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Emrah BAL3, Hasan TİRYAKİ1,∗
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Abstract: In this study, the simulation of an electrification system and traction power system of a 25 kV AC feed

railway line was performed with all its subcomponents using MATLAB/Simulink. The power flow theory was used

while modeling the railway electrification system. The transformer substation, catenary, rail, and vehicle were modeled

together with the operational data. This model is used in order to determine the number of transformers, the distance

of feeding centers, and the frequency of trips. The optimum design of electrification projects depends on these criteria.

A dynamic structure was created with a new algorithm developed for vehicle load characteristics. The simulation of the

electrification system and traction power system is performed before the analysis stage, together with the vehicle and

other design parameters. This analysis is performed for the best performance of the systems. In this study, the power

simulation of the railway was conducted for three different operation scenarios using MATLAB/Simulink.
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1. Introduction

The limits of carbon emission cause a decrease in fossil fuels and the proliferation of electric transportation

systems [1]. Energy consumption may reach critical values in railways as a result of the use of high-power

equipment. High power consumption causes power quality problems in the electrical system [2]. Various power

compensators are used for this problem [3]. Voltage fluctuation affects the voltage of the load bar and the

supply voltage [4]. While designing a railway electrification system, it is aimed to supply the necessary energy

that is required by vehicles. The number of vehicles to be used is determined using a feasibility analysis report.

The traction power system is designed after this analysis. The alternating current and direct current systems

can be used in the railway electrification system design. The line voltage is determined using this simulation

based on the slope, curve, vehicle specification, and vehicle consumption. The traction power supply voltages

used in railway applications are shown in Table 1.

While 25 kV AC supply voltage is used in long-distance railways, 750 V DC and 1500 V DC supply

voltages are used in urban railway lines. In AC railways, the Y-D11 transformer and Scott transformer can be

used as a traction transformer [5]. A 2 × 25 kV AC feeding system has certain advantages when compared to
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Table 1. Supply voltage of traction systems (TS EN 50163).

Lowest Lowest Highest Highest
Electrification nonpermanent permanent Nominal permanent nonpermanent
system voltage voltage voltage voltage voltage
15 kV AC 16.7 Hz 11 kV AC 12 kV AC 15 kV AC 17.25 kV AC 18 kV AC
25 kV AC 50 Hz 17.5 kV AC 19 kV AC 25 kV AC 27.5 kV AC 29 kV AC

other AC feeding systems [6]. Network frequencies of 50 Hz and lower are used in AC railways [7]. The power

flow analysis, electrification system, and traction power system simulation are performed after determining the

catenary supply voltage. The power consumption curve is examined based on the movement of the vehicle for

the optimum power system design. The variety of vehicle models, dynamic load state, operational problems,

and the determination of the places of substations make this simulation more complex and more difficult [8].

Catenary voltage and current, vehicle voltage, flow, and other electrical data are analyzed with this simulation.

This simulation and power flow calculations are important for the railway operation performance [9]. Vehicle

specifications, line parameters, operational data, constraints of the system, and data on the rail system network

are used in this simulation.

2. AC feeding railway model

AC railways mainly use a 25 kV 50 Hz electric system. In this type of supply, the single phase system is connected

to the three-phase system [10]. In the AC system 50 km feeding zones are created for a possible phase overlap

problem. These zones are called neutral zones. Neutral zones are fed from different points [11]. The length of

these zones varies between 60 and 120 m [12]. The 154 kV phase–phase voltage of the interconnected system is

turned into 25 kV phase-neutral supply voltage in transformer stations. In AC and DC railways, rails are used

for traction power return current [13]. Two traction power transformers are used in substations.

The equivalent circuit of an AC railway is shown in Figure 1. AC railway equivalent circuit equations

are shown with Eq. (1). Z1 and Z3 mean catenary and rail impedances. These values vary with the position

of the vehicle. V1 represents the voltage of the vehicle and Vn1 represents the nominal source voltage. Ivehicle

is the vehicle’s current. The maximum vehicle power may rise up to 20 MVA in railways that consume high

power [14].

Figure 1. Equivalent circuit model of AC railway.

V1 = Vn1 − Ivehicle × Z1 − Ivehicle × Z3 (1)

Electrical losses and voltage drop depend on the number of supply centers and the performance of the power
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system [15]. The vehicle includes a traction system transformer, three-phase PWM inverter, and asynchronous

engine [16]. The asynchronous engine may generate electricity by working as a generator during regenerative

braking [17]. New traction power converters and other device equipment are developed with the advancement

of technology and new studies [18].

A single-line diagram of the supply system in the transformer station of an AC railway is shown in Figure

2. There is more than one supply point in each transformer station for the continuity of operation [19]. When

a transformer station collapses, another transformer station can supply the system.

Figure 2. Single line diagram of substation.

Pvehicle = V1 × Ivehicle (2)

The direction of the power flow from supply points to the vehicle is shown in Figure 3. Points 1 and 3 show the

supply points, while point 2 shows the point where the vehicle is located. Bar Y is shown by the admittance

matrix (3). Eqs. (4) and (5) show the Newton–Raphson power flow equations.
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Figure 3. Power transmission.

The power system is designed according to this equation and calculations. The determination of the supply

points and the number of vehicles is performed after this. The catenary voltage and vehicle voltage depend on

the movement of the vehicle [20]. The input and output data of the system are given in Figure 4. The model

of the system consists of number of vehicles, traction power, curve resistance, grade resistance, and line voltage

as shown in the figure.

Figure 4. Model of system.

3. Simulation model

The model of the railway power system consists of certain steps. These are obtaining certain data based on

the equivalent circuit design, vehicle model, transformer station model, and vehicle operation [21]. The vehicle

model is quite critical for the system analysis in simulation [22]. In the literature there are railway power flow

studies and electrification system simulations. However, in this study, a dynamic model is created with a new

algorithm for the vehicle acceleration mode, permanent speed mode, and braking mode. With this algorithm

vehicle movement is modeled dynamically and simultaneously depending on environmental effects and vehicle

load characteristics. Vehicle speed profile is created simultaneously. In this way real vehicle characteristics

are obtained and the simulation performance is increased. The electrification system analysis is done for the

transformator station loss depending on the trip frequency.

3.1. Algorithm developed for different vehicle driving modes

Railway power system calculations are critical for the system analysis [23]. All operational data and line

parameters are included in these calculations. The vehicle model is created with vehicle movement equations

[24]. The curve resistance, slope resistance, and movement resistance depend on the movement of the vehicle

[25]. The vehicle equations are presented below. Rotational mass is calculated with Eq. (6) with the help of

coefficient ξ . This coefficient corresponds to 5% of the vehicle mass. M means the vehicle mass, while m’ means

the rotational mass.

m = ξ ×m (6)
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The total force that affects the vehicle is shown by F i (7) equation, in which a means the acceleration.

n∑
i=1

Fi = m′×a (7)

Fr, Fgr, and Fc mean the vehicle movement resistance force, slope resistance force, and curve resistance force

and are shown with Eqs. (8), (9), and (10), respectively. The traction force is presented by (11).

Fr = a+ Bv + Cv2 (8)

Fgr = mgsin(a) (9)

Fc = (mg ÷ 1000 )×((C1 − C2R)÷ (R− C3)) (10)

Ftrac = Fr+Fgr+Fc (11)

The power calculation is shown with Eq. (12).

Pvehicle = F × V (12)

The vehicle consumes electrical power during acceleration and gives power to the system during braking [26].

This power can be used by other vehicles or the transformer station [27]. Figure 5 shows the traction force–

speed graph of the Turkish State Railways (TCDD) ROTEM vehicle with a power of 5 MVA [28]. The current

control signal is calculated with the above equations. The design for the vehicle acceleration and braking modes

is performed according to the traction force curve shown in Figure 5. The red line is used at speeds that are

lower than 73 km/h. The black line is used at speeds that are higher than 73 km/h. Point 0 corresponds to

the reference point of the graph. The vehicle acceleration algorithm is shown in Figure 6. The vehicle power

consumption and other electrical parameters are calculated with this algorithm. Part I is the first part of the

red line. This part is the constant force part. Part II is the remaining part of the red line. Part III is the black

line, and it starts at the end of the red line. The vehicle braking mode is indicated by the blue line in Figure 5.

Part I is the part where the vehicle speed is higher than 133 km/h. Part II is the remaining part of the line. The

braking algorithm is shown in Figure 7. As shown in Figure 8, the vehicle is modeled as a controlled current

source. The control signal of the current to be generated in cases of acceleration and braking is calculated with

these algorithms. The voltmeter is used to obtain the values of the measurement block vehicle voltage and

catenary voltage. The generation of the vehicle control signal is shown in Figure 9. The speed limits, slope,

curve, switch placements, and other line properties are important for this signal. With this model, the signals

of the vehicle acceleration mode, nominal speed mode, and braking mode are calculated.

3.2. The model of AC railway transformer station

The model of the transformer station is shown in Figure 10. In transformer stations, 154 kV phase–phase

voltage is turned into 25 kV phase-neutral single phase voltage. Feeder and return cables are modeled as an

R-L component. The ammeter measurement block was used for obtaining the feeder current values of the

transformers.
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Figure 5. Graphic of vehicle traction force speed.

3.3. Modeling of the catenary and rail

The catenary and rail are modeled as an R-L component. This model is shown in Figure 8. This model includes

the carrier conductor, contact conductor, and rail.

4. The model of the railway used

For the electrification system 25 kV 50 Hz AC supply voltage is used. There are two 154 kV/25 kV transformers

in each transformer station for the continuity of operation. The traction power system allows trip frequency of

25 min and 50 min. Twenty vehicles are used for the vehicle traffic. While 10 vehicles move in a direction that

is from the start to the end of the line, the other 10 vehicles move in the opposite direction.

5. The modeling of the Afyon–Manisa railway with MATLAB

The Afyon–Manisa railway is 355 km long and consists of 35 stations and 6 transformer stations. The transformer

stations are at 35, 95, 155, 215, 275, and 335 km along the line. Each transformer station is modeled with a

MATLAB/Simulink model. The line that covers the catenary and rail consists of 7 MATLAB blocks. The

vehicle operation is performed with 20 vehicles at the trip frequency of 25 min and 10 vehicles at the trip

frequency of 50 min. While 10 of the 20 vehicles start off from Manisa, the other 10 vehicles start off from

Afyon at the trip frequency of 50 min and while 5 of the 10 vehicles start off from Manisa, the other 5 vehicles

start off from Afyon at the trip frequency of 50 min. A trip frequency of 25 min and 50 min was determined.

“ts” sampling time was selected as 1e-3 for the simulation. Tp is the simulation duration and includes the

operation period of a vehicle enterprise. The datasheets of the Afyon–Manisa line were used for the simulation

parameters.

The catenary impedance is 174 + 390 j mΩ/km, feeder cable impedance is 0.103 + 0.266 j ohm/km and

4259



KOCAARSLAN et al./Turk J Elec Eng & Comp Sci

Figure 6. Vehicle acceleration algorithm.

transformer impedance is 0.151 + j ·3.778 Ω. The simulation screen and simulation flow scheme are shown in

Figures 11 and 12.

6. The analysis of different operation scenarios

Certain problems can be encountered in the electrification system during the vehicle traffic in the enterprise.

The most critical among these is the loss of a transformer station. This problem affects the vehicle traffic. The

state of losing a transformer station is studied especially through simulation before the process of construction.

The speed profile of the trains is given in Figure 13.

6.1. Nominal operation state at the trip frequency of 25 min

The nominal operation state shows that all transformer stations operate smoothly at a specified trip frequency.

The simulation results of the Afyon–Manisa railway line for the trip frequency of 25 min are presented in Figure

14. In Figures 14–19, * and + represent the locations of the train stations and transformer stations. The

locations of the disabled transformer stations are shown in black in Figures 16–19. The minimum catenary

voltage varies between 21.8 kV and 25 kV. The lowest voltage of 21.8 kVs is observed between 200 and 250 km.

These values are within the limits of the traction supply voltage standards. In this state there are 20 trains

in the system. The lowest minimum catenary voltages are mostly seen at the points remote from transformer

stations.
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Figure 7. Vehicle breaking algorithm.

Figure 8. Vehicle model.

6.2. Nominal operation state at the trip frequency of 50 min

Figure 15 shows the simulation results of the trip frequency of 50 min and the nominal operation state. The

minimum catenary voltage varies between 22.1 kV and 25 kV. The lowest catenary voltage of 22.1 kV gains this

value by the end of 200 km as seen in Figure 15. The minimum catenary voltage rises at transformer station
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Figure 9. Model of vehicle control signal.

Figure 10. Model of substation.

feeding points. The lowest catenary voltage that occurs in this state is higher than the values that occur at the

trip frequency of 25 min. In this state there are 10 trains in the system.

6.3. The state of losing the first transformer station at the trip frequency of 25 min

The state of losing the first transformer station located 35 km along the line of the electrification system was

examined. In this case, the second transformer station feeds the region that was fed by the first. The minimum

catenary voltage occurs in the region of the first transformer station as seen in Figure 16. The minimum

catenary voltage is 14 kV and is also shown in Figure 16. This value is critical as it is beyond the traction

supply voltage standards. There are 20 trains in the system during the incident.

6.4. The state of losing the first transformer station at the trip frequency of 50 min

The minimum catenary voltage in the state when the power system is operated at the trip frequency of 50 min

is shown in Figure 17. In this case, the minimum catenary voltage is 19.5 kV, and this value is within the limits

of the standard. There are 10 trains in the system during the incident. The lowest catenary voltage of 19.5 kV

gains this value by the end of 15 km as seen in Figure 17.

6.5. The state of losing the second transformer station at the trip frequency of 25 min

The state of losing the second transformer station located 95 km along the line of the electrification system was

examined. In this case, the first and third transformer stations feed the region that was fed by the second. The

minimum catenary voltage occurs in the region of the second transformer station as seen in Figure 18. The

minimum catenary voltage is 18 kV and is also shown in Figure 18. This value is critical as it is beyond the

traction supply voltage standards. There are 20 trains in the system during the incident.
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Figure 11. MATLAB screen of power simulation.
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Figure 12. Flow chart of simulation.
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Figure 13. Speed profile of trains. Figure 14. Catenary line voltage for nominal operation

with 25 min headway.
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Figure 15. Catenary line voltage graphic for nominal

operation with 50 min headway.

Figure 16. Catenary line voltage graphic for the loose of

first substation with 25 minutes headway.

6.6. The state of losing the second transformer station at the trip frequency of 50 min

The minimum catenary voltage in the state when the power system is operated at the trip frequency of 50 min

is shown in Figure 19. In this case, the minimum catenary voltage is 20 kV, and this value is within the limits

of the standard. There are 10 trains in the system during the incident. The lowest catenary voltage of 20 kV

gains this value by the end of 65 km as seen in Figure 19.
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Figure 17. Catenary line voltage graphic for the loss of

the first substation with 50 min headway.

Figure 18. Catenary line voltage graphic for the loss of

the second substation with 25 min headway.
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Figure 19. Catenary line voltage graphic for the loss of the second substation with 50 min headway.

7. Conclusion

In this study, the simulation of the electrification system and the traction power system of the 25 kV 50

Hz AC feeding Afyon–Manisa railway line was performed according to different operation scenarios using

MATLAB/Simulink. More effective operation conditions were investigated depending on the traction supply

voltage standard and minimum catenary voltage. The situations that occur under different operation conditions

and solution suggestions for operation continuity are summarized in Table 2. In the normal operation, 20 trains

can move in the system at the trip frequency of 25 min and 10 trains can move at the trip frequency of 50

min. During the transformer station incident 10 trains can move at the trip frequency of 25 and 50 min. The

Table 2. Simulation results and limitations for various operational conditions.

Operation scenarios Minimum catenary Limitations for train
line voltage operation

Nominal operation with 25 min headway 21.8 kV 25 min with 20 train
Nominal operation with 50 min headway 22.1 kV 50 min with 10 trains
Loss of first substation with 25 min headway 14 kV > 25 min or train limitation

for that zone (10 trains)
Loss of first substation with 50 min headway 19.5 kV 50 min with 10 trains
Loss of second substation with 25 min headway 18 kV > 25 min or train limitation

for that zone (10 trains)
Loss of second substation with 50 min headway 20 kV 50 min with 10 trains
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worst state is losing the first transformer station at the trip frequency of 25 min, resulting in 14 kV minimum

catenary voltage. The minimum catenary voltage values of the state of losing the first transformer station are

lower than the values of the state of losing the second transformer station at the trip frequency of 25 and 50

min because of the long feeding region that was fed by the other transformer stations after the incident. As

long as the catenary voltage remains within the limits permitted by the standard, the electrical losses decrease,

and the power quality and vehicle performance increase. The simulation of the railway electrification system

and traction power system is significant for system performance and efficiency.
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