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 Non-linearity and constantly changing cross-sectional area of process tanks pose a great 
threat to the design of controllers to control the liquid level in tanks. In this paper, a 

highly non-linear system namely an interacting two tank hybrid system (ITTHS) is 

considered as the benchmark problem. The aim is to design controllers for ITTHS to 
control the liquid level of the tank. First the mathematical model of the process is 

derived and the open loop simulation of the process is done using Matlab. The greatest 

difficulty of nonlinearity has been overcome by using piecewise linearization technique 
using which five linearised second order transfer functions have been derived. The 

second order plus delay time (SOPDT) transfer functions are approximated to First 

order plus delay (FOPDT) model. Individual controllers namely, Manual PI and 
Manual PID controllers are designed for the five linearised regions. The results are 

simulated and finally a comparative study of the performance criteria like Integral 

square error (ISE), Integral absolute error (IAE), rise time (tr), peak time (tp), and 
settling time (ts) is made between the two controllers and their set point tracking 

abilities are compared.The performance shows effective control of liquid level by the 

Manual PID controller as it has good set point tracking and disturbance rejection 
schemes. 
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INTRODUCTION 

 

 The control of liquid level in process tanks is a basic problem in process industries. Water treatment 

industries, petrochemical industries and paper making industries use level controllers to control level of liquid. 

Conventional tanks such as cylindrical tanks that are used in many industries are linear in nature for which 

designing a controller and controlling its action is simple. However, non linear processes encountered in real 

time applications, are difficult to solve and are much less understandable than linear processes. Compared to 

conventional tanks, conical tanks and spherical tank system have greater advantages as they are inexpensive and 

have improved product quality, reduced wastage of material and efficient washing. 

 Despite the significant developments in advanced process control schemes such as internal model control, 

predictive control, sliding mode control, etc., PID controllers are still widely used in industrial control 

application due to their structural robust performance, simplicity, easy implementation and reputation. For a 

nonlinear system, the proportional and derivative kick in the controller results in large overshoot and settling 

time. However, for a stable system, PID controller offers viable result for both the reference tracking or 

disturbance rejection.  

 In this paper, a highly nonlinear system, ITTHS viz. an interacting set up of spherical and conical tanks is 

chosen. An attempt has been made to develop Manual PI and Manual PID controllers for liquid level control in 

ITTHS. The mathematical model of the system is derived using which the open loop response is obtained. Since 

the response is nonlinear, piecewise linearization technique has been implemented to obtain five linearised 

second order transfer functions. These second order transfer functions are reduced to first order transfer function 

with time delay for which controllers are designed and their performances are compared. 

 The remaining part of the paper is organized as follows: The process description and mathematical model 

are described. Following this, the transfer functions for ITTHS are derived and reduced to first order plus time 

delay model and system parameters are described. Then the controller design is explained and controller 
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parameters and process responses for varying set points are shown. Finally, the results discussed and conclusion 

is obtained. 

 

Process Description: 

Mathematical Model: 

 The interactive two tank hybrid system consists of two tanks namely spherical (TANK1) and conical 

(TANK2) whose parameters are shown in table. These two tanks interact through a restriction MV12 as shown 

in figure. The liquid from the reservoir is drawn into the tanks by the action of the pumps P1 and P2.  The 

inflow through TANK1 and TANK2 are FIN1 and FIN2 respectively. The outflow through TANK1 and 

TANK2 are FOUT1 and FOUT2 respectively. The processed liquid flows out of the tanks through the 

restrictions R1 and R2 and drains into the reservoir. The level of the liquid in the tanks and inflow are measured 

using Differential pressure transmitter (DPT) and Magnetic flow transmitter (MFT) respectively which are 

transmitted in the form of (4-20) mA current loop to the interfacing unit of the computer. After implementing 

the required control action, the control signal is transmitted to the SMART valves in the form of (4-20) mA 

current signal to manipulate the flow to TANK1 and TANK2. In this work ITTHS is considered as a SISO 

process and the manipulated variable is FIN1 and the controlled variable is height (h2) of TANK2. 

 

 
Fig. 1: Functional Diagram of ITTHS. 

 

 The mathematical modeling of ITTHS is based on conservation principle of Total Mass Balance (George 

Stephanopoulos,1990). According to which, 

(𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛𝑜𝑓𝑡𝑜𝑡𝑎𝑙𝑚𝑎𝑠𝑠 )/𝑡𝑖𝑚𝑒 = (𝑖𝑛𝑝𝑢𝑡𝑜𝑓𝑡𝑜𝑡𝑎𝑙𝑚𝑎𝑠𝑠)/𝑡𝑖𝑚𝑒 + (𝑜𝑢𝑡𝑝𝑢𝑡𝑜𝑓𝑡𝑜𝑡𝑎𝑙𝑚𝑎𝑠𝑠)/𝑡𝑖𝑚𝑒 
For ITTHS the mathematical model is derived as, 
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Where, 

Fin – Volumetric in flow rate for TANK1 

A1, A2 – Area of spherical and conical tank with respect to change in flow 

Β-density 

h1and h2- Heights of spherical and conical tanks 

dh/dt = Change in height of liquid level 

 

Modeling Parameters: 

 In order to develop a simulink model based on these mathematical equations, various analytical values are 

required. The various modeling parameters are assumed as follows:  
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Table 1: Modeling Parameters. 

Parameters Description Value 

R1 Radius of spherical tank 25 

R2 Radius of conical tank 25 

H2 Height of conical tank 50 

FIN1 Maximum inflow to TANK1 109.55 cm3/sec 

β1 Valve co-efficient 63.25 

β2 Valve co-efficient 20 

  

 Using the mathematical model, the open loop simulation of the process is done. The open loop response is 

shown in figure 2. From the open loop transfer function, it is assumed that the characteristic behavior of the 

system is nonlinear.  

 
Fig. 2: Process Reaction Curve. 

 

Method to obtain the Transfer Function: 

 To overcome the difficulty in controller design due to nonlinearity, the piecewise linearization technique is 

applied to linearise the nonlinear system. The open loop response is divided into 5 linear regions. Individual 

second order transfer functions have been derived for each region.  

 The transfer functions obtained from the piecewise linearization of open loop response are Second order 

plus delay time model (SOPDT).Various methods have been proposed to design controllers for SOPDT model. 

However, since the precision of these methods is very low due to the increased complexity of the model, the 

SOPDT model has been approximated  to First order plus delay time (FOPDT) model. Although there is no 

general procedure to do this, the following thumb rule might provide a rough estimate for a first approximation: 

 If one of the time constants of the higher order model is much longer than others, the effective time constant 

of the first order model can be estimated to be equal to the longest time constant. The effective dead time of 

first-order model can then be approximated by the sum of all smaller time constants plus dead time of the high-

order model. 

 The SOPDT transfer functions that have been obtained from the open loop response and the  respective 

FOPDT models are shown in the table 2. 

 
Table 2: Transfer functions for five linearised regions: 

Region SOPDT FOPDT 

I 

164.1821325.0
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Controller Design: 

 In this paper, the ITTHS is considered as a benchmark problem, for which PI and PID controllers have been 

designed. The controller parameters, namely Kp, Ki and Kd values are obtained by manual tuning for all the five 

linearised regions. 

 The controller parameters for Manual PI and Manual PID controllers are shown in the table 3. 

 
Table 3: Manual PI and PID controller parameters for different regions. 

Manual PI controller Manual PID controller 

Region Kp Ki Kp Ki Kd 

I 36.0296 6.5025 99.5866 9.04759 -384.710 

II 0.00793 0.0001 0.02498 0.0001 -2.4155 

III 0.001889 1.53156 0.007389 2.2841 -1.2193 

IV 0.00025 9.525 0.00072 1.1555 -0.2242 

V 2.3951 5.3553 7.9228 7.3255 -0.04055 

 

RESULTS AND DISCUSSIONS 

 

 A nonlinear system, interacting two tank hybrid systems whose time constant and gain are functions of 

process variable is considered for testing the performance of Manual PI, Manual PID controllers. A controller 

designed at one operating point does not give satisfactory response for other operating points. The response 

obtained at the bottom of the tank is fast and the response near the top of the tank is very sluggish because of 

increase in time constant. However, for each region two controllers are designed and their performance criteria 

are evaluated are gives optimum response. Hence the performance criteria for the two controllers for five 

different regions are compared and the responses are evaluated. 

 In the following sections, the performances of the Manual PI and Manual PID controllers are summarized. 

 
Fig. 3: Process Response for Manual PI controller. 

 
Fig. 4: Process Response for Manual PID controller. 

 
Table 4: Performance criteria for Manual PI controller. 

Region Error ISE IAE tr tp Mp ts 

I 3.411e-13 1.214e+05 348.5 146.5 162.8 0.0986 310.4 

II -2.714e-12 2.156e+07 4643 441.4 672.6 3.4924 4196.6 

III -1.943e-12 8.196e+07 9053 832.7 1252.4 3.3624 7664.1 

IV 8.583e-12 1.998e+08 1.413e+04 1364.2 2090.3 3.598 13170 

V 1.946e-11 7.484e+08 2.736e+04 2555.2 3870.4 3.4105 20046 
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Table 5: Performance criteria for Manual PID controller. 

Region Error ISE IAE tr tp Mp ts 

I -2.345e-13 6.272+04 250.4 21.3 30.7 2.0664 149 

II 2.103e-12 1.283+07 3582 293 422.9 2.9015 3327.6 

III 6.04e-12 3.685e+07 6070 496.9 716.9 2.9060 5641.4 

IV 7.386e-12 1.358e+08 1.165e+04 952.4 1374.9 2.8949 10819 

V 1.433e-11 4e+08 2e+04 1628.1 2346.2 2.8648 18520 

  

 From Tables 5 and 6, it can be seen that the various performance criteria such as Rise time(tr), Peak 

Time(tp) , Settling time(ts),and the peak overshoot(Mp)  and error values are reduced in Manual PID controller. 

 Thus from the above results, we can conclude that Manual PID controller offers a better response for the 

process. However to examine the controller performances in the individual regions, process responses for both 

Manual PI and PID controllers for individual regions are shown below in figures 5 to 9. 

 
 

 
 

 
Fig. 9: Process response for Manual PI and Manual PID controller for Region 5. 

  



33                                                                  D. Dinesh Kumar et al, 2014 

Advances in Natural and Applied Sciences, 8(22) Special 2014, Pages: 28-34 

 In all the above graphs, it can be seen that the Response of Manual PID controller reaches the set point 

faster, attains the steady state (final value h2=30cm)  more rapidly and its peak overshoot is less than that of 

Manual PI controller. Hence, it can be inferred that Manual PID controller gives a satisfactory response than 

Manual PI controller. 

 

Set Point Tracking: 

 In addition to the various performance criteria mentioned above, a major requirement for a good controller 

is the set point tracking ability i.e. the controller must be able to maintain the output at desired set point that is 

varied when the process is running. Hence the set point tracking ability of the two controllers are studied by 

varying the set point when the process is running.. This is carried out for all 5 linearised regions and controller 

performances are compared in figures 10 to 14.  

 
 

 

 

 

 

Fig. 13: Process outputs for varying set points for Region 5. 
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 From the above response graphs, it is seen that both Manual PI and PID controllers track the varying set 

points. However, a close look at the graph reveals that the response of Manual PI controller reaches the set point 

slower and also exhibits a larger overshoot as a result of which as compared to the time taken to reach the steady 

state is large.  

 By comparing the responses of the PI controller alone for all 5 regions, region1 shows better tracking 

capability than region 5. This is because the response obtained at the bottom of the tank is fast and the response 

near the top of the tank is very sluggish because of increase in time constant. Also the increased transport delay 

in region 5 increases the time taken to reach the set point. 

  

Conclusion: 

 This paper attempted a controller design and comparison for a highly nonlinear system, ITTHS .The system 

had non-linear characteristics and so Piecewise linearization technique was applied for linearizing the non linear 

system output. Two controllers namely Manual PI and Manual PID controllers were designed for the five 

linearised regions. From the performance analysis and response curve, it was clear that the Manual PID 

controller yielded a fair transient response with minimum overshoot and error. The set point tracking capability 

of Manual PID controller is better than that of Manual PI controller. Hence we conclude that the Manual PID 

controller work well against the nonlinearities of ITTHS system and it can be used in industrial applications to 

control the class of processes. 

 During the linearization, the higher order terms in the Taylor series expansion are neglected and hence 

linearization will not be perfect. Also, the errors, settling time, rise time and peak overshoot can further be 

reduced by the use of intelligent controllers. Hence the future scope of this project involves the design of 

intelligent controllers like Modern Predictive Controller, nonlinear fuzzy controller are designed to improve the 

controller action and their optimization using soft computing techniques like PSO, BFO and so on. 
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