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 The purpose of this paper is to investigate using a PD-PI controller in the disturbance rejection associated with a third order process. The 

PD-PI controller having four parameters are tuned to provide efficient rejection of a step  disturbance input. Controller tuning based on 

using MATLAB control and optimization toolboxes with five error-based objective functions: ISE, IAE, ITAE, ITSE and ISTSE is 

implemented. The control system performance during disturbance rejection is evaluated through the maximum value of the step time 

response, its corresponding time and its settling time. The best objective function is assigned and used to tune the PD-PI controller. The 

PD-PI controller is superior compared with using a PID and PI-PD controllers to control the same process for the purpose of disturbance 

rejection.  
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I. INTRODUCTION 

 Skogestad (2001) used modified integral term of the PID controller to improve disturbance rejection associated with 

integrating processes [1]. Skogestad (2003) used a single tuning rule for first order and second order time delay models [2]. Sorensen, 

et al. (2007) developed a combined feedback and input shaping controller to address sources of oscillation by motion of the bridge or 

crane or from environmental disturbances. They applied the developed controller on a 10 ton bridge crane of the Georgia Institute of 

Technology [3]. Jain and Nigam (2008) explored the idea of model generation and optimization for a PD-PI controller. They obtained 

promising results when using the PD-PI controller with the highly nonlinear inverted pendulum [4]. Matusu, et al. (2009) compared 

three different control designs for SISO system with harmonically time-varying delay. They compared the three methods through 

simulation example for both set point tracking and disturbance inputs [5]. Jujuly (2010) developed a unified framework for the 

internal model control (IMC) based on PI/PID controller design and analysis. He developed a generalized 2DOF IMC-PI/PID 

controller design methods for first order, second order and other processes without time delay and compared with other existing 

methods [6]. Asad, et al. (2011) proposed a fuzzy PD-based control strategy to transfer loads using overhead cranes. They presented a 

comparative analysis of fuzzy PD and classical PD controllers [7].  Rajinikanth and Lathe (2012) proposed a bacterial foraging 

optimization algorithm based approach to tune an IMC-PID controller for a class of first order plus time delayed unstable systems. 

They confirmed the efficiency of their tuning procedure through a comparison with other algorithms such as particle swarm 

optimization and ant colony optimization. They obtained robust performance in reference tracking with perturbed model parameters 

[8].  

 Herbst (2013)  carried out a simulative study using generic first and second order plants for quick virtual assessment of the 

abilities of disturbance rejection control. He concluded that active disturbance rejection control can be considered as a strong 
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alternative for solving practical control problems [9]. Agarwal (2013) proposed tuning rules for PI and PID controllers for unstable 

first order plus dead time processes. His tuning method is based on the satisfaction of gain and phase margin specifications [10]. 

Hassaan (2014) used a PI-PD controller to control a highly oscillating second order process for set point tracking. He used an ISE 

objective function to tune the controller using MATLAB optimization. He compared his results with another tuning technique where 

he has got spike free time response [11]. Kumar and Patel (2015) presented a design approach for 2DOF PID controllers for second 

order processes without time delay. They compared control system dynamics using the 2DOF PID controller with that using a 

classical PID controller [12]. Hassaan (2015) investigated using a number of controllers belonging to the second generation of PID 

controllers in the rejection of the disturbance associated with a highly oscillating second order process. His work covered using a PI-

PD controller [13], a feedforward second order compensator [14] and a PD-PI controller [15]. He stated that the PD-PI controller is 

superior in dealing with the disturbance rejection associated with the highly oscillating second order process [15]. His studies covered 

also using a PID plus First-order lag controller in disturbance rejection associated with delayed double integrating process [16], a 

2DOF PID-PI controller [17], a 2DOF controller in disturbance rejection associated with delayed double integrating processes [18], a 

PI-P controller for the purpose of disturbance rejection associated with delayed double integrating processes [19], a feedback PD 

compensator for disturbance rejection associated with delayed double integrating processes [20], an I-PD controller for disturbance 

rejection associated with delayed double integrating processes [21] and a PPI controller for disturbance rejection associated with a 

highly oscillating second-order process [22].   

  Shin (2015) presented PID controller with disturbance rejection, low sensitivity and notch filter against bending frequency 

by the disturbances. They certified the performance of the designed system by simulation and experimentally indicating the 

improvement of system performance in cases of existence of external disturbances [23].  

Li Sun et al (2016) showed that a certain relative delay margin can represent the robustness level well and the contour can be sketched 

with a simpler procedure than the one using maximum sensitivity index. With constraints on the relative delay margin, an optimal 

disturbance rejection problem is then formulated and analytically solved [24]. Jan Cvejn (2017) enhanced the disturbance-rejection 

performance of  the  Magnitude Optimum (MO) tuning method for PI controllers means of additional filter designed so that the 

stability margin properties of the MO tuning are preserved [25]. Tavakoli, Sadeghi, Griffin and Fleming (2016) presented a method 

for tuning PI controller. The design technique was based on optimization of load disturbance rejection with a constraint either on the 

gain margin or phase margin [26]. Niu, Gao, Liu, Tang and Guan (2019) introduced a linear active disturbance rejection control 

(LADRC). As comparisons, they indicated that reduced-order LADRC can realize higher trajectory tracking accuracy with low-

resolution encoder and has better robustness to variation in erection loads, compared with traditional LADRC and PID with HGTD 

[27]. Liu, Gao, Chen and Liu (2020) presented linear active disturbance rejection control (LADRC) for a two-degrees-of-freedom (2-

DOF) manipulator system to achieve trajectory tracking. They indicated that the superiority of LADRC over the PID for trajectory 

tracking and dynamic performance. [28] 

  

II. PROPOSED ALGORITHM 

2.1  The Process  

 The process considered in this analysis is a third order process having the following transfer function [29]: 

Gp(s) =  Kip / [(T1T2) s
3
 + ( T1+T2) s

2 
+ s + Kip]      (1) 

where 

 Kip   integral gain of the process ( Kip = 0.5) 

 T1 ...Process time constant (T1= 1 s) 

 T2 ...Process time constant (T2= 5 s) 

2.2 The PD-PI Controller 

 The controller used in this study is a proportional + derivative (PD) - proportional + integral (PI) controller. In this controller, The 

PD and PI parts of the controller are connected in series. The input to the PD part is the system error, while the input of the PI part is 

the output of the PD part as shown in Fig. 1 [30]. 
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Figure 1 Block diagram incorporating a PD-PI controller [25] 

 

The block diagram of the control system of  Fig. 1 has two inputs: reference input R(s) and disturbance input D(s) and one output 

variable C(s). This PD-PI controller has four parameters to be tuned to get optimal performance for the control system and therefore 

disturbance rejection. 

2.3 Closed-loop Transfer Function 

The dynamics of the closed-loop control system depends on its transfer function between its input and output. For the purpose of 

disturbance rejection investigation, the reference input R(s) is omitted from Fig.1 and the disturbance input D(s) is considered the 

control system input. The new block diagram of the control system in this case  

is shown in Fig.2. 

 

 

 

Figure 2 Control system block diagram with disturbance input 

Where 

 Gc(s)  ... Open-loop Transfer function of the PD-PI controller. 

Gc(s) = (kpc1+kd.s)[kpc2+(ki / s)]          (2) 

 The closed-loop transfer function of the control system C(s) / D(s) is obtained from the system block diagram of Fig.2 and Eqs.1 

and 2 as: 

 

C(s) / D(s) = b0s / [a0s
4
+a1s

3
+a2s

2
+a3s+a4]        (3) 

Where  

 b0 = Kip 

 a0 = T1T2,  a1 = T1+T2,  a2 = Kpc2KipKd+1,  a3 = KipKpc1Kpc2+KipKiKd+Kip, 

  a4 = KipKiKpc1 

Eq.3 reveals an important fact regarding the dynamics of the control system during disturbance rejection. The presence of the 

parameter (s) in the numerator of the transfer function results in a zero steady-state response of the control system to a step 

disturbance input. This means that the steady-state error of the system is also zero which is the first success in using the PD-PI 

controller for disturbance rejection of the highly oscillating process. The characteristics of the time response transients will be left to 

the controller tuning to provide optimal time response with good performance. 

2.4 Controller Tuning and System Step Time Response 

The PD-PI controller has four parameters: Kpc1, Kpc2, Ki, Kd. which were tuned by authors using MATLAB control and 

optimization toolboxes for a reference input condition [30]. The control toolbox is used to estimate the time response of the control 
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system for a unit disturbance input for any set of controller parameters using its command ‘step’ [31, 32]. The optimization toolbox is 

used to minimize an error-based objective function through its command ‘fmincon’ [33]. Five error based objective functions are used 

in tuning the controller which are: ISE, IAE, ITAE, ITSE and ISTSE [34-38]. Fig.3 gives the unit step time response of the control 

system for disturbance rejection. As shown in Fig.3 the time response of the control system tuned with the IAE has better 

characteristics than the other objective functions (except the ISE having almost the same step time response).The tuned parameters of 

the  

PD-PI controller are: 

 Kpc1 = 0.2987 ,  Kd = 4.0009,  Kpc2 = 7.9996 and   Ki = 4.0003. 

 

Figure 3 Comparison between time responses using five objective functions 

III. COMPARISON WITH OTHER CONTROLLERS 

To judge the effectiveness of using the PD-PI controller for disturbance rejection associated with the third order process, it has 

been compared using the same process with a tuned PID controller and a tuned PI-PD controller tuned by the authors in other work 

[38]. Fig.4 shows a comparison between the time responses of the control system during disturbance rejection using the three 

different controllers: PD-PI (present), PI-PD and PID controllers.  

 

Figure 4 Comparison between time responses using PD-PI, PID and PI-PD controllers.  

The time based specifications of the control system for disturbance rejection are compared in Table 1. 

Table 1: Time based specifications of the control system using PID, PD-PI and PI-PD controllers 
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Parameters PID controller PD-PI controller PI-PD controller 

cmax 0.6 0.0508 0.15 

Tcmax (s) 33.3 2.8 4.6 

Ts (s) 489 17.5 18.5 

It is clear from Table 1 and Fig.4 if the PD-PI controller can compete both the PI-PD and the PID controllers in disturbance 

rejection of the third order process. The settling time is evaluated as the time after which the time response due to a unit disturbance 

input stays within a value of ± 0.02. The values of the maximum time response cmax, time of maximum response Tcmax and settling 

time Ts, all indicate the effectiveness of using the PD-PI controller for disturbance rejection. The tuned parameters of the PID 

controller are: Kp(PID) = 0.4342, Ki(PID) = 0.01, Kd(PID)= 14.97. The tuned parameters of the PI-PD controller are: Kpc1(PI-PD) = 

0.0698, Kd (PI-PD) = 15.1293, Kpc2 (PI-PD) = 5.3926, Ki (PI-PD) = 0.6982. 

IV. CONCLUSION 

• The possibility of using PD-PI controller for disturbance rejection associated with a third order process was investigated.  

• The controller was tuned to adjust its four parameters for optimal performance using five objective functions and the 

MATLAB optimization toolbox. 

• The best objective function was assigned which was the IAE objective function. 

• The PD-PI controller could generate disturbance response of maximum value as low as 0.05 and time of maximum 

disturbance time response as low as 3 s.  

• The performance of the closed loop control system for disturbance rejection using a PD-PI controller was compared with 

that using PID and PI-PD controllers for the same process.  

• The PD-PI controller was superior compared with the PID and PI-PD controllers in rejecting the disturbance associated 

with the third order process.  
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