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Abstract: This paper develops a designated-time adaptive tracking control strategy for nonlinear
systems subject to multiple sources of uncertainty, including output constraints, unmodeled dynamics,
and unknown disturbances. By incorporating an enhanced fuzzy logic system for parameter estimation
and a bounded command filtering approach, this work proposes a systematic tracking control scheme
that effectively avoids the issue of computational complexity explosion. To address the significant
uncertainties induced by constraints, an asymmetric barrier Lyapunov function is used for analysis and
design under the condition of known control coefficients. Furthermore, a controller constructed based
on an event-triggered mechanism ensures uniform boundedness and designated-time convergence of
all signals. The feasibility and effectiveness of the proposed control method are validated through a
practical application case.
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1. Introduction

Constraints as an inherent property of dynamical systems, universally restrict the evolution ranges
of their states, outputs, or inputs. Whether in mechanical, aerospace, or robotics domains, neglecting
these limitations may lead to system failure [1-3]. Therefore, developing control theories that
can actively handle and strictly adhere to constraints is of fundamental importance. To prevent
constraints from being violated, researchers have developed various strategies including reference
governors [4,5] and prescribed performance control [6—8], among which the barrier Lyapunov function
(BLF) approach has become a crucial tool for addressing constraint-related issues [9-11]. However,
the aforementioned control methods based on the assumption of constant constraints are difficult to
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directly apply to dynamic scenarios where constraint boundaries vary over time. To address this
theoretical gap, Tee et al. pioneered the extension of the classical BLF framework to the time-varying
domain, proposing an asymmetric BLF, which provides a key theoretical tool for handling time-
varying constraints [12—14]. Despite such significant progress, the control design problem for output-
constrained nonlinear systems which requires simultaneously addressing system nonlinearity, time-
varying characteristics, and strict output constraints still lacks systematic research. This underexplored
area constitutes the core starting point of the work presented in this paper. As is well known, traditional
backstepping often leads to the so-called “explosion of complexity” phenomenon, which complicates
controller design. Dynamic surface control (DSC), introduced in [15-17], addressed the numerous
constraints required for nonlinear systems but did not consider compensating for errors arising from
DSC, making it more difficult to achieve better control quality. The command-filtered backstepping
method effectively overcomes the accumulation of errors introduced by filter dynamics in traditional
designs by systematically incorporating an error compensation mechanism into the control structure,
thereby ensuring the stability of the closed-loop system and tracking accuracy [18-20].

Event-triggered mechanisms are an innovative control strategy whose core lies in updating control
signals only when the system state meets specific trigger conditions, thereby replacing the traditional
periodic time-triggered control approach [21-23]. Compared to time-triggered mechanisms that always
operate at fixed intervals, the event-triggered mechanism significantly enhances resource efficiency
by reducing unnecessary communication and computation. The event-triggered strategy is especially
well-suited for nonlinear systems operating under resource constraints [21, 24, 25]. Its principal
merit lies in the fact that control-signal updates are determined by real-time state variations, thereby
substantially lowering the rate of control actuation and the overall energy usage without compromising
system performance [26-28]. Hence, the event-triggered mechanism holds significant application
value in resource-sensitive systems such as unmanned aerial vehicles, the internet of things, and smart
microgrids, establishing itself as a key energy-saving technology in modern control engineering.

While finite-time and fixed-time control techniques [29-31] provide benefits such as a fast
convergence rate and enhanced robustness, the convergence duration remains dependent on the initial
state and predetermined parameters [32-34]. A key feature of the predefined-time stability framework
is that the settling time can be explicitly prescribed by adjusting control parameters. However, a
well-known challenge in its implementation is that controllers incorporating fractional power terms
are prone to singularity issues when differentiated. To tackle this, Tong et al. proposed a fuzzy-
based predefined-time control approach that incorporates hyperbolic tangent terms to address this
issue [35-37]. Building on earlier work, Sun et al. introduced designated-time control utilizing a
time-scale function, which offers a solution to the unbounded control magnitude problem in nonlinear
system predefined-time control, further progressing the development of such methods [38].

Despite significant progress in designated-time stability, a research gap remains in achieving
indicator constraints while addressing unmodeled dynamics. This has inspired our exploration in
this study: How to ensure that the event-triggered mechanism can effectively respond to changes in
system states while maintaining the stability of nonlinear systems, especially in the presence of output
constraints and unmodeled dynamics. In comparison with prior research, the key contributions of this
paper are summarized as follows:

(1) This study presents, for the first time, a designated-time control strategy for nonlinear systems
with multiple uncertainties such as asymmetric time-varying output constraints and unmodeled
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dynamics. In contrast to conventional finite-time and fixed-time control whose convergence time
relies on initial conditions, as well as most predefined-time control schemes that ignore output
constraints or unmodeled dynamics, the proposed framework innovatively combines the strengths
of existing finite-time and predefined-time control methods. It not only achieves designated-time
stability with a user-prescribed convergence time, but also significantly reduces the conservatism
of the settling time bound through structural optimization. Unlike existing results that can handle
only partial uncertainties at most, the proposed approach achieves a more balanced performance
among fast convergence, strong robustness, and constraint compliance.

(2) To handle complex uncertainties including unknown parameters and unmodeled dynamics, this
paper introduces an improved fuzzy logic system for online estimation. Different from traditional
backstepping-based fuzzy control that suffers from the “explosion of complexity”, a bounded
command filtering approach with an error compensation mechanism is incorporated. Compared
with conventional dynamic surface control and command-filtered backstepping that ignore
constraint effects or lack designated-time performance, the proposed composite scheme ensures
high approximation accuracy while systematically simplifying the controller structure. This
advantage makes the proposed method more feasible and practical in engineering applications
than existing adaptive fuzzy control methods.

(3) To address asymmetric time-varying output constraints, an asymmetric barrier Lyapunov function
is adopted for system analysis and design. Unlike most existing BLF-based control methods
that adopt static triggering or fail to ensure designated-time convergence, this work integrates
the constraint-handling mechanism with an event-triggered mechanism. Compared with
traditional periodic time-triggered control, the proposed approach reduces the communication
and computational burden significantly while strictly guaranteeing constraint satisfaction. As a
result, the designed controller achieves a unified co-design of constraint enforcement, designated-
time convergence, and resource efficiency, which is rarely realized in closely related works.

2. Problem statement and preliminaries

2.1. Preliminaries

Definition 1 [38]. The following nonlinear system is considered:
X = s(x(n), 1), 2.1

where x represents the system’s state variable. The function s(x(),f) possesses local Lipschitz
continuity with s(0,7) = 0.

(1) If there exists a connected set .77°(ty, xo) C Z" (containing the origin 0 € (1), x()) such that
for any given designated time instant 7 € Z*\{0} the solution x(7) of system (2.1) beginning from any
initial condition (¢, xo) € Z* X %" is defined on [#, o0), and remains within x(¢) € 7 (ty, x9), ¥t >
to + Ta (x0, %) , where the entry time T, (xo,0) = sup,, inf{7,;(x(?)) € Z* | x(t) € H (ty, x0),V t =
to + T (x(1))} satisfies T, (xo,t9) < T for all (xo,t)) € Z" X Z*, then (1, xo) is termed a designated
time attractive region within the designated time 7.

(2) If there exists a connected set .Z (ty, xo) C Z£" (containing 0 € #") and a neighborhood
(0, &) of the origin (where & > 0 is a sufficiently small constant normal number) such that .Z (¢, x;)
is designated-time attractive at the designated time 7, € Z*\{0}, and every system solution x(¢)
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originating from the initial state x, € .# (), xo) satisfies x(t) € 4(0,g), Vt > to + T + T, with
T, € Z* being a finite time, then the system (2.1) is said to possess designated-time stability.

Define the function u(t) = u(t) + a, where t € [ty, o) and the constant a > 0 ensures that the
resulting controller is well-defined for all 7 € [T, + 1y, o). In addition, u;(¢) satisfies

/’t](t) > 0’ re [ZO, Tp + ZO)’

/Jl(t) = 09 re [Tp + Iy, 00)9

and its derivative f1,(f) < 0 is bounded on [1y, T, + 1p).

Remark 1. Compared with conventional finite-time and fixed-time control [29, 33, 35],
achieving designated-time convergence under asymmetric time-varying output constraints poses more
complicated mathematical challenges. On one hand, finite-/fixed-time convergence depends on initial
conditions and cannot be preassigned explicitly, and it is difficult to be compatible with asymmetric
time-varying barrier Lyapunov functions for constraint enforcement; on the other hand, standard
predefined-time control usually involves fractional power terms, which easily cause singularity when
differentiating virtual control laws, and also suffers from unbounded control magnitude and large
conservatism of the settling-time bound. The time-scaling function u(#) introduced in this paper can
effectively overcome the above drawbacks, which not only allows the convergence time to be explicitly
predefined by users and independent of initial states, but also avoids fractional power structures
to eliminate differentiation singularity and unbounded control magnitude. Meanwhile, it can be
naturally integrated with asymmetric time-varying barrier Lyapunov functions to achieve designated-
time stability and tracking under strict output constraints, and significantly reduce the conservatism of
the settling-time bound to realize a better balance between fast convergence and robustness.

Lemma 1 [39]. Defining the command filter

Ail = Ap,
0*Ap = — sat,, {sig(0An)*} - sat,, {sig(d,(Ai1, CYi,QAiz))ﬁ},
where o > 0,0 < g < 1.

sig(oAp)**

d(Air, @i App) = Aj — a; + 2_g

b

B, 1Bl < Vo,
sat,, (8) ={
§ {n sign(8), 18 = 75,

with @; being the continuous input signal, A;; = &@; being the output signal, and there exists j; > 0 such
that |Ai1 - ail < Ji-

Remark 2. Compared to existing finite-time command filters such as those presented in [15, 18],
the filter designed in this paper introduces a composite structure combining a saturation function
sat,,(-) and a specific power term sig(-)%, achieving two key improvements: First, when the initial
error is large or the signal changes rapidly, the filter can leverage its finite-time convergence property
to quickly track the input signal. Second, the saturation mechanism effectively limits the amplitude
of the filter’s internal states, thereby suppressing oscillations caused by excessive regulation. This
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design not only guarantees closed-loop stability within a finite time, but also enhances adaptability
to practical engineering challenges such as actuator saturation and nonsmooth dynamics, making it
particularly suitable for control scenarios that require high dynamic response while strictly avoiding
overshoot and oscillation.

Lemma 2 [40]. For 0 € % and s > 0, there exists 0 < |o| — o tanh(2) < 0.2785s.

Lemma 3 [12]. For |w| < 1, log - < 2 holds.

Lemma 4 [41]. For ; € Z and 0 < r < 1, we have (X_, [;)" < X5, 1417 < n' (2, 14D

Lemma 5 [42]. Given any continuous nonlinear function p(¢) defined on a compact set Q, for
an arbitrary accuracy & > 0, there exists a fuzzy logic system of the form I''S(¢) that satisfies
SUP.cq IP(S) — I'"'S(s)| < & Here, J > 1 is the number of fuzzy rules, I = [I'},...,[;]T is the

weight vector, and S(¢) = [S(5),...,S(s)]" represents the vector of fuzzy basis functions. Each
H,r":| l//\p{(gi)

basis function is defined as S;(¢) = ST v

where Ygi(g;) 1s typically chosen as a Gaussian

membership function.

2.2. Problem statement

Consider the single-link robotic manipulators with external disturbances and unmodeled
dynamics [43] (as shown in Figure 1). The system dynamic equation may be expressed as

Gg+Zg+V¥sin(q) =u+ 1y, (2.2)

where ¢ indicates the angular velocity of the link, g represents the angular position, and the external
disturbance is provided by 7,4. The mechanical inertia is G, the parameter ¥ = mgL represents the
product of the mass m, the gravitational acceleration g = 10N/kg, the damping coefficient is Z, and
the link length is L.

Figure 1. Single-link robotic manipulator.
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Now, (2.2) is written in the following form:

E =h(E,9),
dsi = (Gir1 + Vi(S) + 14i(E, ¢))dt, 2.3)
dgn = (u + an(Q') + Tdn(E’ g))dt’ .
Yy =¢1
where & = [1,62,...,6:]7 € R’ represents the vector of the first i states, the full state vector is

s =1[61,62,...,6,]" € R", u € R is the control input, and y € R is the system output. The output y(¢)
is subject to asymmetric time-varying constraints k.;(¢) < y(t) < k.(t), with the constraint boundaries
k.1 (¢) and k.,(?) being differentiable functions that satisfy —k.;(¢) # k.,(¢). The unknown functions ¥;(-)
are smooth and satisfy ¥;(0) = 0, the terms 7,4(-) denote external disturbances satisfying the Lipschitz
condition, A(-) is a smooth function, and = represents the unmodeled dynamics of the system. This
formulation characterizes a class of nonlinear controlled plants with complex dynamics, incorporating
unmodeled dynamics, external disturbances, and asymmetric output constraints.

Assumption 1 [39]. For the reference signal y,(f) and its derivative y,(¢), it is assumed that there
exist positive constants K., K., and Y», along with time-dependent bounds Xl(t) and y,(7) satisfying
Y, (t) < y1(2), such that the following inequalities hold:

Kei <ka(t) <y () < ya(@) < 51(1) < kaa(1) < Koo,

and
Va(®)| < Ys.

Assumption 2 [44]. The disturbances 7,4;(Z, ¢) are assumed to satisfy a growth condition expressed by
two nonnegative smooth functions 741 (||s|]) and T4»(||Zl]), such that the following inequality holds for
each i

174i(E, O < Tain (I51)) + Tar(IED).

Definition 2 [44]. A system described by = = h(Z,¢) is said to be exponentially input-to-state
practically stable (exp-ISPS) if there exists an exp-ISPS Lyapunov function V(Z), «. functions
W3, Y4, ¥s, and positive constants a; and a, such that the following conditions are satisfied:

Y3((ElD) < V(E) < vadlI=ID,

ov(E)
0=

Remark 3. The aforementioned assumptions and definitions collectively form the foundation for
the design and stability analysis of the control scheme proposed in this paper. Unlike existing
studies [45—47] which typically require bounded higher-order derivatives of the reference signal,
Assumption 1 adopted in this work only necessitates a bounded first-order derivative. This reduces
the prior requirements on the desired trajectory and enhances the practical applicability of the scheme.
The introduced time-varying bounds Y, (1) and y, (¢) explicitly ensure that the reference signal y, remains
consistently away from the time-varying constraint boundaries, providing a feasible tracking region for
output-constrained control. Assumption 2 decomposes the composite disturbance into a sum of smooth

hE,¢) < —a1V(B) + ¢s(ls1]) + az.
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functions depending on the measurable state ¢ and the unmodeled dynamics =, respectively, offering
a structural basis for subsequent approximation and compensation using tools such as fuzzy logic
systems. Definition 2, which describes exponential input-to-state practical stability (exp-ISPS), serves
as a key and relatively relaxed stability framework for handling nonlinear systems with unmodeled
dynamics. Together, these conditions enable the method proposed herein to address the tracking
problem for complex nonlinear systems with unmodeled dynamics, asymmetric time-varying output
constraints, and composite disturbances under weaker assumptions.

Lemma 6. If the Lyapunov function V(Z) for the system E = W(E,¢) satisfies Definition 2, for a
constant 4, any initial conditions #y > 0, Zy = Z(fy) and r(ty) = ry > 0, any function ® such that

d(¢y) > w(ls1)), there exist a finite T} = T4(ay, ro, Z¢) > 0 and a function B(ty,t) > 0 for t > t,, and a
signal can be portrayed as

P .
F= 2 s B i o) +do, i) = 1o, 2.4)
TR

where p € (0, 1), such that B(ty,t) = 0 fort > ty + T and V(Z(t)) < r(¢) + B(ty, t).

Remark 4. Compared with standard predefined-time control methods [44, 46, 48], the proposed
designated-time control scheme based on the time-scaling function wu(#) can effectively resolve the
problem of unbounded control magnitude in conventional predefined-time approaches. Typical
predefined-time control schemes rely on fractional power terms in their controller and virtual control
design, which may lead to infinite control signals and singularity phenomena when performing repeated
differentiation in the backstepping framework. In contrast, the proposed designated-time strategy
removes fractional power terms and employs a smooth time-scaling structure u(f) to achieve user-
prescribed convergence time without causing singularity or unbounded control signals. As a result,
the control signals remain uniformly bounded in the entire process, and the convergence time can be
explicitly preassigned independent of initial conditions, which provides a more practical and reliable
solution for constrained nonlinear systems with unmodeled dynamics and external disturbances.

Without losing generality, the equation ®(¢1) = siho(s?) is used in which ¥y > 0 is a smooth
function.

This paper aims to design and implement an adaptive event-triggered tracking controller for
system (2.3). The controller must fulfill the following three key objectives: (i) ensuring the system
output tracks the reference signal y; within a designated time frame; (ii) guaranteeing that all closed-
loop signals remain uniformly bounded; and (iii) strictly maintaining the required output constraints at
all times.

3. Design procedures

3.1. Controller design

The controller design begins with the definition of an error trajectory. Let the tracking error be
01 = ¢1 — Y4, and define the subsequent error variables as 6; = ¢; — @;—; fori = 2,...,n, where @, ,
denotes the output of a command filter and a;_; is its input.

To mitigate the effects of filtering errors, a set of compensation error signals is introduced:

O'kzék—fk, kzl,...,l’l, (31)
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where & is a dynamically generated error compensation signal.
Since the functions P;(w;) are unknown, they are approximated using fuzzy logic systems (FLSs)
of the form:
Fi(w) = 6] pi(w:) + £i(w;) (3.2)

where 6; is the ideal weight vector, ¢;(w;) is the fuzzy basis function vector, and &;(w;) denotes the
approximation error, bounded by |e;(w;)| < &; with & > 0. Let 0; be the estimate of 6;, and define the
estimation error as 8; = 6, — ;.

Step 1: Based on Eq (3.1), the differential of the first compensation error signal is obtained as:

doy = (g + W1 +1q1 =Yg — & dr. (3.3)
An asymmetric time-varying barrier Lyapunov function (BLF) is then selected for the first step:

H(o1)g ki, (1—qlo))u k¢, B s
= I + | + 0,0, +
2 %% Kz, — o 2 o5 ki, — o7 2my 1

T
21

-
2
1t

V )
1 lo

where the switching function is defined by

( ) 1, O'lﬁ(),
O' =
177210, o >o0.

In this function, m, [, and [, are positive design constants. The term @, = ¢; — $; represents the
estimation error for an unknown parameter ¢;, with ¢, being its estimate. The definition of ¢; will be
provided subsequently.

The design proceeds by introducing time-varying barrier boundaries defined as:

ket =ya+ & —ka, ker=ko—ya— &

These boundaries effectively translate the original asymmetric output constraints into a symmetric form
relative to the compensated error o ;.

To facilitate the analysis, a coordinate transformation is applied by defining the normalized error
variables: o o

ko= k==, k= gk +(1-qk,
ke kca

where g = g(oy) is the switching function defined previously. This transformation consolidates the
two logarithmic terms in the original BLF. Consequently, the complex form of V, is simplified to the

following compact expression:

K Boarn Moo, T
Vi==1 +—0,60 + —¢7 + —.
T e T o T T,
Using (3.3), V, is given as
- " ; . H >7A Hors i,
Vi=uyo(or+&H+ar+ (@ —a)+W +1g -6 —-H-y)——0,00 + —0,0, + —&;
my 2m1 211 (3 4)
o ! o+ .
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where
q l-g¢g

) )
key —or kg — o

’y:

’

and

ag . .
H=qg @+ é —ka) + (1= @) ker — ya — &).
kCl kCZ

Building upon Assumption 2 and Lemma 2, the impact of the unknown disturbance 7, (Z, ¢) on the
dynamics can be bounded as follows:

wyo 1t (B, ¢) < pyloiTailsl) + pyloTan(1ZlD, (3.5)
(NYO'ﬁdn(HS‘H))
€11

wyloiTanlsl) < pyo17an(llsl) tanh +0.2785¢, (3.6)

where €;; > 0 is a constant.
Furthermore, by employing Definition 2, Lemma 4, and Young’s inequality, the term involving the
unmodeled dynamics can be processed. This yields a refined upper bound:

wylo1zan(IEN) < pylo [Faa (3 (r(t) + B(1)))
< uylo [T (Y5 2r(0) + pylo [Fan(¥s' 2B@1)))
M701?d12(l#§1(2V(l)))) (3.7)

< ,uycrﬁd]z(gbgl (2r(1))) tanh( -

1
+0.2785¢, + /JzyZO'% + 1?512(9051(28(0)),

where €, > 0 is a constant.
Based on (3.5)—(3.7), (3.4) can be rewritten as

Vi<uyoi(oa+ & +ay+ (@ —ay) + Py + Tg — g — & — H + uyo)

: sh _Hos Lo b, o (3.8)
+ EVI - £9I91 'u901901 + (_—rp + (D(§1)) + Ry,
H my L loN
where
7 = or1tan(lslD) | _ _ o T
Ta(s, v, 01, 1) = Ta1 (sl tanh(%) + Ta0(03 ' 2r(1)) tanh('uy 61 d12) ,
11 =
and

dy 1
= 0.2785(e1; + €12) + —0 + —%glz(wgl(ZB(t))).

(§1)

Notice the functlon is discontinuous at o; = 0, and the function tanhz(“w') is introduced.

Therefore, one obtalns

V[ 570'1(0'2+§2+a1+(611—al)+T1+?d1—$1—H—yd+yy01

16 Yo\ M ozrh M
+ — tanh? - Lgrg
,u}/0'1 ( A ) Io ) m N TP (3.9)
h ' [0}
-+ By (1- 16 ann?(B271)) ) | g,
lop M A ly
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According to (3.2), ¥i(w1) = Yi(s1, 01, ket kea) + Tai(s,y, 01) = 61 ¢1(w)) + &1(wi). And, using

¢ =& +vy; >0,V is given as

Vi Sﬂ70'1(0'2 +&E +ar+ (@ — )+ 0 —ya— & — yisign(é) — H + pyo

wyo 1\ ®(s1) Hoarh M
+ anh’ Ry - —9 6 - =
/1701 ( 1 ) lo ) p 1 1 I, 901901
h S (Yo D(s1)
- mr" + (1 — 16tanh ( py )) I + wyloiler + Ry.

Using Lemma 2, the following inequality is obtained:

wyloiler — eiuyo

subsequently, the virtual controller and adaptive laws are designed as follows:

16 [0}
=G PSP =0l 9y + 30— Vi) — pyo - @y tanh(wgl)——t nh’ (W‘Tl) (G0
q1 HYO1 Ay

A (AN

0y =myyo ¢, — —by,

u
T 7
901
2p-1 - .
f =—c1é — )’p 1(f Ty & + (@) — ay) — vy sign(éy),

(3.10)

(3.11)

(3.12)

(3.13)

(3.14)

(3.15)

where ¢;, 7y are positive design parameters, and design parameters k; > 0,q; > 0. The exponent

p= 2521’ with n > 2 being a integer. Consider

kCl icCZ
Yi(0) =
1) = max{lk , |kczl}
which results in the inequality
ke k
1) + g7 = +(1-g)7= = 0.
ke ke

According to the fact 676, < 1670, + 1676, and @11 < 1@ + 1¢?, substituting (3.11)-(3.15)

into (3.10) yields

)p+ O'O'—ii’p——
HYO 107 lopt 2m111

V] < EV] - kl(log
u

1 — k2 211 A ly

where Ry = Ry +0.2785¢1¢1 + ;7119{91 + 27711(,0%

U =7~ T ~2 (1 16 tan hz(HYO'l))(T)(S'l) + R

(3.16)
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Stepi (2 < i < n—1): By applying the error dynamics defined in (3.1), the differential of the ith
compensation error signal is derived as:

doi = (o1 + Vi + T4 — @iy — &)dlt. (3.17)

A Lyapunov function candidate V; is then selected, constructed recursively as:

,12102 + K gg+ g2

Vi=Via+ ) 2 @i,

where m; > 0,/; > 0 are positive design constants. The term §; = ¢; — @; represents the parameter

estimation error, with ¢; being the estimate of the unknown constant ¢;.
With the aid of (3.17), one obtains

i-1 i-1

i I h i 2p Lj a1 T~
Vi< Vi ki(log 7—5) +poiio - e Z’W; - Z 2,0 25 ¥
,/_2 J_l ./:1
+,L[0'l-(k10' +§z+l + Tt +0/,+(0/,—a/)+‘1’ +le_al 1 _fz) (318)

_ﬁéTéi_';_‘@l@l (1—16‘[ hz( 70'1 cD(S‘l) ZR

i i A
Building on Assumption 2 and Lemma 2, the disturbance term can be bounded as follows:

noitgi(E, ¢) < ploiltan (sl + ploilTan (1), (3.19)
1o Tain (sl

€1

ploiltan(lsl) < poiTan (sl tanh( ) +0.2785€; (3.20)

with €1 > 0.

Furthermore, by applying Definition 2, Lemma 4, and Young’s inequality, the term related to the
unmodeled dynamics is bounded as:

ploiltan () < ploitan (3 (r(t) + B()))

iTdi 1 3.21
< uorTan (3 2r(1)) tanh( "2) 0.2785€; + o’ + Z%ﬁ,.z(wgl(zB(t))), 621
€
with €5 > 0.
Substituting the bounds from (3.19)—(3.21) into the expression for (3.18) yields
i 1w 2 i i1, il
g 2p J ATH J ~2
V,' < ;1Vl_kl(log 1 —kl) +UO 10— m?’p —ijO'j - 4 2—’%] jgj_ Z 2—l]()DJ
j=1 j=1
+ 1o (ko O+ e @ — @) + W+ T o — i — &) (3.22)

s ¥ T L 2 ')’0'1 (D(gl)
—EOQ l(p,go, (1—16tah( py ZR +R;,
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where

Fa(e 0 =fd[1(||g||>tanh<‘%ll(”§”)>+ #4003 (2r(1))) tanh (ML

)

€2

and
R; =0.2785(e; + €p) + 7"[,,2(1ﬂ3 (2B(1))).

Similar to the approach outlined in (3.2), the combined term F(w;) = Yi(§i, 0;) + Ta(s, 04, 1) 1S
represented via a fuzzy logic system as F(w;) = HZ.T¢,~(w,~) + &/(w;), where w; = (¢, 0, r). Following this
representation, the virtual controller and adaptive laws are designed as follows:

= —ciéi — yP 15 — 0 gy + &y — po; — iy — @itanh (‘ﬂ) , (3.23)
qi
6, =m;oi; — — 0, (3.24)
U
& =l tanh(“i") _ T, (3.25)
qi H
p kl pfl 217 1 3
&i=—cgi— F?’ &N+ i + (@ — i) — yisign(&), (3.26)

Wheregoi =&+ >0, andqi >O,Ll’ > O,Ti > 0.
Building upon Lemma 2, the following inequality holds:

uloilei — pipo; tanh(/ﬂ) < 0.2785qi¢i,
q1

combining this result with the designed control laws and adaptive mechanisms given in (3.23)—(3.26),
the time derivative of the Lyapunov function can be bounded as follows:

s 1 h .
V<= 'u kl(logl k2) + U0 041 —Krp—j:zzk]ﬂ'j

_ i (3.27)
i gt Tj 2 (YT 1\ D(S1) 5
— 0 — — 1 — 16tanh + > R;
sz 219" + anh’ (), £t
where R; = R; + 0.2785¢,¢; + 3 67 6; + 3 TL?.
Step n: From (3.1), the differential of the final compensation error variable is derived as:
do, = U+, + T4 — Gy — EdL.
The overall Lyapunov function candidate for the nth step is chosen as:
_ H H a1y | H oo
Vi = Vi 1+20-n+2m99 +21<pn
(3.28)
_H 1 2 T
_zlogl_k2 0'+z:2 09+2214p,,
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where m,, > 0,1, > 0, ¢, = ¢, — ¢,,, and @, is the estimate of the unknown constant ¢,,.
Following the recursive design procedure from the previous steps, the time derivative of V), can be
bounded as:

) -1
M ! AT T
v, <Zv, - k(1 (VIR o P S A B
/.l 1( Og 1 _k2 lO/Jr JZ; / j Z:; 2 J i ~ 21]‘10]
+ ucr,,(oy, |+ k, 0'2" "Yuta,—a,+0" by — @py + po, — &, — yasign(&,) ) (3.29)
o (I)( ) n—1
- —HT(H - m,o, 3,) — %(Pn + plole, + (1 - 16tanh2(m/ 1)) s1 + > R;+R,,
m, Ly A lo =1
where
F(wy) = Yuls,00) + Tan(S, ¥, 00) = 0h $u(wy) + n(wy),
_ _ onTam(lsl), _ O nTdn
(6, s 1) =T (Il tanh(FE2TER) 7 (3 (2r(1))) tanh (EE22 ),
nl n2

R, = 0.2785(€,1 + €) + %an(wfa (2B(1))),

and ¢, = &, + 7y, with w, = (g, 07,).
Following the recursive design framework, the virtual controller and adaptive laws are designed as:

—Cpfy — P12 0T 4 G| — 0 — Ot — @y tanh (“‘T”), (3.30)
én = mno-n¢n - lﬂéna (331)
u
b, = Lo tanh(ﬂo-") LI (3.32)
an ) n
& = —Cbn = oy ED T + (@ — @) — Yasign(&), (3.33)

where ¢, k,, g,,t, > 0, and 7, > 0 are design parameters.
Substituting the expressions from (3.30) and (3.33) into Inequality (3.29) yields the following bound
for the time derivative of the final Lyapunov function:

/ K 1 ' h p 2p Lj ~T~ J ~2
V"S;V"_kl(logl_—kZ) —mr —ij()'j — _ _Zzl (p]

Jj=2 Jj=1

B (3.34)
HYo S =
(= a,) + (1 - 16 tanh? R,
+ o, (u a)+( an (/l )) ’ +; j

1

where the aggregated residual term is defined as R, = R, + 0.2785¢,¢, + y HTH + 21 22,
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3.2. Event-triggered mechanism

To significantly improve the overall efficiency, a event-triggered mechanism is designed as follows:

v(t) = —(1 + OH)(@ tanh(Z22) + a, tanh(Z221Y), (3.35)
40 40

u(t) = v(ty), Yt € [, tis), (3.36)

et = inflt > 1 | le()] > Olu()] + o(0)}, (3.37)

0 =-pa’0,0 <00 < 1, (3.38)

0 = —praz0,0(0) > 0, (3.39)

o(t)

where gy > 0, p; > 0,and p, > 0,0 = 1-00)

update instant.

is an auxiliary error variable, and #(k € Z*) denotes the

From the triggering condition, one can show that there exist bounded time-varying functions z,(¢)
and z,(7) satisfying |z,(f)] < 1 and |z,(#)] < 1, such that the actual control input can be equivalently
expressed as

V(1) — (1) o(1)

"= hen

(3.40)

Remark 5. Compared with the static event-triggered threshold that is fixed and cannot be adjusted
online, the proposed dynamic event-triggered mechanism with adaptive thresholds O(¢) and o(¢)
has obvious superiorities. A static threshold is fixed and cannot adapt to real-time changes of
system states, tracking errors, and virtual control signals, which may result in excessively dense
triggering and unnecessary waste of communication and computational resources, or excessively sparse
triggering and performance degradation. In contrast, the adaptive dynamic thresholds ©(¢) and o(7) are
constructed to be updated online according to the virtual control law @,, which can flexibly adjust
the triggering condition and realize a better trade-off between tracking performance and resource
utilization. Moreover, such a dynamic structure can effectively exclude Zeno behavior and ensure a
strictly positive lower bound for the inter-event intervals, which is more suitable for uncertain nonlinear
systems with asymmetric time-varying output constraints and unmodeled dynamics.

To conclude, the control block diagram is summarized as depicted in Figure 2.
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’ (3.13),(3.14), (3.24), —/
— . 3.25), (3.31), (3.32
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o 1
mechanism [ Bounded Error compensation ¢z
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(7} L (%

ks (t) Actual control
signal (3.30)

Figure 2. A schematic diagram of the overall control structure.

4. Main results

Theorem 1. Consider the nonlinear system (2.3) under Assumptions 1 and 2. By applying the
event-triggered control mechanism defined in (3.35)—(3.39), the following closed-loop properties are
guaranteed:

(I) All signals in the closed-loop system are uniformly bounded.
(IT) The prescribed asymmetric time-varying output constraints are strictly satisfied at all times.
(IIT) The system output y tracks the reference signal y; within a designated time interval.

Proof. (I) Substituting the equivalent representation of the control input from Eq (3.40) into
Inequality (3.34) yields

v, < Z;vn ~ky(log —— )’ - L ikja%p _ Z ;jq,é‘Tél‘ . ." T_ji¢2.

1-k2) Lo T Laom LR

() — z(H)o(2) ) . d( >H” @
v(t) — zp(t)o(t 2(HYO 1 Sl 5
—_ - 1 — 16tanh"(—/—— R..
(f,,(ma(t)@(t) an)+( oran (57T D,

Applying Lemma 2, the term involving the control input difference can be bounded as:

uan(% — a,) < 0.557g,. Consequently, the time derivative of the Lyapunov function is further
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bounded by

L 1
V,<=V,—k(lo ——r”— kO'
u log 7—) ~ 72 Z

1 3 (1)
_,Z_]T _sz 2+ (1 - 16 tan hz(“f‘)) lj‘ +T,

with ' = 3, R; +0.557qp.
To establish the boundedness of the error compensation signals &; for i = 1,---,n, a composite
Lyapunov function candidate is defined as V; = § >V P ff j» whose derivative is

4.2)

n— 1
Ve < V+ e — g2l B — ) — L si
¢ et H fzj Ci j€ij Ly + &ijer + (@ — @) i.j sign(&; ;)
i=1 "\ j=1
ki,n 2p—1 .
+ ‘fi,n(_ci,né:i,n - 2_—1761','1 - li,n Slgn(é:i,n)) .
Under the given conditions, specifically, the bounded mismatch between the filter output and the virtual
control law, |@; j—a; j| < E; ;, and the application of Young’s inequality to handle cross terms, &; ;& j.1 <
560+ 58 i+1» the derivative can be further bounded as:

1 y a
Ve < By, - Soyr Ly, _anvi <Byv.- L, (4.3)
7 K Ju Tt T op
where the positive constants are defined as a;, = min{2°c¢;y,...,2P¢;,}, a; = min{2(w;; —

%), N %)}, and a;, = min{2|l; ; — &, j|, 2;,,}. Applying (3.1), the &; are bounded.
(1) When o ¢ S,,, Lemma 5 gives the inequality

( 16tanh2(m/; 1)) <0,
1

which, together with Inequality (4.2), leads to

. ,u 1 p il - 2

V, <2V, —k(log——=) = —r" =Y ko
u 1(0g1_k2) lo,ur ; 19
- "Te— Yg T
sz 21, %

Using the algebraic inequality

d C _d ¢
|Y|d|Z|C < J+c 19|)’|d+L m 9 7],

and applying Lemma 4, we further obtain the bound

Vn ZVn Td1(;10g1_1k2+220'1+2%T9 +Zg§0l +Q2

_/_lv_% +Q2’
p p

I/\

4.4)
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where
Q1 = min{l, 2°k;, 70, LY (G =1,....n),

and
)4

QZ:F+2(1_p)pIPP+(1—p)(£)'_".

From Inequality (4.4), the boundedness of o, o;, @i (i=1,...,n)isestablished. Because 6, = 0,»—9,-
and §; = ¢; — ¢;, the boundedness of the estimates 0; and @; follows directly. Finally, recalling the
definitions of the tracking error ¢; in (3.1), the compensation error o;, and the boundedness of the
compensation signals &;, we conclude that §; and ¢; remain bounded. Hence, all closed-loop signals are
uniformly bounded.

(i) Case where o; € §,,. This case indicates |o| < 0.25544,, i.e., o is bounded. Using the
boundedness of & and (3.1), it follows that 6, is also bounded. From (3.1), ¢; is bounded. Thus, a
constant S > 0 can be chosen such that (1 — 16 tanhz(‘%))%gl) < §. Following a reasoning analogous
to case (i), we obtain V,, < —Q,V? + O, where O, = Q, + S. Then, (I) is proved.

(I) From (I), it has been shown that V,, < §Vn - %V,’,’ +Q,wheno ¢ S,,0rV, < /’an - %V,f +0,
when o, € §,,. For the subsequent analysis, the more general inequality V, < ﬁVn - %Vf,’ + Qs is
considered when oy € S ,.

Next, we verify the validity of statement (III) by examining two distinct cases.

Case I: For ¢ € [1, 1) + T,), according to Lemma 2, the Lyapunov function satisfies V,,(#) < Du(),
where D is a positive constant. Consequently, at the instant 7, + T,, we have V,(t) + T,) < Da = M,
with M being arbitrarily small. Similarly, the derivative of the compensation-error Lyapunov function
obeys V; < ﬁVf for t € [to,to + T,). Applying Lemma 2 again guarantees the boundedness of all
compensation signals &; (i = 1,...,n), i.e., || < M; for some constants M,.

Since V,, < Du(?), the inequality

p(r)

—1 < Du(n),

holds, which yields

k| < V1 —e2P <1, 4.5)

This directly implies —k.;(¢) < 01(f) < ke, (2).

By the definitions of k.(¢) and k. (¢), the above inequality passively ensures that the output always
satisfies the prescribed constraints k.;(f) < y(f) < ke (?).

Furthermore, from Inequality (4.5) and the error definition (3.1), the tracking error 6;(¢) = y(¢£)—y,(t)
enters a small compact set

P={061(t)| —(Ke1 + M) <061(t) < Kor + My }

within the designated time interval [f9, %) + T,). In summary, by appropriately choosing the design
parameter v, the quantities |£;(7)], |o7(1)|, Vg(?), and V,(?) all converge to a small, globally attractive
neighborhood within the pre-assigned time 7,. Hence, the boundedness of all closed-loop signals is
guaranteed.
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Case II: When t € [ty + T,, ), once 0;(¢) enters the compact set P within the designated time 7,
Inequality (4.4) guarantees that it will remain in P for all subsequent time t > T,. From (4.4), we
obtain the differential inequality

O

V,(t) < —7V5(Z) + 0.

For any constant b € (0, 1), Lemma 2 yields a finite settling time

*

= — (
(1= p)pQ,

Hence, the total convergence time is T = ty + T, + T*. Following the reasoning in [26], it can
be shown that all signals in the closed-loop system remain recursively bounded. The same conclusion
holds when the alternative bound .

H 0,

_Vn - _VyI: + Q2
i 7

Vn(tO + Tg)l_p - ((1 i%;Q_] );) > 0.

IA

Vi

is satisfied (i.e., when oy € S ,,).

It is essential to highlight that the designed control scheme effectively avoids Zeno behavior, as
demonstrated in the following proof.
Proof. The objective is to show the existence of a constant #, > 0 such that the inter-execution interval
is bounded below by 1, i.e., t;,11 — t; > £, for every positive integer k.

During the interval ¢ € [#;, #;41), the control input is held constant, u(t) = v(#;), and consequently
u(t) = 0. Defining the measurement error as €(t) = v(t) — u(t), its time derivative satisfies

@ = sign(£(1)) £(t) < (1)), (4.6)

The derivative v(¢) exists and is bounded because v(?) is constructed from bounded system signals. Let
v be an upper bound for |(7)|.

At the triggering instant #;,, the error reaches the adaptive threshold, i.e.,

tgg}l 1E(O)] = O)|u(®)] + o(2),
while at the previous update time 7, we have £(#;) = 0. Integrating inequality (4.6) over [#, #;+1) yields
[€(tke Dl <V (Brear = 11)-
Combining the two expressions for |£(#,1)|, we obtain
Ou()] + o(t) <V (1 — 1),

which directly implies

OWu®)] +o(t) _
%

teel — e = to > 0.

Since the threshold parameters ®(¢) and o(f) are positive and the control signal u(f) is bounded, the
lower bound ¢ is strictly positive. Hence, Zeno behavior is excluded.
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5. Simulation example

Example 1. As an illustrative application, consider a robot manipulator system modeled by (2.2).
Incorporating unmodeled dynamics and external disturbances, the system can be expressed in the
following form:

E=-E+0.667 + ¢,

de¢) = ¢ dt, (5 1)
d¢r = (u—10sin(s)) — 262 + 0.152 cos(s152)) dt, '
Y =61

where G = 1, Z = 2, and mgl = 10.

For simulation purposes, the initial conditions, reference signal, and output constraints are selected
as follows: ¢(0) = [0;2’ —1.117, (£1(0),£(0)) = (0.2,0.3), (A1(0), A1x(0)) = (=1,-0.2), 6,(0) =
(0.2,0.2,0.5,0.6,0.1), 6,(0) = (0.3,0.7,0.8, 0.5,0.8), ¢,(0) = 0.2, 4»,(0) = 0.4, ®(0) = 0.3, B(0) = 0.3,
v, = 0.6sin(¢) + sin(0.5¢), k.; = 0.6 sin(¢) + sin(0.5¢) — 0.3 — 0.8¢™" and k., = 0.6sin(¢) + sin(0.5¢) +
0.18 + 1.2¢7%).

The simulation incorporates the following design parameters: ¢; = 2,¢, = 3,k; = 0.08,k, =
0.08,p =2,p =0.8,q; = 1,9, = 1,7, = 0.01,y, = 0.01,g9 = 0.6,0; = 0.01,p, = 0.01,¢ = 0.12,
m; = 1,m2 = 1,L] = 1,L2 = 1,T1 = 1,‘['2 = 1,1] = 6,[2 =13.

The outcomes are described in Figures 3—10. Figure 3 illustrates the trajectories of the output
signal y and the desired signal y, under the constraints k., and k., using the proposed scheme, along
with the corresponding tracking error. Figure 4 shows the curve of the control input u# under the
dynamic event-triggered mechanism described in this paper, while Figure 5 illustrates the sequence
of trigger time intervals under this mechanism, confirming that the system effectively avoids the Zeno
phenomenon. Figure 6 shows the curve of the control input «# under the traditional static event-triggered
mechanism, while Figure 7 displays the sequence of trigger time intervals under the traditional static
event-triggered mechanism, confirming that the dynamic event-triggered mechanism is more effective
at conserving communication resources. As observed in Figure 3, the output y successfully tracks the
desired signal y; within the designated time, and the state variable ¢; remains within the prescribed
constraint region. Furthermore, Figure 8 presents the convergence behavior of the tracking error, and
Figures 9 and 10 depict the trajectories of the compensation signal and the adaptive laws, respectively,
both of which are ultimately bounded.
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6. Conclusions

This paper develops a designated-time adaptive tracking control scheme for strict-feedback
nonlinear systems with asymmetric time-varying output constraints, unmodeled dynamics, and external
disturbances. Three main contributions are summarized as follows. First, different from conventional
finite-time and predefined-time control, the proposed time-scale function based designated-time
framework achieves arbitrarily preset settling time independent of initial conditions, reduces the
conservatism of convergence time bounds, and eliminates the singularity and unbounded control
magnitude drawbacks caused by fractional power terms. Second, fuzzy logic systems are utilized
to approximate system unknown dynamics, and combined with bounded command filtering to avoid
the complexity explosion problem in backstepping design. Third, by integrating an asymmetric
time-varying barrier Lyapunov function into dynamic event-triggered control, the proposed method
ensures output constraint satisfaction and greatly saves communication and computational resources.
Theoretical analysis and simulation results verify the effectiveness and superiority of the scheme in
tracking accuracy and transient performance. Furthermore, the applicability and inherent limitations
of the method are discussed. Future work will extend this framework to nonlinear systems with full-
state constraints, actuator faults, and non-strict-feedback structures, and improve robustness against
complex noise and disturbances for practical robotic and industrial applications.
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