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EXECUTIVE SUMMARY

The objective of this yeards Solar Boating
Frisian Solar Challenge in the Netherlands. h&tpaccomplish this goal, improvements were
made to num®us components of the Solar Splash boat. Many of these improvements will be
usedin both competitions.

We divided into three suteams: Electronics, Drivetrain, and Hull. Each-sedgm
sought to build on the success of past Solar Splash teams by ingpcawent systems as well
as developing new designs. We developed a power budget to manage the power flow through
the boatds el ectr i calbudgetisibaseccupdn theavalable pogas st e ms .
specified by competition rules, and performance criteria necessary to win eachp&aar S
event From these parameters, and knowledge of our past performance, we were able to set
power and efficiencgriteria for each system compamt; acheving thesegoalswill give us the
possibilityof winningeach event.

The Electronics Team focused on generating as much pow#owaed and using it in
the most efficient manner. Solar cedleredonated from JA Solar thhtve an efficiency near
18%, which is 45% greater than our current sotalls. Lightweight solar panels, incorporating
ConformalCoat as an encapsulant and a carbon fiber / honeycomb composite as a substrate, will
beused To maximize the amount of power received from the solar arrays, we are switching
from a singlemaximum point power tracker (MPPT) to multiple custom designed MRPTs
customdesigned peak power tracker will be connectedth series of cells. The MPPTs will
use a general currerbltage (FV) sweep to avoid local maximum power pointsg avill then
use a perturb and observe (P&0O) method to track the peak power point.

The Drivetrain Team focused on designing and manufacturing a podded propulsor for the
Endurance Event, incorporating a hydrofoil into the Endurance drivetrain, rededigmiggrint
Event drive system, and designing and manufacturing Sprint and Endurance propellers.

For the Endurance Event drive system, our goal was to design and manufacture an entire
propulsor, from the motor to the pod housing, that will be used in tlae Spplash Endurance
Event and the Frisian competition. It must achieve greater efficiency than the ~ 80% efficiency
of the motors used previously. We worked with a motor designer to provide the electrical design
from parameters we specified. We finalizour desigandhadthe laminations and magnets
donate¢glwe wound the motoand built the pod ourselves. Our finalized design met our
efficiency goal of 85%.

We designed a single hydrofoil that will attach to the Endurance drivetrain and provide
lift, thereby decreasing the net drag on the hull and enabling us to maintain higher velocities.
We will manufacture two down legs, one with the hydrofoil and one without it, so that we can
measure the effects of the hydrofoil and decide if we should uirseompetition.

The team alsamprovedits Sprintcapabilitiesby developing a new drivetrain system for
the Solar Splash hull. The new drivetrain implements arfioator systento replacehe old twoe
motor system. The new desiggducsthe FR losses in the mototsy reducing the current to
each motoby 50% The motors have been tested and have shown to be 70% efficient at this
reduced current levelvhereasat the previous amperage levels our motors were less than 50%
efficient With thisimprovement irefficiency,the motorscanprovidethe powerequiredto
reachour goal of 42 mph (67.6 km/hr).

Our goal for he Sprint propellers was to produce a winniggsignto go with our new
Sprint drivetrain. To achieve this we have designed sepeogkllers, which have been
enhanced with thinplementatiorof higherrakeangle Ouranalysis of these propelleshows
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that we will achieve our design goals of 126 |Ib (560 N) of thrust and|BZ22.8 Nm) of
torque The higher rake angle will help witrentilation problems seen in tis®larSlalom

Our goal for the Endurance propeller was to design and manufacttopedigr that
provides 34.3 Ib (153 N) of thrust and 86% efficiency at a design speed of 8 mph (12.9 km/hr)
We approached this task by us iPnopgeller Hlardbaddk o u c h
(Gerr, 01) Althoughthis method does not match our desagiteria exactly, it gave us a
reasonable starting point for the design and our experimsipaéstinghas showmpromising
results.

The Hull Team focused on designing and building a new, low drag hull to help win the
Frisian Solar Challengeather tha upon changing the Solar Splash hull desiQur Solar
Splash hull desighasproven itself in past competitionand little would be gained by the design
and construction of a new hulVe selected materials for the Frisian hull that will reduce
weight, thereby decreasing drag. From our work, we determined that the Solar Splash hull could
be improved in future years by making it lighter.thdlugh the current Solar Splash hull has
proven to be a winning design in past years, we could decrease the weight approximately 50 Ib
by constructing it out of a balsa wood and fiberglass composite rather than the current cedar
wood and fiberglass comptesi Our draganalysishas shown that for every 50 |b reduction in
weight, thedrag is reduced about 2 Ib in the EnduraBeent.

We are well on our way to accomplishing our goals. Almost all of our design work is
complete, and we are making progress on manufacturing the PV array, MPPTs, Endurance
motor, fourmotor Sprint configuration, and propellel®nce the components are complete, we
will integrate them into the boat armdmplete outesting and driver training.

Our recommendations for neyar includecontinued work on designing and building
custom motors for our compatins. The team should optimize Bndurance motor solely for
Solar Splash instead of using one motor for both the Solar Splash and Frisian Solar competitions.
Another recommendation is to make a new hull out of the balsa wood and fiberglass composite
which we have tested and used to construct our Frisian Competition hull. This would decrease
the hull weight, resulting in less drag.
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CURRENT DESIGN & PROBLEM DEFINITION

Current Design

Solar Array . The 2007 team successfully developed and manufactured a new solar array
that output se to the limit of 480 Watts under esen conditions. This replaced the array used
in 2005 and 2006 which only produced about 380 Wattswever, in 2008 this new array
appeared to produdess thard00 W in ore-sun conditionsSince 2006, Cedarvilleams have
used asinglemaximum power point tracking (MPPT) devicedatimizethe powerdrawn from
the two series of solar cells

Endurance Drivetrain. The 2007 team developed a new, sleeker Lower Gear Unit
(LGU) for theEndurancealrivetrainusing only ommercially availabléearings and gear$his
allowed for a more reliable, repairable, and efficient LGU thatused from 2004 to 2008he
2009 team developed a contrating LGU that was able to recoup some of the losses seen in a
single propellesystem. Since 2005, Cedarville teams have been designing and machining their
own propellers uag computer programs developedhinuse.

Sprint Drivetrain . From 20042009 we have used the same basic outboard design for the
Sprintdrivetrain The basic degn involves two (2) Etek motors driving a common sprocket; a
Gates Polychain belt on the common sprocket drives a smaller sprocket. This smaller sprocket
turns the downshaft, which turns the propeller shaft. Because of the sprocket size differences,
our propeller runs 2.8 times faster than our motdnsthe Sprint Event we typically have seen
about 425 Amps passing through each motor, while the battery voltage drops from the nominal
36 volts to about 24 volts during this high amperage discharge.

Hull. The 2007, 2008, and 2009 Cedarville University Solar Splash teams usearihe
cedarstrip/fiberglass hull which the 2006 team built usinghb# design proven in the 2004 and
2005 competitions. The design allows the boat to transform from a planing thé Sprint
Event to dow-dragdisplacement hull in the Endurance Event with a simple shift of weight. In
an effort to create the lightest possible hull without the expense of carbon fiber, the team chose
cedarstrip construction encased in fiberglase&l epoxy. After construction the hull weighed
94.8 Ibs(43 k9.

Problem

Inspiteof Cedari | | e ds s u c csieyears, the0kOteantidentifiegpseveral
problems (or opportunities for improvemewmtich we sought to improve for Solar Splasti@0

e ThePV array only produces 400 W under enun conditions, whereas 480 W is allowed.

e The MPPTO6s efficiency and effectiveness coul d
usingone for each series of cells in the solar array

e Theefficiency of theEndurance motoand drivetrain could be improved by designing our own
submerged, #ine motot

e The Sprint motors exceed their rated current cauaiggohmic(/?R ) losses.

e Although the20042009 hull design is excellent and slight modifications witit provide much
increase in performancea new hull using balsa instead of cedar wood would lighten the boat and
reduce the drag
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Design Specifications

We determined the specifications necessary to win each individual category based on
previousyea® r e s u |l tsetthedatlaving téam performance specifications for
Cedarvill eds 2010 Solar Splash boat

e Complete thevlaneuverability Qualifying Everih 60 seconds

e Complete the Slalom\ent in less than 36 seconds

e Complete the Sprint Event 21 seconds, maintaining an average speed of 32 mph &d/5r)
and achieving a maximum speedd@ mph (67.&m/hr)

¢ Maintain an average speed of 8 mph (I&r@hr) in the Endurance Event

Using these team specificatioasdthe expected sun conditionwe creaéd power
budgetdor the Sprint and Endurance Eventsich are shown in Tablesand?2, respectively
These power budgets track the amount of power added or removed from the system through
various components oftheb@in d account f or ficienayc The powemquagete nt 6 s
for the Sprint Event is based on a desired top speed of 426W@km/hr), while that for the
Endurance is based on an average speed of 8 mph (12.9.km/hr)

Table 1. Power budget for Solar Splash Sprint Event

Batteries| Controls Motor |Drive Trair Props| Hull
N*m| 168.0| 168.0 N 565
Voltage (V] 24.0 22.8 Torque| Thrust]
Ibs*t| 123.9| 123.9 Ib 126.9
Angular rad/s| 95.0 90.3 | km/h 67.68
Current (A] 1000 1000 . Velocity,
Velocity rom| 907.2| 861.8 mph 42.1
Componen Component Powe| Componen
Power Gain 24000 -1200 Gain (W -6840 -798 Power Gain -5347(-10613
Output Powe
P w 24000 | 22800 Power (W] 15960| 15162 Power (W] 10613[ 0.00
o ) Controls { Motor Prop iGear Trai
Efficiencies
95.0% ¢ 70.0%; 70.0% 95.0%

Table 2. Power budget for Solar Splash Endurance Event

Expected PV PV | MPPT|Batteries| Controls Motor | Gear Box| Ge_ar 5 Props| Hull
Power Ratio=
Voltage (v| 48.0| 451 | 240 | 16.3 | Torquel—Ml 159 [ porquel NML 757 gl NI 1526
Ibs*ft| 1.18 Ibs*ft| 5.59 Ib 34.3
Angular rad/s| 418.9 | Angular rad/s| 83.8 .. |km/hr 12.87
Current (A] 8.33| 8.33 18.00 47.1 R . Velocit
( Velocity[  rpm| 4000 | Velocity |  rpm| 800 [ mpn]  8.00
component 456 | 40| 432 | -40.4 componeny g4 g | COMponentPowe| 5, componen 122.2| -546
Power Gain (WM Power Gain (M Gain (W, Power Gain
Output Powey 400 | 376 432 768 Power (W] 668 Power (W] 634 Power (W] 546 | 0.00
o ) PPT |Controlg Motor | Gear Box| Prop
Efficiencies
94.0% | 95.0% | 87.0%| 95.0% | 86.0%

To meet our team goals, we must meet the requirements in the power budgets for each
component of the boafThe keyindividual goals derived from the power budgets are as follows:
e The PV array must output 480 Wider onesun conditions of 1000 W/m This would give an
expected output of ~400 W under conditions typically seen in Arkansas on sunny days in June.
¢ TheMPPTs must be more than 94.0% efficigthte addition of MPPTs for each series minimizes
the decreass in the net power output of the arrays during shadowing of individual.series
¢ The Endurance motanustbeat leasB5% efficient and be iline with the propeller.
e TheSprintmotor setuwill be 70%efficient,compared to the previous one whigas45%
efficient.
e The Sprint popelleswill produce 120 Ib of thrust at 42 mphith an efficiency of 70%.
e The Endurance propellers will be optimized at 8 mph and hawefficiency of at least 86%
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DESIGN CONCEPT

Electronics Team

Solar Array. Our team wil be canpeting inboththe Solar Splash competition and
Frisian Solar CHeengein the Netherlands. Thuge worked to obtain solar cells and design a
PV array for theéFrisian Racewhich could be modified for the Solar Spla&dmpetition. To
construct a PV aay for the FrisianCompetitionthat outputs 1750 W and minimizes both weight
and areaywe began our search of solar cell suppliers with those that producegspéeesolar
cells. These cells are the third generation tjpretion GaAs solar cells witkfficiencies
upwards of 25%. We began communications with the two main companies who produce and
supply these cells to NASA: Spectrolab and Emcore. Meanwhile, we pursued a sponsorship from
SunPower and other companthatproduce commercial firggenerabn crystalline silicon solar
cells. With SunPower, Emcore, and Spectrolab as the main prospects at the time, we performed
an analysis to determine the optimum series/parallel combination for each of the three using the
following set of equations. Equati 1 and Equation 2 calculate the open circuit voltage
(Vocserieg @and maximum power of one seriemfReried, respectively, based on the number of
cells in a series ().

Vocseries = Neelts * Voc cey (1)

Prpp ories = Neells * Pupp o (2)

Equation 3 calculates how many serieg{J it would take to reach the desired 1750 W
for the FrisiarRace rounding down to the nearest whole number so as not to exceed this power.
Equation 4 calculates approximately how much area(f these cells would require, and
Equation 5 calculates the expected maximum power of the entire amray. £, knowing the
number of series and number of cells per series.

1750 W
Nseries = 3 (3)
MPPgeries
Apycell = Neelts * Nseries * Acell (4)
P MPPgrray — Mseries * Pupp,, o %)

We calculated these values usabylicrosoft Excel table for each of the solar cell
suppliers. Eventually we learned that Emcore and Spectrolab were both willing to offer a
discount to our team, but the prices were still not affordable. We desadgihéarray layout and
hull for the Fisian Race that would fit thunPower cells in the hopes tisatnPowemwould
agree to sponsor us. However, they decided in March that they could not sponsor us. We then
discovered another company that seemed open to the idea of sponsoring our team. Thi
company, JA Solar, agreed to donate their 125SL 18% efficient-ergstalline silicon solar
cells to our team.

The PV array layout and hull, mainly the deck, needed to be redesigned to accommodate
these solar cells, which are less efficient than SunPoelks. A final table of values was
created for JA Solar 125SL 18% efficient solar célisbeD.1 in AppendixD). With multiple
MPPTs we had freedom to design different series/parallel combinations. In other words the
individual series @ not need t@ontain the same number of solar cells. This made it easier to
optimize both the Solar Splash and Frisian PV arrays such that the solar panels from the Solar
Splash boat could be transferred to the Frisian boat. We created two moreligbbesdD.3)
to determine the best combination of voltage/series arrangements to attain the 1750 W for the

Cedarville Universityi Solar Splash Technical Report 2010
3



Design Concept Cedarville University

FrisianRace and the 480 W for the Solar Splash Endurance ESeat AppendibD for more
information.

Due to the efficiency loss as the cells become hotteceal®require cooling to maintain
the maximum power output. Two questions arise: How hot is too hot and what type of cooling
should be employed? Placing thermocouples on the solar panels mlbmitoringof the cell
temperature. Knowing the efficientyss per degree as listed by the manufacturer provides
guidance as to when the cells should be cooled. Thusatanize thepower outputit is
helpfulto install thermocouples in the panels so that the driver knows the temperature of the
panels, and thiefore, when to cool the cells with water.

We needed to determine how we would
construct the solar panels. In the past
Ce d ar yanelslcensised of two layers of
EVA to encapsulate the solar cells, and a layer of
parabeam fiberglass to provideusture. This
year we decided to experiment with an aramid
fiber honeycomb core sandwiched by two layers
of carbon prepreg to provide structure anddrty
to the panels instead ohRAbeam fiberglass.
Additionally, we decided to pursue using
conformalcoat to encapsulate the cells instead
EVA. Conformal coat is lighter

Figure 1. Solar panel material layers

than EVA and provides high e A T [

light transmission.Figurel S 1 J

shows the layers involved in ou : 1 |

initial plan for the solar panels. fm l ) rctes. e - e T oy

AppendixE explains the method| + /™ o 8 % =1 { N J

we usel manufacture ouranels —’i = | G

using vacuum bagging jA, R
MPPT. The purpose od FN < T

maximum power point traek ‘

(MPPT)is to transfer the power =

from the panels to the motor [eovoran ]

with minimal power lossesThe boic

first step towarde-designing j = |:

peakpowertrackers waso i

understanénd modify adesign R

of an existing device whose

block diagram is shown in Figure 2. Block diagram of MPPT

Figure 2 ThisMPPTwas

designed to handle lower input poviiean what our boatrequire Therefore, we needed to

replace the current switching regulator, on¢hef most important componenisthe schematic

andredesign the components surroundingite found asuitablereplacement part, the

LTC3703,and therperformed numerousalculationgo complete the modifiedesign.
Ourmain issue®r concernswvith the switching regulator desigreve the inductor size

and the ability of the input capacitors to handle the required ripple cukiéntreated a
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Microsoft Excel spreadsheet to change input parameters and see the effects on the other variables
and component values. The spreadsisdetatedn TableF.1 of AppendixF. Originallywe

chosea frequency of 100 KHz, but this required a large indudide then chose frequency of

300 KHzwhich yieldeda desirable inductor size. The required ripple current was based on the

12 A input curent coming from the solar paneM/e selected aombination of aluminum

electrolytic and ceramic capacitors for bulk capacitance and ripple current, respe&ively.

large ceramic capacitoaseexpensivewe decided taeduce cost bysng eight 3.3|F ceramic

capacitors in parallel together with two 22B aluminum electrolytic capacitors on the input

side. We also founditable dodes, resistors, and capacitdfégth the inductance knowmwe
determinedhe type of inductor core, wire gauge, and benof turnsas shown in Appendik.

With the switching regulator and its surrounding components designed, the only other
main parts in the power circuit that needed to be replédesides resistors and capacitavere
the MOSFETSand their ideal diodeontrollers. The MOSFETS werated at 60 V on the input
side and 30 \bn the output sideTwo MOSFETs were found to replace these as well as a
suitable ideal diode controller for both. We decided totlwsélicroChip PIC16F
microprocessqrsince the €darville robotic teams have used this in the past and so we are
familiar withit. Next,we checkeall the values of the resistors and capacitors used for
inputs/outputs to the microprocessmd changed theas necessary.

As we determined componentsaughout this calculation and design processinput
theminto the schematic in PCB ArtisiWVe decided to create two circuit boards for the prototype
phase; one for the power circuitry and one for the microprocessor. In this way, both boards
could betested separately, and once debugged, combined together. When the schematic neared
completion we transferred it ta printed circuit board layout in PCB Artist. Both the schematic
and printed circuit board were then changed as errors were discoveetteosolutions were
obtained. They are showm FiguresF.2 andF.3, respectivelyin AppendixF.

Drivetrain_Team

Motor Design. We designed thpodded propulsor (submerged motian)the Frisian
Solar Challengebutwe will also use it forthe Endurace Event at Solar Splasfihe pod will be
easily interchangeable between the two drivetrains through the use of the same attachment
mechanism on each down shaft.

Our objective was to design and - [T ——
: SEERE ERRSE N -
manufacture the entire propulsor from the P———— ‘ [
pod housing toehe motor such that it meets —,, [l "xSpeet  T0FPm [Frisian class € }
| Reibernaidatas s 208

the requirements specified in the power P
budget. We studied two books on

Brushless PermaneMagnet (Brushless

PM) motor designpDesign of Brushless

PermaneniMagnet MotorgHendershat

15 | ?sian ClassA [ ]
" ExperimentaI‘Data I\ ‘ X : .
1994) andBrushless Permaneagnet

Motor Design(Hanselman94). We used a [ =
gn( n94) s

contact at SeaLandAire Technologies to o — |,

contact McCleer Power, a small company o 100 200 300

Torque [ft-1b]

VAN

800 900
Speed [RPM]

that specializes in the design of custom Figure 3. Initial torque -speed curves obtained from the
motors. They agreed to help us with the mopower budget and testing
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complicated electromagnetic design and analysist@ahdlp with questions regarding
manufacturing.

Table 3. First iteration on motor design from McCleer To design the motor, we determined
Power for Solar Splash the torquespeed curve of the load

— - (propellers) using the strain gage setup on
Solar Splash Initial Design Parameters the lar Splaerndurance drivetrai(see
;orq:e Zbgo [;(2);] ';Pf;/l U.\I;i'/“] 2009 Tech Report)We fit the trend ofhese
peec g [62.8]1 [radST} - o rves to the values of torque in the power
Avg. Stack Length  31.5 [800]|in [mm] budget. Fiaur® shows the torauepeed
Diameter 3.5 [89]|in [mm] get. Fig quep

curves for the propellers for each
competition. McCleer Power completed a first iteration on motor désighe Solar Splash
Endurancdrace. Table shows the initial dsign calculations from McCleer Power. The length
of the stato(31.5 in)was too long, making manufacturing impractical.

To decrease the length of the stator, we used Equation 6, Whgre is the motor
torque,w,,,:0rIS the motor speed,,,,;. is the motor powerk,, is the motor constant, ariy
andL, are the motor diameter and length, respectively.

Tmotor = kmDsst = Zmotor (6)

Wmotor

Our design specifications fix several parameters in Equation 6. From the power budget,
motor power is fixed; therefore, to decrease torque, we increased speed. We wanted to keep the
motor diameter as small as pitds to minimize drag (drag is proportional to cregstion area)

S0, to decrease the length, we hlcconstant.Our propeller desigheam calculatethat we

could increase our motor speed to ~80® before experiencing a drop in propeller eénay.

This increase in speed had little effect on motor length, so it was decided that the most efficient
way to decrease motor length was to add dmangearbox. Motor speed was increased to 4000

rpm, by SeIeCting a gez?lrbox 401 |Motor Output Torque-Speed Curve [N-m]|
with a 5:1 gear ratio. Fige .

Design RPM: 4000
4 shows the updated torque Max.RPM: 4550 Frisian Class C

speed curves. By back 307 .

calculating a motor constant e
- . Frisian Class
from the first motor design — .
2.0 .

iteration, we predicted new
motor lengths for given
diameters. Figurd shows
predicted motor lengths for
each competition. We
decided to buila 3 inch o |
(76.2 mm)diameter motor o 1000 2000 2000 4000 5000

e Motor Speed [RPM
g;f?g;gg:g;?;gg@ﬁg: Figure 4. Torque-speed curves for second iteration on motorpdeéigr%
the Frisian Class C competitioiOur design specification for pod diamehtad beersomewnhat
arbitrarily chosen to be 3 inchdsut dter choosing a motor dianmestof 3 inches, we adjusted the
pod diameter specification to 3.5 incl{88.9 mm)

m]

Motor Torque [N

1.0 ~
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Des/gn Concept 10.0 Motor Diameter vs. Length - 4000 RPM 9.5

McCleer Power
completed a second design
iteration on the motor. With
the addition of a gearbox and
by increasing propeller speed
from 600 to 800pm, we
were able talecrease stator
length to 4.5nches(113mm).
Figure6 shows a cross
section of the stator and rotor
The initial design called for 350 32 _zo_ | 2 250
arc magnets on the rotor, but _ e et e
setup costs are expensive Figure 5. Bar chart comparing motor lengths for specific diameters
because the inner arc has to be cut using wire EDM. Working stator
with McCleer Power and Applinetics (magnet grinding/rotor
assembly), we specified bread loaf magnets (shown in F&ure
Bread loaf magnets are epoxied to the rotor and then ground tc
desired rotor diameter.

While McCleer power was working on the eleatiagnetic
design of the motor, we were working on the mechanical side ¢
motor design. The rotor is supported by ceramic bearings, whi
we ch_ose because they are more efficient than_ steel bearingiﬂgure 6. Rotor/Stator Cross
They insulate the rotor from the stator, preventingtesec sectioni detailed dimensioned
discharge erosion of the bearing races and balls. We wrotedrawings in Appendix G
program using TK Solver to perform a fatigue analysis of the rotor shaft. A(feadixH for
all TK Solver codes). After the geometry of the shaft was finalized, we used Algor to parform
finite elementpatural frequency analysis (S&ppendixl) to verify that the operating speed of
the rotor is not at a natural frequency. -

We approximated the shape of the nose con¢;, —
on the pod using superposition of stream functionst  —
create a halfdy. Figure7 shows the problem setup
and Equation 7 shows the equation for the shape of

the hglf body where(0) is the shape in polar Figure 7. Half body problem setupfor
coordinates.

submerged motor housing.
b(m-6)

() =G (1)

There are many factors that go into building a motor, both in their design and
manufacture AppendixJincludes more detail aboatanufacturing a motor. We developed a
list of companies and contacted them to see if they would be willing to donate time and
materials. The two main parts of the motor that needed to be outsourced were the stator and the
rotor. The stator is made out of thin laminates that are laser cut aretviedpbther to form the
stack. We also outsourced the rotor because the magnets are custom cut, ground, and then
attached to the rotor. Both of these high cost items were donated free of charge aside from the
machining of the rotor.

Motor Length [in]

Hydrofoil. The Unversity of New Orleans team has shown thataddition of a single
hydrofoil tothe down leg of the Endurance Event drivetdecreasgthe net dragf the hull,

Cedarville Universityi Solar Splash Technical Report 2010
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enablinghigher velocitiesTable4 shows the Table 4. Characteristics of two choice hydrdoils at 8mph

benefits of two possible hydrofoil cress Re=300,000 Re=3,000,000
sedions at 8 mpl{12.9km/hr). We chose S1223 at 12 deg|NACA 4412 at 10d
the NACA 4412foil because of its lower Cl cd Cl cd

- . 2 004 13 0016
drag characteristics, the comparative ease (of Area (ft"3) |Lift (Ibf) |Drag (Ibf|Lift (Ibf) |Drag (Ibf

determining its anglef-attack, and its 55x18"|  0.69 | 183.33 | 3.67 | 119.16 | 1.47
thicker cross section (for strength purposesk.sxoa | o0.92 24443 | 489 | 15888 | 19

According to our theoretical drag  [55x30"[ 115 30554 | 611 | 19860 244
data, ifwe @nproduce 238 Ilf1058.7 N)of [55x36"| 138 366.65 | 7.33 | 238.32| 293
lift for only 2.9 Ib(13.0 N)of drag using the [23x42"| 160 | 427.76| 856 | 27804| 342
36 inch (0.91 mYoil, we candecrease the 5.5"x48 183 | 48887| 978 | 317.76 | 3.91
net drag of the hull by 65% .he hydrofoil will reduce the drag mainly by reducing the friction
drag on the hullbecause themill be lesswetted area due to the lift from the foil.

Sprint Drivetrain Redesign. The major focus for optimizing tHgprint drivetrain is the
reduction of ohmid?R losses. Three different options were investigated to accomplish this
goal. The firsoption was the development of a stgpconverter taouble the motor voltage
and reduce the current by a factor of Bis wouldreduce the ohmilosses in the wtors by 75%
increasing the power transferred to the propeller. Thisladdrop the current in each of the two
sprint motors to 25@\, which is

wit hin t he Et ek Power Losses V=205V
specifications of a maximum current oo o
of 330A for 1 minute. The increasec _— vy
voltagewill also increase the speed I-1924
of the motors. 5 15000 1964

The next option was to 3 = Controller Losses
purchase a new Sprint motor that we | < oo -
better designed for ogpower rating. = Drivetran Losses
This option was not vigorously o e propeler
pursued by our team. .

Thefinal option included the Moo AMotrs 2ot 3ot
addition of two motors tahe Sprint _ _ _ _
criverain, Thisllows U o Spit e, FE0ER T8 Ssimnte hooles,
current in each .mOtor so that each current entering the motors are displayed. Notice how the
motornow receives only 250 A reduction in current greatly reduces the losses in the motors
instead of 500 AThischange is The final category | abeled

significant because it will reduce the power to be transferred to the propeller. All three

heatng losses by 75%: however, it approaches will theoretically give us the necessafy8.2 hp

will add anadditional 5660 Ib(222.4 (13:650W) needed to reach 42 mph.

266.9 kg)to our drivetrainwhich will increase the dragrhe disadvantage from the additional
weight should be more than offset by the benefit of the increased power.

After choosing to further pursue teeepup converter and the foamotor systemwe
developed a mathematical model to predict the results to determine the benefits of each
approach. The model was based on the Sprint power budget, Cifasses, and a measured
armature resistance in the Etek motors. The results from this nred#i@wvn inFigure8 and
the Excel spreadshestntaining theseesults can be found kppendixK.

Cedarville Universityi Solar Splash Technical Report 2010
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According to our propelledesigncode, either option should be able to produce enough
power to for us to meet o0urintgedaldr Sptagh Spriatat i ng |
competition.To verify the results of our mathematical model, we developed atbduick
motor test to test the efficiency of our motors at various voltage and current levels. We were
required to develop the baté-back motottest because we do not have a dynamometer capable
of testing in our horsepower range.igtest is explained belom Figure9.

Control Box
Motor 1

Resistive Load
Motor 2

Current Out (shunt)
Controller

Current In (shunt)

Batteries
Battery Current (shunt)

Current
QO Out load

\—(:}_/\/\/\/_|

Battery Current

—:|—|
b

A 5
= 5 T
Controller Battery

Figure 9. The test setip is for back-to-back motor testing. Motor 1 acts asa motor while Motor 2 works as a
generator that is driven by the shaft of Motor 1.Efficiency wasdetermined by measuring the power into the
controller, the power into Motor 1, and the power out of Motor 2. Load was controlled by varying the
resistance of the load.

A sample of the test results are 100
displayedin Figure D. Noticehow the S50 PR
motor efficiency increases with a decreasez 50 *e .
in current. These results confirm our £ e
theory and give us information on how ourg 40
motors will run at our design point. At 250w 20
A and 24 V we can anticipate a motor 0
eﬁiCiency of aromd 70%.This is Sllghtly 0 200 400 600
Current (A)

lower than what our mathematical model Figure 10. Test data showing relationship between
predicted put this was expectezince our efficiency and current. Voltage is held constant at 24 V
model does not account for the increase in the armature resistance as the temperature increases
An increase in internal resistance will result igherI?R losses and a slight decrease in
efficiency. Testing has shown that the battery voltage during thisdingperage draw wilbe
between 20 and 24. As long as we can keep the battery voltage above 19.5 V at 1000 A, we
will be able to reacbur goal of 18.2 hp (13,650 W) giving us enough power to go 42 mph (67.6
km/hr).

Based on the model and testing results, we decided to pursue the four motor drivetrain
with the option of implementing the stegp converter should it be completed on time.

Sprint Propeller We used the Crouch mePRrdpeller f ound i n
Handbook to determine the theoretical top Sprint speed to b&231ph (54.767.6 km/hr)

Cedarville Universityi Solar Splash Technical Report 2010
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based on shaft input power range of2Z24hp (10.716.5 kW) (Gerr, 01) Next we used Fgure
11to determine the pitch ratio range between the maximum and average curves over the range of
speeds. This pitch ratio range is-1.2.We will use a pitch ratio of 1.3 and verify that an
appropriate shaft horsepower is obtained by testing thermoto

Using other equations

PITCH RATIO -P/D

2.0
1.9
1.8
1.7
1.6
1.5
1.4
1.3
1.2
1.1
1.0

0.9 13

0.8
0.7
0.6
05

3.3

e - ——— MIN

IR SN
I
LR )

1+
n ownwowouw
--N N ®®

BOAT SPEED IN KNOTS

Figure 11. P/D Ratio vs. Speed.

LI
oOumwWouwoOwowowao
T TOWL O ON~NN

procii R R

design methodology, we then were able to
determine the pitch and diameter for our
= propeller.

To further enhance our Sprint

performance, & researched ways
increase propeller thrubised solely on the
geometry othe propeller lbne. We found
that both rake and cup can potentially
T benefitperformance For instance, rakean
& potentially raise top speedwide open

throttle (WOP)by producing bow lift and
reducing drag.Cupcanpotentially
produce greater acceddion from rest.
Both cup and rakpotentiallyreduce ventilatiopwhich has been a problem in the pd3teto
time constraints, and the fact that cupping the blade with the CNC could be diffietittcused
on rakeand created models SolidWorks wih the appropriate pitch and diameter of a
conventional propeller and a raked propeller.

Endurance Propeller.As in the pastwe pursued the Crouch Method found in David

G e r IPrdpsller HandbooKGerr, 01)to design our Endurance props as welkirg the
handbook and pas
with a pitch, diameter, and developed area of the propeller blade. A copy of the Solar Splash
Endurance pragller prograrmis foundin AppendixM. We wrote thé progranto design

propellers based mainly upon iaput design speed, velocity and curremhich were specified

in the power budget Before coming up with final parameters for the SolidWorks gllep we
performed a slip and drag test. Although vae inusableesults for the drag test, we had good
results for slip. We found that we had 15 to 20% eskperimentallyyet we calculated5-50%

slip whenwe usedSero s

t tnevacordpsitecodeysingTK Solver tveomewp o t e

100%

90%

80%

70%

Efficiency -e

60%

50%

40% -

Approximate Efficiency vs. Slip

Slip Testing Efficiency

/

® PDRatio=0.75
B PDRatio=1
PDRatio=1.25
‘PDRatio=1.5

® PDRatio=0.89
. Gerr’s Efficiency
L
] [ £] ] A \
* E u N
- 4 ;
- . l
, [ ]
ry n
L]
*
' U
0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50

Apparent Slip- SlipA

0.55

Figure 12. Comparison of Gerr's slip to experimental slip testing
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a

process, butGer6s eqaati ons

not matchour exact situation
because is equatiorfor slip is
based upoiarger boats with
much higher displacements,
power, and speed&err, 01)
Understanding how to modify
Gerr6s equations
own slip testing is a key
component of our past
successful propeller designs.

We used the slip results
to calculate efficiencies, as

ba:
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shown in Figurel2. Although we waned to check thefficiencyby calculatinghe power
coming ino the progller divided by the power leaving theqpeller, we did not have enough
data todo this We went ahead and designed our first enduranceejpeop s i ng Ger r 0s
calculated slip.
We used these parameters and a Matlab dedeloped irhouseto come up with the
elliptical blade profile. From thigrofile, we modeled thEndurance progllerin SolidWorks.
We rewrote a tutorial to help students model ptiggs in SolidWorks in the future. This tutorial
is found inAppendixN.

Hull Team

Since the hull design we have been using since 2004dd@adlar Splash competition has
proven to be ainning design, we have found that minor modifications to the design would not
increase our performanoetably Therefore, we decided to reuse the cedar strip hull that
Cedarville has used for the 206@609competitions.

However, our team did spesdynificant time designing and constructing a displacement
hull for the Frisian Solar Challeng&he extensive efforts to design the Frisian hull are not
discussed here since it is not applicable to the cumdhtHowever, fom thisdesignwork, we
determined that possible improvements to the Solar Splash hull could benmadee yeardy
changing the material from which the hull is constructed.

We considered twaonstruction methods for our new Frisianlhi a foam core vacuum
mold anda wood core sandwich composite. Du®to time constraints to builkthe hull, we
concluded that a wood core sandwich structure would be the mestivedfuse of our time

Next wehad to determine wth wood and fibematerials to use based on material
properties such as strength,
stiffness, and densityWwe made
our own layups of fiber composite

Resin and Fiber Composite Layer

Thickness

Mixed Layer

Wood-

samples to measure, test, and Core [T
obtain necessary data for analyzin it
strength, stiffness, and weight. OO

Figurel3 represents howhe wood R A AR

. . Figure 13. Wood core sandwich composite
core sandwich structure is composed.

Figurel14 shows a few samples and how

we weighed them. We algerformed i RONURD ||
tension tests to fi =
The tension test procedure is explained ir
detailin AppendixO.

We based our decision of vahi ||

composite to use upon th#imate tensile  Figure 14. Smples of fiberglass/epoxy layups and how
strength, Y opandwgight | we weighed them

We analyzed four different wood types and a variety of epoxy and fiber composites. We
found thatbamboo, ppular,cedar, andalsa woodare all strong enoudio meet tle estimated
maximum bending stress conditions of the b&dmboowastoo costly and would not cut into
strips effectively.Cedar and poplar were more than twice as heavy as balsa. Therefore, we
decided to use balsa wood because of its weight and streng

Table 5 displays a summary of our analysis from tension testing different fiber epoxy
sample layups. It also displays a brief summary for our weight results for just one thickness of

Cedarville Universityi Solar Splash Technical Report 2010
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balsa wood being wrapped in a composite. Additionally it compgpes of fiber to obtain an
estimated total boat weighfppendixP contains moreesults of the tension test data analysis
for various material thicknesses and types of composite layups and weights.

Table 5. Tension test and analysis results summarized

Average | Ultimate | Average| Weight of 300 ft boat
Yo un gl Tensile | Max usingfiberglasscloth
Modulus | Strength | Load and 1/4 in Balsa wood
TYPE OF LAYUP (psi) (psi) (Ib) core (b)

60z fiberglass med hardener 1.22E+06| 18030 364 143

40z fiberglass, fine, medardener batch #1| 1.72E+06| 18868 294 127

40z fiberglass, fine, med hardener batch { 1.85E+06 | 23325 261 129

40z fiberglass, coarse, med hardener 1.43E+06| 13243 141 114

50z Kevlar weave med hardener 2.26E+06| 39753 739 174

Our tension test proved to béective to compare individual ultimate tensile strengths,
Youngbés Modulus, and maxi mum | oading between
have an acceptable variation that would be able to support the loading of our hull.

Lastly, we comparedbending stress calculatiomgth the lowest compressive stress that
the boat could handléVe used Buation8 to find the maxmumbending stressi  ( prhei ) .
maximum bending moment is M ¢lb), ¢ (inches) is the distance from the center of gravity to
the maximum bending stress location, and %) (is the moment of inertia of the cressction at
the center of the boat.

Mc 3250ft—1b*0.566ft lb
=—= =4121 T *

I 0.44637ft* ft2

1ft?
o f

144in2 28pst 8

From Equation 8the maximum bending stress based on two locations for moment of
inertia of its crossection was 2833 psi (193228 kPa). This bendingiress is much less than
compressive stress of the balsa wood at 2,160 psi (14.9 MPa) and less than the ultileate tens
stress of the 4 oz fiberglass at 13,243 psi (91.3 MPagrefore, we concluded that the balsa
composite would structurally support our loadomnditions and meet or exceed the weight
specification by being less than 120 Ib (54.4. kg)

Cedarville Universityi Solar Splash Technical Report 2010
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Solar Splash Solar Array

Panels transferred from Solar

DESIGN DESCRIPTION

Splash boat to Frisian boat.

[\ \ Frisian Class C Solar Array

Electronics Team

PV Array. We determined the final
layout of solar cells for both the Solar Splash
boat and the Frisian boat. The Solar Splash
boat will consist of three solar panelBhey
will each be ten cells by six cell®taling
180 cells One MPPT will be used for each

series of sixty cells, obtainirglightly less Figure 15. Both boatso Foysiderr
than themaximumof 480 Wunder onesun

conditions These three panels will be transferred to the Frisianasosttown in Figuré5. See
AppendixD for more information onhte Solar Splash and Frisian PV array layouts.

After our initial design layup
for the solar panelsve needed to add
two more layer$ a backsheet film to
reflect light that passes through the
solar cells back into thelend a &yer
of EVA to bond the badheet film to
the solar cellsFigurel16 shows the
finalized design of the solar panel
layers

DOW Conformal Coat <
JA Solar 125SL Solar Cell

STR Ethyl Vinyl Acetate (EVA) 3
DuPont Melinex® 6590 Backsheet Film 5

Hexcel Carbon Fiber Prepreg

Plascore Aramid Fiber Honeycomb Core §
Hexcel Carbon Fiber Prepreg 4

Figure 16. Sdar panel layers

MPPT. The prototype
MPPT, shownn Figurel?, is
complete. It now needs to be
tested. After determining
what changes need to be
made, if any, we wiil
combine this with the
microprocessor and its
components into one circuit
board design. These printed
circuit boards will then be
ordered, the components will
be soldered on, and the
MPPTs will be incorporated

into theboat. Figure 17. Prototype peak power tracker
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Drivetrain Team

Motor Design.

Table6 shows a summary of the final motor design results from McCleer Power. The
results in this table meet the requirements of the Tapje 6. Summary of motor parameters

power budget for Frisian Class C. Because the [metororivevoitsgs  21)v  Opperating speed 4000 RPM
A Diameter 3lin  Power @ 4000 RPM 1178 W
power requirements for Solar Splash are lower thasm | 445/ Voltage @ 4000 RPM 725
H # Phases 3 Current @ 4000 RPM 16.2|A

Class C, the wtor will also work for the Solar Pacone ractor | asli " Tmiax. Snocs e
Splash competition. Figuds8 shows an exploded [¢rotes | 6] Max Power (1500w
A . . . # Stator Slots 9 Efficiency 87 %
view of the final motor dESIgn. The stator is madEcaus,fsmmr Pole | 2| |PeakCurrent@4550RPM | 93A

from many laminations to increase efficiency. We designed thicker end plates that are welded

onto the end of the stattw keep the end bells, and thus rotor, aligned and concentric with the

stator. We

accomplished

this by designing

tabs on the end

..o bells that align

N Rowrshaft AREnd Bel with slots in the
thicker end

femratBes Jaminations. The

“™* " tabs on the end

bell have to be

able to transmit

the torquen the

air gap between

Figure 18. Exploded view of brushless permanent magnet motor the rotor and the

stator. To ensure the tabs will not shear off, we analyzed the shear stress on the tabs using a

program we wrote in TK Solver and found that the tabs have a safety factor of 98. The large

safety factor does not me¢hat the tabs are over designed. In this case, geometry dictated

design more than failure analysis.

From the rotor shaft fatigue analysis we determined a safety factor of 2 at the step on the
output shaft. The natural frequency analysis done udiggr Ahowed that the first natural
frequency occurs at approximately 25 times our maximum operating speed. Therefore, our shaft
will neither fail nor operate

Stern End Bell

Bearing Support
0.25" End Laminations

Ceramic Bearings

near any_ natural Down Leg Attachment

frequenc_:les. PhaseA,B.&CWires— AR £
Figure19 shows the

pOd deSlgn- Due tO the Gearbox Input Coupling

geometric constrairdn the  GearboxOutput Flange
diameter of the motor, we  Shaftseal
ran the motor lead wires ou
of a terminal block on the
front of the motor, back
through the down leg T
attachment, and then up to Housing

the boat through the down  Figure 19, Annotated crosssection of pod
leg. The motor and gearbox

Splined Prop
Shaft

i 7 Nose Cone
O-ring Gland Winding End Turn Space
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carry the thrust load.

Figure20 shows how the torque is GEARBOX FLANGE
transferred. Torque from the propeller is W LI i
transmitted from the prafler shaft, to the gearbox,
to the gearbox housing, and then to the down leg.
This prevents the motor from having to take all the
propellertorque. Because we ansing a stock
gearbox, we designed a custom flange that transfers
torque to the housing through a spline interface. B
We wrote a TK Solver program that allowed us to poD
analyze whether or not the bolts holding the
gearbox flange to the pod will fgihppendixH).
Table7 shows a summary of these results. The F.
high safety factors are due to geometric Figure 20. Flow chart of torque transfer from

' i ller to pod
constraints and not an overdesign of the gearbZ,>P<"¢" P2

housing. Drivetrain Drag vs. Boat Speed
Table 7. TK Solver results >0 T rodoms

— -Downshaft Drag

TK Solver Results: Safety Factors for Torque

4.0 *E = = Total Drivetrain Drag
Transmission through 6mm bolts

from Gearbox Housing to Pod

SF |Shear 24
SF |Bearing 43 7 |
SF |Tearout 150 [ ‘ (L= AT

1.0 1 - Lo

Using a drag coefficient for streamlined \ b eEE
bodies (G=0.1),we predicted the drivetrain T . .,
drag. Figurel shows that the total drag on the Boat Speed [MPH]
drivetrain with a pod 3.5 inches (88.9 mm) in
diameter is approximately1.6 Ib (7.0 N) at a speefigure 21. Predicted pod drag versus boat speec
of 8 mph(12.9 km/hr)(Solar Splash) and 3.5 Ib (15.8 N) at a speetRanph (19.3 km/hr)
(FrisianClass C).

The lamingions that | &
make up the stator were laser ! | | &
cut and then welded together. | & ‘
Laser Laminations r N
manufactured and donated th Wrap wire to create bundles W;zpkzzst:,?rse \:/ci):\etBhr:;d“e’:"l:andgmL;ne
stator to our team. To ensure
the ends of the stator were
perpendicular to the stator
bore, we turned each end of
the stator on the lagh We
folded our own slot liners
(slot insulators) using Nomex
paper. They were then fitted
into the stator. Winding a
motor is a mechanical art. Wound Stator Gather bundles together

Create Neutral Connection & Arrange Leads
Figure 22. Overview of winding process & wound stator
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After many hours practicing winding several poles to gain experience and knowledge on winding
the statorywe made bundles of wire for each phase and wound the motor. Eiyslews an
overview of the winding process and the wound stator.

We machined the end bells and gearbox flange on the
Hurco CNC Mill. Figure23 shows one of the machined end
bellsand the gearbox flange.

; % MICROPROCESSOR

- - PWM GENERATOR

L oo
BATTERIES / MOTOR
End Bell Gearbox Flange

Figure 23. Machined end lells and flange ~ Figure 24. Motor control block diagram
The motor is controlled using a sensorless RC motor controller. The controller measures
backEMF to calculate rotor position. The advantage of this is that no Hall Effect sensors are
needed to sense rotor position. Fig2deshows a block diagram of the motor controller setup.
We will be using a Castle Creations Phoenix ICE 200 controller and an AstroFlight servo tester
with analog PWM frequencay control the motor speed and current draw
We will implement the poddegropulsor by attaching the pod to a foil shaped leg and an
aluminum tube. The
aluminum tube will be
attached to a steering plate at
the top of | ast
mounting bracket. The
mounting bracket is lined
with a lowfriction material
to ensure smooth turrgn
The cylinder tube will be
attached to the steering plate
by a pin so that the entire
drivetrain can be easily
lowered out of the mounting
bracket.Figure 5 showsthe
SolidWorks model othe
mounting system. Figure 25. Solar Splash Endurance Figure 26. Solar Splash
drivetrain motor mounting system drivetrain with hydrofoil
Hydrofoil. For the Solar Splash Enduranceeaawe designed a 36cim (0.91 mpy 6
inch (15.2 cmjyoil to produce 260 1§1156.5 N)of lift for an additional 3.2 1i§14.2 N)of drag.
The foil will be mounted to the down leg of the drivetrain as display&igure26. There will
be two down legs nmufactured, one with a hydrofoil (Figu2é) and one withoutKigure ).
This will allow us to test the benefits of the foil without jeopardizing the net drag of the boat.

Sprint Drivetrain Redesign. The four motor system drivetrain was designed tonaftur
a range of gear ratios from 2 to 3.6. This will allow us to adjust the gear ratios to make final rpm
adjustments to optimize the performance of the propeller. The new drivetrain was also designed
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to ensure proper shaft alignment, open access t@tbekets, and simple belt adjustment.
Structural calculations were also done on the drivetrain
and motor mounting box to ensure reliability. These
calculations can bgeen inAppendixL. The SolidWorks
model of the new drivetrain design is showrFigure27.

Sprint Propeller. Using the Crouch method, we
determined the shaft input power range for the Sprint
propeller to be approximately 222 hp (10.716.5 kW)
based upon the motor efficiency range of/dBso (Gerr,

01). From this, we calculated the tletical top speed to

be 3442 mph (54.767.6 km/hr). Next we used Figuté

to determine the pitch ratio range between the maximun
and average curves over the range of speeds. This pitc
ratio range is 1-4.4.We will use a pitch ratio of 1.3 and
verify that an appropriate shaft horsepower is obtained by _ _
testing the motor. Figure 27. Four Etek motor drivetrain

. . model. The addition of two motors to
We used a program in T8olver to determine the Sprint drivetrain requires a new

pitch and a 9.2 inch (23em) diameter. The design implements two geared
pulleys to drive the single downshaft.

2,0
1.9
1.8
1.7
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0.6 ittt ittt et s s s e =W
05 e e T
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40

OAT SPEED IN
Figure 11 (repeated).Pitch Ratio vs Speed

————— Figure 28. Final Solar Splash Endurance
prop modeled in SolidWorks

w

Endurance Propeller. From our TK Solver program, we arrived at a pitch of 13.1
inches (332.7 mm) and a diameter of 15.2 inches (38@Qure B showsour current Solar
Splash Endurance prop design. This prop has a 15.2 inch (386.1 mm) diameter and 13.1 inch
(332.7 mm) pich.

Hull Team

For the hull we designed for tikgisian Gmpetition, we determined that using 0.25 inch
(6.35 mm) balsa for the deck and 0.125 inch (3.18 mm) balsa for the hull would provide
adequatehicknessand be light weight. We will wrap bothehnside and outside of the boat in a
4 oz coarse fiberglass cloth to create the wood composite core sandwich structure which gives
acceptable strength and stiffness. We concluded that it would be beneficial to reinforce the bow
with maple wood andn exta layer of fiberglass ard also adextra fiberglass on the keel.
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DESIGN EVALUATION

nght Source

CIARE SRR

Electronics Team

Solar Array. We have constructed a testing fixture to
test each solar cell individual(§rigure 29). The fixture uses P
four 560W halogen lighbulbs as the light source and a vacuu:
to suction the cells onto a copper ground plate. We will apply
the same voltage to each cell by adjusting the potentiometers
that we have connected to them. We wiéin group the cells
togethery current outputrad begin soldering the cells togethe, &
Once the solar panels are fully constructed we will test them |
loading them with resistors and measuring their current outpy
voltage output, and the sun irradiance with the pyranometer
donated to our team by Kigp Zonen. We will then scale the
output power based on the sun irradiance as compared-to on
sun conditions to estimate the maximum power output of the
solar panels under 1000 WinRight now, based purely on
calculations, the solar array will be ableotatput 473 W as seenFigure 29. Solar cell test facility.
below.

Pypp = No.Cells * Vypp * Iypp * Top Layer Transmission Rate

= 180 cells 0.527V *5.245 A« 0.95 =473 W

MPPT. We have performed extensive testing on the maximum power point tracker.
Most of the signals are working as expected. We had to add a few wires and cut a few
connectiongo get certain parts of the circuit to work. Throughout this process we have made
numerous changes to the circuit and the printed circuit board layout. In addition the
microprocessor has been added onto the PCB. Three of these boards will be ordered for use on
the Solar Splash boat.

Drivetrain_Team

Motor Design. Our motor/pod design has been quite successful. Our motor met our
efficiency goal of 85% with a designfiefency of ~87% as calculated from design results from
McCleer Power ilAppendixJ. Although we experienced some unexpected design changes such
as the addition of a gearbox which has an efficiency of 95%, our entire drive train, with an
overall efficieny of ~83% is more efficient than previous drivetrains. From our background
research, the Etek motors have an efficiency between 70 and 80% which does not include losses
in the drivetrain. As reflected in the power budget, the increase in drivetraiereffiallows
more power to be converted into forward thrust by the propellers.

Hydrofoil. We are still in the process of finalizing the hydrofoil design and will begin
construction of it shortlyOnce complete, we will test the hydrofoil, and iproducesenough
lift to offset the increased drag expectedve will use it for the Endurance Event. Otherwise,
we will simply use the down leg without the hydrofgtigure 5).
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Sprint Drivetrain Redesign. The final Sprint drivetrain design was desigiheded on
the results from the mathematical model and the test refsldter tests were not only run at 250
A, but werealsorun at a range of currents between 100 A to 4%8e& Figure 10)This allowed
us to gain a quantitative understanding of how our metorat differing power leveland how
they ran last yeaf his informationallowed us to choose an educated design fant which
we developed a four motor Sprint drivetrain configuratltat should be capable of 70%
efficiency. If this efficiency iseached in the motors, we will easily meet our design goals.

The drivetrain design also improved some of the disadvantages of the previous outboard
motor configuration. The new design utilizes a rigid CNC machined plate to ensure proper shaft
alignment betwen the motors. This design also improved the range of adjustability allowing for
a greater range in gear ratios and easier belt tensioning. Along with these two performance
improvements, the new design allows for belts to be changed without discontieetmgtors.
Overall this design will provide more power while increasing the general functionality of the
system According to the power budget, the new system should be able to transfer 20.£2hp (15
kW) to the propellerwhich is a36% increasén powerfrom last year.

Sprint Propeller. We calculated the theoretical torque and thrust of our Sprint propeller.

Theresults are shown below Table 8
Table 8. Theoretical performance data at P/D of 13

Shaft Power (hp) Thrust (Ib) Torque (ftlb)
14.4 138.2 16.8
16.0 145.4 18.6
17.6 152.1 20.4

19.2 158.6 22.4
20.8 164.7 24
22.4 170.6 25.8
As shown from Table, if we achievean input power of approximately 22.4 6.7
kW) (70% motor efficiency) as expected, the propeller will be able to obtain 17862 N) of
thrust and 25.&-1b (35.0 Nm) of torque This exceeds our thrust and torque goal stated in the
objectives. Testing will verify if this is actually the case.

Endurance Propeller. For the Solar Splash Endurance Event, the design speedois 8 m
(22.9km/hr) and the pragler should be 86% efficient or more. We used this design speed and
the power budget to design our Endurance propeller. Our theoretical calculation for efficiency
gives us an efficiency of about 54%, which is not 86% efficier@yr slip testing results for
older prollers seems promising that even though Gerr predicts a high slip and low efficiency,
our progellers have a lower slip and higher efficiency.

Hull Team

The predicted weight will be about 115 Ib (511.5fdf)the nev 300 ff (27.9m?) Frisian
hull which is about 0.436 Ib/(20.9 Pa) This produces hull under the weight budget
specificationof 120 1b(533.8 N)for the Frisian Rce which allows the drag to be kept low so
that we meet our desired speed dictatethbypower budgetAlso, since the SotéSplash hull is
approximately 9 ft? (8.36m?), it would weigh approximatel0lb (177.9N) if it were made
from this balsa/fiberglass composite, saving ab@lb (222.4N) of weight.
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CONCLUSIONS AND RECOMMENDA TIONS

Conclusions
Strengths.We have made several modifications this year as well as designed new
components which should serve as strengths at competition and enable us to meet our goal of
winning the 2010 Sol ar Spl adtriincludeKey 1 mpr oveme
¢ We have a new P¥rray thais smaller andnore efficient han | ast year 6s ar
We designed custom maximum power point trackers (MPPTs) and will implement
multiple ones within the solar panel array.
We designed and built a submergedlime motor for the Endurance Event.
Our new hydrofoil for the Enduran&ventwill increase lift and decrease drag.
We have a new Sprint motor configuration to decré#&sses, thereby increasing the
efficiency of | ast yeards system.
e We designed and machinkiyhly efficient, custom propellers for both the Sprint and
Endurance Events.

WeaknessesThere are still a few weaknesses to our overall design which can be
improved upon in future years. The key weaknesses this year include:
e The new Sprint motor configation adds aadditional 5660 Ib to our drivetrain
¢ We have not made changes to the hull to reduce its drag, such as modifying the design or
constructing another one from lighter materials.

Summary of Goal Completion.

e We have received solar cells tlaae ~18% efficient, and we are currently building the
panels. We expect to meet our power output goal.

e We completed a MPPT prototype and have tested the signals. We will order the finalized
circuit boards shortly, construct the peak power trackersthemdtest the efficiency to
see if we reach our goal of greater than 94% efficiency.

¢ We have calculated the efficiency of the submerged Endurance motor83¥ewhich
meets our goal of at least 85% efficiency.

e Our Sprint motor configuration has beenigeed to exceed our goal of 70% efficiency,
but we have not physically tested our design yet.

e For our Sprint propeller, we calculated the theoretical thrust to be 170.6 Ib at 42 mph,
which exceeds our goal of 120 Ib.

e We calculated the efficiency of tliendurance propeller to be ~54%, which does not meet
our goal of 86% efficiency. However, base
our actual testing will produce a higher efficiency.

RecommendationsVe have the following suggestions for futbeams:
e We should continue learning about motor design and optimize a motor solely for Solar
Splash, rather than having one motor for both of our competitions.
e We should consider making a new hull from lighter material, such as the balsa wood and
fiberglas composite that we used this year for our Frisian Competition hull.
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Appendix A: Battery Documentation

Since 2004, we have used two Genesis 42EP batteries for the Endurance Competition.
These batteriesweigh 14.9 kg (32.9 Ib¢ach giving 8 a total weightor the Enduranc&ventof
39.8 kg (65.8 Ib).

We would like tokeep open the option of using t@ptima 25 battees for the
Endurance Evenso we included the data sheet and the MSDS. Its weight is 14.4 kg (31.7 Ibs)
and we would use @f them for the Endurandévent for a total weight of 28.8 kg (63.4 Ib).
Initial testing has shown us that these batteries have a highen@ampapacity than the Genesis
42EPs, but at a lower voltage.

For the SprinEvent we will use¢he Genesis 13EP theries, each weighing 4.9 kg (10.8
Ib); wewill use 9 of these for the Sprint event for a total weight of 44.1 kg (97.2 Ib).

The specification and MSDS sheets for these various batteries are on the following pages.
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GENESIS PRODUCT FAMLY (All capacities at 10 hr. rate 25°C to 1.67 vpc)

Cedarville University

GENESIS EP;
DIMENSIONS

| rimrneal res. Nominal short

of fully charged ircuit current for Height  Waight

hattory mC @25°C  chargad battary i (mm) . fkg)
G13EP 07 70-2001 85 14004 GO0 3@ 5113 0.8 M& Wiss
(136 (17551) (83.38) (129.87) (4.9) nardsare
REL 0770-2003 B5 1A00R RO 33 5.l 12.0 MG Wiss
(13 (177.75) (8555  (13119) (54 hardare
GIGEP 0760 2007 15 LE00R 118 3006 GGk 135 MG Wiss
(1GAN) (1BLET)  (TBAY)  (1B177)  (B.1) nardsare
G1GEPK 0769-2003 15 1 EDOA 1260 3100 G666 14.7 MG wiss
(1GAN (18458) (18.9)  (160.32) (6.]) nardsare
G2GEP 07652001 50 24004 BSES  BOM 40951 223 ME Wiss
26N (BE.75)  (175.79)  (12591) (10 harcware
GIGEP 0765 2003 50 ZA00R BG¥ 1010 5040 738 ME Wiss
26N (EB.55)  (179.04) (128.02) (108  harchware
G4 ZEP 07662001 45 2 E00A 1715 65%  BJ15 329 ME iS5
{426 (197.49) (165.74) (170.56) (149  harcware
GAZEP 07662003 15 FITT 186 G6® Gl 3sl MG Wiss
{4280 (lm.a0) (168.04)  (172.80) (159  harceare
GIOEP 0771-2001 35 35004 13020 GEA  GOM 535 ME Wiss
{70l (330.71)  (16B.15)  (176.02) (243 harcware
GIOEP 0771-2003 35 35004 13,020 66X 693 560 ME Wiss
(70l (330.71)  (168.15) (176.02) (254)  harcware

GENESIS VP

Internal res.
of fully charged

Naminal short
gireuit eurrant fior

DIMENSIONS

Haight

Waigit

hatterym @ 25°C  charged battary in. (mmj . g}
G2EP 0765-3001 500 24004 BSES  BOA 40951 223 ME iS5
26N (BE.75)  (175.77)  (12591) (10 harcware
G2EVPX 0765-3003 50 2004 BG¥ 1040 A040 23R MG Wiss
26 (BR.55)  (179.04) (128.02) (108  harcware
G2 07663001 15 2 B0, 1715 65% 6115 324 MG Wiss
{4280 (107.40) (16574 (170.56) (149  harcware
GAZVPX 0766-3003 45 2 B0 186G G6®  GA03 341 MG Wiss
{4280 (1m.a0) (16804 (172.80) (159  harcware

X denotes malal fackal design for axirame duty

Al dimenslons, excluding waighl, are maxin

EP external case material — V-0 raled mon-halopenatad Name-ralardani
VP external case matarial — HE fame rated

Lt oo sy ENS N1 LS00 T40K01 Dl i
et if i b b 1WA SRS, 50 ST Dorified
& TN HAWRDE I WSS SEIFCTIOMGIDE. BRIETHEDTION

Cedarville Universityi Solar Splash Technical Report 2010
24



Appendix A: Battery Documentation

HAWKER
ENERGY

Ceaarville University

o

NFPA 704 RATING

SECTION | - Product and Manufacturer Identity |

Product Identity
Sealed Lead Battery
QCIonQ. GoneslsO. SBS, SBS J or Hawker )

Manufacturer's Name and Address
Hawker Enargy Products Inc
517 North Ricgaview Drive

Revision Date: June 29, 2001

Emergency Telephone Number
(660) 4290-2165
Customer Service Telaphone Number

wmansmri MO 64063 4301 8000642837
-—
SECTION Il - Insredients
— ———
Hazardous Components CAS # OSHA PEL-TWA By weight)
Lead 743092-1 gow"‘a 45 . 60 %,
Lead Dioxide 1309600 WLE("‘g 15-259,
Sulfuric A¢id Electrolyte 7664 3.0 10 mg/m*= 15 . 20 9,
Non Hazardous Materials N/ A N/JA( 5. 10 %
SECTION Il - Physical/Chemical Characteristics
Boiling Point - N/ A Specitic Gravity (H,0=1) - NA
Vapor Pressure (mm Hg) - N\ A Melting Point N/i
Solubility in Water - N/A pppearance & Color - N/A
SECTION IV - Fire & Explosion Hazard Data
Flash Point (Method Usad) N A Flammabie Limits: N/A LEL: N/A UEL: WA

Extinguishing Media. Multipurpose Dry chemical, CO, or water spray
Special Fira Fighting Procedures: Cool Battery exter|df to prevent ruptura  Acid mists and vapors In & fire are toxic and corrosive

Unusual Fire and Explosion Hazarcs'_Hycrogen gas may be produced and may explode i ignited Remove ail sources of ignition

SECTION V- Reactivity Data

Conditions to Avoid  Avoid shorting Avold over-charging Use only lﬁfﬂm charging methods Do not charge in LBS tight containers

SECTION VI - Health Hazard Data

Routes of Entry. N/ A
Emergency & First Ald Procedures

Health Hazards (Acute & Chronic). N/A

Battery contains acid electrolyte which (¢ absorbed In the separator material. |1 battery
case |5 puncturec, :owam flush any released material from skin or ayes with water

SECTION VII - Precautions for Safe Handlim & Use

Steps to be taken in case Avold contact with acid materials  Use soda ash or ime to neutralize.  Flush with
material (s released or spilled water.

Waste Disposal Method Dispose of in accordance with Federal, State, & Local Regulations. Do not incinerate
Batteries should be shipped to a reclamation facllity tor recovery of the matal and plastic
components as the proper method of waste management. Contact cistributor for

appropriats product return procedures

| SECTION ViII - Control Measures - Not Applicable

Page 1 of 2
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