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High Level Requirements

3

High level requirement flow-down:

Å Subsystem requirements will be presented in dedicated presentations



Lifetime Analysis and Orbit Selection

Potential Scenarios:

1) Boom does not deploy

ü worst configuration: narrow configuration, undeployed, side

2) MirrorSats separations do not occur

ü worst configuration: narrow configuration, side 

3) 1 MirrorSat separate and do not redock

ü worst configuration: narrow L, side or tumbling MirrorSat alone

4) 1 MirrorSat separate and redock

ü worst configuration: L configuration, side or tumbling MirrorSat

5) 2 MirrorSats separate and do not redock

ü worst configuration: CoreSat side or tumbling MirrorSat

6) 2 MirrorSats separate and redock

ü worst configuration: I configuration, side
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Lifetime Analysis and Orbit Selection

Hypotheses:

Å AAReST mass: 24 kg

Å Solar cycles and atmospheric density model: Jacchia 1970

Å Solar pressure is negligeable

Å Drag coefficient: 2.2

Å Orbit considered: noon/midnight sun-synchronous orbit (worst case for 
power collection) 

Framework:

Å Software: AGI STK
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Lifetime Analysis and Orbit Selection

Results:
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Lifetime Analysis and Orbit Selection

Results:
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Lifetime Analysis and Orbit Selection

Results:



Å Worst case lifetime scenario corresponds to nominal wide configuration:

ü Limit orbit: 560 km altitude

Å Mitigation technique to decrease lifetime:

ü Make wide AAReST configuration  tumbling at the end of the mission

Limit orbit for Z axis tumbling: 614 km altitude

Limit orbit for 3 axes tumbling: 598 km altitude

Å Ideal PSLV scenario:

ü Direct launch to 550 km altitude (or less) sun-synchronous orbit (separation before primary 
payload)

or

ü Upper stage goes down to 550 km altitude sun-synchronous orbit after launching primary payload 
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Lifetime Analysis and Orbit Selection

Conclusion:



Time (UTCG)
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On-orbit Power Collection 

Optimal charging phase:
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Å Altitude: 600 km 

Å Noon / midnight SSO

Å Attitude: Sun pointing (-X)

Å Solar panel efficiency: 0.30 

Individual solar 

panels

Total power: 

17.8 W
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Mass Budget

Subsystem Component Max Mass (g)
Contingency 

(%)

Max Mass + 

contingency 

(g)
ADCS Docking Units 1700 20 2040

ADCS ADCS Stack + Reaction wheels 1106
10

1216.6

ADCS Star Camera 166 20 199.2

ADCS Payload Interface Board 200 200

Avionics/Comms Transceiver 78 10 85.8

Avionics/Comms Antenna 100

Power Solar Panels 520 30 676

Power EPS + Batteries 675 10 742.5

Power Mounting board 270 20 324

Structures Chassis 1350 20 1620

Structures Surface Structural Panels 140 10 154

Structures Launch Interface 600 10 660

Structures Launch Interface plate 860 15 989

Structures

HDRM - Frangibolts (2 for 

antennas and 2 for MirrorSats) 400
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440

Structures Circuit Boards (c.6-8) 560 30 728

Core Sat Total 8725 8907.1
Wiring 436 30 566.8

From January 2017

MirrorSat (incl. propulsion) 8000 15 9200

Camera 2700 0 2700

Rigid Mirror Box 1900 0 1900

Deformable Mirror Box 1200 0 1200

Boom + Camera Interface + 

CoreSat Interface 600
0

600

Total System Mass 23561 24507.1

Contingency scale:

Å0 = verified

Å10 = COTS

Å15 = COTS + fab

Å20 = fab only

Å30 = very rough



Communication Link Budget

Å Max data rates:

Å UHF: 9.6 kbps

Å VHF: 1.2 kbps

Å Downlink over UHF required (435 ï438 MHz)

Å Assume 8 min passes; max. time between passes is 10 hrs.

Å Docking video taken and downlinked over several passes
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Mode 

Health 

data 

[kbps]

Ops data 

[kbps]

Data rate required for 

single pass [kbps]
Notes

Nominal 0.31 0 0.31

Debug 8.86 0 8.86

Docking data 0.31 0.27 0.58 ADCS and health data

Star imaging 0.31 1.4* 1.71
2 windowed SHWS images, 

1 windowed star image

Earth/Moon 

imaging
0.31 5.1* 5.41 PNG image (no windowing)

* Computed from image size from flight detectors

Data Budget:
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Communication Link Budget

Hypothesis:

AAReST side

Å Focus on UHF downlink: 438 MHz

Å Data rate: 9.65 Kbps

Å Antenna modeled as dipole: 0.17 m length

Å Modulation scheme: FSK

Å -X face pointing at the Sun

Å Noon/midnight sunsynchronous orbit

Ground Station side

Å Single ground station Guildford, UK

Å 2.5 m diameter antenna

Å Tracking AAReST

Å System noise temperature: 135 K

Å 85° cone visibility

Framework: AGI STK
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Communication Link Budget

Access intervals:

Max duration 14.1 min

Min duration (min) 0.15 min

Average duration (min) 10.8 min

Average passes per day 8

Statistics over 1 year
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Communication Link Budget

Access intervals (one day):
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Communication Link Budget

Link Margin:

Å Carrier to noise ratio desired: 10 dB 

Å Transceiver input power: 0.8 W

Å Bit error rate less than ρπ
Å Average carrier to noise ratio: 15.4 dB



Mission Scenario
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Mission Scenario
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Mission Scenario



Mission Scenario
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Mission Scenario
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Mission Scenario

Docking Maneuver:

Narrow configuration

Wide configuration

L configuration

332 mm

419 mm

180 mm

273 mm

+ MirrorSat climb up

+ 

MirrorSat

climb up

76.2°

71°
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Open Issues and Planned Work

Open issues:

Å Need to develop docking maneuver requirements

Å Need to develop complete CONOPS documentation

Planned work

Å Develop Integrated STK model for full mission scenario simulation

Å Develop (and revisit)  full AAReST integration and testing 



AAReST Attitude Determination and 

Control (ADC) System Design 

Michael Marshall

September 11th , 2017



Outline
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ÅDesign overview

ÅDriving requirements

ÅOperational modes

ÅAdditional requirements

ÅPrimary design criteria

ÅADCS architecture block diagram

ÅOverview of CubeSpace ADCS

ÅRequirements Verification

ÅADCS Integration and Interfaces

ÅFuture Work



Driving Requirements

Detumble: 

Å Reduce body angular rates        
< 0.3Ј/s in 4 orbits or less

Science:

Å Pointing accuracy ïerror < 0.1Ј
3ůper axis

Å Attitude stability ïjitter < 0.02Ј/s 
3ůfor 600s during science 
operations

Rendezvous and Docking (RDV):

Å Rotate 90Јin 60s about boom 
axis
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1. Stowed

2. Narrow

3. 1 MS narrow, 2nd free

4. 1 MS narrow, 2nd wide

5. 1 MS free, 2nd wide

6. Wide

MS = MirrorSat

11 September 2017 AAReST ADCScaltech.edu



Operational Modes
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Ground 

Testing

Idle

Detumble

(Safe)
Slew

Science

(Fine Pointing)

Sun Pointing

(Coarse Pointing)

Rendezvous and 

Docking (RDV)

Ground Track
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Operational Modes ïSafe Mode ACS Flow
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Ground 

Testing

Idle

Detumble

(Safe)
Slew

Science

(Fine Pointing)

Sun Pointing

(Coarse Pointing)

Rendezvous and 

Docking (RDV)

Ground Track
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Safe Mode 

ACS Flow



Overlap with Mission Chronology
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Deployment 

from Launch 

Vehicle

Launch
Turn ON 

Subsystems

Verify and 

Stabilize 

Satellite

Boom 

Deployment

Science 

Operations in 

Narrow 

Configuration

Telescope 

Calibration

Execute RDV 

Maneuver for 

1st MirrorSat

Execute RDV 

Maneuver for 

2nd MirrorSat

Science 

Operations in 

Wide 

Configuration

Extended 

Mission

Idle Detumble

Coarse Pointing Fine Pointing Fine Pointing
Rendezvous and 

Docking (RDV)

Rendezvous and 

Docking (RDV) Fine Pointing

ADCS 

Operational 

Modes



ADCS Generated Requirements
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Operational Mode Additional Requirements Rationale

Ground Testing Å n/a Å n/a

Idle Å n/a Å n/a

Detumble (Safe) Å n/a Å n/a

Slew
Å Reorient spacecraft to within 

1° of desired attitude

Å Required to change 

operational mode

Rendezvous and 

Docking (RDV)
Å n/a Å n/a

Science

(Fine Pointing)
Å n/a Å n/a

Sun Pointing

(Course Pointing)

Å Maintain attitude within ± 10°

of optimal charging angle

Å Maximize power 

generation

Ground Track
Å Maintain commanded antenna 

orientation with TBD degrees

Å Maintain proper antenna 

orientation during pass

All
Å Have capability to desaturate 

reaction wheels

Å Required to maintain 

control of spacecraft

11 September 2017 AAReST ADCScaltech.edu



Primary Design Criteria

ÅMeets system and ADCS requirements

Å Integrated solution that includes all sensors, 
actuators, and software

ÅReaction wheels with sufficient torque and angular 
momentum storage to:

ÅExecute z-axis slew maneuver for RDV

ÅReject worst-case disturbance torques during science 
operations (with continuous momentum dumping from 
torque rods)

ÅLow cost, (relatively) short lead time

ÅSolution: CubeSpace 3-Axis ADCS w/Star Tracker
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Overview of CubeSpace 3-Axis ADCS

Å Integrated 3-axis ADCS capable of providing 
accurate and precise pointing for CubeSats

ÅAdvertises pointing and estimation accuracies in 
excess of 0.1Ј3ůper axis (during eclipse with star 
tracker)

ÅLower performance in sun

Å Includes ADCS software and CubeComputer OBC

ÅFlight heritage for most components (via QB50)

Å5 month lead time

32
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CubeSpace 3-Axis ADCS Components

Å Includes:

ÅCubeComputer ïradiation tolerant on-board computer 
(OBC) that doubles as AAReST OBC

ÅCubeControl ïsensor and actuator interface board w/3-axis 
rate gyros

ÅCubeSense ïfine earth and sun sensors

Å3x Large CubeWheels ïmounted separately from stack on 
orthogonal body axes

Å10x coarse sun sensors ïfor coarse attitude determination 
(e.g. during detumbling)

Å2x CubeTorquer Rods + 1x CubeTorquer Coil ïmagnetic 
torque rods for detumbling and momentum desaturation

ÅCubeStar ïstar tracker for quaternion and angular rate 
estimation during fine pointing/science operations
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ADCS Architecture

34
11 September 2017 AAReST ADCScaltech.edu

ADCS 

Computer

To Other 

Subsystems

Star Tracker 

(CubeStar)

Actuator PCB

(CubeControl)

10x Coarse Sun 

Sensors

3x Reaction Wheels 

(CubeWheel ïLarge)

Sensor PCB

(CubeSense)

Fine Sun 

Sensor

Fine Earth 

Sensor

3x Magnetic Torque 

Rods (CubeTorquer)

3-Axis 

Magnetometer

3-Axis Rate 

Gyro



ADCS Sensors

ÅCubeStar ïstar tracker

Å3ů estimation accuracy - 0.03Ј3ůyaw/pitch,                  
0.09Јroll (about boresight)

ÅTypically averages 3-10 star vector measurements                   
per second using Extended Kalman Filter (EKF)

ÅCubeSense ïfine Earth and sun sensors

ÅEarth sensor 1ů estimation accuracy ï0.1Ј(with full earth in 
FOV)

ÅSun sensor 1ů estimation accuracy ï0.1Ј

ÅCubeControl ïMEMs rate gyros

Å10 milli-deg/s RMS noise

ÅMagnetometer

Å0.5ЈRMS accuracy in roll, pitch, yaw

35
11 September 2017 AAReST ADCScaltech.edu



ADCS Actuators

ÅLarge CubeWheel ïreaction wheels

ÅSpeed range ± 6000 rpm

ÅMaximum torque ï2.3 mN-m

ÅMaximum angular momentum storage ï30.7 mN-m-s

Å220g/wheel

ÅCubeTorquer ïmagnetic torque rods

Å0.4 A-m2 saturation magnetic moment
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Requirements Verification Overview
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ÅDeveloped Simulink tool to analyze ADCS 
performance in each operational mode

ÅConducted Monte Carlo analyses to assess ADCS 
performance over a wide range of attitudes

ÅTypically consider 100 random attitudes in a nominal 550 km 
sun-synchronous orbit

ÅConsider all relevant spacecraft configurations (but will only 
present representative results from a single configuration)

ÅAnalyses conducted to asses pointing accuracy and stability 
and systemôs capability to desaturate reaction wheels, all 
during science operations

ÅSeparate analysis to show feasibility of z-axis slew 
maneuver for RDV



Requirements Verification Tool
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ÅDynamics

Å2 body orbit dynamics

ÅFull 3D nonlinear Euler equations for rotational motion

ÅQuaternions for attitude propagation

ÅReaction wheel model with static and dynamic imbalances

ÅSimple magnetorquer model

ÅModels for gravity gradient, magnetic and drag disturbance 
torques



Requirements Verification Tool (cont.)
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ÅControl

ÅB-dot detumble controller

ÅMomentum dumping controller

ÅNonlinear PD controller (slew, trajectory tracking, pointing)

ÅEstimation

ÅRate gyro model

ÅStar tracker model

ÅKalman filter (fine pointing)

ÅExtended Kalman filter (EKF)



Pointing Accuracy and Stability Analysis
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ÅApplicable requirements:

ÅPointing accuracy ïerror < 0.1Ј3ůper axis

ÅAttitude stability ïjitter < 0.02Ј/s 3ůfor 600s (10 min) during 
science operations

ÅAssumptions:

Å Inertially-fixed attitude (to simulate science operations)

ÅModeling dominant environmental disturbance torque 
(gravity gradients), reaction wheel disturbances, process 
noise

ÅEstimated dynamics (from Kalman filter ïestimate attitude 
and angular velocity from star tracker measurement)

ÅResults shown for wide configuration



Pointing Accuracy ïWide, Wide
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