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Abstract— This paper investigates the possibility of using an 

I-PD controller for the purpose of disturbance rejection 

associated with a highly oscillating second-order-like process. 

The MATLAB control and optimization toolboxes are used to 

tune the I-PD controller parameters to achieve optimal 

performance of the linear control system excited by process unit 

step disturbance. Three objective functions based on the time 

response error of the control system are used, and the best 

function is assigned. The simulation results show the 

effectiveness of the I-PD controller and its tuning approach in 

rejecting the disturbance associated with such high oscillating 

processes.  The ITAE objective function is appropriate for use 

with the I-PD controller and the highly oscillating process.  It is 

possible to go with the maximum time response to as low level as 

1.5 x 10-4 at a time of only 3.4 ms. The studied controller is 

capable of competing with other types used in this series of 

papers such as PD-PI and  PI-PD controllers. 

 
Index Terms— Disturbance rejection, highly oscillating 

second-order-like process, I-PD controller, controller tuning, 

control system performance. 

I. INTRODUCTION 

This is a series of research papers investigating the use of 

specific controllers to control the disturbance rejection 

associated with highly oscillating second-order-like 

processes. The I-PD controller is one of successful controllers 

capable of rejecting disturbance associated with a highly 

oscillating second-order process.    

Ogawa and Katayama (2001) presented a PID formula to 

provide critical damping response to a set-point change for a 

forst order lag process with dead time. They established a 

model-based robust PID tuning method when the uncertainty 

of process model was reduced for the I-PD controller [1].  Shi 

and Lee (2004) presented tuning formulas for IMC controllers 

applied to second order plus dead time processes. They 

showed that the tradeoff between set-point response and 

disturbance rejection is limited by normalized dead time of 

the process for simple pole ones [2]. El-Sousy (2004) 

designed a robust controller for induction motor drive and 

field orientation control. The proposed controller was a 2DOF 

I-PD one model following speed controllers. He showed that 

the proposed controller achieved accurate and robust 

performance in the presence of load disturbance and motor 

parameter variations  [3]. 

Tavakoli and Griffin (2005) presented formulae for 

optimal PI tuning for first order plus dead time processes. 

They applied the tuning formulae to two simulation examples 

to show the effectiveness of their tuning technique [4]. 

Shamsuzzoha and Lee (2007) proposed an optimal internal 

model control filter structure for several process models for 

improved disturbance rejection response using PID 

controller. The results demonstrated the robustness of the 

proposed control design with parameter uncertainty [5]. 

Shamsuzzoha and Lee (2008) proposed a design method for a 

PID cascaded with a lead-lag compensator for enhanced 

disturbance rejection of second order stable and unstable 

processes with time delay. Their proposed method illustrated 

greater robustness against process parameter uncertainty  [6]. 

Rajinikanth and Latha (2010) discussed the role of the 

damping ratio in closed loop identification with a 

proportional controller. They proposed a particle swarm 

optimization based PID controller tuning for the identified 

transfer function model. They reported the improvement of 

the performance for set-point tracking, disturbance rejection 

and error minimization [7]. Tahboub (2011) proposed using 

an I-PD controller configuration to stabilize the process and 

achieve desired transient response without increasing 

unwanted zeros. He presented results from tracking and 

disturbance rejection control for MIMO systems to prove that 

I-PD control guaranteed full controllability and asymptotic 

tracking and disturbance rejection for second order processes  

[8]. Prasad, Varghese and Balakrishnan (2012)  designed and 

tuned an I-PD controller for a first order lag plus time delayed 

model. They used particle swarm optimization to tune the 

controller and compared with other tuning methods [9].  

Rao, Subramanyam and Satyaprasad (2014) presented a 

PID controller with internal model control tuning method 

(IMC-PID) filter for effective disturbance rejection and 

robust operation of first order process with time delay. Their 

suggested IMC filter produced good disturbance rejection for 

a process having time delay < its time constant [10]. Hassaan 

(2014) investigated using an I-PD controller to generate an 

improved performance to set-point tracking when controlling 

a second order process having 85.4 % maximum overshoot. 

He tuned the controller using MATLAB optimization toolbox 

and an ISE objective function. He compared his results with 

ITAE standard forms tuning technique [11]. Yazdanparast, 

Shahbazian, Aghajani and Abed (2015) proposed an optimal 

active disturbance rejection control based on using asexual 
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reproduction optimization to control the temperature of 

nonlinear CSTR. They tuned the controller parameters using 

particle swarm optimization and compared the performance 

of the control system with that using PID controller tuned by 

the same optimization technique. Their proposed technique 

revealed robustness and better performance in both set-point 

and disturbance rejection [12]. Hassaan (2015) investigated 

using an I-PD controller for disturbance rejection associated 

with delayed double integrating processes. He used MATLA 

optimization toolbox and five objective functions to tune the 

controller for time delay up to 5 s. He compared his results 

with those obtained using PD-PI and PIDF controllers for the 

same process [13].  

II. PROCESS 

The process is an un-delayed highly oscillating 

second-order-like process having the transfer function, Gp(s): 

 

  Gp(s) = ωn
2 
/ (s

2
 + 2ζωns + ωn

2
)        (1)

  

Where: 

  ωn = process natural frequency  (rad/s). 

    ζ = process damping ratio. 

 

 The process has an equivalent damping ratio of 10 rad/s 

and an equivalent damping ratio of 0.05. Those parameters of 

the equivalent second-order process generate a step time 

response having 85.4 % maximum overshoot. This high 

process overshoot represent a bad process dynamics and puts 

more obstacles in front of the proposed controller which is 

required to produce a satisfactory performance for the 

closed-loop control system during disturbance rejection. 

III. CONTROLLER 

The controller is an Integral – Proportional Derivative one  

(I-PD). It has the structure shown in Fig.1 for a control 

system with both reference and disturbance inputs [9]. 

 

 

 

 

 

 

 

 

   
Fig.1. I-PD controller structure [9]. 

    The controller has a multi-loop structure as shown in 

Fig.1. In its forward path there is an integral controller and 

a proportional controller. In the feedback path there is a 

derivative controller. The I-PD has three parameters: 

- Proportional gain:    Kpc. 

- Integral time constant:   Ti. 

- Derivative time constant:  Td.  

The block diagram of the closed loop control system 

incorporating the I_PD controller as shown in Fig.1 is for 

systems with a reference input R(s). For systems with another 

disturbance input associated with the process, the process 

block in Fig.1 will be replace with the modification given in 

Fig.2. 

 

 

           

 

 

 

 

Fig.2. Process with disturbance input. 

 

 

 

  

 Using the block diagram in Fig.1, the I-PD has a transfer 

function Gc(s) given by [13]: 

 

  Gc(s) = Kpc [TiTds
2
+ Tis + 1] / (Tis)]      (2) 

IV. CONTROL SYSTEM TRANSFER FUNCTION 

The purpose of  this study is to investigate the I-PD 

controller effectiveness in disturbance rejection of the highly 

oscillating second-order-like process. In this context, the 

control system input will be the disturbance D(s) and the 

output is the process output C(s). The reference input in the 

block diagram of Fig.1 will be set to zero. In this case, the 

closed loop transfer function C(s)/D(s) of the closed-loop 

system will be: 

 

   C(s)/D(s) = b0s / (s
3
+a0s

2
+a1s+a2)       (3) 

Where: 

   b0 = ωn
2
 

   a0 = 2ζωn + KpcTd ωn
2
 

   a1 = ωn
2
 (1 + Kpc) 

   a2 = Kpc ωn
2
 / Ti 

   

V. I-PD CONTROLLER TUNING 

The I-PD controller is tuned as follows: 

1. An error function is defined as the difference between 

the time response of the control system c(t) and a 

desired value. The desired value for disturbance 

rejection purpose is zero. Therefore, the error 

function is: 

e(t)  = c(t)               (4) 

2. An objective function is assigned to be minimized by 

a multi-dimensional optimization technique. Here, 

three objective functions are investigated which are 

the ITAE, IAE and ISTSE [14] to [16]. 

3. The MATLAB control toolbox to define the time 

response of the closed-loop control system to a unit 

step disturbance input using its command „step‟ [17].  
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4. The MATLAB optimization toolbox is used to 

minimize the objective functions yielding the three 

tuned controller parameters Kpc, Ti and Td using its 

command „fminuc’ [18]. 

5. The  MATLAB control toolbox is used to plot the step 

time response of the control system to a unit 

disturbance input using the command „step‟ and 

extract some of the time based characteristics of the 

control system using the „stepinfo’ command [17]. 

6. The effect of changing the guessed values of the 

proportional gain of the controller on the dynamics 

of the control system due to the too local minima of 

the optimization problem is investigated. 

7. A MATLAB code is written by the author to apply the 

mentioned steps. 

8. A sample of the code outputs for the three objective 

functions ITAE, IAE and ISTSE is given in Table 1.  
TABLE I: TUNED I-PD CONTROLLER PARAMETERS AND 

 CONTROL SYSTEM CHARACTERISTICS 

 ITAE IAE ISTSE 

Kpc 6582.2 1.0868 233.83 

Ti (s) 0.0066 0.3848 0.0305 

Td (s) 0.00064 0.4191 0.0042 

cmax 1.927*10-4 0.3546 0.0050 

Tcmax (ms) 3.6 411.7 18.93 

Ts (s) 0 1.6 0 

 

9. The ITAE objective function results in obtaining the 

best performance of the control system for 

disturbance rejection. Therefore, it is considered for 

the rest of the work. 

10. The settling time is evaluated as the time after which 

the time response due to a unit disturbance input 

stays within a value of ± 0.05. 

11. The values of the maximum time response cmax, time 

of maximum response Tcmax and settling time Ts , all 

indicate the effectiveness of using the I-PD 

controller for disturbance rejection. 

12.  The time response of the control system due to a 

unit disturbance input for using the tuning 

parameters in Table 1 is shown in Fig.3 for the three 

objective functions used in the tuning process. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3. Effect of objective function on disturbance time 

response. 

13. The effect of the controller parameter Kpc on the 

control system dynamics with tuned I-PD parameters 

using the ITAE objective function for a unit 

disturbance input is shown in Fig.4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4. Effect of controller parameter Kpc on system time 

response. 

14. The effect of the I-PD controller parameter Kpc on 

the maximum time response cmax and its 

corresponding time Tcmax is shown in Figs.5 and 6.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5. Effect of controller gain Kpc on maximum time response.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6.  Effect of controller gain Kpc on time of maximum time 

response. 
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VI. COMPARISON WITH OTHER RESEARCH WORK 

To judge the effectiveness of using the I-PD controller for 

disturbance rejection associated with the highly oscillating 

second-order-like process, it has been compared with some 

other controllers used with the same process. 

Fig.7 shows a comparison between the time response of the 

control system during disturbance rejection using three 

different controllers: PD-PI [19], PI-PD [20] and I-PD 

(present) controllers.  The I-PD controller is superior 

compared with the other PD-PI and PI-PD controllers.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7. Time response comparison using three controllers. 

VII. CONCLUSION 

- The possibility of using an I-PD controller for 

disturbance rejection associated with a highly 

oscillating second-order-like process was 

investigated. 

- The controller was tuned to adjust its three parameters 

for optimal performance using three objective 

functions and the MATLAB optimization technique. 

- The best objective function was assigned which was 

the  ITAE one. 

- The effect of controller proportional gain on the 

disturbance time response was investigated for a 

range from 1000 to 7000. 

- The I-PD controller could generate disturbance 

response of maximum value as low as 1.5x10
-4

 and 

time of maximum disturbance time response as low 

as 3.4 ms. 

- The I-PD controller is succeeded to provide 

disturbance time response of zero settling time and 

zero steady-state error.  

- The performance of the closed loop control system for 

disturbance rejection using a I-PD controller was 

compared with that using PD-PI and PI-PD 

controllers for the same purpose. 

- The PI-P controller was superior compared with the 

other two controllers is rejecting the disturbance 

associated with the highly oscillating 

second-order-like process.   
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