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ABSTRACT

Model-Based Systems Engineering (MBSE) is a key practice to advance the systems engineering discipline, and
the International Council on Systems Engineering (INCOSE) has established the MBSE Initiative to promote,
advance, and institutionalize the practice of MBSE. As part of this effort, the INCOSE Space Systems Working Group
(SSWG) Challenge Team has been investigating the applicability of MBSE for designing CubeSats since 2011.

At the core of MBSE is the development of the system model that helps integrate other discipline-specific
engineering models and simulations. The team has been working to create a system model that captures many of
the basic features of a CubeSat project using the Systems Modeling Language (SysML), which is a graphical
modeling language for systems engineering. In the past phases of the project, the team has created the initial
iteration of the reference model, applied it to the Radio Aurora Explorer (RAX) mission, executed simulations of
system behaviors, interfaced with commercial simulation tools, and demonstrated how behaviors and constraint
equations can be executed to perform operational trade studies.

This paper reports on our current progress in the development of the CubeSat Reference Model and plans for
the future.

INTRODUCTION

Traditional Systems Engineering [1]

Traditional systems engineering has been document-centric. Documents are used to record, store, and convey
system and subsystem specification including requirements, concepts of operations, and interfaces. This approach
results in creating, updating, reviewing, and managing the configuration of separate documents. Models are
created and used on an as-needed basis, most of the time to analyze different aspects of system performance in
support of generating requirements.
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Model-Based Systems Engineering [1]

Model-based approaches have been in use by various engineering disciplines including electrical, mechanical,
and software, and this paradigm is now being adopted by the systems engineering practice as well. INCOSE defines
MBSE as follows:

Model-based systems engineering (MBSE) is the formalized application of modeling to support system
requirements, design, analysis, verification and validation activities beginning in the conceptual design phase and
continuing throughout development and later life cycle phases. [2]

MBSE is the formalized application of modeling to support key systems engineering tasks for addressing
requirements, design, analysis, validation and verification. It is an integration of discipline-specific engineering
models and simulations, and it is based on a modeling language and graphical-based modeling tools where
requirements and interfaces are not contained in isolated engineering artifacts as done previously but are now
integrated within a single system model. This allows for a full exploration of the model, and changes are
automatically propagated and reflected in every view of the system. The goal is to generate documentation from
the model and not vice versa, and this is only if it necessary in the first place. Moreover, the physical system should
be built using the model and not to the documentation.

As illustrated in Figure 1 our application of MBSE utilizes a modeling language, an engineering methodology, a
system modeling tool), and interfaces with other models.

Systems Modeling Language [3]

The project's application of MBSE uses the Systems Modeling Language (SysML) and graphical modeling tools
from No Magic. SysML is a customization specifically created to address the systems engineering domain based on
Unified Modeling Language (UML), a product of the Object Management Group (OMG) [4]. SysML is structured to
contain all the design information. Reference [5] has an overview of SysML elements and diagrams.

As shown in Figure 2, the SysML model contains various elements such as blocks, actors, flows, signals, and
ports. Structure, behavior, requirement, and parametric diagrams provide views into the model. A block is the
fundamental SysML modeling element. A block can define a type of logical or conceptual entity; a physical entity; a
hardware, software, or data component; a person; a facility; an entity that flows through the system; or an entity
in the natural environment. The block properties used to define a block include structural features, behavioral
features, and constraints.

Object-Oriented Systems Engineering Method 3]

SysML is modeling language which can support various system engineering methodologies including the
methodology used by this team, Object-Oriented Systems Engineering Method (OOSEM) [6] as presented in the
INCOSE Systems Engineering Handbook [7] and the Practical Guide to SysML [8].

OOSEM includes analyzing stakeholder needs, analyzing system requirements, defining the logical
architecture, and synthesizing candidate physical architectures. The logical architecture is a decomposition of the
system into logical components that interact to satisfy the system requirements. The logical components are
abstractions of the physical components that perform the system functionality without imposing implementation
constraints.

The physical architecture defines the physical components that interact to satisfy the system requirements.
The physical components of the system include hardware, software, persistent data, and operational procedures.

The CubeSat Reference Model will provide the logical architecture. These logical elements can be reused for
specifying a mission specific CubeSat.

The specific methodology used to create the architecture is not critically important to the development of the
reference model. It only matters that the model provides the foundation for a user to create a physical
architecture. The decomposition of the system into space and ground subsystems is consistent with the NASA
System Engineering Handbook [9] and Space Mission Engineering — The New SMAD [10]. The Cal Poly CubeSat
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Design Specification provides the foundation for specifying a CubeSat’s physical, mechanical, electrical, testing, and
operational requirements [11].

SSWG MBSE CHALLENGE PROJECT EARLY PHASES [1]

The SSWG team consists of students, professors, engineers, and software developers from across government,
industry, and academia and modeling and simulation tool providers. Team members are continually recruited from
symposiums and workshops. In addition there are interactions with the INCOSE Object-Oriented Systems
Engineering Method (OOSEM) and Model-Based Concept Design (MBCD) working groups.

The team has completed four phases (Phase 0 to 3), and Figure 3 shows an overview of these phases. The
initial (Phase 0) effort focused on the modeling of a hypothetical FireSat space system. FireSat is a low-Earth orbit
spacecraft for detecting, identifying, and monitoring forest fires. This space system is used as an example in the
widely used and accepted Space Mission Analysis and Design (SMAD) textbook [10].

Modeling FireSat demonstrated the application of SysML but the hypothetical nature of FireSat precluded
anyone from actually building a real space system from the model. Therefore, the practical use of the model could
not be demonstrated or verified.

The SSWG MBSE Challenge Project then initiated the MBSE CubeSat Project in April 2011 to demonstrate the
application of MBSE to a realistic mission in the space systems domain. A CubeSat is a type of miniature spacecraft
with a form factor based on the standardized unit cube, which is 10-centimeters on a side, and it weighs
approximately one kilogram per cube. CubeSats typically consist of one to three units with some up to six units.

Phase 1 consisted of developing a SysML model of a CubeSat based on the Radio Aurora Explorer (RAX)
mission [12]. RAX is a three-unit CubeSat developed jointly by SRI International and the Michigan Exploration
Laboratory at the University of Michigan. The RAX mission was to study the formation of magnetic field-aligned
electron density irregularities in the Earth’s ionosphere, which are known to disrupt tracking and communication
between Earth and orbiting satellites.

The SysML model for the RAX CubeSat demonstrated the basic implementation and utility of MBSE for this
type of space mission.

Phase 2 focused on expanding the RAX CubeSat SysML model to include behaviors [13]. Mission activities and
states were modeled such as: collection and downlink of mission data as well as collection and storage of solar
energy. A model for the power subsystem accounted for solar energy collection and storage and subsystem power
consumption. A communication model accounted for data downlink rate, available power, and signal to noise ratio
taking into account gains and losses due to communication components, atmosphere, and length of the
propagation path.

Phase 3 consisted of two efforts. The first was to develop the beginnings of an enterprise-level model for a
generic CubeSat [14]. The second effort was to develop a new model with the capability to time-step through a
scenario and to capture the energy collection and usage processes as well as data collection, storage, and downlink
[5]. Two trade studies were demonstrated: 1) On-board energy level as a function of solar panel area and
maximum battery capacity and 2) quantity of data downlinked as a function of orbital altitude and ground station
network.
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INCOSE Object Oriented Systems System Modeling Interfaces with
Engineering Methodology Tools Other Models

Systems Modeling Language (SysML)

A graphical modeling language for the modeling complex systems including
hardware, software, information, personnel, procedures, and facilities

MBSE — Formalized application of modeling to support
requirements, design, analysis, validation, and verification

Figure 1- Model-Based Systems Engineering Enablers [3]
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Figure 2. SysML Model Elements and Views into the Model [3]
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CURRENT PHASE
Development of the CubeSat Reference Model [1] [3]

The current phase of the project is focused on developing the CubeSat Reference Model. Figure 4 illustrates
our approach to the development of the model [1] [3] [15] [16].

The CubeSat Reference Model development began with the identification of the mission stakeholders. A
stakeholder is any entity that has an interest in the system including sponsor, end user, procurer, supplier, and
regulatory agencies. The stakeholders are shown in Figure 5. Each stakeholder’s needs, objectives, constraints, and
measures of effectiveness are incorporated in the reference model. Constraints are those items fixed and not
subject to trades.

Particular attention must be paid to the regulatory agencies. CubeSat projects are pursued internationally, but
the licenses and regulations that cover its activities are administered at the national level. For example, in the
United States:

e Federal Communications Commission (FCC) regulates the radio frequencies and spectrum management

e National Aeronautics and Space Administration (NASA) provides orbital debris guidelines.

e National Oceanic and Atmospheric Administration (NOAA) regulates remote sensing. If a satellite has an

imaging payload, it must be licensed by NOAA.
The timelines and procedures for requesting and receiving approval must be well understood and part of the

model.

One of the stakeholders is the Cal Poly CubeSat Program. One of the recent accomplishments was the
translation of the Cal Poly CubeSat Design Specification documentation into a SysML model. This model provides
the foundation for specifying a CubeSat’s physical, mechanical, electrical, testing, and operational requirements.
Figures 6 and 7 are an overview of the Cal Poly model and requirements.

The reference model can support all life cycle stages for a CubeSat mission. For example, for an academic
CubeSat project, the likely stages would be concept, development, production, operational, and retirement. The
model also supports all phases of operations: pre-launch integration and test, launch, early orbit checkout , and full
mission operations.

Figure 8 illustrates the hierarchy of mission needs, objectives, and constraints; technical measures,
requirements, and use cases. For example measures of effectiveness trace to mission objectives which refine
mission needs. Mission use cases refine mission requirements and system requirements trace to mission use cases.
The measures of effectiveness, measures of performance, and technical performance measures are incorporated
into the CubeSat Reference Model as block value properties.

CubeSat Domain

Figure 9 shows the CubeSat Domain, which consists of the CubeSat Enterprise, Stakeholders, External
Environment, and External Constraints. External Environment consists of the Space Environment and Earth
Environment. The External Constraints include such things as Licenses and Regulations.
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bdd [Package] Stakeholders [ Stakeholder Definitions ]J

«comment»
A stakeholder is any entity that has an interest in the system.

«Stakeholders -
Sponsor
Documentation = "An individual or organization that
provides funding."
«Stakeholders e
User
Documentation = "An individual who or group that
benefits from a system during its utilization."

Operator B
Documentation = "An individual who contributes to the
functionality of a system and draws on knowledge,
skills, and procedures to contribute the function.”

«Stakeholdery i
Project Manager
Documentation = "The indivdual responsible for
managing project attributes including project pians;
estimates; schedule; budget: project structure;
staffing; resources; infrastructure; and risk factors.”

«Stakeholders
Developer

Documentation = "An individual or group responsible
for the development process. The development
process creates or fabricates a system element
confirming to that element’s detailed description
(requirements, architecture, design, interfaces).”

«Stakeholders
Tester

Documentation = "An individual or group responsible
for the verication and validation processes.
Verification is the confirmation, through the provision
of objective evidence, that specified requirements
have been fulfilled.

Validation is the confirmation, through the provision
of objective evidence, that the requirements for a
specified intented use in the intended operational
environment have been fulfilled."

«Stakeholders
Acquirer

Documentation = "An individual or organization that
acquires a product or service from a supplier.”

«Stakeholders
Supplier

Project Engineer

«Stakeholders -

Documentation = "The individual responsibe for
managing product attributes including items such as
requirements allocation and flow-down; system
architecture; structure of and interactions among
technical teams; specialty engineering; integration;
verification; and validation.]"

Documentation = "An individual or organization that
enters into an agreement with the acquirer for the
supply of a product or service.”

«Stakeholders
Launch Service Integrator

Documentation = "The organization responsibe for
Cubesat integration into the launch vehcle, launch,
and deployment.”

«Stakeholders
Mission Engineer

Documentation = "The individual responsible for specifying
mission data collection and analysis that fulfulls the needs
and objectives of the stakeholders. Data collection is
specified by requirements, constraints, quality, and quantity.”

«Stakeholders
Communication Service Integrator

Documentation = "The organization responsible for
providing network communication external to the
CubeSat enterprise.”

Figure 5. Individual Stakeholders [3]
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CubeSat Enterprise

At its most basic the CubeSat Enterprise consists of the CubeSat Space System and the CubeSat Ground
System. The CubeSat Space System consists of one or more CubeSats with their orbits and subsystems. The
CubeSat Ground System consists of it subsystems. The CubeSat Enterprise would include, if needed for CubeSat
Mission Operations, GPS satellites and space-ground relay satellites. For example, NASA has considered providing
Tracking and Data Relay Satellite System (TDRSS) support to CubeSats. If the CubeSat system develops its own
relay satellites, then those satellites would be part of the CubeSat Space System.

For the purposes of the model, the GPS and relay satellites are not considered part of the Space and Ground
Systems. But the designs, interfaces, and operations of the Space and Ground Systems would address any
necessary interactions with the GPS and relay satellites.

CubeSat Orbits

There are two approaches to specifying and achieving an orbit. CubeSat mission analysis can determine a
preferred orbit and a range of satisfactory orbits. If the CubeSat is launched as a secondary payload, the CubeSat
project will need to select a launch opportunity that leaves the CubeSat within the range of satisfactory orbit. If the
CubeSat has an orbit adjust capability, it can then be moved from the satisfactory orbit to the preferred orbit. If
the CubeSat is a primary payload, it can be launched directly to the preferred orbit.

Transport, Launch, and Deploy

CubeSats are transported to a launch site, integrated into a launch vehicle, launched, and deployed. There are
many options for transporting, launch, and deployment. Commercial transport services include FedEx® Space
Solutions. Launch gets the CubeSat to orbit. Examples are as primary or secondary payload on a launch rocket or
on a cargo flight to the space station.

Deployment consists of the activities/processes/mechanisms that separate the CubeSat from the host and
make it a free-flyer. Examples are the Poly-PicoSatellite Orbital Deployer (P-POD) and the NanoRacks CubeSat
Deployer. Some CubeSats are launched but not deployed as a free-flying CubeSats.

If the CubeSat system has its own transport, launch, deployment capabilities, then they would be part of a
Launch System at the same level as CubeSat Space and Ground Systems. Currently the CubeSat community
procures these services through external entities as represented by the Ship, Launch, and Deploy Services.

The Space System includes designs, interfaces, and operations to comply with the requirements and
constraints of the Transport, Launch, and Deploy Services. For example a launch has a pressure and vibration
profile that constrains the design of the CubeSat. The requirements and constraints could be incorporated into a
Transport, Launch, and Deploy model unique to the external providers.

CubeSat Ground System

The CubeSat Ground System consists of the CubeSat Mission Operations and one or more Ground Stations.
Mission Operations center includes the software, data, procedures, and personnel used to operate the CubeSat
mission. Mission Operations activities include mission planning and scheduling, command and control of the
CubeSat, control of the ground equipment, mission telemetry processing, and mission data processing and
distribution.

The Ground Station consists of the computers, network, communication equipment, and associated control
infrastructure hosted in ground facilities. Communication equipment includes the space-ground antennas.

CubeSat Mission Operations are product of the CubeSat project. The CubeSat project could develop its own
Ground Station. Or it could co-operate with an existing Ground Station which would be Ground Station Services.
Space and Ground Subsystems

Figures 10 and 11 show the logical architectures for the space and ground systems. The CubeSat Reference
Model includes a general system decomposition that users can tailor to suit their particular project needs.
Reference [15] provides a description of subsystems.

Page 10 of 15



3™ Space Symposium, Technical Track, Colorado Springs, Colorado, United States of America

Presented on April 11-12, 2016
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Figure 9. CubeSat Domain and Enterprise
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Distribution of the CubeSat Reference Model [1]
The CubeSat Reference Model is approaching a sufficient level of maturity to begin sharing with the rest of the
MBSE community. There have also been requests to use the model for educational purposes and to evaluate it for

actual CubeSat projects. In response, the SSWG team is developing a model distribution process to share to
external entities, and this is illustrated in Figure 12 In addition to the model file, the distribution will include video
recordings that explain and walk through the model and its components.

Since the reference model is being developed by the SSWG team effort, there is an obligation to protect the
investment of time and knowledge of each team member. There also needs to be a licensing environment that is

conducive to a user organization supporting the development of and use of the model.

SSWG
CubesSat WebEx Model Copyright
Reference Model Walk-Through and License
A

Distribution ~ y~""""""""- v User
Mechanisms / Users i liEEk
MagicDraw g Mechanisms

ZIP File CubeSat Reference Model

XMI File ) ¢ ¢ g
OpenMBEE .

CubeSat Team Class Room Instruction

Teamcenter

Mission Specific

Example

K\ CubeSat Model

CubeSat Model )/

Figure 12 - Distribution and Use of the CubeSat Reference Model [3]
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NEXT STEPS
The effort to date has been focused on establishing standard nomenclature and definitions; incorporating the
stakeholders and their needs, objectives, and measures of effectiveness; and defining the generic CubeSat
architecture down to the logical subsystem level. The future plans include: (i) refining the CubeSat Reference
Model to include additional details for each of the model elements, (ii) verifying the correctness of the model, (iii)
working with INCOSE on model copyright and licensing and (iv) developing a release plan and process for
distributing the model.

CONCLUSION
After several phases of learning and applying MBSE to the CubeSat design process, the SSWG Challenge Team
is now focused on developing the CubeSat Reference Model, which is a SysML model that will serve as a
framework for future CubeSat developers. MBSE holds the promise of reducing the burden of systems engineering
tasks, which is beneficial to small CubeSat teams, and a properly designed reference model can serve as a checklist
to these teams and promote uniformity and consistency across future CubeSat models. Several avenues of
distribution along with licensing and copyright options are being considered.
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