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 In this paper we propose an adaptive interval valued fuzzy controller for high 

performance direct vector-controlled induction motor drive. Interval valued 

controller compared with type-1 fuzzy controller has the advantage that it  

can take into account the linguistic uncertainties present in the rules of  

the estimated models. The proposed control framework consists of a mixture 

of two controllers: an interval valued fuzzy controller and a supervisory 

controller. The supervisory controller is used when the system starts to 

become unstable. The free parameters for the proposed controller are 

changed according to some learning rules based on Lyapunov stability. 

Simulation results on an induction motor show the effectiveness of  

the introduced method. 
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1. INTRODUCTION 

Induction motor (IM) has been broadly used in industrial applications due to its advantages such as 

its simple construction, reliability, efficiency, low cost and possibility to operate in aggressive environment. 

However, It is difficult to control it due to (1) its nonlinear dynamics (2) electric rotor variables are not measurable 

and (3) physical parameters are often imprecisely known (can change with time) [1, 2]. Many schemes have been 

proposed for the control of induction motor drives, among which the direct field oriented control (DFOC) has 

been accepted as one of the most effective methods [1, 3]. In the conventional DFOC, PI regulators are used 

to control the flux magnitude and rotor speed. It is well known that standard regulators with fixed parameters 

may be insufficient to achieve good static and dynamic performance when the induction motor drives systems are 

subjected to large variation of inertia during their normal operating cycles [4]. In this case, more sophisticated 

controllers are required such as fuzzy controllers which are very useful when the controlled plant have some 

uncertainties or unknown variations. 

In the past decade, fuzzy logic control (FLC) strategy has been the focus of many studies  

and research for the control of nonlinear systems [5-8]. One of the advantages of the fuzzy based control is 

that linguistic information can be directly incorporated into the controller without need an accurate 

mathematical model of the plant. Though, in presence of parameters variation of the plant, recourse to 

adaptive control is in most cases unavoidable. Adaptive fuzzy concept combines the robustness of fuzzy logic 

systems and the adaptation capabilities of adaptive control. Adaptive fuzzy controllers (AFC) provided an attracting 

approach to obtain the fuzzy parameters of a FLC by using a tuning algorithm. Model reference adaptive fuzzy 

control (MRAFC) technique has been applied usefully to control induction motor drives [9-11]. 

https://creativecommons.org/licenses/by-sa/4.0/
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Type-2 fuzzy logic is an extension of type-1 fuzzy logic; it was introduced by Jerry M. Mendel [12] 

as an efficient tool which can outperform type-1 fuzzy logic in many situations, especially when uncertainties 

are present. Type-2 fuzzy logic was applied in many engineering areas, and the first application in adaptive 

control was proposed in [13, 14] where the authors gave how a type-2 fuzzy system can be used as a control 

system. Two approaches may be considered to reduce the computational burden while preserving  

the performance and the advantages of a type-2 fuzzy system: 1) Using a faster type-reduction method. 

Several algorithms are being developed for this purpose, including the modified enhanced Karnik-Mendel 

(MEKM) method [15], enhanced Karnik-Mendel (EKM) method, the enhanced iterative algorithm with stop 

condition (EIASC) method and many other methods reported in [16]. 2) Using a simple architecture with  

a reduced number of membership functions and rules. 

This paper develops a new indirect adaptive type-2 fuzzy controller (IAFC) for induction motors 

based on MEKM algorithm. The proposed scheme is based on the use of two controllers, the first one 

determines the feedback control by using type-2 fuzzy logic systems, and the second one generates  

the supervisory control (SC) action to stabilize the whole system when it tend to be unstable. The rest of  

the paper is organized as follows. Section 2 describes briefly induction motor model and its vector control. 

Problem formulation is given in section 3. In section 4 we propose the design of the type-2 fuzzy logic 

controller. Parameters adaptation is described in section 5. Application to an induction motor and simulation 

results are presented in section 6. Finally, the conclusion is given in section 7. 

 

 

2. INDUCTION MOTOR AND VECTOR CONTROL 

The dynamic behaviour of an induction machine in dq synchronous reference is described by:  

 

2

2

1
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where uds, uqs are d- and q-axis stator voltages; ids, iqs are d- and q-axis stator currents; dr, qr are d- and q-axis rotor 

flux linkages; s, r are stator angular frequency and rotor electrical angular speed; Rs , Rr are stator and rotor 

resistances; Ls, Lr and Lm are stator inductance, rotor inductance and mutual inductance; r r rT L R   

is the rotor time constant;  is the total leakage factor 21 / ( )m s rL L L   ; Te, TL  are electromagnetic torque 

and load torque; p is the number of poles; J is the inertial moment of the motor; and B is viscous friction 

coefficient. The produced electromagnetic torque can be written in terms of stator currents and rotor fluxes as: 
 

( )m

e qs dr ds qr

r

pL
T i i

L
    (6) 

 

The decoupling control of torque and rotor flux can be obtained using the vector control technique [1, 3].  

In the rotor flux oriented vector, the flux is oriented to the d axis, so that 
𝑞𝑟

= 0, and kept at a constant rated value 

dr=r. At steady-state, slip angular frequency can be expressed as: 
 

m r qs

sl s r

r r

L R i

L
  


    (7) 

 

the generated motor torque Te (6) is reduced to a linear function of the torque current component iqs: 
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m r

e qs

r

pL
T i

L


  (8) 

 

the application of vector control in the current model of IM leads to the following equations: 

 

mr r

ds

r r

Ld
i

dt T T

 
    (9) 

 

30 30m r

qs L

r

pLdN B
N i T

dt J JL J



 
     (10) 

 

where r is the rotor flux, N is the motor speed expressed in revolution per minute and (ids, iqs) are  

the components of stator current. 

 

 

3. PROBLEM FORMULATION 

Consider the first order nonlinear dynamical system of the form: 

 

( ) ( )x f x g x u d

y x

  



 (11) 

 

by comparing (9) and (10) with (11) we have: For the flux model, x  represents the flux r , r rf T  , 

m rg L T , dsu i , and the external perturbation 0d  ; For the speed model, x  represents the speed N , 

f BN J  , 30 m r rg pL JL  , u=iqs, and 30 Ld T J  . Note that the state r  is estimated by (9),  

and we assume that the speed is available for measurement. 

The control objective is to find a feedback control law u  such that to make the state ( )x t  track  

a given desired bounded reference trajectory ( )my t .It is known that if the plant model is not known, it is 

intuitively reasonable to replace it by an estimated model and use this model for designing the controller. 

This is the basic idea of an indirect adaptive controller, in which the controller is designed based on  

an estimated model of the plant assuming this model is the true model of the plant, and the estimated model 

parameters are updated by an on-line algorithm. If the plant dynamics of (11) is known, i.e., f  and g  are known  

and the system is free of external disturbance d , we can solve the control problem stated above by the so-called 

feedback linearization method. In this method, f  and g  are used to construct the following feedback controller: 

 

 
1

( ) ( )
( )

mu f x y t ke
g x

     (12) 

 

where ( ) ( ) ( )me e t y t y t    is the tracking error, and k is chosen such that the root of the polynomial 

( )h s s k   is in the open left-half of the complex plane. Applying the control law given in (12) to  

the system given in (11) we obtain the following error dynamics: 

 

0e ke   (13) 

 

where the main objective of the control is lim ( ) 0
t

e t


 . However, since f  and g  are unknown, we cannot 

use them for constructing the control law given by (12). Therefore, in the following, we replace them by their 

estimates f̂  and ĝ  to construct an adaptive controller: 

 

1 ˆ( / , ) ( / ) ( )
ˆ( / )

c c f g f m

g

u u x f x y t ke
g x

  


     
 

 (14) 

 

where θf and θg are parameters of the approximating systems f̂  and ĝ , respectively. 
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Figure 1 shows a bloc diagram of control structure based on IFOC induction motor fed by a current-

controlled PWM voltage-source inverter. The procedure of hysteresis current control used here consists  

of a comparison between the current errors against a fixed hysteresis band. The system uses two control 

loops: flux control and speed control to yield Ids and Iqs which represent the controlled flux and torque 

components respectively. In order to maintain the stator current in acceptable range, the current inputs  

(Ids, Iqs) are transformed into limited inputs (I*
ds, I*

qs). The instantaneous three-phase reference current  

(i*
as, i*

bs, i*
cs) is obtained from the dq stator current (I*

ds, I*
qs) by applying the inverse Park transform. 

 

 

 
 

Figure 1. Structure of indirect vector-controlled induction motor drive 

 

 

3.1. Type-2 fuzzy logic system design 

Figure 2 depicts the structure of a type-2 FLS; it is quite similar to a type-1 FLS, the only difference 

being that the antecedent and/or consequent sets in a type-2 FLS are type-2. There are five principal parts in  

a type-2 FLS: fuzzifier, rule base, inference engine, type-reducer and defuzzifier. The type-2 fuzzy rule base 

consists of a collection of IF-THEN rules in the following form: 

 

1 1: ... ,i i i i

n nR IF x is F and and x is F THEN y is G  (15) 

 

where i

jF  are antecedent type-2 sets ( 1,2,...,j n ), y Y  is the output, 
iG  are consequent type-2 sets,  

and 1,2,...,i M , and M is the total number of rules.  

 In an interval type-2 FLS with meet under minimum or product t-norm, the firing interval 

[ , ]i i iW w w  of the thi rule is an interval type-1 set, which is determined by its left-most and right-most 

points iw  and 
iw  such that: 

 

1
1( ) ( )i i

n

i

nF F
w x x    (16) 

 

1
1( ) ( )i i

n

i

nF F
w x x    (17) 
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Figure 2. The structure of a type-2 FLS, with its two outputs: type reduced set and crisp defuzzified value 

 

 

Type reduction was proposed by Karnik and Mendel [17]. It is an extension of type-1 

defuzzification method. There exist many kinds of type-reduction [15, 16, 18, 19], and in our work we 

propose the introduction of MEKM type-reduction method proposed in [17] in the control framework. Let’s 

call centre of sets (cos) the output result of the type reduction process. In this paper, we propose to apply 

type-2 FLSs to obtain the estimates f̂  and ĝ  for each of flux and speed controllers. The antecedent type-2 

membership functions i
jF

  will be fixed as shown in Figure 3, and the consequent sets which are  

the adjustable parameters will be considered as type-1 centroids. Since f̂  and ĝ are type-2 fuzzy logic 

systems, their output sets (type-reduced sets) 
cosF and 

cosG calculated by the centre of sets method will be 

given as follows: 

 

1 1

1 1 1

cos

1

ˆ ( ,..., , ,..., ) ... ... 1/
M M

f f f f

M
i i

f f
M M i

f f f f M
iw w
f

i

w

F W W

w 



  






   


 (18) 

 

1 1

1 1 1

cos

1

ˆ ( ,..., , ,..., ) ... ... 1/
M M

g g g g

M
i i

g g
M M i

g g g g M
iw w
g

i

w

G W W

w 



  






   


 (19) 

 

where wi
f and wi

g are the firing intervals corresponding to the 
thi  rule of the type-2 FSs f̂  and ĝ , 

respectively, θi
f and θi

g are the free parameters of the type-2 FSs f̂  and ĝ , respectively. Since each set on 

the right-hand side of (18) and (19) is an interval type-1 set, hence 
cosF̂  and 

cosĜ  are also an interval type-1 

sets. So, to find 
cosF̂  and 

cosĜ , we just need to compute the two end points of these intervals. 

 

 

 
 

Figure 3. Antecedent type-2 membership functions 
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In [20-23] only one type-1 vector of fuzzy basis functions ξ(x) was used to obtain f̂  and ĝ  

simultaneously. Unfortunately, this does not carry over to type-2 FLSs, due to that type-reduction will give 

for each f̂  and ĝ  two different vectors of fuzzy basis functions. Next we will show how type-2 fuzzy logic 

will associate with every f̂ and ĝ  a self vector of fuzzy basis functions ξf(x) and ξg(x), respectively. For any 

value of 
cos

ˆ ˆf F  and for any value of
cos

ˆĝ G , f̂  and ĝ  can be represented as: 
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1
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M
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f f
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i
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f

w
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
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
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g g
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M
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g
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g

w
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





 (20) 

 

respectively. The maximum values of f̂  and ĝ  are ˆ
rf  and ˆ

rg  respectively, and the minimum values of f̂  

and ĝ  are ˆ
lf  and ˆ

lg  respectively. In the centre of sets (cos)-type reduction method Karnik and Mendel [18] 

have shown that the two end points of 
cosF̂ , ˆ

lf  and ˆ
rf  depend only on a mixture of 

i

fw  or i

fw  values, since 

[ , ]i i i

f f fw w w . In the same manner, the two end points of 
cosĜ , ˆ

lg  and ˆ
rg  depend only on a mixture of i

gw  

or i

gw  values, since [ , ]i i i

g g gw w w . In this case, ˆ
lf , ˆ

rf , ˆ
lg  and ˆ

rg  can each be represented as a vector  

of fuzzy basis functions (FBF) expansion, i.e., 
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where i

flw  is the firing strength membership (either i

fw  or i

fw ) contributing to the left-most point ˆ
lf , s.t: 
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i

fli

fl M
i

fl

i

w
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
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are the components of the first FBF vector ( )fl x  of f̂ , i.e., 
1( ) [ ,..., ]T M

fl fl flx    and 1[ ,..., ]T M

f f f    is  

the parameter vector of the type-2 FLS f̂ . Similarly, 
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where i

frw  denotes the firing strength membership gradcontributing to the right-most point ˆ
rf  and: 

 

1

i

fri

fr M
i

fr

i

w

w
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
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are the components of the second FBF vector ( )fr x  of f̂ , i.e., 
1( ) [ ,..., ]T M

fr fr frx   . Similarly, we have for 

ĝ  two FBF vectors 
1( ) [ ,..., ]T M

gl gl glx    and 
1( ) [ ,..., ]T M

gr gr grx    such that: 
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where 1[ ,..., ]T M

g g g    is the parameter vector of the type-2 FLS ĝ ,  
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1

i
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To obtain a crisp outputs from the type-2 FLSs f̂  and ĝ , we must defuzzify the type-reduced sets 

cosF̂  and cosĜ . Since these type reduced sets are interval sets, therefore, the defuzzified output of f̂  will be 

the average of ˆ
lf  and ˆ

rf , and the defuzzified output of ĝ  will be the average of ˆ
lg  and ˆ

rg  i.e., 

 

ˆ ˆ
ˆ

2

l rf f
f


 , 

ˆ ˆ
ˆ

2

l rg g
g


  (28) 

 

Replacing (21), (23), (25), and (26) into (28) we obtain: 
 

ˆ ( )
2 2

T T

f fl f fr fl frT T

f f ff x
     

  
  
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ˆ ( )
2 2

T T

g gl g gr gl grT T

g g gg x
     

  
  

   
 

 (30) 

 

where 2f fl fr     is the average FBF vector of f̂ and 2g gl gr     is the average FBF vector of ĝ . 

In order to compute fl  and fr  ( gl  and gr ), we need to compute 
i

flw  and 
i

frw , 1,2,...,i M  (
i

glw  and 

i

grw , 1,2,...,i M ). This can be done using the computational method given in [13-14]. The crisp values of 

f̂  and ĝ  can be obtained either by (28), or by using the FBFs ( )f x  and ( )g x , respectively, as shown in 

(29) and (30). Recall that the above method is applied independently to estimate the functions f̂  and ĝ  for 

both flux and speed models. 

 

 

4. PARAMETERS ADAPTATION 

Here, we will develop the IAC-based type-2 fuzzy controller with supervisory control scheme. 

Applying (14) to (11) and after straightforward manipulation, we obtain the error equation: 
 

   ˆ ˆ( / ) ( ) ( / ) ( )f g ce ke f x f x g x g x u d         (31) 

 

we know that there exists a unique positive constant p  which satisfies the Lyapunov equation: 

 

kp pk q     (32) 

where q  is an arbitrary positive constant. Let 
21

2
eV pe , then using (30) and (32) we have: 
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   21 ˆ ˆ[ ( / ) ( ) ( / ) ( ) ]
2

e f g cV qe pe f x f x g x g x u d         (33) 

 

then, we must have 0eV   when eV  is greater than a large constantV , however, from (33) we see that it is 

very difficult to design the cu  such that the last term of (33) is less than zero. We solve this problem by 

appending another control term (supervisory control) su  to the cu . So, the final control becomes 

 

c su u u   (34) 

 

this additional control term is called a supervisory control. The purpose of this supervisory control su  is to 

force 0eV  when 
eV V . Substituting (34) into (11) and after some manipulations to force eV  to be 

negative, we obtain the following supervisory control:  
 

1 ˆ ˆsgn( )
( )

0

T U U

c c c m

L

es

e

e Pb f f gu g u d
g x

if V Vu

if V V

       



 


 

 (35) 

 

where ( )Uf x  an upper bound of f, ( )Ug x  and ( )Lg x are an upper and an lower bounds of g, respectively 

and md  is the upper bound of a perturbation d . Next, we replace f̂  and ĝ  by the type-2 fuzzy logic 

systems given in (29) and (30). In order to adjust the parameters f  and g  in the type-2 fuzzy logic systems, 

we derive the following adaptive laws: 
 

1 ( )f fep x     (36) 

 

2 ( )g g cep x u     (37) 

 

 

5. SIMULATION RESULTS 

To prove the effectiveness of the developed controller, simulations on an IM have been carried out. 

The overall control system which has been simulated is shown in Figure 1. The three-phase induction motor 

is characterized by the parameters shown in Table 1. The current-controlled inverter is fed by 514 V DC 

voltages, and the hysteresis bandwidth of stator current is fixed to 0.1A. We admit that the influence  

of the flux on the dynamic of the speed is neglected. In this case, the bounds Uf , Ug  and Lg  for each 

controller are chosen in according with (9) and (10) as follows: 

‒ Speed controller bounds: 
 

30
, 1.1 , 0.9

ref

u u m r

L

r

pLf
f N g g g g with g

J JL




       (38) 

 

‒ Flux controller bounds: 
 

1.1 , 1.1 , 0.9
est

u u mr

L

r r

L
f g g g g with g

T T


       (39) 

 

The desired flux and speed tracking are involved with regulator coefficients tuned by trial and error 

to the values given in Table 2. The speed response and the speed reference (1000 rpm) are depicted in Figure 

4(a), which shows good performances in tracking and an excellent load charge rejection caused by  

the applied load torque shown in Figure 4(b). The corresponding electromagnetic torque response is 

generated, as shown in Figure 4(c), to compensate the load charge and to keep speed regulation, see also 

current of phase an in Figure 4(d). In Figures 4(e)-(f), it can be seen that the flux is well oriented along  

the d-axis of the synchronous frame and controlled to have a constant value.  
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Table 1. Induction motor parameters 
Induction Motor 1.5 kW, 220/380 V, 50HZ 

Rs 

Rr 
Ls 

Lr 

Lm 
J 

B 

P 

4.850  

3.805  
0.274 H 

0.274 H 

0.258 H 
0.031 Kg m2 

0.080 N m s 

2 

 
 

Table 2. Control coefficients 
 q k p Mf Mg f g Vt 

Flux controller 10 80 0.00625 15 4 3.75 0.4 0.0001 
Speed  controller 10 50 0.1 400 640 4 6.4 0.1 

 

 

 
(a) 

 
(b) 

  

 
(c) 

 
(d) 

 

 
(e) 

 
(f) 

 

Figure 4. Flux-speed responses of induction motor, (a) Motor speed, (b) Applied load torque,  

(c) Electromagnetic torque, (d) Phase current, (e) Rotor flux, (f) d and q fluxes 
 

 

 In spite of these sudden changes, the controllers continue to work very well, where we see in 

Figures 5(a)-(b) the speed and flux tracking errors converge to zero in the steady states. It’s clear from 

Figures 5(c)-(d) that the supervisory control actions of the two controllers were activated many times in order 

to stabilize the closed-loop system. Simulation results show that the speed and flux type-2 AFC yield 

excellent dynamic performances for an induction motor drive and they assure the insensitivity to the working 

conditions. In order to evaluate the insensitivity to the parameters variations of the proposed controller, we 

keep the same load torque shown in Figure 4(b) and at the same time. 

We increase the rotor resistance values with 50% at time 1 sec and 100% at time 2 sec as shown in 

Figure 6(a). It is clearly shown from Figures 6(b)-(c) that the speed and its corresponding tracking  

errors converge to zero and stay small. Note also that fluxes responses are very satisfactory as shown in 

Figures 6(d)-(f). To evaluate the performances of our approach, we will compare it with two other 

techniques: an optimized PID controller and a type-1 version of the proposed method. The parameters of  

the PID controller (Kp, Kd and Ki) are optimized by particle swarm optimization (PSO) technique as 

explained in [24]. During optimization simulations, swarm populations are set to 20 particles and its 

coefficients w , 
1c  and 

2c  are set to 0.8, 1 and 1.5, respectively [24]. 



         ISSN: 2252-8792 

Int J Appl Power Eng, Vol. 9, No. 3, December 2020:  205 – 217 

214 

 
(a) 

 
(b) 

  

 
(c) 

 
(d) 

 

Figure 5. Flux-speed errors tracking and control actions, (a) Speed tracking error, (b) Flux tracking error,  

(c) s-current control input, (d) d-current control input 

 

 

 
(a) 

 
(b) 

  

 
(c) 

 
(d) 

 

 
(e) 

 
(f) 

 

Figure 6. Robustness tests under parametric variations, (a) Rotor resistance variation, (b) Rotor speed, (c) 

Speed tracking error, (d) Rotor flux, (e) d and q fluxes, (f) Flux tracking error 
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The type-1 version of our type-2 adaptive fuzzy controller is obtained just by eliminating the lower 

membership functions form the type-2 membership functions represented in Figure 4 which gives us a type-1 

membership functions, and then the type reducer bloc is eliminated as shown in Figure 2. Note that  

the presented type-2 fuzzy adaptive controller gives more accurate rotor speed compared to the PID and  

the type-1 fuzzy controllers as shown in Figure 7. For quantitative comparison purposes, the performance of 

the proposed method is evaluated by using the MSE (mean square error) criterion between the reference 

speed Nref and the actual rotor speed N as follows: 

 

 
2

1

1
( )

K
ref

i

MSE speed N N
K 

   (40) 

 

We show in Table 3 the corresponding MSEs (speed) for the three controllers where we confirm  

the superiority with respect to precision of the proposed controller over the PID and type-1 fuzzy controller. 

To compare the amount of energy needed by the three controllers, let’s define the MSE of the torque with 

respect to zero torque as follows: 

 

 
2 2

1 1

1 1
( ) 0

K K

e e

i i

MSE torque T T
K K 

     (41) 

 

The formula (41) can be used as a measure of the control effort. According to (41), we see in Table 3 

that the motor torque reach its minimum values with our type-2 fuzzy controller, which is a proof that our 

proposed controller can achieve better performances (MSE speed) with minimum energy (MSE torque).  

To confirm more the efficiency of the proposed method, let’s check it with a very big challenge which is  

the zero speed (low speed) tracking. In this case, a reference speed of 20 rpm is applied, and the obtained 

results are depicted in Figure 8, where we clearly see the high performances of the type-2 fuzzy adaptive 

controller over its type-1 counterpart and the PID controller (very big ripples in the case of PID and type-1 

fuzzy controllers but small ripples with the type-2 fuzzy controller). This fact is confirmed numerically  

in Table 4. 

 

 

 
 

Figure 7. Superposition of the speed responses of PID, type-1 fuzzy and type-2 fuzzy controllers 

 

 

Table 3. Comparative table 
 PID Type-1 Typ-2 

MSE (Speed) 6.7135*106 2.6960*106 8.3731 *105 

MSE (Torque) 8.8842*106 8.1005*106 8.0135*105 
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Figure 8. Superposition of the speed responses of PID, type-1 fuzzy and type-2 fuzzy controllers  

in low speed case 
 

 

Table 4. Comparative table in low speed 
 PID Type-1 Typ-2 

MSE (low Speed) 3.6215*104 1.7925*104 1.0466*103 

 

 

6. CONCLUSION 

In this investigation, an indirect adaptive fuzzy controller based on type-2 fuzzy systems with  

a supervisory controller has been designed and applied to the control of an induction motor drive. Based on 

Lyapunov synthesis approach, the free parameters of the type-2 fuzzy adaptive controller can be tuned  

on-line by an adaptive law. It has been shown that the proposed controller can provide the properties  

of insensitivity to uncertainties and external disturbances. Simulation results showed that our proposed 

approach is very effective to control an induction motor. The superiority of our algorithm over other 

techniques like PID control and type-1 fuzzy adaptive controller was confirmed by a short comparative study. 
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