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Abstract

This paper investigates the adaptive prescribed performance fixed-time control problem for
uncertain strict-feedback nonlinear systems in the presence of unknown control coefficients
and actuator faults. A switching-based control strategy is developed to address the un-
certainty in control coefficients, where adaptive parameters are adjusted online according
to design requirements. To regulate the transient and steady-state behavior, a fixed-time
prescribed performance function is incorporated into the control design, ensuring that the
tracking error evolves within predefined bounds. The command filter technique is em-
ployed to simplify the backstepping procedure and avoid the issue of complexity growth,
while filter-induced errors are compensated using auxiliary signals. Rigorous Lyapunov
analysis establishes that all closed-loop signals remain bounded and that the tracking
error converges to a small neighborhood of zero within a fixed time, independent of initial
conditions. The effectiveness of the proposed method is demonstrated through numerical
simulations and a practical example.

Keywords: nonlinear systems; unknown control coefficients; actuator faults; adaptive
control; command filters

MSC: 93C10; 93C40; 37N35

1. Introduction

The design of tracking controllers for nonlinear systems in the presence of uncer-
tainties has been a central topic in control theory. In practical applications, uncertain
parameters and external disturbances are unavoidable, which makes robust controller
design both challenging and essential [1-4]. Among various approaches, adaptive control
has attracted significant attention due to its ability to adjust online and compensate for
unknown system dynamics. When combined with the recursive backstepping framework,
adaptive techniques provide a systematic methodology for handling nonlinear systems
with hierarchical structures [5-7]. Despite its effectiveness, the backstepping approach
suffers from a major limitation, namely the need to repeatedly compute virtual control laws
and their derivatives at each design step, leading to the well-known issue of “computational
explosion.” To address this drawback, the dynamic surface control (DSC) technique was
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introduced, where low-pass filters are employed to approximate the derivatives of virtual
control signals, thereby reducing computational complexity. However, the filtering process
introduces approximation errors that may degrade tracking performance if not properly
compensated [8-10]. To further improve performance, command filter-based adaptive con-
trol has been developed. In this framework, virtual control signals are processed through
command filters to generate smooth derivative estimates, while additional compensation
mechanisms are incorporated to mitigate filtering-induced errors [11]. This approach ef-
fectively balances implementation simplicity and control accuracy, and has been widely
studied in recent literature [12,13]. For example, command filter-based adaptive finite-time
control has been proposed for uncertain nonlinear systems to achieve fast convergence [14],
while extensions to systems with actuator constraints, large-scale structures, and switched
dynamics have also been reported [15-17].

Previous research on adaptive control has generally been conducted under the as-
sumption that the control coefficients are known and constant, often normalized to unity.
However, in practical scenarios, control coefficients are typically uncertain and may vary
with time [18]. This uncertainty introduces significant challenges in controller design and
can degrade the performance of conventional fixed-time control strategies. Moreover, sys-
tem nonlinearities, actuator faults, and external disturbances may further induce unknown
variations in the control coefficients, which must be properly addressed to ensure reliable
system performance. Recent research has made notable progress in this direction [19,20].
For example, adaptive control schemes have been developed for nonlinear systems with
actuator faults and unknown control directions using command filters, ensuring stable per-
formance under fault conditions [21]. For systems with input nonlinearities and unknown
virtual control coefficients, adaptive control strategies have been proposed to achieve robust
tracking performance [22]. In addition, adaptive output-feedback event-triggered tracking
control has been introduced for nonlinear systems with unknown control coefficients, im-
proving system response while reducing communication load [23]. Furthermore, adaptive
finite-time prescribed performance control has been investigated for stochastic nonlinear
systems with unknown virtual control coefficients, providing guaranteed performance
within a finite-time framework [24]. Despite these advancements, the integration of un-
known control coefficients, actuator faults, and prescribed performance within a fixed-time
control framework remains an open and challenging problem.

The control strategies discussed above typically ensure convergence as time ap-
proaches infinity. However, in many practical systems, it is desirable for the system states
to reach the desired equilibrium within a finite time. Finite-time control methods provide
faster convergence and improved robustness compared to asymptotic approaches [25-27].
Nevertheless, a key limitation of finite-time control is its dependence on initial conditions,
as the settling time varies with different initial states. To overcome this limitation, fixed-
time control has been introduced, where the convergence time is independent of initial
conditions and can be explicitly determined by design parameters [28]. In recent years,
significant progress has been made in this area [29,30]. For example, adaptive fixed-time
command-filtered control has been proposed for nonlinear systems with input quantization,
achieving fast convergence under quantization effects [31]. For systems with time-varying
full-state constraints and actuator hysteresis, adaptive fuzzy fixed-time tracking control has
been developed to ensure robust performance [32]. In addition, prescribed performance-
based fixed-time control schemes have been investigated using dynamic event-triggered
mechanisms to balance tracking performance and communication efficiency [33]. Fur-
thermore, fixed-time event-triggered adaptive control has been designed for uncertain
nonlinear systems with full-state constraints, ensuring convergence within a fixed time
while reducing communication load [34]. Despite these developments, the integration of
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fixed-time control with prescribed performance, unknown control coefficients, and actuator
faults remains insufficiently addressed, which motivates the present study.

To ensure that system behavior remains within predefined acceptable limits, pre-
scribed performance control (PPC) has been extensively studied for nonlinear systems [35].
This framework guarantees that the tracking error evolves within a predefined perfor-
mance envelope, ensuring that both transient and steady-state behaviors satisfy prescribed
bounds. Specifically, PPC constrains the overshoot, convergence rate, and steady-state
accuracy, thereby providing predictable and reliable system responses. Recent studies have
further extended PPC in various directions [36-38]. For example, fixed-time prescribed
performance control has been proposed for nonlinear systems with unknown time-varying
parameters, ensuring convergence within a preassigned time bound [39]. For switched
high-order nonlinear systems, fuzzy adaptive quantized tracking control has been devel-
oped under a fixed-time prescribed performance framework to address switching and input
quantization effects [40]. In addition, PPC-based fixed-time tracking has been investigated
for nonlinear systems with unknown time-varying input delays, improving robustness
against delay uncertainties [41]. Furthermore, adaptive fixed-time prescribed performance
control has been applied to flexible-joint robotic systems with actuator faults, achieving fast
and reliable tracking [42]. Moreover, PPC has demonstrated practical relevance in energy
systems. For instance, a distributed power allocation scheme with prescribed performance
and intermittent dynamics has been developed for battery energy storage systems under
discharge rate constraints in microgrids, where PPC is employed to achieve state-of-charge
balancing while satisfying operational limits [43].

Actuator faults pose a serious challenge to the stability and performance of nonlinear
control systems. In practical applications, actuators are susceptible to degradation due to
aging, wear, and environmental effects, which may result in partial or complete loss of
effectiveness. If not properly addressed, such faults can significantly deteriorate tracking
performance and may even lead to system instability [44]. Therefore, the development of
fault-tolerant control (FTC) strategies capable of compensating for actuator faults is essen-
tial to ensure system reliability and safety. Recent research has made notable progress in this
direction [45,46]. For example, adaptive fixed-time control schemes have been proposed for
nonlinear systems with time-varying actuator faults, achieving rapid fault compensation
and maintaining stability [47]. For high-order nonlinear systems with both sensor and
actuator faults, adaptive fuzzy fixed-time control approaches have been developed to en-
sure robust performance within a fixed convergence time [48]. In addition, event-triggered
adaptive fixed-time fuzzy control has been introduced for uncertain nonlinear systems with
unknown actuator faults, improving efficiency while preserving stability [49]. Furthermore,
event-triggered-based fixed-time adaptive fault-tolerant control has been investigated
for stochastic nonlinear systems subject to actuator and sensor faults, providing reliable
performance under stochastic uncertainties [50]. Despite these advancements, the joint
consideration of actuator faults, unknown control coefficients, and prescribed performance
within a unified fixed-time control framework remains insufficiently addressed.

The design of effective controllers for nonlinear systems with uncertainties, such as
unknown control coefficients, nonlinearities, and actuator faults, remains a challenging
problem in control theory. These issues commonly arise in practical engineering systems,
for example, in robotic manipulators where actuator degradation, parameter uncertainties,
and external disturbances affect system performance. In particular, a single-link manip-
ulator system exhibits nonlinear dynamics and is sensitive to actuator faults and input
constraints, making accurate and reliable tracking control a nontrivial task. Fixed-time
control methods provide the advantage of guaranteeing convergence within a predefined
time, independent of initial conditions. However, incorporating fixed-time control in the
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presence of such practical uncertainties is still challenging. Although adaptive control
strategies, including command-filter-based approaches, have been developed to address
complexity issues, a unified framework that simultaneously ensures prescribed perfor-
mance, fixed-time convergence, and robustness against uncertainties and actuator faults is
still lacking. Motivated by these challenges, this paper investigates the adaptive prescribed
performance fixed-time control problem for nonlinear systems and employs command fil-
ters to improve implementation efficiency and control performance. The main contributions
of this work are summarized as follows:

(i) Incontrast to existing work [21,24,28], this paper presents the first approach to address
the adaptive prescribed performance fixed-time control problem for uncertain strict-
feedback nonlinear systems with unknown control coefficients and actuator faults. A
switching control mechanism is proposed to handle the challenge of unknown control
coefficients, incorporating a dual-parameter switching strategy with online parameter
tuning based on the design conditions. The paper introduces a fixed-time prescribed
performance function, ensuring that the system tracking error remains within the
defined performance boundary. By simply adjusting the parameters, this function
allows for the enforcement of different performance constraints.

(ii) To alleviate the computational burden associated with high-order derivatives in
traditional backstepping methods, a command-filter-based backstepping approach is
developed. The proposed adaptive controller ensures that all signals in the closed-loop
system remain bounded, and the tracking error converges to a small neighborhood
of zero within a fixed time. Moreover, the convergence time is independent of the
system’s initial conditions.

The structure of the paper is organized as follows: Section 2 introduces the problem
formulation and provides some preliminary results. The design of the controller, along
with its stability analysis, is discussed in Section 3. Section 4 presents simulation examples
to validate the proposed method. Finally, Section 5 concludes the paper.

2. Problem Formulation and Preliminaries

Consider the following strict-feedback nonlinear system as

Xp=gi(%) xip1 + 0] i(%), i=12,...,n—1,
Xn :gn(xn)u‘FG;(Pn(fn)/ (1)

y=x,

Consider a nonlinear system where the state vector is defined as x; € [x1,x,..., xi}T € R, the
system input is u € R, and the system output is given by y € R. The system includes unknown
parameters 6; € R” and nonlinear functions g;(-), whose signs are also unknown. Additionally,
¢i(+) : R — R’ represent known nonlinear basis functions. The tracking error is expressed as
e(t) = y(t) — yr(t), where y,(t) denotes a reference trajectory to be tracked. Furthermore, the
dynamics of the actuator, which may experience faults, are represented as [50]

u(t) = @(t)o(t) +a(t) 2

where @(t) is an unknown time-varying function that satisfies 0 < @min < @(t) < 1,
indicating the degree of degradation in the actuator’s performance. The signal v(t) is the
control input that needs to be designed, while 7(t) is an unknown fault term that models
unexpected actuator malfunctions or abnormal behaviors.
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To ensure that the tracking error satisfies the requirements of fixed-time prescribed perfor-
mance, the following constraint is imposed

F(—eg(t)) <e(t) < F(eo(t)) 3)

where F(t) represents a prescribed performance function, which will be defined later, and
the constants ¢, € € (0, 1] are design parameters that control the allowable bounds on the
tracking error over time.

Prescribed performance function: To achieve fixed-time control objectives for the
system, we define the following fixed-time function as

2
T—t
<, 0<t<T,
= (), o<t @
O/ tzTC/

where T, > 0 represents the predetermined fixed settling time.T; is a positive constant
representing the prescribed settling time. It is evident that r(t) is continuously differentiable.
Next, the performance function is defined as

F(p) = S (5)

V1—¢?

where [ is a positive scaling parameter and ¢ is the variable input to the function. The
function ¢(t) is defined as a time-dependent scaling function ¢(t) = (rg — ro)r(t) + e,
where the parameters satisfy 0 < r. <7y < 1.

Remark 1. By differentiating ¢(t), we obtain ¢(t) = —W (1 — T%), 0<t<T,and
lim;_, 7. ¢(t) = 0. Hence, ¢(t) is a monotonically decreasing function with continuous derivatives.
Based on expressions (3)—(5), it follows that the convergence bounds of the tracking error can be
adjusted by tuning the parameters €, €, r¢, and T.

Control objective: For the class of nonlinear systems described by (1), the goal is to
develop a fixed-time tracking control scheme that guarantees the tracking error remains
strictly within the prescribed convergence bounds given in (2). Furthermore, the design
should ensure that all signals within the closed-loop system remain bounded throughout
the operation.

To achieve the control objective for system (1), the following assumptions are made.

Assumption 1 ([51]). The reference tracking signal y,(t) and its first derivative 1, (t) are both
known and bounded.

Assumption 2 ([51]). The signs of the functions g;(X;) are unknown, but there exist unknown
positive constants g; and §; such that 0 < g; < |g;(%;)| < gi fori=1,...,n.

Assumption 3 ([50]). The actuator’s additive fault term ii(t) is assumed to be bounded, i.e., there
exists a known positive constant ugy such that |i(t)| < uy.

Remark 2. Assumptions 1 and 2 are standard in the analysis of uncertain nonlinear systems and
are introduced to ensure the well-posedness of the control design and stability analysis. In particular,
Assumption 2 avoids requiring exact prior knowledge of the control coefficients, which are often
uncertain in practical systems, and instead allows them to be handled within the adaptive framework.
Compared with existing works such as [45], where actuator degradation is typically modeled as
a constant, the actuator fault in model (2) is described as an unknown time-varying function.
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This formulation captures gradual performance degradation more realistically and enhances the
applicability of the proposed control scheme to practical scenarios.

3. Controller Design and Stability Analysis

In this section, we present an adaptive switching control scheme for the uncertain non-
linear system described in (1). The proposed control strategy includes two key components:
(i) an adaptive state feedback controller utilizing a command filter to reduce computational
burden and eliminate the need for higher-order differentiation of the virtual controller, and
(ii) an online switching mechanism that dynamically updates the switching parameters to
compensate for the unknown control coefficients. To guarantee the performance constraints
given in (2), we define the following barrier function:

B &)
‘0= ErEm) e =)

where §(t) is an intermediate variable. Additionally, the following transformation functions

(6)

are introduced:
e

Vel iz

Now, the adaptive switching controller is developed based on a command filter com-

ety =20 = %

bined with a backstepping approach. Initially, the following coordinate transformations
are defined:
z1(t) = C(1),

zi(t):xi—ﬁci_l, i=2,...,n

(8)

where &;_; represents the output of the command filter. The dynamics of the command
filter are given by:

U1 = wip,

. 9)
B = —2Bwdp — w (¥ — a;),

where w > 0,0 < B < 1, and &; = ¢;;. The signal «; serves as the input to the system
described in (9). The initial conditions are set as ¢;;(0) = «;(0) and 9;3(0) = 0. The
compensation error is then defined by

xit)=z -1, i=1,...,n (10)

where /; represent compensating signals introduced to counteract the effects of the filters.
These signals are designed as follows:

il = —mqhl; + %1E(12 + &1 —aq),
iiz —mili + (i1 +a,—w;), i=2,...,n—1, (11)

Zn = —Mnly,

where m; are positive design parameters, and »; (k) represent switching parameters, which
will be developed in Section 3. Fori € {1,...,n},let @l- denote the estimate of the unknown
parameter 6;, and define the estimation error as 8; = 6; — 6.

Step 1: Taking the time derivative of z; defined in (8), we have

2 =122+ g181 + 0] @1 — Yr — d, (12)
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(ee+E*)2
(p(e+€)2(6-8)2(2+12) Ve +1I2)
(€248
) ¢*(e+¢)*(e—0)*
Define the Lyapunov function as

where I = is a function defined within the prescribed perfor-

mance bounds, and d =

A2
=+ — 1

where 1 > 01is a positive design constant.
Taking the time derivative of(13) gives

Vi < hgixaxz +p(81 — »)hxi (o + & — a1) + ko1 @1 x1

_ - _ 1 - # (14)

+mih(z1 — x1)x1 — yrhxa —dx1 + hgixia1 — a9191-

By applying Young's inequality, one has
%1 01 o 01 5
26,0 —0]——F0 15
NS 2T (13)
hgixixe < f SR + *Xz (16)
_ C

(g1 —sa)hxi(b+a —aq) < %(51 +1)%1%xG + *(lz + & — )’ (17)

where 07, c11, and c1; are positive design parameters. The virtual control input a1 and the
adaptive update law for the parameter estimate 8; are then defined as follows:

) 022 2
wy = —seghil (Xl n haus o+ LIS ) (18)
VB3 + 9 /(@R + B)
0 = Yihoi1x1 — 016y (19)

where ¢1 = myz) — ¥y — h’ c13 is a positive constant, and A(tg, k) is a strictly increasing
function satisfying limy ., A(fg, k) = co. By subst1tut1ng (15)—(19) into (14), and defining

a; = min{2hmy,01}, and A= 2‘;11 02 + = L (I + & — a1)? + cq3. Inequality (14) can be
rewritten as 1
Vi < —aVi + Ay — (g1 — 61) <Q1 + CnX%) (20)
_ 2 —
where &; = max{w, 1} is an unknown constant, and ¢; = h2)(% +
0292122 n CR2y2 -0

— >
— C
\/ B+ P \/ ahxi+§

Stepi =2,...,n —1: Taking the time derivative of z; as defined in (8) gives
Zj =% — Qi1 = giZip1 + ik + 0i; — Xj1. (21)
Define the Lyapunov function as
Vi=oxi+ 507, (22)

where ; > 0 is a known constant.
Using (8), (10), (11), and (21), the time derivative of V; is given by
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. . 1~ 4
Vi < Xxi <giXi+l + (i — #i) (liy1 + & — ;) + 0;9; — &1 + m;l; + 8:’%‘) - ?91'91‘- (23)

1

As with the derivations in (15)—(27), we apply Young’s inequality to obtain the following

inequalities
Oi 5 A i 0
210, < g2 Tt p
’719191 T2yt 2yt 24
Ci1 _ 1
QiXiXi+1 < f&z?ﬁz + aXz‘zH (25)
1
C; 1
(gi — ) xi(lip1 + & —a;) < f(é_’i +1)%x7 + a(li+l + & — a;)? (26)
1

where 0;, ¢j1, and cj, are strictly positive design constants. Based on the inequalities
previously derived and after basic simplifications, the expression for the virtual control
input &; and the adaptive parameter update law for 8; can be formulated as follows:

0202y, 2,
a; = —mA | xi + i Piki — + Gili : 27)
A C C%
Ve + % e+ g
0: = vigixi — 0ib; (28)
where ¢; = m;z; — &;_1, and ¢;3 > 0 is a constant design parameter. Substituting the

inequalities and expressions from (24)-(28) into (23), and defining a; = min{2m;, 0;}, along
with A; = 2%1612 + é (lig1+a; — txi)z + cj3, the derivative of the Lyapunov function V; can
be reformulated as

. R 1
Vi < —a;Vi+ B8 — (gis6A — €1)oi + ZXZZ-H (29)
1

o) (3+1)2 i
where ¢; = max{%, 1} represents an unknown positive constant and ¢; =

2 2.2 2.2
X%"’ 09X - + SiXi - > 0.
A [ %
\/ Oroixi+ 4 \/ sia+d

Step n: By using (2) and taking the time derivative of z, as defined in (8) gives

Zy = Xp — &nfl
= gn + Gn(Pn — Xy, (30)
= gn@ ()0 (t) + gnii(t) + 0n@yn — &y_1

Then, the Lyapunov candidate function for the final step is defined as

1o 1 &
Vo= 3t 5,6 61
where 7, > 0is a known positive constant.
By differentiating (31), we obtain the following inequality:
. 1 2
Vi = =i + X (8n@(£)0(t) + gnit() + 6npn + Gn) — 79n9n (32)
n

where ¢, = muzy — &y_q. Finally, the controller v and the adaptive law for én are given,
respectively, as:
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02 2 2
—t ( Ougiukn o ) (33)
V@i +)  VigaG+
én = YnPnXn — Unén (34)
where 0y, and c,,3 are positive parameters.
By employing Young’s inequality and Assumptions 2 and 3, one has
1 1
Xn&nit(t) < S&nxp + 5 8nilg. (35)
2 2
The following inequality can be concluded:
(7] 2 (o A2
9 0, < 62— o 36
e T T 0

Then, by defining a, = min{2m,, 0, } and A, = 7 I g2 4 cn+ % g‘nu% and by using (33)—(36),
inequality (32) can be rewritten as

Vn < —ay Vi + 47y — (gn%n )in (37)
02 2 42
Where Qn — anan + ann 2 0
B+ \/gnx2+ 2
It is important to note that 9; > O foralli =1,...,n. Therefore the primary task is
to design the function A(f, k) such that A(f, k) — max{ T ‘g |

the switching mechanism, ensure that »; = sign(g;) is achieved within a finite number

} > 0, and, by employing

of switches.
Now, a switching mechanism is introduced to adaptively update the parameters
and k. To begin with, we define the following function as

W(ty, t) = max{p(t,t), V(t)} (38)

where p(t,t) and V(t) represent the monitoring function and the Lyapunov-like function,
respectively. These are defined as follows:

p(te t) = (W(te) — peo(te) Je 1) 4 peo(t) (39)
1, A2
V(t) = Z SN+ —9 (40)
i=1 27
where €7 is a design parameter. Next, the candidate symbolic function « (k) is defined as:
N(0), k=K-2"
N(1), k=K-2"+1
x(k) =< (41)

N(2"—-1), k=K-2"42"-1

where K := {—nJ and N(j) = [»a,...,5t), »=%1, i=1,...,n, j=0,...,2" -1
The switching rule k(t) is formulated as

ifV <o(t,t), t>t

x+1, otherwise.

https:/ /doi.org/10.3390/math14101781


https://doi.org/10.3390/math14101781

Mathematics 2026, 14, 1781

10 of 22

Theorem 1. For the system (1) with unknown control coefficients and actuator faults (2), the
system tracking error satisfies the fixed-time prescribed performance requirements (3) by designing
the controller (33) and the switching mechanisms (38)—(42). Moreover, all closed-loop signals
are bounded.

Proof. The proof is organized in two cases. The first case shows that the control objective
of Theorem 1 can be fully realized after the controller switches a finite number of times.
The second case proves that the switching mechanism will not be triggered indefinitely.

Case 1: First, denote k as the index of the last switching occurrence, and let the
corresponding time be t;. For t > tz, based on the results in [52], the inaccuracy of |&; — a;]
is unknown but bounded. Thus, the compensation signals /; are bounded. By designing
a4 = min<;<y {ai — % }, it follows that

V < —aV+A. (43)

where V =Y, Viand A = } ' | A;. Thus, we conclude that /; and Z are bounded, and
consequently V;, x;, zj, and x; are bounded. All signals in 0;, a;, and u are bounded. Finally,
we conclude that all closed-loop signals are bounded. This means that { is bounded. In
summary, the system tracking error meets the specified performance requirements.

Case 2: At this stage, it is proved that the switching mechanism does not experience
Zeno’s phenomenon employing the method of contradiction. We first assume that switching
occurs an infinite number of times. From (20), (29), and (37), it can be derived directly that

A
xil < 2(V<0) + a) £ (44)
A A A
o) < \/z%(v<o> +3) ol 2t o)
6] < ypA+oT 2 2 (46)

where ¢ is the upper bound of ¢;. Then, the following inequality can be derived:

. n X
V< —aV+A+Zi9i9i

i= i
n . n n

a4+ Sodi+ ) Lob— Y e 47)
i—1 Vi i=1 Vi o127

< —aV+A
where A = A+ Y1, %91-5 +3Y, %91-1" is a positive constant. Suppose there exists a
A
a’ !
instant satisfying VvV = %. Then, V < 0 holds when V > %. For t > tg, V strictly
decreases on [tg, ts), implying that no new switching occurs on [tg, t5) and ts < tr ;. The

switching trigger moment f¢, ;, such that V< on [ts, tg +1), where {, is the first time

steady-state value of the monitoring function is selected such that peo (t) > % + €, where
€2 > 0 is a small design constant. Since A is a positive constant and a > 0 is determined
by controller design, this condition can always be satisfied by appropriate selection of
Poo(t). Under this condition, once V(t) enters the compact set V(t) < %, the inequality
V(t) < p(t, t) holds, and the switching condition is no longer triggered, thereby excluding
Zeno behavior. When t € [t;, tz, 1), the condition peo (f5) > % can be satisfied. Consequently,
V< p holdsont € [ts, tz, ;). Insummary, we have V< p(tx, t) +€ on [t tr, 1), which
implies that the switching condition (42) is never fulfilled. This completes the proof. [
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Remark 3. It is important to note that the terms (g;3¢;A — ¢;)o; appearing in (20), (29), and (37)
satisfy the required non-negativity condition under the proposed switching mechanism. Specifically,
the switching law systematically generates all possible combinations of »; € {+1,—1}, and
thus there exists a finite switching index such that »; = sign(g;) forall i = 1,...,n, yielding
Qixi = |gi|l. Meanwhile, the adaptive parameter A(ty, k) is selected to satisfy A(ty, k) > ‘C—‘I
Consequently, it follows that g;s;A — & > 0. Since o; > 0, the terms in (20), (29), and (37) are
ensured to be non-negative, which guarantees the validity of the stability analysis.

Figure 1 provides an overview of the configuration adopted in the designed control

> > 3/ Compensating X
z P error

framework.

Nonlinear

system
u
X
Actuator
faults .
a v o \
v @ C d a | ¢ ti * Switchi 0
Controller ‘omman ompensating witching Parameter
filter signal signal etinaton
4
11 ! N p

Figure 1. Schematic representation of the proposed control framework architecture.

4. Simulation Examples

To validate the performance and robustness of the proposed control strategy, this
section presents two simulation examples.

Example 1. Consider the following nonlinear systems as

X1 = g1(x1)x2 + @1(x1),
X = Q(x)u+ @2(x2), (48)

y =X,

where @1(x1) = 0.1x3, ¢a(x2) = x1x3, g1(x1) = 2sign(g1)(2 — 0.4sin(x1)), g2(x2) =
sign(g2)(4 — 0.1eM1*2). The desired trajectory to be followed by the system output is specified
as y,(t) = sin(t). The actuator failure model can be described as

u(t) = u(t), t <10, (49)
(0.6 +0.3sin(t))ov(t) +a(t), t>10,

where the fault signal is defined by ii(t) = 2 cos(0.5t). The parametric uncertainties associated with
the system are given by the vector @ = [1 1]T. The initial estimates for the unknown parameters
are chosen as 0(0) = [0.2 0.2]7, and the adaptive gains are initialized with 1(0) = [0.5 0.5].
The initial condition for the system state is selected as [x1(0) x2(0)]T = [0.5 0.5]T. The control
design parameters are set as follows: T. = 0.5, rc = 0.2, y1 = 0.6,72 =08, 09 =0 =1,
and my = my = 3. The initial tracking error is given by e(0) = 0.3. The simulation results are
illustrated in Figures 2—6. As evident from Figure 2, the system output y accurately tracks the
reference signal y,, demonstrating the proposed control method’s strong performance in trajectory
tracking. The progression of the tracking error e(t) is shown in Figure 3, where the error decreases
toward zero, confirming the controller’s precision and compliance with the prescribed constraint
F(—ep(t)) <e(t) < F(ep(t)). An actuator fault is introduced at t > 10, and its effects are
clearly visible in the highlighted segments of Figures 3, 4, and 6. Specifically, Figure 3 captures
a temporary fluctuation in the tracking error following fault activation, reflecting the system’s
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sensitivity to the actuator degradation. Figure 4 portrays the dynamics of the state variable x,,
where the impact of the fault appears as a noticeable alteration in its trajectory. Figure 5 illustrates
the behavior of the adaptive parameters 01 and 8, confirming that these parameters remain bounded
and adapt smoothly in the presence of faults. Figure 6 compares the designed control signal v
and the actual control input u, highlighting the actuator fault’s influence and the controller’s
ability to counteract its effects and maintain system stability. Collectively, these simulation figures
validate that the developed adaptive control scheme ensures fixed-time convergence and preserves
the boundedness of all signals in the closed-loop system.

1.5 . . [ |

_y

NANNANNNT

SV VVVVV VLV

_1 .5 1 | 1 1
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Figure 2. Trajectories of the system output y and the reference signal .
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Figure 3. Trajectory of the tracking error e(t).
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Figure 5. Adaptive parameters §; and 5.

Comparative Performance Analysis: To demonstrate the effectiveness of the proposed
adaptive control framework, a comparative study is conducted against the method presented in [26],
which considers adaptive finite-time control for stochastic nonlinear systems with input saturation
based on a multidimensional Taylor network. This method is selected as a benchmark due to its
capability to handle nonlinear dynamics and input constraints, making it suitable for a meaningful
comparison with the proposed approach. Both controllers are implemented under identical simulation
conditions to ensure a fair and consistent evaluation. The tracking performance is assessed using
standard error metrics computed from the system output y(t) and the reference signal y,(t) over N
sampling instants. The employed performance indices are defined as follows:

Maximum Absolute Error (MAE):

MAE = max |y(t) = y,(t)]. (50)
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Sum of Squared Errors (SSE):
N 2
SSE =Y (y(t) —y:(t)*. (51)
t=1
Mean Squared Error (MSE):
1 Y )
MSE = 53 (y(t) = ()" (52)
t=1
Root Mean Squared Error (RMSE):
1 Y By
RMSE = N Y (y(t) =y (1) (53)
t=1
Normalized Mean Squared Error (NMSE):
N . 2
Yo (yr(t) — 7r)
Best Fit Rate (BFR):
TN (v () — ye(1))?
BFR= [1- \/ tNl(y< ) y_( LN 100%. (55)
Yoo lyr(t) — 77

As observed from Table 1, the proposed scheme achieves distinctly improved performance across
all indicators. The considerable reductions in MAE, SSE, MSE, RMSE, and NMSE highlight more
precise tracking behavior and smaller deviations from the reference trajectory. Furthermore, the
noticeably higher BFR signifies stronger alignment and consistency with y,(t). Overall, the results
verify the effectiveness, robustness, and superior tracking capability of the proposed control approach
in uncertain nonlinear environments.

2 0 T T T T

— )

0 e =T S T
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Figure 6. Control signal v and the system input u.
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Table 1. Error-index comparison between the proposed control strategy and the method in [26].

Controller MAE SSE MSE RMSE NMSE BFR (%)
Proposed Controller ~ 0.1587  3.7426 ~ 0.000412  0.0203  0.00264 99.94
Method in [26] 0.2891 59814 0.000660  0.0257  0.00438 99.69

Example 2. To further evaluate the efficiency of the proposed adaptive control scheme, consider a
single-link robotic manipulator system shown in Figure 7 described in [51], which is modeled by the
following dynamic equation:

Ji+ Cq+ Mglsin(q) = u, (56)

where q and q represent the angular position and angular velocity of the rigid link, respectively. The
constants |, C, 1, M, and g correspond to the moment of inertia, damping coefficient, distance from
the joint axis to the link’s center of mass, mass of the link, and gravitational acceleration, respectively.

u(v)

Figure 7. A single-link robot manipulator.

The physical parameters are assigned as | = 1, Mgl = 10, and C = 2. By defining the state
variables as x1 = q and x, = g, the system dynamics can be rewritten in state-space form:

X1 =X,

Xy = @a(x1,%2) + g2(x2)u, (57)

Yy =x
where the nonlinear functions are given by @z(xq,x2) = —%xz - # sin(x1), g1(x1) = 1,
2(x2) = sign(gz)(%). The desired trajectory to be tracked is set as y; = 0.5sin(t). In this
example, the control gain is taken as gr(xp) = % = X1, representing a known magnitude

with unknown control direction. The actuator failure model can be described as

o(t), t < 10,

(58)
(0.6 + 0.3sin(t))v(t) +@(t), t>10,

u(t) =

where the fault signal is defined by 1i(t) = 2 cos(0.5t). The parametric uncertainties associated with
the system are given by the vector § = [1 1]T. The initial estimates for the unknown parameters
are chosen as (0) = [0.2 0.2]T, and the adaptive gains are initialized with 1(0) = [0.5 0.5]T. The
initial condition for the system state is selected as [x1(0) x2(0)]T = [0.5 0.5]T. The control design
parameters are set as follows: T, = 0.5, 7, =0.2,v1 =12 =0.1, 00 = 0p =4, and m; = mp = 5.
The initial tracking error is given by e(0) = 0.3. The simulation outcomes corresponding to
Example 2 are presented in Figures 8—12. As depicted in Figure 8, the system output y closely
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follows the desired reference trajectory vy, illustrating the effectiveness of the proposed control
framework in achieving accurate tracking performance. Figure 9 displays the evolution of the
tracking error e(t), which converges toward zero, satisfying the prescribed performance bounds
F(—ep(t)) <e(t) < F(eé¢(t)). At time t > 10, an actuator fault is introduced into the system.
The immediate impact of this fault is evident in the zoomed-in portions of Figures 9, 10, and 12.
Notably, Figure 9 shows a transient deviation in the tracking error following the fault occurrence,
indicating the system’s response to actuator degradation. Figure 10 highlights the behavior of the
internal state x, where a change in trajectory clearly signals the onset of the fault. Figure 11
shows the trajectories of the adaptive estimates 0 and 8,, which remain bounded and exhibit stable
adaptation even after the fault is introduced. In Figure 12, the designed virtual control input v is
plotted alongside the actual applied input u, clearly revealing the mismatch caused by the actuator
fault and the control system’s successful compensation strategy. These simulation plots collectively
confirm that the proposed controller maintains closed-loop stability, enforces the desired tracking
performance, and ensures fixed-time convergence despite the presence of actuator faults.

Performance Evaluation for Example 2: To further demonstrate the effectiveness and
robustness of the proposed control framework, a second numerical example is considered and
compared with the method reported in [26]. The selected reference method addresses adaptive finite-
time control for stochastic nonlinear systems with input saturation, making it a relevant benchmark
for comparison. Both controllers are evaluated under identical simulation conditions to ensure a fair
assessment. The tracking performance is quantified using standard error indices computed from
the system output y(t) and the reference signal y,(t). The comparative results are summarized in
Table 2, which clearly illustrate the improved tracking accuracy and convergence characteristics of
the proposed approach.

From Table 2, it is evident that the proposed controller delivers improved performance across
all evaluated metrics. The lower MAE, SSE, MSE, RMSE, and NMSE values indicate more
accurate tracking and reduced deviation from the desired trajectory. In addition, the higher BER
value confirms that the proposed approach achieves a closer match with the reference signal y, (),
demonstrating stronger robustness and enhanced control quality for Example 2.
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Figure 8. Trajectories of the system output y and the reference signal y;.
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Figure 10. System state x5.

Table 2. Tracking performance comparison for Example 2 between the proposed control scheme and
the method in [26].

Controller MAE SSE MSE RMSE NMSE BFR (%)
Proposed Controller  0.1294  2.6815  0.000291 0.0171 0.00183 99.97
Method in [26] 0.2457 49132  0.000552 0.0235 0.00366 99.74
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Figure 11. Adaptive parameters 0; and 6,.
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Figure 12. Control signal v and the system input u.

Remark 4. It is worth noting that the considered nonlinear systems are subject to uncertainties,
unknown control coefficients, and actuator faults. In the absence of the proposed control strategy,
these factors may lead to significant tracking errors or even instability. The satisfactory tracking
performance observed in the simulation results is achieved due to the designed controller, which
actively compensates for these uncertainties and ensures fixed-time convergence.

Remark 5. In the presence of actuator faults, the control input is affected by unknown, time-varying
disturbances that may degrade system performance. In the proposed framework, these faults are
not directly measured but are incorporated into the system model as uncertainties. The adaptive
mechanism continuously adjusts the control parameters online to compensate for their effects. As a
result, the influence of actuator faults is effectively mitigated, allowing the system to maintain stable
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behavior and achieve accurate tracking within a fixed time. This explains why the system output is
still able to follow the desired reference trajectory despite the occurrence of actuator faults.

Remark 6. It should be noted that inequality (43), i.e., V < —aV + A, only guarantees bounded-
ness of all closed-loop signals and convergence to a compact set. The fixed-time convergence property
of the tracking error is not directly derived from this inequality. Instead, it is ensured by the pre-
scribed performance function defined in (3), which constrains the tracking error within a predefined
performance envelope that converges to a small residual set within a fixed time independent of the
initial conditions. Through the prescribed performance transformation, the original tracking error is
mapped into an unconstrained variable, whose boundedness implies that the tracking error satisfies
the fixed-time prescribed performance requirements.

Remark 7. The performance of the proposed control scheme depends on the selection of the conver-
gence time T, and the ultimate bound in the prescribed performance function. The parameter T,
determines the rate at which the performance boundary shrinks, while the ultimate bound specifies
the steady-state accuracy. A smaller T, leads to faster convergence but may require higher control
effort, whereas a larger T, results in slower convergence. Similarly, choosing a smaller ultimate
bound improves tracking precision at the expense of increased control activity. Nevertheless, due to
the adaptive and robust nature of the proposed design, the closed-loop system remains stable and
satisfies the prescribed performance constraints under reasonable variations of these parameters.

5. Conclusions

This paper tackles the adaptive prescribed performance fixed-time control problem for
uncertain strict-feedback nonlinear systems with unknown control coefficients and actuator
faults. A switching control mechanism is proposed to address the challenges associated with
unknown control coefficients, utilizing a dual-parameter switching strategy with online
parameter tuning based on the design conditions. A fixed-time prescribed performance
function is introduced to ensure that the system’s tracking error remains within the desired
performance limits. The issue of “explosion of complexity" is alleviated by employing the
command filter method, with errors from the filters being compensated by the introduction
of appropriate corrective signals. Lyapunov stability analysis demonstrates that the closed-
loop system achieves semiglobal fixed-time stability, with the tracking error converging
to a small neighborhood of zero within a fixed time, independent of the system’s initial
conditions. Finally, both numerical and practical examples are presented to validate the
proposed control method’s effectiveness and feasibility. In future work, we aim to extend
this approach to real-world applications, such as quadrotor systems, by incorporating
sensor faults and full-state constraints, based on fixed-time stability theory.
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