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 Vector control methods in induction motors based on proportional-

integral (PI) and proportional-integral-derivative (PID) controllers with 

fixed gains are not effective against changes in system parameters, load 

changes, temperature changes, magnetic saturation, and other 

disturbances due to their strong dependence on machine parameters. 

 In vector control systems, motor flux and torque control are performed 

by determining the currents and spatial angles of the vectors, which are 

not very accurate due to instantaneous oscillations in the load and 

changes in rotor resistance. In many industrial applications, the stable 

and precise performance of these controllers is challenged. To deal with 

these problems, there is a need for an adaptive control system that can 

dynamically adjust the controller gains. The use of fuzzy logic 

controllers (FLC) due to their high flexibility, adaptability to different 

operating conditions, and improved dynamic response, without the 

need for a precise mathematical model of the system, can adjust of 

control strategies based on linguistic rules and fuzzy sets. In this paper, 

an induction motor indirect vector control method is replaced with a 

fuzzy logic controller. The results of simulation and evaluation of the 

method in different conditions show that the use of fuzzy control leads 

to improved stability, reduced speed, and torque oscillations, reduced 

system response delay, and increased control accuracy and can be a 

suitable alternative to classical controllers in industrial applications in 

systems requiring precise and stable performance. 
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1. Introduction 

AC motor drives require high-efficiency performance 

due to their numerous industrial applications. In these 

drives, the motor speed must follow the desired 

reference speed trajectory with less influence from load 

changes, parameter changes, and motor model 

estimation errors. For this purpose, the vector control 

method was proposed. In this method, the design of an 

appropriate controller plays a decisive role in the drive 

performance. 

Unfortunately, there are problems such as high 

sensitivity to machine parameters such as rotor time 

constant, and the need for accurate flux measurement 

and estimation in the vector control method. 

                                                      

1 Model Reference Adaptive Control 
2 Sliding-Mode Control 
3 Variable Structure Control 
4 Self - tuning PI controller 

The fixed-gain PI and PID controllers, which are 

commonly used in speed control drives, are very 

sensitive to changes in parameters and load changes, so 

the parameters of these controllers must be continuously 

adapted to the prevailing environmental and load 

conditions. This problem can be solved to some extent 

by various techniques such as Model Reference 

Adaptive Control (MRAC)1[1], Sliding Mode Control 

(SMC)2[2], Variable Structure Control (VSC)3[3], Self-

Tuning PI Controllers4[4] and some other methods. 

Controller design in all the above methods requires a 

more accurate mathematical model of the system, but 

determining the exact mathematical model of the system 
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is often difficult due to reasons such as uncertain load 

changes and uncertain changes in parameters due to 

conditions such as temperature changes and system 

disturbances [5, 6]. 

To overcome these problems, fuzzy logic controllers 

(FLC)5 can be used [7-10]. 

In a general comparison between classical PI and PID 

controllers and adapted fuzzy controllers, the following 

advantages are observed [11, 12]: 

1. These controllers do not require an accurate 

mathematical model of the system. 

2. They are easy to implement in systems with 

nonlinear and complex behavior. 

3. The structure of this type of controllers is based 

on the linguistic rules common among humans and 

can be implemented through “IF-Then” statements, 

which itself expresses the proximity of this logic to 

life in human societies. 

In order to achieve better performance, the indirect 

vector control method is simulated with the help of 

a fuzzy controller, and its results are presented. 

 

2. Indirect Vector Control of Induction Motors 

The stages of vector control at induction motor by 

indirect method and by precise tracking of the rotor 

field are given below [13, 14]: 

First step) Sampling of a stator and Calculating the 

real value of Longer and Transverse Components 

of Stator current in rotor flow Coordinates: 

 

 

 

(1) 

 

 

 

 

(2) 

 

 

Second step) Calculate the amount of the rotor flux 

linkage by estimated  
estr

ψ  , angular slip angle 

frequency  sl  , and rotor angle position e  . For 

sl  : 

 

(3) 

 

 

 

(4) 

 

                                                      

5 Fuzzy Logic Controller 

And for the rotor flux linkage, we can write: 

 

 

(5) 

 

 

Third Step) Determine the Reference Current 
*
dsi : 

The speed control in this study is below the base 

speed b . Therefore, 
*
dsi  is calculated using the 

following relationship: 
 

(6) 
 

 

Where 
*

r is the reference value of the rotor flux 

space phasor and its nominal value can be obtained 

through the steady-state model of the induction 

machine in the constant torque region of the 

induction machine's speed-torque curve. 
 

Fourth Step) Determine the Reference Current :
*
qsi   

The torque-producing component in an induction 

motor is the reference current, 
*
qsi , and can be 

calculated from 
*
eT  as follows: 

 

(7) 
 

 

In Equation (7), 
*
eT , represents the reference 

electromagnetic torque, P, denotes the number of 

pole pairs in the machine, and 
*
qsi  corresponds to 

the reference value of the transverse (quadrature-

axis) component of the stator current." 
 

To achieve 
*
eT , the motor speed is initially 

sampled. Then, the error between the desired 

reference speed and the actual motor speed is 

processed through a proportional-integral (PI) 

speed controller, which generates the reference 

torque 
*
eT . 

 

Fifth Step) Converting reference currents 
*
dsi  and 

*
qsi  into three-phase currents 

*
ai , 

*
bi , and 

*
ci  

through equations (8) and (9): 
 

(8) 
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(9) 
 

 

 

 

 

Sixth Step) Applying three-phase reference 

currents to a current-controlled PWM inverter: 

At this stage, the current error resulting from the 

three-phase reference currents and the sampled 

currents is applied to a hysteresis controller with a 

specific hysteresis band to generate the necessary 

pulses for the inverter. 

The general block diagram of indirect control of an 

induction motor using the FOC method based on 

the above six steps with Current-controlled VSI 

voltage source inverter will be as shown in Figure 

(1). 

In this block diagram, the speed controller is of the 

PI type and its role is to keep the actual speed of 

the motor equal to the reference speed in both 

steady-state and transient states with good dynamic 

response. 
 

 

 

 

 
Figure 1. General block diagram of indirect vector control of an induction motor using the FOC method 

 

 

The curves related to the start-up of a three-phase 

squirrel cage induction motor sample without load 

and at a speed lower than the rated speed are shown 

in Figure (2). As can be seen, the motor speed has 

reached the reference speed after approximately 

1.9s. The results of the study of the dynamic 

behavior with respect to changes in load torque and 

reference speed are also shown in Figure (3). In this 

figure, the reference speed of the running motor has 

increased to 150 radians/second, which is the rated 

speed of the motor. Also, after a certain period of 

time, a load torque of 100 N.m has been applied to 

the motor. 
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Figure 2. The curves related to the start-up of a three-

phase squirrel cage induction motor sample without load 

and at a speed lower than the rated speed 

 

 

Figure 3. dynamic behavior with respect to changes in 

load torque and reference speed 

 

3. Fuzzy vector control 

Fuzzy logic techniques are of significant use in 

solving many problems in various sciences [15-

17]. These techniques play a particularly important 

role in the control of engineering processes. Fuzzy 

logic controllers (FLC) allow the setting of control 

strategies based on linguistic rules and fuzzy sets, 

due to their high flexibility, adaptability to different 

operating conditions, and improved dynamic 

response, without the need for an accurate 

mathematical model of the system. 

Due to the high sensitivity of the vector control 

method to machine parameters such as the rotor 

time constant, the need for accurate flux 

measurement and estimation, etc., classical PI 

controllers are not very suitable for this method. 

For this reason, the controller in the vector control 

method is replaced by a fuzzy PI controller. 

PI controllers are used as one of the most important 

controllers due to their simple structure and robust 

performance. The transfer function of these 

controllers is as follows: 

 

(10) 

 

The success of a PI controller depends on the 

appropriate choice of its gains, A and B. In 

practice, determining the PI gains that will provide 

optimal efficiency is not a simple task and must be 

derived with the help of expert experience and 

based on a number of general rules. 

In a speed control system, the goal is to achieve a 

fast rise time with the least overshoot. 

Therefore, the set of rules of the fuzzy control 

system is obtained empirically and based on the 

step response. Figure (4) shows a typical response 

of a process to a step input. 

 

Figure 4 A typical response of a process to a step unit 

input 

Around point “a”, a large control signal is needed, 

so we can say: If the error between the reference 

speed and the actual speed of the motor is large, 

then pk  should be large and ik , small. 

At points “b” and “d”, the speed changes with 

respect to time are large and the error between the 

reference speed and the actual speed is small, so we 

can write: If the speed changes with respect to time 

(acceleration) are large and the speed error is small, 

Then pk  and ik  are both small because large pk

causes large overshoot and large ik  causes the 

system to oscillate. 

s

k
kG i

P 
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At point e, the error between the reference speed 

and the actual speed is zero and the speed changes 

with respect to time are also almost zero, so we 

have: If the speed error is zero and the acceleration 

is also zero, then pk  should be small and ik , large 

So that the steady-state error in the system is 

reduced. A similar behavior to point “a” can also 

be proposed for “c” point. 

Based on the above expressions, the desired fuzzy 

controller can be prepared for replacement in the 

vector control method. For this purpose, one fuzzy 

controller is considered for determining the value 

and another fuzzy controller is considered for 

determining. 

The fuzzy inference system used in this paper is of 

the Mamdani type. This system has features such 

as its efficiency in ambiguous environments, the 

use of human knowledge, and the ability to find the 

optimal solution to the problem from a large 

number of available solutions. 

The membership functions used in these controllers 

are trapezoidal and triangular, which are defined as 

follows: 

 

 

 

 

 (11) 

 

 

 

 

 

 

In the above expressions, if b = c, the triangular 

membership function will be obtained. 

The methods used for combining and summing the 

rules are also in accordance with the following 

relation expressions: 

 

min                           :       And Method 

max              :       Or Method 

min                           :        Implication  

max              :        Aggregation 

center of gravity :        Defuzzification 

 

The defuzzification method used is the center of 

gravity method, which is defined as follows: 

 

 

 

(12) 

 

Where N is the number of fuzzy rules used and 

  ikc  is the membership degree of the output 

for the kth rule. 

Figure (5) shows the membership functions and 

fuzzy rules related to the pk  fuzzy controller. In 

this figure, the first input of the fuzzy controller is 

the error of the reference speed and the measured 

speed, which is represented by “e”, and the second 

input is the acceleration or change in speed with 

respect to time, which is represented by “a”. 

 

 

 (13) 

 

 

 (14) 

 
Figure 5. membership functions and fuzzy rules related to 

the pk  fuzzy controller 

Figure (6) shows the membership functions and 

fuzzy rules related to the ik  fuzzy controller. The 

inputs of this controller are the velocity error “e” 

and acceleration “a” and its output is the desired 

numerical value for ik  according to the fuzzy rules  

used. 
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Figure 6. membership functions and fuzzy rules related to 

the ik  fuzzy controller 

By replacing the block corresponding to the 

classical controller in the conventional vector 

control method with the blocks of fuzzy controllers 

and the necessary sections, the fuzzy vector control 

method was simulated on a motor with the same 

specifications and under similar transient 

conditions. The simulation results are shown in 

Figures (7), (8), and (9). 

 

 

 
Figure 7 . The curves related to the start-up of a induction 

motor sample without load and at a speed lower than the 

rated speed with fuzzy logic controller 

 

 
Figure 8. dynamic behavior with respect to the reference 

speed increase with fuzzy logic controller 

 

 

 
Figure 9. Dynamic behavior with increasing motor load 

using a fuzzy logic controller 

 

 

The curves related to the changes in the ik and pk  

gains and the ratio of the speed change curve are 

presented in Figure (10). By observing this figure 

and the previously presented fuzzy rules, the result 

of applying fuzzy rules and using fuzzy controllers 

can be seen. 
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Figure 10.  

Figure (11) presents the simultaneous response of 

the induction motor starting curves using the 

classical vector control method and the fuzzy 

vector control method. 

 

 
Figure 11.  

As can be seen in Figure (11), in the fuzzy method, 

the speed of the induction motor will reach the 

desired reference speed in less time. Also, the 

steady state error in this case is almost zero. 

The rate of speed overshoot from the desired 

reference speed is very small and can be reduced 

further by better and more appropriate selection of 

membership functions and their parameters and the 

use of fuzzy rules. 

However, the fuzzy vector control method is one of 

the reliable application method of speed control of 

induction motors, which in addition to its 

simplicity increases the speed and accuracy of the 

system response under variable environmental 

conditions and motor parameters. Of course, the 

practical implementation of this method is possible 

using fast digital signal processors (DSP6). 

 

                                                      

6 Digital signal Processing 

4. Specifications of the squirrel cage induction 

motor used in the simulations 

The specifications of the induction motor used in 

the simulations are as follows: 

Table 1. Specifications of the induction motor 
Nominal value Parameter 

50 HP (37kW) Pn 

400 V Vn 

50 Hz fn 

1480 rpm Nn 

0.08233 Ω Rs 

0.724 mH Lls 

0.0503 Ω R’rs 

0.724 mH L,lr 

27.11 mH Lm 

0.37 kg.m2 J 

0.02791 N.m.s f 

2 (Pair of poles) P 

 

5. Conclusion 

Using the fuzzy vector control method, on the one 

hand, improves the speed and accuracy of the 

system's response to sudden changes in the load 

torque or the applied reference speed, and on the 

other hand, by using a fuzzy controller instead of a 

classic controller, the high sensitivity of the control 

system to changes in environmental conditions and 

changes in engine parameters is reduced. So that 

changing the proportional and integral gains of the 

controller during system operation tries to create a 

desired response in following the desired reference 

speed and responding to changes in the load torque 

in loads that have uncertain behavior. 

The fuzzy control method in determining the 

controller gains compared to fixed-gain controllers 

includes other advantages such as simplicity, no 

need for an accurate mathematical model of the 

system, and faster response to unwanted changes in 

the load characteristics and engine model. 
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