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1. Project Objective and Requirements

Satellites in the lower atmosphere are subject to large drag forces imposed by the atmosphere. This drag
slows the velocity of the satellite, causing it to fall out of its orbit. By thrusting in the direction of travel, the
velocity of the satellite can be held constant, preventing orbit decay. Drag Free Technology (DRAFT) will
allow a satellite to follow a purely gravitational orbit free of perturbations from atmospheric drag and solar
radiation pressure.

The DRAFT-Sat is valuable to the satellite industry because it will dramatically improve the accuracy of an
operator’s knowledge of satellite position. Surface force disturbances add a very large degree of
complexity to orbit models and propagators. This complexity makes existing models inaccurate after only
days or even hours. By eliminating surface force disturbances from a satellite’ s orbit, high levels of
accuracy for satellite position knowledge and orbit modeling will be possible. Some of the applications of
this system involve experiments in which satellite position must be known to a great amount of accuracy
such as GPS or mapping satellites. Missions or applications that drag free technology would benefit
include satellite formation flying missions, altimetry and Synthetic Aperture Radar (SAR). Table 1 below
shows the desired position knowledge accuracy for these missions (2). Based on these requirements, the
DRAFT-Sat system will be designed to mimic an undisturbed drag free trgjectory with atolerance of 1cm.

Tablel - Drag Free Application Accuracy Requirements (2)

. Desired Orbit
Missions
Accuracy (m)
Formation Flying 0.01
Repeat SAR 0.2
Altimetry 0.001-0.01
GPS 0.01
Gravity missions <1E-6

Objective

The overall objective of the DRAFT-Sat project isto design, build, and test a subsystem capable of
detecting and compensating for perturbations due to surface forces on the spacecraft. Compensating for
these disturbing forces will allow a satellite to follow an undisturbed gravitational orbit. This system must
keep the satellite’ s trajectory within 1cm of an undisturbed gravitational trajectory.

It is also the objective of the DRAFT-Sat project to build a completely self-contained system. Thisrequires
that the DRAFT apparatus be equipped with its own power supply and that it must be capable of on board
data processing and control.

For testing purposes, the DRAFT system must also meet requirements for testing on board the NASA KC-
135 microgravity environment as well as be capable of being tested in a 1g testing environment on the
surface of an air table.

Functional Needs

The DRAFT project is organized into six main subsystems: sensing, data acquisition, propulsion, power,
structural, and software systems. The functional needs of each system will be described below.

Sensing System — The purpose of the sensing system is to detect when a disturbing surface force affects
the DRAFT apparatus. It must be accurate enough to sense surface force disturbancesin 3 axes that are
causing DRAFT-Sat to differ from an undisturbed trajectory by more than 1cm.

Data Acquisition — An on board processor is required so that DRAFT-Sat can operate completely self-
contained. This processor must be capable of accepting data from the sensing system, evaluating the data
using a control law, and firing an actuator to allow DRAFT-Sat to mimic an undisturbed trgjectory. It must
also be capable of storing operating data to assess the performance of the DRAFT-Sat system.
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Propulsion System — A propulsion system will act as the actuator to move the DRAFT-Sat. It must be
capable of responding to commands issued by the on board processor and firing thrust in 3 axesto control
the trandational movement of DRAFT-Sat. It must be capable of keeping DRAFT-Sat within 1cm of an
undisturbed trajectory for up to 20 seconds due to testing conditions aboard the KC-135.

Power System — An on board power system isrequired for the DRAFT-Sat system to operate completely
self-contained. This power source must be capable of providing enough power to operate the sensing
system, data acquisition system, and propulsion actuation system.

Structural System — The structure of the DRAFT-Sat system must house all of the on board components
and be robust enough for all testing purposes for the DRAFT-Sat project. The integrated system
components must be less than the lifting capacity of the air table used for 1g testing. Theintegrated system
must also have a CG that is within 6cm of the geometric center of the apparatus to minimize unstable
rotations when firing the propulsion system.

Softwar e — Software must provide a control law capable of holding DRAFT-Sat stable and within 1cm of
an undisturbed trajectory. It must also dictate all operations that are required of the data acquisition system.

2. Development and Assessment of Design Alternatives

2.1. Sensing System Design Alter natives

When selecting a sensing system, the main criteria considered were the cost and the ease of use with
the DRAFT-Sat project. Most sensing systems investigated had no problems meeting the 1cm
positioning requirement so that was not acritical design driver. Table 2 below summarizes all of the
sensing options considered for this project.

Table 2 - Sensing Design Alternatives

Options Comments Risk |Perfor mance Cost

Temperature drift, small
size, readily available,

IAccelerometer

needs extra hardware and
software.
Digital D_|g|tal Interface, small
. size, no documentation or
Surveillance | ;
information from
Camera

manufacturer.

IActivRobotics
Pan-Tilt-Zoom
Camera

Large size, hasbuilt in
color tracking capability.

Heritage with project,
CMU cam/ reusable software, small
CMUcam?2 |size, on board color
tracking.

Most of the sensorsinvestigated were cameras due to the heritage that DRAFT-Sat had with optical
sensing systems. The project had specific experience using the CMUcam to track an unperturbed
reference point enabling it to detect disturbance forces on the system. This method of sensing
disturbance forces was successfully demonstrated making it a desirable technique to use. The
CMUcam system was very successful because the CMUcam included onboard tracking capabilities
making it very easy to use. Other options considered included the ActivRobotics Pan-Tilt-Zoom
Camera, which also had onboard tracking capabilities, adigital surveillance camera, and
accelerometers.
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The ActivRobotics camera was desirable because it appeared easy to use due to its tracking software.
The Pan-Tilt-Zoom feature was not needed however and the camera was found to be much too bulky
for the DRAFT-Sat system.

The digital surveillance camera showcased the highest resolution out of any of the cameras researched.
It would also be capable of tracking the undisturbed reference point due to its very high frame rate and
wide angle lens. Further advantagesincluded its very compact size (1.87” x 1.0” x 1.87”). This
camera was hot selected however because it could not be easily integrated into the DRAFT-Sat system.
Extra tracking software would have to be developed to track the reference point and interface the
camera with the rest of the system. This added to many variables and difficulties in the design process.

Accelerometers were also considered to detect disturbance forces. This sensor would not need to track
areference point like an optical sensor, but would detect any sudden acceleration on the DRAFT-Sat
system characterizing perturbations. This sensor would require the DRAFT concept to be greatly
modified from previous work and heritage. It was also decided to be risky due to temperature drift.
Since accelerometers are very sensitive to temperature changes, temperature gradients on a potential
satellite mission when passing into sun or shade might cause inaccurate measurements. Thiswasa
concern since most orbital perturbations are very small in magnitude, and any incorrect measurements
would result in failed mission objectives.

The result of the trade study showed that the CMUCam was the most desirable sensor due to its
previous heritage with the project and its easy interface of ASCII datatracking output. This camera
will be used to track an unperturbed “proof mass” allowing it to detect when the rest of the DRAFT-
Sat system was affected by surface force disturbances.

Selecting the CMUcam allowed two possible camera orientations to be considered. One orientation
involved the use of only one camera. This camera could easily track the position of the proof mass
along the X and Y axesin the cameraimage plane. The Z axis position of the proof mass would be
tracked using depth perception. The closer the proof massis to the camera, the bigger it will appear
and the farther the proof massis from the camera, the smaller it will appear. Thisorientation is
depicted in Figure 1a. The second possible orientation involves the use of two CMUcam cameras.
One camera would be used to track the X and Y position of the proof mass and the other camera would
track the Z axis position of the proof mass. This orientation is depicted in Figure 1b.

55 5cm 55 5cm
1 —— 5cm 1 ?
? o Zyes = 26 pixicm
55 res
Zies = 1 pix/icm @ P @
Y& =12 pixiem Yrg=12 pix/cm
— - K
z < Xres = 26 pixicmy, < Xres=26 pix/cﬁ’
y

a) Single Camera Orientation b) Two Camera Orientation

Figure 1 - Camera Orientation Alternatives

Based on the CMUcam quoted resolution of 80x143 pixels, the apparatus resolutions are shown in
Figure 1. Asreported in Figure 1a, the Z axisresolution is only 1 pix/cm while the Z axis resolution in
Figure 1bisas high as 26 pix/cm. The resolution of the single camera orientation is unsatisfactory
resulting in the two camera orientation being chosen for the DRAFT-Sat sensing system.
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2.2. Data Acquisition Design Alter natives

Thefirst step in the design of the data acquisition system focused on the various microprocessor
alternatives. The main alternatives that were considered were products from Amtel, Motorola, and the
Microchip PIC series. Each of these companies offered products that would meet the requirements of
the DRAFT-Sat project; however two group members were enrolled in Dr. Scott Palo’s Real Time
Data Acquisition class which focused on the use of the Microchip 40 pin PIC18F452. Because of this
firsthand experience, the PIC18F452 microprocessor was chosen as the onboard processor. Table 3
shows the design alternative design drivers. The Motorola chips were designed for mass use, resulting
in higher costs. The Amtel and PIC chips were similar in both programming and cost. There was no
existing knowledge base for programming the Motorola chips, increasing the risk of their use.

Table 3—Microprocessor Design Alter natives

Performance | Risk | Cost

Motorola -

Amtel

PIC

2.3. Propulsion System Alter natives

The design for the propulsion system of DRAFT-Sat had heritage with the experience of last year’s
system. The critical elements needed to meet the functional requirements of the system were defined
mainly by last years' team and are shown in Figure 2.

[ Propellant ]

[ Fluid Regulation Device ]

e,

Fluid Release Device ]

Thrust

Figure2 - Propulsion Flow Diagram

The main components of the system design included propellant to thrust the system, afluid regulation
device to ensure constant pressure in the system, a fluid release device that is able to be actuated to
allow the propellant to be released and a nozzle to compress the flow to create thrust. All of these
components need to be connected to each other using tubing or piping, creating a closed pressure
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system. Thefluid release device will also require power and data linesin order to command the fluid
to flow using the microcontroller.

Several design concepts for each critical component of the propulsion system were researched and a
trade study was performed to evaluate which design would be the best for the propulsion subsystem.
The following tables display each critical component and the design alternatives assessed for the
component.

Table 4- Propellant Alternatives

Propellant Comments Risk | Performance | Cost
CO, CO, is stored at high pressuresin liquid
form, usually in asmall canister of some
kind. Itisaninert gasthat will not harm
the users.
Air Air isstored in its gaseous form in large
containers. Itisaninert gasthat will not
harm its users.
Propane Vapor pressure at room temperature is 96
PSI, making the need for pressure
regulation in the system not needed.

The three different propellant possibilities for DRAFT-Sat were CO,, compressed air and propane. Air
performs well as a propellant, but it must be stored in its gaseous state requiring alarge manifold to
hold the propellant. Propane would not require much pressure regulation, but it is flammable and
dangerous to work with. The propellant chosen for the project was CO, because it isstored in a
compressed state, making its storage manageable. CO, changes phase from aliquid to agasat a
pressure of around 900 psi at room temperature so the system must be able to withstand pressures of
this magnitude (3). CO, also produces cold temperatures when it changes phase, so condensation and
cold temperatures will have to be accounted for.

Table5 - Pressure Regulator Alternatives

Regulation Comments Risk Performance Cost
Device
Regulator Used to regulate the pressure as it
comes out of the propellant tank.
Orifice Extra manifold for holding
depressurized gas would be needed.

The two designs considered for the regulation device were aregulator or an orifice design. The
regulator would be adjustable so the pressure going into the nozzle would be able to be adjusted. The
orifice design would provide an extra manifold for holding the pressurized gas. This orifice would
have to be alarge compartment in the system and it was concluded it was not an acceptable use of
space to add thisinto the pressure system.

Table6 - Propulsion Actuator Alternatives

Actuation Comments i Performance
Device

Own Design avalveto alow fluid to

switch/valve flow to nozzle using a switch to

design trigger the actuator.

Solenoid Uses electromagnetism to open and

Valve close avalve alowing fluid to flow

in and out.
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The valve actuation device design could be manufactured in house or bought commercially. In order
to design a switch/valve mechanism, a switch would have to be interfaced with avalve. These
components are made commercially (solenoid valves), so due to the complexity of the team producing
adesign, the commercial option was chosen.

Table 7 - Propulsion Piping Alter natives

Piping Comments i Performance
Copper Copper is heavy, but holds pressures
as high as 2300 psi witha0.035in
wall thickness

Plastic Plastic tubing is not very heavy, but is
not very strong.

The piping of DRAFT-Sat was the last design trade performed. Copper piping and plastic tubing were
both looked at as a means of connecting the pressure system together. The copper tubing can
withstand a pressure of approximately 2300 psi at a0.035 inch wall thickness. Plastic tubing can hold
pressures of around 275psi at a thickness of 0.035 inches, and therefore would not be acceptable for
the high pressures seen in the system. The pressures in the system after the regulation device will be
lower and plastic tubing should suffice for the lower pressure portions of the system.

2.4. Power System Alternatives

Several design alternatives were initially proposed through researching basic battery systems. The
alternatives included using standard alkaline AA batteries, NiIMH or NiCd AA batteries, or high
capacity Lithium batteries for laptop computers. Table 8 shows initial proposals for battery systems
based on a power budget of the system. However, it became apparent after the project PDR that higher
energy density batteries such as lithium polymers would be more suitable for DRAFT-Sat.

Table 8 - Power system design alternatives and assessment.

Options Manufacturer Comments Risk Perfor mance Cost

1.5V each may be put
in series for required
V. Low cost and easy
interfacing makes for
good design choice

COTSAA Duracell,
batteries Energizer, etc

1.25V each similar to
COTSAA . standard AA except
rechargeable Radiio Shack may be recharged to

reduce overall cost.

V up to 14.4V and long
lifetime are
Li-lon advantageous. High
laptop f/l(;rnngftggurers cost, weight, and
battery possible difficult
interface are
disadvantages
If analysis shows
charging solenoids
E())(\Ev?al N/A with internal supply is
gu | not feasible an external
PRl supply may be used.
(Off-Ramp)
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2.5. Structural System Alternatives

Several structural designs were investigated for this project. From the overall requirements several
‘architectural’ requirements came out; namely that the structure needs to be as mass symmetric in al 3
planes centered on the center of gravity (CG) as possible, and the geometric center needed to coincide
with the CG. The second requirement is that the faces of a cube be present on the structure, namely so
that there would be adequate thruster mounting locations. Thirdly, the structure needs to be made as
light as possible so that the system will meet the air table’s weight budget for testing. Lastly, afactor
driving the design is to try to minimize the machining complexity to save as much time in the shop as
possible.

From these requirements two different architectures emerged, the first is a basic cube shape, the second
isaderivative of adesign used my MIT on their SPHERES project. The SPHERES design is being
used with permission, and is called an octagonal ring architecture. These are shown in Figure 3a and
Figure 3b.

Figure 3a: Basic Cube Shape Figure 3b: Octagonal Ring Architecture

Figure 3 - Structural Comparison

To compare the two basic architectures, a finite element model mesh of each was created and a basic
load applied to the top of the structure. (Figure 4aand Figure 4b) From this applied load, which was
chosen to be 200 Ib, the minimum factor of safety (FOS) for each structure is compared, yielding some
concept of their strength. Their masses are al'so compared, yielding an idea of the ‘ structural
efficiency’. The results are tabulated in Table 9.

Figure 4a: Basic Cube Shape FEM Figure 4b: Octagonal Ring Architecture FEM

Figure 4 - Comparison Analysis
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Table9— Structural Comparison Results

. Octagonal Ring
Basic Cube Shape Architecture Comments
Minimum EOS 0.063 058 Octagonal Ring Structureis nearly
10x Stronger.
Weight 0.881b 0911b Similar Weights.
Machining Complexity Complex Simple Octagonal Sttgjﬁtql;r;;ﬁemuch simpler

From the data presented in the above table, the clear choice emerges as the octagonal ring architecture
due to its higher structural efficiency (strength to weight ratio) and lower machining complexity.

The materials evaluated were acrylic, aluminum and titanium. Acrylic does not have a high enough
strength for the main structure, but is strong enough for many of the mounting brackets and was chosen
for use in the cavity, tunnel and most of the mounting brackets due to its low density, cost and
machineability. Titanium was ruled out for use due to its high cost and lack of machineability.

Several different aluminum alloys were considered, mainly 2000, 6000 and 7000 series aluminums.
2000 series aluminum is the lowest strength of these materials and cannot be anodized, and was ruled
out for these reasons. The 7000 seriesis an excellent material, which has the highest strength and can
be anodized, but the strength afforded by the material is not needed and therefore the additional cost
cannot be justified. The chosen material is 6061-T6 aluminum, which is easy to machine, extremely
available and widely used, giving a high specific strength and ideal properties for this project.

3. Design-To Specifications

3.1. Sensing Specifications

With the CMUcam sensor chosen to sense the surface force disturbances on the DRAFT-Sat system,
severa regquirements have been imposed on the design. These requirements were identified using the
CMUcam specifications and capabilities. Some requirements were imposed due to the nature of the
DRAFT-Sat system. Since the CMUcam is designed to track objects, the proof mass being tracked in
the DRAFT-Sat had to conform to several requirements as well. Table 10 below summarizes these
requirements.

Table 10 - Sensing System Requirements

Number Requirement

CMUcam cannot be any closer than 5 cm from the object it is tracking.

CMUcam requires a5V supply and 200mA of current.

Proof mass size must be at least 5% of the CMUcam FOV.

Proof mass color must contrast with its surroundings.

Proof mass must be capable of moving more than 1cmin 3 axes.

Proof mass must be shielded from all surface forces.

N[O~ WIN|F

Proof mass lighting must be consistent throughout its path of movement.

Requirements 1, 3, 4, and 7 were all derived due to limitationsin the tracking capability of the
CMUcam. They were al recommendations given by the camera designers at Carnegie Mellon
University to ensure accurate tracking of the camera. The CMUcam is very sensitive to color changes
so requirements 4 and 7 were especially important. Through testing it was found that if the proof mass
being tracked passed into a shadow or into any glare, the CMUcam would lose track of it. In addition,
the accuracy of the CMUcam tracking greatly decreased if the color of the proof mass was similar to
its surroundings.

Requirements 5 and 6 were derived based on the nature of the DRAFT-Sat system. In order to detect
movement in the system due to perturbationsin all three axes, the proof mass must also be capable of
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movement in three axes. It was also decided that the proof mass must be allowed to move more than
1lcmin each direction in each axis so that the performance of the system could be analyzed. In other
words, if the proof mass could not move any more than 1cm from its neutral position, it would never
be known if DRAFT-Sat could hold its position requirement of 1cm from an undisturbed trajectory.
Requirement 6 isintuitive. If the proof massisto act asthe DRAFT-Sat reference of an undisturbed
trajectory, it must follow an undisturbed trajectory and be shielded by all the disturbances affecting the
rest of the system.

3.2. Data Acquisition Specifications

Table 11 shows the requirements of the Data Acquisition system. For a successful project, the
microcontroller must be able to interpret data from the sensing system, determine the position error of
the system and actuate thrusters to correct the error. In addition, the data from the sensing system must
be stored so that it can be analyzed after testing is compl ete.

Table 11 - Data Acquisition Requirements

Number | Requirement
1 Receive data from sensing system
2 Process data faster than frequency of data input
3 Interface with propulsion system
4 Store data from sensing system
5 Export data to PC at completion of testing

3.3. Propulsion Specifications

The following table describes the requirements imparted on the propulsion system by the functional
requirements of the project. The propulsion system must control the apparatus in three axes while
adhering to the KC-135 requirements. Because the propulsion system will be pressurized, the
components, tubing and fixtures must all be able to withstand the pressures that will be seenin the

system.
Table 12 - Propulsion System Requirements

Number Requirement
1 Provide enough thrust to control the system
2 Provide thrust for control in three axes

Pressure systems must be able to withstand the pressures that will be seen in the
tubes/pipes of the pressure system

4 Meet NASA safety requirements for flying on the KC-135

The MAWP must be greater than a factor of 4 compared to material ultimate

42 strength and a factor of 2 when compared to the yield strength

b Must have a pressure r_elief_ system set to no larger than 10 percent above MAWP
to prevent over pressurization

¢ Pressure gages must be sized to indicate a minimum of 150 percent and
maximum of 200 percent of systems MAWP

4d Pressure gauges must have pressure relief mechanism internal to the gauge and

be properly calibrated

The KC-135 requirements classify the DRAFT-Sat project as a category A pressure system according
to the Experiment Design Requirements and Guidelines (AOD 33897) document provided for potential
KC-135 experiments. The fourth requirement and its sub-requirementsin Table 12 explain the
specifications defined by this KC-135 document.
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3.4. Power Specifications

A primary requirement for the DRAFT-Sat project is developing a self-contained system. Therefore,
an onboard power system has been designed to meet the needs of DRAFT-Sat. The onboard power
system includes batteries that supply power, circuits to distribute power to all electronics and actuators,
and control of the power to actuate the thrusters. The following discussion outlines the development of
acritical design for the onboard power system of DRAFT-Sat.

Several requirements shown in Table 13 are imposed on the power system. These requirements are
based upon project definitions and safety requirements set forth by KC-135 flight testing requirements.

Table 13 - Power System Requirements

Number Requirement
1 Provide an onboard power system for the DRAFT-Sat subsystems.
2 Provide enough power for testing and data collection aboard a KC-135 flight. Thisis

approximately two hours.

Develop a method of controlling the actuation of the thrusters through the solenoids
and microcontroller.

Meet NASA safety regquirements for flying on the KC-135.

da Batteries must be of the dry cell or gel cell type.

4b There must be a system off or "kill" switch for emergency shutdown.

After PDR anew study into battery selection was conducted. The primary driver for the study was the
system power budget. The power budget was finalized when a specific solenoid was selected for
actuation of the thrusters. Table 14 shows the DRAFT-Sat power budget.

Table 14 - DRAFT-Sat power budget

Current | Voltage | Power Duty | Operating
Component (mA) (V) (W) |Cycle (%) |Power (W)|mAh
CMU camera (2) 400 5.0 2 100 2 400
Microcontroller (2) 400 5.0 2 100 2 400
Solenoids (6) 900 6.0 5.4 25 135 225
LED@(6) 120 5.0 0.6 100 0.6 120
Total 1820 5.95 1145

The power budget shows the power estimates for each of the energy drawing components on DRAFT-
Sat. In order to meet the requirement of sustained testing for two hours a battery capacity of 2 x
1145mAh, or 2290mAnh, is needed.

The power system also plays an important role in actuation of the thrusters. The preliminary design

callsfor solenoids to actuate the thrust. Power must be provided to these solenoids for thruster control
through a circuit that will be developed to provide the power when commanded by the microcontroller.
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3.5. Structural Specifications

Most of the structural design requirements come from the requirements set forth by the KC-135in
Experiment Design Requirements and Guidelines (AOD 33897). From here several requirements are
set forth regarding the G-loading. (See requirements 1la-€)

Secondly, arequirement was added that the structure be robust enough for handling, a rather subjective
requirement with the effect of not allowing unreasonably thin materials into the design, and so making
the final product extremely fragile. (See requirement 2)

A third requirement from the overall objectivesis that the structure have a high strength to weight
ratio, and afourth isthat it be easy to machine. (Requirements 3 and 4)

The requirements are summarized in Table 15.
Table 15 - KC-135 Structural Design Requirements

Number Requirement

la Structure must not yield under 9 g's of forward loading.

1b Structure must not yield under 3 g's of aft loading.

1c Structure must not yield under 6 g's of downward loading.

1d Structure must not yield under 2 g's of lateral loading.

le Structure must not yield under 2 g's of upward loading.

2 Structure must be robust enough for handling.

3 Maximize structure strength to weight ratio. (Overall system must not
exceed 5 kg.

4 Design structure so that it may be machined easily.

System Ar chitecture

4.1. Sensing System Architecture

To meet all of the sensing system requirementsin Table 10, the system architecture shown in Figure 5
was developed.

,»"// 777 T
- |
F\ @ | 2cm 5cm
RAT |
‘\\// |_____|\ €L
Transparent o
Walls F 2emH

— s5om —F— 5m — Error Box

Figure5 - Sensing System L ayout

DRAFT-SAT 2003/2004 11



The sensing architecture consists of a reference proof mass contained by a cubic proof mass cavity,
and two CMUcam cameras. The proof mass cavity is simply a hollow box that will allow the proof
mass to move freely inside of it.

Two cameras are needed to track the X, Y, and Z position of the proof mass since each camerais
capable of tracking in only one two-dimensional plane. One camera will track position of the proof
mass along the X and Y axes, and the other camera will track the proof mass along the Z axis. This
orientation isillustrated in Figure 1b.

To meet the tracking requirements of the CMUcam, the proof mass shown above will be a bright color
such asred. The background of the proof mass cavity will be white. These two colors sharply contrast
and will yield good tracking conditions.

The cameras will be placed the specified 5cm (Requirement 1, Table 10) away from the face of the
proof mass cavity. The cavity will be designed as a 5cm sided cube. Thiswill allow the proof mass to
be a minimum distance of 5cm from the CMUcam, and a maximum distance of 9cm from the
CMUcam (the proof massis 1cm in diameter).

The size of the proof mass was chosen based on the CMUcam FOV requirements (Requirement 3,
Table 10). Knowing the quoted CMUcam FOV to be 55° and the distance the camera is from the proof
mass cavity, the necessary proof mass size needed to be 5% of the CMUcam FOV can be found. By
using a 1cm diameter proof mass, the FOV calculations shown in Figure 6 were performed. The 1cm
diameter proof mass yielded a minimum 19% FOV which easily meets the 5% FOV requirement for
the CM Ucam.

PM %FOV =1cm/h

h hyeee = 5CM* tan(55/2) = 2.6
hcl far
B0 @| 1cm 5cm h,, =10cm* tan(55/2) =5.2
PM %Fovclose = 38%
| 5cm 5cm PM %FOV,, =19%
\4
~

Figure 6 - FOV Geometry

4.2. Data Acquisition Architecture

The PIC18F452 microprocessor is capable of serial communications through a USART setup,
consisting of two pins on the processor. The data from the sensing system can be transmitted through
these pins to the microcontroller for processing. The USART connection is also required to transmit
the data to the PC once testing is complete. To accommodate this, aDPDT switch is added to the
microcontroller to switch the processor from the data input lines to the data output lines.

In order to prevent delay in the system, the controller must process the current data packet before the
next arrives from the sensing system. The sensing system runs at a maximum frequency of 17Hz. The
PIC18F452 runs at a maximum rate of 40MHz which will allow for ample computation time.

The chosen processor also has 32 1/0 lines that can be used to actuate the thrusters. The processor will
simply drive aline high to fire athruster.

The data from the sensing system must be stored as it comes in so that post testing analysis can be
done. A 25 second test at 17Hz with 24 byte data packets will require 10200 bytes of data storage.
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The microprocessor includes the 24L C256 256 Kbyte EEPROM. This provides ample data storage for
the project.

4.3. Propulsion System Architecture

In order to be certain the amount of thrust will be able to move the prototype in the correct direction
for the correct amount of time, an analysis of the thrust was conducted. The project last year used an
air table for testing of the prototype. Thisair table has disturbance forces of its own when the air is
pushed to the top of the air table. Last year’s group quantified this disturbance force to be a vel ocity of
0.1cm/s. Using this number, the following cal culation was done using basic kinematics physics
equations to compute the minimum amount of thrust that will be needed in the system.

— m(x - Vot)
= t—2

Equation 1

F

Theinitial velocity was assumed to be zero and this model assumed the mass of 5kg would be stopped
in 1 second. The lowest amount of thrust the system would have to produce would be the amount to
stop DRAFT-Sat on the air table without any other disturbances. Thiswas calculated to be 0.1N.

The upper limit of thrust was calculated by graphing the thrust versus time of the system to move 1cm,
which isthe largest distance the apparatus will have to move at any onetime. As seen in the following
figure, the thrust increases with the decrease of time to move 1cm. The system should not have to
thrust any more frequently than every 0.5s, so the corresponding value of thrust, 0.7N is the maximum
amount of thrust the system will need to produce.

Reaction Time of System Moving 1 cm
3.5 T T

Time (sec)

0 0.2 0.4 0.6 0.8 1 1.2 1.4
Force (N)

Figure 7 —Thrust to move DRAFT-Sat 1cm

Thefinal calculated thrust range of the system was 0.1N-0.7N.

The propulsion system will use atotal of six thrusters, two on each axis of the prototype pointing in
opposite directions. The thrusters will be aligned so that the thrusting force will act along the center of
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gravity of the system. Thiswill minimize rotation of the prototype. The rotation of the prototypeis
further predicted and examined in the testing section of this document.

All of the specifications and parts resulting from the KC-135 requirements are commercially attainable
and available. These partswill be purchased by the project according to the specifications given by the
company in order to meet the above requirements.

4.4. Power System Architecture

The power system is designed to meet the needs set forth in the power budget. This requires a battery
capacity capable of supplying 1145mA for two hours, or 2290mAh. In order to meet this specification
the system is designed using series and parallel connections of lithium polymer battery cells. The cells
are each capable of providing 3.7V with a capacity of 1500mAh. The design calls for a parallel
connection of two packs of 3 cellsin series. This provides an operating voltage of 11.1V and capacity
of 3000mAh. A block diagram of the design is shown in Figure 8.

Figure 8 - Block diagram of power system design

45. Structural Architecture

The design chosen for the final structure of DRAFT-Sat was the six octagonal ring structure. 1t will be
machined out of 6061-T6 aluminum because it has the ideal properties for the required structure.

The modeling software predicts that the final structure will weigh roughly 3kg, without fasteners and
propulsion system piping. Thisiswell under the 5 kg weight limit imposed by the air table. It also
predicts that the CG is within 2cm of the geometric center, without the application of counterweights.
Thiswill help the final process of CG verification and limit the number of counterweights needed.

An FEM model for the ring structure and most of the mounting brackets was generated and
representative G-loadings were applied for 9g's from each of the components. The load orientation
was chosen so that the structure was in its most vulnerable position (lying on a corner). The model
predicted a minimum factor of safety of 5400. From this result the structural requirements 1a-e have
been met.
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Figure9 - FEM Analysisof structure

Requirement 2, stating that the structure must be robust enough for handling, has been done by making
none of the parts (with the exception of the mounting brackets) out of anything thinner that 0.1”
Aluminum. This should yield a structure that is sufficiently strong for handling.

Requirement 3, stating that the structure should maximize the strength to weight ratio is met by the use
of aluminum and acrylic and an extremely efficient structural design.

Requirement 4, stating that the structure should be easy to machine, was taken into account during the
design of each of the components. This consideration meets the requirement set forth.

Mechanical Design Elements

5.1. Overall Layout / Final Picture

Figure 10 - Overall Layout

Aboveisapicture of the overall assembly, giving a general idea of the layout of the components for
reference purposes. Later in this section close up pictures of each part are shown.
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5.2. Ring Assembly

Thering assembly is the main structure of the satellite. Onto it all the parts are mounted, and it carries
all of theloads. All of the parts are machined out 6061-T6 aluminum. A partial exploded view is
shown in Figure 11. Thefinal two rings were not used in the testing version of the structure because
other components were protruding through the structure, making it hard to actually put on the final two
rings.

Figure 11 - Partially Exploded Ring Assembly

Rings

Therings are the main structural support for the satellite. There are three different types of rings, each
with a different keying feature that allows them to lock together. Each of the rings has 16 clearance
holes for #6 machine screws to allow mounting to the rings and so the rings can be mounted to the
faces. Drawings of the rings can be found in the drawing package pages S1-S3. The estimated
machine time for the ringsis 16 hours.

Faces

The faces represent the faces of a cube of the same size, and serve as locations for the thrustersto be
mounted. Additionally, they provide mounting locations for the cavity, cameraand tunnels. They are
all identical with the exception of the mounting holes drilled on the faces. The rings fasten to these
faces using 24 #6-32 machine screws. Drawings of the faces can be found in the drawing package
pages $4-S6.
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5.3. Cavity and Tunnel

Figure 12 - Cavity and Tunnel Assembly (Tunnel on L eft)

The cavity and tunnel are both made out of acrylic to minimize weight and make them as easy to
machine as possible. Two sides of the cavity are transparent to allow the camera to see the proof mass,
although due to glare issues with the shiny acrylic, these windows were not used. The rest of the
pieces are made out of opaque acrylic, which will be painted white on the inside as per specifications.
The cavity is held together by 27 #0-80 machine screws. The tunnels require another 32 #0-80
machine screws to hold it together and for mounting. These tunnels were not used because it was
found that the cameras could sense the PM very well without the tunnels. In addition, the room was
needed for wiring and piping through the system. The cavity is mounted to mounting brackets by 4
#6-32 machine screws.

Sensing System Design
Thefinal design for the sensing system is shown in Figure 13.
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Figure 13 - Sensing Final Design

Acrylic plastic will be used to fabricate the proof mass cavity and the proof mass will consist of
aluminum. The proof mass will be painted red to contrast with the background of the cavity walls. To
provide an even greater contrast between the cavity and the proof mass, the two cavity walls behind the
proof massin the line of sight of the cameras will also be colored white. The two cavity wallsin
between the proof mass and the cameras will be clear acrylic plastic to alow the camerasto see the
proof mass. The geometry shown in Figure 13 has been verified to meet requirements 1, 3and 5in
Table 10 as demonstrated in section 4.1.

Lighting inside the proof mass cavity will also be controlled using several LEDs mounted on top of the
CMUcam cameras. Lighting inside the cavity is very important for good tracking as demonstrated in
Figure 14.

Figure 14 - Cavity Lighting Testing

Theimage in the middle of Figure 14 shows a very well tracked object. The green box represents the
camera s confidence in the tracked object’s position and the red dot represents the estimated position
of the centroid of the tracked object. As soon as the proof mass is moved into the shaded region in the
lower left hand corner in the far left image, the CMUcam does not provide very confident results.
Another concern with tracking in the proof mass cavity includes potential glare that occurs on the
cavity walls. Thistest isshown inthe far right image. Because the glare covers half of the proof mass,
the CMUcam results are very inaccurate placing the centroid of the proof mass much lower than it
actualy is. Shading and glare each produce inaccurate tracking results demonstrating the need for a
very controlled lighting environment inside the proof mass cavity. Three super bright white LEDs will
be used to eliminate any shadows inside the proof mass cavity. To eliminate any occurring glare, the
location of the LEDs will have to be adjusted until tracking is acceptable.
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5.4. Mounting Brackets

Cavity Mounts

Figure 15 - Cavity Mounts (2)

The cavity mounts bolt to the cavity and the face pieces, holding the cavity rigidly in place.
Additionally, they are designed to hold the gas capacitor and pressure release valve viaa zip-tie
connection through their center. They are constructed out of acrylic and are bolted to the outer face
piece via 4 #6-32 fasteners. The cavity is attached to the cavity mounts using another 4 # 6-32
fasteners. The estimated machining time for these mountsis 6 hours.

Battery / CO2 Tank Mounts

Figure 16 - Battery/CO, Tank Mounting Brackets (4)

The battery and CO2 tank mounts are identical to minimize machining time. They are constructed out
of acrylic to save weight and additional machining time. Both the batteries and CO2 tanks are attached
to the mounts via zip-ties for ease. The brackets connect to the rings via 4 #6-32 fasteners.
Additionally the shell pieces over these brackets connect to the bracket using 2 #4-40 fasteners. The
estimated machining time for these bracketsis 3.5 hours.
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Pressure Regulator Mounts

Figure 17 - Pressure Regulator Mounting Bracket (1)

The pressure regulator mount is constructed out of 6061-T6 aluminum to resist the high amount of
torque and handling the pressure regulator will receive. |IT attaches to the ring structure using 4 # 6-32
fasteners and the pressure regulator is attached using the specified bolt hole pattern. The estimate
machine time for this pieceis 3 hours.

Pressure Gage Mounts

Figure 18 - Pressure Gage Mounting Bracket (1)

The pressure gage mount is made out of acrylic and provides both a space for the pressure gage and for
the onboard CO2 refilling system. There is a possibility that as the requirements for the onboard
refilling system become clearer, that this bracket will change to accommodate the requirements. The
bracket connects to the structure via 4 #6-32 fasteners and the estimated machining timeis 2 hours.
This bracket was not used to hold the pressure gauge in the final design. Instead, the pressure gauge
was tied to the ring of the structure.
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Solenoid Mounts

Figure 19 - Solenoid Mounts (6)

The solenoids are mounted to the structure via the use of solenoid mounting brackets. They are made
of 2 pieces both machined out of 6061-T6 aluminum for strength. The pieces are held together by 2
#0-80 flathead machine screws. The brackets are attached to the structure via 2 #6-32 machine screws
(the same ones used to hold the face pieces on) and the solenoid attaches to the mounts via the
specified hole pattern. The estimated machine time for these piecesis 5 hours.

Microcontroller Mount

Figure 20 - Microcontroller Mount

The microcontroller mount is made of acrylic to save weight. It attaches to the structure via 4 #6-32
fasteners and to the microcontroller via an additional 4 #6-32 fasteners. It also provides mounting for
the external shell piece via 2 #4-40 fasteners. It's estimated machining timeis 2 hours. The
microcontroller did not end up using its mount within the structure because it had to remain out of the
structure until programming the microprocessor was complete. The boards also had to be accessible in
order to reprogram these chips, so both microprocessors were mounted on the outside of the structure.

5.5. Propulsion Mechanical Design

The propulsion system mechanical design consists of the elements shown in the following diagram.
The system uses two different pressures due to the inconvenience and added weight of designing to a

DRAFT-SAT 2003/2004 21




high pressure of approximately 900psi. The low pressure part of the system will have aMAWP of

approximately 50psi.

" High Pressure " Low Pressure ——P<t—D>
~900 PSI 3 ~50 PSI
<}—1
External CO, Pressure
'\ Refill Valve Relief Valve
. <
ressure .
Regulator Gas Capacitor
| N
DX—
CO; Canisters Pressure
Gauge DX}—
Nozzle
Solenoid

Figure 21 - Propulsion System Layout

The following table displays the final partslist for the propulsion subsystem. The factor of safety is
also listed when compared to 900psi for the high pressure system and 50psi for the low pressure
portion of the spacecraft.

Table 16 - Summary of componentsfor propulsion system.

Description Company Factor of Safety |Quanitity
CO2 Canisters manufactured in house with parts from McMaster-Carr 2 4
Copper Tubing McGuckins Hardware 4 10
Pressure Regulator US Para Plate Corporation-9014 Series Pressure Regulators 3.333333333 1
Gas Capacitor Swagelok SS-4CD-TW-10 20 1
Solenoids Evolutionary Concepts Inc. 400 Series 4 6
Nozzle manufactured in house 5.5 6
Plastic Tubing (1/8) Swagelok PFA-T2-030-500 5.5 10ft
Copper Tubing (1/8) McGuckins Hardware 1.666666667 10ft
Pressure Relief Valve |McMaster-Carr Economy Brass Pop-Safety Valve #4772K6 1.76 1
Pressure Gauge McMaster-Carr Gearless Mini ABS-Case Gauge #38105K35 3.2 2
Refil Valve McGuckins Hardware 1.666666667 1
Quick Disconnect McMaster-Carr Quick Disconnect 53465K12, 53465K22 0.555555556 2
brass male fixtures McMaster-Carr #5220K81 4 20
brass female fixtures |McMaster-Carr #5220K45 4 20
plastic male fixtures McMaster-Carr #52195K51 4 3

CO, Canisters

The CO, propellant of the propulsion system is stored in four pressure vessels. These pressure vessels

were fabricated from a 1/2in diameter and 2in long threaded pipe nipple with 1/2in diameter female

end cap. On the other end of the pipe nipple was an adapter that modified a 1/2in NPT femal e thread
to a 1/8in NPT female thread. The following figure shows one of the pressure vessels used on

DRAFT-Sat.
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Figure 22 - Pressure vessel used to hold the CO, propellant.

External Refill System

The propulsion system can only hold a finite amount of CO, propellant. Therefore, the propulsion
system must have propellant refill capabilities. After discussion with last year’steam, it was decided
to externaly refill the CO, propellant tanks with alarger CO, tank that contains liquid CO,. This
added complexity to the high pressure portion of the system requiring an external refill valve, quick
connect fixtures to interface with the external CO, supply, and piping to connect all of these
components.

Figure 23 - Quick disconnect fixtures connected to the external CO, canister.

Pressure Regulator

The pressure regulator selected isfrom US Para Plate Corporation and is the 9014 Series pressure
regulator. It can regulate pressures as high as 3000psi down to a pressure range of 0-200psi. The
regulator is adjustable so that the inlet pressure to the nozzles (and therefore the thrust) can be

adjusted.

Figure 24 - Pressureregulator used on the DRAFT-Sat proj ect.
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Gas Capacitor

Because this project will be flipped over onto different axes for testing purposes, the pressure vessels
that contain liquid CO, will not always remain in the same configuration with respect to the gravitation
pull of the Earth. Small pockets of liquid CO, vaporizing in the lower pressure portion of the
propulsion system will cause the thrust to be unstable and could be potentially dangerous. In order to
mitigate this problem, a small cylinder known as a gas capacitor will be used to provide a manifold for
thisliquid to vaporize before continuing through the system. The gas capacitor chosen was from the
Swagelok Company, part number SS-4CD-TW-10. The following sketch displays the concept of the
gas capacitor.

Figure 25 - Gas capacitor used on DRAFT Sat to account for any unvaporized liquid CO, in the pressure system.

Pressure Relief Valve

A pressurerelief valveis arequirement for safety of the system. The pressure relief valve chosen was
from McMaster-Carr, part number 4772K6. The current level of pressure at which the relief valve
would begin to expel CO, is 90psi, however depending on the final MAWRP, this value could change.
This component will be placed on the lower pressure portion of the pressure system.

Figure 26 - Pressurerdief valve would relieve the pressure of the system at approximately 90psi.

Pressure Gauge

The pressure gauge chosen for the propulsion system is manufactured by McMaster-Carr and measures
pressures from 0 — 300psi. It measures the pressure of the low pressure portion of the propulsion
system so the thrust of the nozzles can be estimated. It isa miniature pressure gauge so it will
adequately fit on to the DRAFT Sat apparatus.

Figure 27 - Pressur e gauge used to measur e pressur e of the system.

Solenoid Valves
The solenoid valve used in the propulsion system is the 400 Series from Evolutionary Concepts Inc.
Its function is to open when actuated by sending a command from the microprocessor.
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Figure 28 - Solenoid valve used to actuate thethrusters.

Nozzes

The last piece of hardware isthe nozzle. The nozzle was manufactured by a group member at the
University of Colorado machine shop. It had a diameter of 0.043in in order to produce the amount of
thrust needed to compensate for the disturbance forces on that were applied to DRAFT Sat.

Thrust out

ﬁlow out

Flow in

Figure 29 - Final DRAFT -Sat nozzle concept.

Factors of Safety

One of the main KC-135 requirements is that the system must be designed to a factor of safety of 2 or
greater. Appendix C showsthat all the critical components used in the propulsion system adhere to
this factor of safety. The pressurerelief valve does not match the factor of safety of two because it
must begin to relieve the system of pressures 10% higher than the MAWP which falls below the factor
of safety. The factor of safety is based on 900psi in the high pressure portion of the system and 50psi
in the low pressure portion of the system.

Flow Through a Nozze

Another analysis was done to ensure the flow through the nozzle would provide the sufficient thrust for
the system. It was also done to create a relationship between the inlet pressure and the thrust of the
system whiletesting. The thrust will be known from what the inlet pressure gauge is reading.

The analysis was performed in MATLAB and the code from the simulation can be found in Appendix
B. The simulation calculated the exit velocity, exit pressure and mass flow rate of the CO, through a
nozzle with a diameter of 0.0625in. It was assumed that the Mach number at the throat of the nozzle
was 1.

F= mVe + (Pe - Pa)p\e
Equation 2

The above equation shows the relationship between the thrust force and the inlet pressure. All of the
components in this equation then have to be solved for. The mass flow rate is defined as the following
equation where P, and T, were the stagnation pressure and temperatures, R was the gas constant for
CO, and gamma was the specific heat for CO, at room temperature (1.283).
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Equation 3
The P, and T, were calculated using the following equations for the pressure and temperature ratios.
2 o
g+l
Equation 4

T, 2

T, g+1
Equation 5

The exit velocity was calculated using the following equation. This equation again assumes that V,
equalsthe local speed of sound, a, or that M=1 at the nozzle throat. 1t was then put in to Equation 1
and the force could be calcul ated.

Ve = jacoZTe

Equation 6

Using al of these equations, a plot of inlet pressure versus thrust was generated. It shows the range
force of 0.1N to 0.7N characterized for the system, corresponds to an inlet pressure range of
approximately 18 to 53psi.

Thrust as a Function of Inlet Pressure
25 T T

15- B

Thrust [N]

Inlet Pressure [PSI]

Figure 30 - Inlet pressure of the propulsion system ver sus the thrust of the system
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6. Electrical Design Elements

6.1. Power Design

Many lithium polymer battery cells are capable of meeting the requirements imposed upon the power
system. The batteries chosen for DRAFT-Sat consist of 5 Kokam Li-Pol 3.7V/cell 1500mAh capacity
batteries. These batteries are generally used for RC aircraft applications with high capacity and low
weight requirements. They are easily adaptable into series and parallel connections to create the
desired output voltage and capacity. For DRAFT-Sat, the Li-Pol cells will be connected with 3 cellsin
series and 2 such packsin parallel. This creates an output

voltage of 3.7V x 3=11.1V and capacity of 2 x 1500mAh =

3000mAnh. This design far exceeds the minimal requirements

set upon the battery system.

The next consideration for the development of an onboard

power system is how the power may be distributed to each of

the systems. The block diagram in Figure 8 shows how the

stacks of battery cells are connected in parallel. The power is

then distributed to each of the subsystemsin parallel. The

most important aspect of the block diagram is the connections

between the microcontroller and the solenoid circuit. Thisis

how the actuation of the thrusters shall be controlled. A TTL signal, high/low, from the microcontroller
will be supplied to the solenoid control circuit shown in the drawing package. Six TTL lines are used
to control the six thrusters, one line for each thruster. For each thruster a high/low signal from the
microcontroller will either open or close atransistor. If the transistor is closed a ground path through
the desired solenoid is created. This forces current through the solenoid and actuates the thruster. If the
transistor is open the ground path through the solenoid is left unconnected and no power is able to flow
through the solenoid. Thisisasimple circuit designed with the help of Walt Lund that utilizes basic
electrical components.

The power system has been designed using easily adaptable components. The battery system may be
adapted by adding series or parallel connectionsif changes to the subsystems occur. For example, if a
change in solenoids occurs the batteries may be adapted to the new capacity requirements. The only
change needed in the solenoid circuitry is a different voltage regulator for the necessary input of the
solenoids. This design will allow for changes in other DRAFT-Sat components to have minimal impact
on the design of the power system.

6.2. Data Acquisition Design

The design of the microcontroller layout was based primarily on the design included in John Peatman’s
book, Embedded Design with the PIC18F452 Microcontroller. Figure 31 shows the schematic for the
DRAFT-Sat microcontroller. The upper left block provides serial communication for the device. The
lower left block constitutes the power input and regulation. The 24LC256 EEPROM is shown in the
upper right corner. The J4 object provides output to the thrusters, while the sensing system input is
connected at the J3 object.

This design will be implemented onto two microcontrollers; one to control the x and y axes and the
other to control the z axis. This simplifies the design of the controller because it can only poll one
seria connection at atime. With one controller, an additional timing circuit would be required to input
the data, which could possible corrupt the data.
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Figure 31 - Microcontroller Schematic

The microcontroller was built as designed, however afew changes were utilized. First of all, the reset
switch was not used, because it was deemed unnecessary. Second, the TTL/RS232 switch (labeled
DPDT of schematic) was not used. The original intent of this switch was to provide a means of
switching between receiving camera data through the TTL line (J3) and sending data via the RS232
connector. When the camera was connected to the TTL line, however, no commands were received.
Because of this, the TTL line became irrelevant, as the camerainput was received through the serial
connection. This eliminated the ability to download data directly from the microcontroller. Asa
result, the data EEPROM s were physically removed and the data extracted using the Quickflash board
developed the previous semester (see Section 8.2.1).

6.3. CMUcam Electrical Design

The CMUcam system carries several electrical and power requirements. As stated in Table 10, the
CMUcam requires a5V DC supply and 200mA of current to run. The required electrical interface for
the CMUcam is shown below in Figure 32.
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Figure 32 - Sensing Electrical Design

The 5V DC 200mA power requirements for the CMUcam will be provided by the Kokam Li-Pol battery
packs described in section 6.1.

All tracking operations on the CMUcam are performed by the CMUcam Vision Board. Picture frames are
collected by the CMOS Image Array and evaluated by the Vision Board. The output of the Vision Board
includesthe (X, Y) position data of the proof mass being tracked. Thisimage datais sent to the PIC
microcontroller to be evaluated.

The CMUcam will communicate with the PIC18F452 Microcontroller viaTTL seria connections. (X, Y,
Z) position data of the reference proof mass will be sent to the microcontrollers through the TTL serial
connection. This datawill be used by the microcontroller to determine if there is any position error
between the DRAFT-Sat system and the reference proof mass. |f any position error is apparent, the
microcontroller will fire the thrusters to correct the error.

7. Software Design Elements

7.1. Control Software Design

The DRAFT-Sat control system is one of the primary subsystems associated with the success of the
project. As aproject requirement it is necessary to keep the DRAFT-Sat’s main body within +/- 1cm of
the center location within the cavity. Thisis accomplished through the use of an onboard control
system controlling the thrusters. Control system design isinherently a difficult task and will be
presented in the following discussion.

7.1.1. Background

The main objective of the control system is reading in a position of the proof mass from the
cameras and determining how to actuate the thrusters to keep the proof mass within +/- 1cm of the
cavity center. In the academic year 2002-03 the DFS team designed, developed, and tested a basic
control system for use with the drag free system. This control design utilized a bang-bang
controller for basic control. Proportional and derivative gains were used on the position error and
derived velocity to determineif the proof mass was outside of a set dead-band. The bang-bang
control then fired the thrusters opposite the error if outside the dead-band. This control law was
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simple to implement using programmable logic in MATLAB m-files and outputting through the
seria port and aDIO card.

Although the final control code was simple, the design process was rigorous. The DFS team
developed aMATLAB simulink model of the system for 3DOF. The 3DOF werethe x and y
trandational movement of the proof mass and the rotation of the body about the z axis. The model
included a state space model to simulate the plant dynamics. The input, u, to the state-space model
was the disturbance forcesin the x and y axis. The output, y, was then the x and y position and
velocity as well as the rotation angle and rate.

\"

x 010000 0 0
X 0 00O0OO0O0O0 1/m O
y F, 000100 0 0
X = u= 'A: ,B= , :|'D:O
v, F, 0 00OO0O00O 0 1/m
y 0 0O0O0O01 0 0
J'/ 0 00O0O00O r/J rld

In the state-space model the notation uses m as the system mass, r as the distance from the center
of massto line of thruster (i.e. the misalignment of the thruster with the axis), and J isthe first
moment of inertia

The system was modeled as a point mass with input forces. Along with the state-space model the
team used independent feedback loops for the position and derivative gains into the controller.
This simulation provided the design method by which the team determined their gains for actual
hardware tests.

7.1.2. Control System Development

Prior to designing a controller for DRAFT-Sat, the basic control system was analyzed for
feasibility in controlling DRAFT. The method of control used last year and proposed again for this
year's project is a bang-bang controller based on proportiona and derivative (PD) control. The
first step in analyzing a basic proportional and derivative controller for DRAFT is developing a
block diagram. Figure 33 shows a block diagram of a simple PD controller.

reference

1 actual
a—r 2 >
u s
y
plant
l——|du/dt
Derivative

gainl

Figure 33 - Block diagram of standard PD controller

The plant shows the transfer function of the DRAFT plant. The system modeled as a point mass
produces two poles at the origin creating a marginally stable plant. By adding proportional and
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derivative gain it is possible to move the poles to the right half s-plane and create a stable system.
This can be done by looking at the transfer function of the entire system.

y(s) _ 1
u(s) s*+Kys+K,

Equation 7

The poles are found by determining the roots of the characteristic equation, the denominator, of
the transfer function. To place the polesin a desired location the characteristic equation can be
compared to the standard characteristic equation ( +2 s+ ,9). From the common
characteristic equation the gains may be designed for desired response time, settling time, and
maximum overshoot. Figure 34 shows a response of a controller designed with Kp =4 and K, =
0.75. Thisresultsin aresponse time of 0.9s, ts = 9s, and maximum overshoot of 72%. This
controller was not designed for a minimized settling time, but just an example of how a PD
controller is designed.

Step Response
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Figure 34 - PD controller response to step input

The disadvantage of using PD controllersisthe lack of freedom in control design. By using more
complex methods poles and zeros may be placed in exact positions to meet very specific
requirements. With PD controllers only the existing poles of the system may be moved. For
DRAFT, this solution is satisfactory to meet project requirements. Therefore, the control system
will be designed using programmable logic based on the PD control method and may be adjusted
to amore complex controller if more optimal control is desired at alater point in the project.

7.1.3. Control System Design

Expanding upon the previous DFS work, the DRAFT-Sat team has expanded the model from last
year into a6DOF MATLAB simulink model. The 6DOF models uses 12 states to model a point
mass. The output vector isa 12x1 vector with position, velocity, Euler angles, and Euler rates. The
following is a discussion on the design work performed on the control system.

The control system for DRAFT-Sat differs from many other applicationsin several ways. First,
the thrusters will only be controlled to fully on or off. Therefore, it is not possible to perform
proportional control of DRAFT-Sat. This reduces the efficiency in the controller. With
proportional control it is possible to create a decaying oscillation to input disturbances. However,
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without proportional control the response is limited to bounded output oscillations. A comparison
between a proportional and bang-bang controller is shown in Figure 35 and Figure 36.

X position output with proportional control and no rotation
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Figure 35 - DRAFT response to proportional controller
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Figure 36 - DRAFT response to bang-bang controller

Figure 35 uses a proportional controller to damp out a 0.05N disturbance force applied fromt = 5s
to t = 6s. The figure shows the controller’s ability to create a decaying oscillation response. Figure
35 then shows the system response to the same disturbance input using a bang-bang controller.
The bang-bang control essentially forces the thrusters on to positive max or negative max
whenever aposition error is detected. This creates a response of a bounded output oscillation that
does not decay. While this keeps the proof mass centered to within 0.5mm, well above system
requirements, it is an extremely inefficient controller. The thrusters are almost constantly on as
shown in Figure 36.

A second difference in the DRAFT controller is the implementation of a dead band around the
zero error location of the proof mass. A dead band allows the proof massto move from the center
location by a set amount without being considered a position error. Since there is no position error,
the thrusters are not fired to counteract the small movement of the proof mass around the center
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location. Figure 37 shows the original PD controller with a dead band of +/-0.5cm implemented
into the control law using a constant 0.05N disturbance force.

X position output with bang-bang, .5cm dead zone and no rotation (reduced gains)
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Figure 37 - Implementation of dead band into controller

By implementing the dead band, the efficiency of the controller can be greatly increased. The plot
of the thruster output shows a large reduction of thruster activity. The downside of the bang-bang
controller isthe final steady-state system response. Figure 37 shows the x position errorsis
centered on about 0.15cm over time. Thisis due to the dead band and constant input disturbance
force. When the error reaches the edge of the dead band the thruster will fire to oppose the
movement. This forces the error within limits of the dead band and there is no thruster activity.
The constant disturbance force then proceeds to push the error back outside the dead band and the
process repeats. The position does not oscillate around zero error because the dead band allows the
controller to be “happy” even though there is a small position error. For the example case shown
the small position error is 2mm.

The discussion to this point has considered the controller as a bang-bang control law due to the
fact that the thrusters are either on or off at each sampling period. All the analysis has been
performed using MATLAB Simulink and not considered the actual software design of the control
law. The actual software design can be viewed in a phase-plane control plot as shown in Figure
38.
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Figure 38 - Phase-plane plot of control design.

The phase-plane control plot shows the operation of the control law for a particular axis. This
particular phase-plane plot shows the operation using a dead-band of only 1/3 cm and a velocity
gain of 2.5. Thus the thrust decision is based on the equation shown below.

-1<x+kd 5(’ ts<l
3 3

Equation 8

In the equation the ky is the derivative gain set at 2.5, ts is the sampling time of 17Hz for the
camera, and the 1/3 isthe set dead band of 1/3 cm. If the position plus the vel ocity component
(derivative gain times velocity times sample time yielding a new position) is not less than 1/3 cm
and greater than -1/3 cm the thrusters will fire. The phase-plane plot can then be used to determine
which direction the thrusters must be fired at any given position and velocity. Due to the
derivative gain in the controller the control law is within the dead band as long as the position and
velocity point is between the two negative sloped lines. If the proof mass position and velocity
components meet above the dead band the control law shall thrust in the negative direction. If on
the opposite side of the dead band (bel ow) the control law shall then thrust in the positive
direction. Thus, you can see that at alarge negative position, but high positive velocity the thrust
shall bein the negative direction. Thisis because the velocity gain is set as high as 2.5 in the
actua control law. The results of this control design as well as a comparison to other designs will
be discussed in further detail in the test and verification section.

7.1.3.1.Control System Considerations

7.1.3.1.1. Rotation induced by thrusters

One early concern about DRAFT isthe inability to control rotation of the system. There
isno control of rotation because the thrusters are aligned along each of the trand ational
axis with the intent of supplying reaction forcesin the trandational directions only. A
topic of concern with this design is the rotation in the system that may be induced by
misalignment of the thrusters with the corresponding axis and/or center of gravity. If
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there isamisalignment in a given thruster then each firing of the thruster will resultin a
torque on DRAFT-Sat.

This situation has been modeled using the 6DOF MATLAB simulink model. The state-
space model uses dynamics equations to output the response of the system to input
forces.

t,=F:d
Z-Z :(FX +Fy)d

Jw=F d, +F xd,
Equation 9 a-c

These equations show how the thruster misalignment is taken into account in the state
space model. If the x and y thrusters are not misaligned (d, = d, = 0) then there can be no
angular velocity about the z-axis. However, misalignments will produce an angular rate
proportional to the input force times the distance of misalignment divided by J. To
analyze the effects of thruster misalignment the constants must simply be modified in the
simulink model initialization file. Figure 39 shows the system response to a 0.05N step
input force with an x-axis thruster misalignment of 5¢cm in the z-direction (i.e. no torques
caused about the y-axis).
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Figure 39 - 5cm X thruster misalignment system response

Thisanalysis shows even alarge thruster misalignment with the center of gravity results
in anegligible rotation. DRAFT-Sat remains controlled within requirements and rotation
isminimal at only 1° about the y-axis. The system was also analyzed for thruster
misalignments of different amountsin all three axes. This analysis also yielded position
tracking within requirements and maximum rotations of only 1.5°. The analysis of system
rotation induced by thruster misalignment shows thisis not a primary concern in the
structure or control system design.
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7.1.3.1.2. Rotation induced by disturbance forces

The consideration of system rotation induced by disturbance forces is more troubling then
the rotation induced by thruster misalignment. It is possible for environmental
disturbance torques to cause large spin rates of DRAFT that are not controllable by the
thruster system. The primary consideration is determining whether DRAFT can maintain
position control within +/-1cm while rotating. Thisis modeled by adding the rotational
disturbance torques into the Simulink model as inputs to the state-space system. Thus, the
inputs to the system are the trandlational disturbance forces and torques. The state-space
simulation then shows the rotation increasing over time due to the constant input torque.
The rotation effects the direction of the actual thrust and can be analyzed for the effect on
system performance.

Figure 40 - Induced angular rate system response

The system response shows the position can be controlled within requirements with
angular rates approaching 1.5°/s. However, there are more complex issues to consider in
thisanalysis. A couple of these issues are the latency in firing the thrusters and the
control system frequency. This analysis was run using a 10Hz operating frequency
without any thruster latency such that the thrusters are controllable to 0.1s. If a1l Hz
frequency is used, the system is uncontrollable. Then using a 4Hz frequency the system
again becomes controllable with Euler rates reaching near 1°/s. The analysis does not
provide a fully conclusive argument for maintainable control with rotation induced by
disturbance forces. It does provide a basis for making the assumption that small
disturbance forces, such asin our testing environment, will not create rotations large
enough to cause mission failure.

7.2. Microcontroller Code

The code for the PIC18F452 microcontroller will be written in C using the Microchip C compiler. The
code will be divided up into 3 different categories: initialization, data input and data output. Figure 41
shows the block diagram of the microcontroller functions. At system startup, the microcontroller will
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initialize the serial port and the CMUcam and send commands to start the color tracking. Once the
camera has begun tracking the proof mass, the data will be fed viathe TTL connection to the

microcontroller through the UART pins. When the data arrives, the microcontroller will store the data
to the EEPROM so that it can be accessed later.

Asthe dataisreceived, it will be compared with the previous data values. If the difference between

Figure 41 — Microcontroller Function Block Diagram

the pointsis outside the error tolerance of the system, the microcontroller will actuate the appropriate

thruster to center the system about the proof mass. Asthe dataisinputted, the microcontroller will
check for the end of data condition, which will be indicated by a switch flip. Once the switchis

thrown, the color tracking will be halted. The data stored in the EEPROM will be read and sent out the

seria port. Table 17 shows the functions for the microcontroller and their inputs and outputs.

Table 17 - Microcontroller Function Description and 1/0

Function Purpose Input Output
init Initialize serial port and /O lines Serial port setup commands
initCMU Setup CMUcam to track proof mass color Camera Commands
start color | Start color tracking mode Camera Commands
data in Receive data from camera Camera Camera Data
Data
save ee Save datato EEPROM Camera
Data
pos err Calculate position error and run control law Camera Position Error
Data
thrust Determine appropriate thruster and actuateit | Position Fire thruster
Error
read _ee Read EEPROM data - EEPROM Data
send_ee Send EEPROM data to serial port EEPROM EEPROM Data
Data

Appendix E shows the final microcontroller code. Not all of the functions shown in Table 17 were
needed, but all functionality of the code was maintained.
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8. Fabrication and Integration
8.1. Integration Plan

8.1.1. Step 1: ElectronicsIntegration

Integration of the DRAFT-Sat apparatus will begin with the electronics system. The electronics
will beintegrated first so that all wiring and connectors will be easily accessed. Elementsto be
integrated in the electronics system include the PIC18F452 Microcontroller, two CMUcam color
tracking cameras, and the Kokam battery supply. Before integration, the operation of the DRAFT
sensing system will be verified. The sensing system consists of two CMUcam?2 camera kits, two
LED, and a 1cm diameter spherical proof mass. To test the CMUcam?2 cameras individually, they
will be connected to a PC serial port and operated using ajavainterface. Thisjavainterfaceis
obtained through the CM Ucam website and allows the camera to dump frames and display
coordinate data to the PC monitor. The accuracy of the cameras will be analyzed by moving a
spherical proof mass by small distances on the order of 1cm or lessin the field of view of the
camera. The tracking capabilities of the camera will be verified by observing how many pixels the
proof mass moves in the camera output when the proof massis moved by 1cm in each axis of the
image plane.

Similar tests will be performed with the proof massilluminated by an LED, and with the proof
mass behind clear acrylic plastic to test for any inaccuracies caused by glare. The placement of
the LED will also be tested in order to minimize glare on the acrylic plastic.

Integration will begin by verifying communication acrossthe TTL seria line from the
microcontroller to the CMUcam cameras. Serial communication will be verified by dumping
camera frames to the microcontroller and storing the images into microcontroller EEPROM
memory. The microcontroller and the CMUcam cameras will be run on an external power supply
during this stage of integration. Successful integration will be verified by accessing the EEPROM
memory and ensuring the camera picture frames are intact.

After serial TTL communication has been established, the microcontroller will then test the
camera by sending serial commands and requesting tracking data from the CMUcam. The
microcontroller will be used to initialize the cameras for tracking, start the tracking mode, collect
tracking data, and finally stop the tracking mode. The data acquisition system will be tested using
the CMUcam and microcontroller. The microcontroller will read in position data from the
CMUcam while observing a controlled object. The object will then be moved 2cm in increments
of 0.25cm. The microcontroller will store the position data on the EEPROM chip to verify that the
correct position data was received. Using the position data, the microcontroller will then
determine which axis requires thrust and actuate the appropriate solenoid. For preliminary testing,
thiswill be confirmed by measuring the voltage of the trace connected to the appropriate solenoid,
which should be 5V.

The next step in the electrical integration will include the Kokam Li-Pol battery supply. Before
the batteries can be integrated they will be verified. The first test will be to use a multimeter to
measure the output voltage from the batteries. Using two 3-cell lithium polymersin parallel should
provide an output voltage of 11.1V. Secondly, a multimeter may be used to test the voltage
coming from the output of the regulator. The output voltage should be 6V.

The batteries will be integrated by connecting them to the previoudly integrated
microcontroller/CMUcam setup. They will also be connected to the sensing system LEDs.
Similar tests that were used to verify the TTL serial line between the cameras and the
microcontroller will be used to verify the power system is supplying each component with
necessary power to run properly.
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The power system will be tested asit isintegrated with individual components. Once providing
power to the cameras they should be tested for basic functionality to verify the power and cameras
are working adequately together. Once the power system isintegrated with the microcontroller,
the transistor circuit should be tested using the TTL lines on the microcontroller. This test will
require functions on the microcontroller providing high/low signals onthe TTL lines. Lastly,
integration with the solenoids yields a final test. The microcontroller shall provide afunction to
open/close the transistors and the solenoids should actuate and either provide thrust or turn the
thrusters off. Since the transistor will be connecting or disconnecting the output of the 6V
regulator to ground, it can be tested with a multimeter as well. By using the multimeter from the
output of the 6V regulator to the ground on the other side of the transistor, the transistor’s state can
be tested as open or closed. With an input high, the transistor should be closed and the voltage
reading should yield 6V. With an input low, to the transistor it should be open and the voltage
reading should yield OV.

Once the batteries have been verified to supply adequate power, the solenoid circuit will be
connected. At this stage of integration, the output TTL serial lines from the microcontroller to the
solenoids will be tested. Output signals from the microcontroller generated from the CMUcam
camerainput will be verified as correct by measuring the voltage on the serial lines with a
multimeter. Once these lines have been verified to operate correctly, the solenoid circuit will be
connected to the microcontroller and the output signals will attempt to actuate the solenoids.
Electrical integration will be completed once the correct solenoids are actuated by the
microcontroller based on the input received from the cameras.

8.1.2. Step 2: Electronics/Structural Integration

Figure 42 - Integration Step 2: Electronics + Structure

After successful integration of the electrical system, the electronics will be installed into the
structure. The innermost rings will be assembled along with al of the brackets that attach to them.
At this point, the microcontroller, cameras and batteries can be integrated with the structure and all
of the electrical wiring can be done. With only the innermost rings attached, the wiring can be
donein a‘clean’ manner with easy accessto al of the components. To verify that no shorts have
occurred in the electrical system, the microcontroller will again be used to command the camerato
track an object, store the datato memory, and actuate the appropriate solenoids.
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8.1.3. Step 3: Cavity/Tunnel Integration

Figure 43 - Step 3: Integrate Cavity and Tunnels

Thethird step in integration is to attach the second two rings of the structural assembly, and the
cavity and tunnels. Installation of the proof mass cavity and tunnelswill allow the lighting effects
of the sensing system to be tested. LED position will be adjusted until avery smooth and
controlled lighting environment with the absence of shadows and glare existsin the cavity. With
the lighting environment roughly defined, the microcontroller will initialize the CMUcam cameras
with more accurate tracking parameters. Proof mass tracking testing will continue until the
cameras are able to locate the proof mass with a high confidence valuein all areas of the cavity.
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8.1.4. Step 4: Bracket and Propulsion System Integration

Figure 44 — Step 4: Bracket and Propulsion System Integration

The fourth step in integration isto integrate all of the remaining brackets, the power switches and
the propulsion system. At this point the inside of the structure is still rather accessible to facilitate
working inside of it. The propulsion system will be rigorously tested at this point. With the
solenoids verified to operate correctly during integration step 1, the pressurized CO, tanks,
pressure regulator, gas capacitor, pressure gauge, piping, and nozzles will be installed.

Initially, the four CO, tanks on board DRAFT-Sat will be filled using an external CO, supply.
The pressure regulator will be turned completely off so no propellant is allow to flow to the
downstream low pressure portion of the propulsion system. Once the on board tanks are filled
successfully, the refill valve will be closed and the pressure regulator will slowly be adjusted until
the designed operating pressure has been obtained in the low pressure portion of the propulsion
system. At this point the microcontroller will be used to actuate specific solenoidsto verify
propellant flow through the nozzles on board DRAFT-Sat. Testing will continue during this stage
until a controlled flow of CO, propellant is propelled from each of the six nozzles on command.
The system will also be tested for how long it can operate continuously before depl eting the fuel

supply.

The pressure relief valve (PRV) will also be tested and calibrated before it is integrated into the
system. The relief valve will be attached to a pressure gauge and an air compressor. The gauge
will be monitored when the compressor is turned on and the pressure noted when the PRV relieves
the pressure. This pressure is currently set to be 90 PSI.
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8.1.5. Step 5: Final Integration

Figure 45 - Step 5: Final Integration

Thefinal step in the DRAFT-Sat integration plan isto test the fully assembled system on an air
table setup. After verification of the propulsion system providing thrust through each nozzle, the
system will be placed on an air table to test the amount of thrust being produced in each axis. Two
axes parallel to the air table surface will be verified first and the DRAFT-Sat apparatus will be
flipped onto its side to verify the correct amount of thrust in the final axis. The amount of thrust
that the DRAFT propulsion system is providing will be quantified by averaging the amount of
time it takes for the thrusters to move the system a specified distance. Since DRAFT-Sat will be
initially starting this test from rest, this time and distance moved will be used to find the
acceleration of the DRAFT-Sat system. The exact mass of the system will be measured to allow
the force of each thruster to be calculated. The distance and the time it takes the mass to move
when athruster is fired will be measured and the thrust of the actuation will be calculated using
Equation 1.

The position of the system CG will be determined by using a simple hanging method. The
assembled DRAFT-Sat system will be suspended by a rope attached to any structural member. As
DRAFT-Sat is hanging in a static condition, the direction that the rope points toward the ground
will pass through the CG of the structure. If the CG islocated in a position farther than 6cm from
the center of DRAFT-Sat, counter weights will be attached to the structure until the rope points
within 6cm from the middle of DRAFT-Sat. Adjusting the CG location in this manner will be
repeated in all three of the structural body axes. The CG will be adjusted correctly when the rope
suspending DRAFT-Sat can be attached to any point on the structure and still point through the
center of the system with an accuracy of 6¢cm or less.

The thruster alignment will also be verified by ensuring the thrust vector is aligned with the

DRAFT-Sat CG. By aigning the thrust vector with the system CG, induced rotation from the
thrusters will be minimized.
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Figure 46 summarizes the DRAFT-Sat integration procedure.
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Figure 46 - Integration Block Diagram

8.1.6. Step 6: Shell Assembly

Figure 47 - Step 6: Shell Assembly

Components

Propulsion
System/
Bracket

Structures

After the system demonstrates its performance on the air table, the shell will be attached and the
system will be ready for testing aboard the KC-135. The shell will also be inscribed with the
University of Colorado insignia and mascot.
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8.2. Fabrication and I ntegration

This section describes how the DRAFT-Sat system was actually built. Thisdiffersin several areas
from the integration plan.

8.2.1. Electronics Fabrication

8.2.1.1.Solenoid Control Circuit Fabrication

To actuate the solenoids a control circuit was built from the design shown in the DRAFT-Sat
drawing package. To obtain the DRAFT-Sat drawing package please contact Ryan Olds
(ryan.olds@colorado.edu). The circuit was fabricated using a soldering breadboard from the
Aerospace Electronics Workshop. A picture of the final circuit fabrication is shown in Figure
48. In addition to the soldered components, several connectors were added. The connectors
areto provide analog signals for power (top left), power to the solenoids (bottom right),
ground returning from the solenoids (grey on right), and the TTL signals from the
microcontroller (middle). All the connectors used were DB-9 connectors to provide sturdy
connections between each of the electrical components.

Figure 48 - Solenoid Control Circuit

Prior to integrating the circuit with other subsystems the circuit was tested to verify it worked
as specified. To perform the tests a resistor was connected across the positive power output
(red wires) and the ground return (grey wires on right) to simulate the solenoids. The input
power was supplied from a DC power supply at 12V and limited to 1amp. Each of the six
transistors was then tested by connected the TTL linesto ground. When the TTL signal is
connected to ground, current was passed through the resistor and a voltage drop was
measured. This verified that for each of the six solenoidsthe TTL signal could control the
flow of current. Further testing of this circuit during integration is discussed in the integration
section. For final implementation to the system electrical tape was added to the bottom of the
soldered breadboard to prevent any electrical shorts.
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8.2.1.2. Microcontroller Fabrication

The fabrication of the electronics began during the fall semester with the development of the
Quickflash board in Dr. Palo’s Data Acquisition class. This board used the PIC18F452 in
conjunction with other hardware such as an LCD, temperature sensor and a DB-9 serial
connection. Figure 49 shows the Quickflash board on the right and the DRAFT-Sat
microcontroller on the left.

Figure 49 - DRAFT-Sat Microcontroller and Quickflash Board

The DRAFT-Sat microcontroller was designed from the Quickflash board. A total of three
microcontrollers were built. The first board never functioned properly. It isbelieved that the
cause of the malfunction was due to shorting the power and ground planes on the board. The
second and third boards worked as designed.

8.2.1.3. Power System Fabrication

The power system was fabricated using the Kokam Li-Pol batteries selected through the
design. Once the batteries were obtained from Tower Hobbies they were placed together to
create the desired voltage and current capacity. The batteries were connected using cap
connectors to hold the correct wirestogether. Electrical tape was later added to provide more
stability to the cap connectors. The batteries were tested by checking for the desired voltage
using a multimeter. Once they were configured and tested they were placed in the DRAFT
structure and awaited electrical integration to the subsystem components.

8.2.2. ElectronicsIntegration

8.2.2.1. Microcontroller Integration

Integration of the electronics was not completed as specified in the integration plan. The
main reason for this was the fact that the software took longer than expected to develop. The
microcontroller design does not include the hardware necessary to reprogram the PIC18F452
microprocessor. The chips were programmed on a separate development board. To do this,
the chips were physically removed from the microcontroller for programming. Because of the
compact interior of the DRAFT-Sat structure, it would be very difficult to remove the chips
without damaging the leads. For this reason, the microcontroller was not integrated into the
structure until late in testing.
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Thefirst major step for integrating the electronics was to connect the CMUcam to the
microcontroller. Much of this integration was software dependent. Most problems that arose
concerned the interpretation of the camera packets. Once the microcontroller was able to
accept packets from the cameras, the next step was to integrate the microcontroller with the
solenoid control circuit.

8.2.2.2. Power System Integration

The power system was integrated to the other components individually and then as an entire
system. Thefirst step in the integration of the power to the components was adding
connectors to each of the components. On each component, a DB-9 connector was used to
provide the power and ground signals. A wiring harness then had to be made to connect the
batteries to each component. The wiring harness consisted of all the red and black wiresin
Figure 50. The wiring harness was built using DB-9 and Molex connectors as shown in the
wiring diagram in the electronic design components section. The Molex connectors were used
to connect the solenoids to the power system through the solenoid control circuit. Once all the
wiring harness and connectors were properly built and tested for continuity and voltage the
batteries were integrated with each component. By directly connecting the batteries to the
component through the harness the power was verified. Each of the components were verified
to work properly while running off the battery power supply.

The primary difficulty with the power system came later in the integration of the project. The
batteries operated the solenoids to the desired specifications when first integrated. However,
once the solenoids were also integrated with the pressure system, the 11.4V supply from the
batteries no longer opened the solenoids. Further testing and research of the solenoids found
the solenoids only operated up to 100psi and as they neared 100psi the required voltage
increased. Thisforced are-design in the battery system. The initial design called for operation
at 11.1V and 3000mAh using two parallel packs of 3 series batteries. In order to increase the
voltage and keep the weight limited to the power system, the battery packs were modified to 4
series batteries that were located in packs of two on opposite sides of DRAFT. This provided
anominal voltage of 14.8V for the solenoids and a battery capacity of 1500mAh. The 14.8V
was provided unregulated to the solenoids through the solenoid control circuit. The higher
operating voltage allowed the solenoids to be operated up to approximately 80psi. The impact
on the performance of the power system was minimal. The 1500mAh capacity was enough for
1 hour of full testing which equated to nearly a day of short test runs.

Figure 50 - Microcontroller/Solenoid Control Circuit Integration

Once it was confirmed that the microcontroller functioned properly with the solenoid control
circuit, the solenoids were attached and their operation confirmed. This was done without the use
of the propulsion system, so the solenoids opened and closed without any flow. Thefina stepin
the electrical integration was to implement the use of the batteries for all components. Thiswas
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accomplished by connecting the batteries to the solenoid control circuit, microcontroller and
solenoids.

8.2.3. Structural Fabrication

The main structural fabrication was 95% finished in January 2004, due to the fact that machining
began in December. Due to changes in the nozzle and camera mounting configurations, the last
5% was not finished until March while design changes were worked out. Certain parts were not
fabricated due to time constraints from solving the nozzle and camera packaging issues and the
fact that many of these parts were either extremely low priority (the shell) or had unfixed
requirements which needed to be resolved during integration (i.e. the location of switches gauges
and the manufacturing of brackets for them). Other than these issues, fabrication of the structure
went as planned. Drawings of the structural system can be found in the DRAFT drawing package.
To obtain the DRAFT drawing package, please contact Ryan Olds (ryan.olds@colorado.edu).

8.2.4. Mechanical Integration

The largest barricade to the main structural integration was the nozzle design and camera
mounting. What had originally been assessed as an easy application of pipe end caps and
standoffs turned into further engineering design. The catalyst to the problem was a differencein
the length of the camera lens between the original camera measured and the final camera used.
The difference amounted to a half an inch of space lost, which would be compensated for by
separating the two CMU cam boards and connecting them with aribbon cable, and building in-
house nozzles which would allow for a smaller package underneath the camera. The main
aluminum support structure was finished very early in the semester due to the fact that machining
was begun in December, but due to these unresolved issues, the structure was never anodized, and
many of the smaller structural mounts (i.e. for the switches), and the outer shell were not
constructed due to time constraints.

The structure was integrated following the procedures shown in the integration section, although
there was one exception. Due to the microcontroller communication issues, the EEPROM chips
had to be manually removed to access the data. With this limitation, the boards could never be
mounted internally because of the tight packaging inside made the chipsinaccessible, so instead
they were just mounted on the outside of the structure, to allow easy access. Additionally, the
offset distance between the camera and its mounting plate was experimentally measured and
custom standoffs were built to maximize the room for the nozzles underneath.

All other systems, (power, propulsion) were integrated without incident, except for a minor
redesign to the solenoid mounts due to a change in solenoid type during integration.

8.2.5. Sensing System Fabrication

The DRAFT-Sat sensing system only required minimum fabrication because the CMUcam
cameras were delivered pre-built. The delivered cameras consisted of a CMOS image array board,
alens, and aCMUcam vision board. The CMOS and vision boards were attached viaa 32 pin
connector, and the lens was attached to the surface of the CMOS board as shown in Figure 51.
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Figure51 - Un-Modified CMUcam Camera

The lens on the delivered camera turned out to be approximately 1/2 of an inch longer than
anticipated. Because of this, the camera could not fit inside the structure and maintain its required
5cm distance from the cavity wall (see Figure 5). To aleviate this problem the CMUcam cameras
had to be modified to fit into the structure and keep a 5cm distance from the lens to the cavity
wall. The CMOS image array board and the CMUcam vision board were pulled apart and then
reconnected with aflexible ribbon cable. The ribbon cable was long enough to allow the
CMUcam vision board to rest at a 90 deg angle from the CMOS image array board. The CMOS
board was then mounted to the structure. With the vision board out of the way, it was possible to
place the camera lens the required distance away from the near cavity wall. The vision board
would hang loose on the ribbon cable until the cavity tunnels were installed. The vision board
could then be mounted to the outside of the cavity tunnels at a 90 deg angle from the CMOS board
and the lens as shown in Figure 53.

The CMUcam cameras also required a consistent lighting environment to function properly. To
provide lighting for the cameras, an LED circuit was built and mounted to the top of the CMOS
boards behind the cameralenses. The LED circuits were connected to the CMUcam 5V regulated
lines to supply three LEDs connected in parallel on each camera with power. A 33Wresistor was
connected in series with the three LEDs to reduce the voltage drop across them from 5V to 3.3V.
This was done to supply the LEDs with the amount of voltage specified in the LED data shest.
Theresistor prevented the LEDs from drawing too much current and wasting battery power. The
LED schematic is shown in Figure 52.

LEDs
N
gl
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5V Regulated !
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Figure52 - LED Circuit Diagram

One LED circuit was attached to the back of each CMOS board and the LED®were pointed
towards the proof mass cavity to illuminate it. This setup was repeated for both CMUcam
cameras used on the DRAFT-Sat apparatus. Figure 53 shows the completed CMUcam with all
modificationsin place.
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Figure 53 - Completed CM Ucam

8.2.6. Cavity/Tunnel Integration

Thisintegration step was only partially completed. The cavity and 2™ layer of structural rings
were installed successfully, but after mounting the CMUcam cameras and LED circuits, the cavity
windows were found to cause an excessive amount of glare from the LEDs. This glare blocked
the view of the proof mass and caused major tracking problems. The easiest way to eliminate the
glare was to remove the cavity windows. Because the cavity windows were removed, the cavity
tunnels also could not be installed. During testing, the absence of these parts did not affect the
functionality of the apparatus and their use was abandoned for the rest of the project.

8.2.7. Propulsion Fabrication

Part of the propulsion subsystem fabrication was testing the different components as they were
assembled to be sure they functioned property. Most of the components used in the propulsion
system were bought commercially off the shelf. The only components that were not purchased
were the nozzles and mounts for all of the other parts.  The components were tested in no
particular order, usualy in the order that they were purchased.

Pressure Relief Valve

One of the first components to be tested was the pressure relief valve to be sure it ruptured at the
pressure the manufacturer specified. The two pressure relief valves were a 90psi and 80psi relief
valve. The CO, gas was regulated to around 50psi and then turned up using the adjustable
regulator until the valve ruptured. The 90psi pressure relief valve ruptured at approximately 95psi
while the 80psi pressure relief valve ruptured right at 80psi.

Pressure Gauge

The pressure gauge was al so tested during the above test by placing another gauge inline with the
new pressure gauge and comparing the two values. The gauges read virtually the same pressure as
the pressure was increased to 150psi.

Nozzes

The next component to be tested before it was integrated were the six nozzles used for thrusting
DRAFT-Sat. The original nozzle was to be a pipe cap with a hole drilled into the end of the cap
(same nozzle aslast year). The size of the system this year was much smaller however, and in
order to create chocked flow, the size of the nozzle diameter had to be smaller than any other
orificein the system. The diameter of the solenoid being used at this time was 0.0625in and
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Pressure (PSI)

therefore the nozzle had to have a smaller diameter than this. Limited by machining capabilities, it
was decided to custom manufacture the nozzle in order to achieve the diameter needed. Three
different sizes of nozzle were manufactured to test for the correct size of the nozzle. The
following plots were created from the data taken with each nozzle.

Force Produced by Nozzles
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Figure 54 - Testing of the different diameter nozzlesto characterize the best sizefor the diameter.

As can be seen by the figure above, the 0.04in nozzle produced the largest thrust for a given inlet
pressure. Further analysis was done by plotting each nozzle' s size versusiits force and finding the
maximum of these parabolas. The maximum for each was then calculated and averaged to achieve
the final nozzle diameter of 0.043in. The following figure displays the nozzles and their matching
best fit parabolas that were used to perform this analysis.
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Figure55 - Graphed used to calculate the final nozzle diameter of 0.043in.

Pressure Regulator

The regulator was tested by joining the CO, to the regulator and placing a gauge on either side of
theregulator. Theinlet pressure was around 850psi and the regulator efficiently regulated this
pressure down to the proper pressure depending on the position of the knob. By turning the knob
the pressure was regulated up or down and the pressure stayed within the range needed for the
project of 0 to 200psi.

Solenoids
Thefirst solenoid used in this project was the PeterPaul L582A15DE solenoid valve. It had avery
small orifice of 0.0236in. This solenoid was tested with the nozzle and did not produce enough
thrust for the system. At 120psi this solenoid only allowed enough mass to flow through the
nozzle to create a thrust of approximately 0.4N as shown in Table 18.

Table 18 - Values showing thrust of first solenoid used in project.

Pressure (psi) | Weight (g) | Force (N)
80 29 0.284
90 32 0.314
100 34 0.334
110 35 0.343
120 36 0.353
120 40 0.392

A second solenoid was purchased with alarger orifice size of 0.09in. This solenoid was also
tested with the nozzle and found to produce approximately 0.6N of thrust at a pressure of 100psi.

Gas Capacitor
The original placement of the gas capacitor in the system was on the high pressure side of the
system. The gas capacitor was moved to the low pressure side of the system to remove an liquid
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CO, from the operating end of the system to prevent damage to the solenoids and nozzles. This
ended up not being a problem however because no liquid CO, was entering the system at all.

Pressure Vessels

The original concept for the DRAFT-Sat propulsion system was to use CO, canisters for the
source of propellant. The system wasto be refillable using a larger, CO, tank external to DRAFT-
Sat. Theoriginal ideacalled for arefill system, allowing the system to open to the external tank
through a valve that would fill the four CO, canisters with liquid CO,. Thefirst problem with this
design was adapting the CO, canisters to the tapered NPT fitting that was the common thread in
the DRAFT-Sat system. This adaptor was not found to be commercially available. The next step
was to fabricate pressure vessels using a pipe nipple and with a pipe cap and adaptor on the other
end. Thiswas attempted and was rated to hold the pressure of liquid CO, at approximately
900psi. The next step was to figure out how to refill these CO, pressure vessels with liquid CO,.
According to documentation found on similar systems, if the external liquid CO, is hooked up to
the smaller tanks, the liquid should flow into the cylinders. This was not the case for the DRAFT-
Sat system. Countless filling and un-filling attempts were tried and a significant amount of liquid
CO, did not seem to flow into the pressure vessels. It was thought that in order for the liquid to
remain initsliquid state, the temperature would have to stay constant as well as the pressure.
When the liquid flowed into the warm, un-pressurized pressure vessels, it changed to a gas and did
not change back to aliquid because the temperature stayed warm within the DRAFT-Sat pipes.
The only solution to this problem seemed to be to cool the entire DRAFT-Sat system down to a
much cooler temperature. This was not feasible because the facilities were not available and each
time the system needed to be refilled, DRAFT-Sat would have to be cooled down. The amount of
gas in the four tanks turned out to be sufficient for 20s to 30s tests and therefore, was sufficient for
collecting data and showing that the system functioned correctly.

8.2.8. Propulsion Integration

Once all of the major components of the propulsion system were tested and within the operating
ranges required, the entire system was integrated onto the DRAFT-Sat structure. The first
component integrated was the pressure regulator asit had a structural mount to be integrated upon.
The piping for the low pressure portion of the satellite was run from the regulator through the gas
capacitor then out to the pressure relief valve, pressure gauge, and on through three tees. These
tees split the pipes up into six different pipes that were routed to the solenoids. From the solenoids
the tubing was routed to the six different nozzles on the six different faces of DRAFT-Sat. From
the gas capacitor onward, the tubing was plastic due to the low pressure of the CO, gas. Thelow
pressure portion of the system was installed first because the high pressure portion of the system
was still being tested to figure out how to refill the CO, propellant tanks. Once the high pressure
system was integrated into DRAFT-Sat, the pipes and components had to be placed where they
would not be obstructing the view of the cameras or be in the way of other components.

Thrust Analysis

The thrust of the DRAFT-Sat system was modeled early in the project and can be found in section
4.3. The size of the nozzle then changed and therefore, the analysis done earlier was not relevant
because it was modeled with a 0.0625in nozzle diameter. The same code was used to create a new
plot using the new nozzle diameter of 0.043in.
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Figure 56 - Model of thrust generated by the 0.043in nozzle diameter.

Asseenin Figure 56, the amount of pressure needed to generate a range of 0.1N to 0.7N of thrust
is 14psi to 99psi. All of the components were designed to meet this pressure range requirement.
However, once the entire system was integrated and placed on the air table, the forces that
perturbed DRAFT-Sat were actually much smaller than anticipated. At a pressure of 200psi,
DRAFT-Sat produces aforce of 0.63psi. Thisisdifferent than the model predicted because at a
pressure of 200psi, the flow should produce a force of greater than IN. Thisdifferenceis dueto
the fact that the model was based on a simplified model of flow. The equations that explained this
model can be found in section 4.3. The model was flawed however because it did not take into
account the type of nozzle used or the forces of the surrounding environment of the nozzle that
may cause deficienciesin the data.

Because the lower limit of required thrust was calculated using Newton's First Law, it was
decided to test the perturbations of the air table using the actual DRAFT-Sat apparatus using the
same principals. DRAFT-Sat was placed on the air table and distance and time were measured in
order to quantify the force of the air table on the apparatus. It was found that the force was only
0.034N, different from the 0.1N lower thrust limit predicted earlier in the project. When DRAFT-
Sat was being testing, it was found that these forces were truly smaller than anticipated because
the inlet pressure of the system was able to be turned down to 50psi.

Pressure Losses

The pressure losses in the piping of the propulsion system were found to be negligible. Thiswas
tested by placing a pressure gauge on either side of a specified pipe length and measuring the
difference in pressure between the two gauges. There were also two types of piping in the system:
one for the high pressure side (copper) and one for the low pressure side (plastic). See the parts
list (Table 16) to find the actual parts numbers of the tubing. It wasfound that there was a 2psi
pressure loss over an 8.5in long piece of copper tubing and a 3psi loss over an 8.5in long piece of
plastic tubing. Thisequatesto a0.2353psi/in.
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8.2.9. CG Verification

In order to prevent producing moments on the satellite when thrusting, it had to be verified that the
CG of the spacecraft lied along the line of action of the thruster nozzles. Since these nozzles were
manufactured on a CNC machine, it was assumed that they had extremely low pointing error and
that the line of action of the nozzles went directly through the geometric center of the satellite.
Based on this assumption, the entire satellite was suspended by a string from 3 different points and
6 photographs were taken of the hanging structure. Due to gravity, the CG would lie along a
vertical line that passed through the attachment point (see Figure 57). From these 6 photographs,
there were 2 values found for the CG location in each axis, and these values are averaged to find
the x,y, and z position of the CG.

Figure57 - CG Location Test

From the figure above it can be seen that the CG is shifted 0.2in in the picture to the left. After
scaling and orienting it isfound that thisis a 0.5in shift in the +z direction. The preliminary
calculationsindicated that the CG would need to be located to within 2 inches of the geometric
center to keep rotation from becoming a problem. This assumed a maximum rotation rate of
15rpm and used the moment of inertia calculated from the solid model, with a single thruster firing
for 30sat 0.7N. Several of these numbers are extremely conservative (the moment of inertia was
greater in the actual system due to the addition of propulsion piping, and the thruster force used
was 1.2N) so that the actual rotation rate would be <15rpm. The CG tests showed that the CG was
located at: -0.78in, -0.25in, 0.26in for X, y and z, respectively. All of these numbers were well
below the acceptable 2in margin, so that the addition of counterbalances to correct the CG was
found to be unnecessary.

8.2.10. Final Integration

Once the electronics and propulsion system were independently verified, all systems were
integrated into the structure. The CMUcam and batteries were first attached to their appropriate
mounting plates. Next the propulsion system and necessary plumbing were integrated. At this
point, only the microcontroller remained to be incorporated into the structure. At the time of
integration, the final control code was not decided upon, requiring the PIC18F452 to be
reprogrammed. Because the chips are difficult to remove, the microcontroller was not attached to
the structure, but rather was left resting on the air table plate. This provided ample access to the
chip when reprogramming was necessary. Once it was confirmed that the control code worked as
desired, the microcontroller was prepared for integration. However, due to space limitations
inside the structure due to wires and tubing, the microcontroller was mounted on the outside of the
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structure. For 3-D control, two microcontrollers were required. The original integration plan
called for the boards to be mounted inside the structure with one on top of the other. The only
available standoffs were too large to allow the microcontrollers inside the structure so they were
both mounted on the outside of the structure as seen in Figure 58. At this point, DRAFT-Sat was
ready for testing.

Figure 58 - Final Mounting of Microcontrollers

9. Veification and Test
9.1. Verification and Test Plan

9.1.1. Hypothesis

Commercial off the shelf (COTS) cameras can be used to sense position error as small as 1cmin
magnitude between an ideal gravitational orbital trajectory and a disturbed orbital trgjectory. This
error can then be compensated for by applying a closed loop feedback controller to thrust a
satellite system so it mimics an ideal gravitational orbit.

9.1.2. Testing Plan

To verify the objectives of the DRAFT-Sat project are met, the system will be tested in two
different environments. These testing environments include an air table setup, and a microgravity
testing environment aboard the NASA KC-135. Air table testing will allow verification of the
DRAFT-Sat trajectory to be within the 1cm requirement of the undisturbed proof mass trajectory
intwo axes at atime. Movement in the third axis will be hindered by the surface of the air table.
To test the third axis, DRAFT-Sat will be rotated onto its side. Two tests will be required to verify
that requirements have been met in all three trandational axes. To test all three translational axes
at once, a microgravity environment will be utilized. This environment will allow DRAFT-Sat to
move freely in all three axes for a period of approximately 20s.

To test the response of DRAFT-Sat to perturbations, controlled surface force disturbances will be
applied. These disturbance forces are meant to simulate atmospheric drag on a satellite system. A
small battery powered fan will be used to apply surface forces on DRAFT-Sat no larger than
0.05N in magnitude. This applied force will be employed in both air table and KC-135 testing.
Both the magnitude and location these forces are applied will be controlled by the DRAFT-Sat
team during testing. The location that these forces will applied will be described in greater detail
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in section 9.4. During air table testing, random surface forces are expected to be imparted by the
air flowing through the air table surface. These forces cannot be controlled, but they will attempt
to be quantified and averaged to provide a useful testing analysis. These forces will be
characterized by allowing DRAFT-Sat to dlide freely on the air table without thrusting. This
process will be repeated many timesin an attempt to observe any trendsin the force applied by the
air table. Trendsinthe air table perturbations will be quantified by recording how long it takes
DRAFT-Sat to move a specified distance. This datawill provide the acceleration of the DRAFT-
Sat apparatus. Using the known mass of DRAFT-Sat, the forces applied by the air table will be
calculated.

During testing in the air table and KC-135 environments, X, Y, and Z axis position data will be
reported by the CMUcam sensing system and stored by the on board processor. In addition to this
data, the thruster response history of the DRAFT system will be recorded by the on board
processor. The position of the proof mass over the test and the thruster response to that position
will provide a good analysis of the DRAFT-Sat performance. To provide additional visual
verification of the DRAFT-Sat performance, analog video data will be streamed from the
CMUcam cameras to a video screen or a VCR for recording. This analog video data will require
an umbilical to be connected from the DRAFT-Sat cameras to the video equipment. This data will
not be collected during every test. A separate journalist video will also be taken of all DRAFT-Sat
verification testing using a digital camcorder. Table 19 below summarizes all of the data being
recorded.

Table 19 - Testing Data Description

Type

Description

[X'Y Z] position

Position of proof mass read by cameras

[X'Y Z] thrust

Required thrust determined by control system

Onboard video

Analog camera video of proof mass being disturbed and system restoring
mass to center location

Journalist Video

Verification of system’s ability to counteract surface forces

9.1.3. Sensors

The DRAFT-Sat system employs two CMUcam optical sensors. The purpose of these sensorsis
to track the trajectory of an unperturbed proof mass and provide position data of the proof mass to
the onboard processor for analysis. These cameras have a quoted resolution of 80x143 pixels.
The CMUcam sensors will be oriented as shown in Figure 1b. In this orientation, the cameras will
be capable of aresolution of 26pix/cminthe X and Z axes, and 12pix/cmintheY axis. These
resolutions yielded an instrument accuracy of 0.038cm/pix in the X and Z axes, and 0.083cm/pix
inthe Y axis. These accuracies are more than enough to provide adequate measurements for a
successful test.

The CMUcam is also capable of running at 4 to 17 frames per second. The actuator latency in the
propulsion system will decide the sensor frequency to be used. The highest sensor frequency
possible will be used for best testing results. Thiswill result in more proof mass position updates
and a more accurate control system.

9.1.4. Test Matrix

The DRAFT-Sat testing matrix contains each individual test to be performed to verify the
performance of the DRAFT-Sat apparatus. Tests in the testing matrix specify where the controlled
surface force disturbance input is to be directed onto the structure of DRAFT-Sat. To verify the
performance of DRAFT-Sat, surface forces applied by a battery powered fan will be applied
directly to every cubic face, every edge, and every corner of the structure. Thisisdepicted in
Figure 59.

DRAFT-SAT 2003/2004 56



Force Applied
to Corner

Force Applied
to Face

Force Applied
to Edge

Figure 59 - Applied Force Testing L ocations

Surface forces applied to cubic faces of the DRAFT-Sat structure will require one thruster to react
to the disturbance. Forces applied to the structure edges will require two thrusters to react, and
forces applied to the structure corners will require three thrustersto react. Table 20 below shows
the test matrix containing all of the tests to be performed during verification.

Table 20 - DRAFT-Sat Test Matrix

Applied Force Location PM X PM Y PM z X Axis Y Axis Z Axis
Displacement | Displacement | Displacement | Thruster | Thruster | Thruster
Data Data Data Response | Response | Response
+X Face -X N/A N/A +X N/A N/A
+Y Face N/A -Y N/A N/A +Y N/A
-X Face +X N/A N/A -X N/A N/A
-Y Face N/A +Y N/A N/A -Y N/A
+Z Face N/A N/A -Z N/A N/A +Z
-Z Face N/A N/A +Z N/A N/A -Z
+X,+Y Edge -X -Y N/A +X +Y N/A
+X,-Y Edge -X +Y N/A +X -Y N/A
-X,-Y Edge +X +Y N/A -X -Y N/A
-X,+Y Edge +X -Y N/A -X +Y N/A
+X,+Z Edge -X N/A -Z +X N/A +Z
-X,+Z Edge +X N/A -Z -X N/A +Z
-X,-Z Edge +X N/A +Z -X N/A -Z
+X,-Z Edge -X N/A +Z +X N/A -Z
+Y,+Z Edge N/A -Y -Z N/A +Y +Z
-Y,+Z Edge N/A +Y -Z N/A -Y +Z
-Y, -Z Edge N/A +Y +Z N/A -Y -Z
+Y,-Z Edge N/A -Y +Z N/A +Y -Z
+X,+Y ,+Z Corner -X -Y -Z +X +Y +Z
+X,-Y,+Z Corner -X +Y -Z +X -Y +Z
-X,-Y,+Z Corner +X +Y -Z -X -Y +Z
-X,+Y,+Z Corner +X -Y -Z -X +Y +Z
+X,+Y,-Z Corner -X -Y +Z +X +Y -Z
+X,-Y,-Z Corner -X +Y +Z +X -Y -Z
-X,-Y,-Z Corner +X +Y +Z -X -Y -Z
-X,+Y,-Z +X -Y +Z -X +Y -Z

9.1.5. Analytical Prediction

An analytical prediction was developed for the DRAFT-Sat system behavior using a SIMULINK
model. Initial conditions for this model are shown in Table 21.
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Table 21 - Simulink Initial Conditions

Par ameter Value
Disturbance Force (x) 0.05N
X Thruster Misalignment | 1 cm

Y Thruster Misalignment | 0.1 cm
Z Thruster Misalignment | 0.5cm

Thrust 0.7N
Kp 1

Kd 1.25

Dead Band lcm

Figure 60 - Analytical Performance Prediction

Based on this analytical model, the maximum position error was approximately 0.4cm and the
maximum induced body rotation was approximately 0.004° over atest time of 1min. Since actual
testing on the DRAFT-Sat system will only be 20s on the KC-135, and no longer than 1min on the
air table, this model predicts that all induced body rotation will be negligible. It also demonstrates
that the DRAFT-Sat system is expected to lie well within the cm position error requirement.

9.1.6. Air TableTesting

Description

Air table testing will use a near frictionless surface to allow the DRAFT-Sat system to slide freely
in atwo dimensional plane. Because thistest is going to be performed in a 1g environment, the
proof mass will not be capable of floating inside the cavity asit is designed to do. Because of this
the proof mass will be suspended from arigid structure in the middle of the proof mass cavity
during air table testing. With the proof mass suspended inside the DRAFT-Sat cavity, DRAFT-
Sat will be free to move around the proof massin directions parallel to the air table surface. The
DRAFT-Sat will also be mounted onto a base plate to lie on top of the air table. This base plate
will increase the bottom surface area of DRAFT-Sat and increase the lift generated by the air
table. Thistest will then verify DRAFT-Sat’s ability to hold its position so that the proof mass
will always be within 1cm of the center of the cavity. Thistest will only verify that the objectives
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of the DRAFT-Sat system in the two axes parallel to the air table surface. To test the remaining
axis, DRAFT-Sat will be rotated 90&so that the untested body axis of DRAFT-Sat will be parallel
to the air table surface. By using two testsin this manner, all three body axes of the DRAFT-Sat
apparatus can be verified. All three body axes of DRAFT-Sat cannot be tested at once using this
method.

To accommodate this setup, some modifications must be made to the DRAFT-Sat apparatus. To
allow the proof mass to be suspended inside the cavity, the ceiling of the cavity will be removed
along with all structural components located directly above the cavity. Thiswill also require
removing the solenoid and nozzle for the top mounted thruster. Once these parts have been
removed there will be adirect path into the cavity from above. Thiswill allow the proof massto
be hung from athin rigid tube or beam into the middle of the cavity.

Procedures
To perform the air table testing, the following procedures will be used. These procedures are
rough and subject to change.
-+ Perform the necessary modificationsto the DRAFT-Sat structure to allow a clear path for
the proof mass to be suspended into the cavity from above.
Attach the DRAFT-Sat apparatus to the air table testing base plate.
Place DRAFT-Sat in the middle of the air table.
Suspend the proof mass from a thin rigid tube or beam into the exact center of the cavity.
Turn on the DRAFT-Sat sensors and on board processor. Verify that datais being
accepted from the sensors by the processor correctly.
If analog video datais being taken from the CM Ucam cameras, connect the analog
camera output to avideo display or VCR. Verify the video is streaming correctly.
Secure the DRAFT-Sat apparatus and activate the air table.
Begin recording the test with a digital camcorder.
Activate the DRAFT-Sat propulsion system and release the apparatus.
Allow DRAFT-Sat to float on the air table and correct its position for a specified time
while applying a disturbance force with a battery powered fan in accordance to the testing
matrix.
Secure the apparatus and deactivate the DRAFT-Sat propulsion system. Turn off the air
table.
Download all proof mass position and thruster history data from the on board processor
on alaptop.

Error Estimates

Due to the random and possibly unpredictable nature of the air table perturbations, the input
disturbance forces could cause unexpected displacements and thruster firingsin axes that are not
affected by the fan. Thiswill have to be taken into consideration when evaluating the data.

9.1.7. KC-135Testing

Description

Testing aboard the KC-135 used a microgravity environment to allow the DRAFT-Sat to move
freely in al three trandational body axes. This microgravity environment will also allow the
proof mass to float freely inside the cavity so that it will be shielded by all perturbing surface
forcesin al three axes. The sensing system on board DRAFT-Sat will then be able to observe the
proof mass and provide data for itsideal unperturbed trgjectory. Since DRAFT-Sat will be
floating freely, it will be capable of adjusting its position in three axes so that it can mimic the
ideal trgjectory of the proof mass. This testing environment isideal because it allows a complete
test of position control in all three body axes at once.
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Pre-Flight Procedures

The setup for the DRAFT-Sat apparatus will be minimal. The test stand securing the laptop, video
camera, and the device to secure the test article will need to be secured to the floor of the KC-135
aircraft. Within the test article fully charged batteries will be placed in the apparatus as well as
full CO, canisters. All electrical and pressure interfaces will be examined to ensure the safety of
the experiment.

In-flight Procedures

Thetest article, video camera and laptop will al bein their stowed position on take off and
landing of the aircraft. Oncein flight, DRAFT-Sat will be retrieved and secured by ateam
member until the top of the first parabola chosen to test the apparatus. There will be two types of
testing done with the test article: stand alone testing and umbilical testing. The only difference
between the two types of testing is the umbilical testing will use a cord running from the laptop
computer to the test article to download real time analog video data.

Stand-Alone Testing

Once the micro gravity is felt at the top of the parabola the system will be powered on by flipping
aswitch. The system will be carefully released by atest member and the control system will take
over the stability of the system for the next ten to twenty seconds during microgravity. Once the
aircraft beginsto pull out of the parabola, the apparatus will again be captured by a test member
and the power switched off. Between the microgravity portions of the parabolas the data from the
stand alone testing sessions will be downloaded. An umbilical will be plugged into the test article
and the data dumped from the microprocessor on board. Half the parabolas tested will be for stand
alone testing.

Umbilical Testing

Once the micro gravity is felt at the top of the parabola the system will be powered on by flipping
aswitch. With the power on, analog video will begin to stream through the umbilical cord to the
laptop computer from the camera sensors. The system will be carefully released by a test member
and the control system will take over the stability of the system for the next ten to twenty seconds
while experiencing microgravity. Once the aircraft beginsto pull out of the parabola, the
apparatus will again be captured by a test member and the power switched off.

Post-Flight Procedures

Post flight test procedures will include detailed analysis of the data taken onboard. Table 19 shows
the data that will be logged for the numerous tests in flight. The position of the proof massin each
axis may be plotted vs. time for each of the tests. A successful test yields results that show the
proof mass displaced from the center of the cavity and then returns to within 1cm of the proof
mass. Data plotted from an unsuccessful test will yield proof mass positions that do not converge
on the cavity center. Analysis of the control system output will also be analyzed. The desired
thrust in each axis may be plotted over time and compared to the position of the proof mass to
verify correct sensing and control authority. These tests will take time to analyze in depth for
submittal of afinal report as part of the Aerospace Engineering Senior Projects course here at the
University of Colorado. However, MATLAB files may be carried on the testing laptop to perform
quick views of the test output. Thus, shortly after the tests are completed there will be useful
results available to determine whether the tests were successful.

Error Estimates

Because the proof massisisolated in the cavity and DRAFT-Sat is not equipped with a
mechanism to release the proof mass into the center of the cavity. Testing will begin with an
initial offset of the proof mass as great as 2cm. The onboard processor will interpret this offset as
aposition error and will cause the apparatus to thrust downward initially to center the proof mass.
Thisinitial error will hopefully be reduced by the microgravity environment. It is hoped that the
proof mass will lift off of the cavity floor as the microgravity environment is attained reducing the
initial error. Because this error cannot be avoided, any initial position errors that are over the 1cm
requirement will be ignored when analyzing the data.
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Because the proof mass will most likely initialy be at the bottom of the cavity, the CMUcam
sensors might also have trouble tracking them. This problem will be addressed during integration
and will hopefully be avoided by ensuring the cameras have not trouble spotting the proof mass
anywhere in the cavity.

9.1.8. Data Plots

Figure 61 below depicts the data plots the DRAFT team is hoping to develop.
X .

lcm
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1cm Error
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Figure 61 - Data Plot Description

As seen on the left of Figure 61, a scatter plot of the (X, Y, Z) position of the proof mass from the
center of the cavity will be generated. This plot will show all the locations of the proof mass
throughout the test. If the proof mass moves more than 1cm from the middle of the cavity, it will
be known that DRAFT-Sat was unable to hold its trgjectory to within 1cm of the undisturbed
proof mass trajectory. Points beyond this 1cm error boundary would constitute system
performance failures.

The two plots on the right of Figure 61 will also be generated. These plots include proof mass
position vs. time, and DRAFT-Sat thrusting vs. time. Three position vs. time plots will be made;
one plot for each axis. Similarly, one plot for each axis will be made for the thruster history of
each DRAFT-Sat test. The position and thruster vs. time plots will be useful for evaluating how
efficiently the controller is operating when compared to one another. The position vs. time plots
will also depict if system performance failures occur.

9.1.9. Safety

Safety during testing is a major concern for the DRAFT-Sat project because it involves a high
pressure propulsion system. CO, propellant pressures will be as high as 900psi in the propellant
storage tanks. Operating pressures that will be expelled from the nozzles on the thrusters will be
ashigh as 100psi. To ensure the DRAFT-Sat apparatusis safe, al propulsions components are
required to have afactor of safety of 2 or more. Safety factors for the propulsion system can be
found in Table 16. During testing safety goggles will be worn by the DRAFT-Sat team to protect
against any accidents involving the propulsion system bursting. The outer casing of DRAFT-Sat
will also serve as a protective shield containing all propulsion components within it.

In addition, several safety concerns have been addressed for flight aboard the KC-135. Since
DRAFT-Sat isfree floating there are many concerns about DRAFT-Sat losing control and
impacting people or expensive equipment. The DRAFT team has considered and addressed
severa of these concerns shown in the hazard analysis below in Table 22.

DRAFT-SAT 2003/2004 61



Table 22 - DRAFT Hazard Analysis

Hazard Cause Control Verification
Electrical Fire Excessive currentsin the Fuses will beinstalled in all Fuses will be selected

Electrical fire could
causeinjuriesto flight
crew and damage the
KC-135 and equipment
on board.

DRAFT-Sat system could
result from an electrical short
in the power system and cause
an electrical fire.

system circuits to protect from
excessive currents.
Adequately sized wire will be
used on all circuitsto prevent
wire melting.

according to the current levels
expected in the system and
inspected for defects.

Electrical Shock

Electrical shock or
discharge could
seriously injury
personnel handling the
experiment.

Any abrasionsin the wire
could expose conductive
metals. Circuit boards and
solenoids could also contain
exposed conductive metals
capable of delivering a shock
to personnel handling the
experiment. Electrical charge
could also build up on circuit
hardware.

All wiring will be insulated
and thoroughly inspected
before testing. All electrical
hardware will be grounded

properly.

Before testing system testing
will be performed to ensure
that all electrical systems are
behaving normally and are not
drawing high currents. Visua
inspections of all wiring and
hardware insulation will be
done before testing begins.

Collision / Impact

Thisprojectisafree
floating experiment and
could collide with the
flight crew causing
injuries or damaging

The system could escape the
grasp of the flight team due to
the erratic flight path of the
KC-135, or dueto erratic
behavior of the on board
control system.

The on board control system
will be designed to avery
rigorous standard prior to
testing on the KC-135 to
ensure confidencein the
stability of the system. During
testing two flight team

The DRAFT-Sat system will
be tested on an air table 2 axes
at atime prior to KC-135
testing. Thisair tableimparts
perturbations as great as 0.1 N
on the system (see test
description section). These

equipment. members will carefully perturbations are much
observe the system at a close stronger than any that will be
distance and will secure and experienced on the KC-135.
power the system down if Thiswill ensure arobust
erratic behavior begins. A control system will be flying
protective cover will also be on the KC-135.
placed around DRAFT-Sat to
remove any exposed sharp
edges.
Pressure Containment | Interfaces between high Design the propulsion system The propulsion system will be
Failure pressure CO, tanks and the to afactor of safety of 2 using | thoroughly tested before flight.
pressure regulator could leak rated materials when All joints will be leak tested
The pressure system or fail. Interfaces betweenthe | comparing materia yield before flight.

that provides gas for
propulsion could
rupture and injury
flight crew members
and damage equipment.

pressure regulator and
solenoid valvesin the
operating pressure region of
the system could also leak or
fail.

strength to MAWP. A
pressure relief valve will be
used on the regulator so
pressure will be rel eased
before over pressurization
could occur.

Injury/ Illness

Flight team members
could become sick or
injured. Flight team
members might not be
able to perform

Dueto the erratic flight path of
the KC-135, team members
could become sick or could be
injured by losing their balance
and colliding with equipment.
This could also render team
members unable to continue

Dueto thisrisk, two flight
team members will be
observing the experimental
apparatus at close proximity at
al times. If one person
becomes unable to continue in
the experiment the remaining

The test procedure will be
practiced and run through
before the flight to ensure that
al team members are trained
and ready to conduct the
experiment. All team
members will be made aware

experiments. with the experiment. team member will secure and of what to do with the test
power down the apparatus. apparatus in the event of any
problems.
9.2. Testing

This section presents the test results for the DRAFT-Sat project. The objectives of this project
attempted to meet are described in Section 1. When testing to meet the 1cm position requirement in
three axes, the DRAFT-Sat system required two tests to verify this objective. Thisis because testing
on board the KC-135 microgravity environment was not possible and DRAFT-Sat had to be tested on
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an air table. Theair table environment only alowed four DOF in two axes at atime. All resultsare
presented in X-Z plane results and X-Y planeresults. Each of these cases only verifies DRAFT-Sat in
two axes at one time, however, combining the X-Z plane and X-Y plane data will demonstrate how
DRAFT-Sat performed in al three axes. It isimportant to note that the X-Z plane data and X-Y plane
data was collected during two separate tests.

9.2.1. Undisturbed Testing

9.2.1.1.0verview

Thefirst series of tests were performed with DRAFT-Sat not being disturbed by any forces
other than the air table (which was not controllable). The air table was characterized as
imparting disturbance forces as high as 0.035 N on DRAFT-Sat. The direction these
disturbances were applied was random. The first step of the testing was turning on the
cameras and microcontroller to be sure the cameras were both tracking. This began data
recording. The air table was turned on with the proof mass hanging in the cavity from above.
DRAFT-Sat was then centered on the proof mass and the solenoid circuit was turned on. The
thrusters were active at this point and DRAFT-Sat was then tested to seeit if could control
itself around the proof mass. When the amount of propellant lessened, DRAFT-Sat would
begin to loose control and the test would be considered over. There were four undisturbed
tests that were conducted. One such test is discussed below, while the results for the
remaining three are located in Appendix E in section 12.

9.2.1.2.X-Z Results

Figure 62 — Scatter Plot of X-Z Plane Undisturbed Test

Figure 62 above illustrates the position of the proof massinside the DRAFT system cavity as
seen by one of the two CMUcam cameras. This figure represents the proof mass position in
the X-Z plane of DRAFT-Sat (note: the labelsin Figure 63 show the X and Y position
because the camera only interprets position in X-Y coordinates). Each star in the above figure
represents position data recorded by the microcontroller. The data that was taken was also
used to produce plots of the position over time inside the cavity. The position profileis also
contrasted with the recorded thrusting profile over the duration of the test. This profileis
shown in Figure 63.
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Figure 63 - Undisturbed Position and Thruster Profilein X-Z Plane

The three plots generated from the recorded data can be used to determine whether the test
successfully met the requirements set forth. The scatter plot shows the position of the proof
mass at each sample time along with the 1cm position requirement represented by a circle of
radius 1cm. By visually inspecting the scatter plot, it can be clearly seen that this requirement
was met. By analyzing the time position plots the path of the proof mass can be followed. The
plots show the bang-bang control law meeting the requirement of keeping the proof mass
within +/- 1cmin each axis. Table 23 presents the remainder of the analyzed data for this
undisturbed test.

Table 23 - Summary of resultsfor undisturbed test in X-Z plane.

X mean

Z mean

X std dev

Z std dev

Thrust X

Thrust Z

Req. M et

-0.18 cm

-0.24 cm

0.19cm

0.29cm

30.5%

60.4%

98.8%
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The data summary shows the success of the undisturbed test in the X-Z axis. The test meets
the position success requirement 98.8% of the test duration. The data analysis shows the proof
mass was located at an average distance of ¥ cm within the center location. It also provides
thrusting in the axis for reasonable amounts of time that allowed for extended test duration.
The standard deviation along the axes provides further insight into the behavior of the system.
The standard deviation along the z-axis had a standard deviation of 0.29cm as compared to
the x-axis standard deviation of only 0.19cm. This shows the data was more spread along the
z-axis as can be seen in the scatter plot. This could be because the disturbance provided by
the air table was greater along the z-axis for this particular test. Another possible explanation
for this can be seen in the behavior of the cameras. The CMUcam cameras have different
pixel resolutionsin each axis. They axisinthe CMOS image array (which corresponds to the
z axison DRAFT in this case) provided higher accuracy and could have demanded more
thrusting in the z axis because of the higher resolution along that axis. This possibility is not
likely however because the dead band size for each axisis proportionally correct so any
accuracy differences would not affect the amount of thrusting. The air table also could have
been dlightly unleveled in the z direction causing DRAFT to drift moreinthisaxis. Theair
table is most likely responsible for this effect because the z axis data appeared more
distributed in the majority of tests performed characterizing something caused by the testing
environment.

9.2.1.3.X-Y Results

Figure 64 - Scatter Plot of X-Y Plane Undisturbed Test

After the testing in the X-Z plane was complete, a second camera and second microprocessor
were enabled for testing inthe Y axis. The following data shows the results of an undisturbed
DRAFT-Sat in the X-Y plane. Figure 64 displays a scatter plot of the position of the proof
mass during the test. In thistest, the control system kept the point mass within the 1cm
position requirement for 89.6% of the time during the test. Shown in the following plot, the X
axisthrusters did not thrust during the test. Thisis expected because the microprocessor that
recorded this data was only in control of the Y axisand did not have any control over the X
axis. Alsointhisplot, the position of the proof mass as the test ended shows that the
propellant ran out because the control diverges with an increasing number of samples.
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Figure 65 - Undisturbed Position and Thruster Profilein X-Y Plane

The control of the systeminthe Y axiswas very good for this test baring the end of the test
when the propellant ran out. As the above plot shows, the proof mass stayed within the 1cm
requirement for the duration of thetest. TheY axisthrusters were active for 72.9% of the test
duration.

There were two undisturbed tests conducted for the X and Y axes. The following table
summarizes the statistics for the two tests. The data for the second test can be found in
Appendix E in section 12 and shows a similar result for an undisturbed force test in the X and
Y axes.
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Table24 - Summary of resultsfor undisturbed test in X-Y plane

X mean Y mean X std dev Y std dev Thrus X | Thrust Y Req. Met
(cm) (cm) (cm) (cm)
Test 1 -0.074 0.388 0.568 0.250 0% 72.9% 89.6%
Test 2 0.084 0.1847 0.344 0.608 0% 62.7% 83.2%

While undisturbed by any other forces other than the air table used in the experiment,
DRAFT-Sat was shown to satisfy all of the requirements and objectives put forth for this
project by remaining within the dead band of the system for an average of 90.5% of the
time.

9.2.2. Disturbance Testing

9.2.2.1.0verview

Disturbance testing was very similar to the undisturbed testing in terms of procedure. The
main difference was that a known force was used to disturb DRAFT-Sat. A battery powered
fan was used for all disturbance tests to place a 0.06N disturbance on DRAFT-Sat. For these
tests, the fan was centered on one panel of the structure by atester who placed the fan near the
structure with their hand. The tester then followed the structure with the fan, trying to keep
the fan the same distance away from the structure. This controlled disturbance acted in
addition to the 0.035N random disturbances applied by the air table. Asin the undisturbed
testing, all three axes were tested in order to show the capability of three axis control.

9.2.2.2.X-Z Results

Similar datais analyzed for the disturbance test as was analyzed for the undisturbed analysis.
Figure 66 shows a scatter plot of a disturbed test where the force from the battery powered fan
was applied along the positive x axis of DRAFT-Sat.

Figure 66 — Scatter Plot of X-Z Plane Disturbed Test
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The scatter plot shows the datais primarily located within the +/- 1 cm requirement. By using
atime plot program in MATLAB the data can be seen to slowly move outside the 1 cm
requirement and then be controlled to back within the requirement. Figure 67 shows this more
readily by plotting the position over the test duration.

Figure 67 — Disturbed Position and Thruster Profilein X-Z Plane

The plots show how the thrusters react to the displacement of the proof mass within the
cavity. Asthe massis displaced the thrusterstry to oppose the disturbances. A positive
position error shown in the first 20sin the above figure in the y axisis corrected for by
applying a positive thrust in that axisto allow DRAFT-Sat to “catch up” to the proof mass.
On several occasions, the thrust is not enough to keep the proof mass within the 1cm
requirement, but it eventually brings DRAFT-Sat back to the proof mass consistently. This
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demonstrates control, but does not always meet requirements. Table 25 shows a summary of
the data that has been analyzed from this test.

Table 25 - Summary of resultsfor disturbed test in X-Z plane

X mean

Zmean | Xstddev | Zstddev | Thrust X | ThrustZ | Req. Met

-17cm

-.04cm .32cm .69 cm 45.0% 71.4% 83.2%

With the battery powered fan disturbance applied to DRAFT-Sat, both the x and z axis
standard deviation increased significantly from the non-disturbed test. However, the control
provides for an average x and z position still within %2cm just as in the non-disturbed test.
This again shows that DRAFT-Sat is being controlled, but not always within requirements.
Due to the added disturbance force from the fan, the position requirement of DRAFT was met
only 83.2% of the time.

According to the test plan, disturbance forces were placed on each axisin four separate tests

while DRAFT was oriented with the X-Z axis parallel to the air table. Table 26 shows a
summary of the data for each of the four tests.

Table 26 - Summary of disturbance forcetestingin X-Z plane.

Axis % Requirement | Meanx | Meanz | Standard Deviation | Standard Deviation
Satisfied (cm) (cm) X (cm) z (cm)
+X 83.2% -0.173 -0.041 0.320 0.696
-X 67.7% -0.069 0.301 0.392 0.765
+z Poor Data -- -- -- --
-Z 85.0% 0.448 -0.102 0.486 0.403
Average 78.6 % 0.230 0.148 0.399 0.621

The data summary shows the average statistics over the course of disturbance force testing.
For the positive z axis test the data recorded was significantly corrupted rendering raw data
that was unable to be analyzed for statistical analysis. For the three recorded tests the position
was within the success requirements an average of 78.6% of the time. Causes for the position
errors outside of DRAFT requirements are explained in section 9.2.5.

9.2.2.3.X-Y Results

The data taken during testing in the X and Y axes while applying controlled disturbances was
subject to corruption due to the problems stated in section 9.3.1. The X-Y plane testing was
performed once a replacement CM Ucam was obtained on the last day of testing. Dueto the
rushed nature of the data collection, the data was not able to be looked at until after the
deadline for testing had passed. In order to record all the necessary data on the final day, the
microcontroller EEPROM chips were written to for each test in succession. While analyzing
the X and Y axis data, it was noticed that it was difficult to interpret and could potentially
cause incorrect analysis. Thisis likely due to the poor extraction method of taking data from
the many logged EEPROM chips. The appended datain the EEPROM chips made it
extremely difficult to decipher one test from another for the final day of testing. The visual
data taken of the X and Y axes tests using a video camera, shows that control of these axes
was in fact obtained. However, as explained above, this data does not show the same result.
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Figure 68 - Scatter Plot of X-Y Plane Disturbed Test

Figure 68 represents a scatter plot of the proof mass position during atest in the DRAFT X-Y
plane with a 0.06N disturbance force being applied in the +Y direction. This disturbance
force was provided by the same battery powered fan that was used during the other
disturbance tests. The above plot shows that there are times during the test where the proof
mass was outside the 1cm position requirement.  In the figure below, the data seemsto fit a
usual disturbance force test. Thereisone bad data point in this plot asthe X thrusting data
spikes when the X axis should not be thrusting in this data. Thisis because the
microcontroller that this data was taken from was not controlling the X axis.
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Figure 69 - Disturbed Position and Thruster Profilein X-Y Plane

TheY axis position profile shows that the system was controlled for the majority of the test,
but did not stay inside the 1cm position requirement for the whole test.  Towards the end of
the test, it can be seen how the DRAFT-Sat system ran out of CO, propellant and the proof
mass came to rest against the cavity wall. This portion of the position profile should not be
considered afailure in meeting requirements. Table 27 below summarizes the data that was
recovered for the X-Y plane disturbance testing. This data, along with Figure 68 and Figure
69, was decided to be very unreliable and it is not certain for which testing circumstances it
was recorded. It is presented here simply because it represents Y axis disturbance testing that
was performed. Because of the massive data corruption, however, the results are most likely
very inaccurate.
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Table 27 - Summary of resultsfor disturbed test in X-Y plane. (Thisdatawasfound to beinvalid)

X mean Y mean X std dev Y std dev Thrust X | Thrust Y Req. Met
(cm) (cm) (cm) (cm)
Test 1 0.408 -0.266 0.4958 0.9972 1.1% 74.4% 62.2%
Test 2 -0.0063 0.2212 1.0561 0.9316 29.5% 76.5% 40.0%

While being disturbed by a 0.06 N force provided by a battery powered fan in addition to the
air table disturbances, DRAFT-Sat was shown to meet the project requirements 78.6% of the
time in the X-Z plane and an unknown amount of time in the X-Y plane. Dueto data errors
the X-Y plane testing, the tests could not be confidently analyzed and fully verified during

this project analytically. Visual datafrom avideo camera has been recorded that

demonstrates control in the X-Y plane, but this data cannot be quantified and analyzed very

accurately.

9.2.3. Comparison of Expected and Actual Results

To characterize the actual test resultsit is useful to compare them with atheoretical model. In this
case, the theoretical model has been created using a state-space systemin MATLAB Simulink.
Figure 70 shows a comparison for the simulated results and the actual resultsin the X and Z axes
of DRAFT-Sat (the figures are labeled X and Y axes, but the comparison is for the X and Z axes

of the DRAFT-Sat apparatus).
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Figure 70 - Comparison between experimental and theoretical results.

The comparison shows the similarities between the modeled and actual data. It is nearly
impossible to supply the model with the real-time effects of the air table. The air table was
modeled in MATLAB as an input disturbance force using a random generator with a variance of
0.1N. Since the disturbance from the air table is random and unknown this is the best it could be
modeled in MATLAB. Other important characteristics of the model are the thrusting force set to
0.16N, system mass to 5kg, and fixed-step size of 17Hz. Although the model could not be
matched perfectly with the effects of the air table, some similarities can be noted. The oscillation
frequency is similar due to the 17Hz camera sampling frequency and the effects of the bang-bang
controller provide similar results. The modeled data has a similar accuracy as the actual data
ranging within the 1cm requirement. However, this was created using a0.1N variance on the input
disturbance force whereas the air table has been estimated near 0.034N. Thus the actual results
from testing are of less accuracy then the modeled results as it takes a smaller disturbance force to
push the actual results to the same bounds as the modeled results. Thisislikely due to the latency
of the solenoids that was not modeled in MATLAB. The actual turn on time of the solenoids
seemed to vary dightly from solenoid to solenoid and made it difficult to characterize. Overall, the
actual results had similar behavior to the theoretical analysis, but cannot be compared directly due
to the unmodel ed aspects of the system.

9.2.4. Controller Characterization Testing

Effects of Controller Variables on Performance

The DRAFT control is performed by an onboard microcontroller running a basic control law. The
performance of the system may be varied significantly by making slight modificationsin the
control law. The most noticeable change that can be made in the control function isthe size of the
dead band. Through design and testing methods, the nominal dead band size was chosen as 1/3 cm
as described using the phase plane plot shown in Figure 38. Increasing or decreasing the dead
band size would change the amount of space in the phase-plane plot where there is no thruster
activity. The tradeoffsto consider in selecting the dead band size are the accuracy of the system
and amount of gas consumed. A smaller dead band will ideally result in improved accuracy while
consuming more gas, whereas alarger dead band will have a decreased accuracy while conserving
more gas.
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Through analysis and testing the final selections made in the control law called for a dead band
size of 1/3cm and akq of 2.5. Test results for this configuration are shown in Figure 62. For this
test the average x and z position was recorded as -0.05cm and -0.25cm respectively. The thruster
activity was also recorded as 33.0% and 69.7% for the x and z directions. This control law was
selected based on the combination of accuracy and low fuel consumption. However, it is still
important to characterize the effects of the control law on the performance of the system. Figure
71 shows a plot of another test using a 2/3cm dead band.

Figure 71 - Test resultsfor 2/3 cm dead band controller.

For this test, the mean x and y positions were -0.18cm and -0.45cm respectively. These average x
and y positions are well within our requirement of +/- 1cm accuracy. The percentage of time
thrusting in the x and y axis was then recorded as 12.4% and 22.9% for the test. While the fuel
consumption is minimal the average x and y positions have an error increase of 360% and 180%
respectively. The increased error weighs heavier then the conservation of the CO, gas. A final
control law variation to consider is the effect of having no dead band at all. In this case the
accuracy of the system could be only limited by the resolution of the camera sensor. Figure 72
shows the test results of a zero dead band test.
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Figure 72 - Test resultsfor zero dead band controller

Before analyzing the zero dead band test it isimportant to understand the concept of a zero dead
band bang bang controller. Since the camera provides a pixel value in each axis for the center
location of the proof mass, there is one location in the cavity where the proof massisin the center.
Thus, if the proof massis at this location where the center of mass pixel output of the camerais
the actual center, there will be no thrust. In reality then, the dead band is not zero, but the width of
one pixel, or 1/15cm in the x axisand 1/24cmin the y axis. This can be seen in the percentage of
time thrusting from the test. The thrusters provide thrust in both the x and y axis for 99.2% of the
test. With the higher thruster activity, the accuracy is recorded as 0.13cm and 0.20cm for the x and
y axis. As expected, the accuracy is greater than that of the 1/3cm dead band controller.

Table 28 is used to provide a summary of the effects of modifying the dead band in the controller.
The table shows the dead band size as well as the thruster activity and average proof mass
position.

Table 28 - Summary of dead band effects.

Dead Band Mean X Mean Y X thrust | Y thrust
(cm) (cm) (cm)
0 0.14 0.20 99.2% 99.2%
1/3 -0.05 -0.25 33.0% 69.7%
2/3 -0.18 -0.45 12.4% 22.9%

While each of the dead band sizes meets the requirements of the system, the dead band selected
was 1/3cm. The 1/3cm dead band was selected due to the median position values that provide a
high accuracy, but primarily due to the amount of thrusting that allowed for longer lasting tests.
While using the zero dead band, the constant thrusting in both axis lowered the pressurein the
system resulting in a smaller thrusting forces and quick depletion of the CO, gas. On the other
hand, the 2/3cm dead band did have an average location inside the requirements, but was centered
well off the cavity center. These differencesled to the decision to use the 1/3cm dead band for the
remainder of the tests performed by DRAFT.
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9.2.5. Testing Results Summary

The two overall objectives from the PDD were to create a spacecraft subsystem
that detects surface forces on the spacecraft and provides reaction forces to
counteract those forces. The second objective was more specific to thisyear’'s
project in hopes of furthering the project to one day achieve the above overall
objective. The DRAFT-Sat project’s primary goal was to design, fabricate and
test aself contained system capable of sensing surface forces and providing
reaction forces in three axes to compensate for these forces. This report
demonstrates that the DRAFT-Sat team was successful in designing, building and
testing such asystem. The system was fully self contained, only needing to be
externally connected to refill the propellant. The testing of DRAFT-Sat was
successful as shown by the high percentages of time that the PM was within the
dead band of the system. In addition, the system’ s performance is shown in
visual results taken by avideo camera. Although the system was not tested in
microgravity, control was accomplished in three axes through testing two axes at
atime as shown by the testsin both the X and Y, and X and Z axes.

Error Analysis

9.3.1. DataErrors

The data extracted from EEPROM was not always congruent. The algorithm for storing data was
consistent, but sometimes added erroneous charactersto the data. Figure 73 shows an example of
araw data set and its corrected form.

Figure 73 - Example Raw Data with Correction
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As Figure 73 shows, the raw datais generally formatted correctly with the exception of afew
lines. These errorsinclude missing carriage returns, extra carriage returns and questionabl e data.
The line with the extra carriage return was del eted because the validity of that data point is
guestionable. Each data set was reviewed line by line to remove such errors. Other errorsinclude
extracharacterssuchas and . These characters did not replace any data and were ssimply
removed to processthe data. These errors had a negligible effect on the quality of the data. After
processing, there was no noticeable decrease in the quality of the data.

9.3.2. TestingErrors

Startup Errors

Several testing errors were also apparent when verifying the DRAFT system. Prior to starting the
system, the proof mass was usually outside of the control system dead band asit hungin the
cavity. When the system was started the cameras perceived an initial position error. Additionaly,
position errors were caused by disturbances when turning the system on. Because of the startup
procedure (section 9.1.6), data was recorded into EEPROM before the control system actuators
were activated. This means that data early in atest represented an uncontrolled system. Further,
to activate the actuators, system operators had to touch DRAFT and flip a switch on the apparatus.
These actions usually provided additional disturbances to atemporarily uncontrolled DRAFT-Sat
increasing the amount of initial position errors.

End of Test Errors

The CO, propellant capacity on board DRAFT-Sat was limited. Tests usually ran from 20 to 30
seconds before all the on board propellant was used. When DRAFT-Sat ran out of propellant, it
drifted out of control causing more position errors at the end of every test. These errors are smply
caused by alack of propellant and do not demonstrate a failure in any project objectives. These
errors can be seen in the position tracking plot below.

XY Scatter Plot
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Figure 74 - Experimental Error Example (ref: mystery deadband.xls)

Latency Errors

Latency in the DRAFT-Sat propulsion system was also an experimental error source. The
solenoid valves used in the propulsion system had a significant amount of latency when operating
at pressures above 100psi. The solenoids were thought to operate at pressures up to 200psi, but
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after integrating them, it was found they actually only operated reliably up to 100psi. The
performance of each solenoid valve varied and some suffered from obvious latency lag at
pressures as low as 80psi. Because the control of the system depended on firing the thrustersto
react to real time position errors, any latency would potentially cause the thrustersto fire at an
incorrect time or in an incorrect direction. The DRAFT apparatus operated at a pressure of 50psi
while testing and latencies of several milliseconds could have existed in the thruster system at this
pressure. Thiserror source might have caused the control system to operate slowly and
inefficiently.

Proof Mass Movement Errors

The proof mass for the DRAFT-Sat system was suspended from a non-rigid string into the cavity
areawhere it could be viewed by the CMUcam cameras. If the proof mass or the rod the proof
mass was hung from was bumped by a cavity wall in the DRAFT system or an operator, the proof
mass would begin to swing. Because movement of the proof massisinterpreted by the DRAFT
system as disturbance forces imparted on the apparatus, a swinging motion by the proof mass
caused the control system to fire thrusters to react to the moving proof mass. The position of the
swinging proof mass was a so recorded into EEPROM and made the data appear asif it wasthe
DRAFT-Sat apparatus oscillating back and forth instead of the proof mass.

CMUcam Tracking Errors

The CMUcam cameras used to track the red proof mass were highly sensitive to color changes. |If
the DRAFT-Sat system moved in such a way where shadows passed over the cavity, the camera
confidence in the proof mass |location was greatly reduced. When the camera confidence in the
proof mass location was reduced, the cameras were more likely to produce errors in the actual
location of the proof mass. If the proof mass was covered by a significant lighting change the
cameras lost track of the proof mass altogether rendering the DRAFT-Sat system uncontrollable.

10. Project Management Plan

10.1. Organizational Responsibilities

The DRAFT-Sat project consists of 5 team members and 2 faculty advisors. The DRAFT-Sat team has
been organized into subsystems and each team member is responsible for designing and devel oping
their specific subsystem. These subsystems include software, structures, data acquisition, propulsion,
power, and sensing. The project responsibilities are illustrated on the organization chart shown below.
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Figure 75 - Organization Chart

In addition to the subsystem responsibilities, safety and logistical responsibilities have also been
assigned. Ryan Oldsisthe acting DRAFT-Sat project manager. All funding and expenses will be
handled by Michael Cragg, the Chief Financial Officer (CFO). ChrisErickson isthe acting team lead
for all mechanical design and fabrication. He will be organizing machine shop work during the spring
semester. Stephen Levin-Stankevich isin charge of team safety and Michael Cragg will also handling
any additional instrumentation DRAFT-Sat uses during verification and testing. Dr. Axelrad and Dr.
Nerem are the acting team advisors for the DRAFT-Sat team. Meetings are held weekly to confer with
them about project designs and decisions.

10.2. Work Breakdown Structure

A work breakdown structure has been developed to organize and divide the work needed to be
performed on the DRAFT-Sat project. Because the DRAFT-Sat team has been assigned to specific
subsystem responsibilities, the work breakdown structure also reflects this and is divided into
subsystem work. The following flow chart isa high level view of the DRAFT-Sat work breakdown.
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Figure 76 - Work Breakdown Structure

ThisWBS is organized into the same subsystems as the organization chart with the addition of
management, systems, and testing work. A more detailed version of the DRAFT-Sat WBS isincluded
in Appendix A. A numbering system has been developed so that specific WBS tasks can be referred to
in other documents such as the DRAFT schedule and action items.

The DRAFT-Sat project employs action items to assign work to team members and keep track of what
work has been performed. The DRAFT-Sat action items are also used to assign due dates to specific
tasks and keep the project on schedule. Action items are maintained by the project manager and posted
by Michael Cragg the team webmaster. Items on thistask list are updated every week following
advisor meetings. Work performed on specific action items is discussed with faculty advisors and
marked as “complete’ if they have been addressed to a satisfactory level. The DRAFT-Sat action item
list can be viewed on the team website (http://www.col orado.edu/A SEN/project/draft-sat/).

10.3. Schedule

The project schedule for DRAFT-Sat is developed and maintained by the project manager. Tasks that
appear on the schedule all correspond to specific tasks described by the DRAFT-Sat WBS. The
schedule reflects when specific jobs or tasks are due in order to meet project milestones such as design
reviews, fabrication requirements and testing dates. This scheduleis also posted online by the team
webmaster. The remaining work on the DRAFT-Sat project has been organized for the spring
semester and a high level schedule is shown below.
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Figure 77 - DRAFT-Sat Spring Semester Schedule

The tasks on the above schedule are given arelatively short amount of time due to the time constraint
imposed by KC-135 testing. KC-135 testing will ideally take place on the week of March 21, 2004.
Thisrequiresthat the DRAFT-Sat system be completely fabricated, integrated, and tested by that
week. All DRAFT-Sat subsystems are scheduled to be built by January 27, 2004 and al integrationis
scheduled to be completed by February 23, 2004. This leaves the team roughly one month to test the
complete DRAFT-Sat system and take care of any resulting problems. Depending on whether the
DRAFT-Sat proposal for flight on the KC-135 is accepted, this schedule is subject to change. After
testing is completed in March of 2004, the testing results will be documented by April 5, 2004 thus
completing the DRAFT-Sat project for the 2003/2004 academic year.

10.4. Cost Estimates

All major costs for the DRAFT-Sat project are shown below in Table 29. Thistable includes all major
parts in the system and travel expenses possibly needed for KC-135 testing should DRAFT-Sat be
selected to fly. Currently the DRAFT-Sat budget stands at $4,000 which has been provided by
donations from Lockheed Martin.
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Table 29 - DRAFT-Sat Estimated Costs

Subsystem Quantity [Unit Cost Cost
Structure
Main Structure 1 $288 $288
Mounting Brackets 1 $149 $149
Cavity Assembly 1 $6 $6
Cavity Tunnel 1 $8 $8
Shell Structure 1 $79 $79
Propulsion
25 g CO2 Tank 4 $8 $32
Peter Paul Series L58 Solenoid Valve 6 $16 $96
US PARAPLATE 9014 Series Regulator 1 $184 $184
Gas Capacitor 1 $79.50 $79.50
Pressure Release Valve 1 $6.63 $6.63
Electrical
CMUcam?2 2 $199 $398
Power Switch 1 $5 $10
Batteries 2 $49.99 $99.98
Battery Charger 1 $82.99 $82.99
Microcontroller 2 $100 $200
TOTAL= $1541.10

The DRAFT-Sat system itself is estimated to cost approximately $1600 which is well below the $4,000
budget. If the DRAFT proposal to fly aboard the KC-135 is selected, $5,350 in funding will be applied
for through the Engineering Excellence Fund, UROP grants, and funding sources through the
Aerospace department and Dean'’ s office at the University of Colorado.

10.5. Actual Costs

The actual cost of the DRAFT-Sat was higher than the projected budget. There were several reasons
for the inflated costs. The amount of hardware required for the propulsion system was underestimated
resulting in a much higher costs. In addition, extra batteries were required in order to get the correct
battery arrangement. Each subsystem had increased costs; the final budget is shown in Table 30
below.

Table 30 - Final DRAFT-Sat Budget by Subsystem

Subsystem | Actual Cost
Structure $374.28
Propulsion $1768.08
Electrica $1159.83
Misc. $162.29
Total $3,483.29

A complete budget is shown in Appendix F.

10.6. Specialized Facilities and Resour ces
Specialized facilities and resources needed by the DRAFT-Sat project are listed below:

Discovery Learning Center Testing and Working Space
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Space is needed in the DL C to store fabricated and purchased parts and to perform electronics testing,
small scale CO, propulsion testing, and integrated air table testing.

Microgravity Testing Environment Aboard the KC-135

A proposal has been submitted by the DRAFT-Sat team to use NASA’s microgravity environment
aboard the KC-135. This environment would provide a very useful environment for verification
testing. Whether the DRAFT proposal has been accepted or not is yet to be determined.
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APPENDIX A —DRAFT-Sat WBS

DRAFT WORK BREAKDOWN STRUCTURE

updated:  12/8/2003

WBS WORK CATEGORY PERSON RESPONSIBLE
1.1 Schedule RO
1.2 Task Management RO
1.2.1 Action Items
1.2.2 WBS
1.3 Financial MC

1.3.1 Record Budget
1.3.2 Purchase Hardware
1.4 Team Organization RO
1.4.1 Meeting Minutes
1.4.2 Meeting Agendas

2.1 Integration of Subsystems All

2.2 Desigh Requirements All

2.3 Trade Studies All

24 Presentations All

2.5 Technical Reports All

3.1 Test Planning All

3.2 System Testing and Verification All

3.3 Testing Reports All

3.4 KC-135 Requirements All

4.1 Extend Code to 3-D SLS, RO, KD, MC
4.1.1 Read output of second camera SLS
4.1.2 Add to if logic in bang-bang control SLS

4.2 Improve Controller Performance SLS, RO, KD, MC
4.2.1 Develop simulation SLS
4.2.2 Simulate with variable inputs SLS

4.3 Port MATLAB codeto C SLS, RO, KD, MC

5.1 Select Materials CE
5.1.1 Research Different Materials

5.2 House all Subsystems CE

5.2.1 Develop 3d Models of Each Component for Placement and Sizing
5.2.2 Design Mounting Brackets as Part of Structure
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5.2.3 Inform Chris of any Necessary External Connections (I.E. Power, DAQ) ALL
CG Placement CE
5.3.1 Include Component Masses and Use SolidWorks to Predict CG
5.3.2 Create adjustable system for positioning CG
Machine Structure CE
5.4.1 Create Detailed Drawings of Each Part to be Machined
5.4.2 Order Necessary Materials
5.4.3 Create Necessary CNC Programs

6 DATA ACQUISITION

6.1
6.2

6.5

Select Microcontroller MC
Program Microcontroller MC
6.2.1 Pick programming language
6.2.2 Program control software onto the microcontroller
Build Microcontroller
6.3.1 Self build or order
Interface with Sensors and Propulsion MC
6.4.1 RS232vs. TTL Interface
6.4.2 System Wiring Harness
Store Data in Memory MC
6.5.1 FLASH vs. RAM Option

7 PROPULSION

7.1

Select Propellant, Solenoids, Nozzles and Regulators KD
7.1.1 Trade study on propellant
7.1.2 Trade study on different solenoid types
7.1.3 Trade study on different nozzle types
7.1.4 Trade study on different regulator types

Thruster Model KD
7.2.1 Produce a model of the thruster activity in MATLAB
7.2.2 Verify the connections between components will not leak

Propellant Piping System KD
7.3.1 Trade study on different types of piping
7.3.2 Piping interfaces and splitters

Test each component of propulsion system KD
7.4.1 Verify nozzle produces correct amount of thrust
7.4.2 Verify nozzle and solenoid produce the correct amount of thrust
7.4.3 Verify nozzle, solenoid and regulator produce the correct amount of thrust

Verify nozzle, solenoid, regulator and CO2 supply produce the correct
7.4.4 amount of thrust

Interface with microcontroller and control system KD
7.5.1 Verify the solenoids can be controlled by the microcontroller
7.5.2 Verify the solenoids are fired at the correct time in control loop

8 POWER

8.1

Select Power Source SLS
8.1.1 Trade Study on Batteries
8.1.2 Create detailed Power Budget
8.1.3 Determine actuation of solenoids
8.1.4 Analyze duty cycle of thrusters
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8.2

8.1.5 Research feasibility of cap. Circuit

Supply Power to all Subsystems SLS
8.2.1 Block Diagram of Power system
8.2.2 Regulate power supply for DAQ
8.2.3 Design/Build circuit to actuate solenoids

9 SENSING

9.1

9.2

9.3

Select Sensors RO
9.1.1 Research Different Sensors
9.1.2 Sensor Trade Studies

Proof Mass and Cavity RO
9.2.1 Size the Mass and Cavity
9.2.2 Materials and Orientation

Interface with Microcontroller RO
9.3.1 Serial Protocol
9.3.2 Sensor I/O
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APPENDIX B — Flow Through Nozzle Analysis Code

% his program cal cul ates the exit velocity, exit pressure, and mass
%1 ow rate of the DRAFT-Sat propul sion system

%

%4.0/ 30/ 03

%

%

clc

cl ose all

clear all

%3 ven data

F=0.7 %system thrust [N

Rai r = 287.05; %gas constant for air [J/(kg*K)]
Rco2 = 188.9; %gas constant for CO2 [J/(kg*K)]
dinlet = 3/16*. 0254; % nlet of solenoid dianmeter [
Al = pi*(dinlet/2)"2; % nlet area [m2]

Pa = 101325; %anbi ent pressure [Pascal’s]

Ta = 293; %anbi ent tenperature [K]

gama = 1.289; %f C2

%ut| et geonmetry for the nozzle
doutl et = 0.043*.0254; %out | et of nozzle dianeter [ni

Ae = pi*(doutlet/2)"2; Y%outl et area [nm'2]

Y%AR = Ae/ A ;

TO = Ta; %R73; % K] (just a guess for now)
%0 = 80; % PSI ]

for PO = 14:150 % egul ated pressure range from anbi ent pressure (14psi) to 100psi
PO = P0*6894. 757; %onvert pressure to pascals
%or AR =0:0.01:1

cntr = cntr + 1;

%Assume M= 1 at the throat (
Y%ressure ratio (exit pressure)/(regul ated stagnation pressure)
Pe_PO = (2/(ganma + 1))~(ganma/ (gamma - 1));

%exit pressure
Pe = Pe_PO*PO; % Pascal s]

% enperature ratio (exit tenperature)/(stagnation tenperature)
Te_TO = 2/ (gamm + 1);

%exit tenperature
Te = Te_TO*TO; % K]

%lensity ratio (exit density)/(stagnation density)
rhoe_rho0 = (2/(ganma + 1))~(1/(gamma - 1));

%exit velocity (speed of sound)
Ve = sqrt(gama*Rco2*Te);

%rass flow rate [kg/s] Eq 14.45
ndot = Ae*(P0/sqrt(T0))*sqgrt(ganma/ Rco2)*1/(((gamma + 1)/2)~((gamma + 1)/ (2*(ganma

rust delivered by thruster
mdot *Ve + (Pe - Pa)*Ae; % N

% h
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%ol |l ect values for plotting

PO_pl ot (cntr) = PO/ 6894. 757, % nl et pressure [psi]

PO_SI(cntr) = PO; % nl et pressure [pascal s]

Pe_plot(cntr) = Pe/6894. 757, %exit pressure [psi]

Pe_Sl(cntr) = Pe; %exit pressure [pascals]

Ve_plot(cntr) = Ve; %exit velocity [nls]

mdot _plot(cntr) = ndot; %rass fl ow [ kg/s]

F plot(cntr) = F; % hrust [N] for the mass flow rate

%R plot(cntr) = AR %rea ratio (area of exit)/(area of inlet)
end
figure

pl ot (PO_pl ot, Pe_plot), x|l abel (€ nlet Pressure [PSI]©),ylabel (CExit Pressure [PSI]©)
title(©Exit pressure as a Function of Inlet Pressure®

figure
pl ot (PO_pl ot, ndot_plot), xl abel (€ nlet Pressure [PSI]©), yl abel (CFl ow Rate [kg/s]©)
title(©vass Flow as a Function of Inlet Pressure®

figure

pl ot (PO_plot, F_plot),xlabel (@ nlet Pressure [PSI]©),ylabel (SThrust [N ©)
title(©Thrust as a Function of Inlet Pressure®
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APPENDIX C-MATLAB Simulink Model and Control Code
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" Scope
Disturbance Y1
start
—1p
stop
MATLAB
Input F Function
fixed-to-inert » L
M X' = Ax+Bu
1 1
y=ceou 2D
ssoutput
Disturbance Y State-Space

Disturbance Z

View of state space block in overall simulink model.

sixdof _init.m

% This mfile initalizes the nodel and preps it to run
clc

clear all

close all

gl obal position_body;
gl obal Dz

gl obal
gl obal
gl obal
gl obal
gl obal
gl obal

SOOwm> -

T=.7; % hrust (N)
% eed to nake individualized thruster offsets for say x and y thrusters
% o anal yze that better.

rx = .02; 9% axis thrust msalignnment with cg
ry = .01; %r axis thrust misalign with cg

rz = 0; % axis thrust misalign with cg

m = 5; %rass (kg)

R=.1; % adi us of platform(m

J = nfR*2; %monent of inertia (kgnmt2)

Kp = 4;

Kd = .75;

Dz = .005; %lead band (m

%efine the state space matrix Xdot = Ax + Bu and y = Cx + Du for the nodel
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% is the 12 inputs being
X, xdot , y, ydot, z, zdot, t het a( z) , t het adot, phi (x), phi dot, psi (y), psi dot

A=[01000000000O0O;
0000000O0O0OO0O;
000100000000
0000000O0O0OCOO;
00000100000 O0;
00000000O0OO0O;
000000010000,
0000000O0O0OCOO;
00000000010 O0;
00000000O0OO0O;
000000O0OO0OO0O0O0 1,
000000000O0O0O;];

% his is for thruster offset of cg

%B=[0 0 0;

% 1/ m 0 0;

% 0 0 0;

% 0 1/m 0;

% 0 0 0;

% 0 0 1/ m

% 0 0 0;

% 0 ryl/d rzl/ J;

% 0 0 0;

% rx/J 0 rz/J;

% 0 0 0;

% rx/J ryld 0 ;]

B=[0 0 0;

1/ m 0 0;
0 0 0;
0 1/m 0;
0 0 0;
0 0 1/ m
0 0 0;
0 10 10;
0 0 0;
10 0 10;
0 0 0;
10 10 0 ;]

%-or simulation
C = eye(12,12);
D = zeros(12, 3);

%-or control design analysis
%C=[10000000000O00];
%D = 0;

%reate state space nodel in workspace

sys = ss(A B, C D);

H = tf(sys, @ nv©;

control = tf([1],[Kd Kp+1]);

clsys = tf([1 3 1],[1 Kd Kp]); Y%system cl osed | oop tf

%l ot the pol e-zero map
% figure

% pzmap(cl sys(1));

% figure

% nyqui st (cl sys(1));
% figure

% mar gi n(cl sys)

% t = 0:.01:10;

% ut(1l:length(t),1) = .05
% figure

% Isim(clsys,ut,t)

% step(clsys, 30)
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APPENDI X D —Microcontroller Code

/****************************************

* Tracking. C
* M chael Cragg

LR R R R R R R R R R EEEY

#i ncl ude <p18f452. h>
#i ncl ude <usart. h>
#i ncl ude <del ays. h>
#i ncl ude <stdlib. h>
#i ncl ude <i 2c. h>

#i ncl ude "LCD. h"

// Function declerations
voi d save_data(char arrayw[]);
voi d parsedat a(unsi gned char val ues[]);

/1 Main code

char address_hi;
char address_| o;
char arrayrd[64];
char dat a;

int nx;
int ny;
int confidence;

fl oat ol dXpos;
float ol dYpos;

char *mx_c;
char *ny_c;
char *confidence_c;

int thruster_x;
int thruster_y;

const char plus_x[] = "2";

const char mnus_x[] = "0";

const char plus_y[] = "2";

const char mnus_y[] = "0";

const char off[] = "1";

const unsigned char header[] = "nx, ny, con\r";
const unsigned char conma[] = ",";

const unsigned char eol[] = "\r";

/1 This allows code to run independent of MPLAB
#pragma rondat a CONFI G
_CONFI G DECL( _OSC HSPLL_1H,
_PWRT_ON_ 2L & _BOR OFF_2L,
_WDT_OFF_2H,
_CONFI G3H_DEFAULT,
_LVP_OFF_4L & _DEBUG OFF_4L,
_CONFI GbL_DEFAULT,
_CONFI GBH_DEFAULT,
_CONFI G6L_DEFAULT,
_CONFI GBH_DEFAULT,
_CONFI G7L_DEFAULT,
_CONFI G7H_DEFAULT) ;
#pragma rondat a

[/ main
voi d main (void)
{ .
int t;
unsi gned char test[37];
char start[] = "TC 130 240 10 20 10 20\r";

DRAFT-SAT 2003/2004

94



char mx_val[] = "m is:\r";

char dunp[8] = "DUMPING';

char done[8] = "DONE";

unsi gned char eof[] = "END OF DATA\r";

/] Open USART

OpenUSART( USART_TX_I NT_OFF & USART_RX_|I NT_OFF & USART_ASYNCH_MODE &
USART_EI GHT_BI T & USART_BRGH HI GH, 129);

/llnitialize thruster output pins
TRI SD = 0;

//Turn all thrusters off

PORTDbi ts. RDO = 1;
PORTDbi ts. RDL = 1;
PORTDbits. RD2 = 1;
PORTDbits. RD3 = 1;
thruster_x = ©0Q
thruster_y = ©0Q
address_| o = 0x00;

address_hi = 0x00;
//send tracking command
whi | e( BusyUSART()) ;

put SUSART(start);
//wite data header
save_dat a( header) ;

/ /' begin taking data
whil e(1)

t =0;

whi | e( BusyUSART()) ;
test[t] = ReadUSART();
/1if packet received
if(test[t] == MO

{

t++;
whi | e(1)
{

/'l read packet

whi | e(! Dat aRdyUSART() ) ;
test[t] = ReadUSART();
if(test[t] == ©r©)

{

br eak;

}

t++;

/] save thruster data
if(thruster_x == 0)

{
save_dat a(m nus_x);
save_dat a(comm) ;

}

else if(thruster_x == 2)

{
save_dat a(pl us_x);
save_dat a(conma) ;

}

el se

{
save_data(off);
save_dat a(conma) ;

}

if(thruster_y == 0)

{
save_dat a(m nus_y);
save_dat a(comm) ;

}
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else if(thruster_y == 2)

{
save_dat a(pl us_y);
save_dat a(comm) ;
}
el se
{
save_dat a(off);
save_dat a(conma) ;
}

/I parse packet for saving
parsedata(test);

|/ save data

save_dat a(nx_c);

save_dat a(conma) ;
save_data(ny_c);

save_dat a(comm) ;

save_dat a(confi dence_c);
//run control |aw

control ();

/I Functi ons
voi d save_data(char arrayw/[])

{

}

int lengthi;
int ackil;
int ack2;

Openl 2C( MASTER, SLEW ON);// Initialize |12C nodul e
SSPADD = 24; //400Khz Baud cl ock(9) @6Miz

ackl = EEPwite(0xAO0, address_hi, address_|lo, arrayw);
ack2 = EEAckPol I i ng( 0xAO0) ;

lengthi = strlen(arrayw);

/lincrenent address |ocation

addr ess_| o+=(unsi gned char) | engt hi ;

i f (addr ess_I| 0>=0xFC)

address_| o = 0x00;
addr ess_hi ++;

}

return;

voi d parsedat a(unsi gned char val ues[37])

{

char * M *x1_c, *x2_c, *yl c, *y2_c, *pixels_c;
char space[] =" ";

int x1, x2, yl, y2, pixels;

char *substr;

char *nx_char[4], *my_char[4], *c_char[4];

substr = strtok(val ues, space);
M = substr;

substr = strtok(NULL, space);
mK_c = substr;

substr = strtok(NULL, space);
nmy_c = substr;

substr = strtok(NULL, space);
x1 ¢ = substr;

substr = strtok(NULL, space);
X2_c = substr;
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substr = strtok(NULL, space);

yl ¢ = substr;

substr = strtok(NULL, space);

y2_c = substr;

substr = strtok(NULL, space);

pi xel s_c = substr;

substr = strtok(NULL, space);
confidence_c = substr;

mx = atoi (nx_c);
my = atoi(ny_c);
x1 = atoi(x1l_c);
X2 = atoi(x2_c);
yl = atoi(yl_c);
y2 = atoi(y2_c);

pi xel s = atoi (pixels_c);
confidence = atoi (confidence_c);

return;

}

//control.c

#i ncl ude <pl18f452. h>
#i ncl ude <usart. h>
#i ncl ude <del ays. h>
#i nclude <stdlib. h>
#i ncl ude <i 2c. h>

#i ncl ude "LCD. h"

extern int nx;
extern int ny;
extern int confidence;
extern float ol dXpos;
extern float ol dYpos;

extern int thruster_x;

extern int thruster_y;

extern char *mx_c;
extern char *ny_c;

const float ts = 0.0588;
const int XPI X = 80;
const int YPI X = 143;

[ pi xel s]

const int XM D = 45;

const int YMD = 68;
const float DBandX
const float DBandY
const int Kp = 1;
gain

const float Kd = 2.5;

5;
9,

const float Ycm pix
const float Xcm pix

voi d control (voi d)

{

float Xpgain;
float Ypgain;

float Xvel;
float Yvel;

float Xgain;
float Ygain;

1/ 26;
1/ 15;

//contains x coordinate of PM [ pix]
//contains y coordinate of PM [ pix]
|/ camera confidence in PM | ocation
//old proof nass x position [pix]
//old proof nass y position [pix]

//camera sanple time [s]

/I max nunber of pixels in the y direction [pixels]
/I max nunber of pixels in the x direction

//Mddle of canera FOV in y direction
/IMddle of canera FOV in x direction
//controller dead band [ pix]

//controller proportional
//controller derivative gain

//conversion frompixels to cminy axis

//conversion frompixels to cmin x axis

/Il check for good derivative data
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f ((oldXpos > 100) || (ol dXpos < 1))

i
{
ol dXpos = nx;
}
if ((oldYpos > 150) || (oldYpos < 1))
{
ol dYpos = ny;
}

/lapply derivative gains
Xvel = (nx - ol dXpos)/ts;
Yvel = (ny - oldYpos)/ts;

Xgain = nx + Xvel *ts*Kd;
Ygain = ny + Yvel *ts*Kd;

//x range is 0-80, y is 0-143
//setting a port to O fires the sol enoid

i f(Xgai n >= (XM D+DBandX))
{
PORTDbi t s. RD3

PORTDbi t s. RDO
thruster_x = 2;

0; I1fire +x
1

}

/lelse if(m < 58)

else if(Xgain < (XM D-DBandX) && mx != 0)
{

PORTDbi t s. RDO
PORTDbi t s. RD3
thruster_x = 0;

0; /l1fire -x
1;

}
/lelse if(m >=58 && <87)
el se if(Xgain < (XM D+DBandX) && Xgai n >= (XM D- DBandX))

PORTDbits. RDO = 1; //both off
PORTDbi ts. RD3 = 1;
thruster_x = 1;

else if(nmx < 1)

{
PORTDbi ts. RDO = 1; /1/both off
PORTDbi ts. RD3 = 1,
thruster_x = 1;

}

i f(Ygain >= (YM D+DBandY))
{

PORTDbi t s. RD1
PORTDbi t s. RDO
thruster_y = 2;

0; [lfire +y
1;

}
else if(Ygain < (YM D-DBandY) && ny != 0)

PORTDbi t s. RDO
PORTDbi t s. RD1
thruster_y = 0;

0; [lfire -y
1;

}
el se if(Ygain < (YM D+DBandY) && Ygain >= (YM D-DBandY))

{
PORTDbits. RDO = 1; /1 both off
PORTDbits. RD1L = 1;
thruster_y = 1;

}

else if(ny < 1)
PORTDbits. RDL = 1; //both off
PORTDbits. RD2 = 1;

thruster_y = 1;
}

//save current proof nass position for next calcul ation
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ol dXpos
ol dYpos
return;

23
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APPENDIX E —DRAFT Experimental Data

All of thefollowing dataisin its raw form. The data was not manipulated to reflect the erroneous data
coming from the beginning or the end of testing. There are atotal of twelve test setsin this appendix,
seven undisturbed tests and five disturbed tests.
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APPENDIX F — DRAFT-Sat Final Budget

DRAFT-Sat
Budget
Subsystem Item
Structure
Aluminum Plate
Proof mass
Acrylic
Bolts etc
Aluminum / Bolts
Aero Shop Work
Propulsion
End Caps
End Caps
Tubing

Gas Capacitor

Solenoids

Regulator
Fittings
Tubing

Misc tubing
Connectors
Connectors
Gas cart
Connectors

Solenoids
Pressure Reg
Fittings
Fittings

Microcontroller
CMUCam
USB/Serial Con
CMUCam
Camera Connectors
Switches
PCB
Electronics
Electronics
CMUCam

Various parts

Power
Batteries/Charger
2nd Battery
Connectors
Power components

Purchase
Date Supplier
12/5/2003 McMaster-Carr
12/17/2003 McMaster-Carr
12/18/2003 Colorado Plastics
2/9/2004 McMaster-Carr
2/16/2004 McMaster-Carr
4/19/2004 Aero Shop
11/20/2003 Denver Valve
12/3/2003 Denver Valve
12/18/2003 Swagelok
12/20/2003 Swagelok
1/15/2004 McMaster-Carr
1/22/2004 Peter-Paul
1/27/2004 McMaster-Carr
2/3/2004 McMaster-Carr
2/3/2004 Swagelok
2/4/2004 Aero Process Inst
2/2/2004 McMaster-Carr
2/18/2004 McMaster-Carr
1/27/2004 McGuckins
3/10/2004 McMaster-Carr
3/8/2004 Leland
3/31/2004 McGuckins
3/31/2004 Airgas
3/19/2004 McMaster-Carr
Evolutionary
3/22/2004 Concepts
4/3/2004 McGuckins
4/12/2004 McGuckins
3/30/2004 McMaster-Carr
11/5/2003 Seattle Robotics
12/15/2003 CompUSA
12/25/2003 Seattle Robotics
1/14/2004 Digi-Key
3/3/2004 J.B. Saunders
2/28/2004 ExpressPCB
3/9/2004 ECEE Shop
3/11/2004 Digi-Key
4/12/2004 Seattle Robotics
ITLL Electronics
4/30/2004 Shop
1/20/2004 TowerHobbies
1/20/2004 TowerHobbies
2/28/2004 Digi-Key
1/21/2004 ECEE Shop
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Unit
Cost

$46.87
$8.18
$6.00
$111.04
$122.75
$79.44

$24.59
$19.44
$11.03
$82.70
$44.98
$111.00
$112.62
$99.94
$26.37
$191.26
$95.40
$215.20
$46.20
$163.05
$176.91
$50.13
$60.18
$60.45

$103.24
$18.79
$14.33
$59.08

$109.00
$39.99
$109.00
$47.67
$13.35
$300.70
$13.95
$16.66
$109.00

$38.85

$136.97
$53.98
$20.35
$4.05

S&H

$6.95

$6.95

$3.85
$6.95

Quantity
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Total Cost

$46.87
$8.18
$6.00
$111.04
$122.75
$79.44

$24.59
$19.44
$11.03
$82.70
$44.98
$111.00
$112.62
$99.94
$26.37
$191.26
$95.40
$215.20
$46.20
$163.05
$176.91
$50.13
$60.18
$60.45

$103.24
$18.79
$14.33
$59.08

$115.95
$39.99
$115.95
$47.67
$13.35
$300.70
$13.95
$20.51
$115.95

$38.85

$136.97
$53.98
$20.35
$4.05



Voltage Regs 3/15/2004 TRI State Electronics ~ $31.99 1 $31.99
Batteries 3/17/2004 TowerHobbies $76.97 1 $76.97
Transistors 3/31/2004 ECEE Shop $2.70 1 $2.70
Connectors 4/2/2004 Radio Shack $9.95 1 $9.95
Misc.
Connectors 12/10/2003 JB Saunders $12.90 1 $12.90
Report Binding 12/15/2003 Kinkos $4.00 1 $4.00
Report Binding 12/15/2003 Kinkos $9.87 1 $9.87
LEDs 12/26/2003 Red Line Inc $17.40 1 $17.40
Solenoid Shipping 2/11/2004 The UPS Store $39.27 1 $39.27
Sand paper/glue 4/8/2004 McGuckins $15.27 1 $15.27
Fan/Batteries, other misc 4/14/2004 McGuckins $23.69 1 $23.69
Poster 4/23/2004 Art Hardware $9.89 1 $9.89
Report Binding 5/3/2004 Kinkos $30.00 1 $30.00
TOTAL $3,483.29
Remaining
Budget
$516.71
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APPENDIX G - Project Schematics and Drawings

The full set of drawings and schematics can be found in the drawing package datafile on
the CD enclosed with this report.
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