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 Industrial processes include multivariable systems and nonlinearities.  
These conditions must be effectively controlled to ensure a stable operation. 
A proportional–integral–derivative controller and other classical control 

techniques provide simple design tools to designers, but cannot 
accommodate nonlinearities in industrial processes. In this study, the 
quadruple-tank process, which is one of the most widely used processes in 
the chemical industry, was selected as the research object.  To examine this 
process, a fuzzy logic controller, instead of an exact mathematical model, 
was proposed to ensure the reliability of the experience. A modification was 
proposed to facilitate the design process. To check the validity of the 
proposed controller, it was compared with the conventional proportional–
integral controller. The former exhibited acceptable performance. 
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1. INTRODUCTION  

  Processes in the chemical industry exhibit nonlinear and highly complex dynamics. These 

processes also include multi-input and multi-outputs models with high uncertainties and interactions of inputs 

and dynamics [1]. The quadruple-tank process (QTP) is a multivariable process that includes a pair of inputs 

and a pair of dual outputs [2]. 

In the past decade, many mechanisms and control techniques have been used to build QTP 

controllers. These techniques include the predictive model controller [3-7],  multiparametric quadratic 

programming-based controller [8],    loop-shaping controller [9], fractional-order proportional–integral–

derivative (PID) controller [10-14] , fractional-order sliding-mode controller [15, 16] , nonlinear 
backstepping controller with an adaptive high-gain observer [17], decoupling multivariable systems based on 

generalized predictive control [18], robust relay-based PID auto-tuning strategy [19], fuzzy aggregated 

multiparametric model predictive controller [20], novel self-tuning dual-mode adaptive fractional-order 

proportional–integral (PI) controller with an adaptive feedforward controller [21], and nonlinear state 

feedback decoupling method [22]. 

In this study, the inputs of a fuzzy logic controller (FLC) are set as the error and its derivative. Input 

calculations include the normalization of actual inputs into the universes of discourse of the corresponding 

linguistic variables using a normalization gain. Similarly, the calculated output is denormalized into the 

actual physical domain of the control action using a denormalization gain. The normalization and 

denormalization gains are closely related to conventional controller gains and directly influence closed-loop 

stability. 
The remainder of this paper is organized as follows. Section 2 presents the mathematical model of 

the QTP. Section 3 proposes an FLC for the control process. The numerical simulations are provided in 

Section 4. Conclusions are drawn in Section 5. 
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2. QUADRUPLE-TANK PROCESS (QTP) 

A schematic of the QTP is shown in Figure 1. The QTP includes two water pumps that are used to 

push the flowing water into four tanks through two valves in the ratios of    and    [8]. The pumps are 

driven through control signals    and   , which are the voltage levels applied to each pump. The water level 

in each tank is denoted as   ,   ,   , and    [7]. To generate the output signals    and   , two level sensors 

are mounted on the two lower tanks. These sensors are used to measure    and   . The primary objective of 

this work is to control the water level in tanks 1 and 2 using input signals    and    [2]. The nonlinear 

mathematical model of the QTP is given as: 
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Figure 1. Schematic of the QTP [2] 

 
 

The values of the parameters of the QTP model are listed in Table 1. 

 

 

Table 1.  Nominal values of the Simulation Parameters [1, 14] 
Variable Description Value 

      Area of tanks 1 and 3 28 cm
2
 

      Area of tanks 2 and 4 32 cm
2
 

      Area of outlet pipes 1 and 3 0.071 cm
2
 

      Area of outlet pipes 2 and 4 0.057 cm
2
 

  Gravitational constant 9.81 

   Flow ratio 0.7 

   Flow ratio 0.6 
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3. Normalized FLC (NFLC) 

To address the problems associated with classical control, including nonlinearity and time-varying 

parameters, a control system that incorporates human experience into decision-making based on uncertain 

inputs should be adopted [23]. On the basis of human experience, the FLC is used to control processes in the 

absence of an accurate process model. The basic units of the controller are illustrated in Figure 2. 

 

 

 
 

Figure 2. Components of the FLC with normalization and denormalization factors 

 

 

The function of the fuzzification unit is to convert the values of a crisp input into linguistic 

variables. Meanwhile, the inference unit plays a role in decision-making. The IF–THEN rules construct the 

knowledge-based FLC. The result of the fired rules is changed into values that will produce crisp values 

again [23]–[26]. The minimum and maximum values of the input/output variables determine the universes of 

these variables. Practically, dealing with a normalized universe of discourse is more convenient than dealing 

with a real line. This step is performed using normalization and denormalization factors.  

A fuzzy inference system (FIS) is designed and implemented to control the QTP. The Mamdani FIS 

comprises two inputs, one output, and nine rules, which are implemented using MATLAB® Fuzzy Logic 
Toolbox 2012a. Information about the FIS is found in the FIS editor (Figure 3).  

Two inputs are described in the designed FLC. The first input is the error (e), which is the difference 

between the reference and the actual water levels. The second input is the change rate of the error (de).  

The output is denoted as “u”. Figure 4 presents the membership editor tool used to edit the membership 

functions of all the input and output variables. All the membership functions are set as triangle functions with 

a normalized range [    ]. 
The control action   taken by the controller is determined in accordance with the rules of the FIS. 

The nine rules are implemented using the rule viewer in Figure 5. The controller output surface is observed 

using the surface viewer as shown in Figure 6. 
 
 

 
 

Figure 3. FIS editor 
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(a) 

 

 
(b) 

 

 
(c) 

 

Figure 4. Membership editor: (a) first input variable, (b) second input variable, and (c) output variable 
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The SIMULINK® implementation of the complete model is illustrated in Figure 7. The detailed 

models are presented in Figures 8 and 9, and the response curves are shown in Figures 10 and 11. The energy 

values delivered by the implemented controllers to the QTP are listed in Table 2. 

 

 

Table 2. Energy Values Delivered by the Controllers to the QTP  

Controller/Energy       

PI 10364.76 14802.85 

NFLC 2406.5 5243.14 

 

 

 
 

Figure 5. Rule editor and the implemented rule table 

 

 

 
 

Figure 6. Surface viewer window for rules 
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Figure 10 use of a proportional–integral (PI) controller causes an overshoot in response to a step-

type reference signal. The percentages of the overshoot of each output are 8% and 11.3%. By contrast, using 

the proposed NFLC improves the time response by eliminating the overshoot in the first case. Improvements 

are not limited to the time response but are extended to the reduction of the energy delivered by the controller 

to the process. This discussion is summarized in Figure 11 and Table II. The amount of energy that passes to 

the process in the beginning of the transient is considerably lower in the case of the NFLC than that in the PI 

controller. The reduction percentages for the channels are 76.78% and  64.58%, respectively. 

 
 

 
 

Figure 7. Complete SIMULINK® model of the control system 

 

 

 
 

Figure 8. SIMULINK® model of the QTP 

 

 

 
Figure 9. SIMULINK® model of the NFLC 
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(a) 

 

 
(b) 

 

Figure 10. Output response of the QTP: (a) PI controller and (b) NFLC 

 

 

 
(a)  

 

 
(b) 

 

Figure 11. Control signals of the QTP: (a) PI controller and (b) NFLC 

 

 

4. CONCLUSION  

An NFLC strategy for controlling QTP is presented in this study. The objective of this research is 

achieved by maintaining the required water level (as indicated by the reference water level). The proposed 

controller is implemented using MATLB®/SIMULINK®. The numerical simulation denotes that the 
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performance of the NFLC is superior in terms of reference follow-up. Moreover, the energy delivered by the 

controller is better than that of the conventional method. 
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