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Executive Summary 

The Cedarville University Solar Boat Team has a long history of success at the Solar 

Splash (SS) competition. To continue this tradition, the 2023 team began with the goal of 

winning SS in all three races – sprint, slalom, and endurance. The 2022 team was able to win the 

SS competition with a strong first place score in the endurance event, but only placed third in the 

slalom event and sixth in the sprint event. Therefore, the 2023 team seeks to improve in the 

slalom and sprint events through improving the motor and motor controller, steering mechanism, 

propeller, and boat electronics. Responsibilities have been divided by areas of work among the 

2023 team members to achieve these goals.  

The first area of work is the motors, motor controller, and dynamometer. Previous teams 

worked on dyno testing two different Hawk motors (Hawk20 and Hawk40) to quantify their 

performance and tune the motor controller, but this was not completed. Our team has improved 

dyno testing the motors by improving the alignment of the motors and installing vibration 

isolating mounts. Then motor data was collected and sent to the motor controller manufacturer to 

produce higher torques so that the boat can go faster in the SS sprint and slalom events. After 

motor testing, it is recommended that the team uses the Hawk40 motor for competition. 

The second area of work is the thrust testing and steering mechanism of the boat. To 

improve the thrust data from the boat, the thrust mount was taken apart and adjusted to eliminate 

binding. The steering for the SS hull was improved by shortening the tiller arm length to improve 

the steering ability of the skipper. 

The third area of work is the propeller. The 2022 team made an effective propeller for the 

endurance event, but the propeller they designed for the sprint event did not operate at the 

desired efficiency. The goal for the 2023 team was to produce a sprint propeller that achieved a 

high speed in a shorter amount of time. Using OpenProp, a MATLAB software which outputs an 

ideal blade geometry for certain operating parameters, the team designed a sprint propeller, 

altering the motor speed design parameters to conform more closely to the value produced by the 

motor testing. This design used a chord-optimization technique. When tested, this design proved 

ineffectual, and it was concluded that future sprint propellers should use a broader conventional 

blade design rather than the thinner chord optimized design. 
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The last area of work is the boat electronics, specifically the CAN bus, data acquisition 

system (DAS), and driver interface. The CAN bus is a serial bus used on the boat to 

communicate between the devices providing battery voltage, motor current, motor speed, and 

much more. Previously, the team’s DAS and display system were awkward, and the tablet 

display broke. Both systems were improved with the addition of the AEM CD-7L CAN bus 

display. The improved systems have been tested and verified to be reliable and easier to use. 

Previous teams also only ran the boat in a backup mode where the terms of the boat operation 

were defined by the motor controller program. This meant relying on the manufacturer to modify 

the program, and it was desired that the alternative CAN mode on the controller was used. This 

required the development of the Boat Operating System (BOS) in a Simulink model giving the 

team control over how the boat operates. The BOS has been implemented and tested, but an issue 

with reverse remains. 

The team also heavily focused on designing a hull that will fly on hydrofoils. This 

included hydrofoil strut design and the design and implementation of a closed-loop flight control 

system. However, since this work will not be seen in competition, it will not be discussed further 

in this report. 
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Notation 

Notation Meaning 

RPi Raspberry Pi 

BOS Boat Operating System 

CAN Controller Area Network 

GPS Global Positioning System 

SS Solar Splash 

UDT Universal Drive Train 

DHX Refers to the company Direct winding Heat Exchange 

Electrical Machines 

ACS Alternating Current Superdrive, the type of motor 

controller we currently use 

AVL Athena Vortex Lattice 

ID Identifier 

CFM Cubic Feet per Minute 

.dbc CAN database file used to define and interpret CAN 

messages 

Dyno Dynameter 

CAN bus The two-wire serial bus connecting nodes on the 

Controller Area Network on which CAN messages are 

communicated 

CAN ID A number which is used to identify a CAN message 

defined in a .dbc file 

CAN Message A message sent over the CAN bus related to a specific 

CAN ID and containing individual CAN signals 

CAN Signal An individual piece of data contained within a CAN 

message that is identified by its starting bit or byte within 

its CAN message 

AEM Refers to the company Advanced Engine Management 

Performance Electronics 

AEM CD-7L The 7-inch carbon digital dash with logging capability 

made by AEM. 

VDM Vehicle Dynamics Module from AEM which is used 

primarily for GPS data. 

SDL Senior Design Lab 

PCB Printed Circuit Board 

dash Dashboard 

BMS Battery Management System 

EMS Energy Management System 

CU Cedarville University 

DAS Data Acquisition System 
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I. Overall Project Objectives 

Our overall goal is to win the Solar Splash Competition in the endurance, sprint, and slalom 

races. Last year, the winning times for the sprint event and the slalom event were 23.86 seconds 

and 40.47 seconds respectively. The CU solar boat team and competition winners from 2022 won 

the endurance event with a total of 72.5 laps in two 2-hour races, which means the average speed 

was 4.14 m/s. To win the competition, the boat should meet or beat a sprint time of 23.86 s, a 

slalom time of 40.47 s, and 72.5 laps in the endurance event (depending on the weather). 

Our objectives as the 2023 Solar Boat Team are as follows: 

 

• Motor and Motor Controller 

o Determine which Hawk motor should be used through testing. 

o Verify peak motor performance and establish the most efficient operating 

conditions as design constraints for propeller manufacturing. 

o Update and keep a power budget from experimental data for the actual 

performance and efficiency of the boat. 

o Gather motor performance data when subjected to high load conditions. 

o Create a simple closed loop cooling system. 

• Steering System and CAN Adapters 

o Improve the Solar Splash steering system by redesigning the tiller arm to obtain 

improved turning capabilities. 

o Design a dynamic code to determine optimal parameters of the steering system. 

o Create CAN adapters for boat functions in order that the boat may operate. 

• Propeller 

o Use dyno testing data to design a propeller specific for our boat. 

o Design a sprint propeller with an efficiency of 80% at target speed and sufficient 

low speed thrust to rapidly accelerate to that speed. 

o Manufacture a propeller to perform similarly to the projected design performance. 

• Data Acquisition, Boat Operating System, and Display System 

o Establish a data acquisition system (DAS) that can be used to provide logs of 

CAN messages easily and consistently such as thrust, motor speed, voltage, and 

current values. 

o Create a waterproof, sunlight readable, reliable, and easily customizable display 

system to display race information such as battery voltage, motor current, and 

boat speed to the skipper. 

o Develop BOS by defining how we want the boat to operate such as maximum 

speeds in the sprint and endurance events, and enforcing desired safeties, like not 

allowing motor direction to change while throttle is not at zero. 

o Implement the BOS so that the motor controller responds to CAN messages, and 

thus the boat can be run in the CAN mode.   
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II. System Design 

A. SOLAR SYSTEM 

Current Design: The Solar System is composed of one SP100 and three SP125 Solbian 

photovoltaic silicon solar panels mounted on a frame over the rear of the boat. Peak 

power trackers are used to convert the voltage generated to the voltage used to charge 

the batteries. We made no changes to the solar system this year. 

B. ELECTRICAL SYSTEM 

1) Current Design: For our electrical system, we have a battery box that houses the 

batteries as well as instrumentation for measuring various voltages and currents. We use 

Genesis 42EP batteries and Genesis 13EP batteries. Our dashboard contains switches and 

a potentiometer for controlling different settings and includes hardware for the data 

acquisition system, including a GPS for measuring boat speed. Schematics are shown in 

Appendix K. We only made minor changes to the electrical system this year.  

C. POWER ELECTRONICS SYSTEM 

1) Current Design: The electric motors utilized are the Hawk20 and Hawk40 motors. 

Manufacturer specifications indicate the Hawk20 operates at 48 V, 250 A draw with peak 

current of 425 A, and an efficiency rating of 95% reaching a rated speed of 4400 RPM. 

The 2021 Solar boat team decided to use the Hawk40 motor, which has the same current 

draw and speed specifications as the Hawk20 while rated at 72V and almost double the 

rated torque.  

The DHX Hawk motors are paired with the Inmotion ACS motor controllers, which were 

selected by the 2020 Solar Boat team due to their efficiency and power handling. According to 

the 2021 team’s spring proposal, the Inmotion ACS controller can operate at 97% efficiency and 

handle peaks of 550 A. The 2020 team designed a custom heat sink for the Inmotion controller, 

utilizing water cooling due to restricted room onboard the hull for airflow and forced convection 

(as well as water being plentiful outside the boat). These motor controllers have proven to be 

difficult since they require extended amounts of time to program. This past year, we focused on 

improving the tune of the motor controller and increasing our motor performance to produce 

torque at higher speeds to improve our sprint and slalom events. We have a dynamometer onsite 

that allows us to test and record the performance data of our Hawk motors and motor controllers. 

However, we had issues with vibration losses in the system when being tested. 

The previous motor cooling system used a pickup tube at the level of the keel on the 

transom. The pump sent the water through the motor and then the motor controller, returning into 

the water. If flow was maintained, the motor was adequately cool because of the low temperature 

of the lake water. However, the lake water contained algae and particulates which once destroyed 

a pump and clogged the small water passageways within the motors. The pickup was also 

exposed to air in sharp turns which caused the pump to get airlocked and halt flow through the 

motor. These issues caused the motors to overheat, and the motors had to be repaired by DHX. 
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The cooling system for the motor and motor controller needs to be improved to prevent the 

motor from overheating. The new system needs to maintain flow through the small passages in 

the motor (~1 mm diameter) and a motor temperature below 80 °C. 

2) Analysis of Design Concept: The Land and Sea dynamometer used to collect data 

on the electric motors was much louder than was reasonable to operate with. 

Additionally, we knew that the loud volume from system vibrations were audible power 

losses we were unable to measure. When disassembling the system, we could visually 

identify a 0.25 in. offset between the dyno shaft and the motor shaft. We then placed a 

dial caliper on the end of the dyno shaft and measured the differential distance of the 

mounting plate with respect to the dyno shaft, allowing us to identify how close to 

perpendicular the plate was to the shaft. We found that at its furthest point, it was as much 

as 80 thousandths of an inch off from true perpendicular.  

 

Fig 2.2. Dyno with labeled motor receiving plate 

We decided to take a 3-step approach to improving the configuration of the dyno to 

reduce both noise and mechanical losses. First, we clamped the motor mounting plate to the 

motor frame with 4 additional clamps.  These additional clamps and the mounting plate itself are 

visible in Fig 2.2. The mounting plate is made from aluminum and visible bowing could be seen 

between the original 4 corner clamps. 

Motor 

Mounting Plate 

Additional Clamps 
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Fig 2.3. Dyno with labeled parts 

After adding additional clamps, we moved the dynamometer to new concrete expansion 

anchors and added isolation mounts underneath it. We then changed the dyno’s motor frame to 

mount directly to the dyno instead of the expansion anchors. This allowed the system to be one 

solid piece that was isolated from vibrating against the concrete floor. Finally, we used jack bolts 

between the dyno and motor frame to keep the mounting plate perpendicular to the dyno shaft. 

Fig 2.3 shows the finished product after making these alignment/vibration adjustments. After 

placing a dial caliper back onto the dyno shaft, we were able to see an improvement from an 80 

thousandth differential distance to ± 3 thousandths across the face of the motor mounting plate. 

We then used a straight edge to align the motor shaft and dyno shaft axially. 

To prevent damaging motors in the future, we needed to revise the cooling system to 

reliably keep the motor temperature below 80°C. Considering that the water passages through the 

motor are very small, we did not want to circulate lake water containing algae and particulates 

through the repaired motors. We also needed a constant water supply to avoid air locking the 

pump. Thus, we chose to change to a closed loop cooling system. Then we had to decide how to 

maintain low motor temperatures. We considered a water-to-water heat exchanger that would 

attach to the keel of the boat, but we wanted to keep it simple, and the design needed to work on 

both the SS and hydrofoil hull. It was also difficult to calculate what exactly the heat load is on 

the system considering we do not know the efficiency of the motor and controller. To keep things 

simple, we decided to transfer the heat out of the motor into some amount of water that would 

keep the DHX specification of a maximum motor inlet water temperature of 55 °C. 

Motor Frame 

Isolation 

Mounts 

Jack 

Bolts 

Dynamometer Motor 
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To calculate the amount of water required, we estimated the amount of energy released in 

the form of heat by the motor and motor controller in a sprint race to be about 83.6 kJ. We then 

calculated how much water was needed to absorb that amount of energy, starting at a temperature 

of 30 °C and without exceeding 45 °C, to give us a reasonable safety factor. We found that we 

needed at least 1.34 L of water in our reservoir from this calculation. Based on this, we 

purchased a 2 L reservoir that was suitable for our needs. We also purchased a small heat 

exchanger as an extra precaution, to expel heat into the air. While we waited to receive the 

reservoir, we used a gallon milk jug (3.79 L) as a reservoir and found that the motor did not 

overheat while testing in the sprint configuration. Once we received the reservoir and heat 

exchanger, we built a hanging bracket mount and plumbed the system together.  

3) Design Testing and Evaluation: The main objective for the motors was to collect 

data that could be used to tune the motor controller as well as determine torques and 

speeds for propeller designs. When laying out testing parameters, we decided on a series 

of constant speed max-torque tests to give a full range of performance ability for the 

motor/motor controller combination. Starting at 500 RPM, we held the speed steady and 

incrementally increased the torque in steps of a few N-m until the motor could not hold 

its speed any longer. We then repeated this process in 500 RPM increments, ending at 

4000 RPM. We utilized PyCAN logger and the dyno software to collect the data for these 

runs. PyCAN allows for CAN message recording that Inmotion can read to inform tuning 

decisions while the dyno software was able to export each run’s data to an Excel format. 

We then wrote a MATLAB code where we could quickly import the data and have a 

standardized plot to easily view the data. 

Theoretically, we should be able to produce rated torque up until our field-weakening 

point. This field weakening point is normally the rated RPM of the motor; however, due to our 

voltage limitations, it begins at a much lower RPM. The Hawk 40, when subjected to 36 V will 

begin field weakening at 2200 RPM while the Hawk 20 will begin at 3400 RPM. Fig 2.4 shows 

the results of a 3000 RPM test of the Hawk 20. Using theoretical values, we should see the 

ability of the motor to hold 40 N-m here, however the motor begins to go unstable and therefore 

cannot reliably produce even 35 N-m of torque.  
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Fig 2.4. Data collected from the 3000 RPM run of max. torque test of the Hawk20 

Fig 2.5 shows similar results occurred with the Hawk40 at 2000 rpm. The theoretical 

value for torque should be 67.5 N-m, but the motor could not even maintain 45 N-m of torque.  

 

Fig 2.5. Data collected from the 2000 RPM run of max. torque test of the Hawk40 

Ultimately, the performance of the Hawk motors is currently not where we know they 

could be. Having this data collected, though, is further than our teams have been able to go in the 

past. We can use this data to talk with Inmotion about tuning the motor controllers to achieve our 

needed Hawk motors’ performance. As of this report, we have been able to send the data over to 

Inmotion and are awaiting their response to assist us in the tuning of the motor controllers. 

After installing the new reservoir and heat exchanger, and plumbing the system together, 

we tested the boat in the sprint configuration on April 14th. During our test we monitored the 

motor temperature with the display and downloaded the log from the Raspberry Pi afterwards. 

Instability at 35 

N-m 

Unable to maintain 

speed at 45 N-m 
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The plot of the motor current and temperature (Fig 2.6) shows that the motor temperature did not 

exceed 65 °C in high motor current conditions for 250 s, verifying the adequacy of the new 

cooling system since the motor temperature did not exceed 80°C as specified by DHX. 

 
Fig 2.6. Motor temperature and current data plotted against time from April 14th testing in sprint 

configuration to verify cooling system performance. 

D. HULL DESIGN 

1) Current Design: Previous teams have already performed extensive work 

optimizing our hull. We will be using the fiberglass, foam, and resin style hull that 

was developed in 2005 for the Solar Splash race. This design reduces the total weight 

of the hull to 63 lb by using a combination of a gel coat, fiberglass, resin, catalyst, 

and foam. The basic components and layout of the Cedarville University Solar Splash 

boat are as shown below in Fig 2.7. 

  

Fig 2.7. Solar Splash boat in endurance configuration (left), and sprint and slalom    

configuration (right). 

The hull has a tapered bow like a canoe that gives the boat low drag and good stability at 

low speeds when the hull is mostly in the water. The low drag results in more speed from input 

power, allowing for success in the Endurance event. At the high speeds of the Sprint and Slalom 

events, the front lifts out of the water and the boat behaves as a planing hull, which reduces drag 
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and maintains handling. This is an effective combination for high-speed events as speed and 

agility are needed for success. No changes were made to the hull this year. 

E. DRIVETRAIN AND STEERING 

1) Current Design: The drive train for Solar Splash is composed of the drive 

motor, motor mount, down-shaft, driveshaft, gearbox, transom mount, tilt 

assembly, and propeller. The 2021 Solar Splash team manufactured and used a 

single drive train system for both endurance and sprint races, leading to weight 

savings of 90 lb. 

The SS boat has two propellers—one for endurance and one for sprint/slalom, as well as 

a pair of contra-rotating propellers. The propellers’ efficiency at their design speeds influences 

the power budget (the total power transferred to drive the boat forward). The sprint propeller is 

75% efficient, and the endurance and contra-rotating propellers are 89% efficient. We wanted to 

design and manufacture a more efficient sprint propeller with better acceleration at lower speeds. 

Additionally, the steering system was cumbersome. The skipper would have to pull and 

remove their hand from the steering cable several times to turn the boat from left to right. This 

led to a large cable displacement—the amount of cable displaced when the tiller arm turns from 

left to right (a range of 70°). The SS boat had a cable displacement of 45” completed in two to 

three hand pulls. There were also design issues with the tiller arm. 

2) Analysis of Design Concept: We designed the propellers with OpenProp. 

We then transferred propeller designs to SolidWorks and milled them on the 

CNC machine. The blade designs created in OpenProp use the parameters of boat 

speed, motor speed, boat drag, and several geometric parameters. The boat 

parameters were already determined by the specifications of our hull and motor, 

but we had a range of choices for the geometric parameters: blade length, 

number of blades, and whether or not the blade was chord optimized. Chord 

optimized propellers have thinner blades with higher efficiencies at their 

projected operating speed, but from our tests, they appear to have less thrust at 

lower speeds. After we determined these parameters and generated a design in 

OpenProp. We transferred it to SolidWorks using a Macro and then we used 

HSMWorks to design toolpaths for milling the propeller. (For a more detailed 

analysis of determining design parameters see Appendix G). We also analyzed 

the SS steering system to improve its turning speed and usability. 

To determine the optimum propeller size and number of blades, we iterated OpenProp 

designs, varying the diameter and number of blades until we determined the most efficient 

values: 2 blades, 0.3-meter diameter (12 inch). We did this as shown in Fig 2.8. 
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Fig 2.8. Propeller iterative design record 

We based the projected boat speed on our desired competition speed: 15.6 m/s (35 mph). 

The motor speed came from last year’s race: 3770 RPM. Since we did not have drag data for the 

SS hull at this point, we used a power budget (recorded in Appendix G) to estimate the boat’s 

drag: 800 N (182 LB). 

When manufacturing propellers, we ran into two major challenges: deflection of the blades 

during milling and maintaining zero during flipping. To prevent deflection of the propeller blades 

during milling, we used parallel tool paths starting at the tip of the propeller and working in 

towards the hub. This kept additional material between the tool head and the sections of stock 

which were fixed to the CNC bed. We maintained zero during flipping the part by using pins to 

keep the stock properly aligned. When we drilled the first pin hole, we set the part zero at the 

center of it and kept it there in between operations to prevent any error in re-zeroing the part 

during milling. 

For the cumbersome steering system (Fig 2.9), we redesigned the tiller arm to reduce the 

cable displacement and the number of times the skipper must regrip the cable to rotate the tiller 

arm across its range (Fig. 2.10). The maximum and minimum tiller arm angles correspond to the 

sharpest left and right turns, respectively.   
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Fig 2.9. Solar Splash boat steering system components 

 
Fig 2.10. Solar Splash rotational range of tiller arm 

The original system had a cable displacement of 45 inches completed in two to three 

hand pulls. Ideally, the cable displacement should be approximately 25 inches with only one 

hand pull, allowing the skipper to constantly keep his hand on the steering cable for quicker 

turning. This ideal cable displacement came from a test of all the solar boat team members sitting 

in the boat and doing one comfortable hand pull on the steering cable.  

Additionally, there were several design issues with the tiller arm. First, there were only 3 

holes on the tiller arm to range the placement of the pulley eye bolt. Because of all the room for 

improvement, we determined it would be easier to modify only the tiller arm in the steering 

system.  Second, there was a major bending on the tiller arm. In sprint and slalom configuration, 

the tiller arm would bend significantly compared to the horizontal reference it was supposed to 

match (Fig. 2.11), causing higher bending stress on the tiller arm assembly.  
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Fig 2.11. Solar Splash tiller arm assembly – slalom setup 

There were some additional factors to consider in the tiller arm redesign. First, we rotated 

the torque load cell and Yamato adapter 180° on the drive train by separating and repeating the 

compression fit between the drive train and Yamato adapter (Fig. 2.12). The rotation moved the 

torque load cell from being right next to the tiller arm to the opposite side of the arm. 

 
 

Fig 2.12. Rotated orientation of torque load cell and Yamato adapter 

We determined the necessary temperatures for the compression fit using coefficients of 

thermal expansion in a TK Solver code, detailed in Appendix F. Third, the vertical spacer we 

created in the first new tiller arm design has a concern to produce a large moment on the tiller 

arm. Thus, we eliminated the spacer and modified the vertical plate to be taller. Considering 

these factors, the final tiller arm design is shown in Fig 2.13.  
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Fig 2.13. Solar Splash SolidWorks model of 2023 v2 tiller arm design 

We also created a dynamic TK solver design code for the steering system. We based the 

redesign on a variable tiller arm length, but there are other parameters to consider in creating a 

more optimal design. This code allows the user to input some known variables such as tiller arm 

length and pulley positions to iteratively solve for the unknown angles and lengths of cables.  

We performed a kinematic evaluation of the steering system using loop equations, Euler’s 

formula, and geometry relationships (detailed in Appendix F). Fig. 2.14 outlines the three loops 

used in our kinematic loop equation evaluation. Each loop creates two loop equations—real and 

imaginary—that contain unique and overlapping information, allowing for the equations to relate 

to each other. The only current limitation on this code is if the length of the tiller arm is less than 

10.5 inches, the code will not solve realistically, resulting in extreme angles and lengths. 

 
Fig 2.14. Kinematic loops for Solar Splash boat steering system 

3) Design Testing and Evaluation: On the SS drive train assembly, load cells record 

the boat’s thrust and torque. This data is vital for the creation process of new propellers. 

The load cells connect to the strain amplifier box on the hull, which connects to a 

computer to record the results. 

The load cells work by incorporating the geometry of the thrust mount assembly. Fig. 

2.15 shows a SolidWorks model of the thrust mount assembly. All rods travel through the 

transom mount. The drive train mount rotates around rod 1, with the bottom part connected to 

rod 3 through two threaded bolts. Rod 3 is inserted through large holes, allowing it to slightly 

move in response to the propeller’s thrust. The lever arm connects rod 3 to the load cell through a 

shoulder screw (mirrored on both sides of the assembly). As the propeller applies force onto the 

drive train, that force is relayed through the drive train mount through the lever arm to the load 

cell. The displacement of the load cell corresponds to the force of the propeller’s thrust.  
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Fig. 2.15. SolidWorks model of the thrust mount assembly 

Our initial test of the thrust load cell simulated propeller thrust by pushing on the drive 

train. However, the strain amplifier box did not record any data due to a seizure in the thrust 

mount assembly caused by inaccurately sized rods and spacers. To correct this assembly, we 

created a squared diagram of the thrust mount assembly with improved parts (Fig. 2.16). 

                                       
Fig. 2.16. Thrust mount assembly (a) seized and (b) corrected. 

To test the accuracy of the load cells, we disassembled the thrust mount assembly from 

the hull and placed the assembly in a horizontal setup where we hung weights from the propeller 

to simulate thrust (Fig. 2.17). We increased the weight in steps of 20 lb from 0-140 lb. The thrust 

data from this weight test is recorded in Fig. 2.18. It should be noted that the starboard side 

thrust load cell was settling around 0.6 V instead of continuing a linear trend like the port side 

data. This load cell should be replaced. We can use the thrust data from the port side load cell 

since it was accurate and independent of the starboard load cell. Additional testing of the thrust 

load cell in the lake is needed, as well as testing the torque load cell. 
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Fig. 2.17. Incremented weight test for thrust load cells. 

 
Fig. 2.18. Incremented weight test for thrust load cells. 

F. DATA ACQUISITION AND COMMUNICATION 

1) Current Design: The boat currently uses the CAN bus for communication 

between the driver interface, Raspberry Pi, GPS, ACS motor controller, and CAN 

adapters as shown in Fig 2.19. Data from these devices is then broadcast to all the 

devices on the bus where it is used for control, recorded, or monitored. 

 
Fig 2.19. Flow of CAN bus information between devices with MATLAB GUI tablet display. 
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Previously the team used a Surface Tablet Pro to display CAN messages with a 

MATLAB Graphical User Interface (GUI). This display system needed to be replaced because it 

would overheat and shutdown, MATLAB and Windows caused instability, it was difficult to see, 

and the GUI had limited functionality and customizability. Just two weeks into the project, the 

tablet was also damaged by water and completely stopped functioning. Therefore, we required a 

replacement display that was waterproof, sunlight readable, reliable, and easily customizable. 

The DAS used by the team consisted of a Raspberry Pi (RPi) which logged CAN 

messages. This worked but it had issues: it was difficult to make changes to the logging setup, 

log files were hard to identify and sometimes lost, and it was difficult to plot data quickly for 

analysis. These issues needed to be addressed and it was desired to make the DAS easier to use 

since data is essential for informing design and identifying areas for improvement. 

The CAN bus could also be used to communicate messages for operating the boat, the 

system for accomplishing this is called the Boat Operating System (BOS).  The development of 

this system was limited to a short program on a CAN adapter that was not fully tested or used to 

operate the boat. Instead, the boat had only run in the backup mode in which inputs from the 

dash controls were interpreted by a program on the motor controller to operate the motor. This 

program could only be edited or examined by the manufacturer, Inmotion. An objective for this 

year’s team was to implement the BOS so that we could determine how the motor should 

respond to the dash controls on our own. 

2) Analysis of Design Concept: While we looked for a replacement display, we had 

two main options, either use the previous MATLAB GUI on a new device or find a 

suitable CAN bus display. A CAN display is a single unit that connects to a CAN bus and 

comes with some software for designing a GUI to display messages from the CAN bus. 

Since the MATLAB GUI was difficult to work with and any replacement device would 

likely still have reliability issues with MATLAB or overheating, we decided to use a 

CAN bus display. We selected the AEM CD-7L CAN bus display shown in Fig 2.20. to 

be our replacement for the tablet because it met our requirements for being waterproof, 

sunlight readable, reliable, and easily customizable. This unit was selected over other 

CAN displays because of its user friendly and free software which we were able to use to 

design screens for the Sprint and Endurance events before we acquired the display. 

 

Fig 2.20. AEM CD-7L display shown in a simulation from AEMDashDesign software with our 

design of the screen for the Sprint event. 
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The objective for the DAS was to fix issues with the Raspberry Pi logging and make it 

easier to use. The issues with the Raspberry Pi were addressed early in the project but we still 

desired to make the DAS easier to use. The AEM CD-7L was also purchased to serve this 

purpose, since it is the “L” model, which has logging capability. 

Our objective for the BOS was to implement it in such a way that changes could be made 

easily. Therefore, we decided to move the BOS from the CAN Adapter code to a Simulink model 

that would run on the RPi so that it would be easier to understand. The flow of information from 

the dash controls to the motor controller is now as shown in Fig 2.21. 

 

Fig 2.21. Flow of information from the dashboard controls to the motor controller in the 

previously used Backup mode and the new CAN mode. 

Implementing this design required modifying the CAN adapter code so that it only 

converted the analog and digital values from the dash switches and potentiometers to CAN 

messages for the Raspberry Pi to receive. Then the BOS model on the RPi had to be designed 

such that the boat operated how we desired in any situation. For more details, see Appendix J. 

3) Design Testing and Evaluation: The new AEM CD-7L display was successfully 

tested by connecting it to the CAN bus and checking that the messages displayed 

properly as shown in Fig 2.22.  

 

Fig 2.22. AEM display shown to be functioning by displaying the battery voltage at 38.22 Volts. 

We have also used the display while testing the boat on the lake and have never had an 

instance of it shutting down (as the tablet would) and it is much easier to read in direct sunlight 
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than the tablet was. Testing on the lake has also proven that its software is easier to work with 

than the previous MATLAB GUI. We were able to quickly fix an issue where the motor RPM in 

the Sprint configuration was not showing because it was negative, so we plugged in a laptop and 

quickly changed the RPM gauge to show negative RPM. These tests confirmed that the AEM 

CD-7L was sunlight readable, reliable, and easily customizable, therefore satisfying our 

requirements for a new display system. AEM specifies that this unit is waterproof as well, but we 

did not test this. 

The improved DAS was also tested when we took the boat out to obtain high speed thrust 

data to estimate hull drag for informing propeller design. We found that compared to the 

Raspberry Pi, setting up logging on the AEM display was very simple and we could instantly 

plot log files from the display with the AEMdata software. We also verified that issues with the 

Raspberry Pi had been resolved since we did not lose any logs and the timestamp of the log was 

correct so they could be identified. Since we have found the AEM display to be easier to use and 

more robust than the RPi it will serve as our primary DAS and the RPi will be the backup. A 

sample of the data for our testing of the boat in the sprint configuration is shown in Fig 2.23. 

 

 

Fig 2.23. Data log obtained from AEM display from testing in the Sprint configuration shown in 

AEMdata with traces motor speed, GPS speed, calculated thrust, starboard and port strain 

plotted against time on the x-axis. Data points of interest for estimating hull drag have been 

highlighted, and a statistics report for those points is shown below the plots. 

We tested the BOS at multiple stages in its development. First, it was tested within 

Simulink by simulating the dash controls with interactive knobs and switches. Then we checked 

the intermediate values and output motor command speed while trying switch combinations and 

throttle positions to verify that they matched what the BOC specified. After testing in the 

simulation, the BOS was deployed to the Raspberry Pi. By supplying 36 V power to the dash in 

the SDL with a power supply, we were able to test everything within the dash, including the new 

CAN Adapter code, the BOS on the Raspberry Pi, and the AEM display as shown in Fig 2.24. 
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Fig 2.24. Dash testing setup in the SDL supplying 36V to verify functionality of CAN Adapters, 

RPi, and AEM Display. 

This setup was used to verify the output CAN messages of the CAN adapter 

corresponding to the switch and potentiometer positions as well as the output motor speed 

command from the BOS by monitoring signals with both the AEM display and the Kvaser (a 

plug-in that allows us to view CAN messages on the bus). Once again, results were checked 

against the BOC for verification. Finally, we were able to successfully test the BOS on the boat. 

We found that the BOS worked, and the motor responded to the motor speed command CAN 

messages output by the BOS. Therefore, our objective is complete, and we can operate the boat 

in CAN mode. However, the motor controller does not ignore the digital signals from the dash 

switches like we want, so we are still working with the motor controller manufacturer to resolve 

this.  
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III. Project Management 

A. Team members and leadership roles 

Asa Mudd – Team captain, data acquisition and driver interface 

Bryce Schmitt – Motors, motor controller, and dynamometer 

Joseph Homan – Propellers 

Nicolas Knowlton – CAN adapters and steering system 

Ruth Lessen – Hydrofoil boat battery pack 

Joseph Heise – Hydrofoil boat flight control system, sensors, and actuators 

Daniel Shoultz – Hydrofoil boat strut design 

Grace Fearday, Kezia Augusting, Cejay Walker - Electrical 

B. Project planning and schedule 

Our project started in August 2022. We spent the first month getting to know the boat each of 

our individual responsibilities. September 2022 – March 2023 we focused on research, design, 

and development for each of our projects. Then, starting in April 2023 we began our main testing 

for each project and official data collection of the boat. Starting in August 2022 we were testing 

the boat out on the water and learning to drive it. In April 2023 we began practicing for the 

slalom race. 

C. Financial and fund raising 

Our project is funded by Cedarville University. We have also been given equipment or 

financial aid from our sponsors, listed in Appendix L.1. 

D. Strategy for team continuity and sustainability 

Every week our team would meet with our advisors and give a verbal presentation with 

Microsoft PowerPoint to update the team on the previous week’s work and to give direction for 

the next week. During this time, we were able to ask questions and get feedback as well. The 

team also kept a GroupMe group chat that everyone was active in, and our advisors’ doors were 

always open to us. 

E. Discussion and self-evaluation 

We believe we worked well as a team. The weekly meetings proved effective at informing each 

member what was going on, even if the work did not pertain to them directly. As team members 

we challenged and encouraged each other, giving time as needed to work with each other as 

needed. Our team captain did a good job of helping all members hit necessary deadlines for 

reports and presentations, and we saw initiative among other members as well to take the lead 

when needed. 
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IV. Conclusions and Recommendations 

A. Strengths and weaknesses 

Our design has many strengths. It uses the CAN bus for easy communication. The new driver 

interface screen works well in heat and sunlight and gives a much simpler and efficient way to 

log data. We have improved the water cooling to be a closed-loop system that will keep the 

motors clean. We improved how we find the thrust. And we have an improved steering system 

that will make the boat more responsive and require less readjustment from the skipper. 

There are, however, a few weaknesses to note. We are not yet currently getting the most out 

of our motor. The motor controller is still responding to the digital output from the dash when we 

are using the BOS. The sprint propeller has not yet been improved for our race. And finally, the 

dynamic TK Solver steering system code is limited to a 10.5-inch tiller arm. 

B. Completion of objectives 

We have achieved most of our objectives for this project. We have verified the motor 

performance through dyno-testing and found design constraints for propeller design through 

motor and thrust testing. We have also created a closed-loop cooling system for the motor. We 

were able to design and manufacture propellers and an updated steering system. We also 

successfully found a new driver display interface, established a reliable data acquisition system, 

and successfully implemented CAN communication. 

Objectives that were not completed are to successfully design a new sprint propeller that will 

help us achieve our desired sprint time of 23.86 seconds. 

C. Reflection of design process 

The design process ended up taking much longer than originally expected. We were still able 

to accomplish most of our goals, but we did so about a month later than originally planned. Our 

process entailed research, creating design tool and guidelines (like MATLAB codes or prototypes 

and getting measurements), initial design and testing, then redesign and testing. This process, 

although slow, seemed to be effective as we were able to complete our work with success. 

D. Where we can go from here 

Looking to the future, we will need to get a Hawk40 motor, get more concrete and specific 

propeller design constraints through dyno-testing, design a functioning and improved sprint 

propeller, and get a boat functioning and race-ready on hydrofoils. 

E. Lessons learned 

Working on this competition team helped us learn what it looks like to work on an engineering 

team. We learned what it takes to design a specific outcome within given constraints. We have 

also learned how to perform good research, professionally interact with other supplying 

companies, give professional oral presentations, and write up professional written reports. 

Finally, we learned how to document our work well, as we need to make sure next year’s team is 

able to continue our work, instead of starting over.
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Appendix A. Battery Documentation 

This year, in line with previous years, we will be utilizing two sets of Sealed Lead-Acid 

batteries. The first being a set of three Genesis 42EP batteries (denoted as G42EP in Fig. A.1) 

weighing 32.9 lb. (14.9 kg) each, with a total weight of 98.34 lb. (44.7 kg). The second set is 

composed of nine Genesis 13EP batteries (G13EP in Fig. A.1), each weighing 10.8 lb. (4.9 kg), 

with a total weight of 97.2 lb. (44.1 kg). This is in compliance with the new Solar Splash rule 

7.4.1 having both of the battery sets under the 100 lb. (45.5 kg) limit. The specification and 

MSDS sheets for these two types of batteries, which were selected from the available batteries 

provided by EnerSys are given in Fig. A.1 and the remaining pages of this appendix below.   

  

Fig. A.1. General Specifications for Genesis 13 and 42 EP Sealed Lead-Acid Batteries  
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Appendix B. Flotation Calculations 

The flotation calculations for our boat is shown here. 

The surface area of the hull utilizing one layer of 1.25 inch of Nomex honeycomb is 65.0 ft2 and 

the surface area which utilizes two layers of 0.472 inches of Nomex honeycomb is 7.1 ft2. Thus, 

the buoyant force provided by the hull alone, neglecting the Kevlar skins is given by 

Archimedes’ principle: 

𝐵𝐻 = 𝛾𝐻2𝑂 ⋅ ∑𝐴𝑖𝑡𝑖 𝑖 = (62.4𝑙𝑏𝑓𝑡3) ⋅ [(65.0 𝑓𝑡2)(1.2512𝑓𝑡) + 2(7.1 𝑓𝑡2)(0.47212𝑓𝑡)]  
= 468 𝑙𝑏 

where 𝐵𝐻 is the buoyant force on the hull when submerged, 𝐴𝑖 is the surface area covered by a 

given core thickness, 𝑡𝑖 is thickness of the core in a given region, and 𝛾𝐻2𝑂 is the specific 

gravity of water. Because the batteries are secured to the hull, their buoyant force also 

contributes the overall buoyant force on the boat. The volume of three 42 EP batteries is less than 

that of twelve 13 EP batteries and will therefore be used for our calculations. 

𝐵𝐵 = 3𝑉42𝐸𝑃 ⋅ 𝛾𝐻2𝑂 

= 3(0.175 𝑓𝑡3)(62.4𝑙𝑏𝑓𝑡3) 

= 33 𝑙𝑏 

where 𝐵𝐵 is the buoyant force of the batteries and 𝑉42𝐸𝑃 is the volume of the Genesis 42EP 

batteries. Therefore, the maximum possible buoyant force exerted on the hull is given by the 

following. 

𝐵𝑡𝑜𝑡 = 𝐵𝐻 + 𝐵𝐵 

= 468 𝑙𝑏 + 33 𝑙𝑏 

= 501 𝑙𝑏 

Also, the weight of the hull, as given by the power budget, is shown in Table B.1. Based on our 

calculations, our new hull can easily support its own weight plus a 20% safety factor as the 

buoyant force of 501 lb. is much greater than the required buoyant force of 335 lb. 
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Table B.1. Components and Weight List  

Components  
Weight [lb]  

 2023 Sprint   2023 Endurance  

Solar Array  N/A  30  

Batteries  100  100  

Drivetrain & Controller  72  72  

Hull  53  53  

MPPT  N/A  4  

Control Panel  5  5  

Fabric Fairing  5  5  

Miscellaneous  10  10  

Total  245  279  

120% Total (Rule 7.14.2)  294  335  
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Appendix C. Proof of Insurance 

This is our proof of insurance. 
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Appendix D. Team Roster 

This appendix lists the roster for our team. For each member you will find their name, degree 

program, year, and role. 

 

Asa Mudd – BSME Mechanical Engineering – Senior – Team captain, data acquisition, driver 

interface 

Bryce Schmitt – BSME Mechanical Engineering – Senior – Motors, motor controllers, 

dynamometer 

Joseph Hoyman – BSME Mechanical Engineering – Senior – Propellers 

Nicolas Knowlton – BSME Mechanical Engineering – Senior – CAN adapters and steering 

system 

Ruth Lessen – BSME Mechanical Engineering – Senior – Hydrofoil boat battery pack 

Joseph Heise – BSME Mechanical Engineering – Senior – Hydrofoil boat flight control system, 

sensors, and actuators 

Daniel Shoultz – BSME Mechanical Engineering – Senior – Hydrofoil boat strut design 

Grace Fearday – BS Electrical Engineering – Senior – Electrical 

Kezia Augusting – BS Electrical Engineering – Senior - Electrical 

Cejay Walker – BS Electrical Engineering – Senior - Electrical 
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Appendix E. Motor Testing 

This appendix has information regarding the motor testing. 

The following one drive link to the Dyno Operation folder contains all the starting 

information necessary to get the dyno operational.   

https://cedarvilleuniversity394.sharepoint.com/:f:/r/sites/EngineeringStudents-

SolarBoat/Shared%20Documents/Solar%20Boat/Electrical%20Reference%20Material/Dyno%2

0Operation?csf=1&web=1&e=lfOlI6 

Within this folder is the Dyno operation manual, as well as videos detailing the operation 

of the Dyno and Drivetool. Finally, there is a video detailing how to align the rpm encoder as 

well as the first motor controller software files you will need to use. The Dyno user manual and 

how to video are the best places to start. 

Drivetool is the software used to program the Inmotion drives and operate them while they are 

on the dyno. 

Using Drivetool: 

1. Launch Drivetool from the Dyno room computer. 

2. Make sure the drive is connected to the computer via the Kvaser CAN adapter. 

3. Click the load settings button in the upper left corner. (The current file (4/24/23) 

can be found in the electrical reference material folder under Dyno operation, 

Drivetool files). 

4. Ensure the drive has power from the battery box. 

5. Click start communications button. You are now communicating with the drive. 

6. After this, go to the Par A tap on the right side of the screen as shown in Fig. E.1. 

https://cedarvilleuniversity394.sharepoint.com/:f:/r/sites/EngineeringStudents-SolarBoat/Shared%20Documents/Solar%20Boat/Electrical%20Reference%20Material/Dyno%20Operation?csf=1&web=1&e=lfOlI6
https://cedarvilleuniversity394.sharepoint.com/:f:/r/sites/EngineeringStudents-SolarBoat/Shared%20Documents/Solar%20Boat/Electrical%20Reference%20Material/Dyno%20Operation?csf=1&web=1&e=lfOlI6
https://cedarvilleuniversity394.sharepoint.com/:f:/r/sites/EngineeringStudents-SolarBoat/Shared%20Documents/Solar%20Boat/Electrical%20Reference%20Material/Dyno%20Operation?csf=1&web=1&e=lfOlI6
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Fig. E.1. Drivetool settings window. 

7. You will then hit the drop-down menu below Par A. This shows you what the 

default settings are to run the motor from the computer. (If wanting to run in 

backup mode from control panel, see #12.) 

8. Next, go and turn the control panel Aux Power switch to the on position. This will 

make all the yellow boxes in Fig.13.1.2 green or white.  

9. After that, go to drivetool and click in the OpenDrainOutputControlWord boxes 

right of this in the defaults window and change the 0 to a 1. (If done successfully, 

the contactors will close, and you should hear a popping sound, often times you 

have to close and open this a few times to get it to close correctly.) 

10. Finally, all that is needed next is to hit Switch On and Enable on to the “on” 

position. (Note: once enable is on, you should hear a hum coming from the 

motor.) See Fig. E.2 for where the location of Switch On and Enable is. 
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Fig. E.2. Drivetool settings window after in Par A. 

 

11. You can now run the motor from the computer.  

12. If you would want to run the motor in backup mode from the control panel, go to 

the default drop-down and click application setup.  

13. Once in application set up, you will need to hit PWD7 to unlock the window and 

change the Application enable to 1. Can be seen in Fig. E.3 
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Fig. E.3. DriveTool settings window after in Application Setup. 

 

14. Once here, you can resume as normal by turning Aux Power to On instead of 

going to turning the contactors on like before, just turn the red switch on the 

control panel labeled MOTOR to on and then you can run the motor from the 

control panel. 

 

2 
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Appendix F. Steering Analysis 

 The photos in this appendix were used to develop our steering system and dynamic TK 

Solver code. 

 

Fig F.1. SS design limitations of original tiller arm 

 

Fig F.2. SS original tiller arm design 

 

Pulley Placement 

Holes 
Weight Reducing 

Holes 
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Fig F.3. Original orientation of torque load cell on Solar Splash boat 
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FigF.5. SS kinematic loop 1 
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Fig F.6. SS kinematic loop 2 
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Fig F.7. SS kinematic loop 3 
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Fig F.8. SS geometry of pulley 1 and 2 

 

Fig F.9. Euler’s formula geometry 
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Fig F.10. SS TK Solver design code variables sheet – part 1 of 3 
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Fig F.11. SS TK Solver design code variables sheet – part 2 of 3 
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Fig F.12. SS TK Solver design code variables sheet – part 3 of 3 
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Fig F.13. SS TK Solver design code rules sheet – part 1 of 3 

 

Fig F.14. SS TK Solver design code rules sheet – part 2 of 3 



2023 Solar Boat Final Report Draft Appendix F. Steering Analysis  

May 2023  Appx. Page 28 of 63 

 

Fig F.15. SS TK Solver design code rules sheet – part 3 of 3 



2023 Solar Boat Final Report Draft Appendix G. Propeller Design  

May 2023  Appx. Page 29 of 63 

Appendix G. Propeller Design 

 This appendix shows how a propeller design is brought into Solidworks. 

 Propeller design starts by downloading OpenProp 

(https://cedarvilleuniversity394.sharepoint.com/:f:/r/sites/EngineeringStudents-SolarBoat/Shared 

Documents/Solar Boat/2022-2023/2. Individual Work/5. Joseph 

Hoyman/2023AdvancedOpenPropLearningandTesting-NotImportant/OpenProp_v3.3.4 Iterative 

CRP Use this One?csf=1&web=1&e=Y90we6) and opening it in MATLAB. Once it is opened, 

input operating parameters, and run the program to determine the efficiency and power draw of 

the design. Upon determining a good design, save the design to the OpenProp folder and use the 

OpenProp-to-SolidWorks Macro 

(https://cedarvilleuniversity394.sharepoint.com/:u:/r/sites/EngineeringStudents-SolarBoat/Shared 

Documents/Solar Boat/2022-2023/2. Individual Work/5. Joseph 

Hoyman/2023AdvancedOpenPropLearningandTesting-NotImportant/OpenProp to Solidworks 

Macro.swp?csf=1&web=1&e=aoJYab) to generate geometry sketch contours in a SolidWorks 

hub file. Once in SolidWorks select each of the geometry sketches in order, starting at the hub, 

and use the Lofted Surface feature to make the 3D shape of one blade (Figure F.1). Finally, use 

the Circular Pattern feature to copy the blade shape around the hub. 
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Fig G.1: The process starts with generating an OpenProp Design, then finding or making a hub 

in SolidWorks, then generating geometry contours in SolidWorks using the Macro, and finally 

using lofted surface to generate the 3D blade shape. 

 A very helpful tool for understanding the entire process can be found in the overview 

video made by Caleb Tanner 

(https://cedarvilleuniversity394.sharepoint.com/:v:/r/sites/EngineeringStudents-SolarBoat/Shared 

Documents/Solar Boat/2022-2023/2. Individual Work/5. Joseph 

Hoyman/2023AdvancedOpenPropLearningandTesting-NotImportant/1 Modeled D Fore 1300 

Guide.mp4?csf=1&web=1&e=kc6tKq). This video walks through the entire process of turning 

given design parameters into a SolidWorks Model. 
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Appendix H. Hull Drag and Motor Torque Data Acquisition 

Determining Drag Values from 2022 Race Data 

 In 2023, we did not have the boat operational for most of the school year and we were 

therefore not able to find good drag values .The best data we had was one set of 2022 Race Data 

(https://cedarvilleuniversity394.sharepoint.com/:x:/r/sites/EngineeringStudents-SolarBoat/Shared 

Documents/Solar Boat/2022-2023/2. Individual Work/5. Joseph 

Hoyman/2023FirstPropDesignAndDataAnalysis-DIDNOTWORK/2023SprintDataReduction-

Basedon2022RaceData.xlsx?d=w812586f20a7e4e868b015af32e241973&csf=1&web=1&e=SnU

DeK).  

Finding Thrust Using the Power Budget 

To reduce this data, we used a power budget model. The idea was to use the known 

power given by the batteries and assume an efficiency of the motor and prop (Equations H.1-

H.2) The battery power is shown in Fig. H.1. 

 

Fig. H.1: Power put into the system by the batteries over the course of the race. 

𝐵𝑎𝑡𝑡𝑒𝑟𝑦𝑃𝑜𝑤𝑒𝑟 (𝐶𝑢𝑟𝑟𝑒𝑛𝑡 ∗ 𝑉𝑜𝑙𝑡𝑎𝑔𝑒) ∗ 𝑀𝑜𝑡𝑜𝑟𝐸𝑓𝑓𝑖𝑐𝑒𝑛𝑐𝑦 =

𝑀𝑜𝑡𝑜𝑟𝑃𝑜𝑤𝑒𝑟 (𝑅𝑜𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙𝑆𝑝𝑒𝑒𝑑 ∗ 𝑇𝑜𝑟𝑞𝑢𝑒) (𝐻. 1)
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𝑀𝑜𝑡𝑜𝑟𝑃𝑜𝑤𝑒𝑟 (𝑆𝑝𝑒𝑒𝑑 ∗ 𝑇𝑜𝑟𝑞𝑢𝑒) ∗ 𝑃𝑟𝑜𝑝𝑒𝑙𝑙𝑒𝑟𝐸𝑓𝑓𝑖𝑐𝑒𝑛𝑐𝑦 = 

𝑂𝑢𝑡𝑃𝑢𝑡𝑃𝑜𝑤𝑒𝑟 (𝐵𝑜𝑎𝑡𝑆𝑝𝑒𝑒𝑑 ∗ 𝑇ℎ𝑟𝑢𝑠𝑡) (𝐻. 2) 

With the 2022 data, we knew the following variables: Battery Current, Battery Voltage, 

Rotational Speed, and Boat Speed. We estimated the Motor Efficiency based on discussion with 

our advisor and guessed the Propeller Efficiency based on my experience with OpenProp. The 

two unknowns we were trying to solve were Torque and Thrust. This gave two equations and two 

unknowns, by which we could determine the thrust; we plotted it in Fig. H.2 (Equations H.3-

H.4) 

 

Fig. H.2: Thrust estimate during sprint race. 

(𝐶𝑢𝑟𝑟𝑒𝑛𝑡 ∗ 𝑉𝑜𝑙𝑡𝑎𝑔𝑒) ∗ 𝑀𝑜𝑡𝑜𝑟𝐸𝑓𝑓𝑖𝑐𝑒𝑛𝑐𝑦 = 𝑅𝑜𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙𝑆𝑝𝑒𝑒𝑑 ∗ 𝑇𝑜𝑟𝑞𝑢𝑒 (𝐻. 3) 

(𝑆𝑝𝑒𝑒𝑑 ∗ 𝑇𝑜𝑟𝑞𝑢𝑒) ∗ 𝑃𝑟𝑜𝑝𝑒𝑙𝑙𝑒𝑟𝐸𝑓𝑓𝑖𝑐𝑒𝑛𝑐𝑦 = 𝐵𝑜𝑎𝑡𝑆𝑝𝑒𝑒𝑑 ∗ 𝑇ℎ𝑟𝑢𝑠𝑡 (𝐻. 4) 

Finding Drag from Thrust: 

The next step was to determine the drag. Thrust equals drag at steady state; but during 

acceleration, thrust includes a drag component. 

𝑇ℎ𝑟𝑢𝑠𝑡 = 𝐷𝑟𝑎𝑔 + 𝐴𝑐𝑐𝑒𝑙𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝐹𝑜𝑟𝑐𝑒 (𝐻. 5) 

We could determine the acceleration using the time derivative of velocity (Fig. H.3).  
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Figure H.3: Boat velocity over the course of the race with best fit equation. We used the 

best fit equation to determine acceleration.  

To find the acceleration force, we simply multiplied acceleration by the mass of the boat. 

𝐴𝑐𝑐𝑒𝑙𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 = 𝑇𝑖𝑚𝑒 𝐷𝑒𝑟𝑖𝑣𝑎𝑡𝑖𝑣𝑒 𝑜𝑓 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 (𝐻. 6) 

𝐴𝑐𝑐𝑒𝑙𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝐹𝑜𝑟𝑐𝑒 = 𝐵𝑜𝑎𝑡 𝑀𝑎𝑠𝑠 ∗ 𝐴𝑐𝑐𝑒𝑙𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 (𝐻. 7) 

Finally, we subtracted the acceleration force from the thrust to determine the drag. 

𝐷𝑟𝑎𝑔 = 𝑇ℎ𝑟𝑢𝑠𝑡 − 𝐴𝑐𝑐𝑒𝑙𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝐹𝑜𝑟𝑐𝑒 (𝐻. 8) 

Determining Drag at Target Speed 

Drag varies with speed, and we do not have data for the boat when it is travelling at our 

target speed of 15.6 m/s (35 MPH). To approximate these values, we plotted drag versus boat 

speed and extrapolated the trend line.  

The overall trend line was shaped like a "J", where the low point represented where the 

boat starts to plane in the water. For my extrapolation, we isolated the planing data and used the 

trend line feature of Excel to continue the curve up to 15.6 m/s seen in Fig. H.4.  
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Figure H.4: Extrapolation of drag up to 15.6 m/s. 

From this extrapolation, we determined that the best guess for boat drag at 15.6 m/s is 

810 N (182 LB). This value is similar to the previously projected drag of 800 N. There is 

uncertainty in this analysis and confirmation came in the form of actual testing later when the 

thrust load cells were repaired. 
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Fig H.5. SS strain amplifier box 
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Appendix I. Data Acquisition and Display System 

I.1 Using the AEMDashDesign Software to Setup the AEM Display 

A large reason why we selected the AEM display was because the AEMDashDesign software 

is very user friendly. In the software under the Help tab helpful information is provided for 

all of its functions as shown in Fig I.1. 

 

Fig I.1. Location of the Help tab in AEM Dash Design. 

AEM lists the order one should take making a program for the display: 

1. CAN messages must exist before they can be displayed on screens. See the CAN Tab 

section for more information. 

2. Basic setup parameters are defined using the Setup Tab. These include things like shift 

lights and screen brightness. 

3. The Images Tab is used to import all graphic assets for use in your setup. 

4. Use the Channels Tab to define custom channel names for CAN messages or to create 

your own custom channels from scratch. 

5. Logic channels must be defined before they can be used as inputs to display items. See 

the Logic Channels Tab section for more detail. 

6. Once all graphics, channels, and logic channels are defined, edit existing screens or 

design your own using the Design Tab. 

7. If your dash hardware is equipped with internal logging, configure your logging 

preferences using the Logger Tab. 

8. Finally, use the Simulate Tab to test your setup. Simulate channel data and watch your 

screens come to life right on your PC screen. 
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9. Update the firmware to the latest version. See Updating the Firmware Version in the 

System User Guide for more detail. If the latest firmware is not installed, attempts to 

upload the setup file may cause errors. 

10. Save your setup and upload it to your dash. See the Uploading a Setup File section. 

The current screen designs are located in the Github Repository at GitHub\SolarBoat\AEM. 

I.2 Using the AEMdata Software to View Logs 

1) Open the AEMdata software 

2) Connect to the display with a mini-USB cable while it is powered up 

3) Go to Logger>Download Logs 

4) Open the log file 

5) If it does not open into the template view automatically, go to File>Load Template and 

navigate to our template which is in the Github Repository at GitHub\SolarBoat\AEM 
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Appendix J. Boat Operating System 

J.1 Boat Operating System Design Explanation 

The initial design of the BOS was meant to replicate the function of the BOS code Jonathan 

Stanhope made to run on the CAN adapter, the main functions from that code are shown 

below: 

void runBoatOS() { 

      //only change modes when throttle is approximately zero. 

    mode = OP_MODE; 

    if ((throttle_select == DASH && THROTTLE <= DASH_DEADZONE_LO || 

throttle_select == HAND && THROTTLE <= HAND_DEADZONE_LO)) { 

        //only change directions when throttle is zero 

        dir_mode = DIRECTION; 

        //only change run mode 

        run_mode = MOT_ENABLE; 

    } 

    if(FULL_STOP) { 

        e_stop = true; 

    } 

    if(!MOT_ENABLE) { 

        //turn off run mode 

        run_mode = false; 

 

        //reset e-stop only when motor is diabled 

        e_stop = false; 

 

        //change event type only when motor is disabled 

        event = EVENT_TYPE; 

    } 

    if (OP_MODE == CAN_MODE) { 

        sendMotorCommand(); 

    } 

} 

 

void sendMotorCommand() { 

    int speed; 

    //if in e_stop or not in run mode, send a command of zero. 

    if(e_stop || !run_mode) { 

        speed = 0; 

    } 

    else { 

        long int max_speed; 
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        if(event == ENDURANCE) { 

            max_speed = MAX_SPEED_ENDURANCE; 

        } 

        else { 

            max_speed = MAX_SPEED_SPRINT; 

        } 

        if(throttle_select == DASH) { 

          speed = calculateMotorCommand(THROTTLE, max_speed, 

DASH_DEADZONE_HI, DASH_DEADZONE_LO); 

        } 

        else { 

          speed = calculateMotorCommand(THROTTLE, max_speed, 

HAND_DEADZONE_HI, HAND_DEADZONE_LO); 

        } 

    } 

 

    Serial.println(speed); 

    CANMessage MotorCommand; 

    MotorCommand.id = 518; 

    MotorCommand.len = 8; 

    MotorCommand.data16[0] = speed; 

    can.tryToSend(MotorCommand); 

 

} 

 

int calculateMotorCommand(int throttle, long int max_speed, int deadzone_hi, 

int deadzone_lo) { 

  if(throttle < deadzone_lo) { 

    return 0; 

  } 

  if(throttle > deadzone_hi) { 

    return max_speed; 

  } 

  return (int) (max_speed*(throttle - deadzone_lo)/(deadzone_hi - 

deadzone_lo)); 

} 

This code simply calculates a motor speed command based on which throttle was being used, 

the direction, and whether the emergency stop was pressed. The BOS model was built from 

the BoatWorks Simulink model made by Jonathan Stanhope, at its highest level the BOS has 

a similar layout but now includes the BOS subsystem and another CAN transmit block as 

shown in Fig J.1. 
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Fig J.1 Highest level view of the BOS Simulink model. 

This was used mainly because it already had the CAN_in subsystem and logging set up. This 

subsystem is made up of many CAN unpack blocks which reference the .dbc files to interpret 

the CAN messages that are input to them from the CAN Receive block shown at the highest 

level. They then unpack the data according to the .dbc file and name the output signals so that 

we know what CAN signal they are related to. The CAN unpack block for the SS_Dashboard 

message is shown in Fig J.2. Notice that it is referencing the file CAN_signals.dbc which 

tells it what the message is named and what the ID is. It also tells the block what each CAN 

signal within the message is called and all the details of each signal which are defined in 

the .dbc. Then the data payload of each signal is output on the right of the block and sent out 

of the subsystem. 
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Fig J.2. CAN unpack block for the SS_Dashboard CAN message which outputs the throttle 

signals and some of the switch signals received from the dash CAN adapter so that they can 

be used by the BOS. 

The data from each signal is then sent out of the CAN_in subsystem to the BOS subsystem 

using a Simulink bus, which is a way to send many connections within one signal wire in 

Simulink. Currently as shown in Fig J.1, the CAN_in subsystem outputs three different 

buses: Sensors, Dash, and BOS. It would be simpler if it just output all the signals on one bus 

and we split it to go to the subsystems that use the signals. This way signals could be used by 

the BOS and be logged at the same time, but it was left this way because currently we don’t 

have a need to log the BOS signals. Notice also that there is a function call generator which 

is used to trigger the BOS. This function call generate should is set to a sample time of 0.01. 

This is done to limit the rate at which the BOS message is sent by the model, otherwise it 

would send too frequently, and the bus would get congested. In the future this could also be 

improved since we only need to send a motor command speed message when the value 

changes. This could be done by using a trigger on the CAN pack within the BOS, that 

somehow is triggered by a rising or falling edge on the motor speed command. 

The BOS subsystem is as shown in Fig J.3. The main parts of the BOS are the throttle 

calculation functions, the logic, the command speed calculation function, and the CAN pack.  
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Fig J.3. The BOS subsystem with (left-right) the throttle calculation functions, logic, the 

command speed calculation function, and the CAN pack furthest to the right. 

The throttle calculation portion is shown in Fig J.4. It takes an input throttle position which 

comes in as a number, for the dash throttle that is between 0 and 1023. Then the dead-zone 

values are passed in from the Parameters.m file. The Parameters.m file was created to have 

one place more setting the values of all the parameters used by the BOS. The code is as 

follows, notice that the prop values are set to 1 because Dr. Dewhurst did not like the idea of 

having the motor direction linked to the event type. However, we left it just in case but with 

both values set to 1 so they don’t affect anything. 

% ------------------------------------------------------------------- 
%  This file contains the parameters referenced by the BOS. 
%  To change their value edit and hit reinitialize from source in model: 
%     Modeling > Model Explorer > BOS_RaspberryPi > Model Workspace 
% ------------------------------------------------------------------- 
%  Generated by MATLAB on 24-Mar-2023 16:04:23 
%  MATLAB version: 9.12.0.2039608 (R2022a) Update 5 
% ------------------------------------------------------------------- 
                                      
DASH_DEADZONE_HI = 1023; 
 
DASH_DEADZONE_LO = 0; 
 
HAND_DEADZONE_HI = 870; 
 
HAND_DEADZONE_LO = 180; 
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% Note that the max speed values not only limit the maximum motor speed,  
% but also change the scaling of the entire throttle range. 
 
MAX_SPEED_ENDURANCE = 1200; 
 
MAX_SPEED_SPRINT = 4400; 
 
Acceleration_Ramp = 10; 
 
Deceleration_Ramp = 2; 
 
% Input what direction the motor must rotate for the prop to produce  
% a forward thrust. So if a positive motor rotation causes a forward thrust 
% input 1, and negative motor rotation input -1. 
 
Sprint_Prop_Direction = 1; 
 
Endurance_Prop_Direction = 1; 

The dead-zone values are determined by setting the throttle to where you would like 0% and 

100% to end or start respectively and then reading the value output by the CAN adapter. The 

dash throttle has a built-in dead-zone near 0% and 100% so we set the values to 0 and 1023 

which were read from the CAN adapter in each position respectively. It is important to have 

dead-zones so that it is easier for the skipper to know they are for certain at 0% or 100% 

throttle. Then the function takes the difference between the current throttle position value and 

the lower dead-zone, and divides it by the total range which it gets from the subtracting the 

upper dead-zone value from the lower dead-zone value as shown: 

function value = fcn(position,DASH_DEADZONE_LO,DASH_DEADZONE_HI) 
    value = (position - DASH_DEADZONE_LO)/(DASH_DEADZONE_HI - DASH_DEADZONE_LO); 
end 
 

 

Fig J.4. Hand throttle calculation function. 

The output of this calculation is a number from value ranging from 0 to 1, which passes 

through the logic and then into the command speed calculation. The purpose of the logic is to 

enforce safeties and features defined by the Boat Operating Concept which is included in 
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Appendix J.2. Within the logic we often use Simulink switches to loop an output until a 

condition is satisfied to allow it to switch like shown in Fig J.5. 

 

Fig J.5. Conditional output loop used in BOS logic. 

This switch makes sure that the event type cannot be changed while the motor is enabled. 

This works because the Simulink switch block passes through input one only when the 

second input satisfies the condition. In this case that means while the motor enable is high 

then the switch passes through whatever the last output was using the memory block with the 

initial condition set to zero. When the motor enable is low then the condition is satisfied so 

the event type sent to the command speed calculation is set to whatever the value of the 

switch is. Many of the switches work in this manner, usually the conditional input is either 

the motor enable or the active throttle position.  

This brings us to the command speed calculation function. The code for this function is 

shown here: 

function Command_Speed = fcn(throttle_pos, event_type, Mot_Enable, direction, 

estop, MAX_SPEED_SPRINT, MAX_SPEED_ENDURANCE, Endurance_Prop_Direction, 

Sprint_Prop_Direction) 

    % Set the max speed based on the event type 

    if event_type == 1 

        Max_Speed = MAX_SPEED_SPRINT; 

        propfactor = Sprint_Prop_Direction; 

    else  

        Max_Speed = MAX_SPEED_ENDURANCE; 

        propfactor = Endurance_Prop_Direction; 

    end 

     

    % A direction of 0 corresponds to REV so multiply by -0.1 which also 

    % limits our speed to 20% when in reverse. 

    if direction == 0 

        direction = -1; 

    else 

        direction = 1; 

Event_Type 

Output To 

Command Speed 
Motor Enable 

SW_Event_Type 



2023 Solar Boat Final Report Draft Appendix J. Boat Operating System  

May 2023  Appx. Page 45 of 63 

    end 

     

    % The estop button reverses the direction of the motor to bring the 

    % boat to a stop and on the second press stops the boat. 

    if estop == 1 

        estopfactor = -1; 

    elseif estop == 2 

        estopfactor = 0; 

    else 

        estopfactor = 1; 

    end 

     

    % Motor enable switch 

    if Mot_Enable == 0 

        enablefactor = 0; 

    else 

        enablefactor = 1; 

    end 

 

    % Calculate the speed command by multiplying the fractional position of 

    % the throttle by the maximum speed and direction. 

     

    Command_Speed = 

Max_Speed*direction*throttle_pos*estopfactor*enablefactor*propfactor; 

 

end 

This simply takes the processed inputs from the switches and multiplies them together to get 

command speed value. This way we get a linear scaling of the throttle position from zero to 

the maximum speed for the current event type. This means that regardless of the event type 

the skipper always has the whole throttle range available which is especially important for 

dialing in an appropriate speed for the endurance event. 

After the command speed is calculated, it is sent to the Pack BOS Message subsystem. In this 

system the BOS CAN message is packed. Currently the BOS message consists only of the 

command speed signal. The acceleration and deceleration ramp values can also be sent as 

additional signals, but we still need to find out where in the message the motor controller is 

expecting those values. This subsystem is enabled by the operating mode switch. This way 

when we are not in the CAN mode, we are not sending the BOS CAN message. It may 

appear strange to have the CAN transmit block for the BOS message outside of the BOS, but 

this is done intentionally. This is done because the Simulink blocks from the Support Package 

for Raspberry Pi behave inconsistently when placed inside subsystems. They work as 
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expected when the model is initiated by a connected PC, but when the RPi starts the model 

on its own the blocks do not work. 

J.2 Boat Operating Concept 

Startup Sequence 

This is the order we recommend for starting up the boat to ensure safe operation, but the boat 

will still work in whatever order as long as the items listed under “required” are done in order. 

Recommended 

1. Turn on battery box power. 

2. Switch on auxiliary power. 

3. Turn on cooling pump and confirm flow to motor. 

4. Confirm deadman switch is up. 

5. Select operating mode (CAN/Backup). 

6. Set throttle position to zero. 

7. Set motor switch on. 

8. Select direction. 

Required 

1. Turn on battery box power 

2. Switch on auxiliary power 

3. Set throttle position to zero 

4. Set motor switch to on 

Shutdown Sequence 

1. Set motor switch to off position 

2. Hit the shutdown switch for the Raspberry Pi and wait for red LED to turn off 

3. Turn off auxiliary power 

4. Turn off batter box power 
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Dashboard Switch Functions 

 

Figure J.6. Solar Splash dashboard controls layout. 

1. Aux Power 

On: Connects +36V to the DC converts, 12V and 5V, the digital input switches, and the 

ACS controller. It also enables all the dash control meters and pre-charges the ACS. 

Off: Disables all the dash controls and the ACS motor controller. 

2. Operating Mode: CAN/Backup 

ACS: 

On: Immediately changes the ACS controller to be in backup mode. It will read and 

operate according to the analog signals from the dash. 

Off: It will immediately change the ACS controller to be in CAN mode. In this mode it 

ignores the analog signals from the dash and operates according to the commands from 

the CAN bus. 

BOS: 

On: A subsystem within the BOS is enabled which sends the CAN messages that control 

the motor. When switched from off to on the motor speed command is set to zero until 

the throttle returns to zero. 

Off: The BOS still runs on the Raspberry Pi, but it does not send the CAN messages to 

the motor controller to keep bus traffic low. 

3. Throttle Select: Dash/Hand 

Backup Mode:  

In backup mode this switch should always be up to select the dash throttle since the hand 

throttle does not work when in backup mode. We can only send one analog throttle value 
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to the ACS, and the hand throttle and dash throttle cannot be on the same circuit, so we 

chose to only send the dash throttle. 

 CAN Mode: 

This switch changes which throttle signal is being sent as the motor command. When up 

it sends the position of the dash throttle and the hand throttle when down. Any change in 

this switch is ignored until the active throttle position returns to zero, then the active 

throttle will change according to the position of the switch. 

4. Event: Sprint/Endurance 

Backup Mode:  

In backup mode we are not sure of how the ACS is programmed to operate according to 

this switch. However, the event mode switch in the battery box does change the 

maximum speed of the motor and it may change some other things such as the current 

limit of the motor and the ramp acceleration. 

CAN Mode: 

This switch changes the maximum speed of the motor according to the parameter values 

in the Parameters.m file. In the up position the maximum speed is set to the value of the 

MAX_SPEED_SPRINT variable, and in the down position it is set to the value of the 

MAX_SPEED_ENDURANCE variable.  

5. Direction: FWD/REV 

Backup Mode: 

This switch changes the direction of the motor but ignores changes until throttle returns 

to zero. 

CAN Mode: 

This switch changes the direction of the motor but ignores changes until throttle returns 

to zero. We also have the possibility to limit speed in reverse, but currently our sprint 

prop requires reverse to go forward so we do not limit it. 

6. Cooling Pump: Auto/Off/Manual 

This switch is currently disconnected. 

7. Dash Throttle 

Backup Mode: 

This sends an analog value from about 0 – 5V to the motor controller. It must return to 

zero before changing the direction or motor switch. 
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CAN Mode: 

The position of the potentiometer is scaled based on the current maximum speed and sent 

to the motor as a speed command. A number of switches require this to be set to zero in 

order for changes to take effect including the throttle select, direction, and motor switch. 

8. AEM CD-7 Display 

This displays information from the CAN bus. The button on the left cycles to the next 

screen and the button on the right is a min/max value reset button, which we probably 

won’t use but it also resets the lap times. 

9. E-Stop 

Backup Mode: 

We are unsure of what exactly this was programmed to do, but it should reverse the motor 

direction on the first press and on the second press stop the motor. 

CAN Mode: 

On the first press, the direction of the motor is commanded opposite at the speed the 

throttle is at to bring the boat to a stop. On the second press the motor speed command is 

set to zero until it is reset by turning the motor switch off and on again.  

10. Motor Switch: On/Off 

Backup Mode: 

The position of this switch is always read by the ACS motor controller, and when it is on 

the controller provides power from the open drain outputs on the controller which are 

connected to the contactor to close it. So, in the on position the motor contactor is closed, 

and in the off position the contactor is opened.   

CAN Mode: 

In the off position the speed command to the motor is always zero. It can be turned on 

only when the throttle is at zero but can be turned off immediately regardless of throttle 

input. When it is on the BOS will send a speed command to the motor based on the active 

throttle value. This switch must be in the off position for the event type to change. The 

off position also resets the emergency stop. 

11. Raspberry Pi Shutdown Switch 

This momentary switch safely shuts down the Raspberry Pi so that log files are not lost. 

12. Deadman: Active/Kill  

This switch directly opens or closes the motor contactor and is not processed in software. 

It must be on for the motor contactor to close. If it is switched off the contactors will 

open. 
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J.3 New Dash CAN Adapter Code 

CU_CAN_DASH is the Arduino code which is used by the first CAN adapter in the dash. 

The second CAN adapter in the dash uses the CU_CAN_DASH2 code, and its function is 

only related to the thrust and torque measurement. The new program for the 

CU_CAN_DASH was derived from the previous version but stripped down. Now the code 

simply reads the analog and digital input values which are connected to the dash switches 

and potentiometers, and the values are assigned to variables: 

    //Read the input data 

    DASH_THROTTLE       = analogRead(A0); // 10 bits 

    SW_OP_MODE          = digitalRead(A1); 

    SW_EVENT_TYPE       = 1-digitalRead(A2); 

    SW_DIRECTION        = 1-digitalRead(A3); 

    SW_MOT_ENABLE       = digitalRead(A4); 

    SW_FULL_STOP        = digitalRead(A5); 

    SW_PUMP_AUTO        = analogRead(A6); 

    HAND_THROTTLE       = analogRead(A7); 

    SW_LOG_ENABLE       = 1-digitalRead(4); //The log switch is low when in 

the on position, so invert the signal. 

    SW_THROTTLE_SELECT  = digitalRead(7); 

Then the CAN message ID and length are defined, and the variables are assigned to certain 

parts of the messages: 

    // Initialize CAN Messages Sent 

    CANMessage DASH_Message; 

        DASH_Message.id = 80; 

        DASH_Message.len = 8; 

        DASH_Message.data16   [0] = DASH_THROTTLE; 

        DASH_Message.data16   [2] = HAND_THROTTLE; 

        DASH_Message.data     [4] = SW_THROTTLE_SELECT; 

        DASH_Message.data     [5] = SW_OP_MODE; 

        DASH_Message.data     [6] = SW_EVENT_TYPE; 

        DASH_Message.data     [7] = SW_DIRECTION; 

 

    CANMessage DASH_Message2; 

        DASH_Message2.id = 81; 

        DASH_Message2.len = 4; 

        DASH_Message2.data     [0] = SW_MOT_ENABLE; 

        DASH_Message2.data     [1] = SW_FULL_STOP; 

        DASH_Message2.data     [2] = SW_PUMP_AUTO_dig; 

        DASH_Message2.data     [3] = SW_LOG_ENABLE; 
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The messages and variables starting with SW_ were named so to denote that they are directly 

related to switch positions only and not necessarily what mode the boat is actually in. For 

example, if the direction switch were switched to reverse while driving forward with the 

throttle up, the motor would not turn the opposite direction until the throttle returned to zero. 

This was done so that in the future if the BOS output messages for what mode the boat is 

operating in, they could be differentiated from the switch positions in the logs. 

Since the order and content of these messages were changed, we had to also update our .dbc 

file to reflect the changes. Previously the team used two separate .dbc files: CAN_signals.dbc 

and SS1_Signals.dbc. CAN_signals.dbc contains most of the CAN signals that we use such 

as those from the ACS motor controller, IPEspeed GPS, battery box CAN adapters, the dash 

CAN adapters and more. SS1_Signals.dbc contains the signals that are relevant to the 

hydrofoil boat such as the height sensor sensors, IMU data, and actuator commands. So 

CAN_Signals.dbc was updated to reflect the changes to the dash changes. Later the two .dbc 

files were merged using the Kvaser Database Editor. Currently the SS1_Signals.dbc file 

remains as we make the transition to only using the CAN_signals.dbc file within the 

Simulink models.  

J.4 Using the RPi for the BOS 

Deploying the BOS Model to Run on the BOS 

Whenever changes are made to the BOS or Parameters.m the model must be redeployed 

to the RPi for them to take effect, this requires taking the following steps: 

1) Make sure your target hardware is correct by navigating the Hardware Tab>Hardware 

Settings to get to the menu shown in Figure J.7. 
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Figure J.7. Changing the target hardware settings within Simulink. 

This example is for the dash RPi, if using a different RPi and you don’t know the 

device address you may need to connect to the RPi through ssh and type the 

command ifconfig to find its ip address under the eth0: listing which you can put in as 

the device address. 

2) Then you can deploy the model to the RPi. If you are testing something and may want 

to use the Data Inspector feature in Simulink you will need to hit the green play 

button that says Monitor & Tune. This is very useful for troubleshooting so you can 

check intermediate values while the code is running on the RPi. If you don’t need to 

do this, we like to hit the Build, Deploy & Start button. 

Note that under the Build options tab shown in Fig J.7. you can select whether or not 

to run the model on boot. This is a nice feature, but when it is used the logging feature 

does not work on the RPi so we do not use it. Instead we use the crontab task 

schedule, there is a section on this later in this appendix. 

Connecting/Interfacing with the RPi 

Note on WinSCP vs. ssh connection. 
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WinSCP is useful for looking at and manipulating what files are on the RPi, like when 

you want to transfer log files to your computer. Connecting through ssh is good for 

executing commands or making changes to the RPi itself such as modifying the config.txt 

file. 

How to connect with ethernet (my preferred method). 

1) Ensure RPi has power, either auxiliary boat power or with a micro-USB cable. Pi 

should startup indicated by the red light on the dash. 

2) Connect the RPi to the school network (I think you can also connect it directly to your 

PC as well) with a ethernet cable in the Senior Design Lab. I would use one from 

other computers or one I brought in.  

3) Open WinSCP on your PC, and follow the login prompt: 

Dash Pi Host Name: pi@solarboat-pi 

Dyno Pi Host Name: pi@solarboatdyno 

Password: solarboat 

Or using ssh (open command prompt on your computer by searching “cmd”) 

Use the command “ssh pi@solarboat-pi” then when prompted enter the password 

“solarboat” 

How to connect wireless method (like when it is in the boat). 

1) Ensure RPi has power, either auxiliary boat power or with a micro-USB cable. Pi 

should startup indicated by the red light on the dash. 

2) Use a PC to connect to RPi wireless network “CedarvilleSolarBoat” which 

automatically starts when the Pi has started up. Password is CU_later 

3) Open WinSCP on your PC, and follow the login prompt: 

Host Name: 192.168.4.1 

Username: pi 

Password: solarboat 

Or using ssh (open command prompt on your computer by searching “cmd”) 

Use the command “ssh 192.168.4.1” then when prompted enter the password 

“solarboat” 

Direct Connection 

1) Ensure RPi has power, either auxiliary boat power or with a micro-USB cable. Pi 

should startup indicated by the red light on the dash. 
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2) Connect a monitor to the HDMI output of the RPi and a keyboard to connect to one 

of the USB ports. If the RPi is set up for desktop use you can use a mouse too. 

Otherwise, this is just like connecting to the pi with ssh which is more convenient 

IMO.  

Info on Using the RPi 

Most relevant to our work with the RPi is modifying the config.txt file for setting up modules 

and other important settings, and the crontab task scheduler for making sure our Simulink 

models run whenever the RPi starts up. Most of the information to use these features can be 

found in Jonathan Stanhope’s “Guide to Boat Codebase” document, but we will try to put 

some other helpful information here. 

General 

Table J.1. Raspberry Pi commands 

Keystroke/command Function 

CTRL + C Stop 

sudo reboot Reboots RPi 

sudo shutdown now Shuts down RPi immediately 

sudo nano /boot/config.txt Edit config.txt file 

ls Lists files in current directory 

cd Changes current directory 

File Navigation 

“ls” lists files in the current directory, “cd” changes the directory, mkdir can make a 

folder, and ./ runs the executable in a folder. For example at first you are in the home 

directory so you do ls to list the files, you see MATLAB_ws is a folder which you can 

enter by using “cd MATLAB_ws”, you can also go faster by doing cd followed by the 

file path like “cd MATLAB_ws/R2022a/C”. 

Clock module 

For a list of commands for the clock module you can use “hwclock -h” 

You shouldn’t have to reset the clock module time since it is really accurate, after four 

months I think it is still within a second of real time. If you do have to set it though you 

can use “sudo date -s ‘YYYY-MM-DD HH:MM:SS“ to set the system time then use 

“sudo hwclock -w” to set the clock module to the system time you just set. I think it also 
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updates the time whenever it is connected to the internet as well, so you shouldn’t have to 

worry about it. 

CAN Testing 

Cangen 

It’s helpful when trying to send CAN messages to know if the RPi is sending them 

correctly or if it is a problem with Simulink. You can use the cangen commands to do 

this which are listed using “cangen -h”.  

I often use the command “cangen can0  r” to send random messages which I then 

look for with the Kvasser. Use CTRL + C to stop sending random messages. 

ifconfig 

If you can’t get the RPi to send CAN messages sometimes the CAN channel has not 

been setup correctly which you can check by doing “ifconfig” which lists the current 

communication channels. If can0 is listed that means it should be set up correctly.  

Config.txt 

This file is used to setup modules, switches, adjust settings, and other things. 

Lines We Use 

# Setting for CAN HAT  

dtoverlay=mcp2515-
can0,oscillator=12000000,interrupt=25,spimaxfrequency=2000000  

  

# Enable shutdown using switch connected to GPIO3  

dtoverlay=gpio-shutdown,debounce=50  

  

# Turn an LED on when power is on  

gpio=26=op,dh  

Crontab 

We use crontab to run the Simulink model on startup of the Pi. You can edit this on the 

Pi by using the command ‘crontab -e’. The dash Pi is setup to modify this file with vim 

which is terrible. I recommend editing with nano instead, but I haven’t tried switching it.  
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@reboot sudo 

home/pi/MATLAB_ws/R2022a/C/Users/amudd/Documents/GitHub/SolarBoat/BOS/

BOS_RaspberryPi.elf 2>&1 ~/Simulink.log 

J.5 CAN System Information 

BOS Model in Simulink 

The dash CAN adapter reads analog and digital values from the dash switches and 

potentiometers and sends the information in CAN messages to the Raspberry Pi, which is 

running the Boat Operating System within a Simulink model. The BOS receives these 

messages and has some processing logic which then sends commands to the motor 

controller over CAN.  

Important note: I have found that the blocks within Simulink from the Raspberry Pi 

Hardware Support package like the ‘CAN Transmit’ do not function correctly when they 

are put inside a subsystem. They may function correctly when running the model through 

the Run and Monitor mode on a computer connected to the Pi, but when running on the 

Pi alone they will not function correctly.   

CAN Adapters 

When uploading code to a CAN Adapter from Arduino IDE you must change the 

following: 

 

Fig J.8. Select Old Bootlegger setting in Arduino IDE. 

 

CAN .dbc Files 
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The CAN dbc files are the key to interpreting what message is what when using CAN 

messages. They are used by everything connected to the CAN bus.  

Editing the Files: 

The format is pretty self-explanatory if you look at them and they CAN be edited 

manually, but I found the best way to edit the files is by using Kvaser Database Editor. 

Here is the download link: 

https://www.kvaser.com/download/?utm_source=software&utm_ean=7330130981942&u

tm_status=latest 

J.6 GitHub 

GitHub is very useful for keeping our codes up to date and tracking our version history. The 

basic function is that the repository, a folder essentially, is stored on your computer’s hard 

drive and then there is a repository with all the same files on the cloud. Any time you make a 

change to the files on your computer like adding a line of code, that change will show up on 

GitHub when you hit the fetch button which causes it to check your files against those in the 

cloud. Then you add comments describing what you changed, hit the commit button, which 

commits the change. Then you hit the push button to push the changes to the cloud 

repository. It also works the other way so that if there is a change to the cloud repository, 

maybe someone else committed and pushed a change, then when you hit fetch it will show 

you what changes have been made. Then you can hit the pull button to update the repository 

on your computer with the changes from the cloud repository. 

Setting up GitHub is fairly simple: 

1) Go to CedarNet and download GitHub Desktop 

2) Make an account with your Cedarville email, or get invited by one of the current team 

members. Either way you need to be granted access to the Cedarville Solar Boat 

repository.  

3) Then clone the repository to a location on your computer, I recommend the 

documents folder. (That is usually located at C\name\user\documents on any 

computer so that when deploying RPi models they are always located in the same 

directory on the RPi since its directory is built depending on the location of the model 

https://www.kvaser.com/download/?utm_source=software&utm_ean=7330130981942&utm_status=latest
https://www.kvaser.com/download/?utm_source=software&utm_ean=7330130981942&utm_status=latest
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on your computer.) It will then download the repository to your computer, and you 

will be able to access all of the files.  

4) Then you can use the features as described above to commit changes and pull changes 

from the cloud repository to the repository on your computer. 

J.7 Adjustable Parameters 

I came up with an idea for making the parameters, that is constants referenced in the 

Simulink model, adjustable with a push-pull style potentiometer and button. I tested and 

proved the concept within the dashsimulation.slx Simulink model found in the Github 

repository at SolarBoat\BOS. The team decided not to implement this feature yet, but future 

teams may want to do so. 



2023 Solar Boat Final Report Draft Appendix K. Electrical Schematics  

May 2023  Appx. Page 59 of 63 

Appendix K. Electrical Schematics 
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Appendix L. Contact Information 

L.1 Sponsor Contact Information 

Contact Company Email Phone 

Nicholas Cardaci Inmotion nicholas.cardaci@evs-

inmotion.com 

571.356.8764 

L.2 Source Information 

Part Name Part Number Company Name Company 
Address 

Company 
Phone 

Number 

Price 

Hawk40 Motor HO40-5-1-1 DHW Electric 
Machines 

1101 HWY 124, 
Building 5 
Hoschton, GA 
30548 

678-900-
1074 

$3,800 

AEM CD-7L 
Display 

30-5701 AEM 
Performance 
Electronics 

2205 W 126th 
Street, Unit A 
Hawthorne,CA 
90250 

310-484-
2322 

$1,758.98 

AEM Vehicle 
Dynamics 
Module 

30-2206 AEM 
Performance 
Electronics 

2205 W 126th 
Street, Unit A 
Hawthorne,CA 
90250 

310-484-
2322 

$396.01 

 


