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Abstract. Fuzzy PID (proportional-integral-derivative) controllers are com-
monly used as an alternative to the conventional PID controllers. In order to 
improve the control system performance of these controllers many self-tuning 
methods are already studied. It is mostly observed that the self-tuning mechan-
ism should tune the scaling factors of the fuzzy controller to enhance the tran-
sient system performance. On the other hand, these studies only focus on the 
ordinary (Type-1) Fuzzy PID controllers. In this study, Type-2 Fuzzy PID con-
trollers are studied and a peak observer based self-tuning method is proposed 
for these controllers. In order to show the benefit of the proposed approach, 
several Matlab simulations are performed where different type of fuzzy control 
structures are compared. The results obtained from the simulation studies clear-
ly show the advantage of the proposed approach. 
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1 Introduction 

Ordinary (type-1) Fuzzy PID (proportional-integral-derivative) controllers (FPID) are 
accepted 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 parame-
ters 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 Fac-
tors (SFs) and the parameters of the MFs. Starting with 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 varia-
tions 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, the main research focus was on  
the tuning of the SFs since their effect on the system’s response can easily be  



488 E. Yesil et al. 

 

observed [8-9]. The presented self-tuning mechanisms for the SFs provide extra  
degrees of freedom to the fuzzy control structure, and also enhance new tuning  
structures which have to be determined as updating 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 that IT2-FPIDs achieve better control per-
formances 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 study, the peak observer (PO) based self-tuning method, which was first 
proposed for T1-FPID controllers, is extended for IT2-FPID controllers. Till now, 
there is a very limited research on the self-tuning methods for the Type-2 Fuzzy Logic 
Controllers. The benefit of this approach is examined via various simulation studies 
performed on First Order plus Dead Time (FOPDT) systems. The simulation results 
clearly show that IT2-FPID controller achieve a better performance than T1-FPID and 
PO based T1-FPID controllers. When the proposed self-tuning approach is employed 
to the IT2-FPID controller the control system performance increases significantly. 

2 The Design of Fuzzy PID Controllers 

Interval Type-2 Fuzzy PID controllers are generalized forms of Type-1 Fuzzy PID 
controllers, which are mostly mentioned as an alternative to conventional PID con-
trollers since they are analogous to the PID controllers from the input-output relation-
ship point of view [1-3]. PID controllers are widely used in many control areas such 
as process control, adaptive control, robust control, nonlinear control, automation and 
robotics and they are still the most used controller type in the industry [22]. The de-
sign strategies of conventional PID controllers depends on the mathematical model of 
the system, however conventional PID controllers may not provide satisfactory results 
in case of imperfect model. Conventional PID controllers provide a linear transforma-
tion or mapping between their inputs and outputs while Fuzzy PID controllers provide 
a nonlinear transformation or mapping between their inputs and outputs.  

In literature, various fuzzy controller structures are proposed including PD-type 
(Proportional-Derivative), PI-type (Proportional-Integral) and PID-type [4, 9]. In this 
context, fuzzy controllers are constructed by choosing the inputs to the error (e) and 
derivative of the error ( ) and the output as the control signal (u). The inputs of Fuzzy 
Logic Controllers (FLCs) (regardless to the type of the controller) is as follow  

                  (1) 
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where  is the reference signal or setpoint and  is the system output. In fuzzy con-
troller structures (regardless to the type of the controller), input SFs normalize the 
inputs to the universe of discourse, particularly,  normalizes the error signal and 

 normalize the derivative of error signal as follow , 1,1                                 (2) , 1,1                                 (3) 

where  is the normalized error signal of the FLC and  is the normalized derivative 
of error signal of the FLC. Here, the universe of discourses of the inputs (  and ) is 
defined in the interval 1, 1 . The FPID controller structure including inputs, SFs 
and the FLC (T1-FLC or IT2-FLC) is illustrated as in Fig. 1.  is a constant gain, 
and  is the integral gain of the output of the FLC. Here also notice that, output SFs 
make the control signal applicable for a particular problem or a real life problem be-
cause the output of the FLC could only take values in the interval 1,1  due to its 
universe of discourse of the output MFs. Then the generalized formulation of the 
output of a FLC that used in this study is as follows: , 1,1                         (4) 

 

Fig. 1. Fuzzy PID Controller 

2.1 The Type-1 Fuzzy PID Controller Structure 

In this subsection, the internal structure and the design strategies of the employed T1-
FPID controllers are presented. The rule structure is as follows: :   If  is  and  is    THEN    is , , 1,2,3;    1, … , 9                           (5) 

where  is and  are the antecedent MFs for the inputs  and  , respective-
ly,  is the consequent crisp set and  is the number of rules.  In the handled T1-
FPID structure, a symmetrical 3x3 rule base is used as shown in Fig. 2a. Here, three 
Type-1 Fuzzy Sets (T1-FSs) for each input domain (  and ) are used and they are 
denoted as N (Negative), Z (Zero) and P (Positive). The T1-FSs of the T1-FLC are 
defined in [-1 1] interval as shown in Fig. 2b. The consequent part is defined with five  
singleton consequents, as shown in Fig. 2c. The implemented T1-FLCs use the prod-
uct implication and the weighted average defuzzification method.  
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Fig. 2. (a) The fuzzy rule base, (b) the antecedent MFs, (c) the consequent MFs used for the 
FPID controllers 

2.2 The Interval Type-2 Fuzzy PID Controller Structure 

In this subsection, the general structure of the employed IT2-FPID controller is pre-
sented. In the design of the IT2-FPID, the same symmetrical 3x3 rule base given in 
Fig. 2a and consequent MFs of T1-FPID illustrated in Fig. 2c are used. Thus, the rule 
structure of the IT2-FLC is as follows: :   IF    and     THEN    is , , 1,2,3;    1, … , 9                           (6) 

where  is the consequent crisp set,  is the number of rules and  and  are 
the antecedent Interval Type-2 Fuzzy Sets (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 (  and  and lower MFs   and  to form the Foot 

of Uncertainty (FOU), which provides extra degree of freedom in IT2-FSs. The ante-
cedent IT2-FSs are defined again in [-1 1] interval. Thus, the FOU will be created by 
the heights of the lower MFs (m1 and m2) of the IT2-FLC. The implemented IT2-FLC 
uses the center of sets type reduction/ defuzzification method [23]. 

 

Fig. 3. Interval Type-2 Fuzzy Sets used for IT2-PID controller 
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3 The Peak Observer Based Self-tuning Method 

As shown in Fig. 1, the actual control signal of the closed loop system is a function of 
scaling factors and the output of the FLC as , ,  
or , , , . The FLC performs a nonlinear mapping between its inputs 
and output, so the output of the FLC can also be expressed as a function of its inputs 
namely, error and derivative of the error as ,  or , , , . Note 
that .  represents a functional mapping. Consequently, the FPID controller struc-
ture becomes analogous to conventional PID structure. This analysis was examined in 
detail by considering the input space into several subspaces and mathematical expres-
sion of MFs [3] and the control signal can be written as    (7) 

where ,  and  are the constants which are calculated with respect to antecen-
dent and consequent membership functions. They are calculated with respect to  
values of consequent sets and apexes of the antecedent membership functions for 
corresponding inputs and subspaces. Here,  is a nonlinear term, which converges 
to zero by time. So one can say that a FPID controller is similar to a conventional PID 
controller with variable gains. Then after neglecting the nonlinear term for the steady 
state, the PID equivalent control components of FPID can be achieved as follows 

                               (8) 

                        (9) 

                        (10) 

where Kp is the proportional gain, KI is the integral gain and the KD is the derivative 
gain of the fuzzy controller.  

 

Fig. 4. Peak observer based self-tuning for Fuzzy PID controllers 

The peak observer based self-tuning method for T1-FPID controllers has been pro-
posed in [3]. The block diagram of the proposed method is shown in Fig. 4. The peak 
observer observes the output of the system and transmits a signal at each peak time 
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and measures the absolute peak value. The parameter regulator tunes the controller 
parameters Kd and Kb simultaneously at each peak time according to the peak value. 
The algorithm for tuning these parameters is as follows:  ,  (11) 

where  and  are the initial values of  and ,  are the peak values. It can 
easily be deduced from the relation given in (9) that if in the meanwhile of 
ing ,   is increased in the same rate as   is decreased, the equivalent propor-
tional control strength will remain unchanged. Then, the system can always keep 
quick reaction against the error under this condition. This is achieved by updating the 
integral coefficient as the reciprocal of the derivative coefficient. As it is seen from 
(12), the integral factor is decreased in a direct proportion to the peak error value. 

4 Simulation Studies 

In this section, the performance of the proposed self-tuning method for IT2-FPID 
controllers is examined via various cooperative simulations. For this purpose, differ-
ent processes are used for simulations but as it is well-known a large number of indus-
trial plants can be modeled by a first-order plus dead time (FOPDT) transfer function. 
The wide use of FOPDT is due both to its simplicity as well as its ability to capture 
the essential dynamics of several industrial processes. Therefore, the results obtained 
only for FOPDT process are presented here. The transfer function of FOPDT is as 
follows: 

  (12) 

where K is the process gain, T is the time constant and finally L is the time delay.  
In the simulations, four different control schemes, namely Type-1 Fuzzy PID Con-

troller (T1-FPID), Peak Observer based Type-1 Fuzzy PID Controller (POT1-FPID), 
Interval Type-2 Fuzzy PID Controller (IT2-FPID), and the proposed Peak Observer 
based Interval Type-2 Fuzzy PID Controller (POIT2-FPID), are used.  In order to 
compare the performance of transient responses of the proposed POIT2-FPID control-
ler with other fuzzy controllers, the following four performance measures are consi-
dered:  
i) Integral Square Error (ISE) which is defined as  

                         ( ) dt)t(y)t(rISE
0

2
∞

−=                                (13) 

ii) Integral Absolute Error (IAE) which is defined as  

                         dt)t(y)t(rIAE
0
∞

−=                                 (14) 

iii) Integral Time Absolute Error (ITAE) which is defined as  

                         dt)t(y)t(rtITAE
0
∞

−=                               (15) 

iv) Total Variation (TV) [11] of the control input u(t), which is defined as 
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As the first step, the nominal process parameters are set to K=1, T=1 and L=0.2. 
The sampling time of the simulation is set to 0.05 s and noise is added to the process 
output to make the simulations more realistic. Then the input SFs of the T1-FPID 
controller are designed in order to have a response without an overshoot but small rise 
time and settling time. For this purpose, first the input scaling factor of the error (Ke) 
is calculated as 1

 (17) 

where and  are the values of the reference and system output at the time 
of the reference variation. Since the unit step changes are studied for the simulations 
Ke is set to 1, then the other scaling factors are determined as Kd = 0.5141, Ka =0.077, 
Kb = 7.336 after optimization. As the second step, the IT2-FPID controller is design 
using the same scaling factors obtained for T1-FPID controller. For the design proce-
dure only the height of the lower membership functions (m1 and m2) are designed. 
After the optimization procedure, m1 and m2 are set to 0.3 and 0.9, respectively. The 
step responses of the process for four different control schemes are illustrated in Fig. 
5. As clearly seen from Fig. 5, the set-point following performance of all fuzzy con-
trollers are very close to each other for the nominal process. Since there is no over-
shoot, the self-tuning mechanism did not tune the SFs. 

 

Fig. 5. The set-point following performance of the fuzzy controllers for the nominal process 

In order to show the benefit of using IT2-PID controllers, and the proposed PO 
based Type-2 Fuzzy PID controller the system parameters of the process are per-
turbed. The step responses of four controller for the first perturbed process, which has 
the parameters as K=1.3, T=1.9, L=0.4, is given in Fig. 6a. For this case, IT2-FPID 
controller gives a better set-point following performance than the T1-FPID controller 
because of its extra degree of freedom. As it is seen in Fig. 6b and Fig. 6c, the two 
scaling factors (Kd and Kb) of the fuzzy controllers are tuned as the overshoots occurs, 
therefore the performance of the fuzzy controllers is improved drastically. The control 
signals illustrated in Fig. 6d, shows that IT2-FPID controller with peak-observer 
based self-tuning mechanism has a smoother control action in comparison to the other 
fuzzy controllers. 
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Fig. 6. The first the perturbed process (K=1.3, T=1.9, L=0.4): (a) The process output; (b) The 
change of Kb; (c) The change of Kd; (d) The control signals. 
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Fig. 7. The set-point following performance of the fuzzy controllers for the perturbed 
processes: (a) K=1.1, T=1.3, L=0.45; (b) K=3, T=3, L=0.3 

The simulation results obtained for the first perturbed process show that IT2-FPID 
controller has a better set-point following performance than the T1-FPID controller 
because of FOU. Moreover, the peak observer based self-tuning mechanism improves 
the performance of the fuzzy controllers. The best performance from the point of 
transient response is obtained by the proposed IT2-FPID controller with the peak 
observer mechanism. Moreover, two more simulations are performed for two other 
perturbed processes and the control performances are given in Fig. 7. Parallel to the 
first simulation results, IT2-FPID controller always outperforms the T1-FPID control-
ler. The Peak Observer based T1-FPID is more robust against parametric uncertain-
ties; consequently the process output inherits smaller oscillations. When the proposed 
Peak Observer self-tuning method is employed to IT2-FPID controller, its perfor-
mance again increases drastically.  

The performance results of the fuzzy controllers are tabulated in Table 1. As it is 
seen from Table 1, the IT2-FPID controller is always better than the T1-FPID control-
ler because of the additional degree of freedom provided by the FOU in their antece-
dent MFs. Also, the peak observer self-tuning methods improve the fuzzy control 
system performance. On the other hand, since the peak observer changes the scaling 
factors of the fuzzy controller, the control signal varies and thus results with higher 
TV values compared to the counterparts without a self-tuning mechanism. 
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Table 1. Simulation comparison using different performance measures 

Process Controller ISE IAE ITAE TV 

Nominal Process 
K=1, T=1, L=0.2 

T1-FPID 0.552 0.842 1.564 0.409 

POT1-FPID 0.547 0.872 1.745 0.970 

IT2-FPID 0.550 0.842 1.590 0.364 

POIT2-FPID 0.550 0.838 1.508 0.926 

Perturbed Process 
K=1.3, T=1.9, 

L=0.4 

T1-FPID 1.272 2.677 9.430 1.589 

POT1-FPID 1.050 1.755 3.357 1.401 

IT2-FPID 1.160 2.181 5.497 1.000 

POIT2-FPID 1.055 1.733 3.240 1.275 

Perturbed Process 
K=1.1, T=1.3, 

L=0.45 

T1-FPID 2.969 5.739 36.223 3.756 

POT1-FPID 1.457 2.423 5.659 1.690 

IT2-FPID 1.503 2.981 10.394 1.476 

POIT2-FPID 1.252 2.062 4.310 1.461 

Perturbed Process 
K=3, T=3, L=0.3 

T1-FPID 0.836 1.710 4.355 1.166 

POT1-FPID 0.789 1.488 3.278 1.290 

IT2-FPID 0.789 1.472 2.979 0.768 

POIT2-FPID 0.763 1.382 2.940 1.173 

5 Conclusion 

In this study, the peak observer based self-tuning method, which involves a peak ob-
server and parameter regulator mechanisms, is extended to IT2-FPID Controllers. The 
advantage of the proposed approach is tested via Matlab simulations and the control 
system performance of the proposed method is compared with T1-PID controllers 
with and without a self-tuning mechanism, and also with an IT2-FPID controller 
without a self-tuning method. The obtained result clearly shows that peak-observer 
based self-tuning approach improved the performance in comparison to the IT2-FPID 
controller. As a future work, this approach will be implemented in a PLC and real-
time experiments will be performed.  
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