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Abstract In this paper, a resilient tracking control scheme with cooperative collision avoidance performance
is studied for the fixed-wing unmanned aerial vehicle (UAV) leader-follower formation in the presence of
actuator failures and external disturbances. Firstly, based on the control objectives of UAV formation tracking
and collision avoidance, the transformation tracking errors are obtained using the prescribed performance
control technique. Next, a fault detection mechanism is introduced to determine if there is the actuator
fault. Subsequently, the event-triggered resilient fault observers are designed based on a dynamic event-
triggered mechanism to estimate actuator faults. Furthermore, the prescribed performance functions and the
Hoo performance index are employed to ensure the UAV formation collision-free and mitigate the impact of
disturbances. Moreover, the resilient controller is designed to minimize the effect of the perturbations for the
control gain and the fault observer gain on the system. The stability of the system is also proven through the
Lyapunov stability analysis, and the controller gains are calculated by solving the linear matrix inequality.
Finally, the validity of the proposed control strategy is demonstrated by the simulation analysis.

Keywords UAV formation, cooperative collision avoidance, event-triggered fault observer, prescribed per-
formance, resilient control

1 Introdution

With the continuous advancement of unmanned aerial vehicle (UAV) technologies, the UAV formations
have been heavily employed in civilian and military fields. For instance, the UAV formation can execute
tasks such as the traffic monitoring and the logistics transportation by carrying various mission payloads.
In military applications, they are utilized for reconnaissance, surveillance, logistical support, maritime
search and rescue, among other tasks [1-3]. In these diverse mission scenarios, the UAV formation
can offer higher time efficiency and lower economic costs compared to single UAVs [4]. However, the
transition from single UAV to multi-UAV formations presents the formation flight control challenges,
the attention of numerous scholars has been garnered. For instance, an adaptive sliding mode controller
designed based on the neural network was utilized for the distributed quadrotor UAV formation in [5, 6],
the distributed relative localization method and the distance-based formation control scheme were also
proposed. Therefore, further research into UAV formation is necessary, as it represents an important
topic.

During the actual flight of the UAVs, due to their numerous sensors and complex system components,
the actuator faults are prone to occur [7]. For a single UAV, the potential faults can directly lead to a
decrease of the system performance or even to a crash. For a UAV formation system, the occurrence of
single or multiple actuator faults can affect the communication links between the formation members,
compromising the overall performance of the formation system [8]. Therefore, the research is essential
for the fault-tolerant control techniques. Currently, there are many excellent research achievements in

* Corresponding author (email: chenmou@nuaa.edu.cn)

(© Science China Press 2024 info.scichina.com  link.springer.com


http://crossmark.crossref.org/dialog/?doi=10.1007/s11432-023-4099-x&domain=pdf&date_stamp=2024-7-25
https://doi.org/10.1007/s11432-023-4099-x
info.scichina.com
link.springer.com

Yuan R, et al. Sci China Inf Sci  August 2024, Vol. 67, Iss. 8, 180205:2

this area [9-12]. For example, based on the individual fault values provided by the fault observers, a
fault-tolerant formation control technique was presented in [9]. In [10], a multi-agent cooperative tracking
control scheme with an adaptive switching mechanism was proposed by utilizing a fault observer. In [11],
the H, fault observer was utilized to concurrently estimate sensor and actuator faults, a fault-tolerant
control law was subsequently designed. In light of the preceding analysis, the utilization of active fault-
tolerant control techniques centered on fault observers has proven to be an effective method of addressing
the issues related to faults. Nevertheless, it is worth noting that the literature referenced earlier did not
specifically tackle the matter of fault detection. Furthermore, the introduction of fault observers can
increase the computational and communication resources burden on the entire UAV formation system.
Therefore, there is a need for further research to address these issues.

As widely recognized, the efficient communication links are the necessary condition for the UAV forma-
tion systems to accomplish collaborative tasks [13]. For the UAV formation systems, the communication
between UAVs is essential to prevent collisions within the formation. However, the generation of flight
control signals relies on periodically sampled updates of the state information, leading to the generation of
a significant amount of redundant data. For this problem, the event-triggered technology is an effective
technical approach, it distinguishes itself from conventional periodic updates by setting the threshold
values for the event-triggered mechanism to minimize the amount of data transferred [14,15]. Hence,
it is widely employed as an effective means to alleviate communication pressure. In [16], an observer-
based resilient event-triggered mechanism was developed to counter DoS attacks. An event-triggered
mechanism was designed to alleviate the computing burden of the model predictive formation control by
considering the state prediction errors in [17]. In [18], based on the measurement errors of control signals,
an event-triggered controller was presented to decrease the consumption of telecommunication resources.
Building upon the aforementioned work, this paper considers the integration of an event-triggered tech-
nology into the design of fault observers for the UAV formation systems, thereby indirectly reducing the
communication load. As far as the author knows, this approach is relatively less explored in existing
research.

In addition to actuator faults, the internal collisions within UAV formation and the external distur-
bances are also challenges in formation control. To prevent internal collisions in UAV formation, two main
approaches are utilized: the optimization-based methods [19] and the artificial potential fields [20]. But
both methods have some limitations: the optimization-based methods can be computationally complex
and challenging to implement [21], while the artificial potential field methods may have reduced effi-
ciency in complex environments [22]. Recently, other approaches have been proposed in recent research.
In [23,24], the prescribed performance control (PPC) method was employed to address internal collisions.
The PPC method is generally used to constrain tracking errors within predefined bounds [25, 26]. For
instance, in [27], the PPC method was employed to converge tracking errors for uncertain systems within
predetermined bounds. Similarly, the PPC technique was used to restrict the position for ships in [28].
However, when external disturbances are present, the achievement of the prescribed performance can
be challenging. Therefore, the external disturbances are significant factors that cannot be ignored in
UAV formation. These disturbances are typically caused by the factors such as winds and turbulence,
and they can be considered as attenuating disturbances. H., control is an effective approach for atten-
uating energy bounded disturbances [29,30]. However, the existing Ho, control technique is the fragile
controller, which is sensitive to small changes of the parameters. In other words, the implementation
of the controller is often affected by multiple physical factors and parameter perturbations, which can
impact the properties of the UAV formation system. Therefore, in the context, a dual control framework
that incorporates a prescribed performance technique and the H., control is utilized to address both the
internal collision avoidance and the external disturbance rejection, the noteworthy point being related to
the resilient controller which is devised to increase the non-fragility of the UAV formation system.

Inspired by the aforementioned research, this paper addresses the issues of internal collisions, actuator
faults and external disturbances for fixed-wing UAV formation systems. Combining PPC and H, control
techniques, the fault-tolerant cooperative collision avoidance and the resilient control schemes are devel-
oped on the basis of the dynamic event-triggered (DET) fault observers. The principal contributions are
outlined as follows.

(i) Considering the limitations of the computational and communication resources, this paper incor-
porates the event-triggered mechanisms into the design of fault observers.

(ii) To avoid internal collisions and deal with external disturbances, the control constraints based on
the prescribed performance function and H,, performance index are introduced in this paper to ensure
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the safety of UAV formation flight.

(iii) In contrast to prior literature, this work addresses the issues of controller and observer gain pertur-
bations in UAV formation. Meanwhile, the resilient controller is developed with the aim of strengthening
the robustness and reducing the vulnerability of the system.

The subsequent sections are organized as the following. Section 2 introduces the fundamental back-
ground information and outlines the problem description. The design procedure of the cooperative
fault-tolerant controller is developed in Section 3, including the comprehensive discussion of the fault
detection mechanism, the event-triggered fault observer, and the formation controller design. Section 4
presents the primary findings of this paper in theorem format, accompanied by proofs for the pertinent
design contents introduced in Section 3. Then, the validity of the development control approach is fur-
ther substantiated through the simulation results in Section 5. Lastly, Section 6 provides the research
conclusion in this paper.

Notations. In this paper, ¢ denotes continuous time. For a matrix of the form [2 (j, * denotes the

transposed one, i.e., BT. ® represents the Kronecker product. I,, stands for the identity matrix with n
dimensions. 0, xm signifies a square matrix where all of its elements are zero. 0, stands for the vector
with all the elements being 0. diag{/3} indicates the diagonal matrix consisting of the elements from the
vector f3.

2 Problem statement and preparatory knowledge

2.1 Concepts of graph theory

In this paper, the UAV formation consisting of N'+ 1 UAVs, where one UAV acts as the leader and
provides reference trajectories for the other N following UAVs. A complete UAV formation requires the
UAVs to maintain a safe distance between each other to prevent collisions. Thus, the goal of this paper
is to ensure that each UAV can stably track its respective desired trajectory while meeting predefined
performance requirements for tracking errors. Furthermore, to maintain the formation shape and meet
mission requirements, the communication among the UAVs is necessary. Therefore, the information
exchange between UAVs can be described using a directed graph [31].

On the basis of the fundamental principles of graph theory, the adjacency matrix [ci;](art1)x (A +1)
(i,j = 0,...,N) is introduced to describe the interaction among the UAVs. In this matrix, ¢;; = 1
represents a strong communication link between the ith and jth UAVs, while ¢;; = 0 indicates that there
is no communication between the two UAVs. Additionally, H = D — [¢;j]axar is the Laplacian matrix,

where D = diag{Zé\il Cljs- - Zé\; cnrjtis the degree matrix.

2.2 Model presentation and problem description

The kinematic model of a fixed-wing UAV is usually stated by the following forms [32]:

where @g(£), @yi(f) and w@.;(f) are the positional components of ith UAV, v;(¢) > 0 stands for the
velocity, and cos (i (€) # 0). p;(¢) and @i(¢) are the flight path angles, representing the inclination angle

and the azimuth angle, respectively; a,i(¢), ayi(¢) and a;(¢) denote the accelerated velocities, while the
acceleration of gravity is denoted by g. Moreover, i =1,..., N
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Figure 1 (Color online) Diagram of the trajectory tracking control scheme for UAV formation.

One can be defined as @;({) = [w,;(£) w,i(f) w.:(f)]T. Invoking (1) and (2), the second derivative of

w@;(f) can be written as [32]

@i(l) = Oi(0)si(0) +10 0 —g]", (3)
cos i (£) cos cpz(:) —sin ; () — sin p; (€) cos @; (lj)

O;(0) = | cos s (£) sin i (€) cosp;(€) —sin pi(£) sin py(4) |
sin p; (€) 0 cos f1;(£)

where ¢;(£) = [azi(€) ayi(€) a.;(€)]T indicates the control input vector for each UAV.

The following variables are defined as @;(¢) = ¢;({), Z;({) = [w] (£) ¢} (0)]" and u;(£) = O;(€)s; (£) +
[0 0 —g]T. Considering the influence of faults and disturbances on the system, then, Eq. (3) can be
rephrased as

Ei(0) = A=) + P wi(0) + di(0)], (4)
where A = [(3x3 0 ] 9 = ["x3] d;({) represents the bounded disturbances for the ith UAV. u;(¢) is

03x3 O3x3l’ I3
the control input with the actuator faults, which is presented as ;(£) = (1 — 0)u;(f) + uqi(f), where
d € [0,1] denotes the failure fault multiplicity factor, & = 0 indicates that no fault occurs, and wg;(¢)
indicates the addictive faults [33]. Defining f;(f) = fﬁul( () + uqi(f) to denote the total actuator faults,
then (4) is rewritten as

: =i (e ) A=, (¢ )+‘B[Uz( )Jrfz(E) +dz(g):| (5)

The state vector for the leader UAV is represented by Zo(f), where Zo(f) = [w] (f) ¢f (¢)]T and
@0(f) = qo(f), serving as the basis for the reference flight path. And the reference state of the ith
follower UAV is given by Z¢(¢) = Z¢(f) + ;, where the vector 7; = [ty 0]T and ¢,; denotes the reference
position trajectory of the ith UAV in respect to the leader UAV. Then leading to the tracking error
for the ith follower UAV being expressed as h;(f) = Z;(f) — Z4(¢). The block diagram illustrating the
proposed control scheme in this paper can be found in Figure 1.

( 1([) )a
©;(f) = arctan( wwgg) Theliefore, if the state Z;(£) = [ (E) q; (E)]T in system (5 2 is ffectiYely con-
trolled, then the airspeed v;(£), the attitude angles y;(¢), and ; (£) associated with q;(¢) = [c74:({) o, (f)

@.:(0)]" can be controllable.

Remark 1. According to (1), one can get that v; (£ \/ w2 J(0) + @2, (0), pi(£) =arcsin( 2=

Some of the assumptions and definitions necessary to allow for subsequent controller design are listed
below.
Assumption 1 ([34]). The network environment for the UAV formation is assumed to be consistently
ideal, and a minimum of one directional connection path connects the leader UAV to each follower UAV.
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Assumption 2 ([35]). The derivative of the total actuator fault f(£) is bounded, which means the
existence of a positive constant f that the inequality || f(£)|| < f can be maintained.

Assumption 3 ([30]). d(¢) is the energy bounded external disturbance, i.e., ||d(¢)|| < d, d > 0. The
external disturbance d(¢) in UAVs is often generated by the factors, such as the wind disturbances or the
turbulences, so the assumption is reasonable that the external disturbance d(f) is energy bounded.
Definition 1 ([24]). For a UAV leader-following formation system comprising one leader UAV and N
follower UAVs, the desired safe flight formation can be obtained only when the following constraints are
met

Jim 20— fao(z)} =0, (6)
i () — @ (0)|| = ds,i,j € {1,...,N}, (7)

where ds; > 0 denotes the minimum safety range between any two UAVs within the formation.
Definition 2 ([23]). The prescribed performance function pi(€) = [pt(0) — pt(00)]e~"* + pi(c0) (v =
1,...,6) is strictly decreasing, smooth and positive. Furthermore, the function meets the condition of
limy o0 p4(€) = pt(c0), where I} > 0 is a positive scalar and pi(co) > 0.

Lemma 1 ([36]). For two given matrices W and M, the matrix function F () satisfying T (¢)F(¢) < I,
for all constants with x > 0, it follows that

WFOM +WErFYOMT <sWW?h + x'MTM. (8)

3 Cooperative resilient controller design

3.1 Error constraints of prescribed performance function

To prevent collisions among the UAVs and to assure the tracking errors satisfing performance require-
ments, the PPC technique is incorporated into the controller design. In this subsection, the performance
functions are used to define a bounded region for the trajectory tracking errors. Then, the error trans-
formation is carried out to obtain the dynamic information about the transformed error.

The tracking error is constrained using a predetermined performance function, i.e.,

p,(€) < hi(€) < pi(0), (9)

where pT'(€) = [(=M}p})™ -+ (=MPFp$)T)), and pf () = [(M}p})T -+ (MPp$)T)] with the scalars M >
0(=1,...,6).

Based on the requirement for the safe distance between UAVs, the prescribed performance function
must adhere to the inequality [23]

Let ri(¢) = ) , then —M; < r;(¢) < M;, where M;" = [(MNT --. (MP)"]. Moreover, the trans-

pf(
formed error £4(¢) can be represented as follows [37]:
_ 1 Mt L
(D) =5 <L()> (11)

According to (11), the first derivative of £/(£) can be written as

=D~ =40 + (D)~ p,0)] > do. (10)

£4(0) = S| iel0) + om0, (12)

s PR () _
where the scalar S} = A= (T (e)) TR0) > 0, and from Definition 2, we have o} = o D) > 0. Further

more, one has

&i(0) = S [ﬁi(e‘) n oiﬁi(f)} , (13)
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where the matrices S; and o; are S; = diag{S},...,S¢} and o; = diag{o},...,0¢}. In light of the
equality (13), it yields that

() =S [ﬁ(@) + ah(e’)} : (14)
where eT(0) = [T(2) --- ex(0)], AT (0) = KT (€) --- KL (0)], S = diag{S1,...,Sx}, and 0 = diag{o1,.. .,
oN}-

3.2 Resilient fault observer design

During the real-flight formation, it is common for each UAV to potentially experience actuator faults,
particularly additive ones. For instance, when there is a malfunction in the aileron control of UAVs,
it can generate an additional roll torque. Consequently, if a UAV experiences an actuator fault, it will
directly influence the flight attitude and trajectory of the individual UAV, thereby compromising the
safe flight of the entire UAV formation system. To address this issue, a comprehensive fault mitigation
scheme consisting of both a fault detection mechanism and a fault observer is introduced in this section.

To begin, for the purpose of detecting potential actuator faults, where X; (¢) represents the estimate
of Z;(£), a fault detection observer is formulated as follows:

Xi(0) = AXy(0) + Pus(0) + T[Z:(0) — Xo(0)), (15)
where I' is a positive definite matrix. - o
Defining the observation error as z;(£) = Z;(¢) — X;(£), one can obtain

£(0) = Azi(€) + P fi(0) + Pd;(0) — Tzi(0). (16)

Next, the observation error z;(f) will be analyzed under both the fault-free and the faulty conditions
to select appropriate thresholds ; for determining if the actuator faults exist.

By selecting the Lyapunov function as v;(¢) = +2I(¢)z;(f); then, according to (16), one has

(0 = L OUO +FHO + PO -T0]
< (A= DD + GBI + 1RO

= [“Amin(A = D)z @) + d|BI + L ONBI =i (D). (17)
According to (17), if there is no fault occurrence, i.e., f;(£) = 0, the observation error satisfies the
inequality | z;(0)|| > % while Apin(A —T) > 0 and () < 0 hold. Then, setting the initial
condition as Z;(0) = é( 0), the following inequality is given by
;|||

l[z:(O)] < Mm(A—T) (18)

Otherwise, if fi({) # 0, drawing from the examination of the observation error under identical initial

conditions, one can get that the observation error z;(¢) satisfies ||z;(£)|| < W

Therefore, one can conclude that the observation error will exceed the maximum value when the faults

occur, in contrast to the case without faults. Therefore, the threshold condition can be established for
di || B

Amin (A=T") [ B

exist, the error of the fault detection observer (16) satisfies the inequality ||z (¢)]| > 7.

min

determining the presence of actuator faults as v; = 35]. Overall, when an actuator fault does

Remark 2. It is important to emphasize that the inequality ||z;(£)| > 7; is a sufficient condition for
the occurrence of the faults and not a sufficiently necessary condition, i.e., the faults must occur when
l|z:(€)|| > ~: holds, and not vice versa. The observation errors due to faults are considered tolerable when
they satisfy the inequality ||z;(€)| < 7.

Next, an event-triggered resilient fault observer will be formulated. When the presence of an actuator
fault is detected, it becomes necessary to estimate the actuator fault. In this context, we will develop
a fault observer utilizing the event-triggered technique. In the design of the fault observer, an auxiliary
variable &;(¢) is introduced as follows [35]:

fill) = &(0) + GiEi(0), (19)
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where G; denotes a positive definite gain matrix. Combining (5) and (19), one obtains the following form:
&(0) = fi(f) = Gi[AZ:(0) + Pui(0) + B fi(0) + Pds (0)]. (20)

Define & (7), Z;(f), and f;(f) as the estimations of & (), Z;(f), and f;(f), respectively. The event-
triggered fault observer is designed as follows:

=:(0) = AZ(0) + Pu(0) + B0 + L= ()
§(0) = —Gi[AZi(0) + Pui(D)] = GFl&(D) + GZi(D),

fil) = &(0) + Gi=i(0), (21)

where Z; = I; + AZ; is a positive definite gain matrix, Z; is a designed constant matrix, AZ; =

Wz Fr;(€)Mz; is the gain perturbation, and =} (f) represents the aspect related to Z;(f) in the event-
triggered mechanism.

Remark 3. The implementation of the fault observer takes into account the possibility of parameter
perturbations during the actual operation of the system. Therefore, in the development of the fault
observer (21), the impact of observer gain perturbations denoted as AZ; is considered to reduce the

vulnerability of the system.
The error variables are defined as Z;(f) = Z;(f) — Z;(0), Zx(0) = Z(0) — Z5(0), &(0) = &(0) — &(D),

and f;(0) = fi(0) — fi(?). Based on (21), the first derivative of the error variables are

AZ(0) +BE(0) + BGE(E) + Bdy(£) — TiZi(0) — TEL (D),
&i(0) = fi(f) — Gi[AZi(€) +BE(0) + PBGEi(0) + Bdi(0)]

fill) = &(0) + Gisi(0). (22)

i(0)

1- [I]l-

In particular, the following event-triggered mechanism is formulated to reduce the computation and
minimize the usage of communication resources:

Ei(0) =E"(le), L € [lny Luta], (23)
Coyr = inf {00 > 0, + 0|2 Y (OILEL (€) > 02X (OILE;(0)},

where 7; € [0,1] is an adjustable parameter, II; is a positive matrix to be selected, {,. and (,.;1 denote
the xth and the (k + 1)th triggered instants. Also, ¢y is a slightly larger value than the sampling period
to avoid the occurrence of the Zeno phenomenon.

Remark 4. Based on (21), it is evident that the update of the state Z;(f) is accomplished through the
variable =¥ (). Thus, the fault observer based on the event-triggered mechanism can activate the system
response when necessary, but the traditional fault observer operates at a fixed time interval, which leads to
the inefficient utilization of computing resources. Instead, the event-triggered fault observer in this paper
can help reduce communication overhead by preventing the system from continuously transmitting data
at fixed intervals. Therefore, this approach can reduce the computational load and lower the consumption
of communication resources.

Continuing, if all the UAVs (N units) are equipped with an event-triggered fault observer as the one
designed above, then Eq. (22) can be reformulated as follows:

=(6) = AZ(8) + PE(0) + PEE(D) + Pd(0) - T=(0) - T=7 (D),
£(0) = f(0) — G[AZ(0) +BEW) + PCE(0) + Pd(0)],
F(8) = £(0) + G=(0), (24)

where ZT(0) = [éf 0) - ER0), E50) = X @) - L] =T = BT - EF O 1) =
L@ - FR@O fT(0) = [ FE) - FA(O] dT(€) = [df (€) -~ di(0)], U () = [UlT(E_) - up (D), A=
INn® AP =1y, I=dag{l,...,Iv}, G = diag{G1,...,Gn}.
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3.3 Development of cooperative resilient control systems

This study also strives to design resilient controllers that guarantee the UAV formation can achieve a
predetermined tracking performance, which can be designed as

ui() = ~KicinSiei(0) szp”[ ()= ei(D)] = @), i =1, N, (25)

where the matrices K; and Ky serve as the controller gains to ensure that the follovgerﬁUA\{s are abAle to
accurately track the reference state and remain collaborative with each other. Here, f;(£) = &;(¢)+Z;=;(¢)
signifies the estimation of the fault f;(¢).

Remark 5. In the actual physical environment, the controller hardware is also affected by a variety
of physical factors leading to the actual controller gain perturbations, which will directly affect the
performance of the system [38]. Therefore, the resilient controllers need to be designed to reduce the
sensibility of the system for the control gain perturbations.

Building upon the analysis presented above, the actual controller is rephrased as
’U,Z(E) = —IcchQS Ez ICQ ZCU |: — J(Z):| — fl(g), i,j = 17 . ,N, (26)

where Kt = Kt + AKt, and the perturbation is represented as AKt = W, F, (£)M,. The matrices W, and
M, are constant matrices with suitable dimensions, and F) () is a bounded unknown real matrix function

with Lebesgue measurable elements that satisfies F, (E_)TFL (0) < I, where 1 = 1,2.

The trajectory tracking error is defined as h;(¢) = Z;(¢) — Z¢(¢). Computing the time derivative, one
has

hi(0) = AZ;(0) + Pui(0) + B f:(0) + Bdi (0) — Z(D). (27)

Substituting the controller (26) into (27), one can obtain

hall) = AR(0) + 9 | ~KicioSies(l /czzcw [e0) — 50| + B0 +Bdi(D.  (28)

Utilizing the Kronecker product techniques, the first-order derivatives for all errors of the UAV forma-
tion closed-loop system with prescribed performance can be described as follows:

( ): AR(C) — (C + H)Se(0) + PE(0) + PGE(L) + Pd(0),
SWQ+MU}

where hT(0) = [T (0) --- hY(0)], C = C @ BK1, H = H @ PKo.

4 Main results

Two cases are considered below.

Case 1. When f(f) = 0 and d(f) = 0, the entire system is asymptotically stable, and the UAV
formation errors satisfy the following conditions:

lim [Ei(é_) - EO(Z)} =0, (30)
—+0o0
i () — @ (0)|| = ds, i,j €{1,...,N}, (31)

where ds denotes the minimum safety distance between any two UAVs.
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Case 2. When f(£) # 0 and d(£) # 0, the system satisfies the Ho, performance as follows:
| w0 - @@ <o, 32
0

where UT(€) = [n7(¢) (Se(£)™ ET(2) £7() ET ()], ¢(0) = [fT(¢) d*(0)], and ¢ > 0 is the index of
H, performance.

Remark 6. In order to statement the control algorithm in this paper, two typical scenarios of UAV
formation system are considered. Only the effect of constant faults ( f (£) =0, d(f) = 0) is considered in
Case 1, while the combined effect of time-varying faults and external disturbances (f(€) # 0, d(f) # 0) is
con51dered in Case 2, which corresponds to simple and complex system performance affecting conditions,
respectively. And the rest of the cases is not considered for the time being, but the analysis methods are
similar to the analysis methods in the above two cases.

Then, the stability analysis on the basis of the Lyapunov theory is presented in the form of the theorems.

The following theorems provide a theoretical proof of the stability and ensure that the system can meet
the properties requirements for the two above cases mentioned.
Theorem 1. When the fault variation is slow and there are no external disturbances (i.e., f (0) =0,
d(?) = 0), and the given scalars such as the event-triggered mechanism parameter 7; > 0, the safe inter-
UAV distance ds > 0, the positive definite gain matrices for fault observers G;, combined with controller
gains K7 and Ko, as well as the state observer gains Z;, should there be positive definite matrices Py, Ra,
and II; that meet the following matrix inequalities, the constructed controller using the event-triggered
fault observer can attain the asymptotic stability of the UAV formation tracking system and manifest
the desired formation:

Ny Ny Nyz3 Ry 0
* Moy Noz Nog 0
N = * * N33 N34 N35 < 0, (33)

* * *N440

* k% ok ox —II

Ryp = R A+ ATR, Ry = RC+ RH + R A+ Ryl
Nog = Ry (C+H) + (CT +HT)R1, Niz = Noz = RPG, Nyy = Noy = RyB,
N3z = Ry (A + PG —I) + (A+ PG - I)"R + 111,
oy = TP — (A + PG TG Ry, Ngs — T 7,
it = BoGF + (GF) o
Proof. The Lyapunov function V (£) can be selected as follows:
V(0) = BT (ORn(0) + " (ORae (@) + ET(OFED) + €T (ORE(D), (39)

where Si%l = Iy @M and Ry = Iy ® Ry with Ry and R, being positively definite matrices. Calculating
the V(¢) first-order derivative in (34) yields

V(&) = 20T (0% [ AR(D) — (C+ H)Se(D) + PE(D) + PGE(?) + (D)
+2:T (RS AR(T) — (C + H)Se(T) + PE(D) + PCE(D) + Pd(D) + oh(D)]
+ P(l) - T2(7) - T2 (7)]

(D) + PE(D) + BCE(@) +Pd(D)] . (35)

+2E ()% [A2(D) + PE(D) + PCE(D)
+2ET(ORs [ £(0) - G1A

[I]z

According to the analysis in [23], one can obtain that S = diag{Sl, oS N} is a positively diagonal
matrix, and then o < [, where o = diag{al, . .,UN}, l= diag{ll, . .,ZN}, o; = diag{ail, . .,a?}, and
li= diaug{lil7 cee Z?}. In addition, considering the event-triggered mechanism defined in (23), one has

[1]:

TOUE (D) < nET(ONE(E), (36)
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where II = diag{Hl, e ,HN}, n= diag{m, e ,nN}.
Then substituting f(£) = 0 and d(f) = 0 into (35), it is obvious that

V(D) < BT (ORG(0), (37)

where N is represented by the matrix in (33).
According to X < 0 in inequality (37), since V(f) < 0, the entire system in (29) is asymptotically stable.

Therefore, one has lim;_,  e(f) = 0 and lim;_, , ., Se(¢) = 0. Based on (11), one has lim;_, , . (/) = 0,
i.e., the formation tracking errors satisfy the constraints of the prescribed performance function, thus the

following inequality is established:

2,(0) = p,(0) < i) — 1y (D) < pil0) — s D). (38)

In combination with inequalities (10) and (38), one obtain

1E:0) — 250 > [E4D) ~ =50 + p, (@) — p,(0)] > ds. (39)

Based on the above analysis, Theorem 2 is given for the cases that the fault satisfies f # 0 and the

external disturbance satisfies d(¢) # 0:

Theorem 2. When actuator faults exist, with f # 0, and the external disturbance is present with
d(f) # 0, and the given specific scalars such as the event-triggered mechanism parameter 7 > 0 and
the safe inter-UAV distance ds > 0, along with the positive definite gain matrices for fault observers
G;, combined with controller gains Iy and Ko, as well as the state observer gains Z;. Supposing that
the existence of Ry, Re, and II; can make the following matrix inequalities hold, the controller designed
based on the event-triggered fault observer can ensure that the UAV formation tracking system satisfies

the Ho performance criterion (32). Then, one has

Ny; O 0 0 O
x Noo 0 0 O
x % N33 0 0

* % &44 0

¥ ok ok *&550

ZI
I
*

<0, (40)

* x % % x Ngg O

******&77

where the &11, e ,&77 are defined as follows:

(R A+ ATR + T Ri(C+H) Co (UPW1) He (BEW1) Rl Rl Ry RP]
* -1 0 0 0 0 O 0
* * -1 0 0 0 O 0
- * * * —TI 0 0 0 0
Nyp = N " * * -I 0 0 0 |’
* * * * * —I 0 0
1
* * * * * * —51 0
i * * * * * * * -1 i
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[R(C+H)+ (C+H) ™R+ 1 Co (RPWL) H (RPWL) Co MF Ho MF Ry RSP
* -1 0 0 0 0 0
* * -1 0 0 0
oz — ‘ ' * T
* * * * —51 0 0
1
——1I 0
* * * * * 2
i * * * * * * -1 i
(R (A+PE+ L)+ (A+BG+ L)% WW, My R Rl "W, G A+PBG]
* ~wi'tr 00 0 0 0 0
* * —wid 0 0 0 0 0
B * * * ,l[ 0 0 0 0
Rg3 = 2 :
* * * * -1 0 0 0
* * * * * —w2_1] 0 0
1
S )
* * * * * * 2
i * * * * * * * -1 ]
RGP + (GP) ™Ry P Ry M|
_ T
i . L 0 ) I-11 I M;
Nyy = 3 , N5 = x* =1 0 |,
*k * —I 0
* *  —Wo
* * * —=1
_ —?I T —0*I P
Ngg = , Nyp = 1 |-
* = x*  —=T
L 4

Proof. Combining (35) with the Ho, performance criterion (32), we can establish the following form:

V() +B(OTB(E) — 0*¢(0)T¢(0) < TTORD(E), (41)

where BT (£) = [T (0) (Se(0))T 2T(0) €7(¢) =*T(0) fT(0) d*(£)] and N is expressed as (40).
IfC=C®PK1, H = C®€)3/C2, C=C+C®PAK:, H=H +H @ PAK,; then, by using Lemma 1,
one obtains

hT( )[9’% C+H)+ (C" +H")R1]Se(0)
T(O)[R(C+ ’H (C+H)"R1]n(0) + (Se(0))" Se(0) + AT (£)[C @ (FuPW1)[C @ (R1PBW1)] ] R(€)
( e(0)T[(C® M) (C @ My)|Se(l) + BT (0) [H @ (RuPW2)[H @ (R FW2)]" | h(f)

+(Se(0)" [(H ® M2)" (H ® Ma)] Se(0). (42)

Similarly, the following form is obtained:

(C+H) (CT + H)R, + 1] Se(0)
Ri(C+H)+ (CT+H"R, + 1]Se(0)

yTlce %1‘13W1 [C® (RPW)]" + (C@ Mi)T(C® My)|Se(l)

Ss )T H @ (RiBW2)[H @ (RiBW2)] + (H @ Ma)" (H ® Ms)| Se(0). (43)

(S( )" [
)T[
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Let 7.' = [: + A[:, [’: = Qiag{l'l,.. I_/\[}, Aﬁ = WIFI( )MI, W = diag{WIl,...,WIN}, FI(Z) =
diag{Fz1(¢), ..., Fzanr(0)}, M = diag{ Mz, ..., Mz}, and the corresponding inequality can be obtained
for the term about Z as follows:

=T [%(/IJrfBG‘—f) (At méff)TS—%JrnHJrI}é(E)
_l’_

0
()| (A +BE) + (4
)

[I]z

G)T Ry + Il + 1} () +E7(0) [s)?{j + TR | 2(0), (44)

[I]x

(R + IR (1)

T

[I]z
[I]l

(
T ( 0

(0) [9%155%1} 2(0) + BT () () + w2 ()R WeWER Z(0) + wy 'E¥T () ME MzE* (7). (45)

All the other terms in the inequality (41) can be treated in the same way as the inequalities (42)-(45).
Ultimately, the following form can be described by

V() +B(OTB(E) — 0*¢(6)T¢(€) < TT(ORO(D). (46)

Therefore, when the matrix inequality (40) holds, the UAV formation system can meet the H., per-
formance requirements, namely the Theorem 2 is proven. Moreover, the following Theorem 3 is given.
Theorem 3. If there exist positively definite matrices i1, 532 and I1;, along with the constant matrices
O1, O2, and Os of suitable dimensions so as to satisfy the following linear matrix inequality (LMI), we
have

Njy 0 0 0 0 0 0

* Roy 0 0 0 0 O

* % Vg3 0 0 0 0
N=|% * x RNy 0 0 0/|<0, (47)

0

where

Ny =Ry, Nj[12] =C® 01 +H ® Os,

Ngo = Rop, Ny1[11] =C® (01 + OF) + H ® (02 + OF) + 1,
Nag = Rag, Na3[11] = Ry (A + PG + (A +PG)TR, + O3 + OF
Na3[15] = O3,

and the symbol &[z j] represents the element located in the ith row and jth column of the matrix N.

As aresult, the UAV formation described in (4) can achieve Ho, performance and tracking performance
under the constraints of the prescribed performance function. Furthermore, the gains of the controller
and observer can be computed by the following form:

=PTR101, Ko =PBTR 102, T =0R,"0s. (48)

Proof. Defining R BK; = O1, R PKy = Oz, R Z = Os, by substituting these variables into inequality
(40), it becomes evident that the inequality (47) holds trivially.

Remark 7. Theorems 1 and 2 can prove the rationality of the proposed control algorithm for Cases 1
and 2, respectively. For Theorem 3, the aim is to give the solutions of the control gain matrices and the
fault observer gain matrix in the control law.

Remark 8. For the UAV formation system in actual operation, the problems of the limited commu-
nication computing power, the actuator fault and the structural parameter changes caused by long time
operation are comprehensive. Therefore, in order to improve the formation system safety, it is necessary
to consider the above problems in the design of the formation control scheme. However, the design of the
control scheme under the integrated problems needs to propose the coupling solution technique between
the problems. Through comparative analysis, the key differences between the proposed control scheme
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Figure 2 (Color online) Communication topology diagram for the UAV formation.

and the existing ones lie in the comprehensive integration of these excellent features into a unified frame-
work for the UAV formation system. While some existing controllers may address individual aspects such
as the fault tolerance or the event-triggered control, the contribution of this paper lies in the synthesis of
these disparate elements into an efficient control strategy. Thus the proposed method in this paper has
the ability to deal with the integrated problems existing in the UAV formation system.

5 Simulation analysis

The cooperative collision avoidance fault-tolerant formation control scheme based on the event-triggered
fault observer developed in this paper is utilized in a fixed-wing UAV formation system, and the simulation
results are also shown to statement the feasibility of the scheme.

In the simulation, the fixed-wing UAV formation is composed of a leader UAV and four follower UAVs,
the communication topology is shown in Figure 2. The corresponding matrix is C = diag{1, 1,0, 1}, while
the adjacency matrix C, and the Laplacian matrix H are chosen respectively.

0001 3 0 0 -1

1010 -1 2 -1 0
Co= , H=

1101 -1-1 2 -1

1110 -1 -1-1 2

According to the design in the above sections, the corresponding parameters and gain matrices have
been selected and computed. Firstly, the gain matrix I' of the fault detection observer (15) is selected as
I' = diag{5,5,5,5,5,5}. We set the index of H., performance as o = 0.4. Then, the gain matrix G; in
the event-triggered fault observer is chosen as follows:

0000.15 —0.15 —0.08
Gi=1000008 028 —030|,i=1,...,4
0000.20 —0.15 0.01

Selecting the adjustable parameters of the event triggering mechanism to be n; = 0.5, Il; = Ig,i =
1,...,4, while /5 = 0.025 is a constant slightly larger than the sampling period 7' = 0.02 s. One
chooses that the parameters related to the fault observer gain perturbation AZ; and the controller gain

perturbations AK; and AKy as Wr,=Mz; = Ig, Fr;({) = F1(€) = F5(¢) = sin(¢), Wy = Wa = I,

08 0 0000
My=M;=1|0 06 00000
0 0040000
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Figure 3 (Color online) Three-dimensional trajectory tracking curves for UAV formation.

Then, the gain matix Z; and the controller gains Iy, s can be computed based on Theorem 3. Finally,
based on the above selected parameters, and the designed controller according to (26) is shown as follows:

uz(g) = —IalciOSiei(Z) — ICQ Zcijsi [Ez(g) — E](Z):| — fl(g), i,j = 17 RN 4. (49)

To demonstrate the superiority of the proposed method, a traditional H., controller is given. The
following structure of the traditional Hs, controller [39] is used for the comparison simulations:

4
u;(0) = —Kiciohi(€) — Ko Zcij [ﬁl(i) —hi(0)|, i,5=1,....4, (50)
j=1

where the H,, performance as [;°[(€)"h(f) — 0*¢(¢)*¢(¢)]df < 0. By comparing the controller (49)
designed in this paper with the traditional controller (50), it can be seen that the traditional controller
(50) lacks the compensation function of parameter perturbation, the fault observation and the error
performance limitation. Next, the designed controller (49) and the traditional controller (50) are applied
to the control of the formation system under the same simulation conditionsthe, the numerical simulation
results are shown in Figures 3—6. Under the proposed method, the simulation results are shown in Fig-
ure 3, the leader UAV (UAVO0) and the follower UAVs (UAV1, UAV2, UAV3 and UAV4) form a formation
of UAVs precisely following the desired trajectory in a spiral upward motion.

In the four subplots of Figure 4, the first three plots are plotted in the z-y, y-z and z-z planes using
the position coordinates of the UAVs based on the proposed method, respectively, and the fourth subplot
shows the trajectory tracking error curves of the UAVs that are controlled with the proposed controller.
It can be seen that the proposed method can effectively control the UAV formation, and the formation
error only occurs in a small range and is close to zero for about 3.6 s. By comparing the simulation
results in Figures 4 and 5, it can be found that the control performance of the traditional controller is
worse than that of the controller proposed in this paper under the absence of the fault observer and the
error performance constraints. According to Figure 5, the last subplot shows the formation error, and it
can be noticed that it never converges to zero and always has a large value.

Combining Figures 3 and 4, the tracking errors of the composed UAV formation under the proposed
method are convergent, and the appropriate safety distances are maintained between individual UAVs
under conditions of gain perturbations, but the traditional H., control cannot fulfill this requirement
form Figure 5. In order to demonstrate the superiority of the proposed method more intuitively, Figure 6
shows the absolute value average error and the absolute value error maximum of the four follower UAVs
obtained by using the two methods, in which the purple and blue bars are the absolute value average
errors of the proposed method and the traditional H,, method, and the green and red bars are the
absolute value error maximums of the proposed method and the traditional H., method, which shows
that the absolute value average error and the absolute value error maximum of the proposed method
are significantly lower than that of the traditional H,, method, and thus the proposed method is more
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Figure 4 (Color online) Position response and tracking error curves of follower UAVs for the proposed method. The tracking
trajectories from view of (a) z-y plane, (b) y-z plane, and (c) z-z plane. (d) The tracking errors of UAVs.
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Figure 5 (Color online) Position response and tracking error curves of follower UAVs for the traditional H., controller. The
tracking trajectories from view of (a) z-y plane, (b) y-z plane, and (c) z-z plane. (d) The tracking errors of UAVs.
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Figure 6 (Color online) Absolute value average error and absolute value error maximum of follower UAVs.
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(Color online) UAV formation trajectory tracking error curves under prescribed performance function constraints.

superior. In Figure 7, the tracking errors of the UAV formation are confined to the bounded domain
specified by the prescribed performance function, so the desired control objectives are achieved. The
actuator faults are accurately estimated by the designed DET fault observer in Figure 8, this can prove
its viability. It should be noted that the resilient controller designed based on the proposed control scheme
successfully attenuates the sensitivity of the system for the controller gain perturbations and the fault
observer gain perturbations. However, when the same gain perturbations are introduced to the general
controller, a direct divergence of the system appears.

Therefore, on the basis of the comparative simulation results, the proposed DET fault observer-based
UAYV formation cooperative collision avoidance trajectory tracking scheme can effectively deal with the
execution of the actuator faults and prevent the occurrence of internal collision, which can ensure the
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Figure 8 (Color online) Actuator fault estimation curves for UAV formation. The estimation results of fault (a) f1(¢), (b) f2(£),
(c) f3(€), and (d) fa(2).

safety of formation flights. Moreover, the designed resilient controller can also enhance the non-fragility
of the system, and it can make the system more resilient for the controller parameter perturbations.

6 Conclusion

In this paper a cooperative collision avoidance and trajectory tracking resilient fault-tolerant control
method based on the DET fault observer has been proposed. In order to detect and compensate for the
possible actuator faults, a fault detection mechanism has been introduced and a resilient fault observer
has been designed based on a DET mechanism. For the purpose of preventing the occurrence of internal
collisions and attenuating the effects of external disturbances, the prescribed performance technique and
the H,, method have been introduced as dual control indexes for the formation system. In addition, to
reduce the sensitivity of the system to control parameter perturbations, the resilient controllers have been
designed and the non-fragility of the system has been improved. In this way, the system tracking errors
have been constrained to be within the desired bounded domain. In order to verify the superiority of
the proposed method, the comparative simulations between the proposed method and the conventional
control method under the same conditions are carried out. Finally, the viability and efficacy of the
proposed control scheme have been confirmed through the numerical simulations.
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