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Abstract: In recent years, robot manipulator arms have become increasingly prevalent and are playing
pivotal roles across various industries. Their ability to replace human labor in arduous and hazardous
tasks has positioned them as indispensable assets. Consequently, there has been a surge in research
efforts aimed at enhancing their operational performance. The imperative to improve their efficiency
and effectiveness has garnered significant attention within the research community. In this study, a
novel fault-tolerant control (FTC) scheme for robot manipulators to handle the effects of the unknown
input is proposed to aid robots in achieving good tracking performance. In the first step, an extended
state observer (ESO) is constructed to approximate both velocities and the unknown input in the robot
system. The observer offers estimation information with good accuracy and quick convergence. The
estimated signals are then combined with computed torque control (CTC), which is a useful control
technique for trajectory tracking of robot manipulator systems, to construct an active FTC to decrease
the influences of the unknown input. The proposed algorithm does not require velocity measurement
in the design process. In addition, with a novel design approach, the combination of controller and
observer provides a novel control signal that delivers higher tracking performance compared to the
traditional design approach. The global and asymptotic stability of the suggested technique is proved
through the Lyapunov theory. Finally, simulations are implemented on a 2-degree-of-freedom (DOF)
robot manipulator to validate the efficiency of the proposed controller–observer method.

Keywords: disturbance observer; computed torque control; controller–observer strategy; fault-tolerant
control; robot manipulators

1. Introduction

In today’s industrial landscape, robot manipulator arms are commonly used in in-
dustry and play vast special roles because of their capability to replace laborers in hard
and dangerous activities. They also assist in increasing both the quality and quantity of
products; therefore, they help to save the cost for manufacturers and to reduce the price
of products. Along with their applications, a lot of researchers have paid attention to
controlling robot manipulator systems, which try to help robots track preferred trajectories
with the highest tracking precision [1,2]. Practically, the robot dynamics is highly nonlinear
and complex due to the coupling effect. In addition, it is impossible to precisely identify
the robot dynamics due to dynamics uncertainties, including payload oscillations, frictions,
external disturbances, etc. In unusual cases, with long-term working, unknown faults can
appear in the system, including actuator faults, process faults, or sensor faults. They are
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huge challenges for researchers in this field. In this paper, faults affecting the robot are
considered as extra uncertainties; thus, the total influence of unknown input in the robot
system is evaluated.

In response to the challenge posed by unknown inputs, researchers have embarked
on a comprehensive exploration of fault-tolerant control (FTC) techniques [3,4]. These
methodologies, aimed at mitigating the disruptive effects of unknown inputs, can gen-
erally be classified into two distinct categories: passive FTC (PFTC) [5,6] and active FTC
(AFTC) [7–9]. In the PFTC paradigm, a robust control strategy is devised to effectively
manage the impact of unknown inputs without relying on feedback information from fault
diagnosis methods. Given that the control mechanisms employed in PFTC are subject
to greater influence from unknown inputs compared to those utilized in AFTC, PFTC
strategies necessitate a higher degree of resilience to effectively counteract these effects.
On the other hand, AFTC techniques incorporate online fault diagnosis methods into their
design framework. By accurately approximating the unknown inputs, AFTC strategies
offer significantly improved control performance compared to their PFTC counterparts.
Consequently, AFTC methodologies are considered more suitable for practical applications
where precise control and robust fault tolerance are essential. Through the integration of
advanced fault diagnosis techniques, AFTC approaches provide a robust framework for
maintaining system stability and performance in the existence of unforeseen disturbances
and faults.

Numerous researchers have been concentrating their attempts on developing efficient
observers to estimate the unknown input. Neural network (NN) observer is often utilized
because of its learning ability and high estimation accuracy [10–12]. Qi et al. [13] employed
a radial basis function NN (RBFNN) as an estimator to rebuild the change rate of the fault
and mitigate its impact on nonlinear systems. Cho et al. [14] introduced a fault detection
algorithm based on neural networks (NN), leveraging a hyperbolic tangent function as the
activation function. By harnessing the capabilities of NNs, this proposed algorithm enables
the estimation of fault torque, facilitating effective fault detection and diagnosis in systems.
However, learning capability leads to the system being more complex; therefore, it needs
higher system configuration, especially when using online training methods. The time delay
estimation (TDE) method [15–17] is a simpler approach with good estimation performance.
Kim et al. [18] introduced a TDE designed to handle the challenges posed by variations
in mechanical structure, disturbances, and coupled nonlinear dynamics encountered in
hydraulic excavators. The primary objective of this method is to achieve satisfactory
motion-tracking regulation by accurately estimating the target trajectory and compensating
for deviations caused by system uncertainties and external disturbances. In reference [19],
Zhang et al. presented a control strategy termed super-twisting control, which integrates
TDE to deal with nonlinear terms, including friction, external disturbances, and dynamics
model uncertainties for a satellite manipulator. However, this technique requires velocity
measurement, which is commonly unavailable in real robot systems. A sliding mode
observer (SMO) has the ability to estimate both unknown input and system velocity with
high precision and less chattering [20–23]. However, the SMO is limited in real applications
because of its drawbacks, including the chattering phenomenon and the requirement of
the knowledge of the unknown input bounded in choosing parameters. Another popular
method for estimating system states is the high-gain observer [24]. Although the high-gain
observer offers quite good estimation results, it is unable to estimate unknown input in
the system. Extended state observer (ESO) is developed to overcome the drawback of
the high-gain observer [25,26]. This technique is a regular method for online observation
where simply changing the observer’s parameter values makes implementation simpler in
realistic robot systems. Additionally, the upper bound of unknown input is not necessarily
precisely known when designing ESO. Further, the ESO has the linear feature that strongly
handles the perturbations, which are especially far away from the origin; therefore, the
convergence rate of this observer is expeditious and provides quite good approximation
accuracy. Hence, ESO can effortlessly employ it in real systems.
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After faults estimation, the unknown input information is compensated for using
numerous control strategies [27]. In research, many attempts have been made to address
the FTC problems of robot manipulators. Proportional–integral–derivative (PID) control
is famous as an elementary and monotonic control where the requirement of a dynamics
model is not necessary [28,29]. Song et al. [28] introduced an adaptive fault-tolerant PID
control methodology tailored for multi-input multi-output (MIMO) nonlinear systems.
The approach involves the application of an adaptive algorithm for the tuning of PID
gains. Naji et al. [29] proposed a modification of the PID-type control method augmented
with a distributed delay term to Euler–Lagrange systems characterized by an unidentified
coefficient input delay. This modification aims to increase the control performance by
accounting for the delayed feedback information, which is crucial for stabilizing and
regulating the dynamics of the system effectively. However, the PID control cannot provide
high-ranking tracking accuracy. Adaptive control is a valuable algorithm for handling
structured uncertainties [30–33]; however, it is not suitable for handling unstructured
uncertainties. Neural network (NN) control with learning capability and good quality in
an approximation of nonlinear function is a useful selection for modeling complicated
processes and compensating for unstructured uncertainties [34–36]. Wu et al. [37] presented
a tracking control method leveraging RBFNN with the aim of minimizing the tracking error
in nonlinear systems. Qiu et al. [38] introduced an adaptive NN control algorithm tailored
for MIMO nonlinear systems to tackle unknown dynamical behaviors. Nonetheless, its
transient performance in the presence of disturbances may suffer due to the necessity of
employing online learning techniques. On the other hand, the fuzzy logic control (FLC)
technique is established on the basis of the expert’s knowledge and experience [39,40],
making them appealing for addressing complex control challenges. However, despite their
effectiveness in handling complex systems, FLC approaches face significant challenges
in stability analysis and require a comprehensive understanding of system requirements.
Sliding mode control (SMC) is a great, robust controller that has been broadly employed
for FTC due to its efficiency in eliminating the impacts of unknown input [41–43]. It can
also resolve the two major challenging problems in controlling them, which are system
stability and robustness. However, the biggest disadvantage of the SMC is the chattering
phenomenon, which reduces its practical, applicable ability. Computed torque control
(CTC) [44–46] is a popular control method that has demonstrated its effectiveness in
trajectory tracking of robot manipulator systems. It can perform the decoupling control of
robot dynamics and obtain a good result based on feedback linearization. Nevertheless,
the traditional CTC only performs appropriately under the hypothesis that an accurate and
complete dynamics model of a system is provided, which is not practical.

From the motivation above, it is important to investigate an AFTC with the principal
objective of enabling the robot manipulators to operate with high precision of position-
tracking performance in the presence of unknown inputs. In this study, the ESO is employed
to estimate both the system velocities and the unknown input. The acquired velocities are
applied to the system to replace the real velocities, and the approximated unknown input
is employed to eliminate their effects. To reach a superior position tracking correctness and
the stability of the system under the influences of the unknown input, an AFTC method
in which the CTC is combined with the ESO is proposed. Especially with a novel control
design approach, the combination of the CTC and the ESO provides a novel control signal
that delivers higher tracking performance compared to the traditional design approach.
The proposed controller–observer algorithm delivers superior tracking precision, speedy
convergence, and no chattering effect. The following are the study’s main contributions:

(1) Proposing an AFTC technique to enhance the robot systems control performance
under the impacts of the unknown input;

(2) Proposing a novel control signal by using a distinctive design approach in combin-
ing controller and observer;

(3) Demonstrating the stability of the robot manipulator system through the Lyapunov
theory;
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(4) Removing the requirement of real velocity measurements of the robot in the design
process.

This study is structured as follows. After the introduction, the problem statement and
the dynamics equation of a 2-degree-of-freedom (DOF) robot manipulator are presented
in Section 2. Then, the design for the robot manipulator systems of ESO is presented in
Section 3. Section 4 illustrates the design of the AFTC approach using the CTC and the
ESO. To demonstrate the effectiveness of the suggested tactic, numerous simulations on a
serial 2-DOF robot manipulator are presented in Section 5. Ultimately, several conclusions
are expressed in Section 6.

2. Problem Statement

The dynamics equation of a serial robot manipulator in Lagrangian form is typically
represented as follows:

M(q)
..
q + V

(
q,

.
q
) .
q + G(q) + Fr

( .
q
)
+ τd = τ (1)

where q,
.
q,

..
q ∈ Rn represent the vector of the robot’s joint angular positions, velocities, and

accelerations, respectively; M(q) ∈ Rn×n and V
(
q,

.
q
)
∈ Rn×n symbolize the inertia matrix

and the Coriolis and centripetal forces, respectively; τ ∈ Rn is the vector of the control
input torques; G(q) ∈ Rn denotes the gravitational forces; Fr

( .
q
)
∈ Rn is the friction vector,

and τd ∈ Rn represents external disturbances.
The dynamics system in (1) is converted toward the following:

..
q = Σ

(
q,

.
q
)
+ M−1(q)τ + D

(
q,

.
q
)

(2)

where D
(
q,

.
q
)
= M−1(q)

[
−Fr

( .
q
)
− τd

]
represents uncertainty terms, and the function

Σ
(
q,

.
q
)

is defined as Σ
(
q,

.
q
)
= M−1(q)

[
−V

(
q,

.
q
) .
q − G(q)

]
.

With long-term work, faults can occur in the system; therefore, this paper assumes
that the robot manipulator system works under the influence of an unknown fault function
Φ
(
q,

.
q, t

)
= κ

(
t − Tf

)
Θ
(
q,

.
q, t

)
. As a result, the dynamics system in (2) is modified as

follows:
..
q = Σ

(
q,

.
q
)
+ M−1(q)τ + D

(
q,

.
q
)
+ Φ

(
q,

.
q, t

)
(3)

where Tf is the time of occurrence; the element κ
(

t − Tf

)
denotes the time function of the

unknown faults that is defined as κ
(

t − Tf

)
= diag

{
κ1

(
t − Tf

)
, κ2

(
t − Tf

)
, . . . , κn

(
t − Tf

)}
where κi

(
t − Tf

)
=

{
0 i f t ≤ Tf

1 − e−ςi(t−Tf ) i f t ≥ Tf
; and ςi > 0 is the growth rate.

Remark 1. In robot manipulator systems, there are some types of faults including actuator faults,
process faults, or sensor faults. In this article, it is supposed that the system is subjected to the
impacts of actuator faults Θ

(
q,

.
q, t

)
.

The robotic system in (3) is transferred into the following form:

.
x1 = x2.
x2 = Σ(x1, x2) + M−1(x1)u + ζ(x, t)

(4)

where x1 = q, x2 =
.
q, x =

[
x1

T x2
T]T , u = τ, and ζ(x, t) = D

(
q,

.
q
)
+ Φ(t) represents the

unknown input.
The principal objective of this paper is to propose an AFTC tactic for the robot ma-

nipulator, enabling precise tracking of designated trajectories in the presence of unknown
inputs. This novel method is crafted based on a set of underlying assumptions, which are
delineated as follows.
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Assumption 1. The position measurements of the robot’s joints are available and bounded at all
times.

Assumption 2. The velocity measurements of the robot’s joints are unavailable due to the absence
of tachometers in the robot system.

Assumption 3. The derivative with respect to the time of the unknown input ζ(x, t) is limited by a
positive coefficient ∆ .

D
as

∣∣∣ .
ζ(x, t)

∣∣∣ ≤ ∆ .
D

.

3. Design of Extended State Observer

In this part, with the assumption that the velocities are unreachable due to the lack
of tachometers in the robot system, the ESO is utilized to estimate this information. Addi-
tionally, the unknown input will be rebuilt from the obtained information and afterward
utilized to construct the AFTC in the later part.

For the robot system in (4), the ESO is designed as follows:

.
x̂1 = γ1

ε (x1 − x̂1) + x̂2.
x̂2 = Σ(x1, x̂2) + M−1(x1)u + γ2

ε2 (x1 − x̂1)− ζ̂
.
ζ̂ = − γ3

ε3 (x1 − x̂1)

(5)

where x̂ is the estimation value of the real state x, γi (i = 1, 2, 3) represent positive con-
stants, the polynomial s3 + γ1s2 + γ2s + γ3 is Hurwitz, and 0 < ε < 1.

According to [24], the function Σ(x1, x2) is a known function, and we can take
Σ(x1, x2) = Σ(x1, x̂2). Subtracting (5) from (4) yields,

.
x̃1 = − γ1

ε (x̃1) + x̃2.
x̃2 = − γ2

ε2 (x̃1) + ζ(x, t) + ζ̂
.
ζ̂ = − γ3

ε3 (x̃1)

(6)

where x̃ = x − x̂ denotes estimation error.

Theorem 1. Consider the robot manipulator system presented in (4); if the ESO is constructed as
(5) and satisfying 0 < ε < 1 and

∣∣∣ d
dt ζ(x, t)

∣∣∣ ≤ ∆ .
D

, then the system is stable and x̂1(t) → x1(t) ,

x̂2(t) → x2(t) , and ζ̂(x, t) → ζ(x, t) as t → ∞ .

Proof of Theorem 1. Defining an error variable as ẽ = [ẽ1, ẽ2, ẽ3]
T where ẽ1 = (x1 − x̂1)/ε2,

ẽ2 = (x2 − x̂2)/ε and ẽ3 = ζ − ζ̂. According to assumption 3, there exists a constant ∆ .
D

satisfying
∣∣∣ d

dt ζ(x, t)
∣∣∣ ≤ ∆ .

D
. The value of ∆ .

D
does not require to be precisely known.

A suitable Lyapunov function is chosen:

V = εẽT Pẽ (7)

where P denotes a unique, positive, and symmetric matrix.
Taking the time derivative of the Lyapunov function, V yields

.
V = ε

.
ẽ

T
Pẽ + εẽT P

.
ẽ (8)
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where

ε
.
ẽ =

 ε
.
ẽ1

ε
.
ẽ2

ε
.
ẽ3

 =


− γ1

ε2 (x1 − x̂1) +
1
ε (x2 − x̂2)

− γ2
ε2 (x1 − x̂1) + ζ(x, t) + ẑ

− γ3
ε2 (x1 − x̂1)


=

 −γ1 ẽ1 + ẽ2
−γ2 ẽ1 + ẽ3

−γ3 ẽ1 + ε
.
ζ

 = Aẽ + εB
.
ζ

(9)

where

A =

−γ1 1 0
−γ2 0 1
−γ3 0 0

 and B =

0
0
1

.

As we can see, the matrix A is Hurwitz; thus, there is a Q matrix that is symmetric and
positive definite sufficient for the Lyapunov function.

AT P + PA = −Q (10)

Substituting (9) and (10) into (8), we can obtain

.
V = ε

.
ẽ

T
Pẽ + εẽT P

.
ẽ

=
(

Aẽ + εB
.
ζ
)T

Pẽ + ẽT P
(

Aẽ + εB
.
ζ
)

= ẽT AT Pẽ + ε
(

B
.
ζ
)T

Pẽ + ẽT PAẽ + εẽT PB
.
ζ

= ẽT(AT P + PA
)
ẽ + 2εẽT PB

.
ζ

≤ −ẽTQẽ + 2ε∥PB∥ · ∥ẽ∥ ·
∣∣∣ .
ζ
∣∣∣

(11)

Therefore, .
V ≤ −λmin(Q)∥ẽ∥2 + 2ε∆ .

D
∥PB∥∥ẽ∥ (12)

To guarantee the robot system stability, we enforce
.

V ≤ 0; thus, the error variable
convergence is provided as follows:

∥ẽ∥ ≤
2ε∆ .

D
∥PB∥

λmin(Q)
(13)

□

Remark 2. It is important to highlight that the integration of state estimation within the closed-loop
system necessitates a period of convergence for achieving accurate approximation of the system states.
This convergence time signifies a transient phase during which the system’s states gradually align
with their true values. However, it is imperative to acknowledge that throughout this convergence
period, additional errors may persist within the system. These residual errors, inherent to the
convergence process, have the capacity to adversely affect the system’s performance. In some cases,
they may even lead to instability, posing significant challenges to the overall control effectiveness.
Therefore, meticulous consideration of the convergence dynamics and their implications is essential
when employing state estimation techniques within closed-loop systems. Such insights can inform
the design of robust control strategies capable of mitigating the transient effects and ensuring stable
and reliable system operation.
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4. Design of ESO-Based CTC Controller

In this section, an AFTC technique using CTC is designed to overcome the effects of the
unknown input with high control accuracy. Moreover, it is crucial to note that the control
methodology outlined in this study is predicated on the assumption that only position
sensors are accessible for system feedback. Normally, the real velocity signal is used in
the design process and then replaced by the estimated velocity in the implementation
phase. This method makes the control design process simpler but causes some elements
of the control signal not to be fully considered. As a result, the system cannot achieve the
best performance and will be unstable in some situations. This paper uses a novel design
process to overcome the mentioned problem.

For the system (4) with unmeasurable velocity, the real velocity, x2, is replaced by
x̃2 + x̂2 in the first equation. The second one is replaced by the second equation of (5).
Consequently, the robot system which is utilized to design the controller is the following:

.
x1 = x̃2 + x̂2.
x̂2 = Σ(x1, x̂2) + M−1(x1)u + γ2

ε2 (x1 − x̂1)− ẑ
.
ẑ = − γ3

ε3 (x1 − x̂1)

(14)

Let us denote the preferred trajectories as xd and the preferred velocities as
.
xd. These

represent the desired positions and velocities that the robot manipulator aims to follow
during its operation.

Based on the system (4), defining the position tracking and velocity errors as

z1 = x1 − xd
z2 = x̂2 −

.
xd

(15)

To improve the robustness of the conventional CTC, a novel control law of the CTC
with a compensator is proposed as

u = u0 + uc
u0 = M(x1)

( ..
qd − kvz2 − kpz1

)
+ V

(
q,

.
q
) .
q + G(q)

uc = −M(x1)
[

γ2
ε2 (x1 − x̂1)− ẑ

]
.
ẑ = − γ3

ε3 (x1 − x̂1)

(16)

Theorem 2. For the robot manipulator system provided in (4), if the control signal is constructed
as in (16), then it ensures the global and asymptotic stability of the robot manipulator system.

Proof of Theorem 2. Let kp = k1k2 + 1, kv = k1 + k2, k1 = diag[ki1 · · · kn2], and k2 =
diag[ki2 · · · kn2].

Defining an error variable as follows:

σ = z2 + k1z1
=

.
z1 − x̃2 + k1z1

(17)

Taking the time derivative of the error variable, we can obtain the following:

.
σ =

.
z2 + k1

.
z1

=
.
x̂2 −

..
qd + k1

.
z1

= Σ(x1, x̂2) + M−1(x1)u + γ2
ε2 (x1 − x̂1)− ẑ − ..

qd + k1
.
z1

.
ẑ = − γ3

ε3 (x1 − x̂1)

(18)



Actuators 2024, 13, 207 8 of 19

A Lyapunov function is chosen as the energy function that enables the analysis of the
stability properties of the system with the formula as follows:

L =
1
2

z1
2 +

1
2

σ2 (19)

Taking derivative respect to the time of the Lyapunov function yields

.
L = z1

.
z1 + σ

.
σ

= z1σ + z1 x̃2 − k1z1
2

+σ

[
Σ(x1, x̂2) + M−1(x1)u + γ2

ε2 (x1 − x̂1)

−ẑ − ..
qd + k1

.
z1

] (20)

Substituting the control rules in (16) to (20) yields

.
L = z1σ + z1 x̃2 − k1z1

2 + σ
[
−kvz2 − kpz1 + k1

.
z1
]

= z1σ + z1 x̃2 − k1z1
2 + σ[−k2(z2 + k1z1)− z1 + k1 x̃2]

= −k1z1
2 − k2σ2 + (z1 + σk1)x̃2

(21)

After convergence time, the term x̃2 becomes zero; thus the Equation (21) becomes

.
L = −k1z1

2 − k2σ2

≤ −λL
(22)

where λ = min{k1, k2}.
Thus, Theorem 2 is completely demonstrated. □

The Theorem 2 implies that the system will reach the stable equilibrium point globally
and asymptotically over time, disregarding of the initial conditions. The control signal
formulated in (16) is designed to regulate the system dynamics effectively, thereby ensuring
stable and robust performance of the robot manipulator throughout its operational envelope.
The organization of the suggested AFTC approach is expressed in Figure 1.
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Figure 1. Organization of the suggested AFTC approach.

5. Simulation Results

In this part, we embark on a comprehensive exploration through a series of simulations
conducted on a serial 2-DOF robot manipulator. The primary objective is to meticulously
demonstrate the efficiency and effectiveness of the proposed controller–observer method
in regulating the manipulator’s behavior. Illustrated in Figure 2 is the configuration of the
robot manipulator arm, providing a visual reference for its structural layout and design.
To facilitate a detailed analysis, the dynamics model of the robot is meticulously outlined,
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incorporating specific parameters as detailed in Table 1. This comprehensive setup lays
the groundwork for our extensive simulations, enabling a thorough evaluation of the
proposed methodology across various scenarios and operational conditions. Through
these simulations, we aim to elucidate the robustness, stability, and overall performance
of the proposed controller–observer approach, offering valuable insights into its practical
applicability and potential benefits in real-world settings.
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Table 1. Specific parameters of the 2-DOF robot manipulator.

Parameters Values

m1, m2 1.5, 1.3 (kg)
l1, l2 1, 0.8 (m)

lc1, lc2 0.5, 0.4 (m)
m1, m2 1, 0.8 (kgNm2)

Inertia matrix

M(q) =
[

M11 M12
M21 M22

]
where

M11 = m1r1
2 + m2(l2

1 + r2
2 + 2l1r2cos(q)) + I1 + I2

M12 = M21 = m1r2
2 + m2r2l1cos(q) + I2

M22 = m2r2
2 + I2

Coriolis and centripetal term

V(q,
.
q) =

[
−2m2l1r2sin(q)

.
q1

.
q2 − m2l1r2sin(q2)

.
q2

2
m2l1r2sin(q2)

.
q1

2

]

Gravitational term

G(q) =
[

m1gr1 cos(q1) + m2g(l1 cos(q1) + r2 cos(q1 + q2))
m2r2g cos(q1 + q2)

]
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In this simulation part, MATLAB/Simulink software is utilized, with sampling time is
10−3 s.

The preferred trajectories are supposed as follows:

xd =

[
1.15 cos(πt/6)− 1

1.1 sin(πt/7 + π/2)− 1

]
The friction and disturbance forces are supposed to be as follows:

Fr
( .
q
)
=

[
1.8 cos

(
2

.
q1
)

0.6 sin
( .
q2 + π/3

)]

τd =

[
1.15 sin(3q1 + π/2)− cos(t)
−1.2 cos(2q2) + 0.48 sin(t)

]
The simulations include two parts. In the first part, the estimation results of the ESO

will be shown. According to [25], the parameter values of the ESO in (5) are carefully chosen
as γ1 = 8, γ2 = 28, γ3 = 7, and ε = 0.01. For the second part, to validate the efficiency of
the suggested algorithm, its control performance is compared to two established controllers:
(1) the conventional CTC, devoid of any observer compensation, and (2) the CTC integrated
with ESO compensation in which the control signal is designed by traditional approach
as in Appendix A. The parameters of the CTC are selected as kv = 200, kp = 500. The
simulations are performed for the robot manipulator under two working conditions as
follows.

Simulation case 1: In this working condition, incipient actuator faults are supposed to
happen at joint 1 at occurrence time Tf = 15 s, and happen at joint 2 at Tf = 20 s with the
evolution rate ζi = 8.

Θ
(
q,

.
q, t

)
=

[
−3.7q1

2 + 2.5 sin(q2) + 5.95 cos(
.
q1) + 4.5

.
q2 + 2.15 sin(2t/π)

8.1q1 + 5.8 cos(q2) + 8.23 sin(2
.
q1) + 10.7

.
q2 + 3.3 cos(t/π)

]
In this case, the faults are slowly developed in the robot system. The estimation out-

comes generated by the ESO are visually depicted in Figures 3 and 4. Figure 3 meticulously
illustrates the velocity approximation results, while Figure 4 meticulously presents the esti-
mation outcomes for unknown inputs at each joint. These figures collectively highlight the
commendable performance of the ESO in providing accurate estimations for both velocity
and unknown inputs. Moreover, it is noteworthy that the estimation process exhibits a
remarkable speed, indicating the efficiency of the ESO in rapidly and accurately estimating
the unknown input of the system under consideration.

For the control performance validation, the comparison results among control algo-
rithms are displayed in Figures 5–7. Figures 5 and 6 present the comparison of position
tracking errors and the position tracking errors under the effect of incipient faults. As illus-
trated in the figures, the CTC without compensation (the green solid line) offers acceptable
tracking performance before the occurrence of faults. However, when faults happen, its
tracking accuracy becomes worse. For the CTC with the ESO compensation (the blue solid
line), the tracking accuracy is higher than that of the CTC. The better tracking result is
shown before faults occur and even under the effects of faults. For the proposed control
algorithm, thanks to the special design approach, the compensator from ESO has a higher
precision compensation signal. Therefore, the proposed AFTC technique (the red solid
line) offers the best tracking performance among the three control methods. Notably, the
proposed control signal not only helps to increase convergence speed but also reduces
tracking errors. Figure 7 illustrates the comparison of the control input signal. As in
the results, all three controllers provide control input without a chattering phenomenon;
therefore, the proposed control algorithm is suitable for practical application.
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Simulation case 2: In this part, abrupt actuator faults are supposed to happen at both joint
1 and joint 2 at occurrence time Tf = 10 s with the evolution rate ζi = 12. The fault function

is assumed to be Θ =

[
−8
9

]
.

In this case, the faults suddenly occur in the robot system. For this working condition,
the estimation results of the ESO are indicated in Figures 8 and 9. Figure 8 displays the
velocity approximation results, and the Figure 9 presents the unknown input estimation
at each joint. Similar to the simulation case 1, the results in figures show that the ESO
provides good estimation performance for both velocity and unknown input. In addition,
the estimation speed is quite fast, which helps to increase the tracking speed when using
this signal in the compensator.

For the control performance validation, the results are meticulously illustrated through
the comprehensive depiction in Figures 10–12. In Figures 10 and 11, a detailed examination
is undertaken to contrast position tracking performance and tracking errors across the three
distinct control methodologies under the effect of abrupt faults. Initially, the conventional
CTC, represented by the green solid line, showcases commendable tracking proficiency
under standard operating conditions. However, its performance significantly deteriorates
in the presence of faults, leading to a noticeable decline in tracking accuracy. In stark
contrast, the utilization of ESO compensation, illustrated by the blue solid line, yields
notably improved tracking accuracy, even amidst fault occurrences. For the proposed
AFTC algorithm, the special design approach, denoted by the red solid line, emerges as the
superior performer, showcasing unparalleled tracking performance. This improvement
can be attributed to the meticulous design of the compensator within ESO, which enhances
tracking precision significantly. Similarly to example 1, the proposed control signal can
obtain both higher convergence speed and tracking performance. Figure 12 serves to
elucidate the comparison of control input signals. Notably, all three controllers exhibit
seamlessly smooth control inputs, devoid of any chattering phenomenon, thereby affirming
the practical viability of the proposed control algorithm for real-world applications.
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For further demonstration of the effectiveness of the novel control approach, the root
mean square error (RMSE) of three comparing control methods among two simulation
cases is calculated. In order to see the actual error values, the RMSE is calculated from
the 3rd to 30th seconds of the simulation, and the results are presented in Table 2. The
result shows that although using the same CTC and ESO methods with a special control
design approach, the proposed novel control signal provides higher tracking performance
compared to the traditional design approach.

Table 2. Comparison of RMSE from three control methods among two simulation cases.

Cases
CTC CTC-ESO Proposed Method

Joint 1 Joint 2 Joint 1 Joint 2 Joint 1 Joint 2

Case 1 1.19 × 10−2 1.01 × 10−2 4.12 × 10−4 3.97 × 10−4 1.59 × 10−4 1.66 × 10−4

Case 2 1.47 × 10−2 1.67 × 10−2 2.41 × 10−4 2.99 × 10−4 1.12 × 10−4 1.20 × 10−4

6. Conclusions

In this paper, an AFTC approach utilizing the CTC and the ESO for uncertain robot
manipulators to eliminate the effects of the unknown input is suggested. The ESO offers
estimation of velocities and the unknown input with good accuracy and quick convergence.
The combination of the CTC and the ESO provides an effective control algorithm with good
performance for the trajectory tracking problem of robot manipulator systems. Further, with
a special design approach, this study proposed a novel control signal that provides higher
control performance compared to the traditional design approach. The proposed method
does not require velocity measurement in the design process. In addition, the proposed
controller–observer tactic proved its ability to reduce the influences of the unknown input
with outstanding precision, fast convergence, and no chattering. The global and asymptotic
stability of the proposed strategy is proven through the Lyapunov stability theory. The
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efficiency of the suggested controller–observer method is validated by simulations on a
2-DOF robot manipulator.
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Appendix A

Design of CTC with ESO Compensator

For the robot system in (4), defining the position tracking errors and velocity errors as
follows:

e = x1 − xd.
e = x2 −

.
xd

(A1)

where xd, and
.
xd are the preferred trajectories and velocities, respectively.

To improve robustness, a control law of a CTC with a compensator from the ESO is
designed as follows:

u = u0 + uc
u0 = M(q)

( ..
qd − kv

.
e − kpe

)
+ V

(
q,

.
q
) .
q + G(q)

uc = −M(q)ẑ
(A2)
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