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Project Statement

Team CASCADE will demonstrate the implementation of an
algorithm to autonomously capture a rotating 3U CubeSat model.

In order to accomplish this goal, Team CASCADE will design and
build a CubeSat Recovery System Testbed (CRST) used to
validate both the algorithm and a physical capture device.
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Functional Requirements
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» The CRST shall demonstrate the successful capture of a physical CubeSat model.

>

>

>

The CRST shall demonstrate the motion of the CubeSat analogue.
The CRST shall determine the relative position and attitude of the CubeSat.
The CRST shall calculate a capture trajectory to be used with the capture device.

The CRST shall command the relative motion between the CubeSat and the capture device
based on the calculated capture trajectory.

The CRST shall execute capture of the physical CubeSat model by the capture device.
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Levels of Success

Success Levels Testbed Demonstration Capture Device Control
Level 1 1 DOF Translation Commanded Trajectory
(open loop)
Level 2 1 DOF Rotation Compare closed-loop data to
open loop commands to validate
algorithm
Level 3 1 DOF Translation and
1 DOF Rotation Implement closed-loop algorithm
(autonomy)
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Vicon Camera

Wrist

Rotator Joint Servos

%

CrustCrawler 5 DOF ARM

Turntable

Motor +
Sensor

L

Dual Servo

|| Screw

Linear Rail to Stabilize
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Capture Mechanism

5 Degree of Freedom Robotic Arm
e CrustCrawler Pro Series ‘ — Robotis MX64
* Customizable modular assembly L3 , / servos for joint
* Compatible with complete line of 3 rotation: 3 DOF
Robotis servos for specific
performance needs

CrustCrawler
Pro-Series

Wrist Rotate: / O™ 1>

b By Robotis MX106
1 DOF SR — servo for turntable:

1 DOF
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Claw Design: Claw Specifications

Four Bar Parallel Linkage

Max Opening: 15.2cm
Min Opening: 9.5 cm

12
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= N / Motor Shaft Connector
Low Friction Bearing Block
ﬂ
L-Frame Holds Motor

Rotating CubeSat Model

T-Slots 80-20 Aluminum Solar Panels

Crane Frame
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Baseline Design: Sensors
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Robotic Arm

Angular Position

Angular Velocity

MX-series Contactless Absolute
Encoder

MX-series Contactless Absolute
Encoder.

RECUV Motion Detection Lab

RECUV Motion Detection Lab

End Effectors

Angular Position

Angular Velocity

Tactile

Futaba Servo with position
feedback

Futaba Servo with position
feedback
Square FSR pressure sensor

RECUV Motion Detection Lab

RECUV Motion Detection Lab

CubeSat

Project
Overview

velocity

Baseline

Translational Position and

Angular Position and Velocity

Capture
Device

HEDS-5640 Optical Encoder

HEDS-5640 Optical Encoder

Algorithm Summary

RECUV Motion Detection Lab

RECUV Motion Detection Lab

Backup
Slides
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Baseline Algorithm

3: Linear Translation of CubeSat to reach position
4: Command Arm to grab position

1: Align End effector with axis of rotation
>| 2: Rotate end effector to match CubeSat rotation rate
5: Command End effector to grasp CubeSat
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Feasibility Analysis

16



SIERRA
NEVADA

N s e
4 CORPORATION
S

P~ B8 Space Systems _p

Critical Project Elements

All CPEs
Hardware
Capture device end effectors Focus for PDR
Capture device arm Rationale
Linear translation system Criticality Hardware
Rotational system Familiarity Capture device end effectors
Testbed Integration Complexity Capture device arm
Software | Software
Approach and capture algorithm Approach and capture
algorithm
Testing
Autonomous Guidance System
CubeSat Capture
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Critical Project Elements

CPE 1 CPE 2
Capture Device Algorithm
Degrees of Demonstrate
Freedom computing power
feasibility
Motor Selection
Finding minimum
torque necessary for Show that solutions for
capture capture exist

Determine how to

confirm capture
Project . Capture . Backup
Overview Baseline Device Algorithm Slides 18
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Frictional Coefficient vs. Minimum Grip Force
5 _
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Servo Torque vs Gripping Force - F, = 2T/L cos(a)

—Force vs Torque
— Minimum Gripping Force

Aluminum-Aluminum
n=1.2
F...=0.8260 Ibs
T.in=26.07 0z-In

w
-
@
O
-
[e
LC
=
L
G

Aluminum-Steel
50 100 150 200 250 300 u=0.62
Servo Torque (oz-in) Fmin = 1.62 Ibs -
= 33.020z-in [ e

Capture
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Start
Closing
Command
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Sense force Grip Force
Reached? Execute
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Capture Deployment
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3 linked servos allow arm to extend out along
straight path while holding end effector orientation
1 Turn table allows arm to reach in and out of the
page

1 wrist rotator allows arm to match CubeSat rotation
for capture

Total =5 DOF

Project i Capture leorith Backup
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 With only 2 linked
servos, the end effector
orientation cannot stay
fixed as arm extends
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Assuming:
Base Servos « Homogenous pieces
(Config. 1) ‘ with CG at midpoint Turnt-able
: ‘R (except claw) (Config. 2)
Dual Servos
I Q}B Torque at B:
T S Arm into or -
PTG out of board
at A
4.33 N'm 4.33 N-m
v VY v v v
' FR 1.7
Weight at C.G. Results in same torque! Execute %
SIHE b 5] Servos
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Capture Deployment

R
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Capture Deployment

Static Condition 1 2.17 N'm 24 W

Maximum 3N-m 36.8 W
Operating Range

Static Condition 2 4.33 N'm 32.4' W

Maximum 6 N-m 62 W
Operating Range

* Dual Axis Base divides torque in half: 4.33/2 =2.17 Nm per servo
 Power = Voltage X Current
 Operation Voltage 10-14.8V(12V Recommended) FR 1.7

e Current Proportional to Torque Execute
Capture
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Capture Deployment
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Turntable

Base Servos(2)

Joint Servo
Joint Servo

Wrist Rotator

Claw Servo
Total
Margin

Peak Power: 168W

43 /3.6
19.2 36.8
6 36.8
<4 36.8
<4 <10

81.2 184

52% -10%

20.4

19.2
6

<4
<4
53.6
68%

62

36.8
36.8
36.8

<10
182.4
-9%
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Execution Timeline

Goal Goal 1: Align with axis of I\/Izi(c)ﬁlsz in Goal 3: Close Grasping Goal 4: Move Arm to Goal 5:
Rotation P Range position Grasp
Rate
Planning _ _
ot Find Fln.d Compute
Execution Feasible Feasible Feasible
Path Path Path
Wrist Rotation
Physical '
Motion .
Move End Effector to Lme:ar LU AL Close End
AOR Translation of to Effector
Testbed position
Total:
Gl > < — <= > < - ¢ > < > < ~40 s
~1.5s ~6s ~1.5s ~1s ~20s =) ~6s ~1.5s
Time

Project i Capture leorith Backup
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Determine Axis of Rotation

Using VICON data
Need to find the location of the axis of rotation in an inertial frame
Tracking the CubeSat’s rotation and translation yA

Based on the sampled positions and points

Determine the axis of rotation and vector

FR1.4

Calculate
Trajectory
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Goal 1: Align With Axis of Rotation: ) SNG
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FR 1.4
Calculate
Trajectory
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Goal 2: Match Spin Rate

Trajectory
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Goal 3: Linear Translation

Preferred Capture Point

Grab Zone

Risk
/one

}—» ®
R=15.5cm
<

R=53cm

FR1.4

Calculate

Trajectory
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Goal 4: Move to Grasp Location

FR1.4

Calculate

Trajectory
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FR1.4
Calculate

Trajectory
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MPK-Motion Planning Kit

= 2

C++ library for motion planning

OpenRAVE Software

* Provides an environment for testing, developing, and deploying motion planning algorithms in real-world

robotics applications
e |K Fast

Trajectory Planning

FR1.4
Calculate

Trajectory
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* MPK: 1GHz Pentium 3 Processor
* 3.4 Gflops

Time to compute
solution [sec]

A 4 0.6
B 5 0.17

(b)
C 5 4.42 ‘
D 5 6.99

* Varies depending on
complexity of obstacle
space

FR1.4
Calculate

Trajectory

(c) (d)
Project . Capture _ Backup
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Feasibility: Computing Power | Yool

For this project:
Not many obstacles
5 DOF arm

Safe to say: Less than a minute to compute a solution
for each goal

N

Much more powerful processors (x25 power)

But:

Must read information from sensors

Interpret the data

FR1.4

Then solve the trajectory Calculate

Trajectory

Project i Capture leorith Backup
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Project Summary
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* Degrees of freedom satisfy solution space * Claw provides sufficient gripping force to maintain capture
e Capture device arm remains in power budget of the CubeSat without inflicting damage
Algorithm TestBed
e Capture algorithm can solve IK problem e Sensors provide the position and velocity data necessary to
within a successful time calculate the variables for capture algorithm

Project i Capture leorith Backup
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COST BUDGET

Margin:432% ———_

Claw:200 $ =
CubeSat:100 %

Robotic Arm : 2400 $
stbed Structure : 12305

Sensor/Vision : 372 $ e
Motors:250%

ROBOCIC AM ™ mocors WM sensor/vision " 1estBeD SCruccure cusesat W ciaw ™ margin



Oct 17 - Oct 23'16

: _= | Linear and Rotational Solidworks

——————————— 0 €107 5E1U

Oct 24 - Oct 3016

quisition test procedure

5 DAQ interface

Acquire Enc

Oct 31 - Nov 6'16

oder

p for testing sensors

Build sensor test

Nov 7 - Nov 13 '16
F|IS|S| M| T|W|(T|F|S|S M|T W/ T F|S S M|T(W|[T|F|S|[S M|T|W|T
Confirm Coni:eptual Design - Morgan ﬂlong‘Kéeegan Sotebeer Andrew McBride,?ﬁmothy Kiley Tony Ly Haoyu Li,C§1ad Eberl Noel Puldon, Matthew F}omm

Models

F|S|S M| T |W|T

Nov 14 - Nov 20 '16

=sign Linear Translation System

=sign Rotational System

Perform sensor data acqu

er Study
r Study

re

ach Method Development

and Software Development

isition tests
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January 2017

February 2017

| March 2017

| April 2017

| May 2017

17 20 23| 26 | 29

1] a]7]10]13]16|19]22|25|28| 3| 6| 9[12]15]18]21|24|27|30| 2| 5|8 [11[14[17][20]23]|26]20| 2| 5] 8 [11[14]17]20]23]

Winter Break

(—

Manufa

Phase 1
ufacture Capture Effector
Fture CubeSat Attachment Platform

Machine Rail System

anufacture CubeSat

nsor Assembly

Manufacturing Status Review Slides

02/02/2017 Manufacturing Status Review

Manufacture Rail Mountin

Phase 2

ipment and Electrical Assembly

icdl Asgembly
Y [Fully Integrate Sensor Assembly to Testbed

Y, Tt Readiness Preparation

@ 03/01/2017 Test Readiness Review

Full Assembly Test (Translation}
Full Assembly Test (Rotation)

’:——Fhaiﬁe 3

Full Assembly Test (Franslalion + Rotation)

Spring Break
" Complete Testing

& 04/02/2017 Testing Completed

_ Phase 4

B Finalize Data and Results

[, Final Review Slide

& 04M18/2017 Spri

5 and Preparation

g Final Review

R, Final Project Report

& 05/02/2017 Final Report Due

# 05/04/2017 Project Complete
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Budget

Item Item Type Supplier Total Amount Manufacturing Coefficient  Total (Manufactured)

Hardware
4 DOF arm arm 52.401.90 CrustCrawler 1 52.401.90 1 52.401.90
Ball Screw Ball Screw 5200.00 McMaster 1 $200.00 0.7 $140.00
Ball Screw MNut Ball Screw Mut 5250.00 McMaster 1 $250.00 0.7 $175.00
End Mounting Block end mounting block $500.00 McMaster 1 $500.00 0.7 $350.00
Stepper Motor Maotor $50.00 Palolu 1 550.00 1 550.00
Gripper Servo Senvo 510000 1 5100.00 1 $100.00
Brushless DC Motor Motor 5200.00 Potentially Borrowed 1 $200.00 1 $200.00
Linear Rails linear rails 550.00 2 $100.00 1 $100.00
Low Friction Bearing Bearing $100.00 MicroBlue Bearings 1 $100.00 1 $100.00
T-Slots 80-20 linear rails 560.00 80/20 Inc. 1 560.00 1 560.00
Fasteners Fasteners $20.00 80/20 Inc. 1 52000 1 52000
Encoders 54000 2 £80.00 1 £80.00
Pressure Sensor $20.00 2 540.00 1 540.00
Rangefinder $35.00 1 $35.00 1 $35.00
CMU cam 567.00 Robotshop 1 $67.00 1 B67.00
Lidar-lite-v3 $150 spargfun 1 $150.00 1 $150.00
SMC Contribution 55,000 Total Cost 54,353.90 54,068.90
EEF Contribution $1.500
UROP Contribution $500
No Parts Manufactured, RECUV Utilized Motor Borrowed Rail System Manufactured, RECUV Utilized Motor Borrowed I
Margin (no additional funding) $863.10 51,063.10 Margin (no additional funding}) 51,148.10 51,248.10
Margin (EEF approved) $2,363.10 52,563.10 Margin (EEF approved) $2,648.10 52,848.10
Margin (UROP approved) $1,263.10 51,562.10 Margin (UROP approved) $1,648.10 $1,848.10
Margin (all sources included) 52,863.10 53,062.10 Margin (all sources included) 53,148.10 53,348.10
Mo Parts Manufactured, RECUV Not Utilized Motor Borrowed Rail System Manufactured, RECUV Not Utilized Motor Borrowed
Margin (no additional funding) 5646.10 5846.10 Margin (no additional funding) 5931.10 51,131.10
Margin (EEF approved) 52,146.10 52,346.10 Margin (EEF approved) 52,431.10 52,631.10
Margin (UROP approved) 51,146.10 51,346.10 Margin (UROPF approved) 51,431.10 51,631.10 45

Margin (all sources included) 52,646.10 52,846.10 Margin (all sources included) 52,931.10 53,131.10
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Remaining Funds With Borrowed Motor

$3,750.00
$3,500.00 H SNC Only m UROP Only M ALL Sources M EEF Only
$3,250.00
$3,000.00
$2,750.00
$2,500.00
$2,250.00
$2,000.00
$1,750.00
$1,500.00
$1,250.00
$1,000.00

$750.00

$500.00 I

CWV cw oy
" parts mamﬁa‘““ed' ot srem M nufa“'““ed’ mmanufactured.ﬂ RE
No Rail SY Rall SYste
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End Effector Trade Claw Dry Adhesi Engulfer | Electrostatics
Critena % | Raw | W | Raw W Raw | W | Raw W
Mass 0.1 5 0.5 4 04 4 104 | 3 0.3
Volume 0.1 4 04 3 0.3 S 0.5 3 0.3
Release Ability 0.3 5 1.5 5 1.5 l 0.3 5 1.5
Approach Difficulty | 0.3 3 09 4 1.2 5 1.5 1 fe
Relability 0.2 3 06| 5 ] I 0.2 5 1
TOTAL 39 44 2.9 4.3
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End Effector Trade

Cost vs Benefit for End Effectors

. Risk vs Benefit for End Effectors
Electrostatics High
.
Engulfer
® oy
Adhasives
.l:lnl —
1 . 3 1 E
Benefit

Benefit

Project i Capture leorith Backup
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Total Volume: 96 cm3

1060 260 S6.81
Aluminum
Carbon 170 $19.20
Fiber
ABS Plastic 98 S4.51
Required Servo: ~26 oz-in torque
Cost: ~S60

Total Cost: ~S70

Project i Capture leorith Backup
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Claw Design

Project
Overview

Capture
Device

Backup
Slides

Baseline Algorithm
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Phase Error

For an opening of 15.2 cm and a claw
width of 4.6 cm the maximum allowable
Phase Angle phase angle is 36.4 degrees.

Rotation Constraints

¢\Wrist Servo Minimum = 0.114 RPM
e\Wrist Servo Maximum =63 RPM
eCubeSat Rotation = 0.5 RPM

Error
eCubeSat Max Encoder Error = +/- 0.6667°

Phase Angle

Project i Capture leorith Backup
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Design Options: End Effector
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Parallel Closing:

Pros.
Multiple Gripping Widths
Larger Contact Area

Rotational Closing:

~
~

N

7’

|
|
|
I /
!
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Max Apertyre 4 Gripping [Aperturé
CubeSat CubeSat
/' :

\ Claw Margin * 9.5 cm
M
(@)
> ’
®) (&)
O @
& (=)

54



SIERRA
NEVADA

L »._4%%
& 3 )';‘""' oﬂn
il ) W CORPORATION
i 0= S
&

P~ B8 Space Systems _p

Claw Design: Gripping Plates

Plate Volume:

Aluminum 1.2 2.7
1060
: Steel 0.61 8
4.6 cm 0.5cm
Copper 0.57 8.96

- Aluminum Plate Grippers
Cost: $2.30
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e 2D-Cartesian plane
accessible with 4 DOF

 Wrist matches CubeSat
rotation rate

 Middle joint makes
claw orthogonal to
CubeSat

2D

Cartesi

Plane

(4

e

Wrist Servo

=

aRotator

Turntable

NY

Double Axis Servo
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Claw Design: Gripping Force P2NG=

Assumptions:

1.) No deformation or elongation in bars

2.) Massless bars

4.) Homogenous Material

5.) Bar Thickness Negligible

6.) Joint AB is driven by servo and gear which
exerts force to gripping frame BCE.

A act i Capture leorith Backup
Overview EReslling Device QESiE D Slides 57



SIERRA
NEVADA

)
s
I €
. S ) CORPORATION
#= 55 S
L5

(3
p> FEa Smace Systems _»

Claw Design: Gripping Force

Geometric Variables

a=90-06
r =7.6cm
At Gripping Aperture

- 6 = cost(M/2r)

A . apture leorith Backup
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Claw Design: Gripping Force

FBD: >3IM.=0
> 0=F,L/2-Fr cos(a)
F S>F =T/r
> 0=F,L/2-T cos(a)

- IFg = 2T/L cos(a)
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Design Options: Claw End Effector

Parallel Grippers:
Screw Actuationf

Gear and Rack:

- ’“??c ) Servo Mechanism:
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Length of Gripper Joints vs Offset Angle
(Aperture Margin 2.85 to 9.5 cm)

—
8}

—Margin = 2.85 cm
——Margin = 3.8 cm
Margin =4.75 cm
—Margin = 5.7 cm
——Margin = 6.65 cm
Margin = 7.6 cm
—Margin = 8.55 cm
—Margin = 9.5 cm

p—
.

—
)

—
M

=k
-k

—
o

w

Length of Gripper Joints (cm)

0o

20 30
Offset Angle (Deg)
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Claw Design: Min. Servo Torque

Minimum Torque vs. Claw Aperture

I
Mo

Conclusion:

Minimum Torque not
affected much by
maximum claw aperture.
(~ 10 oz-in margin)

I
-]

2

LA
I

Y
(AW

<
N
=]
Q@
-
g
o
b=
Q 36
Q@
)
=
-
£
<
=

I
-

10 12 14 16 18
Claw Aperture (cm)
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10

RESISTANCE (k£2)

0.1

10 100

FORCE (g)

1000 10000

-

\_

Apply Known
Weights

v

Measure
Voltage

=

-

Calculate FSR

~

ﬁ

Vﬂut — Vc

Fit to

R
CR+FSR

Datasheet
Resistance
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L

£ )

=2 r—-

o L=

w |t :.

m | r

¥ . - ¥ + .ll"-.-"lr
[ ';d o G) FS, J} B
% A\ AW V. —V
- 10Kohm ouL CC R+FSR
4 ) )
Fi
Apply Known Measure It 1o
Weights Voltage Calculate FSR =i Datasheet
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Claw Manufacturing Feasibility

Machining Resources:

Physics Machine Shop
Aerospace Machine Shop
ITLL Machine Shop

+/- 0.005 inch available Machining Tolerance good
enough for machining 7.6 cm bars.
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Table 30. Results of Deployment Device Trade Study

- Capture Mechanism Trade | Robotic Arm Boom Tether
Criteria % Raw | W [Raw | W [ Raw | W
Mass 0.1 - 04 3 03 5 0.5
Volume 0.1 - 04 3 03 - 04
Power 0.1 1 0.1 2 0.2 4 04
Control 0.3 5 1.5 2 0.6 2 0.6
Implementation 0.2 2 04 B 0.8 4 0.8
Reliability 0.2 - 0.8 3 |06 R 0.8
TOTAL 3.6 28 35

Cost

Cost vs Benefit for Deployment Device

.Yothcf
Boom
o
Arm
@
2 3 4 5
Benafit

Risk vs Benefit for Deployment Device

Boom

L J

Tether

L ]
Arm
©
2 3 4 5

Banefit
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Capture Deployment P D

[ &
Performance Graph

66. 100 | 35
50. @0 32
53. 80| 28
48- 70 25
a0 Zoo
S ¢ £
=4 @ ¥ . :-"
333~ §80 18 £
w_ m | o
26- 40 1.4
20- 30| | 11
|
13. 20| 07
|
|
7 10- 04
9= e 0.0

DOD 030 060 090 120 150 180 210 240 270 3.00

Torque(Nm)

http://support.robotis.com/en
/product/dynamixel/mx_series
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Fundamental Equation:
c 2Ty - )
f P n f = mx
X + e T .
r > K, +sK4 + K > am & > ! >
» S —_— > > J— >
: P a7 mp ! s? X

Uncertainty Stackup:

» Stepper Motor Error = £1.8° = .005*P
* Encoder Error = £0.352° = .000978*P
* Total =.005978*P

* >1 mm positional accuracy

X, = Reference position determined by algorithm
X = Measured position
n = Lead screw efficiency

e = Error
Control Assumptions: T,, = Motor torque
* No motor friction of back EMF F: = Force of friction
* Nodrag m = Mass
* No sensor noise disturbance P = Screw lead (linear distance/revolution)

J = CubeSat moment of inertia

Project Baseli Capture leori Backup
Overview aseline Device g =ClEnE Slides 68




SIERRA
NEVADA
CORPORATION

Testbed Integration:Rotation DB e ot

* Rotation Requirement: 3 degrees/second Fundamental Equation:
* Accuracy: Not critical Tm — T =Jw

w + w
r ‘/\ e : KI tm 'Il R 1

> M K, +sKg+— > > — >

) s \_/ s
Assumptions: w, = Reference angular velocity
No back EMF in motor w = Measured angular velocity
No drag e = Error
No sensor noise disturbance T, = Motor torque

T; = Frictional torque
J = CubeSat moment of inertia
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6

b k 0, = Reference angular position
a C u p 0 = Measured angular position

e = Error
Fundamental Equation: Tm =F'\_/|0F0r tlorque
T — 1, =16 T, = Frictional torque
o A b J = CubeSat moment of inertia
ecubesat 't € K; U 'I:- 1 Qwrist

: Kp + SKd + ? ' ]SZ g
Uncertainty Stackup Assumptions:
* CubeSat encoder sensor error = +0.352° (based on 1024 P/R encoder) No back EMF in motor
* Wrist actuation error = £0.088° (based on Dynamixel MX-28R) No drag
* Command delay time error = negligible (3 Mbps baud rate) No sensor noise disturbance

e Total = £0.88° with FOS of 2
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TestBed Integration: Linear
Translation Overview
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Ball Screw

Stepper

Motor
Ball Screw and

Guide Rails

Guide Rails
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TestBed Integration: Rotation | —————

Low friction bearing

N

-

CubeSat

Support Column

Process

1.Motor spins up the CubeSat to 3
deg/s at a chosen angular
acceleration rate

2.Motor maintains the angular speed
3.After successful capture, motor

turns off and acts as a bearing
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Testbed Integration: Torque

Trequired = Toffset T Tfriction T Tacceleration

Toffset :Torque due to gravitational force

Tfriction : Torque due to motor and bearing friction

Tacceleration : Torque for angular acceleration
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TestBed Integration: Control

CubeSat Rotation




Connection of Encoder to DAQ
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| PFI8 e DAQ Functionality: Simultaneously

samples readings form a rotary or

PFI19

o PAI10 linear position encoder with an

analogue input signal enabling

COM

| penD

sensor signals to be measured
against position or velocity.
=> Quadrature encoder Input
=> On board programmable gain

—

/

/O Connector

NV amplifier

\/
=> High speed analogue to digital

converter
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Assume rigid bars T
0.8 mm end deflection £
Used Resolution of servo Yy
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MX-64 Servo(3)
WristRotate64
MX64 Turn Table

Claw
5in Girder(2)

Total
Margin

510g 170g/ea

190g

15kg allowable

1268 payload mass

200g
74g 37g/ea

1.1kg
93%
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Testbed Integration Sensors D ;.illﬂm/

* VICON System from RECUV

e System protocol software uses
infrared reflector balls attached to
system to sense and measure motion
in a 3D virtual space.

e Gives Position to 1Imm of accuracy at
100 Hz collection rate

*« FRepoBaseton Data-Determine Linear
RatesSteve McGuire

* Also shiraiphtrdewardePAogtalar Rates

Use
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Data Acquisition System
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Physical Sys. Sensors
(Translational & Encoders
Rotational Motions) iy Force Sensors

Signal Conditioning
Filtered and Amplified

Signals
»

h

—>»

A/D Converters
Digitized Signals

PC
Labview Interface

~

Grabber

Control Algorithms

e Goalis to match the angular motion of the end effector to the angular
motion of the CubeSat.

e Rotation Requirement: 3 degrees/second

e Translation Requirement: Track position within Imm.
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Data Resources

e LabVIEW
e National Instruments Website-Contains Numerous

Tutorials/ Help
e AES Faculty: Trudy Schwartz and Bobby Hodgkinson

* |TLL Faculty:
e Dan Godrick—National Instruments hardware and LabVIEW

e Christine Buckler—Equipment Sensors
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Testbed Integration: Translation

5 HUsmyg

Force of |\ Force of
gravity: mg Friction: F;
Motor Torque to Overcome Static Friction m

" — 1 S A 27-[77

Motor l/ °l

Torque: T,, \, Normal '
* 125 oz-in torque stepper *]L e

motor: $40 ¥ o

ow

Motor Torque (oz-in)
-

-

Y. 3 4 5 5 7 8 9 10
Polalu Mass of Structure (kg)
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Testbed Integration: Torque L b

Free Body Diagram

\1Ig(r,iation in Torque with C.G. Offset Error [CubeSat Mass = 6.6 Ibm]

—
o
o
T
|

tional Force

L (=}] (=]
(= o o
T T T
| | I

Max Torque Required (oz*in)
N
o

o

0.2 04 0.6 0.8 1
C.G. Offset Error (in)

o

T=F,0L
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Testbed Integration: Torque

1 A
Tfriction = E,LLfF gd Tacceleration — I Ydesired

Approximations
Offset Torque (0.5 in error) 52.1788 oz-in
Frictional Torque 10.4191 oz-in

Acceleration Torque (3 deg/s"2) 0.6073 oz-in
Total 63.2052 oz-in
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Electric Brushless Motor Low Friction Bearing T-Slots 80-20 Aluminum

*Precise Motion Control Low Coefficient of Friction (~0.2) *Flexible Configuration
*Low Friction *Several Size Options *Internal/External fasteners
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Testbed Integration: Switch From i

Reaction Wheel

 Reaction wheel’s complexity was underestimated

* Frictional torqgue due to spinning inertia was not considered

* Electric brushless stepper motor can provide same precision

& accuracy
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Testbed Integration (back up slide): D e e
External CubeSat Tracking Using CMUcam5 Pixy

* The CMUcamb5 vision sensor is capable
of motion tracking and finding objects
 The image processor is capable of
tracking: Microcontroller CMU Cams
e Object signature A
* X,Y,Z location of object L
* Angle of the object
* Will print object information to
serial port.

* The Arduino function library:
* #include <spi.h>

* #include <Pixy.h> L8 range_bal
Arduino pixy camera call is pixy.blocks[i]. ' N

(signature,x,y,z,width,angle, etc.)

)DI_B,CIQBJJ_B”
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Testbed Integration: e
External CubeSat Tracking Using Lidar-Lite-v3

* Range finding and can sense the distance between the
CubeSat and the capture device.

* The LIDAR sensor can measure angle in the case that the
CubeSat moves from the line of site of the LIDAR.

CUBE 3AT
Moving in
negative x

direction

Features:
. Range: 0-40m Laser Emitter g =T
I 7 I Send |
e  Accuracy: +/- 2.5cm at distances greater than 1m Position (deg): 29 Distance (ca): 260 4]
_ ) Position (deg): 30 Distance {cm): 308
-~ 7 - ::: Position (deg): 31 Distance {cm): 520
(] POWGI". 4.75_5V DC, 6V MaX ||[1¥!EI ::: ; Pozition (deg): 32 Distance (cm): 553
JPUIAISIC Position (deg): 33 Distance (cm): 384
oo olo o i :
. . . . BoBoanﬂJ'l\onO o O8: Position (deg): 34 Distance (cm): 349
. Current Consumption: 105ma idle; 130ma 8¢ ui - - . ; Position (deg): 35 Distance (cm): 338
. B K Position- (deg): 36 Distance (cm): 341
continuous 10 SERVO MOTOR Position (deg): 37 Distance {cm): 343
- Position (deg): 38 Distance {(cm): 346
| POWER SOURCE} el 2] Bismare Position (deg): 39 Distance (cm): 351
° Rep Rate: 1-500Hz peiiy6voq pgation {deg): 40 Distance {cm): 354
Foartion (deg): 41 Distance {cm): 306
Position (deg): 42 Distance (cm): 263
° Laser Wave Length/Peak Power: 905nm/1.3 Position (deg): 43 Distance {cm): 255
Position (deg): 44 Distance (cm): 244
waltts Position (deg): 45 Distance {cm): 244
Position (deg): 46 Distance {(cm): 241
o p - . Poszition (deg): 47 Distance (cm): 242
. Beam Divergence: 4 m Radian x 2 m Radian Position (deg): 48 Distance (cm): 244
Position (deg): 49 Distance (cm): 2435
o . Position (deg): S0 Distance (cm): 248
° Optlcal Aperture. 12.5mm Position {deg): 51 Distance {cm): 252
Position (deg): 52 Distance (cm): 258 |
. Interface: I2C or PWM =
¥ Autoscroll Carriage remrnLI |9600 baud 'h7
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| RESISTOR | | |
| | OV
I | " PHOTO | «
| | ' DIODES COMPARATORS |
|
| LENS | | ya A S —
i | | + L CH.A
| | : E _ | O .
|
| — - X |
| — L |
" |LED j l B |
! J | _—
: <7 ‘ i: Zg 5 > : O CH.B
| — P |
: = S ‘ :
| |
| | H
| /= iaN Bk |
| | o |- |
| | i yaN INDEX-
i | | SIGNAL PROCESSING PROCESSING i
| | | CIRCUITRY CRCUITRY |
| ‘ | —O GND
. ! e |
EMITTER CODE DETECTOR SECTION
SECTION WHEEL

Quadratur
e

Decoder/
Counter

Host
Processor
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Testbed Integration: D B o
Encoder Data Acquisition.

Channel A&B will determine el . | loct
ti i select.
direction (CCW, CW), Slection of sigha
acquisition from DAQ
Channel Z: resets the —

‘3 WhngdaPotonherrel - Messwrrmet & Aaomaton Diplorer

Channel input

foe fde You ook Qpeste by

counter.

Configuration | =] ™ I+l o Shom veg
o L\ [T
Dota » erhood
";:[":I' o b ' On 4 Muansod TN MALeath CHD CHDLeas CM A
= DAQms Gobe Vitusl (vareeh 3
Physical i N ik 2 0 ‘ A
- Y 74 Create New ... l ? g TA MydnpsarP vton hannet '
. ' Devscm | Mi
Supported Physical Channels » o W B s
Ly Agle 1A
— Devl (PCle-6363) -
Select the measurement type for the 8 Acquire Signals igs sten
cbrl global virtual channel. @ AnalogInput
A global virtual channel maps
ckr2 configuration information, such as scaling = Counter Input ovas W * Angul Poston Setup
and input limits, to a specified physical . _
3 channel. % Edge Count BTN e ‘
| Frequency
[E": Penod Puses [Ae P Age s ‘
- X legees
[& Pulse Width E .
@ Semi Period
Two Edge Separation o
3_Position i maaa
frr Linear A n » -
& ") .
A Angular Ctom Scarg ]
" .
#  Digtal Inpue -
- - @& TEDS -
4

Backup
Slides

Capture
Device

Project
Overview

Baseline Algorithm
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Numerous Levels of Autonomy

According to NASA:

Capable of gathering and filtering data with out displaying to human (LV. 8)

Overlays prediction with analysis and interprets data for result with out displaying to human (LV. 7)
Computer decides final ranking of decisions and displays result to human (LV.7)

Computer executes decision with override capability from human (LV. 7)
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Level Observe

Ovrient

Decide

The computer is responsible for
gathering and filtering data without
displaying any information to the
human.

The computer overlavs predictions with
analysis and interprets data for a result
that is not displayed to the human.

The computer performs the final rankin
task. and does not display the result to t
human.

SIERRA
INEVADA and
m _ CORPAOQRATION

¥
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P~ & Snace Systems _p

gathering and filtering data without
displaying any information to the
human. Though. a "program status
indicator” is displaved.

analysis and interprets data for a result
which is only displayed to the human if
result fits programmed context (context
dependant summaries).

task and displays a reduced set of ranked
options without displaying "why" the
decision was made to the human.

only informs the human if required by
context. The human is given override
ability after execution when physically
possible.

6 The computer is responsible for
gathering. filtering. and prioritizing
information displayed to the human.

The computer overlays predictions with
analysis and interprets the data. The
human is shown all results for potential
override.

The computer performs the ranking task
and displays a reduced set of ranked
options while displaving "why" the decision
was made to the human.

The computer executes the decision,
informs the human. and allows for
override ability after execution when
physically possible. In the event of a
contingency. the human can
mdependently execute the decision.

5 The computer is responsible for
gathering and displaving unprioritized
mformation to the human. The
computer filters out the unhighlighted
data displayed to the human.

The computer overlays predictions with
analysis and interprets data. The human
is the backup for interpreting data.

The computer performs the ranking task.
All results. including "why" the decision was
made. are displayed to the human.

The computer allows the human a
context-dependant time-to-veto before
executing the decision. In the event of a
contingency. the human can
independently execute the decision.

-+ The computer is responsible for
gathering and displaving unfiltered.
unprioritized information to the
human. The computer highlights the
relevant non-prioritized information
displaved to the human.

The computer is the prime source for
analyzing data and making predictions as
a trusted calculator. The human is the
prime source for interpreting data.

Both the human and the computer perform
the ranking task. the results from the
computer are considered prime.

The computer allows the human a pre-
programmed time-to-veto before
executing the decision. In the event of a
contingency. the human can
independently execute the decision.

The computer is responsible for
gathering and displaying unfiltered.
unhighlighted. and unprioritized
information to the human. The human
is responsible for filtering and
prioritizing the data, with computer
backup.

The computer is the prime source for
analyzing data and making predictions
with human checks of the calculations.
The human is the only source for

interpreting data.

Both the human and the computer perform
the ranking task. the results from the human
are considered prime.

The computer executes the decision
after human grants authority-to-
proceed. In the event of a contingency.
the human can independently execute
the decision.

The human is the prime source for
gathering. filtering. and prioritizing
data. with computer backup.

The human is the prime source for
analyzing data and making predictions.
with computer verification when needed.
The human is the only source for
interpreting data.

The human is the only source for
performing the ranking task. but the
computer can be used as a tool for
assistance.

The human is the prime source for
executing the decision. with computer
backup for contingencies (c.g.
deconditioned humans).

The human is the only source for
gathering. filtering. and prioritizine
data.

Project
Overview

The human is the only source for

analurine data malline rnredictiane and

Capture
Device

Baseline

The human is the only source for

nerfarmine the ranbine taclh

Algorithm

Backup
Slides

The human is the only source for
~x~cuting the decision.
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Joint(pitch)

-
L

CrustCrawler Pro-

End effector

Links

Joints (yaw)

e How does one define the state of the arm?
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Forward Kinematics P B o

Answer: Euler Angles/ Quaternions
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Qs

qi = 1¢:,0;, ¥l

ﬁendeffecror — f(CIhC]z, q3.d4, CIS)
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Inverse Kinematics(IK problem)

n ector Initial State End Effector Position Goal

f.-.l‘ ‘

f_l(ﬁendeffector) — [q19q2’q3’q4’q5]

Compute the vector of angles that will
cause end effector to reach some desired
state.
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Search Graph
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Trajectory Planning: Methodology /& B g

Trajectory Planning Algorithm (Motion
Planning)
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MPK details AT

Uses a probabilistic roadmap planner
Samples the configuration space to find milestones (ie. possible configurations)

Connects the milestones to create a trajectory
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Schedule

Oct 17 - Oct 23 16

F|IS|S M| T|W|T
Confirm Cor'g:ceptual Design
3

Mow 7 - Mov 1316
S/ M| T | W|T

Oct31-Nov 616
S(M|T[(W|T

Oct24 - Oct 306
S(M|T[(W|T

Oct 10 - Oct 16 16

M|T|W|T F

F| S F | S 5

F

5 5

Capture Scliiﬂworks Models

: : : ; o
— De
— Linear and Rotational Solidworks Models

Data acguisition test procedure

Develop DACQ interface

Design setup for testing sensors

hder

’:—rﬁ.cquire Enc

|:-|Eluild sensortest

Mow 28 - Dec 4 16
SIM[T | W|T

Mov 21 - Mov 27 16
SIM| T\ W|T

Mov 14 - Nov 20 16

M|T[W|T F

S| S

F | S

F|S

Capture: Device
Deploye
Effector
Softwar

r Study

Study

Approach Method Development

Commahnd Software Development
Testhed Integration

ign Linear Translation System

ign Rotational System

Perform sensor data acquisition tests

R DR Production

: Develop CDR Presentation
Finalize CDR and Pra

4 11/30/2016 CDR Pr

Capture
Device

Project
Overview

Backup
Slides

Baseline
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B Space S!lstems'/

chedule

January 2017
2 5 8 11| 14 |17 | 20| 22 | 26 | 29 1 4
Winter Break :

April 2017 May 2017

February 2017 March 2017
8 11|14 |17 | 20 | 23 26 |29 2| 5 | & |11 14 | 17 | 20 | 23

f (10 (13|16 | 19| 22| 25|28 | 3 6 9 (12 (15| 18 | 21 | 24 | 27 | 30 | 2 D

Phase 1

] Mar‘éufadure Capture Effector
_lr\.ﬂanufaéjure CubeSat Atachment Platform

. Machine Rail System

anufacture CubeSat

Sensor Assembly

Manufacturing Status Review Slides

02/02/2017 Manufacturing Status Review
Phase 2

Manufacture Rail Mountin
Rail Equipmgnt and Electrical Assembly

lectricgl Asgembly
Fully Integrate Sensor Assembly to Testhed

e 1115 Faadiness Preparation

@ 03/01/2017 Test Readiness Review

’:——PMSE 3

':—IFuII Assembly Test (Translation)

Full Assembly Test (Rotation)
Full Assembly Test (Eranslafion + Rotation)

_':-ISnring Break
L |Complete Testing

& 04/02/2017 Testing Completed

_ Phase 4

B Finalize Data and Results

B Final Review Slides and Preparation

& 04/18/2017 Spring Final Review

) | I'3| Froject Report

& 05/02/2017 Final Report Due
& 05/04/2017 Project Complete
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Design Requirements

|Req. # I Parent‘Type|Requirement

11 1 FR |The CRST shall demonstrate the motion of a CubeSat analogue during the demonstration.

1.11 11 DR | The CubeSat analogue shall include a physical model of a 3U CubeSat with dimensions specified in Figure 2

1.1.11 1.1.1 DR |[The physical model of a 3U CubeSat shall include at minimum one significant protrusion to represent solar panel(s).

1.1.2 1.1 DR | The CubeSat analogue shall allow for translational motion about only one axis.

113 11 DR |The CubeSat analogue shall allow for rotational motion about only one axis, the same as the translational axis.

12 1 FR | The CRST shall determine the relative position and attitude of the CubeSat and capture device during the demonstration.
1.21 12 DR |The CRST shall employ sensors to gather data at each control point of all moving bodies during the demonstration.

13 1 FR |[The CRST shall determine the relative position and attitude rates of the CubeSat and capture device during the demonstration.
1.31 13 DR |The CRST shall employ sensors to gather data at each control point of all moving bodies during the demonstration.

14 1 FR |The CRST shall calculate a capture trajectory capable of capturing the CubeSat during the demonstration.

1.41 14 DR |The CRST shall employ software to calculate a capture trajectory capable of capturing the CubeSat during the demonstration.
15 1 FR |The CRST shall command the relative linear motion between the CubeSat and the capture device based on the calculated capture
1.5.1 1.5 DR | The relative linear translation between the CubeSat and the capture device shall be within motor performance tolerances.

16 1 FR |The CRST shall command the motion of the capture device based on the calculated capture trajectory during the demonstration
1.6.1 1.6 DR | The commands sent for capture device motion shall be within joint servos performance tolerances.

1.7 1 FR |The CRST shall execute capture of the physical CubeSat model by a capture device during the demonstration.

1.71 1.7 DR | The CRST shall include a physical capture device used to capture the physical CubeSat model.

1711 1.7.1 DR |[The capture device shall occupy no more volume than the pay-load bay shown in Figure 1.

1712 1.7.1 DR |The capture device shall have a mass budget of 15kg.

1.7.1.3 1.7.1 DR [The capture device shall have an average power of no more than 100W

1714 1.7.1 DR |The capture device shall have an peak power of no more than 168W

1715 1.7.1 DR |[The capture device shall have an peak current draw of no more than 10A

1716 171 DR [The capture device shall have an peak voltage draw of no more than 28V + 6V unregulated

1.7.2 1.7 DR |The demonstration shall begin at a minimum distance of 1m between the physical CubeSat model and the capture device.
173 17 DR |Control of the demonstration after initiation shall be autonomous (closed-loop) in nature.

1.7.4 1.7 DR |The CRST shall capture the CubeSat with the capture device in less than 30 minutes.

175 17 DR |The CRST shall capture the CubeSat with the capture device without visible damage to the CubeSat nor the capture device
1.7.6 1.7 DR | The CRST shall allow for five repeated demonstrations.

1761 176 DR [The capture device shall be able to release and back away from the CubeSat after capture without human intervention.

1.7.7 1.7 DR _The CRST shall hold the CubeSat with the capture device for a minimum of 5 minutes after capture during the demonstration.
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Presentation Appendix

Project Def. Baseline Design Feasibility Project
Status
Overview Baseline Capture Device Software Software Summary
Project Rail System Friction Timeline Computing Design Recap
Statement ower
CONOPS Capture Arm Servo Torque Axis of Rotation Computing Cost Budget
power 2
FB Capture Claw Closing Sensor Match Spin Rate Schedule
Functional Rotation System Arm Linear
Requirements Translation

Levels of
Success

Sensors

Algorithm

Torque sheet

Power Budget

Move to grasp

Resources
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Backup Appendix

Project Def. Baseline Design Feasibility Project
Status
Overview Testbed Testbed Software Effector Effector Deployer Schedule Sensors
Design Translation Rotation Forward End Effector Grippin Deployment Budget Backup VICON
Requirements Control Torgue Kinematics Trade Plates Trade Excel
Rotation Rotation Inverse Effector Trade Gripping Force Budget Backup LIDAR
Control Components Kinematics 2 Bars
Wrist Control Switch from Search Graph Claw Grippin Budget Backup ENCODER
RW Specifications Force2 Borrow
Linear Rail Trajectory Claw Design Grippin
Methodology Force3
Rotation Phase Error Design
Options

System Control

DAQ

Effector Visual

Gripper Config

Parallel
Linkage

Force Sensor
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