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Abstract. The proposed research involves Mathematical modeling for first order process with 
dead time using various tuning methods for industrial applications. Different tuning methods are 
proposed. Proposed method selection depends on plant operating conditions and also depending 
upon the process dynamics. The PID controller is most widely used for industrial process control. 
Modeling were developed for modified internal control model [4-6] in this proposed research. The 
proposed work is the modeling and simulation of three different first order processes with dead 
time. The standard controller tuning method is used to obtain the steady state response of first 
order with dead time. 
Keywords: IMC, tuning, transfer function, simulation, analysis. 

1. Introduction 

The preferred output of a control system is obtained by tuning the controller parameters 
according to the set point. The first order system is widely used in industrial control system to 
represent the behavior of process dynamics [1, 2]. The delay takes place in process measurement, 
controller action, actuator operation and computation is called delay time. Dead time is the time 
taken by the system to produce the response after the input is applied [3]. 

2. Block diagram of feedback control system 

Fig. 1 shows the block diagram proposed IMC Feedback Control System. The algorithm is 
necessity 𝑜𝑒 for tuning. The control action is done by the actuator. The input signal which is 
attenuated will control the parameter. Sensor is used for controlling the signal measure the process 
variable from the process output. The control algorithm is used to nullify the error signal to 
zero [4-6].  

 
Fig. 1. Block diagram of proposed IMC feedback control system 

https://crossmark.crossref.org/dialog/?doi=10.21595/mme.2019.20447&domain=pdf&date_stamp=2019-03-31


MATHEMATICAL MODELING OF FIRST ORDER PROCESS WITH DEAD TIME USING VARIOUS TUNING METHODS FOR INDUSTRIAL APPLICATIONS.  
SATHISH KUMAR SHANMUGAM, YUVARAJ DURAISAMY, MEENAKUMARI RAMACHANDRAN, SENTHILKUMAR ARUMUGAM 

2 MATHEMATICAL MODELS IN ENGINEERING. MARCH 2019, VOLUME 5, ISSUE 1  

3. Literature review 

• Astrom and Haggland proposed an alternative method of the system. The technique itself 
create its own test signal based on the estimation [7].  

• The robustness of the automatic tuning of controller by Zeigler’s technique is improved by 
Astrom and Haggland method. In this robust loop shaping rule called MIGO and AMIGO is 
introduced. MIGO concentrates on maximizes the integral gain to improve the robustness of the 
system.  

• Wallen et al., enhanced the loop shaping based tuning by introducing an additional constraint 
the ratio of integral time to the derivative time for tuning the PID controller. And also, it makes 
some conditions the curvature should be negative and it should have a decreasing phase of a curve. 

• Zeigler and Nichols proposed the first auto tuning procedure for controllers. The sensitivity, 
Reset rate and pre-act time are the characteristics of the reaction curve for designing an automatic 
controller [8, 9]. 

4. Materials and methods  

4.1. Controller tuning 

When PID controller has been selected, Different methods are required for tuning. This is 
called as ‘controller tuning’. Different methods adopted for the proposed tuning are analysed and 
its results were carried out with the modified structure. The method proposed is Internal Model 
Control (IMC). 

 
Fig. 2. Proposed IMC schematic circuit 

 
Fig. 3. Proposed IMC schematic circuit with surface change 

 
Fig. 4. Modified proposed IMC schematic circuit with surface change 
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Fig. 5. Modified proposed IMC schematic circuit with surface change inner loop 

The standard feedback of proposed IMC circuit is given by: 

𝑔(𝑠) = 𝑞(𝑆)1 െ 𝑔(𝑠) 𝑞(𝑆). (1) 

The equivalent circuit equation of proposed structure IMC is given by: 

𝑔(𝑠) = 𝑞(𝑆)1 െ 𝑔(𝑠) 𝑞(𝑆). (2) 

The PID controller tuning equation is given by: 

𝑔(𝑠) = 𝑘 ቈ𝜏ଵ𝜏𝑠ଶ + 𝜏ଵ𝑠 + 1𝜏ଵ𝑠   1𝜏ி𝑠 + 1൨. (3) 

The proposed method first order process is given by: 

𝑔(𝑠) = 𝑘𝜏𝑠 + 1. (4) 

After filtering in the process is given by: 

𝑞(𝑠) = 𝑞(𝑠)𝑓(𝑠) = 𝑔ିଵ(𝑠)𝑓(𝑠) = ቈ𝜏𝑠 + 1𝑘   1𝜆௦ + 1൨ ,   𝑞(𝑠) = 1𝑘 𝜏𝑠 + 1𝜆௦ + 1 , (5) 

After transforming the equation can be written as: 

𝑔(𝑠) = 𝑞(𝑆)1 െ 𝑔(𝑠) 𝑞(𝑆) = 𝜏𝑠 + 1𝑘(𝜆௦ + 1)1 െ 𝑘𝜏𝑠 + 1 𝜏𝑠 + 1𝑘(𝜆௦ + 1) = 𝜏𝑠 + 1𝑘𝜆௦ . (6) 

Multiplying with tuning parameters: 

𝑔(𝑠) = ቈ 𝜏𝑘𝜆 𝜏𝑠 + 1𝜏𝑠 . (7) 

Similarly, for second order process: 

𝑔(𝑠) = ቈ𝜏ଵ + 𝜏ଶ𝑘𝜆  ቈ𝜏ଵ𝜏ଶ𝑠ଶ + (𝜏ଵ + 𝜏ଶ)𝑠 + 1(𝜏ଵ + 𝜏ଶ)𝑠 . (8) 



MATHEMATICAL MODELING OF FIRST ORDER PROCESS WITH DEAD TIME USING VARIOUS TUNING METHODS FOR INDUSTRIAL APPLICATIONS.  
SATHISH KUMAR SHANMUGAM, YUVARAJ DURAISAMY, MEENAKUMARI RAMACHANDRAN, SENTHILKUMAR ARUMUGAM 

4 MATHEMATICAL MODELS IN ENGINEERING. MARCH 2019, VOLUME 5, ISSUE 1  

4.2. Methods of tuning for servo response 

The controller tuning is performed to stabilize the process output according to the set point 
changes. The feedback controller is used for setting point tracking. The error signal is generated 
which is the differences between setpoint and process variable. The controller tuning is based on 
the error signal and it is performed to nullify the error. The controller tuning is performed to 
stabilize the process output according to the load disturbance. The feedback controller is not 
suitable for load disturbance tracking. The advanced control mechanism such as feedforward 
controller is used to track the load disturbance. The feedforward controller takes control action 
according to the load changes. 

4.2.1. Cohen-Coon tuning 

This method is also based on a delayed first order rise, and the method tunes the PID gains to 
achieve quarter-amplitude damping, i.e. each peak in the transient is one quarter of the immediate 
preceding peak. If the unit step response of the open loop plant is available, then process gain (𝐾), 
dead time (𝑡ௗ) and time constant (𝑇) can be determined. PID controllers are designed to test the 
system and selected based on the performance and selection criteria. Table 1 shows the Cohen 
Coon method. 

Table 1. Cohen Coon 
Controller type (𝐾) 𝑇ூ 𝑇 

PID 
 1.49𝑘𝜏 2𝜏 1.27𝜏 

4.2.2. Ziegler Nichols tuning 

Ziegler Nichols method is also called as Ultimate Cycle Method. It is based on adjusting a 
closed loop until steady state oscillations occur. This method is used to minimizing the total error 
of the response. To return to desired level operation as soon as possible and to keep the maximum 
deviation as small as possible this method is used. The integral absolute error is the integral error 
which defines the stability of the system. Larger the integral error, smaller the stability is. Thus, 
by minimizing the integral absolute error we get the good robustness and performance. Thus, IAE 
is also taken measuring parameter. Control objectives focus on the behavior of the system such as 
to produce a zero steady state error, a fast transient response to a step command, a short settling 
time and low overshoot. It is also desirable to make the system less sensitive to disturbance. The 
period of these oscillations is defined as the ultimate period 𝑃௨. The controller gains at which these 
oscillations occur is referred to as the ultimate gain 𝐾௨. Ziegler Nichols method are shown in 
Table 2. 

Table 2. Ziegler Nichols method 
Controller type 𝐾 𝑇ூ 𝑇 

PID Zeigler Nichol’s 𝐾௨1.7 
𝑃௨2  

𝑃௨8  

Ultimate cycle PID 
developed by mc Millan 1.009 𝑇𝑚𝑘𝑚𝜏 ⎩⎨

⎧ 11 + ቀ 𝑇𝑚𝜏    ቁ.ହ⎭⎬
⎫ଶ

 2𝜏 ቊ1 + ൬ 𝑇𝑚𝜏    ൰.ହቋ 0.26𝑇ூ 
4.2.3. FOPTD transfer functions 

The PID tuning formulas are applied for the three FOPTD transfer functions to obtain the 
analysis. The FOPTD transfer function is considered based on ratio of dead-time to the time 
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constant less than one, equal to 1 and greater than 1. Z-N method is time consuming and forces 
the system to margin if instability. Many other algorithms have been proposed to solve these 
problems by obtaining critical data (ultimate gain and frequency) under more acceptable 
conditions. One of these methods is damped oscillation method. Z-N method are shown in Table 3. 

Table 3. Z-N method 
Controller type 𝐾 𝑇ூ 𝑇 

PID 𝐾௨/1.3 2.2𝑃௨  𝑃௨/5.2 

The implicit manner based PID control algorithm is simple and robust to handle the model 
inaccuracies and hence using IMC-PID tuning method a clear trade-off between closed loop 
performance with damped oscillation and robustness to model inaccuracy is achieved with a single 
tuning parameter are show in Table 4 for implicit manner. 

Table 4. For implicit manner 
Controller type 𝐾 𝑇ூ 𝑇 

PID 2/𝐾(𝜆 + 𝜃/2) 2𝜆 + 𝜃 𝜆𝜃 + (𝜃ଶ)/42𝑇 + 𝜃  

4.2.4. Integrating process transfer functions 

The PID tuning formulas are applied for the three different order transfer functions to obtain 
the analysis in order to study the integrating process performance. The different order integrating 
process transfer functions considered for the analysis are. 

The PID tuning formulas are applied for the three different order transfer functions to obtain 
the analysis in order to study the integrating process performance. The different order integrating 
process transfer functions considered for the analysis are, 

(i) Transfer function 1. 
The pure integrator process transfer function with low delay consider as example of benchmark 

process default value of second order system for controlling: 𝐺ଵ(𝑠) = 1𝑠 𝑒ିଶ௦. (9) 

(ii) Transfer function 2. 
The pure integrator process transfer function with low delay consider as example of benchmark 

process default value of second order system for controlling: 𝐺ଶ(𝑠) = 1𝑠 𝑒ିହ௦. (10) 

(iii) Transfer function 3. 
The higher order integrator process transfer function without delay consider as example of 

benchmark process default value of second order system for controlling: 

𝐺ଷ(𝑠) = (0.17𝑠 + 1)ଶ𝑠(𝑠 + 1)ଶ(0.028𝑠 + 1).   (11) 

The transfer function is approximated to integrator process with delay by using half rule 
approximation in order to work with, and the transfer function is example of benchmark process 
default value of second order system for controlling: 
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𝐺ଷ(𝑠) = 1𝑠 𝑒ିଵ.ଽ௦. (12) 

5. Results and discussions 

5.1. MATLAB software for simulation of FOPDT 

Simulink is widely used for analysis of first order process with dead time. The Simulink is 
used in this proposed work to obtain the response of first order with dead time. Simulink block 
diagram of FOPTD set point and transfer function for load disturbance are shown in Figs. 6 and 7. 

 
Fig. 6. Simulink block diagram for FOPTD for set point 

 
Fig. 7. Simulink block diagram of FOPTD transfer function for load disturbance 

5.1.1. Transfer function 1 

The ratio of time delay 𝜃 to the time constant 𝜏 is less than one: 

𝐺ଵ(𝑠) = 15𝑠 + 1 𝑒ି௦. (13) 

Fig. 8 shows the output of transfer function 1. Fig. 11 shows the output of transfer function 1 
setpoint. 
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Fig. 8. Output of transfer function 1 

5.1.2. Transfer function 2 

The ratio of time delay 𝜃 to the time constant 𝜏 is unity: 𝐺ଶ(𝑠) = 410𝑠 + 1 𝑒ିଵ௦. (14) 

Fig. 9 shows the output of transfer function 2. Fig. 12 shows the output of transfer function 2 
setpoint. 

 
Fig. 9. Output of transfer function 2 

5.1.3. Transfer function 3 

The ratio of time delay 𝜃 to the time constant 𝜏 is greater than one: 

𝐺ଷ(𝑠) = 17𝑠 + 1 𝑒ିଵସ௦. (15) 

Fig. 10 shows the output of transfer function 3. Fig. 13 shows the output of transfer function 3 
setpoint. 

 
Fig. 10. Output of transfer function 3 
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Fig. 11. Output of transfer function 1 (set point) 

 
Fig. 12. Output of transfer function 2 (set point) 

 
Fig. 13. Output of transfer function 3 (set point) 

5.2. Simulation results of closed loop methods 

The various output loop response is shown in Figs. 14 to 18.  

 
Fig. 14. Ziegler Nichols closed loop response 
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Fig. 15. IMC closed loop response 

 
Fig. 16. Integral of square error closed loop response 

 
Fig. 17. Integral of absolute error closed loop response 

 
Fig. 18. Integral of square time error closed loop response 

6. Conclusions 

The first order with delay process is widely used to represent the process dynamics. The 
selection of controller and tuning methods are important consideration in the control system  
design. This proposed work is the tuning and analysis of three different first order with dead time. 
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This analysis shows that the performance is best for the ratio less than 1 for Zeigler Nichols, Cohen 
coon, ITAE load disturbances and IMC, ITAE, ISE, ISTE, GP set point method. This model 
produces a better transient response. This proposed work can be extended by using Fuzzy Logic 
Controller for first order with dead time and performance characteristics can be compared. 
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