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Predefined-Time Neural Adaptive Quantized
Selt-Triggered Control With Appointed
Performance for a 2-DOF Helicopter System

Xiaona Song

Abstract—This article investigates the predefined-time neural
adaptive self-triggered quantized control design for a two-degree
of freedom (2-DOF) helicopter system with appointed tracking
performance. To begin with, a fixed-time performance function
is integrated into the predefined-time dynamic surface control
(PTDSC) framework, and the transient fluctuations of the tracking
error can be effectively constrained by the performance function.
Then, a neural adaptive self-triggered quantized resilient controller
is designed, where the self-triggered mechanism and input quanti-
zation are incorporated into to recursive control design to reduce
the bandwidth consumption. Furthermore, the obtained stability
results have proved that the designed controller ensures all the
signals in the closed-loop system are practical predefined-time
bounded (PPTB), and the tracking errors can be strictly confined to
a region with preset transient and steady-state performance, even
under limited communication resources. Finally, the simulation re-
sults demonstrate the effectiveness of the proposed control scheme.

Index Terms—Adaptive predefined-time control, 2-DOF
helicopter systems, input quantization, preset transient and
steady-state performance, self-triggered mechanism.
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I. INTRODUCTION

N RECENT years, the unmanned helicopters have been
I extensively used in marine supervision, material transporta-
tion, forest fire suppression, and other fields due to its advan-
tages of vertical take-off and landing, flexible and convenient
operation, hovering flight, and so on [1]. The helicopter is
essentially a multiple-input multiple-output (MIMO) nonlinear
system with forcefully coupling and uncertainties [2], which
makes the control design more challenging. As a result, various
research have been made to study the stability and control
design of helicopter systems. An adaptive backstepping control
approach was proposed for a 2-DOF helicopter in [3]. Further-
more, various intelligent approximators including fuzzy system,
neural networks, and their combination have been gradually
introduced into recursive control design of helicopter systems
for dealing with the system uncertainties [4], [5], [6]. Among
them, a robust fuzzy flight control approach was established for
unknown 2-DOF helicopter systems (2-DOFHSs) in [4], where
the stability criteria were derived by means of linear matrix
inequality technique. In [6], an adaptive neural tracking control
strategy was developed for a constrained 2-DOFHS, which
ensures boundedness of all the signals in the closed-loop system
(CLS). Furthermore, a neural DSC design was performed for an
underactuated helicopter system in [7], which avoided the poten-
tial computation problem exposed in [5], [6]. It is noted that the
convergence of tracking errors was not addressed in the papers
above, apart from the boundedness of the closed-loop signals.

Considering the finite-time control (FTC) possesses good at-
tributes like better steady-state precision and faster convergence
rate, a number of FTC designs have been reported [8], [9],
[10], [11]. For instance, an finite-time output-feedback control
scheme was introduced in [8], which can ensure the finite-time
stability of the entire CLS consisting of a position subsystem and
an attitude subsystem. In [11], a neural adaptive finite-time con-
trol design with event-triggered mechanism was proposed for a
2-DOFHS. A common feature of the foregoing results is that the
settling time of the CLS heavily depends on the prior knowledge
about the system’s initial conditions, which also implies that the
obtained results are conservative to some extent. To handle this
issue, the fixed-time stability concept [12] was introduced to
controller design of different types of helicopter systems [13],
[14], [15]. In [14], the fixed-time adaptive quantized control
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problem was addressed for constrained 2-DOFHSs, where the
preassigned constraint on system outputs was achieved by es-
tablishing a logarithmic barrier Lyapunov function. In [15], a
reinforcement learning-based fixed-time attitude control scheme
was proposed for 2-DOF helicopters, where the actor-critic
networks were adopted to update the weights. Nevertheless, in
the above-mentioned results, the upper bound of settling time
was determined by a complicated function of system parameters,
so it was difficult for designers to obtain a specific settling
time in advance. For this purpose, various efforts have been
made to achieve the predefined-time (PT) stability of nonlinear
systems [16], [17], [18], [19], [20]. However, it should be em-
phasized that the adaptive PT control for helicopter systems with
appointed tracking performance has not been outright studied so
far.

The prescribed performance control (PPC), first reported
in [21], has paid considerable attention to receive in the past
decades due to its obvious advantage of flexibility in the adjust-
ment of transient and steady-state responses. Especially for heli-
copter systems, some notable results have been successively re-
ported [22], [23], [24]. In [22], a fractional-order observer-based
tracking control design with performance assurance was pre-
sented for an unmanned autonomous helicopter, where an expo-
nential performance function (EPF) was employed to achieve the
specific constraints on tracking errors. Noted that the above EPF
laid particular attention on steady-state performance, making
the convergence of the tracking error may not meet the practical
application requirements. To balance the system’s steady-state
and transient performance, a reinforcement learning-based pre-
scribed performance control scheme was proposed for 2-DOF
helicopters in [24]. However, it should be noticed that the
above-mentioned PPC methods were primarily dependent on the
time-triggered control (TTC) method, and the methods would
undoubtedly give rise to unnecessary waste of communication
resources. Therefore, how to balance the tracking performance
and control consumption s still a challenging issue for helicopter
flight control.

Quantized control has been widely recognized as an effec-
tive method for relieving network transmission burden owing
to the practical significance in digital and networked control
systems [25], [26], [27], [28]. In [26], an adaptive quantized
backstepping control strategy was proposed to achieve attitude
control for MIMO rigid body systems, where a quantizer was
employed in communication channels to decrease the communi-
cation burden as possible. For 2-DOF helicopter systems subject
to actuator failures, a neurally resilient quantized control design
was established in [28], which makes sure the boundedness of
all the closed-loop signals even when the actuators encounter the
unexpected faults suddenly. On the other hand, various efforts
have been devoted to studying control issue under limited trans-
mission bandwidth from the perspective of signal transmission
mechanism. To this end, a large number of event-triggered mech-
anisms have been incorporated into controller design of different
types of systems for achieving the transmission of control signals
in demand [29], [30], [31]. In [29], a dynamic event-triggered
control design was developed to address the path-following issue
of unmanned surface vehicles, where the traditional triggering
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mechanism with fixed threshold was replaced with a dynamic
triggering mechanism with adaptive parameter to release band-
width burden. By synthesizing the characteristics of cyberat-
tacks, an event-driven secure control scheme was developed for
a 2-DOFHS against DoS attacks in [31]. However, it should
be noted that the above-mentioned ETC methods need to con-
tinuously monitor and estimate whether the events have been
triggered, which undoubtedly imposed more or less restrictions
on practical applications. Therefore, developing a communica-
tion resource-efficient control design for a 2-DOFHS remains a
challenging issue so far.

Inspired by the aforesaid insights, a PT neural adaptive quan-
tized self-triggered control method is developed for a 2-DOFHS
with specific performance requirements. The main contributions
of this article are as follows.

(i) Compared with some existing PPC results [32], [33], an
improved fixed-time performance function is incorporated into
the recursive control design, which steer the tracking error to
converge into a small region of zero at a specified time with
better transient and steady state performance.

(ii)) A communication resource-efficient control design is
proposed by integrating input quantization and self-triggered
mechanism, which can greatly enhance the utilization of com-
munication resources in comparison to single quantized control
design [25], [26]. Additionally, the rigorous condition on con-
tinuous monitoring for the triggering rules existing in the ETC
results [31], [33], [34] is fully removed.

(iii) Distinct from the existing backstepping control design
presented in [23], [28], [33], a modified DSC design involving
a predefined-time filter is developed, which not only can elim-
inate the computational complexity exposed in the traditional
backstepping framework, but also can guarantee that the filter
error converges to a small neighborhood within a PT.

Notations: In this manuscript, || - || represents the Euclidian
2-norm and diag(-) means the diagonal matrix. Furthermore,
N7 stands for the set of positive integers. For a vector a =
[a1, az)T and a constant ~, then sig” () is denoted as sig” (a) =
[|a1|7sig(a1), |az|"sig(az)]T, in which sig(-) stand for the sign
function.

II. PROBLEM FORMULATION

A. Model Description

Consider a 2-DOF helicopter model in Fig. 1, which can be
described by the following equations:

9’_ —Mgl, cosepoé . MliézsiHGCOSO
- (ptMR) (J,+MI2)
+ Kpp Vot Kpy Vy
(Jp+M1Z) > (1)
(}5 _ ~Dyé n 2MI2 ¢6 sin 6 cos 0
— (J,+DM]I2 cos? 0 J,+MI2 cos? 0
y a y a
KypVp+KyyVy

+ (Jy+MI2 cos? 0)

where D, and D, are the friction coefficients acting on yaw
and pitch axes, [, represents the distance from the helicopter’s
center of mass to the origin of the fixed frame, J, and J, stand
for the moments of inertia, M denotes the helicopter’s weight, g
means the acceleration of gravity, Ky, K, Ky, and K, are
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Front propeller

Fig. 1.

Diagram of the 2-DOF helicopter model.

the thrust torque constants, ¢ and 6 can be indicated as the yaw
and pitch angles, respectively. V,, and V,, represent the pitch and
yaw motor input voltages, respectively.

Considering the model uncertainty and disturbance existing
in the system, the above mathematical model is converted to

the followmg MIMO system by defining K = [K, K,]", K =
0,]T, K2 = [0,]":
K = Ka,
K> = A(K) + AAK) + B(K)u +d 2)
y =K

where AA(K) € R? denotes the model uncertainty, d =
[dy,dy)7T is external disturbance satisfying ||d|| < d*, d* > 0 is
a unknown constant. u = [V},, V|7 represents the control input.
Furthermore, A(K) and B(K) are given by

[ —Mgl, cos(Ki1)—DypKa—MI2 K2, sin(Ky1) cos(Ki1)
Jp+MI2
7Dy/C22+2Ml%ZK:22]C21 Sin(K]])COS(ICH)
Jy+MI2 cos?(Kyy)

Kpp

Ty +MT2
Kyp

L Jy,+MIi2 cos?(Ky)

Kpy
T+ M2
Kyy
Jy+MI2 cos?(Kiy)

Next, a hysteresis quantizer is developed to obtain the quantized
control signal while weakening the chattering during the signal
quantization, where v = (7). Based on [35], the quantizer is
described as
Tji
143,
Tii < |Tj‘ < %,i’j >0

7ji8ig(75), <7l < 75i, 75 < 0,0r

Tji(l +5j)5ig(7'j) Tji < |7']| < 1 5 aTj < 0,or

Q(7j) = < %;;”, 75 >0
0, O<\Tj|<le+%"‘,7"7<O or
Tff”' <7l < Tjmin, 75 > 0

Q(7;(t7)), 7 =0,j =12,

where 7;; = p;-_lijin, (1=1,2,...),0; = l+p L Tjmin > 0,
and 0 < p; <1 is the measurement of quantization density.
Thus,we can get Q(7;) € U = {0, £7;;, £75:(1 + ;) }. Tjmin
stands for quantized dead zone size, and Q)(7;(¢)) stands for
the previous moment of the QQ(7;). To facilitate a more intuitive

analysis of the quantization effects, we recast the hysteresis
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quantizer Q(7;) as
Qr) = Ar(t)+ T 3

where Q(7) = [Q(71),Q(n)]", A = diag{A1, Az}, and T =
[T, T2]" Then, A; and T; satisfy the condition 1 —§; < A; <
1+65, | T < 7jmin-

B. Preliminaries

Assumption 1: The desired reference signal is a continuous
smooth bounded function when ¢ > 0, and its first-order deriva-
tive is bounded.

Assumption 2: [36] B(K) is nonsingular, and there exists
an unknown positive constant B* > 0 such that the relationship
|B(K)|| < B* holds.

Remark 1: Noted that Assumption 1 has been widely adopted
in the existing results about adaptive tracking control of non-
linear systems, which is relatively mild and will not pose
strict restrictions on actual applications. In addition, Consid-
ering that the elements By = B, = %7 By =

W, and By = WZ{)SZ(M) of matrix B(K)
are bounded, the boundedness of B(K) can be ensured as
discussed in [11], [36], and there exists a positive constant
B* > 0 such that ||B(K)|| < B*. Therefore, Assumption 2 is
also reasonable.

Lemma 1 [37]: For any constants € > 0 and ¥ € R, one has

Kpp
J,,Jer%l’

2

- <€
VIZ+ e T
Lemma 2 [38]: For the continuous smooth function F(X),

R™ — R, the radial basis function neural networks (RBFNN5)
can be utilized to achieve function approximation satisfying

3(%) =w"H(X) )

where X € {2y C R represents the input and 20 € RP denotes
the weight vector, and H(X) = [H(X),..., H,(X)]T stands
for the basis function. Furthermore, the unknown continuous
smooth function §(X) can be rewritten as follows:

3(X) =wTH(X)+E(X) Q)

where 20" denotes the ideal weight vector, = is an approximation
error satisfying ||Z(X)|| < E*, and Z* > 0 is a constant. In
addition, 20" can be defined as follows:

0< -

sup [|§(X)

20" = arg min
WeRP }:E.Qx

~wEEl} ©
Lemma 3 [39]: For €, € R and &, € R, it has

’\
ML N, NZL
¢ 1+N> ¢,
Mo lalt s e
where N7 > 0, N3 > 0, and ¢ > 0.

Lemma 4 [40]: For z; > 0,7 € NT and a > 0, the following
relationships hold

&M jes Y < A

if 0<a<1
. @)
if a>1.
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Lemma 5 [41]: For the system X = f(t, X). If the continuous
function V' (X') fulfills the following inequality:
. ™
V<———rononose
VTN B1 B2
where 0 < v < 1,0 <0 < o0, T, > 0, B and 3, are positive
constants, the investigated system is called practical predefined-

time stable (PPTS). Furthermore, the residual set of the system
can be described by

{lim X< min{(szCQ 6162)“,

tT, o)

(BVEI2 L3 vEN2Y Lo (8)

es)

where T}, denotes the upper bound of the minimum settling time
and T, < Tynaz = V2T...

This work aims to devise a predefined-time neural adaptive
quantized self-triggered control (STC) design with appointed
performance for a 2-DOFHS such that all signals in the closed-
loop system (CLS) are PPTB, and the tracking error can be ef-
fectively regulated into the neighborhood of the origin satisfying
a preassigned transient and steady-state performance.

(éﬁnmﬂM%)ﬁ?}}

III. MAIN RESULT

A. Predefined-Time Self-Triggered Quantized Control Design
With Appointed Tracking Performance

First, we define an error variable e; as
e =K — Ky )

where KCg is the desired trajectory. In order to obtain better
transient performance, we impose the following constraints on
the tracking error:

—n,i(t) <eii(t) <mi(t), (i =1,2)

where 1), > 0 and 77; > 0 stand for set parameters, 1;(t) repre-
sents the performance function satisfying

(10)

1
(a0 = D)eC=0 (1= £) 7% 45,0t <,
Eia t>1T;
(11

where T; > 0 indicates the preset time, w; > 0,(; €
(1/2,1),4:(0) = vhio, ¥i(T;) = ;5 1io > Oand ¢p; > O denote
constants, ;0 > ;.

Asymmetric constraint (10) is converted to the following
symmetric constraint:

—pi(t) < %i(t) < pi(t)

where  B;(t) = e1,;(t)/vi(t) + 1/2(n, — ;). pi(t) = 1/2(n,
+7;).
The error transformation is defined as

B;(t) = pi(t)fi(ei(t))

Yi(t) =

(12)

(13)
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where f;(¢;(t)) denotes a smooth function of the strictly mono-
tonically increasing and satisfies the following conditions:

{l?m(ai(t))ﬁoc fi(ei(t)) = —1 (14)
lim ., (1)) 400 fi(€i (1)) = 1.

Based on the above conditions, we define the following trans-
formation function:
2
fi(ei(t)) = — arctan(e;(t)). (15)
™

According to (13) and (15), the unconstrained transformation
error can be represented as

o ﬂ'%i(t)
g;(t) = tan < (D) ) (16)
with B; (0) < p;(0).
Then, the derivative of B;(¢) is
: 2 i (t 21t () (t
Bi(t) = _pilt)y i;)@ = i/‘);((t)) -4 (2)(%( Loam
Furthermore, we have
a@%—@ﬂﬂ(axw—e”gﬁ$®> (18)

where d; ;(t) = % is a known positive function.
Given attention to both the problem of “complexity explo-

sion” exposed in traditional backstepping design and conver-

gence property of filter error existing in DSC method, a novel

PT filter is given as

oy = — wlsigl’"’(s) — wzsigl"”(s)
1 ~2
Lt &ots (19)
2 (sTs)o2 + A?

where a¢(0) = a(0), ay represents a variable of newly in-
troduced, s = oy — « stands for the filter error, w;, w, and §
I . . _ 7B 2\1—v/2
are positive cons}ants, satisfying w TTABE m( 5) and
_ 71—,[32 J%gl+,y/2 . e ‘.
Wy = .\/WS 227 ( 5) , respectively. A is a positive
time-varying parameter.
For the continuous function o, there exist an unknown positive
constant o such that inequality ||| < o holds. The estimation
error is defined as 6 = 0 — &. ¢ denotes the estimation of

parameter o, which is determined by

6= Ellsll —ho — b6+ <0
3y
— (B = 1B (47)37
where h = (WTC\/M)Z 7, and by = VTeVBiB2 2143 (144)

Remark 2: In some existing DSC results, the first-order filter
§ay + ap = a with ap = 0 has been widely adopted to evade
the issue of the computational complexity. Unfortunately, the
convergence characteristic of the filter error has not been paid
enough attention in the above-mentioned results. To this end, a
novel nonlinear filter (19) associated with parameter update law
(20) is constructed in the procedure of recursive design in this
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work, which not only can avoid the issue of “explosion of com-
plexity”, but also can ensure the predefined-time convergence
of filter error.

By defining ¢ = [¢1,£,]7, the coordinate transformation is

given by
{Zl =& (21)
2y = ]Cz — Qaf.
Step 1: Select the following Lyapunov function:
1 1
Vi = EZITD*IZI + %sTs + 552 (22)
where D = diag{dl,l, d1,2}~
The derivative of V; is
Vl :Z?(ZZJFSJFOZ*I.Cd*@l)
+sT¢(ap — a) — Go. (23)
The virtual controller o = [y, ap]” is proposed as
zala -
Vzizaala + €
-2
T 1 2
a=bz1+ ——— |51 (D_1> . Sigl_7 21
YT/ B1 52 l 2 ()
Ea e 1 1+%
+372220, (27)1) -sigt(2)) (25)

_rent®Yi(t)  era(®)a(t) T
where ©; = | le(t)l , = 0] |",e1>0,6p >1 and T,
stands for a predefined constant.

Then substituting (24) and (25) into (23) and using Lemmas

1 and 4, (23) becomes

. Wﬁl
V [
AV T

T g (1
YL/ 81582 2

+ € — 00

sl

% S
* 2

1_\" 2
_z |22l
2 2

~

1+3
z,) +sT¢(ay — &)

+

(26)

where Z| = z{ D712,
Substituting (19) and (20) into (26) results in

. 1 B
Vi < Sllzll® = wnllsl*™ = walslP*

T (12)"?
VTBiR \ 27
Wﬁz 3y 1 Itz
_732 —Z
VTP (2 ')

+hG6 4+ b6 + EA + €. 7

Utilizing the Young’s inequality, one can obtain

L hé?  ho?
heo < —— + —.

2 2 (28)
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Substituting (28) into (27) yields

. 1 B
i < §||Zz||2 —wi|s|P77 = wy s[>

1 \'"?
(32)
2
w /1 _\'*t?
Y B ol W
VTP B (2 1)
hé?  ho?

S 551t A
3 + 3 + 016677 +EA + €.

Based on Lemma 3, we have

h~2 1*% h~2
<0> <2Ai(y) + ’

T
YT/ B152

32

(29)

> EN (30)

where 241 (y) = 3(1 - 3) .
According to [42], one yields z(y — x)” <

v

=
m"“’) for y > x and v > 1. Similarly, one can obtain

5(}1+7§ “ﬂ
247

Substituting (30) and (31) into (29) yields

I+v

(*t7 —5*17). 31)

L1 .
Vi < Sllzall? = w7 = walsl**

_ ﬂ—iﬁl (IZ >1’2Y _|_ E "
VTevBiB \27 2 T2y

[ 1, 1+%_ ha? -
27! 2

ATNBP
5_2 1+
(%)

C2Man(149)
2+
_ Wﬂlvlli% _ 377T52V11+%
- ’YTC\/ 6162 rch\/ ﬁlﬁZ 2

where a; = fA + e+ 2[1(’7) + hTaz + b %02"_7.

Step 2: To reduce the control signal update frequency and
avoid the continuous monitoring of the event-triggered mecha-
nisms, the following self-triggered mechanism is introduced to
release communication burden in this step:

ol

3

Ti(t) = pi(th), Vte [thth,)), i=1,2. (33)
i i cili(t)] + ng
o =t + (34)

max { |z (t)], mi}
where 11; denotes the control input signal and will be designed
later. ¢;|7;(t)| + n; denote the control signal update interval of
previous and next instances. ¢/, t},, € 27,0 < ¢; < 1,m; >
0,n; > 0 are the design parameters.

For time-varying continuous functions |¢1;(¢)] < 1 and
lp2i(t)| <1, one has ¢1(t,, ) = p2ltyy) ==+1 and
@1i(th) = ¢2i(t;) = 0. Then, we can further obtain from
(33)—(34) that

_ i) — i)y

O T e )
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for time interval [t/ ¢}, ).
Based on formula (35), one can obtain
T(t) = Fu+ N (36)

where = i1, )T, F = diag{m, m}, and N =

[ pa1mi P21 ]T
I+pner? I+pnped © . . .
Remark 3: According to the definition in the self-triggered

mechanism, 0 <¢; <1,n; >0,|p;(t)] <1,|p(t)] < 1.
i

Then we can get 1+lc < e < 12 and % are
bounded. So, we can get the 7 and N are bounded.
Considering (3) and (36), we have
u(t)=Lp+ M 37)

. A
where L = AF = diag{ ', H_Sm(z} = diag{ly, 1} with
l; > 0(i = 1,2) isbounded, so we have [y = inf;>¢ Amin (L) and
o=Tlon, 0" = [, £t M =T + AN = [m;,my]".
Further, we redefined the ICZ as
Ky = AK) + AAK) +
where 9t = B(K)M.
Then, invoking (21) and (38) gets

2 = AK) + AA(K) + d+ B(K)Lp + M — éy.

B(K)Luy+M+d  (38)

(39
Next, the Lyapunov function is selected as

lo »
2 ¢

where | > 0, and 0 = ¢ — ¢ is the estimation error.

According to Assumption 2, one gets ||| = || B(K)M]|| <
IM*, where 2" denotes a positive constant but unknown. By
invoking (38), (21), and (32), the derivative of V is

. B -z B
Ve - T -3
2= ¥Ie \/5152

Va=Vi+ 22 2+ 5 (40)

37
= ATABiB V

1
+ §||22H2 +ar+ 23 [(A(K) +§ + B(K)Lu

_ I .
M+ d—ay] - 2ad

. (41)

in which § = [§1, 327 = AA(K) is the lumped uncertainty.
Using the RBFNN approximation, one can obtain
F=WTHX) +2(%) (42)
where 20" denotes the ideal weight vector. H(X) stands for the
basis function with X = [K{, K1, KT, K17, 2(X) denotes the
approximation error satisfying ||Z|| < E*.
The predefined-time controller 4 is designed as

~2 T —
- QO Zp 1
=-B YK (43)
: ( )\/ézzgzzﬁTﬂ + €
with
T 1\'?
= b - L ol
=12+ T 55 [51 (2> sign 7 (22)
1 +3 oy VX2
#310(3) s )| + A+ G
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+ tanh <2—2> M — ary (44)
¢
where y = diag{HI H;, H] Hy},e; > 0,b; >3/2,¢ > 0,v
= max{||20%||?, ||205]/*}. In addition, © is the estimation of v
andv = v — 0.
Correspondingly, the adaptive law is proposed by

0=nz i —ho—bp'" (45)

53,37 ) b .
YTev/Bi1B2

Considering the inequality 27 90t < 9N* 212-:1 |22i], we have
2] tanh(2) = Y7 (2, tanh(2+)). According to [43], one
has 0 < |¢| — ctanh(c/e) < 0.2785¢ for any ¢ € R and ¢ > 0.
Then, the following relationship holds:

2 2
Z |2’21| — Z (Z2i tanh (%)) S 0.557e.
i=1 i=1

Furthermore, the parameter update laws © and 90 are constructed
with the following forms:

where b, = (

(46)

2
.1
0=755 > B HIH; — h — b3t A7)
i=1
ﬁ:ﬂﬂgMM(%)—Mﬁ—MﬁH” (48)
_(_mB \iE p o _mBy _(ty3? _
where h = ('yT m) by = A= e and by =
Lyes (2+7)32

. 9 stands for the estimation of 9* and

/ X
YT e/ B1B2 2H~%)L22 (1+,‘/)

satisfies M = M* — NN,
Substituting (43) and (45) into (41) yields

V< B -r  Th
T ATBiB YL B152

fHZzll +a+ 215+ 2T AK) + ey

CRATARE:

loh . lob
0 2561 F 421 d.

— 2 i+ KQ . 0 (49)
Utilizing the Young’s inequality, one has
< Z it e+ 12022 s
=22 2
23d < f||z2||2 - EJ*z (51)
loh . loh , = loh ,
< -2 — 0%, 52
s 2)\9 2, ? (52)
According to Lemma 3, we have
1+3 o\ 1+7
@gépr% < loba \ 2 (07
Al Al 2
Iob +3 /o 1473 X
- (‘;2> <92> + ()8 F (53)
1
2
where 20 () = ﬁ(ziv)W
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Substituting (44), (50)—(53) into (49) yields

. 75 1-2 T3 1+2
‘/2 S - 2 — 737‘/ 2 +
YIB! YT BiB !
2
oh > loh
HTH, + =7 41 loh 5
; 2i R Te s T

2
2

- 7B <||Zz||2> - . <lobz>1+;’ <Qz>l+;
YT/ B1 B2 2 Al 2

By <||Z2||2>‘”_<lobz>1”
7Tc\/6152 2 kl

+2(7)0' T + 2+ 22 tanh(e)?)j?

1-
+0.557¢9m" + Ed*? (54)
Based on Lemma 3, we have
loh ,\'"? loh _,
— 0 <2 —0 55
(2)»1 0 ) <23(y) + 27 (55)
where 203(7) = 2(1 - 3)7.
Substituting (55) into (54) yields
. 7B -r  Th
W< — ———=— T2 33 V
VTBiB: 2 ATNBiB

2ZZzZzHTH + 2 tanh( )im—l—az (56)

where a; = a;++E22 + e + 22 0> + x(7)0' 7 + Az (7)
+ (42)1+3 F(L2)' 4 0.557e0 + 1a.

B. Stability Analysis

Theorem 1. Consider the 2-DOF helicopter system described
by (1) under Assumptions 1-2, if the proposed control scheme
including the PT filter (19), virtual controller (24), PT controller
(43), and parameter update laws (20), (45), (44) are adopted, the
following points can be ensured:

All signals in the CLS are PPTB;

The tracking errors can be regulated into a preassigned
area within a predefined time satisfying an appointed tracking

performance;
The Zeno behavior can be excluded.
Proof:
Select the Lyapunov function as:
1
Vim Va4 St 4 e 57
3 4+ = 50 + " (57)
Differentiating (57) yields
- 75 -2 T 33yitE
Vi< ——L v, 7 yy
VTNBB: ©° AT/B 152

2
.. Z 2 T : I 5o
+ v <2C2 — ZZiHi H7 — ’U) - rzmm
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+ 2] tanh(e)zm+a2 (58)
Substituting (47) and (48) into (58) yields
. Wﬂl -2 Wﬂz o
W< ——F"—=V, * ————=1277V, 2+hvv
VTNBiB: * ATe/BiBs
h b
+ 0300 + ap + 2 zmsm + = 4 zmzm'ﬂ (59)
Utilizing the Young’s 1nequahty gets
ho?  h?
hoo < —— + — 60
00 5 + 5 (60)
h R hO2
— < — —_ 61
xzmm = 2, 2%, 6
Invoking (59) and (60), one has
. TS 1-32 7[5 1143
V< —— Lyt - T2 _aFy e
VINBB: 2 ATNBB P
hi? b hORE hOR?
_ o b0 l+’Y
> T T T, PR
by o~
+ M (62)
2
According to Lemma 3, we have
ho? _%<Ql()+ﬁ~2 (63)
5 S Ay 2U
e\ ?
< —m? 64
(2)\2> fﬂ(vazi’ﬁ (64)
1y
where 4(v) = 3(1 — f) v and As(y) = 3 (1 — %) 5
According to [42], one yields z(y — x)” < 1”V(y
x“”’) for y > x and v > 1. Similarly, we can obtain
N 1+~ -
4y < 24y 524y 65
00 v 0
<5 ) (65)
momitr < 1 1+ (gﬁ*2+v 9512%) ) (66)
2+

Substituting (63)—(66) into (62) gets

-z ~ -2
. 7B 1_a ho? ) 2 M2\
Vi< ———L 2 -
P NLBR ( 2 ( 2

213 hy(1 +

5 YiyE

 Tev/BiBa 2+
7. X = 1 %
2307 by (1 +) (02 i N
2+~ 2 “
T -2
- Vi ? V 67
T 55 (51 5 B )+03 (67)

where a3 = a; + A4(y) + As(y) +

by 1ty #247y
+ A2 2+’Y9ﬁ

hv? | hOR? I+, 24
>t +b32+7U
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TABLE I
MODEL PARAMETERS

Symbol Value Unit Symbol Value Unit
M 1.0750 kg g 9.8 m/s?
Dy 0.0071 N/V Dy, 0.022 N/V
la 0.002 m Kpp 0.0011 N-m/V

Kpy 0.0021  N-m/V Kyp —0.0027 N-m/V
Kyy 0.0022 Nm/V JIp 0.0215 kg:m?
Jy 0.0237  kgm?

Consequently, it can be concluded from (67) and Lemma 5 that
the 2-DOF helicopter system is PPTS. In addition, the tracking
error will converge to a sufficiently small region, i.e.,

A= {lim e|V3§min{(2’chﬁlﬁz)zv7
t>T, el

(2’}’Tc\/5152>”27 68)
75

within a PT T}, that satisfies T}, < Tinax = V/27T,. Then, it can
be confirmed from (24) and (25) that the virtual controller « is
bounded. Furthermore, in the light of the Lyapunov function of
V1, Vs and Vi3, we can get the filter error s and the estimation error
o, 0 and v are all bounded in PT. Similarly, the boundedness of
the control signal i can be obtained from (43) and (44).
Nextly, it will be proved that the Zeno behavior can be avoided
in the proposed control method. Since the control input 7;(¢)
is bounded, one has % is also bounded. Then, it
can be easily concluded that there exists a lower bound of the
time interval between two successive triggering that satisfies
t; =t,,, —t; >0, which also imply that the Zeno effect is
avoided. This completes the proof. |

IV. SIMULATION RESULT

This section presents some simulation results for demonstrat-
ing the effectiveness of the proposed control method. The 2-DOF
helicopter model parameters are displayed in Table 1.

Feasibility verification: For the investigated 2-DOFHS, the
initial conditions are chosen as K1 (0) = [0, 0]7 (rad/s). In addi-
tion, the desired trajectories Ky are assumed as Kgq = [(7/9) X
sin(t), (7/18) x sin(t)]7 (rad/s). The system uncertainty is
given as AA(K) = 0.1A(K). The external disturbance d is set
as d = [sin(t), cos(t)]”. The design parameters are chosen as
0; = 0.02, 7j min = 0.02,¢; = 0.8,n; = 0.2, m; =100, T, =
105, =1, =40,A7, =40,v=08,b;=1,by=15,¢c=
1,6 = 0.05,6; = 0.05,¢ = 0.01, and A =0.1 x e . The
performance function is formulated as

5
0.98¢(-0-1) (1 - T%) $ 1002, 0<t<10
0.02, t> 10

Yi(t) =

The Figs. 2-6 display the simulation results. Fig. 2 denotes
the system output K = [#,¢]7 can track the desired signal
Kaq = [0, #4)" with higher tracking accuracy and faster con-
vergence rate. Fig. 3 describes the system’s response trajectories
of the tracking error e;; and e, with the proposed fixed-time
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0(rad)

¢(rad)

Time(s)
Fig. 2. The trajectories of 6, ¢ and 04, ¢4.
1 —-—FTPPC — — Without FTPPC — — Boundaryl —-— Boundary2
p 2004
_1 a L 13.64, 13.66  13.68 13,7
0 5 10 15 20
Time(s)
Fig. 3. The tracking errors ej; under different scenarios.
-6
0.1 1510
1
0.05
0.5
0 0
0 10 20 0 10 20
Time(s) Time(s)
2
! W
0
0 10 20 0 10 20
Time(s) Time(s)
Fig. 4. The adaptive parameters &, U, 9 and 0.

PPC (FTPPC) strategy and without FTPPC strategy, where the
boundary 1 and boundary 2 are the upper and lower bound-
aries of the performance function, respectively. It can be easily
observed that the tracking error can be stringently constrained
within a preset area by the proposed control scheme distinct
from unconstrained control. Fig. 4 depicts the time response of
adaptive parameters U, 7, 0, and 9t under zero initial conditions.
The curves of control signals u; and wu, are plotted in Fig. 5.
Under the STM, the triggered intervals are displayed in Fig. 6,
and the number of the control update are 495 times and 533
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TABLE IT
PERFORMANCE COMPARISONS UNDER DIFFERENT CONTROL STRATEGIES
Performance indexes Items AFPTC in [41] NAFITC in [14] NAFTC in [11] Proposed method
ot ] e1,1 0.4485 0.3786 0.5961 0.0913
IAE= [olevi(ldr o) 0.1745 0.2408 0.0935 0.0353
ot e1,1 4.3542 4.0421 6.0786 0.3179
ITAE= [y tlevi(n)ldr g% 1.6422 2.3474 0.9570 0.1457
40 : : : Prescribed bounds — - AFPTC [41] NAFITC [14] NAFTC [11] —— Proposed
Uy Uy ‘ ‘ ‘
301 ] - _
g Op—" 005 = =
0
005 T T T T T T -
—~ 20 il _1 L 11.8 11.9 12, 121
E/ 0 5 10 15 20
S
10 ]
1 i T :
0r ] ~
& op— :
e —
L L L -0.02
_100 5 10 15 20 B . 1365, 137 1375 13§ 1385
. 0 5 10 15 20
T .
ime(s) Time(s)
Fig.5. Th trol signal .
e © controt signat s Fig. 7. The curves of tracking errors e ;(¢ = 1,2) under different control
methods.
0.1
¥
L 0.05
1 0.6 7
= s 0.5 6
07 5
0.4
4
=]
0.1 g 0.3 é ,
E‘ 0.2 5
' 0.0s ot 1
< ) NAFTC [11] © NAFTC [11]
= : e AFg{}gI{Eﬁ [145 e NATTC (14
0 - Proposed o Proposed C
Time(s) Fig. 8. IAE and ITAE under different control methods.
Fig. 6. Triggered intervals ¢; 41 — t; k.

times, respectively. According to the simulation results, one can
obtain that the proposed neural adaptive quantized self-triggered
controller ensures that the tracking error can be regulated into a
preset area in a PT obeying an appointed tracking performance,
and arelative balance between tracking performance and control
costs can be achieved.

Comparative Analysis:In this section, some comparative re-
sults are given to illustrate the proposed control scheme’s su-
periority in comparison to some existing schemes including
the neural adaptive FTC (NAFTC) scheme in [11], the neural
adaptive fixed-time control (NAFITC) scheme in [14] and the
adaptive fuzzy predefined-time control (AFPTC) scheme in [41].
The initial information and system parameters are selected to be
identical in order to guarantee the comparative simulation rigor.
The simulation results under different control schemes about

the trajectories of the tracking errors ey ;(i = 1, 2) are plotted by
Fig. 7. Furthermore, although the NAFTC, NAFITC and AFPTC
schemes guarantee the tracking errors are driven to a small do-
main of the origin, the proposed control scheme achieves better
PT convergence of the tracking errors and transient steady-state
performance. In addition, in order to quantitative evaluation
under different control methods of the control performance,
the performance indexes about integral time-weighted absolute
error (ITAE) = [/ t|e; 1 (7)|dr and IAE = [} |e; (7)|dT are
adopted, in light of Table II. Then, Fig. 8 shows the comparison
results.

Furthermore, the event-triggered mechanism (ETM) devel-
oped in [33] is employed to show the differences between the
proposed STC and the existing ETC. The comparison results
are provided in Table III. It follows from Table III that the
proposed STC strategy effectively improves the utilization of
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TABLE III
TRIGGER TIMES UNDER DIFFERENT COMMUNICATION PROTOCOLS

Items Trigger times Variation
ETM in [33] | The proposed STC method

1 790 495 37.11%

T2 693 533 23.09%

communication resources without the need for continuous mon-
itoring of trigger condition in comparison to the ETM presented
in [33].

Remark 4: Noted that the steady time 7, of the NAFTC
proposedin [11]depends on the initial value V' (2:(0)). Compared
with NAFTC, the setting time of NAFITC in [14] is governed
only by the design parameters without the need to rely on the
initial states. Nevertheless, it should be pointed out that the
setting time 73, of NAFITC is described by a complex function.
Distinct from the NAFITC, the settling time of the proposed
method is determined by a given parameter 7. rather than a
nonintuitive function expression.

V. CONCLUSION

In this article, a PT neural adaptive quantized self-triggered
control method has been developed for a 2-DOFHS with guar-
anteed tracking performance. In the recursive control procedure,
a fixed-time performance function and a predefined-time filter
have been utilized to achieve the preassigned constraint on
the tracking performance and predefined convergence of the
filter errors, respectively. Meanwhile, an adaptive quantized
self-triggered controller is proposed, where the input quanti-
zation and self-triggered mechanism are integrated to release
the bandwidth burden to a greater extend on the premise of
performance assurance. The obtained results have indicated that
the proposed control strategy can ensure that all the signals
in the CLS are PPTB and the tracking error can converge
to a preassigned region satisfying an appointed performance.
Finally, the effectiveness and superiority of the proposed con-
trol strategy have been demonstrated by the simulation results.
Considering the significance of secure control against malicious
cyber-attacks and trade-off between system performance and
control costs, motivated by the results reported in [44], [45], the
reinforcement learning-based adaptive predefined-time optimal
secure control issue for 2-DOF helicopters subject to deception
attacks will be further investigated in our future work.
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