
 

 
 

 

 

 

 
  

  

 
 

ABSTRACT— The negative impact of CO2 emissions from 

diesel is forcing the electrification of rail systems to reduce 

gas emissions. In the case of electric traction the induction 

motor is considered in many applications as the best 

solution. This paper presents an intelligent strategy to 

improve the control performance of the asynchronous motor 

in a railway traction chain. The technique used to control 

this motor is IFOC because of its good suitability on the one 

hand its robustness, of which speed, torque and flux play an 

essential role in terms of the dynamic parameters of the 

system. The maximum torque and efficiency are obtained by 

controlling the speed by the conventional PI controller and 

that of fuzzy logic and neural network. The simulation 

results obtained by Matlab/Simulink show that the artificial 

intelligence ensures the best performance in terms of 

robustness, stability and fidelity during the sudden variation 

of the speed and torque. 

 

 
KEY-WORDS—Railway Traction Chain, IFOC, Artificial 

intelligence, machine, Simulation 

 

1 Introduction 

 

owadays, the development in electric railway 

traction with induction motor operating at different 

frequencies, particularly with controlled voltage 

supply. Including powered voltage-controlled, has 

increased significantly owing to the technological 

evolution of static converters associated with control 

systems as well as signal processors which allow the real-

time processing of complex control algorithms [1]. 

Induction motors (IM) are widely used as actuators 

for industrial applications due to their reliability, 

ruggedness and relatively low maintenance cost [2]. 

Again presence of inherent coupling effect between the 

torque and flux of an induction motor makes the control 

strategy nonlinear and motor’s response becomes slow 

[3].  For this reason, many control techniques were 

developed to enable decoupling the torque and the flux, in 
order to control the torque and the flux independently, as 

in DC motors. Among these methods, we reference the 

IFOC established by Blaschke [4]. 

IFOC is commonly used with proportional-integral (PI) 

or proportional-integral-derivative (PID) controllers, 

however, in some cases, when the dynamics of the system 

changes with time or with operating conditions, the 

performance of the PI is decreased and the control quality 

is deteriorated (as the gains is fixed in all operating 

conditions). Fuzzy logic and neural networks are said to 

be intelligent, used to overcome the above drawbacks. 

This paper focused on a comparison between three 

control techniques for an induction motor, PI, fuzzy logic 

and neural network studied in numerical simulation 

software (Matlab/Simulink). 

2 Induction motor modeling 

 

The dynamics of the induction motor is complex 

because of the coupling between the stator and the rotor, 

especially when the coupling coefficients vary with the 

rotor position. In this model the real three-phase induction 

motor is replaced by a fictitious, but magnetically 

equivalent, two-phase machine, due to the Park 

transformation which allows the transition from a three-
phase system (a, b, c) to a system (d, q, h), and certain 

simplifying assumptions [5]. 

 

The analytical study of an induction motor using 

Park's transformation requires the use of a reference 

frame that reduces the number of quantities that need to 

be known in order to simulate the operation of the 

machine. For this work, we have chosen the stator frame 

of reference because it is better suited to our study. 

 

2.1 Voltage-fed Asynchronous Machine Model: 

 

The model of the voltage-fed induction motor for a 

reference frame linked to the stator in a Park reference 

frame is given by the following electrical equations: 

Stator : 

Vsd = RsIsd +
d

dt
ψsd                                             (1) 

Vsq = RsIsq +
d

dt
ψsq                                              (2) 

 

Rotor : 

Vrd = 0 = RrIrd +
d

dt
ψrd − ωrψrq                       (3) 

Vrq = 0 = RrIrq +
d

dt
ψrq − ωrψrd                       (4) 

 

Equations du flux :  

Stator :  

ψsd = LsIsd + IrdM                                               (5) 

ψsq = LsIsq + IrqM                                               (6) 

 

Rotor : 

ψrd = LrIrd + IsdM                                               (7) 

ψrq = LrIrq + IsqM                                               (8) 

 

The equation of motion, linking the electrical and 

mechanical parts is written as follows: 

j
dΩr

dx
= Te − Tr                                                       (9) 
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Torque equation : 

Te =
PM

Lr
 . (ψrd. Isq − ψrq. Isd)                            (10) 

 

3 Rotor flux orientation control 

 

The orientation of the stator flux and the air gap flux 

does not give good performance compared to the 

orientation of the rotor flux, which gives high torque but 

requires adaptation of the rotor parameters (which vary 

with temperature and frequency) [6]. 
In this case the rotor flux vector control that we 

implement is based on an orientation of the rotating frame 

of reference of axes (d, q) such that the d-axis is 

coincident with the direction of ψr. The flux ψr being 

oriented on the d-axis [7], Thus, the consequences (ψr =
ψrd,ψrq = 0   ) are injected into the model equations to 

obtain the control and autopilot laws. 

In this work, we will adopt an indirect control strategy by 

orientation of the rotor flow with position or speed sensor 

at the rotor, necessary to carry out the changes of 

coordinates. 

Therefore, the motor is powered by a voltage inverter, 

and the control is operated using the pulse width 
modulation technique. In this case, the control variables 

are Vsd  and Vsq. 

 

State variables: isd , isq , ψrd et ψrq 

Control variables: Vsd  et Vsq 

 

3.1 Rotor flux equation system 

 

Vsd = σLs
disd

dt
+Rsisd − ωsσLsisq +

M

Lr

d

dt
ψr          (11) 

Vsq = σLs

disq

dt
+Rsisq + ωsσLsisd + ωs

M

Lr
ψr        (12) 

d

dt
ψr =

M

Tr
isd                                                           (13) 

Te =
PM

Lr
ψrisq                                                         (14) 

ωr =
M

Tr

isq

ψr
                                                              (15) 

j
dΩr

dx
= Te − Tr − fΩr                                             (16) 

For decoupling, we are interested in the compensation 

technique, which appears to be the simplest because it 

consists of adding decoupling terms on each of the axes, 

but with opposite signs. 

4 Regulation 

 

4.1 Application of regulator PI to the induction 

motor  

 

In our work, we used the PI corrector of the 

proportional-integral action PI which is very widespread 

in the field of the control of the electric machines and its 
simplicity of implementation [5].Subsequently the 

simulation, the calculations of the coefficients (the gains) 

of the PI controller made by the method of pole 

compensation at the level of speed control as well as the 

stator currents (isd, isq), Unfortunately, the calculations 

did not give enough accuracy to put exact values, where 

we therefore had to adopt another method that works by 

the experimental, called the method of Nicole Ziegler. For 

this, the simulation is performed with the following 

parameters: 
 

Table 1: Controller parameters used. 

Regulator Kp Ki 

Speed 200 0.5 

current (d axis) 10 6000 

current (q axis) 5.10 484.21 

 

Fig. 1 present the block diagram of the simulation of an 
induction motor controlled by the IFOC technique and 

with the PI controller. 

Fig. 1 Block diagram of an Induction motor controlled by the IFOC technique and with PI controller. 
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Fig. 2 Simulation results of vector control on a IM by the PI controller.

We note that the speed reached its nominal value with 

good dynamics and no static error. At the time of 

application, the load torque (Tr = 10 N.m) with a time (t = 
0.8 s), the speed decreased, but it recovers again without 

static error. The rotor flux components show good flux 

control with successful decoupling, the torque is quickly 

controlled in the transient regime. 

The emergence of the peaks and are not large in the 

stator phase currents and in the torque as well as in the 

rotor fluxes during the speed reversal and especially 

during the application of the load torque in the time (t = 

0.8 s) with a load (Tr = 10 N.m). 

4.2 Fuzzy logic speed control of the asynchronous 

machine 

 

The distribution and especially the number of 

membership functions over the universe of discourse is 

very delicate because the computation time of the 

algorithm must be taken into account during the practical 

implementation. 

For the input fuzzification phase We have selected the 

same triangular and trapezoidal membership functions for 

the input and output variables divided into five or seven 

symmetric and equidistant subsets Fig.3 and Fig.4. This 
choice allows an easy implementation and fuzzification 

step because it does not require a large computational 

time when evaluated in real time. 

 
Fig. 3 Membership functions and universe of discourse for the 

input variables for (5*5) rules. 

 

 

Fig. 4 Membership functions and universe of discourse for the 
input variables for (7*7) rules. 
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We have a closed-loop system of FLC regulated speed, 

we can establish the control rules, which link the output 

with the inputs, according to our basis on expertise. By 

offering the inputs of e and ∆e which concerns the two 

cases (5*5) and (7*7) , there are five or seven fuzzy sets 

in two methods, this implies twenty-five or forty-nine 

successively possible combinations of these inputs, and 

thus twenty-five or forty-nine rules. 

 
Table (2): Table of twenty-five rules.  

        𝑒 

∆𝑒 
NG NP EZ PP PG      

NG NG NG NG NP EZ      

NP NG NG NP EZ PP      

EZ NG NP EZ PP PG      

PP NP EZ PP PG PG      

PG EZ PP PG PG PG      

 
 

Table (2): Table of forty-nine rules. 

     e 

∆𝑒   
NG NM NP EZ PP PM PG 

NG NG NG NG NG NM NP EZ 

NM NG NG NG NM NP EZ PP 

NP NG NG NM NP EZ PP PM 

EZ NG NM NP EZ PP PM PG 

PP NM NP EZ PP PM PG PG 

PM NP EZ PP PM PG PG PG 

PG EZ PP PM PG PG PG PG 

 

For defuzzification we use The centre of gravity method 

in order to see the variation of the reference 

electromagnetic torque. Where the strict value ∆Ce
∗  is 

taken from the geometric centre of the output fuzzy 

variable. Its discretized equation is given by:    

 

∆Ce
∗ =  

∑ ∆Ce(xi)n
i=1 μ∆Ce(xi)

∑ μ∆Ce(xi)n
i=1

                                      (17) 

For the simulation, we have carried out the results 

according to the regulation of the parameters of the 

correc ble (3):nted in tare represeor which at  

 
d.meters usetroller para): FLC conTable (3  

rRegulato  K 

e errorhGain of t "𝐾𝑒" 130.0  

erivativehe error dGain of t

"𝐾∆𝑒" 
2e-05 

Output gain "𝐾𝐶𝑒−𝑟𝑒𝑓" 8900 

 

For the regulation of isd and isq currents, it is the same as 

for the PI regulator. 
Here is the block diagram of the simulation of an 

asynchronous machine controlled by the IFOC technique 

and with fuzzy logic controller. 

 

 

 

 

 

Fig. 5 Block diagram of the simulation of an induction motor controlled by the IFOC technique and with fuzzy logic controller. 
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Fig. 6 Simulation results of the IFOC control of a IM by the FLC controller.

The simulation results obtained represent an improved 

dynamic response at the velocity level. The latter reaches 

its reference in a response time of 0.09s. On the other 

hand, the other dynamic responses evolve almost 

according to the same pattern. The control shows that it is 

insensitive to the application of the resistive load. 

In these results, the decoupling between the 

electromagnetic torque and the flux during the application 
of the load (Tr = 10 N.m) over a period of (t = 0.8 s) is 

quickly rejected by the fuzzy speed controller. On the 

other hand, the ripples observed during the application of 

the load torque degraded the stability of the control.  

The stator current curve is quasi sinusoidal, because 

the introduction of a load torque in (Tr = 10) N.m causes 

an increase in the current. 

4.3   Application of neural networks to the 

induction motor: 

 

4.3.1 Preparation of training data (input-output): 

 

We have chosen the best results obtained when 
estimating the rotation speed of an IM regulated by fuzzy 

logic. Thus, 60001 samples per variable are available for 

the supervisor. After preparing the training base, 70% of 

the data were retained to be used for the supervised 

learning of the network, 15% for the validation of the 

network, and the remaining 15% were retained for the 

learning test. 

 

4.3.2 Choice of neural network topology: 

 

The choice of the neural network architecture is 

delicate, as there is no methodology for calculating the 

number of hidden layers or neurons per layer. We 

therefore worked by trial and error. Firstly, we opted for 

structures with a single hidden layer and a reduced 

number of neurons. Each time, the performance of the 
network is evaluated, and if the results are not acceptable, 

the number of neurons is gradually increased until the 

desired performance is obtained. For the activation 

functions, we used tangent-sigmoid functions (tansig, in 

Matlab) for the neurons of the hidden layers, and linear 

activation functions for the output of the network 

(purline). 

4.3.3  Choice of the learning algorithm: 
 

The last step is the choice of the learning algorithm. 

We have chosen the back-propagation error learning 

method. The algorithm chosen is the gradient descent 

(traingd). As regards the performance indices: the mean 

square error (mse) to be minimised, and the regression 

value R which measures the correlation between the 

outputs and the targets (desired outputs). 
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Fig. 7 Block diagram of the simulation of induction motor controlled by the IFOC technique and with neural network controller. 

 

(a)                                                                              (b) 

 

           (C)                                                                                           (d) 

Fig. 8 (a, b, c and d). The IFOC control of an induction motor by neural network 

 

hey all show the speed, torque, flux and stator current 

estimated by the ANN at no load or when applying a load. 

The speed behavior is presented in Fig. 8 (d), when the 

load is equal to zero at t=0s and when applying a load of 
10 N.m at t=0.8s the measured speed gradually reaches 

the reference speed (faster) and stabilizes at this reference 

value.  

The electromagnetic torque curve illustrated in Fig. 8(c) 

shows that a strong current demand between t=0s and 

t=0.1s (start-up) after which the torque quickly returns to 

its reference value. It takes the zero value as soon as the 

speed stabilizes. 

In the initial conditions of the load i.e. t=0, the amplitudes 

of the currents are shown in Fig. 8 (a), when the load is at 
t=0.8s the stator currents are instantaneously increased. 

t can be seen that the flow Fig. 8 (b) is slightly disturbed 

when the torque varies. 

The most interesting conclusion of all the tests carried out 

is that the motor response and that estimated by the 

network are quite similar and that there is almost no error 
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in the steady state. This shows the ability of the model to 

generalize and adapt to situations not envisaged in the 

training phase. 

 

4.3.4  Comparisons between regulators (PI, FLC, 

RNA) 

 

Report on the results obtained in the previous section, 

concerning the control of the regulators (PI, FLC, and 

RNA). The results announced as follows: 

 

  
Fig. 9 Vector control results for all PI, FLC, and RNA controllers. 

 

  
Fig. 10 Zoom of the flux for the different controllers. 

 

  
Fig. 11 Torque zoom for the different controllers 
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Fig. 12 Speed zoom for the different controllers. 
 

After getting the MATLAB results, we can compare the 

controllers (classical PI, fuzzy controller, neural network) 

according to parameters to judge the best one. The 

comparison is done by the following table: 
 

Table (4): Comparison between the different controllers 

    regulator 

 
Proportion

al-Integral 

Fuzzy 

Logic 

Neuron 

Network 

Response 

time 

 Faster than 

others (RN 

and FL) 

Fast 

response 

and better 

than others 

(RN and PI) 

Acceptable 

response 

compared 

to FL and 

better than 

PI 

Performanc

e 

Acceptable 

performance 

Acceptable 

performanc

e 

High 

performanc

e 

Robustness Robust Very robust Less robust 

Fidelity Reliable 

Very 

faithful and 

reliable 

Faithful 

Stability 
Average 

stability 
Very stable 

Average 

stability 

Defluxing 
Acceptable 

deflection 

Good 

deflection 

Acceptable 

deflection 

 

 

5 Conclusion  

Despite the positive aspects that characterise the PI 

controller, it is difficult to master its role at times. The 

field of fuzzy logic control has become very important, 

thanks to its ability to process certain information, its 

importance lies in its high accuracy, fast dynamic 

response, stability, simplicity of design and 

implementation, and robustness to the variation of internal 

or external parameters. Artificial neural networks can be 

used to design digital controllers that can maintain high 

dynamic performance of the machine even with the 

problem of detuning, they are able to mimic the behaviour 

of any complex non-linear system. 
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