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ABSTRACT 

This study proposes an anti-slip control system for electric trains based on the fuzzy logic 

theory, which prevents the wheels from slipping during the acceleration and simultaneously 

tracks the desired speed profile. To improve the control performance, the train longitudinal 

velocity and the slip ratio are estimated. By using a Field Oriented Control (FOC), the angular 

speed of the traction motor is controlled. The fuzzy control system determines the desired 

angular speed of the traction motor as the reference input of FOC to obtain the desired slip ratio 

and track the desired speed profile. Simulation results show the effectiveness of the control 

system in various wheel-rail surface conditions based on the real parameters of ER24PC 

locomotive.  

 

Keywords: Slip controller, Electric train, Longitudinal velocity, Fuzzy Control, Field oriented 

control. 

  



NOMENCLATURE 

 

mB  Motor friction coefficient qrV   q- axis Rotor voltage referred to stator 

wB  Wheel friction coefficient lrX   Rotor leakage reactance per phase referred to stator 

aC  Air resistance coefficient lsX   Stator leakage reactance per phase 

ve  Train velocity error MX   Magnetizing reactance per phase 

sV   Slip velocity    Adhesion coefficient 

e   Slip ratio error ̂  Estimated adhesion coefficient  

F   Friction force e   Electrical torque 

sf   Nominal frequency l   Load torque 

g   Gravitational acceleration w   Wheel torque 

qsi   q- axis stator current f   Adhesion torque 

dsi   d- axis stator current  ˆ
f  Estimated adhesion torque 

qri   q- axis rotor current referred to stator ê   Estimated Electrical torque 

0si   Base stator current e   Electrical torque
mB  

0ri   Base rotor current referred to stator qs   q- axis stator flux linkage per second  

dri   d- axis rotor current referred to stator ds  d- axis stator flux linkage per second  

mJ   Moment inertia of the rotor mq   q - axis magnetizing flux linkage 

wJ   Moment inertia of a wheel-set md   d- axis magnetizing flux linkage 

k   Sample number 0s  Stator base flux linkage per second 

m   Train mass 0r  Rotor base flux linkage per second referred to stator 

p   Numbers of poles of traction motor dr  d- axis rotor flux linkage per second referred to stator 

R   Gear ratio qr  q- axis rotor flux linkage per second referred to stator 

mr   Rotor radius ˆ
qs   Estimated value of qs  

wr   Wheel radius ˆ
ds  Estimated value of ds  

sr   Stator resistance w   Wheel angular speed 

rr   Rotor resistance referred to stator m  Motor angular speed 

sT   Sampling time b   Base electrical angular speed 

v   Train longitudinal velocity    The angular velocity of arbitrary reference frame 

dv   Train desired velocity r   Electrical angular speed of rotor 

v̂   Train estimated longitudinal velocity ̂   Estimated slip ratio 

qsV   q- axis stator voltage    Slip ratio 

drV   d- axis rotor voltage referred to stator d  Desired slip ratio 

0sV   Base stator voltage mL   Mutual inductance 

0rV   Base rotor voltage referred to stator rL  Inductances for the rotor 

dsV   d- axis stator voltage rR  Rotor resistance 

rT   Time constant r   Electrical rotor angle computation 



1. Introduction 

Rail transit is a safe, reliable, and energy-efficient form of transportation [1]. By increasing 

the number of passengers, the demands to reduce the headway and to increase the trains speed 

have been increased. The first step to obtaining these goals is designing an optimal speed profile 

with maximum acceleration, maximum allowed speed in the track, and maximum deceleration 

in the braking phase. The second step is developing and implementing the appropriate control 

systems in traction and braking systems to track the desired speed profile in the acceleration, 

cruising, and braking modes. It is evident that tracking the desired speed profile and obtaining 

the maximum acceleration without controlling the adhesion force between the wheel and rail 

is not possible [2], [3]. Automatic train operation (ATO) system generally consists of two main 

parts, (i) generating the optimal speed profile and (ii) tracking strategy to track the optimal 

speed profile [4], [5], [6].  

In railway, tracking the desired speed profile without considering the wheel slip is not 

practical, since the friction coefficient has a low value. In the acceleration and braking modes, 

tracking the desired speed profile must be considered along with wheel slip control [7]. To 

have a perfect traction system operation, both achieving the appropriate value of slip ratio and 

tracking the desired speed profile must be met [4], [7], [9].  

The slip velocity and slip ratio in the acceleration mode are defined as (1) and (2), 

respectively [9], [10], [11], [12], [13], [14], [15]. In railway vehicles, increasing the slip ratio 

decreases the friction between the rail and the wheel, where results in less tractive effort, where 

it is not desirable [11], [16]. Consequently, maintaining the slip ratio in the optimal interval 

improves the tractive effort and reduces both energy consumption and maintenance costs. 
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 There are various types of slip control systems in the literature [17], [18], [19] and [20]. 

These control strategies can be categorized in the following classes:  

- Fuzzy logic and Intelligent Control Systems 

- Nonlinear Control systems 

- Control strategies based on the slip estimation   

 

1.1. Fuzzy Control and Intelligent Systems 

 

In [5], a multi-modal fuzzy PID (MM-FPID) control algorithm was presented to track 

the desired speed profile for freight trains. The fuzzy system adjusted the parameters of the 

PID controller. Based on the idea of the self-learning characteristic of neural networks (NNs), 

a controller consists of NNs and MM-FPID has been proposed. The simulation results showed 

the success of the control strategy for tracking the desired speed profile in the presence of time- 

delay [5]. A fuzzy slip controller was proposed in [21]. The control structure consists of two 

loops. The outer loop was for speed control and consists of a PI controller, and the inner loop 



was for slip control and consists of a fuzzy logic controller, which produces the optimal set 

point. The drawback of [21] is that the dynamic of traction motors has not been considered in 

the model. Kwon et al. [22] introduced a fuzzy adhesion control system in addition to a 

disturbance observer to estimate the adhesion force coefficient. The introduced approach has a 

complex fuzzy controller, and clearly, there are certain limitations in practical application. 

Spiryagin and Lee [23] proposed an adhesion control system to control the slip ratio based on 

an observer and fuzzy systems, which determines the maximum tractive torque. In this control 

system, the friction coefficient was detected using a noise spectrum analysis. Frylmark and 

Johnsson [24] have presented two slip control systems to prevent low friction between the rail 

and wheel. These methods were introduced based on an adaptive algorithm and fuzzy logic 

control. The control structures have two loops. An outer loop is for speed control, and an inner 

loop is for slip control. Time differential of slip and time differential of adhesion force were 

the input variables, and the compensation of torque was the output of the inner loop. Reference 

torque was the output of the outer loop. These two outputs integrated and generated the desired 

torque command. Frylmark and Johnsson have not considered an accurate model of traction 

motors in the train model [24]. 

 

1.2. Nonlinear Control Methods 

 

  In [25], an Adaptive Fuzzy Sliding-Mode Control was employed to control the slip ratio 

and regulate it to the desired value in the braking mode. The second Lyapunov theorem was 

used to prove the closed-loop asymptotic stability, while the model of traction motor has not 

been considered in the train dynamic. The multi-body dynamics method was used for 

simulating the longitudinal dynamics of ER24PC locomotive. Lu et al. [26] introduced a robust 

adaptive re-adhesion control scheme based on the Lyapunov theorem for high-speed trains. 

Uyulan et al.  [27] presented a modified super-twisting sliding mode and robust adaptive to 

control the slip in acceleration and braking modes. Lu et al. [28] presented a robust adaptive 

cooperative control to control the slip velocity in high-speed trains. [29] and [30] introduced 

an integral sliding mode control to obtain the optimal adhesion. The advantage of the method 

is its robustness in dealing with model uncertainty and disturbances, while the dynamic of the 

traction motors has not been considered in the model.  

 

1.3. Control strategies based on the slip estimation   

 

Pichlik and Zdenek [31] proposed a slip control method based on the Unscented 

Kalman Filter (UKF) to estimate the adhesion condition. This method improved the weakness 

of the classical methods by estimating the relative adhesion force as the controller input. A PI 

controller has been used to avoid the high value of wheel slip velocity. Zhao and Liang [32] 

presented a slip detection and re-adhesion control methodology in which an extended Kalman 

filter was used to estimate creepage, creep force, and traction coefficients. The proposed re-

adhesion control method was applied to regulate the electric torque of the AC traction motor. 

Sadr and Khaburi [33] proposed perturbation and observation-based control to obtain 

maximum adhesion force in traction mode. Their control strategy was simulated and 



implemented in a test rig. Wen et al. [34]  proposed distributed Model Predictive Control 

(MPC) as a re-adhesion control system in four axes of the electric locomotive.  

  Mei et al. [35] suggested a mechatronic approach for the detection of wheel slip/slide 

and an anti-slip control in railway traction systems. In their method, the slip ratio was estimated 

by an observer based on wheel-set torsional vibration. Depending on the magnitude of the 

estimated torsional torque, a conventional PI controller was tuned to reduce the actual level of 

torque. Kadowaki and Ohishi [36] introduced anti-slip/anti-slide re-adhesion control using a 

disturbance observer and sensor-less vector control. The effectiveness of the method was 

analyzed and validated by applying it to an actual electric multi-unit series 205-5000. 

Kawamura et al. [37] developed an adhesion test equipment to measure the tractive force and 

proposed a tractive force control in the slip region. Their control strategy was based on the time 

derivative of slip ratio and tractive force. Achour and Debbou [38] introduced an average 

differential control as an anti-slip strategy in dealing with dual-induction motors that use as the 

railway traction system. Cooperative control was used to generate the voltage references 

introduced in the PWM block to reduce the number of control units. The proposed drive control 

cancels the difference between motor torques if an unbalanced load in the traction system 

caused by changes in adhesion force originates from slip changes and rail conditions. 

Based on the state of the art, some of the researches did not consider the dynamic of the 

traction motors in the modeling and control strategy. On the other hand, in most of the studies, 

tracking the desired train speed profile has not been considered with slip prevention, 

simultaneously. The current study proposes a control strategy based on the fuzzy logic to track 

the desired speed profile and prevent the wheels from slipping. The proposed control system 

consists of field-oriented control (FOC) to control the traction motor and a fuzzy logic 

controller and an estimator to obtain the desired performance. The fuzzy controller generates 

the deviation of the desired angular speed of the traction motor by considering the desired speed 

profile and longitudinal velocity of the train. The control system requires the longitudinal 

velocity value and slip ratio; therefore, an estimator is presented to estimate these variables.  

 Section 2 provides a brief overview and formulation of induction motor equations and 

train dynamics. Section 3 introduces the control system strategy consisting of FOC, a fuzzy 

controller, and an estimator. The simulation results in various scenarios, based on an extended 

model that contains a vector-controlled induction motor model, wheel-set model, and 

locomotive motion model are presented in Section 4. Section 5 concludes the paper. 

 

2. System modeling 

 

 This section presents a model of a train that includes a traction motor (electrical part). 

Fig. 1 shows the components of the traction system of a train and their relationship to one 

another.  

 

 



 
Fig. 1. Traction motor and wheel. 

 

  

2.1 Modeling of mechanical parts 

 

 Using Fig. 1, the dynamic equations of the angular speed of the wheel, the longitudinal 

velocity of the train, adhesion force, and adhesion coefficient can be presented as follows [39]:  
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         The shared parameter between the longitudinal dynamics of the train in the angular speed 

of the wheel in Eq. (5) and Eq. (6) is the adhesion coefficient,    . The adhesion coefficient 

is a nonlinear function of the slip ratio. As it has been shown in Fig. 2, the tractive force depends 

on the slip ratio between the wheel and rail. The Fig. 2 shows that when the slip ratio is within 

the bounds (0.035-0.05), the maximum adhesion force is created [9], [10]. 



 
 

Fig. 2. Adhesion-slip characteristics. 

 

          Ishikawa and Song in [9] and [26] introduced an experimental equation (Eq. (9)) to 

model the adhesion coefficient as a function of slip velocity. The parameters of Eq. (9) have 

been extracted from the results of real experiments. The parameters for wet/dry wheel-rail 

surface conditions are shown in Table 1. 
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Table 1. The parmaeters of Eq. (9) for two wheel-rail surface conditions. 

Wheel-rail surface 

condition 
a b c d 

Wet 0.54 1.5 0.55 0.55 

Dry 0.54 1.5 1 1 

 

2.2 Modeling of electrical parts  

 

 The dynamic equations of an induction motor as the traction motor in the d-q reference 

frame are presented in Eqs. (10) to (18). All the rotor parameters have been referred to the 

stator [40], [41].  
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The electrical torque of the induction motor is determined as follows: 

 

3 1 3 1
( ) ( )

2 2 2 2
dr dr qr ds qs qs ds

b b

e qr

P P
i i i i    

 
       (19) 

 

where iqs, ids, iqr and idr are: 
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3. Control system 

 

 The main objectives of the introduced control system are tracking the desired speed 

profile and preventing the wheels from slipping at the acceleration mode. In order to obtain 

these objectives, a control system with block diagram as shown in Fig. 3 is introduced. Please 

note that the controller and estimator are presented in the discrete time domain with sampling 

time
sT . Clearly, in the discrete time domain, the values of the signals at 

st kT  are known, 

where k  denotes the sample number. The proposed control system includes three main parts, 

FOC, Fuzzy controller and estimator. Tasks of each part of the control system are: 

 FOC: FOC is used to control the angular speed of the traction motor. Fig. 4 shows the 

structure of FOC. The hysteresis block of FOC produces a switching signal for the 

inverter to generate the appropriate three-phase voltages. As shown in Fig. 3 and Fig. 

4, the motor speed is measured and compared with the reference rotational speed. Motor 

speed feedback is required for the outer-loop speed control and in the fuzzy control 

algorithm. By defining the reference rotational speed of the wheel based on the desired 

longitudinal velocity of the train, the desired slip ratio can be obtained [42], [43], and 

[44]. 

 Fuzzy controller: Fig. 3 shows that the control system should generate the deviation 

of reference rotational speed, *

m , of the traction motor as the reference input of the 

FOC. The fuzzy controller generates this value to reduce the error between the 

longitudinal velocity of the train and the desired speed profile and prevent the wheels 

from slipping.  

 Estimator: This part estimates the slip ratio and longitudinal velocity of the train. The 

error between the desired slip ratio and desired longitudinal velocity and their estimated 

values are used as the input variables of the fuzzy controller.  

 

3.1. Fuzzy controller design 

 

        Two main objectives of the introduced control system are:  

 Tracking the desired speed profile 

 Preventing the wheels from slipping 

Fig. 3 shows the block diagram of the proposed control system to obtain the above 

goals. The system dynamics, including the power electronics, induction motor, and mechanical 

components, have been modeled separately. As explained above, the control system consists 

of FOC as the inner control loop to control the rotational speed of the wheel and an anti-slipping 

fuzzy logic controller for tracking the desired speed profile and preventing the wheels from 

slipping. Note that the two objectives have only one input variable, and a system with one input 

variable and two output variables is not functionally controllable. Therefore, the parameters of 

the PI controller in FOC structure have been tuned in such a way that in different adherence 

conditions, the rotational speed of the wheel tracks the reference value. 

 



 
Fig. 3. Block diagram of the introduced control system based on the fuzzy controller. 

 

 

Fig. 4. The field oriented control (FOC) for speed control of the induction motor. 

 

 In the proposed control system, FOC controls the rotational speed, and the fuzzy 

controller should provide its reference input. In the proposed control structure, the fuzzy 

controller determines the deviation of the desired rotational speed of the motor, which 

maintains the slip ratio within an appropriate range and tracks the desired speed profile. The 

proposed fuzzy controller has two inputs: slip ratio error ( )e k , and longitudinal velocity error



( )ve k . ( )e k and ( )ve k  have been defined in Eq. (26). The output of the fuzzy controller is the 

deviation of the reference rotational speed of the wheel, 
w . 
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In this fuzzy system, the triangular membership functions (MFs) have been used for 

both the inputs and outputs of the system. The fuzzy inference engine is based on the Mamdani 

method, the center average defuzzifier, and the Singleton fuzzifier. The MFs of input and 

output variables in the fuzzy system are shown in Fig. 5, and Fig. 6. This fuzzy control system 

is expressed with two-inputs, one-output, and 25 rules. Using the linguistic variables, the 

proposed rule based fuzzy system is designed. The linguistic variables: NB, NS, Z, PS, and PB 

in Table 2 express Negative Big, Negative Small, Zero, Positive Small and Positive Big, 

respectively. Based on the feasible value of the desired slip ratio and the desired longitudinal 

velocity in the railway system, the variation bounds of the input and output variables of the 

fuzzy system are defined as: 
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The fuzzy rules have been developed based on the principle that if both errors have high values, 

then the high correction value, 
w , should be used, and in the other cases 

w  has a smaller 

value.  

 

(a) 
 

(b) 

Fig. 5. Membership functions of the input variables: (a) slip error (b) longitudinal velocity error. 
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 Fig. 6. Membership functions of the output variable: deviation of the reference rotational speed, 
w  

Table 2. Fuzzy logic rules. 

     e


v
e  

NB NS Z PS PB 

NB NB NB NS NS NS 

NS NB NS NS Z NS 

Z NS NS Z Z PS 

PS NS Z PS PS PB 

PB NS PS PS PB PB 

  

3.2. Estimating the Longitudinal velocity and slip ratio 

 

The proposed fuzzy controller requires the values of ( )e k and ( )ve k in all sample times. 

For determining the ( )e k and ( )ve k ,  ˆ( )k  and ˆ( )v k must be estimated. Based on the slip ratio 

definition in Eq. (2), determining the slip ratio depends on the longitudinal velocity. Since, in 

real conditions, the condition of the rail and wheel surface changes, and the longitudinal 

velocity of the train cannot merely be measured [45], [46]. In [42], a sensor-less approach is 

proposed to estimate the train longitudinal velocity. To estimate the longitudinal velocity, by 

measuring the three-phase currents and voltages, the stator fluxes and the electrical torque can 

be estimated using Eqs. (27), (28)  and (29), respectively [42], [47]. Eqs. (27)-(29) have been 

written using Eqs. (9)-(10) and (19)-(21).   
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 By transferring the dynamic equations of the motor in Eq. (3) to the wheel side using 

the gearbox ratio, and by using the estimated electrical torque in (29), the adhesion torque is 

estimated as: 
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The adhesion torque in Eq. (30) can be rewritten as (31). 
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w mB B B R  . Using Eqs. (7) and (8), the estimated adhesion coefficient 

is: 
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Using the wheel dynamics in Eqs. (6)-(8), (31), and (32) the estimated longitudinal velocity 

can be determined in any samples using (33). 
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Obviously, using Eqs. (2) and (33), the slip ratio can be estimated as (34). 
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The main advantage of the presented estimation approach is that the estimator uses the 

dynamic equations of locomotive and traction motor to estimate the longitudinal velocity and 

slip ratio. But, in the estimator equations, (27)-(34), it is assumed that parameters 
s

r , 
b

 , R , J  

, B , 
aC , 

wr  and  m  have known accurate values. Also, it is assumed that stator currents and 

voltages, and angular speed of the wheel are accurately measurable. Clearly, any errors in the 

parameter values result in errors in the ˆ( )v k  and ˆ( )k , and decrease the control system 

performance.  

 

4. Simulation results  

 

 Real parameters of an ER24PC locomotive (Iran-Safir locomotive) have been used to 

carry out the numerical simulations and to demonstrate the abilities of the proposed strategy to 

control the longitudinal velocity of the train and prevent the wheels from slipping. The 

simulations have been done in three cases. Note that, in all cases, the goals are tracking the 

desired speed profile and preventing the wheels from slipping. Table 3 shows the values of the 

parameters used in the numerical simulations. These parameters are for an ER24PC locomotive 

manufactured by MAPNA Locomotive Engineering and Manufacturing Company in 

cooperation with Siemens. 

 

 

 



Table 3. The simulation parameters  

Parameter Value Parameter Value 

 m kg   21250 ( )rr   5.3743 

 2 mJ kg m   8.6021 ( )sr   3.5395 

 2 wJ kg m   146.7 ( )MX   200.591 

R   4.13 ( )lrX   22.3242 

 2 2/aC s m   0.5 ( )lsX   22.3242 

 wr m   0.5  sf Hz   36 

  /mB kg m s   0.032 P   4 

  /wB kg m s   0.02  sT sec   5 10-5 

Proportional gain 

of PI controller 
25 

Integrator gain 

of PI controller 
10 

 

4.1 Case 1: Dry condition 

 

 In this case, the wheel-rail surface is dry, and the desired acceleration in the desired 

speed profile is 1 m/s2. As shown in Fig. 7 (a) and (b), during acceleration, the estimated slip 

ratio meets the desired slip bounds [0.035-0.05], and the train tracks the desired speed profile 

quite well. The torque and three-phase currents of the traction motor are shown in Fig. 8.   

 

 

(a) 

 

(b) 

 Fig. 7. Dry condition: (a) tracking the desired speed profile and error between the estimated 

longitudinal velocity and the desired speed profile; (b) 
w  and estimated slip ratio. 



 

Fig. 8. Dry condition: electric torque and three-phase currents.  

To evaluate the proposed fuzzy control system, a Super-twisting Sliding Mode Control 

(StSMC) [3] has been used. The simulation results for the dry wheel-rail surface have been 

shown in Fig. 9. The simulation results show that the StSMC could not maintain the slip ratio 

in the desired bound in the acceleration mode. Furthermore, the longitudinal velocity of the 

train does not track the desired speed profile in the acceleration mode, but in the cruising mode, 

tracking the desired speed profile is much better and acceptable. 

 

 

(a) 

 

(b) 

Fig. 9. Dry condition: (a) tracking the desired speed profile and error between the longitudinal 

velocity and the desired speed profile using StSMC; (b) ref and slip ratio, using StSMC. 

4.2 Case 2: Wet condition 

 

 In this case, the simulation is performed in wet wheel-rail surface conditions. Because 

of the safety and rail conditions, the acceleration of the desired speed profile is 0.5 m/s2. At the 

beginning of the movement, due to the wet surface condition, controlling the slip ratio is more 

significant. As shown in Fig. 10. (a), and (b) the desired slip ratio has been obtained well, and 

the longitudinal velocity of the train has tracked the desired speed profile.  



 

(a) 

 

(b) 

Fig. 10. Wet condition: (a) tracking the desired speed profile and error between the estimated 

longitudinal velocity and the desired speed profile; (b) 
w and estimated slip ratio. 

 

  
 Fig. 11. Wet condition: electric torque and three phase currents. 

 

4.3 Case 3: Dry-wet condition 

 

 In this case, the simulations have been performed for different rail and wheel surface 

conditions as shown in Table 4. At the onset of the motion, the condition of the rail and wheel 

is dry, and the desired acceleration of the train is 1 m/s2. After 10 seconds, the wheel-rail surface 

condition changes to a wet surface, and the train tracks the corresponding desired speed profile 

while the desired acceleration changes to 0.5 m/s2. Fig. 12. (a) shows that, during the 

acceleration, the desired slip ratio is obtained and maintained within the bounds (0.035, 0.05), 

and the longitudinal velocity of the train tracks the desired speed profile quite well. 

 



Table 4. Conditions of the wheel-rail surface over time. 

Time Rail condition 

0 10t   Dry 

10t   Wet 

 

 

(a) 

 

(b) 

 Fig. 12.  Dry-wet condition: (a) tracking the desired speed profile and error between the estimated 

longitudinal velocity and the desired speed profile; (b) 
w and estimated slip ratio. 

 

 

Fig. 13. Dry-wet condition: electric torque and three-phase currents. 

 

4.4. Estimator performance evaluation  

As previously mentioned, using a sensor-less approach, presented in Section 3.2; we 

have estimated the longitudinal velocity of the train and the slip ratio. To evaluate the accuracy 



of the proposed estimator, we have investigated the performance of it in the presence of the 

measurement noise. Since in a real condition, wheel speed, stator voltages and currents are 

measured along with noise. We assume that the measurement noise is a zero mean white 

Gaussian noise with 0.01 variance. Fig. 14, Fig.15, and Fig.16 present the estimated values in 

comparison with the actual value in dry, wet, and dry-wet conditions, respectively. Evidently, 

the simulation results show that the estimator has appropriate performance.   

 

 Fig. 14.  Dry condition: Estimated value of longitudinal velocity in comparison with the actual value 

in the presence of measurement noise, and estimated value of slip ratio in comparison with the actual 

value in the presence of measurement noise. 

 

 Fig. 15.  Wet condition: Estimated value of longitudinal velocity in comparison with the 

actual value in the presence of measurement noise, and estimated value of slip ratio in 

comparison with the actual value in the presence of measurement noise. 



 

 Fig. 16.  Dry-wet condition: Estimated value of longitudinal velocity in comparison with the actual 

value in the presence of measurement noise, and estimated value of slip ratio in comparison with the 

actual value in the presence of measurement noise. 

 

5. Conclusion 

 

The current study introduced a fuzzy control system for tracking the desired speed 

profile in an electric train and simultaneously preventing the wheels from slipping. Field-

oriented control (FOC) was first designed to control the angular velocity of the motor; then a 

fuzzy controller was presented to generate an appropriate value of deviation for reference 

rotational speed. The simulation results show that the proposed scheme has effective 

performance in tracking the desired speed profile and provided the desired slip under different 

wheel-rail surface conditions. Furthermore, the simulation results demonstrate that the 

proposed algorithm has effective performance in different rail and wheel condition. 

 Further research can be done to improve the robustness of the proposed estimator in 

dealing with uncertainty in the parameters of locomotive and traction motors. 
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