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ABSTRACT
Enormous energy is generated by railway cars when applying regenerative braking in train stations. This paper discusses the methods for absorbing, storing and using the energy resulting from regenerative braking. It proposes two methods which are regenerative energy fed back to the distribution grid for supplying stationary loads at train stations, and regenerative energy for charging railway car-mounted storage containers which can also supply stationary loads or be transported elsewhere for supplying remote loads. The working principles and topological structures of the two methods are introduced. In addition, main circuits and corresponding control systems are simulated and analyses are conducted to validate the proposed methods for train stations in China.

I. INTRODUCTION
There are two types of braking in traction systems, including the dynamic (electric) braking and the more traditional friction braking. In dynamic braking, as traction motor is switched to a generator, and the generated current is employed for rheostatic or regenerative braking[1]. In rheostatic braking, the current is dissipated in banks of resistors which would slow down the train. This type of braking is valuable on heavy haul diesel locomotives running on routes with extensive down grades. When regenerative braking is employed, the current in the electric motors is reversed for slowing down the train. During braking, the traction motor connections are altered to turn them into electrical generators. The motor fields are connected across the main traction generator and the motor armatures are connected across the load. In dynamic braking, for a given direction of travel, current flow through the motor armatures will be reversed and the motor exerts torque in opposite direction to that of rolling[1][2]. 

Electric trains and hybrid diesel locomotives can be equipped with regenerative braking. The more frequently a train stops, the more it can benefit from regenerative breaking. Therefore the technique is especially valuable for commuter trains and inter-city subways, which both stop frequently. Another form of regenerative braking which is used in places like the London Underground, uses small slopes leading up and down from stations. The train is slowed by the climb, and then leaves down a slope, so kinetic energy is converted to gravitational potential energy in the station[3]. 

In regenerative braking, the energy saving is dependent on the ability of other trains on the same route to accept the energy (i.e., receptivity). On a busy commuter train at peak hours, receptivity can be as high as 15%[1]. One method of improving receptivity is to provide storage at train stations which will be discussed later. Dynamic braking would maintain constant speed, reduce the need for friction brakes, and offer substantial savings in brake maintenance. Employing regenerative braking in trains can lead to substantial CO2 emission reductions, especially when applied to inter-city trains (15%) and very dense suburban commuter trains (30%).

The harvested energy during regenerative braking is proportional to the product of the magnetic strength of the field windings, multiplied by that of the armature windings. If regenerative energy exceeds the energy required by potential loads, the additional regenerative energy would increase the distribution grid voltage at the station or that of filter capacitors located on trains. In such cases, regenerative braking would fail as a supply and friction braking would slow the train down at train stations. 

In principle, braking can be all dynamic with the friction braking used only for emergency stops and for bringing the train to a halt. The friction brakes on high speed trains would generally require an extra (triple) discs per axle for stopping the train which adds both unsprung mass and rotating inertia. The heavier axles would require increased track forces for accelerating this mass. The additional callipers and brake rigging would also add complexity and cost. Environmental concerns further promote the use of dynamic. However, dynamic braking alone would often be insufficient to stop a locomotive, as its braking effect rapidly diminishes below about 10 to 12 miles per hour (16 to 19 km/h). Therefore it is always used in conjunction with friction braking.  

The energy harvesting using regenerative braking is important can essentially convert a municipal train station to a microgrid[4]. Federal Energy Regulatory Commission guidelines in the United States stipulate that energy providers who can supply energy quickly (higher flexibility) can charge a higher premium. While it is only designed to provide power for minutes at a time, regenerative braking can offer extremely versatile harvested energy which would have otherwise been wasted as additional heat in the atmosphere. Regenerative braking, which can earn several hundreds of dollars annually in a typical municipal train stations[4], is a rare bright spot in economically constrained  cities which can also save fuel usage and lower the adverse effects on our environment.

In the following sections, we focus the discussions on several models and options for implementing dynamic braking in high speed electric trains and offer examples for the implementation in the railway system in China.
II. SUPPLY OF ELECTRIC POWER TO ELECTRIC TRAINS 

The power supplied to electric trains is through either the third rail or overhead wires. In this section, the two options are briefly introduced.
A. Third (conductor) rail system 
Siemens, a German engineering firm, exhibited a series of prototype trains with the third trail at the Berlin Industrial Exposition in 1879. Later on, many railway trains began to use the third trail traction for power supply. In 1890, the electric subway of London started using the third trail. The third rail is made of highly conductive steel shown in Fig. 1 which is placed alongside or between the running rails would provide DC power to trains as depicted in Fig. 2. Third rails are interrupted at crossovers and level crossings. Ramps are provided at the section ends to provide a smooth transition to the contact shoe pads. The position of the contact pad between the rail and the train could vary: some of earliest models made contacts with the top of the third rail. However, later developments used side or bottom contacts with the rail, which allowed the third rail to be covered, protecting track workers from accidental contact and protecting the third rail from leaf fall and adverse weather conditions [7]. In practice, third rail voltages are lower than 1500V to prevent electric shock hazards close to the ground. The list of standard third rail voltages include: 750V Metro line 13 of Beijing in China; 1200V rapid mass transit railway of Hamburg S-Bahn, in Germany; 1200V Manchester-Bury railway in England; 1500V Culoz-Modane railway in France; and 1500V Metro line 4 and line 5 of Guangzhou in China [7].
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Fig. 1: A contact shoe for top-contact third rail [5]
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Fig. 2: Tracks with conductor (third) rail [6]
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Fig. 3: Overhead wire system for locomotive[8]
B. Overhead wire system 
Alternatively, trains are energized by an overhead wire system. In 1881, Werner von Siemens presented the first tram with overhead wire system at the International Exposition of Electricity in Paris. In 1882, Siemens tested a similar overhead wire system on his early precursor of trolleybus [9]. The overhead wire system shown in Fig. 3 which is equipped with a pantograph supplies electricity to locomotives, tramcars and light rail vehicles. The overhead wire system could carry either AC or DC. For instance, a 1500V DC system is used in the Netherlands and Japan; 3000V DC is used in Belgium, Italy, Spain, Poland and Slovenia. 25kV AC is used in United States, China, India and France; DC voltage between 600V and 1500V are used by tramcars, trolleybus networks and subway systems [10].
Regenerative energy absorption devices would be installed in traction systems for reducing energy consumptions by braking resistors, lowering the rise in temperature due to excessive energy losses, and cutting the extra weight carried by the train due to the installation of railway-mounted braking resistors. Four main regenerative energy storage devices include battery storage, superconducting magnetic energy storage, ultra-capacitor storage, and flywheel energy storage. These devices are briefly discussed in the next section.
III. REGENERATIVE ENERGY BRAKING FOR STORAGE AT TRAIN STATIONS 
Energy storage devices utilize the regenerative energy efficiently, improve the stability of dc supply voltage, lower the peak load at train stations, and reduce the heat and dust in subway tunnels. In order to make the most out of the energy storage devices in railroad systems, energy storage devices absorb the regenerative energy released by trains and feed the stored energy back for other applications in traction systems. Such energy storage devices must possess a compact size, require low manufacturing and maintenance costs, and can be fixed quickly.
The battery storage system has been used since 1990s in the Berlin metro in Germany [11]. However, battery storage has not been used widely in regenerative braking for traction systems. In practice, a battery storage system could pose various shortcomings such as lower power density, lower energy efficiency, and limitations on charge-discharge cycles. Fig. 4 shows the use of a battery storage system in a traction system. The value of R in Fig. 4 is relatively small, while R1 located in parallel with thyristors is large. When the thyristor is not triggered, the battery is disconnected from the third rail. When regenerative braking is engaged, the third rail voltage is boosted up which would trigger the thyristors. If the third rail voltage exceeds its upper limit, the power flow through R would charge the battery. When the third rail voltage is below its lower limit, the thyristor will be triggered which will result in discharging the batteries through R to supply the third rail.
A. Superconducting magnetic energy storage system 
A superconducting magnetic energy storage (SMES) system includes superconducting coil, cryogenic container, refrigerating equipment, converter, measuring and controlling unit. Fig. 5 shows the SEMS system used in the commuter train regenerative energy absorption. SMES system stores regenerative energy in electromagnetic energy by superconducting coils which could be fed back to the third rail for supplying train station loads. The energy storage coil, produced by superconducting lines, is kept at critical temperature for superconductivity.  Theoretically, the lossless energy would be stored in the coil until it is released. Compared with other energy storage devices such as lithium ion battery storage, SMES offers several advantages [12],[13] which include: 

1) SMES can store energy for a lengthy period with an efficiency that is higher than 95%[14]; 

2) SMES can offer a large storage capacity and fast response time; 

3) SMES is easy to maintain and produces pollution-free energy; 

4) SMES is easy to manipulate and has a long life time as it has no rotating parts except for vacuuming and refrigeration parts. 
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Fig. 4: Battery storage system of commuter train
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Fig. 5: The superconducting magnetic energy storage system of commuter train
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Fig. 6: Ultra capacitor storage system of commuter train
However, SMES has not been used widely for large-scale station applications because 

1) There is a limited production of superconducting materials; 

2) There is a high cost for refrigeration and operation of superconductive materials; 

3) The quenching protection of superconducting and the ecological influence of high-intensity magnetic field is at the stage of research.
B. Ultra-capacitor storage system 
Fig. 6 shows the ultra-capacitor energy storage system for regenerative energy applications which includes ultra-capacitor bank, IGBT chopper, DC high-speed circuit breaker, disconnecting switch, sensors and microcomputer control unit. An ultra-capacitor offers a low voltage capacity and a large number of ultra-capacitors are often connected in series-parallel modules. However, any major wavering in ultra-capacitor parameters, which could be due to ambient conditions, would result in ultra-capacitor voltage fluctuations [15]. Such changes would shorten the service life of ultra-capacitors and significantly reduce its operation reliability for regenerative energy applications. Thus, ultra-capacitor storage systems are often designed to be relatively small which could not fully absorb the regenerative energy generated by several trains on high traffic railways [16]. At present, the ultra-capacitor storage system is used in railway transit systems located in Frankfurt, Madrid [17] and the Beijing metro subway in China.

C. Flywheel energy storage system 
Fig. 7 shows the flywheel energy storage for regenerative energy. A flywheel energy storage system includes a rotating component, electric machine, bi-direction converter and vacuum suspension chamber [18] which would make use of high speed rotating elements. At energy storage stage, bi-direction converter drives the electric motor in flywheel to accelerate to a certain constant speed [19]. At energy release stage, flywheel drives electric machine as generator when the mechanical energy is converted to electric energy. Flywheel energy storage offers several advantages including high energy density, high reliability, easy to maintain, charge-discharge cycle which is independent of the depth of charge-discharge, and a non-polluting device with low impacts on environment. However, flywheel energy storage system is suitable for short discharge time and high power applications as it cannot store energy for a long time [20]. Currently, flywheel energy storage system is used in the New York Subway and tramway in Hong Kong.
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Fig. 7: Flywheel energy storage system of commuter train
IV. REGENERATIVE ENERGY FOR SUPPLYING THE DISTRIBUTION GRID AT TRAIN STATIONS

In the Section III, we discussed the use of energy storage devices for regenerative energy, which would increase the energy investment cost in train stations. In this section, we however propose a regenerative energy scheme shown in Fig. 8 that could directly feed the regenerative energy back to the distribution grid at train stations for lighting, ventilation, air-conditioning and other stationary applications. In addition, we present the simulation results and analyses for such regenerative energy applications in train stations.
A. Topological structure and electric energy flow for the proposed scheme
Fig. 8 shows the proposed regenerative energy system for feeding the energy back to the distribution grid at train stations. Fig. 9 shows the speed curve of a train. When a train departs a train station, it would accelerate to its maximum speed ① and then keep a constant speed ②. In this period, trains absorb electric energy from the third rail provided by either traction transformers or regenerative energy of incoming trains. For incoming trains, the trains decelerate by regenerative braking ③ and the air braking makes the train stop when its speed is close to zero. When the train is slowing down, the voltage at the third rail rises quickly and, as the voltage at third rail exceeds its upper limit, the three-phase inverter would start supplying regenerative energy to the distribution grid. The regenerated electric energy could either be absorbed by other trains (region ① or ②) or be fed back to the distribution grid through DC/AC inverters. The electric energy flow is shown with red arrows in Fig. 10. Electric generators in trains convert the kinetic energy (3) to electric energy as the train is slowing down. 

The proposed scheme would lower the peak voltage at the third rail. The proposed scheme offers several advantages: 1) The inductance located at the AC side filter would reduce the voltage distortion and current harmonics; 2) The proposed scheme requires a small capacity filter with minute losses and a fast dynamic response because it uses high frequency power switches; 3) The scheme increases the rate of utilization of regenerative energy and reduces the size of braking resistor used on trains[21].
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Fig. 8: The regenerative energy system feeding back to the distribution grid
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Fig. 9 Speed curve of a running train

[image: image10.emf]-

~

=

DC/AC 

Inverter

~

Low-Voltage Grid

+

Third Rail

Station #1

Station #2

1

2 3

Train moving direction

Electric energy flow direction

Accelerating region

Constant speed region

Regenerative braking region

1

2

3

~

High-Voltage Grid

Traction 

transformer


Fig. 10: Electric energy flow diagram of train system
B. Inverter circuit and corresponding dual closed-loop control strategy for voltage and current in the proposed scheme

When generative braking occurs, the third rail voltage will be raised instantaneously which is due to the large inertia of trains. If the interval time between train arrivals at the station is short, the regenerative energy generated by incoming trains could also feed trains that are departing the station. In this case, the third rail voltage will return quickly to its rated value. However, if the interval is long, the regenerative energy of incoming trains could only be fed back to supply other loads at the train station. Meanwhile, the third rail voltage would decrease slowly. However, since inverters are connected to the power distribution grid, high quality voltage waveforms with smaller distortions would be required by inverters. In this case, if the third rail voltage fluctuations are excessive as inverters would turn on/off for generative braking the proposed control system for inverters would have to provide a fast dynamic response in order to feed a high quality regenerative energy back to the distribution grid. 
We consider the voltage-current dual close-loop control strategy for inverters. In three-phase rotating coordinates, the inverter system contains time-varying components which render the design of control systems rather difficult. Hence, the three-phase abc system is always converted to the dq rotating two-phase system as follows:
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in which the r,L,C components are shown in Fig. 11 and 
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. In the dq rotating two-phase coordinates, the abc static three-phase coordinates would become static. If we add the load disturbance compensation into the control system and decouple d and q axis components [22], the reference current of inductor will be expressed as:
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Accordingly, the dual closed loop control system of inverters is shown in Fig. 12 in which the voltage loop is the outer loop and the current loop is the inner loop. 
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Fig. 11: Inverter circuit for the dual control system
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Fig. 12: Block diagram of dual closed loop control system of inverter in the dq coordinators
In the inner loop, the proportional component of PI regulator 
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 would increase the damping coefficient for stability purposes. The integration component of 
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 is used to reduce the steady state error of the current loop. In the outer loop, the
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of PI regulator would make the output voltage follow the reference voltage. This dual closed loop system responds fast with a small static error. The addition of feed-forward compensation for load disturbances would improve the robustness, as the load current which is subject to the outer disturbance signal lies outside the current inner loop.
C. Simulation results and analyses of the proposed scheme

We consider an output voltage of 400V/50Hz (peak is 565V) at the low-voltage grid. Here, the load is a fan whose torque is proportion to the square of speed (
[image: image19.wmf]2

Tkn

=

). We use a fan as load because fan loads are majority at train stations. We simulate different load values by adjusting K. Fig. 13 shows the torque and speed curves for the fan in which the transition from a light load to a heavy load takes 0.6s (torque rises to 130N-m and the speed decreases from 1500r/s to 1358r/s). Fig. 14 shows the dq axis and abc waveforms in which there are no voltage fluctuations (i.e., robust performance) and the dq current responds fast (with a good performance) as the load is varied. Fig. 15 shows the FFT output for the line voltage of inverter in which the third harmonies distortion (THD) is only 0.26% with a good performance for filter [23].
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Fig. 13: Torque and speed profile of fan
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Fig. 14: Voltage and current waveforms of inverter
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Fig. 15: FFT of inverter output line voltage
D. Calculation of regenerative energy supplied to train stations
The regenerative energy of a train is calculated as follows. Electric generators in trains convert the kinetic energy (3) to electric energy as the train is slowing down. 
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where 
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 is the total mass of train and passengers, 
[image: image31.wmf]v

 is the speed of train, 
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 is moment of inertia of bogies (the bogies mass is around 5% of the train mass without passengers), and 
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 is rotational angular velocity [24]. If we subtract losses incurred by the transmission gearbox, electric machine, inverter, auxiliary power supply, the rest of the regenerative braking energy is fed back to the low voltage grid.
Consider the metro line 13 in Beijing shown in Fig. 16 for regenerative energy calculation of trains. A train of metro line 13 includes six cars representing two powered cars with driver cabs 
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, one powered car 
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 in trains, which is the case at rush hours, the average number of passengers is 290 in a train car. The average weight of a passenger is 60
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 with a total passenger weight of 109.2
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 is the braking force introduced by the train, then the total force exerted by the train is
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The fitting formula of running basic resistance is
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where 
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 is speed of train and 
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 is total weight of train. There are three basic braking characteristics: constant torque region, constant power region, and constant energy region. In the constant torque region, the braking force is constant and independent of speed. In the constant power region, the product of braking force and speed is constant.
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Fig. 16: A metro line 13 train at a station [25]
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Fig. 17: Train cars of Metro line 13 of Beijing
In the constant energy region, the product of braking force and square of speed is constant. The braking force of an electric machine used in the metro line 13 is expressed as [27]
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There are three cars with power sources (two 
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) in metro line 13. Each power car has two inverters. Each inverter drives two electric motors. So the total braking force is
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The relationship between braking force and speed of metro line 13 is shown in Fig. 18. From (5)-(7), the resulting force in a train is expressed as
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Here, 
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Using (9), one can get the relationship between time 
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Similarly, the relationship between distance 
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According to (10) and (11), one can get 
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 and 
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 curves shown in Fig. 19.
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Fig. 18: Relationship between braking force and speed of metro line 13 of Beijing
So the total braking time is 30
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 and the braking distance is 368.1
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. In addition, braking times for constant energy, constant power, and constant torque regions are 8.75
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, respectively. The average acceleration in three regions is calculated as 0.524
[image: image80.wmf]2

/

ms

, 0.759
[image: image81.wmf]2

/

ms

 and 0.83
[image: image82.wmf]2

/

ms

, respectively. The regenerative power 
[image: image83.wmf]P

 is given as 

[image: image84.wmf]cos

BgBiv

PPS

hhhj

=´´´-´

                                             (12)
where 
[image: image85.wmf]B

P

 is the braking power of motors, 
[image: image86.wmf]g

h

 is the efficiency of transmission gearbox, 
[image: image87.wmf]B

h

 is the efficiency of motors, 
[image: image88.wmf]i

h

 is the efficiency of inverter, 
[image: image89.wmf]v

S

 is the capacity of auxiliary power supply on trains, 
[image: image90.wmf]cos

j

 is the power factor, and 
[image: image91.wmf]BB

PFv

=´

. So

[image: image92.wmf]cos

BgBiv

PFvS

hhhj

=´´´´-´

                                            (13)
The regenerative energy is calculated as 
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Fig. 19: Speed and distance curves
The regenerative power and energy absorbed that is fed to the low voltage grid at metro line 13 are shown in Fig. 20(a) and (b). The parameters of metro line 13 used in Fig. 20 are given as follows: efficiency of transmission gearbox 
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Fig. 20: Feedback power and feedback energy curves

E. Economic merits of regenerative braking 
Table I shows the timetable for the metro line 13 at the Wudaokou station in China. In this table, trains will be arriving at the station every 6 to 7 minutes between 5:19 and 6:20 hours. The interval time depends on the time of the day and the day of the week and the average interval time on weekdays is 5.2 minutes. Accordingly, 420 trains pass through the Wudaokou station with a daily regenerative braking energy of 
[image: image105.wmf]42016.536942.6
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. For weekends, the average train interval time is 8.3 minutes, the number of trains is 262, and the total regenerative braking energy is 
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. The monthly (including 4 weeks + 2 weekdays) the regenerative braking energy is 
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. The annual regenerative braking energy is 
[image: image108.wmf]187384.08122248608.96

kWh
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. If the electricity is priced at 0.1USD/kWh, the annual saving at Wudaokou station is around $0.225 million. The annual saving for the 16 stations along the metro line 13 is $
[image: image109.wmf]0.225163.6

´=

 million annually. 

          Table I   Train interval time for metro line 13 at Wudaokou station

	Weekdays (Monday-Friday)

	Blocks of arrival time of trains to the train station 
	Interval time between train arrivals to the train station (min)

	5:19—6:20
	6-7

	6:20—7:20
	4-5

	7:20—9:00
	3

	9:00—11:50
	4-6

	11:50—15:30
	7-8

	15:30—16:50
	4-6

	16:50—19:30
	3.5

	19:30—20:40
	5-7

	20:40—23:26
	8-10

	Weekends(Saturday-Sunday)

	Blocks of arrival time of trains to the train station
	Interval time between train arrivals to the train station (min)

	5:19—6:20
	10

	6:20—7:20
	7-9

	7:20—9:00
	5.5

	9:00—11:50
	7-9

	11:50—15:30
	10-11.5

	15:30—16:50
	7-9

	16:50—19:30
	6.5

	19:30—20:40
	7-9

	20:40—23:26
	10-13


      For the months with air conditioning loads (June-September), the monthly average energy consumption of metro line 13 at each station is 
[image: image110.wmf]4

7.6410

kWh

´

. For non-air conditioning months (October-May), the figure is 
[image: image111.wmf]4

7.1110

kWh

´

[28]. Fig. 21 shows the electric energy consumption and regenerative energy production per month. Here, the regenerative braking energy could supply the station ventilation and lighting.
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Fig. 21: Electric energy consumption and regenerative energy production per month
V. REGENERATIVE ENERGY FOR SUPPLYING THE BATTERY STORAGE ON HIGH SPEED TRAINS

High speed trains in China use the AC-DC-AC conversion for traction. Trains get the single phase 25kV/50Hz electric power from overhead wires through pantographs. The power flows through traction transformers, traction converters, and traction motors to drive the train. When regenerative braking occurs, traction motors run as generators and electric power is fed back to overhead wires through traction converters and traction transformers. If the voltage of overhead wire is higher than its upper limit, the regenerative energy would be consumed by braking resistors as loss. Fig. 22 shows the energy consumption for the high speed train CRH3 between Beijing and Tianjin stations with a travel time of 30 minutes. The aerial view of the Beijing south train station is depicted in Fig. 23. The peak speed of the train is 350
[image: image113.wmf]/

kmh

 with an energy consumption of 2897
[image: image114.wmf]kWh

 and the regenerative energy of 243
[image: image115.wmf]kWh

. The regenerative energy, fed back to the overhead wire, is consumed by other trains. If there are no other trains available, the regenerative energy is often consumed by braking resistors to keep the overhead wire voltage at its permissible range. We propose an energy storage scheme to avoid the excessive use of regenerative energy by braking resistors.
Fig. 24 shows the proposed regenerative energy storage scheme installed on high speed trains. When batteries are fully charged, the battery container cars are unloaded and replaced by other battery containers. Fig. 25 shows the topological structure of regenerative energy storage scheme and Fig. 26 shows the circuit for battery charger. For the CRH3 high speed trains, batteries are 3m×1.5m×.7m, 60kW, 320Ah nickel-cadmium which weigh 770kg. In CRH3, dining and first-class cars, which are among lighter cars at about 13 tons, can often house the battery containers. 
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Fig. 22: Energy consumption of CRH3 train between Beijing south and Tianjin train stations
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Fig. 23: Beijing south train station[29]
A. Proposed control strategy of battery chargers

In Fig. 26, there are two half-bridge and one full-bridge DC/DC converters with isolation transformers. Thus, the current control strategy shown in Fig. 27 is used in which the voltage outer loop samples the output voltage as feedback signal to realize the closed-loop control and stabilize the output voltage. The dual closed loop control system makes the converter with a second-order model to be change to a first-order system model.
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Fig. 24: Regenerative energy storage system for high speed train
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Fig. 25: Diagram for regenerative energy storage
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Fig. 26: Battery charger circuit
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Fig. 27: Current control system block diagram
B. Simulation results and analyses
In Fig. 28, the input DC voltage is 1,650
[image: image122.wmf]V

, the output voltage of each half-bridge converter is 300
[image: image123.wmf]V

, and the voltage of middle DC component is 600
[image: image124.wmf]V

. The output voltage is rated at 118
[image: image125.wmf]V

. The batteries are charged at constant voltage. In this case, nickel-cadmium battery storage is used with a rated power of 100
[image: image126.wmf]Ah

, rated voltage of 110
[image: image127.wmf]V

, full charge voltage of 125
[image: image128.wmf]V

, and the initial capacity of 50%. Fig. 28(a) shows the voltage waveform of intermediate DC link with a voltage of 600
[image: image129.wmf]V

(
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2
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). Fig. 28(b) shows the output voltage waveform. The output voltage of battery charger is 110
[image: image132.wmf]V

(stable with 
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0.2
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variation) and can charge batteries. Fig. 29(a) shows the battery current waveform. In the constant voltage charge state, the battery current will have large fluctuations. The charging current decreases as the battery level increases in Fig. 29(b) which demonstrates a satisfactory performance for battery charger.
C. Economic benefits of regenerative braking 
Cost benefits from the use of regenerative breaking stem from reduced energy costs and lower maintenance costs of the mechanical brakes. The full stop commuter services at Birmingham and Manchester in the UK are for example able to use regenerative braking. With regenerative braking being enabled, their disc brake pad life was around 18 months. When the electric braking was switched off, the pad life reduced to 18 days. As a consequence of less needs for replacement, regenerative breaking also reduces the down-time of the train.

In China, 137 high speed trains which run between Beijing south station and Tianjin west station (69 trains originated from Beijing south station and the other 68 trains traveling in the opposite route). The regenerative energy produced by a single train in that route is 243
[image: image135.wmf]kWh

 as the train lowers it speed. The daily figure for regenerative energy is 33,291
[image: image136.wmf]kWh

, per month is 998,730
[image: image137.wmf]kWh

, and per year is around 
[image: image138.wmf]7

1.210

kWh

´

. Using a typical 0.1USD/kWh for the price of electricity in Beijing, the trains between Beijing and Tianjin offer a $1.2 million saving per year. The energy consumption for ventilation and lighting at Beijing south station is around 28,257
[image: image139.wmf]kWh

 [30],[31]. Fig. 30 shows the daily electric energy consumption and regenerative energy production. Thus, the total regenerative energy produced by inter-city trains between Beijing and Tianjin would be able to supply the Beijing south station facilities comfortably.
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Fig. 28: Voltage waveforms of intermediate DC link and output of battery charger
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Fig. 29: Current waveform and battery level of storage battery
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Fig. 30: Daily electric energy consumption and regenerative production
VI. CONCLUSIONS
The utilization of regenerative energy can reduce the operating costs of train stations and improve the operational safety of railways. In this paper, four storage schemes for regenerative energy, which include battery storage, superconducting magnetic energy storage, ultra-capacitor storage, and flywheel energy storage, were reviewed and the merits of each scheme in traction applications was briefly discussed. The paper introduced two regenerative energy harvesting schemes. The first scheme considers the regenerative energy of commuter train which is fed back to the power distribution grid at train stations for lighting, ventilation, air-conditioning and other stationary devices. The scheme would utilize regenerative energy for enhancing the train station operations which reduces the quantity (i.e., the volume and the weight) of train-mounted braking resistors significantly, and increases the safety and the reliability of commuter train system operations. In order to ensure that the regenerative energy can be utilized quickly by the power distribution grid, current and voltage dual closed-loop control strategy were applied to inverters. Through regenerative energy calculation and inverter simulation analyses, we confirm that the proposed scheme can offer higher economic benefits by lowering the operation costs of supplying energy to train stations. The second proposed regenerative braking scheme applies train-mounted storage batteries. The paper discussed the topology and the control strategy for battery charger on high speed electric trains which can supply train-mounted electric equipment or be delivered to remote locations where the electric energy is not readily accessible. Furthermore, if the available regenerative energy is insufficient in such cases, the train-mounted batteries can also be charged by local distribution grids at municipal train stations before shipped to remote locations. 
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