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Traditional DC traction systems for light 
railways
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Conventional DC scenario
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Rf=228mΩ Rf=228mΩ Rf=228mΩ

Positive feeder:    Rp = 51mΩ/km
Negative feeder:  Rn = 14mΩ/km
Train max. traction and braking power (0,65MW)

Substations rated power:    Pr = 0,35 MW
No load and rated load DC voltage: V0 = 750V,  Vn = 700V
Power transformer s.c. voltage:   Vcc = 8%



Effect of the trains overcurrent and 
overvoltage protection
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From now on it will be assumed:
Eficiency = 0.9
V1 = 550V;   V2=600V
V3 = 850V;   V4=900V



Effect of the trains overcurrent protection
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Efficiency = 0.9
V1 = 550V;   V2=600V

Assuming  Vcat = 570V 

Pref = 650kW I need from the catenary Pref/EF = 722kW
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The overcurrent protection limits the power to 308kW



Effect of the trains overvoltage protection
Braking mode

Efficiency = 0.9
V3 = 850V;   V4=900V

Assuming  Vcat = 870V 

Pref = 650kW I would like to inject in the catenary  Pref*EF= 585kW
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The overvoltage protection limits the power to 351kW
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Conventional DC scenario (case 1)
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Conventional DC scenario (Case 2)
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Conventional DC scenario

S1 S2 S3

T1 T2

750V
650kW564kW

Eff = 0%?????



How often each scenario is present?

T2 - Blue T1 - Red



Reversible substations as a solution to 
increase the efficiency
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Power transformer and diode rectifier rated power:    Pr = 0,35 MW
No load and rated load DC voltage:                             V0 = 750V,  Vn = 700V
Power transformer s.c. voltage:   Vcc = 8%
Converter rated power:                   Pr = 0,175 MW
Deadband: Vr = 10V
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Conventional DC scenario (Case 2)
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Reversible substations (Case 4)
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Off-board accumulation as a solution to 
increase the efficiency
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Off-board accumulation as a solution to 
increase the efficiency (Discharging mode)
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Pacc/Eff=100kW
SOC1 = 5%
SOC2 = 10%
Pmax = 200kW
Emax =   50kWh 

Vreg = 750V
dV1 =    10V
dV2 =    10V
Eff = 90%

Assuming  Vcat = 735V  and SOC =50%
SOC =50% P2 = Pmax = 200kW

Pacc = 90KW
Vcat =735V Pacc = 90 kW 
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Off-board accumulation as a solution to 
increase the efficiency (Charging mode)

AC

DC
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SOC3 = 90%
SOC4 = 95%
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Emax =   50kWh 

Vreg = 750V
dV2 =    10V
dV3 =    10V
Eff = 90%

Assuming  Vcat = 765V  and SOC =50%
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Conventional DC base scenario (case 1)

S1 S2 S3

T1 T2

645V

586V

614V

598V

641V
Pref=650kW Pref= 350kW

304kW
268kW 256kW

295kW 364kW
284kW93kW

T1 T2

S1 S3S2
DC1144kW

1144kW 342kW 444kW 355kW

91kW

Eff = 78%

524kW 377kW S1
47

S2
80

S3
51

722kW

524kW
377kW

388kW
Pnosup=209kW

(19%)



S1,2,3

Off-board accumulation (case 5)
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Accumulators 540kW

Acc loss=60kW
Eff with acc losses = 86%
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Conventional DC base scenario (Case 2)
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Off-board accumulation (Case 6)
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On board accumulation systems
Technologies/
Features
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Fuel-Cell (Hydr.) Low High Med. Yes Med. Low Low
Batteries Med. High Low No High High High
Flywheel Med. Low High Yes Med. Med. High
Supercapacitors Med. Med. High Yes High High High



Hybridization of On-board accumulation 
systems



Charging stations



On-board accumulation as a solution to 
increase the efficiency
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• The target at each instant is to make
Pcat=0.

• The whole system will assign priority to
the accumulation

• In traction mode, it will try to extract all
demanded power from the accumulator,
the rest will be extracted from the
catenary (if possible).

• In braking mode, it will try to inject all
the regenerated power into the
accumulation system, the surplus will be
injected in the network if possible, if not
it will be burned in the rheostatic
system.

• For calculation purposes the train and
the storage system as considered as a
separated devices as it will be shown in
the next slides.



Train in traction mode – accumulator discharging
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Efficiency = 0.9
V1 = 550V;   V2=600V

Assuming  Vcat = 570V 

Pref = 650kW I need from the catenary Pref/EF = 722kW
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The overcurrent protection limits the power to 308kW



Train in traction mode – accumulator discharging

W M
650kW Ptrain=308kW277kW

373kW
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SOC1 = 5%
SOC2 = 10%
Pmax =  300kW
Emax =  20kWh
Eff = 90% 

Assuming  Vcat = 570V  and SOC =50%

SOC =50% P2 = Pmax = 300kW  Pacc_available = Pmax*Eff= 270kW

Pacc = min (Pacc_available, Ptrain) = min(270,308) = 270kW  

Pcat = Ptrain-Pacc =308 – 270 = 38kW  

Pcat

PaccPacc/EF



Train in traction mode – accumulator discharging
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SOC1 = 5%
SOC2 = 10%
Pmax =  300kW
Emax =  20kWh
Eff = 90% 

Assuming  Vcat = 570V  and SOC =50%

SOC =50% P2 = Pmax = 300kW  Pacc_available = Pmax*Eff= 270kW

Pacc = min (Pacc_available, Ptrain) = min(270,308) = 270kW  

Pcat = Ptrain-Pacc =308 – 270 = 38kW  

270kW



Train in braking mode – accumulator charging
Traction mode

Efficiency = 0.9
V3 = 850V;   V4=900V

Assuming  Vcat = 870V 

Pref = 650kW I would like to inject in the catenary  Pref*EF= 585kW
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Train in braking mode – accumulator charging

W M
Pcat

PaccPacc*EF

650kW 650kW
Ptrain
585kW

SOC1 = 90%
SOC2 = 95%
Pmax = 300kW
Emax =   20kWh
Eff = 90%
Pcat_max = 351kW 

Assuming  Vcat = 870V  and SOC =50%
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SOC =50% P1 = Pmax = 300kW  Pacc_available = Pmax/Eff= 333kW

Pacc = min (Pacc_available, Ptrain) = min(585,333) = 333kW  

Pcat =  min(Ptrain-Pacc, Pcat) =min(252, 351) = 252kW  
Prhe = Ptrain – Pacc – Pcat = 585 – 333 – 252 =  0kW

Prhe



Train in braking mode – accumulator charging
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Assuming  Vcat = 870V  and SOC =50%
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SOC =50% P1 = Pmax = 300kW  Pacc_available = Pmax/Eff= 333kW

Pacc = min (Pacc_available, Ptrain) = min(585,333) = 333kW  

Pcat =  min(Ptrain-Pacc, Pcat) =min(252, 351) = 252kW  
Prhe = Ptrain – Pacc – Pcat = 585 – 333 – 252 =  0kW

0kW



Conventional DC base scenario (case 1)
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On-board accumulation (case 7)

S1 S2 S3

T1 T2

682V

643V

670V
676V

697V
Pref=650kW Pref= 350kW

161kW
190kW 261kW

202kW 234kW
156kW38kW

T1 T2

S1 Accs.S2
DC1197kW

1197kW 342kW 262kW 540kW

27

Eff = 93%

722kW 377kW
S1,2,3

60

722kW

502kW
118kW

Pnosup=0kW270kW

388kW

270kW

S3 173kW



Rhe

Conventional DC base scenario (Case 2)
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On-board accumulation (Case 8)
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Cases of study (Summary)
Substations **** Trains Acc. *** Train controls ** Pref T1 * Pref T2 * Total P(kW) P burned (kW) P non-sup. (kW) Efficiency (%)

Case 1 Non-reversible No Yes 650 350 1144 0 209 78

Case 2 Non-reversible No Yes -650 474 616 12 0 85

Case 3 Reversible No Yes 650 350 1144 0 0 78

Case 4 Reversible No Yes -650 474 693 0 0 90

Case 5 Non-rev + Acc No Yes 650 350 1280 0 0 90

Case 6 Non-rev + Acc No Yes -650 474 771 0 0 93

Case 7 Non-reversible Yes Yes 650 350 1197 0 0 93

Case 8 Non-reversible Yes Yes -650 474 878 0 0 98

*       Negative reference power in the trains means that the train is braking and regenerating
**     The considered train controls are the overcurrent protection and the overvoltage protection or squeeze control
***   Trains equipped or not with on-board accumulation system
**** The substations can be conventional (non-reversible), reversible (with dead band) and non-reversible with off-board accumulation 



Real Case of Study (3kV DC System)

• Red line 30.84km
• Blue line 36.93km
• Substations 3MW
• Short circuit voltage of 5%, 
• No load output voltage 3kV 
• Voltage at rated load (1000A) is 2880V
• Equivalent impedance in forward mode is 270mΩ
• Equivalent impedance in reverse mode 540mΩ
• Equivalent impedance of the overhead conductor and the rails (return circuit) are 

respectively 28.605mΩ/km and 7mΩ/km.
• Off board accumulators: 25kWh, 1MW, SOC1,2,3,4 – 0,10,90 and 100%, V1, V2, 

V3 and V4 will be set respectively to 2685V, 2985V, 3015V and 3315V



Real Case of Study (3kV DC System)

• Rolling Stock
• All EMUs, 5 cars per train
• Total unladen weight of 157.3t. 
• Maximum speed 120km/h
• Maximum traction power is 

2.2MW 
• On-board acc. 7kWh, and 1MW. 
• V1, V2, V3 and V4 (1980V,2280V, 

3300V and 3600V)

All data in kWh



Real Case of Study (3kV DC System)

• Simulation interval about 8 hours
• Description of the scenarios:

• 2 traffic levels



Real Case of Study (3kV DC System)



Real Case of Study (3kV DC System)

System Analysis
Average Train  Analysis
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