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System Architecture White Paper 
Aerospace Senior Projects (ASEN 4018 & 4028) 
 

1.0 Information 

1.1 Project Title 

KRAKEN (Tentative) – Kinetically Roving Autonomously „K‟ontrolled Electro-Nautic is a fully 

autonomous submarine capable of translation in three dimensions and rotation about the yaw axis 

under feedback control to demonstrate the usefulness of vortex ring technology against current design 

ideologies. 

1.2 Project Customer 

Mike Krieg 

429 UCB 

Boulder, CO 80309 

Phone: 720-935-0925     

Email: michael.krieg@colorado.edu 

 

1.3 Group Members 

 

Geoffrey Lake 

lakeg@colorado.edu 

303.378.4426 

 

Torin Clark 

torin.clark@colorado.edu 

303-915-2152 

 

Peter Klein  

kleinp@colorado.edu 
303-513-4122 

 

S Lawrence-Simon  

lawrensj@colorado.edu 
617-947-5197 

 

Josh Moore  

jmmoore@colorado.edu 

303-929-7222 

 

Ben Rhea-Carver 

benjamin.rhea-carver@colorado.edu 

303-688-7891 

 

Marek Sotola  

marek.sotola@colorado.edu 

303-884-2130 

 

Steven Wilson  

wilsons@colorado.edu 

303-808-0597 

 

Christina Wolfskill  

christina.wolfskill@colorado.edu  

303-859-7470 

 

Albert Wu 

wua@colorado.edu  

720-936-8770 

 

2.0 System Architecture 

The purpose of the KRAKEN project is to design, build, test, and verify a fully autonomous underwater 

vehicle capable of completing a series of tasks. The vehicle must be capable of passing through a gate, 

locating and dislodging a buoy, following a simulated pipeline, and finally surfacing within a fixed area. 

Additionally the vehicle must incorporate vortex ring thrusters (VRTs) for lateral motion and yawing. In 

doing so, the vehicle will demonstrate the effectiveness of combining an autonomous control system with the 
integration of VRTs. In order to fulfill the purpose of the project there are various types of vehicles that could 

be built. A variety of differently shaped vehicles was considered, which are analyzed below. 
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Figure 1: Overall System Architecture 

 

 

 
Figure 2: Functional Block Diagram 

 

2.1 Shape 
The first design option that must be considered is the shape of the vehicle. The majority of autonomous 

underwater vehicles (AUVs) can be divided into the categories of a box-shaped design or a torpedo-

shaped design. The box-shaped design usually has thrusters pointing in many directions and is highly 

effective for missions where the craft must be very agile. The torpedo-shaped design has less drag in 

the body axis direction, making it more applicable for missions where motion in one direction is 
predominant. Following of the simulated pipeline will be the most motion intensive task in the 

mission. This will be predominantly in one direction and therefore the torpedo-shaped design could be 

ideal. Another design option is to not have the majority of the vehicle encased within a closed 
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container, but to have most of the vehicle systems open. Of the systems displayed, the top two systems 

chosen are the box design and the tube design. These designs were chosen because of their high chance 

of success due to known designs in industry. Some preliminary analysis of the tube and box designs is 

available in Appendix B.   

 

2.1.1 Component Integration 
VRT Integration is critical to the hull design. While it is possible to integrate the VRTs on both a 

cylindrical and box hull design, the mounting against the curved surface could make the VRT 

integration more difficult on a cylinder since the VRTs have a flat mounting surface. 

 

The circular cross section design has less volumetric efficiency 

since most items that need to fit in the vehicle are rectangular in 

shape. 

 

Working of the components inside the vehicle is critical to 
integration and troubleshooting. Experience from CU‟s previous 

underwater vehicles allows us to appropriately give this issue a 

high level of attention. A long and narrow cylindrical body 

makes accessing the parts within the vehicle difficult. One 

method of mitigating the lack of access to a cylindrical shaped 

design is to divide the cylinder into sections lengthwise. On the 

other hand, the entire top piece of the box design could be 

designed so that it is entirely removable, and complete access to 

the vehicle‟s interior would be available. 

  

2.1.2 Sealability 
While there are many other critical requirements for the project, 

none are as critical as the sealing requirement. If the vehicle is 

unable to seal than the entire project will be unsuccessful. The 

closed container allows for simple sealing, however generally 

requires more mass. The torpedo shape has the advantage of 

existing prototypes of a sealing mechanism. A previous year‟s 

underwater vehicle Senior Project, CALAMAR-E, was able to 

successfully use a gasket between aluminum collars to achieve a 

water tight seal. A box shaped vehicle may prove easier to seal 

because of the flat interface between panels, but this technology 
has not been verified. In addition, flat panels are more likely to 

deform creating an additional sealing problem. 

 

Due to the experience that the team and CU has with the tube 

shaped design, this option will be chosen as a baseline design.  

  

2.2 Propulsion 
2.2.1 Forward Motion 
Propeller thrusters are the most common and reasonable choice 

for forward propulsion. The location and implementation of 

these propellers, however, yields many options. Two basic 

possibilities are dual counter rotating propellers or a single 

propeller thruster. The dual counter rotating propellers could be mounted either behind the vehicle, one 

on either side, or one on top and bottom of the vehicle. The dual counter rotating propellers have the 

advantage of not creating a rolling moment on the vehicle. Mounting them on the back would be 
difficult to model because the vehicle would affect the flow coming into the propellers. Side mounted 

propellers could affect the flow of the VRTs, while top and bottom mounting could affect flow for 

vertical through hull thrusters if that vertical motion option is chosen. Top and bottom mounting could 

provide some pitch control, while side mounting could provide some high speed yawing control. To 

avoid flow complications with the VRTs, the top and bottom mounted dual rotating propeller thrusters 

have been chosen as a baseline design.  

Figure 3: Hull Shape Possibilities 
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2.2.2 Lateral and Yawing Motion 
For lateral motion and yawing rotation the vehicle shall implement VRTs; this is a customer 

requirement (0.PRJ.5). It will be necessary to implement the VRTs such they will provide the required 
lateral and yawing velocities. They must be located at the correct positions to create the required 

moments for yawing. 

 

2.3 Sensors 
Sensors need to be able to provide temperature, pressure, light intensity, attitude, heading, depth, 

position, and a target‟s location. This can be accomplished by many different combinations of sensors. 
Trade matrices for each sensor are included in Appendix C highlighting our sensor options. Table 1 

shows the selection of sensors to acquire the necessary environment information using the least amount 

of components. This reduces the amount of inputs to the system, enabling faster and simpler 

processing, and integration. 

 
Table 1: Sensor Selection Matrix 

Sensor Suite Selection

Sensor Temp Pres

Light 

intensity Attitude Heading Depth Position

Target 

Location REF:

Thermocouple x

Thermistor x

Temp IC x

Thermometer x

IMU x x x

Pressure sensor x x

Sonar x x x

Hydrophone x x

Magnetometer x x

Gyro x

Camera x x

Photo Resistor x

Accelerometer x

Doppler Velocity Log x x

AHRS x x x

 

3.0 Requirements 

Table 2: Top-Level Project Requirements 

Requirement Description 
Parent 

Requirement 
Verification Method 

0.PRJ.2 The vehicle shall have an image recognition (IR) 

system capable of providing location and 

orientation relative to the vehicle of TBD unique 

objects 

Customer Test 
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0.PRJ.5 The vehicle shall be capable of integrating Vortex 

Ring Thruster technology to translate laterally and 

rotate about the yaw axis. 

Customer Inspection./Demonstration 

0.PRJ.9 The vehicle's power source shall be dock 

serviceable. 

Testing Demonstration 

 

Table 3: Top-Level System Requirements 

Requirement Description 
Parent 

Requirement 

Verification 

Method 

0.NAV.2 The autonomy sub-system shall accept inputs from 

sensors, determine necessary tasks based on mission plan, 

and provide directional instructions to MCS.  

0.PRJ.4 Test 

0.ELC.1 The vehicle CPU shall have no less than TBD I/O ports. 0.NAV.2 Inspection 

0.ELC.2 The vehicle computer shall be removable and bootable in 

a TBD time. 

Testing Demonstration 

0.STR.1 The structure shall dissipate heat so that all components 

remain within their TBD temperature limits during 

continuous operation, both in and out of the water. 

0.PRJ.8 Test 

0.STR.2 The structure shall be capable of submerging to a depth 

of TBD m for 15min without damage or leaks. 

0.PRJ.8 Test 

 

3.1 Hull Shape 

Table 4: Hull Shape Requirements Considerations 

 Req Pro Con 

Tube 0.PRJ.2  Harder to get flat surface for 

camera 

0.PRJ.5 Mounting Legacy VRT modification required 

0.PRJ.9 Sealability legacy  

0.ELC.2  Sealability options must factor in 

Computer 

0.STR.1 Previous experience, less 

volume efficiency so more 

room for air 

 

0.STR.2 Previous experience using O-

ring sealing 

 

Box 0.PRJ.2 Easy to mount for a flat 

surface 

 

0.PRJ.5 Mounting options exist Drag profile for lateral motion 

0.PRJ.9 Easy access to all parts Also easy for the water to access 

0.ELC.2 Easy access for computer Liquid access problems 

0.STR.1 Ease of manufacturing Difficult to seal 

0.STR.2  Sealing 

 

3.2 Sensor Selection 

The 0.NAV.2 and 0.ELC.1 requirements determine the number of available sensor communication 

lines. The size of the motherboard is dependent on the size of the sub. Motherboards of this size often 

have fewer than normal inputs. To accomplish the desired system goals, fewer sensors minimize 
constraints on the computer. While a longer sub limits the motherboard choices, it maximizes the 

VRT’s effectiveness and should be a more successful vehicle. Thus minimizing the sensors maximizes 

the vehicles effectiveness. Table 1 shows this sensor optimization. 
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4.0 Feasibility 

The current design is similar to other submersibles which compete in the AUVSI AUV competition 

annually. Previous senior projects developed within the Aerospace Engineering department at CU have 

been designed as contained, cylindrical submersibles capable of remote control motion. Prior experience in 

the department, as well as AUVSI AUV competitors, proves that the design is feasible. The addition of 

autonomous control and active buoyancy includes an additional layer of difficulty to previous work in the 

department. Through preliminary research and calculations, it will be shown that the KRAKEN generation 

vehicle is also feasible. 

4.1 Electronics 

  

 
Figure 4: Electronics Architecture 

 

Figure 4 above shows the top level system architecture of the electronics subsystem. To make the 

project feasible, the system must provide power to all other systems as required, set up a central 

computer, and interface the hardware sensors and all actuators to the central computer.  
 

Sensors, central processing, and actuators have varying power needs; therefore a power conditioning 

unit will be implemented, allowing the team to provide power to the various 

components in the necessary voltages and 

currents. The amount of power necessary 

can be estimated (Table 5) by adding the 

power requirements of the major power-

consuming components, plus a margin of 

error for the minor components. 

 

Table 5: Power Consumption Estimate 
 

 

 

 

 

 

 

 

Computer 50W 

4x VRTs 340W 

2x Prop motor 50W 

2x Active buoyancy motor 50W 

Margin 100W 

Power Estimate 590W 

The central processor requires a 12V input, sensors require between 5V and 12V, and motor 

components can be operated at a wide range of voltages. To meet the power needs of the components a 

variety of battery packs can be used. Assuming a 12V operation, batteries would be drawing 

approximately 50A. In order for the vehicle to meet the 15 minute endurance project requirement 

(0.PRJ.8), a 12.3Ah battery is required. A battery with a ROM mass of 3kg and cost of $300 is 

available. To operate at higher and lower voltages, several high-discharge cells wired in series can be 

used, as well as power boosters. The team includes one electrical engineering major and several 

electronic hobbyists to overcome this challenge.    

 
In choosing a central computer, the needed computing resources, as well as inputs and outputs must be 

considered. The main computing needs are from the image recognition system, the autonomous 

behavior, and the feedback control system. A requirement is that the computer must have at least one 

USB, serial port, and Ethernet port (0.ELC.1, 0.ELC.2, 0.ELC.4.1), which are standard on most 
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motherboards. Based on the image recognition code developed during the Summer of 2007, a 2GHz 

mobile processor allows for processing of approximately 2 frames per second. The feedback control 

code from a control system lab assignment required around 1.5 seconds to process control inputs, 

virtually actuate the system, and settle to a steady state. The required computing power suggests that a 

dual core processor would be optimal. Motherboards as small as 6.7”x6.7” are available that include 

the required inputs/outputs and are capable of supporting dual core processors. Total cost for such a 
computer system is estimated at $800. Most of the team has built a computer from scratch, and/or has 

experience in operating system level software and can construct the computer in to the required space. 

 

The electronics system will need to interface the hardware sensors with the central computer. Some 

sensors such as the AHRS already interface through serial or USB. Other sensors will require the use 

of readily available analog to digital (A/D) converters. National Instruments (NI) sells a small, 

lightweight, 12-input USB interface data acquisition unit for $150. This hardware and software is not a 

major concern, as data acquisition is very common, and NI equipment is used extensively in the ITLL. 

In addition, every team member has experience in A/D designs learned in the ASEN 3300 electronics 

course in their Junior year. 

 

4.2 Thermal 

 

 

 

4.3 Structures 
The structures subsystem is responsible for hull shape, size, manufacturability, sealing, thermal 

rejection (TR), and passive stability. The hull shape and size are defined by the need to be no less than 

.05% buoyant, be passively stable, and able to withstand crushing forces at an operating depth of 4ft. 

(0.STR.2).  

 

Assuming the maximum possible mass of 38kg from project requirement (0.PRJ.1), and the need for 
the vehicle to be 0.5% buoyant, the required volume of the vehicle can be found by Equation 1. 

 

   [1] 

 

Because of the cylindrical design, the off-the-shelf VRTs will need to be recessed to fit inside the 

cylinder. Because the VRTs are approximately 4.75” high and 2.5”deep, the minimum diameter hull 

was calculated to be 7.5”. This dimension also allows room for the 6.8” motherboard intended for use. 

For each radius, the length of the vehicle was calculated from the total volume, and the aspect ratio is 

defined as the length/diameter.    

 

 
Where h is the depth of the VRT‟s 
 

Dreq = 7.5” L = 52.5” AR = 7 

Dreq = 8” L = 46.13” AR = 5.77 

Dreq = 8.5” L = 40.87” AR = 4.81 
 

 
Figure 5: Diagram of Hull Sizing Analysis 

 

Active roll stability is not considered as a result of its complication and the team‟s lack of experience 

in the subject. Assuming a cylinder of diameter 8”, and positioning of major mass items (VRTs, CPU, 

Prop Motors) as point masses along the center axis (body centered x-axis), the masses to offset c.g. are 

batteries and cabling. Preliminary mass budgets show the total mass offset from the center of buoyancy 

to be 4.3kg. Assuming point mass, the c.g from origin is calculated to be 0.9 inches below the center of 

buoyancy. 
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    [2] 

 

This difference between center of mass and buoyancy allows for passive roll stability. To estimate the 

amount stability, the amount of restoring torque is calculated as a function of disturbance angle from 

the desired angle.  

 

                [  

 

Assuming the inertia of a solid cylinder, the restoring angular acceleration is given as .158 

. 

 

4.4 Sealing Mechanism 

Sealing of the vehicle is a primary concern of any underwater vessel. Successful CALAMAR-E 

sealing design experience can be applied to KRAKEN, ensuring feasibility. To improve on the design, 

sealing methods are being tested on smaller prototypes. If a better method is found through testing of 

the smaller prototypes, a larger prototype will be developed and integrated if it is successful. 

4.5 Actuator Design 

This design incorporates two different motion actuator systems: Vortex Ring Thrusters and Propellers. 

The first generation of VRTs have been developed, tested, and integrated into a vehicle by the 2005-

2006 CALAMAR-E Senior Project. A project requirement (0.PRJ.5) dictates that the submarine must 

allow for the integration for VRTs as specified by the customer, to be used for lateral motion as well as 

yaw rotation. Together, the four VRTs require 3903 cm3 (238 in3) of volume, 100 Watts, and 2.27 kg. 

Thrust calculations demonstrate that the force required is less than the VRTs output.  

 

The force balance equation (Equation 4) is broken in to components in each body axis, forward (fwd), 

lateral (lat), and vertical (vert). Assuming a perfect cylinder in water1 the coefficient of drag (CD) is 
1.17 in the lateral direction. For the maximum lateral velocity (0.MCS.1.3), the force required to 

maintain the velocity is 0.7N (0.157 lbf). This force is half of the force provided by each VRT, proving 

the VRTs are feasible as a method of lateral motion.  

 

    [4] 

 

   
 

A requirement (0.MCS.1.1) dictates that the forward thrusting propellers can maintain a velocity of 

0.333 m/s. Assuming a CD  of 1.7 for the forward motion of the vehicle (based on CALAMR-E data) 

the required thrust is shown to be 2.1 N. The chosen fan thrusters generate a maximum of 28.5 N, 

ensuring the design will meet requirements. 

 

The active buoyancy system is required to ascend and descend at a rate of .05 m/s. At this maximum 

rate, approximately 2.26N of force is required to descend, as calculated by the thrust equation above. 
The primary design is the use of vertical propeller thrusters. These thrusters will need to be 

continuously operating to keep the vehicle from surfacing, due to its 0.5% buoyancy. If the vehicle 

needs to ascend, it will turn off or reverse these thrusters. To descend, the thrusters will need to 

provide more thrust than the buoyancy force. For pitch control, the thrusters would likely be located at 

the front and back of the vehicle. Available propeller thrusters vary in thrust, and 2.26N is on the low 

end of the power spectrum. The electronics system will be capable of providing continuous power to 

these thrusters. This type of active buoyancy system is widely used at the AUV competition, so it is a 

proven design. The buoyancy control will be incorporated into the control system of the vehicle, and it 

is not expected to be more of a programming challenge than horizontal movement. Utilizing identical 

vertical and horizontal thrusters will ease integration and ensure a thorough understanding of 

performance. 

4.5 Autonomy 
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Automation has three main technical difficulties: the motion control algorithm, the image recognition 

system, and the overall system development. By combing the expertise of the CU faculty and the 

students taking control classes, the control system will be developed. A very simple linear control 

algorithm was successfully developed and briefly tested over the summer on the 2005-2006 

CALAMAR-E submarine. The system can also be designed, written, and tested with knowledge of the 

sensor suite, actuators, and simulated inputs. The second automation tall pole is the image recognition 
system. Work has already been done that indicates that such a system is indeed feasible; current 

algorithms that can identify two of the three shapes through a variety of water conditions have been 

tested successfully. The algorithm currently processes an image frame in 0.6 seconds, which is an 

acceptable submarine constraint. The last significant obstacle is the system development. At a 

minimum, this system shall consist of logging, health and status, and data collection programs. This 

system is an obstacle in design and preparation; not in implementation, since the group has four 

computer scientists on it (1 major and 3 minors). Furthermore, the modular system design facilitates 

early system testing. While the development of this system will be difficult, it is by no means 

impossible. 

 

4.6 Cost 

The project has pursued and acquired an additional $6000 in grant money.  In addition, Avedyne has 

agreed to donate an attitude and heading reference system (AHRS) similar to studied components on 

the order of $1500.  The project as designed does not meet the $4000 senior projects budget, but is 

maintaining a 36.65% margin.  Table 6 summarizes the current project budget. 

Table 6. Budget Summary 

System Estimated Cost 

Budget $10000 

NAV -$ 506 

MCS -$ 1950 

ELEC -$ 2479 

STR -$ 900 

Margin (25%) -$ 2500 

Miscellaneous -$ 500 

Unappropriated  $ 1165 

   

5.0 Testing and Verification 

5.1 System Integration Testing 

After integration the entire submarine will undergo a series of tests prior to the actual mission. 

The forward, lateral, rotational, and vertical propulsion system will be tested by submerging the 

vehicle, starting the propulsion system, letting the vehicle accelerate to its maximum velocity, and then 
timing how long it takes for the vehicle to travel between two fixed points. From this distance and the 

measured time, an average maximum velocity can be calculated. 
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The integrated sensors will need to be tested. This will be accomplished by moving the vehicle, either 

manually or with the built-in actuators, and checking the state output against observational data as well 

as the decision output for rationality.  

The integration between the MCS and Navigation systems will be critical to the submarines 

performance. To check that these systems are integrated properly the navigation sensors will be given 

input, and the MCS output will be checked for accuracy.  

 
On a top level the MCS system will be displayed in the demonstration of the complete, fully-integrated 

vehicle completing the target mission. This demonstration will display the coordinated and effective 

use of the VRTs for lateral translational motion and yaw rotation, the forward propulsion system, and 

the active buoyancy system. 

5.2 Individual System Tests 
Test plans for each system are included in Appendix A. 

 

6.0 Risks 

Table 7: Risk Analysis 

Risk Description Mitigation 

0.RSK.1 Autonomy Outsource programming or buy code 

0.RSK.2 Hydrodynamic Modeling and Control Either buy a hydrodynamic model or control 

algorithm and adapt to KRAKEN 

0.RSK.3 Active Buoyancy Alternate design: COTS ballast system 

 

As shown in Table 6, the top three technical risks to this project are autonomy, hydrodynamic modeling 

and control, and active buoyancy. Initial calculations show that the design is feasible; however, the team is 

prepared to adopt mitigation strategies in the event of unforeseen difficulties. 

 

The component that has been identified as the top risk to the project is the autonomy software for the 
vehicle. This is the primary difference between our project and previous generation submarines built at CU. 

It involves complicated software algorithms that are expected to take significant effort to develop and test. 

The primary mitigation strategy in the event that the team is unable to successfully complete the autonomy 

software is to draw extra help from outside resources. Parts of the code that are proving to be too difficult 

for the team could be outsourced, or an entire autonomy algorithm could be bought and adapted to the 

vehicle. Alternatively, a software suite, such as Microsoft Robotics Suite, or National Instruments UUV 

control, could be purchased and used to facilitate the autonomy development.   

The next aspect of concern is the hydrodynamic modeling and control of the vehicle. The team is already 

planning to rely heavily on faculty expertise within the college to address this issue, as the necessary 
expertise is not available within the team. However, further mitigation techniques include purchasing a 

hydrodynamic model from an outside source, such as MBARI, BlueFin, or WHOI and adapting it to our 

vehicle. These types of control algorithms could possibly be obtained through corporate sponsorships or by 

purchasing from firms with extensive AUV expertise. 

 

The active buoyancy system for the vehicle is another risk because a successful active buoyancy system 

was not included in any previous generation of CU vehicles. The current design uses vertical thrusters to 

constantly apply a downward force on the vehicle to stay underwater. However, this may require too much 

power or may disrupt the flow, inhibiting the operation of the VRTs. In the event that the vertical thrusters 

will not work for our application, it is possible to instead use a ballast system, either designed by the team 

or bought off the shelf to satisfy the active buoyancy requirement of the vehicle. In addition, control 

surfaces and an adjusted mission plan could enable the team to remain submerged, and still complete the 
given mission.   
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7.0 Team Qualifications 

Table 8: Team Qualifications 

Technical Area Team Member Responsible Level of Expertise 

Systems 

Engineering 

S Lawrence-Simon, Steve Wilson Lawrence-Simon – Space Grant; Wilson – Summer 

Internship 

Software 

Engineering 

Josh Moore, Marek Sotola, Steve 

Wilson, Christina Wolfskill 

Sotola – Computer Science Major; Others – Computer 

Science Minor 

Manufacturing Torin Clark, Geoff Lake, Christina 

Wolfskill 

Clark – VRT manufacturing; Lake – professional 

manufacturing experience 

Electronics Josh Moore, S Lawrence-Simon, 

Albert Wu, Peter Klein 

Microcontroller Course, Summer Experience, Computers 

as Components Course 

Navigation Albert Wu, Peter Klein Wu – Summer Internship; Klein – Image Recognition 
Software Development 

Motion Control  Torin Clark Previous VRT Experience 

Structures Ben Rhea-Carver, Peter Klein Rhea-Carver – Summer internship, course assistant; Klein 

– Space Grant Structures Lead 

Hydrodynamics Geoff Lake Summer Internship, Course Assistant 

Control Systems Albert Wu, Steve Wilson, Geoff 

Lake 

All - Controls Course; Lake – Summer Internship, Wu – 

Robotics Controls Experience 

Data Acquisition Albert Wu, Josh Moore Wu – ITLL 

Autonomy S, Albert Previous experience 

 

8.0 Response to PDD feedback from PAB 

Table 9: Response to PDD Feedback 

PAB Comment Response 

Concept of Operations is a 

rough draft 

The concept of operations is highly dependent on the mission that the team has 

designed to showcase the abilities of the sub for the senior projects class. The mission 

has been defined since the PDD was submitted, so a more detailed concept of 

operations is now feasible. 

Minimum requirements for 

success are not sufficient to 

satisfy the customer 

requirements 

There are two customer requirements that are not defined as minimum requirements 

for success. The first is the weight requirement and the second is a 3-axis motion 

requirement. Both of these requirements should be defined as minimum requirements 

for success; however, the motion requirement depends on working VRTs that will be 

provided by the customer. 

Technical risks are not well 
defined. 

The technical risks for this project have been revaluated for section 6 of this 
document. There are better defined mitigation strategies and consequences that the 

risks pose to the project. 

 

9.0 Resources and References 

9.1 Facilities 

Table 10: Facilities 

Facility Comment 

Carlson Pool This is the primary on campus pool in which submerged testing will be done. The 

team has already used this pool and should have permission to do so during the year. 

The POC is John Meyer. 

Microfluidics Lab There is a 700 gallon tank in this lab that may be used for testing. The POC is 

Kamran Mohseni. 
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9.2 References 

1. Cramer, M. S. "Bluff Body Drag Calculator." Virginia Tech. 27 Sept. 2007

 <http://www.eng.vt.edu/fluids/msc/jscalc/cdcal26.htm>. 

10.0 Acknowledgements 

10.1 Customer contacts 

The customer (Mike Krieg) offered his inputs on the hull design of the vehicle. He saw pros and cons 

with each option. For the tube, previous experience, ease of manufacturing, and pitch/roll stability are 
important characteristics. However, he liked that the box can have easy access to internal components. 

10.2 Faculty members 

Professor Mohseni, one of our PAB faculty advisors, also joined in on the discussion of the hull shape 

and offered similar advice to that of the customer. 
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11.0 Appendices 

Appendix A: Individual System Test Plans 

Navigation  

The navigation system consists of three basic subsystems: signal processing, state determination, and the 
decision tree, shown in the following figure. 

 

 
Before integration the navigation system will be tested in three ways: 

1. The signal processing and state determination subsystems will be tested together. To do this raw signal 

data will be injected into the signal processing subsystem. These will either be pre-recorded or 

simulated signals. The output of the processing system will be checked against truth (if the input signal 

was pre-recorded) or simulation parameters (if the input signal was simulated). The Signal Processing 

and the State Determination subsystems will be tested together because the level of signal processing 

required depends on the needs of the state determination algorithm. Also, the two systems will never 

be used independently. The output of the signal processing subsystem will always go to the state 

determination subsystem; the state determination subsystem will never receive input from anything 

except the signal processing subsystem. 

2. The decision tree subsystem will be tested by injecting a state or series of states into the tree. The 
decision output will then be tested for rationality 

3. Finally all three subsystems will be tested together. Raw signal data will be fed to the signal processing 

subsystem. This data will be either simulated or recorded. The decision output will then be checked for 

rationality. Also the State output will also be checked against the known truth. 

 

Electronics  

Before integration the electronics system will be tested in seven ways: 

1. The majority of the electronic requirements will be tested through inspection. These inspections will 

include I/O ports, computer removal time, boot time, network accessibility, open circuit voltage, and 
power source replacement time. 

2. The wiring and connectors will be tested before implementation to verify that all connections are 

positive and robust. This will be accomplished by assembling the electronics system before integration 

with the structure.  

3. To test and verify that the power source is capable of providing power for a minimum of 15 minutes 

under full operation, a power source test shall be conducted. The system power source will be 

connected to a circuit that draws the expected maximum current of the system. The power source will 

then be monitored for 15minutes to ensure that the voltage and current do not drop below the required 

threshold to power all the components on the vehicle. This required power will be initially estimated, 

and later verified by measuring the power draw of each component at full operation once the 

component is acquired. 
4. The pressure sensor will be tested using a test vessel. The sensor will be moved to depths varying from 

0m to 5m. The voltage output will be recorded. This voltage will be converted to depth using the 

function that relates the sensors voltage to pressure. 

5. The temperature IC will be tested in water with temperatures in a lab environment. The voltage output 

will be recorded. This voltage will be converted to temperature using the function that relates the 

sensors voltage to temperature. 

6. The AHRS is a three-axis accelerometer. The accelerations can be tested by verifying that each axis 

properly measures earth‟s gravitational field. If there is a tilt/roll sensor, these will be tested 

individually in a test vehicle to verify the measure angle is accurate. 
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MCS  

Each part of the MCS system needs to be tested individually according to the requirement specified tests.  

 
A similar test will be done for lateral and rotational motion. So it might become necessary to do tests of the 

VRTs in the tank or the propellers that we use in the tank in order to see if they can provide the correct 

amounts of thrust given their specified power. However, it is more important to test whether the use of the 

VRTs on the vehicle can provide enough thrust to achieve the desired velocities, so it might be necessary to 

assemble with the vehicle to do meaningful MCS system level tests.  

Along with the actual speed tests, lower level acceleration tests will be necessary such that in each direction 

of motion, the vehicle shall be able to accelerate from rest to 50% of maximum velocity in a given time. 

The idea of 50% of the maximum velocity comes from the vehicle needing to accelerate to a reasonable 

operational speed within a reasonable time. The “reasonable” times are still changeable, but it is important 

that they be defined.  

Interface tests are also important for this system. The interface between the computer and the VRTs must 

be tested such that the computer can give commands to the VRTs (for example) and that they will act 

appropriately.  

From a safety standpoint, all external moving parts and their shrouds must be inspected before operation. 

 

Structures 

Before integration with other systems the structures section will undergo two tests: 

1. The hull integrity of the structure will be tested, both for structural failure as well as leaks. This will be 

accomplished by sealing the structure without any damageable components inside. A pressure sensor 

will then be placed inside the watertight structure. The entire assembly will then be placed inside a 

pressure chamber. This chamber will be placed at a pressure equal to that of water at 16ft. The pressure 

sensor inside the structure will then be monitored; any increase in internal pressure will indicate that a 

leak is present. 

2. Once the structure has been pressure tested, all of the primary components will be placed inside and 

the stability will be tested. This will be accomplished by placing the assembled structure in water and 
disturbing it in the pitch and roll directions. To test the dynamic stability the structure will be pulled 

underwater in the upward, sideways, and forward dimensions using a line attached to the center of 

gravity. 
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Appendix B: Preliminary Analysis 

  

Shape of Cylinder Angular acceleration for yaw/pitch of cylinder 

 

  
Shape of box design Angular acceleration for yaw of box shape 
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Appendix C: Sensor Trade Matrices 

9/28/2007 VoRGUS PDR 199/28/2007 VoRGUS PDR 19

Sensor Suite Selection - IMU/AHRS

Model Physical Sensor Range Resolution Cost

Length Weight Mag Acc Gyro Sample Rate Accel Mag Gyro Orientation

(mm) (grams) (Hz) (Ñg) FS (ÑGauss FS) (Ñdeg/sec) static (deg)

Enclosure

/Not Processed/Unpro

AHRS 

S305 82x140x60 607 x x x 71.11 10 100 0.5

Sonardyne 

Radian 

AHRS 160x92x78 x x x 0.05 $6,500

MEMSens

e nIMU 

NA02-

0300F050 1.8 x x x 50 2 300

motion 

node IMU 50x35x15 x x x 60 2 500 2 $1,000

3DM-

GX1 65x90x25 75 / 26 x x x 100 / 350 5 1.2 300 <0.1 $1,500

MICRO 101x81x60 660 x x x 60 -3 to 6 0.8 150-400 0.1 $8300

 

9/28/2007 VoRGUS PDR 20

Sensor Suite Selection - Hydrophone

Vendor Model # Cost Mass
Operating 

Frequencies

Safe 

Depth
Power Dimensions Capacitance Notes

Aquarian Audio Products AQ3 $154 270 g 20Hz - 100kHz 6-15VDC

Aquarian Audio Products H1 $79 10Hz - 50 kHz

Aquarian Audio Products H2

Bruel & Kjaer 8103 $1,937.00 170g .1Hz - 100kHz 400 m 50 mm x 9.5(dia) mm 3850 pF

GlobalSpec ITC-4066 380 10Hz - 10kHz 2500 ft 100.8mm 14000 pF

ICC MEC-622PD-02-714 100Hz - 10kHz <10VDC 6 mm

ICC MEO-418PD-02-643 20Hz-16kHz <10VDC 4.5 mm

Chelsea Tech CTG0756 1-20kHz 550 m <1000Vrms 22 mm 14000 pF

Chelsea Tech CTG1339 1-10kHz 250 m <250Vrms 28 mm 3300 pF

RESON TC4038 20g 1Hz - 120kHz 400m 58mm

RESON TC4013 $948 75 g 1Hz - 170kHz 700 m 63mm

BTECH Acoustics BT-2RCL 20 - 40 kHz 1.5 x 1.875x 3.375 (in)

BTECH Acoustics BT-1RCL 20 - 40kHz 1.5 x 1.875x 2.583 (in)

Cetacean Research Tech. CR2 20Hz - 28kHz 300 m 5.6x1.4(dia) cm 820 pF
distributer of Sensor 

Tech.

Harris Acoustic Products HAP-5050 64Hz - 50kHz 600 m 24VDC 21.3x3(dia) cm

InterOcean systems R-748 142g 2-40kHz +/- 3dB NA 6.8x3.8(dia) cm 7000 pF contact

InterOcean systems 1431 1.6kg 200Hz-70kHz 12VDC 14x2.6(dia) cm

Sensor technology SQ31 250g 5Hz - 65kHz 650 m 12VDC 15.2x2.54(dia) cm

Sensor technology[2] SQ26 $125-150 16g 30Hz to 30kHz 2000 m 2-5VDC
7x3,2(dia) cm

1400 pF used by other teams
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9/28/2007 VoRGUS PDR 21

Sensor Suite Selection - Camera

Type Price Size/weight
Power 

requirements
Resolution

Adjustable 

settings

Ease of 

connectivity
Software

Necessary computing 

power

Field of 

View

RHPC-USB-1.38
29x29x29mm, 

38g
usb powered 1.38 MP

Extra lenses availiable, 
adjustable settings

USB
yes, not 
included

Windows XP, 1GHz, 256 RAMdepends on lens

RHPC-2000/2005
22x26x29mm, 

10g
5V DC .38 MP Questionable coax, I2C no ? depends on lens

Fire-I digital Board Camera
$105+len

s
54x52x12mm 12V DC 1.3 MP yes firewire yes

Windows, MAC, Linux, 

FIREWIRE NEEDED
depends on lens

Logitech Ultra-Vision $105 80x30x30mm usb powered 1.3 MP yes USB yes
Windows XP, Mac, Linux, 1.4GHz, 

256 RAM
unknown

Logitech Quickcam pro[3] $70 20x30x20mm usb powered 1.3 MP yes USB yes
Windows XP, Mac, Linux, 

1.4GHz, 256 RAM
unknown

Sentech machine Vision
45x45x25mm, 

45g
usb powered 1.3 MP yes USB yes Windows XP depends on lens

 

9/28/2007 VoRGUS PDR 22

Sensor Suite Selection - Temperature

Water Temperature Sensor Trade Matrix[9]

Type Price Size Weight Notes

thermocouple free small light Most likely need additional circuit

thermistor $1/ free small light
+-0.02 C accuracy

Need constant current circuit 

ICôs $1-5/free tiny light 0.5 C accuracy

Available IC Models

Model Price Supply voltage Range Output Notes

AD590JH $6.50 4-30 VDC -55C to 150C +/- 1.5 C 298.2microA/C should not need amplifier

AD590KF $20.00 4-30 VDC -55 to 150C +/- 0.8 C 298.2microA/C should not need amplifier

Honeywell #TD5A $3.60 10VDC/1mA -40 to 150 C +/- 0.4 C voltage Designed for liquid interface

LM35[10] $1.00 4-30 VDC -55 to 150 C +/- 0.5 C voltage
Free samples available

Possibly not high enough resolution

9/28/2007 VoRGUS PDR 23

Sensor Suite Selection - Pressure

Model Voltage Weight Shape Cost Accuracy

Futek PMP621 5-15V <100 g Cylinder $898 +-0.1%

GE Druck PTX 7801 9-30V 340 g Cylinder $390 +-0.2%

Honeywell LL-V 11-28V 300 g Cylinder $300 +-0.1%

GF Signet 2450 9-24V light weight Cylinder $155 +-1%

 
 


