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ABSTRACT The problem of event-triggered fuzzy adaptive finite-time tracking for flexible hypersonic
flight vehicles is considered in this work. A new switching event-triggered mechanism is devised to mitigate
the unnecessary resources waste in the process of system communication and sampled data computation.
Compared with the traditional event-triggered mechanism, an exponential term with regard to tracking
error is introduced into the proposed switching event-triggered function, which significantly reduces the
frequencies of data transmission. To evade singularity issue typical of traditional recursive finite-time design
methods, we introduce a new piecewise switching controller whose continuity and differentiability are
ensured everywhere via an appropriate design. Stability of the proposed design is proved using asymmetric
barrier Lyapunov functions, which are devised to tackle the fact that the operating regions of the flight state
variables are asymmetric in actual engineering. Finally, comparative simulations are designed to illustrate

the effectiveness and superiority of the presented methodology.

INDEX TERMS Switching event-triggered mechanism, singularity-free design, hypersonic flight vehicle,

finite-time stability.

I. INTRODUCTION
In recent decades, hypersonic flight vehicles (HFVs)
equipped with air-breathing supersonic combustion ram-
jet (scramjets) have been widely researched owing to their
excellent advantages in flight speed, penetration ability, and
cost-effectiveness [1]-[4]. In order to reinforce the control
performance, tremendous advanced control schemes have
been resorted successively for HFVs dynamics, such as
sliding-mode control [5], robust control [6], fault-tolerant
control [7], and adaptive backstepping control [8]. However,
it is worth noting that most of the existing results [5]-[8]
can only realize infinite-time tracking, which implies that the
system tracking error converge into an user-defined compact
set when time goes to infinite. In view of high flight speed of
HFVs exceeding Mach 5, fast convergence rate is necessary
for hypersonic flight control.

To further enhance system convergence speed, the
so-called finite-time tracking control methodology has
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been skillfully developed for the nonstrict-feedback sys-
tems [9], nontriangular stochastic systems [10], discrete
time switched linear systems [11], and so on. To list a
few, the finite-time adaptive fuzzy decentralized control
problem is addressed in [9] for a class of interconnected
large scale nonstrict-feedback systems with output con-
straint. In [10], the stochastically finite-time control issue
is solved for a class of stochastic nontriangular systems.
The problems of finite-time extended dissipative analysis and
non-fragile tracking control are researched in [11] for uncer-
tain discrete-time systems in switched linear form. How-
ever, there exists an overlooked singularity issue in existing
results [9]-[11], derived from the fact that the corresponding
virtual and actual control laws designed at each step are
possibly non-differentiable, as the tracking error approaches
zero. Based on this, a singularity-free design going beyond
the available designs need to be sought to guarantee the
finite-time stability, while guaranteeing the controller to be
continuous and differentiable.

On the other hand, to mitigate the communication bur-
den while guaranteeing satisfactory control performance, the
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event-triggered control technique [12]-[16] has been receiv-
ing more and more attention gradually compared with the
classical periodic sampling control strategy. For example,
Xu and Ma [13] investigated event-triggered exponential
synchronization for a class of master-slave chaotic Lur’e
systems. The relative position coordinated control problem
is investigated in [14] for a class of uncertain spacecraft
formation system flying under an undirected communica-
tion graph. In [15], a distributed adaptive control method is
presented for a group of nonlinear systems under directed
communication condition with event-triggered communica-
tion strategy. On account of the fixed and relative thresh-
old strategy, Xing and Wen [16] propose a novel algorithm
called the switching threshold strategy. However, the switch-
ing event-triggered mechanism proposed in [16] do not syn-
thetically consider the effects of transient performances on
inter-execution intervals. To this end, it is necessary to fur-
ther develop a new error-dependent switching event-triggered
mechanism to further mitigate the unnecessary resources
waste in the process of system communication and sam-
pled data computation. Motivated by above observations, the
main contributions of this paper are listed in the following
three-folds:

1) In contrast to the existing event-triggered mech-
anism [12]-[16], we develop a new switching
event-triggered mechanism in the sense that introduc-
ing an exponential term with regard to tracking error
into the switching event-triggered function, reducing
the frequencies of data transmission significantly.

2) Different from traditional recursive finite-time design
methods [9]-[11], we skillfully avoid the potential sin-
gularity issue by introducing a piecewise switching
controller that guarantees the continuity and differen-
tiability everywhere via an appropriate design.

3) In addition to solving singularity issue, some Sys-
tem states are constrained within some asymmetric
sets by using asymmetric barrier Lyapunov functions.
Remarkably, constrained flight state variables can also
preserve the validity of fuzzy logic systems.

The rest of this paper is arranged in the following organi-
zation. Section II gives the preliminaries and problem state-
ment. The finite-time fuzzy adaptive control design is devised
in Section III. Section IV as well as Appendix show the
stability analysis. Comparative simulations are provided in
Section V to illustrate the effectiveness and superiority of
the presented methodology. Section VI summarizes our paper
finally.

Il. PRELIMINARIES AND PROBLEM STATEMENT

A. HFVs LONGITUDINAL DYNAMICS MODEL

The considered HFVs longitudinal dynamic can be formu-
lated as [17]-[19]:

_ Tcos(@ —y)—D
N m

h = Vsiny, 2)

14

— gsiny, ()
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where T, D, L, M, N1 and N, are the thrust force, drag force,
lift force, pitching moment, the first generalized force, and
the second generalized force, respectively. The above forces
and moment are defined as:

T = Bi(h, PO +Ba(h, Yo’ + B3 (h, §) e’ +Ba(h, o’
+Bs(h, @) Pa + Be(h, o + p7(h, )@ + B3 (h. ) .
- o2 2 o 0
D= qS(CDot +CDot+CD>,
L=3s (Cga +Cles, + CE) :
M = 7T +§Se (C,‘;,faa2 +CY L+ CY o+ ceag) ,
Ni = N”a? + N% + N?,
Ny = N o? + Nfo + NS, + NY,

_ 1 V2 5= e ho—h
= - s = X .
G= 3V" D= poexp| =

Model (1)-(7) has been widely adopted in related literature
(e.g. [17]-[19]): it contains 5 rigid body states (velocity V,
altitude A, flight path angle y, pitch angle 9, and pitch rate Q),
2 flexible states (i-th generalized flexible coordinate n;,
i = 1,2), and 2 control inputs (fuel equivalence ratio ®
and elevator angular deflection §,). For more details on the
various parameters, the reader is referred to [17].

B. MODEL DECOMPOSITION
Along the similar model decomposition strategy as in [20],
we can derive the velocity subsystem as follows

V = (V)+gv(V)D, (8)

where gy = cosa [B1 (h, §) &’ +B3 (h, g) &®+Ps (h. §) o +
Br (h, )] /m. fr = —GS(CE a®+Cla+CY) /m — gsiny
+cosa[B2(h, Do +Path, @o* + Bo(h. Do+ s (h, )] /m.
It is worth mentioning that, due to parametric uncertainty,
the nonlinear functions fy and gy are unknown and cannot
be used for control design.

Literature typically simplifies the altitude subsystem
(2)-(7) by considering small flight path angles (siny ~ y)
[17]-[20]. This results in

h:Vy,
6= 0,

Y =f,(hy)+ g, (o,

g 9
0 = fo(h, y,0)+ go(h)s., ®
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FIGURE 1. (a) The responses of V along with the varying of ® and s¢; (b) The trajectories of y along with the varying of @ and ¢; (c) The

evolutions of Q along with the varying of & and .

where the functions f;, = (Z]S(CB — C{y)+T sin oz)/(mV)—
geosy [V, g, = gSC? [(mV), fo = (zrT + gScCp,o(a)+
Yy + @zﬁz)/lw, and gg = Z]Séce/lyy are also unknown
due to parametric uncertainty and cannot be used for control
design. Along the standard ideas as [17]-[20], we assume that
there exist positive lower bounds 8y gy, g 0’ and positive
upper bounds gy, g,,, gp such that 8y = 8v = gv: g, <
8y =8, and 8p=80= 8o-

Remark 1: Using the aerodynamic data from [17],
Fig. 1 demonstrates that the decomposition method is mean-
ingful. More specifically, Fig. 1(a) shows that V is affected
by input ® much more than input ., whereas Fig. 1(c) shows
that Q is affected by input §, much more than input ®. Finally,
Fig. 1(b) shows that y is mostly affected by the variable 0,
which can be considered as an intermediate control input to
be appropriately designed.

It is worth mentioning that the states in (1)-(7) should
operate in the asymmetric constrained regions as follows [8]:

Q= [85000 < h < 135000[ft], 7500 < V < 11500[ft/s],

—5<60<10[deg], —10< Q0 <10[deg/s], =5<y 57[deg]].

We shall handle such asymmetric regions through asym-
metric thresholds —k,, (lower threshold) and kj;, (upper
threshold) for the corresponding state tracking errors (in the
following, the symbol x will be used as a short notation for
the subscripts V, h, 6, y, and Q). The goal of this work
is to develop the tracking controllers & and &, for system
(1)-(7) such that the system outputs V and & follow the
reference commands Vs and h,,s within finite time, while
the asymmetric state constraints are not violated.

At this stage, we shall introduce some technical lemmas,
which are used for stability analysis.

Lemma 1 [21]: Consider the Lyapunov characterization of
finite-time stability in the form L(x) < —¢1L(x) — gle(x),
where ¢1 > 0, ¢ > 0,and 0 < [ < 1 are any real numbers.
Then, L(x) is convergent to a residual set with a finite settling

time Ty < ¢;'(1 =)' In [(glLl_l(xo) + ) 52—1].
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Lemma 2 [22]: For x,y € R,if 0 < [ = L1/l < 1
with /; and /, being positive odd integers, then the inequal-
ity xy) < —&x'" 4+ ¢(x+y)'"* holds, where &
(1 _i_l)fl(zlfl _ 2(171)(14»]))’ é- — (] +l)71[(] + l)fll +
1—20-D 41+ 1)7127(171)2(1+1)].

Ill. CONTROL DESIGN FOR HFVs DYNAMICS

A. VELOCITY CONTROL DESIGN

Define the velocity tracking error zy = V — V¢, and design
the following asymmetric BLF candidate:

1 k2 1 ks
Ly = =h(zy)In —Y— 4+ = (1 — Ai(zy)) In ——-,
Vv ) (zv) kbzv —Z%/ 2( ( V)) kgv _Z%/
(10)
where In(-) represents the natural logarithm of -, and
1, if ->0
I OE=R ’ 11
© {0’ <o (1)

Hereafter, we abbreviate /(-) by /i for convenience. Accord-
ing to Lemma 2 of [24], Ly in (10) is positive definite and
differentiable in the set zy € (—kg,, kpy ). According to (8)
and (10) that the time derivative of Ly is

. h 1—nh v
Ly =( + Jevev® + zvFy ). (12)
k=2 ki, —zy
where unknown dynamics Fy(xy) = (2o + )
ka —Zy ki, =2y

X(fy + gvey — Vyer) withxy = V, & and ey will be defined
later. According to [23], Fy(xy) can be approximated by an
fuzzy logic system (FLS) such as Fy(xy) = W”{,T(pv(xv) +
gy, where W’{, is the optimal parameter vector, @y (xy) is
the fuzzy basis function vector, ey is the minimum fuzzy
approximation error and there exists ej, € R* such that
lev| < &y
The intermediate control law @ can be devised as

Y Yvuvzy  YvzyEvOy
Q= —cyzv —kyov(zy) — L,
4 41y,

13)
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where ry = h (K, = 23 ) + (1 = 1) (K2, = 23). ev. sy ey
are positive design constants, Sy is the estimate of By =
IWTII%, ©v = llgy@v)II*, and dy (zv) is designed as

dvizy) = ST (zv)¥(zy), (14)

where S(-) is the following vector of switching functions
(whose rationale is clarified in Remark 2)

[1,0,0,017, if -> 1y,

S() = [0,1,0,0]7, if 0<- <1y,
[0,0,1,0]7, if —zy <- <0,
[0,0,0, 117, if - < —1y,

p
and ¥(zy) = [ZV <ka - ZV) ,UVbZ%/ + OVbZ?/, UVaZ%/ +

l 3

2) ‘IP
5

2 au

OVaZV, ZV (k - ZV) :I with vy, =
OVaTE, Ova = (1 — 3 (k2 —2) /2 (
r{/ 3 vy = TV (k,,v — 12V —owtd, ovp = (l - 3)TV
(3, -72) 2= (8, —) "pry 0 <1 =1k <
1, Iy, I, being positive odd integers, p = (1 — l)/2, q =
a+n / 2, and ty being a small positive constant.

Let us now design the adaptation law Sy as

IOVZA“/@V

, (13
43,

By = —oy1pv By —ovapy Elv +
where oy and oy are positive design constants. By setting
év(O) > 0, and noting that év > 0 when év(t) =0, we can
get that Sy (r) > 0 for Vr > 0.

A novel switching event-triggered mechanism is devised
as follows:

d(r) = d(t), V1€ [y, 1), k € N, (16)

tip] = inf{t eR" ‘t >t Aey(t, 1)
-MT(b0)|&) Y (d0) =0}, (17)

where sampling error ey (t, t) = dv>(tk) — Cb(t), the switching
function

T ool
M0 &) = { [1.0]T, if|D@) <&y,

1
[O’ 1]T, otherwise, (18)

and vector function Y(dv>(t)) = [kv.1 + ovI®®)| + v (@),
ky2]" with ky 2 = cy 1explev,0) + pvéy + kv.1, v (1) =
cvexp(—z5(t) + cvo), pv < L, Ev, ky.1, cv0. and cy g
being positive design parameters. The details of the proposed
threshold strategy can be found in Algorithm 1.

Substituting (13) and (16) into (12), and using the lower
bound 8y yields

hygyzvey(ayv) (I —Mkvg,zydv(zy)

2 _ 2
kdv Zy

v = 3 3
kbv - ZV

2 3
—hevgyzy 315

hcvgvz%, (1
Ky

v

2 2 _ 2
v kay — 2y 4
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Algorithm 1: Compute the Event-Triggered Signal

: Sliding mode tracking error ®(r) and relative
tracking error zy (¢)
Output: Event-triggered signal (1)
1 Initialize: ®(t0) = ®(0), to =0,k = 1, M € N*
2 Choose positive design parameters &y, kv 1, Ky 2, CV.0,
¢y .1, and py, and positive continuous function

Input

cv(t) = ey 1 exp(—z3 (1) + ¢v.0)

3fork=1— Mdo
4 | if|d@)| < &y then
5 if ley (1, )] = kv,1 + pv|P(@)] + ¢y (7) then
6 | b)) = d) o =tk =k+1
7 else if |ey (14, 1)| < ky.1 + py|D()| + Ly (¢) then
8 | D) = d(t-1)
9 end
10 | elseif |P(r)] > &y then
1 if ey (#, )| > kv .2 then
12 | b)) = d) o =tk =k+1
13 else if ey (#, )| < ky 2 then
14 | D) = d(te—1)
15 end
16 end
17 end
MV&VZ‘\‘/ ZA‘L/ év@v

VEV, 19
2 a? +zvey (19)
where év > 0 and év = 8y — Evév’ and [y is a positive
design constant.
Applying Young’s inequality to (19) yields
(I-mkyg, zveyv(zy) hkyg, zvey(zy)
kc%v - Z%/ kl%y

2 4
- h)0vgvzv 3l

Ly <

—2

hcvgvz%, ¢!

T2 2
45 *%
2y dv@v 38V (20)
413 3
% 4(uvg, )3

which shall be utilized for stability analysis later.

Remark 2: Different from the traditional switching
event-triggered mechanism [16], the key features of the pre-
sented design lie in introducing an error-dependent monoton-
ically decreasing exponential term ¢y (f) into the triggering
function as in (17). This design can give a larger triggering
threshold when tracking errors zy become small. In practical
engineering, the too small inter-execution interval is unneces-
sary as long as good tracking performance has been realized.

B. ALTITUDE CONTROL DESIGN

Because the altitude subsystem consists of four states, the
control design requires four iterative steps. The first three
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FIGURE 2. The framework of the proposed control structure.

steps are meant to design three virtual control laws y,, 64,
Q.4, whereas the last step is meant to design the actual control
law 8.

Step 1: Let us define the altitude tracking error
Zn = h — hyy, and design the following asymmetric BLF
candidate:

hl 2 —i—l(l h)l kgh (21)
== —(1—="A)In
2 2°
2 kbh -5 2 Kz, = %

Recalling (9) and (21) gives
i ( hoo 1k
h=\72_2
kbh - Zh kc%h
Define the following error dynamics:
29 =6 — 0., ZQ:Q_Q01
_ed’ Yo = QC _Qd7

in which tracking errors z,,, zg, and zg, virtual control laws
Yd» 04, and Qg4, boundary layer errors y,, yg, and yp, and
first-order filters outputsy,, 6., and Q. are defined as follows

) (zaVy — 2nhrer) . (22)

:ZV e (23)

Yy =Ye— Vd,Yo = Oc

Ve = —TylYy — Ty2)’§/,
b = —T91y0 — T2V}, (24)
Qe = —T01y0 — T02Yp-
where 1,1, 7,2, T91, T62, Tp1, Tg2 are positive design param-
eters, and 0 < [ = I;/l, < 1 with [, I, being positive odd

integers.
Subsequently, let us devise the virtual control law y; as

va ==V " enzn =V kngn(an) =V g, (25)

where cp,, 1y, kj, are positive design constants, and ¢p(zp) is
designed as

on(zn) = ST (z)W(zp), (26)

L2 _ 2V .3 5.3
where W(zx) = [z,(ky, — z,)" vz, + oz, V), +

T . _
ohazh, Zh(k2 — Z,%)p] with vy, = t}ll 3( — th)p — oharh,
O = (=35 (kg = 7)"/2 = (kg — r,%) P v =
_ p
3, — P — ot om = (- 3] (k2 —2) /12—

q . ..
(kbh h) pr}ll_3 , and 1, being a small positive constant.
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Remark 3: The introduction of switching function S(zj)
stems from the requirement for differentiability in finite-
time control. Noticing that traditional methodologies typi-
cally devise ¢p(z) = ZZ with0 < [ < 1forVz; € Rtorealize
finite-time tracking [9]-[11]. However, this choice might lead
to QSh(Zh) = lzﬁfl — 00 as z; — 0, causing a singularity
issue. To overcome this singularity issue, we skillfully design
the switching function ¢y(z;) (26). For this function, we could
reveal the continuity of ¢, and ¢y, such as:

. . p
lim (e = lim_¢n(an) = 7} (kZh ~)
0w, w1,

. —1 2 2\
lim_¢y(zp) = Tlim bn(zn) = K, — T
3=T, zh—>r

p—1 .
~2pri (i3, - rhz) |y = ey

lim ¢u(zp) = lim ¢p(zn) =0,
-0~ z,—>0t

h—>

lim ¢p(zp) = lim u(zn) =0,
=0 zp—>0t
. p
lim  gu(zp) = lim gu(zp) = (kgh . f,g) ,
> =T, h—>— rh
. : _ 4
lim  ¢p(zp) = lim ¢h(Zh) [ ' l(kfh —r,%)
h—= T, h—>— ‘L’h

p—1 .
—oprlt! (kgh - r,f) ](Vy — ey,

which further guarantees the absence of the singularity issue
in 4.
Similarly to Sect. III. A, substituting (25) into (22) and
using y = e, + Yy, + yq yields
i ( h n 1—nh
h =
kbzh - Zi kazh -

)ZhV(Zy + )

_a —h)KhZh¢h(Zh) _ Tknzngn(zn)
k2 - zh klfh - zﬁ
h 1 — h)epz?
_ zchzhz _ ( 2 )Chzh. (27)
kbh - Zh k - Zh

According to (25) we can known that y; and y; are two
functions with respect to zj, izref and zz, zy, Yy, izref, ﬁ,ef,
respectively. Owing to the presence of the smooth switching
signal ¢,(zp), functions y,; and y, are both continuous. Thus,
we can get from (23) and (24) that y, = —7y1y, — r),zyy +
Ly (Zhs Zy s Yy s href, ref) with ¢,,(-) a continuous function.

Step 2: Let us design the BLF candidate as follows

ko1 ks,
Ly=~hln 2 4~ (1—h)In 2. (28
T2 g -2 3 kz, =% )

Recalling (9) and (28) gives

i, < ( U +1_h)zV(z+y)+F(x)
y == h y Ty Y
ki~ k2,
h 1—h
+ + 2y 8y(z0 +yo +64), (29)
<k§V—z)2, kgy—z,z,) rer
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where unknown dynamics F, (x,) = ( 5 h > + kzl’hz )x
kbyfz}, 4y 2y
¢ — 70 + (Vay,/zy + Vz;z)(kgile2 + A=k ”2) with
h 4 h

h ap
x, =[h, y] € R?. According to [23], F, (x, ) can be approxi-
mated by an FLS as F'), (x, ) = W";Tq)y(xy) +¢y, where ¢, is
the fuzzy approximation error and there exists £}, € R* such
that |g,, | < 8;’;.

Devise the virtual control law as well as the adaptation law
as

WVZS éy@y wV/’L)’Z3
0y = — 114 - Y — iy, (z,) — cyz,, (30)
Y
4
A A 2 Pre, Oy
By = —pyoy18y — pyoy2E Hl + —4)1/4 , 3D

where V1, =h(k§ —z)+(U=m(k; —z ),cy,uy,xy,py,

oy1,and O’yz are positive de&gn constants, &y, is the estimate
of 8, = [[W}||* with &,(0) > 0,0, = ||<py(xy)| |4, and
¢y (zy) is designed similar to (14) and (26).
Subsequently, along the similar steps as (27), one has
4

L, < —( " + L=h )ZhV(Zy +yy)+£
Ko =z ko= Apyg,)?
heyg 3 (1=heyg 3 #5,0, 3
ky — 22 k3 =23 414 4
hicyg 2y @y (zy) (1= Mkyg 2y ¢y (zy)
kﬁy -z kgy ~-z
B = EPRCARE DN )
kgy -2 K-z
with & = 8, — g &, and [, being a posi-

tive design constant. Similarly, in accordance with (23)
and (24), we arrive  yp = —T91Ye — 7:92)10 +
La(Zh,Zy,Ze, Sy, Yy, Yo, href href href) with (5(-) being a
continuous function.

Step 3: Design the BLF candidate as follows

2 2

1 k
+5(1 —h)lnkza_" 5. (33)

ap — %o

~ Lim
2 kbg _ZS

whose time derivative along (9) and (33) is

L9=( hoo d-h
ky —z5 k2, —
—< i + il )Zygy(ze—i-ye)
TEENCEE

4=
1959@9 319

+ 28 4 296, 34
4] 2 0€9 (34

) 29(z0 +yo + Oa)

where unknown dynamics Fy(xg) = <k2 h z + kzl—hz)x
7 - —
(zy8y + zy8yYo/z9)  — (kz% + k2 )9 with
by~ %0
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xg = [h,y,0] € R3. According to [23], Fyp(xp) can be
approximated by an FLS as Fy(xy) = W;T(Pg (xg)+eg, where
&g is the fuzzy approximation error and there exists & € R*
such that |gg| < &f.

Along Steps 1-2, devise the virtual control law as well as
the adaptation law as

Vozy 8000 Voltez)
Qi = ——4—— — % — kodpo(z0) — cozp,  (35)
41, 4
4
A 2 a1 PoZg©Op
8o = —pooo1 Eo — ppog &) + ——, (36)

41
where Y5 = (k,fg - zg) +(1—h) (kz, — z5). co» 1o, ko Po»
091, and oy are positive design constants, @9 is the estimate
of Bo = [|W5||* with E4(0) > 0, Os = [|@,(xg)||*, and
P9 (zp) is devised similar to (14) and (26).

Then, similar to (27), we arrive at

: heozg  (1—=h)cgzp (1 — Wkgzoto(zp)
Lo = 2 2 T2 2 B 2
kbg — % kao ] kae — %
. 4 4
_hK9Z9¢9(zo) 7 29O 3¢, 3y
4 1
2 -2 A auag)t

( oo, 1_h> (20 + yo)
- 2y 8y (20 + Yo
2 2 2 Yoy
kb)/_z%’ kaV_ZV

+< i N 1—h
2 2
ki, — 2 k2

where Sy = By — ug, lg is a positive demgn constant, and
yo = —TQ1YQ — ngyQ + 10z, 2y+ 26,205 By, Yy, Y6, YO,
Rref » href, ref) with ¢p(-) being a continuous function.

Step 4: Let us design the actual control law §, in this step.
Construct the BLF candidate as follows

2 2
1 k k
Lo = Emn% +o(1=h)n 25 (38)
bo ~ %0 ki =20

Similarly, let us design the intermediate actual control law

as well as the adaptation law as

) 29(zg + yo), 37

N =

8 = —cozp— Koho(20)

35 3
V0zpE000  Volgzy
T S (39)
0
2 PozO0
80 = —ppog1Eg — pQO'QZHlQ"i_L’ (40)

4

4lQ
2 2 2 2

where g = h(ka — zQ)—}—(l—h)(kaQ — ZQ)’ €0, 0, KQ, PO,

oo1, and o, are positive design constants, Eg is the estimate

of Bg with Ep(0) > 0, and ¢p(z¢) is designed similar to (14)

and (26).

Similar to velocity subsystem, a novel switching

event-triggered mechanism is devised as follows:
8e(t) = 8e(ti), V1t € [tk tis1), k € NY, (41)
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iyl = inf[r e R ‘1‘ >t Aep(te, 1)
—M (3,016)Y (5.0) z 0}, @2)

where sampling error ep(fy, t) = Se(tk) — Se(t), the switching
function

[1.0]T. if 18.()] < &,

[0, 1]T, otherwise, “43)

M@mmn=[

and Y (3.()) = [kn1 + pulde®)] + &u(0), k2] " with 2 =
e exp(cn0) + prén + Kkn1s Ga(t) = cnyexp(—z;(1) +
cn0)s Ph < 1, &n, kn1, ch,0, and cjp,1 being positive design
parameters.

Subsequently, along the similar steps as (27), one has

heogyty  (1=Mcogyzp  kogy2odo(zo)

LQ < —
- 2 2 2 2 2 2

4

_ 45 *
_(1 Mkog,2000(20) 2, E0O0 3¢y’

ng - Z2Q 413 4(MQ§’Q)%

4

( L l_h) (2 + )+3ng (44)
-3 3 5 )26(20 T Y0 —
kbg_ZQ kgg_ze 4

[x]>

with Eg = EQ—EQ 0-
IV. STABILITY ANALYSIS

Theorem 1: Consider the HFVs dynamics (1)-(7), control
laws (16), (25), (30), (35), and (41), adaptation laws (15),
(31), (36), and (40), and switching event-triggered mecha-
nism (17) and (42). Given initial conditions satisfying that
L(0) < Ay, 2.(0) € (—kq, ., kp,) where Aj > max {kp,, kq, }
is a positive constant. Then, the following properties holds:
1) all closed-loop signals z,, év, éy, ég, EQ, Yy, Yo,
and yg are semi-globally-uniformly-ultimately-bounded, and
can converge to the residual sets within finite time 7 <
K:—p In (21 LP(0) + Kk2)/K2); 2) tracking errors z, will always
stay in the compact sets 2, = {z*: —ka, <z < kp, }; 3) Zeno
behavior is excluded.

Proof: See Appendix. Bl

Remark 4: In the absence of fractional term on the Lya-
punov expression of Lemma 1, finite-time stability is lost: in
such a case it is still possible to let the trajectories converge
into arbitrarily small regions, but no time guarantees can be
given. Notice that if we choose /| = 1 and 7, = 0, the
proposed finite-time control laws reduces to the standard (call
it infinite-time) control laws:

34 3
v vZy By Oy VIVZ
b = —(cy +kv)ey — 2 L _ Yvivay,
413, 4

ya ==V en+kn)zn— V" by,
3 & 3
Vy2y, 8y 0,y B Yy lyZy
Al 4

Oa = —(cy +Ky)zy —
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FIGURE 3. Tracking performances of velocity.

Yoz E0Op 3 Yorozy

Q4 = —(co +K9)zg —

414 4
. WQZ3 éQ@Q I/IQ/LQZ3
Se = —(co +rg)rg — —2 2 € 2,
ard 4

which are in line with the design in [20], [24]. For all these
design, the convergence time cannot be prescribed.

V. SIMULATION RESULTS

In this section, the proposed novel switching event-triggered
finite-time control scheme (PFC) is compared with the
conventional switching event-triggered infinite-time control
scheme (CCS) [16] to validate its superiority in commend
tracking performance. The vehicle climbs a maneuver from
initial values 2 = 88,000 ft and V = 7700 ft/s to final
values h = 91, 000 ft and V = 8700 ft/s, respectively. The
reference commands of Vs and &, are generated using the
following second-order filters with bandwidth 0.03rad/s and
damping 0.95:

Viep(s)  her(s) 0.032
Ve(s) he(s)  5242x0.95%0.03 x s4+0.032

(45)

The HFVs model parameter values are borrowed from [17],
and the BLF parameters are set as k,, = 2, kp,, = 1, kg, =5,
ke, = 1, ka, = 0.05, kp, = 0.1, kg, = 0.1, kpy = 0.2, ko, =
0.25, and kp, = 0.5. The control parameters are chosen as
cy =15 puy =2,ky = 1l,cp =5, up = 2,k = 0.5,
¢y =2, 4y =1,k =5,c06 = 1,09 =0.5,k9g =2,c0 =75,
,LLQ = Z,KQ = 3,l =O.6,lv = l,ly = lg = lQ = 0.5,
v =1, = 0.01,and 71, = 179 = 19 = 0.001. Parameters
for event-triggered mechanism are given as py = 0.015,
&y = 0.5, ky,1 = 0.001, cy,o = 0.0001, cy,;1 = 0.007,

VOLUME 10, 2022



X. Tang et al.: Fuzzy Adaptive Finite-Time Tracking for HFVs Using Switching Event-Triggered Methodology

IEEE Access

9.1

=)
=P
3
ge
=}
= |-
5 8.9
_ T oy o |
8.8 0 0.1 0.2 03 04 0.5 0.6 0.7 08 0.9 14
| . | | |
0 50 100 150 200 250 300

0.5
= or
= x10%
S g5 5 ]
205 % Eo—
[€a)
oo -1 B
g
5 15 1
] 0
E 2 1
)
ge
S 25 B
=
=

3 5 §
< 0 5 10 15 290 295 300

35 I I | | |

0 50 100 150 200 250 300

FIGURE 4. Tracking performances of altitude.
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FIGURE 5. Event-triggered control inputs.

pn = 0.006, &, = 13.5, kp1 = 0.02, cp0 = 0.0001,
cp,1 = 0.007. Parameters for adaptive laws are chosen as
py = 0.5, Py = P = PQ = 0.75, oy] = oy = 0.75,
Oyl = 0y2 = 0g] = 092 = 0.5, and 0Q1 =002 = 0.95. The
positive filter parameters are selected as 7,1 = 191 = 701 =
Sand 1,7 = 192 = 12 = 2.5. The initial system states are set
as V =7699 ft/s, h = 87998 ft, y = 0 deg, & = 1.6325 deg,
and Q = 0 deg/s, and the initial values of év, @y, @9, and
éQ are selected as zero.
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FIGURE 7. Sampling instants under two schemes.
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FIGURE 8. Triggering times under two schemes.

TABLE 1. Triggering times and performance indice.

Performance indice IAE

Control Triggering

Schemes Times ey en
PCS 240 0.0529 11.3282
CCS 362 0.0872 17.4531

The fuzzy rules in W*{,Tgov(xv) are listed as

R IfVis Fi, thenyis B!, where i = 1,2,3;1=1,2, 3.

The fuzzy rules in W;T(py(xy) are listed as

R!:If his F}, and y is FJ,, then y is B, where i = 1,2, 3;
j=12,31=1,2,...,9.

Then, the fuzzy rules in W;T(pe (xp) are listed as

R!U:If his Fi,and y is F,, and 0 is F¥, then y is B!, where
i=1,2,3j=1,2,3k=1,2,3;1=1,2,...,27.

The fuzzy rules in WET(pQ(xQ) are listed as

R':If his Fj,and y is F},, and 6 is Fj;, and Q is F}), then y
is B!, where i = 1,2,3;,j=1,2,3k=1,2,3;p=1,2,3;
[=1,2,...,8l.
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The fuzzy membership function is given as follows:

(V = 7000)2 ] [ (h — 80000)%]
Ry =P\ =500 |"HEL TP T T 5000 |
[ (V —8000)*T] [ (h — 85000)%]
Ry =P 7500 HETEPIT T 5000 |
[ (V —9000)2] [ (h — 90000)%]
Ry =P\ =7 500 |"#E TP " 5000 |
ep|_@+00327 T ©-0?
Fr =P | " o002 |11 TP T 0002 |
e @07 [ (60027
Rrg =P 1 " 70002 | =P " 0002 |
e Q- 0.03)27 o] - (0 — 0.04)2
Rrg =P | "7 0002  |"MF =P " 0002 |
e[0T [ (v = 00057
Hry =P 1 00005 | HF7 =P 0.0005 |’
Jip = exp [ (v - 0.01)2
Fy | 0.0005 |

Simulation results can be seen in Figs. 3-8. The superiority
of the proposed controller over CCS in both transient and
steady-state performance is depicted in Figs. 3-4. The zooms
in Fig. 5 shows the boundedness of event-triggered control
inputs. Fig. 6 displays the trajectories of the sampling errors
and the proposed triggering thresholds, which illustrates that
the exponential term ¢y (¢) and &;,(¢) give the larger triggering
thresholds when tracking errors zy (¢) and z;(¢) become suf-
ficiently small. Fig. 7 lists the sampling instants under two
schemes, from which it can be seen that tx11 — 7 > O,
i.e., the proposed event-triggered mechanism is free from
Zeno behavior. The total triggering times comparisons of two
schemes are summarized in Fig. 8§ and Table 1. It is appar-
ent that the inter-execution time of the proposed triggering
mechanism is longer than that of the conventional triggering
mechanism [16]. Furthermore, integral absolute error (IAE)

[ fOT |e(t)|dt] is utilized here as performance indice to evalu-

ate the tracking performances of PCS and CCS quantitatively.
The calculation results are summarized in Table 1, which
showing that the performance indexe of PCS is smaller than
that of CCS, i.e., our proposed control scheme can achieve
more accurate tracking.

VI. CONCLUSION

In this paper, an event-triggered fuzzy adaptive finite-time
tracking control design is constructed for HFVs in the
presence of asymmetric full state constraints. To alleviate
the unnecessary communication resources waste, we skill-
fully devise a new switching event-triggered mechanism by
embedding an exponential term into the event-triggered func-
tion. It is shown that the proposed event-triggered mechanism
significantly reduces the frequencies of data transmission,
especially when tracking errors become sufficiently small.
In addition, a piecewise switching controller is constructed
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to avoid singularity issue typical of traditional recursive
finite-time design methods.

APPENDIX
Proof of Theorem 1: construct the entire Lyapunov function
as follows

L=L,+Lg+Ly, (46)
where

L= Ly+Ly+ L, + Lo+ Lo,

I8l

=2 &2 =2 g2
Lo — 2V Sy = 0
2pv8,  20v8, 200 2008,
=2
Lo, 8 o 1
L= -V -
M PO X

Differentiating Ly with respect to time, we arrive at

l“y E yQLQ (Zh’ZV’ZQ’ZQ’ éV7yV’y9’yQ’hr8f’ ]:lref, iiref)
+§)2/y9

&

+VyV 14 (Zh Z)M)’y»href, href) -

I+1 =2 2
gy T92Yg 8, T91Yg I+1

T02Y0
& &

—‘L’Q1y2Q — ‘L'y1Vy)2,. (G

lo (Zh» 291205 By Yy Y0 Nref s href» flref)

I+
TVZVyy

Construct a compact set as 2, = {(ZV, Zh, Zy» 205 20> év,
Ey. 80, Eg, ¥y, Y0, y)IL(t) < Ay}, with A; a positive
constant. If L(z) < Aj, together with (47), we can deduce
that ¢,(-) < A, on the compact set 2, X Qr, where A, is a
positive constant, x denotes y, 6, and Q.

Then, invoking Young’s inequality yields
( —h)cvgvzzv

hevg, 7y ( —h)KngZv¢v(Zv)

2_
kg ZV

2 2
hKv§VZV¢V(ZV) ov1E2
- SR - -
kbv - ZV 2
(1 = ez (1 = h)xhzmmm
kz%;, - Zi kc%h o Z%
_(1 — h)/cygyzyqﬁy(zy) ~ (1 - h)cygyzy B

2 _ 2 2 _ 2
ki, —z ki, —z

_ Tuwcnzndn(zn)

2 2
Ky, — 2

2
hicy, 8,3y

2 _ 2
kby 2y

Y Y

&2
_h’cygyzy%(zy) oy1Ey, hcazg

141
— 0 E B
2 v25 Sy 7 _ 2
ki, — 5 2 Ky, — 25
(L= hozedo(ze) (1 —hcozg
k(%e - Zg kn%e - Zg

_ Tuwozo¢e(z9)
ky, =25

~ _ 2 2
o9 op B (1 h)cQgQZQ B thgQZQ
2 0625 =g kK2 — k2 _ 2

ap ZQ bo ~ %0

VOLUME 10, 2022



X. Tang et al.: Fuzzy Adaptive Finite-Time Tracking for HFVs Using Switching Event-Triggered Methodology

IEEE Access

hicog ,z000(z0) (1 — h)KQgQZQ¢Q(ZQ)
ng ZZQ k2 _ZQ
oo = =
- Q s 2é_‘1+1 _ Ty2y§/+1 Tezyfgﬂ
—ngle — Ty1y — To1Yg — To1p- (48)

where Tg1 = 191 — 1/(2x0), To1

?yl—v(fyl_l/(z)(y))
aQ1:Q)/2+(3l3 +3ly +3le +313 )/4+38V*/(4(Mvgv)z)

38y /(Hyg )3 )+389’/(4(Meg )3)+ 3¢ 3/(4(MQgQ)3)+
UszuVH + o 2§u1+l + 092§u9+l + oplE, o+
ViyAL/2 + & xo05/(28 ) + XxoAB/2 with xy. Xe. Xo

being positive constants and £, ¢ bemg defined in Lemma 2.
Here we choose 7,1 > 1/(2x,), 191 > 1/(2x9), and 791 >

=2, /s, (o1 — 1/(2x0)):

(Gv1uv +0y1u + 091 B2 +

1/(2xp) such that 7,1 > 0, 791 > 0, and 7o > 0.

From the definition of ¢,(z.), let us consider the following
two cases:

Case 1: When |z,| < t,, differentiating L yields

i hevgyzy (- h)cvgvzzv hed
= 2 2 k2 _ kz — 2T
by — 2V Zv %,
(1— h)chzz heyg s (1=heyg 25
- ) - 2 2
k2 —zh kby—z)% k -2
2
heoz  (1—hycezd (- h>CQé’QZQ
T2 2 2
kbg — %y kgo — % k2 Q
_Gv@%/ _ Uylai _ 091@5 _ GQI"‘Q
2 2 2 2
heog 22
200 - ~ —~
2 — Ty — Toyd — Tov, (49)
ka — )
The above inequality can be rewritten as
d
L < L(O)exp (—%z) + ;“’ (50)

where @ = min {C‘/Ev’ Chs Cy8,+ €0+ €08 s ovi1/2,0,1/2,

0601/2,001/2,Ty1,To1, To1}, and 0 = min{l/(vagv),
1/2,1/Qpyg. ). V/2.1/Q2p0). 1/(2008 ). 8, /28, }-
Case 2: When |z,| > T, dlfferentlatlng L ylelds

hcvgvzv (1—h)cvgvzv . ( Z%/ )q
= - —AKVE,\ 75 5
2 2 Svlp2 _2
ky, — 2y k2, — 2% ky,—zy
2 q =2
<y ovity 214
—(1-n)kvg ( 2) - —oy2£ By,
eg-z) =

fichzs zZ \? 2 \4
] _” —rm,,<—2f 2) —(1—h),<h( zf 2)
k zh kbh 7, kbh 2,

(1—h)epz? 2 \9 heyg 7
—— —(1 —h)lc,,gy )3 5
kah - kby_zy kby - ZV
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1—h 2 2
U Pagy hi, g <Z_V)q — 0y ELH
2 _ 2 Yo 2 4
ki, — 2 Y \k, =25

o018, heezy  (1—h)eoz] e (%)
T2 T2 el —Ko\ 3 5
be 2 agp by 2
7 \! opE} (- h)CQ§QZ2Q
—(U=hko| 53— — 5 T 2 2
kbg_Z9 kaQ - ZQ

N heog 2 2 \4
—0pé Eé"‘l - —Q - h/cQgQ(k g ) +d
b

ka ZQ 0 Q
2 9 gp B2
(1 — Q %0 _
(1 h)KQgQ <k2 2Q> ) O’Qzéu
—tyoy - rezyé+1 00y
_Tylyy — To1y3 — TQlyQ, (5D
Defining ¥ = min {CVEVv Cy8,,» €08 > Chi €O Ty1, To1,

To1, 0vi/2,041/2,091/2,001/2}, A = min{Kvgv,Kh,
Ko, Ky .KQ8, 0V2E, 0928, 0028, 002, Ty2, To2, 702}, and
following from (46) and (51) that

L <—kiL -kl +d, (52)

where k] = x/w and k3 = A/w9.

According to Theorem 5.2 of [25], there exists a finite
time 7 satisfying L > (2d/k2)1/9 for all t € [0,7]. As a
result, for all 1 € [0,7], we have L < —«|L — «koL9/2.
Invoking to Lemma 1 we can get the fast finite-time sta-
bility of the closed-loop system within a finite time 7 <

K} > In ((2k1LP(0) 4 «3)/k2). In addition, we can deduce that

7 <T.Thus, forVi>T,L < (2d//c2)(1/‘7). As such, all error
signals will converge into the following compact sets:

2 < kb,\/l —exp (-2 (2d/;<2)$),

T > _ka,,\/l — exp (—2 (2d/xz)5),

Evi< Lovg, Qdfet, 1E1< [ogg Qdf)i,
1801 < 200 2d/2)7 |

1
ol = 28, /82 (24/k2) ™, oyl < V2IV Qd i)t
vol < V2 (2d /27 |

N 1
|Eol = \/2p08,, (2d/Kk2)7

(53)

in finite time. To prove that the constraints are never violated.
we can resort to Lemma 1 of [26], (50), and (53) to conclude
that z, € (—kg,,kp,) for V¢ > 0. In addition, according
to switching event-triggered mechanism (17) and (42), the
next event will not be triggered before ey (#, t) = «y,1 and
en(ty,t) = kp,1. Thence, a minimum time interval between
two adjacent events is existent, indicating that no Zeno
behavior occurs. ll
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