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ABSTRACT CubeSats have become an important component of space systems engineering education and
research activities across the globe. A variety of universities and government stakeholders have developed
educational materials and coursework to train students to follow systems engineering processes in developing
these systems, but these materials generally recommend that students follow traditional, industry-derived
systems engineering processes without acknowledging the technical and managerial limitations of the
workforce in an undergraduate learning environment. This research seeks to develop a more modern model-
based systems engineering approach that is tailored to the capabilities, time constraints, and resources
typical of undergraduate space systems design and development courses. The considerations for and
procedures followed to develop these systems engineering processes are presented here, and the results
of implementation of these processes in successive cohorts of undergraduate students performing CubeSat
design and development are presented. The results show a significant improvement in instructor and subject
matter expert-assessed student learning and student performance. The causes of these results are elucidated
with evidence of improved understanding of the systems engineering process, and improved cohort-to-cohort
information flow. The Systems Engineering Handbook that is the subject and object of this study is available
for other educators and students at https://hdl.handle.net/10217/237534.

INDEX TERMS CubeSats, engineering education, model-based systems engineering (MBSE), systems
engineering (SE).

I. INTRODUCTION
CubeSats are a subset of small satellites distinguished by their
form factor, typically with volumes in multiples of 10 cm3

and mass no greater than 1.33 kg [1]. Because their simple
architectures reduce the complexity of development and
launch [2] and because of their relatively fast development
cycle [2], CubeSats are well-suited for use in education [3]
and research [4]. They can provide space system design
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experience and access to space at a fraction of the cost of
conventional satellites [5].

In educational contexts, the design and development of
a CubeSat is challenging technically and organizationally.
In general, CubeSats are relatively low-powered, low mass,
and low cost. They rely on un-qualified commercial off the
shelf components, and are typically not the primary payload
on any launch. As a result, they are not powered on prior to
launch and have limited control and propulsion capabilities.
Therefore, many launched CubeSats do not succeed in
accomplishing their missions. A recent study found that
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more than 40% of student-built university CubeSat projects
fail without even partial mission success, with an additional
24% failing prior to full mission completion [6]. Student
educational projects are typically time-limited (constrained
to the semester schedule), and relatively low-budget. The
workforce for student projects is generally inexperienced,
roles are poorly defined, and project, personnel and technical
management skills are generally poor. Although developers
of CubeSats typically accept more risk than those designing
more complex space systems, failed projects limit the types
of learning that students can engage with (i.e. failed projects
will not be able to train students in data processing). These
challenges suggest that there is a need for improved systems
engineering educational materials to train undergraduate
students to design CubeSats space systems, to enable the rigor
of a systems engineering process.

Systems Engineering (SE) is a discipline that offers
technical and management tools for developing complex
engineered systems. Large space-focused organizations con-
duct a robust set of SE processes that are aimed to
increase the likelihood of successful systems and missions.
Various educational and organizational resources exist to
communicate the tools and procedures associated with
systems engineering. For example, the Department of
Defense Acquisition Guideline [7] describes the standard SE
procedures governing acquisition and development of US
defense systems to include space systems. NASA’s Systems
Engineering Handbook [8] describes a rigorous SE process
for the development of flight and ground systems. INCOSE’s
Object-Oriented Systems Engineering Method provides a
functional decomposition approach to model-based systems
engineering (MBSE) of hardware and software systems [9].
These and other practitioner-oriented system engineering
processes use modern tools, a wide set of options and
decisions, and detailed models and procedures to enable the
design of a variety of complex systems.

Due to the complex nature of these processes, as well as
the time and resource constraints intrinsic to undergraduate
educational environments, it would be ineffective to imple-
ment a comprehensive SE process along the lines of [7],
[8], and [9]. Indeed, many popular systems engineering
education textbooks and syllabi are oriented towards graduate
and professional students, or are developed from graduate
course curricula. Examples of systems education textbooks
derived from and oriented towards graduate courses include
Systems Engineering Principles and Practice, 3rd Edition,
Kossiakoff [10] and Effective Model-based Systems Engi-
neering, Borky and Bradley [11].

The systems engineering of CubeSats to achieve both
educational and technical goals has been the subject of
recent research efforts. CubeSats have been used as example
systems to train undergraduate students in modern sys-
tems engineering processes including MBSE [12], Agile
Development [13], and Digital Engineering [14]. Generally,
these studies present a technical focus; their objectives
are improvement of project performance using a student
workforce. As a result, a research gap exists in that fewer
researchers have sought to develop or demonstrated systems

engineering methods and frameworks that can improve
student learning of systems engineering principles.

In response to these challenges, this research proposes,
tests, and evaluates a CubeSat-specific, MBSE-enabled
systems engineering process that can be readily adopted by
universities. This process is derived from more comprehen-
sive SE and Systems Architecting processes, but is scaled and
scoped to support undergraduate learning in the context of
a space mission and CubeSat design course. The efficacy of
this process in improving student learning of SE concepts and
in improving CubeSat launch readiness is tested through its
implementation in 3 successive Naval Academy cohorts at the
US Naval Academy (USNA) over the period 2019-2022.

II. METHODS
This section presents the methods for development of the
curriculum, and for its assessment in the context of the
undergraduate capstone engineering course.

A. CURRICULUM DEVELOPMENT
In order to create a product appropriate for use in an
undergraduate engineering setting, we consulted students
and faculty and identified guidelines and requirements.
First, in order to be useful, the information therein must
be technically accurate and represent the current state of
systems engineering practice. Next, the material contained
within the guide must be accessible to students so that it
can be understood without seeking additional referenced.
Importantly, the guide must also be concise to increase the
likelihood that students will have the time and resources to
review and apply more of the material. And finally, the guide
must be application-relevant, specifically to the engineering
challenges that students in the capstone course are likely to
encounter.

In contrast, the goal of the NASA Systems Engineering
Handbook, last revised in 2019, is to ‘‘bring the fundamental
concepts and techniques of systems engineering to the
National Aeronautics and Space Administration (NASA)
personnel in a way that recognized the nature of NASA
systems and the NASA environment [8]. The NASA SE
Handbook is a comprehensive and space-focused guideline,
and as such, served as the basis for the tailored guide
developed in this study. To map content from the NASA SE
Handbook to students and eventually into the tailored frame-
work, we broke down the NASA Handbook by section, and
provided detailed definitions to students and instructors in the
fall of Academic Year 2019-2020 regarding the competencies
described in each chapter of the Handbook under topics such
as ‘‘System Design’’, ‘‘Product Realization’’ and ‘‘Technical
Management’’. At the outset, a students and instructors were
briefed about each of the competencies, and initial surveys
were completed that allowed both groups to identify which
Systems Engineering competencies would be most valuable
to include in a tailored guide.

From these initial results, the need to provide detailed
SE guidelines for several competencies was established. The
most critical areas identified by students and instructors
during the first iteration of the development were topics
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of ‘‘Technical Risk Management’’, ‘‘Technical Data Man-
agement’’, ‘‘Interface Management’’, ‘‘Product Integration’’
and ‘‘Product Verification’’. Based on these results, the
corresponding material in the NASA SE Handbook was
reviewed, extraneous materials not pertinent to generic space
systems or CubeSats was removed, as were references to
NASA-specific documents, and the remaining material was
packaged together and provided to students and instructors in
a preliminary version of the tailored framework.

Two additional key topics (not included in the NASA
SE Handbook) were identified by instructors as critical for
inclusion in the guide and were added to the content above.
First, the application of the CubeSat was identified as a
key subject in which the students would have to be trained.
At USNA, the Parkinson Sat 1U CubeSat (PSAT1U1) project
serves the purpose of providing a standard modular baseline
design study and applied capstone experience for aerospace
engineering students. Second, MBSE has been identified by
industry and researchers as a key paradigm of modern and
future systems engineering [13].

B. PARKINSON SAT 1U EXAMPLE
The PSAT1U system was developed as a simple architectural
template for CubeSat designs at USNA. PSAT1U is a 1U-
sized (10 x 10 x 10 cm) CubeSat that is architected to
be designed, developed, and put together by students. Its
purpose is to serve as a modular CubeSat architecture,
when engineered to use COTS accessible parts, a complete
satellite bus development can be completed in three weeks.
The well understood nature of the PSAT1U allows students
to focus on designing and implementing their preferred
on-board payload and mission systems without spending
significant time carrying out trade studies on subsystems
and components. The tailored handbook devotes a chapter to
describing the architecture of PSAT1U.

C. MBSE INTEGRATION
All of the systems engineering and CubeSat information in
the tailored handbook are developed and presented using a
Model Based Systems Engineering (MBSE) paradigm. The
MBSE paradigm has been found to improve the performance
of product design processes [14] (in this case of the CubeSat),
and is hypothesized to improve the learning of SE andMBSE
concepts to undergraduate engineering students. The CubeSat
System Reference Model (CSRM) was chosen as a CubeSat
specific MBSE template. The reference model provides the
‘‘logical elements [which] can be reused as a starting point
for a mission-specific CubeSat logical architecture’’ [15].
As such, the CSRM is itself a modular architecture which
enables the design of a variety of mission-oriented CubeSats.
The reference model gives the student a scaffolded starting
point when developing a new instance of CubeSat. The
MBSE model serves as a standardized template that enables
the model-based development of CubeSat class satellites by
USNA midshipmen.

1Named for Dr. Bradford Parkinson, inventor of the Global Positioning
System (GPS).

D. CURRICULUM DEPLOYMENT
The capstone engineering experience at USNA Aerospace
Engineering is a two-course sequence (EA469 and EA470),
offered fall and spring semesters of students’ 4th and final
year of the BS degree. Prior to the development of the tailored
systems engineering handbook, the systems engineering
processes of the course were ad-hoc in nature. The students
were provided deliverable templates and they followed a
document-centric systems engineering process, responsible
for providing assigned deliverables within an identified
timeframe. Students were taught lessons about each of the
deliverable documents without much context or explanation
as to why these were the most important processes to be
concerned with. Additionally, students typically had to wait
months to complete the lecture series before they could begin
any real hands-on design work.

Upon completion of the tailored systems engineering hand-
book, the handbook was deployed into the curriculum for
all undergraduate Aerospace Engineering capstone students
starting in AY 2019-20. The tailored systems engineering
handbook was provided to all students as required reading,
with chapters allocated to weekly reading assignments.
Lectures and in class activities were revised to support the
presentation and activities of the tailored systems engineering
handbook. Course assessments in the form of quizzes,
and assignments were revised, but overarching learning
objectives for this course were unchanged. Students were
assigned to apply the handbook-defined SE processes to the
design of the PSAT1U CubeSat capstone project.

E. SURVEY METHODS FOR VALIDATION OF
PERFORMANCE AND LEARNING IMPROVEMENTS
To assess student performance in the course, before and
after the development and utilization of the tailored systems
engineering handbook, a series of surveys and assessments
were developed. Surveys and procedures were approved by
Institutional Review Board (IRB) at USNA and informed
consent was provided. The survey instruments are presented
in the Appendix and consist of:

1) Student grades for the capstone course sequence. The
student’s performances are assessed by the instructors
summatively through their performance on quizzes,
tests, and the deliverables associated with the engineer-
ing of the PSAT1U CubeSat. Grades are recorded for
every student, and are reported as a distribution. Grades
are assessments of student learnings and performance
in the course, with a grade of ‘‘A’’ representing
‘‘Excellent’’, ‘‘B’’ representing ‘‘Good’’, and ‘‘C’’
representing ‘‘Satisfactory’’.

2) A Student Survey of students participating in the
course. This survey asks students to self-assess their
performance in addressing key aspects of the systems
engineering lifecycle, and in identifying where their
performance is most detrimental. Responses are input
using a Likert scale, and results are reported as averages
of the student sample (n=94 in AY 2020 – 2022).

3) A Subject Matter Expert (SME) Survey of instructors
and industry mentors. This survey asks the SMEs a set

VOLUME 12, 2024 73189



J. M. Gregory et al.: Tailored SE Process for Developing Student-Built CubeSat Class Satellites

of similar questions to assess the students’ performance
in addressing key aspects of the systems engineering
lifecycle, and in identifying where their performance is
most detrimental. Responses are input using a Likert
scale, and results are reported as averages of the SME
sample (n=49 in AY 2020 - 2022).

4) Course Reflective Modules (CRMs), a post-course
survey of instructors summatively assessing student
performance and learnings. These CRMs are per-
formed for planning and accreditation purposes within
the USNA. CRMs assess instructor’s perception of
student performance, in particular by rating individual
student’s proficiency in the tasks of Systems Engineer-
ing.

The intervention that is to be studied using these surveys
is the deployment of the tailored systems engineering
handbook into the capstone curriculum. The baseline, or pre-
intervention performance of the student cohort was assessed
using these 3 methods in AY 2020. The post-intervention
performance of the student cohort was assessed using the
identical instruments in AY 2021 and AY 2022. Surveys were
conducted either in-person or electronically (in AY 2021 due
to COVID-19 restrictions on in-person learning), and students
responded anonymously.

There are no other major curriculum changes that occurred
during the time period of the intervention, and the survey is
unchanged before and after the intervention.

III. RESULTS
This section presents the results of this project in the form of
the tailored systems engineering handbook, and the results of
the surveys of student learnings and SME assessments.

A. TAILORED SYSTEMS ENGINEERING HANDBOOK
The first result from this project is the systems engineering
handbook itself, tailored for use by students in the USNA
Small Satellite Program. After several rounds of iteration,
and inputs from many subject matter experts and hundreds
of students, the finalized guide contains 52 main pages of
content across 12 chapters (as listed in Table 1) as well
as 10 additional appendices. The handbook is available for
download at: https://hdl.handle.net/10217/237534.

B. ASSESSED STUDENT PERFORMANCE
The results of comparison of the pre-intervention student
performance assessments and the post-intervention student
performance assessments show that students learning and
performance was improved through the development and
curricular implementation of the tailored SE handbook. First
student assessments in the capstone design course improved.
The average course grade prior to intervention was 94.1%.
After the intervention, this outcome improved to 96.6% The
distribution of average course grades improved as well, with
a higher percentage of students receiving an ‘‘A’’ grade in the
course, fewer receiving a ‘‘B’’ grade, and far fewer receiving
a ‘‘C’’ grade. A comparison of these grade distributions is
displayed in Figure 1.

TABLE 1. List of chapters from the tailored systems engineering
handbook.

Second, both student and SME-derived assessment results
show improvement in student’s performance, as illustrated in
Figures 2 and 3. Both groups were more likely to say that stu-
dents had ‘‘met expectations’’ and ‘‘exceeded expectations’’
after implementation of the handbook. In particular, the
feedback from the SMEs was most compelling. On average,
instructors and subject matter experts were more than 20%
more likely to say students met expectations and more than
34% more likely to say students exceeded expectations after
the intervention was implemented.

The final student assessment used the information captured
in the Course Reflective Modules (CRMs) utilized by all
instructors at the US Naval Academy at the end of every
semester. CRMs completed post-intervention of the student
handbook nearly doubled the fraction of students that the
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FIGURE 1. Comparison of course grade distributions pre-intervention
(n=64) and post-intervention (n=191).

FIGURE 2. Comparison of student responses that student performance
‘‘Exceeds Expectations’’ pre-intervention (n=49) and post-intervention
(n=45).

instructor’s rated as ‘‘Proficient in Systems Engineering’’,
as illustrated in Figure 4.

IV. DISCUSSION
In response to the need for an undergraduate-centric space
systems engineering teaching resource, this research has
developed, implemented, and validated improved learning in
a revised curriculum using a tailored systems engineering
handbook and MBSE-enabled CubeSat design process.
Discussion here focuses on some hypotheses for mechanisms
by which student learning is improved, and on the physical

FIGURE 3. Comparison of SME responses that student performance
‘‘Exceeds Expectations’’ pre-intervention (n=20) and post-intervention
(n=28).

FIGURE 4. Comparison of instructor ratings of SE Proficiency
Pre-Intervention (n=64) and post-intervention (n=127).

and model-based artifacts that are the result of the revised
curriculum.

A. MECHANISMS OF STUDENT PERFORMANCE
IMPROVEMENT
Using a variety of assessment methods and metrics, this
study has illustrated that a revised curriculum using a
tailored systems engineering handbook and MBSE-enabled
CubeSat design process has the potential to improve student
learnings and performance. The mechanisms by which these
improvements are achieved can be exemplified by looking in
detail at the content of the tailored processes.
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For example, one of the critical aspects of agile space
systems design is the test and eval stage. CubeSats are
generally very unreliable, with an early failure rate of 23.3%
[16]. Many of their failures are attributable to abbreviated
subsystem and integrated system testing [17]. Many classical
systems engineering texts treat test and evaluation abstractly,
without examples that would be relevant to CubeSat testing
including test planning [11], requirements traceability [10],
or data reduction [18]. These presentations are appropriate
for graduate training in Systems Engineering, but do not
serve the needs of undergraduate students. The NASA SE
Handbook, for example, does not include information on
COTS testing and evaluation [8]. In contrast, the tailored
Systems Engineering handbook presents a defined and
simplified process for developing systems integration and
testing plans. A comparison showing the subset of content
from theNASASEHandbook that was selected for theUSNA
Tailored SE Handbook is provided in Figure 5. All of the
content topics from the NASA Handbook are listed, and
those topics that were selected through the iterative tailoring
process for use at USNA are highlighted in yellow. The topics
selected for use at USNA focus on the skills that are needed
to design, realize, and manage a space system development,
while high-level SE processes, as well as programmatic and
budgeting concerns are intentionally omitted.

Another mechanism that students’ improved performance
can be attributed to is the emphasis on a MBSE paradigm
in this tailored systems engineering process. The MBSE
paradigm has been demonstrated in many instances to
improve student’s learning of SE processes [19], [20]. In this
study, we attribute much of the performance improvement of
the students to the following philosophies with which MBSE
was used in this course:

• Industrially-relevant MBSE tools (such as Dassault
Systems Cameo) are complicated and rich, with many
options and user interfaces. In the USNA process,
students are provided pre-populated diagrams describ-
ing their PSAT1U baseline architecture in order to
concentrate their efforts on understanding and inter-
preting these diagrams and on the interconnectivity and
traceability between systems and subsystems. Limiting
the students’ exposure to MBSE tool functionality and
advanced topics proved effective in enabling under-
graduate students to be successful in understanding and
building SE work products.

• The CubeSat Reference Model was used repeatedly to
provide scaffolding for students to understand, probe,
and developMBSEmodels and artifacts. The reference
model allowed for the abstract philosophies of SE
(object orientation, architecting, parametrics, etc.) to
be exemplified for students in the application of their
interest. The students were more motivated and able
to value and execute these SE processes when they are
strongly connected to their personal and scholarly goals
in the context of capstone design.

• Instructors observed a significant improvement in
team performance in the semester, and a significant
improvement in information transfer from year to year

FIGURE 5. Comparison of content and processes within the NASA SE
Handbook (black text) and the Tailored SE Handbook. (red text).

under theMBSE paradigm (though unquantified in this
study). Under the previous DBSE paradigm, design
decisions and concepts were communicated to the next
year’s students through extensive design reports. The
opacity and lack of structure for these reports meant
that subsequent student groups often rejected earlier
students’ work and decisions as unclear or unreliable.
Additionally, often so much time was consumed with
simple trade studies, that little substantive design
was completed in an academic year. Under the new
paradigm, the instructors observed that the formality
and clarity of MBSE artifacts allowed students to
pay less attention to well understood trades and
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instead focus on design decisions critical to their
mission payloads. In general, the MBSE paradigm can
accelerate the development of the project by improving
information transfer to and from students in each
subsequent academic year.

B. ARTIFACTS OF PSAT1U PROJECT PERFORMANCE
In addition to measurable student learning outcomes, the
tailored SE Handbook and curricular changes also coincided
with the development of the Parkinson Sat 1U (PSAT1U),
and an associated MBSE-enabled reference model. Applying
Naval Academy specific hardware and software definitions,
with the architecture of the CubeSat SystemReferenceModel
(CSRM) at its core, the PSAT1U CubeSat includes core bus
subsystems such as the Attitude Determination and Control
System (ADCS), Electrical Power System (EPS), on-board
computer (OBC), Communications Systems, and a payload
compartment. Figure 6, displays a Computer Aided Design
(CAD) render of the structure and a photograph of the of
PSAT1U.2

FIGURE 6. The PSAT1U CubeSat.

The USNA PSAT1U has served as the curricular intro-
duction to space systems and modular design for USNA
engineering students. Recently, these students have expanded
on these skills and designed and developed the modular
satellite bus architecture for a 3U CubeSat that will host
two mission payloads developed respectively by students at
the University of Maryland and the United States Air Force
Academy. This spacecraft, dubbed USNA-16, has its roots in
the PSAT1U baseline architecture and is scheduled for launch
in Summer 2025.

In addition to the hardware described above, an additional
artifact developed to aid student learning is the PSAT
Reference Model, which is implemented using CAMEO
Systems Modeler MBSE Software V19.0 as well as Modelio
Open SourceV5.4. The architecture hierarchy of the PSAT1U
model is displayed in Figure 7 and encompasses all of
the ground system components, subsystem components, and
subsystems along with the segment, enterprise and domain
packages. This reference model has been continuously
developed and used semester after semester to effectively
capture and communicate students’ design decisions. The

2Note that the photograph on the right is a ‘‘lab sat’’ version used in
classrooms, and thus contains a reaction wheel and four fans simulating
thrusters, and is not intended for space-launched versions of the satellite.

FIGURE 7. Architecture hierarchy of the PSAT1U baseline model package
structure.

result is a reference model that can be used and adapted to
other CubeSat curricula and educational projects.

V. CONCLUSION
This study has developed and evaluated a SE process
for CubeSats intended specifically for student-run capstone
projects taking place over the course of an academic year at
USNA. A tailored SE Handbook has been created through an
iterative process in use over several academic years. Survey
data from students and SMEs was collected during those
iterations to ensure that the most important SE processes
continue to be addressed. Additionally, the importance
of utilizing MBSE has been identified, and a reference
model has been created for the PSAT1U CubeSat design.
The process has proven successful in improving Systems
Engineering knowledge and course outcomes. Additionally,
the method of iteratively implementing a tailored Systems
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Engineering handbook may be applicable more broadly both
in academia and in various fields of engineering.

We can identify some threats to the extensibility and
validity of these findings. The current study was limited
to an intervention in the course sequence of undergraduate
CubeSat development at the USNA. USNA cadets are high-
performing students, they operate in smaller cohorts (40-60
students) than do students at larger engineering Universities.
To test the broad applicability of this method, similar tailored
frameworks should be developed for other universities or
engineering organizations, and their success and relevance
should be measured based on their requirements. Because the
experimental investigations in this research were performed
with student subjects, no simultaneous control group experi-
mental designs were attempted. We assume an equivalence
between the experimental control group (USNA class of
2019) and the treatment groups (USNA classes of 2020-
2022). No attempt was made here to quantify dropout
effects, class-to-class carryover effects, or the effect of
randomization.

Future work will include a periodic reevaluation of the
guide to ensure it remains effective and captures the state of
the art, as well as work to quantify student success in their
technical development, as defined by the launch and mission
success of future student-built CubeSats.

APPENDIX A
STUDENT SURVEY

APPENDIX B
SUBJECT MATTER EXPERT (SME) SURVEY
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