


Executive Summary

Carnegie Mellon Solar Splash (CMSS) is a group dfengraduate students working together to
research, design, and create a solar powered boat for cbompietiSolar Splash. Solar Splash
2006 was the first time CMSS competed at the coitqpetvith goals to create a foundation for

the team for the development of low-level researchgemeration of excitement to increase
participation and sponsorship. Achieving these goals paved way for an exciting and productive
sophomore season. The CMSS project is dividedtimie main parts, each of which work
towards ambitious and challenging goals, ultimategating a successful and high-performance
Solar Splash entrant.

The primary goal for the CMSS 2007 team was totertfee optimal Solar Splash hull. Critical

to all Solar Splash entrants, hull design is amiaung task given the characteristics necessary for
a successful Solar Splash hull. The primary proldeises in creating a hull that performs at a
high level for both high speeds over short distances amdsteady speeds over long distances.
Research of common hull characteristics and CFilatbn led our team to deriving a unique
hull design which can be successful in solving ladtthe aforementioned design problems. The
design incorporates unique specialized tunnels for moving at high speeds. In athdittom

of the hull can be adjusted to change the hull’s performamee@cteristics. Meticulous
craftsmanship guided the manufacture of this hull, whidhb&ithe most critical piece for the
success of CMSS 2007.

A propulsion system is necessary to make the boaerfwward, but more importantly the
system must optimize its use of the available powdre weak point for the CMSS 2006 was the
propulsion system. Therefore, the primary goalufograding this system was to understand the
2006 shortcomings and determine how to correct them in gigrdef a new system. Once
arriving at a solution to these shortcomings, the CM@% team created a motor mount that
would accommodate the new propulsion system. This mounti@gagned to accommodate
different configurations for the different Solar Splasents, while limiting weight and
incorporating various features to improve the overall performance of the entire system.

Thirdly, CMSS has to ensure that the entire system managesdilable power in a systematic
and optimized way to ensure maximum overall performafi¢ee CMSS 2006 power
management system was based on simple conceptsained by budget and experience.
CMSS 2007 kept a majority of this system but set goalsdeeldping an overall understanding
of how the individual components of the system work and verifying the compoaenial
performance. In addition, the power managemenesystas upgraded to accommodate the
changes with the propulsion system. Our experiments Wadidaur batteries’ performances, as
well as suggestions for major areas of improvemeiité power management system.

Overall the whole system is a major improvement tler2006 system. As the team continues
to grow and gain more experience, the accomplishneér@d1SS 2007 are an important step for
the future success of Carnegie Mellon University partiaypadit Solar Splash.
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Carnegie Mellon Solar Splash History

Solar Splash 2007 will host the second entrant fileerCarnegie Mellon Solar Splash team. The
2006 entrant performed well at Solar Splash, placing fourteenth and receiving the honor
“Notable Performance by a Rookie Team.” The 2006 CMa8) goals were to create a simple
system that would accomplish the task mandatedobgr Splash and more importantly serve as
a building block for our team to gain invaluable experiemzbgenerate excitement to
encourage participation and sponsor involvement. &\thg 2006 system had several
performance shortcomings, the experience and iseseia resources it provided are evident with
CMSS'’s 2007 Solar Splash entrant, #essie.

The 2007 Carnegie Mellon Solar Splash project was divilmtledhree major subcommittees:
Hull, Propulsion, and Power Management. The Hull committee is responsible for ctlating
hull form that would serve as the base for the other twtesys. The Propulsion committee
designs and moderates all mechanical componentsn&bte for making the boat move
forward. Lastly, Power Management ensures thestearof power between the sun and
propulsion system operates at maximum efficiency.s&lteree groups will work separately
through most of the design year, conducting relevant research, degignmentation, and
testing. Integration and consistency between dmenagittees is kept in check by several team
members as well as tri-weekly design reviews. Togness and results of these groups, in
addition, to the results of the overall systemasuimented within this report.

HULL

Background and CMSS Hull History

The hull is the primary structure of a boat upon whichpihwer systems, crew, and other
miscellaneous add-ons are placed to make the bdargard. The hull is the primary feature of
any boat and arguably more so for Solar Splashrmstrésolar Splash rule 4.2.3 states “There
will be a maximum of three configurations of the boat, Basethe same hull (fixed structure)...
that portion of the boat which provides flotation atability.” The hull is the largest

unchanging structure for every Solar Splash entthos making it a critical element for success.

In 2006, CMSS did not design a hull customized for Solar Splash. Instead, the team researched
commercially available hull designs with the goporchasing, modifying, and constructing a

hull to serve as a reliable foundation for CMSS'’s other systems. This hull preformed well as a
platform for developing research and techniquesieiG@MSS propulsion and power

management systems. This hull was not optimizethi® Solar Splash competition, and

therefore, had several insurmountable shortcomingseneless, the experience garnered

through the 2006 research and construction pravesluable as the team move forward with
ambitious goals and ideas for CMSS 2007.

Problem Statement

As mentioned with the background information, the hull is essentialfgorting the entire
system. It must allow for the integration of tledas array, power management, and propulsion
systems, in addition to the controls necessaryit@ dhe boat. The hull design must ensure a
final product that is stable, modular, and optimized formetitiveness in the three main Solar
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Splash events: Endurance, Sprint, and Slalom. Pptimal hull characteristics for these events
vary greatly and can be defined as follows:

Enduranced Power limitations mandate that the optimal enduranteoparate at
displacement speed. Such a hull maximizes water limgHeminimizes submerged
surface area (limiting drag), and encourages lanfloa as it “cuts” through the water.
Sprint! A competitive sprint hull needs to get “on-plane”’ady. This mandates
minimizing weight, implementing a planing surface and shdpeally, planing boats
have a near-flat bottom and a transom that is at 90ateris surface.

Slalom! As a meld between speed, maneuverability, and stability; control through
changing environments is the most important element of arlaiill.

NOTE: Theories of displacement verses planing hullsrefgpendix D.

Noting the differences between these optimal hulls, timgpy objective is to design a hull that
can incorporate the characteristics of all threeordler to create the ideal hull for a Solar Splash
entrant each of these individual objectives mustarefally examined and compromise must be
made to meld the varying hull-shapes into a single hn addition, the hull is constrained by
Solar Splash regulations, and the needs of the other sysfEmese constraints include hull
stability, support for an outboard propulsion system, tier panel mounting, steering, and the
power systems’ placement.

2007 HULL DESIGN PROCESS

Concept Generation

After, comprehensive research of basic fluid dynamics atidheory, from educational

resources, modern hull design, and professional advieeyere able to generate concepts that

took on various blends of the theories listed in our probtaterment. This research focused on
existing hulls used in situations similar to théa&plash events, performance of past Solar

Splash hulls, and the effects of specific hull attributes on hull performance. Using industry-grade
concept generation technigues we were able to use this information and derive several ideas to
consider for the CMSS 2007 hull.

Selected Design Alternatives

These preliminary designs were evaluated using predetedrperformance criteria including

the ability to plane, waterline length, maneuverabgiaracteristics, and manufacturing
considerations. A standardized scoring rubric selectedhwour designs would be pursued for
further analysis. Using the Rhinoceros 3D softwsaekage each design was modeled and
parameterized to allow for computational modificatiamlgsis, and validation using
computational fluid dynamics (CFD) tools. The highest scoring designs were Airswoop, Flat
Stern, Wingman, and Myles. With the exception of the ultnoaisign choice, a brief
description of these concepts follows, the Mylesoapt will be explained later. Referenced
pictures are in Appendix E.

Airswoop as shown in figures E-6 thru E-10, was the only twin hull design concept. Airswoop
has a very large planing surface that encouragebdht to get on plane quickly. For the
endurance event, Airswoop would perform poorly lseathis planing surface creates a large in-
water cross-sectional area, which correlates to ahighydrag profile.
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Flat Sternfocuses on being long and narrow to maximize peréoce in the endurance event.
The sleek profile allows Flat Stern to glide efficiently through the water while operating at
displacement, but with a smaller planing surfa@nttihhe other concepts is not expected to plane
with our projected propulsion capabilities. Pictures at Btern can be found at figures E-11
thru E-15.

Wingmanwas designed to have a good displacement profdeadarge planing surface. The
Wingman concept implements this transition between theptafiles poorly, as seen in figures
E-1 thru E-5. The transition attempts to make a dramatic &afiein a streamlined
displacement shape to a large lifting surface, pg@tiycreating excessive drag at displacement
speeds and placing negative effects on the hull’s qdeaiility.

Evaluation for Final Design Selection

In the interest of safety, Solar Splash has reguiatin place to ensure boats and skippers remain
in control during high speed maneuvers, and uneven loa@egognizing this as a major design
constraint, stability calculations were performedtfeese design alternatives using the
RhinoMarine software package. This software calcuthiesoat’s hydrostatic stability based

on the overall center of gravity of the boat, and the hull's shape. Appendix F explains the
stability calculation and results. Table G-2 shows thé&bar designs are within Solar Splash
regulations, although Wingman has a low factor oftgafnile Airswoop is extremely stable.

On the computational level, the CFD software packddeENT along with the GAMBIT
meshing tool were used to help predict the diffehertis performance. The procedure and
relevant figures are located in Appendix G. Our CFD sinarlavas not refined in time to yield
relevant results in time for our design decisi@espite, this we continue to refine the simulation
for the purpose of design validation and use in futwlédesign iterations.

Lastly, qualitative tools were used to determinaull design would be would optimal
primarily manufacturability and cost. Our team may neehie proper resources to construct
the theoretical perfect hull. Therefore, extensive messwere taken to understand the
properties and capabilities of different buildingterials and boat construction techniques.
Fiberglass was chosen as the primary material fiostoaction because composites allow for the
most flexibility in our designs’ curves and shape. Filzmgwas deemed the economical choice
despite having a lower strength to weight ratio than other catapasich as carbon fiber or
Kevlar. It was also important to make sure hulistouction could be finished in a timely
manner to allow for integration of the other systeand full system testing.

CMSS 2007 Hull Design

CMSS 2007 deemedylesthe optimal hull design for several reasdng most importantly
because it utilized the best integration of the oathynstated design objectivedlyleshas a

long, narrow profile for the endurance event paired witmael design to allow for planing. As
explained in Appendix D, waterline length,()directly affects displacement speed (refer to
Equation 1). With a projected,|= 16.5 feetMylesshould cruise at approximately 5.44 knots.

V(kts) =134* /L, [Equation 1]
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Although designed primarily as a planing hilyleshas the unique ability to transform its
wetted profile based on the boats trim, the angle a boat sits in the Wateugh controlling the
boat’s weight distributioMyleswill take on the profile optimal for each particuvent. This
feature was the most important in choosingMysesdesign. By changing the trim, the wetted
profile of the hull can be modified for the differeneats, making this hull advantageous as an
all around performer.

The Endurance configuration has solar panels mountedheebotv, which moves the center of
gravity forward. This effect trims the boat forward cregia wetted profile similar to profile of
a canoe. Considering a canoe has the optimal displaceméi®, pglesshould emulate the
canoe’s efficiency and maximize performance inghdurance event. Utilizing RhinoMarine,
the approximated trim angle is 2.6 degrees forward.

Smooth lines allow the hull to slice through the waterrdieeeducing the overall wave drag
experienced during the displacement regime. THiswake it possible to sustain maximized
displacements speeds throughout the endurance atompeMinimizing the hull’'s external
drag forces allows for low power consumption as that Imnoves efficiently through the water.

The planned weight distributions for both the sprimd alalom events move the center of gravity
towards the stern, trimming the boat back. The rearipy surface will settle in the water at a
calculated angle of attack. This positive angle othtia critical for providing the lift necessary
for the hull to go on-plane. Once hydroplaning, teduced wetted surface equates to less hull
drag and ultimately lower power consumption at higher speed

The “Myles” Design

Mylesis a 17-foot long planing hull with a maximum beam &f féet, designed for an outboard
drive. Mylesis estimated to have nearly 15 inches of freeboard from the gunwales to the surfac
of the water allowing for heavy load. Betweenkiels and chinedfyles,feature two tunnels
adapted from a concept developed by M Ship Comgi@gnyre 1a). At high speeds, these

tunnels create a water-air mixture underneath thetnatlprovides lift and reduces fluid

viscosity which reduces drag forces. These tunmiéisllow the boat to plane faster and allow

for quicker acceleration.

Figure 1a: Photo from M Ship Co web site. Figure 1b: Tunnels on thélylesconcept.

The hull is extremely narrow in the front and widens tof&@5 at approximately half the length
of the hull. The low volume bow is complemented byidevstern section where the tunnels
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flatten and create a large planing surface. The barevithout foam floatation weighs 130 Ibs
resulting in a total boat weight of 380.7 Ibs for the endurance configuiatid 275.5 Ibs for the
sprint configuration (both estimates exclude skippeight).

While Mylesis a radical departure from the 2006 CMSS hul§ éxpected to have positive
results as it is designed specifically for the 8plash competition. The level of performance
is expected to be much higher in both the sprinteuaearability and endurance races. More
pictures and dimensions are located in Appendix H.

PROPULSION

Background and CMSS Propulsion History

The propulsion committee is a mechanically oriented grespansible for moving the boat
forward. Solar Splash regulations limit variousveo elements (voltage, battery types, etc.),
therefore, directing the focus of propulsion system omadhvefficiency rather than maximizing
power. The propulsion system is critical for thefpenance of the overall system. If the
propeller cannot supply the optimal amount of thrienteither the boat will not only move
slower than optimal for the sprint and slalom egdnit may waste excessive energy during the
endurance competition.

The 2007 propulsion system is considered a second désigtian to the 2006 system. The
2006 propulsion system was cited as the weak link of the boats overall peréermUsing a
single Etek motor, timing belts, and a bulky custoiade aluminum tube and bolt motor mount,
the system was unable to generate optimal progeidi. Therefore, severely handicapping the
speed of the entire system. Consultation with professionals and recondmefadence material
suggested that greater control of the propeller RBMd dramatically increase the propulsion
system'’s performance.

Problem Statement

Solar Splash rules allow for multiple configuratioos different events, allowing propulsion
system designs to incorporate separate arrangemeatsdadibr different events. ldeally, a team
could create separate systems for each event.rtunédely, budget, time, and other resources
do not allow for CMSS to replicate this situation. Instehd primary propulsion design
guestion is how to implement multiple configurations withsirayle system. Careful analysis
and implementation of the ideal propulsion charactesstecessary for the different events will
lead to a modular propulsion system capable of perform iditfegzent solar splash events with
simple modifications.

CMSS 2007 Propulsion Goals

As mentioned in the problem statement, the primas} i the 2007 system is to develop a
method for incorporating sprint and endurance configurations into a single system. The system
should see major performance upgrades over the 3@0ns, incorporating dual motors and
heavier duty controllers for the sprint event. To emshis performance, we want to verify basic
propeller theory in electric motor applications.stlg, the team set out to improve the overall
convenience and control of the system with impletat@m of concepts such as sophisticated
steering or propeller tilting ability.
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Propulsion Design Elements and Research

Motor Mount Design and Manufacture

One of the main goals and over-arching research que$biotiee 2007 propulsion system is
determining a way to implement both the EnduranckeSprint propulsion configurations in a
single unit. The motor mount is designated as timeponent housing for the entire system as
well as accommodating the change between configuratibmstefore, extensive research and
analysis was put forth to ensure a well-designed motor mount would be available to
accommodate CMSS 2007 propulsion goals.

Mount Design Objectives: For Solar Splash 2007 we decided to focus our team’s design
objectives on accommodating the sprint and enduramtggarations without sacrificing
modularity. The primary physical differences betwéehe two configurations will be the number
of motors, propeller attack angle, and drive-reductibloreover, weight and system integration
were significant factors in the design.

Preliminary Mount Design Process:The motor mount design process consisted of multiple
steps which incorporated heuristic, qualitative, and quantitdégesion making tools. Initially,
many concepts were generated based on the mount designvelsje@fter the initial brain
storming phase, the number of viable design concepts wasatb five. The team refined
these five designs and judged them based on stricteiaiiteluding manufacturability,
feasibility, power transmission efficiency, modulariyd aesthetics. From this step, we were
able to determine two candidates for which computationaktsadould be generated with the
purpose of performing a concise quantitative analysielo select the final design.

Alternative Mount Designs Descriptions:Inspired by the 2006 mount desidfertis a box

frame that during the sprint event has the motors faciny @her along a vertical axis. The top
half of Vertis removable to allow for a sleek and lightweight endurance configuration. $igure
I-1 thru I-4 in Appendix | demonstrate this desigbne major design question fdert concerns
the use of multiple belts to drive a single drivefs. This could cause motor synchronization
issues or abnormally high torsion loads on the driadtsh

In the sprint configuration, final design #jfecta,two motors side by side and drive the
driveshaft with a single belt. Observation of Figgil-3 thru 1-4 in Appendix | shows that this
arrangement makes a triangle shape, hence the Twiimeta The proposed endurance
configuration would have one motor removed and the otlitomplaced in the center of the
mount. Again, motor synchronization is one of the printargstions, although there is not the
concern of placing overbearing torsion loads onditaeshaft. In addition, with the projected
pulley sizes, this configuration implements less tham@tpulley wrap angles that could cause
belt slipping causing losses in drive efficiency. .

Mount Quantitative Design Analysis: The quantitative analysis of the final two concepts
involved several important steps ranging from mateelection to structural analysis via Finite
Element Analysis (FEA). Aluminum was chosen asptimary building material because it is
readily available and easily machined. Although, higtdgrsteel would have a greater strength
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to weight ratio, its use would require machininga@rces that are unavailable to us. Therefore,
6061 aluminum was standardized as the material for e gpulsion motor mount.

After standardizing the material, SolidWorks and @0SMOS Works FEA software package
was used to approximate the structural loads amctions forVertandTrifecta At this pointin
the design process, the FEA simulation was designpbivide a predicted structural
comparison between the two concepts. Thereforapgsons were made that expedited and
optimized the analysis for this purpose and not the purpagenefrating actual “real-life”
numbers. Later a more elaborate FEA analysis is ipeei to identify the parts of the mount
that would need reinforcement or redesign.

We used the minimum Factor of Safety calculatioomfthe FEA as the primary calculations
for comparison of the two concepts. Moreover, thé Fesults located areas of high stress
concentrations, information that can be used topaymthe concepts and approximate the need
for redesign or reinforcement. Images for the FEAURs in Appendix J, demonstrate that
Trifectahad significant structural advantages overt.

Final Mount Design: From these analyseBrifectabecame the consensus pick for the 2007
motor mount. The FEA results and concerns with motor sgnctation were the primary
reasons for this selectiof.rifecta’s motor configuration with one belt attached tophepeller
driveshaft eliminates the unwanted torsion andatibn effects that may have occurred in the
Vertconcept. Moreover, a tensioning device will be impleeemo compensate for the
potential of drive efficiency loss caused by Triés low driveshaft wrap angle.

In addition to the overall shape of the mount, seMeatures were designed and implemented to
improve the functionality of the system, particularly a bshsioner and adjustable tilt
mechanism. The belt tensioner applies a constant forbe tmett to ensure the belt is always in
tension. As an additional contact point, the temsr can be used as an intermediate device to
change the overall path of the belt, increasing varagle. This device will introduce efficiency
losses because of friction. However, the gains in elimigdelt slipping through increased

wrap angle and constant belt tension outweigh todse to friction in the tensioner.

In order to push a boat forward with maximum e#fi@y and power, the propeller shaft should
remain parallel to the water’s surface. Becauseéoat is designed to operate at different trim
angles, an element of adjustability had to be adold¢ide mounts tilt angle. Ideally, this is
adjustable during operation with some mechanizetksysUnfortunately, we were not able to
achieve that this year and instead incorporateatigrstable four bar linkage that would allow
for variability in the propeller shaft’s tilt angés the boat'’s trim changes.

With these features and a structurally sound de#iignmanufacture of the mount was
successfully completed. The design underwent minofore@ment and preliminary testing has
demonstrated positive results. The explanatidrapeller and DC Motor theorwill further
elaborate on the system performance.
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Steering
Problem Statement:The 2006 steering design was a simple tiller megmaniThis system

made the boat’s operation awkward and distracting forkippar. Therefore, a new design was
created to allow for the skipper to focus his/h&raton to the race at hand, sit in a more
comfortable position, and have an easier contrth@fvessel. This is particularly important
because of the grueling two hour length of the Endurance amdrthe new system is projected
to travel at higher speeds than the 2006 system.

Design Obijectives: The design process focused on range of motion, the feqcered to turn,
and steering sensitivity. Several designs wereldged and analyzed to ensure that the chosen
design was suitable for the complicated geometry of the motontmo

Design Description: The final steering design involved a simple cable systéhe cables
wrapped around the steering wheel shaft and were connected through pulleys to the motor
mount. Cable lengths and the steering shaft diameter weemsioned to allow for 45 degree
rotation in both the left and right direction. Bleedimensions were also constrained by
sensitivity criteria: a single rotation of the siagrwheel left or right correlates to a full turh o
the boat left or right. Appendix K offers a visuscription for how the steering system works.

Propeller and DC Motor Theory

As the most significant factor that limited the 2@@8formance, improving propeller
performance is critical to improving overall system performance. A lot of seaists to
explain the theories behind projecting propeller granfance. Professionals and manufacturers
have refined the use of these theories to an extent that for a given engine RPM and HP they can
provide the ideal propeller based on the custoper®rmance goals. The key word in this
statement is “engine.” The difference between gasoline-engine operation and DC motor
operation is large enough that it is impossible tdyappmmon propeller theories directly in our
DC motor driven system. Moreover, propeller theory islinsised accuracy and always
requires experimentation to validate proper selectiime obvious importance of the propeller in
propulsion system and poor performance of the 200pytsion system inspired our team to
delve further into the understanding of propellemotty in DC motor applications.

DC motors work on the theory that P = IV. Curren¢quivalent to torque while voltage is
equivalent to speed (RPM in our case). DC motove laatorque constant (in-Ib/A) and voltage
constant (RPM/V) (The values for the Etek are listed ifet®bX). By knowing the electrical
inputs to the motor, you can approximate a theoretical ¢oagd speed. The Etek motor, like
many DC motors, is designed to maintain the max R&\the supplied voltage and draws
amperage to provide the torque necessary to réachpgeed.

Table 1: Constants for the Etek motor.

Voltage constant 72 VIRPM

Torque Constant 1.14 in-Ib/Amp

Maximum Motor Current | 330 amps for 60 seconds
No-load current 6 Amps
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Basic propeller theory dictates why this importandur application. Manufactures design
outboard mounts from the outside-in. A manufacturer knbespproximate force needed from
propellers to move different types of boats. Every propeller is rated to prawertain amount
of force based on their rotational speed. The best wagptesent this is with a propellers SHP
vs. RPM curve. Shaft horse power (SHP) is the effectiveehpower applied to the propeller
shaft by the propeller. A simple ideal Newtonias@tvation suggests that at constant speed the
SHP also represents the power provide by the peopalthe designated RPM. A conventional
gasoline-powered outboard engine has a similar powwe that relates RPM to HP, this curve
tends to level out and reach a constant hp as RPMasese A manufacturer can then compare
the two curves and optimize the propeller and engine spesed ba where the curves intersect.
Refer to Figure 2 for a visual demonstration.

We can use a standard 9.9 HP Mercury Marine outboard engine as an example. This engine is
rated for a peak engine RPM of 5000, at this point tiggne’s power rating tends to settle at 9.9
HP. This particular unit has a reduction of apprately 2:1 in its lower unit making the top
propeller speed that the propeller then speedsagt speed of 2500 RPM. It is safe to assume
2500 RPM is the optimal operating range for a pitepattach to this particular outboard.

Figure 2: Power curveeomparision

The electric motor curve is linear because voltage isdwidtant making the only variable
amperage. Therefore, we can adjust our amperagetonanodate a propellers optimal
operating RPM. This was impossible in the 2006 designuseoaith the reduction in our lower
unit the system’s max RPM was well below the optimal prep&PM. With greater control of
the system’s RPM, we should be able to increase the pgdpgibwer. This technique merits
designing from the outside in. It is important to understand the propertias miotor and
propeller before designing the interaction between the two

Preliminary tests have validated these statemefftsen our system was tested we documented
considerably higher propeller RPM and amperages thdaf06. We are currently designing an
elaborate test to validate these claims and opgiitie motor-propeller interaction within the
propulsion system. Originally, we planned to create a flow tank apparatus for propulsion testing.
This apparatus would allow for extensive testing and experimentation witlningho wait for

the completion of other systems or traveling to a body of water. Afterdeyabie research, we
determined that the specifications of a flow tank twald produce results unaffected by
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variables such as cavitation or boundary effects wooihdpare to the specification of a
swimming pool. Unfortunately, this is not withimet means of CMSS’s current resources, or
budget. Therefore, the testing has been delayatidorompletion of the separate systems and
the results are not available at the time of thisntepo

Conclusion and Suggestions

The pieces in the propulsion system have come togetleapasted and preliminary testing
suggests we are capable of significantly higher paugputs than the 2006 design. As
mentioned in the Propeller and DC Motor theory sectiotheatime of this report we have not
had the opportunity for comprehensive system testigvertheless, we have all the
components completed and an itemized testing proceduty t@salidate our system design
and determine the optimal system settings for Sprint, Endarand Slalom.

Despite our confidence in the design, we have netedral suggestions ad areas for
improvement. The timing belt drive we used wasesmgive, heavy, and the sizes available
placed restrictions on the drive ratios our systemld incorporate. Therefore, a chain drive
could eliminate these problems and allow more flditybat the cost of marginal drive
efficiency. While currently impossible to build ancurate flow tank for propeller testing, we
feel that with a thorough study of resources in the Pittgbarea and better understanding of
cavitation and boundary effects off-shore propeligregimentation is still a possibility.

Power Management

Background and CMSS Power Management History

Power management is an extremely important aspeewty Solar Splash entrant, considering
the competition’s primary focus is the implementation ¢dispower in a predominantly fossil-
fuel application. Solar energy has many disadgegas a power source, but with research and
careful design of an efficient system, it is pokesto create a power system comparable with the
fossil-fuel powered equivalent.

Resources, time, and budget limited the 2006 power managsystem, which was comprised
mainly of stock parts and controllers. These part®warefully selected based on industry
standards in conjunction with the needs and reigmisiimerited by Solar Splash. Figure 3 gives
an extremely basic demonstration of the 2006 power systéis.system worked well, although
it had little flexibility or modifiability. Moreoer, outside manufacturer specifications, little was
know about how the system functioned. Both shortogmwere addressed for CMSS 2007.

Solar
Array

Battery Motor
Charge
9 Bank Motor

Controller Controller

Figure 3: Simplified power management system

Problem Statement
Providing power to a system and its individual componisras integral part of any electro-
mechanical system. Solar power has low potential (comparaither common power sources);

CARNEGIE MELLON SOLAR SPLASH 2007 - 12
http://www.andrew.cmu.edu/org/solar-splash




therefore, maximizing system efficiency is critical colesing the overbearing impact of losses.
CMSS'’s electrical system design is no differentlaBsplash regulations further limit the
maximum power capacity of the system (Battery weight arat sotay wattage), further
emphasizing the importance of overall system efficiendyes€ requirements limited our search
for and design of the necessary components needesldésign of the optimal Solar Splash
power management system lies not in maximizing theusatnof power but in optimizing
efficiency and limiting losses during the transferladttpower.

CMSS 2007 Power Management Goals

Having cited the limitations of the CMSS 2006 power mamage system, the goals for 2007
focus on alleviating the shortcomings, developing a battderstanding of our components, and
adding robustness to our system. To comply witlptispulsion system’s improvements, the
power management system must be upgraded to opeudtiple motors in Sprint and Slalom
configurations. Reemphasizing the importance oftingilosses, we want to validate the
efficiency of our current solar charge controllaraddition to researching the implementation
and effectiveness of different MPPT algorithms.stlyg in order to optimize battery use and
performance, we want to develop experiments thihidentify and optimize battery
performance. Overall, these goals reflect our &oris of developing techniques for gathering
information from our system with the intent of using this infation to optimize the system.

Design Elements and Descriptions

Motor Control

As mentioned earlier, the CMSS 2007 power system designatestnmodate for an updated
propulsion system. This primarily involves the tohof two motors running at considerably
higher levels than the 2006 propulsion system.gémaloads coordinated directly with safety
precautions governed most of the design decisi&uwne of these changes included upgrading
and adding additional motor controllers, solenoa@dg] fuses.

Batteries

The battery is the primary tool with which we captand store solar power. Even though Solar
Splash restricts the weight, voltage, and battery tigaal-acid), there are many variables that
need to be addressed when selecting and undersgathe ideal batteries. CMSS 2007 re-used
the batteries from the 2006 design (detailed belaw}dok steps towards analyzing battery
performance and utilizing that data in understanding the performance of the ovéeafl. sys

Sprint/Slalom- In both of these events, boats quickly reach high tepdspover the relatively
short courses. As explained in the propulsion segmerdubedhe voltage is constant making
the maximum amperage a battery can supply becomes theypdegagn factor. As with the
2006 design, the Optima Redtop 75/35 batteries are us&gpifimt and Slalom configuration.
Their MSDS and specification sheets are located in Appdhdix

Endurance -Capacitance represents how much current a batteryigamadye over a set period

of time. A high capacitance means the batteries will keetatsupply higher amperages over

long periods of time. With a rating of 60 Amp-hours, US Batteries’ USRM 22NF-HC idarsed

the endurance configuration. MSDS and specification sheets for these batteries can be found in
Appendix C.
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The amp-hour rating is also important because it candnefict the optimal battery discharge
rate for the Endurance competition. Knowing thedygtbank capacitance and the Endurance
event's total length (in time), we can use Peukdatv (equation 2) to estimate the optimal
discharge rate. This will tell us the optimal current to rawuebatteries supply our motors over
the two hour endurance event. With the manufactuspecifications (Table 2) this current is
estimated at 22.7 amps. We will validate this number dwur battery simulation experiments
explained later.

Table 2: Values for Peukert’s law

Value | Definition Battery Value

C Capacitance (Amp-H) 60

I Current (amp) 22.7 c=1" [Equation 2]
k Peukert’s constant 1.05

T Time (h) 2

While we have the manufacturer’s specifications for tipesgcular batteries, research and
consultation with professionals suggested that exyggriation may be necessary to determine
the actual battery performance. To determine thimgchanism was derived to simulate the
electrical loads projected for the different S@g@tash events. By using the data tracking
capabilities of our motor controller, we were able tpragimate our battery’s performance
under race conditions.

Battery Simulations

In order for the main components of the electrsyaitem to be thoroughly tested it is necessary
to have a model of a load that is similar to theéaneystem in the sprint/slalom and endurance
events. We researched different methods to model trstivesand inductive properties of a DC
motor. Using a starter motor to simulate the system woul# iuairthe expense and risk of
damage with our testing making it an impracticdia@p The next best solution is to create a
resistive load using a metal coil with adequateiogalto prevent immeasurable losses from heat
or melting).

Table 3: Battery specifications and projected simulationstesty.

Expected Coill
Battery Voltage (V) | Output (A) Resistance ()
Sprint 36 600 0.06
Endurance 24 23 1.04

Procedure: Using Basic circuit theory, we were able to estartae resistivity that would
represent the loads on the battery during the differests. Table 3 exhibits this information.
Uninsulated six gauge aluminum wire was used fercthil resistor because it offers the greatest
compromise between resistivity, heat dissipation,, @st corrosion resistance. We created a
device that would hold the coil wire coil submergeavater to prevent over heating. This
resister was inserted into the power managemergmyist place of the motor (as described in
Figure 3).
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The importance of the endurance configuration simulatias to validate the estimated
endurance discharge rate (as explained above). Witlstimnea¢ed current, we were able to
discharge the batteries for a few minutes before theried reached their empty voltage of 21V.
Because of the anticipated voltage drop caused by thevi@adecided the estimated endurance
discharge rate is accurate and will be the diseheate for competition. The sprint/slalom
system experiment tested for losses in the system asgbaidh the motor’s anticipated current
draw. Because of the long recharging cycle between ed¢ckhese experiments have not been
completed. However, a sample of our current residh be found in Appendix Q.

We learned from these simulations that the the@ibiattery performance is accurate within a
small tolerance. The validation of this information allavgsto design the system using the
batteries theoretical values. Moreover, because we Kmowadtual battery performance, we can
use the simulation to make sure there are no losses elsewtlagesiystem (poor connections,
bad solenoid, etc.)

Solar Array
Budget and convenience merited the reuse of fouc&rgpoKC-120-1 panels from the 2006

design (manufacturer’s specifications are in Appendix N). Research aghesiptation was
performed to ensure maximized performance of our SatayA The primary solar array
research questions concerned array performanddeaedt surface temperatures and panel
angles relative to the sun.

Surface temperature of the solar panels does affect thet @aywer. Theoretically, higher
temperatures will yield less power from an arrayuasag constant solar conditions. Cooling
methods to maintain lower temperatures include spgayanels with a liquid coolant or coating
panels with a cooling gel. However, the losses fsohar reflection off the coolant or gel
normally outweigh the losses caused by the higtraperature. Whilst a compromise between
the amount of coolant verses panel temperature gaeilld some gain in efficiency (Min-Jung),
we decided it would be negligible for the 2007 system. Negkyss, this is a concern when
manufacturing customized solar panels and may be texvisy future teams.

The revolving nature of the endurance event ledeam to decide the ideal solar array angle is
laying the panels flat on the boat, unless a ridiphnel-rotating mechanism could be calibrated
and implemented. However, because batteries will needdbarged on shore, we wished to
determine the impact of panel angle on the power outpiigidifferent times of day.

During the tests, panels were placed paralleleéatiound and perpendicular to the sun. For
each angle the constant voltage and varying cutoethie batteries were recorded. These
numbers were 50-100 percent higher for all caséseiperpendicular to sun setting. Citing this
as an obvious advantage for quicker charging winkshore, moves were made to create a stand
with an adjustable angle.

Charge Control

A charge controller is used to optimize the efing of the Solar Array’s supply of power to the
battery bank. The charge controller acts as a DC-D@etter that limits losses while
converting power into an acceptable form for a gistemage device. Popular techniques to
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control this conversion are maximum power pointkemdMPPT), pulse width modulation
(PWM), and Equalization.

MPPT determines the maximum power point on thersotay’s IV curve. This value is used by
the charge controller to ensure the maximum amountwéps collected from the solar array.
MPPT is useful as a dynamic tool because the sunlight camglithange constantly and MPPT

can adjust the system to ensure the maximum power is abeays attained. PWM regulation

is also desirable because the pulses’ widths are modifiable based on the charge level of the
batteries, allowing for efficient charging. Equalization mixes and equalizes the charge levels of
each individual cell in lead acid batteries. Togethese tools ensure that the electrical storage
device is charged quickly and with minimal losses.

The 2006 power system incorporated the Blue Skyr&uast 50 charge controller because of
recommendations from industry professionals and itofide aforementioned tools. However,
after closer research we noticed the Blue Sky MPPT algorithm may take up tp-tewgrttours

to calibrate, because it is designed to reguldte panels permanently mounted on buildings.

The endurance event is two hours and sun conditanshange dramatically throughout the
course of the event. The Blue Sky controller can regulate the charging of batteries but in these
conditions will not take advantage of the MPPT, \lhicay cause significant losses.

The perceived notion is that MPPT should increase powput by 20 to 30 percent. To
validate this claim we designed an experiment ttikted another charge controller without
MPPT abilities. We connected the different chargetiollers to identical solar array/battery
set-ups. The two arrangements were set up at the samendéigataand charging data was
collected. This experiment revealed a larger power output from the non MPPT controller. A
sample of these results can be seen in Appendix P.

This experiment’s results, combined with the long MPPTbcatiion time, dismissed the Blue
Sky unit as the charge controller for the endurance configuration. Insteadstéra $yatures

the Morningstar’s TriStar charge controller because gfetformance in our experiment.
Moreover, the TriStar allows for faster “bulk chasg’ which is the primary charging method
used in the endurance event. The Blue Sky charge contndlll&e used during on shore
charging between competitions. Although we will not impetrMPPT in the endurance event,
the recommended system should include some implementdtMRPT. The team is currently
working and testing several custom MPPT algorithimas $hould be debugged and operational
for CMSS 2008.

Conclusion and Suggestions

The primary goal 2007 power management system was to gewelell-formed understanding
of the 2006 system in addition to cultivating teiues for analyzing, optimizing, and validating
the power system design. In addition to these techniquegsr upgrades to the system include
new motor controllers rated for higher current, a nesargh controller to increase charge
efficiency and flexible, lower gauge welding wiréhvprofessionally crimped connectors.
Detailed schematics for the different configurations are located in Appendix O.
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The system is not fully optimized, but the research andrerpnts from 2007 will prove
invaluable as CMSS moves forward in optimizing teeign. We have opened the door for
many major improvements. As mentioned earlierigiésg and constructing an MPPT
algorithm optimized for the Endurance event would sigaifity increase the system’s efficiency
and charging capabilities. In addition, the design of a motor conttiediecould regulate
multiple motors at once, implementation of a wagdammunicate wirelessly with the power
systems, and research/construction of lighter and nificeeat solar panels would be excellent
ways to improve the performance of the CMSS powanagement system.
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APPENDIX A

BUOYANCY OF CRAFT
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BUOYANCY OF CRAFT VALIDATION

As required by Solar Splash regulations

7.16.2Buoyancy of Craft - Sufficient flotation must be provided on board so
that the craft cannot sink. A 20% safety factor mesinluded in the
calculations.Verification calculations must be included in the Technickh
Report. Failure to do so will result in%point penalty. Revised calculations
must be presented at Inspection if significant changes have been made since
submission of the Technical Report.

Calculations
Maximum Vessel Weight:  535.7 Ibs
Density of water: 62.4 Ibst

Weight 537.7lbs
Densityof Water 624Ib/ ft®

Required Floatation 8.585ft*

Assuming the safety factor of 1.2
The competition requirement = 10.38 ft

The bow section of the hull contains 10.3®ftfoam, which satisfies the competition
requirements. There is additional floatation fribra foam flooring in the stern.
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APPENDIX B

SPRINT BATTERIES — OPTIMA REDTOP 75/35
MANUFACTURE SPECIFICATIONS AND MSDS SHEETS
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Battery Model: 75/25

Part Number: 8022-091

Nominal Voltage: 12 volts

NSN: 6140 01 475 9361

Description: High power, sealed lead acid, engine starting
battery

Physical Characteristics:

Plate Design:  High purity lead-tin alloy. Wound cell configuration utilizing proprietary
SPIRALCELL® technology.

Electrolyte: Sulfuric acid, H,SO,

Case: Polypropylene

Color: Case: Dark Gray
Cover: “OPTIMA" Red

Group Size: BCI: 75/25

Standard Metric
Length: 9.313" 236.5 mm
Width: 6.813" 173.0 mm
Height: 7.625" 193.7 mm (height at the top of the terminals)
Weight: 33.1lb. 15.0 kg

Terminal Configuration: SAE / BCI automotive and GM style side terminal (3/8 — 16 UNC — 2B, threaded nut).

Performance Data:

Open Circuit Voltage (fully charged): 12.8 volts

Internal Resistance (fully charged): 0.0030 ohms
Capacity: 44 Ah (C/20)
Reserve Capacity: BCI: 90 minutes

(25 amp discharge, 80°F (26.7°C), to 10.5 volts cut-off)

Power:

CCA (BCI 0°F): 720 amps
MCA (BCI 32°F): 910 amps

Recommended Charging:

The following charging methods are recommended to ensure a long battery life:
(Always use a voltage regulated charger with voltage limits set as described below.)

Model: 75/25
These batteries are designed for engine starting applications. They are not recommended or
warranted for use in deep cycle applications.



Recommended Char ging Information:

Alternator: 13.3 to 15.0 volts; no amperage limit

Battery Charger: 13.8 to 15.0 volts; 10 amps maximum; 6-12 hours approximate

Float Charge: 13.2 to 13.8 volts; 1 amp maximum current (indefinite time at
lower voltages)

Rapid Recharge: Maximum voltage 15.6 volts. No current limit as long as battery

(Constant voltage charger) temperature remains below 125°F (51.7°C). Charge until

current drops below 1 amp.
All limits must be strictly adhered to.

Recharge Time: (example assuming 100% discharge — 10.5 volts)

Current Approx. time to 90% charge
100 amps 35 minutes

50 amps 75 minutes

25 amps 140 minutes

Recharge time will vary according to temperature and charger characteristics. When using
Constant Voltage chargers, amperage will taper down as the battery becomes recharged. When
amperage drops below 1 amp, the battery will be close to a full state charge.

(All charge recommendations assume an average room temperature of 77°F, 25°C)
Always wear safety glasses when working with batteries.

Always use a voltage regulated battery charger with limits set to the above ratings. Overcharging
can cause the safety valves to open and battery gases to escape, causing premature end of life.
These gases are flammable! You cannot replace water in sealed batteries that have been
overcharged. Any battery that becomes very hot while charging should be disconnected
immediately.

Not fully charging a battery can result in poor performance and a reduction in capacity.

Shipping and Transportation Information:

OPTIMA batteries can be shipped by AIR. The battery is nonspillable and is tested according to
ICAO Technical Instructions DOC. 9284-AN/905 to meet the requirements of Packing Instructions
No. 806 and is classified as non-regulated by IATA Special Provision A-48 and A-67 for UN2800.
Terminals must be protected from short circuit.

Manufacturing Location: ‘

OPTIMA Batteries

17500 East 22nd Avenue
Aurora, CO 80011
United States of America
Phone: 303-340-7400
Fax: 303-340-7474

BCI = Battery Council International

OPTIMA Batteries
Product Specifications: Model 75/25
August 2004



APPENDIX C

ENDURANCE BATTERIES — USRM 22NF-HC
MANUFACTURE SPECIFICATIONS AND MSDS SHEETS
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Deep Cycle/Industrial Battery Applications

Ah RC RC Dimensions (in.) Terminals  Weight (Ib.) # of Cover/Case
Model Volts 20 Hr. CCA 25A 75A L w H Available Wet Color
Aircraft
UAC25 12 35 235 35 - 7.71 5.8 7.53 T 26 - 54 Red/Gray 84
UAC35 12 42 330 45 - 9.78 5.17 7.23 T 35 - 78 Red/Gray 84
Floor Machine (Sweeper, Scrubber)
U2500 6 250 - 540 150 1162 7.12 11.63 SL 72 59 63 Black/Black 36
U2500HC 6 275 - 600 168 11.62 7.12 11.63 SL 78 61 69 Navy/Navy 36
U3050 6 305 - 675 175 11.88 7.12 15.00 SL 87 71 57 Black/Black 18
U3050HC 6 335 - 747 203 11.88 7.12 15.00 SL 96 78 63 Navy/Navy 18
uL16 6 375 - 810 214 1188 7.12 17.00 LS 111 89 51 Black/Black 18
UL16HC 6 415 - 890 236 11.88 7.12 17.00 LS 17 95 57 Navy/Navy 18
U1450 12 145 - 270 72 1362 6.75 12.25 LA 87 71 78 Black/Black 36
U1850 12 195 - 375 100 1550 7.06 14.25 SL 111 90 66 Black/Black 14
U1850HC 12 215 - 418 110 1550 7.06 14.25 SL 116 96 78 Navy/Navy 14
Golf Car
UAGC2 6 220 - 492 - 1038 7.13 1119 L 66 - - Gray/Gray 48
U2000 6 210 - 420 108 1025 712 1112 us 59 48 45 Black/Black 48
U2200 6 225 - 447 115 1025 712 1112 us 63 51 57 Gray/White 48
U2300 6 235 - 448 132 1025 712 1112 us 67 55 63  Green/White 48
U2400 6 244 - 530 145 1025 7.12 11.88 us 70 60 57 Blue/White 48
UsvGC 8 165 - 318 85 1025 7.12 11.33 us 65 53 60 Red/White 48
Marine
USRM8V19 8 142 600 305 92 1925 750 10.75 L 93 76 100 Rubber (Black) 24
USRM8vV21 8 155 715 330 98 2144 750 10.50 L 103 84 108 Rubber (Black) 24
USRM8V24 8 190 880 430 134 2438 7.44 1050 L 118 96 132 Rubber (Black) 16
USRM8V27 8 215 1000 445 122 27.44 7.44 10.50 L 132 108 148 Rubber (Black) 16
USRM8V26 8 240 1050 515 145 26.75 8.44 11.12 L 149 121 156 Rubber (Black) 16
Multi-Purpose Deep Cycle
USRM1 6 95 - 165 44 9.13 7.3 9.38 SA 30 24 45 Black/Black 72
USRMUL 12 35 - 55 15 8.19 5.19 7.12 L 21 18 60 Red/White 120
USRM22NF 12 60 - 108 31 9.44 550 9.00 SA 34 28 66 Red/White 84
USRM22F 12 65 - 98 24 9.50 6.56 8.31 S 35 29 66 Black/White 72
USRM78 12 70 - 122 34 1025 7.06 8.00 I 43 35 78 Black/Black 72
UBIGJOE 12 107 - 185 48 18.00 7.25 9.63 AS 80 65 102 Rubber (Black) 28
USRM16TF 12 120 - 250 74 1656 712 1112 SA 91 74 66 Rubber (Black) 28
USRM8D 12 240 - 455 106 20.75 11.12 9.88 SAL 127 104 174 Black/Black 16



Ah RC RC Dimensions (in.) Terminals  Weight (Ib.) # of Cover/Case Pallet
Model Volts 20 Hr. CCA 25A 75A L w H Available Wet Dry Plates Color Quantity
Starting
U17HF-50 6 — 360 115 — 7.38 6.88 9.25 A 26 21 39 Rubber (Black) 90
U19L-50 6 - 525 110 - 8.19 6.69 7.44 A 26 21 39 Rubber (Black) 90
U2E-VHD 6 - 600 180 - 19.38 4.12 9.12 A 38 31 45 Rubber (Black) 60
U2N-VHD 6 - 625 200 - 10.00 5.56 9.00 A 36 29 51 Rubber (Black) 84
U2-XHD 6 - 675 185 - 10.38 7.12 9.38 A 35 29 51 Black/Black 72
U4-RD 6 - 860 240 - 13.13 7.13 9.38 A 44 36 63 Black/Black 54
U3EH-VHD 6 - 875 300 - 1931 4.19 9.81 A 47 38 69 Black/Black 60
U4-XHD 6 — 1000 320 - 13.13 7.13 9.38 A 50 41 75 Black/Black 54
U4EH-VHD 6 — 1000 325 - 1931 5.00 9.81 A 61 50 81 Rubber (Black) 48
U1l-8V-VHD 8 - 400 140 - 8.88 6.81 8.50 A 38 31 52 Rubber (Black) 72
U2-8V-VHD 8 - 500 140 - 10.38 6.94 9.06 A 44 36 60 Rubber (Black) 72
U911-50 12 - 300 65 — 8.19 6.88 6.88 A 28 23 54 Red/White 90
U53K-VHD 12 - 360 80 - 1275 4.62 8.94 A 35 29 54 Rubber (Black) 90
U26-VHD 12 - 450 65 - 8.19 6.81 8.00 SuU 28 23 54 Black/Black 90
U3EE-VHD 12 - 450 100 - 1931 4.19 8.88 A 40 33 60 Black/Black 60
U3ET-VHD 12 - 500 140 - 1931 4.38 9.88 A 50 41 66 Black/Black 60
u27-50 12 - 525 120 - 12.06 6.81 8.88 A 46 37 78 Black/Black 54
U60K-VHD 12 - 550 126 - 13.06 6.19 8.88 A 50 41 66 Rubber (Black) 54
U17TF-VHD 12 - 625 150 - 17.06 6.94 8.00 A 61 50 102 Rubber (Black) 42
U6TL 12 — 825 215 - 11.88 10.50 11.88 A 69 56 138 Olive/QOlive 32
usD-1075 12 - 1100 290 - 2075 1112 9.88 BCL 112 92 138 Black/Black 16
u8D-1400 12 — 1450 400 - 2075 11.12 9.88 BCL 129 105 186 Black/Black 16
ulev24 16 - 550 70 - 10.08 6.38 8.79 A 42 - 72 Red/Red -
ul6v324 16 - 550 70 — 10.08 6.38 8.79 A 42 - 72 Red/Red —
U4HN 24 — 235 28 - 10.25 5.25 9.00 A — 28 Black/Black —
Notes: Code Terminal Description Fractions and Decimal Equivalents
aWeight, Dry°: A dry battery ships yvithout electrqute. A Auto Post 116 0.06 9/16 0.56
Mo;t are actually “hibernated' (mqst). Dry batteries are B Bus (3/8° threaded studs) 18 0.12 5/8 0.62
available only with standard terminals. c Bus (1/2° pos. stud, 3/8° neg. stud) 3/16 0.19 11/16 0.69
aSpeed Cap8 are standard equipment on Golf Car bat- Il_ Ilrﬁ:g:g Egi;gfs&;;uﬁ c?l e ;‘116 ggi igls (())Zii
teries. (UAGC2 is a sealed battery and has no caps.) s Auto post with horizontal hole /8 0..38 718 0..88
Terminals: For each battery, standard terminal is listed firstLrJ miggig z:ﬂtcji over auto post 126 ggg 15/16 0.94
« 2000 Interstate Battery System of America, Inc. Printed in USA 250037 2.5M WS



EFFECTIVE SEPTEMBER , 2005

U.S. BATTERY MFG. CO. U.S. BATTERY MFG. CO. U.S. BATTERY MFG. CO.
1675 SAMPSON AVE ® 1895 TOBACCO RD. ® 653 INDUSTRIAL PARK DR.
CORONA, CA. 91719-1889 AUGUSTA, GA. 30906 EVANS, GA. 30809

TRANSPORTATION EMERGENCY NO: GENERAL INFORMATION NO:
INFOTRAC: (800) 535-5053 / INTOL (352) 323-3500 SAFEY DEPT. (909) 371-8090

| SECTION | [
PRODUCT NAME: BATTERY, WET, FILLED WITH ACID

CHEMICAL NAME: LEAD / ACID STORAGE BATTERY

CHEMICAL FAMILY: TOXIC AND CORROSIVE MATERIAL

FORMULA: LEAD / ACID

| SECTION Il |
MATERIALS CAS NUMBER PERCENT TLV (units)
LEAD / LEAD OXIDE 7439-92-1 60 0.05
ANTIMONY ALLOY 7440-36-0 1-5 0.5
ARSENIC 7440-38-2 LESS THAN 1% LESS THAN 1%
SULFURIC ACID 7664-93-9 10-30 10-30

| SECTION Il |
PHYSICAL / CHEMICAL CHARACTERISTICS

BOILING POINT: APPOX. 203°F

VAPOR PRESSURE (mm Hg): 10@18°F

VAPOR DENSITY (air = 1): LESS THAN 1

SOLUBILITY IN WATER: 100%

PERCENT, VOLATILE BY VOLUME(%): 10-30%

EVAPORATION RATE: -1

APPEARANCE AND ODOR: CLEAR LIQUID, PUNGENT ODOR (SHARP PENETRATING ODOR)

| SECTION IV [
FIRE AND EXPLOSION HAZARD DATA

FLASH POINT: N/A

FLAMMABLE LIMITS: Lel4.0  Uel 74.2

EXTINGUISHING MEDIA: HALON OR DRY CHEMICAL EXTINGUISHER
UNUSUAL FIRE AND EXPLOSION HAZARDS:
HYDROGEN GAS AND SULFURIC ACID VAPORS ARE GENERATED UPON OVERCHARGE.
VENTILATE CHARGING AREAS.

| SECTION V [
HEALTH HAZARD DATA
THRESHOLD LIMIT VALUE: SEE SECTION II
EFFECTS OF OVEREXPOSURE: EYES: SERVE BURNS, CORNEA DAMAGE AND
BLINDNESS.
SKIN: SERVE IRRITATION, BURNING AND
ULCERATION.

INHALATION: BREATHING OF VAPORS OR MIST
MAY CAUSE RESPIRATORY DAMAGE.
INGESTION: BURNS TO MOUTH, THROAT AND
INTESTINAL TRACT.
(rev. 10-05) (wb1)




| SECTION V (continued) |
EMERGENCY AND FIRST AID PROCEDURES: EYES: WASH WITH COPIOUS
QUANTITIES OF RUNNING WATER
FOR 15 MINUTES.
SEEK MEDICAL ATTENTION SKIN: FLUSH AREAS WITH RUNNING
FOR ALL EXPOSURE EMERGENCIES WATER FOR 15 MINUTES.
INGESTION: GIVE MILK OR DRINK.
DO NOT INDUCE VOMITING.

| SECTION VI |

REACTIVITY DATA

STABILITY: U-3,F-0,S-2,R-W UNSTABLE

CONDITIONS TO AVOID: AVOID OVERCHARGING AND SMOKING IN THE VICINITY OF
CHARGING BATTERIES. AVOID SPARKS. POOR VENTILATION

INCOMPATIBILITY: WATER: MAY CAUSE ELECTRIC SHOCK AND REACTION.

HAZARDOUS POLYMERIZATION: WILL NOT OCCUR

| SECTION VI [

SPILL OR LEAK PROCEDURES

IF MATERIAL IS RELEASED OR SPILLED TAKE THE FOLLOWING ACTIONS:

CONTAIN SPILLED MATERIAL, WASH WITH WATER OR NEUTRALIZE WITH SODIUM
CARBONATE OR BICARBONATE.

WASTE DISPOSAL METHOD: DISPOSE HAS GENERAL WASTE

| SECTION VI [
SPECIAL PROTECTION INFORMATION

RESPIRATORY PROTECTION: SULFURIC ACID MIST / HALF MASK RESPIRATOR WITH ACID

MIST FILTERS.
VENTILATION: LOCAL EXHAUST PREFERRED
MECHANICAL ACCEPTABLE AT 1 TO 4 CHANGES / PER / HOUR
PROTECTIVE GLOVES: LATEX / RUBBER GLOVES
EYE PROTECTION: GOGGLES OR FACE SHIELD
OTHER PROTECTIVE EQUIPMENT: RUBBER OR PLASTIC APRON
| SECTION IX |

SPECIAL PRECAUTIONS
WHEN HANDLING AND STORING, KEEP AWAY FROM FLAMES DURING AND IMMEDIATELY
AFTER CHARGING.

AVOID PROLONGED OVERCHARGING.

| TRANSPORTATION INFORMATION [

DOT SHIPPING NAME: BATTERIES, WET FILLED WITH ACID, ELECTRIC STORAGE
IDENTIFICATION NUMBER: UN 2794

HAZARD CLASS: 8

SHIPPING LABELS: CORROSIVE

PLACARD (when required) CORROSIVE

PROPOSITION 65

WARNING:

LEAD AND IT©S COMPOUNDS ARE CHEMICALS KNOW TO THE $ATE OF CALIFORNIA TO
CAUSE REPRODUCTIVE HARM TO BOTH MALES AND FEMALES AND TO CAUSE BIRTH
DEFECTS.

(rev. 10-05) (wb2)



APPENDIX D

EXPLANATION OF DISPLACEMENT AND PLANING THEORIES
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APPENDIX E

VISUALS FOR ALTERNATIVE HULL DESIGN CONCEPTS
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WINGMAN

Figure E-1: Wingman Perspective

Figure E-2: Wingman Back Figure E-3: Wingman Front

Figure E-4: Wingman Right Figure E-5: Wingman Bottom
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AIRSWOOP

Figure E-6: Airswoop Perspective

Figure E-7: Airswoop Front

Figure E-8: Airswoop Back

Figure E-10: Airswoop Right

Figure E-9: Airswoop Bottom
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FLAT STERN

Figure E-11: Flat Stern Perspective

. Figure E-13: Flat Stern Right .
Figure E-12: Flat Stern Back Figure E-14: Flat Stern Bottom

Figure E-15: Flat Stern Left
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MYLES

Figure E-16: Myles Perspective

Figure E-17: Myles Back Figure E-16: Myles Front

Figure E-16: Myles Bottom

Figure E-16: Myles Left
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APPENDIX F

HULL BALANCE CALCULATIONS CHARTS AND TABLES
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Hull Balance Calculations

7.6 Stability - Due to time constraints, it may be necessary to conductseven
less then ideal conditions. Since safety is vital, thalsgyabf the craft will be
tested by placing 10 kg at the sheer line (outeeeddpeam) with the skipper
stationary in the normal operating position. Craft must notrheet than 15°.
Skipper must remain centered with hands/feet in norositipn.

The centers of gravity of the alternative desigesercalculated by inputting estimated weights
and locations for all components of the hull ardtiger into RhinoMarine. All of these values
were critical in evaluating the hydrostatic performanfcéhe alternatives as well as defining
basic boundary conditions for later CFD analysis. Table F-1 below sumnthezeserall
centers of gravity with respect to the baselinegtmn equal to lowest point on the hull) of the
bow cross-section. The initial waterlines in tinel@rance configurations are also tabulated.

Table F-1: Hull Concepts Balance Characteristics

Vertical Longitudinal CG Initial
Hull CG (ft) (ft) Waterline (ft)
Air Swoop 1.819 9.207 1.0266
Wingman 1.791 11.313 0.929
Flat Stern 1.64 11.119 0/7
Myles’ Hull 1.622 10.94 0.818

The results from the stability calculations were a furcof righting moments as a result of a
specific angle of heel. The competition requirement isttieahull should not heel over more
than 15 degrees when a 10 kg weight is set onhiberdine. Each of our alternative designs was
analyzed to calculate the required weight to Heektoat 15 degrees. Table F-2 summarizes the
righting moment values for the least stable enduranckgemation.

Table F-2: Solar Splash Regulations Validation

Heel Angle = 15| Righting Required Trim Angle | Safety Factor
Moment (Ib-ft) | Weight (Ibs) @ 15 degrees

Air Swoop 3222 1074 -1.63 48

Wingman 61.67 26.8 0.038 1.22

Flat Stern 125.79 71 -0.991 3.22

Myles’ Hull 107.8 62.15 -2.639 2.82
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APPENDIX G

CFD PROCEDURE AND RESULTS
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CED PROCEDURE AND RESULTS

CFD (Computational Fluid Dynamics) is the studylofd behavior within a physical system
with the aide of computer processors. CMSS 2007 utilizze@GhMBIT/FLUENT software
package to anal size the fluid flow characteristiceur hull designs.

Modeling and Meshing

The CAD/CFD models for the team’s hull designs were matleRhino 3D. The flexibility of
this program allowed us to create much more complex shiagpes3AMBIT allows. The
completed then models were meshed and then imported udatFbr analysis. GAMBIT is the
program responsible for creating a meshed models mshing allows fundamental fluid
dynamic equations to be applied to the finite eletmef the meshed model. The density of the
mesh determines the accuracy of the results from the siongati

Simulations

All four proposed hull designs- Myles, Wingman, viroop, and Flat-stern were imported into
Fluent using the above steps. These hull-formsheme placed into virtual tunnels, where water
and air were “pushed” over the hull. Based on tHape of the hull, we can use this water-air
tunnel to determine the position as well as thg dteracteristics of the hull at any particular
velocity- much like the testing of aircrafts in a wind tunnel.

User-Defined Functions

Proper modeling requires that hull passes throughwéiter and air. It needs to be able to move
in two degrees of freedom- displacement in the z-axisy@ation in the cross-hull-axis. In
order to react this way, Fluent requires that tlesimbe updated with every movement of the
hull. These updates are controlled by UDFs (UsdinBé Functions). These functions are
written in the C language, and contain information regagrthe particular hull’'s buoyancy and
density, as well as its centers of gravity. With mesources, time in particular, we can use
these functions to create a much more accurate siowlaitthe hull.

Limitations

Because of lack of time, suitable UFDs could nowvbigten for the different hulls. Instead, the
hulls are held in place, while the lift-forces caused by water are extracted. In this fdshion,
fluid behavior around the hull can be determined at digpfent velocities before the hull
planes. The fluid flow around the hull cannot bé&ualated without the UFDs. But, the lift
forces that result from the displacement simulations casée to determine the velocity at
which the hull begins to plane.

Results

Unfortunately, our simulations took longer than estpd and we were not able to generate good
results at this point. However, we are continuing to refieemodels and simulations until we
can generate good results. Although, this did not genamtbstantial amount of data for the
2007 competition, it was invaluable research and information that can be directly applied as
future CMSS teams go through Hull design iterationge-designs. The figures that follow
demonstrate our results from the simulations thus far.
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Figure G-1: Myles’ Hull- Waterline 1 ft. from centerline

Figure G-2: Myles’ Hull- Velocity Contours 1 ft. from centerkn
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Figure G-3: Myles’ Hull- Waterline at centerline

Figure G-4: Myles’ Hull- Velocity Contours 1 ft. from centerkn
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Figure G-5: Myles’ Hull Velocity Vectors at centerline

Figure G-6: Myles’ Hull Velocity Vectors at Port Tunnel

CARNEGIE MELLON SOLAR SPLASH 2007 - 47
http://www.andrew.cmu.edu/org/solar-splash




APPENDIX H

THE MYLES DESIGN PICTURES AND DIMENSIONS
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Figure H-1: Visual Description of theMylesconcept cohesion of both displacement and plartaitigoroperties.

Figure H-2: Mylesconcept transom dimensions. Figure H-3: Mylesconcept overall dimensions
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APPENDIX |

MOUNT DESIGN IMAGES
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VERT CONCEPT

Figure I-1: Vert concept Sprint configuration
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Figure 1-2: Vert concept Endurance configuration
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TRIFECTA CONCEPT

Figure 1-3: Trifecta concept Sprint configuration
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Figure I-4: Trifecta concept Endurance configuration
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FINAL MOUNT DESIGN

Figure I-5: Final Design Sprint configuration

Figure 1-6: Trifecta concept Endurance configuration close-up.
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Figure I-7: Trifecta concept Sprint configuration

Figure 1-8: Trifecta concept Endurance configuration close-up.
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APPENDIX J

PROPULSION SYSTEM FEA RESULTS
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PROPULSION SYSTEM FEA RESULTS

FEA performed to test the stresses in the motor msodime factor of safety, FOS, was
calculated by comparing the yield stresses of aluminum ansktithsses located on the individual
mounts. The models assumed all contact surfaces were bonded. The lodusseeren static
calculations. Purple arrows in the model represent for@sements present in the system and
the green arrows represent the system constraints.

The FEA results were used for comparison purposes fartisgjea motor mount configuration
and were used to determine the most stable and structumadhysong design. The results show
that the Trifecta design is stronger and offered more @safioc weight reduction improvements.

Figure L-1: Trifecta Sprint Configuration Figure L-2: Trifecta Endurance Configuration
Minimum FOS: 1.6 Minimum FOS: 1.2

Figure L-3: Vert Sprint Configuration Figure L-1: Vert Endurance Configuration
Minimum FOS: .29 Minimum FOS: .14
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APPENDIX K

VISUAL REFERENCE FOR STEERING DESIGN
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VISUAL REFERENCE FOR STEERING DESIGN

Figure K-1: Cable wraps around the steering wheel shaft. A PVC pipe was added concentric
with the shaft to increase the diameter of the shaft to ingpstaering sensitivity.

Figure K-2: CAD model of the steering assembly, including steewheel, pulleys, and motor
mount. The bar extending from the mount was a referencea$ed the rear pulley location
to achieve desired range of motion
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Figure K-3: Mock boat setup — the motor mount attaches to t@lplate in the foreground.
The cable wraps around the steering wheel and isrthéead to the motor mount.
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APPENDIX L

ETEK MOTOR SPECIFICATIONS

CARNEGIE MELLON SOLAR SPLASH 2007 - 62
http://www.andrew.cmu.edu/org/solar-splash




6.4[0.25]

8 7 6 5 v 4
e o)
P695001-1 c b
3/8-16 TAP
.75 DP (4) HL'S
== — 3.2[0.13]
— }
|| | —
@,,, 2 1143[ o 4.50]
E’: - g 222[ @ 088
1 \
= Al _ = —
H I
] |
@ [ 57.2[2.26] —
[J—
o |
5/16-18 TAP _
95 [3.7] ——67[26] — VOLTS
59 DP (4) HL'S TIGHTENED TORQUE 65 INCH LB
19.6 [0.77) HP -—— == FOR TERMINAL CONNECTION
TIGHTENED TORQUE 207 [8.1]
100 INCH LB EFF
AMPS  TTT———
MOTOR PERFORMANCE AT 75 F RPM
RPM EFF VOLTS AMPS HP RPM  EFF VOLTS AMPS HP RPM EFF VOLTS AMPS  HP
5000 100 50 [ T I — L — L —— —— L — L — 20 100 5000 100 50 200 100 2000 100 50 200 50
7
4500 0.90 45 180 9.0 4500 0.90 45 180 9.0 1800 0.90 45 180 45
| ——
. . Te——T —
w00 o8 4 100 80 w00 0s0 40 10 80 w0  os = 00 40
7 ’a 4 —_—— 27
/ P P _ _ Te—— P
3500 0.70 35 —— % 140 7.0 3500 0.70 35 140 7.0 1400 0.70 35 - 140 35
o —— i .
Femf e v
00 o0s 3 = 20 6o w0 os0 0 120 60 120 o0 % 20 30
l e 1_ -~
300 o050 2 100 50 20 050 25 = 00 50 00 0so 25 4 — . L w2
l 21 I —— 2/5
P P e I I zr
2000 0.40 20 80 4.0 2000 0.40 20 80 40 800 0.40 20 80 20
7 - P 7
[ d Pl 7|
150 03 15 Z w0 s0 0 o 1 > w0 w 0w 15 @ 15
-~ 7
/ Ul l L bd
1000 0.20 10 1 40 20 1000 0.20 10 1 P 40 20 400 0.20 10 / 40 10
g
500 0.10 5 20 1.0 500 0.10 5 /// 20 1.0 200 0.10 5 ’ 20 05
/¢ /// V/
7 -
0 o o
o 2 4 e s 10 120 10 10 10 200 o 2 4 @ s 100 120 w0 10 18 200 o 2 4 o & 10 120 10 10 10 20
TORQUE (LBIN) TORQUE (LBIN) TORQUE (LBIN)
REV. CHANGES: BY | ECONO. DATE MATERIAL MACHANICAL DRAWINGS, THIS DRAWING IS PROPRIETARY PROPERTY OF BRIGGS & STRATTON BRIGGS & STRATTON CORP.
DIMENSIONINGS TOLERANCING AND | CORPORATION DISCLOSED IN CONFIDENCE, WHICH MAY NOT BE USED
SURFACE ROUGHNESS PER GB STANDABR DISCLOSED WITHOUT PERMISSION. RET URN PROMPTLY AFTER USE. g
a
DRAWN _FB. | 020200 CLASSIFICATION OF
o oot eneex - | - CHARACTERISTICS e MOTOR 001 ELECTRICAL PRODUCTS DIVISION
FIRST USED O g wer | R vt OUTLINE DRAWING T
SMILAR TO: - scAE: i EMISSIONS (E_) P695001-1 c |t
8 7 6 5 + 4 3 2 1



Etek

amees (ress astraton] Electric Motor System

1 S % &



E1 )(1) 1 ) )- )-00 ),
Yo, -+ 1() ) 0)))- -0
13 (" )0 )y )
+))")61 0)
H )Ool *-/1 )1e1) ) ) )3
O .9 /)-() (0 - '+ 3 +)
''61) 0) ) 0 )o,) )37 )0
Y10 0 ) 0( , 1) 1)) - D)
Y I 0y, )+ Y
Yo ( ®», $FO0/NH " 1 1) )
0o )1 +) % %+) E 1) 61)
[+ 1)y 119 )4) ()
P N
E
A)-)/) 0/ 1y ) - 9 -0
1 *'+(()Y v ,)1 21, '&
) '0)
A K ) (- LY
A*)!% ) (- LY +
*) 1% +) 1y + 1 ) ) 0O/ '()
1 (1)1 '0) )oO
=% "%& $ 1"
- )
T W K
'I !II
it
W
D@ )1 21 ((@-) )
-]+
#$% % 1 +) )0 +/)1
)
#$% % )0 ) 03)210 )0 + 1)
)
#A) )0 () - (-7 ((zo1/
(01 HNO) / 1 YO  +/ )) (1

0 )Y -) ) 121

ccc )N
10 ( 01

)
))) 10

O )
)1/

)1 + 1 /0
A) )+ -0
)1/ )0.) 2)+)
)% (L )0
(1/7)(0) (1

) ()
)

> N
)
N G
" ) o< =%l - 61) )
) "7010 )Y Y- Hyu )
01-(1) 0) X-C /(C )61)0) 0 )
))) ) 3 (1)) 0) ) )6 1)0)
1) - BYC o)1) 3) ) ) 0
) 1)
D71/ "( 01)
00 /-9 T~
0/l (3)
D)o) 0) )y .)
- 0 0// ——
0o 0)
DY [/ "1)( 1%
s+ (001 ()%
» )10 0 ) 0 (
)7)'0 /)
D> +)% %+) '1)
(0( " (( X —
) /(001
D9 +) /10 10- 0) —_—
&! %' 1% e
&
4/ ) 5 # ") 4l
61) 5 /&0 ; < 0&0=
"7010" 1)5 << 0- 01)
" 8) 5 /
1115 "7010 $>,?2> ( 11
"7010" 4/ )5 @ 4
"7010 9'1)5 20
%( 1%
N G
) ) )3 S0 1)-0))
(0) 0 c )y n
»-OCC +) )-1
_ 0) )"
Torgue (In Lb)

6000

5000=T

4000—

3000—T

2000—T

1000—1

l Il l l l l Il l Il l
I 1 I I 1 | 1 | 1 1
20 40 60 80 100 120 140 160 180 200
Torque (In Lb)



P N

&!* 1%
(( 0 &
A K 1) ) ) (- )
’ . 7)1l
5 ) 19 ) A N A
0 <%+ ) I1') 4 () ;4=0 3), ( 5 )@/ '
1 )0 Y- 1) (0) 1)) ) - ) (0
oo Y ) o W GOl
y 1 21 ;01 /o= ) b "
. D)) ) )7)oy
/
) ) @) 1))
A [ DA) 3 '-40) + -0
' )) 00)' )1
D)) 10 0/ 2 ( A I Dy MY
p 1)) ') ()(303)( ) % p 0 ) - ) A1)
y : ' oL & )3 Y
' DAY ) U ' 2@ )3 )00
() )y 10
Ol % > N P N
1%
" "
. ) )3 0
L )) () )7 )0y 10 0. D) )
(1) )0 ./, 1 1 3 ).0)
1 )/00) 1))
Al 61/-) )( ( - ) 1)5
- & 010123, (/1) (0NH) 1 ) /
+ (.);& ?H?H$<=, | '+ )
$ 1xg I
) (o) 1) (/) "
)-0) )y ) - )0 A
)1 (%1% $% % ' )0/) )0 4/ )
E)/ )) ) 1) ) - +) 11 )) %) )-(
)/00) -1 1 )(00) ) +) 1) 0) + ) 0) ) 0
&@C ) n o 61) 1 () /I @@ |/ (1)) 1'0) )oO
)1 00) , 10 /() 1)
1 *)') ) )-0)) 1 NI 0
1+ )
0/+) ) .
/)/() 0 010 &@C .B)E()//+ 1.)) @
— ) D B ), G /)C
0/ ()
*)1% .
1) O 1) (17 (1)
) 1'0) )oO 0 )/ 10)y-09¢( 1))
@<, <H ') I &G H:&. @




*+) 5 $$ 5) 3
6 0 !
)
( ) $1 ) 0
( 0 7
! #
)
) !
A -
0;
8 ,%*23) $.)-*&,$%) 1$ $% " %(("$2*% (M +)%$ ".,$%) % +3 (
9 6 B
: 6
< 21 ! :
*4) 5 ;% +3 (
" =>78; @ 6 !
2 1
! @ !
% 5 (2 '$%-; c $ [ ! 7
%
+3 ( 8> % 7
= % 7 88
x4 ) 6
45 673886
&''$
+1) )1 ( )= () ' -))) ))() 0) 1 +30
() 10 )- ) )100) 1) 8 01 ) ) 1() + )()- ) 0) ! )
oY)+ )0 ")) 1 oM).0)h 1) YI(C O +++ (0
BE)/+ ) "C1)1 ),G /) 0/ ()
> 1> K 8 E"9 8 , 9 G> 1"> 9E ! 9 %
b, 9" 1L E 1M > 1 > K E98 E 99 "9 8 K9
9 9E!'! L 9 "G E 998 K9 I'> K K9'! " E98
0)(1 ) y'  I+10 +/ oly+ [, 0(1 ) y' I+ )71 10
Y/ ()e1) /'0), ) )IO 7(¢1 0 /1 o+ ) o1 )(-(n 1 '10
+ (. 0( '

( 8 > !
* o+ * 4t ) * o+ * 4t )
/ )
$+ (97! ( T 7197 3 6 3 6
4 IS T & )
< 4978+ ( 97= 3 18 3 18
[ A " %,/
+ 7
7 7 7 7 3 18 6 18
i+ 7
* 6 18 6 18
+ )
M I # $1%%I&" ()F"+,% &,--, . *"-'1) = Cc> "3 3 4 D (! 3 E9
$ SWES ( / 3 (
F * (! 3 $ "G 3 $
!
" HE%%S" & %) %S ("0 ))&  *B(" #3% %$" & "*%(") +)%$ ", %-. ) )$ &.,% 0 0,%1%) % (, 0&.-" %/(- %0

%18) -$ $ 1 (3 #$%%S" &) W/( () % 4.

*o+) $ 3 . 3
A 8<=7?9A = @9< 8=<
A 88A 989 = @8C =8<
A >BB >A< = @8<<@?
A >A? >9B =@>CC=@
A >?>BAB =BA=B8<
A>8? @>@ =A?=>9=
=@C?B8= =A?9B>8

=A8C @7=
=A>AC?@
=A>A @=8
==?@ C==
==7AC>8
==>< 89=
==>8 9><

) - 1 3%".0% .9%("-$ 01 %- #Q22*

0 , H- -9?B8BB:

=7?CB ABC =8CB ?79=
=<9>BC= =8CB 799
=9B8 <A< =8C8 @A?
=9AC B8< =8@@ >AC
=9A=B>> =8@A 87?9
=97< @B@ =8<@ CCA
=9<=C?< =8>=<<8

=>@A @C>
=>B> @9C
=>=@ =??
=>7>=><
=>7>A??
=>>C >@
? CCAC=A

Y- - W3( 1 HS%%S' &, %( -

?CC=<=B

? CBB @BC
?CB898C

? @C=88C
? @B=77@
? @8C =C<
? B8C A@9

? AC? BC9
? A@? C8B
? A<< ==A

? A<>?2C@
? =99 >@>
?=9>9@@

? ?7=<=>B

??7<>C@7?

01 ("(($2

-)<>C?=@

-)<>C?=B
-)<>@ @B8
-)<>@ @B9
-)<=AC=8
-) <A8 BB8
-) <B=CA<



APPENDIX M

ALLTRAX AXE MOTOR CONTROLLER SPECIFICATIONS
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ALLTRAX Inc.
(541)476-3565
Grants Pass, Oregon

ELECTRICAL SPECIFICATIONS, AXE-xxx4/5 CONTROLLERS

Type: Series DC motor controller

Operating Frequency: 18Khz

Throttle Input  : 0-5K? /5K?-0/0-5V /ITS

Key Input voltage  : 8V — 1.5 X max battery voltage

Quiescent current: less than 75mA

Thermal cutback: begins at 75C, 95C shutdown

Programming interface: RS-232 serial to host PC running freeware Windows
Programmable Functions:

Throttle ramp profile, throttle response rate, plug brake o
voltage cutback

interface

n/off, plug brake current, High Pedal Disable on/off, batter

y under voltage and over

AXE MODEL # 2444 4834 4844M 4844 4845 4855 4865 7235 7245
Battery Voltage 12-24V 24-48V 24-48V 24-48V 24-48V 24-48V 24-48V 24-72V 24-72V
Current Limit 400A 300A 400A 400A 400A S00A 650A 0A 450A
30 Second Rating 400A 300A 400A 400A 400A 500A 650A 00A 450 A
2 Minute Rating 400A 300A 300A 400A 400A 500A 650A D0A 450A
5 Minute Rating 350A 200A 200A 300A 300A 350A 400A D0A 350A
1 Hour Rating 200A 125A 125A 150A 175A 250A 250A 25A 200A
Voltage Drop @ 100A | <.10V <.30V <.23V <.13V <.18V <.09V < 08V <.1l6V ‘ <11V

Specifications Sheet
January, 2003
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SOLAR PANEL SPECIFICATIONS
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APPENDIX O

POWER MANAGEMENT SCHEMATICS
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Figure O-1: Sprint/Slalom Schematic.
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Figure O-1: Endurance Schematic.
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APPENDIX P

CHARGE CONTROLLER TEST RESULTS

t
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Charge Controller / Solar Panel Testing

Tri-Star Blue Sky
Controller Controller
Initial Initial
Ve (V) Voltage (V) Current (A) Voc (V) Voltage (V) Current (A)

13.20 3.7 13.4 3.5

13.30 3.9 13.5 3.6

(B1)13.14 13.60 3.9 (B2) 12.82 13.6 3.0

13.64 4.0 13.65 3.7

13.66 3.9 13.8 3.6

13.70 3.7 13.2 2.4

13.4 2.5

13.6 2.6

(B1) 13.14 13.7 2.6

13.75 2.8

13.8 2.6

13.85 3.0

Bulk Charging of 12V battery with Solar Chargers

—— Tri-Star Batteryl
BlueSky Battery2
BlueSky Batteryl

Current

12.6 12.8 13 13.2 13.4 13.6 13.8 14
Voltage
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APPENDIX Q

POWER SYSTEMS SIMULATION RESULTS

CARNEGIE MELLON SOLAR SPLASH 2007 - 78
http://www.andrew.cmu.edu/org/solar-splash




Power System Simulation Results

Table R-1: Observed system performance.

V@
Voc 600A V drop | Rutemal
Battery
1: 12.45V| 9.05V 3.4V 5.67m
Battery
2: 12.16V| 8.3V 3.86V | 6.43m
Battery
3: 12.4V | 9.12V 3.28V | 5.47m
Table R-2: Theoretical system performance.
V@
Voc 600A \Y/ dI'Op Rhuternal
Battery
1 12.45V| 10.65V 1.8V 3m
Battery
2. 12.16V| 10.36V 1.8V 3m
Battery
3: 12.4V | 10.6V 1.8V 3m

Average voltage drop across each wire: 70mV
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