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control for quadrotor unmanned aerial vehicles with
finite-time prescribed performance

1*! Yizhe Cao
School of mechanical engineering
Northwestern Polytechnical University
Xi’an, China
caoyizhe @mail.nwpu.edu.cn

4™ Dianbiao Dong
School of mechanical engineering
Northwestern Polytechnical University
Xi’an, China
dongdianbiao @mail.nwpu.edu.cn

Abstract—The time-varying formation control problem for
quadrotor unmanned aerial vehicles with finite-time prescribed
performance subject to nonlinear disturbances is investigated
in this paper. To address the unknown nonlinear disturbances,
neural networks are introduced. In addition, a novel performance
function is formulated specifically for finite-time control. A time-
varying formation control strategy for quadrotor unmanned
aerial vehicles, which aims to confine the sliding mode error
within a prescribed region during a finite time interval, is
proposed in this study. This method guarantees both finite-
time stability in the closed-loop system and error convergence
towards the desired boundary. Subsequently, simulations are
performed to confirm the effectiveness and feasibility of the
proposed algorithm.

Index Terms—quadcopter unmanned aerial vehicles, pre-
scribed performance control, neural networks, finite-time control

I. INTRODUCTION

Due to the use in high-rise building fire rescue, map gen-
eration, wildlife monitoring [1], aerial photography [2], plant
protection [3], quadcopter unmanned aerial vehicles (QUAVs)
have attracted a lot of attention recently. Researchers have
used neural networks (NNs) for the control of QUAVs and
have shown significant results in related studies. For example,
[4] proposed an innovative fault-tolerant control scheme by
integrating virtual estimating algorithms with NNs. [5] pre-
sented an learning control scheme for QUAVs with unknown
moment of inertia. Meanwhile, researchers have suggested a
number of control mechanisms for QUAVSs, including adaptive
robust control ( [6]) and backstepping control ( [7]). Among
these techniques, sliding mode control has been extensively
researched and proven to be successful.
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In control systems, it iS common to encounter unexpected
nonlinear disturbance terms due to external disturbances and
modeling errors. These disturbances can deteriorate the control
performance of QUAVs, leading to unstable closed-loop sys-
tems or fluctuations in errors. To address this issue, researchers
have focused on prescribed performance control (PPC), which
aims to confine errors within prescribed regions. By confining
the errors, PPC can improve stability and reduce fluctuations
in the control system, ultimately enhancing the overall per-
formance of QUAVs. Prescribed performance functions for
controlling QUAV have been developed through extensive
research, as evidenced by notable studies [8]-[12]. These
advancements have resulted in significant improvements in
QUAV performance.

However, the studies mentioned above have not yet solved
the finite-time controllability problem of QUAVs. Moreover, in
real-world scenarios, the convergence speed is a vital indicator
of how well a control system is functioning. To assess the per-
formance of QUAVs, several researchers have proposed new
error definitions and new observers, such as those presented
in [13] and [14]. Further information can be found in studies
like [15]-[20], which have presented a range of finite-time
stabilization methods including adaptive sliding mode control,
Lyapunov stability theory, and finite-time stability theorems.
For instance, [15] presented a design method for adaptive
sliding mode control (SMC) to stabilize QUAV systems in
finite time under parametric uncertainty. [16] proposed a
backstepping strategy for finite-time convergence of switching
surfaces. In [17], the finite-time stability theorem is used as
part of the design of the control such that each QUAV has
sufficient tracking performance in a finite amount of time.

In addition, the field of QUAVs has seen significant ad-
vancements with the incorporation of finite-time prescribed



performance concepts, see [21]-[26]. For instance, in [21], a
fixed-time control scheme was proposed by combining PPC,
backstepping design methods, and command filtering. On
the other hand, a finite-time command filter is applied in
[22] to approximate the derivative of the virtual control law.
Moreover, [23] investigated a new finite-time control in the
case of executor faults.

Based on the above research, current finite-time prescribed
performance research on QUAV focuses on single QUAV
control rather than swarm control. Therefore, this research
aims to propose a QUAVs time-varying formation control
strategy with unkown nonlinear disturbances by utilizing a
novel finite-time performance function (FTPF). This research
makes the following main contributions:

1) For the time-varying formation control of QUAVs with
nonlinear disturbances, this paper proposes a finite-time
prescribed performance control strategy by limiting the
error of QUAVs within a prescribed region and introduc-
ing a neural network to solve the nonlinear disturbance.

2) This paper designs a new finite-time prescribed per-
formance function. Compared with other finite-time
prescribed performance functions or prescribed perfor-
mance functions [26], [27], it has the advantages of small
error and settable convergence time.

II. BACKGROUND

A. Graph Theorem

G = {V,E} is a graph, where V = {1,--- , N} specifies
the vertex set. The number of intelligent agents is N, and
the edge set is £ = {(¢,7)}. Using this architecture, we can
express the relationship between the intelligent agents using
a matrix. The adjacency matrix is defined as A = [a;4] €
RN*N "where a;; # 0if (i,j) € F, and a;; = 0 when (i, ) ¢
E.If a;; > 0, then j is designated as a neighbor of 7, meaning

that the two intelligent agents will be able to communicate.
N

D = (d;) represents the degree matrix and d; = Y a;;. A =
j=1

[a;;] € RN*N represents the normalization adjacency matrix,

and A is defined as follows:

_ (077 di, dl 0
For the diagonal matrix D = diag(d;), it is defined as below:

{1 di#0
m_{m d; = 0. @)

Qg

The Laplacian matrix L is is obtained by subtracting D form
A.

Each of 1,--- | N stands for a different class of intelligent
agent. The global leader when d; = 0 is ¢, which denotes that
it doesn’t receive information from other intelligent agents.

And we set B = diag(b;) as follows:

(0, di#0
-

d; =0, )
therefore, we can then figure out that D+ B =1y.

Remark 1: From the apove definition we can see thatiwhen
i isn’t the global leader, d; # 0 and b; = 0. If 4 is then d; = 0
and b; # 0.

B. Finite-Time Stability Theorem

Definition 1 [28]: Contemplate the creation of a system:

&= f('r7t)’ f(07t) =0, “4)

there is always a settling time 7" for any initial condition x at
any initial time ¢(, and the system is stable when ¢ is greater
than T, ||x(¢)| is less than a very tiny value .

Lemma 1 [29]: A positive definite function V' (x) which is
smooth and some positive factor > 0,0 < e < 1 and s > 0,
such that V(ac) < —9Ve(z)+s, t >0 is established, thus
the system described above is stable.

Lemma 2 [30]: The following inequality is valid:
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0 1
Wy < oyt + —
= 1+elo(t+o)

where 7> 0,:>0,£>0,0>0,v>0,0 > 0.

C. Finite-Time Prescribed Performance Function

Definition 2: v(t) represents the finite-time performance
function (FTPF) satisfying the conditions: (1) Regardless of
the any time ¢, v(t) > 0 (2) Regardless of the any time ¢,
0(t) < 0 (3) When ¢t = T, the function is continuous and
the value of the function is vr,, where vr, represents a tiny
positive constant and T’y expresses the prescribed time.

On the basis of this definition, a new FTPF is designed:

v(t) = {

where T > 0,v9 > 0,07, > 0,0 <n <1

The following is the continuity proof of the proposed FTPF:

For t < Ty, we set f(t) = tanh(t), g(t) = ﬁ, S0 we
yields v(t) = vo - [1 — f(g(t))] + vr, and g(t) > 0, 0 <
flg(t)) <L

We can therefore deduce that v(t) > 0.

Derivation of (6) gives:

vo- [1 = tanh (78 )| +or,, 0<t<Ty
t> Ty,

(6)

UTf 9

(t) = —vof'(9(t))g' (t), (7
where ¢'(t) = Wii;)ém >0, f/(t) = 1—tanh?(t) >

0.

For t < TY, it is simple to observe that v(t) > 0, o(t) < 0.
For t > Ty, v(t) > 0, v(t) = 0.

So v(t) satisfies the conditions (1), (2) mentioned in Defi-
nition 2.

(7) can have the form:

Ant™ " (Ty—t)+4t"
(t=Ty)?

(®)

U(t) = V0% —2t ,
eTfft +eTf7f, +2
in this limit, for ¢t — T, ﬁ is a higher order infinity of
Ant™ " (Ty—t)

(t=Tp)%
According to L’Hopital’s rule, we can get:



= )

Therefore, when ¢ approaches Ty from the left

d

—v

dt
Accordingly, <Lv(t) is continuous.

For derivatives with order greater than 1, and for t — T,
—bt bt
eTr=t — 0, eTr ' — 400, where b > 0 is a constant.

For t — T, the rth order derivative of g(t) is:

(t) = 0. (10)

T
Ot) = ——ry, (1)
g ( ) (Tf _ t)T+1
where T € R is an unknown coefficient.
The rth order derivative of f(¢) can be written as:
t —t\c t__ ,—t\c
f(T) (t) — a(e +e ) + f(e € ) (12)

(et + eft)c+2 ’

where a, ¢, f are unknown coefficients.
Finally, we can get the desired result from Bruno’s formula
[31]:

T

dtr

i=1
Combine the (11) and (12), formula (13) can be rewritten
as:

lim
Ty At

Flg(t) =
S (14)
lim 3 E B (), FA ), TOW),

toTy = Tt

where B,.; (f(t), fA(t),..., f(t)) is bounded.
Using L'Hopital’s rule, we can obtain that for ¢ — Tf_ s
4= 1(g(t) =0.
. d"v(t
Therefore, lim, N Ts)} =0.

. d"v(t
And lim, - IO

So v(t) is a function that complies with Definition 2.

D. Neural Networks

NNs can approximate unknown nonlinear functions. In this
paper, we will employ them to approximate &:

E=WT (@) +8(2) (9(2)] <), (1)

where ¢ denotes the disturbance, W = [Wy,--- ,W,]" is the
weight vector of NN and p represents the number of neurons.

& ra) =3 19 0)Be (SO0, 10, 10 W) - 13

(Z) = [[1(Z),--,T,(2)]" is the vector of Gaussian
basis function as well as ®(Z) represents the error from
approximation, § stands for an accuracy level. The following
is the definition of I';(Z):

(Z-C)" (Z - )

Ti(Z)=exp |— 572 ,

(16)

where C; = [C;1,Ci2,Cis,... ]T is the center of the

function and the length of C; is determined in practice. b;
stands for the function width.

The ideal vector of weight is defined below:

* = i Z)-wrr(z)}. 17

W argwlfrlellr%p{f( )—WTL(2)} (17)

Furthermore, the input vector Z € {2, to be determined in

practice.

III. QUADROTOR UNMANNED AERIAL VEHICLE MODEL

To facilitate the determination of various parameters of
QUAYV, the position and speed of QUAV are expressed in the
earth coordinate system. However, sensor measurements are
encoded in the body coordinate system, so a transformation
matrix is required to convert these vectors to the earth coor-

dinate system.

Lemma 3 [32]: The transformation matrix that converts
vectors from the body coordinate system to the earth coordi-
nate system is mathematically defined as follows:

0901/, —C¢Sw + S¢SQC¢ S(pSw + C¢SQC¢
R=| CpSy CyCy + S350Sy —854Cy +CySeSy |, (18)
—So S¢Ca CyCy

where S,y = sin(z), C(,) = cos(z).

To increase the utility of the designed control rate, it is
necessary to consider external disturbances. This allows us
to obtain the equation for the combined external force and
velocity in the QUAV dynamic model, which constitutes the
position dynamic model:

a=(F/m)-R-e—g-es+ (Kp/m) - (v—v4 ), (19)

where F' = cp - (w% +w? +w? + wi) is the total lift of the
QUAV, Kp = diag (Kpa, Kpy, KF.) is a coefficient matrix
e3 = [0,0,1]T, a = [az,ay,a;]T is the acceleration vector
group of QUAV on X-axis, Y-axis and Z-axis. And cr is the
propeller tension coefficient.

The gyroscopic torque, G, is defined as follows:

Jr g (—w1 + w2 —ws + wy)
Jiopr(wr —wa+wz—wi) |,
0

Go = (20)

where J; stands for the combined moment of inertia of the
entire rotor and propeller assembly about the body-frame’s
rotational axis. Meanwhile, p and ¢ denote the angular veloci-
ties corresponding to the roll and pitch angles in the coordinate
system of the earth, respectively.



w is the moment generated by the propeller on the QUAV.
It can be expressed as follows:

d-cr- (—w% + wZ)
d~cT~(fw%+w§) ,
cM - (—w% +wd — w3 + wi)

21

w =

where ¢y is the propeller torque coefficient, d represents the
length from the QUAV center to driver.

Combining (20) and (21), the attitude equation of the QUAV
can be obtained from Euler’s equation:

J w=G+mw—wxJ wt+Kp(w—w), (22)

where J = diag (Iys, Iyy, I..) is inertia matrix, w indicates
the angular velocity in the body coordinate system, K =
diag (K71, K12, K13) is coefficient matrix.

¢ indicate the roll, # represent the pitch and v denote
the yaw. r represents yaw angle’s angular speed in the earth
coordinate system. The conversion of [¢,6,9]T to [p,q,7]"
is:

P 1 0 —Sp ¢
q = 0 C¢ S¢C@ 0 (23)
r 0 —S¢ C¢C@ 1/)
And we define:
1 0 —Sp
W=10 C4 SsCp 24)
0 =S¢ CyCy

Combining (19)-(23), and set d§ = —£E .4, d§ = —W -
J~1 . Kr - wgir to be the external disturbance. The kinetic
equation of QUAV can be expressed as:

. K .
{ B = us + Ke e 4 e

¢ = u§ — ¢ e+ ds, (2)

where u§ = (£)-R-e3—g-es,ug = W-J 1w+ W-J~1.G,,
C=WrWH+W.-J VM- J W -W.J V. K- W1,
¢ and w*® represent the position state and attitude state of the
QUAV in the earth coordinate system, respectively.

M is a skew-symmetric matrix:

0 —r ¢
M=| r 0 —p (26)
-¢ p O
Therefore, the equation of state of the QUAV can be
deduced as:
e e Kp e e
¢ | | u§ =E 0 T dg
=l SR e

So, the ith QUAV’s state characteristic of the system is as

follows:
Ti,0 = L4,1
i1 = Ui + 85 + &,

where &; 0, ©;,1, u; and s; are the vector of position, vector
of velocity, vector of input and matrix describing the model
of the ith QUAV, respectively.

(28)

IV. CONTROL LAW OF QUADROTOR UNMANNED AERIAL
VEHICLE SWARMS

Setting the global reference signal:

{ T0,0 = To,1
To,1 = T0,2,
where x00, 9,1 and g are global position reference sig-
nal, global velocity reference signal and global acceleration
reference signal, respectively.

Since the QUAV is considered as an underdriven system,
the ¢ and 0 need to be determined based on the desired
position tracking. The required attitude signals are generated
using a filtered inversion technique. The derivative signals of
the attitude command are obtained using a linear differential
tracker.

QUAV formation’s error is defined below:

{ei,o(t) =Ti0 — To,0 — Nio

ein(t) =xi1 — xo1 — hit,

)

(29)

(30)

where h; j(j = 1,2) are the formation functions.
Thus we can get the Tth order error of the ith QUAV as:

N
Eir =Y @i (@iy — hir — 27 + hjr)

Jj=1
+ bz (xi,T — Zo,r — hi,r)

, (31)
N
= Z Qij (Tir — 2j7) + bi (Tir — Tor) + fir,
j=1
where f; » = Zévzl ij (—hiz +hjr) + ;i (hi ).
The error is as follows:
E,=H®In: (v, — 1y ®z0.) + fr, (32)

where H = L + B.

A. Error Transfer

The error transfer function T'(¢) is used to convert the error
for each QUAV:

e —e ¢

€€+ e’
Therefore, the transfer error ¢; 0 for the kth degree of

freedom of the ith QUAV could be derived from the equation
below:

T(e) = (33)

Ej ko(t) = v(t) - T(gik,0)-

Combine (33) and (34), we can obtain the transfer error
€4,k,0 EXpression:

Ly (o) + Bio(®)
€ik,0 = 21 (v(t) — Ei,k,O(t)> .

The derivative of the transfer error ;5 1 can be obtained
by simultaneously deriving both sides of (34):

(34)

(35)

Gy h = gl = — o(t) - T (gi,k0) E;ia(t)
1,k,0 = €4,k,1 = T (1.1, aT (e;
o(t) - Tgsad o(p) . Zpal (3¢

=it + Fir - Ei x1(2),



o ) T(eiko) poo— 1
where Yik = BT(Ei,k,O) s sz - BT(Ei,k,g) .
v(t)-W v(t)'W
Remark 2: v(¢t) > 0, a(ngo) = (es+iff)2 > 0. Therefore
F>0.

Therefore, form (36), the first order derivative of formation
transfer error with finite-time prescribed performance can be
characterized as:

e1=7+FH®IN-(z1 -1y ®x0,1) + fi], (37)
where
Yi = [%‘17%‘2,’71‘3,7%‘47%5,%6]
v =2l (38)
F; = diag ([Fin, Fi2, Fi3, Fia, Fis, Fig))
F = diag([Fl,Fg,Fg, e ,FN]) .
B. Design of Control Law
We set the sliding error S as:
S = Peg + €1, 39
where )
B = dlag([ﬁlaﬁ?a e 76ND
; = dia, i1y P42, 77 5 i
Bi Tg([le Bi2 ; T/B 6)) 40)
S = [Sl 7527"' 7SN]
Si = [Si1, Sia, -+ Sie]" -
The chosen Lyapunov function V¢, is as follows:
1
Veg = 5STS. (41)

Setting u®? to represent the equivalent input, and u® is
designed as the switch input, and the control law is:

uw=u?+u’. (42)
Derivation of equation (41) yields:
Vg =ST{Be1 + %+ FE;

+ FIH®IN - (u+s+&—1ny Qxoz2)+ f2]}-

(43)
Then the control law u®? is:
u®l =1y ® o2 —S—H_1®IN-f2
1 g1 L (44)
P H @l (551+7+FE1).
Then, (43) can be rewritten as follows:
Vig=STF - He Iy - (u’+¢). (45)
(45) can be written as:
) N N
Veg =D STF 0] +6 =) ay (u) + &) (46)

i=1 j=1

For formation control, it is essential for the followers to
track the leader. Therefore, the control law for the leader needs
to be solved first.

According to (46), we can rewrite the leader’s Lyapunov
function as follows:

Vie = SEFe (w5, + &) - (47)

Since NNs are used to approximate the nonlinear external
disturbance:
gle,i = leyiTFle,i (Zle,i) + d (Zle,i))' (48)

where |® (Zje;)| < 0, and &, is defined as: & =

[€te,1, Ete.2, te,35 Etets Eie.5 Ete6) -
With added NN, the Lyapunov function is updated as:

6
Vie = SEFu [uf, + el + Y (“iesdies) . (49)
k=1
~ T 2 ~ ~
where NMie,i = Wle,i s Mieyi = Mleyi — Mieyi-
6
Vie = Z Ste ke Fie k[uje . + VVf;)kTI‘ze,k (Zie,k)
k=1 (50)
+ @ (Ziep)) + ) (—ﬁze,kﬁle,k> .
k=1
6
Vie =D {SieFiepltjes, + Witk Tieg (Zie.r)
et (@28
+¢ (Zle,k)] - ﬁle,kﬁle,k}
From Lemma 2, we can deduce that:
Sle,kFle,let,gFle,k (Zier:)
. 112
< [ShxFr Wi i |l
F;Fe,k (Ziek) Tieks (Zier)] /461 + 1 (52)
S[S?e,kFlze,kmeﬂ
F?;,k(zle,k)rle,k (Ziek)) /461 + <1
S F d(7 < S?&k F‘li,k 5l3€,i 53
tekFie k@ (Ziek) < = + 3 3 (53)
Substituting (53), (52) into (51), we get:
6
We S Z{Sle,k};‘le,k‘ufe’k
k=1
+ [S2 hF2 ke TE & (Zie o) Vi (Ziew)] J4a O
SZSG k F‘lgek 6l362 ~ A
+¢ + 5 + 3 -5 - e,k Mk }-
Thus the control rate ulse, , can be given as:
u?e,k: = [Sl26,k'Fl26,knl€,i
F;Ek (Ziek) Tiek (Zier)]/41 (55)
- Sie — e, kSlek
Sﬂe,k © o
where Zie i = [T0,0,k, Z0,1,k: 0,2,k Tle,0,k> Lle, 1,k Sze,k]T,

Hiek > 0.
The corresponding parameter update rate of the NNs can
be:

ﬁle,k = [SlzekFl%kF;l;k (Zie) Tie (Zle,k)} /4s1

. (56)
— Wie,kMie,k-



where wye ;> 0.
Let the leader’s u® be:
)

s __ S S S S S S
Upe = [ule,hule,27ule,37ule,47ule,57ule,6

Substituting (55), (56) into (54) yields:

Vie < Z (—tu1e. 1 Fre xSt 1)

+i

G (58)
(—wie ko i) + Y Dteks
k=1

3
lez

+ Wie, ke, ke, k-
The follower’s Lyapunov functlon can be rewritten as:

N-1

Vi = SEiFpi|uf,+&pi— Zau ui +&5)

=1 j=1

6
+ Z (—ﬁf,i,kﬁf,i,k) ~
k=1

Noting the complexity of the form, the control rates were
designed as follows:

(59)

upi=ufiq+ufo, (60)
where
N
uSan =Y i (61)
Jj=1

u} ;1 is related to the control rate of the leader and other
followers, so the control rate of different intelligences should
be designed according to the graph theory successively in
actual control.

Substituting (60), (61) into (59) gives:

N-1
Vi = Z (ST Fri(uf o +Epi

=1

N
= ai&))
j=1

(62)

6
+Z nfzk:nf,zk ]
k=1

Let Qi = — YN a6, Q€ RO, We can deduce that

Qrikl < =252 @i 1§11 < agi-
&y,i.k 1s the external disturbance of the ith follower, again
using a NN to approximate its value.

ik =WFin Trin (Zgin) + @ (Zgin)

where |® (Z5; 1) < 0fiks Zfik = [To,0,k + hiok o1k +
Bt gy 02,0 + R 2 s Tf,i 1 ks Tfri1 ks Stoiske] -
Substitute (63) into (62):

(63)

N—-1 6
Vi = Z Z{vai7ka;i7k[u;,i,2,k
i=1 k=1
+ Wik Trin(Zrak) +@ (Zpik) + Qrik]
— Ttk f ik -

(64)

Based on Lemma 2, we can deduce that:
SpinFrisWihT ik (Zpik)
S[S;,i,kFJ%,i,knf,i,k
UFin(Zran)Crik (Zpin))/4s + <.

(65)

3 3 3
Stk +Ff7i,k L Gk

StinEri ik <
1k F ik @ik < 3 3 3

(66)

Spix® n Frix® 0%
3 3 3
Substituting (65), (66), and (67) into (64) yields:

StikFrin®(Zyik) <

(67)

N—-1 6 2Sf
i,k

SZZ Sf’LkalkuerQk—’_ 3
i=1 k=1

i ZF?'L k 6?,2’,]@ . q?,i,k
+ [Sj%,i,kF)%,i,knf,i,k
Crin (Zrik) Upik(Zrin)]/4s + 2}

Thus, the control rate of the 7th follower is:

(68)

- ﬁf,i,kﬁf,i,k

[St,i,6Es 0,678,k

TG in (Zris) Drin(Zyin)] /s
_25%k
3F%ik

Ufizk =
(69)
= £ kS f ik
The relative NNs parameter update rates are:

A 2 2

i,k :[Sf,i,ka,i,k

Ui (Zria) Trge (Zyin)) /42
— Whi kT i ks

(70)

where Wik > 0, Weik > 0.
Substituting (69), (70) into (68) yields:
N-1 6
Vi < (—msikFrinStin)

1 k=1

1 N-1 (71)

N-— 6
D (wrakian) + 0> (Arik),

=1 k=1 i=1 k=1

2F]§ ik 5? ik CIf i
where Ay = 6o+ —52% Lt 4+ 2LER - wr i 1T g k0 f ik
The ith follower’s u} ; can be expressed as follows:

uj; = uf1t+ Uy, (72)

T
where u}lk = [u;_’i’k’l,u?i’k’w .. .,u;,i’kﬁ
After obtaining the control law u;, for the Ieader, the overall
control input u® for all QUAVs can be obtained by combining
the input of leader and the followers’ control inputs, denoted
as u}; in a specific order according to graph theory.
Therefore, we can get all the overall control rates based on

(42).



The seleted Lyapunov function is

V= 1STLS*JFEZ:@Q.

2 24 (73)

Based on (58) and (71), we obtain:

V<

M=

6
2
(—peFreSho i) + E —Wie ke k)
k=1

b
Zb—i
iy

6
(_Uf,i,ka,i,kS]%7i7k)

+
(]

—
>
Il

—

(74)

+
17
M@

z
L
o i

6

(_Wf,i,kﬁj%,i,k) + Z Ape
k=1

=
—

+

Agik-

&
Il
-
B
Il
A

So, we can deduce that:

V<— MFZSk—wan—&-ZAzek
N-1 6

+ZZ (Ayik),

=1 k=1

(75)

where

s Mle, 65 Hf 1,15 1,2, " )
vFie6, Fra, Frie, )
y Wie, 6, WF1,1,Wf1.2,° " ) .

H = min (Mle,la Hie, 25"
F = min (Fl€,17 Fle,27 e

w = min (We,1, Wie,2, " - -
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+ ZAle,k + Z Z Af,z k
k=1 i=1 k=1
< =AMV 4+ A,
where A = min(2uF,2w) > 0, A = 2221 ANpe e +
Z Zk 1B F ik

Remark 3: The advantages of the Lyapunov function used
in this paper over existing finite-time control results (see
Lemma 1) are reflected in the fact that it is more direct, less
restricted, and avoids ambiguity issues.

Utilizing the above theory, the errors S and 7); are guaran-
teed to converge in finite time.

V. EXAMPLE OF SIMULATION

This section validates the feasibility of the designed control
strategy through simulation. The QUAVs system realizes the
desired effect according to the formation function during the
tracking process.

Considering the system has six QUAVs, the initial position
of the six QUAVs are as follows:
x1,0 = [0.97,1.78,0.46,0.57, 0.65,0.58];
X2,0 = [0.15,0.92,1.59,0.55, 0.35,0.49]7;
x3,0 = [0.34,1.78,0,0.43,0.92,0.55]7;
x40 = [1.71,0.06,0,0.77,0.46, —0.67]7;
x50 = [1.23,1.95,0.17,0.50, 0.34,0.38];
x6,0 = [1.81,1.65,1.95,0.86, 0.89, 0.46]
The initial velocity of the six QUAVs would be 0.
x0,0 = [cos(0.17t), sin(0.17t), sin(0.171)]" is the global
position reference signal of the QUAV. ¢ = 0.2c0s(0.17¢) is
the global yaw reference signal. As for the required values for
roll and pitch, we will get them using the methods mentioned
above.
To enable formation control of QUAVs time-vary forma-
tion function, we design the time-vary formation function as
follows:

h10 =[cos(0.3t) — 1, 2sin(0.4f) — 1, cos(0.2f) —
0,0,0]",

ha o =[—c0s(0.3t) + 1, —2sin(0.2t) + 1, —cos(0.2f) + 2
0,0,0]",

h3 o =[sin(0.4f) — 1, cos(0.3t) + 1, —cos(0.2t),
0,0,0]",

hao =[sin(0.31)
0,0,0]",

hs,o =[—sin(0.3t) + 4, —2co0s(0.4t) — 2, —sin(0.2f) —
0,0,0]",

he,0 =[0,0,0,0,0,0]".

(78)

— 4,2c05(0.41) + 2, sin(0.21) + 1

(79)

Let C; = [-2,—-1.5,—1,-0.5,0,0.5,1,1.5,2] and b; = 1,
where ¢ = 1,2, --- ,6. Let updating factor pije 1, = s, 5 = 25,
Wlek = Wf ik = 0.25. Let ¢; = ¢o = 0.025.

For QUAVs’ modeling, m = 2, g = 98, J; = 1, d =
0.2, ey = 2, epr = 1.5 K = diag([0.02,0.02,0.02]), Kr =
diag([0.015,0.015,0.015]), J = diag([1.5, 1.5,2.2]).

For the parameters in the v(t), it is designed as n = 0.75,
vg = 10, vy = 0.2, and T’y will be prescribed later.

In order for the system to reach convergence in a prescribed

time We design the coefficients of the SMC errors as f3; =
2.2.2. 2T

VT Ty Ty T
Wlt{l usmg 'the ‘6th QUAV as a leader, the communication
matrix is:

0 00 0 O 1
0 0 0 0 05 05
0 0 0 05 0 05
A= 05 0 0 0 0 05 (80)
05 0 0 0 0 05

0 00 0 0 O

The primary findings are depicted in Fig.1-Fig.11. In Fig.1,
QUAVs’ position states along the X-axis during formation
control with nonlinear disturbances are illustrated. Fig.2 por-
trays the position errors along the X-axis, demonstrating that



the QUAVs consistently maintain their position within the
specified range. Fig.3 and Fig.4 present the position states
and errors of QUAVs along the Y-axis, respectively, with
Fig.4 indicating the QUAV’s errors to converge within the
prescribed region. Fig.5 and Fig.6 showcase the position states
and errors along the Z-axis, respectively, highlighting the sys-
tem’s convergence within the specified region. Fig.7 and Fig.8
exhibit the yaw angle status and yaw angle errors of QUAVSs,
with Fig.8 indicating the QUAVs’ adherence to the prescribed
trajectory under the suggested control strategy. Finally, Fig.9
displays the control inputs in the X-axis direction, revealing
that the system maintains acceptable input performance even
when subjected to unknown nonlinear function disturbances.
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Fig. 1. The position states of the QUAVs along the X-axis. x; represents the
positional state of the ith QUAV.
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Fig. 2. The position errors of the QUAVs along the X-axis. e,; represents
the positional error of the ith QUAV.

The simulation result is presented in Fig.10, it reveals the
4th QUAV’s position tracking error on the Y-axis in the case
of Ty =2, Ty =3, Ty = 5, and Ty = 8, illustrating that the
convergence speed of the QUAV varies with the designated
time, further emphasizing that the FTPF proposed is capable
of effectively controlling convergence speed.
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Fig. 3. The position states of the QUAVs along the Y-axis. y; represents the
positional state of the ith QUAV.
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Fig. 4. The position errors of the QUAVs along the Y-axis. ey; represents
the positional error of the ith QUAV.
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Fig. 5. The positional state of each QUAV along the Z-axis. z; represents
the positional state of the ith QUAV.
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Fig. 9. The control input information of the QUAVs along the X-axis.uq1

Fig. 6. The position errors of the QUAVs along the Z-axis. e,; represents
represents the input of the ith QUAV.
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Fig. 10. The position tracking error of the 4th QUAV along the Y-axis using

Fig. 7. The attitude states of QUAVs along the yaw angle. v; represents the proposed FTPF with Ty = 2. Ty = 3, Ty = 5.and T = 8, respectively.
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Fig. 11. The position tracking errors of the 4th QUAV along the X-axis with
the proposed FTPF, the other FTPF in [?] and the prescribed performance
function in [?].

Fig. 8. The attitude errors of the QUAVs along the yaw angle. e, represents
the angular error of the ith QUAV.



Fig.11 presents the simulation results of the position track-
ing error along the X-axis for the 4th agent using the FTPF
designed in this paper, the other FTPF in [26], and the
prescribed performance function in [27] when Ty = 2. From
the figures, it can be found that the performance of QUAVSs is
acceptable after the proposed control law is employed, despite
the presence of uncertain nonlinear disturbances. Analysis of
Fig.11 reveals that the FTPF proposed in this study offers
superior stability in comparison to other finite-time prescribed
performance functions. Unlike the slight fluctuations observed
in the error of the other FTPF, the FTPF maintains a more
consistent trajectory. Additionally, in contrast to the PPF,
the FTPF achieves quicker convergence with reduced error.
Thus, the FTPF introduced in this work effectively manages
convergence rate of the system and maintains error within a
narrow region.

VI. CONCLUSION

This paper focuses on the time-varying control of QUAVs
system with FTPF. NNs are used to approximate the distur-
bances to improve the control accuracy and eliminate chatter-
ing problem. Combining the proposed new FTPF and sliding
mode control method, a finite-time prescribed performance
time-varying formation strategy is proposed. The convergence
of the controller is proved by a strict theoretical derivation
on the basis of the Lyapunov stability criterion. Finally,
simulations are conducted to validate the practicality of the
designed control scheme in achieving prescribed performance
within a specified time range while maintaining acceptable
input performance, even with unknown nonlinear disturbances.
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