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Leveling mechanism

Target reference
actuator

Target reference

Station-
keeping 

apparatus

MockSat

12”

Testing suite



𝜏𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 = 𝐼𝑧,𝑀𝑜𝑐𝑘𝑆𝑎𝑡 𝑝𝑟𝑜𝑡𝑜𝑡𝑦𝑝𝑒

𝑑𝜔

𝑑𝑡
= 𝐵𝑓 𝜔

𝐵𝑓 =
𝐼𝑧,𝑀𝑆

𝑡
ln𝜔 = 0.87 ± 0.05 𝑙𝑏𝑚∙𝑖𝑛2

𝑠

Tested losses for TestTable *Error bars hard to see due to scaling, but present.
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XBee Wireless Transmitter/Receiver

Fine FOV Optical Sensor (x2)

Coarse FOV Optical Sensor

Power Conditioning Board

12"

Reaction Wheel (x2)

MockSat Concept

Reaction Wheel Motor Controller (x2)

LiPo Battery

IMU

Total Weight 14.6 𝑙𝑏𝑚

MOI about Axis of Rotation 240.8 𝑙𝑏𝑚 ∙ 𝑖𝑛2

Height 5.5 𝑖𝑛

Width 12 𝑖𝑛



Reaction Wheel Motor
Mounting Bracket (x2)

Reaction Wheel Motor
(x2)

Reaction Wheel (x2)

12"

Cross Section of MockSat Concept



PID Controller  TFController Gains

Control Loop

PID+
-

plant
controller

Simulated MockSat response to a 37.50 step command

Physical Parameters

𝐼𝑀𝑆 = 240.5 𝑙𝑏𝑚 ∙ 𝑖𝑛2 MockSat MOI (from SOLIDWORKS)

𝐼𝑅𝑊 = 0.012 𝑙𝑏𝑚 ∙ 𝑖𝑛2 Reaction Wheel MOI (design criteria)

𝐵𝑓 = 0.8737 𝑙𝑏𝑚∙𝑖𝑛2

𝑠

TestTable Friction Damping Constant 
(from experimentation)

MockSat Pointing

Commanded Torque

Wheel Speed



• Reaction wheel moment of inertia can be tailored 
to improve performance of control system

Reaction Wheel Bounds

Nominal operating
range

Required torque 
𝐼 ↑ 𝑎𝑛𝑑 Δ𝜔 ↓

𝐼 ↓ 𝑎𝑛𝑑 Δ𝜔 ↑

Characteristic Value

Torque Constant
0.011

𝑙𝑏𝑓 ∙ 𝑖𝑛

𝐴

Stall Torque 0.00061 𝑙𝑏𝑓 ∙ 𝑖𝑛

Stall Current 688 𝑚𝐴

Rotor Inertia 2.392e-04 𝑙𝑏𝑚 ∙ 𝑖𝑛2



Technical Specifications

Analog Input 12-bit resolution (± 4V)

Digital Input 53.6 kHz PWM (10% to 90% duty cycle)

Operation Mode Torque (current) control

Torque Resolution (2.7𝑥10−5

𝑙𝑏𝑓 ∙ 𝑖𝑛 required)
3.5 𝑥 10−6 𝑙𝑏𝑓 ∙ 𝑖𝑛
(CW & CCW) 

Feedback Analog output (± 10V)

Feedback #1 Actual current applied

Feedback #2 Motor shaft speed

• Features of Maxon Motors: ESCON 24/2 Servo Motor Controller
• Powers motors up to 44W
• Maximum efficiency of 92%
• Programmable to motor
• Compatible with DC and EC motors



Equipment Location in MockSat



Component Quantity Dimensions 
(inches)

Communicat
ion Rate 

Data Rate per 
Cycle

Purpose

Pixy Camera 3 2.1 𝑥 2.0 𝑥 1.4
(Individual)

3.2 𝑥 2.5 𝑥 4.5
(Suite)

Up to 50 Hz 112 Bits
(Individual)

224 Bits
(Suite)

Angular Position of 
MockSat Relative to 

Reference Target

MPU-6000 1 .67 𝑥 .67 𝑥 .50 Up to 400 
kHz

16 Bits Angular Rate of 
MockSat for Fault 

Detection Purposes

XBee 1 .87 𝑥 1.3 𝑥 .12 9600 baud N/A Ground 
Station/MockSat
Communictions

MicroController 1 3.3 𝑥 4.1 𝑥 .63 Varies Varies CDH System

• Purpose: To provide necessary sensory data and provide CDH capabilities required for nominal 
operations



If using a 12 V battery, total current draw is 0.86 A

Note: 
Efficiency to motor incorporates motor controller 
efficiency (92%) and motor efficiency (56%)

Incorporating 50% factor of safety and assuming 
60% usable range of battery capacity:

0.86 𝐴ℎ + 50%

60%
= 2.15 𝐴ℎ

Turnigy 5 Ah 14.8 V battery to provide margin 

MockSat Power Budget (Using Murata DC-DC Converter)

Component Voltage rating (V) Current Draw (A) Power Draw (W) Power Draw From 
Battery (W)

Efficiency of 
Voltage Regulation

Motor 12 0.125 1.5 2.91 0.515

Micro-Controller 
(Atmel SAM E70)

5 0.4 2 2.56 0.780

Xbee Comm System 3.3 0.12 0.396 0.54 0.730

Pixy Camera (3) 5 0.14 0.7 0.90 0.780

MPU 6000 IMU 5 0.25 1.25 1.60 0.780

Total 10.31
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• Software onboard MockSat will:
• Collect data from ADCS sensors
• Send commands to control 

actuators
• Calculate control torques
• Communicate with ground station 

unit (GSU)
• Inject faults
• Detect and manage faults

• Onboard software will be written in C++:
• Team previous experience
• Commonly used for embedded 

systems programming

Interaction between software and hardware
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• We are limited by the number of sensors onboard MockSat.

• Software development is high risk because of our inability to 
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System:
Peripheral I/O Clock: 70 MHz
ADC: 12-bit (0-5V)
DAC: 12-bit (0-5V)

Components:
1. Pixy camera: SPI (50 Hz)
2. IMU: USART (1 MHz)
3. Xbee S2: UART (115200 max baud)
4. Motor Controller:

Input: 12-bit Analog (± 10V)
Output: 12-bit (± 4V)
Digital I/O: 53.6 kHz PWM

10% - 90% duty cycle 

Electronics Suite



Assume:
• FM status will be sent as bits
• 1 byte for all bits and 1 time data is being 

transmitted at 50 Hz

Our maximum bandwidth is 8.4 kbps<< 250 kbps

(GSU) Graphical User 
Interface (GUI)

Wireless Communication Bandwidth



Satisfied

Satisfied

Satisfied
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ability to introduce a fatal 
operating fault

recover from a 
fatal operating fault

and Satisfaction – Fault Injection 
and Management



Flowchart for reaction wheel (RW) fault injection

Flowchart for fine attitude sensor fault injection

• Reaction wheel fault replicates increased reaction wheel 
friction by modifying commanded torque

• Increased friction prevents nominal operation, introducing 
fatal operating fault

• Introduce offset bias in fine sensor data
• Bias is constant due to interrupt limitations

• This bias causes the satellite to have pointing bias, 
preventing nominal operation, introducing fatal 
operating fault

Reaction Wheel Fault Injection

Fine Sensor Fault Injection
main.cpp sendCmd.cpp rwInjection.cpp

interrupts.cpp



Satisfied

ability to introduce a fatal 
operating fault

recover from a 
fatal operating fault

and Satisfaction – Fault Injection 
and Management



Possible MockSat operational 
states are:

1. Nominal operation
2. Faulted
3. Waiting for Ground Station 

Unit (GSU)
4. Initiate Recovery Sequence
5. Recovering
6. Recovered

Fault Management Flow Chart: Nominal Operation

and Satisfaction – Fault Management



Fault Management Flow Chart: Faulted

Possible MockSat operational 
states are:

1. Nominal operation
2. Faulted
3. Waiting for Ground Station 

Unit (GSU)
4. Initiate Recovery Sequence
5. Recovering
6. Recovered

and Satisfaction – Fault Management



Possible MockSat operational 
states are:

1. Nominal operation
2. Faulted
3. Waiting for Ground Station 

Unit (GSU)
4. Initiate Recovery Sequence
5. Recovering
6. Recovered

Fault Management Flow Chart: Waiting for Ground Station

and Satisfaction – Fault Management



Possible MockSat operational 
states are:

1. Nominal operation
2. Faulted
3. Waiting for Ground Station 

Unit (GSU)
4. Initiate Recovery Sequence
5. Recovering
6. Recovered

Fault Management Flow Chart: Initiate Recovery Sequence

and Satisfaction – Fault Management



Possible MockSat operational 
states are:

1. Nominal operation
2. Faulted
3. Waiting for Ground Station 

Unit (GSU)
4. Initiate Recovery Sequence
5. Recovering
6. Recovered

Fault Management Flow Chart: Recovering

and Satisfaction – Fault Management



Possible MockSat operational 
states are:

1. Nominal operation
2. Faulted
3. Waiting for Ground Station 

Unit (GSU)
4. Initiate Recovery Sequence
5. Recovering
6. Recovered

Fault Management Flow Chart: Recovered

and Satisfaction – Fault Management



1. Upon  fault detection, shut off 
power to primary RW

2. Enter a safe mode until primary 
RW slows to ensure consistent 
dynamics

3. GSU initiates command to 
recover

4. Switch power and control to 
secondary RW

RW Recovery

1. Upon  fault detection, enter 
safe mode and wait for GSU 
command

2. GSU initiates command to 
recover

3. Switch control to secondary 
Pixy

Sensor Recovery

Recovery Flowchart

faultManagement.cpp

and Satisfaction – Fault Management



Satisfied

Satisfied

ability to introduce a fatal 
operating fault

recover from a 
fatal operating fault

and Satisfaction – Fault Injection 
and Management
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• Coarse Sensor 
Implementation, DR 
3.1.1

• Fine Sensor 
Implementation, DR 
3.1.1



Output information details location and 
size of the detected object relative to 
the Pixy's internal coordinate frame

Pixy functions based 
upon a hue detection 
algorithm



• Pixy output is related to pixels, control law needs angular distance
• Need relationship between pixels and angular distance

• Degrees per pixel ( ) can be determined by the following equation⟶

Degree per pixel

𝑑1 𝑑2

Pixy is capable of utilizing 
different lenses.

Coarse Sensor
𝜃𝑐 = 75°

𝜗 = 0.14 Τ° 𝑝𝑖𝑥𝑒𝑙

Fine Sensor
𝜃𝑐 = 20°

𝜗 = 0.036 Τ° 𝑝𝑖𝑥𝑒𝑙



MockSat Pointing

Commanded Torque

Error

Controls Model Parameters

Physical Parameter Value

MockSat Inertia 240.5 𝑙𝑏𝑚 ∙ 𝑖𝑛2

Friction Damping Constant 0.87 𝑙𝑏𝑚∙𝑖𝑛2

𝑠

Target Speed 0.004 𝐻𝑧

Motor Torque Deadband ±2.65 𝑥 10−5 𝑙𝑏𝑓 · 𝑖𝑛

Motor Parameters (nominal op.)

Motor MockSat

𝜏𝑛𝑜𝑚,𝑀𝐼𝑁

𝜏𝑛𝑜𝑚,𝑀𝐴𝑋

2.65 × 10−5 𝑙𝑏𝑓 ∙ 𝑖𝑛
28.02 × 10−5 𝑙𝑏𝑓 ∙ 𝑖𝑛

𝐼𝑛𝑜𝑚,𝑀𝐼𝑁

𝐼𝑛𝑜𝑚,𝑀𝐴𝑋

3.60 𝑚𝐴
38.3 𝑚𝐴

𝑀𝑜𝑡𝑜𝑟 𝜏 𝑑𝑒𝑎𝑑𝑏𝑎𝑛𝑑: ±2.65 × 10−5 𝑙𝑏𝑓 ∙ 𝑖𝑛

Nominal Pointing



• Coarse Sensor 
Implementation, DR 
3.1.1

• Fine Sensor 
Implementation, DR 
3.1.1

Satisfied

Satisfied

Satisfied
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Method: Compare data from encoder on 
MockSat to derived data of encoder on 
reference target actuator.

Purpose: Determine pointing
accuracy of the MockSat

One encoder located on the rotating center of 
MockSat (•) and the other on the reference target 
actuator (•) 

Requirements Validated:
• Determine attitude within an 

accuracy of ± 2.5°
L

r

Φ
θ=0

tθsat

𝜃𝑡 = 𝑡𝑎𝑛−1
𝑟 ∗ 𝑠𝑖𝑛Φ𝑡

𝐿 − (𝑟 ∗ 𝑐𝑜𝑠Φ𝑡)

θt

𝜃𝑡 = 𝜃𝑠𝑎𝑡 ± 2.50 for nominal operation

Location: Lockheed Martin Projects Room

Breakdown:



Purpose: Determine bandwidth 
response of the MockSat

Expected behavior of the MockSat is a sinusoid with half of the 
amplitude of the commanded input with some phase offset.

Requirements Validated:
• Replicates the 0.04 Hz 

bandwidth within ± 10% 

Location: Lockheed Martin Projects Room

Method: Replace Pixy controls with a direct     
0.04 Hz sinusoidal input and verify motion 
against predicted model.

Breakdown:



Purpose: To inject fault in 
the system

Requirements Validated: 
• System shall have the ability to 

introduce a single fatal 
operating fault

Method: Analyze MockSat encoder data

L

r

Φ
θ=0

t

θsat
θt

Breakdown:
• Reaction Wheel Fault: Simulate 

increase friction by modifying 
commanded torques

• Pixy Fault: Skewing actual location 
of target from given Pixy data

Pixy Fault:

𝜃𝑠𝑎𝑡 ± 2.5° ≠ 𝜃𝑡
(actual motion of MockSat movement recorded by encoders can not be 
speculated at this time pending control law and coarse and fine sensor 
interaction)

Reaction Wheel Fault:
• Sluggish behavior from MockSat, not able to catch up to target 

position

𝜃𝑡 − 𝜃𝑠𝑎𝑡 ≠ ±2.5°

Location: Lockheed Martin Projects Room



Purpose: Manage fault by 
redundant components

Requirements Validated: 
• Software shall recover from a 

fatal operating fault

Location: Lockheed Martin Projects Room

Method: User interface from control station

Breakdown:
• Will not meet pointing requirements and alert user
• User will switch from primary to secondary system
• MockSat will go into a recovery procedure to 

relocate target and begin tracking nominally

L

r

Φ
θ=0

tθsat
θt

𝜃𝑡 = 𝜃𝑠𝑎𝑡 ± 2.50



• Provide user control for:

(GSU) Graphical User 
Interface (GUI)
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Risk Matrix
L

ik
e

li
h

o
o

d Very Likely

Likely 1 2

Possible 3

Unlikely

Very Unlikely

Negligible Minor Moderate Significant Severe

Severity

Acceptable

Marginal

Unacceptable

1. Lack of torque resolution

2. Fault Management Implementation

3. ADCS Integration



Risk: Lack of torque resolution
Cause: Motors do not have 
adequate torque resolution

Effect: Unable to provide 
commanded torque to meet 
pointing requirements

Risk Mitigation

Action: Proper motor 
selection, accurate 
torque characterization

Success Criteria: Pointing 
requirements satisfied

Old Risk Level:
High

New Risk Level:
Marginal

Risk Mode:
Technological



Risk: Fault Management Implementation
Cause: Tailoring a consistent 
specific response to a generalized 
suite of hardware

Effect: Fault management system 
does not work on different sensors 
and actuators

Risk Mitigation

Action: Create a fault 
management 
architecture that 
attempts to solve the 
modularity aspect 

Success Criteria: End up 
with a fault management 
architecture that is 
applicable to other projects

Old Risk Level:
High

New Risk Level:
Marginal

Risk Mode:
Technological



Risk: ADCS Integration
Cause: Breakdown of 
communication between any of the 
ADCS components

Effect: ADCS loss of control

Risk Mitigation

Action: Careful system 
integration and 
understanding of 
communication 
protocols

Success Criteria: ADCS 
shares and responds to data 
as anticipated

Old Risk Level:
Marginal

New Risk Level: 
Acceptable

Risk Mode: 
Technological



Risk Matrix
L

ik
e

li
h

o
o

d Very Likely

Likely

Possible

Unlikely 1 2

Very Unlikely 3

Negligible Minor Moderate Significant Severe

Severity

1. Lack of torque resolution

2. Fault Management Implementation

3. ADCS Integration

Acceptable

Marginal

Unacceptable













January February March April

15 20 25 30 4 9 14 19 24 1 6 11 16 21 26 31 5 10 15 20 25 30

All test will be run in the Lockheed Martin Projects room, and have no restrictions to access.

TestTable; 1.3, 1.4
Testable, Source, Fan,
Station Keeping Structure

MockSat; 2.1,2.2
MockSat, Pixies, Reaction
Wheels,  Elec. Suit

Testing Suite; 1.1, 1.2, 1.3
Completed TestTable and MockSat

Fault Injection; 4.1, 4.2, 4.3
Testing Suite w/link to ground station

Fault Management; 5.1
Testing Suite w/link to ground 
Station, Fault Injection Software





Questions?





TestTable ADCS Software

Design Requirements and Satisfaction -
TestTable

Design Requirements and Satisfaction –
MockSat Controls

Software: Main Loop

CONOPs: Quantify 5mm/s target speed Verification and Validation – Pointing 
Accuracy

Fault Management

Baseline Design - TestTable Software: Class Diagram

ADCS: Station Keeping Design Requirements and Satisfaction –
Motor Selection

Reaction Wheel Friction

CDH Design Requirements and Satisfaction –
Motor Controller

Fault Management Interface

Avionics Schematic
Attitude Control: Motors

EPS Attitude Control: Motor Controller Structures

MockSat EPS Comparisons Design Solution – MockSat Reaction 
Wheels

Structural Analysis - Standoffs

MockSat EPS (Voltage Regulator) Attitude Control: Sensors Structural Analysis - Plates

MockSat EPS (DC-DC Converter) Sensors -Pixy Specs Structures BoM

MockSat EPS: Battery Selection

Requirements Flow-Down



• Station keeping method, 
FR 1.2.1

• Reference target motion, 
FR 3.0



MockSat shaft mount

Bearing block

80-20 framework

Shaft

Bearing block
mounting bracket

• Redefinition of FR 1.3.1
• Quantification of losses 

(friction) inherent to the 
TestTable as a whole, 
including station-keeping 
apparatus.

• Reference target motion, 
FR 3.0



• Redefinition of FR 1.3.1
• Quantification of losses 

(friction) inherent to the 
TestTable as a whole, 
including station-keeping 
apparatus.

• Station keeping method, 
FR 1.2.1



From bandwidth requirement

Can get a representative

The radius is known, therefore

Dropping 1.5 orders of magnitude



ሶ𝑉𝑟𝑒𝑞 = 𝑛ℎ𝑜𝑙𝑒𝑠𝐴ℎ𝑜𝑙𝑒
2𝑚𝑀𝑆𝑔

𝜌𝑎𝑖𝑟𝐴𝑀𝑆

Z

X

Y

𝑛ℎ𝑜𝑙𝑒𝑠 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 ℎ𝑜𝑙𝑒𝑠
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• Boundary layer formation
o The hydrodynamic entry length 𝐿ℎ ≅ 37.5” is much 

greater than the thickest table material being 
considered ( Τ1 2 ” polycarbonate plastic).

o Therefore the flow can be assumed to be uniform.

• MockSat cg location
o A couple moment will be introduced if the cg of the 

MockSat is not positioned over the geometric center 
of the MockSat baseplate.

o This will cause the MockSat to move in the direction of 
the cg displacement.

o Bounding translation resolves this issue.

• Irregular surfaces
o The thickness of the air cushion will determine 

manufacturing tolerances for making the table surface 
and underside of the MockSat flat.  
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෍𝑀𝑐𝑔 → 𝑚𝑀𝑆𝑔 Δ𝑥

෍𝐹𝑥 → 𝑞𝐴𝑀𝑆 sin𝜙 = 𝑚𝑀𝑆𝑎𝑥

෍𝐹𝑧 → 𝑞𝐴𝑀𝑆 cos𝜙 = 𝑚𝑀𝑆𝑔

෍𝑀𝑐𝑔 → 0
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Rod inserted into bearing

Bearing design



PID+
-

PID+
-

PID+
-



Amplitude = 2.5 degrees
f = 0.004 Hz

Amplitude = 2.5 degrees
f = 0.04 Hz



Selected motor will 
be able to provided 
necessary velocity 
for variable reaction 
wheel inertias



Stationary Target Test

• Modeled by step response
• MockSat identifies target location, 

rotates to pointing at the target 
and holds position.

Moving Target Test

• Modeled by target motion pattern
• MockSat identifies target location, 

and tracks the target in motion.

















brushless

• 6, 9, 12, 24V

• 5W

• 2-5 mNm or 5-10 mNm rated

• Price: 80-220 USD

• 200 N static axial shaft load

• Hall sensors for speed control



• Finer attitude control

• EC brushless

• 4V

• 0.2W

• .25 mNm rated

• Price: 200 USD

• 20 N static axial shaft load

• Hall sensors for speed control









• Purpose: To take unregulated 12 V from a 
battery and regulate it to clean 8V, 3.3V, and 
6V lines

• Uses the LM317 voltage regulator
• Can set output voltage using two resistors

𝑉𝑜𝑢𝑡 = 𝑉𝑟𝑒𝑓 1 +
𝑅2
𝑅1

+ 𝐼𝑎𝑑𝑗 ∗ 𝑅2

• Reference and Adjust properties are set by 
LM317:
• V_ref = 1.25 V
• I_adj = 50 uA

• Added capacitors to reduce ripple on output
• LM317 pinout:



• 3.3 V Line
• Powers the MPU 6000 IMU, the Atmel MCU, and the Xbee

Communication System
• Use R1 = 1420 Ohms and R2 = 2200 Ohms to achieve output of 3.3 V

• 6 V Line
• Powers the motors for the two reaction wheels
• Use R1 = xxx and R2 = xxx to achieve output of 6 V

• 8 V Line
• Powers all three of the PIXY cameras
• Use R1 = 420 Ohms and R2 = 2200 Ohms to achieve output of 8 V



• Power budget using a voltage regulator

• Total power draw calculated results in a total current draw of ~2.3 A if using a 12 V battery
• Efficiencies are found from datasheets, and used to calculate the power drawn from the battery for each component.

• Note: motor efficiency is 100% because we won’t need to regulate voltage from 12 V battery to 12 V component



• Verification and Validation – Output Voltage

V_in

V_out

• R1 = 992 Ohms
• R2 = 3860.7 Ohms
• V_out_nom = 6.31 V



• Verification and Validation – Noise Reduction

Peak to Peak 
voltages (AC 
Coupling)

• Seeing peak to peak voltages on 
circuit output of between 1-3 mV

• Verified that circuit both lowers 
the voltage to a desired value, as 
well as reduces noise on the 
output.



• 3.3 V Line
• To Xbee Transciever
• Nominal current up to 606 mA. 
• Efficiency of 73%

• 5 V Line
• To MCU, Pixy Came
• Nominal current up to 400 mA. 
• Efficiency of 78%

• 24 V Line
• To motors
• Nominal current up to 3 A. 
• Efficiency of 89.5%



• Power budget using DC-DC converters and 12 W Motor

• Total power draw calculated results in a total current draw of ~2.3 A if using a 12 V battery
• Efficiencies are found from datasheets, and used to calculate the power drawn from the battery 

for each component
• Note: motor efficiency incorporates efficiency of DC-DC converter (89.5%), motor 

controller (92%), and the motor (79%)



• DC-DC Conversion
• Nominal input voltage of 12 V 

and output voltage of 5 V for 
this converter

V_in

V_out



• 3.3 V Line
• Can use Murata PS MEJ2S1203SC converter

• Nominal output of 3.3 V, current up to 606 mA
• Efficiency of 73%

• 5 V Line
• Can use Murata PS NMH1205DC converter

• Nominal output of 5 V, current up to 200 mA
• Efficiency of 80%

• 24 V Line
• Can use Murata PS UWE-24/3-Q12 converter
• Nominal output of 24 V, current up to 3 A
• Efficiency of 89.5%



• Noise Reduction

Peak to Peak 
voltages (AC 
Coupling)

• Seeing peak to peak voltages on 
circuit output of between 1-5 
mV

• Verified that circuit reduces 
noise on the output
• Important for use of analog 

devices on MockSat



• Add in 50% factor of safety, 
assume 60% usable battery 
capacity

• Turnigy 5000 mAh 4S 40C LiPo
battery
• Provides 40C*5 Ah= 200 A 

maximum continuous 
discharge

0.86 𝐴ℎ + 50%

60%
= 2.15 𝐴ℎ



• Using a 14.8 V rated LiPo battery
• Find the battery capacity at 

which the voltage measures 13.2 
V

• Only discharge the battery to 
~80% of its nominal capacity for 
safety

• Will test the battery once it is 
acquired to define actual range of 
usable capacity
• Discharge the battery at loads 

representative of our system 
and measure voltage drop over 
time

14.8

13.2

10.8

x% ~80%

Discharge Capacity (% of nominal)

V
o

lt
ag

e 
(V

)

Typical battery discharge curve

USEABLE CAPACITY RANGE

0.86 𝐴ℎ + 50%

(80 − 𝑥)%
= 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦



Pointing Windows:

Assume at least 10 pixels 
across target window

Minimum meter per 
pixel ratio

Target Size:
10 pixels

Nomenclature

Target Variable

Fine Sensor Variable

Coarse Sensor Variable



Fine Attitude Sensor Field of View

Target VPS

Sensor to Target
MockSat

With 640 pixels wide and θ = 
21°:

We would need 178 pixels to 
view a standard light bulb with a 
width of 60 mm.



Specs

Pixy CMUcam5

• 204 dual core MHz Processer
• UART serial, SPI, I2C, USB Buses
• Digital and Analog Output
• 640x480 8-bit grayscale at 50 FPS



Main.cpp logic flowchart

• Main loop for software operation, runs 
indefinitely

• Copy current state from all sensors at 
the beginning of each iteration to 
ensure data consistency across a loop 
iteration

: Main Loop



Fault checking algorithm flowchart

faultManagement.cpp

• Only detect persistent faults
• Use same detection method for RW and fine sensor
• This allows for code re-use, ideally to other systems



: Class Diagram

Class diagram showing major classes/programs, their functions, and their interactions with other software modules



FBD for induced reaction wheel friction

• Friction is a common and near inevitable 
fault in the reaction wheels of space 
systems

• Fault injection system creates apparent 
friction in software only
• This DOES NOT physically increase the 

friction in the reaction wheel, but 
rather it makes the fault management 
ADCS systems "see" increased friction

• Injects fault into reaction wheel by:
• Subtracting off nominal friction
• Adding induced friction function

• Nominal Friction function:

• Induced friction function:



Comparison between model and actual

• ASEN 3200 spin module data used to create 
nominal friction function

• Induced friction function used to inject fault
• Modeled using governing equation and 

Matlab's ode45 solver
• Friction in system is greater than threshold 

value, therefore this is feasible

• Fault Management Process:
1) Read output wheel speed
2) Calculate induced friction 
from governing equation

3) Compare vs model. If friction 
is above threshold value, then 
fault exists in system

Reaction wheel dynamics

𝜏𝑐 − Ƹ𝜏𝑓 = 𝐼 ො𝛼

𝜏𝑐 − 𝜏𝑓 = 𝐼𝛼

• Governing Equation:

• Nominal friction:

• Induced Friction:

Model: Detection: Feasibility Example:



Reaction wheel dynamics



Representative friction torque curve of 
reaction wheel

• Friction in reaction wheels is combination of 
Viscous, Coulomb, with some initial Stribeck
friction near angular velocities of zero

Source: Carrara, Vlademir, and Hélio Koiti Kuga. “Estimating Friction Parameters in Reaction Wheels for Attitude 
Control.” Mathematical Problems in Engineering, vol. 2013, 12 May 2013.



• Hard failures in reaction wheels are caused by an increase in Coulomb friction.

Left: Increase in Coulomb friction. Right: Increase in Viscous friction

Source: Hacker, Johannes M, et al. Reaction Wheel Friction Data-Processing Methodology and On-Orbit Experience. AIAA, Aug. 
2014.



• Actual on-orbit data of failing 
reaction wheel

• Hard failure occurs at 5 mN-m 
above nominal, with nominal 
static friction of 0.85 mN-m

• Use this scaling for fault 
detection threshold in our 
system.

Left: Nominal Friction Data. Right: Increase in Coulomb friction causing hard failure

Source: Hacker, Johannes M, et al. Reaction Wheel Friction Data-Processing Methodology and On-Orbit Experience. AIAA, Aug. 
2014.



• Fault management has access to commanded torque as well as reaction wheel angular velocity at 
discrete time steps. Calculate angular acceleration of the wheel by:

• Then, calculate the system friction by:

• This is then compared versus a threshold friction torque of 4 times the nominal static friction torque 
present in the reaction wheel.

• If the system friction calculated by fault management is above this threshold value, characterize as a 
fault



• Used data from ASEN 3200 to examine 
nominal friction in this system.

• Constant commanded torque of 0.5 N-
m

• Data file contained time stamps every 
0.1 s with commanded torque and 
wheel speed.

• From this data, the friction torque 
present as a function of angular velocity 
was calcucated.

• Then, a linear fit of this data was made 
to determine an approximate nominal 
friction torque as a function of angular 
velocity.



• Triggering a fault – Example using ASEN 3200 Spin Module data

























[3] Hubble Space Telescope Hot and Cold Pixels. Space Science Telescope Institute. 
http://www.stsci.edu/hst/nicmos/performance/anomalies/hotcoldpix.html

http://www.stsci.edu/hst/nicmos/performance/anomalies/hotcoldpix.html

