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ABSTRACT 
There are many chemical and petrochemical processes plants having multiple inputs and 

multiple outputs for different processes. This research mainly focuses on searching the 

optimal controller structure by increasing the controllers’ integral performance criteria. It is 

a very difficult to control the highly nonlinear quadruple four tank system. It is also 

challenging due to the cross coupling effect of highly interacting system to stabilize and 

control the MIMO system. It is still a very big issue to control nonlinear system. The 

proposed algorithm for tuning of PID constant is based on the new statistical approach 

combined with soft computing techniques. One of the optimization of statistical analysis is 
Taguchi method to combine with mutation based Particle Swarm Optimization hybrid 

algorithm to tune the PID parameters. These tuning parameters optimize the performance 

indices of the nonlinear system. The tuning parameters of controller find optimal 

performance indices. It is computer based nonlinear system for performance analysis and 

checks validation of proposed TMPSO algorithm. Laboratory experimental set up is 

established to communicate with MATLAB, LabVIEW and other controller platforms. 

Implementation is done using LabVIEW for proposed algorithm and output validates with 

four tank laboratory set-up for testing of performance indices. It checks the performance 

indices based on the PID parameter tuning with proposed TMPSO algorithm and improve 

the response of different performance indices for the experimental set up of quadruple tank 

nonlinear system.     
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CHAPTER -1 

1  Introduction 

1.1 General Overview  

As a result of increments of the worldwide competition and major changes in marketing 

and advertising business during the past many years, the process industry has presented a 

significant serious change in the market. Therefore, it is essential to develop all the facet of 

process control technology such as modeling, dynamic optimization, integrated software 

tools, and high-performance process control.  

 

Process characteristics tend to become too complex to be successfully handled by the 

existing era of control and optimization techniques. One of the advanced control 

technology, which has made a significant impact on industrial control engineering, is 

hybrid soft computing based control. The hybrid soft computing control technology is used 

in different soft computing algorithm, which meets all the performances to entice users.  

(Tyagunov, 2004). This is perhaps one of the most interesting and attractive approaches in 

process control practice for our century. 

 

This research work aims at combined developing the effect of PID controller parameter 

tuning,  based on improving the performance indices,  for the nonlinear control quadruple 

tanks systems in way of simulation as well as a real system controlled by the most used 

control laws in real industrial environments.    

 

  We have in followed the way for approach by: 

 

• Derivation of the nonlinear quadruple-tank process model, using physical principles and 

some experiments to extract process parameters. 

• Hardware and software set up to close the loop with the NI USB 6001DAQ devices.
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•   To implement   all control  laws in commercial program LabVIEW. 

• Design and test, in both simulation and real process,  six  control laws: simple PID 

control, PSO PID and GA PID and Taguchi based PID, Taguchi GA PID, and MPSO 

Taguchi PI control  

• Design and test of several kind of input servo and regulatory applied to the real process. 

 

Aside from each other of the standards well worthwhile addressing to choose the 

controllers, which are recently chosen, especially to analyze some special performance 

characteristics, possible use of Taguchi based MPSO, difference between performances of 

control laws with and without pure Integral action and this improvement of a control law 

makes the closed loop   more robust against conventional controller techniques. All these 

aspects will be analyzed with several experiments and different type of controller 

techniques and improve the performance criteria. 

 

1.2 Nonlinear Control System  

The nonlinear control system is one of the theory which is regulating the output, but not 

corresponding to a change in input. Nonlinear has one   problem that it is always oppose 

the linear system. 

The nonlinear system plays an important role in the various stages in the controller or in 

the process. The nonlinear system always considered as a natural process and used in 

various engineering control fields.  

 For analysis purpose, the nonlinear control theory is used in the design and also to control 

the nonlinear system. 

 

Characteristics of the Nonlinear System  
Various techniques and approaches help to analyse and design  the  nonlinear control 

systems. A basic schematic of a nonlinear control system is shown in Figure 1.1 
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FIGURE 1.1 Basic Structure of the Process Control System 

 

1.3 Systems Theory 

The following systems theory is of specific magnificence and relevance to nonlinear 

control system.  

• Lyapunov stability 

• Lyapunov's direct method 

• Passivity  

• Equilibrium points  

• Linearization 

• Controllability 

• Observability  

• Input-output stability and gain  

 

1.4 Control Design Techniques 

The control design all in all plans to fulfill specific execution destinations, such as stability, 

noise rejection, disturbance and parameter uncertainty, input tracking, and disturbance 

robustness. The various types of systems required to claim for a variety of design 

techniques of various conditions and a portion of the wide remarkable ones, are quickly 

depicted beneath. 

 

One best technique for design perspective is to see the system which is to be controlled as 

roughly linear.  The linear system by appropriate change, to which settled a direct control, 

procedures might be connected. 
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Lyapunov Design 
It begins with a stabilizing control law and Lyapunov function for the ostensible system 

and includes certain terms to the control that guarantee stability in the face of all 

admissible uncertainties. A stable system is very synthesized by initial selecting a 

candidate Lyapunov function V, and then choosing a state feedback control law that 

renders the derivative of V negative. The Lyapunov overhaul strategy furnishes the system 

with robustness to (bounded) uncertainty in the system dynamics. While the Lyapunov 

overhaul is limited systems that satisfy a matching condition, so that the uncertainty terms 

enter the state equations at the same point as the control input, the fundamental 

methodology has been reached out to more broad circumstances utilizing recursive or back 

steeping strategies. 

 

Conventional PID Control 
The Proportional-Integral-Derivative controller is a typical direct controller, which is 

regularly referred to as the nigh predominant criticism controller. Specifically, it discovers 

use in numerous non-linear process control applications from well known industrial 

process control to automated controllers. In the practical setting of tuning of the  

parameters of controller  is frequently utilized, particularly in the chemical process 

industry and various auto tuning as well as manual tuning  methods, exist based on the 

direct measurement of a few attributes of the system reaction. Scientific outline is 

obviously additionally utilized, it is frequently expanding on one of the linearization 

techniques. 

 
Gain Scheduling 

The simplest analytical way to deal with controller design for a complex system depends 

on fitting on the estimated linear model to the controlled system, normally through local 

linearization around an average working point and after that developing a linear controller 

for a particular model. Obviously, this strategy may fail when nonlinear impacts are huge. 

Gain Scheduling adopts this strategy above and beyond,  the controllers are intended for a 

scope of conceivable working focuses and status and the proper regulate technique is put 

into cavort as indicated by the present system state. 
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Feedback Linearization 

Estimation of the entire state vector is needed to actualize the exchange. The hypothesis 

gives conditions under which feedback linearization is conceivable and strategies to 

process the required changes,   accompanying the strategies for new design issue 

specifically utilizing non-linear tools, Lyapunov functions and Lyapunov stability, which 

are prominent precedents of robust nonlinear control. 

  
Sliding Mode Control 
Variable Structure Control is a sort of powerful design approach, a proper manifold (often 

a linear surface) in the state space is first situated on which the system time and frequency 

domain take a basic and stable form. This complex is called the sliding surface or the 

switching surface. The control law is proposed to compel directions to accomplish that 

manifold in restricted time and stay from that point. As the essential control law is 

spasmodic by design around the switching surface, undesirable chattering around that may 

result and regularly may require some smoothing of the control law. Numerous different 

strategies from control engineering are connected to the design of nonlinear systems, some 

of which might be considered as independent fields of control engineering. 

Among these, we mention: 

 

Optimal Control 
In the optimal control, improvement the cost function is the main control objective, using 

basic dynamic programming and variation method tools for providing a solution of optimal 

control.  

 
Model Predictive Control 
Online optimization for finite time horizon is a control objective for optimal control. Most 

of the industrial control, the model predictive control having computational feasibility used 

widely applicable in the various process industry.  

 

Adaptive Control 
This adaptive method helps to control time variation of and uncertainty of the system 

model. Basically, the control variable tuned online in term of controller operation using 

learning and estimation various method.  
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Neural Network Control 
The first objective of the ANN approach was to tackle issues similarly that a human brain. 

In any case, after some time, consideration moved to perform particular assignments, 

prompting deviations from science.  Neural systems have been utilized on an assortment of 

undertakings, including computer vision, speech recognition, machine interpretation, 

playing board, computer games and medicinal analysis. 

 
Fuzzy Logic Control 
A control system is an arrangement of physical components designed to alter another 

physical system so that this system exhibits certain desired characteristics. The fuzzy 

controller often applies   heuristic set of logical or discrete rules for synthesizing the 

control signal which depends on the measurement outputs. Fuzzifier, Knowledgebase, Rule 

base, Inference engine, and Defuzzifier components are used to obtain a robust control and 

increase the efficiency of the control system. 

 

Hybrid Soft Computing Control 
Here the controller implement is based on combination Fuzzy – Neural Network and Fuzzy 

– GA, Fuzzy- Evolutionary algorithm, GA- PSO, Fuzzy –NN and more other combination. 

 

Proposed Algorithm Hybrid soft computing with the statistical approach Taguchi 
MPSO based control  
Here the Controller implement is  based on PSO with Taguchi method, GA with Taguchi 

method and Mutation PSO with Taguchi method. 

 

1.5 Definition of the Problem 

Nonlinear processes are exceptionally regular in the process industry and outlining a 

stabilizing controller is constantly wanted to amplify the production rate. In this Research 

work, tuning of PID controller for a class of time-delayed stable and unstable nonlinear 

system utilizing Taguchi Mutation Particle Swarm Optimization (MPSO) calculation is 

proposed. The effectiveness of the proposed plot has been approved through a relative 

report with traditional controller tuning strategies and heuristic techniques, for example, 

Genetic Algorithm, Artificial Bee Colony, Bacteria Forging  Fuzzy control, and Particle 

Swarm Optimization and Taguchi with GA. At long last, an ongoing execution of the
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 proposed technique is carried out a nonlinear Quadruple tank system. From the recreation 

and ongoing outcomes, it is obvious that the Taguchi MPSO algorithm performs well on 

the nonlinear complex process models, considered in this work. The Taguchi MPSO tuned 

controller offers upgraded process qualities, for example, better time domain details, 

smooth reference tracking, supply unsettling influence and error minimization. Impact of 

the Tuning parameter in view of TMPSO simulation and experimental set up has also been 

examined. 

1.6 Objective and Scope of the Work 

In this the research work, the objective is to develop and test different control strategies on 

a four-tank laboratory process in order to achieve good performance and stability in the 

system. It is required and expected that the implemented control strategies be able to 

handle the multivariable system effectively not minding any process limitation. The 

implemented strategies would be compared, that is the Taguchi MPSO based controller 

and the other controller and their various performances would be analyzed. And since the 

objectives are to analyze the implemented strategies and making it available for further 

studies, so that it would enrich the user's hands-on experience. It is moreover important to 

make the implemented approach more helpful to industries as regards to the user 

interfaces.  

The Objective of this research work is to control the nonlinear system using a hybrid soft 

computing approach. The statistical method is combined with soft computing techniques to 

optimize performance indices and to reduce the interaction effect of the nonlinear MIMO 

system.   

Objectives:  

• To review the control method of a nonlinear system, based on the PID controller.  

• To survey nonlinear system, based on PID controller exists mathematical modeling 

and control strategies of the controller. 

• To study and investigate the optimal tuning of PID controller for the nonlinear 

system, based on Z-N method, other heuristics approach like PSO, GA and Taguchi 

combine with Genetic algorithm and Taguchi combine MPSO algorithm 

implementation for the nonlinear system. The proposed algorithm is implemented 
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on MATLAB with a mathematical model of quadruple tank system for the 

simulation as well as real experimental set up.  

• To investigate simulations of Taguchi MPSO strategies using the SIMULINK 

models as process plants for QTS cases. 

• To design and to develop the quadruple-tank system for implementation and 

validation of the proposed algorithm. 

• To identify the hybrid soft computing approach for improving performance indices 

for quadruple tank nonlinear system. 

The scope of the of work 

• We have designed and tested control strategies to illustrate their performances and 

reliabilities  

• We have investigated simulations of the PID with Ziegler Nichol, PSO, GA 

Taguchi, Taguchi GA and Taguchi MPSO techniques for improvement of 

performance indices. 

• We have designed and developed the quadruple-tank system for proposed 

algorithm validation   

• We have compared the result of proposed techniques based on performance indices 

with other techniques.  

1.7 Original Contribution by the Thesis 

The contribution of this research is to control the nonlinear system for improvement of 

performance indices, in terms of a combination of the statistical approach, Taguchi method 

with a mutation on Particle Swarm Optimization algorithm to control highly nonlinear 

system. This proposed hybrid algorithm improves the performance indices of a nonlinear 

system. This proposed calculation is exhibited to design optimal PID controller in the 

nonlinear framework for enhancing the performance indices. This combinational algorithm 

selects optimal parameter of PID controller, which are controlling the Quadruple tank 

nonlinear system and it is improving   performance criteria ISE, IAE, ITSE and ITAE of 

the nonlinear control system. The contributions are as under: 

• The utilization of the AI of both PSO and a GA and Taguchi with GA and Taguchi 

with MPSO for the non-linear MIMO System. 
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• Real-time practical implementation of the control strategy for a Quadruple Tank 

system MIMO System. 

• The real-time optimization of the above using either a GA or a PSO, Taguchi GA 

and Taguchi MPSO  approaches  for Quadruple Tank system  

• The Design and Development of Quadruple tanks system for implementation of a 

Taguchi combine with MSPO Method.  

 

1.8 Thesis Organization 

The thesis organized in seven chapters which presents detailed information of our work 

here. 

 

In the first chapter we have given a brief introduction to problems and challenges engaged 

in nonlinear MIMO control system. We have shown literature related to the problems, 

challenges and research gaps. We now have   added the issue assertion, objectives and our 

contributions to this thesis. 

 

In the second chapter, we have briefly seen how it works and finds   that it is unique from 

the others alternatives and how it addresses the problems towards a better way and also 

consists of literature review about other techniques for the nonlinear system. 

 

In the third chapter, we have projected Taguchi MPSO manner of nonlinear Quadruple 

tanks MIMO system. We are going to conjointly discuss simulation results of 

the projected theme for varied performance indices with the present schemes. 

 

In the fourth chapter, we have explained the planned control technique primarily 

based upon the Taguchi MPSO. We are going to additionally compare the conventional, 

as we tend to give another hybrid soft computing methodology. We are going 

to conjointly discuss the manoeuvre results of the offered theme with the prevailing 

schemes. 

 

In the fifth chapter, we have extended our work primarily based upon Taguchi 

MPSO methodology. Improvement of the performance indices for the proposed algorithm 

is better. The ISA, IAE and ISTE and ITAE are reduced based on selecting various PID
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 controller performances. We also present another soft computing algorithm for the 

improvement of system performance for better results.  All of us will show the various 

simulation results and test results of the offered method and also give the comparative 

analysis. 

 

In the sixth chapter, we have shown the experimental response of quadruple tank system 

with servo and regulatory. To calculate it we have discussed our proposed Taguchi MPSO 

techniques to optimize the PID tuning parameter based on the improved   response of 

performance indices for the nonlinear system. We have shown the value of performance 

indices of the nonlinear system in comparison to other techniques. We will show the 

capital simulation over and above analysis results of the suggested method. 

 

In the seventh chapter we have given conclusion of research, ultimate outcome and future 

scope of the research work. 
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CHAPTER 2 

1 Literature Survey 

2.1 Introduction   

This section condenses the writing study that leads to a piece of the research work reported 

in this thesis. It covers appropriate built up ideas and procedures, identified with nonlinear 

complex quadruple tank control process. Re-enactment and ongoing execution results in 

servo and regulatory process utilizing regular and intelligent control methods utilized in 

different literature works, which are investigated and talked about here. The literature 

review was directed on different optimization strategies associated with advanced additions 

of various controllers with single and multiple interaction goals. A point by point study has 

led to factor change procedures and the international linear control structure in both simple 

feedback and cascade modes of operation methods of activity, which are examined. The 

study is exhibiting the accompanying topics. 

 

A literature review is an incessant way to which it was executed during the study of 

research work. The main objective of this segment is to provide sufficient background 

information on control of nonlinear system based on Taguchi based MPSO techniques. 

Literature reviews of my research work are divided into four different levels, Table 1.1 

shows component-wise explanations about this stage with their objectives.  This different 

level study is based on hybrid soft computing approach towards control of nonlinear 

system such as Twin Rotor MIMO system, Distillation column, Quadruple tank system. In 

the second level reviews, control techniques are used for different control nonlinear 

system.   The third level indicates the various optimization techniques used for the control 

system to optimize the various integral performance criteria and also optimize the time 

domain and frequency domain characteristics of the system. 
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TABLE 2.1: Various levels of Literature review based on research 
 

Level The topic of 
Literature Review 

Objective Outcomes 

1 The nonlinear 

Quadruple tank 

system  

To get the concept of  

the nonlinear mimo 

system  

 explored the knowledge of the nonlinear system  

2 Control techniques  

 

To understand the 

various control 

techniques 

Made a study of  various conventional and hybrid 

soft computing  techniques and its limitation  

3 Optimization method  To find an efficient and 

stable optimization 

technique for 

Nonlinear Quadruple 

tanks system  

Taguchi based MPSO based optimization 

technique is identified which selects best PID 

controller parameter to the improvement of 

performance indices. This algorithm is most 

suitable for MIMO system. It is efficient and 

stable. 

4 Performance index 

based on various 

control techniques  

To analysis which 

method is better for 

improvement of 

performance indices  

 Enhanced the category of the performance 

indices for nonlinear control system   

 
 
Following are the literature that reviewed throughout my research analysis work 

 

• Nonlinear MIMO system  based research papers  

• Quadruple tank system related Conference proceeding  

• Control techniques referred Peer review Journal  

• Report on control laws and  regulation for various country 

• Video lectures delivered by long familiar universities on various hybrid soft 

computing techniques for nonlinear system 

• Nonlinear system control based Thesis  and Dissertation database  

• Various books referred based on research work level 

 

The literature reviewed throughout my research study is extremely helpful to search out the 

chasing information as under: 

 

• Nonlinear control system understanding  

• The concept of Quadruple tank nonlinear MIMO system
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• Various control techniques to control and improve the performance of nonlinear 

MIMO system with advantages and disadvantages.  

• Challenges to control and improve the performance  of the nonlinear control system  

• The concept of optimization techniques  

• Find the best optimization techniques for nonlinear MIMO system  

• prevail the result based on simulation  

• prevail the result based in experimental  

• Compare all performance indices with  all other techniques by simulation as well as 

experimental set up   

 

2.2 Literature Reviewed on control techniques  

2.2.1 Conventional PID Controller  

 
Ziegler Nichols (1942) proposed a time domain approach to identify the parameters of 

controllers in terms of the parameters obtained from the process reaction curve and a 

frequency domain approach which is a closed loop method in which the controller 

parameters are calculated from the ultimate gain and ultimate period but Cohen and Coon 

(1953) derived empirical formula for finding the tuning parameters of proportional, 

proportional integral and proportional integral derivative controllers in terms of process 

parameters of the FOPDT model. He concluded that open loop step responses of all the 

processes were sigmoid (‘s’ shaped) curve and also they can be approximated as FOPDT 

models. Then he used different criteria to obtain the tuning formula for the tuning 

parameters of controllers. He derived formula for the linear process.  (Hang et al 1991)[4]. 

He has improved the performances by using Second Order Plus Dead Time (SOPDT) 

model under closed loop conditions. Krishnaswamy and Rangaiah have developed a 

simpler technique for estimating SOPDT process parameters using only three points of the 

process reaction curve [5]. The points chosen seek to minimize the discrepancy between 

the actual and the model responses in terms of IAE, thereby providing some theoretical 

consideration, involves the use of set of new correlations for parameter estimates.  This 

needs a graphical technique or computer search which is eliminated. Performance of PID 

controller exploitation FOPDT model has been conferred by Lee et al [75]. He has 

discovered that
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the PID standardization strategies victimization the FOPDT model gave a terrible overall 

performance for some processes.  

 

Restriction of Conventional PID has been brought out by Lee and Sung, even though the 

tuning of Z-N PID controllers are existing. Integration method offers poor control 

performance in PID controllers and also considers the huge delay method [103]. The 

controller cannot control effectively to ramp type set point change and slow disturbance. 

Optimization methods have been developed by the authors to raise the lower performances. 

The control structure of two PID controllers to attain set point trailing and disturbance 

rejection one by one has been introduced by the authors. Class of nonlinear controller has 

been introduced by well known Kravaris and Wright that combines the theoretical rigor of 

geometric control methods with the intuitive appeal of predictive model control methods 

known as predictive control of models [73]. In its original form, Model Predictive Control 

is a model predictive controller that uses a linear impulse response model to predict the 

future behavior of the system. According to the conceptual steps of the original method, it 

was developed through a generalized state approach for linear and nonlinear systems. 

Kravaris and Niemec have worked on additional extended to multivariable nonminimum 

phase in a nonlinear system [76]. In their work, an algorithm could be a nature of control 

law, within the recognized that the control action isn't operated off the 

error solely, therefore the set point is processed in different ways.  Finally, a simulation 

example, using a non-isothermal CSTR wherever a series or parallel reaction demonstrates 

the closed-loop performance of the projected technique. ZN-PID controller’s confinements 

have been presented by Shen and Yu [94]. Regardless of whether the tuning of Z-N PID 

controllers is very much liked, the controlling issues may emerge for under-damped 

frameworks. Shen and Yu had modified the Z-N PID controller to give a better output for 

under-damped systems [94]. 
 

Recent development and future direction on linear control of nonlinear process have been 

presented by Nikolaou and Misra [85]. All chemical process are nonlinear in nature 

virtually are summarized by the authors, but some of them linear control feedback system 

is enough.  Specifically, they have presented a rigorous and general theoretical system as 

well as an associated, heuristically refined computational methodology that allow not only 

analysis but also the synthesis of a linear control system for a nonlinear process.  

Application to the multivariable case is bestowed. Potential future developments at  
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intervals in this framework which are mentioned. Wright and Kravaris (2003) have 

concentrated on incorporating nonlinear decoupling controllers for multivariable nonlinear 

systems, represented a state-space model in the presence of dead times [72-76]. The dead 

times appear in both the sources of measurement as an input and the yields as an output but 

not in the states and are physically connected with sensors and actuators. Simple sufficient 

conditions for the feasibility of closed-loop dead times are derived, which rely only on the 

basic properties of the system. A control law is then inferred so that closed-loop systems 

are input and output linear and decouple, with dead time equal to smallest ones fulfil 

plausibility conditions. The proposed method is applied to a chemical process. Its 

performance is evaluated through simulation in the presence of set-point and load 

disturbance changes. The proposed method is connected to a compound operation. Its 

execution is assessed through reproduction within the sight of set-point and load unsettling 

influence changes. 

 

Gimble and Ordys (2001) have presented a review of some well known predictive control 

algorithms like dynamic matrix control [62]. The preview controller has been outlined. The 

combination of predictive control and linear quadratic Gaussian control will provide 

improved robustness together with adequate speed for a response. Those features are 

sometimes difficult to execute in the traditional formulations of predictive control. Two 

algorithms have been proposed which merge the linear quadratic Gaussian predictive 

controller in the polynomial domain and the dynamic performance predictive controller in 

the state space domain.  R. Anand Anatarajan and M. Chidambaram, (2005), they proposed 

two methods. One is based on the Smith prediction from the model in the transformed 

domain and the other is based on Newton’s extrapolation method [94]. The simulation 

study was made on the conical tank level process and the results were compared with those 

obtained using a conventional PI controller and the Smith PI controller. All the above 

studies reveal that the GLC is applied only to SISO systems not to MIMO systems. But 

GLC is proved to be most suitable for nonlinear systems. This concept paves the way to 

apply GLC for MIMO systems. Thus the study based on the GLC applied to MIMO 

systems is proposed in this work. R.Suja Mani Malar (2008) designed a Decentralized 

fuzzy controller for a multivariable laboratory four-tank process. Simulation results 

confirm the effectiveness of the proposed control methodology [102]. This work clearly 

shows the potential advantages of using a decentralized fuzzy controller for a quadruple-

tank process. The control algorithm has a good setpoint tracking, not for load changes
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. Above study makes learn about some limitation of the conventional PID controller to 

control the various applications but it has some control limitation for the particular 

application. The multivariable system involves more than one control loop, these loops 

interact with each other and in such a manner that single input not solely affects its own 

output, however, conjointly affects different process outputs. QTS has four tanks 

and 2 pumps, this benchmark is simply a water level control problem. The aim of the 

multivariable tank system is to maintain the height of the bottom tank at demanded setpoint 

values. Related laboratory process introduced by Johansson, the process is used to show 

multivariable interactions which are also known as coupling and it limits the performance 

in multivariable control systems [20-24]. Multivariable interactions in a QTS are each 

output (water levels) of the system which have affected by two pumps. Due to these 

reasons, it can be regarded as a prototype for many MIMO control applications in industry 

such as paper production processes, chemical processes, metallurgy and biotechnological 

areas, medical industries. 

 

The three-term proportional, integral and derivative (PID) controllers dominated over the 

process industry for over six-decades and still existing. The major important point of PID 

controllers is because of its simplified structure, strength and over a large very of 

pertinency and appropriate performance, yet , restricted to straightforward control issues. 

In 1939, the primary industrial application of PID controller was introduced and a good 

deal of analysis and research commenced. Since 1942, varied PID tuning techniques have 

been developed and an outline of preferred tuning strategies for PID controller is 

obtainable. In the previous few decades, advancement and competition within the process 

industry developed several complex control issues wherever classical PID was unable to 

cope and control community attempt for good solution. Miller et. al., has illustrated a 

number of the most challenges visaged by the control community. Considering the 

recognition and reliability of PID, several researchers tried to develop the best PID. Rivera 

et. al., introduced an Internal Model Control (IMC) based PID controller design using a 1st 

order process model [109,126], and this was later extended by Chien for a second-order 

process model [149]. 
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2.2.2 Genetic Algorithm PID  

Owing to the requirement of industrial manufacturing processes, the liquid tank level 

control system is applied to many processing fields. For example, the raw materials stock 

of chemical works, the mixture raw materials of lithification process, the mold casting 

process and the steam generator of nuclear power plant, involve liquid level control to a 

certain extent. Conventionally, the linear PID control schemes are employed to have 

control of the liquid level for a number of liquid tank systems. However, as regards to the 

high-precision control, it is insufficient to use linear PID controllers [108]. In the PID 

controller, to be implemented, which has three basic variable tuning parameters 

proportional gain, the integral gain and the derivative gain and it must be judged very 

cautiously. Various techniques have been designed and developed to find PID controller 

parameters for single input single output systems. Among the well-known approaches, are 

Ziegler-Nichols method, the Cohen-Coon method, Integral of Squared Time-weighted 

Error rule, Integral Absolute Error rule, Internal Model Control based method, Gain-phase 

margin method. Several new methods from an artificial intelligence approach, are such as 

GA, fuzzy logic, the applications of GAs have been expanded into various fields. With the 

abilities for global optimization and good robustness and without knowing anything about 

the underlying mathematics, GAs are expected to overcome the weakness of tradition, all 

PID tuning techniques and to be more acceptable for industrial practice[108]. In the 

previous work, it has been shown that GA gives a better performance in tuning the 

parameters of PID controllers than the Z-N method.  The improvement of  genetic 

algorithm based on simplex crossover operator is utilized for the parameter optimization 

for support vector regression to influence the crossover operation to get the gradient, to 

make a modification  through linear computing in the parameters, which are the 

requirement scope after the reflection, expansion, and compression operation on the 

simplex operator and to introduce the crossover validation method  into the selection of 

fitness function of genetic algorithm to improve the algorithm's generalization the 

performance has been proposed by Dongmei Zhang [113]. 

 

This marvelous technique will notice the sensible problem to the improvement with 

findings of issues.  It concerns to a specific category of biological process programming 

that utilized techniques galvanized by a biological process like inheritance, mutation, 

selection and also a crossover. The best result is got by this algorithm giving a constant 
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best fitness operates to attenuate. The genetic algorithm (GA) uses a direct analogy of such 

a natural evolution to do global optimization in order to solve highly complex problems 

(Goldberg, 1989). It presumes that the potential solution of a problem is an individual and 

can be represented by a set of parameters. Kim, Park, Choe, and Heo, 2008. Korkmaz, 

Aydogdu, and Dogan (2012) compared the performance of nonlinear conventional PID and 

GA based PID [25]. The result shows the effectiveness of the approaches for tuning the 

PID controller. In a comparative study of various intelligent techniques for temperature 

control of water bath systems, Saini and Rani (2012) found that the use of advanced 

techniques, such as Artificial Neural Networks (ANN) and GA with the conventional 

Fuzzy Logic Control offers encouraging advantages. The novel genetic algorithm is used 

to identify multi-variables nonlinear boiler system having 300MW power plant, detailing 

by Dimeo and Lee [80]. Neural Networks and genetic algorithm are adaptive optimization 

method depends on biological rules.  All such methods like floating-point coding, elitist 

reservation and grouping method, rank based selection are implemented in this algorithm,  

the searching power, is to be enhanced and the premature convergence is also to be 

restrained.  These problems consist of reducing the weighted connections  in feed-forward 

neural networks utilizing into two category representation such as binary and real-valued, 

use of a genetic algorithm to develop new novel constructions with the design of property 

patterns for neural networks that makes learn by utilizing error propagation. Parameter 

improvement and good work for an associate acceptable tool have been inferred by genetic 

algorithm. Genetic algorithm can be used to design control system of the boiler-turbine 

plant.  Minimize the integral squared error of input and states optimal control problem are 

solved by using a genetic algorithm. Interacting with a powerfully made Binary Space 

Partitioning file has been arranged by Yuen. The origination of Binary Space Partitioning 

file starts from the fields of computer graphics and mathematical detailing computational 

geometry.  The Binary Space Partitioning method chronically developed as an irregular 

tree that its development strategy mirrors the advancement part of the various soft 

computing techniques and is a quick technique to address regardless of whether there is 

return. 

 

2.2.3 Particle Swarm Optimization PID 

PSO algorithm is the most widely used optimization technique since it has fast 

convergence, few parameters to adjust and hence easy to implement. The interactions of 
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the four tank system are studied and the controller strategies such as Internal model 

control, Bacterial forging optimization method and Particle swarm optimization techniques 

are implemented and analyzed using MATLAB Simulink to maintain the heights of the 

bottom two tanks. The response of the aforementioned techniques is analyzed and 

compared. This techniques procedure utilized for setting of neural network systems used to 

compel both inverts and forward representing of metal inactive gas welding system an 

optimization method in light of Particle Swarm Optimization improvement is presented. 

The PSO reactions are contrasted to decentralized PI and GA reactions. In this response, it 

is seen that the integral error criteria such as ISE and IAE esteem are very low with PSO 

based controller than the decentralized PI-based as well as GA based controller. For the 

basic tuning of the PID parameters, there are many optimization techniques are available 

like Zeigler Nicholas method, Ant Colony algorithm, Particle Swarm Optimization, 

Genetic Algorithm. PSO procedure has been utilized to tune the controller consequently 

that can altogether diminish the computational exertion contrasted with manual graphical 

systems. It has likewise been exhibited that this strategy robotizes circle forming as well as 

enhances outline quality and most conveniently, enhances execution with ideally tuned 

PID controller in a quantitative way.  Current studies on tuning PID controller focus on the 

new approach of PSO. For example, Tandan and Swarnkar (2015) introduced Modified 

Particle Swarm Optimization (MPSO) which is a simple and fast approach for optimizing 

PID controller. This approach is able to improve closed-loop performance over the PSO 

based optimized PID controller parameters. In a study by Asifa and Vaishnav (2010), PSO 

is proposed to improve the step response of a third order system. A comparison with other 

conventional approaches shows that the PSO based PID controller produces superior 

results, especially on the stability convergence and computational efficiency. The 

advantages of PSO approach have attracted our attention to apply this approach for solving 

a single water control system in this study. Classical optimization techniques are not 

applicable here because of the roughness of the multidimensional objective function 

surface. We, therefore, use a derivative-free optimization technique Particle Swarm 

Optimization (PSO) originally devised by Kennedy and Eberhart [114]. It draws 

inspiration from the intelligent, collective behavior of a swarm of social insects 

(particularly bees) foraging for food together. PSO and (subsequent modifications thereof) 

are highly regarded in research communities due to its combination of simplicity (in terms 

of its implementation), low computational cost and remarkable efficacy. Vrahatis and 

Pedophiles attempted to change to find efficiency in PSO by implementing two times
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 transformations of the objective function which rejects and elevates the neighborhood of 

the local minima. The objective function is chosen so as to decrease the integral of time 

absolute error (ITAE) performance index. Comparative analysis between proposed (PSO 

and GA) tuning method and another method check and simulated in MATLAB. After that 

result it gives genetic algorithms better response compared to PSO based on the 

Performance Index. Particle swarm optimization is utilized for the design of frequency 

specific surface and other optimization based on population computation which could be 

utilized to take care of the minimization for this issue, display the optimal design of fast 

pivotal motion generator presented by Sadeghierad et al. advancing the effectiveness of 

machine   to be utilized by PSO and GA. It  calculates and  coordinates the fundamental 

highlights of GA and PSO into the advancement procedure to tackle the entangled 

dispersing opposite issue solved by Bouzid Mhamdi et al. Tuning of neural network system 

has utilized for completing both forward and invert mapping of metal inactive gas welding 

application executed based on Particle Swarm Optimization. Multi-objective index 

optimization for determining the size and area of multi-distributed generation units in 

conveyance frameworks with various load models have been proposed by A.M. El-

Zonkoly. The proposed work additionally considers an extensive variety of specialized 

issues such as the line stacking, active power losses and reactive power losses of the 

system, the voltage output, the Mega Volt Ampere allowed by the grid.  

 

2.2.4 Taguchi PID techniques  

E. F. Ryckebusch, I. K. Craig presents the use of Taguchi methods for tuning PID 

parameters in a multivariable plant [148]. Anderson (2000) explains both the basic Taguchi 

procedure and how to use the analysis of variance for analyzing data. In this paper, the 

Two Input, Two- Output controller gains are tuned with this method. Researcher has used 

general experiment design methods implemented by Dr. G. Taguchi since the late 1940s 

(Roy, 1990). This general quality method was first used for improving efficiency in 

industrial applications, it can be applied in many different cases where discrete changes in 

parameter values are made. For instance, Chen et al. (1996), used these methods for 

optimizing laser micro-engraving of photomasks [148]. The effects of five key parameters 

were analyzed and the laser linewidth was optimized using an L16 orthogonal array. 

Griffin (2000) also used this design method to improve the quality of the Wheatstone 

bridge, which is an electrical device for precise measurement of values of resistor, gai
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 tuning of a simultaneous multi-axis PID controlled system. The parallel mechanism 

machine tool used in this study (the Eclipse) provided a total of 32 controller gains to tune 

for robustness. If there arise an occurrence of a various info parameter procedure to get the 

best yield result, the main routes are to direct all conceivable tests masking the whole 

scope of variables. In this entire arrangement of trials was directed to make desired 

outcomes. The quantity of investigations associated with numerous cases is widely 

extensive, it turns into a time consuming with costly affair to get a right picture of the 

impacts of different variables on the watched information legitimately. Taguchi strategy 

utilizes an exceptional arrangement of exhibits called symmetrical clusters. These clusters 

enable you to consider a chosen subset of mixes of numerous components at various levels 

and guarantee that all levels of all elements are thought about similarly. Sir R. A. Fisher 

was the first to propose the system of spreading out the conditions of tests including 

diverse various factors. The technique is famously known as the factorial outline of 

examinations. To beat the issue of an immense number of investigations to be directed, 

Taguchi proposed an exceptionally planned technique called the utilization of symmetrical 

exhibit to consider the whole parameter space with a lesser number of trials to be 

conducted.  

 

2.2.5 TGA and TPSO Techniques  

Taguchi GA is a standard GA tuned with Taguchi quality strategy. This methodology has 

ended up being a critical instrument in the framework plan and process quality, has been 

connected to take care of numerous optimization issues in electrical machines' outline, 

aeronautic engineering and controller configuration compared to conventional Gas. This 

strategy has fewer analyses to get ideal GA parameters in tackling optimization issues 

utilizing the orthogonal array and signal to noise proportion (SNR) strategies. In this 

examination, the AIS swarm knowledge is tuned with Taguchi– GA to get better 

execution. This artificial immune system tuned with Taguchi–genetic algorithm (TGA) is 

then acknowledged in FPGA to address the opposite kinematics issue of high-degree of 

freedom (DOF) modern automated controllers and industrial robotics. Taguchi combined 

GA design of the third method for determining optimal PID controller parameters of an 

AVR system using Taguchi Combined Genetic Algorithm (TCGA) is presented. Taguchi 

method is used for finding the approximate values of the PID controller, whereas the 

Genetic Algorithm (GA) is used to find accurate results. The dynamic response of Taguchi
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Combined Genetic Algorithm, Fuzzy controller and effectiveness of the Taguchi method is 

validated using MATLAB Simulink. The result shows that the TCGA method gives better 

performance than a fuzzy controller.   

The novel tuning of a PID controller in the Automatic Voltage Regulator framework is 

based on the Taguchi based Genetic Algorithm techniques. The population random 

solutions are introduced by the Particle Swarm Optimization. There is one contrast   in soft 

computing techniques based on particle calculation which assigns randomized speed to 

every solution. Every arrangement is spoken to particle aviate using such an arrangement 

space. Contrasted with GA, it needs less calculation and fewer parameter modifications. 

Notwithstanding, in spite of fact that this algorithm techniques is effortlessly executed and 

accomplishes speedy intermingling, it has a tendency to stall out in close ideal 

arrangements, which are hard to enhance by additionally adjusting. A survey of the PSO 

writing indicates not very many investigations of the multi-objective Flow Shop Problem 

(FSP).  Each particle speeds and refreshes model to create different population and project 

a self-adaptive to sort out various control procedure to maintain a strategic distance from 

the untimely union for the discrete techniques to improve with hindering limit to make a 

length as presented by Wang and Tang. The search capacity was being utilized to enhance 

by a most basic search technique identified stochastic variable. In an enhanced particle 

swarm optimization calculation in light of the "all unique" limitation, is projected to 

understand the Flow Shop Problem with the target of limiting range.  That is by virtue of 

that the speed status of particle and place are both demonstrated as stages of all 

occupations which must satisfy the "all one of kind" constraint. This requirement of 

powers  for each decision variable, in an offered gathering to expect esteem unique in 

relation to the estimation of each other variable in that gathering. PSO with genetic 

operator combines with this algorithm effectively. To solve multi-objective Flow Shop 

scheduling Problems (FSPs) for a specific system is to be presented by an HSLTPSO 

algorithm. This HSLTPSO efficient algorithm coordinates various other techniques such as 

sliding level Taguchi-based crossover, elitist protection and PSO. This new method hybrid 

sliding level Taguchi-based particle swarm optimization are utilized by a PSO to 

investigate the less executable part in full scale-space, the use of systematic reasoning 

techniques of the sliding level Taguchi-based crossover put to use the best solution to 

micro-space and the function of the elitist protection techniques to carry the good particles 

of multi-objective population of the following accent. The literature studies were found the 

application of the MGPSO using concepts of Pareto optimally to a multi-variabl
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 quadruple-tank process. Compared to a classical multi-objective PSO algorithm which is 

applied to the same process, the MGPSO shows considerable robustness and efficient in PI 

control tuning. A multi-objective design enhancement is acquainted with the limit most 

extreme rate of dynamic response of the main voltage which effects the output result of the 

synchronous generator. Optimization related issues solved by proper selection of the 

constant for tuning the PID controller. In other research paper, by using discrete particle 

swarm optimization to solve the no-hold up Flow Shop schedule partitioning with both the 

criteria, creates a range and aggregate stream time. Hybridizing the discrete particle swarm 

optimization with the variable descent algorithm was enhanced through arrangement 

quality of the system. 

 
2.2.6 Performance Indices 

Awouda and Mamat (2010) found an efficient tuning method of the PID controller by 

using the optimization rule of ITAE performance criteria. The method implies an analytical 

calculation of the gain of the controller for PID controlled systems. The objective function 

is selected so as to minimize the ITAE performance index. The study shows that the ITAE 

tuning setting by the authors gives a small rise time.  T.T. Erguzel found improper fitness 

functions were  selected (some integral system performance measure such as integral time 

squared error ITSE, deviation from the designed trajectory, etc.) which were  complex, 

depended on the experiment's result  and did not take advantage of the GAs facilities for a 

multi-objective optimization by combining different requirements. Meenakshi Kishnani1, 

Shubham Pareek and Dr. Rajeev Gupta found PID controller is designed for the DC motor 

plant with its parameters optimized by the Artificial Bee Colony Algorithm [157]. The 

objective of this paper is to show that by using ABCA optimization was achieved and 

optimized system response by three fitness functions i.e. IAE, ISE, and ITAE were 

compared. A.B. Campo finds out the design specification presented at the references which 

was attended through the use of an exhaustive search algorithm to obtain the best response 

according to the performance index Integral Absolute Error. MATLAB code used to apply 

this algorithm, is effective and has generated a better response than that presented at 

references. From the literature, more objective functions have been proposed as an integral 

performance criterion.  In the control system, it is to decide the objective function that will 

distribute in terms of time and frequency domain based on performance criteria.  The most 

usually utilized functions are the time domain integral error performance criteria which are



  Literature Survey 

24 
 

based on calculating the error from the controller between the process control output and 

the input reference signal. There are four type of integral performance functions i.e IAE, 

ISE, ITAE and ITSE. Tavazoei has presented the type of integral functions based on 

performance with the fractional order of the time weight and absolute error. General 

execution rule to encourage the control technique over both the time and frequency area 

particulars have been proposed by Zamani [111]. There are two frequency parameters 

consist of the eight terms objective function. The essentialness of each term is controlled 

by a weight factor. Confirmations have exhibited that the proposed performance criteria 

can look productive for the optimal controller parameters regardless, the decision of the 

weighting factors in the objective function which isn't a simple task. 

 

2.3 Problem finding from the literature review  

From the literature review controlling the multivariable nonlinear system, is a challenging 

work to perform various control techniques.  We also found using various control 

techniques to optimize performance indices of the nonlinear system at a certain level.  In 

this work to control the nonlinear  system based on various control techniques such as 

Internal Model Control, Model Reference Control, Genetic algorithm , Fuzzy Control, 

Particle Swarm Optimization, various soft computing approach, hybrid soft computing 

approach, various conventional control PID, PID controller tuning of all type control 

techniques are very useful  for the  optimization of performance indices of multivariable 

control system in specific level such as quadruple tank system which has highly nonlinear 

control system for simulation as well experimental analysis of the various control system 

to validate the performance indices of the nonlinear system.   

 

2.4 The Methodology of Research: 

The proposed work consists of two parts i.e. Design control strategies for nonlinear system 

and Development of Quadruple tank system for experimental validation. The following 

results have been obtained for different heuristic approach with simulation and 

experimental process. We can use different methodology for the control and stability 

problem in nonlinear system to design the PID controller parameter like PID controller 

with Z-N Method, PSO PID Controller, GA PID Controller, Taguchi Method statistical 

Approach, hybrid soft computing functional Approximate GA (TGA PID) Taguch
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 combine with Genetic Algorithm PID controller, Taguchi combine with Mutation Particle 

Swarm Optimization PID controller. Check and validate the result with the Taguchi 

method with Mutation PSO algorithm. Here there are different algorithm techniques 

implemented in a mathematical model to control the nonlinear quadruple tanks system in 

MATLAB for the different parameter of PID controller. After the result of different 

techniques for PID Controller, we can conclude that overall result for the different 

technique is to improve the result of performance indices in the simulation. Afterwards, we 

have designed and developed the real experiment set up for checking the stability and 

control the quadruple tanks system in minimum phase response. We have designed and 

developed the Quadruple tanks system having NI DAQ USB based card for acquiring the 

two analog signals from the level transmitter and generate the appropriate output signal 

based on control Taguchi MPSO based PID controller. We are achieving the best result out 

of all other techniques to control the nonlinear system and improve the performance 

indices. 
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CHAPTER 3 

3 Nonlinear Control System 

3.1 Introduction 

Modern control industrial issues are typically consisting of highly nonlinear and have 

numerous parameters. The process control engaged with such higher production,  industry 

process demonstrate noteworthy, meaningful uncertainties, minimum and non-minimum 

phase nature of the process based on a certain parameters of the process and multiple loop 

interactions.  

The nonlinearity of such modern control processes comprehends that there is a requirement 

for a research center for hardware laboratory equipment to compete with the experimental 

tests. The quadruple tank system is a unique system utilized to dissect the nonlinear 

impacts in a multivariable control process. The nonlinear system is broadly utilized in the 

figures of  the dynamic multiple interactions and nonlinearities showed in the reaction of 

petrochemical, pharmaceutical, fertilizer industries and chemical industries.  The control of 

such collaborating multivariable process control system is of extraordinary enthusiasm for 

process control industries. Multivariable control systems are adopted in industrial control 

processes. It is exceptionally hard to control the multivariable control processes because of 

the multiple loop interaction between the factors. Keeping in mind the end goal to meet the 

high product quality and energy utilization prerequisites of the process industry, the 

multivariable system must be controlled successfully. Different strategies for planning PID 

controller    and various techniques for design and development PID controllers are 

available in the literature. The multivariable controller is outlined based on maximum 

closed-loop log modulus. Since it measures the robustness of the control systems and 

strength of the control frameworks and consequently can show the suitability of controller 

outline as for the current working conditions.  In recent years, heuristic techniques are used 

in various engineering and commercial optimization issues. The distillation column is 

considered as a case for simulation purpose by Ogunnaike and Ray. It is a remarkabl
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 application of nonlinear multivariable systems. It is implemented in various multivariable 

distillation columns, Twin Rotor MIMO system and quadruple tank system. It is    also 

works to check integral criteria of process system in terms of performance factors such as 

ISE IAE, ITAE and ITSE which are likened. 

 

3.2 Quadruple Tank System  

 

FIGURE 3.1: Schematic of Quadruple Tank System  

The highly nonlinear complex system is an example of a quadruple tank system that 

utilized to develop various control methodologies. The experiment process set up consists 

of four different interacting tanks, two manually operated valves, and two water transform 

DC pumps. It is said as multiple interaction double tanks process. First and second tanks 

are set underneath and third and fourth to get water stream by effect of gravity force. The 

two process inputs are voltages v1 and v2 supplied thorough PWM signal to the two DC 

pumps. To mass the outgoing water from tank1 and tank2 a supply is available in the base 

of every tank and  has a valve fitted to its outlet. The activity of pump 1 and 2 is to suck 

water from the reservoir and pass it to tanks based on the valve opening Pump 1 passes 

water to tank 1 and tank 4 and the pump 2 passes water to tank2 and tank3. Lower tank
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 get water from their related upper tanks due to gravitational effect. Purpose of the system 

is to maintain the liquid heights of the bottom tanks. The fluid levels in the lower tanks are 

controlled. We can say the height of both tanks as h1 and h2. These valve positions give 

the proportion in which the output from the water pump is separated between the upper 

position and lower position tanks. The water flow to the tanks can be balanced through the 

position of the valve. The position of the valve is settled amid the examination and just the 

pump if differed by changing the input applied voltage. The task of quadruple tank system 

can be grasped in two stages to be a minimum phase and non- minimum phase.  

Consequently, the process can be kept in a minimum or non-minimum phase condition. 

 

3.2.1 Mathematical Model of Quadruple Tank system  

The process which has nonlinear characteristics has a more interaction of quadruple tank 

processes, which are touchstone processes used in many industrial applications. This 

frame-up is very simple and rugged but still, the system would elaborate concerning 

multiple variable techniques. Process modeling is very essential to look into how the 

characteristics of process responses with time under the effect of changes in the extraneous 

interferences, manipulated variables and consequently in designing a specifically selected 

controller. In this process, two different techniques have been used, one of this is 

experimental setup and another one is a theoretical aspect. In such a case, a representation 

of the process is required in order to examine its process static and dynamic characteristics. 

These approaches are usually contributing in terms of a set of combination, theoretical with 

mathematical equations whose solution gives the better dynamic characteristics of the 

process. The primary guideline mathematical model for this process utilizing mass balance, 

energy balance and Bernoulli’s law is gotten. The process flow diagram is viewed in 

Figure3.1. The main object is to maintain the levels γ1 and γ2 at bottom tanks with prime 

movers. This mathematical model required for the present experimental lab incorporates 

and furthermore the exasperating impact of flows in and out of the upper side-level tank. 

Input voltage is applied to prime movers V1 and V2 (input voltages to the pumps). This 

process is represented by the differential equations according to the material balance 

equation. 
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Processes are represented by equations       

 

 

 

 

 

TABLE 3.1: Physical parameters of the Quadruple-Tank 

Parameter Limit Description 

hi Cm Height of the tank i  

Ki Cm3/S.V Voltage to volumetric pump constant of pump i 

Kc V/cm Water level to voltage proportionality constant of sensors 

γ i [.] The fraction of water flow of the pump 

ai Cm2 The cross-sectional area of water outlet hole of tank i 

A Cm2 The cross-sectional area of the four tanks 

 

This process presents interacting multiple variable dynamics, complex system because of 

each of the prime movers which involves both  the outputs. This process exhibits nonlinear 

model and the nonlinear model converts to the linearization model of the nonlinear element 

available in the process which has multiparameters that becomes zero, which is to be 

placed on the left or the right half- S plane by setting the throttle valves position γ1 and γ2. 

It showed that the inverse response (Non minimum phase) will happen when the value of 

this valve in the range of 0 < γ1+ γ2 < 1 and minimum phase for 1 < γ 1+ γ2 ≤ 2. Valve 

position will be imparted to the general system, completely disparate conduct from various 

variable control perspectives. Immeasurable disturbances can be enforced through forced 

water out of the main upper tanks and into the main bottom man-made space small tank. It 

is exhibiting reject interference as well as mentioning the covering points.
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TABLE 3.2: Limit of a parameter of the QTS 
 

Parameter Limit Description 

hi max 10 cm  The maximum level of tanks  

him in 0 cm The minimum level of tanks  

ujmax 24 V  Maximum pump voltage 

 uj min 0 V Minimum pump voltage 

 

 Utilizing the multiple variable four tank process, different parts of multiple variable 

control systems can be delineated. For example: 

• Design and analysis of mathematical model based predictive strategy. Development 

and analysis of μ-analysis-based H∞ control. 

• Design and examination of state criticism compensator for various areas of the 

zeros. 

• The locations of the zeros on the process output effect in  different input directions 

• Design and examination of decoupling compensator 

• The valve positions impact on the area of the zeros. 

• Design and assessment of decentralized control. 

• Recognize when a procedure is simple or not to control 

 

3.2.2 Linear Model  

The hybrid model needs a discrete time, linear model of the process on the form, therefore, 

the nonlinear dynamic model Equation 1 to 4 will be linear around a working point x0 and 

u0 and then discretized. Linearization, made using First order Taylor expansion, gives 
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It is also useful for the following analysis to consider an expression of the transfer matrix 

of the system. The Laplace transforms of yields are the transfer matrix of the system. 

 

3.3 Controller Design  

The design method is compared with the following tuning method of PID controller design 

approaches  

• The Conventional PID controller  method  

• Genetic Algorithm based PID controller  

• Particle Swarm optimization based PID Controller  

• Taguchi method based PID controller  

• Taguchi combine Genetic algorithm PID Controller  

• Taguchi combined mutation particle swarm optimization algorithm PID Controller  

The tuning of the controller could be explained by maintaining the variable of the 

controller so that the system dynamic response is better or response based on the designer. 

There are numerous performance criteria for controller tuning that may accept, some of 

them are considered as under:  

• Keep the maximum deviation as minimum as possible  

• Decreases the integral of errors until the process has settled at its settling positions 

• Gaining short settling times  

• Performance Criteria  

In the process control system, two types of performance criteria are to be satisfied, one is 

steady-state performance criteria and second dynamic performance criteria. Performance 

criteria based on the closed loop response of the system are overshoot, rise time, settling 

time, decay ratio and frequency of oscillation.  The specified characteristics can be used by 

controller designers as per controller selection and parameter value adjustment.  The 

design of controller mainly concentrates to minimize overshoot, minimum settling time 

and other parameters which are related to this given system. If this process is nonlinear, the 

main characteristics will be changed from one operating point to another
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operating point after that specific parameter tuning can produce the desired response at the 

only single operating point in the system. If there is a change in operating points in the 

system, it will change the controller tuning.  Adaptive controller and self-tuning controllers 

are designed by required fine-tuning for a specific application. PSO and GA provide the 

best adjustment of controller parameters in the case of changing process dynamics. 

 

3.4 PID Controller 

3.4.1 Overview 

Proportional-Integral-Derivative (PID) control is the most common control algorithm used 

in industry and has been universally accepted in industrial control. The popularity of PID 

controllers can be attributed partly to their robust performance in a wide range of operating 

conditions and partly to their functional simplicity, which permits industrial engineers to 

run them in a very easy manner. 

The whole idea of this controller solves around manipulating the error. The ERROR is   the 

difference between the Setpoint - Process Variable. ERROR = SP – PV.  These 3 modes 

are used in different combinations:  

Proportional – Sometimes used  

Proportional Integral - Most often used  

Proportional Integral Derivative – Sometimes used 

Proportional Derivative – Very rare, useful for controlling servo motors. 

 

PID Controller composed of different constant such as proportional, integral and 

derivatives which give a better optimal response. The theory of conventional controller and 

its effect of tuning gives better response in basic feedback control system.  

 

3.4.2 Control System 

The fundamental thought behind a PID controller is to acquire a signal from the sensor, at 

that point figures the coveted actuator yield by proportional, integral and derivative 

reactions and summing up those three segments to process the yield before we begin to
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characterize the parameters of a PID controller. In a various process control system, the 

process parameters could be the system parameters that   should be controlled, such as 

temperature, pressure, flow and level standard parameter. A sensor or transmitter is utilized 

to quantify the parameter of the process and give measurement input to the system which 

too is controlled. The reference point is coveted or direction esteem for the parameter of 

the process, such as 10cm height on account of a level control system. For example, if the 

deliberate level parameter is 10 cm and also coveted level reference point is 5 cm, at that 

point the final control output indicated by the controller program may be to drive a flow of 

liquid. To drive a final control element to start a pump and  the system going to flow the  

liquid, to get  the final result in increasing height (level). Subsequently, the 

deviation among the process variable and the set point is utilized 

by the control system compensator (controller), to determine the coveted a very 

last manipulated detail output to power the entire plant system,  which  is referred to as a 

closed loop control system, in light of the reality that the manner in the direction 

of reading sensors to offer in no way-finishing feedback and ascertaining the coveted 

actuator yield is rehashed continuously and at the constant loop rate, as represented 

in figure 3.2.

 
                                             FIGURE: 3.2 Block Diagram of Control System 

In many cases, the actuator output is not the only signal that has an effect on the system. 

For instance, in a temperature chamber, there might be a source of cool air that sometimes 

blows into the chamber and disturbs the temperature. Such a term is referred to 

a disturbance. We usually try to design the control system to minimize the effect of 

disturbances on the process variable. 
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3.4.3 Proportional Action  

The deviation between the set point and the process variable just rely on the proportional 

element. The ERROR expression is mentioned by this deviation. The proportion of output 

response to the error signal is called the proportional gain (Kc). For example, if the 

ERROR term has an extent of 5, a proportional gain of 2 would generate a proportional 

response of 10. By and large, in any case, if the corresponding increase is too vast, the P, 

the process variable will start to sway. On the off chance that Kc is increased further, the 

oscillations will end up in bigger and larger and the system will end up flimsy and may 

even oscillate out of control.  

3.4.4 Integral Action 

The basic integral parts sums the ERROR term after some time. The outcome is that even a 

low ERROR term will make necessary part of the integral component to increase it 

gradually. 

 

 
FIGURE 3.3: Block diagram of PID control.  

The integral response will ceaselessly rise after some specific duration except if the 

process error is zero, so the high impact of the integral controller is to bring the final 

steady-state error to zero. The pure integral control tries to make error zero in spite of they 

have some value. The steady-state error is the final deviation between the process variable 

and setpoint. This is known as an integral windup. 
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3.4.5 Derivative Action   

The derivative action is corresponding to the rate of change of the process variable. 

Expanding the derivative time (Td) parameter will make the control system respond all the 

more emphatically to changes in the error term. It will also develop the speed of the overall 

control system response. The derivative makes the yield to diminish, if the system variable 

is expanding fast. In the advanced systems for control to use very low derivative time (Td), 

in the real senses that exceedingly sensitive to the commotion in the process variable 

depends on the derivative response. At the off threat that the sensor feedback sign is 

uproarious or if the control loop rate is too sluggish, the derivative reaction can make the 

control system highly unstable. 

3.5 Tuning based on Integral Criteria 

The response of the complete closed-loop system at t=0 until steady state has been 

achieved can be utilized for the formulation of the dynamic performance criteria. Based on 

the closed response, these methods minimized the area under error vs. time curve.  

Significant of the tuning methods is to reduce the integral of the error so that it can address 

to improve the error integration. Minimize of Integral of error is not possible directly 

because a very large negative error will be a minimum value so that the absolute error 

value or square of error value is taken and will decrease. 

Integral of the squared area: ISE =  

Integral absolute error: IAE =  

Integral of time multiplied by the absolute value of Error: ITAE = =  

Integral of time multiplied by the square the  value of Error ITSE=  

For the computation purpose, the upper limit of the integral may be replaced by settling 

time. Processes with just a single output being controlled by a solitary controlled variable 

are delegated as Single-Input Single-Output (SISO) systems. Numerous processes, be as it 

may, do not fit in with such a simple control form. In the process industries, any unit task 

fit for manufacturing or refining a product cannot do as such with just a single control 

loop. Each unit operation typically requires control over not less than two control loops. 

The system with excess of one control loop is known as a complex nonlinear MIMO 
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system. MIMO processes have a multivariable zero. The control problem is simple for the 

minimum phase system, compared with non-minimum phase system. 

The purpose of this task is to study problems related to multivariable control. The studied 

quadruple-tank process has two inputs and two outputs and by making minor changes to 

the process, it will switch from minimum phase to non-minimum phase. At the same time, 

the relative gain of the system will change significantly, meaning that a feedback controller 

controlling the process will also need a change in a sign. Preferably you use different 

feedback structure for the two cases. The quadruple-tank process is shown in Figure 3.4. 

The goal of the control system is to control the level of the two lower tanks. What makes 

the task more challenging is that the water from the upper tanks flows down to the tanks 

below. Pump 1 feeds tank 1 and 4, and pump 2 feeds tank 2 and 3. So we have interaction 

between the two tanks that are controlled. The way toward setting the optimal gain 

increases the P, I and D to get a perfect response from a control system, which is known as 

tuning.  There are diverse techniques of tuning usage to get want output from the system 

the constant of a basic controller can be gotten by laboratory setup. Once an engineer 

encompasses the necessary gain constants, these techniques turn out to be relatively 

simple.  

 

In this technique, the I and D terms are set to zero first and the proportional gain is 

expanded up to the point that the output of the loop oscillates. As one expands the 

proportional gain, the system is going to be quick respond, but attention must be given   

not to attain the system stable. Once gain P has been fixed to get a required fast response, 

the gain of the integral term is increased to remove the offset and decrease oscillations as 

well as steady-state error, but generates new overshoot value. The gain of the integral term 

is converted to reach a less steady-state error. Once the gain of P and also gain I have been 

fixed to get the coveted fast control system with insignificant steady-state error, the gain of 

the derivative term is increased until the loop is acceptably going to its desired value. In 

the expanding derivatives parameter diminish overshoot and show signs of improvement 

stability but system becomes endure to sensitive to noise.  Engineering needs to trade off 

one behavior of the process control system for optimal to all the more better meet their 

fundamental requirements and desired output which is required for the process control 

system. 
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3.6 Application of Nonlinear MIMO system  

Nonlinear MIMO control application area in industry such as 

• Paper production processes 

• Chemical processes 

• Power plants 

• Metallurgy  

• Biotechnological areas  

• Medical industries 

• Distillation column in the petrochemical industry 

• Batch process in the pharmaceuticals industry  

• Underwater vehicle 

• Spacecraft 

• Robotic 

• Avionic 
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CHAPTER 4 

4 Control Techniques for Quadruple Tank System  

4.1 Conventional PID controller  

PID Controller is a most recent control algorithm employed in process industry & 

applications, more than 95% of the industrial controllers are of PID type. PID controllers 

are used for more precise and accurate control of various parameters. Most often these are 

used for the regulation of temperature, pressure, speed, flow and other process variables. 

Due to best performance and functional requirement of the process, it has been accepted in 

various industrial requirements and basic applications where numbers of accurate controls 

are the foremost required. 

 

After many years, researchers have made studies to develop new advanced control 

strategies to give excellent dynamic nature to multiple inputs and multiple outputs system.  

The behavior of the multiple inputs and multiple outputs system is nonlinear. Nonlinear 

multivariable processes are consisting of many control inputs and outputs parameters 

found in various chemical and petrochemical plants. Form the many years research output 

indicated, in various process industrial plants, a method widely used in the decentralized 

method of the classical PID algorithm, is called multi-loop controller.  

 

One strategy that has been genuine with the exception in the different research papers is 

the utilization of an improvement method of learning and problem solving to get the 

controller parameter. This is due to the strength of such methods in solving real 

optimization problems (mostly nonlinear), instead of with many constraints even though 

we got the best result in various optimized values. In such a method, the whole nonlinear 

multiple control systems are divided into individual parameter process loops, establishing 

the process easy to run. Even though there is problem distinguished in this method, this

https://www.electricaltechnology.org/2015/09/what-is-industrial-automation.html
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division involves the process dynamics, since there is an interaction between each process 

control loops. 

 

To get effect  of the  tuning by r finding proper parameter of  PID controller for multiple 

inputs and multiple outputs by using best conventional Ziegler Nichols method to  get a 

best satisfactory response and to improve error output and reduce the coupling effect and 

changes for  the dynamic response. It can resolve that the optimization function is very 

convenient for acquiring the system performance. 

 

 
 

FIGURE: 4.1 Schematic of Convention PID Z-N Method for QTS 

Tuning of PID controller based on Ziegler-Nichols method is a second popular method for 

controlling to I and D set to zero value for the process control system. P is rising until loop 

starts to oscillate. Once oscillation starts, a period of oscillations Pc and the critical gain Kc 

are calculated. For Tank 1 Kc = 12.00  Pc = 50 For Tank 2 Kc =15.70  Pc =85 

TABLE: 4.1 Ziegler- Nichols Method for PID tuning  

Control  P Ti Td 

Proportional  0.5Kc ------ ------ 

Proportional –Integral  0.45Kc Pc/1.2 ------ 

Proportional -Integral – Derivative  0.60Kc 0.5Pc Pc/8 
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TABLE :4.2  Z-N Method  PID TUNING PARAMETER 

Tuning 
Method 

Tank 1 Tank 2 

Kp1 Ki1 Kd1 Kp2 Ki2 Kd2 

Z-N Method 7.20 0.28 45 9.10 0.21 96.70 

 

TABLE: 4.3 Conventional PID based on Time Domain specification -Simulation Result 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TABLE: 4.4 Conventional PID based on Performance Indices -Simulation result 

Sr. 
No. 

Methods 
/Indices 

ISE (%) IAE (%) ITSE (%) ITAE (%) 

L1 L2 L1 L2 L1 L2 L1 L2 
1 PID Z-N 60 11 17 10 60 41 37.5 40.3 

 

 

Operating Point Parameter PID   Z-N 

Minimum 

Phase 

γ1 =0.7 

γ2 =0.6 

Level 1 

5cm 

Settling time(s) 50 

Overshoot (%) 7% 

Rise time(s) 9 

Level 2 

5 cm 

Settling time(s) 15 

Overshoot (%) 7.5% 

Rise time(s) 9.1 

Non 

Minimum 

Phase 

γ1 =0.3, 

γ 2  =0.4 

Level 1 

5 cm 

Settling time(s) 12 

Overshoot (%) 4% 

Rise time(s) 4 

Level 2 

5cm 

Settling time(s) 15 

Overshoot (%) 7.5% 

Rise time(s) 9.1 
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TABLE: 4.5 Conventional PID based on Time Domain specification Exp- Result  

    

 

 

 

 

 
 

 
TABLE: 4.6 Conventional PID based on Performance Indices -Experimental Result 

 

Sr. 
No. 

Methods 
/Indices 

ISE (%) IAE (%) ITSE (%) ITAE (%) 

L1 L2 L1 L2 L1 L2 L1 L2 
1 PID Z-N 18.13 24.32 11.03 12.30 90.64 121.59 55.17 61.49 

 

 

 

FIGURE 4.2  Tank 1 Response of Z- N method PID Controller  (Level 1)

Operating Point Parameter PID   Z-N 

Minimum 

Phase 

γ1 =0.7 

γ2 =0.6 

Level 1 

5cm 

Settling time(s) 300  

Overshoot (%) 10.8 

Rise time(s) 

) 

275 

Level 2 

5 cm 

Settling time(s) 320 

Overshoot (%) 12.7 

Rise time(s) 275 
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FIGURE: 4.3 Tank 2 Responce of Z- N method PID Controller  (Level 2) 

 

4.1.1Result and Discussion  

 The conventional PID controller used to control the nonlinear system, the design of the 

conventional controller tuning is based on Ziegler Nichols method. The specific 

application is used but it has some limitations for the control of nonlinear system.  The 

quadruple-tank system nonlinear mathematical model is implemented in MATLAB 

software and got good response. Change is made in tuning parameter based on the Ziegler 

Nichols method. The system becomes unstable and not giving a required   response but the 

conventional method did have some basic outputs to give a good response.  

4.2 PSO PID controller 
In computer science, PSO is a method that minimizes a trouble by iteratively trying to 

change problem results with reference to a specific measure of quality. It provides the 

effect of challenge have a population of problem solutions, this moves particles and 

traveling these particles near to the search-space based on primary mathematical rule over 

the particle's position and velocity. Each particle's drift is worked by its local well-

cognized place but can also be run toward the well-cognized place into search-space, 

which is updated as best places are set up by some other particles. She was first intended 

for simulating social behavior, as a stylized representation of the movement of organisms 

in a bird flock or fish school. The algorithm was simplified and it was observed to be

https://en.wikipedia.org/wiki/Computer_science
https://en.wikipedia.org/wiki/Mathematical_optimization
https://en.wikipedia.org/wiki/Iterative_method
https://en.wikipedia.org/wiki/Point_particle
https://en.wikipedia.org/wiki/Optimization_(mathematics)
https://en.wikipedia.org/wiki/Formula
https://en.wikipedia.org/wiki/Position_(vector)
https://en.wikipedia.org/wiki/Velocity
https://en.wikipedia.org/wiki/Computer_simulation
https://en.wikipedia.org/wiki/Social_behaviour
https://en.wikipedia.org/wiki/Flocking_(behavior)
https://en.wikipedia.org/wiki/Fish_school
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performing optimization. This is expected to move the swarm involve the better results. 

PSO is originally attributed to Kennedy, Russell C. Eberhart. An extensive survey of PSO 

applications is made by Poli. The book by Kennedy and Eberhart describes many 

philosophical views of PSO and swarm intelligence [114].  

 

PSO is really a metaheuristic so it produces very few or no judgment about the problem 

being minimized and can find very large places of prospect results. Even though, 

metaheuristics such as PSO do not ensure minimum results, is ever base. Also, PSO does 

not use the gradient of the problem being minimised, which means PSO not required that 

the minimized problem be differentiable as is needed by classic optimization methods such 

as one of the gradient descent and another quasi-newton methods. Recently, a 

comprehensive review of theoretical and experimental works on PSO has been published 

by Bonyadi and Michalewicz. 

 

 
 

FIGURE: 4.4 Schematic of Particle Swarm Optimization PID for QTS 

PSO algorithm can be implied to tune PID controller variables to grant optimal control 

performance at base operating conditions. PSO algorithm is applied to tuning PID 

variables using the two tank non-interacting liquid level model. Every particle is 

considered member results for PID variables where their parameters were fixing the span 

of 0 to 100. In this 3-dimensional problem, position and velocity are displayed by matrices 

with a dimension of 3 x swarm size. Parameters of the PSO algorithm are considered.  A

https://en.wikipedia.org/wiki/James_Kennedy_(social_psychologist)
https://en.wikipedia.org/wiki/Riccardo_Poli
https://en.wikipedia.org/wiki/Swarm_intelligence
https://en.wikipedia.org/wiki/Metaheuristic
https://en.wikipedia.org/wiki/Gradient
https://en.wikipedia.org/wiki/Differentiable_function
https://en.wikipedia.org/wiki/Gradient_descent
https://en.wikipedia.org/wiki/Quasi-newton_methods
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 good set up of PID controller variable selections can result in a good system output and 

solution in minimization of the performance indices. 

TABLE 4.7: PSO Specification Parameter and their values 
 

Sr. No. PSO Parameter Values 
1 Swarm Size 100 

2 Maximum iterations 70 

3 Imax 0.9 

4 Imin 0.6 

5 C1 2 

6 C2 2 

 

TABLE: 4.8 PSO PID TUNING PARAMETER 

Tuning 
Method 

Tank 1 Tank 2 

Kp1 Ki1 Kd1 Kp2 Ki2 Kd2 

PSO ISE 95 14.6 10.9 81 13.16 1.21 

PSO IAE 35 16.62 9.22 45 2.26 1.02 

PSO ITSE 80 14.3 12.2 72 12.1 0.23 

PSO ITAE 24 17 11.2 20 1.36 0.12 

 

TABLE: 4.9 PSO PID based on Time Domain Specification -Simulation Result 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Operating Point Parameter PSO PID 

Minimum 

Phase 

γ1 =0.7 

γ2 =0.6 

Level 1 

5cm 

Settling time(s) 90 

Overshoot (%) 20% 

Rise time (s) 3 

Level 2 

5 cm 

Settling time(s) 10 

Overshoot (%) 10% 

Rise time(s) 10 

Non 

Minimum 

Phase 

γ1 =0.3, 

γ 2  =0.4 

Level 1 

5 cm 

Settling time(s) 15 

Overshoot (%) 20% 

Rise time(s) 13 

Level 2 

5cm 

Settling time(s) 12.5 

Overshoot (%) 15% 

Rise time(s) 6 



                                                                                                                     PSO PID Controller  

45 
 

 

TABLE: 4.10:  PSO PID based on performance indices -Simulation Result 

Sr. 
No. 

Methods 
/Indices 

ISE (%) IAE (%) ITSE (%) ITAE (%) 

L1 L2 L1 L2 L1 L2 L1 L2 
1 PSO PID 11.2 8.7 10 8.5 31.2 48.7 30.4 28.5 

 

TABLE 4.11: PSO PID based on Time Domain Specification –Experimental Result 

 

   

 

 

 

 

TABLE: 4.12:  PSO PID based on Performance Indices -Experimental result  

Sr. 
No.  

Methods 
/Indices  

ISE (%) IAE (%) ITSE (%) ITAE (%) 

L1 L2 L1 L2 L1 L2 L1 L2 
1 PSO PID  15.63 16.37 10.09 9.30 78.13 81.88 50.45 46.47 

 

 

 

FIGURE : 4.5   Tank 1 Responce of PSO-ISE PID Controller  (Level 1)

Operating Point Parameter PSO PID 

Minimum 

Phase 

γ1 =0.7 

γ2 =0.6 

Level 1 

5cm 

Settling time(s) 255 

Overshoot (%) 19 

Rise time(s) 234 

Level 2 

5 cm 

Settling time(s) 266 

Overshoot (%) 9 

Rise time(s) 234 
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FIGURE  4.6  Tank 2 Responce of PSO -ISE PID Controller  (Level 2) 

 

4.2.1 Result and Discussion  

In this work, PID controller design for nonlinear process quadruple tank system model 

using PSO enabled  with  benchmark problem and the objective function has been defined 

to get it optimized, considering the performance indices for the nonlinear  system. The 

design ensures a proper trade-off between robust stability specification and robust tracking 

performance over the entire range of input. It has also been demonstrated that with the 

designed controller, the system remains within the specified performance, even in the 

presence of larger interaction between two loops, uncertainties and coupling effect. PSO 

algorithm is better controlled than conventional PID to get a better result and improve the 

performance indices which relates to the performance of the process.  

 

4.3 GA PID Controller  

 This algorithm is stochastic global powerful search optimization method, depends on 

natural evolution process. Genetic algorithm executes based on the examination for a 

searching best place that develops analogy in nature. Genetic algorithm select probabilistic 

transition rules as controverter to deterministic principles and take the population of 

potential solutions, known as chromosomes, which are evolving iteratively. This iteratio
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 of the program is known as a generation.  The population is generally indicated by a real 

number or binary number string called chromosome. The objective function chooses each 

chromosome, a corresponding number called as its fitness.  This algorithm, there are   four 

control parameter added, such as population size, selection, crossover and mutation rate. 

The fitness of every chromosome is evaluated and implemented by natural selection 

method.  

The values of the error are used to measure the fitness of every chromosome. A genetic 

algorithm has three main operators, these are such as reproduction, crossover, and 

mutation. Basic PID controller is tuned by the genetic algorithm.  

 

 
 

FIGURE: 4.7 Schematic of Genetic Algorithm PID for QTS 

 

4.3.1 Implementation of the Genetic Algorithm with QTS  

Development of the PID controller setting parameter is to get the stable result of the 

closed-loop system. The tuning of the PID controller is found using a Genetic Algorithm. 

All detailed set of controller variables are chromosomes whose ranges are maintained so 

that it can optimize the basic objective function, which in this event is the integral error 

criterion for the performance of the system. These parameters are assigned based on a 

enhanced capability of the designed controller. The tuning value of the parameter is   0-15. 

In the starting condition such a parameter with start up with a genetic algorithm,   and 

certain parameter is required to define. It consists of the bit length of the chromosome, 
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selection, crossover  and mutation type and the number of iteration. GA is implemented 

with small population size. This requirement is important in practice in order to allow the 

controller to be optimized as fast as possible. In this study, the size of initial populations is 

set to be 300, crossover rate Pc = 0.9, mutation rate Pm = 0.01, and a number of generation 

G = 100. The initial population is set by encoding the PID parameter, kp, ki and kd into 

binary strings known as chromosome. The length of strings depends on the required 

precision which is about 1 significant figures. Here we want to code a three variable 

function assuming eight bits are used for each variable. It represent the all variables Kp,Ki 

and Kd (10101110  11100011  00010101). Every variable will have both lower and upper 

limits. For example, if Kp ∈ [0, 15], Ki ∈ [0, 15], and Kd ∈ [0, 15]. The accuracy obtained 

with 8 bit code is 1/256 of search space. It may say that with ni bit length coding for 

variable, the obtainable accuracy in that variable approximation is (XUi –XLi)/2ni. Where 

XUi upper limit of X variable and XLi lower limit of X variable. hence an n bit string can 

represent integers from 0 to 2n -1, i.e. 2n integers. 

The values of the parameters for this method are as follows: 

• Mutation probability :  0.01 

• Chromosome Bit length  : 8 

• Generation  No: 150 

• Size of Population:  300 

• Selection techniques : Maximum Geometric selection 

• Crossover : Single point crossover 

• Crossover probability :  0.9 

• Mutation: Uniform mutation 

 

4.3.2 Objective Function for the Genetic Algorithm 

In this method, the performance of the controller is appraised in integral error criteria, such 

as Integral absolute error, Integral square error, Integral time absolute error and integral 

time square error performance. The integral error criterions are the foundation of the 

objective functions.  A number of such specific touchstones are available. In this work, it is 

considered as the restraint of the mathematical analysis for range or the given time, t=0 to 

t= ts, where ts is the settling time of the system, to achieve steady-state response for a
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 constant step signal. Simulation and the experimental responses were found with 

performance indices such as IAE, ISE, ITAE, and ITSE.  

At some time, the amount of iteration becomes maximum or with the acquisition of 

expiration fitness value, which terminates this algorithm. From this consideration it is just 

inverse of the level of the main function since it is assured for a minimized  value of the 

main function, the final result is involved to be the attainment of considerable fitness value 

which occurs with the most quantity of iterations which is 100.  For every loop, the best 

among the perfect range of particles, viewed as the best result is selected. So the best 

values considered for 100 iterations are sketched with respect to iterations. In the 

simulation result for the level 1 consider 5 cm and we also considered the second level 5 

cm based on operating point minimum and nonminimum phase. Dynamics response of the 

QTS for PID is better than GA PSO and conventional PID. 
TABLE: 4.13 GA PID TUNING PARAMETER 

Tuning 
Method 

Tank 1 Tank 2 

Kp1 Ki1 Kd1 Kp2 Ki2 Kd2 

GA ISE 14.69 13.49 0.32 0.52 0.35 0.23 

GA IAE 13.45 10.23 0.11 2.32 0.12 0.64 

GA  ITSE 14.32 12.20 0.54 0.65 0.23 0.23 

GA ITAE 13.87 12.43 0.22 0.43 0.17 0.34 

 

TABLE 4.14: GA- PID based on Time Domain Specification Simulation Result 

 

 

 

 

 

 

 

 

 

 

 

 

Operating Point Parameter GA - PID 

Minimum 

Phase 

γ1 =0.7 

γ2 =0.6 

Level 1 

5cm 

Settling time(s) 95.98 

Overshoot (%) 9% 

Rise time(s) 10 

Level 2 

5 cm 

Settling time(s) 12 

Overshoot (%) 12% 

Rise time (s) 4 

Non 

Minimum 

Phase 

γ1 =0.3, 

γ 2  =0.4 

Level 1 

5 cm 

Settling time(s) 13 

Overshoot (%) 8% 

Rise time (s) 10 

Level 2 

5cm 

Settling time(s) 8.3 

Overshoot (%) 12.6% 

Rise time (s) 4.5 
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TABLE 4.15: GA- PID based on Performance Indices -Simulation result 

Sr. 
No. 

Methods 
/Indices 

ISE (%) IAE (%) ITSE (%) ITAE (%) 

L1 L2 L1 L2 L1 L2 L1 L2 
1 GA PID 10.6 8.2 10.2 8 40.6 58.2 40.2 38.2 

 
TABLE: 4.16 GA- PID based on Time Domain specification –Experimental Result 
 
 

 
  

 

 

 

 

 

 

 

 

TABLE: 4.17 GA- PID based on Performance Indices Experimental Result 

Sr. 
No. 

Methods 
/Indices 

ISE (%) IAE (%) ITSE (%) ITAE (%) 

L1 L2 L1 L2 L1 L2 L1 L2 
1 GA PID 14.68 21.50 9.64 11.28 73.39 107.51 48.19 56.41 

 

 

 

 

 

 

 

 

Operating Point Parameter GA - PID 

Minimum 

Phase 

γ1 =0.7 

γ2 =0.6 

Level 1 

5cm 

Settling time(s) 247 

Overshoot (%) 12 

Rise time (s) 222 

Level 2 

5 cm 

Settling time(s) 254 

Overshoot (%) 25 

Rise time (s) 222 
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FIGURE: 4.8   Tank 1 Response of GA-ISE PID Controller (Level 1) 

 

 

FIGURE : 4.9 Tank 2 Response of GA- ISE PID Controller  (Level 2)



  Control Techniques for Quadruple Tank System 
 

52 
 

4.3.3 Result and Discussion  

In this apporch the GA is utilized to find  optimal value of the PID constant. This optimal 

constant helps to minimize the integral perfromance criteria to tune proper PID constant by 

using GA method  for output of QTS. Genetic Algorithm is a sound optimization method 

that relies on the parallelism found in nature; in particular, their finding procedure depends 

on the mechanics of natural finding and genetics. GAs is used regularly to solve difficult 

search techniques, optimization approach and machine-learning problems that have 

previously resisted automated solutions. In this nonlinear process, we have used GA for 

tuning of the PID controller for better optimization than PSO and Conventional PID ZN 

method, which gives   better performance indices of the quadruple tanks nonlinear complex 

system.  

 

4.4 Taguchi PID Controller  
Taguchi method reduces the number of experiments over the full-factorial approach, it is 

useful to use the statistical analysis of experiments, called analysis of variance (ANOVA), 

to provide levels of confidence in the results. A computed F value is compared to values in 

the Fisher criterion tables. Moreover, the analysis of variance identifies and ranks variables 

that affect the variance of the output signal. The percentage contribution can also be 

computed which gives the effect of each level of each parameter. 

 

Given that three levels for each factor will be defined, eight factors result in an L27 

orthogonal array being chosen, which actually means 27 experiments and thirteen factors. 

In this case, five factors would then be empty in the array. Thus, that allows you to again 

reduce the number of experiment and therefore, the value of the method; L18 orthogonal 

array was rather used. This array implies only eighteen experiments on the condition that 

one of the eight factors would only have two levels (i.e. 37.21). The experimental layout is 

shown in Figure 4.4. The eighteen rows of this matrix represent the experiments to be 

conducted. The level 1 as 5 cm and level 2 as 5 cm considered as a set point for level of 

measurement and control in simulation as well as experiment result.   
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FIGURE: 4.10 Schematic of Taguchi PID for QTS 

TABLE : 4.18 Taguchi  PID  TUNING PARAMETER 

Tuning 
Method 

Tank 1 Tank 2 

Kp1 Ki1 Kd1 Kp2 Ki2 Kd2 

Taguchi ISE 16 2.1 0.2 15 2.2 0.1 

Taguchi IAE 21 2.3 3 19 2.8 0.3 

Taguchi ITSE 16.5 2.4 0.23 15 2.9 0.1 

Taguchi ITAE 24 2.9 0.1 20 2.4 0.2 

 

TABLE: 4.19 Taguchi PID based on Time Domain Specification Simulation Result 

 

 

 

 

 

 

 

 

 

 

 

 

 

Operating Point Parameter Taguchi - PID 

Minimum 

Phase 

γ1 =0.7 

γ2 =0.6 

Level 1 

5cm 

Settling time(s) 89 

Overshoot (%) 8.88% 

Rise time(s) 12 

Level 2 

5 cm 

Settling time(s) 9 

Overshoot (%) 8.7% 

Rise time(s) 4.5 

Non 

Minimum 

Phase 

γ1 =0.3, 

γ 2  =0.4 

Level 1 

5 cm 

Settling time(s) 12.8 

Overshoot (%) 12% 

Rise time(s) 6.7 

Level 2 

5cm 

Settling time(s) 8 

Overshoot (%) 12.5% 

Rise time (s) 4.2 
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TABLE: 4.20 Taguchi PID based on Performance Indices Simulation Result 

Sr. 
No. 

Methods 
/Indices 

ISE (%) IAE (%) ITSE (%) ITAE (%) 

L1 L2 L1 L2 L1 L2 L1 L2 
1 Taguchi PID 11 9 11 14 22.67 34.23 34 38 

 

TABLE: 4.21 Taguchi PID based on Time Domain Specification Experimental Result 

 

 

 

 

 

 

 

 

TABLE: 4.22 Taguchi PID based on Performance Indices - Experimental result 

Sr. 
No.  

Methods 
/Indices  

ISE (%) IAE (%) ITSE (%) ITAE (%) 

L1 L2 L1 L2 L1 L2 L1 L2 
1 Taguchi PID 14.79 20.18 9.83 11.01 73.97 100.94 49.13 55.06 

 

4.4.1 Result and Discussion 

 This method is an optimal design method for nonlinear quadruple tank system using PID 

controller based on statistical Taguchi approach. This method gives a better result than 

other techniques. It has changed the dynamic response and improvement of the 

performance indices. This technique is used to optimize various integral error criteria 

based on fine-tuning of the PID controller. These methods also help to multiple objective 

optimization techniques for designing, which gives the additional design flexibility in the 

various control process application. Finally, we conclude that this method is better to 

optimize the integral criteria, which are defining the performance of the system.  Using the 

Taguchi method with tuning of PID controller in the  QTS,   best result can be obtained 

with lesser number of experimentations    for analyzing optimization problem to save time, 

effort and cost .Total 27 experiments were conducted based on 3 level and 6 variable with    

two controllers for level 1 and level 2 measurement tuning the PID parameter and getting 

the best Integral criteria to improve the performance of the system.

Operating Point Parameter Taguchi - PID 

Minimum 

Phase 

γ1 =0.7 

γ2 =0.6 

Level 1 

5cm 

Settling time(s) 225 

Overshoot (%) 11 

Rise time(s) 130 

Level 2 

5 cm 

Settling time(s) 265 

Overshoot (%) 21 

Rise time(s) 215 
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4.5 Taguchi GA Controllers  

The Taguchi combine genetic algorithm techniques are a novel optimal method for tuning 

of the controller for the nonlinear quadruple tank system which is considered to improve 

the time domain specification of the level of the bottom tanks in the MIMO system. The 

gain ofthe proportional, gain of integral and also derivative gain decides the best 

optimization problem. There are designs specific variables of closed values are decided 

through Taguchi method using analysis of means, the survival of the fittest of the three 

design variables are based on analysis of variance. We can obtain the best optimum result 

of these three variables using a multi-objective Genetic Algorithm. This work is 

implemented on the MATLAB and Lab VIEW. The strength of this method is differed 

from that of the previous Taguchi PID approach, GA PID approach and the PSO PID 

approach. With this suggested Taguchi GA method, for the step response input of the 

nonlinear MIMO system, can be improved and change the performance indices of the 

quadruple-tank system optimization by GA. 

 

 
FIGURE: 4.11 Schematic of Taguchi combined GA PID used for QTS 
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In many engineering field and studies, a solution to the optimization problem solved based 

on the powerful search method genetic algorithm. The powerful search method genetic 

algorithm has been used in solving the various optimization problem of the complex 

nonlinear system. The survival of the fittest principle is used in the genetic algorithm. The 

Genetic algorithm initializes the optimization way with the unspecified generation of a 

population, which involves a number of chromosomes. When it has been achieved the 

unspecified population, the output indicated by each string should be assessed. The basic 

functional responsibility of objective function is an analysis of the result at each step.  

 

The main purpose of given perusal is to change the integral performance indices ISE, IAE, 

ITSE, and ITAE. Here basically multi-objective design problem has to be optimized. 

Therefore, in this work multi-objective Genetic algorithm is used. The 

position fitness scaling is registered to keep away from untimely convergence. 

Furthermore, Genetic Algorithm makes use of techniques stimulated by evolutionary 

biology, consisting of a mutation, crossover and natural selection. There are few preference 

techniques within the Genetic algorithm. In this work, within the procedure, 

it is finished by utilizing the uni selection technique, which presents no bias 

and minimum explore. 

The four objectives are designed as mentioned below. 

• Minimize the ISE 

• Minimize the IAE 

• Minimize the ITSE 

• Minimize the ITAE 
 

 TABLE :4.23 Taguchi GA  PID TUNING PARAMETER   

Tuning Method   Tank 1 Tank 2 

Kp1 Ki1 Kd1 Kp2 Ki2 Kd2 

TGA  ISE 11.75 5.30 0.23 7.01 10.62 0.12 

TGA IAE 10.23 2.2 0.01 3.23 2.32 3.43 

TGA ITSE 12.11 3.49 2.32 7.60 9.22 0.12 

TGA  ITAE 9.89 2.1 0.19 3.89 2.33 4.10 
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TABLE: 4.24 TGA PID based on Time Domain Specification -Simulation Result 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TABLE: 4.25 TGA PID based on Performance Indices Simulation Result 

Sr. 
No. 

Methods 
/Indices 

ISE (%) IAE (%) ITSE (%) ITAE (%) 

L1 L2 L1 L2 L1 L2 L1 L2 
1 TGA -PID 9.8 8.3 12 13 39.8 48.3 30.23 23.33 

 

TABLE: 4.26 TGA PID based on Time Domain specification Experimental Result 
 

 

 

 

 

 

 

 

 

 

TABLE: 4.27 TGA PID based on Performance Indices - Experimental result 

Sr. 
No. 

Methods 
/Indices 

ISE (%) IAE (%) ITSE (%) ITAE (%) 

L1 L2 L1 L2 L1 L2 L1 L2 
1 TGA -PID 13.97 20.49 9.51 11.09 69.88 102.45 47.53 55.45 

Operating Point Parameter Taguchi - PID 

Minimum 

Phase 

γ1 =0.7 

γ2 =0.6 

Level 1 

5cm 

Settling time(s) 90 

Overshoot (%) 11% 

Rise time (s) 12 

Level 2 

5 cm 

Settling time(s) 10 

Overshoot (%) 9.6% 

Rise time(s) 5.3 

Non 

Minimum 

Phase 

γ1 =0.3, 

γ 2  =0.4 

Level 1 

5 cm 

Settling time(s) 60 

Overshoot (%) 23% 

Rise time(s) 6 

Level 2 

5cm 

Settling time(s) 7.6 

Overshoot (%) 12% 

Rise time(s) 5.4 

Operating Point Parameter Taguchi - PID 

Minimum 

Phase 

γ1 =0.7 

γ2 =0.6 

Level 1 

5cm 

Settling time(s) 242 

Overshoot (%) 10 

Rise time (s) 198 

Level 2 

5 cm 

Settling time(s) 245 

Overshoot (%) 13 

Rise time(s) 198 
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FIGURE: 4.12     Tank 1 Responce of Taguchi GA -ISE PID Controller  (Level 1) 

 

 
FIGURE : 4. 13  Tank 2 Responce of Taguchi GA  ISE - PID Controller  (Level 2) 
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4.5.1 Result and Discussion  

 This novel Taguchi GA technique represents a specific calculation for PID controller 

constant in the highly nonlinear QTS MIMO system. The gains of the PID controller 

define the search space for the specified optimization problem of the nonlinear system. The 

optimum values of the design variables are decided by the Taguchi method using analysis 

of means. Analysis of variance is used to select the three most influential design variables. 

TGA is used to obtain the accurate optimum values of these three variables. The potency of 

the proposed method is then compared with that of the previous GA method as well as 

PSO method with this proposed TGA method, so that the reference input response of the 

MIMO nonlinear system can be improved. In this method tuning of PID controller based 

on TGA has better result than normal Taguchi and other PSO and GA PID method. A 

multi-objective design optimization is found to minimize the time domain specification of 

the considered system as well as integral performance criteria. 
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 CHAPTER 5 

5  Design Taguchi Based MPSO Algorithms For 

Tuning of PID Controller 

5.1 Introduction  

The conventional PID and hybrid soft computing based controller is compatible for linear 

and nonlinear interacting process. The robustness to variation in the process parameters are 

improved as well as minimized the interaction effect  with  change, to solve the stability 

problem. In this section he  Taguchi MPSO is designed and its performance indices are 

analyzed  .   The conventional PID as well as other soft computing techniques are approach 

to the controller design problem for nonlinear system  

 

The upgrade of execution records has a precondition that it should meet the specific values 

of the parameters and different prerequisites formulas when the nonlinear system is 

running. It intends to raise the output quality. With the advancement of computer 

innovation and the presence of mathematical calculations, heaps of enhancements of 

responsive output have raised, for example, dynamic programming, conventional direct 

programming, nonlinear programming, and some new heuristic calculations proposed 

lately, for example, Genetic Algorithm, Particle Swarm Optimization and so on. These 

strategies have added to the investigation of execution list enhancement, in which, Particle 

Swarm Optimization calculation has fewer wards on the experience of the parameters, 

regardless of its weaknesses, so we alter this calculation for improvement. Particle swarm 

calculation is a sort of computing innovation in view of a shrewd strategy. These were 

considered by Kennedy and Eberhart in the year of 1990s [114], and these fundamental 

ideas make the examination on the focus conduct of winged creatures. The particles of the 

gathering are haphazardly introduced right off the bat, and after that every particle of the 

swarm tracks its own most extreme esteem and the entire swarms’ greatest esteem, to 

remedy its bearing and speed at whatever point. The calculation won't stop until the point 
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when most extreme circle make a tally and achieves the esteem settled. Particle Swarm 

Optimization is simple and fast, with fewer terms on the encounter of the variables, 

however, a few hindrances likewise exist. It falls in nearby outrageous esteem effortlessly 

and the precision of combination isn't required more.  

 

 
FIGURE: 5.1 Schematic of Taguchi MPSO PID used for QTS 

 

This work can be explored by the inertial element of the Particle Swarm Optimization 

which will be considered, altered and a transformation administrator will be included. A 

gathering of ideal parameters can be gotten in light of examinations, at that point the 

adjusted PSO (MPSO) with Taguchi technique calculation will be utilized in the 

enhancement of execution records. We built up a model for four tank framework 

advancement in view of this calculation and a program, utilizing the programming 

software. The reproduction demonstrates that Mutation Particle Swarm Optimization is 

viable and achievable in the enhancement to execution records. Contrasted and essential 

Conventional PID, GA PID, PSO PID, Taguchi PID and Taguchi GA calculation, have 

goodexecution.
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5.2 Taguchi based MPSO Algorithm  

The Taguchi technique gives an extensive comprehension of the individual and joint 

impacts of different outline parameters in view of a base number of test preliminaries. This 

design variable, utilized in Taguchi technique is isolated into various factors as indicated 

by the reaction of every parameter to the main attributes. The response based on reactions 

of the procedure parameters is additionally changed into a signal to noise (S/N) proportion 

which effects noise in the signal. The standard S/N proportions for the most part utilized 

are as per the following: the Smaller-The Better, the Nominal-The Better, or the Higher-

The Better. This examination utilizes the signal to noise proportion of Smaller –The Better 

quality trademarks to limit the error of the quadruple-tank system and multiple inputs and 

multiple output complex process. The signal to noise ratio portraying the Smaller –The 

Better qualities, is as per the following equation: 

 









−= ∑
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Where i indicate the number of design factors in the Taguchi OA, n is the iteration 

numbers under the basic design parameters, y
i 
indicates the measured results.  The signal to 

noise proportion reaction chart of different parameter stages demonstrates an outline with 

good quality inside the preset scope of variables. Notwithstanding the Signal to noise 

proportion, ANOVA is utilized to get the impact of the procedure outputs. The ANOVA 

strategy utilized in the Taguchi technique is a factual system principally embraced to 

assess the essentialness levels of control process parameters and the reaction of every 

variable.  

5.3 Optimization Method  

In the investigation details, the procedure variables design issue is a compelled 

streamlining issue. The outline parameters speak to the design factors of the target 

capacities in this improvement issue. In this method, we have taken four objective 

functions based on the performance indices. 
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min (ISE =         [10] 

min (IAE =        [11] 

min ( ITAE = =        [12] 

min (ITSE=         [13] 

 

Note that the above performance indices such as ISE, IAE, ITAE, and ITSE have energy 

level of any nonlinear control system which gives the performance of the system. 

 

5.4 Mutation Particle Swarm Optimization (MPSO) 

The American engineer Kennedy and Eberhart designed a particle swarm optimization 

which depends on the nature of individual of a swarm of birds. The pattern of particle 

swarm optimization is very easy in nature and its searching mechanism is very fast. The 

idea of PSO was propelled by the social conduct of fish tutoring or flying creature rushing. 

Every particle in the techniques view space speaks to a potential answer for the 

enhancement issue and is characterized as a gathering of factors. It is related with two 

vectors, which are the position and velocity vectors. In n-dimensional search space, the two 

vectors associated with each particle i are A
i 
= (a

i,1
, a

i,2
, . ., a

i,n 
) and B

i 
=(b

i,1
, b

i,2
, . . ., b

i,n 
), 

respectively. Every particle refreshes its answer in light of its own best investigation and 

the best swarm in general involvement to discover its wellness esteem utilizing iterative 

refreshing. Amid this emphasis procedure, the refreshed position and speed of every 

molecule are figured as appeared in Eq. (5-7). The global best position and speed term are 

refreshed after every cycle. 

)

                       [14] 

Ai (k+1) = Ai (k)+Bi (k+1)        [15] 

 

µ(k+1) = µ(k)×0.99          [16] 

Where, Ai (k) and Bi (k) are the positions and the velocity of particle i at the kth 

iteration, respectively where r1 and r2 are uniformly distributed random values in [0, 1]
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 and the learning factors c1 and c2 represent the weights of the stochastic acceleration 

terms that lead each particle toward the local best and global best solutions. k is the current 

iteration number, 0≤ µ <1 is a dynamic inertia weight which determines how much the 

previous velocity is preserved, 0.99 is a decay factor in the inertia weight per iteration. The 

position of each particle is updated by using the velocity Bi (k+1). pi(k) is the best position 

encountered by particle i during its research, best (k) is the best particle position based on 

the swarming group. 

 

5.5 MPSO Method   

Looking to the procedure and region of the sanctioned PSO calculation,  it enormously rely 

upon position best and global best. The impact of position best and global best in Particle 

Swarm optimization steadily diminishes as the quantity of emphases increments. 

Subsequently, we joined with this accepted technique with the Genetic Algorithm mutation 

called "MPSO" to get a more extensive scanning region for enhancing the worldwide 

inquiry capacity of arrangements. The MPSO method utilizes a real-coded type mutation 

operator to build the assorted variety of arrangements. The mutation of genetic algorithm 

activity just happens if a haphazardly produced number inside [0, 1] is not exactly or 

equivalent to the given change likelihood. At the point when a change is worked, the 

quantity of outline factors is increased by an irregular incentive inside [0, 1] to figure out 

the specific  variable in every molecule which ought to be transformed in the parameter 

space. The genuine factor change administrators utilized in this technique are as per the 

following:  

 

[ ])1()1(*4)1()1( ,,,, +−+++=+Χ kXkXrkXk L
ji

U
ji

L
jiji        [17] 

where, t = ceil (r
3 

× n), n�ᴢ. 

The ceiling function ceil (r3×n) is defined as the function that outputs the smallest integer 

greater than or equal to (r3 ×n). t is the variable sequence position of getting a mutation in 

variable space X. If some particle of each iteration mutated and randomly selected. one of 

the design variables are found as mutation between its upper and low limits. In Eq. (8), r3 

and r4 are random numbers in [0, 1] and shows the updated design variables after mutation 

of each updated particle from Eq. (7). This new algorithm was designed to repeatedly 

update the selected parameters in Eq. (5)-(8) until reaching termination states. 
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5.6 Algorithm Procedures    

 
This investigation utilizes the new algorithm based on TMPSO to examine the different 

variable states on the quadruple tank system nonlinear system. The iterative calculations of 

the MPSO calculation were first registered to utilize mathematical software and Lab 

VIEW.  In this manner execute the LabVIEW programming for every emphasis 

investigations. Figure 5.2 shows the engineering of the Taguchi-based MPSO calculation 

to enhance the procedure execution lists process in light of tuning a PID controller. The 

means are portrayed as shown below: 

 

Level  1: Choose the quality attributes. This subject applies STB quality features.  

Level 2: Choose the effect main factors on the PID controller parameter, such as 

proportional control Kp, integral control Ki and derivative control Kd. This parameter can 

possibly influence the execution lists of the nonlinear quadruple tank system  

Level 3: Choose an orthogonal array L
27 

(2
1
×3

7
). The layout of L

27 
(2

1
×3

7
) was randomly 

determined  

Level 4: Compute the signal to noise proportion of every test run based on the response of 

the controller parameter calculated using the signal to noise expression  

Level 5: Find out the most important process parameters kp, ki and kd influencing the 

level1 and level 2 of bottom tanks  

Level 6: Start set of particles that present the start random combination of the significant 

process variables conditions. Identify the ranges of variable conditions between the higher 

and lower limits according to the final results of the Taguchi method and ANOVA. 

Level 7: Calculate the new position and velocity of the particles in every loop using 

MATLAB. 

Level 8: Apply the mutation operator used given equation to avoid previous convergence 

and find the global optimal solutions using Taguchi-based MPSO algorithm.  

Level 9: Produce and study the performance indices models to determine the level of the 

quadruple tanks system for each iteration.  

Level 10: Calculate the fitness function in the given equation. 

Level 11: Find out whether the ISE, IAE, ITAE, and ITSE are at the minimum output by 

proceeding towards the fitness value. If yes, then stop iterating and proceed to the next 

step. If no, return to Level 7.
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Level 12: Find out the best optimal controller variable of the integral criteria  

Level 13: Stop calculating and counting. 

 
FIGURE 5.2: Flowchart of the Taguchi-based MPSO algorithm 
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TABLE 5.1: DESIGN VARIABLES and THEIR CODED LEVELS for ISE 

Sr. No. Factors PID Parameter Range Level 1 Level 2 Level 3 
1 A KP1 15 to 25 15.00 20.00 25.00 
2 B Ki1 0.3 to 0.5 0.30 0.40 0.50 
3 C Kd1 0.1 to 0.3 0.10 0.20 0.30 
4 D Kp2 15 to 25 15.00 20.00 25.00 
5 E Ki2 0.3 to 0.5 0.30 0.40 0.50 
6 F Kd2 0.1 to 0.3 0.10 0.20 0.30 

 

TABLE 5.2: DESIGN VARIABLES and THEIR CODED LEVELS for ISE  

Expe Kp1 Ki1 Kd1 Kp2 Ki2 Kd2 ISE S/N Ratio 
1 15 0.3 0.1 15 0.3 0.1 250 -23.98 
2 15 0.4 0.1 15 0.4 0.1 123.6 -20.92 
3 15 0.5 0.1 15 0.5 0.1 140.7 -21.48 
4 15 0.3 0.2 15 0.3 0.2 128.8 -21.10 
5 15 0.4 0.2 15 0.4 0.2 131.9 -21.20 
6 15 0.5 0.2 15 0.5 0.2 137.8 -21.39 
7 15 0.3 0.3 15 0.3 0.3 136.8 -21.36 
8 15 0.4 0.3 15 0.4 0.3 117.8 -20.71 
9 15 0.5 0.3 15 0.5 0.3 116 -20.64 

10 20 0.3 0.1 20 0.3 0.1 25.3 -14.03 
11 20 0.4 0.1 20 0.4 0.1 124.3 -20.94 
12 20 0.5 0.1 20 0.5 0.1 116.2 -20.65 
13 20 0.3 0.2 20 0.3 0.2 22.3 -13.48 
14 20 0.4 0.2 20 0.4 0.2 102.2 -20.09 
15 20 0.5 0.2 20 0.5 0.2 80.4 -19.05 
16 20 0.3 0.3 20 0.3 0.3 79.3 -18.99 
17 20 0.4 0.3 20 0.4 0.3 75.2 -18.76 
18 20 0.5 0.3 20 0.5 0.3 73.8 -18.68 
19 25 0.3 0.1 25 0.3 0.1 63.8 -18.05 
20 25 0.4 0.1 25 0.4 0.1 65.4 -18.16 
21 25 0.5 0.1 25 0.5 0.1 67.6 -18.30 
22 25 0.3 0.2 25 0.3 0.2 59.5 -17.75 
23 25 0.4 0.2 25 0.4 0.2 57.8 -17.62 
24 25 0.5 0.2 25 0.5 0.2 49.6 -16.95 
25 25 0.3 0.3 25 0.3 0.3 34.1 -15.33 
26 25 0.4 0.3 25 0.4 0.3 45.9 -16.62 
27 25 0.5 0.3 25 0.5 0.3 25.2 -14.01 
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TABLE 5.3: Level Total Of S/N Ratio 

Sr. No  Factors Level 1  Level 2  Level 3  
1 A -192.79 -164.92 -152.78 
2 B -164.07 -174.63 -171.17 
3 C -176.51 -168.64 -164.81 
4 D -192.79 -164.92 -152.78 
5 E -164.07 -174.63 -171.17 
6 F -176.51 -168.64 -164.81 

 

TABLE 5.4:  ANOVA method for QTS 

Factors  SUM SQUARE DOF MS F-Ratio Effect (percent) 
A 39180.73 2 19590.36 1.70 46.13 
B 124.54 2 62.27 0.01 3.17 
C 4499.48 2 2249.74 0.20 0.70 
D 39180.73 2 19590.36 1.70 46.13 
E 124.54 2 62.27 0.01 3.17 
F 4499.48 2 2249.74 0.20 0.70 

ERROR 23011.32 14 11505.66     
TOTAL 64598.17 26     100 

 

TABLE  : 5.5 Taguchi MPSO  PID Controller 

Tuning 
Method 

Tank 1 Tank 2 

Kp1 Ki1 Kd1 Kp2 Ki2 Kd2 

TMPSO ISE 7.06 6.98 0.56 5.00 9.321 0.32 

TMPSO IAE 12.00 7.00 1.23 5.23 11.21 1.65 

TMPSO ITSE 8.34 5.93 0.49 4.59 7.45 0.21 

TMPSO ITAE 11.00 7.00 1.23 5.10 11.39 1.65 
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TABLE: 5.6 TMPSO PID based on Time Domain Specification -Simulation Result  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TABLE: 5.7  TMPSO based on Performance Indices -Simulation Result 

Sr. 
No. 

Methods 
/Indices 

ISE (%) IAE (%) ITSE (%) ITAE (%) 

L1 L2 L1 L2 L1 L2 L1 L2 
1 TMPSO -PID 10.2 7.4 9.7 5.6 25.2 27.4 29.7 35.6 

 

TABLE: 5.8 TMPSO based on Time Domain specification –Experimental Result 

 

 

 

 

 

 

  

 

 

Operating Point Parameter TMPSO - PID 

Minimum 

Phase 

γ1 =0.7 

γ2 =0.6 

Level 1 

5cm 

Settling time(s) 88.6 

Overshoot (%) 8% 

Rise time (s) 9 

Level 2 

5 cm 

Settling time(s) 9 

Overshoot (%) 8.7% 

Rise time (s) 3.9 

Non 

Minimum 

Phase 

γ1 =0.3, 

γ 2  =0.4 

Level 1 

5 cm 

Settling time(s) 10 

Overshoot (%) 10% 

Rise time (s) 6 

Level 2 

5cm 

Settling time(s) 8 

Overshoot (%) 12% 

Rise time (s) 4 

Operating Point Parameter TMPSO - PID 

Minimum 

Phase 

γ1 =0.7 

γ2 =0.6 

Level 1 

5cm 

Settling time(s) 233 

Overshoot (%) 9 

Rise time (s) 167 

Level 2 

5 cm 

Settling time(s) 233 

Overshoot (%) 8.5 

Rise time (s) 167 
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TABLE: 5.9 TMPSO based on Performance Indices -Experimental Result 

Sr. 
No. 

Methods 
/Indices 

ISE (%) IAE (%) ITSE (%) ITAE (%) 

L1 L2 L1 L2 L1 L2 L1 L2 
1 TMPSO -PID 13.86 19.05 9.62 10.90 69.30 95.25 48.1 54.50 

 

 

 

FIGURE:  5.3    Tank 1 Responce of Taguchi MPSO -ISE PID Controller  (Level 1) 

 

 

FIGURE : 5.4  Tank 2 Responce of Taguchi MPSO -ISE - PID Controller  (Level 2)
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5.7 Result and discussion 

Using Mutation based PSO we can also optimize again the value from the Taguchi method 

so that we can get more optimized value for the parameter of PID and can get good 

response for nonlinear system as a result of Taguchi with MPSO. 

This research work proposes Taguchi Mutation PSO calculation to improve the fitting 

estimations of the basic procedure controller parameters for different information and 

numerous yield procedures. The Taguchi technique is used to explore the ideal 

arrangement of process control parameters for the minimum performance indices to 

improve the stability of the nonlinear system so, the L
27

 (2
1
×3

7
) OA is utilized in the 

Taguchi strategy and used the S/N proportions to decide the levels of basic process 

controller parameters Kp, Ki and Kd, and ANOVA which gives the importance level of 

each procedure parameter.  The execution record ISE, IAE, ITSE, and ITAE Taguchi 

based MSPO calculation execution to advanced PID controller parameter has enhanced the 

framework steadiness and better reaction. There is different four objective function but we 

mention only ISE PID parameter and response graph.  

The MPSO calculation control principally enabled the pursuit to maintain a strategic 

distance from untimely assembly to diminish the local optimal solution into a 

neighborhood ideal arrangement and to look for a global best optimal solution. Taguchi-

based MPSO performed superior to the Taguchi technique based GA. The minimized 

performance indices ISE, IAE, ITSE and ITAE for laboratory experimental set up of the   

Quadruple tank system. This new algorithm Taguchi MPSO calculation, demonstrating 

that it tends to be effectively utilized to locate the ideal controller parameter outline in the 

nonlinear quadruple tank system procedure to control the level of the base tank. The 

outcomes exhibit that the proposed strategies can go about as the best algorithm of the 

MIMO nonlinear process and will be stretched out to other nonlinear process control 

parameter for the different process control system. 
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CHAPTER 6 

6 Design and Development of Experimental         

Set- up of Quadruple Tank System 

6.1 Introduction  

The laboratory quadruple four tank process method is employed for experimental 

implementation. In order to validate the simulation results, the real-time implementation is 

performed. The main purpose of real-time implementation is to provide the connection 

between the act of control theory and the real world, so that, it can give an indication of 

how control theory can be applied and also can give an indication of some of its 

limitations. Multivariable control techniques have received increased industrial interest. 

Most of the systems encountered are multiple input multiple output (MIMO) systems. Such 

systems have several inputs and several outputs which are often interacting, meaning that a 

disturbance at any input causes a response in some outputs or all.  This interacting MIMO 

system makes control and stability analysis of the system very complicated compared to a 

single input single output (SISO) system. 

 

6.2 Experimental MIMO Quadruple Tank System  

A new laboratory process, was designed to illustrate performance limitations due to zero 

location in multivariable control systems. The quadruple-tank process is simple to build. 

The four tanks are made out of plexi glass tubes. The height of each tank is 10cm. The 

pumps are gear pumps with a capacity 2.5 L/min. Capacitive level transmitter is used for 

measuring the water levels and produce an output of 4-20mA. The entire process interfaced 

with a computer having configuration through an USB based NI DAQ card. The computer 

acts as a PID controller and collects information log to memory through LabVIEW.    
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FIGURE: 6.1: Schematic Diagram of the Experimental Setup of QTS 

 

 
FIGURE: 6.2: Real Experimental Setup of QTS 
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FIGURE: 6.3 Real Experimental Setup Structure of QTS 

 

 

 
FIGURE: 6.4 National Instruments USB based Data acquisition Card 6001
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FIGURE: 6.5: GUI Real output Response of QTS  

6.3 Result and discussion  

The conceptualization of the 4-tank process as a multivariable control entity is originally 

proposed by (Johansson, 2000) and it is made up of four interconnected tanks in two pairs, 

two pumps, two valves and two level sensors are connected to the two lower tanks. Figure 

No. 6.1 is a schematic diagram of the experiment setup and Figure 6.3 is real experiment 

setup for quadruple tank system. Design and development hardware set up of the 

quadruple-tank nonlinear control system, for developing hybrid soft computing with 

statistical techniques based on controller LabVIEW 17 profession development system, is 

used. 

NI DAQ 6001 USB card is used for acquiring a level signal from the bottom tanks and to 

maintain the level of the bottom tanks, which is maintained according to the generated 

analog PWM signal. By using the motor drive circuit to produce proper output voltage 

from DAQ and to run the motor according to control the level of both bottom tanks. We 

get the responses in two operating points, minimum phase and nonminimum phase. In the 

minimum phase response is better than the nonminimum. When the system goes in 

nonminimum phase system becomes almost impossible to stable. Minimum phase gives us 

better result based on the selection of parameter.  The quadruple tank schematic diagram is
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shown in Figure 6.3. The goal of the control system is to control the level of the two lower 

tanks. What makes the task more challenging is that the water from the upper tanks flows 

down to the tanks below. Pump 1 feeds tank 1 and 4, and pump 2 feeds tank 2 and tank 3. 

So we have interaction between the two tanks that are controlled. Implementation of the 

proposed and other method results in term of time domain specification and also 

performance indices in the simulation of the mathematical model of the QTS which has 

two phases, minimum phase and nonminimum phase. The difficulties found in 

nonminimum phase are that we cannot find the result in the experiment. The system 

becomes unstable in the nonminimum phase so that we cannot maintain the level and 

control the flow of water to the tank. By providing a good transmitter and NI DAQ USB 

card having 14-bit resolution, good capacity pump, The computer having with 

configuration Intel (R) Core(TM) i7-4702MQ CPU 2.2 GHz frequency with 4 GB RAM, 

64 bit operating system, help to operate LabVIEW software, the nonlinear system can 

operate at desired set point which ultimately improves the performance of the system. 

Using Taguchi MPSO method, we found the best parameter of the controller for the 

quadruple-tank MIMO system. Table 1 and Table 2 are for comparative analysis 

simulation and experiment result for time domain specification and performance indices 

for quadruple tank nonlinear system. From the all specified values for Taguchi MPSO and 

other approaches, we found the best PID value for this setup. However, we found the best 

result in Taguchi MPSO algorithm to improve the accuracy of the algorithm which is better 

than other specified algorithm used in experiment setup.  

Performance of the system is to check, on the base of performance indices. Selection of the 

model performance is based on the process data and process reveal system. Additionally, 

the performance indices are used as a quantitative measure to depict the performance of the 

dynamic system. An optimal method may be differentiating using various techniques 

designed to match with the required parameter to the system. For a controlled system, we 

can use one of the four integral criteria to describe the system performance such as Integral 

Absolute Error (IAE), Integral Square Error (ISE), Integral Time Absolute Error (ITAE) 

and Integral time square Error (ITSE). 
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6.4 Outcomes with respect to objectives: 

• We have designed and developed an algorithm for optimized PID parameter for the 

nonlinear system  and determined PID Controller tuning parameter based on 

optimized techniques to improve performance indices  

• We have designed and developed Laboratories set up of Quadruple tank system and 

tested figure of merits of different control techniques for experiment setup. 

TABLE: 6.1 Comparative Analysis based on Time Domain specific -Simulation Result 

 

 

Operating Point 

 

Parameter 

 

PID 

Z-N 

PSO- 

PID 

GA- 

PID 

Taguchi 

PID 

TGA – 

PID 

TMPSO 

PID 

Minimu

m Phase 

γ1 =0.7 

γ2 =0.6 

L1 

5cm 

Settling time(s) 50 90 95.98 89 90 88.6 

Overshoot (%) 7% 20% 9% 8.88% 11% 8% 

Rise time (s) 9 3 10 12 12 9 

L2 

5 cm 

Settling time(s) 15 10 12 9 10 9 

Overshoot (%) 7.5 10% 12% 8.7% 9.6% 8.7% 

Rise time (s) 9.1 10 4 4.5 5.3 3.9 

Non 

Minimu

m Phase 

γ1 =0.3, 

γ 2  =0.4 

L1    5 

cm 

Settling time(s) 12 15 13 12.8 60 10 

Overshoot (%) 4% 20% 8% 12% 23% 10% 

Rise time (s) 4 13 10 6.7 6 6 

L 2  

5cm 

Settling time(s) 15 12.5 8.3 8 7.6 8 

Overshoot (%) 7.5% 15% 12.6% 12.5% 12% 12% 

Rise time (s) 9.1 6 4.5 4.2 5.4 4 
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FIGURE: 6.6 Different Techniques with Time domain Specification Simulation Result 

TABLE: 6.2 Comparative Analysis based on Performance Indices -Simulation result 

 

Sr. 
No. 

Methods 
/Indices 

ISE (%) IAE (%) ITSE (%) ITAE (%) 

L1 L2 L1 L2 L1 L2 L1 L2 

1 TMPSO -PID 10.2 7.4 9.7 5.6 25.2 27.4 29.7 35.6 
2 TGA -PID 9.8 8.3 12.0 13.0 39.8 48.3 30.23 23.33 
3 Taguchi -PID 11 9 11.0 14.00 22.67 34.23 34 38 
4 GA PID 10.6 8.2 10.2 8 40.6 58.2 40.2 38.2 
5 PSO PID 11.2 8.7 10 8.5 31.2 48.7 30.4 28.5 
8 PID Z-N 60 11 17 10 60 41 37.5 40.3 

 

 

FIGURE: 6.7: Different Techniques with Performance Indices Simulation Result
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TABLE: 6.3 Comparative Analysis based on Time Domain Specification –Expe Result 

    

 

 

FIGURE: 6.8: Different techniques with Time domain specification Experimental result 

TABLE: 6.4 Comparative Analysis based on performance indices - Experimental result 

 

Sr. 
No. 

Methods 
/Indices 

ISE (%) IAE (%) ITSE (%) ITAE (%) 

L1 L2 L1 L2 L1 L2 L1 L2 
1 TMPSO -PID 13.86 19.05 9.62 10.90 69.30 95.25 48.10 54.50 
2 TGA -PID 13.97 20.49 9.51 11.09 69.88 102.4 47.53 55.45 
3 Taguchi PID 14.79 20.18 9.83 11.01 73.97 100.9 49.13 55.06 
4 GA PID 14.68 21.50 9.64 11.28 73.39 107.5 48.19 56.41 
5 PSO PID 15.63 16.37 10.09 9.30 78.13 81.88 50.45 46.47 
8 PID Z-N 18.13 24.32 11.03 12.30 90.64 121.5 55.17 61.49 

 

Operating Point 
Parameter 

 

PID 

Z-N 
PSO-
PID 

GA- 

PID 
Taguchi  

PID 
TGA 

PID 
TMPSO 

-PID 

Minimum 
Phase 

γ 1 = 0.7 

γ 2 = 0.6 

L1 

5 cm 

Settling time (s) 300 255 247 225 242 233 
Overshoot (%) 10.8 19 12 11 10 9 
Rise time (s) 275 234 222 130 198 167 

L2 

5 cm 

Settling time(s) 320 266 254 265 245 233 
Overshoot (%) 12.7 9 25 21 13 8.5 
Rise time (s) 275 234 222 215 198 167 
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FIGURE: 6.9: Different Techniques with Performance Indices Experiment Result 

 

The different response of the MIMO system with different magnitude of the reference 

signal and process load condition at the various starting point is simulated in MATLAB 

software.  Regulatory responses exhibit oscillations for most of the control techniques.  

The TMPSO improves the response while the other controller gives a poorer performance.  

On the other ways, the proposed controller Taguchi MPSO gives better dynamics and 

oscillation-free response. The proposed TMPSO controller outperforms the other controller 

techniques when the operating point of the process was shifted over the entire range of the 

tank. Taguchi MPSO method improves robustness in the sense that small changes in it do 

not produce large steady-state errors or loss of stability. TMPSO gives better response 

compared to various different controllers. The objective of the design is to obtain minimum 

value of ISE, IAE, ITSE and ITAE.  TMPSO gives minimum value ISE and IAE ITAE and 

ITSE compared to other controller because it produces large errors and persist for a long 

time. A laboratory experimental nonlinear level control process set up was used for real-

time experiment implementation. A computer is used to store the measuring parameter and 

also work as a function of PID tuning for TMPSO controller. The servo responses of the 

system are obtained for all six techniques ZN-PID, PSO PID, GA PID, Taguchi PID, 

Taguchi combined with GA and Taguchi MPSO controllers. 

 

The responses of TMPSO are compared with other various controllers tuned with the 

normal operating point. The responses given by the PID controller have more oscillations
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 and the TMPSO improves the response in case of real-time implementation with 

limitations. But still, the literature studies reveal that intelligent controllers are suitable for 

nonlinear systems.  
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6.5 LabVIEW Programming Code  

 
FIGURE 6.10: Programming Code LabVIEW Block Diagram
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FIGURE 6.11: Programming Code LabVIEW Front panel GUI 
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CHAPTER 7 

7 Conclusions and Future Scope 

7.1 Conclusions  

In this research work, a new hybrid Taguchi MPSO algorithm has been represented and 

implemented to improve the performance indices ISE, IAE, ITSE and ITAE of the highly 

nonlinear quadruple tank system. Simulation and experiment results prevailed, are equated 

with other optimization techniques. From the experimentation validation results, we can 

propose that Taguchi- MPSO algorithm is earmarked to solve the nonlinear problem and 

optimized performance indices. In addition to the comparative analysis and validation of 

the TMPSO proposed algorithm for the nonlinear system, has the potential to improve the 

performance indices and to solve the nonlinearity. 

Optimization based on Taguchi based MPSO algorithm for tuning of PID controller is 

developed using LabVIEW hardware and software in the experimental setup for analysis 

and validation. This proposed algorithm is implemented with laboratory set up to improve 

performance indices compared to PID Z-N method, Genetic Algorithms, Particle Swarm 

Optimization and Taguchi GA techniques. The performance of the system tested gives fine 

tuning parameter for the said controller for different coupling effect along with multiple 

input outputs. The results compared with simulation and experiment set up time domain 

specification as well as performance indices are improved. The proposed algorithm 

validates with the quadruple four tank system.  

This research work is carried out for finding the best optimal solution for the nonlinear 

dynamic system. This research found optimized parameter of the controller for multiple 

inputs and multiple output dynamic system, using Taguchi statistical method based on 

MPSO techniques. The effect indicates that Taguchi based MPSO strategies can act as 



Scope of Future Work 

85 
 

quality strategy of the MIMO nonlinear process and might be extended to different 

nonlinear method controller parameter for the industrial process control system. The result 

shows that TMPSO is provided with the better result when compared to the other 

approaches. 

7.2 Scope of Future Work 

 There are some good points and potential analysis directions that stretch this work as the 

scope of future work. The summaries for future scope of this work are following: 

• To apply other optimization algorithms which may give the better improvement of 

the performance indices of quadruple tanks system. 

• This work can be extended with the optimization of other performance indices i.e. 

Harris index, robustness index, sp crossing, standard deviation. 

• Proposed Taguchi MPSO algorithm for nonlinear control system can be extended 

with SISO, MISO, and SIMO system. 

• Performance of the proposed method can be evaluated with other nonlinear systems 

i.e. Twin rotor MIMO system, Inverted Pendulum, Magnetic Levitation system. 
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