
 
 

 

  

Abstract—In this paper, we will compare the closed loop 
control performance of interval type-2 fuzzy PID controller with 
the type-1 fuzzy PID and conventional PID controllers 
counterparts for the Magnetic Levitation Plant. We will also 
compare the control performance of the interval type-2 fuzzy 
PID controller with the self-tuning type-1 fuzzy PID controllers. 
The internal structures of implemented controllers are firstly 
examined and then the design parameters of each controller are 
optimized for a given reference trajectory. The paper also show 
the effect of the extra degree of freedom provided by antecedent 
membership functions of interval type-2 fuzzy logic controller 
on the closed loop system performance. The real-time 
experiments are accomplished on an unstable nonlinear system, 
QUANSER Magnetic Levitation Plant, in order to show the 
superiority of the optimized interval type-2 fuzzy PID controller 
compared to optimized PID and type-1 counterparts. 

Keywords—Interval type-2 fuzzy PID controllers; self-tuning; 
magnetic levitation system. 

I. INTRODUCTION 
In the fuzzy control literature, ordinary (type-1) Fuzzy PID 

controllers (FPID) are often mentioned as an alternative to 
conventional PID controllers since they are analogous to the 
PID controllers from the input-output relationship point of 
view [1]-[3]. Numerous techniques have been developed in 
the literature for analyzing and designing a wide variety of 
Type-1 Fuzzy PID (T1-FPID) control systems [3]-[6]. The 
design parameters of the T1-FPID controllers can be 
summarized within two groups, structural parameters and 
tuning parameters [6]. The structural parameters include 
input/output variables to fuzzy inference such as fuzzy sets, 
Membership Functions (MFs) shapes, rules and inference 
mechanism. Tuning parameters include input/output Scaling 
Factors (SFs) and the parameters of the MFs. After the 
pioneering study by Qiao and Mizumoto [3], various online 
tuning mechanisms have been presented to improve the 
control performance of the fuzzy control system in presence 
of parameter variations and nonlinearities [7]-[10]. Thus, 
Self-Tuning Type-1 Fuzzy PID (STT1-FPID) controllers 
have been proposed where the SFs or the parameters of MFs 
have been adjusted in an online manner [7]-[12]. However, 

 
A. Sakalli, T. Kumbasar and E. Yesil are with the Department of Control 

and Automation Engineering, Istanbul Technical University, Istanbul, 
Turkey (e-mail: {sakallia, kumbasart, yesileng}@itu.edu.tr) 

H. Hagras is with the Computational Intelligence Centre, University of 
Essex, Colchester, United Kingdom (e-mail: hani@essex.ac.uk) 

This research is supported by the Scientific and Technological Research 
Council of Turkey (TUBITAK) under the project (113E206). All of these 
supports are appreciated. 

the main research focus was on the tuning of the SFs since 
their effect on the system response can easily be observed 
[8]-[9]. The presented self-tuning mechanisms for the SFs 
provide extra degrees of freedom to the fuzzy control 
structure, but also enhance new tuning structures which have 
to be determined (update functions or extra fuzzy inference 
mechanisms). 

Recently, researchers began investigating Interval Type-2 
Fuzzy Logic Controllers (IT2-FLCs) which have 
demonstrated significant control performance improvements 
in comparison to its type-1 counterpart [13]-[15]. It has been 
shown in various works that the T1-FPID controllers using 
Type-1 Fuzzy Sets (T1-FSs) might not be able to fully handle 
the high levels of uncertainties associated with control 
applications while the Interval Type-2 Fuzzy PID (IT2-FPID) 
controller using Interval Type-2 Fuzzy Sets (IT2-FSs) might 
be able to handle such uncertainties to produce a better 
control performance [15]-[17]. It has been shown in various 
works that IT2-FPIDs achieve better control performances 
because of the additional degree of freedom provided by the 
Footprint of Uncertainty (FOU) in their antecedent MFs 
[14]-[15],[18]. In literature, the design of the IT2-FPID 
controllers is usually solved by extending MFs of an existing 
T1-FPID controller or by employing optimization algorithms 
[19]-[21].  

In this paper, we will present comparative real-time results 
between T1-FPID, STT1-FPID and IT2-FPID controller 
structures on the QUANSER Magnetic Levitation Plant 
(MAGLEV). We will also compare the results of IT2-FPID 
controller with two STT1-FPID controller structures which 
are based on the Function Tuner (FTT1-FPID) and based on 
the Relative Rate Observer (RROT1-FPID). The employed 
self-tuning mechanisms allow the T1-FPID structures to have 
more degrees of freedom. Thus, we will investigate if the 
power of the IT2-FPID lies in its ability to handle the high 
level of uncertainties rather than only having an extra degree 
of freedom. We will first present brief information about the 
internal structures of the employed FPID controller structures 
and then present their design strategies. We implemented the 
presented FPID controllers in a cascade structure to solve the 
control problem of the MAGLEV. A detailed comparative 
study has been conducted to show that the real-time control 
performance of the IT2-FPID is better in different operating 
points even at those at which the controllers are not optimized 
and IT2-FPID control system is more robust against noise and 
unknown system dynamics when compared to its T1-FPID, 
STT1-FPID and traditional PID counterparts. 
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Fig. 1. Illustration of the (a) T1-FPID / IT2-FPID controller structure, (b) Rule base of T1-FLC and IT2-FLC, (c) Antecedent MFs of T1-FLC,  
(d) Antecedent MFs of IT2- FLC, (e) Consequent crisp singleton MFs of T1-FLC and IT2-FLC 

Section II will briefly present the internal structures of the 
T1-FPID, STT1-FPID and IT2-FPID controller and design 
strategies, Section III will present cascade control system 
design strategy for MAGLEV and the real-time experimental 
results. Section IV will present conclusions. 

II. DESIGN STRATEGIES OF TYPE-1 AND INTERVAL TYPE-2 
FUZZY PID CONTROLLERS 

In this section, we will present the structures and design 
strategies of the employed T1-FPID, STT1-FPID and 
IT2-FPID controllers. The FPID controllers are constructed 
by choosing the inputs to be error (݁) and change of error ( ሶ݁) 
and the output as the control signal (ݑ) as shown in Fig.1a. 
Here, the input SFs ܭ (for ݁) and ܭௗ (for ሶ݁) normalize the 
inputs to the universe of discourse where the MFs of the 
inputs are defined. Thus ݁  and ሶ݁  are converted after 
normalization into ܧ  and ܧሶ  while the output ( ܷ ) of the 
T1-FLC/IT2-FLC is converted into the control signal (ݑ) by 
the output SFs ܭ (proportional SF) and ܭ (integral SF) [9].  

A. Design Strategies of the Type-1 Fuzzy PID Controllers 
In this subsection, we will present the structure and the 

design strategies of the employed T1-FPID controllers. In the 
handled T1-FPID structure, a symmetrical 3x3 rule base is 
used as shown in Fig.1b. The rule structure is as follows: ܴ:   If ܧ is ܣଵ   and   ܧሶ  is ܣଶ   THEN   ܷ is ܥ,݅, ݆ ൌ 1,2,3; ݍ    ൌ 1, … , ܳ ൌ 9 (1) 

where ܣଵ  is and ܣଶ are the antecedent MFs for the inputs ܧ 
and ܧሶ  , respectively, ܥ is the consequent crisp set and ܳ is 
the number of rules.   

In this study, we will employ three T1-FSs for each input 
domain (ܧ and ܧሶ ) and denote them as N (Negative), Z (Zero) 
and P (Positive). The T1-FSs of the T1-FLC are defined with 
three parameters (݈ , ܿ ݎ , ; i=1,2, j=1,2,3), as shown in 
Fig.1c and are set as ݈ଵଵ=݈ଶଵ=-1, ܿଵଵ=ܿଶଵ=0, ݎଵଵ=ݎଶଵ=1. The 

consequent part is defined with five singleton consequents, as 
shown in Fig.1e, which are Negative Big (NB) = -1, Negative 
(N) = -0.8, Zero (Z) = 0, Positive (P) = 0.8, Positive Big (PB) 
= 1. The implemented T1-FLCs use the product implication 
and the weighted average defuzzification method. 

1) Optimized Type-1 Fuzzy PID Controller 
In design strategy of the Optimized T1-FPD (OT1-FPID) 

controller, the input and output SFs are selected as 
optimization variables while the antecedent and consequent 
MFs and rule base are fixed. We will employ an optimization 
procedure where the IAE performance measure is minimized 
via Big Bang – Big Crunch (BB-BC) algorithm [19] to 
optimize the SFs. The IAE is defined as ܧܣܫ ൌ න|݁|ஶ

௧ୀ  (2) ݐ݀

In the optimization procedure, we will only optimize the ܭௗ ܭ , ܭ : is calculated as followsܭ  whileܭ , ൌ ൯ݐ൫ݎ1 െ  ൯ (3)ݐ൫ݕ

where ݎ൫ݐ൯and ݕ൫ݐ൯are the values of the reference and 
system output at the time of the reference variation (ݐ=ݐ) [5].  

2) Function Tuner Based Type-1 Fuzzy PID Controller 
The first employed self-tuning T1-FPID structure is the 

FTT1-FPID controller [8]. The structure of STT1-FPID is 
shown in Fig.2. Here, the self-tuning mechanism adjusts the 
SFs in an online manner as follows: ܭ ൌ ݂ሺ݁ሻܭ (4) ܭௗ ൌ ݃ሺ݁ሻܭௗ (5) 
where ܭ  and ܭௗ  are the initial values of the integral and 
derivative SFs. Here, ݂ሺ݁ሻ  and ݃ሺ݁ሻ  represent nonlinear 
mappings as follows: 
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݂ሺ݁ሻ ൌ ܽଵ|݁|  ܽଶ (6) ݃ሺ݁ሻ ൌ ܾଵ|1 െ ݁|  ܾଶ (7) 
where ܽଵ , ܽଶ , ܾଵ  and ܾଶ are the tuning parameters to be 
determined. More detailed information about FTT1-FPID 
structure can be found in [8]. 

 
Fig. 2. FTT1-FPID controller structure 

In the design of the FTT1-FPID controller, the same input 
and output MFS and rule base of the T1-FPID are employed. 
Moreover, we will set initial values of the SFs to the SFs of 
OT1-FPID controller (ܭ ܭ= ௗܭ , ௗܭ= ). Even though the 
self-tuning mechanism provides extra degree of freedom to 
T1-FPID structure, it presents new tuning parameters to be 
determined. Thus, in the design of the FTT1-FPID, there will 
be four new tuning parameters (ܽଵ, ܽଶ, ܾଵ and ܾଶ) optimized 
to minimize the IAE via BB-BC.  

3) Function Relative Rate Observer Based Type-1 Fuzzy 
PID Controller 

The second presented STT1-FPID controller structure is 
the RROT1-FPID controller [9]. In this self-tuning structure, 
the derivative and integral SFs are adjusted in online manner 
with respect to relative rate which gives information about the 
speed of the system response and is defined as [9]: ݎ௩ ൌ ݀݁ሺ݇ሻ െ ݀݁ሺ݇ െ 1ሻ݀݁ሺ. ሻ ൌ ݀݀݁ሺ݇ሻ݀݁ሺ. ሻ  (8) 

where ݀݁ሺ݇ሻis the incremental change in error at discrete 
instant, ݀݀݁ሺ݇ሻ is the incremental change in ݀݁ሺ݇ሻ and ݀݁ሺ. ሻdefined as ݀݁ሺ. ሻ ൌ ൜ ݀݁ሺ݇ሻ ݂݅ |݀݁ሺ݇ሻ|  |݀݁ሺ݇ െ 1ሻ|݀݁ሺ݇ െ 1ሻ ݂݅ |݀݁ሺ݇ሻ| ൏ |݀݁ሺ݇ െ 1ሻ|ൠ (9) 

The block diagram of RROT1-FPID controller is shown in 
Fig.3. Here, the integral and derivative SFs are adjusted as  ܭ ൌ ௗܭ (10) ߛܭ/ܭ ൌ ௗܭܭௗܭ  (11) ߛ
where ܭ and ܭௗ are the initial values of the SFs, Here, ߛ is 
the update coefficient and is generated from the fuzzy 
parameter regulator as shown in Fig.3. The fuzzy parameter 
regulator is a Mamdani type fuzzy system consists of a 3x4 
rule base where the inputs are ݎ௩  and ݁ and the antecedent 
consequent part is defined with T1-FSs. ܭis the output SF of 
the fuzzy parameter regulator and ܭௗ is an additional SF that 
affects only the derivative SF of the RROT1-FPID. Detailed 
information about RROT1-FPID structure and the parameter 
regulator is presented in [9]. 

In design strategy of RROT1-FPID controller, the input 
and output MFs, rule base, SFs are set to T1-FPID ones. 
Moreover, we will set initial values of the SFs (ܭ and ܭௗ) 

equal to the SFs of T1-FPID controller (ܭ=ܭ ௗܭ=ௗܭ , ). 
Even though the self-tuning mechanism provides extra degree 
of freedom to T1-FPID structure, it presents new tuning 
parameters and an extra fuzzy inference system. Thus, in the 
design procedure of the RROT1-FPID only ܭand ܭௗ gains 
will be optimized via BB-BC to minimize the IAE while the 
internal parameters (MFs, rule-base) of fuzzy parameter 
regulator are set to the values given in [9]. 

 
Fig. 3. RROT1-FPID controller structure 

B. Design Strategy of the Interval Type-2 Fuzzy PID 
Controller 
In this subsection, we will present the general structure of 

the employed IT2-FPID controller and then an optimization 
based design strategy.  

In the design of the IT2-FPID, we will employ the same 
symmetrical 3x3 rule base and consequent MFs of T1-FPID. 
Thus, the rule structure of the IT2-FLC is as follows: ܴ: IF ܧ ݏ݅ ሚଵܣ and ܧ ݏ݅ ሚଶ  THEN   ܷ isܣ ,݅,ܥ ݆ ൌ 1,2,3; ݍ ൌ 1, … , ܳ ൌ 9 

(12) 

where ܥ is the consequent crisp set, ܳ is the number of rules 
and ܣሚଵ  and ܣሚଶ   are the antecedent IT2-FSs. We will denote 
the IT2-FSs as N (Negative), Z (Zero) and P (Positive). The 
antecedent IT2-FSs can be described in terms of upper MFs 
( ෨మሻߤ ෨భ andߤ  and lower MFs  ሺߤ෨భ and ߤ෨మሻ  which 
creates the FOU (which provides extra degree of freedom) in 
IT2-FSs. The antecedent IT2-FSs are defined with four 
parameters (݈ , ܿ ݎ , , ݉ ; i=1,2, j=1,2,3), as shown in 
Fig.1d. In this study, we will set as ݈ଵଵ=݈ଶଵ=-1, ܿଵଵ=ܿଶଵ=0, ݎଵଵ=ݎଶଵ=1 (the same values of the T1-FPID ones). Thus, the 
FOU will be created by the heights of the lower MFs (݉; 
i=1,2, j=1,2,3) of the IT2-FLC. The implemented IT2-FLC 
uses the center of sets type reduction/ defuzzification method 
[22]. 

In design strategy of the IT2-FPID, we will set the output 
MFs, rule base, SFs to the same values of T1-FPID ones. 
Thus, there are 6 parameters to be designed (݉ ; i=1,2, 
j=1,2,3). However, we employ ݉ଵଵ= ݉ଵଷ and ݉ଶଵ= ݉ଶଷ to 
have symmetrical antecedent MFs. Consequently, the design 
parameters of the IT2-FPID are ݉ଵଵ=݉ଵଷ , ݉ଵଶ , ݉ଶଵ=݉ଶଷ 
and ݉ଶଶ . We will employ a BB-BC based optimization 
procedure to tune the height of the lower antecedent MFs with 
respect to the IAE measure. Even though the FOU provides 
extra degree of freedom to IT2-FPID structure, it increases 
the number of parameters to be designed. However, it will be 
shown later shown in the real-time control applications that 
the Optimized IT2-FPID (OIT2-FPID) produces a superior 
control performances. 
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Fig. 4. (a) MAGLEV experimental setup, (b) Block diagram of MAGLEV  

III. CONTROL SYSTEM DESIGN STRATEGY FOR THE 
MAGLEV  

In this section, we will present brief information about the 
handled real-time QUANSER Magnetic Levitation Plant 
experimental setup, and then we will present the cascade 
control structure for the MAGLEV. Finally we will present 
the real-time experimental results. 

A. MAGLEV System Description 
In this subsection, we will present brief information about 

the employed QUANSER-MAGLEV which is shown in 
Fig.4a. The experimental setup consists of a single input 
which is the coil voltage ( ܸ), and two outputs which are the 
coil current (ܫ ) and ball position (ݔ). The model of the 
MAGLEV systems consists of two parts which are the 
electrical and mechanical model. The differential equations 
related to the MAGLEV system are [23]: ߲߲ݐ ܫ ൌ ܸ െ ሺܴ  ܴ௦ሻܫܮ  (13) ߲ଶ߲ݐଶ ݔ ൌ െ ଶݔܯଶ2ܫܭ  ݃ (14) 

where ܴ  is coil resistance, ܴ௦  is current sense resistance, ܮ is coil inductance, ܭ  is electromagnet force constant, ܯ is ball mass, ݃  is gravitational constant. The 
corresponding schematic diagram is given in Fig.4b and the 
parameters are ܴ=10Ω, ܴ௦  =1Ω, ܮ=412.5mH, ݃ =9.81m/s2, ܭ =6.53E-5N.m2/A2, ܯ=0.068kg, ݎ=1.27E-2m, ܶ =0.014 
m [23]. 

B. MAGLEV Cascade Control Structure 
In this section, we will present the employed cascade 

control structure (shown in Fig.5) for the MAGLEV. In this 
structure, we will employ a PI controller in the inner loop 
which is as given 

ܸ ൌ ݁ܭ  ܭ න ݁݀(15) ݐ 

where ݁ (݁=ܫௗ-ܫ) is error between desired coil current (ܫௗ) 
and measured coil current (ܫ), ܭ and ܭ  are PI gains of the 
inner loop controller. The inner PI controller is designed via 
pole placement design procedure and the PI parameters are 
found as ܭ ܭ ,182.875= =24801. Throughout this study, 
we keep the inner PI controller fixed. 

We will employ the presented T1-FPID, FTT1-FPID, 
RROT1-FPID and IT2-FPID structures as the outer loop 
controllers. The implemented T1-FPID and IT2-FPID 
controllers’ parameters are determined by using optimization 
procedure based design strategies that are presented in 
Section II. Moreover, we will compare the results of the FPID 
controllers with a conventional PID controller which is 
defined as:  ܫௗ ൌ ௫݁௫ܭ  ௫ܭ න ݁௫݀ݐ  ௗ௫ܭ ݀݁௫݀ݐ  (16) 

where ݁௫ (݁௫= ݔௗ-ݔ) is error between desired ball position 
ௗ௫ܭ ,௫ܭ ,௫ܭ and (ݔ) and measured ball position (ௗݔ)  are the 
controller parameters of outer loop PID controller. The PID 
controller parameters are also optimized with respect to the 
IAE performance measure via BBBC. During the 
optimization procedures of the FPID and PID structures, the 
population size and iteration number of BB-BC are set to 20 
and 100 respectively. 

The employed controllers are optimized with respect to a 
varying reference trajectory with the values of 11, 9 and 
11mm (training reference trajectory). It will be assumed that 
the MAGLEV is at steady state point at ݔ=12mm, ܫ=1.72A 
and ܸ =18.87V. For the training reference trajectory, the 
parameters of the Optimized PID (OPID) and OT1-FPID are 
obtained as ܭ௫=227.03, ܭ௫=492.39, ܭௗ௫=4.2 and ܭௗ=11.2 ܭ ܭ 0.67= =2.21. Note that ܭ  will be calculated via 
Equation (3) with respect to the reference signal. The 
parameters of the FTT1-FPID controller are found as ܽଵ=1.67, ܽଶ=0.53, ܾଵ=0.01 and ܾଶ=1.07 while the optimized 
parameters of the RROT1-FPID are ܭ=1.74 and ܭௗ=1.23. 
The design parameters of OIT2-FPID controller are found as ݉ଵଵ=݉ଵଷ=0.81, ݉ଵଶ=0.32, ݉ଶଵ=݉ଶଷ=0.70, ݉ଶଶ=0.59. 
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Fig. 5. Cascade control structure 

C. Real-Time Experimental Results 
In this subsection, we will present two analyses in order to 

compare the control performances of the OPID, OT1-FPID, 
FTT1-FPID, RROT1-FPID and IT2-FPID cascade control 
structures with respect to the Settling Time (Ts), Overshoot 
(OS%) and the IAE performance measures. At first we will 
analyze and present the control performances for the training 
reference trajectory in presence of measurement noise. Then, 
the ability of controllers to handle unknown system dynamics 
and noise will be investigated by defining a testing reference 
trajectory at which the controllers are not optimized.  

In order to clearly show the superiority of the OIT2-FPID, 
we will present the real-time control results in two groups 
with respect to their structures. Thus, we will present and 
compare the OIT2-FPID structure with the non-self-tuning 
controller structures OPID and OT1-FPID; and then with the 
self-tuning structures FTT1-FPID and RROT1-FPID (which 
provide extra degrees of freedom to the T1-FPID structure) to 
have an easier analysis.  

1) Control Performances for the Training Reference 
Trajectory 

We will first examine the control performances of the 
controllers for the training reference trajectory with the 
values of 11, 9 and 11 mm (at which they are optimized). The 
comparison between OIT2-FPID and the non-self-tuning 
structures is given in Fig.6a while the comparison between 
OIT2-FPID and the self-tuning structures and Fig.6b. The 
obtained performance measures are tabulated in Table I.  

In order to examine the transient state performances (Ts, 
OS %) of the control systems, we will examine the reference 
value variation from 11 mm to 9 mm in detail. In comparison 
with the OPID and OT1-FPID structures, the OIT2-FPID 
structure reduced settling time to 0.71 s and the overshoot to 
11%. Moreover, if we examine the performances of the 
RROT1-FPID and FTT1-FPI, it can be concluded that the 
employed self-tuning mechanisms were able to enhance the 
T1-FPID control system performance. However, in 
comparison with RROT1-FPID, OIT2-FPID has reduced the 
overshoot by about 45% while it has increased the settling 
time relatively (which is still satisfactory). Whereas in the 
comparison with FTT1-FPID, the OIT2-FPID decreased the 
settling time about 23% while the overshoot value is almost 
the same. Moreover, as it can be clearly seen in Table I, the 
OIT2-FPID structure has an overall better IAE performance 
measure in comparison to the other employed controllers.  

 

It can be concluded that the OIT2-FPID structure was able 
to enhance the control system performance of the MAGLEV 
in comparison to both non-self-tuning (OPID and OT1-FPID) 
and self-tuning structures (FTT1-FPID and RROT1-FPID). 
Moreover, although the self-tuning mechanisms provide the 
T1-FPID controller structures with extra degrees of freedom, 
their performance results were not good as the OIT2-FPID 
ones in presence of noise since the their tuning mechanism is 
based on the value of the error. Thus, it can be concluded that 
the FOU of the OIT2-FPID give the opportunity to type-2 
fuzzy structure to enhance the control performance and 
provides robustness against noise. 

2) Control Performances for the Testing Reference 
Trajectory 

In this subsection, we will examine the control 
performances of the controllers for a reference trajectory at 
which they are not optimized in order to examine their 
robustness against unknown dynamics. Thus, we will employ 
a varying testing reference trajectory with the values 12 mm, 
11 mm and 9 mm where the MAGLEV is initially at the 
steady state point ݔ=11mm, ܫ=1.57A and ܸ=17.29V. The 
comparison between OIT2-FPID and the non-self-tuning 
controller structures is given in Fig.7a, while the comparison 
between OIT2-FPID and the self-tuning controller structures 
is given in Fig.7b. As it can be clearly seen in the Table I, 
OIT2-FPID structure has better control performance in 
comparison to the other controllers. 

For instance, for the reference value variation from 10mm 
to 9mm, OPID control system has worst performance 
measures. Here, both employed STT1-FPID structures 
enhanced the OT1-FPID structure but the FTT1-FPID 
structure has best IAE performance measure. In comparison 
with the OT1-FPID structure, the FTT1-FPID reduced 
settling time by about 27% while the OIT2-FPID structure 
reduced settling time by about 48% while both the 
FTT1-FPID and OIT2-FPID structures reduced the overshoot 
by about 67%. Moreover, for the reference variation form 11 
mm to 12 mm, the OPID and OT1-FPID controller structures 
have an oscillating system response, while the OIT2-FPID 
and FTT1-FPID and RROT1-FPID structures ended up with 
stable system responses where the OIT2-FPID has the fastest 
system response. 

It can be concluded that, the controller structures that have 
extra degrees of freedom (OIT2-FPID, FTT1-FPID and 
RROT1-FPID) have better transient responses and overall 
performance.  Moreover, the extra degree of freedom (FOU)
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Fig. 6. Experimental results for the training reference trajectory 

of the IT2-FSs provides the OIT2-FPID structure to have 
satisfactory control performances when compared to 
self-tuning structures. Consequently, the OIT2-FPID 
controller structure provided comparatively good control 
performances in presence of noise and unknown dynamics 
compared to both non-self-tuning and self-tuning structures. 

D. Computational Times of Implemented Controllers 
In this subsection, we have investigated the computation 

time needed by the IT2-FPID and T1-FPID structures to 
establish if their more complex structures will cause drastic 
impact on the controller real-time response. Thus, we have 
calculated the times needed by the type-1 and type-2 fuzzy 
controllers to map an input to an output for all possible 
combinations of the input values in their corresponding 

universe of discourses, i.e., ݁∈[-1,+1] and ሶ݁∈[-1,+1]. This 
procedure has been repeated 100 times and the average 
computational times are calculated by the mean values of 
entire test results. The calculations are done on a personal 
computer with following specifications; Intel Core i7–3630Q 
2.48GHz CPU and 16 GB RAM.  

The calculated average computational time of T1-FLC is 
0.0147 s, while the average computational time of IT2-FLC is 
0.076 s. The average computational time of FTT1-FPID is 
calculated 0.015 s, while the average time of RROT1-FPID is 
calculated 0.0297 s. STT1-FPID structures need extra time 
when compared to their type-1. 

Although there is some increase in the average 
computation time of the IT2-FPID in comparison to the 
T1-FPID structures, the real-time control application of the
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Fig. 7. Experimental results for the testing reference trajectory 

IT2-FPID is still feasible for systems with relatively small 
sampling periods and as it has been shown the OIT2-FPID 
produces superior control performances in comparison to its 
type-1 and self-tuning type-1 counterparts. 

IV. CONCLUSIONS  
In this paper, we presented comparative real-time results 

between T1-FPID, IT2-FPID controller structures on the real 
time MAGLEV experimental setup. As part of this study, we 
also considered a STT1-FPID structure which has more extra 
degree freedoms since the fuzzy rule weights are handled as 
online tuning parameters. Thus, we also analyzed the control 
performances of the RROT1-FPID and FTT1-FPID in 
comparison with the OIT2-FPID structure. Since, the 

employed self-tuning mechanisms allow the T1-FPID 
structures to have more degrees of freedom; we investigated 
if the power of the IT2-FPID lies in its ability to handle the 
high level of uncertainties rather than only having an extra 
degree of freedom. We implemented the presented FPID 
controllers in a cascade structure to solve the control problem 
of the MAGLEV.  

A detailed comparative study has been conducted to show 
that the real-time control performance of the IT2-FPID is 
better in different operating points even at those at which the 
controllers are not optimized and IT2-FPID control system is 
more robust against noise and unknown system dynamics 
when compared to its T1-FPID, STT1-FPID and traditional 
PID counterparts. 
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TABLE 1. EXPERIMENTAL RESULTS 
 THE TRAINING REFERENCE TRAJECTORY  THE TESTING REFERENCE TRAJECTORY 

 TRANSIENT PERFORMANCE   TRANSIENT PERFORMANCE  
 12-11 mm 11-9 mm 9-11 mm   11-12 mm 12-10 mm 10-9 mm  
 Ts OS Ts OS Ts OS IAE  Ts OS Ts OS Ts OS IAE 

OPID 0.57 s 57% 0.98 s 59% 0.85 s 47% 1.532  * * 0.92 s 48% 0.99 s 67% 1.798 
OT1-FPID 0.79 s 44% 1.12 s 40% 1.23 s 36% 1.518  * * 1.12 s 43% 0.76 s 52% 1.530 

FTT1-FPID 0.63 s 25% 0.92 s 12% 0.79 s 14% 0.979  1.44 s 28% 1.29 s 17% 0.55 s 18% 0.842 
RROT1-FPID 0.45 s 32% 0.61 s 20% 0.66 s 30% 0.874  0.39 s 35% 0.89 s 25% 0.57 s 28% 0.932 

OIT2-FPID 0.36 s 18% 0.71 s 11% 0.48 s 10% 0.779  0.54 s 26% 0.77 s 11% 0.39 s 17% 0.875 
* oscillating system response 

 
The outcomes of the comparative studies showed that the 

reason for the superior control performance of IT2-FPID in 
comparison to STT1-FPID structures (which have extra 
degrees of freedom related to the self-tuning SFs) under high 
levels of uncertainty and noise is not merely for its use of 
extra parameters, but rather its different way of dealing with 
the uncertainties and noise present in real world. 
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