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In this paper, model-reference adaptive control (MRAC) with neural network
(NN) and time delay estimation (TDE) is proposed for controlling a robotic
manipulator. With more than two degrees of freedom (DoF) of the robot,
the formulation of a known regression matrix is tedious and also difficult to
compute for the different robotic systems. Therefore, this work introduces
MRAC based on TDE with NN (MRAC-NNTDE) to achieve high-control per-
formance without prior knowledge of the regression matrix and offers a model-
free scheme. Firstly, MRAC is applied to adjust the control gains, then TDE
is implemented to estimate the unknown dynamical robotic system, and NN
is employed to deal with the TDE estimation error. The overall stability of
the robotic dynamics is investigated using the Lyapunov theorem. In the end,
computer simulations are compared to validate the effectiveness of the pro-
posed scheme.
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1. Introduction

One of the most well-known control techniques
in the field of control science and engineering is
model reference adaptive control (MRAC). De-
pending on the current state of the closed-loop
system, MRAC either estimates the unknown pa-
rameters or updates the control gain.1,2 Both lin-
ear and nonlinear systems have been widely con-
trolled using this control technique.3 The adaptive
scheme has been employed with well-known ad-
vanced control techniques, for instance, H∞ con-
trol, sliding mode control (SMC), proportional-
integral-derivative control (PID), neural net-
work (NN), and fuzzy logic control schemes,
etc.4–9 In addition, various MRAC schemes have

been designed to improve joint position tracking
performance.10,11

Numerous robotics technologies make use of
control system analysis and design.12–14 In which,
MRAC has been widely used in robotic and
aviation applications throughout the past few
decades.15 Furthermore, in the presence of non-
linearities and outside disturbances, it is uti-
lized to precisely track the joint position of
uncertain robotic manipulators.3 Because it re-
quires a known regression matrix to deal with
the unknown dynamics of robotic systems,16 it
is quite difficult to calculate this known matrix
for robotic manipulators with high degrees of
freedom (DOF). To address this challenge, re-
searchers have proposed diverse adaptive control
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methodologies that do not necessitate a known
regression matrix. One such approach involves
the utilization of neural networks to approxi-
mate the unknown dynamics of robotic systems.17

These neural network-based adaptive controllers
have demonstrated promising outcomes in man-
aging complex, high-degree-of-freedom robotic
manipulators.18 However, the implementation of
these advanced control techniques frequently re-
quires substantial computational resources and
meticulous tuning of hyperparameters.19

In the literature, various notable model-free
control types of research have been proposed us-
ing the time delay estimation (TDE) scheme.20

The TDE approach has offered an appropriate
and highly efficient estimation method for un-
known uncertain dynamical systems with exter-
nal disturbances and provides an easy implemen-
tation of the model-free approach.21

Thanks to the TDE scheme, model-free con-
trol can be developed. The general TDE con-
cept is to estimate the unknown dynamical sys-
tems by inserting a constant delay.22 Moreover,
TDE has been extensively integrated with nu-
merous controllers, such as sliding mode con-
trol (SMC), adaptive control, fuzzy control, NN,
and PID control schemes, to obtain accurate es-
timation and robustness precisely.23–27 As stated,
TDE provides robust estimation and offers sat-
isfactory performance, accurately and efficiently
in terms of joint position tracking, better conver-
gence, and small steady-state error.

Control development in the context of TDE
with adaptive control has shown great interest
by researchers in exploiting the advantages of
both techniques.28,29 Therefore, several model-
independent control techniques related to TDE
with adaptive control have been proposed for ro-
bot manipulators where the unknown dynamics
are estimated using TDE, and the estimation er-
ror is dealt with using adaptive gain.30,31 To name
a few, bounded nonlinearities have been taken
into consideration; Jin et al. proposed a controller
that combines TDE and adaptive control using
ideal velocity feedback to drive the robot manipu-
lators toward their desired trajectory.32 Aiming to
control the time-varying dynamics of robotic ma-
nipulators, an SMC-based TDE was given to con-
trol time-varying dynamics to observe the desired
trajectory and knowledge of unknown dynam-
ics known by TDE. In,29 fault-tolerant control
using TDE and nonsingular fast terminal SMC
(NFTSMC) has been proposed to estimate the
unknown dynamics under actuator faults, and ro-
bustness and fast convergence have been obtained

by NFTSMC. One of the main factors contribut-
ing to TDE’s prominence is its ease of use and
ability to estimate the dynamics of unknown sys-
tems. Thus, TDE is a good substitute for model-
based control approaches.

The following are the primary contributions
of this work:

• Using MRAC and TDE, a model-free con-
trol is designed to avoid the regression ma-
trix and provide robust, accurate, and ex-
act tracking.

• The unknown dynamics of the robotic
manipulator are estimated using TDE,
and the state gains are updated using
MRAC, and the TDE error is compen-
sated using NN.

• The Lyapunov stability criterion is used
to establish and carry out the closed-loop
system’s overall asymptotic stability anal-
ysis.

• For uncertain robotic manipulators with
unknown external disturbances, MRAC
using NNTDE is a novel approach.

The other sections are arranged as follows. In
Section 2, the preliminary is presented. Section
3 presents the design of the proposed MRAC-
NNTDE method and the stability analysis of the
overall system. To show the efficacy of the pro-
posed method, simulation results are depicted in
Section 4, and their discussion is given in Section
5. Finally, this work concludes in Section 6.

2. Preliminaries

2.1. Definition 133

The perturbed dynamical system with function
z(t) is defined as

ż(t) = g(z) + h(z)u(t) + p(t). (1)

where g(z) is the unknown function, h(z) is a dis-
tribution matrix, p(t) shows unknown external
disturbance, and u(t) represents the control in-
put. When known and unknown functions are
separated, Equation (1) can be expressed as

ψ(z, t) = g(z) + p(t) = ż(t)− h(z)u(t). (2)

One can calculate the TDE estimation of un-
known dynamics as

ψ̂(z, t)
∆
= ĝ(z) + p̂(t)

∆
= g(z)(t−d) + p(t−d)

= ż(t−d) − h(z)(t−d)u(t−d).
(3)

where d used as constant time delay and ψ̂(z, t)
denoted the estimated unknown dynamics.
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3. Control design

This section provides the construction of the sug-
gested model-free control scheme for the uncer-
tain robotic manipulator with external distur-
bance utilizing the MRAC integrated TDE and
NN technique. Then, the overall system stability
is established using the Lyapunov analysis.

The following equation describes the dynam-
ics of n-DOF robotic manipulator34

M(q)q̈ + V(q, q̇)q̇ + G(q) +D(t) = T (t). (4)

where q, q̇ and q̈ ∈ ℜm represent the vectors of
the joint’s position, velocity, and acceleration, re-
spectively. M(q) ∈ ℜm×m is the symmetric and
positive definite inertia matrix, V(q, q̇) ∈ ℜm×m

is coriolis/centripetal, G(q) ∈ ℜm is gravitational
force, the control torque is denoted by T (t) ∈
ℜm, and external disturbances are represented by
D(t) ∈ ℜm.

3.1. MRAC with TDE scheme

This subsection presents the design of MRAC-
TDE. To represent in the state-space form, the
dynamics of the robot manipulator (4) can be ex-
pressed as follows:

M̄q̈−M̄q̈+M(q)q̈+V(q, q̇)q̇+G(q)+D(t) = T (t).
(5)

⇒ q̈ + χ(q, q̇, q̈) = M̄−1T (t). (6)

where χ(q, q̇, q̈) = M̄−1((M(q)−M̄)q̈+V(q, q̇)q̇+
G(q) + D(t)) is the unknown uncertain dynamics
and external disturbance, and M̄ > 0 is diagonal
matrix.

In order to develop the MRAC-based TDE
method, Equation (6) can be expressed in the
form of state space:

ẋ = Ax+B
[
M̄−1T (t)− χ(x, ẋ)

]
. (7)

where x =

[
q
q̇

]
n×1

, A =

[
0 Im×m

0 0

]
n×n

,

B =

[
0

Im×m

]
n×m

, and I is identity matrix.

Therefore, the control design of MRAC-TDE
is given as follows:

T (t) = M̄(ϑ̂Tx+ υ̂T r + χ̂). (8)

where ϑ̂, υ̂, and χ̂ are adaptive gains, χ̂
∆
= χ(x(t−

d), ẋ(t− d)) = M̄−1T (t− d)− q̈(t− d) is the esti-
mation of χ̂ using the delayed value of Equation
(6), and d is the constant delay.

The dynamics reference model for MRAC is
given by,

ẋp = Apxp +Bpr. (9)

with Ap = A+BϑT is Hurwitz matrix, Bp = BυT ,

xp =
[
qd, q̇d

]T
is the reference input and r ∈ ℜm

is the desired reference. Moreover, ϑ ∈ ℜn×m and
υ ∈ ℜm×m are the unknown gains.

ẋ = Ax+B
[
(ϑ̂Tx+ υ̂T r) + ∆ξ

]
. (10)

where ∆ξ = χ̂ − χ(x, ẋ), ∥∆ξ∥ ≤ β and β > 0.
Equation (10) can be expressed as

ẋ = (A+Bϑ̂T )x+B
[
υ̂T r +∆ξ

]
. (11)

The dynamics of tracking error e = x − xp,
ė = ẋ − ẋp using Equations (9) and (11) can be
computed as

ė =
[
A+Bϑ̂T

]
x+Bυ̂T r+B∆ξ−Apxp−Bpr±Apx.

(12)
Equation (12) can be expressed as

ė = Ape+
[
A+Bϑ̂T −Ap

]
x+Bυ̂T r+B∆ξ−Bpr.

(13)
Using Ap and Bp, Equation (13) can be written
as

ė = Ape+B(ϑ̂T − ϑT )x+B(υ̂T − υT )r +B∆ξ.
(14)

Equation (14) can be represented as

ė = Ape+Bϑ̃Tx+Bυ̃T r +B∆ξ. (15)

where ϑ̃ = ϑ̂− ϑ , υ̃ = υ̂ − υ.
To investigate the stability of the closed-loop

model, the Lyapunov theorem is applied; thus,
the Lyapunov function is selected as

V (e, ϑ̃, υ̃) = eTPe+ trace
(
ϑ̃Tφ−1

1 ϑ̃
)

+trace
(
υ̃Tφ−1

2 υ̃
)
.

(16)

where φT
1 = φ1 > 0 ∈ ℜn×n, φT

2 = φ2 > 0 ∈
ℜm×m, P T = P > 0 ∈ ℜn×n are symmetric and
+ve definite matrices, and trace represents the
diagonal elements sum.

By taking a derivative of Equation (16) and
then substituting to Equation (15), one gets

V̇ (e, ϑ̃, υ̃) = eT (PAp +AT
p P )e

+2eTPBϑ̃Tx+ trace
(
2ϑ̃Tφ−1

1
˙̂
ϑ
)

+2eTPBυ̃T r + trace
(
2υ̃Tφ−1

2
˙̂υ
)

+2eTPB∆ξ.

(17)

Equation (17) can be expressed as

V̇ (e, ϑ̃, υ̃) = −eTQe
+2trace

(
ϑ̃T (xeTPB + φ−1

1
˙̂
ϑ)
)

+2trace
(
υ̃T (reTPB + φ−1

2
˙̂υ)
)

+2eTPB∆ξ.

(18)

Thus, the adaptive parameters ϑ̂ and υ̂ can be
computed as

˙̂
ϑ = −φ1xe

TPB,
˙̂υ = −φ2re

TPB.
(19)
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By substituting Equation (19) into Equation (18),
one obtains

V̇ (e, ϑ̃, υ̃) = −eT (Q)e+ 2eTPB∆ξ (20)

Since P is a matrix that is symmetric +ve defi-
nite and Ap is Hurwitz; thus, we get the Lyapunov
equation PAp + AT

p P = −Q and Q > 0 is also a
+ve definite symmetric matrix.

To find the asymptotic stability of the MRAC-
TDE approach, one can get the following equa-
tion:

V̇ (e, ϑ̃, υ̃) = −eT (Q)e+ 2eTPB∆ξ

≤ −λm(Q)∥e∥2 + 2 ∥e∥ ∥PB∥ ∥∆ξ∥ . (21)

∥e∥ ≤ 2 ∥PB∥ ∥∆ξ∥
λm(Q)

. (22)

⇒ V̇ (e, ϑ̃, υ̃) < 0.
Hence, the closed MRAC-TDE system is asymp-
totically stable.

3.2. MRAC-NNTDE control design

In this section, MRAC-TDE with a neural net-
work (NN) has been described. Here, NN is used
to estimate the TDE estimation error to obtain
precise and robust tracking performance.

To design the MRAC-NNTDE proposed
scheme, we utilize Equation (7) given by

ẋ = Ax+B
[
M̄−1T (t)− χ(x, ẋ)

]
. (23)

The proposed control input is developed as

T (t) = M̄
[
ϑ̂Tx+ υ̂T r + χ̂−Ke+ T (t)nn

]
.

(24)
where K ∈ ℜm×n.

ẋ = Ax+B

[
ϑ̂Tx+ υ̂T r + χ̂−Ke− χ(x, ẋ)
+T (t)nn

]
.

(25)
The above equation can be expressed as

ẋ = Ax+B
[
ϑ̂Tx+ υ̂T r +∆ξ −Ke+ T (t)nn

]
.

(26)
where we consider

∆ξ =W ∗Th(e) + ε (27)

with hj(ei) = exp

(
−∥ei−cj∥2

2b2j

)
, h =

[h1, h2, · · · hn]T , and ε is the approximation er-
ror.

Moreover, the NN approximation law can be com-
puted as

T (t)nn = ∆ξ̂(t) = −Ŵ Th(e),
˙̂
W = φ3h(e)e

TPB.
(28)

By substituting T (t)nn from Equation(28) and
∆ξ from Equation (27) into Equation (26), one
gets

ẋ = Ax+B

[
ϑ̂Tx+ υ̂T r +W ∗Th(e) + ε

−Ŵ Th(e)−Ke

]
.

(29)
Equation (29) can be written as

ẋ = Ax+B
[
ϑ̂Tx+ υ̂T r − W̃ Th(e) + ε−Ke

]
.

(30)

where W̃ T = Ŵ T −W ∗T .
The tracking error dynamics ė = ẋ− ẋp using

Equations (9) and (30) is defined as

ė =
[
A+Bϑ̂T

]
x+Bυ̂T r −BW̃ Th(e)−BKe

+Bε−Apxp −Bpr ±Apx.
(31)

When one solves Equation (31), it yields

ė = Ape+Bϑ̃
Tx+Bυ̃T r−BW̃ Th(e)−BKe+Bε.

(32)

where ϑ̃ = ϑ̂− ϑ and υ̃ = υ̂ − υ are the adaptive
errors, and the ϑ and υ are the unknown gains.
In Figures 1 and 2, the comprehensive diagram of
the suggested scheme using MRAC, TDE, neural
network, and a robotic system is depicted, and the
neural network architecture is given, respectively.

Figure 1. Control input under uncertain dynamics

Figure 2. Control input under uncertain dynamics
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Remark 1 To successfully implement the de-
signed controller, we can effectively work with the
obtainable joint position, even without known ve-
locity and acceleration. We can confidently esti-
mate velocity and acceleration by employing the
robust observer, ensuring optimal performance.
The following are the estimates of q̇ and q̈ 35

dz0
dt = z1 + φ0,
dz1
dt = z2 + φ1,
dz2
dt = φ2.

(33)

where z0 = q̂, z1 = ˙̂q, z2 = ¨̂q, α > 0 and

φj(e) = α|e|
2−j
3 sgn(e) when j = 0, 1, 2.

3.3. Stability investigation

This subsection establishes the overall stability of
the suggested MRAC-NNTDE scheme by apply-
ing the Lyapunov theorem. Thus, the Lyapunov
candidate is chosen as

V (e, ϑ̃, υ̃, W̃ ) = eTPe+ trace
(
ϑ̃Tφ−1

1 ϑ̃
)

+trace
(
υ̃Tφ−1

2 υ̃
)
+ trace

(
W̃ Tφ−1

3 W̃
)
.

(34)

where φT
3 = φ3 > 0 ∈ ℜ.

V̇ (e, ϑ̃, υ̃, W̃ ) = eT (PAp +AT
p P )e

−2eTPBKe+ 2eTPBε

+2eTPBϑ̃Tx+ trace
(
2ϑ̃Tφ−1

1
˙̂
ϑ
)

+2eTPBυ̃T r + trace
(
2υ̃Tφ−1

2
˙̂υ
)

−2eTPBW̃ Th(e) + trace
(
2W̃ Tφ−1

3
˙̂
W

)
.

(35)

Then, (35) can be written as

V̇ (e, ϑ̃, υ̃, W̃ ) = −eTQe− 2eTPBKe+ 2eTPBε

+2trace
(
ϑ̃T (xeTPB + φ−1

1
˙̂
ϑ)
)

+2trace
(
υ̃T (reTPB + φ−1

2
˙̂υ)
)

+2trace
(
W̃ T (−h(e)eTPB + φ−1

3
˙̂
W )

)
.

(36)

Therefore, using adaptive laws given in Equations
(19) and (28), one can compute

V̇ (e, ϑ̃, υ̃, W̃ ) ≤ −eTQe− 2eTPBKe+ 2eTPBε.
(37)

As 2eTPB(ε−Ke) with ε ≤ Ke, we get

V̇ (e, ϑ̃, υ̃, W̃ ) ≤ −eTQe. (38)

The Lyapunov function V (e, ϑ̃, υ̃, W̃ ) is pos-
itive definite, and the derivative would be
V̇ (e, ϑ̃, υ̃, W̃ ) ≤ 0. Thus, it is concluded that ϑ̃,

υ̃ and W̃ are all bounded according to Barbalat’s
Lemma 36. Taking the integration of Equation
(38) from 0 to ∞, we have

Q
∞∫
0

e(σ)T e(σ)dσ

≤ −
∞∫
0

V̇ (e(σ), ϑ̃(σ), υ̃(σ), W̃ (σ))dσ

= V0 − V∞ <∞.

(39)

The bounded function V is non-increasing with
bounded initial value V0; therefore, it may be

stated that limt→∞
∫ t
0 e(σ)

T e(σ)dσ and ė is
bounded. Following this, the tracking error
asymptotically converges to zero.

4. Numerical results

In order to validate the suggested model-free
scheme based on MRAC, neural network, and
TDE (MRAC-NNTDE), this section first looks
at the robotic manipulator’s uncertain 2-DOF
dynamics under unknown external disturbances.
Subsequently, computer simulations are used and
compared with adaptive fixed-time sliding mode
control (AfTSMC) 37 to show how effective the
suggested scheme is in validating the MRAC-TDE
program.

4.1. 2-DOF robotic manipulator dynamics

In order to assess the efficacy of the MRAC-
NNTDE control method, this study exam-
ines the dynamic behavior of a 2-DOF robotic
manipulator under uncertainty and external
disturbances.38 M(q), V(q, q̇), G(q), and D(q, q̇)
are provided in the following manner:

M(q) =

[
M(q)11 M(q)12
M(q)21 M(q)22

]
,

withM(q)11 = l22m2 + 2l1l2m2c2 + l21(m1 +m2) + I1,
M(q)12 = M(q)21 = l22m2 + l1l2m2c2,
M(q)22 = l22m2 + I2,

V(q, q̇) =
[
−m2l1l2s2q̇

2
2 − 2m2l1l2s2q̇1q̇2

m2l1l2s2q̇
2
2

]
,

G(q) =
[
m2l2gc12 + (m1 +m2)l1gc1

m2l2gc12

]
.

where ci = cos(qi), si = sin(qi), cij = cos(qi + qj)
and g = 0.98.

While D(q, q̇) =

[
0.5q̇1 + sin(1.5q1)
1.3q̇2 − 1.8sin(2q2)

]
.

The 2-DOF robot manipulator diagram is given
in Figure 3. The suitable values of the parameters
li, mi, and Ii are listed in Table 1.
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Figure 3. 2-DOF Robotic manipulator

Table 1. Proposed control parameters.

link1 link2
lengthli(m) 1 1
massmi(kg) 0.5 0.5
inertiaIi(kg.m

2) 5 5

4.2. MRAC-NNTDE application on
2-DOF robot manipulator

The following appropriate values are chosen for
the proposed control (24) and the dynamics model
(4) in order to guarantee high-performance track-
ing using our suggested model-free control ap-
proach: r1(t) = r2(t) = step, D(t) = [sin(t) +
0.5q̇1 + sin(1.5q1), sin(t) + 1.3q̇2 + 1.8sin(2q2)]

T ,
Ap = diag(−10,−10,−10,−10), Bp =[
0 0 1 0
0 0 0 1

]T
, K = 105 ×

[
1 0 0 0
0 1 0 0

]
,

M̄ = diag(0.0001, 0.0001), d = 0.001, xp1(0) =
xp2(0) = −0.1. The initial conditions and adap-
tation law parameters (19,28) are also chosen

as φ1 = 0.01 × diag(1, 1, 1, 1), φ2 =

[
1 0
0 1

]
,

φ3 = 5, ϑ̂(0) = υ̂(0) = 1 and Ŵ (0) = 0. The
initial values of joints are given as q1(0) = 1.5
and q2(0) = 2.1. These parameter selections are
crucial for achieving the desired tracking perfor-
mance in the model-free control technique.

MRAC-NNTDE is evaluated on the uncertain
dynamics of a 2-DOF robotic manipulator under
disturbances to demonstrate the effectiveness of
the suggested approach. As a result, their com-
parison of the simulation results is shown in Fig-
ures 4-7, respectively, for position tracking, track-
ing error, control inputs, and TDE estimation
of unknown dynamics. Moreover, the adaptive
gains to compensate for the unknown dynamics
are given in Figures 8-10.
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Figure 4. Position tracking
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Figure 5. Tracking error
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Figure 6. Control torque input
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Figure 7. Estimation using TDE
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Figure 8. Adaptive gain
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Figure 9. Adaptive gain

Figure 10. Adaptive gain

The results clearly depict the enhanced per-
formance of MRAC-NNTDE in addressing un-
certain dynamics and disturbances. Figures 4-
5 illustrate the precise position tracking and er-
rors achieved by the designed method, while Fig-
ures 6 and 7 depict the efficient control inputs
and precise TDE estimation of unknown dynam-
ics, respectively. The adaptability of the method
is also clear from Figures 8 to 10, demonstrat-
ing the adaptation of adaptive gains utilized to
overcome the unknown dynamics during simula-
tion. It is clear from the acquired simulation
results that computer simulations guarantee the
overall stability of the system with adequate per-
formance in the face of external disturbances.
Furthermore, without the need for a regression
matrix, MRAC-NNTDE achieves a rapid conver-
gence speed and extremely robust tracking perfor-
mances for unknown and unpredictable dynamics
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of robotic manipulators. The proposed MRAC-
NNTDE approach demonstrates superior perfor-
mance in handling uncertainties and disturbances
in robotic manipulator control. The capability
of the proposed method in rapid convergence,
as well as good tracking with no need for a re-
gression matrix, shows its efficiency and flexibil-
ity. These findings support that MRAC-NNTDE
is a promising approach for controlling complex
robotic systems in realistic applications where un-
certain dynamics and external disturbances pre-
vail.

Remark 2 The proposed MRAC scheme
adaptively adjusts the control gains, TDE esti-
mates the unknown system dynamics, and a neu-
ral network compensates for the estimation error.
Compared to the existing control scheme, this ap-
proach provides superior performance in handling
nonlinearities and uncertainties, resulting in en-
hanced tracking and robustness.

5. Discussion

The proposed MRAC-NNTDE technique is in-
tended to control the nonlinear dynamical robotic
systems under external disturbances. The goal
of this study is to increase tracking and transient
features while retaining the robustness of a closed-
loop system. The MRAC-NNTDE approach aims
to achieve quick convergence, and the Lyapunov
technique was utilized to demonstrate stability.

The simulation results demonstrate that the
MRAC-NNTDE technique efficiently handles the
dynamics of a robotic manipulator with external
disturbances. Figures 3-4 exhibit the variables q1,
q2, and the tracking errors e1, e2, indicating the
successful control performance and the capacity of
the proposed system to reduce the tracking error
to zero quickly. The control input in Figure 5 has
desirable characteristics such as smoothness and
satisfactory tracking performance, efficiently sup-
pressing the effects of external disturbances. The
benefits of the MRAC-NNTDE approach, includ-
ing improved responsiveness, reduced tracking er-
ror, and enhanced control of nonlinear dynamics,
are emphasized by the simulation that graphically
demonstrates and confirms the theoretical analy-
sis.

Constraints of the given controller parameters
and stability proofs are discussed in this study. In
order to achieve the stability of the overall system
and convergence of error in a specified time, the
appropriate parameters for the MRAC-NNTDE
technique were selected. The study allows for
easier selection of acceptable values and speeds
up convergence by emphasizing the necessity of

choosing the right value of parameters to obtain
stability and convergence.

In summary, the proposed MRAC-NNTDE
approach possesses great promise for improv-
ing the tracking quality and resilience of nonlin-
ear systems, particularly against external distur-
bances. With wide relevance to numerous control
engineering problems, the paper provides original
contributions to the design and application of the
MRAC-NNTDE method.

6. Conclusion

For the uncertain robot manipulator’s unknown
dynamics under unknown external disturbances,
the proposed MRAC-NNTDE scheme is intro-
duced. TDE replaces the known regression ma-
trix and steady-state error to estimate unknown
dynamics, resulting in model-free control and
high-tracking performance in terms of conver-
gence. Simulation results of the proposed scheme,
which is applied to a 2-DOF robotic manipu-
lator, demonstrate the performance of MRAC-
NNTDE. The resulting simulations demonstrate
that the MRAC-NNTDE has effectively achieved
better control inputs, including robust compen-
sation of uncertain unknown dynamics under ex-
ternal perturbations, minimal steady-state error,
precise joint position tracking, and rapid response
speed. For further research work, the proposed
control scheme can be used with fractional-order
control for the practical application of the robotic
system.
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