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Abstract

This paper proposes an adaptive wavelet neural network nonsingular fast terminal sliding
mode control strategy based on a finite-time framework for a space robot system under
external disturbances and model uncertainties. Firstly, the dynamic model of space robot is
established based on the second Lagrange equation. Unlike sliding mode control, which
converges asymptotically, terminal sliding mode control (TSMC) has been proposed to
ensure finite-time convergence for a space robot system. Based on the aforementioned
TSMC framework, the fast terminal sliding mode control (FTSMC) is proposed to enhance
system convergence rate. However, TSMC exhibits a singularity issue attributed to the
presence of negative fractional order. To avoid this issue, a nonsingular fast terminal sliding
mode controller (NFTSMC) has been proposed. The controller is designed to integrate
linear and nonlinear terms into a novel nonsingular fast terminal sliding mode surface.
The method achieves fast finite-time convergence concurrently with improved robustness,
while effectively avoiding singularities. To compensate for external disturbances and
model uncertainties in the space robot system, this paper proposes the combination of
wavelet neural network (WNN) for the real-time estimation of lumped uncertainties.
Network parameters are dynamically adjusted via an adaptive law to mitigate chattering
effectively and enhance trajectory tracking precision. Utilizing Lyapunov stability theory
and numerical simulations, the space robot system'’s stability is rigorously proven and the
controller effectiveness is validated. Compared with the traditional NFTSMC, the proposed
control strategy reduces the convergence time by 20.74%. In the case of trajectory tracking
comparison, the root mean square error (RMSE) improves by 35.85%, the mean tracking
error improves by 63.29%, the integral of absolute error (IAE) improves by 29.37%, and
the integral of time-weighted absolute error (ITAE) improves by 93.06%. Additionally, a
comparative simulation with RBFNN is included in this paper. Compared with RBFNN,
the proposed control strategy reduces input torque energy consumption by 77.36% and
improves control smoothness by 87.03%, quantitatively demonstrating the effectiveness of
the proposed control strategy.

Keywords: nonsingular fast terminal sliding mode control strategy; model uncertainties;
adaptive wavelet neural network; fast finite-time convergence; trajectory tracking
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1. Introduction

Recent developments in robotic technology have made space robots increasingly
popular; they have a wide range of applications in space exploration, which makes them
critical tools for spacecraft performing various on-orbit tasks. This is especially true
for crucial missions such as the maintenance and repair of space stations, servicing and
upgrading of satellites, and removal of space debris. To ensure these tasks are completed
safely and effectively, greater robustness and superior control performance are required
of the space robots. However, unlike ground-based robots, the control design of space
robots presents a set of complex challenges due to the specific outer environment and the
complicated kinematic characteristics of the space robot system. This is because space robots
operate in a microgravity environment that satisfies nonholonomic dynamic constraints.
Consequently, the motion of the base and the linkages impact each other, resulting in a
strongly coupled and highly nonlinear system [1]. Additionally, external disturbances,
such as variations in the solar wind, can affect the stability of the space robot system.
Furthermore, model uncertainties arising from biases in system parameter identification
can further complicate the kinetics and negatively affect tracking performance. Therefore,
significant challenges exist regarding the trajectory tracking problem for space robots with
model uncertainties.

To satisfy the control requirements of space robots, researchers have developed a
variety of nonlinear control methods, including fuzzy control [2,3], optimal control [4,5],
model predictive control (MPC) [6,7], and sliding mode control (SMC). Of these methods,
SMC is widely regarded as an effective strategy for handling nonlinear disturbed systems
due to its notable characteristics, such as a fast response time, minimal overshoot and
strong robustness to uncertainties and disturbances. In [8], the tracking performance and
robustness of the system were enhanced by employing Linear Extended State Observer
(LESO) based on adaptive SMC to estimate the lumped disturbance. Ref. [9] integrates
SMC with continuous and periodic event-triggered approaches, effectively confining the
sliding variables to a quasi-sliding mode and significantly enhancing control efficiency.
Reference [10] presents a novel sliding surface design based on disturbance estimation.
While this approach exhibits a simple structural design, it struggles to manage complex
systems. Despite the strong robustness of SMC, conventional linear SMC leads to chattering
phenomena and achieves only asymptotic convergence of system errors. To mitigate chat-
tering and achieve finite-time convergence [11], researchers have developed the terminal
sliding mode control (TSMC) strategy. TSMC possesses a fractional order term, as the error
approaches zero, this term converges to zero, thereby achieving finite-time convergence. In
the literature [12], an integrated sliding surface is designed, to achieve finite-time conver-
gence while guaranteeing system robustness. Reference [13] developed a continuous TSMC
strategy that achieves continuous control input while guaranteeing finite-time stability.
However, it should be noted that this can negatively impact the convergence time. To
enhance convergence speed, researchers have proposed fast terminal sliding mode control
(FTSMC) strategy. Specifically, the global FTSMC method in Reference [14] guarantees
finite-time convergence of all system state tracking errors to zero, encompassing both posi-
tion and velocity variables. Ref. [15] utilizes an adaptive backstepping FTSMC approach to
design a fast finite-time tracking controller. In contrast to traditional TSMC, the FTSMC
strategy exhibits a superior convergence rate even under conditions of substantial initial
state deviation from equilibrium.

However, the design of the sliding mode surface incorporates a nonlinear term with a
negative fractional order, which approaches infinity when errors become infinitesimally
small. This behavior gives rise to a singularity problem present in both TSMC and FTSMC
methodology. To address this issue, ref. [16] proposed a nonsingular terminal sliding
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mode control (NTSMC) scheme, which designs a novel sliding mode function and puts
forward a reaching law to reach a sliding mode surface. The existence of a linear term and
fractional nonlinear term in the sliding mode function facilitates finite-time convergence of
the system and avoids the singularity issue. In [17], an adaptive disturbance observer is
proposed to compensate the unknown disturbance within a fixed-time. This is combined
with NTSMC to design a novel nonsingular terminal sliding mode surface, ensuring that
the upper bound of the convergence time is independent of system initial states. Based on
the NTSMC framework, ref. [18] introduces a NTSMC-RBFNN controller to compensate
for multiple uncertainties. These studies demonstrate the wide range of application of
NTSMC. Furthermore, to achieve accelerated convergence, an enhanced control strategy
termed nonsingular fast terminal sliding mode control (NFTSMC) has been introduced,
building upon NTSMC framework.

Due to their fast finite-time convergence characteristics, NFTSMC is becoming increas-
ing popular in high-precision control applications across various engineering domains.
In reference [19], a high-order integral NFTSMC is proposed, integrated with a pertur-
bation estimation scheme, for a class of nonlinear systems exhibiting hysteresis. The
controller ensures finite-time error convergence, thereby strengthening the system’s robust-
ness against disturbances and uncertainties. Another study [20] puts forward a high-order
super-twisting observer (HOSTO) and a NFTSMC implementation, resulting in rapid con-
vergence of trajectory tracking errors. To circumvent the singularity issue in TSMC and
accelerate its convergence rate, NFTSMC was developed as described in [21] to achieve
finite-time trajectory tracking. However, model uncertainties in the existing system can
adversely affect tracking performance. Reference [22] proposes a NFTSMC strategy to
mitigate the chattering issue inherent in conventional sliding mode control and circum-
vent the singularity problem associated with TSMC. Furthermore, it demonstrates faster
convergence speeds than traditional NTSMC. Given these findings, a control framework
based on NFTSMC is employed to achieve fast convergence in finite time. This framework
is designed to ensure the system effectively inherits all the aforementioned advantages.

In complex space environments, external factors such as extreme temperatures and
space radiation adversely affect the inertial parameters of space robot system. In the design
of control system, these variations manifest as model uncertainties, consistently posing
challenges to system stability and control accuracy. When a space robot is subjected to
large-scale external disturbances, these uncertainties can degrade control performance and
negatively impact system stability. Extensive research has been undertaken to compen-
sate for the model uncertainties of space robot systems [23]. Neural networks (NN) have
demonstrated effectiveness in estimating and compensating for these system uncertain-
ties due to their powerful data processing capabilities. Researchers have found that the
Radial Basis Function (RBF) neural network has a capability to approximate any nonlinear
function with high precision. Therefore, the RBFNN has found widespread application
in estimating the upper bounds of system uncertainties. In [24], a NTSMC is proposed,
which achieves finite-time convergence. To mitigate disturbances from uncertainties, an
RBF neural network was incorporated to reduce chattering simultaneously. Reference [25]
aims to address the unknown disturbances and lumped uncertainties of the system by
designing a fractional-order NTSMC methodology. Unlike RBF neural networks, wavelet
neural network (WNN) possesses the time-frequency localization properties, making them
a powerful approximation tool.

In recent years, researchers have shown a growing interest in using Wavelet Neural
Networks to approximate the bounds of uncertainties. Reference [26] uses a functional
linkage wavelet neural network (FLWNN) to approximate an ideal sliding mode controller.
Estimating the output weights of the functional link structure improves the learning
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abilities of system. Based on a fixed-time NFTSMC framework, reference [27] proposes an
adaptive fuzzy wavelet neural network (AFWNN) algorithm, which effectively overcomes
the negative effects of uncertainties in robotic manipulator systems. To achieve effective
estimation of model parameters, reference [28] introduces a gradient descent-based B-
spline WNN within an indirect adaptive control framework. The adaptation is realized
through a recursive least squares algorithm, enabling the estimation of complex system
uncertainties. Reference [29] presents a wavelet-based observer for real-time estimation
of modeling errors, external disturbances, and uncertainties arising in dynamic surface
control of jointed robots, thereby improving tracking precision. Reference [30] introduces an
adaptive algorithm combining the basis function of a WNN with a fuzzy system to achieve
accurate approximation of the plant model function. This approach effectively utilizes the
time domain localization of wavelets and the reasoning power of fuzzy systems, resulting
in improved plant model estimation. Furthermore, we combined a WNN by designing an
adaptive law to adjust the parameters of controller in real-time, thereby reducing chattering
caused by changes in the system gains.

Based on the previous discussion, developing a robust control scheme that guaran-
tees fast finite-time convergence for a space robot system under external disturbances
and model uncertainties caused by extreme temperature remains a substantial and open
challenge. To overcome these problems, this paper develops a novel adaptive control
strategy that integrates NFTSMC strategy with WNN for a space robot system. Using
the finite-time framework, the NFTSMC strategy designs a novel sliding mode surface.
This approach uses fractional order and linear terms to guarantee fast convergence speeds
while avoiding singularity. Furthermore, to address model uncertainties arising from a
complicated external environment, WNN is employed to approximate the supremum of
lumped uncertainties. Leveraging its capability to handle large amounts of data and design
an adaptive law to adjust the network parameters online, WNN can effectively improve the
tracking accuracy of space robots. Ultimately, utilizing Lyapunov stability theory enables
the rigorous demonstration of the feasibility of the proposed strategy. Moreover, compara-
tive analysis validates the superiority of the proposed controller outperform conventional
approaches, as measured by accelerated convergence, enhanced tracking precision, and
improved robust stability.

The contributions of the paper are summarized below:

(1) To achieve fast finite-time convergence, a new NFTSMC is proposed. It avoids the
singularity issue of TSMC while retaining the rapid convergence of FTMC.

(2) To mitigate chattering, a nonsingular fast terminal sliding mode surface is designed,
along with a fast terminal sliding mode power reaching law that combines linear and
nonlinear terms. The nonlinear term, characterized by a non-negative fractional order
to ensure finite-time convergence, and the linear term enhance convergence rate, both
of which significantly mitigate the system chattering and improve the robustness of
the space robot system.

(8) To compensate for model uncertainties, a WNN is used to estimate their bounds. Miti-
gating disturbances from these uncertainties using the WNN significantly improves
trajectory tracking accuracy.

This paper proceeds as follows: Section 2 introduces the derivation of the space robot
dynamic model and a review of essential preliminaries. Section 3 describes the controller
design. The stability of the closed-loop system under the proposed controller is rigorously
proven in Section 4 through Lyapunov analysis, which in turn guarantees the control
strategy’s effectiveness. Section 5 presents the numerical simulation analyses. Section 6 is
the conclusion of the article.
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2. Model Formulation and Foundational Preliminaries
Dynamic Modeling

The space robot model, as illustrated in Figure 1, and the corresponding parameters
are summarized in Section 5. According to [31], the system dynamic equation simplified
representation is:

D(q)q+H(q,q)q = (1) )

where g, g and § € R"*! denote the position, velocity, and acceleration vectors of the
space robot system. D(q) € R"*" represents the mass inertia matrix. H(g,q) € R"*"
represents the Coriolis and Centrifugal Matrix. Moreover, T(t) indicates the torque applied
to the joint.
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Figure 1. The diagram of a n-link space robot.

The inertia parameters of the space robot are considered known, while extreme tem-
perature variations in practical space environments and fuel consumption can all contribute
to the model uncertainties. Therefore, the parametric uncertainties are formally given

as below:

{ D(q) = Do(q) + AD(q) 2
H(q,q) = Ho(q,9) + AH(q,9)

where Dy, Hy denote the nominal values, and D, H and AD, AH denote the uncertainties of
space robot system.
According to Equation (2), Equation (1) is reformulated to:

Do(q)q + Ho(q,9)9 = (t) + Or ®)

where O denotes the lumped uncertainties, including model uncertainties and external
disturbances; this is represented by:

Or = 74(t) — AD(q)q — AH(q,9)q (4)

where T;(t) represents the external disturbances.

To investigate the direct relationship between the lumped uncertainty and the system
according to equation § = Dy ' (q)t(t)—Dy ' (9)Ho(q, 4)q + It; the lumped uncertainties
are reformulated as:

I = Dy ' (q)7(t) — Dy (q)AD(q)d — Dy (9)AH(q, )4 )
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Assumption 1. The positive definite matrix D(q) is reversible, which satisfies the design constraint:

o <[D@I < (6)

where (o, {1 are positive numbers.

Assumption 2. The unknown uncertainties I't in the system subject to supremum p with the
following representation:
[Tt| < p =ag+aile]| +az]|e|| 7)

Defining the desired trajectory of system, q;, = [q40, qdl,qdz]T; thereby, the trajec-
tory tracking error e is defined as e = g — g, and relevant parameters ag, a;, a> are
positive constants.

Note [32]: In control systems, control inputs usually do not involve acceleration, and
they achieve the desired effect by regulating position and velocity. Equation (7) represents
external uncertainties that primarily arise from changes in the system’s position and velocity
due to external disturbances, which subsequently impact trajectory tracking performance.
Consequently, the unknown uncertainties in Equation (7) are expressed as a function of
position and velocity.

Definition 1. In this paper, the signum function is given by:

—1ifx<0
sign(x) = 0ifx=0 (8)
+1ifx>0

Thus, the function sig(x)" is defined as follows:

sig(x)" = |x|*sign(x)

d(sig(x)) _ | ar o ©)
— = a|x|* “sign(x)x
Among input vectors x € RN*! and a > 1.
Definition 2. (Finite-Time Theory) [33]. Consider a nonlinear system function satisfying:
x(t) = f(x(t)) (10)

where x(t) € R" is the system state, f:U — R" is a continuous function defined on a do-
main U C R" containing the origin, 0 € R" denotes the zero vector, and xq represents the
initial state.

Based on system (10), the following relevant preliminary is given:

Preliminary 1. For the aforementioned nonlinear system, there reveals a positive definite func-
tion V (x) defined on the domain U such that:

V(t) < = V(t) —aV'(8),Vt > to (11)

Given positive constants oy, 0 > 0, 0 < 7 < 1, the nonlinear system satisfies finite-
time stability. Therefore, if x(t) lies within the set Q = {x: V177(t) < —02/01}, then
it ensures that the closed-loop system converges to the equilibrium point in finite time,
simultaneously settling time T satisfying:
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1 o V71 (xg) + o
T(tO) < Tmax = 0_1(1 — 77) In L (5_20) 2 (12)

3. Controller Design
3.1. Nonsingular Fast Terminal Sliding Mode Controller Design

For the space robot system shown in Figure 1, a novel sliding-mode surface is devel-
oped within the NFTSMC framework, and its formulation is given as follows:

s = e+ bysig(e)™ + bosig(e) ™ (13)

Remark 1. Where by, by are both positive numbers, v, € (1,2) and vy, are the parameters of
design surface (7y1 > y2). The fractional-order terms of the proposed sliding-mode surface are all
greater than one, which guarantees avoidance of singularities while ensuring finite-time stability.
The linear term accelerates convergence in the region of small trajectory-tracking errors.

The sliding surface Function (13) is differentiated with respect to time to obtain its
time derivative:
. 1. 721
S:e—ﬁ—bl’h‘epl 1e+b2’yz|e|72 e (14)

As the error tends to zero, the sliding mode trajectories converge to the sliding surface
(s = 0). At this juncture, the control law generates a continuous, high-frequency equivalent
control that effectively mitigates the impact of model uncertainties and disturbances,
rendering the system’s motion as if the lumped uncertainties did not exist.

é:é+b171|e\71’1é+b272|'\72_1é—0

= e+ byyle]" e+ byyale| N (G- d,) = (15)
. —1- 1 _ oy . .

= e+ Dbiy1le|" e+ byyale| ™ Dol(q)(req —Ho(q,9)q) —4q) =

Based on Equation (15), the equivalent control term 7, is designed as:

) b1 et P ) g )i
R

bav2 %%

Concurrently, the switching term T, is constructed according to a constant-rate
reaching law s = —¢ - sign(s):

Tsw = —Do(q)[(P + s)sign(s)] (17)

where ¢ is a positive constant.
To mitigate external disturbances, a disturbance compensation term 7 is introduced:

T = —Do(q)Ns (18)

where N > 0 refers to parameter of compensation term.
Based on the preceding derivation, the control law of the controller takes the
following form:

T = Teqg + Tsw + Tet
= Toq — Do(q )[(P + s)séign( s)] — (q)zl\]s (19)
= Do(@)lia — (g el + gale]™ ! [e[* ")sign(e) — (o +e)sign(s) — Ns| + Ho(q,4)q
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3.2. Wawvelet Neural Network Design

The design of space robot controller is inherently complex and challenging due to
the presence of model uncertainties and nonlinear dynamics. These uncertainties pri-
marily arise from factors such as solar wind, electromagnetic particle flows, and external
disturbances. Finding solutions to these challenges is a key focus of ongoing research. Neu-
ral networks possess strong fitting capabilities and can approximate model uncertainties
through continuous learning. Consequently, their application in space robot control has
attracted increasing interest from researchers in recent years. A wavelet neural network
(WNN) is a type of neural network that employs wavelet basis functions as its activation
functions. Unlike radial basis function (RBF) networks, which typically use Gaussian basis
functions, this paper adopts the Mexican hat function. By leveraging its multiscale transfor-
mation properties, the network can sensitively detect variations in overall uncertainty. By
modifying the activation function, its unique characteristics can be effectively exploited to
improve control performance.

This paper introduces a wavelet neural network (WNN), as shown in Figure 2, to
estimate the upper bound of uncertainties. The WNN is favored for its strong approxima-
tion capability as well as its ease of implementation and learning. Unlike conventional
neural networks, the WNN employs wavelet functions as activation units, leveraging
their time-scale localization properties to provide a powerful approximation capability.
Therefore, wavelet functions are selected in this study to address model uncertainty.

Figure 2. Wavelet neural network.

In the estimation of the lumped uncertainty term, the following assumptions
are introduced:

p=p*+o
p=p*—p
p* = ¢ Tw(x,c,b)
‘ﬁ = tﬁTw(x, c, b) (20)
N[ xi— Cji)
w=1]If
i=1 bji
1
f(z;;) = (1 — zjzl) exp(izjz»l)

In these formulas, x € RN*! represents the network input. ¢ denotes the translation
parameter, and b is the scaling parameter. p* expresses the WNN suitable architecture with
0 being a positive number. g is defined as an estimation to model uncertainties p. 4 stands
for the weighting variables. @ is the wavelet function to fit nonlinear terms. " is suitable
parameter of weighting variables.

https://doi.org/10.3390/aerospace13040334


https://doi.org/10.3390/aerospace13040334

Aerospace 2026, 13, 334 9 of 25

Considering the WNN capability in estimating the model uncertainties, the switching
term T, and the compensation term 7. can be expressed as:

A~

o = ~D; (q)|(p -+ ©)sgn(s)
{m—%%ms @

The overall control law is reformulated as follows:

T = Teg + Tsw + Tet

— Do)l — (|67 + e e )sign(e) — (p -+ e)sign(s) — N + Ho(q, 0)q 22
The adaptive parameters are defined as follows:
{ § = boyanw|e[™ " [s|w(xcb) (23)
N = byyany|e] ™ 'sTs
With ny and nyy are relevant positive parameters.
4. Stability Analysis

Considering the NFTSMC surface, the Lyapunov function is selected as V; = % 2,

Equation (14) can transform into the following form:

$ :é+b171|e|71_1é+b272|é|72 1(q q,)
= &+ biyile[" e+ byyale|™ (Dy H(q) (I + T — Ho(q,0)7) — i) b
=&+ byl e+ byyale|™ T (Dy ! (9) (T + Teq + Tow + et — Ho(4,9)d) — i)
= byyaé| ™7 [T — (o + €)sign(s) — N

Take the derivative of the Lyapunov function V; with respect to time :

Vl =ss
= s(b272|e|72_1[1} — (p +¢)sign(s) — Ns])
= [Ies — (0 +¢€)s — N2 | byyale[72 (25)

<[] - [s| = (o + ) - [s| = Ns?byyale[™
< (|Tc = p| - [s| = ¢ls| — Ns?)byyale™ ™

Under Assumption 2, the expression V1 can be simplified as follows:

Vi < (I —p|-s| —els| — Ns?)byyale[ !

26
< (—els| - Ns?)bypale| ™ < 0 (26)

Based on Preliminary 1, Equation (26) can be transformed into the following form:

Vi < (—e|s| — Ns?)byyale| ™!
< —byyale|" I Ns? — byyale|™ els| 27)
1
< —kV1 —kV{

where ki = 2by72]e|72 " N and ky = v/2eby7;]e|72 ! are both positive numbers.
From Preliminary 1, it can be deduced that the finite-time convergence characterized
by t, ensures that the sliding mode variable § converges to zero.

. 1
Vi < —kiVy — VP (28)
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T

s

av,

ap< — 2L
-k V1 — szf

(29)

By integrating both sides of the inequality, the following expression for the conver-
gence time is obtained:

1
tr Vl(tf) E
v, 2 | k2 4k
t < —_—— =4 < —In| —— 30
/ - 1 "= k1 n ko (30)
AT 3

Through the aforementioned rigorous analysis, the feasibility of the NFTSMC strategy
is established, thereby verifying that the designed sliding surface guarantees finite-time
stabilization of the space robot system.

The WNN is employed to modify the control law, and the corresponding Lyapunov
function V, can be expressed as follows:

1 7. 1 .71
= — —NN 31
V2 Vl+2nw¢lp+2n1\] G1)
where =1 — ¢ and N=N — N.
V, is differentiated with respect to time t:
Vz —V1+n 1IJT< li)) %N ( N)
" (32)

TR
_Vl—fqy P+ N

By virtue of the WNN's ability to estimate lumped uncertainties, the overall control
law is given by:

= Teqg + Tsw + Tet

. 2— .. . . « O\ (33)
= Do(q)lig — oy €] > (1 + bamale|" " Y)sign(e) — (p +€)sign(s) — Ns| + Ho(q,4)q
The new sliding mode surface s(t) is defined as follows:
_ n-1); 121 p-1 B Ce
= (1+b171|e| >E+b2’)’2’8| (DO (Q)(FT+Teq+Tszu+Tct+ HO(q/q)q) qd) (34)
a1 . ) .
= byyale|™ " [Ir — (p +e)sign(s) — N
From the new sliding mode surface s(t), it follows that Vi
Vi = byyale| 7! [Frs —(p+e)s— st} (35)
Then, the V2 is rewritten as:
72-1 A N 1 .1 1 o2
Va = byyale] ! [Tes = (p+)s — Ns?| = — g7+ —N'N (36)
nw nN
According to s < |s|, Vz could be expressed as follows:
Va < bamale™ [T — (p+)]ls| - Ns?] — ;LT + nNN N 37)

< byyale| 2TV (IT| — (p +€)]ls| — Ns?] — ;L T+ AN'N

From Equation (7) (|I;| < p), it follows that Equation (37) can be simplified to:
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: _ . « 1 .+ 1 .12
Vy < byyale|™ 1[p|s| —Pls| —¢ls| —NsZ] —Wt[)Ttp—i-aN N (38)

From Equation (20) p = p * +o, it follows that Equation (38) can be simplified to:

Vo <bamalel™ (o7 +olls| —pls| —els| — M) = LT+ NN
< bymale|™ M [(p" = p)ls| + (0 —e)|s| - Ns?] — ;LT + LN'N

With pt = 0 — ¢, a positive small constant.
By Equation (20), p* = ¢*Tw(x,c,b) and p = ¢ w(x,c,b), which leads to
further simplification:

Vy <bmle|” [ Tw(xeb) — §Tw(xeb)]|s| + (0 —¢)|s| — Ns?] — ﬁl[;Tl[AJ + nf\]NTN
— % ~ a ~T A ~ TR
< boale| (9T = PN w(xcb)ls| — prls| - Ns?] — ;LT + LN'N (40)
< by w(xeb)le]s| — bayaprle| > s| — bayaNle| s — LT+ L (N -N)N

By adjusting Equation (40), V; can be transformed into:

Vo<l (bzyzw(x,c,b)|e|7rl|s| — #lf)) + N(nlNN— b272|e|72152>

. (41)
*bz’)’zyﬂel’yzil |S‘ - %NN

According to Equation (23), the byyw(x,cb)|e|" t|s| — L t/3 — 0and LN -

nw nyn
b2'72|e|72_152 = 0, V; can be simplified to:
Va < —LNN—byyoprle] s
. -1 _
< *bz’YzN’e‘ArZ 52 — bg'y2yT|e|72 1|S’ (42)
<0

The above proof completes the proof of Preliminary 1, thereby establishing that the
trajectory tracking errors converge to the equilibrium point within finite time.

5. Numerical Simulations

To further substantiate the effectiveness of the proposed NFTSMC-WNN strategy,
numerical simulations were conducted on a two-link floating space robot system in a
complex space environment.

The inertia parameters used in the dynamic model are given in Table 1:

Table 1. Inertial parameters.

Description Symbols Values
Length (m) Lo, L1, Lo 1,1,1
Center of mass (m) Ls, Lo 0.5,0.5
Mass (kg) mo, my, My 40,4,3
Inertia (kg~m2) Iy, I, Ip 16.67,1.5,1.5

The proposed simulation parameters are given as follows:

bh=Lb=171=27=3N=20,a=1a=22a=28x=[¢ges|, b=2
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In this paper, the parameters are selected according to the system model and simulation
conditions. The control performance of the proposed algorithm when the parameter values
vary is illustrated in Figure 3.

3
s 2
-

QF-==- === e === 4

X IIO’3

times (s)

Figure 3. Tracking errors under different parameters.

Figure 3 compares the tracking errors obtained using the parameters set out in this
paper with those obtained using different parameter settings. Under the parameters
adopted in this study, it can be seen that the system achieves a shorter convergence time
and higher tracking accuracy.

The desired trajectory tracking is as follows:

7
i ] [T+ et
9= | 491 | = % +et4 %e“lt (43)
qd2 % + et — %e_‘“

Taking into account the presence of external disturbances, the disturbance t; is defined

as follows:
Tod 0.5sin(f) + 0.5sin(2007tt)
;= | Ty | = | 0.5cos(t) —0.5sin(2007ct) (44)
Tog 0.5cos(t) — 0.5 cos(2007tt)

And model uncertainties Dy(q), Ho(q, q) are represented by Dy(q) = 0.8D(g) and
Hy(q,q) = 0.8H(q, q). Then, (2) can be transformed into:

{ D(q) = 0.8D(q) + AD(q) (45)

H(q,9) = 0.8H(q, ) + AH(q, q)
where AD(q) = 0.2D(q) and AH(q,q) = 0.2H(q, q).

5.1. Case 1

To validate the effectiveness of the proposed control strategy, simulations are con-
ducted under Case 1. The results, presented below, provide a comparison between the
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proposed NFTSMC strategy and the TSMC approach from reference [34]. Simulation results
obtained with the model-based controller in the absence of lumped uncertainties are shown
in Figures 3 and 4. Figure 3 presents the trajectory tracking of proposed NFTSMC strategy
and TSMC approach under the same initial state g(0) = [2,2,2]". Figure 4 shows the
trajectory tracking errors of proposed control strategy.

2 \N desired trajectory |7
\\Y —-—TSMC
LS — = NFTSMC 7
&4 \Y
l |- \\\ -
0.5 ] ; ‘ -
0 5 10 15 20

times (s)

desired trajectory| |
=== TSMC
— = NFTSMC
Il Il
0 5 10 15 20
times (s)
T
ZN desired trajectory |+
N —-—TSMC
1.5 % 4
- N I 2 — = NFTSMC L
S oL ~ I i
o /”l ]
2.2 2.4 2.6
0 ! I |
0 5 10 15 20

times (s)

Figure 4. Trajectory tracking.

Figure 4 presents the tracking performance of the model-based NFTSMC and TSMC
under the given initial state g(0) = [2,2,2]". During the 20 s simulation, both the TSMC
and the proposed NFITSMC strategies enable the space robot system to converge to the
equilibrium point within a finite time of T = 2 s, thereby confirming the effectiveness
of the NFTSMC approach. Furthermore, as shown in Figure 3, the NFTSMC achieves
faster convergence 0.2~0.5 s than the conventional TSMC, representing an approximate
19.23% improvement.

Figure 5 presents a comparison of tracking errors results under the same initial error
states e(0) = [2,2,2]"; the convergence time achieved by the NFTSMC method is 2.7 s, 1.8 s,
2.1 s, which is shorter than that of the TSMC at 3.6 s,3.7 s, 2.9 s. Under identical initial errors,
the proposed NFTSMC exhibits faster convergence to the equilibrium state than that under
TSMC, particularly as the tracking errors approach zero. As shown in Figures 4 and 5,
the proposed NFTSMC strategy achieves faster finite-time convergence compared with
the conventional TSMC. This observation directly validates the key characteristic of rapid
finite-time convergence inherent to the proposed control strategy.

As shown in Table 2, the error convergence rate of nonsingular fast terminal sliding
mode control (NFTSMC) is significantly better than that of traditional terminal sliding
mode control (TSMC). There is a maximum improvement of 51.35% in the convergence
rate of each joint, and an improvement of 34.65% in overall convergence performance.
TSMC is subject to inherent singularity issues, resulting in slow convergence rates and
failure to meet real-time safety control requirements for spatial robots. The control strategy
proposed in this paper therefore adopts NFTSMC as the basic sliding mode framework,
avoiding singularity issues while enhancing the system’s dynamic response and tracking
control performance.
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Figure 5. Trajectory tracking errors.

Table 2. Comparison of convergence time between TSMC and the NFTSMC.

Joint  Controller ~ Convergence Time (s) Impr?:/:ijnt Overall Improvements (%)
0 N?’Srl;/ﬁc gg 25
" N?ESTI\SABSC i 51.35 34.65
72 N?ESTI;/IASC 5:? 2759

Figure 6 shows a comparison of tracking errors between the constant rate reaching
law and high-order sliding mode control (HOSMC). As can be seen from the figure, the
constant rate reaching law enables the proposed control algorithm in smaller tracking
errors and better tracking accuracy than with HOSMC alone. However, a drawback of this
approach is that it can cause slight oscillations. In contrast, HOSMC's core advantage is its
ability to effectively suppress oscillation issues inherent in sliding mode control, achieving
smoother control performance. However, this approach has a more complex structure,
incurs a higher computational burden and has a greater tracking error than the constant
rate reaching law. Consequently, it has shortcomings in terms of tracking accuracy and
control efficiency. Based on the above comparison of characteristics, this study introduces
a control scheme based on the constant rate reaching law within a high-order sliding
mode framework. This approach circumvents the performance limitations of single control
methods and avoids unnecessary control complexity. This makes it more suitable for
scenarios with limited computational resources and high tracking accuracy and real-time
performance requirements.

As presented in Table 3, compared to HOSMC, the constant rate reaching law exhibits
only a slight delay of 1.97% in convergence time, yet achieves a significant improvement of
96.77% in tracking accuracy. In most space robotics operations, maintaining reliable steady-
state tracking accuracy is generally more important than achieving a slight improvement
in transient convergence speed. Furthermore, the constant-speed arrival law features a
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simpler structure and lower computational complexity, which facilitates its implementation
in space systems with limited resources. After comprehensive consideration of the above
analysis, the constant-speed arrival law was selected as the control scheme. Based on the
aforementioned analysis, this paper selects the high-order sliding mode control using a
constant-rate convergence criterion as the control scheme.

10 ' : —
2= 2 = = = = high-order sliding mode _
OfF =" ~a - 77T~ - - - -constant rate law
) 1
T —4
0 aemmmmmmmoes & N e .
7 -8
0
ot I 51 I
1] 5 10 15 20
times (s)
1 — T T
| %10 = = = +high-order sliding mode
. OF~cur™~me="naw= - - - -constant rate law
F (] A RO =5l e e -
|
_1 I 5 1 I
0 5 10 15 20
times (s)
0.5 ] T T
5 %10 = == high-order sliding mode
0 yemm e U.____\__',__ﬁ______----constamratelaw
& o‘ <
Y » =50
0.5 111 T T .
-1 L 51 L
0 5 10 15 20
times (s)

Figure 6. Tracking error comparisons with Higher-Order Sliding Mode Controller.

Table 3. Tracking performance comparisons with Higher-Order Sliding Mode Controller.

Joint  Controller CO,E‘::Z%ZTW Percentage (%) Mean Error (rad) Percentage (%)
O propowd 267 % Jmas
" gt 176 T .
 proposed 209 S w9

5.2. Case 2

Although stability of the space robot system is guaranteed under the same initial state
g(0) = [2,2,2]", this alone is insufficient to demonstrate the generality of the proposed
strategy. To further validate the feasibility of the finite-time-based NFTSMC strategy under
arbitrary initial states, simulations were conducted under three different initial states:
g(0) = [1.5,15,1.5], (0) = [2,2,2]" and q(0) = [2.5,2.5,2.5]". Figure 7 illustrates the
trajectory tracking performance under the NFTSMC method for three different initial states.
Figure 8 presents the corresponding trajectory tracking errors for the three different initial
error states e(0) = [1.5,1.5,1.5]", e(0) = [2,2,2]" and (0) = [2.5,2.5,2.5]".

As shown in Figures 7 and 8, under different initial states, the trajectories successfully
track the desired trajectories and the tracking errors converge to zero within finite-time.
Specifically, Figure 7, under g(0) = [1.5,1.5,1.5]", indicates that the convergence time is
approximately 2 s; under g(0) = [2,2,2]", the convergence time is around 1.8 s; under
q(0) = [2.5,2.5,2.5]7, the convergence time is around 1.83 s. Figure 8 describes the tracking
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performance of trajectory tracking errors under different error states. Under three different
initial error states, the proposed controller drives the errors to zero across all cases. Through
the aforementioned results, it is demonstrated that under arbitrary initial states NFTSMC
can effectively control the space robot system to achieve successful trajectory tracking.

3 < |
25 1 ~ desired trajectory| |
2L 08 \ —-—¢(0)=1.5(rad) |
s 2N § - —g=2(ad) |
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L e —-— q(0)=1.5(rad)
2581 T — —q(0)=2(ad) |
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15 1S Y,
l 1 1 1
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Figure 7. Trajectory tracking under different initial states.
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Figure 8. Trajectory tracking errors.

5.3. Case 3

Space robots operating in space are frequently subjected to disturbances from the
solar wind, which cause changes to the system’s inertial parameters. This case there-
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fore considers model uncertainties in Equation (45). Leveraging the superior nonlinear
approximation capability of neural networks, this paper employs a wavelet neural net-
work to estimate model uncertainties. The detailed simulation processes are depicted
in Figures 9-13. Figures 9 and 10 show the convergence performance of controller under
lumped disturbances. The corresponding control input torques are presented in Figure 11.
Furthermore, Figures 12 and 13 illustrate the adaptive processes of the neural network
weights and the compensation term parameters, respectively.

3 T
0.75 \ . desired trajectory
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e 182 2
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. i
0 : : ‘
0 5 10 15 20
times (s)
3 T
118 e desired trajectory
Sl 16 - NFTSMC
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Figure 10. Trajectory tracking errors.
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Figure 13. The adaptive value of K.

Considering the existence of lumped disturbances, the tracking performance of the
controllers under such lumped disturbances is presented in Figures 9 and 10. It is observed
that Figure 9 presents the trajectory tracking of NFTSMC and NFTSMC-WNN under the
same initial state. Notably, compared with method using NFTSMC, the proposed NFTSMC-
WNN achieves faster smoother trajectory tracking. Its convergence times are 1.92s,1.59 s,
and 2.54 s for the NFTSMC-WNN method while they are 2.36 s, 2.12 s, and 3.12 s for
the NFTSMC method. Benefiting from the wavelet neural network, the NFTSMC-WNN
converges faster than the NFTSMC, with an improvement of approximately 0.5 s.
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The comparison results in Table 4 show that the error convergence rate of the con-
trol strategy proposed in this paper is significantly better than that of the pure NFTSMC
algorithm, with an overall improvement in convergence performance of up to 20.74%.
Although the pure NFTSMC algorithm resolves the singularity issues of traditional sliding
mode control, its convergence rate and robustness remain limited when faced with system
uncertainties and external disturbances. In this paper, we introduce a wavelet neural net-
work (WNN) based on the NFTSMC. By using the WNN to perform online approximation
and compensation of the system’s lumped uncertainties, we effectively accelerate the error
convergence rate of the system and further enhance the dynamic response performance
and disturbance rejection capability of the control strategy.

Table 4. Controller performance comparison.

Joint Controller Convergence Time (s) Impr(()://«)ement Overall Improvements (%)
Proposed 1.92
0 NFTSMC 236 18.64
Proposed 1.59 20.74
T NFTSMC 212 25.00
Proposed 2.54
72 NFTSMC 3.12 18.59

Figure 10 presents a comparison of the trajectory tracking errors between the NFTSMC
and NFISMC-WNN methods. It can be seen that WNN effectively estimates model
uncertainty, with average tracking error accuracy under the NFTSMC-WNN method
reaching 10~° from 5 5~20 s and the average tracking errors of NFTSMC reaching 10~4.
These findings confirm the effectiveness of the WNN in estimating model uncertainties.

Figure 11 presents a comparison of the input torques between the NFTSMC method
and the proposed NFTSMC-WNN method. Over the time interval from 5 s to 20 s, the
average input torques of NFTSMC method are 5 N-m, 20 N-m, 40 N-m, while those for the
NFTSMC-WNN method are 3 N-m, 8 N-m, 10 N-m. These results indicate that, compared
to the NFTSMC method, the NFTSMC-WNN method generates smaller control torques
and achieves superior performance.

Figure 12 shows the online estimation process for the WNN weights. It can be seen
that the weight parameters converge at 0.2 s and then rapidly stabilize at steady-state
values. Figure 13 shows the adaptive process of the compensation term parameter N,
which effectively converges to a stable value over time. Case 3 analyzes a space robot
with model uncertainties and demonstrates the superiority of the proposed NFTSMC-
WNN strategy through Figures 9-13, which utilize wavelet neural networks for the online
estimation of detailed uncertainties. The simulation results demonstrate the feasibility of
the NFTSMC-WNN strategy and validate its potential application to space robot systems.

5.4. Case 4

In Case 4, to demonstrate the capability of the WNN within the proposed NFTSMC-
WNN strategy for online uncertainty estimation, a comparative study is conducted with
RBF neural network employed in the reference [35]. The detailed parameter configu-
rations for the WNN and RBFNN are listed in Table 5, and Figures 14-16 show the
simulation results.
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Table 5. Detailed configuration and hyperparameter settings for WNN and RBFNN controllers.

Feature WNN RBFNN
Neuron 27 27
Activation Function Mexican Hat Radial Basis Function
Learning Rate 0.01 0.01
cps 1s . T T
Initialization [0.10.20.5] [0.10.20.5]
. Input Layer, Hidden Layer, Input Layer, Hidden Layer,
Training Procedure
Output Layer Output Layer
Network Structure Feedforward Neural Feedforward Neural
Network Network
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Figure 15. Trajectory tracking errors.
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Figure 16. Input torques.

As shown in Table 5, the number of neurons and the selection of hyperparameters
for the RBFNN and WNN were kept consistent to ensure a fair comparison of the control
algorithms. The wavelet neural network was constructed based on the topology of an
error backpropagation neural network. While structurally similar to neural networks, the
distinctive feature of the wavelet neural network is its use of wavelet basis functions as
transfer functions for hidden layer nodes. The Mexican hat function was selected due to its
widespread use in transient detection and its high sensitivity to disturbance variations.

As shown in Figure 14, both RBFNN and WNN demonstrate comparable capabili-
ties in estimating uncertainties and exhibit similar convergence rates, both converging at
2 s. This estimated ability is derived from their respective network structures. Although
Figure 14 indicates that the WNN and RBFNN possess comparable compensation capa-
bilities; Figure 15 compares their trajectory tracking error, revealing that under identical
network structures, the WNN method achieves an accuracy of 10~°, while the RBFNN
method only reaches 10~#. This demonstrates that WNN significantly outperforms RBFNN,
exhibiting superior online uncertainty estimation. In Figures 14 and 15, by employing
the disturbance observer to estimate the lumped uncertainty, it can be observed that its
performance is inferior to that of the proposed wavelet neural network (WNN) in terms
of convergence speed and tracking accuracy. The inclusion of NFTSMC based on the
disturbance observer further highlights the practical applicability and superior operability
of the proposed control strategy.

Table 6 compares the trajectory tracking error convergence performance of the pro-
posed control strategy with that of the NFTSMC-RBF algorithm. The results show that,
compared to the benchmark algorithm, the proposed strategy achieves shorter error conver-
gence times at all robot joints, and the overall convergence speed is significantly improved.
This validates that the proposed control strategy offers superior dynamic response per-
formance and is better suited to meet the real-time control requirements of spatial robot
grasping tasks.
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Table 6. Comparison of convergence time between NFTSMC-RBF and the proposed control.

Joint Controller Convergence Time (s) Impl(‘(o)/v)ement Overall Improvements (%)
Proposed 2.75
%0 NFTSMC-RBF 278 1.08
Proposed 1.74 1.92
1 NFTSMC-RBF 176 113
Proposed 1.9
2 NFTSMC-RBF 197 3:55

Figure 16 compares the input torques of NFTSMC-RBFNN and NFTSMC-WNN. It can
be observed that the input torque under RBFNN is 50 N-m, 120 N-m, and 220 N-m over
the course of 2 s to 20 s., whereas under WNN, it is 3 N-m, 8 N-m, and 10 N-m over the
same period. As shown in Figure 16, the input torque of NFTSMC-WNN is significantly
smaller than that of NFTSMC-RBFNN, highlighting WNN's superior capability in handling
uncertainty compared to RBFNN. From the foregoing discussions, these findings provide
strong evidence for the feasibility of NFTSMC-WNN strategy.

The simulation comparisons in Cases 3 and 4 have demonstrated the performance
advantages of the proposed control algorithm over NFTSMC and NFTSMC-RBEF. To pro-
vide a visual quantification of these advantages, Table 7 summarizes the tracking perfor-
mance of each algorithm, while Table 8 summarizes the energy consumption and control
smoothness metrics.

Table 7. Tracking performance comparison.

Joint Controller Mean Error RMSE IAE ITAE
(rad) (rad) (rad) (rad)
Proposed 8.2062 x 1077 1.8188 x 107>  1.5479 x 107*  7.7746 x 10~*
q0 NFTSMC 2.8777 x 10~ 3.0297 x 107> 26152 x 1074 13019 x 103
NFTSMC-RBF  —3.6183 x 107®  2.0336 x 107*  1.6964 x 10~3  8.4812 x 103
Proposed 1.0888 x 107> 1.8890 x 107>  1.5757 x 107*  8.0826 x 10~*
g1 NFTSMC 2.2947 x 10~° 3.1501 x 107> 2.6901 x 10~%  1.3594 x 103
NFTSMC-RBF  —7.8962 x 1076 22915 x 104  1.8708 x 1073  —9.4175 x 1073
Proposed —6.0091 x 107> 1.4855 x 107%  1.3584 x 1073  7.2543 x 1073
92 NFTSMC —1.3698 x 107% 22757 x 10~*  1.8349 x 1073  1.0077 x 1072
NFTSMC-RBF  1.1156 x 107° 33738 x 107%  2.8204 x 1073  —2.5112 x 1072

Table 8. Energy consumption and control smoothness.

Energy Consumption = Control Smoothness

Joint Controller 0 (2/s)

Proposed 0.1810 3.16107 x 107

40 NFTSMC 18.16 2.3633 x 108
RBE 41797 2.58678 x 10°

Proposed 2.5895 3.04162 x 10°

71 NFTSMC 6.2756 3.15032 x 107
RBF 2.4821 3.96135 x 108

Proposed 4.2739 3.16409 x 10°

g2 NFTSMC 6.6744 1.82690 x 100
RBF 3.3465 4.89273 x 107

Table 7 presents the trajectory tracking performance comparison results, which verify
that the proposed control algorithm significantly outperforms the two contrast algorithms.
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Compared with the conventional NFTSMC algorithm, the mean tracking error, root mean
square error (RMSE), integral absolute error (IAE) and integral time-weighted absolute
error (ITAE) of the proposed algorithm are reduced by 63.29%, 35.85%, 29.37% and 93.06%,
respectively; compared with the NFTSMC-RBF algorithm, the above four metrics are
reduced by 87.75%, 81.66%, 80.25% and 73.54%, respectively. These results fully validate
the superior performance of the proposed algorithm in trajectory tracking accuracy and
error convergence.

2
The energy consumption is quantified by the integral of the control torque E = [ Y_T; - g,dt,
0

which reflects the physical effort of the actuators. The smoothness is assessed by the integral

2 A\ 2
of the squared torque derivative S = [} (‘f;) dt, which penalizes abrupt changes in the
0

control input and ensures a gentler motion.

Table 8 presents the quantitative comparison results, confirming that the proposed
control strategy demonstrates significant advantages in both energy utilization efficiency
and control smoothness. Compared with the NFTSMC algorithm, the proposed strategy
improves energy utilization efficiency by 77.36% and control smoothness by 87.03%. Com-
pared with the NFTSMC-RBF algorithm, improvements of 29.61% and 98.85% are achieved
in energy utilization efficiency and control smoothness, respectively.

6. Conclusions

This paper aims to address the trajectory tracking challenge for space robots operating
under lumped uncertainties by proposing a novel wavelet neural network-based NFTSMC
methodology. This strategy combines a new NFISM surface with a WNN. The adaptive
wavelet neural network NFTSMC strategy offers two key advantages. First, it guarantees
the finite-time convergence of the space robot system. Secondly, it possesses sliding mode
disturbance rejection capabilities and is robust against external disturbances. Thirdly, it
can effectively estimate and compensate for uncertainties in the space robot. The feasibility
of the NFTSMC-WNN method was subsequently demonstrated using Lyapunov stability
theory. Numerical simulations showed that the NFTSMC-WNN method reduced system
convergence time by 28.57% and improved trajectory tracking accuracy. Together, these
findings confirm the technical feasibility of the proposed strategy. Furthermore, future
work will explore lightweight WNNs to advance the deployment of on-orbit servicing for
space robots.
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