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System Engineering Challenges

Conventional approaches:

* Focus on subset of subsystems

Motivation — Over-simplified, low fidelity

Overview — Neglect subsystem interactions

Modeling « Requirements verification using average/best/worst-cases

SN — Fail to capture realistic “dynamic” nature of missions

Design Trades : : :
: * Models and simulations are not integrated!
Reflections

— “Hacked” together for one-off cases
Future Work

— Not modular, extensible, reusable

Why? Lack of integrated modeling/simulation tools to
@/ enable system-level engineering design/analysis.
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System Engineering Challenges

Particularly an issue for CubeSats!because:

* Physical components physically integrated

Motivation Extremely constrained:

Overview — Limited ability to collect and store energy (e.g. batteries)
Modeling

Operational constraints/ decisions coupled

Simulating — When to collect data versus download data?

Design Trades

Obits are unknown/ dynamic
Reflections

— Little/ no control over launch orbit
Future Work

— Experience variation in eclipse duration, may de-orbit

Operate in inefficient/ stochastic environments

Integrated models and tools are critical
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to design and plan for these missions!
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IType of miniature spacecraft (1U = 10cm?, <1 kg)

Image Credit: www.cubesatkit.com
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Model-Based Systems Engineering (MBSE1)

Why MBSE?
1) Enables system-level model capture

Motivation * Formal, accurate, authoritative single source

Overview « Contains elements, relationships, interactions

Modeling * Multiple compatible views, e.g. physical/ functional

Simulatin : P -
: * Requirements verification and traceability

Design Trades

Reflections

Future Work

ai
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1"Formal” model to support requirements, design, analysis, verification 4

Image Credit: Ph.D. Thesis, S. Spangelo, 2012
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Model-Based Systems Engineering (MBSE)

Why MBSE?
2) Enables integration of models and simulations

Motivation * Connect system-level model to analytical tools (STK, Matlab)

Overview

Modeling

Simulating

Design Trades
Reflections

Future Work

E:l
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* Execute dynamic simulation of end-to-end mission

* Identify failure to satisfy requirements, sub-optimal designs

* Accommodates re-evaluation when design changes occur

* Enables co-simulation: simultaneous vehicle/ mission design

SysML
Models

STK, Matlab
Simulation
Tools

Image Credit: STK?/Matlab Websites
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Motivating Mission Example

* Radio Aurora Explorer (RAX) CubeSat mission

* Science target: plasma irregularities in ionosphere
Motivation * Experimental zone in Poker Flat, Alaska

Overview * Global ground station network

Modeling * Vehicle constraints: solar panels, battery, data buffer

Simulating

Design Trades
Reflections

Future Work
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Motivating Mission Example

Systems engineering questions:

* How do satellite states evolve throughout mission?
Motivation

Overyi * Does the vehicle design/operations meet all mission requirements?
Verview

 How do changes in spacecraft mission parameters impact

Modeling _ _ _
performance and requirements satisfaction?

Simulating
Design Trades
Reflections

Future Work

an8J
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Motivation
Overview
Modeling

Simulating

Design Trades

Reflections

Future Work

Project: “Model” Operational CubeSat
Mission goals....

Goal #1: Develop fundamental systems model of CubeSat mission
Capture structure, function, relationships, requirements, traceability.

Pretty clear-cut if you know what you’re modeling. Accomplished by SSWG2,

Goal #2: Execute realistic behavioral CubeSat scenarios
Capture operational opportunities, state evolution, mission performance.
No clear way to do this in March 2013.

Potential tools: MagicDraw? Simulation Tool Kit (STK)? Matlab? Phoenix
ModelCenter? Cameo Simulation Toolkit?

[1] S. Spangelo, D. Kaslow, C. Delp, L. Anderson, B. Cole, E. Foyse, L. Cheng, R. Yntema, M. Bajaj, G. Soremekum, and ]. Cutler,

“Model Based Systems Engineering (MBSE) Applied to Radio Aurora Explorer (RAX) CubeSat Mission Operational
Scenarios”, Accepted for IEEE Aerospace Conference, 2013, Big Sky, MT, March 2013.

[1] S. Spangelo, D. Kaslow, C. Delp, B. Cole, L. Anderson, E. Fosse, L. Hartman, B. Gilbert, and ]. Cutler, “Applying Model Based
Systems Engineering (MBSE) to a Standard CubeSat”, IEEE Aerospace Conference, 2012, Big Sky, MT, March 2012.


http://saraspangelo.files.wordpress.com/2012/09/ieee2013_v9.pdf
http://saraspangelo.files.wordpress.com/2012/09/ieee2013_v9.pdf
http://saraspangelo.files.wordpress.com/2012/09/mbse-cubesat-ieee-aerospace-conf-paper-v11.pdf
http://saraspangelo.files.wordpress.com/2012/09/mbse-cubesat-ieee-aerospace-conf-paper-v11.pdf
http://www.phoenix-int.com/

Project: “Model” Operational CubeSat
Mission accomplished...

. Project Deliverables:
Motivation

* Systems-level SysML model (in MagicDraw)

Overview

Modeling — Structure of mission architecture and vehicle

Simulating — Requirements definition and traceability

Design Trades — Parametric diagrams to capture analytical relationships

Reflections * Evaluated using MBSE Analyzer

Future Work — Behavioral diagrams to capture dynamic operations

« Executed using Cameo Simulation Toolkit and MBSE Analyzer!

* Analytical models for describing behavior

— STK, Matlab, Java
@/ — ModelCenter enabled integration with SysML and automated
execution of dynamic scenarios

ai
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1 A prototype capability was developed for this work that allows CST to execute parametric diagrams via MBSE Analyzer 9

Image Generated with STK
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Modeling Philosophies

For usability/ extensibility:

Motivation . ] )
_ * Modularity: re-usable libraries of parts
Overview

Models e.g. constraint block modules are re-used in many parametric diagrams
odeling

Simulating

) * Patterning: re-use of modeling patterns
Design Trades

Reflections e.g. common pattern in Power and Data Management subsystems

Future Work

E:l
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* Nomenclature: simple and sufficiently descriptive
e.g. subsystem naming codes used for data rate and power values

10
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CubeSat System Model Architecture

bdd [Package] Requrements | g RequrementsVerifcat

bdd [Package] Structure [ [ MissionBOD |

ablocks
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“bocs
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e vehicte system <Reaurementverteatons
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BatteryCapacity aamty,  [ld="1 stationMetwork,
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“Thebaterycapacly | shall not exceed 16 IR . B B B B . B H H B
el not e 150000 S upperBound = 1600.0 Groundstations Farth
- upperBound = 120000.0
Modeling —
N N N N N N N N N N «blocks N wblocks «blocks
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Simulating

“stm [t Hzoning] Cubs e on [ [B Cossamezon ]|

par [Block] CubeSatiission | [B5 GetStates .
: : - «constraints

«MC_Components

o opsration .
Des|gn I rades oot . . SIRFCCIR S Tl . . . getStates : GetStates
orot : :
orbit : Orbit
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1 arg_perigee : degree ek ks it :|
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: : : RAAN :Real
u ure Or‘ o raan : degree M
: : : true_anomaly : degree B TrusAnomaly - Real 5 :
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attitude Scheme : Attitude Scheme : :
: spin_rate : Real . Spin_Rate - Real | :
Experiment ! : : :
e InExps rimant
L4 ™ vehicle : Vehicle
rompermet ‘e perment : :  time_spoch : Real : :
sTime : sec ] R
noExperiment] IdisEperimant . . I:ﬁme’mp TEec . StepSize:sec N . .
total_mass : kg : ‘mass - Real =
sunstate ¢ 1| |1 gun state s real | oy sun_state : Real
S il § —| sun_state : Real o
- |eclipse) —‘% —sal.: Real
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N _— o yp_solar_angle : degree o |
' ' (dld_state=0), else if : : : sad : Real
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The system model captures requirements,
structure, behavior, and parametrics.

Aagl
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Structural Diagrams

bdd-[Package] Strlic‘ture[@l.h:ismnBESDU : : - G k' - 5
: : : : 3 : : Eioci
‘ CubeSatMission ‘
: : : : «blocks
Spacecraft e
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ablocks ablocks : wblocks
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Overview GroundNetwork . Vehic\e. Joa _. .Drbif . , | , e Enronment . . . Mission Level

. . . . attitideSchisme operatidnControl
H : . . controlSoftware | - . . «blocks .
......... N . Lol ablocks - N
M Od e I I n g . . <blocke . . Attitude Scheme OperationsControlSoftware ¢
. . Ground SiationControlSoftware .

earthEnvironment | experimentalEnvironment,

stationNetwork
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Simulating
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Reflections
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Future Work ; ' '
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Defines

CD(frfisréi;int on MiSSiOn Re qUirementS constraint on

lowest battery . . minimum
level throughout Drive SyStemS deSIgn download
mission

bdd-[Package] Requirements | @ ReguirementsVerification U
Motivation N = RN SRR SUCRNE
wrequirements . WECEE
. % RequirementVerification» : : : : : : : :
OverVIeW VehicleWeight N P N A
Id="7" ke _“?'ﬂ_ti-"f{* total_mass : kg
- - |Text ="The vehicle system RS
Modellng shall weigh less than 3kg.” : : : : : : : :
. |upperBound = 3.0 ol Lol arequirements
. . : : «Requirement\erifications
S|mUIat|ng : : DownloadRequirement
ereguirementy TEe t‘ Id="g"
) «Reqmrement\.-’erlflcat!unn : : | downloadDataMB : MBytes l __ %S8 l5_f5‘1'_ _ 3l|owerBound = 0.07
DESIgn Tl’ades e Batieoy cveiWarmin R e S O - |Text="The system shall
Id="9" o asatisfy : - |download at least 1 MBytes
r - [lowerBound = 0.0 e.; S.s 1T - ~| energyLowerMargin : J | ........|ofdata per day (or 0.07
Reflections Text = "The battery level ' " |MBytes per orbit).”
margin shall be greater than . - - -
e T R E
Future Work o
wreguirements oo pMgmt : PowerManagement S
«RequirementVerifications : : dMgmt : DataManagement : : wreguirements
) BatteryCapacity o o «ReguirementVerifications
1d="10" : : battery : Battery buffer : Buffer : : DataBufferCapacity
Text = "The battery capaci e _ esalishy : satisfys - |ld="11"
 |shall not exceed?%gﬂﬂ}"' | ] T | mexenerayCapacity : J | |mummcapacw:mms |‘ =77 P|Text="The data buffer level
upperBound =120000.0 . . . - |shall not exceed 1600 MB.”
' AR I | | N © 7 |upperBound = 1600.0

Defines constraint
on lowest data
storage level
throughout mission
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Motivation
Overview

Modeling

Simulating

Design Trades
Reflections

Future Work

Parametric Diagram

Constraint blocks defines opportunities

par [Block] CubeSathission [ [B5| GetStates U :

. sun state (1:

spacecraft : Spacecraft

orbit : Orbit

ApogedAttitude | km

«constraints
«MC_Components
getStates : GetStates

apogee_altitude : km
arg_perigee : degree

ArgOfPerigee - Real

inclination : degree

perigee_altitude : km
raan : degree
true_anomaly : degree

orbit_epoch : sec

Perigechlitude | km

RA&AN - Real

[ T T TN

attitudeScheme : Attitude Scheme

spin_rate : Real

vehicle : Vehicle

. time_gpoch [ Real

[]

sTime : sec

time_step: sec

St;apSize sec

LTT]

total_mass : kg

aagi

: o — sun_state : Real —=un_state : Real -
in sun, 0: in = | :
. | eclipse) o I TR, ,-5&.1...Rea| .........
| xp_solar_angle : degree 11 - - .
] \ — =82 : Real
i} xm_solar_angle : degree .. "
o A [ m_solar_angie: degree |-
Commucation | yp_solar_angle : degree l | E
(did_state=0), else if ]
communication . . |ym_sola,_ang|e T S S ——

Pointing to a ModelCenter
model with STK and Matlab
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ModelCenter Model

STK and Matlab Plug-Ins

4 Phoenix Integration ModelCenter 10.2 - [C\SourceCode\MCAS! Projects\MBSE Analyzertsolutions\applications\SysML\ examples\analyses! cubesat\get_states.pxc] - [Mo] == =R
=3 File Edit View Tools Component Project Window Help mER
OUH. =P M|l @A . CEREELNEEQO.
2iBEE=z |l xpBPR.
Motivation e g
Component Tree o AN -|g
Name Value Units T
. == O g
Overview S e E ;
=& STK Scenaria a ?
gl GS1 GetSTKDala
vl i G52 2
H = &F Sall =
Modeling =1
» SlepSize 0 sec =l
» OrhitEpoch 1Jan 201200 UTCG #
. . » Apogestlitude 211,689 km .
S Imu I atl ng + Perigeedlitude 157571 km &
» Inclination 101.707 deg =a
+1 fugDiFergee 10973 deg
» RALN 324938 deg
D = T d » Trushnomaly 253128 deg
esign 1raaes o ] MasFrops
#=] Attiude
# [ Angles
- 5 (] SolaIntensiy
Reflections QT
i+ Access
o GetSolaData
+-of\ GetDidData
Future Work ke 2
. v ‘ v
¥ Project Tree | [&2] Component Tree ez =
Server Browser [
o | B9 favoites: A #55 % e P £ A A A
- 4 II o5 i
% common T 2 A Al 2 - : av  @av
° Fu.r\:tlnr\s Abagqus Adarn: ANSYS Catia Corrverger DOE Tool DOE Tool2 Excel FLAMES FLAMES
Diivers Analyze Evecute
7 11 Primitives = _ )
4 _ :
| . oo o E rFr B M4 8 2 B K
| -1 component plugin E 4 -
E-@ solution archive: Loop LSDNA  MagicDraw MagicDrawD...  Mathcad Mallah  M3CNastran M NiMastran  Opiimization
[ applications Toel
B evamples ! . — — _
G 9 ssenedlccaost [ \ = (R ] ‘} =
B0 b ek T =
ke Other..  Frobabiisic..  FrcE QuickWiop  Fhapsody  FhapsobDa..  Serpt 5Tk User Task

é 3 Analysis models (STK, Matlab) wrapped and integrated with ModelCenter

S St s ModelCenter models imported into SysML model constraint blocks with
MBSE Analyzer 15
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Systems Tool Kit (STK) | il

Analytic simulation tool used to propagate obit & compute:

* Solar state: sun/eclipse, solar panel angles

Motivation Access to experimental zone

Overview

Access to ground stations

Modeling

Simulating

Sun State/
Eclipse State

Design Trades
Reflections

Future Work

Anag
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Parametric Diagrams

Constraint blocks computes total power

BB AR WA A A

EaEmgpepr

par [Block] Vehicle [ [E§ PowerCollzction u

powCol : PowerCollection

5 = . . . . congtraint:
Motivation : S <C. Components

solArray : SolarArray R computePowCol : ComputePowCol S o - - I o

Overview B P

. . sp2 : Real : : : : :
. s rea = :|
Modeling [vpopanelreaim | %"
Simulating e EER—
=P_panc arca: m' —=

zm_panel_area : m* M:‘
Reflections e |
Future Work B TR
sun_stateReal f"'”m:?“'j
B L e m— S

"T'|xp_solar_angle:degree i“j B SR

Design Trades

L]

....é....é.|xm'_80|ar'_angle':deg;eeI.;....;....5....555.2:.%5.' Pointing to a
with Matlab plug-in

...................................................................................

-
|3
w
o
&
H
5
L=}
a
b
@
=
@
a
LT LT LT LT O

. | zm_solar_angle : degree i -

gl
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Parametric Diagrams

Constraint blocks update satellite states

Several constraint
blocks re-used
throughout model

par [Block] Vehicle [ Ll:pdateEhergyliJ

1 1 - constraint:
Motivation e A1 Components
.............................. = e

getPayloadPower

exp_state :Real | & state : Real :‘ I: val_final : Real : 1 Real
power_pld : W wval_initial : Real :I ‘\

Overview

]
3‘\

5 H

]

Modeling

«constraints
«MC_Components
updateCommodityEnergy

: : : state.: Real- wconstraints
| did_state:Real [ :‘ «MC_Components
5 = - . . getTransmitPower

val_initial : Real : : : :
s

Simulating

energy_level:J R

Design Trades

) & end’ Real
Reflections -

Future Work

Software for Space, Defense & Intelligence

NVkivin
! INTEGRATION

pMgmt : PowerlManagement

battery : Battery

..............................

maxEnergyCapacity : J

]
]
L]
L]

energyLowerLimit : J

|energyLowerl."Iarg|n0Id J

o _lower. margin_t uld Real

Compute energy level at the next time step

Similar parametric diagrams for experiment
data and data download

o .
-
”‘e
5
o
A e Tio M "
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Motivation
Overview
Modeling
Simulating
Design Trades
Reflections

Future Work
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BSE Analyzer: Parametric Diagram Solver

’? Phoenix Integration MBSE Analyzer
Analyzer Edit View Tools Help

‘ We\comel Review Requlremem:sl Manage Constraint Blocks | Manage Parametric Dlagramsl Evaluate DES\Q"S:|

Design Exploration Analysis Case | <none> - \i‘ o=
Trade Study <none> LN JRE ‘E‘ ‘m
SR SRR (D AT Property Unit Original New Margin
[ Data ; -
E-£7 Analysis Bl 4 buffer g
B[ Designs = =5 maxDataCapacity MBytes 100.0 100.0 @ 1,500.0 MBytes
B[ OpaqueBehaviors - 14 pMgmt
E-£3 Requirements = ™ battery
[ Signals == energyLowerLimit j 92000.0 92000.0
3 Simulation L. += maxEnergyCapaci j 115000.0 115000.0 75,0000
B+ Structure [T ———
Atmosphere P
5 I solArray
3 External System -+ data_level_start bits 1000000.0 1000000.0
£3 Ground Network System -+ downdata_level_start  bits 0.0 0.0
Plasma -+ drate_bus bits/sec 200.0 200.0
E RadarStation - +u drate_com bits/sec 9600.0 9600.0
[0 Spacecraft System - += drate_dm bits/sec 0.0 0.0
B-E3 Types -+ drate_pc bits/sec 0.0 0.0
+= drate_pld bits/sec 4000.0 4000.0
Parametric Diagrams | Selection Filter += drate_pm bits/sec 0.0 0.0
7= cubeSatMission -+ energy_level_start ] 96000.0 96000.0
: . += energyLowerMarginOld 120000.0 120000.0
i il GetStates - e puv\l:lr):bus ¢ inr 1.0 1.0
B~ [¥] [0 spacecraft.vehicle - pOWer_com w 3.0 3.0
PowerCollection -+ power_dm w 0.3 0.3 L
- == power_pld w 3.6 3.6 T
UpdateData - 5 power_pm w 0.4 0.4
v UpdateDownload -+ solIntensity W/m2 1361.0 1361.0
UpdateEnergy += 5Time s 0.0 0.0
= time_step s 60.0 60.0
+= total_mass kg 3.0 3.0 <+ 0.0000 kg
= data_level bits 1012000.0 1012000.0
- =+ datalevelMB MBytes 0.1206208010253... 0.1206398010253...
- = dataSpillover bits 0.0 0.0
- e dld_eff Real 0.0 0.0
- m dld_state Real 0.0 0.0
- =+ downdata_level bits 0.0 0.0
- =+ downloadDataMB MBytes 0.0 0.0 ¥ 0.070000 MBy...
- =+ drate_col bits/sec 200.0 200.0
=+ drate_con bits/sec 0.0 0.0
= energy_level ] 06382.4803821895 - 96304.698527...
=+ energyLowerMargin ] 0.0 4 4304.6985279... & 4,304.7 j i
e anarauSnill r i nn nn
Refresh | ‘ Restore Defaults Design: | Save Save As Analysis: | Run Export
Daone.

Wop AR 3

c R E

OB & &

Solves linked parametric diagrams (all 3) simultaneously

Automated requirements verification (green: pass, red: fail)
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Motivation
Overview
Modeling
Simulating
Design Trades
Reflections

Future Work
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Bringing the Model to Life

Main State Machine Diagram

(stm’[State Machine] CubeSathission [ [ CubeSatMission U

Operation

InOrbit

.—) do / RunOperation

InSun

JlinE clipse Tin Sun

Eclipse

Experiment

InExperiment

inExperiment

noExperiment )[in Experiment

IdleExperiment
noExperiment

..............
[~ | Download

InDownload

inDownload

‘nul}uwnluad inDownload
noDownload

IdleDownload

..............

Entry point of Cameo
Simulation Toolkit

(CST) behavioral
simulation

)

Starts “RunOperation’
activity diagram that
steps through mission
simulation

Updates solar,
experiment, and
download states
according to signals

20
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Main Simulation Loop

. (st it FGpeaton [ R 1] ey ———— —
Motivation S - accordlngto O U S S P .
) : areadSelfs mission’ : Update States : : : : : : : : : : : : : : :

|| opportunities

|
- W object, | wreadStructuralFeatures | - object [ areadStructuralFeatures | resuttf] - object ereadStructuralFeatures | resut
F——=1 | — | | —

spacecraft - R vehicle Sl

Modeling

wreadStructuralFeatures
time_step

Simulating

Design Trades

imeSteggime0id

Reflections

Future Work

saddStructuralFeatureValues
sTime

timeNew - I‘|1

S e L
‘I Iteratethrough ““"‘\Lehlcle“‘ Updatetlme :
| entlrescenarlo :getRemainingTimerh ........
| duration i L

P N
S S I S
| ........ ........ varget arﬁet"'f ........
|- . . . . . . . . . . . . . . . . . . . . . . . . .

endOperation

LMl
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Motivation
Overview

Modeling

Simulating

Design Trades
Reflections

Future Work

State Update Activity Diagram

[ e———— =]

wblocks

mission : Cube

(‘act [Activity] UpdateStates [ [FF] UpdateStates U :

Call MBSE Analyzer to solve
parametric diagrams

................................................................................

mis&ion :CallUpdateStatesrh i
ol
-~ -7 7 7 | Send signals to update : : : :
................................................................ 1| the state machine
S LT P RRREES: R T P PP ppp
: : : : : : : : : . mission H SendSignaIrE : : : : : : ' '
.............................................................................. T R
|
: - ~
- : Update StateValue : .
......................................................................... missien e - e
Update property values for the
|

calculation at the next time step

1 A prototype capability was developed for this work that allows CST to execute parametric diagrams via MBSE Analyzer 22
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Mission Simulation Results
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'nag| During CST simulation, MBSE Analyzer is called at each time step

Software for Space, Defense & Intelligence

Data Explorer automatically stores time history of the simulation data y
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Mission Simulation Results
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Final Step: Requirements Verification

Full end-to-end (dynamic) scenario

’9 Phoenix Integration MBSE Analyzer
Analyzer Edit View Tools Help

| WelcomeEREViEW Requwrementsﬂ Manage Constraint Blocks | Manage Parametric Diagrams | Evaluate Designs

Requirements
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Refresh

Post-CST simulation: final state stored in an instance specification

Use MBSE Analyzer to verify requirements with visual tool!
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Mission and Design Trade-Offs
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Mission and Design Trade-Offs
Orbit Altitudes
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Nominal: semi-major axis = 7012km, apogee altitude = 811.69 km, perigee altitude=457.57 km
High: semi-major axis = 7500 km, apogee altitude = 1311.22 km, perigee altitude = 932.50 km
Low: semi-major axis = 6800 km, apogee altitude =593.55 km, perigee altitude=250.18 km
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Mission and Design Trade-Offs

Ground Station Locations

D
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Location And Description Of Ground Stations In Network

degrees degrees degrees
AnnArbor 42.271 -83.73 0.256

AK 64.88 -147.5 0 0 1
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Reflecting on Project Experience

How did MBSE enable us to overcome challenges?

* Coupled analytic models with simulation capabilities
 Demonstrated dynamic behavioral modeling

* Achieved requirements verification for full end-to-end missions

« Extensible by use of standards, libraries, patterns, etc.

Lessons Learned

* Working with many tools is challenging (license, versions, etc.)
« STK has a lot of flexibility: exploit use vectors/ angles

* Best to automate repeated tasks

* Working with vendors is necessary/advantageous

* Always ask: “Am [ using the right modeling/simulation tool?”
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Future Work

Extend the system-level model
Higher fidelity models of the spacecraft subsystems
Include communication and experimental link budgets

Motivation

e Extend and refine the behavioral and analysis models

Modeling Add spacecraft scheduling for optimal use of resources

Simulating Improve approach for data extraction at specific time (e.g. from STK)
Design Trades Automate system and mission parameters trade-offs

Reflections Extend MBSE Analyzer to drive simulations by CST

Future Work Enable sensitivity analysis and design optimization

Generalize the model for applicability to a variety of mission concepts

Aagi 5 £

Software for Space, Defense & Intelligence

FIREBIRD

NPS-SCAT
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