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Abstract 

This paper presents a hybrid wavelet-fuzzy based multiresolution (MR) controller for robust speed control of 
induction motor. The discrete wavelet transform (DWT) is used to decompose the error between the actual speed 
and command speed of the induction motor drive in to different frequency components. A self-tuning fuzzy logic is 
used for online tuning of the controller parameters. The proposed controller has the ability of meeting the speed 
tracking requirements in the closed loop system. The complete indirect field oriented control scheme incorporating 
the proposed wavelet-fuzzy based MR controller is investigated theoretically and simulated under various dynamic 
operating conditions. Simulation results are compared with that of conventional PI controller and fuzzy based PI 
controller. The speed control scheme incorporating the proposed controller is implemented in real time using the 
digital processor (DSP) control board. Simulation and experimental results validates the effectiveness of the 
proposed controller over conventional controllers and proves to be more suitable for high performance applications. 

Keywords: Wavelet-fuzzy, Induction Motor, Robustness, Indirect Field Oriented Control. 

 

1. Introduction 

The induction motor is one of the most widely used 
machines in industrial applications today due to its high 
reliability, simple construction, relatively low cost and 
modest maintenance requirements. Earlier, DC motors 
were extensively used in industries for variable speed 
and position control applications. The advantage is that 
the flux and the torque and be controlled easily as well 
as separately. However, DC motors have commutation 

problems. In order to overcome the drawback of DC 
motor, induction motors are preferred in industries. The 
field oriented control (FOC) technique made the 
dynamic behaviour of the induction motor similar to 
that of a separately excited DC motor. Hence they are 
now preferred for high performance applications. 
Though attractive, FOC methods suffer from 
disadvantages of sensitiveness to motor parameter 
variations such as the rotor time constant and incorrect 
flux measurement. 
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With the advancements in power electronics and 
processor technology, digital control of induction drives 
using the field oriented approach has gained increasing 
popularity. The conventional speed controllers such as 
proportional- integral (PI) and proportional-integral-
derivative (PID) controller are used extensively for 
these applications. PI controller is very simple and is 
easy to implement. However, they exhibit significant 
steady state error and a long settling time when load 
disturbances are applied. The performance of the speed 
control system also depends on the accuracy of the slip 
calculation. Unfortunately, the slip calculation depends 
on the rotor time constant, which varies continuously 
according to the operational conditions. Thus the control 
parameters of PI controller are not adaptive.  
 
Many solutions have been proposed to overcome the 
problems mentioned above, such as model reference 
adaptive control [3], sliding-mode control [2], variable 
structure control [12], self-tuning PI control [8] etc. 
Design techniques of all the above controllers depend 
on the exact mathematical model of the system.  
However, it is often difficult to develop an accurate 
system mathematical model due to unknown load 
variations, unknown and unavoidable parameter 
variations like saturation, temperature variations, and 
system disturbances.   
 

In the past decade, intensive research has been done 
on the design and implementation of fuzzy logic 
controller (FLC), neural network controller (NNC) and 
hybrid controller for high performance applications of 
induction motor drives. The FLC is the simplest of all 
the intelligent controllers for induction motor speed 
control applications. However, FLCs have difficulties in 
determining appropriate control laws and tuning the 
parameters of the membership function according to the 
changes in the system. NNCs on the other hand, have 
the capability to adapt itself to changes in the control 
environment using the system input and output. It does 
not require complicated control theories and exact 
model of the system. However, NNC synthesis requires 
design of the control structure which includes selecting 
the neural network structure, weight coefficients and 
activation function. The selection of neural structure as 
the initial step is done by trial and error method, since 
there is no proper procedure for this. The complexity of 
the selected neural network structure is a compromise 

between the high quality of control robustness and the 
possibility of control algorithm calculation in real time. 
Hybrid controllers like neuro fuzzy controller 
implements high level learning and low computation 
power of neural network to fuzzy control system. 
However, the problem of finding a well defined 
procedure for finding the optimum network topology for 
induction motor drives still remains as a challenge.  
 

Recent literature has reported works on the use of 
time frequency localization of wavelet transform in the 
speed control of electric drives. Wavelet transform has 
the ability to decompose wide band signals in to time 
and frequency localized sub bands. Wai et.al [11] have 
presented a wavelet neural network (WNN) based 
control system for an indirect field-oriented IM drive to 
track the reference speed input with adaptive learning 
rate. They have also presented a back stepping WNN for 
indirect field- oriented induction motor drive [4]. Hasan 
et al. [19] have developed different controllers for dc 
motors based on Wavelet network. Literatures also 
report the application of wavelet neural for online 
identification of Stator resistance of induction motor 
[16]. Pravez et al. [5] have carried out works on wavelet 
based PID controller for brushless dc servo motor speed 
control. Azadi et.al  has developed a wavenet based 
control for vector control of PMSM drive [13]. The 
system lacks in its stability. Khan and Rahman [1], [10] 
have contributed tremendously in the field of wavelet 
based speed control. They have developed and 
implemented wavelet and WNN based multiresolution 
PID controller for the speed control of interior 
permanent magnet synchronous motor (IPSM) drive. 
But the problems associated with the wavelet neural 
controller are the complexity in the training of wavelet 
network, selection of appropriate architecture and the 
complexity in control algorithm. 

Based on the above discussion it can be concluded 
that there is a recent trend in the research work on the 
application of wavelet transforms along with intelligent 
techniques such as neural network and fuzzy logic 
control for robust speed control of electric drives. Many 
works have been reported on combining the advantages 
of wavelet transform and neural network for the high 
performance applications of induction motor drives. 
However, very few simulation studies have been done 
on combining the advantages of wavelet transform and 
fuzzy logic for speed control of induction motor drives.   
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Fig. 1.  Configration of an IFOC Induction motor drive with SVPWM

Therefore, an effort is aimed to develop a wavelet-
fuzzy based controller for speed control of induction 
motor drives. This work presents a novel wavelet fuzzy 
based self-tuning multiresolution controller for robust 
speed control of indirect field oriented induction motor 
drive. The proposed control scheme has been evaluated 
through simulation and experimental results and is 
compared with conventional PID controller and fuzzy 
controller. The proposed controller is suitable for 
application, where the induction motor is operates in 
uncertain conditions and the prior information about the 
motor is limited. The proposed speed control scheme 
produced better robustness in terms of peak overshoot, 
settling time and lesser root mean square error (RSME).   

2. Induction Motor Drive Dynamics 

The configuration of speed control investigated in this 
paper is shown in Fig. 1.  It applies IFOC to a three 
phase squirrel cage induction motor by means of a space 
vector pulse width modulation (SVPWM). The dynamic 
model of a three phase squirrel cage IM described by 
(1), is shown at the bottom of the page, in the de – qe 
synchronously rotating reference frame and by equation 
(2) – (4) as [7]            
    
           		푇 	 	 	 	퐿 푖 	푖 − 	 푖 	푖            (2) 

                푇 = 	 퐽 	 + 	퐵 휔 + 	푇                 (3) 

                          
                                           = 	휔                                 (4) 

 
where푉 and	푉  are the d axis and q axis stator 
voltages, 푖 	 and 푖  are the d axis and q axis stator 
currents, 푖  and 푖  are the d axis and q axis rotor 
currents, Rs is the stator resistance per phase, Rr is the 
rotor resistance per phase, Ls is the self inductance of the 
stator, Lr is the self inductance of the rotor, Lm is the 
mutual or magnetizing inductance, 휔  is the speed of 
the rotating magnetic field, 휔 	is the rotor speed, P is 
the number of poles, Te is the electromagnetic torque 
developed, TL is the load torque, Jm is the rotor inertia, 
Bm is the rotor damping coefficient, and 휃 	is the rotor 
position.  
 
The d and q axis stator voltage is related to the three 
phase stator voltage by the following equation: 
 

푉
푉  = 

− sin휔 푡 cos휔 	푡
cos휔 	푡 sin휔 푡  

− −

0
√ √

 
푉
푉
푉

 (5) 

 Similarly the d and q axis stator current is related to the 
three phase stator current by the following equation:  
 

 
푖
푖  = 

− sin휔 푡 cos휔 	푡
cos휔 	푡 sin휔 푡  

− −

0
√ √

 
푖
푖
푖

  (6) 

The field-oriented control is achieved by making the 
magnetizing current at a constant rate by setting 푖  = 0.  
 

푉
푉
0
0

= 	

⎣
⎢
⎢
⎡ 푅 + 	푝퐿 											휔 퐿 															 푝퐿 													 휔 퐿

−휔 퐿
푝퐿

−(휔 −휔 )

푅 + 	푝퐿
(휔 − 휔 )

푝퐿

−휔 퐿
푅	 + 	푝퐿

(휔 −휔 ) 	

푝퐿
(휔 −휔 ) 	

푅 + 	푝퐿 ⎦
⎥
⎥
⎤
	

⎣
⎢
⎢
⎢
⎡
푖
푖
푖
푖 ⎦
⎥
⎥
⎥
⎤
           (1) 
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(10)
 

Using this assumption, the mathematical formulas can 
be written as: 

                              휔 = 	 	                      (7)                                              

                              푖 = 	− 	푖 	                (8) 

                             		푇 			 = 	 	 	휆 	푖 	          (9) 

 
where 휔 is the slip speed and  휆  is the d axis rotor 
flux linkage. Given reference speed 휔 ,the error signal 
is calculated, which is the difference between the 
reference speed and the actual speed sensed by the 
speed sensor. This error signal is processed by the speed 
controller to generate the torque-producing current 
component	푖∗ .      
 
IFOC achieves ideal torque and flux decoupling by 
means of d-q axis transformations and two 
proportional–integral (PI) controllers. The outputs of the 
PI controllers are applied to the inverse park’s 
transform, the outputs of which are the stator voltages in 
orthogonal reference frame [9]. These voltages are used 
for generating the switching signals by the SVPWM, 
which drives the inverter to produce the actual voltage 
to be applied to the motor.  

3. Wavelet Based Multiresolution Analysis  

Wavelet transform is a powerful statistical tool which 
can be used for parsimonious representation of signal. It 
can be used to perform multiresolution analysis (MRA), 
which can extract and localize frequency components of 
a signal at a time. MRA represents a function as a 
successive limit of approximations, at different stages. 
Each stage consists of an approximate version and detail 
version. In general the discrete wavelet representation of 
a signal f (t) is defined in terms of its orthonormal bases, 
that is scaling and wavelet function as [25]  
         		 
 

푓(푡) = 퐶 , 푘∅ ,	푘(푡) + . 푑 , 푘휑푚, 	푘(푡) 

 

Where     

 
                             푐 , 	= 	∑ 푓(푡) 	∅ ,푘(푡)             (11) 

                       푑 , 	= 	∑ 푓(푡) 	휑 ,푘(푡)                 (12) 
   
where ∅	(푡) and 휑 (t) are conjugates of scaling function 
∅(푡)     and wavelet function 휑(푡) respectively. 
 
Discrete wavelet transform (DWT) is a time scale 
representation of a digital signal using digital filtering 
technique. It is performed through cascaded stages of 
high pass(H) and low pass(G) filters, followed by down 
sampling, which performs frequency dilation. The 
frequency sub bands d1 and a1 represents the detail and 
approximate co-efficient at first level of decomposition. 
The approximate co-efficient at first level of 
decomposition a1 is further decomposed, after being by 
down sampled by two. This gives the second level of 
detail and approximate co-efficients, represented as d2 
and a2. These are also called as frequency sub bands at 
level two. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.  DWT Decomposition Tree 
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The co-efficient of first level and second level of 
decomposition, can be mathematically represented as  
 

                    푑 [푛] 	= 	∑ 푥[푘]	ℎ[푛 − 푘]               (13) 

 
                	푎 [푛] 	= 	∑ 푥[푘]	푔[푛 − 푘]               (14) 

 

                   푑 [푛] 	= 	∑ 푎 [푘]	ℎ[푛 − 푘]/ 	 	           (15) 

 

                   푎 [푛] 	= 	∑ 푎 [푘]	푔[푛 − 푘]/ 	 	           (16) 

 
where, 푑 [푛], 푎 [푛]	are the outputs of high pass and 
low pass filter at level one and  푑 [푛] , 푎 [푛]	are the 
outputs of high pass and low pass filter at level two. The 
DWT decomposition tree is shown in Fig 2.  
 
 

Before applying wavelet, it is required to select 
appropriate wavelet function and the number of levels 
of decomposition. Different methods are available in the 
literature, but the minimum description length (MDL) 
data criterion [24] best suits to select the optimum 
wavelet function and the number of levels of 
decomposition of the error signal. The MDL criterion is 
given as [24] 
 

푀퐷퐿(푘,푛) 	= 	푚푖푛	
3
2
푘	푙표푔	푁	+ 	

푁
2
	푙표푔	 훼 		 −	훼

( )  

 0 ≤ k ≤ N;  1≤ n ≤  M     (17) 
 
where k and n are the indices, 훼 		is the wavelet 
transformed coefficients of signal f, 훼( )	is a vector with 
k non zero elements. N and M represents the length of 
signal and the number of wavelet filters respectively. 
The selection of appropriate wavelet is a compromise 
between the wavelets with short widths which generates  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3.  Schematic of Wavelet Fuzzy based Speed Controller 
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undesired noise and wavelets with larger width which 
localize the DWT coefficients. In the proposed method, 
all the wavelets which are available in the simulation 
tool are tested using the MDL criterion to select the best 
suitable wavelet. The “db4” wavelet which belongs to 
the orthogonal Daubechies family is chosen as the 
optimum one, for the proposed wavelet-fuzzy based 
control of induction motor drive. 

4. Wavelet based PID Controller 

In a conventional PID controller, the control output (u) 
is generated making use of the error signal (e) and 
further processing on it. The output of the PID 
controller is given by 
             
                  푢	 = 	 푘 푒 + 푘 ∫푒	푑푡	+ 	푘                 (18) 

The gain constants kp, ki and kd acts on the error, integral 
of error and derivative of error signal respectively as 
shown in (18). In terms of frequency, proportional and 
integral term corresponds to low frequency information 
and the derivative term corresponds to high frequency 
information of the given error signal. 
 
Wavelet transform performs the same operation of 
decomposing a signal in to low frequency (detail) and 
high frequency (approximate) coefficients at different 
levels of resolution. This feature of the wavelet 
transform can be made use of in replacing the 
conventional PID controller for the expected control 
actions. The control signal for the wavelet based PID 
controller can be calculated from the detail and 
approximate coefficients of wavelet transform as [1] 
    
			푢 = 	 푘 	푒 + 	푘 	푒 + ⋯ 

                                           +	푘 	푒 + 푘 	푒 			   (19) 

where 푒 , 푒 ,…,	푒  corresponds to detail 
components of the error signal and 푒  is the 
approximate component of the error signal. The gains 
푘 ,푘 , … , 푘  are used to tune the high and medium 
frequency components of the error signal. Gain  푘  is 
used for tuning the low frequency component of the 
error signal. These gain constants can be generated 
using intelligent techniques [10]. In the proposed work, 
self-tuning mamdani fuzzy inference engine is used to 

generate the gain constants, making the controller a 
hybrid one.  
 
In the proposed controller, the level of decomposition of 
the error signal is obtained as two, using the entropy 
based criterion [24] as 
       
               푢 = 	 푘 	푒 + 	푘 	푒 + 푘 	푒            (20) 

While dealing with motor drives, the command and 
disturbance are low frequency signals. The sensor 
noises are high frequency signals. Therefore the gain 
푘  which corresponds to low frequency components of 
the error signal can be used to improve the disturbance 
rejection of the system. The gain 푘  which corresponds 
to medium frequency components of the error signal, 
which adds damping to the system can be used to 
improve the transient response. The gain 푘  which 
corresponds to high frequency components of the error 
signal can be set to zero to eliminate the effect of noise 
on the system. To get optimum results, the gain 
parameters can be obtained using self tuning fuzzy 
logic. Fig 3 shows the schematic of the hybrid wavelet 
fuzzy based self tuning MR controller for robust speed 
control of induction motor drives [25]. 
 

 

 
 

 

 

 

Fig. 4. Structure of Self-Tuning FLC Block 

5. Wavelet based Self-tuning MR Controller 
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(21) 

real time tuning of the scaling gains are performed to 
get the desired performance. The self tuning mechanism 
consists of a performance model, evaluation block and 
FLC block [15].  
 
The reference model describes the dynamic 
performance of the drive. For an induction motor, the 
reference model can be approximated by a second order 
system (21). The second order model is obtained from 
the procedure used in [2] and the constants a and b are 
adjusted to meet the specific requirements of induction 
motor investigated in the proposed work. 
 

	퐻 (푠) =
푎

s + 	bs	 + a
 

  

The rotor speed 휔  is compared with the output from 
the reference model 휔  , to generate the speed error 푒 . 
This error signal is given as input to the evaluation 
block. The evaluation block is designed such that, if the 
error signal is within + 1 rad/sec, the self tuning 
mechanism will not operate. If the error 푒  exceeds the 
specific range of +1 rad/sec, the evaluation block 
generates the tuning error 푒 to be given as input to TS –
FLC block. The FLC operates on this error signal to 
generate the online weight values 푤  and	푤 . These 
weight values are used to generate the scaling gains 
푛 (푘) and 푛 (푘) of the self tuning FLC. The scaling 
constants of the self-tuning FLS are generated at each 
step as 
 
              	푛 (푘) 	= 	 푛 (푘 − 1)	[훼	푤 (푘)]                  (22) 
 
            푛 (푘) 	= 	 푛 (푘 − 1)	[훽	푤 (푘)]	                (23) 
 
where 훼 and 훽 are weight constants. The self tuning 
FLC operates on these scaling gains and the actual error 
푒, to generate the gains 푘 , 푘  and 푘 , which are 
used to tune the high, medium and low frequency 
components of the error signal 푒 , 푒  and 푒  
respectively. 

5.2. Self-tuning Fuzzy Logic  

Figure 4 shows the structure of self-tuning FLC 
block. The inputs are error (e) and change in error (ce). 
푤  and 푤  are the scaling  gains  obtained  from  the  
TS-FLC  block. These gains will be varied online to 
tune the FLC block [25]. 

Table I. Fuzzy Rule Matrix 

 
 
 
 
 
 

 
 

 
 
The basic FLC block consists of fuzzy interface, fuzzy 
rules, fuzzy inference and defuzzification interface. The 
input and output variables are fuzzified using five 
membership functions normalised between +1 and -1. 
The range of input and output variables can be changed 
by altering the scaling gains ne and nce - Centroid method 
of defuzzification is used to compute the outputs.  
 
The scaling gains are also generated in a similar way, 
with five membership functions and 25 rules, using the 
TS-FLC block. In the design of the rule base, the look 
up table is created offline, using the simulation data 
obtained during load torque disturbances and sudden 
changes in the set speed. The fuzzy look up table is 
given in Table I. The scaling gains will be generated 
only when the error e′   is greater than + 1 rad / sec. 
Moreover, the tuning is performed according to a simple 
predefined performance indicator. The integral of the 
time multiplied by the absolute value of the error 
(ITAE) criterion is used (24) to locally optimize the 
controller and evaluate the degree in which the current 
set parameters satisfy the formulated objective.  
 
                            S = 	 ∫ t. |e (t)|. dt         (24) 
 
If the speed error e in not within the specified limit, the 
TS-FLC block operates as follows [22]  
 

If {e  is ZERO and ce is ZERO} 
            THEN {ω is ZERO and ω is ZERO}     (25) 

 
The ne and nce values are calculated from   휔  and 휔  
using   (22) and (23). This self tuning mechanism 
optimises the proposed wavelet-fuzzy self tuning MR 
controller to ensure robustness.  

e 
ce 

NB NM ZE PM PB 

NB NB NB NB NM ZE 
NM NB NB NM ZE PM 
ZE NB NM ZE PM PB 
PM NM ZE PM PB PB 
PB ZE PM PB PB PB 
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6. Control Algorithm   

The flow chat for implementing the proposed control 
algorithm is shown in Fig. 6. The first step of the design 
is to generate the speed error for different conditions 
and disturbances using a PI controller. The speed error 
is used to select the optimum wavelet function and the 
level of decomposition. The wavelet parameters can be 
now initialized using the selected wavelet function and 
the level of decomposition. The level of decomposition 
can still be increased which results in improved 
performance. However the complexity of the controller 
still goes high since the number of scaling gains 
required increases with the increase in level of 
decomposition.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Flowchart of the proposed wavelet-fuzzy control 
algorithm for Induction motor drives  

 
The initial values of the scaling gains can be fixed by 
trail and error method and the speed controller is 
simulated under different conditions. The lookup table 
for the fuzzy logic block is constructed offline during 
simulations using the load torque disturbances, sudden 
changes in command speed, change in moment of 
inertia and change in stator resistance. The error speed 
and the change in error speed data are collected and is 
used for generating the look up table.  The control 
output of the IFOC scheme is computed using equation 
(20). The fuzzy based self tuning scheme generates the 
optimum scaling gains for the proposed controller and 
the scaling constants are updated on line using the self 
tuning algorithm.    
 
The command speed is also given as input to the 
reference model. The actual rotor speed and the 
reference speed from the reference model are compared 
and are used to decide the working of the self-tuning 
algorithm.  The self tuning algorithm works only if the 
error speed is more than ± 1 rad/ sec. If the speed error 
is more than ± 1 rad/ sec, the self tuning algorithm will 
be activated by the evaluation block and the speed error 
between the actual speed and the reference model speed 
is given as the input to TS - FLC block. The TS-FLC 
operates on the error signal to generate the weight 
values of the self-tuning fuzzy logic. The scaling 
constants of the self-tuning FLC are updated using the 
weight values generated by the TS-FLC on line using 
(22) and (23) .   
 
The error speed is given as input to the proposed 
wavelet-fuzzy based MR controller. The error speed is 
decomposed in to different frequency components using 
wavelet transform. The wavelet coefficients along with 
the gain constants obtained from Self-tuning FLC are 
use to generate the torque producing current component 
for IFOC of induction motor. The torque component 
current 푖∗  is used to generate the switching pulses for 
the inverter using SVPWM technique. The IGBTs based 
inverter drives the induction motor.  
 
 
 
 
 

Yes 
No 

Initialize Wavelet 
Parameters 

Compute 
Speed Error 

Perform Wavelet 
Transform 

Compute  푖∗  

Perform Vector 
Control 

Compute Actual 
Speed 

Start 

Stop 
 

Reference 
Model 

Compute 
Speed Error 

Error ± 1 
rad/sec 

Perform Fuzzy 
Self Tuning 

Get Input 
Speed 
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7. Simulation Results 

The effectiveness of the proposed wavelet-fuzzy based 
self tuning MR controller is validated by simulation 
results under different operating conditions and load 
disturbances. Simulations are performed using 
MATLAB/Simulink on a 5 hp induction motor. The 
sampling time of simulation is fixed as 200 msec. 
 
The IFOC of induction motor is also simulated with 
conventional fixed gain PI controller and fuzzy-PI 
controller to compare the effectiveness of the proposed 
controller. The gain values of the PI controller are fixed 
using Ziegler and Nichols method [18] in order to get 
smooth response. The fuzzy-PI controller is simulated 
using [2], [7]. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 7. Simulated starting response for a set speed of 180 
rad/sec (a) PI controller (b) Fuzzy-PI controller  (c) Proposed 

Wavelet-Fuzzy Controller. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

Fig. 8. Simulated response for a step chance in set speed from  
120  rad/sec  to 160 rad/sec (a) PI controller (b) Fuzzy-PI 

controller  (c) Proposed Wavelet-Fuzzy Controller. 

 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 9. Comparision of the step change in set speed for PI 
controller, Fuzzy-PI controller and the Proposed Wavelet-

Fuzzy Controller. 
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Fig. 10. Simulated response for a step chance in load at t = 
1sec (a) PI controller (b) Fuzzy-PI controller  (c) Proposed 

Wavelet-Fuzzy Controller. 

 
 
 
 
 
 
 
 
 
 
 
 
Fig. 11. Comparision of the speed response for a step change 

in load for PI controller, Fuzzy-PI controller and the Proposed 
Wavelet-Fuzzy Controller. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 12. Magnitude and phase response of the system for the 
(a) PI Controller and (b) proposed wavelet fuzzy Controller. 

Fig. 7.  (a)-(c) shows the speed response of the 
induction motor started at no load with a set speed of 
180 rad/sec.. It is clearly seen that the response of the 
wavelet-fuzzy based self tuning MR controller 
outperforms conventional PI and fuzzy-PI controllers. 
The response of the speed control system to a step 
change in set speed from 120 rad/sec to 160 rad/sec is 
investigated in Fig. 8. (a) - (c) for PI, fuzzy-PI and the 

(a) 

(b) 
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proposed wavelet-fuzzy controller. Comparison of the 
responses is shown in Fig 9. Comparing the 
performances, the proposed MR controller shows 
significant improvement in settling time. It is able to 
follow the set speed without overshoot and steady state 
error.  
 
 Fig.10. (a)-(c) shows the simulated speed response 
when a sudden load is applied for PI, fuzzy-PI and the 
proposed wavelet-fuzzy controller. Comparison of the 
responses is shown in Fig 11. A step increase in load is 
applied at t = 1.0 sec. It is observed that the proposed 
wavelet-fuzzy based MR controller gives better results 
when compared with the conventional PI and fuzzy-PI 
controllers. 
 
The closeness between set speed and actual speed is 
quantified by the root mean square error (RMSE). The 
RMSE results are summarized in Table II. The RMSE 
results show that the proposed wavelet-fuzzy based MR 
controller has reduced RMSE under different operating 
conditions compared to conventional PI and fuzzy PI 
controllers.  

Table II. The RMSE results 

Change in 
Speed 

(rad/sec) 
PI Fuzzy Proposed 

0 to 180  51.85 50.26 49.82 
120 to 90  28.38 27.04 26.56 
120 to160  28.70 27.24 26.84 

 
The frequency domain performance of the proposed 
controller as well as conventional PI controller is 
analyzed using bode plot. The magnitude and the phase 
plot is shown in Fig. 12. (a) and (b) for the PI controller 
and the proposed wavelet fuzzy based MR controller. 
Analyzing the frequency response curves of the 
controllers, it can be concluded that the proposed 
wavelet-fuzzy based MR controller is having better gain 
margin and phase margin compared to the conventional 
PI controller. The comparison of the frequency domain 
parameters are shown in Table III.    

Table III. Frequency domain Parameters 

Controller Gain Margin Phase Margin  
PI   42.62dB 51.73 rad/sec 

Proposed  64.9 dB 60.14 rad/sec 
 

8. Experimental Results 

The block diagram for the real time implementation of 
the proposed wavelet-fuzzy based controller is shown in 
Fig. 13. It mainly consists of an induction motor, control 
PC, digital signal processor (DSP) board, IGBT based 
SVPWM inverter and measuring instruments. The  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 13. Block diagram of  the real-time implementation of the 
proposd wavelet-fuzzy based controller 

induction motor is of 5hp rating. The motor nominal 
parameters are summarized in Table IV.  
 
The proposed self-tuning MR wavelet fuzzy controller 
has been implemented in the dSPACE ds1102 DSP 
controller in real time. The main processor of the DSP 
board is the 32 bit floating bit digital processor TMS 
320C31. The DSP board consists of all the required 
peripherals such as analog to digital (A/D) converter, 
digital to analog (D/A) converter and incremental 
encoder interfaces. The dSPACE control desk software 
has been used to download the proposed control 
algorithm in the DSP board. The control desk soft ware 
is also used to give the set speed command to the motor. 
The motor currents were measured using the hall-effect 
sensors. The actual speed of the motor is computed from 
the encoders connected to the motor. These signals were 
given as input to the DSP board through the A/D 
converter after proper signal conditioning. The proposed 
wavelet-fuzzy based speed controller is used to generate  

3 Phase 
Variable 
Supply 

PC 

DSP Controller  
Board (ds 1102) 

Isolation  
and  

Driver Circuit 
IM 

Signal 
Conditioning 

Digital Storage 
Oscilloscope 

 
 
 
 

 
Inverter 
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are fed through the isolation and driving circuit, to 
trigger the IGBT’s of the three-phase inverter. Digital 
storage oscilloscope with a bandwidth of 100 MHZ and 
real time sampling rate of 500 mega samples per 
second(MS/s) is used for tracing the speed responses. 
Several tests were performed on the laboratory setup to 
evaluate the performance of the proposed hybrid 
wavelet fuzzy based controller. 
 
 There will be no extra cost incurred for the hardware 
set up since the same hardware required for the fuzzy 
based IFOC scheme can be used for the wavelet fuzzy 
based MR controller. However, due to the 
advancements in the processor technology and with the 
availability of DSP control board at low price, the cost 
of the proposed control scheme is cheaper when the 
torque command for the drive system.  The digital 
output of the DSP control board is used as switching 
pulses for the SVPWM inverter. These digital signals 
compared with field programmable gate array (FPGA) 
based control schemes for the same performance.  
 
The control algorithm of the induction motor drive was 
also implemented with PI controller in order to compare 
the performance with the proposed controller. In order 
to make a fair judgment, the gain of the PI controller is 
adjusted using Ziegler and Nichols method [17]. The 
speed responses are observed at different operating 
conditions and load disturbances. The experimental 
starting response of the induction motor drive for a set 
speed of 180 rad/sec is shown in Fig. 14 (a) - (c) for the 
conventional PI controller, the fuzzy PI controller and 
the proposed wavelet fuzzy MR controller respectively. 
It can be observed that proposed wavelet fuzzy based 
MR controller gives better responses in terms of 
overshoot, steady-state error and settling time. 
 
The experimental speed responses with a step change in 
speed from 120 rad/sec to 180 rad/sec are shown in Fig. 
15 (a) - (c) for the conventional PI controller, the fuzzy 
PI controller and the proposed hybrid wavelet fuzzy 
controller respectively. It can be observer the proposed 
controller performs better for sudden change in set 
speed compared to conventional PI controller and fuzzy 
PI controller. The experimental response for a sudden 
change in load for is shown in Fig. 16 (a) - (c) for the 
conventional PI controller, the fuzzy PI controller and  

 

 

 

 

Fig. 14. Experimental results for starting performance of (a) PI 
controller   (b) Fuzzy PI controller and (c) the proposed Wavelet –

fuzzy controller. 

  

Y- axis: 60 rad/sec/div.  
X - axis:0.25 sec/div. 

Actual Speed 

Command Speed 

(c) 

Y- axis: 60 rad/sec/div.  
X - axis:0.25 sec/div. 

Actual Speed 

Command Speed 

(b) 

Y- axis: 60 rad/sec/div.  
X - axis:0.25 sec/div. 

Actual Speed 

Command Speed 

(a) 
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Fig. 15. Experimental results for step change in set  speed  for  (a) PI 
controller   (b) Fuzzy PI controller and (c) the proposed Wavelet –

fuzzy controller 

 

 

 

 

 

Fig. 16. Experimental results for sudden change in load for (a) PI 
controller   b) Fuzzy PI controller  and (c) the proposed Wavelet –

fuzzy controller 

 

  

Y- axis: 60 rad/sec/div.  
X - axis:0.25 sec/div. 

Actual Speed 

Command Speed 

(c) 

Y- axis: 60 rad/sec/div.  
X - axis:0.25 sec/div. 

Actual Speed 

Command Speed 

(b) 

Y- axis: 60 rad/sec/div.  
X - axis:0.25 sec/div. 

Actual Speed 

Command Speed 

(a) 

Y- axis: 60 rad/sec/div.  
X - axis:0.25 sec/div. 

Load Applied 

Actual Speed 

(a) 

Y- axis: 60 rad/sec/div.  
X - axis:0.25 sec/div. 

Load Applied 

Actual Speed 

(b) 

Y- axis: 60 rad/sec/div.  
X - axis:0.25 sec/div. 

Load Applied 

Actual Speed 

(c) 
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the proposed wavelet fuzzy MR controller respectively. 
The proposed hybrid wavelet fuzzy MR controller has 
found to be insensitive to load disturbances compared to 
the conventional PI controller and fuzzy PI controller.  

Table IV. Motor Nominal Parameters 

Rated  power [hp] 5.0 
Rated voltage [V] 460 
Rated frequency [Hz] 60 
Rated speed [rpm] 1750 
Number of pole pairs 2 
Stator  resistance [Ω] 1.12 
Rotor  resistance [Ω] 1.08 
Stator Inductance [mH] 5.97 
Rotor Inductance [mH] 5.97 
Motor  inertia [kgm2] 0.02 
Friction factor [Nms] 0.005752 

9. Conclusion 

In this paper a wavelet-fuzzy based self tuning MR 
controller has been designed, simulated and 
implemented for robust speed control of induction 
motor drive. DWT is used to decompose the error 
between the set speed and actual speed into different 
frequency components. A fuzzy logic based self tuning 
algorithm is used to compute the scaling gains of the 
wavelet based controller. The proposed hybrid wavelet-
fuzzy based MR controller was validated using 
simulation and experimental results under different 
operating conditions and load disturbances. 
Experimental and simulation results prove that proposed 
wavelet-fuzzy based MR controller is more robust when 
compared to conventional PI and fuzzy-PI controllers, 
in terms of smaller overshoot, settling time, disturbance 
rejection and smooth control.  
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