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ABSTRACT
This paper describes the design of fractional-order controller for integer-order system with integrating time delay. The
fractional-order proportional integral (FOPI) controller cascaded with fractional-order proportional derivative (FOPD)
controller is designed to satisfy design specification of phase margin, gain crossover frequency and flat phase constraint.
The controller structure proposed is more generalized and simple and can be easily implemented on hardware like PLC,
Microcontroller,etc. The task of designing and optimization of controller is carried out in FOMCON (Fractional-order
Modelling and Control) toolbox in MATLAB. Further, the effectiveness of a proposed fractional-order controller is com-
pared with fractional-order controller i.e. with FO[PI] controller and FO[PD] controller existing in the literature. The
proposed FOPI-PD controller obtained gave superior performance than existing FO[PI-PD] controller.
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1. INTRODUCTION
Fractional-order systems is an actively researched field in recent years.Fractional-order controllers gives high-
er level of flexibility and further enhances the performance of classical PID controllers because of extra de-
grees of freedom, thus making it a powerful tool in modelling and control of robust control systems. Several
works shows different methods for fractional controller design such as tuning and relay auto tuning method
[3][4][6][15][16], F-MIGO (Fractional Ms Constrained Integral Gain Optimization) tuning rule for FOPI
(fractional-order proportional integral) controller for first order plus time delay systems (FOPDT)[5], an on-
line computing rule for design of PI/ Lead compensators [7]. In paper [8] a novel auto-tuning method for inte-
ger-order controllers or fractional-order PI or PD controllers by a sine test as input to the unknown plant is
presented. In paper [9] fractional-order PID (FOPID) controller is designed by using internal model control
(IMC) for fractional-order processes with dead-time is presented.

The number of works done in [10][11][12][13] literature shows a method to design, tune, optimize and im-
plement a fractional-order PID controller using FOMCON ("Fractional-order Modeling and Control") toolbox
in MATLAB.

In this paper, FOPI controller and FOPD controller are designed and simulated using FOMCON toolbox in
MATLAB that satisfies the design specifications and shows iso-damping property. A comparative study is
made between the proposed FOPI-PD controller with existing FO[PI-PD] controller.
The paper is organized as a brief introduction about integrating time delay system in section 2. Section 3 ex-
plains the fractional-order PID structure. Fractional-order controller design and implementation is given in
section 4 and 5. Section 6 and 7 discusses the simulation results and conclusion respectively.



998 Divyaben Dineshbhai Patel, Sharad P. Jadhav

International Journal of Engineering Technology Science and Research
IJETSR

www.ijetsr.com
ISSN 2394 – 3386

Volume 4, Issue 10
October 2017

2. INTEGRATING TIME DELAY SYSTEMS
Integrating processes is characterized by the presence of a pole at origin in s-plane and in frequency domain, it
leads to addition of 20 dB/dec in magnitude plot and 90° in phase plot which can lead to instability. Also, the
closed loop poles move in the s-plane as the loop gain is varied. And many processes exhibit complex dynam-
ics as time delay, thus the controller will require re-tuning for change in time delay to satisfy the design speci-
fications. The time-delay exponential increases the phase shift proportional to frequency, with proportionality
constant being equal to the time delay. This change in phase makes the system more unstable as there is in-
crease in time-delay. Therefore an integrator with time delay in a process makes analysis and design of feed-
back control systems more complex and also it becomes difficult to attain satisfactory control. Thus to control
integrating time delay systems, a PD or PID controller with less integral action is mostly favored. But a PD
controller includes noise and also good performance and faster response does not go along. Thus to eliminate
the noisy effect, a phase lead compensator/fractional-order PD controller is used, as it will work both as a PD
controller and a noise filter. Therefore PI controller cascaded with phase lead compensator has become a great
research topic for controller design regarding integrating time delay system [1][17].The Figure 1 describes the
basic structure for the control of integrating time delay systems using fractional-order controllers as shown
below:

Fig. 1: Basic Structure of the Control System.

3. FRACTIONAL-ORDER PID CONTROLLER
Fractional-order controller is denoted by PIλDµ, where λ and µ have arbitrary (non-integer) values proposed by
Igor Podlubny in 1997 [2]. Figure 2 shows the block diagram of fractional-order PID controller.

Fig. 2: Block Diagram of Fractional-order PID Controller
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The transfer function of fractional-order PID controller is given by

( ) = + + . (1)
Where λ and µ are fractional-order values for integral and derivative terms respectively.It is presumed that the
fractional-order PID controller can improve the control performance and provide robustness with proper selec-
tion of parameters of the controllers.

The controller equation considered for this work is given by:( ) = + + . (2)
Where, FOPI controller is represented as( ) = + , (3)
and FOPD controller as( ) = + . (4)
Also λ and µ ∈ (0,2).

4. FRACTIONAL-ORDER PID CONTROLLER DESIGN ANDIMPLEMENTATION
Considering an integrating time delay process [1],

( ) = 1.4(0.7 + 1) . (5)
the aim is to design a fractional-order controller consisting of fractional-order PI controller and fractional-
order PD controller, which will fulfill the given design specifications:

 phase margin, = 60°
 gain crossover frequency, = 2.2 /
 steady state error constant, = 1.4
4.1 DESIGN OF FRACTIONAL-ORDER PROPORTIONAL INTEGRAL (FOPI)
CONTROLLER
The fractional-order controller design is done in .m file (MATLAB file) using FOMCON toolbox. The design
steps of FOPI controller using FOMCON toolbox are.

 FOTF _GUI      Tools  Fractional PID Design  Tuning  Optimize
 Approximation as oustaloup filter(default).
 Let Kp, Ki and λ parameters be default,and setting Kd and µ to zero.
 Simulation parameters be default.
 Optimization algorithm Nelder-Mead optimization (default) and performance metrics ISE(default).
 Unable gain and phase specification.
 Enable critical frequency and gain robustness variation, providing = 2.2.
 Setting maximum iteration to 100.
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Fig. 3: FOPI Optimization Toolbox

After optimization,the FOPI controller obtained is( ) = 2.8853 + 3.2066 − 08. . (6)
4.2 DESIGN OF FRACTIONAL-ORDER PROPORTIONAL DERIVATIVE (FOPD)
CONTROLLER
To fulfill the design specification of phase margin at desired gain crossover frequency, the given plant and the
above obtained FOPI controller are combined and PD is calculated. Following the above same procedure,
design steps of FOPD controller using FOMCON toolbox are.

 FOTF _GUI      Tools  Fractional PID Design  Tuning  Optimize
 Approximation as oustaloup filter(default).
 Let Kp, Kd and µ parameters be default,and setting Ki and λ to zero.
 Simulation parameters be default.
 Optimization algorithm Nelder-Mead optimization (default) and performance metrics ISE(default).
 Enable gain and phase specification with gain margin = 10 dB and Phase Margin =60° .
 Enable critical frequency and gain robustness variation, providing, = 2.2.
 Setting maximum iteration to 100.
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Fig. 4: FOPD Optimization Toolbox

The controller obtained is again optimized with strict Phase margin, thus FOPD controller obtained is( ) = (0.63839 + 0.31605 . ) . (7)
The combined proposed FOPI and FOPD controller obtained is( ) = 2.8853 + 3.2066 − 08. (0.63839 + 0.31605 . ), (8)
and thus the combined existing FO[PI] and FO[PD] as given in [1] is( ) = 0.4545 + 1 . 2.1093 + 10.00071 + 1 . . (9)
5. IMPLEMENTATION
The resulting fractional-order controller C(s) is implemented by its approximation to integer-order controller.
The FOPI-PD is approximated using oustaloup approximation method with default parameters(defaults: =0.001, = 1000 , N = 5, method = ‘oust’) in FOMCON toolbox. While fractional-order controller FO[PI-
PD] proposed is approximated by the frequency domain identification technique using function invfreqs() in
MATLAB as given by S.S. Bhase et al.
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6. SIMULATION RESULTS
As it can be observed from [1] that the open loop bode plot of given system has −154°of phase at the gain
crossover frequency = 2.2 / .The open loop bode response of FOPI controller designed using
FOMCON toolbox and existing FO[PI] controller is shown in figure 5. It can be seen that themagnitude plot
stays 0 near the given gain crossover frequency. And also it is observed that the open loop bode plot of the
system G(s) = KG(s)C1(s) has a phase of 154° at 2.2 / . Thus to fulfill the design specification of phase
margin, design of lead compensation or PD controller is required.

Fig. 5: Open Loop Bode Response Of FOPI And FO[PI] Controller.

Fig. 6: Open Loop Bode Response Of FOPI-PD And FO[PI-PD] Controller.

From the open loop bode plot in figure 6 we can conclude that the phase plot is totally flat around gain cross-
over frequency for both fractional-order controllers. So, we can expect that the system will show robustness if
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there is increase or decrease in loop gain,thus phase margin will stay unchanged. Also the design specification
of phase margin 60° at 2.2 / is fulfilled. The Figure 7 shows the closed loop time response of the sys-
tem with proposed controller andexisting controller with given step input of magnitude five:

Fig. 7: Close Loop Step Response Of FOPI-PD And FO[PI-PD] Controller.
Table 1: Time Specification Comparison

PARAMETERS FOPI-PD FO[PI-PD]

Rise time 0.62 0.546

Settling time 2.08 2.34

Peak amplitude 1.09 1.14

Overshoot(%) 9.28 at 1.3 sec 13.6 at 1.3 sec

From Table 1 it can be seen that the closed loop system with proposed FOPI-PD controller and obtained
FO[PI-PD] controller has settling time of 2.08 and 2.34 seconds respectively. We can also see that the over-
shoot of the step response of the proposed FOPI-PD controller with that of existing FO[PI-PD] controller is
shorter. Thus, in this case the proposed FOPI-PD controller outperforms the existing FO[PI-PD] controller for
integrating time delay systems. To check for robustness, unit step responses are plotted with gain variation 0.5
to 1.5(50%to150% of gain variation). Figure 8 and 9 shows that system with proposed controller does not
show iso-damping properties as the overshoot varies while the existing controller shows robustness with peak
overshoot nearly constant. Thus its time response shows iso-damping property.

Fig. 8: Step Response of FOPI-PD Controller with loop gain variation.
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Fig. 9: Step Response of FO[PI-PD] Controller with loop gain variation.

7. CONCLUSION
The paper discusses the design and simulation of fractional-order controller for integrating time delay systems
in FOMCON toolbox in MATLAB. The advantage of proposed FOPI-PD controller is the simple structure
and ease to design, analyze and approximate to integer-order controller through various tools available. The
proposed FOPI-PD controller can be real time implemented. The simulation results showed that system with
proposed controller fulfills the design specification of phase margin at gain crossover frequency except iso-
damping property. A comparative study done between proposed FOPI-PD controller andexisting FO[PI-PD]
controller showed that the proposed controller is efficient than existing controller due to less overshoot and
less settling time. And as it can be seen that proposed system does not performs in robust way, considering
loop gain variations. In future, the controller response and robustness can be improvised using different tuning
optimization algorithm and criteria based on IAE, ITAE, etc. in FOMCON toolbox in MATLAB. This project
can further be extended to simulate and implement controller for systems with time delays such as servo-
mechanisms.
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