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Abstract: In the paper, the MATLAB-Simulink model of simulation of operation of the fast 

light innovative regional train from “Serbian Railways” in traction and braking mode is 

exposed where changes are observed: stator currents of three-phase traction motors, traction 

electric motor speeds and electric multiple units, electromagnetic torque on the rotor shaft of 

the traction electric motor, and direct current bus voltage. The model allowed review of the 

listed parameters for: different allowed values of contact network voltage and total voltage 

distortion at the place of connection of the electric multiple unit to the contact network; 

different mechanical loads of the electric multiple unit and traction electric motor; and different 

train speeds and rotations of traction electric motors. Appropriate conclusions were made 

through the analysis of the simulation results obtained. 
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1. Introduction 

The fast, light, innovative regional train “Serbian Railways” is a low-floor, four-
part passenger train of “Serbian Railways” manufactured by the Swiss company 
Stadler (Company: Stadler Bussnang AG, Ernst-Stadler-Strasse 4, 9565 Bussnang, 
Schweiz). This fast, light, innovative regional train (FLIRT) is a specially designed 
electric multiple unit (EMU) of the latest generation, “FLIRT 3”. At the beginning of 
2014, twenty-one “FLIRT 3” were put into operation on the electric tracks of “Serbian 
Railways”, and the procurement of thirty-one more is in progress (Figure 1) [1].  

 
Figure 1. The fast, light, innovative regional train—FLIRT 3. 

Basic technical data of the fast, light, innovative regional train “FLIRT 3” are 
shown in Table 1 [1]. 
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Table 1. Technical data. 

Track gauge 1435 mm 

Max velocity 160 km/h 

Axle arrangement Bo' 2' 2' 2' Bo' 

Traction mode: 25 kV AC, 560 Hz 

Maximum power on the wheel 1540 kW 

Maximum starting tractive force 160 kN 

Traction transformer—Main data 

Marked power 605 kVA 

Maximum power per traction winding 500 kVA 

Nominal voltage of traction windings Approx. 25 kV/500 V and no load 

Traction converter—Line inverter—AFE 

Input voltage  Approx. 500 VAC 

Maximum input current Approx. 1020 per AFE (2040 total) 

Nominal DC-link 950 V (Under 1000 V) 

Maximum output power Approx. 525 per AFE (1050 total) 

Bus capacity 85 mF 

Train wide AFE synchronization 6 converters—3 EMU in multiple traction 

Motor inverter—Traction three phase inverter 

Power in traction 385 kW (at wheel) 

Output voltage traction 
20 Hz to 120 Hz approx. from 211 V to 630 V 120 Hz to 
215.7 Hz approx. 675V 

Output maximum current Approx. 780 Hz (700 Hz switching frequency) 

Traction motor data 

Traction motor are three-phase 
asynchronous motors type 

TMF 54-32-4 

Continuous power 300 kW 

Transmission ratio 1:5.9714 

The traction equipment of the fast, light, innovative regional train “FLIRT 3” 
consists of: 

 One pantograph for 25 kV AC. 

 One traction transformer. 

 Two power converters and four traction motors (2 traction motors per one power 
converter). 

 Single-axle drive with three-phase asynchronous motors. 
The traction motor is installed in the motor bogie. Wheelset axle shaft, traction 

motor, tooth coupling, and the gearbox together form an axle drive. There are two axle 
drives per motorbike. The traction motor transmits the torque to the gearbox through 
the tooth coupling transmission ratio of 1:5.9714. The gearbox transmits the drive 
torque through the wheelset axle shaft to the wheels and the tracks [1]. 

The traction system of the train is shown in Figure 2. 
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Figure 2. Principle circuit diagram main current of “FLIRT 3”. 

Figure 3 shows the tractive force-speed characteristics of the fast, light, 
innovative regional train “FLIRT 3” [1,2]. 

 
Figure 3. Traction force characteristic. 
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Figure 4 shows the power dependent on the line voltage of the fast, light, 
innovative regional train “FLIRT 3”. 

 
Figure 4. Power dependent on the line voltage. 

2. Modeling “FLIRT 3” in MATLAB-Simulink 

Modeling of the fast, light, innovative regional train “FLIRT 3” shown in 
MATLAB-Simulink is shown in the Figure 5. 

 
Figure 5. Simulink model of the fast, light, innovative regional train “FLIRT 3”. 

The high level block of the fast, light, innovative regional train “FLIRT 3” 
schematic shown below is built from six main blocks (Figures 6 and 7). The traction 
transformer, the induction motor, the three-phase inverter, and the mono-phase diode 
rectifier models are provided with the SimPowerSystems™ library. The speed 
controller, the braking chopper, and the DTC controller models are specific to the drive 
library. 

 
Figure 6. The high level block schematic of “FLIRT 3”. 
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Figure 7. Simulink schematic of the fast, light, innovative regional train “FLIRT 3”. 

2.1. Speed controller 

The speed controller is based on a PI regulator, shown below. The output of this 
regulator is a torque set point applied to the DTC controller block [3–15]. 

The high-level block diagram as well as the Simulink model of the speed 
controller are shown in Figures 8 and 9 [3–15]. 

 
Figure 8. The high level block schematic of speed controller. 

 
Figure 9. Simulink model of speed controller. 

2.2. Braking chopper 

The braking chopper block contains the DC bus capacitor and the dynamic 
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braking chopper, which is used to absorb the energy produced by a motor deceleration. 
The Simulink model of braking chopper is shown in Figure 10 [3–15]. 

 
Figure 10. Simulink model of braking chopper. 

2.3. DTC controller 

The direct torque and flow control (DTC) controller contains five main blocks, 
shown in Figure 11 [3–5]. 

 
Figure 11. The direct torque and flow control (DTC) controller. 

The torque & flux calculator block is used to estimate the motor flux αβ 
components and the electromagnetic torque. This calculator is based on motor 
equation synthesis. 

The αβ vector block is used to find the sector of the αβ plane in which the flux 
vector lies. The αβ plane is divided into six different sectors spaced by 60 degrees. 

The flux and torque hysteresis blocks contain a two-level hysteresis comparator 
for flux control and a three-level hysteresis comparator for torque control. The 
description of the hysteresis comparators is available below. 

The switching table block contains two lookup tables that select a specific voltage 
vector in accordance with the output of the Flux & Torque Hysteresis comparators. 
This block also produces the initial flux in the machine. 
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The switching control block is used to limit the inverter commutation frequency 
to a maximum value specified by the user. 

The high-level block diagram as well as the Simulink model of direct torque and 
flux control of the drive induction motor are shown in Figures 11 and 12 [3–15]. 

 
Figure 12. Simulink model of DTC (direct torque and flux control) of the drive induction motor. 

2.4. Measurements 

In this model, the voltage of the contact network at the connection point of the 
fast, light, innovative regional train “FLIRT 3” is taken as an input variable electrical 
quantity. This voltage can be changed within the limits of 17.5–27.5 kV according to 
the provisions of EN 50163. All other parameters of the Simulink model blocks are 
determined by the technical data of the train's devices and equipment. Electrical 
quantities that are measured during dynamic processes are: the stator current of the 
traction electric motor and the DC bus voltage converter. 

The given input mechanical parameters of the model are: the desired final speed 

of rotation of the rotor of the traction electric motor (𝜔௥) and the resistive torque of 

the train movement (𝑇௠). Mechanical quantities that are measured during dynamic 
processes and achieving the desired rotation speed are: the reverse electromagnetic 

torque of the traction electric motor (𝑇௘) and the change in the rotation speed of the 

rotor of the traction electric motor (𝜔௥). 
When calculating the reverse electromagnetic moment on the shaft of the traction 

electric motor (𝑇௘), the equation of the dynamic balance of the train drive train was 
used [16–22]. 

𝑇௘ = 𝐽
𝑑

𝑑𝑡
𝜔௥ + 𝐹𝜔௥ + 𝑇௠ (1)

wherein: 

𝜔௥—speed of rotation of the rotor of the electric motor, 

𝐽—the moment of inertia of all rotating masses reduced to the rotor side of the 
electric motor, 

𝐹—coefficient of viscous friction, 

𝑇௠—resistance moments of movement reduced to the rotor side of the electric 
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motor. 
By measuring and knowing the value of the reverse electromagnetic torque of the 

traction electric motor (𝑇௘) and the change in the rotation speed of the rotor of the 

traction electric motor (𝜔௥), the traction force between the wheel and the rail (𝐹௩), i.e., 
the translational speed of the train (v), is fully determined. The relationship between 

the rotating electromagnetic torque of the traction electric motor (𝑇௘) and the traction 

force (𝐹௩), i.e., the rotation speed of the rotor of the traction electric motor (𝜔௥) and 
the translation speed of the train (v), is given by the following Equation [2]: 

𝐹௩ =
2 ⋅ 𝑖 ⋅ 𝜂

𝐷
⋅ 𝑇௘ ev T

D

i
F

2
  (2)

𝑣 =
𝐷

2𝑖
𝜔௥ (3)

wherein: 

𝑖—transmission ratio of the reducer (5.9714), 

𝜂—degree of utilization of the reducer (0.94), 

𝐷—the diameter of monobloc wheel (new/worn: 760/690 mm), 
In order to monitor the change in stator current, rotation speed, and 

electromagnetic torque of the drive motor as well as DC bus voltage, a Simulink 
measurement block was modeled as in Figure 13. 

 
Figure 13. Simulink model of measures. 

3. Results of simulations 

Assuming that the given conditions are such that the fast, light, innovative 
regional train “FLIRT 3”. 
 supplies with a stable sinusoidal voltage of 25 kV, 50 Hz, 
 starts from rest at time t = 0 s: up to the speed of rotation of the electric motor (v 

= 90 km/h), 
 load so that the resistance torque on the electric motor shaft is 792 Nm in an 

interval 0.5–1.5, and after 1.5 s it is equal to −792 Nm, 
 starts braking from the moment t = 1 s. and so on. 
The simulation results are given in Figure 14. 
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Figure 14. Changes in the stator current, rotation speed and electromagnetic moment of the electric motor and DC bus 

voltage of the direct current medium of the inverter FLIRT 3 for 𝜔௥ = 1500 rpm and 𝑇௠ = ±792 Nm. 

The results shown in Figure 14 were obtained after a number of running 
simulations with the initial conditions specified above. The version number of the 
software MATLAB-Simulink is 2013a (8.1.0.604, win 64, License Number: 
8746166). 

The simulation results show that the acceleration of the train up to t = 0.5 s is 

achieved with a constant electromagnetic moment on the electric motor shaft of 𝑇௘ =

810 Nm, and when the load on the electric motor increased, the electromagnetic 

moment also increased to 𝑇௘ = 1050 Nm. The speed of the electric motor 𝜔௥ =

1500 rpm (v = 90 km/h) is reached at the moment t = 1 when braking starts until t = 
1.75 s when the electric multiple unit stops. It is interesting to note that the speed of 

𝜔௥ = 1500 rpm is not reached before t = 1 s and if the limiters allow it even earlier. 
The rotating electromagnetic torque on the electric motor shaft is very small during 
braking in the interval from t = 1–1.5 s because the motor brakes due to the drag 

resistance of 𝑇௠ = +792 Nm, and from t > 1.5 s a negative (braking) electromagnetic 

is generated the moment that overcomes the inertial drag resistance of 𝑇௠ = −792 
Nm, bringing the train to rest. 

With these input parameters, the stator current of the electric motor does not 
exceed 1000 A, and the DC bus voltage is 800 V. 
If the same input parameters of the system as in the previous example are assumed, 

but now with a new set speed of the electric motor of 𝜔௥ = 500 rpm (v = 30 km/h), 
the change in the output values is shown in Figure 15 (such conditions exist when the 
train driver wants to accelerate the train more slowly with the same traction resistances 
as in the previous example, but up to the train speed limit of v = 30 km/h). 
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Figure 15. Changes in the stator current, rotation speed and electromagnetic moment of the electric motor and DC bus 

voltage of the direct current medium of the inverter FLIRT 3 for 𝜔௥ = 500 rpm and 𝑇௠ = ±792 Nm. 

The results shown in Figure 15 were obtained after a number of running 
simulations with the initial conditions specified above. 

In this case, the starting of the electric motor from rest is done with a smaller 

electromagnetic moment 𝑇௘ = 200 Nm until the moment t = 0.5 s when the electric 

motor is loaded with 𝑇௠ = 792 Nm and increases to the value 𝑇௘ = 810 Nm. 

The set speed of 𝜔௥ = 500 rpm (v = 30 km/h) is reached at the moment t = 0.6 s 
and is maintained until the moment t = 1 s when the start of braking is set. Braking 

starts with an electromagnetic torque 𝑇௘ smaller than the positive resistive torque of 

𝑇௠ = +792 Nm and lasts until a complete stop at the moment t = 1.5 s. For 𝑡 > 1.5 s 
the electric motor remains braked due to the generation of a negative electromagnetic 

moment 𝑇௘ that overcomes the negative resistance of 𝑇௠ = −792 Nm. 
With these input parameters, the stator current of the electric motor does not 

exceed 600 A, and the DC bus voltage is 620 V. 
Numerous simulations with the specified input parameters, but now with variable 

and permitted contact network voltage values of 19.5–27.5 kV and a total voltage 
distortion equal to or less than 8% (the European Standard SRPS EN 50162:2010), 
show the same or approximately the same change in output values as in Figures 14 
and 15. 

This fact indicates a very important feature of the fast, light, innovative regional 
train “FLIRT 3”, which is that the train’s electric traction drive has completely 
eliminated the influence of the contact network voltage. Due to the mentioned fact, it 
can be concluded that these electric multiple units represent a good driving railway 
solution. 

The presented simulation results are fully confirmed with the experimental results 
presented in the literature [1]. 

It should be noted that the described MATLAB-Simulink model of the operation 
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simulation of the fast, light, innovative regional train “FLIRT 3” in the traction and 
braking mode enables the analysis of numerous other initial operating conditions 
related to the changing conditions of the train's power supply from the contact 
network, i.e., to changing conditions of the mechanical load of the train. 

The described model enables the monitoring of changes in stator current, speed, 
and electromagnetic torque of traction motors for different permitted values and 
distortions of contact network voltage as well as for different mechanical loads during 
FLIRT 3 movement speed regulation. 

4. Conclusion 

The described simulation model completely objectively depicts the operation of 
the fast, light, innovative regional train “FLIRT 3” in traction and braking mode. The 
model made it possible to observe the electrical and mechanical parameters of the 
drive three-phase asynchronous motors for different permissible voltage values and 
voltage distortions at the point of connection of the multiple power unit to the contact 
network, different mechanical loads, and different rotation speeds of traction electric 
motors. 

The described model enables the monitoring of changes in stator current, speed, 
and electromagnetic torque of traction motors for: different permitted values and 
distortions of contact network voltage as well as for different mechanical loads during 
FLIRT 3 movement speed regulation. 

Numerous simulations show a very important feature of the electric multiple unit 
of the fast, light, innovative regional train “FLIRT 3”, which is that the vehicle's 
automatic regulation system has completely eliminated the influence of changing 
voltage value and voltage distortion in the contact network on the vehicle's operation. 
This stability of the drive to changes in voltage value and voltage distortion in the 
contact network is very important in the exploitation of railway electric traction 
vehicles and represents a special quality of this electric multiple unit. 

The results of the simulations were fully confirmed by the experimental 
measurements performed at the fast, light, innovative regional train “FLIRT 3”. 
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