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INTERTM REPORT 
Covering period, January 1,1994 to December 31,1994 

I. INTRODUCTION 

This contract runs fiom September 1,1991 until August 31,1996 and covers the technical efforts and 
coorhtion activities performed by Georgetown University (GU) for the Department of Energy's Fuel 
CelvBattev Powered Bus System Program. The technical efforts of this program include design studies 
and analysis of the physical bus system, the technical management of the System Design and Integration 
Contractor and in-service testing of the vehicle, Test Bed Bus #1 (TBB-l), at GU. 

11. TBB-1 ROLL-OUT & DEMONSTRATIONS 

TBB-1 was "rolled out" for public demomtration in Washgton, DC on Earth Day, April 27, 1994. 
That day, Energy Secretary IEazel O'Leary was on hand to dedicate the first of three he1 cell powered 
buses during the Clean Air Conference. Following the conference, the bus was displayed at the Department 
of Transportation Headquarters where Secretary of Transportation, Fredriw Peiia and his staff inspected 
the bus. The following week the bus was demonshated to a number of congressional staffers, the staff at 
Department of Energy (DOE), and students and faculty at both GU and George Washington Universities. 
Dunng the three weeks that the bus was in Washington, DC, GU provided technical and logistical support, 
as well as carnpus garage i$cilities for the bus. 

In May, the fuel cell bus was shown to an enthusiastic crowd of potential users at the American Public 
Transit Association (APTA) Bus Operations and Technology Conference in Richmond, VA. There, GU 
presented a technical paper and demonstrated TBB-1 for transit admmtra tors and bus operations 
personnel from all over the country. While in Richmond, GU provided all the technical, logistical and 
driver support for TBB-1. 

. .  

During the remainder of the year, GU provided driver and technical support at a number of additional 
bus demonstrations. At a Partnership for a New Generation Vehicle (PNGV) meetiDg in Chicago, IL and 
the Clean Cities Conference in Milwaukee, WI, GU and H-Power Corporation (HPC) demonstrated TBB-1 
to auto executives, city administrators, and the general public. The bus then retumed to the DOT for a 
three day Transportation Technology Fair, during which Secretary P& rode on the bus. Later in the year, 
GU assisted HPC with demonstrations at the Contractors Coordination Meeting in Dearbom, MI, the Fuel 
Cell Seminar in San Diego, C q  and EVS-12 in Anaheim, CA. The variety of these shows allowed TBB-1 
to be demonstrated to acadernia, the Government, industry, public transit operators, and the general public. 
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111. TECHNICAL PROGRESS SUMMARY 

During the first quarter of 1994, integration of TBB-1 was completed at Bus Manufktmhg 
Incorporated (BMI) in Santa Barbara CA. this period, GU provided significant engineering 

support to the Soleq Corporation (Soleq) in Chicago, IL with the design and testing of TBB-1's fuel cell 
DC to DC converter. GU also assisted BMI with the integration of the fuel cell system into TBB-1. 
During initial fuel cell system testing, the Auxiliary Power Unit (APU) experienced a failure and was 
returned to Soleq for repair. Upon return of the APU to BMI, GU assisted in the final integration and 
testing of the vehicle, prior to shipping to Washmgton, DC. 

Since TBB-1 was "rolled-out" in late April, the Fuel Cell Power System (FCPS) has o p e d  hundreds 
of hours and the bus has been driven over 1,500 miles. The bus has peflomed well during this eight-month 
engineering development, test and demonstration period. Much -tuning of the FCPS, motor controller 
and DC to DC converter was required to get these systems operating smoothly and efficiently together. 
During this development period, the FCPS experienced numerous unintentional emergency shutdowns. 
Each of these shutdowns slightly degrade FCPS performance. As a result, the FCPS gross output has 
dropped somewhat. This lower peflormance will have negligible impact on the TBB-1 test program and 
little effect on future vehicle demonstrations. 

Fabrication of TBB-2 is nearly complete. The air conditioning and fuel system are at BMI and will be 
installed after the ikst of the year. Based on South Coast Air Qualay Management Districtk (SCAQMD) 
direction, BMI will either install the standard interior or purchase and install an upgraded interior. TBB-3 
has been painted and its suspension, motor, and interior are installed. As work on TBB-2 is completed, 
BMI will increase the level of effort on TBB-3. 

Early in 1994, GU awarded a contract to the University of Florida (U of F) to evaluate and test the 
Phosphoric Acid Fuel Cell (PAFC) which was constructed in Phase I of this program by Energy Research 
Corporation (ERC). The fuel cell test station is nearly complete with only a small amount of data 
acquisition equipment left to be installed. Due to the poor condition of the ERC fuel cell and reformer, U 
of F has spent the majority of the year attempting to "reverse engineer" the system. They have also been 
tasked to develop a visual-interactive user i n t e e  for the Hybrid simulation program. 

Transportation Manufacturiug Corporation (TMC) completed the 40 ft. Fuel CeIl Bus Conceptual 
Design Report. Since the report does not reflect some recent advances in fie1 cell and propulsion system 

technology, the Program Management Team @MI') advised HPC not to distribute the report until it can be 
Updated. 

GU wrote and submitted a contract modification proposal to DOE detailing the additional effort 
required for the TBB-1 test program. The added work includes emission testing at West Virginia 
University, the construction of a fuel cell bus support vehicle, instrumentation support by U of F, and funds 
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for fbture bus demonstrations. DOE Headquarters approved the proposal and it is awaiting final approval 
fiom DOE'S contract& office in Chicago. 

A. TASK I - VEHICLE DESIGN AND APPLICATION ANALYSIS 

As discussed above, GU staffwas intimately involved with final systems integration of TBB-1 at BMI 
prior to the Wasb~ngton, DC roll-out in April. GU assisted BMI, HPC, Soleq and Fuji with much of the 
electrical integration of the FCPS, DC to DC converter, Low Voltage Power Supply (LVPS), and motor 
controller in the months leadmg up to the official roll-out. Once in Washington, GU staff worked with 
BMI and Sutrak, the air conditioning supplier, to troubleshoot and repair the non-hctioning air 
conditioning system. After driving the bus extensively in Wadmgton, DC, GU stafF provided BMI and 
HPC with feedback on motor behavior, handling, noise, and regenerative braking performance. 

1. Vehicle Fabrication 

Most vehicle fabrication issues were related to the weight of TBB-1. The curb weight of the bus (with 
150 gallons of fuel) is 27,400 lbs. Since the bus chassis was designed for a lower curb weight, some 
problems were expectd. For comparison, most new heavyduty 30 ft. transit buses have a curb weight 
of 25,000 to 27,000 lbs. Initial weight estimates on TBB-2 and 3 indicate a weight reduction of 500 
and 2,000 lbs., respectively. The majority of TBB-3's weight reduction is due to a -fit with a hght- 
weight AC motor from the GU 40 ft. bus program. This retrolit is detailed in a following section of 
this report. 

As miles increased on the bus, a number of weight-related issues began to surfkce. Because the FCPS 
is heavier then expected, the frame at the rear of the bus and the FCPS vibration isolators are 
experiencing loads greater than originally designed to support. This caused some initial concern that 
minor M e  flexing and "oil- of the bus skin might OCCUT. However, periodic inspectionS have 
shown no fhtigue or craclung of the fi-atne, or debmination of the skin. The additional FCPS weight 
overloads the vibration dampers allowing the FCPS to contact the fire wall under heavy braking. Since 
this contact happens infrequently and has caused no damage, no changes were deemed necessary at this 
time. The added FCPS weight also causes the bus to lean more in turns. Track testing indicates that 
these higher lean angles do not sigmficantly effect the bus' normal or emergency handling. Finally, the 
extra weight overloads the power steering system, making it difficult to turn the wheels when the bus is 

stopped. 

Due to the quiet and vibration-free nature of the FCPS and propulsion system, the cyclmg of the bus' 
air compressor and air conditioner are very notiwible. BMI has tried, with little success, a number of 
techniques to quiet these components. It appears that c h g e s  in the location and mounting of these 
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components is the only way to signiscantly quiet them. BMI is investigating alternate mounting 
locations. Eventually, the bus' air system could be eliminated by the use of hydraulic brakes, motor 
actuators for the doors, and variable rate springs for the suspension. 

The construction of TBB-2 is nearing completion. BMI has iustalled all bus systems except the air 
conditioning and is awaiting the arrival of the FCPS. The recipient of TBB-2, SCAQMD, requested 
that their bus use R134-A refiigerant in the air conditioner and receive an upgraded interior. R134-A 
refigerant does not contain CFCs, which have been shown to damage the earth's ozone layer. Because 
of its different properties, a R134-A system requires a different compressor, evaporator, condenser, 
and lines than a conventional system. BMI has worked with SCAQMD to select and specify the 
upgraded interior. The PMT determined that this change would require extra effort by BMI and, since 
the standard transit equipment was already purchased, SCAQMD was asked to pay for the upgrade. 

The design changes to TBB-2 over TBB-1 are minimal. The Saft 200 amp-hr battery used in the first 
bus has been discontinued and replaced by a 180 amp-hr model. Simulations indicate that the slightly 
smaller and lighter battery will have little effect on bus performance. The fuel cell DC to DC converter 
has been supplied by a different vender, Saminco. This new liquid-umled converter design uses IGBT 
switches, saving approximately 400 lbs. over the air-c~~led design of TBB-1. Since IGBTs are less 
&cient then the field effect transistor devices used in the TBB-1 converter, a 1% drop in efficiency is 

expected. 

The frame, skin, suspension, steering, and painting of TBB-3 has been completed. Due to space and 
manpower considerations, BMI has concentrated on completing TBB-2 while limiting work on TBB-3. 
TBB-3 will have a number of design changes in an effort to reduce weight. The most s@cant is the 
use of a light-weight, vector-controlled AC motor. The motor and controller are fkom FMC, who 
originally used this design in a number of prototype military vehicles. The motor is being built as a test 
motor for the DOT 40 ft. fuel cell powered bus program. GUY DOE and DOT have agreed to test this 
design on TBB-3. In this application, the motor and &troller will save approximately 1,000 Ibs. over 
the present DC motor and controller. The third bus will use a lighter-weight version of the airaoled 
DC to DC Converter used in TBB-1. Lighter-weight transformer materials save approximately 100 Ibs 
over the converter in TBB-1, with no loss of efficiency. The specilications for the FMC motor are 
located in Appendix A. 

2. Electronics & Propulsion System 

Many of TBB-1's initial ''teething'' problems have been related to overheating of the power electronics 
and operation of the motor controller. Most of the motor control problems have been resolved during 
the test program being conducted by HPC. The "hxes'' implemented to address overheating of 
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components appear to work at moderate ambient temperatures, but have yet to be tested at high 
ambient temperatures. 

Both the FCPS Auxiliary Power Supply (APS) and the DC to DC rxmverter have run at elevated 
temperatures since the bus was first tested on the BMI dynamometer in April. The initial assessment 
was that too little air flow was reachmg these components. Fuji and HPC designed and installed a duct 
and f8n system to force more air across these components before beginning the test program in 
September. Since then, no shutdowns have occurred due to high component temperatures, but the 
ambient temperature never exceeded 75" F. Until further testing at higher ambient temperatures is 
conducted, there is no way to determine ifthese changes have completely resolved the problem. 

Over the nine months the bus bas been operating, a number of Low Voltage Power Supply (LIPS) and 
DC to DC converter failures have occurred. GU assisted HPC and Soleq with trouble-shooting and 
repairing the LVPS after its first failure. This failure was related to output power surges which blew 
fuses. Rewinng the 24 volt batteries between the 24 volt loads and the LVPS dampens these power 
surges and appears to have solved the problem. The Wures of the DC to DC converter have been 
caused by loose components shorting-out internally or causing ground fhults. Because of the tight 
packagmg, the unit must be carefidly assembled. 

Having driven TBB-1 during many of the early demonstrations, GU expressed concern that the 
drivability of the bus was not up to transit standards due to a lack of smoothness of the propulsion 
system. Under heavy load, the motor controller allowed the battery voltage to drop below 180 volts, 
resulting in a fuel cell system shut down. Conversely, during regeneration, the voltage was allowed to 
rise above 3 10 volts, forcing a shutdown of the motor controller, which required the driver to stop and 
reset the controller. To minimize the chance of system shutdowns during demonstrations, GU iustalled 
a volt meter for the driver to monitor and disabled regeneration as temporary Sxes until Saminco could 
perform repairs. Saminco sent technicians to make "in-the-field" adjustments three times and the motor 
controller was returned to S&co once. These modificatioIls and adjustments included hutmg 
current to prevent battery voltage fiom dropping below 180 volts, reducing regeneration to prevent 
overcharging of the battery, and smoothing the transition between fixed and variable field modes. The 
modifications were generally successful. Under load, the battery voltage now maintains 185-190 V, 
and regeneration is smooth and progressive. However, the motor still exhibits some roughness due to 
field fluctuations. The motor controllers for TJ3B-2 and TBB-3 will be upgraded to include 
regemration below base speed, allow easier adjustment of variables, and eliminate field fluctuations. 
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3. Fuel Cell 

The only significant hardware problem with the FCPS resulted in "flame-outs" of the reformer burner. 
Almost immediately after the fuel cell began operating in California the reformer began to experience 
burner flame-outs when running on tail-gas. Apparently, Fuji could not get the vaporized methanol 
portion of the reformer burner functioning properly in Japan prior to shipment. They chose to disable 
the burner and attempted to run the reformer on tail-gas alone. This resulted in the repeated and 
unpredictable flame-outs on the bus. First, Fuji attempted to correct this problem by adjusting the fuel 
utilization within the stack. When the problem persisted, Fuji and HPC determined that the burner 
would need to be modified. The modihcatons included internal ducting to better control the mixing of 
air with the tail-gas and the addition of a neat methanol pilot-light to assure the tail gas stays lit. These 
modifications were completed prior to the start of the test program in late September. Since then, no 
tail-gas-related failure have occurred. Although the FCPS experienced numerous shutdowns as a result 
of the flame-outs, the overall system has been relatively trouble free for such a complex test-bed. 

The other major issue with the FCPS is the system control philosophy that Fuji chose. Instead of 
sending a warning flag to the bus's system controller when a parameter is about to be exceeded, the 
Fuel Cell Internal Controller (FCIC) waits until the parameter is exceeded and immediately goes into 
an emergency shutdown mode. A large percentage of the emergency shutdowns could have been 
prevented if a warning was generated prior to the parameter being exceeded. Also, Fuji chose to use 
emergency shutdowns under many conditions that seemto only warrant a power rampdown. 

The DC to DC converters and APSs  for the remaining two fuel cells have been shipped to Fuji. To 
maintain program schedule, it is critical that Fuji test and integrate these components quickly so the 
completed FCPSs can shipped on schedule. 

4. HYBRID Simulation Program Status 

During this report period, GU umtracted with U of F to develop a visual interactive ink- for the 
simulation program. This will allow users to easily and quickly select input parameters or choose a 
default setting. U of F bas progressed steadily throughout year on this task and has demomtmted a 
draft version of the interhce. Two of GUS consultants are working in parallel with U of F to creak 
user-selectable input data modules. These modules will allow the user to select a variety of vehicle 
configumtions and control algorithms. U of F also completed work on the update of the quasi-steady- 
state throttljng algorithms in the fuel cell model. Since U of F will be assisting GU in the testing of 
TBB-1, they plan to instrument the fuel cell in order to compare its performance with the fuel cell 
model. Status and pictures of the new Hybrid user interfkce are in Appendix B. 

To coordinate the Hybrid upgrade tasks, GU conducted a meeting with HPC, U of F and GUS 
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consultants. At this meeting, the present status of the simulation program was reviewed and changes to 
the program were agreed upon. Also, the most efficient approach to makmg these changes was 
discussed and upgrade tasks were assigned to each of the participants. This fiicdhted a much 
smoother start to the modifcation process. 

5. Phase IIIa Program Plan 

During the course of the year, DOE and GU discussed several options for Phase IIIa, Fuel Cell Bus 
Product Improvement Program. The primary goals of this program are to reduce bus weight, improve 
the fuel cell balance of plant, and add water recovery. As discussions progressed, GU and DOE 
concluded that it would make the most sense to retrofit one of the TBBs with a Polymer Electrolyte 
Membrane (PEW he1 cell running on methanol. This would allow development of both a lightweight 
PEM stack and a reformer system. Since TBB-1's FCPS has degraded slightly, it is the most likely 
candidate for this retrofit. 

B. TASK II - TECHNOLOGY TRANSFER ACTIVITIES 

During 1994, the technology transfer activities included the production of three videos, two 
highlighting the fuel cell bus and one describing merent types of fuel cells. A signboard display was 
created to detail the design and benefits of the bus and the fuel ceIl bus brochure was updated. GU also 
monitored other fuel cell transportation programs, made presentations on the Fuel Cell Bus Program, and 
demonstrated TBB- 1 at a number of shows. 

1. Fuel Cell Bus Videos 

GU directed the production of two highquality videos documenting the &el cell bus roll-out in 
Washington, DC and one which reviews difEerent types of fuel cells, detailing the operation of each. 
All three videos were produced by Kane-Lewis Productions of Reston, VA. 

The first two videos contain footage of the bus being rolled-out, just prior to Eaah Day 1994, and 
interviews with the Secretaries of Energy and Transportation, the FTA Administra tor, individuals &om 
the fuel cell and transit commUnites, and members of the bus project team. Both videos detail the 
history of the program and the design of the bus, while highlighting the benefits of fuel cell technology. 
Computer animation describes the electro-chemical operation of the fuel cell and the bus' hybrid 
propulsion system. One video targets policy makers and public officials with more emphasis on the 
broader benefits of fuel cells. The other is aimed at the general public and technical community with 
more informaton on the bus and its technology. Portions of this footage were provided to TV stations 

on Earth Day, April 22, in the form of a video news release. The videos have been distributed to the 
Departments of Energy and Transportation, major transit agencies, policy makers, industry, and 
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universities. 

As a result of the success of the first videos, DOE requested that GU and Kane-Lewis produce an 
educational video reviewing the =rent fkl  cell technologies and their applications. By combining 
animation with an actor m a studio, the video presents a large amount of technical infinmation in an 
easy to understand format. Five types of fuel cells are described using animation to highlight their 
design. The video shows a fuel cell system design operating with a rehrmer. Finally, the video 
highlights the advantages and disadvantages of each technology, as well as possible applications. 

2. Fuel Cell Laboratory and ERC Fuel Cell 

The U of F has nearly completed the construction of its fuel cell laboratory. Because of delays in 
getting the contract approved, the GU lost space in the Mechanical Engineering building. This forced 
initial work on the ERC fuel cell and reformer to take place in a storage area. Once a new building 
was found, it had to be completely renovated before it could be used. This renovation was funded by 
grants from the State of Florida and the Florida State Energy Commission. Upon completion, the ERC 
system was moved into the lab. Pictures and a brief status of U of F's lab are in Appendur C. 

Since ERC did not provide any design drawings or schematics, U of F had to inventory components 
and attempt to document the control wiring and electronics. It quickly became apparent that most of 
the system's pumps and blowers were missing and that the unmarked wiring harness was nearly useless 
without a wiring diagram. It was also discovered that the stack seals had deteriorated and the fuel cell 
was leakmg phosphoric acid. U of F contacted both ERC and Los Alamos National Lab to get 
idormation on the stack, in order to repair the equipment. Neither organization was able to provide 
any information. Due to the system's poor condition and lack of documentation, GU and U of F feel 
that it may not be practical to attempt to repair the system. For this reason, GU has recommended that 
DOE transfer the Fuji 25 kW brassboard ( c u n d y  in storage at HPC) to U of F. 

3. Fuel Cell Bus Brochure 

GU updated and pMted 2,500 additional copies of the fuel cell bus brochure. The changes to the 
original brochure were minor updates to reflect the current status of the fuel cell bus. 

4. Fuel Cell Bus Signage 

To describe the bus while it is on display, GU had a signage system designed. The three sign display 
was patterned after the brochure, and designed to be mounted on poles near the bus or positioned on the 
bus doors. The signs provide details of the design and benefits of the vehicle and identify the sponsors 
and team members responsible for the design and fabrication of the vehicle. 
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5. Seminars and Workshops 

C. 

As noted above, GU provided technical, driver and logistical support to most TBB-1 d e m d o n s  in 
1994. GU staff also made presentations at many of these demonstrations. One of the largest and most 
important shows was APTA Bus Operations and Techuology Conference in Richmond, VA. GU 
demonshated TBB-1 tothetransit community at this annual conference. This allowed transit operators 
their first opportunity to inspect and ride in a fie1 cell powered bus. The attendees were impressed by 
the power plant's quietness and good performance of the bus. In addition to demonstratkg the bus to 
potential users, GU presented a paper at a technical session on fuel cells. The session was well 
attended, p rodud  a number of good questions and had a high level of interest. After the meeting, 
approximately 75 attendees participated in demonstration rides. 

TASK I11 - COORDINATION AND MONITORING OF SYSTEM DESIGN AND 
INTEGRATION CONTRACTOR 

This task addresses GUS activities related to the technical management of the PHASE II contract effort 
to develop three Fuel Cell/Battery TBBs. GUY Argonne National Lab, and DOE Headquarters share this 
task. 

During this reporting period, GU focused on assisling the prime contractor with the integration of the 
fuel cell subsystem into TBB-1, demonstrating the vehicle around the country and providing input to HPC 
on the drivabihty and operability of the bus. Other areas of effort included review of TMC's 40 fi. bus 
conceptual design reports and HPC's operaiions and service manuals. GU also participated in a number of 
meetings at HPC in New Jersey. 

1. Integration and Demonstration of TBB-1 

As noted in the above sections, GU supported the prime contractor by being intimately involved with 
desigs testing and physical integration of the bus subsystems. A GU employee traveled between HPC 
and Soleq assisting in the electrical integration and testing of the bus and its subsystems. Once the bus 
was in Washington, GU provided coordination of many of the activities and provided HPC with logistic 
support. Throughout the year, GU assisted HPC with vehicle demonstrations. 

a. Fuel Cell & Electronics Integration 

Due to manufactLlljng delays and the need to meet a late April roll-out, the FCPS was shipped by 
air fiom Japan for integration with the DC to DC converter at BMI in Santa Barbara. The GU 
Systems Engineer, who had been working with Soleq onthe DC to DC converter and APS, assisted 
HPC and Fuji with the U o n .  Installaton and checkout of the systems went smoothly and the 
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D. 

bus was rolling under fuel cell power by mid-March. During this first week of operation, the APS 
M e d  after operating faultlessly for the previous six months in Japan. Although the Mure was 
minor, its repair required that it be returned to Soleq in Chicago. while GU was assisting Soleq 
with troubleshooting and repairing the unit, Fuji, satisfied with the fuel cell per€ormance, retuned 

to Japan. 

b. System Controller Development and Integration 

During initial bus demonstrations, HPC used the SCS for m& battery state of charge (SOC) 
and recording data. As demonstrationS and testing progressed, HPC implemented additional SCS 
functions, including the he1 cell throttling algorithms. Testing verified the accuracy of the 
controller's SOC measurement over a short period of operation. Dunng longer periods or more 
varied testing, the accuracy of SOC measurement became questionable. Frequently during a full 
days operation of the vehicle, the battery's voltagdcuxrent relationship did not correlate with the 
calculakd SOC. GU and HPC will fully review SOC algorithms and measurement techniques 
looktng for errors and ways to improve accuritcy. 

2. Documents Reviewed 

After reviewing TMC's Conceptual Design Report for a 40 ft. Fuel Cell Powered Transit Bus, the 
PMT determined the trade-off analysis did not effectively select the most appropriate components. The 
final version does not include many of the lighter-weight, higher-performance subsystems that have 
become recently available. The resulting TMC design specifies a 40 ft. bus that is overweight and with 
a capacity for only 30 passengers. As a result, the PMT recommended that this report not be released 
UntilHPCmakescorrectionstoupdatethereport. 

GU continues to work with HFC and Booz-Allen--ton @AH) on the content and details of the 
bus's Operations and Maintenance Manuals, and the overall TBB documentation package. 

TASK V - FUEL CELL BUS TEST PROGRAM 

GU presented a formal proposal to DOE to modify the GU contract for the Phase III testing of TBB-1. 
The proposal included cost revisions to the TBB-1 test plan to include emission testing by West Virginia 
University, instrumen tation support by the University of Florida, support for bus demonstrations, and the 
design and fkbrication a fuel cell bus support vehicle. These tasks are scheduled to begin when TBB-1 
arrives at GU sometime after the ikst of the year. The testing will conhue over an 18 month period. GU 
will develop test plans and procedures, and provide logistical support for TBB-1 while it is being tested. 
All technical support and spares are to be provided by the ori@ team members under direct contract to 
DOE. The Statement of Work for Phase III testing is included in Appendix D. 
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GU intends to perform emission and aciency testing at West Virginia University prior to begrnning 
road tests at GU. These emission tests are expected to take 2-3 weeks. Upon completi04 GU will begin a 
series of controlled road tests to determine the ability of bus to negotiate GUTS routes at various loads. 
When these tests are complete, a decision will be made to either put the bus into normal service for testing 
with passengers or continue testing with varying loads. This decision will be based on bus performance, 
reliability and University needs. GU has recommended to DOE and DOT that TBB-3, when it is 
completed, be brought to GU for testing. This would allow controlled testing in an actual transit 
environment of the most advanced, highest-performance TBB in the Wasbmgton, DC area. 

To properly service and maintain the bus during the test program, GU has construded a €beling 
fiicility. The fkcility consists of an automated system for mixing the neat methanol with the de-ionized 
water. The mixture is then stored until the bus is to be refueled. Once the bus is &led, the system 
automatically mixes another batch. This facility was designed to meet all applicable fire and safety codes, 
and can serve as a model fuel cell refuehg site for transit operators. GU also modified space in one of the 
University garages to accept the bus and its support equipment. 

IV. CURRENT PROBLEMS 

A. DEGRADATION OF FUEL CELL PERFORMANCE IN TBB-1 

The most recent test data indicate TBB-1's fuel cell system is now able to generate a gross output of 
approximately 43 kW. This degradation is thought to be primarily due to the excessive number of 
emergency shutdowns that TBB-1 has experienced. It appears that Fuji did not design any performance 
margin into the system to accommrnodate emergency shutdowns. This results in gross output being below 
specification. 

GUS concern during the test program is two-fold. First, future emergency shutdowns should be 
rrrmtrmzed by thoroughly docUmenting each shutdown and resolving the cause before continuing operation. 
Second, FCPS performance and efficiency should be closely monitored during the GU test program to track 
any future degradation. This monitoring would also allow GU to investigate and track other potential 
causes of degradation. Another area of concern is chopper isolation of the €bel cell. 

. .  . 

B. TBB-2 & 3 DELIVERY 

The delivery of the second and third fuel cell buses continues to be a concern. The present schedule 
calls for TBB-2 to be delivered in late March and TBB-3 in May, 1995. Since program bdmg will be 
exhausted in May, any further delays will require additional funds which may not be available. 

13 



C. SPARE PARTS & ENGINEERING SUPPORT FOR TBB-1 TEST PROGRAM 

As GU begins preparing to test TBB-1, a concern over engineering support and spare parts arises. 
Presently GU is funded only to repair n o d  bus-type components. If a component Unique to the fuel cell 
fails, there are no funds for the repair or engineering support. This may result in delays to the test 
program. To avoid potential delays, DOE is conttacting with the present team members to select and 
purchase spares and to provide engineering support to all three TBBs. 

V. WORKPLANNED 

During the next quarterly report period, testing of TBB-1 should be completed and delivered to GU. 
Upon receipt of the bus, GU will contract with West Virginia University for emission and efficiency 
testing. GU will also complete the test plan for Phase III testing. 

The integration of the TBB-2 chassis and fuel cell system is scheduled to be completed in the next 
reporting period. It is key that Fuji complete and deliver the second &el cell system on schedule to assure 
delivery of the completed bus by the end of March. Once TBB-2 is complete, BMI will concentrate on 
completing TBB-3. 

GU will work with HPC to aid the integration of FMC's light-weight AC motor into TBB-3. The 

major integration task will be the design of the liquid cooling system. 

GU will continue monitoring the subcontract with the U of F as the Fuji brassboard is shipped to 
Florida and readied for testing. 

VI. MANPOWER, COST AND SCHEDULE REPORTS 

The manpower loading and cost plans have been updated to reflect the expected effort for the 
remainder of the contract. They are shown in Figures V-1 to V-2. The actual versus planned manpower 
and costs are shown in Figures V-3 and V-4. The schedule and milestone chart for the program is shown in 
Figure V-5. 
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APPENDIXA 

SDecificatOIlS 

FMC Vector contsolled AC Motor 



Abstract 

FMC understands that this is not a motor development program. We propose to provide a 
propulsion system for the Georgetown University fuel cell-powered transit bus that has 
already been adapted for transit bus application from a system developed for the 
U. S. Marine Corps. The rotating machinery is based on induction motor technology for 
which cost-effective manufacturing methods are being developed. The motor is a 3-phase AC 
induction motor with an integral 4.28:l speed reduction gearbox. The motor is designed for 
maximum efficiency and high power density. The motor and aearbox toaether weiah onlv 
300 Ibs! 

Induction machines are preferred because of their ability to achieve significantly higher 
intermittent torques than permanent magnet (brushless DC) motors since the rotor field is not 
limited by permanent magnet strength. FMC recently completed a rigorous study program for 
U.S. Army that confirmed the benefits of induction motor technology for electric vehicle drives. 
Induction technology was selected for high efficiency and ease of control over the full torque 
and speed range required for combat vehicle drives. The superiority of induction technology 
for traction drives owes primarily to a motor performance criterion known as “field 
weakening”’. Permanent magnet and switched reluctance machines require multiple-speed 
final drives or mechanical field weakening methods that add complexity and cost to the 
system. 

The power converter is an adaptation of available FMC inverters for other designs. This 
assembly includes the power electronics, bus structure, coldplate, control electronics, and 
internal wiring for the traction drive motor. All the high power electronics are mounted to a 
common coldplate, which functions as a temperature-controlled liquid-cooled mounting 
surface. The inverter is 3-phase, variable frequency, current-regulated, pulse-width- 
modulated (CRPWM). This topology consists of a 3-phase inverter constructed from 6 
Insulated Gate Bipolar Transistor (IGBT) switch modules with integral fly-back diodes, gate 
drive and fault detection circuitry for each switch, a laminated de power distribution bus, and 
phase current sensors. The digital signal processor (DSP) based motor controllers and 
drive electronics are located on two circuit cards within the power converter assembly. This 
controller implements a field oriented control (vector control) method, providing con trol 
equivalent to a DC machine. 

Features of the FMC-proposed propulsion system meet or exceed those desired by 
Georgetown University. Key performance characteristics2 include a maximum speed of 
16,000 RPM at the motor (3,378 RPM at output), absolute maximum torque of 600 Ib-ft. at 
the motor output (2568 Ib-ft at gearbox output), and a maximum continuous torque of 400 Ib-ft 
(1712 Ib-ft at gearbox output). The efficiency of the motor is 97.4%; the power converter is 
98% efficient. 

The only design change required is to change the stack length from 6 to 8 inches and to 
change the winding configuration of the motor from 3 to 2 turns per coil in order to meet the 
performance requirements at the worst case minimum bus voltage of 180 VDC. 

See Appendix A. 
All predictions are based on a 150 kW, system power supply and a worst case minimum DC power bus voltage of 

180 VDC. 
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Figure 2.0-6. The FMC induction motor card is a DSP-based controller that implements a 
field oriented control (vector control) method, providing performance equivalent to a DC 

machine. 
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Visual Basic Promam 

This statement of work for this project was divided into three sections. The fist section 
encompasses development of a Visual interactive code to model &el cell system behavior for 
various system options., such as stack, type of &el, etc. 

This task effort can be categorized into the following two areas: development of input/output 
forms or programs, and the development of the main body of code. The input and output 
program or forms are essentially complete. Samples of the forms are shown in the attached 
photographs. The main body of code is approximately 7540% complete. Various stack defbult 
characteristics have been identified and incorporated into the code. The effect of various coolant 
types and heat exchangers has also been included. The main area of work continuing is the 
relationship between the type of fuel and various reformers. Most of the problems now occurring 
are due to the large system temperature differences between different systems. For example, the 
problems associated with steam reforming methane gas at 700 C" with the reformate entering a 
PEM operating at 80 C". This area of work is proceeding and should be accomplished in the next 
few weeks. Once this has been concluded, an operational steady state simulation will be available. 
It is envisioned that this will occur by early to mid-February, 1995. 

Work has been progressing in development of simple quasi-transient control of the system. This 
will be incorporated once the steady-state code has been completed. It is estimated a completed 
program will be available by the end of February, 1995. 
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Photo 8: Graphical view of system output 



Universiw of Florida 
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Lab Develooment Contract 

A Fuel Cell Testing Laboratory was constructed utilizing an existing m d c t u r e d  home structure 
at the University of Florida Energy Park. The interior of the manuf'actured home was totally 
refurbished with new or replacement flooring, ceiling , and paneling installed. The 700 square feet 
of interior space was divided among approximately 100 ftz office space, 150 R2 meeting area, and 
400 R2 of control and observation space. The remaining space consists of storage area. 

To ficilitate a laboratory testing area, a new 12' by 30' building was constructed adjacent to the 
original structure. The two structures share a 30' wall, which consists of a doorway and four 
windows for observation. The new lab area utilizes an explosion-proof updraft exhaust f h ,  
combined with four sets of adjustable inlet floor-level louvers to provide adequate ventilation for 
safe use of typical fiel cell fuels, such as methanol and hydrogen. The test area is totally 
separated and sealed fiom the officdcontrol area. A floor plan drawing, as well as interior/ 
exterior photographs of the completed laboratory are attached. 

The air-cooled phosphoric acid &el cell stack and related equipment provided by the Department 
of Energy was moved into the testing area. The controls and electrical equipment were placed in 
the existing structure along the control wall. Extensive effort was put forth to determine the 
control strategy indicated by the existing wiring, as well as the relationship between the computer 
soha re  (PARAGON), the controller equipment (OPTP22 hardware), and the electronics (i.e. 
auto/manual controller). Once this had been accomplished, the system was altered (wiring 
changed, control blocks realigned, etc.) to allow for component testing. 

Initial testing of the Ni-Cad batteries (obtained with the fiel cell system) was initiated by wiring a 
PARAGON control program to allow for charging and discharging of the cells. A simple battery 
charger was procured that allowed for testing of nine cells at a time, at a charge rate of 0.1 C; the 
charger was modified through relays to allow for computer control. Various groups of nine cells 
were connected with individual cell voltages being monitored by the computer during charging 
and discharging. The amperage was also monitored through the use of a shunt. Finally, the load 
banks included with the DOE system were modified to allow for appropriate discharge rates. The 
preliminary battery performance results were generally reasonable and the battery testing is 
continuing. 

A final report is being compiled to detail the work accomplished thus far. A proposal for 
continuation of the lab development will accompany the final report. 
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Photo 1: View of front of Laboratory from the North 

Photo 2: View of front of Laboratory from the South 



Photo 3: View of Southwest corner of Laboratory 

Photo 4: View of Northwest corner of Laboratory 
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Photo 5: View of electronics and control area 
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STATEMENT OF WORK 
TBBl PHASE 111 TEST & EVALUATION PROGRAM 

INTRODUCTION 

The three buses being built as part of DOE contract DE-ACO2-91CH10447 are the fist fuel cell powered 
buses to be designed to meet all transit industry design and performance requirements for heavyduty 
transit buses. They are l l l y  hctional transit buses capable of operating on most transit routes under any 
trafEc conditions. To veri@ that the buses meet the stringent transit industry requirements, an extensive 
demonstration and operational testing program is p l a ~ e d  at various transit properties around the country. 

The first of these tests is scheduled to begin at Georgetown University immedialy after the prime 
contractor completes their acceptance procedures. The basic testing is covered under Task V, Fuel Cell 
Bus Test Program of the present GU contract DE-ACO2-87ER10649. This Statement of Work modifies 
Task V, Fuel Cell Bus Test Program and in addition adds to Task 11, Technology Transfa. 

BACKGROUND 

Phase 4 of the Fuel Cell Bus Development Program, which began in 1991, involves the design and 
construction of three &el cell/battery hybrid buses. The Test Bed Buses, (TBBs) use a 50 kW PAFC fuel 
cell to provide 100% of the energy needed to complete the transit mission. B e n e s  are used to provide 
supplemental power for hill climbing and acceleration, and to give the bus the ability to store regenerative 
braking energy. The first bus was completed and demonstrated April 1994. The remaining two buses will 
be completed by the end of 1994. Once completed, all three buses will go through a comprehensive 
performance testing program. 

Phase III of the Fuel Cell Bus Program involves testing and evaluation of the 3 TBBs under both test track 
and in-service conditions over an 1%-month testing period. Georgetown University is presently under 
contract to test TBB-1. Below is a summary of the modifications required to the present Georgetown 
contract tasks to cover the testing required to completely evaluate TBB-1: 

1) Sub-Task IIa - Modify existing Task 11, Technology Transfer, to include support of fuel cell bus 
demonstrations at various sites. 
Modify existing Task V to add additional test support to fully evaluate TBB-1 2) TaskV - 

GU-FC3O-SOW-001 
W10195 
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3) Sub-Task Va - 
4) Sub-Task Vb - 

Mod@ existing Task V to include emission testing of TBB 1 
ModifL existing Task V to include the design and fabricaton of a fuel cell bus test 
support -vehicle 

PROGRAM OBJECTIVES 

The objective of the TBB-1 test program is to quantitatively measure the fuel cell bus's performance, fuel 
mileage, emissions, reliability and maintenance requirements in the real-world environment. From a 
qualitative perspective the program will attempt to determine the bus's ability to negotiate different routes, 
trafIic and weather conditions. The program will also track the bus's maintenance requirements, service 
calls, problem areas and reliability to establish a data base for future development. 

PROGRAM DURATION 

The length of the third phase of the fuel cell bus program will be 24 months. This will include preparation 
of a test plan, instrumentation of buses, 18 months of track and in-service testing, emission testin& design 
and construction of support vehicles, and the final report. 

1) SUB-TASK Ha - Support of Fuel Cell Bus Demonstrations 

To introduce the largest number of users and their customers to the benefits of fuel cell technohgy, TBB-1 
will need to be displayed and demonstrat& at numerous events and shows. Georgetown's present contract 
includes a Task (II) for this type of technology transfer. This sub-task is a modification of Task II 
covering the logistics, transportation and support of TBB-1 at three events per year. This includes all pre- 
event logistics, such as registration, booth space and shipping arrangements (if needed) of the bus and its 
support equipment. The Task also covers full technical and driver support of the vehicle at each event. 
The bus will be driven to events within the Washjngton, DC area. For events beyond the driving range of 
the bus, an experienced hauler of large vehicles will be contracted to ship the bus. Once the bus is at the 
event, the Georgetown University will be responsible for unloading and Storing the vehicle and providmg 
technical support during the demonstrations. At the close of each event the bus will either be driven back 
to the test site or loaded for transport to Washington, DC. 

GU-FC30-SOW-001 
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2) TASK V - Fuel Cell Bus Test Program 

The present GU contract includes Task V which covers the Writing of a test plan, operating the bus on a 
part-time basis, compiling and analyzing data, and writing a final test report. This plan was written before 
the TBB system was designed and its actual operation understood. Now that the first TBB is operating and 
its characteristics are better known, the test plan has evolved and additions are required. Georgetown 
University bas built a fueling station and will provide space to work-on and store TBB-1. The day to day 
operating costs of the TBB in route service, fuel, tires, brakes, cleaning, etc., were not known at the time of 
the original plan and must be added to Task V. A breakdown of these operating costs are included in the 
add-on request budget. Also, the original plan assumed that the Transportation Department at Georgetown 
would maintain the vehicle. Since this is presently not possible due to the special technology used in the 
bus, this plan includes a qualified technician to maintain and oversee the day-today operation of the bus. 
The plan also includes a data collection support subcontract for the University of Florida to assist GU with 
the instrumentation and data collection from TBB-1. 

3) SUB-TASK Va - Emission Testing of TBB 

One of the major benefits of fuel cell buses is their reduced emissions. Initial laboratory emission testing 
on the fuel cell system has indicated signiscant improvements over diesel engines. To verify these 
measuTemenfs under actual operating conditions, the bus must be operated on a chassis dynamometer over 
simulated routes and its emissions measured. This emission testing would be c o n d u d  as Sub-Task (a) 
under Task V of the present GU contract. Under this sub-task, West Virginia University 0 which has 
developed, under contract for DOE, a portable transit bus emission testing laboratory, would be contracted 
with to measure TBB-1's emissions. 

Having WVU measure the fuel cell bus emissions would quanw vehicle emissions under actual operating 
conditions, and allow comparison with laboratory tests results and future tests to be run at emission test 
facilities in California. A copy of W " s  proposal is included in Appendix A. 

Prior to testing the WW will prepare an emission test plan detailing the tests to be run and their 
procedures. The testing will simulate the bus operating on a number of standar- Transit Coach Duty 
Cycle (TCDC) routes and the Georgetown GUTS route. The tests will measure fuel efficiency and the 
following emissions during start-up and normal fuel cell operation. 



Emission 
co 
NOX 
c02 
Particulates 

Aldehydes 
Hydracarbons 
Methanol 

WMJ will reduce and analyze the test data. This data will then be compared with data collected from 
other IC engined buses running on diesel and alternative fuels. The results will be published in a final 
report. 

Emission testjng will take place at WVU campus in Morgantown, WV and take 10 to 14 days. WVU will 
provide transportation for the bus, by truck, to and fiom the test site. 

4) SUB-TASK Vb - Support Vehicle Design and Construction 

Because of the fuel cell bus's unique operational requirements, it is difficult to operate and test the bus for 
any length of time off-site. Also due to fbel tank size, the bus must be transported on a trailer at locations 
remote fiom the contractor's site. A fbel cell bus support vehicle would eliminate any operational 
restrictions and provide continual support at remote locations. Sub-Task (b) consists of the design and 
fabrication of one fie1 cell bus support vehicle. 

This support vehicle will be designed to carry neat methanol and DI-water, and to mix these liquids in the 
correct ratio to make pre-mix fhel. The vehicle will also have the pumps, nozzles and hoses to fill the bus 
with either neat or pre-mix fuel. It would also have previsions to charge or discharge the main battery 
pack, generate electricity to run the bus's stack heater, store equipment to pedorm minor repairs on the bus, 
down-load data fi-om the system controller, provide purge gas to the bus and make DI-water from tap 
water. This vehicle will allow extended operation of the three TBBs anywhere in the country without site 
preparation. The following sub-tasks detail the design and fabrication of the support vehicle. 

a) Support Vehicle Design 

Because of the quantity of fuel and equipment the fuel cell bus support vehicle will carry, it will 

need to be a heavyduty enclosed truck with a 10,000 lb payload capacity that is capable of 
extended highway travel. This support vehicie will be capable of supporting the fuel cell bus 
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during both short term demonstrations and long term off-site testing This vehicle will meet all 
DOT and OSHA safety requkments. The support vehicle specifications will be finalized during 
the first part of this sub-task. The following is a list of requirements for the fuel cell bus support 
vehicle as presently envisioned: 

1) The ability to store 500 gal. of neat methanol 
2) Fuel mixing capability of 150 gal. of pre-mix fuel a day 
3) The ability to deionize 70 gal. of 'Yap" water a day 
4) The ability to provide an overnight "topping charge" to the battery 
5) The ability to discharge the bus battery 
6) A built in generator to supply power to the fuel cell heating blanket and battery charger 
7) Nozzles and hoses to fill the bus's prsmix and neat methanol tanks 
8) A computer to d o d o a d  and analyze data from the bus's system controller 
9) On board C02 gas bottle storage with lines to connect to the fuel cell bus 
10) On board fire suppression system and ventilation system for the fuel 

Georgetown University will use a subcontractor to design the vehicle to the iinalid speciiications. 
Two design reviews will take place during this task and a complete set of design drawing will be 
deliverable at Task completion. 

b) Support Vehicle Fabrication 

One fuel cell bus support vehicle will be fabricated to meet the requirements in sub task a. This 
vehicle shall be built wing a new heavy-duty commercial van or truck chassis and meet all 
appropriate DOT and OSHA safety standards. 

The neat and premixed methanol will be stored in on-board tanks with the proper pumps, hoses and nozzles 
to fill the bus with neat and premix methanol. The vehicle will have an onboard electrical generator to 
supply power to the fie1 cell heating blanket and to run all support vehicle intend loads. The support 
vehicle shall also have the ability to charge the fuel cell bus batteries using either 208 V 3 phase shop 
power or the on-board generator. It shall also have the ability to discharge the bus batteries using an on- 
board load bank. This vehicle shall also have provisions to mount two C02 cylinders with manifolding and 
hoses to connect to the bus. 
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