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ABSTRACT  

 

A control system can range from a single home heating controller to large industrial control 

systems for controlling different processes or devices. Control theory evolution leads to the 

development of analytical controller design techniques and an automatic decision-making 

process that improves the performance of control benchmark problems in real time. Lately, 

automation has been gaining traction globally owing to its huge social, economic and 

environmental benefits. However, most of the industrial plants have hard non-linearities, 

which makes it difficult to design and analyse closed-loop control systems as compared to 

linear ones. However, a significant portion of the literature exists for traditional control 

through distributed control systems (DCS) and field-bus technologies to monitor and control 

all the processes of industrial automation control systems. But none of them have resulted in 

an intelligent and highly productive real-time control of the plant. Also, the current systems 

used for industrial monitoring and control have various drawbacks related to expensive 

hardware and difficulty of integration with other network protocols. Very little research is 

focused on Programmable Logic Controller (PLC) and Supervisory Control and Data 

Acquisition (SCADA) based real-time automation systems to accelerate industrial processes 

and perform industrial operations remotely.  

Additionally, nonlinearity plays an important role in the controlled process or 

controllers in nonlinear control systems. Nonlinear control systems are used in numerous 

engineering systems like aerospace control, industrial process control, autonomous robots, 

position control, trajectory tracking, path planning, etc. A nonlinear controller through 

robustness or adaptability can handle the consequences due to hard nonlinearities, and model 

uncertainties. Non-linear systems behave differently at different operating points and hence it 

is not preferred for industrial applications due to its complexity, non-flexibility in tuning and 

poor reconfigurability. 

Thus, there is a need for an adaptive method to resolve the issues of non-linearities in the 

traditional control of industrial automation systems and improve the performance and 

stability of non-linear control systems like inverted pendulum and ball balancer systems. The 

objective of this thesis is to investigate automated and non-linear control systems and propose 

robust, reliable, and efficient methods for various automated and non-linear control systems. 

In this research, a variety of techniques are applied to automated and non-linear control 
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systems. Some newly introduced applications of automation and ratio control strategy in the 

Industry 4.0 concept are also studied. Various methods have been designed and applied to 

improve the performance and stability of non-linear control systems along with the 

implementation of various optimization techniques to these non-linear control systems. The 

contributions presented in this thesis are outlined below: 

• A PLC and SCADA-based control framework is proposed to automate the process 

industry plant and monitor all the processes using a single screen Human Machine 

Interface (HMI). The proposed method addresses a dynamic real-world problem for 

the mixing of raw materials, filling of final product composition, capping, labelling 

and sorting of containers on the basis of both size and type using a single assembly 

line by applying the developed model in a real-life case study of an assembly line 

from a chemical process industry supplier in north India to verify the design for 

effectively balancing a real-world assembly line in a process industry.  

• A PLC-based control framework is developed to automate the processes in the heat 

exchanger plant and monitor all the processes using SCADA. A PLC and SCADA-

based control framework is designed to control the temperature of a heat exchanger 

system through Proportional Integral Derivative (PID) and Fractional Order PID 

(PIλDμ) controllers and the performance of the controllers is optimized using Genetic 

algorithm (GA), Ant Colony Optimization (ACO) and Particle Swarm Optimization 

(PSO) techniques. 

• Intelligent controllers are introduced for the real-time balancing and position-tracking 

control of a 2-DOF ball balancer using  

i. PID with Integral ANTI-WINDUP controller with different velocity setpoints 

values  

ii. Neuro Integrated Fuzzy PID controllers with different 𝑉𝑠𝑤 values  

• A continuous Linear Quadratic Gaussian (LQG) controller is proposed for optimal 

control of a rotary inverted pendulum to swing up the rotary inverted pendulum 

upward from its stationary downward position and maintain an equilibrium in the 

vertical upward position. 

• A PID and Fractional Order PID (PIλDμ) controller with Integral ANTI-WINDUP 

technique is designed for swing-up and stabilization control of rotary inverted 

pendulum system by using metaheuristic optimization techniques. Simulation and real-
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time experimentation analysis of the pendulum angle, rotary arm angle, controlled 

input voltage, transient response and steady-state response have been done for the 

proposed controllers. The proposed method is efficient in 

i. keeping the pendulum balanced and preserving some degree of tolerance for a 

vertical upright position.  

ii. bringing the pendulum out of its state of passive equilibrium to achieve 

balance. 

iii. both reference tracking and rejection of external disturbances in comparison 

to the existing literature 

Simulation and real-time experimental analysis have been done extensively to prove the 

efficacy of the developed solutions.  
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Chapter 1 

Introduction 

 

1.1 BACKGROUND  

A control system uses control loops to manage, command, and regulate the behaviour of various 

devices or systems. It can range from a single home heating controller to large industrial control 

systems for controlling various processes or devices. The control theory evolution emphasises on the 

methods of analytical controller design techniques, technological advancements, and the 

implementation of these techniques in real time [1]. The control system is an area that correlates with 

diverse disciplines and approaches, which leads to the development of an automatic decision-making 

process that improves the performance of control benchmark problems [2]. 

 

1.1.1   Automated Control Systems          

In a technical context, automation is simply the management of any operation or the development and 

application of many technologies to generate final goods with very little human involvement [3]. As a 

result, all industries throughout the world are moving towards the automation concept of Industry 4.0 

to examine the importance of digital manufacturing revolution principles [4]. Earlier, the industries 

relied heavily on human labour, which was costly in terms of both time and money and somewhat 

inefficient. However, automation has now eliminated all the drawbacks and decreased the likelihood 

of errors which eventually led to resource conservation [5,6]. Industry 4.0 can be viewed as a 

comprehensive method of integrating numerous machines, software, smart sensors & actuators and 

contemporary controllers in a structured way to organize, analyze, forecast and use the controller’s 

information for complex industrial processes [7]. In the last ten years, the field of industrial 

automation has undergone a digital transformation to increase equipment efficiency, product/process 
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quality, flexibility, autonomy, interoperability, and overall productivity to achieve intelligent 

management of the manufacturing process in Industry 4.0 [8]. 

Automated control systems are used for temperature control of heat exchanger systems [9,10], 

automating real-time operations like assembly line balancing and ratio control in Industry 4.0. The 

improvement in production flexibility has a significant impact on the productivity of manufacturing 

systems with assembly lines. Assembly lines are unique flow-line manufacturing systems in industries 

producing a large quantity of standardized commodities [11]. The configuration planning of an 

assembly line is extremely important because of the high capital requirements, especially in the 

process control industry. A common limitation in assembly lines is the setup time between different 

operations. The most crucial procedure in process industries like beverage, chemical, pharmaceutical 

and paint industries is the ratio control where the mixing of raw ingredients and filling of final product 

composition takes place. There are many theoretical frameworks which use impedance spectroscopy, 

and robotic arm conveyors to fill the containers to a desired level. However, these methods face 

various difficulties in the process measurement, non-linearity compensation for sensors and multi-

input multi-output.                                                                                                                         

The heat transfer processes account for more than 80% of global energy use today [12,13]. Heat 

exchangers are used for controlling the outlet fluid temperature of an industrial process such as 

chemical production [14], gas turbines, oil refineries [15], air conditioning, power generation etc. with 

respect to the variations in the operating conditions [16]. Temperature control systems are required to 

stabilize the temperature of many industrial processes to achieve an ideal value and enhance heat 

transmission efficiency. 

 

1.1.2   Non-Linear Control Systems          

Non-linearity plays a significant role in a nonlinear controlled process or in the controller itself. 

Nonlinear control systems are primarily used for the improvement of linear control systems. These 

are used for analysing the hard non-linearities, uncertainties and simple designs. A nonlinear 

controller can easily handle the implications of model uncertainties through robustness or adaptability. 

They can easily control a system that is not linearly controllable or observable. Nonlinear control 

systems are used in a variety of engineering applications such as automotive control, aerospace 

control, mechanical systems, industrial process control etc. A significant area of control has been the 

management of autonomous robots performing difficult tasks in dynamic environments like vehicle 

balancing [17,18] and position control [19], trajectory tracking and path planning [20-22] etc. In the 

past, numerous attempts have been made to control autonomous robots. There are a lot of control 

benchmark issues that are concerned with engineering systems like the inverted pendulum [23], the 

Furuta Pendulum [24,25], the beam and ball system [26], the hovercraft [27], and the ball and plate 

(B&P) system [28,29].  
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The Inverted Pendulum and ball balancer system are highly unstable underactuated mechanical 

systems having fewer inputs than the number of degrees of freedom. An inverted Pendulum is used as 

a benchmark in non-linear dynamics for testing various control techniques that require a pendulum to 

be controlled against its natural equilibrium position. The position tracking and balance control in 

robotic ball balancer systems is a widely researched problem because of its nonlinearity and 

instability. Generally, these systems find their application as benchmark systems for testing control 

laws and developing control strategies for problems related to the movement of robotic manipulators.   

 

1.2 ASSOCIATED CHALLENGES 

Industrial automation control systems integrate various devices, machines, and equipment inside a 

manufacturing plant. For a long time, field-bus technologies have been used in industrial automation 

because of their predictable characteristics. Rapid advancement in modern industries facilitates the 

gathering and transfer of factory data to the corporate world through an industrial control network for 

providing intelligent and highly productive real-time control of the plant.  

However, most of the industrial plants have hard non-linearities, which makes it difficult to 

design and analyse closed-loop control systems in comparison to linear ones. However, a significant 

portion of the literature exists for conventional control through distributed control systems (DCS) to 

monitor and control all the system processes. Very little research is focused on Programmable Logic 

Controller (PLC) and Supervisory Control and Data Acquisition (SCADA) based real-time 

automation systems. A key challenge is relatively expensive hardware and the difficulty of integration 

with other network protocols. 

Non-linear systems behave differently at different operating points and hence linear controllers 

designed for one operating point do not give a satisfactory performance at the other points. 

Additionally, it is not preferred for industrial applications due to its complexity, non-flexibility in 

tuning and poor reconfigurability. Many control techniques have been proposed in the past for 

stabilizing and swinging up the pendulum angle. Even though these control strategies are successfully 

used to regulate the inverted pendulum system's angular position with greater accuracy and oscillation 

dampening, but they have problems such as nonlinearities, time delays, chattering, discontinuity and 

higher order. The approaches in literature not only use a lot of energy but also do not eliminate 

fluctuations in control input and output signals. Additionally, there are large variations in control 

input signals that cause the system to become unstable. Some approaches have additional fluctuations 

and steady-state errors. Therefore, there is a need to design and develop a more stable, reliable, robust 

and high-performance controller to control the dynamics of rotary inverted pendulum. 

Due to its intrinsic complexity, the ball balancer system has two key issues i.e. controlling point 

stabilisation and balancing the ball on a plate. Apart from linearization-based techniques, control of 
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underactuated mechanical systems has been mainly along the cascade nonlinear systems and using 

energy-based methods combined with supervisory-based switching control. Optimization techniques 

sometimes may get trapped in local minima due to their random and probabilistic nature. As a result, 

there will be glitches in results while optimizing real-time systems, which again provides a chance of 

improvement. Therefore, there is a need to find effective control design methods for a broad range of 

highly underactuated systems used in robotics and aerospace applications. 

 

1.3 MOTIVATION 

There is continual research geared towards studying and management of automated and non-linear 

control systems in tasks like assembly line balancing and ratio control in process industries, 

temperature of a heat exchanger and underactuated mechanical systems like inverted pendulum and 

ball balancer systems. However, there are several challenges in the course of their study and 

management. The main objective of this thesis is to develop effective control design methods for 

automated and non-linear control systems. The specific problems addressed in this thesis are as 

follows: 

a) Currently, industries are using different production lines for producing different sizes & types 

of containers in the batch process which increases the assembly line setup cost and workforce 

cost. Therefore, centralized monitoring of critical production parameters is required to 

maintain a continuous flow of materials and avoid time delays between production regions.  

b) There are only theoretical frameworks in the state-of-art for the ratio control of material 

flows, mixing of raw ingredients and filling of final product composition. An acceptable raw 

material ratio must be chosen quantitatively, accurately, and efficiently during the mixing of 

raw ingredients with adequate technology and without manual involvement.  

c) It is difficult to control the temperature of a heat exchanger system because of its complex 

and nonlinear nature due to unknown fluid characteristics, non-causalities, time-varying 

qualities and ambiguous mechanics. Therefore, there is a need to design an effective control 

strategy and hardware design which regulates the outlet fluid temperature of a heat exchanger 

to a certain reference value and enhances the heat transmission efficiency irrespective of the 

external disturbances, non-linearity and delay characteristics. 

d) A majority of methods for balancing and position-tracking control of ball balancers have 

complicated controller designs, and unwanted chattering and do not guarantee the 

convergence of balancing and tracking errors. Therefore, there is a need to introduce hybrid 

controllers for real-time balancing and position-tracking control of the 2-DOF ball balancer 

system that is used in robotic systems analysis. 
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e) The current state-of-art controllers for stabilisation control and swing-up control of rotary 

inverted pendulum are not totally independent of the optimum parameter setting and are not 

entirely insensitive to model uncertainties and disruptions. These controllers have inherent 

limitations like dependency on controller gains, latency in angular position sensing and the 

need of continuous tuning. Therefore, an energy-efficient controller with less computational 

complexity is needed to stabilize the pendulum when it swings up closer to the upright 

equilibrium position. 

 

1.4 SCOPE AND OBJECTIVES OF THE THESIS 

Automation is required in diverse fields of scientific and technological applications specifically in 

real-time control and management of various applications and industries. Automation assures 

improved monitoring and control to enhance the quality of work performed by control systems. 

Whereas, non-linear systems are primarily used for the improvement of linear control systems, 

analysing hard nonlinearities and uncertainties in various control benchmark systems like the inverted 

pendulum, and the ball balancer systems. This motivated the development of new control design 

methods for different classes of both automated and nonlinear control systems. As a result, the main 

body of this thesis involves the following topics:  

• Industrial automation and control. Automated control systems are used for temperature 

control of heat exchanger systems, automating real-time operations like assembly line 

balancing and ratio control in Industry 4.0. Heat exchangers are used to control the outlet 

fluid temperature of an industrial process with respect to variations in operating conditions. 

Temperature control systems are required to stabilize the temperature of many industrial 

processes to achieve an ideal value and enhance heat transmission efficiency. 

 

• Control the dynamics of underactuated systems. There are a lot of control benchmark 

issues associated with highly unstable underactuated mechanical systems like the Inverted 

Pendulum and ball balancer systems. The inverted pendulum is used as a benchmark in non-

linear dynamics to control a pendulum against its natural equilibrium position. Ball balancer 

systems are used as benchmark systems for testing control laws, position tracking and balance 

control of robotic manipulators because of their nonlinearity and instability. These controllers 

for these underactuated systems have inherent limitations like dependency on controller gains, 

latency in angular position sensing and the need for continuous tuning. 

 

Effective control design methods are required for automated and non-linear control systems for 

various reasons and challenges associated with getting the information in real-time which have been 

discussed in section 1.1.  
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The following are the objectives of the thesis: 

❖ The improvement in production flexibility has a significant impact on the productivity of 

manufacturing systems with assembly lines. In order to increase the throughput of the process 

industry plant, the idle time between the batch processes must be eliminated by improving the 

existing design with proper modifications so that the task duration of each workstation can be 

reduced to match the cycle time for maximizing profits. Thus, a smooth flow of work is 

required for balancing and optimization of assembly lines along with an effluent ratio control 

strategy with minimal bottlenecks.   

❖ Temperature control has a common time delay issue that negatively impacts the performance 

and stability of controlled systems. Temperature control of heat exchanger systems is 

challenging due to difficulties like strong non-linearity, disturbance, uncertainties, large 

response and delay time of the controlled objects which further results in uncontrollable 

feedback for precise control. In the presence of external interference, the current conventional 

control approaches exhibit high-temperature fluctuation and longer stability correction times. 

Therefore, an effective control strategy and hardware design is required to maintain a smaller 

temperature fluctuation amplitude around the desired temperature value for a fluid and heat 

transfer system.    
 

❖ Non-linear systems behave differently at different operating points. Some of the major 

challenges associated with the dynamics of underactuated systems are the latency in angular 

position sensing, chattering, discontinuity, the need for continuous tuning and dependency on 

controller gains. The approaches in the literature not only use a lot of energy but also have 

large variations in the control input signals that cause the system to become unstable. 

Therefore, there is a need to develop robust and optimal techniques for the balancing and 

position-tracking control of the ball balancer, and swing-up and stabilization control of the 

rotary inverted pendulum. 
 

 

1.5 CONTRIBUTIONS IN THE THESIS 

The problems mentioned in section 1.2 provides the motivation to come up with their solutions which 

are presented in detail in this thesis. In this thesis, effective solutions have been put forward to address 

the challenges of assembly line balancing and ratio control in process industries, temperature control 

of heat exchanger systems, real-time balancing and position tracking control of 2-DOF ball balancer 

systems, stabilisation and swing-up control of rotary inverted pendulum. The main contributions of 

the work done in this thesis are as follows:  
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i. A PLC and SCADA-based control framework is proposed to address a dynamic real-time 

problem of an automated assembly line in the process industry with an effluent ratio control 

strategy for the mixing of raw materials, filling of final product composition, capping, 

labelling and sorting of containers on the basis of both size and type using a single assembly 

line. The developed model is applied to a real-life case study of an assembly line from a 

chemical processing industry in north India to verify the design for effectively balancing a 

real-world assembly line in a process industry.  

 

ii. Real-time monitoring and control strategies have been developed to automate the processes in 

the heat exchanger plant. In these techniques, a simulated prototype of PLC and SCADA-

based control framework is designed to control the temperature of a heat exchanger system 

through Proportional Integral Derivative (PID) and Fractional Order PID (PIλDμ) controllers 

and the performance of the controllers is optimized using Genetic algorithm (GA), Ant 

Colony Optimization (ACO) and Particle Swarm Optimization (PSO) techniques. 

 

iii. For the real-time balancing and position tracking control of a 2-DOF ball balancer, different 

compensators like PID with Integral ANTI-WINDUP and neuro-integrated fuzzy PID 

controllers with different 𝑉𝑠𝑤 values along with different inputs are implemented over the ball 

balancer system. The ball position, input voltage and plate angle comparisons were executed 

with different compensators for both simulation and real-time experimentation purposes. 

 

iv. A continuous Linear Quadratic Gaussian (LQG) controller is proposed for optimal control of 

the rotary inverted pendulum to swing up the rotary inverted pendulum upward from its 

stationary downward position and maintain an equilibrium in the vertical upward position. 

 

v. A PID and Fractional Order PID (PIλDμ) controller with the Integral ANTI-WINDUP 

technique is designed for the robust swing-up and stabilization control of a rotary inverted 

pendulum system using metaheuristic optimization techniques. Simulation and real-time 

experimentation analysis of the pendulum angle, rotary arm angle, controlled input voltage, 

transient response and steady-state response have been done for the proposed controllers. The 

proposed method is efficient in keeping the pendulum balanced while maintaining both 

reference tracking and rejection of external disturbances in comparison to the existing 

literature. 
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1.6 OUTLINES OF THE THESIS 

The thesis layout is as follows: 

 

1. Chapter 1: Introduction 

Chapter 1 discusses the nature and significance of automated control systems and non-linear 

control systems along with the challenges associated with them. Contributions and thesis 

layout are also discussed. 

 

2. Chapter 2: Literature Review 

Chapter 2 discusses a detailed study of the various automated control systems and non-linear 

control systems. This chapter covers the existing state-of-the-art techniques for automating 

real-time operations in Industry 4.0, balancing and tracking of 2-DOF ball balancer system, 

control of inverted pendulum and temperature control system for heat exchangers. 

 

3. Chapter 3: PLC and SCADA-based control framework for automating real-time 

operations in Industry 4.0                                          

This chapter discusses a PLC and SCADA-based control framework to address a dynamic 

real-world problem of balancing an assembly line in a process industry plant, a ratio control 

framework for adjusting the ratio and mixing of raw materials, filling of final product 

composition, capping, labelling and sorting of containers on the basis of both size and type 

using a single assembly line and monitoring all the processes using a single screen HMI.  

 

4. Chapter 4: Temperature control of a heat exchanger system 

This chapter presents a PLC and SCADA-based control framework to automate and supervise 

the temperature control processes in the heat exchanger plant. The temperature of the heat 

exchanger system is controlled through PID and Fractional Order PID controllers with 

Integral ANTI-WINDUP technique and the performance of the controllers is optimized using 

GA, PSO and ACO optimization techniques.  

 

5. Chapter 5: Real-time control of 2-DOF ball balancer system using intelligent controllers                                                                  

This chapter presents a technique for real-time balancing and position tracking control of a 2-

DOF ball balancer using a neural-fuzzy PID controller and PID with Integral ANTI-WINDUP 

controller with different velocity setpoints values.  
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6. Chapter 6: Optimal control of rotary inverted pendulum using continuous Linear 

Quadratic Gaussian controller         

This chapter presents a continuous Linear Quadratic Gaussian (LQG) controller based on the 

optimal control strategy for swinging up the rotary inverted pendulum and maintaining an 

equilibrium in the vertical upward position. Gradient descent and algebraic descent are the 

numerical methods used for obtaining optimal control functions.  

 

7. Chapter 7: Robust control of rotary inverted pendulum using metaheuristic 

optimization techniques based PID and Fractional Order PID controller                                              

This chapter presents an approach for the modelling and optimal design of a PID and 

Fractional Order PID controller with an Integral ANTI-WINDUP technique along with 

variable velocity setpoints for the stabilization and swing-up control of a rotary inverted 

pendulum system by using metaheuristic optimization techniques.  

 

8. Chapter 8: Conclusions, Future Scope and Social Impact 

In this chapter, a brief summary of all the ideas, observations and contributions of each 

objective is presented. Also, future scope and social impact are outlined.   
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Chapter 2 

Literature Review 

2.1   INTRODUCTION 

As discussed in the previous chapter, our contributions to the thesis are in the areas of automated and 

non-linear control systems. Therefore, this chapter discusses the state-of-art in the areas of automated 

control systems which include (a) assembly line balancing and ratio control techniques in Industry 4.0 

(b) techniques for temperature control of heat exchangers; and non-linear control systems which 

include (a) methods for balancing and position tracking control of ball balancer system (b) techniques 

for balancing and swing-up control of inverted pendulum. 

2.2   ASSEMBLY LINE BALANCING AND RATIO CONTROL 

        TECHNIQUES IN INDUSTRY 4.0       

Assembly lines are unique flow-line manufacturing systems in industries producing a large quantity of 

standardized commodities. The improvement in configuration planning and production flexibility also 

has an impact on the productivity of manufacturing systems with assembly lines because of the high 

capital requirements. Ratio Control is the most crucial procedure in the process industries for the 

mixing of raw ingredients and filling the final product composition. An adequate raw material ratio 

must be chosen quantitatively and efficiently during the mixing process without any manual 

involvement. Pardi et al. [4] reviewed the evolution of automotive manufacturing technologies and 

organizations and analyzed the impact of “4th industrial revolution” concepts on their current 

transformations for employment and work, to assess the potential of the digital manufacturing 

revolution (Industry 4.0) in the automation sector.  
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In the past, various researchers have worked to overcome the difficulties in balancing the 

assembly lines [30,31]. Christler et al. [6] introduced the importance of semi-automated process 

analytics to reduce the operator-specific influence on test results of typical analytical methods using 

liquid handling stations for different biochemical tests like binding affinity and endotoxins. Huo et al. 

[32] proposed a type-1 fuzzy control system to monitor, control and re-balance a real-time assembly 

line and a type-2 fuzzy control system for adjusting the production rates to decrease the workload of 

workstations. The machine's health condition is monitored using a three-state Markov Chain. 

Geurtsen et al. [33] suggested a deep Q-reinforcement learning technique to address the complex 

problem of assembly line maintenance and planning using a Markov decision process. Didden et al. 

[34] proposed a genetic algorithm-based approach to overcome the difficulties in balancing of 

assembly lines in the automotive sector, which can be used as a decision support system for mixed-

model production. 

Ghita et al. [35] proposed a theoretical framework for the ratio control of material flows in the 

pharmaceutical sector using impedance spectroscopy which continuously monitors and detects 

changes in different fluids and porous material properties. Sreejeth et al. [36] developed a PLC-based 

experimental design prototype of a liquid mixing and bottle-filling system which mixes two different 

liquids in predetermined quantities. However, these methods face various difficulties in process 

measurement, non-linearity compensation for sensors and issues in multi-input multi-output. 

Communication protocols play an important role in the automation industry. By merging 

variable sampling and predictive control techniques, Rahmani et al. [37] presented a scheme for 

internet-based control of linear automation systems. When actuators receive a new control input 

signal from the controller, sensors are activated to sample the plant outputs (based on data-driven 

events). This method offered an easier way of analyzing closed-loop stability in comparison to other 

methodologies. Zegzhda et al. [38] reviewed the classic DA/HDA/A&E protocols based on Microsoft 

DCOM and RPC technologies and discussed the vulnerabilities of industrial automation protocols of 

the OPC series. The methods of Ethernet-compatible real-time protocols such as PROFINET, 

EtherNet/IP, Powerlink, EtherCAT, Foundation Fieldbus HSE and Modbus TCP were studied by 

Aristova et al. [39] along with the characteristics and application domains of Wireless Ethernet 

networks.  

 

2.3    TECHNIQUES FOR TEMPERATURE CONTROL OF HEAT 

         EXCHANGER         

The primary goal of designing control techniques for Heat exchangers in industrial processes is to 

increase energy efficiency. Heat exchanger systems are mostly used in industrial process applications 

including chemical production processes, boilers and turbines, power generation, refrigeration [40], 
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and petroleum industries [41] etc. for transferring thermal energy between hot and cold fluids through 

a solid wall to control the temperature levels of unit operations for the smooth production process and 

energy-efficient operations [42].  Heat exchangers can withstand tremendous pressure by maintaining 

a specific temperature condition for controlling the outlet fluid temperature with respect to the 

variations in the operating conditions. Therefore, some adequate control schemes must be designed 

for controlling the temperature of a heat exchanger system. 

Temperature control algorithms have been widely studied in the process industries [43,44]. 

Proportional Integral Derivative (PID) controllers are most commonly utilized for temperature control 

in many industrial applications due to their simplicity and applicability [45,46]. However, it is very 

difficult to identify the optimal PID parameters in the controller design to obtain the optimal system 

performance [47,48].  The evident overshoot in the control cannot be eliminated by the conventional 

PID controllers.  

Advanced control methods such as model predictive control [49], Fractional order PID [50], 

disturbance-observer-based control [51], fuzzy control [52] and neural network control [53] are used 

in case of difficulties like large inertia, time delay, and multiple disturbances in the temperature 

control process. Al-Dhaifallah et al. [54] proposed a fractional-order fuzzy PID controller for the 

temperature control of a tubular heat exchanger under load variation within the reference 

environment. The parameters of fractional-order controllers are changed via a rule-based fuzzy logic 

control method in order to have improved control performance, resilience and flexibility than 

conventional PID control schemes. Lu et al. [55] proposed composition-temperature cascade control 

strategies for controlling the vapour recompression (VRC) assisted dividing wall column (DWC) with 

side condenser and reboiler process configurations. These control structures provide high energy 

efficiency and effective controllability for the industrialization of side heat exchanger processes.  

Bobič et al. [56] proposed a 1D discretized lumped-parameter system based on the finite volume 

method to understand the dynamic properties such as inlet and outlet temperature disturbances and 

various fluid flow configurations of a counterflow plate heat exchanger. The predicted transient 

responses due to temperature disturbances are experimentally verified by using infrared thermography 

technology tests. Damasceno et al. [57] presented the modelling and simulation of a PI controller for a 

shell and tube heat exchanger where the controller parameters are tuned and optimized using different 

techniques like bat algorithms, particle swarm optimization (PSO), flower pollination algorithm and 

cuckoo search algorithm to get the best transient response.  

Xu et al. [58] proposed an Adam optimization-based recurrent neural network controller with an 

integral-PD controller for the temperature control of a single-phase hotplate system. The RNN 

controller was driven by a reference model and feed-forward controller to provide better learning 

reference. Hussein et al. [59] introduced an adaptive PID control technique for the temperature control 

of electric furnaces in industrial applications which used the balloon effect and whale optimization 
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algorithm for tuning the parameters of the controller. Zeng et al. [60] proposed a control design for 

analyzing the outlet temperature and performance of the temperature control unit over the frequency 

domain to achieve optimal attenuation, high precision and environmental adaptability. 

 

2.4   REVIEW OF CONTROL TECHNIQUES FOR 2-DOF BALL 

        BALANCER SYSTEM 

Underactuated systems are those MECHATRONIC systems that have fewer degrees of actuation such 

as pendubot [61], flexible joint robot [62,63], inverted pendulum [64], acrobot [65], translational 

oscillator with rotational actuator [66], etc (see Fig. 2.1).  

                

(a) (b) 

Figure 2.1. Examples of underactuated systems (a) Ball Balancer System (b) Inverted pendulum 

 

Ball Balancer System is used for position tracking and balancing control in robotic systems. It is used 

for testing and developing control strategies for benchmark systems like vehicle balancing [67] and 

position control [68], trajectory tracking [69], vertical take-off aircraft, path planning [70], vertical 

thrust control in rockets [71], etc. In order to adhere to all real-time requirements for position tracking 

and balance control, various studies have been conducted by researchers in the past. Various 

controller architectures like fuzzy [72], sliding mode [73], Linear Quadratic control [74-76], PID 

controller [77] and metaheuristic techniques [78] have been used in the past for trajectory tracking, 

stabilization and control of ball balancer system. 

Conventionally, classical controllers made their way to be implemented with these systems. The 

proportional-derivative and PID controllers were applied with the B&P system for the closed-loop 

system stability [79]. Hadoune et al. [80] proposed a scheme based on a classical PID controller and 

Lead/lag compensator in a double loop feedback for precise/point-to-point stabilization of the B&P 

system with a minimal tracking error. 

Okafor et al. [81] developed a deep reinforcement learning-based PID controller for controlling 

and tracking the trajectory of a linearized B&P system, which used a customized deep deterministic 

policy gradient agent by altering the neural network architecture. However, these systems do not 
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guarantee the convergence of balancing and tracking errors. Oglah et al. [82] proposed a chicken 

swarm optimization-based multi-fuzzy control technique for 2D position control of the B&P system. 

However, the problem with fuzzy controllers is that they are difficult to tune with accurate system 

knowledge.  

Khan et al. [83] proposed an integral sliding mode control (SMC) based linear parameter varying 

technique for stabilizing the dynamics of a laboratory-based ball and beam system. The switching 

controller i.e. vulnerable to Lyapunov stability theory, based on non-linearity analysis was used in 

classical control theory to follow the trajectory of a ball [84].  Mohammadi et al. [85] applied a neural 

network-based feedback controller on a B&P system in which two sub-controllers worked in parallel 

to reduce the dynamic errors in controller design. 

 

2.5   REVIEW OF CONTROL TECHNIQUES FOR ROTARY  

        INVERTED PENDULUM    

An inverted pendulum (IP) is classified as an inherently unstable, non-linear and underactuated 

mechanical system in the control theory [86,87]. It has been used as a suitable benchmark system for 

training, testing and validating the effectiveness of different control and robotic systems for a long 

decade [88]. Cart-type IP, double IP and single-arm Rotary Inverted Pendulum (RotIP) are the most 

prevalent kinds of IP found in control laboratories. RotIP is commonly known as Furuta Pendulum 

which was initially developed by Katsuhisa Furuta in 1992 [89]. RotIP is a multivariable 4th-order 

nonlinear and open-loop dynamical system [90]. It is a modified version of the cart-type pendulum. 

Many real-life applications such as Segways [91], hoverboards, aircraft landing [92], rocket and 

spacecraft systems, robotics [93,94], industrial engineering systems like locomotives, marine systems 

and crane applications [95] work on the foundation of RotIP.  

In order to deal with uncertainties and disruptions in the RotIP, a number of resilient control 

techniques such as linear quadratic controller [96,97], Lyapunov methods [98-100], PID control 

[101,102], Neural network [103,104], reinforcement learning [105,106] fuzzy logic controller (FLC) 

[107,108], SMC [109-111], genetic algorithm controller [112], adaptive controller [113,114] and 

many more [115-117] have been introduced in the last few decades to control and stabilize a RotIP in 

upright position. Stabilization control and tracking control have received the most attention due to 

their widespread use. 

 

2.5.1   Traditional Control Techniques 

Mehedi et al. [118] used a fractional order integral control scheme for stabilizing an extremely 

nonlinear rotary double inverted pendulum. This method used a state space fractional order integral 
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controller which was designed on the basis of Bode’s transfer function.  However, the procedure of 

tuning increases the complexity of the fractional order integral control scheme. The tuning process 

becomes more challenging and time-consuming when there is an increase in the number of inputs and 

outputs of the controller. A Lyapunov function-based backstepping LQG controller was introduced 

for balancing and controlling the angular displacement of the pendulum [119]. However, these 

controllers are not totally independent of the optimum parameter setting and are not entirely 

insensitive to model uncertainties and disruptions. Due to its simple architecture and dependability 

across numerous operating conditions, the standard PID controller performs very well for linear 

systems [120,121]. El-Sousy et al. [122] proposed an adaptive PID-SMC technique in combination 

with the super-twisting algorithm for the finite stabilization of RotIP in the presence of external 

disturbances. The state-space model of RotIP was achieved and the stability control was verified by 

using Lyapunov stability theory. However, PID controllers have inherent limitations like dependency 

on controller gains, latency in angular position sensing and the need for continuous tuning. 

Various researchers have worked in the domain of nonlinear control algorithms like adaptive 

control, neural networks, backstepping control, fuzzy control and fractional order controllers to 

address the shortcomings of linear control methods in controlling the RotIP system. An adaptive 

neural network control technique was suggested for Furuta pendulum in steady state as a 2-DoF 

underactuated nonlinear system [123]. The non-linear oscillatory response of a RotIP was both 

analytically and experimentally investigated with a feedback-stabilized controller by Dolatabad et al. 

[124]. The measurement and 3-dimensional modelling of the actual system components were used to 

obtain the parameter values of a precise 2-DoF mathematical model that was derived using Lagrange's 

equations. However, feedback linearization requires a lot of complex computations to determine the 

ideal control input trajectory and sometimes removes the useful nonlinear components of the system.  

 

2.5.2   Fractional Order Control Techniques 

On the other hand, a lot of researchers are using fractional order controllers [125,126] to get the most 

robust and reliable system performance. A hybrid pole placement feedback controller was proposed in 

[127] for tracking and stabilizing input-output feedback linearized RotIP with an optimized PID and 

Fractional Order PID (FPID) controller using the PSO algorithm. This hybrid FPID controller was 

then compared with the Genetic Algorithm (GA) search to develop the subsequent model reference 

adaptive controllers (MRAC) with PID and linear quadratic regulator (LQR) controllers to analyse 

their tracking, stabilization and robust performance for adapting to different reference signals. 

However, the drawback is that this method only realized the ‘‘virtual’’ actuation of a 2-DOF RotIP 

system with only one actuator. Mondal et al. [128-130] proposed various versions of fractional order 

PID controllers to stabilize a cart-type pendulum system. The real-time implementation of cascaded 

structures of two different and distinct dual formations of fractional order PI-PD controllers has been 
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done in [128] using the classical control theory. In another work, an FPID controller was used to 

stabilize the controller Cart-IP System. The controller parameters were selected using an Integral time 

square error (ITSE) non‐linear fitness function and evolutionary optimization techniques were used to 

tune the parameters [130]. This lacks the characteristics of robustness because of less accuracy and 

dependability. Balogh et al. [131] investigated an approach in which the feedback law was obtained 

by combining FOPD feedback with a single delay and PD feedback with two delays for the 

stabilization of the IP system. Even though these control strategies were successfully used to regulate 

the IP system's angular position with greater accuracy and oscillation dampening, they have problems 

such as higher-order nonlinearities, time delays, chattering and discontinuity.  

 

2.5.3   Robust Control Techniques 

Some researchers have worked on the concept of robust control of non-linear systems. The 

behavioural characteristics of the RotIP have been compared in the literature to show a robust 

performance. Saleem et al. [132] presented an optimized self-tuning Fractional-order Proportional-

Derivative controller for improving attitude stabilization and minimizing the deviations in trajectories 

of a RotIP system. The PSO algorithm was used to determine the power of the fractional derivative 

operator for every controller and the hyperparameters of the nonlinear gain-adjustment functions. 

Mehedi et al. [133,134] implemented a constraint-based robust generalized dynamic inversion 

approach for the robust stabilization and tracking of 3-DoF rotary double IP system by realizing the 

Moore–Penrose generalized inversion-based constraint dynamics. Constraint differential equations 

and SMC-based switching elements were incorporated for the robust performance of the closed loop 

against any disturbance and uncertainties. These approaches not only use a lot of energy but do not 

eliminate fluctuations in the control input and output signals. 

 

2.5.4   Optimization Algorithms-based Control Techniques 

Parameter tuning can be done in different ways like trial-and-error method and using different 

evolutionary algorithms. Neha et al. [135] proposed an adaptive super-twisting SMC approach for the 

balancing and trajectory tracking of the RotIP system. Adaptive law was used to select the gains of 

SMC, and a modified GWO algorithm was used to adjust the parameters of the adaptation law. The 

overall stability control is verified by using the Lyapunov stability theory. ŞEN et al. [136] proposed a 

state feedback controller approach for the pole placement of RotIP to stabilize it at an upright 

position. The pendulum dynamics were used alone for designing the first state feedback controller, 

and a GA search was used to develop the subsequent controllers.  Babushanmugham et al. [137] 

developed a sliding mode controller to stabilize an IP system by optimizing the parameters using GA 

and PSO techniques. Simulation results showed that PSO-SMC generates better responses as 
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compared to SMC and GA-SMC control strategies in time domain analysis. For balancing the rotary 

IP system in an upright unstable equilibrium state, Hamza et al.  [138] presented a cascade interval 

type-2 fuzzy proportional derivative controller whose parameters are optimized using GA and PSO 

techniques. Blondin et al. [139] suggested a comprehensive optimization strategy that uses an Ant 

Colony Optimization algorithm in conjunction with a constrained Nelder-Mead algorithm and a cost 

function to simultaneously tune the swing-up, stability, and switching mode parameters. However, 

there are large variations in the control input signals that cause the system to become unstable.   

 

2.6   SUMMARY 

The literature review reveals a need for further research into enhancing investigations on automated 

and non-linear control systems using different control schemes. Current research in automated 

systems has focused mostly on industrial automation and control whereas non-linear systems have 

been used mainly for the improvement of linear control systems, analyzing hard nonlinearities and 

uncertainties in a lot of control benchmark systems. There is a need for further research on the 

supervision, monitoring and control of assembly line balancing, ratio control and temperature control 

of heat exchangers in process control industries. Finally, more research is needed to develop, 

implement and replace tones of hard-wired controllers like relays, timers, and traditional controllers. 

Furthermore, research is required to develop novel control schemes for the real-time balancing and 

control of underactuated systems like the inverted pendulum, and ball balancer systems.  
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Chapter 3 

PLC and SCADA-Based Control Framework 

for Automating Real-Time Operations in 

Industry 4.0   

 
 

3.1   INTRODUCTION 

SCADA systems play an important role in tracking the behavior of critical process variables and 

connecting geographically dispersed subsystems at the industrial plant level.  The majority of critical 

infrastructure networks like electricity production, mining deposits, natural gas, oil pipelines, heating 

systems and chemical product distribution use SCADA for monitoring, control and supervision. This 

chapter presents a PLC and SCADA-based control framework to automate the process industry plant 

and monitor all the processes using a single-screen HMI. This chapter aims to address a dynamic real-

world problem for the mixing of raw materials, filling of final product composition, capping, labelling 

and sorting of containers based on both size (small and large) and types (metallic and non-metallic) 

using a single assembly line. In this context, a ratio control framework is proposed for adjusting the 

ratio and mixing of raw materials. The OMRON (NX1P2-9024DT1) PLC controls the entire process 

and programming of OMRON NX1P2-9024DT1 PLC is done using Sysmac studio automation 

software using the ladder programming language. Wonderware Intouch SCADA software is used for 

visualizing the two stages independently. A mathematical and simulation model is proposed to 

minimize the assembly line timings, the workforce and overall cost of production. The developed 

model is applied in a real-life case study of an assembly line from a chemical processing industry in 

north India. In addition, the results of a real-world case study verify the design for effectively 

balancing a real-world assembly line and show that the proposed system improves the productivity, 

efficiency, throughput, workforce, cost and time of the process industry. 
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3.2   RELATED WORK 

The configuration planning of assembly lines is extremely important in industrial manufacturing 

systems for producing a large number of standardized commodities with the help of unique flow-line 

capacity and high capital requirements [140]. In the past, various researchers have worked on to 

overcome the difficulties like setup time between different operations in the balancing of assembly 

lines, particularly in process industries. Rossit et al. [141] introduced an approach for resequencing 

the workflow, analyzing and supporting the late customization strategies in assembly line production 

systems along with a method for solving the tolerance scheduling and non-permutation sequence 

problems. Pilati et al. [142] proposed a method for balancing multi-manned assembly lines and 

scheduling activities for highly customized manufacturing of products by organizing the accessories 

into clusters based on a certain similarity index and necessitating a significant mounting time to avoid 

overloads before assigning tasks and accessories to operators. Schmid et al. [143] proposed an 

optimization approach that simultaneously integrates the assembly line balancing and feeding 

decisions using a logic-based Benders’ decomposition framework. Ling et al. [144] proposed a data-

driven synchronous reconfiguration for assembly cell line workshops for monitoring and analyzing 

the real-time operation process within the conveyor line by using industry 4.0 technologies.  

The most crucial procedure in process industries like beverage, chemical, pharmaceutical and 

paint industries is the mixing of raw ingredients and filling of final product composition. An 

acceptable raw material ratio must be chosen during the mixing of raw ingredients with adequate 

technology and without manual involvement. Various PLC and SCADA-based bottle filling, capping, 

warehouse management and lighting systems have been presented in [145-148]. An automatic liquid 

filling system was designed for small-scale industries with a robotic arm conveyor managed by gear 

motors and an Arduino controller that automatically fills containers to a desired level [149]. The 

system used an IR proximity sensor to sense the bottle and an ultrasonic sensor to identify the level of 

liquid. Kiangala et al. [150] developed a decentralization method for real-time monitoring, tracking 

and controlling the different stages of the bottling process in a small beverage plant by implementing 

Industry 4.0 concepts using a Siemens S7-1200 PLC and ZENON SCADA human-machine interface 

(HMI) for simulation. 

The industrial communication systems also play an important role in the management and 

control of a process industry.  Kannan et al. [151] highlighted the challenges and future directions in 

smart process measurement and automation. It also discussed the problem of multiple input-output 

and confined nature of the industrial processes and non-linearity compensation for sensors. It mainly 

focused on the measurement of smart process parameters, uncertainty and noises in automated 

industries. Gil et al. [152] introduced a method for the integration of various open communications 

protocols like MQTT, LoRaWAN, HTTP REST and OPC UA into an IoT platform and interoperable 
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architecture for automated industry applications. The OPC UA protocol integration allows for more 

data-driven applications in automated industrial plants. OPC UA has a Service Oriented Architecture 

(SOA) for automation networks that uses an appropriate data model to describe variables, objects 

procedures and services. Even though a lot of research has been done to overcome the difficulties in 

balancing of assembly lines, there is still a lack of research considering real-world case studies, 

especially in the process control industries. 

 

3.3   PROBLEM STATEMENT 

The throughput of production has a significant impact on the balancing and optimization of assembly 

lines which ensures a smooth flow of work with minimal bottlenecks and maximum profits. 

Currently, industries are using different production lines for producing different sizes or types of 

containers in the batch process which increase the assembly line setup cost and workforce cost. 

Containers are filled in batches with the same type of composition in them which takes huge idle time 

during the transition from one batch to another to produce different types of products within the same 

production line. There are various limitations in automation industries such as non-linearities, 

uncertainties, noise, large cycle time, etc. Therefore, centralized monitoring of critical production 

parameters is required to maintain a continuous flow of materials and avoid time delays between 

production regions.  

The objective of this chapter is to envision or anticipate the automated process industry plant. 

This chapter is divided into two stages: the first stage shows the method for adjusting the ratio and 

mixing of raw materials, and the second stage shows the filling, sorting, capping and labelling 

operations of the proposed assembly line using a SCADA system. Each stage is controlled by two 

different OMRON NX1P2-9024DT1 PLC. The ladder logic of PLCs is designed using OMRON's 

Sysmac studio automation software and Wonderware Intouch SCADA software is used for 

visualizing the two stages independently. To the best of our knowledge, no other work in the literature 

has taken into account all of these constraints at the same time. The main contributions of this chapter 

are as follows:  

• Developing a PLC and SCADA-based control framework to automate the process industry 

plant and monitor all the processes through a single-screen HMI. 

• Presenting a ratio control framework for adjusting the ratio and mixing of raw materials. 

• Considering/Addressing a dynamic real-world sequencing problem for the mixing of raw 

materials, filling of final product composition, capping, labelling and sorting of containers on 

the basis of both size (small and large) and type (metallic and non-metallic) using a single 

assembly line. 
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• Addressing the smooth and precise movement of the conveyor system based on highly 

accurate photoelectric sensors. 

• Improving the overall productivity and throughput of the process industry plant with an 

improved assembly line design with proper fixtures/modifications in the existing design for 

eliminating the idle time between the batch processes by utilizing the proper resources.  

• Developing a mathematical and simulation model to minimize the assembly line timings, the 

workforce and overall cost of production. 

• Validation of the simulation and mathematical models, using a real-world problem from the 

process industry  

• Comparing the effectiveness of the proposed methods in the real world by a case study.  

 

3.4   EXPERIMENTAL ARCHITECTURE OF PROPOSED SYSTEM 

This section provides the experimental architecture of the proposed system along with the software, 

hardware and communication protocol for OMRON NX1P2-9024DT1 PLC and SCADA. 

 

3.4.1   OMRON NX1P2-9024DT1 PLC and SCADA 

PLCs are extensively used in automation and manufacturing industries due to their ease of 

programmability, reliability, less scan cycle time, easy troubleshooting, and fewer hardware failures 

than tones of wired controllers such as timers and relays [153,154]. The proposed system uses 

OMRON (NX1P2-9024DT1) PLC, which can handle multiple input and output operations at a time. 

Table 3.1 shows the specifications of Omron NX1P2-9024DT1 PLC. PLCs are used for the control 

operations of a real-time control process so that the received voltage signals are not hindered. OMRON 

(NX1P2-9024DT1) PLC needs a regulated power source to operate, preferably one with a 24V DC 

output. A specially fabricated circuit known as a switched mode power supply (SMPS) produces a 

controlled DC power supply from an unregulated DC/AC voltage source. SCADA systems have 

witnessed enormous changes to their capabilities, architecture, and usefulness in industrial control 

systems (ICS) during the last three decades. The ICS networks/industrial automation system includes 

various types of embedded devices, field-level sensors and actuators, control-level PLCs, and human-

machine interfaces for supervisory control. SCADA system collects the data, performs necessary 

control operations and then displays the information on the HMI screen for system monitoring. The 

whole operation of the proposed system is controlled by the SCADA server as shown in Fig. 3.1.  To 

control automated processes, sensors, buttons, process state variables, and other devices are used by 

PLCs to monitor the status of inputs. The SCADA server receives periodic status updates from the 

PLC devices and stores those details in a database. The required tasks are completed by the PLC 

devices as directed by the SCADA server.    
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Figure 3.1. Experimental architecture of the proposed assembly line balancing and ratio control system 

 

Table 3.1.  Specifications of Omron NX1P2-9024DT1 PLC [155] 

S. No. Specifications of Omron NX1P2-9024DT1 PLC 

1. DC Supply voltage 20.4V-28.8 V 

2. Scan cycle time 2ms 

3. Number of digital inputs 14 

4. Number of digital outputs 10 

5. Input type NPN/PNP 

6. Output type PNP 

7. Maximum number of expansion units 8 

8. Maximum number of remote I/O nodes 16 

9. Communication port(s) EtherCAT Master, EtherNet/IP, Ethernet TCP/IP 

10. Number of Ethernet ports 2 

11. Communication option(s) Serial RS-232C, Serial RS-422, Serial RS-485 

12. Real-time clock ✓ 

 

3.4.2    Communication Protocol for PLC and SCADA 

The most crucial step in any industry is the communication between PLC & SCADA, which is now 

made possible with a PC and wireless devices. Communication with programmable logic controllers 

happens over industrial protocols. Earlier, the RS-485 standard was used for defining the electrical 

properties of drivers and receivers in serial communication systems. However, there are architectural 

cyberthreat flaws in the OPC series of industrial automation protocols [38]. The proposed system uses 

EtherCAT (Ethernet Control Automation Technology) protocol for connecting the PLC devices and 

SCADA server. For automation networks, the EtherCAT protocol offers an architecture that employs 

a suitable data-driven model to define objects, variables, services and procedures [156,157]. 

EtherCAT protocol is used in industrial control system networks because of its high speed, low 

hardware cost, wide range of products, low latency/delay, flexible topology support and incredible 
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synchronization than other real-time protocols. EtherCAT protocol supports UDP/IP-based routing, 

device level and factory-level communication in critical infrastructures.   

 
3.4.3   Software System for Programming PLC and Interfacing with SCADA 

The Sysmac studio automation software tools package from the OMRON portal is used to program, 

develop and configure OMRON NJ/NX-series PLCs. It is used to program NJ/NX-series machine 

automation controllers using the Ladder programming language. The OMRON (NX1P2-9024DT1) 

PLC is interfaced with the Wonderware InTouch SCADA system to gather data, carry out the 

necessary control operations, and display this data on the HMI screen. Wonderware InTouch SCADA 

system is used to develop HMI screens for supervision by offering an advanced visualization system 

with a variety of powerful functions for monitoring automation processes for all fields in the process 

control industry. The HMI interface is capable of reading values from system inputs like sensors, push 

buttons and regulating actuators using the program in the PLC. The extensive collection of objects 

and graphic components offered by the Wonderware InTouch library is used to build HMI panels for 

tracking and controlling production time and monitoring machine inputs and outputs. Push buttons, 

valves, conveyors, solenoid valves, and other installation components are represented by predefined 

objects.  

 

3.5    DESIGNED PROTOTYPE OF THE PROPOSED SIMULATED 

         PROCESS INDUSTRY PLANT 

There are two divisions in the process industry. The first division is the assembly line where the raw 

ingredients undergo processing according to a predefined ratio to produce the end product. In the 

second division, the final product is filled into different containers depending on various factors like 

container type and size.  

 

3.5.1   Overview of Assembly Line Division Strategy 

The key assembly tasks like filling are completed in the section of the assembly line division. The 

proposed assembly line is designed on the basis of the factors shown in Fig. 3.2. Fig. 3.3 depicts the 

basic structure of the proposed assembly line division. There are several steps to the overall container 

filling and other assembling processes: 

• Sorting stage: Containers moving over the conveyor are categorized basis of size (small and 

large) and type. Two capacitive proximity sensors (CPR) are placed at the top of the size 

detector unit to sort containers according to size, while an inductive proximity sensor (IPR) 

i.e. IME10/IME08 is utilized to sort metallic and non-metallic containers. While CPR sensors 
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can detect any kind of container but IPR sensors can only identify metallic containers. Sorting 

stage decides about which type of composition to be filled in which container. 

• Filling stage: In this stage, containers are filled with a variety of material compositions. 

There are two material compositions in large non-metallic containers but three liquid 

compositions in small metallic base containers, with 1/3rd of each component present in each 

container. It is possible to use both photoelectric retroreflective sensors and laser beam 

sensors at this stage. In order to control the flow, solenoid valves are utilized. 

• Auxiliary Stage: Capping, labelling, and storing processes are part of the auxiliary assembly 

line stage. Both photoelectric retroreflective and laser beam sensors can be employed in this 

situation. 

• Counting Stage: Counting of both types of containers is done at this stage using PLC 

programming. 

 

This entire assembly line division operation is headed by PLC as shown in Fig. 3.3. SCADA can 

connect with PLC using a variety of media. Sensors and push buttons function as input devices. A 

single PLC CPU module cannot read the signal directly. Therefore, each of these sensors is coupled 

with a sensor splitter to display the ON/OFF and defective/faulty status of each sensor before being 

connected to the PLC's I/P terminal block. IPR, CPR, photoelectric retroreflective, or laser beam 

sensors are mounted above the conveyor system to identify the types of containers by sending input 

signals to the PLC. The DC motor and Variable Frequency Drive (VFD) ensure precision and 

accuracy throughout the movement of the conveyor system. VFD can be used in both speed control 

and position control modes for the smooth movement of containers over the conveyor system.  

The output terminal block connects the PLC to all output devices, including solenoid valves and 

LED indicators. The output terminal block then performs a logical action for output-related devices 

like drive→motor→conveyor belt, LEDs→capping & labelling units, solenoid valves→filling tanks, 

Figure 3.2. Important factors for designing 
assembly line division 

 

Figure 3.3. Framework for working of assembly 
line division    
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based on the interpretation of the information from these sensors. Similarly, laser beam or 

photoelectric retroreflective sensors are used to control capping and labelling machines using signal 

conditioning via a PLC. Positioning of the sensors over the conveyor system below the filling tanks, 

the capping and labelling unit serves as the foundation of position control as shown in Fig. 3.4. 

Conveyor system stops when a sensor reads HIGH. Different final product compositions are filled 

into the containers under the control of solenoid valves that are connected to the filling tanks. The gap 

between the filling tanks (Tank1, Tank2 and Tank3) is incredibly small. Therefore, the container 

must move relatively slowly between these tanks as compared to the movement between Tank3, 

capping and labelling unit in the assembly line division. The list of components utilized in both ratio 

control division and assembly line division is displayed in Table 3.2. 

 
Figure 3.4. Simulated model of assembly line division in SCADA 

 
Table 3.2. Components involved in Assembly line and Ratio Control Strategy  

Input Elements/Constituents Output Elements Other Supplementary Elements 

Start PUSH button  Pump1 and Pump2  
Two PLC units;  

Wonderware InTouch SCADA software; 

IPR Sensor (𝑺𝟏) 
Control valves (𝐶𝑉1, 𝐶𝑉2, 𝐶𝑉3, 𝐶𝑉4, 

𝐶𝑉5) 
Conveyor belt system 

One laser beam safety sensor Solenoid Valves (𝑉1, 𝑉2, 𝑉3) Overhead raw materials units (𝐶𝐻1, 𝐶𝐻2) 

Level sensors (𝑳𝑺𝟏-𝑳𝑺𝟑) 
Conveyor system motor 

 

Motor driver blender; Two Motor driven 

rollers (MDRs);  

Photoelectric Retroreflective or laser 

beam sensors (𝑺𝟐, 𝑺𝟑, 𝑺𝟒, 𝑺𝟓, 𝑺𝟔)  
Blender DC motor  

Mixer tank; 

Size detector unit 

CPR sensors (𝑺𝑺𝟏 & 𝑺𝑺𝟐) 
LED indicators (𝐿1, 𝐿2) for capping 

and labelling at assembly line division  

Tank1, Tank2 and Tank3 for filling 

different compositions of final products 

  
Assembly line unit for capping, labelling 

and storage of containers 

 

3.5.2 Overview of Ratio Control Strategy 

The ratio control method is a special type of feedforward control strategy that can be implemented in 

these industries to qualitatively and quantitatively maintain the desired ratio of raw materials [158]. 

The ratio control technique is used to maintain the appropriate ratio of raw materials in process 

industries. The ratio control approach has become popular in industry for the following purposes:  

• To maintain a predetermined constant ratio for the streams in the reboiler. 
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• To maintain the flow rate of the feeding streams of the distillation column and the streams 

involving the reflux ratios of the distillation column.  

• To maintain the ideal combustion ratio. 

• To maintain a desired ratio of the purge stream and the recycle stream. 

• To maintain the desired fixed composition of the blend by holding the fixed ratio of two 

blended streams. 

The raw materials are measured using the ratio control technique in regard to the flow rates of 

wild and controllable streams. The stream whose flow rate can be measured but not controlled is 

known as a wild/disturbance stream, while the other is known as a controllable/manipulated stream 

because its flow rate can be both measured and controlled. Only one stream can be controlled at a 

time. There are different configurations for ratio control as follows:  

1) In configuration 1, the ratio between the disturbance and manipulated streams is calculated 

by measuring the flow rate of both streams. The error induced between the predetermined and 

desired constant ratio provides a correction signal to the ratio controller. Afterward, this 

calculated ratio is contrasted with the fixed ratio or setpoint as shown in Fig. 3.5(a).  

  
(a) (b) 

Figure 3.5. Different configurations for ratio control (a) Configuration 1 (b) Configuration 2 

 

2) Configuration 2 begins by measuring the wild stream's flow rate and then multiplies it by the 

chosen constant ratio. The outcome gives a setpoint and the flow rate value that are used by 

the controllable stream to maintain a predefined constant ratio. The measured value of the 

flow rate of the manipulated stream is compared to this setpoint as shown in Fig. 3.5(b). The 

PLC receives the actuation signal from the deviation from the true constant ratio and uses it to 

change the controllable stream flow rate through the control valve.  

3) Configuration 3 functions much like a ratio adjustment procedure to config. 2, operating as a 

compensation for the feed-forward ratio control. Here, the appropriate ratio is modified using 

the auxiliary measurement of the controlled stream.  

 

Proportional Integral derivative (PID) controller is used in the programming of the ratio 

controller whose parameters are obtained using the auto-tuning approach as shown in Fig. 3.6. The 
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PID toolbox in Sysmac Studio programming software is used to program the ratio controller, where 

the inputs like transfer function, control valves and flow measurements for the final control element 

can be given.  

 
Figure 3.6. Block diagram for the working of ratio control strategy 

 

Figure 3.7 shows the simulated model of the ratio control division process in Wonderware 

Intouch SCADA software. Here, 𝐶ℎ𝑒𝑚𝑖𝑐𝑎𝑙1 (𝐶𝐻1) and 𝐶ℎ𝑒𝑚𝑖𝑐𝑎𝑙2 (𝐶𝐻2) are the basic raw materials 

that are kept in a set ratio to one another in the reservoirs. The corresponding pumps and valves for 

the uncontrolled and controlled stream are Pump1 and Pump2 and valve 𝐶𝑉1 and 𝐶𝑉2. The ratio of 

quantities of raw materials in the wild stream and controlled stream are based on flow rates. The 

quantity is decided by the opening of the control valves for a particular time, which is directly 

proportional to the ratio of streams. PLC sends OPEN and CLOSE signals to these control valves on 

the basis of timers. The blender in the mixer is driven by a Blender DC motor (BM). Level sensors 

(𝐿𝑆1-𝐿𝑆3) and one safety sensor is used in the mixer to avoid overflow. Following the acquisition of 

the desired product, the associated tanks (Tank1, Tank2 and Tank3) are filled. The control 

valves 𝐶𝑉3-𝐶𝑉5 regulate the flow to these tanks.  

 
Figure 3.7. Simulated model of ratio control division in SCADA 

 

In the ratio control division, the levels are defined inside the mixer and the ratio of the raw 

materials is through the HMI panel. HMI PANEL (Omron NB5QTW01B, 5.6 inches) regulates the 

ratio of wild and modified streams as well as the processed volume level. The Omron Sysmac Studio 

software is used to configure the defined ratios and levels, which are then displayed on the actual 

HMI panel. The ratios can be determined at the configuration level as well as the plant site 

but modification of the ratios is only possible using programming software. 
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3.6   OPERATION AND FUNCTIONALITY OF THE ASSEMBLY LINE 

        DIVISION AND RATIO CONTROL DIVISION 

This section explains the functionality of the assembly line division and ratio control division using 

flow charts. Figure 3.8 shows how a processing plant executes the ratio control division method. The 

safety sensor must first be determined to be ON or OFF. If the safety sensor is high, no further activity 

will be permitted. If the safety sensor is low, then the HMI panel will turn ON and further processes 

can be executed after that. There are two categories on the HMI panel. i.e. LEVEL and RATIO. The 

quantity of the products to be produced from the raw ingredients 𝐶𝐻1 and 𝐶𝐻2 are determined by the 

level indicator using levels LOW, MEDIUM and HIGH. The desired ratio of 𝐶𝐻1 to 𝐶𝐻2 

is determined by the ratio indicator from a number of level and ratio combinations given in Eq. (1)-

Eq. (3). After selecting the appropriate level and ratios, Pump1, Pump2 and blender DC motor turn 

ON and overhead raw materials units begin filling the mixer through the control valves. The amount 

and ratio of 𝐶𝐻1: 𝐶𝐻2 determine the length of time that these valves should be left open. 

𝐿𝑂𝑊 𝐿𝑒𝑣𝑒𝑙 𝑎𝑛𝑑 3: 4 𝑅𝑎𝑡𝑖𝑜 = [(𝐶𝑉1 × 30) + (𝐶𝑉2 × 40)] × 0.3 𝑠𝑒𝑐                              (3.1) 

𝑀𝐸𝐷𝐼𝑈𝑀 𝐿𝑒𝑣𝑒𝑙 𝑎𝑛𝑑 2: 1 𝑅𝑎𝑡𝑖𝑜 = [(𝐶𝑉1 × 70) + (𝐶𝑉2 × 35)] × 0.6 𝑠𝑒𝑐                      (3.2) 

𝐻𝐼𝐺𝐻 𝐿𝑒𝑣𝑒𝑙 𝑎𝑛𝑑 2: 5 𝑅𝑎𝑡𝑖𝑜 = [(𝐶𝑉1 × 20) + (𝐶𝑉2 × 50)] × 0.8 𝑠𝑒𝑐                            (3.3) 

 
Figure 3.8. Functionality of ratio control division strategy 

At this point, the level of the composition inside the mixer is indicated by the ON state of the 

Blender DC motor and level sensors 𝐿𝑆1-𝐿𝑆3. The mixer timer for the composition is indicated by 

𝐿𝑆3 to represent LOW level by staying ON for 20 seconds. Following this, 𝐶𝑉4 opens while 𝐶𝑉3 and 

𝐶𝑉5 stay closed, and the Tank2 is filled with the finished product. Indicating a MEDIUM level, both 

𝐿𝑆3 and 𝐿𝑆2 turn ON for a mixer timer of 40 seconds. Following this, 𝐶𝑉3 opens while 𝐶𝑉4 and 𝐶𝑉5 

stay closed and 𝑇𝑎𝑛𝑘1 is filled with the final product. Accordingly, 𝐿𝑆1, 𝐿𝑆2 and 𝐿𝑆3 switch ON to 

signify HIGH level for a mixer timer of 55 sec. Following this, 𝐶𝑉5 opens while 𝐶𝑉3  and 𝐶𝑉4  stay 
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closed and the 𝑇𝑎𝑛𝑘3 is filled with the final product. At the top of the mixer, there is a safety sensor 

that prevents composition overflow during the malfunctioning of level sensors and control valves. 

In assembly line division, the containers are in motion as they go on the conveyor belt which 

makes it important to control the conveyor system's motion. This flowchart in Fig. 3.9 depicts the 

actions that must be taken in order to stop the conveyor motor, which remains ON even after the 

sensor inputs. The motor-driven rollers (MDRs) control the dynamics of the conveyor belt. The motor 

turns ON while measuring the container's size and material type and it will stop when any of the (𝑆2-

𝑆6) sensors register a HIGH value. The container is filled with compositions from Tank1, Tank2 and 

Tank3. The STOP time depends on the timer of filling, capping and labelling units. Once the timer is 

turned off, the conveyor system resumes its regular operation once the motor is turned ON. 

 
Figure 3.9. Events of the conveyor system 

Figure 3.10 shows the more detailed working of the assembly line division along with various 

divisions such as sorting, filling, and supporting procedures like capping, labelling, and storage of 

containers. Sorting happens according to the size and type of containers, as they move along the 

conveyor belt. Both CPR sensors (𝑆𝑆1, 𝑆𝑆2) are HIGH when a large metallic container travels along 

the belt. The IPR sensor also turns HIGH at the same time for a metallic container. However, 𝑆𝑆1 

turns HIGH and 𝑆𝑆2 stays LOW when a small non-metallic container passes along the conveyor belt. 

The IPR sensor gives a continuous LOW reading for a non-metallic container. 

 
Figure 3.10. Detailed working of assembly line division 
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Afterward, both categories of containers continue to move down the conveyor system and are 

identified either by a photoelectric retroreflective sensor or a laser beam sensor (𝑆2) during the filling 

stage. The opening of the solenoid valve 𝑉1 cause the motor to stop and the conveyor system comes to 

a complete stop. Tank1 begins to fill the container with its composition and this process continues for 

the predetermined amount of time to fill the container up to one-third section. When the timer expires, 

the conveyor system's motion resumes and it keeps going until the next laser beam sensor 𝑆3 detects a 

container so that the whole operation can be repeated again. Similarly, the opening of the solenoid 

valve 𝑉2 causes the motor to stop and the conveyor system comes to a complete stop. As a feedback 

of this signal, Tank2 begins to fill the container with its composition and this process continues for 

the predetermined amount of time to fill the container up to two-thirds section. When the timer 

expires, the conveyor system's motion resumes and it keeps going until the next laser beam sensor 𝑆4 

detects a container, so that the whole operation can be repeated. 

The solenoid valve (𝑉3) opens when a large metallic container is present, causing the motor to 

stop and bringing the conveyor system to a complete halt. As a result of this signal, the Tank2 begins 

to fill the container with its composition, continuing for the duration of the timer until the container is 

completely filled, or 99% full. However, the motor shuts off and the conveyor system comes to a 

complete halt for small non-metallic containers. The solenoid valve did not open at this instance due 

to the absence of feedback from HIGH level and metallic type signal from the IPR sensor 𝑆1 and CPR 

sensor 𝑆𝑆2. This logical progression caused the small non-metallic container to fill with two-thirds of 

the composition of the large metallic container.  

The auxiliary assembly phases like capping, labelling, and storing are performed after these 

stages. The labelling and storing of containers are done separately for easy identification. The motor 

stops and the conveyor system comes to a complete stop when the photoelectric retroreflective sensor 

𝑆5 detects any type of container. The caps are placed on the containers after the LED indicator 𝐿1 of 

the capping device in the auxiliary stage turns HIGH. Then motor restarts again when the capping 

unit's timer is OFF. Again, when sensor 𝑆6 detects any container, the motor stops and the conveyor 

system come to a complete halt. Various labels are applied to various types of containers after 𝐿2 of 

the labelling unit turns HIGH. Then motor restarts again when the labelling unit's timer is OFF. The 

containers continue moving after being hand-selected and placed in various storage cartons. 

 

3.7   IMPLEMENTATION AND RESULTS OBTAINED  

This section displays and explains the SCADA simulation results of both ratio control and assembly 

line divisions. 
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3.7.1   Ratio Control Division 

The predetermined ratio of 𝐶𝐻1 to 𝐶𝐻2 is determined by the ratio indicator using levels low, medium 

and high. There are three standard ratios taken as 3:4, 2:1 and 2:5 for 𝐶𝐻1: 𝐶𝐻2. The level and ratio 

combinations are chosen with the help of Eq. (3.1-3.3). Figure 3.11 shows the different cases of level 

and ratio combinations in the ratio control division.  

 
Figure 3.11. Different cases of level and ratio combinations in ratio control division 

 

When the HMI panel is set at LOW level and 𝐶𝐻1: 𝐶𝐻2 ratio is taken as 3:4 to start Pump1 and 

Pump2, 𝐶𝑉1 and 𝐶𝑉2 of disturbance and controllable streams are turned on. During the production 

stage, when BM is ON and 𝐿𝑆3 indicates the LOW level, then 𝐶𝑉4 opens and allows the composition 

to fill up into Tank2 as shown in Fig. 3.11(a). When the HMI panel is set with the MEDIUM level 

and 𝐶𝐻1: 𝐶𝐻2 ratio is taken as 2:1 to start Pump1 and Pump2, 𝐶𝑉1 and 𝐶𝑉2 of disturbance and 

controllable streams are turned on. During the production stage, when BM is ON and 𝐿𝑆3 & 𝐿𝑆2  

indicates a MEDIUM level, then 𝐶𝑉3  opens and allows the composition to fill up into Tank1 as 

shown in Fig. 3.11(b). Similarly, when the HMI panel is set with the HIGH level and 𝐶𝐻1: 𝐶𝐻2 ratio 

is taken as 2:5 to start Pump1 and Pump2, 𝐶𝑉1 and 𝐶𝑉2 of disturbance and controllable streams are 

turned ON. During the production stage, when BM is ON and 𝐿𝑆3, 𝐿𝑆2 & 𝐿𝑆1 indicates a HIGH level, 

then 𝐶𝑉5 opens and allows the composition to fill up into Tank3 as shown in Fig. 3.11(c). 

 

 

(b) Medium Level and 2:1 ratio  (a) Low Level and 3:4 ratio  

(c) High Level and 2:5 ratio  
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3.7.2   Assembly Line Division 

In this case, the color scheme selected for Tank1, Tank2 and Tank3 differs from the ratio control 

division. This demonstrates that the ratio composition can be adjusted according to the requirements. 

The metal-base and large containers are detected by CPR sensors (𝑆𝑆1, 𝑆𝑆2) and inductive PR 

sensors (𝑆1 & 𝑆2) as shown in Fig. 3.12(a). IPR sensor passes the non-metallic and small containers 

when 𝑆𝑆1 is HIGH and 𝑆𝑆2 is LOW as shown in Fig. 3.12(b).  

  
(a) (b) 

Figure 3.12. Identification of (a) Large metallic containers (b) small non-metallic containers 

 
Both metallic and non-metallic containers are identified with photoelectric retroreflective or laser 

beam sensor 𝑆2. Valve 𝑉1 opens as a result of the conveyor motor stopping and both the containers get 

filled with the composition in 𝑇𝑎𝑛𝑘1 up to one-third level as shown in Fig. 3.13(a). Both metallic and 

non-metallic containers are identified with photoelectric retroreflective or laser beam sensor 𝑆3. Valve 

𝑉2 opens as a result of the conveyor motor stopping and both containers get filled with the 

composition in Tank2 up to two-thirds level as shown in Fig. 3.13(b). Large-size metallic containers 

are identified with photoelectric retroreflective or laser beam sensor 𝑆4. Valve 𝑉3 opens as a result of 

the conveyor motor stopping and large size metallic containers are filled with the composition in 

Tank3 up to the maximum or 99% level as shown in Fig. 3.13(c). Small non-metallic containers are 

identified with photoelectric retroreflective or laser beam sensor 𝑆4 which results in the stopping of 

the conveyor motor. However, the solenoid valve is closed. As a result, small non-metallic containers 

are filled with two-thirds of the overall composition as shown in Fig. 3.13(d). 

 
(a) Filling both type of containers by 𝑻𝒂𝒏𝒌𝟏  (b) Filling both type of containers by 𝑻𝒂𝒏𝒌𝟐 
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Figure 3.13. Filling of different containers by Tank1, Tank2 and Tank3 in assembly line 

 
Both metallic and non-metallic containers are identified with photoelectric retroreflective or laser 

beam sensor 𝑆5. The LED indicator 𝐿1 turns HIGH as the conveyor motor stops and both types of 

containers are capped by the capping unit as shown in Fig. 3.14(a-b). Both metallic and non-metallic 

containers are identified with photoelectric retroreflective or laser beam sensor 𝑆6. The LED indicator 

𝐿2 turns HIGH as the conveyor motor stops and both types of containers are labelled with different 

colors by the labelling machine in order to them as shown in Fig. 3.14(c-d). After executing all these 

processes, the storage of containers is done as shown in Fig. 3.14(e). Table 3.3 depicts the comparison 

of the proposed work with the relevant literature. 

 

 

(a) Capping of large metallic containers (b) Capping of small non-metallic containers 

(c) Labelling of large metallic containers  (d) Labelling of small non-metallic containers 

(c) Filling large metallic containers by 𝑇𝑎𝑛𝑘3 (d) Non-Filling small non-metallic containers by 𝑇𝑎𝑛𝑘3 

the Containers by Tank1 
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Figure 3.14.  Capping, Labelling and storing of containers in the auxiliary stage 

 

3.8    A CASE STUDY ON IMPROVING PRODUCTIVITY IN PROCESS 

         INDUSTRIES 

An industrial case study is chosen to show and validate the proposed work. The case study was 

conducted in India’s leading chemical industry process plant ‘J’ (name changed) situated in North 

India, which is engaged in full flagged production, packaging and servicing of the products. During 

the plant visit, there was a proper discussion with the automation and production departments for the 

proper operation study of the process plant to examine all the units. Currently, the plant ‘J’ is 

producing products in batch process. Containers are filled in batches and with the same type of 

composition in them. Different production lines are used for producing different sizes or different 

types of containers. This increases the assembly line setup cost and also the workforce cost. 

If one intends to produce different types of products within the same production line as the batch 

process, it will create huge idle time during the transition from one batch to another. In some cases, it 

was reported to have around 27% idle time of the total production time. This will reduce the overall 

throughput of the plant. The different processes involved in the production are mentioned in Fig. 3.15.  

 

Figure 3.15. Different processes involved in the production 

(e) Storage of Containers  
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Table 3.3.  Comparison of the proposed work with the current relevant literature 

Authors Ratio 

Control 

Assembly Line Mixing 

Process 

Filling 

Process 

Capping 

Process 

Labelling 

Process 

Sorting 

Process 

Real-world 

implementation 

with Case study 

Monitoring 

the whole 

plant 

Solution Technique 

Different Single 

Huo et al. [32]  

 

For balancing the 

assembly line 

     ✓  Type-1 & Type2 fuzzy control system to re-

balance the assembly line 

Geurtsen et al. [33]  For balancing the 

assembly line 

     Real-world data for 

experimentation 

 Deep Q-reinforcement learning technique and 

Markov decision process 

Didden et al. [34]  For balancing the 

assembly line 

     ✓ ✓ Genetic algorithm for assembly line balancing 

Schmid et al. [143]   For assembly line 
feeding and 

balancing problem 

     ✓  Logic-based Benders’ decomposition 

framework.  

Ling et al. [144]  Designing of 

assembly system 

     Computer vision to 

monitor and analyze 

the real-time 

operation process 

 Data-driven synchronous reconfiguration 

Aung et al. [145]     ✓      PLCSIM and HMI 

Win et al. [146]     ✓ ✓     PLC for filling and capping 

Nadgauda et al. [147]     ✓      PLC and SCADA for filling and packaging 

Viraktamath et al. 

[148] 

    ✓      PLC for filling 

Ghita et al. [35] ✓          Theoretical framework for ratio control of 

material flows using impedance spectroscopy 

Abubakar et al. [149]     ✓      Robotic arm conveyor and Arduino controller 

to fill containers 

Kiangala et al. [150]     ✓ ✓     Siemens S7-1200 PLC and ZENON SCADA-

based Simulated prototype of bottling process 

Sreejeth et al. [36]    ✓ ✓      PLC-based laboratory prototype 

This work ✓ Single ✓ ✓ ✓ ✓ 

 

 

 

 
 

 

 
 

 
 

 

✓ ✓ ✓ • PLC and SCADA-based control framework 

to automate the process industry plant 

and monitor all the processes using a 

single-screen HMI.   

• Address a dynamic real-world problem for 

the mixing of raw materials, filling of 

final product composition, capping, 
labelling and sorting of containers on the 

basis of both size and type using a single 

assembly line.  
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3.8.1   Current Scenario 

The current scenario in the company ‘J’ is that it has only a single operational assembly line. It is used for 

filling only one type of container, which is of 500ml. This is coded in blue colour in Fig. 3.16(a).  The 

assembly line is comprised of five processes namely, level or size detection (𝑃1), Filling (𝑃2), Capping 

(𝑃3), Labelling (𝑃4) and Packaging (𝑃5). Each person, workforce (𝑤1, 𝑤2, …𝑤5) is assigned at each 

process for supervision and handling. The maximum time required to complete each process at each 

assembly line is called process time, denoted with 𝑇𝑝 and the time required by the container to shift from 

one process to another over the assembly line is called transition time, denoted with 𝑇𝑟. The transition 

time is taken to be equal between all the processes i.e., 5s. If there’s a need to fill another size of container 

i.e. 750 ml, then a second assembly line is required as per the current scenario of the company ‘J’. This is 

coded in orange colour as shown in Fig. 3.16(a). This will lead to an increase in workforce, transition time 

and processing time. Also, the cost of installation of these process units, the conveyor system and the 

workforce will increase. As a result, the overall production cost per unit of containers will increase.  

In another scenario, shown in Fig. 3.16(b), it is required to fill a different material type 750ml 

container. So, another process (𝑃0) is used to identify the type of container increased. This again requires 

another unit (installation cost = 100) for type detection, which leads to more processing time (𝑇𝑝 = 2.5𝑠), 

more initial transition time (𝑇𝑟0 = 5𝑠) and more workforce which increases production cost per unit. If 

the workforce is increased, then the overall idle time of the industry ‘J’ will also increase.  

 

3.8.2   Mathematical Modelling 

Now, the objective is to minimize the assembly line timings, the workforce and overall cost of 

production. For these factors, some mathematical modelling is established as shown below. 

 
Table 3.4 Parameters for the mathematical modelling of the assembly line 

Workforce, 𝒘=1,2,3…...n 

Assembly line, 𝑨𝒍=1,2,3……i 

Process, 𝒑 =1,2,3……. J 

Time required for each process, at each Assembly line, to be completed, 𝒕𝒑 

Cycles, 𝑪 

Processes 𝒑 available at assembly line 𝑨𝒍 = 𝑴𝒑𝒍 

Workforce assigned for assembly line = 𝑾𝒘𝒍 
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For a particular cycle time, the following constraints are to be followed: 

∑𝑀𝑝𝑙 = 1                                                                                                   (3.4) 

∑𝑊𝑤𝑙 ≤ 𝐶                                                                                                  (3.5) 

 

It is ensured that the total time does not exceed the total cycle time. 

In order to minimize the number of workforces, the constraints are chosen as  

∑ 𝑊𝑤𝑙

𝑛

𝑤=1

≤ 1                                                                                                 (3.6) 

The objective function for minimizing the Assembly line time is formulated as 

𝑓1 = ∑𝑡𝑝

𝑗

𝑝

                                                                                                   (3.7) 

And the objective function for minimizing the number of workforces is formulated as 

𝑓2 = ∑ 𝑊𝑤𝑙

𝑛

𝑤=1

                                                                                              (3.8) 

 

 
Figure 3.16. Different scenarios of Assembly lines in the industry ‘J’ and the proposed Assembly line 
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3.8.3   Test Case 

In the proposed work, a single unit (based on sensors) incorporates both size and type detection process as 

shown in Fig. 3.16(c). A single workforce (𝑤1), is assigned at this level. There will be no case of initial 

transition time (𝑇𝑟0) and processing time (𝑇𝑝0). The proposed assembly line accommodates both scenarios 

of filling both type and sized (metallic 750ml and non-metallic 500ml) containers with the flexibility of 

choosing the ratios of the quantities of the composition of the material. A single workforce (𝑤2), is 

assigned at this level. Both containers are capped with single units and workforce (𝑤3), is assigned at this 

level. Similarly, the labelling unit also incorporates the labelling of both types of containers based on 

identification at the first level of size and type detection and a single workforce (𝑤4), is assigned at this 

level. The counting and packaging process will be similar to that of the earlier scenarios. All these 

amendments reduce the workforce at different processes, transition time and processing time. As a result, 

the production cost per unit of containers will decrease and throughput of the plant will increase. The idle 

time of the plant will be reduced significantly. A detailed representation showing different scenarios of 

Assembly lines in the industry ‘J’ and the proposed Assembly line is shown in Fig. 3.16. The process time 

and installation cost of two process units of company ‘J’ and the proposed work respectively are shown in 

Table 3.5. This type of data is chosen for proper understanding and easy calculation related to the whole 

work.  

 

Table 3.5 Comparison of Process time and installation cost of different process units of company ‘J’ with proposed 

work  

Processes Process Time 

of ‘J’ 

(𝑻𝒑×2) sec 

Process Time of 

Proposed Work 

(𝑻𝒑 ×2) sec 

Installation Cost 

of Process Unit in 

‘J’ (×2) 

Installation Cost of 

Process Unit in 

Proposed Work (×1)  

Size detection (𝑷𝟏) 2.5 2.5 

(Including type 

detection) 

125 150 

(Including type 

detection) 

Filling (𝑷𝟐) 5 5 200 200 

Capping (𝑷𝟑) 3 3 150 150 

Labelling (𝑷𝟒) 3 3 200 250 

Counting & packaging (𝑷𝟓) 5 5 150 300 

 

3.8.4   Comparative Analysis of the Trends 

The real-time trends of the proposed work in the SCADA software, depicted in Fig. 3.17(a) show the rate 

at which both containers are filled. The proposed assembly line filled both containers in a group of six 

containers each (metallic 750ml and non-metallic 500ml). It is important to note that there is no 

overlapping of the containers. A group of particular containers is chosen to make the packaging process 



  

39 
 

smooth. Similarly, the trends in Fig. 3.17(b) show the filling of both containers. The trend shows six 

spikes of each of 500ml and 750ml. These spikes indicate the smooth filling of these containers.   

 

Figure 3.17 Real-time trends of the proposed work in the SCADA software 

 

The results in Fig. 3.18 show a significant improvement in all areas while adopting the proposed 

assembly line in comparison to the existing Assembly line in company ‘J’. For analysis purposes, the 

production of two containers (each metallic 750ml and non-metallic 500ml) is considered. The workforce 

is reduced to half which directly contributes to lower expenses of the company. The cost analysis of the 

process units shows that the installation cost of the proposed assembly line is much lower than that of the 

existing assembly line. With the introduction of multiple assembly lines, the transition time between the 

processes also increases. However, with the proposed assembly line, transition time and the overall 

process time decreases. All these factors combined together provide a very significant improvement in the 

overall throughput of the industry. Table 3.6 presents the key features and contributions of the proposed 

study.  

(a) Output rate of filling of both containers   

 Rate  

(b) Output spikes of smooth filling of containers in a batch of six each 
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Figure 3.18.  Comparative analysis of workforce, cost and time of the proposed assembly line with Company ‘J’ 

assembly line 

 

Table 3.6.  Key features and contribution of the proposed study 

S. No. Features Contribution 

1 Installation and Extendibility • Easy installation and incorporation of additional devices with few 

modifications in the system. 

• Easiness of adoption  
2 Cost  • Low estimated total costs 

• Higher resource utilization with mass customization 

3 EtherCAT • Anomaly detection in EtherCAT-based indusial control networks  

• Automatic data exchange and communication using EtherCAT  
4 Operation sustainability and 

transparency 
• Real-time data exchange and monitoring for transparency 

• Low interference with existing operations  
5 Remote Control • Provides continuous and secure monitoring of all the processes 

• Offers remote control, access and visualization of all process parameters using 

HMI on a single SCADA interface. 

6 PLC and SCADA • Increased flexibility, scalability and variety  

• Increasing system responsiveness  

• Real-time control and self-scheduling/balancing 

• Workforce planning: Reduces the workforce and avoid gathering of workers  
7 Single Assembly line • Product variation in assembly systems  

• Improving the efficiency of assembly line and increasing overall productivity   
8 Throughput • Transition time and the overall process time decrease with the proposed 

assembly line. All these factors combined together provide a very significant 

improvement in overall throughput of the industry. 

9 Maintenance • Easy maintenance to solve malfunctioning issues. 

(a) (b) 

(c)    
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3.9   SUMMARY 

In this chapter, a PLC and SCADA-based control framework has been proposed to automate the process 

industry plant and monitor all the processes using a single-screen HMI. First, a dynamic real-world 

problem is addressed for the mixing of raw materials, filling of final product composition, capping, 

labelling and sorting of containers on the basis of both size (small and large) and type (metallic and non-

metallic) using a single assembly line inside a process industry plant. Then, a ratio control framework is 

proposed for adjusting the ratio and mixing of raw materials. The automated process operation of the two 

stages is visualized independently using Wonderware Intouch SCADA software and the entire operation 

is controlled by an OMRON (NX1P2-9024DT1) PLC.  The OMRON (NX1P2-9024DT1) PLC is 

interfaced with the Wonderware InTouch SCADA system to gather data, create a simulated prototype of 

the assembly line and ratio control divisions, carry out the necessary control operations, and display this 

data on the HMI (Omron NB5Q-TW01B, 5.6 inches) screen within the process industry plant. Inductive 

and capacitive proximity sensors are used in assembly line division to separate the containers according to 

their size and material type. Moreover, the smooth and precise movement of the conveyor system is 

addressed using highly accurate photoelectric sensors. A mathematical and simulation model is proposed 

to minimize the assembly line timings, the workforce and the overall cost of production. Effective product 

sequencing enhances short-term balancing and production time by reducing waiting time. The developed 

model is applied in a real-life case study of an assembly line from a chemical processing industry in north 

India to investigate the efficacy of the proposed method. The results of a real-world case study verified 

the design for effectively balancing a real-world assembly line and showed that the proposed system 

improves the productivity, efficiency, throughput, workforce, cost and time of a process industry. 

The proposed SCADA system allows the user and operators to get live video streaming from any of 

the sites on their HMI screens. This SCADA system achieves the automatic control and management of 

industrial processes, improves worker safety, and reduces manpower and physical resources instead of a 

distributed control system. The significance of investigating and implementing automated systems across 

multiple sectors is increased by this work. 
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Chapter 4 

Temperature Control of Heat Exchanger System  

 

 

 

4.1   INTRODUCTION 

This chapter presents a PLC and SCADA-based control framework to automate and supervise the 

temperature control processes in the heat exchanger plant. The OMRON (NX1P2-9024DT1) PLC is 

interfaced with the Wonderware InTouch SCADA system to gather data, create a simulated temperature 

control prototype and carry out the necessary control operations within the heat exchanger plant. The PLC 

controls the entire process and programming of PLC is done using Sysmac studio automation software 

using the ladder programming language. The proposed system controls the temperature of the heat 

exchanger system through PID and Fractional Order PID (PIλDμ) controllers with Integral Anti-windup 

technique. Various control strategies like Cascade Control, Feedforward Control and Smith Predictor for 

time delayed process are discussed for controlling the temperature of the process. The performance of both 

PID and fractional order PID controllers is optimized using adaptive heuristic optimization techniques like 

Genetic Algorithm (GA), Ant Colony Optimization (ACO) and Particle Swarm Optimization (PSO). In 

control system design and analysis, the calculated performance indices are used as quantitative measures 

for evaluating the performance of a system. The combined form of temperature controller with Cascade 

control, Feedforward control and dead-time compensator is modelled and examined for simulation using 

MATLAB. Simulation and real-time experimentation analysis of the developed controllers are executed 

with metaheuristic optimization techniques based on different performance indices like ISE, IAE and 

ITAE. 
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4.2   RELATED WORK  

High-precision temperature control technology is one of the most critical factors in industrial thermal 

processing systems. Temperature control is a process of automatically controlling the temperature of large 

systems to achieve an ideal value in the industrial processes. Temperature stability of heat exchangers is 

required for many biological, chemical production and industrial manufacturing processes [159,160]. 

Different industries use different forms of heat exchangers on the basis of construction type, transfer 

process, flow arrangement and phase of liquid as shown in Fig. 4.1 [161,162]. Shell and tube heat 

exchanger (STHEX) is the most prevalent type of heat exchanger in the process industries, mainly due to 

its flexible and robust design, and capability to operate at high pressure and temperature (cryogenic to 

high-temperature applications). STHEXs have a larger heat transfer surface-to-volume ratio, and ease of 

manufacturing in a variety of configurations than double-pipe heat exchangers. STHEX consists of 

parallel tubes/pipes enclosed in a cylindrical shell in which there is enough space between the tubes and 

the shell for the fluids to flow through. STHEX allows for easy disassembly for routine maintenance and 

cleaning and can handle very viscous or corrosive process streams with impurities [163,164]. STHEX are 

utilized in a wide range of applications like cooling of water, oil heaters, petrochemical industries, boilers 

and condensers in power plants [165,166]. 

 
Figure 4.1. Types of heat exchangers 

 

Numerous mathematical modelling approaches and control algorithms have been employed for 

studying the dynamic behaviour, response characteristics and controlling the temperature of heat 

exchangers [167-169]. Ouyang et al. [170] introduced a PID approach for controlling the temperature of a 

continuous stirred tank reactor process which used a sparrow search algorithm for optimizing the PID 

control parameters. Along with that, it used the Gauss Cauchy mutation technique for each iteration in 

order to enhance the local optimization capability. PID controllers can’t resolve the time-varying control 

model parameters because of large lag and long adjustment time.  
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 Thepmanee et al. [171] introduced an Allen Bradley PLC using WirelessHART for temperature 

control and device diagnostic by implementation of SCADA system along with Prosoft configuration 

builder and Studio 5000 software. Jamil et al. [172] discussed various fractional-order PID controllers for 

temperature control in different types of heating systems in industries. Instead of conventional feed-

forward control methods, Li et al. [173] introduced an effective temperature-based predictive feedback 

control algorithm to improve the indoor temperature fluctuation, control flexibility, and anti-interference 

quality of large-scale district heating substations. 

Maya-Rodriguez et al. [174] proposed a metaheuristic optimization-based neuro-fuzzy controller for 

the temperature control of a transesterification biodiesel reactor. This method increased the efficiency of a 

chemical reactor and minimised the error function and disturbances. Miao et al. [175] introduced a 

cascade feedforward control technique based on incremental PID and predictive functional control 

strategy to resolve the delay and anti-disturbance ability problem in the outlet temperature control system 

of a heat exchanger. 

Hou et al. [176] introduced a linear active disturbance rejection controller parameter optimization 

based on a simultaneous heat transfer search algorithm for the cascade control of the main steam 

temperature control system. The conduction, convection and radiation phases of heat transfer are 

implemented in parallel during the optimization process to provide significant improvement toward 

negative effects caused by uncertainties and disturbances.  

Temperature control is a common time delay issue that negatively impacts the performance and 

stability of controlled systems. Temperature overshooting or undershooting is difficult when there are 

rapid temperature changes with high precision and stability [177]. Therefore, it is important to design a 

control scheme to regulate the outlet temperature of a heat exchanger to a certain reference value and 

enhance the heat transmission efficiency. 

 

4.3   PROBLEM STATEMENT 

It is very difficult to control a heat exchanger system because of its complex and nonlinear nature due to 

unknown fluid characteristics i.e. fluid flow patterns and rates, non-causalities, temperature-dependent 

and time-varying qualities, contact resistance, leakages, ambiguous mechanics and friction [178,179]. 

Temperature control is challenging due to the complex thermal interactions in the traditional heater-

controlled methods. The conventional control methods are not able to cope with difficulties like strong 

non-linearity, disturbance, uncertainties, large response and delay time of the controlled objects which 

further results in uncontrollable feedback efficiency for precise control [180,181]. In the presence of 

external interference, the current conventional control approaches exhibit high-temperature fluctuation, 
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longer stability correction times, and poor temperature stability. Therefore, an effective control strategy 

and hardware design is required to maintain a smaller temperature fluctuation amplitude around the 

desired temperature value for a fluid and heat transfer system.  

This chapter proposes a novel cascade control strategy using PID and Fractional Order PID 

controller (PIλDμ) along with the Integral Anti-windup technique, feedforward control and Smith 

predictor to control and regulate the outlet temperature of a heat exchanger to a certain reference value 

and enhance the heat transmission efficiency. The main contributions of this chapter are as follows: 

• For developing a real-time framework for the temperature control of a heat exchanger plant, this 

chapter proposes a PLC and SCADA-based control framework to automate and supervise the 

temperature control processes in a heat exchanger plant and monitor all the processes using 

SCADA. 

• The OMRON PLC is interfaced with the Wonderware InTouch SCADA system to gather data 

and to create a simulated prototype of the temperature control system to monitor the entire 

process on a real-time basis in the SCADA screen and historize the data to its database.  To the 

best of our knowledge, no other articles have taken into account all of these constraints at the 

same time.   

• The primary objective is to maintain the outflow temperature of the fluid constant by 

manipulating the steam flow. These are two principle perturbances or disturbances i.e. fluid flow 

rate and fluid inflow temperature that need to be controlled with feedforward control. 

• The proposed system will take the temperature feedback from the sensors installed in the field 

and automatically control the temperature by adjusting the hot and cold control valves using the 

logic written in the PLC. 

• The SCADA server receives periodic status from sensors, buttons, process state variables, and 

other PLC-interfaced devices and stores those details in a database. PLC carries out the necessary 

control operations within the heat exchanger plant as directed by the SCADA server. 

• The designed controller regulates the outlet fluid temperature of a heat exchanger to a certain 

reference value and enhances the heat transmission efficiency irrespective of external 

disturbances, non-linearity and delay characteristics. 

• The parameters of the Fractional Order PID (FPID) controller are tuned by GA, ACO and PSO 

optimization techniques along with their comparative study to achieve an optimal and desired 

performance with the fastest steady‐state regime and less percentage overshoot.   

• These algorithms work with a fitness function for modifying and analyzing a set of potential 

solutions for evaluating the effectiveness of the model. The controller type may have an impact 
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on the stability of the system. Therefore, the IAE, ISE and ITAE cost function is designed to 

select the optimum parameters of the controller to improve the transient and steady‐state response 

of the controller.  

• This study uses both real-time experimental and simulation results to validate the effective 

performance of the proposed technique while guaranteeing both transient and steady‐state 

response of the controller and rejection of external disturbances in comparison to the existing 

literature. 

 

4.4   SYSTEM DESCRIPTION 

The temperature process control setup consists of a combination of heat exchanger and boiler as the main 

process. Temperature sensors, signal conditioning units, control values and other associated components 

are also incorporated in the system. The hardware setup is shown in Fig. 4.2(a) and the block diagram is 

shown in Fig. 4.2(b).  

 

Figure 4.2. Experimental architecture of the proposed temperature control system 

 

The rotameter is one of the types of flow sensors used in process industries. In a rotameter, the 

obstruction is a float of various shapes (tapered in this process) that rises in a vertical tapered column. The 

rotameter housed here is mainly used for introducing disturbance or perturbance and also to measure the 

inlet flow rate. Resistance temperature detectors (RTDs) are used as the temperature sensors in the 

process. RTD exhibits a change in resistance with temperature. The electric power dissipation must be 

regulated to avoid errors due to the heating of sensing elements. Typically, 10mW of energy dissipation 

(b) Block diagram of the proposed system  

(a)  Hardware Setup 
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will raise the temperature to 0.3°C, which corresponds to low values of current (< 4mA) and voltage (< 

1V) in industries. For signal conditioning, the temperature is sensed by RTD and it gets converted into (4-

20) mA corresponding to the temperature range of (0-100°C) in the temperature control setup. This 

current signal is used by the main controller i.e. Programmable Logic Controller (PLC), which fires the 

final control element, the SCR control unit.   

 

4.4.1   Mathematical Modelling 

The process has to be mathematically modelled for designing the controllers. Almost all industrial 

processes have non-linear characteristics along with some kind of lag. Generally, these processes are 

approximated as first-order plus time delay (FOPTD) and second-order plus time delay (SOPTD) models.  

Generally, FOPTD can be expressed as 

𝐺𝑓(𝑠) =
𝐾𝑓𝑒

−𝑡𝑑𝑠

𝜏𝑠 + 1
                                                                   (4.1) 

SOPTD can be expressed as follows in the general form 

𝐺𝑓𝑓(𝑠) =
𝐾𝑓𝑓𝑒

−𝑡𝑑𝑠

(𝜏1𝑠 + 1)(𝜏2𝑠 + 1)
                                            (4.2) 

where, 𝐾𝑓 is process gain and 𝜏 is the time constant of FOPTD, 𝐾𝑓𝑓 is the process gain and 𝜏1 and 𝜏2 are 

time constants of SOPTD, 𝑡𝑑 is the time delay.  

Now, the heat exchange transfer function along with the process time delay can be expressed as 

𝐺𝑃 =
𝐴𝑃𝑒−𝑡𝑑𝑠

𝜏𝑃𝑠 + 1
                                                                        (4.3) 

where 𝐴𝑃 is process gain, 𝑡𝑑 is process time delayed and 𝜏𝑃 is the process time constant.  

Disturbance transfer function can be expressed as 

𝐺𝑑 =
𝐴𝑑

𝜏𝐷𝑠 + 1
                                                                         (4.4) 

where 𝐴𝑑 is disturbance gain and 𝜏𝐷 is disturbance time constant.  

Considering 𝐴𝑑 as unity, the disturbance transfer function can be expressed as 

𝐺𝑑 =
1

𝜏𝐷𝑠 + 1
                                                                        (4.5) 

Valve and sensing element transfer functions can be expressed as 

𝐺𝑣 =
𝐴𝑣

𝜏𝑣𝑠 + 1
, 𝐺𝐻 =

𝐴𝐻

𝜏𝐻𝑠 + 1
                                             (4.6)  
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where 𝐴𝑣 is valve constant, 𝜏𝑣 is the valve time constant, 𝐴𝐻 is sensing element gain constant and 𝜏𝐻 is 

sensor time constant.  

So, the overall transfer function of the whole process is formulated as 

𝐺𝑓𝑓(𝑠) =
5𝑒−1𝑠

90𝑠2 + 33𝑠 + 1
                                                        (4.7) 

For reference purposes, the values of the constants which have been considered here are shown in Table 

4.1. 

Table 4.1. Description of the parameters used in mathematical modelling of the temperature control process 

DESCRIPTION CONSTANTS VALUES (units) 

Heat exchange transfer function 

along with process time delay 

𝑮𝑷 50 

Process time constant 𝝉𝑷 30 sec 

Disturbance gain 𝑨𝒅 1 

Disturbance time constant 𝝉𝑫 10 sec 

Valve constant 𝑨𝒗 0.13 

Valve time constant 𝝉𝒗 3 sec 

Sensing element gain constant 𝑨𝑯 0.16 

Sensor time constant 𝝉𝑯 10 sec 

Process time delay 𝒕𝒅 1 sec 

 

4.4.2   Development of SCADA for Temperature Control System  

The OMRON (NX1P2-9024DT1) PLC is interfaced with the Wonderware InTouch SCADA system to 

gather data and create a simulated prototype of the temperature control system for monitoring the entire 

process on a real-time basis in the SCADA screen and historize the data to its database. The ladder logic 

of PLCs is designed using Sysmac studio automation software and Wonderware Intouch SCADA 

software is used for visualizing the plant independently. A user can enter the temperature set point 

through SCADA. SCADA screen displays the temperature at various points, the direction of the motion, 

operator caution alarms, auto mode failure, high-temperature alarms, safety alarms, safety shutdown 

alarms and trends, etc.  PLC uses sensors, buttons, process state variables, and other devices to control 

automated processes and monitor the status of inputs. The SCADA server receives periodic status updates 

from the PLC-interfaced devices and stores those details in a database under the trends section. PLC 

carries out the necessary control operations within the heat exchanger plant as directed by the SCADA 

server. By implementing the proposed system, the operator can easily start the system by setting the 

temperature set point from SCADA and clicking the start button. The system will take the temperature 

feedback from the sensors installed in the field and automatically control the temperature by adjusting the 

hot and cold water valves using the logic written in the PLC.   

Figure 4.3 shows the prototype of the developed SCADA system for temperature control of heat 

exchanger system. The water from the reservoir is pumped to the overhead tank (O.H. Tank), as shown in 
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Fig. 4.3(a). The O.H. Tank is equipped with a safety sensor for preventing overflowing from the tank. A 

level transmitter (LT) is installed for level measurement in the O.H. Tank unit. The water flow from the 

O.H. Tank to the heater is measured by rotameter (ROT_1) and it is controlled with a control valve (𝐶𝑉1). 

Initially, the SCR unit is triggered by starting the controller and then the internal switch to the heater is 

turned ON. The increasing temperature can be measured by the temperature-sensing element RTD. The 

change in resistance from the RTD is fed into the Wheatstone’s bridge circuit and converted into the 

appropriate voltage signal (0-10)Volt and its corresponding current signal (4-20)mA by using the 

temperature transmitter. This current signal is coupled with controllers. This control action is used to 

drive the SCR unit which acts as a final control element unit and is triggered according to the control 

voltage. The directions of the flow in the plant are shown with the arrows in Fig. 4.3(b). 

Figure 4.3. Prototype of the developed SCADA system for temperature control of heat exchanger system 

 

 

 

a) 

(b)     
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4.5   CONTROLLERS DESIGN 

In this section, various control strategies like cascade control, feedforward control and Smith predictor for 

time-delayed process are discussed for controlling the temperature of the process.  

 

4.5.1   Cascade Control Strategy using PID and FPID Controller along with Integral Anti-   

           windup Technique and Velocity Setpoint 

PID and Fractional Order Proportional Integral Derivative (PIλDμ) controller with the Integral Anti-

windup technique is proposed here. In the cascade control configuration, there is more than one 

measurement for the single manipulated variable. In this configuration, there’s a primary or master loop 

that provides the reference setpoint and the other one is the secondary or slave loop which uses the output 

of the master loop as its setpoint. The dynamics of the slave loop are much faster than that of the master 

loop. So, the phase lag of the slave loop is much smaller than that of the master loop. Also, the crossover 

frequency of the slave loop is much higher than that of the master loop which allows it to accommodate 

higher gains in the slave loop for regulating the disturbances in the secondary loop without affecting the 

overall stability of the system. Generally, a proportional control is used in slave loops but Integral control 

action is also introduced to eliminate the offset error. So, a Proportional Integral (PI) controller is used in 

the secondary loop. Since flow disturbance is a quick process, therefore, there is no need to increase the 

proportional gain too much. It will cause too many oscillations. The temperature control process is 

generally very slow as compared to other control processes like flow and pressure. Usually, PID 

controller action is preferred for the temperature control process. It accommodates high gains for faster 

response without affecting the stability of the process. The block diagram of the cascade control strategy 

using PID and FPID controller is shown in Fig 4.4. 

 
Figure 4.4. Block diagram of cascade control strategy using PID and FPID controller 
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The PID compensator in the time domain, when 𝜆, 𝜇 of PIλDμ controller is considered as a unity, 

as shown in Fig. 4.4 and the expression is given as   

𝐾𝑐(𝑡) =  𝐾𝑝{𝑥𝑟(𝑡) − 𝑟(𝑡)} + 𝐾𝑑 [𝑉𝑠𝑝 {
𝑑

𝑑𝑡
𝑥𝑟(𝑡)} − 

𝑑

𝑑𝑡
𝑟(𝑡)] + 𝐾𝑖 ∫(𝑥𝑟(𝑡) − 𝑟(𝑡))𝑑𝑡                      (4.8)                     

where 𝐾𝑝, 𝐾𝑖, 𝐾𝑑 are proportional, integral and derivative constants respectively. 𝑉𝑠𝑝 is the velocity 

setpoint and it is considered between 0 and 1.  

When 𝜆 𝑎𝑛𝑑 𝜇 are considered as non-integer orders, then it is said to be FPID controller. FPID 

features two additional fractional parameters, integral order (𝜆) and derivative order (𝜇) to boost the 

system's flexibility and enable a more effective implementation than a standard PID controller. The 

generalized equation of PIλDμ controller is formulated as 

𝐾𝑐(𝑡) =  𝐾𝑝{𝑥𝑟(𝑡) − 𝑟(𝑡)} + 𝐾𝑑𝐷−𝜆 [𝑉𝑠𝑝 {
𝑑

𝑑𝑡
𝑥𝑟(𝑡)} − 

𝑑

𝑑𝑡
𝑟(𝑡)] + 𝐾𝑖𝐷

𝜇 ∫(𝑥𝑟(𝑡) − 𝑟(𝑡))𝑑𝑡        (4.9)    

where both 𝜆 𝑎𝑛𝑑 𝜇  are as: 0 < 𝜆 < 1 and 0 < 𝜇 < 1.  

D is the fractional operator and is defined as  

𝐷−𝑛𝑓(𝑡) =
1

Γ(𝑛)
∫𝑓(𝑥)(𝑡 − 𝑥)𝑛−1𝑑𝑥

𝑡

0

                                                                                                      (4.10) 

where, n is non-integer order and Γ is the gamma function. The PIλDμ controller is the generalization 

of the PID controller. 

The active region of PIλDμ and PID controllers are shown in Fig. 4.5.   

 
Figure 4.5. Point-to-point representation of active regions of PIλDμ and PID controllers 

 

Figure 4.4 also displays the design of controllers with Integral ANTI-WINDUP. This design 

incorporates an additional loop around the Integrator, in contrast to the conventional PID controller. 

By lowering the integrator input, this extra loop inhibits the integrator from reaching saturation and 

intensifying excessively. At parameter INTmax, the Integrator is intended to reach saturation. The 

integral control action is defined as 

𝑚𝑖 = {

− INTGmax                                                              𝑛𝑖 < −INTGmax

                𝑛𝑖                             𝑛𝑖 < −INTGmax < 0 and  − INTGmax − 𝑛𝑖 < 0
INTGmax                                                                      INTGmax < 𝑛𝑖

}                    (4.11) 
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where INTGmax is the upper limit of integrator, 𝑎𝑡 is the time constant of the anti-windup loop which 

gets activated only in case of Integrator saturation. The reset time of Integrator depends on 𝑎𝑡. The 

Integrator is in normal control action when 𝑚𝑖=𝑛𝑖. But the anti-windup controller makes the 

saturation error zero in case of Integration saturation and then Integrator output becomes saturation 

limits, i.e. INTGmax and −INTGmax. 

 

4.5.2   Feedforward Control for Slave Loop 

Feedback slave control loops are not able to achieve perfect control of a chemical industrial process. 

They react only after detecting any deviation in the output value from the desired value. Unlike 

feedback control loops, feedforward control loops directly measure the perturbances or disturbances 

and then anticipate the effect that they will have on the main process output. The control action starts 

when any change is detected in the disturbance. It changes the manipulated variable precisely to 

eliminate the disturbance impact on the process-controlled output. The main objective is to maintain 

the outflow temperature of the fluid constant by manipulating the steam flow. Fluid flow rate and 

fluid inflow temperature are the two principal perturbances or disturbances that need to be controlled 

with feedforward control. The block diagram of the feedforward control with feedback control loop is 

shown in Fig. 4.6. From the block diagram, we have 

𝑦 = 𝐺𝑃𝑚̅ + 𝐺𝑑𝑑                                                                                            (4.12) 

The manipulated variable is given as  

𝑚̅ = 𝐺𝑣𝐺𝑐1(𝑦̅𝑠𝑝 − 𝐺𝑚1𝑦) + 𝐺𝑣𝐺𝑐2(𝑦̅𝑠𝑝 − 𝐺𝑚2𝑑)                                   (4.13) 

From Eq. (4.12) and Eq. (4.13), we get 

𝑦 =
𝐺𝑃𝐺𝑣(𝐺𝑐1 + 𝐺𝑐2𝐺𝑠𝑝)

1 + 𝐺𝑃𝐺𝑣𝐺𝑐1𝐺𝑚1
𝑦̅𝑠𝑝 +

𝐺𝑑 − 𝐺𝑝𝐺𝑣𝐺𝑚2𝐺𝑐2

1 + 𝐺𝑃𝐺𝑣𝐺𝑐1𝐺𝑚1
𝑑                            (4.14) 

The transfer functions of the feedforward loop are  

𝐺𝑐2 =
𝐺𝑑

𝐺𝑝𝐺𝑣𝐺𝑚2
  𝑎𝑛𝑑    𝐺𝑠𝑝 =

𝐺𝑚2

𝐺𝑑
                                                             (4.15) 

 
Figure 4.6. Block diagram of the feedforward control with feedback control loop 
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If 𝐺𝑝, 𝐺𝑑 , 𝐺𝑣 𝑎𝑛𝑑 𝐺𝑚2 are known to be true, then this feedforward loop will compensate for the whole 

disturbance. While any of the 𝐺𝑝, 𝐺𝑑 , 𝐺𝑣  𝑎𝑛𝑑 𝐺𝑚2 are known by approximation, then 

𝐺𝑝𝐺𝑐2𝐺𝑣𝐺𝑠𝑝 ≠ 1  𝑎𝑛𝑑  𝐺𝑑 − 𝐺𝑣𝐺𝑐2𝐺𝑝𝐺𝑚2 ≠ 0                                             (4.16) 

As a result, the feedforward loop will not compensate the whole disturbance perfectly but the 

feedback loop offers the required compensation.          

 

4.5.3   Smith Predictor for Time Delay Process 

In the earlier discussions, it was assumed that whenever there is any change in the perturbance and 

manipulated variables, the effects are observed instantly in the controlled output variable. However, in 

real physical experience, there is always a time interval (duration depends on the complexity of the 

process) during which no effect is observed on the output-controlled variable. This is termed as dead 

time or transportation lag. Smith predictor or dead-time compensator is defined as a modification in 

the classical feedback control system to incorporate the transportation lag as shown in Fig. 4.7.   

𝐺𝑃 =
𝐴𝑃𝑒−𝑡𝑑𝑠

𝜏𝑃𝑠 + 1
    𝑜𝑟  𝐺𝑃 = 𝐺𝑠𝑒

−𝑡𝑑𝑠                                                                    (4.17) 

 
Figure 4.7. Block diagram of Smith predictor or dead-time compensator for the time delay process 

 

Now, the open loop response for Fig. 4.7 will be equal to 

𝑦̅ = 𝑦̅𝑠𝑝[𝐺𝑠𝑒
−𝑡𝑑𝑠]𝐺𝑐                                                                      (4.18) 

For undesired effects elimination, it is required to have a feedback signal that does not carry any 

transportation lag information, such as 

𝑦̅∗ = 𝑦̅𝑠𝑝[𝐺𝑠]𝐺𝑐                                                                                 (4.19) 

This is only possible if a certain quantity is added in 𝑦̅∗ , such that 

𝑦̅∗∗ = 𝑦̅𝑠𝑝[𝐺𝑠]𝐺𝑐[1 − 𝑒−𝑡𝑑𝑠]                                                        (4.20) 
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which implies 

𝑦̅ + 𝑦̅∗∗ = 𝑦̅∗                                                                       (4.21) 

Usually, in process control, the process and dead time are obtained by approximation. So, let us 

assume that  𝐺𝑠 and 𝑡𝑑 are true process characteristics and 𝐺𝑠̃ =
𝐴𝑃

𝜏𝑃̃𝑠+1
 and 𝑡𝑑̃ are their respective 

approximation. In this case, the improved Smith predictor is  

𝑦̅∗ = 𝑦̅𝑠𝑝[𝐺𝑠̃ + (𝐺𝑠𝑒
−𝑡𝑑𝑠 − 𝐺𝑠̃𝑒

−𝑡𝑑̃𝑠)]𝐺𝑐                      (4.22) 

Eq. (4.22) implies that 𝐺𝑐 = 𝐺𝑠̃ and 𝑡𝑑 = 𝑡𝑑̃ for the perfect dead-time compensation. Greater the 

modelling error [𝐺𝑐 − 𝐺𝑠̃ and 𝑡𝑑 − 𝑡𝑑̃], lower the effectiveness of the compensation. But, the term 

(𝑡𝑑 − 𝑡𝑑̃) is more crucial because of the exponential factor.  

The combined form of the temperature controller with cascade control, feedforward control and 

dead-time compensator is shown in Fig. 4.8. 

 
Figure 4.8. Temperature controller with cascade control, feedforward control and dead-time compensator 

 

4.6   METAHEURISTIC OPTIMIZATION TECHNIQUES 

The performance of both PID and PIλDμ controllers are optimized using adaptive heuristic 

optimization techniques. Genetic algorithm (GA), Ant Colony Optimization (ACO) and Particle 

Swarm Optimization (PSO) are used for optimizing the parameters of both controllers. In control 

system design and analysis, the calculated performance indices are utilized as a quantitative matrix for 

evaluating the performance of a system. The parameters of a control system are adjusted such that the 

design index reaches its lowest value while respecting the constraints of the controlled system. 

Integral square error (ISE), Integral absolute error (IAE) and Integral time absolute error (ITAE) are 

the commonly used indices. These indices are defined as 

𝐼𝑆𝐸 = ∫ 𝑒2
𝑡

0

(𝑡)𝑑𝑡                                                            (4.23) 



  

55 
 

𝐼𝐴𝐸 = ∫ |𝑒(𝑡)|𝑑𝑡
𝑡

0

                                                           (4.24) 

𝐼𝑇𝐴𝐸 = ∫𝑡|𝑒(𝑡)|

𝑡

0

𝑑𝑡                                                        (4.25) 

The selection of these criteria depends on the type of characteristics to be controlled. For suppressing 

large errors, ISE is preferred and IAE is preferred for suppressing small errors. ITAE is preferred to 

suppress the errors that persist for a long time. The flow charts of GA, ACO and PSO algorithms are 

shown in Fig. 4.9. These algorithms are a little time-consuming but give better accuracy and precision 

after a series of experiments and better parameter selection as shown in Table 4.2.   

 
Figure 4.9.  Flow chart of the proposed (a) Genetic Algorithm (b) Ant Colony Optimization (c) Particle Swarm 

Optimization 

 (a)  

  

 (b)  

  

(c)    
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Table 4.2. Parameters of GA, PSO and ACO algorithm 

PARAMETERS of GA PARAMETERS of ACO PARAMETERS of PSO 

Parameters Values Parameters Values Parameters Values 

Number of generations 100 Max iterations (T) 100 Number of iterations 100 

Population size 50 Pheromone (𝝉) 0.5 Number of participles 50 

Length of chromosomes 35 Number of ants (k) 50  Inertia 0.85 

Probability of crossover 0.85 Pheromone exponential 

weight (𝜶) 

1 Cognitive component 

(𝑐1) 

2 

Probability of mutation 0.3 Pheromone heuristic weight 

(𝜷) 

1 Social component 

(𝑐2) 

2 

 Evaporation parameter (𝝆) 0.1  

 

4.7   RESULTS AND DISCUSSIONS 

This section discusses the simulation and real-time experimental results of PID and FPID controllers 

along with optimization techniques for studying temperature control system. Different performance 

indices like ISE, IAE and ITAE are implemented for simulation and only ITAE is used for real-time 

experimentation. The combined form of temperature controller with Cascade control, Feedforward 

control and dead-time compensator is examined after modelling for simulation using MATLAB 

2022a. To keep the computational time measurements consistent, all the experiments were run on a 

computer with an Intel I7-3770, 3.4 GHz CPU with 32GB of memory with no GPU acceleration. 

Verification of results after the implementation of various indices on the simulated model is to be 

considered on a momentary basis. After that, real-time experimentation is carried out with these 

controllers over the temperature control setup where 𝑉𝑠𝑝 = 0.95. 

 

4.7.1   Comparison of simulated results using PID controller with Metaheuristic 

           Optimization Techniques based on ISE, IAE and ITAE 

Fig. 4.10(a-c) shows the comparison of simulated results using PID controller with metaheuristic 

optimization techniques based on different indices ISE, IAE and ITAE respectively. Values of all the 

parameters (P, I, D, N) are optimized on the basis of different indices as shown in Table 4.3. Table 4.4 

depicts the performance analysis of PID and PID with optimization techniques based on different 

indices. It is observed that all three optimization techniques provide much better results in comparison 

to non-optimized PID controllers. Among optimization techniques, ACO provides the best settling 

time and GA provides the least overshoot. Among performance indices, ITAE provides overall 

balanced results.  



  

57 
 

Figure 4.10. Comparison of simulated results using PID controller with metaheuristic optimization techniques 

based on different indices (a) ISE (b) IAE and (c) ITAE 

 
Table 4.3. Optimized values of all the parameters (P, I, D, N) on the basis of different indices  

INDICES → ISE IAE ITAE 

CONTROLLER    & 

OPTIMIZATION 

TECHNIQUES → 

  

PARAMETERS ↓ 

PID GA PSO ACO PID GA PSO ACO PID GA PSO ACO 

P 1.694 1.858 1.143 1.116 1.694 1.402 1.012 1.116 1.694 1.658 1.716 1.114 

I 0.093 0.002 0.044 0.001 0.093 0.083 0.099 0.003 0.093 0.096 0.099 0.001 

D 5.664 4.491 4.089 4.082 5.664 4.193 4.084 4.084 5.664 4.232 4.023 4.083 

N 30.42 28.26 28.29 28.12 30.42 28.001 28.18 28.13 30.42 28.51 28.48 28.67 

 
Table 4.4. Performance analysis of PID and PID with optimization techniques based on different indices 

INDICES → ISE IAE ITAE 

PARAMETERS → 

 

 

CONTROLLER & 

OPTIMIZATION 

TECHNIQUES ↓ 

RISE 

TIME 

(s) 

SETTLING 

TIME 

(s) 

OVERSHOOT RISE 

TIME 

(s) 

SETTLING 

TIME 

(s) 

OVERSHOOT RISE 

TIME 

(s) 

SETTLING 

TIME 

(s) 

OVERSHOOT 

PID 25.02 276.98 19.48 25.02 276.98 19.48 25.02 276.98 19.48 

GA 15.19 269.20 10.82 16.10 267.29 10.53 15.86 263.21 10.74 

PSO 13.01 245.65 20.03 12.97 241.34 19.41 15.84 256.56 11.03 

ACO 12.97 238.71 19.2 12.39 238.73 19.56 12.97 238.70 19.45 

(a) (b) 

(c)  
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4.7.2   Comparison of simulated results using FPID controller with Metaheuristic 

           Optimization Techniques based on ISE, IAE and ITAE 

Fig. 4.11(a-c) shows the comparison of simulated results using the FPID controller with metaheuristic 

optimization techniques based on different indices ISE, IAE and ITAE respectively. Values of all the 

parameters (P, I, D, µ, 𝜆) are optimized on the basis of different indices as shown in table 4.5. The 

performance analysis of FPID and FPID with optimization techniques based on different indices is 

shown in Table 4.6. Among optimization techniques, ACO provides the best settling time and the 

least overshoot. Among performance indices, ITAE provides the best-balanced results. As compared 

to PID and PID with optimization techniques, FPID and FPID with optimization techniques provide 

much better performance results.  

 

Figure 4.11. Comparison of simulated results using FPID controller with metaheuristic optimization techniques 

based on different indices (a) ISE (b) IAE and (c) ITAE 

 

Table 4.5. Optimized values of all the parameters (P, I, D, µ, 𝜆) on the basis of different indices 

INDICES → ISE IAE ITAE 

CONTROLLER & 

OPTIMIZATION 

TECHNIQUES → 

 

PARAMETERS ↓ 

FPID GA PSO ACO FPID GA PSO ACO FPID GA PSO ACO 

P 1.694 1.998 1.979 1.955 1.694 1.982 2.011 1.955 1.694 1.989 2.001 1.953 

I 0.093 0.099 0.100 0.001 0.093 0.110 0.101 0.001 0.093 0.077 0.110 0.023 

D 5.664 5.923 6.021 4.181 5.664 5.183 5.692 4.187 5.664 5.923 5.992 5.582 

µ 0.998 0.129 0.001 0.001 0.989 0.183 0.751 0.001 0.999 0.198 0.672 0.001 

𝝀 0.989 0.184 0.011 0.011 0.970 0.839 0.534 0.011 0.998 0.701 0.491 0.010 

(a)
(b)  

(c) 
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Table 4.6. Performance analysis of FPID and FPID with optimization techniques based on different indices 

INDICES → ISE IAE ITAE 

 PARAMETERS → 

 

CONTROLLER 

& 

OPTIMIZATION 

TECHNIQUES ↓ 

RISE 

TIME 

(s) 

SETTLING 

TIME 

(s) 

OVERSHOOT RISE 

TIME 

(s) 

SETTLING 

TIME 

(s) 

OVERSHOOT RISE 

TIME 

(s) 

SETTLING 

TIME 

(s) 

OVERSHOOT 

FPID 49.78 1692 5.35 49.78 1691 5.35 49.78 1691 5.35 

GA 33.80 1534 4.58 35.05 1536 5.21 34.76 1611 4.77 

PSO 32.67 1555 4.56 34.22 1535 4.60 34.22 1565 4.57 

ACO 39.34 1366 0.41 39.36 1362 0.40 41.23 1392 0.23 

 
 

4.7.3   Comparison of real-time experimentation results using PID and FPID controllers 

           with Metaheuristic Optimization Techniques based on ITAE 

During simulation, it has been observed that ITAE provides balanced results among all performance 

indices. So, only ITAE is considered for the real-time analysis of the system. The parametric values of 

the controllers are decided on the basis of the simulated results discussed above. The results of both 

PID and FPID controllers with different optimization techniques based on ITAE are shown in Fig. 

4.12 respectively and the performance analysis is shown in table 4.7.   

Figure 4.12. Real-time analysis of the system using PID and FPID controllers with different optimization 

techniques based on ITAE 

 

Table 4.7. Performance analysis of results of both PID and FPID controllers with different optimization 

techniques based on ITAE  

CONTROLLER → PID FPID 

                    PARAMETERS → 
 

CONTROLLER  

& OPTIMIZATION  

TECHNIQUES ↓ (based on ITAE) 

RISE 

TIME 

(s) 

SETTLING 

TIME 

(s) 

OVERSHOOT RISE 

TIME 

(s) 

SETTLING 

TIME 

(s) 

OVERSHOOT 

PID/FPID 25.02 276.98 19.48 23.12 276.97 19.48 

GA 16.86 245.76 8.14 17.56 137.14 7.27 

PSO 20.74 231.96 3.04 14.04 118.18 12.31 

ACO 17.03 245.51 19.94 11.09 92.34 9.29 

(a) (b) 
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4.8   SUMMARY 

This chapter proposed a novel cascade control strategy using PID and Fractional Order PID (PIλDμ) 

controller along with an integral anti-windup technique and velocity setpoint to control and regulate 

the outlet temperature of a heat exchanger to a certain reference value and enhance the heat 

transmission efficiency irrespective of the external disturbances, non-linearity and delay 

characteristics. Various control strategies like cascade control, feedforward control and Smith 

predictor for the time-delayed process (dead-time compensator) are discussed for controlling the 

temperature of the process. The parameters of both PID and PIλDμ controllers are tuned using 

adaptive heuristic optimization techniques like GA, ACO and PSO to achieve an optimal and desired 

performance with the fastest steady‐state regime and less percentage overshoot. IAE, ISE and ITAE 

cost functions are designed to select optimum parameters of the controllers to improve the transient 

and steady‐state response of the controllers.  

For developing a real-time framework for the temperature control of a heat exchanger plant, this 

chapter used a PLC and SCADA-based control framework to automate and supervise the temperature 

control processes in a heat exchanger plant and monitor all the processes using SCADA. The 

OMRON (NX1P2-9024DT1) is interfaced with the Wonderware InTouch SCADA system to gather 

data and create a simulated prototype of the temperature control to monitor the entire process on a 

real-time basis in the SCADA screen and historize the data to its database.  PLC carries out the 

necessary control operations within the heat exchanger plant as directed by the SCADA server. The 

programming of PLC is done using Sysmac studio automation software using the ladder programming 

language and Wonderware Intouch SCADA software is used for visualizing the whole plant 

operations. 

In control system design and analysis, the calculated performance indices are used as 

quantitative measures for evaluating the performance of the system. This study used both real-time 

experimental and simulation results to demonstrate the effective performance of the developed 

controllers using MATLAB with metaheuristic optimization techniques based on different 

performance indices like ISE, IAE and ITAE while guaranteeing both transient and steady‐state 

response of the controller and rejection of external disturbances in comparison to the existing 

literature. The outcomes of simulation and experimental assessment implies that the Fractional Order 

PID controller provides overall better control performances as compared to the PID compensator for 

the temperature control of a heat exchanger plant. During simulation, the optimized PID controller 

with ACO algorithm provides the best setting time and the optimized PID controller with GA 

algorithm provides the minimum peak overshoot. However, the optimized FPID controller with the 

ACO algorithm provides the least settling time and the least peak overshoot. ITAE performance index 

provides overall balanced results both in the case of optimized PID and PIλDμ controllers 
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respectively. As compared to the PID controller, PIλDμ controller provide better performance results. 

During real-time experimentation, PID optimized with PSO algorithm provides balanced results and 

FPID optimized with ACO provides the most balanced results and FPID controller provides better 

performance results as compared to PID controller.  

The proposed temperature control system used the EtherCAT protocol which offers high speed, 

low hardware cost, a wide range of products, low latency/delay, flexible topology support and 

incredible synchronization than other real-time protocols in industrial control systems. The proposed 

SCADA system achieves automatic control and management of industrial processes, improves worker 

safety, and reduces manpower and physical resources instead of a distributed control system. This 

work increases the significance of investigating and implementing automated systems across multiple 

sectors. 
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Chapter 5   

Real-Time Control of 2-DOF Ball Balancer 

using Intelligent Controllers 

 

 

5.1   INTRODUCTION  

The ball balancer system is an electromechanical non-linear system which innates unstable and 

underactuated behaviour that can be helpful in the realisation of both position tracking and balancing 

control problems in robotic systems analysis. This chapter presents the modelling, design, control and 

affirmation of various controllers over the 2-DOF Ball balancer system. Different compensators like 

Proportional-Derivative (PD), Proportional-Integral-Derivative (PID), PID with Integral ANTI-

WINDUP with different velocity setpoint values along with different inputs and Neuro-fuzzy with 

PID (NiF-PID) controller are implemented over the system. The modelling of different controllers is 

done using MATLAB/Simulink and the Quarc system is used for interfacing. After simulation, the 

designed control law is applied to a physical (real-time) Quanser experimental setup of the ball 

balancer system. The overhead camera tracks the ball’s position and controllers predicts the precise 

position and provides the planar position of the ball as an output. Both transient and steady-state 

response analyses are done to evaluate the performance of these compensators. The comparisons for 

variation in ball position, applied input voltage to the servo motor and plate angle are executed with 

different compensators for both simulation and real-time experimentation purposes. Position and plate 

angle control with load variation are also executed in real-time with NiF-PID compensator. A 

comparative analysis of the simulation and experimental results is done to see which controller 

provides overall better control performances, best adaptability and best relevancy among all the 

designed controllers for the ball balancer system. NiF-PID compensator provides 18.55% better result 

in case of steady-state error and 10 times less overshoot in case of real-time experimentation as 

compared to the PID controller. 
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5.2   RELATED WORK 

Nonlinear systems with underactuated actuators are approximated with intelligent control and 

autonomous decision-development techniques [182]. The position tracking and balance control in 

robotic ball balancer systems is a widely researched problem because of its nonlinearity and 

instability. Generally, these systems find their application as benchmark systems for testing control 

laws and developing control strategies for problems related to the movement of robotic manipulators. 

Researchers have investigated the behaviour of numerous controllers to achieve self-balancing control 

and steady-state operation because of the structural complexity of these systems. Several linear and 

nonlinear controller architectures like optimal controller [183], PID [184], sliding mode controller 

(SMC) [185], neural network [186,187], model predictive control [188,189], fuzzy logic control, 

fractional control [190] and different optimization algorithms [191] have been studied in the literature 

for the stabilization control, trajectory tracking and position control of a B&P system.  

Conventionally, classical controllers like PD and PID made their way to be implemented with 

the B&P system for closed-loop system stability [192]. However, conventional PIDs cannot produce 

satisfactory eliminated outcomes in the presence of more intense external disturbance. Borah et al. 

[193] presented a study which used integer and fractional order PD controllers for tracking various 

trajectories of a B&P system using gravitational search, BAT and firefly algorithm. Srivastava et al. 

[194] implemented PSO with GSA and GWO hybrid optimization algorithms on the PID controller to 

tune controller parameters in order to control the angle of the beam and the position of the ball. 

However, the unwanted chattering in the actuators causes harm to the mechanical and electronic 

components of the system.   

To eliminate coordinate transformation and minimise complexity, Zheng et al. [195] suggested a 

parallel thinning and window-searching approach which used a sensing camera for tracking the 

position and movement of the B&P system with both fuzzy and PID control. When external 

disturbance is more intense, the main problem with conventional PID is that it cannot produce 

satisfactory eliminated outcomes. With differential feedback, these systems have a drawback that they 

can't intensify measurement noise. 

Similar to the forward-stepping controller, a backstepping controller was proposed to generate a 

distinct control law for achieving better control performance more quickly [196]. Ma et al. [197] 

presented an observer-integrated backstepping control technique for a cascaded B&P system which 

used a linear extended state observer and tracking differentiator to measure the uncertainties and 

derivatives of the virtual controls with Lyapunov theory. However, these systems result in unwanted 

chattering entering the actuators of the system, harming both its mechanical and electronic 

components. 



  

64 
 

Fuzzy and sliding mode controllers have been widely discussed to overcome the chattering 

phenomenon in a B&P system. Zaare et al. [198] implemented an adaptive fuzzy sliding mode 

controller based on the state disturbance observer to control the position of the ball and beam system 

with different uncertainties. Elshamy et al. [199] proposed a hybrid pseudo-PD controller (fuzzy 

logic) for improving the stabilization and tracking the trajectory of the B&P system which used 

different machine learning algorithms like random forest, decision tree and support vector regression 

to detect the servo motor angle for correcting the ball plate position. While utilizing the simplified 

model, some degree of control error is unavoidable. 

Jang et al. [200] proposed an adaptive observer control technique based on a virtual angle to 

solve the under-actuation problem without velocity measurements and local minima issues. It 

estimated the velocity information of robots with uncertainty using a neural network-based observer. 

Haddad et al. [201] presented a study by implementing different model-based controllers such as PID, 

LQR, linear model predictive control, state feedback control and linear quadratic tracker using 

ATmega328P microcontroller to control and stabilize a laboratory prototype of a B&P system. 

However, the greatest shortcoming of these traditional methods is the significant increase in peak 

overshoot and settling time.  

Zakeri et al. [202] presented a type-2 fuzzy fractional order twisting algorithm for fully-actuated 

and second-order SMC for under-actuated nonlinear systems. A comparison of different control 

algorithms for balancing the B&P system with the 6-DOF Stewart platform has been done in 

[203,204]. Further, an innovation in disturbance observer using active disturbance rejection control 

(ADRC) methodology was devised in [205] to avoid harmful frictional effects for balancing and 

controlling the ball on the plate.  

Different complex control challenges were accomplished and implemented using perplexed and 

self-perceptive neuro-fuzzy systems were examined by researchers in different areas like electrical 

and electronic systems, unidentified nonlinear control systems [206,207], NFS enhancements [208], 

image processing, feature extraction, technical diagnostics and measurement [209]. Chavez et al. 

[210] designed a PD controller based on a spiking neural network for the laboratory testbed of a B&P 

prototype. Kravets et al. [211] introduced a neural network controller based on a field-programmable 

gate array device for stabilizing the ball balancer system.  

Hadoune et al. [212] used a 3-DOF parallel robot based on an adaptive neuro-fuzzy inference 

system technique for controlling the stability, oscillation and smoothening of the movement of the ball 

in the B&P system. However, these systems are non-robust and less accurate. A power-reaching law-

based radial basis function network adaptive control approach was proposed by Li et al. [213] to 

reduce the chattering problems of the ball balancer system. However, the high nonlinearities 

introduced by the pneumatic actuators overcomplicate the controller design.  
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5.3   PROBLEM STATEMENT 

After doing a thorough analysis of the literature, it was determined that the development of robust 

controllers for the B&P system could be seen as a potential research work for improving the dynamic 

nature of ball position and plate angle. The B&P system is highly nonlinear and underactuated 

because of the electromagnetic actuators and susceptibility to external perturbations than the actuated 

systems [214]. The nonlinear and underactuated behaviour of the ball balancer system significantly 

impacts the steady-state operation and position tracking. The B&P system is inherently unstable 

because a small disturbance can cause the ball to roll off to the edges from an equilibrium or 

predetermined position on the plate. Therefore, it is important to have an appropriate strategy to 

control the ball's motion on a plate to direct it along a predetermined path.  

The ball balancer system has not yet utilized (to the best of our knowledge) hybrid algorithms 

like neural-fuzzy (NiF) or neural-fuzzy PID (NiF-PID) controllers for controlling the ball balancer 

system. Therefore, this chapter proposes the development and implementation of different controllers 

including PD, PID, PID with Integral ANTI-WINDUP and Neuro integrated Fuzzy with PID 

controller on a 2-DOF ball balancer system with different velocity setpoints (𝑉𝑠𝑤) values along with 

different inputs in order to tackle the non-linear disturbances and uncertainties efficiently. Most of the 

studies on controllers in the literature are primarily supported by simulation results only. On the other 

hand, real-time experimental results also validate the effective performance of the proposed technique, 

while guaranteeing both reference tracking and rejection of external disturbances in comparison to the 

existing literature. This study uses the QUARC target libraries in MATLAB to provide a hardware-in-

loop structure to enable a real-time controller interface. As a result, it is possible to implement these 

PID and NiF-PID controllers in real-time on a highly unstable B&P system, achieving good 

performance even in the presence of external perturbations. 

 

5.4   2-DOF BALL BALANCER SYSTEM  

The 2DBB system is an electromechanical, second-order multi-input, and multi-output system which 

is highly nonlinear and unstable [215]. 2DOFBB is the more sophisticated version of one DOF ball 

and beam system. The system's two inputs are servo input commands for the x and y axes, and its two 

outputs are ball position along the x and y axes. To keep the system stable, it needs a feedback closed-

loop controller.  The 2DoF ball balancer system addresses two control issues: 

a) Controlling the plate's inclination (i.e., the plate angle)  

b) Controlling the ball's position on the moving plate. 

As voltage is applied to the system, the rigid plate's slope changes, thus affecting the ball's 

movement as the plate's inclination changes. The servo motor's movement alters the plate's angle, 
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which causes the ball to drop from the plate [216]. Therefore, a controller is required with this system 

for balancing the ball’s movement on the plate. 

 

5.4.1   Hardware Setup of the 2-DOF Ball Balancer System 

The real-time hardware model of the 2-DoF ball balancer system used for designing of Simulink 

model is manufactured by QUANSER [217]. A little plastic ball, two rotating servo motors, a power 

amplifier, a USB camera to record the image of the ball's location, a data-gathering device, and a 

computer system with a feedback controller make up the hardware needed to conduct the experiment. 

A metallic plate with four quadrants is fixed to the 2-DOF ball balancer system with a gimbal joint in 

the middle that features a two-degree range of flexibility in rotation for tilting in the x and y axes. The 

two servo motors that are part of the 2DBB system are mechanically attached to the plate's axis and 

connected perpendicularly in the x and y directions. The two servo motors operate independently of 

one another. The block diagram architecture of the B&P system is shown in Fig. 5.1(a). The 

laboratory setup of a 2DoF B&P system is depicted briefly in Fig. 5.1(b). 

Through the employment of a Faulhaber series DC micromotor, the plate rotates in order to 

balance the system in both directions [218]. This keeps the ball balanced on the metallic plate's 

quadrangular surface and prevents it from slipping off. The servo input voltage (SRV02) unit has a 

standard servo motor incorporated with a potentiometer, which is being used to balance the ball in 

both axes. The standard control problem of this set-up focuses mainly on balancing the ball on the 

square plate. 

 

 

 

 

(a) (b) 

Figure 5.1. (a) Block diagram of 2-DOF Ball Balancer system (b) Hardware setup of 2DBB in laboratory 

 

In order to obtain the ball movement with respect to voltage, a control signal, or plate inclination, 

is initially given to the Data Acquisition (DAQ) device from the hardware configuration, depicted in 
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Fig. 5.1(a). Using the Q2-USB data acquisition board, a longer period of time is spent in measuring 

the control signal related to the plate's disposition. The information about the movement of the ball on 

the plate regarding the voltage change is provided by the measured signal. Additionally, the received 

signal is relayed to the controller along with the ball coordinates that were recorded using the camera. 

The controller performs the required steps to keep the ball balanced, and the DAQ repeats the process 

until the plate's stabilising angle is reached. The controller receives the signal from DAQ and then 

coordinates with the camera signal from the overhead camera with the help of signal processing 

technique and then this controlled output signal is sent to the DAQ again, which delivers this encoded 

signal to the power amplifier for signal amplification and then this amplified control signal is fed back 

to the hardware setup or SRV02 plant and this process repeat itself.  The SRV02 plant unit, which is 

accomplished currently for position and balance control, may be implemented for further applications 

like vibrations and self-erecting controls in other setups like solar energy tracker, inverted pendulum 

etc. which makes this system unit applications feasible and economical. Figure 5.2 depicts the 

taxonomy of required steps used for balancing and position tracking control of a 2-DoF ball balancer 

system. 

 
Figure 5.2. Flow chart depicting the taxonomy of required steps used for balancing and position tracking 

control of 2-DoF ball balancer system  

 

5.4.2   Mathematical Modelling  

Figure 5.3 displays the open loop transfer function of the ball balancer system. The transfer function 

𝑇𝑠(s) represents the dynamics between the resulting load gear angle 𝜃𝑖(s) and input servo motor 

voltage 𝑉𝑚(s). The transfer function 𝑇𝑠𝑠(s) represents the dynamics between the position of the ball 

R(s) and servo load gear angle 𝜃𝑖(s). 
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Figure 5.3. Open loop transfer function of ball balancer system 

 
Since this is a decoupled system in which the actuator dynamics of both SRV02 unit and 1DBB 

system are independent and will not affect each other. Thus, the SRV02 device is considered to be 

symmetrical for both the x and y-axis. Therefore, the modelling of the 2D Ball Balancer is presented 

only for a single axis 1DBB. 

The complete transfer function is 1DBB + SRV02 unit is 𝑇(𝑠) as given in Eq. (5.1) 

𝑇(𝑠) = 𝑇𝑠(𝑠)𝑇𝑠𝑠(𝑠)                                                                                                 (5.1) 

where, 𝑇𝑠(𝑠) and 𝑇𝑠𝑠(𝑠) are the transfer functions of the SRV02 unit and 1DBB system. 

𝑇𝑠(𝑠) = 𝜃𝑖(𝑠) 𝑉𝑚(𝑠)⁄                                                                                               (5.2) 

𝑇𝑠𝑠(𝑠) = 𝑅(𝑠) 𝜃𝑖⁄ (𝑠)                                                                                              (5.3) 

The ball's motion with respect to the plate angle is calculated using the second-order differential 

equation of motion (EoM). Thus, the EoM with respect to the angle of the beam (𝛿) is formulated as  

𝑑2

𝑑𝑡2
𝑥(𝑡) = 𝑓(𝛿(t))                                                                                                 (5.4) 

where 𝛿(t) is a non-linear function. Figure 5.4 depicts the front view of the B&P system. The side 

view of the B&P system is identical in both x and y-directions. Table 5.1 describes the parameters of 

the Ball and plate system.  

 
Figure 5.4. Illustration of the schematic layout of the Ball and Plate system along with Free body diagram 
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Table 5.1. Description of the parameters of the B&P system 
Symbol Description/Quantity Units 

𝑥 Displacement m 

𝑀𝑏𝑎𝑙𝑙 Mass of ball kg 

𝜏𝑏𝑎𝑙𝑙  Torque of ball N-m 

𝑟𝑏𝑎𝑙𝑙 Radius of ball m 

𝜃𝑖  Servo load gear angle Rad 

𝛿 Angle of beam rad 

𝐽𝑏𝑎𝑙𝑙 Moment of inertia of ball kg-m2 

𝑅𝑎𝑟𝑚 Radius of Arm m 

H Height of beam m 

𝑔 Acceleration due to gravity m/s2 

∅𝑏𝑎𝑙𝑙  Angle of ball rad 

𝐿𝑝 Length of the plate m 

K Steady-state gain rad/A-s 

 

Neglecting both viscous damping and friction, the ball forces can be represented as 

𝛴𝐹 = 𝐹𝑥,𝑡 − 𝐹𝑥,𝑟 = 𝑀𝑏𝑎𝑙𝑙𝑔                                                                                              (5.5) 

𝛴𝐹 = 𝑀𝑏𝑎𝑙𝑙 {
𝑑2

𝑑𝑡2
𝑥(𝑡)}                                                                                                    (5.6) 

When the inclination is positive, the two forces acting in the positive x-direction are 

𝐹𝑥,𝑡 = 𝑀𝑏𝑎𝑙𝑙 𝑔  sin(𝛿) , 𝐹𝑥,𝑟 = 𝜏𝑏𝑎𝑙𝑙 𝑟𝑏𝑎𝑙𝑙⁄                                                                    (5.7) 

where, 𝐹𝑥,𝑡 is the translational force due to the gravity, 𝐹𝑥,𝑟 is the rotational inertia force of the ball, 

𝑀𝑏𝑎𝑙𝑙 is the mass of the ball, 𝛿 is the angle of the beam, 𝑔 is the acceleration due to gravity, 𝜏𝑏𝑎𝑙𝑙 is the 

torque of the ball and 𝑟𝑏𝑎𝑙𝑙 is the radius of the ball. 

Now, the torque applied over the ball, in terms of the moment of inertia and ball angle is given by 

𝜏𝑏𝑎𝑙𝑙 = 𝐽𝑏𝑎𝑙𝑙 {
𝑑2

𝑑𝑡2
∅𝑏𝑎𝑙𝑙(𝑡)}                                                                                           (5.8) 

where, 𝐽𝑏𝑎𝑙𝑙 is the moment of inertia of the ball and ∅𝑏𝑎𝑙𝑙 is the angle of the ball. 

Substituting the value of 𝜏𝑏𝑎𝑙𝑙 in Eq. (5.7), the rotational inertia force of the ball in terms of the 

moment of inertia and radius is represented as 

𝐹𝑥,𝑟 = 𝐽𝑏𝑎𝑙𝑙 {
𝑑2

𝑑𝑡2
𝑥(𝑡) 𝑟𝑏𝑎𝑙𝑙

2⁄ }                                                                                       (5.9) 

Substituting the values of 𝐹𝑥,𝑡 from Eq. (5.7) and 𝐹𝑥,𝑟 from Eq. (5.9) into Eq. (5.5), the overall forces 

applied over the ball in terms of the moment of inertia are given as 

𝛴F =  𝑀𝑏𝑎𝑙𝑙 {
𝑑2

𝑑𝑡2
𝑥(𝑡)} = 𝑀𝑏𝑎𝑙𝑙 𝑔 sin(𝛿) − 𝐽𝑏𝑎𝑙𝑙 {

𝑑2

𝑑𝑡2
𝑥(𝑡) 𝑟𝑏𝑎𝑙𝑙

2⁄ }                (5.10𝑎) 

𝑀𝑏𝑎𝑙𝑙 {
𝑑2

𝑑𝑡2
𝑥(𝑡)} = 𝑀𝑏𝑎𝑙𝑙 𝑔 sin(𝛿) −

𝐽𝑏𝑎𝑙𝑙 {
𝑑2

𝑑𝑡2 𝑥(𝑡)}

𝑟𝑏𝑎𝑙𝑙
2

                                          (5.10𝑏) 
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Now, solving for the final equation of motion in terms of acceleration of the B&P system, the equation 

of motion is formulated as 

𝑑2

𝑑𝑡2
𝑥(𝑡) =

𝑀𝑏𝑎𝑙𝑙 𝑔 sin(𝛿(𝑡)) 𝑟𝑏𝑎𝑙𝑙
2

 𝑀𝑏𝑎𝑙𝑙 . 𝑟𝑏𝑎𝑙𝑙
2 + 𝐽𝑏𝑎𝑙𝑙

                                                     (5.11) 

 

The above Eq. (5.11) gives the final ball and plate system equation of motion. It is quite difficult 

to design a stabilizing controller for a non-linear system model. So, it is important to linearize the 

non-linear system about a desired operating point to analyze the system’s behaviour such as stability, 

reference tracking, etc. In this work, Eq. (5.11) is linearized about the servo load gear angle (𝜃𝑖(𝑡)) =

0 in order to use the model for Laplace-based PID controller design.  

 

5.4.3   Inclusion of SRV02 Dynamics 

To obtain the position of the ball with respect to the servo load gear angle and beam angle  

sin(𝛿(𝑡)) = 2𝐻 𝐿𝑝⁄ , sin(𝜃𝑖(𝑡)) = 𝐻 𝑅𝑎𝑟𝑚⁄                                      (5.12) 

So, the relation between beam angle and servo load gear angle is formulated as 

sin(𝛿(𝑡)) = 2 sin(𝜃𝑖(𝑡)) 𝑅𝑎𝑟𝑚 𝐿𝑝⁄                                                      (5.13) 

where, 𝛿 is the angle of the beam, 𝐻 is the height of the beam, 𝐿𝑝 is the length of the plate, 𝜃𝑖 is the 

servo load gear angle, 𝑅𝑎𝑟𝑚 is the radius of the arm. 

Designing a stabilizing controller for a non-linear system model is a challenging task. Therefore, it is 

important to linearize the non-linear system about a desirable operating point in order to study the 

behaviour of the system. In this study, Eq. (5.11) is linearized about 𝜃𝑖(𝑡) = 0 to use the model for 

Laplace-based PID controller design. 

𝑑2

𝑑𝑡2
𝑥(𝑡) =

2𝑀𝑏𝑎𝑙𝑙 𝑔 sin(𝜃𝑖(𝑡)) 𝑅𝑎𝑟𝑚𝑟𝑏𝑎𝑙𝑙
2

 (𝑀𝑏𝑎𝑙𝑙. 𝑟𝑏𝑎𝑙𝑙
2 + 𝐽𝑏𝑎𝑙𝑙 )𝐿𝑝 

                                       (5.14) 

At 𝜃𝑖(𝑡) = 0,  sin(𝜃𝑖(𝑡)) = 𝜃𝑖(𝑡). By approximating the value, the Linear equation of motion for the 

1DBB plant is formulated as 

𝑑2

𝑑𝑡2
𝑥(𝑡) =

[2𝑀𝑏𝑎𝑙𝑙 𝑔. 𝜃𝑖(𝑡) 𝑅𝑎𝑟𝑚𝑟𝑏𝑎𝑙𝑙
2

 (𝑀𝑏𝑎𝑙𝑙 . 𝑟𝑏𝑎𝑙𝑙
2 + 𝐽𝑏𝑎𝑙𝑙 )𝐿𝑝

                                             (5.15) 

Eq. (5.14) is a non-linear equation as discussed above and Eq. (5.15) represents the linear 

equation of motion for 1DBB plant. Lumping the coefficient parameters of 𝜃𝑖(𝑡) to get the parameter 

model gain (𝐾𝑚) Of 1DBB system  

𝐾𝑚 =
[2𝑀𝑏𝑎𝑙𝑙 𝑔. 𝑅𝑎𝑟𝑚] 𝑟𝑏𝑎𝑙𝑙

2

 (𝑀𝑏𝑎𝑙𝑙. 𝑟𝑏𝑎𝑙𝑙
2 + 𝐽𝑏𝑎𝑙𝑙 )𝐿𝑝

                                                           (5.16) 
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Eq. (5.15) becomes a nonlinear equation of motion for 1DBB plant as formulated below  

𝑑2

𝑑𝑡2
𝑥(𝑡) = 𝐾𝑚. 𝜃𝑖(𝑡)                                                                                (5.17) 

All the initial conditions are assumed to be zero to get the transfer function for 1DBB plant. The 

Laplace transform of Eq. (5.17) is formulated as 

𝑠2𝑋(𝑠) − 𝐷(𝑥(0)) − 𝑠𝑥(0) = 𝐾𝑚. 𝜃𝑖(𝑠)                                            (5.18) 

𝑋(𝑠) = 𝐾𝑏𝑏𝜃𝑖(𝑠) 𝑠2⁄ , 𝑇𝑠𝑠(𝑠) = 𝐾𝑚 𝑠2⁄                                                (5.19) 

where, 𝐾𝑚 is the parameter model gain, 𝐾𝑏𝑏 is the velocity gain, 𝑇𝑠𝑠(𝑠) is the transfer function of the 

1DBB system. 

The transfer function of SRV02 is formulated as 

𝑇𝑠(𝑠) = 𝐾 𝑠(1 + 𝜏𝑠)⁄                                                                                (5.20) 

So, the complete transfer function of 1DBB and SRV02 unit and ball position becomes  

𝑇(𝑠) = 𝐾
𝐾𝑚

𝑠3(1 + 𝜏𝑠)
 , 𝑅(𝑠) = 𝑉𝑚𝑘

𝐾𝑚

𝑠3(1 + 𝜏𝑠)
                        (5.21) 

where, 𝑇(𝑠) is the transfer function of 1DBB and SRV02 unit, 𝐾 is the steady-state gain, 𝑅(𝑠) is the 

ball position, 𝑉𝑚 is the input servo motor voltage. 

 

5.5   DESIGNING CONTROLLERS FOR BALL BALANCER SYSTEM 

In this section, the PID controller with velocity setpoint (𝑉𝑠𝑤) and Neuro-Fuzzy with PID (NiF-PID) 

controllers are designed for position tracking and balancing of the ball balancer system. The cascade 

control for the x-axis of the SRV02+2DBB system is depicted in Fig. 5.5. 2DBB is a decoupled 

system. So, the x-axis actuator will not affect the response of the y-axis response. SRV02 device is 

considered to be symmetrical for both the x and y-axis. Therefore, the modelling is represented only 

for a single axis. 2DBB single axis (x-axis) is represented as 1DBB.  

 
Figure 5.5. Cascade control for the x-axis of the SRV02+2DBB system 
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In Fig. 5.5, 𝑅𝑑 is the desired ball position, 𝑌𝑏𝑏(𝑠) is the ball balancer compensator, 𝐸𝑠(𝑠) is the error 

signal transfer function, 𝑌𝑏 is the servo compensator, 𝑉𝑚 is the input servo motor voltage,  𝑇𝑠(𝑠) is the 

transfer function of the SRV02 unit, 𝜃𝑖 is the servo load gear angle, 𝑇𝑠𝑠(𝑠) is the transfer function of 

the 1DBB system and 𝑅(𝑠) is the ball position. Depending upon the ball position R(s), the ball 

balancer compensator 𝑌𝑏𝑏(𝑠) computes the required servo load angle 𝜃𝑑(𝑠) to get the desired ball 

position 𝑅𝑑(𝑠). The servo position control is described by an inner loop where a servo compensator 

𝑌𝑏(𝑠) calculates the required motor voltage 𝑉𝑚(𝑠) for the desired load angle. Later on, the 

compensator for the outer loop is designed. The desired specifications for the SRV02 load shaft and 

the x and y-axis of the ball balancer system are as follows:  

• 𝑒𝑠𝑠=0, 𝑡𝑝≤0.15s, PO≤5% for SRV02 load shaft  

• 𝑒𝑠𝑠≤0.001, 𝑡𝑝≤2.5s, PO≤7.5% for the x & y axis of ball balancer system 

         where, 𝑒𝑠𝑠 is the steady-state error,  𝑡𝑝 is the peak time and PO is the peak overshoot.  

For designing the inner control loop, the proportional velocity controller gains are obtained when 

SRV02 is in a high-gear configuration. The nominal SRV02 model parameters are model steady-state 

gain (𝐾 = 1.78 rad/s) and time constant (𝜏 = 0.0288s). To meet the above specifications, the 

desired damping ratio is 0.693 and the minimum natural frequency is 28.82 rad/s. Using nominal 

model parameters, the proportional control gain (𝐾𝑝) is 13.57 V/rad and velocity control gain (𝐾𝑣) is 

0.0788 Vs/rad. The outer control loop controls the ball position along the x-axis.  

 

5.5.1   PID Control Design 

The PID compensator with cascade control in the time domain for the outer control loop (illustrated in 

Fig. 5.6) is provided as 

𝜃𝑑(𝑡) =  𝐾𝑝,𝑏𝑏{𝑟𝑑(𝑡) − 𝑟(𝑡)} + 𝐾𝑑,𝑏𝑏 [𝑉𝑠𝑤 {
𝑑

𝑑𝑡
𝑟𝑑(𝑡)} − 

𝑑

𝑑𝑡
𝑟(𝑡)] + 𝐾𝑖,𝑏𝑏 ∫(𝑟𝑑(𝑡) − 𝑟(𝑡))𝑑𝑡     (5.22)  

where, 𝜃𝑑 is the required servo load angle, 𝐾𝑝,𝑏𝑏 is the gain of proportional control action, 𝐾𝑖,𝑏𝑏 is the 

gain of integral control action and 𝐾𝑑,𝑏𝑏 is the derivative control action gain. 

 
Figure 5.6. Overall architecture of the PID compensator with cascade control 
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With no servo dynamics, the outer-loop controller in the Laplace domain is formulated as 

𝜃𝑑(𝑠) =  {𝐾𝑝,𝑏𝑏 + 𝐾𝑖,𝑏𝑏/𝑠} (𝑅𝑑(𝑠) − 𝑅(𝑠)) + 𝐾𝑑,𝑏𝑏𝑠(𝑉𝑠𝑤𝑅𝑑(𝑠) − 𝑅(𝑠))                       (5.23) 

In case of no servo dynamics, 𝜃𝑑(𝑠) =  𝜃𝑖(𝑠). Therefore, the control loop equation becomes 

𝑅(𝑠)

𝑅𝑑(𝑠)
=

𝐾𝑚(𝑠2𝐾𝑑,𝑏𝑏𝑉𝑠𝑤 + 𝑠𝐾𝑝,𝑏𝑏 + 𝐾𝑖,𝑏𝑏)

𝑠3 + 𝑠2𝐾𝑚𝐾𝑑,𝑏𝑏 + 𝑠𝐾𝑚𝐾𝑝,𝑏𝑏 + 𝐾𝑚𝐾𝑖,𝑏𝑏
                                                                (5.24) 

The prototype third-order characteristic equation is formulated as 

(𝑠2 + 2𝜁𝜔𝑛𝑠 + 𝜔𝑛
2)(𝑠 + 𝑎0)                                                                                                    (5.25) 

𝑠3 + (2𝜁𝜔𝑛 + 𝑎0)𝑠
2 + (2𝜁𝜔𝑛𝑎0 + 𝜔𝑛

2)𝑠 + (𝜔𝑛
2 + 𝑎0)                                                   (5.26) 

Comparing the characteristic equations Eq. (5.24) and Eq. (5.26), PID control action gains are 

formulated as   

𝐾𝑝,𝑏𝑏 =
𝜔𝑛(2𝜁𝑎0 + 𝜔𝑛)

𝐾𝑚
                                                                                                              (5.27) 

𝐾𝑖,𝑏𝑏 =
𝜔𝑛

2𝑎0

𝐾𝑚
                                                                                                                                (5.28) 

𝐾𝑑,𝑏𝑏 =
2𝜁𝜔𝑛 + 𝑎0

𝐾𝑚
                                                                                                                       (5.29) 

where, 𝜔𝑛 is natural frequency, 𝜁 is the damping ratio and 𝑎0 is pole location. 

These parameters decide the response of the third-order system. The natural frequency and damping 

ratio are calculated on the basis of predefined specifications. After solving Eq. (5.27)-Eq. (5.29) under 

the pre-defined specifications, 𝜔𝑛 = 2.195 (
𝑟𝑎𝑑

𝑠
)  𝑎𝑛𝑑 𝜁 = 0.638. 

❖ Controller Gains 

To meet the desired specifications, PD and PID controller gains are estimated. For the PD controller, 

pole location is considered as 𝑎0 = 0 and for the PID controller, pole location is considered as  𝑎0 =

1. The decay time constant (𝑇𝑎) is taken as 1s. The velocity setpoint is zero for the PD controller and 

varies from 0 to 1 in the case of the PID controller. Table 5.2 shows the calculated controller gains. 

 

Table 5.2. Parameters and Gains of PD and PID Controller 

   Parameters→ 

 

 

Controllers ↓ 

Pole location, 

𝒂𝟎 

(rad/s) 

Steady-state 

gain,  

𝑲 

(rad/Vs) 

Time 

constant, 

 𝝉 

(s) 

𝑽𝒔𝒘 𝑲𝒑,𝒃𝒃 

(rad/m) 

𝑲𝒊,𝒃𝒃 

(rad s/m) 

𝑲𝒅,𝒃𝒃 

(rad s/m) 

PD 0 8.837 0.051 0 3.72 0 2.148 

PID 1 8.837 0.051 0-1 5.819 3.693 2.967 
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❖ Steady State Error 

The error in the x-axis of the 2DBB system is formulated as 

𝐸(𝑆) = 𝑅𝑑(𝑠) − 𝑅(𝑠)                                                                                                                    (5.30) 

After solving Eq. (5.24), the closed-loop PID response is formulated as  

𝑅(𝑠) =
𝐾𝑚(𝑠2𝐾𝑑,𝑏𝑏𝑉𝑠𝑤 + 𝑠𝐾𝑝,𝑏𝑏 + 𝐾𝑖,𝑏𝑏)

𝑠3 + 𝑠2𝐾𝑚𝐾𝑑,𝑏𝑏 + 𝑠𝐾𝑚𝐾𝑝,𝑏𝑏 + 𝐾𝑚𝐾𝑖,𝑏𝑏
𝑅𝑑(𝑠)                                                       (5.31) 

Substituting the value of 𝑅(𝑠) from Eq. (5.31) in Eq. (5.30), the error transfer function of the PID 

controller is obtained as 

𝐸(𝑠) =
𝑠2(𝑠 + 𝐾𝑚𝐾𝑑,𝑏𝑏 − 𝐾𝑚𝐾𝑑,𝑏𝑏𝑉𝑠𝑤)

𝑠3 + 𝑠2𝐾𝑚𝐾𝑑,𝑏𝑏 + 𝑠𝐾𝑚𝐾𝑝,𝑏𝑏 + 𝐾𝑚𝐾𝑖,𝑏𝑏
𝑅𝑑(𝑠)                                                      (5.32) 

If 𝐾𝑖,𝑏𝑏=0, the error transfer function of PD is formulated as 

𝐸(𝑠) =
𝑠(𝑠 + 𝐾𝑚𝐾𝑑,𝑏𝑏 − 𝐾𝑚𝐾𝑑,𝑏𝑏𝑉𝑠𝑤)

𝑠2 + 𝑠𝐾𝑚𝐾𝑑,𝑏𝑏 + 𝑠𝐾𝑚𝐾𝑝,𝑏𝑏
𝑅𝑑(𝑠)                                                                       (5.33) 

When a step reference with amplitude 𝑎0 is applied to the error transfer function of the PD 

controller, then steady-state error (𝑒𝑠𝑠) is zero, which is less than the required specification of 0.1mm. 

Similarly, when a ramp reference with slope 𝑎0 = 0.012 (
𝑚

𝑠
) and 𝑉𝑠𝑤 = 0 is applied to the error 

transfer function of the PD controller, then 𝑒𝑠𝑠=0.7, which is more than the required specification. In 

order to meet the desired specifications of 𝑒𝑠𝑠<0.1mm, it is required to design a velocity set-point 

weight (𝑉𝑠𝑤).  

When a ramp input with a slope 𝑎0 is applied to PD controller, the steady-state error is given as  

𝑒𝑠𝑠 =
𝑎0𝐾𝑑,𝑏𝑏(𝑉𝑠𝑤 − 1)

𝐾𝑝,𝑏𝑏
                                                                                                               (5.34) 

Solving this further to get velocity setpoint, 

𝑉𝑠𝑤 =
𝑎0𝐾𝑑,𝑏𝑏 − 𝐾𝑝,𝑏𝑏 . 𝑒𝑠𝑠

𝑎0𝐾𝑑,𝑏𝑏
                                                                                                         (5.35) 

By substituting the specifications of steady-state error, PD gains and all the constant values in Eq. 

(5.35), the desired velocity set-point weight is obtained as 0.863. 

  

5.5.2   PID Compensator with Integral ANTI-WINDUP Technique 

The actuator limits should be considered while implementing an integral control action in any control 

system loop. This is due to the actuator's inherent property to achieve maximum amplifier supply 
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voltage. Due to the inclusion of large set points, the actuator gets saturated because the integral value 

keeps increasing to compensate for the error. This phenomenon is known as integral windup. As a 

result, the system becomes unstable with large overshoots. 

The Integral term in the PID controller makes the output to change continuously until there is 

zero error. But sometimes the error cannot be eliminated quickly and within a particular time frame, 

larger and larger Integral terms are produced and it continues to happen until saturation is achieved. 

This leads to the bad performance of the system in terms of peak overshoot. Therefore, a PID 

compensator with an Integral ANTI-WINDUP technique is implemented over the ball balancer 

system for simulation and real-time experimentation in order to reduce these unnecessary oscillations. 

Figure 5.7 shows the architecture of the proposed PID controller with the Integral ANTI-

WINDUP technique. Contrary to the traditional PID controller, this design includes another loop 

around the integrator. In the case of integrator saturation, this additional loop prevents it from building 

up too much intensity by decreasing the integrator input. The integrator is designed to saturate at 

parameter INTGMAX.   

 
Figure 5.7. Block architecture of PID compensator with Integral ANTI-WINDUP 

 

The integral control action is defined as 

𝑚𝑖 = {

− INTGMAX                                                              𝑛𝑖 < −INTGMAX

                𝑛𝑖                             𝑛𝑖 < −INTGMAX < 0 and  − INTGMAX − 𝑛𝑖 < 0
INTGMAX                                                                      INTGMAX < 𝑛𝑖

}                  (5.36) 

 

where ±INTGMAX represents the limits of the integrator. The Integrator reset time depends on the 

time-constant (𝑇𝑎𝑤) of the anti-windup loop which gets activated only in case of integrator saturation. 

If 𝑚𝑖=𝑛𝑖, then the Integrator is in normal control action. i.e. no integral saturation. However, in the 

case of Integral saturation, the anti-windup controller makes the saturation error zero and the 

saturation limits (INTGMAX and −INTGMAX) becomes the output of the Integrator. 
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5.5.3   Neuro-integrated Fuzzy with PID (NiF-PID) Controller 

Neuro-fuzzy controller (NiF) includes the highlights of artificial neural networks and fuzzy logic 

under a single architecture. As a result, NiF has the ease in interpreting the control action via fuzzy 

logic and learning through neural optimization techniques. Neural networks adapt the events and then 

train data according to the previous values and fuzzy provides liberty in the system formation without 

the availability of a system model. The hybrid adaptive neuro-fuzzy inference system (ANFIS) is 

formulated by training the adaptive neural network optimization techniques and then generating the 

fuzzy model. neural learnings adapt to environmental conditions and then adjust activation function 

accordingly and thus minimize error while fuzzy formation. NiF control is the combination of five 

layers as follows: 

• Layer 1: Linear transfer function layer 

• Layer 2: Logical operations 

• Layer 3: Fuzzification process 

• Layer 4: Fuzzy inference layer, having parameters that can be changed over time  

• Layer 5: Defuzzification process 

Neuro-fuzzy controller represents the Takagi-Sugeno (T-S) model which is the amalgamation of 

gradient descent and estimation of the least squares approach. This is known as a hybrid learning 

algorithm which is used to update the data from pre-defined fuzzy rules and fuzzified neuron 

activation functions.  

The neural network architecture is shown in Fig. 5.8. Let us assume M and N be two inputs with 

𝑥1, 𝑥2, … . 𝑥𝑛 be the linguistic variables for defining membership functions of M and similarly 

𝑦1, 𝑦2, … . 𝑦𝑛 be the linguistic variables for defining N. The formation of rules is as depicted below: 

Rule 1: if M is 𝑥1 and N is 𝑦1 then 𝑓1 is 𝐴1M + 𝐵1N + 𝑂1 

Rule 2: if M is 𝑥2 and N is 𝑦2 then 𝑓2 is 𝐴2M + 𝐵2N + 𝑂2 

…… 

…… 

Rule 𝑁𝑡ℎ: if M is 𝑥𝑛 and N is 𝑦𝑛 then 𝑓𝑛 is 𝐴𝑛M + 𝐵𝑛N + 𝑂𝑛 

 
Figure 5.8.  Neural network architecture 
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The output function 𝑓 in Fig. 5.8 is formulated as 

𝑓 =
𝑤1

𝑤1 + 𝑤2
𝑓1 +

𝑤2

𝑤1 + 𝑤2
𝑓2 

𝑓 =  𝑤1̅̅̅̅ 𝑓1 + 𝑤2̅̅̅̅ 𝑓2                       

𝑓 = (𝑤1̅̅̅̅ 𝑀)𝐴1 + (𝑤1̅̅̅̅ 𝑁)𝐵1 + (𝑤2̅̅̅̅ 𝑀)𝐴2 + (𝑤2̅̅̅̅ 𝑁)𝐵2 + (𝑤1̅̅̅̅ 𝑂1) + (𝑤1̅̅̅̅ 𝑂2)                           (5.37) 

 

In order to design the NiF-PID controller, the initial work is to integrate all relevant inputs that 

can be used for training purposes. The next step is to choose a proper I/O data set for training with the 

help of a hybrid optimization technique. The error 𝑒(𝑡) in ball position and change in error of ball 

position,  
𝑑𝑒(𝑡)

𝑑𝑡
 are considered as two inputs whose different combinations within a particular range are 

used for training the NiF-PID controller. The fuzzy control signal 𝑢(𝑡) is provided as the desired 

targeted output. Figure 5.9 depicts the architecture of the proposed NiF-PID controller.  

 
Figure 5.9. Illustration of the proposed NiF-PID controller  

 

The discourse universe is set to be [−0.2, 0.2] for the desired plate angle and [−30, 30] for the 

error in ball position and change in position because the Saturation block limits the SRV02 angle to 

±30 degrees, desired by the manufacturer. 200 epochs are taken to train the NiF-PID controller as 

shown in Fig. 5.10(a). This training approach employs a hybrid training algorithm that combines least 

squares with the back-propagation gradient descent method. Nine linguistic variables very high 

negative (VHN), high negative (HN), medium negative (MN), small negative (SN), zero error (ZE), 

small positive (SP), medium positive (MP), high positive (HP), very high positive (VHP) are taken for 

each input so that the experimentation can be based on a large number (9×9 = 81) of fuzzy rules set, 

which provides better chances of getting the desired output. As a result, input space is divided among 

81 fuzzy subspaces and each of these subspaces follows the fuzzy if-then rules. (AM + BN + O) is the 

first-order polynomial for these functions where A, B and O are movable variables. The fuzzy neural 

network's output scaling factor is obtained as 𝐴𝑒(𝑡) = 𝑛 𝑒(𝑡)⁄ = 𝐵𝑑𝑒(𝑡) 𝑑𝑡⁄ = 𝑛
𝑑𝑒(𝑡)

𝑑𝑡
⁄  = 40 for input 

scaling and 𝑂𝑢(𝑡) =
𝑈

𝑛
= 0.08 for output scaling. The learning coefficient system starts at 𝜗 =

2.0624𝑒 − 05 with minimal training Root Mean Squared Error (RMSE) = 0.000020. Figure 5.10(b) 

depicts the trained data for the fuzzy output. 
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(a) (b) 

Figure 5.10 (a) Epochs vs training error (b) Training data and output of the fuzzy interference system  

 

The symmetric ANFIS, depicted in Fig. 5.11(a), is known when the membership function of both 

inputs is uniformly distributed. Figure 5.11(a) shows that all the nine linguistic variables of both 

membership functions are distributed uniformly. For example, linguistic variable ZE lies in the range 

of [-0.05 to +0.05] with a peak at 0 for both membership functions. Conversely, the asymmetric 

ANFIS, depicted in Fig. 5.11(b), is known when any input's membership function is not uniformly 

distributed. Figure 5.11(b) shows that all the nine linguistic variables of both membership functions 

are not distributed uniformly. For example, the linguistic variable ZE lies in the range of [-0.035 to 

+0.06] with a peak at -0.04 for error membership function and in the range of [-0.05 to +0.05] with a 

peak at 0 for change in error, i.e.  
𝑑𝑒(𝑡)

𝑑𝑡
 membership function. 

  
(a) (b) 

Figure 5.11. (a) Symmetric membership function (b) Asymmetric membership function 

 

The neural network has a distribution of 2 neurons in Layer 1 for error e(t) and change in error 

𝑑𝑒(𝑡)

𝑑𝑡
, 18 neurons (9 each for error and change in error) in Layer 2, 81 neurons (9 linguistic variables 

each for error and change in error) in each of Layer 3 and Layer 4, and 1 neuron (output) in Layer 5 

with fuzzy implementation (structure is displayed in Fig. 5.12). Table 5.3 gives a description of the 

fuzzy rules. Following the training of fuzzy interface system data, the control signal's surface is 

formed as depicted in Fig. 5.13 and quiver surfaces are depicted in Fig. 5.14. 
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Figure 5.12. Structure of Neuro integrated Fuzzy controller 

 
Table 5.3. Description of the fuzzy rules 

error 

 

Δ error 

VHN HN MN SN ZE SP MP HP VHP 

VHN VHN VHN VHN VHN VHN HN MN SN ZE 

HN VHN HN HN VHN HN MN SN ZE SP 

MN VHN HN MN HN MN SN ZE SP MP 

SN VHN HN MN MN SN ZE SP MP HP 

ZE VHN HN MN SN ZE SP MP HP VHP 

SP HN MN SN ZE SP SP MP HP VHP 

MP MN SN ZE SP MP MP MP HP VHP 

HP SN ZE SP MP HP HP HP HP VHP 

VHP ZE SP MP HP VHP VHP VHP VHP VHP 

 

 
Figure 5.13. Comparison of different angled surfaces of symmetric and asymmetric inference system 
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Figure 5.14. Comparison of quiver surfaces of symmetric and asymmetric inference system 

 

5.5.4   Tracking Ball Position via Camera 

The controllers predict the precise position and provide the planar position of the ball as an output. 

The ball’s position is tracked via the overhead camera within a square viewing area whose width and 

height resolutions are equal as shown in Fig. 5.15. The position of the ball is detected and converted 

into pixel coordinates 𝑃𝑖𝑥 & 𝑃𝑖𝑦 (pixels of the x-axis and y-axis) within the square viewing area. 

These pixel coordinates are then used to determine the ball’s position in the coordinate system as 

[𝑋𝑐𝑜, 𝑌𝑐𝑜]. 

 
Figure 5.15. Mapping of the ball’s position onto the coordinate system for the raw camera measurement of the 

ball position 

 
The functions describing the ball position from camera pixels relative to ball coordinates 

[𝑋𝑏𝑎𝑙𝑙, 𝑌𝑏𝑎𝑙𝑙] are x & y and can be expressed as 

𝑥 = {
𝑃𝑖𝑥

𝑟𝑒𝑠
− 0.5} 𝑙𝑡 , 𝑦 = {

𝑃𝑖𝑦

𝑟𝑒𝑠
− 0.5} 𝑙𝑡                                                               (5.38) 

where, 𝑃𝑖𝑥 and 𝑃𝑖𝑦  are the camera pixels related to the ball coordinates [𝑋𝑏𝑎𝑙𝑙 , 𝑌𝑏𝑎𝑙𝑙], res is the 

resolution and 𝑙𝑡 is the length of the table. 
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5.6   RESULTS AND DISCUSSIONS 

The closed-loop response of the 2D ball balancer system is initially simulated using Proportional 

Derivative (PD), NiF-PID controller and Proportional Integral Derivative (PID) controllers with 

different 𝑉𝑠𝑤 values and with different kinds of inputs. Modeling for Simulink is done using 

MATLAB and Quarc for interfacing. Along with simulation, a real-time experimentation study is 

carried out on hardware setup with these different controllers and load variation on ball balancer setup 

as shown in Fig. 5.1(b). The closed-loop responses show the signatures of the input servo motor 

voltage 𝑉𝑚(v), controlled output ball position x(cm) and servo load gear angle 𝜃𝑖(degree). The X-Y 

figures are obtained on the scope with respect to different applied inputs and 𝑉𝑠𝑤 values. For both 

simulation and real-time experimental processes, direct derivative computation of the ball velocity 

can’t be obtained because of some inherent noise in the measurement of ball position. If the derivative 

of this noise is taken, it would result in the amplification of the high-frequency signal which is being 

fed to the motor. The saturation block limits the SRV02 angle to ±30 degrees. 

 

5.6.1   System Specifications and Configuration  

The modeling of different controllers is designed using MATLAB/Simulink R2022a. After modeling 

the ball balancer system by defining the system dynamics using the mathematical model, the model is 

implemented in Simulink. The neuro-fuzzy PID controller is designed using the PID controller block 

from the Simulink library and then the neuro-fuzzy logic is incorporated. After that, the Neuro-Fuzzy 

PID controller is integrated with the ball balancer system model in Simulink. After simulation, the 

designed control law is applied to a physical (real-time) Quanser experimental setup of the ball 

balancer system as shown in Fig. 5.1(b). The components of this system are shown in Table 5.4. 

QUARC version 2.3.355 software is used for hardware-in-the-loop simulations to provide a powerful 

platform for validating the controller’s performance in real time [229]. Fig. 5.16 depicts the block 

representation of the real-time implementation of the 2-DOF ball balancer system.  

 

Table 5.4. Hardware equipment of 2-DoF ball balancer along with the system specifications 

Equipment System Specifications 

Power amplifier VoltPAQ-X2  

Data acquisition device Q2 USB DAQ control board  

Rotary Servo Base units Quanser SRV02 

Optical encoders Autonics optical rotary encoders 

CPU Intel Core i7 4Ghz 

RAM 32 GB 

MATLAB Version MATLAB R2022a 
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Implementing these controllers in real-time using QUARC and MATLAB means that: 

• Real-time Interface: The control algorithms are executed on a computer (i.e. connected to 

the physical system) in real-time, allowing for immediate feedback and adjustment based on 

actual system behavior. 

• Hardware-in-the-Loop Simulation: The physical system (i.e. the B&P system) is connected 

to the simulation environment through QUARC, enabling the controller to interact with the 

actual system hardware. This setup ensures that the controllers' performance can be tested and 

validated under realistic conditions, including external perturbations and system uncertainties. 

• Achieving Stability and Performance: Despite the inherent instability of the B&P system 

and the presence of external disturbances, this study demonstrates that the NiF and NiF-PID 

controllers can effectively stabilize the system and achieve desired performance metrics (such 

as reference tracking and disturbance rejection). 

 

In order to balance the ball on the plate, two Rotary Servo Base units i.e. Quanser SRV02 are 

mounted to the plate to rotate it along the x and y axes. The overhead camera is used to measure the 

ball position which provides the visual input. MATLAB analyzes the square plate image to find the 

ball position. A Quanser VoltPAQ-X2 power amplifier is used to amplify the voltage and then send it 

to the servo system to generate the requisite torque. The attached optical encoders are used to measure 

the angles. The personal computer can access sensor measurements and control the amplifier’s voltage 

with the help of a Q2-USB DAQ device. The Q2 USB DAQ board gathers data from the optical 

encoders and serves as an interface between hardware and software. It also measures the control signal 

related to the plate's disposition. In order to obtain the movement of the ball with respect to voltage, 

the controller receives signals from DAQ and the overhead camera. The DAQ board sends the control 

signal to the amplifier in order to generate and transfer control signals to servo motors incorporated 

with a potentiometer to balance the ball in both axes.     

 
Figure 5.16. Block representation of the real-time implementation of 2-DOF Ball Balancer system 
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5.6.2   Simulation-based Position Control of Ball Balancer with PD and PID Controllers 

This section shows the simulated closed-loop response of the 2D ball balancer system using PD and 

PID controllers with different velocity setpoint weights (𝑉𝑠𝑤) and with different kinds of inputs like 

step input, ramp input and sinusoidal input.  

 

5.6.2.1   Step and Ramp Response of PD Controller 

The step and ramp input response of the PD controller is simulated with 𝑉𝑠𝑤 =0 & 𝑉𝑠𝑤 =0.87 as 

shown in Fig. 5.17(a-d) respectively meet the specifications. It is noticed that as 𝑉𝑠𝑤 increases, the 

peak overshoot increases abruptly but the steady-state error remains the same for both values of 𝑉𝑠𝑤 in 

case of step input response. In the case of ramp response, steady-state error is the main concern. It is 

observed that there is no major effect on steady-state error with an increase in 𝑉𝑠𝑤 value. Steady-state 

error is 0.692 cm and 0.13 cm for 𝑉𝑠𝑤= 0 and 𝑉𝑠𝑤 =0.87 respectively, which is under the required 

criteria and very close to theoretical values for both cases. The X-Y figures obtained on scope in case 

of step response with 𝑉𝑠𝑤 = 0 and ramp response with 𝑉𝑠𝑤 = 0.87 are shown in Fig.  5.17(e) and Fig. 

5.17(f) respectively. When 𝑉𝑠𝑤 = 0, it is noticed that the desired trace and simulated trace overlap 

with each other. Whereas, a small steady-state error is observed in the diamond-shaped response in 

the case of 𝑉𝑠𝑤 = 0.87 for ramp response, which is less than the required specifications. 

 
 (c) PD Ramp response with 𝑉𝑠𝑤 = 0    (d) PD Ramp response with 𝑉𝑠𝑤 = 0.87   

 (a) PD Step response with 𝑉𝑠𝑤 = 0    (b) PD Step response with 𝑉𝑠𝑤 = 0.87   
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Figure 5.17. Simulated step response, ramp response and X-Y scope of the PD controller 

 

5.6.2.2    Step Response of PID Controller 

While implementing an additional integral controller to the PD controller, 𝑉𝑠𝑤 = 0 is taken because 

𝑉𝑠𝑤 = 1 would create too many oscillations. The PID controller is simulated for INTGMAX = 2.5 

degrees, anti-windup time constant 𝑇𝑎𝑤 = 5𝑠; INTGMAX = 2.5 degrees, 𝑇𝑎𝑤 = 0.001𝑠 and 

INTGMAX = 1.6 degrees, 𝑇𝑎𝑤 = 0.001𝑠 as shown in Fig. 5.18(a-c) respectively. The integral reset 

time decreases with a decrease in the anti-windup time. As a result, the integral does not get any 

windup chance and the settling time decreases significantly as shown in Fig. 5.18(b-c). A decrease in 

the INTGMAX value also decreases the peak overshoot value. However, the servo angle gets saturated 

but it doesn’t create any instability due to the proper tuning of windup control. As a result, there is no 

saturation to the servo motor. The X-Y figure obtained on scope when INTGMAX = 1.6 degrees, 

𝑇𝑎𝑤 = 0.001𝑠 and 𝑉𝑠𝑤 = 0, in Fig. 5.18(d) shows almost a perfect square where both desired and 

simulated traces overlapped after tuned windup. Table 5.5 shows the comparison of outputs of PD & 

PID simulations. 

Table 5.5. Comparison of peak overshoot, settling time and steady-state error of PD & PID simulations 

S. No.             PARAMETERS → 

 

DESCRIPTION ↓ 

PEAK 

OVERSHOOT 

(PO) % 

SETTLING 

TIME (𝒕𝒔) 

sec 

STEADY-STATE 

ERROR (𝒆𝒔𝒔)  

cm 

1. Step response of PD controller with 𝑉𝑠𝑤 =
0, Fig. 5.17(a) 

5.62 2.39 0 

2. Step response of PD controller with 𝑉𝑠𝑤 =
0.87, Fig. 5.17(b) 

51.7 2.501 0 

3.  Step response of PID controller with 𝑉𝑠𝑤 = 0, 
INTGMAX = 2.5 deg, 𝑇𝑎𝑤 = 5𝑠, Fig. 5.18(a) 

8.12  6.1 0.0149 

4. Step response of PID controller with 𝑉𝑠𝑤 = 0,  
INTGMAX = 2.5 deg, 𝑇𝑎𝑤 = 0.001𝑠,  
Fig. 5.18(b)  

7.4 2.45 0.0086 

5. Step response of PID controller with 𝑉𝑠𝑤 =
0,  INTGMAX = 1.6 deg, 𝑇𝑎𝑤 = 0.001𝑠,  
Fig. 5.18(c) 

5.46 2.28 0.000119 

 

 (e) Scope simulation of the PD controller with 𝑉𝑠𝑤 = 0    (f) Scope simulation of the PD controller with 𝑉𝑠𝑤 = 0.87   



  

85 
 

Figure 5.18. Simulated step input response of the PID controller with different cases  

 

During simulation, the PID compensator provides better results in terms of both transient and 

steady-state response. Taking reference to Table 5.5, the step response of the PD controller with 

𝑉𝑠𝑤 = 0 gives a peak overshoot (PO%) of 5.62 and settling time of 2.39s as shown in Fig. 5.17(a) 

whereas, the step response of the PID controller with 𝑉𝑠𝑤 = 0, INTGMAX = 1.6 deg, 𝑇𝑎𝑤 =

0.001𝑠 gives a peak overshoot (PO%) of 5.46 and settling time of 2.28s as shown in Fig. 5.18(c). The 

steady-state error is also negligible in the case of the PID compensator.  

 

5.6.3   Real-time Experimentation based Position Control of Ball Balancer with PD and 

           PID Controllers 

This section shows the real-time experimentation of the closed-loop response of the 2D ball balancer 

system, carried out on hardware setup, shown in Fig. 5.1(b), using PD and PID controllers with 

different velocity setpoint weights (𝑉𝑠𝑤) and with different kinds of inputs like step input, ramp input 

and sinusoidal input. 

 

 (c) PID Step response with INTGMAX = 1.6 deg, 𝑇𝑎𝑤 = 0.001𝑠    (d) X-Y figure on scope simulation of PID response  

 (a) PID Step response with INTGMAX = 1.6 deg, 𝑇𝑎𝑤 = 5𝑠    (b) PID Step response with INTGMAX = 2.5 deg, 𝑇𝑎𝑤 = 0.001𝑠   
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5.6.3.1   Step Response of PD Controller along x and y Axis 

Figure 5.19(a-b) shows the PD step responses along the x and y-axis. Along the x-axis, 𝑡𝑠 is 113s, 

peak overshoot is 5.11% and 𝑒𝑠𝑠 is 0.61 cm, which doesn’t meet the required specifications. While 

measuring the response along the y-axis, the setpoint is chosen only in the x direction. However, it is 

observed that the y-axis servo also performs the control action due to the coupling difference between 

both axes. When the x-axis servo tries to control the ball position along the x-axis, there is a change in 

the direction of the plate angle in the y-direction. Therefore, the ball tracks the step inputs in both 

directions simultaneously. The step response of the PD controller in both axes is shown in Fig. 

5.19(c). 𝑉𝑚,𝑥 and 𝑉𝑚,𝑦 show the input servo motor voltage along the x and y-axis respectively. 

Similarly, x(cm) and y(cm) show the controlled output ball position along height and width 

respectively. Each axis causes disturbances on the other axis while tracking the setpoint. The scope 

simulation of the step response of the PD controller in Fig. 5.19(d) does not show a perfect square due 

to a large steady-state error. 

 

Figure 5.19. Experimental results of step response and X-Y scope of the step response of the PD controller 

 

 (c) Dual-axis step response of PD controller  (d) X-Y scope of the step response of PD controller 

 (a) Step response of PD controller along the x-axis  (b) Step response of PD controller along the y-axis 
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5.6.3.2   Step Response of PID Controller 

Figure 5.20(a) shows the step responses of the PID controller with 𝑉𝑠𝑤 = 0, INTGMAX = 1.6 deg and 

𝑇𝑎𝑤 = 0.001𝑠. Peak overshoot is 5.65% and 𝑒𝑠𝑠 = 0.082cm. It is observed that there is a significant 

improvement in steady-state error while using the PID controller. The x-y scope in Fig. 5.20(b) shows 

a better response in the case of the PID controller in comparison to the PD controller. 

Figure 5.20. Experimental results of step response and X-Y scope of the step response of the PID controller 

 

5.6.3.3   Ramp Response of PD Controller 

The dual-axis ramp response of the PD controller with 𝑉𝑠𝑤 = 0 & 𝑉𝑠𝑤 = 0.87 are shown in Fig. 

5.21(a) and Fig. 5.21(b). 𝑉𝑚,𝑥 and 𝑉𝑚,𝑦 show the input servo motor voltage along the x and y axis 

respectively. Similarly, x(cm) and y(cm) show the controlled output ball position along height and 

width respectively. However, the responses are quite similar by varying 𝑉𝑠𝑤 also. This is due to the 

unmodelled effects like cross-axis coupling and friction which have a much bigger effect on the 

response.   

  
(a) (b) 

Figure 5.21. Experimental results of dual-axis ramp response of PD controller with (a) 𝑉𝑠𝑤 = 0 (b) 𝑉𝑠𝑤 = 0.87 

 

 

 

 (a) Step response of PID controller along the x-axis  (b) X-Y scope of the step response of PID controller 
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5.6.3.4   Ramp and Sinusoidal Response of PID Controller 

The PID controller is tested for ramp input after the step input response. Figure 5.22(a) shows the 

dual-axis ramp response of the PID controller with 𝑉𝑠𝑤 = 0.87  and 𝑇𝑎 = 1s. It is observed that 

tracking of ramp input response requires less control effort than step input. Therefore, proper tuning 

of 𝑇𝑎 is required to get a better response. Figure 5.22(b) shows the dual-axis ramp response of the PID 

controller with 𝑉𝑠𝑤 = 0.87  and 𝑇𝑎 = 0.35s where the desired pole location shifts more towards the 

left plane leading to an increase in the controller gain values, i.e. 𝐾𝑝,𝑏𝑏 = 14.2 rad/m,𝐾𝑖,𝑏𝑏 =18.9 

rad/m. s, 𝐾𝑑,𝑏𝑏 =5.987 rad. s/m. The X-Y figure obtained on scope, corresponding to the ramp input 

of the PID controller for 𝑇𝑎 = 0.35s and 𝑉𝑠𝑤 = 0.87, is shown in Fig. 5.22(c). For the same controller 

values, the dual-axis sinusoidal response of the PID controller with 𝑉𝑠𝑤 = 0.87  and 𝑇𝑎 = 0.35s, is 

shown in Fig. 5.22(d). The X-Y figure obtained on scope, corresponding to the sinusoidal response of 

the PID controller for 𝑇𝑎 = 0.35s and 𝑉𝑠𝑤 = 0.87, is shown in Fig. 5.22(e). With decrease in 𝑇𝑎 

values, the responses get better.   

Figure 5.22. Experimental results of ramp response and diamond-shape X-Y scope of the PID controller 

 (a) Ramp response of PID controller with 𝑇𝑎 = 1𝑠  (b) Ramp response of PID controller with 𝑇𝑎 = 0.35𝑠 

 (c) X-Y scope of PID controller with ramp input  (d) Dual-axis sinusoidal response of the PID controller 

 (e) X-Y scope of PID controller with sinusoidal input 

 (a) Ramp response of PID controller with 𝑇𝑎 = 1𝑠 
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During real-time experimentation, 𝑒𝑠𝑠 is 0.61 cm for the step response of the PD controller along 

the x-axis, which doesn’t meet the requirements. But, 𝑒𝑠𝑠 is greatly improved in the case of step 

response of the PID controller (𝑒𝑠𝑠=0.082 cm) as compared to the step response of the PD controller. 

The square response of the PID controller in Fig. 5.20(b) is smoother than the square response of the 

PD controller in Fig. 5.19(d). Also, the trajectories of ramp PID responses in Fig. 5.22(a-b) are much 

smoother than the ramp response of the PD controller in Fig. 5.21(a-b). All these observations make 

PID compensator better than the PD compensator.  

 

5.6.4 Comparison of Simulation and Experimentation results using different Controllers 

A comparison has been made with PD, PID and NiF-PID controllers for both simulation and 

experimentation purposes as shown in Fig. 5.23 and Fig. 5.24 respectively. Verification of results 

after the implementation of various controllers on simulated models and later in the real-time 

experimentation stage, are to be considered on a momentary basis. During simulation and real-time 

experimentation, the system is more oscillatory in the case of the PD controller and it becomes 

unstable after increasing the gain, which can be seen in the peak overshoot of the system. However, 

with the proper tuning of PID and NiF-PID controllers, it is observed that the present oscillations die 

out to a great extent. A comparison of simulated and experimental parameters of controllers on a ball 

balancer model is illustrated in Table 5.6 and Table 5.7 respectively. Pie charts in Fig. 5.25 show the 

comparison of settling time and peak overshoot for PD, PID, and NiF-PID controllers on simulation 

and experimentation.  

Figure 5.23. PD, PID, and NiF-PID responses on simulation for (a) Ball position comparison (b) Input voltage 

comparison (c) Plate angle comparison 

 

Table 5.6. Comparative analysis of simulated parameters of controllers on a ball balancer model  

S. No.       PARAMETERS → 

 

 
CONTROLLERS ↓ 

SETTLING TIME 

(𝒕𝒔) 

𝒔 

PEAK 

OVERSHOOT 

(PO) % 

STEADY-

STATE ERROR 

(𝒆𝒔𝒔)  

cm 

1. PD 4.78 11.89 0.0426 

2. PID 2.21 1.23 0.00039 

3. NiF-PID 1.53 9.4e-06 7.92e-05 

(a) (b) (c) 
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Figure 5.24. PD, PID, and NiF-PID responses on real-time experimentation for (a) Ball position comparison  

(b) Input voltage comparison (c) Plate angle comparison  

 
Table 5.7. Comparative analysis of experimental parameters of controllers on a ball balancer model 

S. No.                  PARAMETERS → 

 

CONTROLLERS ↓ 

SETTLING TIME 

(𝒕𝒔) 

𝒔 

PEAK 

OVERSHOOT 

(PO) % 

STEADY-STATE 

ERROR (𝒆𝒔𝒔) 

cm 

1. PD 4.97 31.6 1.83 

2. PID 1.99 34.7 0.97 

3. NiF-PID 1.61 3.86 0.79 

 

In the case of the PID controller, the steady-state error is 0.97cm and for the NiF-PID controller, the 

steady-state error is 0.79cm (refer to Table 5.7).  

Now,  

% (ess) = {
ess(PID) − ess(NiF_PID)

ess(PID)
} × 100%  

% (ess) = {
0.97 − 0.79

0.97
} × 100%  

% (ess) = 18.556 % 

It is evident from Table 5.7 that the peak overshoot is 34.7% in the case of the PID controller and 

3.86% in the case of the NiF-PID controller, which is approximately 10 times less than the PID 

controller. This shows that the NiF-PID compensator provides 18.55% better results in the case of 

steady-state error and 10 times less overshoot in the case of real-time experimentation as compared to 

the PID controller. 

According to the responses, NiF-PID controller has the most appropriate response among all 

with an acceptable overshoot, and lowest steady-state error, and proves to be the excellent controller 

without many oscillations. For the NiF-PID controller, steady state error, peak overshoot, and settling 

time are each 1.08 cm, 4.16%, and 1.62 s. Controlled voltage signal varies between ±5v in the case of 

the NiF-PID controller which is best among all controllers. Angle variation is also ±15 degrees in the 

case of NiF-PID controller for the stable and smooth movement of the ball. 

 

(b) (a) (c) 
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Figure 5.25. Comparison of settling time and peak overshoot of PD, PID and NiF-PID controllers on (a) 

simulation (b) experimentation 

 

5.6.5   Position and Plate Angle Control With Load Variation  

The integration of NiF-PID controller produces good results for controlling the ball location and plate 

angle. So, NiF-PID controller is implemented for load variation over the ball balancer system to check 

the efficacy and adaptability of the controller. Table 5.8 shows the specifications of different balls of 

different mass, radius and moment of inertia that have been taken for the implementation of NiF-PID 

controller. Figure 5.26 illustrates the performance of NiF-PID for varying ball locations and plate 

angles for different balls having different dimensions and weights. Pie charts in Fig. 5.27 shows the 

comparison of settling time and peak overshoot of different balls. 

Figure 5.26. (a)Variation in the position of 𝐵𝑎𝑙𝑙1, 𝐵𝑎𝑙𝑙2 and 𝐵𝑎𝑙𝑙3 (b) Plate angle comparison of 𝐵𝑎𝑙𝑙1, 𝐵𝑎𝑙𝑙2 

and 𝐵𝑎𝑙𝑙3 for different loads 

(a) (b) 

(a) 

(b) 
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Table 5.8. Specifications of load variation 

LOAD PARAMETERS 𝑩𝑨𝑳𝑳𝟏 𝑩𝑨𝑳𝑳𝟐 𝑩𝑨𝑳𝑳𝟑 

MASS (kg) 0.110 0.003 0.085 

RADIUS (m) 0.02 0.0196 0.026 

MOMENT OF INERTIA (kg-m2) 1.77e-05 0.0462e-05 2.125e-05 

 

Evidently from the results shown in Fig. 5.26, 𝐵𝑎𝑙𝑙1 has the maximum oscillations, 𝐵𝑎𝑙𝑙2 has the 

least oscillations and in the case of 𝐵𝑎𝑙𝑙3, oscillations increase again. Peak overshoot is 3.7, 2.9 and 

3.4 for 𝐵𝑎𝑙𝑙1, 𝐵𝑎𝑙𝑙2 and 𝐵𝑎𝑙𝑙3 respectively. Similarly, settling time is 2.29s, 1.53s and 2.05s for 

𝐵𝑎𝑙𝑙1, 𝐵𝑎𝑙𝑙2 and 𝐵𝑎𝑙𝑙3 respectively. It is found that as the mass of the ball decreases, the settling time 

also decreases and the ball balances the plate efficiently due to the controller’s ability. 

  
Figure 5.27. Comparison of settling time and peak overshoot of different balls 

 

5.7    SUMMARY 

 

This chapter investigated the implementation of various controllers like PD, PID, PID with Integral 

ANTI-WINDUP with different velocity setpoint (𝑉𝑠𝑤) values and Neuro-fuzzy with PID (NiF-PID) 

controller over the 2-DOF ball balancer system. The comparisons for variation in ball position, 

applied input voltage to servo motor and plate angle are executed with the developed control schemes 

for both simulation and real-time experimentation purposes. Peak overshoot, settling time and steady-

state error analysis have been carried out for these controllers. Based on these performances, load 

variation on the ball balancer system has been carried out with NiF-PID controller.  

The outcomes of simulation and experimental assessment imply that PID with Integral ANTI-

WINDUP controller has overall better control performances for the ball balancer system. PID 

controller showed a better performance because of its ability to reduce the steady-state error that 

occurs between reference and generated output. NiF-PID controller provides reduced and improved 

settling time, peak overshoot and steady-state error as compared to PD and PID controllers. The 

proposed controllers can stabilize the system even in the presence of high-frequency disturbances. 

NiF-PID controller provides considerable performance along with traditional control structure 

framework.  

BALL 1
39%

BALL 2
26%

BALL 3
35%

SETTLING TIME

BALL 1
37%

BALL 2
29%

BALL 3
34%

PEAK OVERSHOOT
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For future prospects, relatively more advanced hybrid control strategies such as type-2 NiF-PID, 

and wavelet NiF-PID, along with optimization algorithms can be implemented for control. Much 

more extensive analysis may be carried out for robustness analysis and thus allowing the system to 

withstand external disturbances. The SRV02 unit may also be investigated further for performing 

vibration analysis of the system. 
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Chapter 6 

Optimal control of Rotary Inverted Pendulum 

Using Continuous Linear Quadratic Gaussian 

Controller 

 
 

6.1   INTRODUCTION 

This chapter presents a continuous Linear Quadratic Gaussian (LQG) controller based on the optimal 

control strategy for swinging up the rotary inverted pendulum and maintaining an equilibrium in the 

vertical upward position, both using simulation and experimentation. The trajectories and optimal 

control with sufficient weights are approximated using a numerical method. Gradient descent and 

algebraic descent are the numerical methods used for obtaining optimal control functions. 

Experimentally, swing-up is to be controlled with ad hoc strategies: energy shaping and exponentiation 

of the pendulum position.  The equilibrium at the upward position, achieved by the linear controller, 

can be easily disturbed by a small perturbation. So, the region of stability where equilibrium can be 

maintained for the maximum input voltage is found on the basis of a binary search algorithm. 

 

6.2   RELATED WORK  

Various control techniques have been proposed in the past for stabilizing and swinging up the 

pendulum. A nonlinear optimal H-infinity control technique was suggested in [219,220] for the 

wheeled inverted pendulum (IP) model under the conditions of model uncertainty and outside 

disturbances.  It used Lyapunov analysis to demonstrate the stability characteristics of the wheeled IP. 

But they do not discuss the challenges and robustness in handling the uncertainties. A variant of the 

grey wolf optimization using PSO based on adaptive constants was presented in [221]. This variant 

was tested using 23 benchmark functions to ensure its viability. Additionally, the Reduced Linear 
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Quadratic Regulator (RLQR) was used in conjunction with Variable Structure Adaptive Fuzzy 

(VSAF) to balance the inverted pendulum. Mai-Phuong et al. [222] proposed a PD-like fuzzy logic 

methodology integrated with a modified GA optimization technique to balance a cart-type practical 

inverted pendulum model. The modified GA was used for the fast optimization of the six scaling 

factors/coefficients of the FLC. Simulation and practical experiment results showed the effectiveness 

of this approach in accelerating global convergence and improving the control quality in comparison 

to conventional PID controllers and single FLC. 

An adaptive fuzzy logic proportional integral control design based on machine learning was 

presented in [223] for balancing and controlling the motion of a mobile IP robot with variable load. A 

robust control against time-varying uncertainties was achieved using an adaptive optimal controller in 

[224] at any point of time. Sahnehsaraei et al. [225] presented a feedback linearization-based optimum 

control technique for handling/addressing the stabilization issue of a cart-type IP system having time-

varying uncertainties.  An approach to discrete-time nonlinear model predictive control based on 

Taylor series expansion for prediction, discrete-time state-space models, and performance index 

optimization was suggested by Sotelo et al. [226]. Since both the unstable under-actuated state 

variables and fully-actuated state variables are stabilized simultaneously, therefore, the stabilization of 

the Rotary Inverted Pendulum (RotIP) system becomes more challenging. 

Alvarez-Hidalgo et al. [227] presented a state space feedback control approach for gain 

scheduling of an IP system with two operating modes i.e. static balancing mode and a velocity control 

mode. A velocity and position controller based on the state-space model of the linear dynamic system 

was used to simulate the pendulum system in MATLAB to examine the difference in behaviour. In 

contrast to the velocity control mode, the control was more responsive and resilient to disturbances in 

static equilibrium mode.  

A modified optimal adaptive fuzzy logic control approach was presented in [228] for the 

inverted pendulum model using Fractional-Order derivatives that were optimally chosen using PSO 

without disturbance to build the adaptive laws. The stability of this method was proven 

mathematically using the Lyapunov approach. For the stabilization control of RotIP, a hybrid control 

technique was presented in [229] based on fuzzy logic controllers, LQR controllers and energy 

balance. In order to provide robust control performance, the state feedback gains based on fuzzy logic 

were dynamically modified by minimizing the error between actual and desired states. However, the 

problem with fuzzy controllers is that they are difficult to tune without accurate system knowledge. 

Llama et al. [230] proposed an adaptive full-state feedback fuzzy controller for tracking the 

trajectory of a cart-type IP system. The stability, position and velocity of the pendulum for the closed-

loop system were verified using the Lyapunov synthesis approach. This controller was heuristically 

tuned via evolutionary algorithms like PSO, firefly algorithm and differential evolution for optimizing 

the performance via simulation and real-time experiments. Bejarbaneh et al. [231] introduced a 
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technique to optimize a PID-MRAC in order to balance a nonlinear IP in a vertical-upright position. 

Constriction coefficient PSO and differential evolution algorithms were used to determine the 

controller’s parameters. Then, the efficiency of these approaches has been evaluated in terms of time 

response, transient response and peak overshoot characteristics. 

 

6.3   PROBLEM STATEMENT 

Even though a lot of control strategies have been used to regulate the IP system's angular position 

with greater accuracy and oscillation dampening, but they have problems such as higher-order 

nonlinearities, time delays, chattering and discontinuity. This chapter presents a continuous Linear 

Quadratic Gaussian controller based on the optimal control strategy for swinging up the RotIP and 

maintaining an equilibrium in the vertical upward position, using both simulation and practical 

experiments. The proposed LQG controller determines the stable boundary regions of the rotary 

inverted pendulum and maintains the equilibrium quickly when the system is subjected to any 

external perturbations. 

 

6.4   OPTIMAL CONTROL OF ROTARY INVERTED PENDULUM  

A rotary inverted pendulum system is an improved optimal control technique that can manage 

challenging and limited linear and non-linear dynamic systems [232]. RotIP is a crucial control 

system in contemporary control theory due to its unstable, non-linear and state coupling 

characteristics [233]. The RotIP system comprises a pendulum that rotates freely in the vertical 

direction. The pendulum would then reach its upright equilibrium position by the use of a swing-up 

motion employing a pivot arm in the horizontal plane.  

This section presents the mathematical modelling for the optimum control of RotIP. This work 

uses a Rotary Servo Base Unit coupled Quanser RotIP module [234] as displayed in Fig. 6.1. The 

hardware consists of a VoltPAQ-X2 power amplifier, Q2 USB DAQ control board, and the single 

IP installed on the Quanser SRV02 based device. Quanser offers the QUARC control environment in 

MATLAB/Simulink for real-time implementation. Two optical shaft encoders are also included in this 

system for measuring the rotary arm and pendulum angles. The data acquisition device (Q2 USB 

DAQ) is used to gather data from the encoders and deliver it to the computer. The control signal is 

received by the DAQ device from the computer, amplified by the VoltPAQ-X2 power amplifier, and 

then fed to the motor.   
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Figure 6.1.  Experimentation setup of RotIP with LQG controller 

 

Let the trajectory, 𝑥(𝑡) be defined as  

𝑥̇ = 𝑓[𝑥(𝑇), 𝑢(𝑡)]                                                                                                           (6.1) 

And cost function 𝑂[𝑢(𝑡)] is defined in the form 

𝑂[𝑢(𝑡)] = ∫ 𝜆[𝑥(𝑇), 𝑢(𝑡)]

𝑡2

𝑡1

𝑑𝑡 +  𝜒[𝑥(𝑇)]                                                               (6.2) 

where, 𝜒[𝑥(𝑇)] is cost term, 𝜆[𝑥(𝑇), 𝑢(𝑡)] is the running cost function indicating the transient cost 

and 𝑢 is the input variable. Minimizing the Hamiltonian at every instant, the cost function can be 

rewritten in the form 

𝑂[𝑢(𝑡)] =  
1

2
𝑤1𝑥(𝑇)𝑇𝑄1𝑥(𝑇) + ∫ {

1

2
𝑤2𝑥(𝑡)𝑇𝑄2𝑥(𝑡) +

1

𝑚
𝑤3|𝑢(𝑡)|𝑚} 𝑑𝑡

𝑇

0

                   (6.3) 

where 𝑤𝑖 ∈ 𝑅 , 𝑄𝑖 ∈ 𝑅𝑛×𝑛 is by convention normalization. 𝑤𝑖 are the relative weights.  

In this form, the following set of 2n first-order differential equations hold 

𝜒[𝑥(𝑇)] =
1

2
𝑤1𝑥(𝑇)𝑇𝑄1𝑥(𝑇), 𝜒𝑥[𝑥(𝑇)] = 𝑤1𝑥(𝑇)𝑇𝑄1                                       (6.4) 

𝜆[𝑥(𝑇), 𝑢(𝑡)] =
1

2
𝑤2𝑥(𝑡)𝑇𝑄2𝑥(𝑡) +

1

𝑚
𝑤3|𝑢(𝑡)|𝑚                                                                

𝜆𝑥[𝑥(𝑇), 𝑢(𝑡)] = 𝑤2𝑥(𝑡)𝑇𝑄2                                                                                      (6.5) 

If m=1, the cost function is said to be optimized from 𝐿1 norm and if m=2, the cost function is said to 

be optimized from 𝐿2 norm. The trajectories and optimal control with sufficient weights are 

approximated using a numerical method.    

In the case of 𝐿1 norm, the Hamiltonian can be expressed as  

𝐻(𝑢) =
𝜆5

𝑍𝑚
𝑢 + 𝜒3|𝑢|                                                                                                    (6.6) 
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And the optimal control input (𝑢∗), can be expressed as 

𝑢∗ = {

𝑢𝑠𝑎𝑡−, 𝜒3𝑍𝑚 < 𝜆5

0,−𝜒3𝑍𝑚 < 𝜆5 < 𝜒3𝑍𝑚

𝑢𝑠𝑎𝑡+, −𝜒3𝑍𝑚 > 𝜆5

                           (6.7) 

Similarly, in the case of 𝐿2 norm, the Hamiltonian and 𝑢∗ can be expressed as 

𝐻(𝑢) =
𝜆5

𝑍𝑚
𝑢 +

𝜒3|𝑢
2|

2
                                          (6.8) 

𝑢∗ =
−𝜆5(𝑡)

𝜒3𝑍𝑚
                                                              (6.9) 

Gradient descent and algebraic descent are the numerical methods used for obtaining the optimal 

control functions. The piece-wise optimal control function by Gradient descent is expressed as  

𝑢(𝑗+1)(𝑡𝑛) = 𝑢𝑗(𝑡𝑛) − 𝜏∇𝑢𝐻(𝑡𝑛)                      (6.10) 

In the case of algebraic descent, the Hamiltonian is optimized at every instant. At a particular time, 𝑢∗ 

is expressed as 

𝑢∗(𝑡𝑛) = 𝑢(𝑖+1)(𝑡𝑛)                                              (6.11) 

Hamiltonian time function with 100, 400 and 1000 iterations for both L1 norm and L2 norm are 

shown in Fig. 6.2. Cost function vs number of iterations for optimizing the rotary inverted pendulum 

with both L1 norm and L2 norm are shown in Fig. 6.3. 

  
(a) (b) 

Figure 6.2.  Hamiltonian time function with different iterations in (a) L1 norm (b) L2 norm 

 

 
Figure 6.3.  Cost function of L1 and L2 norm 
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6.5   TRAJECTORY CONTROL OF INVERTED PENDULUM USING 

         LQG CONTROLLER 

A Continuous Linear Quadratic Gaussian controller is designed for non-linear systems on the basis of 

optimum control theory. Here, the superposition theorem is valid, so designing of LQG controller can 

be done separately for both the regulator and estimator. 

 

6.5.1   Designing Linear Quadratic Regulator  

The primary objective of the Linear Quadratic Regulator (LQR) is to find the gain vector (𝐾𝑓) for 

state space feedback law as shown in Eq. (6.12). 

𝑢 = −𝐾𝑓𝑥                                                               (6.12) 

which is applied to the system to minimize the cost function. 

𝐽𝑟 = ∫ 𝑥𝑥𝑇𝑄𝑟 + 𝑢𝑢𝑇𝑊𝑟                                    (6.13)
∞

0

 

After applying Pontryagin’s minimum principle to LQR, the Algebraic Riccati equation will be 

𝐴𝑇𝑃 + 𝐴𝑃 − 𝑃𝐵𝐵𝑇𝑊𝑟
−1𝑃 + 𝑄𝑟                        (6.14) 

And the feedback gain (𝐾𝑓) is given by 

𝐾𝑓 = 𝑊𝑟
−1𝑃𝐵                                                         (6.15)  

Figure 6.4 displays the block diagram representation of the state space feedback controller when it is 

subjected to D=0. 

  
Figure 6.4.  Block representation of Linear Quadratic Regulator controller 

 

6.5.2   Designing Linear Quadratic Estimator 

It is also known as the Kalman Filter approach which provides an estimation for the state space model 

of the system when both the model and measurements are subjected to uncertainties. Figure 6.5 

displays the block representation of the state space feedback controller with an Estimator when 

subjected to D=0. 

Let the system be subjected to Gaussian noise 

{
𝑥̇ = 𝐴𝑥 + 𝐵𝑦 + 𝑤
𝑦 = 𝐶𝑥 + 𝐷𝑢 + 𝑣

                                             (6.16) 
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And covariances be  

𝑄𝑒 = 𝐸𝑤𝑤𝑇 &  𝑊𝑒 = 𝐸𝑣𝑣𝑇                               (6.17) 

 
Figure 6.5.  Block diagram of Linear Quadratic Estimator controller 

 

The optimal estimator is the Kalman Filter with gain (𝐿𝑘) is  

𝐿𝑘 = ∑𝐶𝑇𝑊𝑒
−1                                                       (6.18) 

where, ∑ is the solution of the Riccati equation.  

The state estimation is dynamic and is given as Eq. (6.19). 

𝑥̇̃ = (𝐴 − 𝐿𝑘𝐶)𝑥̃ + 𝐵𝑢 + 𝐿𝑘𝑦                                (6.19)  

 

6.5.3   Designing Linear Quadratic Gaussian Controller 

LQR and Linear Quadratic Estimator (LQE) are simply combined to create the LQG processor. Figure 

6.6 displays the block representation of the Linear Quadratic Gaussian controller. 

{
𝑥̇̃ = (𝐴 − 𝐵𝐾𝑓 − 𝐿𝑘𝐶)𝑥̃ − 𝐿𝑘(𝑥𝑟 − 𝑦)

𝑢 = −𝐾𝑓𝑥
                 (6.20)   

  
Figure 6.6.  Full block representation of Linear Quadratic Gaussian Controller 

 

6.5.4   Determining Stability Region 

The equilibrium at the upward position, achieved by the linear controller, can be easily disturbed by a 

small perturbation. So, there should be a region of stability where equilibrium can be maintained for 

maximum input voltage. The stability region can be found on the basis of a binary search algorithm.  



  

101 
 

The algorithm is as follows:  

Step 1: Initially, a known point is taken inside the stability region. 

Step 2: The binary search, having ‘n’ number of iterations, is conducted within a line segment 

with 2 − 2−(𝑛−1) steps. At every iteration, the stability of the point is determined. By doing this, the 

stable region can be determined with an error of ≤
𝑠𝑡𝑒𝑝

2𝑛 . 

Step 3: After getting the stable boundary, an angular binary search with ‘n’ number of iterations 

is performed. The points that lie on a circle, are examined for stability and the angle is updated for the 

best estimation. By doing this, the angle estimation can be determined with an error of ≤
𝑠𝑡𝑒𝑝

2𝑛 . This 

stable point is considered the centre of the next angular binary search operation. 

Step 4: This method advances by recursively applying step 3 until we get a 360° angled 

boundary around that initial point. 

 

6.6   RESULTS AND DISCUSSIONS 

The generated trajectories of swing-up control of RotIP, based on both energy shaping and 

exponentiation approach are discussed here. Both simulated and experimental results are shown. LQG 

controller tries to maintain the quick equilibrium position in the upward position after a sudden 

perturbation.  

 

6.6.1 Control Function and Trajectories Generated with L1 and L2 Norm 

The trajectories generated and optimal control functions based on proper weights with L1 norm and 

L2 norm are approximated by a numerical method as illustrated in Fig. 6.7. The number of iterations 

increases in the direction of the arrow. The direction of the arrow signifies the increase in number of 

iterations. As the number of iterations increases, the deviation decreases. 

  
(a) (b) 

Figure 6.7.  Control function and trajectories generated with (a) L1 norm (b) L2 norm, where arrows indicate an 

increase in the number of iterations.  



  

102 
 

6.6.2 Region of Convergence with Different Conditions 

Simulation of the non-linear model using LQG controller is illustrated in Fig. 6.8. The Equilibrium 

state of the pendulum for having the maximum initial angle, is achieved using ′𝑢′. The lines represent 

the region of convergence with conditions 𝑥1(0) = 0, 𝑥2(0) = 0 𝑎𝑛𝑑 𝑥5(0) = 0 in the case of Fig. 

6.8(a) and 𝑥1(0) = 0 𝑎𝑛𝑑 𝑥5(0) = 0 in the case of Fig. 6.8(b). The state space is of 5 dimensions. 

These boundaries signify the region where RotIP can be stabilized by the linear controller.  

  
(a) (b) 

Figure 6.8. Region of convergence in case of (a) 𝑥1(0) = 0, 𝑥2(0) = 0 and 𝑥5(0) = 0 (b) 𝑥1(0) = 0 and  

𝑥5(0) = 0 

 

6.6.3   Trajectories of Swing-Up Control with L1 and L2 Norm  

The trajectories of swing-up control of the pendulum, performed with optimal control L1 norm and L2 

norm are shown in Fig. 6.9. The reference inputs are set to zero at t=0.9s and t=1.8s, in case of L1 

norm and L2 norm respectively and the sampling time of 1ms is considered in both cases. 

  
(a) (b) 

Figure 6.9.  Swing-up performed with (a) L1 norm (b) L2 norm 

 

6.6.3 Trajectories of Swing-Up Control with Energy Shaping and Exponential 

Approaches 

The trajectories of swing-up of the RotIP, performed with energy shaping and exponential approaches 

are illustrated in Fig. 6.10. For both cases, the open-loop simulation, closed-loop simulation and 
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closed-loop experimental results are compared. For open-loop simulation, experimental data input is 

applied to the device model with no feedback control. In closed-loop simulation and experimentation, 

the energy shaping method is used for controlling with a sampling time of 1ms.  

  

(a) (b) 

Figure 6.10.  Swing-up trajectories with (a) energy shaping approach (b) exponential approach 

 

6.6.5   Trajectories of Swing-Up Control with Energy Control 

The trajectories of the swing-up control of the RotIP, performed with energy control are shown in Fig. 

6.11(a) and equilibrium is maintained with the LQG controller after t = 1.7s. An external perturbation 

is applied to the pendulum at t=14.8s, shown by an arrow in Fig. 6.11(b). After the perturbation, there 

is a sudden spike in the response but the designed LQG controller tries to maintain the equilibrium 

quickly.  

  
(a) (b) 

Figure 6.11.  Swing-up trajectories with (a) energy control (b) energy control and equilibrium maintained with 

the LQG controller. 

 

6.7   SUMMARY 

This chapter proposed an effective control method using a continuous Linear Quadratic Gaussian 

(LQG) controller based on the optimal control strategy for swinging up the rotary inverted pendulum 

and maintaining an equilibrium in the vertical upward position, using both simulation and 
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experimentation analysis. While following the trajectories, the deviation decreases with an increase in 

the number of iterations. The stable boundary regions of the inverted pendulum can be determined by 

the LQG controller. The designed LQG controller tries to maintain the equilibrium quickly when the 

system is subjected to any external perturbations.  
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Chapter 7 

Robust Control of Rotary Inverted Pendulum 

using Metaheuristic Optimization Techniques 

Based PID and Fractional Order PID 

Controller 

 
 

 

7.1   INTRODUCTION 

Rotary inverted pendulum (RotIP) innates unstable and underactuated behaviour that is helpful in the 

realisation of many real-world problems. It is very challenging to identify and control the dynamics of 

the RotIP system due to its nonlinear, complex, underactuated and unpredictable nature. The primary 

objective of this chapter is to improve the swing-up and stabilization performances of RotIP in 

comparison to the existing approaches. This chapter aims to propose the modelling and optimal design 

of a PID and Fractional Order PIλDμ Controller with Integral ANTI-WINDUP technique along with 

variable velocity setpoints for the robust stabilization and control of the RotIP system using 

metaheuristic optimization techniques. The parameters P, I, λ, D and μ of the Fractional Order PIλDμ 

Controller are tuned by two optimization techniques i.e. Genetic Algorithm and Particle Swarm 

Optimization based on Integral Time Absolute Error (ITAE). The pendulum angle, rotary arm angle 

and controlled input voltage comparisons are executed with the developed control schemes for both 

simulation and real-time experimentation purposes. The analysis of transient response and steady-state 

response of both simulation and real-time experimentation implies that Fractional Order PIλDμ 

compensator provides overall better control performances as compared to conventional PID controllers 

for the RotIP system. PSO provides much better-optimized results for both PID and PIλDμ controllers 

as compared to the results provided by GA. 
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7.2   RELATED WORK   

Rotary inverted pendulum serves as a testbed for the class of underactuated mechanical systems and 

many other complex nonlinear engineering applications including balancing of two-wheelers [235], 

ankle joint control, crane mechanisms, the orbital motion of satellites, quad-rotor helicopters [236] 

and many others along with large-scale uses like military, transportation, and medical applications etc 

[237,238]. However, due to the significant underactuation and high nonlinearities of the system, the 

control of RotIP becomes a very challenging problem in the field of control and robotics. The 

literature review of RotIP identifies four general control issues:   

a) Swing-up control involves moving the pendulum from a stable downward position to an 

unstable upward position.  

b) Stabilisation control involves keeping the pendulum in its upward position.  

c) Switching control involves the switching between swing-up and stabilisation control.  

d) Trajectory tracking control directs the arm to follow a specific time-varying trajectory while 

keeping the pendulum in its upward-pointing orientation.  

 

Different kinds of control algorithms have been used in the past to achieve these control 

objectives. In most cases, both stabilization control and swing-up control objectives are implemented 

together because a stabilization controller is needed to stabilize the pendulum when it swings closer to 

the upright equilibrium position. To improve control performance for stabilisation control, various 

controller approach designs have been proposed. A Fast hybrid dual-mode non-linear model 

predictive control method was introduced for the stabilisation and swing-up control of a parallel 

double inverted pendulum (IP) using a control parameterisation [239,240]. Pratheep et al. [241] 

proposed a PID controller with a genetic algorithm (GA) to hold the IP in its upright position from the 

downward direction by optimizing the controller’s parameters. This controller enhanced the 

performance indexes in comparison to the conventional PID controller by holding minimum settling 

time and peak overshoot. The effectiveness of an optimised fuzzy logic controller was investigated in 

[242] using genetic algorithms for the swing-up and stabilisation control of a twin-arm IP system. The 

black-box method was used for the controller design and Lyapunov criteria was utilized by the fuzzy 

controller to ensure system stability.  

Chawla et al. [243] proposed an LQR-based adaptive neuro-fuzzy inference system controller to 

address the real-time stabilization problem of the RotIP. The problem with LQR-based schemes is that 

some unusual computational modelling errors and parametric uncertainties tend to degrade their 

performance. Although these control systems function very well, but they are both intricate and 

challenging to put into practice. A robust H∞ controller with 𝜇-synthesis architecture has been 

designed in [244] to control a RotIP in its upright equilibrium position within a tolerable desired angle 

margin. Robust stability and performance analysis was done along with rudimentary pole placement 
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analysis for a given degree of the actuator and modelled uncertainties. Zakeri et al. [245] proposed a 

hierarchical sliding surface with an interval type-2 fuzzy fractional order super twisting algorithm 

which utilized a multi-tracker optimization technique to optimize the controller’s parameters for 

reducing chattering, improving tracking accuracy, and decreasing the control effort in the presence of 

uncertainty in different underactuated systems. 

An FPID controller and a fractional order MRAC were proposed in [246] for the stability 

analysis of the IP system. A PID controller and Find minimum of constrained nonlinear multivariable 

function (FMINCON) numerical optimization algorithm was utilized to optimize the FPID controller 

using a scaler objective function called Integral time square error (ITSE). A fractional-order sliding 

mode control (SMC) approach under the Smith predictive method was proposed in [247] for the 

second-order IP system with delay. The efficacy of the approach was validated using numerical 

simulations through MATLAB software and stability was proved through the Lyapunov theorem. 

Wang et al. [248] introduced a hierarchical SMC approach for the modelling and trajectory tracking of 

spatial IP which used a heterogeneous comprehensive learning PSO algorithm to optimize the control 

parameters for the hierarchical SMC. However, these approaches have additional fluctuations and 

steady-state errors. 

Pandey et al. [249] introduced a robust control framework for a RotIP using an optimal control 

approach which used the Lyapunov stability technique with regards to a cost function for 

incorporating the maximum limit on the uncertainties. A non-quadratic term was also added to solve 

the bounded robust control issue based on the Hamilton–Jacobi–Bellman equation. Dwidei et al. [250] 

investigated a fractional controller approach for stabilizing a RotIP in an upright position by 

minimizing the deviations in the rotational arm. The parameters of the fractional controller were tuned 

using dynamic PSO and a frequency response graphical tuning method. The saturation non-linearity is 

compensated by incorporating a back-calculation anti-windup technique.  

Masrom et al. [251] proposed a PSO and spiral dynamic algorithm (SDA) based interval type-2 

FLC mechanism to reduce noise/vibration and cater for uncertainties in a triple-link IP system. 

SimWise 4D software environment was used to develop the IP model and then integrated with 

MATLAB/Simulink. The PSO and SDA were used to find optimal values for controller gains and 

parameter values of the interval type-2 FLC membership function. However, the rule explosion issue 

with fuzzy controllers for multivariable systems is challenging. Gutarra et al. [252] implemented a 

cascade fuzzy controller on a non-linear RotIP system which used GA for tuning the parameters of the 

FLC membership functions. Comparative analysis showed that a fuzzy controller covers a larger 

range of operating points even in the presence of typical disturbances than a conventional LQR 

controller. 

Alimoradpour et al. [253] proposed an optimal FLC to control a real-time IP system by 

optimizing its parameters like fuzzy rules, membership function and the learning process length using 
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a genetic evolutionary algorithm. The integration of GA and Mamdani fuzzy controller solved the 

inverse pendulum control problem. Vishnu et al. [254] proposed an approach to stabilize an IP using 

PID and fuzzy modelling which used PSO to optimize the control system parameters. The simulation 

results showed an improvement in speeding up the convergence process and achieving control over 

non-linear and unstable processes in comparison to GA. Nagarajan et al. [255] suggested a coherently 

tuned control approach to resolve the non-linearity issues of the underactuated RotIP systems which 

used a modified Manhattan distance updated whale optimization algorithm to optimize the controller 

parameters.   

 

7.3    PROBLEM STATEMENT 

A system is said to be efficient when it overcomes the limitations such as fluctuations in control input 

and output signals, steady-state errors, latency in angular position sensing, computational complexity, 

higher order nonlinearities, time delays, chattering and discontinuity while also maintaining a low 

cost. Therefore, there is a need to design and develop a more stable, reliable, robust and high-

performance controller to control the dynamics of the RotIP system. This chapter proposes the 

modelling and optimal design of a PID and Fractional Order PIλDμ (FPID) controller with Integral 

ANTI-WINDUP technique along with variable velocity setpoints (𝑉𝑠𝑤) and optimization using GA 

and PSO techniques for the robust stabilization and control of the RotIP system by allowing more 

degrees of freedom in comparison to its integer-order counterparts. The proposed system aims to 

accomplish two objectives in particular:   

• To keep the pendulum balanced and to preserve some degree of tolerance for a vertical 

upright position.  

• To bring the pendulum out of its state of passive equilibrium and into its upright posture so 

that the balancing controller can achieve balance. 

The primary feature of the proposed controller is that it resolves the issues of robustness, 

accuracy, dependability and complexity in comparison to many existing algorithms.  

 

7.4   MATHEMATICAL MODELLING AND DESIGN 

The hardware setup consists of a QUANSER-made RotIP which is fixed on the ground. So, the 

system can neither be moved forward nor backwards. The rotary arm pivot is connected to the rotary 

servo system and the pendulum link is connected to the rotary arm as displayed in Fig. 7.1. The 

pendulum is designed to move upright from the downward inverted position, and the rotary arm can 

move freely in both clockwise and anti-clockwise direction. It is very challenging to keep the 

pendulum in the vertical upright position with very little vibrations despite having only two degrees of 
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freedom. The RotIP system is a SIMO system comprising multiple outputs controlled by a single 

input. Disturbances affecting one output can interfere with the control of the other output. The non-

linear nature of the RotIP system makes it very critical to control the pendulum dynamics. Figure 7.1 

shows the model of RotIP. The model has the following conventions. The pendulum has length 𝐿𝑃, 

mass 𝑀𝑃 and centre of mass at 𝐿𝑝 2⁄ . 𝐽𝑃 is the moment of inertia about its centre of mass. 𝛽 is defined 

as the angle of the inverted pendulum but 𝛽 is zero when the pendulum is in an upright vertical 

position. The rotary arm, that is attached to the SRV02 system has length 𝐿𝑅,  moment of inertia 𝐽𝑅 

and its angle is ∅, and it will be positive when the servo is moved in the anti-clockwise direction. 

 
Figure 7.1. Model of rotary inverted pendulum system 

The dynamics of the rotary arm and inverted pendulum are described by the Euler-Lagrange equation. 

𝜕2𝐿

𝜕𝑡𝜕𝑞𝑖̇
−

𝜕𝐿

𝜕𝑞𝑖
= 𝑄𝑖                                                                   (7.1) 

where, 𝑄𝑖 are generalised coordinates. For this system, suppose 

𝑞(𝑡)𝑇 = [∅(𝑡)𝛽(𝑡)]                                                               (7.2) 

So, 

𝑞(𝑡)𝑇̇ = [
𝜕

𝜕𝑡
∅(𝑡).

𝜕

𝜕𝑡
𝛽(𝑡)]                                                  (7.3) 

 

After defining the generalized coordinates, the Euler-Lagrange equation of the system becomes 

𝜕2𝐿

𝜕𝑡𝜕∅̇
−

𝜕𝐿

𝜕∅
= 𝑄1                                                                    (7.4) 

𝜕2𝐿

𝜕𝑡𝜕𝛽̇
−

𝜕𝐿

𝜕𝛽
= 𝑄2                                                                    (7.5) 

The Lagrange is of the form 

𝐿 = 𝑇𝐸 − 𝑃𝐸                                                                          (7.6) 

where 𝑇𝐸, 𝑃𝐸 are total energy and potential energy respectively. The generalized forces on the rotary 

arm and pendulum are 

𝑄1 = −𝐵𝑅∅̇ + 𝜏, 𝑄2 = −𝐵𝑃𝛽̇                                      (7.7)  
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So, the RotIP can be described by the following non-linear equations of motion 

{𝑀𝑃𝐿𝑅
2 +

1

4
𝑀𝑃𝐿𝑃

2 (1 − 𝑐𝑜𝑠2𝛽) + 𝐽𝑅} ∅̈ − (
1

2
𝑀𝑃𝐿𝑃𝐿𝑅 cos𝛽) 𝛽̈ + (

1

2
𝑀𝑃𝐿𝑃𝐿𝑅 sin𝛽)𝛽2̇ +

1

2
(𝑀𝑃𝐿𝑃

2 sin𝛽 cos𝛽)𝛽̇∅̇ = −𝐵𝑅∅̇ + 𝜏                                                                            (7.8)                

 

(𝐽𝑃 +
1

4
𝑀𝑃𝐿𝑃

2 ) 𝛽̈ −
1

2
𝑀𝑃𝐿𝑃𝐿𝑅 cos𝛽 ∅̈ −

1

4
𝑀𝑃𝐿𝑃

2 sin 𝛽 cos𝛽 ∅2̇ −
1

2
𝑀𝑃𝐿𝑃 sin𝛽 𝑔 = −𝐵𝑃𝛽̇            (7.9)           

The torque generated by the servo arm at the base of the rotary arm is given by 

𝜏 =
𝐾𝐺𝜂𝐺𝜂𝑀𝐾𝑡(𝑉𝑀 − 𝐾𝐺𝐾𝑀𝜙̇)

𝑅𝑀
                                                    (7.10) 

However, the torque cannot be controlled directly. Instead of this, there’s a need to control the servo 

input voltage. For controlling the torque and for implementation of PID and FPID controller, it is 

necessary to linearize the model first. So, the Eq. (7.8) and Eq. (7.9) are linearized at 𝜙0 = 0,𝜙0̇ =

0, 𝛽0 = 0 𝑎𝑛𝑑 𝛽0̇ = 0 to get the linearized function as shown in Eq. (7.13) and Eq. (7.14). 

Now, linearizing Eq. (8) at, 𝜙0 = 0,𝜙0̇ = 0, 𝛽0 = 0 𝑎𝑛𝑑 𝛽0̇ = 0. 

Let variable z be 𝑧𝑇 = [𝜙, 𝛽, 𝜙,̇ 𝛽,̇ 𝜙,̈ 𝛽̈] 

𝑓(𝑧) = {𝑀𝑃𝐿𝑅
2 +

1

4
𝑀𝑃𝐿𝑃

2 (1 − 𝑐𝑜𝑠2𝛽) + 𝐽𝑅} ∅̈ − (
1

2
𝑀𝑃𝐿𝑃𝐿𝑅 cos𝛽) 𝛽̈ + (

1

2
𝑀𝑃𝐿𝑃𝐿𝑅 sin𝛽)𝛽2̇

+
1

2
(𝑀𝑃𝐿𝑃

2 sin𝛽 cos𝛽)𝛽̇∅̇                                                         (7.11) 

The linearized forms for Eq. (7.8) are 

 
𝜕

𝜕∅̇
𝑓(𝑧)|𝑧 = 𝑧0 = 0,

𝜕

𝜕𝛽̇
𝑓(𝑧)|𝑧 = 𝑧0 = 0,

𝜕

 𝜕∅
𝑓(𝑧)|𝑧 = 𝑧0 = 0,

𝜕

𝜕𝛽
𝑓(𝑧)|𝑧 = 𝑧0 = 0,

𝜕

𝜕𝛽̈
𝑓(𝑧)|𝑧 =

𝑧0 = −
1

2
𝑀𝑃𝐿𝑃𝐿𝑅,

𝜕

𝜕∅̈
𝑓(𝑧)|𝑧 = 𝑧0 = 𝐽𝑅 + 𝑀𝑃𝐿𝑅

2                                                      (7.12) 

 

The final linearized function for Eq. (7.8) becomes  

𝑓(𝑧)𝑙𝑖𝑛(8) = 𝐽𝑅 + 𝑀𝑃𝐿𝑅
2 −

1

2
𝑀𝑃𝐿𝑃𝐿𝑅 = −𝐵𝑅∅̇ + 𝜏                                                           (7.13) 

Similarly, the final linearized function for Eq. (7.9) becomes 

𝑓(𝑧)𝑙𝑖𝑛(9) = (𝐽𝑃 +
1

4
𝑀𝑃𝐿𝑃

2 ) 𝛽̈ −
1

2
𝑀𝑃𝐿𝑃𝐿𝑅∅̈ −

1

2
𝑀𝑃𝐿𝑃𝑔𝛽 = −𝐵𝑃𝛽̇                           (7.14) 

The linear state-space model is described by Eq. (7.15) 

𝑥̇ = 𝐴𝑥 + 𝐵𝑢, 𝑦̇ = 𝐶𝑥 + 𝐷𝑢,                                                 (7.15) 

In this case, only link angles and servo position are measured. So, the state and output are defined as  

𝑥𝑇 = [∅ 𝛽 ∅̇ 𝛽̇] & 𝑦𝑇 = [𝑥1 𝑥2]                                                     (7.16) 

and 
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𝐶 = [
1 0 0 0
0 1 0 0

]  & 𝐷 = [
0
0
]                                                                                                                    (7.17) 

The linearized equations in matrix form become 

[
𝑀𝑃𝐿𝑅

2 + 𝐽𝑅 −
1

2
𝑀𝑃𝐿𝑃𝐿𝑅

−
1

2
𝑀𝑃𝐿𝑃𝐿𝑅 𝐽𝑃 +

1

4
𝑀𝑃𝐿𝑃

2

] [
∅̈

𝛽̈
] + [

𝐵𝑅 0
0 𝐵𝑃

] [
∅̇

𝛽̇
] + [

0

−
1

2
𝑀𝑃𝐿𝑃𝑔𝛽

] = [
𝜏
0
]                                   (7.18) 

 

Solving the above matrix in Eq. (7.18) for acceleration, we get 

∅̈ =

1
2

𝑀𝑃𝐿𝑃𝐿𝑅𝐵𝑅∅̇ − (𝑀𝑃𝐿𝑅
2 + 𝐽𝑅)𝐵𝑃𝛽̇ +

1
2

𝑀𝑃𝐿𝑃𝑔(𝐽𝑅 + 𝑀𝑃𝐿𝑅
2 )𝛽 +

1
2

𝑀𝑃𝐿𝑃𝐿𝑅𝜏

𝐽𝑃𝑀𝑃𝐿𝑅
2 +

1
4

𝑀𝑃𝐽𝑅𝐿𝑃
2 + 𝐽𝑅𝐽𝑃

                       (7.19) 

 

Let 𝐸 = 𝐽𝑃𝑀𝑃𝐿𝑅
2 +

1

4
𝑀𝑃𝐽𝑅𝐿𝑃

2 + 𝐽𝑅𝐽𝑃                                                                                                           (7.20) 

So, the linear state-space model of the rotary pendulum is represented as 

𝐴 =
1

𝐸

[
 
 
 
 
 
0 0 1 0
0 0 0 1

0
1

4
𝑀𝑃

2𝐿𝑃
2 𝐿𝑅𝑔 −𝐵𝑅 (

1

4
𝑀𝑃𝐿𝑃

2 + 𝐽𝑃) −
1

2
𝑀𝑃𝐿𝑃𝐿𝑅𝐵𝑃

0
1

2
𝑀𝑃𝐿𝑅𝑔(𝐽𝑅 + 𝐿𝑅

2 𝑀𝑃)
1

2
𝑀𝑃𝐿𝑃𝐿𝑅𝐵𝑅 −𝐵𝑃(𝐽𝑅 + 𝑀𝑃𝐿𝑅

2 )]
 
 
 
 
 

,              

𝐵 =
1

𝐸

[
 
 
 
 
 

0
0

1

4
𝑀𝑃𝐿𝑃

2 + 𝐽𝑃

1

2
𝑀𝑃𝐿𝑃𝐿𝑅 ]

 
 
 
 
 

, 𝐶 = [
1 0 0 0
0 1 0 0

]  & 𝐷 = [
0
0
]                                                                          (7.21) 

 

7.5   BALANCING CONTROL 

For balancing control, the desired specifications of QUANSER-made RotIP are Natural frequency 

(𝜔𝑛) = 5 𝑟𝑎𝑑/𝑠, damping ratio (𝜁) = 0.707, maximum angle of deflection for the pendulum, |𝛽| <

20 (deg) and maximum control effort, (𝑎𝑚) = 10𝑣.  

The linear state-space model of the rotary pendulum, described in Eq. (7.21), is used to 

investigate the stability. If any of the poles lie in the right-hand plane or if there are multiple poles on 

the hypothetical axis, then it is an unstable system. A system is deemed controllable if the control 

input ′𝑢′ the system includes all state variables, 𝑥𝑗 , 𝑗 = 1… . . 𝑛, from the initial state to the final; 

otherwise, it is uncontrollable and the controllable matrix is represented as 

𝑇𝑐 = [𝐵 𝐴𝐵 𝐴2𝐵 ………… .𝐴𝑛𝐵]                                                                                                                 (7.22) 
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The system is controllable if  𝑟𝑎𝑛𝑘(𝑇𝑐) = 𝑛. The control loop structure for balancing the rotary 

inverted pendulum is depicted in Fig. 7.2.  

 
Figure 7.2. Control loop structure for balancing the rotary inverted pendulum 

 

Let us define the reference state as 𝑥𝑟 = [∅𝑑  0 0 0], where the desired rotary arm angle is ∅𝑑.  

The controller is  

𝑢 = {
𝐾𝑐(𝑥𝑟 − 𝑥)                        |𝑥2| < 𝛿  
0                               𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒          

                                                        (7.23) 

 

where, 𝛿 is the controller engaging angle. The balance control must be enabled only when the 

pendulum is brought up in an upright vertical position and no action is taken in the hanging downward 

position.  

The open loop poles of the rotary pendulum system are -17.11, 8.345, -2.87 & 0. The one pole in 

the right-hand plane indicates that the system is unstable. It is obvious that an inverted pendulum 

cannot be inverted by itself. It will eventually fall without any controlling effect.  

The characteristic equation of the system using open loop poles is 

𝑠4 + 11.6𝑠3 − 117.3𝑠2 − 408.3𝑠 = 0                                                             (7.24) 
 

The companion matrices are  

𝐴̃ = [

0 1 0 0
0 0 1 0
0 0 0 1
0 408.3 117.3 −11.6

]  & 𝐵̃ = [

0
0
0
1

]                                               (7.25) 

 

Using the desired specifications, the desired location of the closed loop poles is -2.81±j2.859, -40 and 

-30. Using these desired poles, the characteristic equation becomes 

𝑠4 + 75.61𝑠3 + 1608𝑠2 + 7840𝑠 + 19200 = 0                                           (7.26) 

 

While applying control action, 𝑢 = −𝐾𝑐𝑥̃, the companion form becomes 𝐴̃ − 𝐵̃𝐾̃, 𝐵̃, where 𝐾𝑐̃ =

[𝑘1 𝑘2 𝑘3 𝑘4] and correspondingly the characteristic equation is  

𝑠4 + (11.6 + 𝑘4)𝑠
3 + (𝑘3 − 117.3)𝑠2 + (𝑘2 − 408.3)𝑠 + 𝑘1 = 0           (7.27) 

 

Comparing Eq. (7.26) & Eq. (7.27), we get 

𝐾𝑐̃ = [19200 8248 1725 64]                                                                              (7.28) 
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For controller gain 𝐾𝑐, we need to calculate the transformation matrix 𝑊 = 𝑇𝑐𝑇𝑐
−1̃, where 𝑇𝑐 is the 

oscillatory time period. The resultant matrices are 

𝑇𝑐 = [

0 83.5 −930.7 16989
0 80.3 −974.6 20780

83.5 −930.7 16989 −272898
80.3 −974.6 20780 −323519

]                                                              

𝑇𝑐̃ = [

0 0 0 1
0 0 1 −11.7
0 1 −11.7 253.1
1 −11.7 253.1 3906

]                                                                                 

 

𝑇𝑐
−1̃ = [

−410.4 −117.4 11.7 1
−117.4 11.7 1 0
11.65 1 0 0

1 0 0 0

]                                                                            

 

𝑊 = [

−3649 41.8 83.5 0
0 −38.8 80.3 0
0 −3649 41.8 83.5
0 0 −38.8 80.3

]                                                        (7.29) 

Now, the balanced controller gain, 𝐾𝑐 = 𝐾𝑐̃𝑊
−1.  

Finally, the generated controller gain, 𝐾𝑐 = [−5.267  30.07 − 2.651  3.549]  

Simulated and experimental responses of state feedback balance control are displayed in Fig. 7.3 

respectively. It is clear from the responses and parametric data shown in Table 7.1 that when the 

rotary arm angle (∅) is tracking a ±20° angle square wave, maximum pendulum angle (𝛽𝑚𝑎𝑥) and 

maximum controlled input voltage (𝑎𝑚𝑎𝑥) for both simulated and experimental responses are within 

the specified limits of |𝛽| < 20 (deg) and maximum control effort (𝑎𝑚𝑎𝑥) = 10𝑣. 

    
(a) (b) 

Figure 7.3. State feedback balance control of (a) Simulated response (b) Experimental response 

 

Table 7.1.  Parametric data of both simulation and experimental responses of state feedback balance control 

S. No. PARAMETERS Simulation Response Experimental Response 

1. 𝛽𝑚𝑎𝑥(deg) 8.4 8.1 

2. 𝑎𝑚𝑎𝑥 (v) 3.8 4.82 
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7.6   SWING-UP CONTROL 

For swinging up the pendulum to an upright vertical position from its downward hanging position, an 

energy-based control strategy is used. The pendulum dynamics are defined as 

𝐽𝑃𝛽̈ +
1

2
𝑀𝑃𝐿𝑃𝑔 sin𝛽 =

1

2
𝑀𝑃𝐿𝑃 cos𝛽 𝑎𝑝                                                        (7.30) 

 

where ′𝑎𝑝′ is the linear pivot acceleration of the link base of the pendulum. And torque in terms of 

′𝑎𝑝′ can be expressed as  

𝜏 = 𝑀𝑅𝐿𝑅𝑎𝑝                                                                                                            (7.31) 

The total energy (𝑇𝐸) of the pendulum can be expressed as  

𝑇𝐸 =
1

2
𝐽𝑃𝛽2̇ +

1

2
𝑀𝑃𝐿𝑃𝑔(1 − cos𝛽)                                                               (7.32) 

Taking the time derivative of 𝑇𝐸, we get 

𝑇𝐸̇ = 𝛽̇ (𝐽𝑃𝛽̈ +
1

2
𝑀𝑃𝐿𝑃𝑔 sin𝛽)                                                                       (7.33) 

Solving for sin𝛽, we get 

sin𝛽 =
𝑀𝑃𝐿𝑃𝑎𝑝 cos𝛽 − 2𝐽𝑃𝛽̈

𝑀𝑃𝐿𝑃𝑔
                                                                          (7.34) 

And  

𝑇𝐸̇ =
1

2
𝑀𝑃𝐿𝑃𝑎𝑝𝛽̇ cos 𝛽                                                                                      (7.35) 

 

The proportional control action that will swing the pendulum to the desired reference energy (𝑇𝐸𝑟) is 

𝑎𝑝 = (𝑇𝐸 − 𝑇𝐸𝑟)𝛽̇ cos 𝛽                                                                                    (7.36) 

The control action magnitude should be large enough for a quick change in energy and it should be 

implemented as  

𝑎𝑝 = 𝑠𝑎𝑡𝑎𝑚𝑎𝑥
{𝜎(𝑇𝐸 − 𝑇𝐸𝑟)𝑠𝑖𝑔𝑛(𝛽̇ cos 𝛽)}                                                  (7.37) 

where, 𝑠𝑎𝑡𝑎𝑚𝑎𝑥
 is the saturated control signal at maximum acceleration, 𝜎 represents the tuneable 

control gain and taking the 𝑠𝑖𝑔𝑛(𝛽̇ cos 𝛽) allows us to switch quickly.  

The servo voltage (𝑉𝑀) in terms of torque is expressed as  

𝑉𝑀 =
𝜏𝑅𝑀

𝐾𝐺𝜂𝐺𝐾𝑡𝜂𝑀
+ 𝐾𝐺𝐾𝑀∅̇                                                                                 (7.38) 

From Eq. (7.31) and Eq. (7.38), the servo voltage (𝑉𝑀) is formulated as 

𝑉𝑀 =
𝑅𝑀𝑀𝑅𝐿𝑅𝑎𝑝

𝐾𝐺𝜂𝐺𝐾𝑡𝜂𝑀
+ 𝐾𝐺𝐾𝑀∅̇                                                                               (7.39) 
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Both balancing control and swing-up control can be combined with the same control law by just 

some changes. When balancing control is not engaged, swing-up control can be enabled. Thus, the 

final controller becomes 

𝑎𝑝 = {
𝐾𝑐(𝑥𝑟 − 𝑥)                                                                 |𝑥2| < 𝛿  

𝑠𝑎𝑡𝑎𝑝(𝑚𝑎𝑥)
{𝜎(𝑇𝐸 − 𝑇𝐸𝑟)𝑠𝑖𝑔𝑛(𝛽̇ cos 𝛽)}                    𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒       

                                      (7.40) 

The term cos𝛽 determines whether the current position is horizontal or below and above the 

horizontal position. If cos𝛽 = 0, it implies the horizontal position and at this position the system is 

uncontrollable. Horizontal arm angle (∅) does not affect this energy. Thus, this variable cannot be 

controlled during swing-up. A slight modification in the above controller in Eq. (7.40) makes a 

smooth transition between the non-linear and stabilizing controllers. Thus, the modified controller is 

formulated as 

𝑎𝑝 = {
𝐾𝑐(𝑥𝑟 − 𝑥)                                                                    |𝑥2| < 𝛿  

𝑠𝑎𝑡𝑎𝑝(max)
{𝜎𝛽𝑛𝑠𝑖𝑔𝑛(𝛽̇ cos 𝛽)}                                   𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒       

                                        (7.41) 

 

7.7   PID AND FRACTIONAL ORDER PID CONTROLLER DESIGN 

The PID compensator in the time domain, when 𝜆, 𝜇 of PIλDμ are considered as unity, is shown in 

Fig. 7.4 and the expression is given as   

𝐾𝑐(𝑡) =  𝐾𝑝{𝑥𝑟(𝑡) − 𝑟(𝑡)} + 𝐾𝑑 [𝑉𝑠𝑝 {
𝑑

𝑑𝑡
𝑥𝑟(𝑡)} − 

𝑑

𝑑𝑡
𝑟(𝑡)] + 𝐾𝑖 ∫(𝑥𝑟(𝑡) − 𝑟(𝑡))𝑑𝑡                   (7.42)               

where 𝐾𝑝, 𝐾𝑖, 𝐾𝑑 are proportional, integral and derivative constants respectively. 𝑉𝑠𝑝 is the velocity 

setpoint and it is considered between 0 and 1. When 𝜆 𝑎𝑛𝑑 𝜇 are considered as non-integer orders, it 

is said to be an FPID controller. In comparison to a typical PID controller, FPID has two additional 

parameters: integral order (𝜆) and derivative order (𝜇), both of which are fractions. This increases the 

system's flexibility and makes the implementation more effective than a standard PID controller. The 

block diagram of a combination of balancing control and swing-up control with PID and PIλDμ 

controller with Integral ANTI-WINDUP is shown in Fig. 7.4. 

 
Figure 7.4. Combination of balancing control and swing-up control 



  

116 
 

The generalized equation of PIλDμ controller, corresponding to Fig. 7.4 is  

𝐾𝑐(𝑡) =  𝐾𝑝{𝑥𝑟(𝑡) − 𝑟(𝑡)} + 𝐾𝑑𝐷−𝜆 [𝑉𝑠𝑝 {
𝑑

𝑑𝑡
𝑥𝑟(𝑡)} − 

𝑑

𝑑𝑡
𝑟(𝑡)] + 𝐾𝑖𝐷

𝜇 ∫(𝑥𝑟(𝑡) − 𝑟(𝑡))𝑑𝑡     (7.43)       

where both 𝜆  and 𝜇 are as: 0 < 𝜆 < 1 and 0 < 𝜇 < 1. D is the fractional operator and is defined as  

𝐷−𝑛𝑓(𝑡) =
1

Γ(𝑛)
∫𝑓(𝑥)(𝑡 − 𝑥)𝑛−1𝑑𝑥

𝑡

0

                                                                                                      (7.44) 

where, n is non-integer order and Γ is the gamma function.  

The PIλDμ controller is the generalization of the PID controller. The active region of PIλDμ and 

PID controllers are shown in Fig. 7.5.  

 
Figure 7.5. Point-to-point representation of active regions of PID and Fractional order PID controllers 

This design incorporates an additional loop around the Integrator, in contrast to the conventional 

PID controller. By lowering the integrator input, this extra loop inhibits the integrator from reaching 

saturation and intensifying excessively. At parameter INTmax, the Integrator is intended to reach 

saturation. The integral control action is defined as 

𝑚𝑖 = {

− INTGmax                                                              𝑛𝑖 < −INTGmax

                𝑛𝑖                             𝑛𝑖 < −INTGmax < 0 and  − INTGmax − 𝑛𝑖 < 0
INTGmax                                                                      INTGmax < 𝑛𝑖

}                    (7.45) 

where INTGmax is the upper limit of integrator, 𝑎𝑡 is the time constant of the anti-windup loop which 

gets activated only in the case of Integrator saturation. The reset time of Integrator depends on 𝑎𝑡. The 

Integrator is in normal control action when 𝑚𝑖=𝑛𝑖. But the anti-windup controller makes the 

saturation error zero in case of Integration saturation and then Integrator output becomes saturation 

limits, i.e. INTGmax and −INTGmax. 

 

7.8   METAHEURISTIC OPTIMIZATION TECHNIQUES 

The performances of both PID and PIλDμ controllers are optimized by adaptive heuristic optimization 

methods. Generally, the control parameters are selected using a trial and error approach which takes a 

significant amount of time and effort for tuning the parameters. The controller type may have an 

impact on the stability of the system. Therefore, it is essential to finely tune the controller settings. 
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Therefore, evolutionary search algorithms like GA and PSO are used to attain the desired performance 

with the fastest steady‐state regime and less percentage overshoot by tuning the parameters of 

Fractional Order PIλDμ controller.  The performance of evolutionary search algorithms is ideal for 

determining a global optimal solution for a non-linear, underactuated and unstable process with 

various local optimal solutions. Genetic algorithm and Particle Swarm Optimization techniques are 

used for the optimization of both controllers’ parameters. Integral time Absolute error (ITAE) is used 

for generating the cost functions and it is defined as  

𝐼𝑇𝐴𝐸 = ∫𝑡|𝑒(𝑡)|

𝑡

0

𝑑𝑡                                                                                  (7.46) 

The values of the set parameters of GA and PSO are shown in Table 7.2. The flow charts of the 

genetic algorithm and particle swarm optimization methods are shown in Fig. 7.6 respectively. The 

convergence rates of the objective function in GA and PSO techniques are shown in Fig. 7.7 

respectively. The mean computational time was 207.83 sec for GA and 175.23 sec for PSO.   

 

Table 7.2. Parameters of Genetic Algorithm and Particle Swarm Optimization 

S. No. Parameters of GA Parameters of PSO 

PARAMETERS VALUES PARAMETERS VALUES 

1. Number of generations 100 Number of iterations 100 

2. Population size 20 Number of participles 50 

3. Length of chromosomes 35 Inertia 0.85 

4. Probability of crossover 0.85 Cognitive component (𝑐1) 2 

5. Probability of mutation 0.3 Social component (𝑐2) 2 

Figure 7.6.  Flow chart of the proposed (a) Genetic Algorithm and (b) Particle Swarm Optimization 

 

 (a)  

  

 (b)  
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(a) (b) 

Figure 7.7. Convergence rates of the objective function of (a) GA (b) PSO algorithm 

 

7.9   RESULTS AND DISCUSSIONS 

The Fractional Order PIλDμ controller is designed using MATLAB/Simulink. After simulation, the 

designed control law is applied to a physical (real-time) Quanser experimental setup of the 

RotIP system as depicted in Fig. 7.8. The components of this system are shown in Table 7.3. QUARC 

version 2.3.355 software serves as an interface between MATLAB and hardware for real-time 

implementation. RotIP is the primary component of this experimental setup. The angular motion of 

the pendulum is controlled by a Rotary Servo Base unit i.e. Quanser SRV02 for tracking [234]. A 

voltage amplifier VoltPAQ-X2 is used to amplify the voltage and then send it to the servo system to 

generate the requisite torque. The Q8 USB DAQ data acquisition device gathers the data from the 

optical rotary encoders and serves as an interface between the hardware and software. 

 
Figure 7.8. Experimental platform viewing connection diagram of RotIP model 

 

During the implementation of swing-up and self-erecting or balancing control, the following 

parametric values are considered. Reference energy, 𝑇𝐸𝑟 = 0.42; maximum controlled acceleration, 

𝑎𝑝(𝑚𝑎𝑥) = 8𝑣 and gain, 𝜎 = 2.3. For Integral anti-windup control, INTGmax = 2.5 𝑑𝑒𝑔 and Integral 

anti-windup time, 𝑎𝑡 = 0.001𝑠. The simulation of PID controller for transient and steady-state 
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response with adaptive heuristic algorithms is carried out in MATLAB. For the implementation of 

FPID controller in MATLAB, the FOMCON (Fractional-Order Modelling and Control) toolbox is 

required that facilitate the research of fractional-order systems, their modelling and control design. 

The basic functionality of the FOMCON toolbox is the identification of fractional-order system and 

designing of Fractional Order PIλDμ controller. With the inclusion of Simulink blocks, this toolbox 

aims at a more sophisticated modelling and control approach. The work is divided into three steps i.e. 

Analysis of the fractional order system; identification of the system in both time and frequency 

domain; Fractional Order PIλDμ design, tuning and its optimization.  

 

Table 7.3. Hardware equipment of RotIP along with the system specifications 

Equipment System Specifications 

Power amplifier VoltPAQ-X2  

Data acquisition device Q8 USB DAQ control board  

Rotary Servo Base unit  Quanser SRV02 

Optical encoders Two Autonics optical rotary encoders 

CPU Intel Core i7 4Ghz 

RAM 32 GB 

MATLAB Version MATLAB R2022a 

 

7.9.1   Comparison of Simulation and Real-Time Results of PID and Optimization 

           Algorithms 

Swing-up and balancing responses of the inverted pendulum in simulation and real-time with PID 

controller and optimization using GA and PSO are displayed in Fig. 7.9(a-c). Figure 7.9 showcases 

the responses of rotary arm angle (∅), pendulum angle (𝛽) and controlled input voltage responses in 

simulation and real-time operation respectively. PID parameters and tuned PID parameters in the case 

of adaptive heuristic algorithms are shown in Table 7.4. Transient and steady-state responses in the 

case of simulation and real-time experimentation for PID, GA and PSO are shown in Table 7.5. For 

both simulation and real-time operation, GA & PSO provide better-optimized responses as compared 

to PID response but PSO reduced the peak overshoot very significantly as compared to PID and GA. 

In the case of settling time, both GA & PSO give somewhat similar results as evident from Table 7.5. 

 

Table 7.4. PID parameters and tuned PID parameters in case of adaptive heuristic algorithms 

            OPERATION → 

 

PARAMETERS ↓ 

PID GA PSO 

P 1.605 0.0377 -0.0281 

I 1.415 0.9276 0.927 

D -0.2206 -0.123 -2.078 
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(a) 

  
(b) 

  
(c) 

Figure 7.9. PID, GA and PSO responses of inverted pendulum in simulation and in real-time for (a) 

rotary arm angle (∅), (b) pendulum angle (𝛽) and (c) controlled input voltage (𝑎𝑝). 

 

Table 7.5. Transient and steady state response in case of simulation and real-time for PID, GA and PSO 

SIMULATED RESULTS EXPERIMENTAL RESULTS 

PARAMETERS

→ 

 

 

OPERATION ↓ 

RISE 

TIME 

(s) 

OVERSHOOT SETTLING 

TIME 

(s) 

ITAE PARAMETERS

→ 

 

 

OPERATION ↓ 

RISE 

TIME 

(s) 

OVERSHOOT SETTLING 

TIME 

(s) 

ITAE 

PID 5.4367 38.55 8.91 0.34907 PID 5.6408 36.64 9.17 0.34384 

GA 5.2443 37.678 8.94 0.34936 GA 5.154 31.72 9.58 0.3905 

PSO 6.437 3.422 8.59 0.34668 PSO 6.867 0.1262 8.77 0.34913 
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7.9.2   Comparison of Simulation and Real-Time Results of FPID and Optimization 

           Algorithms 

Swing-up and balancing responses of the inverted pendulum in simulation and real-time with FPID 

controller and optimization using GA and PSO are shown in Fig. 7.10(a-c). Figure 7.10 shows the 

responses of rotary arm angle (∅), pendulum angle (𝛽) and controlled input voltage responses in 

simulation and real-time operation respectively. FPID parameters and tuned FPID parameters in the 

case of adaptive heuristic algorithms are shown in Table 7.6. Transient and steady-state responses in 

the case of simulation and real-time operation for FPID, GA and PSO are shown in Table 7.7. For 

both simulation and real-time experimentation results, GA & PSO reduced the peak overshoot and 

settling time very significantly as compared to the FPID controller. Between optimization algorithms, 

PSO provides overall better-optimized results as evident from results in Table 7.7.  

  
(a) 

  
(b) 

  
(c) 

Figure 7.10. FPID, GA and PSO responses of inverted pendulum in simulation and real-time for (a) rotary 

arm angle (∅), (b) pendulum angle (𝛽) and (c) controlled input voltage.  
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Table 7.6. FPID parameters and tuned FPID parameters in case of adaptive heuristic algorithms 

                   OPERATION → 

 

PARAMETERS ↓ 

FPID GA PSO 

P 1.605 1.1039 1.2453 

I 1.415 9.9873 0.0133 

D -0.2206 0.06673 0.26872 

𝝀 0.52 0.10938 0.0027 

µ 0.45 0.1937 0.0515 

 

Table 7.7. Transient and steady-state response in case of simulation and real-time for FPID, GA and PSO  

SIMULATED RESULTS EXPERIMENTAL RESULTS 

PARAMETERS 

→ 

 

 

OPERATION ↓ 

RISE 

TIME 

(s) 

OVERSHOOT SETTLING 

TIME  

(s) 

ITAE PARAMETERS 

→ 

 

 

OPERATION ↓ 

RISE 

TIME 

(s) 

OVERSHOOT SETTLING 

TIME  

(s) 

ITAE 

FPID 2.15 21.88 7.13 0.355 FPID 2.23 24.88 7.68 0.35354 

GA 3.21 3.41 4.56 0.332 GA 5.81 0.17112 5.11 0.35051 

PSO 3.245 2.345 5.04 0.347 PSO 5.947 0.012 4.95 0.34924 

 

7.10   SIGNIFICANT FEATURES & ADVANTAGES OF FRACTIONAL 

          ORDER PID CONTROLLER 

The significant features and advantages of the proposed Fractional Order PIλDμ Controller in 

comparison with the other control methods in the literature are as follows:   

• Providing a novel Fractional Order PIλDμ Controller to improve the trajectory tracking, 

decrease control effort and chattering level in the presence of uncertainties by two additional 

parameters in fractional operators i.e. integral order (𝜆) and derivative order (𝜇) which 

successfully attains the Fundamental characteristics of a classical PID controller in addition to 

a careful design process for parameter selection.  

• Fractional Order PIλDμ controller permits the modelling of complex and non-linear relations 

between the input and outcome variables. In addition, the proposed robust controller has the 

ability to learn from the data by adapting the corresponding parameters.  

• The parameters of the FPID controller are tuned by evolutionary and swarm-based 

optimization techniques along with their comparative study to achieve an optimal and desired 

performance with the fastest steady‐state regime and less percentage overshoot. 

• The fine-tuning of the controller’s parameters using GA and PSO improves the overall 

performance and generalization capacity of the entire model. These algorithms work with a 

fitness function for modifying and analyzing a set of potential solutions for evaluating the 

effectiveness of the model. 
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• The controller type may have an impact on the stability of the system. Therefore, the ITAE 

cost function is designed to select the optimum parameters of the controller to minimize 

swing-up time and achieve high stabilization performance. 

• Most of the studies on PID and FPID controllers in the literature are primarily supported by 

simulation results only. On the other hand, real-time experimental results also validate the 

effective performance of the proposed technique, while guaranteeing both reference tracking 

and rejection of external disturbances in comparison to the existing literature.  

• This study uses the QUARC target libraries in MATLAB to provide a hardware-in-loop 

structure to enable a real-time controller interface. As a result, it is possible to implement 

these PID and Fractional Order PIλDμ controllers in real-time on a highly unstable RotIP 

system, achieving good performance even in the presence of external perturbations. 

• Real-time experimental results and MATLAB simulation both demonstrate the 

effectiveness of the claims presented and their excellence. A detailed comparative analysis 

was conducted for each case taking into account alternative controllers and control 

methodologies found in existing literature.  

• The proposed controller can stabilize the pendulum under external perturbations by observing 

the system response to change parameters, multiplicative gain variations, and externally 

induced perturbations. 

 

7.11   SUMMARY 

In this chapter, a PID and Fractional Order PIλDμ Controller with Integral ANTI-WINDUP technique 

has been proposed for the robust stabilization and control of the rotary inverted pendulum system by 

using metaheuristic optimization techniques. Genetic Algorithm and Particle Swarm Optimization 

techniques are used for tuning the parameters of controllers on the basis of Integral Time Absolute 

Error (ITAE). The pendulum angle, rotary arm angle and controlled input voltage comparisons are 

executed with the developed control schemes for both simulation and real-time experimentation 

purposes. The responses and parametric data of State feedback Balance control, PID and FPID 

controllers implied that when rotary arm angle (∅) is tracking a ±20° angle square wave in case of 

State feedback Balance control and ±8° angle square wave in case of PID and FPID, maximum 

pendulum angle (𝛽𝑚𝑎𝑥) and maximum controlled input voltage (𝑎𝑚𝑎𝑥) for both Simulated and 

experimental responses are within the specified limits of |𝛽| < 20 (deg) and maximum control effort 

(𝑎𝑚𝑎𝑥) = 10𝑣. Simulation and real-time experimentation results shows that GA & PSO tuned PID 

provides better optimized responses as compared to PID response but PSO tuned PID reduced the 

peak overshoot very significantly as compared to PID and GA tuned PID. In the case of settling time, 
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both GA & PSO tuned controllers give somewhat similar results. GA & PSO tuned FPID reduced the 

peak overshoot and settling time very significantly as compared to FPID. Between optimization 

algorithms, PSO-tuned FPID provides overall better-optimized results. PSO provides much better 

optimized results for both PID and PIλDμ controllers as compared to the results provided by GA.  
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Chapter 8 

Conclusions, Future Scope and Social 

Impact 

 

 

 

In this thesis, various techniques have been formulated for improving the performance of automated 

and non-linear control systems. PLC and SCADA-based techniques along with sensors have been 

used to balance and control assembly lines in process industries. Also, a PLC and SCADA-based 

framework is used to automate and supervise the temperature control processes in the heat exchanger 

plant through a Fractional Order PID Controller using metaheuristic optimization techniques. Various 

controllers like PID with integral ANTI-WINDUP controller and neural-fuzzy PID controllers have 

been implemented for the balancing and position tracking control of the 2-DOF ball balancer. 

Additionally, continuous Linear Quadratic Gaussian controller and Fractional Order PID (PIλDμ) 

controller is implemented for the optimal and robust control of a rotary inverted pendulum. All these 

methods have been objectively/quantitatively evaluated and compared with respective state-of-the-art 

methods to show that the proposed techniques have desirable output performances. We discuss the 

summary of the work done in the thesis through Section 8.1. It is followed by future scope/directions 

and the social impact of the work done in Section 8.2 and Section 8.3. 

 

8.1   SUMMARY OF THE WORK DONE IN THE THESIS 

To automate the process industry plant, a dynamic real-world problem was addressed for the mixing, 

filling, capping, labelling and sorting process (using inductive and capacitive proximity sensors) in the 

assembly line division with an effluent ratio control strategy. The OMRON (NX1P2-9024DT1) PLC 

was interfaced with the Wonderware InTouch SCADA system to gather data, create a simulated 

prototype of the assembly line and ratio control divisions, carry out the necessary control operations, 
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and display this data on the HMI screen within the process industry plant. A mathematical and 

simulation model of a single assembly line was proposed to minimize the assembly line timings, the 

workforce and the overall cost of production. The developed model was applied in a real-life case 

study of an assembly line to investigate the efficacy of the proposed method. The results of the real-

world case study verified the design for effectively balancing a real-world assembly line and showed 

that the proposed design improves the overall productivity and throughput of the process industry 

plant with an improved assembly line design with proper fixtures/modifications in existing design for 

eliminating the idle time between the batch processes. 

A novel cascade control strategy was developed to control and regulate the outlet temperature of 

a heat exchanger system using PID and Fractional Order PID (PIλDμ) controller along with integral 

anti-windup technique, feedforward control and Smith predictor for the time-delayed process. GA, 

PSO and ACO techniques were used to optimize the parameters of both PID and FPID controllers. 

Simulation and real-time experimentation analysis of the developed controllers were executed with 

metaheuristic optimization techniques based on different performance indices like ISE, IAE and 

ITAE. Also, a PLC and SCADA-based control framework was proposed to automate and supervise 

the temperature control processes in the heat exchanger plant. PLC carries out the necessary control 

operations within the heat exchanger plant as directed by the SCADA server. The proposed technique 

enhanced the heat transmission efficiency, irrespective of the external disturbances, non-linearity and 

delay characteristics while guaranteeing both transient and steady‐state response of the controller in 

comparison to the existing literature. 

Different compensators like PD, PID, PID with Integral ANTI-WINDUP with different velocity 

setpoint values and neural-fuzzy PID controllers were implemented over the 2-DOF Ball balancer 

system to resolve the position tracking and balance control problem. The ball balancer system’s model 

was developed in MATLAB Simulink and the QUARC system was used for interfacing. Both 

transient and steady-state response analysis were executed to evaluate the performance of these 

compensators in the presence of high-frequency disturbances. The Ball position, input voltage and 

plate angle comparisons were executed with different compensators for both simulation and real-time 

experimentation purpose. Position and plate angle control with load variation was also executed in 

real time with the NiF-PID compensator. NiF-PID controller provided overall better control 

performances and best adaptability because of its tendency to minimize the steady-state error between 

the reference and generated output. NiF-PID compensator provides 18.55% better result in case of 

steady-state error and 10 times less overshoot in case of real-time experimentation as compared to the 

PID controller. NiF-PID controller provides reduced and improved settling time, peak overshoot and 

steady-state error as compared to the PD and PID controllers.  

Lastly, a continuous Linear Quadratic Gaussian controller based on the optimal control strategy 

was proposed for swinging up the rotary inverted pendulum and maintaining an equilibrium in the 
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vertical upward position. Along with that, PID and Fractional Order PID controllers with integral 

ANTI-WINDUP technique were introduced for the robust swing-up and stabilization control of the 

rotary inverted pendulum using metaheuristic optimization techniques. The parameters P, I, λ, D and 

μ of the PIλDμ controller was tuned by GA and PSO techniques based on ITAE. The pendulum angle, 

rotary arm angle and controlled input voltage comparisons were executed with the developed control 

schemes for both simulation and real-time experimentation purposes The analysis of the transient 

response and steady-state response of both simulation and real-time experimentation implied that the 

FPID compensator provides overall better control performance as compared to conventional PID 

controller. PSO provided much better optimized results for both PID and PIλDμ controllers as 

compared to the results provided by GA.  

 

8.2   CONTRIBUTIONS  

Automated and non-linear control systems are used to improve the performance of many control 

benchmark problems. The work in the thesis helps in the realization of problems in process industries, 

temperature control of a heat exchanger, and underactuated mechanical systems like inverted 

pendulum and ball balancer systems. Following are the contributions of the thesis: 

• Development of a smart PLC and SCADA-based control framework for an automated 

assembly line in the process industry with an effluent ratio control strategy. 

• PLC and SCADA-based temperature control of heat exchanger system through Fractional 

Order PID controller using metaheuristic optimization techniques. 

• Real-time balancing and position tracking control of 2-DOF ball balancer using PID with 

integral ANTI-WINDUP controller and Neural-Fuzzy PID controllers. 

• Optimal control of rotary inverted pendulum using continuous Linear Quadratic Gaussian 

controller. 

• Robust control of rotary inverted pendulum using metaheuristic optimization techniques 

based PID and Fractional Order PIλDμ controller. 

 

8.3   FUTURE SCOPE 

The potential future scope of the research work done in the thesis is as follows: 

1. Enhancing the PLC and SCADA-based system for advanced fault-tolerant control process in 

Industry 4.0 

2. Improving the tracking efficiency of underactuated systems with multiple degrees of freedom. 
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3. Implementing more learning-based optimization algorithms, evolutionary methods and other 

metaheuristic approaches with the nonlinear control systems. 

4. Implementation of more advanced hybrid control strategies such as type 2 NiF-PID, and 

wavelet NiF-PID along with optimization algorithms for the position tracking and balancing 

control of ball balancer systems.  

 

8.4   SOCIAL IMPACT 

In this thesis, effective control design methods have been developed for automated and non-linear 

control systems. The specific problems addressed in this thesis are related to the following systems: 

(a) Automated Control Systems 

• Assembly line balancing and ratio control in process industries  

• Temperature control of a heat exchanger  
 

(b) Non-linear Control Systems 

• Underactuated mechanical systems like inverted pendulum and ball balancer system 

The social impact of the contributions of the work done related to automated and non-linear control 

systems in this thesis are as follows: 

1. The proposed PLC and SCADA-based control framework automate the process industry plant 

by monitoring all the processes using a single-screen HMI. The proposed assembly line 

architecture improves the productivity, efficiency, throughput, workforce, overall cost of 

production and time of a process industry plant. Effective product sequencing enhances short-

term balancing and production time by reducing waiting time. The SCADA system achieves 

automatic control and management of industrial processes, improves worker safety, and 

reduces manpower and physical resources instead of a distributed control system. This 

SCADA system allows users and operators to get live video streaming from any of the sites 

on their HMI screens. This PLC and SCADA-based control framework will bring a digital 

transformation in Industry 4.0 by increasing equipment efficiency, process quality, 

interoperability, and overall productivity.  

 

2. The proposed PLC and SCADA-based real-time control framework automates and supervises 

the temperature control processes in the heat exchanger plant. Heat exchangers are utilized in 

applications like cooling of water, oil heaters, petrochemical industries, boilers and 

condensers in power plants. The proposed GA, ACO and PSO optimized PID and Fractional 

Order PID controllers control the temperature of a heat exchanger system and resolve 
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difficulties like non-linearity, uncertainties, high-temperature fluctuations, large response and 

delay time of the controlled objects.  

 

3. The nonlinear and underactuated behaviour of the ball balancer system significantly impacts 

the steady-state operation and position tracking. Therefore, the developed controllers are 

helpful in reducing tracking errors and tackling non-linear disturbances and uncertainties 

efficiently. The designed controllers for the 2-DOF ball balancer system control the ball's 

motion on a plate to direct it along a predetermined path and improve the dynamic nature of 

the ball's position and plate angle. These controllers can be used with the ball balancer 

systems for position tracking and balance control applications related to the movement of 

robotic manipulators, vehicle balancing and position control, trajectory tracking, vertical take-

off aircraft, path planning, vertical thrust control in rockets, etc. 

 

4. The proposed LQG and Fractional Order PID (PIλDμ) Controllers can be used to swing the 

rotary inverted pendulum upward from its stationary downward position and maintain an 

equilibrium in the upward vertical position. Rotary Inverted Pendulum is a suitable 

benchmark in non-linear dynamics for testing and validating different control and robotic 

systems in real-life applications such as Segways, hoverboards, aircraft landing, rocket 

launches, marine systems and crane applications, etc. where a pendulum has to be controlled 

against its natural equilibrium position. The proposed controllers keep the pendulum balanced 

while maintaining both reference tracking and rejecting external disturbances compared to the 

existing literature.  
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