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ABSTRACT To improve the efficiency of human-robot interaction (HRI) in hazardous ordnance
manipulation tasks, the design of an advanced control system for a robotic manipulator needs to be
investigated. This article presents a robust finite-time adaptive nonlinear control system designed to address
the trajectory tracking control of explosive ordnance disposal (EOD) robotic manipulator, considering the
actuator dynamics and subject to external disturbances and uncertainties. First, the theoretical design of the
controller is developed. In order to achieve fast convergence, high tracking accuracy, and strong robustness,
which are fundamental features in EOD applications, a Backstepping Fast Terminal Sliding Mode Control
(BFTSMC) strategy is proposed. The sliding surface coefficients are adaptively tuned in real-time by a
neural network, where the backpropagation algorithm updates the neural network weight. The combination
of the BFTSMC strategy and the adaptive neural network scheme results in the Adaptive Backstepping Fast
Terminal Sliding Mode Control (ABFTSMC) strategy, achieving improved control system performance.
The stability of the closed-loop control system is demonstrated using Lyapunov theory to guarantee the
convergence of tracking errors to the origin in finite time. Next, a detailed description of the hardware system,
encompassing sensors, actuators, and controller boards, is provided for the practical implementation of the
ABFTSMC strategy. Finally, the proposed control system is experimentally validated through several tests
on a real EOD robotic manipulator, and an extensive comparison analysis with other control approaches is
performed. The results evidence that the ABFTSMC strategy demonstrates high robustness, fast convergence
in finite time, and good tracking accuracy, which are crucial qualities in real-world EOD applications.

INDEX TERMS EOD manipulator, nonlinear control system, backstepping, sliding mode control.

I. INTRODUCTION
A. CONTEXT AND MOTIVATIONS FOR THE STUDY
Robotic manipulators are mechanical systems with several
links, giving them greater flexibility and versatility to operate
in various environments and perform specific tasks [1],
[2]. Due to these capabilities, robotic manipulators have
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widespread applications in a variety of fields, such as the
automotive industry [3], [4], surgical technology [5], [6],
high-risk environments [7], [8], and many others.

Explosive ordnance disposal (EOD) represents a high-risk
environment for EOD technicians, who are confronted
with highly explosive packages in the course of their
duties [9]. To improve technician safety in this context, using
robotic manipulators in EOD tasks has proven crucial [10],
[11], [12]. This robotic technology allows specialists to
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operate remotely, thus reducing their exposure to potentially
fatal situations. However, to achieve effective human-robot
interaction (HRI) in EODmanipulation tasks, it is essential to
implement an efficient control system with robust trajectory
tracking capability for EOD robotic manipulators. The con-
trol of an EOD robotic manipulator carries specific require-
ments [13], [14]. First, high accuracy is required to handle
potentially explosive packages safely. In addition, a fast
response is crucial so that the manipulator can react nimbly
to unexpected events. Strong robustness is also demanded
to allow the manipulator to adapt and recover from external
disturbances, such as payload variations. These requirements
are fundamental to ensure efficiency and safety in handling
explosive ordnance by robotic manipulators. Therefore, it is
necessary to investigate the design of advanced control
strategies for implementation in EOD robotic manipulator
control systems that provide high accuracy, fast response, and
solid robustness. However, incorporating all these features
into a single real hardware control system represents a
considerable challenge for academics and researchers. This is
due to the inherent complexity in modelling the dynamics of
robotic manipulators, which includes factors such as actuator
dynamics, dynamic coupling effects, time-varying nonlinear
parameters, as well as external disturbances and uncertainties
to which robotic manipulators are exposed [15], [16], [17].

This article investigates the design, practical implemen-
tation on real hardware, and experimental validation of a
robust finite-time control system to address the previously
mentioned challenges to achieve trajectory tracking control
of an EOD robotic manipulator. Therefore, the main objective
of this research is to develop an advanced nonlinear control
system that will be experimentally validated on an EOD
robotic manipulator, aiming to simultaneously achieve high
tracking accuracy, fast convergence, and strong robustness,
all integrated into the same control system.

B. LITERATURE REVIEW ON THE CONTROL OF ROBOTIC
MANIPULATORS
In the literature, several research studies have been reported
that focus on the control of robotic manipulators using
different techniques, such as Proportional Integral Derivative
(PID) control [18], [19], adaptive control [20], [21], intel-
ligent control [22], [23], Backstepping control [24], [25],
and Sliding Mode Control [26], [27]. Sliding Mode Control
(SMC) is a robust nonlinear control strategy widely used
in the literature to address trajectory tracking control of
robotic systems with complex dynamics [28], [29], [30].
This is due to its simple design and ability to deal with
modelling uncertainties and external disturbances. However,
conventional slidingmode control experiences a phenomenon
known as chattering, which degrades the controller per-
formance by introducing high frequencies into the control
input signal [31]. This chattering can cause instability in the
EOD robotic manipulator and irreversibly damage its motors.
Several advanced control strategies have been proposed

for trajectory tracking in robotic manipulators to overcome
this limitation. In [32], the authors presented an adaptive
sliding mode controller for controlling a serial manipulator,
which uses fuzzy logic to compensate for the high-frequency
terms of the uncertainties. Also, in [33], an adaptive sliding
mode control, but with a Nussbaum function, was used to
control a 3-degree-of-freedom (DoF) robotic manipulator.
On the other hand, research [34] proposed a continuous
sliding mode controller and employed an observer to estimate
time-varying external disturbances. Although these proposals
solve the chattering problem associated with conventional
sliding mode control, the proposed controllers achieved
asymptotic stability, i.e., they achieve a slow convergence
rate of the robotic manipulator states. This makes them
less suitable for practical high-precision applications, such
as those related to EOD, where the priority is to achieve
fast convergence. Modern control strategies with finite-time
stability have been introduced in the literature to address this
limitation, which aims to improve control performance and
achieve fast convergence in robotic manipulator trajectory
tracking.

The work [35] proposed a second-order terminal sliding
mode adaptive controller to control a 2 DoF robotic
manipulator. Based on this proposal, [36], [37] pre-
sented fast terminal sliding mode control strategies using
neural networks to estimate the unknown uncertainties
of 3 DoF [36] and 2 DoF [37] robotic manipulators,
respectively. Research [38], [39] addressed the design of
adaptive controllers using a non-singular fast terminal sliding
mode control approach. In [38], a neural network was incor-
porated for uncertainty estimation, while in [39], adaptive
laws are used for the same purpose. On the other hand, in the
article [40], a non-singular fast terminal sliding mode control
approach based on a finite-time disturbance observer was
proposed to counteract external disturbances. It is important
to note that the works [38], [39], [40] focused exclusively
on trajectory tracking control for 2 DoF manipulators.
On the other hand, to improve control robustness against
external disturbances and parametric uncertainties, strategies
combining backstepping and sliding mode techniques have
been developed in the literature to achieve robust control
in trajectory tracking for robotic manipulators [41], [42],
[43]. In [41], a robust adaptive backstepping sliding mode
controller for a 2 DoF manipulator was presented; however,
finite-time control stability was not achieved. To address this
deficiency, articles [42] and [43] presented a backstepping
fast terminal sliding mode control strategy for a 2 DoF [42]
and 3 DoF [43] robotic manipulator, respectively.

In previous research [32], [33], [34], [35], [36], [37], [38],
[39], [40], [41], [42], [43], various advanced control strategies
were employed for trajectory tracking of robotic manipula-
tors, achieving promising results. However, it is essential to
note that these studies were limited exclusively to results from
numerical simulations, lacking experimental tests in a real
hardware configuration. This restriction prevents the practical
validation of the theoretical findings of the controllers in
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practical situations. In addition, most of these works focused
only on controlling 2 DoF robotic manipulators, simplifying
the control compared to manipulators with more degrees of
freedom. In addition, it is important to note that actuator
dynamics was excluded in the control design in most of these
works, unlike [38], which considered actuator dynamics.
This is significant since actuator dynamics play a crucial
role in the dynamic behaviour of the robotic manipulator.
In contrast, our study presents a comprehensive control
methodology, encompassing theoretical design, practical
implementation, and experimental validation of a robust
finite-time adaptive nonlinear control system for trajectory
tracking of a 3 DoF robotic manipulator, including actuator
dynamics. Although interesting works [44], [45], [46], [47]
provided experimental results for trajectory tracking control
of robotic manipulators, the following observations are
raised: (i) They employed conventional sliding surfaces,
i.e., linear surfaces that, according to sliding mode control
theory [56], present the chattering phenomenon. (ii) The
controllers presented asymptotic stability, i.e., they did not
achieve fast finite-time convergence of the tracking errors
to the origin. (iii) They focused on controlling 2 DoF
manipulators, unlike the work [46], that addressed a 3 DoF
manipulator.

C. RELATED WORK
A PID control scheme has controlled most EOD robotic
manipulators in real-world applications [48], [49], [50].
This is mainly due to the simplicity of the PID control
design, which does not require detailed knowledge of the
robotic manipulator dynamics and actuator dynamics [17].
In this way, PID control provides a simple and efficient
solution to many control problems in real-world robotic
manipulators. However, the use of PID controllers presents
fundamental limitations for EOD robotic manipulators that
should be mentioned: 1) In challenging EOD environments,
with the presence of external disturbances and variability
in the dynamic parameters of the robotic manipulator, PID
control does not incorporate robustness against unknown
disturbances and uncertainties, which could affect its perfor-
mance. 2) PID control has asymptotic stability, achieving a
slow convergence rate over time. This affects its performance
in emergency situations, requiring fast and robust responses
to abrupt changes. 3) PID control does not achieve high
tracking accuracy, a crucial aspect in EOD environments
requiring high precision. To the best of our knowledge, the
existing literature has not addressed the design and practical
implementation in real hardware of an advanced nonlinear
control system for trajectory tracking of an EOD robotic
manipulator. Although articles [51], [60] designed sliding
mode control strategies for an EOD robotic manipulator, it is
important to note that these works employed a linear sliding
surface (conventional). As previously mentioned, using a
linear sliding surface, despite achieving asymptotic stability,
leads to the phenomenon of chattering. This phenomenon

could lead to instabilities in the EOD robotic manipulator
and cause irreversible damage to its motors. Moreover, the
studies [51], [60] focused only on numerical simulations and
did not address practical implementation and experimental
validation on a real EOD robotic manipulator.

A fundamental conclusion derived from the analysis
of previous research is the imperative need for further
studies focused on controlling EOD robotic manipulators.
Given the importance and increasing relevance of advanced
nonlinear control techniques with finite time convergence,
it is imperative to carry out research with experimental results
to determine which control strategies are most appropriate
in the practical operation of EOD robotic manipulators.
Experimental investigations are highly recommended, as they
contribute significantly to closing the gap between theoretical
findings and their practical application through experimental
validation, which is the main objective of this research.

D. CONTRIBUTIONS
The main contributions of this research are as follows:

• In contrast to control approaches based on sliding mode
theory [32], [33], [34], [35], [36], [37], [38], [39], [40],
in this research, we have fused advanced nonlinear
control techniques to develop a robust finite-time control
strategy called Adaptive Backstepping Fast Termi-
nal Sliding Mode Control (ABFTSMC). In addition,
we have implemented an adaptive neural network
scheme to dynamically tune the sliding surface coef-
ficients in real-time, aiming to minimize the tracking
errors in the face of unknown uncertainties and thus
mitigate the effects of chattering.

• In contrast to works that have achieved asymptotic
stability in experimental results [44], [45], [46], [47], the
control strategy proposed in this research, ABFTSMC,
ensures stability in finite time. This translates into fast
convergence of the robotic manipulator states to the
reference trajectory, high tracking accuracy, and solid
robustness to external disturbances and uncertainties.

• Compared to finite-time control approaches [35], [36],
[37], [38], [39], [40], [42], [43] that are limited to
numerical simulation results, this research compre-
hensively addresses the theoretical design, practical
implementation on real hardware, and experimental
validation of the proposed control system ABFTSMC
on a real robotic manipulator. To the best of our
knowledge, this is the first time in the literature that such
a comprehensive approach, from design to experimental
validation, of an advanced nonlinear control with finite
time stability applied to the control of an EOD robotic
manipulator is performed.

In Table 1 compares the proposedABFTSMC strategywith
various control approaches in the literature.

E. MANUSCRIPT ORGANIZATION
In Section II presents the preliminaries that will be used in
the development of the article. In Section III deals with the
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TABLE 1. Comparison of control approaches for robotic manipulators.

dynamics of the robotic manipulator, including the dynamics
of the actuators. In Section IV, the design of the proposed
control system is described. The practical implementation of
the control system is detailed in Section V. Experimental
validation is addressed in Section VI. Finally, Sections VII
and VIII present the limitations and future work, as well as
the conclusions of the work.

II. PRELIMINARIES
In this section some definitions and mathematical lemmas
used in control design and finite time stability proof are
presented.
Definition 1: [29] (Finite-time stability). Consider the

nonlinear system:

ẋ = f (x), x(0) = x0, (1)

where x ∈ Rn, and the nonlinear function f : D → Rn

is continuous on an open neighborhood of the origin D ⊆

Rn. The origin x = 0 is a finite-time global convergent
equilibrium of the nonlinear system (1) if it is globally
asymptotically stable, and there is an open neighbourhood
U ⊆ D of the origin and a function Tx : U \ {0} → (0, ∞)
such that each solution x(t, x0) of the nonlinear system (1)
starting from the initial point x0 ∈ U \ {0} is well defined
for t ∈ [0,Tx(x0)), and limt→Tx (x0) x(t, x0) = 0. Tx(x0)
is defined as the function of the convergence time, i.e., the
settling time (with respect to x0). The origin is a finite-time
stable equilibrium if it is finite-time convergent and Lyapunov
stable. If U = D = Rn, the origin is said to be a globally
stable equilibrium in finite time.

Lemma 1: [53] Suppose there exists a continuous positive
definite Lyapunov function V (x(t)) : Rn

→ R, and its
derivative satisfies:

V̇ (x) ≤ −LVV1
+ FV , (2)

where LV > 0, 0 < 1 < 1 and FV > 0 are positive definite
constants, then the origin of system (1) is stable in finite time
for ∀0 < ϱ < 1, when the settling time is given by:

Tf =
1

(1 − 1)ϱLV

(
V 1−1(x(0)) −

(
FV

(1 − ϱ)LV

) 1−1
1

)
.

(3)

Lemma 2: [54] The following Young’s inequality is true
for x, y ≥ 0 and p, q > 1, such that 1

p +
1
q = 1:

xy ≤
xp

p
+
yq

q
. (4)

Lemma 3: [55] For the real variables γ1 and γ2, and any
given constants u > 0, v > 0, and κ > 0, the following
inequality holds:

|γ1|
u
|γ2|

v
≤

u
u+ v

κ|γ1|
u+v

+
u

u+ v
κ

−u
v |γ1|

u+v. (5)

Furthermore, based on Lemma 3, let γ1 = 1, γ2 = γ , u =

1−ς , v = ς and κ = ς
ς

1−ς for 0 < ς < 1. Then, equation (5)
becomes:

|γ |
ς

≤ (1 − ς )ς
ς

1−ς + |γ |. (6)
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III. DYNAMIC MODEL AND CONTROL OBJECTIVE
A. DYNAMIC MODEL OF THE ROBOTIC MANIPULATOR
WITH ACTUATORS
The dynamics of a manipulator of n degrees of freedom can
be expressed in Lagrangian form as follows [59]:

M (q)q̈+ C(q, q̇)q̇+ G(q) + D = τ, (7)

where q, q̇, and q̈ ∈ Rn are the position, velocity, and
acceleration vectors of the robotic manipulator, respectively.
M (q) ∈ Rn×n denotes the positive definite inertia matrix,
C(q, q̇) ∈ Rn×n represents the centripetal and Coriolis
matrix, G(q) ∈ Rn is the vector of gravitational forces due
to gravity. D ∈ Rn represents the external disturbances, and
τ ∈ Rn represents the vector of input torques acting on each
joint of the robotic manipulator.
Remark 1: In practical situations, the torque vector of the

robotic manipulator τ is supplied by actuators, usually DC
motors. In this context, the dynamics of the actuators driving
the joints must be considered in the total dynamics of the
manipulator [38].

The dynamics of a DC motor can be expressed as
follows [52]:

τm = Jmq̈m + Bmq̇m + τn, (8)

where qm ∈ Rn represents the angular position vector of the
motors, τm ∈ Rn represents the vector of torques developed
by the motors, Jm ∈ Rn×n denotes the diagonal matrix of the
moments inertia of the motor shafts, Bm ∈ Rn×n is a diagonal
matrix of viscous friction coefficients of the motor shafts, and
τn ∈ Rn is the load torque vector on the motor shaft.
Since DC motors drive each joint of the robotic manip-

ulator, we can obtain the relationship between the angular
position of the manipulator q and the angular position of the
motor shaft qm with the following expression [17]:

gr =
q
qm

=
τn

τ
, (9)

where gr ∈ Rn×n is a diagonal matrix representing the gear
reduction ratio.

The torque developed by the DC motor is proportional
to the armature voltage. Therefore, we obtain the following
expression:

τm = Kτu, (10)

whereKτ ∈ Rn×n is a diagonal matrix of the DCmotor torque
constants, and u ∈ Rn denotes the armature voltage vector of
the motors.

Substituting (8), (9), and (10) into (7), the complete
dynamics of the robotic manipulator with actuators can be
expressed as:

MT (q)q̈+ CT (q, q̇)q̇+ GT (q) + DT = u, (11)

where MT = K−1
τ (grM + g−1

r Jm),CT = K−1
τ (grC +

g−1
r Bm),GT = K−1

τ grG y DT = K−1
τ grD.

The complete dynamics of the manipulator with the
actuator in (11) has the following properties:

Property 1: The matrix MT is bounded, symmetric, and
positive definite, satisfying the following:

ζ1 ∥x∥2 ≤ xTMT (q)x ≤ ζ2 ∥x∥2 , ∀ x, q ∈ Rn,

where ζ1, ζ2 are positive constants.
Property 2: The matrixCT (q, q̇) and the time derivative of

MT (q) satisfy:

xT [ṀT (q) − 2CT (q, q̇)]x = 0, ∀ x, q, q̇ ∈ Rn.

Now, the dynamic model in (11) can be expressed as
follows:

q̈ = MT (q)−1 [−CT (q, q̇) − GT (q) − DT + u] . (12)

We define x1 = q ∈ Rn and x2 = q̇ ∈ Rn; the dynamical
model in (12) can be transformed into a second-order state-
space model as follows:

ẋ1 =x2,

ẋ2 =MT (q)−1 [−CT (q, q̇) − GT (q) − DT + u] ,

y =x1, (13)

where y = x1 = q ∈ Rn represents the outputs of the system,
i.e., the angular positions of the robotic manipulator joints.

B. CONTROL OBJECTIVE
The control objective of the present study is to develop a
robust and reliable control system to address the trajectory
tracking of an EOD robotic manipulator. Therefore, the
control strategy must satisfy the following points:

• Ensure that the position tracking errors e(t) = qd (t) −

q(t) ∈ Rn converge to zero in finite time Tf , i.e:

lim
t→Tf

e(t) = 0, ∀t > Tf ,

where qd ∈ Rn is the desired trajectory.
• The control system must ensure robustness and be able
to adapt to external disturbances and uncertainties.

• Ensure finite time stability of the whole closed-loop
control system.

IV. CONTROL SYSTEM DESIGN
In this section, the ABFTSMC control system is developed to
address the trajectory tracking of an EOD roboticmanipulator
subject to external disturbances and uncertainties. First,
Backstepping [24] and Sliding Mode [26] control theories
are integrated, combining both techniques to design the
BFTSMC strategy. Subsequently, adaptive laws are designed
to allow real-time tuning of the sliding surface coefficients
by implementing an adaptive neural network scheme. Finally,
an exhaustive verification is carried out to guarantee the finite
time stability of the proposed control system.
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A. BFTSMC STRATEGY DESIGN
Considering the dynamical system in (13), we define the
position tracking error e1 ∈ Rn and its time derivative as:

e1 = qd − q,

ė1 = q̇d − q̇, (14)

where qd ∈ Rn y q̇d ∈ Rn represent the desired
position trajectory and the desired velocity, respectively, then,
we define the first candidate Lyapunov function with its
derivative as:

V1 =
1
2
eT1 e1,

V̇1 = eT1 ė1 = eT1 (q̇d − q̇). (15)

To ensure the stability of the first candidate Lyapunov
function in (15), i.e. V̇1 ≤ 0, q̇ is considered as the controlling
term. Therefore, a virtual control input χ ∈ Rn is chosen such
that q̇ = χ , and is defined as follows:

χ = q̇d + λe1, (16)

where λ = diag(λ1, λ2, . . . , λn) is a positive definite diagonal
matrix with parameters λi > 0 for i = 1, 2, . . . , n.
Considering the virtual input χ , a new error variable is

introduced described by:

e2 = χ − q̇ = q̇d + λe1 − q̇. (17)

The introduction of e2 causes the time derivative of V1 to
become:

V̇1 = eT1
(
q̇d − (q̇d + λe1 − e2)

)
= −eT1 λe1 + eT1 e2. (18)

Clearly, if e2 = 0, one obtains V̇1 = −eT1 λe1 ≤ 0.
Therefore, the time derivative of e2 is expressed as:

ė2 = q̈d+λė1−q̈

= q̈d+λė1−MT (q)−1[
−CT (q, q̇)−GT (q)−DT +u

]
.

(19)

Considering the errors e1 and e2 and inspired by the
work [56], the following fast terminal sliding surface is
proposed as a function of the errors e1 and e2 as follows:

s = e2 + αe1 + β |e1|δ sign(e1), (20)

where s = [s1, s2, . . . , sn]T are the sliding surfaces, and
1 < δ < 2 is the control design parameter. Then α =

diag(α1, α2, . . . , αn)T and β = diag(β1, β2, . . . , βn)T are
positive definite diagonal matrices, which will be adaptively
tuned with a neural network in the next subsection. The time
derivative of (20) is expressed as:

ṡ = ė2 + αė1 + βδ |e1|δ−1 ė1. (21)

The control law required to achieve finite-time stability,
high tracking accuracy, and robustness in the robotic
manipulator is designed as follows:

u = MT (q)
[
ueq + ur

]
, (22)

where ueq represents the equivalent control term, and ur
represents the reach control term.
Remark 2: The control term ur provides fast convergence

of the system states to the sliding surface s, while the term ueq
is responsible for maintaining the system states on the sliding
surface s = 0.
To achieve fast convergence in finite time to the sliding

surface, the reach control term is designed as follows:

ur = ηs+ K sign(s), (23)

where η = diag(η1, η2, . . . , ηn)T andK=diag(K1, . . . ,Kn)T

are positive definite diagonal matrices, which will be
adaptively tuned with a neural network in the next subsection.
The equivalent control term ueq can be obtained from the

sliding surface defined in (20). For this, a second candidate
Lyapunov function is defined as:

V2 =
1
2
sT s. (24)

The time derivative of (24) and substituting (19) is
expressed as:

V̇2 =sT ṡ

=sT (ė2 + αė1 + βδ |e1|δ−1 ė1)

=sT
(
q̈d + λė1 −MT (q)−1[

− CT (q, q̇)

− GT (q) − DT + u
]
+ αė1 + βδ |e1|δ−1 ė1

)
.

(25)

The stability of the second candidate Lyapunov func-
tion (24) is guaranteed when the sliding manifold is reached,
i.e., s = ṡ = 0. For this, in (25), we consider that u = ueq.
Therefore, the equivalent control term is designed as follows:

ueq = q̈d + λė1 +MT (q)−1CT (q, q̇) +MT (q)−1GT (q)

+MT (q)−1DT + αė1 + βδ |e1|δ−1 ė1. (26)

Then, using (23) and (26), the final control law is designed
as follows:

u = MT (q)
[
q̈d + λė1 +MT (q)−1CT (q, q̇)

+MT (q)−1GT (q) +MT (q)−1DT + αė1

+ βδ |e1|δ−1 ė1 + ηs+ K sign(s)
]
. (27)

B. ABFTSMC STRATEGY DESIGN
In this subsection, a neural network is implemented to
adaptively tune the sliding surface parameters, such as
α, β, η, and K in real-time. This adaptation aims to minimize
tracking errors in the presence of unknown uncertainties
and thereby mitigate the effects of chattering, enabling
the effective performance of the control strategy designed
in (27) under external disturbances and uncertainties. The
neural network is trained using a specialized online learning
architecture [57], [58], using the backpropagation algorithm
to dynamically tune the parameters of the sliding surface
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in each sample. For this purpose, the control law in (27) is
modified as follows:

u = MT (q)
[
q̈d +MT (q)−1CT (q, q̇) +MT (q)−1GT (q)

+MT (q)−1DT + ė1(λ + α̂) + β̂δ |e1|δ−1 ė1

+ η̂s+ K̂ sign(s)
]
. (28)

Next, we design the parameters α̂, β̂, η̂, K̂ by following the
steps below:

1) First, we define the performance error Eθ as a function
of the difference between the desired trajectory and the
current position of the robotic manipulator.

Eθ =
1
2

[
qd − q

]2
. (29)

2) Employing the steepest descent method [57], we derive
the following adaptive equations:

K̂ = K0 − ω

∫ t

0

∂Eθ

∂K̂
dt,

η̂ = η0 − ω

∫ t

0

∂Eθ

∂η̂
dt,

α̂ = α0 − ω

∫ t

0

∂Eθ

∂α̂
dt,

β̂ = β0 − ω

∫ t

0

∂Eθ

∂β̂
dt, (30)

where ω is the learning rate, and K0, η0, α0 and β0 are
initial values of K̂ , η̂, α̂ and β̂, respectively.

3) Using the chain rule for partial derivatives, we obtain:

∂Eθ

∂K̂
=

∂Eθ

∂q
∂q
∂u

∂u

∂K̂
= −(e1)2Ma(q)tanh(s),

∂Eθ

∂η̂
=

∂Eθ

∂q
∂q
∂u

∂u
∂η̂

= −(e1)2Ma(q)s,

∂Eθ

∂α̂
=

∂Eθ

∂q
∂q
∂u

∂u
∂s

∂s
∂α̂

= −(e1)22Ma(q)
(̂
η+

4e−2sK̂
(1+e−2s)2

)
,

∂Eθ

∂β̂
=

∂Eθ

∂q
∂q
∂u

∂u
∂s

∂s

∂β̂

= −(e1)2Ma(q)
(̂
η +

4e−2sK̂
(1+e−2s)2

)
signδ(e1),

(31)

where 2 = sign
(

1q
1u

)
. 1 is known as the ascending

difference operator 1ζk = ζk − ζk−1 [58].
4) Substituting (31) into (30), the adaptive parameters of

the sliding surface are designed as:

K̂= K0+ω

∫ t

0

[
(e1)2Ma(q)tanh(s)

]
,

η̂= η0 + ω

∫ t

0

[
(e1)2Ma(q)s

]
,

α̂= α0 + ω

∫ t

0

[
(e1)22Ma(q)

(̂
η +

4e−2sK̂
(1 + e−2s)2

)]
,

β̂ = β0 + ω

∫ t

0

[
(e1)2Ma(q)

(
η̂ +

4e−2sK̂
(1 + e−2s)2

)
· signδ(e1)

]
.

(32)

Remark 3: The adaptive laws designed in (32) and the
control law designed in (28) result in an efficient and robust
chattering-free control strategy to address the control of
robotic manipulators. To the best of our knowledge, this is the
first research work that develops and implements a nonlinear
FTSMC strategy (28) with adaptive laws as established
in (32) for the control of robotic manipulators, validated with
experimental results on a real robotic manipulator.

In Fig. 1 presents the structure of the control system
proposed in this research.

C. FINITE TIME STABILITY ANALYSIS
This section investigates the finite-time stability of the
closed-loop control system under the proposed control law.
To analyze the stability, we consider the following theorem:
Theorem 1: Considering the dynamic model of a robotic

manipulator system in the presence of external disturbances
and uncertainties described by (11) and under the control
law design according to (28) together with the adaptive laws
designed in (32), the closed-loop control system is stable in
finite time. This implies that the tracking errors converge to
zero in finite time and are constantly maintained in a small
region around the origin.
Proof 1: The proof of Theorem 1 consists of two steps:

1) Convergence during the reaching phase: It is proved
that the reaching time is bounded, i.e., the trajectories of
the robotic manipulator states reach the sliding surface in a
finite time Tr . 2) Convergence during the sliding phase:
After reaching the sliding surface, it is proved that all signals
within the closed-loop control system are bounded and that
the trajectories of the robotic manipulator states converge to
the equilibrium point in finite time Ts.

• Step 1. By recalling the expression of ṡ in (21) and
substituting the expression of ė2 in (19) into (21),
we obtain the following:

ṡ = q̈d + λė1 −MT (q)−1[
− CT (q, q̇) − GT (q)

− DT + u
]
+ αė1 + βδ |e1|δ−1 ė1. (33)

By substituting the control law in (22) into (33), the
following is obtained:

ṡ = q̈d + λė1 −MT (q)−1[
− CT (q, q̇) − GT (q)

− DT +MT (q)
(
ueq + ur

)]
+ αė1 + βδ |e1|δ−1 ė1

= q̈d + λė1 −MT (q)−1[
− CT (q, q̇) − GT (q)

− DT +MT (q)
(
q̈d + λė1 +MT (q)−1CT (q, q̇)

+MT (q)−1GT (q) +MT (q)−1DT + αė1
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FIGURE 1. Structure of the proposed control system.

+ βδ |e1|δ−1 ė1 + ur
)]

+ αė1 + βδ |e1|δ−1 ė1.

(34)

By performing some mathematical operations, we get:

ṡ = −ur = −ηs− K sign(s). (35)

By recalling the derivative of the second candidate
Lyapunov function V2 in (25) and substituting (35),
we obtain the following:

V̇2 = s(ṡ)

= s
(
− ηs− K sign(s)

)
= −ηs2 − K |s|. (36)

Considering (24), (36) can be rewritten as:

V̇2 ≤ − 2η
s2

2
−

√
2K

(
s2

2

)1/2

≤ − 2ηV2 −
√
2K

(
V2

)∇
, (37)

where∇ = 1/2. Therefore, the trajectories of the robotic
manipulator states reach the sliding surface in a finite
time given by:

Tr =
1

2η(1 − ∇)
ln

[
2ηV 1−∇

2 (0) +
√
2K

√
2K

]
. (38)

• Step 2. In this step, we prove that the tracking errors (14)
and (17), the sliding surface (20), and the adaptive
laws (32) will not lead the closed-loop system to
instability and will converge to the equilibrium point
in finite time. To achieve this, we define the following
candidate Lyapunov function:

V =
1
2
e21+

1
2
e22+

1
2
s2+

1
2
K̃ 2

+
1
2
η̃2+

1
2
α̃2

+
1
2
β̃2,

(39)

where K̃ , η̃, α̃, β̃ are the adaptive estimation errors. Then
K̃ = K̂ − K , η̃ = η̂ − η, α̃ = α̂ − α, β̃ = β̂ − β.
The time derivative (39) and substituting (14), (19), and (35),
we obtain:

V̇ = e1ė1 + e2ė2 + sṡ+ K̃ ˙̂K + η̃ ˙̂η + α̃ ˙̂α + β̃ ˙̂β

= e1(−λe1) + e2(−α̂ė1 − β̂|e1|δ−1)

+ s(−η̂s− K̂ sign(s)) + K̃ ˙̂K + η̃ ˙̂η + α̃ ˙̂α + β̃ ˙̂β.

(40)

By performing mathematical operations and adding and
subtracting the same terms, the result is obtained:

V̇ = −λe21 − α̂ė1e2 − β̂e2|e1|δ−1
− η̂s2 − K̂ s

+ K̃ ˙̂K + η̃ ˙̂η + α̃ ˙̂α + β̃ ˙̂β + αė1e2 − αė1e2
+ βe2|e1|δ−1

−βe2|e1|δ−1
+ηs2−ηs2+Ks−Ks

= −λe21 − α̃ė1e2 − β̃e2|e1|δ−1
− η̃s2 − K̃ s+ K̃ ˙̂K

+ η̃ ˙̂η + α̃ ˙̂α + β̃ ˙̂β − αė1e2 − βe2|e1|δ−1
− ηs2 − Ks

= −λe21 − αė1e2 − βe2|e1|δ−1
− ηs2 − Ks

− (s− ˙̂K )K̃−(s2− ˙̂η)̃η− (̇e1e2− ˙̂α)̃α−(e2|e1|δ−1
−

˙̂β)β̃

= −λe21 − αė1e2 − βe2|e1|δ−1
− ηs2 − Ks

− ρ1K̃ − ρ2η̃ − ρ3α̃ − ρ4β̃, (41)

where ρ1 = (s −
˙̂K ), ρ2 = (s2 − ˙̂η), ρ3 = (ė1e2 − ˙̂α), ρ2 =

(e2|e1|δ−1
−

˙̂β).
Applying Young’s inequality according to Lemma 2,

we derive the following expression:

V̇ ≤ −2λ
(
e21
2

)
− α

(
ė21 + e22

2

)
− β

(
(|e1|δ−1))2 + e22

2

)
− 2η

(
s2

2

)
− K

(
1 + s2

2

)
− ρ1

(
1 + K̃ 2

2

)
− ρ2

(
1 + η̃2

2

)
− ρ3

(
1 + α̃2

2

)
− ρ4

(
1 + β̃2

2

)
.

(42)

By developing and ordering the expression (42), we can
obtain the following:

V̇ ≤ −2λ
(
e21
2

)
−α

(
(−λe1)2

2

)
−α

(
e22
2

)
− β

(
|e1|2(δ−1)

2

)
−β

(
e22
2

)
−2η

(
s2

2

)
−
K
2

− K
(
s2

2

)
−

ρ1

2
−ρ1

(
K̃ 2

2

)
−

ρ2

2
−ρ2

(̃
η2

2

)
93866 VOLUME 12, 2024



L. F. C. Ccari et al.: Robust Finite-Time Adaptive Nonlinear Control System

−
ρ3

2
−ρ3

(̃
α2

2

)
−

ρ4

2
−ρ4

(
β̃2

2

)
≤ −(2λ+αλ2)

e21
2

−(α+β)
e22
2

−
2δ−1β

2

(
e21
2

)δ−1

− (2η+K )
s2

2
−ρ1

K̃ 2

2
−ρ2̃

η2

2
−ρ3̃

α2

2
−ρ4

β̃2

2

− −
K
2

−
ρ1

2
−

ρ2

2
−

ρ3

2
−

ρ4

2
. (43)

By making the change of variable 1 = δ − 1. The
equation (43) can be expressed as:

V̇ ≤ −(2λ + αλ2)
e21
2

−(α+β)
e22
2

−21−1β

(
e21
2

)1

− (2η + K )
s2

2
−ρ1

K̃ 2

2
− ρ2

η̃2

2
−ρ3̃

α2

2
− ρ4

β̃2

2

−
K
2

−
ρ1

2
−

ρ2

2
−

ρ3

2
−

ρ4

2
. (44)

Employing Lemma 3, the following inequality is satisfied:

V̇ ≤ −(2λ + αλ2)
[(
e21
2

)1

−4

]
− (α + β)

[(
e22
2

)1

− 4

]
− 21−1β

(
e21
2

)1

− (2η+K )
[(

s2

2

)1

−4

]
− ρ1

[(
K̃ 2

2

)1

−4

]
−ρ2

[(̃
η2

2

)1

−4

]
−ρ3

[(̃
α2

2

)1

−4

]
− ρ4

[(
β̃2

2

)1

−4

]
−
K
2

−
ρ1

2
−

ρ2

2
−

ρ3

2
−

ρ4

2
, (45)

where 4 = (1 − 1)1
1

1−1 .
By performing mathematical refinements and ordering the

common terms, the inequality is stated as follows:

V̇ ≤ −(2λ + αλ2 + 21−1β)
(
e21
2

)1

+ (2λ + αλ2)4

− (α + β)
(
e22
2

)1

+ (α + β)4

− (2η + K )
(
s2

2

)1

+ (2η + K )4

− ρ1

(
K̃ 2

2

)1

+ ρ14 − ρ2

(
η̃2

2

)1

+ ρ24

− ρ3

(
α̃2

2

)1

+ ρ34 − ρ4

(
β̃2

2

)1

+ ρ44 −
K
2

−
ρ1

2
−

ρ2

2
−

ρ3

2
−

ρ4

2

≤ −{2λ + αλ2 + 21−1β}

(
e21
2

)1

− {α + β}

(
e22
2

)1

− {2η + K }

(
s2

2

)1

− {ρ1}

(
K̃ 2

2

)1

− ρ2

(
η̃2

2

)1

− {ρ3}

(
α̃2

2

)1

− {ρ4}

(
β̃2

2

)1

+

{
(2λ + αλ2 + α + β + 2η + K )4

+ (ρ1 + ρ2 + ρ3 + ρ4)4

+
(
−
K
2

−
ρ1

2
−

ρ2

2
−

ρ3

2
−

ρ4

2

)}
≤ −LVV1

+ FV , (46)

where LV =
{
2λ+αλ2+21−1β, α+β, 2η+K , ρ1, ρ2, ρ3, ρ4

}
and FV =

{
(2λ+αλ2+α+β+2η+K+ρ1+ρ2+ρ3+ρ4)4+(

−
K
2 −

ρ1
2 −

ρ2
2 −

ρ3
2 −

ρ4
2

)}
.

This analysis demonstrates that the candidate Lyapunov
function defined in (39) gradually decreases, implying that
V ≤ 0. As a result, V is bounded, ensuring that all signals
in the system are bounded and do not diverge to infinity.
Therefore, according to Lemma 1 and for any 0 < ϱ < 1, the
trajectories of the states of the robotic manipulator converge
to the equilibrium point in a finite time given by:

Ts =
1

(1 − 1)ϱLV

(
V 1−1(0)−

(
FV

(1 − ϱ)LV

) 1−1
1

)
. (47)

Finally, the total time required for the closed-loop control
system to achieve the desired stability in finite time,
and hence the tracking errors (e1, e2) to stabilize at zero
equilibrium during the sliding motion (s = 0), is given by
Tf = Tr + Ts.

Thus, completing the proof. ■

V. IMPLEMENTATION OF ABFTSMC STRATEGY
This section details the practical implementation of the
proposed control system, ABFTSMC, on the EOD robotic
manipulator of 5 DoF (see Fig. 2). Although the selected
manipulator encompasses the base, shoulder, elbow, wrist,
and gripper, we focus on the control of 3 DoF: the
base, shoulder, and elbow, as these joints are crucial for
performing various movements of the end-effector of the
robotic manipulator.

FIGURE 2. EOD robotic manipulator.
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FIGURE 3. Connection of components for practical implementation.

In this study, we have chosen to employ 12V DC wiper
motors as actuators for the robotic manipulator. These
motors, known for their accessibility and low cost, offer a
torque of 20 N.m., providing effective controllability for the
EOD manipulator joints. To ensure high torque and precise
manipulation, we have incorporated external worm gearboxes
with a ratio of 20 (Rt=20), which also act as a brake.
To obtain feedback on the angular position of themanipulator,
we have implemented AS5600magnetic encoders with 12-bit
resolution, together with a Seeeduino development board
for readout and data processing. To efficiently manage
power, we have used BTS7960 H-bridge drivers, capable
of tolerating up to 43 A peak. As the central controller,
we selected the low-cost ESP32 microcontroller. The Fig. 3
illustrates the connection of these components with the
real robotic manipulator, providing a detailed view of the
implemented configuration.

According to Fig. 3, the reference signal is transmitted via
a USB serial connection at 115200 baud to the central ESP32
controller. This controller runs the ABFTSMC algorithm
and receives data from the angular positions of the base,
shoulder, and elbow of the robotic manipulator through the
AS5600 encoders. These encoders send the read data via the
I2C communication protocol to the Seeduino development
boards. In turn, this data is sent to a Seeduino leader
development board via RS485 communication protocol for
processing. The last processed data is transmitted to the
ESP32 controller via an RS232 communication protocol.
With this information and according to the reference signal,
the leader controller sends pulse width modulation (PWM)
signals to each BTS7960 H-bridge driver, which is in
command of managing the direction of rotation of the wiper
motors of each joint of the robotic manipulator.

VI. EXPERIMENTAL VALIDATION
A. EXPERIMENTAL SETUP
The ABFTSMC strategy was validated on an experimental
setup, as shown in Fig. 4. This setup consists of several
essential parts, including a robotic manipulator, a 12V power
supply for the control system, a 24V battery for powering
the robotic manipulator, an HP Victus Core i5 computer,
and the control system. The physical parameters of the
robotic manipulator and the control parameters associated
with the ABFTSMC strategy are detailed in Tables 2 and 3,
respectively.

FIGURE 4. Experimental setup.

B. EXPERIMENTAL RESULTS AND DISCUSSIONS
To validate the effectiveness of the proposed control system
ABFTSMC, three experimental trajectory tracking tests were
conducted on a real EOD robotic manipulator in a laboratory
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environment, as illustrated in Fig. 4. The first two experi-
ments evaluated the fast convergence and tracking accuracy
capabilities of the system. In the third experiment, the
robustness and adaptability of the system to external distur-
bances was analyzed. In order to highlight the improvements
achieved with our proposed control approach, comparative
experiments were performed with a PID controller and a
Robust Continuous Sliding Mode Control (RCSMC) [34].
A video demonstrating the experimental results is displayed
in https://youtu.be/cfiXpJUivHY. Hereafter, we refer to the
base, shoulder, and elbow of the robotic manipulator as q1,
q2, and q3, respectively.

TABLE 2. Physical parameters of the robotic manipulator.

TABLE 3. Control parameters.

Remark 4: It is essential to note that the PID control
used in this study for the comparative analysis is considered
optimal since the PID control gains were carefully tuned to
ensure a satisfactory transient response. Furthermore, this
PID control approach represents the controller currently
employed by the EOD robotic manipulator. Therefore, one
of the main objectives was to improve the existing control
method using an advanced nonlinear control approach,
as presented in this research.

1) EXPERIMENT 1
In this experiment, a time-varying reference trajectory is
established for the three joints, which is defined as:

qd =

qd1qd2
qd3

 =

 100 − 29cos( t
1.5π )

120 + 57e−0.2t
− (286/20)e−0.8t

100 − 29cos( t
1.5π )

 .

(48)

The experimental results are presented in Figs. 5-8. The
angular positions and velocities are illustrated in Figs. 5-6,
respectively. Fig. 5 shows that the proposed control system
ABFTSMC achieves better trajectory tracking capabilities on
the three joints of the robotic manipulator in terms of fast
convergence in finite time and tracking accuracy compared

to the PID and RCSMC controllers. Although the RCSMC
control shows interesting results in terms of convergence
speed, our proposed control approach exhibits better conver-
gence capabilities and tracking accuracy, which is evident
by observing the zoomed regions in Fig. 5. Moreover, both
PID and RCSMC control presented difficulties in accurately
tracking the trajectory established for the third joint (elbow),
a situation that does not occur with our proposed approach,
which accurately tracks the reference trajectory. Fig. 7
presents the tracking errors, highlighting that the errors of
the proposed control system converge to zero faster and
remain in the neighbourhood of the origin. In contrast, the
tracking errors of the PID and RCSMC controllers, besides
showing a slower convergence rate, do not stay close to
the origin, especially in the first and third joints, as shown
in Fig. 7. The control inputs of the proposed approach
are presented in Fig. 8, showing that the input signals are
continuous and chattering-free, which is beneficial for the
robotic manipulator in practical EOD applications.

FIGURE 5. Temporal response of the position of the three joints.

FIGURE 6. Temporal response of the velocity of the three joints.

To provide an accurate quantitative comparison of the
experimental results and confirm the theoretical findings of
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FIGURE 7. Temporal response of the tracking errors.

FIGURE 8. Control inputs.

the proposed control system, we use the performance indices
of settling time, RMSE (Root Mean Square Error), and IAE
(Integral Absolute Error) in this research. The settling time is
defined as the time it takes for the system errors to converge
and stabilize within a range of 2.5%with respect to the origin.
RMSE and IAE are metrics to evaluate the performance of the
control system in terms of tracking accuracy and are defined
as follows:

RMSE =

√
1

tf − ti

∫ tf

ti
e(t)2 dt, IAE =

∫ tf

ti
|e(t)| , (49)

where ti and tf represent the initial and final times,
respectively. These indices are calculated and presented in
Tables 4 and 5, respectively.

TABLE 4. Analysis of settling time for experiment 1.

TABLE 5. Analysis of RMSE and IAE for experiment 1.

In Table 4, a quantitative comparison of the settling
times of the three controllers is presented. It is observed
that our proposed control system, ABFTSMC, has shorter
settling times in all three joints of the robotic manipulator
compared to PID and RCSMC controllers, which confirms
the outstanding feature of the proposed system in terms of fast
convergence in finite time. On the other hand, Table 5 shows a
quantitative comparison of the RMSE and IAE indices. In this
table, it is also clearly observed that our proposed control
system, ABFTSMC, presents lower values of RMSE and
IAE in the three joints of the robotic manipulator compared
to the PID and RCSMC controllers, which confirms the
superiority of the proposed system in terms of trajectory
tracking accuracy. For better visualization of these results,
we plot the information in Table 5 in a bar chart, as shown
in Fig. 9.

FIGURE 9. RMSE and IAE performance index: Experiment 1.

2) EXPERIMENT 2
In this experiment, we consider a piece-wise continuous
reference trajectory with abrupt changes, as shown in Fig. 10,
to highlight the feasibility of the proposed control system.
The experimental results are presented in Figs. 10-13. The
angular positions and angular velocities are illustrated in
Figs. 10-11, respectively. Fig. 10 shows that the proposed
control systemABFTSMC achieves fast convergence in finite
time at the three joints of the robotic manipulator compared
to the PID and RCSMC controllers when abrupt reference
changes are applied. Furthermore, by observing the zoomed
regions in Fig. 10, it is evident that our proposed control
approach achieves high trajectory tracking accuracy in all
three joints compared to the other controllers. The tracking
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errors for this experiment are presented in Fig. 12, where
the errors of the proposed control system converge to zero
faster and remain in the neighborhood of the origin compared
to the PID and RCSMC controllers, as can be seen in
the zoomed regions of Fig. 12. The control inputs of the
proposed approach are presented in Fig. 13, showing that
the control signals for this experiment are continuous and
chattering-free.

FIGURE 10. Temporal response of the position of the three joints.

FIGURE 11. Temporal response of the velocity of the three joints.

Employing the performance indices described in Experi-
ment 1, they are calculated and presented in Tables 6 and 7,
respectively. From Tables 6 and 7, it is highlighted that the
proposed control system, ABFTSMC, compared to the PID
and RCSMC controllers, has a shorter settling time in the
three joints of the robotic manipulator; also, the RMSE and
IAE indices of our proposed control approach are lower
compared to the other controllers. These experimental results
confirm the superiority of the proposed control system in
terms of fast convergence in finite time and tracking accuracy
compared to the other controllers for continuous part-wise
reference trajectories with abrupt changes. In Fig. 14, the
error results of Table 7 are illustrated in a bar chart.

FIGURE 12. Temporal response of the tracking errors.

FIGURE 13. Control inputs.

TABLE 6. Analysis of settling time for experiment 2.

TABLE 7. Analysis of RMSE and IAE for experiment 2.

3) EXPERIMENT 3
To demonstrate the effectiveness of the proposed control
system ABFTSMC against external disturbances and uncer-
tainties, in this experiment, we incorporate a 10 kg payload
to the end effector of the EOD robotic manipulator. This
payload simulates a suspect package in real-life scenarios.
It is crucial to mention that this payload is considered
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FIGURE 14. RMSE and IAE performance index: Experiment 2.

an unknown external disturbance to the control system.
Furthermore, a piece-wise continuous reference trajectory
with abrupt changes is employed, as shown in Fig. 15.
The experimental results are presented in Figs. 15-18.

The angular positions and velocities are illustrated in
Figs. 15-16, respectively. Fig. 15 shows that the three joints
of the proposed control system ABFTSMC efficiently track
the reference trajectory even with the 10 kg payload on
the end-effector of the robotic manipulator, demonstrating
superior disturbance rejection capability compared to the
other controllers. Although the RCSMC approach shows
acceptable results, its convergence and accuracy capability
are affected by external disturbance, as evidenced in the
zoomed regions of Fig. 15. On the other hand, the PID
approach is the most affected in this experiment, showing
a remarkable sensitivity to external disturbances, especially
in the second and third manipulator joints, where the third
joint fails to reach the reference trajectory at any time. The
tracking errors are shown in Fig. 17, where the errors of
the proposed control system efficiently converge to zero and
remain in the neighborhood of the origin despite external
disturbances and uncertainties. This behavior is attributed to
the adaptive neural network scheme, which allows efficient
adaptation of the control system to unknown disturbances.
Finally, the control inputs for this experiment are presented
in Fig. 18, revealing continuous and chattering-free signals,
which is beneficial for practical applications of the EOD
robotic manipulator.

Fig. 19 presents a sequence of movements at specific
times of the robotic manipulator under different implemented
controllers. In this figure, the blue dashed line represents
the desired setpoint for the third joint of the manipulator,
while the green dashed line represents the end-effector
position of the robotic manipulator. It is observed that the
proposed control system ABFTSMC successfully achieves
the desired setpoint smoothly, despite the presence of a
10 kg external disturbance at the end-effector. On the
other hand, the RCSMC approach shows acceptable results,
although the end-effector does not accurately reach the
desired setpoint. In contrast, the PID approach is the most

FIGURE 15. Temporal response of the position of the three joints.

FIGURE 16. Temporal response of the velocity of the three joints.

FIGURE 17. Temporal response of the tracking errors.

affected since the end effector never reaches the desired
setpoint. The experimental results are displayed in the video:
https://youtu.be/cfiXpJUivHY.

Tables 8-9 present the calculations obtained from the
performance indices described in the previous experiments.
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FIGURE 18. Control inputs.

FIGURE 19. Sequences of movements of the robotic manipulator for
experiment 3. a) Proposed control strategy ABFTSMC. b) RCSMC c) PID
control.

The proposed control system ABFTSMC shows a shorter
settling time and lower RMSE and IAE indices compared to
the PID and RCSMC controllers. These results confirm the
superiority of the proposed control system in terms of finite-
time convergence, tracking accuracy, and robustness. Fig. 20
illustrates the errors presented in Table 9 using a bar chart.

VII. LIMITATIONS AND FUTURE WORK
In this research, we have focused on the design, implementa-
tion, and experimental validation of a robust nonlinear control
system called ABFTSMC for trajectory tracking of an EOD

TABLE 8. Analysis of settling time for experiment 3.

TABLE 9. Analysis of RMSE and IAE for experiment 3.

FIGURE 20. RMSE and IAE performance index: Experiment 3.

robotic manipulator. However, there are additional aspects
that could be addressed in future work, as detailed below:

• Although this research focused on controlling the
robotic manipulator joints, neither the direct nor inverse
kinematics of the EOD manipulator were addressed.
For future work, the ABFTSMC system will be imple-
mented on the direct and inverse kinematics of the
manipulator, which will allow the planning of position
targets through joint movements to achieve those targets.

• The proposed control system has not yet been integrated
with interfaces that facilitate human-robot interaction
with the robotic manipulator for EOD manipulation
tasks. For future work, the ABFTSMC system will be
integrated with multimodal interfaces such as haptic,
gesture-based, and virtual reality interfaces. These
interfaces require fast response, high accuracy, and
robustness of the robotic manipulator, which have been
achieved in this experimental work.

VIII. CONCLUSION
This article has comprehensively addressed the theoretical
design, practical implementation, and experimental vali-
dation of a robust finite-time advanced control system
for trajectory tracking in an EOD robotic manipulator.
Backstepping and Sliding Mode nonlinear control theories
were combined along with an adaptive neural network
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scheme to develop the ABFTSMC strategy. The control
approach developed in this research leads to finite time
convergence of all states of the robotic manipulator to the
reference signals. Moreover, the proposed approach proved
insensitive to external disturbances and uncertainties.

Several experimental tests were performed on a real robotic
manipulator to validate the theoretical findings of the pro-
posed control system ABFTSMC. A comparative study with
a linear control PID and an advanced control RCSMC was
also carried out. The results of these experiments, supported
by a quantitative comparative analysis, clearly evidence the
effectiveness and superiority of the proposed control system
in terms of fast convergence in finite time, high trajectory
tracking accuracy, and robustness, which positions it as a
promising solution for EOD robotic manipulator control.
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