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Abstract

This article presents investigations performed on a 25 kV AC system with a Scott transformer simulation
model. The model includes an energy quality parameter calculation algorithm with consideration to the
train timetable. The simulation results enable an analysis of the energy quality parameters at the point of
connection of the traction substation to the supplying grid. The presented tool enables the simultaneous
calculation of voltage unbalance and harmonic content. The article presents the results of the energy quality
analysis at the substation connection point for the specific location. The simulation results of the energy
quality parameters are appraised on the basis of standard EN 50160:2010. The tool may prove helpful in
the process of designing electrification systems, especially in the choice of traction transformer and power
electronics device mitigating an imbalance and harmonic impact.
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Artykut przedstawia badania przeprowadzone z wykorzystaniem modelu symulacyjnego systemu zasilania
pradu przemiennego 25 kV S0 Hz z transformatorem Scotta, uwzgledniajacym wszystkie czynniki
jakosci energii elektrycznej przy uwzglednieniu rozkladu jazdy pociagéw. Wyniki badaii pozwalaja na
kompleksowa analize parametréw jakosci energii w punkcie przylaczenia podstacji trakeyjnej do systemu
elektroenergetycznego przy uwzglednieniu rozkladu jazdy pociagow oraz rodzaju taboru. W poréwnaniu
z innymi opublikowanymi pracami przedstawione narzedzie pozwala na okreslenie zaréwno asymetrii
napieciowej jak i harmonicznych napiecia w punkcie przylaczenia podstacji trakeyjnej. Narzedzie moze by¢
przydatne procesie projektowania ukladu zasilania, w szczegdlnosci doboru urzadzenia symetryzujacego na
podstacji trakcyjnej dla danej lokalizacji tak, aby uzyskac spelnienie wymagan normatywnych.

Stowa kluczowe: System elektryfikacji pradu przemiennego, jakoé¢ energii elektrycznej, modelowanie symulacyjne,
transformator Scotta.




1. Introduction

Railway electrification systems of 50 Hz AC in Europe are powered by traction substations,
which cause a number of disturbances into the power system. They contribute to the
deterioration of the energy quality parameters in distribution and transmission networks. In
general, three factors can be mentioned that affect the energy quality in power grids supplying
traction substations: negative sequence component, harmonic content and load variability.
The effects of asymmetry has been thoroughly investigated by a number of researchers [1][2]
[31[4][5][7][13][20]. A number of solutions to reduce current asymmetry were presented.
The second factor affecting the quality of energy is the high harmonic content in traction
currents drawn by electric vehicles, in particular the old type of electric vehicles equipped with
thyristor rectifiers [8]. The last factor is the variable power consumption and the presence
of relatively high peaks of power demand [9]. In most publications, the abovementioned
interfering factors and their effects are discussed separately; there are no power supply models
that take all factors into account [10]. The impact of these factors depends on the number of
loads and their power; therefore, on the traffic situation on railway lines supplied by traction
substation. There are no publications which describe the impact of train timetables on the
energy quality in the power supply network. This article describes the complete simulation
model of a 25 kV AC power system with the Scott transformer, taking into account all the
factors of electric energy quality with consideration to parameters of train traffic such as the
train timetable. Simulation results can be used in the designing process, especially for sizing of
power equipment such as Scott transformers for a given substation location.

2. Simulation model

The simulation model consists of two parts: the Scott transformer model and the model of the
traction load of the Scott transformer. Corresponding elements are presented later in this paper.

2.1. 2Scott transformer

Figure 1 shows the general scheme of the Scott transformer. The voltages on the secondary
side is equal to the module with the shift angle between them 90°, if voltage vectors in the
primary side are symmetrical. Figure 2 presents voltage and current vector graphs of the
primary and secondary side of the Scott transformer. Figure 2 shows the situation in which the
secondary winding currents are not equal to the module and phase; this results in the primary
currents being asymmetric. Formulas 1-3 show the relationships between the complex values
of the primary currents and the secondary winding Scott transformers [ 14].

The load on the primary side of the Scott transformer is symmetrical if the values and
phase of the secondary currents are equal. The coeflicient of the current asymmetry, which is
a negative sequence component on the primary side of the Scott transformer, is a function of
the modules and phase angles of the secondary side currents.
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Fig. 1. A general scheme of the Scott transformer
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Fig. 2. Vector graphs of the voltage and currents of the Scott transformer in asymmetric load condition
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Fig. 3. Graph of the current asymmetry coefficient (negative sequence current ratio) on the primary side of the
Scott transformer as a function of the current modules ratio and the difference between the current angle shifts
on the secondary side [6][10]

2.2. Model of the traction load

The load of the Scott transformer is determined using the simulation program modelling
an electrified railway line. It consists of two main elements — the train performance calculation
algorithm, which determines the motion parameters of trains driving according to the given
timetable, and the power flow algorithm determining the substation load. The flowchart of
the whole simulation program is presented in Figure 4. The results of the train performance
calculation algorithm, in particular, results relating to electrical power and the position of
trains are used in the power flow algorithm at each time step of simulation. Performance of
the algorithms is being repeated at every time-step of the simulation.

The acceleration a of each electric vehicle is calculated in accordance with (4).

dv(t) Ft(v,,U,)-W(v))
dt m(1+m)

alt, )= 4)

In the algorithm, a three-phase drive cycle is modelled. The drive cycle consists of
a start-up phase, a constant speed phase, and a braking phase. In a start-up mode, a maximum
tractive effort available based on the traction characteristics is generated. The traction



characteristics and rolling resistance versus speed for a five-carriage electric multiple unit are
presented in Fig.5. During the constant speed phase, the tractive effort is adjusted by the
speed regulator model; the reference speed is given either by the speed limit for a given track
or by the maximum value of the train speed.
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Fig. 4. General flowchart of the model of electrified railway line

A train performance calculation for each time step of simulation is carried out for all trains
operating in the modelled electrified line simultaneously. The number of trains modelled is
not constant throughout the simulation. Trains operate according to the timetable, where the
locations and departure time values are given. In the simulation study, the constant headway
time is modelled; the timetable with the headway time is presented in Figure 6.
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Fig. 5. Traction characteristics and rolling resistance of an electric multiple unit
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Fig. 6. The timetable modelled in the simulation study.

The power flow algorithm is based on the equivalent circuit presented in Figure 7 [19].
The power flow method is based on the mesh method of circuit analysis. The current in

each mesh of the equivalent circuit can be determined based on matrix equation (5).

[Z][1]=[U] (s)
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Fig. 7. Circuit model of electrified railway line in 2 x 25 kV system

At the first step, the currents are calculated according to equation (S). The resultant
currents are obtained based on the superposition method (6).

I :Zn:Iki (6)
i=1

The current values in each time step of the individual secondary windings of the Scott
transformer, as well as the harmonic content in each time step are the final data obtained
from the simulation program presented in Figure 4. It is assumed that the supply system is in
steady state in each time step of simulation. In the simulation study, the central-side traction
substation location is modelled — this is presented in Figure 8.
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Fig. 8. Scheme of one track power supply system with a central-side traction substation with a Scott transformer

3. Simulation model verification

In order to verify the model, the results of computer simulation of the Scott transformer
operation were compared with the results of laboratory tests presented in [10]. In [10], the
tests on the physical model presented in Fig.8 were undertaken.
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Fig. 9. Diagram of a laboratory model of a Scott transformer feeding nonlinear loads via autotransformers:
1 - step down transformer; 2 - Scott transformer; 3, 7, 9 — autotransformers; 4 - AC/DC/AC converter;
5 — three-phase induction motor; 6 — DC machine;8 — reactance modelling overhead catenary; running rails and
parallel feeder; 10 — diode rectifier and resistor
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4. Simulation modelling

The study analyses the influence of the rail power supply system on electric energy quality
in the power system for the selected location. A 25 MVA Scott transformer was connected
to a 110 kV distribution network with a short-circuit power level of 900 MVA. A number of
studies of energy quality in cases of various train timetable was conducted. Different traffic
patterns were modelled for different types of trains — suburban electric multiple units and
freight trains. The harmonic contents drawn by different train types are different [8][15]. For
electric multiple units, the harmonic contents are taken from [15], whereas for the freight
trains, they are taken from [8]. The parametric analysis has been performed for different
values of short-circuit power.



4.1. Electric multiple units

In the study, a 50 km railway simulation model was constructed with a 25 km central-
side traction substation. The assumption is that the first secondary winding of the Scott
transformer feeds the section before the substation (km 0-25) and the second winding
feeds the section behind the substation (km 25-50). In the positive direction, 7 stations
were modelled, while in the negative direction, 11 were modelled. The operation of 10-car
multiple units was modelled. The rolling stock data was updated with data provided by the
manufacturers for the rolling stock. Figure 9 presents the negative sequence voltage ratio of
the primary side of the Scott transformer for the different headway time of train operation.
The results of the voltage harmonic content in the voltage supplying traction substation are
presented in Figure 10; the time plot of each harmonic is presented.
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Fig. 10. Negative sequence of the primary side voltage for the different headway time of the electric multiple
units operation
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Fig. 11. Voltage harmonic content in the voltage supplying traction substation




4.2. Mixed train operation

This section presents the results of simulations of electric multiple units and freight train
operation. The situation is modelled in which electric multiple units alternate with freight
trains on the railway line. The operation for multiple units was assumed with the headway
time of 20 min and the same for the freight trains. Thus, the headway time between consecutive
trains is 10 min. An assumption of the equal average speed for each type of train was made.
Freight trains do not stop on the stations. Figure 11 shows the voltage negative sequence
current coefficient for short-circuit power levels of 900 and 1200 MVA. Figure 12 shows the
voltage harmonics for the above presented traffic situation for the short-circuit power level of
900 MVA.
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Fig. 12. Time course of the negative sequence voltage for the mixed traffic for the two different short-circuit
power levels
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Fig. 13. Voltage harmonic content at the point of connection of the traction transformer to the supply grid



S. Conclusions

The results show that at a short-circuit power of the grid of the 900 MVA, the value of
the negative sequence voltage in an assumed traffic scenarios does not exceed the 2% limit
given in the standard [11]. According to estimates [2,3], when using typical transformers
at the AC substation, the required short-circuit power should be (assuming a limit of 2%) at
least SO times the expected power of the asymmetry. Therefore, for the traction power level
25 MVA short circuit power should not be less than 1250 MVA. Thus, in the case in question,
the use of the Scott transformer would allow the substation to be connected to a node with
considerably lower short-circuit power. Voltage harmonics were not exceeded in any of the
simulated scenarios.

The presented simulation tool and the results of the tests allow a comprehensive analysis
of the parameters of the energy quality at the point of connection of the traction substation
to the power system taking into account the train timetable and the type of rolling stock.
Compared to other published works, the presented tool allows determination of both the
voltage asymmetry and the harmonic voltage at the point of connection of the traction
substation. The tool may be useful in the process of designing power supply systems, in
particular, for the sizing of a power device at the traction substation for the given location.
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