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Abstract 

After modifying the power supply system on the railway 

section it was put into test operation. One freight train was 

driven along section and current and voltages measure-

ments were conducted in each electric traction substation.  

The obtained measurement results were analysed and com-

pared with the simulation results of the developed software 

for train movement simulation. Maximum simulated re-

sults deviate from the maximum measurement results in 

the range of 3.2% in the worst case scenario. Maximum 

observed deviations between simulation and measurement 

results do not exceed 17.8%. 
 

1. Introduction 

In the planning/design of new railway lines, electrification 

or modification of power supply of the existing railway 

lines [1], the planned increase in transportation (increase 

the flow of railway lines, increasing the weight of the 

trains, the introduction of new locomotives with greater 

tensile power), the question is the appropriate infrastruc-

ture for power supply. The infrastructure for power supply 

of the 50 Hz AC railway system consists of electric trac-

tion substations (ETS), contact network (CN) and section-

ing facilities, [2]. To determine the optimum position and 

installed power of the ETS it is necessary to: 

1. Simulate the movement of trains, at any time, based on a 

planned timetable, to determine the position of trains and 

the active and the reactive power taking from the CN; 

2. Calculate the present value of current and voltage in the 

contact network, apparent power load of ETS, apparent 

mean 15 minutes power, active power, reactive power, 

power factor l, heating (over temperature) of the contact 

wire etc. [2]. 

Estimation of energy consumption for electric trains is 

widely applied to the planning/design of power supply 

systems and the study of optimal driving strategies. Re-

search on optimal driving strategies requires higher preci-

sion than power system planning/design since the latter 

usually takes the worst case scenario to consider safe mar-

gins. 

Train movement simulation and the calculation of elec-

tric situation in the traction power supply system are the 

problems which are practiced by many authors, [3], [4],. In 

[5] Majumdar proposed four main stages of train move-

ment including (1) acceleration, (2) balancing, (3) coasting 

and (4) deceleration. He showed that the total energy con-

sumed in train operations is the product of force and dis-

placement. He used coefficients for converting the work 

done in ton-km into electric power units. Majumdar also 

proposed a statistical method for estimating energy. In [6] 

Goodman developed single train and multi train simulation 

programs.  

 The voltage received by a train will vary with position 

and the simultaneous action of other trains in multi train 

model, while it remains a constant in a single train model. 

This is the main difference between two models in estimat-

ing energy consumption. Goodman considered detailed 

factors in his model, including substation, feeder cable and 

volt-drop, etc. In [7] the design of an electric train network 

simulator is described. The proposed software aims to help 

designing electric train power supply networks. It consists 

of two combined simulators namely a run time simulator 

and a network simulator. There are also commercial soft-

ware for train movement simulation and the calculation of 

electric situation in the traction power supply system, [8], 

[9]. Many authors have studied the problem of energy con-

sumption for electric traction. In [10] Martin discussed 

simulation in general. He showed 5% extension on run 

time can produce energy savings up to 20% on a suburban 

system, similar as in [11]. In [12] author developed a mod-

el which estimates power consumption at high precision 

with 2% deviation from a real situation. It is found that 

reducing maximum speed and tactfully performing coast-

ing can reduce energy consumption about 7% ~ 20%. In 

[13] two models for estimating energy consumption of 

single train operation are presented. Paper [14] describes 

the work of simulating and analysing dynamic traction 

power supply system. It is based on dependent train move-

ment in conjunction with traction power supply system 

simulation to establish a panorama view of the features. 
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This paper describes new software developed for train 

movement simulation and a comparison of simulation re-

sults with measurements. 

 

1.1. The section where the measurements were con-

duced 

On the observed section, modernization of the railway 

system has been recently implemented, the transition from 

the outdated 3 kV DC system on single-phase AC 25 kV 

50 Hz. This railway line connects the port city with major 

transport junction and its main function is cargo transport. 

By modifying the railway traction system its carrying ca-

pacity is increased from 6 to 10 million net tons per year. 
Figure 1 shows conditions of the observed section, at the 

time of measurement, the number and position of ETS and 

sectioning facilities as well as the terrain configuration. 

The observed railway section was put into test operation 

and current and voltage measurements in each ETS were 

performed. The results of measurements, carried out in all 

three ETS, have been compared with simulation results of 

the developed software.  

Commissioning of the modernized railway section created 

a unique opportunity to obtain the most accurate measure-

ment results. The reason for this is reduction of the impact 

of other trains that normally travel on the observed section, 

[15]. This was achieved by travelling of one test freight 

train along the whole supply area of each ETS. 

 
Fig. 1. Terrain configuration of the observed section 

 

2. Train movement simulator 

Train movement simulator for electrified railways was 

developed in Microsoft Visual Studio programming lan-

guage C#. The purpose of this simulator is to calculate the 

position of the train, amount of active (P) and reactive (Q) 

power taken by locomotive from CN at a particular time 

interval. The input data necessary for such calculation are 

profile of railway lines, the planned speed on each section 

and the characteristics of the locomotive and train.   

 

2.1. Physical representation of train movement 

Different driving resistance appear during the train move-

ment. For train movement, the pulling force on the perime-

ter of the drive wheels must be equal to the sum of all re-

sistances. Calculation of individual resistance components 

is very complex and empirical expressions are usually 

used, which are commonly polynomials of speed in form: 

   (1) 

The coefficients A, B and C depend on the type and com-

position of the train, and can take different in different 

countries. We are using Strahl formulas, in which specific 
resistance are calculated values separately for locomotive 

and for train. Expressions are given below, fvv for locomo-

tive and fvi  for train.    

 

                      (2) 

     (3) 

In previous expressions (2 and 3) speed is expressed in 

km/h, and value of the coefficient k in (3) depends on the 

type of train. Dependence is shown in Table 1. 

Table 1. Dependence of coefficient k on train type 

 

2.2. Calculation of active and reactive power 

Knowing the necessary traction force to achieve the move-

ment, it is possible to calculate the mechanical force on the 

perimeter of the wheel through the following expressions: 

    (4) 

To calculate active power, which locomotive takes from 
CN it is necessary to know the efficiency of the locomo-

tive (h) that depends on the speed and supply voltage of 

the CN. Active power that locomotive takes from CN (Pel)  

is calculated using the expression: 

   (5) 

Where Ppom is auxiliary power (wagon heating, engine 

cooling, etc.). In the case of AC power supply, locomotive 
takes the active and reactive power from CN. The reactive 

power is calculated according to the formula: 

 (6) 

Displacement factor (cos  is dependent on the speed of 

the train. Some locomotive generate higher harmonics, 

which, along with reactive power of the operating frequen-

cy, contribute to an increase in total required reactive pow-

er. Therefore in the calculation, instead of the displace-

Train type k 

Fast passenger train 0.032 

Passenger train 0.04 

Fast freight train 0.047 

Medium weighted freight train 0.057 

Empty freight train 0.108 
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ment factor power factor λ is used, which takes into ac-

count the occurrence of reactive power due to the higher 

harmonics. Factor λ  is dependent on the vehicle speed and 

the λ -curve for locomotives of series 141 and 142 are 

shown in Figure 2. Factor λ  is particularly important when 
calculating traffic with frequent starting and stopping, be-

cause at lower speed, factor λ  is also lower and the en-

gaged reactive power is greater.  

 

Fig. 2. λ  factor depending on the speed of the locomotive 141 

and 142 

2.3. Calculation of active and reactive power 

If at time t, the train speed and its position on the railway 

lines is known, the driving resistance and adhesion force 

can be calculated and possible traction force of locomotive 

determined, which depends on the regime of the train 

movement. Based on the known traction force and speed at 

time t, mechanical power can be calculated followed by 

calculation of active and reactive electric power. If the 

train accelerates, the acceleration is being calculated, and 

then increase of speed and time. The procedure is repeated 

for the next time interval  Dt- calculation step l. 

 

3. Results of measurement  

Measurement of electric conditions was carried out in three 

ETS.  

 

Example 1.  ETS1 

In all ETSs two transformers of a rated power of 10 MVA 

or 7.5 MVA and with a transmission ratio of 

110/27.5±10x1.5% were installed, as well as a capacitor 

bank that has a possibility of reactive power regulation in 

six degrees in the no-load condition. 

The test freight train of total mass of 800 t was travelling 

along the observed section of railway track, which is 

shown in Table 2. The train departed from the station ST-3 

at 10:08 AM and was travelling in the area supplied by 

ETS1 till 11:39 AM. The measuring results recorded in 

that period are shown next.  

 

 

 

Table 2. Overview of test freight train movement in the 

area supplied by ETS1 

 

Fig. 3 . Power supply scheme of ETS1 

 

Fig. 4. Voltage and current in ETS1 during the movement of test 

freight train (800 t) 

 

From Fig. 4. it is evident that current does not exceed the 

value of 220 A at maximum load. Voltage oscillations 

range in values of 25.9 kV to 27.5 kV given that the men-

tioned values are in permanently permissible limits, ac-

cording to EN50163 (Table 3.). It can be concluded that 

during the entire period of investigation stable voltage con-

ditions were present. 

 

Example 2. ETS3 

The test freight train of total mass of 788 t was travelling 

along the observed railway track section, which is shown 

in Table 3. The train was travelling in the area supplied 

from ETS3 from 11:45 AM till 12:52 PM. The measuring 

results recorded in that period are shown next.  
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Table 3. Overview of test freight train movement in the 

area supplied by ETS1 

Fig. 5. Power supply scheme of ETS3 

 

During the train ride, along the entire supply area of ETS3, 

voltage oscillations range in values of 25.96 kV to 27.16 

kV (Fig. 16). According to the norm EN50163, it can be 

concluded that during the entire period of investigation 

stable voltage conditions were present.  

Fig. 6. ETS3 – measurement results of voltage and current 

From Fig. 6 it is evident that current does not exceed the 

value of 275 A at maximum load. 

 

4. Comparison of simulation and measurement  

The train movement simulator was used in order to calcu-

late the electrical conditions during the movement of the 

test freight train. 

 

Example 1. ETS1 

Results of measuring current, active and reactive power 

together with simulation results as a function of time for 

movement test freight train in the supply area of ETS1 are 

shown in Figure 7.  

 

Fig. 7. Comparison of measurement and simulation results of the 

freight train moving along the supply branch A1 

 

The test freight train which was pulled by two locomotives 

consumed the maximum active power in the amount of 4.6 

MW and the maximum reactive power of 3.2 MVAr from 

the CN while accelerating up to the prescribed limit. (Fig. 

13.) 

Deviation of simulation results and actually measured 

maximum values of active power are 3.2% and 8.84% for 

reactive power. 

 

Example 2. ETS3 

a)  The movement of train along the branch A4 

 

The test freight train, total mass of 788 t, was moving con-

stantly downhill along the branch A4. During that period it 

was taking energy from the CN which is equivalent to en-

ergy of auxiliary drives and energy required for breaking. 

Measurement results have shown that the real values were 

close to the assumed values in a simulator. (Fig. 8.)  Val-

ues of active power are in range 50 to 75 kW and values of 

reactive power are in range 40 to 65 kVAr.  

Fig. 8. Comparison of measurement and simulation results of the 

freight train moving along the supply branch A4 

 

b) The movement of train along the branch A5 
 

Along the branch A5 the train was also constantly moving 

downhill, during that period of time it was taking energy 

TRAIN 

STATION 

ARRIVAL 

(HH:MM) 

DEPARTURE 

(HH:MM) 

DELAY 

(MM:S) 

ST-5 11:45 11:45 - 

ST-6 11:55 12:11 00:20 

ST-7 12:23 12:23 - 

ST-8 12:31 12:31   

ST-9 12:39 12:39 - 

ST-10 12:47 12:52 00:07 
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from the CN which is equivalent to the energy of auxiliary 

drives and energy required for breaking. Measurement 

results are shown in Fig. 17. 

In Fig. 9. we can see a peak when train takes from CN ac-

tive power in amount of 420 kW and reactive power in 

amount of 320 kVAr. This is the moment when the train 

departs from station, releases the brakes and starts to accel-

erate downhill. 

Fig. 9. Comparison of measurement and simulation results of the 

freight train moving along the supply branch A5 

 

5. Electric locomotives with diode rectifiers – influence 

on power quality in transmission network 

Majority of electric locomotives in Croatian electric rail-

way system 25 kV, 50 Hz are equipped with DC motors 

and diode rectifiers. Diode rectifier bridge causes current 

waveform distortion and as a consequence voltage distor-

tion in transmission power system. 

Diode locomotive consists of an autotransformer, diode 

rectifiers and four DC motors. The autotransformer 

25/1.06 kV connects contact wire with diode rectifiers and 

DC motors. Figure 10 shows the electrical scheme of diode 

locomotive.  

 
Fig.10. Electrical scheme of the diode locomotive 

 

Figure 11 shows voltage U” and current i” waveforms en-

tering the diode rectifier. Diode rectifier has one commuta-

tion over one semi-period of voltage. The Figure 11 also 

shows conducting sequence of individual diodes in the 

rectifier bridge as well as commutation when all diodes 

simultaneously conduct in a short time period (in Fig. 11 

this time period is enlarged). Odd current harmonics (3rd, 

5th, 7th, 9th,…) are characteristic for diode bridge rectifiers.   

 

5.1. Modeling of electric railway system 

A model of electric railway system connected to 110 kV 

network was developed in order to determine power quali-

ty parameters of voltage and current. A model consists of 

electric railway substation and contact line feeding electric 

locomotives equipped with diode rectifiers. Figure 12 

shows the model in EMTP-RV software which is used for 

analysis of electromagnetic transients. 

An electric railway substation consists of one 110/25 kV 

transformer with rated power 7.5 MVA which is connected 

to the transmission grid. The transformer impedance was 

calculated from the manufacturer data.  

 
Fig. 11. Diode rectifier voltage and current waveforms 

 

110 kV transmission network is represented by Thevenin 

equivalent (impedance in series with voltage source). The 

positive and zero sequence impedance was calculated from 

single-phase and three-phase short-circuit currents. 

The catenary system was modeled using a frequency-

dependent J. Marti model which is based on the approxi-

mation of the line characteristic impedance Z(ω) and prop-

agation function A (ω) by rational functions of the higher 

order. Ground resistivity was assumed 100 Ωm. Figure 13 

shows a 25 kV catenary system which consists of a mes-

senger wire and contact wire. The parameters of the cate-

nary system are shown in Table 4.  

DC motor model consists of main field inductance, arma-

ture and commutating pole resistance and back electromo-

tive force. 

Regarding the rectifier bridge it is represented with the 

series resistance of the diodes and the parallel RC ele-

ments. To smooth the direct current a series reactor is con-

nected between the rectifier bridge and the motor. This 

reactor together with its resistance was also taken into ac-

count in calculations.  
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Fig. 13.  Configuration of the 25 kV, 50 Hz catenary system  

 

Table 4. Parameters of the catenary system 

 

 

 

 

 

 

Diode rectifier bridge is shown in Figure 14  

 

Fig. 14.  Diode rectifier bridge 

 

5.2. Analysis of the simulation results 

Constant speed of the diode locomotive was analysed. 

Electric railway system is connected between phase L2 and 

L3 of the 110 kV network. All calculated values relate to 

the single diode locomotive 1 km away from the electric 

railway substation. Voltage and current waveforms were 

calculated on 25 kV and 110 kV level at the railway sub-

station. 

The diode electric locomotive causes voltage distortion in 

the 25 kV catenary system. Figure 15 shows voltage wave-

form and Figure 16 current waveform on 25 kV side of 

railway substation transformer.  
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Fig. 12. EMTP-RV model of an electric railway system 

  Contact wire 
Messenger 

wire 

DC resistance

(Ω/km) 
0.1759 0.153 

Radius  
(mm) 

6 6.18 

Cross section

(mm2) 
100 120 
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Fig. 15. Voltage waveform on 25 kV side of railway substa-
tion transformer 

 

 

Fig. 16. Current waveform on 25 kV side of railway substation 

transformer 

Figure 17 shows voltage waveform and Figure 18 voltage 

harmonic spectrum at 110 kV side of railway substation 

transformer.  

 
Fig. 17.  Voltage waveform at 110 kV side of railway substation 
transformer 

 

The voltage and current harmonics in 25 kV catenary sys-

tem is shifted through 110/25 kV transformer in electric 

traction substation to the 110 kV voltage level. 

There is a significant part of higher odd harmonics (23rd 

and 21st harmonic are the highest). Figure 19 shows current 

waveform and Figure 20 current harmonic spectrum at 110 

kV side of railway substation transformer. The harmonic 

distortion of 110 kV voltage is significant only in L2 and 

L3 phases to which the electric railway system is connect-

ed.  

 

Fig. 18.  Voltage harmonics at 110 kV side of railway substation 

transformer 

 

Fig. 19. Current waveforms on 110 kV side of railway substation 

transformer 

 

Fig. 20. Current harmonics on 110 kV side of railway substation 

transformer 

The 3rd, 5th, 21st and 23rd harmonic contribute the most to 

the total current distortion.  

Simulations showed that total harmonic distortion (THD) 

of voltage and current is the highest at the point of connec-

tion of the locomotive to contact line. Calculated current 

and voltage THD at 110 kV and 25 kV level is shown in 

Table 5.  
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Table 5. Current and voltage THD at 110 kV and 25 kV 

level 

 

 

 

 

6. Conclusions 

Software, partly shown in this paper is primarily intended 

for designing electric traction infrastructure. Maximum 

simulated results deviate from the maximum measurement 

results of all 3.2% in the worst case scenario. Maximum 

observed deviations between simulation and measurement 

results do not exceed 17.8%. By comparing the simulation 

and measurement, the results show how developed soft-

ware works quite well for the intended purpose. 

Electric traction, besides representing unbalanced load 

(compound in two phases of 110 kV network) also affects 

on the voltage quality in the 110 kV network due to non-

sinusoidal currents which diode locomotives take from the 

network.  

 

7. Future work 

Further development of the present software goes in the 

direction of the simultaneous simulation of the train move-

ment and the traction load flow calculation. 

This will take into account the value of the voltage cen-

tenary in each train and the influence of the voltage to the 

speed-traction effort curve.  
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