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High Level Requirements

High level requirement flow-down:

A Subsystem requirements will be presented in dedicated presentations
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Lifetime Analysis and Orbit Selection

Potential Scenarios:

1) Boom does not deploy l I I i I I
8

U  worst configuration: narrow configuration, undeployed, side
2) MirrorSats separations do not occur

U worst configuration: narrow configuration, side

3) 1 MirrorSat separate and do not redock

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

4) 1 MirrorSat separate and redock

U worst configuration: L configuration, side or tumbling MirrorSat
5) 2 MirrorSats separate and do not redock

U worst configuration: CoreSat side or tumbling MirrorSat

6) 2 MirrorSats separate and redock

U worst configuration: | configuration, side



Lifetime Analysis and Orbit Selection

Hypotheses:
A AAReST mass: 24 kg

Solar cycles and atmospheric density model: Jacchia 1970

A
A Solar pressure is negligeable
A Drag coefficient: 2.2

A

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

Framework:
A Software: AGI STK



Lifetime Analysis and Orbit Selection
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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

Conclusion:

A Worst case lifetime scenario corresponds to nominal wide configuration:
U Limit orbit: 560 km altitude

A Mitigation technique to decrease lifetime:
U 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

A Ideal PSLV scenario:

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

or

U  Upper stage goes down to 550 km altitude sun-synchronous orbit after launching primary payload



On-orbit Power Collection

Optimal charging phase:

A Altitude: 600 km

A Noon / midnight SSO

A Attitude: Sun pointing (-X)
A Solar panel efficiency: 0.30

<= 4
16+ Total power:
17.8 W

Power (W)

Individual solar

panels
e "\>

'\, "
1
Time (UTCG)
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Mass Budget

Contingenc Max Mass +
Subsystem Component Max Mass (g) (0/3 y contingency
(9)
IADCS Docking Units 1700 20 2040, Contingency scale:
10 A 0 = verified
ADCS ADCS Stack + Reaction wheels 1106 1216.6] A 10=COTS
ADCS Star Camera 166 20 199.2l A 15=COTS + fab
ADCS Payload Interface Board 200 200 A 20 = fab only
Avionics/Comms Transceiver 78 10 85.81 A 30 = very rough
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
HDRM - Frangibolts (2 for 10
Structures antennas and 2 for MirrorSats) 400 440
Structures Circuit Boards (c.6-8) 560 30 728
Core Sat Total 8725 8907.1
\Wiring 436 30 566.8
MirrorSat (incl. propulsion) 8000 15 9200
Camera 2700 0 2700
From January 2017 Rigid Mirror B(.)x 1900 0 1900
Deformable Mirror Box 1200 0 1200
Boom + Camera Interface + 0
CoreSat Interface 600, 600
Total System Mass 23561 24507.1
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Communication Link Budget
Data Budget:

A Max data rates:
A UHF: 9.6 kbps
A VHF: 1.2 kbps

A Downlink over UHF required (4351 438 MHz)
A Assume 8 min passes; max. time between passes is 10 hrs.

A Docking video taken and downlinked over several passes

Health :

wode dma  CREdNR PrAmerameefor os

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 0.31 5.1* 541 PNG image (no windowing)

imaging

* Computed from image size from flight detectors
12



Communication Link Budget

Hypothesis:

AAReST side Ground Station side

A Focus on UHF downlink: 438 MHz A Single ground station Guildford, UK
A Data rate: 9.65 Kbps A 2.5 m diameter antenna

A Antenna modeled as dipole: 0.17 m length A Tracking AAReST

A Modulation scheme: FSK A System noise temperature: 135 K
A -X face pointing at the Sun A 85° cone visibility

A Noon/midnight sunsynchronous orbit

Framework: AGI STK

13 Caltech



Communication Link Budget

Access intervals:

Statistics over 1 year

Max duration 14.1 min
Min duration (min) 0.15 min
Average duration (min) 10.8 min
Average passes per day 8
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Communication Link Budget

Access intervals (one day):

Pass duration
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Communication Link Budget

Link Margin: AN (@)

A Carrier to noise ratio desired: 10 dB # E

A Transceiver input power: 0.8 W 20+

A Bit error rate less than p T 181

A Average carrier to noise ratio: 15.4 dB 16

14 [
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Mission Scenario

HD Nominal Mission Chronology
24 mn 1 mn " '3n45mn(2o0tbits) © ©  4hto10h R
e & e &) e &) e &) e &)
Launch = Sepa;;tlirfrom —wf Detumble AAReST |— | Charge batteries |—»| Deploy telescope
s P L A L A L A S Ey
¥ v ¥ L4
/ ™ - ™ / ™ T T © Actuate boom
Withstand launch Turn on EPS and Operate ADCS to Orientate AAReST in release mechanism
environment e detumble AAReST ST BT for 1st stage
battery attitude deployement
b - 5 " b - 5 " b
L ¥ ¥
Y Fa Y o =
Actuate camera
Turn an receiver DEDlﬂgrﬁ:nFnzgd o F frangibolt for second
stage deployement
b ? - b ? - b ? -
. Y I Y i
SE:;HF;Z :r:g“;il d Send beacon Actuate mirrors
ADCS message every 3 mn release mechanism
b - b T - b T -~
I Y i
Send health data at Fecord image from
first access with boom inspection
ground station camera
b ? - L =

Turn on XBee

¥

Turn an Mirrarsats
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Mission Scenario

HD Nominal Mission Chronology
' 3n45mn(2orbits) © 2htosh on34mmBorbits) 4,0, Sh34mn(3orbits)
4 passes / / 4 passes
( | | Take first image ] | Take image in
Detumble AAReST > E;:L’ﬁ::i?;ﬁ; » and check ADCS > E;:gﬁiﬁaﬁs 3| compact
requirements configuration
prm— S — — — — —— — —
Orientate A4ReSTin Point AAReST to Orientate A4ReSTin Ll sl
Dperate ADCS 1o . . . . . . . . science star (EK
detumble AAREST its nphm_al charging callbratmn_star (ex its nphm_al charging Tl i
attitude Puolaris) attitude \ g J
. y N * S N * S . ¥ - r LJ -
" ) i | librati ™ " ™) Image science star
Send beacon s:g?i?tﬁgrlelfer?e Inncne Send beacon in narrow
message every 3 mn mirors message every 3 mn | configuration |
Y -\_ - k4 -
¥ - ¥ - - ¥ . " send 2 windowed
ﬁr“L”hggkcii:Tﬁ L | Send 2 windowed | Send health data at SHWS images, 1
e SH.WS images, 1 first access with windowed star
detector and shack- windowed star round station image, and health
 Hartman wf sensor | image, and health | 9 ) data
: h A J.\ data , v
Turn off camera and ) ¥ B s _ S
test high voltage line (" Image calibration SELEL IO T
to mirror electrodes star with all mirrors imaging procedure
\ . in narrow above for Earth
) ¥ ) . imaging and Moaon
/"Send health data, - m”ﬁg,:‘rra“”” | T
o " =
telescope “ﬂtﬂ at O Send 2 windowed +
first access with :
: SHWS images, 1 e _ \
ground station, and windawed star Send png image of
boom inspecion image, and health Earth and Moon and
Y camera lmages i daka health data
b oy . S
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Mission Scenario

HD Hominal Mission Chronology

2hto6h

3 mn {up to 5 mn)

4nto10h | Sh34mn(SOmits) 5445 mn (2 orbits)
4 passes ! up to 4 passes
; Perform & Perform
Charge batteries reconfiguration Charge batteries reconfiguration
and MirrorSats ) preparation for > » and MirrorSats > maneuver for
. MirrorSat 1 Mirrorsat 1
ra . ? . ™y, i T , I T Y ra . ? . ™, e T Y
I_C}nent_ate MF&eS‘_I’m PP — Operate ADCS to I_Z}nent_ate AARES‘_I'm Um_jnck MirrorSat 1,
its optimal charging T delumbie ANREST its optimal charging drift and stop 332
attitude g attitude MM away
- ¥ R ¥ o o ¥ - ¥ :
' ' ' | Carry out 76.2°
mesieanit;iimg - Undock MirrorSat 1 mesieaniziimg o CoreSat rotation and
g ry d ry capture Mirror3at 1
B s — A— v v
[ | | Redock MirrorSat 1 | [ |
ground station _ CUFES;” face ground station andhealth data
. "Record maneuver - p .
with boom F{ecnrd maneuver
inspection camera _ with boom
and send images mspectmn_camera
¥ 4 L and send images J
Point AAReST to
science star (ex
Sirius or Betelgeuse)
., ? A
Tmage sclence star
in narrow
. configuration )
P L
" Send 2 windowed
SHWS images, 1
windowed star
image, and health
data 19
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Mission Scenario :

H |:| Hominal Mission Chronology /

5 h 34 mn (3 orhits}""-..__

5 h 34 mn (3 orbits)

3 h 45 mn (2 orbits) ZhtoGh 4 passes 4hto10h Crees
o o o e y Peﬁ_ﬂ"“ o
Charge batteries Take image in L Charge batteries reconfiguration
Detumble AAREST | ——>| = 1d Mirrorsats | > configuration | *| and MirrorSats | *| preparation for
J I\ ) I, ) , ) | Mirrorsat 2
[ Y \ . : T "R “ ': Pninm:Resnn . : T "R “ '-’ Y
Operate ADCS to Ii?s”?:;ttia:rfal nt:r1aer§i|—nlgr|1 science star (ex [i:t}sn?:r;rttia:rfal n::haeri-irnlgrj1 Actuate Mirrorsat 2
detumble AAREST attitudee _f&mus ar Elitelgeuse]_l__ atiitude frangibaolt
b - e o b o L
- v Ty ..'F -H. P v Ty L * Y
| | Image science star | | | |
Send beacon in wide configuration Send beacon Undock MirrorSat 2
message every 3 mn message every 3 mn
e A
Y Y, ) A J ) h_ _,' o J
A4 " Send 2 windowed | A4 ; ¥ .
Send health data at SHWS images, 1 Send health data at Redock MirrorSat 2
first access with windowed star first access with on the same
ground station image, and health ground station CoreSat face
| data , . h 4
- ¥ o FPaoint A%ReST to
e science star (ex
Repeat pointing and Sirius or Betelgeuse)
imaging procedure - ¥ 4
above for Earth ~Image science star
imaging and Moon in narrow
imaging y cnnﬁggratinn
- A . /" Send 2 windowed
Send png image of SHWS images, 1
Earth and Moon and windowed star
health data image, and health
' data
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Mission Scenario

It

Hominal Mission Chronology

' 3h 45mn (2 orbits)

3 mn (up to 5 mn)

5 h 34 mn (3 orbits)

2hto 6 h 4 hto10h
up to 4 passes 4 passes
3 Perform f }
Charge batteries reconfiguration Take image in wide
Detumble AAReST |——»| = . oo maneuver for || Detumble AAReST | configuration
X ) Mirrorsat 2 )
P *‘ 1 L * T Fa ? Y * ?
[y . . Point AAReST to
operstoscsto | [Orerde MReSTi - UndoctunoSatz || operstesDost | | Saence s o
detumble AAREST Sttty de mm away detumble AAReST \:’:‘qnus anetelgeuse!
L P b oy o A *
- Y ™ ' ¥ ™ .
| = Image science star
Send beacon sEl J

message every 2 mn

. A

h 4 -
| Send health data at |
first access with

ground station

" Record maneuver

. and send images |

CoreSat rotation and
capture Mirror3at 2

. ¥ y

ra ™y
Send live telemetry
and health data

with boom
inspection camera
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in wide configuration

i ¥ .
" Send 2 windowed
SHWS images, 1
windowed star
imaage, and health
data

. A

| Repeat pointing and |
imaging procedure
above for Earth
imaging and Moon
imaging
M A

¥

| Send pngimage of |
Earth and Moon and
health data

e iy
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Mission Scenario

Docking Maneuver:

1. 3. \ I 4.
76.2° (
180 mm
v w
MirrorSat
Narrow configuration . . climb up L configuration

419 mm ° E |
-1 E =

&
<

+ MirrorSat climb up Wide configuration
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Open Issues and Planned Work

Open issues:

A Need to develop docking maneuver requirements

A Need to develop complete CONOPS documentation

Planned work

A Develop Integrated STK model for full mission scenario simulation

A Develop (and revisit) full AAReST integration and testing

23
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Outline

A Design overview
A Driving requirements
A Operational modes
A Additional requirements
A Primary design criteria
A ADCS architecture block diagram
A Overview of CubeSpace ADCS
A Requirements Verification

A ADCS Integration and Interfaces
A Future Work

caltech.edu 11 September 2017 AAReST ADCS o5



Driving Requirements

Detumble: |
A Reduce body angular rates @ed

< 0.3Js in 4 orbits or less

MS = MirrorSat

3. 1 MS narrow, 2" free 3

4.1 MS narrow, 2" wide

2. Narrow

Science:

A Pointing accuracy i error < 0.1J
30 per axis

A Attitude stability i jitter < 0.02J's
30 for 600s during science
operations

Rendezvous and Docking (RDV):

A Rotate 90Jin 60s about boom
axis

5.1 MS free, 2" wide

Z2ED

caltech.edu 11 September 2017 AAReST ADCS
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Operational Modes

Testlng

[ Idle

Detumble Sun Pointing
Slew

(Safe) (Coarse Pointing)

Ground Track

Ground
Docklng (RDV)

[ Rendezvous and

]
]

Science
(Fine Pointing)

caltech.edu 11 September 2017 AAReST ADCS
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Operational Modes 1 Safe Mode ACS Flow

Ground
Testlng

[ m

Detumble Slew Sun Pointing
(Safe) (Coarse Pointing)
Safe Mode Ground Track ]

Rendezvous and
Docking (RDV)

Science
(Fine Pointing)

ACS Flow

caltech.edu 11 September 2017 AAReST ADCS
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Overlap with Mission Chronology

Deployment
Launch from Launch
Vehicle

Boom
Deployment

T

Coarse Pointing

Execute RDV
Maneuver for
2nd MirrorSat

T

Rendezvous and
Docking (RDV)

caltech.edu 11 September 2017

ADCS
Operational
Modes

Turn ON Verify and
Subsystems

Telescope
Calibration

T

Fine Pointing

4 )

Science
Operations in
Wide
Configuration

Stabilize
Satellite

Detumble

o
SC|ence
Operations in
Narrow
Conflguratlon

- J
T

Fine Pointing

AAReST ADCS

-
T

Fine Pointing

Extended
Mission

Execute RDV
Maneuver for
1st MirrorSat

Rendezvous and
Docking (RDV)
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ADCS Generated Requirements

Operational Mode Additional Requirements Rationale
Ground Testing A n/a A n/a
Idle A nla A nla
Detumble (Safe) A nla A nla
Slew A Reorient spacecraft to within A Required to change
1° of desired attitude operational mode
Rendezvous and
Docking (RDV) A n/a A n/a
Science
(Fine Pointing) A n/a A n/a
Sun Pointing A Maintain attitude within + 10° A Maximize power
(Course Pointing) of optimal charging angle generation
A Maintain commanded antenna A Maintain proper antenna
Ground Track ) : . ) : :
orientation with TBD degrees orientation during pass
Al A Have capability to desaturate A Required to maintain
reaction wheels control of spacecraft

caltech.edu 11 September 2017 AAReST ADCS
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Primary Design Criteria

A Meets system and ADCS requirements

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

A Reaction wheels with sufficient torque and angular
momentum storage to:

A Execute z-axis slew maneuver for RDV

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

A Low cost, (relatively) short lead time
A Solution: CubeSpace 3-Axis ADCS w/Star Tracker

caltech.edu 11 September 2017 AAReST ADCS 31



Overview of CubeSpace 3-Axis ADCS

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

A Advertises pointing and estimation accuracies in
excess of 0.1J 30 per axis (during eclipse with star
tracker)

A Lower performance in sun
A Includes ADCS software and CubeComputer OBC
A Flight heritage for most components (via QB50)

A 5 month lead time

caltech.edu 11 September 2017 AAReST ADCS 39



CubeSpace 3-Axis ADCS Components

A Includes:

A CubeComputer i radiation tolerant on-board computer
(OBC) that doubles as AAReST OBC

A CubeControl i sensor and actuator interface board w/3-axis
rate gyros

A CubeSense i fine earth and sun sensors

A 3x Large CubeWheels i mounted separately from stack on
orthogonal body axes

A 10x coarse sun sensors i for coarse attitude determination
(e.g. during detumbling)

A 2x CubeTorquer Rods + 1x CubeTorquer Coil i magnetic
torque rods for detumbling and momentum desaturation

A CubeStar i star tracker for quaternion and angular rate
estimation during fine pointing/science operations

caltech.edu 11 September 2017 AAReST ADCS 33



ADCS Architecture y _
3-AXIS
. Magnetometer
4 N 4
_ Fine Earth 3-AXxis Rate
Sensor Gyro
\_ J \_
4 N 4
L Sensor PCB L ADCS J Actuator PCB
(CubeSense) Computer (CubeControl)
\_ J \_
A
4 N\ 4 ]
L Fine Sun 3x Magnetic Torque
Sensor Rods (CubeTorquer)
\. ) \_
4 N 4
Star Tracker < 10x Coarse Sun
(CubeStar) Sensors
\_ ) .
4 N\ 4
To Other < 3x Reaction Wheels
Subsystems ) (CubeWheel T Large)
\_ .
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ADCS Sensors

A CubeStar i star tracker

A 30 estimation accuracy - 0.03J 30 yaw/pitch,
0.09Jroll (about boresight)

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

A CubeSense i fine Earth and sun sensors

A Earth sensor 10 estimation accuracy i 0.1J (with full earth in
FOV)

A Sun sensor 10 estimation accuracy i 0.1J

A CubeControl i MEMSs rate gyros
A 10 milli-deg/s RMS noise

A Magnetometer
A 0.5JRMS accuracy in roll, pitch, yaw

caltech.edu 11 September 2017 AAReST ADCS a5



ADCS Actuators

A Large CubeWheel i reaction wheels
A Speed range + 6000 rpm
A Maximum torque i 2.3 mN-m
A Maximum angular momentum storage i 30.7 mN-m-s
A 220g/wheel

A CubeTorquer i magnetic torque rods
A 0.4 A-m2 saturation magnetic moment

caltech.edu 11 September 2017 AAReST ADCS
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Requirements Verification Overview

A Developed Simulink tool to analyze ADCS
performance in each operational mode

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

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

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

A Analyses conducted to asses pointing accuracy and stability
and systemO6s capability to des
during science operations

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

caltech.edu 11 September 2017 AAReST ADCS 37



Requirements Verification Tool

A Dynamics
A 2 body orbit dynamics
A Full 3D nonlinear Euler equations for rotational motion
A Quaternions for attitude propagation
A Reaction wheel model with static and dynamic imbalances
A Simple magnetorquer model
A Models for gravity gradient, magnetic and drag disturbance

—P{ xvec
’_' Xvee xvec_dot ——{xvec_dot  xvec > xvec
qcpb——¥»qc T_cmd — T_cmd T_control ————p» T_control
| Integrator Output State Vector
E} W< g Dynamics to Workspace
Actuators
Commanded Attitude Controller

and Angular Velocity

xvec_hat Xvec |«

Estimator

caltech.edu 11 September 2017 AAReST ADCS 38



Requirements Verification Tool (cont.)

A Control

A B-dot detumble controller
A Momentum dumping controller
A Nonlinear PD controller (slew, trajectory tracking, pointing)

A Estimation
A Rate gyro model
A Star tracker model
A Kalman filter (fine pointing)
A Extended Kalman filter (EKF)

caltech.edu 11 September 2017 AAReST ADCS 39



Pointing Accuracy and Stability Analysis

A Applicable requirements:

A Pointing accuracy i error < 0.1J 30 per axis

A Attitude stability 7 jitter < 0.02Js 30 for 600s (10 min) during
science operations

A Assumptions:
A Inertially-fixed attitude (to simulate science operations)

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

A Estimated dynamics (from Kalman filter i estimate attitude
and angular velocity from star tracker measurement)

A Results shown for wide configuration

caltech.edu 11 September 2017 AAReST ADCS 40



Pointing Accuracy 1 Wide, Wide
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