Final Report: Design Synthesis

CHIRP

Coaxia Hovering Indoor Reconnaissance Probe

Submitted by:
Rob Beetem
Dave Lawry
Toby Leifer

Bill Pisano
Matt Tyers

Advisors:
Dr. Dale Lawrence
Dr. Penina Axelrad

ASEN 4018, Senior Projects 1. Design Syntheses
University of Colorado at Boulder, Fall 2003



Contact | nfor mation

Project Manager:
Rob Beetem
beetem@col orado.edu

Chief Financial Officer:
Dave Lawry
David.Lawry@colorado.edu

Webmaster:
Bill Pisano
William.Pisano@col orado.edu

Safety Officer:
Toby Leifer
Toby.Leifer@colorado.edu

I nstrumentation Engineer:
Matt Tyers
Matthew.Tyers@col orado.edu

Advisors;
Dr. Ddle Lawrence
Dale.Lawrence@col orado.edu

Dr. Penina Axelrad
Penina.Axelrad@col orado.edu

Group Website: chirpuav.org/chirp

Final Report CHIRP: Coaxial Hovering Indoor Reconnaissance Probe



Table of Contents
I I 1 o) o =S
T I o =T o ] =T
[IT. LISt OF ACTONYMS. .. et e e e e e e e

1. Project Objectivesand Requirements...........ccovvviii i i i

2. Development and Assessment of Design Alternatives................cooeeveeene.

P2 T | e £ U T 3

2.2, AVIONICS. .. et e e e e e
2.3 BlECIIONICS. .. oo e

3. Design —TO-SPECITICAIONS. .. .. vt e e e e e e e e

3.1 ROLON SYStOM ... e e e
3.2. Power and Drive SYStemM.......oviieiie e e e e e
GG T NV 0] o o= T

4. Battery and MOtOr .......cc.inii e e e e e e 9

35, USEr CONLIOIS. .. e e e e e e e
3.6. Payload Selection... e e e e e e e e e e
3.7. Function of the Test Stand .....................................................
4. System ArChItECIUI ... . e e e e e e e e e eaaas
5. Mechanical Design Elements..........coooviiiiiii i

6. Electrical Design ElemMents.......c.oovve i e e e e
6.1. Electronic Design Elements..........cooviiiiiii i

6.2. Thermal ANalYSIS. .. ...t e e e e e e e e
6.3. AvionicsDesign Elements..........coooiii i,

7. SoftwareDesign Elements. ... ..o vii e e
7.1 SIMULINK MOE ... .o e e

728 1Y/ 1 18 o o 29

7.3. Algorithm THRUST _OUT ...
7.4. Algorithm ALPHA _OUT ... e

©

B L. AVIONICS. . et e e e e
S A ¥ [ (U | T

9. Verification and Test Plan.......c.oe e e e e e e e e

0.1, SUDSYSIEM TESES. ..ttt

INtegration Plan...... ... 30

9.1.1. Software SUDSYSEEM........oii it e e 33

9.1.2. AVIONICS SUDSYSIOM.....e e

9.1.3. Electrical SUDSYStEM......c.oivi it e 33

9.1.4. Mechanical SUDSYSteM.......ccoiiii i

S L g1 U= e = LA ] I =

10, RiSK ASSESSMIBNE ..ttt e e e 37

11. Project Management... .
11.1. Organlzatlonal ReSpOFISIDIhtIeS ......................................
11.2. Work Breakdown Structure..........c.ooovveviiiiiiine e,

11.3. SChedUIE. ... 45

11.4. COSt EStimMates. ..o e ot ot e e e e e e

Final Report CHIRP: Coaxial Hovering Indoor Reconnaissance Probe



11.5. Specialized Facilitiesand ResOUICes..........cccovvvvviiivenennnnn.

12 RE O BNCES. . oot e e e e e e AT

13 APPENAICES. .. ettt e e e e e e e
13.1. Analysis Detail
13.2. Product Data
13.3. Experimental Data
13.4. Drawings
13.4.1. Gear Box
13.4.2. Rotor head
13.4.3. Structure
13.5. Schematics

Final Report CHIRP: Coaxial Hovering Indoor Reconnaissance Probe



List of Figures

Figure Figure Description Page
Number Number
1 Concepts of Rotorhead 5
2 Accelerometer Comparison 6
3 Rate Gyro Comparison 6
4 Microcontroller Comparison 7
5 Rotorhead Assembly 8
6 Gear Box 8
7 Project Flow Chart 9
8 User Controls 10
9 Payload Camera 10
10 Functional Test Stand 11
11 System Architecture Overview 12
12 Rotor System 13
13 Gearing Mechanism 13
14 Sensor Layout and Orientation 14
15 Avionics Board Schematic 15
16 Software System 16
17 Camera Payload 16
18 Overview of CHIRP 17
19 Flapping and Coning Angles 18
20 Top Rotorhead 19
21 Bottom Rotorhead 19
22 Gear Box 20
23 Airframe 21
24 Test Stand 22
25 Gear Ratio Selection 25
26 SIMULINK Model 28
27 SIMULINK Model Performance 29
28 Top Level Flowchart 29
29 Structure Integration 31
30 Integration Schedule 32
31 Test Plan Flow Chart 36
32 Organizational Chart 39
33 Genera Work Breakdown Structure 41
34 Schedule 45

Final Report

CHIRP: Coaxial Hovering Indoor Reconnaissance Probe




Il. Listof Tables

Table Table Description Page
Number Number
1 Design Requirements from PDD 2
2 Weight Distribution 23
3 Drawing Tree 24
4 Sensors 34
5 Camera Rotation Test Results 35
6 Integrated Test Requirements 35
7 Integrated Test Procedure 36
8 Test Matrix 37
9 Detailed Work Breakdown Structure 41
10 Cost Estimate and Spending 46

[I1. List of Acronyms

CDR | Critical Design Review
CHIRP | Coaxial Hovering Indoor Reconnai ssance Probe
ITLL | Integrated Teaching and Learning Laboratory
MEMS | Micro Electrical Mechanical Systems

PDR | Preliminary Design Review

PDD | Project Definition Document

RPM | Rotations Per Minute

RN | Reynolds Number
UAV | Unmanned Aerial Vehicle
WBS | Work Breakdown Structure
Final Report CHIRP: Coaxial Hovering Indoor Reconnaissance Probe




1. Project Objectives and Requirements

Small hovering UAVswill be used in the future for reconnaissance
missions where it is undesirable for human beingsto go. The military and search
and rescue teams have the desire to inspect dangerous areas without risk to human
life. These hovering aircraft will provide image data of a given location or series
of locationsin asmall proximity.

Through the use of onboard cameras and by hovering well above the
ground, the aircraft will allow soldiersto see over obstacles. The use for search
and rescue comes through the aircraft’ s size and ability to maneuver through
damaged buildings. A building can be searched for survivors without undue risk
to the rescuers. The coaxial rotor design allows the aircraft to remain small in size
due to the removal of atail rotor and boom. Flying a helicopter is a skill that
requires years of practice to master, especially in small flight areas. To enable the
aircraft to be operated without this level of expertise, an onboard augmented
stability system will be implemented. This stabilization control system along with
user input will alow for the objectives to be accomplished.

The overall objective of the proposed project isto conceive, design,
fabricate, integrate and verify asmall, lightweight hovering UAV for
reconnaissance. In the project definition document the basic requirements were
outlined by different subsystem. Thislist can be seenin Table 1.
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Table 1: Design Requirements from PDD

Objectives

Discussion

1. There is a vehicle weight and
size goal of 2 Ibs, 20" dia, and a
limit of 10lbs, 40" dia.

The vehicle may be stowed in a back
pack and carried,

so small size and light weight is
necessary.

2.CHIRP must carry a usable
payload of
at least 1oz, with a goal of 160z.

The payload will be hardware that is
needed
for the reconnaissance.

3.CHIRP must be able to stay aloft
for at least 5 min with a goal of

Time aloft is important to the range and
usefulness

30 min. of the aircraft.
4.CHIRP must be able to operate The stacked rotor system will enable for
indoors. Indoor (commercial and residential

structures) reconnaissance due to
reduction in size. Shrouded fan protects
rotors from impacting obstacles

5.CHIRP must have 3 axis user
control.

Partial onboard control allows for
simplified flight controls for the user. Rate
gyros and accelerometers will supply
onboard stability control.

6. The aircraft must be able to
maintain a steady hover with
lateral mobility. Directional
movement of 5 mph is the project
goal.

By launching near the desired target, the
flight velocity of the aircraft is less
important than stable maneuverability.

7.CHIRP will not require image
stability hardware or software.

The extra weight and complexity of image
stability is not a required goal of the
project.

8.The vehicle will be stabilized via
on-board hardware and software

Helicopters, especially coaxial designs
can be very

unstable and require the use of
stabilization systems

Building on the basic requirements that were set forth in the PDD, the group has
now come up with the requirements for this year’s project. Knowing that the
entire scope of this project is too much for five students to handle in the course of
one year, the project has been de-scoped. This reduction in the project scope took
place throughout the first semester until areasonable year-long project was found.
The current size and weight of CHIRP, 36 0z and 22 inches in diameter, fall
within an acceptabl e tolerance of the design weight of 2 Ibs and 20inchesin
diameter. This current design is closer to the lower bound of the design
requirement than the upper bound. Since one of the main aspects of this project is
to have asmall UAV that can still accomplish the required task, thisis afavorable
design. The actual payload capability of CHIRP has been calculated theoretically
to be well over the current payload weight of 1.5 oz. Since 10 oz were allotted for
the payload but only 1.5 were used, this allows for a greater margin of error for
the weight estimates of the entire system. The greatest issue with the flight
duration of CHIRP isthat the losses due to frictional inefficiencies will not be
completely known until experiments can be completed with the actual rotor
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assembly. Theidea anaysis shows amission duration capability of over an hour,
however, losses due to friction will lower the time significantly. If the discharge
rate is kept under 3 C or 7 amps, then the time will be 20 minutes or more. CHIRP
will not be limited to the minimum time duration of 5 minutes unless the current
draw reaches about 20 amps, which is not possible with the selected battery pack.
The reason for the decision to use an electric power supply is due to the
requirement of indoor use and the simplicity of electric propulsion versus gas. To
make flying the CHIRP vehicle easier for the operator, asix axis control wasto be
designed. This aspect of the project was de-scoped after a further investigation
led to the issue of completing such a system in the limited time for this project.
Thefina result of thiswasto create atwo axis control utilizing just the Yaw and
Z-axisfor control. To be ableto test this project, atest stand becomes necessary.
This test stand will limit the movement of CHIRP to the Yaw and Z-axis of
motion. The on-board payload consists of asmall, wireless camera. Sincethis
camerawill be powered by an independent power supply, there will be no
interference between the camera and the onboard avionics package. All systems
were designed to be housed onboard the airframe so that no external systems
would be utilized, outside from the testing. Thisisto keep the project in the spirit
of the free-flight original design.

From the review of the PDD objectives, it is clear that all but the 6-axis
control goalswill be met. The control system was de-scoped because it would
have been too much work for our small group. If we accomplish our goal with
time to spare, other axes of control may be added. The mechanical designis
capable of handling afull control system. Asfor therest of the design, the PDD
goals were met with room to spare.

2. Development and Assessment of Design Alternatives
2.1 Structure

In determining the method of control for CHIRP, several aternatives were
investigated. The main topics of study were vanes, dual motors, single-rotor
collective pitch, and dual-rotor collective pitch. The first decision was whether to
use vanes or to change the properties of the rotors to control the craft.

It was determined that vanes simplified the mechanical design of the craft
while increasing the weight. The vanes system would have required the use of a
shroud around both rotors as well as the addition of the control surfaces.
Although mechanically more simple than a cyclic/collective pitch assembly, the
addition of these parts would have drastically increased the weight of the craft, as
well asthe size. Thus, the decision was made to dynamically modify the rotors
themselves to control the craft.

The fundamental concept behind dynamically modifying the rotorheads to
achieve control is that the pitch and roll axes would be controlled by a
conventional cyclic pitch rotorhead, while the yaw axis would be controlled by
generating adifferential drag on the counter-rotating blades. This differential
force would then translate to a net moment on the craft in the yaw direction. The
drag on the rotorheads can be changed by either changing the angle of attack of
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the blades, or by changing the velocity of air traveling over the blades. Since
changing the speed of the rotors would not be practical for this application, the
differential drag will be accomplished by changing the angles of attack of the
blades.

The dternatives investigated along this route included changing the speed
of each of the rotors using separate motors, changing the collective pitch of only
the bottom rotor, and changing the collective pitch of both the top and bottom
rotors. All options mentioned here include the use of cyclic pitch on the bottom
rotor to control the pitch and roll axes. First off, it was determined that the dual
motor setup would be too slow to satisfactorily control the craft in the yaw axis
because it would require change of the rotorhead speeds, which have alarge
inertia. Next, it was determined that changing the collective pitch on just one
rotor would still require a change in speed of the rotorhead assembly to maintain
stability in both the yaw and Z-translational axis, and would therefore make
accurate control of the system more difficult. Thus, the optimum design of using
collective pitch on both the top and bottom rotors was decided upon. By
increasing the angle of attack on one rotor and decreasing it on the other, this
setup allows independent changes in the yaw and Z-translational axes without
requiring a change in rotorhead speed. It was decided that the simplification and
greater command authority of the control system was worth the added mechanical
complexity of adding collective pitch to the top rotor. Figure 1 shows the
mechanical design of both fixed pitch and collective pitch upper rotor assemblies.
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Figure 1. Concepts of Rotorhead

2.2. Avionics

For this project, an accelerometer and arate gyro were needed. In order to
find the best sensors for the project, numerous sensors were examined and
compared to the requirements that were set. For the accelerometer, four different
types were compared. This comparison is shown in Figure 2.

Final Report CHIRP: Coaxial Hovering Indoor Reconnaissance Probe 11



Sensar Type Company PartHumber Size § Weight

Analog Devices ADEL 105
Plemaresis hve

[MELZ)
Aeoeeleromete s
ENDEWCO T2R%500
Honeperell QA R0
Conunereial § International Flex
Mlilitary
Aecelerometer
Crogsh owr CELI4LF1

Figure 2: Accelerometer Comparison

The Analog Devices MEM S accelerometer was chosen due to the
performance, cost and weight. A similar comparison was done for the rate gyro.
In this case, six products were examined to find the best for this product. An off-
the-shelf rate gyro for model helicopters was one of the main areas that was
looked into, and it was found that the size and the lack of programmability caused
issues with the product. The comparison chart of the rate gyrosis shown below,

in Figure 3.
Sensor Type C ompany Fart Humber Performance Cost
Futaha G¥240 137400 Average
ModelHelicopter
Tl R G4€0T SPORT Tail
Lock Gy
Aralog Devices ADELLIS0
MEMS
Raite Gyro
.5 . Dymamies 444 rate irte grating
Corporation Zyro
Homeparell GGAO0GHAT
AT e R Irtemational nuriatire rate gyro
Military Rate Gyro
Crosshow DMU FOG-VG

Figure 3: Rate Gyro Comparison

Final Report CHIRP: Coaxial Hovering Indoor Reconnaissance Probe 12



The final decision was to go with the Analog Devices MEMS rate gyro. Aswith
the accelerometers, the MEM S rate gyro had the performance, cost and weight
that was ideal to the project.

In order to fulfill the augmented stability requirement of the project,
several embedded microcontrollers were investigated. The comparison table can
be found in Figure 4.

Design
Options Manufacturer | Comments Risk | Performance | Flexibility | Weight | Cost
Automatic control input '
Oyro Futaha Will likely need 3 lawe | mod
Microcontroller: Basic separate chip for . 1 _
Stamp Parallax P mod | Figh “high [ oy mod
need to build
computer link
Microcontroller: PIC Microchip hardware mod | mod high | oy lowe

Figure 4: Microcontroller Comparison

It was found that Atmel’s Atmega 163 has all required i/o ports as well asthe
speed and memory required to run the avionics system. The group decided to use
the similar PIC18F452 instead mainly because:

1. The group will have outside experience using it.

2. Support is available through the department (Dr. Palo)
The use of off-the-shelf hardware was aso investigated. It was determined that
Futaba s GY 401 integrating rate gyro system would be able to provide yaw
stability, but that the system needed active controlsin the Z-translation axis as
well, which the GY 401 was not able to provide.

2.3. Electronics

For the electronics section, being the motor and batteries, there were not as
many design considerations as were in other design areas. Since the team knew
that there needed to be a motor and battery pack to fly CHIRP, the design
considerations dealt with choosing the right motor and battery to optimize weight
and power. Thereisan in-depth analysis of the electronics design in the
Electronics section; however, the only design alternatives the team had to choose
between were types of batteriesto use. Li-Poly was chosen over other types, such
as Ni-Cad mainly due to weight. All of the reasoning behind thisis covered in
detail in the Electronics section.

3. Design —T o-Specifications
3.1. Rotor System

The rotor system will be comprised of coaxial, counter-rotating blades.
This eliminates the need for atail rotor, which makes CHIRP more compact than

aconventional helicopter. In order to allow CHIRP to navigate through
doorways, the rotor diameter will be 22 inches. The rotor diameter includes 20
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inches for the two blades and 2 inches for the rotorhead assembly. The conceptual
drawing of the rotorhead assembly is shown in Figure 5.

Figure5: Rotorhead Assembly

The weight of the craft will be under 2 b, which will alow for reasonable
battery life and flight times based on the amount of lift available from the 22"
rotor. The minimum flight time will be five minutes, which would be long enough
to perform a simple search and rescue or other similar reconnaissance mission.
The mechanical design of the craft will include 3 concentric shafts. The outside
two providing torque from the motor to the rotors, and the inner providing control
of the collective pitch of the top rotor. Collective and cyclic pitch control of the
bottom rotor will be provided by a conventional helicopter setup.

3.2. Power and Drive System

A lightweight, brushless, high torque motor will be used to power the
rotors. A high torque motor was predicted in the preliminary design, but after
detailed power analysis, it was determined that the motor requires high speed and
low torgque to maximize the efficiency of Li-Polymer batteries. Figure 6 shows
the conceptual drawing for the gear box and motor assembly.

_
Gearbox I:E = "

Figure 6: Gear Box

The issues with the batteries and the gear ratio selection will be explained further
in the electronics design section.

A gear box with a20:1 gear ratio will be used for optimum power outpui.
A high gear ratio is needed to gear down the high speed of the motor to transfer
enough torque to the gearbox. A planetary gearbox is essential because bevel
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gears aone have an insufficient gear ratio to gear down the motor for necessary
rotor head speed. Inthe PDR, alightweight ball differential for counter-rotating
blades was mentioned. The gearbox is not atrue differential becauseit is
designed for the rotors to rotate at the same speed. A hollow main rotor shaft and
inner shaft riding on bearings will deliver the required torque to the rotor heads.

3.3.  Avionics

T command 0. upper

User Algorithm: Algorithm: Plant
Command THRUST_OUT ALPHA OUT {physical system)

F command

Sensors

(accelerometer and rate gyro)

voltage = o

Figure 7: Project Flow Chart

The avionics package consists of the following several components: 59
accelerometer, 150 degree per second rate gyro, serial port interface, servo
multiplexer chip, RC servos and receiver, and the flight computer/microcontroller.
The avionics board will be mounted vertically onto the craft. This alowsthe
accelerometer to be mounted directly to the main board with the sensitive axisin
the z direction. This allows measurement of linear acceleration parallel to the
thrust vector. The gyro will be mounted on ariser board with its sensitive axis
also inthe Z direction. This allows measurement of angular acceleration about
the yaw axis, or around the shaft axis. The -3dB frequency for both the
accelerometer and the rate gyro is given at 40 Hz. This sets the Nyquist sampling
frequency to a minimum value of 80 Hz to accurately represent the entire
spectrum of frequencies present. The control loop will run at arate of 20 Hz,
which allows accurate control of the system.

34. Battery and Motor

Estimates are made for power based on thrust models as well as power
losses due to friction, heat, and interferences. The motor must supply up to 150
watts to the stacked rotor system for CHIRP to hover and climb vertically. The
battery must supply enough power to operate the motor and the avionics.
Detailed analysis of power system can be found in electronic design section.
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High voltage and low current were determined ideal to run motor with high speed
and low current, which isvital for the use of Li-Polymer Batteries. The batteries
must have adequate capacity to meet flight duration requirement of at least 5
minutes. Thiswas an important design element in determining Li-Polymer
batteries to be used for the system.

3.5. User Controls

User control inputs will be made on atypical RC transmitter/receiver
combination. The receiver output will be fed directly into the onboard
microcontroller for processing with the control system software. The RC controls
used for this project are seen in Figure 8.

Figure 8: User Controls

3.6. Payload Selection

For apayload CHIRP will carry an RC MiniCam, which will transmit a
streaming video image to a nearby television. Thisvideo feed will be used to
qualitatively determine the performance of the system asawhole. The image will
be used to determine the jitter in the two axes of interest, which will be atest of
whether the flight platform designed this year will be jitter-stable enough to be
remotely piloted through the camerain future years of the project. It isimportant
to note that no numerical analysisisrelated to thistest result. The result is based
entirely on the opinion of the operator as to the ease of operation of the system.
The actual camerathat will be used is shown in Figure 9.

Figure 9: Payload Camera
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3.7. Function of the Test Stand

Figure 10: Functional Test Stand

The test stand limits the degrees of freedom of the craft. It limits motion of
the craft to the z trandlation and z-rotation axes. This simplifies testing of the
control system for CHIRP. Other degrees of freedom may be implemented if the
project continues to multiple years. This also allows for safety and protection
during the testing and verification phase. This allows CHIRP to safely travel in
limited degrees of freedom. CHIRP will be easy and safe to experiment with in
the test box in the senior projects room. The test box will protect group members
during testing if the structure happensto fail. Thistest box is essential for carbon
fiber blades rotating at 1611 RPM due to safety concerns for the people around
the testing process.

4, System Architecture

Since the principal purpose for the CHIRP vehicle isindoor
reconnaissance, some interesting system architecture features are caled for. In
this section, several purpose-driven design drivers will be highlighted, and the
corresponding system design responses will be discussed. For reference, an
overal schematic of the CHIRP vehicle is shown below, in Figure 11.
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Figure 11: System Architecture Overview

In order to successfully complete reconnai ssance missions in an indoor
environment, CHIRP must have a profile that is as compact as possible. This
minimized profile size will allow the CHIRP to have maximum possible mobility,
being able to travel through doorways and around typical indoor obstacles, as well
as obstacles inherent to search and rescue missions inside buildings that are not
structurally sound—fallen beams, collapsed walls, and the like.

In order to accomplish this, the idea of a coaxial, counter-rotating, twin-
rotor stack was conceived and will be implemented; this design is as shown in
Figure 12. Thisdual-rotor stack minimizes the vehicle’' s ground profile by
making the lifting plant as compact as possible; obtaining the required lift from a
22 inch rotor profileis now attainable. I1n addition to this, the counter-rotating
design eliminates the need for atail-rotor boom, dramatically decreasing the flight
profile.
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Figure 12: Rotor System

In order to provide power for this new lifting configuration, the
importance of a high-performance power plant becomes crucial. In order to
accommodate this requirement, the CHIRP will use a high torque motor driving a
gearbox mechanism of our design. In order to provide counter-rotating torque
inputsin acoaxia system, the gearing mechanism must be designed to fulfill this;
our gearing mechanism is as shown in Figure 13.

Figure 13: Gearing M echanism

Within the scope of this year, the CHIRP will be operated on atest stand
[imiting the range of motion to two degrees of freedom: trandation in the vertical
(2) direction, and rotation in the yaw direction. To consider the control
parameters within the missions, the rotorhead will operate at a constant rate, and
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control will be accomplished by varying the angles of attack of the top and bottom
rotors. These angles of attack drive both vertical thrust and torque in the yaw
direction; aerodynamically speaking, the thrust comes from lift as a function of
the angle of attack, and the torque comes from drag as a function of the angle of
attack. The system for determining these a values will be further discussed in the
Software Design Elements section. The angles of attack will be controlled by a
collective pitch control mechanism as shown in Figure 1 and Figure 12, shown
previously. Also visiblein thisfiguresisthe cyclic pitch mechanism being
developed. Though this mechanism will not be used within the scope of this year,
the cyclic pitching mechanism will be developed as a proof of concept. This
cyclic pitch mechanism will be used to control the other degrees of freedom (pitch
and roll, X and Y trandation) in future years of the CHIRP project.

In addition to driving a compact flight profile, the indoor requirement also
necessitates a flight platform that is as stable as possible. In addition to aflapping
rotor design producing a dampening effect, an avionics system will be
implemented, augmenting the CHIRP s stability, and increasing the overall ease
of piloting it. Since within the scope of this year, the CHIRP will be flight-tested
on atest stand limiting the degrees of freedom to vertical translation and yaw
rotation, the avionics system will allow for control and increased stability in the Z
and yaw directions. In order to sense these motions, avertically aligned MEMS
accelerometer and aMEMS rate gyro aligned to sense yaw (as shown in Figure
14) will interface with a PIC 18F452 microcontroller. Thisinterface, aswell as
the complete avionics design is as shown in Figure 15.

Figure 14: Sensor Layout and Orientation
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Figure 15: Avionics Board Schematic

On the microcontroller will be housed a software system generating the
augmented stability, as well as providing the user with control of the CHIRP.
This software system, as shown in Figure 16, will read in the user commands and
sensor inputs, and will generate thrusting and torquing commands to produce
stability, and will translate those torquing and thrusting commands into
commands to pass to the servos, which control the angles of attack of the upper
and lower rotors. Overviews of the key algorithms to be implemented,
THRUST_OUT and ALPHA_OUT, are included on the software flowchart, and
will be further elaborated on further in the report.
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Figure 16: Software System

In order for the CHIRP to be viable for reconnaissance, especially for
search and rescue applications, there must be some form of real-time image-
acquisition system. For the long-term scope of the CHIRP project, the target
objectiveisfor the vehicle to have to capability of being piloted remotely through
acamera-feed viewscreen to avoid putting the pilot at risk. Though thisimage-
acquisition system is not necessitated by this year’ s scope of the project, we are
designing the CHIRP vehicle to be viable for this form of remote piloting in the
future of the project. In order to accomplish this, the vehicle will carry a payload
of asmall wireless camera—not for remote piloting, but for testing purposes, to
determine whether vertical and/or angular jitter inherent to the flight platform will
prevent the acquisition of a clear image. The camerato be used is as shown in
Figure 17. The CHIRP vehiclewill aso carry a secondary payload of a pointing
laser, also for testing purposes.

Figure 17: Camera Payload
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5. M echanical Design Elements

Figure 18: Overview of CHIRP

Redesigning Rotor from an RC helicopter kit into a Coaxial Stacked Rotor System

Theinitia step was determining the rotational speed of the rotor with a set
diameter for the rotor disk. The radius of the rotor disk is 10 inches (length of
blade). To determine the optimal speed the blades must spin to lift and permit
CHIRP to hover, the lift was examined at the equivalent center of lift of the
blades. The center of lift was determined by integrating the lift over the entire
gpan of one blade. The center of lift was found to be at 79.4% of the entire span
of therotor blade. Thisisthe location where the estimated equivalent velocity
was determined.

Next, the airfoil and Reynolds Number (RN) of the blades were
established by examining the aerodynamic aspects of the blade at an initia
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rotational velocity of 2000 rpm. By analyzing the RN the coefficient of lift (Cy)
could be determined from the range angles of attack from O degreesto the
beginning of stall, 10 degrees. The minimum C_ of .163 related to the maximum
allowed RPM for the blades set at 2500 rpm by the specs of the blades. The
maximum C_ of .75 correlated to the minimum allowable rpm of 1190. The
desired rpm of 1611 and C of .46 were found to beideal for hover.

The following diagram shows the design of the flapping rotor, effects of
the centripetal and lifting forces, and the top and bottom rotor spacing.

Figure 19: Flapping and Coning Angles

The flapping rotor adds stability through the process of dampening the
moment. The blades are allowed to flap 5 degrees downward, and as high as the
blades need to upwards. Stability is added because the blades want to stay in
same plane. When the shaft changes angles due to some torque, the blades
continue to rotate in alevel and parallel plane to each other. Thisisdueto the
centripetal force and rotational inertia of the blade system. The opposing moment
adds stability by inducing the shaft to correct itself to the horizontal plane.

The bottom rotor was first designed for the extreme coning angle, which is
shown in the figure above. The two forces acting on the blade are the lift and the
centripetal force. The coning angleisthe angle of the cross product of the two
vectors. The slower the rotor spinsthe larger the coning angle. The extreme case
was evaluated at the minimum rpm and the maximum C,.. The maximum coning
angle the blades will ever experience is 7 degrees.

Taking into account the max flap angle and max coning distance, the
spacing between the rotors was determined. Thisis known as the No-Strike-
Distance. The No-Strike-Distance includes space for safety to make sure the
blades never touch. This distance was confirmed to be 58 mm. All rotorhead
parts are designed to handle maximum rpm, and are designed to allow for use of
full range of angle of attack
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Top Rotorhead

Figure 20: Top Rotorhead

The top rotor was designed to have 5 degrees of flap. The flapping angle
of the rotor, along with collective pitch, gives additional control stability. The
rotor hub used (gray section) was taken straight from the Hornet Helicopter Kit.
The rotor holder design is based on the kit design for the rotor, except the five
degree flap was implemented. This was accomplished by lengthening the bottom
of the holder until the blade is only alowed to hang the maximum 5 deg.

Bottom Rotor

Figure 21: Bottom Rotor head

The bottom rotor assembly of CHIRP is based on the rotor assembly of the
ECO 8. Design considerations of the control arms and the range of motion were
taken into account. The main reason to redesign the rotor from the ECO 8 is
because the fly bar travels through the hub. This cannot occur in CHIRP' s design
because of the triple counter-rotating shaft. Taking thisinto account, CHIRP's
rotor was designed to have no through parts. The fly bar assembly istwo rigid
bodies that use control arms and a control system to mechanically change cyclic
pitch through the fly bar and collective pitch directly on the rotor blades.
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Designing and implementing a differential, motor, and gear box system

Figure 22: Gear Box

Overall Design

Gearbox design accounted for many user-driven aspects of the finished
product. Designed for easy accessibility of the components within the gearbox,
the system is made to be easy to assemble and disassemble. A main requirement
was to design the gearbox to be lightweight yet sturdy enough to hold the
overhanging motor, withstand the high torques, and counter-load the moments of
the shaft. The main aspects were protecting the shaft from undetermined torques
in the system. For thisreason, the shaft must be precisely aligned and |oad-
supported. The top plate contains load bearings to support the 6 mm outer shaft,
while the bottom plate confines and supports the 3 mm inner shaft. Top plate will
house three servos to control swash plate, fly bar, and rotor. Support rods that
connect the top and bottom plates make structure very stiff due to load bearing of
theserods. The center of gravity is set at the shaft center, in order to prevent
moments through the center of the shaft. Moments, torques, and loads on shaft
are minimized.

Maximum stiffness

Through analysis, the gearbox design was shown to require strength,
durability, and stiffness. These parameters are due to the high torque force
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specifically directed to the gearbox. The high torque is due to the gearing down
of the motor being centralized here. Theinitial design consisted of the outer
structure of the gearbox being manufactured from carbon fiber. Later, thiswas
disregarded because carbon fiber has the characteristics set above but is very hard
to machine precisely. The machining limitation of carbon fiber madeit an
undesirable product. The gearbox plates will be manufactured from Delrin, a
strong, durable, and stiff plastic compound. Delrin has similar characteristicsto
carbon fiber but is much easier to machine. The ease of machining Delrin at the
expense of adlight increase in weight made the material very attractive for our
purposes.

Adjustable for gear mounting distance

Thetop gear isfixed but the bottom gear can move slightly along the shaft
in order to be able to readjust bevel gear teeth exactly to pinion gears. Thiswas
implemented to make sure high torgue in pinion from motor would not destroy
the teeth on the gears.

Designing an airframe to contain and balance all componentsin CHIRP

Figure23: Airframe
Lightweight

The airframe (housing structure) was designed to have a minimized weight
while being capable of maintaining all components to the CHIRP. The airframeis
composed of two plates connected by four rods all made of carbon fiber. Carbon
fiber was used here because it is lightweight and a very strong material. The
structure will house the batteries, avionics, payload (camera), and one servo for
the collective pitch rod for the upper rotor.

CG and Weight Balance
The placement design of the components was incorporated to counter the

weight of the motor hang-off. The electronics will be placed opposite to the
motor. The CG was again aligned to run through the center of the shaft. This
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enabled the positioning and integration of the bottom of the gearbox to the top of
the structure. Alignment isvery vita to the airframe, just like the gearbox. Inthe
airframe as well, the CG must go through the center of the shaft. CHIRPis
balanced right through the shaft, which isthe last step in the design.

Design of the Test Stand

Figure24: Test Stand

The test stand design implements the same characteristics as explained in
the preliminary design. The test stand will consist of abase that will allow for a
rod to easily trandate in the Z axis while also allowing the rod to rotate in the yaw
axis. The base will have pulleys and aweight to counter balance the weight of the
rod. The pulleys were employed to make the rod move smoothly up and down.
This design will prevent the rod from any awkward jerksin the Z trandlation. The
weight and cord, along with the tensional forces on the cord, will equal the weight
of therod. Thiswill allow CHIRP to vertically climb and descend and rotate as if
the test stand was not there. Table 2 demonstrates preliminary weight
distributions. The main aspects of the table are shown inred. The red boxes
allocate certain weight limits for each subsystem of CHIRP.
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Table 2: Weight Distribution

Weight Distribution

Last Modified 10/5/03

System

Subsystem

Weight (ounces)

Airframe

Structure

Rotor Axis

Propellers

Gear Box

Electronics

Rate Gyro

Accelerometer

Micro Controller

Speed Controller

Servos

Reciever

Wires

Engine

Motor

Gearbox

Power

Battery

Payload

Camera

Transmitter

Wires, antenna

Laser

Allowed Weight (0z)

Actual Flight Weight (0z)

Drawing Tree

The drawing tree uses the numbering system that was devel oped by this group to

track all drawings and parts associated with this project. The drawing tree
includes the identifying number, a short description of the part, the number of

parts associated with the drawing, the weight of an individual piece, and the cost.
This document allows the group to track all of the partsin an organized manner.
The drawing treeislisted as Table 3.
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6. Electrical Design Elements

6.1. Electronic Design Elements

The electronics system on CHIRP consists of the batteries, speed
controller and motor. Although there are only three items in the el ectronics
subsystem, it is necessary to analyze the entire drive system to optimize the
electronics components. The analysis starts at the blades to find rpm and torque.
From these values, aflow of power through a gearbox ends up dictating voltage
and current from the battery. We opted to go with a high gear ratio, with means
high voltage and low current for the motor. This allows us to use a Li-poly power
supply, exhibiting a very high energy density compared to other battery types.
Li-poly batteries have very high voltages per cell, 3.7 V, however, they cannot
discharge very quickly, i.e. low current, which isideal for our power situation.

The power analysis began with constructing a MATLAB routine for the
purpose of analyzing the voltage and current draw of the motor. This began by
finding the constants. A C, of .46 was chosen because it’sin the middle of the a
ranges, thisisimportant for control purposes. From the airfoil plots, a value of
Cp was found. For the given blades we now have rpm (1611) and torque values
on the main shaft. For alow current and high voltage motor, a high number of
motor winds was chosen, which means a higher resistance for alower current. At
this point, the constants were put into the code and iterated by gear ratio. Itis
clear that a high gear ratio has an advantage for current draw; however, the high
motor speed means avery high back voltage created which must be overcome.
Thisis acceptable for the batteries that we have sel ected.

Figure 25: Gear Ratio Selection
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Figure 25 isfrom the MATLAB code showing the ideal voltage and current use of
CHIRP at normal flight conditions. The advantage of high gear ratiosis clearly
shown on the plot. Now that it is known that high gear ratio is the goal, finding
gears for the gearbox becomes the hard part. The best gear ratio that wasfound is
a combination of a manufactured gearbox of 4.44:1 and 5:1 in the design gearbox
for atotal of 22.2:1. For theideal analysis, this means the motor will draw under
an amp and about 18 volts.

The analysis that was donein MATLAB isfor an ideal situation, without
accounting for frictional losses and disturbances. Losses dueto inefficiencies are
likely to be large, which means a much higher current draw, but the high gear
ratio will help with these losses. The draw on the batteriesis given by aterm
called C, which isthe capacity of the battery in amps per hour. A 1000 mAH
battery can discharge 1 amp for 1 hour at adischarge of 1 C. 2 C means 2 amps
for 30 min and 3 C means 3 amps for 20 min, etc. Li-poly batteries are good for
comparably low values of C. We are using 2400 mAH batteries and are
estimating about a4 amp current draw, which is under 2 C and should be well
within the capabilities of the batteries. Also to ensure enough power there are 7
batteries at 3.7 volts apiece or 3 voltsnominal. This should mean enough power
in reserve to act as a safety factor for inefficiencies in the mechanical design.

6.2. Thermal Analysis

The heating issues for the project are the battery, motor, and the avionics
board. All components that have heat issues were placed in path of airflow
underneath rotor system, which will supply active cooling during operation.
Batteries are aligned vertically and spaced to allow airflow through battery pack.
The motor isin the direct path of airflow, asisthe avionics board. By placing the
electrical componentsin the airflow, the risk of overheating the componentsis
reduced. Heating tests will be done on each of the parts during the testing phase
aswell.

6.3.  Avionics Design Elements

As mentioned above, the avionics package consists of the following
several components. 5g accelerometer, 150 degree per second rate gyro, seria
port interface, servo multiplexer chip, RC servos and receiver, and the flight
computer/microcontroller. The avionics board will be mounted vertically onto the
craft. Thisallows the accelerometer to be mounted directly to the main board
with the sensitive axisin the Z direction. This allows measurement of linear
acceleration paralld to the thrust vector. The gyro will be mounted on ariser
board with its sensitive axis a'so in the Z direction. This alows measurement of
angular accel eration about the yaw axis, or around the shaft axis. The -3 dB
frequency for both the accelerometer and the rate gyro is given as 40 Hz. This sets
the Nyquist sampling frequency to a minimum value of 80 Hz to accurately
represent the entire spectrum of frequencies present. The control loop will run at
arate of 20 Hz, which will allow accurate control of the system.
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Individual avionics system components will be built onto the QuikFlash
board to simplify the amount of circuit design needed for development and
testing. Once dl the individual components have had interface software written
and tested, all components will be built on to the PIC2840A development board,
which will then be used as the actua flight hardware. This Board has enough
room to accommodate all avionics system components.

The power for the avionics system will be supplied by the main motor
batteries. 24 volts from these cells will be fed through a voltage regul ator and
conditioning circuitry to obtain a smooth 5 volts for the avionics system. This
will power all IC components on the board, as well as the RC receiver and servos.

The seria port interface will be connected to alaptop in or near the test
stand. Thisinterface will be used for both programming the microcontroller and
for outputting data. This method of data collection gives us virtually no limits on
the amount of datathat we can record. This does require atether, however, which
should not affect performance of the system on the test stand.

The evaluation board being used for the rate gyro incorporates a low-pass
filter with its cutoff frequency set to 40 Hz. The accelerometer 1C package
includes an uncommitted amplifier which will be used to set the cutoff frequency
to 40 Hz.

The servo and receiver interface uses PPM, or pulse position modulation,
to relay commands to the servos. To read thisinformation into the
microcontroller, an interrupt is generated upon every rising edge which starts a
timer. Upon the next interrupt, the value of the timer isread, then it isreset for the
next servo. The time between pulses is the pulse width of the first servo. Through
this method, the values of al available channels from the receiver are accurately
read into the microcontroller. The servo output from the microcontroller worksin
asimilar way. A countdown timer is set equal to the pulse width of the first servo
and a pulse sent to the multiplexer chip, which starts the pulse going to the servo.
When the timer reaches zero, an interrupt is generated and another pulse sent to
the multiplexer, which ends the pulse to the first servo and starts the pulse to the
second servo. This method of interface alows the control of 9 independent servo
channels using the same output pin on the 18F452 microprocessor.

7. Softwar e Design Elements

As atop-level schematic, the loop appears as shown below in Figure 28.
User commands are proportional to velocity and angular velocity, and command
statements are passed as shown. Algorithms THRUST_OUT and ALPHA_OUT
will be elaborated on further. In order to accurately asses the design elements of
the software subsystem, it isfirst necessary to look at the objectives that the
subsystem is required to meet for successful completion. To be discussed in
greater depth, the objectives are these:

Simulink Model (7.1)

Main Loop (7.2)
Algorithm THRUST _OUT (7.3)
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Algorithm ALPHA_OUT (7.4)

7.1.  SIMULINK Model

In the interests of time efficiency, it is extremely beneficia to be able to
begin implementation of the control system of the CHIRP before the structureis
fabricated. Hence, it becomes very advantageous to model the vehicle's
performance using a mathematical model, before the structural and mechanical
subsystems are fabricated. Also, early simulation provides the means by which to
pre-verify the performance of a control function to be implemented; making
certain of the controller’s performance before flight testing certainly diminishes
risk inherent to testing. Granted, the CHIRP will be flight-tested on atest stand
which will almost certainly prevent any testing mishap, but any added certainty
going into the flight test phase will certainly make the flight testing much more
manageable.

Shown below in Figure 26is the working model of our mathematical
model, as performed in Simulink. The model we are currently using uses
completely independent loops for tranglation (Z-axis) and rotation (yaw axis).
Thisis only aworking approximation, however, and we will be working to
integrate the two model s together to compensate for any coupling effects.

Figure 26: SIMULINK M odel

Both loopsinclude a“plant” transfer function, essentially modeling
inertial effects. These are directly based on a mass estimate for the translational
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model and an estimate of the moment of inertiafor the rotational model. Each
loop also contains a working model of the control function, as well as arandom
thrust input simulating our current estimate of gust perturbations. Show below in
Figure 27 isagraphica depiction of the performance of both models, both within
set limitations.

Figure 27: Simulink M odel Performance

7.2. Main Loop

In order to interface with the avionics hardware and house the flight-
control algorithms, amain loop must be created—this main loop is run on the
microcontroller, and controls all other loops and interfaces.

Asthe control algorithms run, the flight data from the rate gyro and
accelerometer are stored in aregistry allocated for this data. The servo commands
passed from the control algorithms are stored in asimilar registry. Following the
signal of an interrupt timer, the sensor data are read from the registry by the
control agorithms, and the servo commands are passed from the registry,
converted to PWM, and passed to the servos.

Figure 28: Top Level Flowchart
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7.3.  Algorithm THRUST_OUT

One of the key features of the CHIRP project is the active stabilizing
control—the brains of the active stabilizing is the algorithm THRUST_OUT. In
this algorithm, command statements from the user are read, as are sensor inputs.
THRUST_OUT then outputs thrust and torque command statements.

Interpreting the user commands will be a matter of integration, and
stability generation will come directly from the control transfer function coming
from the Simulink model.

7.4. Algorithm ALPHA_OUT

An interesting aspect of the CHIRP project is the control actuation on the
physical system. Since the head speed will remain constant in flight, the two
actuators are simply the angles of attack of the top and bottom rotor—these drive
both thrusting in the Z direction and torque in the yaw direction. Since actuation
of these a values have effects in both torque and thrust, an algorithm is needed to
decoupl e these effects and pass appropriate commands to the actuating servos.

Thiswill be implemented by considering thrust as afunction of lift and
yaw as afunction of drag. Thrust is accomplished by changing the angles of
attack such that the combined lift is changed but the differential dragis
unchanged. Similarly, torque is accomplished by changing the angles of attack
such that the combined lift is the same, but the differential drag is altered.

8. Integration Plan
8.1. Avionics

The avionics system will be integrated in three basic steps. The first step,
already completed at the time of this paper, isto interface the receiver and servos
to the microcontroller. Thisinterface alows up to 9 independent user controls
from an RC transmitter to be read as 16-bit numbers into the microcontroller. The
microcontroller can then command up to 9 independent servos by writing a 16-bit
number to the output array. The second step in avionicsintegration is to interface
the rate gyro and accelerometer to the microcontroller. This step has also been
completed successfully at the time of this paper. Thisinvolves reading low-pass
filtered output from the sensors via analog to digital conversion into a 10-bit
number onboard the microcontroller. The third and final step in subsystem
integration isto test and calibrate the sensors. To accomplish this, the avionics
board will be placed on atable equipped with a motor and rotary encoder. The
table will then be spun at some constant rate and the output from the gyro
recorded. Thistest will be repeated for several different rates so an accurate
calibration curve may be constructed. This calibration will be used in flight
software to refine the measurements taken, which will add to the overall accuracy
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of the system. The accelerometer will go through a similar testing processto
verify its proper operation. The avionics board will be placed on alow frequency
vibration table (available in the ITLL), and made to vibrate at some known
frequency and amplitude. From this an accurate representation of the forced
acceleration can be constructed. Thiswill be compared to the sensed accel eration
and a calibration curve constructed (by doing several tests, of course).

8.2. Structure

Figure29: Structure Integration

Theinitial part of the gearbox assembly isto set up the triple shaft. The
outer shaft will be cut to its correct length. The same will be done for the inner
shaft and the innermost rod. The next step will be to machine the gearbox plates.
Then the gears will need to be machined. The final step isto fit the shafts through
the plates and then the shafts through the gears. The plates will then be assembled
together including the gearbox dowels. Thiswill then lead to the fabrication of
the bottom rotor.

After the gearbox is assembled the swash plate is lowered down the shaft
and the bottom rotor assemble is built above it on the 6mm shaft. The assembly is
built from the inside out ending with the fly bar control arms. All the bearingsin
the rotor head are press-fit in place beforehand.

The upper rotor head is already made and only needs to be set in place
with the rotor holders attached.

For the Structure Assembly, the carbon plates and dowels will first be
machined. Then the structure will be assemblestogether. The structureisthe
easiest part of the fabrication that iswhy it is set aside to be accomplished after
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the gearbox and rotors. Thisleads into the assembly of the structure and the
gearbox. The shaft will be aligned and fitted through the top plate of the
structure. This step will also align the gearbox and the structure together. The
final step in assembling the gearbox dowels from the bottom of the gearbox to the
top of the structure.

The control arms are attached last because they need to lengthened
precisely, so that the blades sit at the right angle of attack. All the control arms
are adjustable and clip on and off so they can be easily manipulated.

After the subsection has integrated all of the parts associated with the
individual sections the full integration of CHIRP will take place. Thiswill be
done in athree-step process. This process will allow the operational aircraft to be
tested as the build up istaking place. Thiswill ensure that everythingisin
working order as the process proceeds. The schedule for the processis show in
Figure 30.

Figure 30: Integration Schedule

The first step of the integration process is the combination of the software
and the avionics. As the backbone of the control system, it is very important that
this part all work correctly. One sub-team will develop the avionics board as a
different sub-team devel ops the software. As mentioned the software will consist
of the control system and the operational code to run the avionics board. As these
two sections are integrated together subsystem tests will be run to ensure that the
two systems are working properly and meet the requirements set for them. The
second stage of the integration will be the combination of the avionics and the
electronics. Thisisasmaller integration since the main factors of this step are
running the avionics board off the el ectronics power and having the avionics
correctly control the electronic components of CHIRP. Smaller than the first
integration step, but just as important since if not done correctly the project will
not function correctly. The third and final step is the integration of the now
combined avionics and el ectronics with the structure. Thisis alengthy step since
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the avionics and electronics will not only have to be placed correctly to balance
the center of gravity correctly, but be functionally tested with the structure to
ensure that al of the requirements are satisfied. Only after this step if fully
completed can the full system tests be started.

0. Verification and Test Plan
9.1. Subsystem Tests
9.1.1. Software Subsystem

To test the software that will be used in the augmented control ,the
MATLAB software program named SIMULINK will be used. This program
allows us to model the hardware system and the control system in software. By
supplying a correct hardware model, this program will allow usto test different
control systems experimentally on the computer. The tests that will beinvolved
in this aspect of the testing process will allow for the most accurate control system
to be designed for CHIRP. The process of the testing will involve modeling the
system in SIMULINK, compiling the program in to C, and then loading the
software on to the microcontroller on the avionics board.

9.1.2. Avionics Subsystem

To test the avionics system, the hardware will be incorporated on to the
avionics board and programmed to interact correctly with the microcontroller.
The servos and the receiver are an important part of thistest since if they are not
working correctly than there will be no control of CHIRP. To test that these are
working correctly they will be commanded to move to a position through the use
of the transmitter. Once working correctly the accelerometer and the rate gyro
will beinterfaced with the avionics board. The accelerometer will be tested
through the use of avibration table that isavailablein the ITLL. Thistable will
be used once initial readings are being received from the accelerometer. Therate
gyro will be tested through the use of arotary encoder equipped on atest stand.
Thiswill not only be used to make sure that the rate gyro is working properly, but
to calibrate so that the microcontroller will be receiving proper readings.

9.1.3. Electrical Subsystem

Four tests will be run with the electrical subsystem to make sure that the
performance meets the set requirements. The batteries will be charged and
discharge to condition them as well as measure the actual voltage and current that
each individual battery produces. The motor will under go heating and
performance tests. The heating test will be done at afew different RPMs as the
heat dissipated is measured. The performance will be measured by the torque
produced at different speeds. The speed controller will be tested at the same time
as the motor under the same parameters with the only issue being the interface of
the speed controller with the avionics board. It should be noted that all of the
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electrical components that are associated with this project will be operated under
the maximum manufactures specifications.

9.1.4. Mechanical Subsystem

In the mechanical subsystem the main tests involve the gearbox,
rotorhead, and the control surfaces. Once constructed, the gearbox will be tested
to ensure that it meet the torque and gear ratios that it was designed for. Since
these factors were taken into account during the design phase of the project, the
only concern has to deal with the construction. The rotorhead will undergo a pull
test of the hubs to ensure that they will not pull out during operation. Again, the
design of this part of the system leads usto believe that this should not be an
issue, but tests to prove thiswill be conducted. Rotational tests will be conducted
at different rotational speeds to make sure that al bearings and rotorhead parts
interact in the correct manner. The control surfaces will be tested to make sure
that the servos can handl e the change of torque with the rotor blades operation at
speeds up to the optimal rotorhead speed. Thistest will also alow usto ensure
that the control surfaces can operate through the full designed range of motion.

9.2. Integrated Test

Once integrated, the entire aircraft will go through an integrated test. The
integrated test for CHIRP is atest loop in which the hardware performance will be
compared to the analytical model created in SIMULINK. The hypothesisfor this
test isthat the aircraft will be able to perform rotational and steady hover tests that
will show the controllability desired. These tests will show, through a group-
designed test loop, along with a verification test, that a vertical hovering vehicle
stable in the yaw and Z-axis can be designed and built. In addition to being a
stable platform, the vehicle will be controllable in the yaw and Z-axis, these
degrees of freedom independently controllable. To ensure a safe and controlled
test environment, these tests will be conducted on atest stand that will be located
in atest box. This box will protect the operator and any additional personnel that
arein thevicinity of the tests. Due to the rotor blades spinning at a high rpm and
the possibility of the flying debris, all tests must be conducted in a safe and
controlled environment.

The requirements for the integrated tests were set by the desired
performance of thefinal aircraft. These were based on the avionics sensors and a
test of the in-flight camera’s capabilities. A list of the avionics sensors and their
properties are given in Table 4.

Table4: Sensors
Sensor Range Bandwidth Resolution Accuracy
Rate Gyro +150deg/sec | 0—40Hz 0.2929 deg/step | 0.1 %
Accelerometer | +5¢ 0-40Hz 0.009765 g/step | 0.1 %
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The second test that was performed to determine the requirements of this
aircraft was conducted with a camera borrowed from a past year’s group. This
camerawas of similar size and resolution. The purpose of this test wasto rotate
the camera at different speeds to see how fast the camera could be rotated while
the image on the TV remained clear. The camera was set on a rotating base and
timed rotations of 90°, 180°, and 360° were made. The results of this test are
found in Table 5.

Table5: Camera Rotation Test Results

Seconds | Rotation
Angle

3 90°

6 180°

12 360°

From these results it was found that CHIRP, should not rotate any faster than 360°
in 12 seconds. Using the information from the sensors and the camera test, the
current requirements were set. These requirements are shown in Table 6.

Table 6: Integrated Test Requirements

Rotation Test: from 0° to 90°

Overshoot = < 5°

Rise Time = 3 sec for 90°

Settling Time = 1.5 sec

Angular rate = 30°/sec

Vertica movement (z-axis) = 10 mm
per 90°

Damping ratio = critically damped
(final design)

Steady Hover Test

Vertica drift =10 mm/min

Angular drift = 2°/min

Vertical jitter = clear image through
camera

Angular jitter = clear image through
camera

As stated in the software section of this report, the hardware model will be
compared to the analytical model throughout the testing phase. This can be seen
in Figure 31, which shows the testing flow plan.
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Figure 31: Test Plan Flow Chart

From the requirements for the two integration tests a test procedure was created
that would allow for accurate results. The procedure for the testsis shown in

Table 7.

Table 7: Integrated Test Procedure

Integrated Test Procedure

Rotation Test:

Bring rotor head to optimum RPM

Point laser to zero degree mark on test box

Rotate and increase vertical position

Once at starting mark rotate at 30°/sec angular rate to 90

M easure settling time, overshoot, vertical movement

M easurements made through sensors and laser module

Repeat test 3 times

Steady Hover Test:

Bring rotor head to optimum RPM

Point laser to zero degree mark on test box

Rotate and increase vertical position

Once at starting mark release all user controls

Measure jitter and drift in the vertical and angular
position

M easurements made through sensors and laser module

Repeat test 3 times
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The results from these tests will be recorded in atest matrix that was created for
the tests. Thistest matrix isshown in Table 8.

Table 8: Test Matrix

Test 1: Rotation
Vertical Position: Z
0 to 90 degrees rotation

Angular rate = 30°/sec

Optimal Rotorhead RPM Test Number
la 1b 1c
Overshoot
Settling Time
Vertical Movement

Test 2: Steady Hover
Vertical Position: Z
Angular Position: 0°
Optimal Rotorhead RPM Test Number
2a 2b 2c

Vertical Jitter
Angular Jitter
Vertical Drift
Angular Drift

10. Risk Assessment
There are several risks associated with this project which can be broken
down into the following three categories:

1. Structure/ Airframe
2. Avionics
3. Electronics

4. Control Algorithm and Software
The design for CHIRP uses arelatively new concept in that it has dual stacked
rotors. This concept is new and fairly untested, especially on this scale.
Whenever anew design is conceived, there are risks associated with it. The
dynamics of the system, although predicted to a point, may have some new
interaction previously unaccounted for. This could potentially delay the
development and successful testing of the craft. 1n order to mitigate the effects
that thisrisk could present, CHIRP will be tested solely on atest stand whichis
able to overcome any dynamic stability effectsin the x and y trandlation and
rotation axes. This effectively cuts the potential for failure to athird of what it
would be otherwise. The test stand will allow the testing of the Z-translation and
rotation axes independently, aswell as combined. This allows the quantification
of any unforeseen dynamic effects as they relate to asingle axis. Ideally, this
means that these effects can be added into the control agorithm or removed
entirely by slight mechanical modification of the craft.
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The risks associated with avionics and electronics deal particularly with
the ability of the system to provide adequate power to the craft, as well as apply
controlsto it in amanner so that is stable. Calculations have been done to assure
that the amount of power available from the batteries and motor is enough to
power the craft. If for some unforeseen reason this power is not adequate, power
can be supplied to the motor via a power supply tethered to the craft, and the
motor could potentially be replaced with a more powerful one. The tethered
power system will probably be used during testing to reduce the fatigue on the
batteries as well as to eliminate the charging time associated with them. The
batteries will be onboard at all times and tested initialy to show that the craft is
capable of being self-contained. The avionics system including the servo/receiver
interface and the sensorsis critical aswell. Thereisn’t much to fall back on if this
system doesn’t work properly, as the augmented stability is arequirement for the
project. Calculations have been done to ensure that the chosen microprocessor has
the capabilities to do the required activities. A very similar setup using a
microprocessor with similar capabilities has been verified successfully on
autopilot.sourceforge.net. Development at this point in time is very promising.
The CHIRP avionics team has already successfully interfaced the servosto the
microcontroller, as well as an analogue device with similar characteristics to the
sensors that will be used. The recelver interface is the only uncompleted part of
this subsystem, but should be easily achievable.

The risks associated with the control system software lie mainly in that if
the group is unable to accurately simulate CHIRP in Simulink, the code will not
be able to control the craft. Thisisimportant again because of the augmented
stability requirement. As mentioned earlier, the test stand will alow the group to
collect dynamic model data, which can then be used to refine the model in the
simulation software. Ideally thisloop will lead to a very accurate representation
of the craft in Simulink, which will in turn very accurately control the craft in the
required axes.

The risks associated with this project are considerable, but the group is
confident that they can be mitigated and/or overcome completely by careful
planning and testing of CHIRP.

11. Project Management

11.1. Organizational Responsibilities
The organizational chart shows the management breakdown for this group.

The main areas of management are: Project Manager, Chief Financial Officer,
Webmaster, Safety Officer, and Instrumentation Engineer. There arefive
subsections of this project, for which one person is assigned as sub-team lead. In
this project these sections are: Structure, Electronics, Avionics, Software, and
Payload. Figure 32 shows the entire organizational chart and all of the members
that are assigned to the individual management and sub-teams.

Final Report CHIRP: Coaxial Hovering Indoor Reconnaissance Probe 44



Advisors:
Prof. Lawrence

Dale.Lawrence@colorado.edu

Prof. Axelrad

Penina.Axelrad@colorado.edu

CHIRP Project

Project Manager:

Advisory

Rob Beetem
beetem@colorado.edu

Board

Instrumentation
Engineer:
Matt Tyers

Matthew.Tyers@colorado.edu

Webmaster:
Bill Pisano

William.Pisano@colorado.edu

Safety Officer:
Toby Leifer

Toby.Leifer@colorado.edu

System Integration
Engineer
Rob Beetem

Chief Financial Officer:
Dave Lawry

David.Lawry@colorado.edu

Software 3.3 . .

Structure 3.2 Matt Tyers Avionics 3.4 Electronics 35|| Payload 3.6
Toby Leifer Bill Pisano Bill Pisano Dave Lawry Rob Beetem
Dave Lawry Rob Beetem Matt Tyers Toby Leifer

Rob Beetem
AES-CHIRP-11110
Figure 32: Organizational Chart
11.2. Work Breakdown Structure

To organize the drawings and parts in this project, a numbering system
was formed to categorize the individual drawings. This system is outlined in the
following section.
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Numbering System in the
CHIRP Group

AES-CHRIP-11401

The numbering system works off of 5 digits following the group name and
aerospace engineering sciences.

Example: AES-CHIRP-XXXXX

1) Thefirst “X” isthe main level of the project, which will be one of the following
sections.

1.0 Project Management
2.0 System Engineering
3.0 Design

4.0 Fabrication

5.0 Integration

6.0 Testing

7.0 Reporting

The second “X” isthe sub level asfound on the WBS for each main
level.
Thethird “X” isthe next sublevel. For the design of the structure the following
subsystems will be used.

Rotor System: XX 1XX

Structure: XX2XX

Differential: XX3XX

Test Stand: XX4XX

Body: XX5XX

Payload: XX6XX

if oneis present or the third through fifth “XXX" are the number of the
document.

For example the first paper about the design of the software would be
numbered;
AES-CHIRP- 33001
The second, AES- CHIRP -33002

2) For all drawings the naming is preceded by the letter “D” before the
numbers. For example, the first drawing of the structure will be named;
AES- CHIRP -D32001

3) Parts will follow the same labeling system will following the drawings but the
“D” isreplaced by the letter “A”

Example: A section of the main structure will be named;
AES- CHIRP -A41001

This system of numbering the drawings and the parts will continue to be
used through the compl etion of the project.

The work breakdown structure (WBS) of this project is divided into seven
sections. Each of these sections has numerous subsections. These divisions on the
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WBS are organized by the areas of the project as it moves through the design,
manufacture, and testing phases. The main divisions and the first subcategories
are shown in Figure 33.

Figure 33: General Work Breakdown Structure

A second version of the WBS contains the detailed sections that are not shown in
the general WBS. Thisversion of the WBS contains all of the tasks that are
assigned in this project. The tasks are also assigned to an individual of the group
which will act as the point of contact for thisinformation. The second version of
the WBS, the detailed work breakdown structure, is shown in Table 9.

Table 9: Detailed Work Breakdown Structure

CHIRP Work Breakdown Structure

Last Modified: 11/18/ 2003
AES-CHIRP-11210

WBS

Activity Name Responsibility

1
11
111

1.1.2
1.1.3
1.14
1.15
1.1.6
1.2

Final Report

Project Management
Planning and Schedule
Organizational Chart

Work Breakdown Structure
Tasks and Action ltems
Numbering System
Drawing Tree
Task Time Sheet

Task Management
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RB
RB
RB
RB
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121
1.2.2

131
1.3.2

21
211
2.1.2

2.2
221

2.3
231
2.3.2

2.4
24.1
24.2

3.1
3.11
3.1.2

3.2
3.21
3.2.2
3.2.3
3.24
3.2.5

3.3
3.3.1
3.3.2
3.3.3

3.3.4

3.35
3.3.6
3.4
3.4.1
3.4.2
3.4.3

3.4.4
3.4.5
3.4.6
3.4.7
3.5
3.5.1
3.5.2
3.5.3

Final Report

Task Assignments
Weekly Meetings

Financial Management

Budget Projections
Actual Budget Spent

Project Objectives

Concepts

Definition of Project Objectives
Feasibility of Objectives

Development of Concepts

Analysis of Concepts

Feasibility of Concepts
Detailed analysis of Concepts

Requirements and Specification Definition

Planning

Structure

Software

Avionics

Electronics

Outline of Requirements
Final Specifications

Distribution of Tasks
Structure of Design Process

Structural Layouts

Computer analysis of design
Material Selection

Integration of Subsystems
Analysis and changes to system

Basic software layout

Flow chart of system

Software utilized

Integration of software and elect.
hardware

Computer Simulation of
software/hardware

Analysis and changes to system

Basic hardware layout

Flow chart of system

Hardware utilized (gyros, accel)
Integration of hardware and
software

Test of vital components
Power consumption
Analysis and changes to system

Basic Electronics layout
Flow chart of system
Components utilized (batt, motor)
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RB
RB

RB
DL

CHIRP
CHIRP

CHIRP

CHIRP
CHIRP

CHIRP
CHIRP

2.4.3 Weiiht Table bi Subsistem RB

RB
RB
DL
DL
DL
DL, TL
RB
DL
MT
MT
MT
MT

MT,BP

MT
MT,BP
BP
BP
MT
RB

MT,BP
MT, BP
TL
BP
TL
TL
TL
TL
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3.5.4 Integration in to structure RB,TL
3.55 Power and duration available TL
3.5.6 Test of vital components TL
3.5.7 Analysis and changes to system TL
3.6 Payload RB
3.6.1 Choice of payload package RB
3.6.2 Integration design of payload RB
3.7 Test Stand
3.7.1 Design of Test Stand TL
3.7.2 Aircraft Hardware for testini RB
4.1 Structure
411 Material Selection DL
4.1.2 Design of components DL
4.1.3 Special Fabrication Needs DL
414 Actual Fabrication Techniques DL
4.1.5 Analysis of Design DL
4.2 Software
42.1 SIMULINK Model RB, MT
422 Transfer to Microcontroller MT
4.3 Electronics
4.3.1 Protoboard Layout BP
4.3.2 Layout of Final Design BP
4.3.3 Construction of Final Design BP
4.3.4 Final Design BP
4.4 Avionics
4.4.1 Integration test of Accelerometer BP, RB
4.4.2 Integration test of Rate Gyro BP, RB
4.4.3 Integration test of Micro Controller BP
4.4.4 Inteiration test of Avionics Board BP,RB
51 Planning
511 Overview of System Integration RB
51.2 Structure Subsystem Integration TL
513 Software Subsystem Integration MT
514 Avionics Subsystem Integration BP
515 Electronics Subsystem Integration DL
5.1.6 Payload Subsystem Integration RB
5.1.7 Testing Equipment Integration RB
5.2 Hardware
5.2.1 Airframe Structure TL
5.2.2 Rotorhead Structure TL
5.2.3 Electronics Components DL
524 Avionics Board BP
5.2.5 Batteries DL
5.2.6 Payload RB
5.3 Avionics and Software
5.3.1 Microcontroller BP
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5.3.2 Accelerometer BP

5.3.3 Rate Gyro BP
5.3.4 PWM chip BP
54.1 Structural Systems TL
5.4.2 Electronic Systems DL
5.4.3 Avionics/Software Systems BP,MT

54.4 Payload/Testing Systems RB

6.1.1 Complete System Test RB
6.1.2 Subsistem Tests CHIRP
6.2.1 Rotor Assembly TL
6.2.2 Airframe TL
6.2.3 Gearbox TL
6.2.4 Whole System TL
Test loop of SIMULINK Model RB, MT
6.4.1 Test Micro Controller BP
6.4.2 Test Accelerometer BP
6.4.3 Test Rate Gyro BP
6.5.1 Test Batteries DL
6.5.2 Test Motor DL
6.5.3 Test Electronics System DL
6.6.1 Bench Test, Vibrations, Interference RB
6.6.2 Range Test RB
6.6.3 System Integration Test RB

General Reports CHIRP
Final PDD documentation CHIRP

Final PDR Power point presentation CHIRP
7.4.1 Final CDR Powerpoint presentation CHIRP
7.4.2 Final Semester Report CHIRP

7.5.1 Final Presentation CHIRP
7.5.2 Final Report CHIRP
11.3.Schedule
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The current schedule that this group is working off of begins with the
CDR Presentation and ends with the final report at the end of the spring semester.
This schedule is show in Figure 34.

Figure 34: Schedule

11.4. Cost Estimate

The current budget for this project totals $4000. This amount of money
was supplied by the Aerospace Department as a base fund for each individual
project. No external funds were sought or received for the finances of this
project. Of the budget this group has currently spent 2185.07. Thisisstill the
estimated total for the project since not all of these purchases have been made.
This budget is current through the end of the fall semester. A detailed table of the
spending is highlighted in Table 10.
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Table 10: Cost Estimate and Spending

Cost Estimates

Last Modification: 12/15/03

AES-CHIRP-1311

System Subsystem |Part # Number of U Unit Cost |Total Cost shipping System Subsystem |Serial # Number of U Unit Cost |Total Cost
Airframe Electronics
Rotor System Kit 1 165.00 165.00 Motor 27/13/5 119.95 119.95
Rotor Head 1 79.00 80.00 Servos 4 20.00 80.00
bearing 40.20 gear box 79.00 79.00
screws 18.53 servo wire 18.91 18.91
control link 3.30
arm hub 7.50
8.45
Propellers E080 1 35.00 35.00 Battery 0.00 0.00
Gearbox 349.53|Users Contr
bevel gear |A-1m-3-y480 2 2.49 4.98
pinion A-1m-3-y480 1.38 1.38
bearings 85.12
screws 12.95 Transmitter 1 380.00 380.00
collars 23.93 Reciever 1 60.00 65.00
nutz 20.40
total 148.76|Payload
Structure Camera 1 300.00 300.00
Drive Sharft 6mm 2 30.00 23.10 Test Stand
Drive Sharft 3mm 24.15
Drive Sharft Imm 1.00
carbon fiber plate 40.00 Base 1 10.00 10.00
carbon fiber tube 10.00 Bearings 1 10.00 10.00
carbon fibre plate 30.00 Rod 1 15.00 15.00
total
Software 128.25 Pulley 1 10.00 10.00
| | 0 0.00 0.00 Weight 1 5.00 5.00
Avionics
Rate Gyro I 1 39.50 39.50 Total Cost: 2185.07
Accelerometer 2 59.86 59.86
Gyro evaluation board 62.50 62.50
sensor mount 1 30.00 30.00
blank protoboard/parts 47.38 47.38
pistol case 29.43 29.43
servo splitter 8.00 8.00
Speed Controller 1 180.00 180.00
9.00 9.00
11.5. Specialized Facilities and Resour ces

This project requires no specialized external facilities for testing. All of the
testing will be done in the test box located in the senior projects laboratory. This
test box was created for one on Dr. Lawrence’s past projects and is not currently
inuse. The box has atest section that is 8 feet wide, 6 feet deep and up to 7 feet
tall. Minor modifications may be needed for be made to the test box, which will
be determined closer to the actual testing phase of the project. Thiswill supply
plenty of room for the fully integrated tests outlined in the test section of this
report. The test box will supply a controlled environment where the tests may be
conducted safely and under the strict guidance of this group.
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13. Appendices

13.1. Product Data
ADXL 105 - Analog Devices Accelerometer 5
ADXRS150 — Analog Devices Rate Gyro 150 deg/sec

13.2. Drawings
13.2.1. Drawing Tree

13.2.2. Gear Box
13.2.3. Rotorhead
13.2.4. Structure

13.2.5. Test Stand

13.3. Schematics

13.3.1. Avionics
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