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BARPA DARPA Phoenix Program

« The goal of the Phoenix program is to develop and demonstrate
technologies to cooperatively harvest and re-use valuable components
from retired, nonworking satellites in GEO and demonstrate the ability to
create new space systems at greatly reduced cost.

* Phoenix seeks to demonstrate around-the-clock, globally persistent
communication capability for warfighters more economically, by robotically
removing and re-using GEO-based space apertures and antennas from de-
commissioned satellites in the graveyard or disposal orbit.

 The Phoenix program is developing a new class of very small ‘satlets,’
which can be sent to the GEO region more economically as a “ride along”
on a commercial satellite launch, and then robotically attached to the
antenna of a non-functional cooperating satellite, essentially creating a new
space system.



Artist’s rendition
of re-purposing operations

Servicer satellite

retrieves PODs after
ejection from commercial
satellite, stores in toolbelt.

Servicer flies to and harvests
retired aperture, installs Satlets,
disengages aperture from retired

Commercial communications satellite.
satellites carry Satlets in PODs as Repurposed aperture
ridealongs. is transferred by servicer

to new GEO slot.

Artist’s rendition
of Satlets & PODs

Satlets created, loaded into Repurposed aperture demonstrates
PODs along with tools and communication to the ground
electronics for launch. ' and to the “"Tender”.
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DARPA  Our Development Process

Design Prototype
Implementation
and Testing

| System Modeling

» Concept development phase started from a set of basic requirements and
provided guidance for the design.

* Underlying system model provides coherence and captures the design.

* Feedback loops between system modeling task and design tasks provide
consistent development.

» Prototype implementation and testing feed from/to design and model.



1. Structure

ibd [block] Anti-LockController
[Internal Block Diagram]

) «requirement»
Anti-Lock

satisfies

Performance

d1:TractionDetector

c1:modulator
Interface

allocatedFrom
«activity»DetectLos
Of Traction

m1:BrakeModulator

allocatedFrom
«ObjectNode»
TractionLoss:

Jo\llocatedFrom
«activitynModulate
BrakingForce

DutyCycle: Percentage

values

2. Behavior

act PreventLockup [Swimlane Diagram])

«allocate»
:TractionDetector

«allocate»
:BrakeModulator

DetectLossOf
Traction

TractionLoss: %/ Modulate \‘

| BrakingForce |
\ /

B

U
|

allocatedTo
«connector»c1:modulator]

req [package] VehicleSpecifications

[Requirements Diagram - Braking Requirements])

Vehicle System
Specification

Braking Subsystem
Specification

par [constraintBlock] StraightLineVehicleDynamics [Parametric Diagram]

«requirement»
StoppingDistance

«requirement»
Anti-LockPerformance

id="102"

text="The vehicle shall stop
from 60 mph within 150 ft
on a clean dry surface.”

id="337"
text="Braking subsystem
shall prevent wheel lockup

under all braking conditions.”

VerifiedBy
«interaction»MinimumStopp
ingDistance

A

SatisfiedBy
«block»Anti-LockController

‘ «deriveReqt»

4. Requirements

v.chassis.tire.
Friction:

v.brake.abs.m1.
DutyCycle:

v.brake.rotor.
BrakingForce:

:BrakingForce
Equation
[f = (tf*bf)*(1-t1)]

:DistanceEquation
[v = dx/dt]

v.Position:

\ .
\
\
\
AN

A system model is an
interconnected set of
model elements that
represent key system
aspects including
structure, behavior,
requirements, and
parametrics (equations
and constraints).

:VelocityEquation [
[a = dv/dt]

Y.

3. Parametrics

Courtesy S. Friedenthal
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1. Structure

ibd [block] Anti-LockController
[Internal Block Diagram]

7

2. Behavior

satisfies
«requirement»

act PreventLockup [Swimlane Diagram])

Anti-Lock

Performance

d1

/ «allocate»
:TractionDetector

«allocate»
4/ :BrakeModulator

ractionDetector a“o cate »
<

c1:modulator

Interface
/
/
/
/
/

allgcatedFrom
«afftivity»DetectLos
Of Traction

/

m1:BrakeModulator

allocatedFrom
«ObjectNode»
TractionLoss:

Jo\llocatedFrom
«activitynModulate
BrakingForce

4

DetectLossOf

Traction

TractionLoss:

( Modulate \

[,

| BrakingForce |
. /

DutyCycle: Percentage 7

values

value TN

allocatedTo
«connector»c1:modulator]

B

satisfy

binding

AN
AN

req [package] VehicleSpecif§cations

[Requirements Diagram - Brigking Requirements])

par [constraintBlock] Straig

ineVehicleDynamics [Parametric Diagram]

Vehicle System
Specification

v.chassis.tire. v.brake.abs.m1. v.brake.rotor. R
Friction: DutyCycle: BrakingForce: v

Braking Subsystem
Specification

_

«requirement»
StoppingDistance

«requirement»
Anti-LockPerformance

id="102"

text="The vehicle shall stop
from 60 mph within 150 ft
on a clean dry surface.”

id="337"

text="Braking subsystem
shall prevent wheel lockup
under all braking conditions.”

VerifiedBy
«interaction»MinimumStopp
ingDistance

A

‘ «deriveReqt»

~

\SatisfiedBy
«block»Anti-LockController
T

erify

:DistanceEquation

:BrakingForce
Equation
[f = (tf*bf)*(1-t1)]

A system model is an
interconnected set of
model elements that
represent key system
aspects including
structure, behavior,
requirements, and

parametrics (equations

and constraints).

[v = dx/dt]

v.Position:

:VelocityEquation
[a = dv/dt]

/

/

4. Requirements

3. Parametrics

Courtesy S. Friedenthal
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L

DmPA - Integrated Model Centric Engineering: .. s

System Model as an Integrating Framework . -

The system model exchanges
information with discipline models
to form the authoritative, up-to-date
source of info at the system level

Analysis Models Models for V&V
| || |

=

Req’ts Allocation &
Design Integration

Hardware Models

s

Software Models

S

o

Courtesy S. Friedenthalg



DﬁPA Integrated Model Centric Englneerlng

JPL’s IMCE Capabilities

« Our System Modeling approach is leveraging JPL’s Integrated
Model-Centric Engineering (IMCE) technologies and capabilities
— State-of-the-art system modeling and model-based verification & validation

capabilities that have been developed for NASA missions, such as the Europa
Habitability Mission, and non-NASA missions including other DARPA programs

« IMCE capabilities provide a unique system modeling solution for
the Phoenix Satlet system
— Provides a standards-based framework for modeling complex systems that is
analyzable

— JPL-developed tools that enable systems engineers to develop system models
in SysML, integrate them with discipline-specific models in other languages,
perform analyses and prove properties about their models
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DARPA Model-Based Architecture Selection

Architecture Trade Analysis Results

Expected Value Plots
{up and to the right is higher expected value)

nncet Duelnpment 1. Communications & Data handling satlet type for
1 computation, data processing, centralized attitude

; sensing and ground communication
ewsmanseaass, - 2. Actuation satlet type for propulsion/attitude

:l Q Q actuation
K - 3. A Payload to provide specialized mission
™ functionality.

4. Modules to provide geometrical/structural behavior.

- Results suggest that a cellularized architecture
allows aggregation of capability to efficiently meet
requirements for different missions.

System Modeling

Simplicity at satlet level can still result in
required aggregate system behavior, which is
the goal of a satlet based system architecture.

12



DARPA Overview of our Satlet Architecture

C&DH Satlet: Logical functions rather than motor functions:
computation, attitude sensing, power storage and space-to-ground
communications that do not need physical/geometrical placement.

Actuation Satlet : Common avionics box to which actuators can
be attached: MEMS micro-spray, Busek, reaction wheels or other
actuation modules.

The Truss Module

The Precise Placement Module (PPM) The Extension Module

+ A Payload which is specific to the mission

13



“ApSat”: Large Aperture Configuration

2 C&DH Satlets
3 RW Actuation Satlets

4 Thruster Actuation Satlets

5 Solar Collection Modules

1 Truss Module

1 Precise Placement Module
4 Extension Modules + 1 SAB

14
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GRPA Mool Based Design Approachy Overview * &%
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: Bes Actuation Satlet C&DH Satlet
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Monitor ApSat I
Functions
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I amission:Functions =] I >
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| |
W L'
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Safe ApSat Change Plan Change Goal
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GRPA Mool Based Design Approachy Overview * &%

«Tost Pans
GNC Matlab Sim I'F Demo

: E =]
F u n Ctl O n S P Test Configuration
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o i iy rome e Test Procedure  Test Schedule amai:  System Dynamics Estimator
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=
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Test Inventory
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Fp—— P . -
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ApSat Configurations
bdd [Package] Pre ID - Tipoff Counter | | £ Pre-1D BOD |
s
ablockn #blockn
-
R () ([t [t [ RF Satlet ——=: ApSat
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OARPA

Model-Based Design Approach: Overview

L]
.

ConOps

V&V

F=TS
GNC Matish Sim WF Damo

Fault : L .
Protection i
T T A 4

e Test lventory .
Test Configuration % T

F- 2

Test Procedare  Test Schedule tmer  System Dysamics Estimator
Gl 3
JrL Laptop

ApSat Configurations

Wi P Pa - Tl Co] B 0D |

i btz
-—

(4] - ki

Component Behavior

Satlet Structure & Behavior

Resulting Products

Detailed
Design
Specification

Require-
ments

Layered Fault
Software Management
Architecture Architecture

Model-Based Design Verification:
Check ConOps consistent with
Component Behavior

Online
System ID
and Control

Tuning

Test Plans
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sd [Interaction] POP 08: RCA Aperture Repurposing and ApSat Communications Test[ B POP 08: RCA Aperture Repurposing and ApSat Communications Test ]/I ‘
wblocks wblocks «blocks wblockx» wblock» L]
‘mos : MOS ‘ tender : Tender rightArm : FREND Arm ‘ leftArm : FREND Arm ‘ asset : Aperture I n e r_ I e I e nt e h aVI O r
: : — - \ 1 N
: : UnEngaged Engaged to Aperture : — —— — — — —
o e — B T \
| ref i |
I 8.2 SIT to tele-ops mode l :
[ i
U ref i !
I | I
i 8.3 Robotic Systems checkout and calibration 3 |
.. ____
" [ose T ‘ ; ; : ]
[ T T T : .
ARES | Specify & Elaborate
ST has already

: 8.4 Unstow and checkout Satlet assembly e ore == et | i

) exter |
= | System-level Behaviors
[ 8.5 Aperture articulation for Satlet install 3 : §
I i —
| T T T T | ‘
| oref l \
| 8.6 Satlet to Aperture assembly 3 |
I i I
| i i | I
I - __ [ 2R Lo S Leee \
| i i i I
| [
| |
i 8.7 Activation and checkout |
| ! I
M _; _______ _“ ___________ : _____________ : ___________ :_ - === _: _____ - ‘ Should fire thrusters at least once to
~ ! ! ! ! I I B before ApSat release?
[y CLO ] } ) ) ; ; || _|Because of the small forces generated
1|l T i | by the thrusters thought is to test them
| ref \ together once they are all assembled

0 save time
I 8.7.1 Test thrusters |
1
L |
| 8.9 MOC/POC coordination for aperture release |
I T T T I
I rof I
| I
| 8.10 Aperture release to duty location |
| T i T T ; g |
] i i i i | ref |
: | | | | | 8.10.1 Tip-off Rate Nulling :
o | | | s ‘ |
L |
| 8.10.2 System ID |
| T i T |
et | | | | |
| 8.11 SIT to 1km hold box 0 0 ] i |
| T T H H | ! I
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sd [Interaction] POP 08: RCA Aperture Repurposing and ApSat Gommunications Test[ i) POP 08: RCA Aperture Repurposing and ApSat Communications Test ] |

ablockn =] ‘ «blockn

Tender

rightArm : FREND Arm

——T——
| UnEngaged

8.2 5T to tele-ops mode

8.3 Robotic Systems checkout and calibration

8.4 Unstow and checkout Satlet assembly

8.5 Aperture articulation for Satlet install

8.6 Satlet to Aperture assembly
| 1: Ground Cmd_|

re-checkout here?

ablocks

apSat: ApSat




Further Con

Inter-Element Behavior

-

-
. -

Ops Elaboration (Tpp-DbWh)

80 [Interach

[inep |
0
ref
8.4 Unstow and checkout Satlet assembly
rel
85 Aperture articulation for Satiet install
ref
4.6 Satiot to Aperture assembly
1 Greuns Cmd
- »
ot

B.7 Activation and checkout

¥ : : X

amiecis
mos : MOS

Actvaton

Establar W1 con

Fregiter ApSan aad Aasembly Fxses

Eock ground bk

8 Irdiste B30 Lick Checkoo!

nof

Alm 52G Antenna on C&DH

ref

Crack st raciée

Aasomtly Actvaton & Checkout| [ CADH Assemb

atlet-Level Behavior

ahiceks =]

cdhALead : CADH Satlet

abiecks re=rsy L

=
cdhBFollow : CADH Satiet

tender : Tender

raf
3 Sttus Transition to Nominal Operations

4 on

rof
Transition to Nominal Operations

ref
Establish Wifi Network

samawhess in 0.7

ref
Gheck ApSat Exec

| omt
I

muf
Establish ApSat Exec

et
Establish Assembly Exec

(4]
ref
Establish Assembly Exec

T It B30 Lick Checken

Establish Downlink - Sband

ref
Pall StarTracker
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Further ConOps Elaboration (Tpp-DbWh)

= B =’ _Satlet-Level Behavior

ot
Transition to Nominal Openations

3

rof
Tranaition to Nominal tionsy
L ]
Intra-Satlet Con ponel it Behavior
:3UEPS | : CubeSat Battery : CDHSat E: ti : MotherBoard/PIC p Micro : Avionics/ADCS interface board : Transponder : WiFi (demo only) : Temperature Sensor : Heater : Sinclair Startracker
Nominal Distributing | Nominal Stand-by | Off | ‘off | Nominal | Nominal Off

Operations | Power | | Operations Mode | | [+] i Operati
1: Initiate Transition
- .

2: Transition Secondary Processor to Normal Mode >

Normal Mode

3: Transition Radio to Receive and Process-Uplink >

Recieve and Pﬁ)cess Uplink

Send these to

SoH Manager? 4: Health Stalus Telemelry

5: Health Status Telemelry
6: Health Status Telemetry

7. Health Status Telemetry

8: Power Status Request

4
B4:F'0wer Status Request
10: Power Sla_lus Tuff:melry N
11: Power Status Telcmilry
12: Finalize Transition
- = -
Maintain Charged Dlslﬂﬁutfng | Nominal Normal Rx Operations Off Nominal Nominal Off
Battery & Bus Power Operations Mode | Operati Operati
Voltages - - = - - = S
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OARPA

Component-level behavior captured in state charts based on

Component-Level Behavior Modeling (Bdﬁom.{jp)

component spec sheets.
« Can be used to develop FSW, FP, test plans, etc.

«Power Modex

«Power Modex e -
Power Off _ ominal perations
‘J’ [Input Voltage = [3.0V, 3.6V]] [Input Veoltagg <3.0V or >3.6V]
. Off Start-Up at (TBD sec)
| - Configuration |
at (TBP sec) [ l
f Reset IMU[) Measure and Record Data for L
Reset angular velocity, acceleration, ., [Measurement out
internal temp, pressure, and | of range] / Send
magnetic field " Interrupt to Host
k-
- 2 o
IM l | Set IMU to [TBD|sec] Initiate
Idier{Sleep) Set IMU to Set IMU configuration() IMU Self
Mode() Mominl l Test{)
—  Operations [TBD sec]
Mode() Configure calibration
and measurement Self-Test and
[Sleep Timer Expired] alarm parameters Record Results
«Power Modex
Sleep (
b ]
ldle (Sleep Mode) «Power Modes
Power-Down
Set MU o Idle (Power Down) Mode()
Idle (Power Down) |Set (MU 1o Neminl O perations Mode)
[Sleep Timer Expired]
FUNCTIONAL BLOCK DIAGRAM
DIO1 DIO2 DIO3 DIO4 RST VDD
%
SELF-TEST” o | | ALARMS | |M A T | GND
TRIAXIAL | [ | | |
GYRO _
| | OUTPUT Ocs
TRIAXIAL DATA '
REGISTERS SoLK X-AXIS
CONTROLLLER CAUEESHON
MAGN FILTERS USER 'o DIN
CONTROL
PRESSURE REGISTERS O DOUT
= ]
voo_H | ADIS16488 :

VDDRTC
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State Behavior Aggregation to Satlet Level

(Bottom-Up)

w 1/4
Component-Level States System "Modes
W «block» Q «block» g abiocke E
W WV ] : EPS : IM| : MatharBoard
Off Idle : ! '
{ FAILURE Take
Measurement
Operating
? FAILURE
—
Off Idle / l:-EF'S ﬂ:*l-. y = - M:tb::zcr:;ard -
Housekeeping Y Y
FAILURE J T T \I/ ‘Route Power Take Measuremoent oo o [Route Inter-Avionics Power & DataJ
F - |
V] |
Route Power S Report Power Usage
,\ _J
FAILURE
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OARPA

State Behavior Aggregation to 'Satl_ef_ LeVé
(Bottom-Up) 4

1 3UEPS

Nominal
Oparations

Maintain Charged
Battery & Bus
Voltages

H

B: Povier Sialus Request

10: Pon

beSat Batte DCS interface board | | : Transponder |  :WIFi (demo enly) | : Temperature Sensor| | :Heater  :Sinclalr Startracker
MNomina! Stand-by on of MNominal Nominal o
Powar Medo

Oporations Oporations

ol Initiate Transiion
2: Transifion Secondary Processor to Nomal Mode >
Normal Mode

3: Transition Radio to Receive and Protess Uplink >

Recieve and Process Uplink
Fend these to

o Manager? 4: Heakh Status Telematry

-

le. 5: Heakh Status Telematry

e 6: Heakh Status Telemetry

le 7: Health Status Telemetry

& Power Status Request
I «Power Modes [Battery Voltage <6V]

Power Off [

e

r Status Telemetry >

11: Power Status Tele'niuy

off «Power Modes
Neminal Operations

[[EPS ekctrigfl switch = closed]

alize Transison
Reset Reset EPS()
histributing Nominal Normal Fx Operations
Power Operations Mode «Power Moden [TBD sec] Mig;::‘c‘”wcah;:‘g;d L
Recovery Operations Voltages
p 5 L
[Bus Current Draw > 83 A] (850 msec] /

Check Bus Over
Current Recovery
for 60 msec

Overcurrent
Power Off

Specify Intra-

EPS Telemetry() /
eport Bus Current
Draw Telemetry

c

Satlet Behaviors

" Bottom-Up

Starting Point: Component behavior
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L

Specify & Elaborate
System-level Behaviors

_
. Ionder: Tander AigMAT FREVD Am | | WA FREND Amm
UnEngaged Engaged 82 Aartrs
o
B2/ te tnie-ops mose
™
43 Rskotic Systems chackiet ar v camaration
TS mos 1 MOS tender : Tender odhALsad : CADH Sadet cdhBFollow : CADH Satiet ©dhCFobow : CBDH Satiet
]
B4 Ursto and checkind Saliet svssasly [ipiems
1
| 200
54 Apecturs arsiculation for Satet Instsd
et
- 3 G | TSGR 1o Hominal Operations
6 Satiet 1o Aperture assembly Ton
ot
Transion to Neminal Opsration
Converge to t
Consistent Set of
R = d B h = \ WEPS 209 Ml cr | | RwisnuADCS mwteca brat | < Tramapaneer | e L —— [ Sanc -
equire enaviors | (e = e g
Oparrar p Mace Grarssem Cpamans
. Bam
= «Power Modex . [Battery Voltage <6V]
Power Off [
oRER «Power Modes
= Neminal Operations
e AR BN [[EPS ekctrigfl switch = closed]
ot v - A 7ok :
por " Reset Reset EPS()
m$25 o 60 CRON -
* Intiatn ¢
ot e
BT1 8T 8o T hotd Bax. el ~ Maintain Charged
ERLS Dviom “Power todey {ECioec) Battery &Bus . Git EPS Telemetry() /
Recovery Gperations Voltages ") Report Bus Current
|- ~ Draw Telemetry
|
[Bus Current Draw > 83 A] (850 msec] /
o i Check Bus Over
0 neker T ;:vrf;rg; Current Recovery
Hemio for 60 msec
Oprton
“VoRags
 ———
u
.
Specify Intra- ottom- p

Satlet Behaviors Starting Point. Component behavior
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OARPA Behavior Verification (“Méet-in“_fthe,lVIHdle”)'_'- :

Desired Sequences

(" Measure and Raco!d Data for angular N
velocity, aceeleration, internal temp,
pressure, and magnetic field

* Need to verify that a specified seq
performed by the available compo

« Have both high-level sequences a
level states

uence can be
nents.
nd component-

«Power Modes
«Power Modenr iyt |
Power Off _ ominal perations
‘L [Inpyt Voltage = [3.0V, 3.68V]] [Input Violtagg <3.0W or =3.6V]
Off Start-Up at (TBD sec)
—J Configuration
at (TB sec) | y
[ Reset IMU{) Measure and Record Data for L
Reset angular velocity, acceleration, ~,, [Measurement out
internal temp, pressure, and | of range] / Send
magnetic field " Interrupt to Host
| -
A

Set IMU to [TBD|sec] Initiate:

Idler{Sieep) Set IMU to (Set IMU configuration() IMU Seff

Maode() Nominl Test()

i Operations [TBD sec]
Mode() Configure calibration
and measurement Self-Test and
[Sleep Timer Expired] alarm parameters Record Results
«Power Modex
Sleg [

Start: Off

End: Measure and Record Data for angular velocity, acceleration, internal temp, pressure, and
magnetic field

State Machine: IMU States

Off ----- > Start-Up Configuration

Guard: [Input Voltage = [3.0V, 3.6V]]

Start-Up Configuration ----- > Measure and Record Data for angular velocity, acceleration, internal
temp, pressure, and magnetic field
Trigger (Time): at TBD sec
**END STATE REACHED***
Path: [Off,

Trace
Start-Up Configuration,

Measure and Record Data for angular velocity, acceleration, internal temp,
pressure, and magnetic field]

r Down) Modei)

| Operations Mode()
eep Timer Expired]

Component
Behavior
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« V&V products and planning greatly leverage the consolidated capture of
design elements in the system model

« Test plans are being captured directly in the system model

I

bdd [Class] GNC Matlab Sim I/F Demo[ |2 Test Plan ]]
-

«Test Plans

GNC Matlab Sim I/F Demo

sblocks wblock:
Test Flow Test Inventory @
v =
/ AN Test Configuration
s '\ -~
o . ) o - .
astatemachines ublocks _J_,-f’ el Y H“R
Test Procedure| Test Schedule // \ «System Under Tests T~
.—-/';d.’ //// ,"/ Il'l \H\"
- i ,// I"-. x“‘“
-~ o & ' Ty
«GSEn aFacility» _é «SSE»n #SSEx
Laptop JPL Soai System Dynamics Estimator System Model
jparts

att est : Attitude Estimator

dyn demux : Dynamics Demux

dyn err inj : Dynamics Error Injection
dyn mux : Dynamics Mux

orb prop : Orbit Propagation

pos est : Orbital Position Estimator

values
POC = Jaime Ramirez
Software = Matlab (stand-alone ODE solver) & G+4
Source Location = Aurora svn
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L

Test plans in the system model allow for efficient and consistent

representation of test procedures and configurations.
— — S — Test Configurations show the detailed
mechanical, power, data, and optical connections

[| and interfaces among elements in the test

: Laptop

: System Dynamics Estimator

Run Hardcoded Interface Simulation

?in t
: : entry / Run Hardcoded Interface Simulation
) : : SysML Activity Diagram [ [5) Run Hardcoded Interface Simulationﬂ
GNC Simulation Output =
A\ d
: ApSat Simulation | | Test Conductor "a «SSEw
System Dynamics Estimator
A
out Initial Configuration ]
.............. Solve the
. . . _ _ _ L _ 4 Executethe simulation
. . GNC Matlab using ordinary
.............. standalone differential
simulation with | — — L _ =/ equation solver
hardcoded and the
parameters of
the ApSat

in
j : System Model .
out . .
ApSat
. . Configuration
in . . configuration
il

Simulation Parameters
|

Verify Output GNC
completion of = — —] — — | simulation data
simulation and and plots
save Matlab
workspace and

plots for F--"—----"-——-—" - — =8
post-analysis

Y
Simulation Output

output

Test Procedures capture the detailed steps for executing
the test. Procedures are divided into swimlanes, which
keep track of who/what is responsible for each step.

W
Simulation Output -
: Omair




DﬁPA V&V Planning Leverages the Systé'm- Mbdél_

L

LiGoH TS i E N

« V&V products and planning can be traced to other elements in the system

model

bdd [Class] GNC Matlab Sim I/F Deme[ | &) Test Plan - Reqts Mapping ]J

Requirements

sreguirements
ApSat shall null any
tip-off rates during

«reguiremnents
ApSat shall maintain
atttitude control during

«requirements
The System model shall
be capable of interacting

ConOps

7 POP 8.10 Activation and checkout

7
L
winteractions

POP 9.** Maintain Attitude Control

W
winteractions

assembly operations with the system
= R simulation environment
| B
- f\‘@'lf}’» reTeTYY TV
«TAYFEn N : -7

ApSat cannot b

| system | GNC Matlab Sim F Demo
functional
testing on the PR ~
ground s RN
; I S «Demonstrate»
TAYF E /" «trace» | ‘ .
— .. Functions

4

«mission:Functions

Control ApSat Attitude
and Position
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DPA Model-Based V&V Architecture

The ultimate goal of Model-Based V&V is to have the three analysis elements
(System Model, Environment Emulation, and Flight Software) working together
to test the system’s functional behavior under various nominal and off-nominal

mission scenarios Flight Software

Environment Emulation Embedded Satlet S/W

System Model

Orbital Position Actuation
Key System Estimator Emulator R g o) ELSEL

Parameters

Initial System
Configuration

Power Thermal Sensing
Scenario Goals zulator Simulator Emulator

Fault Injection

Sroced _ ) : .
=" Tect Plan in the System Model provides simulation

startup and run-time parameters
e Results from iterative analyses are fed back to model to
update design elements (e.g. parameter accuracy,
ConOps efficiency and safety)
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DPA MBV&YV Adaptation for System ID (during Ops)

Simulation

Satlet Environment
Emulation Emulation

System Model

Key System
Parameters

Initial System
Configuration

Scenario
Goals

Fault Injection
Procedures

Use system model to track configurations
and parameter sets.

Use telemetry to update key system
parameters in model.

Use simulations to estimate “un-measurable
parameters.

Based on simulation results, update onboard
control parameters for ApSat, Assembly or
Satlet.

In-Situ ApSat
System

telemetry

\_/

Update Control Parameters
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OARPA Flight Software Architecture

ibd [Block] Basic Architecture [ &) Basic Architecture ]]
-

« Layered architecture,
organized by
aggregation level and
functional domain

: ApSat Executive

Feedback

Command

« Decision-making is
distributed and
computation is
aggregated.

: Satlet Assembly Executive

Feedback TN
eecback - ™~ Feedback

/f IK\
o~ Teedbach « Software design being
captured in Satlet
Command // Command \\\x Command
S < system model
f// \\\
: RFSat Executive : ActSat Executive : COHSat Executive
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DARPA Fault Protection Design

 The redundancy and hierarchy in our cellularized system archltecture
can be leveraged for system robustness
« Each layer monitors its functions, only the Satlet layer monitors devices
« Different types of responses are possible at different layers
« Enable local reactions to problems and fault masking
« Model-based systems engineering approach provides foundation for
FP architecture design
» Mission success tree is directly related to ConOps, outlines most critical functions
* In development: auto-generation of FMECA, to explain failure modes, causes, effects
« Behavioris speC|f|ed and validated using system model, then embodied in FSW

L
ABSEE s cion:Funcions =]
Mnnmur.ﬁpﬁat

smizsion:Functions =]

Monitor Assambxly
Functions

amission:Functions [ |«migsion:Function
Monltor Satlet Maoniter Devices

Funclions Funmctions

| «misgion:Functions X
Diagnose

| amission-Functions ]
- — Diagnose
ErrorfAnomaly

I
|
|
|
|
|
I
| amission-Functions =]
I L~ — & Determine
|
|
|
I
|

I smission:Functiones ]
—_ — Dlagnose
ErrorfAnomaly

|
|
|
|
|
- |
| smissionFuncions ) «mission:Functons S|
' o Determine ey Determine '
Response - Response I
| |
|
|
|

ErroriAnomaly

Responsa

L W o Ll r o A A i ]

srmission:Funcion: 2| | emission:Function: 2| |semission:Funcions 2|} | |emissken:Funclions S|l smission:Functions 2|l «mission:Functions 2]flsmission:Funciions 2| | [«mission:Functione 5] amission:Functions 53
Safe ApSat Change Plan Change Goal Safe Assambly Iamlate Compensate Change Plan Repair Safe Satlet'Component
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OARPA  Off-Nominal Behavior — Thrster Failure Example

FLIG T S L E N D E S

.

- Sequence diagrams can be used to show both nominal and off-
nominal behaviors, referring to states from relative state machine
diagrams

* Note: Off-nominal sequences may end in the nominal state or may end in some

.
«blocks [=] ablocks ablocks «blocks [=] lI I u r( «block» = «blocks = wblock» = ablock»
: ApSat Executive : Satlet Assembly Executive Acti : Actuation Satlet Executive Act2 : Actuation Satlet Executive : ApSat Executive : Satlet Assembly Executive Act! : Actuation Satlet Executive Act2 : Actuation Satlet Executive
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(Thruster Failure “

"Ca\culam Thrust Vector ‘|

[ 1 Nominal

(Delegate Satlet Commands |

|’Ca|nu\ala Thrust Vector ‘|

(Delegate Satlet Commands ‘

4: Send Thruster Fail Notice

-

Actuation Satlet Response: I
Safe Satlet, Report failure to Assembly, Attempt |
L repair (reset thruster electronics)
p

[Determine Satlet Operability “
J

5: Send Failed Information and Other Satlet Hoalth Biates

ith Capable Satlets )

Assembly-level Response: ‘
Isolate failed Satlet if it is drawing Assembly ‘
L power, Report loss of capability to ApSat ‘

V.
6: Relay Vector

Commands

’Dn\eg ate Satlet

: 7: Comman d;hmZTh rrrrrr Fire =E

ApSat-level Response: § § |
Update state with reported loss of capability, | . | &)
issue new cmds to Assemblies to compensate 39
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DARPA Conclusions

« A Model-Based Design Approach allows management of the flexibility
and complexity associated with a cellularized architecture.

 Different configurations can be represented and tracked; this
information can be used to synthesize trade space analyses and seed
what-if scenarios.

« Provides an integrating mechanism for top-down and bottom-up
design to "meet in the middle”, enabling an iterative design process
that converges on the desired behavior and enabling consistency to
be checked.

« System model scope spans the system design from hardware
specifications to software specifications to ConOps, and provides a
robust framework for planning and executing V&V in a formal and
consistent manner.

« V&V is further enhanced by the ability to make completeness checks
within the model and to output parameters that feed the testing
(model-in-the-loop testing).

41



	Model-based Design and Validation of Cellularized Satellites for the DARPA Phoenix Program 
	Outline
	DARPA Phoenix Program
	The Phoenix Demonstration Mission
	Outline
	Our Development Process
	Background: What is a System Model?
	Background: What is a System Model?
	Integrated Model Centric Engineering: �System Model as an Integrating Framework
	Integrated Model Centric Engineering: �JPL’s IMCE Capabilities
	Outline
	Model-Based Architecture Selection
	Overview of our Satlet Architecture
	“ApSat”: Large Aperture Configuration
	Outline
	Model-Based Design Approach: Overview
	Model-Based Design Approach: Overview
	Model-Based Design Approach: Overview
	Model-Based Design Approach: Overview
	Model-Based Design Approach: Overview
	ConOps Modeling (Top-Down)
	ConOps Modeling (Top-Down)
	Further ConOps Elaboration (Top-Down)
	Further ConOps Elaboration (Top-Down)
	Component-Level Behavior Modeling (Bottom-Up)
	State Behavior Aggregation to Satlet Level �(Bottom-Up)
	State Behavior Aggregation to Satlet Level �(Bottom-Up)
	Model-Based Design (“Meet in the Middle”)
	Behavior Verification (“Meet in the Middle”)
	Outline
	V&V Planning Leverages the System Model
	V&V Planning – Test Plans in the System Model
	V&V Planning Leverages the System Model
	Model-Based V&V Architecture
	MBV&V Adaptation for System ID (during Ops)
	Outline
	Flight Software Architecture
	Fault Protection Design
	Off-Nominal Behavior – Thruster Failure Example
	Outline
	Conclusions



