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BART 

BATC 

Baytube East 

Baytube West 

Contact Rail 

Crush Headways 

Cutoff 

ESS 

Full-Load Voltage 

Gallery 

Gap Breaker 

Headway 

KTE 

GLOSSARY 

Bay Area Rapid Transit District and/or its system and trains. 

Bay Area Transit Consultants. 

SeeKTE. 

SeeMTW. 

A busbar or rail which is used to provide power to train cars via a contact 
shoe on the trains, e.g., third rail. The contact rails are connected to the 
positive of the DC traction power system. 

The minimum time between successive trains; for safety reasons, trains 
cannot run closer together than this spacing. Crush headways are used when 
clearing the system of a blockage or delay to return to scheduled operation as 
soon as possible. 

The low-voltage limit at which the on-board train drive electronics are set to 
tum off to protect the equipment. The cutoff is 750 V for the BART train 
cars. 

Energy storage system, generically encompassing battery, SMES, or other 
energy storage technologies and their ancillary subsystems. 

See nominal voltage. 

The enclosed space in the transbay tube between the east- and westbound 
sections of track. The lower gallery is 8 feet wide by 9 feet tall in cross 
section and houses equipment. The upper gallery is 8 feet wide by 6½ feet tall 
and is primarily used as an exhaust air duct, but it also houses some wiring 
and pipes. 

A circuit breaker used to electrically connect or isolate two sections of rail 
running in the same direction. Gap breakers are closed during normal 
operation. See also tie breaker. 

The time between adjacent trains. In 1996, projected headways will be 
2:15 minutes for BART trains during rush hour. 

BART designation for the traction substation located at the east end (Oakland 
side) of the transbay tube. KTE is also known as Baytube East. This 
substation includes two 5-MW traction rectifiers. 
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LARR 

Light-Load 
Transition Voltage 

MCG 

MTW 

Nominal Voltage 

PCS 

Regenerative 
Braking 

Regulation 

GLOSSARY (cont.) 

Levelized annual revenue requirement. The amount of money which would be 
required as income, per year, to pay off the "mortgage" on the capital 
equipment, and to pay the operations, maintenance, and replacement charges 
in equal dollar payments each year. Includes estimates of cost of capital, etc. 

The DC output voltage of the traction rectifier at very low current output (a 
few amperes compared to a full-load current of several thousand amperes). 
The BART system light-load transition voltage is 1,060 V. For practical 
purposes and modeling simulation, this is the no-load voltage. Regenerative 
braking may raise the DC system voltage above 1,060 V. 

BART designation for the gap and tie breaker station located at 
(approximately) the middle of the transbay tube. 

BART designation for the traction substation located at the west end (San 
Francisco side) of the transbay tube. MTW is also known as Baytube West. 
This substation includes two 5-MW traction rectifiers. 

The DC system voltage and voltage of a rectifier when delivering rated power 
and current. The BART system nominal voltage is 1,000 V. Also called 
full-load voltage. 

Power conditioning system. The PCS can convert the varying DC current 
from the SMES magnet, or the varying DC voltage from the battery bank, 
into a constant voltage to apply to the third rail. 

The excess kinetic energy of a moving train is converted to electric energy 
and reinjected into the third rail of the system when a train brakes. This raises 
the voltage of the rail, and is allowed only insofar as the track voltage is 
within certain limits. Excess energy which cannot be reinjected into the rail is 
dissipated in an onboard resistor. BART garners significant energy savings 
during rush hour periods from its regenerative braking. 

The decrease in voltage of traction rectifiers with increasing current output, 
usually expressed as a percent. The BART system (and most other) traction 
rectifiers have a 6% regulation, i.e., the voltage decreases from 1,060 V to 
1,000 V as the current increases from (near) zero to rated current. This is 
standard transit system terminology. The meaning is very different from the 
meaning of the term in common utility parlance. Utility engineers would call 
this quantity "voltage drop at the device." BART traction rectifiers are 
routinely, if briefly, run at three times the rated current, which would give a 
180-V drop in the rectifier alone. 
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Running Rail 

SMES 

Solenoid 

Tie Breaker 

Toroid 

Traction 

Traction Substation 

Voltage Drop 

Voltage Sag Event 

GLOSSARY (cont.) 

The steel rails on which the trains are supported and run (i.e., track). The 
negative return of the DC traction power system is connected to the running 
rails. 

Superconducting magnetic energy storage, e.g., SMES cpil or SMES system. 
We refer to "small" SMES to distinguish these MW-sec size machines from 
the 1,000-MWh-size machines which are discussed for utility-scale, load
leveling storage applications. 

A coil of wire wound helically on a straight cylindrical form. When current 
flows through the wire, a magnetic field is set up inside the coil, 
approximately parallel to the axis of the cylinder, with the field lines closing 
through the space outside the coil. Thus, the magnetic field lines form a donut 
shape when current flows in a solenoid. 

A circuit breaker used to electrically connect or isolate two sections of rail 
running in opposite directions. Tie breakers are closed during normal 
operation. See also gap breaker. 

A coil of wire wound around the surface of a donut. It can be thought of as a 
solenoid whose axis is bent into a circle. When current flows through the 
wire, a magnetic field is set up which is largely confined to the interior, or 
"dough" of the donut. The field lines close on themselves in a circle which is 
inside the toroid. 

Relating to train propulsion, e.g., traction power, traction substation. 

An installation of transformers, rectifiers, switchgear, and other equipment 
which changes the utility-supplied AC voltage into the DC voltage needed to 
power the train system. BART traction substations have one or two rectifier 
units of 3, 4, or 5 MW each. 

See regulation. 

A decrease in the voltage of the DC third rail below the cutout voltage of the 
motors (750 V). On the BART system, these transient events are very brief, 
i.e., on the order of a few seconds. 
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EXECUTIVE SUMMARY 

In 1991, a collaborative program began between PG&E and the Bay Area Rapid Transit District 

(BART), with Electric Power Research Institute (EPRI) cofunding and participation, to scope the 

application of superconducting magnetic energy storage (SMES) to the BART system, especially the 

center of the Transbay Tube. Later, the Federal Transit Administration (FT A) joined the effort and 

provided funding to complete the project and enable the preparation of this report. 

The BART objective was to increase train capacity in the Transbay Tube, which links Oakland and San 

Francisco under the waters of the Bay. The capacity of the current system is limited by the inability to 

maintain acceptable voltage levels at the train when traffic densities are high and multiple trains 

simultaneously draw power from the traction power distribution system. This is because excessive 

loading on the system results in short transients of low voltage below 750-V on the third rail which in 

tum causes train motors to shut down to minimize damage to the equipment. These occurrences cause 

excess wear and failure of traction power system components while causing passenger discomfort. 

While the frequency of these events is currently tolerable, BART anticipates that as system loading 

increases with the completion of additional line extensions, such events will increase in frequency. 

BART, therefore, wanted to determine whether wayside storage of electrical energy near the middle of 

the tube would mitigate the transient low-voltage condition. 

The PG&E objective was to perform a detailed scoping study of SMES, leading to demonstration of 

SMES in a beneficial, customer-sited application. BART was chosen because of its willingness to 

consider application of this new technology on its system, and because it was believed that there would 

be relatively frequent occurrences of events on the system that would require an energy storage device 

to support system voltages. This frequency is higher than would occur in the typical industrial plant, 

and a higher rate of events would provide increased validity to the demonstration. PG&E also wanted a 

comparison of other competing technologies on both functional and economic grounds. 

While technical and institutional hurdles to time-coordinated testing on the BART AC and DC systems 

were being addressed, work progressed on the conceptual designs and economics of SMES, battery, 

and conventional solutions to the presumed problem. Computer simulations allowed identification of 

situations in which transient voltage sag below 750 V might occur, and permitted a reasonable choice of 

system energy and power ratings. A functional specification was issued with a Request for Information. 
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Three SMES vendors responded with conceptual designs and cost information, which provided the first

ever cross-vendor comparison of design alternatives and costs in the micro-SMES area. Bechtel was 

employed to produce battery and pulse-duty rectifier designs to meet the functional specification. This 

study also presents a rare look at competing SMES and battery designs for the same application. The 

seven resultant designs were compared technically and economically. 

Technically, the major differences between the solutions were in footprint and in ability to sustain the 

connection voltage to a close tolerance. SMES and the two battery designs which included power 

conditioning units were able to hold the energy delivery voltage to within "a few volts." SMES and the 

pulse-duty rectifier were able to fit into the BART-desired length of the tube gallery, while the battery 

designs spread out from 2.5 to 9 times longer than desired. Table ES-1 displays the footprints of all 

seven systems. 

System 

Battery Only 

"DC Battery" 

Battery-PCS 

Rectifier 

Table ES-1 

System Footprints 

PDM SMES 

Westinghouse SMES 

SI SMES 

Footprint (in feet) 
Oength x width) 

458 X 2.5 

122 X 3.5 

232 X 3.5 

30 X 4 

50 X 4 

61 X 3.8 

50x4 

A wide range of innovative features are found in the three SMES designs. Two are modular, and one is 

a single coil. Two are solenoidal, and one is toroidal. To enable comparison to the study location in the 

transbay tube, vendors also submitted designs for an unconstrained location. This gave PG&E a better 

basis on which to apply the results to a more typical industrial site, lacking in the constraints of space 

and auxiliary power posed by the tube location. All designs use liquid helium refrigeration systems. 

Economically, there was a substantial range of costs. The lowest-cost options were those with the 

largest footprint and the poorest voltage regulation. With battery systems, significant expenditures 

would be required in years 7 and 14 for battery replacement to keep the systems operating. This means 
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that in choosing a storage solution, a strategic determination of the actual need for small footprint, the 

necessity of close-voltage control, and the institutional issues of availability of capital dollars compared 

to expense dollars would be essential. Table ES-2 exhibits the levelized annual revenue requirement 

(LARR) for three of the designs. 

Table ES-2 

Cost and Economic Summary for Battery, Rectifier, and SMES Systems 

System 
"DC-Battery" Rectifier SMES 

Capital Cost 
Energy Subsystem $1,276,000 $2,019,000 $1,565,000 
DC Interface 304,000 304,000 304,000 

Total $1,580,000 $2,323,000 $1,869,000 

Annual Electricity Cost $185 $3,500 $36,000 

Annual Maintenance Cost $10,000 $2,000 $12,000 

Battery Replacement Cost $130,000 NIA NIA 

LARR $174,000 $219,000 $242,000 

NIA = Not applicable. Only the battery system incurs major component replacement costs during its service 
lifetime. Battery replacement at one-third and two-thirds of the 20-year lifetime was assumed here. 

Over three-fourths of the LARR for the pulse-duty rectifier is attributable to the costs of cabling and 

conduit to supply its power from the end of the tube. There is a possibility that the pulse-duty rectifier 

costs could prudently be lowered from the Bechtel estimate by use of site-specific rather than general 

system criteria for cable sizes in the design. This would increase the attractiveness of that conventional 

option if a near-term solution is needed. (It also means that BART is unlikely to ever space out its 

surface substations at greater distances in favor of intervening SMES units, because the cost balance is 

very likely to be on the side of the traction rectifiers.) However, if any greater capacity were required 

of the rectifier, it is unlikely that the transformer would fit into the tube. Furthermore, BART might for 

other reasons hesitate to run a new 34.5-kV cable in the tube. The LARR for the Bechtel design of the 

rectifier is $219K. 

The SMES system with the lowest cost estimate had an LARR of $242K. Vendor prices for the SMES 

systems ranged over a factor of 3.6. SMES is in its infancy, and costs are projected to drop 

substantially with manufacturing experience and the advent of competition. The SMES LARR could be 

further decreased by roughly $20K in avoided electricity cost if advanced train controls permit the unit 
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to be charged on an as-needed basis rather than full time. Two of the SMES systems, including the 

lowest price quote, exceeded the specified auxiliary power requirement. 

The battery system LARR ranged from $120K for the Battery-Only system to $174K for the Omnion 

modular PCS battery system ("DC-Battery"). Battery systems exceeded the specified footprint by up to 

a factor of nine: 442 feet long compared to a preferred length of 50 feet. The simpler the battery 

system, in terms of supports and power conditioning, the lower its cost and the greater its footprint. As 

racks and power electronics are added, footprint decreases, voltage setability increases, and price rises. 

The benchmark battery system used in the cost comparisons is the one with the smallest footprint-122 

feet long. In the case of a public transit agency such as BART, where capital costs are paid primarily 

by federal funding, while expenses are paid from local budgets, the issue of battery replacement cost 

may become important: If funds were unavailable to replace the batteries, the system lifetime would 

drop to one-third of its design value. 

In light of the results of the time-coordinated AC/DC monitoring of the transbay tube traction power 

system (reported separately under Monitoring of the BART Baytube Traction Power System, PG&E 

Report 007 .5-94.12), where far fewer voltage sag events were detected at the center of the tube than 

had been expected by BART, it does not now appear that a source of pulsed energy at the tube center 

would alone be of benefit to BART. It appears that modification of the automatic train control system to 

inhibit multiple simultaneous high-acceleration starts would be more useful, as would the increased 

understanding of system operation which could be gained from monitoring track voltage at several 

points in the tube for several months. (This study agreed with earlier work in finding that the voltage 

drop was due roughly equally to drop in the substations and drop in the rails, so minimizing voltage 

drop could also be approached through either of those systems.) 

Therefore, the recommendation is that an investigation be made of the contribution which train control 

could make to elimination of transient voltage sags, quantify system benefits from elimination of such 

transients, and begin long-term monitoring of track voltages at several points to determine the 

frequency and depth of sags in the tube as a function of position. Thus, for BART, it appears that the 

benefit of this effort has been in clarifying the problem rather than in providing a solution. 

If, in weighing the feasible complexity of advanced train control, BART decides that a compact, 

transient, local energy source would still be a desirable adjunct to system operation, then the outlook 

for SMES is sufficiently favorable to warrant proceeding with a test phase. The test would be done first 
xiv 
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at the Hayward test track and then at a revenue track location. It is likely that SMES would be proven 

able to support some range of sags cost-effectively. In the spirit of cross-technology comparison which 

has animated some of the present work, EPRI would also like to test a battery system at BART. This 

would have the advantage of providing two qualified solutions from which BART could chose its 

preferred solution. Such testing does not have high likelihood in the near future. 

For PG&E, the benefit has been more in line with our goal of bringing a technology to the state of 

readiness for use by our customers in power quality. Although we have not achieved the hoped-for test 

of SMES at a customer site, we have effectively broadened our vendor base and achieved competitive 

pricing while increasing understanding of how SMES and battery characteristics compare in their ability 

to fit differing customer requirements. Issues of footprint, cycle life, energy cost, and the trade-offs of 

modularity are now clearer. In retrospect, the complexity of a transit application was a significant 

impediment to the rapid due-diligence scoping which we had hoped to achieve. In a more typical 

industrial application, we expect that the need would be more clearly defined from the outset. 
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BACKGROUND 

Section 1 

INTRODUCTION 

The overarching objective of this phased study is to bring one application of superconducting magnetic 

energy storage (SMES) through specification, design, and testing to the point where a decision on a 

permanent installation is feasible. The study will also establish functional and economic comparison with 

batteries and non-storage solutions. This study concerns the application of a small SMES device to the 

Bay Area Rapid Transit (BART) system, and emphasizes the location near the center of the transbay tube 

which connects Oakland to San Francisco under the waters of the San Francisco Bay. BART experiences 

occasional transient situations in which third rail voltages fall below 750 volts due to excess demands for 

current by the transit vehicles. When these situations occur, the onboard traction motor control system 

cuts power to the motors to minimize damage to the motors. This results in an uncomfortable ride for 

the passengers while contributing to failures of the onboard traction power subsystems. 

The design of BART, which is an electric train system operating at a nominal 1,000 VDC, has all the 

train current carried from the rectifier substations to the trains by a third-rail system. A spring-loaded 

shoe from each train car rides along this third rail, and the running rails, or tracks, provide the current 

return to the rectifier. Unlike some transit systems, BART does not use feeder cables to the track 

between electrical substations, so as a train leaves an electrical substation, the length of track through 

which the current must pass increases steadily until the halfway point between substations. Then it 

decreases again as the next substation is approached. Spacings between substations vary, with one of the 

largest being the spacing between the substations at the opposite ends of the transbay tube, a span of 

3 .5 miles. The Ohm's law losses in the rails contribute to the voltage sag problem, so that voltage is 

likely to be lowest at locations most distant from substations. Figure 1-1 schematically illustrates this 

voltage drop as one traverses the transbay tube. 

The slope of the track and other trains on the system also contribute to voltage sag. When a train is going 

uphill or is more heavily loaded with passengers, it draws a higher current to meet the demand of 

increased power. This higher current causes a larger voltage drop in the rails (voltage drop in a section of 

track equals the resistance of the track times the current flowing). Other trains on the system cause loads 

on the rectifier substations, whose injection voltage to the rails drops as the power drawn from them 

increases. As the distance between trains decreases, and the number of trains on the system increases, 

voltage sags below the 750-V level will thus become more probable. The fact that these loads are all 

time-varying only adds to the complexity of the situation. 
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This voltage sag problem could be addressed in a number of ways: BART has already decreased the 

resistance of the third rail by adding aluminum cladding to it in the tube area. A new substation could be 

added in the middle of the tube span, but this is significantly complicated by the underwater location. 

Perhaps something could be done on the AC side of the BART electrical network to improve the power 

factor. In this study, we assess the feasibility and cost of providing a storage solution to the voltage sag 

problem, and we compare this to the cost of a pulse-duty rectifier at the same mid-tube location. With 

any of these technologies, current would be injected to support the train load for the brief period when 

the existing supply was insufficient to maintain 750 V at the vehicle. Improvements of the automatic 

train control system provide a second avenue for mitigation strategies, in addition to the measures 

described here for the traction power system. 

A 1992 PG&E report, Superconducting Storage for Transit Train Voltage Support: Problem Definition 

and Technology Survey, outlines the process by which the choices of the storage technologies which 

might be applied to the BART voltage sag problem (Heinzmann, Wenger, and Reading 1992) were 

narrowed. To summarize those results, PG&E settled on SMES and batteries with a non-storage 

comparison solution. (Although flywheels are a topic of increasing interest, they were eliminated from 

consideration on the grounds that there was no vendor prepared to supply them at that time.) Comparison 

of SMES to batteries pits a nascent technology against a mature, century-old one. It reveals differences in 

ability to meet the specification, as well as in price. The comparison to a non-storage solution provides a 

benchmark of price and function which allows us to determine whether a storage solution is desirable at 

all for this application. 

In the current phase, referred to as Phase Zero, PG&E defined the problem more precisely through 

computer simulations; wrote a functional specification for storage solution of the problem; received 

conceptual designs for SMES, battery, and pulse-duty rectifier solutions to the problem; and performed 

an economic comparison of the various designs. The work will be described in detail in this report. 

HOW VOLTAGE SAG OCCURS 

A qualitative description of voltage sag can be made with reference to a schematic graph of the 

probability of a given third-rail voltage at a particular location. For the purposes of this discussion, a 

location near the center of the transbay tube will be used (see Figure 1-2). 

When there are no trains moving on the system, the voltage will be above 1,060 V. This situation will 

only rarely occur. When trains are moving on the system but none are within the tube, the voltage will be 

below 1,060 V because as power drawn from the rectifier substations increases, their output voltage 
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drops. When a single train is traversing the tube and drawing its current through the long rails, the 

voltage at a location near the middle of the tube will drop as the train approaches and track losses 

steadily increase, and then will rise again as the train recedes toward the opposite end of the tube. 

When two trains are passing through the tube in opposite directions, the voltage will drop farther, and 

will also depend upon the point at which the trains pass. When more than two trains are drawing current 

primarily from KTE and MTW, the rectifier substations at the east and west ends of the tube, 

respectively, then the voltage at mid-tube will drop farther yet. If a train accelerates from a halt in mid

tube or climbs one of the uphill slopes in the tube, it will draw a higher current and thus drop the voltage 

even farther. Consideration of an array of such circumstances leads to a curve like that in Figure 1-2, 

where the probability of a given voltage at MCG is plotted. This curve should be interpreted only 

qualitatively. 

The events which BART wants to eliminate with a SMES or battery installation are those which lie in the 

tail of the distribution, in some band of voltage sag severity. The storage capacity of the device will 

determine the width of the band of events which are eliminated by the device. It is not useful to speak of 

a "worst case" event, because we are seeking to alleviate those sag events which we can cost-effectively 

eliminate, not any conceivable event. (For example, events such as a substation or distribution cable 

being out will occur quite infrequently, but will worsen the sag in each of the train scenarios mentioned 

above. These rare events will lie well out in the tail of the curve. In fact, the "worst case" is loss of all 

electric supply to BART: clearly none of these measures is intended to address such a circumstance.) 

A relatively small, or sub-scale, device will eliminate a narrow band of sag events, while a larger device 

will eliminate a broader band. Sizing of the device was based on plausible scenarios of frequency of sag 

events. To give a concrete but very rough estimate, if these sag events occur once a week now, they 

might occur once a month with any of these mitigation techniques, and once a year with wayside 

mitigation such as SMES coupled with advanced train controls. (We do not have sufficient data at this 

time to state such concrete frequencies with justification.) Extensive monitoring of the existing problem 

areas, comparison to simulations, and broad suites of simulation runs would be necessary to fully 

quantify this situation. Such an effort would require a budget of a few hundred thousand dollars. 

HOW SMES TECHNOLOGY WORKS 

In their article, "Storing Power for Critical Loads," De Winkel and Lamoree (1993) describe how SMES 

technology would work. A SMES device would be attached to the third rail through a system controller. 

This system controller would monitor the third-rail voltage. In the event that third-rail voltage dropped 
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below a specified set point, the controller would advise the voltage regulator, which controls the DC 

power from the magnet, to inject current into the third rail. 

The superconducting coil is charged through a magnet power supply which can be fed from the auxiliary 

4, 160-V supply or from the third rail itself. Once the coil has been charged, the magnet charger provides 

a small voltage to overcome resistive losses in the room temperature part of the circuit. This keeps a 

constant current flowing through the superconducting coil. In the standby mode, the current stored in the 

magnet circulates through this normally closed switch and back to the magnet. Unless a cryogenic switch 

is provided, current must also flow through the external leads connecting the magnetic storage system to 

the power converter, resulting in a slight energy loss. Again the magnet power supply provides a trickle 

charge to replace the power lost in the non-superconducting part of the circuit. 

When the system controller senses that the third-rail voltage has dropped below the set point, the switch 

in the voltage regulator opens in 200 to 500 microseconds. The system is sized to store sufficient energy 

to maintain voltage above the minimum for several seconds for predicted loads. 
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Section 2 

BART SYSTEM TECHNICAL DESCRIPTION 

BART provides rapid rail train service in the San Francisco Bay Area. A map of the overall BART 

system routes and passenger stations is shown in Figure 2-1. Operation of the system exhibits typical 

commuter morning and afternoon peaks in ridership and electrical power consumption. 

The BART system includes a 3.5-mile-long tube under San Francisco Bay, which is the primary area of 

interest of this study. The route of the transbay tube is shown in Figure 2-2. Due to the relatively long 

distance between the traction rectifier substations, which are at the ends of the tube, the train voltage may 

drop to undesirably low levels under certain conditions. These conditions may include rush hour traffic 

and train delays at present and decreased train headways in the future. The train drive electronics will cut 

out if the voltage falls below 750 V (for the nominal 1,000-VDC system). 

The transbay tube is made up of concrete sections, which were lowered and connected underwater during 

construction of the system. A representative cross section of the tube is shown in Figure 2-3. There are 

two 17-foot-diameter bores in which the train tracks are located, one for eastbound trains and the other 

for westbound trains. The space between the two sections of track is called the gallery. The upper gallery 

is 8 feet wide by 6.5 feet tall and is primarily used as an exhaust air duct, but also houses some wiring 

and pipes. The lower gallery is 8 feet wide by 9 feet tall in cross section, houses equipment, and serves as 

an emergency escape route. Any energy storage system or other system postulated as a solution must be 

located within the lower gallery. There are further space and size limitations. Equipment may not 

protrude more than 4 feet from the wall so that a 4-foot passageway remains. Also, the equipment may 

not be more than 8 feet tall so as to clear overhead cables. 

Access to the gallery area is limited. Pumps near the ends of the tube reduce the width of the gallery to 

30 inches. Thus, system modules and components must be brought in through the personnel doors from 

the track area. Components must pass through the door (79 inches high by 42 inches wide) and turn into 

the 8-foot-wide gallery. Details of this area are shown in Figures 2-4a, b, and c. The level o~ the train 

floor is substantially higher than the base of the door, and the width of the sidewalk ramp is a nominal 30 

inches, but in some places may be as narrow as 27 inches. Installation of components must take into 

account that no cranes or similar equipment exist in the tube, but temporary rigging is allowed. However, 

such installation work must be performed during non-revenue hours (midnight to 4 A.M.). Additional 

requirements include a maximum floor loading of 29 pounds per square inch and bracing for Seismic 

Zone 4. 
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A simplified electrical single-line diagram of the BART system in the area of the transbay tube is shown 

in Figure 2-5. The traction substations closest to the tube midpoint (MCG) are about 10,000 feet away, at 

the ends of the tube. Each of these traction substations includes two 5-MW traction rectifiers. 

BART refers to the system as a "nominal 1,000-V system" to simplify the variety of voltages which are 

found. The no-load voltage (e.g., no trains on the system) and braking maximum regeneration voltage are 

approximately 1,160 V. The light-load transition voltage is approximately 1,060 V. The contact rails are 

positive and the running rails (tracks) are negative. The negative of the BART DC system is connected to 

ground through diodes and contactors at each substation. This configuration allows the track to rise up to 

about 125 V above earth ground potential during normal operation. A flashover and fuse opening on train 

cars may cause transient voltages of up to 3,000 V to be present between the positive and negative, and 

transient voltages of up to several hundred volts between the negative and earth ground. 

The distance from the MCG (tube midpoint) to either the Baytube East or Baytube West rectifier 

substation (BART designations KTE and MTW, respectively) is approximately 10,000 feet. The 

resistances are approximately 0.020 ohm for each of the two contact rails which are in parallel, and 

0.022 ohm for the four parallel running rails from MCG to either KTE or MTW (these resistances are for 

the entire l 0,000-foot length of these rails: R = r/1 x l r/1 = 2 x l o-6 ohms per foot for the clad contact 

rail). The available fault current at MCG is approximately 60,000 amps. The inductive time constant of 

the rails L/R is approximately 0.1 second (Lis the inductance of the rails). 

Each BART train car has four series-wound DC motors and a chopper controller. The propulsion system 

typically operates in a constant power mode, so that as the track voltage decreases, the current drawn by 

a car increases. Beginning at about 850 V, the maximum current that a car is allowed to draw is reduced. 

Whether train performance is reduced at this point depends on whether the limiting amount of current is 

being drawn (due to acceleration, grade, passenger load, etc.). This is nevertheless referred to as 

"reduced-performance mode." 

Only limited AC power is presently available in the BART transbay tube. An energy storage system may 

draw up to 15 kV A of auxiliary or charging power from the 4,160-V, 3-phase line existing in the gallery. 

If higher power is needed, it must either be taken from the DC rail system, or a cable must be run to the 

34 kV AC line at MTW or KTE, approximately 10,000 feet. 
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Section 3 

METHODOLOGY FOR SIZING THE STORAGE DEVICE 

SIMULATIONS 

As a first quantitative step in sizing the storage device, computer simulations of several scenarios of train 

operation were run. The simulator used was the Traction Electric Load Simulator (TELS 3 .0) model 

which belongs to Parsons, Brinkerhoff, McQuade, and Douglas (PBMQD). This model has been 

extensively verified with on-train, on-track testing on the BART system, and has been shown to give 

train minimum voltages which are typically within I% of the measured values, substation DC root-mean

square (rms) currents within 3% of the measured currents, and rms currents in the 34.5-kV 

subtransmission system which are in 3-6% agreement with the field test results. TELS 3.0 is run on a 

desktop 386-class computer. 

TELS 3.0 can provide single-case runs as well as statistical runs. In a single-case run, the starting times 

of trains from opposite ends of the test system are specified, as are the headways in each direction 

between successive trains. Basic data on the traction power system parameters have been entered in the 

model. Train control system characteristics for the intended mode of operation are specified. The model 

then calculates a sequence of I-second spaced snapshots of system operation. One can select the output 

parameters of interest, such as train current or train voltage as a function of time or distance. TELS does 

not account for motor cutout in undervoltage situations. The severity of a voltage sag is indicated by the 

depth to which the simulated voltage drops, though in actual operation the motors cut out at a nominal 

750 V. Some of the parameters which we recorded are listed below: 

• Train voltage vs. track position 

• Train voltage vs. time 

• Train current vs. track position 

• Train current vs. time 

• Train speed vs. track position 

• Train speed vs. time 

• MCG gap breaker bus voltage vs. time 

• MCG tie breaker current vs. time 

• SMES injection current vs. time 
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TELS 3.0 can be used to model the entire BART system; however, for the purposes of this study, we 

used a limited track system from the Oakland Wye (designated EOL, end of line) to the Sixteenth Street 

traction substation in San Francisco (MSS). In most cases, we observed lower voltages in the final track 

segment between Powell Street (MPS) and Sixteenth Street than we did in the transbay tube. We did not 

extend the test system to determine whether that track segment is actually even weaker than the tube 

track segment (there is some BART sentiment to support that possibility), or whether the result was an 

end effect, an artifact of our limited test system. 

In normal system operation, there is an uncertainty in the trains' time of departure from the station. 

Depending on the relative times of departure of two oncoming trains from their respective ends of the 

test system, they will pass one another at a different location on the track. For example, if a train leaves 

the Oakland Wye westbound, the oncoming eastbound train could leave Sixteenth Street simultaneously, 

I 
I 
I 
I 
I 
I 
I 

or at any later time. Because we are assuming that the trains leave Oakland on a regular schedule, the I 
maximum delay time is equal to the time between westbound trains. Depending on the passing point, the 

voltage sag will be more or less severe. For example, if the two trains pass each other close to the center I 
of the tube, they will suffer a greater voltage drop because they are conducting their current through a 

great length of track, with its resistance loss, and the voltage at the time they pass one another will be I 
lower than if they passed one another close to the electrical feed point at the traction rectifier. 

For each single-case run, a statistical run can be done where the single case is run repeatedly for all of 

the possible oncoming train delays (in minimum I-second increments.) For each delay, the minimum 

track voltage in each electrically distinct track section is recorded. This gives rise to a statistical 

distribution of voltage sags for the given scenario as a function of track segment. 1 

A scenario is a specification of headways, train control scheme, train size and loading, duration and 

location of delays, and feed voltages. To determine the characteristics of a voltage sag event, it is first 

necessary to specify a scenario in which voltage sag occurs. We tried a number of scenarios before 

finding one which exhibited voltage sag below 750 V. Table 3-1 summarizes the scenarios which were 

1 Although the simulation program gives the complete voltage profile as a function of track distance for a single case, the volume 
of data which this generates is immense. PBMQD reduces the volume of data by saving only one voltage for each track segment, 
such as the eastern half of the transbay tube between KTE and MCG. For each track segment, TELS 3.0 saves the value of the 
lowest voltage attained in that case. 
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Note Code Westbound 
Headway 

1 NNS 2:15 min 
NNI 2:15 min 

2 NDS 1:30 min 
NDI 1:30 min 

3 NDS-A 1:30 min 
4 NDS-B 1:30 min 

NDl-B 1:30 min 
5 NS 2:15min 

N 2:15 min 
6 D10 2:15 min 
7 EIO 2:15 min 
8 SIO 2:30 min 

SI 1 2:30 min 
Sl2 2:30 min 
Sl3 2:30 min 

Notes: 

l. Normal rush hour operation 
NNS: statistical run 

Table 3-1 

Voltage Sag Scenarios 

Eastbound Delay Delay Minimum 
Headway Location Duration Voltage in Tube 
2:15 min none none 844-924 V 
2:15 min none none 844 V 
2:15min Oakland 15 min 778-882 V 
2:15 min Oakland 15 min 778V 
2:15 min Oakland 15 min 753-850 V 
2:15min Oakland 15 min 729-830 V 
2:15 min Oakland 15 min 729V 
2:15 min none none 819-902 V 
2:15 min none none 821 V 
2:15 min Emb. 10 min 789V 
2:15 min Emb. l0min 710 V 
2:30 min MCG 6 min <530V 
2:30min MCG 6 min 691 V 
2:30 min MCG 6 min 701 V 
2:30 min MCG 6 min 714 V 

NN 1: dynamic simulation with dispatch offset that results in lowest voltage sag in transbay tube 
2. Catch-up operations following delay at Oakland Wye 

NDS: statistical run 
NDl: dynamic simulation with dispatch offset that results in lowest voltage sag in transbay tube 

3. Catch-up operations (following delay at Oakland Wye) with PG&E voltage 1.5% below normal 
NDS-A: statistical run identical to NDS except for PG&E voltage 

4. Catch-up operations (following delay at Oakland Wye) with PG&E voltage 3% below normal 
NDS-B: statistical run identical to NDS except for PG&E voltage 
NDl-B: dynamic simulation identical to ND! except for PG&E voltage 

5. NS: update to case NNS, statistical run, with 1995 train control (normal rush hour operation) 
N: update to case NNI, dynamic run, with 1995 train control (normal rush hour operation) 

6. D 10: simulation run using 1995 speed limits and 100-foot signaling blocks; IO-minute delay of westbound train 
at Embarcadero. This control regime results in closer stacking of trains in west end of tube. 

7. EIO: identical to DIO except using 1992 speed limits and 1,000-foot signaling blocks. This case ~as run for 
comparison to Dl0, however it does not represent a realistic scenario. Dips below 750 V occur only when the 
tube is more than half filled with trains. In actual operation, trains would be delayed outside the tunnel rather than 
stacked within the tunnel. 

8. Simulations with 1992 signaling. Six-minute train stop at MCG, the transbay tube midpoint. 
Sl0: No SMES Device 
S 11: With SMES Device at MCG set at 775 V 
Sl2: With SMES Device at MCG set at 800 V 
S 13: With SMES Device at MCG set at 850 V 
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run in this project. (Recall that although actual track voltages never drop below 750 V, the simulation 

does not include the cutout of train motors for undervoltage: therefore the depth of sag below 750 V is an 

indication of severity of system overload, but not an actual voltage which would be observed.) The 

reader will note that some of the "minimum voltage" entries in the final column of the table are ranges 

rather than single numbers. This occurs in the case of a statistical run because the different offsets of 

oncoming trains result in different passing points in the tube and different minimum voltages. In fact, 

examination of the statistical distribution of those minimum voltages can yield important information. 

The statistical table of voltages which the TELS 3.0 model provides can be converted into a graph which 

visually presents, as a function of track segment, the range of voltages which occur in a given operational 

scenario. For normal rush hour operation, for example, as calculated in case NNS, Figure 3-1 shows the 

distribution of minimum voltages. The family of curves displays the cumulative probability distribution 

of various voltage minima as a function of track segment. 

Here, the track segments are plotted on the x-axis. Voltage is plotted on the y-axis. Points are plotted for 

various percentile voltages. The 100% line indicates the voltage below which all offset cases fall: for any 

offset of trains, the voltage will always have a minimum which falls below this line in the specific track 

segment. The 5% line indicates the voltage below which only the worst 5% of the offset cases fell for the 

particular track segment: 95% of the offsets will result in higher minimum voltages in that track 

segment. The 50% line indicates the median minimum voltage in a given track segment in normal rush 

hour operation. 

In case NOS-catch-up operations following a 15-minute delay at the Oakland Wye-westbound trains 

are traveling through the transbay tube at crush headways of 1 :30 minutes, and eastbound trains are at 

headways of 2: 15 minutes. The cumulative probability of a given minimum voltage for the offsets in this 

scenario is shown in Figure 3-2, and differs from Figure 3-1. In case NDS, the system is more heavily 

loaded than in case NNS by virtue of the crush headways in the westbound traffic, and one sees ·the effect 

of the heavier system loading in the generally lower voltages observed. 

An insight can be gained from examination of these graphs relating to the plausible set point for a SMES 

device at MCG. Let us look at the eastern half of the tube, which is the track segment between KTE and 
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eol - kow = track segment from Oakland Wye to Oakland West 

kow - kte2 = track segment from Oakland Wye to Baytube East 

kte2 - mcg = track segment from Baytube East to center of tube 

mcg - mtw = track segment from center of tube to Baytube West 

mtw - mps = track segment from Baytube West to P3well Street 

mps - mss = track segment from Powell Street to Sixteenth Street 

1000 

975 

950 

925 

900 

875 

850 

825 

800 

eol-kow 

Case NNS Minimum Voltages 

kow-kte kte-mcg mcg-mtw 

Location on Track: kte-mtw is Transbay Tube 

--•--5% 

----0- 10% 

--•-- 15% 

--0---25% 

--:..--50% 

---6.- 100% 

mtw-mps mps-mss 

Figure 3-1. Statistical distribution of minimum voltages for case NNS. 
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eol - kow = track segment from Oakland Wye to Oakland West 

kow - kte2 = track segment from Oakland Wye to Baytube East 

kte2 - mcg = track segment from Baytube East to center of tube 

mcg - mtw = track segment from center of tube to Baytube West 

mtw - mps = track segment from Baytube West to Powell Street 

mps - mss = track segment from Powell Street to Sixteenth Street 

Case NOS Minimum Voltages 

975 

950 

925 
(l) 

900 Ol 
~ 
0 875 > 
C ·co 850 .... 
I-
E 825 :::, 

E 
C 800 
~ 

775 

750 

--•--5% 

---0- 10% 

-"•-- 15% 

~25% 

--:..--50% 

--lr-100% 

725 +------+------+-------+--------1-------1 
eol-kow kow-kte kte-mcg mcg-mtw mtw-mps 

Location on Track: kte-mtw is Transbay Tube 

Figure 3-2. Cumulative probability of minimum voltage for case NOS 
{catch-up operations following a 15-minute delay at the 
Oakland Wye). 
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MCG. Assume installation of a SMES unit at MCG, and a set point of 860 V for SMES discharge. If 

one-fourth of the trains during normal rush hour operation experience a voltage below 860 V somewhere 

in the eastern half of the tube, then the SMES unit would discharge for one-fourth or fewer of the passing 

trains. The low-voltage location may be distant from MCG by several thousand feet, and MCG may 

experience a less severe voltage sag than the lowest point, so the SMES unit might not discharge even 

though the segment-minimum voltage dropped below the set point. The statistical graphs thus provide 

information which will assist in setting a storage device at a voltage high enough to maintain minimum 

track voltages above 750 V, while limiting the number of discharge cycles. Many more simulations 

would be required to fully quantify this insight. The same is true for a battery storage system. This has 

implications for battery lifetime and perhaps for SMES refrigeration needs (since AC losses generate 

heat within the cryostat). 

Another point which is evident from these graphs is that the spread of voltages in a given scenario varies 

by nearly a factor of 2 from one track segment to another. In case NDS, compare the V(l00%) - V(5%) 

values for the segments KOW-KTE and for MTW-MPS: the former is 115 V, while the latter is 63 V. In 

addition, the weakest point of the system appears to vary from one scenario to another because different 

operational scenarios load the system non-uniformly. 

The effect of a decreased supply voltage from PG&E is modeled in cases NDS-A, NDS-B, and NDl-B. 

For a 1 % drop in supply voltage, there is roughly a 2% drop in track voltage. In these small incremental 

changes of supply voltage, the minimum track voltage seems to consistently experience double the 

percent change of the supply. A monitoring program to quantify the relationship between voltage sag 

events at MCG and parameters of the AC supply system is described in Section 10. 

Scenarios With a Train Accelerating From a 6-Minute Stop in the Tube 

This final set of scenarios is built upon the case of a train stopped at MCG for 6 minutes. In the case 

where a train stops near the middle of the transbay tube, the simulation predicts a dramatic voltage sag 

below the motor cutoff voltage. Records in BART's central computer logs verify that such stops do 

occur. In Table 3-1, voltages far below 750 V are indicated for a scenario with a 6-minute stop near mid

tube. In actual train operation, of course, the voltage never drops below 750 V: In a small range of 

voltages near 750 V, the motors cut out and cease to draw current. In contrast, the computer simulation 

allows the trains to continue to draw the necessary power even at severely reduced voltages. Thus in the 
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I 
simulation results, the depth of voltage sag below 750 V, and its duration, provide an indication of the I 
amount of current which would have to be injected into the rails by a storage device to maintain the 

voltage at the specified minimum value. In fact, the problem posed to the system by scenario S 10 was so I 
severe that it exceeded the computer model's zone of stability, and the run was terminated. 

I 
Subsequent to finding a scenario which displayed a voltage sag below 750 V, the TELS 3.0 model was 

modified to have a constant voltage node at the site of the gap breaker station in the center of the I 
transbay tube. This was intended to represent a SMES device, which can inject current at constant 

voltage. The model was run again with the same scenario, and the amount of current injected during a I 
sag event was determined. This quantified the amount of energy which a storage device at the gap 

breaker station would have to inject into the third rail to maintain the voltage above the set point at that I 
location. When a storage device is present to inject current at MCG, then the location where the train 

experiences its minimum voltage will be some distance from MCG. Therefore, an actual device located 

at MCG would need to inject current at some voltage higher than 750 V. PBMQD ran cases for three 

voltage set points: 775 V, 800 V, and 850 V. These cases are designated Sl 1, Sl2, and S13, respectively. 

It is evident that the minimum track voltage was much lower than the voltage at MCG, where the SMES 

unit clamped track voltage at the specified set point (Table 3-2). The minimum voltage in this scenario 

occurred in the track segment between MCG and KTE, that is, in the eastern half of the tube. 

Table3-2 

System Low-Voltage Log, BART Transbay Tube 

Intersubstation Zone Boundaries Minimum Time of 
From Feet To Feet Voltage Occurrence 

EOL 0 KOW 850 960.8 07:12:46 

KOW 850 KTEl 10,175 791.8 07:10:42 

KTE2 10,176 MCG 19,740 690.8 07:11:48 

MCG 19,740 MTWl 29,390 731. l 07:12:35 

MTW2 29,391 MPS 35,815 826.5 07:19:49 

MPS 35,815 MSS 43,615 822.5 07:24:09 
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In the scenarios of this series (Sl0, SI 1, Sl2, and S13), one train stops near MCG for 6 minutes, during 

operations at 2:30 minutes headway. Two additional trains stack up, halted behind it at positions 

separated by about 1,000 feet. These second and third trains are halted for just under 4 and 2 minutes, 

respectively, as they await the signal that the track ahead is clear for a sufficient distance for them to 

accelerate. 2 

The system is competent to support the load of the first and second trains pulling out while the third is 

still at a halt, but when the third train accelerates, a series of transient overloads occurs. At that time, the 

power draw on the system is so severe that three trains-the second, third, and fourth-all experience 

voltages below the motor cutout voltage. The momentary status of the trains on the system at the time of 

overload is displayed in Figure 3-3, and a schematic of the train positions is shown in Figure 3-4. The 

positions of the rectifier substations and gap breaker station are shown in Table 3-3. 

Table 3-3 

Track Positions of the Rectifier Substations and Gap Breaker Station 

Station 

KOW 

KTEl 

KTE2 

MCG 

MTWl 

MTW2 

MPS 

MSS 

Position 
(feet) 

850 

10,175 

10,176 

19,740 

29,390 

29,391 

35,815 

43,615 

2Under the current BART control system, the trains accelerate sharply when they start up. BART engineers refer informally to 
this as a "teenage driver·• control scheme. It would be desirable if trains could accelerate at a more gradual rate when the system 
is heavily loaded. The present day control system does not automatically adjust acceleration rate based on system loading. Such 
an option may be introduced in the future, and could mitigate the brief transient overloads which presently occur when a heavily 
loaded train accelerates sharply as other trains also draw on the same rectifier substations. 
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TRAINS HOHENTARY STATUS AT 07:11:48 BART TRANSBAT TUBE 

----------------------------------------------------------------------------------------------------------
TRAIN SERVICE LINE GRADE lOCATIOII SPEED ACCEl No. TRAIN TRAIN VOI.T DEVIATION 

No. ROOTE STHBOl (X) (ft) (qih) (qihps) CARS aJRRENT VOlTACE X OF CAR NC141 NAL 

----------------------------------------------------------------------------------------------------------
201 2 H 0.0 1201 33.0 0.00 10 1030 939.6 -6.0 

109 1 H 0.1 8663 67.0 0.00 10 1917 889.0 ·11.1 

202 2 H 0.3 13941 67.0 0.00 10 3037 781.1 ·21.9 

107 H ·0.3 16389 25.5 3.00 10 11130 690.8 ·30.9 

105 H ·2.0 19445 45.5 2.02 10 10852 748.3 ·25.2 

103 1 H 0.3 23817 56.5 0.90 10 8977 739.3 ·26.1 

204 2 H -1 .3 28673 64.6 1.1' 10 8015 883.3 ·11.7 

112 1 H 1.3 28852 47.0 0.00 10 2654 898.7 ·10.1 

206 2 H ·1.0 33139 o.o 0.00 10 353 9n.9 -2.7 

208 2 H ·0.7 37615 33.0 0.00 10 351 999.7 -o.o 
210 2 H -0.3 43764 35.8 2.19 10 8165 973.8 -2.6 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Figure 3-3. Momentary status of BART system trains at the time of overload {case S11). I 
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Figure 3-4. Train positions at the time of system collapse (case S11). 
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From Figures 3-3 and 3-4, one can see that the load on the system includes trains very near to KTE and 

MTW (the rectifier substations at the ends of the tube), as well as a train near MCG, and an additional 

train about 3,700 feet to either side of MCG. These five trains are moving westbound toward San 

Francisco from Oakland. In addition to these trains, two eastbound trains are within the tunnel: one is 

roughly halfway from MCG to KTE, and the second has just entered the tube from San Francisco. 

The momentary loading of the two rectifier transformers at MTW at time 07: 11 :48 averaged 161 % of 

nominal rated power, while the momentary loading of the two rectifier transformers at KTE at that time 

averaged 106% of rated full load. It is not the overloading of the rectifier transformers alone which is 

responsible, however, for the transient voltage sag phenomenon, but the concentration of trains at great 

distances from the supply points at KTE and MTW, and the resulting large voltage drop in the rails. 

What happens as the third train accelerates from a halt is quite complex, and results in a system crisis 

which lasts for several minutes and has several severe voltage sags which last up to 11 seconds apiece. In 

such an operational event, the loads of each individual car's motors would rapidly switch in and out, the 

track voltage would fluctuate rapidly above and below 750 Vat a given car, and train motion would be 

unpredictable and jerky for the duration of the crisis. 

Because of the severity of the system loading, the TELS 3.0 computer simulator was unable to complete 

the run of scenario S 10 (no SMES unit). With installation of a constant voltage node at MCG to represent 

the SMES unit, the model was able to complete a run. The DC bus voltage at MCG as a function of time 

for case S 11 appears in Figure 3-5. This covers the first 15 minutes of that simulation. (Voltages at MCG 

from 07: 15 to 07:29 resemble those prior to 07:06 and are not shown here.) The overload crisis is evident 

beginning just after 07: 10, and appears in expanded form in Figure 3-6. Of course, the reason for the flat

bottomed profiles is that the model was instructed to hold the voltage at MCG at or above the SMES set 

point. 

Similarly to the manner in which TELS 3.0 calculates rectifier station loading, the simulator calculated 

the total current required at each second to maintain the DC bus voltage at MCG above the set point of 

the SMES. A plot of SMES current as a function of time during the crisis in case S 11 appears in 

Figure 3-7. During a span of 3 minutes, there are 14 peaks where the SMES unit supplies current to the 
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rail. These peaks range from a fraction of a kiloamp at a duration of a second, to nearly 16 kA with a 

duration of 11 seconds. In case S12, where the SMES support point is set at 800 V, the peaks are slightly 

higher, rising to a current above 17 kA in one case. For the duration of the crisis, the total energy out of 

the SMES for case S 11 is 14 7 MJ, and it is 207 MJ for case S 12. 

In an effort to stay within the budget constraints of the simulations task, PG&E decided to assume that 

this scenario provided us with a plausible distribution of events which could individually represent single 

voltage sags on the system. Furthermore, a decision was made that in some overload crises, there could 

be multiple peaks. These are major assumptions. However, it was the judgment of the project team, 

including BART technical personnel, that we were not specifying a mitigation technology which would 

handle a crisis as severe as the one which this scenario posed for the system. The next section describes 

how we used these results and assumptions to arrive at a specification for a SMES device. 

TRADE-OFFS 

To systematize the data provided by the graph of SMES current versus time during this overload event 

( case S 11 ), we numbered the peaks sequentially in time, recorded the total duration and peak current of 

each peak, and graphically integrated their areas. This basic information appears in Table 3-4. These data 

were sorted by duration of sag, energy per peak, and peak current. Bar graphs depicting the frequency of 

these quantities were then plotted (Figures 3-8, 3-9, and 3-10). Even in an overload situation of this 

magnitude, the severe voltage sag events are very transient in nature. Of 14 peaks, 10 last 3 seconds or 

less, and all are less than 11 seconds in length; 10 peaks likewise are of S kA or lower current and 6 MJ 

or lower energy. These sharp transients appear to be attributable to the abrupt onset of the acceleration of 

the BART cars. 

It would have been desirable at this point to probe further in scenario space for cases where a single 

voltage sag occurred, and even to run a large enough set of cases to get a more definitive picture of the 

statistical rates of occurrence of these phenomena, but project budget constraints precluded that course of 

action. The team decided instead to rely upon the accumulated experience of BART personnel indicating 

that single spike events do occur with appreciable frequency, and to make the assumption that such 

events assort roughly as the individual spikes of our overload event in case S 11. PG&E further assumed 

that if there were a significant system backup, sags could occur at roughly the frequency of oncoming 

trains. 
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Table 3-4 

Analysis of Peaks in SMES Support Episode (Case S11) 

Peak No. Duration Energy 
(seconds) (MJ) 

1 0.4 
2 1.1 
3 11 35.9 
4 1 3.9 
5 3 4.6 
6 5 5.9 
7 10 37.9 
8 6 3.8 
9 2 10.4 
10 1 0.2 
11 2 10.5 
12 2 3.2 
13 2 5.7 
14 3 0.6 

Notes: 
1. Case S 11 = with SMES device 
2. Analysis of peaks in 4-minute SMES episode 
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Note: Analysis of peaks in 4-minute SMES episode. 
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Figure 3-8. Support peaks sorted by duration of sag (case S11, with SMES device). 
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Notes: Analysis of peaks in 4-minute SMES episode. 
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Figure 3-9. Support peaks sorted by energy per peak (case S11, with SMES device). 
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Figure 3-10. Support peaks sorted by peak current value (case S11, with SMES device). 
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With crush headways of 90 seconds, this would give a minimum interval between sags of 90 seconds. 

BART personnel specified that to meet BART criteria of usefulness, the device should be able to cover 

events as large as 8 MJ, which would include 10 out of 14 of the peaks which appeared in simulation 

case Sl 1. 

Thus, the final specification of an 8-MJ device, capable of delivering a peak current of 4,000 amps in a 

triangular pulse of 5 seconds, was set to include the majority of the spikes in crisis case S 11. The 

repetition rate and life cycle were set to include one "bad rush hour" per week, and seven transient sag 

events during that overload condition. 

There is an additional difficulty. With the SMES support voltage set at 775 V or 800 V, in a scenario as 

severe as case S 11 and with a single SMES unit at MCG, there will still be positions on the track where a 

train could experience a voltage below the motor cutout of 750 V. For the present, PG&E assumes that 

in most cases of only moderate system overload, as opposed to case SI 1, voltage sags below 750 V will 

occur close enough to the gap breaker station so that the drop in the track voltage between MCG and the 

train is less than the difference between the SMES set voltage and the motor cutout voltage. Substantial 

numbers of additional scenarios to quantify and verify this assumption would need to be run to 

determine the statistics of location and severity of sag, as well as the degree to which the SMES unit 

supported each. This extensive simulation effort is not within the scope of this study. 

It is important to note here that our voltage monitoring data reveal no sags at MCG below 750 V in a 

period of 4 months. This leaves open several possibilities: 

1. The tie breaker location, MCG, where we monitored DC rail voltage, may be slightly 
stiffer than locations a few thousand feet away. 

2. Motor cutout may occur at a broader range of voltages than car specifications indicate. 

3. Present day system loading is less severe than in case S 11. 

Notwithstanding the fact that our test trains stopped only momentarily, and only at the onset of morning 

rush hour, rather than for 6 minutes and at the height of the traffic peak as in S 11, the discrepancy 

between our expectations and the monitoring results is dramatic. 

It appears to be of substantial importance for BART to institute a program of long-term voltage 

monitoring at locations where simulations indicate the likelihood of voltage sag problems. Measured 

confirmation of simulations results should precede investment of funds for mitigation. 
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Section 4 

FUNCTIONAL SPECIFICATION 

This section describes the highlights of the functional specification which arose in part from the trade

offs discussed in Section 3 and in part from system-related information garnered from BA TC (Bay Area 

Transit Consultants) and other Bechtel sources. 

A functional specification was written which embodied the system constraints and requirements outlined 

in Section 3. It was sent to prospective SMES vendors in a software response format which ensured that 

responses would be comparable to the maximum extent feasible. The specification also served as the 

document to which Bechtel designed the battery system options and the non-storage solution. The 

complete functional specification is in Appendix A. The most notable electrical features of the functional 

specification are the energy, power, and pulse characteristics, and the frequency of sag events. These 

parameters are listed in Table 4-1. 

Table 4-1 

Functional Specification Parameters 

Parameter 

Available Energy 

Maximum Current 

Delivery Voltage 

Pulse Duration 

Pulse Shape 

Pulse Repetition 

Value 

8MJ 

4,000 amps 

Adjustable from 775 V to 825 V 

5 seconds 

Triangular 

7 pulses, with 90 seconds between 
pulses, maximum one such series per 
day, and maximum 350 pulses per year 

The power and energy, controls and monitoring, and most of the electrical requirements of the functional 

specification apply equally in the transbay tube and in an unconstrained location on the BART system; 

BART believes that there are other locations on the system which experience voltage sags. However, 

stringent requirements of size, shape, and auxiliary power load are unique to the tube location. In 

particular, the doorway through which the device would be installed in the tube gallery is 79 inches high 
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by 42 inches wide, and the gallery width is 8 feet, of which 4 feet must be left free for passage of 

maintenance personnel and equipment. The allowable auxiliary power draw on the 4,160-V, 3-phase line 

in the transbay tube gallery is 15 kVA, and the device is disconnected automatically in the emergency 

situation where ventilation fans are fed from one side of the tube only. Higher power needs may be 

supported from several more costly options: (I) by a cable run to the 34.5-kV AC distribution line at the 

ends of the tube, (2) by a cable run to the PG&E 12.47-kV AC distribution line at the Baytube West 

structure (loads less than I MW only), or (3) by drawing power directly from the BART DC third rail. 
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Section 5 

SMES ALTERNATIVES 

The three SMES designs which were submitted in January 1993 in response to PG&E's Request for 

Information (RFI) varied widely not only in cost, but also in technology employed and the degree to 

which they met certain requirements of the functional specification. Thus, it is particularly important to 

exercise caution in making direct comparisons of price between vendors because the prices represent 

rather different units. 

The basic areas of difference in technology which strongly influence price are, first, modular vs. single 

unit; second, toroidal vs. solenoidal; third, shielded vs. unshielded; and fourth, adherence to auxiliary 

power restriction in transbay tube area vs. increased power draw. In each case, the first of the two 

choices leads to a higher-cost installation, but may have benefits which the second alternative lacks. 

Conceptual designs were provided by Pitt-Des Moines (PDM), Westinghouse, and Superconductivity, 

Inc. (SI). While PDM submitted a single design for both the tube and unconstrained locations, SI and 

Westinghouse submitted separate designs for the two sites. SI and PDM based their designs on 

solenoidal coils, whereas Westinghouse used a toroidal configuration. The PDM and Westinghouse 

designs would require more auxiliary power than specified in the RFI; SI proposes taking the 

refrigeration power from the third rail, and thus meets the specification for auxiliary power from the 

4,160-V line. The SI and Westinghouse designs will have lower external fields than the PDM design; for 

Westinghouse, because of the toroidal configuration, and for SI, because of external shielding used in the 

tube location. Modularity differs among the designs: in the transbay tube location, both Westinghouse 

and SI use multiple coils, whereas PDM uses a single coil. In the unconstrained location, Westinghouse 

reverts to a single coil as more economical. There appears to be a large cost penalty for modularity, yet it 

could have the benefit of reliability enhancement if coils are connected in parallel as in the SI design. 

In this section, we summarize the most salient features of each of the SMES designs, and then compare 

them in Section 6. Detailed design information for PDM and Westinghouse is in Appendices_ B and C. 

The entire text of the subcontracted design from SI appears in Appendix D. 

SUPERCONDUCTMTY, INC. 

SI manufactures and sells megajoule-class SMES units for the industrial power quality market. SI was 

instrumental in initiating the BART-PG&E collaboration on this project. SI chose to use its standard 

equipment to the maximum extent feasible in its response to the RFI, but redesigned the refrigeration 
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system to allow it to run from the third rail rather than from the 4, 160-V line. In this way, SI was able to 

stay within the meager 15-kV A auxiliary power specification. 

Overall System Design 

In the transbay tube location, the SI design fits within the specified footprint (50 feet by 4 feet). In an 

unconstrained location, SI would mount the components in a SO-foot container with a 10-foot width. SI 

proposes a system of four identical magnets, each in its own cryostat, and each equipped with its own 

refrigeration system. The four magnets would be connected in parallel to the tracks. For the 

unconstrained site, SI employs its standard voltage regulators to connect each magnet to the tracks, and 

charges the magnets from an auxiliary AC line. For the transbay tube, SI proposes combining voltage 

regulator and magnet charger functions into a two-quadrant chopper for each magnet, so that the magnets 

can be charged directly from the tracks. DC motors powered from the tracks are used for the refrigerators 

in the transbay tube, so that the AC auxiliary power is reserved for the control system. The overall SI 

system design is summarized in Table 5-1. 

Table 5-1 

Overall SI System Design 

Overall System Design Transbay Tube Site Unconstrained Site 

(4 Solenoids) (4 Solenoids) 

Net Effective Stored Energy 8MJ 8MJ 

Peak Discharge Power Rating 3.2MW 3.2MW 

Recovery Period Between Cycles Less than 90 seconds Less than 90 seconds 

System Footprint 50' L x 4' W x 8' H 50' L x 10' W x 10' H 

System Weight 32,000 lb (system) and 40,000 lb (no shielding) 
80,000 lb (shielding). 

Total: 112,000 lb 

Auxiliary Power Requirements 80 kW@800 to 1,000 VDC 250 kW @ 480 V AC 

Availability for Test Program 18 months after date of 8 months after date of 
order order 
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Cryostat and Refrigeration Design 

Each cryostat assembly is a vacuum-insulated vessel which contains the superconducting magnet in a 

bath of liquid helium (Figure 5-1 ). The 600-liter reserve inventory of helium in the inner vessel allows 

for 40 to 45 hours of time in which the refrigeration system can be shut down without loss of magnet 

cooling. The cryostat design also allows manual additions of liquid helium from a portable dewar. 

Cost Estimates 

SI did not provide a price breakdown for its designs. The system price, in an unconstrained location, is 

$3.4M, whereas the price of a system in the transbay tube is $5.6M. Neither price includes an allowance 

for site installation costs. See Table 5-2 for cost estimates. 

Table 5-2 

SI Cost Estimates 

Site Transbay Tube Unconstrained Site 

Capital Cost Estimate for 1993 Delivery $5,584K $3,408K 

Indirect Costs (including design, engineering, Included in price. Included in price. 
assembly, transportation, management, fees, 
contingencies, taxes, insurance, etc.) 

Cost per unit, in quantities of2-5 10% discount 10% discount 

Maintenance Costs 

System maintenance cost is expected to be approximately $12K per year, including labor but not travel 

for personnel to perform the work. Electricity cost must be added to this for an operation and 

maintenance (O&M) total. At $0.06/kWh, the SI unit would consume $35,700/year in electricity in the 

transbay tube site, and $88,300/year at the unconstrained site. 

PITT-DES MOINES 

The consortium headed by PDM brings separate areas of expertise to the design. PDM is an engineering 

construction firm which specializes in field installation of large vacuum and cryogenic systems. PDM 

serves here as system integrator. CVI, Inc., a wholly owned subsidiary of PDM, is a supplier of helium 

refrigerators and nitrogen reliquefiers. Advanced Cryo Magnetics, Inc. (ACMI), designs and builds 
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superconducting magnets and cryostats. General Atomics supplies the power conditioning, control, and 

monitoring systems, and was prime contractor under Los Alamos National Laboratory (LANL) for the 

30-MJ, 10-MW Bonneville SMES unit which was field tested in 1980. 

Overall System Design 

PDM chose a single large solenoid for the storage element in its design and optimized it to fit through the 

restrictive access door. The footprint fits within the specified space (SO feet by 4 feet). A single design 

was submitted by PDM for both the transbay tube and unconstrained locations. PDM elected to design its 

refrigeration system to run from the 4160-V line in the tube, and in doing so they exceed the 15-kV A 

limit which BART has assigned for auxiliary power draw from that supply. The PDM design is 

summarized in Table 5-3. 

Table 5-3 

Overall PDM System Design 

Overall System Design Transbay Tube and Unconstrained 
Sites (Single Long Solenoid) 

Net Effective Stored Energy 9.65 MJ 

Peak Discharge Power Rating 4.7MW 

Recovery Period Between Cycles 6 to 80 seconds 

System Footprint 50' L x 4' W x 8' ± H 

System Weight 27,000 lb 

Auxiliary Power Requirements 41.5 kW (avg.)@ 120/240/480 V 

Availability for Test Program 3/94 

Refrigeration Design 

The PDM refrigeration system is intended for continuous duty at variable capacity. Its electricity 

consumption has a maximum of 66 kW, with an average value of 41 kW. This exceeds the specification 

in the tube by a maximum factor of 4.5, and average factor of 2.7. The current leads are proposed to be 

optimized for low heat leak in standby mode or in operating mode at zero current. (PDM proposes that 

the unit be charged only when train control foresees its use; otherwise, it should be maintained 

uncharged to reduce losses.) No gas supply is required for one year. 
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Power Electronics 

PDM would recharge the magnet from the track at any site. It uses a two-quadrant current chopper, 

which utilizes insulated gate bipolar transistors (IGBTs), and a 250-Hz switching frequency, which will 

provide acceptable levels of harmonic injection at all BART signaling frequencies. 

Cost Estimates 

PDM has optimized its system for lowest cost. For 1995 delivery ($1993), PDM provides a budgetary 

cost estimate of$ l .6M, fully installed in either the transbay tube or an unconstrained location. The single 

solenoidal configuration without shielding minimizes cost, while extracting the penalty of larger fringe 

fields from the magnet. See Table 5-4 for cost estimates. 

Table 5-4 

PDM Cost Estimates ($1993) 

Delivery Year 1993 1995 1997 

Total System Cost, single unit NIA $1,620K $1,580K 

Indirect costs (including design, engineering, NIA Included in price Included in price 
assembly, transportation, management, fees, 
contingencies, taxes, insurance, etc.) 

Cost per unit, in quantities of2-5 $1,400,000 $1,365,000 

NIA= Not applicable 

Maintenance Costs 

PDM estimates a yearly maintenance cost of $12K, with an operations cost of $36K for electricity based 

on $0.10/kWh. 

WESTINGHOUSE 

Overall System Design 

Westinghouse submitted a toroidal design to satisfy its perceived need to minimize external DC 

magnetic fields. Although Westinghouse used a single large toroid in the unconstrained location, which 

lowered the costs relative to a modular system, space constraints were met in the transbay tube by 

supplying three smaller toroids connected in series. With the exceptions of the magnets and cryostats, all 
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of the subsystems for the two designs are identical. It is remarkable that the IO-Gauss line for the in-tube 

design lies less than 2 feet from the wall of the cryostat. At a footprint of 61 feet by 3.83 feet by 6 feet, 

the in-tube design is slightly narrower and lower, but somewhat longer than specified. This length, 

however, does not overstep any physical constraint of the gallery. Although Westinghouse predicates its 

design upon consumption of 110 kW from the 4, 160-V AC line, exceeding the specification sevenfold, 

the company could run its refrigeration from the rails. Cost implications of that alternative are unknown. 

Westinghouse has previously constructed a cryogenic toroid of this energy storage level. Details of the 

overall system design are presented in Table 5-5. 

Table 5-5 

Overall Westinghouse System Design 

Overall System Design Transbay Tube Unconstrained Site 

(3 small toroids) (1 large toroid) 

Net Effective Stored Energy 9.3 MJ ( 3 x 3.1 MJ) 9.3 MJ 

Peak Discharge Power Rating 3.2MW 3.2MW 

Recovery Period Between Cycles 90 seconds 90 seconds 

System Footprint 61' L x 3.83' W x 6.0' H 27' L x 13' W x 9' H 

System Weight 66,640 lb 75,689 lb 

Auxiliary Power Requirements 110 kW at 4,160 V 110 kW at 4,160 V 

Availability for Test Program 6/94 6/94 

Magnet Design 

Each magnet is a segmented toroid with 8 series connected segments. Both site designs use niobium 

titanium (Nb-Ti) cabled conductor. Several novel design features minimize refrigeration load. An 

illustration of a segmented toroid is shown in Figure 5-2. 

Refrigeration Design 

Westinghouse has chosen commercially available refrigeration units. A novel feature of the design is the 

use of BSCCO-2212 high-temperature superconductor lead material to minimize heat leak. 

Power Electronics Design 

Westinghouse proposes use of a two-quadrant chopper to interface between the SMES units and the 

BART track using gate-controlled thyristor (GTO) technology. In designs for both sites, magnet recharge 

energy would be drawn from the third rail. 
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Figure 5-2. Westinghouse segmented toroid. 
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Cost Estimates 

Westinghouse budgetary cost estimates for the transbay tube site and for an unconstrained site are $4.9M 

and $3.2M, respectively. The $1.7M difference between these costs breaks down into a $0.7M 

incremental cost for the tri-modular system over the single toroid system, and $1.0M extra in indirect 

costs (design, engineering, assembly, transportation, management, fees, contingencies, taxes, insurance, 

etc.) for the modular system compared to the single large toroid. Notable in the Westinghouse cost table 

is the rapid drop in cost for the system in quantities from 2 to 5. This likely implies that the single

system cost includes an allowance for a large proportion of the one-time engineering costs. The $3.9M 

and $2.4M costs for later units bring the toroidal system closer to competitive pricing with a large 

solenoid. (Note: subsequent Westinghouse work at detailing and cost-optimization of the toroidal design 

indicates that prices much nearer the PDM price are achievable.) See Table 5-6 for site cost estimates. 

Table 5-6 

Westinghouse Cost Estimates 

Site Transbay Tube Unconstrained Site 

Delivery Date 1993 1993 

Total System Cost, Single Unit $4,870K $3,179K 

Indirect costs (including design, engineering, $2,380K included in $1,364K included in 
assembly, transportation, management, fees, total system cost total system cost 
contingencies, taxes, insurance, etc.) 

Cost per unit, in quantities of2-5 $3,903K $2,444K 

DC INTERFACE 

The DC interface, designed by Bechtel, is common to all of the systems evaluated and forms the 

connection between the system and the BART DC rail system. The total installed cost of the DC 

interface subsystem is $304K. Details are presented in Table 5-7. 
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Table 5-7 
Vendor Cost (Bechtel), DC Interface Subsystem ($1993) 
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QTY BY ENGINEERING 
EST BY: A.H. ALMOOELA 
DA TE: FEBRUARY 18, 1993 

ITEM DESCRIPTION 

1 6000A DC main circut brell<er @ MCG 

2 Negative groun::tirg Device 

3 Negative .xnction Box, nana t 2 

4 4" RGS con::tut slae,es, 4 tt lorg w/inso.Aated 
bAlngs on each erd. 

5 t/C #750kcmllneg reQ.JtnCltlle, Xl.P 

6 1750 kcmil cltlle te<mhallons 

7 Core drill Sl.bway wall lot 4' dia. rgs ca-d.Jit 

8 I.Deal controls - allowince 

9 Bus [).ct 8000A 1200VOC complete w/ filliigs 
an::t s4>ports. 

IO Allowarc e lot addlticnal m&terlal hn::lliig h n:t 01..t 
of Iha ttansiay tll:>e. BART to provide train w/cperato 
w/oco!A tocontracbr. 

II 6000A, t 200VOC Non-lo!d>rea< negadve 
fuse:! dls::onnect. 

TOTAL DIRECT COST 

SALES TAX@ 6.25% on matBrlal 
INDIRECT COST @ 35% on Latx>r S orly. 
CONTINGENCY @ I Q'JI, 

ENGINEERING /lJ'olD MANAGEMENT COST @ I Q'JI, 

- - - - -

QlY UNT UNIT COST 
MEAS MTL MHR ALLOW 

1 ea 27.000 200.00 

I ea 35.000 200.00 

I ea 2,000 24.00 

6 ea BO 4.00 

1,000 11 8.00 o.ro 

20 ea 65 4.00 

6 lot 100 16.00 

1 lot 25.000 

30 If 1,000 16.00 

1 lot 500.00 

1 ea 3800 40.00 

- - - -

TOTAL 
MHR 

200 

200 

24 

24 

200 

80 

96 

480 

500 

40 

-----
1,644 

-

PROJECT DESCRIPTION TRANSBAY TUBE POWER QU.AI..ITY STUIJr' 
CLIENT: BAY AREA RAPID TRANSIT DISTRICT(BARn 

LOCATION SAN FRANCISCO AREA, CALIFORNIA 

SIMH'1 <-- ---- -- COSTS IN U.S. S -- - -> TOTAL 
MATERIAL LABOR ALLOW COSTS 

37.12 27.000 7,400 34,400 

37.12 35.000 7,400 42,400 

37.12 2,000 900 2,9:JO 

37.12 480 900 1,380 

37.12 6,000 7,400 13,900 

37.12 1,300 3,000 4,300 

37.12 600 3,6)() 4,2:lO 

25.000 25.000 

37.12 45.000 17,800 62,800 
I 

37.12 16,800 18,600 

37.12 3,6)() 1,000 5.300 

----- --- - - - -- - - - - ---
146,000 66!>00 215,180 

12,100 12,100 
23,980 23.980 

25,130 
27.640 

Ro..rdng (30) 

DC INTERFACE SUBSYSTEM TOTAL COST 304,000 

- - - - - - -
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The DC interface consists of a DC breaker, negative disconnect, negative grounding device, and bus to 

the rails. This DC interface subsystem is common to all of the solutions evaluated (Battery-Only, "DC

Battery," Battery-PCS, SMES, and conventional rectifier). An 8,000-amp bus duct is used to connect the 

battery, SMES, or rectifier to a new 6,000-amp main breaker and then to the existing gap breaker, BO 1, at 

MCG. A negative grounding device will be connected to the negative bus. Ten 750-kcmil, 5-kV cables 

will be installed for negative return between the running rails and the battery (or other system) negative. 

Three 4.5-inch-diameter holes will be core-drilled from the gallery to each track for these cables. 

Modifications to the existing supervisory control and data acqms1t1on (SCADA) system, local 

control/graphic panel, and local control wiring are required. Modification of the central SCAD A system 

located at Lake Merritt is excluded from the current design and cost estimate, though it would need to 

occur. Modifications to train signaling may be required and would be developed during detail design. 

Consideration should be given to reconfiguring the cable bus connecting the existing gap breakers so that 

one feeder breaker is provided for each of the contact rails (ML06, MR06, ML03, and MR03) at MCG. 

This would provide the same flexibility as at other BART traction substations. To achieve this, one 

additional 4,000-amp DC breaker would be required. The total additional cost is estimated to be on the 

order of $100K ($1993). 
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Section 6 

COMPARISON OF SMES ALTERNATIVES 

In this section, direct comparisons of the designs are made, with reference to accompanying tables which 

present the designs from the three vendors in a combined format. 

OVERALL SYSTEM DESIGN 

Unconstrained Site 

The PDM design has a higher power rating than the other two designs. PDM uses IGBTs in its power 

electronics, while SI and Westinghouse use GTOs. The PDM unit has the potential of very fast recharge, 

if the track voltage could withstand that draw. PDM is the lightest of the three systems and has the lowest 

auxiliary power requirement. These features may be attributed to the single cryostat, with consequent 

low surface-to-volume ratio and reduced number of leads. Also, a solenoid requires less physical support 

than a toroid. See Table 6-1 for vendor comparison of the overall designs. 

Table 6-1 

Vendor Comparison, Overall System, Unconstrained Site 

Vendor PDM SI Westinghouse 

Net Effective Stored Energy 9.65 MJ SMJ 9.3 MJ 

Peak Discharge Power Rating 4.7MW 3.2MW 3.2MW 

Recovery Period Between Cycles 6 to 80 seconds Less than 90 seconds 90 seconds 

System Footprint 50' L x 4' W x 8' ± H 50' L x IO' W x 10' H 27' L x 13' W x 9' H 

System Weight 27,000 lb 40,000 lb (no 75,689 lb 
shielding) 

Auxiliary Power Requirements 41.5 kW (avg.) @ 250kW@480 VAC 110kW@4,160V 
120/240/480 V 

Transbay Tube Site 

SI has dropped its refrigeration load by a factor of 3 compared to its unconstrained design, and is 

drawing this power from the DC track rather than from an AC source. The systems are comparable in 

footprint, depending on the details of equipment layout. See Table 6-2 for vendor comparison of the 

overall designs. 
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Table 6-2 

Vendor Comparison, Overall System, Transbay Tube Site 

Vendor 

Net Effective Stored Energy 

Peak Discharge Power Rating 

Recovery Period Between Cycles 

System Footprint 

System Weight 

Auxiliary Power Requirements 

MAGNET DESIGN 

Unconstrained Site 

PDM 

9.65 MJ 

4.7MW 

6 to 80 seconds 

50' L x 4' W x 8' ± H 

27,000 lb 

41.5 kW (avg.)@ 
120/240/480 V 

SI 

8 MJ (4 x 2 MJ) 

3.2MJ 

Less than 90 seconds 

50' L x 4' W x 8' H 

32,000 lb (system) and 
80,000 lb (shielding). 
Total: 112,000 lb 

80 kW@800 to 1,000 
VDC 

Westinghouse 

9.3 MJ (3 x 3.1 MJ) 

3.2MW 

90 seconds 

61' L x 3.83' W x 6' H 

66,640 lb 

110 kW at 4,160 V 

Niobium titanium Rutherford-type cable is used by all three vendors. The single large Westinghouse 

toroid requires nearly twice the amount of cable as the PDM solenoid requires. All three vendors are 

operating at similar maximum field strength in their coils, in the range of 4.6 to 5.5 Tesla, probably set 

by the tolerance of the conductor. The maximum current in the coil varies widely with design, from a 

high of 5,700 amps for PDM to a low of 1,250 amps for SL All vendors use detection of imbalance 

between segments of the coil to determine whether the magnet is operating in a stable superconducting 

mode, and would dump the stored energy to an external resistor in the event of quench. See Table 6-3 for 

vendor comparison of the magnet designs. 

Transbay Tube Site 

In the transbay tube site, PDM and SI use the same magnets which they utilize in an unconstrained site. 

Westinghouse replaces the single larger toroid of the unconstrained site with three small~r toroids 

connected in series. In these smaller toroids, for the sake of compactness, the maximum magnetic field 

strength in the coil has risen from the 5.5 Tesla of the larger coil to 7.5 Tesla. In the case of quench in the 

transbay tube, all three designs contain the helium which may be vaporized, rather than releasing it into 

the gallery. See Table 6-4 for vendor comparison of the magnet designs. 
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Vendor 

Conductor Length 

Number of Turns 

Length of Coil 

Inner Diameter of Coil 

Maximum Magnetic Field 
Strength in Coil 

Maximum Current in Coil 

Vendor 

Conductor Length 

Number of Turns 

Length of Coil 

Inner Diameter of Coil 

Maximum Magnetic 
Field Strength in Coil 

Maximum Current in 
Coil 

Table 6-3 

Vendor Comparison, Magnet Design, Unconstrained Site 

PDM (1 Long Solenoid) SI (4 Solenoids) Westinghouse (1 Toroid) 

Approx. 5,000 meters of Proprietary information 27,750 feet 
cable 

1,500 Proprietary information 2,304 

2.13 meters Approximately 3 feet 67.0 inches 

0.76 meters 28 inches 10.25 inches 

4.6 Tesla 5 Tesla 5.5 Tesla 

5,700 amps 1,250 amps 4,000 amps 

Table 6-4 

Vendor Comparison, Magnet Design, Transbay Tube Site 

PDM (I Long Solenoid) SI (Modular: 4 solenoids) Westinghouse (Modular: 
3 Toroids) 

Approx. 5,000 meters of Proprietary information 3 X 13,500 feet 
cable 

1,500 Proprietary information 3 X 2,592 

2.13 meters Approximately 3 feet 26.0 inches 

0.76 meters 28 inches 8.72 inches 

4.6 Tesla 5 Tesla 7.5 Tesla 

5,700 amps 1,250 amps 4,000 amps 
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REFRIGERATION DESIGN 

Unconstrained Site 

All vendors use liquid helium cryosystems: none use supplemental liquid nitrogen cooled shields. SI, 

with 4 x 25 = 100 W at 4.2K, and Westinghouse, with 114 W at 4.6K, use similar amounts of cooling. 

The current leads proposed by the three vendors employ different strategies in their loss trade-off 

approaches. The dimensions of the PDM and SI cryostats are remarkably similar despite the factor of 4 

difference in the storage capacity of the coil contained within. This is due to the SI strategy of providing 

for long carryover times in case of refrigerator failure by storing a substantial volume of liquid helium 

within the cryostat. The electric load of the refrigeration systems seems to vary roughly as the number of 

leads from warm to cold, so that the SI load is roughly four times the PDM load. This also translates 

directly into a fourfold increase in annual electricity consumption/cost for SI. All vendors use 

commercially available refrigeration systems. A comparison of the cryosystems for the unconstrained 

site designs appears in Table 6-5. 

Transbay Tube Site 

Table 6-6 gives a cross-vendor comparison of the cryosystems proposed for the transbay tube site. Rows 

of the table which are unchanged from the preceding table are omitted. In the transbay tube site, SI 

estimates a 45-hour duration of carryover in the cold condition after loss of power to the refrigerator. 

This is attributable to its large volume of liquid helium. SI upgrades to a boiler-rated cryostat in its tube 

design, so that vaporized helium will be retained in the cryostat rather than venting to the atmosphere as 

it does in the unconstrained site design. Also, SI modifies the leads and refrigeration so that the electric 

load of the refrigeration system drops from the previous 160 kW to 60 kW. This brings all the systems to 

a smaller range of values of projected annual energy consumption for refrigeration: 357 to 606 MWh per 

year. 
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Table 6-5 

Vendor Comparison, Cryosystem, Unconstrained Site 

Vendor PDM SI 

Type of Refrigeration Helium refrigerator 1. Refrigerator: Process 
Systems (Koch) Model 
1200. Collins cycle 
liquefier/refrigerator. 

2. Shield Cooler: Gifford-
McMahon cycle, single 
stage. 

Type of Liquid Coolant(s) liquid helium/gaseous Helium 
helium 

Volume ofCoolant(s) gaseous helium, 750 liters per cryostat (total 

55 ft3 @ 20 atm 3,000 liters) 

Expected Rate for Resupply No resupply is required for 250 liters per cryostat/year 
of Coolant(s), liters/time l year (total 1,000 liters/year) 
interval during annual maintenance 

of refrigeration system. 

Cooling Capacity of l 0 W recondensation Refrigerator 4 liters/hr or 
Refrigerator, Wthermal 600 W load stream cooling 25 W refrigeration @ 4.2 K 

50 W shield cooling 

Duration of Carryover in TBD 60 hr 
Cold Condition After Loss of 
Power to Refrigerator 

Current Lead Material steel/brass/copper Conventional copper vapor 
cooled current lead. Current 
leads made with HTSC will 
be available in late 1993. 

Current Lead Features Low heat leak in standby Automatic flow controller to 
mode or operating mode minimize helium flow rate. 
with zero current HTSC leads under design. 

Cryostat Dimensions 100" L x 44" W x 80" H Cylinder, 40" OD and 96" 
high 

Cryostat Weight 4,000 lb, plus coil of 4,000 lb 
11,000 lb 

Electric Load of 40.75 kW (avg) 160kW 
Refrigeration System 65.75 kW max 

Projected Annual Electricity 356,970 kWh, including 1,401,600 kWh 
Consumption of water cooling and 
Refrigeration System instrument air 

TBD =Tobe determined 
HTSC = High-temperature superconductor 
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Westinghouse 

Closed-cycle helium 
liquefaction 

Liquid Helium 

1,640 liters 

16 liters/hour 

Note: this is probably the 

recondensation rate, not the 

resupply rate. 

114 Wat 4.6°K 

TBD 

BSCCO-2212 

HTSC lead, reduced heat 
leak 

67.5" L x 67.5" W x 109" H 

21,343 lb (includes cold 
mass) 

l00kW 

606,000 kWh 



Vendor 

Type of Refrigeration 

Volume ofCoolant(s) 

Cooling Capacity of 
Refrigerator, W thermal 

Duration of Carryover in 
Cold Condition After Loss 
of Power to Refrigerator 

Cryostat Dimensions 

Cryostat Weight 

Electric Load of 
Refrigeration System 

Projected Annual 
Electricity Consumption of 
Refrigeration System 

TBD = To be determined 

Table 6-6 

Vendor Comparison, Cryosystem, Transbay Tube Site 

PDM SI 

Helium refrigerator 1. Recondenser: Gifford-
McMahon cycle, 3 stage 
with final Joule-
Thompson stage. 

2. Shield Coolers: 
Gifford-McMahon cycle, 
single stage. 

Gaseous helium, 55 ft3 @ 600 liters per cryostat 

20 atm (total 2,400 liters) 

l 0 W recondensation 1. Recondenser: 3 W @ 

600 W load stream cooling 4.2K 

50 W shield cooling 2. Shield Cooler: 200 W 
@55K 

TBD 45 hr 

100" L x 44" W x 80" H Cylinder, 40" OD and 
96" high 

4,000 lb plus coil of 11,000 5,000 lb 
lb 

40.75 kW (avg) 60 kW, to be drawn off 

65.75 kW max DC rail system as long as 
voltage is above 
minimum value. 

356,970 kWh, including 525,600 kWh 
water cooling and 
instrument air 
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Westinghouse 

Closed-cycle helium 
liquefaction 

270 liters/module, 810 
liters total 

114 Wat 4.6°K 

TBD 

3 X (46" L X 46" W X 

42" H) 

3 x 4,098 lb (includes 
cold mass) 

lO0kW 

606,000kWh 
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POWER ELECTRONICS DESIGN 

Westinghouse and PDM utilize a consistent power electronics design at both sites. SI changes its power 

electronics scheme for the site in the transbay tube. In the unconstrained site, SI charges the magnet from 

the AC line instead of the third rail. Thus, the magnet provides no additional load to the traction power 

substations and no additional track losses. However, it would incur an extra site-dependent cost for 

installation of a supply circuit. Both PDM and Westinghouse adopt the strategy of being capable of 

recharge from the third rail at any rate up to the discharge rate. This would allow them to charge their 

devices "on demand" when a future BART advanced control system saw a sag coming, or when a train 

actually stopped in the tube. The unit could charge within a period of 5-10 seconds and be ready to 

prevent voltage sag transients as the queue of trains restarted. More analysis would be necessary to 

determine whether this quick recharge would be compatible with system operations, but its load should 

look about like the acceleration of a single train, and therefore be acceptable under all but the most 

severe cases of system loading. SI limits its recharge rate to match the specification that the unit recharge 

in the probable 90-second minimum period between successive sags. With recharge power coming from 

the AC system, this slower recharge could also be necessary to avoid causing an AC voltage sag. 

Table 6-7 compares the designs at an unconstrained site. 

Table 6-7 

Vendor Comparison, Power Electronics, Unconstrained Site 

Vendor PDM SI Westinghouse 

Power Source for Recharge Third rail AC power BART third rail 

Setability of Voltage Level for 850 V±25 V Will not be charging ±25 V 
Recharge from DC track system 

Maximum Recharge Power l.3MW 4 x 62.5 kW peak or 0.11 MW ➔ 3.2MW 

0.25MW 

Criteria for Recharge I magnet< 5,700 A, NIA Rail voltage above set 
860 > V track> 825 V, point 
SMES = operate 

Maximum Discharge Power 4.7 MW (5700 amps, 4000A @ 800 V = 3.2MW 
825 V) 3.2MW 

Maximum Discharge Voltage 825 V 850V Set point (nominal 
800 V) 

NI A = Not available 
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In the transbay tube case, the BART third-rail DC system provides recharge power for all three designs. 

In this case, SI can recharge in under 10 seconds. All vendors use a current chopper, voltage-controlled 

scheme for their power electronics at the tube site. Table 6-8 compares the designs' power electronics for 

the transbay tube application, omitting rows which are unchanged from Table 6-6. 

Table 6-8 

Vendor Comparison, Power Electronics, Transbay Tube Site 

Vendor PDM SI Westinghouse 

Power Source for Recharge BART third rail BART third rail BART third rail 

Maximum Recharge Power l.3MW 1.06 MW ( 4 sections to 0.11 MW ➔ 3.2 MW 
have staggered charging) 

MAINTENANCE PROCEDURES 
PDM and SI anticipate that the SMES system will be a low-maintenance installation, with PDM 

expecting yearly and SI semi-annual inspection and maintenance. Both vendors remark that it would be 

desirable to de-energize the magnet when workers are in its vicinity. This would be in part for human 

exposure reasons, and in part because steel tools can experience a strong pull in such large magnetic 

fields. This would be a much smaller problem with the Westinghouse toroidal design because of its 

inherently lower fringe fields. As noted earlier, the field drops to 10 Gauss within less than 2 feet of the 

cryostat in the Westinghouse design. 

COST ESTIMATES 
The cost of the systems in the unconstrained location varies by over a factor of 2, while in the transbay 

tube site it varies by over a factor of 3. These dramatic differences may be attributed to pricing policy, 

ability to amortize engineering costs over many units, in-house maturity of component technologies, 

relative amounts of conductor used, and cost savings of single units compared to multiple modules. This 

section will attempt to interpret some of the differences in cost, at the risk of having to do some 

guesswork on matters which are hidden from direct examination. 

The fact that SI considers its cost breakdowns to be proprietary information inhibits direct comparison of 

component prices among the three designs. However, SI alone does respond to the incremental cost 
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questions. The reader should notice that vendors chose to respond to prices in different years, but that all 

are in 1993 dollars. 

Unconstrained Site 

Comparison of the costs in the unconstrained site with those in the transbay tube site reveals that PDM 

prices hold at $1.6M per unit irrespective of site, while both SI and Westinghouse prices increase in the 

transbay tube. To speculate, PDM may consider that the cost of sheltering the unit in an unconstrained 

site ( container or building and slab) balances the 50% productivity factor for working in the tube for 

installation. (Because work in the transbay tube can be performed only on graveyard shifts, when the 

transit system is not operating, and because of the time necessary to transport workers and materials to 

the site, the ratio of time worked to time charged used by Bechtel in its cost estimates is 0.5. This is 

called a productivity of 50%.) In the case of Westinghouse, the design is going from a single unit to three 

small modules. The effort to make these modules compact increases the amount of conductor required. 

The modularity increases the fabrication cost. 

In the unconstrained site, however, Westinghouse prices for the unit in quantities of 2 to 5 drop 

substantially, from $3.lM to $2.4M per unit, a drop of $0.7M. PDM prices drop only from $1.6M to 

$1.4M in going from a single unit to quantities of 2 to 5. This brings Westinghouse, with its single toroid 

design, within a factor of 1. 7 of the PDM price. (Subsequent Westinghouse work at detailing and cost

optimization of the toroidal design indicates that prices much nearer the PDM price are achievable. This 

lends credence to our decision to base cross-technology comparisons on the PDM pricing.) 

In the unconstrained site, the 1993 SI price of $3 .4M is close to the single-unit Westinghouse price. This 

indicates that the cost penalty due to the SI design's modularity may roughly cancel the cost penalty due 

to the Westinghouse design's toroidal configuration. The price drop for SI as more units are purchased is 

smaller than for Westinghouse, so that with multiple purchases, the Westinghouse price advantage 

increases. With all these comparisons stated, it should also be borne in mind that SI prices may have an 

edge in credibility owing to the fact that they are actually selling units at the present time. The PDM and 

Westinghouse prices are not quotes for procurement, but rather are based on conceptual-level designs for 

budgetary purposes. 

See Table 6-9 for a comparison of vendor costs at an unconstrained location. 
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Table 6-9 

Comparison of Vendor Costs, Unconstrained Site 

Vendor 

Year of Delivery 

Total System Cost, single unit 

Cost of Coil and Cryostat 

Cost of refrigeration system 

Cost of Power Electronics 

Cost of fusing and switching 

Incremental Cost of additional 
I MJ of energy storage 

Incremental Cost of additional 
I MW of power capability 

Indirect costs (including 
design, engineering, assembly, 
transportation, management, 
fees, contingencies, taxes, 
insurance, etc.) 

Cost Per Unit in Quantities of 
2-5 

NIA= Not available 
TBD = To be determined 

PDM PDM 

1993 1995 

NIA $1,620K 

NIA $600K 

NIA $350K 

$560K 

$55K 

NIA 

$55K 

NIA included 

$1,400K 

*SI considers its cost breakdown to be proprietary. 

SI SI Westinghouse 

1993 1995 1993 

$3,408K $3,238K $ 3,179K 

* * $762K 

* * $41 IK 

* * $642K 

$115.5K $115.5K included in power 
electronics above 

$100K TBD 

$850K TBD 

Included Included $ 1,364K 
in price. in price. 

10% 10% $ 2,444K 
discount discount 
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Westinghouse 

1995 

TBD 

TBD 

TBD 

TBD 

TBD 

TBD 

TBD 

TBD 

TBD 
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Transbay Tube Site 

In the Transbay Tube, the cost for the Westinghouse system rises significantly, while the cost of the SI 

unit rises still higher. The difference between the SI costs in and out of the tube is nearly $2.6M. The SI 

cost increase may be attributable to four factors: (I) the more complex, more efficient cryogenic system 

which SI includes in its tube design to meet the auxiliary power specification; (2) the greater difficulty of 

installation in the tube; (3) the shielding which SI uses to mitigate the DC magnetic field in the close 

confinement of the tube; and ( 4) the change in their power electronics. SI estimates the total shield cost 

for the system in the tube to be $280K. The Westinghouse price increase is primarily an indication of the 

penalty for modularity in the coil and cryostat themselves, although it likely also contains a component 

for the higher fields and increased amount of conductor required to make toroids fit through the tube 

doorway. 

The vendor cost estimates for the Transbay Tube location are shown in Table 6-10. In contrast to the 

rectifier and battery costs, which are presented in Section 7, the SMES cost for installation is probably 

less reliable. Rectifier and battery installation costs as defined by Bechtel are fully detailed, and include 

productivity factors for working in the tube, etc. (These were determined in consultation with Bay Area 

Transit Consultants (BATC), of which Bechtel is a member. BATC is working on the BART extensions 

program, and thus its costs are highly credible.) The SMES vendors, on the other hand, devoted varying 

amounts of effort and detail to their estimates of installation costs. Thus, the SMES costs may not 

actually include sufficient allowance for installation or for the labor productivity differences between 

tube and unconstrained location. It should also be borne in mind that only one of the three SMES vendors 

has actually sold units in this size range to date, and that is SI, so there may be costs which are not 

included in the conceptual designs. On the other hand, PDM sells its systems fully installed and so would 

shoulder the burden of any underestimation in this area. 

Nevertheless, for purposes of this study, the lowest-price SMES design will be compared to the battery 

and rectifier alternatives. 
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Vendor 

Year of Delivery 

Total System Cost, single unit 

Cost Per Unit in Quantities of 
2-5 

NIA= Not available 
TBD =Tobe determined 

Maintenance Costs 

Table 6-10 

Comparison of Vendor Costs, Transbay Tube Site 

PDM PDM SI SI Westinghouse Westinghouse 

1993 1995 1993 1995 1993 1995 

NIA $1,620K $5,584K $5,305K $ 4,870K TBD 

$1,400K 10% 10% $ 3,903K TBD 
discount discount 

Maintenance costs vary little between SI and PDM, the two vendors who supplied estimates, however, 

the operations cost of electricity to power the refrigeration units varies. 
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Section 7 

BATTERY ENERGY STORAGE SYSTEMS 

Three battery energy storage system designs were developed by Bechtel. The first connects a battery 

directly across the BART DC rail system (Battery-Only System). The second design uses battery/power 

electronics modular units ("DC-Battery" System). The third uses external batteries and larger power 

electronics units (Battery-PCS System). Design tables are in Appendix E. 

BATTERY-ONLY SYSTEM 

Battery System Modeling 

Lead-acid batteries have a very high energy density, but poor power performance compared to SMES. To 

meet the power requirements of this application, it is necessary to store far more energy than required in 

the series of voltage sags defined in the functional specification. Furthermore, in a battery system, as 

current drawn increases, the battery voltage drops. This is unlike the case of SMES, where output voltage 

is held steady by the power electronics. 

To account for battery voltage drop with increasing current draw, Bechtel used a simplified computer 

model. The simplified circuit shown in Figure 7-1 was used for this modeling. The resulting voltages and 

currents, with and without the energy storage system, are shown as functions of time in Figure 7-2. A 

pulse-duty traction rectifier at MCG was also modeled. The resulting voltages and currents, with and 

without the additional rectifier, are shown as functions of time in Figure 7-3. 

Comparing Figures 7-2 and 7-3 shows the effects of including practical impedances for a rectifier or a 

direct-connected battery. For 6% regulation, there is a voltage span of 50 V (i.e., 6% of the voltage at the 

4,000-amp rated current). This probably is the upper limit for practical systems so as not to supply 

current at voltages attained during normal operation of the trains. 
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Figure 7-1. Circuit for battery modeling (Battery-Only system). 
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Figure 7-2. Modeled voltage and current for zero-impedance energy storage system. 
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System Design 

Electrical Design. The basic electrical configuration of the Battery-Only design is shown in Figures 7-4 

and 7-5. Many lead-acid cells are connected in series to attain the desired voltage. Several of these 

"strings" are connected in parallel to attain the desired resistance of 0.012 ohm. 

The operation of the Battery-Only system is such that it begins to discharge and supply current to the 

BART system when the rail voltage falls below the battery's open circuit voltage. A blocking diode is 

included to prevent charging of the battery from the rail system: charging is provided by a small, 

separate rectifier. The battery would be connected to the BART rail system through the DC interface 

subsystem described in Section 5. The battery could be recharged directly from the rail system; however 

cell life can be increased by recharging with a more controlled charge profile. The conceptual design 

includes recharge of the battery by a separate 5-kW rectifier fed from the 4,160-V auxiliary power line. 

For purposes of the conceptual design, Bechtel selected a Delco 2000 battery, a 6-cell car battery. The 

resistance of a cell is 580 micro-ohms. Computer modeling indicated that 20 parallel strings, of 

72 modules each, are needed to attain a battery resistance of 0.012 ohm and duplicate the performance of 

the 3.2-MW traction rectifier (Figure 7-3). 

Physical Design. A number of commercially available battery racks could be used to stack the battery 

modules, but because the area at the base of the gallery wall was not being used for other equipment, an 

unstacked configuration was selected to minimize cost. The physical configuration of one of the battery 

strings is shown in Figure 7-6, along with the positive and negative conduits, a fused disconnect switch 

enclosure for the positive string cable, and a junction box for the negative cable. The intermodule straps 

are sketched. 

The overall battery extends 458 feet along the gallery wall. This overall length greatly exceeds the 

specified preferred length of 50 feet. Using a three-tier rack, two modules deep, would give an overall 

length of approximately 150 feet. Attaining an overall length of 50 feet would require use of a five-tier 

rack, seven modules deep. 
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I 
I 

7-6 

I 
I 
I 
I 
I 
I 
I 
I 



--------------~----

..._.. 

..._.. 

,------------,] + • To third rail 

Substation rectifier 

Negative bus 

..__ ___ ,,.,. To running rail 

Negative grounding device 

Definitions: 

T1 = forward current 
T2 = reverse current 

~---- ~----------------------------, 

I I-I 
Bypass I \ I 
switch I I 

I I 

Sensing 
and 

control 
circuits 

Thyristor assembly 

I 
I 

~ubstation I~ I ' 
interface • 

Front panel 
and 

operator controls 

L----- ----------------------------
NGO connector point 

Interconnection cable 

Substation ground mat 

Figure 7-5. General arrangement and Interconnections for BART rectifier grounding device. 

To substation 
relay circuits 



BATTERY POSITIVE BUS 

Figure 7-6. Physical configuration of one string for Battery-Only desig'n. 
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Cost Estimates 

The location of the site in the middle of the trans bay tube generally increases the systems' total installed 

costs relative to those of a more typical surface installation. The total installed cost of the Battery-Only 

system, including the DC interface subsystem, is shown in Table 7-1. Because the cells must be replaced 

twice during the 20-year life of the project, a levelized annual revenue requirement (LARR) analysis 

offers a more meaningful insight into the system costs than does an installed cost. (In fact, for a transit 

system such as BART, where capital dollars come primarily from federal agency funds and operating 

dollars come from local budgets, the replacement of batteries may pose a difficult budgetary hurdle.) 

Other Cost Factors 

Electricity cost to cover losses in the batteries is a negligible $92 per year. The Delco 2000 is a flooded 

electrolyte cell, with a bi-directional valve, but with no provisions to add water. Routine maintenance 

will entail only visual inspection of the modules to detect reversing cells. The Battery-Only installation is 

estimated to require 96 hours for inspections, 56 hours for module replacement (plus $1K in materials), 

and 4 hours of miscellaneous items annually. Assuming a fully burdened rate of $50 per hour, the 

estimated annual maintenance cost is $9K. 

In the present application, the life of the cell is limited by calendar life rather than cycle life. The 

economic analyses are based on a 6.33-year life for the cells. The estimated LARR of the Battery-Only 

system is $120K. Details and assumed economic parameters are presented in Table 7-2. The debt, 

discount, and escalation rates are as provided by PG&E, except for the 3% escalation rates for batteries. 

DC-BATTERY SYSTEM 

Unlike the Battery-Only system, the power electronics in the "DC-Battery" system track the voltage of 

the discharging battery and maintain an 800-V output at the DC interface. In addition, fewer battery 

modules are required (about half as many as for the Battery-Only design). The "DC-Battery" design 

described here is an example of a rack-mounted battery with pull-out trays: it is the most expensive of 

the three battery solutions. 

System Design 

The design of the "DC-Battery" system is based on the AC Battery™ being developed by Omnion Power 

Engineering Corporation of Mukwonago, Wisconsin (Myer 1992). Omnion's approach uses factory

assembled modular units to provide battery energy storage. A number of units may be paralleled to attain 

desired power and energy levels. 
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,, Eye Wash. misc 

12 4000A. Diode 

TOTAL DIRECT COST 
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Table 7-1 
Battery-Only System Cost Summary ($1993) 

QlY LINT UNIT COST TOTAL 
MEAS MTL MHR ALLvrt MHR 

1,440 ea 50 1.00 1440 

720 ea 0.35 lrct:t. 
700 ea O.ffi lrct:t. 
20 lots 400 held. 

20 ea 600 16.00 320 

1 ea 200 8.00 6 

1 ea 4,COO 30.00 30 

1 ea 650 30.00 30 

1 ea 2,500 48.00 48 

5,500 If 3.6:> 0.18 990 

eo ea 65 4.00 320 

,,coo II 16 2.S'.l 2,500 

500 II 2.S'.l 0.'40 200 

1 lot ,,coo 

1 ea 1,COO 6 6 

-----
5,890 

.. .. - - -

PROJECT DESCRIPTION TR.ANSBAY TUBE POWER OUPL.ITY STUOf 
CLIENT: BAY AREA RAPID TR.ANSIT DSffilCT(BAAT) 

LOCATION SAN FRANCISCO AREA. CPL.IFQRNA 

S/Mt-fl <-------- COSTS IN 1993 S ----> TOTAL 
MAlt:HIAL LAt:IUH ALLUW COSTS 

37,12 72{)00 53fn;J 125,fOJ 

250 250 
460 460 

8,coo 8,COO 

37.12 12{)00 11,900 23.900 

37.12 200 200 400 

37.12 4,COO 1,100 s.100 

37.12 650 1,100 1,750 

37.12 2,500 l.!DO 4,3:Xl 

37.12 20,900 36,700 I 57P)O I 

37.12 s,roo 11.900 17,100 

37.12 16{)00 92/300 108,!DO 

37.12 1,250 7,400 8,l:60 

,,coo 1,COO 

37.12 I ,COO 200 1,a)O 

----- - -- - - - -- - - ---- -
145.410 218,EOO 364,010 

12{)00 12,CXXJ 
9,C:00 9,C:00 

76,510 76,510 
46,150 
50,770 

Rourclirg (440) 

ENERGY STORAGE SUBSYSTEW 558,COO 

DC INTERFACE SUBSYSTEM 304,COO 
- -- - -

TOTAL SYSTEM COST 862.000 

- - - - - - -
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Table 7-2 

Economics of Battery-Only System ($1993) 

Capital Costs 
Materials 
Labor 
Batteries 

Operating Costs 
Materials 
Labor 

Maintenance Costs 
Materials 
Labor 
Batteries 

Battery Replacement Costs 
Labor 
Batteries 

Levelized Annual Revenue Requirement 

Estimate Basis: February 1993 
Start-up: February 1993 
Plant Life: 20 years 
Battery Life: 6.67 years 
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Estimated Cost 

Debt Rate: 
Discount Rate: 

$199,000 
577,000 

86,000 

$92/year 
$0/year 

$0/year 
$7 ,800/year 
$1,050/year 

$108,000 
82,940 

$120,000 

6.5% 
6.5% 

Escalation Rates: 
Materials: 4.5% 
Labor: 5.0% 
Batteries: 3.0% 



Electrical Design. Discussions with Omnion indicate that the IGBT power conditioners used in its 

present AC Battery design could be reconfigured into DC-DC choppers to provide the DC output 

required. A total of 16 units are required. Each unit contains 48 Delco 2000 battery modules connected in 

series. Delco performed high-rate discharge tests for the BART application and provided the data shown 

in Figure 7-7. As with the Battery-Only design, the cells are limited by power capability rather than 

energy storage capability. 

The units could be configured to charge from the BART DC rail system. The cell life can be extended by 

use of a prescribed recharge regime which would require a relatively low power level, e.g., 300 W per 

unit. Because operation of the PCS at this low power level may be difficult to control, a small rectifier 

would be included in each unit. Each unit requires low-voltage AC power for controls and cooling fans. 

The addition of a few-hundred-watt charger would not require a major change. The low-voltage power 

for the Omnion units would be derived from the 4, 160-V AC line via a transformer and distribution panel. 

Similar to the Battery-Only design, the DC outputs from the 16 units would be collected by a bus and 

brought to the DC interface subsystem. Omnion estimates that its power conditioner/chopper design will 

be able to maintain the 800-V output, "plus or minus a few volts," from zero to 4,000 amps. 

Physical Design. For purposes of the conceptual design, Omnion proposes that the unit be the same size 

as its AC Battery™ unit. Each unit is 4.8 feet long by 3.3 feet deep by 4.3 feet high (Figure 7-8). Each 

unit weighs 3,600 pounds, including the 48 battery modules. The floor loading of each is approximately 

250 pounds per square foot. The units will be oriented with their 4.8-foot side parallel to the gallery wall 

and project 40 inches from the wall. A 3-foot space is included between adjacent units, making the 

overall length 122 feet. 

This overall length exceeds the specified preferred length of 50 feet. Using zero spacing between units 

could give an overall length of 77 feet, but would make maintenance and inspection of battery modules 

vastly more difficult. It would be possible to redesign the unit enclosures and reconfigure the battery 

modules. Stacking the modules in six layers would give an overall system length of 59 feet and a height 

of 6½ feet. This would make the units much more costly and difficult to install and maintain. 
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Figure 7-7. Delco battery module constant-current discharge data ("DC-Battery" system). 
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Front Rear. uncovered 

Figure 7-8. Omnion AC Battery unit design proposed for the DC-Battery system. 

Hans Meyer, "AC Battery Development Project,• presented at the Utility Battery Storage Systems 
Program Review, Valley Forge, PA, November 17. 1992. 
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Cost Estimate 

Cost estimate details for the "DC-Battery" system are shown in Table 7-3. Omnion's estimated cost for 

the 16-unit system is $600K to $700K. For purposes of the conceptual design, $656K was used 

($41K/unit), FOB Wisconsin, including design engineering. Omnion estimates that it could deliver the 

units 20 to 30 weeks after receipt of order. 

Other Cost Factors 

Battery maintenance and replacement differs from the Battery-Only system because there are roughly 

half the number of Delco 2000 modules, and access to modules in the cabinets is more difficult for both 

inspections and replacements than for the open-access batteries. The estimated annual maintenance cost 

is $10K for the "DC-Battery" system. As mentioned, the entire complement of cells must be replaced 

twice during the life of the project. There are fewer modules in this case than for the Battery-Only case, 

but installing and deinstalling modules in the cabinets is estimated to take 50% more labor. This leads to 

an estimated cost per replacement of $130K. The estimated LARR of the "DC-Battery" system is $174K. 

Details and assumed economic parameters are presented in Table 7-4. 

BATTERY-PCS SYSTEM 

The Battery-PCS (power conditioning system) is a combination of the Battery-Only and "DC-Battery" 

systems. For this design, larger and fewer power electronic units are used. The batteries are external to 

these units and are configured essentially the same as for the Battery-Only system, lying on the floor of 

the gallery rather than in racks or cabinets. 

System Design 

The design of the PCS is based on the photovoltaic PCS being supplied to the PVUSA Project at 

Kerman, California, by Omnion. As in the other two battery energy storage system designs, Delco 2000 

battery modules are used. 

Electrical Design. Discussions with Omnion indicate that the power conditioners which they designed 

for use at Kerman could be reconfigured into DC-DC choppers to provide the required DC output. 

Omnion's Kerman units are rated for 275 kW AC continuous output. For the pulse duty cycle in the BART 

application, Omnion would increase the rating of the bridges so that six two-bridge units are required. 

The effect of this overrating on reliability is uncertain. Each bridge is fed by 48 Delco 2000 battery 

modules connected in series. 
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QTY BY ENGINEERING 
EST BY R H. PI..MOGELA 
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ITEM DESCRIPTION 

1 Omnionbanery /chcpper 111I1s, 200KW 
fOB Wosconsh) 

2 Transformer, 15KVA :!PH, 4160V-120V 

3 P anebo•d. 2 4 ckts. 225A mahs, 1 20V, mma 12 

4 1/C #250kcmll lee::lercllble,XLP 

5 '250 kcmll cltlle termhallons 

e Cable tray, ven11a1e::1 and firEl'.)roole::I w/ flltlros 
am sl.l)pons. 

1 c;,ou,c:.1 Wire, 1/C #250kcml ncudhgcoma::tions 

8 Portrole Eye Wash, misc. 

TOTAL DIRECT COST 

SALES TAX @8.2!Jl(. on material 
FREIGHT COST ALLOWJ>NCE 
INDIRECT COST @ 35% on Lltlor S aiy. 
CONTINGENCV @10% 
ENGINEERING ANO MANAGEMENT COST@ 10% 

- - - - -

Table 7-3 
DC-Battery System Cost Summary ($1993) 

QTY LINT l..NITCOST TOTAL 
MEAS MTL MHR ALLUYV MHR 

18 ea 41,000.00 300.00 4,000 

1 ea 4,000.00 30.00 30 

1 ea 2,!'00.00 48.00 48 

2.ZX, If 3.BJ 0.18 398 

84 ea 85.00 4.00 258 

260 If 18.00 2.00 850 

130 If 2.00 0.40 52 

1 lot 

-----
8,232 

- - - - -

PROJECT OESCRIPTIOl't TRJ>NSBAY TUBE POWER QUPI..ITY STUDY 
CLIENT: BAY AREA RAPID TRJ>NSIT Cl STRICT (BART) 

-- ... - - - -· .. ·----- .. --· -· -·· - .. -·. 

S/Mt-R <-------- COSTS IN 19935 ----> TOTAL 
MAltHIAL LAt,UH ALLUYV COSTS 

37.12 858,000 178,200 834,200 

37.12 4,000 ,. 100 5,100 

37.12 2,!'00 1,000 4,3:JO 

37.12 8,360 14,700 23,060 

37.12 4,160 9,!'00 13,860 

37.12 4,160 24,100 28,260 

37.12 330 1,900 2,230 

,.coo 1,000 

I 
I 

----- -- - -- - - - - - - - - - -
680,510 231,:DO 911.810 

58,140 56,140 
6,000 6,000 

80~ 80,960 
105,490 
116,040 

Roun:lin;i (440) 

ENERGY STORAGE SUBSr'STEM 1,276,000 

DC INTERFACE SUBSYSTEM 304,000 
- -- - -

TOTAL SYSTEM COST 1,580,000 

- - - - - - -
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Table 7-4 

Economics of DC-Battery System ($1993) 

Capital Costs 
Materials 
Labor 
Batteries 

Operating Costs 
Materials 
Labor 

Maintenance Costs 
Materials 
Labor 
Batteries 

Battery Replacement Costs 
Labor 
Batteries 

Levelized Annual Revenue Requirement 

Estimate Basis: 
Start-up: 
Plant Life: 
Battery Life: 

February 1993 
February 1993 
20 years 
6.67 years 
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Estimated Cost 

Debt Rate: 
Discount Rate: 

$867,000 
668,000 

46,000 

$185/year 
$0/year 

$0/year 
$9,600/year 

$600/year 

$57,600 
44,235 

$174,000 

6.5% 
6.5% 

Escalation Rates: 
Materials: 4.5% 
Labor: 5.0% 
Batteries: 3.0% 



As with the "DC-Battery" system design, the Battery-PCS system includes a small charger in each unit to 

extend cell life by use of a prescribed recharge regime. Each unit requires low-voltage AC power for 

controls and cooling fans, and the addition of a few-hundred-watt charger would not require a major 

change. The low-voltage power for the units would be derived from the 4, 160-V AC I ine via a 

transformer and distribution panel. 

Similar to the other designs, the DC outputs from the six units would be collected by a bus and brought 

to the DC interface subsystem. As in the "DC-Battery" design, Omnion estimates that its design will be 

able to maintain the 800-V output, "plus or minus a few volts," from zero to 4,000 amps. 

Physical Design. For purposes of the conceptual design, Omnion proposes that the unit be essentially the 

same size as its power conditioner for the PVUSA Project at Kerman. Each unit is 9 feet long by 3.5 feet 

deep by 6 feet high (Figure 7-9). Two battery sets feed each PCS. The configuration of the Delco 2000 

battery modules resembles the Battery-Only design, except that there are 48 modules per set and each set 

has a 14-foot length. The overall length of each unit (PCS plus two sets of batteries) is 3 7 feet. Allowing 

2 feet between units yields an overall length of 232 feet for the Battery-PCS system. As for the Battery

Only design, the battery modules could be installed in racks to shorten the overall length, at a penalty in 

cost. Each PCS unit weighs 4,000 pounds. 

Cost Estimate 

Cost estimate details for the Battery-PCS system are shown in Table 7-5 and detailed in Appendix E. 

Omnion estimated the cost for the six-unit system would be $400K to $SOOK. For purposes of the 

conceptual design, $450K was used ($75K/unit), FOB Wisconsin, including design engineering. 

Other Cost Factors 

As in the other battery designs, operating cost of electricity is a negligible amount. Battery maintenance 

and replacement operations are the same as for the Battery-Only case, except that this design uses 576 

Delco 2000 modules (versus 1,440). Maintenance is estimated to require 40 hours for inspections, 

12 hours for module replacement (plus $200 in materials), and 24 hours for the power electropics. This 

yields an estimated annual maintenance cost of $4K for the Battery-PCS system. Replacing the entire 

complement of cells is estimated to cost $77K per replacement. The LARR of the Battery-PCS system is 

$133K. Details and assumed economic parameters are presented in Table 7-6. 

The competing features of footprint cost and regulation of the three battery designs appear together in 

Table 7-7 for ease of comparison. 
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Figure 7-9. Physical configuration of one unit of the Battery-PCS system. 
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QTY 8Y ENGINEERING 
EST 8Y R H. 1'1.MOGELA 
DATE f~BRUAAY 18. 1993 

ITEM DESCRIPTION 

, Omnion Chcpper PCS ..nits 

2 B.nety Sets (1 2 each) 
a) Banery modules (12 sets w/48 modulespar se1) 
b) Straps, 4"x1'x0.2S' incldg boltsard wasneni 
c) Strll')S, 7.7S'xl'X0.29' hclclg bolts rd washers 
d) Allowsice for Stael chrn,el !1J81'd, COll8r, etc. 

3 Transformer, 15 ><NA, 4160V-1:IOV 

4 Panelbowd. 24 ckts, 225Amans, I20V 

5 1/C ilf250kcmil. feeder cable, XLP 

6 Ca:>le termnations for #250 kcmil 

7 Cable tray, ventilated ard lirq:,rooled w/ littiros 
roscpporis 

e G1oi.n::1 wire. 1/c #250kcmll inch.ding cCrlnections 

9 Potta:>le Eye Wtsh. misc 

TOTAL DIRECT COST 

SALES TAX @8.25% on matel1al 
FREJGHT COST ALLOW#ICE 
INDIRECT COST @ 35'1. a, L100r S orly. 
CONTINGENCY @10% 
ENGINEERING ANO MANAGEMENT COST@ 10% 

- - - - -

Table 7-5 
Battery-PCS System Cost Summary ($1993) 

QTY UNT UNIT COST TOTAL 
MEAS MTL MHH AlLUYY MHR 

e ea 75,000.00 320.00 1920 

576 ea 50.00 1.00 576 
288 ea 0.35 lncld. 
280 ea 0.65 held 

12 lots 300.00 held 

1 ea 4,000.00 30.00 30 

, ea 2,!00,00 48.00 48 

1,6)() II 3.B> 0.18 288 

96 ea 65.00 4.00 384 

500 H 18.00 2.50 1,250 

250 H 2.50 0.40 100 

1 lot 1,000.00 

-----
4,008 

- - - - -

PROJECT DESCRIPTION TRPNSBAY TUBE POWER QUl'I.ITY STUDY 
CLIENT: BAY AREA RAPID TRPNSrT Cl STRICT (BAAT) 

LOCATION _ S#-1 E.IW-!CLS_CO AA~l'I.IFORNA 

SIM~ <-------· COSTS IN 1993 S ----> TOTAL 
MAl~HIA.l LAnuH ALLOW COSTS 

37.12 450,000 71,300 521,300 

37.12 26,800 21,400 50;200 
100 100 
160 180 

3,6)() 3,BJO 

37,12 4,000 1,100 5,100 

37.12 2,!00 1,6)() 4,300 

37.12 8,C'60 10,700 16,760 

37.12 8,240 14,300 20,540 

37.12 8,000 48,400 54.400 

3,700 I 
I 

37.12 825 4.325 

1,000 1.000 

----- --- -- --- -- -----
511,125 170,700 681.825 

42,170 42.170 
6,COO 6.COO 

59,750 59,750 
78,970 
86,870 

Rourdir,.;i 415 

ENERGY STORAGE SUBSfSTEM 956,COO 

OC INTERFACE SUBSYSTEM 304.COO 
- -- --

TOTAL SYSTEM COST 1.260,000 

.. - - - - - -
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Table 7-6 

Economics of Battery-PCS System ($1993) 

Capital Costs 
Materials 
Labor 
Batteries 

Operating Costs 
Materials 
Labor 

Maintenance Costs 
Materials 
Labor 
Batteries 

Battery Replacement Costs 
Labor 
Batteries 

Levelized Annual Revenue Requirement 

Estimate Basis: 
Start-up: 
Plant Life: 
Battery Life: 

February 1993 
February 1993 
20 years 
6.67 years 
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Estimated Cost 

Debt Rate: 
Discount Rate: 

Escalation Rates: 
Materials: 
Labor: 
Batteries: 

$683,000 
542,000 

34,000 

$185/year 
$0/year 

$0/year 
$4,400/year 

$450/year 

$43,200 
33,176 

$133,000 

6.5% 
6.5% 

4.5% 
5.0% 
3.0% 



Regulation 

No. of Cells 

Length 

Capital Cost (w/o interface) 

LARR 

Replacement Battery Cost 

RECTIFIER SYSTEM 

Design Basis 

Table 7-7 

Comparison of Battery Designs 

Battery-Only DC-Battery 

6% ---0.5% 

1,440 768 

458 feet 122 feet 

$558K $1,276K 

$120K $174K 

$191K $102K 

Battery-PCS 

-0.5% 

576 

232 feet 

$956K 

$133K 

$76K 

Bechtel also evaluated solutions to the BART transbay tube voltage sag problem using conventional, 

non-storage equipment. Addition of a traction rectifier at the tube midpoint (MCG) was selected as the 

most promising non-storage solution and evaluated in detail. (The contact and running rails in the tube 

have been designed to lower their resistance, and adding more conductor did not appear to be cost 

effective.) What Bechtel evaluated was not a standard, continuous-duty rectifier, but rather a rectifier 

which could be far more compact and inexpensive owing to its being used only in pulse-duty mode, as 

were the energy storage systems described previously. 

The rectifier was specified to meet the same requirements as the energy storage systems: delivery of up 

to seven pulses at 800 V with a peak current of 4,000 amps, an energy of 8 MJ, a pulse duration of 

5 seconds, and 90 seconds between pulses. This duty cycle is less severe than conventional traction 

rectifier specifications: basically components can be run at ratings far above their thermal limits for 

continuous use when they cycle on for such brief periods. However, the rectifier is also required to be 

sufficiently compact to enable its installation in the gallery of the transbay tube, a requirement which is 

more severe than for conventional traction rectifiers. 

The basic performance of a rectifier at MCG was modeled along with the Battery-Only system. A 

conventional 6% regulation was used. This results in a voltage span of 50 V, for a current variation of 

zero to 4,000 amps. 
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System Design 

Telephone discussions and meetings were held with IMPulse NC, Inc., of Mount Olive, North Carolina, a 

manufacturer of traction rectifiers, compact mine rectifiers, and similar equipment. IMPulse indicated 

that it could fabricate the required equipment. Its initial design was based on a 15-kV AC supply 

(Figures 7-10 and 7-11). However, the peak power involved, 3.2 MW, is more than could be supplied by 

the 12.7 kV available at the west ventilation structure and therefore requires that AC power be supplied 

at 34.5 kV. IMPulse revised its design, but not the equipment layout drawing. This drawing was marked 

up by Bechtel to reflect the final design. 

The largest item of equipment is the rectifier. transformer, consisting of three dry-type, single-phase 

units. The individual transformers can be moved through the gallery door. The transformer cabinet is too 

large to fit through the doorway, and must be assembled in place. The completed transformer cabinet is 

168 inches long by .48 inches deep by 76 inches tall. The rectifier cabinet is as illustrated, 96-inches long 

by 42 inches deep by 76 inches tall. The 15-kV breaker was replaced by a 34.5-kV breaker. This is more 

compact than a standard breaker cabinet, which would be 5 feet wide by 7 feet deep by 7 feet tall. For 

this location, a customized cabinet would have to be no more than 4 feet wide. The transformer weighs 

15,000 pounds, and the rectifier unit weighs 10,000 pounds. 

In the Bechtel design, AC power for the rectifier is supplied from the Baytube East Substation (KTE). 

Modifications to the existing KTE substation are required to terminate the 34.5-kV cables. The 

connection is made at breaker KTE 252-1. Three 250-kcmil single-conductor cables are installed in a 

6-inch rigid galvanized steel conduit from KTE to the gap breaker station (MCG). The conduit is wall

mounted in the lower gallery. Cable splice boxes are provided every 2,500 feet between MCG and KTE. 

Cable shields in the splice box located at the midpoint are grounded through spark gap arresters. The 

34.5-kV cables will be connected to the new 34.5-kV, 1,200-amp main breaker located at MCG. The 

main breaker is furnished with protective relays. 

Modifications to this Bechtel design could lower the costs of a rectifier solution. First, Bechtel specifies 

three 250-kcmil cables. This meets the BATC specification for rectifier transformer substation feed. 

However, it is wildly oversized for this pulse-duty application. Cable size could be decreased, and 

conduit size decreased: since the lion's share of the rectifier cost is in cable and cable-pulling labor, this 

could net appreciable savings. (BART may have space in existing conduit, which would provide a further 

dramatic cost reduction.) As a separate issue, it may also be unnecessary to include spark gap arresters in 

an underground installation. BART will need to evaluate the appropriateness of BATC standards for this 

unusual application. 
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As for the battery energy storage systems, the output of the rectifier is connected to the BART rails 

through the DC interface subsystem. 

Cost Estimate 

Cost estimate details for the Rectifier system are shown in Table 7-8. The basis of the estimate is the 

same as for the battery system cost estimates. IMPulse estimated the cost for the rectifier system to be 

$220K, FOB North Carolina. This cost includes a negative disconnect, and the cost of the equivalent 

disconnect in the DC interface subsystem is deducted from the rectifier cost in the table. 

Other Cost Factors 

The major operating cost is due to magnetization losses in the rectifier transformer. These are estimated 

to be 35 MWh per year and, at $0.10/k.Wh, lead to an operating cost of $3,500 per year. Maintenance is 

estimated to require 40 hours, for an annual maintenance cost of $2K. The LARR of the rectifier system 

was calculated to allow comparison with the battery systems which require periodic cell replacement 

expenditures. The estimated LARR of the rectifier system is $219K. Details are presented in Table 7-9. 

CONCLUSIONS ON BATTERY AND RECTIFIER DESIGNS 

The capital costs and LARR for the five systems evaluated are summarized in Table 7-10. The Battery

Only system is the low-cost approach despite the large cost associated with periodic replacement of the 

battery. However, its regulation and footprint may be unacceptable to BART. The Battery-Only design 

has a 6% regulation, as does the rectifier system, which means that it needs to switch in to operation 

50 V above the minimum tolerable voltage to support a load of 4,000 amp at 800 V. 

The three PCS-based designs ("DC-Battery," Battery-PCS, and SMES) are able to maintain a constant 

800-V output, plus or minus "a few volts" from zero to full current. It may be possible to design a 

rectifier system with 4% or even 3% regulation, but it is unlikely that it would fit into the gallery of the 

transbay tube. The Battery-Only system could be designed to have any practical regulation by increasing 

the number of parallel strings. Some 84 strings of Delco 2000 modules would be required to attain 1.5% 

regulation (with a corresponding increase in cost and footprint). 

In general, PCS-based designs would deliver up to their rated current (e.g., 4,000 amps), and then 

protective circuitry would limit the current to the rated value despite any further decreases in load 

resistance. The Battery-Only and rectifier systems could continue to increase current beyond the rated 

4,000 amps as load resistance decreased, but with a decreasing voltage. The ratings of the rectifier diodes 

would likely limit the maximum current from the rectifier system. Attaining the 6% regulation with the 
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QlY BY: ENGINEERING 
EST BY: A. H. ll.MOGELA 
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ITEM DESCRIPTION 

1 34S kv 1200\ Ve:uum Cln:: uit Breaker 

2 3 MW Tra,sfo,mer/Rectifier Lnit 

3 Spark Gap Arres1ers 

4 fl Rigid galva,lzed steel c0'1CiJII w/ figs. & a.ppts. 

5 Metal Splice Box, 2'H x 4'W x 18'1., nama 4 

8 1/c #250 kcml, 34.5kv EPA m.ilated 

7 35kvceble lermlnatlons 

8 34.61<v Splice Kits 

9 Allowarc e for misc. modifications to exlstirg equ~t. 
(a.g. St.bsta KTE, SCl'DA@ LMA, et:.) 

10 Oeductfor negativedlscomect 

TOTAL DIRECT COST 

SALES TAX @8.2!Jlf, on material 
FREIGHT COST ALLOWANCE 
INDIRECT COST@ 35,-. on Lltx>r S crly. 
CONTINGENCf @10% 
ENGINEERING ANO MANAGEMENT COST@ 10% 

- - - - -
Table 7-8 

Rectifier System Cost Summary ($1993) 

QTY UNT LNITCOST TOTAL 
MEAS MTL MHR ALLurv MHR 

1 ea 45,000 120.00 120.00 

1 ea 220,000 800.00 800 

3 ea 2,5':Xl 20.00 eo 
10,000 If 35 0.ll8 9,8)() 

3 ea 3,000 38.00 108 

30,100 If !5.8) 0.14 4,214 

12 ea 100 18.00 192 

9 ea 1!50 20.00 180 

1 lot 25,000 

(1 ea 3,8)() 40.00 (40 

-----
15,434 

. 

- - - - - -

PROJECT DESCRIPTION: TRANSBAY TUBE POWER QU,tfTY STUO'r' 
CUENT: BAY AREA RAPID TRANSIT I) STRICT (BAAT) ~- 11 .... f'- V.----.'11 I ,.,.....,..,, .... 'V'-'r.-1 -~II Vfll'WI~ 

SIMI-A <-------· COSTS IN 1993S ----> TOTAL 
MAlt.HIAL LAl:IUH ALLurv COSTS 

4!5,000 4,5':Xl 49,500 

220,000 29,700 249,7'00 

7,BXI 2.3)0 9,7'00 

350,000 383,8)() 713,8)() 

9,000 4,000 13.000 

188,!SeO 158,'400 324,960 

1,:i!OO 7,100 8,3'.)() 

1,3150 e;100 8,050 

25,000 25.000 

, 
(3,800 (1,500 (5,300) 

----- ----- ----- -----, , 823,810 572,9JO 1,318,710 

87.1)80 87,9e0 
3,000 3,000 

200,520 200,520 
188,820 
183,5':Xl 

Roun:flng 490 

RECTIFIER SU3SYSTEM 2,019,000 

DC INTERFACE SUBSYSTEM 304,000 

-----
TOTAL SYSTEM COST 2,323,000 

-::·=:::J 



Table 7-9 

Economics of Rectifier System ($1993) 

Capital Costs 
Materials 
Labor 
Batteries 

Operating Costs 
Materials 
Labor 

Maintenance Costs 
Materials 
Labor 
Batteries 

Battery Replacement Costs 
Labor 
Batteries 

Levelized Annual Revenue Requirement 

N/ A = Not Applicable 

Estimate Basis: 
Start-up: 
Plant Life: 
Battery Life: 

February 1993 
February 1993 
20 years 
6.67 years 
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Estimated Cost 

Debt Rate: 
Discount Rate: 

$1,086,000 
1,236,000 

NIA 

$3,S00lyear 
-_ $0lyear 

$0lyear 
$2,000lyear 

NIA 

NIA 
NIA 

$219,000 

6.5% 
6.5% 

Escalation Rates: 
Materials: 4.5% 
Labor: 5.0% 
Batteries: 3.0% 
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Table 7-10 

Cost and Economic Summary 

Battery-Only DC-Battery Battery-PCS Rectifier SMES 

Capital Cost 
Energy Subsystem $558,000 $1,276,000 $956,000 $2,019,000 $1,565,000 
DC Interface 304,000 304,000 304,000 304,000 304,000 

Total $862,000 $1,580,000 $1,260,000 $2,323,000 $1,869,000 

Annual Electricity Cost $92 $185 $185 $3,500 $36,000 
Annual Maintenance Cost $9,000 $10,000 $5,000 $2,000 $12,000 
Battery Replacement Cost $191,000 $130,000 $77,000 NIA NIA 

LARR $120,000 $174,000 $133,000 $219,000 $242,000 

NIA= Not Applicable 

Battery-Only system required a large number of cells which are not deeply discharged in this application. 

The maximum cell current for this design (i.e., 4,000-amp pulses) is 200 amps. As can be seen from 

Figure 7-7, the cell is capable of 700 amps (or more for short pulses). This corresponds to a 14,000-amp 

system current, but at a voltage of 665 V. The present Battery-Only design could deliver up to 

8,000 amps while maintaining the voltage above the 750-V train chopper cutoff voltage. 

Bechtel used a higher cost for its PCS system than did any of the SMES vendors. Using the cost of the 

SMES PCS for the Battery-PCS system would lower the cost of this energy storage subsystem by 53% 

and decrease the LARR of the Battery-PCS system by 33%, to $90K. 

After completion of the designs and cost estimates, it was noted that the DC cabling and cable trays 

comprised a substantial part of some of the system costs (almost half of the Battery-Only direct costs). It 

is possible that a trade-off between battery rack costs (along with some increase in maintenance cost) and 

the low density designs used herein could lead to lower costs for the battery energy storage systems. (A 

more compact racked design would have shorter cable runs.) 

One aspect of the study relates to installations at locations other than the Trans bay Tube gallery. The 

gallery presents difficult working conditions. At a location that is readily accessible, a labor productivity 

factor of 1 would be used. This essentially cuts the labor costs in half and results in the capital costs 

shown in Table 7-11. Additionally, the costs for the rectifier system reflect a reduction in the length of 
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the AC feeder from 10,000 feet to 100 feet, which results in a major decrease in cost. The effect on 

maintenance and battery replacement costs were not calculated, but they would be similarly reduced. The 

numbers in the table neglect the costs of any building to house the system, a function provided by the 

gallery. 

Table 7-11 

Approximate Effect on Cost for Easily Accessible Site 

Battery-Only DC-Battery Battery-PCS Rectifier SMES 

Capital Cost 

Energy Subsystem $380,000 $1,088,000 $816,000 $436,000 $1,565,000 
DC Interface 218,000 218,000 218,000 218,000 218,000 

Total $598,000 $1,306,000 $1,034,000 $654,000 $1,783,000 

Percent Decrease 31% 17% 18% 72% 5% 

An ancillary aspect of the study relates to the incremental costs of an additional megajoule of energy 

storage and an additional megawatt of power. For the three battery systems and the rectifier system, 

Bechtel expects no additional cost for an additional megajoule (or several megajoules) of storage 

capacity, as long as the energy is delivered as more pulses and not as higher voltages or currents. 

However, that specification was per pulse, and would thus play into either the current or the duration of 

the pulse. 

Bechtel estimated the effect of providing an additional megawatt of power: The FOB cost of the rectifier 

was estimated to go up by about 20%, and the feeder cable size may have to be increased. But PG&E 

believes that the cable is already very much oversized for intermittent use, and that it could easily 

accommodate an additional megawatt. However, it may no longer be possible to fit the transformer into 

the gallery. The FOB costs of the power electronics portions of the "DC-Battery" and Battery-PCS 

systems would also increase by about 20%. The battery costs would not increase, but the ratings and 

costs of cabling, switches, and similar items in the storage and DC interface subsystems may increase. 

Approximately 25 (versus 20) parallel strings would be required for the Battery-Only case (maintaining 

6% regulation). A more definitive answer would require redesigning the systems. The increase in cost for 

the SMES system was estimated to be $55K, the increase in PCS cost at $55/kW. 
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Section 8 

COMPARISON OF DC TECHNOLOGIES 

MATURITY 

While there are substantial differences between SMES, battery, and pulse-duty rectifier designs within a 

given technology, there are even greater differences between technologies. One of the more dramatic 

contrasts is in maturity. 

SMES technology does not have long-term field experience. Lifetimes of superconducting magnets and 

cryogenic systems are extrapolated from the behavior of the magnets at Fermi Lab, where similar sized 

magnets have been operating for the past 15 to 20 years. But these are in a laboratory environment, clean 

and attentively maintained. The BART tube constitutes a significantly different environment: very dirty, 

difficult access, with drafts which will pull the sooty dust inside equipment cabinets. Recent experience 

with kaolin separation using superconducting magnets more closely approaches this element of the 

transit environment, and the experience there indicates good reliability and robustness, even in a dusty 

industrial installation. Thus, there are good reasons to believe that SMES technology can operate reliably 

in the tube environment. Batteries currently are used in the tube to power various auxiliary and standby 

equipment, so BART has experience with battery lifetime and maintenance in the tube. The pulse-duty 

rectifier would resemble other BART equipment, and its durability and operability in transit 

environments is not in question. As a public agency, BART places a very high value on reliability. 

SMES prices are far less certain than those of batteries or the rectifier. As a new technology, SMES is 

still at the top of its price curve and subject to significant price decreases. In a recent PG&E report (Lau, 

Pupp, and Schoenung 1993), Susan Schoenung of W. J. Schafer and Associates makes detailed cost 

calculations on the price of cold-supported SMES units over the coming decade. Her results indicate that 

the cost of a SMES unit in the 1- to 3-MW range, in constant 1992 dollars, will drop to one quarter of 

today's cost by the time 200 units are built. For one to a few second discharge times, this may drop to 

one-fifth of the present-day cost. About half of the price drop is expected to occur within the 3 years 

from 1992 to 1995. 

In interpreting these costs, it is not certain whether it would be appropriate to take the PDM cost and 

discount it to one quarter of its present value to obtain a price for the year 2002, or whether the starting 

value should be the present-day price of the SI system. A second uncertainty is whether the vendor

quoted prices for 1994 delivery should be considered to be base-year or third-year costs. Since 

Schoenung's cost-decline curve is based on manufacturing experience, it is likely appropriate to use 

8-1 



1994 as the base year, in light of the very few SMES sales to date. If indeed PDM costs wi II drop by the 

factor which Schoenung predicts, and if they are base-year costs as quoted, SMES will become an 

extremely attractive option for transit applications. Even if SMES costs drop only to one-fourth of the 

present-day SI prices (or to half of the PDM price), SMES will still compete very favorably with the 

other technologies considered in this report. 

ECONOMICS 

The cost estimates of the designs vary greatly in the level of detail, so in addition to the future cost 

decreases, there are uncertainties in the 1994 installation costs of the systems. The SMES system costs 

were determined on a less detailed level than either the battery or rectifier costs. Bechtel's determination 

of rectifier installed cost is likely to be highly accurate and comprehensive within its assumptions and 

choice of standards. Bechtel's determination of battery cost is very complete in terms of labor rates, 

productivity factors, and auxiliary equipment installation, but does rely on a minor level of extrapolation 

for some equipment prices: it should be quite solid overall. 

Among the SMES design teams, PDM alone includes installation of the unit in its pricing. The PDM 

response to the RFI states clearly that it includes system integration, transportation, installation, and 

checkout of the system in the Transbay Tube, using BART-provided transportation in the tunnel itself. 

This means that PDM would bear any penalty for error in its estimation of installation labor cost or 

productivity. On the other hand, the PDM price is clearly identified as a budgetary cost estimate rather 

than a quote for procurement. In favor of the reliability of the PDM price is the fact that most of the 

components of the PDM system are currently in commercial production and sold by the members of the 

team. 

Prices from SI do not include installation. However, because SI currently is actively marketing SMES 

units, and has sold some, the SI prices do reflect a true market price rather than a budgetary estimate. 

Westinghouse identifies its price as a budgetary cost estimate, not a bid. Because the company is still 

involved in refinement and detailed specification of its design, its prices are perhaps the least eertain of 

the three vendors. Westinghouse does not include installation in its cost estimate. 

In summary, the SMES prices are the least certain among the DC technologies by reason of the 

immaturity of the technology, the fact that some of the systems are first-of-a-kind for their vendors, and 

the unknowns of installation difficulty. 
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TECHNICAL ASPECTS 

The SMES, battery, and rectifier options meet the functional specification to varying degrees. Perhaps 

the issues of footprint, lifetime, and voltage drop at the device are among the more telling ones. Among 

these, footprint and lifetime are easily evaluated, but voltage drop at the device raises complex and 

important issues. 

System Footprint 

The SMES and Rectifier systems fit within the specified floor space (4 feet by 50 feet) of the functional 

specification to within a 20% tolerance (See Table 6-2). The rectifier is the most compact of all at 4 feet 

by 29 feet by 7 feet. However, the battery systems vary dramatically, ranging up to a floor length of over 

450 feet. 

Among the battery systems, the Battery-Only system, which is the least costly by about a factor of 2, 

would take 458 linear feet of the gallery, in a 2.3-foot swath along one wall. While this does not violate 

any physical constraint of the BART gallery, it exceeds by nearly an order of magnitude the preferred 

BART dimensions. This design was meant to probe the low price limits of battery support to voltage sag, 

but clearly fails to meet the footprint spec. Decreasing the length of the system by stacking the batteries 

in racks would correspondingly increase the price of the system, unless savings from decreased cable 

runs offset rack costs appreciably. The "DC-Battery" system, which combines rack-mounted batteries 

with modular power conditioning units, comes the closest to meeting the footprint specification at 

3.3 feet by 122 feet by 4.3 feet. It is also the most expensive of the battery systems, suffering the 

penalties of both multiple power conditioners and battery racks. However, this is still a factor of 2.4 

longer than BART prefers. The third battery system, the Battery-PCS system, comes in at intermediate 

values of both length and price: a system size of 3.5 feet by 232 feet by 6 feet results from lining the 

batteries up along the wall on the floor of the tube, without racks, beside their respective power 

conditioner cabinets. 

System Lifetime 

The system lifetime of the rectifier is 30 years, which is consistent with long experience with similar 

equipment. The lifetime of the SMES systems is expected to be a minimum of 20 years, which was the 

value in the functional specification. SMES system lifetime may significantly exceed that number, but 

experience with the components of this new technology is of insufficient duration to establish that with 

certainty. The battery systems will require replacement of the batteries themselves twice in the 20-year 

specified lifetime according to manufacturer expectation of battery service life. 
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Voltage Drop in Device 

Most important is the issue of voltage drop in the device as current is drawn: transit parlance calls this 

"regulation," whereas utility engineers refer to it as "voltage drop" (and save the term "regulation" to 

apply to a different phenomenon). Here the term is used to indicate the slope of the voltage vs. current 

graph with increasing current. As described in Section 7 on the Battery-Only design, the inherent internal 

resistance of the batteries will cause the voltage out of the system to drop as the current draw increases. 

This will have an unwanted effect: to support the track voltage at 825 V or above at MCG, for example, 

it will be necessary to have the battery system switch in at a track voltage of about 875 V. This may 

prove to be a problem because of overuse of the battery. In the normal rush hour operation scenario, case 

NNS, the track voltage drops to a value of 875 V somewhere in the MCG to KTE track segment in 40% 

of the train passages through the tube (see Figure 3-1 ). It drops to a value of 875 V in the MCG to MTW 

segment in 30% of the cases. Thus, in a significant number of the cases of normal rush hour train 

passage, the battery will actually switch into operation and support the voltage at tube center as rush hour 

trains pass. This could prove to severely limit battery lifetime. Although rough estimates by Bechtel 

support the feasibility of the design and the relatively low probability that this will be a problem, it is an 

issue which would bear further scrutiny if such a design were seriously considered. 

The pulse-duty rectifier system has a similar voltage vs. current characteristic, since both were designed 

to mimic the 6% voltage drop of the present-day rectifier substations. In the case of the rectifier, this is 

also an issue which would require further analysis. If, to support track voltage above 750 Vat locations a 

few thousand feet from MCG, the rectifier support voltage had to be set at 825 V, then the cut-in voltage 

would have to be set at 875 V. 

Transients which drop below 750 V are brief-usually 1 to 5 seconds, possibly as long as 11 seconds

but there are no statistics on duration of voltage drop below 875 Vat the gap breaker station. In some of 

the simulation results of train voltage versus track position, there are events in the tube where train 

voltage drops below 875 V for much longer than 5 seconds. For example, in case S 11 (the voltage 

collapse crisis with 775-V SMES support), where the voltage at MCG drops below 775 V for a total of 

13 seconds, it drops below 850 V for a total of 36 seconds during the 60 seconds following O?: 10. It is 

below 875 V for 45 seconds out of that minute. The resulting prolonged operation of the rectifier might 

cause it to exceed its thermal limits, which were established by the 5-second transient specification. This 

would more likely affect the semiconductor components than the transformer, with its large thermal 

mass. It could necessitate upgrade of the silicon-controlled rectifiers (SCRs), or it could decrease 

transformer life. 
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In that same case, the lead train (number 112, labeled "first in delay queue") traverses the distance 

between track location 20,000 foot and location 25,000 foot at a speed of 68 mph, which is I 00 feet per 

second. During that SO-second interval, the train experiences a voltage below 850 V for a total of 

25 seconds. If a traveling train experiences a fluctuating voltage of this level, then MCG, as a vulnerable 

location far from supply points, probably experiences voltage levels which are similar or worse. Even in 

case ND I (recovery from a delay at the Oakland Wye), train line voltage plotted against distance reveals 

a period of about 7 seconds when the voltage drops below 850 V just east of MCG. (This same case 

exhibits no sag below 750 V.) Thus, these events are found in many operational scenarios. 

Before specification of a pulse-duty rectifier could confidently be made, it would be necessary to 

quantify the actual duty which it would experience. If the transformers of the present design were shown 

to be thermally inadequate for the expected duty, it could pose size problems for a system design which 

would fit into the transbay tube gallery. 

For the SMES units and for the battery systems with power conditioning, voltage drop is not an issue. 

Owing to the characteristics of the power conditioning units, these systems can deliver up to their rated 

current at a very constant voltage (likely better than I%). Thus, the SMES systems, or the battery 

systems with power conditioners, will be able to switch in at virtually the support voltage level, rather 

than 50 V above it as with the rectifier and battery only systems, and as a consequence will support a 

significantly smaller number of events. 

Furthermore, in the case of SMES, no damage to the unit is expected under an overload scenario. In 

contrast to the rectifier case, where thermal ratings could be exceeded, or to the battery, where life could 

be shortened by overuse, if the SMES unit is charged, it will discharge when triggered. If a subsequent 

demand comes before recharge, the SMES unit will simply not support it. The number of pulses which a 

SMES unit can sustain before any lifetime limiting effects set in is likely to far exceed the number 

specified for 20 years of operation. Thus the unit lifetime is not compromised by system operation. An 

issue of refrigeration sufficiency could arise (from AC losses in the magnet) with very frequent discharge 

of a SMES unit. 

The battery systems with power conditioners ("DC-Battery" and Battery-PCS designs) will not be 

subject to the excess numbers of discharges which the Battery-Only system would have to endure owing 

to its high effective internal resistance. They will discharge only to forestall actual voltage sag events 

below motor cutout. Thus their lifetimes should be as specified. 
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RISKS 

Operation 
On the basis of PG&E' s in-house testing of an SI SMES unit in 1990-91 (Wenger and Heinzmann 

1992), SMES is highly likely to meet the technical specification and respond reliably to thousands of 

discharge cycles. SI experience with installing its units for AC industrial power quality applications over 

the past year support PG&E test results. On the basis of PBMQD computer simulations to date (see 

Section 3), sag events which need support will be spaced sufficiently for AC losses to be handled by the 

SMES refrigeration systems. 

Battery Lifetime 

The risk is very low that the batteries with power conditioners will be lifetime-compromised and thus 

perform below manufacturers specs. The risk is somewhat higher for the Battery-Only system, owing to 

the large voltage drop with current in the battery. Bechtel's rough calculations indicate that this is an 

unlikely problem. 

Seismic Sensitivity 

All the designs considered for this study appear to be robust from a seismic viewpoint. 

Rectifier Operation 

More information is needed to quantify the risk of thermal overload in the rectifier. It may be the crucial 

weak point in what otherwise appears to be a good conservative solution to the BART voltage sag 

problem in the transbay tube. 

SAFETY ISSUES 

DC Magnetic Fields 

The issue of electromagnetic field effects must be addressed in a discussion of SMES safety. There is 

significant public concern over the possibility that power frequency (50-60 cycle) electromagnetic fields 

might cause deleterious health effects. The jury is still out on that issue, with well-designed, large-scale 

studies showing conflicting results. Furthermore, this study does not deal with power frequency fields. 

The SMES unit would have a DC, or static, magnetic field when it was in a charged state (i.e., a 

magnetic field whose direction and magnitude are constant in time). In the period of charge or discharge 

of a few seconds several times a week, there would be a transient field of constant direction but changing 

magnitude as the magnetic field grew or collapsed. As a train passed the device, it would experience a 

time-varying field owing to traveling through the space-varying field of the magnet. To what can we 
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compare these fields? Could they be decreased? What are their magnitudes? Are they a cause for 

concern? 

These fields can be compared to the static field of the earth, to which we all have lifelong exposure, and 

we can compare them to various standards which have been proposed. The magnetic field of the earth is 

roughly half a Gauss at the surface. Magnetic field is measured in Tesla or Gauss (1 Tesla = 
10,000 Gauss). Safety guidelines for exposure to static magnetic fields have been published by the 

American Conference of Governmental Industrial Hygienists. The static magnetic field experienced 

during an MRI scan (magnetic resonance imaging; for routine medical diagnosis) is 1-2 Tesla. The 

guideline states the following: 

Routine occupational exposures should not exceed 60 milli-Tesla (mT), equivalent to 
600 Gauss, whole body or 600 mT (6,000 Gauss) to the extremities on a daily, time
weighted average basis. A flux density of 2 Tesla (20,000 Gauss) is recommended as a 
ceiling value. Safety hazards may exist from the mechanical forces exerted by the 
magnetic field upon ferromagnetic tools and medical implants. Workers having 
implanted cardiac pacemakers should not be exposed above 1.0 mT (10 Gauss). At 
higher flux densities, perceptible or adverse effects may also be produced resulting from 
forces upon other implanted ferromagnetic medical devices ( e.g., suture staples, 
aneurysm clips, prostheses). 

Other organizations have published their own recommendations. See Appendix A for a table of values 

and sources. 

External fields can be decreased. Magnetic materials such as iron or some steel can contain or shield 

magnetic fields. The iron used as reinforcement in concrete, such as in the sections of the Tans bay Tube, 

would also act to shield penetration of magnetic fields from the gallery to the track area. Joints between 

sections of the transbay tube are strengthened by half-inch boiler plate lining the gallery for a 15-foot 

section. Thus, there are possibilities for installing SMES coils where there would be significant shielding 

from the structure of the tube itself. Two of the vendors have proposed that the SMES device could be 

charged only "on demand," when the train control logic predicted that a voltage sag was likely. In that 

case, there would be no external magnetic field at all, except for the few brief periods each day or week 

when a low track voltage was anticipated, but advanced train control would be necessary. 

What is the magnitude of the DC magnetic field from a SMES unit? Three SMES designs have 

substantial differences in external magnetic fields. With its toroidal approach, the Westinghouse design 

has a remarkably low external static magnetic field of 10 Gauss at less than 2 feet from the cryostat (no 

external shielding). Thus, fields in the track area from the SMES unit would be comparable to the 
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magnitude of the earth's magnetic field. SI calculates that with its proposed shielding in place, its open 

solenoid configuration would give fields of l 0 Gauss or less in the compartment of a passing train, thus 

meeting the stringent pacemaker standard. The PDM design, an open solenoid with no additional 

shielding, would, in the absence of structural shielding, result in a DC field which exceeded l 00 Gauss 

within the nearer third of the track bore. The l 0-Gauss line, in the absence of structural shielding, would 

fall outside the confines of the tube structure. Detailed calculations would be necessary to determine the 

extent to which these fields would be decreased by the presence of structural rebar or boiler plate; it is 

likely to be a significant diminution of their magnitude. If it is assumed that the PDM single long 

solenoid could be installed in a boiler plate section, and that further shielding would cost roughly what 

the SI modular shielding costs, then at a supplemental cost of about $280K, the PDM external fields 

could possibly be dropped to values comparable to the SI design. Detailed calculations would be required 

to verify this hypothesis. 

What does this mean? The highest fields experienced by passengers from any of the SMES designs will 

be far below the occupational exposure limits. The Westinghouse and SI designs will observe the most 

stringent limit, that which warns pacemaker and prosthetic implant users. The PDM design may result in 

fields in the passenger compartment of trains which significantly exceed the 10-Gauss pacemaker limit. 

(Note: Recently, the American Conference of Governmental Industrial Hygienists has decreased the 

recommended exposure limit for static magnetic field exposure of the general unsuspecting public to 5 

gauss from the former 10-gauss value. This is in response to a recent study in Italy in which pacemakers 

from 15 manufacturers were tested for their operation in a static magnetic field. Pacemaker operational 

parameters are programmed from outside the body with a static magnetic field which activates a 

magnetic reed relay switch inside the device. Some were found to change state at values of magnetic flux 

between 5 and l 0 gauss, but none below 5 gauss. This indicates that SMES would need to be well 

enough shielded, or sited sufficiently distant from the track, for passengers to experience fields only 

below 5 gauss.) 

Workers in the gallery of the Transbay Tube would be much closer to the device than passengers of 

trains, and would experience higher static magnetic fields when the unit was charged. In the case of the 

Westinghouse toroidal units, this is not an issue, since even at a distance of 2 feet from the cryostat, the 

DC magnetic field is below a l 0-Gauss value. In the case of the SI and PDM solenoidal designs, there is 

a danger from the strong pull which the static magnetic field will exert on tools. A loosely held or 

carelessly placed wrench would tend to be attracted with an ever-increasing force towards the cryostat. 

SI suggests placing exclusion gates at either end of the SMES installation, which would trigger automatic 

discharge of the unit while any worker was in the exclusion area. Because there is only very light traffic 
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of personnel through the gallery, this is a practical solution. (The median week may see one worker walk 

the gallery from end to end, usually at midday.) 

Cryogenic Fluids 

All three vendors address the issue of escape of cold helium gas in the gallery. This is a concern because 

if helium were to displace air in a segment of the gallery, it would provide a suffocating atmosphere. The 

amount of liquid helium which would be present in the SI design is 600 liters in each of the four modular 

cryostats, for a total of 2,400 liters of liquid helium. (With a density of 0.12 g/cm3 at the boiling point, 

that helium would fill the gallery to a length of 870 feet at standard temperature and pressure in still air 

conditions. Ventilating fans at each end of the tube create a constant air flow in the gallery of 2,900 cfrn. 

Ignoring mixing, this would be a flow of only 40 linear feet per minute.) All three designs specify 

cryostats built to boiler code, so that they could maintain the helium under pressure as a gas. 

Battery Leakage 

Bechtel's battery designs have a plastic liner beneath the lead-acid batteries to contain any acid spills. 

Lexan plastic sheets are placed on top of the modules to provide for personnel electrical safety. The float 

voltage, charge regime, and temperature are anticipated to be below the TVG (temperature, voltage, 

gassing) curve, so hydrogen evolution should not occur. However, several hydrogen monitors are 

included in the design, and are interlocked to tum off the charger if hydrogen above 1 % is detected. This 

would eliminate the possibility that explosive concentrations of hydrogen could build up. The planned 

voltages are also below the threshold voltage for production of stibine, a poisonous gas. The design 

includes wall-mounted emergency eye wash stations in case of acid accidents. (Such eye wash stations 

also accompany some other, much smaller battery installations in the tube gallery.) 
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Section 9 

CONCLUSIONS AND RECOMMENDATIONS 

AC MONITORING 

This report has focused on the DC side of the BART electrical system and its interaction with train 

operations. A companion report, Monitoring the BART Baytube Traction Power System, describes the 

time-coordinated monitoring of both the DC and AC sides of the BART electrical system in the vicinity 

of the transbay tube (Heinzmann 1995). This monitoring occurred in the second and third quarters of 

1993. The complete test plan for that monitoring program appears in this report as Appendix F. 

In brief, that effort found that voltage sags at the center of the transbay tube were far less frequent than 

had originally been thought. So there is little likelihood that a wayside energy storage solution at MCG 

would eliminate the jerky train motions which were the impetus for this work. 

CONCLUSIONS 

This phase of the study has established a functional specification for a storage system to support the 

transient voltage sag problem in BART's transbay tube. A limited set of computer simulation runs has 

provided some quantitative understanding of the conditions under which low-voltage transients are likely 

to occur. Three vendors have provided conceptual designs of SMES units to meet the functional 

specification, and Bechtel has provided three battery system designs as well as a pulse-duty rectifier 

design. Economic comparison of the various solutions has been made. What conclusions can be drawn at 

this point? 

It is fairly likely that any of the seven design solutions to the low-voltage transient problem could 

technically solve the problem which was posed, although some questions remain on the functionality of 

the Battery-Only and rectifier designs. It is highly likely that either SMES or battery systems with power 

conditioners would work well. The battery systems have much larger footprints than specified. The 

SMES designs appear to be more costly than the battery and rectifier designs with present-day costs, but 

projections of costs over time indicate that SMES could be the least expensive technology 5 y~ars from 

now. However, the results of the companion study of time-coordinated monitoring on the BART system 

cast doubt that the problem addressed by this study is the problem which BART actually experiences. 

For this reason, a local transient energy source no longer appears to be a certain single solution to the 

jerky train motion which BART train operators report. 
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The level of complexity of the BART system has limited the scope of this study to a small set of the 

possible ways that low-voltage transients could be eliminated or reduced. A promising line of inquiry for 

BART could be to investigate the contribution which advanced train control (A TC) could make, either 

alone or in conjunction with a wayside energy source. It would be desirable for A TC to limit train 

acceleration rates when substation loadings were high, when track segment congestion occurred, or when 

a train stopped far from a rectifier substation. If SMES were still deemed desirable after implementation 

of A TC, then it would be helpful to have an A TC which would allow the SMES system to charge on 

demand (as referred to in Section 5); refrigeration load could be reduced by charging the unit only when 

use was anticipated, and savings on electricity consumption would subtract directly from the LARR for 

the device. Such charge-on-demand would also eliminate the DC magnetic field from the device except 

for its brief periods of charge (less than l % of the time) and thus aid in avoidance of controversy. 

If, in weighing the complexity of A TC, it is decided that a compact, transient, local energy source would 

still be a desirable adjunct to system operation, then the outlook for SMES is sufficiently favorable to 

warrant proceeding with a test phase. Such a test phase would allow the refinement of our quantitative 

understanding of the problem through further simulations and monitoring. This would improve our 

statistical knowledge of where, when, how frequently, for what duration, and to what depth, transient 

low-voltage conditions occur on the BART system. It is expected that SMES would be proven able to 

support some range of these sags. 

The Electric Power Research Institute (EPRI), our cofunder in this study, also has an interest in 

piggybacking a battery test on the SMES test at BART. This would utilize much of the same test plan 

and connection hardware. It would have the advantage of providing two qualified solutions from which 

BART could chose its preferred solution. 

RECOMMENDATIONS 

In the original plan for implementation of SMES at BART, it was planned to follow this study with, first, 

a test of SMES at the BART test track, and, second, a test installation of SMES on the BART revenue 

track at a surface location which suffers voltage sags. Both of these tests would have employed a leased 

sub-scale SMES device (smaller than described in the functional specification). 

In Phase IA, measurements at the test track would have determined whether voltage sag was mitigated at 

the set voltage of the SMES device, characterized single train loads, and quantified magnetic fields in 

trains passing the device. This test would have determined whether the DC magnetic field impacted the 

on-board train controllers, acquired field data to determine the simulation parameter refinements for the 
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SMES device, and performed AC monitoring in the transbay tube and at the test site on the revenue 

track. Additionally, the testing would have determined the hurdles to revenue track testing, selected a 

revenue track test site, and performed computer simulations of the BART line which included the 

selected site. 

In Phase 1 B, the same sub-scale device was to have been tested on the revenue track. This would have 

provided on-system operational experience with SMES. This activity would have acquired data on the 

number of carryovers, duration, energy supplied, etc. We would have obtained information on 

maintenance and reliability, and monitored magnetic fields on trains passing the SMES device. A refined 

specification and design for a BART-optimized SMES device and refined cost information for a full

scale test would have resulted, and simulations to test refined parameters would have been performed. 

In Phase 2, a full-scale SMES device would have been tested on the BART system. After qualification 

testing at the test track, it would have been placed on the revenue track at the same location where the 

sub-scale device had been tested, and would have been tested over several months. At the end of this 

testing, BART would have had sufficient cost and performance information to make a decision on 

procurement of SMES for permanent system support. 

However, because the results of the AC monitoring program (Heinzmann 1995) differ so markedly from 

the voltage profiles on which initial assumptions were based, and because of our insights from the 

simulations on the contributions which AA TC could make to mitigation of sharp transient loading of the 

system, it is no longer anticipated that we will proceed with these further phases. They are briefly 

outlined above only to aid others who may later scope similar applications. BART will benefit in its 

development of advanced train control and from the insights on train operations gained in this study. 
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FUNCTIONAL SPECIFICATION 

for an 

ENERGY STORAGE SYSTEM 

- - BART Transbay Tube Power Quality Study - -

BACKGROUND 

The Bay Area Rapid Transit District (BART) system includes a 3½_mile long tube under 
-

San Francisco Bay. Due to the relatively long distance between the traction rectifier 

substations at each end of the tube, the train voltage may drop to undesirably low levels 

under certain conditions. These conditions may include rush hour traffic and train 

delays, at present, and decreased train headways in the future. The train drive 

choppers will cut out if the voltage falls below 750 volts (for the nominal 1000-volt DC 

system). This results in jerky motion of the trains and increased maintenance, as well 

as passenger discomfort and anxiety. A study is currently being performed to evaluate 

energy storage and conventional equipment solutions to this voltage sag condition in 

the BART transbay tube. Both Superconducting Magnetic Energy Storage and Battery 

Energy Storage systems are being evaluated. The study is sponsored by BART, 

Pacific Gas and Electric Company's Department of Research and Development (PG&E 

R&D) and the Electric Power Research Institute (EPRI). 

ESS REQUIREMENTS 

General 

The ESS system shall be designed for unattended operation and control, a 20-year 

design life, minimum maintenance, 90% availability, and 90% starting reliability. 

Components shall be designed and installed in a manner to allow convenient access, 

safe operation and ease of maintenance. The ESS and its equipment shall be 

designed to ensure that normal ESS operation, faults or malfunctions will not affect the 

rail system or train operation, or result in an unsafe condition. 
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10 

Power and Energy 

Simulation modeling has been used to determine the parameters for voltage sag 

events, and to estimate the power and energy requirements for the energy storage and 

conventional solutions. Statistical variations in train operations preclude prescribing a 

precisely defined power or current versus time profile for the ESS discharge. The 

device must satisfy the following requirements: The ESS shall be capable of delivering 

an eight (8) megajoule pulse of energy. The pulse duration is five (5) seconds. The 

required maximum current is 4,000 amps. The ESS terminal voltage shall be 800 volts 

at the maximum current. This delivery voltage shall be field adjustable from 775 to 825 

volts. Even if the rail voltage drops below the set point, the SMES should continue to 

11 inject at maximum current until exhausted. 

12 

13 

14 

15 

16 

17 

The ESS shall be capable of delivering up to seven (7) such pulses with 90 seconds 

between pulses. The ESS may recharge between the pulses. There will be no more 

than one such series of seven pulses per day, and no more than 350 pulses per year. 

Recharge of the ESS at high power from the de rail system during rush hour train traffic 

1s can lower the track voltage to an undesirable level. Therefore, it is required that the 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

ESS design and/or its control system include provisions to prevent recharge from 

lowering track voltage below 825 volts. Possible options include: 

• Delay recharge from the tracks until the track voltage is above 850 volts for 

five (5) seconds and stop the recharge if the track voltage falls below 825 

volts. These voltage points shall be field adjustable ± 25 volts. 

• Recharge from the 4160 V AC auxiliary power line. This is subject to the 15 

kVA limitation on total power drawn from the auxiliary power line. 

• Recharge from 12.47 or 34 kVAc will be permitted, but this would require 

installation of a cable to the Baytube West (East) substation, approximately 

10,000 feet, and may make the ESS unduly expensive. 

• Any other recharge scheme/schedule that does not reduce the voltage on 

trains below 825 volts for the train schedules postulated. 
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Electrical 
The ESS shall be connected to the BART de track system. A simplified electrical single 
line diagram of the BART system in the area of the transbay tube is shown in Figure 1. 
The no-load voltage (e.g., no trains on the system) and braking maximum regeneration 
voltage are approximately 1160 volts. The light-load transition voltage is approximately 
1060 volts. The contact rails are positive and the running rails (tracks) are negative. The 
negative of the BART de system is connected to ground through diodes and contactors 
at each substation. This configuration can allow the track to rise up to about 125 volts 
above earth ground potential during normal operation. In the event of a flashover and 
fuse operation on train cars, transient voltages of up to 3,000 volts may be present 
between the positive and negative, and transient voltages of up to several hundred 
volts may be present between the negative and earth ground. The distance from the 
MCG (tube midpoint) and either the Baytube East or Baytube West rectifier substation 
is approximately 10,000 feet. From the midpoint to either rectifier substation the 
resistances are approximately 0.02 ohms for each of the two contact rails which are in 
parallel and 0.0218 ohms for the four parallel running rails . The available fault current 
at the ESS interface is approximately 60,000 amps. The UR is approximately 0.1 
seconds. 

The point of electrical power interface for the ESS positive terminal shall be the contact 
rail in the west-bound bore of the transbay tube at approximately the midpoint of the 
transbay tube. (The MCG tie breaker provides the connection between the east- and 
west-bound bores; see Figure 2.) The point of electrical power interface for the ESS 
negative terminal shall be the track in the west-bound bore. (Track cross-bonds in tube 
Sections 29 and 32 provide connection between the bores.) Spare conduits (but not 
cables) exist between the rails and gallery, and shall be used for connection of the 
ESS. Each 4-inch conduit can hold three 750 kcmil cables. 

The ESS shall include fault protection, a visible means of disconnect and lockout on the 
interface with the BART de power system. The fault protection shall be on the positive 
and may be a circuit breaker or a fuse. The fault protection shall be coordinated with 
existing BART equipment, shall be rated for de service and shall be capable of 
interrupting the 60,000-amp de fault current available at the MCG tie breaker. 
Disconnects shall be provided on both the positive and negative conductors. Non-load
break disconnect devices shall be key (or otherwise) interlocked to prevent opening 
under load. Disconnect conductor separation shall be clearly visible; flags or indicators 
are not acceptable. These disconnects shall be capable of being locked open for 
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maintenance work. The ESS shall include means of disconnecting upon receipt of a 
control signal from BART. 

The ESS design or a transient surge suppression device(s) shall protect the ESS from 
high-voltage transients which may occasionally be present on the BART system (from 
positive to negative). The ESS and/or surge suppression device shall be capable of 
withstanding and protecting against 3000 volts for 8 milliseconds or 6000 volts for 
50 microseconds with a 1.2 microsecond rise time. 

The impedance between the negative and ground in the ESS shall be greater than 
1 megohm (so as not to interfere with the BART ground fault detection system). 

The ESS ripple and/or ac voltage and current injection onto the BART de track system 
shall not disrupt BART signalling. In particular, BART signalling frequencies of 5184, 
5600, 5842, 5920, 6624, 7776, 8400, 8763, 8880 and 9936 Hz. shall be avoided and 
ESS injection of current at any of these frequencies shall be 30 ma or less. 

Wiring which may be exposed to mechanical damage shall be placed in galvanized rigid 
steel conduits. Positive and negative cabling shall be run in separate conduits and the 
1000-volt de power cabling shall have 5 kV insulation. Control wiring in the proximity of 
power wiring shall have 2 kV insulation. Insulations and jackets shall be flame retardant 
and shall be capable of passing the flame test of IEEE Standard 383. 

The ESS shall have no exposed current carrying or voltage bearing parts or surfaces. 

Polychlorobiphenyls (PCBs) shall not be used in transformers or other components. 

The ESS may draw up to 15 kVA of auxiliary (or charging) power from the 4, 160-volt, 3-
phase line existing in the BART transbay tube gallery. The system must include a 
suitable circuit breaker and enclosures, plus any step-down transformers needed by the 
ESS. The 4, 160-volt line is usually reliable, but the ESS shall disconnect from this line 
when the ventilation fans are operated in an emergency mode (power fed from one 
side). A signal for this will be provided by BART. If higher power is needed, a cable 
must be run to the 34 kVAc (or for up to 1 MW, to the 12.47 kVAc) in the Baytube 
West (East) substation, approximately 10,000 feet, or it must be derived from the BART 
de track system. 
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Additionally, the ESS may draw up to 400 watts (for instrumentation, datalogging, I 

2 

3 

controls, etc.) from the 120-volt, single-phase line existing in the BART transbay tube 

gallery. The system must include a suitable circuit breaker and a ground fault 

4 detection/alarm system. 

5 

6 

7 

8 

9 

10 

Appropriate warning signs shall be affixed to the equipment and cabinets which contain 

possibly dangerous high voltages. 

Controls and Monitoring 

The system shall be designed for remote and local automatic, and unattended 

11 operation. 
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-
The system shall include, as a minimum, the following three modes: 

Shutdown - de contactors/breakers open; non-critical power supplies 

de-energized; control system power may remain energized. This mode includes 

both normal shutdown and system trips requiring reset. 

Standby - de contactors/breakers open, non-critical power and control system 

power energized. 

Operate - contactors/breakers closed and system available to deliver power to or 

be charged by the BART de system. 

In the operate mode, the ESS shall automatically discharge if the track voltage falls 

below 800 volts. This initiate voltage shall be field adjustable from 775 to 825 volts. In 

the operate mode, the ESS shall also automatically recharge, subject to the ESS 

control system design and the limitations imposed on page 2. 

The ESS shall include provisions for an orderly and safe shutdown, even in the 

31 absence of BART-supplied power. 
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The ESS shall go to the shutdown mode under the following conditions and remain in 
the shutdown mode until a reset signal, either local or remote is initiated: 

• Front panel emergency trip switch 
• Remote disable (no reset required) 
• Absence of track voltage. 
• DC ground fault (equipment cubicles shall be relay grounded) 
• ESS internal control logic trouble 
• Equipment overtemperature 
• Internal smoke detector 
• Other ESS alarms 
• Interlocked door is opened. A "defeat" feature shall allow for maintenance 
• Failure to restart after 3 automatic restart attempts 

For faults or failures which are transient in nature, the ESS may attempt to restart after 
a 30-second time delay without requiring a manual reset. 

The following local controls shall be located on a control panel on or adjacent to the 
ESS: 

• On/Off control switch or pushbuttons 
• Emergency Trip (lock-out) pushbutton 
• Reset toggle or pushbutton. 
• Remote reset cut-out switch - local/remote control switch 

The ESS shall respond to the remote control signals to set/reset the mode. The control 
design shall be such as to prevent externally supplied or "front panel" local signals from 
causing the system to operate in an unsafe manner. 

The local control panel shall also include lights or other display devices to indicate 
system status/mode and the status of alarms (e.g., de ground fault, internal control logic 
malfunction, overtemperatures, door interlocks, etc.). A remote monitor panel shall be 
installed in the west ventilation structure and duplicate the local display readouts. 

All sensors and transducers shall be easily and safely accessible for calibration. 

Similarly, all test points in the ESS shall be easily and safely accessible for testing, 

maintenance and troubleshooting by BART maintenance personnel. 
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Control and instrumentation wiring shall be physically separated from power and high 

voltage wiring by use of separate compartments or enclosures, or by use of separate 

wireways and appropriate barrier strips within a common enclosure. Appropriate 

transducers and isolation shall be used between high voltage circuits, and control and 

instrumentation circuits. 

Mechanical/Physical 

The ESS shall be located in the gallery of the BART transbay tube, section 30. Figure 

2 shows the general layout of the tube and existing breakers and conduits, as well as a 

cross-section of the tube. The gallery is 9-feet tall by 8-feet wide. 

The installed ESS shall not project more than 4 feet from the wall (due to the need for 
-

passage of personnel and equipment) and shall not be more than 8 feet tall (to clear 

existing conduit and equipment). It is preferred that the installed ESS be less than 

50 feet long. 

The maximum size of any equipment module or component will be restricted by the 

door size of 6' 7"H x 3' 8"W and 8-foot gallery width. Additionally, plans for the 

installation of ESS components must take into account that no cranes or similar 

equipment exists in the tube. Temporary rigging for installation and maintenance will be 

allowed. 

The maximum floor loading for the ESS is 29 pounds per square inch. 

All components and installed equipment must be braced for Seismic Zone 4. 

All waste heat from the ESS shall be rejected to the air in the gallery. The air flow in 

the gallery is 2,900 cfm and the temperature in the gallery averages 590F (1 soc) and 

rarely ranges more than s°F above or below that value. For a non-tube location, 

ambient temperature can range from 170F to 110°F. 

Other Requirements 

Both Superconducting Magnetic Energy Storage (SMES) and Battery Energy Storage 

(BES) systems are covered by this functional specification. However, certain 

requirements are unique to each of these two types of systems. 
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Figure 2 General Layout of BART Transbay Tube in MCG Area 
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Superconducting Magnetic Energy Storage System Requirements 

2 Due to a lack of sufficient scientific evidence indicating precise biological effects or dose 
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responses associated with specific field strengths, there are few adopted standards for 

magnetic field exposures outside specialized environments at the present time. Other 

variables (such as time of exposure or time rate of change) may be more significant 

than field strength alone. However, the SMES system shall include shielding to 

minimize stray fields; appropriate warning signs shall be posted in the area; and 

manuals and training for BART personnel shall address exposure limits, as summarized 

below. These consist of a combination of the guidelines from U. S. Department of 

Energy [USDOE], Stanford Linear Accelerator Center [SLAC], and Lawrence Livermore 

National Laboratory [LLNL]. 

Field 

Strength 

(Tesla) 

0.001 

0.01 

0.05 

0.06 

0.1 

0.2 

0.5 

0.6 

2 

Exposure Criterion for Static Fields 

Exclusionary warning for pacemaker users; cautionary warning for 

prosthetic implants [LLNL] 

Whole body limit, 8-hour day exposure [USDOE] 

Action limit-Training & medical surveillance required; Sickle cell 

patients prohibited [LLNL] 

Time weighted average (TWA) exposure for trunk 

Extremities limit, 8-hour day exposure [USDOE] 

Whole body limit, short duration (minutes) [SLAG] 

TWA basis changes from 40-hour week to 8-hour day for fields in 

excess of this value [LLNL] 

TWA exposure criterion for the extremities [LLNL] 

Peak exposure criterion [all] 

In addition to these limits on static DC field intensity, limits on DC time-varying magnetic 
fields have been proposed based on limiting induced body currents to less than 0.01 
amps/m2. For critical regions (i.e., head and heart), this translates to 1.3 Tesla/second. 
The SMES system design shall be such as to limit stray fields to remain below this limit 
for both BART maintenance personnel in the gallery and passengers on passing trains. 
[Initial "zeroth"- order estimates for a 1 O kA, 2-foot coil indicate that the closest 
passenger passing the coil at 80 mph would be exposed to 4 x 1 o-5 Tes la/second, well 
below the proposed limit.] 
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The SMES design shall be such as to prevent BART maintenance personnel from 

exposure to cold or hazardous fluids or gasses and from touching cold surfaces that 

may cause injury. 

The requirement for an orderly and safe shutdown, even in the event of loss of BART

supplied power, includes coil quench. 

The SMES system design shall preclude the accumulation of suffocating levels of 

gases from the coil system in the event of failure or normal warmup for maintenance. 

Battery Energy Storage System Requirements 

The battery system design shall preclude the accumulation of dangerous 

concentrations of hydrogen. This shall include an alarm if the hydrogen concentration 

level exceeds 1000 ppm/v and cessation of charging if the hydrogen level exceeds 

2000 ppm/v. 

If the battery cells contain antimony or arsenic, the battery system design shall preclude 

the accumulation of stibine (SbH3) or arsine (AsH3) gases above the National Institute 

for Occupational Safety and Health threshold value-time weighted averages (TLV-lWA) 

of 0.1 ppm/v for stibine and 0.05 ppm/v for arsine. 

If the battery open-circuit voltage is above 600 volts, the battery system design shall 

include a sectionalizing switch to reduce the voltage to below 600 volts for 

maintenance. 
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Table B-1 

Overall System Design for PDM/GA/ACMI/CVI 

Net Effective Stored Energy, in MJ 9.65 MJ 

Peak Discharge Power Rating, in MW 4.7MW 

Recovery period between cycles, m:sec 6 to 80 SEC 

System Footprint, L x W x H in feet 50'x4' x 8' ± 
' 
System Weight, in pounds 27,000 lb 

System Lifetime, in years >30yr 

System cycle life, # of discharge cycles > 100,000 

Auxiliary power requirements, watts@volts 41.5 KW@ 120/240/480 V 

Seismic characteristics, installed. Zone4 

Date when a system could be supplied for test program: 3/94 -
month/year 

Conductor type 

Conductor length 

Number of turns 

Length of coil 

Inner Diameter of coil 

Table B-2 

Magnet Design for PDM/GA/ACMI/CVI 
9.65-MJ-Long Solenoid 

multi-element, Rutherford cable 

approx. 5000 meters of cable 

1500 

2.13 meters 

0.76 meters 

---

Maximum magnetic field strength in 4.6 Tesla 
coil 

Maximum current in coil 5700 amps 

Quench Protection: The magnet is designed never to quench and also to be fully 
self-protected in the event of an accidental quench. 

quench detection procedure precision balanced bridge 

dump procedure dump to a resistive element 

recovery time, procedure In the event of a quench, the magnet temperature reaches 
approx. 60K. The magnet is re-cooled with bulk cryogenics and 
refrigerator cooling re-established. This procedure takes about 
24 hours. 

damage detection If a quench damaged the magnet, the most likely damage is a 
short, which is detected by increasing the consumption during 
charge. 
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Table B-3 

Refrigeration design for PDM/GA/ACMI/CVI 

Type of refrigeration helium refrigerator 

Type of liquid coolant(s) liquid helium/gaseous helium 

Volume of coolant(s) gaseous helium, 55 tl:-' @ 20 Ann 

Expected rate for resupply of coolant(s), no resupply is required for 1 year 

. liters/time interval 

Cooling capacity of refrigerator, Wthermal 10 watts recondensation 

600 watts load stre~_cooling 

50 watts shield COQ.ling 

Duration of carryover in cold condition after loss of power 
to refrigerator, hr.min 

Current Lead material steel/brass/copper 

Current Lead features low heat leak in stand-by mode or operating 
mode with zero current 

Cryostat dimensions, L x W x H, in inches 100" X 44" X 80" 

Cryostat material stainless steel 

Cryostat weight, in pounds 4000 lb plus coil of 11,000 lb 

Electric load of refrigeration system, kW 40.75 KW (avg) 

65.75 KW max 

Duty cycle of refrigeration system continuous/variable capacity 

Projected annual electricity consumption of refrigeration 356,970 KW hr including water cooling and 
system, kWh instrument air 

Is refrigeration system commercially available? yes 

Is system shipped cold or warm? magnet can be shipped cold 

Can cryostat be tipped for diagonal entry into Tube gallery? yes, but not necessary 
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Table B-4 

Power electronics design for PDM/GA/ ACMI/CVI 

Recharge issues: 

Power source for recharge Track 

Setability of voltage level for recharge 850V±25 V 

M~um recharge power, MW l.3MW 

Criteria for recharge I magnet < 5700 A, 

860 > V track> 825 V, 

SMES = operate --
Discharge issues: ---
Ramp rate, MW/sec 80MW/sec 

Maximum discharge power 4.7 MW (5700 A, 825 V) 

Maximum discharge voltage 825V 

How do you avoid overvoltage at the end of discharge? Current chopper regulates discharge voltage 
to800V±25 V 

Other issues: 

Spurious current injection at signaling frequencies, < 20 mA at all signaling frequencies 
ma/specific frequency 

Are notch filters required? no 

Is there a warm bypass switch? yes 

Is there a cold bypass switch? no 
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Table B-5 

Switching and Fusing Design for PDM/GA/ACMI/CVI 

Fault protection: fuse or circuit breaker type Fast action circuit breaker 

Disconnect method Motoriz.ed disconnect 

Lockout type Kirk key interlocks 

TableB-6 

System Monitoring and Control for PDM/GA/ACMIICY! 
-

Permanent system monitoring --
Digital data link to control center Output current and voltage 

Digital data link to control center Magnet CWTent and voltage 

Digital data link to control center Fault detection system 

Early phase datalogging for research purposes: 

Lecroy oscilloscopes with mass storage via IBM PC Output current and voltage 

Lecroy oscilloscopes with mass storage via IBM PC Magnet current and voltage 

Thermocouples with a chart recorder Semiconductor temperatures 

Table B-7 

Maintenance Procedures for PDM/GA/ACMI/CVI 

Magnet Inspect and clean yearly 

Refrigerator, Cryostat, Leads Routine maintenance, inspect, replace worn 
parts and clean system yearly 

Power electronics Inspect and clean yearly 

Monitoring system, including calibration Calibrate yearly 

Special safety procedures for maintenance personnel Normal remote shutdown and manual safeing 
via Kirk key interlocks requires no special 
procedures. On-line maintenance will require 
high voltage and high magnetic field safety 
procedures. 
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Table B-8 

Capital Cost Estimates (in 1993 dollars) for PDM/GA/ACMI/CVI 

1993 delivery 1995 delivery 

Total System Cost, single unit n/a $1,620K 

Cost of Coil and Cryostat n/a $600k 

Cost of refrigeration system n/a $350k 

Cost of Power Electronics $560k 

Cost of fusing and switching $55 k 

Incremental Cost of additional 1 MJ of energy storage n/a --
Incremental Cost of additional 1 MW of power $55 k --capability -
Indirect costs, including design, engineering, assembly, n/a included 
transportation, management, fees, contingencies, truces, 
insurance, etc. (this may be lumped or broken out) 

Cost per unit in quantities of2-5 $1,400,000 

Table B-9 

Maintenance Costs Per Year (in 1993 dollars) for PDM/GA/ACMI/CVI 

1993 delivery 1995 delivery 

Total system $12k 

Refrigeration system $9k 

Power electronics $2 k 

Monitoring system $1 k 

Electricity Cost@ $0.1/kWh $36,000 

Daily operations (labor hours) 0 hr nominal with 
automated system 
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1997 delivery 

$1,580K 

$600k 

$380k 

$530k 

$50k 

$50k 

included 

$1,365,000 

1997 delivery 
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Table C-lA 

Overall System Design for Westinghouse (Unconstrained Site) 

Net effective stored energy, in MJ 9.3MJ 

Peak discharge power rating, in MW 3.2MW 

Recovery period between cycles, m:sec 1 min. 30 sec. 

System footprint, L x W x H in feet 27' X 13' X 9' 

System weight, in pounds 75,689 lb 

System lifetime, in years 20 

System cycle life, # of discharge cycles 7500 

Auxiliary power requirements, watts@volts 110 KW at4160 V --
Seismic characteristics, installed. TBD 

Date when a system could be supplied for test 6/94 
program: month/year 

Table C-1B 

Overall System Design for Westinghouse (Transbay Tube) 

Net effective stored energy, in MJ 9.3 MJ ( 3 x 3.1 MJ) 

Peak discharge power rating, in MW 3.2MW 

Recovery period between cycles, m:sec 1 min. 30 sec. 

System footprint, L x W x H in feet 61' X 3.83' X 6.0' 

System weight, in pounds 66,640 lb 

System lifetime, in years 20 

System cycle life, # of discharge cycles 7500 

Auxiliary power requirements, watts@volts I 10 KW at4160 V 

Seismic characteristics, installed. TBD 

Date when a system could be supplied for test 6/94 
program: month/year 
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Table C-2A 

Magnet Design for Westinghouse (Unconstrained Site) 

Conductor type NbTi Copper Stabilized Cable 

Conductor length 27,750 feet 

Number of turns 2304 

Height of coil 67.0" 

Inner diameter of coil 10.25" 

Maximum magnetic field strength in coil 5.5 Tesla 

Maximum current in coil 4000A 

Quench protection: --
quench detection procedure Voltage Taps 

dump procedure Isolate coil, dump coil through external resistor 

recovery time, procedure TBD 

damage detection Loss of vacuum, loss of cryogen, asymmetric coil 
voltage, temperature rise, helium vessel pressure 

Table C-2B 

Magnet Design for Westinghouse (Transbay Tube) 

Conductor type NbTi Copper Stabilized Cable 

Conductor length 3 X 13,500 feet 

Number of turns 3 X 2592 

Height of coil 26.0" 

Inner diameter of coil 8.72" 

Maximum magnetic field strength in coil 7.5 Tesla 

Maximum current in coil 4000 A 

Quench protection: 

quench detection procedure Voltage Taps 

dump procedure Isolate coil, dump coil through external resistor 

recovery time, procedure TBD 

damage detection Loss of vacuum, loss of cryogen, asymmetric coil 
voltage, temperature rise, helium vessel pressure 
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Table C-3A 

Refrigeration Design for Westinghouse (Unconstrained Site) 

Type of refrigeration Closed cycle Helium Liquefaction 

Type of liquid coolant(s) Liquid Helium 

Volume ofcoolant(s) 1640 liters 

Expected rate for resupply of coolant(s), liters/time 16 liters/hour 
interval 

Cooling capacity of refrigerator, Wthermal 114 watts at 4.6°K 

Duration of carryover in cold condition after loss of TBD 
power to refrigerator, hr:min --
Current lead material BSCC0-2212 

Current lead features HTSC lead, reduced heat leak 

Cryostat dimensions, L x W x H, in inches 67.5" X 67.5" X 109" 

Cryostat material Stainless Steel 

Cryostat weight, in pounds 21,343 lb. (includes cold mass) 

Electric load of refrigeration system, kW l00KW 

Duty cycle of refrigeration system 0.88 at 65% capacity; 0.12 at l 00% capacity 

Projected annual electricity consumption of 606,000 kWh 
refrigeration system, kWh 

Is refrigeration system commercially available? Yes 

Is system shipped cold or warm? Warm 

Can cryostat be tipped for diagonal entry into Tube Not Applicable 
gallery? 

C-3 



Table C-3B 

Refrigeration Design for Westinghouse (Transbay Tube) 

Type of refrigeration Closed cycle Helium Liquefaction 

Type of liquid coolant(s) Liquid Helium 

Volume ofcoolant(s) 270 liters/module, 810 liters total 

Expected rate for resupply of coolant(s), liters/time 16 liters/hour 
interval 

Cooling capacity ofrefrigerator, Wthermal 114 watts at 4.6°K 

Duration of carryover in cold condition after loss of TBD 
power to refrigerator, hr:min --
Current lead material BSCCO-2212 

Current lead features HTSC lead, reduced heat leak 

Cryostat dimensions, L x W x H, in inches 3 X (46" X 46" X 42") 

Cryostat material Stainless Steel 

Cryostat weight, in pounds 3 x 4098 lb. (includes cold mass) 

Electric load of refrigeration system, kW l00KW 

Duty cycle of refrigeration system 0.88 at 65% capacity; 0.12 at 100% capacity 

Projected annual electricity consumption of 606,000 kWh 
refrigeration system, kWh 

Is refrigeration system commercially available? Yes 

Is system shipped cold or warm? Warm 

Can cryostat be tipped for diagonal entry into Tube Yes, can be tipped completely on side 
gallery? 
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TableC-4A 

Power Electronics Design for Westinghouse (Unconstrained Site) 

Recharge Issues: 

Power source for recharge BART Third Rail 

Setability of voltage level for recharge ±25 V 

Maximum recharge power, MW 0.11 MW➔ 3.2MW 

Criteria for recharge Rail Voltage Above Set Point 

Discharge Issues: 

Ramp rate, MW/sec 3.2 MW/ 5 sec. ( 0.64 MW/~ec) 
-

Maximum discharge power 3.2MW 

Maximum discharge voltage Set Point (nominal 800 V) 

How do you avoid overvoltage at the end of Voltage Controlled Scheme - maximum discharge 
discharge? voltage = 800 V 

Other Issues: 

Spurious current injection at signaling frequencies, TBD 
ma/specific frequency 

Are notch filters required? TBD 

ls there a warm bypass switch? Yes 

Is there a cold bypass switch? No 
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Table C-4B 

Power Electronics Design for Westinghouse (Transbay Tube) 

Recharge Issues: 

Power source for recharge BART Third Rail 

Setability of voltage level for recharge ±25 V 

Maximum recharge power, MW 0.11 MW➔ 3.2MW 

Criteria for recharge Rail Voltage Above Set Point 

Discharge Issues: 

Ramp rate, MW /sec 3.2 MW/ 5 sec. ( 0.64 MW/§eC) 
-

Maximum discharge power 3.2MW 

Maximum discharge voltage Set Point (nominal 800 V) 

How do you avoid overvoltage at the end of Voltage Controlled Scheme - maximum discharge 
discharge? voltage = 800 V 

Other Issues: 

Spurious current injection at signaling frequencies, TBD 
ma/specific frequency 

Are notch filters required? TBD 

Is there a warm bypass switch? Yes 

Is there a cold bypass switch? No 
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Table C-SA 

Switching and Fusing Design for Westinghouse (Unconstrained Site) 

Fault protection: fuse or circuit breaker type Fuse and Contactor 

Disconnect method Noload Disconnect 

Lockout type TBD 

Table C-SB 

Switching and Fusing Design for Westinghouse (Transbay Tube) 

Fault protection: fuse or circuit breaker type Fuse and Contactor 

Disconnect method Noload Disconnect --
Lockout type TBD 

TableC-6A 

System Monitoring and Control for Westinghouse (Unconstrained Site) 

Permanent system monitoring 

{instrument} {measurement} 

TBD TBD 

Early phase datalogging for research purposes: 

{instrument} {measurement} 

TBD TBD 

Table C-6B 

System Monitoring and Control for Westinghouse (Transbay Tube) 

Permanent system monitoring 

{instrument} {measurement} 

TBD TBD 

Early phase datalogging for research purposes: 

{instrument} {measurement} 

TBD TBD 
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Table C-7A 

Maintenance Procedures for Westinghouse (Unconstrained Site) 

Magnet TBD 

Refrigerator, cryostat, leads TBD 

Power electronics TBD 

Monitoring system, including calibration TBD 

Special safety procedures for maintenance TBD 
personnel 

Table C-7B 

Maintenance Procedures for Westinghouse (Transbay Tube) 

Magnet TBD 

Refrigerator, cryostat, leads TBD 

Power electronics TBD 

Monitoring system, including calibration TBD 

Special safety procedures for maintenance TBD 
personnel 
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Table C-8A 

Capital Cost Estimates (in 1993 dollars) for Westinghouse (Unconstrained Site) 

1993 delivery 1995 delivery 1997 delivery 

Total system cost, single unit $ 3179 K TBD TBD 

Cost of coil and cryostat (includes vacuum, dump, $762 K TBD TBD 
& instrumentation systems) 

Cost of refrigeration system $411 K TBD TBD 

Cost of power electronics $642 K TBD TBD 

Cost of fusing and switching included in power TBD TBD 
electronics above 

Incremental cost of additional l MJ of energy TBD TBD TBD 
storage .. 
Incremental cost of additional l MW of power TBD TBD - TBD 
capability -
Indirect costs, including design, engineering, $ 1364 K TBD TBD 
assembly, transportation, management, fees, 
contingencies, taxes, insurance, etc. (this may be 
lumped or broken out) 

Cost per unit in quantities of2-5 $2444 K TBD TBD 

Table C-8B 

Capital Cost Estimates (in 1993 dollars) for Westinghouse (Transbay Tube) 

1993 delivery 1995 delivery 1997 delivery 

Total system cost, single unit $ 4870K TBD TBD 

Cost of coil and cryostat (includes vacuum, dump, $ 1436 K TBD TBD 
& instrumentation systems) 

Cost of refrigeration system $ 411 K TBD TBD 

Cost of power electronics $642 K TBD TBD 

Cost of fusing and switching included in power TBD TBD 
electronics above 

Incremental cost of additional 1 MJ of energy TBD TBD TBD 
storage 

Incremental cost of additional 1 MW of power TBD TBD TBD 
capability 

Indirect costs, including design, engineering, $ 2380 K TBD TBD 
assembly, transportation, management, fees, 
contingencies, taxes, insurance, etc. (this may be 
lumped or broken out) 

Cost per unit in quantities of2-5 $ 3903 K TBD TBD 
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Total system 

Refrigeration system 

Power electronics 

Monitoring system 

Electricity cost 

Daily operations (labor hours) 

Total system 

Refrigeration system 

Power electronics 

Monitoring system 

Electricity cost 

Daily operations (labor hours) 

Table C-9A 

Maintenance Costs per Year (in 1993 dollars) 
for Westinghouse (Unconstrained Site) 

TBD 

TBD 

TBD 

TBD 

TBD 

TBD 

Table C-9B 

Maintenance Costs per Year (in 1993 dollars) 
for Westinghouse (Transbay Tube) 

TBD TBD 

TBD TBD 

TBD TBD 

TBD TBD 

TBD TBD 

TBD TBD 
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Response to Micro-SMES 
Conceptual Design for 

BART Voltage Sag Problem . 

Superconductivity, Inc. 

January 15, 1993 



\ .. 

Overall System Design 

Superconductivity, Inc. (SI) proposes t.o make use of as much standard SSJ)4D 
equipment as possible, particularly for the "unconstrained" site. Thus, the price will 
be kept relatively low, and the system can be delivered in a short time frame. 
Therefore, the emphasis within this document will be placed on the application 
rather than the technology. 

Specifically, SI proposes t.o install a system of four identical magnets, each placed in 
::.ts own cryostat and equipped with a cryogenic refrigeration system. These four 
magnets will be connected in parallel t.o the tracks. For the unconstrained site, SI's 
standard (patented) voltage regulat.ors will be used t.o connect each magnet t.o the 
tracks, and four standard AC/DC magnet chargers will be used t.o charge the 
magnets. For the "Transbay Tube" (Tube), SI proposes to combine each voltage 
regulator and magnet charger into one two-quadrant chopper connected to the 
magnet and the tracks, so that the magnets can be charged directly from the tracks. 
DC motors powered from the tracks will be used for the refrigerat.ors, and the 15 
kV A AC power source will only be used for the control system. 

Figure 1 shows a sketch of the system for the Transbay Tube and the 
unconstrained site, including basic dimensions of the components and cabinets. The 
total system will fit into the designated space in the Tube. 

BART Transbay Tube 
------50 fL------

Unconstrained Site 

------50 fL------

Figure 1 
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Control. A current-to-voltage converter (or voltage regulator), permits the magnet 
to provide energy directly to the DC track system and obtain recharge energy from 
the tracks as well. 

The present implementation of this converter in Si's commercial SSD installations 
functions by using a gate controlled thyristor (GTO) switch in the external circuit of 
the magnet. A capacitor bank is connected, via steering diodes, in parallel with the 
GTO swit.ch. The voltage level in the capacitor bank is sensed by a control circuit 
which turns off the GTO when the voltage drops below a pre-set level and turns it on 
when the voltage rises above the upper setpoint. Each cycle of the switch transfers 
energy from the magnet to the capacitor bank. The capacitor bank, in turn, is the 
energy source for the load. As the voltage level in the capacitor changes in response 
to the load, the SSD's voltage regulator acts to maintain a pre-set level 
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to Capac~ Bank 
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Figure 2 

Figure 2 shows test data that illustrate the transfer of energy from the magnet to a 
load. The test floor system uses a motor drive SSD connected to a 800 kW(400 hp) 
motor-generator set. This particular test involved disconnecting the line input from 
the drive and allowing it to operate on stored energy from the magnet. The 
disconnection period spans the plot from 0.05 to 2.92 seconds. The drive output 
remains nearly constant while the swit.ching operation of the voltage regulator can 
be seen in the pulses of current into the drive's capacitor bank. The capacitor bank 
voltage shows a periodic variation in response to the energy transferred from the 
magnet. This voltage profile is similar to what the voltage of the tracks will be 
while the magnets are discharging when a train is passing by. Power drawn from 
the magnet is constant in this test. Of course, this current waveform will be 
different for the BART application because of the rapid increase and decrease of the 
required power. The control of the GTO swit.ch for this trackside application is 
explained in detail in the section on power electronics. 
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Operations. The SSD is designed for hands-off operation. The daily operation of 
the system can be remotely monitored by SI and, as an option, by BART. Important 
events are recorded by utilizing the onboard comput.er and data acquisition syst.em. 
The SSD's proven availability in field operations is well over 95%, thus exceeding 
the ESS requirements. Starting reliability is near 100%. 

The SSD has four modes of operation: 

1. Standby Mode-The SSD is in Standby Mode when the BART track voltage is 
normal and energy is stored in the magnet and available to provide power to 
the tracks. 

2. Tracks Support Mode-The SSD is in Tracks Support Mode when the voltage 
on the tracks falls below a minimum voltage and the available stored-energy is 
being delivered to the tracks. 

3. Recharge Mode-The magnets will be recharged provided the tracks voltage 
equals or exceeds 850 VDC. 

4. Shutdown Mode-The SSD is in Shutdown Mode when stored energy is not 
available for Tracks Support Mode or the SSD has been shut down. 

Table 1A: Unconstrained Site · 

Overall System Deshm 

Net Effective Stored Enerev, in MJ 8MJ 
Peak Discharge Power Rating, in MW 3.2MW 
Recoverv period between cycles, m:sec Less than 1 min:30 sec 

Svstem Footorint; L x W x H in feet 50' X 10' X 10' 
Svstem Weight, in oounds 40,000 lbs. (no shieldine:) 
System Lifetime, in vears >20 vears 
Svstem cvcle life, # of discharge cvcles > 1,000,000 
Auxiliary power requirements, 250 kW® 480 VAC 
watts®volts 
Seismic characteristics, installed. Conforms to Zone 4 
Date when a system could be supplied Eight months after date of order 
for test nroeram: month/year 
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Table lB: Transbay Tube Site 

Overall System Desil!ll 

Net Effective St.ored Energy, in MJ SMJ 
Peak Dischar~e Pow.er Ratinl?, in MW 3.2MJ 
Recovery oeriod between cvcles, m sec Less than 90 seconds 

-
Svstem Footnrint, L x W x H in feet 50' X 4' X 8' 
System Weight, in pounds 32,000 lbs. system and 80,000 lbs. 

shieldinl?. Total weieht is 112,000 lbs. 
System Lifetime, in years >20 years 
Svstem cvcle life, # of dischare-e cvcles >1,000,000 
Auxiliary power requirements, 80 kW@ 800 t.o 1000 VDC 
watt.s@volts 
Seismic characteristics, installed. Conforms t.o Zone 4 
Date when a system could be supplied 18 months after date of order 
for test oro2ram: month/vear 

.. 
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Regarding magnetic fields, SI has adopted magnetic field safety guidelines published 
by the American Conference of Governmental Industrial Hygienists (ACGIH). The 
1990-1991 Threshold Limit Values for Chemical Substances and Physical 
Agents and Biological Exposure Indices (ISBN: 0-936712-86-4), states: 

"Routine occupational exposures should not exceed 60 milli-Tesla (mT), equivalent to 
600 Gauss, whole body or 600 mT (6,000 Gauss) to the extremities on a daily, time
weighted average basis. A flux density of2 Tesla (20,000 Gauss) is recommended as 
a ceiling value. Safety hazards may exist from the mechanical forces exerted by the 
magnetic field upon ferromagnetic tools and medical implants. Workers having 
implanted cardiac pacemakers should not be exposed above 1.0 mT (10 Gauss). 
Perceptible or adverse effects may also be produced at higher flux densities resulting 
from forces upon other implanted ferromagnetic medical devices; e.g., suture staples, 
aneurysm clips, prostheses, et.c." 

The appropriat.e magnetic field limit for the general public is the 10 Gauss 
pacemaker limit. Sl's design philosophy for both the Transbay Tube site and the 
unconstrained site is to limit exposure to non-SI personnel t.o the 10 Gauss limit. In 
the Tube site this will require extensive magnetic shielding. Even with magnetic 
shielding, the field near cryostats will be too large to allow passage through the 
gallery with the magnets energized. At this conceptual phase we are envisioning 
the installation of gates at each end of the SMES system. Before personnel are 
allowed to proceed beyond the gates, they would have to de-energize the magnets. 

The magnetic field exposure at the unconstrained site can be limited to the 10 Gauss 
level by a combination of shielding and exclusion fencing. The unshielded 10 Gauss 
level for each magnet is at a distance of approximately 17 feet from the magnet 
centerline as shown in Figures 3 and 4. If available space at the unconstrained site 
will not allow exclusion for the full 1 7 feet, a shield can be used to pull the 10 Gauss 
line closer t.o the cryostat. The shielding in this case would not be as extensive as 
that required for t!te Transbay Tube application. 

All cryogenic components have been designed to stay within their elastic region 
during warm-up. No permanent deformations should occur on cool-down or warm
up. Therefore, warm-up, cool-down cycles should have minimal impact on the 
system's lifetime. 
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Magnet Design 

SI proposes to install a system of four identical magnets at the "unconstrained" site 
and in the Transbay Tube. Each magnet will be supplied in its own cryostat and be 
equipped with a cryogenic refrigeration system. 

The design operating current for these magnets is 1250 A. The energy stored in the 
magnet is dependent on the current and the ind1:=tance. The inductance of the 
magnet is about 3.8 Henries so when the magnet i~ charged t.o a current of 1250 A. 
the stored energy is 2.97 MJ. 

As shown in Figure 5, the superconducting magnet is constructed by winding cable 
made of niobium titanium/copper composite superconducting wires onto 11_ former. 
The winding is restrained at the top and bottom by the flanges. The ends of the 
cable are connected t.o busbars which are superconducting Nb3Sn and copper 
composite. These busbars connect to current leads in the upper part of the cryostat. 
The magnet is mounted into the cryostat with a lower mounting fixture and 
centered with a centering fixture. 

Figure 5 

Radial 
Support 

Winding 
Pack 

The superconducting magnet is designed for a lifetime of deep, highly repetitive 
discharge cycles. The superconducting magnet is of rugged design, existing in an 
inert and stable cold environment. While energized in this low-temperature 
environment, it suffers no mechanical, electrical or chemical degradation. 

As the magnet is charged, it will be compressed axially towards the midplain and 
expand radially outward. The radial support around the winding helps bear the 
radial load. At full charge, maximum axial stresses in the winding are about 17,000 
psi and maximum tangential stresses in the winding pack (due to expansion in the 
radial direction) are approximately 15,000 psi. 
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Magnets operating in similar stress regimes have accumulated 10 years of operation 
with one minute charge-discharge rates at Fermi National Laborat.ory with no 
observable degradation. 

Table 2A: Unconstrained Site 

MametDesim 
Conduct.or type Rutherford type cable composed of 

strands employing filamentary NbTi 
allov in a conner matrix 

Conduct.or length Proorietarv information 
Number of turns Ptoorietarv information 
Hei~ht of coil .A.nnroximat.elv 3 feet 
Inner Diamet.er of coil 28" 
Maximum maenetic field in coil 5T 
Maximum current in coil 1250A 

Quench Protection: 
quench detection procedure. Detection of a voltage imbalance 

between symmetric sections of the coil. 
dump procedure External contact.or opens and shunting 

resist.or absorbs energy in magnet. 
Vaporized helium is vent.ed int.o 
atmosohere. 

recovery time, procedure Magnet is cooled down t.o 20 K using 
integral refrigeration -system. Esti-
mated time: 48 hours. After 20 K point 
is reached, the cryostat is re-filled with 

- liquid helium and magnet is re-- enereized. 
damage det.ection If magnet damage is suspect.eel, a high 

voltage ringer can be applied t.o the 
external voltage taps. Asymmetric 
waveforms are an indication of 
insulation failure. 

. ~ 
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Table 2B: Transbay Tube 

Ma!!llet Desi1m 
Conductor type Rutherford type cable composed of 

strands employing filamentary NbTi 
alloy in a conner matrix 

Conductor length Proprietary information 
Number of turns Proprietarv information 
Height of coil Approximately 3 feet 
Inner Diam.et.er of coil 28" 
Maximum ma1rn.etic field in coil 5T 
Maximwn. current in coil 1250A 

Quench Protection: 
quench detection procedure Detection of a voltage imbalance 

between ,,n·.LU..U.letric sections of the coil. 
dump procedure External contactor opens and shunting 

resistor absorbs energy in magnet. 
Vaporized helium is stored within the 
cryostat. No helium is vented during 
quench event. 

recovery time, procedure Magnet is cooled down to 20 K using 
integral refrigeration system. Esti-
mated time: 48 hours. Mt.er 20 K point 
is reached, the cryostat is re-filled with 
liquid helium and magnet is re-
enentized. 

damage det.ectio_n ff magnet damage is suspected, a high 
voltage ringer can be applied t.o the 
external voltage taps. Asymmetric 
waveforms are an indication of 
insulation failure. 

Cryostat and Refrigeration Design 

Each cryostat and magnet assembly will be equipped with a refrigeration system. 
The following description applies to a single cryostat. 

The cryostat assembly is a vacuum-insulated vessel which contains the 
superconducting magnet in a bath of liquid helium. The cryostat assembly is shown 
in Figure 6. 

0-10 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

__ ,,c • 

. I 
I 
I 
I 
I 



Figure 6 

The inner (helium) vessel contains a reserve inventory of approximately 600 liters of 
liquid helium. This reserve inventory of helium allows for 40 t.o 45 hours of time in 
which the refrigeration syst.em can be shut down without the loss of magnet cooling. 
The cryostat is designed so that liquid helium can be transferred into it from a 
portable dewar. These dewars can be delivered within 24 hours in the continental 
U.S., therefore, ext.ending indefinit.ely the time the refrigeration system can be shut 
down, while keeping the SSD fully operational. Both inner and outer vessels of the 
Cryostat Assembly are construct.ed from stainless st.eel. The inner is an ASME code
stamped vessel constructed in accordance with the ASME Boiler and Pressure 
Vessel Code Section VIII, Division 1. The normal operating pressure of the inner 
vessel is 2.5 t.o 5 psig. 
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Table 3A: Unconstrained Site 

Refrie:eration desi1rn 

Type of refrigeration 1. Refrigerator: Process Systems 
(Koch) Model 1200. Collins cycle 
liquefier/refrigerator. 

2. Shield Cooler: Gifford-McMahon 
cvcle, sinele Sta2'e. 

Type of liquid coolant(s) Helium 
Volume of coolant(s) 750 liters ner crvostat (total 3000 liters) 
Expected rate for resupply of coolant(s), 250 liters per cryostat/year {total 1000 
liters/time interval lit.ers/year) during annual maintenance 

of refrigeration system. 
Cooling capacity of refrigerator, W thermal Refrigerator 4 liters/hr or 25W 

refri2'eration @ 4.2k. 
Duration of carryover in cold condition after 60hrs 
loss of nower to refrie:erat.or, hr.min 

Current lead mat.erial Conventional copper vapor cooled 
current lead. Current leads made with 
high temperature superconductors will 
be available in lat.e 1993. 

Current lead features Aut.omatic flow controller t.o roiniroi:ze 
helium flow rate. High t.emperature 
superconducting leads will be available 
in late 1993. 

Crvostat dimensions, L x W x H, in inches Cvlinder. 40" OD and 96" hie:h 
Crvostat material Stainless steel 
Crvostat weight, in Dounds 4,000 nounds 

Electric load of refrigeration svstem, kW 160kW. 
Duty cvcle of refrigeration system · 100% 
Projected annual electricity consumption of 1,401,600 kWh 
refrigeration svst.em. kWh 
Is refrigeration system commercially Yes 
available? -

Is svstem shinned cold or warm? Warm 
Can cryostat be tipped for diagonal entry Yes 
into Tube e:allerv? -
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Table 3B: Transbay Tube Site 

Refrigeration deshm 

Type of refrigeration 1. Recondenser: Gifford-McMahon 
cycle, 3 stage with final Joule-
Thompson stage. 

2. Shield Coolers: Gifford-McMahon 
cycle, single stae:e. 

Type of liauid coolant(s) Helium 
Volume of coolant(s) 600 liters oor crvostat (t.otal 2400 lit.ers) 
Expect.ed rat.e for resupply of coolant(s}, 250 lit.ers per cryostat/year (t.otal 1000 
lit.ersltime interval liters/year) during annual maintenance 

of refrie:eration svstem. 
Cooling capacity of refrigerator, W thermal 1. Recondenser: 3 W@ 4.2 K 

2. Shield Cooler: 200 W@ 55 K 
Duration of carryover in cold condition after 45hrs 
loss ofnower t.o refrie:erat.or. hr:min 

Current lead material Combination of metallic and ceramic 
superconduct.ors connected t.o a copper 
uooer stae:e. 

Current lead features The ceramic superconducting leads 
greatly reduce the heat input t.o the 
cryostat and allow a recondenser t.o be 
substituted for the Koch 1200. 

Crvostat dimensions, L x W x H, in inches Cylinder, 40" OD and 96" hie:h 
Crvostat material Stainless steel 
Crvostat weie:ht, m oounds 5,000 pounds 

Electric load of refrigeration system, kW 60 kW, t.o be drawn off DC rail system 
as long as voltage is above minimum 
value. 

Duty cycle of refri1?0ration system 100% 
Projected annual electricity consumption of 525,600 kWh 
refrigeration svstem, kWh 
Is refrigeration system commercially Yes 
available? 
Is system shinned cold or warm? Warm 
Can cryostat be tipped for diagonal entry Yes 
int.o Tube gallerv? 
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Power Electronics Design 

As noted before, SI proposes to use slightly modified standard voltage regulators and 
standard magnet chargers for the unconstrained site application. The voltage 
regulat.or consists of a GTO switch as shown in Figure 7 and a PWM controller. 
There are three modes of operation of the voltage regulat.or: 

1. Magnet Current F:-:ewheeling Mode: The GTO is kept on if the magnet current 
needs t,o be freewheeled. 

2. Magnet Discharge Mode: The GTO is switched on and off if the magnet energy 
needs to be discharged int.o the BART syst.em. The PWM controller senses the 
magnet current I and the DC voltage V anrl issues appropriate PWM turn-on/off 
signal t,o the GTO switch t,o vary the discharge duty cycle y and. therefore, the 
discharging average current and average power profile according t,o a predefined 
template as specified for the project. 

3. Magnet Charge Mode: The GTO is kept on and the magnet charger will charge 
the magnet at a voltage of 50V, which results in a recharge time of about 50 t,o 
60 seconds. 

Magnet 
Charger 

Superconducting I Io 
Magnet 

I 
I 
I 
I 

l"Y' 
I 
I 
I 
I 

I l 
I I 

1 · PWM Controller I 

+ 

E BART 
D.C. System 

M D.C. Current Transducer 

rn D.C. Voltaee Transducer 

Figure 7 

For the Transbay Tube application, each superconductive magnet will be charged 
and discharged through a voltage regulat.or consisting of a two-quadrant DC-DC 
chopper circuit. The modularity of the superconductive magneUvoltage regulat.or 
circuit guarantees independent control of energy transfer t,o or from each of the 
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magnets. This means that each of the magnets will have its own voltage regulator 
circuit. The schematic of the magnet and the voltage regulator connection is shown 
in Figure 8. The voltage regulator consists basically of two controllable swit.ches, 
Al and A2, and two diodes, D 1 and D2. 

Superconducting 
Magnet 

Dl 

A2 

Cont.roller 

Al + 
BART 

.....,-~------'I D.C. System 

D2 

Figure 8 

As in the unconstrained sit.e, there are three modes of operation of the voltage 
regulator: 

1. Magnet Current Freewheeling Mode: A2 turned on, Al turned off• Dl, A2 in 
conduction 

2. Magnet Discharge Mode: Al, A2 turned off• D 1, D2 in conduction 

3. Magnet Charge Mode: Al, A2 turned on ~ Al, A2 in conduction. 

The charging and discharging procession of the magnet will be controlled by pulse 
width modulator (PWM). The duty cycles consist of charging/discharging modes and 
freewheeling mode. An example will illustrat.e this aspect. The controllable 
swit.ches Al and A2 will be modulat.ed at a constant frequency close to 500 Hz. The 
constant swit.ching time period can be denot.ed by -r. When the magnet is being 
charged, A2 is always turned on (for the entire duration, -r) and Al is turned on for a 
duration of yr (y < 1). Thus, if the coil current has an approxim.at.e DC value of I 
and the DC syst.em voltage is V, the average charging power during the int.erval -r is 
(y) X( I) X {V). A control of the duty cycle y (by means of pulse width modulation of 
the swit.ch Al) therefore permits SI to control the average charging power and, 
hence, the magnet DC current profile. 

Recharging will start after the tracks' voltage has been above 850 VDC for 5 
seconds. The controls for the recharge cycle will be set so that the 90 seconds 
maximum recharge time will be met, while the track voltage equals or exceeds 825 
VDC (field adjustable +25 VDC). In the case of discharging the magnet, by keeping 
Al always turned off and pulse width modulating the duty cycle of A2 the magnet 
energy discharging curve can be tailored in a similar manner. 
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The controller senses the magnet current and DC voltage values and issues 
appropriate PWM signal patterns to turn on/off the controllable swit.ches Al and M.. 

Table 4A: Unconstrained Site 

Power electronics deshm 

Rechar~e issues: 
Power source for recharge ACnower 
Setability of voltage level for recharge Will not be charging from DC track 

system. 
Maximum rechame nower, MW 4 x 62.5 kW neak or 0.25MW 
Criteria for recharge NIA 

Dischar~e issues: 
Ramp rate, MW/sec Full power can be delivered in 

approximately 5 micro-seconds (delay in 
semiconduct.or device's swit.ching time is 
~ 5usec.). 

Maximum discharge 1>0wer 4000A@ 800V = 3.2MW 
Maximum discharge voltage 850V 
How do you avoid overvoltage at the Not Applicable. 
end of discharge? 

Other issues: 
Spurious current injection at signaling Not anticipated. Subject to further 
freauencies, ma/soecific frequencv analysis. See comments in text below. 
Are not.ch filters reauired? See comments on nage 16. 
Is there a warm hroass swit.ch? Yes 
Is there a cold bvoass switch? No 
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Table 4B: Transbay Tube 

Power electronics desim 

Rechar2"e issues: 
Power source for recharge DC Track 
Seta.bilitv of voltaE?e level for recharee 850VDC 
Maximum recharge power, MW 1.06 (4 sections to have staggered 

char2ine-) 
Criteria for recharge Magnet current< 1250 A and DC track 

voltage e! 850V DC 

Dischar2"e issues: 
Ramp rate, MW/sec Full power can be delivered in 

approximately 5 micro-seconds (delay in 
semiconductor device's switching time is 
-5µsec. 

Maximum discharE?e nower 4000A@ 800V = 3.2MW 
Maximum discharE?e voltaE?e 850V 
How do you avoid overvoltage at the Not Applicable 
end of discharE?e? 

Other issues: 
Spurious current injection at signaling Not anticipated. Subject to further 
freauencies, ma/". ·,.. c frequencv analvsis. See comments in text below. 
Are notch filters reauired? See comments below table. 
Is there a warm bY1>ass swit.ch? Yes 
Is there a cold bYDass switch? No 

Current Harmonics and Surge Suppression 

By choosing an appropriate switching frequency for the controllable switches, 
harmonic injection can be avoided at all of the specified critical frequencies of the 
BART signaling system. For example, if we chose 500 Hz switching frequency for 
the controllable switches, harmonics will be present at 5000, 5500, 6000, 6500, 
7000, 7500, 8000, 8500, 9000, 9500 and 10,000 Hz, besides some other harmonics 
which are beyond the BART signaling range. None of the above mentioned 
frequencies should interfere with the BART signaling system. However, a small 
capacitor bank will be added, as shown below in Figure 9, filter out the effect of 
harmonics in general. 

) .. 
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Superconducting 
Magnet 

Voltage 
Regulator 

Figure 9 

Inductor +.-------, 

Capacitor BART 
D.C. System 

The superconducting magnet and the voltage regulator semiconductor devices can 
withstand 3000 V surges without any extra prot:ection. The capacitor bank, 
hvlY'ever, will aid in the surge suppression mechanism. The voltage. regulator will be 
designed with a 6000 V voltage stand-off rating. If additional surge suppression is 
required, then an induct.or, as shown above, can be used. 

A detailed study of the project will include the evaluation of the possibility of adding 
a notch filter in addition t.o the DC capacit.or bank. The notch filter, if used, will be 
designed to prevent the injection of current harmonics in the range of BART 
signaling frequencies. 

Switching and Fusing Design 

The magnet system will connect t.o the BART rail system through a main circuit 
breaker. The break.er will be electrically interlocked to the ESS controller such that 
opening of breakers will inhibit the release of energy from any of the four magnets. 
The switching and fusing is shown schematically in Figure 10. The ESS controller 
will also be capable of opening the breaker on a command signal from BART. Since 
Si's magnet system is inherently current limited by the amount of current flowing in 
the magnets, the fault current and peak voltage· conditions cited in the ESS 
specification will govern the selection of the break.er. 

The individual (4) magnet/voltage regulator pairs will be connected t.ogether on a 
DC bus, which in turn connects them to the main circuit break.er. Each voltage 
regulator is connected t.o the bus through fuses and a manual disconnect switch. 
The fuses are electrically interlocked to the controller; if a fuse element opens, an 
indicat.or on the fuse signals the controller so energy cannot be released from the 
associated magnet. Likewise, the disconnect switches are electrically interlocked so 
that if they are opened, energy cannot be released. 
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Switching and Fusing Design 

Superconducting t 
Magnet 

Superconducting t 
Magnet 

Superconducting t 
Magnet 

Superconducting f 
Magnet 

Voltage 
Regulator 

Voltage 
Regulator 

Voltage 
Regulator 

Voltage 
Regulator 

(S1-S4)=M:annual Disconnects 
Non Load Break 
1500A Rating 
1500VDC Rating 

cr'\J, 500A Fuses 

CBl .,..,....._, 
1""'--c....-.--o I 

I 
I 
I 
I 
I 

~ 

Contact Rail 
@ (Westbound) 

BART Track 

9 Running Rall 
(Westbound) 

(CB1)=Electricaly Operated 
Main Breaker 
2000A Rating Continuous 

Figure 10 
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Fault protection: fuse or circuit breaker Main circuit breaker with fuses for each 
tvi e individual ma etJre at.or. 

Disconnect method 

i Lockout 

System Monitoring and Control: 

Electrically operated main breaker and 
manuall o rat.ed fused disconnects. 

Conventional lockout rin . 

Each magnet is controlled at the voltage regulat.or control panel. Control push 
buttons, select.or switches, level met.ers and indicat.or lights are mount.ad on the 
front of the voltage regulat.or. The layout is illustrat.ed in Figure 11 below. A 
remote monit.or panel will be installed in the west ventilation structure and 
duplicate these local display outputs. Control of the overall magnet syst.em will be 
provided with a controller similar t.o those in the voltage regulat.ors. It will control 
the sequence of operation among the magnets and also respond t.o control signals 
from BART. This provides the intermediat.e link between the magnet and the BART 
system. It will control the overall magnet system and response. 

SYSTEM STATUS 
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Figure 11 
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When the system is operating properly, as shown in Figure 11, only two indicator 
lights will be lit: COIL ENERGIZED and ENERGY AVAILABLE. The two meters 
will also verify normal operations: the COIL CURRENT meter will be at full scale 
with the indicat.or needle over 1, and the HELIUM LEVEL meter will indicate 
anywhere between 55% to 100%. There are twelve other indicating lights - six 
warning (yellow) and six fault (red) indicat.ors. Typically, the&3 lights will remain 
unlit. Interpretations of the warning and fault lights are given below: 

Warning lndicarors 

These conditions will not shut the system down, but may inhibit restarting it. 
Interpretations of the warning lights are: 

Controlled Stop: When the CONTROLLED STOP (yellow) button has been 
depressed. the coil current will start decreasing and this light will come on. When 
the system is in this state, the DC magnet charging power supply is no longer 
enabled. Magnet energy is being consumed by components in series with the 
magnet, primarily the GTO switch. 

VR Disabled: The select.or switch must be in the ENABLE position for the system 
to provide power when the BART tracks need it. If for some reason it is necessary to 
inhibit the discharge of the magnet, the selector switch is placed in the DISABLED 
position. The yellow light alerts the operator of tilis condition. 

Water Supply: There are several conditions which activate this light. The most 
likely cause is that the water chiller has failed to operate properly. The other most 
likely condition is lack of, or low, water flow through the GTO cooling block. If the 
system is shut down with the CONTROLLED STOP or EMERGENCY STOP button 
and the WATER SUPPLY indicator is lit, the system cannot be restarted until the 
water condition is.cleared. 

UPS: This UPS is used to back up the control and computer circuitry in ·the event of 
a long duration outage. If the light is blinking, the 120 V supply to the UPS is in 
question. If the light stays on continuously, there is a problem with the UPS itself. 

Refrigerator: The helium refrigerator perfor!Jlance is monit.ored by its own PLC 
control system. Different conditions can trigger this warning light. 

Helium Level: If the liquid helium level drops to 75% or less of the proper level, 
this light will be illuminated. This light will inhibit restart of the system. 

Fault lndicawrs 

These will de-energize the magnet immediately through a dump resistor in series 
with the magnet. The system is prevented from restarting until the fault is cleared. 

Four of the six lights-OVER-VOLTAGE, COIL QUENCHED, CRYOSTAT LEADS 
and OVERTEMP-are triggered by events which have a short lifetime. These 
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conditions are usually cleared by the time a restart is initiated. However, they do 
warrant investigation by an SI field service representative. The other two 
lights-DOORS and HELIUM LEVEL-are of a different nature. Their condition 
will still exist at the time of discovery. Interpretations of the fault light are: 

Overvoltage: An overvoltage condition across the capacitor bank will trigger a 
"crowbar" thyristor which short circuits the GTO swit.ch. The energy of the magnet 
is dissipated through the dump resistor. 

Coil Quenched: The- magnet developed a small voltage across it, i.e., part of it 
begins to leave the superconducting state. The energy is removed through the dump 
·resistor. This condition is not likely. 

Cryostat Leads: The cryostat leads connect the magnet to the room temperature 
conductors. The current flowing through them produces a voltage which is relat.ed 
to the amount of cooling they receive. If the voltage drop across one of the leads 
exceeds a preset level, this light is activated. The energy in the magnet will be 
dissipated through the dump resist.or. An SI field representative will investigate the 
shutdown. 

Overtemp: The temperature of the GTO swit.ches are monitored. If it rises above 
175°F, the light comes on. The magnet is de-energized automatically by dissipating 
the energy through the dump resistor. The most likely cause for this condition is loss 
of water cooling. 

Doors: The voltage regulator door has a Position Sensor Swit.ch. It is kept locked 
to prevent inadvertent access to the high voltage and current components~ If the 
door is not properly closed, the system cannot be started. If it is opened while the 
magnet is energized, all the energy will be dissipated in the dump resistor. The 
DOORS protective feature can be disabled with a swit.ch inside the Control Cabinet. 
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Table 6: Both Sites 

Svstem Monitorine: and Control: 

Permanent svst.em monit.orine 
Data Acquisition Syst.em (DAS): Measurements include: 
Industry standard PC in ruggedized Magnet, current(s) 
case monit.oring 16 isolat.ed analog Current transferred t.o train 
signals and 40 isolaed digital signals. Traclc voltage 

Helium syst.em(s) status 
Controller alarms 

Permanent syst.em control 
Controller: Allen-Rradley PLC Measurements include: 

Coil Status 
DC Overvoltage 
Magnet lead overtemperature 
GTO(s) overt.emperature 
Helium level 

Data logging: A t.elephone modem will be installed on 
the DAS for remot.e monit.oring of 
events and syst.em status. Additional 
data sampling channels can be provided 
for research purposes if needed. 

Maintenance Proce_dures 

Scheduled Maintenance. The SSD is a hands-off, maintenance-free syst.em from 
the user's perspective. All SSD syst.em maint.enance can be provided by SI. The 
SSD remains oii-line ready to provide power when du.ring most required 
maint.enance procedures. 

The status of all SSD support syst.ems is monit.ored continuously via the Data 
Acquisition Syst.em (DAS). Should a condition occur requiring the on-sit.e attention 
of an SI t.echnician, one will be dispatched within 12 hours. 

The SSD syst.em is relatively maintenance-free. The magnet has no moving parts, 
no electrochemical reactions or other processes that cause wear or require 
replacement. The voltage regulat.or consists principally of solid state devices, and 
should be periodically inspect.ed for dust, dirt and other contaminat.es which may be 
present. · 

Unscheduled Maintenance: Unscheduled maint.enance events will be addressed 
without delay by SI field service representatives. The onboard DAS will notify SI 
immediat.ely of any abnormal activity. SI will interrogate the SSD from its facilities 
in Madison and implement the appropriate response. 
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Sign ificant differences between the Transbay Tube and the unconstrained site in 
m 
per 

amtenance procedures are not foreseen at this time. Required training of BART 
sonnel will be minimal, because of Si's design philosophy and remote DAS. If so 
ired by BART, SI can provide the necessary training to re-start the system and 
outine maintenance on the refrigeration system. 

des· 
dor 

Mai ntenance Procedures: 

Ma~ et 

Re 
. 

frigerator, cryostat, leads 

Pow er electronics 

Mo nit.oring system, including 
ration calib 

Spe cial safety procedures for 
amtenance rsomiel 

. m 

Co st Estimates 

Table 7 

None 

Semi-annual maintenance on 
refrigerat.or; annual inspect5on of 
cryostat and lead connecticns. 

Semi-annual cleaning and annual check 
of connections. 

Semi-annual cleaning; annual check of 
connections. · 

De-energize magnet when working close 
to ostat. 

The 
Tr 

prices for the proposed systems specified in this proposal are $5,584,000 for the 
ansbay Tube installation and $3,408,000 for the unconstrained site. The price 

diffe rence is accounted for by the modifications t.o the standard SSD system for 
tallation in the Tube. One modification consists of increasing the cryostat vessel 
ssure rating sufficient to contain vaporized helium in the event of a quench 
bin the cryostat. The other modification is the incorporation of shielding to 
tain the magnetic field. Shielding costs are estimated as detailed design has not 

ins 
pre 
wit 
con 
been performed. Neither of these prices include site installation or operation and 

amtenance costs. 
. 

m 

We 
the 
vol 
in 
For 
redu 

anticipate prices will decrease in the 1995 and 1997 time frames. Estimates of 
se decreases are, however, highly speculative. Cost reductions achieved due to 
um.e production and design refinements of SSD systems may be offset by price 

creases in major components such as superconducting wire and stainless steel. 
planning purposes, 5% reductions in 1995 over 1998 pricing and a further 5% 
ction when comparing 1997 prices to 1995 may be reasonable. 
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As described earlier, the approach taken to meet the requirements of the Transbay 
Tube site consists of four parallel SSD modules each operating at 1250 A and storing 
2M J of available energy. 

For the unconstrained site the number of modules can be increased or decreased 
depending on the site requirements. Individual modules to be used in the 
unconstrained site ar.e priced at $850,000 each for 1993 delivery. The modules are 
capable of stand-alone operation. 

Table 8A: Unconstrained Site 

Cost Estimates (in 1993 dollars) 

Capital costs: 1993 1995 1997 delivery 
deliverv deliverv 

Total svst.em orice, sin2le unit $3,408,000 $3,238,000 $3,076,000 

Cost of coil and crvostat * * * 

Cost of refrigeration sv•m * * * 

Cost of nower electronics * * * 

Cost of fusin2 and switchin2 $115,500 $115,500 $115,500 

Incremental cost of additional 1 MJ of $100,000 
enel"l?V stora2e 

--
Incremental cost of additional ! MW of $850,000 
nower caoabilitv 

Indirect costs, including design, Included in Included in Included in 
engineering, assembly, transportation, price. price. price. 
management, fees, contingencies, taxes, 
insurance, etc. (this may be lumped or 
broken out) 

Cost per unit in auantities of 2-5 · 10% discount 10% discount 10% discount 
*Proprietary information 
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Table SB: The Transbay Tube 

Cost Estimates (in 1993 dollars) 

Capital costs: 1993 1995 1997 delivery 
deliverv deliverv 

Total svst.em orice, sine:le unit $5,584,000 $5,305,000 $5,040,000 

Cost of coil and crvostat * * * 

Cost of refrigeration svstem * * * 

Cost of nower electronics * * * 

Cost of fusing and swit.chine: $115,500 $115,500 $115,500 

Incremental cost of additional 1 MJ of $100,000 
energy storae:e. 

Incremental cost of additional I "MW of $1,400,000** 
oower capability 

Indirect costs, including design, Included in Included in Included in 
engineering, assembly, transportation, price. price. price. 
management, fees, contingencies, taxes, 
insurance, etc. (this may be lumped or 
broken out) 

-
Cost per unit in auantities of 2-5 10% discount 10% discount 10% discount 
*Proprietary informati.on 
**Requires the use of another 18 ft. of tunnel space beyond the 50 ft. being used for 
the proposed system. 
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Table 9A: Unconstrained Site 

Maintenance Costs per year: 

Total svstem $12,000* 

Refrie:eration system ~ $8,000 

Power electronics-
~ ~$4,000 

Monit.oring system 

Electricitv Cost* $35,700 

Dailv ooerations Oabor hours) 

* Labor costs only (excludes travel costs). Total system includes power electronics, 
monitoring and regrigeration 
..,,Based on 6,/Kwh 

If the helium liqueficatio:o. system is used for the unconstrained site, the electricity 
cost becomes $88,300/year. 

D-27 



Table 9B: Transbay Tube Site 

Maintenance Costs per year: 

Total svst.em * $12.000* 

Refriizeration svstem ~ $8,000 

Power electronics-
-:c:,:,o -$4,000 

Monitoring svsten1 

Electricity Cost* $35,700 

Daily onerations Oabor hours) 0 

* Labor cos'ts only (excludes travel cos'ts). Total syst.em includes power electronics, 
monitoring and refrigeratwn. 
**Based on 6j/Kwh 
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BATTERY AND RECTIFIER DESIGN TABLES 
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Request for Information: 
Battery Energy Storage Systems 

Overall Svstem Desi2n Bat Unly UC Bat. Hat.- .l:'C~ 

Net Effective Stored Ener2V. in MJ 7.100 3,800 2.800 
Peak Discharge Power Rati.ne:. in MW 10 3.2 3.2 
Recoverv neriod between cvcles n/a 1) n/a (1) n/a (1) 

System Footprint, L x W x H in feet 458 X 2.3 122 X 3.3 X 232 X 3.5 
(2) X 0.8 4.3 x6 
Svstem Weight. in nounds 86.700 57.600 - 58.700 
Svstem Lifetime. in vears 301 3) 30! 3) 301 3) 
Svstem cvcle life(# of disch. cvcles) n/a 4) n/a 4) n/a1 4) 
Aux. oower reauirements. W <aJ volts 5kWt'ti ~4160 5kWfCJ >4160 5 kWfi. >4160 
Seismic characteristics. installed. Zone4 Z-one4 Zone4 
Date when a system could be supplied 
for test nroQT3lll: month/vear oresent (5) oresent (6) present (6) 

(1) Recharge at nighL 
(2) Could be reduced if space is at a premium. 
(3) Assumes battery replacement at specified periods. 
· (4) For the shallow discharge experienced by the cell in these designs, time (not# of cycles) limits life. 
(5) Cells commercially available. 
(6) 20 to 30 weeks after receipt of order for PCS. 

Cell Desi2n Hat Unly I lJC Hat I .t:Sat. - .t'C~ 

Manufacturer Delco 
Model No. 2000 
Tvoe Flooded electrolvte (with valve) 
100 hour caoacitv (Ah) 115 
Internal resistance (micro-ohms) 580 
Cells ner module 6 

Total number of modules 1,440. I 768 I 576 

E-1 



System Monitoring and 
Control 
Permanent svstem monitorine:: 

Dhrital data link to control center 
" 
" 
" 

" 

Local 

Early phase datalogging for research 
ourooses: 

Maintenance Procedures 
Batteries 

Power electronics 

Monitoring system, including 
calibration 

Special safety procedures for 
maintenance oersonnel 

Bat Only DC Bat Bat. - PCS 

Outout current and voltae:e 
DC interface status 

Chare:er status 
n/a PCS PCS 

overtemo overtemo 
n/a PCS control PCS control 

Hvdroe:en e:as concentration 

none 

Hat. Unly UC oat. tsat. -~ 
6 inspections 6 inspections 6 inspections 

nervear ner.vear oervear 

6 inspections 6 inspections 
n/a rervear nervear 

Yearly Yearly Yearly 
insnection insnection inmecrion 

none none none 
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Request for Information: 
Rectifier 

Overall S vstem Desien · !'Pr.MTter 

Net Effective Stored Enere::v. in MJ n/a 
Peak Dischare:e Power Ratine-. in MW 3.2MW 
Recoverv neriod between cvcles. m:sec n/a 

Svstem Footorint. L x W x H in feet 29x4x 7 
Svstem Weie:ht. in nounds 25.UOO 
Svstem Lifetime. in vears 30 
Svstem cvcle life. # of dischare:e cvcles n/a -
Auxillarv nower reouirements. watts<@volts 3.4 MW® 34.5 kV 
Seismic characteristics. installed. Zone4 
Date when a system could be supplied for present (1) 
test oroPTam~ month/vear 

(1) Commercially available. 
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System Monitoring and 
Control: · 

ti 

ti 

Early phase datalogging for research 
oses: 

Maintenance Procedures: 

Power electronics 

Monitorin s stem includin calibration 

Special safety procedures for maintenance 
nnel 

Rectifier 

none 

none 
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AC MONITORING TEST PLAN 

1. General description of test 

Equipment will be installed at four locations on the BART traction power system and two PG&E 
feed points to the traction power system. This equipment will monitor voltage, current, real and 
reactive power for at least one BART business cycle (one week). Voltage sag events in the transbay 
tube will be captured and the data collected from all six locations at the time of each event will be 
compared to determine the relative contribution made by each section of the traction power system 
from the PG&E feed points to the center of the tube. 

Train operating and event data recorded by BART during the test period will be made available to 
PG&E for the purpose of their study. 

2. Test objective 

Observe the contribution made by major components of the traction power system to voltage sags in 
the transbay tube and determine whether any measures on the AC side of the system could help 
mitigate the problem. 

3. Test location 

The locations of the test equipment and the data to be monitored are summarized in the table and 
sketch below. 

Line/ AC AC AC AC DC DC 
Location CKT Symbol Owner Volts Amps KW kVARs Volts Amps 
Bayshore 3402 PG&E X X X X 
Valencia St. 2 (MR) MVS BART X X X X 
Baytube West 2 MTW BART X X X X X X 
Baytube Middle 1 MCG BART X 
Baytube East 1 (KL) KTE BART X X X X X X 
Station C 3402 PG&E X X X X 

Note that only the one line ( of the two lines at each location) that feeds the westbound track of the 
baytube will be monitored. Only the A phase of these lines will be monitored due to the lack of 3-
phase PTs or PDs at all points and budget constraints. 
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115 kV AC f,_. f.,,,a 
CKT 
3401 

MLC 

MRC 

MVS 

4. Test duration 

CKT 
3402 

Al,V,P,Q 

34.5kVAC 

MlW 

1055VOC 

A · Monloring point 

I • Current (Amps) 

V • Voltage (Volts) 

Q - Reactive power (VARs) 

Al,V,P,Q 

2 

Al,V 

34.5 kV AC 

l,V,P,QA 

KTE 

l,VA 

1055VOC 

------TransbayTube------

115 kV AC 

l,V,P,Q A Station C 

CKT CKT 
3402 3401 

KLC 

KRC 

Once the test equipment has been set up and verified on both sides of the bay (sequence detailed in 
section 8 below), continuous monitoring will be performed for one week (one BART business cycle). 
In the unlikely event that no significant voltage sag event occurs during that time, the duration of the 
test may be extended a few days in the interest of capturing a more significant event. 

5. Equipment and connections 

PG&E will supply all test equipment, wiring, connection hardware and tools required for equipment 
connection. BART will also supply any tools it deems necessary for installation, especially tools 
needed for station shut-down, live circuit testing and grounding, etc. 

Astro-med multi-speed chart recorders with electrically isolated inputs will be used at all five 
locations outside of the tube. A Campbell Scientific Inc. datalogger with cassette recorder will be 
used at the middle of the tube. 

In the interest of keeping the budget down, existing BART meter and relay CTs, PTs and PDs will be 
used to sense AC voltage and current. Existing BART current shunts and potential transducers will 
be used to sense DC voltage and current at the rectifying substations. Only single phase 
measurements of the A phase will be made. 

The AC voltage and current signals from the CTs, PTs and PDs will be monitored directly by the 
chart recorders using RMS inputs. AC real and reactive power monitoring will be done using Ohio 
Semitronics Watt/VAR transducers with DC outputs to the chart recorders. 
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PG&E will fabricate a voltage divider and isolation circuit to measure DC voltage at the middle of 
the baytube. The isolated DC signal will be fed to the datalogger. 

At the rectifying substations (KTE and MTW), connections to the PD will be made with ring 
connectors on the back of the under-voltage relay. Connections to the CT will be made with ring 
connectors in series with the backup overcurrent relay for phase A. Connections to the DC current 
shunt and voltage transducer will be made with ring connectors on the backs of the ammeter and 
voltmeter respectively. 

Quantity 
Acp Voltage 

Acp Current 

DC Bus 
Voltage 

DC Bus 
Current 

Sensor 
20,125:115 V 
Potential Device 

600:5 A Current 
Transformer 

Voltage 
transducer 

Current Shunt 

Connections Made Inside CO2 Cabinet 

Relay/meter 
227-1 Under
voltage relay 
227-2 Under
voltage relay 
25IB-A/l 
Backup over
current relay 
25IB-A/2 
Backup over
current relay 
V-1 DC Volt 
meter 
V-2 DC Volt 
meter 
A-1 DC 
Ammeter 
A-2DC 
Ammeter 

Station Panel 
KTE MR-3 

MTW MR-4 

KTE MR-3 

MTW MR-4 

Terminal(s) 
8 (line) 
9 (gnd) 
8 (line) -_ 
9 (gnd) 
9 

9 

KTE MR-I 8 (+) 
10 (-) 

MTW MR-2 8 (+) 
IO(-) 

KTE MR-I 

MTW MR-2 

Conductor(s) 
Phase (& Neut) 
LC4 (line) 
LCO (gnd) 
RC4 (line) 
RCO (gnd) 
25 

45 

VI(+) 
V2 (-) 
VI(+) 
V2 (-) 
Al(+) 
A2 (-) 
Al(+) 
A2 (-) 

At the Valencia Street switching station and PG&E sub-stations, the connections will be made at the 
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metering state block. The current connection will be made using a make-before-break "stab" and the I 
voltage connections will be made with insulated alligator clips. 
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Connections Made on Front of MVS Meter & Relay Board, Panel 2 

Conductor(s) 
Quantity Sensor Relay/meter Panel Terminal(s) Phase (& Neut) 
Acp Voltage 20,125:115 V TS-12, State MR-2 A (line) 14 (line) 

Potential block for PG&E J (neut) 10 (neut) 
Transformer meters (Insulated 

alligators) 
Acp Current 1200:5 A Current TS-12, State MR-2 E (Stab) 75 

Transformer block for PG&E 
meters 

At the baytube center gap breaker station (MCG), connections will be made using banana plugs into 
jacks number 1 ( +) and 3 (-) inside the low voltage compartment of breaker number one (BO 1 ). There 
is a fuse between jack 1 and the positive bus. 

Diagrams of these connections follow: 

N09A 

2M 

50 

1 0OOV Contact Rail ( or Bus) 

Running Rail (or Neg. Bus) 

AD5B 

Voltage 

Transducer/ 

Isolator 

® - PG&E instrumentation connection 
Point to BART system 

Campbell 
Scientific 
21X Datalogger 
With cassette 
Recorder 

Hook up of datalogger at gap breaker station in middle of tube (MCG) 
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A0 
B0 
C0 

( 

I 

600:5 I 
CT ( 

,- I 

11 : -
7 

- -

rrr -

TRS (3KVA) 

L ,_ 
- L 
-

12-Pulse Rectifier 

V1 

34 5 KV-MRC 

Rectifying 
Transformer 

KTE: #1 
MlW:#2 

e 
) 

a •> ( 

> 

)~"-~~115 
- KTE:LC4 
T I MlW:RC. 

f KTE: LCO 
MlW:RCO 

227 - ~ ~8 
Under-
Volta_ge H ~g 

KTE: Panel MR-3 

MlW: Panel MR-4 

251NB 
- Neutral 

Over-
Current 

251B 
C0 Over------ Current 

251B 
B0 Over-

Voltmeter J 'rl Voltage Current 10(-) 
Transducer 

8, 
10 

OOOA I ,I 
OmV 

' 

Neg. Return 
Bus 

-- - -- --

+1000 Vdc 
Bus 

- - - -

@-PG 
Po 

&E instrumentation connection 
int to BART system 

V2 

A1 
+ 

A2 

- - - - - - -

Ide Vdc 

'" KTE: 25 

M1W: ·~ 
( 

) 
251B 

9 A0 Over-I Ammeter 9~~ ~ Current 
l 

KTE: Panel MR-1 

MlW: Panel MR-2 

- - - - -- - -- --
SA, SOmV O 

r-tu 
13,4 6 5 

OSI GI/V\/5-001 

WattNAR 
Transducer 

I 
lac KWac KVAR 

Astro-Med Dash 8 ISO 
Chart Recorder 

Hook up of chart recorder to rectifying substations at baytube East and West (KTE & MTW) 
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To Glen Park (MGP) 

@ - PG&E instrumentation connection 
point to BART system (at existing 
state block) 
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Transducer 

Astro-Med 4-Cha Isolation Unit 

lac Pac VARS 

Astra-Med Dash IV 

Chart Recorder 

To 24th St (MTF 

Vac 

Hook up of chart recorder to Valencia Street switching station (MVS) 
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6. Personnel 

• BART Maintenance for connection to BART 
• PG&E Personnel for test direction and connection to PG&E equipment (John David Heinzmann, 

et al.) 
• BART Engineering for monitoring and coordinating the test (Abdul Shaihk, et al) 

7. Test criteria 

A successful test will be measured by the continuous collection of chart recorder and datalogger data 
for all quantities monitored with high speed capture of voltage sag events and the ability to compare 
monitored levels from all sites at the times of these events. 

8. Test sequence 

Equipment installation is currently scheduled to begin June 1, 1993. Equipment vendors have 
indicated that all equipment being purchased and rented for this test will be -available in time for this 
test date. In the event that there are uncontrollable delays, the test date would have to be adjusted. 

The test sequence will be: 

• Install datalogger at MCG. Look at waveform to datalogger with oscilloscope. 
• Install instrumentation on the East side of the bay (KTE and PG&E station C) 
• Monitor for several days, with daily visits to instrumentation to adjust trigger levels and get 

comfortable with the setup. 
• Visit datalogger at MCG and swap tapes 
• Install instrumentation on the West side of the bay (MTW, MVS and PG&E Bayshore sub) 
• Monitor both sides of bay for one week with visits to each site as necessary to check on 

equipment and examine results 
• Remove all equipment 

9. Operational effect on BART equipment and system 

Equipment installation and connections at each of the stations described above will be made during 
the grave yard shift. The substations will be shut down while the equipment is being connected and 
disconnected to the BART system. Therefore, BART's revenue operations will not be affected. 
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