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 This paper explores the theoretical and experimental implementation of 

proportional-integral-derivative (PID) and sliding mode control (SMC) on 

an inverted pendulum system, a well-known problem in control engineering 

that is inherently unstable and highly nonlinear. The primary objective of 

this study is to evaluate and compare the effectiveness of these two control 

strategies in achieving system stabilization and robustness against 

disturbances. The PID controller, widely utilized due to its straightforward 

design and implementation, is developed based on the linearized model of 

the inverted pendulum. On the other hand, the SMC technique, known for its 

robustness to system uncertainties and external disturbances, is employed to 

tackle the nonlinear nature of the system. The controllers are tested in both 

simulation and real-time experimental environments to ensure the reliability 

of the findings. The results from the experiments indicate that while the PID 

controller performs adequately under nominal conditions, it struggles to 

maintain stability when faced with parameter variations and external 

perturbations. In contrast, the SMC exhibits superior performance by 

consistently stabilizing the pendulum even under adverse conditions, 

demonstrating its robustness and effectiveness in managing nonlinear 

systems. This comparative analysis provides valuable insights into the 

practical applications of PID and SMC, highlighting the trade-offs between 

simplicity and robustness in control system design. 

Keywords: 

Linearization 

Nonlinear systems 

Robust control 

Sliding mode control 

System stabilization 

This is an open access article under the CC BY-SA license. 

 

Corresponding Author: 

Mahendra K. Dawane 

Department of Instrumentation Engineering, Government College of Engineering 

Jalgaon, India 

Email: mahendra.dawane@dtemaharashtra.gov.in 

 

 

1. INTRODUCTION 

The control of inherently unstable systems poses a significant challenge in engineering and robotics, 

demanding sophisticated strategies to maintain stability and achieve desired performance. In this context, the 

inverted pendulum system stands as a quintessential example, characterized by its inherent instability and 

sensitivity to external disturbances. This research endeavours to address this challenge by exploring the 

theoretical and experimental implementation of two prominent control methodologies proportional-integral-

derivative (PID) and sliding mode control (SMC) on an inverted pendulum [1]. 

The inverted pendulum, with its dynamic and unpredictable behaviour, serves as an ideal testbed for 

assessing the efficacy of control strategies in real-world scenarios. Theoretical analyses and simulations play 

a crucial role in the initial stages of this research, providing a comprehensive understanding of the 

mathematical model governing the inverted pendulum's dynamics. The application of PID control is 

meticulously studied, with an emphasis on parameter tuning to achieve optimal stability and performance 

metrics [2], [3]. 

https://creativecommons.org/licenses/by-sa/4.0/
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Reference tracking, another critical aspect, involves the ability of a control system to accurately 

follow a specified reference signal or setpoint. Control architectures are engineered to achieve precise and 

reliable tracking, ensuring that the system responds appropriately to changes in the desired output. 

Additionally, robustness is a key criterion for evaluating control architectures. A robust control system 

should exhibit resilience to variations in system parameters and external factors, thereby ensuring consistent 

performance over a range of conditions. Two prominent control architectures, SMC and PID control, are 

often employed to address diverse control challenges. SMC is particularly suitable for systems characterized 

by uncertainties and disturbances. It excels in scenarios where precise control is essential despite the presence 

of unpredictable factors. On the other hand, PID control is widely embraced across industries owing to its 

simplicity and versatility. It is especially effective in systems with well-defined dynamics and where 

stringent control requirements may not be paramount [4], [5]. 

To bridge the gap between theory and practical application, real-time experiments are conducted on 

a physical inverted pendulum setup. This experimental phase involves system identification, data acquisition, 

and parameter adjustment for both PID and SMC. The outcomes of these experiments not only validate the 

theoretical findings but also provide valuable insights into the real-world challenges and nuances associated 

with implementing these control strategies. 

The choice between SMC and PID control hinges on the specific characteristics of the system, the 

level of uncertainties involved, and the desired performance criteria. SMC is adept at handling uncertainties 

and disturbances in nonlinear systems, making it a preferred choice in situations where precise and robust 

control is imperative. In contrast, PID control is chosen for its simplicity and adaptability, making it suitable 

for a broad spectrum of applications [6], [7]. 

Recognizing the strengths of each method, there are instances where a combined approach, 

integrating elements of both sliding mode and PID control, is employed. This hybrid strategy aims to harness 

the advantages of both approaches, potentially offering improved performance and robustness. The 

integration of these control elements is tailored based on a comprehensive analysis of the system's dynamics 

and control requirements. The selection between SMC and PID control is contingent on the unique 

characteristics of the system, the precision level required, and the presence of uncertainties or disturbances. 

Each control architecture has distinct strengths, and the decision-making process involves a meticulous 

evaluation of the system's dynamics and control specifications. As control systems continue to play a pivotal 

role in shaping the performance of dynamic systems, the synergy between sliding mode and PID control 

emerges as a compelling avenue for achieving enhanced control outcomes in a diverse range of 

applications [8]–[10]. 

 

 

2. SIMULATION AND PID CONTROL IMPLEMENTATION OF INVERTED PENDULUM 

The mathematical modelling of an inverted pendulum is essential for understanding its dynamic 

behaviour and designing control strategies to stabilize the system. The inverted pendulum consists of a rigid rod 

with a point mass at one end, which can move in a vertical plane. The mathematical model typically considers 

the following parameters: A rigid rod or stick with a mass at one end that is fastened to a pivot point makes up 

the inverted pendulum in Figure 1 despite the intrinsic instability brought on by gravity, the objective is to keep 

the pendulum in an upright position. The dynamics of the system can be described equations: 

Cart variables: 

x: horizontal position of the cart. 

𝑥̇: velocity of the cart. 

Pendulum variables: 

𝜃: angular displacement of the pendulum from the vertical position. 

𝜃̇: angular velocity of the pendulum. 

Physical parameters: 

𝑚𝑐: mass of the cart. 

𝑚𝑝: mass of the point mass at the end of the pendulum. 

𝑙 : length of the pendulum. 

𝑔 : acceleration due to gravity. 
 
 

 
 

Figure 1. Freebody diagram of inverted pendulum with cart 
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The dynamic equations of motion for the inverted pendulum can be derived using Newton's second 

law and the principles of rotational motion. Assuming no friction or air resistance, the equations are typically 

represented in state-space form: 
 

𝑥̇ = 𝑥̇

𝑥̈ =
𝑓+𝑚𝑝𝑠𝑖𝑛 (𝜃)(𝑙𝜃̇2+𝑔𝑐𝑜𝑠 (𝜃))

𝑚𝑐+𝑚𝑝𝑠𝑖𝑛2 (𝜃)

𝜃̇ = 𝜃̇

𝜃̈ =
−𝑓𝑐𝑜𝑠 (𝜃)−(𝑚𝑐+𝑚𝑝)𝑔𝑠𝑖𝑛 (𝜃)+𝑚𝑝𝑙𝜃̇2𝑐𝑜𝑠 (𝜃)𝑠𝑖𝑛 (𝜃)

𝑙(𝑚𝑐+𝑚𝑝𝑠𝑖𝑛2 (𝜃))

  

 

where, f represents the force applied to the cart, which is a crucial parameter when considering control 

strategies. The linearized form of these equations, around an unstable equilibrium point, is often used for 

control design: 
 

𝑥̇ = 𝐴𝑥 + 𝐵𝑢
𝑥̇ = 𝐶𝑥 + 𝐷𝑢

  

 

where x is the state vector, u is the control input, and A, B, C, and D are matrices derived from the linearized 

equations. Understanding and utilizing these mathematical models are foundational for developing effective 

control strategies, such as PID or SMC, for stabilizing the inverted pendulum system. As shown in Figures 2 

and 3, the inverted pendulum is a classic control system benchmark, challenging due to its inherent instability. 

Simulating it in MATLAB/Simscape lets you explore control design principles and evaluate different control 

strategies. Here's a breakdown of the key steps: 
 
 

 
 

Figure 2. MATLAB/Simscape model of inverted pendulum with cart 

 

 

2.1.  Proportional-integral-derivative block simulink 

PID controller dynamics: the dynamic behavior of a PID controller is governed by the weighted 

combination of these three terms, each adjusted by respective coefficients (Kp, Ki, and Kd) during the tuning 

process. The PID control output (u) is expressed equation: 
 

𝑢(𝑡) = 𝐾𝑝𝑒(𝑡) + 𝐾𝑖 ∫  
𝑡

0
𝑒(𝜏)𝑑𝜏 + 𝐾𝑑

𝑑𝑒(𝑡)

𝑑𝑡
  

 

where, 𝑒(𝑡) denotes the error at time 𝑡, 𝐾𝑝,  𝐾𝑖, and 𝐾𝑑 are the proportional, integral, and derivative gains, 

respectively. 

− Tuning and optimization: the effectiveness of a PID controller lies in the careful tuning of its parameters 

to match the specific characteristics of the controlled system. Achieving an optimal balance between the 

proportional, integral, and derivative terms is essential for robust and stable performance. Numerous 

tuning methods, ranging from manual adjustment to advanced optimization algorithms, exist to fine-tune 

PID controllers based on the system's response characteristics, ensuring that the controller adapts to 

varying operating conditions. 

− Applications and adaptability: PID controllers find widespread application across diverse industries due 

to their adaptability and simplicity. From temperature control in industrial processes to speed regulation 
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in motor drives, PID controllers offer a versatile solution for a myriad of control challenges. The 

architecture's straightforward structure and ease of implementation make it a popular choice in both 

academic settings and industrial environments [11]. 
 

 

 
 

Figure 3. Simulation of inverted pendulum with cart 

 

 

For the simulink, PID tuner offers a single-loop PID tuning technique that is quick and broadly 

applicable. The weighted sum of the input signal's derivative, integral, and input signal is the block output. 

The weights consist of the derivative, integral, and proportional gain parameters. The PID controller 

coefficients can be changed automatically or manually. Automatic tuning requires software known as 

simulink control design. See the select tuning technique parameter for further details on automatic tuning 

[12], [13]. Figures 4 and 5 shows result of PID implementation using MATLAB simulink toolbox. This 

shows a better performance of PID control (PID tuner block) (Kp=55.51, Kd=4.21, and Ki=114.48) 

compared to previously PID parameters (PID parameters Kp=100, Kd=5, and Ki=5). 
 

 

 

 
 

Figure 4. PID implementation on inverted pendulum (PID tuner block) (Kp=55.51, Kd=4.21, and Ki=114.48) 
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Figure 5. Step response to PID tunned plant and open loop response 

 

 

3. SLIDING MODE CONTROL IMPLEMENTATION 

SMC represents a sophisticated and technically advanced approach to control system design, 

renowned for its ability to handle complex nonlinearities and uncertainties in dynamic systems. At its core, 

SMC leverages the concept of a sliding surface, which serves as a dynamic equilibrium that the system 

trajectories aim to reach and maintain. This technical note delves into the intricacies of SMC, exploring its 

mathematical foundation, unique features, and practical applications. Mathematical foundation: the 

foundation of SMC lies in its mathematical representation of the sliding surface and the associated control 

law. Consider a system described by the state-space equations [14], [15]. 

 

3.1.  Mathematical foundation 

The foundation of SMC lies in its mathematical representation of the sliding surface and the 

associated control law. Consider a system described by the state-space equations: 
 

𝑥̇ = 𝑓(𝑥, 𝑢)  
 

where, 𝑥 represents the state vector, and 𝑢 is the control input. 

The sliding surface, denoted as 𝑠, is typically defined as: 

 

𝑠 = 𝑠(𝑥) = ℎ(𝑥)  

 

The control input 𝑢 in SMC is designed to ensure that the system trajectories converge to and remain on the 

sliding surface. The control law is expressed as: 
 

𝑢 = 𝑢(𝑥) = −𝑘sgn (𝑠)  
 

In this equation, 𝑘 is a positive constant, and sgn (⋅) denotes the signum function. The negative sign ensures 

that the system follows the sliding surface. 

Now, let's explore how SMC can be applied to stabilize the inverted pendulum. SMC involves 

creating a sliding surface, a hyperplane in the state space, such that the system trajectories are constrained to 

remain on this surface. The sliding surface is designed to drive the system towards a desired equilibrium 

point. In the case of the inverted pendulum, the objective is to keep it upright. The sliding surface for the 

inverted pendulum can be defined as: 
 

𝑠 = 𝜃̇ + 𝜆(𝜃 − 𝜃desired )  
 

where, 𝑠 is the sliding surface, 𝜆 is a positive constant, 𝜃̇ is the angular velocity, and 𝜃desired  is the desired 

angular position. The SMC law is then applied to ensure that the system trajectories converge to the sliding 

surface and remain on it. The control input 𝑢 can be formulated as: 
 

𝑢 = −
𝑚𝑙2

𝑢
(

𝑔

𝑙
𝑠𝑖𝑛 (𝜃) − 𝑘𝑠𝑔𝑛 (𝑠))  
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In this equation, k is a positive constant, and sgn (𝑠) is the signum function. The control input is designed to force 

the system trajectories to reach and stay on the sliding surface, effectively stabilizing the inverted pendulum. 

 

3.1.1. Robustness to uncertainties  

One of the distinctive features of SMC is its robustness to uncertainties and disturbances. The 

signum function introduces a robust control action that is insensitive to system uncertainties. The control 

law's ability to force the system onto the sliding surface regardless of uncertainties makes SMC particularly 

well-suited for applications where precise system modeling is challenging or impractical [16]. 

 

3.1.2. Dynamic behavior and precision 

The dynamic behavior of SMC is governed by the sliding surface's design and the control law. The 

sliding motion induced by the control law ensures rapid and precise responses. The choice of the sliding 

surface function and the tuning of the control parameters, such as k, allow for tailoring the system's dynamic 

response to specific requirements. This dynamic precision makes SMC invaluable in applications where 

quick and accurate control is essential. The beauty of SMC lies in its ability to handle uncertainties and 

disturbances inherent in real-world systems. In the case of the inverted pendulum, external disturbances or 

modeling inaccuracies can be effectively countered by the SMC law, ensuring robust performance. 

The inverted pendulum, a classic problem in control theory, poses inherent challenges due to its 

unstable nature. SMC, with its robust characteristics and ability to handle uncertainties, presents an effective 

solution for stabilizing and controlling the inverted pendulum. The application of SMC involves defining a 

sliding surface and formulating a control law to drive the system trajectories onto this surface. The equations 

provided offer insights into the dynamics and control strategy for the inverted pendulum under the influence 

of SMC [17], [18]. 

 

3.2.  Simulation of control architectures 

Simulation of control architectures is a nuanced and crucial facet in the realm of control system 

engineering, providing engineers with a powerful toolset to design, analyze, and optimize intricate control 

strategies. This detailed examination encompasses various technical dimensions, starting with the 

fundamental task of mathematical modeling. Mathematical models serve as the bedrock, encapsulating the 

intricacies of real-world systems through differential equations, state-space formulations, or transfer 

functions. For instance, in linear systems, transfer functions like 𝐺(𝑠) =
𝑌(𝑠)

𝑈(𝑠)
 act as bridges between input and 

output variables, allowing for a comprehensive representation. 

Moving into the heart of the process, the modeling of the entire control system architecture is the next 

crucial step. This comprehensive model spans the entire spectrum, from the plant and sensors to actuators and 

the controller itself. In cases involving PID controllers, the transfer function 𝐻(𝑠), of the PID controller 

becomes an integral part of this model. The precision of this representation is paramount, as it lays the 

groundwork for subsequent simulation steps. Simulation tools and environments play a pivotal role, offering 

engineers platforms like MATLAB/Simulink, LabVIEW, and Modelica. MATLAB/Simulink, a prevalent 

choice, provides a graphical interface for constructing block diagrams that vividly represent control 

architectures. The visual nature of these tools simplifies the design and analysis of complex systems, allowing 

engineers to focus on the intricacies of the control strategy rather than grappling with complex coding [19], [20]. 

Dynamic simulation, a cornerstone of this process, involves an in-depth analysis of a system's 

behavior over time and in the frequency domain. Time domain analysis scrutinizes parameters such as 

overshoot, settling time, and transient response, providing insights into the system's dynamic characteristics. 

Meanwhile, frequency domain analysis, facilitated by tools like Bode plots and Nyquist diagrams, sheds light 

on how the system responds to different frequencies. These analyses collectively contribute to a holistic 

understanding of the control architecture's performance. 

Validation, a critical step, involves comparing simulation models with experimental data obtained 

from physical prototypes. System identification techniques help adjust simulation parameters, ensuring a 

close alignment between virtual and real-world behavior. This iterative process enhances the accuracy of the 

simulation model, fostering confidence in its reliability [21], [22]. The convergence of virtual and real 

components is exemplified in advanced techniques like co-simulation and Hardware-in-the-Loop (HIL) 

testing. Co-simulation integrates multiple tools to model diverse aspects of a control system, while HIL 

testing introduces real hardware components into the simulation loop. This synergy ensures a more accurate 

representation of the control architecture's interaction with the physical system, particularly beneficial when a 

complete physical prototype is impractical [23]. Venturing into advanced simulation techniques, engineers 

leverage methodologies like Monte Carlo simulations to assess the robustness of control architectures under 

varying conditions and uncertainties [24], [25]. 
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4. ROTARY INVERTED PENDULUM BALANCING-EXPERIMENTAL SETUP 

The setup procedure for the rotary inverted pendulum balancing system involves a detailed assembly 

process to ensure the precise integration of hardware components, creating a robust experimental platform. 

Start by selecting a suitable rod or stick to represent the inverted pendulum, ensuring its length, mass 

distribution, and moment of inertia align with the specified requirements. Attach the rod to a stable base, 

establishing a pivot point that allows free rotation. 

Incorporate the specified motor or actuator into the system, taking note of its nominal input voltage 

of 12 V and a nominal speed of 600 rpm. Proper alignment of the motor is crucial for optimal performance in 

controlling the motion of the inverted pendulum. Integrate position sensors, such as the vertical arm encoder 

with a count resolution of 10000 counts/rev, to measure the angular position of the pendulum accurately. 

The motor amplifier, configured as a pulse width modulation (PWM) type, plays a pivotal role in 

controlling the motion of the pendulum. Ensure that the amplifier can handle a peak current of 3 A and a 

continuous current of 2 A, and connect it to the motor. Additionally, power the motor with the specified 

+12 V output from the amplifier. For future upgrades and enhanced data acquisition, include an onboard 1-channel 

12-bit analog to digital converter (ADC) in the setup. Establish a robust ethernet LAN connection to facilitate 

high-speed communication between components. Assemble the entire system on the provided target board, 

which runs a Real-Time Application Linux (RTAI) with a target daemon for efficient communication. Make 

certain that the setup is fully compatible with the 20 Sim and 4C toolchain for seamless integration. 

 

4.1.  Data acquisition and real-time control 

Data acquisition is a critical phase in the experimental process, requiring careful consideration of the 

high-performance processor and software interface. The ARM9 processor, equipped with a math co-

processor, ensures real-time execution and precision in data acquisition. Utilize the software interface to 

monitor and log every variable available on the target system, providing a comprehensive overview of the 

system's behavior. 

The preferred data file format is comma-separated values (.csv), allowing for easy accessibility and 

compatibility with various data analysis tools. Leverage the capabilities of the onboard 12-bit ADC to capture 

analog signals with high resolution, ensuring accurate representation of system dynamics. The ethernet LAN 

connection enhances data transfer speeds, facilitating the acquisition of large datasets with minimal latency. 

During the data acquisition phase, focus on monitoring key variables such as the rotary pendulum link mass, 

link length, motor parameters (nominal input voltage, speed, amplifier specifications), and encoder counts. 

Visualize these variables as waveforms for a detailed understanding of their behavior over time. Ensure that 

the control system model supplied with the board operates stably, providing a benchmark for subsequent 

experimentation. 

 

4.2.  Experimentation and analysis 

The experimentation and analysis phase involves the implementation of control algorithms on the 

rotary inverted pendulum balancing system, leveraging the capabilities of the high-performance ARM9 

processor. Utilize the supplied control system model to conduct experiments that assess the system's stability 

and response under varying conditions. The software interface plays a crucial role in this phase, allowing for 

the compilation of C code generated from the 20-sim control model and seamless downloading onto the 

board. This integration ensures a direct connection between the simulated model and the physical setup, 

enabling precise control and analysis. 

Experiment with various control algorithms such as PID or SMC, exploiting the real-time 

capabilities of the ARM9 processor. Analyze the waveforms and logged data to evaluate the system's 

performance, making adjustments to control parameters as necessary. Considerhe impact of varying 

parameters, such as motor input voltage, link length, and control gains, on the system's behavior. The 

ethernet LAN connection facilitates high-speed communication, enabling quick response to dynamic changes 

during experimentation. Systematically vary parameters and conduct in-depth analysis to refine control 

strategies and optimize overall system performance. Through this detailed experimentation and analysis 

process, gain a comprehensive understanding of the intricate dynamics of the rotary inverted pendulum 

balancing system. Figure 6 and 7 shows experimental setup and blockdiagram of inverted pendulum setup. 

The development and implementation of a control system for rotary inverted pendulum balancing 

represent a challenging yet intriguing endeavor in the realm of control theory and robotics. This section 

provides a detailed exploration of the specifications outlined for the complete system, offering insights into 

the crucial components and functionalities designed to demonstrate and exercise control system design for 

the rotary inverted pendulum. Figure 8 shows the block diagram representation of real-time PID control 

architecture on experimental setup of inverted pendulum with cart system. 
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Figure 6. Experimental setup inverted pendulum Figure 7. Block diagram for experimental 

setup 
 

 

 
 

Figure 8. Real-time implementation of control architecture on inverted pendulum with cart system 

 

 

5. RESULTS AND DISCUSSION 

The theoretical analysis of the PID control implementation on the inverted pendulum system 

revealed that the proportional, integral, and derivative terms played distinct roles in achieving stability. The 

proportional term contributed to the quick response to deviations, the integral term assisted in eliminating 

steady-state errors, and the derivative term provided damping to prevent overshooting. The tuning parameters 

were optimized through simulations to ensure robust performance. 

Figure 9 depicts the real-time performance of the PID control system applied to the inverted 

pendulum with a cart system. The results illustrate the effectiveness of the PID controller in stabilizing the 

pendulum. The proportional term of the PID controller enabled a rapid response to deviations, allowing the 

system to quickly correct any tilt of the pendulum. The integral term was crucial in addressing and 

eliminating steady-state errors, ensuring that the pendulum stayed in the desired upright position without 

persistent deviations. Additionally, the derivative term contributed to damping, minimizing overshooting and 

reducing settling time. The experimental results showed that the PID control system effectively managed 

response time, overshooting, and settling time, achieving performance close to theoretical predictions. 

Furthermore, the controller demonstrated its robustness by effectively compensating for external disturbances 

and uncertainties present in the experimental setup. This validation confirms the PID controller's capability to 

stabilize the inverted pendulum system under real-world conditions. 

However, in the case of SMC, the theoretical analysis focused on designing a sliding surface to force 

the system onto a predefined trajectory. The SMC demonstrated inherent robustness against uncertainties and 

disturbances. The theoretical foundation emphasized the chattering phenomenon associated with SMC and 

strategies to mitigate its effects while maintaining the desired performance. Figure 10 presents the results of 

the SMC implementation for the inverted pendulum with a cart system. The sliding mode controller was 

designed to force the system onto a predefined trajectory, and the experimental results confirmed its 

effectiveness in achieving this goal. The controller displayed significant robustness against external 
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disturbances and uncertainties, aligning with theoretical expectations. However, the chattering phenomenon, 

a known issue with SMC, was observed. Chattering refers to the rapid oscillations in the control signal 

caused by the switching nature of the SMC. While the sliding mode controller successfully guided the system 

to the desired trajectory, the chattering was noticeable and required mitigation strategies. Techniques such as 

smoothing the control signal or implementing boundary layers were employed to minimize the impact of 

chattering on system stability and performance. Overall, the experimental results validated the theoretical 

predictions of the SMC approach, demonstrating its robustness and effectiveness despite the challenges posed 

by chattering. 
 
 

 
 

Figure 9. Real-time implementation of PID control architecture on inverted pendulum with cart system 
 

 

 
 

Figure 10. Real-time implementation of SMC architecture on inverted pendulum with cart system 
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6. CONCLUSION 

The research addressed practical challenges encountered during the experimental implementation, 

including sensor noise, actuator limitations, and nonlinearities in the physical system. Strategies to mitigate 

these challenges were discussed, emphasizing the adaptability and limitations of each control strategy. The 

combined theoretical and experimental investigation provided valuable insights into the effectiveness of PID 

and SMC strategies for stabilizing an inverted pendulum system. The study contributes to the understanding 

of their respective strengths, weaknesses, and practical considerations, paving the way for informed choices 

in the control of similar dynamic systems. Further research avenues were suggested to enhance the 

performance and applicability of these control strategies in real-world scenarios. The study discussed the 

implications of the theoretical and experimental findings on the real-world applicability of PID and SMC for 

inverted pendulum systems. Considerations for industrial adoption and potential areas of improvement were 

explored. 

 

 

ACKNOWLEDGEMENTS 

We would like to express our sincere gratitude to Department of Mechanical Engineering, and 

Electronics Engineering, Government College of Engineering, Jalgaon, India for providing support and 

cooperation for successful completion of this research endeavour. 

 

 

REFERENCES 
[1] S. Ullah, Q. Khan, A. Mehmood, and A. I. Bhatti, “Robust Backstepping Sliding Mode Control Design for a Class of 

Underactuated Electro–Mechanical Nonlinear Systems,” Journal of Electrical Engineering & Technology, vol. 15, no. 4, pp. 
1821–1828, Jul. 2020, doi: 10.1007/s42835-020-00436-3. 

[2] J. Lee, R. Mukherjee, and H. K. Khalil, “Output feedback stabilization of inverted pendulum on a cart in the presence of 

uncertainties,” Automatica, vol. 54, pp. 146–157, Apr. 2015, doi: 10.1016/j.automatica.2015.01.013. 
[3] N. S. Reddy, M. S. Saketh, P. Pal, and R. Dey, “Optimal PID controller design of an inverted pendulum dynamics: A hybrid pole-

placement & firefly algorithm approach,” 2016 IEEE 1st International Conference on Control, Measurement and 

Instrumentation, CMI 2016, pp. 305–310, 2016, doi: 10.1109/CMI.2016.7413760. 
[4] K. G. Eltohamy and C.-Y. Kuo, “Nonlinear optimal control of a triple link inverted pendulum with single control input,” 

International Journal of Control, vol. 69, no. 2, pp. 239–256, Jan. 1998, doi: 10.1080/002071798222811. 

[5] M. Van, “Higher-order terminal sliding mode controller for fault accommodation of Lipschitz second-order nonlinear systems 
using fuzzy neural network,” Applied Soft Computing, vol. 104, p. 107186, 2021, doi: 10.1016/j.asoc.2021.107186. 

[6] S. A. Ajwad, J. Iqbal, A. A. Khan, and A. Mehmood, “Disturbance-Observer-Based Robust Control of a Serial-link Robotic 

Manipulator Using SMC and PBC Techniques,” Studies in Informatics and Control, vol. 24, no. 4, Dec. 2015, doi: 
10.24846/v24i4y201504. 

[7] W. Qi, G. Zong and H. R. Karim, “Observer-Based Adaptive SMC for Nonlinear Uncertain Singular Semi-Markov Jump Systems 

With Applications to DC Motor,” in IEEE Transactions on Circuits and Systems I: Regular Papers, vol. 65, no. 9, pp. 2951-2960, 
Sept. 2018, doi: 10.1109/TCSI.2018.2797257. 

[8] S. Huang and Y. Yang, “Adaptive Neural-Network-Based Nonsingular Fast Terminal Sliding Mode Control for a Quadrotor with 

Dynamic Uncertainty,” Drones, vol. 6, no. 8. p. 206, 2022, doi: 10.3390/drones6080206. 
[9] M. El-Bardini and A. M. El-Nagar, “Interval type-2 fuzzy PID controller for uncertain nonlinear inverted pendulum system,” ISA 

Transactions, vol. 53, no. 3, pp. 732–743, May 2014, doi: 10.1016/j.isatra.2014.02.007. 

[10] C. W. Anderson, “Learning to control an inverted pendulum using neural networks,” IEEE Control Systems Magazine, vol. 9, no. 
3, pp. 31–37, Apr. 1989, doi: 10.1109/37.24809. 

[11] Q. Wu, N. Sepehri, and S. He, “Neural inverse modeling and control of a base-excited inverted pendulum,” Engineering 

Applications of Artificial Intelligence, vol. 15, no. 3–4, pp. 261–272, Jun. 2002, doi: 10.1016/S0952-1976(02)00042-8. 
[12] F. Pasemann, “Evolving neurocontrollers for balancing an inverted pendulum,” Network: Computation in Neural Systems, vol. 9, 

no. 4, pp. 495–511, Jan. 1998, doi: 10.1088/0954-898X_9_4_006. 

[13] K. Pathak, J. Franch, and S. K. Agrawal, “Velocity and position control of a wheeled inverted pendulum by partial feedback 
linearization,” IEEE Transactions on Robotics, vol. 21, no. 3, pp. 505–513, Jun. 2005, doi: 10.1109/TRO.2004.840905. 

[14] J. Abonyi, R. Babuska, and F. Szeifert, “Fuzzy modeling with multivariate membership functions: gray-box identification and 

control design,” IEEE Transactions on Systems, Man and Cybernetics, Part B (Cybernetics), vol. 31, no. 5, pp. 755–767, 2001, 
doi: 10.1109/3477.956037. 

[15] W.-S. Yu, M. Karkoub, T.-S. Wu, and M.-G. Her, “Delayed Output Feedback Control for Nonlinear Systems With Two-Layer 

Interval Fuzzy Observers,” IEEE Transactions on Fuzzy Systems, vol. 22, no. 3, pp. 611–630, Jun. 2014, doi: 
10.1109/TFUZZ.2013.2269693. 

[16] W. J. M. Kickert and E. H. Mamdani, “Analysis of a fuzzy logic controller,” Fuzzy Sets and Systems, vol. 1, no. 1, pp. 29–44, Jan. 

1978, doi: 10.1016/0165-0114(78)90030-1. 
[17] H.-J. Kim, Y.-H. Joo, and J.-B. Park, “Controller Design for Continuous-Time Takagi-Sugeno Fuzzy Systems with Fuzzy 

Lyapunov Functions : LMI Approach,” International Journal of Fuzzy Logic and Intelligent Systems, vol. 12, no. 3, pp. 187–192, 

Sep. 2012, doi: 10.5391/IJFIS.2012.12.3.187. 
[18] Q. Khan, R. Akmeliawati, A. I. Bhatti, and M. A. Khan, “Robust stabilization of underactuated nonlinear systems: A fast terminal 

sliding mode approach,” ISA Transactions, vol. 66, pp. 241–248, Jan. 2017, doi: 10.1016/j.isatra.2016.10.017. 

[19] Z.-Q. Guo, J.-X. Xu, and T. H. Lee, “Design and implementation of a new sliding mode controller on an underactuated wheeled 
inverted pendulum,” Journal of the Franklin Institute, vol. 351, no. 4, pp. 2261–2282, Apr. 2014, doi: 

10.1016/j.jfranklin.2013.02.002. 

[20] A. Rantzer and M. Johansson, “Piecewise linear quadratic optimal control,” IEEE Transactions on Automatic Control, vol. 45, no. 

4, pp. 629–637, Apr. 2000, doi: 10.1109/9.847100. 



                ISSN: 2302-9285 

Bulletin of Electr Eng & Inf, Vol. 14, No. 2, April 2025: 920-930 

930 

[21] S. Tong, T. Wang, Y. Li, and B. Chen, “A Combined Backstepping and Stochastic Small-Gain Approach to Robust Adaptive 

Fuzzy Output Feedback Control,” IEEE Transactions on Fuzzy Systems, vol. 21, no. 2, pp. 314–327, Apr. 2013, doi: 
10.1109/TFUZZ.2012.2213260. 

[22] S. Ahmed, A. T. Azar, and M. Tounsi, “Adaptive Fault Tolerant Non-Singular Sliding Mode Control for Robotic Manipulators 

Based on Fixed-Time Control Law,” Actuators, vol. 11, no. 12, p. 353, 2022, doi: 10.3390/act11120353. 
[23] M. Faifer, L. Cristaldi, S. Toscani, P. Soulantiantork and M. Rossi, “Iterative model-based Maximum Power Point Tracker for 

photovoltaic panels,” 2015 IEEE International Instrumentation and Measurement Technology Conference (I2MTC) Proceedings, 

Pisa, Italy, 2015, pp. 1273-1278, doi: 10.1109/I2MTC.2015.7151456. 
[24] S. Jung and S. S. Kim, “Control Experiment of a Wheel-Driven Mobile Inverted Pendulum Using Neural Network,” IEEE 

Transactions on Control Systems Technology, vol. 16, no. 2, pp. 297–303, Mar. 2008, doi: 10.1109/TCST.2007.903396. 

[25] H. T. Cho and S. Jung, “Neural Network Position Tracking Control of an Inverted Pendulum by an X-Y Table Robot,” IEEE 
International Conference on Intelligent Robots and Systems, vol. 2, pp. 1210–1215, 2003, doi: 10.1109/iros.2003.1248810. 

 

 

BIOGRAPHIES OF AUTHORS 

 

 

Mahendra K. Dawane     received a B.E. degree in Instrumentation Engineering 

from MBES, Ambajogaiand M.E. degree in Instrumentation Engineering from 

S.G.G.S.I.E&T. (an Autonomous Institute of Government of Maharashtra) Vishnupuri, 

Nanded, SRT Marathwada University. He is currently working toward a Ph.D. degree in the 

Department of Instrumentation Engineering, Government College of Engineering Jalgaon. He 

has a teaching experience of 15 years. In 2011, he joined the Government Polytechnic, Jintur 

as Head of Department. His research interests include process dynamics, sliding mode control 

for electromechanical systems, and instrumentation and control. He can be contacted at email: 

mahendra.dawane@dtemaharashtra.gov.in. 

 

 

 

Prof. (Dr.) Gajanan M. Malwatkar     as a Doctorate degree in Instrumentation 

Engineering from S.G.G.S.I.E&T. (an Autonomous Institute of Government of Maharashtra) 

Vishnupuri, Nanded, SRT Marathwada University. Presently working in Government College 

of Engineering Jalgaon from 19th August 2016 to till date as Associate Professor in 

Instrumentation Engineering. He has made significant contributions to process dynamics, 

modelling and identification, and control, sliding mode control for electromechanical systems, 

linear and non-linear control systems, signal and systems, feedback/automatic control systems. 

Over 50 plus international publications to his credit. He can be contacted at email: 

gajananm@gmail.com. 

 

https://orcid.org/0009-0006-4763-3237
https://scholar.google.co.in/citations?user=QaMdhr8AAAAJ&hl=en&authuser=5
https://www.scopus.com/authid/detail.uri?authorId=34869402800
https://orcid.org/0009-0000-7470-6856
https://scholar.google.co.in/citations?user=xqgdEcYAAAAJ&hl=en
https://www.scopus.com/authid/detail.uri?authorId=26436084000

