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3Schedule Manufacturing BudgetOverview



Project Objectives

Design, build, and test a proof-of-concept sensor 
package that collects relative motion and orientation
data of a TARGET satellite for output to the CHASE 
satellite on-board attitude control system. 
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CHASE

TARGET

Schedule Manufacturing BudgetOverview

Levels of Success

Level 1: Detect and return data outputs for a target satellite 
with known markers.

Level 2:  Detect and return data outputs of a target satellite 
with no markers, but with a known 3-D model.

Level 3: Detect and return data outputs of an unknown 
target satellite



Camera origin

Mission CONOPS
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Mission CONOPS
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Mission CONOPS
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Mission CONOPS
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Functional Block Diagram
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Critical Project Elements
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Centroid Determination

1. Use Background Subtraction to Detect 
TARGET.

2. Return Location in FOV for determining 
ADCS turning angles.

Position and Velocity Determination

1. Gather and smooth distance of TARGET
data from laser rangefinder.

2. Return position and velocity of TARGET
satellite.

Orientation and Roll rate Determination

1. Return orientation of TARGET within 1 
deg of actual.

2. Return angular rates of TARGET within 
1% of actual.

1-U Satellite Constraints

1. Mass is less than 1.33[kg]
2. Dimensions fit within 10x10x10[cm]

3. Data is written at a rate faster than 2[Hz]
4. Average power remains below 20W

Schedule Manufacturing BudgetOverview

Four main CPE’s define 
SCOPES largest challenges



Baseline Design
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1[m] 10[cm]

Target Satellite SCOPE Sensor Package

Flash LiDAR 
(orientation sensor)

Laser Rangefinder
(track sensor)

Rock64 Microcontroller

Visual Camera 
(acquire sensor)



Project Schedule
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Manufacturing Schedule Overview
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SCOPE/TARGET Hardware Schedule
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Software Schedule
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Electrical Schedule
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Testing Schedule
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Manufacturing
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Manufacturing Overview
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15[m]

1[m]

20[cm]

Target Test Track

Target Test 
Stand

Target

Sensor 
Package

Sensor test stand

WinchStopping spring

18/40 hr 7/50 hr 15/60 hr22/60 hr



SCOPE Shell Design
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10[cm] 10[cm]

10[cm]
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Driving Requirements

DR 7.1 The sensor package shall not exceed 
10x10x10[cm].

DR 7.2 The mass of the sensor package shall 
not exceed 1.33[kg].

Major Changes Reason

Increased shell wall 
thickness from 0.05[in]

to 0.1[in].

Machining capability 
and warping.

Material changed from 
6061 Al to MIC-6 Al

Higher tolerances 
and machinability



SCOPE Shell Design
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Electrical 
Standoffs

Visual 
Camera

Laser 
Rangefinder

Front 
Mounting face Flash LiDAR

Bottom Plate

Side Plate

Microcontroller

Side Plate
Top Plate Back Plate

Procured

Manufactured



Shell Progress and Critical Elements
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Task Critical Elements Next Steps

Sensor 
Alignment

Alignment of optical camera and laser range finder must 
be parallel to 0.1[deg].

Using shims (0.001” thickness) to alter the pointing of 
sensors to 10[cm] off target.
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Z axis(before shim)

0.2o divergence

0.001” shim

3/5 hr 0/6 hr4/15 hr 0/12 hr



Sensor 
Package

Sensor Package 
Stand

SCOPE Test Stand
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22[cm]

Driving Requirements

DR 1.1 The sensor shall be able to detect a target 
satellite with volumetric dimensions between 20x20x30 

[cm] and 1x1x1 [m].

DR 1.2.1 The sensor shall be able to detect a target 
satellite at a range of 100 [m].

Major Changes Reason

Added 9:1 gearing on X 
and Y axes. 

Ease of manual 
turning.

Material thicknesses 
increased

Machinability and 
warping.

X

Z

Y



Test Stand Progress and Critical Element
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Task Critical Elements Next Steps

Sensor Package 
Actuation

Test Stand must be manually adjusted by 
0.1[deg] to capture at least half of smallest 

TARGET.

Implementing 9:1 3D printed gearing into test stand for 
ease of manual adjustment.

50% of target is within beam

20[cm]
0.1o

Allen key 
adjustment

“90” teeth

10 teeth

0/3 hr 0/12 hr4/17 hr2/6 hr



Target Satellite Progress
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Procured

Manufactured

0/8 hr 0/4 hr



Target Test Stand Design - 2 Machined Parts
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Top baseplate

Nema 24 
Stepper Motor

Shaft Coupler

Mounted Ball 
Bearings

Floor Mount 
Base Plate

Wheel and 
Tire Set

Universal Hub

Mounted Sleeve 
Bearing

Bottom baseplate
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TARGET

TARGET 
Stand

Track 
Joints

Track 
Sections

WinchProcured

Manufactured



Target Test Stand Progress
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Task Critical Elements Next Steps

Track Integration Stability of wheels on track to allow for smooth 
movement

Using rubber for better traction vs. using nylon 
wheel for less friction.
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0/12 hr0/12 hr

Rubber wheel sits 
in track

Target slips onto 
shaft with PVC



Track System - COTS Components
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Flanged 1” square 
slotted tube

3 Way 
Connector

1” square 
slotted tube

Leveling Foot

TARGET

TARGET 
Stand

Track 
Joints

Track 
Sections

Winch

Procured

Manufactured

2.5[m] Nema 24 
stepper 
motor

6”x6” Al
Base Plate

Pillow block 
bearing

6” diam. 
Spool 
drum

Coupling shaft

2”x12” Alum. stands

⅝” diam shaft

½” diam. x 6” Al rods



Winch Progress and Critical Elements
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Task Critical Elements Next Steps

Winch - Target implementation

Controlling the speed of the target  between 0.1[m/s]
and 1[m/s].

Create torque curves for the 
stepper motor.

Stopping the target before the end of the track to ensure 
no damage to test setup

Determining the spring needed 
through testing and theory.
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0/4 hr2/3 hr

The radius of the spool (7.62 [cm])
will increase after every 2 revolutions. 
1 m/s can be achieved with the 
following rotation rates over time.



Software Optimization and Implementation 
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Background Subtraction
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Camera Subtract Dilate Contour Centroid
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DR 1.2.1 The sensor shall be able to detect a target satellite at a range of 100 [m].



Background Subtraction On Schedule
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Task Critical Elements Next Steps

Optical Camera with Background 
Subtraction

Computation Time Improve for higher resolutions

Test Background Subtraction 
Script

Camera auto focus and 
algorithm accuracy

Determine accuracy with testing 
model

Integrate into Software Hierarchy Computation Time and
Accuracy of Turning Angles

Automate the process within the 
hierarchy
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9/20 hr 3/14 hr 1/20 hr



Iterative Closest Point ~ FLOOD
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Initial Rotation and 
Translation

Compare Point Cloud 
and 3D Model

Apply Ideal Rotation 
and Translation

Remove Error based 
on Threshold

Output Data to 
SD Card
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DR 4.1 The sensor package shall output the target satellite's relative orientation at 
a starting range of 10[m].



FLOOD On Schedule
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Task Status Next Steps

Test Output rate of FLOOD on 
microcontroller

Output rate drops to ~1.5 Hz in 
some cases

Limit number of points analyzed at 
close range

Improve accuracy of FLOOD POSE inaccurate at close range Change TARGET model/Consider 
known limitations

Integrate orientation software Waiting for LiDAR driver Test algorithm using hardware and 
miniature model
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6/14 hr13/15 hr

4/19 hr

1/20 hr



Electronics/Software Integration 
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Final Test Software Architecture
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Procured

Manufactured



Electrical/Software Integration Tasks On Schedule
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Task Critical Elements Concerns

Develop Cam Control Code for Acq/Track Test Customized Control, Resolution/FPS Lag from high res, AF/Settings for diff. situations

Develop LiDAR Control Code for Track/Orient Computation Time/Reading large frame Lag from high res and preprocessing of pixels

Overall S/W Integration/Main program dev. Computation Time, Output Accuracies 2Hz Output Freq, Requirement accuracies

3/10 hr 1/15 hr

3/5 hr 1/8 hr 1/8 hr

1/17 hr6/12 hr

0/15 hr



Updated Cost Plan
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Cost Plan
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Item Lead time

Test Stand 
Encoder

2-3 Week 
Lead time

Test Stand 
Bearings

2 Week lead 
time 

Used $4055.75

Planned $48.00

Total $5,000

Margin $896.25
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Questions?
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Test Plan

● Acquire and Track Test
○ Dependencies

■ ITLL/Engineering Center hallway availability - Already talked to Dean and outlined test 
plan.

■ Lighting - Received approval and ability to control lighting
○ Schedule

■ Currently Acquire and Track testing is scheduled for 3/5/18 to 3/19/18. 
● Enough time to be flexible

● Track and Orientation Testing
○ Dependencies 

■ ITLL/Engineering Center Hallway availability and Lighting 
○ Schedule

■ Track and Orientation testing is scheduled for 3/19/18 to 4/2/18
● Orientation testing can be conducted prior than this to account for Spring Break
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Track Progress and Critical Elements
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Task Critical Elements Next Steps

Track Assembly Level all the track feet properly so that the track 
is as flat as possible

Use digital level on all joints of the track

Balance Analysis Study the forces acting on the target stand and 
ensure dynamic stability

Implement winch and spring systems

0/12 hr0/12 hr



Sensors and Rock64 Diagrams

Laser Rangefinder
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Visual Camera



Sensors and Rock64 Diagrams

Flash LiDAR
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Rock64 Microcontroller



Shell Diagrams

Mount Face
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Back Plate



TARGET Model
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20[cm]

20[cm]

1[m]  

1[m]

Driving Requirements for Physical Characteristics

DR 1.1: The sensor shall be able to detect a target satellite with volumetric dimensions 
between 20x20x30 [cm] and 1x1x1 [m].

DR 1.4: The sensor shall be able to detect a target satellite under favorable lighting 
conditions.*

Driving Requirements for Motion Characteristics

DR 1.2: The sensor shall be able to detect a target satellite at a range of 100 [m].

DR 3.1: The sensor package shall output the target satellite’s relative velocity with an 
error of less than 1% with a relative velocity of 0.1[m/s] to 1[m/s].

DR 5.2: The sensor shall be able to detect target satellite rotation rates between 1[deg/s]
and 5[deg/s].

*Favorable lighting conditions assumes diffusive white light on diffusive white paper



Test 1 
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Phases:

● Set SCOPE at origin, 0 m
● Use a tape measure, (EC class 1) to set the rail at a distance that will cover 90m - 105m from SCOPE
● Turn on SCOPE and position it down the line of sight from the target
● Set the first 60s of target movement to .1 m/s and the remainder of the test to .1 m/s
● Turn on the motor/microcontroller setup
● Repeat steps 4 and 5 with varying remainder of test velocities from .1 m/s to 1 m/s. 

Assumptions:

● The rail system allows the cart to move perfectly straight:
○ i.e the side to side motion is constrained and can be assumed to be so small that it is negligible

● The motor does not fluctuate:
○ i.e the motor pulls at a constant angular velocity and there is no noise or fluctuations in this velocity 

● The target satellite will be moving at a constant rate of .1 m/s during the “Acquire phase”  and then speed up to 
testing speeds for the remainder of the test



Fulfilling Functional Requirements
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Functional 
Requirements

Test

FR 1 Transition Test 1

FR 2 Transition Test 1

FR 3 Transition Test 1

FR 4 Transition Test 2

FR 5 Transition Test 2

FR 6 Inspection

FR 7 Inspection



Testing Hardware Flow Chart
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FEA Mesh and Parameters (thermal) 

All bodies have constant material properties:

Component(s): Shell
Material: 6061 Aluminum Alloy
Thermal Conductivity: 170 W/(m*K)

Component(s): Laser Rangefinder
Material: ABS PC
Thermal Conductivity: 0.2618 W/(m*K)

Component(s): Rock64 Board
Material: Non-conductive PCB Substrate
Thermal Conductivity: 0.2256 W/(m*K)

Component(s): Visual Camera, 03D301 LiDAR
Material: ABS PC/6061 Aluminum
Thermal Conductivity: 85 W/(m*K)

Contact Resistance: 2.5x10^-4 W*m^2/K

55Triangular based mesh



FEA Mesh and Parameters (thermal) 

Model uses the following conditions:

Ambient Temperature: 290K

Thermal Emissivity: 0.12

Contact Resistance: 2.5x10^-4 W*m^2/K

56Triangular based mesh



Various Power Outputs

57

Component Low Power Peak Power Mean Power

Rock64 Media Board 1.25W 10W 2.5W

IFM 03D301 Flash LiDAR 5W 48W 10W

DFK AFUJ003-M12 n/a 5W 1.25W

SC30-C Laser Rangefinder n/a 5W 1.25W

Sources
Rock64: https://forum.pine64.org/showthread.php?tid=1220
AFUJ003: https://www.theimagingsource.com/products/autofocus-cameras/usb

-3.0-color/dfkafuj003m12/
SC30-C: https://www.parallax.com/product/28058
03D301: https://www.ifm.com/hu/en/product/O3D301



Various Operational Temperatures
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Component Peak Operational 
Temperature

Maximum Predicted 
Temperature

Rock64 Media Board 65°C 42°C

IFM 03D301 Flash LiDAR 50°C 30°C

DFK AFUJ003-M12 45°C 27°C

SC30-C Laser Rangefinder 40°C 26°C

Sources
Rock64: https://forum.pine64.org/showthread.php?tid=1220
AFUJ003: https://www.theimagingsource.com/products/autofocus-cameras/usb

-3.0-color/dfkafuj003m12/
SC30-C: https://www.parallax.com/product/28058
03D301: https://www.ifm.com/hu/en/product/O3D301



Sensor Calibration
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Minimum Pointing Accuracy
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θmin= 0.01° 100[m]

1.7[cm]

20[cm]

20[cm]

The minimum sized model defines the pointing accuracy to 
be required as a 20[cm] vertical and horizontal resolution.

This means that the sensor package must be able to rotate at 
0.115[deg] per step.

The resolution of our sensor test stand encoders and 
digital level give a resolution of 0.01[deg].

Therefore, we can measure up to 1.7[cm] per step



Sensor Face Offset
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All offsets are accounted for in 
software

Rlev = <0,38,0> [mm]

Rlrf = <0,-31,0> [mm]

Rfl = <-49,-35,0> [mm]



Error Due to Face Offset

This offset causes error in pointing as the object gets closer.

At 10[m], the closest position in which the laser rangefinder is used, this 
error (vertical offset) is 2.79[cm].
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Beam Divergence

Laser Rangefinder has a beam divergence of 0.2 degrees. 
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Track Motor math 
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r
motor

Givens:

Analysis: Conclusions:

● Need pullout  torque at least 2 Nm 
between ~19 RPM and 190 RPM

● Need 34.59 W for power



Velocity control - FBDs
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Torque calculations
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Givens: 

Analysis:

Conclusions:

The needed Torque at 125 RPM is 1.19Nm.
Looking at the Pullout torque curve one the 
next slide, it is possible to conclude that the 
motor will provide sufficient torque for the test 
stand to move as needed



Torque vs RPM
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Velocity Changes of Target Test Stand
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If we had to maintain a constant 
velocity when v0 = 0.7 m/s, this is how 
we should decrease the angular 
velocity for the winch 

assume that it takes 2 rotations before the cable start piling on top of each other

If instead we maintained a constant 
angular rotation throughout the 
whole experiment, starting with our 
velocity would increase if we 
started at v0 = 0.7 m/s,



Track Encoder math 
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r

encoder

Analysis:

Givens:

Conclusions:

● Need at least 314 pulses per rev
● Need a min frequency of 1000 Hz

s
Choose s = 1 mm (accuracy at 1 m) one order of magnitude greater 
than Functional requirement



Orientation Encoder math 
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r

encoder

Analysis:

Givens:

Conclusions:

● Need at least 3600 pulses per rev
● Need a min frequency of 50 Hz

s

Choose detection angle to be 0.1 deg (one order 
of magnitude greater than functional requirement)



1km Infeasibility
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Allowable pixel error for background subtraction: 7px



Autofocus capabilities
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Two types: Passive and Active 
1.  Active uses SONAR or IR
2.  Passive uses pixel comparison and computer analysis

Passive: Determines blurriness of image → adjusts to find min. Blurriness
- Determines blurriness by contrast of edge pixels

Out-of-focus	image In-focus	image



Flash LiDAR Resolution
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FLOOD Explained
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FLOOD Explained- K-D Search
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1. Faces from 3D model are stored in bins in a k-d tree data structure
a. Each bin represents a 3D box

2. For each point from our Lidar scan traverse down to bin containing that point
3. Check the distance from point to each face contained in bin
4. Repeat step 3 for neighboring bins if the distance to the edge of that bin is less 

than the current minimum found distance

X

Y

Z

Bins



FLOOD Explained
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FLOOD Timing

● Almost always above 2 Hz 
minimum

● Add in maximum number of 
points so algorithm does 
not have to process 10’s of 
thousands of points
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Blender
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Distribution of LRF Mean

79



Use of Kalman Filtering

80

Means to use data from multiple sources in order to create a joint probability distribution that can then be 
used to more accurately predict the correct data parameters.

Our Date Sources:
- Laser Range Finder
- Optical Camera
- LiDar

Our goal using a Kalman filter: to optimize estimation of the state of the TARGET satellite in the Orientation 
Phase.



Position Error Propagation
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Behavior of STD of Sample Mean-Central Limit Thm
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OpC w/ Background subtraction
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Static Load Analysis
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84

Tip deflection: ~ 4.4[mm]

Induced Angle:
~ 0.25[deg]

Maximum dip: ~ 4.28[mm]

33N


