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Abstract 

 
 In closed loop system with PI controller, the most and severe problem is peak overshoot minimization in the closed loop response and 

tuning the proportional plus integral (PI) controller parameters. This paper deals with the two different tuning methods for obtain the PI 

controller settings. These methods are used to tune the parameters of PI controller and the closed loop performances of two methods are 

analyzed for the control of third order processes. From the closed loop responses, the time responses are move to unstable characteristics 

and the process variables are oscillates due to PI parameters are tuned using Ziegler-Nichols method and direct synthesis method respec-

tively. The control loop performance of the control of third order process is improved with optimized parameters of PI controller. In di-

rect synthesis method, the variable parameter of PI controller is obtained with Genetic algorithm. The controller parameter of PI control-

ler is obtained from optimized variable parameters and results are reveals that the performance of closed loop is enhanced with the elimi-

nation of peak overshoot and minimization of oscillation levels in the process variables. Simulation results are confirmation that the pro-

posed design method is better to the Ziegler-Nichols method and direct synthesis method. Furthermore, the proposed method was applied 

to the control of two different categories of third order processes. 
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1. Introduction 

The proportional–integral (PI)/ proportional – intergral–derivative 

(PID) controller is one of the most standard algorithms in process 

control industry [1]. It is an efficacious controller and designing 

method is not complex. The PI/PID parameters need to be tuned 

properly and it is most important issue in PI/PID controller design. 

The number of methods has been reported to tuning the PI/PID 

controller parameters. The Ziegler–Nichols methods for tuning 

PI/PID controller have been widely used and it is very important 

[2]. The Ziegler-Nichols open loop and closed loop methods are 

still common methods for tuning the parameters of PID controller. 

This work deals with control of third order system with PI control-

ler and the parameters of PI controller are tuned using Ziegler-

Nichols closed loop method. 

 

 
 

Fig. 1: A feedback system 

In feedback system, the gain values of I and D are set to be zero 

and by varying the parameter gradually until the time response 

produce a sustain oscillations. From the sustained output, calculate 

the period of the oscillation (ultimate period) and the resultant 

value of P is the ultimate gain value. Using the Ziegler-Nichols 

closed loop method, the parameters of PI/PID controller are de-

termined by using the ultimate period and gain values. The closed 

loop step responses of certain third order system have oscillations 

when PI controller is used. The values of ultimate gain and ulti-

mate period are the controller parameters of PID controller. This 

ultimate gain values are calculated from the step response when 

sustained oscillations are present. So, the closed loop response has 

oscillations due to PID controller parameters that are obtained 

from the ultimate gain and ultimate period.  

In recently, the PID controller theory for nonlinear uncertain sys-

tems, the global stability and asymptotic regulation of the closed-

loop control systems are obtained by a simple and analytic design 

method for the controller parameters [3]. In recent literature, the 

PI controller can stabilize propagating wave segments in excitable 

media to a desired size [4]. On PI-controller, the adjustments of PI 

controller parameters are used for a rolling mill drive control. It 

shows that, the quality improvement of transient response of speed 

and current control loops [5].  

The direct synthesis method is used and determines the parameters 

of PI controllers and it is used for the control of wide variety of 

processes, inclusion of delay time with first-order system, second-

order system, an integrator system and non-minimum phase sys-

tem. An internal model control and standard direct synthesis 

methods are provides better disturbance rejection [6]. Form 

closed-loop data, the direct synthesis method is used to tune the PI 

controller parameters. It shown that, model free direct synthesis 

method is more effective than the model-based design methods [7].  
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The computationally intelligent methods like bacterial foraging 

optimization (BFO) and particle swarm optimization (PSO) are 

applied for the tuning of PI controller with variable parameters. It 

has been reduced the peak overshoot and peak undershoot for 

control of multi area interconnected power system [8]. Recently 

[9], the elimination of peak overshoot is obtained by using the 

conventional PID controller with cascading of Lead compensator.  

The paper is organized as follows. Section two presents the basics 

of PI controller and its terminologies. Section three is about de-

signing of PI controller for third order system using Ziegler-

Nichols method and direct synthesis method. The results of con-

ventional PI controller for third order processes are discussed in 

Section four. Section five deals that the proposed optimized direct 

synthesis PI controller are applied for the control third order pro-

cess. Conclusion is drawn in Section six. 

2. Review of PI controller   

The control signal of proportional (P) control action is proportion-

al to the error signal and P controller is represented as [10], 

 

( ) ( )Pu t K e t                                                                              (1) 

 

The PI controller action or signal is represented as below [10], 
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The proportional gain (Kp) and integral time constant (Ti ) are used 

to determine the integral gain or constant (Ki) and it is represented 

as, p
i

i

K
K

T
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3. Designing of PI controller using Ziegler-

Nichols and Direct Synthesis Methods 

The transfer function of third order system is represented as, 
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Where, K is the system gain and a0, a1, a2, a3 are the coefficients 

of denominator polynomial equation of G(s). 

3.1. Tuning of Ziegler-Nichols Method 

The parameter of above PI controller is obtained by using Ziegler-

Nichols closed loop method [11]. The tuning equations of PI con-

troller are given below. The proportional gain of PID controller is 

[2],  

 

0.45p uK K            (4) 

 

The integral and differential time constants are obtained using the 

below equations [2], 

 

0.833i uT P            (5) 

 

Using Eq. (2) we can obtain the final form of PI controller equa-

tion. 

3.2 The direct synthesis based PI Controller Design 

The closed loop feedback system is shown in Fig. 2 and GC and 

GP are controller and process transfer functions. 

 

 
 

Fig. 2: The closed system with unity feedback. 
 

The overall transfer function of the above system is, 
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The above transfer function is represents that the set-point track-

ing functions. The controller transfer function is used to manipu-

late the input variable. The controller transfer function is obtained 

by rearranging the above Eq. (6) is, 
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Consider the closed loop response of final value is to be first order 

decay [11]. Then, 
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The controller equation form is obtained by considering the above 

assumption. 
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Using Eq. (3) in Eq. (9), 
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Apply the Laplace transform on PID controller equation with zero 

initial condition, the controller expression is, 
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Compare the coefficients of the above Eq. 10 and Eq. 11. From 

the comparison the controller tuning expressions are, 
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4. Results and Discussion  

The transfer function of third order system G(s) is, 
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        (14) 

The conventional PI controller parameters are tuned by using the 

Eq. (4) and Eq. (5). The PI Controller parameters of direct synthe-

sis method are obtained by using Eq. (12) and Eq. (13) with pa-

rameters of process transfer function. 
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4.1. Conventional PI controller performance of third 

order processes 

The coefficients of denominator polynomial expression of the 

above transfer function are a3, a2, a1 and a0. The different third 

order transfer functions are used based on the values of coeffi-

cients (case 1) and it is tabulated in Table 1. The determined ulti-

mate gain (Ku) and ultimate period (Pu) are tabulated for different 

process transfer functions. Also, the controller settings of PI con-

troller are given in Table 1 and these values are obtained by using 

the Ziegler-Nichols closed loop method [2]. 

 
Table 1: Processes parameters and PI controller setting (Case 1) 

Coefficients Values 
Ku and 

Pu 

Magnitude 

of sustain 

oscillations 

Parameters 

of PI con-

troller 

(a0, a1,a2, a3) 
(1, 1, 1.5, 

1) 

0.5, 

6.2833 
0.6 

Kp=0.2250 

Ki=0.0430 

(a0, a1,a2, a3) 
(1, 1, 2, 

1) 

1,  

6.2381 
0.9 

Kp=0.45 

Ki=0.0866 

(a0, a1,a2, a3) 
(1, 3, 3, 

1) 

2,  

6.299 
1.25 

Kp=0.9 

Ki=0.1715 

(a0, a1,a2, a3) 
(1, 1, 4, 

1) 

3,  

6.2832 
1.42 

Kp=1.35 

Ki=0.2579 

(a0, a1,a2, a3) 
(1, 1, 5, 

1) 

4,  

6.2798 
1.58 

Kp=1.8 

Ki=0.3441 

 

The above PI controller parameters are used to control the third 

order processes. The unit step responses of closed system with PI 

controllers are shown in Fig. 3. 

 
 

Fig. 3: Response of PI controller (Ziegler-Nichols Method) 

 

From the above results, we can identify the oscillations are present 

and also the system behavior is changed from stable to unstable 

characteristics. The main objective is to eliminate the oscillating 

behavior and also enhance the closed loop performance. 

Further analysis of PI controller performance, the coefficient of 

the denominator polynomial equation of a third order systems 

(case 2) are changed and tabulated in Table 2. The values of ulti-

mate gain (Ku), ultimate period (Pu), magnitude of sustained oscil-

lation and the PI controller parameters are given in below table.  

 
Table 2: Processes parameters and PI controller settings (case 2) 

Coefficients Values 
Ku and 

Pu 

Magnitude 
of sustain 

oscillations 

Parameters 
of PI con-

troller 

(a0, a1,a2, a3) 
(1, 1.5, 1, 

1) 

0.5, 

5.1407 

0.54 Kp=0.2250 

Ki=0.0525 

(a0, a1,a2, a3) 
(1, 2, 1, 

1) 
1, 

4.4558 
0.77 Kp=0.45 

Ki=0.1212 

(a0, a1,a2, a3) 
(1, 3, 1, 

1) 

2, 

3.6195 

1 Kp=0.9 

Ki=0.2985 

(a0, a1,a2, a3) 
(1, 4, 1, 

1) 
3, 

3.1202 
1.06 Kp=1.35 

Ki=0.5177 

(a0, a1,a2, a3) 
(1, 5, 1, 

1) 

4, 

2.7898 

1.12 Kp=1.8 

Ki=0.7740 

The above processes (case 2) are considered and tune the PI con-

troller parameters using Ziegler-Nichols closed loop method [2].  

These values are tabulated and it is used for the control the third 

order processes. Fig. 4 shows that the unit step response of closed 

system with PI controller. 

 

 
 

Fig. 4: Response of PI controller (Ziegler-Nichols Method) 

 

From the above simulated responses, we can identify the oscilla-

tions are present and also settling time is increased. The closed 

response of the system G1(s) is not reaches the desired value. The 

main objective is to minimize the oscillating behavior and also 

enhance the closed loop performance. 

4.2 Performance of direct synthesis method for third 

order processes 

The Table 1 and Table 2 process parameters are considered and 

tune the PI controller parameters using direct synthesis method 

[11].  These process parameters (case 1) are used for tuning the PI 

controller parameters and the evaluated parameters are tabulated 

in Table 3 and Table 4. Theses controller parameters are used for 

the control the third order processes. The value of c is initially 

considered as 1, the closed loop response of third order processes 

are unstable characteristics. For primarily aiming is enhance the 

closed loop response, the value of c  is gradually increases. From 

the simulation results, the closed response changes from unstable 

to stable characteristics. Fig. 5 shows that the unit step response of 

PI controller setting with the value of c is 10. 

 
Table 3: Processes parameters and PI controller setting (case 1) 

Coefficients Values 

Parameters of PI 
controller 

( c =1) 

Parameters of PI 
controller 

( c =10) 

(a0, a1,a2, a3) 
(1, 1, 1.5, 

1) 

Kp=1 

Ki=1 

Kp=0.05 

Ki=0.05 

(a0, a1,a2, a3) (1, 1, 2, 1) 
Kp=1 

Ki=1 

Kp=0.05 

Ki=0.05 

(a0, a1,a2, a3) (1, 3, 3, 1) 
Kp=3 

Ki=1 

Kp=0.15 

Ki=0.05 

(a0, a1,a2, a3) (1, 1, 4, 1) 
Kp=1 
Ki=1 

Kp=0.05 
Ki=0.05 

(a0, a1,a2, a3) (1, 1, 5, 1) 
Kp=1 

Ki=1 

Kp=0.05 

Ki=0.05 
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Fig. 5: The closed loop response ( c =10) 

For the performance evaluation of direct synthesis PI controller, 

the second categories of third order transfer functions (case 2) are 

considered. The variable parameter c  is considered as 1, the 

unstable characteristics are delivered in closed loop system. Rec-

ognized from the simulation results, the process variables are 

reached the desired values for the value of c   is 10. 

 
Table 4: Processes parameters and PI controller settings (case 2) 

Coefficients Values 

Parameters of 

PI controller 

( c =1) 

Parameters of 

PI controller 

( c =10) 

(a0, a1,a2, a3) (1, 1.5, 1, 1) 
Kp=1.5 
Ki=1 

Kp=0.15 
Ki=0.1 

(a0, a1,a2, a3) (1, 2, 1, 1) 
Kp=2 
Ki=1 

Kp=0.2 
Ki=0.1 

(a0, a1,a2, a3) (1, 3, 1, 1) 
Kp=3 

Ki=1 

Kp=1.3 

Ki=0.1 

(a0, a1,a2, a3) (1, 4, 1, 1) 
Kp=4 

Ki=1 

Kp=0.4 

Ki=0.1 

(a0, a1,a2, a3) (1, 5, 1, 1) 
Kp=5 

Ki=1 

Kp=0.5 

Ki=0.1 

 

The above controller parameters are used to control the third order 

processes. The variable parameter c is 10 and closed loop re-

sponse is shown in Fig. 6. 

 

 
 

Fig. 6: The closed loop response ( c =10) 

 

From Fig. 6, the closed loop response of G35(s), G45(s) and G25(s) 

are oscillates around the set-point value. This oscillatory variables 

are indicated the poor performance of the closed loop. 

5. Direct synthesis PI controller design using 

    Genetic Algorithm  

In this work, Genetic Algorithm approaches are used to determine 

the optimized value of c  and it is used for the dynamic control of 

third order processes. From the comparison of many evolutionary 

algorithms, Genetic algorithms (GAs) are one of the most im-

portant methods [12]. It has been used to obtain the optimized 

parameters and it has been used with decent outcomes.  It is opti-

mized based on the search techniques. This control technique, the 

tuned parameter of PI controller is combined with the search algo-

rithm based optimized parameters. This control strategy is applied 

to a third order processes and results show enhanced closed loop 

performance. 

The optimized parameter is used to obtain the closed loop re-

sponse of third order processes. The following steps are used to 

obtain the optimized parameter c  and it is obtained by using 

ITAE performance index. 

1. Construct a simulation model of the closed loop system with 

PI controller and process transfer function. 

2. The parameter is optimized with an objective function. 

3. Form MATLAB Optimization Toolbox, the optimized pa-

rameter is obtained with minimization of the objective function. 

The Direct Synthesis method is used to tune the controller pa-

rameters of PI controller. These controller parameters are obtained 

with the process parameters and the introduced parameter c .The 

Genetic Algorithm is used to obtain the optimized parame-

ter c .The parameters of PI controller are obtained with the opti-

mized value of c . The obtained value is used in a closed loop 

system and simulated responses are obtained. The unit step re-

sponse of the proposed controller is shown in Fig. 7 and Fig. 8. 

 

 
 

Fig. 7: Unit step response of PI controller with optimized parameter c  

 

 
 

Fig. 8: Unit step response of PI controller with optimized parameter c  

 

The second and third cases of third order processes are used for 

further analysis of this method. Fig. 7 and Fig. 8 have shown that, 

the closed loop responses of PI controller with optimized parame-

ters. From the results, it revealed that the no peak overshoot in the 

closed loop response of third order processes. The process varia-
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ble is oscillates when using the controller parameters tuned by 

Direct Synthesis method. The oscillatory responses are reduced 

when compared to optimized parameter c is used in PI controller. 

The peak overshoot in both categories of third order process is 

eliminated and this method is effectively controlled in the third 

order system. The optimized parameter c based parameter of PI 

controller with is effectively controlled in third order system and it 

is also enhanced the control loop performance. The efficacy of the 

proposed controller is evaluated by controlling the different cate-

gories of third order transfer processes. 

6. Conclusions 

In this work, the direct synthesis PI controller is combined with 

the optimized parameter which is obtained by using Genetic Algo-

rithm and it is used for control of third order processes. From the 

simulation results, the closed loop performance of PI controller for 

the control third order processes is delivered poor performance.  

The direct synthesis method, the PI controller is tuned with the 

process parameters and an introduced parameter. The closed loop 

responses are obtained for the third order system with the selec-

tion of small and large value of introduced parameter. It revealed 

that the small value introduced very poor performance and the 

selection of large value is enhanced the closed loop performance. 

In this study, the introduced parameter is optimized by using the 

Genetic Algorithm. It provides the superior closed loop perfor-

mance for the control of third order processes without peak over-

shoot and process variable oscillatory. The effectiveness of the 

proposed optimized method is verified with different coefficients 

of two different categories of third order processes. 
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