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SUMMARY: In the carrying out of cooperative work tasks, two unmanned aerial vehicles
(UAVs) can provide more advantages when compared with one single plane. This circumstance
has turned into an important tendency in the development progress of UAV technology. This
research uses the Newton-Euler method to establish the mathematical model of the quadrotor
unmanned aerial vehicle system. After that, a fault-tolerant control arithmetic for the formation
of two unmanned aerial vehicles is designed, that is based on the distributed self-triggering
tactic. The self-triggering mechanism in the algorithm can acquire the information of the
neighboring UAVs without continuous communication,after that, the stability of the control
system is through the real-time update of the control law to be guaranteed. The effectiveness of
the algorithm in cooperative formation flight control is verified by combining simulation and
field flight tests. The dual UAV formation system can quickly achieve trajectory tracking
stabilization,furthermore, the difference between the real moving route and the pre-designed
moving track is smaller than 0.05 meters.In the progress of carrying out formation hovering
operation, the track offset of the double unmanned aerial vehicle (UAV) formation system is
kept within 0.03 meters. This manifestates elevated-level capability in the aspect of accuracy
and reaction speed.Furthermore, the energy consumption of the algorithm which this paper
puts forward on Unmanned Aerial \ehicle 1 reaches approximately 5.8%105 joules. This
pointedly reduces the energy use of the two unmanned aerial vehicle formation.A double
unmanned aerial vehicle (UAV) formation control method which depends on a distributed self-
triggering way can realize the control of a double-UAV formation. This target is reached by
decreased energy spending while it is effectively able to prevent collision accidents.

KEYWORDS: Mathematical model; distributed self-triggering; formation control algorithm;
dual UAVs; cooperative formation flying

1 Introduction

A Unmanned Aerial Vehicle (UAV) is one kind of flying machine which carries out work
without having a human pilot inside its body [1]. This equipment may be controlled through
remote-control systems based on radio or by its pre-arranged control mechanisms to complete
special missions. When we make a comparison between piloted aircraft and UAVS, UAVs have
a number of advantages. They have small volume, strong movement flexibility, have good
hidden performance, put forward relatively low requirements for battlefield environment,
possess stronger survival ability, hence require lower expense.At the same time, unmanned
aerial machines (UAVs) are often used by people in civil aviation fields such as disaster rescue

*xmzy_fzu@163.com
https://doi.org/10.65102/is2026616 Published: 30 April, 2026


mailto:xmzy_fzu@163.com

Huetal.

and help, air picture shooting, and pesticide spreading. Therefore, in the past several decades,
the progress of unmanned aerial vehicles and their related technologies has been attached great
importance by countries all over the world. Furthermore, these technologies have obtained a
growing quantity of wide attention and are being used more broadly [2, 3]. Nevertheless, single
unmanned aerial flying machines (UAVS) still continuously meet with problems such as low
efficiency and a small successful rate when they carry out large-scale and complicated tasks.
On the other hand, the cooperative building of many unmanned aerial vehicles can solve the
contradictions on the time, space and mission-related aspects[4].Under the situations that the
task is complex and the flight area is large, the whole task can be divided into a number of
simple sub-tasks. Every unmanned aerial vehicle (UAV) is installed with different checking
equipment, arms, and other tools to finish its own separate tasks. Through carrying out such
action, the whole task can be finished in one single try, therefore it greatly promotes the task's
work efficiency.

The formation flight of unmanned aerial vehicles (UAVS) requires that every single UAV
has a high degree of independent decision-making capacity and strong cooperative flight skill.
Concretely speaking, the independent decision-making capability requires that unmanned aerial
vehicles have the ability to perceive the environment around them, quickly process related data,
make decisions, and then guide the unmanned aerial vehicles to execute control commands
[6].The property of cooperation requires that the members of the formation have the ability to
form an integrated and interworking unit, hence hence hence work together in a consistent
manner when facing complex flight situations[7].Furthermore, bad weather conditions,
unexpected obstacles, and delays or breakdowns in the communication network can cause the
environment to become more complicated. When we implement practical tasks, unmanned
aerial vehicles (UAVS), together with other environmental elements, constitute a complicated
system, in which every constituent affects and constraints the other elements. Because of this,
the multi-unmanned aerial vehicle system (multi-UAVS) must have the ability of fast analysis
and decision-making[8].Therefore, the cooperative constructing of multiple unmanned aerial
vehicles (UAVsS) possesses the advantages of high working efficiency and a high success
percentage when one deals with large-scale and complicated tasks. This possesses an extremely
extensive prospect in many different fields including the military, agriculture, and business.
Therefore, it has obtained very much attention from the governments of all countries in the
world.Nevertheless, a great number of important problems about multi-UAV cooperation
formation control algorithms still need to be explored and discussed further. Domestic and
oversea scholars have already done very many researches in these domains.

In the domain of Unmanned Aerial \ehicles (UAVS), which is an important technology and
a notable research field, the Leader-Follower method is the most fully developed among
traditional formation control technologies. Ghamry et al [9] achieved formation cooperative
control between ground robot and UAV by setting Leader as a ground robot and Follower as an
airborne UAV and making a formation flight controller using slip mode control.Li and his work
group [10] have proposed a method for formation control which is based on the two loops of
inner and outer. In the inside loop, the stable flight of a single unmanned aerial vehicle (UAV)
can be realized through adjusting the angle state variables of the UAVs. At the same time, on
the outside loop, the cooperative flying of many unmanned aerial vehicles is finished through
utilizing the Leader-Follower strategy. Pan et al [11] designed the controller using the Leader-
Follower hair law formation strategy, and for the kinematic parameters that are difficult to
obtain in the controller parameters, the DSC dynamic surface control technique was proposed
to solve the problem, and its closed-loop system has been eventually bounded under certain
constraints, thus realizing the collision avoidance.Liu and his work companions [12] have
brought forward a scattered best control method for Unmanned Aerial Vehicle (UAV) formation
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groups that depends on reinforcement study. In this method, the formation system is constituted
by a virtual Leader which possesses non-zero finite inputs and a quantity of Follower UAVs
which have undetermined dynamics.The Leader-Follower method is a method that is direct,
easy for people to understand, and not hard to be put into practice. At current stage, this method
is widely utilized by people in Unmanned Aerial \ehicle (UAV) group formations. Nevertheless,
on account of its excessive dependence upon the Leader, therefore if the Leader meets a
situation that nobody can foresee, the whole system will be influenced.

For the shortcomings which the traditional Leader-Follower method has, researchers have
done improvements in many aspects to promote the operating speed, path quality and stability
of the system. We draw the inspiration from the closely connected formation flying of bird
flocks that are inside the forest, N&yeli et al [13] realized the Leader-Follower type formation
cooperative flight control based on distributed control strategy by estimating the state of the
formation through Kalman filter algorithm using on-board visual sensing equipment and
communication equipment, and conducted the corresponding flight tests.Fareh and his working
companions [14] brought forward a new method to promote the path programming and
formation controlling of multi-intelligent body formation Leader-Follower systems. This
method carries out the combination of neural field and newly created potential field modeling.
Our purpose is to handle the hard problems which are connected with keeping the integrality of
the formation, promoting the quality of the path, and ensuring real-time response ability.Cheng
and his workmates [15] have expanded the Leader-Follower method which is used for the
cooperative formation making of unmanned aerial vehicles (UAVS). They have made a new
adaptive non-singular quick terminal sliding mode formation controller that is based on neural
networks (NN-ANFTSMFC). This result was gotten through the integration of radial basis
function neural networks (NNs) with an adaptive virtual parameter technique.

In addition, the method of Virtual Leader [16] is a development of the concept of Leader-
Follower. Its core idea is to take the building of a multi-unmanned aerial vehicle (UAV)
formation as a stiff virtual framework. Inside this frame, every unmanned aerial vehicle is
regarded as a fixed spot which has a certain relative position. Therefore, when the whole
formation carries on the movement, the UAVs only need to follow the motion of the
corresponding fixed point which is on the rigid body.Zhang et al. [17] have brought forward a
cooperative shaping method for numerous unpiloted air vehicles (UAVS) which is constructed
on backstepping. In this method, the route that a virtual leader takes is acted as the direction
which the formation system moves forward toward. After that, the UAVSs that are left keep the
formation, they follow the imaginary leader.

Another one common kind of formation control methods is the behavioral control methods.
These methods are constituted by an order of single actions. Every one of these single-atom
behaviors possesses its own independent objective or work task. The input sources for these
behaviors can respectively be the sensation data of the unmanned aerial vehicle (UAV) or the
results of the behaviors of other UAVSs that are inside the system.One fundamental element in
the designing of a behavior-based control system lies in the establishment of various basic
behaviors. In the potential behaviors that people study, collision prevention, obstacle evasion,
target exploration, formation maintenance are included, together with efficient strategies for
behavior coordination.Dang and Shen [18] utilized a coordinated control method which is
established on an incremental double-closed-loop PID technology. They conducted careful
planning on the pre-expected flight path of the front unmanned aerial vehicle (UAV) and the
expected formation among many UAVSs. This doing was to guarantee the seamless and secure
loading process of a multi-UAV load transportation system.Luis and his work companions [19]
have proposed a new real-time planning arithmetic for the path of multi-UAV formation
transformation. This algorithm builds on a strategy that is triggered by events. They also
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successfully completed the procedure of exchanging indoor small-scale group structures of 10
compactly placed quadrotors. Bolandi et al [20] investigated the spacecraft formation attitude
control problem in the presence of state constraints, using a virtual structure approach with a
decentralized coordinated control scheme for each spacecraft for station fixing and formation
holding, and the proposed global formation controller combined with local optimal controllers
in order to achieve formation coordination. Fang et al [21] applied multi-intelligence body
reinforcement learning to multi-UAV collaborative combat decision-making, and realized
autonomous evolutionary learning for task allocation and decision-making by designing MARL
algorithmic architecture, situational model, decision-making model, and reward-punishment
model, and constructing a validation environment for heterogeneous UAVs collaborating in air-
to-ground surprise defense and attack. V&ahelyi et al [22] used an evolutionary optimization
framework to further optimize the centralized parameters in the UAV formation research results
to achieve an outdoor formation of 30 multi-rotors with a maximum speed of 20 m/s and an
autonomous collision avoidance function between the aircraft.Costa and his work companions
brought up a formation control method that depends on the artificial potential field for the
simulation of military airplane formation flying, which realizes the autonomous formation
flight and target waypoint navigation of aircraft, while reducing the computational complexity
and improving the adaptability.It is obvious that the method of behavioral control possesses the
property of real-time feedback, and it has a totally decentralized control framework. The core
advantage of this method is that the system becomes more able to adapt and can hold the
dynamic adding of unmanned aerial vehicles (UAVs).One disadvantage is that to carry out
mathematical analysis and the corresponding stability analysis of this system is a very hard
work. This procedure possesses greater complexity when put beside other methods.

Formation control methods based on consistency theory have sprung up some valuable
research results in recent years, Seo and his colleagues [24] have conducted a study regarding
formation control. They have designed a distributed formation controller which is established
on the basis of consistency theory. Their study's results showed that so long as one guarantees
the network topological structure is directed and strongly connected, the multi-vehicle system
is still capable of achieving stable formation control even if a vehicle is lost during the formation
flight. Most of the formation studies achieve tracking errors that are stable only in an asymptotic
sense.For promoting the convergence velocity, scholars have designed many kinds of control
methods which have the finite time convergence properties, Moreira and his work group [25]
have brought forward a control system which is based on a virtual structural control model for
a multi-robot arrangement. This arrangement includes a quadrotor unmanned aerial vehicle
(UAV) and a land-based unmanned vehicle that works inside an automatic storage warehouse.
Under this situation, the land-based unmanned moving vehicle has two core abilities. In the first
place, it is able to provide additional energy for the quadrotor unmanned aerial vehicle.
Secondly, this device can achieve the acquirement of data from the quadrotor unmanned aerial
vehicle. Therefore, the independent ability of the land-based unmanned moving vehicle has
been increased. Dai et al [26] investigated the predetermined performance formation assembly
and retention of UAVs based on the line-of-sight (LOS) method and designed a perturbation
observer using neural network approximation technique, which ensured the system stability by
utilizing the dynamic surface control technique and Lyapunov's stability theorem to enable any
consecutive UAVs in the formation to perform collision-free formation assembly. Wang and Xu
[27] created a global-local hybrid path planning scheme for the UAV formation obstacle
avoidance problem under unforeseeable situations, which established a local hierarchy through
fuzzy decision-making and refined dynamic windows, gave linear and angular velocity control
inputs for wide-range and close-range obstacle avoidance, respectively, and embedded
constraint dynamics into local path planning. In addition, Zhou et al [28] investigated the key
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technology of UAV path planning based on deep reinforcement learning, which can generate
collision-free trajectories during formation assembly, and also designed a UAV formation
keeping algorithm, which is able to stably maintain the formation formation shape or change
the shape when necessary. Chung et al [29] performed a distributed formation flight of 50 fixed-
wing UAVs in fixed-wing formation, accomplishing the full process of formation assembly for
takeoff, formation flight tracking, and formation landing and touchdown, as well as a cluster
control of 20 fixed-wings using a lead-wingman strategy. Brandao et al [30] proposed a
multilayer control scheme that implements three UAV formation in a ballistic tracking mission,
in this arrangement, a separate layer takes charge of every single aspect of the formation control
problem. Each layer acts as a self-governing unit which solves a specific part of the navigation
problem.

In the present research paper, a mathematics model of the unmanned aerial vehicle (UAV)
system is built by us, thus, to let the in-air flight of UAVs become visible. After that, a fault-
tolerant control arithmetic is put forward by us. This arithmetic method, which is built upon a
distributed self-triggering strategy, is devised for one pair of UAVs that carry out flight in a
cooperative formation. The algorithm contains two core parts, in which the fault-tolerant
control part can determine the global formation error dynamic equation and estimate the state
error based on the UAV network connectivity state.On the opposite side, the self-start tactic
makes possible the gathering of unmanned aerial vehicle (UAV) condition information,
therefore promoting the safety and stability of formation flying. The proposed algorithm has
passed simulation and verification to prove its practical usefulness in aspects including
trajectory tracking, obstacle avoidance, and energy efficiency.

2 Method

2.1 Mathematical modeling of UAS

For the development of a formation control algorithm which is used by a set of unmanned aerial
vehicles (UAVs), the establishment of a model that describes the UAV’s dynamic behavior is
necessary. This research will use the Newton-Euler method to build a dynamic model which
describes the posture and position of the quadrotor unmanned aerial vehicle.

2.1.1 Model assumptions

A quadrotor unmanned aerial vehicle (UAV) is one kind of non-linear, multi-variable, strongly
coupled, under-actuated system. When we handle this kind of non-linear system, to build the
dynamic model of the system is very complicated. For making the model become simpler, some
hypotheses must be put forward for the quadrotor unmanned aerial vehicle:

(1) The four-rotor unmanned flying apparatus is a rigid body that possesses a very
symmetrical shape and structure, together with an equally distributed body weight.

(2) The mass center and the gravity center of the four-rotor unmanned aerial vehicle
superpose, and it possesses an inertia product I, =1, =1, =0.

(3) The quality and inertia moment of the four-rotor unmanned aerial vehicle all keep
unchanged in the time process.

(4) The rising strength which is generated by the propellers is directly proportional to the
quadratic of the rotational speed of the propeller. In the same way, the opposite torque which is
produced by the rotation of propellers is also directly proportional to the quadratic of the
rotational velocity of the propeller.
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(5) A quadrotor propeller produces the same pressure when rotating forward and reverse at
the same voltage.

(6) The earth is treated as a horizontal plane, its curvature is ignored, and the ground
coordinate system is considered to be an inertial coordinate system.

(7) The quadrotor UAV attitude angle is limited to the following according to the actual

situation: roll angle ¢(—%<¢<%) , pitch angle 6’(—%<«9<%) and yaw angle

y(-7<y<r).

(8) Odd numbered propellers rotate clockwise, even numbered propellers rotate
counterclockwise, and the pull of the propeller is always perpendicular to the plane of the
fuselage.

2.1.2 Coordinate system

To establish a mathematical model of a system, a coordinate system must first be established.
For a quadrotor UAV, to describe clearly the motion of the UAV, it is generally necessary to
establish a ground coordinate system and an airframe coordinate system.

(@) Ground coordinate system

Let the ground coordinate system be E(o,x.y.z,), then the coordinate origin o, is any

chosen point on the ground. The o,x, -axis points in any direction, the o,z, -axis is
perpendicular to the ground pointing in the opposite direction to the center of the earth, and the
X,0,Y. isa horizontal plane, which conforms to the right-handed helix rule.

(b) airframe coordinate system

Let the body coordinate systembe B(0,x,Y,Z2,), thenthe origin o, is atthe center of mass
of the UAV. The o,x, axis is chosen to coincide with one of the brackets of the vertical cross
of the quadcopter UAV, and the o0,z, axis is perpendicular to the x,0,y, plane pointing
upwards of the UAV, which is in accordance with the law of the right-hand spiral.

(c) Euler angle

According to Euler's theorem, the rotation of a rigid body around a point can be described
using three fundamental rotations in three directions.In these three basic rotations, each rotation
axis corresponds to one specific coordinate axis of the coordinate system which needs rotation,
and every rotation angle therefore is the Euler angle. The attitude angle of the unmanned aerial
vehicle (UAV) is determined through the correlation that exists between the airframe coordinate
system and the ground coordinate system. The pitch, roll and yaw angles are specifically
defined as follows: the pitch angle & is the angle between the o,x, axis and the x,0,Y,

plane. The yaw angle w is the angle between the projection of the o,x, axis onthe x,0,Y,
planeand the o,x, axis. Therollangle ¢ isthe angle betweenthe o,z, axisand the vertical
plane containing the o,x, axis.

For the transformation from the ground coordinate system to the airframe coordinate system,
three rotations must be carried out by people. These rotary motions can be obtained through
first rotating around the z -axis then rotating around the Yy -axis and finally rotating around

the x-axis, and the matrices corresponding to each of the rotations are respectively:
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cosy siny 0

R(z,y)=|-siny cosy O 1)
0 0 1
cos® 0 -sind
R(y,¢)=| 0 1 0 (2)
| sind 0 cosd
1 0 0
R(x,¢)=|0 cos¢ sing 3)
|0 —sing cos¢

After that, the rotation matrix of the coordinate system can be obtained through the
multiplication of the three basic rotation matrices which were talked above.

R= R(Z’ W)_l R(y, 0)_1 R(X1 ¢)_1

cosy sin@sing cosy sin@cosg |
cosécosy _l’// ¢ _W ) ¢
—siny cos¢ +siny sin ¢
sinysin@sing  siny sin & cos 4
=| cosésiny vV ¢ v . ¢ @
+COS Y COS ¢ —cosy sing
—sind singcosé cosg¢cosé

2.1.3 Kinetic modeling

Dynamical models are the basis for the control of an object and describe the relationship
between the forces on the object and its motion. Let P=[x,y,z]' €eR® and
V =[x,y,2]" €R® be the position and velocity vectors in the terrestrial coordinate system
respectively. x =[¢,0,»]" €R® and ¢,0, denote the three attitude angles of the quadcopter
UAV: roll, pitch, and yaw, respectively. V, =[%.,V,,2 " eR® and o=[¢,0,17]' e R® arethe
velocity vector and angular velocity vector in the body coordinate system, respectively.

The P and V are related as follows:
P=V (5)
V and V, are related as follows:

V=RY, (6)

Define the control input as:
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The four propeller rotational speeds do not deviate much, and it can generally be assumed
that Q=~0, i.e., If we put aside the influence that the four propellers bring to the gyroscopic
moments which are produced by the vehicle, therefore, the kinetic model equation is like this:

5(':_le+(sin6?cos¢cos.1//+sinqﬁsinz//)u1
m
K,y . .
y =—2=+(sin@cosgsiny —singcosy )u,
m
—K.Z
i= 3Z—g+(cos¢9cos¢)ul
. 'K & 1. - (8)
¢:u2_IK4¢+|2 |39V/
Il Il
" 'K 1,—1, .
b=u, s Lol g,
|2 |2
¢:u4_K6W+I1_I2¢9
3 |3

2.2 Formation fault-tolerant control algorithm based on distributed self-
triggering strategy

2.2.1 Control objectives

For the promotion of the safety performance of the dual-unmanned aerial vehicle (UAV)
formation controlling system, and for the reduction of the consumption of communication
resources among the aerial vehicles, a formation fault-tolerant control algorithm based on a
distributed self-triggering strategy will be proposed in this section, with the following specific
control objectives and research steps:

The distributed event-triggered formation fault-tolerant control arithmetic for multiple
unmanned aerial vehicles (UAVS) which depends on the state observer carries out the update of
control law only in the case when the system satisfies the event-triggered condition. At the same
time, the stability of the closed-loop formation control system is able to be ensured, on the
condition that some attack intensity and attack frequency requirements are satisfied.

In order to avoid that the determination of the event triggering condition needs to contact to
obtain the information of neighboring UAVs, the event triggering condition is improved, and a
self-triggering mechanism without continuous communication is proposed. Formation Control
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Obijective:

lim[[X; =X, ~¢;[|=1im[5] = A )

where &, = X; — X, —q, denotes the formationerror,and g e R** isthe UAV and the desired
state offset between the long aircraft, specifically, g, =[qivx,qi'y,qi,h,qm]T ,and A denotes the

neighborhood near the origin.

The structure of the distributed self-triggered formation fault-tolerant control strategy is
shown in Fig. 1. In order to accomplish the above control objectives, the following assumptions
and lemmas are given for the analysis and design of the fault-tolerant control strategy.

Assumption 1: When t eIl (t,,t,), i.e., when the communication network works normally,
the communication network topology is connected.

Lemma 1: When Assumption 1 holds, the communication network matrix A has only
one eigenvalue constant at 0, and the remaining N —1 eigenroots of the matrix have positive
real parts satisfying 0=4, <A, <---<4,.

Lemma 2: If the system is controllable and observable, the following algebraic Riccati
equation has a unique symmetric positive definite matrix feasible solution P e R*®:

PA+A'P-PBB"P+C'C =0 (10)

Consistency Tracking

Adjacent _ Errorat Trigger Moment

) Node State Self- -
&> —»—o\— triggering —>e——
P \\g\ﬁ Condition Error Error—‘
2 |3 State A State ST Est|mat|02 I

=1 . . . . ault-

Q Estimation Estimation »| Tolerant
- g' Controller
s | z State Fault-Tolerant Control Law
g\\g\g Estimation iMeasurement Actual Actual Control v
QD =

Output State| Input
2|7 < State < P Sensor [« i-th UAV [« P Actuator
Observer

Figure 1: Distributed self-triggered formation fault-tolerant control strategy structure

2.2.2 Fault-tolerant control algorithms

Based on the network connectivity state of a dual UAV formation system, design a formation
distributed fault-tolerant control law with the following form:

U, =(1-7)U, +7U, (11)

where U, eR** and U, eR** are the formation control laws when the system is not

attacked and when it is attacked, respectively.
The design of U, is divided into two cases based on the value of z in Eqg.

(1) When z=0, U, =U,,.
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In order to obtain the velocity state of each UAV, the following decentralized state observer
Is designed:

X (t) = AXi(t) + BU,. (t) + H (%®-Yio) )

Yi(t) =CXi(t)

where Xi(t)e R* and Yi(t)e R*® are the state and output estimates of the ith UAV,

respectively, and H eR®® is the state observer gain matrix.

To design the time-triggered formation control law, a series of error vectors are defined as
follows:

(a) Define the coherent tracking error of the ith UAV as:

zi(t)=i_lai,-(x,-(t)—qi—xi(t)+q,-)+ci(xi(t)—xo(t)—qi) (13)

(b) Define the measurement error of the ith UAV as:
Z; )= Z; (tll< ) — t) (14)

where t; is the moment of the k th control trigger.
(c) Define the state estimation error and output estimation error of the ith UAV as:

{xi(t) X. (1) = X (t) 5

Yi(t)=Y,(t)-Yi(t)

According to the above equation, the dynamic equation of state estimation error can be
obtained as:

X () = (1, ®(A-HC)) X (t) (16)
where X(t):[XI(t),X;(t),---,XL(t)T.

From Eq. It is clear that the formation error signal does not have any influence on the state
estimation error. As the consequence, the state estimation error can approach zero when the
matrix H such that A—HC isthe Hurwitz matrix, i.e:

!Lrg Xi(t)=0 (17)

Then, the following event-triggered control law is designed for the ith UAV:

Uy () =K.z, (tll< ) (18)
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where 7, >0 isthe gain coefficient, K, e R*® isthe feedback gain matrix, and the triggering
moment t, is defined as:

tli<+1 =inf {t > tll<| hl(Zi (t), Z (t))=00r hz(zi (t)1Y~|(t)) = O} (19)

The event trigger conditions h e R and h, e R are designed in the following form:

ny(z,(1), Z(1) = |Z.®)] -, /_'LlLi |z )] =]z ®]-& |z )|
hy(z,0), Y, (1) = |V, (t)u—,/"f“ lz:®)] =V )] - &z ®)

&=yALIG , &=JTLIL ., L=-n+x|PHC|+nelBl/2<0, L=, [B]/2c,
L -L, =[CT|(A[C|+|PHC] /%) . L>L,>0 , L+lL+l,=1, and satisfy I,>0
—a’L, /L <, <-(1-a)’L, /L, -ALIL<l,<-1-p’L/L, «, p<(0,05).

From the state observer equation, 0, satisfies
lim__ o =lim__ X, —X,—¢q =Ilim
dynamic equation can be obtained as:

(20)

Xi—X,—0; . Therefore, the global formation error

t—oo t—oo

o(t)=(1, ® A- M®n,BK,)s(t) ,
1
+(1y ®HC) X (t) + (1, ®7,BK, ) Z(t) (21)
T T 7T T T T i
where 5(t) =[] ©),0, (), 5, (1) | , X (t) :[xl (t), X2 (t), -, xN(t)} ,
. " " " T
20)=[ 2 ©).2 ), 2, (1) ] -
(2) When z=1, U,=U,.
When the system is attacked, the coherent tracking error signal z,(t) will be missing.
Therefore, to reconstruct the missing signal, the following error estimator is designed:

{éi (t) = A2 (t), Whichte(t,,t +0,) 2

2.(t)=z(t), Whicht=t

where 2 (t) e R** is the estimated value and t, is the last moment before the system is
attacked. Due to the energy resource limitation of the malicious network attacker, it is assumed
that 77 (t)2 (t)<u,and x>0 isthe number of normals.

Based on the above error estimator, the following control law is designed:

U,=n, K,z (t) (23)

where 7, >0 is the gain coefficientand K, e R*® is the feedback gain matrix.
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According to the above equation, the global formation error dynamic equation can be
written as:

ot)=(1, ® A)s )+ (1, ®n,BK,)2(t) (24)

where 2(t)=[ 2] (t),2] ), 2, (1) ] -

2.2.3 Self-triggering conditions

The self-triggering function is designed to utilize only the state information of t, at the
triggering moment. Specifically, the following self-triggering function is defined:

e gl e e
Ji A=HC |z (1] at - 15252 |2.(t)] =0 (26)

Among them:

0= [Al]2 @]+ 2. a, (B8 PJJ2, ) -2 ]+ [H]IY, € -¥.c)))
j=1 (27)

+c (HnlBBT Pz )] +H] HY (t, )H)
and sz(t,‘()u is satisfied:

@l 1 ] <)

Zj(tli): ) ) )
SOl gl

(28)

where t>0.
Define the self-triggering function: any one of the moments that holds as the event-
triggering moment.

2.3 Algorithm effectiveness test design

This section describes the deployment and effectiveness validation of the formation fault-
tolerant control algorithm with distributed self-triggering strategy, which is parameterized using
ROS+Gazebo to obtain the better parameters and apply them to the field flight test before
performing the on-board demonstration of the control algorithm.

2.3.1 Software Simulation

The target of software simulation check is to evaluate the feasibility of the control arithmetic
for fault bearing in the formation of a distributed self-triggering scheme, to ensure flight safety
and reduce the risk of blowing up the airplane. The second objective is to obtain the fitting
values of the parameters and coefficients in the distributed self-triggered formation fault-
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tolerant control algorithm, which will greatly increase the cost and risk of the test if the physical
platform is used to obtain the parameters of the algorithm.

For reproducing the real physical environment to the maximum possible degree and
reducing the difference between the simulation experiment and the on-spot flight experiment,
the Gazebo robot simulation software is used to simulate the field flight test, and the simulation
flight test conditions are as follows:

Flight platform: quadcopter UAV >

Ground platform: Ubuntu18.04 terminal

Test environment: multi-column obstacle map

Test platform: Processor: 15-10400F (six cores and twelve threads, CPU main frequency
2.9GHz), Graphics card: NVIDIA Geforce GTX 1660S (graphics memory 6GB)

Flight duration: 100s

The simulation flight test is demonstrated using an independent high-performance computer,
which hosts the ROS+Gazebo joint simulation platform. Before the simulation flight test of the
formation fault-tolerant control algorithm with distributed self-triggering strategy, three
quadcopters were tested individually by turning on a simple ground station through the
roslaunch command. Through the test, the computer can meet the simulation test with two
quadrotor UAVSs at the same time. After the computer performance test is passed, the formation
fault-tolerant control algorithm with distributed self-triggering strategy is embedded into the
control program to carry out the simulation flight test of the formation control algorithm.

2.3.2 Field flights

In this subsection, the deployment of the formation control algorithm with distributed self-
triggering strategy for fault-tolerant control of formations on the DUSS hardware platform will
be presented, and the algorithm parameter values obtained after simulation flight test tests will
be considered to be applied to the field flight tests the field flight test conditions are as follows:

Flight platform: DJI M300 quadcopter UAV %2

Ground station: three-screen laptop

Communication band: 1.4 GHz

Operating bandwidth: 20 MHz

Flight duration: 100s

The flight platform used for the field test is two DJI M300 quadcopters, which support the
OSDK development mode and at the same time reduce the coupling of the DUSS modules.The
quadcopter machines of the DJI M300 series are connected to the on-board calculation machine
through the OSDK hardware expansion module, and the on-board computer and the OSDK
expansion module use the serial port communication mode. A three-screen ruggedized laptop
computer was used to host the ground station software for sending control commands for the
UAV cluster, and the computer was also used to complete the communication test work before
the flight test.

The final stage of the preparation for the field flight test is the deployment of the distributed
self-triggering strategy fault-tolerant formation control algorithm on the onboard computer,
using the OSDK open speed and position control interfaces to replace the conventional control
program used in the Gazebo simulation, so as to make the onboard computer, the OSDK
expansion module and the UAV flight control system hardware link between the link and the
software compatibility. Once the above preparations are completed, the field flight test phase
will begin.

13
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3 Resultod

In this part, the proposed distributed self-triggered fault-tolerant control method is realized on
a formation system which is made of two quadrotor unmanned aerial vehicles (UAVSs). After
that, simulation experiments and actual flight tests are conducted by us to verify the
effectiveness and superiority of the method which is proposed in the present paper.

3.1 Dual UAV formation obstacle avoidance simulation test

In the course of obstacle avoiding for multiple unmanned aerial vehicle (UAV) formation tasks,
a two-dimensional space is chosen to carry out simulation verification. The starting positions
of two unmanned aerial vehicles are given by setting, which are (-2,1), (0.5,1.2), and setting the
coordinate positions of obstacles (-0.8,2.3), (0.9,3.1), (2.3,2.2), (3.1,4.2), (0.1,4.6), (4.5,3),
(5.4,1.6), (4.6,5.8). The range of the influence of barriers is determined as 0.5, and the safety
distance between unmanned aerial vehicles (UAVS) is settled at 0.5. After that, the starting
position of the building of two unmanned aerial vehicles in a two-dimensional space is shown
in Figure 2.
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Figure 2: The initial position of a two-uavs in two dimensional space

Figure 3 shows the barrier evading process of the two unpiloted air vehicles (UAVS). To
speak concretely, Picture (a) gives the UAVS' places after 1 second of working, and Picture (b)
displays their positions after 2.5 seconds of working. From the figure we can see that, after the
UAV swarm enters the region that has obstacles, the UAV formation cannot maintain the preset
standard formation. On the contrary, every UAV plays the role of an independent individual and
carries out obstacle avoidance work on its own.Moreover, in the course of the obstacle-avoiding
procedure, there exists neither a collision between unmanned aerial vehicles (UAVS) nor the
problem of falling into the trap of local minima. This therefore indicates that the algorithm
which is put forward in this paper meets the standards for UAV formation obstacle avoidance.
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Figure 3: Uav's avoidance process

After the unmanned aerial vehicles (UAVS) leave the obstacle area, every UAV carries out
self-re-configuration by itself. Figure 4 has drawn the whole forming route of these two
unmanned aerial vehicles. The formation fault-tolerant control algorithm that depends on the
distributed self-triggering strategy which this paper puts forward can reach the expected
obstacle avoidance target for the dual UAV formation.

10 '
® [Initial position
@ Obstacles

8 - Final position
Barrier path

y (m)

)
o
o
e
o
oo
S

X (m)

Figure 4: The overall formation of the two uavs

3.2 Field flight tests

3.2.1 Trajectory tracking response analysis

For the purpose of confirming the effect of the arithmetic method which this research has put
forward, experiments are carried out upon this arithmetic method for the locus following of the
position controlling system and the locus following response of the attitude controlling system.
The tracking response test results of the position control system regarding the algorithm put
forward in this paper, in the X, y, z directions, are shown in Figure 5. The formation fault-
tolerant control algorithm, which is built on the distributed self-triggering strategy that the
research institute has put forward, can effectively inhibit the influence of parameter
uncertainties and external interferences on the track tracking performance of the quadcopter
unmanned aerial vehicle (UAV). In the end, it obtains a stable and mistake-free path following
outcome. Under the stable condition, the path following error which is in directions of X, y and
z is smaller than 0.05 meters.
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Figure 5: Position control system trajectory tracking response

Figure 6 gives the result results of the track following reaction for the posture control system
which uses the algorithm that this paper puts forward. Concretely speaking, Figure (a) gives the
simulation outcomes for the roll and pitch angles, meanwhile Figure (b) displays the simulation
outcomes for the yaw angle.For the rolling angle and the pitching angle, there does not exist a
fixed target moving path. It is obvious that, the algorithm which this paper has put forward can
not only make the roll and pitch angles realize stability within 3 seconds, effectively decreasing
the maximum overshoot value, but also brings about a small vibration range in the movement
process of the unmanned aerial vehicle (UAV). With respect to the yaw angle, the algorithm is
able to let it achieve convergence to the target trajectory in the scope of 2 seconds. The
formation fault-tolerant control algorithm based on distributed self-triggering strategy in this
paper has good tracking performance.
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Figure 6: Attitude control system trajectory tracking response
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3.2.2 Formation Hover 3D Trajectories

In this section the algorithm of this paper is subjected to a dual UAV cooperative formation
hovering simulation experiment,this precondition assumes that unmanned aerial vehicles
(UAVs) have the ability to share state-connected data and hence guarantees that there exists at
least one directional connected graph inside the formation network. Figure 7 shows the three-
dimensional flying track of a double-UAV group in the hovering process, therefore it describes
the adjusting course which the group passes through in order to reach a hovering condition.In
the whole process of the flight, the two unmanned aerial vehicles (UAVSs) that are in formation
continuously maintain the minimum distance which is needed for avoiding the occurrence of
collisions. The structure still keeps complete, hence they finish the hovering task
successfully.The control algorithm which this paper brings forward has the ability to rapidly
and accurately track the expected motion path. Furthermore, it can satisfy the demands that
formation flight control puts forward, both in the aspect of precision and the aspect of response

speed.

X (m)

Figure 7: Three-dimensional formation trajectory

For the further explanation of the control accuracy of the algorithm which is put forward in
this paper, Figure 8 shows the results of 3D time-varying formation trajectory tracking errors.
In the first 10 seconds of the working process, the flying routes of the two unmanned aerial
vehicles (UAVs) are in agreement with the pre-planned flight path. After the stable state is
reached, the trajectory error is always kept within 0.03 meters, which therefore basically
accords with the expected trajectory.The formation control algorithm that this paper puts
forward, which is based on the distributed self-triggering strategy, can complete the dual UAV
formation hovering task with high accuracy and has strong anti-interference abilities.

17



Huetal.

2.5+
— Uav 1
Uav 2
1 S .
g B |t e
s
E1.0 e
J \
.
\w
0.5 \
i
\\\
0.0 — , , . - .
0 10 20 30 40 50 60

Time (s)

Figure 8: The three-dimensional time variable formation trajectory tracking error

3.2.3 Energy consumption measurements for formation flying

In this part, from the perspective of optimizing energy use, the effect of the formation fault-
tolerant control algorithm which is built on the distributed self-triggering strategy is studied.
This target is reached through making contrast on the energy consumption of the traditional
algorithm with that of the algorithm which is put forward in the present paper. Furthermore,
two groups of flight scene experiments along a straight-line path have been done by
researchers.Two sets of two unmanned aerial vehicle formations are situated under different
controlling mechanisms. One group is controlled by the traditional algorithm, therefore another
is ruled by the algorithm which is put forward in this current paper. To the flight trajectory and
the time parameters, they are same for both two groups of algorithms. The planned speed of the
two unmanned aerial vehicle group when doing straight-line movement is set to 25 meters each
second, and the destination course angle is 90 degrees.

Figure 9 gives the results of the energy consumption comparison that belongs to the dual
UAV formation. To speak concretely, Figure (a) gives depiction of the energy consumption of
UAV 1, and Figure (b) presents that of UAV 2. The energy difference which is shown by the
shaded area in the figure is gotten through subtracting the energy consumption of the algorithm
put forward in this paper from that of the traditional algorithm. The energy consumption of
UAV 1 equipped with the traditional algorithm is around 7.1 <105 J after stabilization, while
the energy consumption of applying this paper's algorithm is only around 5.8 > 105 J.After it
has reached the stable condition, the energy consumption of the two algorithms on Unmanned
Aerial Vehicle (UAV) 2 is approximate 7.1 <105 joules. The energy consumption rule of these
two arithmetic methods on UAV 2 is on the whole coincident with that which is on UAV 1.
Specifically speaking, the algorithm which is put forward in this current paper has lower energy
consumption. Therefore, when we carry out the formation fault-tolerant control algorithm that
this paper puts forward, which is established on a distributed self-triggering strategy, the dual
UAV formation has a certain energy-saving effect.
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Figure 9: Comparison results of two-uavs energy consumption

4 Conclusion

In order to better design the dual UAV cooperative formation flight control algorithm,this article
establishes a mathematics model for the unmanned aerial vehicle (UAV) system, and therefore
puts forward a formation flight control algorithm which is built on a distributed self-triggering
method, which realizes the acquisition of state information and error analysis of dual UAVS in
formation flight.For the deeper research on the effect of this algorithm, simulation test works
are conducted by us to check the influence of the algorithm on formation flight control. The
result discoveries of this study are as what follows:

(1) The dual UAV equipped with the algorithm of this paper can effectively avoid all the
obstacles and quickly reformat.

(2) In the field flight, the dual UAV formation system can be stabilized to the desired
trajectory within 3s, and the error in all directions is small within 0.05m.

(3) Through making use of the algorithm which is put forward in this research work, the
double unmanned aerial vehicle (UAV) formation system has the ability to rapidly and
accurately complete the formation hovering task. Furthermore, the deviation which lies between
its movement route and the designed moving track is smaller than 0.03 meters.

(4) The energy consumption of Unmanned Aerial Vehicle (UAV) groups which use the
traditional algorithm is higher than 6105 joules. By comparison, the energy use of UAV groups
which carry out the algorithm put forward in this paper has got obvious reduction.
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