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Executive Summary
Carnegie Mellon Solar Racing’s (CMSR) goal for the Solar Splash 2018 competition is to
improve VorteX for both the sprint and slalom, while still having the same performance ability in
the endurance event. By improving performance in the two events, CMSR will become a more
competitive, well rounded competition boat.
Using the team’s traditional breakdown of four teams (Hull, Propulsion, Power and
Optimization), CMSR was able to commit to several different sub-system goals in order to
improve performance in the sprint and slalom. The four teams goals were:
● Hull: Remove blemishes from the outside of the hull and remove unnecessary
weight from the structural support in order to reduce drag.
● Propulsion: Build a new propulsion system optimized specifically for VorteX and
the different competition races.
● Power: To purchase new solar panels with marked power improvements and
optimized for the hull and propulsion system.
● Optimization: To create a better communication system that gives high quality
data to the skipper.
CMSR had a total of seventeen members, largely with a focus of study in Mechanical
Engineering. All members held at least one membership in a team, and ten of the seventeen held
a larger administration or design role within the organization. With the help from all members,
the teams were able to meet their intended goals, but due to time, resource, and financial
restrictions all sub-systems were unable to be tested together before competition. Next year, this
testing will become a focus of CMSR in order to prepare better for Solar Splash 2019.
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I. Overall Project Objectives
Based on competition results from the 2017 Solar Splash competition, Carnegie Mellon Solar
Racing (CMSR), needed to improve in both the sprint and slalom races. To address these, the
organization overall project objectives were to build a propulsion system that could provide more
thrust, a power system that could provide more power, and a hull that had reduced weight and
drag. Other smaller objectives within improving the boat include improving the communication
system, cargo bay, cockpit, and solar panel attachments. Based on the overall team objectives the
sub-system objectives were as follows:
● Hull: Remove blemishes from the outside of the hull and remove unnecessary
weight from the structural support. Remodel the cargo bay, cockpit, and solar
panel attachments for a better configuration and comfort for the skipper.
● Propulsion: Build a new system that has an optimized propeller, more power draw
and use, and better suited for all competition races.
● Power: To purchase new solar panels optimized for the hull and propulsion
system.
● Optimization: To create a better communication system that gives high quality
data to the skipper.
CMSR is not a large team and has a limited source of funding. At the beginning of each year the
Executive Committee decides which sub-system within the organization will receive the most
resources. In order to achieve the overall objectives for the Academic Year 2018, CMSR decided
to take resources away from the Hull, where they were last year, and move them towards
Propulsion and Power. Both Power and Propulsion received a large portion of the funding, and
membership for the Propulsion team was increased. If extra support was needed, the other three
teams gave their support to Propulsion.

II. Solar System Design
A. Past Design
Last year we used two SunPower Model SPR-215-WHT-U solar panels. These panels are rated
at 215 W each. Combining the two allows for a 430 Watt system. Each panel weighs 33 lbs,
and has a maximum efficiency of 17.3% [1]. These panels are relatively old, with rather poor
efficiency and high weight, and are meant for household applications. The Power team sought to
improve the solar panels for higher efficiency, lighter weight, and to take advantage of the entire
480 Watt limit.
mpp
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B. Current Design
This year the team purchased custom Solbian panels from Ocean Planet Energy using SunPower
monocrystalline cells with 24% efficiency and 3.07 watts each, as described in Appendix E. The
back 4 panels are SP103 panels purchased off the shelf. The front panel was custom designed by
CMSR members and sent to Solbian for final adjustments. The goal of the custom design was to
have the solar system array adhere to the contour of the boat shape for improvements in drag and
aesthetics. Last year’s panels were very bulky and overhung the edges of the boat. The panels
were flash tested by Solbian at their facilities and reported an output of 473 W (Appendix E).
The panels are 21.8 Voc each. The total weight for these panels is only around 10 lbs. The panels
came with adhesive backing, which the team glued onto sheets of polycarbonate reinforced with
epoxy and fiberglass. The final weight is about 29 lbs., with marked improvements in power.

III. Electrical System
A. Current Design
The power system utilizes the same Morningstar TriStar 45 MPPT Charge Controller as last
year. It acts as an intermediary between the panels and batteries. The TriStar MPPT Charge
Controller was chosen for its ability to charge batteries with significantly lower voltage than the
solar panels without loss of efficiency. According to the data provided by Morningstar, for our
solar array and battery configuration, the MPPT charge controller is able to charge with around
95% efficiency [2].

IV. Power Electronics System
A. Current Design
The propulsion system requires a 24V input, so the electronics design utilizes two 12V lead-acid
batteries that are wired in series. Several commercial batteries were considered (Table 1). Many
were unfavorable because their weight was not optimal given the Solar Splash limit on 100lbs of
battery. Ideally, two 50lb batteries would be used to maximize capacity and stay within the
weight limit (since weight is roughly proportional to capacity). The team also sought deep-cycle
batteries, since in racing conditions the batteries will often be discharged significantly. The
Optima Redtop 75/25, the same batteries used for Solar Splash 2017, fit these conditions almost
perfectly and are the batteries the team implemented for use on VorteX for Solar Splash 2018.
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Table 1: Comparison chart of different batteries the team considered. The final choice, the
Optima Redtop 75/25, is highlighted in green.
Battery

Capacity (20-hr) Ah Weight (lb) Type

Price

Sigma 12-35

35

23.59

AGM

In storage

UB12500

50

30.2

AGM (deep cycle)

In storage

Optima D34M

55

43.5

AGM (dual purpose)

$175

Vmax857

35

25

AGM

$110

Duracell
SLI27MDP

80

49

Flooded

$115

Amstron AP12-75D 75

51.8

AGM

$140

Optima Red 75/25

33.1

AGM

$233

44

B. Future Improvements
In design considerations for this year, battery discharge rates, lifetime, and many other factors
were neglected. The team will try to account for this for future improvements.

V. Hull Design
A. Current Design
CMSR will be recycling the hull from VorteX used in Solar Splash 2017, with further
improvements to remove blemishes and mistakes from the construction of the hull from last year.
The main problems with last year’s boat was the unnecessary weight coming from the wooden
structural supports, the increased drag from blemishes on the outside of the boat, and items
inside the hull could not be moved around because everything was either bolted or epoxied in
place. The layup process for the 2017 hull went well with the exception of the first layer
containing multiple air bubbles and the Nomex Honeycomb layer not fully adhering to the
carbon fiber. There were two major air bubbles on the sides that could not be fixed and had to be
reinforced for competition. The sides were also unstable, so three wooden cross-sections were
epoxied into the boat to increase rigidity. This added unnecessary weight. The cockpit was made
out of wood and bolted on to the side of the boat. This also added more weight and took away
from aesthetics. Also, the solar panels were bolted onto brackets which were difficult to line up
properly and not reliable in allowing proper attachment. Addressing these issues were the main
improvements to construction of the Solar Splash 2017 hull for this year.
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B. Boat Improvements
This year, focus was put on iterating previous designs to make the cockpit, cargo bay, and solar
panel attachment more modular, while removing unnecessary weight. Additionally, blemishes
were fixed and gaps filled in to improve the aerodynamics of the hull. The first step in the
improvement process was to remove everything that was epoxied inside the hull except for the
front cross-section. This was a tedious task that took longer than expected, reducing time for
testing after completion. Fortunately, about 90% of everything epoxied inside of the hull was
removed without damage. The other 10% was epoxy residue that collected on the bottom and
scraps of wood that could not be removed without damaging the hull.
1) Fixing blemished and gaps: The red paint and primer from last year was removed in order to
fix gaps on the outside surface of the hull. Three gallons of Klean Strip paint stripper was used
for the majority of the hull to remove paint and primer, and then the rest was removed with
sanding. Unfortunately paint strippers damage epoxy if they make contact for extended periods
of time. Work was done quickly in order to stop the paint stripper from going through the primer.
After sanding the gaps were ready to be filled on the hull. Four packets of Marine-Tex Epoxy
Putty were used in order to fill holes. The process was straightforward, first one a layer of putty
was added and then in the next meeting it was sanded and then another layer added. This was
then repeated until completion. The reason for layers was because the putty was not viscous
enough to cover the gaps all the way to the top.
The team chose to continue using the red and white color scheme to imitate the schools colors
the closest. Three layers of gray primer, then four layers of red paint, were added with an hour to
dry between each layer (Fig. 1). The difference between this year and last year’s paint job was
the number of layers. Last year there was five layers of primer and seven layers of red paint
which was decided to be excessive. It was also the reason the paint looked runny up close.
Another difference is the techniques used while painting. Last year if a small area was missed, it
was sprayed over creating and extra layer on the surrounding. This year there was only one slow
pass around the entire boat at a time. It was more time consuming and difficult, but it paid off.
This year’s paint job is more even and is more aesthetic than last years.
The last addition to outside of the boat is the logos which are yet to be painted. Similar to last
year, the team will be laying up blue painters tape on a sheet of polycarbonate and laser cutting
the logos. The painters tape will be stuck to the sides of the boat and act as a stencil for the white
spray paint. This year there will be eight sponsors on the starboard side and the boat’s name on
the port side (Fig. 2). This is a much larger than the design from last year. Afterwards the logos
will be coated with an acrylic spray to make it waterproof and to prevent damage.
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Figure 1: Applying primer and paint to the hull.

Figure 2: Prepare logo and detail design to be completed for Solar Splash 2018
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2) Adding a Cargo Bay: The purpose for adding the cargo bay was to provide better flotation
as well as a place to store the electrical system. Two 54” extruded aluminum T-Slot rail run
down the cargo bay along with four bolt holes for carabiners and rope to act as attachment
points. The top of the cargo bay is 4 pieces of ½ inch high density polyethylene King StarLite.
King StarLite was chosen for its similar properties to wood, but lower susceptibility to rot, lower
weight, and higher ease of usability. Additionally, it has an anti-skid texture that makes it harder
for the components mounted on it to move. The cargo bay is supported by five pieces of 2 x 4
which were epoxied to the side of the boat. To secure the cargo bay 1.5” brackets were screwed
into the wood, which simultaneously secured the T-slots. To make the cargo bay watertight four
cartridges of marine grade caulk were used to seal the gaps between the King StarLite. Black
Flex Seal was sprayed on the wood in order to match the color of our boat and prevent rot.
3) Improvements to the Cockpit: The cockpits this year focuses on adjustability and aesthetics.
Last year it was a wooden panel with components bolted or epoxied on. It was difficult to reach
the bolts and it could not be adjusted. This year a ½ in King StarBoard is used as a base. King
StarBoard was chosen for its similar density to wood, but higher tensile strength, which allowed
for less material. It also looks more professional than stained wood and easier to create add
additional screw holes. The base was supported by T-slot rails set in a triangular shape. The
cockpit can be slid up and down by 6 inches and moved back and forth by 6 inches in order to
adjust to the driver. The steering wheel, throttle, tablet, and on/off switch is installed similarly to
last year.
4) Solar Panel Attachments: As described in section II, the team is using custom flexible
Solbian panels instead of the heavy SunPower panels used last year. The solar panels came with
an adhesive backing to apply to any chosen frame. It was decided to use a 8mm Twin-Wall
Polycarbonate as a support to the panels, however it was found to be too flexible. A fiberglass
layup on the opposite side worked out well and made gave the polycarbonate a proper rigidity.
The panels are attached to the boat on T-slot rails across the hull. The T-slot rails provide some
rigidity while allowing for flexible mounting options.
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VI. Drive Train and Steering
A. Current Design
For Solar Splash 2017, CMSR competed using a Torqeedo Cruise 2.0 RS for the propulsion
system and a Seastar SS137 20’ Safe-T Quick Connect for the steering system. There was no
problems or issues with using the steering system, so it will be integrated into the drivetrain and
steering system again for Solar Splash 2018. As for the propulsion system, it was decided that
the Torqeedo was not optimal for competition. While it was good for endurance, the system did
not have enough thrust to allow the boat to be competitive in either the sprint or the slalom.
From previous experience in researching propulsion systems, it was known that the Torqeedo
was the most optimal for Vortex on the market, so in order to improve the propulsion systems
performance, the team would need to build one. By building the propulsion system in house, it
could be optimized for propeller design and size, power draw and use, and be made more optimal
to support both the sprint and the endurance events.
B. Analysis of Design Concepts
The design for this year consists of three main parts: the lower unit, the upper unit, and the
propellers. The rationale behind designing a new propulsion system was to allow our design to
become more flexible. It allows for changing out the gears and the propeller to suit the
competition. This flexibility also allows for ease of fixing and modifications during testing.
Overall, this system should operate better than the Torqeedo for VorteX.
1) Lower Unit: The lower unit includes a casing, a propeller shaft, a propeller, gears that
connect the driveshaft to the propeller shaft, and bearing that allow the propeller shaft to spin
freely. A main consideration when designing the lower unit was waterproofing, as water would
reduce the efficiency of the gears and bearings. The original idea for the casing was to 3D print a
metal housing. However, upon looking into it, it was discovered that it would be time intensive
and costly for the team. Instead it was decided to CNC the casing in parts. There are drawbacks
of weight and required simplicity of the design, but the casing would be finished on time and
within budget. Having a heavier part will damage time in the endurance race but allows for
sturdier connections.
2) Upper Unit: The upper unit is primarily made up of the motor housing, the connection to the
boat, and the steering attachment. For the connection to the boat, an old Torqeedo case was
adapted to house the driveshaft. Similarly, an on old Torqeedo steering attachment and cable was
repurposed so that the pre-existing steering system could be reused. The motor housing is
designed to be adjustable so that we a switch can be made between a 24-24 and a 24-36 gear
ratio. This way, the motor can be geared down for the endurance race, allowing for increased
efficiency. The second gear is connected to the driveshaft, which travels through a casing to
protect it from the water, to connect to the lower unit.
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3) Propeller: This year the CMSR team, researched, designed, and manufactured their own
propellers for the sprint and endurance races. The initial designs for the propellers were designed
using OpenProp [4], an open software developed by MIT and Dartmouth to aid with propeller
design and analysis. The propellers were then imported into SolidWorks, and simulations were
conducted to assess their stress and performance. Finally, the propellers were manufactured at
Carnegie Mellon University using a three axis CNC machine mill. For further information on the
propeller design, analysis, and manufacturing process refer to Appendix F.
C. Design, Testing, and Evaluation
Before manufacturing the propulsion system, all parts were designed inside of SolidWorks and
fitted together to approve proper dimensions and to prevent manufacturing error. The propeller
was additionally tested using fluid simulations and stress analysis to determine failure modes.
For more information on propeller analysis refer to Appendix F.
At this time, the propulsion system is not complete. Its expected completion data is the second
week of May after the technical report is due. After completion of the propulsion system, both
dry and water tests will be done to confirm that the system works and will not receive water
damage when used. Due to time constraints, money, and resource availability the propulsion
system will not be tested on the boat before Solar Splash 2018 competition.

VII. Data Acquisition and Communications
A. Current Design
This year, the optimization team improved upon the data acquisition and communication system
created last academic year. After competition experience last year, it was decided that the team
should focus on addressing two major issues: reliability of data and interpretability. As a result,
the goal of this year’s system was to provide high quality data that would be useful to the
skipper.
The setup uses an Arduino microcontroller for sensor data aggregation. Relevant data is
forwarded to an Android tablet for display. This different acquisition sensors used in the system
and their purpose are shown in Table 2.
Table 2: Data acquisition sensors and their purposes.
Sensor Type

Chosen Part

Purpose

Voltage Sensor

Custom-made

Sense battery voltage, solar panel output.

Current Sensor

Honeywell CSLA Series (two
kinds: one small and one big)

Sense solar panel output, charge controller
output, and motor draw.

GPS

On-board chip in tablet

Determine speed of craft.
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The team focused on improving the reliability of the two main sensors: voltage and current.
These two sensors give information about the charge from the panels, how much juice is in the
batteries, and how much energy the motor is drawing. With these readings, the skipper is better
able to make judgements about throttle and pacing. The Honeywell sensor was specifically
chosen because it is non-invasive. The sensor reads the current of a wire (even an insulated wire)
threaded through it. This means that there is no more dependency of the Power subsystem on
Data Acquisition.
This year, the team set out to build a state of charge estimator for the boat batteries. The goal was
to take in voltage and past current measurements and produce a reasonably accurate estimate of
the state of charge of the battery. This was accomplished using a combination of the voltage and
current integration. Since specific lead acid batteries will have varying voltage to state of charge
curves, a model was built from data that was collected on the open circuit voltage to state of
charge. The model was then combined with current integration to create a reasonably accurate
model for state of charge.
B. Analysis of Design Concepts
1) State of Charge Estimation: Estimating the state of charge of a lead acid battery is a
inherently difficult task. Lead acid batteries are designed to provide a relatively steady voltage
source, regardless of state of charge. Thus, predicting state of charge directly from voltage is
difficult. In addition, the total amount of ampere hours of the battery depends on the rate of
current draw. Discharging the battery over a period of three hours will yields fewer ampere hours
than discharging over a period of ten hours. To address these problems, the team took the
approach of gathering as much data as possible.
C. Design Testing and Evaluation
1) Current Sensor: To improve the robustness and accuracy of the current measurements,
various tests were performed on the Honeywell sensors. One major problem addressed this year
was sensor drift. It was discovered that this could be alleviated by stabilizing the voltage source
to the current sensors, with the addition of a voltage regulator and a warm up period for
stabilization. Accuracy was improved by performing more calibration tests and using calibration
data to guide the state of charge estimate described in the section above.
2) Battery Testing: The state of charge estimator required gathering data when draining the
battery. In the experimental setup to analyze voltage over elapsed time, shown in Fig. 3, one of
the Optima batteries was set up with a four-ohm resistor, and voltage was recorded over time
when the current was under a three amp draw rate. A different experimental setup will also be
used, where open circuit voltage was recorded rather than closed circuit voltage. This test will be
completed after the submission of the technical report.
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Figure 3: Optima battery voltage over time elapsed.

VIII. Project Management
A. Team members and leadership roles
Carnegie Mellon Solar Racing has a total of seventeen members that regularly attend meetings.
As an inclusive organization on campus, CMSR aims to have a great diversity of members across
all majors, but the organization tends to have the highest percentage in Mechanical Engineering.
For a full list of members, their majors, and their graduation years refer to Appendix D.
Similar to the 2017 Academic Year, the organization had six administrative roles and four design
roles that made up the Executive Committee. These roles are as listed and described below in
Table 3.
Table 3: Executive Committee roles and descriptions of duties.
Role

Description

President

Determines the overall vision and expectation of the organization for the given
year. Oversees the progress of all members and officers.

Secretary

Manages logistics for general body meetings, design meetings, and Executive
Committee meetings. Responsible to update members on all organization
meetings and changes.

Vice President of Finance

Develops and enforces the final budget and timeline. Works with the Student
Life Involvement and Civic Engagement office on campus for funding needs.

Vice President of Marketing

Promotes the public perception of CMSR through preparing for outreach events
and for sponsors.

Vice President of Member
Development

Works to obtain new members, develop their abilities, and integrate them into
the organization through the New Member Project.

Vice President of Programming

Manages logistics for Solar Splash competition and any other large events.
Also, oversees management of the shop, storage cage, and off campus storage
locations.

Hull Design Lead

Lead design and fabrication of the hull.

Propulsion Design Lead

Leads design and fabrication of the drivetrain and steering.

Optimization Design Lead

Leads design and fabrication of the communications system.

Power Design Lead

Leads design and fabrication of the electrical and power systems.
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B. Project planning and schedule
The commitment to each project (Hull, Propulsion, Optimization, and Power) was determined by
the The Executive Committee during the first two weeks of the academic year. To make sure that
commitments were being met, and the entire project was going to be completed on time, the
Executive Committee had bi-weekly meetings to discuss updates.
After the initial decision on the level of commitment to each project within the organization, the
project and planning within each team was determined and controlled by team leads. Design
leads decided how often meetings for their teams needed to be held. Generally throughout the
academic year Propulsion and Hull team met once to twice weekly while Power and
Optimization met once bi-weekly.
C. Financial and funding-raising
In order to finance the design, development, and manufacturing of components for the 2018 boat,
the team drew from two primary funding sources: university-allocated student organization and
corporate sponsorship.
Every year the team requests funding from the Joint Funding Committee (JFC) within Carnegie
Mellon Student Government. Through advocating the vision and project needs of CMSR,
collaborating with CMSR’s assigned Joint Funding Committee representative, and submitting a
detailed itemized budget of expected expenses, the organization was able to gain $12,177 for
Carnegie Mellon’s student organization fund. Also, the organization has continued a partnership
with Ford Motor Company. By maintaining relations with an alumnus of the organization, who
now works for Ford, the organization is given opportunities for funding. This year, CMSR
received $5000 as part of Ford’s Blue Oval Scholarship program. Other institutions that helped
support CMSR through donation of physical, informational, and digital materials are College of
Engineering, Ocean Planet Energy, Saietta, Simscale, Solbian, SolidWorks, and Steinbrenner
Institute for Environmental Education & Research. While none contributed direct funds, by
supporting the club through other means, they have reduced overall financial costs.
CMSR’s strategies have enabled the organization to obtain significant funding with very
manageable effort, the organization strongly recommends networking and partnering with
companies, and requesting university funding for collegiate Solar Splash teams. While
establishing corporate relationships can involve more effort and uncertainty, more benefits can
potentially be gained since companies may offer financial support, but also take interest in
recruiting team members for internships and full-time employment. If corporate networking is
not the most preferred option, then utilizing university resources is always a sound strategy, as
universities tend to place high importance and dedicate significant resources toward helping
students’ educational endeavors succeed.
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D. Strategy for team continuity and sustainability
Carnegie Mellon Solar Racing strategy for continuity and sustainability is to maintain team
organization, recruit and develop new members, maintain sponsor relationships, recycle
resources to reduce future costs, and to document the building process within a shared drive to
pass down information.
1) Maintain Team Organization: CMSR consists of four teams: propulsion, hull, optimization,
and power. Each team is required to provide a timeline of their work to ensure prompt
completion of necessary tasks. Each year these schedules are evaluated and passed down to be
examples to future years. In addition, an executive committee, made of students from different
graduation year, discusses and organizes club logistics. Having a large and diverse executive
committee helps provide a path for students to gain leadership skills and advance in the group. It
also makes it so that positions are filled by students from all years and the entire leadership team
will not graduate at the same time.
2) Recruit New Members: Every year, members of Carnegie Mellon Solar Racing attend two
university sponsored activity fairs to meet and recruit new students. Potential new members can
attend Computer Aided Design tutorials, a General Body Meeting, and work on a New Member
Project. The New Member Project is geared to both introduce CMSR’s building process, and to
help integrate new members into the organization. Throughout the New Member Project, new
students design and build a miniature racing boat using very similar techniques as to what are
used to build the boat that races at Solar Splash.
3) Maintain Sponsor Relationships: Throughout the course of the year, new relationships with
sponsors and solar panel producing companies were made. This foundation will allow future
teams to keep in contact with these sponsors to gain additional support either through resources
of funding. In addition, a strong performance in Solar Splash 2017 has retained all previous
sponsors and attracted new ones for this year.
4) Recycling Resources: All of the components within the boat will be passed on to future
teams. Future members will be able to test old parts and reuse everything that they deem
necessary. Some key components that are being passed on include the hull, the female mold of
the hull, the propulsion system and the brand new solar panels. The female mold will allow
future teams to construct new hulls to improve the integrity of the boat and to practice those
construction skills. In addition, passing down all of the new propulsion system will inform future
members how to design and build their own system. Also, future members will have full access
to our new solar panels to assess the benefits compared to the panels used two years ago.
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5) Documenting Information: The team also makes use of a shared Google Drive that contains
documentation on design and research completed each year. This drive was created in 2016, and
gives the ability to members to search through old files to learn what older teams did for their
building process. This folder was created after CMSR lost all information in 2015 when
returning members left the organization and only new members were there to continue the
building process. From documenting information over the last two years it has made it easier to
write the technical report, predict annual financial costs, and determine proper timeline and
scheduling.
E. Discussion and self-evaluation
The level of commitment to each sub-system, decided by the Executive Committee during the
first two weeks of school, was effective in completing the boat to the intended goals. However,
on the side of administration, the organization had a low retention of new members. Normally
the organization has about ten to fifteen new members, with about ten willing to continue onto
the next year. This year CMSR has three new freshman, one sophomore, and one junior, making
a total of only five new members. While all do intend to continue onto next year, the
organization does not consider this level of recruitment sustainable to maintaining sustainability
of CMSR. To improve new member retention next year, the Vice President of Member
Development and the newly elected President will evaluate the New Member Project.

IX. Conclusions and Recommendations
A. Strengths and Weaknesses
The strengths for Carnegie Mellon Solar Racing this academic year were:
● Building a new propulsion system: By optimizing the propulsion system to the rest of
the boat, it should improve the boats performance at competition.
● Purchasing a new solar system: By optimizing to the shape of the hull and
maximizing to the allowable wattage, it should improve the boats performance at
competition.
● Making further improvements to the hull: This had many positive effects such as
making the driver more comfortable and optimizing better for weight, strength, and
drag.
● Preparing for Solar Splash 2018 competition: After documenting everything from last
year's competition, CMSR is more prepared to compete and anticipate challenges that
may occur.
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The weaknesses for Carnegie Mellon Solar Racing this academic year were:
● A reduction in new member recruitment: The team will have an effect on team
continuity in future years. The new member project will be evaluated for next year.
● Not having the boat registered with the state for testing: This lead to being unable to
test the completed boat before competition. The organization is now going through
the process to register VorteX for testing next academic year.
● Not having a driver who is comfortable driving a truck: This prevents the team from
being able to test the boat and requires us to have the Faculty Advisor transport the
boat to competition. The team is still uncertain on how to best handle this problem.
B. Meeting Sub-System Objectives
The Sub-system Objectives were as follows:
● Hull: To improve the hull that was used during Solar Splash 2017 competition
● Propulsion: To build an entirely new propulsion system and the integrate the old
steering system into it.
● Power: To purchase new solar cells.
● Optimization: To improve last year’s communications system.
Carnegie Mellon Solar Racing was able to meet the goals set at the beginning of the 2018
academic year.
C. Reflections on Design Process
The boat was successful in completion by having a newly built propulsion system, a lighter hull,
a new solar power system, and an improved optimization system for this year's competition.
However, due to finishing the boat in early May and not having the boat registered in time to test
in the local waterways, the testing and evaluation portion of the design process will not be
complete.
D. Where do we go from here?
With the successful completion of designing a propulsion system this year, the organization will
switch to re-designing the Hull for Solar Splash 2019. While adjustments will be made on the
propulsions system, the power and electrical system, and the optimization system, they will all
take a back seat in both time and finance for the next upcoming year.
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E. Lessons Learned
The two major weaknesses this year focused on new member retainment and registering the boat
with the state to be able to test it in Pennsylvania’s rivers and lakes. From this, the two major
lessons learned are:
● To improve the new member recruitment strategies and the new member project for
future years.
● To register VorteX with the state, as well as all future boats, at least six weeks in
advance from when the team wants to do full boat testing.
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X. Appendices
Appendix A: Battery Documentation
Figure A.1 provides battery documentation for the Optima Redtop 75/25 that will be used for
Solar Splash 2018 competition.

Figure A.1: Optima Battery Specifications Sheets [4] (1 of 2)
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Figure A.1 (cont.): Optima Battery Specifications Sheets [4] (2 of 2)
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Figure A.2: Optima Battery MSDS Sheets [5] (1 of 5)
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Figure A.2 (cont.): Optima Battery MSDS Sheets [5] (2 of 5)
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Figure A.2 (cont.): Optima Battery MSDS Sheets [5] (3 of 5)
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Figure A.2 (cont.): Optima Battery MSDS Sheets [5] (4 of 5)
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Figure A.2 (cont.): Optima Battery MSDS Sheets [5] (5 of 5)
*Model number is boxed in yellow.
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Appendix B: Flotation Calculations
To prove that VorteX will still float, if filled with water, Tab. B.1 and Equations B.1 and B.2
were used for calculations.
Table B.1: Flotation Calculations Weight Values
System

Volume (in )

Buoyant Force (lb)

Batteries

1099.1

39.7

Foam

2874.2

103.8

Boat

2351.8

84.9

Cargo Bay

7688.9

277.6

Total

14014

505.9

3

γ = specific weight of water = 0.0361 lb/in
F =V xγ
= 14014 in x 0.0361 lb/ft = 505.9 lb

3

Water

b

Total

Water

3

3

Equation B.1: Buoyancy of Boat in Pounds
W = Total weight x 1.2
= 326.69* 1.2
= 392 lbs
Findings: The final flotation calculated was 505.9 lbs. The cargo bay we added is a great
improvement to aid in buoyancy. We will be above the limit by 113.9 lbs and do not require any
air bags.
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Appendix C: Proof of Insurance
Fig. C.1 is the required certificate of liability insurance from Carnegie Mellon University.

Figure C.1: Certificate of Liability Insurance for Solar Splash Rule 2.9
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Appendix D: Team Roster
Included in Table D.1 and D.2 below are all the team members, their majors, year, and team role,
as well as the team advisors.
Table D.1: Team Member Roster
Name

Degree Program

Year

Team Role

Basit, Fatima

CIT*/Mechanical Engineering

Freshman

Hull and Propulsion Member

Farney, Rhiannon

CIT/Mechanical Engineering
and Engineering and Public
Policy

Senior

President, Propulsion Design Lead

Feng, Victoria

CIT/Mechanical Engineering,
SCS**/Human-Computer
Interaction

Sophomore

Hull and Propulsion Member

Gamboa, Sebastian

CIT/Mechanical Engineering

Sophomore

Vice President of Programming, Hull
Member

Kleinman, David

CIT/Mechanical Engineering

Freshman

Vice President of Marketing Spring
Semester, Power and Opti Member

Lamprinakos, Nicholas CIT/Mechanical Engineering
and Biomedical Engineering

Junior

Hull Member

Lance, Jack

CIT/Mechanical Engineering,
SCS/Robotics

Junior

Hull and Propulsion Member

Lim, Jasmine

CIT/Mechanical Engineering
and Engineering and Public
Policy

Junior

Vice President of Finance, Propulsion
Member

Long, Madelynne

CIT/Mechanical Engineering

Junior

Hull Design Lead Fall Semester, Vice
President of Marketing Fall Semester,
Hull Member

Masciopinto, Zack

CIT/Mechanical Engineering

Junior

Vice President of Member
Development, Hull Member

Oke, David

CIT/Mechanical Engineering

Sophomore

Hull and Propulsions Member

Quinones, Cesar

CIT/Mechanical Engineering

Junior

Hull Design Lead Spring Semester

Shah, Tanvi

CIT/Electrical & Computer
Engineering

Sophomore

Hull and Propulsion Member

Shek, Alvin

CIT/Electrical & Computer
Engineering

Freshman

Power and Optimization Member

Xu, Riley

MCS***/Physics

Senior

Power Design Lead, Optimization
Member

Zeng, David

SCS/Computer Science

Junior

Optimization Design Lead, Power
Member

Zhang, James

CIT/Mechanical Engineering
and Engineering and Public
Policy

Junior

Secretary, Hull, Propulsion, and
Power, and Optimization Member

*Carnegie Institute of Technology (CIT), **School of Computer Science (SCS), ***Mellon College of Science (MCS)

Table D.2: Team Advisors
Name

College/Institution Affiliation

Title

Role

Dr. Kurt Larsen Carnegie Institute of Technology (CIT) Assistant Dean for Undergraduate Studies Faculty Advisor
Shae Sealey

Schindler Elevators Corp.

Project Lead PMDP
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Appendix E: Email Confirming Solar Panel Output from Correspondent with Solar Panel
Company

Hi James - The 393 watts were the result of the flash test on the four
panels. This is @ 3.07 watts per cell. 26 more cells yields @ 80 watts, so
hence the projected 473 watt total.
Best, Tom
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Appendix F: Propulsion System Propeller Supporting Design Calculations
The CMSR team is now aiming to design and manufacture their own propellers for competition.
The following sections discuss the process for both the endurance and sprint propeller,.
Endurance Propeller Design
The endurance propeller was designed based on the expected performance of the current hull
design, last year’s performance at competition, and the expected performance of the electrical
system. The ideal case is to have the batteries completely drained by the end of the 2-hour race.
As a result, a simple power balance model was utilized to constrain the propeller design.

Figure F.1: Top View Force Body Diagram for the Boat

𝑃"#$ + 𝑃&'(()*+

Equation F.1: Equation for Balance of Forces
= 𝑃-*'. + 𝑃)//010)$1+ 34"")"

Where:
P = Expected power drawn from the solar panels
P = Power drawn from batteries
P = Power dissipated from drag on the boat
P
= Power dissipated from efficiency losses
sun

battery

drag

efficiency losses

Examples of power dissipated from efficiency losses include motor efficiency and gearbox
efficiency.
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To estimate the amount of power that can be drawn from the batteries, Peukert’s law was utilized
[5].
Equation F.2: Peukert’s Law [5]
8

𝑡 = 𝐻 79:;

<

Where:
H = Rated discharge time in hours
C = Rated capacity at that discharge rate
I = Actual discharge current
K = Peukert constant for lead acid battery
t = Amount of time spent to discharge the batteries
By setting the time of discharge to two hours, which is the duration of one endurance heat, the
current output of the batteries was calculated to be at 36 A. A sensitivity analysis was conducted
to see how the power output of the solar panels varied with the solar intensity. The expected
current drawn from the panels varied from 11 A to 33 A. Before efficiency drops, the total
current that can be drawn by the motor varied from 47 to 69 A.
Dave Gerr’s displacement speed-length ratio formulas were used to predict the speed of the boat
[3].
Equation F.3: Speed-length Ratio
𝑆𝐿 =

10.665
𝐿& D/F
7𝑆𝐻𝑃
;

𝑆𝐿 =

𝐾("
𝑊3 D/I

Where:
SL = Speed length ratio
Lb = Displacement of water, in lbs
SHP = Shaft output in HP
Kts = Boat speed in knots
Wl = Waterline length in feet
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For the endurance race, the boat is assumed to have 0 trim and a water displacement of 450 lbs.
More accurate data can be gathered in the future to iterate and fine tune these assumptions. The
waterline length was estimated using Solidworks based on where the waterline would sit on the
boat if it displaced 450 lbs. The shaft horsepower is related to the amount of current that the
motor can pull from the previous calculations, and the efficiency of the system at turning
electrical power into mechanical power. Based on these values, we found that our boat can move
between 2.55 to 2.86 m/s depending on the intensity of sunlight. We found that these values have
good agreement with the speeds we recorded for the endurance race in Solar Splash 2017 using
the Torqeedo system. While the overall propulsion system may have worse efficiency ratings
than the Torqeedo, it is offset by the extra wattage pulled from the new solar panels, leading to a
similar prediction in performance.
Endurance Propeller Geometry
These values were then plugged into OpenProp, a MATLAB based software developed by MIT
and Dartmouth to aid propeller design. A parametric study was first conducted to find how many
blades, RPM of the propeller, and diameter of the propeller would maximize its efficiency. At
larger diameters, lower RPMs have higher efficiencies according to the study. Based on this
information, a 15 inch 3-bladed propeller was chosen at a RPM of 500. This is convenient
because this corresponds to about a 1:2 gear reduction ratio from the motor to the propeller shaft.
A text file was then exported from the MATLAB program into SolidWorks to generate the blade
contour.

Figure F.2: Optimization Graphs for Propeller Diameter
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SolidWorks Design and Analysis

Figure F.3: SolidWorks View of
Endurance Propeller

The blade contour was lofted and
connected to the hub design. Fluids simulations
and stress analysis was conducted on the
propeller to predict its performance and ensure
it wouldn’t yield. The fluids simulation utilized
the moving reference frame (MRF) model to
predict the propeller’s thrust and torque at 500
RPM. It was found that the values are generally
larger than what was predicted in the OpenProp
program, however are not differing in large
magnitudes. Empirical data would be needed to
qualify which is more indicative of the
performance. The fluid pressure distributions
on the blades were then imported in
SolidWorks FEA simulation. It was found that
the factor of safety for the blade designs were
sufficiently high.

Manufacturing Process
It is ideal to manufacture these propellers by either 3D printing or by casting due to the unique
and complex geometry. In order to do so, our propellers must be outsourced to an external
company. The CMSR team instead is working on manufacturing the propellers at Carnegie
Mellon University utilizing a 3-axis mill. Doing so would give members invaluable experience
with manufacturing and make it easier for members to iterate on their designs. The 5 holes seen
on the propeller hub are to aid in fixturing the propeller during the machining process.

Figure F.4: Picture of Endurance Propeller During Manufacturing Process
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