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Abstract

The SuperWay is a solar-powered Automated Transtiviirk (ATN) system designed for urban
and suburban areas, such as the Silicon Valleysysiem is designed to provide an alternative
to both the personal automobile and public trangion. The ATN system costs lest to
construct and to maintain than existing mass ttapgroaches, reduces wait and travel times,
and uses existing transit corridors. More landamescious and 100% solar powered, this ATN
design is sustainable where existing transit smhstiare not.

The design challenge was divided in to six engingetomponents of cabin, propulsion,
structure and guideway, solar energy, control systend station design and two non-
engineering concerns: urban planning and busiceesss. Each component was analyzed
separately in order to determine the best desiga.design process included four stages:
researching the state-of-the-art in each functiangd, developing functional specifications and
constraints, selecting the optimal technology ichefanctional area; and lastly, designing a
prototype system. The route and urban planning aisieconsidered, which included corridor
selection, land use entitlements, and environmemiahct assessment.

The research and calculations determined thatasegmger cabin should fit four adults and have
approximate interior dimensions of 80 in. lengthin. width x 69 in. height. The propulsion
method to be used is a linear induction motor (LtNBt is capable of achieving a cruising speed
of 50 miles per hour. The cabin is to be suspefficied the guideway with a ground clearance of
at least 14 feet. The columns that support theeyuay are to be made of A574 grade 50 steel
and spaced 40-50 ft. apart. The guideway is to Peat truss. Stations are to include angled-
berth tracks, with options for sub-lines for high@ffic areas. Solar panels to be used are
“Sunpower SPR-440NE-WHT-D” modules at a 32 degitearid 190 degree azimuth. Control,
schedule, and routing of the vehicles use a hytermdralized system, which holds supervisory
authority over semi-autonomous subsystems.
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Chapter 1: Executive Summary

Automobile transit in the United States of Amerig@uickly becoming unsustainable as the
population density increases. As a result, traffingestion is causing commute times to reach
unacceptable levels, driving up the already sigaiit negative environmental impact caused by
the inefficient combustion of fossil fuels. As ilemented the alternatives to the automobile are
unfortunately less than appealing.

The Sustainable Mobility System for Silicon ValE§MSSV), a team of Business, Urban
Planning, Software, Mechanical, Civil, and CompuEagineering students at San José State
University (SJSU), has worked for the better pagight months to specify the Superway, a
fully functional automated transit network (ATN)rf8ilicon Valley based on personal rapid
transit concepts. Significant interest in this sgstcontinues to be shown from the cities of
Mountain View, San José, Sunnyvale, Milpitas, agxkesal others in and around Silicon Valley.

The SMSSV team adopted several specific desigereitvith the ultimate goal of creating a
safe, sustainable, and efficient transit solution.

Given the obvious troubles with the dominant traggstem, the Superway design is intended to
minimize the environmental impact of moving pedpédween the places where they live, work,
play and shop. The design team decided on a sdegeystem to minimize the negative visual
impact. This suspended design gracefully incorgsra solar cell umbrella over the rail system
which is capable of providing nearly 100% of thgg&uwvay’'s energy needs. Using the best
available transit supportive land use metrics,roptisystem routing has been determined to
minimize resource use and maximize potential ridersTo minimize the impact of

constructing the system, much of the Superway ddsighodular, allowing individual pieces to
be fabricated in one location and then quickly adsed at the construction site.

Cognizant of America Disability Act (ADA) guidelisepassenger safety was a critical concern
throughout the design process. The design of tkegmaer cabin (or ‘pod’) provides a
comfortable and safe environment for all passengegardless of their unique physical
requirements. Inspired by cinema seating, thefpatlires folding seats allowing wheelchair
access to all pods.

To be attractive as an alternative to the freedommiged by an automobile, the system must be
convenient and time efficient. By design, all istag will be located off of the mainline of travel,
allowing pods to bypass one another. This off-Btegion decreases travel time and improves
customer service by minimizing the stops an indigidnust endure moving from place to place.
The linear induction motor propelling the pod via# capable of a reasonable 50 miles per hour
(MPH). Combined with the off-line station, thigeaf travel should offer travel times lower



than all other alternatives (including the autont®)ain reasonably dense urban areas such as the
Silicon Valley, especially during commute hours.

The control system uses a three-tier architecem&ufing a Master Controller (MC) which
monitors and oversees a large set of distributed-aatonomous subsystems. The MC acts as
the central authority for the entire system, mamiig the transit network’s health and alerting
each subsystem to potential trouble that the stéasymay encounter. With a system wide
perspective, the MC can redirect idle pods to aoédise network where those pods can be most
useful. Each pod contains an Autonomous Pod Closystem which will safely move the pod
between stations and provides a safe and comfertad®. At potentially flow constricting
merge points, a specialized Merge Controller cowtdis traffic through the intersection by
negotiating and allocating merge windows with theiming pods. Finally, the control system
will be complemented by a Reservation System whiithallow passengers to purchase tickets
through terminals and web accessible platformspaadide the MC with sufficient information
to predict the optimal distribution of pods.



Chapter 2: Introduction

Motivation

Based around the automobile (&"X®ntury technology), transit in the United StatbAmerica
(America) is quickly becoming unsustainable. Cdstduilding the necessary infrastructure for
automobiles are outpacing inflation (Federal Higizvaministration, 2012). Fuel costs are
skyrocketing (Bureau of Labor Statistics, 2012).eXima is not building enough roads to keep
up with the population (Federal Highway Adminisimat 2012). Commute times are increasing,
and the current alternatives are not persuasivaegimto serve the populace (U.S. Census
Bureau, 2011).

Rising Road Way Costs

Over the past 50 years, the expenditures per riileanl have doubled the rate of inflation in
America (Bureau of Labor Statistics, 2012). Inséirgly, in real dollars, the expenditures per
road-mile outpace the growth of the general econfungll two year periods, except for the
1980 — 1983 timeframe (an oversight Regan draniticeampensated for in 1985, allowing
expenditures per road mile to climb by four times prevailing rate of inflation in that year
alone). As land values increase, especially langtban areas, and obliterating the
government’s ability to find affordable surfacedétransit corridors, the trend will necessarily
continue.
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Figure 1. The cost to build roads has greatly outpced the general inflation rate. (Bureau of Labor fatistics,
2012)

Roadway Availability

Since at least 1961, America has not investedaeffily in roadways to keep up with the
growth in the licensed driver population. Furthees the following figure demonstrates, each
driver in 2010 is driving 16.6% further than theg ch 1961 (Federal Highway Administration,
2012). The combination of fewer roads per persahraare miles traveled necessarily indicates
that any extra capacity built into America’s roagvegstem will eventually be consumed. Since
1980, the average commute time has increased 208 @énsus Bureau, 2011), indicating the
exhaustion of excess capacity has already occtwreduch of America. Though there is some
curtailment of this trend due to the recession@ti& the rapid recovery from the oil embargoes
of the 1970’s indicate resumption of increased rfeetravel will occur as the economy
recovers. Fundamentally, despite spending an iscrgamount in real dollars per road-mile,
America cannot keep up with its growth.
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Figure 2: Population growth and road utilization has been outpacing the introduction of new roadwayof
the past 50 years (Federal Highway Administration2012)

Rising Energy Costs
Though much more volatile than the economy in ganenergy costs have been rising
alarmingly over the past ten years. Petroleumdésa sources lead this trend, though the
impact of the 2008 recession gave their rapid climime pause. Interestingly, electricity’s
increase, though more rapid than the rate of inftabver the general economy, tracks the rate of
inflation closely, and is the most economicallybsteof the reasonable fuel sources over the long
term. Further, with the flexibility of electricityeneration, as new methods of energy production
are discovered, it is much more likely that eledtyiwill continue to closely track the general
economy and avoid the volatility of combustion &ie(Bureau of Labor Statistics, 2012). .
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Figure 3: The rate of inflation for petroleum basel energy sources is dramatically outpacing the groth of
the economy and the rate of inflation for alternatve transit energy sources (Bureau of Labor Statists, 2012)

Mass Transit Acceptance

Judging by the rate of adoption, mass transit m&ilicon Valley (as represented by the San
José-Sunnyvale-Santa Clara metro area) has failegipture the interest of the population.
Despite having similar populations, Silicon Vall®gidents opted to use mass transit at one fifth
the rate of the nearby San Francisco-Oakland-Fremegapolis (McKenzie, 2010). Nationally,
mass transit only accounts for 5% of the total wiallated trips taken by travelers. Alarmingly,
the utilization of mass transit decreased in tiggorefrom 2008 to 2009, further highlighting the
failures of existing options. Interestingly, méhan 70% of the vehicle miles traveled in the
region are consumed by individuals in their persanéomobile. A proper mass transit system,
one which could be made attractive to the bullhefditizens utilizing the roadway system,
would extend the useful life of the region’s rodolsdecades. (US Census Bureau, 2011)

Considering America is unable to support its curggowth path utilizing only the automobile,
and the failure of existing mass transit optionthm Silicon Valley region, another method must
be found to meet the growing transit needs.



Automated Transit Networks (ATN), Personal Rapid
Transit (PRT), and Other Considerations

ATN

With the advances in technology over the past cgniiuis now feasible to create and automated
transit network (ATN). An automated transit netiver a mass transit system comprised of
vehicles and guideways which exhibit the followtltaracteristics (Carnegie, Voorhees, &
Hoffman, 2007):

1. Automatically controlled vehicles which travel teetr destination without human
intervention

2. On-demand service. A vehicle arrives when summoragder than on some
predetermined schedule.

3. Supervisory safety and availability monitoring. eT$tate of each vehicle in the system,
and all of its subsystems are continually and aatarally monitored for state and
optimal function.

4. Non-stop service to the destination. Basicallyassdates stations which are not on the
main line of transit (called offline stations)

5. A discrete guideway, separate from existing roadway

PRT

Personal Rapid Transit is a subset of ATN focusedmaller vehicles targeted at approximating
the automobile experience (as opposed to GroupdRapnsit (GRT), which more closely
approximates a Van Pool). A PRT exhibits thesetmael characteristics (Carnegie, Voorhees,
& Hoffman, 2007), (Irving, 1978):

Small vehicles targeting one to six riders.

Vehicles able to function around reasonably tighhs.

Light weight vehicles to minimize energy and guidgvsupport needs.

Private ridership. There is no expectation theatlicle will be shared between strangers.

Additional Considerations

Though not an absolute necessity for consideratsoan ATN or a PRT, there are a few design
dictates which are common amongst most implememisiénd are considered vital to address
the looming troubles with the existing transit adtructure (Carnegie, Voorhees, & Hoffman,
2007):

Electric vehicles. Electric motors can be cratietiigher efficiency than gasoline
motors, and by decoupling the motor technology ftbenfuel source, advances in fuel
source technology can be leveraged over time



Elevated guideways. Elevated guideways can takeradge of existing transit
corridors, easing the implementation.

Automated rebalancing of vehicles through the sydteanticipate demand, and ensure
rapid supply during times of imbalance (such asmithere is significant migration
towards a sporting event or during commute hours)

Interest in PRT in the Silicon Valley/Bay Area

That there currently exists strong interest in aesle and future PRT development taking place at
San José State University may prove to be a keypoosnt in driving this technology forward in
the Silicon Valley and Bay Area. Areas where sachnterest and market exists are Mountain
View and the City of San José.

Mountain View

In 2009, Advanced Transit Systems (ATS), a Uniténglom-based PRT company, made an
attempt to convince the Mountain View City Courtoilconsider PRT as a viable transportation
system to connect the downtown train station, Ntid\eronautical and Space Administration
(NASA) Ames and Shoreline businesses. The 15-railée system they proposed starts at the
transit system and ends at the Google campus wdtabof 40 stations in and surrounding
Shoreline and Moffett Field. (DeBolt, Mountain Viédonsiders Bold New Transit System,
2009)

Given current transportation patterns, it is apated that within the next 10 years, the
interchange between Highway 101 and 85 will becboyelessly gridlocked, and an ATN
public transportation system will help to prevdnstissue. The system which was proposed to
cost $7-15 million per mile would be capable ohsporting over 3,400 people per hour.
(DeBolt, City considers PRT system, 2009)

This proposal has been well-received by the citythiere has been growing support for such a
system especially with the advent of the autononvetricles which Google is currently
developing out of their campus.

SJ RFI and the San José Department of Transportatio Consultant

Study

The Santa Clara Valley Transportation Authority @JTSanta Clara Country and the City of
San José in June 2008 began an analysis of thbifisaef putting an ATN system at the San
José International Airport. The proposed systeraldvoonnect the airport with the existing
VTA light rail system, Cal-Train, and a potentidABT extension to Santa Clara (proposed for
2025). It was estimated in the report that sucAa@tomated People Mover (APM) would cost
the city $967 million for the two-mile system—duwethe high cost the APM was rejected. (Arup
North America, 2012)



Instead, in August of that same year, the Cityadsal Request for Information (RFI) to entice
other firms around the world to make offers to #alsimilar system. This RFI resulted in
responses from 17 different companies, and in dsouns with various ATN firms, consultants
and independent researchers that this technologyeealy for deployment. The VTA Board
voted in support of ATN and authorized $4 milliendevelop a system to connect major transit
systems currently existing within the city to thénta San José International Airport (Price,
2010). The consultants on this team came from ggce Corporation, which had extensive
knowledge of ATN, and Arup, a company that had ngadathe implementation of this type of
system at the Heathrow-London airport. (A White &am the Status, Opportunities and
Challenges in Developing San Jose’s Automated Tiraeswork (ATN) Project, 2008, p. 10)

The results of this study were released in Oct@bég by the San José Department of
Transportation about the feasibility of ATNs in itigy. The main focus of the system proposed
was to service the Norman Y. Mineta San José latenmal Airport.

The conclusion of the report was that a PRT sysietine city of San José would be beneficial
but the full merits and disadvantages were noy fidhlizable at this time. The technology as a
whole is in its infancy and despite the fact tiat technology has existed for decades such a
system has not been completely validated. At piteg®e, despite interest in the system and the
various local start-up companies which exist indhea, such as Unimodal, who are making
progress in the area, there is still too much ighatill unknown about how the system would
actually operate. (Paige, 2012)

Competitions

Solar Sky Ways Challenge

Another motivating goal for this project was toarthe Solar Skyways Challenge. The Solar
Sky Ways Challenge is a multi-disciplinary competitcreated and judged by The International
Institute of Sustainable Transportation (INIST, 2D&hallenging teams of university students to
propose and prove the viability of a solar-powesdd. (INIST, 2012) By providing a $10,000
USD prize to the two teams with the best desigpaatcar City 7 in the fall of 2013, INIST is
attempting to push ATN technology closer to truglementation.

As stated by INIST in the defining Solar Skywaysallénge, 2012-2013document, the goals of
the Challenge are:

1. Raise awareness of the necessity to support inlveviansportation solutions beyond
cars, and the possibilities that exist to do such

2. Increase the involvement of the academic communigddressing current
transportation-linked infrastructure issues andisee

3. Encourage regional undergraduate and graduatergtuiiecontribute to and influence
the process of creating more sustainable trangportsolutions in the Bay Area.



4. Develop an awareness of and an interest in solaepanl ATNs as a vital and important
area for academic research and future careers.

Specifically, INIST is challenging the teams to neeestigate and propose solutions for the
following areas:

1. Technical — prove viability
a. Create a model of the physical systems necessaanf TN being mindful of
power requirements
b. As much as possible, the system should be solae oy
2. Civic — prove suitability
a. Design an ATN network for a real-world location gimdve its viability
b. Work with civic planners to understand the legahiework and political process
necessary to successfully implement such a system
3. Societal — prove acceptability
a. Create and carry out a valid poll to identify theshpressing concerns the
average person may have for or against such an ATN
b. Actively work to evangelize ATN for the local area
4. Artistic — prove transit can be beautiful
a. Minimize the negative visual impact of an ATN wittthe public space
b. Beautify the guideways and vehicles to increase #oeeptability to the public.

Final submissions are due to INIST on July 31, 2013
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Chapter 3: Objectives

The primary objective of the SMSSV project is tside a fully functional ATN for the Silicon
Valley based on personal rapid transit.

A secondary function of the SMSSYV project is torsitiihe fully designed ATN system to the
Solar Skyways Challenge 2012-2013 competition.

These two goals ultimately lead into the need falladefinition of specifications and

constraints to the SMSSV ATN system. One such elaofithese constraints is the fact that the
system’s power source will only be utilizing sopenwer. Establishing these constraints and
specifications will make it easier for this groupimoves forward in the system design process.

The task of designing an ATN system would be fadidyinting if it were not for significant
research and analysis on previous ATN systemsid&dra researched and analyzed past and
existing ATN technology elements to select the congmts most appropriate for this system.

One important aspect that must be considered whsigring a viable ATN for Silicon Valley
involves the location of an operational corridoramdnthe guideways and stations will be placed.
The selection of an operational corridor for theNAiE essential because it defines how the
system will impact and improve the area. For exanglcorridor that is notorious for congestion
would be an excellent choice to place the ATN syste

If we are successful in accomplishing these objestithe ATN will be able to provide a

solution to traffic congestion in the Silicon ValleTraffic congestion is a major problem in the
area due to factors such as existing residentsyeaers, high-tech companies, and just the sheer
amount of vehicles on the road. All of these fastmymbined contribute to the traffic congestion
not only on work days, but also on weekends atgsldike shopping malls and plazas.
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Chapter 4: Structure of the Team Project

This cross-disciplinary team was structured inteesal teams focused on different functional
areas. These teams were led by a team lead anebtindeads in turn reported to a general
project manager and treasurer. The functional @esariptions follow:

Cabin Design

Design the cabin and exterior of pod

Design for optimum performance and safety
Adhere to legal guidelines and regulations
Consider aesthetics

Propulsion

Make propulsion system modular for ease of accedsiae
Plan for middle to high speed travel
Design an efficient, low-cost, low-energy propuisgystem

Station Design
Design aesthetically appealing station
Determine most efficient way to direct traffic indaout of stations
Adhere to legal guidelines and regulations

Solar

Design and size a solar system to power the ATkeBys
Maximize energy from solar system

Minimize costs

Consider aesthetics

Control Systems

Creation of any software related systems to autertiet PRT functionality, including:

Autonomous pod control

Master pod controller

Safety and preventative monitoring
Ticketing

12



Urban Planning

Assess suitable potential corridors and locationg\TN infrastructure
Assess the zoning codes and general plans of Séarta County cities and unincorporated
local authorities for locations capable of suppaytiixed guideways system

Locate five largest potential trip generators draldlosest existing major transit hubs and
nodes

13



Chapter 5: State-of-the-Art / Literature
Review

With guidance from the projects advisors and séwmrine indices, each functional group
reviewed the literature related to their areaser@ews of PRT, ATN, and transit general transit
concerns were reviewed to provide context for fiecgic areas.

Cabin Design

The design developed by the cabin design teamées ibfluenced by the research in the design
specifications of system models and concepts wiaste been developed. The three companies
that were focused on were Beamways, Ultra and HiBah

Beamways

Beamways AB was established in January 2008. Tewosyprior to the formation of Beamways,
Bengt Gustafsson, CEO and one of the foundersgdbaeloped a complete PRT concept.
(Beamways AB, 2008)

The Beamways cabin seats three people, meets Swakl2A complaints and has room for
bikes. A three seat configuration was chosen becpesple tend to travel in smaller groups, but
if more people wish to travel in the cab therelenpy of standing room. (Requirements on the
Beamways Cabin, 2012) He also pointed out thaedinis is a system with many destinations,
but little to no stops in between, having largeug® of people traveling to a similar destination
would not occur often enough to increase cabin@gpadne of the requirements of the system
is that passengers should be seated to allow $terfaehicle speeds, sharper turns and faster
vehicle acceleration and deceleration.

Since the design must meet Sweden’s ADA regulatithrese is already adequate space built in
for luggage and other items that passengers migig Bboard. An attractive feature and a key
selling point that was built into this design waspace for bikes. For the first couple of years
after this system is built and in service, it witit be serving all areas of any city. Combining
bikes and this PRT system would encourage peopleddhe system.

One major feature to this cabin design that addbaseelchair access, is foldable seats. In the
United States, one of the major requirements fgrparmlic vehicles is that a wheelchair must be
able to back up to a wall when vehicle is in motiBhysically folding a chair is a challenge for
many wheelchair occupants; therefore, Beamwaysgdescludes chairs that fold when a
button is pressed.

To address safety and quality of service, Beamwags double sliding doors on both sides of
the cab. The height and width of the Beamways cat#rdesigned to have minimum impact on

14



the guide way, yet still not be greatly affectedthy cabin’s aerodynamics. A wider cabin design
would put more stress on the T-bar holding thercébihe boogie, resulting in the need for a
stronger and more expensive T-bar. A longer cabsigth would decrease system and station
capacity. The flat top in the exterior design dases stress in the T-bar holding the cabin
because it can be attached closer to the guide way.

Figure 4. Beamways Cabin Design. The cabin desigii Beamways uses double doors on each side to emsu
quality of service and safety to its passengers. €guirements on the Beamways Cabin, 2012)

Ultra

A PRT system that is currently functioning at Heath Airport in England was designed by
Ultra. The Ultra cabin shown below was designeldial four passengers plus luggage. While
the current bench seat layout used at Heathrowrigtilizes a four seat configuration, Ultra’s
cabin design can be customized to accommodate sig seated passengers.

15



Figure 5: The interior layout of Ultra’s cabin dedgn features bench seats which face one another.|{ta
Global PRT, 2011)

The cabin weighs 850 kg (approximately 1875 lbsgrmvempty but its maximum mass at
capacity is approximately 1300 kg (approximatelg@&s). The length of the cabin is 3.7 m,
1.47 m. width and 1.8 m. height (approximately 12 4.8 ft x 9 ft, respectively).

The interior of the cabin features flat floors thign with that of the station to allow for
wheelchair, so that the vehicles comply with thetéthKingdom’s Disability Discrimination

Act (DDA) and they also comply with US ADA requiremts. The double door opening is about
0.9 m (3 ft) wide which makes it easy to accommeadaeteelchairs, bicycles and large cargo.

The interior is illuminated to allow passengergmgoy reading; it contains a liquid crystal
display (LCD) to relay relevant trip information ¢é@cupants; and it provides heating,
ventilation, and air conditioning to provide a camtéble ride. Additional notable features of the
vehicle include an illuminated door, control, commmation, and alarm switches. In the case of
emergency, there is a two way communication systeatlow passengers to contact the control
team; the cabin also features an emergency exiisla@cessible from inside and outside the
vehicle. (Ultra Global PRT, 2011)

H-bahn

H-Bahn is a suspended group rapid transit (GRTieayshat has been in operation in Germany
since December 1993. Each vehicle has a 45 passeagacity with a 16 seat layout illustrated
by below and the interior space to further accoma®@9 standing passengers.

One of the most notable features of the interiersecial compartments that house the control
and monitoring systems and the ability to operageviehicle from inside if necessary.

16
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Figure 5: The H-bahn cabin features 16 seats whiotan accommodate multiple sized parties and the
spacious layout allows for standing passengers. (Bahn 21)
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The exterior features large windows and two paiisiding doors. The exterior of the cabin
which measures at 9.2 m in length, 2.2 m width Zal®dheight (30 ft, 7.2 ft, 8.5 ft measurements,
respectively) is built from extruded aluminum whiatovides for high corrosion resistance to
weather conditions while providing the necessaifinsss at a low weight. The empty vehicle
weight is 8,455 kg (18640 |b) and provides a maxmweight capacity of 13,378 kg (29493 Ib).
(H-Bahn 21)

While H-Bahn vehicles are substantially larger thgmcal PRT systems researched, this system
is of note since it is a suspended system thatrigctly operational.

Vectus

Vectus is a UK-registered company which is curgeaferating in Korea and Sweden. Its
system is shown in Figure 7. Its compact cabingesmeasures 3.5 m in length, 1.9 m width
and 2.2 m height (11.5 ft, 6.2 ft, 7.21 ft, respasdy. Its design features heating and air-
conditioning, individual seating, dual displays ardding lights, and provides a comfortable and
luxurious trip to the passenger as well as whe@l@t@ommodations. The cabin provides space
for luggage and other cargo that the passengertriebarrying. Special comfort features
include armrests and in-seat entertainment systems.
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The cabin is fire and graffiti resistant and conmgabef pre-preg phenolic GRP, a composite
material. In addition, Vectus offers the threeolatg for the interior, the most basic of which is
shown below in Figure 7. (Vectus Intelligent Traotp

Figure 6: Vectus Cabin Design. This interior desig concept is just one of three that has been devekd by
Vectus. (Vectus Intelligent Transport)
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Propulsion

Methods of propulsion for this ATN system will bsclissed in this section of the report. The
most commonly utilized propulsion methods for auatea transit networks (ATN) to date are
linear induction or rotary motor propulsion systemihough magnetic levitation (maglev)
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Figure 7':“§mghai Magnetic Levitation Traih (Shanglai MAagIev Transportation
Development, 2005)

exists as a propulsion method for larger scalesprartation systems (i.e. Shanghai maglev train)
it has not been utilized as a propulsion method\bN systems. Conforming to the standard of
public transportation, all proposed or currentlpidéable pod car propulsion systems operate with
electricity as its primary source of power. Therefall linear of rotary motor propulsion
systems will be powered by electricity. Within #@ntext of this report, the term "rotary motor
propulsion” will be a reference to electric motomwgred transmissions. These transmissions
consist of an electric motor that provides torqueubber or steel wheels through a series of
gears, chains, or transmissions. While rotary nsoéoe currently used in a multitude of
transportation solutions (i.e. BART, electric vdeg) there are alternative propulsion systems
that are beginning to become more viable. An exaroppotentially usable technology is the
linear induction motor. (Shanghai Maglev TranspiwtaDevelopment, 2005) (Ultra Global)

Heathrow 74

Figure 8: ULTra Personal Rapid Transit Pod Car (Ultra Global)
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The first example of possible propulsions systepesyis the rotary motor system utilized by the
ULTra system located at London's Heathrow Airplstdesign is composed of rotary motors
interfaced through a set of rubber tires in contdtit a concrete pathway. This design is the
closest adaptation of traditional transportatiohiolr allows initial construction costs of a pod
car system to be kept relatively low when compaoea linear induction motor system. Notable
features of their propulsion system include:

"7TkW' synchronous AC drive motor
Fixed gear ratio

Front wheel drive

Regenerative braking

Maximum speed of 25 mph

Turn radius of 5 m

Due to the unavailability of the system's desigacHcations, it can only be extrapolated that
the ULTra ATN systems utilizes rotary motor propossystems because of their lower
(compared to linear induction motors) upfront carsti power requirements (Ultra Global). Since
the ULTra ATN pod cars receive power from theirlmard batteries, it can be assumed that
their decision to utilize a rotary propulsion syststems from its relatively low power
consumption (when compared to other methods ofytsam). Essentially, rotary motor
propulsion systems rely upon an electric motoisg@ies of electric motors) to transmit power to

the track through a drivetrain.

The second example of a propulsion system claasiic is the linear induction motor system
currently being implemented by Vectus and SkyWeprEsgs. The main directive that influenced
the Vectus ATN's propulsion system selection wasdigsire to operate in extreme weather
conditions. Most notably, LIM's provide a propuksiforce that is independent of the traction
between the tire and track. This characteristraast useful in cold weather climate conditions,
where an icy or wet track would reduce the effemiass of a traditional rotary motor propulsion
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system (VECTUS, 2011). SkyWeb Express utilizesdirieduction motors as a form of
transportation and shares several similarities tiéhVectus propulsion system. The key
differentiating facts are the adaptations for iased reliability in the Vectus systems and the
interface to the track. Skyweb Express uses rulvbeels on the guide way instead of steel
wheels on a rail as in Vectus. Currently the Sky\WW&press ATN system constructed a partial
prototype with full functionality, proving the appation and validity of linear induction motor
propulsion systems (Skyweb, 2007). Conceptualtgdr induction motors utilize the
manipulation of magnetic fields to create a propel$orce that can accelerate the pod car.

Although different in theory, both linear inductiand rotary motor propulsions systems are
almost freely interchangeable due to the simiksitf the bogie (apparatus that houses the
propulsion system and supports the pod car orc&)tré&simply put, a linear induction motor is a
flattened out electric rotary motor that outputa@gnetic force instead of a mechanical force.

Structure

Several suspended and supported PRT networks tueglied in detail in terms of their
structures/guide way design in order to understaadechnology that currently exists or is
currently under development.

Cabintaxi

Cabintaxi PRT system, shown in Figure 10. CabirdXT system . (Cabintaxi PRT System,
2012). Cabintaxi PRT system utilizes a double trguckie way that allows the vehicles to ride
both supported on top and suspended below the guagieThis two-way access on a single
guide way introduced a way to increase throughepua single guide way and reduce the total
mileage of structures in the system. The guide-eamsists of a box girder, completely
encapsulating the bogie, and provides guidancesapgort for vehicles.
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Figure 10. Cabintaxi PRT system (Cabintaxi PRT Sysim, 2012).

Cabinlift

Cabinlift, shown irError! Reference source not found, is an automated PRT system that
utilizes the experiences gained from Cabintaxi (@umM. , 2010). The track is a box section
bridge completely encapsulating a bogie that raesubber wheels, as well as the busbars,
brakes, secondary conductor for the drive unitsnraad emergency power line, heating, and
communication line. Cabinlift, as a rule, utilizesnforced concrete for their supports.
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Figure 11. Cabinlift PRT system (Burger M. , 2010).

SIPEM (Siemens People Mover System) H-Bahn

As mentioned earlier, the H-Bahn is a suspendedn@ated monorail system developed by
Siemens, currently in operation in Dortmund andd&igorf, Germany (SIPEM - Siemens
People Mover System, 2010). Their guide way cossifta hollow rectangular box girder with a
slit in the bottom, allowing motorized bogies to@n rubber wheels in the girder while carrying
the cabin bellow, as seen inFigure 12. H-Bahn Pg&tesn. Each cabin vehicle requires two
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motorized bogies. The girder completely encapssiltite bogies so that they are protected from
the elements. All components of the structure andegway are pre-fabricated and assembled on
location. Prefabrication provides a major advantagehis system as compared to other systems
where the guide ways area fabricated on site. Hidaarrently still in operation (H-Bahn

Dortmund, 2013).

Figure 12. H-Bahn PRT system

MISTER

(Metropolitan Individual System of Transportation on an Elevated
Rail)

The MISTER PRT system is an automated transit sy#tat utilizes a unique truss-rail

infrastructure (seeFigure 13. MISTER PRT systeha) allows vehicles to switch from rail the
rail with ease and has the capability to lower gkdsi down to street level (MISTER, n.d.).

Figure 13. MISTER PRT system (MISTER, n.d.)
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SkyTran

SkyTran, a two-passenger suspended automated RRInsgurrently under development by
Unimodal Inc. in collaboration with NASA, utilizespassive, magnetic levitation system for
their guide way. This system was chosen by thegddsiam due to fewer moving parts, which
significantly reduces the cost. The guide way catgly encapsulates the bogie holding the
vehicle, keeping the vehicle safe and secure vaaleeving higher speeds.

Station

Off-line Stations vs. the Alternatives

Most public transportation systems that run orsrdd not use an off-line station system. For
most public transportation systems that run orgréile vehicle travels to each individual stop,
stops, unloads and loads passengers and thenwesmtin with its journey. There is no way to
bypass the vehicle while it is stopped at a statierause it is stopped on the mainline. Systems
that are designed in this manner are extremelsirebn vehicles not stopping at a given station
for a large amount of time because it will havegai§icant impact on the throughput of the
system on the rest of the vehicles in the system.

A system with off-line stations like the one shobalow separates the station from the mainline.
When a vehicle wishes to stop at a given statlomythicle leaves the mainline on a sub-line
and decelerates to the station. The vehicle théoada and loads its passengers and accelerates
back to the mainline. Off-line stations decreaagdf time because the vehicle does not impede
the mainline, allowing other vehicles to keep ttangeto their destination.

Figure 14: Representation of an Offline Station
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Linear Station

The concept behind the linear station is simpleeAicle pulls up to the station, unloads and
loads passengers and then continues on to it eskindtion. It is used for buses, trains and a
number of the PRT stations that currently exislin@ar station is an ideal setup for high
capacity vehicles like buses and trains that trawvelery stop along their route or for low traffic
impact PRT stations.

Angled-Berth Station

In the case of a linear station, the vehicles lbther vehicles at the station are dependent on
one another. To demonstrate an issue with lin@dioss, let us assume there are four vehicles
stopped at the station. The vehicle closest tortamline has passengers that are boarding, but
very slowly. The three vehicles behind the firshiege have passengers waiting to go to their
next destination, but cannot because the firstokels in their way. This leads to a buildup of
congestion in the station and a decrease in thigyjabcustomer service. An angled-berth
station, as shown in Figure 15, eliminates thigas$nstead of vehicles lining up behind each
other, they pull into berths before unloading avatling passengers. This setup decreases travel
time because each vehicle can leave when it ig/ra@ad not when the vehicle in front of it is
ready. The PRT system by 2getthere in Masdar Qitlythe Ultra system at Heathrow Airport
currently use this type of station arrangement..

Output Queue
e 2x13.5 Output

~

T Queue Space

3x 135 Input

Queue Space
Dimensions in feet

Figure 15: Angle Berth Station Design (Paige, 2012

Design Specifications for the SVSSM ATN System

Ideally, passengers would not be spending muchitinige station because the podcars would
come as soon as they are called by the passerayehdt reason, the station is going to be
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modeled after and look more like the Ultra statideathrow Airport, rather than a more
extravagant airport. This will also help to saveneypoverall. However, the station will still
have the basics such as a place to sit and adaashn addition there are governmental
requirements that must be met, which are listedvizel

Gap between the cab and platform is no wider thexei3es and the height from the cab
to the platform is no higher or lower than 5/8thaafinch

Appropriate space for wheelchairs to move easithiwithe station

Ramps and lifts placed where needed

Proper notifications that address the needs fabdisl, that consisting of appropriate
signs, markings and verbal notifications

Vehicle Storage

Vehicles will be sent to offsite stations and gasagnder high traffic stations when they are not
in use. Vehicles sent to offsite locations cantbeesl, cleaned, and receive any necessary
maintenance before being brought back into ser¥eéicles stored in garages under high traffic
stations can be called up when needed. For manicgtdnsportation systems, this method is
more than adequate to address vehicle storage.needs

A continuous guideway will take vehicles to andfroff-site stations and garages, so that a
break in the guideway will not exist. This elimieatthe chance of guideway and vehicle
complications, ensuring a safer system.

Solar

As of 2012, there are no solar-powered ATN systtashave been constructed or are currently
in construction. However, there are several vehitihat may be considered precursors to the
idea. The World Solar Challenge (http://www.worll@sohallenge.org) in Australia and the
American Solar Challenge (ASC) (http://americansatiallenge.org) in the United States are
both competitions to create a car that may havealigy to replace the cars in common use
today. Originally, the challenges were intendecepuas a race from one point to another. As
the cars evolved they began to break freeway spbedsming less safe and less constructive
for public use; that is, the size of the cabin sthgmall, and the cars would never approach a
model that would be fit for public use. A team froime University of Michigan entered a car in
the ASC that had the ability to exceed 105 mphwahg that solar powered vehicles are getting
closer to being more than just a quirky inventidowever, it is equally clear from Figure 16:
Quantum, University of Michigan’s Solar Powered Caource:
http://solarcar.engin.umich.edu/the-car/) thatdbsign of the vehicle still has a ways to go
before it is something the consumer can use.
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Figure 16: Quantum, University of Michigan's SolarPowered Car (Source: http://solarcar.engin.umich.gu/the-car/)

The solar car has one significant drawback that AIbEs not — it must contain all solar cells
within the space of the vehicle itself. It shoukrmoted that other than ATN, there is no current
transportation infrastructure that could utilize space as efficiently as an elevated track. Bhis i
why a completely solar powered vehicle has nobgein possible on a large and marketable
scale.

Despite this, few ATN systems argue that adaptghi solar use is one of their greatest
strengths. Not one of the respondents to San JB$d’sn the subject included solar panels as
for the primary energy source for their system. 8@mmpanies included solar as a possibility
that could be added to the pre-existing systemitlhuas not mentioned in depth, nor was it
strongly pushed as a concept that should be impiesdeSome that did not respond to the RFI
do believe in solar technology, including SantazZIPlRT and SkyTran. However, neither has
provided much information regarding their implenaitn of the system. They have both
claimed that it is possible to construct a 100%uspbwered ATN.

The most in-depth explanation of those that memtiamsing solar panels to power their pods
was the RFI from Beamways. One important questieanBvays asked was how the electricity
should be transferred from the panels to the systisimg the same electrified rail as the one
powering the cars could potentially be cheaper bsz# save on the cost of additional cables
throughout the entire system. However, the downtdhis is that there would be few off-the-
shelf parts suitable for this, such as the inveftenverters; most would have to be customized
to the specifications of the system. Additionathgre is the potential for interference if the rail
Is shared.

The question of panel orientation or tilt is bryeflddressed, with various ideas of how to solve
the potential problems. A panel tilted toward tha ¢south in San José) not only contributes
more power to the system, but allows rain and atbéing to run off and keep the panel running
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efficiently. The problem is when it is less desieatw tilt the panels. For a North-South running
track, panels with significant tilt will shade eaatiner, causing the design to either take shading
into account or to have greater spacing. Both eg¢hchoices greatly reduce the power output of
the modules.

It is possible to use a thin film module that awide standard orientation issues. Thin film can
be bent to create a more cylindrical shape, whiiclhiva for the sun to always be hitting at least
one part of the panel at the proper angle atraksi Since thin film is cheaper, it can be done
more affordably, but at the cost of efficiency.

In some situations, it may be beneficial to usess lobvious method for arranging the panels.
For example, there will be situations where a porbtf the track may frequently be shaded by
trees or buildings. It wouldn’t be prudent to pay&ind of modules on the track in those
sections, but there might be alternatives. In #eeof tall buildings, it may be possible to
arrange for some panels to be put on the roofebthldings creating the shade. Trees would be
more problematic, but it may be possible to makéhap energy on other, more empty and less
shaded portions of the track. It may be usefuluitipe panels on the sides of the columns, or on
the ground near the supports, if the ground areaagdable for use.
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Control Systems

Centralized Control (Synchronous)
One master controller determines the state anceogoaphs the entire system.

Description

With a centralized architecture, one heavily inéégd system performs all command and control
functions. In this environment, all mechanismssaneple extensions of the controller,
functioning as input/output devices to the ceritoahin”.

Benefits

Centralized control has the capability to providgabal view of the system as a whole. These
systems are architecturally less complex to buaiésgign, and debug. With a focus on one highly
integrated system, the architects and programsrdyerequired to create one code-base with a
single end-goal. Since every unit functions a¥@rdevice from the central control’s
perspective, there is only a single communicatgiask which must be scheduled. This creates
a single fundamental problem to focus upon witlyame set of partitioning. Further, the
approach to such a problem is well known and mashldeen written about said development.

With minimal intelligence in the pods, they willmgrate the least expensive pod-control
electronics. Even in this case, there would nedzetsome communicating circuitry which
communicates with the master control and deal itstbommands, but that circuitry could be as
simplistic as a state machine, polling the magsieit$ next directive.

With one system in control of the entire networkging and diagnosing the state of the world is
feasible and should suffer under no communicatiags The failure state of every device is
easy to determine (shut down and stop moving)watig central control to react to a problem
with complete knowledge of the state of the world.

Flaws

The world has been leaving behind fully centraliggstems over the past 30 years for several
reasons. Central control systems do not scale welsome level of complexity, the simple
scheduling of directives to each node overwhelnemekie most robust system’s ability to
communicate. Though such a system generatesdbiedgpensive pod costs, it generally nets
the most expensive control system. In short, arakréd control system is more suitable for a
small and simple transportation network (Bergerld01

Analysis

In its purist form, a centralized system would sisaster. Without intelligence in the car, every
motion must be controlled from the central systdfnedictably, as the system grows in size and
complexity, the abilities of the master control mngrease. At some point, the absolute limit in
technology will occur, placing an upper bound oa ¢bmplexity and size of this system. More
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despairingly, long before this limit occurs, thetgmn will begin exhibiting inconsistent behavior
as times of high demand receive a lower qualityest’ice than times of low demand.

Reliability is explicitly not a concern with a cealtsystem. Though, at casual glance, there
appears to be a single point of failure; thereoiseason the central system cannot be built with
many levels of redundancy (indeed where lives hanlge balance, three levels of redundancy
are the minimum acceptable).

Examples

The Morgantown Personal Rapid Transit System caahlen as an example of a centralized
PRT control system. This PRT system is centrallytiasied with a combination of humans and
automation making all decisions for the systemc&it970s, Morgantown PRT system has
shuttled 19,000 students and 7500 employees betearpuses at West Virginia University
(Gibson 2002). Morgantown PRT system has a recbugittme availability up to 98% with very
few break downs, and in most, breakdowns were chlogenechanical problem from the vehicle
(Albert 1983). Looking at a complex control systesith the lack of technology from the 70s,
Morgantown has demonstrated great reliability @&igstem. Another aspect to be considered is
that Morgantown PRT only services five stops withBa65 mile total distance (Booth 2007).
This is a relatively small model to be a good destiation for a centralized PRT control system.
However, as of 2010, Morgantown was still the aohe of its kind.

Peer to Peer Control (Asynchronous)

Each unit within the system (pod, kiosk, etc.xssawn autonomous unit. The control is
distributed across the entire unit-verse.

Description

In a peer to peer system, there is no true hieyaaatongst the systems, and every system
contains the information necessary for its own aotoous operation. The units have localized
intelligence sufficient for complete autonomoustecoln System level decisions are made by a
voting or prioritization process which occurs thgbuntra-node communication and some type
of decision making tree (frequently an expert systé some type). One node communicates to
the network when service is required which it carprovide (such as a station requesting a
pod), and through the same prioritization rulesps@r many other systems answer.

Benefits
With each unit having significant intelligence, t@eés infinite scalability in processing
power. Adding a unit increases the net capalslitethe system linearly.

Such systems have intrinsic fault tolerance. Seazh unit is responsible for itself and for
reacting to its operating environment, a failurene place will be naturally worked around by
those systems within the failing unit’s operatioshere.
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Flaws

As the number of systems increase, the raw comntglekihe system and potential requirements
for intra-node communication increases throughfalstorial of the number of nodes. This
necessitates communications networks with eveeasing size or a willingness to partition the
system into localized domains. Once a systemri#tipaed into localized domains, cross
domain boundary handling becomes a significantlprab

Collating the state of the entire system into oie@\becomes an incredibly heavy process, made
more difficult with partitioning. Due to communitans delays, it is possible, nay likely, that a
complete view of the system is never able to cotefdefore the state of the system changes.

Since every unit must be able to autonomously fanawithin its operational sphere and handle
possible failure states with units outside of agtcol, the individual pod control system becomes
rather complicated.

Predictably, a fully distributed system createsrtiust expensive pod controls, and necessitates a
very robust communications network.

Analysis

Without some central authority to arbitrate betwsgstems and to coordinate reactions to
failure, a purely peer to peer system will be iddbey complex to implement. Further, the math
governing the growth in necessary communicatiorth@system scales creates an almost
insurmountable scaling problem. One merely needisak at the history of AppleTalk to see
the communications trouble as the need for statenaanications increases.

Examples

The current automotive transit system works in Wagy, with rather complex humans
functioning as the in car control system and a doatlon of traffic laws and the ubiquitous
middle finger as the rules governing each unitgtion and reaction.

The Hybrid Architecture (Quasi-Synchronous)

Description

The hybrid system would incorporate the benefisifipeer-to-peer and centralized control
systems. The system would inherit the central autthand maintain a certain level of world
awareness on the nodes of the system. The authwallitye able to coordinate between other
external systems, such as ticketing with routingatéities. The pods will have enough
intelligence to be aware of the world and safeliof@ the routed path passed down by the
authority.

Benefits
The authority, or master controller, will be albentake high level decisions for improved
efficiency of the overall system and the pod ingelhce will distribute fault tolerance across the
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system in cases of crisis. The efficiency gainedhfthe authority will allow better traffic flow
for faster travel times. The pod intelligence willow any safety related events to be handled
directly with the least latency and the most indhejsnce of other systems.

For any form of transit, safety is the most impotteonsideration when designing control
systems. During the event of a catastrophic fajltive system must support the means of safely
returning passengers to the nearest station. Téretpg@eer network between pods will enable
any operational pods to safely return to a statidhout the need to communicate back to the
master controller. In the event the master corrddils or long range communication is down,
the close proximity of communication in the peepé@r network will have a much greater
chance of being operational since each pod wilehts/own intelligence.

Flaws

Since the system incorporates a hybrid of desigitistre, the system is expected to be more
complex to implement. The complexity comes fromihgwmore components and subsystems to
design.

Analysis

While the system will be difficult to implement glsafety gained will tremendously help
adoption rate. The fault tolerance would be mu@atgr, and still enable having a central
authority to maintain a hierarchy in the systemthie case of half the system being taken down,
the pods will still be able to make it to safety.
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Chapter 6: Design Specifications for the
SMSSV ATN System

Cabin Design

Passenger safety is one of the most important cos@e the transportation industry. In order to
prevent injury, the vehicle must be designed fashrworthiness. The vehicle must be able to
sustain a crash impact for any reason (malfunatgoontrol system, vehicle stuck on guide
way, etc.) and still allow for passengers to be skfis one of the constraints to design a pod
such that the passenger cabin will remain intadtthe passengers unharmed in the event of a
crash.

A form of communication, such as through a prot@¢teo way intercom system between the
pod and the system’s control room, will be required variety of situations. For example, in
emergency situations (collisions, fire, and stuol)gpassengers will be using the
communication system to communicate their situatiiothe system’s control room.

Two small fire extinguishers will need to be placedboth sides in the cabin so that small fires
can be extinguished by passengers.

ADA compliance is a major requirement in ordertfus system to be established. In Section
81192.53a of the Access Board Transportation VelAcicessibility Guidelines (ADA
Accessibility Guidelines for Transportation Vehild 998), the doorway clearance must be a
minimum of 32 inches across. The International Sylnidr Accessibility on the cars must be
displayed clearly on the exterior and interiortod pods, which is stated in Section §1192.53b.
In Section §1192.53c, auditory and visual signatsithen the doors are in motion must be used,
such as the use of flashing lights mounted neaddioes. As stated in Section §81192.173b, the
gap between the pod and the station platform masiobwider than 3 inches and the height from
the pod to the platform must be no higher or lothan 5/8 of an inch. Inside the cabin, the
minimum clear space of 30 inches by 48 inchesqgsired for wheelchair access and space
(Section 81192.83a). Lastly slip resistant flootsstbe used to reduce the amount of injuries.

Propulsion

One goal of the propulsion design selection teas twanake the system capable of high speeds.
By doing this, the system will be more competitivigh current on-road vehicles, and will have
the opportunity to expand to increased distancéikoAgh the cruising speed of the system has
not been determined, the propulsion system willligeachieve at least 50 miles per hour.

Another key design specification is the sizingha t.IM’s. The weight of the vehicle is known,
while the coefficient of friction and the accelévatspeed were estimated for this system type
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(The engineering toolbox, 2011). An acceleratiod .45 meters per second squared is
comfortable for passengers to experience (Pemhez@i?). Using these variables, the

maximum amount of thrust during acceleration amtlsang was calculated. By minimizing the
size of the motors, the cost of the system angbtiweer consumption will decrease. The result

will be a calculated power consumption calculaiimstead of an estimate from a previous

design. InError! Reference source not found, the design specifications for a linear induction

motor are shown.

Table 1. Propulsion Design Specifications

Design Variables Value | Units BOE| Comments
kinetic friction wheels 0.50 E

rolling friction bogie 0.03 E

static friction 1.00 E

calculation weight 1133.98kg D

cruise velocity 22.40 m/s E or 50MPH
number of coils per motor 10.00 D

number of coil turns 100.00 D

air drag 112.00| N A at 50MPH
friction force 223.00| N A

force required to accelerate 348.00 N A

cruising force required 335.00 N A

total acceleration force 571.00 N A

acceleration Wh/mile 158.00 Wh/mileA

cruising Wh/mile 281.80| Wh/mileA

width of laminations 0.20 m D

number of poles 8.00 D

thickness of aluminum 0.01 m D secondary
pole pitch 0.10 m D

regular acceleration 1.125 m/s"2 D

time to accelerate 73.00 S A to 50MPH
distance to reach cruise 816.00 m A to 50MPH
energy required to reach distance 465.80 kJ A

acceleration power 6.38 kwW A

Power needed to overcome friction 4.98 kw A

peak current in one phase 8.30 Amps A

3-phase loss of power in rotor 173.00 W A

initial field velocity 0.22 m/s A

frequency of field 1.09 Hz A

slip velocity 0.34 m/s A at 50MPH
mechanical power plus power loss 14.09 kw A

synchronous velocity 22.60 m/s A

continuous braking force LIM 500.00 N E 100% duygle
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braking distance 568.99 m
braking time 50.80 S
peak braking force LIM 2900.00N 30% duty cycle
peak braking distance 109.00 m
peak braking time 9.73 S
Power harmonic 3646.27W
Power stator 7482 w
Power rotor 173 W
Power developed 14090, W
Power transmitted 1000 W
efficiency 0.53

While magnetic levitation designs exist that utiéelienergy and generate enough thrust, as in
Skytran, the technology has not yet been develapédested enough to be certain about it
capabilities. Skytran has estimated that they cairese 100 Wh/mile energy use while cruising
at 45 MPH. This is due to the unique propulsion wvdation system designed for the bogey,
and the lightweight, 2-passenger vehicle. Whilgpaper the propulsion system used by Skytran
is optimal, there is not enough known about thegmet® pursue it.

Station

Ideally, passengers would not be spending much itintiee station because the podcars would
come as soon as they are called by the passerggehdt reason, the station is going to be
modeled after and look more like the Ultra sta@biiHeathrow Airport, rather than a more
extravagant airport. This will also help to saveneypoverall. However, the station will still
have the basics such as a place to sit and adaashn addition there are governmental
requirements that must be met, which are listedvizel

Gap between the cab and platform is no wider themci3es and the height from the cab
to the platform is no higher or lower than 5/8thaafinch

Appropriate space for wheelchairs to move easithiwithe station

Ramps and lifts placed where needed

Proper notifications that address the needs fabdesl, that consisting of appropriate
signs, markings and verbal notifications

Solar

Power and Energy Estimates

Peak power estimates are needed to properly szeolar power and distribution systems.
Literature suggest that power estimates are higépendent on the specific ATN, as a network
can vary in length, passenger demand, propulsisigevehicle capacity and speed, and many
other parameters (Irving, 1978; Anderson, 1988g&&012). Due to such parameters not being
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completely defined for the SuperWay the solar teampproach is to research the topic, come up
with estimates that are based on general ATN’s vanidy them with independent calculations.
Energy calculations will be based on energy requéngts per mile of guide way.

The most detailed report on the matter researclasdtine ATN feasibility evaluation on the San
José Mineta International Airport prepared for 8an José Department of Transportation (Paige,
2012). According to the evaluation, a one systera fis all design approach is not adequate, as
the design of an ATN *“is completely dependent anghrticular application for which it is
intended” (Paige, 2012). There is a lot to leaamfitheir study as it contains much useful
information that is applicable to ATN’s in generBegarding ATN energy estimates, their

results can be used to design an ATN that useseptbprmal management to reduce energy
consumption. Some highlights from their study:

Heating, ventilation, and air conditioning (HVAC)wer requirements are approximately

the same magnitude as those for propulsion.

The higher the number of occupants in the vehleéenhore power is needed to cool the

vehicle, and the less number of occupants in thécleethe less power is needed to heat

the vehicle.

Vehicle insulation thickness decreases cooling paaguirement by about 10% and

heating by about 18%.

The less time the vehicle has between stops, thie pawer is consumed due to the

average cabin air exchange rate.

Guide way vehicle shading can reduce overall pdweabout 27%.

Power requirements are reduced with an increaagavbge levels of vehicle occupancy.

Thermal management, such as proper insulation lzedirsy, can reduce annual energy

by about 26.8%.

Average energy per mile per day (kWh/mile/day)ddinear induction motor based ATN

various from 1600 — 250.
Using traffic count data collected by US DOT foegwymajor highway, Ron Swenson and
Robert Baertsch in their paper “Solar-Powered ReisBapid Transit (PRT): Electric Vehicles
without Batteries or Congestion”, estimate an ageraaffic pattern that would be required to
power a one-mile section of guide way. Their resafitimate 2440 kWh/mile/day (Baertsch &
Swenson, 2010) To verify their results, the s8laperTeam in collaboration with the
propulsion SuperTeam used energy equations dewklopthe leading expert on ATN’s J.
Edward Anderson in his paper "What Determines Titdfrsergy Use?”. . The following
equations were used to estimate the power requiresno@ a basis of energy per passenger mile
(kWh/passenger*mile):

The electrical energy required per passenger siggven by

— )
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where the kinetic energy component is

- — 2)
the air drag component is
— "t $ o, # $& (3)
the road resistance component is
—0 =+ #$, - #012 (4)
the auxiliary energy component is
b (5)

4737

Table 1. Propulsion Design Specificationsgives scdption of the notations used in the
equations.

Table 2: Notations, description, and source of vaki

Notation Description Value Source / Note
+ road resistance 0.0003 Anderson (1988)
coefficient
road resistance
8 coeff|_C|ents per unit of 0.0001 Anderson (1988)
weight per unit of
speedg; :
Estimated from the
frontal area of 2 SuperWay podcar
< vehicle ,: dimensions given in
Appendix B
maximum comfort
acceleration , 0.25g , 1.23 Anderson (1988)
m/s"2
air drag per passenger Anderson (1988)
at%rﬁ)it sgeed 1 0.1003 = <
s
>, veh|c_|e_drag 0.13 Anderson (1988)
coefficient
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distance between

kg/pass/vehicle

1609 One mile assumption
stops, meter
) , Anderson (1988)
dimensionless
C 0.175
constant
(S
Paige (2012), based or
A auxiliary power, watt 3700 HVAC peak power
demand
United States
daily average numbe Department of Energy
A of passengers per 1.55 (2012), based on the
vehicle average vehicle
occupancy of a car
average time vehicle
Fs dwells at a station , 30 Assumption
second
Anderson (1988)
F¢ time, second 82.5 <
— P
B
Anderson (1988)
@ F°H
line speed, m/s 26.3
J ¢
| o
United States
14.3 Department of Energy
B average speed , m/s (32 m h) (2012), based on the
P U.S. daily average
vehicle speed
California Climate Data
Archive (2009) , based
. from the annual average
% wind speed , m/s 29 | wind speed from the San
Jose International Airport
weather station
W gross weight of 1725 Assumption
vehicle , kg
gross vehicle weight Anderson (1988)
per passenger , W/Pv, 1113

a:
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air densn)g at 21°C, 1.196
kg/m
Shiri & Shoulaie (2012)
. - based from a
L propulsion efficiency 0.46 optimization theoretical
model for a LIM
kinetic energy,
. 516
Joules/passengermeter
air drag ,
Joules/passengermeter 112
road resistance, 6.001
Joules/passenger*meter
auxiliary energy,
167
Joules/passenger*meter
Total Energy| kWh/passengermile 0.358
Total U.S. Census Bureau
Energy kwWh/mile/day 9619 (2010) for Santa Clara|
Requirement County, CA.

The total energy (kWh/passenger*mile) is calculdiaged on a vehicle making a one mile trip.
To calculate the total energy requirement basekMéh/mile/day, the number of trips made by
the daily average number of passengers per vemgads to be known. To determine the number
of trips, the Solar SuperTeam approached this prolily determining the number of commuters
that go to work using public transportation in $a@tara County. This gives a rough estimate of
people that would be willing to use the SuperWAgcording to the U.S. Census Bureau
(2012), for the Santa Clara County there are78,8ommuters that fit the description. This
value gives the total energy requirement of 9&Y8h/mile/day Error! Reference source not
found.). This high value is heavily influenced d,, the daily average number of passengers
per vehicle (for further analysis on this topference Paige (2012)). Af is increased to a
value of 6 (assuming a van size vehicle), the &nargy requirement drops to 2485
kwWh/mile/day.

Table 3: Comparison of Energy Requirements Estimats per Mile of Guide way

ATN Feasibility Swenson & Solar SuperTeam
Evaluation Study Baertsch P
kWh/mile/day 1600 - 250 2440 2485

To size the SuperWay solar power system eitheBtienson’s and Baertsch’s or the Solar
SuperTeam’s estimate can be used. Both estimagesaximum energy requirements and
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choosing either one ensures that the solar povatersyis not undersized. The Solar SuperTeam
decided to use the Swenson and Baertsch estinrgbeclominary SAM simulations discussed in
the Solar subsection of Chapter 9: Preliminary §resi

Control Systems

Centralized Control (Synchronous)
One master controller determines the state anceogoaphs the entire system.

Description

With a centralized architecture, one heavily inéégd system performs all command and control
functions. In this environment, all mechanismssaneple extensions of the controller,
functioning as input/output devices to the ceritibghin”.

Benefits

Centralized control has the capability to providga@bal view of the system as a whole. These
systems are architecturally less complex to bdigign, and debug. With a focus on one highly
integrated system, the architects and programsrdyerequired to create one code-base with a
single end-goal. Since every unit functions a¥@rdevice from the central control’s
perspective, there is only a single communicatgiask which must be scheduled. This creates
a single fundamental problem to focus upon witlyame set of partitioning. Further, the
approach to such a problem is well known and mashldeen written about said development.

With minimal intelligence in the pods, they willmgrate the least expensive pod-control
electronics. Even in this case, there would nedzetsome communicating circuitry which
communicates with the master control and deal ilstbommands, but that circuitry could be as
simplistic as a state machine, polling the magsieit$ next directive.

With one system in control of the entire netwoirkgding and diagnosing the state of the world is
feasible and should suffer under no communicatiags The failure state of every device is
easy to determine (shut down and stop moving)watig central control to react to a problem
with complete knowledge of the state of the world.

Flaws

The world has been leaving behind fully centraliggstems over the past 30 years for several
reasons. Central control systems do not scale welsome level of complexity, the simple
scheduling of directives to each node overwhelnemelie most robust system’s ability to
communicate. Though such a system generatesdbiedgpensive pod costs, it generally nets
the most expensive control system. In short, arakréd control system is more suitable for a
small and simple transportation network (Bergerld01
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Analysis

In its purist form, a centralized system would kaisaster. Without intelligence in the car, every
motion must be controlled from the central systétnedictably, as the system grows in size and
complexity, the abilities of the master control mngrease. At some point, the absolute limit in
technology will occur, placing an upper bound oa ¢bmplexity and size of this system. More
despairingly, long before this limit occurs, thet&m will begin exhibiting inconsistent behavior
as times of high demand receive a lower qualityarfice than times of low demand.

Reliability is explicitly not a concern with a cealtsystem. Though, at casual glance, there
appears to be a single point of failure; theredisgason the central system cannot be built with
many levels of redundancy (indeed where lives hanlge balance, three levels of redundancy
are the minimum acceptable).

Examples

The Morgantown Personal Rapid Transit System caahlen as an example of a centralized
PRT control system. This PRT system is centrallytimsied with a combination of humans and
automation making all decisions for the systemc&itO70s, Morgantown PRT system has
shuttled 19,000 students and 7500 employees betwaepuses at West Virginia University
(Gibson 2002). Morgantown PRT system has a recbughttime availability up to 98% with very
few break downs, and in most, breakdowns were chlgenechanical problem from the vehicle
(Albert 1983). Looking at a complex control systesth the lack of technology from the 70s,
Morgantown has demonstrated great reliability #kigstem. Another aspect to be considered is
that Morgantown PRT only services five stops with8a65 mile total distance (Booth 2007).
This is a relatively small model to be a good destiation for a centralized PRT control system.
However, as of 2010, Morgantown was still the ame of its kind.

Peer-to-Peer Control (Asynchronous)

Each unit within the system (pod, kiosk, etc.x$sawn autonomous unit. The control is
distributed across the entire unit-verse.

Description

In a peer to peer system, there is no true hieyaaniongst the systems, and every system
contains the information necessary for its own aoboous operation. The units have localized
intelligence sufficient for complete autonomoustcoln System level decisions are made by a
voting or prioritization process which occurs thgbuntra-node communication and some type
of decision making tree (frequently an expert systé some type). One node communicates to
the network when service is required which it carprovide (such as a station requesting a
pod), and through the same prioritization rulesy@s@r many other systems answer.

Benefits
With each unit having significant intelligence, thés infinite scalability in processing power.
Adding a unit increases the net capabilities ofsysem linearly.
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Such systems have intrinsic fault tolerance. Seazh unit is responsible for itself and for
reacting to its operating environment, a failurene place will be naturally worked around by
those systems within the failing unit's operatioshere.

Flaws

As the number of systems increase, the raw comntglekihe system and potential requirements
for intra-node communication increases throughféloeorial of the number of nodes. This
necessitates communications networks with eveeasing size or a willingness to partition the
system into localized domains. Once a system istipaed into localized domains, cross
domain boundary handling becomes a significantlprab

Collating the state of the entire system into oie@\becomes an incredibly heavy process, made
more difficult with partitioning. Due to communidans delays, it is possible, nay likely, that a
complete view of the system is never able to cotefdefore the state of the system changes.

Since every unit must be able to autonomously fanawithin its operational sphere and handle
possible failure states with units outside of agtcol, the individual pod control system becomes
rather complicated.

Predictably, a fully distributed system createsrtiust expensive pod controls, and necessitates a
very robust communications network.

Analysis

Without some central authority to arbitrate betwsgstems and to coordinate reactions to
failure, a purely peer to peer system will be iddbey complex to implement. Further, the math
governing the growth in necessary communicatiorth@system scales creates an almost
insurmountable scaling problem. One merely needisak at the history of AppleTalk to see
the communications trouble as the need for statenaanications increases.

Examples

The current automotive transit system works in Wagy, with rather complex humans
functioning as the in car control system and a doatlon of traffic laws and the ubiquitous
middle finger as the rules governing each unitgtion and reaction.

The Hybrid Architecture (Quasi-Synchronous)

Description

The hybrid system would incorporate the benefisfipeer-to-peer and centralized control
systems. The system would inherit the central autthand maintain a certain level of world
awareness on the nodes of the system. The authwallitye able to coordinate between other
external systems, such as ticketing with routingatéities. The pods will have enough
intelligence to be aware of the world and safeliof@ the routed path passed down by the
authority.
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Benefits

The authority, or master controller, will be aldentake high level decisions for improved
efficiency of the overall system and the pod ingelhce will distribute fault tolerance across the
system in cases of crisis. The efficiency gainedhfthe authority will allow better traffic flow
for faster travel times. The pod intelligence wilow any safety related events to be handled
directly with the least latency and the most indef@nce of other systems.

For any form of transit, safety is the most impotteonsideration when designing control
systems. During the event of a catastrophic fajltive system must support the means of safely
returning passengers to the nearest station. Téretpg@eer network between pods will enable
any operational pods to safely return to a statidhout the need to communicate back to the
master controller. In the event the master comrddils or long range communication is down,
the close proximity of communication in the peepézr network will have a much greater
chance of being operational since each pod wilehts/own intelligence.

Flaws

Since the system incorporates a hybrid of desigrtitre, the system is expected to be more
complex to implement. The complexity comes fromihgwmore components and subsystems to
design.

Analysis

While the system will be difficult to implement glsafety gained will tremendously help
adoption rate. The fault tolerance would be mu@atgr, and still enable having a central
authority to maintain a hierarchy in the systemthka case of half the system being taken down,
the pods will still be able to make it to safety.
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Chapter 7: Technology Selection

Cabin

Material Selection

The cabin frame will be made of 4130 Chro-Moly &teknhis material is an excellent candidate
for this purpose due to its high strength to weiglio compared to steel. Due to this ratio, this
material is commonly used in airplane fuselages &r roll cages and bicycle frames. It can be
TIG-welded to construct the frame of the cabin. {@lef the Month: Chromoly)

The exterior panels of the cabin will be made ofSAP-6710) panels, which is manufactured
by Spartech. This material was chosen becauss hjfit weight, protective UV coating and
rigidity that provides high impact resistance. Qthmaterial that was looked at for consideration
was aluminum, carbon fiber and standard ABS. Uatiog is particularly important because
ABS is susceptible to corrosion from sunlight. duter aluminum body would be less
expensive than ABS, still be lightweight, and bsildnatural oxidation barrier against the
environment but is not as impact resistant. In taldi since this system will be suspended,
fatigue failure and the potential for crack iniiiet and growth that can result from these types of
stresses are harder to anticipate and located alnggnum has no definitive endurance limit.
(Norton, 2011) Carbon fiber reinforced fiber whiexhibits an extremely high tensile strength
ratio to weight ratio can withstand a high impaat b is expensive to manufacture. The material
also lacks an endurance limit, so it would be Hargredict failure. In addition, due to the baittl
nature of carbon fibers, the failure of a part vdolé sudden and catastrophic. (Kopeliovich,
2012) The ability of ABS to withstand impact ighly important in the event of a collision with
in the system.

The interior paneling will also be constructed @3, more specifically Royalite R66. ABS is
chosen for its low cost, easy maintenance andysgf&partech Royalite R66 PVC/Acrylic Fire
Rated Sheet) This material is approved for useiioraobiles because it passes Motor Vehicle
Safety Standard 302 which specifies the burn @stst requirements for materials used in
vehicle interiors. (U.S. Department of Transpociati1999)

The seats will be upholstered with vinyl. Vinylirexpensive, but provides more comfort than
more rigid plastic seats. In addition, vinyl falsrican provide the same aesthetics of a more
luxurious fabric, such as leather, while allowiog the easy maintenance (essentially wiping the
seats) allowed by plastic. Interior seat materiadsticularly for lining and seats, will most likel
be fiberglass or phenolic-containing compositergjdind fabrics. Such materials while
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fulfilling desired requirements, e.g. comfortabéats, but most importantly these materials are
flame-retardant. (National Research Council, 1991)

The cabin will feature Polycast Super Abrasion Resit (SAR) acrylic windows. This acrylic
material is produced by coating an acrylic substvath highly-cross-linked polysilicate. This
combination is significantly harder than untreaaedylic while providing the same safety,
optical, and aesthetic qualities. Most importarflg]ycast SAR is scratch resistant so the
windows of the cabin will maintain optical claritfhe material provides an impact resistance
that is five times that of glass for half of theiglg and holds up to weather conditions, allows
for easy cleaning, and provides heat insulatiopaf®ch Corporation, 2009)

Propulsion

Linear induction motors are AC asynchronous mataas use the principles of induction to
generate linear motion. Compared to rotary motorear induction motors operate over a finite
length instead of an infinite loop. Linear inductimotors operate by producing a moving
magnetic field on any conductor, like aluminum ttisgplaced in the field, as seengmor!
Reference source not found.The magnetic field generates eddy currents irathgap, and the
opposing fields result in the propulsion of the @octor. The field is controlled by electrifying
the coils of the linear induction motor in seriepdnding on the speed of the conductor. As the
bogie travels faster, the LIM’s will need to triggbe electric field more often. As a result, it

will continue to consume more energy at higher dpePepending on the motor sizing and the
amount of power given, the system will reach adpged.

Figure 17: Fundamentals of Linear Induction Motors(Jmag-International)

In order to create prolonged thrust, either mudtiplotors throughout the track or dynamic
motors are needed. The track for a typical singleeésLIM system is embedded with the motors
(consisting of aluminum, control units, and coppeais). This allows for a lightweight cabin,
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since only a conductive, non-ferrous strip of metaleeded for propulsion. A lightweight cabin
will require less energy to be propelled, but tlaek will be more expensive than a track without
embedded motors. If the price per LIM is $8000, ey are spaced 15 feet apart, the track
would cost an additional $3.5 million per mile. jrémic motor also utilizes a single-sided LIM
(SLIM) design (Gastli), but now has a short primargtor over a long secondary conductor, as
seen in Figure 18: DLIM versus SLIM (Emsa.Gastlhis design allows for smooth
acceleration and a more inexpensive track. Howatvean lead to overheating if not treated
properly. For example, if the motor is running bernains stationary, the motor’s coils begin to
overheat. Therefore, to increase the reliabilitg afficiency of the system, the track will carry
the LIM’s.

Figure 18: DLIM versus SLIM (Emsa.Gastli)

By placing the motors in the track, the systemtede advantage of “location specific” track.
Location specific track uses varying motor sizgsesteling on the force requirements of the
specific section. For example, if the pod car wasdlling up-hill, larger LIM’s can be used to
ensure the pod car reaches the top. This meansritit surfaces, smaller, more energy
efficient motors can be used to save energy anid cos

Linear induction motors have become more populaedent years. Although the technology
was designed in the 1970’s, it has become moreieiti over time with more advanced control
systems. Linear induction motors offer several atkges over the traditional rotary propulsion
systems. While rotary motors rely on the frictiatyeen wheels and the track for propulsion,
linear induction motors utilize electric fields. &electric field allows LIM’s to ignore any
substance, like snow or ice, on the surface ofitbor and produce continuous thrust without
external slip. Using this method, LIM’s can alsé @s a braking system by simply reversing the
order that the motor coils trigger. While otherteyss have used the LIM’s as the lone source for
braking, mechanical braking, such as disk or druakds can also be used to assist slowing the
vehicle. Using a mechanical braking system wilbad#iow for regenerative braking.
Regenerative braking has progressed to a pointthatla system can recover nearly all of the
power used for acceleration during braking, withitde as five percent loss.
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Linear induction motors also have the capabilitgénerate plenty of force. They can be seen in
heavy applications, such as propelling roller ceasand launching aircraft. To calculate thrust
(in Newtons), the synchronous velocity is dividgdte air gap power (Gastli, n.d.). The air gap
power is the product of the current input squasaed], the resistance over the slip that occurs
between the electric fields (Lu, n.d.). As previgudiscussed, the thrust produced will peak at an
optimal synchronous velocity, and will severelyglrbthe synchronous velocity continues to
rise. When this occurs, the conductor is movingefalative to the movement of the electric
field. Another advantage is the low maintenanceairegnents of the LIM system. Certain types
of rotary electric motors use parts such as brushegaring to function, and gearing to achieve
torque. These are all parts that will wear downrawee. The design of the LIM has no moving
parts and no permanent magnets and therefore esdass maintenance (Desantis, n.d). With
few moving parts, this motor will also have a quiperation compared to other electric motor
designs.

Apart from linear induction motors, electric motevigh a rotary design and magnetic levitation
were considered. Rotary motors are very similaléatric cars. They consist of an electric
motor, typically connected to the wheels througargmy. This type of system has been around
for years and has proven to be reliable, but wetlesal flaws. The PRT systems today that use
rotary motors generally have a low cruising spédiis is due to the capabilities of the motor or
the interface to the track. PRT’s do not carrygraissions in order to save weight and
maintenance costs. Therefore, the faster the P&¥VEls, the higher the RPM of the motor. This
method generates more heat and consumes more eHexggver, the major downside is the
cost of these high speed motors. To gain some @elrsp, typical high power electric motors
can cost around $10,000. Another reason curreaty®RT’s travel at low speeds is because
they run on rubber wheels guided by magnetic sesrmoila concrete guide way (Transport). If a
rail system was used, the rotary design would beeratable and could reach higher speeds.
However, as the wheels are the only form of braksteel wheels on a steel track would result in
lower braking power.

Linear synchronous motors (LSM’s) are similar teelr induction motors in implementation,

but differ in the way they make thrust. Linear dyramous motors are typically the primary
propulsion source when one refers to magneticdaoin. LSM’s consist of closely packed coils
throughout the track that create a magnetic fieldgar motor and its use in transportation,
2017). The bogie, integrated with permanent magnetgtseto these coils in either a repulsive or
attractive force. While this method can be usegrapulsion and levitation simultaneously, there
are some drawbacks. LSM’s are synchronous, medhnatghe control of each coil must be
precise in order to smoothly accelerate the bagso, since the bogie is fully levitating, a

simple on-board switching mechanism is difficulaithieve.

An alternative method of using magnetic levitatiemo create eddy currents to produce drag,
rather than a repulsive force as seen in LIM’s.t&kyhas developed a technology that is
referred to as a magnetic screw. In this systemmaeent magnets are wrapped around a non-
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conductive cylinder and placed in an aluminum pif&en the cylinder is spun by an electric
motor, the permanent magnets create an eddy cunréme air gap that propels the vehicle
forward. This system is highly efficient as it simpowers a small electric motor, and can be
used to reverse and to provide braking. To creati¢gation, the same principle is used on the
outer wings that react with aluminum channels &at lift. This technology is still new and has
only been seen in small scale prototypes; theref@annot be verified to be efficient for a 4,000
pound pod car. Also, as a form of magnetic lewotatthere is no simple solution to track
switching.

Structure

The design team has decided a suspended ATN sgsténe concept for the Superway. It has
also been decided that the Superway will be 100% powered. This will require finding space
to accommodate the solar panels on the structet.iOne of the main reasons the Superway
was chosen to be suspended and not supported wassieeof the lower visual impact the
structure will have on its surroundings as therspéaels are place on top of it. A supported
system would require a double vertical structures supporting the guideway and one more
supporting the solar panels. On the other handsttineture of a suspended system can
accommodate the solar panels right on top of thovt the need to add a secondary level
structure.

In addition to the Superway being a suspended systee design team has decided that the
structure be as modular as possible so minor iashae to the surroundings be made during the
construction phase. Therefore, the system willdsgh so the individual pieces be prefabricated
at one location then carried and assembled atahstiction site. The foundation will utilize
precast concrete piles except in sensitive areasernthe pounding on the piles as they are driven
into the soil would create too much disturbancehht case an alternate solution would be to use
cast-in-situ piles.

Solar

There are many different types of solar panelshemtarket today. To determine the proper type
of solar panel that is needed to be used for th&SWisystem, many factors must be taken into
account and, also, many assumptions must be macitefia was developed for solar cell
selection:

Solar cell efficiency
Lifetime

Cost

Weight

PwnPE
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SAM simulations were done on various solar celhtedogies to see how much energy each
would produce. This will give the Solar SuperTeagoad sense of how solar cell efficiency
impacts energy production given ideal settings astianed in Solar Design System
Specifications.
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Figure 19: Various solar panels were chosen based their module efficiency.
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Figure 20: The greater the module efficiency theeks total modules are needed for a given array siZehe array size for
the Figure 2 and 3 is 610 kW DC.

From Figure 19, above, the NanoSolar 200W-Utiléynel produces the most energy, but from
the following figure it requires the most panelbe$e two figures indicate that the Sunpower
SPR-440NE-WHT-D panel requires fewer modules widererating about 200 kWh less than
the NanoSolar panel. This amount of energy canyeasisurpassed if the number of modules is
increased, thus the Sunpower SPR panel would leéer Iselection to maximize energy
production (due to the higher efficiency). The Sampr SPR is thus the top choice for the
SuperWay (this is the panel used for SAM simulatitor Solar Design System Specifications).
For further detail on module design specificatier &ppendix B. Ultimately, the most
important factor will be cost, and trying to ge¢ tmost efficient solar panel while still trying to
keep it cost effective. Cost analysis will be cdesed in the next phase of the SuperWay project.

A promising solar cell technology is that of ALTA&wces. The technology is in research and
development stage, but the potential of their @apility is great (see Preliminary Design
Concepts section). ALTA claims a solar cell effiig of 30.8%, ultra light-weight and superior
flexibility (Wang, 2013). Further analysis of thechnology will be investigated and will also be
a top choice for the SuperWay.

One of the most important design factors for thetesy was to determine if the vehicle cabin
would be suspended or supported. It is importakhtaw whether the system will be suspended
or supported. Ultimately, the decision was madieae a suspended system. This is important
because that factor will determine where and howhmaom there is for the solar panels to be
placed. Based on preliminary designs the paneldwilocated above the guide way, similar to
how panes are placed on rooftops of buildings. &tgally, it is much easier to place the panels
with a suspended system than if the podcar wasostgap Since space will be limited on the
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PRT system, solar panel efficiency is highly emjptests If there are two solar panels that meet
the group’s solar cell selection criteria, the meificient panel will take up less space, and
therefore will be the better choice. Another dexidhad to be made between mono-crystalline or
poly-crystalline solar panels. Again, since spaca factor the group is going to be going with a
mono-crystalline solar panel. Mono-crystalline arere efficient per area so this means that for
the same amount of wattage the size of panel camider.

A final factor that has to be considered is chops$racking or stationary solar panels. Tracking
panels will be able to produce more energy andmatlhave to be oriented toward the ideal due
south. However, tracking panels cost more and & eeiermined the extra power from the
tracking did not outweigh the cost difference frtma stationary panels.
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Chapter 8: Route and Urban Planning for
the SMSSV System

Selecting Corridors: an Exercise in Transit Supporive
Land Use Metrics

Introduction

Transportation infrastructure serves no purpogedibes not go to places where people live,
work, play, or shop. However, how homes, shopskplaces and places for leisure are
distributed geographically and how densely theyaaranged vary significantly in the existing
landscapes of California cities. While some neaghbods, such as Nob Hill and Chinatown in
San Francisco, experience exceptional density gplpejobs and amenities, others relatively
close by, such as those in Rohnert Park in Marian@g are significantly less dense.

Fixed guideways transit, like all fixed route /dtkinfrastructure transit, cannot directly serve
personal residences, and must be reached on father traditional access/egress modes. The
number of people who can access a specific stdpgendent on how many dwelling units or job
units exist within the access area of the statiBacause the variation in the way different
varieties of fixed guide-ways transport operate,dbnsity of jobs, housing units and shopping
activities needed to provide the minimum numbepexdple each station required to provide cost
effective service can vary significantly.

The goal of the “transit supportivéand use metric based analysis is to use existibgn
planning and sustainability concepts to establistiramal threshold for the density of housing,
jobs, shops or leisure space to support a fixedeguiays system. This metric for minimal
job/housing/leisure unit density is constructearfrexisting literature on sustainable supportive
densities for fixed guide-ways transit. This mets used in this chapter to identify and
prioritize routes and corridors for developmendr the intents of this project, ATN
infrastructure support requirements will be consgdecomparable to those of existing light-rail
systems in the US and Commonwealth nations. Jb per acre are assessed in this report
using US Census bureau CES data.

Common measurements of land use suitability

There are several ways of measuring density aedsity of land use. Commonly, population
density is used as the primary method of asse$isendensity of the land use pattern. However,
using only population density is a misleading neetini measure the use. Population density
calculations are based primarily on taking a cetoisk, tract, or other census designated
geography and dividing the census recorded populdity the land area. This is represented in
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statistics of the number of persons per acre, heaba square mile. This statistic only gives
accurate information on intensity of use for resit areas. Areas with significant non-
residential uses, such as those with significantentrations of employment lands, are
underrepresented in their intensity of use and thgortance as a trip generator.

There are a large number of less common, yet fae mescriptive land use intensity metrics
which capture facets of the built environment whicé population density calculations do not
factor in. To assess density of residential dgwalent, the accepted standard density metric is
dwelling units per acre (Du/A). Dwelling units pmere is calculated using the number of units
that are registered with a locality in a certaisigeated geography divided by the acreage of the
area. Du/A calculations are standard in mostrgpand general plan designations for
residential zoning districts, where a proscriptre@e code is in force. (Other metrics are used
for designated intensity zones under form baseéxsthce no city in Santa Clara County
operates under a form based code, they will nati$missed here). For example, under
20.30.200 et sec. of the San José Municipal co@eRt1l designated zones may only be
developed to a density of 8 Du/A without a variafroen code.

Employment lands are assessed for their densihguwsmeasure known as Job Units per Acre
(Ju/A). Job unit per acre is a more complicatedsuee. Essentially, a job unit per acre
indicates the number of supported jobs per actes dalculation is often problematic and is
sometimes undercut by large office buildings redyam large swaths of surface parking. These
numbers are also more problematic as zoning defiegnissible uses based on square footage,
not the jobs per location. Most employers arensmiessarily willing to divulge the total number
of people on site. Publicly available data is npysblematic with assessing Ju/A

Existing metrics for supportive land use

There exists a significant disagreement in therplanliterature on what constitutes a “transit
supportive” land use in terms of several measurésneiMost metrics are based around
population density, while some are based aroundéeheity of use, be it job units or dwelling
units per acre. Each of the existing methodologiekscussed below

Newman and Kenworthy (2006)

Newman and Kenworthy, from Murdoch University insialia, specialize in transportation
sustainability research and as part of this rebeaeveloped a series of analysis whereby the
energy use, distance traveled, and mode shift&yémsity of a developed area. In their 2006
article “Urban design to reduce automobile depenédgrthey examined the transportation
choice behavior in large Australian metropolitaeas:.

In all Australian metropolitan areas, Newman andwerthy found that there exists a 'sweet
spot' where the density of development coincideaint@exponential decrease in automotive use
and a significantly higher use of a public trasgstem. In conjunction, the energy use per
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capita followed the same exponential drop off taaymptote as the decrease in automotive use
(Newman & Kenworthy, 2006).

The point in their analysis where the major chaamgay from auto dependence occurred was at
an urban intensity of 35 persons or jobs, per lmectln imperial units, this adjusts to around 15
persons or jobs per acre as a minimum threshold faansit / alternative transportation land use
density and intensity (Newman & Kenworthy, 2006).
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Engel-Yan, Kennedy, Saiz, and Pressnail (2005)

Engel-Yan et al., from the University of Torontospalate a much different approach for the
supportive land use for sustainable transit useanlanalysis of various bay area communities,
Engel-Yan et al. found that there was very litiberelation between the intensity of land use and
transit use. Rather, they found that the desigh®ftreets within a development area dictated
the mode choice behavior of residents. In terntsamisportation supportive street designs and
patterns, 'gridiron’ or connective curvilinear strpatterns were required if a location was to be
to be supportive of transit. This behavioral diiece is posited by Engel-Yan et al. to be due to
the ability to walk to the locations from transBecause the initial access and eventual egress,
part of the trip must be made by bike or walk foy &ind of traditional transit, (and indeed any
non-traditional transit such as ATN/PRT) the restdaust have a direct and connective grid of
streets to use. 'Loop and Lollipop' type develophextends the distances traversed to access
facilities and thus does not make any such devedompnmo matter how dense, suitable for a
transit service (Engel-yan, Joshua, Saiz, & Presgt01).

* 5 " 5/# " @

B B B

Special considerations: Street layout, design,camhectivity.

Gordon and Vipond (2005)

Gordon and Vipond examined supportive land usdisarcontext of new urbanist development
patterns. They examined the variation in plan@pgroaches and density in traditional
development patterns and new urbanist developnmestdburban development areas in
Markham Ontario, an edge cluster development a¢dge of the greater Toronto area.

In their examinations of gross densities, Markhant ¥ipond found that the ‘new urbanist’
communities had both a greater density and a grsatiibility for transit operations. In these
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Congress of New Urbanism (CNU) inspired developmehie densities for population and gross
population density were up to three quarters higfinen conventional development practices. In

the Ontario case study, the supportive New Urbamastmunities had a density of 8 Du/A and a

population density of around 25 persons per acoed@ & Vipond, 2005).

Gordon and Vipond expand on the standards set dbgvtine CNU, stating that the development
studied, while dense does not meet the minimum Gtdlddards for fixed guide-way
transportation, which is defined as 9 to 14 Dul&hile Gordon and Vipond express that the
trends in new urbanist development are progressivgrds sustainability, they feel that the 9 to
14 Du/A standard is a bare minimum for supportigadgity for fixed guide-way transportation.
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Special considerations: No special considerations

Federal Transit Administration New Starts Program (USDOT)

In 1992, the first major multimodal transportatiafi (ISTEA) created the New Starts program
which was designed to provide funding to new majamsit infrastructure investments. While
these grants are usually issued to rail transjepts, they are available for most non-automotive
motorized transportation projects. Unlike previguant programs, New Starts required tie-ins
with land use and regional planning as they conwébtthe transportation project. As a result,
all projects which receive money through the felleiew Starts program are required to submit
a report on the land uses in the vicinity of a pcbjo see if the land use can support the
proposed project. The FTA, in reviewing their repaates the suitability and gives it a
supportive land use score (Federal Transit Adnretisin, 1998).

This score is based off of 11 land use categomggsat rated on a low to high scale, much like a
Likart scale. The six criteria are Corridor Econom@onditions, Existing Zoning, Existing
Station Area Development, Station Area Planningi&eal Growth Management, Urban Design
Guidelines, Promotion and outreach, Parking Pdjc®ning Changes, TOD/Market Studies
and Joint Development Planning. Under existingragrhigh ratings were given for areas of
mixed use and developments of densities higher@ian/A. Station areas were considered to
be highly suitable when they are located closexistiag major trip generators, were located in
higher density areas, and had a walkable statieas @esign with a mix of uses (Federal Transit
Administration, 1998).
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Special considerations:
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Must contain major trip generators

Contain a mix of residential and employment uses.

Overall citywide changes to zoning must be trasigiportive
Regions must be committed to curbing growth outsidesit corridors
Parking must be restricted

Have ‘serious plans’ for implementation

Proposed Land Use Metric

No single metric using only unit density, populatdensity or other metric can adequately
assess the suitability of corridors for transitmagive use. As such, this project requires a
flexible metric, which sets forth multiple conditi® which would be considered suitable for the
variety of land uses in Silicon Valley.

For the intents and purposes of this project, taarpng team used a three-part land use
assessment metric. One based on unit densityhasex on population density with special
conditions and one based on zones designated asof @&nsit village in general plans. If any
area fulfills one of these metrics shall be cong@desuitable for fixed guide-way infrastructure
deployment.

The unit density minimum is to be considered at@Aas it is barely above the FTA minimum
and the lowest unit density under the work of Viggamd Gordon. Given the disperse
development pattern of campus developments withs'sef parking, the higher employment
densities should be considered at 10 Ju/A. Umsidgis only indicative in situations where a
connected road system exists to allow passengevalkothe final leg of their journey.

+ 6 " 6 5
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If information on unit density is not available, assessment based on population density should
be considered. This metric would be based ofhefNlewman and Kenworthy metric of 35
persons per hectare. Again, this metric must caitiethe special conditions of a connected
road system to allow for access and egress trigediyor bike. The density would be based on
census tract level measurements of population fren2010 decennial census.

* 5

% @ %
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If neither of these conditions exist, but the lamatas a zoning designation that is specifically
transit supportive, it will be considered a supperenvironment. Designations such as Transit
Village, Urban Core, TOD or related designatiorestarbe considered. The designations by
locality are found below:

Table 3: Locality Designations
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Corridors for Consideration

Why Major Roads?

As much as transit designers would like to beligat the guideways they have designed are the
most beautiful and aesthetically pleasing thingsr éwilt, large pylons and structures are
universally considered unsuitable for a neighbodchooresidential settings within the urban
planning world. Given the power of communities enkhnd use law to litigate and persuade
local authorities to not grant entitlements, iikely that any system proposed to go into
neighborhoods would be challenged and litigated/éars postponing, possibly indefinitely, any
implementation. Therefore, for the purposes of #nalysis, only major arterials, freeways and
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collector roads are considered as suitable cosjds well as existing transit rights of way
where suitable clearances and width are available.

During geospatial analysis, the planning team useddors defined by the localities, the VTA
and the county of Santa Clara as major arterialgpfreeways, expressways or collector streets.
These corridors are the roads, expressways, ahavaig which would have a sufficient cross-
section to handle an overhead guide-way built aliiov€hese corridors are seen in the map in
Planning Map 1
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Figure 21: Planning Map 1
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Which Corridors have the most sportive land uses?
To find supportive land use, the analysis was cotatliusing an overlay of the three different
types of data: population density, job density aoding designation by area or parcel.

Population data was derived from SF-1 2010 decénearsus data from the US census
bureau (United States Census Bureau, 2011). Téssamalyzed at the census tract level,
which was the smallest geographic grain availablee population density was
determined by dividing the population of each tiacits area in acres

Job density is derived from Center for Economiad&ts (CES) data from the US Census
Bureau which contains total employment by censas (United States Census Bureau,
2011). Density per acre was calculated dividingsgremployment data by the area in
acres of each census geography.

Zoning designations supportive of fixed guide-wansportation is based off of the
zonings highlighted in the land use metric. Zordiaga was acquired from the cities of
San José, Mountain View, Milpitas, Sunnyvale andt&&lara. Data was requested
from Palo Alto, Cupertino, Los Gatos, and Camphizit,no data was provided by the
cities for this project.

These three data types were overlaid on a mapeafdtridors to show which corridors are
proximate to the suitable land uses shown in grddms is shown on the following page in
Planning Map 2
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Figure 22: Planning Map 2
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Most major corridors contain some small smatterimigsome supportive uses, while very few
corridors have supportive land uses along theireepath. Of the corridors observed, the
corridors shown in purple on Planning Map 3 areséhahich were adjacent to the largest
number of transit supportive land uses. Freewayreavoided as much as possible as locating
the infrastructure in an accessible way along tiseeconsidered to be problematic, at least in
Phase 1.

Proposed Initial Corridors
Once the most suitable corridors had been foundhifial set of sub corridors had to be selected

Figure 23: Planning Map 3



for an initial operating network. The planningrteausing the transit supportive land use areas
as well as knowledge of existing patterns of mowanrhéhlighted the corridors found in yellow
on Planning Map 4.

The selected corridors are primarily focused on seing Mountain View and San José

central cores while also serving primary and secoraty urban and development cores in
Santa Clara and Sunnyvale.This pattern attempts to serve a significant partbthe central
core urbanized settlements with the use of a mimmumber of corridors. The initial corridors
were also designed in a way as to connect as glasgbossible with existing transit services and
not overly duplicate any other major rail corridioithe county.

Further study is required to see if changes aressacy when the planned future land uses alter
which corridors have the highest concentratiorrarigit supportive land uses.
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Figure 24: Planning Map 4



Future Steps

Now that the initial corridors have been selectadtfe initial roll out of ATN infrastructure,
further study is required on several facets of pilag and ATN network. The following tasks
constitute the next steps required to transitiomfproject level planning to planning for specific
corridors to the next phase of the project.

Approach localities along the corridors to examiriet level of encroachment
permitting is possible along existing city ownerkst rights of way for elevated ATN
infrastructure.
Corridor level assessment of existing conditiond epportunities for infrastructure
development

0 Assess likely station locations

0 Assess the level of encroachment permitting reduatestation locations.

o Create station and corridor specific plans thag tako account existing and

planned land uses and zoning

Create context sensitive solutions for each cornmoposed for development
Create a public scoping and outreach plan to krgbatielic support for ATN on each
corridor.

The Land Use Entitlements and Environmental
Review Process: A Overview for ATN

The Land Use Entitlements Process

Gaining Land Use Entitlements for Constructions: ARoadmap

The planning process, like any bureaucratic prodakss a long time to go from the initial
proposal to the final grants of entitlements reggito start construction. It exists primarily to
ensure that the approval of any project by a puddiency is undertaken with the wishes of the
community and in a way that all people who are iot@a have the ability to weigh in on a
scheme (Levy, 2011, pp. 1-4). The modern planpiogess is the result of decades of abuses of
the public processes that led to the governmematihg projects, such as freeways and
redevelopment projects, which had no local supgadtactively damaged communities (The
International City/County Management Associatid®3d, pp. 33-47). While the process may
not make much sense for the uninitiated, it exrstssway to preserve the rights and properties of
anyone affected so a just and presumably equitaiblgion can be constructed.

The planning process in California is defined l#ey other governmental process in the state by
the California Governmental Code, though the epamtess varies slightly from locality to
locality (Talbert-Barclay, 2011, pp. 517-519). Tédeemains the constant that the process is
undertaken in full view of the public and thatthiat are affected shall have their say. Whatever
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permutation of the process is applicable for thpe®Way Project in its final form, it will have to
be followed exactly to achieve a defensible sddwliding entitlements and permitting.

A beginner’s guide flow chart is presented below\{&ner's Office of Planning and Rearch,
2001) (Buys, 2005):
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Figure 25: The Land Use Entitlements Process (Simified)
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Police Powers and the Planning Process

Land use controls, planning, and zoning are athagrowth of a series of powers granted to
local and state governments known as ‘police poweétslice powers, as interpreted in case law,
are defined as the power of government “to prateefpublic health, safety, and welfare of its
residents (Levy, 2011, p. 73).” The use of zorand land use controls were first codified in the
case olillage of Euclid OH., V Ambler Realty Compaand further established and expanded
in Penn Central Railway V. New YaakdAssociated Home Builders, Inc. V. City of Livermore
in the specific context of California (Talbert-Blryg, 2011, pp. 1-4). The basic premise of these
cases establishes that there is a compelling puidécest in keeping incompatible uses away
from one another or preventing undue impact ontiegEommunities. In the Euclid case,
zoning was originally established to keep noxiowhistrial uses away from lands on which
people would be domiciled. One common examplergiseseparating the location of an animal
rendering plant from a residential neighborhood.

Over time, these powers have been interpreted lyrt@dreate a wide system of zoning and
planning designed to keep incompatible land usddaailities away from one another, and
ensure access to light, air, and livable spacesonhpatibility has been more broadly described
to include impacts of noise, shadow, visual bligtaffic and other non-traditional noxious
impacts on a community (Talbert-Barclay, 2011, Jd).

Sunshine, Public Input and the Entitlements Process

The land use entitlements process, like all govemtal processes vested in local authority in
California, must be conducted in full view of theltic in such a way that the public’s input can
be heard on any issue discussed. California i®rapen than most states and has some of the
most stringent rules on public hearings to predetisions being made out of the public eye
(Levy, 2011, pp. 95-96).

The open conduct of meetings, noticed in advanujraaccessible locations is dictated by the
Ralph M Brown Act, which comprises 854950 to 85486&e California Governmental Code
(Talbert-Barclay, 2011, pp. 500-504). This achadetes the following requirements for public
meetings in which decisions are made:

No members of the local authority body may dis¢hesdecision for a project in which a
guorum of the council is present, unless conduictguiblic.

Any meeting of a quorum of council members constgla meeting and must be made
accessible to any member of the public with reaslenaccommodation for any person who
wants to attend.

Any violation of the Brown Act can expose the paliiody to being legally enjoined against
their decision, as it may constitute an abuse sdrétion.
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Environmental Review Under CEQA

CEQA: A primer

The California Environmental Quality Act (CEQA)ase of the first environmental review laws
introduced in any state. It's main purpose isitddrm governmental decision makers and the
public about the potential significant environmétifects of proposed activities; identify ways
that environmental damage can be avoided or sagmfly reduced; require changes in projects
through the use of alternatives or mitigation measwhen feasible; and disclose to the public
the reasons why a project was approved if sigmfieamvironmental effects are involved” (South
Coast Air Quality Management District, 2011). CEQ&came part of California law in 1970
and comprises California Public Resource Code 88@-11177.

The environmental impact review process (EIR) \wdepending on the level of impact created
by any project. A project, as defined under CE@Any discretionary action carried out or
approved by a public agency (Talbert-Barclay, 2@l1,52). Some projects are exempted under
the law and require no review. Those that areeretnpt must undergo an initial study which
examines the extent of the impact of a projecti{@atBarclay, 2011, pp. 158-159). Depending
on the severity of the project impacts various,huds for identifying and mitigating impacts
range from a negative declaration if there isditthpact to a full EIR in the case of significant
impacts. The process in detail can be found infe@6.

A project of the size of an ATN system is likelyibzur at least one major impact. Therefore, it
is likely that any ATN system in California will geire the EIR process. Given the large impact
it will have on existing streets, it is imperatigemitigate impacts that might be caused by a full
scale system.
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Figure 26 The CEQA Process (California Environmenrdl Resources Evaluation System, 2005)
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Defining the Lead Agency
The lead agency is the agency which

1). Overseas the environmental review process
2). Makes the final certification and approval of thevironmental Review documentation.

Depending on the scope of the project and the sobihe initial construction phase, the agency
responsible varies (Talbert-Barclay, 2011, pp. 15%).

If a project stays within the bounds of a singlg,dihe city council has the final vote
over approving the Environmental Review or are abldevolve the power to an agency
board. The lead agencies are usually the departoh@tanning or department of
transportation.

In the case of Consolidated City/Counties the BadirSupervisors has the final authority
and assigns staff oversight for transport projextsither a municipal or county
department depending on departmental remit. InFBancisco, the Department of
Planning oversees transportation projects, whilal fapproval lies with either the San
Francisco County Transportation Authority or the $Faancisco Municipal
Transportation Authority boards depending on projemit.

In the case of a project that crosses city bourddyut not county boundaries, the
certification of the environmental review is takenthe Board of Supervisors or the
board of the county department with a transpontatemit. Oversight of environmental
review is undertaken by an assigned agency, ustialplanning department or
transportation authority.

Where transportation projects are undertaken wahtounty transit district, the special
authority board certifies the environmental reveewd is overseen by the transit agency
staff.

Under CEQA, the actual permitting of the projeat b& done by the same agency as the lead
agency or by a separate agency that functionseag#iponsible agency (Talbert-Barclay, 2011,
pp. 151-155).

In the case of implementing an ATN system withilic8n Valley, it is likely that the initial
system construction would be within the confineshef county of Santa Clara. Given the
current set of planned roll out corridors, the pobjarea will encompass multiple city
jurisdictions. Given the geographic role out pradpthe agencies are defined as such:

The responsible agency will be the Santa Claragyalransportation Authority,
commonly known as the VTA (Santa Clara Valley TibAsthority, 2012) . While the
VTA is known for its provision of transit service Santa Clara County, it is also the
agency that holds the remit over countywide trarsgion projects However, VTA
does not retain the right to grant permits for an ATN project.
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As the ability to grant permits rests solely witie tocal authority to grant the actual
construction rights (Talbert-Barclay, 2011, pp.)1-5herefore, any locality in which
ATN infrastructure is to be rolled out in shall ieemed to be a responsible agency

The CEQA Checklist: Anticipated Worst Case Impacts

The CEQA checklist is a list of possible typesropacts that have to be investigated as part of
the environmental review process. For the purpos#ss analysis, it is assumed that the ATN
project will have some impacts both in implememtatreas and during the construction
process. Assuming impacts similar to constructitiggr elevated structures either for
transportation or other projects (Los Angeles Cplhétropolitain Transportation Authority,
2005) (Bay Area Regional Transportation Distri€0@); the planning team assessed potential
impacts and checked off impacts and levels of impammensurate with the project, given the
current state of design.

Of the 17 classifications of impacts in the checldt, the SuperWay ATN system is
considered likely, under the analysis presented her to trigger impacts in the following
areas of study(California Environmental Resources Evaluationt&ys 2012):

Aesthetics
0 Substantially damage scenic Resources (Less tlgaifi§ant with mitigation)

o Substantially degrading the existing visual chaaanhd quality of the site
(Potentially Significant impact)

o Create a new source of glare (Less than Signifiadtht mitigation)
Biological Resources

o Conflict with any local policies or ordinances pcting biological resources such
as tree protection policies (Potentially Significanpact)

Noise

0 Exposure of persons to noise level in excess ofistals (during construction)
(Potentially Significant impact)

o0 Exposure of persons to or generation of excesswengl borne vibration (during
construction) (Potentially Significant impact)

0 A substantial temporary or periodic increase in i@minoise level in the project
vicinity (during construction) (Potentially Sigre&nt impact)

Land Use / Planning

o Conflict with any applicable land use plan poligyregulation (Potentially
Significant impact)

o Physically divide a community (Less than Significeuith mitigation)
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Transportation and Traffic

o Conflict with adopted plans, policies or prograraporting alternative
transportation (during construction) (Less tham8igant with mitigation)

Given the number of impacts, and the number whathiccpotentially trigger a significant
impact,it is likely that the project will require a full e nvironmental documentation and
approval process. At present there exists no exemption for this loh@roject in state law, and
thus the process cannot be avoided. A full ingtady will have to be compiled when the final
proposal is completed to confirm that these woaisecscenarios assumed impacts are the same
as the actual impacts that the project will havéhencommunity.

Operations Approval Process

Before any transportation system goes into oparatarrying the general public, it must
undergo a rigorous assessment and approval prat#ss state and federal levels. State and
federal regulators exist primarily to ensure that aystem that carries the general public
operates safely and securely with appropriate pafed emergency protocols. Each level is
covered below.

CTC, CPUC and Operational Approval

At the California State level, there are two bodlest define approvals over transportation
projects in California. The California TranspoieatCommission (CTCpverseas the approval
of all funding while the California Public UtiliteCommission (CPUC) overseas the operation
procedures and safety of operations within Califo{@alifornia Transportation Commission,
2011) (California Public Utilities Commission, 2012

If an ATN system is to gain any funding from thatstof California, it will have to go before the
CTC for approval. To receive funding from the CTiGnust receive approval from the
subcommittee for mass transit which usually reguihat the operation be considered safe and
operationally viable (California Transportation Qmmssion, 2012). The CTC in general defers
to the CPUC on matters of safe operations.

Before an ATN system can begin operations in Catifg it must gain approval like any other
transit operation from the CPUC. The CPUC is tdskeh the safety of all fixed guide-ways
systems in the state of California (California Reikltilities Commission, 2011). All fixed
guide-ways systems must operate according to safley incorporated into the CPUC general
orders, which have progressed and evolved sincERC gained purview over rail safety
(California Public Utilities Commission, 2012).

At present, the rules that the CPUC uses for sgietglude the certification of any ATN system
as it focuses on designs specialized for lighttraitsit, automated people movers, and heavy
rail. To gain authorization to operate ATN in @alnia will require an amendment to existing
general orders or a new general order from the CBh#Cific to this mode. Given the speed
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with which the CPUC has taken in platform heighibmas, it is likely that this process may take
a significant period of time without the supporiaife cities or agencies.

Federal Approvals (if federal funding is acquired)

The federal government does not specifically owethe authorization of operations unless those
operations cross state lines. As the proposeémsyst this project does not leave the State of
California, it does not have to contend with fedlegproval (United Stated Department of
Transportation, 2012).

However, if an ATN system were to receive any fatlkmding, it would be bound by specific
procurement rules. Under 49 U.S.C. § 5323(j) 49dC.F.R. Part 661, all iron, steel, and
manufactured products purchased with federal fumdst be purchased from US domestic
suppliers (United States Department of Transpama®2012). Manufactured components
include electronic components, and computer systahimugh systems manufactured with
foreign components but assembled in the UniteceStiatpermitted (United States Department
of Transportation, 2012). If no suitable indispasle component can be found that meets these
criteria, a waver may be granted at the Discretibine department of Transportation (United
States Department of Transportation, 2012).

Next Steps for Planning

The land use entitlements and environmental repiegesses are currently not designed to
easily accommodate the planning for ATN. While ¢éin@ironmental review process for
transportation projects is appropriately suitedA@N infrastructure, the existing codes and
plans which govern the construction and buildingpwfdings and infrastructure are not. The
land use process operates under the concept otéwdrais not permitted is prohibited,” which
means that unless there is a provision in codesesent it will require special enabling
legislation at the city level to get a project buiTherefore the following next steps are
indicated:

Creating a model zoning ordinance amendment todotte ATN infrastructure as a
principally permitted use in roadway corridors

Create a model zoning ordinance amendment to intedpecialized encroachment
permitting for stations on the main right of way.

Examine methods for accessing state and federdirfgriedicated to transportation
innovations.

Propose ATN specific safety and operation regutatior federal and state regulatory
bodies

Conduct a more rigorous assessment of environmeenpacts based on final routes and
technology designs.
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Introduction

In the simplest terms, a network is a group of cigj¢hat are connected to one another. A
network may be represented visually as a geonfegrice with points and lines (respectively
called nodes and edges in technical language).

Figure 27: An example of a simple network consistip of three nodes (points) and two edges (lines) cwtted
in a linear fashion.

Our world is abundant in networks of all kinds. Exaes include ecological networks of
biological organisms, neural networks in our braarsd communication networks such as the
internet. But real-world systems are often comled difficult to decipher. By reducing systems
to their most elementary components, networks peabstract representations that help
facilitate human interpretation. Generally speakimgfworks may be observed from three
different levels:

Individual entities within a group
Relationships among connected individuals
Patterns of interactions across a system

Each of these aspects both inform and are influiebgea network's structure and behavior. To
better illustrate this point, consider a socialwgk. A person might be naturally inclined to
surround himself with people whose interests amdiepences are similar to his own. But as
relationships evolve and friends are made andolst time, those changes are likely to shape an
individual's personality and behavior to a sigrifit degree. Human social interactions are
undoubtedly complicated and dynamic systems—naokemiansit networks in many ways.

Motivation

A transportation system, the personal rapid trgT) in particular, exhibits many features of
an idealized network. Any transit network generaliysists of pathways (edges) along which

people/vehicles travel leading to various destoreti(nodes) across a geographic area. In the
case of an automated transit network (ATN) sucth@$’RT, humans driving through crowded
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and chaotic streets are substituted for computerat@d podcars propelled along fixed
guideways. The result is a system vastly more ozgdrand predictable.

Figure 28: An example of a transportation system. fiis map describes bus and rail service between SJSldd
the airport with indicated stops. (ttp://as.sijsu.edu/asts/index.jsp?val=sic)

However, ATNs are neither simple nor monolithicopsnents of the technology often cite
shorter service delays, faster and safer commartesenergy efficiency as advantages over
conventional private and public modes of travel iany such claims remain unsubstantiated
and numerous technical issues persist.

If our team wishes to create a PRT system (pervapihy of consideration for future
implementation by our city), it is necessary to degper to better understand the fundamental
principles that make it work. After all, designiagystem that meets all our imagined
expectations is not without considerable challenges example, we might ask ourselves:
Where in a given community does one place statosatisfy demand and provide timely
service? How should vehicles be controlled in otdenaximize traffic throughput without
jeopardizing rider safety? What happens in the eoksudden failure resulting in a stalled
podcar on an active guideway? The successful dewvedat of a PRT system rests critically on
our ability to address these questions by matheadbtiand scientifically rigorous means.

As such, we foresee that the construction of modélplay a central role in our investigations.
Not only can models help solve anticipated problamd explore new ideas, the very process of
formulating a model from first principles teacheshow the real thing actually works. In
essence, models serve as a tool to guide our uaddisg of the physical world. If we can break
the concept of an ATN down to its basic governulgs of operation, we will have begun to lay
the groundwork for building our very own system.

The objective of the Networks Group is threefolust we wish to learn more about the
established theories of ATN design. What are thehaeisms of control underlying these
systems of automated vehicles? Second, we willldpweecomputer simulation of an ATN to
give substance to our imagination. We hope thanoadtel will eventually be capable of
emulating a real-life system with all its complésst Finally, we would like the simulation to
serve as a kind of virtual laboratory. There cheare many aspects of ATNs that necessitate
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further research and exploration. Central to abhwaf activities will be our aim of advancing our
knowledge of transportation systems in a mannernshguantitative and precise.

Background

Understanding Traffic Flow

Why do roads experience traffic jams? This quedtemat the very heart of the problem with
transport by way of automobiles. However, vehidagestion is phenomenon that is not unique
to cars on highways; it afflicts transportation resaf all kinds (including PRTS). In order to
design a system free from such faults and inefiies, it is important to understand these
problems and their causes in existing systems.

If the motion of vehicles on a pathway were conséenal uninterrupted there would be no reason
for delays in trips. Cars stop or reduce speea faariety of reasons, some of which are
unavoidable. Red lights, impulsive fellow driveasid careless jaywalkers are but a few
examples. Perhaps these disruptions in the flotraffic are more consequential than we might
think. Exactly what happens when an obstacle agpgaxpectedly in the path of a moving car?
Let's examine this as we would a simple one-dinradiphysics problem.

Suppose that a car traveling at speeith a single lane encounters an obstacle at timeAt
timet= (after a delay) the driver reacts and begins teléeate at a constant rate of What is
the time required to make a full stop? What is the minimuapping distance (that is, the
position ahead of the obstacle at which the car must labggeleration in order to avoid a
collision)?

Figure 29: An imaginary scenario involving a drive of a car reacting to an obstacle suddenly appearg in
his path.

We can solve for by taking the expression for acceleration as bange in speed divided by
time and integrating over time from Otto
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By integrating the expression for speed over tiroenfO tot we can solve for

Substituting stopping time into

Now consider a similar but slightly more complichtstuation. Suppose the car in the previous
example is followed by another car. Let's assuratettie driver in the second car (whose ability
to react is identical to the driver in the first)cis capable of observing and responding only to
the car preceding his own. In other words, the seéaiver is completely unaware of events that
take place ahead of the first car.

Both cars are initially traveling at the same sp&®Hen the first car begins to slow down at a
constant rate of —, the second driver starts applying the brakeslieae a constant
deceleration of — but only after a time delay of This means that from the time that the
obstacle appears &0, the response of the driver in the second ceursaat timd=2 .

Figure 30: When one car follows another, driver raction delays are compounded.
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With the introduction of another car, two additibparameters must be taken into consideration
when determining minimum stopping distance. Givehigle length , we will assume that the
second driver must stop his car at a distanitem the rear bumper of the first car.

Figure 31: The minimum stopping distance of the s®nd car includes the vehicle length and a gap beéen it
and the preceding car.

If we repeat the calculations performed earlienitih the changes described in the second
scenario, we obtain the following equation:

The result is identical to that of our single caalgsis with two exceptions. First, the driver
reaction time (in the middle term) has now increladsem to 2
# - $

What can we understand about the minimum stoppstgrites of the first and second cars
(respectively, and )? Since both quantities represent the shortetgtrdies required to ensure
a full stop without collision, we can interpret ttiéference — as the safe driving distance
between two moving cars.

Figure 32: Sufficient spacing must be maintained étween cars in motion to prevent collisions when@pping

After subtracting from we can group together the acceleration terms aitd avsimpler
form of the equation:

We will analyze further the equation for % !

79



We can obtain an alternate interpretation dfy thinking about its inverse quantity. Traffic
density is the number of cars within a given segment ofipaiy:

If we plot traffic density as a function of speeasbd on assumed values of and
% &&

Figure 33: Density decreases as speed increases

Notice that the density decreases as a functi@mefover speed squared. This relationship
probably does not come as much of a surprise. &saidd becomes more populated with cars,
the movement of traffic slows down dramatically.

Throughput is a concept related to density whickcdbes the number of cars passing through a
pathway per time (flow rate). Traffic throughputan be thought of as the speed at which a
given “chunk” of cars moves:
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Figure 34: Throughput is optimal at a particular speed

This graph reveals an important characteristicadfit flow. As expected, throughput is low
when vehicles are moving slowly. As vehicles inseetheir speed, throughput rises—but only
up to a point. There is clearly a speed at whicbughput reaches a maximum before steadily
declining despite vehicles moving ever faster.

Our findings appear to corroborate the resultsvof prior studies: a quarterly report released by
the Department of Transportation in the state ofMfagton and a paper authored by Kwon
(California State University) and Varaiya (Univeysof California). In both cases, actual data
was collected from highways/freeways known to céarge volumes of vehicular traffic.

Figure 35: Maximum throughput occurs at speeds beteen 40 and 50 miles per hour according to a report
released by Washington State (MacDonald, 2006)
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Figure 36: A graph indicating peak throughput at goproximately 50 miles per hour in a study of HOV laes
in the San Francisco Bay Area (Kwon & Varaiya, n.d)

When generating our own graphs, we intentionallgted values of, and to match the
figures presented in the aforementioned publicati®vhile applying different values to those
parameters will affect specific points on the pthg curve retains its general shape.

Let's now return to our discussion concerning saiféng distance. Recall that:

A great deal about the nature of traffic flow candeduced here. The three terms in the equation
each represents a factor in explaining the how a@spaced along a road:

1. As noted earlier, separation distance is propcatitmthe velocity squared. Vehicles
traveling at even moderately higher speeds requireh greater spacing. This factor will
remain dominant so long as the rate of deceleraioot uniform among cars (variations
in driver braking behavior).

2. No driver behind the wheel of a car can react msi@ously to events on the road.
Moreover, it is not unreasonable to assume thaedsigenerally do not focus their
attention much further beyond the vehicle immedyabefore them. Reaction delays and
limits to knowledge are likely to have a signifitignmpact.

3. Drivers are incapable of precisely judging distanaed applying brakes in such a way to
keep gaps between vehicles necessarily small. Andwse, cars are finite in size.
Larger (and heavier) vehicles require especialatgr distances. Thus, the contribution
of this factor can be quite substantial.

At the heart of this discussion is a dimension,ttiedugh routinely taken for granted, is the
single most important determinant in establishiaig slriving distance: the human being.
Though humans excel in a great many mental andgadlyectivities, driving is apparently not

82



one of them. The human being is in fact the prialcgause of roadway inefficiencies.

Well, what happens if we take ourselves out ofdfpeation? Suppose that cars are driven not by
people freely on roads but by computer on fixethpaBecause computers operate according to
predetermined rules under specific conditions, yvenhicle in the same situation behaves in the
same way. The computer has the ability to rapidbcess knowledge about its surroundings,
enabling the car to respond immediately to eventgsopath. Additionally, communication
between computers can be nearly instantaneousramsbarestricted by physical barriers. Each
car is therefore capable of knowing what other gatke vicinity know. Finally, suppose that all
computers are linked to a mainframe that functem#he central decision making authority.

The outcome of substituting man with machine irs¢ama system that exemplifies an ATN in the
broadest sense. Let's consider the implicatiorisesfe changes with regard to safe driving
distance.

1. Computer control will guarantee consistent bralbeavior in all vehicles. Once the
capability for uniform deceleration is realizede th/A term becomes zero and velocity
squared term in the equation vanishes.

2. With the human extricated from the driver's sealags in reaction time and handicaps in
sensory perception are no longer a problem. Thenestill be very small delays
associated with detection and response dependmy iogplementation but these
intervals will certainly be vastly smaller than slizocaused by humans.

3. Any physical vehicle no matter the driver will opyua fixed amount of space so this last
term will still persist. The gap between cars mayshortened, however, by bringing cars
closer together when slowing down or stopped.

In all practicality, the third term in the equatifor D is the only component contributing to safe
driving distance that remains significant.

Through our derivations and calculations, we haeaiified the very human problem with cars
on roads, our predominant method of travel at tbenent. We clearly are in desperate need of
an upgrade. So what makes a better system? Tleetlerae features that would make a
transportation system more efficient:

Automation
Coordination
Centralization

As we have demonstrated, automation brings comsigtend predictability to a system.
Coordination improves the integration of individualits so that they behave in a concerted
fashion. A certain degree of centralization enabkdser system-wide planning and more
effective resource management. Together, these gieenents form the foundation for the
design of an automated transit network.

Insights From Aerospace Corporation Report

Under the direction of the City of San Jose Deparniof Transportation, an ATN feasibility
study was performed by the Aerospace Corporatienrésults of which were released to the
public in October 2012. Though the report contguge a detailed examination of an array of
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topics, the discussions pertaining to networksodaincipal interest to our group.

Perhaps one of the greatest obstacles to theagahzof the ATN as a truly viable mode of
transit is the lack of an accurate and comprehensiderstanding of the system in a real-world
environment. As the Aerospace report explains, maosattempts have been made to
characterize ATNs using mathematical equationscangputer models. Yet many of these
representations are flawed due to gross oversiicgtiibns and superficial treatment of non-
trivial matters. The systems that do provide megdistic portrayals of ATNs are usually kept
under the purview of those holding intellectualgedy rights. In any case, no system, open-
source or otherwise, has been subjected to thorandhigorous testing in the field.

A final point: theories and models of generic ATesjns, however exact and exhaustive they
may seem, have inherent limitations. The perforraard reliability of a system depends
heavily upon its specific implementation (corresgiog to factors such as urbanization,
geography, climate, etc.). Thus, studies of ATNshine conducted on a case-by-case basis if
predictions are expected to be accurate.

The functional capabilities of an ATN may be desed in terms of time, distance, and speed.
Headway, capacity, and throughput are conceptgpkatly useful in evaluating the
performance of transportation systems.

Headway is a measure of the spacing between vshitis the frequency of arrivals at a fixed
reference point along a guideway:

headway = tim_e or ve_hicle
vehicle time

Both speed and the spacing between vehicles atedeo headway. In fact, headway can be
expressed as a function of those two terms:

headway: %ecg_jg: [distanCd X [dlt%asce]

By specifying one quantity in the relationship, titker two can be adjusted with respect to each
other. For instance, a headway of 6 seconds cachieved either by a speed of 20 miles per
hour with a spacing of 176 feet or by a speed ail8s per hour with a spacing of 352 feet.

Line capacity describes the maximum rate of peti@éa stream of vehicles can carry. It is
expressed as the number of seats per hour:

seats
time

line capacity =

Line capacity is actually a product of three fastdreadway, vehicle capacity (passenger-
carrying capacity of each vehicle) and percentdgelbicles occupied:

Based on published estimates, vehicle capacitgneally assumed to be about 30% (based on
comparisons to conventional automobiles). Althotighproportion of occupied vehicles varies,
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line capacity = headwa' x vehiclecapacity x % of vehicle:occupiec

line capacity = vehicle ~_seats occupied vehicle
time vehicle all vehicles

studies suggest that a figure of 80% may be a ned® benchmark.

For these last two parameters, it is worthwhilpdot out that ideal values in a PRT system are
somewhat contrary to those one might expect falittcaal public transit. Because of the
inherently “personal” nature of the PRT, each viehig specifically designed for low occupancy.
By the same token, empty vehicles are a desirddriean such a system. If shorter station wait
times are to be achieved, unoccupied vehicles oigstlate continually inside the network so
that they may be called upon at any moment.

Safe headway refers to the separation distancerthstt be maintained between two vehicles so
that both are able to stop for any reason witholitding. The discussion of safe headway is a
rather lengthy one; we will introduce only the tireck wall stop criterion for the sake of brevity.

Brick wall stop (BWS) is an imagined “worst-casersario” in which a large immovable brick
wall magically appears in front of a vehicle forgiibs driver to decelerate in such a way so that
impact is avoided by just a hair. In essence,dbénario is equivalent to the one presented in our
study of the reasons behind aggravated traffic estign.

At present, ATN systems in review all operate & standards well beyond the BWS criterion.
At a headway of 6 seconds, line capacity is helmtatnd 1,920 seats per hour. With the
implementation of BWS, it is estimated that a heaylaf 1.8 seconds is ideally achievable,
bringing the line capacity to 6,400 seats per hohis would result in a three-fold improvement
in capacity over current designs.

The authors of the Aerospace report make a bolplgsition: discard the BWS criterion entirely.
Since every moving object has mass, BWS scenargois dact not at all realistic and lead to
unnecessarily strict regulations. In the absend@\Vg8, line capacities of more than 10,000 are
possible if a headway of 1.1 seconds can be attaine

One important consideration relevant to this dismrsis the limits of human endurance. While
technically feasible, powerful decelerations poserous threat to the comfort and safety of
passengers. Jerk is a term used to describe thibtyagf deceleration (expressed in [ distance /
time®] ). The appropriate amount of jerk for an emenyestop is ultimately determined by the
ability of passengers to physically withstand sadhock. A deceleration of 0.6g corresponding
to a jerk of 2g per second is considered too agyregriders are unable to adequately brace
themselves). Nominal estimated deceleration isrtegddo be 0.1g. Current ATN designs feature
values ranging between 0.25g and 0.5g.
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Simulation

Once we determined that the solution to human-drosgs on roads was autonomous vehicles
on guideways, we moved ahead to build such a systeacomputer. We began development
using Python language in conjunction with the Pygamgine (for graphics). Presently, our
program is capable of demonstrating the movemeanhafbject along linear paths within a
simple network:

Figure 37: A screen-shot of the computer simulatioin progress

At execution, the program moves a vehicle (red sg)uat constant speed among a group of
nodes (blue circles) joined by straight pathwayadklines) in a prescribed pattern. The user
can click and drag any node on the screen with aseto change it's coordinates while the
simulation is running. The nodes are dynamicatiéid such that when one is repositioned, the
affected pathways immediately adjust their lengttl arientation in response. As the vehicle
traverses a pathway, it too adapts to structuralifications in the network by changing its
direction of motion in real-time.

Conclusion

The idea of the ATN/PRT is not a novel one (wite fassage of more than fifty years since its
conception). Yet public awareness and interestdggged. Even among circles of experts and
professionals in the transportation field, advocacythe ATN has been sorely lacking.
Meanwhile, the body of evidence pointing to theamtgneed for such a system only continues to
mount. As our towns and cities continue to expameling from one place to another becomes
an increasingly tiresome daily struggle.

In the face of extraordinary technological advanoagecent decades (especially given the power
and ubiquity of modern computing), one wonders whiomated transportation systems are
almost nowhere to be found. There are surely maagans for this, but a fundamental one that
the technical community recognizes is the lackraiidedge. The ATN may hold many promises
but it also brings considerable uncertainty.
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Transit networks are incredibly complex systemssyite extensive study and research, people
are really just beginning to understand how theykw®ur own group's explorations over the
past several months have certainly been enlighgesanal rewarding. But given the depth and
expanse of the subject, we have only barely scedttie surface.

As newcomers to the field, we began by first tryiaginderstand traffic congestion (a
phenomenon with which we are all too familiar, utdoately) by means of an elementary
physics analysis. We discovered, perhaps not tgwisingly, that the culprit behind the sluggish
automobile roads was ourselves—the human beinguBymating, coordinating, and
centralizing the control of vehicles, we can diagty improve the way we transport people.

We then set out to tackle the automated transitaritby creating computer models to represent
their structure and behavior. By marrying together knowledge of mathematics and computer
coding, we were able to begin constructing a sitrarigorogram. We hope that once minimal
functionality is established, this program can sas a framework and testing platform for many
future activities. Ultimately, we envision a prograhat will be capable of executing a variety of
tasks: performing traffic merges, identifying ineigncies in the network, predicting responses
to failures, and more. Though still in its infanaye hope that our virtual ATN will grow into a
useful tool for helping us better understand transpion systems

We look forward to continuing our investigationghwvgreat enthusiasm and aspiration.
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Cabin
This section will describe the various prelimindgsign concepts that are included both in the
interior and exterior of the cabin.

Figure 38. Final design of the cabin

Human Factors

Before any design and revisions were made, hunw@argawere considered since they play a big
role in cabin design and sizing. The human fadioas were taken into account for this design of
the cabin resented in the paper are the seat destard the height of the cabin. According to the
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Center of Disease Control and Prevention, the geefamerican male height is 5.9 feet. The
average female height was not considered into élseyd because it was much shorter than the
average male height. The height of the doorwayckvinas originally 5 feet, was raised to 5.9
feet to accommodate a larger range of people. Vaeat floor to ceiling height in the original
cabin design was 5 feet. This presented a probl#gingetting in and out of the cabin without
injury, removing strollers and other luggage. Tle&ht has been raised to 7.8 feet to
accommodate these needs along with being more yaeaoc.

To determine a comfortable distance between saat®ckup of the seat arrangement of the
cabin was made and tested by five people varyiom ft. 6in. to 6ft. 2in. tall. From this mock
up, it was determined that the distance from tbatfedge of one seat to the front edge of the
seat directly across is 41 inches. The distancedmet two seats next to each other is 5.5 inches.

Seating Configurations

Original Six Seat Configuration

The original intent for the cabin design was todhdwee seats on the front and rear of the cabin.
Each of these rows of seats was to be individuekéiuseats. Figure 3hown below is the

original six seat configuration.

Figure 39. Top View of 6 person configuration

Bucket seats allow each of the passengers to rexrgenmal space. In addition, bucket seats are
more comfortable than bench seats because of lmutket seats “hug” your body. Bucket
seats are especially helpful in holding the passenig their seats during turns and banks at high
speeds, while bench seats would cause the pasdersiigle. Although there will be a weight
sensor on board (cabin does not move if it is tavly), rows of bench seats would invite too
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many people to go on board. This will cause moc&ents of passengers who will have to get
off and wait for the next cabin.

The original design called for two rows of custoutket seats. This would obviously be too
expensive because a company would have to mantgaedich of these seats from scratch, so the
team searched for existing solutions. The teamdaureputable company, Freedman Seating,
who designs and builds many types of transit g¢atedman CitiSeat, 2009). These seats are
great because they fold to create more space, lhaase flat surface for ADA compliance. The
CitiSeat Flip model comes in one, two, or threespeirows of seats, which perfectly matches

our needs.

The original seating arrangement of rows of sela¢émeh end of the cabin allows for the
maximum utilization of the space in between thdssesspecially when the seats are folded in
the upright position.

Figure 40. Wheelchairs have more than enough roonotfit and maneuver

In addition, it easily meets ADA compliance andulagjons (in regards to wheelchair space)
since the length and width of the cabin alreadyeegls the minimum space needed, which is 30
inches by 48 inches.

As one can see, the “face to face” seating cordigpm is the most preferable since it allows for
the maximum amount of space and easily exceeds édvypliance. The main issue at hand,
then, is whether to have the capacity for 4 or&pagers.

One argument for 6 passengers relates to the widtie cabin. With 6 passengers, the width of
the cabin will be wider, which increases aerodyrmadnag (larger cross section) as well as
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increasing the amount of material needed to butthecabin. With 4 passengers, the cabin can
be narrower, which decreases the aerodynamic aid¢ha material needed. Furthermore, the
total weight of the cabin would be less, which @éases energy consumption throughout the
system. However, if the system is to be implememnteshanta Cruz, a 6 passenger capacity
would make more sense. For instance, the MorganRRV/h system serves students, faculty, and
anyone who would like to ride it. The maximum capais about 20 passengers. Students and
faculty generally do not care about having thein@abin, but instead, getting to/from school as
quick as possible. The only way this can be done mve a larger capacity. If UC Santa Cruz is
part of the corridor, then more passengers woulchbee beneficial. If a cabin comes every two
minutes, and there is only a four person capattigt, would be 120 passengers per hour. If there
is a 6 person capacity, that number would be irrg@d0 180 (60 more passengers per hour).
Students and faculty would rather arrive at thestohation quicker.

Another issue is that with the current design »fpgople, the height from floor to ceiling is only
5 feet, making it difficult for many people to moabout the cabin(especially when trying to turn
around and sit down). Increasing the height isrgpk solution, but also comes with many
drawbacks as well. If the overall height of theinab increased, then it would cost more money
per cabin due to the added material and increaselyagamic drag which also increases energy
consumption.

Another Six Seat Configuration

If the cabin height is to be kept at a currentfi&fin the bottom to the top of the cabin, different
seating configuration need to be looked into bestte one for the current design. The problem
with the current seating configuration is discusised different section. The seating
configuration presented in this section keeps thadight and solves the issue of someone’s
bottom being in another passengers face when egtand exiting the cabin.

The seat configuration showntrror! Reference source not founsinot feasible for this
system. In order to meet Federal and State lawf@elchair accessibility, the width of the
cabin for this seating configuration would needbéoat minimum 117.5in. The foldable seats
that were used to obtain the dimensions need twledé the minimum width of the cabin were
CitiSeat by Freeman. When folded, these seats@rdih thick, as shown in Figure 41
According to Federal and State laws, wheelchaiesl @e32X48in turning space width the cabin.
Since the cabin’s design must satisfy this law,diséance from the door a folded seat directly
opposite of the door would need to be at least.4&imce both sides must be the distance from
the folded seat to the door, this distance alonensi¢he cabin must by at least 96in long.
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Figure 41: Six Seat Configuration

Figure 42: CitiSeat by Freeman. Retrieved from
http://www.freedmanseating.com/images/uploads/fil¢€itiSeat.pdf

This 117.5in adds to the material cost, driveshgoweight of the cabin resulting in the need of a
stronger structure, and bogie attachment, and ermeggy required to move the cabin. A larger
station will also be needed because of this dinoensi

Four Seat Configuration

A four-seat configuration will eliminate some otthbstacles associated with six-seat options.
By orienting the seats as showrError! Reference source not found, space issues that are
present in the six-seat configurations are eling@idatin addition, the possibility of discomfort
experienced from having another rider’s bottomniother’s face because passengers can board
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the cabin in a manner more similar to climbing iatbautomobile is also reduced. By having

just four seats the experience would be closading in a car, in this manner this might
encourage possible passengers to use the systdour feat option still allows for wheelchair
accommodation and is thus ADA-compliant while alilogvfor a reduction in the length of the
cabin. This translates into a reduction in materstooping to enter the cabin will also not be as
much of an issue when boarding the cabin. A redudh materials also means less drag force
which plays a significant factor in a suspendedesydike the one that has been propose because
the cross-sectional area of the front and backbeilsmaller.

Figure 43: Layout of four seat configuration for cain

However, by eliminating two seats, the possibitifycarpooling might be significantly reduced
as compared to a six-seat option. The four-searopoes allow for a more intimate experience
when using the system—uwith the six-seat optiois, #ssumed that some riders will be
comfortable with sharing a cabin with strangersstduce ride cost. With the four-seat option,
the discussion of bench versus bucket seats isalliytirrelevant.

Simplified Drag Force Calculation
For simple analyses purposes, the six-seat anestmatrcabins were compared to show that the
final design of four seats saves energy by deargdbe amount of drag.

The primary reason that the preliminary design weased is due to aerodynamic drag and drag
force. The six-seat design had a wider body dwertaw of three seats on each side, which
means a larger cross section. The final desigowfdeats has a narrower body due to only two
seats per side. The narrower body reduces the seation.

The cabin can basically be modeled as a cube ({BD¢ she side-profile is similar to that of a
box.
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Figure 44. Table of Drag Coefficients

As seen irError! Reference source not found, the coefficient of drag for a cube is 1.05. Using
the coefficient of drag (¢ with the formula for drag force (shown below)e ttirag force for
both the preliminary and the final/revised design be found.

M —==N>,
H @ H

For this formula to be used correctly, Sl units traesused. The following values are inputted
for each of the respective designs, and the dnag fie calculated:
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Table 4. Drag Force Calculations

Six-Seat Design Four-Seat Design
Density () 1.27 kg/n 1.27 kg/m
Velocity (v) 15.65 m/s (35 mph) 15.65 m/s (35 mph)
Width 80.7 in 55.51in
Height 72 in 95in
Area (A) 3.75m 3.40 nf
Coefficient of Drag (G 0.80 0.80

Drag Force (Fy)

As seen in Table 4. Drag Force Calculationsabdnesfdur -eat design has almost 44 N less drag
force compared to the six seat design.

Pugh’s Method

To further justify a four-seat cabin configuratieerse the two six seat configurations, the
Pugh’s Method was applied to all three choicessimaiv in Table 5: Pugh's Method applied to 3
different seating configurations below. Pugh’s Meths a visual representation of prioritizing
the customer’s wants and need so the designemhidea of which key features to focus when
designing. The weight of importance is based dffta 10 scale with 1 being the lowest and 10
being the highest. If the alternative meets a festiuat the customer wants or needs, a '+’ is
given. If the alternative does not meet a givenuier a ‘-* is given. The numbers are then added
or subtracted based off of the ‘+’ or ‘- given wrdhat alternative. The ‘S’ means datum. This is
a required feature that must be included into #sgh. All of the seating configurations
presented in Table 5: Pugh's Method applied tdf8rént seating configurationsTable 5 below

meet the requirements.

Table 5: Pugh's Method applied to 3 different seag configurations

Weight Original 6 Seat| Alternative 6 sedt 4 seat
Comfortable 9 + + -
Light Weight 8 - - +
Safety S S S S
Aerodynamics 10 - - +
ADA complaint S S S S
Storage 7 + + -
HVAC S S S S
Total 34 16 16 18

By Pugh’s Method, it is clear that the 4 seat aqunation is the winning design. After
determining the seating capacity and configuratiba exterior, interior, and each of the
components can be designed.
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Exterior

The general exterior shape of the cabin has bdkrented by both past and present shapes and
designs. Starting with the nose(s) of the cabimdgamics was kept in mind. An aerodynamic

nose minimizes drag and friction, allowing the catai consume less energy. The system would
consume less energy due to the fact that theredamatlbe as much power needed for the cabin
to cut through the moving air.

Instead of one pointed nose at one end, the casinwo pointed noses at each end allowing for
bi-directional travel. This is seen in both presemd previous systems including ULTra, Vectus
(both mentioned in the State-of-the-Art sectiomy $he Masdar PRT (PRT Application
Characteristics, 2013). One of the advantageshistabin design has above the ones listed is
the fact that it has space in the cabin to fitladized bicycle. The Beamways design allows for
a bicycle to fit, but is not shaped to be bi-direacal.

Therefore, the design shown below takes the betdoral shape of ULTra, Vectus, and Masdar,
but retains the versatility and space of the Beaysvasign.

The noses, 14 inches in length each, blend smowttdythe main cabin section, which is 80
inches long (both interior and exterior). The tdéagth is 108 inches as shownrError!
Reference source not found.

Interior

Figure 45. Cabinfloor length is 80 inches
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The floor length needs to be long enough in orden¢orporate a sufficient length for bicycles.
The average length of a bicycle from the front edigéhe front tire to the rear edge of the rear
tire is about 5 to 6 feet, or 60 to 72 inches (GahBesign Factors MN/DOT Bikeway Facility
Design Manual, 2007). The length is of the flooraam design, which is 80 inches is greater than
the average length of 72 inches; therefore, a leoyan fit in between the seats with no
problems.

Although the width of the exterior of the cabirb inches, the width of the interior cabin floor
space is about 52 inches (Figure 46) due to thelphicknesses and frame. The floor width of
the cabin was designed after sizing the seats ghrbuman factors testing.

Figure 46. Floor width is approximately 52 inches

As mentioned in the Seating Configuration secteath end of the cabin has a row of two seats.
The seats are individual bucket seats which alli@venore personal space in a smaller and more
intimate seating configuration.
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Figure 47. Top view shows two seats at each endtbé cabin

Each of the rows of seats has 5.32 inches in betteeallow the wheels of a bicycle to fit and be
secureérror! Reference source not found).
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Figure 48. Space between seats allow for bicycle eails to fit

Seat Design
The seat utilizes a movie theater style seat, iichvthe normal position of the seat bottom is

folded up Error! Reference source not found). When a passenger is ready to be seated, they
will fold down the seat bottom and sit down as shawFigure 50. Seats in folded and neutral
position.. Note that the armrests can be foldedelkto increase the amount of space needed.
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Figure 49. Neutral position of seat. Passengers Wwibld down the seat bottom to be seated.
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Figure 50. Seats in folded and neutral position.
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Figure 51. Side view of seat bottoms folded down g8Imulate passengers being seated
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Figure 52. Seat bottom in "engaged" position.

When the seat bottoms are folded down, they arpastgd by blocks on both sides. The blocks
are attached to the main seat bracket to ensudityig
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Figure 53. Blocks attached to the seat bracket suppt the seat bottom in the folded position

The seats will be upholstered with vinyl. Vinyliteexpensive, but provides comfort that more
rigid plastic seats cannot. In addition, vinylfias can provide the same aesthetics of a more
luxurious fabric, such as leather, while allowiog the easy maintenance. It can be wiped down
easily and is not entirely porous, so it does ragt bdors.

Other considerations for folding seat mechanism®weade by the team, which include seat
bottoms supported by a folding column or a supfi@t moves along a hinge.

As mentioned previously, the seat utilizes a melveater seat like design and features two
helical torsion springs to facilitate this motiol.was estimated that approximately 10-15 Ib
force would be a reasonable requirement for an-ladieed person to push the seat down in
order to sit in it. Using two springs, each sprimigubject to a 5-7.5 Ib force to move through the
90 degree (0.25 revolutions) deflection to bring tlottom of the seat from an upright to
downward position. An Excel spreadsheet was useo through the iterative process required
to size the springs. For the purposes of cal@asiatithe spring was designed using unpeened
music wire (ASTM A228) having a wire diameter 0192 in. and the resulting requirements are
outlined inError! Reference source not found. The detailed calculations can be found in
Appendix D. The rod that acts as a pivot point&dsin. diameter and the maximum allowable
pin diameter is 1.37 in. there is plenty of cleambetween it and the spring in the downright
position.
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Figure 54. Torsion spring model after sizing

Table 6. Dimensions for Seat Springs. The requireemts for the seat springs to be manufactured to rate the
seat from the upright to down position are outlinedbelow.

Coil Diameter 1.73in
Number of Body Coils 26

Spring Rate 80 Ib-in/rev
Outside Diameter 1.92 in.
Inside Diameter 1.536 in.

ADA Compliance

Having the ability to fold rows of seats is impartaespecially for those with wheelchairs. ADA
regulations state that a space of 32” x 54” is meglufor wheelchairs, in which this design
satisfies.
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Figure 55. Side view (cross-section) of both rowd seats folded with wheelchair on one side
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Figure 56. Angled cross section showing that theiie ample room for wheelchair and follows ADA reguléions

In addition to both ADA and federal transportatregulations, the minimum door width must be
no less than 32" across. The design presentedlogiesatisfies and exceeds that regulation by
setting the door width to 34" (figure follows)
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Figure 57. Door clearance is 34 inches wide

HVAC

It is important that passengers are comfortabldenfding in the cabin so heat and air
conditioning are a necessity. This adds energyautza needs to be accounted for. The cabin is
a unique design and therefore it makes it diffitolincorporate a standard HVAC design.
Estimation can be made though as to how much piwelt take.

Since the cabin is small, it does not take muchgrdw run the air conditioning of heating unit.
The total power required for one unit is 900 BTU#ms shown irError! Reference source not
found. below. To determine the power required in BTUs, sbrface area is multiplied by a

factor of 25. It is then converted to watts. Frdmare estimation is made as to how often the air

or heat will be on during the year and then therfiawe multiplied by the watts. It takes the

same amount of power if the heat or air is on soetllloes not need to be separate calculations to
figure out when the air or heat is on.

According to the solar team’s monthly energy outpettotal amount of solar power that can be
supplied in a year is approximately 965,000kWh sTheans that the total energy consumption
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for one car, 1155.27kWh/yr, is only about one-tesfta percent of the total energy that the solar
panels will provide so it will not have a big impan the system.

Table 7. HVAC Energy Usage

Power(BTU/hr) 900
Power(W) 263.76
Hrs/day 12
Energy(kWh/yr/car) 1155.27
Safety

Passenger safety is always a major concern wheamies to moving vehicles. Like buses and
trains, cabins also need similar safety measures.

The first thing that comes to mind regarding safetyow the structure will react when various
forces act upon it, such as wind loads or justitbgght of passengers. This is where the main
structure of the cabin plays a part. A tube fratngcsure was chosen to be used due to the
weight savings and ease of analysis.
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Figure 58. Frame modeled with SolidWorks (Weldmenfs

The frame was modeled using SolidWorks by utilizing Weldments feature. Through this
feature, a tubing size can easily be defined aatgbd so that different sizes can be used.
Furthermore, the use of weldments in SolidWorksvedl the SolidWorks Simulation application
to automatically utilize beam elements insteadsafigi solid elements. The use of beam elements
not only allows the cross-section of the tubin@péceasily defined, but also reduce the amount of
resources required to analyze the entire stru¢Beams and Trusses, 2012).

Table 8. Frame and Tubing Properties

Tubing Material Chromoly 4130 Steel (Annealed)
Frame Tubing Size 1 %" OD x 0.095” Wall Thickness
Frame Weight 328 Ibs
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As mentioned, 4130 Steel is commonly used for sirattubing in both aerospace and
transportation applications due to the exceptistraingth to weight ratio (Aircraft Welding and
Steel Tube Fabrication, 2013). In addition, 413®8Etan be welded easily, which is how the
frame itself will be constructed.

Static Free-Hanging Full Passenger Weight Capacitiyoad Analysis/Simulation

This analysis shows the effects of the max logplasksengers with respect to the stresses,
deformation, and deflection of the frame. The asialyvas done by simply simulating the cabin
in a static state, which is when the cabin is nahotion. The frame should be able to sustain the
static maximum load (total max passenger weigh@301bs) as well as any effects from
acceleration due to gravity.

Table 9. Model Data

Model Type 2-D Line

Element Type Beam, Hollow Tube Cross-Section

Constraints (Fixed) — All DOF fixed on the roof to
simulate suspension

Loads SeeError! Reference source not found for
loads

Material Properties 4130 Steel

Units Inch-lb-sec (IPS)
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Figure 59. Loads and constraints to simulate effestof total max passenger weight on structure

The four middle joints closest to the center ofribef have all degrees of freedom fixed to
simulate the frame’s attachment to the bogie. Altimirce 1000 Ibs is assigned to the beams that
are supporting the floor.

Table 10. Results Summary for Full Weight CapacityAnalysis

Constraint Fixed Ends on Middle Roof Panel
Yield Strength of Material (psi) 66717.4 psi

Maximum Von Mises Stress (psi) 19950.6 psi

Factor of Safety 3.34

Maximum Deflection (in) 0.11in

Total Number of Elements Used — 3D Beam 1731
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Figure 60. Plot shows Maximum Bending Stress (Higghted Red)

The maximum bending stress occurs at the jointshiblal the cross members to the main part of
the frame. This is due to little support below thess member in the center of the frame. A lack
of support would cause unnecessary motion and wdtildately cause the member to deform
and bend, resulting in increased combined axialke@mdling stress. However, since the safety
factor is 3.34 and greater than 1, it is unnecgdsaadd additional support which would add
weight and need for material.
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Figure 61. Maximum deflection of 0.11" at points sbwn in red

The maximum deformation occurs in the center ofcdd@n where the structural members
intersect. This relatively large deflection occdu to the longer lengths of the members
compared to the members that support the seatraceanbination with the amount of space in
between lateral structural members (23 incheshieiseat supports compared to 34 inches for the
center).

Wind Load (Side Load) Analysis/Simulation

Since the cabin is suspended from the bogie, andatkly the guide way from a significant
height, wind load on the side of the cabin mustdeasidered. The horizontal force applied on
the side of the cabin due to the wind load causes$rame to translate along the horizontal plane.

For this side wind load analysis, a maximum windexpof 55 miles per hour will be used. This
wind speed was chosen as the National Weathercgeronsiders a storm warning as forecast
winds of 48 knots (55.2 miles per hour) or high&teg@ther in the San Francisco Bay, 2010). For
reference, the storm warning is stated to be mangerous than gale warnings (34 to 47 knots).
The wind speed must be then translated into wincefasing the following equations

M AG G>,

A O!OO@"P G N
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Where P is pressure, A is the cross sectional(@&aheight, 108” width), Cd is the coefficient

of drag, and v is the velocity (wind speed, 55 miphjiles per hour (Wind Force/Side Load
Calculator, 2013).

The wind force was calculated to be equivalent(®.8 Ib-force.

Table 11. Model Data

Model Type 2-D Line

Element Type Beam, Hollow Tube Cross-Section

Constraints (Fixed) — All DOF fixed on the roof to
simulate suspension

Loads SeeError! Reference source not found

Material Properties 4130 Steel

Units Inch-lb-sec (IPS)

Figure 62. Loads and constraints to simulate sideind load

As seen irError! Reference source not found, the four mounting points on the roof have all 6
degrees of freedom fixed to simulate a rigid bohye wind force is applied to all the structural
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members on the side of the cabin to simulate a wusd acting on it. Each of the defined forces
has a direction normal to the side of the cabiwals

Table 12. Results Summary for Wind Load Analysis (5 mph)

Constraint Fixed Ends on Roof
Yield Strength of Material (psi) 66717.4 psi
Maximum Von Mises Stress (psi) 38432.7 psi

Factor of Safety 1.74

Maximum Deflection (in) 0.53in

Total Number of Elements Used — 3D Beam 1731

The factor of safety is greater than 1, which alidhe frame to be safe given the loading
conditions and constraints of undergoing a stonelleiind gust of 55 miles per hour.

Figure 63. Plot shows Maximum Bending Stress (Higghted Red)

The maximum bending stress actually occurs at ¢ise neinforcement members, specifically
where the ring is joined with the vertical membiiiet are attached to the roof of the frame.
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Figure 64. Maximum deflection of 0.53" at points sbwn in red
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Figure 65. Front View of displacement (DeformatiorScale 19.5)

The maximum deflection occurs on the undersidéefcabin, in which the cabin sways along
the direction of the wind force.

Error! Reference source not found.shows the front view of the deformation that ialed up

by 19.5 to exaggerate the displacement. Note hewabf remains rigid and shows little to no
displacement due to the structural reinforcemennbers. As mentioned, the lower part of the
cabin shows the maximum displacement due to a Hikganotion caused by the wind force and
the fact that the top is rigid.

A separate analysis was also done to simulate hewadbin will react under less dramatic and
more normal wind conditions. A normal wind speedtgn the San Francisco Bay Area ranges
from 7.1 to 14 miles per hour and the average yesibout 10.6 miles per hour (NOAA, 2008).
Using the average, the results were found beloiriar! Reference source not found. The
equivalent wind force was calculated to be 22.3tbtbe. As one can see, the frame will be able
to handle normal wind conditions with ease.

Table 13. Results Summary for Wind Load Analysis (2.6 mph)

Constraint Fixed Ends on Roof

Yield Strength of Material (psi) 66717.4 psi
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Maximum Von Mises Stress (psi) 2209.7 psi

Factor of Safety 30.2

Maximum Deflection (in) 0.0197 in

Total Number of Elements Used — 3D Beam| 1731

In summary, this analysis proves that under nommadl load conditions, the cabin’s structure

will remain intact and will not fail. Even in storoonditions, such as storm force wind gusts of
55 miles per hour, the frame will not fail. In atidin, these analyses exaggerate the effects of the
winds since they were modeled to be rigidly suspdnd/hich is not the case. The bogie has a
suspension that will reduce the effects of winaésron the side of the cabin.

The next question to be asked is what the passesfeuld do in case of emergency and
evacuation. Usually after a collision or emergeribg, power is cut off to the cabins to prevent
any additional damage. During this time, the doaymr may not be closed shut; therefore, a
manual door release lever must be utilized. Twedxtinguishers are placed in each cabin (one
on each side) in case of fire.

Preventive safety measures are another importaetasf cabin safety. Potential injuries can be
prevented by implementing some basic safety equipn@rab bars are major safety components
to prevent passenger injuries. The cabins may grmoaiexperience large forces during
acceleration and deceleration.

Figure 66. Vertical grab bars placed at each doorwa
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A vertical grab bar is placed on each side of ther dince passengers tend to use them when
entering and exiting the cabin, which is showiEmor! Reference source not found.above.
Passengers also use these bars right before thns cabch the station.

Horizontal grab bars are mounted from the ceilinghee right and left side of the cabin. The
bars are mounted along the entire length, whidwallpassengers to stand from their seats, grab
the bars, and hold onto them until they grab th&icad bars near the doors.

Rubber mats, shown tarror! Reference source not found.below, are placed on the floor in
front of the doors to decrease the risk of passsmgipping. The mats have ridges which allow
for maximum grip under slippery circumstances.

Figure 67. Rubber mats placed in front of doorways$o prevent slipping

Propulsion

Propulsion Bogie Design

The propulsion team’s task for specifying bogieigieegan with deciding the method of
propulsion that the personal rapid transit systesald/utilize. After weighing the options, the
SMSSV team settled on linear induction motors ashlethod of propulsion. With this in mind,
the propulsion team was then tasked with desigaibggie that would incorporate the
technology of linear induction motors with the pmad design of the cabin design team.
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Although the intent of this design was to creastnaple bogie unique to previous designs, there
are of course elements of the design that mimistiexg systems. Because of this, the bogie
design presented below is a culmination of pasisgmt, and new ideas. The bogie design
incorporates many different elements, each witlr thven function, in order to provide a
complete system that allows smooth and efficiententent of the PRT. These individual
elements will be explained in detail below.

Figure 68 Isometric view of the complete bogie deapi

Chassis

The chassis, or frame, was designed to providécgrit strength and rigidity to the bogie. These
factors were incorporated into the design to enstakle and safe travel at higher speeds. As can
be seen in the figures below, the chassis mead@rashes long by 52 inches high and is a total
of 43.5 inches wide.

There are two main portions of the bogie’s framge Tenter support which holds the wheels,
guides, and propulsion system is made from % itedl svith two large opening that allow the
second support to move freely through. This secupgbort, which is a 3 inch wide boxed

frame, is connected to the first by four large $htmevers which suspend the Cabin only 16
inches from the bottom of the bogie’s wheels. Talgitis suspended by means of four large
fasteners which affix it to the “swinging” lowergtform of the bogie. This platform is connected
to the second support by a large bearing that alkbw cabin some movement side-to-side which
is important in maintaining passenger comfort tiglomut turns.
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Figure 69 Side View of Bogie with Dimensions

Figure 70 Front View of Bogie with Dimensions

Also seen on both sides of the bogie are two “glitleat prevent the bogie from unnecessary
horizontal travel while running on the guide-wayege guides consist of two small wheels held
by a support that is then mounted to the chashkiswheels are somewhat malleable in order
that they may be tough enough to withstand theistant interaction with the sides of the guide-
way.
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Figure 71 Bogie guide located on both sides of tlohassis

Wheels

The wheels for this bogie were designed to be gtemmough to support the weight of the PRT
system, yet small enough in diameter to providgta turning radius. An added benefit of the
wheel diameter selection was its careful balan¢edrn high speed and ease of acceleration.
Too large of a wheel and the amount of torque nééal@ccelerate would exceed this system’s
capabilities, while a wheel diameter that was toalswould result in lower top speeds and
dangerous wheel RPM’s.

Figure 72 Wheels and wheel-housing used on the begi

The wheels measure 14 inches across and theirsemge16 inches apart. This relatively small
wheel size combined with the closeness of theitersrallows for a tight turning radius.
Wrapped around the wheels is a rubber tread whddk an extra inch to the overall diameter
and provides extra friction necessary for safe @mistent acceleration and stopping of the
PRT. Even though the tread wears quicker thanid stael wheel, it is much cheaper to replace
and thereby increases the longevity of the wheels.

Suspension

The propulsion team’s bogie design utilizes a uaiguspension system that serves to improve
both system performance and consumer comfort. Ydmsand disturbances may occur due to
unknown or unpredictable sources, resulting instad@hic oscillations if uncorrected. Not only
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does the suspension system of this bogie counteitaetions and unwanted oscillations, it also
provides a buffer between the vertical movementh®@bogie from the cabin’s occupants.

The suspension system designed for this bogie mmgadés custom vertical damping in order to
maximize comfort and stability. Combined with thi® two more damping systems to provide
stability to the cabin throughout turns. By allogijryet controlling this “side-to-side” motion,
the cabin is given some freedom to tilt during @simg, resulting in a more comfortable ride for
the passengers.

¢ 2

Figure 73 Detailed view of suspension components\dsualization of bogie's motion

The larger springs are 10 inches tall (uncomprgdgseatder to provide enough travel in the
event of large gaps or inconsistencies in the guidg. The smaller springs which control the
radial movement of the Cabin are only 6 inches(talcompressed) and are much smaller in
diameter. They are much smaller due to the factati@l movement is not expected to be great
considering the top speed of the system was datedrio be 50 mph.

Switching Mechanism

This bogie’s switching mechanism features two s&paguide wheels to dictate the path of the
bogie during track changing. This switching meckaris supports can be radially manipulated,
individually, to guide the bogie off the main traftk station integration. A similar switching
mechanism is used on Taxi 2000’s bogie, which isrelthis design concept originated.
(http://www.taxi2000.com/) Further literature oretariginal design can be found within J.
Edward Anderson’s patent (US4522128).

The features or “guides” extruding from the toglod guide way (seen in figure below) are
placed just before, during, and after guide-wagricttanges. These guides correspond to a
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direction the PRT will head once the switching meethm makes contact with it. Contact
between the right guide and the right wheel sehesystem to the right and vice versa.

Figure 74 Cross-section view of taxi 2000 proprietst switching mechanism (Anderson 1985)

Figure 75 Cross-section view showing interface beeen guide-way and switching mechanism
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Figure 76 Visualization of Guide-wheel support moveent and interface with bogie

The switching mechanism is physically made up af simple, independent guides that each
supports a large wheel. Each of the guides is neabtat the bogie and is radially controlled by
means of a simple motor (not seen in figure). Thides are placed on the sides to prevent them
from interfering with the LIM propulsion system.

Stress Analysis

An important step in any design, especially onenided for commercial use, is to perform stress
analysis on critical structural elements. In dosiaghe designer is able to determine which
elements may need additional support or strengtigesnnd where others may be optimized by
reducing material in key locations.

For the bogie, it was decided to perform stres$yarsaon two of the main load-bearing elements
using PTC’s FEA application “Mechanica”. These ®ements are the central portion of the
chassis upon which the wheels and secondary chargsmounted and the guide-wheel supports.
It was decided that these two elements be analyaednly because they are the thinnest, but
also because they are subjected to the most skasie throughout the bogie’s operation. An
important assumption was made that the outcomieeostress analysis of these parts would
determine the need to perform further analysistbercelements of the bogie. If these critical
parts did not fail, then it is assumed that no ogaets would fail.

For the central portion of the chassis, constraw@se placed on the holes in which the bogie’s
wheels are mounted. The weight of the entire systeciuding the loaded cabin, was simulated
by placing a 3500 pound force upon the top of ¢kistral chassis. These constraints and applied
loads simulate the forces the part is subjected to.
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Figure 77 Central Chassis Fringe Plot showing maxiomm vonMises stresses

For the guide-wheel support, the entire back portibthe support is constrained and a load of
7000 pounds is applied to the hole in which thelgwwheel is mounted. The back side of the
support was fully constrained to simulate its conteith the portion of the bogie it is mounted
to. A load of 7000 pounds was applied to simulagerhaximum force the part would be

subjected to during a turn.

Figure 78 Guide-wheel support fringe plot showing mximum vonMises stresses

As can be seen in the fringe plots shown in therég above, both the central portion of the
chassis and the guide-wheel support are capabliltdtanding these forces and have a safety

factor over 3.
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Quantitative results from these analyses are

Table 14 Results of Central Chassis stress analysis

givéime tables below.

Part Analyzed Central Chassis
Material 4130 Steel

Yield Strength of Material 6.67E+04 psi
Max vonMises 2.193E+04 psi
Safety Factor 3.04

Table 15 Results of guide-wheel support stress aryals

Part Analyzed Guide-wheel support
Material 4130 Steel

Yield Strength of Material 6.67E+04 psi

Max vonMises 1.98E+04 psi

Safety Factor 3.36
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Structure and Guide Ways

Since the Superway will be a suspended systenill ib@required that the structure be high
enough to safely accommodate the podcars and tgeoond objects such as cars, trees, street
signs, and pedestrians. Therefore, sufficient sfrcgafe grade separation will be considered
when designing the structure. The required clea@®etween the bottom of the podcars and the
ground surface will be maintained above 14 ft baseAASHTO standards for highway
clearances. More specific requirements for thectitre are presented inChapter 6 (page 33).
Those requirements are discussed in more dettikifollowing section of this report.

Table 16. Design Specifications

Design Aspect Specification

Clearance between grades 14 ft

Max sagging of guide way lin.

Max swaying of guide way 1in.

Span length 100 ft

Type of foundation Deep foundation with precastarete piles.
Type of steel for columns A574 grade 50

Type of guide way Pratt truss

Foundation Design Requirements
The structure required for the suspended PRT syatémandate the use of deep foundations.

This type of foundation should be able to holditbading moment created by the weight of the
cabs hanging at a certain distance away from thecef the columns. Deep foundations consist
of a pile inserted deep into the soil layers. Tite fpansfers the vertical loads of the structare t
the soil by the contact friction created betweeandbil and the surface of the pile as shown in
Error! Reference source not found(a). In addition, the piles also transfer the hamtal loads
such as those due to wind and earthquakes to thmusding soil as shown i&rror! Reference
source not found(b). Error! Reference source not found(c) shows the ability of the piles to
also transfer the bending moment into the surroundoil by exerting a lateral pressure into the
soil.
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Figure 79. Transfer of column load to soil in typial deep foundation (Coduto, Yeung, & Kitch, 2011)

In general, concrete piles are divided into twaeegaties: (a) precast piles and (b) cast-in-situ
piles. Precast piles are typically 10 m to 15 ngland have an approximate load of 300 kN to
3000 kN (67 kip to 675 kip). Some of the advantagfgsrecast piles are: they can be subjected
to hard driven, they are corrosion resistant, &ie¢ tan be easily combined with a concrete
superstructure. However, their disadvantages ircthd difficulties of transporting them and
achieving a proper cutoff (Das B. , 2011). The Swag design team is considering modular
construction as a way of minimizing the levels wtarbance during the construction phase.
Therefore, precast piles were found to be the mpgtopriate type of piles to use for the
foundation.

Selecting the type of pile to be used and estirgatie necessary length are fairly difficult tasks.
The length of the pile has to be calculated baseithe type of soil, how deep the bed rock is,
and how much bending moment the foundation willehewresist. Due to the existing moment at
the base of the columns, the foundation designiregja complex math analysis which at this
moment is not very well understood by the strugutesign team.

Columns

In designing a safe and efficient column, the fwlltg was considered:

1. The goal of the project is to have a structure ithafficient in construction, is
environmentally friendly, and prioritizes passenggiety.

2. The columns should be designed as modular as p@s$siminimize disturbance during
the construction phase.

3. The columns should elevate a single track systeondar to suspend the podcar.

4. Columns must have minimum size and weight.
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9.

Minimum span length (distance between columns) roestOOft.

Minimum height of the column is 28ft. to provideeth6ft. clearance.

Minimum length of supporting arm is 3ft.

The columns must be designed for a long life umdeiable vertical, lateral and
longitudinal loads that can reasonably be expecfédind, rain, snow, maintenance,
earthquake, impacts, etc.)

There can be no passenger injuries due to colBsabistreet vehicles with support posts,
falling trees, etc.

10. The guide way must be easy to erect, change, expamnemove.
11.The design must permit to expand indefinably.

12.The design must provide vibration damping.

13.Maximum allowable deflection is span / 800. (in case it is 1.5 in)

In order to satisfy the requirements mentioned abthe following measures must be taken:

1.

2.

8.

9.

Pieces should be prefabricated at one locatiom, ¢theried and assembled at the
construction site.

Steel Gr 50, which is wide spread type steel, gshbelused for the project. (Steel type:
Carbon, ASTM Designation A592 GR 50, provide FykSD, and Fu = 65ksi ). Steel is
100 % recyclable (regardless of the amount of gnerguired to be recycled), the weight
of the structure would be lighter compared to acceie structure that provides the same
strength, and steel allows for quick on site repair

To support the huge loading at a height of 2&fine of the common cross-sections could
provide satisfactory results. Therefore, a builteopss section is considered.

In constructing the built-up member (column), a coom cross section was used in order
to decrease costs and issues regarding fabrica¢iwgcross sections. This cross section
can withstand the various load cases that wereiomsut earlier.

In designing the built-up member, (column) flexiyiis considered, translating that
connections are made such that the member cdy basemoved and rearranged.

One size of welding is considered to fabricatelihidt-up member, making fabrication
faster and easier.

. The built-up member can easily be strengthenedeakened by adding or eliminating

Cross sections.

The built-up member (column) will support the aangd the arm will support the guide
way.

Due to the base capacity of the columns, therebeaawide range of arm lengths, which
allows for a flexible design.

10.The arm can be attached to the guide way suclviltiations created by the podcars are

damped. To achieve this, rubber can be appliedg@dnnection joint bearings.

11.Built up member will provide higher values of stiéfss, resulting in less deflection from

lateral forces (from the impact of heavily loadagtks to a large earthquake).

The following assumed load conditions were congider

The assumed dead load is 10 kips.
The live load assumed based on fact that each cofimall responsible to carry 3 podcars
in one instance. ( 3 x 3kips = 9 kips of live lo&apact load of 20 kips (accident of
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heavily loaded truck) at height of 4ft. is consielier
Earthquake load of 5 kips.

The initial design of the built up member was dbgérand, and the hand calculations were
analyzed with computer software in order to achi@¥egher level of assurance. The cross
section of the built up member can be seen in Eigd; and the dimensions of the built up

member are shown i&rror! Reference source not found.

Figure 80: The built up member cross section

Table 17.Dimensions of Constructing a Built Up Memebr.

Items Cross section Number Weight(LB)
W-Shape W14x87 2 4872

( I-beam)

Channel C10x30x25x20x15.3 2 1680
Plate 14.3x0.855 2 2139

A computer analysis was done with SAP 2000, Fi@lreand the results can be seen in Table
18. The results show that with the proposed despgeifications, the built up columns will have
negligible deflection based on our assumed loads.
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Figure 81. SAP 2000 model of a built-up member (coinn) and arm.

Table 18. Deflection of free edge of the arm undefarious load cases. U1 presents in the right direicin/x axis.
U2 is directed perpendicular to the pagely axis.UBresents in the vertical direction/ z axis. A negate sign
applies to the opposite direction

For this analysis, the values of moment of ineahid cross section areas were tabulated from
AISC manual 1% edition. The design was based on LRFD load faciithese factors and load
combinations are adapted from ASCE standard (ASEE/SL0) Minimum Design Loads for
Buildings and Other Structures. Greater detaihaf tlesign and estimated cost of the built up
structure alone can be seen in the Appendix.

Given the acquired data, a preliminary full scalimn was desigrgrror! Reference source

not found.. This simple concept incorporates not only a safé efficient column, but also a
slanted surface to support the solar panels oofttige structure. The angle of the surface can be
varied depending on ideal angle of tilt for maximsatar power harvesting considering the
demands at any location. The connection providethélanted rod will also serve to
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strengthen the offsetting circular rod. In addititre height of the columns can be increased or
decreased for passenger comfort along unevennsrrai

Figure 82. Column Design Preliminary Concept.

This column design concept will also allow the guwiay to expand and contract due to thermal
expansion. The isometric view of the columns, shawiRigure 83, gives a better perspective of
the shape of the guide way. The rectangular gualewill be accommodated inside the
rectangular cross-section without making a compietenection between each of the two
sections of guide way. Therefore, they will be atal to freely slide back and forth inside the
rectangular sleeve without compromising the intggsf the structure.
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Figure 83. Isometric view of columns

Steel will be also considered as the design matierighe guide way since it provides more
strength than concrete for an encapsulated guigesystemError! Reference source not
found. shows a preliminary design concept for the guidg at an intersection. Depending on
the height of the switching mechanism, the guidg wil hook onto the wheels of the
mechanism and guide the bogie towards the desirectidn. The grooves shown in Figure 84
exist at intersections, and won’t be an issue dutte straightaway sections in terms of vertical
movement. Additionally, the guide way will be desegl to be rigid enough so that sagging
doesn’t surpass more than one inch when fully Idade addition, the space between columns
will be kept between 40 and 50 ft. depending onréogiirements of the location.
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Figure 84. Guide way design preliminary concept. Siich mechanism is at required height to hook ontoight
groove, guiding bogie towards the right.

The design team has also considered using a Rrsdt shown in Figure 85, for the guide way
between two columns. A preliminary computationalgsis on this truss was performed to
calculate the axial forces of each of the membeyated by the live load created by the cabs. To
prevent corrosion and other problems created byheeag, the truss must be covered with a
certain material for which more research will beuieed.

Figure 85. Pratt truss for guide way.
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Visual Impact of the Structure

The preliminary design of the structure was madthaba friendly integration with the already
existent infrastructure is obtained.Figure 86 Bnar! Reference source not found.depict the
structure’s incorporation into the city environmehhe visual impact created by the structure is
minimized by the height of the structure and tia slolumns.

Figure 86. Representation of the integration of tl structure into a city environment. This virtual image
depicts the aesthetics of the structure of the gugdways and columns, which minimizes the visual imgadue
to the height of the structure and the slim columns

Figure 87. Depiction of the Structure's Visual Im@ct in a City Environment. This virtual image givesa
ground view perspective on the minimal visual impatcof the structure.
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Station
High Traffic Stations

For a linear station, a pod pulls up to the statiod unloads and loads passengers. If the pod in
front of it has passengers that are taking theie tivith boarding, then that pod and all pods
behind the front pod that is holding up traffic nahcontinue on their journey until that pod
moves. This results in congestion in the statiocrdase travel time, and poor customer service.

Angle berth stations were designed to addressailéia@n to the example given above, which
were talked about in the literature review sect®dmod would pull into a berth and unload and
load passengers, back up and then continue onitwithurney. This design allows pods to
bypass other pods at the station, decreases tiangehnd improves customer service. The main
issue with this configuration for high traffic stat is that a pod backs out into oncoming pod
traffic, which increases the chance of collusion.

Figure 85 below addresses the issue of pod comwgefsti high traffic stations. A pod leaves the
mainline and decelerates towards the station. @rinzes reached the station, the pod would enter
one of the open angle berths and unload and Idaeh hstead of backing up, which is done

with current angle berth stations, the pod will geeonto a sub-line and accelerate back to the
mainline. This design eliminates the complicatidmch arises when backing up into oncoming
traffic, solves congestion issues that can occigh traffic stations, and decreases travel time.

Figure 88: Configuration for high traffic flow station

This design is more costly than a simple anglehbariinear station since additional guideway is
needed. This drives up the starting cost and iseethe maintenance cost, but these are trade-
off are important for passenger safety and cust@atsfaction.
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Medium Traffic Stations

Even though the angled berth design is not vergtima when dealing with high traffic stations,
they are ideal for medium to low traffic statiomgien there is less than one pod car being called
every minute. PRT systems that are fully operationaently use angle berth stations are
Heathrow Airport and in Masdar City. According to aticle in the Huffington Post, Heathrow
Airport currently runs 21 pods, traveling from Tenad 5 to two different parking structures.

The angle berth station design is ideal for thisteal because the system only has three
stations, the terminal and two parking structufdé® angle berth station presentediyare1s

(page 25) would work for this PRT station desigddig addition angle berth is not difficult,
which makes this design practical for medium and tiaffic stations.

Station Layout

Shown in the following figure is an angle berthtista layout. The rider enters the station down
by the kiosk, purchases his or her ticket and tfwas to the nearest open pod. The rider then
scans his or her ticket and boards the pod. Sheepad utilizes a double door design, people
exiting the pod exit from a different side than ge®ple entering, creating a steady flow of
traffic not only in and out of the pod, but alsdim the station. The red line shown represents
where a barrier of sorts, that being hand raila small wall, to prevent people from disrupting
traffic follow in another pod berth.

Figure 89: Layout of angle berth station
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The station layout design shown in this paper taig traffic flow in to consideration.
Placement of needed visuals, such as signs amdadtish of how to use the system, security
system, materials, and structure of the statiomate&onsidered. These will be taken into
consideration next semester, when adequate resoareeavailable.

Vehicle Storage

Vehicles will be sent to offsite stations and gasagnder high traffic stations when they are not
in use. Vehicles sent to offsite locations cantbeesl, cleaned, and receive any necessary
maintenance before being brought back into serfioemany public transportation systems, this
method is more than adequate to address vehiclgstmeeds.

A continuous guideway will take vehicles to andfroff-site stations and garages, so that a
break in the guideway will not exist. This elimiaeatthe chance of guideway and vehicle
complications, ensuring a safer system.

Solar

Solar panels are incorporated into the SuperWatgsyby placing them on top of the structure
(Figure 90). Some of the benefits of having thasphnels on top of the structure include
creating minimal visual impact. As shown in Figd the solar panels can blend well into the
enviroment together with the overal structure ef sgstem. In addition, the solar panels will be
high enough to reduce shading issues created byuswling objects such as trees and buildings,
allowing for maximal solar exposure. Furthermohe $olar panels will serve as shade to the
podcars passing underneath during hot days. Thirsty effect will in turn reduce the need for
HVAC power requirements. There are some challehgegver with preventing the overlift of
the solar panels by wind currents. To overcome Woads and to establish a rigid frame
structure that supports the solar modules, thedrasnbuilt as a subsystem of the columns
holding the guideway (

Figure9l).
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Figure 90 : Some of the benefits of having the salpanels on top of the structure include
creating minimal visual impact

Figure 91: Solar frame structure
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Figure 92 shows the top column designed at artdgteaof 32° to maximize energy production
from the PV’s. The top column mounts, as also seé&igure 92, can be designed to support the
frame at whatever tilt angle is best for the residocation.

Figure 92: Top column at 32° to maximize energy

Having flat solar panels on top of the guide wagsibave its disadvantages. It will take longer
to install and the flexibility of the panels limitise design along curved guide ways. To meet this
challenge a flexible and preferably light solal ceheeded. The ALTA solar cell (as mentioned
in the Solar Technology selection) satisfies tl@ed
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Figure 93: Curved designed solar panels have thgion of being configured different ways to suit b¢h visual appeal and
energy production (skytran.com, 2012)

Based on the city of San Jose, the solar teamiimagased a solar system that optimizes energy
production. System Advisory Model (SAM) is a softe@rogram developed by the National
Renewable Energy Laboratory (NREL) that makes perémce predictions for grid connected
power projects. SAM considers the type of solargband inverter, orientation, derates factors,
location, and real weather data to predict solargnproduction (for further information on
SAM visit sam.nrel.gov/t ). Simulations were ficgtnducted to optimize panel tilt angle for
energy production. The simulations show that atB2angle at 180° azimuth gives the
maximum energy production. PV modules are knowaeigrade, thus to properly size the
system, adequate derate factors must be assunmate(tde factors used on the simulation see
Appendix A). Derate factors to consider in the parfance of PV’s are (but not limited to)
(Mokri, 2012):

Modules are rated under Standard Test ConditioRS. &®nditions are: solar cell = 25°C,;
solar irradiance = 1000 W/m2; and solar spectruriitased by passing through 1.5
thickness of atmosphere. Actual conditions nedaktoonsidered.

Tolerance — Module output rating with a tolerantalmut + 5%.

Temperature — Module output power reduces as madeniperature increases.
Temperature reduction factors vary depending oar s@ll technology (crystalline is
typically 89%).

Dirt and dust — Dust build up in the dry seasorckdahe irradiance thus decreasing PV
power performance.
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Mismatch and wiring losses: Maximum power outputhaf array is less than the sum of

the output of the individual modules. This is aufesf variations in performance from

one module to the next and amounts to a 2% losgstem power.

- DC to AC conversion losses — Inverters typicallydpeak efficiencies of 92-96%.

For simulation purposes using SAM, a derate faot@9% is assumed. Under these settings,
with the use of a high efficient solar panel anel planels align along a straight line (east to
west), simulation results that there is more thaough energy being produced to power the
SuperWay. For solar panel selection criteria sesi@ogy Selection section and for further
solar panel description see
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Appendix B.

Table 19: Energy Produced Under Ideal Settings

SunPower: SPR-440 NE-WHT-D Mono-c-Si

Energy Output per Mile (kWh/mile) 3,778
Energy Available for Grid (kWh/mile) 1,334
Total Modules Required for Energy Output per

. 1,609
Mile
Module Efficiency % 21.3

The total energy output of the system is 3,778 kwille/, which is 1,334 kwWh/mile more than the
required 2,440 kWh/mile for the SuperWay. The addél 1,334 kWh/mile can be sent to the
power grid, giving the SuperWay extra financial kiag.

The SuperWay solar support structure is designdititiwo rows of SunPower: SPR-440
modules, as seen in Figure 94. By having to twosrofvnodules, the total energy output of the
system can be doubled. This will give the systerowtput potential of 7,556 kWh/mile.

Figure 94: Frame fits two rows of panels to doubl¢he energy output
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Figure 95: Monthly energy output for the Sunpower nodule used for simulation

Power Distribution

Power distribution is a main concern as there amyntlesign topics that have been barely
explored. Choice of inverter will depend on the powistribution of the propulsion system. It is
still unclear if a DC or AC power source is neefl@dpropulsion, so choice of inverter is far-
reaching. If AC power is the main power supplyptopulsion; then knowing that the SuperWay
will be connected to the grid, appropriate investare needed. The number of inverters needs to
be minimized to reduce cost. This will depend ademand of power for a particular location

or area of the SuperWay. The selection of mickeiters versus high capacity inverters is based
on trade-offs between cost and the functionalitthefpower distribution network (Mokri, 2012).
The benefit of micro inverters is the availabildlyAC power on location. The disadvantage is
that micro inverters are known to fatigue fastamtipanel inverters, due to the extra exposure of
heat as they are directly connected underneatballae panel. Each solar panel requires its own
micro-inverter, this could be problematic as theoaild be a lot wires going through the guide
way. If DC is the main power supply for propulsidimen the number of inverters will be
significantly reduced. In this case, the solargiamvould directly power the propulsion through
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a power line. Higher capacity inverters are stleéded as AC power is required to connect to the
grid and to use for re-distribution in high powengand areas within the SuperWay network.

Energy Storage

Energy storage will be needed for the vehicle seocaf power failure. This storage system
needs to be small to reduce weight of the vehitleere are ultra-capacitors and electrochemical
cells (rechargeable batteries) available in theketaiThe benefits of batteries are that they have
a higher energy capacity and smaller weight th&ma-glapacitors (lithium polymer specific
energy = 18-250 Wh/kg) (Ehsani, 2010). If storagpacity is small, then the electricity from
solar energy cannot be fully utilized. On the othand, if the storage capacity is oversized then
it is very rarely used in full. This means excessivmnneeded weight and added cost (Ehsani,
2012). Ultra capacitors have a specific energyboiud 2.22 Wh/kg, but they provide a higher
torque potential. A hybrid system of ultra-capais@tand batteries can be used to have both
benefits of higher energy capacity and torque (Eh2®12). To charge these batteries is trivial
in which inductive power distribution is alreadyaglable in the market.

Control Systems

General System Description

The control system plays a vital role in the safdtthe passengers and the scalability of the
platform. The control system must prioritize safiégtyoughout the system and efficiently handle
traffic. The preliminary design concept uses th&teay requirements discussed in the design
specifications section. For reasons explainedersthte-of-art, the control system was designed
using a quasi-synchronous approach between muftysteems. In order to satisfy the
requirements, the system was divided into smallbsgstems with specific roles. Below are the
considered divisions of the system for additiorpacsfication:

Autonomous Pod ContrelSafely moves the pod down the track betweerostaand through
merge points.

Merger Controller- Coordinates merge railway intersection througinitoring and negotiation
with the incoming pods.

Master Controller— Acts as the central authority for the entirdesysand handles alerts and
routing requests from reservation system or adinatcs.

Reservation SystenPassenger ticketing system through terminalvesiol accessible platforms.
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Each system runs asynchronously and maintainsatateeness of each other. The Pod
Controller, Master Controller, and Merge Controlieonitor each other’s state to ensure the
system is responding and fully functional.
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Figure 96: Control System Components and Interface

The above diagram outlines the systems and inesfaetween the controllers in the system.

The Master Controller is the central controller wecied to each of the systems. The Reservation
system links into the master controller with a ingdtional interface for travel times and route
requests. The Pod Controller connects to the M&eatroller and Merge Controller with bi-
directional interfaces for communicating during gesequences, and accepting commands
from the system authority. The Merge Controlleerfaces with the Pod Controller and Master
Controller to manage merging procedures, and tderMaster Controller of any failures. While
the Master Controller is responsible for generatay monitoring and routing, the two-way
communication among the controllers enable limdedendence on each other during critical
alerts.

In the event of critical alerts, each controllell Wwave the intelligence to handle the alert
immediately and report the alert to the Master Qulatr, if available, for further resolution. For
example, in the event a Pod fails in the middla aierge, the Merge Controller should have
enough intelligence to stop the incoming pods.

The following sections outline the requirements asd case scenarios of the controllers and
reservation system.
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Master Controller

The Master Controller is the central authorityhe system that interconnects other subsystems.
It is responsible for handling any system alenteyjaling general routing, and managing all
control subsystems. An interface is also providedafsystem administrator to manage the
subsystem and handle any alerts that may not loenatéd. The Master Controller will also
implement adaptive routing routines using traffiegiction to handle traffic congestion,

pathway obstructions, and peak demand requirements.

Functional Requirements

1.

The Master Controller shall communicate to pod ialers to transfer empty vehicles
between stations

The Master Controller shall manage all subsystexsgpt the reservation system

The Master Controller shall take action on systenevalerts through administrative or
automated actions

The Master Controller shall forecast traffic tooalite vehicles to predicted heavy traffic
areas beforehand.

The Master Controller shall have physical hardwadkindancy and maintain state with
other backup Master Controller

The Master Controller shall provide full route distéo pods for entire transfer between
stations

The Master Controller shall prioritize emergencguests

The Master Controller shall provide the system amistriator with system wide status and
routing statistics

The Master Controller shall provide estimated trawee data for the reservation system
to implement estimated travel times

10.The Master Controller shall provide adaptive rogitior congested network paths
11.The Master Controller shall monitors traffic flolwbughout the network

12.The Master Controller shall monitor pod cars fosgible system failures

13.The Master Controller shall schedule maintenanceredicted failures and scheduled

required maintenance

14.The Master Controller shall monitor connected aalter availability through an interval

heartbeat, such as all pods and merger controllers

15.The Master Controller shall alert system administraf any emergencies or

maintenance requests

149



Master Controller Use Cases
The Master Controller interacts with many differegstems and system administrators. The
following use cases outline the primary functiohthe Master Controller while in operation.
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Figure 97: Master Controller Use Case Diagram

Each of the use cases above (bubbles) correlateawise case scenario below. The use case
diagram represents a visual representation ofuthetibnality of the Master Controller. Below is
a specific outline of the scenarios for each irdeoa.
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Table 20: Master Controller Use Case Scenarios

Use

Precondition

Source

Action

Request pod routing

Reservation
System

If an available pod is already at the
requested station, enable boarding [to
pod
If no pod is available at station, route
an available pod from a close by
station and report wait time

1. Receives route request from
reservation system.

2.  Route is scheduled for updatg to
pod

3. Success or failure with
estimated time is returned to
reservation system

Cancel pod request

Pod route
request is
cancelled

Reservation
System

1. Request for cancellation is sept
to routing system
2. Success or failure is returned to
reservation system

Get Traffic Estimate
Time

Reservation
system requests
estimated time
feed

Reservation
System

Send average times between network
nodes

1. The reservation system
subscribes to estimated time metrics
2. Metric data will be periodically
updated (10 minutes) to the
subscribed system
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Use

Precondition

Source

Action

Pod car sends
statistics

Pod checks in

Autonomou
System

5 Statistics are periodically transmitte
to the master controller to update p
weights and estimated time
information
1. Receives pod check-in
information and statistics
2. Updates router data
3.  Checks off pod for check-in
until next period
4.  (conditional) If pod fails to
check in an appropriate amount of
time, issue alert

ath

Emergency Alert

An alert from a
pod or routing
system has
occurred

Autonomous
System,
Router

Autonomous System notifies the
master controller of alert (i.e.
emergency passenger alert, obstac
in guideway, collision).

1. Alertis sent with level of
severity

2.  Master controller acknowledg
the alert

e

D
(7]

Receive Alert

Merge system
detects a
problem while
merge is active

Merge
System

The merge system will contact the
master controller to report problem
1. Merge system sends alert
message to master controller and
waits for acknowledgement

2.  Master controller acknowledg
the alert

3.  (conditional) If the alert is
severe and requires merge
intersection changes, the master
controller will update the merge
intersection settings

D
(7]
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Use Precondition Source Action
Manages Traffic Admin Admin sends traffic management
routing (management what management needs to take
includes: redirecting place.
traffic, moving 1.  Aroute request with mid-level
vacant pods to priority will be placed for the
stations, adding requested action.
priority to specific 2. The route will be scheduled
pods, etc..) until higher level routes have
completed.
3.  The route will be sent to
addressed pods
Log in Web application| Admin Authenticates user to access prote(
loaded data.
1. Users enter username and
password
2. Administrator is redirected to
monitoring screen.
Manage Users Administrator is Admin Administrator performs system usef

authenticated
Administrator
has super-user
privileges

management. Admin can add,
remove, and modify users through
CRUD operation.

1. The administrator selects
manage users

2. Administrator can choose to
CRUD users.
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Use

Precondition

Source

Action

Monitors traffic

Administrator is
authenticated

Admin

Master controller provides a feed of
information updated with real-time
traffic information redirected from
the router.

1.  Administrator requests real-
time feed with web client.

2.  Afrequently updated feed is
sent to the administrator to view
entire system status.

3.  Any Emergency alerts and
traffic updates are reported to the
traffic monitor system will be
forwarded to the admin to take
corrective action.

Request Emergency
Response

Administrator is
authenticated
Administrator
has received an
emergency alert
from traffic
monitor

Admin

Admin gives emergency response
directions to the routing system.
Depending on the severity of the
incident Emergency response
directions can include different leve
of priority.

1.  Administrator requests
immediate routing away from the
incident

2. (optional) If an accident has

occurred that involves injury, severe

destruction or system wide failure,
contact emergency response
(policeffire)

3.  Administrator sends update
response to send update route
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Use Precondition Source Action
Send Update Route Route update | Master Updates pod route information to
received from | Controller travel for the particular path. Severd

Administrator or
Reservation
System

sources update pod route informati
and require different priority levels.
From top to lowest priority,
emergency response (administratof
manage traffic routing
(administrator), and lastly the
reservation system. All route updats
can be to a specific pod or
broadcasted to multiple pods.

1.  Allreceived updates are
prioritized and executed in order of
prioritization.

2.  Routes are checked against
previous request for conflicting
instructions.

3.  The route is sent to the
addressed pods

4.  Addressed pods reply back w
acknowledgement

5.  Update acknowledgement
checked

6. (conditional) If
acknowledgement is not received, ¢
to step 3 up to two times

7.  (conditional) If send update
failed, issue alert.

2S

jO
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174

Use Precondition Source Action
Manage Merge Master Master The merge system will have a varig)
controller need | controller of settings, such as intersection
to update speed, and merge proximity that the
intersection master controller will need access t
settings 1. The master controller sends tl
The master update data to the merge system.
controller if 2. The merge system will reply
functioning with an acknowledgement that the
data was successfully updated.
3.  (conditional) if the data was n
updated, it will reply with the error
encountered.
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Figure 98: Master Controller Components

The Master Controller is divided into several agynaous subsystems. Each component is
responsible for a particular set of use cases ft@above table.

Authentication Provides security for the interfaces used wittemal systems from the primary
control system. All user management and authemdicatrotocols will be handled by this

156



subsystem.

ManageRoute Provides an interface for the reservation sysaathsystem administrator to
manage pod routing and merge controllers. The Rasen system can only request and cancel
pod routes from the IRouteReservation, while thetesy administrator has full access through
the IRoute interface.

RouterService Provides the backend logic for the adaptive raptilgorithms and tracks the
status of pod and merge controllers throughousyiséem. It also provides real-time system data
to the TrafficMonitorService for monitoring.

TrafficMonitorService Provides the interface for the reservation sysaewh system
administrator to monitor system traffic and pulliested travel times.

SafetyServiceMonitors the system for alerts from Pod and Mergetrollers and
RouterServices. Any alerts may be handled througbnaated responses or sent to
TrafficMonitorService to be transferred to a syst&aministrator for further handling.

CommService Provides a network interface between the mergepand controllers to transfer
data throughout the control system.

An Example Routing Request Sequence

When a ticket is purchased in the reservation syséerouting request is sent to the Master
Controller. The Master Controller sends the routnfgrmation to an available pod controller
and the pod follows the route turn-by-turn to tlestchation.
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Figure 99: Master Controller Update Route Sequence

The sequence above outlines the update requestiimiManageRoute component. If a route is
purchased or a system administrator orders a powte, the route data is sent to the
CommService to be passed on to an available pdide ifoute request fails, an alert is issued.
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Figure 100: Master Controller Send Route Sequence

The above sequence is an expansion of the firsatég@oute sequence. During the Update
Route sequence, the communication is handled thrthegCommService to transfer the data to
the addressed pods. The data is sent to the pectlgithrough a communication medium and
the CommService waits for an acknowledgement. rAfteee sends, the send route fails and an
alert is issued.

Merge Controller

Functional Requirements
1. The Merge System must be aware of the pods appgraptie intersection
2. The Merge System shall alert the Master contreWleen a problem is detected
3. The Merge System shall periodically tell the Magentroller it is available
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4. The Merge System shall be managed by the Mastératien
5. The Merge System shall have redundancy for hardesdesensors
6. The Merge System must be able to communicate tiretth the pods

Merge Controller Use Cases
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Figure 101: Merge Controller Use Case Diagram

The above diagram outlines the external interasttorthe Merge Controller. For every use case
(bubble) in the diagram, a correlating scenarigtsxn the table below.

Table 21: Merge Controller Use Case Scenarios

Use Precondition Source Action

Send Alert Merge system Merge The merge system will contact the master
detects a problem | System controller to report problem
while merge is 1. Merge system sends alert message to
active master controller and waits for

acknowledgement
2.  Master controller acknowledges the
alert
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Use

Precondition

Source

Action

Manage
Merge

Master controller
need to update
intersection settings
The master
controller if
functioning

Master
controller

The merge system will have a variety of
settings, such as intersection speed, an
merge proximity that the master controll
will need access to.

1. The master controller sends the
update data to the merge system.

2.  The merge system will reply with &
acknowledgement that the data was
successfully updated.

3. (conditional) if the data was not
updated, it will reply with the error
encountered.

ier

o

n

Test Sensors

Merge
System

The merge system will intermittently
check sensors to ensure responsivenes
and accuracy.
1. Merge system sends test commar
to sensor controllers
2.  Sensor controllers respond with t€
data

d

St

Request
Reservation

A reservation has
been broadcasted
and received by a
pod

Pod
Controller

Pod controller attempts to claim a
reservation broadcasted by the merge

system for a position in merge sequence.

1. Pod controller send pod address
information and distance from merge

2. (conditional) If the pods distance i
closest to intersection, merge system w
approve the reservation for the pod and
wait for acknowledgement.

3.  (conditional) If Pod controller does
not respond with Acknowledgement, stg
incoming pods and send alert to master
controller for further instructions

D

\"2J

p
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Use

Precondition

Source

Action

Update
Sensor
Information

Sensor controllers
have gathered
updated information

Merge
system
Sensors

The sensors will frequently update the
merge system with detected pod positio
and other important information for
merging the pods together.

1. Sensors send merge system updg
data

2. (conditional) If sensors fail to upds
periodically, stop merge traffic and alert
master controller

ns

ted

—

e

Gather Merge
Statistics

Master Controller
has requested merg
status

Master
eController

The Master Controller checks the status
the merged intersection and gathers
statistics.

1. Master controller requests statistic
2.  Merge system responds with
updated statistics

3.  (conditional) If merge is not
available, issue alert.

of

S
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Merge Controller Components
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Figure 102: Merge Controller Components

The Merge Controller is divided in to four subsysse Each subsystem is responsible for a set of
use case scenarios.

ReservationService- Provides communication with merging pods duthymerging sequence.

Merger— The Merger is responsible for reading the S&mmice information, tracking
reservations, keeping merge statistics and predigiossible failed merges. In the case of an
alert, the Merger may stop all incoming trafficth@ merge intersection.

CommService- Provides an interface to communicate to Masaatroller.

SensorService- Maintains sensor data which detects incomirdg@nd position relative to
merge point. It also detects failures in track sess
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A Typical Merge Sequence
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Figure 103: Merge Control Offer Reservation

The Merge Controller uses moving points to reprepeaitions the pods can follow to safely
make it through the merge intersection. To hangoiits to the pods, a reservation system is
used for the pods to claim a position to move tglothe merge intersection. The sequence
diagram above shows the negotiation between thgeremtroller and the pod controller for the
reservation being offered.

From the above diagram, the Merge Controller brastdcan offer to all of the local pods
approaching the intersection. The pod controllehwaast distance from the intersection is given
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the next attainable reservation point. If a potsfa acknowledge an issued reservation in an
appropriate amount of time, the merge is stoppelttaa Master Controller is alerted (if
available).

Autonomous Pod Controller

The Autonomous Pod Controller is a satellite systiean directly and constantly communicates
with the Master Controller. It performs functioraadd non-functional requirements that are
required on the pod such as user alerts, hardwalfemationing detection, provide user
interface, driving motors, etc. Note: that Autonaradod Controllers do not directly
communicate with each other. Each pod is designegérate without the awareness of other
pod controllers. However, it still has the capaypito provide safety to users, talk to other
systems, and perform merging.

Preliminary Requirements
1. The Autonomous Pod Controller (APC) shall estabtishhmunicate to master controller
2. The Autonomous Pod Controller shall have an emengessponse routine to handle the
following
a. Critical emergency alert + pod is immobile
b. Non-critical emergency alert + pod is immobile
c. Non-critical emergency alert + pod is mobile
3. The Autonomous Pod Controller shall be able toiveceuting information
The Autonomous Pod Controller shall be able to r@biis motors
5. The Autonomous Pod Controller shall be able toadffrem origin to destination with
routing information
6. The Autonomous Pod Controller shall be able to sEatsor information of surrounding
area
7. The Autonomous Pod Controller shall keep pod odguay
8. The Autonomous Pod Controller shall check for handwfailure
9. The Autonomous Pod Controller shall check for gwialg blockage
10.The Autonomous Pod Controller shall update itssttes to Master Controller constantly
11.The Autonomous Pod Controller shall provide safetysers inside in the pod
12.The Autonomous Pod Controller shall be able togrerfparking at a station
13.The Autonomous Pod Controller shall be communigatinMerging System
14.The Autonomous Pod Controller shall receive mergesgrvation information from
merge system
15.The Autonomous Pod Controller shall perform mergihmtersection
16.The Autonomous Pod Controller shall provide comroation between passenger and
Master Controller

»

Pod Controller Use Cases
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The following table shows all interaction casesmgetn the pod controller and other subsystems.
UML Use Case diagram is used to illustrate theetabl

Figure 104: Pod Controller Use Case Diagram

The above diagram outlines the external interasttorthe Pod Controller. For every use case
(bubble) in the diagram, a correlating scenarigtsxn the table below.
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Table 22: Pod Controller Use Case Scenarios

Al
S

d

Use Precondition | Source Action

Detection of Pod Sensors The pod system detects hardwareef:

hardware for sensors and other parts (i.e. Motor

failure power, door controllers)
An alert is sent to master controller
(condition) If critical and immobile,
stop and wait
(condition) If non-critical and mobile g
to nearest station
If warning and mobile (i.e. low tire
pressure), proceed to destination and
wait for maintenance.

Merging Merging Pod Controller, Pod comes near an intersection
System is Merging Pod will “claim reservation” from
functional, Merging controller
communication (conditional) If Merging controller sent
is established, back reservation offer, pod will procee
pod to intersection by following reservatior
acknowledges point
merging (conditional) If merging controller did
system not provide reservation, pod will stops

and sends alert to master controller

Sensors Pod Sensors Initiates emergency alerts

Malfunction

Obstacle Pod Sensors Initiates emergency alerts

encountered on

guideway

Emergency User Establish communication with Master|

button is controller + initiate emergency alerts

pressed

Routing Master Controller Master Controller has sent magiti

information is information => sends route to Motor

received Controller

Report Pod An emergency| Passenger, Sensors The pod has an alert that todaels

Alert has occurred of handled by the master controller.

detected in the

pod

The alert is sent to the master controll’er.

The master controller acknowledges
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Pod Controller Components
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Figure 105: Pod Controller Component Diagram

In the diagram above, all components of the AutomasriPod Controller are shown. This
component diagram shows interfaces that are prd\bééveen components of the system. For
example, the User Interface component providesit@nface for the Safety Service component.
This interface allows users, when inside the podeport an emergency to the Pod Safety
Service. Safety Service component in turn will mploe emergency alert to Master Controller
through Communicating Service component. Therévandinks coming out of Pod Controllers,
IMasterLink and IReservationLink. These two linke aesponsible for showing the connection
between Pod and Master Controller ( IMasterLinkjd Rnd Merging (IReservationLink) via
interfaces.

Pod Controller Sequence Diagrams

The two diagrams below demonstrate the interadigiween components of the Autonomous
Pod Controller. In this diagram, the interactions gresented in order of occurrence (vertically)
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Merging Sequence

s % )

%

(&n" *

Figure 106: Pod Controller Merge Sequence

Autonomous Pod Controller is designed to be expgaimerging broadcast constantly. When
the pod approaches an intersection, it will recaNmoadcast of reservation offer from the
Merging system. Autonomous Pod Controller now wdiform a hand-shaking communication
with the Merging System. First, it will claim theservation offer. Merging System will now

send information about the time that the pod vaéto be at the intersection. The diagram also
shows the emergency response routine take place tlikee is error in receiving merging
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broadcast. Users will also be informed of any ermecy happen while an alert is sent to Master
Controller.

Hardware Failure Detection Sequence

/
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Figure 107: Pod Controller Hardware Failure Sequene

For this Hardware Failure Detection Sequence diagthree cases of hardware failure are
illustrated. The sequence starts with pod sensstectla hardware failure. The message
automatically is sent to Safety Service. Safetywi8emow will alerts Master Controller about
this failure via Communication Service. If the ta@ was critical and the pod is immobile, pod
will stop and wait for instructions. If failure moncritical and the pod is mobile, it will go tceth
nearest station and wait for further instructioheTast case is if the failure is just a warnimg, t
pod will keep moving to its destination. In all ¢lercases, users are informed of the situation.
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Reservation System

Preliminary Requirements

1.
2.
3.

The Reservation system shall keep track of allries®ns made by customers

The Reservation system shall provide Master Cdetralith Pod Request Details

The Reservation system shall alert Master Contradleeserve pods only when Master
Controller is notified that the payment for thetwas successful.

The Reservation system shall provide E-Ticket systgth trip, customer, and payment
details so E-Ticket system encrypts it in the lmatec

The Reservation system shall only confirm reseovetid the customer when Payment
Processor confirms credit card is valid.

The Reservation System may be accessed througbne @ipplication or an internet
browser.

The Reservation System must be capable of knovatighated travel times using real-
time traffic information from Master Controller.
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Reservation System Use Cases

Password

!
<<extends>>

!
<<includes>>

<<system>>
E-

o

Custsm>

I
<<System>>
Cancel
reservation
<<exten(15>> o <<includes>> /
“._ <<includes>> -
—— <<system>>

<<extends>>

&/ Customer
Payment

Look up
reservation

Admin

Figure 108: Reservation System Use Case Diagram

The above diagram outlines the external interasttorthe Reservation System. For every use
case (bubble) in the diagram, a correlating scerexists in the table below.
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Table 23: Reservation System Use Scenarios

n

Use Pre-Condition Source Action
Sign up Customer never signed up | Customer Customer creates accou
before
Login Customer already signed ug Customer Custgeisr
authenticated. If failure,
customer redirected to
password recovery scre€
Password Log in failed Customer Customer asked security
Recovery questions
Password reset
Request Pod at| Logged in Customer Request is sent to Mas

ter

certain time Controller
Success or other
alternatives to pick from
sent back to customer
Customer Pod Request successful Payment System Paymeninsgisteges
payment customer through credit

card information
Payment success or
failure notification sent
back to customer

E-ticket sent to

Payment Successful

E-Ticket System

Customer resé@ve

customer ticket with bar code and

station number on it.
E-ticket Pod is at the station. E-Ticket System Door opetisket
authenticated at authenticated properly by
the door the ticketing system.

Pod car Door is
opened

Master Controller

Master Controller
requests pod door to ops

n

Cancel

Reservation is on the systen

hCustomer

Reservation cancelled |

y

Reservation already customer

Look up Logged in Customer Feedback of all

reservations reservations made by
customer

Manage Logged in Admin Admin helps with

customers and
reservations

password recovery (if
authentication fails) and
database maintenance.
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Reservation System Components
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Figure 109: Reservation System Components

The Reservation System is divided into several ammepts each responsible for a particular
aspect of the reservation system.

Authentication- Customer and Admin login will be handled by thibsystem in a secure
manner to avoid fraud and system errors.

Userinterface- Provides an interface for the customer to managate, and delete reservations
and for the admin to manage customers and transactiUserinterface is only accessed after
authentification. Customer has restricted accedsAamin has full privileges.

PodReservation Provides the backend logic linked to the Mastent@ller to figure out which
Pod to send to the customer depending on the rexglLigsie.

Payment Provides the customer with a web browser siderfiate for payment. Card
information is inputted. Reservation is only comfed when Payment is confirmed.
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Reservation System Sequence Diagrams

): boolean/

Sd Login (

checkUser(

setUser(

Figure 110: Reservation System Login Sequence
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/

) : boolean

Available

anager

Request(

3

Figure 111: Reservation System Pod Request Sequeri@iagram
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( ) : boolean )

ger

Figure 112: Reservation System Payment SequenceaBiam

System Modes and States

A high level examination of the system failure mee@esre considered during the design of this
system. Any safety critical components must hadeimdancy to minimize life or injury
threatening failures. Since the system was impléateto continue with limited functionality
without the Master Controller and the Master Cdigrglays a major role in handling alerts, the
failure modes were divided into two categories,Meester Controller is available, and
unavailable.

177



) t

A one-twelfth scale (1:12) model of this design baen constructed to prove some of the

technical choices made for a real system. In glaités scale model dramatically deviates from
the primary design.

Cabin

Due to the complex design of the cabin and a tigllget, 3D printing was the best choice to
create an accurate 1/12th scale model for testithghree pods, model shown below in Figure
113 were created in three sections, top, bottomt fiad bottom rear. The model was sectioned
in this manner for ease of access to the electtmalponents that lie within and size limitations
on the 3D printer.

Figure 113. 3-D model used for printing the 1/12-sde cabin
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The bottom front and bottom rear components snggtiher through the use of a pin and hole
system as seen in Figure 114. The top slides lattepising grooves that are located on the tops
of the bottom halves. The top is secured by cqites.

Figure 114. Pin and hole system ensures the pod g$asecure

Table 24: 3-D Printed Model Dimensions

Component Dimensions

Top 7.70in.Lx3.59in.Wx1.61in. H
Bottom Front 5.09in. Lx4.63in. Wx 7.09 in. H
Bottom Rear 4.67in.Lx4.63in.Wx7.09in. H
Interior Floor 7.84in.Lx4.13in. W

Each piece has a uniform wall thickness of 0.2%,im¢hich provides enough rigidity while not
consuming excess material.

Accommodations for Controls Hardware

Holes and cavities were required to be implememttxthe scale model of the pod in order to
house the controls and electronics hardware. Tinetede:

(2 ea.) ElecFreaks HC-SR04 Ultrasonic Range Finder
(1 ea.) Hitachi HD44780 LCD Display Controller
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(3 ea.) TT Electronics OPB70WZ Reflective Objech 8¥

(2 ea.) Standard RGB (Red-Green-Blue) 5mm LED
SolidWorks software was used to model the holescandies for the hardware after each piece

listed in Table 24 above was measured. Note tleaaliove list does not include the various
controllers and boards that are mounted on thefflof the pod.

First, the “floor” of the model’s interior housdsetcontrols boards and other hardware. In order
to provide adequate cooling and decrease weigldswere created and then patterned out. This
allows air to pass through from underneath for icqpl

Figure 115. Top view of “interior floor”

The two HC-SRO04 Ultrasonic Range Finder sensorfoaeted on the bottom of each nose cone.
An extension was created on the nose due to théhaicthe two circular sensors on the module
must be fully exposed in order to operate correctly
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Figure 116. Accommodations for ultrasonic range sexors (HC-SR04, 2011)

In addition, the inside of the extension was desifyso that it would be easily accessible and
would accommodate the pins as well.
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Figure 117. Interior view of ultrasonic sensor houisgs

One HD44780 LCD Display Controller is used for epod, which shows the pod’s status. A
hole was simply created on one side of the pod thighappropriate mounting holes as well.

Figure 118: Ultrasonic sensor in model housing
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Figure 119. Cut out for LCD Display/Controller

Figure 120. Actual HD44780 LCD Display (16x1 HD44™8Blue LCD, 2013)

One OPB70WZ Reflective Object Sensor is used foh gad, though two more can be added
for redundancy.
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Figure 121. Mounts for Reflective Sensors

Figure 122. OPB70WZ Reflective Sensor (OPB704 TT &ttronics/Optek Technology | 365-1091-ND |
DigiKey, 2013)

The mounts for these sensors are located on theaoiine pod top, so that the sensors can
determine where along the guideway the cabin is.

Lastly, two holes were created at “belly” of eadttbm half for RGB LEDs. These LEDs show
the status of the pod.

184



Figure 123. Holes for status RGB LEDs

Fabrication of the Model Hardware
A local project workshop called TechShop was chdeeareate the scaled model because of the
fact that they have state-of-the-art desktop Makéefeplicator 2 3D Printers (TechShop San

Jose, 2013).
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Figure 124 MakerBot Replicator 2

This machine is capable of printing to a fine ragoh of 100 microns, or 0.10mm (MakerBot
Replicator 2 Desktop 3D Printer, 2013). This isdfaal because of the fact that many of the
features for the controls hardware, as well asHerassembly of the pod, must be accurate for
proper fit. In addition, the machine can accommegiééces up to 11.2in. Lx 6.1 in. W X 6 in.
H.

Materials

The scaled model was printed using Polylactic ABIDA) material. PLA is an eco-friendly and
biodegradable plastic that is derived from cormcstgMakerBot, 2009). As this project focuses
not only on improving traffic congestion, but dexses our carbon footprint, PLA was the
obvious choice to use to print the model. In additcompared to ABS plastic, PLA is harder
and better for larger objects (like ours) becaddb@fact that PLA does not warp and crack
(MakerBot, 2009). However, as a result of this, AkAnore brittle rather than ABS which is
ductile.
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Each cabin, consisting of three total pieces (tatbdm halves and the top), uses approximately
1 kg of PLA. This includes the sacrificial scaffwig structure that is used to build the pieces
upon, as well as any other structures used indhstouction process.

Disadvantages

Although 3D Printing is an excellent form of ragitbtotyping, there are some drawbacks with

it. For the specific machine that was used, sontaaese drawbacks include, aesthetics and
printing time. In regards to aesthetics, it seemas with the MakerBot Replicator 2, contours do
not come out well. Examples of this can be seethemose-cones of the pod. One can easily see
the many layers, as well as the strands from tbelsgf PLA. Much “post-processing” was done

in order to clean up the structures and loose d#raPrinting time can be a disadvantage,
especially if a part needs to be finished in a gige@mount of time. The bottom halves of the
scaled pod took approximately 24 hours each td,psihile the top took about 8 hours.

Figure 125. Pod top being created with structure uderneath

More expensive 3D machines allow for quicker prigtiime with better quality and aesthetics as
well. These machines can also eliminate any magedrior “post-processing” and the need to
remove structural supports. This cuts down on tsm&vell and can be used almost immediately.
Due to a very limited budget, the project could aéord to print using one of these machines.
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Model Bogie Design

In order to provide a visualization aid to the ogpiwial design of the bogie, a working scaled
prototype was designed and built. Although thisibagas designed to show the concepts of the
full-size system, many full-size features were ¢editdue to size constraints.

Chassis:
With size being the limiting factor in the chasdéesign, it was crucial to choose a material that
would adequately support the full weight of theinadnd electrical components enclosed within.
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Aluminum was chosen as the structural materiabtorfirst iteration of the scaled bogie due to
its availability and workability. After spending pious amounts of time machining the donated
aluminum, it was determined that 3-D printing theee test bogies would both be both a more
efficient use of time and structurally sufficiefdr(this scale).

However, the ABS plastic utilized by 3-D printingaohines to produce parts was weaker than
the aluminum used in the first iteration, so sonieomadjustments to the scaled bogie design
had to be made. Additional support structures vaeided to the design which reinforced its
structural integrity and allowed the 3-D printedhiature vehicles to replace the first prototype
bogie.

The chassis itself is composed of three main ptrésbase plate, the motor mount, and the
bearing guide. Each of these parts were printedraggly and then assembled.

Baseplate:

The baseplate is a simple design composed of plé#t with two rectangular features extruding
from either side. These rectangular extrusionsravehich the support bearings are mounted. In
the center of base plate is a rectangular recesthaough hole in which the support/connecting
rod is placed to connect the bogie to the cabi. fifkal revision of the baseplate includes a
thicker bottom dimension. In order to maintain thearance of the wheels, DC motors with an
offset shaft were used.

Motor Mount:

Securing the motors in place is an innovative stmecthat operates similarly to a v-block, which
is used to hold work pieces during various maclymrocesses. This structure operates by
utilizing compressive and frictional forces to atrthe geared motors in their asymmetrical
orientation. The motor mount is also on which tw&ching mechanism is attached. This

189



mechanism is bolted to the top of the mount whichhade accessible by an opening in the
center of the guide plate.

Guide Plate:
The top plate, or guide plate, was designed talatiaur bearings (two on either side) that would
guide the bogie straight down the track.

Motors:

Realizing that a scaled LIM propulsion system wquidve too challenging to manufacture

given the team’s allotted time and available resesirtwo small DC geared motors were used to
provide the motion in our scaled propulsion systBuore to size limitations, the maximum
number of geared motors that would fit into thialed bogie design was two. In addition, the
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two geared motors had to be installed in an asymeaébrientation in order to properly fit
within the scaled footprint. The motors were cholsased on their torque and RPM ratings to
ensure they would be capable of propelling theestalstem at a proportional rate that would
represent the full-scale system. The motor spetitios are shown iError! Reference source

not found..

Wheels:
) ) -) )
D))" ) - t
) )
) ) ) )

16

Switching Mechanism:

) ) ) :
)1)1')'”4 )18
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Production:

The first prototype created was manually machimechfaluminum. This model had the
advantage of strength however it failed to meektetations in key areas. The aluminum body
had to be made with larger tolerances, meaningethett prototype created would be dissimilar
than the next. Another disadvantage was the owsrdht of this bogie was nearly twice that of
a 3-D printed bogie. While the aluminum was mactiibg hand, other parts, including bolts,
nuts, bearings, motors, wheels, hubs, and wireddoailffound locally. The completed aluminum
bogie, without the servo, can be seen in Figure 135

Figure 135: First prototype made from aluminum
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The aluminum bogie served as a testing grounchidesign. The creation of the bogie allowed
the team to make hands-on refinements in the deBmgrexample, it was discovered that a
smaller width motor mount would allow for easies@®bly, and more access to wires. As the
bogie was aluminum, material could be removed,thadogie could be tested again. This
would not be as simple with a 3-D printed ABS bogie

With the design updated, the ABS bogies could bpgmauction. The first printed iteration was
created using a Makerbot Replicator dual head dgtriEach part requires an hour and a half to
print which translates to a minimum of five houes pogie, allowing for preparation time.

Figure 136: Initial ABS bogie during track testing

The first ABS bogie fit together very well (Figut86), but each hole needed to be drilled to the
proper size. Improvements were made in hole thisknieole placement, structure support, and
in the addition or removal of features. For exammenping the front and rear of the base plate
to reduce the possibility of contact with uneveack. The final two bogies exceeded
expectations in strength, consistency, and exatulibe completed bogies are shown in Figure
137.
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Figure 137: Three completed 3-D print bogies
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Structures

Due to resource availability, size, and mobilityuigements, the 1/f2scale model of the guide way and
columns was designed to minimize cost and be modaasy assembly and transportation. The layout
of the track consists of three stations, two lomgightaways, four corner curves, and several seteions
wherever needed, as shown in showRiror! Reference source not found. . The entire track is
elevated to approximately 3 feet. Each corner cofuile track varies in radius so that the turning
capabilities of the bogie and cabin can be te§ted.three offline stations and other intersecticans be
used to test the control capabilities of the system

Figure 138. Track Layout of 1/12th Scale Model. Dimnsions are in inches.

Guide Way

The straight sections of the guide way are madkiof x 4 in. x 0.120 in. grade 50HS tubing st&¢ith

help from Vander-Bend Manufacturing (Vander-BendnMiacturing, n.d.), a middle slit was cut across
the bottom length of the tube for the connectiothefbogie and the cabin. Due to its complicated
geometry, the station and intersection guide wagrewut from 1/8 in. to 1/2 in. acrylic sheets by a
jigsaw cutting blade, and assembled together vatlia glue. Plywood moldings were created and used
along with 12" IRWIN clamps for easier assemblythad acrylic. A picture of the acrylic station guide
way can be seen in Figure 139.
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Figure 139: Acrylic Station Guide Way. This acrylt guide way was created from acrylic sheets of vanis
thicknesses and assembled with acrylic glue, plywdamoldings, and clamps.

Columns

A total of 14 columns were created in order to atexthe model above grade. Each column is comprised
of a 1.5" diameter galvanized steel pipe, 3.5 g, , a 5 gallon bucket filled with concrete as a
foundation, different shaped 1.5 in. diameter carfapngs for the connectors, and the steel cotorsc
themselves. The canopy fittings are adjustableclvaccommodates for uneven floor levels, and allow
the guide way to be set at a leveled height. Asfidped canopy fitting was used for the statiodeui
ways, while an “L” shaped canopy fitting was usedthe remaining guide ways, as shown in the CAD
model inFigure 139 below. The steel connectors were made from bezdgtshetal, with U brackets
welded on. The U brackets are held up with thekataconnectors that hug the supporting arm protaidi
from the canopy fittings, as seenFigure 141.
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Figure 140. CAD model of a statin and straightway. The red components represent “Tand “L” shaped
canopy fittings, orange represents the steel strdigway, light green represents a station, and dark rgen
represents the connectors.
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Figure 141. Example of an L shaped canopy fitting ith U bracket. The
supporting arm protrudes from the L shaped canopy itting, and holds up the
guide way via the U bracket.
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Prototype Solar Support Structure Design

The solar support structure design criterion isther structure to be rigid and easy to install and
uninstall. In addition, the structure is to be daesd to support one Solopower SFX1-i flexible
lightweight PV module (referendg&rror! Reference source not found.for module
specifications). Due to the length of the modul@ fdet), the frame must be rigid enough to
prevent any unwanted bending. The weight of theuteo(b Ibs.) is negligible so the frame must
only support itself. The installation of the st to the guideway must take a minimal amount
of time. The idea is to reduce the labor cost aateat with installation if this model would be
built at a full scale. The criterion of easily usialling the structure is important so that future
work, and/or re-location, can be easily done.

Making the frame out of steel gives the rigidityeded to prevent any unwanted bending, thus
steel was chosen as the material for the struciimere were two initial designs as shown in
Figure 142 and Figure 143. The first design shawhigure 142 was determined to be
inadequate for several reasons. The first reasttraithe SFX1-i module was not flexible
enough to maintain the curvature that the framedessgned for. The second reason is due to
the unwanted stress on the module due to the aurcakhe third reason is because there were
too many parts for assembly which made it time agaomiag to install. The fourth reason is that
the structure would be directly on the guidewayiclwtwould put unnecessary weight on the
guideway. The final and main reason is that thgtlewof the frame (10 ft.) is too big to meet the
maximum clearance from column to column (5 ft.).

Figure 142: First initial design of the prototype ®lar support structure and assembly. Several reas@why this was an
adequate design, mainly due to the frame being tdong to meet the maximum clearance from column toatumn.
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The second design shown in Figure 143 was an ingpnewnt from the first design, but didn’t
meet the installation and uninstallation critehmathe second design the curvature and the
brackets are eliminated. The module is now direatiyhe top surface of the horizontal beams,
eliminating any stresses on the module. The bradkehe first design were removed and
replaced by two longer brackets welded to the lootal beams 5 ft. between each other. These
brackets would rest on four ¥4”-13 x 4” galvanizeduse thread carriage bolts that would be
clamped on the horizontal column beam that holdghamuideway. The idea was to have the
frame directly elevated (floating) above the guidgwrhis design was not adequate for a several
reasons. The first reason is that the supporttstreievas not accessible, in terms of getting in the
way of other work being done to the guideway . Av@otreason is that it wouldn'’t take a

minimal amount of time to install and uninstall.ellast reason is the possibility of any
horizontal bending of the bolts.

Figure 143: Second design of the prototype solar pport frame with two long welded brackets

The final design shown in Figure 146 minimizes comgnts making it easy to install and
uninstall. The two long brackets in the secondglesil are replaced by a 1/8 inch thick flat plate
shown in Figure 144 with two holes to fit two 3/80 x 2 ¥4 hex bolts in which the frame
would rest. The frame is supported by a mount shiowsgure 145 with two holes angled at 32°
to give the frame the needed tilt angle that wanékimize energy production from the PV
module. The long cylindrical pipe from the mountganto to the vertical pipe column shown in
Figure 147; this makes it easy to remove the whtrlecture from the guideway, making it easy
to install and uninstall.
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Figure 144: Final design of prototype solar supporframe with 1/8" thick flat plate

Figure 145: Frame mount support (right). Vertical plates are spaced to provide extra clearance for thE8" thick flat
plate and move the frame horizontally as needed (i.
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Figure 146: Final design of prototype solar supporstructure and assembly

Figure 147: The cylindrical pipe fits in the vertical column pipe making the whole solar support strutire sturdy. The
whole support assembly can be easily removed by jugting off the cylinders.
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Figure 148: SFX1-i module mounted on frame. The made can be bonded to the surface of the horizontéleams of the
frame is permanent placement is desired (the moduia this case wasn't bonded to the frame so it cdme easily removed
and tested in an outdoor environment)
Note that the dimensions from Appendix D (CAD dnagg) of the whole structure were
modified to fit the donated material (in particuthe mount structure). One can notice that the
actual prototype differs slightly in dimensionsrfrahe CAD drawings. All material was donated

by the SJSU MAE Department at no cost.
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Control Systems

Asynchronous Event-Driven Message Framework

All of the controllers were designed using a depetbframework to support asynchronous calls
between services internal to the controller. A mernis defined as an object with events that
serves a specific role to make up the controllea eole. Each service subscribes to interesting
events of other services using a subscriber antispel pattern. The services add additional
functionality to the controller and are developedaperate independently of each other. Most of
the functionality takes place within service hamnslii®r subscribed events from other services
and executed asynchronously with in a well-defittedad pool. The thread pool is handled by
the underlying Boost ASIO library and all schedgland execution is provided by an io_service
object. A single io_service instance is shared ajradhof the services in the controller. Even
though the io_service contains “service” in the rado not confuse it with the service
previously defined.

All events use a Data Transfer Object (DTO) togfandata or “a message” between the
services. When an event is raised, the DTO andemde to the sender is posted to the service’s
io_service object for each subscribed handler.hAfidlers are executed in any available thread
within the thread pool.

Implementation

The control system is divided between several ptsje&eventFramework, SharedServices,
Master Controller, Pod Controller, and Merge ColleroThe EventFramework implements the
asynchronous subscriber and publisher event patéaredServices implements the basic
functionality shared between all of the controllensluding the ServiceBase abstract super class
and socket communication between controllers. Thergrojects implement the controller
according to requirements.

The EventFramework is for implementing asynchrorexents using the Boost ASIO library.
The event framework uses a subscriber and publstézrn, which is suitable for passing Data
Transfer Objects between the services. The Evemi#nark uses Boost ASIO to manage the
scheduling of handlers between multiple threaddQABplements the Proactor design pattern
to handle the scheduling between available thremdghread pool.

The EventFramework is for implementing asynchrorexents using the Boost ASIO library.
The event framework uses a subscriber and publstégrn suitable for passing Data Transfer
Objects between the objects. The EventFramework Beest ASIO to manage the scheduling
of events between multiple threads. ASIO implemémsProactor design pattern to handle the
scheduling between available threads in a threatl po
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The Proactor Design Pattern is implemented in BA&O according to the following diagram:

Figure 149: Proactor Design Pattern (Boost.org)

Completion Handlers are function objects createthbyinitiator. The Initiator initiates
asynchronous operations. The Asynchronous OperBtiocessor is used by the Initiator to

either put the operations on the Completion Evargu@ or execute the operation using
Asynchronous Operation. On the other side, thed®oaalls the Asynchronous Event
Demultiplexer to dequeue, in other word, to wartda event to occur on the queue. This
multiplexer then returns the result of the everthioProactor. The main advantages of using this
Proactor Design Pattern are portability, perforneaaued scalability (Kohlhoff, 2008)

Is the base class of the Data Transfer Object (D @)e EventFramework messaging
framework. For any raised event, an EventArgs dbjétbe copied to the subscribed event
handlers and executed in an available thread.

The Event template class allows any EventArgs oiiido be invoked within an available
thread.

The SharedServices are the basic services sham@mtgamultiple controllers in the system.

The ServiceBase implements the basic service lifecstates used to startup and shutdown the
controller safely. Every Service incorporates flii@cycle methods, Initialize, Start, Stop, and
Deinitialize. When a lifecycle method is calledwitl raise the corresponding lifecycle event on
completion (ie Initialize() will raise the Initi@ledEvent). Alert related events are also
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implemented, to allow for the SafetyService to lgagibscribe and monitor all Services in the
local controller.

The ServiceManager manages the services and isn@&bje for handling the lifecycle method
calls on all of the local services in the contmoll&/hen the ServiceManager begins
initialization, a chain of events is started betweaé# of the controller services. The
ServiceManager initialization calls the initialimeethod on each service. Since the lifecycle
event call backs are raised asynchronously afteptetion, the ServiceManager subscribes to
each lifecycle event and makes calls to the naxicein order within its handler. The chain of
events continues until either all services are asssfully initialized and started, or an error
occurs and the startup fails.

It is important to note that the order of startmp ahutdown are reversed from each other. For
example, the first service to start becomes theskawice to shut down. Also, the order in which
the services are added to the ServiceManager mantloal for the system to startup
successfully.

The CommService is responsible for communicatidween the controllers, and registering the
controller with the Master Controller. During thirt process, if registration is enforced the
service will wait for registration completion beéocontinuing the start sequence for the rest of
the controller.

Registration takes place during the CommServiag. gtesocket is opened to listen on a
predefined multicast address for registration sffeom the Master Controller. When the
registration offer is received, the controller walspond with a controller ID and connection
information to the Master Controller and wait foregponse. If the response is successful, the
controller continues the startup procedure. Ifrfsponse is unsuccessful, the CommService will
raise an error and prevent the controller from detmpy startup.
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The state machine below shows the CommServicessdating registration.
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Figure 150: CommService Registration State Machine

After the registration is complete, message padsgogmes available to the controller services.

All messages are received and sent through thedgeswailable events and handlers supplied
by the CommService. The types of MessageAvailabais available include,
MasterMessageAvailable, PodMessageAvailable, andjdMessageAvailable. Any service
requiring communication outside of the controllgises their own MessageAvailable event
subscribed to by the CommService. Any incoming @gss from other controllers are sent
internally through raising the CommService eveAtsy services subscribed to a CommService
MessageAvailable event type will receive the messag

The EventArgs passed through the events are tnanstbaccording to the type of
MessageAvailable event raised. Each outgoing Evgst#s transformed into a corresponding
Protocol Buffer message using the objects in datecp Protocol Buffer is then able to serialize
the message in to an efficient structure for trassion across the network through the use of
Unicast UDP.

On the receiving end of the incoming message, pleeations are done in reverse of the
outgoing. The packet data is deserialized througholol Buffer, and the corresponding
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EventArgs is created. A MessageAvailable evertes traised and the EventArgs is transferred
to any subscribed services.

The ConsoleService provides a command interfaceatoually configure and control the
Controller. The ConsoleService will require owngosbf a thread while it is running. The user
input statement (std::cin) and command loop witidl the thread from finishing work. With
some small parsing logic, new commands can beexteéataccess internal controller resources.
This could potentially be useful for debugging pses.

The ControllerDatabase is responsible for interfgdirectly with the backend SQLite database.
Any persistent data access is implemented througlclass. Any additions of data in the
ControllerDatabase, must also be implemented h#sthema for the corresponding controller.

SQLite is used in this project to handle all dassbmteraction between controllers and
reservation system. SQLite is a relational datab@seagement system with open source in the
public domain. The advantage of using SQLite i$ ithdoes not have a separate server process
and is cross platform compatible. The databaseaid and written directly to ordinary disk files
("About sqlite." n.d)

In this project, SQLite is used to create a datlehsontrollers and reservations. Master,
Merge, and Pod controllers can access the dataisasgfunctions implemented in
ControllerDatabase and MasterControllerDatabass cBQLite implements the normal SQL
syntax for creating table, update, insert, etc. Elav, SQLite has its own syntax to retrieve row
and column information from database queries @8lliprepare_v2, sqlite3_blind,
sqlite3_finalize, etc.). Each data object is impdeed using the CRUD (Create Retrieve Update
Delete) functions.
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Figure 151: Controller Database Relational Schema

The schema above shows the available controllectbplready implemented in the database.
The schema supports tracking the status of thesyahd controller connection information for
message passing.

The ControllerDatabase interface was still undawvigeonstruction and needs additional
information storage for the ControllerGraph.

All graph data is accessed through this class.QamgrollerGraph will load the graph
information from the database during initializatiom startup. It also has the ability to serialize
itself for sharing between the MasterController &uwdiController. At the time of this document,
the ControllerGraph is still heavily under constroie and may change in functionality.

Master Controller
The Master Controller is the primary controller the entire system. The class diagram below
shows the services that are the services use@ iM#ster Controller and their inheritance from
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ServiceBase.

Figure 152: MasterController Services and Inheritarce

The MasterControllerCommService disables the regieh requirement for the CommService
to start.

The MasterControllerDatabase inherits from the &#h&ervices ControllerDatabase. The
MasterControllerDatabase adds the ability to steservations from the ticketing system. For
any reservation request from the ticket systengraigtent record is stored through this interface.

Figure 153: Reservation Database Relational Schema

The above schema was implemented to track theviesmrs received form the ticketing system.
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The MasterControllerEventArgs inherits from the EWv@amework EventArgs DTO. All
MasterControllerEventArgs are specific to the Magtentroller.

The RegistrationService manages controllers emgemd leaving the system. Any controller that
needs to join the control system must register gedwes before becoming functional within the
system.

The RegistrationService uses a multicast broadoasivertise where the Master Controller is
located on the network. When a waiting controlemraives the broadcast, controller ID and
connection information are sent to the Master Guletr. The Master Controller then responds
whether the controller has been successfully rexgdt

To implement the protocol, two state machines wesexl to process the incoming registrations.
One machine sends out a multicast advertisemehinnatspecific time interval. The second
state machine handles the incoming registrationasts. The figure below shows the

registration state machines.
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Figure 154: RegistrationService state machine
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!
RPCXML stands for Remote Procedure Call Extendutdekup Language. It utilizes XML to
encode a HTTP request from a client to a servevaedversa. RPCXML is used for
communication between website/mobile reservatiatesy and Master controller. An XML
message can be sent across the network with neufigslameters.

The RouterCommandService provides the XMLRPC iata&fsupplied to the web server. This
Service requires its own thread to process incoriakgt requests from the thread pool. The
XMLRPC interface is implemented using XMLRPC-c, alhis an open source project
developed in C. The XMLRPC server is single threlaaied would not be capable of multi-
tasking between many XMLRPC client requests.

Two XMLRPC calls are implemented to handle the mest@n requests, “reservation.request”,
and “reservation.confirm”. Each procedure retuhesgame struct in the response. The
reservation request begins with a call to the ‘nest®n.request” to inquiry about estimated
travel times for the proposed reservation. Therestd time and success of the inquiry is
returned in the struct. After the customer confitimsr reservation, the “reservation.confirm” is
called to begin the process of moving an availgble to pick up the rider.

Below is the sequence diagram that shows the psaxfagquesting a reservation:

/

:Web/Mobile

ALT

[accept]

Figure 155: Reservation Request Sequence

The definition of the structure defined in each moetis as follows:
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Table 25: Returned Structure Format

Name Type
departure_time DateTime
arrival_time DateTime
reservation_expiration Datetime
origin_id Integer
destination_id Integer
success Bool

Each RPC method is defined as the following:
XMLReservation RequestReservation(int requestegljest_origin, request_destination)
XMLReservation ConfirmReservation(int requestbahl request_confirm)

All of the above definitions can also be foundhe RouterCommandService.h.

All reservations are persisted to the controlldabase. All reservation IDs sent to the
RouterCommandService must be unique across altai@ntsession, or a database key conflict
might impact the request.

RouterService

The RouterService is responsible for generatingesofor the pod cars across the control system.
Any pod routes will be generated through this serwhenever a pod is reserved for
transportation. The RouterService uses one afithplest effective approaches available. The
graph was weighted using the length of each tragknent. The RouterService uses an
implementation of Djkstra’s Shortest Path algoritiom the Boost library. The Routes are
serializable to be easily shared between contsotl@mough the MasterControllerCommService.

Pod Controller
The Pod Controller is a description of the sempaatmous controller for the pod. Below is a
figure of the services used for the controller.
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Figure 156: Pod Controller Services and Inheritance

The PodControllerCommService inherits from the 8t8ervices CommService. It requires
registration with the Master Controller and sulisesito the interested services.

|
The PodRoutingService uses the routing directioos the Master Controller received through
the CommService. When the Master Controller receavéicket confirmation, the directions are
sent to an available Pod Controller and acted ugyaihe PodRoutingService. The
PodRoutingService has access to a pre-shared mdap eapable of keeping position up to date
through the SensorService and use hardware to theveod along the track.

MergeController

The MergeController was left to the end of the gcofo save time. Other than the design work
in the architectural section, the MergeControNehnjle considered throughout the
implementation, did not make it in to the project.

Accessing the Source Code

The project is stored on an SVN repositoritdyp://pod-control-
system.googlecode.com/svn/truiihe control system was made to be cross platform
compatible. While most of the development for tbdeewas done under windows, build scripts
have been created to support a simplified compitgbrocess under linux using automake.

Most of the libraries have been included in the SgiNeasy download to the project. The only
library that needs to be downloaded, extractedcanapiled separately includes Boost. To
download the latest Boost library browsehttp://www.boost.orgThe library must then be
extracted using the instructions below.
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#
To access the code through windows, an SVN repgsit@nt, such as TortoiseSVN, must be

downloaded. Most of the libraries are includedlo® $VN and should not need to be recompiled
for the Visual Studio Solutions to compile.

1. Navigate to “PRTproject”, run “svn check out

2. Download the latest Boost library fronttp://www.boost.organd extract to the libraries
folder within the checked out SVN trunk.

3. Rename the boost_(ver) to boost in the librariédefo

4. Follow the instructions on boost.org for compilithg libraries under windows.

5. Open ControlSystemAll.sln and compile the contysitem project.

$ 1%
Pod/Merge Controller will be running on Raspberrpperating system (Linux).

1. Make a direction “PRTproject”

2. In terminal, run “apt-get install subversion”

3. Navigate to “PRTproject”, run “svn check out

4. Download boost library and save it into PRTprojeatl-control-system/libraries/

Extract the Boost library to the libraries folder.dibraries/boost

6. Navigate to “PRTproject/pod-control-system”, ruritfuild_new” — this should build the
entire project, be patient

7. Navigate to “PRTproject/pod-control-system/Contga@®mAll/PodController”, run
“./PodController” — this will run PodController exgtable

o

Next Steps
Most of the messaging framework is implemented; @ there is still a significant amount of
control system logic that must be implemented.

The system needs to be well tested. The majorith@Eemester has been spent on development.
While there was some testing performed, only pasitest cases were examined within the
system.

The CommService could use a more reliable protmcehsure data does not get lost across the
UDP network.

The Merge controller has not been started on. Teeg®lController can use many of the Shared
Services to create a quick implementation. Howewgi¢ still needs to be developed for the
merge reservation slots.
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The Pod Controller at this time does not have ehdogic to make it around the track through
the instructions generated by the Master Controllestate machine must be developed to give
the necessary logic to the Pod.

While the Master Controller has had the most dewalent time, it is also the largest controller
in the system. Most of the features did make toithe Master Controller. However, there is still
quite a bit of testing that needs to take placensure the features work correctly.
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Pod Electronics

Central Control and Bus Communications

The pod electronics are an interesting mashupd&nt new techniques to create very flexible
and debuggable system. A Raspberry Pi embeddeputems engaged as the central control,
responsible for communication with the master ar{tvC) system and coordination of each of
the subsystems. Each subsystem is controlledspgeial purpose microcontroller (usually from
the Microchip 8-bit PIC family), creating a netwarkintelligent sensors capable of continuing
their basic function without input from the Rasplygd?i. Communication between the
Raspberry Pi and the various microcontrollers isdteed by an 8 bit I/O bus with 8 bit
addressing and the common Address Enable, Datddsidad, and Write signals. (Rasperry Pi,
2013)

The Raspberry Pi is a small ARM based embeddalstesyrunning a customized version of the
Linux operating system. With a retail cost of 8%l excellent driver support, the Raspberry Pi
provides a stable foundation for the necessary comication for the MC. Utilizing Linux
provides a mature TCP/IP stack with excellent safenand code support. Further, many cross-
platform communications libraries are availablesieg the integration of the pod controller
software with the MC code base.

Figure 157: Pod Electronics Prototype Setup
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Unfortunately, the Raspberry Pi does have somedimans which must be overcome for a pod
controller. The Linux operating system is not a tene system (RTS), and the Raspberry Pi
does not have a real time clock (RTC). The absehee RTS and RTC means there is no
guarantee of service for any system operatiora normal RTS, a delay of 100 microseconds
would last for precisely 100 microseconds (withie minimal resolution of the systems RTC,
which is usually on the order of nanoseconds)a g¢reneral purpose operating system, such as
Linux, a usleep(100) system call inserts a delagt ¢éast100 microseconds, with no guaranteed
upper bound. Further, the Raspberry Pl has a mailrset of general purpose input/output
(GPIO) pins. A basic 16x2 liquid crystal displdyCD) requires 10 or more pins to be of use.
That one peripheral would use 40% of the Raspld@isyavailable GPIO pins; therefore some
additional structure must be put in place to supadarger system.

The Raspberry Pi does support two bus€€sahd SPI, which are candidates for expanding the
number of peripherals which Raspberry Pi couldagil Unfortunately, the SPI module only
supports two chip selects, rendering it unsuitédmeall but the smallest systems without
significant reworking of the SPI driver?d, on the other hand, with its two wire requirement
seems like an ideal solution. Unfortunatef; Implementations in the real world are
notoriously buggy and frequently do not adheréheRhilips TC specification. Without access
to a properiC protocol analyzer, the risk of usirf@lfor critical systems is crippling.

Figure 158: Rev 0.1 in Pod Prototype Electronics
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The 8 bit I/0 bus is heavily influenced by the BGs documented by Intel for the 8088
microprocessor. This approach creates a flexiteextensible system which is debuggable
with commonly available lab tools (oscilloscopegitbanalyzer, and a logic probe). Further, the
initial version of the design integrates bus decede show the state of the address and data
buses as the system functions (admittedly, theselbcoders really only work for a human when
the state of the buses are changing at somethssghan 10 Hz, but that is commonly sufficient
for debug purposes). As implemented, this syst@mcontrol 16 peripherals, though it is
extensible to 64 peripherals without adding addaiacontrol signals.

An investigation of the datasheets for the PIC odontrollers and a perusal of the Raspberry Pi
documentation will uncover a seeming incompatsilithe PIC microcontrollers chosen are
largely 5V devices compatible with both 5V TTL a@MOS logic thresholds, while the
Raspberry Pi is compatible with 3.3V CMOS 1/0. §mcompatibility is solved by interfacing
the Raspberry Pi to its peripherals via appropgateosen buffers. For output, the 74ACT573
part is utilized. This device can accept 3.3V CMi@&uts and outputs 5.5V TTL levels (5V
TTL is sufficient for 5V CMOS in this context). the other direction, the 74LVX573 has
identical logical function to the 74ACT573, thougloutputs a 3.3V CMOS level while being
tolerant to the 5V CMOS inputs generated by the mi€ocontrollers. Though the 74HCT
family could satisfy the needs of the system, al§ e extra switching speed of the ACT parts
were desired for this system.
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Figure 159: 1/O Decoder Circuit
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Figure 160: Read/Write Diagram

Peripherals

The drive motor is powered by a pair of 12 V Jam&Cbmotors. Fortunately, these motors
have rather modest current requirements and aralde from a single solid state quad half-H
bridge driver configured as a full H bridge. Téoal for future investigation into controlling
failure with redundant monitoring circuits, the & direction of travel is contained in a
discrete latch and the speed of the motor is chattby a PIC16F627A which feeds a PWM
signal into the latch’s output enable. When thiehautput is disabled, the control lines for the
motor are driven low by some very weak pull-dowsistors. This arrangement allows for the
potential of another system to force the motor $bop state via additional discrete logic into the
direction latch without any action on the part wher the Raspberry Pi or the motor controller.

As should be expected from an H-bridge configurgtao0x00 control word will stop the motor
(since a ground on all control pin would drive bBOSFET gates to ground), while a 0x01
control word drives the motor forward and a OxO&el the motor in reverse. In order to obtain
the state of the control system visually, a tritesteaED has been connected to unused pins on the
latch. In software, a stop control word is acty@tk04, lighting the red LED, 0x09 sends the

pod forward, lighting the green LED and 0x12 setidspod in reverse, lighting the blue LED.
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Figure 161: Motor Control Circuit
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Though the current system only requires a binafy dreRight steering control, the bogey is
designed with a 180 degree servo electric motois gossible for some future system to have a
more complex junction. To support this possibjlaycontrol circuit has been designed with four
degree resolution. A 0x01 control word correspaidsill Left and a 0x29 control word
corresponds to full Right. In between values ckeasmewhere between the two extremes at the
mentioned four degree increment. Casual inspestonvs that these control words have a
maximal bit width of 6 bits. The microcontrollerasks off the upper bits to avoid over-driving
the servo beyond its functional range.

Implemented in a PIC16F627A, the steering contircud is not horribly interesting, yet
provided for completeness.

Figure 162: Steering Control Circuit

&
The track will be split up into 9” segments, bouddby reflective aluminum tape. The pod will

have three optical sensors capable of detectirsgpthreflective strips, allowing the pod to
communicate its location to the MC with acceptabkolution. A 9 inch resolution for this
system makes sense, given the pod length. Sirsm#uab position on the track is the most
critical, redundant sensors are used to ensuremabke agreement on location.

Figure 163: Position Determination

Each position sensor has a dedicated PIC16F69®@aoiatroller with built-in analog to digital
conversion (ADC) circuitry. The ADC in the PIC18%Bhas a 7 microsecond conversion time,
which is more than quick enough for this systengsds.
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The OPB703 sensor used has an optimal focal distainiz,” with a reasonable functioning
range of 1/10” to %2". This focal length defineg timaximal deviation in the distance between
the top of the pod and the track.

Figure 164: Position Sensing Circuit

Though this system has been proven off of the friadk still to be implemented on the track.

Next Steps
There is still much to be implemented in the cdstemd electronics:
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Near Term:

1. Tofit all designed peripherals into the pod, cirtiards must be printed. At current,
there is insufficient space for the planned callissensors, the LCD display giving
status, and more than one of the position sensors.

2. The positioning needs to be integrated into thle feor this to occur, the bogey to pod
link must be completed and brought to within speatfon

3. Two additional pods must be brought online to altbe MC and merge controllers to be
properly tested

4. Internal environmental control (temperature and idlity) should be implemented along
with some type of active cooling (most likely a feamtrolled by the motor control
circuit). The inside of the pod is getting warnttwihis subset of the electronics. Once
the power distribution is completed, the heat witirease.

Longer term:

1. The entire bus system is big a bit complex. A CPEPGA, or a slave microcontroller
should be investigated as a replacement. It isiplessuch a system would be less
energy intensive, simpler, and more fault tolerant

2. Fault tolerance throughout the system should béemented. Currently, there are many
single points of failure. Adding redundancy willoav this model to more closely
approximate a system meeting real-world requirement

3. Moving to a more real-time operating system wilb@al the entire pod control to be more
deterministic. There are real-time enhancemenitsniax which could be explored.
Alternatively, there are many real-time operatiggtems available for the embedded
space. One or more of these may have sufficiemhmanications capabilities to be a
reasonable Linux alternative.
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Chapter 12: Conclusions and Next Steps

Cabin

The main goals and objectives for this semestee wemeet the federal safety regulations and
Americans with Disabilities Act requirements antéstebasic materials for manufacture. By
using the available information on other persoapld transport systems throughout the world,
the design developed sought to encompass any adyemthat these systems have as well as
address weaknesses and account for them in thel predented.

One distinct disadvantage of this system and najstacle that will be faced is to prove that a
suspended system can be as reliable as an oveystem. To overcome this obstacle, it will be
imperative to assure the public that if the sysi®put into operation that the cabin will not
detach from the guideway by doing various analysésst the strength of the exterior and
ensure sufficient attachment to the guideway.

These critical next steps will involve full stremsalysis on cabin exterior, which includes a finite
element analysis to test the attachments betweebdfey and the cabin as well as any tension
stresses resulting from the suspended guidewagstddr the possibility of crack propagation in
the body near bolts, and well as tear out stregsesting from shear stresses on the bolts.

In addition, the aerodynamics of the pod shapdf meeds to be tested as drag on the cabin will
be a key component while the cabin travels in yistesn and is especially critical since the
system will be suspended. This process will regghelp from the Aerospace department to test
the plastic 3-D prototype in the wind tunnel.

We will also need to research and test variousrenguc aspects of the cabin, including seat
height, grab bar placement, and any other devaeréhates to human interaction. Without
proper ergonomics, passengers will not be ablajmyahe safety and comfort of the cabin.

The results of these various tests and analysébeavilsed to optimize the final pod shape and
materials in the following semester.

Propulsion

Various propulsion types were considered to prtpelpod car. The selection of the propulsion
system type was based on the propulsion team’ysiaalf previously established systems. It
was decided that a linear induction motor (LIM)Maié responsible for the propulsion of the
SuperWay system. LIM’s offer the advantage of feawvimg parts, which leads to less
maintenance and lower noise levels, reliable thruatl weather conditions, and the linear motor
can be placed in the track to allow for a lightabio. The bogie is designed for durability,
comfort, and performance.
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Next steps for the project are:

A finite element analysis (FEA) is needed to optienihe bogie for strength and
durability. Stress analysis is needed on all coreptsof the bogie and its contact points
within the guideway channel.

Thorough analysis (vibrations and control) of thegension system including
simulations and calculations to verify that it wak able to provide a smooth and safe
ride.

Incorporate the linear induction motor, the bogid guideway design as a whole. This
includes CAD models and kinematic simulations.

Structure

The next steps in the design of the structureséyudy system include calculating cost, forces,
and the overall adequacy of the system. In addiaaneticulously analysis will be conducted to
find the period and natural frequency of vibratadrihe structure to prevent its failure during an
earthquake event or due to the loading providedigly wind speeds. The guideway truss will
also be analyzed in more detail to assure thatesd't deflect more than the allowable. In
addition, the cross-sectional area of the elemgfriise truss has to be analyzed for fracture and
yielding. A certain type of material will have te blesigned to cover the truss and prevent it
from weathering out. Moreover, the piles at thenfdation will have to be analyzed for
earthquake resistance economic feasibility.

Station

This main focus of this semester revolved arourdtessing the varying volumes of traffic to
which individual stations might be exposed as w&slpossible methods of storage. Using
knowledge of the systems that current public trartsgion use and tailoring and modifying
them to needs posed by the corridors that willdeatified later in this report.

The next steps for station design include desigthiegactual architecture for the building, both
interior and exterior. Another crucial step isigasg the layout of the building itself as to
where ticketing kiosks, restrooms, platforms artteoaspects of that nature will be placed, as
well as user interaction with the system at théata This will require students or experts with
architecture, civil engineering, and industrialigaackgrounds.

In addition, next semester will also require manalgsis surrounding traffic flow, pod
throughput, and optimizing station design to ensha¢ the storage of empty vehicles can meet
system demands. This effort should be managetdsetwith a background in industrial
systems design.
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Solar

The Solar SuperTeam designed a solar power systmwill meet the energy requirements of
an ATN. Commercial available solar cell technolegth high efficiency is the ideal choice to
maximize energy production in San José, CA. Désgythe solar panels to blend in with the
overall structure of the guide way increases tlsealiappeal and is good thermal management.

The next steps for the solar team

Finalize the design for the frame structure forgbkar panels and its integration with the
guide way columns.

FEA analysis on solar frame structure concerningimam wind loads.

Economic analysis as a hybrid grid-solar powerestiesy.

Control Systems

The technological overview for the control systantiimited to an examination of high level
architecture. Redundancy is a primary goal of theyall system and thus will use a combination
of redundant functionality integrated into the safte architecture, and additional hardware in
case of hardware failure. Many aspects of the t@dgrcal implementation still need to be
explored before specific hardware and technologybEadiscussed.

Communication Medium

Communication between controllers will need to beoanplished through redundant mediums.
Wireless technology is the easiest to maintain,dwewr suffers from interference from the
environment and therefore too unreliable for thy @ommunication medium.

A second medium may be implemented into the guigegyaaver line. While the communication
would be more susceptible to large collision damageliable slow rate medium can be used in
cases of wireless failing.

Additional research is still needed to understdmeddata rate requirements of the system before a
decision can be made.

Master Controller

The technological implementation of the Master @alfér would use multiple hardware
platforms with state awareness for high availabillthe backup platforms would maintain the
same state as the primary Master Controller foinmahdowntime during hardware failure. Any
required database access would be shared betwesgdiem using raid enabled storage area
network (SAN) technology for the quickest and higtheliability. In the case of the primary
Master Controller failing, the system would immesdig failover to a backup Master Controller
and resume normal operation.
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Merge System

The Merge System will incorporate many sensorstedat positions of pods on the guideway.
The sensors will need to be durable and reliablehi& time no technological options have been
chosen for this system.

Autonomous Pod

Pod Controller will have multiple sensors for haastesfailure detection, hardware malfunction
detection, keep pod running on guideway, blockate,Communicating devices must provide
high availability and reliability for the systemh@& user interface should also be implemented on
the pod to provide communication between userdaster Controller administrators.

Reservation System

The Reservation System will be implemented throagideb Browser Side component and a
Server Side Component. The Web Browser side conm@aeves as the interface for the user
and admin to communicate with the server and databeor this system, a web server will be
implemented to transfer information between theéamsr and an Sequential Query Language
(SQL) database.

The architecture chosen for the control systemddiide a viable option for implementation. Not
only is the system highly scalable, but it proviékgt tolerance throughout the system. Even in
the event of the primary Master Controller failinige system is capable of providing limited
functionality to bring passengers to safety. Howegtree system remains far from complete and
still has many facets to be tackled before a cotaelution can be envisioned.

In the future, additional refactoring will needtéke place as more analysis is done on the
system fault tolerance. Additional work must be @tm ensure no single point of failure would
devastate safety critical components.

Other areas that need to be inspected includesttmoblogies used to implement
communication, and the variety of sensors usellampbd, track, and in the merge intersections.
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Appendix A: Derate Factors used in SAM
Simulations

The default derate factors in SAM are used forsihaulation to predict the energy output in San
Jose, CA. Figure 165 shows the values used.

Figure 165: SAM system derate factors used for sintation
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SPR-440
NE-WHT- 21.3 972,745 3,778 1,334 1,609 2,920 2665[05 105,11
D Mono-c-
Si
Space
Total Between
Modules for e Module Module Module Weight Vol Packing FEMES (i)
Desired | Module |\ ongth (m) | width (m) (kg) LEMESEEE) o | WWEENE
. Area (m?) Area (m?) Width is
Array Size
Parallel to
Guideway
1,135 2346.05 2.067 1 25 2815.254 1.2 0.2
90% Power
Number of Output @ Optimal Tilt Angle
Setup Tilt (°) Azimuth (°) Inverter Warranty | Using 500 kW DC as the
Inverters : . .
Period Desired Array Size
(year)
SMA
America:
Fixed 32 180 SWR2500U 200 10
240V [CEC
2005]

244



Appendix B: SAM Simulation for
SunPower SPR 440 Module

Table 26 shows the parameters used to run the &lilmuito determine the total energy output of
the solar PV system for the SuperWay. In additiahle 26 shows the results from the
simulation and the calculated energy output peeniihe energy output per mile was calculated
based on the average energy output per module nisguhat the modules would be aligned
right next to each other with a packing factor ¢f fbr a distance of one mile and that the
modules would be aligned in the width directiomiéter in length), we determined the amount
of modules per mile, and thus, the energy outputipke.

Net Energy Energy Total Modules | Average Average Maximum
Module Annual Output per | Available for | Required for Daily DC Daily
Module - : ; Energy
Efficiency % Energy Mile Grid Energy Output | Power Energy (kwh), Jul
(kWh) (kWh/mile) | (kWh/mile) | per Mile (kWh) (kWh) » Sy
SunPower:
SPR-440
NE-WHT- 21.3 972,745 3,778 1,334 1,609 2,920 2665|05 105,11
D Mono-c-

Table 26: Parameters and results from SAM simulatia
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Si

Space
Between
et Total Total Panels (m)
Modules for dul Module Module Module Weight d/ Packing dul
Desired | Module 1 ongth (m) | width (m) (kg) e e I e
i Area (m?) Area (m?) Width is
Array Size
Parallel to
Guideway
1,135 2346.05 2.067 1 25 2815.254 1.2 0.2
90% Power
Number of Output @ Optimal Tilt Angle
Setup Tilt (°) Azimuth (°) Inverter Warranty | Using 500 kW DC as the
Inverters - . .
Period Desired Array Size
(year)
SMA
America:
Fixed 32 180 SWR2500U 200 10
240V [CEC
2005]
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For testing purposes, the SoloPower SFX-i spetifina are provided below.
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Appendix F: Seat Spring Calculations

To begin calculations for the seat springs, itssusned that unpeened music wire (ASTM 228)
of wire diameted of 0.192 in. and a spring index ©£9. Through the iterative process in an
Excel spreadsheet, it was determined that we nema&dn. end length so for the purposes of
calculations shown here, those results will be shoiso since the two springs are identical,
calculations are shown for one spring with halfted assumed required load.

The mean coil diameté is calculated using the following equation.
>Q R O!R@ ST U@V ST
The inner and outer coil diametes,andD,, respectfully are calculated in the following way:
w Q U@V ST! OlR@ ST! I"XP ST
Y Q U@V ST! O'R@ ST! 'R@O ST

It is assumed that the force required to push diverseat is 10-15 Ibf, therefore the minimum
and maximum weight loads for one spring is 5 afg réspectively. Since torsion springs are
loaded in torsion, the maximum and minimum momevtg.xand My, must be calculated as
shown by the following equations:

z ) [ u"$v$ PO\, ST
Zw ) wl "$V$ JO\, STA
whereW denotes weight and denotes length of ends.

The moment calculations can be used to find thenraed alternating moments.

Zz zZ. POJO

Z | @ @ "O\, ST
Z Z PO JO
VA @ @ O\, ST

Next, the Wahl bending factor for the inside suefa,, must be found to calculate the
maximum compressive stress in the coil at thisriisoeface.

b > > IR R IORO
“ > $ JRER $
X@Z X@ PO$
LVé/46 b Cde—/ ! W RJ J@ g9S
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The calculations can be done to compute the Watdibg factor for the outside surface to find
the maximum, minimum, alternating, and mean tersdiiesses for the outer surface using similar
equations already shown.

b J> > JR R OR
> > 0% JRBR $ @ee
X@ X@ JO$
Ly, b, fQZ,’V] O!R@@m "X OVU g9S

X@Z | X@ PO$
LYe46 b ch fQ/ OR@% UR PX 998

Zvus Z v URPX "XOWU

A @ @ PP X'R g9S
Zvys Z v, URPX "XOVU
Z v, = @ < @ X @U@ g9S

The ultimate strengttg,, of the music wire can be found using the equabeiow whereA and
b are known parameters and use it to find yieldnsfife for the coil bodys,, it is assumed the
wires are stress relieved.

m, Q ¢ VJPIJR$O!R@$™PI @J JJ g9S
m OWVm, OV @J JJ $ RX "@ g9S

The wire bending endurance lim&,,;, can be calculated and then must be convertediitya
bending endurance strengg,

J" 000
Moes, U m UU RRO g9S

m, UURRO$ @J JJ$
m o > @ JP "OP g9S
- M, O"m 4 @J JJ O!"UURRO$

Now the fatigue safety factor in bendjrigy,, can be calculated.
y mwrg, L v, X JP'OR @J JJ "XOVU$
* omwly, Ly, X Mely, JPOBPPXR "XOVS @JJ1)$ X@U®

@'X

The safety factor against yielding, can also be calculated as follows.
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mo @
t Ly, RIJ@

Vy

Because these safety factors are greater thae tlegign is so far acceptable.

Now the spring rat& can be calculated using the required maximum amgmaim moments
previously calculated,
yZ PO JO

o o@"

VO\, ST{N

Where2 is the number of revolutions required, which irstbase is 0.25 (or 90 degrees).

The number of active coils to obtain this sprinig r@an be calculated using the following
equation:

Q OIR@ XO~ O°%

OV # oV$ U@ VG @UX

where the modulus of elasticity, E, for music wgd&nown.
And the contribution from the ends of the spring ba calculated as follows:

v Q[ @ V$
- Xf Xf lU@V$

ORV@

Thus the number of body coils in this spring, &re:
Ve V v ~@UX ORV @P
The maximum pin diameter to be used with this gpdan be calculated using this equation
gST w OlI0" I"'XP O!O" IU@$ XU ST

This pin diameter also confirms a successful desapause the rod about which the seat will
pivot has a 1 in diameter.
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Appendix G: Cabin Dimensions and

Materials Estimates

Dimensions — Pod/Cabin

Height 95in

Length 108 in

Width 56 in

Capacity 4 people

Empty Weight 1,100Ibs (current estimate)
Weight (Full) 2,100lIbs (current estimate)
Floor to ceiling height 78.7in

Door Opening Height 69.51in

Door Opening Width 34 in

Interior Volume 150 ft

Coefficient of Drag 1.05

Drag Force (Assuming 56 x 95 in @ 35 mph 560.5 N

Frame — Cabin

Frame Tubing Size

1 1" OD x 0.095” Wall Thickness

Frame Weight

328 lbs

Exterior — Cabin

Panel Thickness 0.125”
Panel Surface Area 11934.22 in
Panel Weight 239.6 Ibs
Window Width 20.51n
Window Height 54.7 in
Window Surface Area (per window) 1120.5 in
Window Surface Area (total) 7948.6%in
Interior — Cabin

Panel Thickness 0.125”
Panel Surface Area 4113.5in
Panel Weight 91.9 Ibs
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| Floor Area | 4320in
BOM — Cabin
Item Material Supplier Unit Cost | Total
Cost

Frame Tubing | 4130 Chro-Moly Steel|  Chassis Shop 63 $1887.00

Exterior Panel | ABS (SP-6710) Spartech $1.80/f $157.48

Interior Panel ABS (Royalite R66) Spartech $4180/f| $147.18

Floor Altro Transflor Meta Altro

Seat Fabric Vinyl $12/yard | $33.12

Windows Acrylic Spartech $18.007ft | $993.58

Hand Rail 6061 Aluminum Metals Depot $73 for | $73.00
241t

HVAC HVAC System $500/unit |  $500
Total per | $3651.36
pod

LCD Monitors | 22" Samsung Panel RackmountMart.com $498/unit | $498

Mount
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Appendix H: Linear Induction Efficiency

The main purpose of the propulsion calculatiorts idetermine the synchronous velocity of the
electric field produced and the overall efficien€p. reach the final calculations, input variables
from the propulsion design specifications were ugetbtal force used was the force required to
accelerate plus the frictional force. The refleatesistance refers to the resistance of one pole
reflected back to the stator multiplied by the nemdf poles. The slip velocity divides the
product of the peak current, the stator windingstaace, and the velocity by the power input.
The total harmonic distortion (THD), measures tbhevgr quality of the system. For a linear
induction motor three-phase power supply the THBstimated to be 10.

Equation 6
A}t >o||JTF ME va-

f1S,...F Gve }| € Fo|T9 G g€\}9 G M\sf JT9SF G @
Equation 7

X g...+9} gEf}| \€99 ST |[EFE| X G %o}9SOF+Te} G A}+# >e|[JTF
Equation 8

AEfY 5 GM\Sg Ne*SF

M [€TE9 R&SE S S AT # >+ [[ITF G %o T\"F1O %] 9SOF+ T}

Equation 9

S+H:ETSe AEf}| X G >o|[}TF G %o}989F+T'}(—%6
Equation 10

t1SeS)T AT

AEfY B AEfH & AEfH .aav AEfH zvar AEfH | jcwaa >
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Calculations on the column

For the calculations of the structure a distandevéen the columns will be considered to be 49
ft. at maximum. The spacing between the bogiesheilassumed to be 7 ft. at maximum
capacity. Therefore, the cabs supported by eatireafolumns would be 7 at a certain time. The
weight of each cab will be assumed to be 4 kipenTlhe total vertical live load that one
column would have resists is 7*4 kips = 28 kipsdaidnally, 10 kips will be added to account
for the self-weight of the structure as the deadlld he theoretical static system is presented in

figure 8.

Figure 166 Static Analysis on columns

The reactions at the base can be found by a sistalie analysis; first, a load combination will
be calculated to introduce an adequate factorfefysa

259



*w @ P” 1@ Oo%$ P @% "P'VDe

(1)

Then, by adding up the forces in the y-directidw, Yertical reaction, R1, that will be transferred
to the foundation is 56.8 kips.

By performing the sum of the moments at any padh@,bending moment experienced by the
columns is:

™ "PIV De—$"%% @VJ De— >ce

This same moment is felt by the column at any palong its straight length. The following
calculation can be performed to find the thicknésd the straight portion of the column needs to
have.

Yield Check

Z . (Z .
~ T T
Vo TGt IS G o | wd

Where “t” is the required thickness of the column

Now consider structural steel grade 50 as the mahterbe used. The yield strength of this type
of steel is =50 ksi = 7200 kip/ft and the ultimate strendih= 65 ksi = 9360 kip/ft.

VJ De— " "PIV De
U@00 D'—{>CC@ (}] 55 1"{@% > s
3G O | y$ ¢G OlU" | yf

Solving for the internal radiusi, = 0.73 ft = 8.76 in. Then, the required thickniesghe column
is (1.5/2)*12 in. — 8.76 in. = 0.24". Thereforbetthickness of the pipes for the column has to be
0.24” or more.

Pratt Truss Computer Analysis

The assigned loads showngmror! Reference source not found.are intended to mimic the
passage of cabs across the guideway. Then theterpeflection of the guideway can be
calculated using the method of virtual work or apaiter software such as SAP 2000. The
following analysis was conducted using the latter.
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Figure 167 Live loads over the guideway

One half of the truss is presented so the sectiomber can be visualized.

Figure 168 Live Loads and section numbers over ortalf of the bridge

Figure 169 Axial force diagrams due to live loadsroone half of the truss

Table 27 Axial forces for truss design (one half ahe truss)

5 E 5 E 5 E 5 E
1 41 6 416 11 46 1/ 61 4::1 1 46 /:
6 6 1/ 16 4% 66 46% 6 /66
$ 1 4 /6 6 46 $/
/6 1 4%:6 6 46: $6 6%
$:6 1 41: % 6 41%: 6 :
1: % 1 4116 6 41 6 6 :
116 1 416:/6 6 416 16
$ 16:/6 1$ 416 $ 65 4% 6 $ 16/1
/ 16 :$ 1/ 416 9/ 6/ 4 |/ / /
1: 16 $/ 6: 41 $1%$ 4 1 3%
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Appendix J: Preliminary Environmental
Impact Report (EIR)

Initial Environmental Impacts Report

Introduction

The following analysis is a California Environmenauality Act (CEQA) style Environmental
Impact Report (EIR) that examines the potentiairemvnental effects — both natural and urban —
of the proposed Sustainable Mobility System foic8i Valley (SMSSV) project for a demo site
in Sunnyvale, California. The four main purpose€BQA are:

1. To inform governmental decision-makers and thigip about the potential, significant
environmental effects of proposed activities;

2. To identify the ways that environmental damage loe avoided and significantly
reduced;

3. To prevent significant, avoidable damage toetimronment by requiring changes in
projects through the use of alternatives or mitigameasures when the governmental
agency finds the changes to be feasible; and

4. To disclose the public reasons why a governnhagtency approved the project in the
manner the agency chose if significant environmegifacts are involved.

(CEQA Title 14. California Code of Regulations. @tex 3; section 15002, 2005)

The following document accomplishes all four ofsaeequirements by analyzing six specific
environmental resource areas while meticulouslyeadf to the step-by-step CEQA analysis
process.

As aforementioned, this report focuses on six regosgections: Land Use, Aesthetics,
Population and Housing, Transportation and CircatatNoise, and Air Quality. For each of
these sections, a project description is spec#ratithen each is divided into subsections that
analyze the impacts of the proposed project desmnip These subsections are then broken
down into the traditional CEQA format where an eomnmental setting — or background — is
given, thresholds are stated based on those estatllin CEQA Appendix G, the significance
levels are determined for each of these threshtildampact explanation is given for why this
significance level was chosen, mitigation measaregdiscussed if applicable, and monitoring
plans are proposed.
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Identifying Information/Location Contacts
1. Project title:_Sustainable Mobility System for §dn Valley (SMSSV)

2. Lead agency name and address: San Jose State dilgiveMWashington Square, San
Jose, CA 95112

3. Contact person: Emma Reed

4. Project location: The section of Mathilda Avenué&Simnyvale bounded by the Caltrain
tracks and El Camino (Route 82)

5. Project sponsor’'s name and address: San JoselBiiggrsity: 1 Washington Square,
San Jose, CA 95112

6. General plan designation: Current land use fost#ation includes: Central Business,
Civic Center, Office, Low-Medium Density Residehti@nd High Density Residential

7. Zoning: No immediate rezoning will be required fbe implementation of this project;
some areas might require rezoning in the futuf@Ds are to be developed.

8. Description of project: The Sustainable MobilitysEym for Silicon Valley (SMSSV) is
an interdisciplinary project for San Jose Statevdrsity to design a Personal Rapid
Transport (PRT) system using renewable resources.

9. Surrounding land uses and setting: Briefly descitileeproject’s surroundings: The land
uses surrounding the proposed project site arednige ranging from high density
residential to low-medium density residential téiaaf to central business district to civic
center designations.

10. Other public agencies whose approval is requieegl (permits, financing approval, or
participation agreement.): City of Sunnyvale; Sabi@a County; State of
California/CEQA; Pacific Gas & Electric; Sunnyvdteonomic Development
Committee; Environmental Services Department; Galiii Department of Fish and
Wildlife; BAAQMD; CalTrans; VTA; CARB.

Project Description

Present mobility options, especially in dense uri@as are becoming more and more
unsustainable. Major issues that plague presdmngpinclude traffic congestion, loss of
productivity from time spent commuting and/or paikicontinued use of and dependence on
hydrocarbon fuels, increased possibility of acctdehat injure people and damage property,
decrease in quality of life for residents (wasiatkt increased stress, noise, smog, safety), high
cost of ownership for private vehicles (especialtyv ‘green’ vehicles such as electric vehicles
and hybrid electric vehicles), excessive consumpdioraw materials in the production of
automobiles, environmental degradation from greasb@as emissions and by-products from
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the wear-out of parts, and inadequate mass tratagjoor options (slow, limited service area, and
relatively high cost).

Fundamentally different approaches to personal litplre needed to address the problems
listed above and achieve sustainability. An autech&ransportation network (ATN) system
utilizing ‘pod cars’ is one such approach to redgdihe detrimental effects of these issues our
society faces on a daily basis (see for exampledr et al (1978), Rydell (2000), and Shawber
(2012).

We propose to develop and bring to market the edsnaf a solar powered ATN system that
will be scalable, replicable, and that can be ledatithin the existing rights of way in current
urban locales. Our trial project site is locatedhe city of Sunnyvale, California along an area
known as the ‘Mathilda Corridor’ along Mathilda Awge. The hope is that the project —
assuming success — will be replicated in citiesughout California, the nation, and even
nationally as a means of reducing congestion aeénjrouse gas emissions.

The six main resource sections that this envirortat@mpact report initial study aims to focus
on include land use, aesthetics, transportationcandlation, housing, noise, and air quality as
they relate to potentially significant effects e tsurrounding region.

(http://www.engr.sjsu.edu/smssv/project.html)

The proposed project could potentially affect angt all of the environmental factors listed. The
following pages present a more detailed checkhstdiscussion of each of the six
environmental factors checked below.

|X| Land Use |X| Air Quality D Biological Resources

|X| Aesthetics |:| Greenhouse Gas Emissions |:| Geology and Soils

|X| Population and Housing |:| Wind and Shadow |:| Hydrology and Water Quality

D Cultural and Paleo. Resources D Recreation D Hazards/Hazardous Materials

|X| Transportation and Circulation D Utilities and Service Systems D Mineral/Energy Resources

|X| Noise |:| Public Services |:| Agricultural and Forest Resources
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Land Use

Proposed Project

Less Than
Significant
Potentially with Less Than
Significant Mitigation Significant No
Topics: Impact Incorporated Impact Impact
1. LAND USE AND LAND USE PLANNING—
Would the project:
a) Physically divide an established community? O O O X
b) Conflict with any applicable land use plan, policy, O Y O O
or regulation of an agency with jurisdiction over
the project (including, but not limited to the
general plan, specific plan, local coastal program,
or zoning ordinance) adopted for the purpose of
avoiding or mitigating an environmental effect?
c) Have a substantial impact upon the existing X O O O
character of the vicinity?
Environmental Setting
!
! # $ % &
() * +
- / / )
&
n # 0 II
1 /
& |/ 2 2' 3
2' -
4 ) /
/ 5
6 7 8 9
3:* 3
Thresholds of Significancé
,&<=3 > ?
,&<=3 > ?
? ? 7
1 ;
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,&<=3:> ? /

Significance Level:
,&<=3 > <
,&<=3 >,
,&<=3:>9

Impact Explanation:
&<=3>- ? @ &
&-<

0& " 4 &
&< @

Mitigations:
&<=3>& ? 8
A 1 3 3 B
7 :32; 0 ? .

Monitoring Plans:
&<=3>- ? 8 9 3
1 1 " .=
= *Q
@ " ? .
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Aesthetics

Proposed Project

Less Than
Significant
Potentially with Less Than
Significant Mitigation Significant No

Topics: Impact Incorporated Impact Impact
2. AESTHETICS—Would the project:
a) Have a substantial adverse effect on a scenic [ [ X [

vista?
b) Substantially damage scenic resources, X O O O

including, but not limited to, trees, rock

outcroppings, and other features of the built or

natural environment which contribute to a scenic

public setting?
c) Substantially degrade the existing visual [ [ X [

character or quality of the site and its

surroundings?
d) Create a new source of substantial light or glare [ X [ [

which would adversely affect day or nighttime

views in the area or which would substantially

impact other people or properties?
Environmental Setting:

!
n # $ &
() * +

3:* 3
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Thresholds of Significance:

& 3> ?

& 3> ?
)

& 3:> ?

& 31> ?

Significance Level:
& 3>,
& 3>9
& 3>,
& 3!1>9

Impact Explanation:
& 3>- ? .
@ & -
@ n &_<

& 3> &-< @

& 3:>5
&< ?

& 31>

Mitigations:
& 3I>- "o (

&-<

Monitoring Plans:
& 3>, /

(
) C
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Transportation and Circulation

Proposed Project

Less Than
Significant
Potentially with Less Than
Significant Mitigation Significant No
Topics: Impact Incorporated Impact Impact

5. TRANSPORTATION AND CIRCULATION—
Would the project:

a) Conflict with an applicable plan, ordinance or [ [ X [
policy establishing measures of effectiveness for
the performance of the circulation system, taking
into account all modes of transportation including
mass transit and non-motorized travel and
relevant components of the circulation system,
including but not limited to intersections, streets,
highways and freeways, pedestrian and bicycle
paths, and mass transit?

b)  Conflict with an applicable congestion [ [ [ X
management program, including but not limited
to level of service standards and travel demand
measures, or other standards established by the
county congestion management agency for
designated roads or highways?

c) Resultin a change in air traffic patterns, [ [ [ X
including either an increase in traffic levels,
obstructions to flight, or a change in location, that
results in substantial safety risks?

d) Substantially increase hazards due to a design | X | |
feature (e.g., sharp curves or dangerous
intersections) or incompatible uses?

e) Resultin inadequate emergency access? O O O X

f)  Conflict with adopted policies, plans, or programs [ [ X [
regarding public transit, bicycle, or pedestrian
facilities, or otherwise decrease the performance
or safety of such facilities?

Environmental Setting:
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1 /
& |/ 2 2' 3
2' -
4 ) /
/ 5
6 7 8 9
3:* 3
Thresholds of Significance:
-#&< 3> ?
)
3 1
-#&< 3> ?
-#&< 3:> ?
)
-#&< 3!> ? 1 7
-#&< 32> ? (
-#&< 3> ? conflict with adopted policies, plans, or programs

regarding public transit, bicycle, or pedestriatilites, or otherwise decrease the
performance or safety of such facilities, thenntpact is considered potentially
significant.

Significance Level:
-#&< 3>,
#8&<3><
-H#&< 3:><
-#&< 3!>
-#&< 32> <
-#&< 3 >,

Impact Explanation:
-#&< 3 > - /
.8 9 |/ ? -
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-#&<3>- 7?7 /

H#&<3>-  ?
-#&< 31> & ?

-#&< 32> - C

-#&<3>- 7

A B 8 9
3 - ?

Mitigations:
-#&< 31> ?

Monitoring Plans:
-#&< 31> - "6 - & 76-&;
) ) ?
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Noise

Proposed Project

Less Than
Significant
Potentially with Less Than
Significant Mitigation Significant No
Topics: Impact Incorporated Impact Impact
6. NOISE—Would the project:
a) Result in exposure of persons to or generation of [ [ X [
noise levels in excess of standards established in
the local general plan or noise ordinance, or
applicable standards of other agencies?
b) Result in exposure of persons to or generation of [ [ X [
excessive groundborne vibration or groundborne
noise levels?
c) Resultin a substantial permanent increase in [ [ X [
ambient noise levels in the project vicinity above
levels existing without the project?
d) Result in a substantial temporary or periodic [ X [ [
increase in ambient noise levels in the project
vicinity above levels existing without the project?
e) For a project located within an airport land use O O O X
plan area, or, where such a plan has not been
adopted, in an area within two miles of a public
airport or public use airport, would the project
expose people residing or working in the area to
excessive noise levels?
f)  For a project located in the vicinity of a private [ [ [ X
airstrip, would the project expose people residing
or working in the project area to excessive noise
levels?
g) Be substantially affected by existing noise levels? [ [ [ X
Environmental Setting:
!
n # $ &
C O : +

2' -
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4) I

/ 5
6 7 8 9
3:* 3
Thresholds of Significance:
<5 3> ? /
/
<5 3> ? / /
<5 3> ?
? / ?
<5 3I> ?
2 / 2
<5 32> ? ?
/ ) /
<5 3> ? ?
/ ) ? /
<5 3E> ? /

Significance Level:
<5 3>,
<5 3>,
<5 3>,
<5 3I>,

<5 32><

<5 3>«<
<5 3E><

Impact Explanation:
<5 3>- E' 0&
- &< |/ (
" C ?

<5 3>5 ?
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<5

<5

<5

<5

<5

3>&

31>

&-<

32> -

3>-

3E>

Mitigations:

<5

Monitoring Plans:

<5

&-<

3>0

31> -
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Population And Housing

Proposed Project

Less Than
Significant
Potentially with Less Than
Significant Mitigation Significant No
Topics: Impact Incorporated Impact Impact
3. POPULATION AND HOUSING—
Would the project:
a) Induce substantial population growth in an area, [ X [ [
either directly (for example, by proposing new
homes and businesses) or indirectly (for
example, through extension of roads or other
infrastructure)?
b) Displace substantial numbers of existing housing [ [ X [
units or create demand for additional housing,
necessitating the construction of replacement
housing?
c) Displace substantial numbers of people, [ [ [ X
necessitating the construction of replacement
housing elsewhere?
Environmental Setting:
!
"# $ % &
() * +
) , n
- / / )
&
n # O II
1 /
& |/ 2 2' 3
2' -
4 ) /
/ 5
6 7 8 9
3:* 3
Thresholds of Significance:
+54 3> ?
7 ; 7
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+54 3> ?

+54 3> ?

Significance Level:
+54 3>,
+54 3>,
+54 3:><

Impact Explanation:
+54 3> )

+54 3>
3

+54 3> - &<

(

Mitigations:
+54 3>- "

@ "
3 1

Monitoring Plans:
+54 3>- 7
1 1
= *Q

*9

7-
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Air Quality

Proposed Project

Less Than
Significant
Potentially with Less Than
Significant Mitigation Significant No
Topics: Impact Incorporated Impact Impact
7.  AIR QUALITY—Would the project:
a) Conflict with or obstruct implementation of the [ X [ [
applicable air quality plan?
b) Violate any air quality standard or contribute O O O X
substantially to an existing or projected air quality
violation?
¢) Resultin a cumulatively considerable net O O O X
increase of any criteria pollutant for which the
project region is non-attainment under an
applicable federal, state, or regional ambient air
quality standard (including releasing emissions
which exceed quantitative thresholds for ozone
precursors)?
d) Expose sensitive receptors to substantial [ [ [ X
pollutant concentrations?
e) Create objectionable odors affecting a [ [ X [
substantial number of people?
Environmental Setting:
"# $ % &
) , n
- / )
&
n # O II
1
& |/ 2 2'
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Appendix K: Funding ATNs

Introduction

The Sustainable Mobility System for Silicon ValE&MSSV) is an Automated Transportation
Network (ATN) located within the City of Sunnyval@alifornia along Mathilda Avenue, also
known as the ‘Mathilda Corridor’. In the sectioreddw, the funding for a trial project along the
Mathilda Corridor is discussed. Federal, regioaa] local funding sources, as well as
competitive grants are described and their applibato the SMSSV project discussed. Public-
Private Partnership opportunities are also reviewethlly, recommendations on next steps are
outlined. This discussion is meant to provide aareew of the SMSSV funding landscape and
potential paths forward to implementation and opena Over time, new funding opportunities
will emerge, while current opportunities may exponitoring funding opportunities
throughout the development of the SMSSV projeck bélkey to its success.

Federal Funding

The existing transportation funding programs thiatgotentially applicable to the SMSSV
project are discussed below. Any potential hurtesccessing the funding are also discussed.
Traditionally, the federal government has provifi@ading for major transportation investments.
The Safe, Accountable, Flexible, Efficient Trangpton Equity Act (SAFETEA-LU) was the
federal legislation through which these funds wdistributed. The legislation was set to expire
in 2009, but was extended 10 times until it wasaegd by the Moving Ahead for Progress in
the 2F' Century Act (MAP-21) in 2012. MAP-21 is set to @enn 2014 and much of the
specifics regarding accessing the funds are stdeu development. Given the political volatility
in Washington D.C., long-term projections regardiransportation funding sources at the
national level should be viewed with a level of stk@sm.

A final consideration when accessing federal fusdbat a local match in funding is usually
required. The ratio is usually an 80/20 split, megrior every 80 dollars of funding provided by
the federal government; 20 dollars of funding froam-federal sources would be required. The
potential sources for these matching dollars aseusised in the Regional and Local Funding
section of this report.

MAP-21

Moving Ahead for Progress in the®2Century is the most recent federal transportdtioning
authorization, which replaced SAFETEA-LU. Much bétfunding allocated under MAP-21 is
considered “formula funding” which means fundingtdbutions are dictated by formula
calculations, often based on population or existingsportation infrastructure. All “formula
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funds” under MAP-21 require the recipient to beeognized public transit operator. The
SMSSYV project would need to partner with an exgstiecipient of formula funds. There are two
MAP-21 programs, new starts and small starts,dr@specifically designed to implement new
transportation infrastructure investments. The s&asts program is intended for projects
requiring over $250 million in funding. This prognavould not apply to the trial project of the
SMSSV. The small starts program is designed to fumgects requiring under $250 million in
funding. A requirement of the small starts progiantdentifying the public entity that would be
the grant recipient. The SMSSV project would neegdrtner with an existing transit operator,
likely the Santa Clara Valley Transportation Auibo(VTA), to access this funding source.
Another consideration for this funding source s éxisting level of demand. The funding needs
for projects that score well on the small stariteda set forth in the legislation exceeds theslev
of available funding. This results in almost a detd waiting list for funding even for the
highest scoring projects.

All of the specific rules governing the adminisioatof MAP-21 funds have not been
determined and a number are currently under desedop Pending the outcome of these rules,
the SMSSV project could be eligible for other piegs. The requirement that the recipient be a
recognized public transit operator would likely Bppnder all conditions.

Regional and Local Funding

The San Francisco Bay Area includes one of the nigstse regional portfolios of
transportation infrastructure in the country. Tiastfolio includes light rail systems in San
Francisco and San Jose, BART, Caltrain, Golden 8atlge, Bay Bridge, Cable Cars, and even
ferries to complement motor vehicle infrastructdre.support the financial needs of this
infrastructure, a number of regional and local fagdsources have been utilized. These are
discussed below.

Vehicle License Fee

Each year the millions of registered vehicles e Bay Area receive new car tabs. A majority of
this registration fee is dedicated to automobilgpsees, such as road repair and rehabilitation.
However, up to a 0.65 percent fee is currentlyddvp fund local transportation investments.
Most regions in California have fully utilized thisnding mechanism and implementation of an
additional fee would likely require legislationtae state level. Legislation to raise the fee to tw
percent is currently under development. Althouglection of these funds would require voter
approval, many municipalities see this as an oppdst to raise critically needed transportation
funds. The SMSSYV project could partner with an taxgspublic transit agency, or with the City
of Sunnyvale, to explore the opportunity to acd¢bgsfunding source.
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Sales Tax Measures

Most major transportation investments have beégast partially funded at the local level using
sales tax measures. This funding mechanism allomsdnding and accumulation of debt
without which the large expenditures required dgigonstruction of transportation infrastructure
would be extremely difficult to make. The SMSSV jprt would likely only require a relatively
small increase in sales tax to fund the trial. Targling source would require a coordinated
public campaign within the City of Sunnyvale, aikgtly multiple political “champions” who
would be the public face of the tax measure andcat®d trial project. This is a viable source
for the SMSSV project, but would require additiopalitical considerations that are not within
the scope of this report.

Development Related Fees

Development related fees are a promising fundingcsofor the SMSSV project. The specific
structures of these fees vary dramatically anduaually designed to be context specific.
Generally, a fee or tax on development is appliea $pecific geography that directly benefits
from the transportation infrastructure investmdrgsig made. These fees are then used to pay
down the debt amassed during construction of tirastructure. Another approach is to levy
fees on specific types of development, such aslimgié above a certain height or residential
density, however this approach can result in végiddvels of fees actually being collected,
making any debt accumulation a much riskier prapmsi In either case, implementation of any
fee structure requires some level of municipal govent coordination and usually a vote by
those affected by the fee, or the larger munidyoaly.

Parking Revenue

Although not generally considered a major transgimm funding source. The use of public
space for storage of privately owned automobilethagotential to generate significant amounts
of funding in urban environments. Adjustment ofikdag rates has been a politically charged
subject, but should not be overlooked. Accessirgrétvenue source would require coordination
with the City of Sunnyvale and the potential amoairfunds that could be raised should also be
examined.

Public-Private Partnerships

Public-Private Partnerships (PPP) provide one ehtlost viable funding sources for the SMSSV
project. Similar to development fees, the scopesinatture of PPPs vary and are almost always
unique to the specific context in which they arplegal. For the SMSSV project three general
approaches to PPPs are development credits, medremy partners, or Transit Oriented
Development at a system wide scale.
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Development credits would provide incentives fovelepers to support the SMSSV project by
providing space for a station or areas for the Ajtlide way to be located. Landowners would
then be allowed to increase the size or densitii@tievelopment beyond what is allowed under
normal use. This would also benefit the ATN becats®uld concentrate the commercial or
residential uses in areas adjacent the ATN.

The solar power and automated technology of the ApBhs opportunities to partner with
media or energy companies. Solar panel manufastaray see the SMSSV project as
opportunity to widen the market for their produatel media outlets may be attracted to a
transportation system that embraces technologyeatdres modern media elements in the
stations or even the pod cars.

Finally, construction of fixed guide way transpdida was used as a method to develop real
estate in the T9and early 26 centuries in the United States. Property ownemsgthe

Mathilda Corridor would all likely benefit from aadditional transportation option. This increase
in accessibility would result in increased propemjues and likely demand for space in the
Mathilda Corridor. Bringing together property owseould result in development driven
support, both politically and financially, for tiBMISSV project.

Each PPP presents unique opportunities. Thesegpsinips are not mutually exclusive and
would likely work in conjunction, rather than agsiimne another. Public-Private Partnerships
are a viable funding source for the SMSSV project bave essentially no limitations on what is
possible.

Competitive Grants

A number of competitive grant programs exist tlatld be applicable to the SMSSV project.
These include both federal and regional grantsrijedl sources are seen as highly competitive
but the unique technology of the SMSSV project ddag an asset in many cases and separate
the project from its competitors.

Transportation Investment Generating Economic Recoery

(TIGER)

The Transportation Investment Generating EconoreimoRery (TIGER) grant program was
developed to fund projects that would boost ecooantivity. There are separate urban and
rural criteria, but generally the program fundsawative projects with multiple project sponsors
that combine elements of transportation, land esenomic activity, readiness, environmental
sustainability and livability. Projects should denational or regional significance, which would
qualify the SMSSYV project. Although most recipieatghis grant have been identified as
regional priorities with the support from multigleisdictions, this is not necessarily a
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requirement. While the TIGER program generallyrdisites award amounts between $10-20
million, these funds are usually only a small portof the total project funding. The TIGER
program also requires awarded project be readggmniobligating the awarded funds within 18
months, which generally requires the project t@beironmentally cleared when submitting an
application. Although this is a viable source fondling the SMSSV project, a number of hurdles
would need to be cleared before a competitive TIGRRlication could be submitted.

Cap and Trade

California’s Global Warming Solutions Act (AB 323tablished a Cap-and-Trade Program. This
program is expected to generate millions of doliaes will be re-invested across numerous
business sectors to reduce the green house gasi@misf the State of California. While the
specific amounts and uses of these funds haveesot tully determined, a portion of these funds
would likely be invested in green house gas redutriansportation infrastructure. The solar
energy used to power the SMSSV project would otsliplend itself to any program promoting
the use of clean transportation modes. Any disoussi the eligibility of the SMSSV project,
level of funding, or criteria used to determineding would somewhat premature at this point,
but further investigation is warranted as the raled regulations surround AB 32 continue to
develop.

Other Competitive Grants

A number of additional competitive grants existddrich the SMSSV project may be a
competitive candidate. These include the Transpont&und for Clean Air (TFCA), Caltrans
Planning Grants, and the One Bay Area Grant (OB&@dng many others. Each of these grants
likely require some level of partnership with ekigtpublic transit operators or local
governments. The level of potential funding and petitiveness varies by grant. As the SMSSV
project becomes more clearly defined and gaingept@roponents these regional and local
competitive grants should be further examined asmi@l funding sources.

Conclusions and Next Steps

The transportation funding landscape can be acdiffterrain to navigate. The number of
potential funding sources can be daunting. In rewig the current federal, regional and local,
public-private partnership, and competitive grgopartunities a number of conclusions and
recommendations can be made.

Federal funds are better suited for expansion @xasting ATN, rather than implementation of a
new system. That does not mean that the SMSSVaginaauld not be eligible under all federal
programs, but the current structure of these progravors established transit operators and
modes. The SMSSV project could partner with antexggransit operator or municipal

284



government, but this may be difficult and most pribbencies are likely hesitant to take on
additional responsibility without some level of gaiateed funding.

Regional and local funding sources are better ddidethe SMSSV project. Although most
sources require some level of either voter or palitboody approval, the level of flexibility of
these funds is much greater compared to federatea®uA major component of the viability of
any regional or local funding is the level of pi#l support for the SMSSV project.

Public-Private Partnerships provide one of the miaile funding opportunities for the SMSSV
project. Because each partnership is custom deselthe unique nature of the SMSSV project
would not be a hindrance. The level of involvemainpublic agencies and municipal bodies is
minimized under this approach, although it is dohmated. One consideration is the
involvement of private funders and for-profit compes may disqualify the SMSSV project from
other funding sources.

The number of competitive transportation grantgast. Many grants have very specific
requirements that the SMSSV project may or maynmeett. These sources should be further
examined as the SMSSV project develops, but wokidlyl represent only a small portion of the
total funding source for the SMSSV project.

The potential funding sources outlined here issnoomprehensive list, but represent the most
likely and viable sources known at this time. Witme of the sources listed here should be
eliminated from further consideration for the fumgliof the SMSSV project, the most viable
funding source at this time is a Public-Privatetianship. To explore PPP opportunities,
meetings and outreach with business and commueatyelrs should be held. Developing a list of
interested parties would be a first step, afterciluetails of the SMSSV project could be
discussed. The City of Sunnyvale would be a prinpangner in any agreement and should be
kept aware of any and all developments. Finallyettgpment of a PPP is a highly complex
agreement and would require expertise from a numbields including urban planning,
construction, law, and real estate, among othesgh& SMSSV project is further refined and
potential partners become more committed, indivigludth these areas of expertise should be
brought onto the SMSSV team and the funding souwradsed here reexamined for
applicability.
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Glossary

AC
ADA
APC
APM
ASC
ATN
BART
CEQA
CES
CNU
CPUC
CTC
DC
DDA
DOT
DOT
Du
Du/A
EIR
FEA
FTA
GRT

HVAC

Alternating Current

American's with Disabilities Act (USA)
Autonomous Pod Controller
Automated People Mover

American Solar Challenge
Automated Transit Network

Bay Area Rapid Transit

California Environmental Quality Act
Center for Economic Studies
Congress of New Urbanism
California Public Utilities Commission
California Transportation Commission
Direct Current

Disability Discrimination Act (UK)
Department of Transportation
Department of Transportation
Dwelling Units

Dwelling Units / Acre

Environmental Impact Report

Finite Element Analysis

Federal Transit Authority

Group Rapid Transit

Heating, ventilation, air-conditioning
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INIST
Ju

Ju/A
LCD
LED
LIM
LSM
maglev
PRT
RFI
SAM
SAN
SMSSV
SQL
SVIC
UML
USDOT

VTA

The International Institute of Sustainablefisportation
Job Units

Job Units / Acre

Liquid Crystal Display

Light Emitting Diode
Linear Induction Motor

Linear Synchronous Motor

Magnetic Levitation

Personal Rapid Transit

Request for Information

System Advisory Model

Storage Area Network

Sustainable Mobility Solution for Silicon &y
Sequential Query Language

Silicon Valley Innovation Challenge
Universal Modeling Language

United States Department of Transportation

Santa Clara Valley Transportation Authority
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