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Abstract: The manuscript presents and describes the Model in Matlab-simulink, which allows 

to display the time change of the firing angle of the thyristor of the single-phase rectifier, the 

mean value of the voltage, the armature current and the speed of the electric motor during the 

start-up of the electric locomotive ŽS 444 series for different given mechanically loaded and 

reference speeds of traction electric motors. The model makes it possible to establish the 

desired reference speed change ramps for different reference speeds and mechanical loads from 

+250 rpm, i.e., the maximum current of the electric motor armature up to 1250 A. 
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1. Introduction 

Electric locomotives of the 444 series, known as “Severine”, were obtained by 

improving 30 electric locomotives of the 441 series. Improvements are reflected in the 

application of thyristor converters, which enabled the continuous regulation of traction 

motor current. The drive is divided into two independent twin-engine units. Certain 

improvements have also been made in the functioning of the electrodynamic (electro 

resistive) brake. The new system of regulation of the locomotive’s electric motor drive 

was realized with the help of a microprocessor. In general, there was not much 

modernization in the mechanical part. After the reconstruction and modernization of 

30 locomotives, the 441 series was renumbered to 444 (from 001 to 030) and was put 

into traffic during the following years (2004–2007). 

The designer of this type is ASEA from Sweden, and the license for the 

production of these locomotives was taken over by the Croatian factory “Rade 

Končar” in 1970 in cooperation with “MIN” from Niš, Serbia [1–3]. 

Figure 1 shows the layout, and Figure 2 shows a simplified diagram of the ŽS 

444 series electric locomotive. 
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Figure 1. Appearance of the ŽS 444 series electric locomotive [4]. 

 

Figure 2. Simplified diagram of the main circuit in traction [4]. 

Table 1 shows the basic data of the ŽS 444 series electric locomotive [4]. 

Table 1. Technical data of the electric locomotive series ŽS 444 [4]. 

Parameter The data 

Axle arrangement Bo’ Bo’ 

Track width 1.435 mm 

The distance between the axles in the stand 2.700 mm 

Pedestal spacing 7.700 mm 

Total mass of locomotives 78 t ± 2 % 

Axle pressure 19.5 t ± 2% 
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Table 1. (Continued). 

Parameter The data 

Top speed 120 km/h 

Transmission ratio of the axle gear 1 : 3, 65 

Lasting power 3.860 kW 

Maximum traction 276 kN 

One-hour traction 188 kN 

Permanent traction 175 kN 

Power for electric heating 800 kVA 

Contact network voltage 25 kV 

The highest height of the contact line 6.500 mm 

Temperature range of locomotive operation −25–+40 °C 

2. Locomotive model in Matlab-Simulink 

2.1. Modeling and simulation methodology 

In general, the simulation of complex systems such as electric locomotives of the 

ŽS 444 series helps to understand those systems and has an indispensable role, 

considering that experimenting with this system is often impossible, impractical, too 

expensive, time-consuming and too dangerous. 

Modeling and simulation of the ŽS 444 series electric locomotive (which are 

often considered together, as compatible techniques that have the same goal), were 

carried out in the following three stages. 

⚫ Task setting 

Before starting the act of modeling and simulation, the tasks and goals of the 

research are clearly defined. These findings were reflected in the need for a clear 

understanding of the dynamic state of operation of the devices and equipment of the 

main circuit immediately when the locomotive of the ŽS 444 series was started. In 

doing so, it was insisted on understanding first of all: temporal changes in the firing 

angle of the thyristor of the single-phase rectifier, the mean value of the voltage, the 

armature current and movement speed. of the electric motor when starting the electric 

locomotive for different mechanical loads of the locomotive. In view of the need for 

the smallest possible degree of idealization (approximation) of locomotive operation, 

the simulation model in Matlab-Simulink was chosen, this is because Matlab-Simulink 

offers three options for describing the ŽS 444 series locomotive that can be combined: 

locomotive description using higher programming languages, locomotive description 

using Matlab functions and graphical representation of the model using blocks. At the 

same time, using blocks is the most convenient and fastest way to edit the model until 

the desired results are achieved [4]. 

⚫ Studying the system and forming a structural scheme 

After setting the task and defining the stated goals, we started identifying and 

determining the limits of the System (technical characteristics of the locomotive), as 

well as its components and the way they interact. The variable quantities, their 

arrangement and mutual relations, as well as the inputs and outputs of the system, are 

defined.  At the same time, the change in contact network voltage was defined as a 
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possible external influence on the proper operation of the locomotive. The ranges of 

possible changes in this voltage are determined within the limits of 19 kV to 27.5 kV. 

⚫ Model development 

The simulation of electric locomotives of the ŽS 444 series in principle boils 

down to determining the behavior of the model based on the set input values (voltage 

of the contact network, set limit speed of movement and mechanical load of the 

locomotive). With this simulation, the accuracy of the model was evaluated by 

comparing the values of individual variables in the process and the corresponding 

values of the variables in the model. The results of the simulations were continuously 

analyzed during the creation of the model with the necessary evaluation of the model 

until the results were not satisfactory with the experimental results that were available. 

2.2. Structural scheme of the model 

Figure 3 shows the model of the 444 series electric locomotive in Matlab-

Simulink during speed control. The model illustrates a single-phase thyristor converter 

drive used to power an 850 kW DC motor. The locomotive’s thyristor converters are 

fed to the 25 kV, 50Hz catenary via the main transformer to step down the voltage to 

1265V (no-load). The technical characteristics of the main transformer are given in 

Table 2 [4]. 

 

Figure 3. Structural scheme of the model of the 444 series electric locomotive in Matlab-Simulink during speed 

control. 

The locomotive model is built from five main blocks. The DC drive electric 

motor, single-phase thyristor rectifier and thyristor bridge firing unit blocks are 

provided from the SimPowerSystems™ library while the speed controller and traction 

motor current controller blocks are specific and modeled separately. The armature 

voltage of the motor is provided by a two-square thyristor rectifier controlled by PI 

current and speed regulators through the main choke of inductance 4.5 mH. The speed 

controller provides the armature current reference (in pu) through the speed sensor, 

which is used by the current controller to obtain the electromagnetic torque required 
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to achieve the desired speed. The rate of change of the speed reference follows the 

acceleration and deceleration ramps to avoid sudden reference changes that could 

cause excessive armature current and destabilize the system. The current regulator 

controls the armature current by calculating the appropriate firing angle of the 

thyristor. This generates the rectifier output voltage required to obtain the desired 

armature current. The block “regulation switch” allows switching from one type of 

regulation to another. During current (torque) regulation, the speed controller is 

disabled. Figure 4 shows the model of the locomotive at speed regulation with the 

above blocks. 

Table 2. Technical characteristics of the main electrical transformer series 444 [4]. 

Nominal primary voltage 25 kV, 50 Hz 

The highest voltage of the traction secondary (no load) 1265 V 

Voltage for electrodynamic braking in end position 115 V 

Train heating voltage (idle) 1525 V 

Permanent train heating current 335 А (max 400А) 

Voltages on the outputs of the secondary for the auxiliary drive 403 V, 482 V (546V), 718 V, 892 V (1009 V) 

Secondary traction power 4 × 1265 kVA 

Secondary power for auxiliary drive 115 kVA 

Cooling OFAF (forced oil, forced air) 

 

Figure 4. Blocks as integral parts of the ŽS 444 series electric locomotive. 

2.3. Speed regulator block 

The speed controller is shown in Figure 5 and uses a PI controller. The controller 

provides an armature current reference (in pu) that is used by the current regulator to 

obtain the electromagnetic torque required to achieve the desired speed. During torque 

regulation, the speed controller is disabled [5–7]. 
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Figure 5. Traction electric motor speed regulator block. 

The speed controller takes the speed reference (in rpm) and the rotor speed of the 

DC traction electric motor as input parameters. The rate of change of the reference 

speed will follow the acceleration and deceleration ramps that are predefined to avoid 

sudden reference changes that could cause excessive armature current and destabilize 

the system. The velocity measurement is filtered using a first-order low-pass filter. 

The current reference output is limited between 0 pu and a predefined upper limit. 

2.4. Current regulator block 

The armature current regulator is shown in Figure 6 and uses a second PI 

controller. The regulator controls the armature current by calculating the appropriate 

firing angle of the thyristor. This generates the rectifier output voltage required to 

obtain the desired armature current and thus the desired electromagnetic torque. The 

controller takes the current reference (in pu) and the armature current flowing through 

the motor as input parameters. The current reference is either provided by the speed 

controller during speed control or is calculated from the torque reference that is preset 

during torque control. This is controlled by means of a block: “control switch” [5,8,9]. 

 

Figure 6. Traction electric motor armature current regulator block. 

The armature current input is filtered using a first-order low-pass filter. The arcsin 

function is used to linearize the control system during continuous execution. To 

compensate for the nonlinearities that appear during discontinuous conduction, the 

firing angle is added in advance. This improves system response time. The shooting 

angle can vary between 0 and 180 degrees. 
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2.5. Single-phase thyristor rectifier block 

The thyristor rectifier block consists of one controlled current source on the AC 

side and one controlled voltage source on the DC side (Figure 7) [5,10–26]. 

 

Figure 7. Single-phase thyristor rectifier block. 

The input, alternating current of the rectifier is given by the following equation: 

𝐼𝑎 = √2𝐼𝑑 𝑠𝑖𝑛(2𝜋𝑓𝑡 + 𝛼 + 𝛼0) (1) 

where are they: 

𝛼—ignition angle value, 

𝛼0—phase angle on the alternating current side, 

f—alternating current frequency i, 

Id—value of the rectified output current. 

The DC output voltage of the rectifier represents the average value of the rectified 

voltage waveform for the continuous armature current according to the following 

equation: 

𝑉𝑎 =
2√2

𝜋
𝑉𝑟𝑚𝑠 𝑐𝑜𝑠 𝛼 − 4𝑓𝐿𝐼𝑑  (2) 

where are they: 

Vrms—input rms voltage value, and 

L—source inductance. 

2.6. The pulse generator block for starting the thyristor rectifier 

The discrete synchronized pulse generator block generates pulses for firing the 

rectifier thyristors. The Synchronized 6-Pulse Generator block is configured to operate 

in double-pulse mode. In this mode, two pulses are sent to each thyristor: the first pulse 

when the alpha angle is reached, then the second pulse 60 degrees later, when the next 

thyristor is activated. 

Figure 8 shows six-pulse synchronization for an alpha angle of 30 degrees and 

with a dual-pulse mode. It is easy to see that the pulses are generated 30 degrees after 

the zero crossing between line to line [12–14]. 

The sequence of pulses at the output of the block corresponds to the natural 

sequence of commutation of the three-phase thyristor bridge. When a 6-pulse 

synchronized generator block is connected to the pulse input of a universal bridge 

block (with thyristors as a power electronic device), the pulses are sent to the thyristors 
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in the following order [12,15–26]: 

• Input alpha 1 is an alpha signal in degrees and is connected to the controller 

system for controlling the pulse of the generator, a 

• Inputs alpha 1, A+ and A−AB are the inputs to which the synchronization voltage 

is supplied, which is in phase with the input AC voltage of the single-phase 

thyristor rectifier. 

• Input 5 allows the operation of the generator to be blocked. The output contains 

two pulse signals. 

 

Figure 8. Synchronized 6-pulse generator block configured in dual-pulse mode. 

3. Locomotive table dialog 

The dialogue box of the locomotive consists of: the dialogue table of the drive 

electric motor, thyristor rectifier and controller. 

3.1. Drive electric motor table dialog 

Traction electric motors of locomotives are unidirectional wave machines of 

different types LJE 108-2 (ASEA, ELIN, ELECTROPUTERE) and ISVK 644-8 

(KONĆAR), but of exactly the same construction, identical parameters and 
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characteristics. The technical characteristics of the electric motor are given in Table 3 

[2–4]. 

Table 3. Nominal data of traction motors of the ŽS 444 series locomotive. 

 Permanently One hour Maximum 

Voltage (V) 770 770 870 

Current (A) 1180 1250 1715 

Rotation speed (rpm) 1100 1185 1715 

Power (kW) 850 900  

Full Excitation (%) 87 

Min. Excitation (%) 45 

The drive electric motor dialog table is shown in Figure 9 and provides the 

electrical parameters and mechanical parameters of the motor. The electrical 

parameters of the motor refer to the ohmic and inductive resistance of the windings of 

the stator and rotor of the motor. Given that a speed of 1100 (rpm) was chosen as the 

mechanical input when modeling the mechanical system of the engine, the 

electromagnetic torque as an output quantity was obtained based on the expression: 

𝑇𝑒 = 𝐽
𝑑

𝑑𝑡
𝜔𝑟 + 𝐹𝜔𝑟 + 𝑇𝑚 (3) 

where are they: 

J—coefficient of inertia of all rotating masses of the engine (J = 0.25 kg m2), 

F—coefficient of viscous friction. 

Tm—coefficient of torsional friction. 

During the conducted simulations, it was assumed that: J = 0.25 kg m2, F = 0.01 

Nms, Tm = 0.01 Nm [2–4]. 

 

Figure 9. Layout of the dialog table of the drive electric motor of direct current. 
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3.2. Thyristor rectifier table dialog 

Value of voltage and inductance of the excitation winding of the motor, value of 

single-phase voltage and inductance of the source connected to the A+, A− block of 

the pulse generator for firing the thyristor rectifier are shown in Figure 10. 

 

Figure 10. Layout of the thyristor rectifier table dialog. 

3.3. Controller table dialog 

The controller table dialog gives the possibility to select the parameters of the 

speed controller, the current controller and the thyristor bridge firing unit. 

 

Figure 11. Layout of the speed controller table dialog. 
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A dialog of the table and relevant values of the speed controller parameters is 

given in Figure 11. 

The current controller table and parameters dialog is given in Figure 12. 

 

Figure 12. Layout of the current controller table dialog. 

 

Figure 13. Layout of the thyristor bridge ignition unit dialog. 
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The layout of the dialog table and relevant parameters of the thyristor bridge 

firing unit controller is given in Figure 13. 

4. Results of simulations 

Figures 14 and 15 show the results of simulations of the change in firing angle 

of the rectifier thyristor, voltage and armature current, and at the set reference speed 

of 1100 rpm at the moment t = 0 s of the electric motor. In both simulations, an initial 

torque on the electric motor shaft of 15 N m was assumed. 

The speed of the electric motor in both cases follows the reference ramp (+250 

rpm) and reaches a stable state around t = 8.75 s when the load moment in the first 

case goes from 15 N.m. to 20 N.m. (light passenger trains), and in the second case 

from 15 N.m. to 100 N.m. (heavy freight trains). 

 

Figure 14. Temporal changes of the ignition angle of the rectifier thyristor, voltage and armature current of the ŽS 

444 series locomotive electric motor in light passenger trains. 

 

Figure 15. Temporal changes of the ignition angle of the rectifier thyristor, voltage and armature current of the ŽS 

444 locomotive electric motor in heavy freight trains. 
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The armature current follows the reference current very well in both cases, and 

the firing angle remains at the lower limit of 20 degrees until t = 6.35 s after which it 

takes on higher values, still below 90 degrees to keep the converter in rectifier mode 

(first mode quadrant). The mean value of the armature voltage of 240V was reached 

in t > 6.35 s. 

In both analyzed cases, the engine speed increases rapidly and recovers to 1100 

rpm at t = 10 s. When the engine starts (starting the locomotive), the armature current 

in both cases increases to 720 A, but at the moment t = 6.35 s and reaches the nominal 

speed, the current in both cases drops to a significantly lower value of 10A. In the first 

case, such a low value of the armature current remains unchanged for t > 8.75 s, while 

in the second case, it rises again to 720A at that moment due to a significantly higher 

load on the electric motor and the need for a higher electromagnetic torque to maintain 

the required speed. The armature current perfectly follows its reference value, which 

in this case is set to 730 A. 

5. Discussion 

The simulation model of the locomotive ŽS 444 series иn Matlab-Simulink, 

described in chapter 2 of this manuscript, enables a clear visualization of the following 

output values: temporal changes in the firing angle of the single-phase rectifier 

thyristor, mean voltage values, armature current and movement speed. traction electric 

motors when starting an electric locomotive for different mechanical loads of the 

locomotive. This possibility was achieved by taking into account the technical 

characteristics, arrangement and mutual influence of all devices in the main circuit of 

the locomotive as described in chapter 3 of this manuscript. Two physical quantities 

appear as input to the realized system: the contact network voltage and the mechanical 

load of traction electric motors. Therefore, it can be said that the realized model allows 

not only to see the sensitivity of the above-mentioned output values, but also their 

dependence for different mechanical loads of traction electric motors. 

The following results were obtained when the locomotive was started from rest 

and at a set nominal voltage of the contact network of 25 kV and a mechanical load of 

the traction electric motors of 15 N.m. (light passenger trains) or 100 N.m. (heavy 

freight trains): 

• The armature current follows very well the reference current of 730 A in both 

cases, and the firing angle remains at the lower limit of 20 degrees until t = 6.35 

s after which it takes on higher values, still below 90 degrees to keep the converter 

in mode rectifier (first mode quadrant). The mean value of the armature voltage 

of 240 V was reached for t > 6.35 s. 

• At the set reference speed of 1100 rpm at the moment t = 0 s, the speed of the 

electric motor in both cases follows the reference ramp (+250 rpm) and reaches 

a steady state around t = 8.75 s. 

• - In both analyzed cases, the engine speed increases rapidly and returns to the set 

reference speed of 1100 rpm at t = 10 s. When starting the engine (starting the 

locomotive), the armature current in both cases increases to 720 A, but at the 

moment t = 6.35 s and reaching the rated speed, the current in both cases drops 

to a significantly lower value of 10 A. In the first case, such a low value of the 
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armature current remains unchanged t >8.75 s, while in the second case it 

increases again to 720 A at that moment due to a significantly higher load on the 

electric motor and the need for a higher electromagnetic torque to maintain the 

required speed. The armature current perfectly follows its reference value, which 

in this case is set to 730 A. 

The above results indicate a fast and efficient automatic regulation of the 

locomotive speed and traction electric motor current when starting light (passenger) 

and heavy (freight) trains. 

In addition to the observed examples, it is also possible to observe the time 

change of the specified output values for other values of the resistance moment and 

voltage of the contact network. In the simulations that were carried out at different 

contact network voltages from 19 kV to 27.5 kV. and at the same mechanical loads of 

15 Nm and 100 Nm they show almost the same results as at a voltage of 25 kV. This 

fact indicates an important characteristic of the locomotive, i.e., that the locomotive 

drive is not sensitive to permitted changes in the contact network voltage. 

The above simulation results were experimentally confirmed based on numerous 

measurements carried out on these locomotives [4]. 

6. Conclusion 

For different mechanically loaded and reference rotation speeds of the traction 

electric motors of the electric locomotive ŽS 444 series, the model provides a clear 

picture of the time change of the thyristor firing angle of the single-phase rectifier, the 

mean value of the voltage, the armature current and the rotation speed of the electric 

motor when the locomotive starts up. 

When starting the locomotive, the mean value of the armature current of the 

electric motor does not exceed the set value (720 A). This value can be adjusted up to 

1250 A (one-hour permissible value of the electric motor) if adhesion conditions 

between the wheel and the rail of the locomotive allow it. At higher mechanical loads, 

this value is retained longer due to the need for higher electromagnetic torques at 

higher speeds. Regardless of the value of the set reference armature current, the 

armature current during the starting of the electric motor always follows it perfectly. 

In addition to the set speed reference value of 1100 rpm and the initial mechanical 

load of 15 Nm, i.e., the load of 20 Nm and 100 Nm after t = 8.75s, other speed reference 

values and the mechanical load of the electric motor can be set, which indicates the 

important possibility of the model to different operating characteristics of the 

locomotive when pulling different trains are analyzed. 

In the simulations that were carried out at different contact network voltages from 

19 kV to 27.5 kV. and at mechanical loads of 15 Nm and 100 Nm, almost the same 

results were obtained as at a voltage of 25 kV. This fact indicates an important 

characteristic that the locomotive drive is not sensitive to the permitted changes in the 

catenary voltage.  

Given that the research was carried out on a model that requires input of a 

resisting torque on the electric motor shaft when starting the locomotive, future 

research will look at the influence of variable traction resistance on the traction force 

of the rail wheels. With additional modeling of the power transmission and axle 
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assembly of the locomotive, it will be possible to clearly see the output values (time 

changes of the firing angle of the thyristor of the single-phase rectifier, the mean 

voltage and current of the electric motor armature and the speed of the locomotive) at 

different traction resistances between the wheel and the rail. 
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