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Abstract: This paper presents a novel adaptive fast-terminal neuro-sliding mode control (AFTN-SMC)
for a two-link robot manipulator with unknown dynamics and external disturbances. The proposed
controller is chattering-free and adaptive to the time-varying system uncertainties. Furthermore,
the radial base function neural network (RBFNN) is employed to approximate the unknown state
dynamics. The simulations have been completed in MATLAB, which illustrates the successful
implementation of the proposed controller. The results showcased the effectiveness of the AFTN-
SMC in achieving accurate tracking and stability, even in the presence of uncertainties and parameter
variations. The incorporation of the RBFNN in the controller proved to be a valuable tool for
approximating the unknown dynamics, enabling accurate estimation and control of the manipulator’s
behavior. The research presented in this paper contributes to the advancement in control techniques
for robot manipulators in diverse industrial and automation applications.

Keywords: adaptive fast-terminal neuro-sliding mode control (AFTN-SMC); unknown dynamics;
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1. Introduction

Robot manipulators are extensively being used for a diverse range of applications, like
the automation industry, manufacturing, space, military, and robotic surgery [1-3]. The ver-
satility and adaptability of robot manipulators have allowed them to revolutionize multiple
industries and provide invaluable support in diverse scenarios. The robot manipulator is
a device that is applied to operate materials without physical contact with the operator.
The main purpose of these manipulators was originally to handle radioactive or hazardous
materials, but now it is extended to industrial applications as well [1]. The manipulator
assists operators in lifting materials that are either heavy, hot, or difficult to manually
handle. One notable area where robot manipulators have made a significant impact is in
the field of logistics and warehousing. With the rise of e-commerce and the increasing
demand for efficient order fulfillment, companies have turned to automation solutions to
streamline their operations. Robot manipulators have emerged as essential tools in these
environments, enabling the swift and accurate handling of goods. These manipulators are
capable of picking, placing, and sorting items with precision, enhancing productivity and
minimizing errors in the process.

Moreover, the use of robot manipulators has extended to hazardous environments,
where the safety and well-being of human operators are at risk. For instance, in nuclear
power plants, these manipulators are employed to handle radioactive materials, ensuring
the protection of workers from potential radiation exposure. Similarly, in chemical plants
or other hazardous industrial settings, robot manipulators allow for the manipulation of
dangerous substances without endangering human lives. By providing remote operation
capabilities, these devices enable operators to perform tasks from a safe distance, mitigating
potential risks and ensuring a safer working environment.
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Based on the combination of joints and configurations, there exist various forms of
manipulators, each designed to suit specific applications and operational requirements.
Robot manipulators can be broadly categorized into two main types: single-link and multi-
link robot manipulators. Single-link manipulators consist of a single arm or limb with
one degree of freedom, allowing for simple linear motion along a single axis. Due to their
relatively simpler structure and limited degrees of freedom, single-link manipulators have
been extensively studied and well-documented in scientific research. On the other hand,
multi-link manipulators are characterized by having multiple arms or limbs, each with its
own set of joints and degrees of freedom. These manipulators offer increased flexibility and
versatility, enabling complex motions and operations. However, the complexity associated
with multi-link systems presents challenges in terms of control and modeling.

Scientific research on robot manipulators has primarily focused on single-link ma-
nipulators due to their relative simplicity. This narrower focus has allowed for a deeper
understanding of their dynamics, control algorithms, and trajectory planning. In contrast,
the study of multi-link manipulators has been more limited due to their increased com-
plexity, nonlinear dynamics, and higher degrees of freedom. Efficient control systems for
multi-link manipulators are crucial to effectively manage their flexible nature and enable
precise and accurate manipulation. Developing an adaptive mathematical framework for
modeling multi-link manipulators becomes essential in order to account for the nonlinear
dynamics and dynamic interactions between the links [4,5].

The complexity of multi-link manipulators further intensifies when they are tasked
with carrying a payload. The additional weight and inertia of the payload influence
the manipulator’s dynamics and require careful consideration in terms of control and
stability. The control system must account for the effects of the payload, ensuring that the
manipulator can perform tasks accurately and reliably. In practical applications, multi-
link manipulators are often required to perform tasks following a specific trajectory or a
series of assigned positions. These tasks can involve various types of movements, such as
pick-and-place operations, assembly tasks, or complex maneuvers. Allocating a specific
trajectory for the manipulator to follow allows for precise control and coordination of its
movements, ensuring efficient and effective task execution.

Multi-link manipulators outperform single-link in terms of performance. The single-
link robot manipulator has restricted execution compared to multi-link due to its utilization
of appropriate controllers. The controller for the multi-link faces nonlinear dynamic and
external disturbances while performing tasks [6]. To address the nonlinear dynamic
issue, there is a need for more scientific work on the controller design for multi-link robot
manipulators [7]. The two-link (multi-link) robot manipulators are appropriate in industries
such as aviation, manufacturing, military, and automotive. Therefore, it is important to
conduct further research on two-link manipulators in terms of dynamical complexities,
modeling, and controller design [7-9].

There are several control techniques presented to control the robot manipulators. Pro-
portional-integral-derivative controller (PID) control [10-12], fuzzy logic control [11-16],
neural network control [17,18], sliding mode control (SMC) [19-21], and adaptive con-
trol [13-15] are some of the scientific research techniques being used for the controller.
PID control takes minimal effort to implement; however, it lacks self-adaptation capability,
resulting in high energy consumption. The research by the authors in [19,22] based on
adaptive control methods can change control algorithms based on the external environment.
The downside is that a precise mathematical model is needed to construct the controller.
Similarly, the research findings on feedback linearizing [23,24] are efficient in following con-
trol of the nonlinear systems. Due to the model employing matrix inversion, it takes more
time for calculation, and, additionally, it needs model-based information for the controller.

The research on robust control such as SMC is presented by the author in [21], which
overcomes uncertainties and external disturbances. The SMC method is considered by
researchers because the desired trajectory is tracked by achieving a predefined sliding
surface and the system then attains equilibrium based on it. The switching signal with
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high gain is used to achieve a predefined surface; however, this signal produces chattering
problems and potentially can damage the actuators. The damage can render the system
unstable and reduce the controller’s performance.

In order to overcome the chattering issue, the standard method is the employment of
a boundary layer around the surface. This boundary layer in return has a larger response
time and therefore needs to be balanced. The research by the author [25] on terminal
SMC achieves finite-time convergence compared to conventional SMC due to nonlinear
sliding surfaces.

Moreover, it is challenging or even impossible to obtain accurate information about
the states of a robot manipulator. Consequently, when designing a robot manipulator,
it becomes necessary to estimate these states. In order to address this challenge, this re-
search paper introduces a novel approach using a neural network for state estimation.
This neural-network-based method is employed to design a controller that can effectively
operate the robot manipulator. By leveraging the capabilities of the neural network, the pro-
posed controller can compensate for the lack of precise state information and still achieve
reliable performance.

The main contribution of this paper is to design the adaptive fast-terminal neuro-
SMC (AFTN-SMC) for unknown dynamics and external disturbance for a two-link robot
manipulator. The proposed controller is chattering-free and adaptive to the time-varying
system uncertainties. Furthermore, the radial base function neural network (RBFNN) is
employed to approximate the unknown state dynamics. The simulation has been completed
in MATLAB, which illustrates the implementation of the proposed controller.

The rest of the paper is assembled as follows: Section 2 includes the dynamic model of
a two-link robot manipulator, including the preliminaries and problem formation. Section 3
proposes the adaptive fast-terminal neuro-sliding mode control along with the main re-
sults. Section 4 comprises the simulation of the proposed controller using the MATLAB
environment. Furthermore, Section 5 includes the conclusion and future work.

2. Preliminaries and Problem Formation
2.1. Preliminaries

This section includes basic lemmas, definitions, and assumptions that will be used in
this paper. The dynamical equation of a nonlinear system is provided below:

x(t) = F(t,x), x(0) = xo, 1)

where x € R" and F(x) : R" — R" is a nonlinear function and the following lemmas and
definitions are established for Equation (1) [26,27]. If there is a continuous and differentiable
positive definite function V(x) : R" — R, such that

V(x) < —wnV(x) — waV3(x), (2)
where w1 > 0, wy > 0,and 0 < z < 1, then the settling time is provided by

1-z
T< 1 In w1 V1% (xp) —i—wz’ 3)
wi(1-2z) w

Reference [28] fors; € R,i =1,2,...,1n,0 < B < 1, following relationship exists:

1+8

slslPsgn(s) < 32 (s2) 7, @
i=1

The desired trajectory g, and its first and second derivatives are bounded, such that
94l < 70() and |q| < i(0), § € {1,2};% > 0.

The unknown disturbance d; is bounded, such that |d;| < D;,i € {1,2};Vt > 0 and D;
is known positive constant.
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The system uncertainties and external disturbances are provided by

D(q,4,4) < B1 + B2llall + Bslldll*, ®)

where 1, B2, and B3 are unknown positive constants.
Assume that a constant kg, exists such that |k, | > ﬁ (B1 + Ba2llgll + B3ll411?)-

2.2. Problem Formation

The general form of the dynamic equation for a multi-link robot manipulator is
provided below:

M(q)§+F(q,4)4+G(q) = u+d, (6)

where M(q),F(q,q), and G(q) are the inertia matrix, centripetal Coriolis matrix, and gravi-
tational vector, respectively. These terms represent the nonlinear dynamics of the system.
Further, u and d are designed to control signals and unknown external disturbances, re-
spectively. g, 4, and § are the vectors of order R", representing the joint positions, velocities,
and accelerations, respectively. In the case of a two-link robot manipulator, n will be 2,
where n represents the number of links in multi-link robot manipulators.

Figure 1 illustrates a two-link robot manipulator, showcasing its physical structure and
motion characteristics. The dynamics of this manipulator are described by the nonlinear
Equation (6), which governs its behavior and movement. The two links of the manipulator
are represented by m, and m,, indicating their respective masses, while 7, and r;, denote
the lengths of the first and second joints, respectively. The positions of the first angle, g,,
are measured with respect to the inertial frame of the first link, while the second angle, g;,
is measured with respect to the orientation frame of the second link. These angles define
the configuration of the manipulator and determine its position in space.

y-axis

X-axis

Figure 1. Two-link robot manipulator.

To control the manipulator’s movements, designed control signals 1, and u are ap-
plied to the actuators. These control signals determine the torque or force applied to the
joints, enabling the robot to execute desired motions and perform specific tasks. By ma-
nipulating the control signals, operators or control systems can regulate the manipulator’s
position, velocity, and acceleration.

When the control signals are transmitted to the actuators, the robot manipulator
responds by initiating the desired motion. The actuators generate the necessary forces
or torques to drive the joints and links, resulting in the manipulator moving according
to the specified control signals. The precise coordination and synchronization of these
control signals enable the manipulator to perform complex and intricate tasks with accuracy
and efficiency.

Understanding the dynamics of the robot manipulator and its response to control
signals is crucial for designing effective control strategies. By analyzing the nonlinear
Equation (6) and considering the physical parameters of the manipulator, researchers and
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engineers can develop control algorithms that optimize the manipulator’s performance,
enhance its stability, and ensure the achievement of desired task objectives.

Uncertainties always exist in real systems; therefore, in this paper, we consider
the uncertain system dynamics, such as M(q) = My(q) + ém, F(q,4) = Fo(q,4) + 6f,
and G(q) = Go(q) + 6g, where dm, ¢ f, and 6g are the uncertain parts of the nonlinear dy-
namics and My(q), Fo(g,4), and Go(q) are the nominal parts. Equation (6) for the uncertain
dynamical system can be written as follows:

Mo ()i + Fo(q,4)4 + Go(q) = u + D(q,4.4), @)

where D(q,4,§) = d — émg — 6f4 — 6g is the perturbation. Perturbation in a dynamic sys-
tem refers to a small deviation or disturbance from the system’s equilibrium or desired state.
These perturbations can arise from different sources, such as initial conditions, external
forces, parameter variations, or actuator imperfections. For instance, a perturbation can
occur by introducing a slight deviation in the initial joint angles or velocities of the manipu-
lator. Additionally, external forces or disturbances, such as unexpected contact forces or
environmental factors, may act on the system during operation. Moreover, uncertainties in
the physical parameters of the manipulator or imperfections in the actuators can further
contribute to perturbations. To ensure robust and accurate control of the manipulator’s mo-
tion, a robust fast-terminal neuro-sliding mode control with unknown states is employed
to mitigate the effects of these perturbations. By accounting for and compensating for per-
turbations, the manipulator’s stability, precision, and overall performance are maintained,
even in the presence of uncertainties. It can be introduced intentionally or occur naturally
due to external factors or uncertainties in the system. Equation (7) can be rewritten in the
form of second-order state space as follows:

da = qp

gy = —X(q,4) +Y(q)u + Do(q,4,4), 8)
where g = [g4,9]7 includes the second-order vectors for joint positions. X(g,4) =
My (9)(Fo(9,4)d + Go(q)) includes unknown nonlinear dynamics for the two-link robot
manipulator, Y(q) = M, ! (g) is control gain matrix, and Dy(q,4,4) = My '(q)D(q,4,§) is
composed of system uncertainties and external disturbances.

Equation (8) represents the unknown second-order dynamics of the two-link robot

manipulator with parameter uncertainties and external disturbances.

3. Main Results
3.1. Sliding Surface

In sliding mode control, a sliding surface is a key concept used to design the control
law and achieve robust and accurate control of a dynamic system. The sliding surface
acts as a virtual plane or hypersurface in the system’s state space, guiding the system’s
trajectory toward a desired behavior. Figure 2 illustrates the sliding surface considered to
design the proposed controller in this paper.

e A

\, Sliding Surface §
\

4\4

Finite-Time
Reaching Phase .
Chattering Phenomena

Desired Position
\Vector
{ qa

\, e

4\'
4 \
N

Figure 2. Sliding surface.



Electronics 2023, 12, 3856

50f 15

The sliding surface is defined based on the system’s state variables and desired
reference vector q;. It is typically chosen to have a specific mathematical form that ensures
the system’s dynamics converge to the desired behavior. The selection of the sliding surface
depends on the specific system and control objectives.

The primary characteristic of the sliding surface is that it divides the state space into
two distinct regions: the chattering phenomena and the finite-time reaching phase, as
shown in Figure 2. In the sliding mode, the system’s trajectory is constrained to the sliding
surface, and the control action is designed to keep the system on this surface. The reaching
mode, on the other hand, represents the transient phase during which the system transitions
from its initial state to the sliding mode.

The control law associated with sliding mode control is designed to drive the system’s
trajectory toward the sliding surface and ensure that it stays on this surface. This control
law often includes a discontinuous or switching term that acts to “slide” the system along
the sliding surface. The control action changes abruptly when the system’s state crosses the
sliding surface, ensuring robustness to uncertainties and disturbances.

Let us consider the desired position vector g; € R? to form the error signal, such as
e = g — q,. Then, the sliding surface is chosen as follows for the two-link robot manipulator:

s=¢+6, )

where 6 is an integral term and consists of a continuous function of error. The dynamical
representation for 6§ is provided below:

0 = kq|¢|*1sign(e) + kole|*2sign(e), (10)

where k; and k are positive sliding gains. &y and «; are positive constants. It is noted that
the a1 and a; are kept less than one to nullify the chattering effect, i.e., 0 < a7 < 1 and
0<a <1.

3.2. Radial Basis Function Neural Networks

Neural networks are extensively used to approximate unknown functions due to their
excellent properties of approximation and learning capabilities. RBFNN is a type of artifi-
cial neural network that has shown effectiveness in various applications, including state
estimation. RBFNNSs are characterized by their use of radial basis functions as activation
functions in the hidden layer. In state estimation, RBFNNs can be utilized to estimate the
states of a dynamic system based on available sensor measurements. The RBFNN is trained
using a set of input-output data pairs, where the inputs represent the sensor measurements
and the outputs represent the corresponding states of the system.

The RBFNN consists of three layers (Figure 3): an input layer, a hidden layer with
radial basis functions as activation functions, and an output layer. The input layer receives
the sensor measurements as inputs, which are then passed through the hidden layer.
The hidden layer computes the activations of the radial basis functions, which are centered
at specific points in the input space. These radial basis functions transform the input space
into a higher-dimensional feature space.
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Input Layer

Hidden\_ayer

Output Layer

Figure 3. Three-layer radial basis function neural network.

The output layer of the RBFNN performs a linear combination of the activations from
the hidden layer to produce the estimated states as the final output. The output layer
approximates the unknown continuous nonlinear function X(gq, §) such that:

X(q,49) = W'6(q,4) + 1, (11)

where y is an approximation error, WT € R" is the output weigh vector of first layer, 8(q,9) is
a vector that consists of activation functions such that 6(q,4) = [61(q,4),62(4,49), -, 0x(q,9)]7,

provided by
Be(q,) = exp 2050 (12)
2b?

where k = 1,2,..,n, 0; = [q; 4]T, cx € R?> and by € R are the center and width of
the activation function. The activation function given in Equation (12) is a Gauss radial
basis function.

The main goal of RBFNN is to minimize the approximation error u such that:

X(q,4) ~ W'6(q,4), (13)

The approximated output of the RBFENN serves as a crucial component in the design of
the controller. It provides valuable information about the system’s behavior and aids
in the generation of the control signals required to achieve the desired system response.
The control law, incorporating the RBFNN output, defines how the system should react
and adjusts its state based on the estimated dynamics.

By utilizing the RBFNN approximation, the proposed controller benefits from the
ability of the neural network to capture nonlinear relationships and generalize from training
data. This enables the controller to adapt to the specific system dynamics and uncertainties,
resulting in improved accuracy and performance.

3.3. Proposed Controller

The design of the proposed control law involves several steps, beginning with the
calculation of the first derivative of the sliding surface. This derivative is set equal to zero
to obtain the equivalent controller. Subsequently, an adaptive controller is introduced to
modify the equivalent controller and complete the design of the proposed control law.

Taking the first derivative of the sliding surface allows for a deeper understanding
of the system dynamics and aids in the development of an effective control strategy.
By equating the derivative to zero, the equivalent controller is derived, which represents
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the ideal control input necessary to maintain the system on the sliding surface. The first
derivative of the sliding surface along the uncertain dynamical system (8) is provided
below:

s =—X(q,4) + Y(q)u+ Do(q,4,4) — i +9, (14)

The traditional sliding mode control signal for a known dynamical system is generated
by substituting Equation (14) equal to zero as follows:

u=(Y(q)"")(X(q,4) +d4a— 0 — Do(q,4,4)), (15)

In this paper, we have considered the improved control algorithm that is chattering-
free and fast-time convergent. An adaptive control law is also employed to neutralize
the dynamic uncertainties and external disturbances. Furthermore, the dynamics of the
two-link robot manipulator are unknown and estimated by using RBFNN.

The combination of the equivalent controller and the adaptive controller forms the
proposed control law. This integrated approach ensures that the system remains on the
sliding surface while also accounting for dynamic changes in the system and adapting to
the varying uncertainties. By employing this control law, the system can achieve desired
tracking and stability even in the presence of uncertainties and disturbances. The overall
proposed control algorithm is provided below:

U= Ueg + Ugdp, (16)

where Ueg iS the equivalent control signal, provided as

teg = (Y(q) ") (W09, 9) + i — 0) — ks|s|*sign(s), (17)

where k3 and a3 are positive constants and the continuous term k3|s|*3sign(s) enhances the
performance of the proposed control algorithm. W76(g, ) is the estimation of unknown
nonlinear dynamics X (g, §).

The adaptive controller introduces adaptive mechanisms that estimate and account
for time-varying uncertainties and disturbances. By adapting the control law based on the
estimated uncertainties, the adaptive controller enhances the robustness and performance
of the overall control system. ), is the adaptive part of the proposed control method that
helps to neutralize the dynamical uncertainties and external disturbances. The adaptive
control signal is provided by the following equation:

{ — 1B+ Ballall + Bslldl?) [s] = o
Ugdp =

A o ) 18
— 5 (B + Balall + BalldlP) Is| < ¢ (e

where f1, f2, and £ are adaptive terms and provided by

,3} = Clllgl + c12|s|
B2 = ca1B2 + caals|||ql - (19)

B3 = c31B3 + caas|]|4]l
where ||.|| is the norm and c11, ¢12, €13, €21, €22, €23, €31, €32, and ¢33 are designed constants.

3.4. Stability Analysis

Equation (14) can be written as follows, together with the proposed control algorithm

(16) and RBFNN-based approximation of unknown continuous nonlinear function X (g, §)
(13):

s = Y(q)(—ks|s|"sign(s) + ttaap) + Do(q,4,4), (20)
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where Y(q) is a positive definite function that leads Equation (20) as follows:
§ < —ks|s|“sign(s) + aap + D(4,4,§)- (21)

To validate the stability criteria for the closed-loop dynamical system, consider the
following positive definite Lyapunov function.

3
B’
Z == (22)
= 2’
where estimation error for §; is provided by

Bi=Bi—pi. (23)

The derivative of the positive definite Lyapunov function given in Equation (22) is
written as

3
V< T (sl sign(s) + gy + D)~ 12 i %)
n 1+rx3 3 s
V< k() T - LAt gy + Dla 1), (25)

i=1

Consider there exists a positive definite function k; such that

kg = kaap — D(q,4,4), (26)
then, Equation (25) can be written as follows:
n 14ag

a3 3 R
V S —k3 Z(S%) P Zlgllgl — de., (27)

i=1

Il
-

Equation (27) is a negative definite function of the Lyapunov function, which concludes
that the closed loop dynamics of an unknown nonlinear system are stable.

3.5. Convergence Time

The proposed control algorithm is characterized by its fast time convergence, meaning
that it can achieve the desired control objective rapidly and efficiently. The algorithm is
designed to ensure that the system follows a desired trajectory in a relatively short period
of time. By achieving fast time convergence, the control algorithm minimizes the settling
time of the system, reduces transient responses, and improves overall system performance.
This can lead to increased productivity, enhanced stability, and improved control accuracy
in various applications.

The adaptive terms f; consist of sliding surface |s|. Let us consider there exists a
continuous function k. |s| such that

kels| = kgs + 5 /§ (28)

) Mm

Hence, Equation (27) can be written as follows:

14+az

Vs—hf@ﬂﬁ*—mm (29)

i=1

this leads to:
1% < —wlvz —wyV, (30)
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where z = H% and ranges between 0 and 1as 0 < z < 1, wy = k32* > 0, and wp = 2k, > 0.
Then, the settling time is provided by the following equation:

1 W V1=%(gg) + wq
<
T(q0) < ) In wr , (31)

where qo = [9,(0) 4;(0)]" are initial values of the angle states.

The above expression provides the convergence time for any given initial value gqq. It
can be concluded that the proposed control algorithm is fast-time convergent, enabling the
system to rapidly achieve the desired control objective. This characteristic is advantageous
in situations where quick and accurate responses are crucial, allowing for improved system
performance and effectiveness.

4. Simulations and Results

In this section, the nonlinear dynamical model for a two-link robot manipulator is
considered to verify the performance of the proposed controller. The nonlinear dynamics
provided in Equation (7) are considered, where g = [g,,q;]7 are the states of the two-
link robot manipulator, u = [u,, u]T are the input control signals, and D(q, 4, §) are the
unknown external disturbances. My(q), Fo(q,4), and Go(gq) are the nonlinear dynamic

terms provided as follows:

_ [Mia(ge)  Miz(gp)
Mo(q) = {Mu(ﬂb) My, } >
Rola.) = [T 2R ”
 [G1(qa,q0)g
Go(q) = {G2(Qarm7)g} 0

where g is the gravitational acceleration and its value is taken 9.8 m/s?. The elements of
the above matrices in Equations (32)—(34) are provided as

My (qp) = mer2 + mhri + 2myrary cos(qp) + Ja
Mo (qp) = myry 4 myrary, cos(qy)

Myy = myr? + Jp

F(qy) = myrarysin(qy)

G1(qa, qp) = —myrg cos(qy) — myry cos(q:)
G2(qa, qp) = —myry cos(q:)

where q; = g, + qp and m; = m,; + my. The parameters are taken as follows: m,; = 1 kg,

my =25kg, 1, =1.5m,r, =1.2m, |, = 15kgm, and J, = 15 kgm. The initial values for

the states of the angles are considered as follows: g,(0) = 2 and g, (0) = 0.1, respectively.
The system uncertainties and external disturbances are considered as follows:

, (35)

0.74, + 5.8, sin (t) 4 5.5 sin (2007tt)

Dla,q.4) = { 0.5, + 5.7q, sin (2¢) + 5.3 sin (2007t (36)

In Figure 4, the inclusion of system uncertainties and external disturbances is depicted.
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50 T

1st perturbation signal
2nd perturbation signal

Perturbation signals

-50

Time(s)

Figure 4. The system uncertainties and external disturbances are considered D(q, 4, §).

To estimate the unknown nonlinear continuous function X(g, g), a three-layer RBENN
was considered with the activation function provided in Equation (12). The hidden layer
consisted of ten neurons with initial weights [0.8 —0.81.51.8 —1.5 —0.808 —1.712 —1.2]T
and ¢ = 0.4 : ¢, € R?Sand by = 0.3: by € R.

The proposed controller for the two-link robot manipulator incorporates a five -layer
RBENN. The convergence of the output weight vectors for the first and second links of the
manipulator is demonstrated in Figure 5 and Figure 6, respectively.

%

0 5 10 15
Time(s)

Output weigh vector
[}

Figure 5. Output weight vectors for the first link of the manipulator (W ).

N
7

Output weigh vector
(e

1
0 5 10 15
Time(s)

Figure 6. Output weight vectors for the second link of the manipulator (W5).

The convergence of the output weight vectors to zero signifies the successful learning
process of the RBFNN. As the network is trained with the proposed controller, it adapts
its weights to minimize the discrepancies between the desired and actual outputs. This
adaptation allows the RBFNN to accurately estimate the state of the robot manipulator,
compensating for system uncertainties and external disturbances.

In the case of the two-link robot manipulator, the convergence to zero of the output
weight vectors highlights the RBFNN-based controller’s ability to mitigate the effects of
uncertainties and disturbances. By continually adjusting its weights, the network achieves
an accurate estimation of the manipulator’s state, even in the absence of precise state infor-
mation.
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The convergence of the output weight vectors in Figures 5 and 6 demonstrates the
effectiveness of the proposed controller in adapting to the varying conditions of the robot
manipulator system. Through this adaptation, the controller generates precise control
signals, enabling the manipulator to execute the desired movements with improved perfor-
mance and accuracy.

The desired trajectories of the inertial frame angle and orientation frame angle are
considered as follows:

] { 1.2sin(1.57tt) 4+ 1.2 sin(7tt)
d =

1.4 cos(mtt) 4+ 1.5 cos(0.57tt) (37)

The proposed controller is implemented on the dynamical model of a two-link robot
manipulator, as described earlier. The performance of the controller is evaluated by ana-
lyzing the states g, and q;, which represent the angles of the first and second joints of the
manipulator, respectively. Figures 7 and 8 display the variations in the g, state and g, state
over time. It is observed that the states g, and q; follow the desired trajectories, indicating
that the controller effectively guides the manipulator to track the desired angles.

——q, state

>

= = =desired angle

1
0 5 10 15
Time(s)

Figure 7. Trajectory of inertia frame angle (g,) of first link (r,).

T N
\ —q, state
21 . .
= = =desired angle

[}
g1 1
wv
=0 4

-1 4

2 :

0 5 10 15
Time(s)

Figure 8. Trajectory of orientation frame angle (g;) of second link (7).

Furthermore, the settling time of the states g, and gy, is finite, which indicates that
the system reaches a stable state within a reasonable period. This demonstrates the fast
convergence property of the proposed controller as it enables the system to achieve the
desired angles efficiently and without undue delay. The successful tracking of the desired
trajectories and the finite settling time of the states g, and gy, are significant indicators of the
effectiveness of the proposed controller. These results provide evidence of the controller’s
ability to achieve accurate control and ensure the desired performance of the two-link
robot manipulator.

In Figures 9 and 10, the corresponding error signals for both states are depicted.
The error signal represents the difference between the desired trajectory and the actual
measured value of the system’s states. The error signals can be seen to converge to zero,
indicating that the proposed controller successfully minimizes the discrepancy between
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the desired and actual states of the system. This demonstrates the controller’s ability to
achieve accurate tracking of the desired trajectories for both states g, and gy,.

o
T

Error signal e,
T
1

1
\S)

o
(9}
IS
O

Time(s)

Figure 9. Error dynamics of inertia frame angle.
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&
(=]
w
54
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Time(s)

Figure 10. Error dynamics of orientation frame angle.

The convergence of the error signals to zero is a desirable characteristic in control
systems as it signifies that the system is effectively following the desired behavior. It
confirms that the controller is able to adjust the control inputs and guide the system
toward the desired states, ensuring precise and reliable operation. The convergence of the
error signals to zero in Figures 9 and 10 provides strong evidence of the effectiveness of
the proposed controller in achieving the desired control objective for the two-link robot
manipulator. It demonstrates the controller’s ability to minimize errors and ensure accurate
tracking of the desired states, enhancing the performance and stability of the system.

In Figures 11 and 12, the control signals applied to the two-link robot manipulator
are displayed. These control signals represent the inputs provided to the actuators of the
manipulator to guide its motion and achieve the desired trajectories or positions.

2000 ;
2 1000
<
=
.20
2 0
£
5 -1000 f
o]

2000

0

Time(s)

Figure 11. Control signal for inertia frame angle (it,).
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Figure 12. Control signal for orientation frame angle ().

Figure 11 shows the control signal applied to the first joint of the manipulator, denoted
as u,. This control signal is responsible for controlling the movement and positioning of
the first link of the manipulator. The shape and behavior of the control signal can vary
depending on the designed control strategy. It is designed to generate the necessary torque
or force to drive the first joint and accurately track the desired trajectory.

Similarly, Figure 12 illustrates the control signal applied to the second joint of the
manipulator, denoted as u;. This control signal determines the motion and positioning of
the second link of the manipulator. It is designed to provide the appropriate torque or force
to the second joint, enabling precise control and tracking of the desired trajectory.

The control signals in Figures 11 and 12 are generated by the proposed controller,
taking into account the system dynamics, desired trajectories, and any uncertainties or
disturbances present in the system. The control signals depicted in Figures 11 and 12
demonstrate the ability of the proposed controller to generate appropriate inputs that
guide the manipulator towards accurate and stable motion. These control signals play a
crucial role in achieving the desired trajectories and ensuring the overall performance of
the two-link robot manipulator.

Traditional control methods for robot manipulators often necessitate an exact model of
the system, lacking the inherent robustness exhibited by the control approach itself. The PID
control, despite its simplicity, encounters difficulties in effectively handling uncertainties
and disturbances inherent in real-world scenarios [10-12]. On the other hand, SMC presents
robustness against uncertainties, yet the issue of chattering—manifesting as oscillations
in control input—diminishes its practical applicability [19-21]. Neural network control
leverages neural networks for system learning, although its sensitivity to initial conditions
can impact its performance [17,18].

In light of these considerations, the AFTN-SMC approach emerges as a solution to
address these limitations. AFTN-SMC amalgamates sliding mode control, neural networks,
and adaptability to effectively tackle the aforementioned challenges. Particularly notewor-
thy is its mitigation of chattering through dynamic adjustment of the sliding mode gain and
harnessing neural networks to compensate for uncertainties. Consequently, AFTN-SMC
yields refined control responses, attains elevated trajectory tracking accuracy, and reduces
the exerted control efforts in comparison to conventional SMC. This research thus estab-
lishes AFTN-SMC as a more advanced alternative in the realm of robot manipulator control,
offering improved performance under real-world complexities.

5. Conclusions

In conclusion, robot manipulators have become indispensable tools in environments
where the safety and well-being of human operators are at risk. This research paper focused
on designing an AFTN-SMC for a two-link robot manipulator with unknown dynamics
and external disturbances. The proposed controller addressed the challenges of chattering
and adaptability to time-varying system uncertainties. To approximate the unknown state
dynamics, a radial basis function neural network (RBFNN) was employed. The MATLAB
simulations demonstrated the successful implementation of the proposed controller.
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The results showcased the effectiveness of the AFTN-SMC in achieving accurate
tracking and stability, even in the presence of unknown dynamics and external disturbances.
The chattering-free nature of the controller enhanced the smoothness of the manipulator’s
motion, contributing to improved overall system performance. Additionally, the adaptive
mechanism of the controller allowed for real-time adjustment and adaptation to time-
varying uncertainties and parameter variations.

The incorporation of the RBFNN in the controller proved to be a valuable tool for
approximating the unknown state dynamics, enabling accurate estimation and control of
the manipulator’s behavior. This combination of adaptive sliding mode control and neural
network approximation provided a robust and adaptive solution for handling significant
uncertainties in real-time applications.

The research presented in this paper contributes to the advancement in control tech-
niques for robot manipulators, particularly in situations where uncertainties and external
disturbances are prevalent. The proposed AFTN-SMC controller, along with the RBFNN
approximation, offers a practical approach for enhancing the performance, safety, and adapt-
ability of robot manipulators in diverse industrial and automation applications. Future
work may involve experimental validation and further optimization of the proposed control
strategy for real-world implementation.
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