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Abstract 

Mechanical 
 The mechanical sub-team is responsible for designing, manufacturing, and testing 
the mechanical components of the vessel. The three main mechanical components include 
the chassis, electrical housing, and the fail safe system. Some major considerations that 
were evaluated include the thermodynamics of the housing, the buoyancy of the vessel, the 
drag and pressure forces on the vessel, and the materials to choose for the components. 

 The RoboSub competition rules state that the maximum dimensions of the vessel 
may not exceed 6’x3’x3’. The maximum weight may not exceed 125 lbs. The rules also 
state that the vessel must be positively buoyant upon electrical failure. The mechanical 
team has also decided on personal team constraints for the vessel. The materials in contact 
with the water must be corrosion resistant. Also, the prototype vessel will have a 
transparent housing for our cameras to see out of and also for us to see visual indicators on 
the inside of the housing during run time. In order to mitigate risk, the mechanical team 
decided to set the constraint of compartmentalization of electrical components in the 
housing. The mechanical sub-team had to take these constraints into consideration when 
designing the vessel. 

 During the Fall 2016 semester, the mechanical team was dedicated to designing the 
three main mechanical components of the vessel. This was done through the use of 
statistical analysis, simulations in computational fluid dynamic software, industry design 
reviews, CAD modeling, and use of fluid and material computations.  

  During the Spring 2017 semester, the mechanical team will be focusing on 
purchasing of components, manufacturing of the vessel, testing, and necessary redesign. 
The mechanical team will be working closely with industry and team partners in 
manufacturing of the vessel. 

 

Sensors 
The Sensors sub-team’s focus is to visualize the world around the sub through the 

use of our measured data. The sensors sub-team is the “eyes” of the project, and is in charge 
of determining the location and movement decisions of the vessel. 

Once the sensors take raw data, such as inertial movement data, voltage readings 
of pressure, and images, the sensors then send this data to the processing units for 
refinement and movement decisions. 

The goal of the sensors sub-team is to develop a movement decision subsystem for 
the vessel. For the Fall 2016 semester, the teams focus was on developing an understanding 
of coding and how to read the data given by the sensors. The team also focused on 
researching different sensors and processors that would fit the vessel’s needs, and testing 
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out different filtering schemes for simulated data. During the Spring 2017 semester, the 
sensors sub-team plans on collecting real-world sensor data. This data will then use to 
adjust programs from simulations, test for hardware risks, and develop a basic navigation 
system which can be easily expanded upon by future teams 

 

Propulsion 
Power and Propulsion sub-team is vested in control, feedback, and powering of all 

systems throughout the vehicle. Subsystems directly under design by the sub-team are 
motors, motor processing, inertial feedback control, motor driving, and power supply.  

The RoboSub rules provide very loose constraints on the electrical characteristics 
permitted during the competition. The majority of constraints are sub-team generated on 
the basis of time and cost: any device or system that decreases learning or development 
time while constituting a minimal impact for evaluation is highly desired.  

The Fall 2016 semester was dedicated to the prototype phase of the vehicle. It is 
the focus of the sub-team to design, test, and implement two brushless DC motors, one 
real-time motor processing unit, software-based feedback on the main control unit from the 
sensors sub-team, a simplified motor driver in the form of an electronic speed controller, 
as well as management and usage of LiPo battery technology. The simplification of the 
motor driver to an electronic speed controller removes the requirement that the sub-team 
build and implement a multi-phase synchronous motor driver, which is extremely time 
intensive and costly.  

The Spring 2017 semester is dedicated to final testing, refinement, and 
understanding of the prototype vehicle. Once the prototype phase is fully vetted, it is the 
goal of the power and propulsion sub-team to increase the size of the pertinent subsystems 
to a full vehicle scale: 6 brushless DC motors, 6 electronic speed controllers, and possible 
addition of a LiPo battery for increased scale. This will require extra design considerations 
as well as testing time to account for full-sized vehicle dynamics.  
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Chapter 1 – Introduction 
The RoboSub team is an evolutionary senior design project at CSU in designing, 

implementing, testing, and competing with an autonomous underwater vehicle (AUV) in 
cooperation with the United States Navy RoboSub competition. Team Killick is the first team at 
CSU to establish a foundation for future RoboSub teams.  

 
Three electrical engineering (EE) undergraduates, two electrical engineering graduates, 

one computer engineering (CE) undergraduate, and three mechanical engineering (ME) 
undergraduates form the core senior design team with OOP underclassmen (EE/CE) forming the 
continuing basis for future senior design members. The estimated budget for this project is 
$11700.  The rules will be released for the 2016-2017 competition year in December 2016, with 
the competition commencing in June 2017.  

 
This project has three aspects: motors/controls, sensing/processing, and mechanical. Two 

EE’s are focusing on construction, implementation, and testing of motors and controls while one 
EE and one CE are focusing on the image processing and sensing necessary for navigation. The 
three ME’s focus is on design, implementation, and testing of vehicle exoskeleton, propulsion 
requirements, and overall water suitability of the vehicle.  

 
Success in the competition is measured on course completion, event duration, and overall 

design. Overall design consists of: technical merit, craftsmanship, safety, website design, team 
coherence (attire and technical vehicle knowledge), and documentation. Event duration consists 
of completing prescribed courses (comprised of tasks in a systematic order) in the shortest amount 
of time. The RoboSub rules dictate all static and dynamic event scores, as well as the specific event 
criteria. Rewards are paid according to position standing, and contribute to any future teams’ 
available funding. 

 
As per the rules and regulations of the 2016 RoboSub Competition, the following has been 

considered in the design of each aspect of Team Killick’s vessel. The vessel needs to be able to 
follow an orange guide that leads to each obstacle. The buoy obstacle needs to identify the color 
of each buoy and touch them in the correct order. The PVC pass over obstacle consists of passing 
through a “portal” with extra points awarded to “style”. The Bins obstacle will remove a “lid” from 
a “bin” and place markers into this “bin”. The firing torpedoes obstacle will have targets that need 
to be fired at in a correct order. The object recovery and octagon obstacle will use an acoustic 
pinger that indicates the location of the objects that need to be placed in a certain area to receive 
maximum points. These obstacles may be modified for the 2017 competition. 

  
Further design constraints have been implemented by the competition rules and other 

design considerations. The competition implements several strict outlines of what is allowed. The 
weight of each vessel is eligible for additional points if the vehicle is under 84 pounds. There is 
also a penalty for any vessel over 84 pounds with a maximum weight of less than 125 pounds. Any 
vessel over 125 pounds will be disqualified. The size of each vessel must fit inside a 3 foot by 3 
foot by 6 foot box, any vessel over this size will not be able to compete. Each vessel must have 
markers that fit into a box that is 2 inches by 6 inches long and weigh less than 2 pounds each. The 
torpedoes have the same requirements as the markers and cannot exceed a speed that causes a 
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bruise when striking a person. These are the main regulations that have constrained the design of 
CSU’s AUV. These rules can be found in last year’s competition official website [1P].  

 
Constraints of safety, vessel life, and manufacturability have been included by each 

member of team Killick during the design process. Safety of the vessel has been aimed to minimize 
the worst case scenarios that may inflict harm to users or the environment. Vessel life will be 
maximized with the use of corrosion resistant materials that can withstand the expected abuse over 
the course of its lifetime. The manufacturability of the vessel is constrained by the resources 
available to the team. With the use of a simple design and the clever selection of materials the team 
can meet the given constraints and stay within the team’s budget. 

 
This first year design is not directed at winning the competition, but rather to establish a 

simple and functional vehicle for future iterations to expand upon. The 2016-2017 senior design 
team is anticipating completion of the vessel structure, propulsion, and navigation controls with a 
budget of $11,700. Structure consists of an exoskeleton with proper supports and a waterproof 
enclosure for the electrical equipment. Propulsion consists of low voltage, medium amperage out-
rigger motors powered by a DC source. Navigation consists of optical devices, as well as inertial 
sensors.   

 
With Team Killick being the inaugurating team for CSU, the first iteration is largely based 

off of collaboration between team members and reverse engineering of past projects. By analyzing 
the components used on past projects, a comparable prototype was designed. CSU’s Team Killick 
has high hopes for the first iteration of the vessel.  
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Chapter 2 – History of Previous Work 

Autonomous Underwater Vehicles are becoming more popular as unmanned vehicles 
advance with technology. Initially, the use of AUV’s was utilized for commercial use. For 
example, oil companies used these unmanned vehicles to accomplish cheap geographical mapping 
of the ocean floor. Now AUV’s have found a spot in military and consumer applications.  Military 
applications include scouting, mine countermeasures, delivery, and oceanography. Personal use 
has become popular by exploring marine life. This application is fantastic as it gives users the 
ability to see and experience locations that were before unreachable or too dangerous to venture 
into.  

The US Navy hosts a competition yearly to promote the expansion and ingenuity of what 
can be achieved with AUV’s. The basis of the completion is to navigate an underwater course 
made up of obstacles and different objectives including path following, inertial navigation, 
identifying objects of interest, precision shooting of torpedoes, and accurate control of buoyant 
forces. Different teams from across the world bring their AUV’s to compete. Each year, teams 
push the boundaries of how fast these objectives can be completed. Teams from Universities such 
as Cornell and Florida State have been competing in this event for the past fifteen years and are 
continually top competitors in the competition. Even though this is the first year that CSU is 
considering the competition, we expect to be amongst this group in the future.  
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Chapter 3 – Budget and Fundraising 
The budget was created by researching past and current RoboSub team’s journal papers. 

The parts listed in these papers were collected and used to create the estimated budget as seen in 
Appendix B Figure 8. A more detailed breakdown follows the table based on the estimated 
allotments per category.  

The team has been successful in meeting and exceeding the estimated budget through 
sponsorships. Originally the team started out with $1,400 from the CSU ECE Department. Since 
then, the team has successfully raised an additional $15,200 through sponsorships from Ball 
Aerospace, Hewlett Packard, and IEEE. This brought the grand total of money raised to $16,600, 
which gave us a good amount of reserve funds.  

No money has been spent yet due to a delay in acquiring a Procurement card from Colorado 
State University. This problem is now resolved and the team is planning on purchasing and 
acquiring a majority of the needed material in the next two weeks. The bill of materials is currently 
under the final revision and upon the approval, the purchasing process will proceed.  
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Chapter 4 – Mechanical Sub-team 
Chassis 

Objectives and Constraints 
The purpose of the chassis is to provide protection and modular placement. Along 

with these main objectives there are constraints that tie in with this. The rules of the 
RoboSub competition restrict the size and weight of the entire vessel to be less than a 3’ 
by 3’ by 6’ box and less than 125 pounds. Another constraint that has been decided on is 
the material to be used. The material has to be corrosion resistant to operate in an aquatic 
environment. The material also will be a t-slotted extrusion for this first year. The reason a 
t-slotted extrusion will be used is to provide modular placement for any design changes 
that occur. This is important since this is the first year that CSU has had a RoboSub team. 

Alternative Design Processes 
The current design of the chassis had several considerations. However, the current 

box design was originally put into a decision matrix to narrow down the considerations for 
an optimal design. The importance was agreed on and the results were ranked from 1-5, 
with 5 being the best. The scores from each mechanical team member was averaged and 
the results are shown in Appendix E. 

The decision matrix led the team to consider the sled, box, and x-wing designs as 
the top designs. The next decision that was decided on was the material to use for the 
chassis. The chassis has to be corrosion resistant, strong, and provide a modular frame for 
the motor placement. The t-slotted aluminum extrusion was decided on since it filled the 
requirements for the material needed. With the top designs decided on, the mechanical 
team started to CAD up some basic designs. While the sled design took the top spot of the 
decision matrix, the mechanical team decided not to continue considering this design due 
to limited motor placement/protection. The box and x-wing design are shown in the Figure 
1 below. 
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Figure 1– Box (Left) and X-wing (Right) 

The x-wing design had unnecessary “wings” that were not structurally sound and awkward. 
This led to the x-wing design to be abandoned and the box became the primary chassis 
design. The box was improved several times until the current design as shown in Figure 2 
below. 

 

Figure 2– Current Prototype Chassis Design 

Testing 
The chassis is designed to survive an aquatic environment, however with limited 

resources tests need to be designed and implemented to test different aspects of the chassis. 
The tests that the mechanical team have decided to run are as follows: fatigue, impact, 
corrosion, and dry-land loading. The fatigue test will determine if the chassis will maintain 
its original shape after multiple simulated crashes. The impact test is will determine that 
the chassis can maintain structural rigidity while experiencing an impact. This impact force 
will equate to a collision happening while the vessel is traveling at maximum velocity.  The 
corrosion test will place a piece of the chassis in salt water, fresh water, and chlorinated 
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water over an extended period of time to see the effects. The dry-land loading test will 
insure that the chassis can hold the electronic housing at different angles. For further testing 
descriptions please see Appendix H for the full testing procedures. 

Risk Mitigation 
 The chassis needs to mitigate the risk involved with potential failures. The two main 
functions of the chassis are the protection of the vessel and mounting the motors. A FMEA 
was used in order to address the potential failures and what corrective action will be used 
to minimize the consequences of such failures. This FMEA can be found in Appendix D.  

 

 

 

Electrical Housing 
Objectives and Constraints 

The purpose of the electrical housing is to maintain an ideal environment for the 
electrical components being housed inside. The housing holds the batteries, sensors, 
cameras, and processing units necessary for the vessel to autonomously navigate. Some 
major considerations in the design of the housing include the seal design, buoyancy, heat 
dissipation, compartmentalizing of components, ease of access, and strength. These are 
further elaborated on in the following sections and explained how the final design was 
concluded. 

Alternative Design Processes 
The first step in the design of the electrical housing was deciding on an overall 

shape of the housing. We did this by brainstorming numerous shapes of the housing and 
narrowing down our decision to three final designs from a decision matrix. Refer to 
Appendix E, Figure 2M, for the electrical housing decision matrix. The three final designs 
that were concluded from the decision matrix were the half-capsule, full-cylinder, and 
semi-sphere. After researching manufacturing costs, we found that the semi-sphere was 
unreasonable and decided to include the half cylinder in our final three concepts for the 
electrical housing. 
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Figure 3- half cylinder                     Figure 4- half capsule 

 

Figure 5- full cylinder 

Upon further discussion and research of the three potential designs, we finalized 
our decision to be the full cylinder. The reason for this was due to ease of manufacturability 
because a cylinder is a common structure that can be manufactured in various materials. 
Another reason for this decision was due to ease of sealing. An O-ring seal design for the 
end cap of the housing is very common and would not be able to be implemented with a 
half-capsule or semi-sphere design. 

After finalizing the shape of the housing, the overall dimensions had to be finalized. 
The positive buoyancy generated from the housing was another major design consideration 
that was used to determine the size of the housing. This limited the size of the housing and 
overall dry land weight of the vessel. The upward buoyancy of an object in water is 
dependent upon the volume of the object and the dry land weight of the vessel that offsets 
the upward buoyant force. The vessel needs to be neutrally buoyant in water to allow the 
motors to easily navigate to different depths without the vessel naturally rising or falling. 

 

Figure 6- Buoyancy Equation 

Since the positive buoyancy must be offset by the dry land weight to achieve neutral 
buoyancy, the size of the housing will set our overall weight. The weight of the vessel has 
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to be less than 125 lbs as constrained by the competition rules. Refer to Figure 3M in 
Appendix E for the table that summarizes various dimensions of the electrical housing 
cylinder along with the required dry land weight. 

The final design that we decided on was a 10” diameter, 31” long cylinder which 
sets our weight at 95 lbs. We finalized our design at these dimensions because it gives us 
a weight that is less than 125 lbs while giving the vessel able amount of volume to hold 
electrical components inside. We estimated our electrical components to take up an area of 
~3ft x 1ft. 

Another major consideration for the housing is the material which to manufacture 
it out of. The electrical housing material needs to be corrosion resistant and transparent to 
allow the cameras to see out of. It also needs to be transparent in order for us to see visual 
indicators during testing. This limited us to three materials to choose from: acrylic, clear 
PVC, and polycarbonate. We finalized our decision to be clear PVC due to it having a high 
fracture toughness and yield strength and it’s also a lot cheaper than polycarbonate. 

Another alternative to the clear PVC tube that was researched was using a corrosion 
resistant 440C stainless steel to maximize heat transfer. We could incorporate a clear 
window for the cameras in this design. A material selection process was done using the 
CES software with the following performance indices and constraints to find this material. 

• Constraints: shape=tube 
• Fracture toughness>23 ksi*in^2 
• Corrosion resistance in water = Excellent  
• Minimize cost performance index (PI 1) 
• Maximize heat transfer performance index (PI 2) 
 

Refer to Appendix E, Figures 4M & 5M, for the CES generated graphs which were 
used to select a material which satisfies the performance indices which minimize cost, and 
maximize heat transfer. For the test rig, we will be using a clear PVC housing due to the 
low cost and we will use stainless steel 440C if heat becomes an issue from testing.  

The housing also needs to be able to maintain a low enough temperature in order 
for our sensors and electrical components to operate correctly. Due to this, we need to use 
a thermally conductive material to allow heat to be transferred to the outside of the housing. 
We decided on using a high conductivity metal as the end cap of the housing to assist in 
this function. 

This design was modeled in CFD software Fluent to measure the heat rate through 
the housing with different end cap designs, thicknesses, and materials as well as different 
fan placements. The Fluent temperature and vector plot can be viewed in Appendix E 
Figure 6M & 7M. The results of this simulation showed that an aluminum end cap resulted 
in 88 W more of total heat transfer compared to a clear polymer. It also showed that adding 
fins to the end cap significantly increased the heat transfer by 100 W. A surface plot was 
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generated in Minitab to compare a stainless steel cap to an aluminum cap. Each material 
was also compared with no fins and fins. This is shown in Appendix E Figure 8M. Using 
this data, we decided to use a 6061 aluminum end cap with fins and also incorporate two 
fans into the housing. 

 

 

Figure 7- Aluminum end cap 

One of the major functions of the housing is to maintain a dry environment for the 
internal electrical components. To seal the housing, one side will be a permanent clear PVC 
window for the front facing camera. The other aluminum end cap will contain two O-rings 
for sealing and 6 water proof connectors for motor wires to leave the housing. This design 
was reviewed and validated by industry partners. 

Due to the electrical team having the need to easily access and modify components, 
the housing will incorporate two retractable drawers mounted on A36 steel circular 
brackets. Refer to Appendix E Figure 9M to view the housing drawer design. The brackets 
will be mounted in the housing on 3D printed PLA sliders to allow easy adjustment of the 
brackets to change the center of gravity of the vessel if needed. Refer to Appendix E for an 
image of the 3D printed bracket slides 

The housing will be mounted to the chassis using eight 3D printed ABS plastic 
mounts. These clamps will fit over the 80-20 chassis and have a slit in them to allow a hose 
clamp to fit in them. This pulls the clamps tightly against the housing to ensure that it is 
secure. Refer to Appendix E Figure 10M & 11M for images of the clamps. 

A full CAD image of the electrical housing incorporated with the chassis is 
available in Appendix E Figure 13M. 

Testing 
 Two major tests will be conducted on the electrical housing to validate the design: 
a water proof timed test, and a heat dissipation test. Refer to Appendix H for a more in 
depth description of these tests. 
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Risk Mitigation 
 Some of the major failure modes of the electrical housing will be from seals leaking 
and condensation (refer to Appendix D). We plan to mitigate the risk of seals leaking by 
following all the guidelines listed in the parker handbook [1] as well rating our O-rings for 
at least 2X safety factor of pressure at max depth. We will include a redundancy of 2 O-
rings on the cap as well to mitigate this. We will have a water sensor in the housing to 
initiate the fail safe if much condensation is detected. 

 

Fail Safe 
Objectives and Constraints 

Upon electrical failure it is required, per the rules of the competition, for the vessel 
to have .5% positive buoyancy. Because we are not using a ballast system that manipulates 
the weight of the vessel with an intake of water, we had to implement a ballast that's sole 
purpose is to achieve a small amount of positive buoyancy. A major focus is that the ballast 
must be highly reliable, simple, and effective.  

Alternative Design Processes 
The initial fail safe was to be incorporated with the bladder like ballast system. An 

example of this can be seen in Appendix E, Figure 12M. These designs included a high 
pressure pump design that would release upon failure. The designs included a single high 
pressure pump and a water and air dual pump system. The other potential designs were 
mass ejection and a piston design. Mass ejection was the process of releasing a large 
amount of air from a compressed tank, but upon calculating the needed amount of CO2 
required the design was quickly tossed out. The piston design utilized the idea of using 
compressed air to push a piston open and in turn increasing the volume of the vessel. This 
idea along with the pump designs were eventually scrapped due to the decision that the 
amount of moving parts and complexity of each of the system highly affected the reliability 
of the fail safe. The design of simply inflating a bladder with compressed air to increase 
the vessels volume displacement was then decided on. This system requires only three 
components: a CO2 cartridge, a normally opened solenoid valve, and a malleable, balloon 
like, material that can withstand the underwater pressure of a max depth of 40 feet. With a 
safety factor of 2, that max pressure is to be rated to 34.68psi.    

Testing  
The fail safe needs to have an extremely high reliability factor. Due to this, each 

component along with a fully assembled system will be extensively tested. The first test is 
to assure the normally open valve actuates upon electrical signal loss. Once this test is 
completed the CO2 cartridge can be attached to the valve and then the test can be repeated 
to ensure the air is properly ejected. Finally, with the air tight attachment of the bladder, 
the inflation can be tested for volume displacement and leaks. Each of these tests will be 
ran through many iterations to ensure reliability. For further reference, see section H in the 
Appendix.   
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Risk Mitigation  
 Potential risks with the fail safe system is failure to properly inflate the bladder. 
The bladder could potential get caught within the enclosure as well as potentially tear. 
Precautions to make these effects not occur are using material rated to max pressures put 
out by the CO2 cartridge as well as making all surfaces smooth and internally lubricated 
so sticking will not occur. Please reference Appendix D for more details.  

  

Fluid Dynamics  
Objectives and Constraints 

The movement of the vessel through water is directly correlated to the thrust 
provided by the externally mounted motors. Due to the high viscosity of water, compared 
to that of air, the movement of the vessel through water causes a high drag coefficient and 
in turn large drag force. Other constraints that affect the movement of the vessel through 
water are the shape and weight. The more aerodynamic the shape of the vessel, the lower 
the drag coefficient is. Weight affects the inertial movement required to initially and 
continually move the vessel. The constraints the help determine the force required to move 
the vessel at a certain speed.  With a known force, the correct motor can be properly picked 
to ensure proper propulsion.  

Alternative Design Processes 
To determine the forces acting upon the vessel while moving, certain variable had 

to be assumed to run CFD analysis. We were able to find the known values for the surface 
area, maximum velocity, and time. Through the use of fluent the mechanical team was able 
to determine the drag coefficient for vessel, 1.418. The overall thrust forces required to 
move the vessel was then calculated at different accelerations compared shown in 
Appendix E Figure 14M. 

This process was for finding the forward movement of the vessel. Because of the 
change in surface area during lateral movement, different thrust is required to reach the 
same accelerations. Upon calculating the forces for forward and lateral movements, the 
thrust needed was found to be 11.84lb-f and 22.034lb-f respectively.  

Testing 
This data gives the propulsion team a good idea of what the motors need to be rated 

to. The testing will consist of in water tests to determine if the thrust required at max 
velocity is close to that of our calculations. Because this data was found using CFD 
analysis, it is a great approximation of what forces may exist on the vessel, but not perfect.  

 

  



18 
 

Chapter 5 – Sensors Sub-team 

Hardware 

Optical Devices 
Objectives and Constraints 
 Optical devices are to be added to the final vehicle as a main means of navigation. 
The optical device chosen in this case is a single camera, used to track a guiding line along 
the bottom of the obstacle course containing pool. The goal of this single camera is to be 
able to correctly identify the guiding line and be able to tell the position of the vehicle 
relative to the line, which will in turn tell the motor controllers how we need to maneuver 
the vehicle in order to stay on the track of the line.  

 For constraints, the camera hardware needs to satisfy the following requirements: 

• At least 800x600 resolution 
• At least 30 frames per second 
• Under 3 Watts power consumption 
• Under 1-pound weight 
• Able to retrieve raw images from I/O with no need to pre-filter 

Alternative Design Processes 
 No alternative options were considered other than cameras, as they are the most 
reliable and easiest devices to use for this task. The initial design of the optical system 
hardware was to use two cameras: one for line tracking, and one for obstacle detection. 
This plan changed to a single camera only for line tracking because of a consensus among 
the sensors sub-team, in which we decided that we do not need an additional camera as we 
will be only performing basic navigation with no intentionally placed obstacles as of this 
year. 

Testing 
 For hardware testing, no such tests have been performed with the camera we want 
to use, as we have had difficulties in purchasing products as of this point. Before the 
semester ends we plan on ordering the camera, and testing of this camera will begin during 
the winter break. These tests will include power consumption tests and live-stream image 
capturing tests to see if raw images can be correctly pulled from the camera. 

Risk Mitigation 
 The only risk that would be mitigated is if the camera simply does not work, in 
which case it will be returned for a refund, and a new camera will be purchased. 
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Inertial Devices 
Objective and Constraints 
 The hardware constraints for the Inertial Measurement Unit (IMU) are a trade-off 
between accuracy and cost. The IMU will produce a negligible amount of heat. The IMU 
needs to have 9 degrees of freedom (DOF), with an accelerometer, gyroscope, and 
magnetometer in each orthogonal axis.  

 Many high-end IMU’s have their own filtering for noise-reduction, and is desired 
to increase the accuracy from the IMU. Additional filtering to reduce noise further will be 
required. The IMU must be able to communicate over either a serial GPIO connection or 
USB to our SPU. 

Alternative Design Processes 
 Alternate designs for an IMU have not been considered, as it is the best method of 
determining position. Some IMU’s include an extra DOF as a pressure sensor, however we 
decided it would be best to use pressure transducers to track our depth in the water. 

Testing 
 No hardware testing has been done of the IMU, as it has not been acquired yet. The 
IMU will be tested to confirm it can communicate with our SPU, and characterize the noise 
to confirm it is within the specification.  

Risk Mitigation 
 The only risk with the IMU would be that it begins to return incorrect or extremely 
noisy signals. To reduce this, filtering must be coded so that outliers and noise are removed 
or reduced regardless of on-board noise reduction. 

 

Pressure Transducers 
Objective and Constraints 
 The pressure transducers need to be able to withstand a large amount of pressure, 
as deep underwater pressure can increase rapidly. The pressure transducers also need to be 
able to communicate with our SPU. This means that the SPU needs to be able to realize 
different voltages and relate them to the current underwater depth.  

Alternative Design Processes 
 An alternate design for the pressure transducers would be to have it contained on 
the IMU as an extra DOF, however since the IMU is within the sub’s electrical housing, it 
will not experience a relative amount of pressure. 

Testing 
 No hardware testing has been done yet with the pressure transducers, but will need 
to be tested for correct output voltages as well as calibration. 
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Risk Mitigation 
 The biggest risk with the pressure transducers would be reporting an incorrect 
depth, making the sub think that we are deeper than we actually are. To mitigate this, the 
sub would need to be surfaced to fix the issue. The pressure transducers are waterproof, 
however if they break or fail, the sub will have no input from the transducers and would 
need to rely on the IMU to determine depth based on movement. 

 

Sensor Processing Unit 
Objective and Constraints 
 The hardware objective of the sensor processing units (SPU) is to be a 
programmable system that handles raw sensor data and converts it to navigation data. 

            For hardware, the SPU needs to have a fast enough processor to be able to handle 
incoming sensor data and output navigation data within a reasonable amount of time (about 
300ms max). It also needs to be able to handle inputs from multiple I/O interfaces, as the 
Inertial Devices, Image Processing Unit, and Pressure Transducers do not all use the same 
I/O protocols. The SPU must also weigh within 1-2 pounds, and consume a minimal 
amount of power. 

Alternative Design Processes 
 There were many options considered to fulfill this role. Initially, a miniature 
windows-capable PC was the choice of the SPU, but after reviewing specifications, 
specifically power consumption, this was found to be a poor choice. We have since chosen 
a single Banana Pi mini-computer to handle the data and convert it into a navigation 
decision. 

Testing 
 No hardware testing of the SPU has been done as of this point, as we have been 
unable to purchase the Banana Pi. The SPU will be tested for hardware compatibility over 
Winter break. These tests will include I/O testing, as well as speed and power consumption 
tests. 

Risk Mitigation 
 Hardware issues with the SPU could be that it fails to retrieve or transmit data from 
its I/O ports, failure to boot, or failure to meet processing speed requirements. To mitigate 
these, the SPU will be tested for I/O and boot functionality before being submerged and 
will have an error LED to alert if no input is being received from any of the sensors, the 
SPU will have a boot indicator LED, and finally the SPU will be replaced if it is not able 
to handle the data it is given. 
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Image Processing Unit 
Objective and Constraints 
 The goal of the Image Processing Unit (IPU) is to read in the raw images from the 
Optical Devices, pass them through a filtering algorithm, and then determine a navigation 
decision based on what the filtering algorithm finds. This navigation decision is then sent 
to the SPU for further manipulation. 

 For constraints, the IPU needs to be able to multi-thread in order to complete the 
filtering of the images in a reasonable amount of time. It also needs to consume less than 
50-Watts, be capable of running Linux, and be fairly lightweight (1-3lbs).  

Alternative Design Process 
 Initially, the SPU was chosen to handle images as well as other sensor data. As the 
semester progressed, we realized that if we had the SPU perform filtering for every sensor, 
it would not be completed in a reasonable amount of time and our whole system would be 
too slow, so we made the choice to go ahead and have a separate processor for the images 
only. Considerations for the IPU include a Mini-Windows PC and possible a multi-core 
microcontroller and will be explored more in depth over Winter Break 

Testing 
 No testing of the IPU has taken place yet, as we have not purchased it or made a 
final decision on it. Testing is expected to start in the Spring, with tests including speed, 
power consumption, and reliability testing. 

Risk Mitigation 
 Possible hardware risks associated with the IPU include failure to boot, failure to 
receive or transmit data, or failure to meet processing speed requirements. These can be 
mitigated by extensive testing of the IPU and connecting systems before even submerging, 
and an error / boot LED attached to the IPU itself. If it is simply not fast enough, it will be 
replaced. 

 

Master Control Unit 
Objective and Constraints 
 The hardware objective of the Master Control Unit (MCU) is to be able to take 
processed data from the SPU and convert it into readable data for the motor controller. For 
this, the hardware just needs to be fast enough to convert this data, weigh less than 1-pound, 
consume a minimal amount of power, and have the correct I/O interfaces to receive data 
from the SPUs and output new data to the motor control unit. 

Alternative Design Processes 
 Initially, the MCU was more in the hands of the propulsion/power sub-team, as they 
need it for more than the sensors sub-team does, as our SPU/IPU will handle all of our 
sensor data processing. They had discussed having an OS-capable mini-computer, a 
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microcontroller, and even a Field Programmable Gate Array. As the semester progressed, 
the MCU was transferred to the hands of the sensors sub-team, and we are still unsure if 
we need the MCU to have OS-capabilities or not. We do know that it does not need to be 
as powerful as the SPU or IPU, as they are handling the raw data. Therefore, the only 
remaining constraints are that it has the necessary input ports for the SPU and motor 
controller output. 

Testing 
 No hardware testing of the MCU has been done at this point. Testing of the actual 
MCU is not expected to be done until the Spring Semester, as each subsystem can be tested 
without the MCU. When these tests do begin, they are expected to include I/O, speed, and 
power consumption tests. 

Risk Mitigation 
 Possible hardware risks associated with the MCU include failure to boot, failure to 
receive or output data, or failure to meet the speed required. To mitigate these risks, the 
MCU will be tested before going into the water to ensure booting and I/O functionality, 
and it will also be equipped with an LED for booting and I/O failure. If the MCU simply 
is not fast enough, it will be replaced 

 

Software 

Sensor Processing Unit 
Objectives and Constraints 
 The software objective of the SPU is to be able to take in raw sensor data, perform 
certain operations on the data, such as filtering and positional transformation, and then 
convert this processed data into a navigation decision which will then be outputted to the 
MCU for further processing.  

 To accomplish this, the software needs to be able to quickly receive data, process 
it, and output a navigation decision, a matter of 300ms max for all data from the IPU, IMU, 
and pressure sensors. 

Alternative Design Processes 
 Initially, software languages considered for this objective included C, C++, Java, 
and Python. Knowing that we had to make a decision quickly for testing purposes, the 
sensors sub-team voted on a consensus that Python would be used, as it is open source and 
is easy to learn. 

Testing 
 Extensive software testing of the SPU has been done. Although not physically done 
on the SPU itself, actual test data has been retrieved from the IMU and run through Python 
code.   
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 For the IMU, simulations have been done using Matlab to simulate Gaussian noise 
in our IMU. Our real position was compared to a simulated position based on our signal-
to-noise ratio. Actual test data from our test IMU has been run through python code to 
attempt to map our current position compared to where the IMU was actually moved. 

Risk Mitigation 
 Software risks associated with the SPU are numerous. These include: failure to 
retrieve filtered images, inertial data, or pressure data, failure to correctly filter pressure or 
inertial data, failure to correctly identify the pressure read from the Pressure Transducers, 
failure to complete the processing in enough time, and failure to initialize code. To mitigate 
these possible failures, the SPU will be equipped with an error and boot indicator LED, be 
extensively tested before being submerged, and send out test data while being submerged 
for tests to correct any errors found. 

 

Image Processing Unit 
Objectives and Constraints 
 The objective of the IPU software is to retrieve raw images from the camera, filter 
the images to find the position of the tape line at the bottom of the pool, and decide which 
way to move based upon the position of the line.  

 The constraints of the IPU software are that it needs to be fast and efficient in 
making a movement decision for the sub (300ms max per image) so that way we do not 
collide with obstacles. 

Alternative Design Processes 
 Initially, as with the SPU, several programming languages were considered, 
including C, C++, Java, and Python. With the whole sensors sub-team consensus on 
Python, it was the language also chosen for the IPU as a means of easy readability by the 
sub-team. It has not been changed, and the only difference from the SPU software is that a 
plugin known as OpenCV is being used to aid in image processing. 

Testing 
 Extensive software testing of the IPU has been completed on a desktop computer. 
Filtering algorithms have been run and tested to see how well the algorithms work and how 
quickly they work. These tests and the values of filters will need to be adjusted when the 
actual IPU is purchased. Below are the tests so far. 

 The raw images, which had an orange line drawn in them indicative of the line to 
be followed in the competition, were initially passed through a blurring filter, a threshold 
filter to remove smaller shapes, an edge filter to find contours, and finally a probabilistic 
line transform to draw a new line which would then be used for movement decisions. This 
was found to not work very well on curved lines, which would cause the vehicle to veer 
off course in an actual test environment. 
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 Next, a “skeleton” method was tested, in which the original line was filtered to form 
a skeleton, and then the probabilistic line transform was performed on this skeleton. Again, 
this did not work very well on curved lines. A new and final approach was then tested. In 
this final approach, the original image was filtered in order to find the largest contour (the 
line which we want to follow) and a region-of-interest (ROI) was drawn around the line. 
Next, the ROI was masked to the original image in order to black out anything that was not 
within the ROI. Finally, the ROI-masked image was filtered so that only the orange of the 
tape would be seen as red, while everything else is converted to black. 

 The software has not yet been developed that will test the position of this line in the 
original image, as it will be needed to make navigation decisions. This is to be worked on 
and tested over Winter break. 

Risk Mitigation 
 Possible software risks with the IPU are similar to the SPU. These include failure 
to load images, failure to correctly filter images, failure to complete filtering in a timely 
manner, failure to output filtered images, and failure to initialize code. TO mitigate these, 
the software will be extensively tested before being submerged, be equipped with a failure 
/ boot LED, and have various checks throughout the code. 

 

Master Control Unit 
Objectives and Constraints 
 The objective of the MCU software is that it will take in processed sensor data and 
convert it to a usable format that the motor controller will use. The only constraint for this 
is that the software be fast enough to not cause a collision. 

Alternative Design Processes 
 From the beginning, we had planned on the MCU not doing intensive processing, 
as this would be left to the SPU and IPU, and also that it would only convert navigation 
data to a format the motor controller can use. This idea has not changed, and the software 
is still as simple as converting data. 

Testing 
 The software for the MCU has not yet been tested, as the SPU and motor controller 
software can be tested independently of the MCU. Tests on MCU software are expected to 
begin in the Spring Semester, when both the sensors and propulsion/power sub-teams have 
been able to develop software for the SPUs and motor controllers separately. These tests 
will include speed and reliability tests. 
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Risk Mitigation 
 Possible software risks include: failure to read-in navigation data from the SPUs, 
failure to handle navigation data in a timely manner, failure to output readable data for the 
motor controller, and failure to initialize code or boot. 

 To mitigate these possible risks, the MCU will be tested extensively before being 
submerged, be equipped with an error and boot LED, and will output data to a surface 
computer for testing while submerged. 
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Chapter 6 – Power and Propulsion Sub-team 

Hardware 

Motor Processing Unit 
Objectives and Constraints 

The purpose of the motor processing unit is to coordinate and control the motor 
drivers. There were no constraints on what kind of MPU could be used, so all of the 
following constraints were imposed by the sub team.  The MPU has to have the ability to 
communicate, at least, via I2C, CAN, and SPI so any master control unit chosen can receive 
a signal from the MPU. The MPU also needs a means of communicating result back to the 
user because that is the only way this device will be testable. On top of the communications 
requirement, the MPU must also have high resolution in order to have as many states as 
possible since just being on and off is not going to be efficient. The vehicle also needs to 
be able to slow itself which requires braking and the ability to reverse in the case that the 
vehicle overshoots an objective or runs into an obstacle.  

Alternative Design Processes 
The separation of the MPU and the MD for this iteration of the project is for rapid 

prototyping. The separation of these two devices is not actually necessary because the MPU 
has dedicated PWM channels. Depending on the design, the number of PWM channels 
needed is number of motors multiplied by three since there are going to be three phases per 
motor. The MPU can then handle all of the switching that the MD does, thus removing the 
necessity of the MD. This does however, require the use of off board IGBT’s or Power 
FET’s to handle the current and voltage. 

Testing 
The following are the tests that the MPU is going to be subject to: flash test, 

maximum power consumption, state, and mode. These tests are the core of what we need 
to know about the device from a system and component point of view. These tests satisfy 
the requirement of two-way communication, possible motor states, and whether or not the 
MPU can have a forward, braking, and reverse mode.  

See Appendix H for more information. Also see Figure 4P and [14P] for reference. 
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Motors  
Objectives and Constraints 

The purpose of the motors is to translate electrical energy into a mechanical energy 
characterized by several electrical and mechanical constraints.  

There are 6 degrees-of-freedom the vehicle is bound by: 3 kinematic linear axes 
and 3 kinematic rotations about each linear axis respectively. This means there must be at 
least 6 coordinated motors allowing for the dynamic positioning required by the 
mechanical team.   

The weight of each motor cannot be significant due to the 125 lb. limitation of the 
competition rules: to keep a reasonable initial working basis, the propulsion team decided 
that motors, in total, should weigh no more than 6 lb. or roughly 1 lb. per motor.  

Competition rules limit that maximum operating voltage to 48 VDC but the actual 
voltage for the motors (and thus battery system) are substantially reduced due to cost and 
commercial availability: 48 VDC systems are extremely expensive in both lithium battery 
technology and BLDC motors. Also, 48 VDC motors are built for larger loads and usually 
start around 25 lb. per motor. AC motors (AC in the driver sense) are not applicable due to 
large size and are generally far heavier than their DC counter parts. Lastly, 3-phase BLDC 
motors have become common place replacing the single and double pole brushed DC 
motors produced up till recently: 3-phase is cheaper and easier to find which allows the 
team to find motor replacements without major hardware/software rework years from now. 

Torque is critical in moving the vehicle: with the vehicle slowing down (drag plus 
any dynamic braking), speeding up, and changing direction the motors must be able to 
respond to the varying load characteristics which are a function of the water viscosity, 
speed, and vehicle geometry. DC motors excel at torque intensive applications. Since 
torque is realized in amperage and given the 14.8 V limitation imposed by cost and weight, 
the power supply must be able to supply the motors with at least the maximum current 
draw plus some allowance for inrush.  

Other constraints for motors come as a consequence of the utilization of naked 
motors for the prototype phase. Those constraints include waterproofing via either PVC or 
hard machinable wax, building of an in-house shroud of the motor propeller, integrated 
mounting system for the motor, and custom propeller design.  

A LiPo based motor system weighing .6 lb. per motor running at 14.8 V (nominal) 
with a 30 A draw (burst) and quiescent current of 1 A satisfies the size, cost, and torque 
constraints and while providing a cheap “learning” platform for the prototype phase.  If 
successful, additional batteries and motors will be implemented on the final vehicle.  

Alternative Design Processes 
At the beginning of the Fall 2016-2017 evolution of the RoboSub vehicle, it was 

presumed that off-the-shelf motors would be purchased from Blue Robotics and used with 
little regard other than they are designed for the RoboSub competition. It was discovered 
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during the research phase that it may be possible to reduce costs by approaching the 
problem from a more “hands-on” manner, with the caveat that more time and testing would 
be required to realize the propulsion stage.  

Testing 
  Essential tests for motors are: load characterization, no load characterization, 
waterproofing, and heat-up testing. These four essential test inform us as to whether the 
naked motors can be used for not only the physical responses (torque) but the working 
limits (environment and heat). It also anticipated that these tests for a baseline for future 
teams to plan and develop upon.  

Additional testing will be performed as a coordination test. This test answers 
latency and response of commands sent to the motors from both the ESC and MPU. It 
allows for tweaking of software delays and values in accordance with the physical 
variances of the motor, ESC, BMS, and power source. 

See Appendix H for a more detailed explanation of specific tests to be conducted. 
Also see Figure 1P in Appendix F as well as [6P] for reference.  

 

Power Source 
Objectives and Constraints 

The purpose of the power source is to provide power at the appropriate input 
voltages and required amperages to all subsystems of the vehicle: motors, MPU, MCU, 
OP, SD, ESC, lighting, relays, and any other subsystems that may be added as a 
consequence of the prototype phase. Due to independence of the team and the variety of 
subsystems, voltages range from 3.3 V to 14.8 V and 1 mA to 30 A. In addition, the power 
system must not be mains powered (RoboSub rules constraint). This essentially means 
super capacitors or chemical batteries must be used. 

The two largest and dictating design constraints come from motors and the 
competition rules. Competition rules force an upper limit constraint of 48 VDC while the 
team constraints further limit that to 14.8 V (nominal), which comes out of the overall fact 
that higher voltage motors are heavier and more expensive. The motors constrain total 
instantaneous deliverable amperage: each motor impulse of 30 A for 6 motors gives an 
upper bound of around 180 A.  While this is not realistic for a 20 minute run time, it at least 
provides some of the most extreme behavior that is expected out of the vehicle during 
testing.  

These two constraints narrow the choices we have at our disposal: NiMH and NiCd-
-while cheap--cannot supply the burst current; bench-top power supplies cannot be used to 
power the vehicle underwater at 20 feet deep due to voltage drop. Therefore, only lithium-
based batteries can be used: only lithium batteries allow us to keep battery weight low 
without limiting current response.  
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Alternative Design Processes 
The initial design process involved using of a cheap battery in the prototype phase 

and a benchtop power supply during benchtop testing.  

NiCd and NiMH require a parallel capacitor bank to allow for the high amperage 
demand used during the impulse of motors from off to full-on. In addition, NiCd and NiMH 
have lower voltage levels. These two factors make a test battery composed of NiCd or 
NiMH just as costly as a mid-high range LiPo but almost 10 the weight: 6 NiCd/NiMH 
batteries would come in around 10 lb. which is almost 10 times the weight of the LiPo (1.2 
lbs).  

A benchtop power supply is extremely useful but finding of a higher amperage 
lower voltage benchtop power supply proved costly and could not allow modeling of 
system response (motor, controllers, etc.) under a falling voltage level. These two facts 
eliminate the usage for system characterizations. However, it is still maintained that given 
the monetary resources a benchtop power supply could prove useful for programming and 
endurance testing of the motors.  

Testing 
Testing of the power supply is one of the easier schemes: by applying a varying 

load, the current and voltage can be measured over time to give the characteristic curves of 
the battery. These curves can be used to assess the expected system response and account 
for those responses in software if necessary. It also allows to design to specific battery 
behavior: no two batteries are exactly the same and tweaking of the ESC or BMS values 
(voltage and current) will be necessary.  

Any destructive testing of the battery is prohibited, mainly due to cost. It is assumed 
that the IP68 rating and durability of the battery is in accordance with the manufacturers 
specifications. Also, due to the destructive nature of running LiPo cells under a 3.0 V level, 
the BMS must be used at all time with the LiPo cells to prevent permanent damage to the 
cells.  

See Appendix H for a more detailed explanation of specific tests to be conducted.  
Also see Figure 2P in Appendix F and [21P] for reference.  

 

Battery Management System  
Objectives and Constraints 

The purpose of the battery management system is to monitor the behavior of the 
cells in the battery. The only constraint from the competition was that every vehicle has to 
be powered by batteries. Any lithium based battery requires the use of a BMS, due to the 
thermal properties of lithium as an element. Lithium cells are more unstable and tend to 
get into runaway states so by virtue of our choice of battery, a BMS becomes a requirement. 
The BMS needs to perform the following functions: cell balancing, cell monitoring, 
overvoltage protection, and enforce low voltage drop-out. 
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The BMS is not only for the health of the batteries, but also for the safety of the 
team. Since lithium based batteries do have the potential to enter a runaway state, which 
can result in the battery catching fire or even exploding, the BMS is a method for 
preventing potential hazards to the team. 

Alternative Design Processes 
The choice of power supply dictates the necessity of having a battery management 

system. Non-lithium based power supplies such as NiMH and NiCd, do not require the use 
of a battery management system.  

Testing 
The following is the test that the BMS is going to be subject to: communications 

test.  The BMS needs to disconnect the power supply in the case there is a fault condition 
detected in the power supply, as wells as disconnect the power supply when a fault 
condition is detected in one of the other subsystems. Thus, the communication test verifies 
that the BMS can send and receive a signal.  

See Appendix H for a more detailed explanation of specific tests to be conducted.  

 

Motor Driver 
Objectives and Constraints 

The motor drive translates PWM signals from the MPU via some type insulated 
gate driver stage which drives an inverter stage of power semiconductors in either a half-
bridge or full-bridge configuration on a DC bus provided by the power source.  

In order to produce a prototype faster and prevent getting in the quagmire of 
complex system design, the propulsion team has elected to use an ESC in replacement of 
a custom MD. What makes the prototype phase faster the software: software is usually the 
most complex part of the MD along with the feedback hardware.  Phase synchronization is 
now handled by the feedback and microcontroller hardware/software on the ESC.  This 
eliminates the need for the team to figure out phase synchronization before any testing of 
the motor occurs. It also allows the team to reduce cost: ESCs are cheap and easily 
replaceable while custom MD are much more expensive due to lack of production quantity 
effects.   

To match the motor characteristics, the ESC must be able to handle up to 30 A per 
phase (3 phases on the BLDC) at 14.8 V nominal. Apart from this, the ESC must be handle 
the Blue Robotics open-software which splits the incoming PWM into a lower and upper 
band. This allows us to run the motors in forward, reverse, and stop.  

Alternative Design Processes 
The original intent of the propulsion team was to purchase a highly capable MD 

from a reputable vendor. However, it became evident very quick that the cost of handling 
180 A at 14.8 V (nominal) was a very difficult task: most drivers designed as embedded 
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systems (MPU+MD) didn’t meet the current requirements and those that did were not 
designed with usage of 3 phase BLDC motors in mind. This quickly lead us to consider 
splitting a unified MD into several  

MD. This in turn raised the complexity of building an MD: we realized the development 
of a custom MD at this stage was too complex to be accomplished in the timetable 
developed.  

Testing 
There are several simple low-level tests that must be done first thing with the ESC: 

the MPU must be hooked up and configured to see if the ESC can be communicated with 
and that the ESC is receiving the proper PWM signals to translate into a motor actuation.  

The ESC must be reprogrammed or “re-flashed” with the Blue Robotics software 
in order to capitalize on the split-band forward/reverse functionality that Blue has 
programmed for.  

In order to keep the mechanical engineers cooling of the electrical housing 
effective, the amount of heat produced by the inverter stage under varying power loads 
must be measured.  

Lastly, coordination testing must be done from the MPU to at least two ESCs. This 
will inform the prototype phase about how multiple motors can be coordinated from the 
MPU and what hardware, if any, may be necessary.  

See Appendix H for a more detailed explanation of specific tests to be conducted. 
Also see Figure 3P in Appendix F and [11P] for reference.  

 

Software 

Motor Processing Unit  
Objectives and Constraints 

The objective of the software for the MPU is to allow us to quickly accommodate 
for different types of motors as well as tune the response of the motor control. The software 
on the MCU must have a simplified HMI as well since this project is on a short time table. 
Although we are not going to be utilizing the FOC ability of the MPU for this iteration of 
the project, it makes integrating the MPU and MD stages of the project together much 
easier for future teams.  

Alternative Design Processes 
The only alternative to using some pre-built software would be going in and writing 

it all yourself. As we are on a very restricted timetable, this approach was not adopted for 
this iteration of the project.  
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Testing 
The most important functions that the software of the MPU are that it boots and 

that it can be written to.  

See Appendix H for a more detailed explanation of tests to be performed.  

 

Battery Management System 
Objectives and Constraints 

The objective of the software for the BMS is to allow us to quickly accommodate 
for different types of batteries and number of cells. The software on the BMS must have a 
simplified HMI because the BMS has to be rapidly implementable in order for the testing 
to proceed for the vehicle. This feature also ensures that the team is as safe as possible 
while testing the battery.  

Alternative Design Processes 
Very similar to the MPU, the only alternative to using a prebuilt software package 

is to write your own software.  

Testing 
 The tests that will inform us of our requirements are: boot test and flash test. The 
boot test will tell us that the device is functional and the flash test will tell us that the BMS 
is programmable.  

See Appendix H for a more detailed explanation of tests to be performed.  
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Chapter 7 – Future Work 
Due to setbacks in funding and agreement among the team regarding personal 

spending, the entire team has experience a delay in the prototype testing and manufacture 
time scope. However, the team estimated such setbacks as this and accounted for a 3 month 
run-over time. This simply means: the entire team experiences a shift of the prototype 
testing and manufacture by one month; to be completed by February 1st rather than January 
1st.   

 

Mechanical 
 The mechanical sub-team plans to begin purchasing, manufacturing, testing, and 
redesigning accordingly. Using the team’s industry resources, the mechanical team plans 
on using the advice from engineers in the field during the second semester. Using local and 
online vendors, materials will be purchased for all components needed. Using these 
components, the mechanical team will be manufacturing and modifying the materials. The 
manufacturing process will be done using tooling from the school and team mentors. The 
mechanical team will be conducting the tests listed in the DTVC (Appendix H). From the 
results of these tests, necessary redesigns will be made. 

 

Sensors 
For the future work of the sensors sub-team, we plan on purchasing our actual 

sensors, SPU, and IPU, and once we have them we will begin real-world testing. This will 
mean mounting our sensors in a test rig to collect data, analyzing that data, and adjusting 
our programs accordingly. Our camera will collect actual images of tape at the bottom of 
a pool, our IMU will get actual water movement data, and our pressure sensors will be 
tested for the first time. This data will then be tested against our programs that we have 
already made to see how far off our simulations are from the real world. Then, hopefully, 
only values of our programs will need to be changed, not the entire structure of the 
programs. Once our test rig data is accounted for, we hope that only slight adjustments will 
need to be made when the final rig is built. 

 We also plan on re-organizing all of our Python directories in a standard, modular 
format so that in case we switch any part of our system out, it will just require us to change 
one section of code, not the entire program. Finally, we’ll want to begin writing code for 
the MCU to make movement decisions. 
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Propulsion and Power 
From the standpoint of the power and propulsion sub-team, this delay has not been 

a waste: it has afforded the team to verify their calculations which has caught two errors in 
ordering so far.  

The Spring 2017 future work commencing December 2016 until February 1st 2017 
includes: 

 

• Motor load testing 
• Current, Voltage, Power under various “modes” of entire system 
• Design/Testing of a variety of propellers and shrouds 
• Thermodynamic Data Collection from subsystems 
• Vetting of BMS  

 
From February 1st 2017 until April 1st 2017: 

 

• PCB for BMS 
• PCB for IMU 
• PCB for Systems Integration 
• Additional motors and PID control development 

 

From April 1st 2017 until May/June 2017, it is intended to finalize whatever work 
is left in progress and prepare the vehicle for E-days.  

 

For a full description of the Power and Propulsion sub-team timeline, please see 
Appendix C.  
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Appendix A – Abbreviations 
A 
ABS  Acrylonitrile Butadiene Styrene 
AUV  Autonomous Underwater Vehicle 
 
B 
BMS  Battery Management System 
BLDC  Brushless Direct Current Motor 
 
C 
CAD   Computer Aided Drafting 
CAN  Controller Area Network bus  
CE  Computer Engineer 
CFD  Computational Fluid Dynamics 
CO2   Carbon Dioxide 
 
D 
DS  Delta-Sigma modulation  
DOF  Degrees of Freedom  
DTVC  Device Test Validation Characterization 
 
E 
EE  Electrical Engineer 
EFD  Electronic Failure Device 
ESC  Electronic Speed Control 
 
F 
FET   Field-Effect Transistor 
FMEA  Failure Mode Effect Analysis 
 
G 
GPIO  General-Purpose Input/Output  
 
H 
HFD  Human Failure Device 
HMI  Human Machine Interface 
 
I 
I2C   Inter-integrated Circuit bus 
IGBT  Insulated-Gate Bipolar Transistor 
IMU  Inertial Measurement Unit 
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L 
lb-f   Pound-Force 
LED  Light Emitting Diode 
LiPO  Lithium Polymer or Lithium Ion battery 
 
M 
MCU  Master Control Unit 
MD  Motor Driver 
ME  Mechanical Engineer 
MPU  Motor Processing Unit 
m/s  Meters per Second  
 
N 
NiMH  Nickel Metal Hydride 
NiCd  Nickel-Cadmium 
 
O 
OS  Operating System 
 
P 
PI  Performance Index 
PLA  Polylactic Acid 
PVC  Polyvinyl Chloride 
PWM  Pulse Width Modulation 
 
S 
SD  Sensor Devices 
sec   Seconds 
SPI  Serial peripheral interface bus 
SPU  Sensor Processing Unit 
 
U 
UART  Universal Asynchronous Receive/Transmit bus 
 
R 
ROI  Region of Interest 
 
W 
W  Watts 
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Appendix B – Budget 

 

Figure 8 – Budget 

Budget Breakdown: 
-Motors  

The dollar allotment for the motors will be utilized in the purchase of 6 Brushless DC 
motors.  

Motors      $ 1800 
 
-Motor Control 

Two motor controllers with 2-3 channels per controller coordinated by one Master 
RMCU.  

Primary RMCU    $ 400 
Motor Microcontrollers   $ 600 
 

-Power Supply 
Power supply consists of two batteries: one battery powering controls and the second 
powering motors.   

Battery Power Supply    $ 700 
Controller Power Supply   $ 100 
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-Sensors/Optics   
The IMU is used for navigation in conjunction with cameras. The HS is used for beacon 
location, and possible navigation. 

Inertial Measurement Unit   $ 1200 
Hydrophone System (HS)   $ 800 
Signal Amplifiers    $ 100 
Underwater Cameras    $ 400 
 

-Miscellaneous         
All of the connectors will be insulated and water tight.  

Connectors     $ 500 
Gaskets     $ 70 
Wires      $ 200 
Mechanical Tether    $ 30 
Electrical Tether    $ 200 
 

-Prototype Test Vehicle 
These are the materials for a preliminary test vehicle.  
 
Clear Acrylic Body    $ 600 
Sealants     $ 50 
 Hardware     $ 150 
 Battery      $ 250 
 Motors      $ 1200 
Inertial Measurement Unit   $ 1200 
Underwater Cameras    $ 400 
Primary RMCU    $ 400 
Motor Microcontrollers   $ 300 
Connectors     $ 500 
Gaskets     $ 70 
Wires      $ 200 
Mechanical Tether    $ 30 
Electrical Tether    $ 200 
 
 Total      $ 5550 
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-Mechanical Reserve 
Loss in Materials 
 Mechanical Mismatch    $ 100 
 Poor Manufacturing    $ 700 
Leaks (Outer Hull) 
 Replace seals     $ 200   
 
 

-Electrical Reserve 
Motor burn out    $ 600 
Battery Damage/Failure   $ 700    
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Appendix C – Project Plan Evolution  
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Appendix D –  Failure Mode and Effects Analysis 
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Appendix E – Mechanical Figures 

 

Figure 1M- Chassis Decision Matrix 

 

 

 

Figure 2M- Electrical Housing Decision Matrix 
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Figure 3M- Housing Dimensions and Buoyancy 
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Figure 4M- Minimize Cost CES Graph 
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Figure 5M- Maximize Heat Transfer CES Graph 
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Figure 6M- Fluent Temperature Plot 

 

 

Figure 7M- Fluent Vector Plot 
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Figure 8M- Minitab Response Surface 

 

 

Figure 9M- Housing Drawer Design 
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Figure 10M- 3D Printed Bracket Rail 

 

Figure 11M- 3D Printed Housing Clamps 

 

Figure 12M- Flexible Ballast Design  
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Figure 13M- Full CAD Image 
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Figure 14M- Motor Thrust at Different Accelerations 
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Appendix F – Power and Propulsion Figures 
 

 

 
Figure 1P: TMotor 3 Phase BLDC; 1.5in x 1.5 in 

 

 

Figure 2P: MaxxAmps 8000 mAh LiPo battery; 1.5in x 5.5 in x 1 in ; 1.6 lb. 



57 
 

 

Figure 3P:Blue ESC 40 A ; 2in x 1in; 1 oz. 

 

 

   

 

Figure 4P: Ti C2000 Delfino on LaunchPadXL Development Board; 2in x 5 in 
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Appendix G – Sensor Figures 

 

Figure 5: Test Image 1 

 

Figure 6: Test Image 2 
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Figure 7: ROI Identified for Test Image 1 

 

Figure 8: ROI Identified for Test Image 2 
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Figure 9: Final Filtering of Test Image 1 

 

Figure 10: Final Filtering of Test Image 2 
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Figure 11: Filtering Attempt #1 Test Image 1 

 

Figure 12: Filtering Attempt #1 Test Image 2 
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Figure 13: Skeleton Test Image 1 

 

Figure 14: Skeleton Test Image 2 
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Figure 15: Filtering Attempt #2 Test Image 1 

 

Figure 16: Filtering Attempt #2 Test Image 2 
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Appendix H – Device Test, Validation, & Characterization (DTVC) 

DTVC Structure 

 
Structure for the DTVC is a three “test gate” system: 

 

 

 

  

 

 

How this works 
 

1.  We each start with our respective sub-team component level stuff and run through the 
steps listed on the next page. 
 

2. Then take the component level and integrate all the components into your respective sub-
team system, and again go through the same steps.  
 

3. Once that has all been done, we can then take all three sub-team systems and integrate 
them all into the vehicle. This step still follows the exact same steps as before. 

 

 

 

 

 

 

Component System Vehicle
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How to use these steps 
 

1. Take gate and apply metrics. 
 

2. Come up with tests for all the material tests. 
 

3. Come up with tests for the required spec of the gate.  
 

4. Take all the tests you have come up with and run them through the Test Screener.  
 

5. If a test fails then try to come up with a work around, if not possible then we have to 
forsake that test.  
 
 
 
 

Testing Criteria 
 

At each of the gates we ask the following questions about how to satisfy our metrics. 

* All metrics are performance metrics as well as the testing metrics* 

 

Metric A: Efficiency- 

Can you change your response for changing environment? 

Metric B: Endurance-  

How long (time, distance, whatever metric is pertinent) can you do what you were 
designed to do? 
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All tests must satisfy both metric A and B: 

 

1) Material Tests 

• External and Internal Event Tests 

i. Humidity 

ii. Pressure 

iii. 0 to 100% (0 = Dry and 100% = Wet) 

iv. Ambient temperature 

v. Medium changes  

vi. Durability Characteristics 

2) Perform-desired-function- test 

 

Test Screener 
 

• Meta Test Metrics 
• Duration back to original state 

• How quickly can I test? 
• Cost 

• Can we afford effective testing? 
• Time 

• Can we begin and finish testing in a realistic amount of time? 
• Location 

• Where can we test? 
• Repeatability 
 Can I do it exactly the same every time? 
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DTVC Overview 
Last Edited By:  Tyler Loughrey  

Date:    11/30/16     

 

I. Mechanical Overview  
a. Component 
b. System 
c. Vehicle 
 

II. Electrical Overview 
 
a. Sensor 

i. Component 
ii. System 

iii. Vehicle 
 

b. Propulsion 
i. Component  

ii. System 
iii. Vehicle 
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Date: 10/25/2017 

Modified: 10/25/2017 

Team: Mechanical 

Gate: Component 

 

a) Material Test 

i) Chassis 

(1) Impact test (Metric A) 

(a) Says that chassis maintains original shape 

(2) Fatigue test (Metric B). 

(a) Says if chassis can withstand multiple impacts 

(3) Corrosion test (Metric A B) 

(a) Says if corrosion will occur on chassis 

(4) Loading test dry land (Metric A B) 

(a) Says if chassis can withstand max load of vessel 

ii) Electrical Housing 

(1) Water proof timed test (Metric B) 

(a) Says if housing maintains dry environment 

(2) Water proof depth test (Metric A B) 

(a) Says if housing maintains dry environment 

(3) Heat dissipation (Metric A B) 

(a) Says if housing reaches and maintains appropriate operating temperature 

(4) Deformation test (Metric A) 

(a) Says if electrical housing plastically deforms under applied heat 

iii) Fail Safe  

(1) Valve actuation test (Metric A) 

(a) Says if valve actuates upon electrical loss 

(2) Mass release test (Metric A) 

(a) Says if mass is released upon valve actuation 

(3) Inflation test 
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(a) Says if ‘balloon’ inflates and stays inflated (Metric A B) 

iv) Clamps 

(1) Impact test (Metric A) 

(a) Says if the clamps can withstand the applied impact load 

(2) Loading test dry land (Metric A B) 

(a) Says if the clamps can withstand the weight of housing for specified time 

(3) Loading test water (Metric A B) 

(a) Says if the clamps can withstand the weight of housing for specified time 
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Date: 10/26/2017 

Modified: 11/30/2016 

Team: Sensors 

Gate: Component 

 

1) Material Test 

a) External Tests 

i) IMU 

(1) Static vs. Dynamic Temperature Test (Metric A, B) 

(a) Static 

(i) Underwater as sole running unit 

(b) Dynamic 

(i) Underwater with all other units running simultaneously 

ii) Pressure Transducers 

(1) Water suitability (Metric B) 

(a) Says if transducers operate correctly in water; watertight. 

(2) Temperature Test (Metric A, B) 

(a) Submerged in water 

iii) Cameras 

(1) Manufacturer’s Specifications Test (Metric A) 

(a) Says if cameras meet Manufacturer’s Specifications 

(2) Static vs. Dynamic Temperature Test (Metric A, B) 

(a) Static 

(i) Underwater as sole running unit 

(b) Dynamic 

(i) Underwater with all other units running simultaneously 

iv) Sensor Processing Unit (Metric A) 

(1) Says if it boots 

(2) Says if outputs are within expected range 

b) Internal Tests 

i) IMU 



71 
 

(1) Manufacturer’s Specifications Test (Metric A) 

(a) Says if IMU meets Manufacturer’s Specifications 

(2) Communication Test (Metric A) 

(a) Says if information can be retrieved 

(b) With motion input, says if it gives representative output 

ii) Pressure Transducers 

(1) Manufacturer’s Specifications Test (Metric A) 

(a) Says if transducers meet Manufacturer’s Specifications 

(2) Load Characterization (Metric A) 

(a) Voltage/Amperage/Power characterization 

(3) Output Test (Metric A) 

(a) Says if a voltage within expected range is output 

iii) Cameras 

(1) Manufacturer’s Specifications Test (Metric A) 

(a) Says if cameras meet Manufacturer’s Specifications 

(2) Communication Test (Metric A) 

(a) Says if information can be retrieved 

iv) Sensor Processing Unit (Metric A) 

(1) Heat up test 

(2) Manufacturer’s Specifications Test 

(a) Says if SPU meets Manufacturer’s Specifications 

 

2) Perform-Desired-Function Testing 

a) IMU 

i) Calibration test (Metric A) 

(1) Says if IMU gives accurate movement output 

ii) Software Testing (Metric A) 

(1) Says if software handles any expected and unexpected output from IMU 

(2) Says if software handles calculations correctly 

b) Pressure Transducers 
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i) Calibration test (Metric A) 

(1) Says if transducers give accurate pressure change 

ii) Software Testing (Metric A) 

(1) Says if software handles any expected and unexpected voltage from transducers 

(2) Says if software handles calculations correctly 

c) Cameras 

i) Software Testing (Metric A) 

(1) Says if software handles any expected and unexpected image from cameras 

(2) Says if software handles image manipulation correctly 

d) Sensor Processing Unit 

i) Software Testing (Metric A) 

(1) Says if software handles all inputs from sensors 

(2) Says if software ignores or handles bad inputs 

(3) Says if software calculates meaningful data 

ii) Stress Testing (Metric B) 

(1) Measure change in temperature, voltage, and current 
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Date: 10/24/2017 

Modified: 10/28/2017 

Team: Propulsion 

Gate: Component 

 

1) Material Test 

a) External Test 

i) Motors 

(1) Spin/Bump test (Metric A) 

(a) Says if motor runs  

(2) Water suitability (Metric B) 

(a) Says if motor runs in water; watertight 

(3) Manufacturer’s Specifications Test (Metric A) 

(a) Does motor meet Manufacturer’s Specifications? 

(4) Load characterization (Metric A) 

(a) Volt/Amp/Power characterization 

(5) Static vs. Dynamic Temperature Test 

(a) Dynamic (Metric A,B) 

(i) Large body with motion (in water) of motor under varying voltage/current 

conditions 

(b) Static (Metric A,B) 

(i) Small body without motion of motor underwater varying voltage and 

current conditions 

b) Internal Tests 

i) Battery (as naked cells) 

(1) Load Characterization (Metric A) 

(a) High resistance load test to get loading current 

(2) Temperature Test (Metric A) 

(a) How much heat up under 10%, 20%, … 100% load 

ii) BMS 
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(1) Communication Test (Metric A) 

(a) Does it talk? 

(b) Can it be talked to? 

iii) ESC (Metric A) 

(1) With input, does it give a representative output? 

(2) Heat up test 

(a) How much heat up under 10%, 20%, … 100% load 

(i) Don’t really need, but it would be nice… 

iv) MPU (Metric A) 

(1) Does it boot? 

(2) Can we flash it? 

(3) Does output work? 

(4) Heat up test 

(a) How much heat up under 10%, 20%, … 100% load 

(5) Power drop 

v) HFD (Metric A) 

(1) Does it meet Manufacturer Specifications? 

(2) Does it actuate? 

vi) EFD (Metric A) 

(1) Does it meet Manufacturer Specifications?  

vii)  Cabling and Connectors (Metric B) 

(1) Is conductor insulation electrically sound? 

(2) Do connectors suit/fit the conductor number/size? 

viii) MCU (Metric A) 

(1) Does it boot? 

(2) Can we flash it? 

(3) Does output work? 

(4) Heat up test 

(a) How much heat up under 10%, 20%, … 100% load 

(5) Power drop 
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2) Perform-desired-function testing 

a) Motors – MPU (Metric A) 

i) Motion Test 

(1) Does it go forward, backward, and braking? 

ii) Coordination Test 

(1) Do motors give coordinated response? 

(a) i.e. we say left and we move left 

iii) Stress Testing (Metric B) 

(1) Pulse motors forward and backward till something happens 

(2) Measure delta temperature, voltage, and current 

(3) Want to model the worst random walk ever 

b) MPU 

(1) State test 

(a) Has X distinct states for position and that maps to X distinct motor states. 

(b)  Confirms no dead states 

c) HFD/EFD 

(1) Test switching via push button (Emergency Disconnect) 

(2) Timed software based failure (Software generated fault) 
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DTVC Expected Testing Outcomes 
Last Edited By:  Phil Meister   

Date:    10/28/16    

 

III. Mechanical Overview  
a. Component 
b. System 
c. Vehicle 
 

IV. Electrical Overview 
 
a. Sensor 

i. Component 
ii. System 

iii. Vehicle 
 

b. Propulsion 
i. Component  

ii. System 
iii. Vehicle 
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Date: 10/25/2017 

Modified: 10/28/2017 

Team: Mechanical 

Gate: Component 

 

1) Material Test 

a) Chassis 

i) Impact test (Metric A) 

(1) Chassis will withstand a collision traveling at 0.508 m/s 

ii) Fatigue test (Metric B) 

(1) Chassis will be able to withstand 20 impacts @ .508 m/s 

iii) Corrosion test (Metric A B) 

(1) Chassis will not corrode from H20 and Air interaction over 1 year 

(2) Chassis will not corrode from weak chlorine 

(3) Chassis will not corrode in salt water 

iv) Loading test dry land (Metric A B) 

(1) The chassis will withstand a weight of 125 lbs 

b) Electrical Housing 

i) Water proof timed test (Metric B) 

(1) Will be water tight for 1 hour of continuous immersion in water 

ii) Heat dissipation (Metric A B) 

(1) The EH will maintain a temperature below the maximum electrical operating 

temperature 

c) Fail Safe  

i) Valve actuation test (Metric A) 

(1) The fail safe valve will actuate upon electrical failure 

ii) Mass release test (Metric A) 

(1) The mass will release upon valve actuation 

d) Clamps 

i) Loading test dry land (Metric A B) 
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(a) The clamps will withstand a weight of 125 lbs 
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Date: 10/26/2017 

Modified: 10/26/2017 

Team: Sensors 

Gate: Component 

 

1) Material Test 

a) External Tests 

i) IMU 

(1) Static vs. Dynamic Temperature Test (Metric A, B) 

(a) Static 

(i) Underwater as sole running unit, IMU will not heat over 3oC over long 

periods of time (>30 minutes) 

(b) Dynamic 

(i) Underwater with all other units running simultaneously, IMU will not heat 

over 3oC over long periods of time (>30 minutes) 

ii) Pressure Transducers 

(1) Water suitability (Metric B) 

(a) Transducer will only have water on pressure sensor. 

(b) Transducer will operate underwater for >30 minutes. 

(2) Temperature Test (Metric A, B) 

(a) Transducers will not heat up over long or short term use (>30 minutes) 

iii) Cameras 

(1) Static vs. Dynamic Temperature Test (Metric A, B) 

(a) Static 

(i) Underwater as sole running unit, cameras should not heat over 3oC over 

long periods of time (>30 minutes) 

(b) Dynamic 

(i) Underwater with all other units running simultaneously, cameras should 

not heat over 3oC over long periods of time (>30 minutes) 

iv) Sensor Processing Unit (Metric A) 
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(1) Will boot. 

(2) Output can be measured using oscilloscope or test rig. 

b) Internal Tests 

i) IMU 

(1) Manufacturer’s Specifications Test (Metric A) 

(a) IMU will have accuracy and noise characteristics of manufacturer’s specs. 

(2) Communication Test (Metric A) 

(a) Communication will be one-way. 

(b) Communications will be at least 90% reliable (1 in 10 signals fail) 

ii) Pressure Transducers 

(1) Manufacturer’s Specifications Test (Metric A) 

(a) Pressure Transducers will meet input and output voltage and current 

characteristics per manufacturer’s specifications. 

(2) Output Test (Metric A) 

(a) Pressure Transducers will output a linear voltage based on current pressure. 

iii) Cameras 

(1) Manufacturer’s Specifications Test (Metric A) 

(a) Cameras will have the framerate and resolution of manufacturer’s specs. 

(2) Communication Test (Metric A) 

(a) Communication will be one-way. 

(b) Communications will be at least 90% reliable (1 in 10 signals fail) 

iv) Sensor Processing Unit (Metric A) 

(1) Will operate at near peak performance up to at least 100°C 

(2) Manufacturer’s Specifications Test 

(a) SPU will meet processing characteristics of manufacturer’s specs. 

 

2) Perform-Desired-Function Testing 

a) IMU 

i) Calibration test (Metric A) 

(1) IMU will be accurate within 5% of real movement. 

ii) Software Testing (Metric A) 
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(1) Software will handle any expected or unexpected output from IMU. 

(2) Software will calculate IMU data correctly. 

b) Pressure Transducers 

i) Calibration test (Metric A) 

(1) Transducers will be accurate within 5% of real pressure. 

ii) Software Testing (Metric A) 

(1) Software will handle any expected or unexpected output from transducers. 

(2) Software will calculate transducer output correctly. 

c) Cameras 

i) Software Testing (Metric A) 

(1) Software will handle any expected or unexpected image from camera.  

(2) Software will manipulate images correctly.  

d) Sensor Processing Unit 

i) Software Testing (Metric A) 

(1) Software will handle all inputs from all sensors.  

(2) Software will ignore bad inputs.  

(3) Software will output meaningful data.  

ii) Stress Testing (Metric B) 

(1) Under full load, SPU will continue to operate.  
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Date: 10/24/2017 

Modified: 10/24/2017 

Team: Propulsion 

Gate: Component 

  

1) Material Test 

a) External Test 

i) Motors 

(1) Spin/Bump test (Metric A) 

(a) Motor will run unimpeded under manufactures voltage/amperage specs 

(2) Water suitability (Metric B) 

(a) Motor will have no water in it 

(b) Motor will run underwater for >30 minutes 

(3) Manufacturer’s Specifications Test (Metric A) 

(a) Motor will not have the speed/voltage characteristics per manufactures specs 

(b) Motor will not have the torque/amperage characteristics per manufactures 

specs 

(4) Load characterization (Metric A) 

(a) Motor characterization will be with 10% of manufactures specs in voltage, 

amperage handling characteristics as well as thrust 

(5) Static vs. Dynamic Temperature Test 

(a) Dynamic (Metric A,B) 

(i) Motor will exhibit no heat up and perform as if “cold” 

(b) Static (Metric A,B) 

(i) Motor will exhibit heat up after substantially shorter time than in dynamic 

test 

(ii) Motor characteristics will degrade but not beyond the point of usability 

b) Internal Tests 

i) Battery (as naked cells) 

(1) Load Characterization (Metric A) 
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(a) Battery cells will exhibit poor performance (read as ability to respond) over 20 

minutes 

(b) Battery cells will be able to respond to all loads when fully charged 

(c) Battery cells will drop no more than 1% in power output for each 1% load 

increase 

(2) Temperature Test (Metric A) 

(a) Battery cells will heat no more than 5 °C over long term use (>20 minutes) 

(b) Battery cells will not heat up under short term use (< 10 minutes) 

ii) BMS 

(1) Communication Test (Metric A) 

(a) Communication will be bi-directional 

(b) Communication from controllers will disable batteries  

(c) Communications will be at least 90% reliable (1 in 10 signals fail) 

iii) ESC (Metric A) 

(1) Voltage/Phase will have a 1-1 relationship with input signal 

(2) Will heat up more under heavy load than light load 

(3) Will handle rated amperage and voltage +10% 

(4) Will have phase but not amplitude/switching issues upon heavy load 

(5) Heat (within spec) will not cause any more than phase distortion 

iv) MPU (Metric A) 

(1) Will boot 

(2) Will take at least 10,000 flashings (typical for solid-state)  

(3) Output will be tested in hardware; actuated in software 

(4) Power consumption will be no more than 700kJ for 30 minutes 

(5) Will operate at near peak performance up to at least 100°C 

v) HFD (Metric A) 

(1) Will be within manufactures spec +/- 10% 

(2) Will actuate 100% of the time  

(3) Will break under rated load (measured in Amperes) 

vi) EFD (Metric A) 

(1) Will be within manufactures spec +/- 10% 
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(2) Will actuate 100% of the Will break under rated load (measured in Amperes) 

vii)  Cabling and Connectors (Metric B) 

(1) Conductors will handle 1.5x times rated voltage 

(2) Multi-conductors will not exhibit insulation failures 

(3) Connectors will be chosen to physically and electrically fit conductors 

 

2) Perform-desired-function testing 

a) Motors – MPU (Metric A) 

i) Motion Test 

(1) Does it go forward, backward, and braking? 

ii) Coordination Test 

(1) Do motors give coordinated response? 

(a) i.e. we say left and we move left 

iii) Stress Testing (Metric B) 

(1) Pulse motors forward and backward till something happens 

(2) Measure delta temperature, voltage, and current 

(3) Want to model the worst random walk ever 

b) MPU 

(1) State test 

(a) Has X distinct states for position and that maps to X distinct motor states. 

(b)  Confirms no dead states 

c) HFD/EFD 

(1) Test switching via push button (Emergency Disconnect) 

(2) Timed software based failure (Software generated fault) 
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