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Spring 2014 Goa& Accomplishments

Once the Spartan Superway Team received confirmation that they would present their work at Bay Area
Maker Faire 2014each team needed to reassess their semester goaldier @chieve a physical

deliverable that could be transported to San Mateo for the event. all of the teams, this meant scaling
down the theoretical designs in some fashion.

The Bogie Team was able to complete adallle bogie chassis that is the moepresentative of the
theoretical design in relation to the other teams. The bogie uses the actual wheels incorporated in the
theoretical model and was fabricated from lagmirt steel plate, as well as tube steel. The bogie only
lacks a fully functionadteering mechanism, motor assembly, and the painwhich it attaches tdahe

cabin was scaled down due to the smaller mock cabin incorporated for the Maker Faire display.

Although the Guideway that the bogie rides along is alsestidle, it does not sit the fullscale height,

nor do the supports representthe fell O £ S Y2 RSt | & @ ¢ KS DdzZARSglF & ¢S\
required the most significant changes in regards to theoretical design due to safety and transportation

logistics. Instead of fabridag the guideway from steel, the team opted to use wood instead. Not only

did this choice make transporting the guideway significantly easier, it also provided a safer exhibit be
dramatically reducing the likelihood that the guideway might tip. Redesygmew supports for the

JdzARSgl & | faz2 RAGSNISR GKS GSFYQa RS@St2LISyd 27
structural analysis of the theoretical model, the team had to focus on the shorter steel supports for the

wooden guideway to ensure it watd not tip, even when fully loaded and experiencing 27 mph winds.

Instead of fabricating a fuicale cabin, complete with a steel frame, the Cabin Team had to redirect its
efforts into produdnga cabin that could easily attach tioe bogie, without subjugating the guideway to
too great of a additionalload. By retrofitting a towable wagon designed for snowmobiles, the Cabin
Team was able to present a streamlined cabin that was representative of the ATN concept to Maker
Faire spectators.

Similarly, theSolar Team had to modify their theoretical solar panel mount to fit the new guideway
supports, and also to accommodate solar panels that were donated by a sponsor, rather than
implement the solar panels specifically chosen for the theoretical model. by, they opted to

fabricate a static solar panel mount due to the fact that developing a new solar tracking system for a one
weekend event was both time and cestohibitive.

The Controls Team did not need to scale down their design to the same estéme other teams,

primarily due to the fact that safety and transportation were less an issue. The only transportation
problem arose from the limited setup time prior to the event. With only a two day window to setup, the
Controls Team chose to opeeathe pods on batteries rather than rely on the 1/4@ale solar power
transmission system. The only other significant modification was to use fewer microcontrollers on each
pod for better reliability in operation and communication.
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Guideway Team

Theoretical System Model

At the beginning of the semester, the working design was very similar to the design from the fall 2013
semester. That design is based on-4e&am, as shown iRigurel. In the process of analyzing this

design, the guideway team discovered a number of flaws with this design. The main shortcoming
involved the switching mechanism, as mentioned in the previous section.

Figurel. Previous guideany design

At this point, a radical redesign is required. The guideway team was fortunate enough to connect with
Bengt Gustafsson of Beamways AB. This is a Swedish company with a number of years invested in
creating a personal rapid transit system (PRTu$arin Sweden. Due to the influence of the advisors

and professors in the SMSSV team, Mr. Gustafsson flew out to meet with the team for a few days in
early February. It was during this time that the guideway team discussed a number of possible options
for the guideway. Due to his experience in the field and shear breadth of design work already
completed, the team decided to emulate his design, henceforth known as the Beamways Superways
Guideway. There are a number of advantages for this design, whichngla rail design with traverse
supporting rails, the profile of which is shownFgure2. Also shown is an optional covering, which is to
be discussed later.



Figure2. Beamways Superwa@uideway profile

The first major advantage of this design is the shear simplicity of it. The entire profile can be made of
20mm steel, without heavily or costhbkeams. The weight of the design is much lower than the previous
aSYSaidSNDna Y2 RS Figurel Rokf@étively dreate K GuisigfvayA ryore than just straight
sections are required. Nearly every rail system requires curves, which are difficult to create with |
beams.This model uses thin steel, which is easy to bend and form as desired. A major disadvantage of
the previous model involved the cantilever sections as mentioned in a previous section of this report.
The Beamways Superways Guideway profile eliminates thd fa a cantilever overhang during

switches, which will be discussed further through greater examination of this design. Due to a humber of
time constraints, this guideway design has not been fully completed. As mentioned in the introduction,
there are anumber of sacrifices which were made during the semester. By the time the current
crosssection was decided on with Mr. Gustafsson, only two months were left until the end of the
semester. The focus was split between designing this theoretical model,uldihly the wooden model
F2NJ RAALIX @ 3G al1SNRD&a CFHANB® ! FUSNI RAaOdzaaAizy |y
decided that the focus should be on creating a-$athle model for display. This would provide a tangible
object to educatehe public on the idea of PRTs as a whole, and would benefit the cause more than a
fully fleshed out theoretical design. Because of this, the guideway team spent a majority of its resources
and time analyzing and building the wooden model which is detailehe next section of this report. A
working computer model of the theoretical design is completed, but full analyses were not performed

on this design due to the above mentioned time constraints. The bogie team, working concurrently with
the guideway ¢am, created a working design for the switching section, which is a simplified design of
.Sy30 DdzalGl FaazyQa .Sryglea aedaiSyeo .SOFdzaS 2F (K
guideway team, and should be completed by future teams working mpttoject. The completed



theoretical design contains a computer model of the proposed design for a straight section of track,
along with the support structures.

As mentioned earlier, the design is utilizes a single rail with traverse supporting watésllabave. As
shown with the current bogie design, the main load is focused on the single rail. It is made of 20mm
thick steel, which is 180mm tall. For each section of the bogie, this piece must support the main drive
wheel, which rides above rail, as Wa$ a switching wheel located on either side of the lower portion.
The highest lateral stresses on this rail will occur during switching sections, when the two lower wheels
are used to change the course of the bogie. During straight and curved sedtiemsatn lateral load is
supported by the traverse walls near the top of the track. The weight which must be supported is
approximately 300 pounds for each section of the bogie, plus the amount of weight of the cabin and
passengers. Due to the nature of theorities during this semester, a definite amount of weight to be
supported is not known. Because of this, as well as other issues, the guideway team is not able to
provide analysis for the loads supported by this guideway model.

The upper and lower railare attached by a series of steel ribs, which are mounted along the guideway
every 200mm. These provide lateral and torsional stability to keep the rails inline. The full design of this
Beamways Superways Guideway is shown beldvigare3, which contains the rails, ribs, covers, and
supports. All of the steel pieces are created with the same 20mm steel plates, which can be fabricated
using laser cutting to providelatively cheap and quick parts. For the main sections, there are no
components which require special machining or processing. The rails are connected to the ribs with a
series of welds, which provide the highest possible strength, at the cost of relitgralé mentioned in

the previous section regarding design requirements, the guideway is designed to last for 20 years
without replacement, and only preventative maintenance. However, the PRT systems will be useful long
after this amount of time has elapd, so further solutions will need to be developed in the future.

As shown irFigure3, there are two sets of rails operating from the same set of supports. In peactiis
would allow pods to travel in opposite directions without needing to create excess infrastructure. The
two rails are attached with a steel tube, and welded into place. The steel cross beam is placed into a
notch in the support and bolted into placThis is so that the supports can be erected while the rails are
assembled on the ground or offsite. This allows the rails to be hoisted into place, and attached into
place.



Figure3. Guideway straight section

The supports themselves are made with thick steel tubing, which is sunk into the ground to provide
YFEAYdzy atGloAtAadGed ¢2 ONBFGES SIFOK &dzLILR NI F Hné
with a cavity to place the steel vertical tube. Atg point, the exact dimensions of the steel tube are

unknown, and will require further discussion and calculations. To provide a safe and effective design for

the supports, a civil engineer should be consulted. This is because the design involvesuatangeof

concrete and interface with the ground, which is better suited for other disciplines. The current

guideway team is composed of mechanical engineers, which do not have sufficient experience with

these types of projects.

As shown irFigure3, there is an optional cover place on the rightmost rail. This is created to provide
relief from environmental effects. Steel will exhibit some amount of rust when expostée: elements,
and does look attractive at this point. To provide a beautiful skyline, the metal can be covered with a
painted facade which can be refurbished at regular intervals. This also keeps small animals and birds
from entering the track as easilin the same vein, the ribs do not provide a sufficient surface area for
birds and small animals to nest on the track.

Maker Faire Model
Engineering of Support Structure

The Guideway was purposely overbuilt due to the complex nature of wood as a rhatedditionally
the complex internal structure of the guideway made mathematical and computer analysis beyond what
was capable. A broad isotropic analysis was completed in Solidworks and the results indicated that with

8



the additional material and fastemg used the guideway would be capable of supporting the loads
without failure. The verification of these assumptions were done during the assembly of the system,
which is discussed in a subsequent section.

It was determined that the Support Structure wdude the focus of the Engineering for the system.

There were several concerns for failure of these supports and it was necessary to account for aspects to
insure the safety of the public and the team. The scope of the engineering analysis for thisretruct

was buckling, bending, and deflection.

Finite Element Analysis (FEA) was done for the deflection of the support structure under the applied
loads. Seéppendix For the software generated reportFigure4 shows the result for the FEA. The
areas in red indicate the higher levels of deflection and the blue areas indicate @iréav deflection.

As seen o ablel, the horizontal deflection of the top of the support was determined to be 0.368
inches. This value was used to calculate the vertical deflection of the top, outer edge of the guideway.
That deflection was determined to be 0.167 inches. The displacewasimeasured when the system

was fully assembled and found a difference from ten feet (the designed height) to be 0.25 inches. The
displacement fell within an acceptable range and the deviation from the theoretical was attributed to
the support and guideay not being square.

o

Cartesian Origin
for Tipping
Calculations

Figured: The results for the deflection analysis performed using FEA. The distance, D, was the
horizontal deflection due to applied loads. It was found &réra deflection of 0.368 inches
from the vertical.

Tablel: The results of multiple engineering analyses on the support structure. The weakest point for
the support structure was the long angled braces that had a buckling gafgty of 2.9.



Column Buckling Safety Factor = 6.1

Brace Buckling Safety Factor =.9

Column Bending Safety Factor = 7.1

Horizontal Deflection 0.368 in

(D]
Vertical Deflection 0.166 in
Wind Speed to Tip 22.5mph

Several analyses were complet@ithout the use of a computer. The first analygiggendix Awas for

the buckling of the main support column. The column was a 10 foot long, 4 inch square thiciach

tube. The slenderness and tensile yield strength of the steel indicated that the secant column formula
(Appendix A was to be used to calculate the criticaldiling load. It was determined that the safety

factor for buckling of the main support column was 6.1. This showed that the main support column was
much stronger than necessary to resist loading on the member.

Following the buckling analysis for theaim support column, an analysis was done for the bending of
the support under the applied loadégpendix B. The bending moment stress equation was used to
determine the maximum moment that could be applied the column before yielding would occur. This
value was compared to the moment that waspéipd from loading the structure and it was determined
that the safety factor for bending of the main support column was 7.1.

The large, angled, support braces at the base of the support were determined to be the members in
which failure would occur fat, if failure were to occur. This was determined based on the location of

the center of mass for the system and the length of the members. The secant column formula was used
to determine the critical buckling load of the member. The analisi®(! Reference source not

ound.) was completed assuming fixéised ends and an AISC recommend length of 65% of the actual
length. The critical buckling load was comparedhe load applied, and it was determined that the
members had a safety factor of 2.9.

Another concern for the system was tipping due to wind load. The system was to be presented at an
outdoor exhibit and the safety of the public was a primary concemaralysisAppendix D was
completed to determine the maximum wind speed that the support structure could withstand before
tipping occurred. The critical wind spefedt tipping was found to be 22.5 mph. This speed is greater
than the average wind speed for the location that the system was to be presented in and was
determined to be a safe design. An additional contingency plan was put into place which would allow
the solar panels mounted on the top of the system to tilt and reduce the cross sectional area in the
event that higher wind speeds were encountered.
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In addition to determining the critical wind speed for tipping, the force required to tip the system was
determined @ppendix ) and it was found that the wind force for tipping was less than the force

required to buckle the brace members. Another concern was for theliogo&f the braces after tipping
commenced. An analysis was done that evaluated the system while tigppeiidix £ As the system
tipped, the center of mass woultteate a greater moment on the supports and could cause buckling.

The point at which this moment would be greatest was after the system tipp&dntich was when the
center of mass was directly above the axis of rotation. After this point, gravitydvpalil the support

the rest of the way to the ground. The force that the members experienced under the loading produced
by the 22 tipping angle was found to be greater than the critical buckling load as determined
previously, however other consideratiotes] to the conclusion that the supports were acceptable.

The safety factor was 0.86, which was less than 1.0. The safety factor indicated a potential for material
deformation. However, the critical buckling load was determined with the AISC recomuheffdetive
length, which is more conservative than the theoretical prediction. The theoretical prediction was a
critical buckling load of 2300 Ib., which resulted in a safety factor of 1.4. Additionally there were other
factors contributing to the stregth of the joint that were not taken into consideration with these
calculations. The two major contributors not accounted for were the resistive force provided by the
welds between the main support column and the baseplate, and the baseplate resistieebfath in

tension and bending. If those were calculated it was determined that the maximum force on each
member would be less. Coupled with the use of the AISC recommended length, it was determined that
the angled brace members were acceptable to usthéndesign.

It was then determined that under all wind load conditions that the system would always tip and the
support members would not buckle from wind loads or wind tipping situations. It was noted that the
steel support braces slid easily on thefages that they were located. Provided the base did not
encounter an obstruction it was determined that the system would likely slide rather than tip.

Manufacturing of Support Structure

The support structures were constructed entirely of steel. Thelstas provided at a reduced cost

FNRY t5a aiSStsx 2yS 2F {a{{xQa alLRyazNarO® ¢tKS {IYy
Patrick Joice, welded the parts of the support structure together. The parts of the support were

fabricated from diffeent stock pieces of steel. The angled brace members were cut fioch3vide

5/16-inch thick flat stock. There were four short braces and two long braces for each support, as shown

in Figure5. The base was made fromr&h wide %A Yy OK G KA O1 FtlL 0 adz201 o ¢ KS
which was fabricated by welding two short sections of flat stock to either side of the end of a long

section of flat stock. The main sugpcolumn was a 1@oot long, 4inch square, ¥nch thick tube. The

tube was welded to the base, and the angled braces were then welded to the tub and to the base, to

insure that the tube was square with the base. The guideway support arms and baekipéate

fabricated from 8 inch wide, % inch thick flat stock. The backplate hadi®¢hGliameter holes drilled

through it at a specific pattern for mounting the guideway with bolts. The backplate was welded to the
support arms, and then the support assbly, shown irFigure6, was welded to the main support

column. The support assembly was positioned down the tube so the top of the tube would be level with
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the top o the guideway. All welds that were done were solid seam welds to insure exceptional strength
under loading.

Table2: The bill of materials for the manufacturing of the support structure. Aggendix Gor details.

Bill of Materials for Support Structures

Component Queantity Dimensions [in]
Main Support Column 2 4 x 4 x Y4 thick tube, 120 long

Small Brace Member 8 3 x 5/16 thick flat stock?5 long
Large Brace Member 4 3 x 5/16 thick flat stock, 62 long
Long Base Section 2 8 x Y4 thick flat stock, 60 long
Short Base Section 4 8 x ¥4 thick flat stock, 16 long
Support Arm 4 8 x Y4 thick flat stock, 32 long
Back Plate 2 8 x Y4 thick flat stocl20 long

Figureb: The bottom of the support structures. The base pieces were made fimech8vide %inch
thick flat stock. The angled braces were made fremcB wide 5/16 inch thick flat stock. The
main support columnvas made from 4nch square ¥nch thick tube. All welds were solid
seam welds
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Figure6: The support assembly. The support arms and backplate were made firmch &ide, YAnch
thick flat stock. A specific hole pattern wadldd in the backplate for mounting the support to
the guideway

Manufacturing of Guideway Section

The guideway was constructed with the assistance of Keith McKenna, a Civil Engineering Graduate

Studies Student. The materials that the guideway was coctgttiuirom was 2x4 planks, % inch thick

plywood, nails, construction adhesivebtackets, wood screws, bolts, acBannel rail, and a 2x8 plank.

¢tKS 02Re 2F G(G(KS 3JdzARSglI & gl a O2yaiNUHzOGSR o0& FIF oNA
Figure7. The parts of the ribs were held together with nails, and théndckets were screwed to the

joints to provide additional strength and deflection resistance. Riwxs were positioned ever 16 inches

on center down the length of the guideway with an additional rib at each end, and an additional rib at

each point of connection to the support structure. The ribs were attached to plywood sheets on all
faceswithconstlzOG A2y | RKSAABS YR Yyl Afao ¢KA&a LINBRdzOSR
plywood sheets. Additional braces between each rib were added at the top portion of the guideway for
increased torsional rigidity.

The 2x8 plank was machined by Amberwoo8MSSV sponsor. The final dimensions were a 1x7 plank,
16 feet long with a 1/8 inch cap section machined out along the length of the top portion of the plank.
The additional, machined portion was to allow thel@nnel cap to sit on the rail and be flustih the
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wooden portion. The steel rail was necessary for the bogie to ride on. If the rail was not in place there
was a concern about deformation of the wood that could cause failure in operation.

Figure7: The main guideway 2 R& @ LG ¢61a O2yaiNHzOGSR o0& alyRgAOK.
sheets. The ribs were strengthened by attachifydckets to the joints.
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Figure8: The rail mounted on the main guideway section. The rail is cappba\di 120 inch thick
custom Gchannel and attached to the guideway with galvanized steel bolts

The rail, shown ifrigure8, was custom fabricated. A standa@ahannel could not be used because the

interior surface of €hannel has tapered sides. The tapered sides would require the plank to be

machined down farther, which would result in a lack of material needed for support. Therefore, the
solution was to ptchase a 1x2 inch 0.120 inch thick ornamental steel tube, 8 feet long. The tube was
LINE R dzO&anieppiecey. TRe2 2 (i =
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custom Gchannels were glued and fastened to the 1x7 wooden rail witfstaction adhesive and #8

machine bolts. The rail was then attached to the main guideway body with % inch diameter galvanized
steel bolts. At the locations of the support structure connections % inch diameter bolts were used, and
the bolts extended comiptely through the rail, guideway, and support structure backplate. This was
done to provide additional strength to the rail, as it was the part of the guideway that supported the

load form the bogie and the cabin.

Table3: The bil of materials for the guideway. Sé@pendix G: Guideway Part Drawirigsdetails.

Bill of Materials for the Guideway

Components Quantity Dimension[in]

RibPieces 14 2 x 4 planks

Face Pieces N/A ¥4 plywood

Guiderail 1 1 x 7 plank

Rail Cap 1 1 x 1 x 0.12 thick steelehannel
Bolt 16 ¥ diameter 6 long

Bolt 4 14 diameter 8 long

Bolt 10 Y, diameter 8 long

Nut 20 % diameter

Nut 10 Y, diameter
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Washer 40 lhxdiameter

Washer 20 Y4 diameter

Nails N/A varied

Construction Adhesive 8 tubes N/A

L-Bracket 56 1/8 thick 4 inch sides

Assembly of Guideway/Support System

The guideway system was assembled by first wrapping the main guideway body in hoistingAtraps.
chain was wrapped between the two straps, and then a forklift lifted the guideway from the chains. The
Guideway was positioned against the support structure. Holes were drilled through the guideway using
the hole pattern on the backplate as a patterBolts were then plunged through the holes, and

secured. Once all bolts were connecting the guideway and support structure together the forklift
released the guideway and the supports solely held the guideway. The chain and hoisting strap was
removed. A hole was drilled on the top of the guideway and an-bgh was fastened at the center of

mass, that would allow for future relocation and assembly by attaching a chain to tHeoétyand

wrapping it around a forklift. Plywood caps were constructed ssrédwed to the ends of the guideway.

The caps prevented the bogies from rolling out of the guideway and onto the ground. The caps were
only screwed on to allow for easy removal. Easy removal was necessary so the bogies could be slid out
of the guidewaywhen relocation was desired. The guideway was painted with flat white exterior paint,
and the back of the guideway received a Spartan Superway logo stencil. The bogie were slide into the
guideway and the cabin was fastened to the bogies. The solatparee mounted on the top of the
support structures.
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Figure9: The assembled guideway system, set up for display at the Maker Faire in May 2014.

Next Steps

Theoretical Model

As mentioned in the system model section, there amreumber of areas which require further work. The
guideway team was unable to provide a number of calculations due to insufficient data from other
teams, as well as time constraints. A major objective which must be completed before work can
progress is thanalysis of stresses on the rail. Once the combined weight of the bogies, cabin, and
passengers is known, FEA analysis of the design can proceed. There are a number of parameters which
can be optimized. The design of the ribs can be changed to provielie#f support against torsion and
bending. At this point, it is unknown which of these is a larger problem. The height of the rail may be
adjusted to ensure that it does not bend under the combined load.

The switching section is integrated heavily with the bogie team. At this point in time, the bogie team has
created a rough design which interfaces with their wheel setup. To create a working design,
collaboration with their team is required. This is to eresthat a number of parameters, including wheel
height and position during switching, are taken into account.

To create a safe and effective design for the support system, collaboration with civil engineers is
required. There are too many unknown variebwhich come into play when working with concrete and
ground soil. The basic design is provided, but it is assumed at this point that a number of changes will
need to be made. Also, the visual impact of these supports must be taken into account beaaugallth

be placed frequently in urban centers.
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Maker Faire Model

The guideway was constructed while considering additional iterations, or additions to the system. What
was determined to be a significant improvement to the system would be an additioswitehing

section of track. The switching section of track can be built with the same dimensions and height as the
straight section. Similar supports could be constructed, although some engineering would need to be
completed in order to insure that thengled braces could support any changes in loading. The switching
section could be attached to the straight section in a similar fashion as the support structure is attached
to the straight section. The ribs at the ends of each section, could be bujtdst one another and

the support could be positioned at the joint. An additional steel plate can be added to the opposite side
of the backplate and it would act as a multiple bolt washer for the guideway. The switching junction is a
vital part, and argably to most important part of the guideway. It is important to showcase the

Fdzy QliA2ylfAGe 2F GKAA LI NLGZ a2 GKS O2yO0SLii OrFy
fundamental in implementing the ATN in their cityscapes.
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BogieTeam

On the Superway PRT vehicle, the bogie is the component which navigates the guideway and supports
the cabin and its passengers. It is responsible for propulsion, braking, structural support, sway control,

track switching, and interfacing with the pewconduits located on the track. The bogie is located above
'y A i W, ' ‘

Figure 1: Superway Bogie Prototype V1.0 in Guideway at Maker Faire (Photo Credit: Dr. Buff Furman)

The bogie team is responsible for all structure and components between the guidaddie roof of
the cabin. The following interfaces exist between the bogie subsystems and the other components of
the Superway design:

1 Wheels/rollers in contact with the guideway

1 Mounting points on the roof of the cabin

f Contact points to transmit powerttee bogie from the3rail

1 Communication between control system and bogie controller (method TBD)

Requirements and Specifications
The guidelines, criteria, and constraints of the Superway Bogie were defined during the fall 2013
semester. All system motleomponents have been or will need to be selected and designed to meet
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them. For a full breakdown of the Design Requirements and Specifications, see appémnqieadix!:
Bogie Design Requiremerdaad Appendix Bogie Design Specifications

Design Challenges

There are a number of design challenges with regards to the Sparmengay Bogie. The critical design
challenge which was resolved this semester was defining wheel placement to enableblegied
guideway switching for a suspended podcar design.
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Figure 2a: Train Switch Figure 2b: ATN Switch

In a conventional train or light rail, it is acceptable to have moving parts in the track in order to direct
trains in one direction or another. This is because each car in the train is heatliegsiime direction

as the one in front of it, as illustrated in Figure 2a. Additionally, the lead time between each train is
typically large. In the event of a switch malfunction, the train is nowhere near the switch, and can be
safely stopped before itaches the switch, avoiding a derailment.

By contrast, an ATN guideway must be completely static at the guideway switch. Hypothetically, each
car in an ATN may wish to travel the opposite direction of the car in front of it, as illustrated in Figure 2b.
In order to achieve this with moving parts in the guideway, the parts must be able to move very rapidly,
as the lead time between cars will be very small. Additionally, the cars will not be able to stop before
entering the switch if there is a malfunctiom. the case of a suspended vehicle, the subsequent
derailment could equate to the car falling off the guideway, causing injury, death, and property damage
for the occupants and everyone in their path.
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It is possible to increase the gap between cars, theirbgeasing lead time and allowing cars to be

beyond a safe braking distance of the switch, which could signal a malfunction. Doing so, however,
would enlarge the space between cars significantly, resulting in inefficient use of guideway space. Since
infrastructure efficiency is the hallmark of the ATN, this approach is undesirable. It is a commonly
accepted requirement of an ATN that switching must be handled by the vehicle, not the guideway.

Figure 3: Guideway Groove Problem

Designing for thetaticcguideway condition with a suspended cabin is a unique challenge. The guideway
itself is a barrier between the bogie and the cabin, so guideway designs usually have grooves in them.
Figure 3 is an image of a previous design iteration wherein theslicagieled along anBeam shaped
guideway. As the red arrows point out, at the switch, the bogie must travel over a groove in their rolling
surface. This problem is common to most designs. Allowing the support wheels to roll over such a
groove causes wean the vehicle and discomfort for the passengers.

The particular-Beam design shown above was shown to not suffer from this jolt in the ideal case, but
the realities of deflection on cantilevered pieces of the guideway made the design unviable.

Theoreti@al System Model

The majority of progress on the system model achieved this semester was in designating the wheel
placements during normal rolling and switching operations, as well as the basic structure of the bogie.
Other bogie subsystems have been updhte reflect changes to the overall system design. Currently,
there is no 3D assembly of the complete system model with all of its subsystem components, as our
efforts were focused on building the V1.0 Prototype.

Chassis
The structure of the bogieiscomfpd SR 2 F G KNBS LASOSaw28aSa4BEf ¢ yRI2
O2yySOiGAYy3a -AISHE & y-Boiss ldde kiot cbnstrained for rotation on the horizontal axis
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perpendicular to the guideway direction if they are not attached to thiedrl Bothhalf-bogies can
rotate along a vertical axis with respect to thebBr to enable travel through turns.

Figure 4: Solidworks rendering of Superway Bogie Prototype V1.0

The HBar is what attaches to the roof of the cabin and bears the weight of the eaoiiits occupants.
It is also a potential mounting point for other components which may be necessary in a complete
design.

Wheels

The wheels on each hdibgie serve particular purposes. As colored in Figure 4 above, the red wheels
are polyurethane and see to keep the bogie vertical in the guideway and to rotate it as it goes through
acurve.

The grey wheels are steel, and support the weight of the pod car. Only one of the two wheels on each
half-bogie are needed to support the weight of the podcarriBginormal operation, one support wheel
is not in contact with the guideway.

The green wheels serve to keep the support wheels on the guideway rail. Though not shown in Figure 4,
another green wheel is present on the bare axle in Figure 4, which sergamtlwich the support rail of

the guideway and keep the support wheel in position. This also functions as part of the switching
mechanism which is discussed below.

Suspension has been deemed unnecessary for the following reasons. Firstly unlike a fianze] s

have precise control over the rolling surface for the bogie, and steel is exceptionally smooth. Secondly,
being a suspended design, the walls of the cabin and the wbiggrting members over distance act like

a springdamper system, alleviating sath amounts of noise and vibration. Thirdly, most other

suspended systems have no suspension system to speak of. If suspension was deemed important for
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passenger comfort, it could be placed at the Hadfjie Hbar interface or between the Bar and the
cahbn.

Iterative Design Process
As discussed above, arriving at this chassis wheel placement design is the result of multiple iterations of
guideway and bogie designs.

W 59

Figure 5a: Square SpbBibgie Design

, ~ 7 ™~

Figure 5b: Tubular Bogie Design

Figure 5cl-Beam Design

LYAdGALrf RSairAdya o6SNB olaSR 2y GKS mkmH aoltS Y2RS
square tube with a groove cut in the bottom for cabin support. It was decided early on to change to a
circular cross section to improvesthetics and wind loading properties. Avoidance of the "groove
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bump" phenomenon was attributed to the steering system, which provides a moment arm resisting the
GKSSEt FrittAay3a Ayidz (GKS aINR20ST (K2dzaAK ®it&EdNE 2 7F
problem.

The idea to use halfogies originated from the spliiogie design shown in figure 5a. This minimizes the
widening of the guideway necessary in a corner

The tubular design shown in figure 5b sought to allow rotation of the bogie in theraiber than hinge
the cabin from the bogie to allow banking during cornering.

Both tubular guideway designs were ultimately rejected due to stiffness concerns from the guideway

team, wherein the-Beam design was developed. Details of HB=am designan be found in last
aSYSaiSNna NBLRNI® ¢KS RSaAdy gl a akKz2gy (2 (GNF @St
case of zero guideway deflection.

Collaboration with Beamways

The Bogie Team has had the distinct pleasure of working with Bengtf€astaf Beamways AB from
Sweden. In January 2014, Bengt presented his design for a suspended ATN bogie, shown in Figure 6a
below. Initial concerns with the complexity of the bogie and the sheer number of wheels created
skepticism. When analyzing the Beaays Guideway Switch, shown in Figure 6b, we presented Bengt
with the idea of consolidating the support rail and the steering rail. He was satisfied with us pursuing
that design change, and agreed on neutral ground for intellectual property.

Figure 6a: Bamways Bogie in Guideway
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Figure 6b: Beamways Guideway Switch

Another notable design difference is that the switching mechanism on the Beamways design operates
on a slider rather than a rocker. This enables guideway override of the steering arnmiéthanism to
move it is broken, eliminating the need for a bogie with a broken steering mechanism to come to a stop.

It is also important to note that all wheels on the Bogie Prototype V1.0 are property of Beamways AB
and are in the custody of the Spart&uperway project with the understanding that our development of
the prototype is valuable to Beamways. Should Beamways deem the Superway Prototype too divergent
from their design intentions, they reserve the right to recall their property.

Propulsion
Propusion for the podcar is achieved by electric motors in the-baffie bodies. Driving force will be

applied to the ceiling of the guideway, and power for the motors will come from an electric power
conduit in the guideway.

Motors

Figure 7: A Wheel Hub Mw (Image Credit: www.proteanelectric.com)

The motors used for the propulsion system are electric wheel hub motors witlc@atifined friction
brakes. These motors are capable of regenerative braking as well, and may need external liquid cooling.

25



The wheel pokes up through the top of the hadbgies, between the upper wheels. This is identical to
the Beamways Design.

Traction System

AL ///F/[\////

Figure 8: Traction System

In order to force the drive wheel into the ceiling of the guideway for traction, a mechanism which can
move the drive wheel is installed in the bogie. This system can increase traction in order to enable
climbing of steep grades and can reduce rollingifnicby dropping the drive wheel down into the body
of the bogie. It should be noted that increasing force from the traction system increases the reaction
forces all over the bogie where it contacts the guideway.

A potential configuration for the tractiogystem is shown in Figure 8. The linear actuator (pink) changes
the angle of the axle arm (black) pressing the drive wheel (blue) into the guideway (red).

Undetermined Components

Do not touch the electric third rail or the
four high-voltage paddles which stick out
from beneath each car!

Hl?h
Voitage
Paddle

Figure 9: High Voltage paddles on Bart (Image Credit: www.bart.gov)
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The emainder of the propulsion system, namely the cooling system, power supply, and power interface
have yet to be designed, and are dependent of the requirements of the specific wheel hub motor. If the
power supply can take single phase power, then a singigeped rail can be attached to the guideway
wall, with a highvoltage paddle making contact with it such as on Bart. Ground can be transmitted
through the support wheel into the guideway.

Switching Mechanism
The method of guideway switching for the Supeywfal'N is both elegant and effective. Figure 10 shows
the guideway switch.

Figure 10a: Guideway Switch Entry

When approaching a guideway switch, the bogie rolls onto a second support rail on the other side of the
bogie. The two support rails sandwich thegie between them, making contact with the green wheels
at the bottom of the bogie.
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Figure 10b: Guideway Switch Exit

With the bogie securely supported and constrained, the wheel which gripped the outside of the support
rail (herein called the steeringheel) can be safely moved. If it remains in place, it the bogie will follow
the support rail it is grabbing. If it moves and grabs the other support rail, the bogie will follow the other
support rail instead.

Movement of the steering wheel is achievediwa rocker arm, as shown in in Figure 11. The actuation
method of the steering arm is not yet determined. During normal operation, the steering wheel must
remain in contact with the support rail to ensure safe operation, and it cannot require powergo.do

Latches (shown in pink) will hold the steering arm in the position it is in. They will be mechanically
released when the bogie is in the section of Guideway where both support rails are present. This can be
achieved mechanically or electronically.
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Figure 11: Bogie CreSgction with Steering Arm

For a brief time, the wheels at the top of the bogie must be unconstrained during a guideway switch.
This is a problem because those wheels provide the moment which counteracts the moment caused by
the offse of the center of mass from the support rail. To keep the bogie in the track, a flange is added
for a few meters (visible in Figure 10a). An additional wheel is added to each side of the steering arm
which engages that flange and prevents the bogie fraliing out of the guideway. Those additional
wheels are not shown here.

Sway Control

Another undetermined element is the sway control system. In order to provide a comfortable ride for
the passengers while navigating guideway corners at speed, the rwaisinbe allowed to tilt, banking
during cornering. While that could be accomplished passively with a hinge, the cabin would rock back
and forth during passenger entrance and egress, and wind would make an uncomfortable ride.
Therefore, an active system foontrolling the swaying motion of the cabin is needed.
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There is the potential to allow-a@xis sway to occur, so that the pod car can accelerate faster than would
otherwise be comfortable, and so the pod car could climb steep inclines without tilting at an alarming
angle to the occupants.

Emergency Systems
Inthe case of an emergency, backup systems are required in an ATN pod car to ensure that the network
is a safe mode of transportation.

Emergency Brake

In order to stop the Bogie if the propulsion system fails to, a simple friction brake functions as an

emerlSyO8 oON}1S® ¢KAA A& SalLISOAFfte AYLRNIIFIY(d O2yaat
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Figure 12: Brake Pads (Image Credit: www.zigwheels.com)

Brake padsas shown above, can be pressed into the guideway, possibly clamping the support rail.
Actuation of this system must be able to be triggered remotely and by passengers in the cabin.

Tow Bogie

In order to move notunctional bogies if they break down, adie with no cabin can be employed. In
order for the bogie to safely control the broken pod car, it must be able to interface with a rigid part of
the frame. If possible, it should also be able to actuate the steering mechanism on the broken bogie.

Maker Fae Model
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Figure 13: Superway Bogie Protoype V1.0 shortly after being constructed

In order to generate public interest in our project, as well as to show off our engineering prowess, the
Superway Bogie Prototype V1.0 was built for display at Maker.Faisea fulscale prototype, utilizing
the same wheels in the same configuration as are intended for the final design.

Our design of the frame was limited to our manufacturing ability. The frame was built out of plate steel,
plasma cut by a CNC machiaed various sizes of tubes and axles. Analysis suggests that the bogie can
handle around 1000 Ib of weight, which is not enough for the full cabin, but should be enough to carry
one to two people for demonstration purposes.

In leu of a steering rockerdrs G KS a0SSNAYy3I YSOKFYAAY A& aAyYdz I (SF
and wheel on it which fits into a receiver tube located at the bottom of the bogie. To simulate the
switching of the steering arm, the pipes can be removed and inserted from tlez sitle of the bogie. A
cé IEfS K2ftR& (GKS LIALIS Ay LXIOSe» . SOldzasS 2F GKS f
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and wheel to fall off.
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mounting point for such a system in the future. The receiver tube for the steering pipe can also be a
mounting point for a true rocker mechanism for V1.1.

Finite Elerant Analysis

Creo Parametric 2.0 was used to render and perform a static finite element analysis (FEA) on the Maker
Faire exhibition model of the bogie. Two versions of the full bogie model were created: one specific for
static analysis, and another for @éed assembly. In the analysipecific versiorfFigure 14, each bogie
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unit was made as a single part and joined together in an assembly with the celéamh, in order to
simplify the number of elements and reduce analysis time.

The detailed versionf the model recognizes all of the separate components needed for assembly,

allowing individual editing of components and detailed exploded views as shdvigure 15A static

analysis of this model could not successfully be performed due to contifsid®2 NB Ay / NB2Qa
center hbeams rendered in the models do not depict the actual design in the Maker Faire model. This is
due to the later timing of design decisions and construction. A simplified point/surface of loading was

made in this model.

Figure 14: Solid FEA Model (Simplification)
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Figure 15: Exploded view of a Riatigie (Full Assembly)

Static Analysis Preparation

The loaded and constrained model is showfrigure 16The vertical support wheels (gold) and upper

guide wheels (red) are constrained in the same manner that the bogie would interface with the

JdZARS6l @ dzyRSNJ f2F R® ¢KS dzZLJLISN) 6 KSSt & NBIljdzA NBR O2
requisite of suficiently constrained entities. A 500Ibf load was applied to the bottom end of the center

h-beam. While that weight figure was much larger than the actual mgxkabin, there was concern for
unexpected loads such as additional loading or leaning on ttabin.

Figure 16: Bogie Model with loads and constraints
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The goal of this analysis wasdetermine von Mises strede determine safety factor, and deflection to

identify any considerable deformation that could cause the bogie to slip out ajufdeway. Wind

loads were not addressed at the time of analysis because of the late arrival of the mock up cabin to

determine dimensions for rendering.

The analysis was set as a Milss Static Analysis with a polynomial order of 9 and convergenae set t
10%. With the expectation to materialize for Maker Faire, no shell idealizations were utilized as they
would further simplify the analysis, but at the cost of accuracy; therefore the model was treated entirely

as 3D solids. All parts were assigned 8s3f

LISNJ / NB2Qa

al G§SNA L

~

a

I $4A3Y Y

layers on the wheels were mainly intended for noise and interface wear reduction, as opposed to
attributing to the strength of the wheels which are dominantly steel.

Using the AutoGEM feature indcy, element sizing was further refined by decreasing maximum edge
turn from 95 to 30 degrees to better recognize round features of the model. The AutoGEM graphic and

summary is shown iRigure 17with the statistical data regarding the types and amouritelements

subject to analysis.

AutoGEM Summary X

Entities Created:

Beam: o Edge: 45142
Tri: 0 Face: 63863
Quad: 0 Face-Face Link: 0
Tetra: 27731 Edge-Face Link: o
Wedge: 0

Brick: 0

Criteria Satisfied:

Angles (Degrees):
Min Edge Angle: 5.00 Max Edge Angle: 174.25

Max Aspect Ratio: 11.85

Elapsed Time: 0.67 min CPU Time: 0.67 min

Close

Figure 17: Bogie AutoGEM graphic and summary
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Results

Stress van Mises (WCS)

(psi)
Loadset LoadSet! : BOGIEANALYSIS

1.466e+04
1318e+04
1.173e+04
1.026e+04
8795e+03
7 329e+03
£ B63e+03
4397e+03
2932e+03
1.466e+03
184305

o -

Figure 18: Bogie veMlises stress fringe plot

Displacement Mag (ACS)
(in)

WMax Disp 1.1396E.02
LoadsetLoadSet! : BOGIEAN

0.01140
0.01026
0.00812
0.00798
0.00654
0.00570
0.00456
0.00342
0.00228
000114
0.00000

Figure 19: Bogie Deflection fringe plot

Figure 18 and figure 1¢how the von Mises and deflection fringe plogspectively. The static analysis
required 7 passes to reach its maximum polynomial order of 9. As reported in the .RBaefile

AppendixK: Bogie Static Analy$jshe maximum von Mises stress was 14541.46psi, and concentrated in
the middle of the center #beam, particularly at the junctions. However, the convergence of this value

was only 13% as opposed to the 10% as set in the preliminary analysis menu, whideambtiddthe

possibility of a higher von Mises stress value. This value results in a safety factor of 2.88, as it occurs on
the A500 Grade B steel tubing which has a yield strength of 42,000psi.
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When accounting the weight of the actual meagf pod to beless than the tested 500Ibf, the
unsatisfactory convergence value did not guarantee a higher risk of structural fdihegenaximum
deflection reported in the .RPT file w@$1139 inches. Asigure 19ndicates, the maximum deflection
takes place agaiim the center hbeam, andincreased levelare alsdfound at the support wheels and
bottom end of each bogie unit. Given the small magnitude of deflection, in addition to the high safety
factor, this analysis suggested that the Maker Faire model wouldleeta bear static vertical loads
greater than that of the mockip cabin.

Excel Force Model

Utilizing static force and moment equations from CE99, an excel model for forces acting on the contact
surfaces (wheels) of the bogie was generated for variousas@n This was used to determine what

sorts of forces the various wheels would need to cope with.

_ A B C F G H I J K L M

1 Assumptions: Value Units  ConvertedtoSl  Units |

2 |Total mass of Podcar 1360 kg
Distance from top of support rail

3 to Center of Mass 3m 3m F1 q h F2
Distance between bogie

4 |Centerlines 1m im

5 g 9.81 m/s/s 9.81 m/s/s

6 | Amax 05¢g 4,905 m/s/s

e

8 Dimensions Value Units  ConvertedtoSl  Units

9 Top of support rail to F1/F2 650 mm 0.65 m

10 |Center of support rail to F1 50 mm 0.05 m

11 | Center of support rail to F2 350 mm 035 m [ } i \

12 | Top of support rail to Fst 149.6 mm 0.1496 m - “

13 |Centerline to Fs 150 mm 015 m l {

15
16 | Fs
B — Fst J

Figure 20: Force Model Assumptions

One page of the workbook (shown in Figure 20) is dedicated to assumptions made about the dimensions
of the bogie and th guideway. Information such as the mass of the podcar and the distance from the
center of mass to the guideway were assumed, and can be changed as more accurate information
becomes available

Results of the model (shown in Figure 21) are hardly conclugixen the amount of guesswork
involved, but were a good starting point to know how to load a completed bogie frame in FEA, and for
selecting wheels.
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1 A B C D E F G H I J
i Case: Static Hanging Value Units
2 | Left Guide Wheels 0N Fs 133416 N
3 |Right Guide Wheels 625.7004 N Ma(mg) 2001.24 Nm
4 | Center Wheels 1251.401 N F1 0N
5 |Support Wheels 6670.8 N F2 2502.801 N
6 | Steering Wheels 0N Fst 2502.801 N
7
8
) Casc: Left Turn Amax [TV
10 |Left Guide Wheels 2467.186 N Fs 13341.6 N
11 |Right Guide Wheels 0N Ma(mg) 2001.24 Nm
12 |Center Wheels 0N Fa 6670.8 N
13 Support Wheels 6670.8 N Ma(Fa) 4080 Nm
14 | Steering Wheels 4934.371 N Fst -9868.74 N
15 F1 9868.743 N
16 F2 0N
17
18 Value Units
19 |Left Guide Wheels 0N Fs 133416 N
20 |Right Guide Wheels 4006.676 N Ma(mg) 2001.24 Nm
21 |Center Wheels 8013.352 N Fa 6670.8 N
22 |Support Wheels 6670.8 N Ma(Fa) 4080 Nm
23 | Steering Wheels 0N Fst 16026.7 N
24 F1 0N
25 F2 16026.7 N
26
P¥Ql Case: Traction Modes DTN 2x (N) 0.5 1 2
28 | Left Guide Wheels 0 0 0 Fs 20012.4 26683.2 40024.8 N
29 |Right Guide Wheels 938.5505 1251.401 1877.101 Ma(mg) 2001.24 2001.24 2001.24 Nm
30 Center Wheels 1877.101 2502.801 3754.202 Ft 6670.8 133416 26683.2 N
31 Support Wheels 10006.2 13341.6 20012.4 Ma(Ft) 1000.62 2001.24 4002.48 Nm
32 |Steering Wheels 0 0 0 F1 0 0 0N
33 F2 3754.202 5005.603 7508.404 N
34 Fst 3754.202 5005.603 7508.404 N

Figure 21: Inertial Force Excel Model Results

Construction

The construction phase of the bogie begaittwguarter inch thick steel metal she¢t®m PDM PDM
lasercut the sheets of metal to the desired shape. All of the square tubing and solid circular bars were
purchased through PDM as well due to convenience and cost. Receiver tube was purchasett@s well
an outside manufacturer to provide the necessary support and functionality for the steering arm.

Once dlof the material was purchased, tisguare tubing and solid circular bars weré and drilled to
specifications. Drawings are availablédimpendix: Engineering Drawing®nce all the necessary
materials were cut to size, the fitting stage began and all of the pieces were fit together to ensure that
eveything was the proper lengtand that there was no interference.

The bogies were built one at a time by standing up two plates about 6 inches apart from one another
and sliding the proper tube or solid bar through the designated slot that was laser ciiNdy Fhis
allowed the bogie to stand freely arsthape The bogie was then tipped over onto its long side from the
standing positiorfor aligning and clamping. Three solid bars were cuthenlathe to exact length®
ensure that a vey tight tolerance waschievedThese solid bars were used as spacers to put in
between the two bogie plates so that the distance from one plate to another all throughout the bogie
was equal. Threehape clamps were used to clamp the plates of the bogie to the proper orientat
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to ensure that the plates were as close to parallel as possible. Seen bdtiguie 22are images of how
the clamps and spacers were incorporated into assembling and preparing the bogie for welding.

Figure 22b: Thogie clamped together on the welding table
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A Miller MIG electric welding machine was used to provide the necessary welds to withstand the
calculated loads. Each piece of square tubing was adjusted into the exact pladeeartdak welded.

Once all of the square tubing was tack welded, the alignment of each of the tubes was checked to make
sure that they were all in the desired location still. Everything was still in the right position which meant
that permanent welds coulbde completed Each square tube was welded all the way around to ensure
maximum bondingnd strength. Figure 23a what the welds looks like around one of the square tubes.

Figure 23a: A complete weld around one of the square tubes

The same procedure atated above was done for the circular solid bars. Each bar was tack welded into
place and the checked for alignment. After alignment was verified, a full complete weld was done.

Figure 23b: Full weld done around solid axle bar
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After all the welds wereompleted, a wire brush and grinder was used to clean and polish the welds.
The same process was done for the second bogie with alignment of the tubes and rods, tack welding,
and complete welding to ensure that both bogies were identical once completest. #dth bogies

were welded in all the necessary spots, thbdr was welded on the ground to ensure that all surfaces
were perpendicular with one another. The final step to building the bogie was to install all of the
bearings and wheels. All of the whedit into place as planned due to good tolerances. Below in Figure
24 is an image of the bogie fully assembled.

Figure 24: Fully Assembled Bogie

Next Steps

Though a lot of progress was made this year, only a few critical components have beenvieibpdd.
Nearly everything other than the placement of the wheels needs design work, and the V1.0 model can
be modified and improved to more closely resemble a final bogie design. The2R@43Bogie team
recommends the following aspects be considered designed.

40



System Model Development

Though the wheel placement, the dimensions, and the distance between bogies has been constrained,
the actual structure of the frame has not. What we modeled was based on our ability to build it. In
reality, the bogie W need to be much more specialized, with cast parts and unique pieces. A bogie
frame should be developed which can withstand all the forces that it will need to in real world
operation.

Another consideration for the frame is the degree of movement figr HBar. The amount that the-H

bar can rotate with respect to the bogies determines our turning radius. As of right now;lblae Iits

the plate steel with less than 10 degrees of rotation. Perhaps a design whereintie2af A Sa R2 y Qi
rotate around thér center could be designed, or a large connectiod like design could develop for the

H-bar, wherein the bogie can articulate 360 degrees, and all the weight would be supported through the
center of the connecting rod loop. This would allow the turmiadius to shrink to a meter so the podcar

can turn in place, making compact stations easier to design.

All other aspects of the design which are not represented on the prototype have yet to be placed in the
system model. Continued research is called 64422015 students should be able to develop a 3D
model assembly containing all the subsystems described in this document.

Bengt Gustafsson has interesting ideas about using sliding mechanisms rather than rockers to handle the
steering wheels.

Another apppach which bears some consideration, although it is problematic, is to allow the bogie to
be unpowered, and have a cable in the guideway which the bogie clamps on to like a cable car. Such a
system could reduce the possibility of podcar collisions, thdauglould mean coasting around junctions

or corners.

Prototype V1.1

The Prototype built for Maker Faire was specifically designed to let systems to be tacked onto it. At
minimum, the 20142015 students should succeed in installing a propulsion systemanglete the
steering system. Even if a rocker/latch mechanism is not built, there needs to be an additional moment
counteracting wheel for guideway junctions attached to the steering arm.

The Hbar is not difficult to replicate, and if a different shapewabe beneficial for mounting
components, a new far can be fabricated and installed.

The V1.0 Prototype is the first suspended ATN bogie prototype in the country, and is worth about $6000
in materials. Use it to promote the cause of ATN and adaptbeta better demonstrator.

Scale Model with Switch

Because building a full scale guideway switch takes not just money, but land, it would be advantageous
to build a 1/12 scale model of the bogie with a working rocker steering arm and a guideway switch that
can be moved by hand. It could be built using 3@eprinter, lasercut acrylic, or ME41 shop skills. The
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rocker/steering arm can be screwed into position. This will be useful in proving to the skeptics that our
design will cleanly navigate junctions.
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Cabin Team

After reviewing the 2012 n mo / | & Begigniwvsrk, ti€2013014 Cabin Team proceeded from
where they left off. In the 2013 Fall Semester the current Cabin Team, along with the entire Superway
Team conducted a field survey of our target market to further justify the design work previarsy d

and the slight changes made to this years Cabin.

¢tKS 6A33Said OKIy3aS 61 a&a YIRS (2 GKS /loAayQa aiail s
the riders interviewed mentioned that overcrowding at the station and on the trains was a resje i

for them, especially during commuter hours. Therefore, the Cabin Team decided to slightly increase the
interior size of the previously designed cabin from 80 inches to 120 inches long illustrated in Figure 1.

This extra length still allows for 4 pale sitting but also adds more room for those that travel with

bicycles and extra personal items while not feeling crammed and still enjoy a comfortable ride. In

conjunction with the Industrial Design Team the Cabin Team also decided to add a benchsaiedne
accommodate families or riders with a more personal relationship.

10

FigurelO. Interior dimensions of cabin
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Theoretical System Model

Frame

The frame structure is always a main concern when it comes to vehtcdiews the vehicles to

properly support the passengers and hold everything together. Of the 3 conceptual designs of the cabin
developed in the 2013 Fall Semester the frame shown in Figure 2 is the one that was chosen. The frame
was chosen based on easEFEA simulation and the ease of manufacturability once the cabin goes into
construction phase in the future. The frame base shown in Figure 3, where most of the load will be
concentrated, was derived and slightly modified from the frame design develasedemester.

The cabin frame must have a durable and lightweight structure, while being cost efficient for
manufacturing purposes. Based on common automobile chassis and frames the team decided to use
hollow aluminum 1060 for both side sdtames andhollow alloy steel for center main frame. The
purpose for using aluminum for the side sfithmes is because it is lighter, meaning it will allow the
cabin to use less energy and higher performance.

According to the Center for Disease Control and Prever(ttDC) the average male weighs 195Ilbs. The
frame was designed to support a max of 6 men at 250Ibs, which is a safety factor of 0.78, this comes to a
total of 1500Ibs. For further reliability a safety factor of 2 was added to bring the total allowable
supported by the cabin to 3000Ibs.

Subframe \

Main-frame
Figurell. Original frame modeled with Solidworks
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Figurel2. Modified mainrframe section of cabin

Finite Element Analysis (FEA) wlase using Creo Parametric 2.0 and the results are shown in Figure 4
and Table 2. The cabin is overly designed and will hand the load of passengers with minimum stress and
negligible deflection.

Stress von Mises (WCS) 47035 Displacement Mag (A/CS) 000576
(Ibrmi{in sec'2)) 450000 (in) 000518
Loadset LoadSst! : PRTOD01 40000.0 Max Disp 57592603 000451

35000.0 LoadsetLoadSet! : PRTOD01 000403

[ 30000.0 000346

25000.0 000283
20000.0 000230
15000.0 . 000173
10000.0 = 000115
£000.00 0.0005%

000000

“Window!” - Analysis] - Analysisi “Windowl” - Analysis] - Analysist

Figurel3. Creo Parametric 2.(ER results for von Mises (left) and displacement (right)
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Table4 - Frame Properties

Tube Materials

Aluminum 1060 and Alloy Steel

Materials Tubing Size

166 OD x 0.095

0 (

Frame Weight

266.88 Ibs

Table5 - FEA results

FEA Software Creo Parametric 2.0

Constraints Fixed at bogie attachment locations
Passes 6

Yield Strength 63,100 psi

Maximum von Mises 47,323.5 psi

Maximum displacement 0.00576 in

Factor of Safety 2

The frame was modeled based on the several industrial designs and the cabin team decided to go with
the trapezoid prism. This frame structure is aerodynamically efficient as well as esthetically pleasing. For

this design, the cabin would be able to withstban incoming air velocity between 25mph to 50mph.

The team calculated the cabin would travel at an average speed of 35mph. Although 30% higher, due to
/T oAy ¢SIYQa RSAAIYS GKATS
0.8, from Figure 5, the following calculations shown below show an acceptable drag force. To

O2YLISyalisS F¥2N)J 4GKS AyONBFraSR RNI3I T2NDS

the increased size, than 20421 M o

design. This will allow the cabin to keep the power consumgtace minimum.

0KS Rdz f
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8.2462"

Figurel6. Front crossectional view of suframe dimensions

Table6 - Unit conversions

English (in) Sl (m)
a 2 0.6096
b 6 1.8288
C 8 1.8288
d 8.2462 2.5134
Area (b*d) 49.4772 4.5965
Aerodynamic resistance formula:
O Bz "z0) zQ z0
C
E z z z J
c PE CHP @ ULZTZTD WP L 38
Table7 - Equation symbols and values
Variable Symbol Value Unit
Drag Force Fp 551.6 Newtons
Density " 1.225 kg/m?
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Velocity % 15.65 m/s
Drag Coefficient Co 0.8 unitless
Area A 4.5965 m?
Exterior

The exterior of the cabin is always the main concern for aesthetically pleasing and aerodynamics
purposes illustrated in Figure 8. Based on the calculation, the team decided to go with a trapezoid
shaped cabin to allow firectional travel withthe least amount of drag force. The cabin will have doors

on both sides to provide Hirectional entrance and exit for the passengers. The doors are 3ft wide to

be ADA compliant and 7ft tall the height of a standard door. Providing enough of a scenfonviiglers

to enjoy was taken into the design consideration therefore, the doors come with a 42.38 inches tall
window, shown in Figure 9 and has 31.8in tall side windows for seating passengers. Based on the transit
industry, most of the vehicles are usilagninated glass to reduce the cause of injury if it breaks. The
laminated glass will be manufactured by using 2 pieces of glass and one piece of transparent polyvinyl

butyl plastic (PVB).

Figurel?. Exterior of the cabin
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Interior

¢tKS AYGSNRAR2NI 27
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Figure 9. Door windows

Ffgleéa GKS YIFIAYy 02yO0
previously mentioned, in order to be able to fit 4 to 6 passengers and provide storage space, the team

cQ E yQo

¢tKS AyidSNR

two seater bench. Both seats and bench will be foldable and come from Freedman Seating, a company
found by the 2012013 Cabin Team that builds seats for public transt &gure 10. The seats are

foldable to easily create space for standing passengers and wheelchairs. There is 1.5 ft space to allow
passengers to store bikes in middle of the 2 one seaters, Figure 11.

Figurel8. CitiSeat byrreedman Seating

50



5=

Figurel9. Distance between seats for bikes and other personal belongings
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Figure20. Side view of interior

Figure21l. The 2 seater bench
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Figure22. Section view showing the door mat and hand rails

Maker FaireModel

For the Maker Faire model, the cabin was donated by one of our sponsors, shown in Figure 15.
Although not to full scale the cabin was chosen due to time comégraind because it easily

represented the concept of how an actual cabin would attach to the bogie. Initially the model was a
yellow snow coach. As a transformation to a more visually appealing cabin the team power washed then
painted the exterior with mliiple coats of white plastic dip spray paint and used a blue glossy interior
paint for the strip down the middle, Figure 16 and Figure 17. Logo decals were added on either side of
the cabin to give it a nice touch.
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Figure23. Oiiginal condition of donated snow coach

Figure24. Finished cabin connected to the bogie by tHsaHat the warehouse
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Figure25. Completely assembled system at the 2014 Bay Area Maker Faire

The CADnodel with the Hbar attachment for the bogie is shown in Figure 18. The cabin is 105 inches
f2y3 YR np AyOKS& 6ARS® Li KIFIa o 6AYyR2¢6a 2y 020K
thickness of the cabin is approximately 1.5 inches.

Figure26. The Maker Faire Model with attachment modeled in Solidworks

In order to able to support and attach the cabin and the bogie together, the Cabin and Bogie Teams
decided to attach a steel-biar with a supportive cabin flat bar.
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Figure27. Hbar attachement

InFigure 19,the4d  NJ A4 Hé E Hé 6AGK (GKS (KAOlySaa 27
geometry dimensions and it is 21 inches long. The screw hole is 2 inches above the bottonitedge w
inch diameter and a 1.25 inch spacer.

Figure28. Supportive cabin flat bar

In Figure 20, the supportive cabin flat bar is 2x1in with the thickness of 0.125in. The flat bar will be
installed from the inside of cabin aritdwill be supported by 4 screws on each flat bar. The centered
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through the cabin and attach to the-bar, which will be connected with a 1 inch screw.

Model rame: 13 Sin_Balt

Study reme: Screw

P type Statc dsglacemert Disphcemert |

Detarmation scale: 284901

URES (mm)

42980005

' 3940-005
. 3581e-005
. 32200005
. 2865-005
. 2507e-005

l 21490005

B 1.791e-005
L 1430005

1.074e.005

7.163e-006
3581006
1.0006-030

Figure29. FEA of displacement of the screw with applied load using Solidworks

In Figure 21 and Figure 22, shows the 1 inch screw would be fully able to support the cabin. In this case,
the team applied 300Ib on the screwhich has 0.000042mm displacement and the applied load is
greater than the cabin weigh (200Ib).

Model name: 1inx3.5in_ Bt
Study name: Screw
Pl type: Staic rodal stress Stress1
Deformation scale: 28401
von Mises (Ni2)
183,0700
167,800
L 152500
- 1373500
. 122100
. 1068700
n. 915300
" 763900
L 61,1500

. 459100

305700
154300
1900

— Vield strengti 620,422,000

Figure30. FEA of stress on the screw with applied load using Solidworks

Based on our analysis, we have concluded withatischment design for the bogie and the cabin. This
design would be able to easily attach and detach on the bogie.
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Next Steps

Moving forwarda functional full size model needs to be constructed with the advised design and
materials. In order to accomiish this a scale model should be tested in a wind tunnel to determine the
aerodynamic efficiency of the cabin design along with a more rigorous finite element analysis on the
frame structure. Interior design and amenities need to begin to be incorpoiatedhe cabin as well

as user interaction capabilitie® cost analysis needs to be done on the selected materials to determine

feasibility with allotted budget
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Solar Team

What is the best way to spread the word about a solar powered Automated Transit Network? SMSSV
wants more people in the public to learn about the idea of a solar powered ATN system, and the
construction of a lifesize model at the annual Maker Faire in San Mateo, California would be the way to
do that The Maker Faire is an annual get together of thousands of innovators, inventors, and artists in
the technology community The goal of the Maker Faire is to brirgggéther a group of likeninded
individuals to inspire others to create, invent, or make something, anything, that can possibly improve
our daily lives or for funSMSSYV wants to show others why an ATN would be more cost effective than
other public transpdation networks that have been proposed and explain how the system is more
sustainable than other alternativesVith a life size model, a 1/12 scale running track with moving pods,
and a replica model of what a pod car looks and feels like, othersendlble to better understand what
ATN is all about.

Maker Faire Model

The main objective for the solar team in this second semester of the SMSSV project is to construct a life
size solar panel frame that would then mount onto the guideway that the susgkpdd car would be
running on. The solar panel frame would be highly engineered to withstand the loads, stresses, and
weather conditions that would occur in the area for the Maker Falirm last semester, design
requirements and design specificatiomgve already been thought out for the final desidfor the

Maker Faire design, the same criteria will be implemented in order to see if those specifications will hold
up to real world manufacturabilityThe five subsystems that will be used for the Makaire model will

be:

- Power Collection
- Power Transfer

- Frame

- Guideway Mount
- Tracking

Each one of these subsystems will be driven by safety, system efficiency, manufacturability, and
operation This is to ensure that the Maker Faire model is created whighnhindset that the model is a
prototype to a real world model that can and will be made in the near future.

Power Collection

The means by which all power is to be generated for the Spartan Superway is through the solar power
system. The goal is to have afficient system that balances individual module efficiency and cost
Through much research, the modules incorporated into the final design are SunPowg4XPanels

It was determined by the Solar Team that these panels would best fit the dedigmeceistablished in

the Fall SemesterThe design is centered on efficiency, and the SunPoweBA2panels boast a 21.5%
efficiency rating, which is higher than most other commercial competitors. The more efficient each
module is, the better the enté system will perform.

An added benefit in the decision of using the SunPower34Blpanels is that they are among one of
the most favorably aesthetic panels on the market.



Figure31: SunPower X2245

Power Transfer

Once the errgy is gthered from the sun to the Sunker X21345 modules, it must then be

transferred throughout the system to provide power to the electrical systems within the Cabin, Bogie,
Guideway, and Station. To accomplish this, the Solar Team has souroedréer ithat will provide a

high efficiency as well as hold up to the robust power demands of the systemmethod of power
transfer the system will be using an Enphase M250 Microinveffars inverter will be able to handle all
possible loads from #solar modules, as well as preform at approximately 96% efficiertogse two
LR2AyiGa 6SNB ONRGAOFET Ay GKS {2t NJ ¢SlhhefEaghase 3aSaavYs$s
M250 has a simple design, making it every easy to install and blend iy toaation In thismicro

inverter, the DC circuit is isolated and insulated from Ground, so no ground electrode conductor is
required This saves expenses on extra parts and labbe Enphase M250 also has an option of
including a 25 year warranty,daring the reliability of the product.
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Enphase'M250

Figure32: Enphase M250 Microinverter

Although the goal of the Solar Team is to provide 100% of the power to the Spartan Superway system, it
is still important that the inverters be tied the grid This is more a safety precaution and a backup

plan within the system|lt is always important to be connected to the grid in case of any power failure
issues This ensures that the Spartan Superway will be able to operate properly at all times.

Power Distribution Diagram

SO LAR PAN EL ————— Combiner Box —m : 28
‘ Disconnect
DC
AC AC Breaker Panel
Breaker Panel Disconnect
. —~‘ Inverter
Utility Meter
AC Loads DC Loads

Figure33: Power Distribution Diagram
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Frame

The design behind the Maker Faire model was to keep it simple, yet make sure it fulfills its requirements

of holding up the solar panels used to collect energy and to connect to the guideway itself. The material

that was chosen was Aluminum becauseftis 3K 6 SAIKG X Sl ae& G2 62N)] HAGKI
dljdz- NS 0SFY g1+ a dzaSR F2NJ 0KS FTNI YS -pakdesignivihmky ¢ K
an overall dimension of 18ft x 2 %2 ft. The dimensions are based on the size of the solar panafs used

well as the decision of how long of a guideway was to be made for the Maker Faire model. The frame is
O2yaAraitSR 2F F2dzNJ LIASOSA GKIFIG 6SNB ¢LD ¢StRSR (23
technician, Pat Joyce. Pat made beautiful, stronfglaren the pieces for the-bar design so that they

would be strong enough to hold together no matter what.

The structural integrity of the frame was also very important because real life applications were
implemented in the Maker Faire model in orderdee if our design model would be successful.

Therefore, extreme weather conditions were considered as a precaution. Such conditions included
maximum operating temperature of 133, minimum operating temperature é20°F, maximum gust of
69mph, maximum suained winds of 9.96mph, maximum days of rain of 7 days, maximum days of snow
of 2 days, and just in case, maximum earthquake strength of 9.48 on the Richter scale. Of all these
conditions the one that was most realistic was the maximum gusts becausel#rgaoels would be so

high up above the guideway and attached to the guideway columns, high winds in the San Mateo area
could definitely become a factor in tipping the whole structure over if not engineered properly.

Figure34. Simple Fbar design of the solar panel frame with aluminum as the material of choice.
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Figure36. Final outcome of the aluminum solar panel frame with the thin film solar panels that would be later on mounted onto
the frame itself.

A static failure analysis was performed in order to verify the design specifications set bygtheazing

team. This simulation was first performed at thdrbime itself to consider the extreme wind loads of

788 Ibf. This design parameter was derived from assuming a gust wind force of 69 mph loaded onto the
H-frame. As a result, a maximum Von Mi&#sess point occurred at the center of the frame (9 ft from

the end points). Here we can see a maximum Von Mises Stress of 3000 psi and maximum displacement
of 1.173e001 inches.
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Figure37. Wind Load Simulatiog Static Test
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Figure38. Von Mises Stress Plot
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Guideway Mount

The mounting of the solar frame to the guideway is important because the structural integrity of the
overall system degnds on it. Just like the theoretical model, if by some chance the solar frame gets
dismounted from the guideway then the whole system would lose a portion of its power because the
solar panels are connected to the frame. To ensure a solid interfacesbatthe solar frame and the
guideway, engineering analysis must be taken into account before the actual construction and
manufacturing of the mounts. Finite Element Analysis for loads, stresses due to loads, and displacement
were done on two parts, the frae mount and theguideway mount.The two mounts are between a

three foot column to increase the visibility of the solar panels and increase its efficiency. Both mounts
were also designed for easy installation. ¥z inch hole were to be drilled into thetmand the

guideway with a bolt to connect the two together. Once the guideway mount and guideway column are
aligned, the two can be easily bolted together, and likewise for the frame mount. This is a necessary
step for the final theoretical design as wieécause in real world applications, SMSSV wants to design a
system that saves time and money when it comes to installation.

As a result of the discussion of the mounting points with the solar panel to the guideway, a static failure
analysis was performeak both mounts on each column in order to verify the satisfaction of engineering
design. From the analysis, loads were applied on the guideway and frame mount at the surfaces where
most deflection would be seen due to wind loads and fixed where the madurews would attach to

the guideway and frame column. From the images as a result from the analysis seen below, the highest
stresses were seen at the guideway mount showing a maximum Von Mises Stress of 30 ksi, which
showed the lowest safety factor of@lZ. This is due to the mount showing deflections on tHedre

due to high wind loads and potential failure locations in the compression of the mount.

Figure40. Frame Mount; Static Analysis Setup
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Figure4l. Frame Mount Von Mises Stress Plot
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Figure42. Frame Mount;, Displacement Plot
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Figure43. Guideway Mount, Static Analysis Setup
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Figure44. Guideway Mount Von Mises Stress Plot
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Figure46. Solar Panel FrameMaker Faire Final Design
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Figure47. Guideway with SoldPanels; Maker Faire Final Design

Tracking

For the sake of the Maker Faire, tracking was not implemented into the deshgnreason for this was
because of the limited time we had to create the model and to test out its functionality. A realistic

model would be static to represent how the solar panels would look on top of the guideway and to show
how the solar panels collect energy for the system. The final theoretical design was designed for tracking
to be more efficient by tracking the path of the suwdughout the day, so if the static mount works

than the tracking system would be even more efficient.

Maximum efficiency drives the incorporation of solar tracking into the solar power system. To make the
design as efficient as possible, the controkeysis designed for optimized system performance. A

robust design is incorporated to ensure a durable drive unit and control unit. Tracking stability is a
required feature of the system, and is integrated into the design via the control system and tsiegdhy
design of the overall solar system.

Theoretical System Model

Design Requirements and specifications

The Superway Solar Power System design requirements are based weeks of research, interviews with
solar engineering professionals, and team brainstagrsessions. Per accepted systems engineering
practice, each design requirement is expressed as a single, discrete statement describing a specific need,
function, performance level, quality, or constraint relevant to the system.
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The list of requirementsds been broken down into Goals & Objectives at various Tier Levels. Fhe top
level goals and objectives are noted as [Tier 0] requirements. Aet@brequirements, these

objectives address the most basic solar power generation and functionality of skenswlong with
additional goals of interest to the entire Superway Team. All lower Tier requirements are ultimately
derived from these togevel goals and objectives.

The overall scope of the Superway Solar power system is to design and implemeeina alyshergy
generation that produces energy efficiently, reliably, and is easy to manufacture. The overall scope leads
to the [Tier 0] design goals and objectives. The most important [Tier O] goal that is executed in the
design is ensuring that the SoRower system generates enough energy to power the ATN system in its
entirety, while remaining as a reliable source during the lifetime of panels. The execution of this goal is
seen in the stretch of solar panels above every inch of the guideway. This imesiime possible surface
area available for the panels, while not having to take up any space on the ground. There is also an
aesthetic appeal to the user seeing that form of transportation they are using is powered with a
completely renewable source ohergy. Another important [Tier 0] goal applied to the final design is to
maximize the overall efficiency of the system. This goal is executed in our design through-axésgle
tracking system. Applying this tracking system ensures that the solar pailidiawve the maximum
exposure to sunlight any given time during the day.

¢ KNRPdAK2dzi GKS RSaAdy LINRPOSaa GKS {2fF NI ¢SIFHY KI a
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on current weather conditions in Silicon Valley, other competitive solar panel companies, other possible
inverters, and also tracking systems that are currently available. Comparisons and information on

research are found in th&ppendices B, C, and D.

In order to account for a situation that might occur that are out of our control, a safety factor of 1.2 is
Ot OdzAf F ISR Ayid2 GKS G4SFYQa FTAYlLIf AaLISOAFAOLIGAZ2YAaAd
the system can handle the Silicon Valley area is crucial in order for the system to not overheat or

freeze over. The maximum and minimum operating temperatures that we calculated wetie 488

20°F, respectively. Wind is a major factor when it comes to safety of solar patgsde high winds can
dismantle solar panel setup or even shift its position which would result in inefficiency. A maximum gust
of 69 mph and maximum sustained winds of 9.96mph is factored into the overall system. Another
common weather factor that the &m is considered is rain. The amount of rain can definitely affect the
energy output if there are too many days of rain and not enough days of sun. A maximum of seven days
of rain is accounted into the overall system. Although Silicon Valley has notengetisnow since

1976, as a precautionary measure, a maximum of 2 days of snow is also factored into the overall system.
Lastly, the most common natural disaster that occurs in the Bay Area is earthquakes. These usually
occur unannounced and for an unpiiethble amount of time, so the worst case scenario is accounted

for. On that note, the system is designed to sustain a maximum earthquake of 9.48 on the Richter scale.

Along with the overall system specifications to operate safely and normally, the overall system design
also has specifications. In order for the solar system to transfer the energy output into the ATN,
specifications have been determined for the local &ieal grid. The voltage connections to the grid

should are 208, 240, 277, 400, and 480 VAC. Also, the typical frequency synchronization is 60 Hz. Since
the module system can induce an excess amount of energy the power transfer system can handle, a
maximumproduced power of 13kW requirement is applied. Although a siagle tracking system is
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implemented in the final design, it is important that the system has flexibility with rotation for the
purpose of maintenance. With respect to rotation, the maximugrtical rotation is 360and a

horizontal rotation of 180 The mount that will hold that solar panels is designed to hold a maximum of

8 panels and is able to support a combined weight of 537.6 pounds (67.2 Ibs. x 8 panels, with 1.2 safety
factorapplied). Lastly, the overall system is required to support bottyaff and grietie inverters up to

15kW of power.

Conceptual Design

Ly 2NRSNJ G2 S@Ffdzad 6S GKS LINBLISNI RSaAdys tdz3KQa YS
alternative designa@ncepts in a basic decision matrix. This method is chosen instead of the robust

decision matrix due to the evaluation being used to determine preliminary design parameters which will

have more detail once a specific system is chosen. In this caseffeverti design concepts for system
specification were taken into account as seen in the figures below.

vvvvvvvv

Figure48. Static Mount Concept

Table8. Alternative Concepts for Design Consideration.

Alternative Concepts
Single Axis Tracking on a Horizontal Axis Concept 1
Single Axis Tracking on a Vertical Axis Concept 2
Single Axis Tracking on a Tilted Axis Concept 3
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B. Single-axis tracking on a horizontal axis

Figure49. Single Axis Tracking on a Horizontal Axis.

C. Single-axis tracking on a
vertical axis

Figure50. Single Axis Tracking System on a Vertical Axis

A, Single-axis tracking on a tilted axis

Figure51. Single Axis Tracking System on a Tilted Axis

The four design concepts chosen were evaluated with chosen parameters including relative importance
in order to decide which system is preferred based on the criteria shown in Table 2.
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Table9. Criteria for Basic Decision Matrix

Effect Criteria
Postive +1

None 0
Negative -1

Tablel0. Basic Decision Matrix

Basic Decision Matrix - Solar Panel Mount

Issue: Choose a Solar Panel Mount System

B
= - a o
g2l = &5 &l &
= PR 9 ] ]
] = = = o
= 8| §| &§| &
B |&|OC |0 | O
Mass Efficiency 15 +1 0 0 +1
Manufacturability 30| _ +1 0 +1 -1
Power Generation Efficiency 20 E -1 +1 +1 +1
Safety 15 |+ ] 0 0 0
Maintenance 10 +1 0 +1 0
Ease of Installation 10 +1 0 +1 0
Total 5 1 - 0
Weighted | 60 | 20 70 5

Based on the evaluation of the design concepts in the basic decision matrix, the most important factor
taken into consideration is the manufacturability and power generation efficiency of the smunt.

With these two factors along with the other parameters chosen, the results indicate that a-akigle

solar tracking system on a vertical axis is the best design concept to be used when considering the solar
panel mount design. This design ceptseems to be the easiest system to design, manufacture and
maintain because of less moving parts in this type of siagige tracking system. The following figures

show 3 dimensional models of the final concepts evaluated. Figure 7 is the final cohosgh for

further design and analysis.
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Figure52. 3D cad design of initial brainstorm session designs.

Figure53. 3D cad design cut out of single axis system from brainstorm sessions.
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Figure54. 3D cad design of single axis tracker concept derived from brainstorm sessions.
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Figure55. 3D cad design of horizontal single axis tracker derived from brainstorm session.

Figure56. 3D cad design of tilted tracker derived from brainstorm session.

76



Next Steps

The final design is a singggis tracking system and that evolves from research conducted at the initial
stages of the design process. The next step in the prgdotimplement the specifications and do

more in depth analysis on life cycles, critical stresses, costs of materials, construct a full scale prototype.
The Life cycle analysis is to ensure that the solar system can last through the elements of natyse and
time. Critical stress analysis is essential to understand how the mount is able to hold the solar panels
and withstand the forces of the solar panels and other environmental factors. The cost analysis is to get
an understanding of how much money tfieal design will cost. Besides this kind of analysis, it is

important to come up with a system to install the design efficiently. If the guideway towers are going to
be high above the ground, it is most efficient to assemble everything on the groundseral system of

some sort to hoist the structures safely into position. Another design feature that requires further
development is the power transfer mechanism and how it integrates with the final design of the bogie
and the electrical power grid.

The fnal design set for the maker faire was only a demonstration of the potential analysis that needs to
be done in order to create a realistic design for the ATN system. A realistic design of the system should
utilize a single axis tracking system which retjuire additional research and fund allocations in order

to implement a dynamic system into the SMSSV Superway project. Due to time constraints and
budgeting issues, the design of the solar power generation system was kept simple. Most of the
challengedaced were seen in the manufacturing of the frame design and additional avenues could be
explored for future designs. The mounting attachments to the guideway system were custom mounts
that were created by weldments which in the future could be improvedriegting a design that utilizes
existing brackets and mounts seen on the market to ensure the feasibility of the design for the actual
system if implemented. If resources are utilized more, the cost as well as the feasibility of the design of
the solar pever generation system in the future will satisfy system specifications.

77



Controls Team

The Spartan Superway Controls Systemtsaln (Controls Teamjevelops and implements the
softwarerelated components necessary to automate the transit network. Atilgbest level, this

means that any scheduled trip on the Spartan Superway system will run entirely without manual
intervention, from the moment a Superway rider purchases their ticket, to when they step off the pod at
their final destination. The undertyj responsibilities within the Controls System to achieve such a goal
range from manipulating the pod motors to go forward, to providing awitje communications

network capable of monitoring and scheduling pod travel routes.

The Controls teamesponsibilities primarily consist of three main areas: the network architecture, the
pod local intelligence, and a 1/12 scale physical system model. The network architecture comprises all
the front end and back end elements that process the varioustidienver functions, such as receiving

ride requests, scheduling pod routes, and relaying information between the main server, stations, and
pods. The pod local intelligence encompasses the software and hardware required to provide each
individual pod withsufficient onboard intelligence to allow autonomous operation, meaning that after
receiving a single message from the server, a pod will complete a trip without additional commands
from the server. The 1/12 scale system model provides the testing piafiorthe network

architecture and pod operations, ensuring that the two components merge seamlessly, and also serves
as a public demonstration platform during Spartan Superway exhibitions.

5dz2NAy3 GKS CrHft wnmo &SYSaidSandgodl Wes todevelop DBigna ¢ S| Y Q
Requirements and Specifications to provide standards and guide the future development of the Spartan
Superway Controls System. With this goal achieved approximately half way through the semester, the

team proceeded focusstefforts on developing a system of electronic control units (ECUSs) that could

govern individual subsystems and connect to a master device via a standardized communication

protocol.

At the beginning of the Spring 2014 semester, the confirmation of a BxyMaker Faire exhibition

lead to an additional goal of havirtige 1/12 scale model ready for public demonstration. Presenting at
Maker Faire created an opportunity to display the efforts of Spartan Superway to potentially thousands
of Silicon Valley redents. At this same time, it created an enormous amount of pressupediducea

reliable 1/12 scale model, which ultimately lead to a simplified design that was less representative of the
full-scale design the team must simultaneously work towards.

Theoetical SystenModel

As previously stated, the primary components of the theoretical design at the current stage of
development are the network infrastructure and the ptavel intelligence infrastructure. Going

forward, the network infrastructure will falvithin the Computer Engineering domain, and the pedel
intelligence infrastructure will reside in the Mechanical Engineering domain. The main goal of the 2013
2014 Controls Team was to develop a modular development platform that would facilitageeindent
development of different subsystems and allow for easier changes in regards to integrating new sensors
or actuators to accomplish tasks, rather than redesigning from the ground up to accommodate new
hardware.
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Electronic Control Unit Network

Fordeweloping the Control Systems required for the pods to funciiatonomously, the Controls Team
lookedat similarsystems of ECUs used in modern automobiles. The electronics and sensors governing
vehicle operation are networked using standardized commuigogtrotocols, which in the case of
automoabiles is Controller Area Network (CAN) bus. The hardware developed by th@D3 82am
physically resembled this system, with the Raspberry Pi as the primary ECU and the PICAXE
microcontrollers operating as th&ubsystem ECUs; however, the limited capabilities of the PICAXEs
prevented the possibility of a standardized communication prototoladdition to facilitating
independent subsystem development, a standardized communication protocol would also help the
transition to a more robust, industigvel computer system once the Controls System is sufficiently
developed.

Switching to the Arduincompatible platform provided the greatest opportunity to proceed in the
necessary direction for a modular developmerdatfidrm. The first key benefit of switching to Arduino
compatible microcontrollers is the familiarity to new Mechanical Engineering students when they join
the Spartan Superway team, as it is the platform that is taught throughout Mechatroorzsentration
classes.

The second key benefit is that it provides the greatest opportunity of scalability as the performance
needs of an individual subsystem increases or decreases, particularly in regards to the number of pins
required on a microcontroller to acconodate all the necessary sensors and actuators. Increasing
subsystem redundancy will often require the addition of more sensors to monitor or verify the states of
actuators. If a greater number of pins are required, or greater processing power, the tenbsg be
migrated from an Arduino Uno to a Due or Mega. Scaling down the subsystem could be done by
migrating to the Arduino Nano, the Teensy, or even one of the ATTiny chips.

Regardless of the size of the microcontroller used, the Ardaorapatible patform supports numerous
communication protocols either directly or through the use of Arduino shi€lt® most notable

protocols are Intefintegrated Circuit €C), Serial Peripheral Interface (SPI), @Ad\bus. Although, CAN

bus is more common in ingtry, it is not as fuligdeveloped within the Arduino platform as the other
protocols. The CAN shield for Arduino costs almost twice as much as the Arduino itself as well. The
chips used to produce the shield are surfaceunt components, so fabricatiryshield manually is cost
prohibitive as well. After consulting the Computer Engineering students, SPI was chosen for its speed
and reliability. With SPI, the subsystem network would consist of a single master device and numerous
slave devices, whichansmit data to the master device when requested by the master device.
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ade with [ Fritzing.org

Figure57. SPI System Network. The master and slave devices share three common pins, and each slave has its own selection
pin on the master device.

In develging the Controls System with respect to the 1/4cle model development platform, the

master device will consist of an SJOne microcontralieningFreeRTOS free reaktime operating

system. The SJOne is a microcontroller with an ARM Cli3gxrocessor that is exclusive to the

Computer Engineering department of San José State University, so future Computer Engineering team
members will already be familiar with its operation. Using a-tiea operating system is critical for the
future developmenbf the ControlsSystem so that the system can respond to events intiged rather

than waiting for prior tasks in the sequence to completée SJOne microcontroller also has multiple
methods of wireless communication between itself and a computer beiro§JOne microcontrollers.

e
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Figure58. SJOne Microcontroller. The SJOne microcontroller has wireless capability and rutima ogarating system.

Speed Control
At the end of the Fall 2013 semester, it was determined that the Speed Control System would be a state
space system. However, after further discussion with professor Hemati, the team realized that directly
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controlling both motor speed and acceleration waghly improbable given our current level of

knowledge and experience in control systems. As a result, it was decided to use of PID controller to
directly control the motor speed, hence the pod's speed. The acceleration limits would be met
indirectly through tunings of the PID constants. As the motors being used for the scale model remained
DC motors, the transfer function of the complete system (controller and plant) remained
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With: K, = Proportional control constant

K = Integral control constant

Kqs = Derivative control constant

J = Rotor moment of inertia

b = Motor viscous friction constant

L = Motor armature inductance

R = Motor armatureesistance

K¢ Motor torque/electromotive force constant (Sl units)

These motor characteristics were determined experimentally using the methods described in the
Determine Motor Specifications section. Also, changes would be made to the feedback tbep of

system. Instead of using a phototransistor to monitor the speed of the motor, an optical quadrature
encoder would be attached to the motor to read the speed of the output shaft. The sensing principle
remained relatively the same but the integratedcexler would offer better accuracy and easier

packaging. To simplify the system, the feedback gain was assumed to be unity. The input to the system

was modeled to be a step input
r
——»+  —> Kp+K (1/s)+Kss —> K/ ((Js+b)(Ls+R)+K?)

\ 4

controller DEmotor

Figure59. Block Diagram of Speed Control System

The PID controller was designed with two main goals: to bring the motor to the desired speed and to
maintain that speed until a new speed limit is received. To achieve these two goals, the steady state
response of the system would be the dominating aspleat dictates the design of the controller,
specifically the value of the PID constants. On the other hand, to make controlling the acceleration
indirectly possible, the controller will be tuned to meet the transient response criteria, specifically the
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rise time of the system's step response. Per APM standards, the maximum allowable acceleration of the
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acceleration was calculated to be approximately 0.456 seconds. This value would be the rise time value

for the step response of the system.

Before designing the controller, the natural (uncompensated) step respof the plant (DC motor) was
acquired using MATLAB and is showRigure60. The response showed a very fast rise time of less

than 0.006 seconds, accompanieddwershoots and a steady state error of 15.6. These response
characteristics were obviously unacceptable since the rise time was too quick, which translated to high
acceleration rate, and the significantly large steady state error which meant failureebdasired

output.

Uncompensated Step Response of DC Motor
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Figure60. Uncompensated Step Response of DC Motor

Based on the natural response, the design criteria for the controller were set as follow:

1 Zero steady state error (achieving and maintaining desired speed)
1 Noovershoot (providing smooth acceleration)
1 Lengthening rise time (limiting maximum acceleration rate to 0.259)

Using MATLABfsdtool()

function, the controller was designed to meet the above performance

criteria. The final PID constants were determinedé:

ﬂ Kp =0
T Ki=0.2892
1 Ka=0
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It is worth noticing that both the Proportional and Derivative constants were set to zero. The Derivative
term was zero because it was found that having the term in the controller had little effects on the
response of the system. Regarding the Propo#dldarm, as the goal of the controller was to reduce

the speed of response of the system, the Proportional term, whose effects are to speed up system
response, was set to zero. Therefore, the designed controller was effectively an Integral controller
which yielded the desired step response showirigure61.

Compensated Step Response of DC Motor
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Figure61l. Compensate Step Response of DC Motor

Finally, to ensure that the systewas stable, the root locus of the clogmp system was plottedFigure
62 shows that the system had the tendency to become unstable if the gain increased too firmch.
ensure that this was not the case, the Bode plots of the system were creakdgLire63. The Bode
plots specified a Gain Margin of 25.5 dB and Phase Margit86f which indicated a stable closkubp
system.

Unfortunately, time constraints did not allow for complete testing of the PID control code to verify that
the motors operate as intended. And thus the Maker Faire model was set to run at a fixed PV€M valu
Consequently, further testing and refining of the source code includégpendixR ArduinoPID Speed
Control Source Codsrequired to successfully implemertieé PID control system.
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Figure62. Root Locus of Clostmbp System
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Figure63. Bode Plots of Clo$sop System

Determining motor specifications

For the speed control subystem, Man determined thatespite the motors being so small it would still
be a good idea to find all the motor specifications as a precauligith this in mind Man and Randall
used the following guidelines in order to determine the motor characteristics.
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Armature Resistance

Thearmature resistance of the motor can be described as the resistance of the windings inside of the
motor. In order to measure this, take the motor and connect it to an ohmmeter and without applying
voltage, record the resistancé ake extra precaution leever and try turning the rotor to different
positions as the resistance may fluctuait each measurement record the resistance value and once
finished, take the average resistance.

Please note that there is a second method involving locking the rot@gplying a voltage to the
motor. While it is effective, it requires you to wait a while until you can get a resistance. altiee
meantime however, the coils are heating up and it could possibly burn out your mbhis is especially
true when yai apply a high voltage to the motor.

Armature Inductance

There are two ways to measure the armature inductanthe first method is to use a LCR
measurement device that can explicitly measure the inductamt@wvever, just like the resistance you
need tomeasure the inductance at different rotor angles and take the average value.

The second method requires the use of an oscilloscope and function genelaimrder to get the
inductance you also need to apply the following equations as described-ogrttol.com.
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Where the phase voltage is a low powered AC voltage, theuis a value that needs to be measured
Once the impedance is calculated, enter that value into the reactance equattomresistance of the
equation is the armature resistance that was calculated earlieorder to find the inductance the

frequercy was needed in this case Man and Randall set the function generator to have a frequency of 60
Hz.

Motor Constant

In order to measure the motor constant the motor itself needs to be under no load conditibiss
recommended that when calculating thianp the input voltage should be relatively low so that the
Y2 (2 NJ R2 S a Woritor thedmdidbr ustidaisteady state value for the current is achieved and
multiply that value by the armature resistancAt the same time find a way to measure andaetthe
angular velocity Once finished apply the values to this equation in order to calculate the motor
constant.
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The motor constant K can also be calculated theoretically using the specificaticloa@speed and
current) provided by th motor vendor/manufacturer NOTE: there are two different motor constants
(electromotive force constant and torque constant), if SI units are used, the two constants should have
the same numerical value.

Viscous Friction Constant
In order to calculatette viscous friction constant, once all of the other constants were found Man and
Randall entered the values into the following equation.

VRN

5
1

Where kisequal toK, assuming the measurements are in Sl ymitss the angular velocityandl isthe
measured no load current.

Measured Motor Characteristics

Given the many disadvantages of the motors being used in the Fall semester, the team decided to use a
different motor for the scale model bogid.he newly chosen motor is a 30:1 Micro Metal Geatior

from Pololu that is rated at 6VThe new motor offers relatively impressive performance in terms of

torgue and rpm that come in a small packadée motor also offer the versatility of attaching an optical
guadrature encoder to its rear shaft tneasure rotational velocity as well as directiddeing a brushed

DC motor, the transfer function for the new motor remains the sas.a result, Randall and Man set

out to measure the motor characteristics experimentally and were able to determinadbded motor
constants.

l'a 0KS ¢gKSSt 2F GKS 0623AS KIa y2d 0SSy OKIFIy3ISR aa
term (J) remains to bB.051*10" m-.
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And the noload current was measured to be 0.069 A at 6.01V.

Sna=983revii ET s ¢ A p @60Gex7102i94a0/ sec
The electromotive force constant of the motor can then be calculated
- =V
MYel' +m=6.01 V102.94 rad/sec=0.0584 Visec
As Kand Kare the same numerically in SI units, the motor torque constant is
Kr=ke=0.0584 NmA

MY nodnpyn
Based on these values, the motor viscous friction constant can be calculated from the equation

KL | o -

Mo I Y ¢ LI 0584 NMA)HGI069 A)102.94 rskc=3.913*1GBN.m.sec

The armature winding resistance was also measured taboeitH ®y cbp K
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The motor inductance was indirectly measured (using-Cai@rol manual) to b€.161 H

Navigation

The Navigation subsystem combines the previously developed Position TracliGuideway

Switching Control subsystems into a single subsystem. As a whole, this subsystem is one of the most
important monitoring aspects of the Superway network at the pod level, particularly in terms of system
safety. The ultimate goal of the sulssym is to guarantee that each individual pod recognizes its real
time position on the Superway network at all times, thus minimizing the possibilities of lost pods,
mitigating collisions, and ensuring proper network navigation.

Each pod in the Superwaystgm maintains its own Navigation subsystem to sense the location of the

pod along the guideway network on a ramhe basis. Whereas the driver/conductor on a conventional

GNJF yaArAld GSKAOES NBO23ayATl S& GKS @ Sakekudyfaft@ratedRddNNS vy
0Kdza NBIjdzZANS + aSyaiay3da YSOKFIyAay (42 RSGSN¥YAyS SIO
subsystem for the entire Superway network is that it allows the pod to know its exact location, even if it

is at the wrong locadbn. Standard procedure for the Navigation system will consist of monitoring the

L2RQa f20FGA2Yy 2y GKS {dzZLJSNBl & 3IdzARSgl & ySGg2N] =
gueried, and manipulating the guideway switch if the pod is approachingctigumn and requires a path

change.

The 20132014 Controls team designed the system for the 1/12 scale model to accommodate the track
design and position tracking method developed by the 20Q23 Controls team. The subsystem
hardware includes an Arduinoianocontroller as the plant and two reflective object sensors equivalent

to the sensor implemented in the Speed Control subsystem. The sensors are mounted on two sides of
the model pod roof, oriented towards the track. Nozflective, felt markers werelpced on both sides

of the track at key points before, within, and after junctions. The felt markers provide sufficient contrast
against the highlyeflective, aluminum tape used for the grounding rail of the track power transmission
system. When the rédctive object sensors detect change in reflected light as the pod travels dbososs
marker, the microcontroller will determine the position of the pod along the track by counting each
signal changen each side of the trackThe markers placed along tliner edge of the track notify the

pod when it is entering or leaving a junction. The markers placed on the outer edge of the track
manipulate the solenoids used in the switching mechanism so that they are not active for too long,
preventing damage to #solenoids due to overheating. They are also used to determine when the pod
is pulling into a station.

¢KS LR2RQA&a NRdziS A& RSGSNNAYSR 2y GKS YIF&aldSNI RSOAO
to determine the shortest route between two pdsin node based network. In this context, each

junction serves as a node. This particular application algorithm usesamrighted track system,

meaning that all distances between nodes will be treated as equal. This prevents the pod from taking
shorter routes by cutting through offline station segments. The Navigation subsystem manipulates the
switch at each junction based on the route determined by the gattling algorithm. Using this

algorithm allows the Navigation subsystem to scale to anyttagout, rather than limiting it to the

current 1/12scale track layout.
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This setup, which utilizegflective object sensorandfelt markersas the position tracking mechanism,
was specifically designed for the 1/&aletrack, andprovides very low rgolution in regards to the

pods absolute position within the track network. Tio#-scaleNavigationsubsystem will likely requira
more robust sensing mechanism such as a global positioning system (GPS) to determine pod location.
As it isFigure64 shows the 1/12 scale model subsystem schematic with the specified hardware.
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Figure64. Navigation Subsystem. The 1/4@ae model useagflective object sensors and a solenoid to navigate the track
network.

In addition to the to the reflective object sensors for reading the track markers, future iterations of this
subsystem should include one or more sensors for detecting the positisnitshing mechanism (i.e.

left or right) in order to verify whether or not it is actually in the correct position. The need for this
sensor resulted from a discussion with Gene Nishinaga of Transit Control Solutions, a veteran of the
automated transit indstry and one of the developers of the controls system for Bay Area Rapid Transit
(BART). To summarize the discussion, having the switching mechanism in the wrong state is less
important than not knowing the switching mechanism is in the wrong state wigpthat the switching
mechanism is in the wrong state allows for the ability to correct the state, whereas being in the wrong
state, and also not being able to verify the state, will result in the Superway rider ending up in the wrong
location, without rotifying the network.
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Object Detection

From the Fall 2013 semester, the Controls Team continued to use the same ultrasonic sensors that the
20122013 group used. In the Spring 2014 semester, the team was able integrate the sketch needed to
utilize the sesor into the Superway library.
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Figure65. Object Detection Subsystem. The ultrasonic sensor is used detect whether or not there is a path obstruction and the
distance to any path obstructions.

The object detection subsystemwa dzy' I 6t S (G2 065 dziAft AThBRashyartdueYS F2N
to the priority given to the navigation system since one of the main requirements is that the Pod will

always know where it is on the tracPue to the somewhat buggy nature of the navigation subsystem,

due to the inconsistent lighting, it was also decided to only have one Pod on the track and since it would
always be constrained to a track it would not need to make use of the object detesttimmystem.

Maker FairéModel
When the team decided to scale down for the Maker Faire display mibaetywo most critical areas to
inspect were the number of microcontrollers used, and the method of providing the pod with power.

Due to the limited timdrame of a single semester, the team was not confidant that four Arduinos
integrated with the SJOne board could be fully tested to the point that it would yield predictable and
reliable results.For this reason, all the functions performed by separatesgatems were consolidated
to a single Arduino Uno.

Knowing that the 1/1%cale track would have to be disassembled and transported to Maker Faire, the
team chose not to develop a connection to the power rails of the track as developed by the Electrical
Engneering team the previous semester. The two day setup time would not be a sufficient amount of
time to ensure that theconnections between track segments would work through the entirety of the
weekend. Instead, the team opted to run solely on batteryvper.

Additionally, the motor control system developed for the DC motors was not implemented. This was
due to the fact that the team chose to operate the pod at a lower overall speed, as opposed to the 1/12
scale speed of 2.5 miles per hour, to reduce fisk of damage to the pod or collisions with people
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attempting to test the object detection. The algorithm governing route navigation was not utilized
either due to reasons relating to SPI integration with the SJOne board.

Power

After the announcement thieSpartan Superway was going to Maker Faire, the team decided to abandon
plan to acquire power for the pod from the guideway and instead switched to usktgpard power

source for portability and reliability issues. Since the chosen DC motors were t&¥d@ower would

come from four AA batteries connected in series that supply 6V DC. This setup was chosen to reduce the
number of components needed to power different devices with different voltages. However, since the
sensors being used on the pod caryooperate on less than 5V, a voltage regulator was needed to

reduce the 6V output from the battery pack down to 5V using an L4940V5 1.5A Voltage Regulator. The
circuit for the regulator was constructed based on the schematic given in the provided dattishicis

shown inFigure66g KSNBE (G KS c+ AyLdzi Aa | LILXASR | ONRPaa GKS .
HH>C OF LI OAG 2N ¢ KAA perthedahlidolfaldng with the iffrirédyfefletivé R G 2 L
sensors and the ultrasonic distance sensor. Realizing the limited space inside the cabin frame of the

model, the regulator circuit was put on an Arduino Proto Shield and the resulting circuit is sintilat to

shown inFigure67 where the shield would also be used as a compact physical platform to mount other
components. Furthermore, anticipating that the motors amdesioids would draw significant currents,

the team chose to have two separate but identical battery packs. One pack would be used to power the
microcontrollers (Arduino and SJOne boards) and sensors through the regulator while the second pack

would be usedxclusively to power the DC motors and solenoids.
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Figure66. Circuit Diagram for L4940V5 Voltage Regulator (Source: STMircoelectronics)
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Figure67. Circuit of Voltage Regulator on Arduino Proto Stieldverting 6V from-AA Batteries to 5V

Sensors

The design of the Maker Faire model incorporates two types of sensor for two different subsystems,

navigation and distance control/object detection. The navigation subsystem utilizes two Optek

OPB704WZ infrad reflective object sensors pointing upward from the top of the cabin frame to the

underside of the guideway. Each sensor is rated at 2V and thus was connected to power from the

I NRdzZAy2 GKNRdzZZK | LI AN 2F ntnam | yoie ShellsSignal ot A & G 2 N.
by the sensors would be read by the Arduino through its analog pins.

The object detection subsystem uses an$RD4 ultrasonic distance sensor mounted in front of the
cabin frame. Since the sensor is rated at 5V, it was connected directly to the output voltage from the
Arduino while two outputs were connected to two of theduino's digital pins as shown kiigure68.
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Figure68. Circuit of Voltage Regulator and Sensors on Arduino Proto Shield

Switching Solends

To activate the switching arms that are located on top of the bogie, two 5V solenoid were used. Each
solenoid is rated at 5V and 1.2W continuous and actuated through a TIP102 NPN Darlington 100V 8A
Transistor with transientesponseprotection diodes. fie solenoids would be powered by the second
battery pack. It is worth noticing that although the solenoids were rated at 5V, the team decided to run
them directly on 6V from the battery pack. The reason for such decision was that through testing, it was
observed that the switching arms were heavy enough to prevent the solenoid from fully extend when
supplied with 5V. The solenoids had to be fully extended because the switching arms were designed to
reach the top guiding midsection of the track only when siadenoids are fully pushed out.
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