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Purpose and Objectives
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Project Purpose

COMPASS

Position a Model in 

the Wind Tunnel on 

East Campus

Statically position 

a model in 4 DoF

Interface with 

current wind tunnel

Mobility of entire 

system

Failsafes within 

hardware and 

software

Easily 

maintainable for 

future use
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Motivation

Provide a model positioning system for the new 
wind tunnel and provide support for aerodynamic 
models used for: 

• Research performed by CU graduate students and 
professors  

• Graduate student labs 

• Undergraduate senior projects
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Design Solution
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Previous Design

• Yaw axis and pitch axis did 
not intersect (did not 
collocate). 

• Plunge mechanism had to lift 
weight of entire system.

• Slit allowing crescent arm to 
plunge would cause flow 
issues.

• Size of roll motor seriously 
limited available torque.  
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Revised Design

• Allows for collocation of axis.

• Pitch and Plunge 
accomplished by linear 
actuators.

• No slit needed for plunge.

• Roll motor removed and 
replaced with static roll.
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CONOPS
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FUNCTIONAL BLOCK DIAGRAM
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FUNCTIONAL BLOCK DIAGRAM
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FUNCTIONAL BLOCK DIAGRAM
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FUNCTIONAL BLOCK DIAGRAM
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Critical Project Elements
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Functional Requirement Overview

FR 1: Statically position the Model (in 4 DOF)

FR 2: Interface with current wind tunnel hardware 

--------------------------------------------------------------------------------------

FR 3: Mobility of the entire system

FR 4: Failsafes within hardware and software

FR 5: Easily Maintainable for future use  
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Functional Requirements
FR 1: COMPASS shall position the model

DR 1.2.1 - DR 1.2.4: COMPASS shall position the model within 
the ranges of:

• ± 30° in pitch

• ± 30° in yaw

• ± 45° in roll

• ± 10 cm in plunge

DR 1.2.5: The accuracy of the 4 DOF shall be:
• ± 0.1° in pitch

• ± 0.1° in yaw

• ± 0.5° in roll

• 0.5 mm in plunge
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Wind Tunnel Interface
FR 2: COMPASS shall interface with the wind tunnel

DR 2.1: COMPASS hardware shall interface with wind tunnel 
hardware such that it:

• Modifies test section only through removal of bottom surface of a 
single test section

DR 2.2: COMPASS software shall interface with the wind tunnel 
such that it:

• Utilizes LabVIEW software
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Critical Project Elements
Critical Element Reasoning for Critical Status

CPE.1: Yaw Mechanism Minimum success requires ability to yaw across a range of ±30° at an accuracy 

of 0.1° as specified in DR 1.2 and DR 1.2.5, respectively

CPE.2: Pitch Mechanism Minimum success requires ability to pitch across a range of ±30° at an accuracy 

of 0.1° as specified in DR 1.2 and DR 1.2.5, respectively

CPE.3: Plunge Mechanism Minimum success requires ability to plunge across a range of ±10 cm at an 

accuracy of 0.5 mm as specified in DR 1.2 and DR 1.2.5, respectively

CPE.4: Wind Tunnel Interfacing Integration with wind tunnel such that it meets sizing and interfacing 

specifications as outlined in DR 2.1 — DR 2.3 is a requirement given by the 

customer

CPE.5: Software Implementation Design for LabVIEW integration is a requirement specified by the customer

CPE.6: Structural Integrity Successful operation of COMPASS dependent on linkages and other 

mechanical components not failing in shear or buckle

35



Satisfaction of Design 
Requirements
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Yaw Mechanism
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Yaw Design Requirement Satisfaction
• ClearPath Integrated Servo Motor

• Rated for 3.38 N-m torque
• Expected max torque: 75 N-m

• Accuracy: 0.45°
• Needed accuracy: 0.1°

• Yaw Motor has no turn restrictions so 
the 30° requirement will be met

• Worm gear ratio: 40:1
• Cont. Torque: 135.2 N-m
• Accuracy of 0.01°

• Margin = 80%

Critical 

Element 

Satisfaction Justification

CPE.1: Yaw

Mechanism

SATISFIED

Minimum success requires yaw

across a range of ±30° at an 

accuracy of 0.1° as specified in 

DR 1.2 and DR 1.2.5, respectively 

This motor satisfies DR 1.2 and 

DR 1.2.5.
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Yaw Circuit

Key Components
• 5 Volt Transformer for Arduino 

Power
• 75 Volt Transformer for Motor 

Power
• Yaw Motor Controller included 

in Yaw Motor Assembly

Key Components
• Yaw Motor and Built in 

Controller
• Yaw Motor Built in Encoder for 

Controller Feedback
• Absolute Encoder for LabView

Feedback
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Pitch/Plunge Mechanism
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Pitch and Plunge Design Requirement Satisfaction

• PA-03 Linear Actuator

• Rated for 600 lbs. of force
• Expected max force: 185 lbs. 
• Margin = 320%

• Arduino control and hall effect sensor 
feedback allow for precise control.
• 0.0016 inch precision from 38:1 gear ratio
• Correlates to 0.0465⁰ accuracy

• Total stroked needed for ±30⁰ is 21.26 
inches
• Actuators can be ordered with customizable 

stroke length up to 40 inches

Critical 

Element

Satisfaction Justification

CPE.2: Pitch

Mechanism

SATISFIED

Minimum success requires pitch

across a range of ±30° at an 

accuracy of 0.1° as specified in 

DR 1.2 and DR 1.2.5. This

actuator satisfies DR 1.2 and DR 

1.2.5.
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Pitch and Plunge Circuit

Key Components
• Arduino Uno w/ Ethernet
• 2 Mega Moto Control  Boards
• 5 Volt Transformer for Arduino Power
• 12 Volt Transformer for Actuator 

Power 

Key Components
• 2 Linear Actuators rated to hold 600 

pounds of force
• 2 Hall Effect Sensors for Arduino 

Feedback
• 2 Rotary Encoders for LabView 

Feedback

Key Components
• NI 9301 DAQ for Encoder Data 

Acquisition
• 4 Schmitt Triggers to reduce noise by 

forcing a signal to a 5 Volt high or 0 
Volt Low
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FR 2 Satisfaction

FR 2 Solution Satisfied?

DR 2.1: COMPASS hardware

shall interface with wind tunnel 

hardware such that it modifies 

the test section only through 

removal of bottom surface of a 

single test section

COMPASS shall manufacture a 

baseplate that will interface with 

the wind tunnel by being 

screwed into the frame

SATISFIED

DR 2.2: COMPASS software

shall interface with the wind 

tunnel such that it utilizes 

LabVIEW software

COMPASS shall be controlled 

through LabVIEW software VIs.

Arduinos can also be controlled 

through LabVIEW

SATISFIED
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Error Characterization for Each DOF

• Yaw can be characterized directly by absolute encoder

• Pitch and Plunge have more open-loop elements
• Error can be characterized to validate/verify pointing accuracy

Component (Yaw DOF) Error (degrees)

Absolute Encoder 0.022°

Radial Bearing Slop 0.0°

Total 0.022°

Component (P/P DOF) Error (mm/degrees)

Linear Actuator 0.0406 mm | 0.045°

Incremental Encoder 0.00857 mm | 0.0095°

Radial Bearing Slop 0 mm | 0.0°

Total 0.0406 mm | 0.045°

44



Project Risks
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Primary Logistical Risks

5 A

4 C|D B|E

3

2

1

1 2 3 4 5

A: Sufficient budget for 

motors, sensors and 

materials

B: Delivery schedule of 

purchased items

C: Development time of 

software

D: Time required for testing 

and validation

E: Manufacturing capability of 

sting assembly, metal plates

Risk Matrix

P
ro

b
a
b

il
it

y

Severity

Acceptable Tolerable Intolerable

Consequence

A

B

C/D

E
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Primary Logistical Risk Mitigation

Risk Mitigation

A: Sufficient budget for motors, 

sensors and materials

EEF funding of $3,000 granted

B: Delivery schedule of purchased 

items

Delivery dates of acquired components determined and 

accounted for in schedule

C: Development time of software Scheduling buffer allocated for delays

D: Time required for testing and 

validation

Scheduling buffer allocated for delays 

E: Manufacturability of sting 

assembly, metal plates

Manufacturing capability verified by Matt
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Verification and Validation
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Verification and Validation 

• Functionality Testing: Purchased 
Components 
• Yaw Motor/Encoder

• Linear Actuator/Encoder/Arduino 

• NI DAQ

• Subsystems Testing 
• Software Testing 

• Electrical Interfacing Testing

• Mechanical Tolerance Testing
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Mechanical Subsystem: Pitch/Roll Tolerance
• Main Objective: Show accuracy/range in 

pitch/roll within requirements

• Requirements verified: DR 1.2.1, DR 1.2.5.1,  
DR 1.2.3, DR 1.2.5.3

• Location:  Anywhere

• General Procedure: Securely clamp 
protractor to sting arm, then command desired 
angle. Cross reference commanded  angle to 
digital protractor reading.

• Accuracy within ± 0.1°: Validates Pitch & Roll

• Systems Needed: Pitch/Roll Mechanisms 
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Mechanical Subsystem: Yaw Tolerance 

• Main Objective: Show accuracy/range in 
yaw within requirements

• Requirements verified: DR 1.2.2,  DR 
1.2.5.2

• Location:  Anywhere

• General Procedure: Command yaw angle, 
read angle with angle finder. Compare 
angle finder's measurement to commanded 
angle.

• Accurate to within ±0.1°: Validates Yaw

• Systems Needed: Yaw Mechanisms 
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Mechanical Subsystem: Plunge Tolerance 

• Main Objective: Show accuracy/range in 
plunge within requirements

• Requirements verified: DR 1.2.4,  DR 1.2.5.4

• Location:  Anywhere

• General Procedure: Command desired plunge, 
measure change in linear actuator height with 
calipers.

• Accurate within ±0.025 mm: Validates Plunge

• Systems Needed: Plunge Mechanisms 
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Pointing System Model Motivation 

• Baseline the performance of the system 
• How SHOULD the system be performing? 

• Compare system performance to the model 
• How does the system ACTUALLY perform? 

• Have a confident method of tuning control gains 
• How can the system perform ACTUALLY as it SHOULD? 

• GOAL: Have a high fidelity model for evaluation and validation 
of system performance
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Pointing System Model

• Simulink simulation of the system 
• System has two control loops: 1 outer and 1 inner 

• Outer loop handled by LabVIEW; Inner loop handled by motor 
controller 

• Necessary to model DC motor with motor controller and 1 DOF
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Pointing System Model

• Key Assumptions of the Model:
• Motor Controller assumed to have constant control gains

• Values for DC Motor assumed to be constant

• Movement of each DOF is not simultaneous/does not affect each other
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Simulation Focus: Yaw

Encoder Shaft

Upper Plate Rotates
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Simulation Responses

• Settling: +-0.1 degree

• Range: 3 degrees

• KP = 10, KI = 30, KD = 0 

• Settling Time: 4.93 sec 

• Overshoot: 0%

• Demonstration of model 
flexibility and capability
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Model Looking Forward
• GOAL: Increase fidelity of the model in place by determining 

and refining model estimates
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Project Planning
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Organizational Chart

COMPASS

Test Lead

Nick Gilland

Project Manager

Mandy Olguin

Electronics Lead

Kyle Skjerven

Software Lead

Anna Waltemath

Safety Lead

Alex Wood

Financial Officer

Ryan Matheson

Mechanical Lead

Brandon Harris

Systems Engineer

Kristian Kates

Customer

Dr. John Farnsworth

Advisor

Dr. Jeliffe Jackson
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Work Breakdown Structure 
COMPASS

Mechanical 
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Roll
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Integration
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Spring Break

Winter Break

Week 1 Week 

15

Week 7 Week 10 Week 

17

Finalize Early 

Development

FFR

TRR

MSR

SFR PFR

= COTS Parts

= Machining

= Models

= Software

= Testing

= Breaks

= Margin

= Milestones

= % completion

Component 

Integration and 

Testing

Wind Tunnel 

Integration

Component Testing, 

Machining, Model 

Completion
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Financial Budget 
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Winter Break

= Full Test Plan

= Component

= Subsystem

= Integration

= Mechanical 

Tolerance

= Breaks

= Margin

= Milestones

= % Completion

FFR

TRR

MSR

SFR

PFR

Component and 

Subsystem Test

Mechanical 

Tolerance Test

Wind Tunnel Test

(East Campus)

Week 

15

Week 7Week 1 Week 10 Week 

17

Spring Break

Full System 

Test Plan
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Questions?
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Back-up Slides
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COMPASS Levels of Success

Categories: Position/Angular 
Accuracy

Range Testing 
Expectations

DOF

Level 1 Pitch: +/-0.1 deg
Yaw: +/-0.1 deg

Pitch: +/-30 deg 
Yaw: +/-30 deg

Test system 
external of 

tunnel

Pitch
Yaw

Level 2 "      "
Roll: +/- 0.5 deg

"      " 
Roll: +/- 45 deg 

Test with VICON 
System

Roll

Level 3 "      "
Plunge: +/- 0.5mm

"      " 
Plunge: +/- 10mm

Test in Wind 
Tunnel

Plunge
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Functional Requirements 
Back-up Slides
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Functional Requirements [DR 1.1 - 1.2.4]
FR 1 COMPASS shall position the model

DR 1.1 COMPASS shall have 4 Degrees of Freedom: pitch, plunge, roll, and yaw.

Motivation: The intent is to be able to have 4 Degrees of Freedom.

V&V: Demonstration – The system shall be moved to prove that 4 Degrees of Freedom are allowed.

DR 1.2 COMPASS shall position the system with the ranges defined in DR 1.2.1 through 1.2.4.

Motivation: The intent is to simulate real aerodynamic positions.

V&V: Successful verification of DR 1.2.1 through 1.2.4.

DR 1.2.1 The pitch range of the model shall be ±30°.

Motivation: The intent is to give enough range in pitch to simulate real aerodynamic positions.

V&V: Test – With an input of ±30° pitch, using a digital protractor, the angle shall be checked.

DR 1.2.2 The yaw range of the model shall be ±30°.

Motivation: The intent is to give enough range in yaw to simulate real aerodynamic positions.

V&V: Test – With an input of ±30° yaw, using a digital protractor, the angle shall be checked.

DR 1.2.3 The roll range of the model shall be ±45°.

Motivation: The intent is to give enough range in roll to simulate real aerodynamic positions.

V&V: Test – With an input of ±45° roll, using a digital protractor, the angle shall be checked.

DR 1.2.4 The plunge range of the model shall be ±10 cm.

Motivation: The intent is to give enough range in plunge to simulate real aerodynamic positions as well as maintain the model position in the center of

the wind tunnel test section.

V&V: Test – With an input of ±10 cm, using calipers, the range of motion shall be checked.
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Functional Requirements [DR 1.2.5 - 1.3]
DR 1.2.5 The accuracy of the 4 Degrees of Freedomshall be provided below in DR 1.2.5.1 through DR 1.2.5.4.

Motivation: The intent is to provide accurate model positioning as close to the user’s desired position as possible.

V&V: Successful verification of DR 1.2.5.1 through DR 1.2.5.4.

DR 1.2.5.1: The accuracy for pitch shall be within ±0.1°.

Motivation: The intent is to ensure the model is positioned as close to the user's desired position as possible.

V&V: Test – After a given pitch movement, a digital protractor will be used to ensure accuracy.

DR 1.2.5.2: The accuracy for yaw shall be within ±0.1°.

Motivation: The intent is to ensure the model is positioned as close to the user's desired position as possible.

V&V: Test – After a given yaw movement, a digital protractor will be used to ensure accuracy.

DR 1.2.5.3: The accuracy for roll shall be within ±0.5°.

Motivation: The intent is to ensure the model is positioned as close to the user's desired position as possible.

V&V: Test – After a given roll movement, a digital protractor will be used to ensure accuracy.

DR 1.2.5.4: The accuracy for plunge shall be within ±0.5mm.

Motivation: The intent is to ensure the model is positioned as close to the user's desired position as possible.

V&V: Test – After a given plunge movement, a digital protractor will be used to ensure accuracy.

DR 1.3 COMPASS shall have a zero reference point.

Motivation: The intent is to have accurate knowledge of COMPASS relative to the wind tunnel test section.

V&V: Test – After hitting “home”, the Vicon system will be used to ensure the “home” position is at zero.
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Functional Requirements [DR 2.1 - 2.1.6]
FR 2 COMPASS shall interface with the wind tunnel.

DR 2.1 COMPASS hardware shall interface with the wind tunnel hardware.

Motivation: The intent is to design COMPASS around the wind tunnel.

V&V: Inspection– COMPASS fits into the test section.

DR 2.1.1 COMPASS hardware shall occupy no more than the total volume under one test section of the wind tunnel,.

Motivation: The intent is to ensure COMPASS does not interfere with other test equipment.

V&V: Inspection – take COMPASS measurements and visual inspect after COMPASS is installed in the test section.

DR 2.1.2 COMPASS hardware inside of the test section shall block no more than 10% of the total cross sectional area, 0.567 m2.

Motivation: The intent is to not restrict or disrupt the flow in the wind tunnel while testing.

V&V: Inspection– The max cross sectional area will be measured and compared to the total cross section l area of the wind tunnel.

DR 2.1.3 COMPASS shall modify the test section only through removal of the bottom surface of one test section.

Motivation: The intent is making COMPASS usable for any of the three test sections through a standard bottom surface.

V&V: Demonstration– put the manufactured bottom surface in each of the test sections to verify it is compatible with all three.

DR 2.1.4 COMPASS shall square with the wind tunnel test section when raised.

Motivation: The intent is to ensure COMPASS hardware is flushed with the wind tunnel test section.

V&V: Test – compare the level of the test section to the level of COMPASS , if they are the same then COMPASS is squared with the test sections.

DR 2.1.5 COMPASS shall have a variable model mounting sting.

Motivation: The intent is to provide the capability for different model mounting configurations.

V&V: Demonstration – provide various models for testing to prove they are compatible with COMPASS.

DR 2.1.6 COMPASS hardware shall be installed and removed from the test section without risk of damaging the wind tunnel or COMPASS, if done according to DR 5.1 .

Motivation: The intent is to minimize the risk of unnecessary damage to the wind tunnel or COMPASS if done properly.

V&V: Test – Allow an uninformed person not from the COMPASS team to follow the user manual properly.
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Functional Requirements [DR 2.2 - 2.3]
DR 2.2 COMPASS software shall interface with wind tunnel software using LabVIEW.

Motivation: The intent is to ensure the user can easily and effectively use the COMPASS system.

V&V: Validation of DR 2.2.1 through 2.2.4.

DR 2.2.1 Implementation of the COMPASS LabVIEW software shall run independently of the pre-existing wind tunnel LabVIEW interface.

Motivation: The intent is to operate as independently as possible from the wind tunnel software. Neither should need to be present for the operation of the

other.

V&V: Demonstration – The COMPASS and wind tunnel will be capable of operating separately from one another.

DR 2.2.2 The COMPASS LabVIEW software shall accommodate user input commands of static position values.

Motivation: The intent is for the user to be able to either set a constant position for testing, or actively control the position during testing.

V&V: Test - Static and user input positions shall be achieved and measured at the required ranges as defined in DR 1.2.1 through 1.2.5.

DR 2.2.3 The COMPASS LabVIEW software shall accommodate a user selected file of positions versus time at a given interval; this is to be input in a

specified format.

Motivation: The intent is for automated control COMPASS during experiments.

V&V: Test – Automated control shall be achieved and measured at the required ranges as defined in DR 1.2.1 and 1.2.5.

DR 2.2.4 The COMPASS LabVIEW software shall be user-friendly.

Motivation: The intent is for COMPASS to be intuitive and simple to operate through the LabVIEW user interface since the software and hardware will be

completely new to users.

V&V: Test – A focus study shall be performed with the customer to determine ease of use and provide feedback.

DR 2.3 COMPASS DAQs shall interface with the wind tunnel DAQ chassis.

Motivation: The intent is to maintain simplicity of installation.

V&V: Test – plug in the DAQs and prove they work with the wind tunnel DAQ chassis.
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Functional Requirements [DR 3.1 - 3.3]
FR 3 COMPASS shall be portable.

DR 3.1 COMPASS shall have the ability to be removed from underneath the wind tunnel section.

Motivation : The wind tunnel will be used for other testing which means COMPASS would have to be removed from

the test section.

V&V: Demonstration – take out COMPASS and move it.

DR 3.2 COMPASS shall have the ability to be stored when not in use .

Motivation: When not in use, COMPASS can be put into storage so it is not in the way of other testing going on in the

facility

V&V: Demonstration – move COMPASS to a closet.

DR 3.3 COMPASS shall have the ability to lock in place in reference to the ground.

Motivation: The intent is that COMPASS wheels can be locked to prevent the system from moving while testing or in

storage.

V&V: Demonstration – put COMPASS cart on an uneven surface, lock the wheels and ensure it does not roll away.
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Functional Requirements [DR 4.1 - 4.2.3]
FR 4 COMPASS shall have fail safes.

DR 4.1 COMPASS shall protect hardware against incorrect LabVIEW user input.

Motivation: The intent is to protect the system from the user. If the user mistypes an input value or the input file intends to position and

orient the model to a position outside of the capacities of the hardware, the system should not attempt to carry out that command.

V&V: Test – The software shall stop execution of the command and notify the user if the input commands or file would command the

system to operate outside of its capabilities.

DR 4.2 COMPASS shall have fail safes against power failure.

Motivation: The intent is to prevent damage to the wind tunnel and COMPASS hardware due to the cost of both systems.

V&V: Requirement verified in DR 4.2.1 through 4.2.3.

DR 4.2.1 Pitch failsafe shall the prevent model from hitting the bottom of the test section.

Motivation: The intent is to preserve the model, COMPASS sting, COMPASS bottom surface, and the wind tunnel.

V&V: Demonstration – cut the power to the motor and ensure pitch does not damage the hardware.

DR 4.2.2 Plunge failsafe shall prevent the system from falling down under its own weight.

Motivation: The intent is to preserve the model, COMPASS sting, COMPASS bottom surface, and the wind tunnel.

V&V: Demonstration – cut the power to the motor and ensure plunge does not damage the hardware.

DR 4.2.3 Yaw failsafe will prevent model from the hitting sides of test section.

Motivation: The intent is to preserve the model, COMPASS sting, COMPASS bottom surface, and the wind tunnel.

V&V: Demonstration – cut the power to the motor and ensure yaw does not damage the hardware.
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Functional Requirements [DR 4.3 - 4.4]
DR 4.3  COMPASS shall have fail sages against LabVIEW failure.

Motivation: The intent is to prevent damage to the wind tunnel and COMPASS hardware if LabVIEW unexpectedly 

stops responding.

V&V: Test – find various ways LabVIEW would fail.

DR 4.4  COMPASS mechanical linkages shall be designed with a safety factor of 2 to ensure COMPASS does not break in 

the wind tunnel under the expected loads.

Motivation: A hardware failure could result in an expensive model or piece of COMPASS breaking off and causing 

significant damage to the wind tunnel or COMPASS hardware.

V&V: Test – Apply initial loads to COMPASS outside of the wind tunnel that would simulate the torques a model in the 

wind tunnel would put on COMPASS.
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Functional Requirements [DR 5.1 - 5.2]
FR 5 COMPASS shall be easily maintained after COMPASS design team has left the university.

DR 5.1 COMPASS design team shall provide a COMPASS user manual.

Motivation: The intent is to aid future users in the proper use of COMPASS.

V&V: Test – create testing guidelines and give an uninformed user the manual and confirm they can follow the manual.

DR 5.1.1 COMPASS design team shall provide a calibration manual inside of the user manual.

Motivation: The intent is to ensure accuracy after many uses.

V&V: Demonstration – provide a copy of the calibration manual as well as prove the calibration manual will work

properly.

DR 5.2 COMPASS design team shall provide all specifications for COMPASS.

Motivation: The intent is to provide specifications in the case that a piece of COMPASS needs to be replaced.

V&V: Demonstration– show the specification sheets.
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Component Trade Studies 
and Selection Back-up Slides
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Criteria 1 2 3 4 5

Force 0-50 lbf 50-150 lbf 150-250 lbf 250-350 lbf 350+ lbf

Cost $500+ $400-$500 $300-$400 $200-$300 $100-$200

Accuracy w/ 
Gear Ratio

0-10 10-20 20-30 30-40 40+

Lead Time 4+ weeks 3-4 weeks 2-3 weeks 1-2 weeks 0-1 weeks

Weight 8+ lbs 6-8 lbs 4-6 lbs 2-4 lbs 0-2 lbs

Linear Actuator Criteria
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Linear Actuators
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Linear Actuator Encoder Criteria
Criteria 1 2 3 4 5

Cost $800+ $600-$800 $400-$600 $200-$400 $0-$200

Resolution 0.08°+ 0.06°- 0.08° 0.04°- 0.06° 0.02°- 0.04° 0°- 0.02°

Lead Time 3+ weeks 2-3 weeks 1-2 weeks 3-7 days 0-3 days

Size/Weight 4-5 lbs 3-4 lbs 2-3 lbs 1-2 lbs 0-1 lbs

Mounting Impossible Difficult Moderate Fairly Easy Easy
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Linear Actuator Encoders
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Yaw Motor Criteria
Criteria 1 2 3 4 5

Torque 100-300 oz-in 300-500 oz-in 500-700 oz-in 700-900 oz-in 900+ oz-in 

Cost $800+ $600-$800 $400-$600 $200-$400 $100-$200

Accuracy 0.13°+ 0.1° - 0.12° 0.8° - 0.9° 0.04° - 0.7° 0.01° - 0.3°

Lead Time 4+ weeks 3-4 weeks 2-3 weeks 1-2 weeks 0-1 weeks

Size/Weight 20+ lbs 15-20 lbs 10-15 lbs 5-10 lbs 0-5 lbs
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Yaw Motors
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Yaw Motor Encoder

Criteria 1 2 3 4 5

Cost $800+ $600-$800 $400-$600 $200-$400 $0-$200

Resolution 0.08°+ 0.06°- 0.08° 0.04°- 0.06° 0.02°- 0.04° 0°- 0.02°

Lead Time 3+ weeks 2-3 weeks 1-2 weeks 3-7 days 0-3 days

Size/Weight 4-5 lbs 3-4 lbs 2-3 lbs 1-2 lbs 0-1 lbs

Mounting Impossible Difficult Moderate Fairly Easy Easy
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Yaw motor encoder
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Motor Controller Criteria
Criteria 1 2 3 4 5

Cost $85+ $65-$85 $45-$65 $25-$45 $5-$25

Compatibility Ethernet Ethernet

Lead Time 4+ weeks 3-4 weeks 2-3 weeks 1-2 weeks 0-1 weeks

Size/Weight 20+ lbs 15-20 lbs 10-15 lbs 5-10 lbs 0-5 lbs

Voltages

87



Motor Controllers
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Motor Controller Choice

• Arduino Unos from Progressive 
Automations

• Ethernet Interface

• 1 will be pre-programmed 
(pitch/plunge) 

• 1 programed by team (yaw)
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Hollow Shaft Encoder Criteria

Criteria 1 2 3 4 5

Cost $800+ $600-$800 $400-$600 $200-$400 $0-$200

Resolution 0.08°+ 0.06°- 0.08° 0.04°- 0.06° 0.02°- 0.04° 0°- 0.02°

Lead Time 3+ weeks 2-3 weeks 1-2 weeks 3-7 days 0-3 days

Size/Weight 4-5 lbs 3-4 lbs 2-3 lbs 1-2 lbs 0-1 lbs

Mounting Impossible Difficult Moderate Fairly Easy Easy
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Hollow Shaft Encoders
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Pin Encoder Criteria

Criteria 1 2 3 4 5

Cost $800+ $600-$800 $400-$600 $200-$400 $0-$200

Resolution 0.08°+ 0.06°- 0.08° 0.04°- 0.06° 0.02°- 0.04° 0°- 0.02°

Lead Time 3+ weeks 2-3 weeks 1-2 weeks 3-7 days 0-3 days

Size/Weight 4-5 lbs 3-4 lbs 2-3 lbs 1-2 lbs 0-1 lbs

Mounting Impossible Difficult Moderate Fairly Easy Easy
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Pin Encoders
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Material Criteria

Criteria 1 2 3 4 5

Cost $800+ $600-$800 $400-$600 $200-$400 $0-$200

Lead Time 4 weeks 3-4 weeks 2-3 weeks 1-2 weeks 0-1 week

Yield 
Strength

Machinability
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Material: Baseplate/Yaw Plate
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DAQ Criteria

Criteria 1 2 3 4 5

Cost $800+ $700-$900 $500-$700 $300-$500 $0-$300

# of Channels 0-4 4-8 8-12 12-16 16+

Lead Time 4+ weeks 3-4 weeks 2-3 weeks 1-2 weeks 0-1 weeks
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DAQs
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Hydraulic Lift Cart

• 500 lb capacity  

• Lift Height -27-1/2 in.

• Product width - 17-5/8 in.

• Current COMPASS weight: 151 lbs

• Design margin of lift greater than 3
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Component Lead Times

• Materials: 1 week

• DAQs: 2 weeks

• Bearings: 1 week

• Lift Cart: 3 weeks

• Linear Actuators: 4 weeks

• Linear Actuator Encoder: 1.5 
weeks

• Yaw Motor: 1 week

• Yaw Encoder: 3 weeks

• Motor Controllers: 1 week
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Electrical Circuits Back-up 
Slides

100



Circuit Image Yaw 1
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Circuit Image Yaw 2
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Circuit Image Pitch/Plunge 1
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Circuit Image Pitch/Plunge 2
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Circuit Image Pitch/Plunge 3
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Schmitt Trigger PCB Schematic
• Buffer Schmitt 

Trigger ICs

• Vcc and GND 
supplied by 
Arduino Uno

• Flying leads give 
flexibility for 
connectors

• NXP 74HC2G17-
Q100 Dual Non-
Inverting Schmitt 
Trigger
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Yaw Arduino Shield Schematic

• Arduino GND netted to all 
GND and Neg ports

• D_A, D_B, D_En connect to 
Arduino digital lines

• 5VDC from Arduino 5V line

• Pull-down resistors used to 
guarantee no motor 
movement on start-up
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Yaw Arduino Shield Fabrication

• Options for manufacturing the shield:
1. Custom PCB designed in Altium and fabricated by Advanced Circuits

2. Populate prototype board necessary components (headers, resistors, etc)
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Yaw Motor Control Pin-Out

• Molex connector on 
Teknic motor

• Can easily interface with 
shield

• Cable available with 
flying leads or Molex
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Software Back-up Slides
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Software Back-ups

• Home VI

• System Check

• File reader VI

• Input Check VI

• Wall Check
• Pitch plunge
• Yaw
• VI

• Angle Calculation Old Design

• Interface 

• Pop Up

• Interface with numbers
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Software: LabVIEW Flowchart
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Software: Wall Check Flowchart
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Software: Wall Check for Yaw
Customer does not want the model 

to be calculated, that is the 
responsibility of the user

Yaw/walls
To keep the system from hitting the wall or fillets

𝐷 > 𝑙
𝐷′ = 𝐷 − 𝑓𝑚𝑎𝑥 > 𝑙′

length to tip of Sting 

𝑙 = (s − dcp) sin 𝜃𝑦

Distance Linear Actuators are from the wall/fillets

𝑙′ = dcp tan 𝜃𝑦

Combining the equations and inserting the 
known system quantities, the allowable angles 
are:

±tan−1
11.1 − 4

11
> 𝜃𝑦 < ±sin−1

11.1

(s − 11)

Top View

𝜃𝑦

𝑑𝑐𝑝

𝑙′

𝐷

𝑠

Fillet

𝑙

𝐷′

Assume 0 error
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Software: Wall Check for Pitch/Plunge

Pitch + Plunge

Keeping in mind 𝑠′, 𝐿, and 𝑑𝐿𝐴 are system constants and 𝑏 will 
be provided by the user we can set Δ𝐿𝐴𝑅 and Δ𝐿𝐴𝐹 to the 
half the max height of the test section, D, with a 10% over 
shoot.

D

1.1
= Δ𝐿𝐴𝑅 = Δ𝐿𝐴𝐹 − 𝑠′ sin 𝜃𝑝 − 𝐿 cos sin−1

𝑑𝐿𝐴 − 𝑠′ cos 𝜃𝑝
𝐿

D

1.1
= Δ𝐿𝐴𝐹 = 𝑏 sin 𝜃𝑝

The allowable angles to prevent wind tunnel damage are

𝜃𝑝 < sin−1
Δ𝐿𝐴𝐹

b
for the front actuator

ΔLAR

𝑑𝐿𝐴
Aerodynamic 
Center𝜃𝑝

𝐿

Home (0 pitch)

𝑏

𝑠′

𝑏

Customer does not want the model 
to be calculated, that is the 

responsibility of the user

Side View

Assume 0 error
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Software: Angle Calculation

Pitch + Plunge
To satisfy FR 1 to position the article pitch will be 
accomplished by moving the rear Linear actuator (the 
left one in diagram). Both ends are pinned to the 
Linear Actuators and again a Distance L from the rear 
actuator to result in the following equation for 
pitching the model. 

Δ𝐿𝐴𝑅 = Δ𝐿𝐴𝐹 − 𝑠′ sin 𝜃𝑝 − 𝐿 cos sin−1
𝑑 − 𝑠′ cos 𝜃𝑝

𝐿

Δ𝐿𝐴𝐹 = 𝑏 sin 𝜃𝑝

Change in both linear actuators keeps the 
aerodynamic center in the middle of the test section

ΔLAR

𝑑𝐿𝐴
Aerodynamic 
Center𝜃𝑝

𝐿

Home (0 pitch)

𝑏

𝑠′

𝑏

Side View

** See slides ??? for
additional software VIs

Assume 0 error
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Software: System Readiness Flowchart
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Software: Input/File Reader Flowchart
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Software: Pitch Calculation Flowchart
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Fillets:

• Thicker at beginning of 1st 
test section, smooths to no 
thickness at end of last test 
section

• Smooth out corners to 
prevent flow disturbances

Other Design 
Considerations
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Software: Wall Check with Model Model approximated as a 
rectangular box

Yaw/walls

Angle to far yaw corner

𝜃𝑚𝑦
= tan−1

𝑙

2(𝑐 + 𝑠)
length to far yaw corner

𝐿𝑦 = 𝑐 + 𝑠 2 +
1

2
𝑙

2

Angle at which model becomes to close to wall

𝜃𝑑𝑦 = sin−1
𝐷 −𝑚

𝐿𝑦
− 𝜃𝑚𝑦

𝜃𝑚𝑦

𝐿𝑦

𝑠

𝑐

𝑙

𝐷

𝑚
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Software: Wall Check with Model Model approximated as a 
rectangular box

Pitch + Plunge/Ceiling

length to far pitch corner

𝐿𝑝 = 𝑐 + 𝑠′ 2 +
1

2
ℎ

2

Angle to far pitch corner

𝜃𝑚𝑝
= tan−1

ℎ

2(𝑐 + 𝑠′)

Angle at which model becomes to close to ceiling

𝜃𝑑𝑝 = sin−1
𝐷 −𝑚

𝐿𝑝
− 𝑝 − 𝜃𝑚𝑝

𝜃𝑚𝑝

𝐿𝑝

𝑠′ 𝑐

ℎ

𝐷

𝑚

𝑝
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Software: Wall Check - old design

Pitch + Plunge/Ceiling

To keep the system from hitting the wall

𝐷 > 𝑙

length to tip of Sting 

𝑙 = 𝑝 + (s − dLA) sin 𝜃𝑝

Combining the equations and inserting the 
known system quantities

11.1 > 𝑝 + (s − 3) sin 𝜃𝑝

Allowable angles are

𝜃𝑝 < sin−1
11.1 − 𝑝

(s − 3)

𝜃𝑝
𝑙

𝑠

𝐷

𝑝

Customer does not want the model 
to be calculated, that is the 

responsibility of the user

Center of wind tunnel

𝑑𝐿𝐴
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Yaw Clearance Calculation

• Matlab Script Calculation
• Calculated the distance 

from the tip of the sting
to the side of the wind 
tunnel

• Varied theta
• Varied total sting length
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785N -> 185 lbf

5 cm (1.95 in) is about 
the limit of closeness for 

actuators

(m)
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Deflection of Sting

• Assumptions: 12 inch stainless steel sting, cantilever beam  

• 160 N force acting at tip

• Deflection: 0.022 inches
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Deflection of Sting Figures
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Sting Length Variation

• Matlab code that 
changed the length of 
the sting and varied the 
yaw angle to figure out 
how far the end of the 
sting would be from the 
edge of the wind tunnel
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Deflection of Actuators

• Assumptions:

• Stainless Steel

• 24 inch Cantilever Beam

• Drag force 160 N

• Deflection: 0.062 inches

132



Actuator Force Calculation
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Bolt Tensile Strength Safety Factor

Click to add text
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Bolt Tensile and Shear Strength
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Sting Body Safety Factor
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Sting Body Sizing
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Sting Pin Size
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Actuator Brackets Safety Factor
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Aerodynamic Yaw Torque
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Yaw Bolt Sizing
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Yaw Plate Friction
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Yaw Sandwich
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Available Parts
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Linear Bearing
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Yaw Assembly Thrust Bearing
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Sting Assembly Thrust Bearing
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Radial Bearing
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Stronger, Bigger, Expensiver Radial Bearing
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Simulink Back-Up Slides
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Overview of Pitch Model

• Still in development and have equations of motion

• Placement of feedback loop different from yaw model
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Overview of Plunge Model

• Very similar to the pitch model

• Placement of feedback loop different from yaw model
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Detailed System Model

• Detailed breakdown of Yaw DOF model
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System Model Major Sections
• Front-end of the simulation

• Accounts for hardware external of motor/motor controller subsystems

• Accounts for LabVIEW control loop

154



System Model Major Sections
• Back-end of the simulation

• Incorporates motor/motor controller subsystem

• Accounts for perturbations and possible sources of error
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Motor Control
• Adjustable LabVIEW control law

• Gains adjusted to observe settling time and overshoot

• Aiming to explore response of the motor controller system
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Simulink Elements (PID Controller)

• Motor Controller with assumed PID Control

• KP = 50, KI = 1.5, KD = 1
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Simulink Elements (DC Motor)
• Motor values based upon Teknic Servo Motor and assumptions

• Transfer function for DC motor built in Simulink

• L = 0.002 H, R = 1 Ohm, Kt = 0.423 N-m/A, Kb = 1 V/rad/s, J = 0.7882 kg-m^2
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Simulink Elements (Yaw Plant)

• Used to account for gearing ratio between worm screw and worm gear

• Inertia of yaw plate account for in DC Motor inertia

• Future versions to include frictions and gear efficiencies
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Backup Simulation Results

• Settling: ± 0.1°

• Range: 3°

• KP = 0, KI = 30, KD = 10

• Settling Time: 3.54 sec

• Overshoot: 0%
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Backup Simulation Results

• Settling: ± 0.1°

• Range: 3°

• KP = 0, KI = 30, KD = 10

• Settling Time: 3.54 sec

• Overshoot: 0%

• Demonstrates need for 
integral control to decrease 
time to target
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Backup Simulation Results

• Settling: ± 0.1°

• Range: 3°

• KP = 0, KI = 30, KD = 30

• Settling Time: 5.73 sec

• Overshoot: 6.7%
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Risk Analysis Back-up Slides
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Primary Operational Risks

5

4 A

3 B|C

2

1

1 2 3 4 5

A: Bending

- Linear actuator, sting

B: 

Shearing/Buckling
- Sting body, sting pins, 

bolts, and actuator 

brackets

C: LabVIEW Crash 

See Backup Slides for  

remaining operational and 

logistical risks

Risk Matrix

P
ro

b
a
b

il
it

y

Severity

Acceptable Tolerable Intolerable

Consequence

A

B

C
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Primary Operational Risk Mitigation

Risk Mitigation

A: Bending Bending of sting and actuators characterized
See Backup Slides

B: Shearing/Buckling

- Sting body, bolts and pins

Material and dimensions designed for factor of 

safety (S.F.) = 2
See Backup Slides for S.F. and margin calculations

C: LabVIEW crash Use of limit switches within linear actuators, 

manual emergency stop, and physical limit on 

yaw gear range
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Motor Operational Risk

A: Power Failure 
B: Overheating 
C: Contamination
D: Adequate Lubrication 
E: Power Supply 

Anomalies
F: Back-EMF

Pre-Mitigation Risk Matrix Post-Mitigation Risk Matrix

P
ro

b
ab

ili
ty

P
ro

b
ab

ili
ty

Severity Severity

Consequence

5

4

3 C B

2 D E|F

1 A

1 2 3 4 5

5

4

3 B

2 C E

1 A D F

1 2 3 4 5

Acceptable Tolerable Intolerable
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Motor Operational Risk Mitigations
Risk Mitigation

A: Power Failure Linear actuators with internal lead screw and worm 
gear are self-locking - able to hold load unpowered

B: Overheating Over-speccing the motors such that they do not 
have to run at full capacity

C: Contamination Sealed enclosure

D: Lubrication Proper initial lubrication determined from 
manufacturer – maintenance every 2 years 

E: Power Supply Anomalies Voltage input monitored by LabVIEW 
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Linkages Operational Risk

A: Shearing/Buckling
- Sting body, sting pins, 

bolts, actuator brackets

B: Bending
- Linear actuators, sting

C: Adequate 
Lubrication

- Yaw gear and motor, 

linear actuators

Pre-Mitigation Risk Matrix Post-Mitigation Risk Matrix

P
ro

b
ab

ili
ty

P
ro

b
ab

ili
ty

Severity Severity

Consequence

5

4 B

3 A

2 C

1

1 2 3 4 5

4

3

2 B

1 C A

1 2 3 4 5

Acceptable Tolerable Intolerable
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Linkages Operational Risk Mitigations
Risk Mitigation

A: Shearing/Buckling
- Sting body, sting pins, bolts, actuator 
brackets 

Material and dimensions designed for factor of safety (S.F.) = 2
See slides ??? for S.F. and margin calculations

B: Bending
- Linear actuators, sting

Bending of sting and actuators characterized

C: Lubrication
- Yaw gear and motor, linear 

actuators  

Proper initial lubrication determined from manufacturer–
maintenance every 2 years
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Software Operational Risk

A: LabVIEW crash 
B: Invalid range input 
C: Program 
interaction after start 

Pre-Mitigation Risk Matrix Post-Mitigation Risk Matrix

P
ro

b
ab

ili
ty

P
ro

b
ab

ili
ty

Severity Severity

Consequence

5

4

3 C A

2 B

1

1 2 3 4 5

4

3 C A

2 B

1

1 2 3 4 5

Acceptable Tolerable Intolerable
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Software Operational Risk Mitigations
Risk Mitigation

A: LabVIEW crash Use of limit switches within linear actuators, manual 
emergency stop, and physical limit on yaw gear range

B: Invalid range input User protection coding implemented 

C: Program interaction after start Removal of interfaces upon execution of program (with the 
exception of STOP action) 
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Project Management Back-
up Slides
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Work Breakdown Structure: Mechanical Subsystem
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Work Breakdown Structure: Software Subsystem
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Work Breakdown Structure: Electrical Subsystem and Management
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Work Breakdown Structure: Documentation
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Validation Back Up Slides
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VICON System

• High resolution motion capture system

• 9 mm nodes strategically placed on 
system

• Camera tracks nodes as they move

• Provides accurate measurements in 
translation and rotation

178



VICON B10 Full System Test

• Main Objective: Show accuracy/range 
within requirements in roll and plunge.

• Requirements verified: DR 1.2.3, 1.2.4, 
1.2.5.3, 1.2.5.4

• Location: Idea Forge; CU Campus

• General Procedure: Place 9mm nodes onto
COMPASS, command desired position.
Obtain data from VICON and compare to
test accuracy of COMPASS movement.

• Systems Needed: All
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VICON B10 Full System Test

• VICON B10 can capture:

• ± 0.5 mm of translation: Validates Plunge

• ± 0.5 degrees of rotation: 

• Pitch X  

• Yaw   X

• Validates Roll
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Weights Breakdown

• Baseplate - 35.24 lbs

• Yaw Plate - 30.43 lbs

• Yaw/Gear Base - 23.07 lbs

• Yaw Motor - 7.88 lbs

• Through Axle - 2.67 lbs

• Linear Bearing Flange - 1.42 lbs

• Yaw Brackets - 1.18 lbs (x3)

• Linear Brackets - 11.02 lbs (x2)
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NACA 0012 High Angle Lift and Drag
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