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1. Introduction

The application of autonomous underwater vehicles (AUVs) has become prevalent in key fields, particularly in
military operations, ocean resource surveys, and high-precision seabed mapping [1-3]. These diverse missions have
spurred significant research interest in advanced motion control methodologies for AUVs, generating a substantial
body of academic work on fundamental topics including trajectory tracking, target pursuit, and efficient path
planning [4-6]. However, the physical design of most AUVs results in an underactuated configuration. This
inherent underactuation, combined with the complex hydrodynamic environment, greatly increases the challenge of
designing effective and robust tracking controllers. Consequently, developing reliable trajectory tracking control
strategies for underactuated AUV remains a noteworthy, challenging, and practically significant research focus.

It is noteworthy that the uncertain dynamics inherent to underactuated AUV systems and external disturbances
further intensify the challenges in control strategy design [7,8]. During actual marine operations, underactuated AUV
is inevitably subject to time-varying external environmental forces, such as ocean currents and waves, which act
as additional disturbances. Moreover, obtaining precise values for the hydrodynamic parameters of underactuated
AUVs is extremely difficult; typically, only approximations derived from experiments or computational fluid
dynamics are available. These combined factors can severely degrade tracking performance, induce instability, and even
lead to system failure, demanding control strategies with exceptional robustness [9, 10]. Due to its inherent invariance to
matched model uncertainties and external disturbances, sliding mode control (SMC) has already been adopted as the
mainstream solution. Leveraging the robustness of SMC in handling uncertainties and disturbances, Ref. [1 1] proposed
a nonsingular terminal SMC to study the finite-time trajectory tracking problem for AUV. Based on a super-twisting
algorithm, Ref. [12] designed a finite-time formation scheme for underactuated multi-AUVs with uncertainties. To
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further actively compensate for lumped disturbances, the radial basis function neural network (RBFNN) is often
integrated into the control framework. It can learn online and approximate unknown nonlinear dynamics, thereby
significantly reducing reliance on prior knowledge such as the upper bounds of uncertainties [13]. The stability
analyses for the closed-loop systems in the aforementioned studies typically only guarantee that the tracking error
can asymptotically achieve a certain neighborhood of the equilibrium point [10-13]. However, some practical AUV
tasks need to be completed within strictly specified timeframes while overcoming the aforementioned challenges.

To remove the reliance of convergence time upon initial conditions and achieve convergence performance
determined solely by controller design parameters, fixed-time stability theory has been introduced into control
system design [14, 15]. The fixed-time control (FXTC) guarantees that the system state achieve a bounded of the
equilibrium point within a fixed time, which is irrelevant to the initial conditions. In [16], a formation FXTC
scheme was presented for multi-AUVs with additional disturbances and unmeasurable velocities to accomplish the
trajectory tracking task. In [17], based on a dynamic event-triggered scheme, a FXTSMC strategy was proposed for
AUV subject to additional disturbances and control input saturation. To eliminate potential singularities in classical
terminal SMC while coping with the severe structural difficulties of underactuated AUVswhere the independent
control inputs are fewer than the degrees of freedoma more robust fixed-time framework is urgently required. To
overcome the coupled hydrodynamics and parameter variations without initial state dependency, a FXT nonsingular
terminal SMC (FXTNTSMC) strategy based on adaptive RBFNN is proposed, which significantly accelerates the
system’s convergence rate and enhances tracking robustness.

While strictly guaranteeing the convergence time for high-precision trajectory tracking of underactuated
AUVs, ensuring transient performance is also a concern that needs to be addressed. For this purpose, prescribed
performance control (PPC) has been widely studied in [18]. Traditional PPC predefines a time-varying and
convergent performance function as the error boundary. By employing error transformation techniques, it maps
the constrained tracking error into an unconstrained variable, thereby theoretically ensuring that the transient and
steady-state behavior of the error always remains within the envelope specified by the designer [19-21]. However,
its preset performance boundary is rigid and fixed. When the system encounters large-magnitude disturbances, the
tracking error may reach or exceed this rigid boundary, potentially causing the control input to increase sharply or
even leading to system instability [22]. To overcome this defect, flexible PPC has been proposed. Specifically, it
permits the performance envelope to be dynamically adjusted when necessary, proactively expanding the boundaries
when the tracking error is on the verge of violating constraints to rule out controller singularities, and subsequently
contracting them back to restore the nominal preset performance once the system stabilizes [23]. However,
existing flexible PPC strategies are typically a passive response mechanism [24—26]. Their boundary adjustments
are often executed only after the tracking error has critically approached or marginally breached the baseline
thresholds, leaving the system highly vulnerable to transient instability. Consequently, such delayed corrections
are frequently either obsolete or prone to inducing severe control chattering. To overcome these deficiencies, a
predictive monitoring and adaptive tuning mechanism is highly essential. This mechanism dynamically relaxes
the performance bounds upon detecting early signs of constraint violation, thereby eliminating singularities and
safeguarding closed-loop stability. Once environmental threats subside, the envelopes automatically recover to their
nominal states to preserve the desired tracking specifications. This strategically resolves the critical challenge of
ensuring reliable and smooth transient/steady-state performance for the tracking errors of underactuated AUVs.

Inspired by study of the above literatures, this paper researches adaptive RBFNN-based FXTNTSMC issue for
underactuated AUV with flexible PPC and uncertain dynamics. The primary contributions are listed as follows:

(1) Unlike existing flexible PPC schemes of [24-26] that passively adjust boundaries after error degradation,
a proactive risk-monitoring mechanism based on a zeroing barrier function is devised. It actively predicts
the constraint violation trend to relax boundaries in advance under large disturbances, eliminating controller
singularities while ensuring reliable transient and steady-state performances.

(ii) Compared with the conventional finite-time sliding mode control (FTSMC) in [11], a novel FXTNTSMC
strategy is designed. It structurally eliminates the singularity problem without requiring complex virtual
control laws, and ensures the absolute convergence time is entirely independent of initial conditions, thereby
achieving superior tracking accuracy.

(iii)) In contrast to robust controllers relying heavily on high-gain discontinuous terms that induce severe chattering, an
adaptive RBFNN is embedded to dynamically approximate the lumped disturbance online. This significantly reduces
the required robust switching gain and fundamentally suppresses actuator chattering for practical AUV systems.

Notation 1. R%*? represents a set of a x b real matrices; R"™ is n-dimensional Euclidean space. The X denotes
transposition of matrix X. X > 0 represents the matrix X is a positive definite matrix. For s = [s1, 8, ..., 5,7,

https://doi.org/10.53941/ic.2026.100007 2 of 14


https://doi.org/10.53941/ic.2026.100007

Fan et al. Intell. Control 2026, 2(2), 4
sig”(s) = [|s1|™sign(s1), ..., |5, | "'sign(s,)]|T. diag{...} is a diagonal matrix.

2. Preliminary

2.1. System Introduction

Generally speaking, a AUV with six degrees-of-freedom (DOFs) as depicted in Figure 1, since AUVs typically
adopt axially symmetric slender body structures (such as torpedo shapes), their roll motion around the x-axis,
whether in terms of dynamic characteristics or its impact on overall translation and other steering motions, can be
almost negligible. Therefore, ignoring the roll degree of freedom does not lose the generality of the problem, and
can significantly reduce the complexity of the model and the difficulty of control design. An AUV mathematical
model with five DOFs can be expressed as follows:

{ n=J(nv, 1)
Mo+ C(w)v+ D(v)v+ G(n)= T+ w,

where n = [x,y, 2, 0, gp]T, v = [u,v,w,q, T]T represent the position vector and velocity vector of the AUV, respec-
tively. J(n) represents configuration-dependent transformation matrix. M is the symmetric matrix representing
the inertia of system, C'(v) = Cy + AC means the Coriolis and centripetal matrix, D(v) = Dy + AD means the
hydrodynamic damping matrix, G(n) represents the restoring forces vector, where M, Cy, and Dy mean the normal
value matrixs, AC, AD are the uncertain parameter matrix. 7 = [7,,, 0,0, 74, 7,]T represents control input vector of
underactuated AUV; w = [wy,, Wy, Wy, Wq, w,|T represents additional disturbances vector in the ocean environment.
J(n), M, Cy, Dy and G are given as follows:

cosfcosp —sing sinfcosp

T(n) = [ c(7)1(77) 33><2 }Jl(n) = | cosfsing cosp —sing |, Ja2(n) = [ (1) i },
2x3 J2() —singp 0 cos ¢ cos 0
0 0 0 msasw —MaooV
0 0 0 0 miiu
Co = 0 0 0 —miiu 0 ;
—mgz3w 0 miiu 0 0
MooV  —M11U 0 0 0

M = diag{mi1, ma2, m33, Mas, M55},
Dy = diag{d1, d22, d33, ds4, ds5},
G =1[0,0,0,pgVGMp sin6,0]".

So as to solve the underactuated control problem, we redefined position vector 1; of AUVs as follows:

x + £cosfcosp
m= | y+~Lcosfsinp |, 2)
z—¥sinf

where ¢ represents the distance from the action point of control force to the barycenter of AUVs as shown in Figure 1.
Then, according to (1) and (2), we can get the following equations:

= Jzvg + Jy, 3)
Mo+ Cvy +Dvy + G =7+ o, 4

where v1 = [u, q, 7T, @ = [wy, wy, w,|T, T = [Tu, 7, 7|7 and G(n) = [0, pgVGM 1 sin 6,0]T, Js, Jy, M,C, D
represented as follows:

cosfcosp —fsinfcosyp —Csing —vsin @ 4+ wsin f cos ¢
J3 = | cosfsing —{sinfsinp fLcosp |,Js= vecosp +wsinfsing |,
—sinf —Lcos 0 wcos 6
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0 ma3w  —MagV
C = (m11 — mgg)w O O B
(m22 - mu)v 0 0

M = diag{mn, maq, m55}, D = diag{dn, d44, d55}.

earth-fixed body-fixed

Xb w Y Zb
Figure 1. Reference frame of AUVs.

The research control objective is to design a FXTNTSMC strategy based on adaptive RBFNN and flexible
prescribed performance for underactuated AUV subject to uncertain dynamics and additional disturbances, ensuring
precise tracking of a reference trajectory 74 within a fixed time and the position error converges to a bounded region
within the prescribed performance constraints. And let reference trajectory 1q = [141, 742, 743) * - In additional, to
meet the needs of the subsequent proofs, some important lemmas and assumptions are formulated:

Assumption 1 ([13]). The uncertain dynamics and additional disturbances of underactuated AUVs are bounded
and time-varying.

Assumption 2 ([3]). During the trajectory tracking process, the pitch angle 6 and roll angle  of the AUV are
constrained within (—7%, 7).

Lemma 1 ([27]). For the following system: & = f(t), (0) = xo, if there are Lyapunov function V() and
parameters my >0, me > 0,0 <ny <1, ng >1,0<mg < oo satisfying:

Viz) < —m V™ (z) — n V™ (x) + ms, ®)

then the system is able to achieve practical fixed-time stable. The fixed time and the convergence bounded can been
obtained

1 1

- mlfyl(l —mg) 711’}/1(1 —Tlg)’

V<min{[ml(7¥371)}%2’[7&}%}}’ ’

(6)
A= {x

Lemma 2 ([28]). (Young’s Inequality) For constants p,V € R, there exist the following inequation:

where 0 < v < 1.

mi 1
9 < 5 mq me’ 8
po <= o™+ me?GI | ®
where my > 1, mz > 0, mg > 1 and (my — 1)(mg — 1) = 1.
Lemma 3 ([29]). For a vector x; € R", constants 0 < my < 1,mg > 1, there exist the following inequations :
my
n n
Dolel] <Y ™, ©)
j=1 j=1
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msg

n n
Dolrgl | <Y ™ (10)
j=1

Jj=1

Lemma 4 ([30]). For a smooth function & (t), if the following two conditions hold: & (t) + 6¢1(t) > 0 and
£1(0) > 0, 0 > 0is a constant, then & (t) > 0 for all t > 0.

2.2. RBFNN

The RBFNN is extensive utilized to approximate nonlinear continuous functions based on its fast convergence and
simple structure. Its basic framework is composed of input, hidden and output layers, where Gaussian function is used
as radial basis function to deactivate neurons in the hidden layer. The RBFNN approximation function as follows:

h(z) = WT(x), (11)
where W € R™*™ means the weight matrix,  is the input vector, ¢ (x) means Gaussian function,
12
viz) = exp(—17550), (12)

where i = 1,2, ...,m, b; means the width of ¢)(z), ¢; means the center vector, m is the number of nodes in the
hidden layer. Then, by utilizing RBFNN to approximate function /(z) as follows

@) = WT(2) + (@) (13)
where TV represents the ideal weight matrix, ¢ () represents the error between %(z) and h(z), <(z) < 1,1 > 0.

3. Main Results

In this section, a FXTNTSMC strategy is designed to finish the trajectory tracking task based on adaptive
RBFNN and FPPC. The block diagram of adaptive FXTNTSMC strategy process is shown in Figure 2.

l Disturbances

|
|

I
i |
! -—

I
I Fixed-time S T _ n
I sliding variable FXTNTSMC AUV :
: 3 A 4 I
i > Output !
i redefinition !
i Adaptive RBFNN i
[ |
I
[ I
! |
! Z" . . .
| bk Error L Risk monitoring Reler e I
| transformation | mechanism trajectory :

Figure 2. Block diagram of adaptive FXTNTSMC strategy.

3.1. Error Transformation
Let the tracking errors 1.1 = 11 — N4, 7e1 = 7e2, then according to Equations (2)—(4), we can obtain the
following equations:
Ne1 = Jav1 + Jy — 14, (14)
ez = Jsv1 + Ju + Js M~ (=Covr — Dovy — G +7) + X — fja, (15)

in which y = J3M ~!(@ — ACv; — ADw;) is unknown lumped disturbance. At the same time, it is necessary to
ensure that the tracking error remain within the prescribed performance limits, that is

—pi(t) < neri(t) < pit), (16)

with i = 1,2, 3, p;(¢) is the prescribed performance function. Next, define an error transformation function as
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Ne1,i(t) +1

ot pi(t)
21,4 = 2ln 71 0

a7
et

This transformation ensures that the system states before and after the transformation exhibit the same
monotonicity; therefore, based on this transformation, as long as the transformed system is stable, it is guaranteed
that the original system also satisfies the performance requirements. Based on the above equation, the constraints

mentioned above can be expressed as —oo < z1,; < +00. And its time derivative can be expressed as

21 = QiNer,s — OiNet s (18)
where Ql = pf(t)lﬁisf)“(t)’ Ul = pf(t)liisf)“(t) Let zZ1 = [Zl,i,ZQ)i,2’37i}T, Q= diag{Ql,Qg,Qg}, 0= diag{Ul,Ug, Ug},
we can obtain that

21 = Me1 — UNer. (19)

3.2. PPC Based on Risk Monitoring Mechanism

In this section, a constraint monitoring mechanism is proposed to assess whether the state error of the
underactuated AUV shows a tendency to violate the prescribed performance constraints. The mechanism provides a
basis for deciding subsequent adjustments of the prescribed performance function.

Based on Lemma 4, a zeroing barrier function (3 ;(¢) is constructed for the state error of the underactuated AUV:

Gilt) =1—#¢7 (20)

with & = ne1(t)/pi(t). When (3 ;(t) > 0, it corresponds exactly to the safe region where the prescribed per-
formance constraints are satisfied. However, monitoring only the current sign of (3 ;(¢) is insufficient. When it
approaches zero, the system is already on the verge of danger and may not have enough time to respond. Therefore,
an indicator capable of predicting the future trend is needed:

B i(t) = Cualt) + 6Ci(t). 1)

Based on Lemma 4 and Equation (21), the safety conditions can be directly evaluated as follows:

(i) When £y ,;(t) > 0and (3 4(t) > 0, it indicates that the error state of the underactuated AUV system is safe and
there is no risk of violating the constraints.
(i) When 74 ;(t) < 0 and (q,;(¢) > 0, it means that the error state of the underactuated AUV system currently
satisfies the constraints but is at risk of approaching the constraint boundary.
(iii) When Ry ;(¢) > 0 and (3 ;(t) < 0, it implies that the error state of the underactuated AUV system has already
violated the constraints but shows a trend towards satisfying the constraints.

A smooth indicator function «y(; ;) is further designed as:

1, hi, <0
_ Ao\ hi\?
V) =91 -3( 20) 42 22) | 0< k<2 (22)
2e 2e ’
0, hLi > 2¢e

where ¢ > 0 is a small constant. Then, we can obtain that

(i) When Ay ;(t) < 0, it indicates that the error state of the underactuated AUV is at high risk of violating the
constraints, requiring immediate intervention.
(i) When 0 < hy; < 2e, this phase represents a smooth transition.
(iii) When A ;(t) > 2¢, the output is 0, signifying that the error state of the underactuated AUV either satisfies the
constraints or shows a trend towards satisfying them, thus requiring no additional intervention.

To address the potential risk of constraint violation by the error state in underactuated AUVs, a flexible
prescribed performance constraint is developed by introducing an additional adjustment term p;(¢). The prescribed
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performance function is designed as follows:

pi(t) = pri(t) + pi(t) (23)
where p1;(t) is the baseline performance envelope and p;(t) denotes the dynamic adjustment term, which are given by:

(Pio — Pi,oo) 6(1_%), 0<t<T,

p1i(t) = (24)
Pi, 005 T <t,
. ¢
ﬁl(t) = —Alﬁi(t) + )\Q’y(hl) tanh(|)\3>, (25)

with p; o being the initial value of the nominal envelope, p; ~, being the steady-state value of the nominal envelope,
T being the prescribed time window during which the nominal envelope decays from p; ¢ to p; 0, A1, A2 and As
being given positive constants.

Remark 1. The flexible performance boundary p;(t) = p1:(t) + p;(t) is strictly positive and bounded. The nominal
Sunction p1;(t) > 0 strictly holds by definition. The dynamic adjustment term p;(t) is driven by Equation (25).
Since A1, Ao > 0 and the indicator function y(h;) > 0, the input to the first-order filter is always non-negative.
Due to the initial condition p,(0) = 0, it follows that p,(t) > 0 for all t > 0. Consequently, p;(t) > p1;(t) > 0.
Furthermore, when ¥; approaches the critical boundary 1, the term Aoy (h;) tanh(|€;|/A3) dynamically injects a
positive growth rate into p,(t), actively expanding the boundary p;(t). This proactive expansion strictly prevents
|€;| from reaching 1, thereby naturally avoiding the singularity of the controller.

3.3. Adaptive RBFNN-Based FXTNTSMC

In this section, an improved FXTNTSMC is proposed to make the state error converge based on adaptive
RBFNN, which is showed:

S =2+ 5, (26)
where S7 = [S11, S12, S13]T is used to avoid the singularity of FXTNTSMC, and S; is given below

o sig®(Sei) if|Sei| > 0
510 = { B1Sui + Bosign(5u)S%  if]Su] <o @7)

Sei = alsiga2 (Zl,i) + agsiga4 (2171'), (28)

where 31 = (2 — )01, B = (a—1)0"2,a; > 0,b; >0,05<ay <1,by >1,a> 0.5 aa<1,ba>1,
o > 0 are the relevant control parameters.
According to Equations (19),(26)—(28), the derivative of sliding variable S can be obtained:

S=:+5
=Q(Jsvy + Jy 4+ JsM Y (=Covy — Dovy — G +7) + x — iia) (29)
+ Qje; — Bnei — Uties + 1.
Then, the control law of adaptive RBFNN-based FXTNTSMC can be designed by (25)-(28):
T= 7_—eq + Tsm, (30)
’feq = MJ:;l[Q_l(Bnei + Uﬁei — Qﬁei — Sl) — jg’l)l — j4 - X+ nd} + 00'111 + D()’Ul + G, 3D
Tom = MJ3 " (—kisign(S) — wasig®(S) — k3S), (32)

where k1 > 0, kg > 0, k3 > 0.5. Tsyy, is the robust controller, 7., is the equivalent controller, and the estimated
value Y can be obtained by applying RBFNN to approximate the nonlinear term y as follows:

X =Why(z), (33)

where W = diag{W,, Wy, W3} is the estimation of W, z = [J},7%]T means the input of the approximation
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function. Besides, the adaptive law of W; is given

Remark 2. It is worth noting that while traditional SMC relies heavily on a high-gain discontinuous sign function to
suppress unknown disturbances, which often inducing severe chattering. The proposed control scheme significantly
mitigates this issue by utilizing an adaptive RBFNN to dynamically approximate the lumped disturbance x online.
Because the adaptive RBFNN accurately compensates for the majority of the continuous disturbances, the robust
switching gain k1 associated with the sign(S) function only needs to be sufficiently large to cover the RBFNN'’s
small approximation error <(x), rather than the entire disturbance magnitude. Consequently, the amplitude of
the discontinuous term is heavily reduced, effectively suppressing chattering at its source and ensuring smooth
simulation results.

3.4. Stability Analysis of System

Theorem 1. Considering the underactuated AUV system (1) with uncertain dynamics and additional disturbances
under Assumption 1. By the FXTNTSMC laws (30)—(32) and the weight adaptive law (34), if there exist parameters
satisfying k1 > 0, kg > 0, k3 > 0.5,a1 > 0,01 > 0,05 <as <1,by>1 a>0.5 aa<1 ba>10>0,
S1, A1 > 0.and Xg > 0, then the trajectory tracking error is able to converge to a finite region within a fixed time
T=T +T>.

Proof. First, we demonstrate that the sliding variable S can reach a finite region A at a fixed time 73. The Lyapunov
function is designed:

3
Lot 1 T/
V= 25’ S+2;:1 W, W;. (35)

Calculating the time derivative of V (¢) yields:

3 .
—sTS+ S W,
i=1
~ 3 ~
=ST(—kysign(S) + kosig(S) — kaS — Whip(x) + ¢(z)) + Z WL (i(x)S; — WWEW,)  (36)
=1
3 ~
_ST Z 51|SZ" + /@2|Si|4 + K3Si2 + WZTWIWZTV_VJ,
i=1

where W = W; — W;. Based on Young’s inequality, ST¢(z) can be express as:

ST ()g;s S+ (37)

1
2

Then, substituting (37) into (36) results in:

w

4 _ T
V<gdt - > (sa il + ol il + (s — 5)87 + [ |+ WP (| + wmy
=1 (38)
WEW, 2w ),
Applying Lemma 3, we can get the following inequations:
2 - 3.2 4 1,5 4
; WiTWig‘ ; < A §+K%HW1-II, (39)
= 11215, T 5 = 113|535 3.4 4
P < ) <SP+ g e 0
< Wi ) @

2
Recalling k3 — £ > 0, 2HWFW¢ > 0, we can obtain that:
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3
- 9. 4
<l 55t - ; H1|Si|+n2|5i|4+2HWi ’ - N - 4# AL
3.4 (42)
<—GVE - <2V2+<3,
where ; = min{v/2x1, 2vZ|W;|*}. G2 = min{dns, 4-9A] — 3k}, G = 2§1+Z ()17 + GAd + 2ol W],

2 1

According to Lemma 1, the designed sliding variable S are able to converge to a ﬁnlte region A within a fixed time 77.
am - Gem’

A= {19 Vi) < min{ o mr’ Fa=nl é} } e

where 9 = [ST, W, W WlT,0<y < 1.

Next, demonstrating trajectory tracking errors z1 ; can achieve a bounded region within a fixed time 75. Firstly,
if z1; > 0, we can obtain that S.; = a1sig??(z1;) + assig®(z1,;) > 0. Then, when S.; > o, according to
Equations (26)—(28), the equation can be obtained:

T < Thax = (43)

Z1i = —(a12y% + az21%)" + S. (44)

According to the above proof, the sliding variable S converges to a bounded region A within a fixed time 77,
meaning there exists a known small constant p > 0 such that |S;| < p holds. To address this residual perturbation, a
tuning parameter g; € (0, 1) is introduced, allowing (44) to be bounded by the following inequality:

21’1' < —gl(alszi + angj‘i)a — (]. — gl)(alszi + angfi)a +p. 45)

Define the practical convergence residual neighborhood boundary of the state error z; ; as p1, satisfying
(1 —g1)(a1py® + aspi*)® = p. When z1; > 1, the dominant control term overcomes the perturbation, and the
differential inequality can be simplified as:

2'11,1‘ < —gl(alzizi + Cl32’i4i)a. (46)
To determine the upper bound of the convergence time, let £;; = z% ;2%, we can obtain
1o = —g1(1 — aza)(a1 + azéy)” (47)

where A = (a4 — a2)/(1 — asa), then by calculating, the convergence time T51; is able to be get as follows:

T 1. 1 fliU 1 d
i = m a %
2= o e 911 — aga) /Mi_aw (ar + azed) &1

. 1 > dflz ! dé-lz
Cg1(1—aza) (/1 (a1 + a3§?)a+ /ul w20 (ay + azé)”

1

1 > dey, boodgy
< (/ ozfl)\a +/ fal ) (48)
g1l —az20) /i ag pimeze af
< 1 1 n i)
Tg1(1—aa) af(A\a—1)  af

),

g1 af(l —ase)  af(asa—1)

when 0 < S,; < o, according to Equations (26)—(28), we can obtain:
4, = —Pr(ar2? + agz(h) — Ba(ar2(? + as2f4)” + S. (49)

Similarly, introducing a second tuning parameter 65 € (0, 1) and defining the practical convergence boundary
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puo for this phase such that (1 — 62)[B1 (a1 5% + azps*) + B2 (a1 py? + azpg*)?] = p. When 21 ; > po, the equation
can be bounded by:
21 < —02[B1(a121% + azz)}) + Ba(a121% + ang:‘i)Q}. (50)

Let £3; = 212, €y can be obtained:

€ai = — g2(1 — a2) (Buar + 43247 + Boz; i (a121% + a32()?) 651)
< = go(l — a2)Bi(ar + az&y)}),
where A1 = (ag — a2)/(1 — az), then Thy; is able to be calculated as:
1 521'0 1
T227; S lim ——— / —dneli
§2i0—00 92(1 - a2) u;_aq b1 (Cll + a3§§\z‘l)
1 ° d&a; ! d&ai
_ ( / Cai _ / #A ) (52)
ga(l —a2) i Bi(ar +as&y!)  Jub2 Bu(ar + asés})
1 1 1

T b ((11(1 —ap) - az(as — 1))

If 21 ; < 0O, the proof processes are similar with the case of z;; > 0. When S.; < —o, Ta3; is able to be
calculated as:

1 1 1
Toss = Tors < — .
23 2 g1 [a?(l —aza)  af(asa—1) (33)
when 0 > S.; > —o,
1 1 1
To4; = Too; < ]. 4

g261 a1(l — az) * az(ay — 1)

In summary, the convergence time T5 = max{751;, T52i, T23:, T24; }- The trajectory tracking error z; is able
to converge to a small neighborhood of zero for ¢t > T5. This means that the underactuated AUV can track the
reference trajectory 7. O

4. Demonstrative Example

A series of numerical simulations are conducted to validate the effectiveness of the proposed FXTNTSMC strategy
for the underactuated AUV system in this section. The motion model parameters of [5] is adopted to the simulation. The
initial position and velocity aren = [0, 0.5,0, 0, O}T, v =[0,0,0,0, O]T. The uncertain parameters are AC' = 10%Cy
and AD = 10%D,. The ocean environmental disturbances are w = [3sin(0.27t)N, sin(0.27¢)N, cos(0.17t)N,
cos(0.27t)N - m, sin(0.17t) + cos(0.17t)N - m|™. The reference trajectory is 1q = [4 cos(0.1t), 4sin(0.1¢), —0.1¢]T.

The risk monitoring gain is set as 6 = 2. The small constant defining the transition region in y(x1 ;) is chosen
as ¢ = 0.1. The parameters for the baseline performance function py;(t) are: initial value p1 o = 5, p2,0 = 0.5,
p3,0 = 0.2, steady-state value p; o = 0.005, and the prescribed convergence time T" = 15 s, for ¢ = 1, 2, 3. The
parameters for the adjustment dynamics are set as: A\; = 0.5, Ao = 0.3, and A3 = 0.1. The number of hidden
neurons in the RBFNN is m = 7. The initial weights of the RBFNN are randomly initialized in the range [0, 1].
The width of the Gaussian functions is b; = 1.0 for ¢ = 1, ..., m. The center vectors ¢; of the Gaussian functions
are randomly initialized in the range [—1, 1]. The related control parameters are x; = 0.005, k2 = 0.8, k3 = 0.6,
a)p = bl = ag = 08, bg = 2, o = 06, o = 0.005 and Cl = 0.05.

Figure 3 demonstrates that the trajectory of the underactuated AUV is able to converge to 74 under the
FXTNTSMC strategy. Compared to FTSMC strategy of [11], this approach not only exhibits a faster convergence
rate but also superior tracking performance, particularly in the X-axis direction visible from Figure 4. Figure 4
displays the trajectory tracking position comparison of each underactuated AUV in the X, Y, and Z directions. Figure 5
presents the tracking velocity curves of each underactuated AUV over time. The velocity chatter is also reduced
when using the proposed control strategy. The comparison of control inputs presented in Figure 6 means that the
FXTNTSMC strategy generates less chatter and offers better control effects. Figure 7 presents the tracking position
error curves of each underactuated AUV over time, all remaining within the designed prescribed performance
boundaries. Figure 8 shows the approximation error of the lumped disturbance x, which can converge to zero over
time. In summary, the proposed control strategy enables the underactuated AUV to accomplish trajectory tracking tasks
under uncertainties dynamics and flexible prescribed performance, thereby enhancing energy utilization efficiency.
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Figure 3. Trajectory tracking comparison of the underactuated AUV.
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Figure 4. Trajectory tracking positions comparison of the underactuated AUV.
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Figure 5. Trajectory tracking velocities comparison of the underactuated AUV.
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Figure 6. Control input comparison of the underactuated AUV.
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Figure 7. The position error of the underactuated AUV.
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Figure 8. The approximation error of the lumped disturbance x.

Intell. Control 2026, 2(2), 4

This paper has investigated the trajectory tracking issue for underactuated AUV under uncertain dynamics and
additional disturbances. The FXTNTSMC strategy based on adaptive RBFNN and flexible prescribed performance
has been proposed. The flexible PPC incorporates a risk monitoring mechanism that proactively adjusts performance
boundaries to prevent instability and singularity. The control scheme ensures that the position error achieves to
a bounded region within a fixed time independent of initial conditions. The adaptive RBFNN can effectively
approximate the lumped disturbance online. The proposed approaches are validated in simulation results, which
demonstrated the effectiveness and advantages through comparison. In future work, we will focus on extending
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the proposed FXTNTSMC framework to event-triggered cooperative formation control for multiple underactuated
AUVs [31], thereby effectively reducing communication and computation burdens under limited bandwidth in
practical ocean environments.
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