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University Schaduls

Emerald structures, mechanisms, and
thermal Systems

» Program introduction

« Emerald/Orion common systems

» Emerald specific systems/experiments
« Orion specific systems/experiments

N

'm

nonfam: e"s-__g?i

i Drrm-ame : ISV
University Program Oveanviaw

« 3 satellites organized in 2 missions
» QOrion Project

— Stanford University

-MIT
« Emerald Nanosatellite Project

— Stanford University

- Santa Clara University

.

Formation Flying Concept
+ Mission Description

» Mission Objectives
Mission Profile

eNASAGSFC K g
N Dy

Formation Flying Concept
The small satellite advantage!
* Less costly
« Simpler designs

* New mission architectures
-~

Clusters of cooperative satellites

Applications
« Synthetic apertures
« Distributed field measurements

Support from NASA & USAF

Q NASA GSFC

« Project Schedule
@ASAGSFC a g/
wosfas é@ s;;

Formation Flying Concept

Chalienges:

* Limited mission resources

* Fleet management & control
« Communication architecture

Methodology
Basic research Testbed missions

e N
Verify principles Validate design concepts

emum - € E

i ﬁ ey
Mission Description

plt
o

Demonstrate closed-loop formation flying in space

¥ Emerald 2 {Chromium)
Carrier phase GPS data shared \_
(Allows relatrve navigation & formaten fiying; /- N,
;
/
Emerald 1 (Beryl) / P
« Two GPS antennas " ~~Drion
* One GPS receiver + Six GPS antennas
« Limited control - Three GPS receivers
- Fuli 6 DOF control P

G"AUGSFC 7 N
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IMiissior Objective

om

Comprehensive on-orbit demo of i7us formaticn fiving
— Develop technologies to build a virtual spacecraft bus

~ GPS sensing & fieet control
Crion-Emerald system is 2 [io wime, 10w - 8! test platform

© o g
5 © © -9

Leager-referenced controi Centralized contro! F
>
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MSDS ejected
» Onon-Emeraigs on MSDS
v +ALL systems UN-powered
.. + Power inhibits unmonitored
1=1,(20 mn)
» Onon-Emeralds on MSDS
* MSOS signal #1 actvated
« First set of inhiats closed
« Safety-Critca! Systems UN-powered

p

« Second set of inhibits closed

« ALL systems powered
e | « Orion & Emeraids deployed

i€ s
/ t=1t.+1,(20 min + 4 gays)
' - « MSDS signal #2 activated

Qr4 | Qrt | Qw2 | Qw3 | Qw4 | Qi1

t.ngmecring =
Mod: Lo
— s

Fhgit
Hardwarc

Tesnne &

CHTES e + Detis o1 i =

Jperations T -

to AFR] o GSFe Launes

e 5-1
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Orion Overview

» Development Team
» Mission/Experiments
» System Summary

« Requirements

T £

Crior Development Team

» Space Systems Development Lab

-~ Dept. of Aeronautics and Astronautics,
Stanford University

» Space Systems Laboratory

—Dept. of Aeronautics and Astronautics,
MIT

» http://ssdl.stanford.edu/orion

E’r
cuuasﬁc T WS
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Orion Mission
Demonstrate closed-loop formation flying in space

% Emerald 2 (Chromium)
Carrier phase GPS data shared WK\

{Atows relative navigation & formation fiying)

Emerald 1 (Beryl)

« Two GPS antennas
+ One GPS receiver
* Limited control

+ Six GPS antennas
+ Three GPS receivers

Ny « Full 6 DOF contro! G
@MSAGSFC 13 \\/
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Cuvrnarimantc f“u\—.,—ﬁ fmmmt Tiassiic
=XpEenmenis oeraiona. Jeans
ORION P
- ~ 100 - 1000 ~
‘ Gnar in formation with 1 Emeralc @ ~200 m minor axs ﬂ\‘ - mseparmon_ S
+  Emerald oniy performs GPS data collectron & comm link ital 7 ’, N
+  Onon performs ciesed-loop control w.rt. Emeratd ‘__“__l y ’_’ o - \
+  Vanous (in-track) coarse, fine-parking. & precision modes \ L -—E_I;E;ALD ” S
At least 3 orbits, & repeatable over 2 weeks @ N i : 7
S R
Sex - EuERALmn .

PHASE 2 Oricn in formation with 4 Emeralc

« Emerald provides GPS data/comm link
+ Emerald aiso responds to contro! inputs from Onon « Align Emerald in-track positions as closely as possible

* Atleast 3 orbrts, & repeatable over 2 weeks + Orion in closed-form relative motion with respect to the

Frii3T 3 Crion in formaton with both Emeratas @ Emeralds' mean formation geometric center.
. rme as phase 2, apply l\;Iarwus control architectures - @ + Emeralds provide GPS data/comm link & respond to
- Atleast3 orbits, repeatable S - F control inputs from Orior P
r -
c’ASA asFC 14 \v/ auuwc 15 S

Orion Design Reguirements

%
I
i

Technical Goals
» Performance Requirements

» Safety Summary
« Integration
|
" e
e el
I S -3

L
Y7
&1

Qmu G8FC K 7

Technical Goals Performance Requirements

Mission success:

« Demonstrate control for a cluster of micro-satellites.

- real-tme autonomous control software - Relati posmon !l ~10om
~ formation directed at a high-leve! from the ground « Relative position control ~5m
De aPs ver f - titude & relat « Aftitude determination ~2°

. for attitude & refative . »
navigation . M“Ude °°""°| e 10,? S
— first on-orbit demonstration of CDGPS for precise relatve Key desugn requwements.

navigation and controt

— Expect <<1 m (relative - radial) for determination & 5 m (relative - + GPS receiver must function Pmpeﬂy atall times

‘'« Communications design must allow for direct data exchange

rachal) for control
— low-power, low-cost, attitude capable GPS receiver. . between satallites during al! phases -
« Flight control software must control the constellation to the
* Various control qrchﬂeﬂurm.and a real-time inter-vehicle . required degree of accuracy
communication link and ranging. » System resources must be sufficient to perform experiments as
needed
c'us‘ GSFC NASA GSFC
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Performance Reguirements

General bus requirements:

« Mass and size restrictions as defined by MSDS budgets

« Components must operate within expected thermal
environment

-+ Components must operate within expected radiation
environment

:» Component-level size, mass, and power restrictions

SSDL -
sonfom: S

o

rformance Reguirement

GPS Payload

» Acquire and maintain GPS signal lock in ali flight modes

» Sense satellite state (2 e:ztve) to required
mission levels

» Calculate satellite state at a sufficient rate to achieve
necessary control bandwidth

« Calculate control responses at a sufficient rate

Power
« Supply enough current at appropriate voltage for all
flight modes F
cmsnosfc 22 \-wl'/

‘@lusa GSFC N = \E ~

Subsystem requirement sLmimiary

Structure

« Provide structural support & mounting surfaces for all
subsystem components

* Total systemmass < =<7~z

« Structural fundamental frequency > “C0-z

« Center of mass location within %" radius of geometric z-axis

« Survive launch loads

« Minimize changes to inertia matrix over time

* Fracture controls

& . C

wosfem: ~ S50 5.
Performance Reguiraments

Attitude Determination & Contro!

» Provide enough actuation authority for all flight modes in
all expected environmental conditions

* Robustness against failure or poor performance

* Enough resources to ensure minimum mission success

Communications

» Provide reliable downlink and crosslink
« Htilize low-cost (amateur) transmission frequencies

Performance Requirements

Command & Data Handiing

» Provide enough memory and processing speed to
handie housekeeping tasks and routine data collection

» Provide serial interfaces to communications and GPS
subsystems

« Provide PIC interface to ADCS and telemetry for
distributed computing efficiency

E’
cnu GSFC 2 NS

Safety Summary - Structure

Issue Hazarg | Control
Strength Structural failure due to insufficient | Sine Burst Testing, FEM
design modeling
Natural Frequency Dynamic coupling Modal Testing. FEM
Modeling
Acoustic Structural fasiure dunng launch Random Vibration Testing
Envelope Interference with other payioads, Approved envelope
ground support equipment etc complance
Fracture Contro! Structural faikure due to flaws Approved critical components
and compliances
Manufacturing | Structural failure due to poos queity | Engineering Mode!.
N i manufactire by procedure

‘emu GSFC % \‘r/
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Safety Summary - Propulsion

ISsuy Hazaro i Contic!

Compol leak or | venting i Components meetiexceed
rupture : | required FOS
: | Components tested o 1.5 x MDP
| System tested to 1.2 x MOP

Operational inhibits | Inagvertent operations & | 2 fautt tolerant design to prevent
(Mechanical) | associated hazards | inadvertent venting of gas

' i
Operational Infabits | Inacvertent operatons & | Latching relay inhibits on ali
(Bectricah) j associated hazards subsystems with catastrophic

| hazards (x4)
1

auu GSFC 2 E

inhibits™

Issug Hazara conts
Battery containment { Shortng. insscure | Seased T6061 Alummnum box
1 positorang
Battery leak or rupture | Fire. explosion. + Pressure resef vaves with inline
| comtaminetion. cormosion | fiters (20 ps: crack pressure), (x2)
: ! Fibergiass absortung matenal
Battery charging | Latetung relay intibits on sotar

| Overcharging hazards

| cei-battery circut path (x4)

Operational inhibits”

| Latching retay Intebits on all
with

{ Inadvertent operatons &
i i hazards

i
| hazards (x4)

* Power mhidits are aisables wnern Onon resewves 8

-safe distance signal frem tne MEDS E y!
‘Gmucssc T NS

menfee Q=i =2
afety Summary — Torguer Coils

n

Issue i Hazarc Controi
None i nfa ! n/a

+ No critical hazards exist
; - Coil system is power inhibited with rest of main bus
- For inadvertent operation, analysis shows compliance with
ICD 2-19001 section 10.7.3.2.1.2

Verification
« Measure the generated field strengths on flight article

E‘}

-,
WPNASA GSEC B

sanfan

SSDL

Safety Summary

of subsystems

Comm

Issue Hazard Contro!
inadvertent Interference with | 3-fault toierant power
| transmissions Shuttle electronics | inhibit scheme
CDH

|ssue Hazard | Controt
Inadvertent operation | Operation of 1  3-fault tolerant power

I
|
1
|
|
i

hazardous subsytems | inhibit scheme

| Critical functions

{ require confirmation

|+ 12C commands require
|

checksum
‘ ,"
T e

menfon oL

Integration Requirements

MSDS tntegration
+ Satellite must interface with MSDS deployment mechanism

» Satellite and all protrusions must fit within MSDS stack
envelope

Ground Operations

«» External port for battery charging
« Inhibit verification

» Operational testing

» Other servicing requirements

eun GSFC 30 \’\:'/

Development Team
Mission/Experiments
System Summary

+ Requirements

Emerald Overview

‘c'run GSFC
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« Stanford University
— Graduate and undergraduate students
—Master's and Ph.D. level
- Volunteer time, work for course credit,
Research Assistantships
« Santa Clara University
- Undergraduate seniors
— Senior design project credit
» http://ssdl.stanford.edu/emerald {1

—¥oy— o

e &= =
Development Approach

.

Rapid prototyping: off-the-shelf components
Building-block strategy

- Start with minimized baseline design

- Add features as time and funding allow
Industry guidance and support

-~ Mentors

— Partnerships

« Aggressive schedule

« internet distribution of information
)

.

cmsa GSFC = n,

monfura SSDL
System Summary

Nylﬂ-
m <
\

Chromium 4 * 19" hex, 9" x 12" sides
Al honeycomb, stackable
trays
12 vand 5 v reg. power
L i 12C data & command bus
\.“ Amgrgimy v—-/ Dallas 1-Wire power
| Dist Comp switching & telemetry
» Half-duplex inter-satellite
Colloid Thruster communication
Fuli-duplex ground iink
Drag panel position control
GPS retative positioning P
/L

.

{ VLF Science |
GPS FF

Bery!

MSDS ~

IASA GSFC P

.

Demonstrate Robust Distributed Space
Systems

« A distributed architecture to facilitate integration and
operations.

« Distributed and autonomous science experimentation
and satellite operation

« Supporting subsystem-level technologies
» Simple closed-loop relative position control for 2 and

3 bodies (with Orion)
- Low-cost satellite development techniques F
cnmcsﬂ: R
p— &= =

Emerald Experiments
- « GPS Formation Flying

VLF Atmospheric Science

Colloid Micro-Thruster
Radiation Test Bed

Experimental C&DH architecture

s X LT X,
erus‘ GsFC X 3 g

« Mission fulfiliment

- Experiment success

— Operational integrity
» AFRL - for MSDS integration
» Launch safety considerations

emsa GSFC 37 g




Reguirements Outline

"0
s

Stack Reguirements

» Mission success
— Groundiink communication while stacked

« Emeraid Stack « Experiments
« Subsystems - VLF
- EPS - CMT
- STRUCT/MECH - MERIT
— ADCS - Formation Flying
- COMM
- CDH
&ucsfc 38 \\,G
RFDW for Envelope Reg.
SHELS envelope

+ Comm antennas

- Commandable separation
+ AFRL integration
— Envelope restrictions (RFDW)
-<50kg
~ Natural frequency > 100 Hz
& C
mosfos ﬁ s

EPS Requirements

» Mission Success

— Provide sufficient regulated power to
nanosat systems througout mission life

« AFRL integration

— Interface to MSDS electrical system for
inhibit removal

extend beyond -“"“:.;:::"""_-‘la
AFRL envelope i N—
+ All clearances E ; "
greater than .3 in. ' N &
for SHELS static ' '
envelope ! !
] " 1
L '
MSDS ee:ﬁe!plu/ne P
c'msA GsFe =2 prS \:-/
eeosbam: &= e

EPS Regquirements

» Launch Safety Requirements
— Two fault tolerant inhibits on all power
paths
— Additional set of two fault tolerant inhibits
on STRUCTMECH subsystem (contact
hazard)

— Fourth inhibit used on each path to bypass
inhibit monitoring requirement

cuu GSFC 4 E

K-
a‘un GSFC N © N
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STRUCT/MECH Reauirements

» Mission Success

- Provide structural stability and protection
for all nanosat systems

- Provide position control to enable
formation fiying — drag panels

— Provide deployment of 3-meter VLF
antenna

— Provide ability to stack nanosats for launch

— Provide ability to separate nanosats on-
orbit

o
NASA GSFC S




- AFRL integration requirements
— Do not exceed envelope restrictions
— Provide capability to mount to SSS
« Launch Safety Requirements
- Structure and all mechanisms must adhere

ADCS Regquirements

« Launch Safety Requirement
— Torquer coil magnetic field must be < -170
dBpT (~ 5 gauss ) (we operate with ~ 1
gauss)

-~ E” .
VIASA GSFC B

%

N,

to NASA safety requirements
:uu GSFC “ E

CDH Reguirements
« Mission Success

— Provide commanding and data handling
capabilities for all nanosat systems
throughout mission life

» No integration or safety requirements

[r
emucssc N

S e?s"i -
s N T syt &
MR TERR e SR EL; ~ o e
Y A =2suiremenis

» Mission Success
— Determination

« Measure spin rate within 1deg/sec (GPS and
CMT)

» Measure attitude within 5 deg (VLF)
— Contro}

+ Spin rate to within 1 deg/sec in pitch and yaw
(GPS)

« Orient VLF antennas perpendicular to nadir
within +/- 10 deg (VLF)

c‘uuuﬁ: pNg

COMN Requiremenis

» Mission Success

- Provide groundlink and inter-satellite
communication

- Provide low-power communication mode for
crosslink

- Provide sufficient bandwidth to downlink
experimental data

» Launch Safety Requirement
- RF emissions must not exceed leveis specified in

orbiter payload ICD P
@nu asFc . a7 \:/
Ty

Experiment Reguirements

« No integration or safety requirements
for:
~VLF
-MERIT
~ Formation Flying
~ Autonomy

='mu GSFC 48 ‘;«E




Nt s fiy Thr b (RAT S
Colioid Micre-Thruster (CWVT

« AFRL Integration Requirements

- Accessible remove-before-flight covers
« Launch Safety Requirements

- Propeliant

+ Non-toxic
+ Non-corrosive

~ Protect ground crew from high-voltage (remove-

before-flight covers)
- Adhere to all NASA structural requirements for
sealed containers F
I
cun GSFC % S
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Reguirements

» Common system for Emerald and Orion
« Functional Requirements
- Decode ground and inter-satellite communication
— Forward commands to distributed subsystems
— Coordinate/Control Experiments
- Store/Buffer instrument data
- Download data to the ground station
- Control power switching for subsystems and
experiments
- Batch Commands and Scheduling for Operations
— Gather health and telemetry data

i R
@uum EIY

SEN

Components: Orion

Spacelvest TPU

Srence comoute” +V53-based (10 MHz
«Provides fast ~ :
platform for fleating- : ;5 j;ﬂélljigasr;e';s
point calculatens

«BekTek OS (COTS)

PIT187 57T Sunsystem Microcontroliets
+12C interface -
« Serial

8 A/D Converters 'Y
= On-board RAM/ROM |

eusa GEFC A E‘

Quu asFc

Components: Emeraic

CPU (Spacequest)
— Main command & data
-~ Collect Health and Telemetry
- Scheduling
« Data Bus (Dallas and i2C)
— Modular connection to subsystems & experiments
* PIC Boards
- Standard interface for subsystems to data bus
* Bus Monitor
—~ Backup command & data
- Operations Experiments

emussrc

CPU: Overview

« Processes Commands
- Ground
- Other Satellites

« Routes Information
— Telemetry

« Scheduling and Experiment
Coordination

Qmu GSFC
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PJ: Mothempoard

+ SpaceQuest Rev C
~NEC V53 processor J
~ 10MHz Processor (1MIP B
— 1MB EDAC RAM /
~6 Built-In serial channels
- 40 Digital I/O channels 7
- Built-In H/W for interface to S/W TNC

1 2 LR X J W '
& ‘ - Y & e - P
s @E s soslom: :Ksm
& ™
CPU. Adapter Board CPU: Adapter Boarc
» Purpose 5V i?h\«’mi i To Modem
—Regulate 5V to 3.3V - . Contral Audio
'ower o
- Convert signals 5V « 3.3V Bus § Resel To Comm
- H‘OUS? 12C Ipterface -g‘ Arbitration g Eh l) To Bus Monitor
- Simplify Wiring Harness b 33V = BV
E Serial | Dallas | paita

——‘Ilnterfaoe“\*ﬂ Data Bus

— &2 e /

:_ §lmeﬂaoe

cuucm 58 E c'nsAcssc R 3 g
=enfem: SSBL i sonfroy @E oy
CPU: Operating System CPU: Sofiware Architecture
» Space Craft Operating System (SCOS) SCOS (kemel)
~From BekTek Loader Datas
Serial
_ RAM-baS e d file syster:n Control Handler Satellte
—Multi-tasking and multi-user Telemetry Process —=> Hardware
—Includes S/W for TNC using AX.25 Tasks
- Includes HW and SAW Debugging Utilities BAX (AX25 Driver)
— Software custom modified to in-house i
specifications -
Modems
cusuzsc 60 "E euum €1 g




" \Interface
]

{ Packet

{ Check

!
| Security

[

I8jpuBl jusAy

cusa GSFC

A~y i Qafhogares O -
C=L Software tvents
From
jemm e | Comm Inter-Task Events

seslom: e?_sr[i- e
ZPU Serial Interface

» Dedicated Link to High Bandwidth
Subsystems:
-GPS
— Science Computer (Orion Only)
« Signaling
~TTL Level (+5V/0V)
—RS232 Format
« Up to 57.6 kbps
P p E

-~ .
APNASA GSFC 6 e

mesfem: S3DL e
Data Bus: Dallas

* COTS standard by Dallas Semiconductor
— Asynchronous Serial Protocol
~ Can be powered through Data line
- http:/Amww.dalsemi.comiechbriefs/tb1.html
* Devices
— DS18B20: Temperature Sensor
» %0.5°C Accuracy (-10°C to 85°C)
« -55°C to +125°C Max Range
— DS2450: 4 channe! Ato D
« 8-bit resolution
+ Measure Voltages, Currents (with MAX471)
» Can use at Open Drain Digital VO F
N

enuuasrc R

s @b—‘" g
CPU: Software Hisrarchy

sonfarm: . ﬁ
Data Bus: Overview

. COTS Standards

— Phillips 12C —
- Dallas 1-wire Cmae .

i
¥
3

+ Total mass: .15 kg IAD&CJ [ngﬁm I cPU |
I2C Data Bus
Dalias Teiemetry |
MERIT/
VLF I Power luThruster

ra. B

monfar; &= iy
Data Bus: 12C

» COTS standard by Phillips
Semiconductor
— Synchronous Serial
- 2 wires: Clock and Bi-directional Data
—100kbps signal rate (max)
— Multi-master arbitration specified
~ http://www-us.semiconductors.com/i2c/
+ Used for Command and Data
— Subsystems and Experiments

‘euum o S
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Daia Bus: i2C Exiension

Pzoxet Definition
Command Packet
|From| Command (5 bytes) | Check |

Datz Packet }
‘Size | Duta(<126bytes) &  !Check
T

Secuencing
Simple Command
{ Command JACK |

Command with Reply

Command { Repl Dats ACK
St L=y LAk

mesfom: SSDL s
PiC Boards: Overview

» Standard interface board for all
subsystems/experiments
—intelligent Subsystems/Experiments
~12C interface
- Power switching
— Standard Telemetry

—40-pin header connects subsystem
hardware

Quu GSFC E

e = et
PIC Boards: Power Interface
Dallas _
- 12C o
- Power

-m‘a

lL-

Somser

d)
1 | l

| e 12y’

l‘ Isotation }n PiCmicro ¥ a5V +18V

cPuU Swiches ~owe |

H Subsystem 1o Subsvste” :

sonfom; SSDL —ns
Data Bus: Intagrity

» Dallas
- Separate Dallas 5V line

« 12C
— Subsystems Isolated with Analog Switch
- Dallas Power Control

~ Bus Monitor can reset CPU interface
(Emerald only)

>
‘auum " \[. ~

sosfeau [~ 5 o
PIC Boards: MicroController

* PIC16F877 (from MicroChip)
~ I2C interface
- Serial
-~ 8 Ato D Converters
— On board RAM/ROM (limited)
+ Standard Modules
— 12C including Extension
~ Easy interface to PIC resources
~ 16KB Serial EEPROM (SPI)
— Real Time Clock
— 1.5MB SRAM (VLF and CMT)

@uumﬂc . 7t ’E

m‘g&m SSDL - ::

S

5

Manufacture

« Manufacturing

— CPU board: manufactured by Space Quest Rev.C - CIC
requested

~ PIC board: designed in-house, to be outsourced for printing
and population - CIC requested

— SCOS Operating System from BekTek — extensive testing in
various projects - used in various space on missions

- In-house Driver and Application software: modular structure
and testing :

— CPU Adapter Board: designed in-house, to be outsourced
for printing - CIC requested

- £

12
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« Modular Design
— Stand alone basic testing
- Incremental Integration

- Bottom up testing

» Debug Interfaces

Daflasa26 Qalrfure

— SpaceQuest CPU
—PIC Boards
&AS‘GSFC 70 g
Testing: PC — Date Bus =~
Interface

P A, IV’_!

@us‘ GSFC 7 A
P

nosbor SSDL e

Testing: Fult System

« Full Data Path
scnt, GPS / SciComp
Serial RF Serisl /
Ground —— Modem " Modem «——— CPU—25. PIC

aiei= Sensors

« Simulation of Multiple Satellites

cPU
;V {Orion) \\':
CPU

R, CPU
Emenid) < (Emenaid)

« Artic Card (RIC) in PC
— 80186 (V53 Compatable)
~ High level software testing
—~Modem/Serial interfacing

« PC to Data Bus interface

—Dallas
-12C
‘cuum 75 E

Testing: Interfaces

v'Dallas Send/Receive

v'12C Send/Receive (extended)

v'Serial Send/Receive

v Ax.25 Send/Receive (comm)

= Modem Contro! (digital 1/0)

= Bus Monitor Arbitration (Emerald Only)

’
emn GSFC B T NS
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Safety and Reliability

« Safety Compliance

~ C&DH subsystem powered off until safe distance from the
Space Shuttie

— All components conformal coated to minimize outgassing
* Reliability

~ Memory has 8 bit correctable EDAC

~ Ciritical functions require both command and confirmation

— 12C commands require a valid checksum

— Connectors are staked

enu aGsFC i g
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Communications

%
R

« Common system for Emerald and Orion
« Functional Requirements
- Satellite «> ground station

c}uuassc E;g
eoafcm: &= o
Ty

Components

Ly FRTL W ke
Hamuronics FM TXRX kits

t GMSK mogem™ =in-noLse assempbiy and tes!
oce’ GEQD bauc max gara rate

— Satellite « satellite
— 9600 baud
- Independent Download for Emerald vs.
Orion
~ Receive only Frequency: No jamming
&= L
sionfem: . @Z s's,:x.

Specifications

+ Full Duplex, Mode J (amateur)
—2m Uplink
—70cm Downlink
« Half Duplex Crosslink (70cm)
« Omni-directional antennas with circular

SN
Freguency Scheme
Orion T . . Emerald
145 835 Mhz W
145252 w-&\\dﬁ R
' %
c‘“‘m Ground y E

polarization.
QMSAGSFC . 83 E
—— &= s

Modem

« Manufactured by SpaceQuest
+  GMSK encoding

e Dual Channel
1. 9600 baud fixed

2. Software adjustable §
(9600 baud max) -

euu GSFC




Comm Multiplex Board

» Push-to-talk (PTT)
— High Power (2W)
— Low Power (350mW)

« Polarization Control

« Antenna Matching

« Supports fully Redundant system:
-2 Control/Signal Sources

Y KASA GSFC

-2 Transmitter/Reciever Pairs F
G‘SA GSEC ) \s;/
senfam: Q@.& 3:;:_
[ F PN oYala . 3 v
Biock Diagram: Orion
1458 |
Re 0|
——
4358 i
Tx :  —
L—. C i i ons.
T oy Muttiplex |
il Board Control

L]
l

54 GSFC

Manufacturing

L3

S

* Radios: Hamtronics FM TX / RX kits modified for the

space environment; In-house assembly and test’

SRVSHAIS, 1Nl CEDAsHIT MR OF alldn

« Satellite modem: SpaceQuest GMSK modem - CiC

requested

« Comm Multiplex Board: In-house design, assembly
and test. Board manufacture: Advanced Circuits

@uum

g )
Testing

* Component Testing
- individual radio functionality/tuning
~ Modem configuration
~ Modem data transfer
— Multiplex Board switching
* Interface Testing
- CPU (and Bus Monitor)
- Ground Station
* Incremental Testing (add links to middle of chain)

« Full System Test (see C&DH section)

emu 3 £ E

Shuttle

SSPL

Safety

« Comm subsystem will be powered off
until safe distance from the Space

« Comm power supply inhibited by power
subsystem (2 fault tolerant)
« All components will be conformal coated
to minimize outgassing

euu GsFC




Bus Monitor

PiCmicro

X
| Somm | Pumpkin
os

auucm 92 g
s > 35 so
Block Diagram
[ /\

Data Bus {12C)

Design Overviaw

+ Monitors State and Activity of Data Bus
» Provides Direct Access to Data Bus

—CPU Backup
- Operations Experiments

» Can Achieve minimum functionality of
all components on the Bus

« Separate Modem

. E r
euum IS

sonfos . &s@
CPU Arbitration

o

"'b‘\‘
L

« Comm interface board has hardware
switch

- CPU must send pulse to keep control
—Tx, PTT, Power Level Control
« Direct CPU connection
—Request Comm Control
—Reset CPU’s 12C interface

monfery SSDL
Performance

» |2C Master — 80 kbps (max)
 Dallas Master — ~1 kbps
« Modem Interface

—1200 baud

—AFSK (Bell 202)

— Half Duplex

&ucsrc

—Reset CPU (requires 2 signats)
cuumﬂ: . 95 g
Manufacture

« Manufacture
- Manufactured by Advanced Circuits
- Assembiled by contractor

« Fabrication and assembly will adhere to
published assembly instructions for all
circuitry and hardware

Guu GsFC o1 @
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Functional testing of all circuitry

« Communication Control Switching

« Communication Control Arbitration
CPU’s modem signal rejection

+ RF & Modem « Bus Monitor < PIC

3

- £

=vuu GsFC 100 g

+ C&DH subsystem powered off until safe
distance from the Space Shuttle

« All components conformal coated to
minimize outgassing

» CPU can prevent Bus Monitor control of
Comm System

g
@uu asFC r \[\,-"

nonfom . SSDL
Functional Diagram

Pora. =
Pocsens = o

e L ED

232 Debug

Schomp Serial ports (2)

(StrongARll
| board s
=

g
i

L] bl
8 -

E?
@mu GSFC X -t

SSDL

.

Hardware V

: i @
e { v o

+StrongARM 1100 CPU +StrongARM 1110 206MHz CPU
«Power. 2W ~Power. 2w
*Memory: 4 MB flash, 32 MB RAM «Memory: 16 MB flash. 8-64 MB RAM
+«Comm: 2xRS-232 (no handshake), =Comm: 3xRS-232, GPIB
1xRS-422 +COTS (two week delivery time)
+Limited Supply «Proposed Fiight Units
«EM Development Purposes F
-/r
euu GSFC 102 S

L 3L 5:,_
Software Development

+ ARM Linux N R s
- Low Overhead '
- Lowowroad 4 RM
— Versatile ’ :
* Realtime issues
— Realtime OS not needed
— Low Bandwidth (< 10 H2)
— Wirite custom task dispatcher . ol
« PC Code Generation Piapine 1
- Translate Matiab M Functions into C W
+ Linux Software Compilation S
~ GNU C Cross Compiler -

— Download Ramdisk into StrongArm - P
S

emu GsFe 103
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Task Dispatcher

nosfoom; xssm‘ —
State Flow / Task Breakdown

\

—_— i B e i
; Task

—GPS 0 < H v« M < M v N i '

| At CHl’ ‘ ‘ Y N IR %

; Fue! Reg. : ; | % % f

i Execute Tasks Estimation %] %) Y S
Required for State | Modeling’ A [ % “HE <
— Fonn.Co‘odli i ; M %] [
Keep Alivd |4 | ' )

S ug & e E

monfcr: SSDL S;~ soafar . ﬁ
Verification and Test Plan

‘H Y

+ Phase1 —
- Matiab Simutation
« Phase?2
P_ a:e;ute code Saence Computer g GPS .
. Ph
-TUVRNNR—— . ] GPS Receiver
Science Computer GPS P
« Phase 4
—azd CDH and modem = - ﬁ
’ Phalsne'tfte communicatol g coH S | Moo
-~ ns with Computer
GPS/CDHModem cluster on Emerald
GPS GPS
Orion BB 3 - |
] an &m%/ Y o Emerald

CDH  Science Modem oy

Computer 7 ‘ .!I
e«us‘csrc e @msa GSFC _ o

P

\
f

GPS Payload

* GPS receiver
— Power 8 W peak & 2 W ‘“rest” mode
-~ ~1kg & 12cm x 20cm x 25cm
— 6 antennas (option for 8)
- ARME0B and Strong ARM processors for navigation
processing
- Extensively tested on ground
« Based on Mitel Chipset
~ GP2015 RF front end
— GP2021 12 channel correlator
~ Radiation tolerant
— External clock linking micro-controller RF front ends

e"‘“ GSFC

108

%)

GPS Payload

* Verification
— Store and downlink raw GPS
data to verify real-time
solutions

Carner-Pnase GPS (CDGPS) proviges &
very accurate and cost eftective means
of performing refatve navigation
between spacecra® Tre GPS
recewver IS the primary pavioad on the
Orion spacecra? and one of the
prnimary pavioads on the Emerale
nanosats [tis Deng cocperatively
developad with NASA GSFC Low-cost
& very fiexible design

Qmu 3




Features:

Clock slews to synchronize with GPS time

- Receivers on different vehicles still coordinated
Improved Tracking Loops

~ FLL for acquisition, PLL for tracking
Cycle Slip Detection
Orbit propagator

— Necessary for LEO initialization

Relative orbit propagator and navigation algorithm

i ¥
cnuwc N

tadin) ()

&= =
High Fidelity Sim: .
Position Error
"""""""""""""""" """ EKF solution of GPS

~ measurements
using truth file

()

- generated using
GSFC Trajectory
Determination

cnvs teach (m)

~ System Simulation

c=1-3em

cwds i)

Inteach {mh)

)

crovs track (i)

High Fidelity Sim: ‘
Velocity Error _
e sy EKF solution of GPS

=

# o ,; Pt mvisir measurements
. ; : : using truth file
TR generated using
R : : : ... GSFC Trajectory
m ; : Determination
D A System Simulation
Y H
TR
o5 TR— o= 1-Immses

>
eanfen: SSDL e
4 ™
— . : :
-
Predicted GPS Results
® o
Absolute Pos (m) 33.9 18.7
Relative Radial Position {em) 13 3.22
Retalve tn-irack Posmon (em) 14 227
ce Cravsetrony Boon o (em) 1.6 1.45
Relative Radial Velacity (mm/s) 0.47 1.8
Kefatve in-track Velocity (mm/s) 0.28 1.1
NN 0.14 1.0
{mmis}
» Matiab predicted estimation errors for realistic on-orbit scenario -
includes bias acquisiton.
. G ty ping in the loop tests to verify these P
&
&s‘m 114 \'v/

senfer ﬁ :_:

Ground Test Results

et s Rt Pond v

oy

Demonstration of real-time relative position

and velocity estimate error using current

modified receiver in ground-based test. P
X

e"‘" GEFC 115
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Manufacture anc Test Developmen!

RKilestone: Navigation -MiTLAB.. C code Em&d&d
¢ Hardware development Algorithms

— Prototype of GPS receiver and interface board complete

— Complete integration Receiver Prototype Recﬂ"r Bo-“is lnurfm Flight

— Minor mounting and shielding work Hardware - @ Models
« Software development

~ Implement navigation and attitude algorithms previously Receiver w -

developed in MATLAB in C Operations - it Fast Tracking

— Run on ARM60 or Science Computer Prop. Acq. Loops
¢ Test terrestrial performance »
. Test usmg GSFC GNC GPS signal simulator External Integration = 7 @

T QUAIRG gey elopmew' heiped improve P
N i s

g
‘Quuwc e \: ~

: a SSDL — : . SSDL
=

External integration Control Features

Y\mennas
»

Power

» GPS receiver collects carrier, code, & Doppler
5V Power measurements
- Cross-inks data to other formation vehicles
- — Inputs into estimator: absolute/relative navigation, attitude
« Absolute and relative estimators filtter data with orbit
propagators
~ Navigation estimate sent to high level formation coordinator
— Attitude to low leve! vehicie controller
« High level coordinator commands all formation
vehicies based on current operating mode

["
c’mu GSFC " T N

>
HEE =t SRR -QBEEM" Formation C&:%Ef-\rchitecture $—3~,\

. o s .
Architecture |

--{ LOW-LEVEL SAT/CONTROL Wk

ESTMATOR i
THRUSTER MAPPER & emmm
TORQ COL MODEL
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Operational Detalls
Experiment intrack Relative Radial
Modes Separation [m] Tolerance [m}
Coarse FF 300 10-20
Fine Parking 100 10
Erecision B 100 2

Error box

Coarse FF Emerald —

WPNASA GSFC 122

MyaraiiAana! Tiafrsiic
Jioeratidong: Jewaht
ORION g == =77 m
o . . ~ 100 ~ 1000 ~
200rnmmoraxrvs/ /@“.*\[ﬂwlrﬁwn\ ——— ~ R
a7 5 el i \
on ¢ | ~-a ; .
T AT 2

e EMERALDW2
: .

P

« Align Emerald in-track positions as ciosely as possible

« Qrion in closed-form relative motion with respect to the
Emeralds’ mean formation geometric center.

» Emeralds provide GPS data/comm link & respond to

senfosy @Fj . 75::'_ N

sonfam: e*s_?'b.,_

Electrical Power
Subsystem

control inputs from Orion P
Quuwc 3 \-:"

Design Summary

» Four Major Divisions
— Body-mounted Gallium Arsenide solar cells
— Electronics for power regulation, radiation
latch-up protection, digital power switching,
voitage, temperature and current
measurement

- One 10-cell, series-connected battery
housed in 2 boxes of 5 cells each

cuu GSFT 124 g’
IS

Eody Mounted Solar Cells

» Spectrolab Gallium Arsenide triple-
junction cells — 26% average efficiency

« Single cell voltage — 2.2 V open circuit
- 8 cells per string, 17.6 V open circuit

+ 9.3 W average power

+ 15 strings on each nanosat

» Kapton substrate electrically insulates
cells from body panels

S >

— Power inhibits
eusa OSFC . 128 g
ks Y|

eNAsA asFC 27
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Pane! 2/6/3/5 Layout

cuu GSFC

Panel 4 Layout

calies

Bl Es I::

Guu GerC

Beryl Chromium

— a= =

sonfan . es_s—i.

Intersatellite Layout
/G 0 U 0 o\

+

in +

m,Egm, SSDL
Chromium Top Hex Layout

i

s
g )

tlectronics

« Vicor 5 and 12V power regulators

« 11 to 14V unregulated power

«+ Dallas 1-wire bus digital power switching
» Dallas DS1820 digital thermometers

- Maxim MAX471 current sensors

« Resistor network voltage sensors

» Dallas DS2450 A/D converters

» Latch-up protection at subsystem level

» .5 kg total mass of electronics

p=Car W
; =

euuwc
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Sower Distribution

« Dallas 1-Wire serial bus for Power
Switching y
» 3 distribution buses R

—2 for general use

N

—1 for noisy/high poOWer draWeengm: oy
« Standardized DB9 pin-out

s &S?—D-T :;;.::.. .

Battery

- One 10-cell, series-connected battery housed
in 2 boxes of 5 cellis each

« Sanyo CADNICA 5 AH KR-S5000DEL cells
« Family of cells has flown on manned missions

« Each box is a sealed 6061 aluminum
container

« 1.1 kg per box (including cells)

E ?_l
Qunasn: N

- L
monfom: SSDL S;...
e ™

Battery Box

« 2 vaives on “high” side of box

+ Sub-micron filters to trap electrolyte

Interior coated with non-conductive electrolyte
resistant paint

Positive terminals packed with electrolyte-
absorbent material

« Purged with dry N2 to 20psia
+ Teflon cell spacers
» Internal digital Temp./Press. sensors

sanfor: . SSDL ey
N

Battery Box

:'
c‘mu GsFC ; g

* Viton O-ring to seal lid F
Q‘ASAGS‘C 136 \-f/
sosfom SSDL e

TN

Power Inhibits

+ Four inhibits in every current path to
every subsystem

+ At least 1 inhibit in every return leg

« 4 additional inhibits to STRUCH/MECH
subsystem to inhibit operation of
mechanisms

- Each inhibit is 2 aerospace-qualified,
hermetically sealed relays in paraliel P

e"‘“ GSFC 138 ’\-»/

menfer SS0L (;J_j"’
Power Inhibit Diagram

euu GSFC 139 g
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Power-Up Seguence

» Separation from Orbiter
— All systems not powered
— All inhibits not monitored
+ T1 Signal from MSDS Platform

— All systems powered except
STRUCHMECH

+ T2 Signal from MSDS Platform
— STRUCHMECH system powered

QA!A GSFC

140
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System Performance
Cell vokage 1.2 volts | Celi sikze 336 sq. in.
Cell capacity 5 AR ] Celt currem 264 mA
# of celis/pack 5 cgll | Cellvanage 22 voks
¥ of packs 2  packs |S. Areato ight 538 sq. in.
Time illuminated/orbrt 78.3 mn.
[ ctirrof Tt Power Cune ] ¢
Ty onzpe £ e Paa G $ Area 17187 M s
Wt TioA M
B g W
r
42 x4

-
S50 -
,,,,, .

Design Analvsis

« Performance Analysis

— Expected power output
« Structural Considerations
~ Battery Box
+ Thermal Considerations
— Batteries
— Electronics
& L

Battery Box Structural Analysis

« Must support mass of batteries
~ Battery mass, .75 kg per box
- 20G dynamic load, 15 kg
— 4 feet, 125 sq. in. area per foot
— 66 psi total shear load on box feet
~ FS of 227 on foot strength
- May reduce size of feet

« Must hold 20 psi internal pressure

Thermal Analysis

+ Battery the only critical component
+ Battery thermal requirements
- Charge
» 0-45deg.C.
- Discharge
+ -20-60 deg. C.
- Storage
+ -30-50 deg. C.
= Thermal finite element model shows
compliance with these limits for on-orbit
operation.

34 GSFC

“

—~ .25in. thick walis
- FS of 10000
— May reduce thickness of box walls P
NASA GSFC X P
e

Battery Box Manufacture

« Materials
~6061 T6 Aluminum box structure
- Teflon Battery Spacers
- Fiberglass absorbant material
~ Vitron O-ring
—2 20 psi cracking check valves
— Hermetic connector -
« All parts of the EPS are non fracture

critical
euu GSFC 1“5 g
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Batiery Box Manufacture Electronics Manufacture

« Construction + Custom boards manufactured by
~ Boxes milled from aluminum Advanced Circuits and buiit at Stanford
— Spacers milled from Teflon University
— O-ring custom made « Standard PicMicro board
— Check valves threaded into box » Fabrication and assembly will adhere to
- Hermetic connector threaded into box published assembly instructions for all
— Batteries set in spacers and potted circuitry and hardware

;‘SAGCFC 146 Q ‘euum v g
Test Ground Operations

» Battery Box - Battery box to be sealed and purged at the
— Proof test to 20 psi universities
— Leak test (digital pressure sensor) « Inhibits disabled, reset, and verified through

the STPI
— Procedure will be listed here

« Batteries charged through the STPI
~ Procedure for charging will be here

-~ 6 month time limit between charges, based on
heritage experience with batteries from OPAL

» System functional test

cuncsfc 148 ‘E @uucﬁﬂt 149 g
—— =5 iy - &= ey
e ™ I ™
Requirements Fulfiliment
s '3
+ System meets power needs of A fi ZUdV

spacecraft as designed

o Determination and
« Inhibit scheme adequately prevents
power accidentally being applied C ontro i (’ A D C 8)

cusn GSFC 50 E “Qun GSFC 5 \E;
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« Determination
— Light Sensors

o
4
H
=]
[

i

- ODDSS

~ Magnetometer _[_J
» Control J

- Torquer Coil ADCS ODDSS: ADCS MITC
. PiCmicro® | | PICmicro®
~ Passive Drag I J i I
- Data Bus =
-~ “?
A2 GSFC e e
— .
ronfom: SSDL .

« Magnetometer
- Honeywell HMC2003
3-axis magnetometer
~ Range: +/- 40
pgauss to 2 gauss
— Resolution: 40
pgauss
- Output processed by
ADCS MTC
PICmicro®

Attituge Determination

NpriASA GSFT

= Torquer Coil

— Single coil oriented
along stack axis

- ~ 1 gauss field
- Bi-directional

eusA GSFC

] SSDL

Attitude Control

gonfoa e@
Attitude D=t

« Light Sensors

-~ 2 sensors on each
body panel

- Each at 45° angle
from body panei

- On-board processing
in ADCS ODDSS
PICmicroe

— Accuracy expected
to meet subsystem
requirements

c‘uncsﬁ:

anaEem: . e@
Attitude Determination

« Omni-Directional Differential Sun
Sensing (ODDSS)

- Algorithm developed for SAPPHIRE

— Determines sun direction via solar panel
currents

— +/- 10 degree accuracy

Qnuasfc

n

s

A

mesfan: eﬁ =
Attitude Control

« Passive drag orientation
—VLF antenna provides torque sufficient to
stabilize nanosat about pitch and yaw axes

- Some rolling freedom is okay for
requirements

Forward
Motion

(=R

26
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Materials

Light sensor, magnetometer, ODDSS
— Electronic components

-~ Custom-manufactured PCB

* Torquer Coil

— Aluminum frame

—Magnet wire

— Epoxy: Stycast 2850FT w/ Catalyst 9

~

cmuossc 158 g

sonfar: SSDL
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Design Analyses

« Analyses performed:
— Separation analysis
- Drag stabilization analysis
—~ Torquer coil stabilization analysis

@AS‘ GSFC g

(4

§‘~

0
4

Separation Analysis

« in-track separation

- Can compensate for separation velocities using
drag panels

- If drag panels fail, satellites separate by ~250
km/day — only 10 hours of crosslink

- If drag panels work, compensation takes ~20 days

manfsoy e@ﬁ -
[‘u::c: L Frarsira ""'Ob%r, :
Videoo & Migioldic UL

« Mass
- Electronics: 0.5 kg
~ Torquer Coil: 0.5 kg
« Fracture Control

~No portions of the ADCS are fracture-
critical

o c

moafen
Separation Analysic

+ Objective: determine optimal stack
orientation for separation

» Goal: Separate stack such that resulting
orbits are close together

« Examine two separation possibilities
- In-track separation
— Qut-of-plane separation

- Radial separation not feasible with
available attitude control capabilitiy

,

Separation Analysis

* Qut-of-plane separation

— Causes inclination
change — worst case 0.8
km

— J2 perturbations add 3
km separation per month

- Acceptable for mission
success

— Can achieve via torquer
coil orientation &
separation at northern- or
southemn-most part of
orbit

e NASA GSFC

‘ »

@nnm - riaRg
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Vianufacture

+ Custom boards manufactured by
Advanced Circuits and built at Stanford
University

+ Standard PicMicro board

« Torquer coils constructed at Stanford
University

- Fabrication and assembly will adhere to
published assembly instructions for all

ADCSE Ground Operations

+ No ground operations required

P £

circuitry and hardware P
c'uucsc 164 \\;/

VLF Receiver
Experiment

3‘"0&6 E

fes’

+ Functional testing performed on all
circuitry and hardware

sonfam: &E& e

EV
euuasﬂ: NS

Reguirements Fulfillment

« Mission Success

— The light sensors and magnetometer fulfill
determination requirements

— Passive drag stabilization meets
operational requirements

- Torquer coil stabilization allows optimal
separation orientation

« Launch Safety Requirements
- Torquer coil field well below limit

‘ >
@ma osFc - W e
- R z
senfam o
PR

« Mission Statement
~ This atmospheric science experiment utilizes a set
of VLF receivers (one on each spacecraft) to
detect electromagnetic disturbances due to
lightning.
» Mission Objectives
-~ Characterize the ionosphere
- Validate benefits of formation flying
- Perform a comparative study of how satellite size

and processing architecture impact a baseline
science mission

- e
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« Custom boards manufactured by
Advanced Circuits and built at Stanford
University

« Standard PicMicro board

+ Fabrication and assembly will adhere to
published assembly instructions for all
circuitry and hardware

Design Summary
= VLF Reciever -
- Bandpass filter with peak
amplification at 4KHZ
« PIC16C77 Microchip TWF | S:’""“'
. [ mory
— 8K program memory | Receiver | | ‘spam
-~ 20 MHz sampling speed ———
PIC16CT7 ]
+ External SRAM | Microprocessor |
— Allows for an extra 1.0 M
RAM ‘
+ Total mass .5 kg, T
a __including antenna P
VAIA GSFC 170 \‘v'/
sosfean: ﬁ e
'S !
Manufacture

eduu GSFC 172 g
-
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MERIT

» Receiver Duties
~ Filter low frequency (1-10 kHz) EM disturbances
— Amplify signal
- Received wave 100-300 mV, Output wave 500-1000 mV
« PIC Processor duties
— Sample VLF receiver data / stors to PIC memory
— Read PIC memory / send data across |2C Bus

« Functional testing of all circuitry

Power Supply
SV

- Science data tagging
+ Time, attitude, absolute & relative positions
G
euum ”t \‘v/
nanfarm: . ﬁ e
T +
lest

1
Function E
Generator ViF
e P B ey
1006-300 mV
@ms‘csrc . 13 \C/
monfam: ﬁ so
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Experiment Objectives

- MERIT: Micro Electronic Radiation in-flight
Testbed
Testbed for Measuring Effects of Radiation
= Modularity

— Host

-~ Device Under Test (DUT)
« Easy Expandability

- Low power consumption

- Small Size

29




» Modular architecture . "orrs - o
— Primary Host Board ’ i

MERT mest

f s
1 |
H i

‘swt-oelssvnov- || TeatadiSEUDosmaer; Li ExpmmomieduTs

ueuuasrc LRSS

4 3 e
- SPI bus to testbed
- SPIbus to DUTs e
. Totalmass: 65kg ~v1 < i
o MERIT post pa DUT ¢ s
St e
T i
C
a‘“m e \‘V/
monfum: ﬁ Mff’z

MERIT Testbed

« Dosimetry Unit
— Three 4007s (3 PFETSs each)
— Temp sensor for each 4007
+ Single Event Upset Detector
—Two 512kword SRAM
— Three 4520s (sync. binary counter)
» 3 10 pin DUT headers
- Supplies power and SPI signals

S

e

MERIT Operations

» Dosimeter
—Test Mode (5% of time)
— Accumulation Mode
» SEU Detector
— Wiite 4 different bit patterns
— Read Memory contents recording SEUs

(==

cmu GSFC

“’EE‘""" . SSDL S
MERIT Host

» Communicates with Emerald Host via
12C

« Communicates with MERIT testbed and
DUTs via Serial Peripheral Interface
(SPI)

» Responsible for coordinating DUT
testing and storing experimental data

waiting for downlink
& —.C
——— &= e

Manufacture and Test

» Manufacture

— Custom boards manufactured by Advanced
Circuits and built at Stanford University

- Standard PicMicro board

«» Fabrication and assembly wili adhere to
published assembly instructions for all
circuitry and hardware

» Test
- Functional testing of all circuitry

Quu asrc 181
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CMT Prototype Rev 2.0

monfem:

Generate thrust by elecmcally chargmg
and g very sm:

One Thruster Module:
Expected Performance: [,
Sodium-lodide / Glycerot Propeliant

System Specification
— 500

L

tem Overview

“=Two Difterent Thruster Core design is fed b§°‘m b
Qoe Propeliant System

Extractor Plate

~ 0.05mN Thrust, ~500 sec isp. 15 m/s AV ~

anuam> >3 2 »
LY

— 30 or Nal per 100 ml Glycero! Solution — }.ﬁ
-~ 20 millliiters, 25 grams, <1 psi pressure Eg D’:;a:‘:

~ >90" satelite rotaton after 15 min thrust

g system weight, 10 x 10 x 20 cm —
~ 8Watts mex, no standby power

power, Hot-

"
eusaasfc WA

[

Experiment Objective

R

in
.

+ Optimization of 70’s technology into a Low-
Power, High-Efficiency Micro-Thruster
— Highly integrated, Modular Design
~ New Thruster Core Design

» Technology Demonstration

- Spacecraft Spin-Up to demonstrate operation
~ Thruster exhaust sensor to detect emission

‘e""‘ GsFC

rasfer é;s?_ﬁz .

CMT System Revision

*» Revision 1.0 i
— Two Thruster Modules
— Each Module has a Thruster Core and Propeliant Systems

Summar, One TCU, Two Modules, Two TCORES, Two
Propeliant Systems

¢ Revision 2.0

~ One Thruster Module with two Thruster Cores
— Both Thruster Core is fed by one Propeliant System

Summanr.: One TCU, One Module, Two TCOREs, One
Proj Mlam Sy§tem

Less pardware les
ron imoact 1o EMERA

. St S ute
_ Saet 5 o §r
e _ W

Valives p
susA GSFC g

CMT System Overview

CMT MODULE Thruster Contro! Unkt

Daughter Board
\,

High Vokage +/ 8V
Power Supphes and

Latching  Storay
lnoiation and devory unit

31




CMT System on Berv:

Module #2

Module #1
CMT Enclosire / )

e

Cutaway of the CMT System CMT on Beryl

a_~ R
agpiasa asrc 185

o T + bl jemié
127 L ONITo: Jﬂ':

1

« Function of TCU:

~ Controis alt CMT functions and communicates with the
spacecraft main computer

* TCU Components

- Digital logic:
+ PiCmicro® 16F877 Microcontroller
« Digital to Analog Converter
» Analog Multiplexer
» Random Access Memory for Data Storage
» Picoammeter and Temperature Sensors

~ High-Voitage Power
» +6KkV and -8kV Power Supplies

c‘mu GSFC

rsosfee ﬁ rsr’a

e
¢ )
SR AT HTP. -
CMT Capitiary Thruster Core
+ Function of TCORE B e
- Generate thrust using —-
charged sub-micron Source Piste /
particles
« Thruster Module #1 | Pine
~ *Tradibonal” Design = il
Pw Exhaust
+ TCORE Components | =
- Pipe Emitter -
*+ 150 um OD /50 um ID /YL i
- Source Plate (SS304) Proselant
~ Extractor Plate (S5304) o —
- Insulator (Boron-Nitride) - Ex:l:gor
~ Propellant Chamber (Tefion)
VIASAWC

sonfam: . ﬁ@_ﬁ
CMT Linear-Slit Thruster Core

«  Function of TCORE Stainjess Stea! Plate
~ Generate thrust using charged eTETE
sub-micron particies /, s S
< Thruster Module #2 %{%/\
adventage
« TCORE Components
- Piate Source {Hardened SS)
« Ptate-Rake-Plate sandwich
contruction s
- Extractor Plate (S5304) A
~ insuiator (Teflon / BN) b’é@ T

~ Propeliant Chamber (Teflon) Gap Fingers thickness
Photochemicaly-Etched Rake

euu asFe . 13t F

Propeliant Storage & Delivery

Unit

« Function of PSDU:
— Propellant Storage
~ Supplies propeliant to TCORE upon command from TCU

« PSDU Components
~ 10mi Propefiant Cartridge
— DC Motor w/ High-Ratio Gearbox
- Threaded-Rod / Plunger Pumping Mechanism

+ PSDU
- Seff-contained, sealed, battery-operated, medical-grade portable
insulin pump
- Modified to allow pump control by TCU
— Modified to include a small heater

euu G8rC 192

Ty

CMT Propeliant System Rev
1.0

Molor Contro:  esar Control ang Latsnvanve
and Fiow Senser Temgerauww Bensx Cortrol

Motor !
Seerna Encooer
Psou Propeiiant
Enclosurs ugh-Ratio Cumioge Cag
Gearor :
Thrended Roc  Plunger RingSew#1 Ring Seai#2

reou TcoRE P
e X
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CIT Propeliant Sysiem

~
2.0
woprcones  wesw Comm 1ne Lasnyara
and Fxow Sensor  Tempemiee Sensor Corem .
Tegm « Ground Operation
wor: — ~ Removal of Thruster Port Cover before integration
A _— -- into PLB
Encionrr HighRaG 2] -
. S — c/" ':/c" s sy — No other Ground Operation
:l \,}" Yave# Vawe #7
. »‘v::n.umm}‘ = <3 roons . . X
— ’;./7—‘—3#,. TR e Flight Operation
Tsosa i Pagw RAngenI B fong Geais2 e . —~ Power will be available to CMT after T2 Signal
ooy ) from MSDS Piatform

. svr ‘ r
e\Anasﬂc LS eMSAGIFC . S

CMT Manufacture CMT Test

« All hardware built, assembled and tested at
Stanford University

¢ Ground Experiments
- Prototype accumutated ~30 hours of operation
- Upcoming Direct Performance Measurement at Edwards
AFB on micro-Newton thrust stand
+ Complete manufacturing and fabrication

¢ Performance Estimate
documentation

- Capittary TCORE

» ~0.01 mN Thrust, ~850 seconds Specific Impuise
— Linear-Slit TCORE

« TBD Thrust, TBD seconds Specific Impulse

+ {n addition to System Leve! tests with EMERALD:
— Vibration, Vacuum, and Thermal Vacuum

. - &
c'uucssc 196 T @uuwc i . WS

+ Functional testing performed in vacuum

sonfaw @ ,S-:—?\-«

Structure

« Structure

» Propulsion

+ Auxiliary Contro!
. Power

- Command & Data Handling
- Communications

84 GSSC

+ GPS Payload
198 -

=rmsa GarC




senfom: e:iﬁ ’

QOrnion Exterior Mass Compeosition

Cormunbation GPS
enna Antenna

Total 35332
Mass Limit =40 ko
Mass Goal = 35 k¢

Solar ____
Panels

B Orion S¥perstructure s

- Simplicity

v 5052 A . Rigidi
honeycomb Rigiaity
plates » Symmetry

oimension
«17.5" cube

6061 T6 Al L-brackets « 35
10-32 Fasteners 3 kg
Stainless Steel inserts

E yf
euuaﬂ: = S

Propulsion <
Thrusters Margin = 12°:
{Orion s witvn tne mass budge? |
IS
=‘SA GSFC 200 \‘\4/
sonfem: . SSBL, 1 s 7
Orion t(View 1) S

Torquer Coil

Science

Computer Tank Clamp

Propulsion
Tank

evuu GSFC 202 T

<z

Communication

Proputsion
Tank

g ¥
euu GSFC X NS

e ’ O/iong%ut {(View 2} S

i}
U

manfo: &=

Component Box Design

5052 AL Sheet metal

Circuit boards attach
to box using #4
fasteners (high margin
of safety application)

Box attaches to
structure using #10
fasteners

N
v

Ground Support Equipment
_ » GSE consists of 4 AL blocks that

bolt to the bottom of Orion

« GSE extends 4 inches from the
exterior of the structure

+ Designed to withstand carrying
loads

« Completely removable

i r
QMSAGSFC o S
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Separation System Interface T
vy ' CG Locatior
' From the Geometric
Center:

Orion Bottom Plate

Hole pattern 1s compatible
GPS Antenna | vith both StarSys ctamp band
and Lightbanc

FEM anaiysis shows no
significant impact or
Separation strength and stiffness

Interface Plate P ' o ?
@“GS’C \;/ GMS‘G&FC xT N -~

¢ CGis within %" of the
i geometric z-axis

= oo RGurement A7, e e RN Mocel -

Design Test Load: 15 4 G's simuitaneous in all axes (* ... - design limit oad)

(High Stress)
pry Results
37 Natural frequency = 120 Hz

- *1%t mode shape obtained
e *Margin of Safety = 2.85

SHELS Envelope ———

i : j

T - MS= AllowableStress
Separation Interface : s emsane (| o SUESS) FS* ActualStress

Orion is inside the L. -
MSDS envelope MSDS Platform Example Qutput

aﬂl“ GSFC - 208 E emu GEFC A g

sonfam z rosfum e
[ p=S
& ™ I < )
e T T T I '
!
: I t
- oo Pensme .
Orion mass model is A ymeter is placed; Freq y data is !
securely boited fo an Model is tapped witha  acquired and processed. | _
aluminum table. hammer in the direction -
of interest.
Sine Sweep natural frequency = 120 Hz
Modal survey natural frequency = 125 Hz FEM natural frequency = 120 Hz
FEM natural frequency = 120 Hz -
$ « Structural frequency is above 100Hz
b » FEM mode! verified
- &
@ASAB#C 210 \\’, HGH‘MO&’C m \‘*/
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mesfEer oo e (ﬁ%/ Overview S

Compone |Classificat’ Compliance

A Nt {Fraci®® 1 sMaterial Certification by AL
honeycomb icritical : composite supplier
composite i sManufacturing consistent with

established aerospace
practices and done by written
i procedure

i »Pull testing of insert coupons
;. consistent with flight articles

P35t i b
The-DuUrstes!

level (1.2x design iimit load)

c'uu GsFe e

-

mesfes  £roctyre ﬁ/ Overviev. ;:;,.

Component |Classificat Compliance
6061-T6 [Low fisk,  :» Table 1 materia!
Aluminum-1 inon-fracture-

Fartres | RMEESK: *#3.4 and 10 fasteners from
inon-fracture GSFC
|critical i *#3,#4 fasteners used in
i ' high Margin of Safety
: ; applications
I «All fasteners will have

backolt prevention In the
form of locking nuts,
locking inserts or loctite

+All stainiess steel insertsy -
oy will be screened Tor gef

vonfom: SSDL . .7
Fractureg;;ol Overview S5

nonfem: . S5 ’ e
Manufazg;% Overview S

Issue ) Resolution
Flight Hardware |« Documented Inventory Control
Control » Material Certification

Integration Control e ,‘{".‘,‘{Qgﬁr‘? Prﬁwm s of all
. ight Hardware

« Manufactured in a Clean Room
Environment at Stanford

Flight Qualffication |+ BifieRotRsBIAGIPPRIcedure

+ Batumidftequency: Sine

cuu GSFC T A T L
AL

Component |Classificat Compliance

Component Non #2Bture  |{*Exempt

boxes critical:contal

Battery box hay-risk sAluminum Alloy
sealed +Proof Tested to 1.5 MDP
container,— = -

Cold gas heW-fiskure be tbéve ter in the

Propt dsion Pmem_—-—

Efg&gﬁqow rized; |*Will be covered later in the

1on. fractire. ¢odiom

system: high critical

pressure

eun GSFC 214 g

u——— Fligigesmrdware 5

~ -A-“:X.

Control ‘
» Documented Inventory Control by means
of inventory control forms provided by
AFRL
— All incoming flight materials will be accounted
for in these documents
—The forms will include purchasing
information, quantities,dates, names,
incoming inspection and other relevant
information
« Isolation of Flight Hardware

— Al flight hardware will be keptin a clean P
b4

IASA 26

mosfas Integrﬁé@ Contro! S5

« Procedure Development
— Assembly procedures for all components
will be developed during engineering
phase and will be used for fiight instruction
- The procedures will include instructions on
assembly sequence, fasteners, torque
specifications,handling and insert
installation
» Engineering Drawings
— All machined components have an
associated engineering drawing
— The drawings will be used to accurately >

gw = manufacture the Component to design_ =

36




=
nosfem: SSDL . 7
integr. g: Controf =

« Clean Room Environment
- Flight Mode! components will be
assembled in a clean environment at
Stanford

+ Intemal Verification Checklists
— A second person will observe and verify
that the correct procedure is used to
assemble flight components

[‘r
@ASA GSFC e S

s m‘ =m
Qualification ‘
« Puli-testing of sampie flight inserts
—Random samples created for every flight
composite pane!
— Samples will be tested and compared to known
design strength characteristics

» Flight Strength Qualification by means of
sine burst testing
— Sine burst at 13.75 G’s in each direction will be

fesa: ”lin?f@gl fication St

« Natural frequency verification by sine
sweep
— Infinitely stiff interface will be assumed in
this test
— Accelerometers will be placed to capture
the damped natural motion of the

applied to the complete ﬂlg ht model F
el‘“ GSIC g ;
e REGEEEDIENTS
Summary e
Issue Reguirement | Compiliance |
Strength +/- 11G's all axes | Sine Burst Testing, .
simult: fy |FEM i
Naturaf 100Hz minimum |Modal Testing, FEM
E | Modeling
Acoustic Survlva! of launch ] Random Vibration
Jstic anvironment __; Testing
Mass, CG Mass limit, CG within 0.25  [Mass ~35Kg
inch from the geometric | CG within specification
Envelope Siflflenvelope withinthe | Orion is well inside the
SHELS envelope. | boundary limits
Fracture Control | Prevent structurat failure due | Approved critical
to flaws components and
Manufacturing Prevent strumuml failure due | BenspliastasMode!,
fo
procedure o
N

emn GSFC

structure
— The natural frequency of the entire
structure must be above 100 Hz P
c""‘m 20 \f;’
manfes = 5y
. )
Propulsion
P Ny

A cold-gas propulsion system provides the required 6-DOF
control required to meet mission maneuvering objectives

- thruste’
bows)

ol with 12 Thrusters

Z

euu GSFC
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N
n 4

mﬂ&w ﬁ n A EDL e

Coid Gas
Propulsior.

Pil varve coric

* Propellant is GN2

« Tota!l Delta-V ~ 25 m/c

e lsp ~ 60 sec. (measured)
« 60 mN thrust per thruster

c'un GsrC 24 \'v/

experiment is ~5 m/s

meefrn porform&Bse Analysis

» Preliminary analysis showed that min AV for one

» Forz Pressure vs. Tank Vol (in3)

")m 500

s
- 2ums

3ems |

i Do 40ma

i - Soms

}ooe BOMTYVS T

Tems

Tenk vel required n3}
sBEBBEREE
88£8885¢8¢

i e

{-~ 80nvs i

o

0 2000 4000 600

|
!
|
|
i
1
|

800 000C 12000

Tonk P (pal)

ax fuel

euuc’ﬁ:

wosfes Corform&miee Analysis =5,

« Max P for tank determined by tank limits
& NASA requirements

—1.5 x MDP < Proof (requirement)

—Proof = 75060 psi -» MDP < 5000 ps

— MDP dictated by max Temp (100 deg. C)
—~ At 20 deg. C, max Op P = 3500 psi

Fuel capacity determined by max Op P
- 0.5 kg per tank (x3)

aosfem

budget ~26 m/s
« 3 cylindrical tanks

* Fuel : GN2

Budget constraints
* COTS parts

& e Thruster Tanifold

g

Parameters
Maximum delta V within mass/volume

« High pressure (3,500 psia)

» Miniature valves and fittings
« In-house parts (low pressure side)

s 2 Functionagg)stlgn Summary

2 x Noedie Vaves

r.gg.p@ Quick-Conn W/ Cap
Luen Varves

: Clustor of 3 (xd) =
T et
YA % P < P b

Presmre s é) [%

Temperatre @ O o

Transducer P XDR x2" PRV X2 Vo:d {thruster)
Vaves
High Pressure ; B
Launch = 3500 psia ; Launch = 50 psia
MOP = 3500 psia : MOP = 56 psia
MDP = 5000 psia MDP = 75 psia

MDP values are based on conservative worst-case |
maximum temperature of 100 C ] P
N

@uu GSFC 26

e Mas@%‘?;dget

Component ss(g) |amount |Total (kg)
Tank 1 359 3 4.077
Regulator 325 2 0.65
Line Filters 274 2 0.548
Thruster Valve 24 12 0.288
Latching Valve 86 6 0.516
P. XDR (regs) 8 3 0.024
P. XOR (HP/LP) 10 3 0.03
Temp. Sensor 2 5 0.01
Plumbing 2000 1 2
Quick_Connect 100 1 0.1
PRV 200 2 0.4
Manual Valves 500 2 1
Holders 75 3 0.225
Manifold 56 4 0.224
Nozzles 5 12 0.06
Electronics 1000 1 1
Fuel 1.5 1 0.0015
11.2

SE
o

N
N
v

emu GSFC
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» Main Material
—Stainiess Steel
—Aluminum

- Elastomers, Seals, O-rings
—-PEEK
~Viton
—Teflon

& = Tefzet = N

=== Co onents

AR Macfon W 2

T XDR

{Tank \}Fller

ey
Pryséire §
emperanre
Transaucer

3 Cylindrical Tanks (Vendor: Luxfer
Inc.)

+ Carbon fiber wrapped

» [nitial fill pressure 3500 os ¢

» Proof : 7500 psig, Burst : 1530(

* Fuel: GN2

euuwc T

s e /%omponents ==
o

e Gl uck-Cona WICw )
| Fiter eousans
{Tank 1
®0

Service Port

« 2 manually operated needle vaives

+  2-micron filter

« MOP rating of 6000 psig

« Proof : 12000 psig, Burst : 24000 psig

» 1 quick-connect (self-sealing)

+ MOP rating of 10 ksig

« Proof : 20 ksig, Burst : 40 ksig

« Provide 2 fauit tolerant mechanical
inhibit from inadvertent release of GN2

S

sosfenm . SSPL >
Co ents
- Lakn Vane: z ;
—pad Risher of 3 (xd) =
Latcn vave Fiker - 12 rrusters

Sotencad (irrusters
vanes

Regulators (vendor: GoRegulators) .

« 2in series prevent high pressure from
reaching low pressure side of system

»  MOP rating of 6000 psig

< Proof: 12000 psig, Burst : 24000 psig

« Monitored using pressure transducer

- Tamper-proof handles (-

)

anAsA GSFC

u*w = SSDL hd
Cor%-u-nents s
; lenvawes

p d z

P xm: a\, mv x2 smenue (reuster:
venes

N

Pressure Relief Valves (vendor: Swagelok)

+  Twoin parallel prevent high pressure from over-
pressurizing low pressure side of system

« MOP rating of 6000 psig ¥ i

i

Tty

«  Proof: 12000 psig, Burst: 24000 psig
« Setting preserved by lockwire
»  Two PRVs required to relieve high-pressure 'free—ﬂw

N

. (>

masgees CoMbBhents 55

7) Quek-Coon Wi Cap
T xOR I—I-B&M
/J s
| [ m ) }“”:
@’ B i i !
- o~
T @C

Trensducer P XDR x2

d (Inruster)

vawves

Latch and Solenoid Vaives (Angar Scientific)

» Electronically operated

» Provide 2 fault tolerant mechanical inhibit from
inadvertent firing or ieak %

* MORP rating of 100 psig

+ Proof : 250 psig, Burst : 500 psig

4 electrical inhibits p inadvertent operation ™% :..i

e NASA G8FC 55 E
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Electronics
Latch Vaive
Control (DB15) 12V Power B9,
Lgmh'PMecﬁon . ; 10V Regulator
Circuit -
PIC Board N ) 12V Power source
Intertace .. SN - . from PIC boa,
AN Pressure
Thruster Valve Telemetry
Control (DB25) (DB25)

@nuaosﬁc PR "K/

'~

masfues Mechan/caeé%ry Summary =5

[Tanks - 5000 psi MD=: x 1.5+

5 < 7500 psi -

High Pressure Side /2% = €370 osie

Component Burst (psia) {Comp FOS{FOS Reg
Lines 30000 6 4
Regulator 24000 48 )
Sensor 15000 3 2.5 -+ Bursr DS
Transducer 30000 [ 2.5 -
Filters 24000, 4.8 2.5
Senvice vahes 24000 4.8 2.5
Relief Valves 24000 48 2.5

E’
@msAcsﬂ: ERd

masfam Mechanicaeé%ry Summary ;:; ~

Low Pressure Side ‘NM== = 73 osia

C Burst (psia) { Comp. FOS FOS Req
Latch valves 500 7 2.5| FCS = tacter ¢t safety
Solenoid vaives 500 7 25 = Burst / MDP
[Filters 24600 343 2.5
[Transducers 600! 9 2.5

Components meet or exceed all required factors of safety

Ali components are leak-before-burst

c““ GSFC

rosfan; . SSDL S

vaves

! 3 mechanical inhibits prevent release of high
°  pressure gas

+ Two-fault tolerant contro! prevents high-pressure
gas from reaching low-pressure components

3 mechanical inhibits prevent release of low
pressure gas F
N

TCWT < = Sarel, Lo oidie . 233

Operational Safety Summary P
me
.ﬁflj ,,,,Mm wew
T XDR
ﬁ/\ 3 Ciuster of 3 tedd = |
T Fiter Lae: R ps LR
(;:>/\ ) T monill e
A ‘ A e
:‘.";::::,. o6 \Q_,/ e
Trensaucer FXOR:D PRUxS Sorenca (vusters

e Ciosur?f?i’ocedure Sy

2% Neacss Varves

HER D] Quck-Comn Wi Cip
TR e T
Cluster of 3 {xd) =
f ! Regularors Leenvare o n“, 12 theustere
S SN T
e GO i O S
Transsucer P XDR x2 FRVZZ l l L:’ M Sv\.ﬂ::hfl'f:uﬂu)
P reading| P reading| Pressure
Steps {L1 stans wL1-L2) L2 statis L2-M) Mt Py Thruster
1 Open H Open H Open H Closed
2 Closed H Closed H Closed A Open
3 Closed H Closed H Closed A Closed
4 Closed M Open M Open M Closed
5 Closed M Closed M Closed A Open
6 Closed M Closed L L Closed
7 Closed M Closed L losed A Open

H : higher P (50 pxia) M : medium P (~40 peia) L : low P (~30 psia) A : smbient (~15 peis) E r:!

c”‘“ GsFC 200 S

p—— & .
Certification '

« Luxfer Gas Cylinders L17C

— Seamless aluminum wrapped with
carbon fiber
- Classified as fracture critical
— Tanks are leak-before-burst
~ Tanks meet DOT-CFFC
o d ftation supplied by if;
— Manufactured using standard
aerospace industry practices
« Flown on satellite operations and shuttle P
X

euu GSFC 241
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Analysis results’

« Starting condition of 100 C

« Worst-case heating (sun on top panel, earth on bottom)
« Radiation heat transfer only from propetlant tanks

LM ATC IDEAS/TMG Model

gun GSFC

secfes o0y THRGl Analysis =,

s Do rformiee Testing ==,

Nozzle tested using vacuum chamber
— Each flight nozzle is fired directly upward; firing duration
is minimized to reduce pressure effect on test apparatus
— Spring/mass system records thrust
—~ Mass flow recorded, Isp calculated
« Current results closely match the theoretical
values
Al flight nozzles tested to ensure consistent
quality
« All electronic systems (valves, sensors, and PIC)
checked for correct operation P
A, 3 R :/

NgPNASA G 24

=i GTO@EE UPS
Procedures
. Service Valves Q:C Vent Valve

& Tanb%'{z?_g E

N

J\\'}\l

'l)

) Ui

+ Filling Prop system

—~ Mate Quick-Connect

- Open service valves

— Start GN2 fiow

- Fill tanks

- Close both service valves

— Stop GN2 flow

— Open vent vaive P
e-mwc =Disconmect =€ A5 3 '/

senfees Wian8eiuring s
« Assembly done in ciean environment
~ Class 10000 ciean room for construction
— Parts stored in “clean box” {(inside clean room)
» Assembly Plan
~ Assemble main propulision building blocks in ciean
room

« Thruster clusters : thruster valves, fittings, manifotd, and
nozzles

+ Regulator cluster : regulators, pressure transducers on
“baseplate”
« Latch valve clusters : fittings, pressure transducers on
“baseplate”
« Service port : manual valves, fittings, and quick-connect
- Integrate into structure in clean room
«» Tanks are placed and connected to service port 9
‘Q"“ osrc .« integration of “baseplates” onto structure s Y

« Proof Testing required for flight
— Tanks are qualified as per MIL-STD-1522A
“Path C” (reference : Figure 2, p. 28)
— Hydrostatic testing
« System cycled twice at 1.5 x MOP
- Visual inspection, leak test

» Functional
—Valve actuation
@m?&%ﬁameg A us g

L.

" Requgs=Enents

Summary
issue Requirement Compliance
Attitude contro! | Perform required Test functions of 12
maneuver thrusters
Attitude control | 3-axis control Test 12 thrusters
Fracture All components meet Seraaticomponents
control and exceed safety factor |that exceed FOS
Parts are Leak
Inhibits Mechanical PréoracBatatverify
inhibits/controls and ired inhibi
Vibration/Load | Saotrahiihisibiteh Shake Test
vibroacoustic

environment P
»
@ﬁn)a&: ST e
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Auxiliar;

O
e
S
‘*wx
Q.

cuu GSFC e S

CRUCHIS requres

« Primary Function
- Detumble Orion from initial tip-off after
deployment or satellite reset events
« Total spin rate iess than 0.7 rad/min (0.67
deg/sec)
— Overcome any environmental disturbance
torques (primarily aerodynamic

disturbances)
cﬂ‘ld GIFC -3 ‘;G’

mesfe %ﬂgﬁgn f's:a_'\,

Torque coils
{auxiliary control)
P s
/R
AN
» =
g\-"—/— :
« Diameter=13.25in
+ Enclosed Area= 1457 in? |
«  AWG 28 Copper Wire
- 550 Tums, 137 Ohms
¢ Mass =700 gleoil
+  Nominal Current = 100 mA
« Dipole Moment = 5.1 A-m? snevweli HMZ2003 magnetomete”
« B-field Strength = 1.6 Gauss +Oipate momert ~5 am

emu GSFC o S

monfam: . ﬁ.

-
b
g

oo Cloctr§Wks Board &

H-Bridges

PIC Board Interface Power Interface (PIC board)

DBE connectors
Torquer Coils

e Magnetometer

Set/Reset
Circuit

r

cnu asFC = Y

macfees D1 B H-bridge A

National Semiconductor
LMD18200 (1 per coil)

« Operating Voltage: +12V to
+55V

« Operating temperature:-40
to+125C

*3A maximum continuous
it pe uses 1OUlpUL capability (64, peak
output)

« 3 logic inputs per H-bridg
¢

LOQIT inpuls

NE W0rgUe” Coil

suu G8FC
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= ,

Honeywel! HKiggtagtometer

» 3-axis magnetic field
measurements

« Magneto-resistive
permalloy sensor

« 40uGauss resolution

« Field range: -2 to #2.Gauss ... '

* Supply Vouage: +5€tﬂiﬁ’ég¥ectof past magnetic history

« Maximum supply Gesrentize (momentarily fiip polarity)

2

sonform: ﬁi

BE ma rm i e
ICoil Assembly
iAluminum U-channel AL-6061
linsutated Magnet Wire' C11100 (AWG28; - NEMA 1000 MW-73/35. UL

1Epoxy: Stycast 2850F T with Catalist 8

=
Electronics - PIC Board

Boerd FR4
{Copper

|Surface Mount ICs

|DB9 Connectors: Mikc-24308

Electronics - Subsystem Control Board

{Board: FR4

Copper

{surtace Mount ICs

DB9 Connectors: Mik-c-24308
jH—endge

M Bgr ggomeie

&= = W

20mA « Higher resoluton and maximize sensitvity
- Operating temper4Rrgs a5gmperaure drfts P
S F125 C -
e
4 ~ £
ffiass Budget
Major Comp WMass per fem (g) | Total Mass (g) |
Wire Coil 3 666 1058
Epoxy 3 100 300
PIC daugher board 1 65 &
PIC mother board 1 100 100
Magnetometer 1 10 10
Total Subsystem 2473

scsfos  Cojf PEREBrmance

» Mass/puliey
balance setup

» Estimate amount of
torque produced by
the coils

X o
+ Higher current supplied to
create measurable torques
+ Test resuits:
— Analysis: &.54mti-n
— Expenment 3 vimN-n-

menfasw: CofES Law

Minus K-Bdot Law:
M = -k(dB/dt)

v
Contro! torque T=Mx§

» Coils can either can be ON (in two directions)

or OFF
« Vary the torque produced by the coils in a “tine
eaveraged Sense = W

menfes sty RBSEmulation

+ Integrated Attitude Simulation
— Full nonlinear attitude simulation
—Works in conjunction with our orbit and
station-keeping simulations
- Includes aerodynamic drag and residual
dipole disturbances
— Verified with several known test cases

« Realistic testing of controllers

KASA GSFC »
S Tarauar coil & .« \7 t
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\ttitude Simulation

« Simulation Results
~ Angular velocity reduced to less than
0.67°/second: within operating limits
—Works in the presence of aerodynamic
drag torque
+ Test Case Shown
— High initial angular velocity
— Spin has component in magnetic field axis

P
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mcfe GimufathPResults 1 =

(G

Angulwr Veiccity

0.07

Anguisr Velochy fradians per sacond
o
3

0.01 [
0

@muw{: EXRRE

= Simulath@eResults 2 5=,

Asrodynamic Torgue

4000 &000 8000 10000 12000

Tme Asconds
i 'y'
N~

x 10 Kinetic Energy
25
|
i
2
z 15
3
&
u
* 9
05
° I
o 2000 4000 8000 8000 10000 12000
Time fseconds P
%
. !
pHARA GSFC 22 v

ecefam: S e
Torquer coisManufacturing

+ Aluminum frame construction
~ Clesn unbent aluminum channel and inspect for defects (notches, dents, etc.}
- Cut frame at specific bending locations (comesponding with octagon shape)
=7 cuts total. verticat sections of U-channel only
- Bend U-channel into octagon shape and attach free ends with epoxy
~Sand down and smooth cut surfaces and any rough edges
~ Ciean completed atuminum frame of all loose materiats

« Attach mounting brackets to aluminum frame
~ Manufectire four brackets per frame by cutting L-channel into smaii sections

— Grind down and smooth edges
— Match drill holes through frames and brackets for precise fit and placement
~ Bott brackets onto the frames
.\‘..r/.

c"““ GSFC PR
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Torquer Coils Manu;racturing

= Aluminum frams electrical insulation

— Combine apoxy and catalyst (STYCAST 2850FT with CATALYST 9: Material Code
05257)

- Apply a thin layer on the inner surface of the frame:
- After curing, inspect that there are no voids In the coating

« Copper windings
— Wrap the aluminum frames with AWG28 magnet wire

- Care must be taken not to the damage the insutation-coating on the wire by
accidental abrasion against the frame's comers and edges

snu Gessc 25 \n.:/
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controt Board fAgnufacturing

« The Printed Circuit Board (PCB) of the Control Board will be manufactured by
Advanced Circuits, Inc according to our design
» Populating the PCB

— Each component will be soldered in piace one-by-one in an orderty fastron following
the board design layout

Magnetometer Board
« The Magnetometer PCB will be manufactured by Advanced Circuits, inc.
according to our design
« Populating the PCB
~ The magnetc sensor will be soldered onto the board and the connections will be
visualty and electronically inspected.

cun GSFC
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Testn g‘ tegration

Torger Coiis

=

During the coil winding process check for electncal shorts between wires and

frame every 100 turns
- Ensure even spacing of windings

Measure the B-field generated by the coils us:ng the magnetometer
- Place magnetomener in the center of the coif and gather data

-~ Compare with design vaiue
Interface with the Control Board and test each coil

~ Monitor the H-bridge telematry cata (curment output) and verify proper operaton of

each coif
Mount each coit on the interior of Orion’s panels

~ Test for elecincal shorts between the coil assembly and panets

- Make sure coils are propecty fastened in place

NASA GSFC

==sfes Testing %tegratéon
Control Board

« Connection continuity tests during board
populating procedure
« Board circuitry testing of:
-~ Magnetometer Set/Reset circuit
« \isually confirm proper puise signals using an oscilloscope
- Magnetometer ON/OFF control circuit
- H-bridge operation
+ Interface with PIC board and validate board
functionality
— PIC code operations
* Integrate PIC board/Contro! Board with Power
Bus

— Confirm that enough power is supplied for full subsystem
operations

masfoey . e_'s's'ii

Damiirarmoanie Ciy
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Crion Power
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« 25\ o=ak supsiy to bus
ERE: VS

lssue Requirement Compfiance
Provide enoughto overcome any | Measure generated
Torque anticipated disturbance torques and | magnetic field and
detumble Orion compare with EM date
Vary acutation time and direction of
Control Algorithm  |dipole mormert depending on Erhxﬂi Zl;oode developmert
measured B-field hd
Cortrol Aigorithm | Detumble Oriondown i 0.7 radfsec | Simulation resuts
Must be below strength specified in | Currertdesign, as
) the Shuttie Orbiter/Cargo Standard d wing a
Madmum Bk |1 trces Document CD 219001 |magnetometer s below
Rev.L{ 7l =57 170dBpTat <= -3~
cuu GSFC %5 g
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72 current sensors
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Sanyo KR-10000M
- One pack, 10 celis (10A-hr capacity)
* 12 to 14V unregutated
« Design heritage

Spectrolab 2J-GaAs
+20% Cell efficiency
«8-cell strings (16 5V. 294mA}
+Bonded to side panels

over insulating substrate

euuwc

i Alumin fEBtery Box

Dimensions Lid -
* Height 9.27" Batienes
* Width: 4.443" il
R . Teflon L le
+ Depth: 3.633 Spacers ™ sy

Electioivte
absorbetrs

- Box purged with dry N2 at 20 psu
« Absorbent material prevent lyte leak » Viton O-fing
* Internal non-conduciwe electrolyte—resnslam coating P
T

s Componemmion s

Support Electronics
« Maxim 471/472 current sensors
+ Dallas temperature sensors

Lambda PM30-12505
« 8-12Vinput = 5V output

cfen  Eloctr8MiBs Board

Solsr Ceils Dalles Data Line Bette Box

Interface Power Bus - Propulsion Power
\

Inhibit Board
B s a e e : interface
LEF BELLLE LB BR Y. PR

« Leach Electronics DPDT latching relays + 30W max output
euv GSFC 7% \‘w/
fi riaf 4
Power Bus
Electrical Winng

DBS, DB15. DB25 Connectars: Mit-c-24308
Electronics - Printed Circuit Board
Board: FR4

|Aluminum 6061
Fiberglass
Teflon,

Soler Cells

|Galium Arsenide
Glass

e'nu GSFC
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Mass Budget

| Major C: Quantity Mass per tem (g) | Total Mass {g)
INICd Batteries 10 400 4000
|Battery Box 2000 2000
iElectronics 1 100 100
iDC/DC Converter 1 65 65
IWinng Harness 1 100 100
{Solar Cells 250 35 875
{Tota! Subsystem 7140

auu GSFC

Hinhibe patn 1-34-8

I Prevents hattery charging |

lnh%aths ,553

l7-8

9-10 .

inhibit path 7-8-9-10:
Operational inhibit on
propulsion system

Qmsn GSFC

-
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Solar panel sizing

. Solar cell data
¢ Design criteria

[Facengvarry

[For Syeron Comrmm EReioney (23

[Eonatan Doy Uy

: Expected Powes Output

185 v
Mg €m2. .
e e £
To | g Panel supply current
wsT | & o
T C—— Time average power
20 6% a
=R —
i18.0 W

E}’
NA

» Temperature Probes
— Behind each panel (all six sides of Orion
body)
— Three on NiCd battery pack
--One on DC-DC converter

» Current Sensor
— After each solar cell panel (magnitude
only)

~ Current magnitude and direction for
battery pack

NASA GSFC

s T&¥Fotry =

=fe pow&Budget a5

ower | Power: | Power : ] Fower :
Tota! Startup | Cruise | Contact| Exper
Subsystem Mase (g) | (mwW) (mW) {(mW} (mw)"~
GPS Payload 1072 1450 1450 1450 5225
Structure 704 [} [} 0 o
CcDH 065 =) [--1) 668 7188
Comm 06 1426 1426 8890 2378
Torquer Coils 2083 3740 250 250 250
Propulsion System 12044 300 300 300 22380
Power System 5140 [ [+] 4] 0
Total 31704 7614 4124 8588 37429
Budget/Allocation 30000 8600 96500 | 25100 | 24600
Margin 57%  11.5% | 57.0% | €5.8% | -522%
[SV Current Draw (mA) 638 586 586 2431
12V Current Draw (mA) 333 108| 348 2088
Total System Draw (mA)Voitage 800 354 594, 3080}

o
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¢ Simulated flight Refinements in
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Simulation thus far verifies adequate power supply for
ptanned fiight operations
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Interface

« Provides terminals to charge batteries
after integration

« Provides inhibit bypass, verification, and
reset during test and integration

+ Allows external
the spacecraft :

DRafokenastanhibit verification

« 10 inhibits with 2 pins each for latching + 1 common
ground pin = 21 pins

= NiCd battery pack charging = 2 pins

« Total number of pins = 23 pins

DB Connector Required ©

aﬁuovc 84 E

Power Board
« Connection continuity tests during board population procedure
= Board circuitry testing of:
— Voltage reguiator operation: measure outputs vs. inputs
— Cuent sensor outputs: verify with vottmeter measurements
~ Dallas AD converter outputs: verify with voltmeter measurements
— Simuiate inhibit closing by connecting header pins
~ DBS connections and pin outs
Inhibits Board
» Connection continuity tests during board population procedure
+ Manually open and ciose inhibits and perform continuity tests for each inhibit
~ Test using the header pins used to interface with the Power Board
~ Test using the STP| DB25 connector
~ Test using the MSDS DB15 connectors {for T1 and T2}

s
clAU GSFC 286 \v/

=nfsa Tosting @Fhtegration  s5-

o NMan&Fturing

Power Board & inhibits Board

» The Printed Circuit Boards (PCB) for the Electric Power Subsystem will be
manufactured by Advanced Circutts, inc. according to our design

- Populating the PCB

- Each component wili be soidered in place one-by-one in an oroerty fashion following
the board design layout

Battery Box

+ Machine aluminum box to design dimensions
« Aftach pressure relief vaive to completed box
« Install fiberglass and Tefion spacer material

« Piace NiCd battery pack into box and attach DBS connector for interfacing with
the electronics board

‘ ,.l
‘@mum e

288 e

masfees Testing@-sf—%tegration S

Power & Inhibits Boards
« Integrate the Inhibits Board with the Power Board

— Verify header pin connection
Battery Box
- M physical dir ions and confim size

« Verify mounting hole locations and integrate with Orion structure
« Box interior:

— Proper placement of fiberglass material

— Proper seal at relief vatve-to-box interface

- Proper seal of completed battery box
« Verify mounting hole locations and integrate with Orion structure
« Integrate with Power Board

~ test for voltages (urvegulated 14V and reguiated 5V)

{ ,,'
emsA asFc - NS

=sesfew Tosting @¥Rtegration ==
Solar Cells
« Connect with electronics board
- Verify proper connections

— Observe oulputs on current sensors
- Check for the unregulated 14V and regulated 5V ines

Full Subsystem
+ Test inhibits through the STP!
~ Open and close inhibits
~ Check for continuity across each Inhibit
— Check for the unreguiated 14V and regulated 5V lines
~Check that the Propuision Subsystem is inhibited per design
« Test inhibits through the MSDS connectors
+ Connect various subsystems individually and observe operation of

each subsystem
» Full system integration and observe operation of Orion F
b %
@ASAWC 288 \‘v/
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Assessment
'§[§!§?§J§ |
H

B = tow risk i- medium risk
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Project Schedule
2000 { 2001 2002

Qrz | Q3 | Qr4 Qi | Qw2 . Qw3 Qvé Q!

Engtneering
Modd!

1 .
Flight H ‘&3?
Hardware [ i3
‘ + Dt
Testing & | Deinve: o GSY |+
Operations 1o \I'K: i aunct

‘ »
emum T

Nanosat One
Critical Design
Review

Principal Investigators:
Prof. Jonathan How
Prof. Christopher Kitts
Prof. Robert Twiggs

Qmu GsFC %2 T
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Emerald Structures
and Mechanisms
Subsystem

{ r
emn GSFC . w3

Design Summary

« Structure

- Heritage SSDL design modified to meet 100Hz
natural frequency requirements

« 3 Major mechanisms
— Drag pane! actuation mechanism

- VLF antenna deployment and retention
mechanism

- Lightband intersatellite separation system
« Lightband designed by Pianetary Systems

eluesfc )

7
L
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Structural Design

Heritage SSDL Design
Aluminum Honeycomb Hex Plates
& Side Panels
-~ 5052 Grade Aluminum (face skins)
- 3003 Grade Aluminum {(core)
* Longerons
~ 303 Stainless Steet 10-32 All-Thread
* Spacers and L-brackets
- 606176 Aluminum ’
 Prototype structure with mass
simulators tested to 11G's in
random vibration with no damage

‘Qusa GSFC
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. Structure .
o [ 166 Ty
. Y . : N A
(R S b
vies Sropem e (OGX CGy CGz Mass
Chromium -0006m {-0013m A217m 13.46 kg
(-0250in) {(-.0493in) |(4.783in) | (29.6121b)
Bery! i-0006 m -0013m A217m ]13,305(9
{(-0250in} |(-.0493in) |[(4.793in) (29.26 Ib)
Total Stack -0003m [-.0006m 3212m 26.76 kg
(-012in) |(-0246in) |(12.646in) {58.88 Ib) K,

\

@AsA GSFC 298 ;C

- Layout design considerations
- Ease of assembly/integration, testing
~ Simple wire hamess
-~ Minimal noise
- Standardized layout between Beryl and Chromium
— Fewer internal hexagon trays

~ Subsystem placement to place the CG in the
center of the stack — will be adjusted with small
balance masses

{r
@uumﬂc = S

Subsysiem/Experiment Box

« 1/32” Sheet
Aluminum

< Modular Design
« Non-Fracture

nonfum: . eﬁnﬁ_l.
Drag Panel Mechanism

« Driven by linear
actuator system
-~ TS Products dc-
motor/lead screw
driven actuator
- Actuator mounted on
swivel joint for
necessary degrees of
freedom for panel
» Mounted to middle
tray

Quu GSEC

critical/Contained . ?
Part *
@Aﬂm 298 E

Drag Panel Mechanism

+ Lead screw of each actuator is shortened to
limit the maximum deployed width of the
panels to 25.4 inches

+ No contact with SHELS possible

+ Panels extended .5 in. above and below

edges of satellite to maintain 50% increase in

ballistic coefficient when fully deployed

Accidental drag panel deployment does not

constitute a hazard

3«:4 GSFC 300 e
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Actuator Bracket

* Bracket
— Al 6061
* Swivel
- AL 6061
* PPA
- AL 6061
¢ Drag Panei Tab
- Al 6061
¢+ Sleeve
— Delrin

& i




9§ —PusivPull Adapter 5 - Magnet 9 -Endcap 13 - Gaar Output
2. REV Cushion - Key 10 Cable Coil Region 14— Lead Scrow
3-Nose Mounang 7 - Planetary Gear 1% - Cable Scraper 15 - Ball Bearings
12 - Travel Sensors
4~ Mounting Nt 1 - DC Mator (located in hoveing) !v,!
~

Actuator Descriptior
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Fully Retracted Actuator

ng:E:w : SSDL {_5;::,:,
VLF Antenna Mechanism

Stores and release  ResierPims
3m VLF antenna N\

+ One Mechanism O i sraces'
each nanosat !

* Antenna made of
uncoated, pre-
curved steel tape

+ Constrained by 2 sase e Avtonna
nylon filaments
£

emu G8FC . 5

renfem: - = =
VLF Antenna Mechanism

’7 T .. * Nichrome wire

iy \,—,-.’— - secured with
i e

B U/« Optical sensor
T‘\‘.;- - - {:/ ‘ | detects

W R deployment
— ! =+ —J- .« Al electronics
inhibited by the

EPS
P £

306 TS

VLF Antenna Mechanism

+ Each nylon filament tied in a loop with a
blood knot

« Each flight know to be proof tested to
2.5 times maximum load

« Mechanism actuated by passing current
through a nichrome wire in contact with
both filaments

+ Redundant strands of nichrome wire P

-
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sonfom:

« VLF mechanism

~ Spool - Al 6061

~ Shaft — Delrin

— Retainer Pins — Delrin

— Actuator Bracket -
Delrin

- Antenna ~ Spring
Steel Stanley Tape

Actuator Bracket |
N

Measure Antenns
Base plate
cuucsrc 08 g
—— a= -y
Electronics Block Diagram
Drag VLF/LB
Panels Mechanisms Actuators
sActuators PIC Sensors
*Sensors
12C/Dallas ‘
Power
S L
- &= s,
'Sl
Structurai Design Analysis
» FEA to determine structural design
—ldeas v.7 FEM package
« Approach
—Match previous vibe tests of engineering
model
- Update satellite connection to model
Lightband
~ Test various design changes to increase
frequency
euuwc 312 E

Pl

monfum: SSDL .n

Supporting Electronics

~

« Drag Panel Sensors + Lightband/V/LF

— Hall Effect: Fully Sensors
Deployed ~ Micro-switches:
- Hali Effect: Fully Deployment
Retracted Confirmation
— Redundancy: —~ Optica! Sensor:
Current Sensor Depioyment
Confirmation

- Redundancy: Extra
micro-switch on LB

@M“O’FC 309 \‘::’/
N |
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Fracture Contro! Classification
Component Classification )
AL Honeycomb Composite | Fracture critical
composite/bonded
structure
Linear Actuator Fracture critical component
VLF nylon retention system | Fracture critical
composite/bonded
structure
Fasteners, L-brackets, Non Fracture Critical Low
Longerons, Spacers Risk
c’mu GSFC g
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Structural Analysis

« Building block solutions
to verify with test

- Fix middle plate to side
panels with L-brackets

—~ Add additional longeron(s)

~ Tie side panels together
with angle bracket

‘auuaﬁc
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Design Analysis

- Strength analysis of drag panel in
deployed configuration

+ Test verified analysis to show adequate
strength margin in nylon line in VLF
mechanism

« Thermal IDEAS TMG model for on-orbit
analysis

+ Strength analysis and test of insert

pullouts .
S e

senfor; SSDL ey

Temperature Limits

Acceptance Levels for Operation

bbb s bl ghd
sauuasav
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Manufacture

« Verifiable materials: certifications of
compliance

« Instruments to be calibrated prior to use

« Manufacturing to be done under strict
configuration management

— Part drawings accompanied by manufacturing
procedure and guidelines

— Progress checks along manufacturing procedure
to be done by second party

- Final part verified by systems engineer

,‘ rI‘
emuwc T S
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Thermat Conirols

« Passive thermal control
~ Insulation blankets
— Thermal tape
— Cooling through radiation from body panels
— Heating through power dissipation
« |IDEAS thermal mode! for analysis

Ev—
‘amnm T N

Therma! Analysis

+ FEM results
~ Free floating nanosat snapshot
— Temperatures on orbit do not exceed limits

@uuwc . 7 \E
(G
Assembly

« All fasteners supplied by GSFC
» Assemble according to procedure

+ Assemble and store in clean
environment

+ Controlled access to flight hardware

_
i \t./
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« Stack Level
- Random Vibration
-~ Frequency Characterization
~ Sine Burst

-~ Thermal Vac Test

» Component Level
— Proof test every flight knot for VLF mechanism to 2.5 times
caiculated dynamic load
» Fracture Critical Components
~ Proof Test to no less than 120% of limit load
— Procedures to prevent damage from handting or final

+ Drag panels may be tested on the
ground via the STPI or by being
commanded through an air link

» No other ground operations

euu GSFC

assembly
— Manufacturer Certification F
— Create Test Articles ¥
Gl‘u GSFC 320 \v/
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Reguirements Fuifiliment

« AFRL Requirements

— Analysis shows that the structure will
exceed 100 Hz in natural frequency

— All separation system hole patterns
conform to Lightband standard

~ RFDW approved for antenna exceeding
the MSDS envelope

+ Safety Requirements
—~VLF and drag panel mechanisms approved

@AS‘ GSFC X T

Emerald Envelope

- &=
—
Emerald Envelope
SHELS envelope
: Antennas fit within the
©"TTTTT =TT I, SHELS envelope
] y 104
] i
] N d1=0.342"
' “L
H 168 d2=0852
' iR I
H H d3 = 1.06"
' ]
: : d4=045"
| ]
T These dimensions approved by
MSDS cemgf piane AFRL via RFDW
x=
G
ems‘ GSFC T e

N/
N y,
N 7 \ y
T o ——
minor gia. 1.5 major dia
‘ X
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Emerald Envelope

+ Completely
deployed drag
panels fit within
SHELS envelope

Static SHELS
envelope

Q NASA GIFC
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