidirectional,
which satisfies a, =a, ; the degree c,(v,) of a vertex v, represents the number of neighboring

members, and the degree matrix C is a diagonal matrix with the degree
e of each vertex as a diagonal element, and its expression is:

C =diag(c,(v,).¢,(v,),.c,(v,)) (1)
If L is the Laplace matrix of an undirected graph G(v,£,4), then the expression for L is as follows:
L=C-4 (2)

where L is symmetric and semi-positive definite.

2.2 Fixed-Wing UAV Dynamics Model
In a UAV formation, the dynamics model [15] of the i~th UAV can be introduced as:

X, =V, cos 0 cosy,

v, =V, cos 0 siny,

z, =V sin6, 3)
. F_+d,
= gsing
m[
g = F, —mgcos6 +d,
’ my,
. F +d,
Vis mJV, cos 0. (4)
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where i represents the i-th UAV and (x,,y,.z,) denotes the position in the inertial frame; 7,0, ,y,

denote the flight speed, flight path angle, and heading angle, respectively; (FX’,FVI,FZ’) denotes the

control force (including thrust and aerodynamic force) under the track coordinate system; (d,,.d,,.d,;)
denotes the external disturbances that the i-th UAV is subjected to in the track coordinate system;

m, denotes the mass of the i-th UAV, and g denotes the gravitational acceleration.

The position vector, velocity vector, control force vector, disturbance vector, and state vector of the

i-th UAV are as follows:
p=[x.0.2]
v, =[x.5.2]
u=[Fy P, |
dy =[d,.d,.d,]
&=[pm]

The motion model of the i~th UAV can be obtained by combining (3)-(9) as follows:

{I", =V
‘}i =a,.(§l.)+ﬂ,-(§,-)”,- +di

with
0
a,(¢)=| 0
-8
; cosb cosy, —sinb cosy, -—siny,
P.(&)=—/ cosO siny, —sinb, siny, cosy,
Tl sin 0, cos 0, 0
d,=p(c )d,y

(10)

(11)

(12)
(13)

Assuming that the UAV formation consists of » UAVs, define the matrix form of each vector in the

formation:
p=[p/.p:p ]
v =[vf,v§,~--vTT
a=[al(&)al(&) - al(E,)]
The p(¢) of a formation is defined as a diagonal formation with g,(¢, ):

B(&)=diag(B/ (& ).B; (&) B, (E)

The control force vector and disturbance vector in the formation are denoted as follows:

T
[, T T
u—[ul,uz,mu ]

n

(14)

(15)

(16)

(17)

(18)
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d=[ddl d'| (19)

Then the nonlinear motion model of UAV formation can be expressed as:

p=v

v=a(&)+ B(E)u+d (20)
The position vector and velocity vector of the desired trajectory of the UAV are denoted as p, and
v,, respectively, and the desired state vector ¢, is defined as:

¢4 :[Pd)"d]T (21)
The position error vector and velocity error vector of the i-th UAV are denoted as:

€i =D~ P4 (22)

€i =Vi—Vy (23)

The position error vector and velocity error vector of the formation are respectively donated as:

T
f.r T T
e —[e exz,'--e_:l

x xI’ xn (24)
e, =[eleliel ] (25)
The state error vector & of the i-th UAV is denoted as
E=¢-¢=[e,e,] (26)
The state error vector of the formation is denoted as
~ ~ ~ ~ T
R R A L (27)
Combining (24), (25) and (20), the error model of UAV formation is obtained by derivation:
¢ =e, (28)
e, =v—v,=a(¢)+ () u+d—v, (29)

Combined with the communication topology between the formation members, the cooperative
position error and cooperative speed error of the UAV formation are donated as follows:

&y = ci(pi — Dy )+ Zaij (exi - exj)
i (30)

e, =c(v, —vd)+zn:aij(evi —evj)

J=t (31)
where i, j denote the i-th and j-th UAV in the formation, respectively, a, is an element in the
weighted connection matrix 4 of the UAV communication topology, and ¢, is an element in the
degree matrix C.

Remark 1 According to (30) and (31), the UAV formation will track on the desired trajectory and form
the desired formation when both cooperative position error ¢, and cooperative speed error ¢,

converge to zero.

2.3 Control Objective
For the trajectory tracking of UAV formation flight affected by external disturbances and

4
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communication constraints, the control objective is to construct a robust sliding mode formation
cooperative controller based on an event-triggered strategy.

To achieve the control objective, the following assumptions, properties, and lemmas are used.
Assumption 1 The external disturbances are assumed to be bounded and slowly varying [16], i.e.,

they satisfy //d,, /<d.,, .d,~0d, =0.

Definition 1 sign(e) in all controllers in this paper denotes a sign function, and assuming a vector
x=/x,x,---x]", the expression of the sign function defining the vector x is:

sign(x) =[sign(x, )sign(x, ) +-sign(x, )] (32)
5, x>0
sign(x;)=40, x,=0

-1, x,<0 (33)

3. Main Results
3.1 Sliding Mode Formation Cooperative Controller Design

According to (30) and (31), the sliding mode surface of the i-th UAV is designed to be in exponentially
convergent form:

s, =¢,+ ¢, (34)
where 1 is a constant that satisfies the Hurwitz condition and is greater than 0.
Define the sliding mode surface matrix of the UAV formation as:

T
s=[s1T,s2T,--~snT] (35)
Considering the communication topology in the UAV formation, and combining the knowledge of

graph theory, it can be seen that the communication connectivity of the UAV formation is represented
by the graph G . The Laplace matrix of the graph G is L, and C is the degree matrix, then by

defining the matrices H, and H,:
H,=(L+C)®I,,=H,' (36)

where ® denotes the Kronecker product; H, and H, are mutually inverse matrices, then the sliding
mode surface of (34) can be rewritten in the following form:

s,=H,(e,+1e;) (37)

The sliding surface and its derivatives of the formation obtained by (28). (29). (35) are as follows :
s:H](ev—i—/lex) (38)
Hs$=a(é)+B(E)u+d+ e, —v, (39)

Remark 2 Since the formation coordinated position error and coordinated velocity error in the sliding
mode surface s contain the state information of the neighboring UAVs, the formation coordinated
error is updated only when communication between the formation members takes place, and it is
possible to determine whether there is continuous communication between the formation members
based on whether the sliding mode surface is continuously updated or not.

3.2 Robust Controller Design
To compensate for the external disturbances term 4, the following robust control law is designed.
Assume that d. is a vector associated with the boundary of the disturbances J4 , while the

disturbances exist an upper bound d,, and a lower bound 4, , i.e., the disturbances 4 is satisfied:

5
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d, <d<d, (40)

Design 4. for:

-d,
; ~Lsign(s(t, ) )

3.3 Event-Triggered Strategy Design
The communication channel between the ji-th UAV and its neighboring UAVs only transmits
information at the trigger instants ¢, , which can reduce the consumption of communication resources.

The event-triggered function f,,,, for UAV formation communication is:

Jeous =l (A=ky )e, =s(t,) [| —n (42)
where 7, is the parameter to be designed and satisfies 0 <7n <k, .
Define event-triggered error e, for formation communication:

Ccomy =(A—k,)e, —s(t,) (43)
The event-triggered conditions for designing UAV formation communication are:

fCOMM >0 (44)
The trigger instants sequence can be defined as

e, =min{t >t/ froum >04k=0,1,2,- (45)
Remark 3 When the state of the UAV formation error system satisfies (44), the formation members
communicate with each other while variables such as the formation coordination error and the sliding
mode surface are updated, and the controller uses the updated sliding mode surface to solve the
control force. After updating the control forces, the state of the system will re-satisfy the condition
Jeon > 0.
At other moments, when the state of the system does not satisfy the event-triggered conditions, no
communication occurs between the formation members. The system always satisfies:

I ecoms 151 (46)
Theorem 1 For the UAV formation error system shown in (28)(29), combined with the sliding mode

surface and its derivative (38)(39), robust controller (41) and event-triggered mechanism (44), the
event-triggered formation cooperative controller is designed as follows :

u=p"(&)[-a(E)=s(t, )~ ksign(s(t, )~ ke, —d. +V,] (47)
where k, and k, are the controller design parameters, and are constants greater than 0.
Under the control of the event-triggered formation cooperative controller (47), the system can
converge asymptotically and stably, and can track the desired trajectory while achieving discontinuous
communication. At the same time, Zeno phenomenon will not occur.
Remark 4 The sliding mode surface s(z,) in the controller (47) is updated only when the UAV

formation satisfies the event-triggered conditions. #, represents the k-th communication moment of
the UAV. ¢, in the controller (47) is determined based on the event-triggered conditions, and the
update of s(¢, ) represents that the UAVs communicate only at the moment ¢, , and do not

communicate at the rest of the moments.

Remark 5 The controller (47) is continuously updated in each control cycle. If the UAV formation does
not communicate in a control cycle, the control update calculation is performed along the value of the
previous moment on the sliding mode surface. Since a(¢), (&), e, and v, in the controller do not
contain state variables of neighboring UAVs, these variables can be updated without communication.
Proof.

The Lyapunov function is chosen as:
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V =iSTH2S
? (48)
Take the time derivate of (48)
Substituting (39) gives:
V=s"(a(&)+B(E)u+d+ e, —v,)

=s"(a(&)+P(E)u+d—v,)+As'e, (50)
Substituting the controller (47) gives:

V= i(s;“f(‘f)”f(_“i(é:)—Si(tk)—kISign(sl.(t,())

i=1

- T T - T
—ke —d.+v,)+s;d —sv,+1s e, )

= Z(—sl.rs,(tk) —k,s! sign(s,(t,)+(A—k,)s'e +s](d — dc))
i=1

(51)
According to the event-triggered function error (43), this reduces to:
V=30 (87 econ — ki) sign(s,(1,)+s] (d, ~d.)) (52)
Considering the designed event-triggered condition (46), it is obtained:
V< (15, M ecoms 1l —,s!sign(s,(t, )+ (d,~d.))
i=1
< l's, Il k8! sign(s,(t,))+s! (d,~d,.))
i=! (53)
(53) can be expressed in two parts ¥ <V, +V,, where:
V=" (s, )l —k,s]sign(s,(1,) (54)
Vo=2 5 (d—dc) (55)

For the first part 7, , by citing the conclusion in the literature [17] there is that for any re(z,,t,.,), the
following equation always holds:

sign(s,(t,))=sign(s,) (56)
Then ¥, can continue to be reduced to:
v, = 2;(77 /s, || —k,s! sign(s.(t, ))) = Zfzj(n Il's, Il =k,s] sign(s, ))
n_ 3 n_ 3
SZZ(UM |_k1 ‘Sif |)=ZZ(77_k1) Sy |

i=1 j=1 i=1 j=1 (57)
where j=1,2,3 represents the j-th element in the vector. Combined with the range of the parameters

to be designed 0 <n <k, itis clear that ¥, <0.
The second part 7, is analyzed next, substituting the robust control law (41):

_dy+d, d,

=35 (4 -a0)= 337 [0, - e, )
i=1 i=1

S5 (4t o)

i=1 j=I

(58)
Discussion of (58) by case:
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1) If s,(t,)<0.sign(s,(t,))=~1, we have sign(s;)=—1,s, <0 from (56), and combining with (40) we

have:

e d. +d, d. —d, ,

v, :Zi:IZj‘:ISU (dij - P L+ 2 - J :Zi:IZj:]Sif (dij _dLj)<0

(59)

2) If s,(t,)=0,sign(s,(,))=0, while sign(s;)=0,s,=0, then V,=0.
3)If s, (t,)> O,Sign(sl.j (1, )) =1, there is sign(s,;)=1s, >0, then:

. v 3 d,.+d, d,—d,. 4 o3

v, =Zi_1zl/_1si/(dij - 5 S P L/J=Zi_12j—lsif(di/ —de.)<0 (60)

In summary, ¥, <0, and the association (57) is obtained:

. . . n 3
V<l v, <33 (n-k)|s,
i=1 j=1 (61)
Combining the parameter range 7, <k, yields ¥ <0, ¥ can converge to the sliding mode surface s.

When 7 =0, s=0, the closed-loop system is asymptotically stable according to LaSalle's invariance
principle, and when ¢ — o, there is s —» 0. If s=0, the following equation holds:

S, =&, +ﬂ’8x[ =0 (62)
To further demonstrate that the formation cooperative position error ¢, and formation velocity
cooperative error ¢, can also converge to 0, the Lyapunov function 7' are selected as follows:

V' = ig.igxi
2 (63)
Take the time derivate of (63)
V, = S;éxi = gxz;'svi (64)
Combined with (62) there is:

Therefore, the formation cooperative position error ¢, and formation velocity cooperative error ¢, are
asymptotically stable. When 1 —»«, there is s >0, ¢, >0 and ¢, — 0. At this point, the formation

will track on the desired trajectory and form the desired formation.
According to the event-triggered functions (42) and (43), the function 4(t) is defined as follows:

h(t) =l ecoms =1 (A=K, )e, =s(t,) | (66)
By the process of proving Lyapunov stability above, it is clear that when ¢+ —» «, e, is continuous and
bounded, then the following integral inequality holds:

I ecou 1= (A=K, Je, =s(1) =1l [ &.(2)dz |
<[ hec)hdr<k,(t-1)

(67)
where £, is the upper bound of // ¢, // .
(67) can be expressed as follows:
h(t)<k,(t-1.) (68)
Combined with (46) there is:
lim_, h(t)=n<k,(t,.,—t) (69)
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The minimum time interval 4T, between any two trigger instants is finally obtained as:

ATmin = tk+l _tk 2 ki > 0
‘ (70)
(70) shows that the minimum time interval 47, is greater than 0, that is, the Zeno phenomenon will
not occur.

The proof of Theorem 1 is finished.

4. Numerical Simulation

In order to verify the effectiveness of the robust sliding mode formation control law based on the
event-triggered strategy designed in this paper, the numerical simulation work is completed in this
section, and the simulation results are analyzed. The desired tracking path of the UAV formation is
an arbitrarily given spatial curve, which requires the formation to be able to form a certain formation
and track on the desired path, and at the same time, the formation members communicate with each
other in a discontinuous way.

The undirected graph topological communication relationship between formation members is shown

,
:

Figure 1 — UAV formation communication topology.
The formation connection matrix 4 is donated as

o 1 1 0 0
1 00 10
A=|1 0 0 I 1
0 1 1 0 0
001 00

- (71)
The formation consists of five small fixed-wing UAVs, with m, =4kg, g=9.8m/s*. Assume that the
external disturbance suffered by the i-th UAV is:

dy =0.1[0.2sin( 0.1t ),0.2 cos( 0.2t ),0.2 sin( 0.2t )]T (72)

The initial positions, flight speeds, flight path angles and heading angles of the UAV formation
members are shown in Table 1:

Table 1 Initial information on UAV formation members

forl,:;:llion X -direction ¥ -direction 7 -direction sp:‘.:zt y ::i:z :a;h gi‘ggr;; :al/t/h
members position (m) position (m) position (m) (/s o oy
VAV 0 0 -50 1 0.5 0.5
UAV2 0 50 50 1 0 0
UAV3 0 -100 0 1 0 0
UAV4 0 100 -10 0.5 0 0
UAV5 0 -50 -40 0.5 0 0

Consider the desired trajectory of the UAV formation as p, =[40t,10\/?,z]r, while five UAVs form a

square formation. The formation selects UAV1 as the leader and the remaining UAVs as the

9
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followers. The remaining parameters in the controller are selected as: k,=1.5, k,=0.01, A1=038,
n=0.2, the simulation step is 0.1s, and the simulation time is 25s. The simulation results and
analyses are given below.

100

UAV1
i UAV2
— UAV3
UAV4
UAV5

Desired

Z/m

-100
100

0
1500
o prss 1000

Y/m X/m

Figure 2 — UAV formation flight trajectory.
Figure 2 shows the flight trajectory diagram of the UAV formation in three-dimensional space. As
can be seen from the figure, the five UAVs start from different initial positions and then rapidly
converge to the desired trajectory. After completing the formation assembly, the whole formation
maintains the square formation and continues to fly along the desired trajectory.

20 T T T T T T T T
UAVL . ZOE UAVI[]
= %k UAV2 = 0 UAV2
o UAV3 < : UAV3
g -20F uAv4|] 220 uava|d
a0 UAVS| ] S ol UAVs| 3
L L L . L L L .
0 5 10 15 20 2 0 5 10 15 20 25

mo" T T T T 50 T T T T
= or = 0
100 |: L ) _50| .
0 5 10 15 20 25 0 5 10 15 20 25
t(s) t(s)
50’ 50
\? 0: ;E\ 9
0 5 10 15 20 25 0 5 10 15 20 25
t(s) t(s)
Figure 3 — Position errors of each UAV. Figure 4 — Velocity errors of each UAV.
20 20 T T T T
UAVI _ E UAVI
q °N UAV2 T oF UAV2
G208 o H -20[- ava|]
40 ) : L : UAV5 | 40 f : WE]
0 5 10 15 20 25 0 5 10 15 20 25
t(s) 1(s)
100 T T T T 100 T T T T
oo ‘;; “i
100 . L L L rl()()k L L L L
5 10 15 20 25 0 5 10 15 20 25
1(s) t(s)
50 50
-50l L L L -50[ L L L
0 5 10 15 20 25 0 5 10 15 20 25
«(s) (s)
Figure 5 — Cooperative position errors. Figure 6 — Cooperative speed errors.

Figure 3 shows the position errors, Figure 4 shows the velocity errors, Figure 5 shows the
coordinated position errors (30), and Figure 6 shows the coordinated velocity errors (31).

From the figures, for the position and velocity errors of each member of the formation in the three
directions, as well as the coordinated position error and coordinated velocity error of each UAV, all
of them can be converged to the vicinity of 0 within 10s, indicating that the five UAVs, regardless of

10
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their positions or velocities, are able to track on their respective desired trajectories, that the UAVs
can complete the assemblage and form a specific formation in a relatively short period of time, and
that the formation has better formation-keeping accuracy. The formation cooperative controller
designed in this paper has reliable stability and good convergence speed.

Furthermore, because the formation members communicate with each other in a non-continuous
manner, the event-triggered mechanism saves communication resources at the expense of system
performance, which will inevitably affect the system's convergence accuracy. Based on the above
error curves, it can be seen that the event-triggered formation controller designed in this paper can
still guarantee the dynamic performance of the system.

T . 20 T . T .
200 UAVI1|q E UAVIL
=z UAV2 oF UAV2
S0 UAV3 & 20k uAv3|]
= UAV4 7 UAV4
200 |- uAvs |4 a0 [UNEE
. . . .
0 10 1 20 s 0 10 15 20 25
t(s) t(s)
200
f 50
< = 0
= & Of
R
700{' 50 |-
L -100 5 L
0 s 10 15 20 s s 10 Is 20 25
t(s) t(s)
40
200 i
. f 20
) 0 n 0
= 200f 20f
400 . 40 . . L .
5 10 1 20 25 0 5 10 15 20 25
t(s) t(s)
Figure 7 — Force curves of each UAV. Figure 8 — Sliding mode surface curves.

Figures. 7 and 8 show the control force curves and sliding mode surface curves, respectively. As
can be seen from the figures, the components of the control force and sliding mode surface of each
UAV in all three directions are stable within 10s. Under the update of the communication trigger
moment, the sliding mode surface and control force will gradually converge to stable values.

[ Event-triggered Mechanisms |
UAVI [ Traditional Time-triggered Mechani
UAV2 300 = I
UAV3 L 251
UAV4|T F 251 251
UAVS 250 F

251 251

w

IS

Communication Times
@
S

UAV Formation Members
o w

=]
CRGEEEEEREEEE G ERREED

UAVI UAV2 UAV3 UAV4 UAV3

. . 1 .
0 5 10 15 20 25
t(s)

Figure 9 — Triggering instants. Figure 10 — Communication times.
Table 2 Number of communications and percentage reduction of formation members
UAYV formation members UAV1 UAV2 UAV3 UAV4 UAV5

Number of communications 99 128 115 121 89
Percentage reduction 60.56% 49.00% 54.18% 51.79% 64.54%

Figure 9 represents the trigger moments when the formation is in flight and the UAVs communicate
with each other. Under the event-triggered communication mechanism, the formation members
communicate only when the system state quantity satisfies the event-triggered condition. All five
UAVs have non-contiguous communication moments.

Figure 10 displays the communication times of each UAV in the formation and compares them to
those of the time-triggered mechanism. According to the statistical graph, it can be seen that under
the event-triggered mechanism, the highest number of communication times among the five UAVs
is 128, and the lowest number of times is only 89. If the time-triggered mechanism is used, the

11
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number of communication times among the UAV formation members will be as high as 251 under
the same simulation time and step size.

In addition, Table 2 gives the reduction ratio of the communication times of the event-triggered
mechanism compared to the time-triggered mechanism, and the reduction ratio of the
communication times of each UAV reaches up to 64.54%. If the simulation time becomes longer, the
reduction ratio will increase. It can be seen that the event-triggered communication mechanism can
largely reduce the number of communication times and data transmissions, reduce the
communication load, and achieve the purpose of saving communication resources.

5. Conclusion

For the UAV formation flight trajectory tracking problem affected by external interference and
communication limitations, this paper adopts a robust controller to suppress external interference;
adopts an event-triggered mechanism to achieve non-continuous communication among formation
members, which greatly reduces the number of communication times and communication burdens;
adopts an exponentially convergent form of sliding-mode controller to accurately control UAV
formation cooperative flights, so that the UAV members can quickly form the prescribed formation;
innovatively implements non-continuous communication in the case of discrete update of sliding-
mode surfaces. The innovative implementation of discontinuous communication in the case of
discrete update of the sliding mode surface. Through theoretical analysis, the stability proof of the
closed-loop system and the exclusion of Zeno behavior are completed. The final numerical
simulation results show that the proposed control scheme is effective.
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