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Robust Adaptive Model-Free Control of Saturated
Flexible-Joint Robots Using the
Bernstein-Schurer-Stancu Operator

Javad Keighobadi

Abstract: This paper presents a new robust model-free control strategy for uncertain flexible-joint robot manipulators
subject to actuator saturation and external disturbances. The proposed framework integrates a backstepping-based
adaptive control architecture with the Bernstein-Schurer-Stancu (BSS) operator as a universal approximator to compen-
sate for unknown system dynamics and uncertainties without requiring precise mathematical modeling. To circumvent
the complexity explosion problem, a command-filtered control methodology with an error compensation mechanism
is incorporated. Additionally, an auxiliary compensation system is developed to mitigate the adverse effects of input
saturation, with its states directly utilized to construct the compensated error surfaces that drive the adaptation laws for
the BSS operator coefficients. The uniform ultimate boundedness of the closed-loop system is rigorously established
through recursive Lyapunov analysis. Comparative simulation studies on a flexible-joint robot manipulator demonstrate
that the proposed BSS operator-based approach achieves superior tracking performance, faster convergence, and
reduced computational overhead compared to a conventional fuzzy control scheme. The theoretical results validate the
effectiveness of the proposed methodology for satisfactory control of flexible-joint robots under practical constraints.
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I INTRODUCTION

Flexible-joint robots (FJRs) have emerged as a transfor-
mative technology in modern automation, offering com-
pelling advantages over traditional rigid manipulators—
such as lightweight construction, superior maneuverabil-
ity, high load-to-weight ratios, and enhanced safety in
human-robot collaborative environments [l]. These at-
tributes render FJRs indispensable across a diverse range
of application domains, from medical rehabilitation and
precision assembly to space exploration and advanced
manufacturing [2]. However, the inherent flexibility in
the joint transmission mechanism introduces formidable
control challenges, which fundamentally distinguish FJRs
from their rigid counterparts.

The presence of joint flexibility doubles the number
of system degrees of freedom relative to control inputs,
necessitating that the link position track the actuator
position through an elastic transmission element [3]. This
structural characteristic, compounded by strong dynamic
coupling, complex nonlinearities, and susceptibility to pa-
rameter uncertainties, renders high-precision trajectory
tracking of FJRs a particularly challenging control prob-
lem [{]. In practice, FJRs are inevitably subject to various
uncertainties, including unmodeled dynamics, parameter
perturbations, time-varying external disturbances, and,
critically, actuator saturation arising from physical limi-
tations in torque generation [5].
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These intertwined challenges—uncertainties, input sat-
uration, and the higher-order complexity of flexible-joint
dynamics—motivate the research presented herein. Sub-
stantial research efforts have been devoted to developing
advanced control strategies for FJRs. Adaptive control
schemes have been proposed to handle parameter uncer-
tainties [0], while robust control methodologies address
bounded disturbances [[7]. Backstepping control, owing
to its systematic design framework for strict-feedback
nonlinear systems, has been extensively employed in FJR
control [8]. However, the traditional backstepping ap-
proach suffers from the “complexity explosion” problem—
the repeated analytical differentiation of virtual control
laws leads to prohibitive computational complexity as the
system order increases [J].

To mitigate this issue, dynamic surface control (DSC)
and command-filtered control have been introduced. By
passing virtual control signals through first-order filters,
the analytical differentiation of complex functions is cir-
cumvented [10]. Recent advances have incorporated er-
ror compensation mechanisms to reduce filtering errors
and enhance tracking accuracy [11]. For instance, Hong
et al. [12] developed a nonsingular fixed-time command-
filtered backstepping controller for free-flying flexible-joint
space robots, integrating fast fixed-time extended state
observers for disturbance estimation. Zhang et al. [13] em-
ployed continuous sliding mode control with generalized
proportional integral observers for FJRs subject to multi-
source disturbances. A novel neuro-adaptive command-
filtered output-feedback backstepping control scheme was
recently proposed for FJRs [14], which represents a sig-
nificant advancement in simultaneously addressing input
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saturation, system uncertainties, and output-feedback con-
straints.

The challenges of input saturation in FJRs have been
addressed through various anti-windup strategies. The
mean value theorem combined with hyperbolic tangent
functions has been widely used to approximate saturation
nonlinearities [L5]. Liu et al. [16] proposed a model-free
adaptive robust control based on time-delay estimation,
employing auxiliary systems and adaptive laws based on
saturation deviation boundaries to compensate for input
saturation effects. Li et al. [17] developed a dynamic event-
triggered model-free adaptive control approach for robotic
manipulators with input saturation, utilizing only input—
output data without requiring accurate system dynamics.

Intelligent control methodologies, including neural net-
works (NNs) and fuzzy logic systems (FLSs), have been
extensively investigated for model-free control of uncertain
robotic systems [L&]. As universal approximators based
on the Stone-Weierstrass theorem, these approaches can
approximate unknown nonlinear functions with arbitrary
accuracy [19]. However, NN and FLS implementations
face inherent limitations: the network architecture (layers,
nodes, activation functions) and the fuzzy parameters
(membership-function centers, widths, and rule weights)
require careful selection, and the numerous tuning param-
eters impose a considerable computational burden [20].
Moreover, the convergence properties of these approaches
are often sensitive to initial parameter choices, complicat-
ing practical implementation.

Function Approximation Techniques (FAT) have
emerged as an alternative paradigm, offering simpler
structures and requiring fewer tuning parameters
[21]. FAT-based controllers employ orthogonal basis
functions—such as Fourier series, Legendre polynomials,
or Chebyshev polynomials—to represent unknown time-
varying uncertainties as linear combinations of known
basis functions with unknown constant coefficients [22].
Izadbaksh and colleagues have extensively explored FAT
applications in robot control, demonstrating robust
adaptive impedance control using Fourier series and
Legendre polynomials [23]. Recent developments have
introduced g-analogues of Bernstein-type operators for
robot control applications [24], with the q-Bernstein-
Schurer operators demonstrating superior approximation
capabilities in adaptive control frameworks [25]. Despite
these valuable contributions, several critical challenges
remain unresolved in FJR control: (1) the simultaneous
handling of system uncertainties, input saturation, and
complexity explosion; (2) the computational overhead
of neuro-fuzzy approaches; (3) the reliance on precise
system models or extensive tuning parameters; and (4)
the need for improved approximation accuracy with
reduced computational burden [14].

Inspired by the preceding discussions, this paper presents
a novel model-free control framework for uncertain flexible-
joint robots with actuator saturation, leveraging the
Bernstein-Schurer—Stancu (BSS) operator as a universal
approximator. The BSS operator, a sophisticated gener-

alization of classical Bernstein polynomials incorporating
both Schurer’s extension for wider domains and Stancu’s
shifting parameters for enhanced flexibility [26], offers
superior approximation properties in various functional
spaces [27]. Recent theoretical advances in Stancu-type
operators with shape parameters have demonstrated their
exceptional convergence characteristics and approxima-
tion capabilities for continuous functions [28]. The key
contributions of this work are as follows:

o A robust adaptive controller, which operates without
requiring precise knowledge of system dynamics, is
developed for flexible-joint robots and employs the
Bernstein—Schurer—Stancu operator to approximate
the combined effects of unknown dynamics, external
disturbances, and saturation nonlinearities. This rep-
resents the first application of the BSS operator as
a universal approximator in the backstepping-based
control of flexible-joint robots.

e The complexity explosion issue is systematically ad-
dressed through a command-filtered control frame-
work, augmented with error compensation mecha-
nisms that reduce filtering errors and improve track-
ing accuracy. This integrated approach ensures prac-
tical implementability while maintaining theoretical
rigor.

o A simple auxiliary system is designed to handle actu-
ator saturation, with its states directly incorporated
into the compensated error surfaces that govern the
adaptation laws. This approach provides a unified
framework for simultaneous uncertainty approxima-
tion and saturation compensation.

o Compared to conventional neuro-fuzzy approaches
with numerous tuning parameters, the proposed BSS
operator requires only the polynomial coefficients to
be updated online, significantly reducing the compu-
tational burden while maintaining superior approxi-
mation capability. This is particularly advantageous
for real-time control applications.

The rest of this paper is as follows. Section 2 presents
the problem formulation. Section 3 details the command-
filtered backstepping control design, along with the adap-
tive laws for the BSS operator coefficients. Section 4
presents comparative simulation results that demonstrate
the effectiveness of the proposed approach. Finally, Sec-
tion 5 concludes the paper with a summary of the main
findings and directions for future research.

II PROBLEM FORMULATION

A Electrically-driven FJR dynamics

The structure of a flexible-joint robot equipped with
actuator dynamics is modeled as

JGm + Bm +rK(rgm —q) = u

(1)

where ¢,¢ € R™ and ¢ € R" are the joint position vector,
the vector of joint velocity and the joint acceleration vec-
tor, respectively. ¢, ¢n € R™ stand for angular positions
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and velocities of motor. D(q) € R"*™ C(q,¢) € R™ and
G(q) € R™ are the inertia matrix, Coriolis and centrifugal
torques and the vector of gravitational torques, respec-
tively. J € R™*"™ is the inertia of the motor, B € R"*"
is the motor damping and r» € R™*" is the reduction gear.
K,, € R"*" is the torque constant. Also, u is the torque
input at each actuator.

Defining the state vector as X = [q, ¢, ¢m, Gm]”, the state-
space model is expressed as
i‘l = T2
.fz = D_l(x1>(TKJ,'3 — Y) (2)
T3 = Ty

Ty = Jfl(U7 Bxy 77’K(l’3 71’1))

where Y = C(x1,22) + G(z1) + F(22) + Kx;.
Considering motor saturation and external disturbances
d;(t), (B) can be rewritten as

.Z"l = T2
To = f1 + a3 (3)
T3 = T4

Z4 = fo + sat(u)

in which f; and fy denote —D~!(z1)Y + (D~ 1(x1)rK —
Iiwn)zs +di(t) and —J Y (Bzy +rK(rzs —x1)) + do(t) +
(J71 — I,xn)sat(u), respectively.

B BSS operator

To approximate the unknown term, the g-analogue of
the Bernstein—Schurer—Stancu operator is employed [26].
This operator is selected for its linear-in-the-parameters
structure and its universal approximation property, which
ensures that any continuous function defined on a compact
set can be approximated to any desired level of accuracy
through an appropriate choice of parameters. Its con-
struction also yields a regressor vector that significantly
simplifying the adaptive control design. The operator is
defined as

n+p k‘

S (frgx Zf < o )bgﬂgk( )
where n € N is the degree of the polynomial approxima-
tion; p € Ny is a shift parameter that extends the approx-
imation domain; a,8 € R with 0 < a < 8 are Stancu
parameters providing additional flexibility; and ¢ € R* is
the g-parameter, with the operator reducing to its classical
form when ¢ = 1. Furthermore, [k], = 1 124" denotes the
g-integer, and b}, (2) = (”;gp)qu(l - )g“’ kis the ¢-
Bernstein basis polynomial, which constitutes the elements
of the regressor vector.

In the adaptive control law, the operator is utilized to
approximate the lumped term f(x) as f =60T®, where 6
is a vector of time-varying coeflicients updated online via
the adaptive laws derived from Lyapunov stability analysis.
The regressor vector ® consists of fixed, predefined ¢-
Bernstein basis functions b7 (z). The key advantage

(4)

n+p,k
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of this design is that the regressor vector depends solely
on the design parameters (n,p,q) and the argument z,
which is often chosen as a reference signal or a bounded
function rather than the system states. This alleviates the
computational burden and circumvents the need for deriva-
tive measurements. The universal approximation property
guarantees that the approximation error, represented as
e = ||f(z) — f(x)||, remains bounded and can be made
arbitrarily small through appropriate selection of n and g,
which consequently ensures robust stability of the closed-
loop system.

C Auxiliary system

To compensate for the detrimental effects of actuator
saturation—a common physical constraint in flexible-joint
robot systems—an auxiliary system is introduced as

i = Nis1 — piki
An = sat(u(t)) — u(t)

where \; € R™, for i« = 1,...,n, are the states of the
auxiliary system, p; > 0, for ¢ = 1,...,n, are positive
design parameters determining the convergence rate of
the compensation signals, and n denotes the number of
subsystems in the backstepping design.

()

- pn)\n

III CONTROL DESIGN AND STABILITY ANALYSIS

Within the framework of the backstepping method, the
proposed controller is developed in four steps, correspond-
ing to the four subsystems described in (E) The BSS oper-
ator is employed to approximate the unknown functions f;
and f5 in the second and fourth subsystems, respectively.

A Step 1
The tracking error for the first subsystem is defined as

(6)

where x14; is the desired trajectory and \q; is the state of
the auxiliary system introduced to handle input saturation.
The virtual control z¢; is chosen as

Wi = T — Tidi — M\

2y = —kwi; + E1ai — prid (7)

where k1; > 0 and p1; > 0 are design parameters.

To reduce the complexity explosion inherent in the back-
stepping method, the virtual control x4, is passed through
a first-order filter

s, + 5 = 4 (8)

where ag; > 0 is the filter time constant and z§; is the
filtered signal. The error surface for the second subsystem
is defined as wy; = x2; — 2§, — A2;. The derivative of wy;
can be expressed as

— ;) (9)

To eliminate the effect of the filtered signal error, the
compensating signal zp; is designed as

. C
Wy = —k1iwi; + woi + (T35,

21 = —kyizn + 2o + (25, — 25;) (10)
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The compensated tracking error signals are defined as

Vg = Wi — 210, V2 = Wi — 22 (11)

The Lyapunov function candidate in this step is as

1 n
Vi= 3 Zl Vi (12)
Taking the time derivative of V; yields
= —Zklil/i + ZVUVQi (13)
i=1 i=1

B Step 2

The derivative of the tracking error for the second
subsystem is expressed as

Goag = Gy — B5; — Ao (14)
From the system dynamics (4), we have
T = fri + T3 (15)

Using the BSS operator, the unknown function fi; is
approximated as

fri = O] @y + e

where ©F; is the optimal parameter vector, ®;; is the re-
gressor vector, and €y; is the approximation error bounded
by |e1;] < €;;. The virtual control is proposed as

@llq)lz

(16)

x4 = kajwa; — wii + T5; — D2idai (17)

where G)M is the estimate of ©F, and ki, p2; > 0.
The virtual control zg, is passed through a first-order
filter:

e d
Qzi®s; + x5, = Xy, (18)

The error surface for the third subsystem is defined as
w3; = T3;—25; — A3i. The derivative of wa; can be rewritten
as

o = OF®1; + e1i + was — z4;) (19)

where ©1; = ©1; — ©7; is the parameter estimation error.
The compensating signal zs; is designed as

—ad) )

kojwa; — w1 + (x%; —

: (4
Zo; = —koiza; — 215 + 23 + (25;

The derivative of the compensated tracking error vo; is
obtained as

(21)

The Lyapunov function candidate for the second step is
chosen as

AT
vy = 01, @15 + €1; + vgi — vii — kov

=Vi+3 Z Vyi + 5 Z 6117111®1z

where 71; > 0 is the adaptation gain matrix.

(22)
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The time derivative of V5 is

= — Z kliyi‘ — Z kgil/gi + Z V9iVs34 (23)
i=1 i=1 i=1
n_o_ . n
+ Z 07, (v2i®1i — 71;'O1:) + Z V2i€1
i=1 i=1
The adaptation law is chosen as
O1; = 1 (v2;®1; — 61,01, (24)
where d1; > 0 is a small design parameter.
Using the Young’s inequality
1 1.,
voi€1; < 51/%2 + 5613 (25)
014 014
~6:01;01; <~ 016 + 567
Thus, V5 can be bounded as
Vo <= kuvg— > (kai — ng + Z vaivsi  (26)
i=1 i=1
617, 612 1 *
—Z @@ﬁz(|@W+ﬁﬂ
C Step 3
The tracking error for the third subsystem is defined as
w3z; = T3; — ‘ng - )\31' (27)
The virtual control x4, is chosen as
xf; = —ksiws; — wai + 5 — p3ids; (28)

where k3; > 0 and ps3; > 0.
The virtual control z§; is passed through a first-order
filter

. d
Quidy; + Ty = Ty, (29)

The error surface for the fourth subsystem is defined as

wa; = Ta; — T§; — Aa;. The derivative of ws; is
W3i = —ksiws; + wai — wa; + (2§ — 2F;) (30)

The compensating signal z3; is designed as
Zgi = —ksizgi + 200 — 221 + (25, — 28;) (31)

The derivative of the compensated tracking error vs; =
ws; — z3; 18 obtained as

Uz = —k3iv3; + Vg — vy (32)

The Lyapunov function candidate for the third step is

1 n
Va="Vat 3 Z; 2 (33)
The time derivative of V3 is
Z kll’/u Z ]{321 1/21 Z k3ll/31 (34)
=1
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+ Z V3iVa; — Z Oii g @ @11
+§:(&W@IF i)

D Step 4

The derivative of the tracking error for the fourth sub-
system is expressed as
A (35)

Wai = Ea5 — T —
From (E), we have
&y = fo +sat(u) (36)

Using the BSS operator, the unknown function fs; is
approximated as

fai = O3] ®o; + €,

where O3, is the optimal parameter vector, ®s; is the re-
gressor vector, and eg; is the approximation error bounded
by |e2;| < €5;.

The actual control input is proposed as

(37)

= 0L ®y; — kajws; — vai + 35 — puda (38)
where (:)21' is the estimate of ©3; and k4;, ps; > 0.
Substituting the control law into wy, yields
4i = OF @0 + €0 — kaiwai — Vi (39)

where ©g; = O9; — O3, is the parameter estimation error.

The compensating signal z4; is designed as
Z4i = —kaizai — 23 (40)

The derivative of the compensated tracking error vy; =
wa; — Z4; 18 obtained as

i = (:)QTZ-(PQZ- + €2; — kaiva; — 34 (41)

The Lyapunov function candidate for the fourth step is

‘/21 - ‘/3 + 3 Z Vy, + 3 Z 6217211@21 (42)

where 2, > 0 is the adaptation gain matrix.
The time derivative of V} is

Vy = Vs-l-z V4i(ég;q)%‘i‘ezi_kzliwli_”&)_Z 63,72 O2

i=1 i=1

(43)
The adaptation law is chosen as
Oi = Yai(14iPa; — 02,02;) (44)
where do; > 0 is a small design parameter.
Using the Young’s inequality
1 1.,
Vai€2; < 5%@ +35 5 €55 (45)
0o 02;
~02i0302 <~ 056 + T [O5]F  (46)
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Thus, V4 can be bounded as

Z klll/h, Z kQZ 1/21 Z kgzygz (47)
i=1
- Z (i — 1/41 Z igra,, - Z D616,

=1

014 02;
+Z<W@ﬂ+2wm2

E Theorem

Theorem: For the uncertain flexible-joint robot system
subject to actuator saturation (fJ), the control law (Bg),
together with the adaptation laws (@) and (44), guaran-
tees that all closed-loop signals are uniformly ultimately
bounded and that the tracking errors vy; converge to a
small neighborhood around zero.

Proof: From (17), we can write:

1 1
eﬁ+2£ﬂ

Vi< —uVi+p (48)

where

. 1 1
n= mln{ka 2(/921' - 5)7 2k3;, 2(k4i - 5)7 511‘711‘7 521‘721‘}

(49)

014 b2i 1, 1.,
p= Z( Lol + = H921||2 *6112"‘ 26212> (50)

Solving the differential inequality yields
=+ (V4(0) - (51)

Therefore, Vy(¢) is bounded for all ¢ > 0. Consequently,
the compensated tracking errors vq;, V9;, V34, V4; and the
parameter estimation errors éli,ézi are uniformly ulti-
mately bounded. Moreover, as t — oo

2
loill < /22
7

which implies that the tracking error vy; converges to a
small neighborhood of the origin. The size of the residual
set can be made arbitrarily small by increasing the control
gains k;;, decreasing the approximation errors €;; through
an appropriate selection of n, p, and ¢, or reducing the
parameter update gains d;.

Remark 1: We recommend the following guidelines for
tuning the key design parameters. The control gains £;; de-
termine the convergence rate of the compensated tracking
errors; larger values yield faster convergence and smaller
ultimate bounds, but excessively high gains may excite un-
modeled dynamics or amplify noise. The auxiliary system
gains pj; control the convergence rate of the compensation
signals. They are recommended to be slightly larger than
the corresponding control gains k;; to ensure faster com-
pensation dynamics. The adaptation gains 7;; determine
the learning rate of the BSS coefficients. The §;; modifi-
cation parameters provide parameter robustness without
significantly degrading steady-state accuracy. Finally, for

0<Valt) < ﬁ)e—“t

(52)
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the BSS operator, the polynomial degree n € [3,8] and
shift parameter p € [1, 3] offer a practical trade-off between
approximation accuracy and computational complexity.

IV  SIMULATION RESULTS

The simulation study is designed in terms of tracking
accuracy, computational efficiency, and robustness against
uncertainties and input saturation. The two link flexible-
joint robot system considered in this study comprises two
flexible joints, each driven by a DC motor with actuator
dynamics; the system parameters are taken from [L5]. The
actuator saturation limits are set to £50N - m for each
joint, reflecting practical physical constraints. The desired
reference trajectories for the two joints are specified as
q1a(t) = 0.8sin(0.8t) + 0.3cos(0.4t) rad and g¢oq(t) =
0.6 cos(0.6t) 4 0.2sin(0.3t) rad, representing time-varying
motions that demand precise tracking performance. Exter-
nal disturbances are introduced as d; (¢t) = 0.5sin(2t) and
da(t) = 0.4 cos(1.5t) N-m to evaluate the robustness of the
proposed controller against exogenous perturbations.

For the BSS operator implementation, the design param-
eters are selected as follows: polynomial degree n = 5, shift
parameter p = 2, Stancu parameters o = 0.5 and 8 = 1.0,
and the g-parameter ¢ = 0.95. These values are chosen to
achieve a suitable trade-off between approximation accu-
racy and computational complexity. The control gains are
set to Ifli = ].5, in = 20, kgi = 18, and k4i = 22, with filter
time constants ao; = ag; = ay; = 0.02 s. The adaptation
gains are vy1; = 7v2; = 20, and the damping parameters
are d01; = d9; = 0.01. The auxiliary system parameters
are set to p1; = 5, po; = 6, p3; = 7, and py; = 8. The
trajectory tracking of the proposed BSS-based controller
is illustrated in Figs. 1-4. Figure 1 presents the actual joint
positions versus the desired trajectories for both joints.
The results demonstrate that the BSS operator-based
adaptive controller achieves satisfactory tracking accuracy,
with the actual trajectories nearly coinciding with the
reference trajectories throughout the simulation horizon.
The control signals shown in Fig. 2 remain well within
the specified saturation limits, confirming the effective-
ness of the auxiliary compensation system in mitigating
actuator saturation effects. The control inputs exhibit
smooth profiles without high-frequency chattering, indi-
cating the practical feasibility of the proposed approach.
The evolution of the adaptive parameters for the BSS
operator is presented in Figs. 3 and 4. The parameters
converge to steady-state values within approximately 5
sec, demonstrating the stability of the adaptation process.
Notably, only five parameters per subsystem require online
adaptation, resulting in only 10 adaptive parameters for
the entire system. This minimal parameter count under-
scores the computational efficiency of the proposed BSS-
based approach compared to neuro-fuzzy alternatives. To
highlight the advantages of the proposed BSS operator-
based approach, Figs. 5-8 present the simulation results
obtained using a conventional fuzzy logic controller under
identical operating conditions and initial settings.

Tracking Perfor

Time{s)

Time{s)

Fig. 1. Tracking performance of the proposed BSS operator-based controller:
desired trajectories (dashed) and actual joint positions (solid) for joints 1 and
2.

0 — . ComtrolEfforts
] -
5
-10 .
0 5 10 15 20 2 30 k) 40
10
5
B nFV\/w--—'-
5
A0 .
5 10 15 20 2 30 k' 40
Time{s)

Fig. 2. Control input signals generated by the proposed BSS operator-based
controller for joints 1 and 2.

Figure 5 illustrates the tracking performance achieved by
the fuzzy estimator. While the fuzzy controller maintains
reasonable tracking performance, it exhibits notable track-
ing errors, particularly during periods of rapid reference
trajectory changes. The corresponding control signals in
Fig. 6 exhibit higher amplitudes and more oscillatory
behavior compared with the BSS-based control signals,
suggesting increased control effort and potential actuator
wear. The adaptive parameters for the fuzzy estimator are
depicted in Figs. 7 and 8, which show the norm of the
adaptive parameter vectors for the two fuzzy subsystems,
providing a compact visualization of the overall adaptation
dynamics. While the fuzzy controller requires 49 parame-
ters per subsystem (7 membership functions x 7 input
combinations) to approximate the unknown functions—
totaling 98 parameters for the two-joint system—the
figures display the aggregated norm wvalues for clarity.
The norm trajectories exhibit notable fluctuations and
slower convergence rates, indicating the fuzzy controller’s
sensitivity to system uncertainties and disturbances. In
summary, the simulation study provides compelling ev-
idence of the practical viability and superiority of the
proposed BSS operator-based, model-free adaptive control
framework for uncertain saturated flexible-joint robots.
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Adaplion of fers in d subsyst
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Fig. 3. Evolution of the BSS operator adaptive parameters for the second
subsystem.

Adaption of p ters in fourth subsyst

0 B 10 15 20 2 0 k- 40
Time(s)

150 T T T T T T T

Fig. 4. Evolution of the BSS operator adaptive parameters for the fourth
subsystem.

Time(s)

Fig. 5. Tracking performance of the fuzzy logic-based controller: desired tra-
jectories (dashed) and actual joint positions (solid) for joints 1 and 2.

V CoNCLUSION AND FUTURE WORK

In this paper, a model-free adaptive control scheme
has been developed for uncertain flexible-joint robots sub-
ject to input saturation, utilizing the g-analogue of the
Bernstein—Schurer—Stancu operator as a universal approx-
imator. The command-filtered backstepping approach has
been employed to address the complexity explosion prob-

, September 2026

0 E 10 15 20 F-] 30 k- 410
Time{s)

Fig. 6. Control input signals generated by the fuzzy logic-based controller for
joints 1 and 2.

=045 -

Iy

2 10 15 20 P 30 k) 410
Time{s)

A L L L L L

0 5 10 15 20 2 30 k) 40
Time{s)

Fig. 7. Norm of the adaptive parameter vector for the fuzzy estimator (second
subsystem).

Adaption of ters in fourth subsyst

Fig. 8. Norm of the adaptive parameter vector for the fuzzy estimator (fourth
subsystem).

lem. To handle actuator saturation, an auxiliary system
has been introduced, and its states have been integrated
into the compensated error surfaces. The adaptive laws
for updating the operator’s coefficients have been rigor-
ously derived from Lyapunov stability analysis, ensuring
the uniform ultimate boundedness of all closed-loop sig-
nals. Comparative simulation results demonstrate that the
proposed Bernstein—Schurer—Stancu operator-based con-
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troller achieves superior tracking performance over conven-
tional fuzzy controllers, with significantly reduced compu-
tational complexity. Future research directions include the
integration of reinforcement learning techniques to enable
optimal adaptive parameter tuning and further enhance
the self-learning capabilities of the proposed control frame-
work in uncertain environments.
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