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• Increasing the energy efficiency of European railway systems is required to meet 
the target of cutting 30% of final energy usage and half of average CO2 emissions 
from train operation by 2030 compared to the 1990 base year1.

• This could be achieved by the recovery of regenerative energy of braking trains:

• The braking energy fed-to AC sides via RSS can be used by AC equipment in RSS or 
sold back to suppliers depending on local rules of grids.
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[1] UIC, Moving towards sustainable mobility – a strategy for 
2030 and beyond for the European railway sector, 2012.
[2] https://doi.org/10.3390/en9020105
[3] https://www.vialibre-ffe.com/pdf/Estaciones_reversibles.pdf
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• Need to simulate voltage and current transients within the system for analysis of 
power quality and system stability due to an RSS:
• Short-period simulation (e.g., 1-s);

• High-fidelity modelling of converters;

• Short simulation time step (e.g., 5-µs);
• for a sufficient accuracy of transient simulation;

• leads to high computation burden.

• The costly investment in an RSS requires the estimation of energy saving by an 
RSS in daily operation for cost-benefit analysis in advance:
• Long-period energy flow simulation (e.g., from minutes to hours);

• need to reduce computation burden;

• Low-fidelity modelling of converters;

• Long simulation time step (e.g., 0.1 ms or 1-s);
• while maintaining a sufficient accuracy of energy flow estimation.

Motivation



High-Fidelity RSS Models

Twelve-pulse diode 
rectifier:

• supplies power for train 
consumptions in traction 
mode only; 

• shuts down for 𝑉𝑅𝑆𝑆 > 𝑉𝑛𝑙
(i.e., no-load voltage of 
1732.4 V).

Three-level active neutral
point clamped voltage source inverter:

• activates when 𝑉𝑅𝑆𝑆 > 𝑉𝑉𝑆𝐼,𝑎𝑐𝑡 (i.e., 
inverter trigger voltage of 1780 V);

• keeps a constant 𝑉𝑅𝑆𝑆 at 𝑉𝑉𝑆𝐼,𝑎𝑐𝑡;

• deactivates when 𝐼𝑅𝑆𝑆 ≥ 0.

• AC power 𝑃𝑅𝑆𝑆
• Harmonics



Low-Fidelity RSS Models

𝑃𝑅𝑆𝑆 = ቊ
𝑉𝑟𝑒𝑐𝑜 ∙ 𝐼𝑟𝑒𝑐𝑜 𝑓𝑜𝑟 𝐼𝑅𝑆𝑆 ≥ 0 (𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛)

𝑉𝑉𝑆𝐼,𝑎𝑐𝑡 ∙ 𝐼𝑅𝑆𝑆 ∙ 𝑓 𝐼𝑅𝑆𝑆 𝑓𝑜𝑟 𝐼𝑅𝑆𝑆 < 0 (𝑏𝑟𝑎𝑘𝑖𝑛𝑔)

DC-to-AC conversion 
efficiency inclusive of 

transformer losses

Output characteristic 
of 12-pulse rectifiers

80% reduction in computation time 
given the same simulation time step
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Overhead Line and Train Models
• Low-fidelity pure resistive line

•High-fidelity lumped parameter line

Resistive braking chopper:

• activates when 𝑉𝑝 ≥ 𝑉𝑏𝑟,𝑎𝑐𝑡;

• under a proportional control.

Input 
filter

Source: F. Fan and B.G. Stewart, “Power 
flow simulation of DC railway power 
supply systems with regenerative braking,” 
IEEE 20th MELECON, Italy, 2020.
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High- & Low-Fidelity Simulation of 𝑉𝑅𝑆𝑆

In traction mode, 𝑉𝑅𝑆𝑆 is below 𝑉𝑛𝑙 = 1732.4 V and is 
mainly determined by the rectifiers’ output voltage.

When the train starts to brake at 35s,
•𝑉𝑅𝑆𝑆 fast increasing beyond 𝑉𝑉𝑆𝐼,𝑎𝑐𝑡 = 1780 V;
• the inverter is activated to adjust 𝑉𝑅𝑆𝑆 back to 
𝑉𝑉𝑆𝐼,𝑎𝑐𝑡 and then maintains 𝑉𝑅𝑆𝑆 at 𝑉𝑉𝑆𝐼,𝑎𝑐𝑡. 

High-fidelity model can more accurately 
simulate 𝑉𝑅𝑆𝑆 dynamics, especially:
•when there are large stepwise 

changes of train power;
• at the start of the braking mode.



High- & Low-Fidelity Simulation of 𝑃𝑅𝑆𝑆
• Good consistency between high- and low-fidelity energy simulation;
• The overall energy calculation error over each second is around 1%.

Converter efficiency 
& Transmission loss

• Greater than 94% of available braking 
energy is recovered in the simulation.

The short duration of 
deviations has little impact 
on total energy calculation 



High-Fidelity Simulation based Harmonics

Fig. 1. AC current frequency spectrums in a particular 
0.02-s cycle under traction mode

Fig. 2. AC current frequency spectrums in a particular 
0.02-s cycle under braking mode
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• A high-fidelity model has been developed to:
• replicate a particular RSS topology;

• simulate electrical variable transients within the system;

• evaluate harmonics on AC sides due to an RSS.

• A low-fidelity model has been further developed to:
• simply the representation of a particular RSS topology;

• estimate energy exchange between AC and DC sides via an RSS;

• reduce the computation burden while maintaining a sufficient accuracy.

• To validate the high-fidelity simulation based on field measurements;

• To test the RSS capability of providing ancillary services;

• To extend the low-fidelity model to a complete railway system.

Conclusions & Further Work Rec.


