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ABSTRACT 

 

The Air Force Research Laboratory Space Vehicles Directorate (AFRL/RV) has a digital transformation underway 

with Model-Based Systems Engineering (MBSE) as a central pillar of the overall effort. The goal of the MBSE 

implementation is to assist in and not constrain the normal systems engineering processes that were refined over 

decades for space flight experiments. Each MBSE model acts as the source of truth for mission/system design, 

decisions, and communications that leads to building a usable technical baseline. AFRL/RV has an MBSE Model 

Management Framework that centers around an openly usable and tailorable Space Vehicle Reference Architecture 

(SVRA) as the hub of integration and updates for the enterprise of project models. The SVRA contains project 

usages (i.e., read-only versions) of a Component Library of common metamodel elements and reusable, pre-defined 

components; and an MBSE Style Guide written in Systems Modeling Language (SysML). The various AFRL/RV 

program models, originating from the SVRA, are reviewed and adopted into the Enterprise System Model where 

AFRL/RV personnel run analyses on the collection of verified models, and common components can be moved to 

the Component Library. These Component Library updates are then immediately usable, if the update is locally 

accepted, in other models built on the SVRA. The SVRA is further used as the starting model in training AFRL 

personnel how to use MBSE and SysML. The MBSE processes and methods utilized in the AFRL/RV MBSE 

implementation are the result of many pathfinder efforts across the Department of Defense (DoD) which have led to 

much faster execution and a clear path forward. 
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FOUNDATION  

 

The digital engineering efforts within AFRL/RV are centered around the use of MBSE models as the single source 

of truth for our systems engineering efforts. We adapted this concept from best practices and lessons learned across 

the DoD to ensure that our digital engineering practices are in line with common application in the DoD, while also 

enabling innovation toward engineering in AFRL/RV space missions. A key partner in building these practices is the 

Air Force Institute of Technology (AFIT). The systems engineering department of AFIT has long been an advocate 

of MBSE and has educated hundreds of DoD professionals in the art of building and using models. Two key 

students that helped advance our MBSE practices are Captain Luke Farrel and Major Sean Kelly.  

 

In 2020, then Lt Farrel started a CubeSat Reference Architecture with the objective of facilitating more “complete, 

streamlined, and transferable products throughout the course of a general CubeSat Development Process.” (Farrel, 

2020) His work focused on the necessary MBSE elements and diagrams to design and perform preliminary analysis 

of the CubeSat system. This system focused approach is essential to AFRL/RV’s current spaceflight experiment 

design engineering work. Lt Farrel’s thesis was directly followed up by then Capt Kelly in 2021 with an expansion 

of the CubeSat Reference Architecture. Capt Kelly’s expansion focused on providing a reusable satellite template by 

capturing and reusing previous work in libraries, then continuing improvement by designing space for analysis 

templates into the architecture. (Kelly, 2021) His completed Satellite Reference Architecture (SRA) was adopted for 

MBSE research by AFRL/RV in 2021.  

 

When I arrived in AFRL/RV in 2022 as an MBSE practitioner, I was impressed to see the SRA developed by Farrel 

and Kelly was used to design an AFRL/RV spaceflight experiment. I knew of the SRA from my time at AFIT but 

was more familiar with the Unmanned Aerial System Reference Architecture due to my thesis topic involving aerial 

systems. When I explored the SRA as part of my early work at AFRL/RV, I discovered that it had common heritage 

with many other DoD models that include SysML guides which relate back to the Air Force Life Cycle Management 

Center, Simulators Division (AFLCMC/WNS) MBSE Style Guide. This AFLCMC/WNS MBSE Style Guide has 

been published and presented previously at I/ITSEC in 2019 (Reed, 2019) and 2020 (Ayers et al, 2020), and it 

focuses on guiding engineers to create consistent models that can be easily integrated at an enterprise level. The 

epiphany of the common heritage happened when I reviewed the SRA modeling rules and recognized that my team 

back at AFLCMC/WNS had written most of the same rules in the MBSE Style Guide. Figure 1 is the modeling rules 

from the AFLCMC/WNS MBSE Style Guide, while Figure 2 is the modeling rules included in the SRA.  

 

Another example of common modeling methodology across the U.S. Air Force is in the AFRL Systems Technology 

Office (AFRL/STO) MBSE Style Guide. Figure 3 is a set of nearly identical modeling rules used within another 

disparate organization. It is interesting to note that each organization has a different branch that has grown 

independently of the modeling rules modified throughout the evolution of the AFLCMC/WNS MBSE Style Guide. I 

believe the SRA had a branch from about V3.0 of the AFLCMC/WNS MBSE Style Guide, while AFRL/STO likely 

had a branch after V4.0 of the guide. Additionally, many organizations in the DoD have developed their own 

modeling guides, including AFRL/RV direct partners like the United States Space Force (USSF) Space Systems 

Command (SSC) and Space Warfare Analysis Center (SWAC). It is advantageous that multiple organizations have 

similar rules, however there will be a time when differences in rules will have to be smoothed out for a consistent 

DoD wide modeling standard.  
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Figure 1. AFLCMC/WNS MBSE Style Guide V5.0 Rules 

 

 

 
Figure 2. SRA Modeling Rules 

 

 

 
Figure 3. AFRL/STO Style Guide V1.2 Rules 
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APPLICATION 

 

The SRA was an excellent starting point to build an AFRL/RV specific architecture. However, we believed that the 

starting point for AFRL/RV models should be broader than just a reference architecture. Figure 4 depicts the overall 

model management approach we use at AFRL/RV. The top layer of Reference Architecture, Component Library, 

and Style Guide is an adaptation of the SRA for use on space vehicles designed and operated by AFRL.  

 

 
Figure 4. AFRL/RV Model Management Framework 

 

A critical difference between the SRA and SVRA is the separation of models and the inclusion of “Project Usages” 

which is a modeling feature that creates read-only usage of data from other models. Currently, the SVRA has a 

project usage that pulls another “payload” project into the SVRA to include the Component Library and Style 

Guide. The advantage to this separation is the ability for mission models to update their “payload” model with the 

newest style guide and component library material 

without worrying about breaking their model. We have 

developed two different methods to accept these 

updates. For mission models inside of AFRL’s digital 

engineering collaboration site, the Digital Laboratory 

Environment (DLE), the project usage can be simply 

updated by selecting the newest version of the 

“payload” model from the Teamwork Cloud within the 

mission model’s project usage menu. For mission 

models in other networks, the “payload” project usage 

can be replaced by any static release of the SVRA 

payload model.  

 

The SVRA 

 

Upon opening the SVRA, users are greeted by a 

straightforward navigation diagram called “Combined 

Model Organization” as seen in Figure 5. The 

packages “1 - Guidance” and “2 - Component Library” 
Figure 5. SVRA Combined Model Organization 
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directly correlate to the Style Guide and Component Library from Figure 4. Clicking anywhere in the “1 – 

Guidance” package will open a new diagram, Figure 6, which is the Style Guide navigation page. The Style Guide 

contains the same rules as seen in the SRA, with some additional SysML example diagrams that depict how the 

rules can be satisfied. Figure 7 shows how the rules are tied together with the example diagrams to aid modelers 

with quick navigation to see how the rules are meant to be used in practice. In comparison to the other rule tables in 

Figures 1-3, I have received feedback that the links to examples have been incredibly helpful from engineers that do 

not work with MBSE every day and need to check rules for refresher information. The AFRL/RV rules also include 

some new data with the priority of the rule and the reason for the rule. These pieces of data are frequently used in 

document-based style guides and were added as data fields in the “styleGuideRequirement” custom stereotype so the 

data will show up any time a style guide rule appears. 

 

 
Figure 6. AFRL/RV Style Guide Navigation 

 

 
Figure 7. AFRL/RV Style Guide Rules 
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Package 2 in Figure 6 is a collection of step-by-step instructions for complex modeling tasks that I reused from the 

AFLCMC/WNS Style Guide. These Modeling Rules and Procedures Sheets (MRAPs) have positive feedback from 

various modelers, where the MRAP has saved hours of work planning how to model or complete the complex task. 

Package 3 is a general process diagram that explains how to create and track DoD requirements through the model. 

Finally, package 4 contains the change log for every change made in the SVRA from V1.0. As shown in Figure 8, 

the change log continues the excellent traceability from the rules by directly linking the new additions for the user to 

view. 

 

 
Figure 8. AFRL/RV Style Guide Change Log 

 

 

Returning to Figure 5, the next package to 

explore would be “2 - Component 

Library.” The component library is the 

collection of every reusable component 

across the enterprise of AFRL/RV 

missions. Figure 9 shows that the 

component library contains a set of 

common elements, including: analyses, 

mathematical constants, value types, 

equations, custom stereotypes, a glossary 

of terms, and other reusable elements. 

Additionally, the component library has 

ever-expanding stores of satellite 

components, ground components, and 

Advanced Framework for Simulation, 

Integration and Modeling (AFSIM) 

representative components.  

 

Returning to Figure 5 again, the final 

package is the SVRA itself. The SVRA is 

a single package model of a generic 

satellite system using the Object-Oriented 

Systems Engineering Methodology 

(OOSEM). The tailorable, pre-populated 

info as shown in Figure 10 is limited to common DoD requirement organization, a generic satellite mission 

structure, and an example usage of the link budget trade study from the component library. The SVRA is the start 

for any MBSE model involving AFRL/RV space missions, which cover a vast variety of domains. Importantly, the 

SVRA is a tailorable starting point for models; a modeler can change anything in the SVRA for any reason to fit 

their mission needs.  

 

 

 

 

Figure 9. AFRL/RV Component Library 
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Figure 10. SVRA Functional Package Structure 

 

 

Mission Models 

 

The models we use for spaceflight experiments are not publicly releasable; however, I teach hands-on MBSE classes 

to a broad variety of audiences and use the SVRA as the starting point for generating class models. This paper will 

present 3 of the 10 class models as an analog for actual mission models because the approach is similar, just with 4 

days of fidelity on an imaginary mission rather than the months needed to complete actual mission models. One 

major advantage of my class is that each class’s model is a new, entirely independent concept that they find 

interesting from an engineering perspective. This approach results in a large collection of unique projects containing 

at least one example of each SysML diagram type and the inter-relations between diagrams.  

 

The Battle Station 

In a February 2023 class, one student asked if we could model a big, moon-like battle station from his favorite sci-fi 

series. The class agreed it would be interesting to model, so we designed the Mega Moon Battle Station (MMBS). 

The model ended up being straight-forward to build from the SVRA because the battle station was essentially a 

massively scaled-up space vehicle with an added energy cannon. The class had excellent examples from the sci-fi 

film to help populate behaviors (Figure 11), requirements (Figure 12), structure (Figure 13), and mathematical 

analysis (Figure 14) to fit with the class curriculum. The most significant challenge was creating the equations for 

free-space path loss to determine the range of the energy cannon. It turns out, for the absurd requirement of 

destroying a planet from 10 AU distance, the MMBS would require an equally absurd 715 dBW of power. For 

perspective, 715 dBW of power is approximately 1015 times the annual power output of the sun. 

 

  

Figure 11. MMBS Simple State Machine  

Figure 12. MMBS Requirement Flow 
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Figure 13. MMBS Structural Decomposition 

 

 
Figure 14. MMBS Requirement Verification Analysis 

 

The Telescopes 

An October 2023 class was inspired by the intricate MMBS model and wanted to build a completely different 

concept of at least equal complexity. The class decided we should model a large telescope called the Mega Moon 

Telescope System (MMTS). The MMTS model also had behaviors, requirements, structure, and mathematical 

analyses; however, this class was much more interested in how to reuse this model for enterprise sustainment. 

OOSEM prescribes an object management 

style of as-is and to-be designs, like an 

operational mode and development mode for 

software. The as-is design is the current 

baseline(s) of the system and their physical 

implementations; when the to-be design is 

approved and built, it becomes the as-is 

design, and the old design is archived upon 

retirement. The example of the containment 

tree from this class is shown in Figure 15. 

Each physical design for this class was a 

SysML instance that showed design 

specifications against requirements like in 

Figure 16. Remarkably, this MMTS model is 

still being used by the group that took the 

class for their own telescope reference 

architecture.  

 

Figure 15. MMTS Containment Tree 
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Figure 16. MMTS Telescope Instance 

 

The SADSat 

The most recent class, in June 2024, 

decided to use a more conventional 

concept for their model. This class wanted 

to model a satellite that could orbit the 

earth and perform maneuvers. The name 

of the design was SADSat, and it was able 

to heavily utilize the component library 

due to the modest mission description. For 

starters, the class wanted to design a 

CubeSat sized vehicle which enabled 

reuse of many components found in the 

original SRA. Additionally, this design 

was able to utilize the Component Library 

V1.3 features with orbit determination 

analyses to satisfy design requirements as 

seen in Figure 17. 

 

The most impressive story from this class 

was the demonstration of new instructors 

taking over the class with seamless model 

handoff using DLE and the SVRA. On 

day 3, a new instructor that had never seen 

the model was able to access the instructor 

SADSat model through the Teamwork 

Cloud in DLE and learn about the mission 

we were modeling within 5 minutes 

during lunch. He did this by exploring the 

standardized organization of behavior, 

requirement, and structure diagrams as described by the SVRA. Then, he was able to lead the class in modeling 

additional structural features, including internal block diagrams. Finally, he was able to commit the model changes 

to the Teamwork Cloud for the next instructor. The next instructor was able to follow up on day 4 to learn about the 

model the same way, then lead the class in adding an orbital analysis to the model. The students greatly appreciated 

seeing the teamwork environment in action and wanted to implement the same methods for their projects after 

returning from the class.  

 

Enterprise Model 

 

The AFRL/RV Enterprise Model has a very similar purpose to the Operational Training Systems Enterprise Systems 

Model from Reed, 2019. The AFRL/RV Enterprise Model is a collection of all the mission models in one for 

enterprise level analyses, large scale source of truth baseline information of missions, and a means for translating 

common components for reuse in the Component Library. The enterprise analyses are primarily used to find 

capability gaps and test capability models for future spaceflight experiments. Imagine it as the sandbox to test 

communications, orbital dynamics, and payload performance in comparison to past and present AFRL space 

systems. Additionally, it is a source of information about previously modeled AFRL missions for use in decision 

making. If a specific wiring connector was causing minor issues across multiple missions, the data trend would be 

accessible in one place, then engineering replacements could be assessed across a broad range of designs and noted 

for future use in the Component Library. Finally, any non-proprietary model elements from any model are assessed 

Figure 17. SADSat Orbit Determination 
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in the Enterprise Model based on reusability, commonality, and modeled quality for inclusion into the Component 

Library. Each component added can then be accessed by updating the “payload” project usage in the SVRA.  

 

CONCLUSION 

 

The SVRA acts as the hub of integration and updates across the enterprise of AFRL/RV mission models thanks to 

the ever-evolving Component Library of model elements and the SysML Style Guide. Various AFRL/RV program 

models, originating from the SVRA, are reviewed and adopted into the Enterprise System Model where engineers 

run analyses on the collection of verified models, and common components can be moved to the Component 

Library. These Component Library updates are then immediately usable, if the update is locally accepted, in any 

model built on the SVRA. DoD professionals gain extra benefit from the SVRA in training, where personnel learn 

how to use MBSE and SysML through models that they want to build. AFRL has also built an excellent engineering 

ecosystem in DLE that enables seamless use of MBSE and the Teamwork Cloud across disparate teams. The best 

example of the benefits of Teamwork Cloud were observed during the construction of the SADSat model when 

instructors could learn, build, and hand off the model without issue.  

 

The MBSE processes and methods utilized in the AFRL/RV MBSE implementation are the result of many 

pathfinder efforts across the Department of Defense (DoD) which have led to much faster execution and a clear path 

forward, as demonstrated through this report. The snowballing effect of model elements being created, then shared 

and reused through the SVRA in the Teamwork Cloud results in more detailed and useful models to aid in 

development of space missions in a shorter timeline than the traditional, document-based design approach. 

 

 

REFERENCES  

 

Ayers, G. et al. (2020). Model Based Systems Engineering for Simulator Sustainment. 

https://www.xcdsystem.com/iitsec/proceedings/index.cfm?Year=2020&AbID=79409&CID=572  

 

Farrell, L. (2020). A Reference Architecture for CubeSat Development. 

https://scholar.afit.edu/cgi/viewcontent.cgi?article=4233&context=etd 

 

Kelly, S. (2021). A Reference Architecture for Rapid CubeSat Development. 

https://scholar.afit.edu/cgi/viewcontent.cgi?article=5951&context=etd 

 

Reed, C. (2019). The Foothold in the War of Cognition: The Operational Training Infrastructure Enterprise System 

Model. https://www.xcdsystem.com/iitsec/proceedings/index.cfm?Year=2019&AbID=27714&CID=48  

 

https://www.xcdsystem.com/iitsec/proceedings/index.cfm?Year=2020&AbID=79409&CID=572
https://scholar.afit.edu/cgi/viewcontent.cgi?article=4233&context=etd
https://scholar.afit.edu/cgi/viewcontent.cgi?article=5951&context=etd
https://www.xcdsystem.com/iitsec/proceedings/index.cfm?Year=2019&AbID=27714&CID=48

