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Abstract: The problem of vision-based fixed-wing UAV formation control under communication
limitations and the presence of measurement errors was investigated. In the first part of this paper,
the single UAV motion model and the process of estimating the neighboring UAV states using the
Extended Kalman Filter are introduced. The second part describes how we designed a sliding mode
controller considering the sensor measurement errors and discusses the sufficient conditions for
the stability and formation system in the presence of state transfer time delays in the formation.
The main motivation of this paper was to develop a hierarchical, globally stable sliding mode
controller that could enable the considered vision-based multiple fixed-wing UAVs to achieve and
maintain formation in the presence of measurement errors. To this end, the selected problem was
first transformed into a state-tracking problem for UAVs in the neighborhood, and then the stability
criterion was established using the Lyapunov stability theory. Finally, the effectiveness of the proposed
control method was illustrated using three numerical arithmetic examples.

Keywords: UAV; UAV formation; formation control; sliding mode control; time delay system

1. Introduction

In recent years, with the development of technology, UAV formations are able to
integrate more sensors compared to single UAVs to achieve diverse tasks in complex
mission environments, so UAV formations are widely used in activities such as search [1],
reconnaissance and target tracking [2], aerial refueling [3], and cloud computing [4]. In
ref. [5], Alsamhi et al. provide a thorough review of the application of UAVs in search.
Additionally, considering that although rotary-wing UAVs have the advantages of being
mobile and flexible and able to hover at will, but their disadvantages, such as limited load
capacity and short flight duration, cannot be ignored, this paper selects fixed-wing UAV
formations capable of performing various complex tasks with long flight times as the object
of study.

In previous studies, UAV formation control with communication links has become a
research topic for researchers because of stable inter-aircraft information transmission, easy
implementation, and the ability to adapt to most mission situations to achieve a variety
of formation control strategies. According to the control strategy, it can be classified as
Leader-Follower [6-8], Virtual Structure [9,10], Behavior-Based [11-13], and Consensus-
Based [14,15]. A distributed control method was proposed in [16] to effectively reduce
the requirement of the follower UAV speed and achieve formation control under the
follower speed no greater than the leader speed limit. Additionally, in [17], to reduce the
formation error due to parameter uncertainty, the feedback linearization approach was used
to design the formation controller to achieve a zero dynamic error in formation. Unlike
the previous two, Zhao et al. in [18] designed controllers with full consideration of UAV
input constraints as well as inter-aircraft collision avoidance constraints and implemented
simulation experiments in a 3D environment. Kim et al. [19] designed control laws for the
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dynamic compensation of UAVs during turns and implemented algorithmic simulations of
hardware-in-the-loop. Arumugam et al. in [20] derived sufficient conditions for nonlinear
intelligence consistency based on matrix linear inequalities and later in [21] studied multi-
intelligence consistency for semi-Markov jump in the perturbed case.

However, in recent years, with the complexity of the mission environment and various
types of communication sabotage facilities for UAV formations, it was difficult for UAV for-
mations to form effective communication links within the mission area. Therefore, formation
control methods that rely only on visual information transfer are gradually being empha-
sized by researchers and are widely used in various mission environments. Refs. [22-24]
use adaptive primitives to achieve control enhancement without modeling the dynamics
and interference, while ref. [25] builds on the former to design the adaptive control of the
guiding law line of sight to achieve formation control on a pair of UAVs. A control law
based on the inverse height between the optical center of the camera and the feature point
was proposed in [26] to achieve formation control under visibility constraints. The ref. [27],
on the other hand, designs adaptive control laws for formation control in the absence of a
distance state using position navigator velocity and vision-related parameters. To reduce
the constraint of information transfer direction, a pilotless formation control method was
proposed in [28] and achieved obstacle avoidance and reorganization of the formation.
A controller achieved large-scale cluster formation in a measurable error environment,
which was presented by Chen et al. in [29] and realized comparative simulations in
multiple cases.

Although the above-mentioned article implements vision-based formation control, it
makes high demands on the controller design due to the measurement error of the sensor in
estimating the state of the leader UAV and the need to form a stable form in a short period.
The sliding mode control, on the other hand, is not sensitive to error and has a good control
effect, and is widely used by researchers to realize the formation control of UAV formation.
To solve the drawbacks of jitter in the sliding mode control method and the difficulty
in setting the control gain, adapting the sliding mode control was applied to formation
control [30]. The refs. [31,32] integrated sliding-mode controllers into feedback linearization
to achieve formation control in the case of unknown leader UAV speed. A bilateral control
law using linear quadratic adjustment of the outer loop control and sliding mode control
achieved inner loop attitude control and was proposed by Ghamry et al. in [33] to solve
the problems of the long computation time of the sliding mode controller and system jitter.
To achieve the formation control of multiple aircraft, ref. [34] used a higher-order sliding
mode control to achieve the extension of UAV formation. The UAV formation control
method is applicable to the model-free case and was proposed in the literature [35], while
Mobayen et al. designed two adaptive laws [36] to deal with uncertainties and disturbances
with unknown upper bounds, and demonstrated the effectiveness of the algorithm in
practical applications. The work in [37], on the other hand, used an integral sliding mode
control to achieve the formation control of three UAVs with little change in the speed of
the leader.

The above research results show that the sliding mode control algorithm has the
advantages of being insensitive to state estimation errors and fast tracking, but there are
problems with large initial input values and system jitter. To solve the above problems, this
paper adopts the two-layer global stable sliding mode control to design the controller. While
ensuring the fast convergence of the system, the sliding mode control input amplitude was
limited to ensure that the UAV formation could be controlled under the input limitation and
the existence of state estimation delay. The contributions of this paper can be summarized
as follows:

(1) The formation control problem of fixed-wing UAVs in an uncommunicated situation

was studied. UAVs use only onboard vision sensors to obtain the status of UAVs in
the neighborhood and to achieve formation control.
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(2) In this paper, we considered sensor measurements and used Extended Kalman Filter-
ing to reduce errors and designed a sliding mode controller to reduce sensitivity to
measurement errors.

(3) In this paper, the formation control was divided into a two-layer control structure
of position control and attitude control, and a suitable Lyapunov function was con-
structed to prove the system’s stability.

(4) The UAV state transfer delay was considered, the UAV error state equation was given,
and a suitable Lyapunov- Krasovskii generalized function was constructed to derive
sufficient conditions for the stability of the delayed system, and finally, the obtained
theoretical results were illustrated by three numerical simulations.

The rest of the article is outlined below. Section 2 describes the process of estimating
the neighborhood UAV state using the Extended Kalman Filter. Section 3 describes the
controller development process and sufficient conditions for system stability in the pres-
ence of time-delayed states. Section 4 provides numerical simulations to determine the
effectiveness of the proposed control method. Finally, then Section 5 gives conclusions.

2. Extended Kalman Filter-Based State Estimation
2.1. Equation of Motion for Single Machine

In order to introduce the UAV formation movement and modeling process, we intro-
duced three coordinate frames I, V;, and L; as the inertial coordinate frame, the follower
velocity frame of the UAV i, and the line of sight frame. The origin of the follower velocity

frame and the line of sight frame is the mass point of the UAV. The relative relationship
between the coordinate frames is shown in Figure 1.
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Figure 1. Coordinate frames.

The inter—aircraft relative relationship diagram (shown in Figure 2) can be obtained
from Figure 1, where Zij, Xijs and 7Yij are the relative distance, relative yaw angle, and relative
pitch angle between the follower and the leader UAV in its neighborhood.
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2V 2L,
Figure 2. The relative kinematics of the leader-follower.
From [29], the equation of the state of motion of a single UAV is given by:
X; V; COS Y; COS X
Vi ; COS 7y; SIn X
. Zi —0; sin Vi
x = |- = 1
i= 14, o )
Xi ﬂzi/‘()i
Yi —ayi [o;
oo vi Vi Vit o3 , - :
where: a; = |a,; a,; a;| cR”isthe UAV control input. Considering the actual flight

of the UAV, the input is not able to be chosen arbitrarily, considering the actual state of
the UAYV, and the input is restricted to a certain action area. Therefore, in this paper, we
assumed that the UAV input satisfied:

|axi | Axmax
a; = ‘ayi ‘ < | 4ymax 2)
|azi ‘ Azmax

[axmax Aymax azmaX]T in Equation (2) are known constants. The position error
between the leader UAV and the follower UAV can be expressed as:

€x Xi — X
ex = (ey| = |Yi— Y 3)
ez Zi — 2]

2.2. Leader UAV Status Estimation

In this paper, considering the measurement error in the binocular camera, this pa-
per used the Extended Kalman Filter to estimate the state of the leader UAV. The Ex-
tended Kalman Filter for the continuous measurement of the UAV state equation can be
expressed as:

Tl(k+1) :A‘Yl(k) +w(k) (4)
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where, ¥;(k) =

z(k) = H(¥, (k) = ¥i(k)) +v(k)

®)

[xl- Vi Zi Uy Uy vzi] is the position and velocity state vector of

Leader UAV. z(k) = [li]- Xij i ]-] " is the relative information vector between the navigator
and the follower where:

100 T 00 al al al al al ol
00100 T O Xi Yi Zi Uxi Oyi Uzi
a=|0 010 0 Tl W don 2 oy dxy % 9y
OO0 0 1 0 0} axi ayi aZi avxi avyi avzi

Vij Yij Yij Yij Vij Yij

8 8 8 8 (1) (1) Xi Yi Zj Oxi Vyi Uzi

The estimation process of the Extended Kalman Filter can be divided into the following
estimation parts as well as the gain update part,

¥, (k+1|k) = AY,(k|k) ©)
P(k+1]k) = AP(k|k)AT + Q(k)
where ¥ is the leader state estimation vector, P is the covariance matrix of the state errors,
and is the covariance matrix of noise due to sensor errors in the state variables. After
obtaining the state estimation vector, the state estimation vector was corrected by the
following equation, and the Kalman gain was updated by Equation (8).

by (k+ 1k +1) = ¥, (k+ 1]k) + K(k)[z(k) — H(¥; (k + 1]k) — ¥;(k))] ”
P(k+1Jk) = P(k +1|k) — K(k)BP(k + 1|k)

®)

where R is the measurement noise caused by the measurement and B is the output matrix,
which can be expressed in the following form.

K(k) = P(k +1[k)BT (BP(k +1|k)BT + R(k)) B

B = I6><6 (9)

By applying the extended Kalman filter, the leader state vector
Y, (k) = [x/ v z vq v, vy could be obtained, and the leader state could be
obtained by calculating:

X X (29
Pr= (Y|, 0= ]/ = |9y (10)
4 z (2]

Through the above state estimation for UAVs in the neighborhood, the follower UAV
can obtain the reference state information of UAVs in the neighborhood.

3. Controller Design

The controller designed in this paper controlled the inner and outer loops of the
UAV separately to realize the position control of the outer loop and the attitude control
of the inner loop, respectively. The ideal state of the inner-loop control was generated
while realizing the outer-loop control, which then passed to the inner-loop, and then the
controller design of the inner-loop realized the tracking of the passed signal and finally
realized the closed-loop control of the whole system. In this paper, UAV, was used to
represent the reference UAV in the neighborhood of UAV;. The flow chart of the algorithm
is shown in Figure 3.
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Figure 3. Schematic diagram of algorithm principle.

One note here: in the controller design of this paper, we will use the following second-
order differential controller to implement the derivation of the intermediate ideal state
differential generated by the outer loop.

X1 = X2
X = —2R%(x1 — n(t)) — Rxy (11)
Y= Xx

where n(t) is the input signal and is the component to be differentiated, x; achieves the
tracking of the signal, and x; is an estimate of the first-order derivative of the signal n(¢).The
initial states of x1 and x; are defined as x1(0) = 0, x2(0) = 0.

3.1. Controller Design

For the UAV to have a smooth trajectory, this also meant that it needed to be a smooth
curve to make the input to the UAV continuous in the 3D environment. From Equation (1),
we obtained:

= \/ IR ACEEAG (12)
— _arctan! @)
X; = —arctan (x(t) (13)
Yi = —arctan™! (A) (14)
(1) +57(1)
Together with Equations (1), (12)—(14), we can obtain the acceleration of the UAV as:
o gy = B+ 505(0) + 2 () -
NEORSADREAD

£(0) [ (8) + 57 ()] — 2() [E (D) + 7 ()7 (1)]
VAW + 70 + 20y 0+ )

A A wWi) — E i)
0zt = oy = 2 (8) + 720 + (1) R a7

VY = — (16)
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From the above equation, the UAVs could achieve formation control in the case of
multiple UAVs with smooth paths under continuous trajectories. It was assumed that the
desired trajectory of the UAV in the 3D environment was:

a(t) fa(t)
[yd(f)] = [gd(xd( ))] (18)
z4(t) hg(x4(t))

Considering that the UAVs’ input is constrained, the following assumptions were
made on the trajectory function.

dgq(x) d%g4(x)
_ovr /7 <
‘ | S A, | S A, Vx € [0, ) (19)
dhy(x) dzhd(x)
— < (o]
’ | SH T | S 2, Vx € [0, 00) (20)

where A1, Ay, 1, pp is the determining constant. By substituting Equation (18) into Equa-
tions (15)—(17), which yielded:

fﬁ(t)(% + ) 4 (o) (254 4 2yl
e (T (55
gt (1 + (s >>2 _ dgylx) dzggiw)

e () () o (52)°

2 2 f (4 dzgd(k)
o \/1+ (dg;(x)) . (dh;(x)) fol) T8 )
x x 1+ (dgd( ))
By applying Equations (21)—(23) to Equation (2), we obtained:
Falt) (532 + Sl + o0 (342 + 2400)
d dh
o+
dhy(x )(1 n (dggix))z _ dgylx) dzﬁé’ix)>

e ()" () o (52)°

dga()\? [ dha(x)\2_Sal) 47
\/H(gélifcm) + §ix)> 1j(dg§(x)) < fzmax 26)

Considering Equations (19) and (20), it was obtained that:

(21)

Axi =

(22)

< Aymax (24)

—fd (t) < Aymax (25)

FaB) (A + 12) + Fa(H) (A + 1)

V1+AT+ 43

< Aymax (27)
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1 (1+A7 = MAy)
I+ +18,/1+ 43

Aof(t)
/ 2, 2724
1+/\1+y171+)%

From Equations (27)-(29), we obtained:

fa(t)

< Aymax (28)

< Azmax (29)

‘fd(t)’ < As,
Ay = mm( s, B/ LT e (141) ) (30)

14+A2—A1A2 " Ma/14A 22

a \1+A2+u2
< xmax 17T M 31)

()] o

It can be derived from the above equation that when the system input was bounded,
the boundedness of the trajectory could be guaranteed. The design of the outer loop
controller is discussed below. From Equation (3), the system error tracking equation can be
obtained as:

Xj — X V; COS Y COS Xj — Uy
e = yl. — yl = | 0;COSY;SIN X; — vyl (32)
zi — 2z —0v;siny; — vy

The outer-loop virtual input can be taken as:
Uq V; COS 7Y; COS X; vy — artanh(piex)
uj = |up| = |vjcosy;siny;| = |vy — astanh(pey) (33)
U3 —v;sinvy; v, — aztanh(pze;)

To achieve the inner loop control when the input is #u;, the ideal tracking state of the
inner loop can be calculated according to Equation (33) as:

u
'Ud = _sin%yd
— U
X4 = arctan ( i ) (34)

= —arctan| —(—=2—
i ( \ rmg)
Take the inner-loop sliding mode functions as:

Sy = 0U; — 0y
Sx = Xi — Xd (35)
Sy =% —Vd

The system input can be taken as:

ay = Og — k1sy — Tysigns, — bytanhpys, (36)
ay; = —04 (74 — kosy — Tosigns, — bptanhpss., ) (37)
a5 = v4(X4 — k3sy — T3signsy — batanhpesy ) (38)

when the system input is (36)—(38), and the system can ensure global stability (Stability
proofs are made in the next section).
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3.2. System Stability Proof

With the input of Equation (33) for the outer loop system, the tracking error system
(32) can become:

X; — X —altanh(plex)
éj= |y;—y, | = | —axtanh(pzey) (39)
Z; — 2 —aztanh(pze;)

To prove the stability of the outer-loop system, Theorem 1 is given.

Theorem 1. When the system has a tame solution, as shown in equation:

n = —atanh(ky) (40)

for any constant a.y satisfying a.y > 0, the system converges to 0 in any initial state #(0).

The proof procedure is shown in [38] and is not repeated here. For the inner-loop
system, the Lyapunov function of the inner-loop tracking error system can be taken as:

1 1 1
Vi = Es% + Esi + ESEY (41)

Taking the derivative of Equation (41) and substituting it into Equations (1) and (35),

we obtained: .
V1 = 5uSy +5y5y + 545,

= 50 (0 — 04) + 5x (Xi — Xa) +59(%i — 7a) (42)
= 80 (axi — V) +Sx<%i —Xd) +57(—% - %l)

By substituting into Equations (36)—(38), Equation (42) was simplified to obtain:

. . . . ayi .

V] = Sv(axi — "Od) +SX(% _Xd) +57(_‘07{1 — d)
= _ (klszz, + kosy + k3s?y) — (T1508igNs, + Tasysignsy + T3s,signs, ) (43)
— (b1sytanhpys, + bosytanhpssy + bys,tanhpes. )
< —(bysytanhpysy + bysytanhpss, + bzsytanhpes,,)

Based on Equation (43) and Theorem 1, it was obtained that the inner loop of the
system was convergent under the action of the input, and when the parameter values were
appropriate, the inner loop converged faster than the outer loop, and the inner and outer
loops converged equally when and only when the error was zero. The global stability of the
system is analyzed below. Assuming that there exists a pitch angle as well as a deflection
angle to satisfy the follower for the leader, the position state part of Equation (1) can be
written as:

X;j = Ty COS Y4 COS X4 + €Os Y3 €08 X4(v; — v4) + vj cos ¥ (cos x; — cos x4) + v cos x4(cos y; — cos ¥4)
Y; = 0408 Y4 8in x4 + cos y4sin x4 (v; — v4) + v; cosy;(sin x; — sin x4) + v; sin x4 (cos y; — cos Y4) (44)
Zi = —0y4 sin Yd — sin ’)/d(’l)l‘ — Ud) — vi(sin Yi — sin ’)/d)

From Equation (44), the state tracking system produces corresponding deviations
when there are errors in )x;, x4 as well as 7;, ;. Considering that the system inputs (36)
to (38) were bounded, the system state quantity v;, x;, 7; satisfies the global Lipschitz
condition. Substituting the outer-loop reference control and inputting them into Equation
(44) yielded:
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ex = —artanh(piey) + cos v cos x4 (v; — v4) + v; cos y;(cos x; — cos x4) + v; cos x4 (cos y; — cosv,)
éy = —aptanh(ppe,) + cos v, sin x4 (v; — v4) + v; cos y;(sin x; — sin x4) + v; sin x4(cos ¥; — cos v4) (45)
e; = —astanh(pze;) — siny,4(v; — vy) — v;(siny; — sinyy)

Ve

Ve

X

X

The following is an example of analyzing the stability of the system with e,. the system
Lyapunov function can be taken as:

1
V = 3a; In(cosh p1ex) + Eplejzc (46)

where «, p1 > 0. Taking the derivative of Equation (46) leads to,

V = 3a;p1¢ytanhpiey + prexéy (47)

Let my = ajtanh(piex), my = cosy,;cos x4(vi —v4),m3 = v; cosY;(COS X; — COS X4),
my = v; cos X4(cosy; — cos v4), then ey can be expressed as: ex = —my + my + m3 + my,
and, when substituted into Equation (47), gives:

= 3pymy(—mq + my + mz + my) + prex(—my + my + mz + my)
2 2 2
=—p1 [m{- — 3mymy + (3my) } - p1 [m% — 3mymy + (3my) } - 01 [m{- — 3mymy + (3my) }

—p1exmy + 3o1ma(my + ex) + Fo1m3(m3 + ex) + Fo1m3(m3 + ex)
Additionally, because of ajtanh(piey) > 0, therefore:

< —p1 [m% — 3mymy + (%mz)z} - p1 [m% — 3mymy + (%mz)z} - 01 [m% — 3mymy + (%mz)ﬂ
+301ma(my + ex) + Fp1m3(m3 + ex) + Fp1mz(m3 + ex)
< —pr|(m1 = 3ma)” + (m1 = 3ms)” + (m1 — Fma)”|

+301ma(my + ex) + Fp1m3(m3 + ex) + gp1m3(m3 + ex)

(48)

Additionally, the following can be considered:

COs X; — Cos x4| = |2sin Xi X sin X Xd < 2|sin A~ Xd <\Xi— x4 (49)
X 2 2 2
The same reasoning leads to:
|cos i — cos 4| < |vi — V4l (50)

From Equation (43), v;, 7;, x; is exponentially convergent. For Ve > 0, dt;;, > 0,
when t > t,, |[v; — v4| < ¢ similarly, this applies when t > ty,, [x; — x4| < € and when
t > ty,|7vi — 74| < & So, there exists a finite time t, , when t,, > max{ty, ty,, t,}, Vgx <0
and when t — oo, m; — 0,(i =2,3,4). So when t — oo, ey — 0, Similarly, it can be
proved that when t — o0, ey — 0, e; — 0, and the global stability of the system is proved.

3.3. Delayed System Stability Proof

When the navigator exists within the field of view of the follower UAV, the system can
achieve tracking in a time-delay-free state. However, when the navigator is not present in
the field of view of the follower UAYV, there is a time delay in the state transfer, and Theorem
Il is given below and demonstrates that the delayed system can achieve convergence.
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Theorem 2. When the time delay of system tlimxl,4 = x,is h, satisfyingh > 0,h € (0, E} Jhappears
—00
as the upper limit of delay, then when:

Q 0 0 P1Aqpy
-Q 0 0
0 —hzy 0
ALP, 0 0 AL hZ1App, + PrAx, + AL Py + Qy + AL hZyAg),
T(h)=| AP 0 0 A, hZ A, + AL, Py + AL, hZrAp,
0 0 0 0
0 0 0 B1.P, + B} hZyAy),
0 0 0 Bl,P> + B} hZyAn,
P1Aqy 0 0 0 ]
0 0 0 0
0 0 0 0
AL hZ1Ajpg + PoAgyg + AL hZyAsy 0 PBo, + AL hZyBy, PaBoy+ AL, hZyByy
AL hZiApg — Qy + AL hZy Ay 0 AL, hZ,B,, AL hZ)By, <0
0 —hZ, 0 0
Bl hz,Ax, 0 R + Bl hz,B,, Bl hz,B,,
Bl hZyAg4 0 Bl hZ,By, Bl ,hZ,By; — R

this indicates delayed system stability. Among others,P1,Z1,P»,Q,R,Zy > 0.

Proof of Theorem 2. First, linearizing the error state Equation (32) results in:

e; = Ae; + Bu; (51)

where:

A A
A =y o o0 0

0 0 0 cos YrCOS Xy —UpCOS7YrSINYX; —Uysin Yy COS Xr ] 0 0 0

0 0 O cosvyrsin), ©UrCOSYrCOSXr —0UrsSIn‘y,sin); By 0 0 0
000  siny 0 Uy COS Yy B = 3211 1 . 0

0 0 0 0 0 0 0 1/v, 0
000 —1/v? 0 0 0 0 —1/v
000 —1/v? 0 0

namely,

él(t) = A12r32(t) +A12d22(t — h)

ex(t) = Aprex(t) + Apgea(t — h) + Bou(t) + Bogu(t — h) (52)
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where A1y, Apyr, By, is the ideal state error matrix and A1y, Az, Bog is the error between
the ideal state matrix and the actual matrix. The Lyapunov—Krasovskii generalized function
can be taken as follows.

Vi(ep, t) = elT(t)P1e1(t)

Vi(e, t) = [{, el () Qer (a)da

Vs(ea, t) = [ [y e1 (D) Znér (Hdadp

Ve(ez,t) = e] (t)Paes(t) (53)
Vo(ex, t) = [{, el (2)Qpen(a)dat

Vs(up, t) = [}, u} (t)Rup(t)da

Vo(eo, t) = f ft hez t)Zpep(t)dadp

where P1,Z;1,P5,Q,R,Z; > 0, and it is clear that the above equation satisfies this.
8
V(e t) =) Vi(e,t) >0 (54)
=3

From the system (52), the derivative of Equation (53) can be obtained as:

V3(€1, t) (t)P1é1(t)
(t)P1A12,e2(t) + 2T (t)P1Apgea (t — ) + 2e] (1) Py (1) (55)

%f L [2eT (H)P1 Ao ex(t) + 2e] (t)P1Arges(t — h) + 2e] (t) Pyws (t) ] da

= 2¢]
T
21

. t
Vatert) =5 [ [el00@uer(t) = el (¢ = ) Quer(t = 1) dn (56)

V5(€1,t) —f j; hel Zlel( )dzxd,B
= [ [e1(DZaér () — &1 (t+ B)Zaér (£ + B) | dB

CER L [ (0Zain (1) — o () Zaén ()] da &7

(A12762(t) +A12d62(i’ — h) + W1(t))TZ1 (Aureg(t) +A12de2(t — h) + w1(t)) ] du
&1 (2)Z1én ()

Ve(ey,t) =26l (t)Paés(t)
= 2el (t)PrAnpysex(t) + 2el () PrAyger(t — h)
+2el (t)PaBy,u(t) + 2eX (£)PaBogu(t — h) (58)
f 2el (1) PyAgy,ex(t) + 2el (1) PrAper (t — h)] p
~ Rt +2e1 (1) PyBo,u(t) + 2l (£)PyBogu(t — h)

Voea t) = % /tih [eZ(1)Quea(t) — el (t — ) Qe (t — )| da (59)

Vs(u, t) = [uzT (DRua(t) — ul (t — h)Ruy (t — h)} da (60)

1
hJi—n
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Vo(ea,t) = [ [1, &3 (t)Zaer(t)dadp
= [l [&2(02Z2ea(0) — &3 (4 ) Zaia(t + B) | ap

T g [ 0 Zaea(t) - 8 () Zaba ()|

(61)
(Anzrea(t) + Appyer(t — h) + Bou(t) + Bogu(t — )"
=+ | hZa(Axrer(t) + Apaer(t — h) + Bou(t) + Bygu(t —h)) | da
&3 (@) Zaés(w)
From Equations (55)—(61), it can be obtained that:
) 1/t ror ~
V(e t) = 7/ (&7 (6, )T ()& (1 )] d 62)
hJt—n

where:
E(ta)=[ei(t) e(t—h) er(x) ext) ex(t—h) eéxa) u(t) u(t—h)l,
So, when (/) < 0, V(e, ) < 0, theorem II can be proved. [J

4. Simulation and Test Results

In order to verify the algorithm proposed in this paper, the control algorithm proposed
was simulated with MATLAB, as outlined in this section. We assumed that the UAVs used
for simulation carried onboard sensors that were capable of measuring the relative distance,
relative pitch, and relative yaw angles. The simulation parameters were set as shown in
Table 1. The initial states of the drones are shown in Table 2.

Table 1. Simulation parameters table.

Parameter Name Symbols Numerical Value
Sampling interval Ty 0.01
Sampling time T 30
Number of drones Ny 4
Intermachine delay h 0.004

Table 2. UAV initial parameter table.

UAV Number Initial Location v(mls) Yaw Angle

T

1 2,-2,0] 0 3
T

2 [~2,3,0] 0 3
T
T

4 [_2/ - 1/ 0] 0 %

4.1. Case 1

In case 1, we first simulated the case of four UAVs in formation in a simple curve
environment. The simulation results are shown in Figures 4-9. We set the desired
trajectory as:

[x7 va za] = [t sin(0.5%xy)+05%x;4+05 x4]"
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Figure 9. Position error.

As can be seen in Figure 4, the UAV is able to achieve the expected formation control
and maintain the stability of the formation until the end of the simulation, verifying the
effectiveness of the algorithm in simple curved paths. Additionally, when the leader is
not in the follower’s field of view, and there is a certain delay in state transfer, No. 4 is
able to follow the leader effectively. In Figure 5, at the first sampling moment, the solution
time of the UAV controller of No. 1 was significantly higher than that of the other UAVSs,
but it was less than 0.01 s, verifying that the controller could complete the solution within
the sampling time to avoid the errors caused by an untimely solution. Figure 6 shows
the acceleration input of the UAV during the actual motion, and it can be seen that the
algorithm of this controller avoided the jitter of the input. Figure 7 gives the virtual input
of the system calculated based on the UAV position error, from which it can be seen that
the virtual input was able to generate a continuous inner-loop control signal (as shown in
Figure 8 for the inner-loop ideal tracking state). Regardless of the UAV state volume (as
shown in Figure 8) or the position error (as shown in Figure 9), the following UAV was able
to achieve finite time convergence, while the inner loop convergence rate was greater than
the outer loop convergence rate, ensuring the convergence of the system.

4.2. Case 2

In case 2, we simulated the formation control and retention problem of four UAVs in a
complex path, and the simulation results are shown in Figures 9-13. We set the desired
trajectory as:

(x4 va zd]T =[t 5xsin(0.5% x;) 5 xcos(0.5x xz) +0.5 x x;] T
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Figure 13. UAV virtual input.

In Figure 10 of case 2, it can be seen that the four UAVs were still able to achieve
the formation and maintenance of the formation under complex path conditions, but
the tracking effect was not particularly good in the initial phase when the UAVs started
tracking, and further improvement is needed in the next step of work. From Figure 11, it
can be seen that the No. 1 UAV and No. 2 UAV had a long controller calculation time in the
first sampling moment, and the controller solution time within the cluster was less than
0.01 s. In Figure 12, it can be seen that the inputs of the four UAVs were still able to achieve
formation control and acceleration convergence in a short time in a complex environment.
Additionally, as can be seen in Figure 13, when the path was continuous, the generated
virtual inputs were also continuous and could provide continuous desired signals to the
inner loop control. In Figures 14 and 15, it can be seen that the state, as well as the position
error of the UAV, can achieve fast convergence under the action of the algorithm, and the

inner loop converged faster than the outer loop converges, which ensured the formation
and maintenance of the formation.

—vd v-UAV, . .v-UAV,
---v-UAV ___v-UAV,

T

0.5 1 1.5 2 2.5 3
Time(s)
| ‘
—kaid kai- UAV 2" -kai- UAV4
kai- UAV1 ---kai- UAV3 I

/J,’ e B— — | \\\;

1 1.5 2 2.5 3

Time(s)
I L !

---gamad gama- UAV2 ---gama- UAV47

gama- UAV1 ---gama- UAV3 H

LT e G T — T 7

0.5 1 1.5 2 2.5 3
Time(s)

Figure 14. Attitude error.
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Figure 15. Position error.

4.3. Case 3

To further verify the effectiveness of the algorithm for the formation control of large-
scale clusters, the formation control of eight UAVs was simulated in a complex environment
with the initial states of the UAVs shown in Table 3, and the simulation results are shown
in Figure 14-18. In case 3, we set the desired trajectory as:

(x4 Va4 zd]T = [t 5xsin(0.5x x;) 5xcos(0.5 % x7) +0.5 X x4] T

Table 3. UAV initial parameter table.

UAV Number Initial Location v(mls) Yaw Angle
1 [2,—2,0]" 0 3
2 [-2,3,0/T 0 3
3 2,-1,0]" 0 z
4 [—2,—1,0]" 0 z
5 [—2,2,0]7 0 z
6 [2,-3,0]" 0 d
7 [-2,1,0]" 0 3
8 [-2,-2,0)" 0 z

In Figure 16, it can be seen that the eight UAVs were able to effectively achieve and
maintain an ideal formation under the action of the algorithm, but there was also a situation
where some of the UAVs were poorly tracked during the initial phase, which required
correcting in the next step to ensure that the system could achieve stability from the initial
state under various paths. In Figure 17, it is shown that among the cluster of 8 UAVs,
there existed 3 UAVs (UAVs No. 1,3,5) whose first solving time is much longer than
the other sorties, and all other numbered UAVs were able to satisfy the solving of the
controller within one sampling moment. In Figure 18, it can be seen that the acceleration
of each UAV experienced large fluctuations in the initial state, and after the system error
started to converge, the system input gradually converged, and the amplitude decreased,
ensuring the formation control at low acceleration. Figure 19 then shows that the virtual
inputs of each UAV gradually converged after stabilization and were able to provide
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a stable and continuous tracking signal to the inner loop (as shown in Figure 20). In
Figures 20 and 21, the UAV inner-loop state error, as well as the outer-loop position error
are given, respectively; from this, it can be seen that the large-scale cluster could achieve
the convergence of the state error as well as formation control in the complex path case.
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Figure 16. UAV trajectory.
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Figure 21. Position error.

4.4. Discussion

From the above three numerical simulation examples, it can be seen that:
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1.  The designed controller can be effectively applied to the formation control of fixed-
wing UAVs, even in the presence of measurement errors as well as state transfer time
delays in multiple UAV formations.

2. It can be seen from the computation times of the three examples that, since the
controller was distributed, it did not increase the solution time of individual UAVs
as the number of UAVs increased. However, there was a long initial moment at the
beginning of each phase in the time of each numerical simulation, which would be
the next step to improve.

3. When there were multiple UAVs in the neighborhood, the selection of the follower
UAYV for the desired leader UAV became an issue. In the next step of the study, rules
need to be developed or the research method updated to ensure the efficiency and
accuracy of the follower UAV’s selection of the desired leader UAV.

5. Conclusions

In this paper, a global sliding mode control algorithm for the vision-based control of
multiple UAV formations was proposed. In the presence of sensor errors, the follower UAV
uses extended Kalman filtering to achieve an estimate of the position as well as the state
of the leader UAV in the field of view, and the follower UAV uses the estimated position
as a reference value for the local outer loop control. After that, the continuous signal of
the inner loop control reference is generated using the outer loop virtual control, which
is then passed to the inner loop. Later, the inner-loop controller was designed to ensure
the tracking of the inner-loop reference signal, and it was mathematically proven that the
inner-loop controller converged faster than the outer loop while the stability of the global
algorithm was demonstrated. Finally, the stability of the formation in the presence of time
delay was given considering the time delay in the transmission of the ideal state of the UAV
due to the limited range of action of the UAV sensors. In a future study, this algorithm will
be further investigated in its initial state for the tracking of the reference value, the control
of a larger number of clusters, and the further improvement of the algorithm in the case of
poor initial state tracking.
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