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Rall Vehicle Regenerative Braking Overview
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Some of the regenerated power is usedat@kethe train and to power

train auxiliaries (lights, HVAC, control systems, etc.)
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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
Conventional substation diode rectifiers do not permit reverse power flow
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regenerated power in the dc power system



LRV Regenerative Braking Overview
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Figure 1. Typical traction energy flow in urban rail systems [1].



LRV Regenerative Braking Overview
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A Many variables influence excess energy utilization
I Rail system design (substation & station/stop locations, speeds, track gradients)
I Train headways (spacing) and relative locations of trains on opposite tracks
I % of trains that are equipped with regenerative braking
I Regenerative braking system capability and voltage regulation settings

A The purpose of wayside energy storage systems (WESS) is to recover as m
the excess energy as possible and releasdnén needed

I For use by other trains (energy conservation = reduction of utility energy costs)
I To reduce substation average power demand (reduction of utility demand costs)
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I To move trains to nearest stations during power supply outages
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Overview of Available Technologies

A Available Wayside Energy Storage
Technologies
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I Flywheels ,__..

I Supercapacitors
| Batteries

A Available Wayside Energy Recovery s
Technologies




Flywheel Energy Storage

A Motor-driven, highspeed rotating mass
contained in a vacuum

I Up to 16,000 rpm (Beacon Power)

i 10,000 to 20,000 rpmYCON

I Up to 45,000 rpm (Stornetic)

i Kinetic energy = 1/2 x mass x (spéed)
I Magnetic bearings for rotor

A Accelerated by regenerated power

Highly efficient generator &
motor

Magnet bearing




Flywheel Energy Storage

A Salient Information
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High energy density (energy stored per unit weight or volume)

" Very high cycling capacity, long life, minimal maintenance

No power/energy capacity reduction over time

- Operates over a very wide temperature range (performance is

Independent of temperature)

Fast response (charging and discharging)
Environmentally benign (including salvage)
Relatively heavy & needs very stable foundation

Intended for highpower, shortdischarge applications (15 seconds to 5
minutes, typ.)



Supercapacitor Energy Storage

A Supercapacnors (Ultracapacitoiectrical Double LayerCapacitors)
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Relatively low energy density (energy stored per unit weight or volume)
Charge/discharge exceptionally quickly
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Complete discharge is possible without damage or reduction in lifetime

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

Low weight

Low energy density limits their applications to shiimie power
injections (seconds)



DATASHEET : 51V MODULE

Up to 1,000,000 duty cycles or Hybrid vehicles
10 year DC life Rail

51V DC working voltage
Active cell balancing UPS systems
Temperature output

Overvoltage outputs available

High power density

Extreme Vibration Environment
Compatible

PRODUCT SPECIFICATIONS

Rated Capacitance’

Minimum Capacitance, initial’
Maximum Capacitance, initial'
Maximum ESR  initial'

Test Current for Capacitance and ESR '
Rated Voltage

Stored Energy?

Absolute Maximum Voltage?

Over Voltage (OV) Alarm "ON" Range'
Nominal Module Balance "ON" Voltage
Absolute Maximum Current

Maximum Series Voltage

Capacitance of Individual Cells’
Stored Energy, Individual Cell”
Number of Cells
TEMPERATURE

Operating Temperature (Cell Case Temperature)

Minimum

Maximum

FEATURES AND BENEFITS*  TYPICAL APPLICATIONS

Heavy industrial equipment

Supercapacitor Energy Storage

ELECTRICAL BMODO0189 P051 B2A

189F
189F
200F
56mQ
100A
51V
69Wh
54V
513-543V
45.0V
1,900 A
750V
3,400F
3.8Wh
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individual capacitors (2-8 V) in
modules connected in series as
needed to achieve desired
output voltage

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

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




Battery Energy Storage
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First battery systems used lead acid batteries {tmst, highcapacity)

Lead acid batteries provide high power density and {daation output (hours)
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off-peak periods to be available during peak periods

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

They charge too slowly to capture power from vehicle regenerative braking

2 MW VRLA battery for
voltage boost and peak




Battery Energy Storage

A Lithium lon (l-ion) Batteries
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Most prevalent BESS battery technology at present (multiple chemistries)

High energy density relative to supercaps and other battery types
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desired output voltage; strings are combined in parallel to obtain the desired
output current

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

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

Some chemistries can catch fire and release explosive vapors under certain
failure scenarios
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A Nickel Metal Hydride Batteries (NiMH)

Battery Energy Storage

Used in many US hybrid electric cars and portable tools
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High energy density, but less thardm

Longer cycle lifetime than-ion, similar costasdi 2y o0 2 NAIAY | f f €

High seHldischarge rate (loses 5% to 20% of capacity within 24 hrs. after full
charge)

Overcharging can damage cells (battery monitoring system required)
Tolerates deep discharge
Recommended operating temperature range is 0 to 40 Deg. C.

150Ah x 36V = 5,400Wh




Battery Energy Storage

Visual Comparison of Battery and Capacitor Energy Storage Capabilities

(Energy Storage in Units of Joules)
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Electrolytic capacitor Supercapacitor| Li-ion battery | Gas lighter
98 mF/63 V 390 uF/450 V| 310F/2.7V | 1050 Ah/2.7 V| 7 mL Butan
W=194] W=39.4] wW=1,129] W=14,040] |W=205,800]




Battery Energy Storage

A Visual Comparison of Battery, Capacitor and Flywheel Average Efficiency and Lifetirr
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FIGURE 3.13 Efficiency and lifetime of different storage technologies.
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Reversible Substations

Reversible substations allow traction power to flow in both directions
Excess regenerated power can flow from the dc power system back to the
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power (similar to that required for a PV or wind turbine installation)

This technology is becoming more common in European transit systems
(European Union recognition as a greenhouse gas reduction technology)
Major manufacturers at present:

I Alstom

Secheron

Siemens

ABB
15



Reversible Substations

A AlstomHESOP

Simplified schematic diagram below

Thyristorcontrolled rectifier TCR in parallel with IGBT inverter

TheTCRoperates when in traction (forward) mode, while inverter acts as a filter

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

Inverter has lower power rating than the TCR, since reverse power is less than forward pov

HESOP™ CONVERTER
Controlled

HV Circuit Rectifier

HY _j»iiaker . .
NETWORK

Coupling
Contactor
N , RAILWAY
: NETWORK
~

Traction
Transformer




Reversible Substations
A AlstomHESOP
I 130 units delivered to date in ten cities
I Metros in Milan, Hamburg, Riyadh, London, Toulouse, Dubai and Panama
I Tramways/light rail in Paris, Sydney and Milan
I 600 Vdc, 750 Vdc and 1500 Vdc versions

Energy Efficiency: Key figures

UITP study 1997 : Averages figures based on 25 metro and 7 LRT networks

R ,

i¢—— Vehicle Consumption 1005 ————>
Braking Energy ":erl :c icoes H ES 0 PTM
recovers over

99% of braking
energy usually

lost



Reversible Substations

A Secheron
Offers product comparable to AlstorlESORTCRt IGBT inverter)
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Reversible Substations

A Secheron, cont.
I Ratings chart

REVERSIBLE CONTROLLED CONVERTER RANGE

I b 2 u S u K S 750 V 1500 V
power factor for the Rectifier Inverter Rectifier Inverter
2 Standard reversible controlled converter range
Inve rte r(reve rse) Rated DC voltage [V] 750 1500
mode Rated power [kW] 2000 500 4000 1000
. 0 0 Reference DC voltage [V] * 750 825 1500 1600
I I nve rter ratl n g IS Voltage setting range [V] * 716-775 760-850 1450-1530 1550-1640
25% of rectifier AC frequency [H2] 50/60
rati n g (typ ) Ov'er.load duty Up to Class VI Class VI Up to Class VI Class VI
Efficiency >98 % >94 % >98 % >94 %
Power factor >0.9 ~1 >0.9 ~1
Type of control Phase control PWM Phase control PWM
Type of cooling Natural air Forced air Natural air Forced air
IP degree IP31
Max. ambient temperature [°C] 40 (without derating)
Noise level [dB] 58@1m 65@1m 58@1m 65@1m
Insulation levels Tested for Cat 3 Power Frequency Withstand Voltage Levels
according to |IEC 61992-1 (other insulation levels upon request)
Applicable standards IEC 61000, EN 50328, IEEE 519, EN 50121-5, IEC 61992-1

* Other ratings upon request, according to the needs of the customer project.






