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ABSTRACT: The objective of this paper is to investigate the performance of I-PD controller used to control the level 
of coupled tank, which is good example for an uncertain system. The variable to be controlled is the liquid level in 
tank2; the manipulated variable is inflow of tank1. The response of the I-PD controller is compared with PID controller 
designed based on Small gain theorem that will guarantee the closed loop stability. The performance of the controllers 
is evaluated using various parameters such as ISE, Settling time and percentage overshoot and simulation is carried out 
with the help of MATLAB Simulink software.       
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I.INTRODUCTION 

The control of liquid level in tanks and flow between tanks is the most common control problem in the process 
industries such as petroleum refinery, paper and cement industry, water treatment plants and food processing industries. 
A common tank system required the controller to maintain the level of the liquid in desired level. A number of 
conventional controllers are being used in a process industry which exploits several tuning methods for obtaining 
appropriate control parameters. 

 
The main objective of this paper is to determine the mathematical model of a coupled tank system which will be 

useful for designing and tuning the controllers. Here comparative analysis of the transient response obtained by 
different controllers- Robust PID controller using small gain theorem and I-PD Controller has been done using 
MATLAB Simulink software. 

 
Modeling of the processes is very difficult but it is the basic requirement in the design of controller. Difficulties in 

modeling are due to more complex system, poorly understood phenomena, effects of reduced model order, ignorance of 
certain factors like non-linearity and time delay, unknown disturbance and noise input. All these factors indicate the 
necessity of having controller which should work even if the actual system deviates from its ideal system and also it 
should give a stable closed-loop system. The controller designed considering uncertainty in a process and closed-loop 
stability is known as robust controller.  

 
Robust controllers can be designed using various approaches. Robust controller design using Edge Theorem is 

presented in [2]. The optimal control approach is used to design robust controllers in [3]. Dubravska M. and Harsanyi 
L. [4, 5] have proposed robust controller design procedure for uncertain system. In [6] the author presented robust 
controller design for uncertain plant with bounded parameters using Kharitonov theorem. 

 
The main downside of PID controller is setpoint kick off. This will damage the final control element like control 

valve, motor. To eliminate such a disadvantage, the derivative action is introduced in the feedback path in I-PD 
controller which will improve the system response. The I-PD Control action can be used in any physical systems that 
uses closed loop control of output variable. It can therefore be applied for temperature, level , flow, pressure, speed, 
position control systems etc. 

 
Many researchers [7-13] proposed I-PD tuning rules for various stable and non-linear Processes by different methods 

to improve closed loop response. 
The paper is organized as follows. The modeling of the process is described in detail following the general 

methodology. Then the design of controllers is presented for the two tank process. The results and conclusion are 
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presented following controller design.The control of liquid level in tanks and flow between tanks is the most common 
control problem in the process industries such as petroleum refinery, paper and cement industry, water treatment plants 
and food processing industries. A common tank system required the controller to maintain the level of the liquid in 
desired level. A number of conventional controllers are being used in a process industry which exploits several tuning 
methods for obtaining appropriate control parameters. 

 
The main objective of this paper is to determine the mathematical model of a coupled tank system which will be 

useful for designing and tuning the controllers. Here comparative analysis of the transient response obtained by 
different controllers- Robust PID controller using small gain theorem and I-PD Controller has been done using 
MATLAB Simulink software. 

 
Modeling of the processes is very difficult but it is the basic requirement in the design of controller. Difficulties in 

modeling are due to more complex system, poorly understood phenomena, effects of reduced model order, ignorance of 
certain factors like non-linearity and time delay, unknown disturbance and noise input. All these factors indicate the 
necessity of having controller which should work even if the actual system deviates from its ideal system and also it 
should give a stable closed-loop system. The controller designed considering uncertainty in a process and closed-loop 
stability is known as robust controller.  

 
Robust controllers can be designed using various approaches. Robust controller design using Edge Theorem is 

presented in [2]. The optimal control approach is used to design robust controllers in [3]. Dubravska M. and Harsanyi 
L. [4, 5] have proposed robust controller design procedure for uncertain system. In [6] the author presented robust 
controller design for uncertain plant with bounded parameters using Kharitonov theorem. 

 
The main downside of PID controller is setpoint kick off. This will damage the final control element like control 

valve, motor. To eliminate such a disadvantage, the derivative action is introduced in the feedback path in I-PD 
controller which will improve the system response. The I-PD Control action can be used in any physical systems that 
uses closed loop control of output variable. It can therefore be applied for temperature, level , flow, pressure, speed, 
position control systems etc. 

 
Many researchers [7-13] proposed I-PD tuning rules for various stable and non-linear Processes by different methods 

to improve closed loop response. 
The paper is organized as follows. The modeling of the process is described in detail following the general 
methodology. Then the design of controllers is presented for the two tank process. The results and conclusion are 
presented following controller design. 
 

II.METHODOLOGY 
 

A. Small Gain Theorem 

One form of uncertainty in dynamical systems is parametric uncertainty in which the parameters describing the system 
are unknown. A SISO uncertain system G(s) described by a family of transfer functions and being controlled by a 
controller C(s) as shown in Fig.1 the loop transfer function is given by,  

L(s) = C(s) G(s).        (1) 

 

 

 

 

Fig.1 Closed loop control system 

The Small Gain theorem states that, if the magnitude of the loop gain is less than one then, the closed loop system is 
robustly stable. Hence for closed loop robust stability, 
|L(s) |< 1 for all ω ε [0, ∞].        (2) 
If the plant to be controlled is uncertain and described by a number of stable transfer function be𝐺0(𝑠). Then the 
perturbed system can be represented in the form of an unstructured additive uncertainty as shown in Fig (2). 𝑊𝑎(𝑠) 
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Represents the weighting transfer function and ∆(s) represents a set of transfer functions with peak magnitudes less 
than or equal to one for all frequencies. 
 
 
 
 
 
 
 
 
Following the design procedure presented in [1] the controller parameters can be determined as below, Kd = nd/K, Kp= np/K, Ki= ni/K       (3) 

 
B. I-PD Controller  
It is the modified structure of PID controller that is mentioned as a brilliant PID controller which reduces peak 
overshoot. In I-PD controller the integral term is acting on the error e(t) and the proportional plus derivative term is 
acting on the process variable y(t).  
The output of the controller is given by 

u(t) = 𝐾𝑝 [𝑇𝑖  ∫e(t)dt - (y(t) + 𝑇𝑑 𝑑𝑦(𝑡)𝑑𝑡 )]  (4) 

Where, 
Kp - Proportional gain 
Ti - Integral time 
Td - Derivative time  

 
 
 
 
 
 
 
 

III. DESCRIPTION OF THE PROCESS 

The Liquid tank process plays an important role in industrial application such as food processing, filtration, industrial 
chemical processing, spray coating and pharmaceutical industries. Many industrial applications are concerned with 
liquid level control, It may be a single loop level control or sometimes multi loop level control. 
In this work coupled tank is considered as a SISO system with ℎ2 as process variable and 𝑞𝑖𝑛1 as the manipulated 
variable. The apparatus consists of two tanks (Fig (4)), which can be coupled using valve 𝑞12 (the manual valve). 
Therefore the coupled tank process with two tanks represents a multi-input multi-output (MIMO) system for opened 
valve 𝑞12  or two independent single input single output (SISO) systems for closed valve𝑞12. 

 

 
 
 
The mass balance equation of the tank process is given by, 

 

 
Fig. 2 Closed loop uncertain system 
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Fig. 3Block diagram of I-PD Controller 
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Fig. 4 Coupled Tank Process 
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Where, 𝑞𝑖𝑛1&𝑞𝑖𝑛2 – Inflow to the tank1&2 ℎ1&ℎ2-Height of tank1&2 𝐴1&𝐴2- Area of tank1&2 𝑎1&𝑎2- Area of the pipe outlet1&2 𝑎12    – Area of the pipe connecting Tank1&Tank2 
              g     – Acceleration due to gravity 
The white box model is developed using SIMULINK software with the following specifications: 𝐴1and𝐴2          = 1130.4𝑐𝑚2 ℎ1andℎ2           = 25 cm 𝑎1and𝑎2           = 7.8𝑐𝑚2 𝑎12           = 1.274𝑐𝑚2 
Maximum 𝑞𝑖𝑛1  = 100 LPH 
The operating condition of the process is fixed as, 𝑞𝑖𝑛1 = 50LPH ℎ1    = 11.85cm  
 With the area of the outlets of tank1&tank2 as 𝑎1   = 5𝑐𝑚2 𝑎2   = 0.5𝑐𝑚2 and 𝑎12  = 1.274𝑐𝑚2 
 
The studies are carried out using three different operating conditions for the chosen process so as to understand the 
complete characteristics of the process and also to test the stability conditions.  
For Performance analysis the following open loop responses are obtained in this work, i) Nominal model of the process 
is considered under normal operating condition  with 50 % input,  ii) open loop response with 10 % change in input in 
both the directions from nominal value.The nominal model of the process is obtained using step test signal under 
nominal operating condition as shown in fig (5). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5Open loop response of the process with 50% input 
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Fig. 6Open loop response of the process with 10% change in input 
from Nominal operating condition 
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Corresponding transfer functions are, 𝐺0(s) = 

28.829.6𝑠2+14.7s+1 (Nominal Model) 𝐺1(s) = 
6.5609.5𝑠2+69.7s+1 (10% change in input from operating condition) 𝐺2(s) = 
10627.13𝑠2+113.75s+1 (-10% change in input from operating condition) 

 

IV.DESIGN OF CONTROLLERS 

A. Robust PID Controller  
From figure (2), 
G(s) =G0(s) + Wa(s). Δ(s) (7) 
if |Δ(s)| ≤ 1 then, |Wa(s) . Δ(s) | ≤ |Wa(s)| (8) 
The weighting transfer function is chosen such that the following condition is satisfied. 
|Wa(s) | ≥ Max |Gk(s)-G0(s) | for all ω Є [0, ∞] (9) 
where k = 1, 2, 3, .... n  
Gk(s) represents the set of n stable transfer functions describing the uncertain system.  
The nominal model of the coupled tank process is given by,  0(s) =  0c(s)/ 0m(s) (10) 
Let the PID controllerto be designed be given by, 
C(s) = Cc(s)/Cm(s) = (nds2 +nps+ni)/Ks (11) 

Using the design procedure, the PID controller parameters are determined and given below, np = 88.20; ni = 1; nd = 1 (12) 

K=1 and suitable Wa is selected so that the stability condition said in [1]  | NCL( )| < | 0( )/Wa( )|  is satisfied. 

B. I-PD Controller 
I-PD controller parameters for each condition are obtained using Ziegler Nichol’s tuning method. The controller 
parameter values of each condition are given in the table 1. 
 
 
 
 
 
 
 
 

V. RESULT AND DISCUSSION 
 

The coupled tank process is represented as white box model and executed using SIMULINK software. The process is 
maintained at nominal operating condition and the servo and regulatory responses are obtained using robust PID and I-
PD controllers for a change in setpoint of 2cm in both the directions. These responses are presented in Fig. (8-10).  

Condition Kp Ti Td 
Nominal Condition 6.94 4.44 1.11 
10% change in input 7.53 19.4 4.85 
-10% change in input 22.02 11.8 2.95 

Fig. 7Open loop response of the process with -10% change in input 
from Nominal operating condition 
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Table 1. Tuning parameters of I-PD controller. 
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The response for setpoint tracking in both directions are presented in Fig.(11 to 13). The performance of the process 
with two different controllers is evaluated using Settling time, ISE, Rise time. 
 

 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

 
Fig. 8Servo responses of the process with I-PD and robust PIDcontrollers (Under nominal operating condition). 
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Fig. 9 Servo responses of the process with I-PD and robust PID controllers (Model with 10% change in input). 
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Fig. 10 servo and regulatory responses of the process with I-PD and robust PID controllers (Model with -10% change in input). 
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Fig. 11Set Point Tracking responseswith I-PD and robust PID controllers (under nominal operating condition). 
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Fig. 12Set Point Tracking responseswith I-PD and robust PID controllers (Model with 10% change in input). 
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 I-PD Controller Robust PID Controller 
Condition Settling Time Rise Time ISE Settling Time Rise Time ISE 

Nominal Operating Condition 30 24.5 11.46 260 208 33.07 
10% change in input 100 95 54.29 800 635 171.1 
-10% change in input 60 55 31.64 1100 800 196.7 

 

 

VI.CONCLUSION 

The I-PD Controller and Robust PID controller using Small Gain Theorem is designed and implemented over coupled 
tank process. I-PD controller performance is compared with Robust PID controller. The simulation is carried out in 
MATLAB SIMULINK platform. The simulation results are presented along with performance evaluation Table 2. It is 
observed from the results that the performance of the process with I-PD controller is better than robust PID controller 
in terms of settling time, in view of peak overshoot, settling time, Rise time and ISE. In I-PD Controller, the percentage 
overshoot is eliminated and less settling time when compared with robust PID controller. 
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Table 2. Performance Evaluation of the process with designed controllers. 
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