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ABSTRACT 
Stability is the vital parameter decides the performance and efficiency of the induction motor drive.  Many researchers analyzed 

vector controlled induction motor drive using PI controller produces steady state error and poor performance during perturbation 

in load. In this paper Fuzzy Logic controller is proposed to enhance the dynamic stability. Fuzzy logic controller is parameter 

independent controller, so it proposed to control the motor during steady state as well as in dynamic state.  The added feature in 

this system is renewable energy source. Photovoltaic power is fed to the proposed drive. Superiority of the proposed drive is 

compared with PI and SVM controlled drive. 
 
KEYWORDS: PV, Vector Control, Induction Motor Drive, FLC, PI controller and SVM. 

 
INTRODUCTION 

 
Induction motors (IM) are widely used in industries for its best self-starting capability, simple and rugged 

structure, low cost and reliability. In general, the induction motors are connected with the Voltage Source 
Inverters for variable speed control[1]. Open loop control of an induction motor is simple to implement but it is 
difficult to vary the required speed. Adjustable speed control is the main application of IM drive for industries.  
The adjustable speed can be achieved using scalar control and vector control. Scalar control methods are 
variable frequency control and variable voltage and frequency (V/Hz) control. The IM drive is analyzed using 
V/Hz method[2], analyzed using PI controller[3], analyzed by V/Hz method using a Fuzzy Logic controller[4] 
and analyzed V/Hz method using PID controller[5]. The hitch of the current method is the uncontrolled 
magnetic flux. This problem can be overcome by vector control method. Vector control method improves the 
dynamic performance of motor[6] like fast response. It makes this drive suitable for many applications. The 
performance of vector control drive mainly depends on the speed controller used in it. 

Electrical energy demand is the major problem faced my many countries. It makes the passion for 
renewable energy. Photovoltaic energy production offers many benefits compared to other non-conventional 
energy sources, particularly in terms of eco-friendly reliability and less maintenance. Non-conventional energy 
power generation mainly from solar energy using Photovoltaic (PV) has appeared in the last decades since it has 
the above said benefits and less maintenance, no wear and tear. The major contribution of PV systems are stand-
alone systems such as irrigation, residential and commercial lighting, electric vehicles, military and space 
applications[7] or grid-connected structures [8] like integrated power systems[9] and power plants.  Therefore, 
this paper proposes PV source for IM drive. 
 
1.1 Dynamic Model of an Induction Motor: 
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The equations of an induction motor are developed in a rotating reference frame. The rotor of an induction 
motor is squirrel cage type. The equivalent circuit of the induction motor is shown in the Figure 1, from which 
the mathematical model[10] can be obtaining with the assumption of neglected saturation. 

  

 
a) d-axis 

 

 
b) q-axis 
 
Fig. 1: Equivalent circuit of induction motor in d -q frame 

 
The induction motor model is developed using d, q field reference model. The major criteria in desiging 

model is the voltage required to drive the flux and torque to the demanded values within a fixed time period.  ��� = ����� + ��	 
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The electrical part of an induction motor can thus be described, by combining the above equations we get 
equation (6). 
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Where, A is given by    
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The instantaneous torque produced is given by -.# = /2 0
���� − 
����1                                                                                                                                                    (8) 

The electromagnetic torque expressed in terms of inductances is given by -.# = /2 !#0����� − �����1                                                                                                                                                 (9) 

The mechanical part of the motor is modeled by the equation   ��	 �4.56 = -.# − -789: = /2 !#0����� − �����1 − -78.                                                                                                    (10) 

 
2. Svm Control Of An Induction Motor In Open Loop: 

Space vector modulation (SVM) is an algorithm for the control of pulse width modulation (PWM). With 
various forms of PWM, the SPWM and SVPWM are the most common two forms, among which the former is 
more familiar and the later becomes mature promptly especially in middle and high power systems. Compared 
to the sinusoidal pulse width modulation (SPWM), SVPWM can increase the obtainable maximum output 
voltage with maximum line voltage approaching 70.7% of the DC link voltage (compared to SPWM’s 61.2%) in 
the linear modulation range [11]. It is proposed to control voltage source inverter supplies induction motor. The 
Figure  2 shows the three phase VSI. 
 

 
Fig. 2: Three phase VSI 
 

From the Figure 2 it is clear that, two switches in same arm never be activated simultaneously because it 
will lead to short circuit of DC source. So, the signals are generated for upper switches in the arm and its 
complementary is given to the lower switches. The possible combinations of switching are stated in Figure 3. 
 

 
Fig. 3: Vectors of SVM 
 

The switching table can be formed from this vector diagram which is easy to understand. The switching 
sequences are shown in Table 1.  The switching state 0 represents OFF and 1 is for ON. 
 
Table 1: Switching sequences of SVM 
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Vector Sa Sb Sc Sa’ Sb’ Sc’ VAB VBC VCA Status of vector 

V0 = {000} 0 0 0 1 1 1 0 0 0 zero vector 

V1 = {100} 1 0 0 0 1 1 +Vdc 0 −Vdc active vector 

V2 = {110} 1 1 0 0 0 1 0 +Vdc −Vdc active vector 

V3 = {010} 0 1 0 1 0 1 −Vdc +Vdc 0 active vector 

V4 = {011} 0 1 1 1 0 0 −Vdc 0 +Vdc active vector 

V5 = {001} 0 0 1 1 1 0 0 −Vdc +Vdc active vector 

V6 = {101} 1 0 1 0 1 0 +Vdc −Vdc 0 active vector 

V7 = {111} 1 1 1 0 0 0 0 0 0 zero vector 

 
In the possible eight vectors first and last vector are zero vectors. In zero vectors, all the three switches 

either in upper arm or lower arm is activated. So, it produces zero voltage. The other six vectors are active 
vectors.  In this paper, VSI is controlled using Space vector modulation to drive the induction motor. 

In this method, no signals are feedback to the SVM to control the inverter voltage. So, it is an open loop 
control and runs motor in single speed. It necessitates the controller in closed loop system to run adjustable 
speed drive.  
 
3.Vector Control of an Induction Motor Drive: 

Vector control of an Induction motor drive mainly consists of two parts such as speed controller and 
hysteresis current controller. The block diagram of a drive is shown in Figure 4. 
 

 
 

Fig. 4: Block diagram of vector controlled induction motor drive 
 

Induction motor is powered from voltage source inverter supplied by PV source. The speed of an Induction 
motor and three phase current from inverter are sensed inputs for vector control. In a speed controller, the actual 
speed of machine is compared with the reference speed. The error speed is processed by PI to produce reference 
torque T*. Meantime, the three phase inverter current Iabc is converted into dq frame using (11). The three 
phase AC quantities are converted into two DC quantities using dqo transform, which Simplifies calculations.  
The dqo transform is often referred to as Park’s transformation. 
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From the Id the actual flux of the machine is calculated using (12) K = !# ∗ ;�1 + -�                                                                                                                                                                    (12) 

Where Lm is the mutual inductance, Tr is the torque. From the flux the Electrical angle θ is calculated using 
(13) C = M(N� + N#)                                                                                                                                                                 (13) 

N� = !# ∗ ;-� ∗ K                                                                                                                                                                   (14) 

wr is the Rotor frequency (rad/s) and wm is the Rotor mechanical speed (rad/s). 
The reference Iq

* is calculated from flux and reference torque T* as shown in (15). 
 ;∗ = (2 3⁄ ) ∗ (2 P⁄ ) ∗ (!� !#⁄ ) ∗ (-.∗/K)                                                                                                                      (15) 
 

Where, p is the number of poles and Lr is the rotor inductance. The reference Id* is calculated from 
reference flux Ψ* shown in (16) ;�∗ = /6R�∗!#                                                                                                                                                                                   (16) 

The reference Id
* and Iq

* are converted into an Iabc
* using inverse park transform us (17) 
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The reference three phase current Iabc
* is compared with actual current Iabc in Hysteresis current controller 

and produces pulses to three phase hex bridge inverter to feed induction motor. Therefore, the motor is 
controlled to set speed with controlled magnetic flux. The machine speed control depends on the speed 
controller and PI controller is proposed in this paper.  
 
4. Speed Control using PI Controller: 

Proportional plus Integral controller is the easy method of control and extensively used in industries.  PI 
Controller raises the speed of reaction of the system [12]. The main advantage of PI controller is less steady 
state error. in this paper for it is proposed to estimate T* using the speed error (e). The T* is estimated as 
follows[13], W(B) = XYZ(B) + [RB Z(B)                                                                                                                                                   (18) 

Where, Kp is proportional constant, Ki is the integral constant, E(s) is the speed error and U(s) is the T* . 
Figure 5 shows the block diagram of PI controller. 
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Fig. 5: Block diagram of PI controller 
 

In this paper, controller constants are tuned by Ziegler & KNichols' method.  But the problem of this 
controller is it produces the high overshoot and long settling time. 
 
5. Speed Control Using Fuzzy Logic Controller: 

Fuzzy logic is the controller to solve problem with imprecise data and problems have multiple solutions 
rather than one.  Fuzzy control methodology is measured as an efficient method to deal with disturbances and 
uncertainties in terms of vagueness. In this paper Fuzzy Logic Controller (FLC) is implemented to reduce 
overshoot and settling time. Figure 6 shows the basic block diagram of fuzzy logic controller.  
 

 
Fig. 6: Block diagram of Fuzzy Logic controller 

 
In this analysis Mamdani type is proposed with speed error (e) and change in error (ec) and T* as output.  Z = N∗ − N                                                                                                                                                                            (19)                                   
Both inputs and outputs have five degrees such as NB-negative big, NS-negative small, Z –zero, PS-

Positive Small, and PB-Positive Big . Centroid method of defuzzification converts output variable into crisp T*. 
Table II show the fuzzy rules. Figure7 & Figure8 shows the input membership functions & Output membership 
functions respectively.  

 
 
Fig. 7: Membership functions of input e &ec                         
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Fig. 8: Output membership functions 

 
Table 2: Fuzzy Rules 

Error/ 
Change in error 

NB NS Z PS PB 

NB NB NS NS Z PS 
NS NB NS NS PS PB 
Z NB NS Z PS PB 
PS NB NS PS PS PB 
PB NS Z PS PS PB 

 
6. PV Panel: 

DC electricity is produced in the solar modules (photovoltaic PV cell) whenever it receives sunlight.  
According to estimates, 1.74 x 1017 W of power/hour is radiated by the sun to earth and the daily solar energy 
radiation varies from 4-7 kWh/m2 and there are 270-300 sunlit days in a year. The energy produced in the single 
PV cell is very less and not sufficient to meet the load. Therefore many cells are integrated to generate a large 
voltage[14]. 

The parameters are used to estimate the net current of a PV cell are as follows. 
I is PV panel Net current, Io is the diode Saturation current, IL is Light-generated current inside the cell, Rs is the 
Series resistance, Rsh is the Shunt resistance, n is the Diode quality factor. 

In an ideal PV cell Rsh is infinite and Rs is 0. The PV cells is the error  between the PV cells  output current 
and the diode current is  The net current and is given by[15,16], 

 ; = ;7 − ;\ ]^F(_`ab�)cde H − 1f                                                                                                                                             (20) 

 Where,  the voltage across the PV cell is V,  the Boltzmann's constant  (1.381 x 10-23 J/K) is k,  the junction 
temperature in Kelvin is T, the electron charge (1.602 x 10-19 C) is q, the diode quality  factor (1.62) is  n. In this 
paper, PV panel supplies voltage source inverter.  
 
6. Simulation Results and Analysis: 

 In this paper 5 HP squirrel cage induction motor is used to analyze the proposed drive.   PI and Fuzzy logic 
controller based vector controlled drives are analyzed under various speeds and loads. The induction motor 
parameters are shown in Table 3. 
 
Table 3: Motor Parameters 

Line Voltage 415 

Frequency 50 Hz 

Stator Resistance (Rs) 1.15Ω 

Rotor Resistance (Rr) 1.083Ω 

Stator inductance (Ls) 5.974 mH 

Rotor inductance ( Lr) 5.974 mH 

Mutual  inductance ( Lm) 0.2037H 

Moment of Inertia (J) 0.02 Kg.m2 

Number of poles (P) 4 

 
  The performance of SVM based the induction motor drive is shown in Figure 9. The drive performance is 
analyzed under no load condition. 
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Fig. 9: Speed performance of SVM based open loop control 
 

 PI based vector control drive response under no load is shown in Figure 10.   
 

 
Fig. 10: Speed performance of PI based vector control 
 
 The Figure 10 it is clear that SVM controller produces high overshoot in speed. 
 The response of the drive using SVM is shown in Figure 11. The drive is analyzed under change in load 
during the machine is running. 
 

 
Fig. 11: Speed performance of SVM based open loop control with change in load 
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The Figure 11 shows the speed response of the SVM controller during changes in load it produces a large 
drop in speed. 

The performance of the motor using PI based vector control is sh
analyzed with same conditions as in SVM.  

Fig. 12: Speed performance of PI based vector control with change in load
 
 The performance of the motor using Fuzzy based vector control is shown in 
analyses are same as a PI controller test.
 

Fig. 13: Speed performance of FLC based vector control
 
 The performance of the motor using Fuzzy based vector control with change in load is shown in Figure 14. 
Conditions for analyses are same as a PI 

Fig. 14: Speed performance of FLC based vector control
 

The Figure 14 shows the speed response of Fuzzy controller during changes in load it produces less drop in 
speed. 

Rameshkumar. N and Md. Zubair Rahman A.M.J., 2015/ Advances in Natural and Applied Sciences
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The performance comparison of open loop using SVM, closed loop with PI and FLC controller is shown in 
Table 4.  
 
Table  4: Performance comparison of SVM and PI Controller 

Controllers Overshoot (%) 
Steady state error 
(%) 

Settling time (Sec) 
Drop in speed during the 
Change in Load (%) 

FLC 0.83 1.67 0.36 0.83 
Vector drive (PI) 1.67 2 0.42 1.17 
Open loop(SVM) 6 2.1 0.18 1.27 

 
Conclusion: 
 Induction motors are mostly used in many industries and for pumping in domestic applications. The use of 
PV power reduces more power consumption from the power grid. PV power is pollution free source suitable for 
all applications. Adjustable speed drive is the most used application of an induction motor. The vector control 
method produces good dynamic performance in an induction motor because of its magnetic flux control. In this 
paper, the simulation results of a drive in open loop using SVM and closed loop vector drive using PI and Fuzzy 
logic controller are compared. The entire system is simulated using Matlab/Simulink. From the results, it is 
confirmed that the vector drive using Fuzzy controller reduces peak overshoot, steady state error and speed drop 
during a change in load compare to open loop SVM and PI controller. So, it states that Fuzzy based vector 
controlled drive is optimized for startup, steady state and dynamic state.  
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