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ABSTRACT 

 
In Chemical industries level control of non linear 
interacting and   non interacting systems is on huge 
demand due to multivariable process interactions. In this 
work a  non linear liquid level process represented by a 40 
liter four non interacting spherical tank was subjected to 
dynamic analysis. The data was indentified to be non 
linear and approximated to first order model with an error 
of less than 5percent.The level was measured using on–
line Honeywell capacitance sensor. From the model 
parameters, PI and fuzzy tuned PI Controller s were 
designed using MATLAB. The closed loop performance was 
studied for both servo and regulator problems. Based on 
overshoot, rise time, settling time, and ISE, it is found that 
the Fuzzy tuned PI controller is better suited for this 
process. 
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INTRODUCTION  
 
In many process involving liquid contained in vessels, such 
as distillation columns, reboilers, evaporators, crystallizers 
and mixing tanks, the particular level of liquid in each 
vessel is of great importance in process operation. A level 
which is too high upsets reaction equilibrium, causing 
damage to equipment, results in spillage of valuable or 
hazardous material. A level that is too low also has bad 
consequences. Hence there is need for sensitive and 
accurate level control. Effective measurement and control 
of level usually justified in terms of economy and safety.  

In many process applications, the level must be maintained 
accurately at a predetermined height, irrespective of load 
conditions of the process. Continuous process may 
incorporate accumulators or storage vessels in line to 
provide storage. Process upsets or disturbances are 
absorbed in such accumulators without passage down-line, 
which will result in a better overall control.  
Moreover recent times four tank systems study has 
attracted due to multivariable, interactions, transmission 
the nonlinear systems are modeled by linearizing the non 
linearity over certain input region. Radhakrishnan et al [1-
3] has analyzed systems with time delay and developed 
model-based tuning methods. Madhavasarma etal [4-11] 
have designed control system for nonlinear process. 
Neelemagam etal [12] have developed control system 
using micro controller for ionic solution. Munoz etal [13] 
has designed electrical conductivity measurement for Kcl 
solution. Lu etal [14] has discussed uncertainty in chemical 
sensor. Tse etal [15] have developed a model using neural 
network algorithm for air handling unit. Karacan [16] has 
used neural networks to extend the capacity of linear MPC 
to control nonlinear systems. Sivakumaran etal [17] has 
developed fuzzy system for identification of a structure by 
means of parameter optimization. Silva etal [18] has 
designed a new NMPC algorithm for SISO and MIMO 
systems. Henrique etal[19] have modified the Elman 
network for higher order systems. Margraves etal [20] 
have detected the flaw in the engineering materials using 
neural networks. Srinivas etal [21] have developed fuzzy 
logic controller to control the dissolved oxygen in the 
fermentation process has also designed pH neutralization 
process using fuzzy logic controller. Gao etal [22] have 
designed stable fuzzy logic controller for industrial 
process. Quing etal   explained about [23] Continuous 
cycling closed loop method is widely used for establishing 
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model parameters.  Li [24] proposed a method to study 
Fuzzy logic control combined with conventional PID 
controller. Hans [25] discussed enhanced fuzzy model with 
special membership function and control rules based on 
expert knowledge and the control algorithms can be 
implemented without any computational problems. Ram 
Kumar et al. [26] has also proposed PI control strategy 
which incorporates a PI tuned fuzzy logic controller to 
provide compensation for nonlinearity in the process. 
Chidambaram etal. [27] discussed the experimental 
verification of a controller based on variable 
transformation.A fuzzy tuned PID controller has been 
suggested for a linear process represented by a first order 
plus dead time process.Ying etal 28] analyzed controller 
that uses error and change in error as input 
variables.Khoei etal[29] describes the design principle, 
tracking performance of a fuzzy controller.The above  
Literature does not report model identification using semi 
physical modeling techniques for four tank system.[30] 
This work aims at designing a semi-physical model of four 
nonlinear non interacting systems to study the behavior of 
the system to the input flow rate. A mathematical model is 
derived to obtain the transfer function of the system. [31]A 
PI based fuzzy controller is designed to overcome the 
shortcomings of PI controller. The performance of fuzzy 
controller is compared with PI and it is shown that the 
fuzzy controller exhibits a better control action for the 
system. 

 
 
SEMIPHYSICAL MODELING OF SPHERICAL TANK 

 
The semi physical model is derived based on the 

principle of conservation of total mass. The level dynamics 
of the system described by differential equation arising 
from the conservation of total mass in the system is used 
for the development of semi-physical model. MATLAB with 
simulink is used to develop the semi physical model 
describing the effect of various system inputs on the level. 
The derivation of a semi physical model is done assuming 
constant volume of the tank [32,34] and constant densities 
for all streams.For single Spherical tank semisphical 
modeling is represented by the following equation 1 

Volume                                                                                

(1) 

Where, h = Height of Liquid in Tank, R = Radius of the Tank 
From the mass balance equation: 

 

Mass input= mass output + accumulation                                                                     

(2) 

  ΡQi =ρQ0 + ρ                                                                                                                 

Where ρ=density of the liquid 

Or, Qi -Q0 =  

Where Qi  = Input Flow Rate,Q0  = Output Flow Rate = 
ch0.5 

  Hence,   = π(2Rh-h2                                                                                                                                                

(3) 
  

  π (2Rh-h2)  = Qi – ch0.5 

 

  =  +                                                                                                  

(4) 
 

 =  f( h, Qi )                                                                                                         

(5) 

We have derived a relation between height and input flow 
rate using equation 2 semi physical model via simulinkwas 
developed which is shown in figure 1. 

 
 

 
Figure-1   Semiphysical model of tank 
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FIGURE 2 Open Loop Response for Different Qi 
 

The level obtained for different flow rates using the semi-
physical model is as shown in figure 2. It is inferred from 
the figure 2 the height is proportional to inflow, and as 
inflow increases the height at which the liquid level settles 
in the tank increases and as the inflow exceeds 5.5 lit/min 
the settling height exceeds 40 cm i.e. the tank height and 
hence it overflows.  

 
Modeling  of Non Linear Spherical Tank  Process 

 
The non linear spherical tank [33] system shown in 
Figure3. The mathematical modeling equation for single 
spherical tank process is described below.  

 

 
Figure-3 Spherical tank 

 
 From the figure3, it is clear that 
V = dx                                                                                            

(6) 
V = dx 

   =  |-rh-R 

On substituting the values of limit the volume of the tank is 
obtained and shown in equation 7  

                                                                                                         

(7) 
Where, h = Height of Liquid in Tank,R = Radius of the Tank 
From the mass balance equation: 

Qi =Q0 +                                                                                                                  

(8) 

Or, Qi -Q0 =                                                                                                            

(9) 
 
Where Qi = Input Flow Rate 
Q0 = Output Flow Rate = ch0.5 

Hence,   = π (2Rh-h2)  

 π (2Rh-h2)  = Qi – ch0.5 

  = +   

 =  f( h, Qi )                                                                                                      

(10) 

We know that from Taylor’s Series: 

 =  f(hs, Qs)  +  |(Hs,Qs)  (h- hs)  +  |(Hs,Qs)  (Q – 

Qs)  +   |(Hs,Qs)(h-hs)2/2! +   (11) 

Now we have: 

 f( h, Qi ) = +   

Hence, 

 =   +  

 

 =   
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Hence, 

  |(hs,Qs)  =    

 

 |(hs,Qs ) =    

Where   =  

And c = coefficient of discharge = 0.6 
Putting the above values in Taylor’s series we get 

   =  +  - (h- hs)  |(hs,Qs)    

+ (Qi – Qs)  |(hs,Qs )        (12) 

But at steady state, 

 = 0 

And (Qi – Qs)  |(hs,Qs ) = 0 

So we form equation 1 as: 

 = - 

 - 

   

   = -h A + BQi                                                                                                                                                  

(13) 
Where A and B represent the constant terms in equation 
13; 
Taking Laplace transform for the equation 13; 

s H(s) = -A H(s) + B Q(s) 

Or,   =                                                                                                  

( 14) 
 
Since Radius = 0.20m. 
Putting  hs    = 0.11m. 
We get, 

   =                                                                                            

(15) 
Since we have Q0 = ch0.5 
Hence, 

      =                                                                                                 

(16)  
 
The above expression gives the mathematical model 
transfer function for a single spherical tank. 
But we are considering the case of a 4 tank non-interacting 
system; its transfer function is obtained as shown in 
equation 17. 
 

 

    

 
Hence substituting the value for hs    = 0.11m: 
 

  =                                                   

(17)  
 

 
EXPERIMENTAL 

              
Figure 4 shows the experimental setup to study the 

dynamics of the non linear process. A Honeywell sensor 
was used to monitor the level. A system with suitable 
interface was connected to the level sensor 

 

 

                                                                                                          
      FIGURE-4 Experimental setup Collection tank 
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EXPERIMENTAL PROCEDURE  
             The process flow model was determined 
experimentally by open loop analysis. The flow rate of 
water at the inlet was fixed at 1 LPM.   A step change in 
water flow rate from 3LPM to 4LPM was introduced and 
change in level was recorded. The experimental results are 
shown in Figure 5.      
 
PROCESS IDENTIFICATION    
                  The data in Figure 5 was fitted to a first order plus 
dead time model given in equation 18 for the FOPDTmodel 

Of the process. 
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(18)  
 
 

 
 

FIGURE -5 Comparison of Experimental and Calculated 
values 

 
PI CONTROLLER FOR THE 4 TANK PROCESS  

  
  A system consisting of a plant and a controller 
with unity feedback is shown in Figure 6 The controller 
output was given to 4 tank process. The PI controller 
optimum settings such as the critical gain (Ku) =0.35, 
critical period (Pu) =2.625., Proportional gain     (Kc) = 
0.645 and integral gain (Ki) = 2.875 were obtained by 
Ziegler Nichols tuning method.  

 
FIGURE-6 Schematic diagram for PI controller 

 
 
The open loop transfer function for a four tank non 
interacting system is obtained in equation17 is shown in 
equation 19 for controller tuning setting purpose  

  =                                              

(19) 
 

            =  

 
Hence, the closed loop transfer function with gain ‘k’ is: 

 
                                                                                                                            

(20) 
 
Thus, the characteristic equation of closed loop transfer 
function is: 

 
1+ kG(P) = 0 

 1+  = 0 

   

 
   (21) 
 
 
Thus, forming the Routh Array to solve for ‘k’: 

 

                        

 

    1 

    38.5 

  578.3  

  4155 

13957 + 
7327k 

16550 – 
18317.5k 

 

 

   470.4 

   3048 – 54.5k 

 13527 + 
666k 

 16550 – 
18317.5k 

0 

0’’’ 

 
 
(-36297k2 + 
9909298k + 
33445176) 
             (3048 -
54.5k) 

  0 0 
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16550 – 
18317.5k 

  0 0 

 

So, we have for the Stability of the system all elements of 
the first column of    

 
 16550 – 18317.5k > 0 
 k < 0.90 

Also   (-36297k2 + 9909298k + 33445176) >  0 
                             (3048 -54.5k) 

 -3.33 < k < 276 
Also 3048 – 54.5k > 0 

 k < 55.9  
 

From the above three conditions we get range for k as  

-3.33 < k < 0.90                                                                                                            
(22) 
From the equation 22 we select k(=Ku ) as 0.778 Hence Kp 
= 0.45 Ku = 0.35     From this Kp = 0.35InMatlab simulation 
of model ultimate gain is used which causes the sustained 
oscillation in output. Using this frequency of oscillation it is 
found that Pu=2.625Hence     Ti=Pu/1.2 =2.875,  Ki = Kp/Ti 
= 0.16       

 
DESIGN OF FUZZY LOGIC CONTROLLER  

 

FIGURE-7 Fuzzy control structures 
 

A fuzzy logic control has four blocks as shown in 
Figure 7. Crisp input information from the device is 

converted into fuzzy values for each input fuzzy set with 
the fuzzification block. The universe of discourse of the 
input variables determines the required scaling for correct 
per unit operation. The scaling is very important because 
the fuzzy system can be retrofitted with other device or 
ranges of operation by just changing the scaling of the 
input and output. The decision making logic, fuzzy 
inference, determines how the fuzzy logic operations are 
performed and together with knowledge base determines 
the outputs of each fuzzy if-then rules. These are combined 
and converted to crispy values with the defuzzification 
block. The output crisp value can be calculated by the 
center of gravity method. Six steps are involved in the 
creation of a rule based fuzzy system to process the input 
to get the output reasoning. The inputs and their ranges 
are identified and named. The outputs and their ranges are 
identified and named. The degree of fuzzy member 
function for each input and output is created. The rule base 
that the system will operate is constructed. Decision on the 
execution of action by assigning strengths to the rules is 
made. The rules are combined and the output is 
defuzzified. 

 
 

.  
 

FIGURE-8 Block diagram of Mamdani type fuzzy control 
system 

 
The block diagram of mamdani type fuzzy control is shown 
in Figure 8. The fuzzy logic controller was developed here 
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using two input variables E (Error) and CE (Change of 
error) and one controller output. The inputs E and CE are 
directly fed to the mamdani type fuzzy controller. Each of 
these variables have 3 membership functions which are 
labeled as NB-negative big NH-negative high, NS-negative 
small,  
 
MEMBERSHIP FUNCTION DISTRIBUTION 
 

First, the fuzzy PI controller is derived from the 
conventional continuous-time linear PI controller. Then, 
the fuzzification, control-rule base, and defuzzification for 
the design of the fuzzy controller are designed. The 
resulting controller is a discrete-time fuzzy version of the 
conventional PI controller, which has the same linear 
structure in the proportional, integral and derivative parts 
but has non-constant gains. The design involves the 
assigning of membership function to the parameters i.e. 
error, change in error and output. The membership 
function is as shown in figure9 the range of membership 
value = {-40 40}for error and change of error range is -25 
to +25and similarly the controller output range is -43 to 
+42.is shown in Figure 10and11. 

 

  
FIGURE-9 Membership function for Error 

 
 

 
 

FIGURE-10 Membership function for change in error 

 

 
 
FIGURE-11 Membership function for     output 

 
 

                RESULT & DISUSSION  
 

The fuzzy logic controller is designed and applied 
to real time control of spherical tank liquid level system. 
To evaluate closed loop performance of the PI controller 
for the spherical tank process step change in the set point 
are introduced .Servo response to set point change of 
various units level was given for the process is shown in 
Figure 12.To evaluate closed loop performance of the 
Fuzzy PI controller for the spherical tank process step 
change in the set point are introduced .Servo response to 
set point change of various units level was given for the 
process is shown in Figure13. The comparsion response of 
fuzzy and Pi controllerfor a single set point  is shown in 
figure14and controlller comparsion for difffernt set point 
is shown in Figure 15.FUZZY tuned PI controller  provides 
better time domain performance such as faster settling 
time and rise time and offers less over shoot. Since time 
delay has been removed from the denominator of set point 
transfer function, the smith predictor offers good ISE 
values for set point change and load change 
 
 

 
 
FIGURE-12 PI controller output response for different set 

point 
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FIGURE-13 FUZZY controller output for different set point 

 
 
 

 
 
FIGURE-14 PI and FUZZY controller out put response for 

single setpoint  

 

 
 

FIGURE-15 PI and FUZZY logic Comparison 

 
 

TABLE-1 Controller performance 
 
 
Control
ler  

Rise 
time(s) 

Settling 
time (s) 

Peak 
time(s) 

Ove
rsho
ot 
(%) 

FUZZY 0.15 1.06 0.31 0.5 

PI 8.9 35 10.55 27.1 

 
 
 
CONCLUSION   
  
  The results given in Table1emphasize that the 
Fuzzy PI controller shows a minimum dynamic response 
time than the conventional PI controllers. While 
conventional PI controllers reach the set point smoothly, 
fuzzy PI controllers possess a sharp curve like responses. 
This response is attributed to the non linearity of the fuzzy 
system. Fuzzy controller’s shows minimum rise time 
compared to conventional controllers, it is also note down 
from the result of fuzzy controller over shoot is very low 
for the 4 tank spherical process 
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