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Abstract

A novel predefined-time fault-tolerant affine formation control law is proposed for fixed-wing unmanned aerial
vehicles (UAVSs) subject to input constraints and actuator faults. First, to address actuator fault issues, an input
signal fault model is established. Considering the asymmetry of axial control inputs in UAVs, a smooth function
is constructed to process the limited input signals, transforming the fault-tolerant and input-constrained control
problems into a variable-gain control framework. Second, a predefined-time observer is employed to estimate
external disturbances and the unknown dynamics induced by the variable-gain formulation. Based on the
backstepping control framework, a predefined-time anti-saturation affine formation fault-tolerant control law is
then developed. Finally, numerical simulations are conducted to verify that the proposed control law possesses
strong disturbance rejection and anti-saturation capabilities, and can achieve fault-tolerant affine formation of
UAVs within a predefined time.
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1. Introduction

In recent years, UAV formations have received significant attention in military and civilian
applications owing to their high efficiency, safety, and operational flexibility [1][3]. Motivated by these
advantages, numerous formation control strategies have been proposed for multi-UAV systems.
Among them, affine formation control has emerged as a promising approach capable of achieving
formation maneuvers including translation, rotation, and scaling. Due to its superior maneuverability
and scalability, affine formation control has attracted increasing interest from researchers worldwide.
The concept of affine formation was first introduced by the team led by Lin [4] at Zhejiang University,
where the stability conditions of affine formations under both undirected and directed graphs were
established. Building upon this work, Zhao [5] achieved affine formation control for both single-
integrator and double-integrator systems under undirected graphs, and verified the feasibility of the
proposed approach for both fixed and time-varying leader positions. Subsequently, extensive
research efforts have been devoted to affine formation control, leading to significant developments
in this field [6][8]. However, it is worth noting that these methods only guarantee asymptotic
convergence and do not explicitly address the convergence rate.

To improve the convergence performance of affine formation control systems, considerable research
efforts have been devoted to this topic. In recent years, finite-time control methods [9] have been
widely applied to affine formation control due to their fast convergence, strong disturbance rejection
capability, and high control accuracy. Although finite-time control can guarantee that the system
states converge to the equilibrium point within a finite time, the upper bound of the convergence time
may increase significantly and even become difficult to predict when the initial conditions are large
or uncertainties are present. To address this issue, fixed-time control methods [10] were developed,
which provide an upper bound on the convergence time independent of the initial conditions.
However, the estimation of this upper bound usually requires complicated calculations. More recently,
predefined-time affine formation control methods [11] have attracted considerable attention because
the upper bound of the settling time can be directly specified by a single design parameter and is
independent of both the controller parameters and the initial system states. This feature greatly
facilitates practical engineering implementation and has made predefined-time control a popular
research topic. In addition, during mission execution, actuator faults may occur in UAVs. Once a fault
appears, the resulting tracking errors can propagate through the communication network, potentially
degrading the formation performance and even causing instability of the entire UAV team.
Consequently, ensuring robustness, reliability, and safety in the presence of faults has become a
critical challenge for multi-UAYV affine formation control systems.

Fault-tolerant control has been widely adopted in cooperative affine formation control as an effective
means of enhancing system robustness. It can maintain the tracking errors within an acceptable
range even when faults occur. Wang et al. [12] investigated the fault-tolerant affine formation control
problem for multi-agent systems subject to loss-of-effectiveness and bias actuator faults. However,
most existing studies on fault-tolerant affine formation control have focused on generic multi-agent
systems, while relatively little attention has been devoted to UAV affine formation systems. The
unigue dynamics, stringent performance requirements, and safety considerations of UAV formations
make the fault-tolerant affine formation control problem considerably more challenging. Meanwhile,
practical actuators are inherently subject to physical limitations, which impose constraints on the
control inputs. Consequently, the issue of input constraints has become another important research
topic in the field of nonlinear control.

Considerable progress has been made in addressing input magnitude constraints. One widely
adopted approach is to transform the input saturation problem into a variable-gain control problem
by employing the mean value theorem. In this framework, smooth functions such as the Gaussian
error function [13] and hyperbolic tangent function [14] are utilized to approximate the saturation
nonlinearity, and anti-saturation control is subsequently achieved by incorporating adaptive
techniques [15] or Nussbaum-type functions [16]. Another common approach is to design auxiliary
systems to compensate for the discrepancy between the desired control inputs and the actual
saturated inputs [17]. However, the aforementioned anti-saturation control methods mainly focus on
symmetric input saturation problems. In contrast, fixed-wing UAVs cannot hover like quadrotor UAVS,
and their axial control inputs must remain strictly positive, resulting in inherently asymmetric input
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constraints. This characteristic poses additional challenges to the design of anti-saturation affine
formation control strategies and demands more sophisticated control schemes.

To address the aforementioned challenges and meet the demand for rapid and flexible adaptation
of UAV formations to environmental changes during mission execution, this paper investigates the
predefined-time affine formation control problem for UAV systems subject to actuator faults, input
constraints, and external disturbances. The main contributions of this paper are summarized as
follows:

1) A predefined-time affine formation control strategy is developed to achieve affine maneuvers,
including translation, scaling, and shearing, while guaranteeing that the UAV states converge to a
prescribed neighborhood within a predefined time.

2) A novel smooth-function-based transformation is proposed to handle asymmetric input constraints.
By utilizing the proposed smooth function, the fault-tolerant control problem under input constraints
is transformed into a variable-gain control problem, which facilitates the subsequent controller design.
3) An observer-based predefined-time adaptive affine formation controller is developed to
simultaneously compensate for actuator faults and handle asymmetric input constraints, thereby
guaranteeing predefined-time convergence and improving system robustness.

2. Preliminaries

In this section, we will introduce the basic notations for the formations and leader-follower structure in
affine formation. Then the research problem will be formulated.

In this paper, | - | indicates the Euclidean norm. £*° indicates the set of axb dimensional matrices.
R® indicates the set of a dimensional vectors. & indicates the set of real numbers. 1, denotes the
N x N identity matrix, 1, indicates the N -dimensional column vector with all elements equal to 1,
and ® denotes the Kronecker product. [-]. indicates the i-th row of the matrix.

2.1 Graph Theory
Consider a leader-follower UAV formation system consisting of N UAVs in ®® with d>2 and
N >d +1, in which p,=[x,y,,z] € ®® denotes the position of UAV i and p=[p .0} DN ]T e R™

is the configuration of all the UAVs. Without loss of generality, assume that the formation system
contains N, leaders, where the configurations of the leaders and followers are denoted by

=] pl0 .0y, ]T and p; =[ Pl.1 P oo P ]T, respectively, such that p:[pf,pI]T.

The communication topology among the UAVs can be described by an undirected graph G =(v,¢),
where v={v,,...,u,} is the set of vertices and s cvxv is the set of edges. An edge (i,j)ee¢
indicates that vertex v, can obtain information from vertex v;. The neighbor set of vertex v, are
denoted by N, ={jev:(i,j)es}.

2.2 Affine Formation

An affine formation transformation is a standard linear transformation that encompasses translation,
rotation, scaling, and shearing, as well as any combination of these operations. Denote (G, p) as the

one-to-one mapping between the i-th UAV and vertex v, in the graph. The nominal formation of

graph G can be represented by (G,r), where r =[r1T,r2T,...,rHT e R™ is a constant matrix denoting

the nominal configuration. The affine mapping of the nominal configuration under an affine
transformation can be expressed as:

Ar)={peR™ :p=(I, ®A)r+1, ®b} 1)
where A(r) denotes the set of all affine transformations of the nominal configurationr . Ac ® *° and
beR * are from the corresponding affine transformation. Given a set of positions{pi}iNzl, the affine
span of this set, denoted as S, can be expressed as:

S:{Zaipi :a, € R forall i and Zaizl} )

i=1 i=1
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Then, the target formation with maneuvers can be described by
p(t)=[1, ®A(t)]r+1, ®b(t) €))

where b(t)e R’ represents the formation’s translational maneuver, and A(t)e R*“ can be used to

realize the whole formation’s rotational, scaling, and shearing maneuvers with respect to the nominal
configurationr . Thus, the desired position of the i -th UAV in the target formation is

pr (t)=A(t)r, +b(t) 4
To further characterize the interactions among UAVSs, the concept of the signed Laplacian is
introduced. The signed Laplacian matrix, also referred to as the stress matrix, is defined by assigning
a scalarweighto, , (i,])e¢ toeachedgein(G,p). The collection of these weights is called the stress.
For an undirected graph, it holds that w; =@; . A positive weight «; >0 indicates an attractive
interaction along edge (i, j) whereas a negative weight «; <0 indicates a repulsive interaction. The
resultant force acting on the i-th UAV can be expressed astEN_ @;(p; — B ). When all the forces

acting on the UAVs are balanced, the corresponding set of scalar weights is referred to as a self-
stress, i.e., ngNi @;( p; — p;)=0.The above equation can be further rewritten in matrix form as:
(2®1,)p=0 (5)
where 2 e RN denotes the stress matrix, which can be expressed as follows:
0, i J,(1,])¢ee
[@], ={-;, i#j(i,j)ee (6)

ZkeNi Dy, 1= ]

In this paper, an affine formation maneuver control strategy based on the leader-follower architecture
is adopted. For simplicity, define 2=02® I, as follows:

- Q0 Q0
2oee o[58 "

2.3 UAV Dynamic Model with External Disturbances and Faults
The model of fixed-wing UAV with external disturbances is introduced as:

% =V, cos y, cos y,

Y, =V, cosy, sin y, (8)
z, =-V,siny,

vi - m -9 sin 17

mi

. Lsing +d .

Zi :—l (9)
mV, cos y;

. Licosg —mgcosy, +d,

Vi =

miVi

wherex;, y;, and z, are the coordinates of i -th UAV, m, is the mass, V,is the velocity. ¢, y,, and g,
are the bank angle, flight path angle, and heading angle.T,, L, and D, are the thrust, lift, and drag.

g is the acceleration due to gravity.d,,, d,;, and d; are the bounded disturbances. To simplify the

derivation, the vector form of the UAV model can be used as:

Pis = Biz

pizziuif +a; +0; (10)
m



where p,=[x.v.z] and p,=[%,y,.4] are the positon and velocity of the ith UAV.

u=[T;.L sing L, cosgﬁ,]T is the input signal, d,=Rd,, / m, is the disturbances for diO:[dVi'dyi'dZi T
a; =[-D; cosy, cos y;,—D, cos y; sin y;,D; siny, + mg]/ m; is an intermediate variable, m, is the mass, ¢,
7;» and g, are the bank angle, flight path angle, and heading angle.T,, L,, and D, are the trust, lift,

and drag. g is the acceleration due to gravity.d,;, d;, and d; are the bounded disturbances, and

yi?

COS 7, COS y, —sin y; siny; Cos y;
R, =| cosy,siny cosy, siny,siny, (11)
—siny, 0 Cosy;

where |R;|=1. Then, considering actuator faults, the input signal of the UAV can be expressed as
follows:

U =g;U; + hy (12)
where h, e #° is the unknown bias faults, ¢; =diag{c;.s;,.;,}is the fault indicators for ¢; €(0,1] and
j€{1,2,3}. u e R® is the limited input signal.

Meanwhile, a constrained input signal can be expressed as

o ifv[j]1>0
uljl=sat(v[jD=1v[j] if usv[jI<0 (13)
u ifVv[jl<u

To handle asymmetric input saturation, a novel smooth function based on the Gaussian error function

G(x)= %J':e‘zdt is designed to approximate the constrained input function:

o - N
i =Uuy Y C(———=V 14
gV [iD=uu (VLD (ZUM(vi[J])V[J]) (14)
Where u, (V[ j1)=(T+u)/2+sign(V,[ j])(T—-u)/ 2. The constrained control input can then be
expressed as u[jl=sat(V.,[ jD=9(W.[j1)+o(V.[j]) , where p(V,[ j]1) denotes the transformation

error. According to the mean value theorem, there exists a scalar v; e(V,[ j1,V;[ j]) such that

I U 0 i oo
0@ [iD=9(%[J1 )+ (Li1-%Li1") (15)
av'[J] Gilil=vs
where v, =(1-A),[j1 +AV,[j] and 1(0,1). By defining V,[ j]" =0, (15) can be rewritten as
U ag U
aviliD =—— vilil (16)
8\/'[]] Vi[j]=vs
where né‘% denotes the value of the partial derivative of the function g(v,[ j]) with
i J Vil jl=vs
respectto V,[ j] evaluated at V,[ j] =v,, which satisfies
9 [iD=rvi[]]
I - 17
(i) ulil 4
2, (%[j1) .

Then, by considering actuator faults and input saturation, the mean value theorem is applied to
reformulate the saturated input, such that the input signal of the UAV can be expressed as:

Pii = Piz

pi2=%gia\7i +4 +a (18)



R. R, R.
where 4, =—g¢,(r,—o)V, +—glp(v )+d, +—h,, o is a given positive constant satisfying 0<o,, <o <1.
m, m,

lp(7)|=|sat(v,[ j1)-9(v, [j])|<|sat(v [iD|+|oi[jI)) is a bounded quantity satisfying
lp(V)| <|sat(V;[ j1)|+|o(V,[ j1)|=p, where p is a positive constant.

2.4 Key Assumptions and Lemmas

In this subsection, we present the theoretical preliminaries, including key assumptions and lemmas,
related to affine formation and predefined-time convergence.

Assumption 1 [8]: For the nominal formation (G,r), assume {ri}i“i1 affinely span &°.

Assumption 2 [8]: Assume that the nominal formation (G,r) has a positive semi-definite stress matrix
Q satisfying rank(2)=N-d -1.

Definition 1 [8]: The nominal formation (G,r)is affinely localizable by the leaders if for any
p:[p,T,pIJT e A(r), p, can be uniquely determined by p, .

Assumption 3 [8]: The nominal formation (G,r) is affinely localizable by the leaders.

Lemma 1 [8]: If Assumptions 1-3 hold, then

1) @, is positive definite;
2) forany p =[p,T,pIJT e A(r), p; can be uniquely calculated as p, =-2,'2,p, .

Lemma 2 [18]: Considering a system like x= f(t,x), if there exists a candidate Lyapunov function
V(x), satisfying:

% s-iTexp(ﬂV”)Vl‘er/T (19)
ple
where T, >0; 0< p<1 are constants, and 0< A <® is a bounded normal constant, then for any
initial state, the system states converge to the set ©2=min{(2,0,} within the predefined time
t =max{t, t,}, where
T T
t1=—°ﬁ(1—exp(—ﬂVop )<—=

p (20)

Ry RArTEmy

o=l
%=

Lemma 3 [18]: Considering a system like x= f(t,x), if there exists a candidate Lyapunov function
V(x), satisfying:

exp( AV )vl‘“m}
l1-a
(21)

V< —iexp(ﬂv PP (22)
pT

C

where T, >0; 0< p<1 are constants, then for any initial state. Then the system is predefined-time
stable with the predefined-time T, .



Lemma 4 [19]: For any bounded smooth function ¢>0, z e R, the following inequality holds:
2

z
V2P + g

Lemma5 [20]: If 3, >0, a,>0, a,>0, and 0<y <1, then we have:

0<|z|- <e (23)

exp(a,a) Jal 7 +exp(a,a] Ja” > %[exp( aa) ) +exp(aga] ) a7 +ay7 (24)
Lemma 6 [20]: If a, >0, a, >0, and 0<y <1, we have:
a+a 2(a+a,) (25)

3. Controller design

In this subsection, the controller design procedure is presented. Since the control architecture is
distributed, each UAV can only get information from its neighbors. Accordingly, the error system is
defined as follows:

e, = pi(t)—p(t) (26)
€y = pi(t)_ pid(t) (27)

where e, and g, , are the position error and velocity error. p;’(t):—[é;l(_)ﬂ]i p, (t) represents the

iv?

desired position of the i-th follower. Owing to the continuity and boundedness of the leaders’ states,
it is assumed without loss of generality that ‘ p; (t )‘ <P, where P is an unknown positive constant.

3.1 Observer Design
To estimate 4, accurately and quickly, a predefined-time observer is constructed as follows:

A4 =¢c€,+6, (28)
A Ri ~
Piz :Hgiavi ta; +e€, (29)
2 . 1 .
eAzeA+T—<D(eA) (30)

cl
where, 4, é,, and f,, are the estimate signals of 4,, e,, and p,, respectively.e,=p, - P, ,
X

(x*)

1 . -
O<y< 50€ is a positive parameter.

. 1
€,=€,—¢,, Q(X):ZeXp((xz ))

is the predefined-time stabilizing function satisfying

3.2 Control Law Design
Based on the predefined-time observer, the control laws and adaptive laws are presented as follows:

i 1 3 eip

Pig =—T—‘D(eip)—eip ~P—— (31)
¢ eipeip + Sp
B €re, .
Pi:ﬂil ﬁ_ﬁizpi (32)
R ’eipeip +8p

\7i =m RiTéivim (33)
Vin = —Ti(p( &y )&, —a— ji + P (34)
‘gi = ﬁis (_eiT/Vim - ﬁi4‘§i ) (35)

where, B,.8,.8s.8.4.¢,are controller parameter, PIISII are adaptive variable satisfyingP =P —F3i )
7
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8 =8-8, P,3 denote the corresponding adaptive estimation errors, and $ =—<—=9.
Si0  Gno

3.3 Stability analysis
Theorem 1. Under the proposed predefined-time observer(28)-(30), the observation errors

4, = 4 — 4, converge to zero within the predefined time T,,.
Proof: Consider the Lyapunov function

V,=6€, (36)
The time derivative of V, gives
V,=28l¢,
= __ejdj( €,)
cl

1 N (37)

=——&; —exp((&;€;)") T

Tcl 27/ ( A )

1 -
———exp(V,} )V,

cl

According to Lemma 3, €, is guaranteed to converge to zero within the predefined time T_.Then, it

follows that
Z'i =4, -6,— P, + biz
R R .
ZAi—geA—(ngO'Vi+ai+Ai)+ngavi+ai+geA (38)
=¢€,

Therefore, 4, also converges to zero within the predefined time T,

Theorem 2: Considering the model (18)with input saturations and faults, if choose the control laws
and update laws in (31)-(35), the errors defined in (26) and (27) will converge to a bounded set within
a predefined time.

Proof: First, the boundedness of the system states is established. Considering the position-loop
subsystem, the following Lyapunov function candidate is selected:

1. &P

—ee +) —— 39
2 p=p ;zﬂll ( )
where P =P —P is the estimation error, and P, is the estimated value of P

The time derivative of V, gives

V, =

T

V=Yl (e, + By — B (1) -B 22+ 5,BP
' ; P ‘ Je e +€ ’
€ < ere <
_Zelp |v_ ¢(e|p) elpelp_elp pl(t) 2 _PI +ﬂ|2PiPi
\/elpe +é& \/e,pe +& (40)

= ere, 1
P—=t PP +>ele,

51 1 _
Sg_zei-lr—)eip_T_ei-lr—)czj(eip)—}_"ei-lp—)”l:)i_ i '—e etz +ﬁ|2 o v

< —leTe —ie @(e,p)—ﬁ—'f’, +Pe, B P2+1e g,

- = 2 ip TC 2 i 2 2 iv-iv
For the velocity-loop subsystem, consider the foIIowing Lyapunov function candidate:
g2
ngO' i (41)
i=1 2ﬂl3

The time derivative of V, gives



V Zew(—QO'V +A +o;— p|2d) gmo-‘g( e|v im ﬁlﬁlgl)

pry I

:Zeic(_.ri@(eiv )—&, — ¢ _ji +4 +a)+6,0 i4‘§i‘§i

c

Il
M:

(—Tidi(e )—e, +4)+¢,0 Mgziéi (42)

c

=} Il
N

(féémn—%+id+%dmm&—é)

1 c

1 1 1 ~ 1
< e (e —ee+ A4 -=¢ 0B, +=¢ of S
= TC ( |v) iv¥iv 2 2gm ﬁ|4 i 2gm ﬂ|4 i
Consider the Lyapunov function
V=V, +V, (43)
The time derivative of V gives
V =V, +V,
" Bose 5. . Bop 1
d)e H2p?y pg 4 L02p2 -—6,0(¢, )—
— I C ( |p) 2 I I p 2 I 2 IV iv TC 1\ ( IV)
1 1 1 1
Ee:/ iv EATA _Egmaﬂm'gz + ngaﬂmlgz

S l ~ 1
Sz_iei;e‘p - e, D(e, )—ﬁ P? - = e (e, ) gmaﬂ,492 +Pe¢ +ﬂ2 P2+

i=1 c c (44)
1~~~ 1
EAiTAi +Egmo-ﬂi4'9i2

Z( o )eye _%IS' L ere, 0% g B, Pope,

— 2 2 T Ip 2}/TC V=i 2 I ~p 2 I
1~ ~ _
1ia+ip 3
2 =i 2ﬂ|4|
<—iN +06
1,1
where = min{ 2 27T, : ! ,&,&},5=E5p ﬁ—F_Ji &éz From (44), it can be concluded
Ao (241) 2T, 2 2 2 2

that all elements of the system state vector E ={ in e,.P, 67,} are uniformly ultimately bounded after
T,

cl*

Next, to establish the predefined -time convergence of the closed-loop system, the following Lyapunov
function candidate is selected:

V,=eje, +e/e, (45)

The time derivative of V, gives



V=2 el (1)~ B (0) el B(1) - Bult)

= ZZeIp - p<D(eip )—ere, +

eiv(§i5'9ivim +Ai +ta)-
T

~ e.c
P ey i (1) (46)
«/e e, +&5

< ZZ—T—e;cD(eip )—_I_ie;cb(eiV )+Pe, +

Bl Jof
2 2

Since all elements of the system state vector E = {e e,.P.3

iprivet i

} are uniformly ultimately bounded, V.,
is bounded. By Lemmas 4 and 5, it follows that

2 2

_T_e @(elp )_ iIQ(eiv)

_ 2
T &y 2 exp(( ep) )(e;eip v

(47)

E T i 2 eiv
T eiv 27/ eXp(( eiv ) )(elv IV )

c

i

v, <- y_lrc {exp@( ) ﬂ[v I (48)

Thus,

Where &, = Zn:ZISigp +“I5,H2 +Dg, +“9, HZ V.. - According to Lemma 2, the system error converges to the
i=1

neighborhood 2 =min{2,,£,} within the prescribed time t=T, + max{t, t, }, where

- °(1 exp(—V, (0) < 2
(49)
, ZT
b= )(1 exp(=2V/ (0)< =
“s {e.p,e exp(lvy)vl‘“dﬂ}
2 l1-a
(50)

exp( ;V )Vl ¥ < é‘t}/T }

'(22 _{ |p’

4. Simulation results

In this subsection, a simulation scenario is designed to verify the performance of the predefined-time
fault-tolerant affine formation control strategy for multi-UAV systems with input magnitude constraints.
Consider a UAV team consisting of four followers and three leaders. The velocities of leaders are
designed as V, =25m/s. It is assumed that all leader UAVs are capable of tracking their desired
trajectories without faults, and their movements are pre-designed. The initial states of UAVs are
shown in Table 1. The parameters of the observer and control system are shown in Table 2.
Moreover, the mass of the UAV is chosen as 5 kg and the disturbance is defined as

1c



d;, =[sin(t),0.5(cos(0.8t)+ s.in(0.4t+0.2)),0.]J(sin(t)+cos(t))]T m/ s*. The followers’ input magnitude
bounds are chosen as T, =150N ,U =-u, =60N, U, =-u, =60N , and u, =ON . To illustrate the

fault-tolerant performance of the control strategy, actuator faults are introduced for the followers, as
detailed in Table 3.

Table 1 Initial states of UAVs.

P.(0)/ m P(0)/(m/s)
Leader 1 [5,0, 100]T [25,0,0]"
Leader 2 [0, 5, 100]T [25,0,0]T
Leader 3 [0, -5, 100]T [25,0,0]"
Follower 1 [-4,-4,100]T [20, 0,017
Follower 2 [-5, -6, 100]T [20, 0,017
Follower 3 [-10, 5, 100]" [20, 0, 0]"
Follower 4 [-9, -5, 100]" [20, 0, 0]"
Table 2 Parameters of control system.
Parameters Values
Tcl"glo- 4, 035,1
T..60,81:85. 8584 4,0.8,0.05, 0.5,0.1,0.5
Table 3 Faults information.
UAV Time G(t) h(t)
Follower 1 15s diag{0.9+0.1exp(-2max{0,t -t }).11} [-5(1—exp(-2max{ 0,t —t,,,, })),o,o]T
Follower 2 30s diag{1,0.6 +0.4exp(-2max{0,t -t })1} [010(1 - exp(—2max{ 0t —t,,, })),o}T
Follower 3 50s diag{1,1,0.8+0.2exp(-2max{0,t -t })} [0,0,~1.5(1—exp(—2max{ 0,t ~t,, }))]T
Follower 4 10s diag{0.7 +0.3exp(—2max{0,t -t }).1,1} [—5(1— exp(—2max{0,t —t,, })),o,o}T

106
\Udf

102,

y/im R 400
- 200

Figure 1 — Three-dimensional trajectory of UAV formations.
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Figure 2 — Simulation of followers.

The above simulation results demonstrate that, under the proposed control law, the UAV formation
composed of three leader UAVs and four follower UAVs successfully achieves maneuvering
transformations in complex terrain environments and forms the desired formation. The position and
velocity errors of the UAVs are shown in Figure 2 (a) and Figure 2 (b). It can be observed that the
position and velocity errors converge to a neighborhood of the origin within the predefined time, and
the control inputs of the system shown in Figure 2 (c) satisfy the prescribed constraints. The adaptive
signals P, and observer errors are shown in Figure 2 (d) and Figure 2 (e), respectively. It can be
observed that the observer errors converge within the predefined time, while the adaptive signals
remain bounded throughout the process.

5. Conclusion
This paper proposes a predefined-time fault-tolerant affine formation control law for multi-UAV
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systems with input magnitude. Firstly, a novel smooth approximation function is proposed to
effectively handle asymmetric control input constraints. Secondly, based on the proposed smooth
function and a predefined-time disturbance observer, a predefined-time affine formation fault-tolerant
control strategy is developed to simultaneously handle actuator faults, external disturbances, and
input constraints. Finally, the simulation results demonstrate that the proposed method can achieve
the desired affine formation, including translation and scaling, while guaranteeing predefined-time
convergence of the formation errors.
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