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Abstract—Small satellites are more highly resource-constrained
by mass, power, volume, delivery timelines, and cost relate
to their larger counterparts. Small satellites are operatonally
challenging because subsystem functions are coupled andnco
strained by the limited available commodities (e.g. data,mergy,
and time). Furthermore, additional operational complexities
arise because small satellite components are physically te
grated, which may vyield thermal or radio frequency interfer-
ence.

In this paper, we extend our initial Model Based Systems Engi
neering (MBSE) framework developed for a small satellite ms-
sion by demonstrating the ability to model different behavors
and scenarios.

We integrate several simulation tools to execute SysML-basl
behavior models, including subsystem functions and interal
states of the spacecraft. We demonstrate utility of this ap-
proach to drive the system design process. We demonstrate
the applicability of the simulation environment to represent
realistic satellite operational scenarios, which includéhe energy
gathering and the data acquisition and downloading to groud
stations.

The integrated modeling environment enables users to extra
feasibility, performance, and robustness metrics and endbs
visualization of both the physical (e.g. position, attitue&) and
functional states (e.g. operating points of various subsyesms) of
the satellite for representative mission scenarios.

The modeling approach presented in this paper offers satéte
designers and operators the opportunity to assess the feasity
of vehicle and network parameters, as well as the feasibiljtof
operational schedules. This will enable future missions tbenefit
from using these models throughout the full design, test, ah
fly cycle. In particular, vehicle and network parameters and
schedules can be verified prior to being implemented, during
mission operations, and can also be updated in near real-tim
with operational performance feedback.
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1. INTRODUCTION
MBSE Applied to CubeSats

This paper extends the work reported in our 2012 IEEE
Aerospace conference papeéf].[ The paper reported on
using Model Based Systems Engineering (MBSE) and the
Systems Modeling Language (SysML) to model a standard
CubeSat, and applied that model to an actual CubeSat, the
Radio Aurora Explorer (RAX) missior?].

A CubeSat is a type of miniaturized satellite with a standard
form factor based on cubes with dimensions &6ntimeters
and weighing less than one kilogram. CubeSats typically
consist of one to three cubes.

RAX is the first CubeSat funded by the National Science
Foundation (NSF)7]. It has is a space weather mission
designed to study plasma field-aligned irregularities ia th
ionosphere. It has enabled undergraduate students, geadua
researchers, engineers, and scientists to be involvedein th
design, building, and operations of a satellite.

INCOSE MBSE Challenge Project

This project is a key part of the International Council on
Systems Engineering (INCOSE) MBSE Challenge project.
The Challenge project was initiated at the January 2007
INCOSE International Worksho?]. The MBSE Roadmap,
Figure ??, was created to define the high-level, long term
vision for the maturation and acceptance of MBSE across
academia and industry.

Several MBSE Challenge teams were established to promote
MBSE, advance the state of practice, and share lessons
learned related to a diverse range of:



MBSE applications 2. MBSE AND SYsML

MBSE is the formalized application of modeling to support
system requirements, design, analysis, optimizatiorifjeer
tion and validation, beginning in the conceptual desigrspha
and continuing throughout development and later life cycle
phases?].

« Model scope

Model quality and robustness

Modeling standards

The MBSE goal is to eventually replace the document-centric
system engineering approach starting in the acquisitias@h
of a project and continuing on into operations.

« MBSE process, methods, tools, and training

Space Systems Challenge Team

: Our application of MBSE uses SysML as the modeling
The INCOSE Space Systems Working Group (SSWG) estah: ; - :
lished the Space Systems Challenge team. The Challen nguage. SysML is a graphical modeling language for

: deling systems. It is used to specify, analyze, design
team included aerospace students and professors from M lode : p ! ' '
sachusetts Institute of Technology and Georgia Institdite o°PUMIZE, and verify systems and their hardware and soéwar

Technology. The initial focus was on the modeling of a components. SysML was developed by INCOSE and the

hypothetical FireSat space systef). [ FireSat is a satellite Object Management Group(OMG]{
for detecting, identifying, and monitoring forest fires. igh
system is used as an example in the widely used and accept
Space Mission Analysis and Design (SMAD) textboGk [
Much was learned from modeling FireSat.

gégure?? illustrates the SysML diagram types. A system is
scribed in terms of:

o Structural block diagrams illustrating the constituer-el

Our follow-on CubeSat project was initiated in April 2011 to ments of a system and their connections

model an actual space system, a standard CubeSat, with th ' . . o
RAX satellite beingthe p())/int design. " “Behavioral activity and state diagrams describing opera-

tional behaviors

The team now includes University of Michigan Aerospace
graduate students and a departmental professor; the INCO

SSWG, including engineers from NASAs Jet Propulsion Lab-
oratory (JPL) and from modeling and simulation tool vendors

InterCAX, Phoenix Integration and Analytical Graphics. - Requirements text based requirements in the model that
' can be traced to design, analysis, and verification elements

EParametrics definitions for operational constraints speci
ied by values and/or equations

The collaborative environment includes a CubeSat - MBS; . . .
Google group, a MBSE Google documents collection, ysML is used to model all aspects of a system either directly
No Magic Teamwork server for SysML modeling, and bi- ©F through an interface with other models. It enables sys-

weekly or weekly Web conferencing through the JPL-hosted®MS €ngineers to create and evolve models in an integrated,
Meetingplace server. collaborative, and scalable environment. It enables mgld

models that can be used in early design stages and that can
Advancement and Demonstration of MBSE State of PracticeUPPOrt specification and design updates. Using models to
) define, develop, and ultimately operate a system is known as
Our Challenge team and project was created to assess, adevelop With What You Fly With (DWWYFW).
vance, and demonstrate the application of MBSE to the space
systems domain. Figure??illustrates that the MBSE environmentis an integra-
. ) tion of modeling tools and design tools along with viewing
We are developing a SysML model that incorporates severaind report generation tools. This integration facilitaties
COTS tools: analysis of alternative design models, and supports robust
design optimization.

MagicDraw o . .
* g The ability to integrate, collaborate, and scale is ceutere

. Cameo Simulation Tool Kit around having a model repository. The repository is an
information resource that is accessible through basic web-
. ParaMagic based technologies in addition to desktop applications. A
variety of model editors can be integrated with such a repos-
. i itory, enabling engineers of all disciplines to collaberat
Systems Tool Kit This integration is facilitated by the use of standard SysML
« PHX Model Center approaches. Using Internet technologies to implement this

approach provides a nearly unlimited ability to scale.
MATLAB

3. CUBESATS

CubeSats are type of low-cost, standardized nanosatellite

« Communication subsystem signal to noise ratio (where a 1U is a cube 10 chon a side and approximately
1 kg) [?]. These small satellites are typically launched as

« Solar energy collection and subsystem power consumptiof€condary payloads. They have enabled the university com-
munity to design, build, and launch satellites using pritpar

« Activity flow including behaviors and interactions off-the-shelf components. More recently, the worldwide
community has adopted the CubeSat standard as a means

We are executing the model to analyze:
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of performing novel scientific, surveillance, and techigglo  satellites, optimizing satellite design, and evaluatirigsion
demonstration missions at significantly reduced cost atid wi operations.
short development timelines.
« The model will include:
Current Approach to CubeSat Design

The current approach to design and operational plannin
for CubeSat missions is largely intuition-based, often re-
lies on simplified trade-studies that usually do not explore
the complete design spacg].[ Furthermore, ad-hoc and

often unverified approaches are used to combine multipl
simulation environments that often neglect elements of the _
mission dynamics. Designing he satellite at an early stage

and neglecting key operational parameters can be problemat _
because decisions made in early design stages can have a
significant impact on mission operations. For example, if

— The entire satellite mission including flight system,
round system, and targets of interest

— Key satellite structure, including systems, subsystems,
gnd components and their interfaces

Key satellite system and subsystem behaviors
Key satellite constraints and measures of effectiveness

rhe model will provide the techniques to interface CubeSat

battery is sized prior to performing operational simulagp , . : !
it may be of insufficient capacity to sustain the satelliteSYSML models with a diversity of COTS modeling, anal-
/Sis, and visualization tools. These tools can extract the

throughout eclipse and be unable to satisfy mission operalS'S; { :
tions requirements. portion of the information necessary to solve a problem or

analyze a relevant part of the system and then integrate the
MBSE Approach to CubeSat Design solution back into the mission specification. For example,

) an optimization algorithm which takes as inputs satellite
Our 2012 IEEE Aerospace conference paper delineated thsosition and opportunities to collect energy and data, and
CubeSat modeling objective?]| then generates operational schedule can be interfaced with

the SysML model.

The current modeling effort is well under way, and has de-
veloped many of the early work products as indicated belowTrhe model will provide the capability to ensure that design
Our overall plan is to develop work-products for the CubeSatipdates comply with mission requirements and to communi-
community that will include: cate design updates to all engineers working on the mission.

« A CubeSat meta-model describing CubeSat specific condltimately the models will be used by mission operators to
cepts and a modeling framework. The framework providessvaluate mission planning, scheduling, and operatioagestr

SysML structural and behavior models for the: gies considering position, attitude, on-board energy,datd
o thermal states. This is will of paramount importance when
— Mission responding to satellite component degradation and anemali

— Mission elements which are systems that achieve the

mission objective 4. INTEGRATED TOOL ENVIRONMENT

— Mission environment, e.g. space particles and fields adlext we describe the simulation and analysis tools of the

well as Earths atmosphere layers and magnetic fields MBSE Environment shown in Figure? that enables us to
analyze and optimize system performance. The simulation
— Flight system environment brings to life the models described in the pre-
vious section, where various aspects of the system model

— Ground system (parametrics, activities, and state machines) can be tegkcu

« An example CubeSat model that existing and future team€&onventional approaches often consist of simulators tieat a
can use as a template for describing and modeling their owpatched together in an ad-hoc manner, or require manual
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and time-consuming tasks when passing information betweeor calculation tools could be utilized to accomplish simila
simulators. Unlike these approaches, our simulation envir goals.
ment enables the flow of information between simulators in
an automated way, enabling users to easily evaluate differe
design configurations or reconfigure the analysis for diffier 5. RAX CUBESAT
mission scenarios. )
Mission Description

RAX is a space weather mission designed to study plasma

field-aligned irregularities in the ionosphefg.[ It performs

experiments using a bi-static radar configuration which uti

« MagicDraw®from No Magic is a graphical SysML mod- lizes a high-powered ground-based radar station. The pyima

eling tool that enables the analysis and design systemstation is PFISR, located in Poker Flat, Alaska, as shown in

databases Figure ??. The ground-based radar sends a high powered
) ) ) ) signal that reflects off the irregularities and are measbged

« Cameo Simulation Toolk®from No Magic enables differ- RAX. On-board timing is provided by a GPS and position

ent MBSE behavioral models such as SysML State Machineknowledge is provided by ground-based tracking systems.

and Activity Diagrams to be executed within MagicDraw.

We use the following simulation tools to bring the SysML
model to life:

RAX is passively magnetically aligned with the Earth’s mag-
« STK®from Analytical Graphics is a tool that supports netic field using on-board fixed magnets, as shown in Figure
high fidelity simulation and visualization of satellite l&fior 2?2, This type of attitude control system enables RAX to have
including orbital dynamics and satellite subsystems n®delits antennas pointed towards the Earth when it passes wver th
for power, thermal, sensors, attitude control, and telenet  experimental zone near the North Pole. Furthermore, the GPS

antenna was installed on the opposite satellite face suth th
« MATLAB ®provides powerful numerical computing for the antenna faces the GPS constellation during experiments
evaluating equations, evaluating functions, executimp-al when accurate timing is critical. Oscillations are dampkne
rithms, and plotting results. MATLAB can also interfacelwit with hysteresis material.
other optimization toolboxes and solvers.

RAX-1 was launched in October of 2010 and RAX-2 was
« ParaMagi®is a SysML parametric solver and integrator launched in November of 2011. RAX-2 is still performing
for MagicDraw. It provides the ability to execute SysML experiments and being operated on a daily basis from the
parametric models and perform system trade studies from thgniversity of Michigan ground stations in Ann Arbor and
earliest stages of system development. ParaMagic can exground station partners located around the world.
cute constraint relationships that are math equations ap wr
externally-defined models such as MATLAB/Simulfik  RAX SysML Model
Mathematic®, and Excel. ParaMagic leverages the acaus he RAX satellite SvsML model based th
nature of SysML parametric relationships to execute mode?g € | ﬁ.a ef e Sys K dmol els é:\_re Ra;se on the opera-
in different causalities (swap inputs and outputs on-tip-fi tonal satellite framework developed in Ref] [
It can detect and solve complex SysML block and parametricl_
model structures, such as complex aggregates, recursion, a
property and constraint redefinitions in the model hierarch
Equivalent tools Melod$, Solve®, and ParaSolvétare
available for Rhapsody, Enterprise Archite®?, and Artisan
Studid®respectively.

he SysML representations of the RAX model in this section
provide a visual representation of how the system behavior
can be evaluated using the simulations and then generates
performance metrics based on the evaluations.

Figure?? shows the RAX Block Definition Diagram (BDD)

« PHX ModelCentePallows users to create and executecONSisting of the RAX Launch System, RAX Environment,
and RAX Mission. The majority of this paper focuses

simulation workflows by integrating various types of simu- n the RAX Mission. However RAX Launch System and

lation models like Excel spreadsheets, STK scenarios, anaAX Environment are also important in capturing the overall

MATLAB scripts. Once a simulation workflow is created, = . g
PHX ModeICpenter executes the workflow, automaticaIIyS%Ste.m'lThedRiA‘X Mission model consists of both logical and
ysical models.

transferring data from one model to the next. Users ard
able to execute multi-run studies by employing a rich se
of trade study algorithms, including design of experimgnts
optimization, and reliability analysis. PHX ModelCenter
can also be used to execute parametric models developed
MBSE tools like MagicDraw and Rhapsody, making it easier
to evaluate performance and verify requirements throughoJ

the design process. For the CubeSat model, logical subsystem models describe
the different concepts required to define the desired behavi

The reason for using great set of diverse tools in the simulaof the system. The physical models specify the hardware and
tion environment is three-fold. First, we wanted to demon-seftware that realize the logical design.

strate how diverse tools could be integrated into a common

framework. Second, we wanted to use the most appropriateor example, one of the Power subsystem functions is to
simulators or mathematical engines environments for eacBtore energy. The physical battery hardware implements tha
particular simulation, and when possible, integrate &dst fynctionality. Developing both logical and physical masiel
code. Third, we wanted to test and determine which toolsjlows the CubeSat systems engineer to clearly define the dif
worked well for different applications (and could interac ference between the functionality (using logical modets) a

with other tOOlS), thus _We utilize and test a Signi_ﬁcant_setthe hardware that supports this functiona“ty (using m@{s|
of tools. However; a different, or smaller set of simulation

t'I'he logical models consider the operations of the system
while the physical models consider the physical components
ye decomposition strategy is typically used by CubeSat

esigners to separate functionality into subsystems trat ¢
espond to logical concepts.

5
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Figure 4. Radio Aurora Explorer (RAX) Satellite Mission

@ Fe B yew Jnsem paavss Scenaia Utites Widew  Heb &

{Poker_Flat

-] .
YSEET_GeomagneticField

Figure 5. Schematic of RAX spacecraft with vectors pointing towatts experimental zone, Poker Flat, AK, the sun, and
along the Earth’s magnetic field (which the spacecraft lotgia aligned with). The figure is generated using STK.

bdd [Package] Earth Science Mission Domain [ Earth Science Mission JJ
«hlocks
car ill Sci Mi i 1]
whlocks whlocks whlocks
RAX Launch System RAX Envir it Syst: | F RAX Mission T
shlocks shlocks whlocks
RAX Ops System RAX Flight System RAX Ground System
I | |

Figure 6. RAX Mission Block Definition Diagram (BDD)
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Figure 7. RAX Mission Internal Block Diagram (IBD) with Subsystemsdalnteractions

models). Communication Subsystem Signal to Noise Ratio (SNR) Anal-
ysis
ue to the importance and challenges of communication in

e design and operation of small satellites, we provide a
etailed view of the communication subsystem in this sactio

The focus of this paper is on the operations of the RAX
system, thus we focus on the logical models. As describe
in Ref. [?], RAX has several functional subsystems, eachId
supporting at least one critical part of the mission or othe e P
subsystems. These subsystems are detailed in RefTlhe ;%%S%ﬁ'\géfmﬁdel presented in this section is based on the
Internal Block Diagram (IBD) shown in Figur&? illustrates C e

how the subsystems for the RAX Logical Flight SystemT
interconnect along with some of the key properties for eacia
of the subsystems that are used in the analysis.

he main purpose of the communication subsystem is to
ownload data from the satellite to ground stations. In this
case there is assumed to be only one ground station. We

- : . want to analyze the signal-to-noise ratiSNR , of the
]:I'he Power Collecno? andbCSnt][_oI fjubslystem |s| reg-por-'g'blglommunication link established between the communication
for acquiring energy from body-fixed solar panels, distrbu ubsystem and the ground station, which must be greater
ing power to support ongoing operations, and storing exce an a minimum levelSNR,,.. based on the error rate
energy for future use in an on-board battery. The On- cceptable in transmission man
board Data Handling and Command Dispatcher subsyster% P )

is responsible for dispatching commands, and managing th?he SNR  Analvsi ; ;
i ysis block in Figure?? represents the
storage of on-board data. SNR analysis that we want to perform. The link equation
i : : ; d for the analysis uses design variables specific to the co
The Mission Data Handling subsystem is responsible fo sedfor figiph
processing, compressing, deleting, and filtering dataHer t munication subsystem (Communication block), network of

satellite payload. The Communication subsystem receive round stations (Ground Network block), atmosphere (Atmo-
commangsyfrom and downloads data to they Earth groun%phere block), and the satellite trajectory (Orbital Elatae

stations. lock).

Figure?? shows the parametric model for th& R Analysis
ock. The parametric model shows the link equation (calc-
NR constraint property) which relates t§&R analysis
variable to the system design variables owned by the commu-
nication subsystem, ground stations, atmosphere, arititsate
trajectory. The parametric model also shows the space loss
equation (calcLS constraint property) that relates theaspa
6. ANALYTICAL MODEL AND RESULTS loss (L.s) to propagation path distance fl). These equations
are represented in log form according to industry practice.
Figure??illustrates the application of the RAX system model i _ _
to analyze: SysML parametrics are acausal in nature. The mathematical
constraints in the parametric model are represented in a
declarative manner. This implies that there are no fixedtspu

The Attitude Determination and Control, Thermal Determi-
nation and Control, Structures and Mechanism subsyste
are self-explanatory, and are passive for the RAX satéilige
are not active).

« Communication subsystem signal to noise ratio and outputs specified at the parametric model level. The same
parametric model can be solved with different combinations

. Power of inputs and outputs such as y=kx and where we solve for
y given x and k. Or x=y/k where we solve for x given y and

« Flight System Behavior k. We can solve the equations with different combination of

dependent and independent variables.
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Figure 8. RAX Models and Simulations as related to various simutaéinvironment

So the intent is to use the given parametric model in thred-igure?? shows the SysML instance structure (block defini-
different analysis scenarios: tion diagram)for an analysis of a specific design configarati
with specific values of the properties of the design. Fitite

« Analysis Scenario 1: Given the data download ratelyr shows the ParaMagic browser for Analysis Scenario 1. As

; shown in the figure, all of the value properties have assigned
gg%mfn%\g?;&bhenkpower (@), compute theSNF for the values except folSNR and Ls. SNR is assigned target

causality as the value of interest for Analysis Scenariod an

« Analysis Scenario 2: Given the data download ratel}r L_s is left with undefined causality which means it will be

: i ; solved only if needed to find the target value. FigePeshows
and the desired SNR, compute the power requirediXp the solved value of SNR, boxed in red. A4R,,.;, =13 dB,
« Analysis Scenario 3: Given the available powerd{pand this value is acceptable and therefore the power allotted in

; the design is sufficient for the specified data download rate
Lg%%%sggﬁiesvlgg, compute the data download rad)(that and acceptable error rate. The Update to SysML button at

the right of the browser allows the user to update the solved
) values to the instance model and diagram.

ParaMagic leverages the SysML standard to execute paramet-
ric models in the context of block instances, where each ingigyre 22 shows the ParaMagic browser for Analysis Sce-
stance represents a specific design alternative or configura narios 2 and 3 (SysML instance structure not shown). It
or scenario in this case. With ParaMagic, we can execute gnhows thatsNR has been assigned given causality and value

given parametric model for different causalities - inputlan 13 equal toSNR,,;, . For Analysis Scenario 2 (LHS),
output variables can be switched on-the-fly.

8
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Figure 9. SysML BDD illustrating theSNR Analysis model setup

the power required for downloaddl is computed given the constructs (using PHX ModelCenter). The graphical link
minimum acceptabléSNR and data download rate. For editor is used to specify what data should be passed from
Analysis Scenario 3 (RHS), the data download raté is  one application to the next when the model runs. Through
computed given the minimum acceptalSI¥ R and available a graphical user interface accessible from within the MBSE
power. tool or PHX ModelCenter, we then execute a PHX Model-
Center model defined by a SysML parametric diagram.

Simulation Model and Results

: ‘e : With this simulation environment, we can evaluate design
Power Analysis—Fo capture realistic power scenarios, we : ; ; :
have develoyped a simIlDJIation that cogsists of PHX ModeI-Conf'glwat'(mS’ pelrfo_rm tradel stut()jles, and checlll< requmﬂn(_eh
Center as the glue that ties together simulations and aiaalyscomp lance. Analysis can also be automatically re-run wit

components from STK, SysML, and MATLAB. We model updated the attribute values.
the dynamics of opportunities to collect energy and dowahloa We execute the power scenario in Fig@®using the sim-

gg&:‘n?ngm’igh'Sﬂ:rgpg:_tgotg% tler?](zrhlstggydo;;?ae s;;glh:ﬁ lation workflow created in PHX ModelCenter, which auto-
amount of dowanoaded data 9y ’ atically executes the workflow one or more times, utilizing
' parallel computing resources as needed. When instructed,
o ; . each component is executed automatically, transferring in
We create a workflow for an example mission scenario, whickp = o e oo components. Using the simulation envi-

includes data and energy collection, on-board operataT, . .
data download over a ggecified ground station.pThe simul}r‘jnment described ahove, we can perform a parametric study

- . e o Ising the multi-dimensional data visualization tools inXPH
tion is executed during a specified scenario time. These sta -
dynamics are a function of performed operations, includin odelCentef®to help interpret and analyze the results.

ggggﬁ If:oﬁl%%t?c?r? ,fr%?‘rcwj t?\%wsrﬂ?]adv(\)/geiﬁg?enrﬁér?tn?h gvlggz;b_lﬁlight System Behavior Analysi<sameo Simulation Toolkit
specific scenario by combing the MagicDraw parametricea> used to analyze the RAX behavior and interactions.
model in Figure?? with an orbital scenario from STRand CSimulation in this context means to execute the model so
custom analysié MATLAB scripts using PHX ModelCenter that an understanding of the RAX System interactions and
as shown in Figure? " behaviors can be understood. Since a model is a simplified
- representation of the actual System, in this case RAX, <reat

The simulation is a workflow that is created graphically by'ngsaang?t%ergt?vaé alrlngessfsormmulanon to be useful for anedys
dragging and dropping reusable components and combinin\ﬂ P ’

them using if-else branches, loops, and other ﬂOWChaH'”kCAMEO Simulation Toolkit provides the ability to execute,
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par [Block] SNR Analysis[ SNR Analysisu

comm : Communication

radio : UHF Radio

I
I
G_t : dBi I
I

L I:dB
p_dl: W r_dl : bit/s
L L —
e5 e4 e3 e10
|—’ L |:dB |—’  dl - W |—’ r_dl : bit/s |—’G_t :dBi
‘constraint”
calcSNR : Compute SNR
{SNR=10*log(10,p_dl)+G_t+G_r+L_I+L_s+L_a-10*log(10,k)-10*log(10,T_s)-10*log(10,r_dlI)}
e8 e9
K : JK :‘ k:JK SNR : dB |: SNR : dB
I_l T s:K I_l G_r: dBi I_l L a:dB I_l L_s:dBW
e et b e e
| net : RAX Ground Network —: | I atm : Atmosphere | i orb : Orbjital Elements (TLE) |
i f [ |
|
! o K gs1jGs1 || | [ La:dB || [Ls:aBW I
| _S: | | L_p:km
Gr:dBi ||| -—— | |
| | P | ] | ——
|__________I | e13 el4
l el L okml
“constraint” cims | o -
SNR=10*Iog(10,p_dI)+G_t+G_r+L_I+L_s+L_a—10 calclLs : COmpute Ls ’
|og(1 0,k)-10 |Og(10,T_S)‘10 |Og(1 O,r_dl) {L_S=20*|Og(10,(0/(4*pl*1 ES*L_p*f)))}
is the log form of el t:Hz
f:Hz
SNR=(p_dI*G_t*G_r*L_I*L_s*L_a)/(k*T_s*r_dl)

Figure 10. SysML parametric diagram showing the communication lin&lgsis model

animate, and debut state machines and activity models. Thehe upload consists of sending a command signal from the

sequence of steps is to run a simulation, view the behavior byground station that traverses the Flight-Ground Interéecis

the model, and update the design appropriately if a differenthen received by the OBC. The OBC has knowledge of the

behavior is needed. This type of functionality also support time and can dispatch the command information to the ap-

verification and validation of the system. propriate subsystems when a command approaches execution
time.

The Mission Operations System (MOS) consists of the hard-

ware, software, procedures, and personnel that enabletont Figure ?? shows the states for the Main Flight Computer.

of the Flight System as well as analysis of the Flight SystemAlso shown are states that have underlying behavior that is

behavior. The MOS operation team generates sets of conpertinent to that state. In this case the Command Processing

mands that are to be executed on-board the Flight System. F&tate has underlying behavior for dispatching commands.

RAX the on-board computer (OBC) is the main handler for

processing commands and sending them out to the relevakigure ?? depicts the behavior that the OBC performs in

subsystems for execution. This process was simulated in therder to analyze command files sent from the ground. In

RAX Model as described below. this snippet of the process shown, the OBC determines what
subsystem is being affected and whether or not this system is

Figure?? shows the interface between the RAX Flight Sys-going to upload or download mode. Once the determination

tem and the RAX Ground System. The sets of commands arie made, the OBC sends the final signal data to the Commu-

uploaded to the Flight System and provide the schedule onications Subsystem, shown in Figixe

when and how to perform an experiment. For the RAX space-

craft, the experiment times are based on when the spacecraft Figure ??, the states for the Communications Subsystem

is over the target of interest and there is the predicted tdve are shown. Nominally the system is in the beaconing mode,

energetic activity. but once a signal is received from the Main Flight Computer
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bdd [Package] SNR Instance [ Instance of the SNR Analysisu

oo . -, - - - - - - - - = ™ - - - _ - - _—_ - - - - - - - - - - - - - - - - - - — =
IAnaIyS|s ,I( System Design Elements
| “block” 'I “block” - . . .
| sNR Analysis : SNR Analysis * sNR Analysis.orb : Orbital Elements (TLE) SNR Analysis.comm : Communication
| atm = sNR Analysis.atm L _p ="3336.0" ;n:;rlnﬁ =0§{l:ljiiittn‘?v|;/tstl}s.comm.antenna
¢ = "300000000" {unit = metrePerSecond } ‘ Ls=" elDe sNR e e radio
| comm = sNR Analysis.comm | r dl = "9600.0" ysis. '
| | f="437E6"{unit = hertz} h - y
k = 1.3806503E-23 1
I | net = sNR Analysis.net | “block”
| orb = sNR Analysis.orb sNR Analysis.atm : Atmosphere “block”
SNR="" L ac"0.0" sNR Analysis.comm.radio : UHF Radio
| _a="0.0
| L1="1.0"
' “block”
| “block™
- _ sNR Analysis.comm.antenna : Antenna
____________ gs1 = sNR Analysis.net.gs1 G t="3.0"
T_s = "325.0"{unit = kelvin} L=

“block™
sNR Analysis.net.gs1 : GS1
G_r="13.0"

|| sNR Analysis.net : RAX Ground Network
|
|
|
|
|
|
|

Figure 11. SysML BDD illustrating the instance structure setup foeisario 1

Hsime i Type PSRy ——Valsas;

EIsnR Analysis I .. SNk Analysis
T SNR dB target
¢ m/s given 300,000,000
[ f Hz given 437,000,000
[ k JIK given 0
[ atm ... Atmosphere
B CE comm ... Communication
0 p_dl W given 1
9 r dl bit/s given 9.600
[Fl antenna ... Antenna
radio ... UHF Radio
[ net ... RAX Ground MNetwork
[H orb ... Orbital Elements (TLE)

[C Expand j [:_ Collapse All ) [ Solve ) [C Reset ) [] Preserve Refs [: Update to SysML jl

i . Scenario 1

|- root { SNR Analysis }

Name  Local |Oneway Relaton S |Active |
calcLs Y ™  orb.L_s=20%log(10,c/(4*pi*1000*orb.L_p*f) 4]
|caleSNR Y M SNR=10%log(10,comm.p_dl)+comm.antenna.G_t+net.gsl.... [+ @

Figure 12. ParaMagic Browser showing results for Analysis Scenario 1
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Causality | Values

Causality Values

SNR Analysis .. SNR Analysis

given 13 CHl SNR dB given 13
=Ec mfs given 300,000,000 Lilc m/fs given 100,000,000
af Hz given 437,000,000y CEZf Hz given 437,000,000
Eik K given 0 ik JiK given 0
B [ awm ... Atmosphere B CE am ... Atmosphere
CALa dB given 0 AlLa dB given (v}
B 3 comm ... Communication B 3 comm ... Communication
Clpod w Target 3 p_dl w given
Er_dl bit/s given 4,600 Dol r_di bit/s target 94,719.799
B [F antenna ... Antenna B [Tl antenna .. Antenna
EGt dBi given 3 CAGt dBi given 3
B8 radio ... UHF Radio B radio ... UMF Radio
ALy dB given -1 md dB given -1
a8 net ... RAX Ground Net... B E net ... RAX Ground Net ..
ATs K given 325 CITs K given 325
B Agsl ... GS1 B dgsl ... G51
[EGr dBi given 13 AGr dBéi given 13
B Eob ... Orbital Elements... B CHorb .. Orbital Elements. ..
OLp km given 3,336 ClLp km given 3,336
CILs dEW ancillary -155.716 s dBwW ancillary =155.716
((Expand ) (_Collapse All ) [ soive | (_Reset )| (“Expand ) ( Collapse All ) { Scive | ( Reset )
~root ( SNR Analysis ;-I Scenario 2 root ( SNR Analysis )| Scenario 3
||Name Local On.. Relation ~ Active Name |Local On... Relation | Active |
calcls Y M orb.L s=20%09(10,c/(4°pi"100... ™ |l calcts ¥ W orb.L_s=20"log(10,¢/(4°pi*100... ™
[|calc... ¥ ™ SNR=10%log(10,comm.p_di+co... cale... Y ™ sNR=10"logil0,comm.p_dh+c... ™

Figure 13. ParaMagic Browser showing results for Analysis Scendiasd 3

RAX2_Orbit : Orbit

RAX Sim Params : Si i RAX2_Network : RAX

artTime : String sat,elevftime : Real

num_i_low_viol : Real
opTime : String

Ground Network

Ann Arbor Ground Station : GS1: Ann Arbor gs_|

sat_elev_all : Real N )
num_i_low_viol : Real

lat : Real

gs_lon:

elev_min :

com_num :

r_bus : Data Rate p_bus: W
r_pay : Data Rate | p_pay : W
ion
r_dl : Data Rate p_di: W

com_min :

com_max :

com_start :

rate_sun :

rate_nom :

rate_exp :

rate_dl : Real

Figure 14. Parametric Diagram showing RAX Power Scenario in MagieDra
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AKX Mission

®

Figure 15. RAX Power Scenario in PHX ModelCenter integrated with STl MATLAB

that indicates whether the Flight System is uploading omachinesto read and interpret the description. This cépabi
downloading data, the communications system transitions tallows for the integration of seemingly disparate analysis
the relevant state. tools (e.g. Excel, Mathematica) into an integrated modelin
environment.
Using CAMEO Simulation Toolkit allows for the interfaces
to the different systems of the RAX Mission System to beWe developed the MBSE simulation environment presented
analyzed and the actual information exchange between sy this paper using a modular approach, which enabled easy
tems to be depicted and tested. The expected behavior as wghowth of the model and multiple modelers to simultaneously
as on-flight observed behavior can be compared against whabntribute to the model. We first identified key framework
the model is saying will occur. If a model is developed in theelements, such as the subsystems, states, and their interac
early phases of the Mission, these types of simulations wiltions. All modeling elements were introduced in the context
allow for verification and validation of the mission softwar of building or executing an analysis or simulation, which
and interfaces. ensured they were required and minimize the complexity of
the model. The framework is thus easily extended to include
additional modeling elements, higher fidelity simulatays,
7. CONCLUSION more interactions between the components. We also inte-
) grated existing software code into the simulator. A variety
Summary of modelers with different levels of expertise (rangingnfro

The RAX model described in this paper demonstrates th@€dinner to expert SysML user) contributed to the model.
utility in using a standards-based approach for modelieg th B€ginners found the learning curve reasonable, as they were
system design and analysis using a "develop as you ﬂybundmg off the work of the experts and thus learning as

philosophy. The BDD and IBD diagram structures of SysMLtEey contributed. Beginners found working with SysML as
are the starting point, establishing the fundamentalicelat 1€ beginning easier if they had experience with the CubeSat
ships and interfaces between the components of our systerfyStem itself or other simulator.
Going beyond traditional static system representatiores, w .
add parametric diagrams to enable interactive analysiseof t -€SSONs Leamed: Challenges and Successes
design based on established physical principles (e.g. conFhroughout developing the models and simulations in this
munications link margin, power constraints). Furthermore paper, we have experienced several lessons learned that are
time evolution of our system introduces the various statefisted below:
the flight and ground system undergoes. These states are
defined in the State Machine diagrams. Block representation . .
parameterization, and state definition all serve as the glug We were able to extract time-dependent parameters in
that ties the system together, and provides the framewark fo~HX ModelCenter using a specific post-processing script and
integrating the design model with the analytical models. ~ vendor support. This was a great advantage for executing the
dynamic power system scenario.
The role of the systems engineer is to understand all parts of
the system in orger to descgr]ibe how the whole systempworks We were able to setup and execi&/R analyses for
Unlike traditional requirements approach using declaeati the communication sub-system for different scenariosgisin
"shall statements”, the formalized descriptive language oParaMagic. It enabled us to setup the parametric model

SysML is not only human readable, but also allows foronce and execute it for different causalities, e.g. conmguti
SNR given available power and data download rate, and
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Figure 16. Internal Block Diagram - RAX Flight System - RAX Ground Sgst
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stm [State Machine] Main Flight Computer[ Main Flight Compuleru Diagram name | Main Flight Computer
Documentation | Louise.Anderson@jpl.nasa.gov

Command Processing End

/ /
Prepare
for
Download Data Uplink
\ \
Mission Data Download Mission Data
do / Flight Computer Send Data Uplink

Figure 17. State Machine - Main Flight Computer

act [Activity] Dispatch Commands @ Dispatch Commandsu

Flight Software o
Command Handler

I
I
| Command
I

SubSystem?

Uplink/Downlink?

Command.Link()=Uplink Command.Link()=Downlink

Spacecraft
Uploading Data

Spacecraft
Downloading Data

Figure 18. Activity Diagram OBC Dispatch Commands Behavior

computing required power given acceptabl¥R and data . Using ParaMagic to execute parametric models, such as

download rate. compute different performance parameters, during state ma
chine simulations in a given state and during transitions.

We also encountered several challenges, listed below: . .

9 o Wrapping STK models and AGI components as parametric

. . . . . constraints and execute using ParaMagic. This capalslity i
« Appropriate licenses are required for all simulation tools jn 3 prototype stage right now.

which can be challenging, and required vendor support.

o The simulations currently allow the model to be stepped
through in time to aid in visualizing what is occurring with
Future Work spacecraft behavior. In the future, extending this apgroac
include constraint-based solving would give the full asay
ture. With simulation the different states can be con-
strained from occurring based on value properties received
om the constraint modeling. With both methods working

Beyond the models, simulations, and analyses demonstrat
in this paper, there are additional ways to extend this work t
more sophisticated analyses that can aid in both vehicle a
mission operation design. Extensions include:
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stm [State Machine] Communication[ 5] Communication y

Beacon ’

Spacecraft
Uploading
Data

Spacecral
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Data
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Figure 19. State Machine - Communication Subsystem

together, a dynamic approach of changing input values coul®arts of this research were carried out at the Jet Propulsion

be used to evaluate the equations and to visualize the lmghaviLaboratory, California Institute of Technology, under a€o

of the spacecraft based on input values. tract with the National Aeronautics and Space Administra-

tion.

« The various simulations in this paper currently execute in-

dividually. Future work will bring these simulations topet

such that broader simulations can be performed, for example REFERENCES

the power and communication systems could be analyzed and
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