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ABSTRACT: This paper presents the fuzzy based MRAC and sliding mode controls for Indirect vector controlled 
induction motor drive. In high performance AC drives the motor speed should closely match with the specified 
reference speed irrespective of the variations in the load, motor parameters and model uncertainties. Soft computing 
technique – Fuzzy logic is applied in this paper for the speed control of induction motor to achieve maximum torque 
with minimum loss. The fuzzy logic controller is implemented using the Field Oriented Control technique as it provides 
better control of motor torque with high dynamic performance. The proposed adaptive controller takes advantage of 
Model reference adaptive control and fuzzy logic control. An integrated mathematical model of the control scheme has 
been developed and simulated in MATLAB for Indirect vector control of an Induction motor. The simulated 
performances of the FL-MRAC slip gain tuner based IVCIM drive is compared to fuzzy based sliding mode controller. 
Simulation results conclude that the proposed Fuzzy based controller showed increased dynamic performance. 
 
KEY WORDS:  Induction motor, Field Oriented Control, Fuzzy logic Controller, Model reference adaptive control 
(MRAC) and Sliding Mode Control. 

I. INTRODUCTION 

 
AC Induction motors are being applied today to a wider range of applications requiring variable speed. field-

oriented control technique has been widely used in industry for high-performance induction machine (IM) drive, where 
the knowledge of synchronous angular velocity is often necessary in the phase transformation for achieving the 
favorable decoupling control. However the speed control of the induction motors are not simple difficulties due to its 
complex and nonlinear mathematical model which involves parameters that vary with temperature, frequency and other 
operating conditions. The variations of parameters have significant effect on the accuracy of control speed and torque 
and other operating performance of the motor. It is therefore essential to optimize the motion control performance by 
designing intelligent adaptive controller based on fuzzy logic, neural network and expert systems; so that torque and 
flux have dynamic ideal response in high performance AC drives. 

 
Advanced control based on artificial intelligence technique is called intelligent control. Intelligent control, act 

better than conventional adaptive controls. Fuzzy logic is a technique to embody human-like thinking into a control 
system. Fuzzy control has been primarily applied to the control of processes through fuzzy linguistic descriptions. The 
motor-control issues are traditionally handled by fixed gain proportional-integral (PI) and proportional-integral 
derivative (PID) controllers. However, the fixed-gain controllers are very sensitive to parameter variations, load 
disturbances, etc. Thus, the controller parameters have to be continually adapted or tuned. The problem can be solved 
by several adaptive control techniques such as model reference adaptive control (MRAC), sliding-mode control (SMC) 
variable structure control (VSC), and self-tuning PI controllers, etc. In this paper, fuzzy based sliding mode control and 
fuzzy based MRAC are proposed and the dynamic responses of vector controlled induction motor with the proposed 
controllers are compared. The basic concept of Mathematical Modeling of the induction motor is in Section 2. Field 
oriented control of induction is in section 3. The basic concept of sliding mode control and MRAC and a brief 
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description of controllers are in Section 4. In section 4, the fuzzy based controller is proposed. Also the adaptive fuzzy 
based sliding mode control and fuzzy based MRAC are proposed. Simulation results are shown in Section 5. Finally, 
the paper is concluded in Section 6.  

 
II. INDUCTION MOTOR MODELING 

 
An Induction Motor of uniform air gap, with sinusoidal distribution of mmf is considered and the dynamic model [2] 

of the induction motor is derived by transforming the three phase quantitiesinto two phase direct and quadrature axes 
quantities. The equivalence between the three-phase and two-phase machine models [1] is derived from the concept of 
power invariance: the power must be equal in the three phase machine and its equivalent two-phase model. The d and q 
axes mmfs are found by resolving  the mmfs of the three phases along the d and q axes. The mathematical model of the 
3-phase IM could be represented by an equivalent 2-phase, where ds, qs, dr and qr correspond to the stator, rotor, direct 
and quadrature axes, respectively. The stator voltage equations formulated from stationary reference frame and the 
rotor voltage equations formulated to the rotating frame fixed to the rotor.The 3-phase stator and rotor voltage 
equations written in vector-matrix can be further transformed into 2-phase stator and rotor voltage equations using the 
well-known Park's transformation. The 3-phase stationary reference frame variables as-bs-cs are transformed into 2-
phase stationary reference frame variables (ds–qs). Furthermore, these 2-phase variables are transformed into 
synchronously rotating reference frame variables (de–qe) and vice-versa. 
 
The stator circuit equations can be modeled as follows: 

s s s
qs s qs qs

dv R i
dt
 

-     --------   (2.1)

 

 

s s s
qs s ds qs

dv R i
dt
 

     --------   (2.2)

 

 
Equations (2.1) and (2.2) are further converted into de– qe frame. The flux linkage expressions in terms of the currents 
can be written as 

( )qs ls qs m qs qrL i L i i   
               --------   (2.3)

 

( )qr lr qr m qs qrL i L i i   
               --------   (2.4)

 

( )qm m qs qrL i i  
                                --------   (2.5)

 

( )ds ls ds m ds drL i L i i   
               

-------   (2.6)

 

( )dr lr dr m ds drL i L i i   
              

--------   (2.7)

 

( )dm m ds drL i i  
         

                       -------   (2.8)

 

Using above equations in voltage equations, the electrical transient model of the IM in terms of v and i is given in 
matrix form. The development of torque is also very important in the modeling of IMs. The speed ωr cannot be treated 
as a constant and is related to the torques as 

http://www.ijareeie.com


 
ISSN (Print)  : 2320 – 3765 
ISSN (Online): 2278 – 8875 

 
International Journal of Advanced Research in  Electrical, 

Electronics and Instrumentation Engineering 
(An ISO 3297: 2007 Certified Organization) 

Website: www.ijareeie.com 

Vol. 6, Issue 6, June 2017 
 

Copyright to IJAREEIE                                                      DOI:10.15662/IJAREEIE.2017.0606087                                             5096          

2 r
e L m L

ddT T j T J
dt P dt


   

 -------   (2.9) 
where TL is the load torque, J is the rotor inertia and ωm is the mechanical speed of the IM. Resolving the variables into 
de–qe components, we obtain 

 3
2 2e dr qr qr dr

PT i i     
                 -------   (2.10)

 

 
The dynamic machine model in stationary frame can be derived simply by substituting ωe= 0 .  The corresponding 
stationary frame equations are given as follows: 

s s s
qs s qs qs

dv R i
dt

 
                                        -------   (2.11)

 

s s s
ds s ds ds

dv R i
dt

 
                                       -------   (2.12)

 

0 s s s
r qr qr r dr

dR i
dt

    
             -------   (2.13)

 

0 s s s
r dr dr r qr

dR i
dt

    
             -------   (2.14) 

The torque Equations can also be written with the corresponding variables in the stationary frame as follows: 

 3
2 2

s s s s
e dr qr qr dr

PT i i     
       -------   (2.15)

 

 
The equations (1) and (15) form the mathematical model equations of a three phase induction motor. 
 

III. VECTOR CONTROL OR   FIELD ORIENTED CONTROL (FOC) 
 

The Vector Control or Field Oriented Control is used to control Induction motor like a dc motor. Using vector 
control strategy, the torque and flux components can be controlled independently like dc motor. The basic principles of 
vector control can be explained with the help of dynamic model of induction motor where we need to convert 3Φ 
quantities into 2-axes system by 3Φ/2Φ transformation called d-q machine model.There are two methods of vector 
control, Direct Vector Control method & Indirect Vector Control (IFOC) method. In indirect vector control strategy 
rotor flux vector is estimated using the field oriented control equations requiring a rotor speed measurement. Due its 
implementation simplicity, Indirect Vector Control method is more popular than Direct Vector Control in industrial 
applications.  
 
3.1 INDIRECT FIELD ORIENTED CONTROL (IFOC) 

In the Indirect Vector Control method, by  using summation of rotor speed and slip frequency, the rotor flux angle is 
calculated. Hence the unit vectors are obtained indirectly. Then the d-q axis currents are obtained from the torque and 
flux producing components of stator current. 

 e e r st r stdt dt           ----- (3.1) 
The rotor circuit equations 

0dr mr
dr r ds sl qr

r r

d LR R i
dt L L


     
----- (3.2)
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0qr mr
qr r qs sl dr

r r

d LR R i
dt L L


     
----- (3.3) 

For decoupling control  Ψqr = 0 ,So the total flux Ψ r  directs on the d
e axis. Now from equations 3.1 and 3.2, we get 

dr mr
r ds

r r

d LL i
R dt L


 

                                       
---- (3.4) 

As well , the slip frequency can be calculated as 

qsm r r
sl qs

r r r ds

iL R Ri
L L i




 
                                   

---- (3.5) 

The slip gain is 

sl m r
s

qs r r

L RK
i L






 
                                                

---- (3.6) 

It is found that the ideal decoupling can be achieved if the above slip angular command is used for making field orientation. The constant flux Ψ r  

and  Ψr 
I
= 0can be substituted in equation 3.4 , so that rotor flux sets as 

r m dsL i 
                                                                      ---- (3.7) 

The electromechanical torque developed is given by 

3
2 2

m
e r qs

r

LPT i
L


                                                  

---- (3.8) 

 
IV. CONTROLLERS DESIGN 

 
Speed controller is necessary to control the speed of the induction motor drive. Design of this speed controller 

greatly affects the performance of the electric drive. PI controllers are the most commonly used speed controllers 
before the introduction of fuzzy controller. Design and tuning of the fuzzy based controllers are defined in this section. 

4.1    FUZZY LOGIC CONTROLLER 
Fuzzy Logic implementation requires no exact knowledge of a model. The block diagram of a FLC is shown in Fig. 

4.  
 

 
 

It involves the use of the concept of fuzzy subset and rule based modeling. By permitting certain amount of 
imprecision, complex solutions are modeled with ease. 
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4.2 PROPOSED ADAPTIVE FUZZY CONTROL SCHEMES 

4.2.1   Fuzzy based SLIDINGMODE CONTROL BASIC CONCEPT 
The basic principle of the sliding mode control consists in moving the state trajectory of the system toward a surface 

S(X ) = 0 and maintaining it around this surface with the switching logic function Un . The basic sliding mode control 
law is expressed as. 

 
ࢉࢁ = +ࢗࢋࢁ  (4.1) -----      ࢔ࢁ

 
This expression uses two terms, Ueq and Un . Ueq : is determined off line with a model that represents the plant 
asaccurately as possible. It is used when the system state is in the sliding mode. The term Un : is a sign function 
defined as Un= k sgn(S(X)), where 

൯(ࢄ)ࡿ൫࢔ࢍ࢙ = ൜ 				૚,						ࢌ࢏					ࡿ(࢞) 	< 0
	−૚,						ࢌ࢏			ࡿ(࢞) 				> 0     ----- (4.2) 

 
This will guarantee that the state is attracted to the switching surface by satisfying the Lyapunov stability criteria . 

̇(࢞)ࡿ(࢞)ࡿ < 			0        ----- (4.3) 
 

This strategy enforces the system trajectory to move toward and to stay on the sliding surface from any initial 
condition.Using a sign function often causes chattering in practice. One solution to reduce chattering is to introduce a 
boundary layer around the sliding surface [5], [6]. This is expressed by: 
 

࢔ࢁ = ൝
࢑
ԑ
|(࢞)ࡿ|ࢌ࢏																		,(࢞)ࡿ < ԑ

,൯(࢞)ࡿ൫࢔ࢍ࢏࢑࢙ |(࢞)ࡿ|ࢌ࢏ > ԑ
   ------ (4.4) 

 
with k , a positive coefficient and ԑ, the thickness of the boundary layer. However, a small  value of  S might produce a 
boundary layer so thin that it can excite high frequency dynamics. 
 
4.2.1.1    IM SLIDING MODE CONTROL 
 
The ‘d’ axis, has the stator current component (Ids) loop and the ‘q’ axis allows the control stator current component 
(Iqs), whereas the external loop provide the regulation of the speed. 
 
A. Speed SMC 
 

Under field oriented assumptions, the electromagnetic torque can be expressed as: 
 

	ࢋࢀ = 	 ࢓࢒	ࡼ
࢘࢏ା࢓࢒

∗ࣘ(࢙ࢗࡵ)
࢘				 =  (4.5) -------     ࢙ࢗ	ࡵ		ࢀ࢑	

 
Basically, the control law for Tm_ is divided into two parts: equivalent control Um9 which defines the control action 

when the system is on the sliding mode and switching part U: which ensures the existence condition of the sliding 
mode. If the friction kf is neglected expressions for Ueq and Us can be written as: 

൜ 					ࢗࢋࢁ = (࢚)ࢋ࢑				
			࢙ࢁ	 =  (4.6) -------        ((࢚)࢙)࢔ࢍ࢏࢙ࢼ−		

To guarantee the existence of the switching surface consider a Lyapunov function [6, 9]: 
 

૚  = (࢚)ࢂ           
૛
 ૛(࢚)              ------- (4.7)	ࡿ		
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Based on Lyapunov theory, if the function VG_t_ is negative definite, this will ensure that the system trajectory will be 
driven and attracted toward the sliding surface s(t) and once reached, it will remain sliding on it until the origin is 
reached asymptotically. 
 

൫࢙(࢚)൯࢔ࢍ࢏࢙ࢼ− } S(t) = ࡿ̇(࢚)ࡿ − {(࢚)ࢊ 	≤ ૙  ------ (4.8) 
To ensure that above function will be always negative definite, the value of the hitting control gain β should be 
designed as the upper bound of the lumped uncertainties d(t), i.e. 
  

	ࢼ ≥ 	  (4.9) --------   |(࢚)ࢊ|
Therefore the speed control law defined previously will guarantee the existence of the switching surface s(t) 

and when the error function e(t) reaches the sliding surface, the system dynamics will be governed by equation which is 
always stable . Moreover, the control system will be nsensitive to the uncertainties Oa, Ob and the load disturbance Tw. 
The use of the sign function in the sliding mode control will cause high frequency chattering due to the discontinuous 
control action which represents a severe problem when the system state is close to the sliding surface. To overcome this 
problem an approach which combines FL with SM is used. The saturation function is replaced by a fuzzy inference 
system to smooth the control action. The membership functions for the input and output of the FL controller are 
obtained by trial error to ensure optimal performance. 
 
B. Current SMCs 

(࢙ࢗࡵ)ࡿ = ∗࢙ࢗࡵ) −  (࢙ࢗࡵ

(࢙ࢊࡵ)ࡿ = ∗࢙ࢊࡵ) −  (࢙ࢊࡵ

The control law development for each variable in sliding mode theory is deduced from the reaching condition () and is 
indicated below 
The current regulators laws in the ‘d’ axis and ‘q’ axis can be written as 
 
Current Sliding Mode Control Law of Iqs 

 
.(࢙ࢗࡵ)ࡿ (࢙ࢗࡵ)ࡿ̇ < 0 ⇒ ࡿ࢙ࢗࢂ = +ࢗࢋ_࢙ࢗࢂ  (4.10) -------             ࢔_࢙ࢗࢂ

 
ࢗࢋ࢙ࢗࢂ = +࢙ࢗࡵ࢙ࡾ +࢙ࢗࡵ࢙ࡵ ࣓࢙

࢙ࢊࡵ࢙ࡵ)	∗ + ߶∗
௥	)                 ------- (4.11) 

 

	࢔_࢙ࢗࢂ = ൝		
ࢗ࢑
ԑࢗ
|(࢙ࢗࡵ)ࡿ|				ࢌ࢏																		,(࢙ࢗࡵ)ࡿ < ԑݍ

|(࢙ࢗࡵ)ࡿ|		ࢌ࢏								൯(࢙ࢗࡵ)ࡿ൫࢔ࢍ࢏࢙ࢗ࢑ > ԑݍ
   ------ (4.12) 

Current Sliding Mode Control Law of Ids 
 

.(࢙ࢊࡵ)ࡿ (࢙ࢊࡵ)ࡿ̇ < 0 ⇒ ࡿ࢙ࢊࢂ = +ࢗࢋ_࢙ࢊࢂ  (4.13) -------                   ࢔_࢙ࢊࢂ
 

ࢗࢋ࢙ࢊࢂ = ࢙ࢊࡵ࢙ࡾ + ࢙ࢊࡵ࢙ࡵ +࣓࢙
∗	൫࢙ࢗࡵ࢙ࡵ+ ∗߶	࢘ࢀ

௥	࣓࢙࢒
∗	൯							    ------- (4.14) 

 

	࢔_࢙ࢊࢂ = ൝		
ࢊ࢑
ԑࢊ
|(࢙ࢊࡵ)ࡿ|				ࢌ࢏																		,(࢙ࢊࡵ)ࡿ < ԑࢊ

|(࢙ࢊࡵ)ࡿ|		ࢌ࢏								൯(࢙ࢊࡵ)ࡿ൫࢔ࢍ࢏࢙ࢗ࢑ > ԑࢊ
   ------ (4.15) 

 
To verify the system stability condition, the gains kd, kq, and ɛd, ɛq should be taken positive by selecting the 

appropriate values. This sliding mode functions introduce some undesirable chattering. Hence, we will substitute it by 
the fuzzy logic function. In order to reduce the chattering, two current FSMCs are added to FSMC of the speed outer 
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loop. These controllers are used under the same rules IF…THEN, max-min inference mechanism and center of gravity 
defuzzyfier. The FSMCs are chosen as follows 

 

ቊ	࢙ࢊࢂ
ࢌ 				= +ࢗࢋ_࢙ࢊࢂ		 	ࢌ_࢙ࢊࢂ

ࢌ࢙ࢗࢂ	 			= +ࢗࢋ_࢙ࢗࢂ		 ࢌ_࢙ࢗࢂ
   ------- (4.16) 

 
 .are calculated with the fuzzy sliding rules described up  ࢌ		_࢙ࢗࢂ  and  ࢌ	_࢙ࢊࢂ  
 
4.2.2 FUZZY LOGIC BASED MODEL REFERENCE ADAPTIVE CONTROL 
 
4.2.2.1 Fuzzy Logic Based Model Reference Adaptive Control with Slip Gain Tuner for IVCIM Drive: 
 

The MRAC method based on reactive power and stator d-axis voltage are combined together with a weighting 
factor which is generated by a fuzzy controller. The weighting factor ensures the dominant use of reactive power 
method in low speed high torque region whereas the d – axis voltage method is dominant in high speed low torque 
region (Gilberto C.D. Sousa et al.1993). A second fuzzy controller tunes the slip gain based on combined detuning 
error and its slope so as to ensure fast convergence at any operating point on torque-speed plane. The rule base matrix 
for the fuzzy logic controller generating detuning factor (Kf) is given in Table 2: It clearly shows that if speed is low 
(L) and torque is high (H) then weighting factor is high(H). 

 
 The reference model output is compared with that of adaptive model and the resulting error generates the 

estimated slip gain through a fuzzy controller. The objective is to provide an adaptive feedback control for fast 
convergence at any operating point, irrespective of the strength of error signal E and its derivative signal. 
From the de-qe model of IM, the stator equations are 
 

࢙ࢗࢂ = +࢙ࢗ࢏࢙ࡾ ࢊ
࢚ࢊ

 (ψqs) +	࣓ࢋ ψds     ------ (4.1.1) 

࢙ࢊࢂ = +࢙ࢊ࢏࢙ࡾ ࢊ
࢚ࢊ

 (ψds)	− ࣓ࢋ ψqs    ------ (4.1.2) 
 

At steady state condition under vector control, 
 

ࢊ
࢚ࢊ

 (ψqs)  = 0   ------ (4.1.3) 
ࢊ
࢚ࢊ

 (ψds)  = 0  ------ (4.1.4) 
 

Ψds = Ls ids   ------ (4.1.5) 
Ψds = Ls ids-࢓ࡸ	

࢘ࡸ
࢓ࡸ	࢙ࢗ࢏ = ቀ࢙ࡸ− ૛࢓ࡸ

࢘ࡸ
ቁ  (4.1.6) ------   ࢙ࢗ࢏

 
࢙ࢗࢂ =  Ls ids   ------ (4.1.7) ࢋ࣓

࢙ࢊࢂ = ࢋ࣓  − ቀ࢙ࡸ−
૛࢓ࡸ

࢘ࡸ
ቁ  (4.1.8) ------   ࢙ࢗ࢏

 
ࡽ ∗=  (4.1.9) ------   (reference)     ࢙ࢗ࢏	࢙ࢊࢂ − ids	࢙ࢗࢂ
ࡽ =  (4.1.10) ------  (actual)		࢙࢙ࢗ࢏	࢙࢙ࢊࢂ − ࢙࢙ࢊ࢏	࢙࢙ࢗࢂ

 
࢙ࢊࢂ = ࢋࣂ࢔࢏࢙	࢙࢙ࢗࢂ  (4.1.11) ------  (actual)			ࢋࣂ࢙࢕ࢉ	࢙࢙ࢊࢂ−

 
∗࢙ࢊࢂ = ∗࢙ࢊ࢏	࢙ࡾ ෞ	ࢋ࣓ −	  (4.1.12) ------   (reference) ∗࢙ࢗ࢏		࣌ࡸ 
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where cosθe and sinθe are the unit vector components. The loop errors are divided by the respective scaling factor to 
derive the per unit variable ΔQ and the ΔVds for manipulation by fuzzy controller. Fuzzy controller generates the 
corrective incremental slip gain ΔKs based on the combined detuning error E and its derivative CE as shown in figures 
4.1 and 4.2. Membership function for output variable is shown in figure 4.3. 

 
 

  
Fig   4.1 Membership function for error   Fig   4.2 Membership function for change in error 
  

  
 
Fig   4.3 Membership function for output           Table 1. Rule base matrix for fuzzy controller 
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Table 2. Rule base matrix for weighting factor (kf) 

 
V. SIMULATION RESULTS 

 
The performance of indirect vector control induction motor drive has been simulated in MATLAB environment 

using simulink. 
 

5.1 Simulation Model of Indirect Vector Control  
 

The model for indirect vector control induction motor drive is shown in the Figures below. The induction motor 
output results with fuzzy based MRAC controller and Fuzzy based sliding mode controller are obtained using 
simulation and are analyzed in Table.3. The results are shown in below figures5.2 and 5.4 

 
 

 
 

Fig 5.1. Simulation Model for Indirect Vector Control with Fuzzy based MRAC controller 
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Fig 5.2 Simulation results with Fuzzy based MRAC controller 
 

 
Fig 5. 3. Simulation Model for Indirect Vector Control with Fuzzy based SMC controller 

 

 
Fig 5.4 Simulation results with Fuzzy based SMC controller 

 
 

http://www.ijareeie.com


 
ISSN (Print)  : 2320 – 3765 
ISSN (Online): 2278 – 8875 

 
International Journal of Advanced Research in  Electrical, 

Electronics and Instrumentation Engineering 
(An ISO 3297: 2007 Certified Organization) 

Website: www.ijareeie.com 

Vol. 6, Issue 6, June 2017 
 

Copyright to IJAREEIE                                                      DOI:10.15662/IJAREEIE.2017.0606087                                             5104          

Controller Rise Time 
(sec) 

Settling 
Time 
(sec) 

Peak overshoot  
(%) 

Fuzzy based SMC 
 0.07 0.17 4.3 

Fuzzy based MRAC 
 0.05 0.15 3.8 

Table.3 Summary of Results 

VI.  CONCLUSION 

 
In this paper, the fuzzy based MRAC and fuzzy based sliding mode control of vector controlled induction 

motor drive are proposed and the performances are analyzed. From simulation results it was shown that the proposed 
the fuzzy based MRAC Controller is robust to external variations and has given satisfactory performances in speed 
response with no overshoot, rapid time response error and a good tracking reference speed. The decoupling between the 
stator flux and the torque (speed) is maintained with regard to the application of external load disturbance. The fuzzy 
based MRAC has shown superior performance than that of fuzzy based sliding mode control. The results obtained from 
simulation shows that the fuzzy based MRAC Controller has increased dynamic response and superior performance. 
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