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ABSTRACT 

This paper presents a Prescribed Performance Neuro-Adaptive Backstepping Controller (PPNABC) 

for nonlinear flexible-joint robotic manipulator systems subjected to actuator dead-zone nonlinearities, 

external disturbances, uncertainties, and actuator faults. The proposed controller integrates prescribed 

performance control, adaptive backstepping, neural network approximation, and adaptive dead-zone 

compensation to guarantee robust trajectory tracking with predefined transient and steady-state 

performance constraints. A neural network approximator is employed to estimate unknown nonlinear 

dynamics and external disturbances, while adaptive compensation mechanisms effectively reduce the 

influence of actuator non linearities and faults. For comparative evaluation, an Integral Sliding Mode 

Controller (ISMC) is implemented on the same robotic manipulator system. Simulation studies carried 

out in MATLAB/Simulink demonstrate that the proposed PPNABC controller achieves superior 

tracking accuracy, faster convergence, reduced steady-state error, smoother control effort, and 

significantly lower chattering compared to the conventional ISMC approach. Quantitative analysis 

further demonstrates that the proposed controller significantly reduces RMS tracking error and control 

oscillations compared to ISMC. The obtained results confirm the effectiveness and robustness of the 

proposed control strategy under uncertain operating conditions. 

 

Index Terms—Prescribed performance control, backstepping, neural networks, sliding mode control, 

dead-zone, actuator faults. 

 

I. INTRODUCTION 

Robust controllers are widely used in automation engineering applications to address trajectory 

tracking and nonlinear dynamic problems. Robotic manipulators are extensively employed in 

hazardous environments such as mining, nuclear industries, defence and explosive ordnance disposal, 

chemical and toxic environments, disaster response and rescue operations, as well as underwater and 

offshore applications. In addition, robotic manipulators are commonly utilized in various engineering 

systems where nonlinearities, uncertainties, and actuator imperfections introduce significant control 

challenges. Sliding Mode Control (SMC) and Integral Sliding Mode Control (ISMC) are well-known 

robust control techniques that provide strong disturbance rejection and robustness against 

uncertainties. However, these methods often suffer from chattering effects and do not explicitly 

guarantee transient and steady-state performance. This paper presents a Prescribed Performance Neuro 

Adaptive Backstepping Control (PPNABC) scheme that integrates prescribed performance control, 

neural networks, and adaptive compensation techniques to overcome these limitations. The proposed 

control framework has significant applications in a wide range of engineering domains characterized 

by nonlinearities, uncertainties, and actuator imperfections. In robotic manipulators, particularly 

flexible-joint systems, the proposed method ensures accurate trajectory tracking despite the presence 

of dead-zone nonlinearities and actuator faults. In aerospace and defence applications, such as 

unmanned aerial vehicles (UAVs), the controller enhances robustness against external disturbances 

and modeling uncertainties. Furthermore, in underwater systems and industrial automation, the 

proposed approach improves system stability, tracking accuracy, and operational reliability under 

highly uncertain operating conditions. To address the limitations of conventional robust control 

methods, advanced control strategies have been developed by integrating multiple methodologies. 
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Prescribed Performance Control (PPC) ensures that the tracking error remains within predefined 

performance bounds, thereby guaranteeing desired transient and steady-state behaviour. Adaptive 

backstepping provides a systematic recursive framework for controller de sign while ensuring system 

stability through Lyapunov-based analysis. In addition, neural networks are employed as universal 

approximators to estimate unknown nonlinearities and external disturbances. Furthermore, adaptive 

compensation mechanisms are incorporated to effectively handle actuator dead-zone characteristics 

and fault conditions. Consequently, researchers continue to focus on developing advanced nonlinear 

control strategies capable of ensuring system stability, robustness, and high-performance tracking 

within finite time under uncertain operating environments. 

 

II. LITERATURE REVIEW 

Over the past decades, significant research efforts have been devoted to the control of nonlinear 

systems with un certainties, disturbances, and actuator nonlinearities. Among these, adaptive control, 

backstepping, neural networks, and sliding mode control have emerged as dominant approaches. 

Backstepping is a systematic recursive design methodology widely used for strict-feedback nonlinear 

systems. Early contributions by Slotine and Li established the foundation of nonlinear adaptive control. 

Subsequently, adaptive backstep ping techniques have been extensively studied for systems with 

parametric uncertainties and disturbances. In [1], adaptive control techniques were developed for 

nonlinear systems ensuring stability through Lyapunov-based design. Further advancements 

introduced contraction-based adaptive control methods for strict-feedback systems, achieving 

exponential convergence properties and robustness against uncertainties [4]. These methods have been 

successfully applied to robotic manipulators and electromechanical systems. The work given in Chen 

et al. adaptive NN backstepping control for stochastic nonlinear systems with time-varying delays, 

demonstrating stability and robustness under uncertainty [5]. Similarly, NN based output-feedback 

control strategies have been developed to handle systems with unmeasurable states and stochastic 

disturbances [1]. Further work in decentralized NN control addressed large-scale systems with 

unknown interconnections, removing restrictive assumptions on system coupling [7]. These studies 

highlight the effectiveness of neural approximators in dealing with complex nonlinear systems. One 

of the main drawbacks of traditional backstepping is the “explosion of complexity.” To address this 

issue, Dynamic Surface Control (DSC) was introduced, which employs low-pass filters to avoid 

repeated differentiation of virtual control signals. Ren et al. proposed adaptive DSC for nonlinear 

systems with hysteresis nonlinearities, reducing computational complexity while maintaining stability 

[8]. Further developments incorporated neural networks and filters to improve performance under 

unmodeled dynamics [9]. Prescribed Performance Control (PPC) has gained significant attention due 

to its ability to guarantee predefined transient and steady-state performance. In the PPC approach, the 

tracking error behaviour is predefined using a prescribed performance function. The controller is 

designed such that the error dynamics remain within predefined performance bounds. In the work of 

Tee et al. introduced adaptive control schemes that ensure tracking errors evolve within prescribed 

bounds, limiting over shoot and convergence rate [2]. Subsequent studies extended PPC to output-

feedback systems and systems with unmodeled dynamics using neural networks and adaptive filtering 

techniques [10]. Observer-based PPC schemes have also been proposed for systems with unmeasurable 

states, demonstrating improved tracking accuracy and reduced computational complexity [11]. 

Moreover, PPC has been successfully applied to multi-agent systems, robotic manipulators, and 

networked systems, ensuring synchronization and performance guarantees under uncertainties [12] 

 

A. Problem Formulation 

            Consider a nonlinear system described as: 

 

𝑥̇(𝑡) = 𝑓(𝑥, 𝑡) + 𝑔(𝑥, 𝑡)𝑢(𝑡)       (1) 
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where 𝑥(𝑡) ∈ ℝ𝕟 is the system state vector, u(t) ∈ ℝ is the control input, and f (·) and g (·) are smooth 

nonlinear functions.  

          The control objective is to ensure that the system output y(t) tracks a desired reference trajectory 

𝑦𝑑(𝑡) with prescribed performance. 

         The tracking error is defined as: 

 

𝑒(𝑡) = 𝑦(𝑡) − 𝑦𝑑(𝑡)                 (2) 

 

The prescribed performance function plays a vital role in the PPC algorithm and controller design. 

 

ρ(𝑡) = (ρ0 − ρ∞)𝑒−𝑙𝑡 + ρ∞  (3) 

 

where ρ₀ > 0 represents the initial error bound, ρ∞ > 0 is the ultimate bound, and 𝑙 >  0 determines 

the convergence rate. 

 

The control objective is to ensure that the error satisfies the following inequality: 

 

−ρ(𝑡) < 𝑒(𝑡) < ρ(𝑡),  ∀𝑡 ≥ 0  (4) 

 

This guarantees that the tracking error evolves within predefined bounds, ensuring both transient and 

steady-state performance. 

 

 

III. PRESCRIBED PERFORMANCE CONTROL (PPC) 

 

A. Performance Function 

 

      Define the prescribed performance function: 

ρ(𝑡) = (ρ0 − ρ∞)𝑒−𝑙𝑡 + ρ∞  (5) 

 

       The tracking error satisfies: 

 

−ρ(𝑡) < 𝑒(𝑡) < ρ(𝑡)  (6) 

 

     B. Error Transformation 

 

     Define transformed error: 

ε(𝑡) = ln (
𝑒(𝑡) + ρ(𝑡)

ρ(𝑡) − 𝑒(𝑡)
)   (7) 

     

C. Control Law 

 

𝑢(𝑡) = 𝑔−1(𝑥, 𝑡)[−𝑓(𝑥, 𝑡) + 𝑦𝑑̇(𝑡) − 𝑘ε(𝑡)]  (8) 

 

 D. Stability 

       Lyapunov function: 

 

𝑉 =
1

2
ε2  (9) 
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𝑽̇ ≤ −𝒌𝜺𝟐  (𝟏𝟎) 

 

E. Controller Design 

The control objective is to design u(t) such that: 

 

e(t) → 0 as t → ∞                       (11) 

 

For the nonlinear system, a typical control law can be formulated as: 

 

𝑢(𝑡) = 𝑔−1(𝑥, 𝑡)[−𝑓(𝑥, 𝑡) + 𝑦𝑑̇(𝑡) − 𝑘𝑒(𝑡)]  (12) 

 

where k > 0 is a design parameter. 

 

F. Sliding Mode Control and ISMC  

Sliding Mode Control (SMC) is well known for its robust ness against matched uncertainties and 

disturbances. Integral Sliding Mode Control (ISMC) improves conventional SMC by eliminating the 

reaching phase, ensuring robustness from the initial time instant. Recent works have combined 

backstepping with ISMC to enhance performance for nonlinear systems such as autonomous 

underwater vehicles [13]. These hybrid approaches improve disturbance rejection and tracking 

performance. 

 

 However, despite its robustness, ISMC suffers from significant drawbacks, including:  

• Chattering due to discontinuous control action  

• Lack of explicit transient performance guarantees  

• Difficulty in handling actuator nonlinearities such as dead-zone  

 

The primary step in designing any Sliding Mode Controller (SMC) is the proper selection of the sliding 

surface, as it directly determines the dynamic response and stability characteristics of the controller. 

In Integral Sliding Mode Control (ISMC), the integral component of the tracking error is incorporated 

into the sliding surface design. The system dynamics are then forced to converge and evolve along this 

predefined sliding surface through an appropriate reaching law, thereby ensuring improved robustness 

and tracking performance in the presence of uncertainties and disturbances. 

 

G. Sliding Surface Design 

The integral sliding surface is defined as: 

𝑠(𝑡) = 𝑒(𝑡) + ∫ (𝑒(𝜏)̇ + 𝑘𝑒(𝜏)) 𝑑𝜏    

𝑡

0

                         (13) 

 

 

 

where k > 0 is a design constant. Derive the control law into two parts, one consists of equivalent and 

another is the switching parts to form the total ISMC law as 

 

The ISMC control input consists of equivalent and switching parts: 

 

𝑢(𝑡) = 𝑢𝑒𝑞(𝑡) − 𝑘𝑠𝑠𝑖𝑔𝑛(𝑠(𝑡))            (14) 

 

where 𝑘𝑠 > 0 is the switching gain. 
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The equivalent control is obtained from: 

 

ṡ(t) = 0  (15) 

 

H. Stability Analysis 

 

Consider the Lyapunov function: 

 

𝑉 =
1

2
𝑠2  (16) 

 

Its derivative is: 

 

𝑉̇ =  𝑠 𝑠̇              (17) 

 

Substituting the control law: 

 

 

𝑉̇ ≤ −𝑘𝑠|𝑠|               (18) 

 

Thus, s(t) → 0 ensuring tracking convergence. The following remarks from the stability analysis are: 

 

• Robust to matched disturbances 

• Eliminates reaching phase 

• Suffers from chattering due to discontinuous control 

 

I. Adaptive and Intelligent Control for Nonlinear Systems  

Fuzzy logic and neural networks have been widely used to enhance adaptive control performance. 

Tong et al. developed fuzzy adaptive backstepping controllers for nonlinear systems with dynamic 

uncertainties, achieving boundedness and con vergence [14]. Other studies have explored adaptive 

control of micro actuators and electromechanical systems using back stepping and barrier Lyapunov 

functions to ensure safety and stability [14]. Although extensive research has been conducted, several 

limitations remain: 

 • Most PPC-based methods do not consider actuator non linearities such as dead-zone and faults 

simultaneously 

 • ISMC provides robustness but lacks performance guaran tees and produces chattering  

• Existing NN-based controllers often increase computational complexity  

 

However, to address these limitations, this paper proposes a Prescribed Performance Neuro-Adaptive 

Backstepping Control (PPNABC) scheme that: 

 • Guarantees predefined transient and steady-state performance  

• Incorporates neural networks for uncertainty approximation  

• Compensates for actuator dead-zone and faults adaptively   

• Provides smooth control input without chattering 

 

 This work bridges the gap between performance-guaranteed control and robust adaptive control, 

offering improved applicability for nonlinear systems such as robotic manipulators.  
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IV. PROPOSED PPNABC CONTROLLER  

This section presents the design methodology of the proposed Prescribed Performance Neuro-

Adaptive Backstepping Controller (PPNABC) for a flexible joint robotic manipulator subjected to 

nonlinear dynamics, parametric uncertainties, ex ternal disturbances, and actuator dead-zone 

nonlinearities. The proposed controller integrates prescribed performance control, adaptive 

backstepping, neural network approximation, and dead-zone compensation to achieve robust 

trajectory tracking with guaranteed transient and steady-state performance. 

 

A. System Dynamics 

 

The nonlinear dynamics of the flexible joint manipulator are represented by the following equations: 

 

𝐼𝑞1̈ + 𝑀𝑔𝑙 sin 𝑞1 + 𝐾(𝑞1 − 𝑞2) + Δ1 = 0  (19) 

𝐽𝑞2̈ + 𝐾(𝑞2 − 𝑞1) + Δ2 = 𝑢 

 

where q₁ and q₂ denote the link-side and motor-side angular positions, respectively. The parameters I 

and J represent the inertia terms of the link and motor, while 𝑀𝑔𝑙𝑠𝑖𝑛 𝑞1 corresponds to the 

gravitational torque. The stiffness coefficient of the flexible joint is represented by K, and Δ₁ and Δ₂ 

denote lumped uncertainties and external disturbances acting on the system. The control input applied 

to the actuator is represented by 𝑢. 

 

For controller design, the state variables are defined as: 

𝑥₁ =  𝑞₁,  𝑥₂ =  𝑞̇₁,  𝑥₃ =  𝑞₂,  𝑥₄ =  𝑞₂̇               (20)  
 

The objective of the proposed controller is to ensure that the manipulator output accurately tracks the 

desired trajectory despite the presence of uncertainties and actuator nonlinearities. 

 

B. Prescribed Performance Transformation 

To guarantee predefined transient and steady-state tracking performance, the prescribed performance 

concept is introduced. Let the tracking error be defined as: 

 

𝑒 =  𝑥₁ −  𝑥_𝑑                 (21) 

  

where 𝑥𝑑 represents the desired reference trajectory. 

 

 

A performance function λ(t) is selected such that the tracking error evolves within predefined bounds 

throughout the system operation. The transformed error variable is expressed as: 

 

ε = tanh−1 (
𝑒

λ(𝑡)
)   (22) 

 

The above transformation converts the constrained tracking problem into an unconstrained 

stabilization problem. Consequently, maintaining the boundedness of ε guarantees that the tracking 

error remains within the prescribed performance limits. 

 

C. Adaptive Backstepping Design 

The adaptive backstepping methodology is employed to systematically construct the control law while 

ensuring closed-loop system stability. The recursive error variables are defined as: 
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z₁ = e               (23) 

z₂ = x₂ − α₁      (24) 

z₃ = x₃ − α₂       (25) 

z₄ = x₄ − α₃       (26) 

where α1, α2, and α3 represent the virtual control laws designed recursively at each backstepping 

stage. The recursive design approach enables systematic stabilization of the interconnected nonlinear 

dynamics. 

 

D. Neural Network Approximation 

Since the exact nonlinear dynamics and disturbances are generally unknown, a neural network 

approximation technique is utilized to estimate the uncertain nonlinear functions. According to the 

universal approximation property, the unknown nonlinear function can be represented as: 

 

𝑓(𝑥) = θ𝑇ψ(𝑥) + ε  (27) 

 

where 𝜃 denotes the ideal weight vector, 𝜓(𝑥) represents the basis function vector, and ε is the 

approximation error. 

The adaptive neural network compensates for modeling uncertainties and external disturbances, 

thereby improving tracking accuracy and robustness. 

 

E. Control Law Design 

Based on the backstepping procedure and neural network approximation, the proposed control input 

is designed as: 

 

𝑢̂ = −𝑘𝑧4 − 𝑧3 − θ̂𝑇ψ(𝑥)  (28) 

 

where k > 0 is the controller gain and 𝜃 denotes the estimated neural network weight vector. 

 

The proposed control law combines feedback stabilization and adaptive uncertainty compensation to 

ensure robust trajectory tracking performance. 

 

F. Dead-Zone Compensation 

Practical actuator systems often exhibit dead-zone nonlinearities that degrade control performance and 

may lead to instability. To compensate for such nonlinearities, an adaptive inverse dead-zone model 

is introduced as: 

𝑢 = ρ1𝑢𝑠(𝑣) + ρ2  (29) 

 

where ρ₁ and ρ₂ are adaptive parameters associated with the dead-zone characteristics, and us(v) 

denotes the smooth inverse dead-zone function. The adaptive compensation mechanism effectively 

reduces the influence of actuator nonlinearities and improves overall control accuracy. 

 

G. Stability Analysis 

To analyse the stability of the proposed closed-loop system, the following Lyapunov candidate 

function is selected: 

 

𝑉 =
1

2
∑ 𝑧𝑖

2

4

𝑖=1

+
1

2γ
θ̃𝑇θ̃  (30) 
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where θ̃ = θ − θ̂ represents the neural network weight estimation error and γ > 0 is the adaptation 

gain. By differentiating the Lyapunov function and substituting the designed adaptive laws and control 

input, the following inequality is obtained: 

𝑉̇ ≤ −𝑐1𝑉 + 𝑐2  (31) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Prototype of the mobile robotic manipulator system with an integrated gripper mechanism and 

embedded control hardware. The system consists of a wheeled mobile platform, sensor module, 

actuator driver unit, and a multi-degree-of-freedom robotic manipulator designed for object handling 

and autonomous operation. 

 

where c1 and c2 are positive constants. The above inequality demonstrates that all closed-loop signals 

remain uniformly ultimately bounded (UUB). Therefore, the proposed PPNABC controller guarantees 

system stability, robust trajectory tracking, and prescribed performance in the presence of 

uncertainties, disturbances, and actuator dead-zone nonlinearities. Thus, all signals remain bounded 

and tracking error con verges 

 

V. SYSTEM FORMULATION 

 In this work, a flexible-joint robotic manipulator subjected to nonlinear dynamics, external 

disturbances, actuator faults, and dead-zone nonlinearities is considered. Flexible-joint manipulators 

are widely used in industrial automation, underwater applications, and autonomous robotic systems 

because of their lightweight structure and high operational flexibility. However, the presence of joint 

elasticity, parameter uncertainties, and actuator imperfections significantly complicates the control 

design problem. The nonlinear dynamic model of the flexible-joint manipulator is represented as 

 

      {
I q̈₁ +  Mgl sin q₁ +  K(q₁ −  q₂)  +  Δ₁ =  0

J q̈₂ +  K(q₂ −  q₁)  +  Δ₂ =  u
                             (32) 

 

where q₁ and q₂ denote the link-side and motor-side angular positions, respectively. The parameters I 

and J represent the inertia of the manipulator link and motor rotor, while Mgl sin q₁ corresponds to the 

gravitational torque acting on the manipulator. The term K(q₁ −  q₂) represents the joint flexibility 

effect, and Δ₁ and Δ₂ denote lumped uncertainties and external disturbances. The control input applied 

to the actuator is represented by u. In practical systems, actuator nonlinearities such as dead zone 

characteristics and partial faults degrade tracking performance and may even lead to instability. 

Therefore, the actuator model is expressed as 
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𝑢 = ρ1𝑢𝑠(𝑣) + ρ2        (33) 

where ρ1 and ρ2 represent unknown actuator fault parameters, and 𝑢𝑠(𝑣) denotes the smooth dead-

zone nonlinear function. The control objective is to design a robust nonlinear con troller capable of 

ensuring accurate trajectory tracking while satisfying prescribed transient and steady-state 

performance constraints. The tracking error is constrained within predefined performance bounds as 

 

−λ(𝑡) < 𝑒(𝑡) < λ(𝑡)          (34) 

 

where λ(t) is a positive, decreasing performance function that defines the allowable error boundary 

during the transient and steady-state response. 

 

VI. CONTROLLER DESIGN  

This section presents the design procedure of the proposed Prescribed Performance Neuro-Adaptive 

Backstepping Controller (PPNABC). The proposed controller combines prescribed performance 

control, adaptive backstepping, neural network approximation, and dead-zone compensation to 

achieve robust tracking performance under uncertain operating conditions. 

 

A. Prescribed Performance Transformation  

To guarantee the prescribed tracking performance, the con strained tracking error is transformed into 

an unconstrained variable using the following transformation: 

 

ε = tanh−1 (
𝑒

λ(𝑡)
)                 (35) 

 

The transformed error variable ensures that the tracking error always evolves within the predefined 

performance bounds. Consequently, both transient and steady-state performance specifications can be 

systematically guaranteed.  

 

B. Neural Network Approximation  

To compensate for unknown nonlinear dynamics and disturbances, a neural network approximation 

technique is incorporated into the controller design. Based on the universal approximation property, 

the uncertain nonlinear function is represented as 

 

𝑓(𝑥) = θ𝑇ψ(𝑥) + ϵ                      (36) 

 

where θ denotes the ideal neural network weight vector, ψ(x) represents the basis function vector, and 

ϵ is the approximation error. The neural network effectively estimates the unknown non linearities and 

improves the robustness and tracking accuracy of the proposed controller. 

 

C. Control Law Design  

Using the backstepping framework and neural network approximation, the control input is designed 

as 

𝑢̂ = −𝑘𝑧4 − 𝑧3 − θ̂𝑇ψ(𝑥)               (37) 

where k > 0 is the controller gain and ˆθ represents the estimated neural network weight vector. The 

proposed control law combines feedback stabilization and adaptive uncertainty compensation to 

achieve robust trajectory tracking performance. 

 

D. Dead-Zone Compensation  

To reduce the influence of actuator nonlinearities, an adaptive inverse dead-zone compensation 

mechanism is incorporated into the controller design. The adaptive compensator estimates unknown 
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actuator parameters and effectively minimizes the adverse effects of dead-zone characteristics and 

actuator faults on system performance. 

 

E. Stability Analysis  

The stability of the proposed closed-loop system is analysed using Lyapunov stability theory. By 

selecting an appropriate Lyapunov candidate function and incorporating the adaptive update laws, the 

following inequality is obtained: 

 

𝑉̇ ≤ −𝑐1𝑉 + 𝑐2                  (38) 

 

where c1 and c2 are positive constants. The above inequality demonstrates that all closed-loop signals 

remain uniformly ultimately bounded (UUB). Therefore, the proposed PPNABC controller guarantees 

robust stability, prescribed performance, and accurate trajectory tracking in the presence of 

uncertainties, disturbances, and actuator nonlinearities. 

  

VII. INTEGRAL SLIDING MODE CONTROL  

For comparative analysis, an Integral Sliding Mode Control (ISMC) scheme is also implemented 

for the considered robotic manipulator system. The design of the sliding surface plays a crucial 

role in determining the dynamic performance and robustness characteristics of the controller.  

 

The integral sliding surface is defined as 

 

𝑠(𝑡) = 𝑒(𝑡) + ∫ (𝑒̇ + 𝑘𝑒)
𝑡

0
 𝑑𝑡                 (39) 

 

where e(t) denotes the tracking error and k is the positive sliding gain. The corresponding control law 

is designed as 

 

𝑢 = 𝑢𝑒𝑞 − 𝑘 sign(𝑠)               (40) 

where 𝑢𝑒𝑞 represents the equivalent control component responsible for maintaining the sliding motion, 

while the dis continuous switching term ensures convergence of the system trajectories toward the 

sliding surface. Although ISMC provides strong robustness against matched uncertainties and 

disturbances, the discontinuous switching action may introduce chattering effects, which can degrade 

system performance and increase actuator wear. Therefore, the proposed PPNABC controller is 

developed to improve tracking accuracy, reduce chattering, and guarantee prescribed transient and 

steady-state performance. 

 

VIII. SIMULATION AND COMPARATIVE ANALYSIS 

 

A. System Parameters  

The effectiveness of the proposed controllers is evaluated using a flexible-joint robotic manipulator 

model with the following system parameters: 

• Link inertia: 𝐼 = 0.5 kg m
2
 

• Motor inertia: 𝐽 = 0.01 kg m2 

• Joint stiffness coefficient:𝐾 = 10 N m/rad 

• Gravitational torque constant:𝑀𝑔𝑙 = 2 N m 

 

The desired reference trajectory for the robotic manipulator is selected as a sinusoidal signal to evaluate 

the trajectory tracking capability of the proposed control schemes under continuous motion conditions: 

 



 

Industrial Engineering Journal 

ISSN: 0970-2555   

Volume : 55, Issue 02 : 2026 
[ 

UGC CARE Group-1                                                                                                                      119 

𝑞𝑑(𝑡) = sin(𝑡)                         (41) 

 

To examine the robustness of the controllers against external disturbances and model uncertainties, 

time-varying disturbances are introduced into the system dynamics as 

 

Δ1 = 0.5 sin(2𝑡)               (42) 

 

Δ2 = 0.3 cos(3𝑡)               (43) 

 

The simulation studies are carried out in MATLAB/Simulink to compare the performance of the 

proposed Prescribed Performance Neuro-Adaptive Backstepping Controller (PPNABC) with the 

conventional Integral Sliding Mode Controller (ISMC). The comparative analysis is performed in 

terms of tracking accuracy, transient response, control effort, robustness against disturbances, and 

chattering reduction.  

 

IX. SIMULATION RESULTS AND DISCUSSION 

 A. System Parameters 

TABLE I QUANTITATIVE PERFORMANCE ANALYSIS 

Controller RMS Error Peak Error Control Oscillation 

ISMC 0.68 1.85 High 

PPNABC 0.24 0.65 Moderate/Low 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Trajectory Tracking Performance Comparison 
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Fig. 3. Tracking Error Comparison 

 

X.   SIMULATION RESULTS AND COMPARATIVE ANALYSIS 

 The performance of the proposed Prescribed Performance Neuro-Adaptive Backstepping Controller 

(PPNABC) is compared with the conventional Integral Sliding Mode Controller (ISMC) using 

MATLAB/Simulink simulations on the flexible joint robotic manipulator system. The comparative 

analysis is 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Control Effort Comparison 
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carried out in terms of trajectory tracking accuracy, tracking error convergence, control effort, 

robustness against disturbances, and chattering characteristics.  

Fig. 2 illustrates the trajectory tracking performance of both the proposed PPNABC controller and the 

conventional ISMC controller with respect to the desired reference trajectory. It can be observed that 

the proposed PPNABC controller closely follows the desired trajectory throughout the simulation 

interval despite the presence of uncertainties and external disturbances. In contrast, the ISMC 

controller exhibits comparatively larger oscillations and tracking deviations. 

 Fig. 3 presents the tracking error comparison between the two control approaches. The proposed 

PPNABC controller achieves significantly lower tracking error and faster convergence characteristics 

compared to ISMC. The prescribed performance framework effectively constrains the tracking error 

within predefined bounds, thereby improving both transient and steady-state performance. 

 Fig. 4 shows the control effort generated by both controllers. Due to the discontinuous switching 

action, the ISMC controller produces high-frequency oscillations and chattering effects. On the other 

hand, the proposed PPNABC controller generates smoother and more continuous control signals while 

maintaining strong robustness against disturbances and uncertainties. 

  

Overall, the simulation results demonstrate that the proposed PPNABC controller provides superior 

tracking accuracy, improved robustness, faster error convergence, and reduced chattering compared to 

the conventional ISMC approach. The integration of prescribed performance control, adaptive back 

stepping, neural network approximation, and dead-zone compensation significantly enhances the 

closed-loop performance of the robotic manipulator system under uncertain operating conditions. 

TABLE II COMPARATIVE PERFORMANCE ANALYSIS OF ISMC AND PPNABC  

Performance Metric ISMC PPNABC 

Tracking Accuracy Moderate High 

Transient Response Oscillatory Smooth 

Steady-State Error Higher Lower 

Robustness to Disturbances Good Excellent 

Chattering Effect Significant Reduced 

Control Signal Smoothness Low High 

Adaptive Capability Limited Strong 

Nonlinearity Compensation Partial Effective 

 

Table II summarizes the qualitative performance comparison between the ISMC and proposed 

PPNABC controllers. The comparative results confirm that the proposed PPNABC controller 

outperforms the conventional ISMC method in terms of tracking precision, robustness, and smooth 

control action. Therefore, the proposed approach is highly suitable for practical robotic manipulator 

applications operating under nonlinear and uncertain environments. 

 

XI. CONCLUSION 

 

A. Novelty and Contribution  

The main contribution of this work lies in the integration of prescribed performance control, adaptive 

backstepping de sign, neural network approximation, and adaptive dead-zone compensation into a 

unified robust control framework for flexible-joint robotic manipulators. Unlike conventional ISMC 

approaches, the proposed controller guarantees predefined transient and steady-state performance 

while significantly reducing chattering effects and improving trajectory tracking accuracy under 

uncertain operating conditions.  

 

This paper presented a Prescribed Performance Neuro Adaptive Backstepping Controller (PPNABC) 

for nonlinear flexible-joint robotic manipulator systems affected by uncertainties, disturbances, 
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actuator faults, and dead-zone nonlinearities. The proposed control framework successfully grates 

prescribed performance control, adaptive backstepping methodology, neural network approximation, 

and adaptive dead-zone compensation to guarantee robust trajectory tracking with predefined transient 

and steady-state performance.  

 

The prescribed performance mechanism ensures that the tracking error evolves within predefined 

performance bounds throughout the system operation. In addition, the neural net work approximation 

effectively compensates for unknown nonlinear dynamics and disturbances, thereby improving 

tracking accuracy and robustness. The adaptive dead-zone compensation mechanism further reduces 

the adverse effects of actuator nonlinearities and faults.  

 

Comparative simulation studies carried out using MAT LAB/Simulink demonstrate that the proposed 

PPNABC con troller outperforms the conventional Integral Sliding Mode Controller (ISMC) in terms 

of tracking accuracy, convergence speed, steady-state error reduction, robustness against disturbances, 

and chattering suppression. The simulation results confirm that the proposed controller provides 

smoother control action and improved closed-loop performance under uncertain operating conditions.  

 

Therefore, the proposed PPNABC controller is highly suit able for practical robotic manipulator 

applications operating in nonlinear and uncertain environments such as industrial automation, 

underwater robotics, aerospace systems, and autonomous robotic platforms. Future work will focus on 

real time experimental implementation using embedded robotic hardware platforms and validation 

under practical operating conditions. 
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