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Rail Vehicle Regenerative Braking Overview

ÅIƻǿ ƛǘ ǿƻǊƪǎΧ

ïtƻǿŜǊ ƛǎ ƎŜƴŜǊŀǘŜŘ όάǊŜƎŜƴŜǊŀǘŜŘέύ ōȅ ǘƘŜ ƳƻǘƻǊǎ ǿƘŜƴ ŀ ǘǊŀƛƴ ƛǎ ōǊŀƪƛƴƎ

ïSome of the regenerated power is used to brakethe train and to power 
train auxiliaries (lights, HVAC, control systems, etc.)

ï¢ƘŜ ǇǊƻǇǳƭǎƛƻƴ ŎƻƴǘǊƻƭ ǎȅǎǘŜƳ ŀƭƭƻǿǎ ǘƘŜ ōǊŀƪƛƴƎ ǘǊŀƛƴΩǎ ǾƻƭǘŀƎŜ ǘƻ rise up
ǘƻ мнл҈ ƻŦ ƴƻƳƛƴŀƭ όǘȅǇΦύ ǎƻ ǘƘŜ ŜȄŎŜǎǎ ǇƻǿŜǊ Ŏŀƴ άǊŜŀŎƘέ ƻǘƘŜǊ ǘǊŀƛƴǎ

ï If other trains are not close enough or they cannot consume the excess 
power, it gets dissipated in resistor banks on the train that is braking

ïConventional substation diode rectifiers do not permit reverse power flow 
ŦǊƻƳ ǘƘŜ ǘǊŀŎǘƛƻƴ ǇƻǿŜǊ ǎȅǎǘŜƳ ǘƻ ǘƘŜ ǳǘƛƭƛǘȅΣ ǿƘƛŎƘ άǘǊŀǇǎέ ǘƘŜ ŜȄŎŜǎǎ 
regenerated power in the dc power system

2
2



LRV Regenerative Braking Overview

Å A significant portion of the 
excess energy available from 
regenerative braking is not 
utilized (15-30% annual average 
is commonly cited)

Å Figure 1 is taken from 2014 
International Journal of Railway 
wŜǎŜŀǊŎƘ ǇŀǇŜǊ όά¢ƘŜ 
amalgamation of measured and 
estimated consumption data 
for different urban rail systems 
ǿƛǘƘƛƴ 9ǳǊƻǇŜέύΦ bƻǘŜŘ ŀǎ 
illustrative only, due to 
άǎƛƎƴƛŦƛŎŀƴǘ ǾŀǊƛŀǘƛƻƴ ōŜǘǿŜŜƴ 
ŘƛŦŦŜǊŜƴǘ ǎȅǎǘŜƳǎέΦ
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LRV Regenerative Braking Overview

Å ²Ŝ ǿŀƴǘ ǘƻ ƳŀȄƛƳƛȊŜ ǎȅǎǘŜƳ άǊŜŎŜǇǘƛǾƛǘȅέΥ ǊŜŎƻǾŜǊŜŘ ŜƴŜǊƎȅκŀǾŀƛƭŀōƭŜ ŜƴŜǊƎȅ

Å Many variables influence excess energy utilization

ï Rail system design (substation & station/stop locations, speeds, track gradients)

ï Train headways (spacing) and relative locations of trains on opposite tracks

ï% of trains that are equipped with regenerative braking

ï Regenerative braking system capability and voltage regulation settings

Å The purpose of wayside energy storage systems (WESS) is to recover as much of 
the excess energy as possible and release it when needed

ï For use by other trains (energy conservation = reduction of utility energy costs)

ï To reduce substation average power demand (reduction of utility demand costs)

ï¢ƻ ǇǊƻǾƛŘŜ ǾƻƭǘŀƎŜ ǎǳǇǇƻǊǘ όάōƻƻǎǘέύ ǘƻ ǘǊŀƛƴǎ

ï To move trains to nearest stations during power supply outages
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ÅAvailable Wayside Energy Storage 
Technologies

ïFlywheels

ïSupercapacitors

ïBatteries

ÅAvailable Wayside Energy Recovery 
Technologies

ïReversible Substations

5

Overview of Available Technologies

Course or Event Title 5



ÅMotor-driven, high-speed rotating mass 
contained in a vacuum

ïUp to 16,000 rpm (Beacon Power)

ï10,000 to 20,000 rpm (VYCON)

ïUp to 45,000 rpm (Stornetic)

ïKinetic energy = 1/2 x mass x (speed)2

ïMagnetic bearings for rotor

Å Accelerated by regenerated power

ÅGenerates power when motor connections 
are reversed
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Flywheel Energy Storage
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Å Salient Information

ïHigh energy density (energy stored per unit weight or volume)

ïVery high cycling capacity, long life, minimal maintenance

ïNo power/energy capacity reduction over time

ïOperates over a very wide temperature range (performance is 
independent of temperature)

ïFast response (charging and discharging)

ïEnvironmentally benign (including salvage)

ïRelatively heavy & needs very stable foundation

ï Intended for high-power, short-discharge applications (15 seconds to 5 
minutes, typ.)
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Flywheel Energy Storage
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Supercapacitor Energy Storage

Å Supercapacitors (Ultracapacitors, Electrical Double Layer Capacitors)

ïRelatively low energy density (energy stored per unit weight or volume)

ïCharge/discharge exceptionally quickly

ïtŜǊŦƻǊƳŀƴŎŜ ƛǎ Ғ ƛƴŘŜǇŜƴŘŜƴǘ ƻŦ ƻǇΦ ǘŜƳǇŜǊŀǘǳǊŜ ό-40 to +65 C)

ïComplete discharge is possible without damage or reduction in lifetime

ïLong lifetime, practically independent of # of charge/recharge cycles 
(the very thin capacitor insulation degrades with time)

ïLow weight

ïLow energy density limits their applications to short-time power 
injections (seconds) 
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Supercapacitor Energy Storage

Å ά{ǘǊƛƴƎǎέ ŀǊŜ ŎƻƳǇƻǎŜŘ ƻŦ 
individual capacitors (2.5-3 V) in 
modules connected in series as 
needed to achieve desired 
output voltage

Å Strings are combined in parallel 
to obtain the desired output 
current

Å Equalizing circuits are required 
to balance the capacitor voltages 
during charging

Å Maxwell (now owned by Tesla) is 
the primary manufacturer for 
railway applications
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Battery Energy Storage
Å {ƻƳŜ IƛǎǘƻǊȅΧ

ï First battery systems used lead acid batteries (low-cost, high-capacity)

ï Lead acid batteries provide high power density and long-duration output (hours)

ï[ŜŀŘ ŀŎƛŘ ōŀǘǘŜǊƛŜǎ Ŏŀƴ ōŜ ŎƘŀǊƎŜŘ ŦǊƻƳ ǘƘŜ ǎȅǎǘŜƳ όάǘǊƛŎƪƭŜ ŎƘŀǊƎŜŘέύ ŘǳǊƛƴƎ 
off-peak periods to be available during peak periods

ï They have a limited number of charge/recharge cycles compared to more recent 
battery technologies

ï They charge too slowly to capture power from vehicle regenerative braking
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2 MW VRLA battery for 
voltage boost and peak 
shaving, in operation since 
Jan. 2009 (Sacramento)



Battery Energy Storage

Å Lithium Ion (Li-ion) Batteries

ï Most prevalent BESS battery technology at present (multiple chemistries)

ï High energy density relative to supercaps and other battery types

ï.ŀǘǘŜǊȅ άǎǘǊƛƴƎǎέ ŀǊŜ ŎƻƳǇƻǎŜŘ ƻŦ ƛƴŘƛǾƛŘǳŀƭ ŎŜƭƭǎ ŎƻƴƴŜŎǘŜŘ ƛƴ ǎŜǊƛŜǎ ǘƻ ŀŎƘƛŜǾŜ 
desired output voltage; strings are combined in parallel to obtain the desired 
output current

ï Battery management system (BMS) is required to ensure all cells have equal 
State of Charge (SOC) during charging and discharging, to control cell operating 
temperature and provide safety monitoring

ï Storage capacity/lifetime is dependent on cell temperature, depth of discharge 
and charging rate (repeated deep discharging shortens battery life)

ï Some chemistries can catch fire and release explosive vapors under certain 
failure scenarios
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Battery Energy Storage

Å Nickel Metal Hydride Batteries (NiMH)

ï Used in many US hybrid electric cars  and portable tools

ï¦ǎŜŘ ōȅ Yŀǿŀǎŀƪƛ IŜŀǾȅ LƴŘǳǎǘǊƛŜǎ ŦƻǊ ǘƘŜƛǊ άDLD!/9[[έ ²9{{

ï High energy density, but less than Li-ion

ï Longer cycle lifetime than Li-ion, similar cost as Li-ƛƻƴ όƻǊƛƎƛƴŀƭƭȅΧύ

ï High self-discharge rate (loses 5% to 20% of capacity within 24 hrs. after full 
charge)

ï Overcharging can damage cells (battery monitoring system required)

ï Tolerates deep discharge

ï Recommended operating temperature range is 0 to 40 Deg. C.

ï Environmentally benign
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Battery Energy Storage

Å Visual Comparison of Battery and Capacitor Energy Storage Capabilities              
(Energy Storage in Units of Joules)
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Battery Energy Storage

ÅVisual Comparison of Battery, Capacitor and Flywheel Average Efficiency and Lifetimes
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Reversible Substations

Å Reversible substations allow traction power to flow in both directions

Å Excess regenerated power can flow from the dc power system back to the 
ǳǘƛƭƛǘȅΣ ǿƘƛŎƘ ƛǎ ŀƭǿŀȅǎ ŀ άǊŜŎŜǇǘƛǾŜέ ƭƻŀŘ

Å wŜǉǳƛǊŜǎ άƴŜǘ ƳŜǘŜǊƛƴƎέ ŀƎǊŜŜƳŜƴǘ ǿƛǘƘ ǳǘƛƭƛǘȅ ŦƻǊ ǎŀƭŜ ƻŦ ǘƘŜ ǊŜƎŜƴŜǊŀǘŜŘ 
power (similar to that required for a PV or wind turbine installation)

Å This technology is becoming more common in European transit systems 
(European Union recognition as a greenhouse gas reduction technology)

Å Major manufacturers at present:

ï Alstom

ï Secheron

ï Siemens

ï ABB
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Reversible Substations

Å Alstom HESOP

ï Simplified schematic diagram below

ï Thyristor-controlled rectifier (TCR) in parallel with IGBT inverter

ï The TCRoperates when in traction (forward) mode, while inverter acts as a filter

ï Inverter operates in regeneration (reverse) mode, conducting regenerated power to the ac side

ï Inverter has lower power rating than the TCR, since reverse power is less than forward power
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Reversible Substations
Å Alstom HESOP

ï 130 units delivered to date in ten cities

ï Metros in Milan, Hamburg, Riyadh, London, Toulouse, Dubai and Panama

ï Tramways/light rail in Paris, Sydney and Milan

ï 600 Vdc, 750 Vdc and 1500 Vdc versions
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Reversible Substations
Å Secheron

ï Offers product comparable to Alstom HESOP(TCR+ IGBT inverter)
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Reversible Substations

Å Secheron, cont.

ï Ratings chart

ï bƻǘŜ ǘƘŜ Ғ ǳƴƛǘȅ 
power factor for the 
inverter(reverse) 
mode

ï Inverter rating is 
25% of rectifier 
rating (typ.)
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