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2 Project Description
2.1 Recent Project Descope

On Thursday 9/22/16, during discussions involving the course director, the client, and Team CASCADE, a project
descope occurred. Table | presents a before and after image for the descope. Subsequent findings in this document
represent post-descope research and design work.

Table 1. Descoped Elements

Before Descope

After Descope

-Design and fabrication of a capture device prototype
capable of interfacing with Sierra Nevada Corpora-
tion’s SN-50 MicroSat (from both the hardware and
flight software side)

-Design of a software algorithm capable of au-
tonomously executing the capture of 3-DOF rotating

-Fabrication of a testbed to demonstrate the ability
to autonomously(closed-loop utilizing active testbed
feedback sensors) calculate the trajectory needed for
successful capture of a rotating physical CubeSat
model with a procured or fabricated capture device,
1-DOF rotation (max), 1-DOF translational (max).

CubeSat (at the highest success level) utilizing space
dynamics.

-Demonstration of the capture of a rotating CubeSat
with a procured or fabricated capture device

2.2 Project Overview

ITH the recently emerging market for CubeSat missions in addition to the buildup of space debris and dead
W satellites comes an increasing need for spacecraft capture technology. Between the years of 2000 and 2012
there were a total of 133 CubeSats and NanoSats launched. Due to decreased launch prices and the rise of the
commercial space industry, the years between 2013 and 2015 saw the launches of an additional 356 CubeSats and
NanoSats . CubeSats have proven to be useful projects in start-up and university settings, as they can often serve as
a low-cost, low-risk platform for useful scientific missions and experimentation. A limitation to CubeSats, however,
is that they are generally not equipped with any sort of propulsion system. The CubeSat recovery project, proposed
by Sierra Nevada Corporation, is aimed at developing technology that allows a more capable satellite to approach a
CubeSat, capture it, and release it into another orbit. Having this ability would give CubeSats increased functionality
for experimental and scientific missions while keeping them low-cost and easily accessible. On another note, space
debris is becoming a major problem with the increased number of satellites being launched. Eventually, this capture
and release technology could be further developed and applied to the removal of dead satellites and space debris as an
added benefit.

The goal of Team CASCADE is to successfully demonstrate the autonomous capture of a 3U CubeSat model
through a ground-based testbed. The testbed will be aimed at demonstrating autonomous capture capability, rather
than replicating the dynamics of the space environment. The capture demonstration will begin from an initial distance
of 1 meter and will include the CubeSat model spinning about a single axis. The testbed shall demonstrate the capture
of a CubeSat model under 1 degree of relative translational motion and 1 degree of rotational motion. Although this is
a simplification, it is not entirely unreasonable, as functional CubeSats in orbit will generally be rotating closely about
their major axis. In addition, once orbital rendezvous has been achieved, the maneuvers required to actually come
into contact with another object are essentially linear, and so in that respect, it is fair for the testbed to include only
one degree of translation. For the initial conditions, the capture device will be aligned with the axis of rotation of the
CubeSat model since that is the easiest way to approach a spinning object without increasing the risks of undesired
impact since the capture device can more easily match the angular velocity and orientation of the CubeSat for capture.
This initial condition makes sense as rendezvous with the CubeSat is not in project scope and the highest level of
success is 1-DOF translation (see Section 2.3). The rotation axis of the CubeSat is about the center of mass of the
CubeSat parallel to the X axis shown in Figure 2. The center of mass is not the symmetrical center of the CubeSat due
to the presence of solar panel(s).

Based on the SN-50 MicroSatellite, developed by Sierra Nevada Corporation, the available envelope for the capture
device payload is shown in Figure 1. The geometric definition of the CubeSat to be captured in the ground demon-
stration, as required by SNC, is shown in Figure 2. The 3U CubeSat is the most commonly used size for CubeSat
missions.
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Figure 1. Defined Volume the Capture Device must fit into
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Figure 2. Defined Cubesat

The primary objective of CASCADE is to design, build and demonstrate a system that is used to capture a CubeSat.
The levels of success pertaining to the project are shown in Table 2. The team shall design for the highest level of
success for each category and modify the design of the project as needed to ensure the highest level of success is
achievable. Level 1 is minimum level of success for SNC with all higher levels corresponding to additional SNC goals

that would be desirable but not required.

Table 2. Levels of Success. Each higher level assumes success of lower level has taken place unless specifically noted.

-No visual damage
-ONLY 1 DOF Translation

Success Testbed Capture Device Control

Levels Demonstration

Level 1 -Capture of CubeSat from an initial dis- | Commanded trajectory (open loop)
tance of 1m

Level 2 ONLY 1 DOF rotation Obtain closed-loop data and compare to
open loop commands to validate algorithm
Level 3 1 DOF rotation AND 1 DOF translation | Implement closed-loop algorithm (au-

tonomous)

The critical project elements are shown in Table 3.
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Table 3. Critical Project Elements

Hardware
. An effector at the end of the deployment mechanism is necessary to
Capture device .
H1 perform the capture of the CubeSat and to manipulate the CubeSat once
end effectors . . . .
captured. The team has little experience with robotics.
. A deployment mechanism is needed to bring the capture device effector
Capture device . . .
into position to grab the Satellite. One of the challenges of the deployment
H2 | deployment . .
. mechanism include being able to cover the necessary degrees of freedom
mechanism
for capture.
In order to determine the necessary variables for the capture algorithm there
Testbed hardware .. .
H3 | . . must be an electronic interface that collects data from the sensors and signal
interfacing .
the actions for the actuators to take.
Software
The approach and capture algorithm is needed to characterize the
S Approach and capture mechanism dynamics and develop an optimal path for the capture.
capture algorithm The way that the algorithm integrates with the input data from testbed
sensors provides a technical challenge.
Manufacturing
. The CubeSat may be translating so it is necessary to have a system that
Linear . . . - .
M1 | translation will allow for that linear translation. Due to the specialized requirements
svstem of the mission it is possible that one of the challenges will be to fabricate
y the system.
The CubeSat may be rotating so it is necessary to have a system that
M2 | Rotational system will allow for rotation. Due to the specialized requirements of the mission
it is possible that one of the challenges will be to fabricate the system.
If it is deemed infeasible to purchase the components of the capture
M3 | Capture Device device such as the endeffector or the deployment mechanism or both
P they will need to be fabricated. This poses a significant technical challenge
for the team since there is very little experience in robotics.
Testing
In order to provide input to the approach and capture software there
Autonomous .. .
Tl . must be a system that can collect data on the position, velocity, and
Guidance System . . .
orientation of the smallsat and capture device.
One of the project functional requirements is the completed capture
of a CubeSat by the capture device. The challenge of capturing the
T2 | CubeSat Capture CubeSat lies in developing the capture algorithm
and controlling the movent of the capture device.
The capture device should be capable of releasing the CubeSat without
T3 | CubeSat Release incurring any damage to demonstrate the utility of the smallsat capture
system as a device for CubeSat reclamation
Financial
Testbed Mechanical The majority of the financial burden lies in Fhe cost of procuring all the
necessary hardware such as the capture device components and the
F1 | Systems and Sensor .. . . .
fabrication of the motion system. With the number of components required
procurement : L . .
to accomplish the mission it may be challenging to stay in budget

2.4 Concept of Operations

The overall concept of operations is show in Figure 3. Sierra Nevada Corporation’s primary plan is to rendezvous with
the CubeSat using a capture device. After capturing the CubeSat, the two body system is stabilized and then moved to
a different orbit using the propulsion system on the capture satellite where the CubeSat is released.
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Grapple Maneuver Change Orbit
MicroSat performs MicroSat slows down to MicroSat uses thrusters
proximity operations from match CubeSat orbit, to achieve desired orbit
1 meter away. and grapples safely. for release.

Figure 3. Concept of Operations Overview

A physical demonstration shall be created to verify functionality of an approach and capture algorithm, and capture
device from the initial conditions stated in Section 2.2. Figure 4 shows the concept of operations of such a demon-
stration. This demonstration shall be autonomous at the highest level of success. Once the demonstration starts, the
approach and capture algorithm will determine the commands to be sent to capture the rotating CubeSat model. The
commands will go to the capture device and CubeSat motion apparatus connected to a rail at the bottom of the testbed.
The CubeSat motion apparatus shows the translation and rotation of the CubeSat with respect to the capture device.
The controllers in both the capture device and CubeSat motion apparatus will take the commands and output the sig-
nals to the servos and motors of the CubeSat motion apparatus and capture device. There will be feedback sensors
to determine the position and rates of the CubeSat motion apparatus and capture device to provide feedback to the
approach and capture algorithm to correct and determine the next set of commands. This process is completed at each
time step until capture is confirmed.

1.) Commands and Sensing 2.) Motion of CubeSat Begins Vision System Qutputs:
-CubeSat Rotation commands | - 1 DOF Translation Velocity

-Translation commands - 1DOF Rotation =Position

-Motion feedback from -Orientation //.\\\
test bed. . N

N
)
4

3.) CubeSat Reaches Capture Location

- Motors slow for translational deceleration

- Capture mechanism receives commands
to operate. /'j

4.) Capture
- Capture Mechanism grapples
CubeSat using sensor feedback test bed
or vision system.

o
p o
%\ /}u
y
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5.) Verification of Capture

-Ensure CubeSat was not damaged
after being held for 5 minutes.

Figure 4. Project CONOPS
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2.5 Functional Block Diagram

Shown in Figure 5 is the functional block diagram of the CASCADE project. The demonstration begins with
the user sending the signal to start. The CubeSat will start spinning at the desired rate of 0.5 RPMs. After the demon-
stration has commenced, an algorithm is started which determines the relative motion of the CubeSat compared to the
capture device and determines what commands are needed for approach and capture of the CubeSat. The algorithm
FBD is shown in Figure 6. Commands are sent to controllers which control the linear motion of the capture device ori-
gin as well as the position of each joint on the capture device. A check is made after each cycle of commands(each time
step) to determine if the CubeSat has been captured. If the CubeSat has not been captured, the algorithm determines
the next commands to be sent. If the CubeSat is captured, the demonstration is concluded.

Begin Demonstration = Determine commands for capture —

A A
Control CubeSat < : | Control Control Capture |
Motion | " | | Linear Motion Device Motion 1
|

| 1 1
3 .
Actuate CubeSat | I | Actuate Actuate |
Servos | I L Linear Motion Capture Device |
* : 1 : Servos Motion Servos I

1

1 | v v +

I 1
c Sbergsi;gctu_?l L - _: 1 _| Sense Actual Sense Actual |
u g AE:l't ?jSI 1on Position Capture Device [~
fuce Position & Attitude | |
1
Key T

Start
—>  Software
: Hardwaro End _ < Check for ¢
'+ Foedback Data Demonstration Capture

Figure 5. Functional Block Diagram

After the start of the demonstration, an algorithm will determine the best relative position and orientation of the
capture device to capture the CubeSat which are calculated based on initial conditions. Based on the nominal grab
location, the algorithm will minimize risk of damaging both systems and determine the optimum solution for moving
the capture device into the ideal position. The algorithm will generate a list of optimum positions between the start
and end of capture.

Figure 6 shows the logic after the known optimum approach and capture solution. The purpose of Determine
commands for Capture is to compare the current state of the system to the nominal model for approach and capture.
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Figure 6. Functional Block Diagram of Algorithm

The red box in Figure 6 determines the optimum configuration of the capture device relative to the CubeSat at every
step required to approach and capture the CubeSat. Configuration is defined as the state of each degree of freedom
of the capture device. The capture device is constrained by undesired contact with the CubeSat. The capture device’s
joints are also constrained such that the moments commanded must be possible to perform.

With these constraints, the solution space can be defined. The configuration space, C is defined as the space which
captures all possible configurations a capture device can engage. The dimension of this space corresponds to the
capture device’s number of degrees of freedom and linear translation. Since the problem is defined as relative motion
with respect to the CubeSat, there is also the obstacle space B needed to avoid crashing into the CubeSat>. Mapping B
on to C yields a space Cpsacte- The goal of Cascade is to determine the optimum approach path contained within C .,
which is the space where there is a minimal chance of collision, in order to avoid undesired contact. The solution must
be constrained by the limitations to the degrees of freedom of the capture device and the approach path.

The most common planning method is the graph based model, Figure 7. Each node represents a step in order to
solve the problem. Node 1 is the start location and node 20 is the desired end location (captured CubeSat). At each
step, there is a configuration that fits into the constraints of the problem. The goal of the algorithm is to determine the
optimal path for traversing the graph from start configuration to end configuration.

There are numerous algorithms that can be used to solve the autonomous problem*, CASCADE plans to do more
research due to the complexity of even the simplest algorithms after the capture device and testbed configuration have
been chosen.

2

Figure 7. Graph of possible Configurations
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2.6 Functional Requirements

FR 1. The CubeSat Recovery System Testbed (CRST) shall demonstrate the successful capture of a physical CubeSat
model.

FR 1.1. The CRST shall demonstrate the motion of a CubeSat analogue during the demonstration.

FR 1.2. The CRST shall determine the relative position and attitude of the CubeSat and capture device during the
demonstration.

FR 1.3. The CRST shall determine the relative position and attitude rates of the CubeSat and capture device during
the demonstration.

FR 1.4. The CRST shall calculate a capture trajectory capable of capturing the CubeSat during the demonstration.

FR 1.5. The CRST shall command the relative linear motion between the CubeSat and the capture device based on
the calculated capture trajectory during the demonstration.

FR 1.6. The CRST shall command the motion of the capture device based on the calculated capture trajectory
during the demonstration.

FR 1.7. The CRST shall execute capture of the physical CubeSat model by a capture device during the demonstra-
tion.

3 Design Requirements

This section presents the design requirements flow down used to the limit the design space. The design requirements
are flowed down from the functional requirements presented in Section 2.6. Each design requirement also includes the
Source and Motivation (S&M) as well as Verification and Validation (V&V) descriptions.

FR 1. The CubeSat Recovery System Testbed (CRST) shall demonstrate the successful capture of a CubeSat.

FR 1.1. The CRST shall demonstrate the motion of a CubeSat analogue.
% DR 1. The CubeSat analogue shall include a physical model of a 3U CubeSat with dimensions specified in

Figure 2.

S&M: In order to demonstrate of the motion of a CubeSat Analogue, a physical 3U CubeSat model will
need to be fabricated since it is easier to manufacture than to purchase.

V&V: Inspection: Measurements will be taken of the 3U CubeSat model by the team to verify it meets
the correct volume specifications. No mass requirement is given since the CubeSat will be sup-
ported by the structure of the testbed.

% DR 1.1. The physical model of a 3U CubeSat shall include at minimum one significant protrusion to
represent solar panel(s).

S&M: SNC Requirement. In order to make the problem definition more applicable to space, protru-
sions to represent solar panels were added as a constraint.

V&V: Inspection: Measurements will be taken solar panel(s) mock-up by the team to verify they
meets the correct volume specifications. No mass requirement is given since the CubeSat will
be supported by the structure of the testbed.

% DR 2. The CubeSat analogue shall allow for translation motion about one axis.

S&M: In order to model the relative position between the capture device and the CubeSat, translation of
the CubeSat has been chosen as the design constraint since it is easier to move than the capture
device due to its weight and complexity.

V&V: Test: The team will verify that the CubeSat can translate toward the capture device as per the
initial conditions specified in the Section 2.2.

% DR 3. The CubeSat analogue shall allow for rotational motion about one axis.

S&M: In order to model the relative angular velocity between the capture device and the CubeSat the
CubeSat will need to rotate about one spin axis as specified in the Section 2.2.

V&V: Test: The team will verify that the CubeSat can rotate about the spin axis specified in the Section

2.2.
% DR 3.1. The CubeSat analogue shall allow for a angular velocity along the rotational axis at minimum 0.5
RPM.
Monday 26" September, 2016 10 of 53 CDD
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S&M: SNC Requirement. Due to the slow spin rate of objects in space that are in control, 0.5 RPM
was chosen as the design constraint for angular velocity of the CubeSat. This speed allows for
added complexity while still being feasible to design for and is also inline angular velocities of
common artificial space bodies.

V&V: Test: The team will verify that the CubeSat can rotate about the spin axes specified at a rate of
0.5 RPM using sensors attached to the testbed.

FR 1.2. The CRST shall determine the relative position and attitude of the CubeSat and capture device during the
demonstration.
% DR 1. The CRST shall employ sensors to gather data during the demonstration.

S&M: In order to determine the relative position and attitude of the CubeSat relative to the capture device
various sensors will be needed to gather the actual data from both bodies.

V&V: Test: The team will use LabView to analyze data outputted by the sensors.
FR 1.3. The CRST shall determine the relative position and attitude rates of the CubeSat and capture device during
the demonstration.
% DR 1. The CRST shall employ sensors to gather data during the demonstration.

S&M: In order to determine the relative position and attitude rates of the CubeSat relative to the capture
device various sensors will be needed to gather the actual data from both bodies.

V&V: Test: The team will use LabView to analyze data outputted by the sensors.
FR 1.4. The CRST shall calculate a capture trajectory capable of capturing the CubeSat during the demonstration.
% DR 1. The CRST shall employ software to calculate a capture trajectory capable of capturing the CubeSat
during the demonstration.
S&M: The calculation of the capture trajectory is best handled by software due to its complexity.
V&V: Demonstration: The software algorithm will be validated with successive successful captures.

FR 1.5. The CRST shall command the relative linear motion between the CubeSat and the capture device based on
the calculated capture trajectory during the demonstration.

FR 1.6. The CRST shall command the motion of the capture device based on the calculated capture trajectory
during the demonstration.

FR 1.7. The CRST shall execute capture of the physical CubeSat model by a capture device during the demonstra-
tion.
% DR 1. The CRST shall include a physical capture device used to capture the physical CubeSat model.

S&M: SNC Requirement. SNC requires Team CASCADE to fabricate a capture capable of capture a
3U CubeSat. This capture device prototype/concept could later with modified to interface with
one of SNC’s satellite buses, namely the SN-50 MicroSat.

V&V: Demonstration: The CRST shall demonstrate capture of the CubeSat using the capture device.
% DR 1.1. The capture device shall occupy no more volume than the pay-load bay shown in Figure 1.

S&M: Team CASCADE self imposed design constraint. After the descope, volume, mass, and power
constraints were kept to limit the design space and better reflect constraints associated with that
of an actual payload.

V&V: Inspection: The team will conduct measurements to verify volume constraint it met.
% DR 1.2. The capture device shall have a mass budget of 15kg.

S&M: Team CASCADE self imposed design constraint. After the descope, volume, mass, and power
constraints were kept to limit the design space and better reflect constraints associated with that
of an actual payload.

V&V: Inspection: The team will weigh the capture device.
% DR 1.3. The capture device shall have an average power of no more than 100W.

S&M: Team CASCADE self imposed design constraint. After the descope, volume, mass, and power
constraints were kept to limit the design space and better reflect constraints associated with that
of an actual payload.

V&V: Test: Voltage and current will measured to derive power consumption.
% DR 1.4. The capture device shall have an peak power of no more than 168W.
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S&M: Team CASCADE self imposed design constraint. After the descope, volume, mass, and power
constraints were kept to limit the design space and better reflect constraints associated with that
of an actual payload.

V&V: Test: Voltage and current will measured to derive power consumption.
% DR 1.5. The capture device shall have an peak current draw of no more than 10A.

S&M: Team CASCADE self imposed design constraint. After the descope, volume, mass, and power
constraints were kept to limit the design space and better reflect constraints associated with that
of an actual payload.

V&V: Test: Current will measured with an ammeter.
% DR 1.6. The capture device shall have an peak voltage draw of no more than 28V + 6V unregulated.

S&M: Team CASCADE self imposed design constraint. After the descope, volume, mass, and power
constraints were kept to limit the design space and better reflect constraints associated with that
of an actual payload.

V&V: Test: Voltage will measured with a voltmeter.
% DR 2. The demonstration shall begin at a minimum distance of 1m between the physical CubeSat model and
the capture device.

S&M: SNC Requirement. Used to limit the testbed size needed for the demonstration. Due to the small
size of the CubeSat, a longer initial distance would not add much value. A longer initial distance
would also be more difficult to store in the test facility.

V&V: Inspection: The team will measure the initial distance prior to the start of the demonstration.

% DR 3. Control of the demonstration after initiation shall be autonomous (closed-loop) in nature.

S&M: SNC Requirement. SNC’s main focus is understanding how the capture algorithm works in a

autonomous environment with the capture device capturing a CubeSat.
V&V: Demonstration: No human intervention will occur after initiation of the demonstration. Com-
mands given by the algorithm will be based on an active closed-loop feedback with testbed sen-
SOrS.
% DR 4. The CRST shall capture the CubeSat with the capture device in less than 30 minutes.

S&M: Team CASCADE self imposed design requirement to limit the demonstration time. Prior to
descope, this time interval was an SNC requirement and the team felt that it should be kept
(similar to the mass,volume, and power constraints.)

V&V: Demonstration: Software will time the demonstration.
% DR 5. The CRST shall capture the CubeSat with the capture device without visible damage to the CubeSat
nor the capture device.

S&M: SNC Requirement. SNC desires that both satellites are undamaged from the capture so they can
be reused and repurposed. Also, this requirement minimizes the creation of space debris which is
an important benefit.

V&V: Inspection
% DR 6. The CRST shall allow for five repeated demonstrations without human intervention.

S&M: SNC Requirement. SNC desires that both satellites be reused and repurposed. From SNC per-
spective and to limit the demonstration period, a limit to five repeated demonstrations is sufficient
to show this.

V&V: Demonstration: The CRST will run repeatedly for five time without human invention between
capture attempts.
% DR 7. The capture device shall be able to release the CubeSat after capture without human intervention.

S&M: SNC Requirement. The system is required to be reusable, and as such the capture device must
be releasable so that the CubeSat and capture device may separate to repeat the demonstration
without human intervention.

V&V: Test: The team will verify that commands can be sent to the capture device to release the physical
CubeSat model.
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4 Key Design Options Considered
4.1 Capture Device Deployment

A key aspect to how the capture mechanism will function is the deployment. Without a method of deployment,
the end effector, or the device that grips onto the surface of the CubeSat, will have no method of reaching the surface
due to volume restrictions. The ideal deployment method will be very precise and capable of accurately delivering
the end effector to a specific location on the CubeSat. The cost of developing a deployment mechanism, including
algorithm complexity, is explored within the options below.

4.1.1 Robotic Arm

Seemingly the best design option to optimize the functionality of the capture device, a Robotic Arm would
provide the most degrees of freedom out of any of the deployment options. Implementing such a device would allow
for a precise and flexible approach for locking on to the ideal location to capture. This deployment option would
enable any of the end effectors to capture without a need to fine tune the attitude of the SmallSat at the time of closest
approach with the CubeSat, as the robotic arm would have the ability to make any necessary corrections. This device
has a high potential for release following capture and reusability, which are two substantial motivators when weighing
the device against the other options.

The biggest concern with the robotic arm is the high cost for procurement or purchase of the device. A high
end, industry grade robotic arm with the necessary capabilities could run between $5000 - $20,000, which in itself
would exceed the budget of the project. Affordable options, including the 7Bot arm show in Figure 8 below, are being
explored to determine if the utility provided will be sufficient.

Other concerns with the robotic arm are the development of algorithms and the power required for operation of
the device. Programming this device would require extensive knowledge of robotics, a concept of which the team has
limited experience. It would be beneficial to select a device for purchase with interfacing capabilities that play to the
strengths of the team. Additionally, extensive research on robotic arms indicate power requirements ranging between
60%-300% of the payload’s power budget of 100W OAP (Orbital Average Power). This is a significant concern even
on the lower end when considering design margin. A summary of the pros and cons can be found in table 4 below.

Table 4. Pros and Cons of a robotic arm

Pros Cons
High DOF and flexibility Complex algorithm development
High potential for reusability High procurement costs
Substantial power required

Figure 8. 7Bot: Candidate for Robotic Arm*
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4.1.2 Boom

A popular concept for deployment within the satellite industry is the boom, which has numerous design op-
tions and functions. Two of these concepts are of particular interest to the team as viable options for capture of the
CubeSat, which are a telescoping structure and hinged extendable arms. Each of these options has the advantage of
relatively simple implementation at the cost of flexibility. The linearity of these devices provides a single DOF which
is concerning for capture accuracy and the need for precise spacecraft attitude. Payload volume could potentially be
an issue depending on the ability to collapse and compactness of these devices.

A significant advantage to the boom is a simpler algorithm to complete capture. Because these devices are so
common, many concepts have been developed in the industry that could be mimicked. This device would be concerned
with less degrees of freedom. Concepts of each device can be seen in figures 9 and 10 below, and a summary of the
pros/cons in table 5.

Table 5. Pros and Cons of a boom

Pros Cons
Low material cost design options Single DOF & possible attitude adjustments needed
Relatively simple implementation Manufacturing complexity
Popular in industry Mechanical parts vulnerable to wear & tear (reusability)

Figure 10. Hinged Arms®

Figure 9. Telescoping
Structure”

4.1.3 Tether

A momentum exchange tether uses a long thin wire to transfer momentum from one object to another. The
objects move close together and the capture satellite deploys the cable onto the desired object. The two then separate
into different orbits. Differences in the gravity of the two orbits will cause the objects to be pulled apart. This is due to
the gravity gradient force, or the tidal force. The wire can be designed to be an electrical conductor, which will cause
current to flow through the cable while passing through the Earths magnetic field, allowing the generation of electrical
power to the satellite deploying the tether’. This method of changing the orbit of a small object can be used with a
variety of end effectors.

An advantage of using a tether system is that it requires a small amount of time to transfer objects to another orbit,
this is due to the impulsive manner at which the momentum transfer occurs. A tether system may also be favorable due
to the reduction in proximity distance for a successful capture, which would minimize the risk of the capture satellite
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coming in contact with the CubeSat. The power generation in the cable is an added benefit that could be utilized to
reduce the power budget, and could even be used to power the end effector of the capture device.

Using a tether for capture presents added complications such as having to position the spacecraft holding the tether
very accurately above the object in order for the end effector to come in contact. In other words, the ability to precisely
grapple a specific spot on the CubeSat is very difficult. The main pros and cons discussed above are shown in table 6.

Table 6. Pros and Cons of a tether deployment.

Pros Cons
Current induced in the tether can
be used to generate power.
Simplistic design and easy to
deploy.
Low mass and volume since it
can be wound up.

Not able to control the tether itself.

Very precise approach required.

Testing complicated and costly.

4.2 Capture Device Effector

The effector of the capture device is a very important component, as it will be what actually grips to the surface of the
CubeSat in some way. There are many effectors for use in various manufacturing industries, but only some of these
are suitable for the capture of a CubeSat. The ideal end effector would be low cost and easy to implement. A less
complex approach to the CubeSat is desirable, but precision is important when considering other criteria. Of course,
the manufacturing cost and difficulty will be considered, as well as the cost of developing the effector technology.
Various design options for end effectors are described below.

4.2.1 Claw

The claw is a high risk, high reward end effector option. Such a device would have the advantage of being able
to release the CubeSat with ease, granting it a high chance of reusability for multiple cycles. With an effective approach
algorithm, the claw would be capable of precise capture. Ideally, a well-designed claw would not add significant mass
to the payload.

To model the problem of this project realistically, the CubeSat will not possess any special features for grabbing.
Most CubeSats have solar panels to provide enough energy to run the on-board instruments. In theory, a solar array
might be used in certain applications as a rigid feature for capture. However, the force required to grip with the claw
could pose significant risk to the solar array and will not be considered an option within the project. Furthermore, this
requires that the claw grips the primary CubeSat structure. For this to occur, the claw will need to be a relatively large
mechanism such that it fits around the entire CubeSat, adding substantial volume and complexity. For a capture to be
successful, the claw would need to clasp at all contact points within a small window to prevent an unequilibrated force
from spinning or pushing the CubeSat. Too much force or force applied in undesired locations also poses damage risk,
and the mission must not create debris to be considered successful. A summary of the pros/cons can be found below
in table 7.

Table 7. Pros and Cons of a claw

Pros Cons
Reusable Possible volume concern
Precise capture assuming Risk of forces/torques
proper implementation | that alter CubeSat dynamics
Risk of debris

4.2.2  Engulfer

In 2004 a deployable engulfer technology was demonstrated in micro gravity to capture an uncontrollable
spacecraft. The technology proved the ability to capture and manipulate small objects in space with a high moment
of inertia, such as small asteroids, uncontrolled spacecraft, or space debris. The GRASP system developed by Tethers
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Unlimited Inc. uses inflatable tubes to deploy a engulfer formation to capture objects. It then deflates using a draw-
string mechanism that allows for secure hold on the object®. Since the GRASP mechanism was designed to fit within
a 1U volume, a similar engulfer would be a very suitable option for the payload volume for CASCADE. The power
required to deploy the engulfer was less than 10 W, well within the power requirement.

This method of capture has the advantage of being simple to execute, all that is needed for a successful capture is
positioning in a location in orbit that the object will pass through. There is also no need for an added deployment other
than the inflation of the tubes, and the drawstring mechanism. Inflatable tubes and the engulfer material are less rigid
than other capture device options, which means less risk of damaging the CubeSat upon capture.

However, a deployable engulfer system may have a shorter lifetime than other forms of capture due to the integrity
of the inflatable tubes and engulfer material. The system would also be more difficult to implement the release of an
object. This system adds the risk of the object becoming stuck permanently in the engulfer, which would mean end
of lifetime for both satellites. This could be mitigated by adding some sort of film in between the engulfer material,
but this would increase the complexity of the engulfer, and at least double the volume before deployment according to
Tethers Unlimited estimates. The pros and cons of an engulger effector discussed above are shown in table 8.

Although the GRASP mechanism was not designed for release ability, but rather only for capture of space debris
it may not be suitable for the repurpose of a CubeSat. However, the Tethers Unlimited company was contacted for
information about the release ability. According to the designer of the GRASP system slight modifications could
be made to allow for a system that could release objects as well. The cost of a prototype for this material would
be much less than the minimum of $100,000 quoted by Tethers Unlimited for a space ready GRASP system. The
manufacturing of an engulfer would likely still be higher cost and difficult to implement, but less expensive than
developing a technology such as electrostatics.

Table 8. Pros and Cons of an engulfer effector.

Pros Cons
Ultra lightweight Extremely difficult to
and compact. release captured objects.
Approach for capture Costly and difficult to
is simplistic. manufacture.
Low power requirements. High risk

Figure 11. Concept for a deployable Engulfer capture effector .

4.2.3 Dry Adhesives

The invention of dry adhesives at the end of the 20th century has lead to many new innovations since. Dry
adhesives are a reusable adhesive nanotechnology material based of the structures on the bottom of a gecko foot”. The
material uses pressure to create molecular forces, such as the van der Waals force, to adhere to surfaces’. In a study
between NASAs JPL and Stanford University, this material had a prototype for the use of capturing small objects in
space. This technology used multiple dry adhesive surfaces along with both spring and pulley systems to create a
gripping device for a force of up to 50 N,

As shown in figures 12 and 13 the gripping device must have a method of pulling the dry adhesive surfaces toward
one another, in this case using a tendon attached to a pulley or constant spring. The shear forces of this motion cancels
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out and all that is left is a normal adhesive force. To turn off the the device the force pulling the surfaces together is
released, and two other tendons are used on the outside of the surfaces to pull them off the surface using a moment
force. Actuators are used between various surfaces to allow for the release and tightening of the tendons attached to
the grippers.

Dry adhesives have been tested in a complete vacuum at —60 deg C for 30,000 separate gripper commands '’. This
shows that dry adhesives are a reusable and reliable end effector for missions in space. The nanotechnology has been
tested on rough and smooth, as well as wet and dry surfaces. This means gripper doesn’t need a very specific location
to grip to, just a flat surface. Creating this contact could only be done with the use of a robotic arm, or by using a boom
along with very precise orbital maneuvers. The volume and mass of dry adhesive material is very small relative to the
payload restraints, the material itself is similar to strips of sandpaper. The device to implement the adhesives would
likely weight much less than 15 kg as it is mostly made of small springs, pulleys and linear actuators. The pros and
cons of dry adhesives discussed above are shown in table 9.

Table 9. Pros and Cons of a dry adhesive end effector.

Pros Cons
Volume and mass of More moving parts than a claw
system easily fit in payload. (pulleys, springs, linear actuators).

Approach for capture
somewhat simple
(only 1 surface of contact).

More cost than a simple claw
or clamp.

Maintaining grip after capture may
require moments applied by the satellite
or robotic arm.

Tested on a solar panel with no
damage.

Tested in vacuum to be very reliable
(30,000 ON/OFF cycles).
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Figure 12. One concept for the use of dry adhesive nan-
otechnology, 2 pads '°.

Figure 13. One concept for the use of dry adhesive nanotechnology, 4 pads '°.

4.2.4  Electrostatic Adhesion

Electrostatic adhesion has been used in industry for a number of years, NASA has considered the technology
for a variety of uses from a gripper for satellites to the bottom of astronaut feet for walking on the space shuttle. This
technique uses two electrodes to induce opposite charges on adjacent planes, which induce opposite charges on the
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target surface, which causes an electrostatic force between the electrodes and the target surface. This technology is
possible with both conductive and non non-conductive surfaces. For conductive surfaces, Coulomb forces are applied,
and for non-conductive surfaces the force is due to dielectric polarization''. Gripping and release is done very quickly
by turning the electrodes on and off. Electrostatic adhesion can also be achieved for a variety of shapes and textures,
since the electrodes can be encased in a form-fitting polymer.

Implementing an electrostatic end effector allows for a less precise approach to an object, since the electrodes
ionize the surface of the object an attractive force will pull the two together. An electrostatic effector required around
1-5 kV, but only about 10-20 nA per Newton to operate'!. Since power is voltage multiplied by amperage, the power
requirement is very low, about 10-100 W per Newton. The volume and mass would be more than that of a simple
claw mechanism, but still well under the volume and mass limitations.

The downside of using electrostatic adhesion is the difficulty cost of manufacturing. Since the physics of an
electrostatic end effector are different in space expensive calibration and testing facilities are needed. The humidity of
a lab under the pressure of the atmosphere requires more complex design for the electrodes, and calibration must be
done inside a vacuum chamber. The gripper pads must be machined very carefully, with many added safety features, to
prevent any coronal discharge or arcing across electrodes. Electrostatic pads are also much more efficient at pulling in
shear, parallel to the surface, in opposed to pulling perpendicular from the surface. The pros and cons of electrostatic
adhesion discussed above are shown in table 10.

Table 10. Pros and Cons of an electrostatic gripper.

Pros Cons
Can adhere to a variety of different
shapes and textures.
Approach is somewhat simple Cost of facilities for calibration
since device enables electrostatic attraction. and testing.

Ionizing the CubeSat may cause sensor
damage depending on CubeSat payload.
Safety concerns
(arcing and coronal discharge)

Difficulty of manufacturing

Low power, mass, and volume.

4.3 Testbed Configuration: Single Axis Translation

The following design options propose four fundamentally different methods for designing a Testbed to achieve trans-
lational motion between the CubeSat and the capture device. Because it is only the relative motion that is important
in this problem, all four design options consider a translating CubeSat with a stationary capture device. Each design
option is independent of which object is translating and could feasibly work in the swapped configuration, with the
capture device translating and the CubeSat stationary. However, the bottom line is that the CubeSat will most likely be
smaller, less bulky, and lighter weight - making it by far the easier object to translate. Thus, this is the configuration
depicted in each design option. If an unforeseen issue arises with this configuration, steps can be taken to use the
same fundamental method of translation while swapping the roles of the objects in terms of translation. It is worth
noting in advance that one of the tradable criteria in deciding upon one of these options is how well the method of
translation represents the unrestrained motion encountered in the space environment. It is not a requirement that the
Testbed used in this demonstration be representative of the space environment in terms of dynamics. However, as
this technology is obviously geared toward space applications, the readiness with which the method of translation
replicates the dynamical environment of space is noted in each design description and later traded upon.

4.3.1 Air Table

This air table design involves creating a test table that is similar to an air hockey table in that it is capable of
floating the CubeSat platform on a cushion of air, thereby mimicking a frictionless surface that closely resembles planar
translational motion in the space environment. With this option, the relative translational motion between the CubeSat
and the capture device would be achieved by having a thruster or propeller system on the CubeSat platform. The
biggest drawback to this option is the imprecision in controlling the motion of the CubeSat platform. Imperfections in
table construction and airflow, combined with an imperfect propulsion system could well bring the translational motion
below the required tolerance determined by the capture device. Different design variations could be implemented to
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Table 11. Air table pros and cons

Pros

Cons

Frictionless surface is representative of planar mo-
tion in the space environment

Additional component to design and manufacture
- most likely no COTS options available

Allows for more translational degrees of freedom

Imprecise velocity and directional control

mitigate this problem, such as adding guide rails to the table. However, those sorts of modifications would restrain the
main benefit of this option, which is that it provides nearly frictionless translation.

- capability of being used for higher level testing
Capable of being manufactured out of cheap, com-
mon materials (i.e. 2x4’s and plywood)

Figure 14. Air Table Configuration

4.3.2 Linear Drive System

The linear drive design uses a to-be-determined linear motion system to move the CubeSat platform to the
capture device. The setup would be similar to that of the air table shown in Figure 4.3.1, with a structure holding the
CubeSat in place for rotation about an axis parallel to the linear rail. This structure would then be mounted on to a base
plate that interfaces with the linear drive system, such as in Figure 4.3.2. The system would also feature a motor along
with a method of converting rotational motion into translational motion, such as a belt drive, a ball screw, or a rack
and pinion. Although the linear drive system does not provide translation over a frictionless surface, and thus does not
replicate translation in the space environment, steps can be taken from a control design standpoint to mitigate this issue
and still demonstrate the functionality of the capture device with the development toward space capture technology
in mind. The main advantage to this system is that it restrains the Testbed to 1 axis of translation, which is all that
is required. Thus, no additional control need be implemented to ensure that the relative translation occurs in a single
direction. Again, a further trade study shall be conducted to evaluate which of the previously mentioned options will
be implemented. At this stage of design, the options mentioned, in addition to other linear actuators, all function in
the same way from a conceptual perspective. Choosing one will eventually come down to interface requirements and
cost.

Table 12. Linear drive system pros and cons

Pros Cons

Simple design - constrains the testbed to linear
translation so no directional control is required

Not frictionless - does not accurately represent the
space environment

COTS systems and components are available

Higher cost
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Figure 15. Linear Drive System

4.3.3 Cable-Hung CubeSat

This design involves the CubeSat hanging from a cable that runs through a pulley which is attached either to
the ceiling or to an external structure. The capture device sits directly below it on the ground and translational motion
is achieved by lowering the CubeSat via the pulley system. Because gravity acts in the direction of translation, this
option does not represent space dynamics along the capture path. However, it is the simplest design from a materials
and manufacturing standpoint. This also leads into it being the cheapest design. The complexity that comes into
this design is that with the CubeSat rotating, it will be very difficult, if not impossible to hang it in such a way that
minimizes wobble. Adding a large amount of wobble to the CubeSat rotation is not desirable because it adds an
uncontrollable degree of rotational motion to the problem that is not conducive to creating a controlled demonstration
that mirrors the levels of success of the project.

Table 13. Cable-Hung CubeSat pros and cons

Pros Cons

Simple design Facility constraints

Low cost CubeSat can wobble
Pulley

Figure 16. Cable-Hung CubeSat Configuration

4.3.4 Magnetic Levitation

The final design option uses the concept of magnetic levitation, also known as a linear induction motor %, to
suspend the CubeSat platform in the air as well as apply a magnetic force in order to propel the CubeSat forward
toward the capture device. This design requires both the CubeSat platform and the track to be equipped with electro-
magnets that induce repelling magnetic forces, thereby suspending the platform above the track. Translational motion
is achieved by controlling the current through the electromagnets in order to change the magnetic force in such a
way that linear acceleration is achieved. Like the air table, this is a frictionless system, and like the linear rail, it is
constrained to one axis of translation. In some ways, it is the best of both worlds from the air table and the linear rail.
However, cost and lack of expertise limit the feasibility of this design.
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Table 14. Magnetic levitation pros and cons

Pros

Cons

Frictionless translation

High cost

Constrained to one axis of translation - no direc-
tional control required

New technology - not a lot of expertise or re-
sources available

Figure 17. Magnetic Levitation Configuration

4

4.4 Testbed Configuration: 1 Degree Rotational Motion

This section of the testbed configuration focuses on having two functions: to spin up the CubeSat and to
maintain the rotational speed of at most 3 deg/s during the test phase. The four design options below offer methods
to satisfy these two functions. These design options are chosen such that they offer flexibility in its interface with the
CubeSat; thus, there are not any predetermined configurations.

4.4.1 Electric Stepper Motor

Electric stepper motors "> are rotary DC motors that contain several coils of wire that surround the rotor. The
rotor has a permanent electric magnet and interacts with the magnetic field that the coils create such that the rotor
rotates in steps. By energizing the coils in sequence, the rotor will rotate one step at a time and spin just like an
ordinary motor. It is also possible to obtain more resolution by taking half steps or quarter steps. Fig. 18 displays an

image of the internal components of a stepper motor.
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Figure 18. Internal View of a Stepper Motor '°

Stepper motors are designed to operate at low RPMs. With a controller, the stepper motor can offer precise
pointing, precise speed control, and high torque levels at low RPMs. This will allow the ability to spin up the 3
kg CubeSat and overcome any unnecessary friction of outside torque. Stepper motors are widely used in different
applications and are developed by several manufacturers; from high end motors to toy motors. With a wide and
experienced market, stepper motors offer a safe and reliable option. The downside to the stepper motor is that they are
susceptible to resonance '°; this occurs when the input pulse frequency matches the natural frequency of the motor. If
not careful, the chances of missing steps are higher; which creates difficulty in maintaining the desired RPM. Another
downside is stepper motors lose accuracy with increasing loads. In order to maintain a 3 deg/s rotational speed, it
is desirable to obtain high step accuracy. To obtain high accuracy, torque capability will have to be lowered. Thus,
stepper motors can start to get expensive and power extensive for high torque and accurate motors. Table 15 lists the
advantages and disadvantages that are mentioned above.

Table 15. Electric Stepper Motor Advantages & Disadvantages

Advantages Disadvantages

Simple & easy to setup Power extensive

Can be operated with an open loop system Susceptible to resonance

Great online resources & wide market Accuracy reduces with increasing loads

4.4.2 Electric Geared Motor

This option is similar to the stepper motor but utilizes the use of a gear system '’ that interfaces with an ordinary electric
motor. A base DC motor (brushless or brushed) turns a rotor that interfaces with a gear system; which can increase
torque capability in exchange for rotational speed capability. Fig. 19 displays an image of the internal components of
an electric gear motor.
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Figure 19. Internal View of a Gear Motor '’

Geared DC motors are widely used in several applications and have a huge market. Electric geared motors are
considered to be smoother than a stepper motor. Due to its simple technology, it is also possible to design an optimal
gear system for this project; however, that will require additional time and resources. The downside of the geared
motor is that friction can limit the functionality of the motor. Extra resistance in the gear system can cause the electric
to be unresponsive at low voltages; thus, a stronger and more expensive electric motor may be needed to enough
torque to surpass static friction. Another downside is that geared motors are susceptible to backlash, where the gaps
between each gear can cause a loss of motion which reduces the precision of the motor. This is not a significant
problem for unidirectional rotation; but, it can possibly occur within the Testbed design. Tab. 16 lists the advantages
and disadvantages that are mentioned above.

Table 16. Electric Geared Motor Advantages & Disadvantages

Advantages Disadvantages
Simple & more design space More mechanical parts
Low cost

Great online resources & wide market

4.4.3 Magnetorquer

This option utilizes a magnetic torque rod within the CubeSat and applies a one directional torque onto the
structure by interacting with a static external magnetic field. A torque rod consists electromagnetic coils '® that create
a magnetic field, similar to a permanent magnet, when current runs through the coils. A torque is created due to the
misalignment between the fields of the rod and environment. By varying the amount of current within the coils, the
magnitude of the torque can be varied. Fig. 20 displays an image of a magnetic torque rod.

Figure 20. Electromagnetic torque rod '’
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This provides the advantage of producing torque without the use of moving mechanical parts. The downside is that
an external support such as an air bearing or ceramic frictionless bearing will need to the hold the CubeSats weight.
Torque rods are simple enough to be designed and manufactured; but will require resources and time to create. With a
low friction support and torque rod, it is possible to obtain slow rotational speeds in a low friction environment; thus, it
will be easier to obtain a free spin on the CubeSat. The huge drawback with this design is that several components are
needed such as: an artificial magnetic field (possibly a simplified Helmholtz cage®’) that creates a strong and varying
magnetic field, a bearing, and the torque rod itself. The market for these components is still growing; thus, it will be
hard to obtain pre-made components. Pre-constructed torque rods are space grade and very expensive. Tab. 17 lists
the advantages and disadvantages that are mentioned above.

Table 17. Magnetorquer Advantages & Disadvantages

Advantages Disadvantages

No moving mechanical parts Require time to design, build, and calibrate
Little resources and knowledge

Can get expensive quick

4.4.4 Reaction Wheel

This option utilizes a reaction wheel?' that is mounted onto the CubeSat to rotate the CubeSat through angular momen-

tum exchange. The reaction wheel consists of an electric motor and a circular mass attached to the rotor. By fixing the
motor to the CubeSat, a torque on the CubeSat can be created by spinning up the circular mass; in an action-reaction
manner. Fig. 21 displays an image of a reaction wheel.

oo

Figure 21. Reaction Wheel Example 2>

Similar to the magnetorquer, the reaction wheel will need to be used in conjunction with an external support to
hold the weight of the CubeSat such as an air bearing or ceramic frictionless bearing. Reaction wheels are commonly
used in space applications for attitude control and are simple enough to design. The downside is that vibrations can
occur and will need to be mitigated. Another difficulty is that the motor will need to be continuously engaged; thus
having the wheel spin at all times. In order to maintain a rotational speed, the motor will need apply a constant
torque onto the CubeSat to counter frictional torque, which constantly spins up the reaction wheel. This introduces
the problem of saturation, where the system reaches its max capable momentum exchange. This will have to be taken
into consideration within the design phase. Tab. 18 lists the advantages and disadvantages that are mentioned above.
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Table 18. Reaction Wheel Advantages & Disadvantages

Advantages Disadvantages
Higher capability for design & optimization Run time limited by saturation
Simple to design Vibrations can occur

4.5 Hardware Interface for Testbed

In order to run the demonstration, some electronics interface will be required to run the capture algorithm
while taking inputs from the numerous sensors and sending out signals to the actuators. This generally requires analog
and/or digital I/O ports, signal conditioning, and of course a processor to run the algorithm. Two options are being
considered for this: A PC& microcontroller (or multiple microcontrollers), a System-On-Chip (SOC), and a National
Instruments DAQ-LabView interface.

4.5.1 Microcontroller

The primary advantage of of using a PC and a microcontroller is the amount of flexibility there is to a system.
The microcontroller would act as an interface for the motors and servos while the computer does the computational
work required. This is needed because most microcontrollers do not have the processing power to run complex
algorithms with floating point math, but they do have the peripherals necessary to send and receive signals. There are
numerous microcontrollers that can be used as the interface such as the PIC family, Arduinos, and others. A drawback
to this option is that it would almost certainly require a separate signal conditioning circuit to filter out noise and
regulate voltage and current from input signals and to output signals.

Arduinos are cheap, programmable devices that are readily available and have a lot of documentation and support.
The Arduino comes with multiple digital I/O pins, analog input pins, serial ports, and a USB port for connection to a
PC. The Arduino is based on user interface, as it uses its own development system and hides a lot of under-the-hood”
operations from the user.

The PIC family of microcontrollers are similar to the Arduinos, except that they can be better tailored to their
specific application. This is because the PIC is a ’bare” microcontroller that allows the user more access to memory
registers and special functions, allowing it more flexibility for a custom solution. The PIC family is low cost but
slightly more difficult to program than the Arduino.

Table 19. Hardware interface pros and cons

Advantages Disadvantages

I/O directly to peripherals More difficult to program

Cheap Limited on memory and processing power for
some applications

4.5.2  System-On-Chip

Sysem-On-Chip solutions include options like the Rasberry Pi and BeagleBone Black. These are not classified
as microcontrollers, as they are inexpensive single-board computer that contain a multicore processor which runs on
a Linux or Windows operating system. While microcontrollers typically run off of an 8-bit or 16-bit single core
processor, a Rasberry Pi runs off of a 32-bit or 64-bit quad core processor that is similar to what most smart phones
have. The board also contains general I/O pins, display connectors, wireless capabilities, and other features that would
feasibly allow it to interact with the Testbed sensors and actuators. Because of this, an SOC solution would be capable
of running the demonstration alone, as it has the processing power to run the algorithm and the peripherals to interface
with the Testbed components. Like the previous option, the SOC would also require a separate signal conditioning
circuit between it and the Testbed sensors and actuators.

4.5.3 LabView & DAQ

Labview (Laboratory Virtual Instrument Engineering Workbench) is a graphical environment where programs
can be created by using a graphical user interface instead of coding various functions. This option allows a PC to
handle all of the processing by running LabView while a separate Data Acquisition (DAQ) device handles the interface
with the sensors and actuators. The DAQ offers multiple digital and analog I/O ports, analog to digital and digital to
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analog converters, and is capable of executing all of the signal conditioning needed to regulate current and voltage
as well as reduce signal noise. The DAQ communicates with the PC via USB where the LabView program is run.
This option is beneficial because it does not require a separate signal conditioning circuit and it allows a PC to run the
capture algorithm, which is guaranteed to have enough processing power. Additionally, there is endless support for
LabView and DAQ systems within the aerospace department as this is the method of data collection for almost all of
the undergraduate lab experiments.

4.6 Object Tracking Sensors

Team CASCADE’s primary means of measuring the displacement and angular velocity of the moving CubeSat
is through the use of the Research and Engineering Center for Unmanned Vehicles. This facility is free of cost and
only requires reserving the facility.

4.6.1 RECUYV (Research and Engineering Center for Unmanned Vehicles)

The Research and Engineering Center for Unmanned Vehicles (RECUV) is a research facility dedicated to the devel-
opment of unmanned vehicle systems for atmospheric use. RECUV uses 8-16 Vantage V5 Vicon cameras for motion
capture. The Vantage V5 is capable of five types of motion capture. The three pertaining to this project will be
discussed. The first type is optical-passive, a technique that uses retro-reflective markers tracked by Vicon infrared ca-
pability. The second is markerless motion sensing which relies on software to track the motion of the object. The third
type is inertial motion sensing which does not require camera but uses the VICON as a localization tool>*. Sensors
are place on the moving object, these sensors then transmit data to a computer. Figure 22 shows an image and Table
20 provides information on the advantages and disadvantages of using the RECUV facility.

Table 20. RECUYV Pros & Cons

Pros Cons

Facility Provided by the University (Free of Costs) | May be difficult to secure a reservation
Highly reliable data displacement and angular dis- | Unfamiliarity using the Tracker software.
placement data

Motion and tracking sensing capability greater
than 1m

Figure 22. VICON Camera used in RECUV >

4.6.2 Lidar Rangefinder

The Lidar Rangefinder is a powerful, scalable laser based measurement solution that is capable of measuring
distance, velocity and signal strength with targeting range of 0 to 40m?*. The laser rangefinder operates on the time
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of flight principle by sending a single stripe laser pulse towards the object and measuring the time delay between the
transmission of an optical signal and its reception. The range finder sensor has a lightweight and compact design that
can be easily mounted on the Testbed and serve the purpose of sensing the CubeSat. The rangefinder has a really low
power consumption with capability of 1cm resolution and accuracy of +/- 2.5cm?*. A higher resolution is essential for
an autonomous closed loop control system to increase probability of successful capture. The signal processing algo-
rithm for the rangefinder is really straightforward and it encapsulates all the required functions providing distance and
velocity measurements in a small device. Figure 23 shows an image of such a device. Table 21 provides information
on the advantages and disadvantages of using the the Lidar Rangefinder.

Table 21. Lidar Rangefinder Pros & Cons

Pros Cons

Capable of measuring both distance & velocity Low resolution & accuracy
Long range measurement
Operational Safety

Figure 23. Lidar Rangefinder>*

4.6.3 LVDT(Linear Variable Displacement Transducer)

A linear variable displacement transducer, LVDT, is an electrical transducer that capable of measuring linear
position. It is used to convert mechanical motion into electrical signals. A typical LVDT has three solenoid coils
lined end-to-end, surrounding a rod. The primary coil is located between the other two coils which are located at the
top and bottom of the transducer. The object of position measurement is attached to the cylindrical core, and slides
along the axis of the tube. Alternating current drives the primary coil causing voltage induced in the two secondary
coils. Movement of the core triggers the linkage from primary to both the secondary coils, thus changes the induced
voltages. An output voltage can be related to the displacement by using a synchronous detector. The LVDT can output
both analog or digital signals and it interfaced with serial or parallel digital output protocol to ensure signal processing
ability. The LVDT is capable of measuring positions up to 0.762 meters and the accuracy deviates proportionally to
the measuring range. The LVDT sensor can have as high as 0.5mm resolution which provides an accurate approach
to the CubeSat®. Figure 24 shows an image of such a device. Table 22 provides information on the advantages an
disadvantages of using the Linear Variable Differential Transducer.

Table 22. LVDT Pros & Cons

Pros Cons
High resolution Expensive
Environmentally Robust Short sensing range
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Figure 24. Linear Variable Displacement Transducer >

4.6.4 Arduino Ultrasonic Range Detection Sensor

An Arduino Ultrasonic Range Detection Sensor is a module that provides 2cm to 400cm non-contact measure-
ment function, with an ranging accuracy of 3mm?°. Ultrasonic transmitters, receiver and control circuit are included
into the module. It works by sending out a burst of ultrasound and listening for the echo when it bounces back from
the targeting object. The Ultrasonic sensor has 2 openings on its front, one opening transmits ultrasonic waves, and
the other receives them. By knowing the speed of sound in the air, the ultrasonic sensor can use this information
along with the time difference between sending and receiving the sound pulse to determine the distance to an object.
The ultrasonic range detection sensor is an accessible module that really easy to implement with an Arduino and it
is programmable. Figure 25 shows an image of the device. Table 23 provides information on the advantages and
disadvantages of using the Arduino Ultrasonic Range Detection Sensor.

Table 23. Arduino Ultrasonic Detection Sensor Pros & Cons

Pros Cons
Programmable Sensitive to temperature
Low cost High signal to noise ratio

Figure 25. Arduino Ultrasonic Range Detection Sensor 2°

4.6.5 9 DOF- Razor IMU

The 9 Degrees of Freedom - Razor IMU by Sparkfun incorporates three sensors. A ITG-3200 digital output
MEMs triple-axis gyroscope. This sensor is responsible for providing the digital output X,Y,Z axis angular rates. The
second sensor is the HMC883L magnetometer used to provide low field magnetic sensing. The third sensor is the
ADXL345 triple axis accelerometer. This sensor will measure the static and dynamics acceleration of gravity due
motion, shock or tilt. The outputs of the sensors is processed by an on-board ATmega328 which is then sent to a
serial SPI or I2C interface which can easily be integrated into any hardware including the CRST. The Sensor stick
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does have a reset switch, on or off switch and a built in 12C interface”’. Figure 26 shows the board. Table 24 provides
information on the advantages and disadvantages of using such a device.

Table 24. 9 DOF Pros & Cons

Pros Cons

Low Cost Has a magnetometer which is not needed
Can provide attitude and translational data Data may not reflect current time

Open source software readily available online

5..

=
1
=
e
P

Figure 26. 9 DOF -Razor IMU %’

4.6.6 CruizCore XG1300L

The XG1300L is a digital MEMS gyroscope and accelerometer. It contains an accelerometer and a single axis
MEMs gyroscope. It is capable of measuring rotational speed, attitude, tilt, acceleration and track relative position.
This sensor has a wide measurement range to include a (+/-) 100 to degrees per second input dynamics range and
(+/-) 2 to 8 Gs of selectable acceleration measurement range”®. Figure 27 shows an the device. Table 25 provides
information on the advantages and disadvantages of using the the CruizCore gyroscope/accelerometer.

Table 25. CruizCore XG1300L Pros & Cons

Pros Cons

Programmable Sensitive to temperature

Very compact High signal to noise ratio
Selectable Output Will have to buy several sensors
(Angular rate,attitude,acceleration)

Low Cost

Figure 27. CruizCore XG1300L 28
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4.6.7 Rotary Encoder (1024 P/R (Quadrature)

The rotary encoder can be used as a angular position sensor. Attaching such a device to a motor will correspond
to a linear position. This optical device converts angular position of a built in rotating shaft into an analogue or digital
code. The rotary encoder trade studied will be the (1024 P/R (Quadrature). The unit output for this encoder is in gray
code which is the standard output for most encoder. Gray code is a reflected binary code. Gray code enables one to
tell how much the built in shaft has turned and in which direction. A microcontroller will then be used to interpret
the binary data. This encoder is especially effective in providing the CRS the feedback data needed to capture the
CubeSat”. Figure 28 shows an the device. Table 26 provides information on the advantages and disadvantages of
using the Rotary Encoder.

Table 26. Rotary Encoder Pros & Cons

Pros Cons

Low cost Will need an interface module

Can provide attitude and translation data Gray code output will need to be interpreted
Effective for position feedback

Figure 28. Rotary Encoder?’

4.6.8 Summary of All Design Options

The purpose of the sensor trade study is to determine the best sensors that will determine the angular positional, and
velocity displacement of the CubeSat. These displacement parameters will serve as inputs to a feedback algorithm
such that commands can be generated resulting in knowing the relative position. Section 5.5 shows the results of the
sensor trade study. Within the trade are a wide array of sensors that could be used including the RECUYV facility which
will use VICON cameras to track the angular and translational position and velocity. The data collected from this
facility can be used to compare to the sensors used in a less controlled environment to have multiple sources of data,
compare and verify this data. Based on the research conducted during the trade study the Arduino Uno microprocessor
or Rasberry Pi are options. The cost of these additional parts will be considered in the trade study. Table 27 shows the
performance specifications of each sensor references from manufacturer data sheets. The performance specifications
will be explained in section 5.5 in detail. The comparison of these specifications are what will drive the trade study
and result in the necessary sensors that meet the CRS’s needs.
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Table 27. Sensor Trade Study Performance Values

University of Colorado Boulder

Design Op- | Classification| Procurement | Additional Resolution Integration| Calibration Accuracy
tion Cost Cost
Lidar Range | Position $149.99 Arduino lem 12C or | Erroneous | 0.025m
Finder Sensor Uno 25-50 PWM data at
greater
than 18cm
9 DOF - Ra- | Position $74.95 FTDI Basic | 3-bit reso- | Output Calibrate Function
zor IMU sensor Breakout lution, 16g, | pins ITG-3200, | of  user
$14.95 triple-axis match up | ADXL345, | algorithm
accelerometer | with FTDI | HMC5883L
Basic
Breakout,
Bluetooth
Mate,
XBee
Explorer
Ultrasonic Position $10.99 Arduino 0.3cm Pins:( Erroneous | Function
Sensor HC- | Sensor Uno 25-50 VCC, In- | data at | of user
SR04 put, Echo, | greater algorithm
GND) than 40cm
Arduino
CruizCore Gyroscope, $110.00 Arduino +/- 100 deg/s | 12C 10 deg/hr | Full float-
XGI1300L triple-axis Uno 25-51 (continuous) ing point
acceler- precision
mometer
Rotary  En- | Position $34.99 Microcont. 1024 Microcont. | manual 6000rpm
coder (1024 | Sensor (price pulse/ro- shaft ad-
P/R (Quadra- varies) tation justment
ture)
ADISI6060 Gyroscope, $74.95 FTDI Basic | 3-bit  reso- | I12C/SPI Calibrate Function
Digital Gyro- | triple-axis Breakout lution, 16g, ITG-3200, | of user
scope acceler- $14.96 triple-axis ADXL345, | algorithm
mometer accelerometer HMC5883L
and Mag-
nometer
LVDT(Linear | Position $250 Signal Con- | Millionth of | LVDT N/A Function
Variable Dis- | Sensor ditioner an inch signal of  user
placement $400 condi- algorithm
Transducer) tioning
equipment
VICON Cam- | Translation Through RJ45 16Megapixels | Cat5e/RJ45| Active Function
era (RECUV and angular | Reservation ($0.25), Wand of  user
motion Tracker algorithm
Software
(available)
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5 Trade Study Process and Results

In the following sections, the design option candidates with the highest potential were compared for feasibility
and tendency to produce the best outcome for the project. Each section has its own criteria, which were selected by
evaluating the requirements and breaking down what was needed to achieve these requirements. The risk and cost of
each option were evaluated separately from the other criteria, as these do not directly govern the capabilities of each
design. Plots were then generated to compare the weighted criteria against the risk and cost involved to give an overall
picture of the feasibility of each design.

5.1 Capture Device Deployment

Selection of the capture device deployment is critical for bridging the gap between the capture device and the
CubeSat. Approaching an object in space that is rotating and translating requires a careful approach, and keeping
everything clear of the target aside from the capture device is critical for ensuring the safety of all entities involved.
With this in mind, the criteria for the deployment device depend heavily on ensuring safety.

5.1.1 Deployment Device Criteria

¢ Performance:

— Control: Control accounts for the degrees of freedom (DOF) that each deployment device provides. This
dictates the amount of flexibility” the device has to complete the approach, and indicates what additional
factors might be needed (i.e. attitude corrections) for capture.

— Implementation: Implementation is a measure of the complexity of the algorithms necessary for the de-
ployment device to function. This includes software and programming aspects as well as an estimate to
the level of understanding of the spacecraft dynamics that is needed to perform a successful capture. There
is a trade-off between control and implementation and a high score in one category typically corresponds
with a low score in the other.

— Reliability: Reliability suggests that the device could be reused. An item scoring low in reliability would
likely not be able to endure multiple cycles, for example, a device that would not retract easily.

¢ Constraints:

— Mass Budget: Although a majority of the payload mass will be contained within the deployment device,
mass does not seem to be of great concern overall. It will still be considered within the trade at a low
weight in case of unforeseen issues.

— Volume Budget. The payload volume should provide sufficient space for each of the design choices, but
selection of the end effector will limit the available space for the deployment device.

— Power Budget: Power is the biggest constraint concern. Robotic arms can overshoot the allowable power,
so careful selection will be necessary if this device is selected.

¢ Risk:

— Risk is a measure of the safety concern associated with each capture device. For a capture to be successful,
the device must be able to attach and release without incurring damage to the device or the CubeSat, and
may not create space debris.

¢ Cost:

— Cost evaluates various costs associated with the manifestation of the device. This includes procurement
costs, material costs, and the time required to manufacture.
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5.1.2 Deployment Device Trade Study Metric Definitions

Table 28 shows the description of each criteria for evaluating within the trade study. Table 29 shows the cost and risk
estimates associated with each deployment device.

Table 28. Metrics for Criteria of Deployment Device

Criteria 5 4 3 2 1
Mass Very Light | Light Heavy Very Heavy
Vol Minimal Maximum
olme Volume Volume
Power No Power | Minimal Hich Power Exceeds
Required Power & Power Limit
Control 6 DOF 5 3-4 2 1 DOF
. Simple Complex
Implementation Algorithm Moderate Algorithm
Repeatable Likely No
R repeatable guarantee
Reliability for many
for a few of repeated
cycles
cycles performance

Table 29. Cost and Risk Metrics

1 2 3 4 5
Cost Metric < $500 $500 — $1000 | $1000 - | $1500 - | > $2000
$1500 $2000
Risk Metric - Suc- | 80 - 100% 60 - 80 % 40 - 60 % 20-40 % <20%
cess Probability

5.1.3 Trade Study Results

Table 30 shows the overall benefit of the device. Note that the performance criteria were weighted heavier than the
physical constraints, with control receiving the highest weight. After evaluating the benefit, each option was given a
risk and cost score to be plotted in Figures 29 and 30.

¢ Ranking Explanations

— Mass Budget: The mass of each design option was evaluated based on research of common devices used
in industry for similar applications. Overall, mass was not a significant concern because of the allowable
payload mass budget of 15kg. Devices in space applications are commonly designed to be lightweight as
a trade-off with cost. The robotic arm and tether scored high due to concepts that suggested masses under
33% of the allowable mass budget. A boom would require more mechanical parts that would increase
mass, suggesting a lower score.

— Volume Budget: Similar to the mass budget, volume was of low concern overall. The payload volume is
large enough such that the devices would fit with a significant margin. The boom scored lowest here as
well. A telescoping structure would require several stages each with significant volume for a robust design.

— Power Budget: A high performance robotic arm could draw power over the allowable 100W Orbital Av-
erage Power, while mid-range performance ones could perform with a 20-40% margin. The tether scored
high due to researched concepts that indicated low volume implementation. The boom was given a score
in the middle, as the power required would heavily depend on the selected design.

— Control: Higher degrees of freedom are preferred for the capture device to allow for flexibility in the
capture approach. Ideally, capture would be completed without a need for attitude corrections from the
spacecraft the device operates from to save fuel. The robotic arm scored highest due to the six degrees of
freedom available from affordable options. A boom or tether device would required additional manipula-
tion to increase the available degrees of freedom.
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— Implementation: The implementation measures the complexity of the algorithms needed to operate the
device. The scores in this category nearly reflect the opposite of control. A robotic arm with six degrees of
freedom would require complex software to implement properly, resulting in a low score. On the other, the
boom and tether deploy in a single degree of freedom which would simplify the software aspect of these
devices.

— Reliability: For the device to be reliable, it must be able to operate for multiple missions due to a require-
ment for the device to be reusable. None of the design options scored particularly low. However, the boom
would be comprised of multiple moving parts that would be subject to wear and tear and diminishing
structural integrity.

Table 30. Results of Deployment Device Trade Study

Criteria

Mass 0.1 4

Volume 0.1 4

Power 0.1 1

Control 0.3 5

Implementation 0.2 2

Reliability 0.2 4

TOTAL | 3.6 | | 2.8 | | 3.5

Risk vs Benefit for Deployment Device

2
[-4
Benefit
Figure 29. Risk-Benefit analysis for Deployment Device
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Cost vs Benefit for Deployment Device
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Figure 30. Cost-Benefit analysis for Deployment Device

5.2 Capture Device Effectors

Choosing an appropriate end effector is one of the main focuses of CASCADE. Autonomously gripping to the
surface of a rotating and translating object is not simple, especially without a well designed end effector. This trade
study was used to determine the most simple, and yet effective end effector that can be developed within the budget
and time constraints of the project. The four design options for end effectors were outlined in Section 4.2.

5.2.1 End Effector Criteria

* Performance: The performance of the chosen end effector is possibly the most important aspect to having a
successful capture. In the performance aspect of the end effector there were two criteria that were most vital for
the success of the mission.

— Release Ability: Being able to release the CubeSat is necessary to complete the goal of the mission, demon-
strating the ability to re-purpose the CubeSat.

— Approach Difficulty: Proximity operations for completing a successful capture can be very complex, so
minimizing this requirement as much as possible is desired. By the use of a well designed end effector the
approach can be simplified. For example, a claw will need to very carefully grab onto at least two sides of
the CubeSat with precise timing, while an engulfer can simply be maneuvered so that the entire CubeSat
is captured at once.

— Reliability: The end effector should be designed to last throughout many successful captures. The CubeSat
capture system will be expensive, so it should be able to carry out a large number of operations. Effectors
with more chance of breaking or becoming useless are considered much less reliable.

¢ Constraints:

— Mass Budget: While mass is important since there is a given mass budget, end effectors are relatively small
compared to the 15 kg limit. However, some of mechanisms that make the end effector work may turn out
to be large, and it is typical for mass to become larger than expected as the manufacturing and building
phase is completed.

— Volume Budget: The volume of the effector is important to account for considering both the deployment
method and capture system vision system would all need to fit in the payload volume as well. However, the
volume of all the aforementioned effectors are very small considering they would only need to be slightly
larger than the width of the CubeSat, which fits well within the volume itself.
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5.2.2  Effector Trade Study Metric Definitions

Table 31. Metrics for judging the criteria for end effectors.

Criteria 5 4 3 2 1
Mass Very Light Light Heavy Very Heavy
Minimal Maximum
Volume
volume volume
Ability to release Rele'ase 15
s oy possible but Release not
Release Ability with simple difficult to ossible
ON/OFF . P
implement
Approach for Approach for Approach for Approach for Approach for
. contact on contact contact contact on
Approach Diffi- . . . contact on two . .
specific side on one side . on three sides four sides
culty sides necessary
not necessary necessary necessary necessary
Will complete Will complete Will complete
a very a medium a very low
Reliability large number number of number of
of successful successful successful
captures. captures. captures.
Table 32. Cost and Risk Metrics
1 2 3 4 5
Cost Metric < $500 $500 — $1000 | $1000 - | $1500 - | > $2000
$1500 $2000
Risk Metric - Suc- | 80 - 100% 60 - 80 % 40 - 60 % 20 -40 % < 20%
cess Probability

5.2.3 Trade Study Results

The results of the trade study are shown below in Table 33. The mass and volume are weighted the least since
the end effector should be relatively small. Release ability is necessary for mission completion so it is weighted heavily.
Approach difficulty adds a large amount of complexity to the capture algorithm, and affects the overall difficulty of
the mission. Reliability is also somewhat heavily weighted due to the fact that the capture system should be able to
complete a lot of missions, or it would be a waste of money. Below are explanations for the criteria rankings shown in

Table 33.

* Ranking Explanations:

— Mass Budget: The mass budget for effectors was easy to evaluate since all the effectors were relatively
small. The claw was given the highest ranking since it requires no additional parts for operation. Dry
adhesive and the engulfer were ranked a 4 since both require additional parts for operation, such as springs
and pulleys, or compressed air and a drawstring mechanism. electrostatics was assumed to have the most
mass due to the complicated electrical system necessary for operation.

— Volume Budget: The volume of each of the effectors was researched and the options were ranked against
one another. An engulfer got the highest rank since it was deployable on a small CubeSat, before deploy-
ment it only took 1U of volume. A claw would take up little volume, it only needs to be at max the width
of the CubeSat. The electrostatics would have more volume due to the electronics involved; along with the
dry adhesive due to the linear actuators, pulleys, and springs.

— Release Ability: The release ability was simple to judge, all of the effectors were able to release with a
simple command other than the engulfer. The engulfer has a high probability of the CubeSat becoming
stuck. There is the possibility of redesigning the engulfer to incorporate some sort of film to allow for
release, but this option has a lot of risk.
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— Approach Difficulty: Approach difficulty was ranked according to the number of sides needed to come in
contact with. For an engulfer there is no specific side to approach from, it would simply need to position in
the path of the CubeSat. For dry adhesives and electrostatics they only need one side to grip onto. Also, dry
adhesive has been tested on a solar panel, expanding the surface area possible for the contact. Electrostatics
also has the added benefit of attracting objects by electrostatic force, which means the approach doesn’t
have to be precise. A claw would require at least two surfaces of contact, and the timing would need to be
very precise. Otherwise one end of the claw will come in contact with the surface before the other creating
an impulsive moment on the CubeSat surface.

— Reliability: Each of the design options was evaluated the ability to be reused a large number of times. Dry
adhesive and electrostatics were the top ranked options for re-usability. Electrostatics are low power and
can be supplied power through use of solar panels. The gripper itself can be made to be form fitting with
little moving parts, which indicated it would not be damaged easily. Dry adhesives have been tested on a
solar panel for 30,000 cycles in a vacuum which proves that the material is extremely reliable. The lifetime
of dry adhesives would likely outlive the amount of fuel available for performing capture missions. For a
claw there are moving parts, such a servo joints, which would be more susceptible to damage due to the
nature of which a claw must perform a capture. The claw must be able to handle the torque of the CubeSat
since it grapples from both sides, while other options are made to attach from only one side. Finally, the
engulfer runs the risk of entangling the CubeSat making it only useful for one capture. The engulfer also
has to fully stop the motion of the object with just an impact, which has higher risk for damaging the
capture device as well as the CubeSat.

Table 33. Results of the end effector trade study.

End Effector Trade Claw Dry Adhesive | Engulfer | Electrostatics
Criteria % | Raw | W | Raw W Raw | W | Raw w
Mass 0.1 5 0.5 4 0.4 4 0.4 3 0.3
Volume 0.1 4 0.4 3 0.3 5 0.5 3 0.3
Release Ability 0.3 5 1.5 5 1.5 1 0.3 5 1.5
Approach Difficulty | 0.3 3 0.9 4 1.2 5 1.5 4 1.2
Reliability 0.2 3 0.6 5 1 1 0.2 5 1
TOTAL 39 4.4 2.9 43

After the benefit analysis was conducted for each of the end effectors, the risk of each option was considered. This
was done by considering both the probability of success as well as the risk of any damage resulting to the capture
device and the CubeSat. For a claw the risk was relatively high, considering the approach must be very precise and the
claw has to grab onto the surface with precise timing and commands. The claw would also increase the risk of damage
somewhat since the moving parts are very rigid. Electrostatics would be simple for approach and capture of objects,
but working with charges to grip to the surface of a CubeSat would introduce the risk of interfering with and possibly
damaging sensors on board. An engulfer makes the probability of capture high, but success is defined by both capture
and release ability. Since the release ability for an engulfer is questionable this runs the risk of the CubeSat becoming
stuck in the device, which would bring both satellites to the end of operations. Dry adhesives were determined to have
the least risk due to the fact that they have been tested on a variety of surfaces, even solar panels, for many gripping
maneuvers. This means that the risk of damage would be fairly low as long as the dry adhesive effector made contact
with a relatively low speed. The approach using dry adhesives is also less complex, meaning the probability of success
should be more high.
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Risk vs Benefit for End Effectors
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Figure 31. Risk-Benefit analysis for end effectors

Using the benefit scores from the trade study results a cost-benefit analysis was done. This was done by comparing
the relative costs of the design options, by looking at a rough estimate of the cost of material, and the overall difficulty
and costs related to the manufacturing process. For an electrostatic gripper it was determined that the cost of manufac-
turing would be extremely high. Designing the electrode layouts, and the surface for the electrostatic gripper would
require testing and calibration within a very low pressure vacuum. Manufacturing an engulfer would be more feasible,
it was done by the LEOPARD senior projects team a few years ago. An engulfer would not need very expensive
material, especially for a ground-based prototype. However, the costs of an engulfer stem from manufacturing and
testing much more since not many concepts exist for this sort of device, and none exist for a device capable of release.
Dry adhesives are now manufactured and available for procurement through a company called nanoGriptech. The
cost of dry adhesives is more based on the cost and manufacturing of the moving parts required to make the adhesive
work. Finally, the claw is the best option since a claw effector can simply be procured online. Even if the claw were
manufactured from scratch, there are many resources available for the team to learn how to make a claw, and the parts
required would be inexpensive.

Cost vs Benefit for End Effectors

Benefit

Figure 32. Cost-Benefit analysis for end effectors

Monday 26" September, 2016 38 of 53 CDD

University of Colorado Boulder



5.3 Testbed Configuration: Single Axis Translation

Although linear motion is not at all the main thrust of this project, it is an essential part to demonstrating
the successful capture of a CubeSat. The goal of this trade study is to decide upon a relatively simple, cost-effective
method for translation that performs well and is not a hassle logistically. The four design options included in the trade
study are detailed in Section 4.3.

5.3.1 Trade Study Criteria

¢ Performance: The performance of the method of translation within the demonstration is a large aspect the trade
study. For further clarity, performance is broken down into two sub-criteria.

— Representation of Space Environment (in terms of dynamics only): As mentioned earlier, designing and
building a demonstration that represents the space environment from a dynamics standpoint is not a specific
design requirement, as it is not readily testable or feasible in this course. However, it is a consideration in
designing the method of translation for the Testbed, as the capture device is focused on space applications,
and thus it is desirable for the Testbed to be capable of demonstrating feasibility for the capture device to
be used in space.

— Precision of Translational Motion: This is an essential criteria for demonstrating capture along one axis of
translation, the reason being that demonstrating capture is not possible without a certain degree of accuracy
in linear motion. Some capture devices may require linear motion within a tighter tolerance than others
(i.e. claw vs engulfer), but a higher precision method of translation is nonetheless desirable.

* Logistics: The logistics of the translation method has been broken down into the three sub-criteria below.

— Setup Flexibility: This criteria is useful in determining the level of planning and risk mitigation that might
go into each design option, specifically in terms of available facilities. Some options might be a quick
setup that can be done in any given space that is large enough, whereas others might require a week to
setup in addition to a facility with specific features. This is specifically valuable in evaluating whether or
not the setup allows for the possibility of using the RECUV motion detection lab for the demonstration,
which is an option for object tracking.

— Knowledge Base: This criteria encompasses the knowledge base relating to the specific capture method,
both on the team as well as from external sources.

— Ease of Manufacturing/Procurement: This criteria specifies the difficulty in obtaining the hardware for
single axis translational motion. This includes procurement and/or manufacturing. Note however, that this
does not encompass cost, which will be looked at as part of a cost-benefit analysis.

* Design Simplicity: This criteria refers to the complexity of the design in terms of the number of moving parts,
actuators, complex components, etc. It is useful to the team to choose a simple design, as the project as a whole
has a lot of aspects to it that will all require a lot of time.
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5.3.2  Trade Study Metric Definitions

Table 34 explains how each score is defined for each of the given criteria. Table 35 defines the cost and risk metrics

used in the cost-benefit and risk-benefit analyses.

Table 34. Single Axis Translation Trade Study Criteria Metrics

very familiar
with method

some famil-
iarity and
there are a lot
of resources
at CU

no familiarity
but there are
a lot of re-
sources at CU

no familiarity
and resources
at CU are hard
to come by,
but there are
sources avail-
able online

Criteria 5 4 3 2 1
Rep. of Space Zero  resis- Resistance Restrictive
tance in all force  along normal force
directions translational in all direc-
axis limited to tions
drag
Precision Straightness Straightness Straightness Straightness Straightness
tolerance tolerance tolerance tolerance tolerance
within  Smm | within 5- | within 10- | within 20- | greater than
over Im 10mm over | 20mm within | 50mm within | 50 mm within
Im Im Im Im
Setup Flexibility Can be set up Specific No available
anywhere facility re- locations on
quirements campus for
limit  setup setup due
locations to facility
but there are requirements
options on
campus
Knowledge Base The team is | The team has | The team has | The team has | No one has

ever done this

Ease of Manufactur- | 100% COTS | Can be pro- | Can be pro- | Can be pro- | Will take 6+

ing/Procurement and can be | cured in 2 | cured in 2-4 | cured in 4-6 | weeks to pro-
shipped in 1 | weeks orless | weeks weeks cure
week or less

Design Simplicity Extremely Simple Neutral Complex Extremely
simple Complex

Table 35. Cost and Risk Metrics

5 4 3 2 1

Cost Metric < $500 $500 — $1000 | $1000 - | $1500 - | > $2000

$1500 $2000
Risk Metric - Suc- | 80 - 100% 60 - 80 % 40 - 60 % 20-40 % <20%
cess Probability
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5.3.3  Trade Study Results

The results of the single axis translation trade study are shown in Table 36, along with the subsequent risk-
benefit and cost-benefit plots. The two highest weighted criteria were precision and design simplicity. Precision is
necessary to limit the relative translation to a single axis and ensure that the demonstration is repeatable. Design
simplicity was given a heavy weight due to the amount functions that need to happen throughout the demonstration. A
simple design mitigates the risk of having to spend too much time troubleshooting the linear translation system. Ease
of manufacture and representation of the space environment were each given a weight of 0.75, as each are in a way,
added bonuses to the design. Setup flexibility and knowledge base can each be overcome with research and planning,
but are nonetheless important aspects to consider. Explanations of the score given to each option are detailed below.

¢ Ranking Explanations:

— Representation of Space: The highest scores in this category were the air table and magnetic levitation, as
each option allows for frictionless motion. The cable-hung system has gravity and a tension force acting in
the direction of translation, but is unforced in other directions, allowing it to reflect transverse disturbances
to a certain degree by assuming small displacements. The linear drive system has restrictive normal forces
acting in the transverse directions, and friction acting in the capture direction, making it not at all reflective
of free-space motion.

— Precision: Linear drive systems offer extremely precise linear motion, and can be used to accurately
control the velocity of the moving object. Magnetic levitation is also capable of precise motion, as it is
essentially a linear rail with no rail when designed correctly. The air table is much less precise, as any
imperfections are going to lead to uncertainties in the direction of motion. This includes propulsive inef-
ficiencies, the table not being perfectly level, drafts in the room, imperfect hole sizes for flow up through
the table, etc. The cable-hung system is capable of precise translation, but it is prone to disturbances and
would be nearly impossible to keep the CubeSat from wobbling, which would add an additional rotational
degree of freedom.

— Setup Flexibility: The air table would require a large amount of space and would be extremely difficult to
move, limiting it’s flexibility to be used in different places. The cable-hung system has similar difficulties
because it requires a large, external structure to hang the CubeSat from. The linear drive and magnetic
levitation systems each involve more compact setups.

— Knowledge Base: The team has a fair amount of experience with pulley systems and with linear rail
systems, and there are resources all over the place. Manufacturing an air table is not something that
anyone on the team has done, but the concepts are well understood and help could be found quite easily
at CU. With magnetic levitation, the team has no knowledge. There may be resources at CU, although the
team is not yet aware of any.

— Ease of Manufacture: Magnetic levitation would be one the most difficult options to procure, as it es-
sentially requires making a “unrolled” induction motor, and there are no off-the-shelf options available.
Although the air table can be made out of common materials, it would require a large amount of time to
manufacture. COTS linear drive systems are available, though some parts may need to be machined in
order to reduce cost. However, it is reasonable to assume that everything needed for a linear drive system
could be shipped and machined in 2-4 weeks. The cable-hung system is the simplest design, would require
minimal machining and could most likely be put together in the shortest amount of time.

— Design Simplicity: The linear drive and cable-hung systems can each be done with one actuator and in-
volve simple motion. The air table is a bit more complex in that it requires airflow from a fan as well as a
nontrivial propulsion system. The magnetic levitation option is extremely complex in that it uses electro-
magnets to make something levitate and propel it forward. There is a reason that this is new technology
that is not readily available.
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Table 36. Single Axis Translation Trade Study Results

Translation Trade Air Table Linear Drive Cable-Hung Ma-gne-t 1
System Levitation

Criteria % Raw | W | Raw \%% Raw \\% Raw \%%
Rep. of Space 0.15 4 0.6 2 0.3 3 0.45 4 0.6
Precision 0.3 2 0.6 5 1.5 2 0.6 4 1.2
Setup Flexibility 0.1 2 0.2 4 0.4 3 0.3 3 0.3
Knowledge Base 0.1 3 0.3 4 0.4 4 0.4 2 0.2
Ease of Manufacture | 0.15 2 0.3 3 0.45 4 0.6 1 0.15
Design Simplicity 0.2 3 0.6 4 0.8 4 0.8 1 0.2
TOTAL 2.6 3.85 3.15 2.65

Shown in Figure 33 is a risk-benefit plot of the different linear translation methods. The benefit of each option is
taken directly from its score in Table 36. The risk was evaluated based on research of current technology, complexity
of the design, and a reflection of team expertise to ultimately predict the probability of success. Magnetic levitation
was given the highest risk, as modern linear induction motors are still under research and development. Designing a
linear induction motor for magnetic levitation would be a huge undertaking and the probability of success for the team
is very low, given that linear translation is only a small part of the project. The success probability of the air table
was rated at just under 50%, giving it a higher risk. This is due to the difficulty in manufacturing it and producing
enough airflow to lift the CubeSat platform, as well as designing a feasible method for propelling the CubeSat forward
in a controlled direction at a precise speed. So, there is a lot that goes into the air table and therefore a lot that could
go wrong. The cable-hung and linear drive systems were the lowest risk, as each use simple designs and are easy to
control with minimal uncertainty. There is not a lot that could go wrong with either option, as both methods utilize
proven linear motion techniques that are intuitive to understand. The cable-hung system is rated at slightly higher risk
because of the wobble in rotation that would need to be mitigated.

Risk vs Benefit for Single Axis Translation

L
Magnetic
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Figure 33. Risk-Benefit analysis for single axis translation

Figure 34 shows the cost-benefit analysis of the translation design options. Magnetic levitation was again the
worst option at high cost and low benefit. The reason for this is that the complex electromagnets and coils required
to construct a linear induction motor could easily be upwards of $5000, which would put the team well over budget.
The linear drive system could also be quite expensive, but it offers the largest benefit. COTS linear drive systems that
are at least 1 meter long typically cost somewhere between $2000 and $4000. However, this cost could be reduced
by manufacturing some of the components rather than buying them. The team can also apply for additional funding
in order to relax budget constraints. The air table is close to neutral as far as cost goes, meaning that it could be
manufactured for around $1000. The biggest cost of the air table setup is the high-volume fan, which would likely
cost $400-$600. The remaining materials would be relatively inexpensive, as the table can mostly be manufactured

Monday 26" September, 2016 42 of 53 CDD

University of Colorado Boulder



out of 2x4’s and plywood. The cable-hung system is the cheapest option as it simply requires a pulley, a cable, and a
motor. The motor would be the most expensive item, but would probably be available for around $200-$400.

Cost vs Benefit for Single Axis Translation
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Figure 34. Cost-Benefit analysis for single axis translation

5.4 Testbed Configuration: Single Axis Rotation

The goal of this trade study is similar to the previous trade study on translation. The four design options included in
the trade study are detailed in Section 4.4.

5.4.1 Trade Study Criteria

e Performance: The performance of the method of rotation within the demonstration is a large aspect for the
trade study. For further clarity, performance is broken down into two sub-criteria.

— Accuracy and Precision of Rotational Motion: This criteria specifies the actuator’s ability to maintain
its rotational speed. This is an important factor in verifying the capture device. By mocking a space
environment, this will increase the success of the capture device in space; thus, the motion of the CubeSat
on the Testbed shall mimic the motion of any CubeSat in space. This requires the rotational motion to be
as smooth as possible and precise at all times during the testing phase. This also requires the actuator to
not interfere with the capture device, such that it can either disengage or remain within some interference
margin.

— Torque Capability: This criteria specifies the actuator’s ability of providing torque. It is best to have
a higher torque capability during all times of the testing phase. This allows the ability to spin up the
spacecraft and maintain its spin within any desirable spin rate. The rotational actuator must account for
any physical changes to the CubeSat that affects the inertia of the CubeSat, and overcome any external
forces such as friction.

* Logistics: The logistics of the rotational method has been broken down into the two sub-criteria below.

— Knowledge Base: This criteria specifies the amount of knowledge and research that is available on campus
and online pertaining to the actuator.

— Ease of Manufacturing/Procurement: The criteria specifies the difficulty in obtaining hardware for a ro-
tation actuator. This includes either obtaining the whole actuator itself and/or any needed manufacturing.
Within a restricted schedule, it is best to obtain the actuator quickly for calibration and testing.

* Design Simplicity: This criteria specifies the amount of time and expertise that is needed to have a completed
rotation actuator that satisfies the two functions of spinning up and maintaining a free spin. This pertains to
designing, building, calibrating, and interfacing the actuator to the CubeSat.
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5.4.2 Trade Study Metric Definitions

Table 37. Single Axis Rotation Trade Study Criteria Metrics

Criteria 5 4 3 2 1

Accuracy/Precision Rotational Rotational Rotational Rotational Rotational
speed within | speed within | speed within | speed within | speed within
0.2 deg/s 0.4 deg/s 0.6 deg/s 0.8 deg/s 1 deg/s

Torque Capability Constant Extra spin up Minimal spin
extra spin up torque up torque
torque

Knowledge Base

The team is
very familiar
with method

The team has
some famil-
iarity and
there are a lot
of resources
at CU

The team has
no familiarity
but there are
a lot of re-
sources at CU

The team has
no familiarity
and resources
at CU are hard
to come by,
but there are
sources avail-
able online

No one has
ever done this

Ease of Manufactur- | 100% COTS | Can be pro- | Can be pro- | Can be pro- | Will take 6+

ing/Procurement and can be | cured in 2 | cured in 2-4 | cured in 4-6 | weeks to pro-
shipped in 1 | weeks orless | weeks weeks cure
week or less

Design Simplicity Extremely Simple Neutral Complex Extremely
simple Complex

Table 38. Cost and Risk Metrics

5 4 3 2 1

Cost Metric < $500 $500 — $1000 | $1000 - | $1500 - | > $2000

$1500 $2000
Risk Metric - Suc- | 80 - 100% 60 - 80 % 40 - 60 % 20-40 % <20%
cess Probability

5.4.3 Trade Study Results

The results of the trade study are shown below in Table 39. Design simplicity and accuracy/precision are
ranked the highest. Simplicity affects the probability of success and the amount of time that is needed to complete
the Testbed rotation actuator. Accuracy/precision affects the validity of the Testbed; higher accuracy/precision results
in a better model of a spinning CubeSat in space. Knowledge base and ease of procurement/manufacturing are less
important since they depend on the ability to obtain resources; it is better to have many resources within reach to lower
the amount of time for completion. Torque capability is ranked the lowest because all the actuators can be designed to
fit within the required amount of torque to meet the functional Testbed requirements; however, the maximum capability
is the important factor. Below are explanations for the criteria rankings shown in Table 39.

¢ Ranking Explanations:

— Accuracy/Precision: The electric stepper motor can provide high accuracy and precision of around 0.36
degrees per step with high torque; higher resolution results in smoother low rotation speeds. The electric
gear motor can also provide a high amount of resolution depending on the gear ratio. The reaction wheel
can also provide a high amount of resolution depending on the spinning inertia and motor specifications.
The magnetorquer will have the highest accuracy and resolution due to its use of the electromagnetism;
where the rotation actuation is almost immediate compared to the other mechanical options.

— Torque Capability: The magnetorquer has a more noticeable cap of on its torque capability compared
to the other options. The ratio of torque and required electrical power is huge and puts a limit of the
amount of torque the rod can produce. The reaction wheel has a varying cap on its torque capability due to
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saturation. Depending on the design, the reaction wheel will always have a decreasing amount of torque
that it can provide. The stepper motor is more lenient on limited torque. Even though it can produce a
constant amount of torque, it must sacrifice torque capability for higher resolution. The electric gear motor
is ranked the highest because it is a device that has none of the disadvantages above. It is worth noting that
the torque available for the motor is dependent on the rate at it spins. Due to a slow rotation speed, this
can be neglected.

— Knowledge Base: The electric gear motor has an extensive amount of digital and physical resources and
has been around since the mid 1850s. The reaction wheel and electric stepper motor also have been around
for some time; but have smaller amounts of resources compared to the gear motor. The magnetorquer is
not as popular compared to its ground-based opponents and have a smaller knowledge base.

— Ease of Procurement/Manufacturing: The electric stepper motor and electric gear motor have a huge
market in their respective category. Most motors are delivered in almost-ready-to-use condition with some
motors having optional additions such as encoders and drivers. The reaction wheel has a huge market in
its motor component; and with advanced manufacturing, its spinning inertia can be manufactured to the
right specifications. The magnetorquer has a very limited market where most torque rods are space grade
and very expensive. Torque rods can require a lot of time and a huge amount of wire to create.

— Design Simplicity: With the right driver and proper calibration, the stepper motor can be used in a quick
fashion; however, its interface with the CubeSat to model a free spin will be difficult. A detachment
mechanism such as a clutch will need to be created to disengage the motor from the CubeSat, to separate
the mechanics of the motor. The electric gear motor has more mechanical parts and has a similar problem
to the stepper motor. The magnetorquer is the most complex because it involves several key components
for it work such as an artificial magnetic field; but, it easy to obtain a free spin. The physics behind
electromagnetism be can difficult to model and understand. The reaction wheel is right in between the
three options since it has an easier interface than the electric motors and will require less time to develop
than the magnetorquers.

Table 39. Single Axis Rotation Trade Study Results

. Electric Stepper | Electric Gear Reaction
Rotation Trade Motor PP Motor Magnetorquer Wheel

Criteria % Raw W Raw W Raw W Raw | W
Accuracy/Precision 0.3 4 1.2 4 1.2 5 1.5 4 1.2
Torque Capability 0.1 4 0.4 4 0.4 3 0.3 3 0.3
Knowledge Base 0.15 4 0.6 5 0.75 2 0.3 4 0.6
Ease of Procurement | 5 |, 0.6 4 |06 | 1 | 015 | 4 |06
/Manufacture

Design Simplicity 0.3 3 0.9 3 0.9 1 0.3 4 1.2
TOTAL 1 3.7 3.85 2.55 3.9

Figure 35 displays the risk-benefit visual for the rotation actuators. The risk is similar to the linear translation
section above.The magnetorquer has the highest risk due to the complexity and amount of time required to create
its components. With little few experience in electrical physics and few online resources, this method of producing
rotation can be daunting with a lower probability of success. The benefit is great in such that it provides the better
representation of how a satellite would rotate in space, and also due to its future use. The reaction wheel has a lower
risk due to the experience of the team with previous labs; however, it is more complex than an ordinary electric motor.
The reaction wheel has a great benefit because it is an actuator that a satellite would use in space; thus can provide
great future use. The electric gear motor and electric stepper have the lowest risk due to its simplicity and extensive
resource. The gear has the least benefit due to its great amount of friction and mechanical parts, which is not desirable
for spacecraft Testbeds.
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Risk vs Benefit for Rotation Actuators
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Figure 35. Risk-Benefit analysis for single axis rotation

Figure 36 displays the cost-benefit visual for the rotation actuators. The magnetorquer has the highest cost due
to the amount and cost of hardware that is needed to complete the actuator. Torque rods consists of many coils of
electrical wire with low resistance; depending on the required magnetic strength (about 1-2 G is that norm), the cost
of wire can add up quickly. In addition to power supplies, construction material, and controllers, the cost exceeds $
2000. The electric stepper motor has a lower cost due to the reduction of components that it needs; such that it only
needs one controller. However, the cost can get expensive depending on the precision needed.

Cost vs Benefit for Rotation Actuators
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Figure 36. Cost-Benefit analysis for single axis rotation
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5.5 Object Tracking Sensors

The goal of this trade study is to determine the most effective method for tracking the motion and orientation of the
CubeSat throughout the capture demonstration.

5.5.1

552

Trade Study Criteria

Procurement: The cost criteria considers procurement towards a sensor or multiple sensor and how that pro-
curement affects the allotted budget.Multiple sensors may be used for the position and angular velocity data so
additional component cost will be considered. If multiple sensors are used then integrating these sensors will
only increase the cost. The allotted budget is $5000.

Additional Components The criteria also includes the cost of any additional components needed to interface
the sensors.

Resolution: The ability for sensors to detect changes in the motion of the CubeSat within 1m is an important
criteria. A high sensor resolution will enable the the capture device to sense if the CubeSat motion is translating
or rotating. The capture device will depend on the sensor resolution to make the proper adjustment to fulfill its
objective of capturing the CubeSat.

Integration: The sensors used must be able to integrate and possibly synthesize data, interface with the hardware
and supplement the tracking algorithm that will be used to capture the CubeSat. Integration of the sensors within
the CubeSat Recovery System will play a crucial role because it provides the necessary data for system feedback.

Calibration: A sensor with high accuracy and precision will require little to no calibration. Calibration or lack
thereof will determine the error between expected data and the actual data provided by the sensor. The ability to
easily correct for that data is the calibration criteria.

Accuracy: The accuracy is a property of the sensor that will determine the quality of the data. The accuracy
is ratio between the output signal and the minimum input that will produce and output. Accuracy can be slope
measured in mV/V. If the capturing device is unable to track and capture the CubeSat a source of error will
measure as a lack of accuracy and will be corrected for through calibrating the sensor.

Trade Study Metric Definitions

The trade study metric definitions for the object tracking criteria are given in Figure 40.
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Table 40. Object Tracking Sensor Trade Study Criteria Metrics

0 1 2 3 4 5 Heuristic
Procurement >$500 >$200 >$100 50-100 0-50 $0 Low Cost
Sensors  will
get the higher
weight.
Additional | >$150 >$100 >$50 $25-50 0-25 $0 Cost of
Compo- Additional
nents Components
should be at a
minimum
Resolution | 1m 3bit >1lcm Imm-3mm <Imm Infinitesimal Sufficient for
(8bit) (8gs for ac- CubeSat Cap-
celerometers) ture. Less
(16bit for than 1m
DSP)
Integration | Requires Requires Purchase of | 12C or SPI 12C/SPI/Open | Built In Inter- | Integration
Operating | Microproce- | Additional source  soft- | phase should be
System sor Parts ware easy and
require little
to know addi-
tional parts or
software.
Calibration | No  Cal- | Software / | Software Software Calibration No Need | There should
ibration hardware calibration based and | error tolerable | to Calibrate | be no need to
Capability | calibration of multiple | requires within op- | Calibrate for
of multiple | parts. only  user erational Error
parts. inputs to range
calibrate.
Accuracy | N/A N/A N/A N/A A function of | <0.025m Sensor should
algorithm (Full  float- | be able to
ing point | detect any
precision) changes in
CubeSat
position  or
orientation.

5.5.3 Ranking Explanations

¢ Cost Criteria[35%]:

— Procurement[15%]: Generally sensors that measure position and angular rates are cheap and readily
available. Allocating funds toward the purchase of sensors will not total up to a percent of our total budget.
It is also important to consider that there is no RECUV procurement if a reservation is secured.

— Additional Component[20%]: One sensor may not be able to measure all the parameters so additional
sensors may to be needed. Purchasing multiple sensors increases procurement cost and so additional
components will be considered heavily during the purchase of the first sensor.

¢ Performance[65%] The performance of the sensors will enable the capture device to capture the CubeSat
autonomously given the appropriate data. The criterion used to decide on a sensor that will enable system
autonomy are listed below. :

— Resolution[15%]: The sensors within this trade study all have the capability to identify a 3U CubeSat
with a protruding solar array. Also CubeSat motion has been defined to be 1DOF translation and rotation

so there will be minimal changes in position. A relatively low weight is assigned.
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— Integration[25%]: Integration is assigned a relatively high weight because the sensor must be compatible
with the capture device. The sensor output data must be interpreted by the capture feedback algorithm to
enable autonomy. Most sensors have a standard 3-wire DC type. USB will be considered for data transfer.

— Calibration[10%]: This criterion is given the lowest weight because of lack of change to the surrounding
environment that may interfere with sensor collecting data.

— Accuracy[15%]: Accuracy is given a moderately low weight because it is the sensor specification that
will not change. A sensor with a high sensitivity will enable the capturing device to achieve it requirement
of capture and release. If the sensor accuracy is insufficient then a new sensor can be purchased.

5.5.4 Trade Study Results

Shown in Figure 41, is the result of the trade study for the tracking object trade study. The top three results are RECUV
tracking, Encoders, and the HC-SR04.

Table 41. Tracking Trade Results

Tracking Trade RECUV LIDAR RAZOR IMU | HC-SR04 XG1300L LVDT Encoder
Criteria % Raw | W | Raw | W | Raw W Raw | W |Raw | W | Raw | W | Raw | W
Procurement 0.15 5 0.75 2 0.3 3 0.45 4 0.6 3 0.45 1 0.15 5 0.75
Add. 0.2 5 1 2 0.4 4 0.8 4 0.8 3 0.6 1 0.2 3 0.6
Components

Resolution 0.15 5 0.75 5 0.75 2 0.3 3 0.45 5 0.75 5 0.75 5 0.75
Integration 0.25 4 1 4 1 1 0.25 4 1 2 0.5 2 0.5 5 1.25
Calibration 0.1 5 0.5 5 0.5 3 0.3 4 0.4 4 0.4 5 0.5 3 0.3
Accuracy 0.15 5 0.75 5 0.75 5 0.75 5 0.75 5 0.75 5 0.75 5 0.75
TOTAL 4.75 3.7 2.85 4 3.45 2.85 4.4

Shown in Figure 37 is the risk-benefit analysis done on the object tracking design options. It is clear that both the
Rotary Encoder option and the RECUV option maximize benefit with minimal risk. The RAZOR IMU Gyroscope
and LVDT are high risk with low benefit, and will therefore not be considered as options for the baseline design.

Risk vs Benefit for Sensors
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Rotary
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Figure 37. Risk-Benefit analysis for the Sensors

The cost-benefit analysis for the object tracking design options is shown in Figures 38. In agreement with the
risk-benefit analysis, the rotary encoder and RECUYV facilities are the optimal design options.
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Figure 38. Cost-Benefit analysis for the Sensors

Since the RECUYV facility is busy and availability is limited, it will be the primary and the rotary encoder will be
the secondary in the event access is not given.

6 Selection of Baseline Design
6.1 Summary

Overall, the baseline design is attained through a collapsible approach. First, the selection of the capture device deploy-
ment and end effector made it easier to narrow the available design space for the Tesbed; this allows the determination
of the best approach to verify the success of the capture device. Next, the selection of the Testbed configuration
narrows the available design space for the sensors; thus, sensors are selected to best accommodate the Testbed.

In the end, the baseline design consists of a robotic arm with a claw, or dry adhesives(as availability permits), that
will be tested with a linear rail and a reaction wheel on the CubeSat, with encoders, or RECUV lab(as availability
permits), as sources for feedback.

6.2 Deployment Device

The robotic arm is the leading option for a deployment device as it presents the lowest cost, lowest risk option
at the highest performance. These claims are justified by extensive research showing that a robotic arm could be
procured at an affordable cost with the capabilities needed to achieve the mission objective. For the team to implement
this device, it will need to develop a comprehensive understanding of the software package that the device operates on
so that the correct commands can be sent to the robotic arm to perform a capture. By selecting this device, the risk
of error within the system preventing capture at the target location is reduced and can be compensated for by the arm.
The robotic arm would also be compatible with either of the end effectors that are to be carried forward as explained
below, and can do so with high precision.

6.3 End Effector

For the end effector selection it was decided to move forward with both the claw and the dry adhesive options.
The claw was a suitable selection for the end effector, while it did not provide the lowest risk, it did have a low cost
for development. Dry adhesives proved to have the lowest risk, but the cost involved was ranked higher due to the
manufacturing required as well as the questionable availability due to never coming in contact with nanoGriptech
Inc.. Both of these options are feasible for development within the time constraints of senior projects design. Dry
adhesives would be preferred due to the simple approach and the low risk to the CubeSat structure including the solar
panel, which also opens up the options for available gripping locations. Dry adhesives have also been tested for a large
number of grips, up to 30,000, showing they will easily last for many captures.

6.4 Testbed Configuration: Single Axis Translation

After conducting a trade study on the method of linear translation, the decision was made to move forward
with the linear drive system. This configuration involves the CubeSat translating horizontally on a linear rail or ball
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screw device. The big advantages to this system are that it is precise, reliable, simple, and easy to set up. Direction
control is eliminated, as linear rails can be manufactured to straightness tolerances on the order of tenths of millimeters.
Additionally, accurate velocity control is guaranteed with the right motor selection. The main drawbacks to the linear
drive system are that it does not in any way represent dynamics in space and that it is one of the more expensive
options. As explained earlier, it is not a requirement that the demonstration be representative of the space dynamics.
Although this project is geared toward space applications, the goal is to demonstrate the functionality of the capture
device and the capture algorithm, which can be done most effectively with a linear drive system as the method of
translation. As far as the cost goes, the linear drive system is not going to put the project severely over budget, and
therefore the issue can be mitigated by manufacturing certain components rather than buying them off the shelf, as
well as applying for additional funding.

6.5 Testbed Configuration: Single Axis Rotation

In the end, the optimal rotation actuator in the Testbed is the reaction wheel. The reaction wheel scored the
highest in the trade study with acceptable cost and risk. The reaction wheel is mainly chosen due to its flexibility
in design space and in the interface with the CubeSat. With a flexible interface, the CubeSat can be oriented either
vertically or horizontally; and with a wide design space, a high resolution in rotation can be achieved (at minimum 3
deg/s). With a support surface such as a frictionless bearing, the reaction wheel provides a method of applying torque
onto the CubeSat while allowing the CubeSat to spin freely. To accomplish this, the reaction wheel will need to be
attached to the center of gravity of the CubeSat. Even with a small displacement error, the reaction wheel can account
for the unwanted gravitational torque and still provide control on the angular rate.

6.6 Object Tracking Sensors

The wide array of sensors involved in this study are all capable of meeting the CRS’s need for measuring
displacement, velocity and acceleration. The sensor that meets that need most according to the trade study is the
rotatory encoder. The encoder is capable of serving as a both a displacement and velocity transducer by placing it on
the motor that generates linear translation and using the angular velocity and displacement measurements to back out
linear translation. Furthermore, it is the one sensor that can be used within the capture device and the proposed linear
drive system that will be used to move the CubeSat. The resolution of the encoder at 6000rpm is less than that of other
sensors but in the low rpm application that will be seen in the capture demonstration, it will provide accurate data. Of
course, the best scoring design option was the RECUV motion detection facility, as it is extremely accurate, low risk,
and free. However, its availability cannot be counted upon. Therefore, both the RECUV motion detection facility and
the rotary encoder sensor are being moved forward through the baseline conceptual design. The encoders will be used
as the primary motion sensing source while the RECUYV facility will be used as an extra source of validation for the
CubeSat capture demonstration if it is available.
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