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Abstract Inspired by the practical operability and safety of unmanned aerial vehicles (UAVs) in confined
areas, this paper investigates adaptive trajectory tracking control problems in multiple six-rotor UAV sys-
tems with asymmetric time-varying output constraints and input saturation. Under model and disturbance
uncertainties, six-rotor UAV systems are modeled as two non-strict-feedback systems, including attitude
(inner-loop) and position (outer-loop) regulation systems. For the inner-loop design, the neural-based dis-
tributed adaptive attitude consensus control protocol is employed to realize the leader-follower consensus.
Adaptive first-order sliding mode differentiators and an auxiliary dynamic system are introduced to address
the “explosion of complexity” and saturation nonlinearity issues, respectively. Then, an event-triggered
condition is predefined to alleviate the communication loads and reduce the number of messages to be trans-
mitted from the controller to actuator. In addition, a class of asymmetric time-varying barrier Lyapunov
functions are constructed for preventing the violation of time-varying output constraints. Accordingly, the
proposed double-loop control strategies guarantee that all signals of UAV systems are semi-globally and
uniformly bounded. Simulation results demonstrate that the proposed control method is effective.
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1 Introduction

In recent decades, the characteristics of unmanned aerial vehicle (UAV) systems, such as their vertical
flight ability, hovering, smaller diameter, high agility, and maneuverability, have attracted increasing at-
tention in many applications, including disaster monitoring, agricultural mapping, aerial cinematography,
load transportation, rescue missions, and military surveillance [1-3].

However, UAV multi-rotor systems often suffer from various difficulties and challenges [4-6]. First,
the multi-rotor dynamic model is known as the under-actuated system; i.e., the number of controllers
is less than the number of degrees of freedom. Second, multi-rotor UAV systems are modeled as strong
nonlinearity and coupling systems. Third, UAV systems often operate in complex environments, with
wind disturbances, internal friction, aerodynamic damping forces, and constraints. With regard to the
aforementioned issues, trajectory tracking control of multi-rotor UAV systems has received considerable
attention [7-9]. For a four-rotor UAV with parametric uncertainties and external disturbances, a previous
study [7] investigated the adaptive trajectory tracking control problem. Islam et al. [8] proposed a
projection-based adaptive autonomous flight control scheme to improve the tracking accuracy of nonlinear
four-rotor UAV systems with disturbances. As is known, the main advantages of multi-rotor UAV systems
are their ability to hover, take off and land vertically, and fly in any direction. To solve the high-accuracy
control problem of UAV systems with external disturbance force, the disturbance attenuation full tracking

* Corresponding author (email: renhongru2019@gdut.edu.cn)

(© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2021 info.scichina.com  link.springer.com


http://crossmark.crossref.org/dialog/?doi=10.1007/s11432-020-3128-2&domain=pdf&date_stamp=2021-5-20
https://doi.org/10.1007/s11432-020-3128-2
info.scichina.com
link.springer.com
https://doi.org/10.1007/s11432-020-3128-2
https://doi.org/10.1007/s11432-020-3128-2
https://doi.org/10.1007/s11432-020-3128-2

Cao L, et al. Sci China Inf Sci  July 2021 Vol. 64 172213:2

control scheme was previously proposed in [10] to estimate external disturbances, where the position and
attitude systems of the UAV were controlled effectively. It is worth noting that there has been an
increasing interest in preserving the stability of attitude and position systems against disturbances and
constraints. When multi-rotor UAV systems perform indoor fire-fighting, they are often required to fly
within a limited or narrow space, where the range of the position is confined to a certain interval. The
strong disturbances and high maneuverability of multi-rotor UAVs make it easier for them to transgress
the boundary of constraints. Constraints are often divided into input saturation, output constraints, state
constraints, error restriction, and physical stoppages [11-13]. Once the constraints are violated during
operation, system performance may degrade or even lead to system damage. Some control methodologies
have been previously presented [14-16] to prevent constraints violation. For example, to compensate
for the input effects of dead zone and saturation, a bioinspired-model-based adaptive fuzzy sliding mode
control method has been established [16], which is an effective and energy-efficient method. To analyze
the convergence property of a multi-rotor UAV with output constraints, Zuo et al. [4] studied symmetric
barrier Lyapunov functions (BLFs) with several quadratic terms. In the above-mentioned results, only
static constraints are considered. However, complex missions often require the UAV to fly in time-varying
space, where the physical environment confines the position, e.g., indoor fire-fighting and rescue missions.
Therefore, investigating the problems of asymmetric time-varying output constraints is helpful in ensuring
safe flight and obstacle avoidance. Tee et al. [17] adopted the asymmetric time-varying BLFs to prevent
output constraint violation for strict-feedback nonlinear systems. Based on their results [17], Fu et al. [18]
investigated the asymmetric time-varying output constraints of multi-rotor UAV systems with asymmetric
time-varying BLFs, where they investigated the inner-loop control problem of strict-feedback nonlinear
UAV systems.

Compared to an individual UAV system, multi-UAV systems can perform complicated missions effi-
ciently, e.g., forest fire-fighting, load transportation, and military maneuvers. For the distributed coop-
erative control problem of multi-UAV systems, the main challenge is developing a distributed tracking
control protocol with limited information interaction among UAV systems. For multi-UAV systems,
some distributed control approaches have been reported [19-22]. In [19], a leader-follower structure
and consensus-based algorithm were employed to propose the cooperative formation control schemes to
address the problems related to collision-avoidance for a team of quad-rotor UAV systems. Dong et
al. [20] presented the distributed formation containment protocols for achieving the desired formation of
multi-UAV systems under directed topologies. Under a uniformly and jointly connected assumption and
switching topologies, Zou et al. [21] proposed a distributed formation control scheme for a group of UAV
systems. Unfortunately, only a few studies have investigated the limited communication resources for
nonlinear multi-UAV systems.

To reduce the cost of multi-UAV systems, the small embedded micro-processor, onboard communi-
cation, and actuation modules are employed to transmit the communication information among agents,
which limits both communication channel bandwidth and computation abilities [23-25]. To address the
limited energy problem and computation and communication constraints in multi-agent systems, some
triggering mechanisms have developed [26-32]. Based on the current sampled consensus error, a self-
triggered consensus control protocol has been proposed [26] to reduce computation and communication
costs of linear multi-agent systems. For second-order multi-agent systems with system nonlinearities,
the distributed event-triggered sliding-mode control approach was presented [28] to effectively reduce
state updates. In [30], a distributed event-triggered transmission mechanism was designed to reduce
the amount of transmission data for heterogeneous multi-agent systems. However, problems related to
consensus tracking control and the limited communication bandwidth of nonlinear multi-UAV systems
with time-varying constraints have not been completely solved, which is the motivation of this study.

Inspired by the above observations and discussions, based on the event triggering technique, this paper
concentrates on the adaptive consensus tracking control problem for nonlinear nonstrict-feedback UAV
systems with asymmetric time-varying output constraints, input saturation and disturbance uncertain-
ties. First-order sliding mode differentiator (SMD) is employed to handle the “explosion of complexity”
problem caused by differentiating the virtual control signal repeatedly. In addition, a neural network
(NN) is used to approximate unknown nonlinear functions of UAV systems and handle the algebraic
loop problem. Then, adaptive backstepping NN control algorithms are presented to compensate for the
effects of the model and disturbance uncertainties. An auxiliary function is introduced to effectively
avoid the constraint of actuator input saturation. Finally, the good tracking accuracy of attitude and
position systems is guaranteed, and all signals in the UAV systems are semi-globally uniformly ulti-



Cao L, et al. Sci China Inf Sci  July 2021 Vol. 64 172213:3

Figure 1 (Color online) Structure of the six-rotor UAV.

mately bounded (SGUUB). Our primary contributions are emphasized as follows. (i) If UAV systems
have nonstrict-feedback forms, the aforementioned strategies will no longer be effective. In this paper,
the nonstrict-feedback form is applied to describe UAV attitude and position systems, which is more
general than the dynamic models of UAVs [5,6,10,18,33]. (ii) Unnecessary consumption of communica-
tion resources in limited channel bandwidth is reduced by the proposed event triggering control strategy.
Compared to previously proposed event triggering mechanisms [25,28,30], the triggering mechanism pre-
sented in this paper reduces the release times of the controllers and avoids the unnecessary actuator
wear. (iii) Differing from the static constraints [4,34], the asymmetric time-varying BLF is constructed
to prevent the output from violating time-varying constraints of the nonlinear position system.

The remaining sections are arranged as below. In Section 2, the problem statement and some pre-
liminaries are depicted. Then, the adaptive NN controller design and stability analysis are presented
in Section 3. Furthermore, some simulation results are given to demonstrate the effectiveness of the
proposed tracking control scheme in Section 4. Finally, the conclusion is drawn in Section 5.

2 Problem statement and preliminaries

2.1 Graph theory

A directed graph G = (V, £) is employed to describe the information transmission among M subsystems,
where V = {1,..., M} stands for the nonempty set about nodes, & = {(m,i) C V x V} represents the
edge set. (m, 1) indicates that the follower m can transmit the information to the follower i. The weighted
adjacency matrix A is described as A = [a; m]|amrxar, where the element a;; = 0. If and only if the pair
(m,i) € &, a; m > 0, otherwise a; ,, = 0. The Laplacian matrix is defined as £ = D — A with the diagonal
matrix D = diag{dy,...,dy}, and d; = 2%21 @i m- It is assumed that the digraph G has a spanning
tree and the root node is the leader [35-39].

2.2 Model of six-rotor UAVs

In Figure 1, & = {Oc,Te,Ye, 2z} and By = {Oyp, xp, yp, 26} denote the earth-fixed internal frame and
body-fixed frame, where the center of mass of the multi-rotor is regarded as the origin, respectively. In
frame &, © = [, 0,]T stands for the Euler angles (i.e., ‘roll’, ‘pitch’, ‘yaw’), (z,v, 2) is the coordinate
of centroid. Q = [wy,wy,w;]T is the angular velocity in frame By.

Considering the aerodynamic uncertainty, the model of UAV is constructed as

. . 1

P=V, Vz—}"Reg—geg—Q,

| ” m 0
0=T7TQ JA=-Qx(JN+M-G,+D,

where P = [z,y,2]T € R and V = [v,,v,,0.]T € R? denote the position vector and the velocity vector
of the center of mass in &, respectively. m stands for the total mass. ¢ is the gravitational acceleration.
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J = diag{J,, Jy,J.} denotes the inertia matrix. F is the total thrust. e; = (0,0,1)T is the unit

vector. M = [My, Mg, My]T € R? is the total torque. Let G, = J,(Q x e3)(D 06t — D rm135 )

denote the gyroscopic torque, where 7, is the rotor inertia, €2, stands for the angular velocity of rotor 7.
K = diag(k1, ko, k3) is an unknown diagonal aerodynamic matrix, where ky, k2, and k3 stand for air drag
coefficients. D is the disturbance described in By, where D = diag(dg, dg, dw)(;). The rotation matrix R
is expressed as

C¢C€ C¢SQS¢ — chqg S¢S¢+C¢SQC¢
R =|5,Cy CuCytSy89Ss SuSeCs—CpSs | »
Sy CoSis CsCy

where C(.y and S,y stand for cos(-) and sin(-), respectively.
The transformation matrix 7 represents the relationship between &, and B;, expressed as

1 sin¢tan® cos¢tand
T=1|0 cos¢ —sin ¢

0 sin¢secf cospsect

Then, the attitude system is rewritten as

. R - 1 L .

¢=- 9¢Ty + J—(M¢ — Jr0Q + dy ),

. T 1 o .

0=—9¢ + — (Mg — J¢S2 + dg0), (2)
Iy Jy

; R A S | .

) =—¢f—~ +J—(Mw+dw1/f),

Where9:92791+Q4793+96795.
And the position system can be presented as

1 k
& =—/(cos 1) sinf cos ¢ + sin ) sin p)Uy — i,
m m
1 k
i =—(sinp sin 0 cos ¢ — costp sin p)U; — —21), (3)
m m

1 k
Z=—(cosfcosp)U; — g — =y
m m

where Uy = F1 + F» + F3 + Fy + F5 + Fg denotes the force generated by the propellers with F, = bQE
where b and €2, are the lift constant and rotary speed rotors, respectively.

In a UAV system, U = [Uy, Us, Us, Uy]T, Uy = S2°_, 692, Uy = bL(QZ — Q2 + sin(r/6)(Q3 + Q2 — Q2 —

02)), Us = bLsin(r/3)(Q3 + Q2 — 02 — Q3), Uy = v(Q2 — Q3 + Q% — Q7 + Q2 — O2). Us, Us, and Uy
are defined as the roll input, pitch input and yaw input, respectively. L represents the distance from the
center of rotor to the center of mass of the body. v denotes the drag coefficient.
Remark 1. Compared with the quad-rotor UAV systems, the main characteristics of six-rotor UAV sys-
tems are the enhanced stability in the windy, hardware redundancy, payload capacity, and fault tolerance.
In addition, the six rotors and propellers are distributed on both sides of the fuselage symmetrically [18].
Thus, considering the under-actuated, strong coupling characteristics and wind disturbances of six-rotor
UAV systems, it is more difficult to construct the model.

2.3 Preliminaries

Lemma 1 ([40-42]). For the NN node number [ > 0, any continuous function $,,(x) over a compact
set Z; C R? can be approximated by 8*T¢(z). Then, one obtains

Ron(z) = 0T p(x) + €(x), V€ E,

where 6* means the ideal weight vector and () = [p1(), ..., o (2)]T € RY is the basis function. The
approximation error ¢(z) satisfies |e(x)| < €* with €* being an unknown constant.
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Figure 2 (Color online) Diagram of the control structure for six-rotor UAVs.

Lemma 2 ([43]). Let Z; 4 = [Ti1,..-,%ia)T, and ¢;(ZTia) = [0i1(Tia)s- -, 0i1(Tia)]T stands for the
basis function vector of NNs. For any positive constants a, b, if b < a, one has

s (Zi.a)lI* <lloi (@)1 (4)

Lemma 3 ([34]). Design the first-order SMD as follows:

o = i0 = Gi1 — €40 Gio — ozi(t)ll/2 sign (¢;0 — ay(t)),
Gin = —ei1sign (G — mio) »

(5)
where (.0, Gi.1, 7i,0 stand for the states in system (5). €; 0 and &;1 denote the first-order SMD parameters.
a;(t) is given as a known function. Moreover, the differential term ¢&;(¢) can be approximated by ;0 to
arbitrary accuracy if the initial deviations (; 0 — a;(to) and n; 0 — ¢&;(t) are bounded.

Assumption 1 ([4]). The Euler angles ¢;, 0;, p; of UAV satisfy the following condition: ¢; € (=%, 5),
ei € (_%a %)7 w’i € (_7-[77-[)'

Assumption 2 ([29]). External disturbances d;, i = 1, 2, ..., M satisfy |d;| < df, where d; denotes
an unknown constant. The reference signal y,0(t) and its derivative g40(¢) are bounded and smooth
functions.

Assumption 3 ([17]). The system output y,, is bounded as kepa <Yn < l;:m,l, where k., 1, ken,1 are the

time-varying constraints. And |k, ;| < ko, [ken,1| < ket |Ecn71| < kea and |ken 1| < kes with keo, ket kea,

and k.3 being positive constants.

2
Lemma 4 ([17]). For s € R, positive constant k, € RT and |s| < kg, the inequality log kfk_l? < %

holds.

Remark 2. Different from the dynamic surface control (DSC) methods [14,18,27,32], with the charac-
teristic of fast convergence and the good filtering precision, the first-order SMD is introduced to estimate
the derivatives of virtual control signal in this paper. In addition, it is unnecessary to consider the partial
derivative terms for the constructed SMD, which reduces the tedious analytic computation.

3 Design of adaptive NIN controller

Firstly, an adaptive NN consensus tracking control strategy for the inner-loop system is proposed in
Subsection 3.1. Then, the adaptive outer-loop control problem is solved in Subsection 3.2. Diagram of
the control structure for six-rotor UAVs is presented in Figure 2.

3.1 Design of adaptive inner-loop controller

Taking the system (2) and disturbance uncertainties into account, the attitude system with three channels
is expressed as

Tig1 = Tig2 + [t (Tig2),  Tig2 = Uig(Dig) + fig2(Tig2) +dig,  Yig=mig1, ¢=1,2,3, (6)

where z; 1 and x; 42 stand for the states of the attitude system, where z; 11 = ¢;, i 21 = 0;, 531 = s,
_ _ _ — _ T . — —
Ti12 = Wi, 4,22 = Wyi, £i32 = Wai- Tig2 = [Tigql, Tig2] 0= 1,..., M. fiq1(Ziq2) and f; q2(Z; q2) stand

for the neglected and unmodeled parts of the attitude system. d;1 = d¢7iq'§i+6"i z% - %GIQZ,
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Yo oady Tz JIri 16 j P Jei—dyi _ Ui _ U,
dip = dpibitipi=y=rt — FdQ, diy = dy it @il =% win (Vi) = 7%, wip(i2) = 7,

Y,

u;3(¥3) = ?4 mean the plant inputs subject to saturation nonlinearity, which are represented by

Uing(Dig) = sat(Big) =9 " ) 95 (D)] < tign,

{WWMW%MV%@D%W
where u; on is the bound of u; ¢(9;4), ¢ = 1,2, 3.
A smooth function is defined to approximate the saturation function. That is, sat(¥; ) can be written

as Sat(ﬁi,q) = Qi,q(19i7q(t))+§i,q(19i,q(t)):“i,qN x tanh( e )+§i,q(79i,q(t))a where §i,q(79i,q(t)) = Satwi,q) -

Ui, qN
0i.q(V;.4(t)) is a bounded function in time and its bound is expressed as

ISi,q(Vi,q(1))| = [sat(Vi,q) — 0i,q(Viq(t))| < uign(1—tanh(1)) = Dj g1.

Accordingly, with the framework of backstepping method, the adaptive neural inner-loop control
scheme will be proposed.
The tracking errors are presented as

M
Zigl = Z @iom (Yig — Ym,q) + bi(Yig — Yg0),  Zig2 = Tig2 — Qg1 — Rig, (7)

m=1

where the gains b; > 0 only for the case that the ith follower could receive the information from the
leader. The virtual control signal o 41 and the auxiliary control signal h; , will be defined later.
Step i, 1. Design the Lyapunov function candidate as

52 52
i,q1 i,q1
‘/z’,ql == + )
27“1',(]1
: e a _ * .. * _ *T * - : *
where 7; 4; is a positive constant. ei"{j = 0], — Oigj 07, = max{[|0; ;. € ,;} (G = 1,2) with € ;
being an unknown positive constant. ©; 4; is the estimate of ©7 ..
The time derivative of z; 41 is shown as
M
Ziqr =(di + b)) (zi.g2 4 fiqn (Tig2) F @i +hig) = Y i (@mge + finsgt (Fm,a2)) = bidigo- (8)
m=1

7 _ M _ . L
Let Fy g1 = (di + b;) fi,q1(Ziq2) — 2 rneq Giym (Tm,g2 + g1 (Zm,q2)) — billqo. The approximation property

of radial basis function (RBF) NNs in [40-42] is applied to approximate F; 41, and then, we have

21 Fiq1 :Zi,ql(ﬁrgﬁﬁi,ql(zi,qﬂ + €iq1)
<Jzig1 (1167 51 l0i.q1 (Zig1) || + €5 41)

*
<|Zi,q1|®z‘,q1‘1’i,q1a

where Wig1 = [l9iq1(Ziqr)ll + 1, Zigt = (7542, T q2: %0, Ya0] 5 Zigr1 = [T g1, Tm g1 Ygo] - Then,

according to 0 < |g| — ptanh (%) < Fw, F =0.2785,w0 > 0,0 > 0, we have

. Zi,q1Wi,q1
12,1197 g1 Vi,q1 < 2i,q105 41 Wi, q1 tanh ( Z; zlq >+r®;q1w’i,q1' 9)
i
Construct the virtual controller and adaptive law as

1 A Zi,1 Vi q1
Qjgl = —=——— | ¢ g1%i01 + Oig1 Vs 1 tanh [ 221 — hi g, 10
,q1 d; +b; ( 1,q1<i,q1 4,q1 *i,q1 ( Tiq1 1,q ( )

X 2 1\1/47 1 ~
Oiq1 = Ti,q1%i,g1Viq1 tanh (u) — 0i,q10i,q1, (11)

Wi,q1
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where ¢; q1, 04,41, and w; 41 are positive constants.
Substituting (9)—(11) into (8) yields

: _ 01,410i,910i.q1
Vigr < (di + b3)ziq12i,92 — Cig12eq1 + % +F O] 1 @iq-
i,q1
To avoid the tedious analytic computation of the virtual control signal ¢ 41, the following first-order
SMD is adopted to estimate d; q1:

: 1/2 .
Cirg20 = Mi,q20 = Gi,q21 — €i,q20 |Cirg20 — Qi g1 / sign (Gi,q20 — 1) 5 (12)

; . . *
Gig21 = —€i,q21 8180 (Girg21 — Mig20),  Qirgl = Misg20 + Sig1,  [Sig1] < S g1

where ; 1 stands for an estimate error, ¢ ; denotes an unknown positive constant.

To reduce the updating numbers and alleviate the communication burden, an adaptive event triggering
mechanism is constructed for the nonstrict-feedback attitude system of UAV.

The control signal of event triggering is presented as

h ] :
Dig(t) = wig(thy), VEE€ [thg tid "), tigh =mf{t >t} | leig(®)] = Nig [Viq(O)] — pig >0}, (13)

where w; 4(t) stands for the intermediate continuous control signal Ai,g € (0,1) and p;,4 > 0 are the
design parameters. €; 4(t) = w; 4(t) —V; 4(t) is the measured error. ! , h € Z* is called as input updating

times. When ¢ € [t!,,t"T1), the control signal ¥; ,() is a constant.

i,q

1,97 Vi,q
When t € [t},, tf;rl) one has

|wi g (t) = Dig(D)] < Aig [P g ()] + trig-

From (13), it shows that

i,q k2, ()i,
Dualt) = gD Pl (14
1+ kz‘,q(t))\i,q 1+ kz‘,q(t))\i,q
where |kj ,(t)] <1 and [k, (t)] < 1.
Design the intermediate continuous control signal as
wig(t) == (14 Xig) (O{LqQ tanh <M> + fis,q tanh (M)> , (15)
Wi,q2 Wi,q2

where fi;,4 > 1 ““?
l

is a positive constant to be determined. w@; 42 is a positive constant to be given.

Subsequently, the stability of closed-loop system will be proved by the proposed adaptive event trig-
gering control scheme.

Step i,2. To deal with the issue of input saturation, we introduce a dynamic system subject to
auxiliary design function h; , as follows:

ﬁiyq = —Nig + 0i,q(Vi,g) — Vi

The Lyapunov function candidate is defined as

22 az, o2
— +

_ 1,92 1,92
V;,q2 — V;,ql + + —
2 27"1'7(1 27"17(12
where 7; 4 is a positive constant, d; , is the estimation of d7 , and d; iqg = di g dz,q.

Similarly, differentiating V; 42 yields

Vigz =Vig1 + zig2(Wig + $i.0(0i,g(t)) + hig + fiq2(Fig2) + ding — (Mig20 + Siq1)) —
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According to 0 < || — gtanh (£) < Fw,F = 0.2785,@ > 0,0 > 0, —ptanh (£) < 0, ki, (0] < 1,
k7, ()] <1, and z; qw; 4(t) < 0, the following inequalities hold:

Ziq,q2Wi, q(t) - Zi7q2ki2,q(t):u’i7q
Lk (DNig 1T+ (DNig

Zi,q2Wig (1)
1+ )\i,q

2i,q2Vi,9 <

+ |2i,42f01,q]

~

Zi,q20ti,q2

< — 2,200, 2 tanh ( > + F @i g2

Wi,q2

< 2F Wig2 — Zi,q2Qi,q2- (17)

According to Lemmas 1 and 2 and Young’s inequality, one gets

*2 2
Si,ql Di, 1
2iq2(Sig(Vig) — ig1) < 25 g2 + 12(1 + —2q ,
Zi7q2di,q < |Zi7q2|d:’q + (Cii,q + Czi7q — q)ZZ 72 tanh (fﬂZ q22) ) (18)
iq

zig2fig2(Tig2) = 2iq2(0] 500i.q2(Tig2) + €i.92) < 121,2(05 2 Vi g2,

where W g2 = [|@i,g2(Zi,2) || + 1.
The virtual controller and adaptive laws are set as

_ ~ Zi \I/
Qg2 = Ci.g2Zi,g2+ Zig2+ (bi + di) zig1 + i g— i 20+ Oi,q Vi g2 tanh (‘127) +d; 4 tanh ( La2 ) )

Wi, q2 Wi, q2

5 Ziq2 _ s A 2i,q2 Vi q2 A
di,q = Ti,q%i,q2 tanh = Oigdigs  Oig2 =T1ig22i,2Vig2tanh | === ) —0;20;4,  (19)
Wi,q2 Wi, q2

where ¢; 42, 04,4, and o; 42 are given constants.
Similar to the analysis in Step 7,1, V; 42 is transformed as

2 2 014,02 oyd2
2,97 i,qj 1%,q
Vigx < Z CivgjZigj — Z o o T Aig, (20)
j=1 j=1 T"v‘l] Tlvq
h A _ 2 0i,q;© -LqJ Gi,qd -Lq @ ) d 1q1 D?ql
where /\; 4 72]’:1 2107 + 27, +Z] 1f w'L ,qJ + 2F w; q2+ FW'L q2+ + 2 -
Then, one obtains
Vti,q2 < *Ei,qv:i,zﬂ + Ai,qa (21)

where £, ; = min{2¢; ¢j, 0i g5, Oigsi=1,....,M,5=1,2,g=1,2,3} and ¢;1 > 0, 0, 4; >0, 7;,4 > 0.
According to the previous development, the main results are summarised as the following theorem.

Theorem 1. Under Assumptions 1 and 2, the first-order SMD (12), the event-triggered mechanism (13),
the intermediate control signal (15), and the adaptive laws (11) and (19) guarantee that all signals of the
closed-loop attitude system (6) are SGUUB. Moreover, the Zeno behavior can be avoided.

Proof. The Lyapunov function candidate of the whole attitude systems is V:Z£122:1Vi,q2- From (21),
we have

V< —L,V + A, (22)

where L5 = min{Ly,Ls,...,Ln}, £; = min{L;1,L;2,L; 3}, and Ay = sz\i1 22:1 A; 4. Subsequently,
integrating (22) over [0, t], one has

(23)



Cao L, et al. Sci China Inf Sci  July 2021 Vol. 64 172213:9

Then, considering the definitions of V; 41 and V; 42, the following inequality holds: |z; 41 |2 < QefcstV(O)Jr
205 (1 _ o Lst
Z. (1-e )

. Then, we have |2; 51| < 2£AS as t — oo. Therefore, it can be seen that the tracking error
2i,q1 can be controlled arbitrarily small via choosing the appropriate parameters. According to (23), all
signals in the closed-loop system are SGUUB.

Then, we need to prove that the proposed adaptive NN event-triggered control scheme can avoid Zeno

behavior. In this case, a time constant ¢; , > 0 can be found to satisty Vh € z* {1chrl g =gt
With € 4(t) = wiq(t) — usq(t),Vt, € [tz*q,til:;l), we obtain t|61 q = (fZ q X € q)2 = 51gn(ez a)€ig <

|w; |- From (19), we find that w; 4 is differentiable and w; 4 is a functlon subJect to the bounded signals
in the closed-loop system. Consequently, there exists a constant (; ; > 0 to satisfy |w; | < ;4. For

€iq(th,) =0 and lim, _, potL € «a(t) = piq, the lower bound of inter-execution intervals ¢} , > & : can be
found to exclude Zeno behavior.
3.2 Design of adaptive outer-loop controller
According to (3), the position equation of UAV i can be constructed as
Ml =Mn2+9ni1, Mn2 =", +gn2+dn, Yn=1n1, n=123, (24)

where M1 =, 12 = Vg, M1 =Y, N2,2 = Uy, 3,1 = 2, 32 = Vs, Gn,1 and gy 2 stand for the neglected
and unmodeled parts of the position system, respectively. The system output y,, satisfies Assumption 3.
(= % u1, u2, and uz can be expressed by ui = (Cy, 58, Cy, + Su; 59, )Ur, ua = (Sy,80,Co, — Cr; Sg, )Un,

and us = (CQ%C(Z}%)Ul —mg. d1 = %.ﬁ, dg = %y, d3 = %Z
According to the definitions of w1, us, us3, we have

ug sin(thg) — ug COS(wd))

Uy = \/uf+u§+(U3+mg)2, ¢darcsin< i
1

uy cos(a) + uz Siﬂ(wd)) .

us +mg

(25)

0, = arctan (

Remark 3 ([4,33]). w1, us,uz can be designed later. 14,04, ¢4 are the reference trajectories of v;, 0;, ;.
1q is regarded as an extra reference signal to be given. The parameters 6; and ¢4 can be calculated
by (25). According to Theorem 1, v, 0;, ¢; can rapidly converge to 14, 04, da.

The changes of coordinates are presented as

Sn,l = Mn,1 — Yn,dy  Sn,2 = Nn,2 — An.1, (26)

where a,,; is the virtual control signal to be designed later. y, q is the desired trajectory of y,.
Step n, 1. Time-varying bounds kqp,1(t) and ki, 1(t) of s, 1 are given as

k/’an,l(t) :yn,d(t) - Ecn,l(t)’ kbn,l(t) = Ecn,l(t) - yn,d(t)- (27)

The Lyapunov function candidate V,, ; is considered as

2 2
s k 1—qn(s k2 O
‘rn’1:‘In( n,l) In . bn,1 . + Qn( n,l) In . an,l . + n,1 :

2 kbn,l —Sh1 2 kan,l —Sh1 QT"J

where qn(sml) =0 for s,1 < 0 and qn(Sn,1) =1 for s, 1 > 0.

Let Xan,1 = o 11  Xbm1 = kzm =, Xn = qn(Sn,1)Xon,1 + (1 — ¢n(Sn,1))Xan,1 denote the coordinate conver-
sions of the error. To facilitate the design of adaptive backstepping control, Eq. (28) can be transformed
into

1 é%l
1—x2  2rpq’

1
Vn71 = 5 In

where 1y, j, j = 1,2 are positive constants. O}, ; = max{||9 ;lls €551 with €, ; being an unknown positive

constant. én,j is the estimate of 7, ; and én,j =05, - @n,j.
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Via $p.1 = Yn — Yn,a and s, 2 = Np,2 — an. 1, the time derivative of V), 1 can be calculated as

y dn Xbn kbn 1 . en,len,l
Vn,l =7 1 2\ 5n,2+an,1 "l‘gn,l Spi7——— —Ynd | — —
kbn,l(]- - an) kbn 1 Tn1
(1 B qn)XaTL . kan 1
+ 1 2 Sn,2 + an,1 + 9In,1 — Yn,d — Sn,1 ’ . (29)
kan,l(]- - Xan) kan,l
dnXbn (I—gn)Xxan __ dnSn,1 (I—gn)sn,1 _ dn (1—gn)
Note that T (X2 +kan,1(17><3n) Tk, [ =&nsn,1,6n = k2, —s2 + k2, —s2 "

With Lemma 1, Young’s inequality and 0 < |p

- Qtanh(w) < Fo,w > 0,0 € R, one has

EnSn,19n,1 = §n8n,1(9Z7T1<,0n,1(Zn,1) + Gn,l)

n<n \Iln *
< £n5p1©% U, ) tanh <55#) +FOr @, (30)
’ Wn,1 ’
where Z,1 = [2n,1,Zn2]", Y1 = [|0n1(Zna )l + 1, Znaa = [201]"
The virtual controller and adaptlve law are given as
. A Sp1V
ang = — ((cn,l +Cn,1(t))Sn1 — Una + ©pn1¥p 1 tanh (%;&)) 7 (31)
n,1l
- \\J ~
@7%1 zrn71§nsn,1\11n71tanh (gns/;’&) _Un,l(_)n,l; (32)
n,1l

where ¢, 1 > 0, 71 > 0, @y, 1 >0, and 0,1 > 0, &,1(t) = \/(k””'l)2 + (k”"l) + @ and ¢,1(t) + (1 —

Kbn,1 kan,1

qn) an,1 + qn Ebn 1 >0.

kan,1 kbn 1

Substituting (30)7(32) into (29), one has

y 7% * Un,lén,lén,l
Vn,l < — Cn,1 ) + r®n,1wn,1 +——+ fnsn,lsn,% (33)
1-— Xn Tn,1

Remark 4. In this paper, the proposed time-varying BLF-based control strategy can be extended to
handle the static output constraints and time-varying full state constraints.

Similarly as (12), to reduce the computational complexity with ¢, 1, the first-order SMD consisting of
Cn,20, Cn 215 Mn,205 En,20, En,21, and ¢, 1 is used to address the virtual control signal a,, 1:

dn,l = Mn,20 + Sn,ls |§n,1| < g;;,la (34)

where ¢ ; is an unknown positive constant.
Step n,2. The Lyapunov function candidate is defined as

) .

S @ 2 d2
Vo=V n.2 L —n
2 = Vntt Ty +2rn2 2,

where 7, is a positive constant. d,, = 4y — czn, cin stands for the estimation of dj.

The controller u,,, adaptive laws cin and émg are given as

1 Sn, v,
Up = — 7 | Cn,25n,2 + — "n,20 + d tanh + en 2\Iln 2 tanh 2 2 + fnsn 1] (35)
14 2 wn 2 Wn,2 '

)

X ~ I3 \\J ~
dp, = 7,52 tanh ( Sn,2 ) —Opdp, Opa=17y25,2¥,2tanh (M) — 09,2002, (36)

Wn,2

s

where ¢;, 2, 0y, @n,2, and o, 2 are given constants.
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Let U0 = |pn2(Znoa)|+1and Z, 01 = [wn1, 70 2]". Via the same calculation procedure as in (18),
Vi,2 can be arranged as

2 2 oy _ T
. Cn,1Xn 2 On,j en,j Undn
Vn,2 S 5 — Cn,25p2 — E -—+ An,p
1—x2 — 2y 27,
j=1
‘hoA o — 22 o 057 n &, ds? . 22 o e i )
w1 np = 2=1 "2, 27 j=1 n,jn,j nl Wn,2 5
Furthermore, letting £,, , = min{2¢,, 1,2¢y 2, 0n j, 0}, we have
Via < =LnpVn2 + Anp. (37)

Theorem 2. For the position system (24) with a nonstrict-feedback structure, under Assumptions 1-3,
Lemmas 1-4, the controllers (31) and (35), the adaptive laws (32) and (36), and SMD (34), all signals
involved in the closed-loop system can be ensured to be SGUUB.

Proof. The Lyapunov candidate function of the position system is V,, = Zi:l Vi,2. From (37), we have

Vo < =L,V + Ay, (38)

where £, = min{L1 ,, L2, L3p}. Ap =3 _ Ay

n=1

Integrating both sides of (38) with ¢ > 0 yields

where if V,,(0) <V, with V" being a constant, then V,,(t) < V" + 2—2, vt > 0.
From (28) and (39), we can obtain that

Qn(sn 1) kgn 1 1*(]n(5n 1) kgn 1 Ap Lot Ap
— 1 : 1 ’ < [ V,(0) — == P —. 40
2 kg 1 () =52 + 2 1k s2 »(0) L, ¢ Tz (40)

n,1 an,1” °n,1 P

With the help of kap1(t) < $n,1(t) < kon,1(t), we have k7, | (t) —s7, >0 and k2, ; — 7, < 0. When
qn(8n,1) =0 and s,,1 > 0, Eq. (40) can be represented as

kl?n 1 2((Vp(0 _Ap e’LP”Jr&
qn(sn’l)k}? 1( )’*52 1 s e Lp)' (41)
n, n,
Then, it follows that
Apy . —rpt Ap
sa] < kbn,l(t)\/l 20— e i) (42)

A A
Then, we get |sp1] < kpn1(t)V 1 — e %% as t = 0. Similarly, s,1 = —ken1(t)V 1 — ¢ 2%y when

A A
q(s1) = 1 and s,,1 < 0. Therefore, it follows from —kg,1(¢)V 1 — R < sp1 < kpna(H)V1— e 2z
that the tracking error s, 1 can be controlled arbitrarily small via choosing the appropriate parameters.
According to (39), all signals in the closed-loop system are SGUUB.

4 Simulation results

For multi-UAV systems, some simulation results are presented to demonstrate the effectiveness and valid-
ity of the proposed double-loop control strategy and event triggering mechanism under the communication
graph as shown in Figure 3.

To track the vertical helix flight trajectory, the desired signals of the task are set as y1,4 = 0.5 sin(¢),
yo.a = 0.5¢cos(t), ys.a = 0.5, ys0 = [Pa,0d,0a]"s pa = sin(0.5t), ke11 = 0.1sin(t) + 0.5, kp1q1 =
0.1cos(t)+0.6 —0.5sin(t), kg2,1 = 0.1cos(t)+0.5, kpz,1 = 0.1sin(¢)+0.6 — 0.5 cos(t), kq3,1 = —0.8, kp3 1 =
0.8. Moreover, simulation parameters of the task are given as follows: ¢, 1 = 0.1sin(zp 12n2), gn2 =
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Real trajectory
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Figure 3 (Color online) Directed communication topology Figure 4 (Color online) 3D tracking trajectories of the verti-
graph. cal helix flight.
0.8
0.6
= 0.4 =
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g o 8
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-0.8 +
-1.0
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time (s) Time (s)
Figure 5 (Color online) The trajectories of state 11,1 and Figure 6 (Color online) The trajectories of state 72,1 and
desired signal y1 4. desired signal y2 4.

(1 + Tn2) cos(Tn1), figr = 0.1sin(m; 1) sin(z;,42), 71,41(0) =[0.1,0.2,0.2]T, 25 41(0) = [0.2,0.1,0.2]T,
23.41(0) = [0.3,0.4,0.1]T, 24 41(0) = [0.5,0.1,0.5]T, w; on = 40, J, = 1.2416, J, = 1.2416, J, = 2.4832
m =2, ®=0.1, €40 = [0.2,02,02]T, ;01 = [0.2,0.2,0.2]T, £,,20 = 0.2, €521 = 0.2, w; 12 = 0.02,
Wn,2 = 002, Wi q1 = 0.]., Wi, g2 = 0.1, Hi1,q = 005, H2,q = 0.1, H3,q = 0.1, Ha,q = 0.]., )\Lq = 08, )\Q’q = 07,
A3, = 0.78, Ay g = 0.6, c1.51 = [2,3,6]T, c1,42 = [2,2.5,2.5]T, caq1 = [6,8,12]7, 200 = [0.4,1,0.4]7,
C3.q1 = [4,8,8]T, C3.q2 = [8,7.4,8]T, Cq.q1 = [8,5,8]T, C4.q2 = [5,5.8,5.8]T, Cn,1 = [10,18,10]T, Cn,2 =
[10,40,40]T, r; ;1 = [0.1,0.1,0.1]%, 0 41 = [100,80,80], r; 42 = [0.1,0.1,0.1], 0; 4o = [80,80,80]*, 7; , =
[0.01,0.01,0.01]%, 7, , = [20,20,20]%, r,,; = [0.1,0.1,0.1]T, 0,1 = [1.5,1.5,1.5]%, r,, » = [0.1,0.1,0.1]T,
o2 = [1.5,1.5,1.5]T, 7, =[0.1,0.1,0.1]T, 5, = [1.5,1.5,1.5]T. The sampling period is 0.001 s.

In the attitude systems, fi 42 and f3 40 are approximated by an RBF NN, which contains 7 nodes with
the center evenly spaced in [—2, 2] and the Gaussian-type function width being equal to 2. In the position
systems, to approximate g, 1 and g, 2, we choose 7 nodes with the center uniformly distributed in [—2, 2].
For UAV systems with time-varying output constraints and input saturation, the following simulation
results are presented. Figure 4 illustrates the 3D tracking trajectory of the nonlinear position system
of UAV 1, the desired trajectory of vertical helix flight can be found in many practical scenarios such
as flying in the staircase. More details of the good performance on tracking trajectories are depicted in
Figures 5-7, which show the desired signals y1.4, ¥2.4, ¥3.d, the tracking trajectories of states 1 1, 12,1, 13,1,
and the asymmetric time-varying output constraints ke 1, keiqs Ee2 1, keoq,s Kesas k3. It can be learnt
from Figures 5-7 that the outputs of the position system of UAV 1 not only satisfy the time-varying
constraints, but also converge to a small neighborhood of the desired trajectories. Figure 8 depicts the
trajectories of tracking errors s, ; under SMD and DSC approaches, which indicates that SMD technique
is more effective than DSC method. On the other hand, Figures 9-11 display the trajectories of the
desired signals and the outputs of the attitude systems of UAV i (i = 1,2,3,4). It should be noticed
that the desired signals of 6y and ¢g are not given directly but are obtained through (25). Moreover,
the actual event triggering control signals w; (), w;0(9;), and w; . (9;) with actuator saturation are
depicted in Figures 12-14. The release instants of event triggering signal w;1(1;1) are presented in
Figure 15, where the actuator of UAV i only uses 1688, 1110, 2072, and 1425 samples, respectively,
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Figure 11 (Color online) The yaw angle ;1 and the desired signal 1g.

whereas the traditional time-triggered control method will need 30000 samples. Furthermore, to present
the advantages of the proposed event-triggered strategy, three different threshold strategies are compared
in Table 1. Therefore, different from the fixed threshold and switching threshold strategies, the relative
threshold strategy shows the superiority in terms of mitigating unnecessary waste of network resources
and actuator wear for nonlinear six-rotor UAV systems with input saturation being verified.

Remark 5. In the multi-UAV systems, the input saturation is inherent owing to the physical limitations
and the energy consumption [19]. Figures 12-14 depict the responses of the actual control signal u; 1 (1)
with saturation and the bound of w; 1(1¥;,1) is chosen as 40. From the simulation results, the effectiveness
of the proposed control scheme has been proved for UAV systems with input saturation.

5 Conclusion

This paper has investigated the adaptive trajectory tracking control problems for nonstrict-feedback non-
linear six-rotor UAV systems with asymmetric time-varying output constraints and input saturation. In
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= 40 = 40
By &y
s 20 s 20
& &
= 0 = 0
g E
= —20 = 20
S S
40 —40
10 20 30 10 20 30
Time (s) Time (s)
= 40 = 40
& =
5 20 5 20
; g
- 0 = 0
= 2
= —20 = 20
S S
-40 —40*t
0 10 20 30 0 10 20 30
Time (s) Time (s)
Figure 13 (Color online) The control input u; ¢(¥;) of attitude systems.
s 40 s 40
3 =y
g 20 s 20
B o E
E €
£ 20 £ 20
9] S
O 4ol | l © 40
0 10 20 30 0 10 20 30
Time (s) Time (s)
S 407 1 s 40
& =
5 20 g 20
a 2.
R= 0 g 0
e g
2 20 = 20
3 5]
O gt 11 ! © 4ol
0 10 20 30 0 10 20 30
Time (s) Time (s)

Figure 14 (Color online) The control input u; (9;) of attitude systems.

the backstepping framework, the first-order SMD has been proposed to solve the “explosion of complex-
ity” issue. By introducing the asymmetric time-varying BLF and an auxiliary function, the outputs of
violating time-varying and actuator input saturation constraint have been prevented, respectively. In
addition, a distributed adaptive event triggering tracking control strategy has been proposed to ensure
the fast tracking of Euler angles. Based on the adjusted event triggering parameters, communication
burden is alleviated by reducing the number of transmitted messages. Simulation results have validated
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Figure 15 (Color online) Release instants of the UAV systems 1-4.

Table 1 Number of triggering events

UAV 1 UAV 2 UAV 3 UAV 4
Fixed threshold method in [27] 4287 4081 4383 3813
Switching threshold method in [44] 1538 1694 2367 2103
Relative threshold method 1192 1438 2089 1624

the effectiveness of the proposed adaptive tracking control algorithm for six-rotor UAV systems. A sig-
nificant topic for future investigation is investigating the finite time control problems for UAV systems
with time-delay and failures [45-49].
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