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 A B S T R A C T

The feasibility of a Planetary Sunshade System (PSS) strongly depends on architectural choices, system 
scalability, and controllability, among other critical challenges. Modular architectures offer potential ad-
vantages in terms of manufacturing, deployment, system robustness, and reversibility, while introducing 
significant challenges related to system integration and control complexity. This paper presents a Model-
Based Systems Engineering (MBSE) framework for a traceable and parametric feasibility assessment of a 
modular PSS architecture. The framework links mission needs and objectives, functional analysis, high-level 
requirements, configuration-specific requirements, parametric sizing, and quantitative feasibility measures 
within an updateable engineering structure. The approach is applied to a representative precursor demonstrator 
configuration to show how system-level assumptions can be progressively connected to preliminary subsystem 
sizing and feasibility metrics throughout an iterative process. The application case includes the definition of 
a reference mission and configuration, preliminary sizing, required attitude and orbital control system torque 
evaluation, actuator feasibility assessment, subsystem selection, and preliminary mass, power, and communi-
cation budgets. Derived requirements are then connected to the corresponding sizing and analysis artifacts to 
support requirements traceability and future design iterations. The results provide a first quantitative feasibility 
assessment of the precursor demonstrator within the adopted assumptions. They indicate that the proposed 
framework can support the transition from high-level PSS concepts to configuration-level technical assessments, 
while identifying critical aspects to be refined in future mission studies and digital-twin-oriented developments.
1. Introduction

Solar geoengineering concepts have been proposed as possible ap-
proaches to help mitigate anthropogenic climate change by reducing 
a fraction of the incoming solar radiation reaching Earth. These ap-
proaches are not intended to replace emission reduction and adaptation 
strategies, but they have been investigated as potential complementary 
options to limit global temperature increase.

Among the proposed Solar Radiation Management (SRM) concepts, 
space-based solar geoengineering has received renewed attention. In 
this context, a Planetary Sunshade System (PSS) would consist of a 
large-scale space-based architecture designed to reduce the incoming 
solar radiation reaching Earth. One possible implementation relies on 
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a swarm of solar-sail spacecraft operating near the displaced photo-
gravitational equilibrium point 𝐿∗

1 of the Sun–Earth/Moon Center of 
Mass (CoM) system, thereby partially casting a shadow on Earth.

However, achieving a climate-relevant shading effect would require 
an unprecedented space-engineering effort. The required equivalent 
shading area, the number of spacecraft, the deployment and mainte-
nance strategy, and the long-term controllability of the architecture 
make the direct implementation of a full-scale PSS unrealistic without 
a progressive development path.

Previous studies have investigated sunshade concepts from different 
perspectives, including early concepts for space-based solar radiation 
reduction, clouds of small spacecraft near the Sun–Earth 𝐿1 point, 
optimal sunshade configurations, trajectory optimization, and photo-
gravitational equilibrium orbits for planetary sunshade missions [1–5]. 
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More recent work has further addressed practical feasibility assess-
ments of sunshade systems, transparent occulters, modular and deploy-
able architectures, technology roadmaps, precursor mission concepts, 
performance of solar-sail materials at 𝐿∗

1, and integrated MBSE/MBE-
based system analysis as intermediate steps toward a long-term PSS 
architecture [6–12]. However, the application of a structured systems-
engineering process to PSS development remains at an early stage. 
A systematic framework is therefore needed to support the traceable 
transition from high-level concepts to quantitative technical feasibil-
ity assessments, while establishing the basis for future updateable 
digital-twin representations of the system.

This paper introduces an MBSE Digital Twin-oriented framework 
for the traceable and parametric feasibility assessment of a modular 
PSS and applies it to a representative demonstrator configuration. The 
framework links PSS mission needs and objectives, functional analy-
sis, and high-level requirements to configuration-specific requirements, 
parametric sizing, and quantitative feasibility measures. In this way, 
high-level mission objectives can be progressively translated into as-
sessable engineering quantities and subsystem-level design constraints. 
Derived requirements and feasibility outputs can then be connected to 
support an initial feasibility assessment and future design iterations.

The remainder of the paper is organized as follows. Section 2 intro-
duces the modular PSS concept and reference architecture. Section 3 
describes the MBSE framework and the parametric sizing methodology. 
Section 4 applies the framework to a first precursor demonstrator and 
presents the corresponding preliminary feasibility assessment. Finally, 
Section 5 discusses conclusions and future work.

2. Modular PSS concept and reference architecture

The Planetary Sunshade System (PSS) considered in this work is 
based on a modular and distributed architecture. A modular approach 
is adopted to support scalability, progressive deployment, redundancy, 
replacement, and potential reversibility.

A technology development roadmap for a PSS has been developed 
in previous work [9]. In the present work, that roadmap is used 
as background to define the reference modular architecture and the 
configuration families considered in the proposed feasibility frame-
work. The purpose of this section is therefore to establish the archi-
tectural context required for the traceable framework developed in the 
following sections.

The main architecture drivers are briefly discussed here. The first 
driver is the climate objective, commonly expressed as a required solar-
insolation reduction. In this work, a reduction of approximately 1.7% 
is considered, consistently with previous studies [13]. This corresponds 
to an equivalent shaded area of approximately 6.5 × 106 km2. This 
scale motivates the adoption of a distributed swarm architecture rather 
than a monolithic structure. The distributed approach is also motivated 
by safety, scalability, redundancy, potential reversibility, and the need 
for a high degree of operational autonomy. A multi-cluster archi-
tecture may further improve redundancy, scalability, and shadowing 
efficiency, while preserving safety distances between spacecraft.

Communication and navigation also drive the reference architec-
ture. Because of the expected number of individual spacecraft, direct 
communication between every sunshade unit and Earth would not be 
practical for a full-scale distributed system. Therefore, the reference 
architecture adopts a hierarchical communication and coordination 
logic [14]. Inter-satellite links (ISL) and radio-ranging capabilities are 
considered to support relative navigation, data exchange, and reduced 
dependence on continuous ground support.

These considerations lead to a functional differentiation between 
swarm elements and higher-level coordination or relay elements. In 
the target architecture, swarm elements contribute to the overall solar-
shading function and communicate primarily with other swarm el-
ements or relay nodes. Higher-level coordination or relay elements 
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support distributed operations, data aggregation, and communication 
with the Ground Segment.

This architectural logic provides the basis for the configuration 
families introduced in the following subsections and for the MBSE 
framework developed in Section 3.

2.1. Target modular architecture

The target full-scale architecture is conceived as a distributed swarm 
of modular sunshade units supported by higher-level coordination 
and communication elements. It includes two main space-segment 
elements: the Baseline Module (BM) and the Mothership Module (MM). 
The Ground Segment is retained as the supporting mission-operations 
element.

The BM represents the repeatable building block of the modular PSS 
architecture. In a full-scale architecture, a large number of BM units 
would operate as the distributed swarm and would be coordinated to 
provide the required equivalent shaded area. The BM is assumed to 
communicate primarily through inter-satellite links, either with other 
BMs or with higher-level coordination elements.

The MM is introduced as a higher-level coordination and relay 
element. Its role is to support distributed operations, enable communi-
cation between different levels of the system, aggregate data from the 
swarm, and provide relay capability toward the Ground Segment. The 
Ground Segment supports command, monitoring, mission planning, 
and data-processing activities.

The PSS development roadmap also includes precursor missions, 
intended to demonstrate key enabling technologies before the im-
plementation of the full-scale system. This introduces a distinction 
between the target PSS architecture and precursor mission configura-
tions. Precursor spacecraft may include capabilities that are useful for 
demonstration and validation, but are not necessarily representative of 
every unit in the final full-scale swarm.

2.2. Reference configuration families

To connect the full-scale architecture with a progressive devel-
opment path, four reference configuration families are considered: 
Prototype 1 (P1), Prototype 2 (P2), the BM, and the MM. P1 and 
P2 represent precursor mission configurations, while the BM and the 
MM represent target full-scale architecture elements. These configu-
rations do not represent the same level of maturity or design detail. 
Instead, they correspond to different roles within the development 
of the modular PSS concept, from early precursor demonstration to 
full-scale distributed operations.

P1 is defined as an early precursor demonstrator. Its purpose is to 
provide a first implementation of selected functions and technologies 
relevant to the PSS. P1 is therefore not intended to represent the final 
PSS module, but rather the first configuration-specific application case 
for the feasibility framework.

P2 is considered as a larger-scale demonstrator intended to extend 
the precursor logic toward more representative dimensions, communi-
cation strategies, and operational capabilities.

The BM and MM correspond to the target full-scale architecture ele-
ments introduced before: the BM as the repeatable swarm element, and 
the MM as the coordination and relay element supporting distributed 
operations.

A key distinction between these configuration families concerns 
their communication capability. P1 intentionally includes direct Earth 
communication because it is a precursor demonstrator. P2 extends this 
logic by combining inter-satellite links with Earth communication. In 
contrast, the BM is assumed to rely primarily on inter-satellite links, 
while Earth communication and coordination functions are delegated 
to MM and to the Ground Segment. This distinction reflects the hierar-
chical communication logic adopted for the full-scale architecture.
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Fig. 1. MBSE requirements flowdown adopted for the modular PSS feasibility assessment.
Table 1
Reference configuration families and communication roles.
 Configuration Role Communication capability 
 P1 Precursor demonstrator Earth link  
 P2 Larger-scale demonstrator ISL + Earth link  
 BM PSS modular unit ISL  
 MM Coordination/relay element Earth link + ISL  

The configuration families and their communication roles are sum-
marized in Table  1. In this work, P1 is developed in detail as the 
first configuration-specific application of the MBSE framework that will 
be introduced in Section 3. P2, the BM, and the MM are retained 
as reference configuration families and future extensions of the same 
framework.

3. Model-based systems engineering framework

The modular PSS architecture introduced in Section 2 requires a 
traceable engineering process able to connect the different levels of 
the feasibility assessment. This is particularly relevant because the PSS 
is not a conventional single-spacecraft mission, but a distributed, scal-
able, and long-term architecture that must be progressively developed 
through precursor missions and modular configurations.

To support this process, an MBSE framework is developed for the 
feasibility assessment of the modular PSS concept. In this work, MBSE 
is adopted to structure the assessment around connected models of 
requirements, architecture, and analysis. This is consistent with the 
International Council on Systems Engineering (INCOSE) view of MBSE 
as a lifecycle-oriented modeling approach supporting requirements def-
inition, design, analysis, and verification activities from the early design 
phases onward [15].

The adopted flowdown is tailored from established space systems-
engineering practices. In the NASA Systems Engineering Handbook
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[16], requirements flowdown is represented from mission objectives 
and mission requirements toward system functional and performance 
requirements, subsystem requirements, and allocated or derived re-
quirements. Consistently with this logic, the present framework starts 
from PSS mission needs and mission objectives, derives mission require-
ments, functions, and functional requirements, and then connects them 
to configuration-specific requirements and verification artifacts. The re-
quirement derivation, allocation, and verification links are defined con-
sistently with European Cooperation for Space Standardization (ECSS) 
system engineering requirements and traceability principles [17].

MBSE has been widely investigated in space applications and has 
been applied to small-satellite and CubeSat mission design to support 
requirements traceability, architecture definition, simulation integra-
tion, and preliminary design activities [18–21]. However, its applica-
tion to modular PSS development remains less mature.

The proposed framework is implemented within an MBSE Digital 
Twin-oriented environment used to organize the feasibility assessment 
as an updateable engineering process. Requirements and architecture 
elements are linked to parametric sizing and analysis artifacts. The 
resulting outputs are stored as measures, enabling the impact of future 
changes in assumptions, configurations, or subsystem selections to be 
traced through the framework. At this stage, the framework should 
not be interpreted as a fully operational Digital Twin. Nevertheless, 
it implements several capability-oriented elements that are consistent 
with the Digital Twin Capabilities Periodic Table [22], which organizes 
Digital Twin development around use-case capability requirements 
rather than vendor-specific technologies. Therefore, in this work, the 
term Digital Twin-oriented refers to a structured digital-engineering 
environment that links requirements, architecture, sizing models, simu-
lation artifacts, and feasibility measures. These capabilities provide the 
basis for progressively extending the framework toward a more mature 
Digital Twin as new assumptions, analysis results, precursor mission 
data, and operational feedback become available.
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Table 2
Representative high-level PSS mission logic used in the MBSE framework.
 Level ID Representative statement  
 Mission need PSS-MN-01 Need for space-based solar shading to reduce a fraction of the incoming solar radiation reaching Earth.  
 Mission need PSS-MN-02 Need for a modular and scalable PSS architecture.  
 Mission objective PSS-MO-01 Assess the feasibility of a modular PSS architecture through the definition, sizing, and analysis of a representative modular unit. 
 Mission objective PSS-MO-03 Define prototype configurations to demonstrate key technologies required for progressive modular PSS development.  
 Functional requirement PSS-FR-01 The PSS shall provide controlled solar-shading capability.  
 Functional requirement PSS-FR-03 The PSS shall support communication and coordination among architecture elements.  
3.1. Framework rationale and scope

The framework was developed to address four main needs: trace-
ability across mission, architecture, requirements, analysis, and mea-
sures; separation between PSS-level logic and configuration-specific 
implementations; integration of sizing and analysis artifacts; and up-
dateability of quantitative feasibility measures. This is particularly 
important when moving from the full-scale PSS concept to precursor 
configurations and individual modular elements, since configuration 
design choices must remain linked to the higher-level modular archi-
tecture while avoiding the direct transfer of final-system requirements 
to early demonstrators.

The framework is organized in three connected levels. The first 
level defines the high-level PSS mission logic, including mission needs, 
mission statement, mission objectives, mission requirements, functions, 
and functional requirements. The second level allocates the PSS-level 
functional requirements to macro-architecture elements, preserving the 
distinction between the full-scale PSS architecture and precursor mis-
sion configurations. The third level introduces configuration-specific 
implementation branches, where system and subsystem requirements 
are linked to physical architecture elements, analysis artifacts, and 
feasibility measures.

Fig.  1 summarizes the logical flowdown adopted in the MBSE frame-
work. The figure reports the flowdown direction used to organize the 
model, while the formal relationship types implemented in the MBSE 
environment include trace, refine, derive, satisfy, verify, source, and 
specify links.
PSS-level requirements flowdown. At the PSS level, the model starts from 
the mission needs and mission statement, which define the overall 
rationale of the modular PSS feasibility framework. The mission objec-
tives refine this rationale and are used to derive mission requirements 
and guide the functional analysis.

The functional analysis identifies the main functions required to 
satisfy the mission objectives. These functions are then used to derive 
the PSS-level functional requirements, which provide the link between 
the high-level mission logic and the subsequent architecture alloca-
tion. This flowdown ensures that the functional requirements used 
for architecture allocation remain traceable to the original mission 
rationale.

Macro-architecture allocation. Once the PSS-level functional require-
ments are defined, they are allocated to the macro-architecture ele-
ments. These macro-assets include the Precursor Missions Architecture, 
the Full-scale PSS Architecture, and the MBSE/Digital Twin Frame-
work. The Precursor Missions Architecture includes P1 and P2 as 
progressive demonstration configurations. The Full-scale PSS Architec-
ture includes the BM and the MM as target architecture elements. This 
allocation step connects the PSS-level functional logic to the reference 
architecture while preventing the direct assignment of general PSS-level 
requirements to prototype-specific subsystems.
Configuration-specific implementation branch. After macro-architecture 
allocation, the framework is extended into configuration-specific im-
plementation branches. In principle, this structure can be applied to 
several configurations, including P1, P2, the BM, and the MM. In the 
present paper, P1 is selected as the detailed application case, while the 
other branches are retained as future extensions of the same framework.
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Within the P1 branch, system requirements are derived from the 
PSS-level functional requirements. They are then refined into subsystem 
requirements through an iterative process involving parametric sizing 
and analysis artifacts. The P1 subsystem requirements are linked to 
P1 physical architecture elements and verified through analysis ar-
tifacts and budget models. These artifacts include, for example, the 
mass budget, power budget, communication link budget, AOCS torque 
analysis, sail sizing, and configuration assessment. Their numerical 
outputs are stored in the MBSE model as feasibility measures. The 
resulting traceability chain connects PSS-level functional requirements 
to P1 system requirements, subsystem requirements, physical architec-
ture elements, analysis artifacts, and measures. This chain allows each 
feasibility measure obtained for P1 to be traced back to the PSS-level 
functional logic. It should be noted that the chain is not purely linear: 
in the preliminary design phase, parametric sizing and analysis artifacts 
can also refine quantitative subsystem-level requirements. This iterative 
loop is represented in Fig.  1 by the return arrow from analysis artifacts 
to P1 subsystem requirements.

Cross-configuration demonstration traceability. To support the pro-
gressive development of the PSS architecture, the framework also in-
troduces traceability between precursor demonstration objectives and 
subsequent configurations. Demonstration objectives are linked to the 
PSS-level functional logic and to the configuration-specific require-
ments, analysis artifacts, and feasibility measures that provide sup-
porting evidence. The same objectives can then be traced to subse-
quent configurations for which the resulting evidence is relevant. This 
cross-configuration traceability is intended to identify which precursor 
results can inform later design stages while explicitly preserving the 
limits of representativeness of each demonstration. In this way, the 
framework provides a model-based basis for assessing the relevance 
of precursor demonstrations to the target architecture. The approach 
is illustrated for P1 in Section 4, while the detailed P2, BM, and MM 
implementation branches remain subject to future development.

3.2. Parametric sizing and analysis integration

Parametric sizing and analysis artifacts are integrated into the MBSE 
model to support the feasibility assessment. These artifacts are repre-
sented in the model and linked to the requirements they verify, as well 
as to the relevant architecture elements or subsystems.

The numerical outputs of the analyses are stored as measures. 
Examples include total mass, power demand, link margin, data rate, 
solar sail area, stowed volume, and required control torques. In this 
sense, the analysis artifacts do not only verify requirements, but also 
support the refinement of quantitative subsystem-level thresholds.

The feasibility results are therefore interpreted as reference mea-
sures obtained under a defined set of assumptions, rather than as a fixed 
final design. Since the sizing models are parametric, assumptions such 
as sail size, subsystem power demand, communication architecture, 
actuator selection, margin policy, or configuration constraints can be 
modified and re-evaluated. The MBSE framework preserves the trace-
ability of these updates to the requirements, architecture elements, 
analysis artifacts, and measures. This makes the framework suitable for 
iterative comparison between configurations and for future extension 
toward P2, the BM, and the MM.
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Table 3
P1 demonstration objectives and associated sub-objectives.
 ID Demonstration objective  
 P1-DO-01 Scalable system operations in the vicinity of 𝐿∗

1 .  
 P1-DO-01.1 Demonstrate solar-sail-based orbit maintenance and station keeping near 𝐿∗

1 .  
 P1-DO-01.2 Demonstrate and characterize attitude and orientation control near 𝐿∗

1 .  
 P1-DO-02 Long-term performance of the optical sail material in the 𝐿∗

1 environment.  
 P1-DO-02.1 Characterize the degradation of the optical properties of the sail material under 𝐿∗

1 environmental exposure.  
 P1-DO-02.2 Characterize the mechanical resilience and environmental response of the sail material in the 𝐿∗

1 environment.  P1-DO-02.3 Assess the impact of optical degradation on SRP-driven trajectory and attitude-control performance.  
3.3. MBSE implementation and model entities

The framework was implemented in Innoslate as the supporting 
MBSE platform. Separate model documents were created for mission 
needs, mission objectives, mission requirements, functions, PSS-level 
functional requirements, P1 system requirements, and P1 subsystem 
requirements. This organization preserves the separation between the 
PSS-level mission logic and the configuration-specific P1 implemen-
tation, while allowing requirements, architecture elements, analysis 
artifacts, and feasibility measures to be connected through traceability 
relationships.

Table  2 reports a representative set of the high-level mission logic 
used to illustrate the flowdown adopted in the MBSE framework. The 
complete set of mission needs, objectives, requirements is implemented 
in the MBSE model and used to support the traceability relationships 
described in this section. Section 4 applies the framework to P1 as the 
first detailed precursor implementation of the modular PSS concept.

4. Prototype 1 as framework application case

P1 is the configuration-specific application case of the MBSE frame-
work described in Section 3. The configuration is based on the pre-
cursor mission concept developed in previous work [10]. The precur-
sor mission was defined around two main demonstration objectives: 
scalable system operations in the vicinity of 𝐿∗

1, including solar-sail-
based attitude and orbit control, and the assessment of the long-term 
performance of the optical shield material in the 𝐿∗

1 environment. 
Within the MBSE model, these objectives are represented through the 
P1 demonstration-objective hierarchy summarized in Table  3. In the 
present work, this concept is reformulated within the proposed MBSE 
framework to support a traceable feasibility assessment.

P1 is a precursor demonstrator based on CubeSat-class and near-
term technologies. Its purpose is to address these demonstration ob-
jectives at a reduced scale before moving toward larger precursor 
configurations or target module architectures. It is therefore not treated 
as a final PSS module, but as an early demonstrator used to evaluate 
the feasibility of selected technologies and design assumptions relevant 
to the modular architecture.

4.1. P1 parametric sizing and analysis model

The preliminary feasibility assessment of P1 is performed through 
a parametric sizing model implemented as an analysis artifact and 
connected to the MBSE environment. The purpose of the model is 
to provide a flexible and updateable sizing capability able to trans-
late reference assumptions into quantitative feasibility measures. In 
this way, changes in sail size, material properties, subsystem masses, 
power demand, communication assumptions, or margin policy can be 
reflected in the corresponding mass, volume, power, communication, 
and AOCS-related outputs.

The parametric model is initialized from reference mission and 
configuration inputs derived from the precursor mission study, litera-
ture values, preliminary architectural choices, and simplified analytical 
relationships. The resulting outputs are stored in the MBSE model as 
measures and linked to the corresponding P1 requirements, physical 
architecture elements, and analysis artifacts.
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4.1.1. Reference mission and trajectory assumptions
The first sizing iteration uses the reference trajectory from the 

precursor mission study [10] as the initial mission input for P1. This 
trajectory provides the starting point for the parametric sizing process, 
while the resulting feasibility measures can be fed back into later it-
erations to update the trajectory assumptions, configuration definition, 
and subsystem design.

The reference orbit is modeled within the photo-gravitational Sun-
Earth/ Moon CoM Circular Restricted Three-Body Problem (PCR3BP) 
and is located in the vicinity of the artificial equilibrium point 𝐿∗

1, 
shifted sunward with respect to the classical 𝐿1 point because of solar 
radiation pressure (SRP). The adopted ideal lightness parameter is 𝛽 =
0.0349, which places 𝐿∗

1 at approximately 𝑑𝐸−𝐿∗
1
= 2.364 × 106 km from 

Earth.
A barycentric synodic reference frame 𝑠 = {𝐱̂, 𝐲̂, 𝐳̂} is adopted, with 

the origin located at the CoM of the Sun–Earth/Moon system. The ̂𝐱-axis 
is aligned with the Sun–Earth/Moon CoM line, the ̂𝐳-axis is aligned with 
the angular momentum vector of the system, and the 𝐲̂-axis completes 
the right-handed frame.

The reference trajectory provides the sail cone and clock angle 
histories, 𝛼(𝑡) and 𝛿(𝑡), used as attitude inputs for the preliminary AOCS 
torque assessment. In the adopted reference frame, the cone angle 𝛼 is 
defined as the angle between the sail normal unit vector 𝐧̂ and the 𝐱̂
direction, while the clock angle 𝛿 is defined as the angle between the 
projection of 𝐧̂ onto the 𝐲̂ − 𝐳̂ plane and the 𝐲̂ direction. The Earth–
spacecraft distance along the reference trajectory is also used in the 
communication link-budget assessment.

4.1.2. Reference configuration and sizing assumptions
The reference P1 configuration is initialized as a CubeSat-class solar-

sail demonstrator with direct Earth communication capability. The 
main configuration input is a square reflective sail with side length 
𝐿sail = 20 m, corresponding to a deployed sail area of 𝐴sail = 400 m2. The 
sail is assumed to be supported by four deployable booms connected to 
a central bus.

The sail membrane areal density is an input parameter referring 
to the reflective membrane only. Literature values for modern solar-
sail membranes are typically in the range of 1 g∕m2 up to about 
20 g∕m2 [23–26]. Based on this range, the P1 sizing model adopts a 
preliminary sail areal density of 𝜎sail = 5 g∕m2. The adopted value is 
also consistent with order-of-magnitude values reported for previous 
and recent solar-sail demonstrator concepts, including Cosmos 1 and 
ACS3 [24,27].

The sail packing efficiency is defined as the ratio between de-
ployed sail area and stowed sail volume, including the sail support 
structure and deployment mechanism. Recent space-sail reviews report 
an order-of-magnitude improvement in achievable deployed-area-to-
stowed-volume ratios, from approximately 103–104 m2∕m3 to values 
close to 105 m2∕m3 [28]. Based on this trend, a reference packing 
efficiency of 𝜂pack = 5 × 104 m2∕m3 is adopted for the P1 sizing model.

The sail is assumed to be supported by four booms extending from 
the central bus to the sail corners. For the square reference geometry, 
the single-boom length is 𝐿boom =

√

2𝐿sail∕2 = 14.14 m. The boom 
linear density is set to 𝜆boom = 0.1 kg∕m. This value is consistent 
with representative solar-sail hardware concepts reported by Herbeck 
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et al. [24], where specific boom masses of approximately 100–120 g/m 
are listed for several square-sail designs. Although lower values have 
been reported for lightweight boom concepts, the value adopted here 
is retained as a conservative preliminary sizing assumption to avoid 
underestimating boom mass, inertia, and AOCS torque requirements.

An initial bus allocation of 𝑚bus = 9 kg is adopted to initialize the 
reference mass, consistently with the precursor reference configuration. 
For the preliminary inertia estimate, the bus is approximated as a rect-
angular prism with dimensions representative of a 12U CubeSat-class 
spacecraft, with 𝐿1,bus = 0.366 m and 𝐿2,bus = 𝐿3,bus = 0.2263 m.

For the preliminary SRP and disturbance-torque assessment, an 
overall sail thrust coefficient 𝜂 = 1.8 is adopted to represent a highly 
reflective but non-ideal solar-sail surface, while the ideal perfectly 
reflecting limit is 𝜂 = 2. A CoM–CoP offset equal to 0.25% of the sail 
side length is assumed as a nominal worst-case condition, following 
assumptions used in previous studies [29,30]. For the 20 m × 20 m P1 
sail, this corresponds to 𝑟off = 0.05 m.

4.1.3. First-iteration sizing outputs
Based on the reference inputs and assumptions defined above, the 

first sizing iteration provides the main sail, boom, packaging, mass, 
area-to-mass, and inertia-related quantities used to initialize the P1 
feasibility assessment. These outputs are not intended to define a final 
spacecraft configuration, but to provide a consistent reference case 
for the subsequent AOCS, design budget, communication, and MBSE 
traceability analyses.

The reflective sail membrane mass is computed as 
𝑚sail = 𝜎sail𝐴sail = 2.0 kg. (1)

The stowed sail volume is estimated from the adopted packing 
efficiency as 

𝑉stowed =
𝐴sail
𝜂pack

= 8.0 × 10−3 m3. (2)

For the four-boom configuration, the total boom mass is computed 
as 
𝑚booms = 4𝜆boom𝐿boom = 5.65 kg. (3)

Combining the reflective sail membrane, boom system, and refer-
ence bus allocation gives the first reference mass: 
𝑀ref = 𝑚sail + 𝑚booms + 𝑚bus = 16.65 kg. (4)

For the deployed sail area of 400 m2, this corresponds to an initial 
area-to-mass ratio: 
( 𝐴
𝑀

)

ref
=

𝐴sail
𝑀ref

= 24.0 m2∕kg. (5)

For the preliminary AOCS sizing, the inertia tensor of the P1 config-
uration is estimated using a simplified rigid-body model. A body-fixed 
reference frame 𝑏 = {𝐱̂𝑏, 𝐲̂𝑏, 𝐳̂𝑏} is defined with the 𝐱̂𝑏-axis aligned with 
the sail normal direction and the 𝐲̂𝑏, 𝐳̂𝑏 axes lying in the sail plane. 
Under the adopted symmetric mass-distribution assumption, 𝑏 is also 
used as the principal-inertia frame.

The spacecraft is represented as the combination of a thin square 
sail membrane, four supporting booms modeled as beam elements, 
and a central bus modeled as a rectangular prism. The preliminary 
mass model assumes a symmetric reference configuration, with the sail, 
booms, and bus aligned with the body-fixed frame. The total CoM is 
computed from the sail, boom, and bus mass contributions, and the 
component inertias are referred to this CoM using the parallel-axis 
theorem.

For the reference P1 configuration, the resulting inertia tensor is

𝐈 =
⎡

⎢

⎢

⎣

510.53 0 0
0 255.51 0
0 0 255.51

⎤

⎥

⎥

⎦

kgm2.

Table  4 summarizes the main outputs for the P1 configuration, used 
in the subsequent subsystem sizing.
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Table 4
Main outputs of the first P1 sizing iteration.
 Quantity Value Note  
 Deployed sail area 400 m2 20 m × 20 m sail  
 Sail membrane mass 2.0 kg Reflective membrane only  
 Stowed sail volume 8.0 × 10−3 m3 From packing efficiency  
 Single-boom length 14.14 m Center-to-corner boom  
 Total boom mass 5.65 kg Four-boom configuration  
 Reference bus allocation 9.0 kg Initial bus/deployment value  
 Reference mass 16.65 kg Sail + booms + bus allocation 
 Initial area-to-mass ratio 24.0 m2∕kg Reference sizing value  
 𝐼𝑥𝑥 510.53 kgm2 Sail-normal axis  
 𝐼𝑦𝑦 = 𝐼𝑧𝑧 255.51 kgm2 In-plane axes  

4.1.4. Preliminary AOCS torque assessment
The AOCS sizing model uses the geometric, mass, inertia, and sail 

parameters obtained from the first sizing iteration to derive preliminary 
attitude-control requirements for P1. The objective is to estimate the 
order of magnitude of the required control authority and to compare it 
with representative actuator families.

The preliminary attitude-reconstruction and torque-evaluation ap-
proach follows the methodology developed in [31]. The attitude history 
is obtained from the cone and clock angles associated with the ref-
erence trajectory. The corresponding ideal attitude-tracking torque is 
computed from Euler’s equation, 
𝝉𝑏ideal = 𝐈𝑏𝝎̇𝑏 + 𝝎𝑏 ×

(

𝐈𝑏𝝎𝑏) , (6)

where 𝐈𝑏 is the preliminary inertia tensor of the P1 configuration and 
𝝎𝑏 is the angular velocity history expressed in the body frame. 𝝉𝑏ideal
represents the torque required to follow the prescribed attitude history 
in the absence of external disturbances.

A separate disturbance-rejection case is evaluated by considering 
the SRP force acting on the sail and the assumed CoM–CoP offset. The 
SRP force magnitude is approximated using a simplified non-perfect 
solar-sail model, 
𝐹SRP = 𝜂𝑃𝐴sail cos2 𝛼, (7)

where 𝑃  is the solar radiation pressure at the sail heliocentric distance, 
defined as 

𝑃 =
𝑃0

𝑟2
, 𝑃0 = 4.56 × 10−6 Nm−2. (8)

Here, 𝑃0 is the SRP at 1 AU, 𝑟 is the Sun–sail distance normalized 
by 1 AU, and 𝜂 is the overall sail thrust coefficient. A value 𝜂 = 1.8
is adopted to account for non-ideal sail-surface behavior, while the 
ideal perfectly reflecting limit is 𝜂 = 2. In the preliminary worst-case 
estimate, the maximum SRP force is evaluated and assumed to act along 
the sail-normal direction.

The disturbance torque due to the assumed CoM–CoP offset is 
computed as 
𝝉𝑏SRP = 𝐫𝑏off × 𝐅𝑏

SRP. (9)

For the 20 m × 20 m P1 sail, the reference offset is 
𝑟off = 0.0025 × 𝐿sail = 0.05 m. (10)

The offset is assumed to lie in the sail plane. To obtain a conser-
vative component-wise estimate of the in-plane disturbance-rejection 
requirement, an offset component of 0.05 m is considered along the 
in-plane axes.

For the reference configuration, the maximum SRP force is 
𝐹SRP = 3.39 × 10−3 N, (11)

leading to an SRP disturbance torque of 
𝜏SRP = 1.69 × 10−4 Nm. (12)
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Table 5
Preliminary AOCS torque requirements for the P1 reference configuration.
 Quantity Value  
 Maximum ideal attitude-tracking torque 2.11 × 10−10 Nm 
 SRP disturbance torque 1.69 × 10−4 Nm  
 Required in-plane torque 3.39 × 10−4 Nm  
 Required about-normal torque 8.47 × 10−6 Nm  

A design margin factor 𝑀𝜏 = 2 is applied to obtain the preliminary 
in-plane disturbance-rejection requirement: 
𝜏ip,req = 𝑀𝜏𝜏SRP = 3.39 × 10−4 Nm. (13)

Following the preliminary worst-case estimate reported in [32], the 
about-normal torque requirement is assumed to be 1∕40 of the in-plane 
disturbance-rejection requirement: 

𝜏n,req =
1
40

𝜏ip,req = 8.47 × 10−6 Nm. (14)

This term can be considered as a conservative value for non-ideal 
SRP effects, actuator asymmetries, deployment imperfections, and fu-
ture control configurations. For the reference P1 trajectory, the maxi-
mum ideal attitude-tracking torque is approximately 2.11 × 10−10 Nm, 
which is several orders of magnitude smaller than the SRP-induced 
disturbance torque. Therefore, the preliminary AOCS sizing is driven by 
the disturbance-rejection case rather than by the ideal attitude-tracking 
torque.

Table  5 summarizes the preliminary AOCS torque requirements for 
the P1 reference configuration.

4.2. Subsystem selection and preliminary design budgets

4.2.1. AOCS actuator feasibility assessment
The resulting requirements are then used to perform a preliminary 

actuator feasibility check to assess whether representative actuator fam-
ilies can provide torque authority of the same order as the preliminary 
disturbance-rejection requirements.

Reaction wheels are included as the baseline high-accuracy attitude-
control option. They provide three-axis control authority and high 
pointing precision, but require momentum management. A represen-
tative CubeSat-class unit, the AAC Clyde Space RW400, is used for the 
preliminary feasibility comparison. The selected RW400 configuration 
provides a maximum torque of 8 mNm, an angular momentum storage 
of 15 mNms, a maximum speed of 5000 rpm, and a mass of 0.197 kg [33]. 
These values are compared against the preliminary torque requirements 
derived for P1.

Tip-mounted control vanes are included as candidate actuator con-
cepts for SRP-based attitude control. They consist of reflective surfaces 
located near the sail tips, whose deflection modifies the local SRP force 
direction and generates control torques about the spacecraft CoM. In 
the present P1 model, the tip-vane geometry is used as a simplified 
preliminary sizing assumption to estimate the available SRP-induced 
torque authority. A triangular vane geometry with base and height 
equal to 2 m is assumed. The vane tilt and twist deflection angles are 
both set to 45◦. Under this assumption, the four-vane configuration 
provides an estimated in-plane torque of 1.77 × 10−4 Nm in the tilt-
only case and 3.55 × 10−4 Nm when both tilt and twist contributions 
are considered. The latter value is comparable to the required in-plane 
disturbance-rejection torque of 3.39×10−4 Nm. Therefore, tip vanes are 
retained as a potentially feasible SRP-based actuator family for in-plane 
disturbance rejection, while requiring further structural, deployment, 
and controllability analysis in future design iterations.

Active Mass Translation (AMT) is considered as a candidate in-plane 
momentum management concept. AMT generates control authority 
by shifting the spacecraft CoM relative to the CoP. AMT has been 
implemented in the NEA Scout solar-sail mission as part of the attitude 
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control and momentum management architecture [34]. Solar Cruiser 
studies also consider AMT as one of the primary momentum manage-
ment actuators, with a system translating approximately 50% of the 
spacecraft mass within a travel range of ±0.29 m [32]. In the present 
preliminary model, a maximum AMT displacement of 𝛥𝑟AMT = 0.5 m is 
assumed as a first-order sizing value.

The sail assembly is assumed to include both the reflective mem-
brane and the booms. Therefore, the effective CoM displacement is 
approximated as 

𝛥𝑟CM = 𝛥𝑟AMT
𝑚sail + 𝑚booms

𝑚sail + 𝑚booms + 𝑚bus
. (15)

The corresponding AMT torque authority is estimated as 
𝜏AMT ≃ 𝐹SRP𝛥𝑟CM. (16)

Using 𝛥𝑟AMT = 0.5 m and the reference sizing values, the estimated 
AMT torque authority is 
𝜏AMT = 7.78 × 10−4 Nm. (17)

This value is larger than the required in-plane disturbance-rejection 
torque. AMT is therefore retained as a promising in-plane actuator 
concept, although further work is required to assess the mechanism 
mass, moving-mass dynamics, structural integration, and control per-
formance.

Reflectivity Control Devices (RCDs) are considered as a distributed 
SRP-based actuation concept for solar-sail attitude control. RCDs locally 
modify the optical properties of selected sail regions, thereby changing 
the SRP force distribution and generating control torques through 
the resulting CoM variation. This concept has flight heritage from 
IKAROS [35], which demonstrated attitude control capability using 
liquid-crystal reflectivity control devices, and has also been investi-
gated in solar-sail attitude control studies [36]. In the present P1 model, 
a simplified distributed RCD layout is used as an exploratory sizing 
case. The sail perimeter is discretized into 𝑁RCD = 16 elements, with 
four elements placed along each side of the sail. Each RCD element 
is assigned a representative active area, position vector, local tilt an-
gle, and ON/OFF reflectivity state. The adopted layout distinguishes 
between edge and middle RCD elements as in [36], with local tilt angles 
𝜃edge = 15◦ and 𝜃middle = −10◦, respectively.

The torque generated by the active RCD elements is estimated as 

𝝉𝑏RCD =
𝑁RCD
∑

𝑖=1
𝐫𝑏𝑖 × 𝐅𝑏

RCD,𝑖. (18)

The RCD torque authority is evaluated over a limited set of rep-
resentative ON/OFF activation patterns. The values reported here 
are component-wise maximum torque authorities obtained among the 
explored configurations. For the explored ON/OFF configurations, the 
maximum absolute torque components obtained from the RCD sizing 
model are 2.63 × 10−4 Nm about the sail-normal axis, 9.71 × 10−4 Nm
about one in-plane axis, and 2.47 × 10−3 Nm about the other in-
plane axis. These values are larger than the preliminary about-normal 
requirement and comparable or larger than the required in-plane 
disturbance-rejection torque. RCDs are therefore retained as a promis-
ing SRP-based actuator family for future P1 AOCS iterations. However, 
the present sizing remains exploratory and does not include detailed 
optical modeling, switching dynamics, structural flexibility, thermal 
constraints, or electrical power demand.

Table  6 summarizes the preliminary AOCS actuator feasibility as-
sessment for the P1 reference configuration.

The feasibility assessment indicates that the preliminary torque 
requirements are not prohibitive for the P1 reference configuration. 
Reaction wheels provide the most mature high-accuracy option, but 
require momentum management or desaturation under persistent SRP 
disturbance torques. Their sizing can also become increasingly demand-
ing for larger sail areas, due to the growth of SRP-induced disturbance 
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Table 6
Preliminary AOCS actuator feasibility assessment for P1.
 Actuator concept Estimated torque authority 
 Reaction wheels 8.0 × 10−3 Nm  
 Tip vanes 3.55 × 10−4 Nm  
 AMT 7.78 × 10−4 Nm  
 RCDs Up to 2.47 × 10−3 Nm  

torques, angular-momentum accumulation, and spacecraft inertia. SRP-
based concepts, including tip vanes, AMT, and RCDs, provide torque 
authority of the same order or larger than the derived disturbance-
rejection requirements. Therefore, the present assessment identifies 
reaction wheels, tip vanes, AMT, and RCDs as candidate actuator 
families for future higher-fidelity AOCS design iterations.

4.2.2. Preliminary mass, power, and communication budgets
Following the reference sizing and preliminary AOCS torque as-

sessment, a first-order subsystem sizing is performed to estimate the 
main spacecraft design budgets for P1. The objective is to verify the 
compatibility of the reference architecture with representative CubeSat-
class subsystems and to close preliminary mass, power, communication 
budgets.

P1 configuration includes a 12U-class spacecraft bus, a reflective sail 
membrane supported by four deployable booms, a CubeSat-class C&DH 
unit, an EPS composed of deployable solar panels and a battery pack, 
a preliminary S-band communication link, and an AOCS architecture 
including reaction wheels, attitude sensors, and candidate SRP-based 
momentum-management devices. These assumptions define the subsys-
tem baseline used for the preliminary mass, power, communication, 
and AOCS feasibility budgets.

The component-level values used in the subsystem budget are 
grouped into Commercial Off-The-Shelf (COTS)-based values,
literature-based estimates, and preliminary design allocations. The 
component-level mass and power allocations used to obtain the pre-
liminary budgets are summarized in Appendix A. COTS-based values 
are taken from publicly available CubeSat product information and 
datasheets, with EnduroSat [37] components used as representative ref-
erences for several avionics, EPS, structure, and communication entries. 
Values not tied to a final selected hardware unit at this stage, such 
as AMT, RCDs, attitude sensors, and monitoring sensors, are treated 
as first-order allocations. The sail membrane and boom properties are 
instead derived from the sizing model described before. The AMT and 
RCD entries are included in the spacecraft-level budget as preliminary 
mass and power allocations.

The communication subsystem is preliminarily sized using an S-
band baseline link to Earth. The selected reference transceiver supports 
an RF output power up to 33 dBm, corresponding to approximately 
2 W, and a configurable data-rate range up to 125 kbps. The com-
munication need is estimated from the types of data expected to be 
generated and transmitted by the precursor mission. Based on the pre-
liminary data budget developed in previous work [10], housekeeping 
and telemetry require low data rates of a few kbps, whereas payload 
data were preliminarily estimated in the range of 50–200 kbps during 
data-intensive operations. For the present preliminary feasibility assess-
ment, the 20 kbps case is therefore retained as a reference low-rate link 
for housekeeping, telemetry, diagnostics, and selected monitoring data. 
Higher-rate monitoring or payload-data return is retained as a future 
communication-architecture driver.

A preliminary link budget is computed using the standard formula-
tion reported in Space Mission Analysis and Design [38]. The analysis 
assumes an S-band downlink to Earth, a 5 dBi spacecraft antenna gain, 
a DSN 34-m BWG S-band receiving gain of approximately 57 dBi, and a 
maximum Earth–spacecraft distance of 2.36×106 km. Under the adopted 
antenna, loss, and receiver assumptions, a 20 kbps reference data-rate 
case closes with a preliminary positive link margin of approximately 
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Table 7
Preliminary design budgets for the P1 reference configuration.
 Budget item Value  
 Avionics mass 16.79 kg 
 Total mass, including sail subsystem 24.44 kg 
 Margin 20%  
 Total mass with margin 29.33 kg 
 Nominal power 23.71 W 
 Peak power 54.80 W 
 Peak power with margin 65.76 W 
 Generated power 76.80 W 

1.55 dB. The reference S-band link-budget parameters are reported 
in Appendix B. The S-band link is therefore retained as a first-order 
feasibility assessment for low-rate TT&C, telemetry, and diagnostic data 
return. Higher-data-rate communication may be addressed in future 
iterations through an additional X-band downlink transmitter, while 
retaining the S-band transceiver for TT&C and basic telemetry. A 
preliminary X-band sensitivity case, assuming a 2 W RF output power, 
a 12 dBi spacecraft antenna gain, and a DSN 34-m X-band receiving 
gain of approximately 68 dBi, indicates that a 50 kbps downlink could 
close with positive margin under the adopted assumptions. This option 
requires a dedicated future trade-off.

The preliminary component allocations lead to the design budgets 
summarized in Table  7.

It should be noted that the mass used in the first sizing iteration 
and the mass obtained from the subsystem budget are not identi-
cal quantities. The reference mass, 𝑀ref = 16.65 kg, includes only 
the sail membrane, four booms, and a preliminary bus allocation. 
This value is used to initialize the area-to-mass ratio, inertia estimate, 
and AOCS disturbance assessment. The subsystem budget then refines 
the spacecraft mass by introducing representative subsystem contri-
butions, including avionics, EPS, communications, AOCS hardware, 
monitoring payload, and sail subsystem elements. This leads to a total 
mass of 24.44 kg before margin and 29.33 kg after applying the 
20% margin. The increase with respect to the simplified precursor 
reference configuration is mainly due to the inclusion of more complete 
subsystem-level allocations, including AOCS hardware, communication 
and EPS components, monitoring payload, structure and deployment-
mechanism allowance, and system-level margin. Therefore, the result-
ing mass should be interpreted as a conservative preliminary budget for 
the first feasibility-assessment iteration. Future iterations may reduce 
the total mass through subsystem selection, deployment-mechanism 
refinement, and optimization of the AOCS architecture.

This distinction reflects the iterative nature of the proposed frame-
work. The first sizing iteration is initialized using the precursor refer-
ence trajectory [10]. The updated mass budget is then used to demon-
strate a second trajectory iteration. Using the total mass including 
system-level margin, the area-to-mass ratio becomes
( 𝐴
𝑀

)

updated
= 400

29.33
= 13.64 m2∕kg,

leading to an updated lightness parameter of approximately 𝛽 = 0.0167. 
The corresponding nominal photo-gravitational equilibrium point is 
located at approximately 𝑑𝐸−𝐿∗

1
= 1.85 × 106 km from Earth. These 

values are then propagated back into the trajectory model to update the 
associated operating point and generate an updated reference trajectory 
for the revised P1 configuration.

This second iteration is not intended to represent a finalized trajec-
tory optimization, but to demonstrate how updated feasibility measures 
can be propagated through the framework. In later design phases, the 
trajectory, AOCS, communication architecture, and subsystem budgets 
should be iterated jointly until convergence of the main feasibility 
measures is achieved.

The updated x–y trajectory and the corresponding cone-angle his-
tory are shown in Fig.  2. As in [10] orbit design, the clock-angle 
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(a) 𝑥-𝑦 trajectory.

  
(b) Cone angle 𝛼(𝑡).

 

Fig. 2. Updated P1 reference trajectory and cone-angle history obtained from the second trajectory iteration using the mass-updated lightness parameter. The 
𝑥-𝑦 projection is expressed in the co-rotating synodic frame and centered with respect to the associated operating point 𝑥∗.
Table 8
Representative derived P1 requirements and associated verification artifacts.
 ID Derived requirement Artifact  
 P1-SSR-SAIL-01 The sail subsystem shall provide a deployed reflective area of 𝐴sail = 400 m2. Sail sizing model  
 P1-SSR-MASS-01 The reference configuration shall have a total mass not exceeding 𝑀tot = 29.33 kg. Mass budget  
 P1-SSR-EPS-01 The EPS shall support a peak power demand of 65.76 W. Power budget  
 P1-SSR-COM-01 The communication subsystem shall support an Earth-link data rate of at least 𝑅𝑏 = 20 kbps. Link budget  
 P1-SSR-AOCS-01 The AOCS shall provide an in-plane disturbance-rejection torque authority of at least 𝜏ip,req = 3.39 × 10−4 Nm. AOCS torque analysis 
 P1-SSR-AOCS-02 The AOCS shall provide about-normal control authority of at least 𝜏n,req = 8.47 × 10−6 Nm. AOCS torque analysis 
history is not reported as a separate plot, since the clock angle switches 
between 𝛿 = 0 and 𝛿 = 𝜋.

The second trajectory iteration modifies the cone-angle history, but 
the updated AOCS calculation confirms that the ideal attitude-tracking 
torque remains of the same order of magnitude so still several orders of 
magnitude smaller than the SRP-induced disturbance torque. Therefore, 
the preliminary AOCS sizing remains driven by the conservative SRP 
disturbance-rejection case.

The updated trajectory also modifies the Earth–spacecraft distance 
relevant to the communication analysis. Using the maximum Earth–
spacecraft distance associated with the updated trajectory, the 20 kbps
S-band reference link closes with a positive preliminary margin of 
approximately 3.68 dB. This confirms that the communication feasi-
bility assessment remains positive when the mass-updated trajectory is 
considered.

The resulting budgets indicate that the P1 reference configuration 
remains compatible with a CubeSat-class design philosophy, within 
the adopted assumptions. The mass budget is mainly driven by the 
bus-related allocation, AOCS hardware, EPS, sail-supporting booms, 
and deployment hardware, while the power budget is driven by com-
munication, AOCS, and monitoring-payload operations during peak 
conditions.

4.3. P1 architecture, derived requirements, and MBSE traceability

Within the MBSE model, P1 system requirements are derived from 
the PSS-level functional requirements and refined into subsystem-level 
requirements. These requirements cover the main capabilities needed 
by the precursor demonstrator, including reflective sail capability, 
AOCS capability, communication capability, power generation and stor-
age, data handling, monitoring, budget compatibility, and feasibility-
data generation. A subset of these derived P1 requirements is reported 
in Table  8.

The P1 physical architecture is derived from the subsystem re-
quirements and from the preliminary sizing results. It includes the 
main spacecraft subsystems required for a representative precursor 
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configuration: AOCS, EPS, communication subsystem, structure, C&DH, 
sail subsystem, and monitoring payload.

The physical architecture provides the system layer used to connect 
the derived requirements to the corresponding sizing and verification 
artifacts. In particular, the sail subsystem is linked to the sail and boom 
sizing model, the AOCS is linked to the torque analysis and actuator 
feasibility assessment, the communication subsystem is linked to the 
link-budget analysis, and the EPS and avionics are linked to the power 
and mass budgets. The resulting P1 physical architecture is shown in 
Fig.  3.

A representative set of traceability links extracted from the Innoslate 
model is reported in Table  9. The table summarizes the three relation-
ship types used for the P1 subsystem requirements in the model: derived 
by, satisfied by, and verified by. These links connect the quantitative sub-
system requirements to higher-level capabilities, physical architecture 
elements, and the sizing or analysis artifacts used for verification.

The feasibility outputs obtained from the sizing and analysis arti-
facts are stored in the MBSE model as quantitative measures and linked 
to the corresponding requirements, architecture elements, and verifi-
cation artifacts. This structure allows changes in design assumptions, 
such as sail size, membrane areal density, boom linear density, subsys-
tem power demand, actuator selection, communication architecture, or 
margin policy, to be propagated through the model and traced to the 
affected system elements.

Therefore, the value of the framework lies not only in the specific 
numerical results obtained for P1, but also in its ability to support 
updateable feasibility assessment and future extensions toward P2, the 
BM, and the MM.

The cross-configuration demonstration traceability introduced in 
Section 3 is applied here to P1. The two main P1 demonstration ob-
jectives refine PSS-MO-03 and are decomposed into the sub-objectives 
reported in Table  3. These sub-objectives are traced to the P1 system 
requirements that support their assessment and to the subsequent 
configurations for which the resulting evidence is relevant. The cross-
configuration traces indicate that P1-generated evidence is relevant to 
subsequent P2 and BM development. The traceability also highlights 
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Fig. 3. P1 physical architecture used for MBSE traceability.
Table 9
Representative P1 traceability links extracted from the Innoslate model.
 ID Derived by Satisfied by Verified by  
 P1-SSR-SAIL-01 P1-SR-3 Reflective-sail capability P1-AS-01.6.1 Sail subsys P1-ART-02 P1 sizing model  
 P1-SSR-MASS-01 P1-SR-13 Design budget compatibility P1-AS-01 P1 physical architecture P1-ART-02 P1 mass budget  
 P1-SSR-EPS-01 P1-SR-9 Power generation and storage capability P1-AS-01.2 EPS P1-ART-01 P1 power budget  
 P1-SSR-COM-01 P1-SR-7 Earth communication capability P1-AS-01.3 Comm subsys P1-ART-03 P1 link budget  
 P1-SSR-AOCS-01 P1-SR-5 Attitude-control capability P1-AS-01.1 AOCS P1-ART-04 P1 AOCS torque analysis 
 P1-SSR-AOCS-02 P1-SR-5 Attitude-control capability P1-AS-01.1 AOCS P1-ART-04 P1 AOCS torque analysis 
Table 10
Representative P1 demonstration-objective traceability links extracted from the Innoslate model.
 ID Higher-level relationship Traced to P1 system requirements Cross-configuration trace  
 P1-DO-01 Refines PSS-MO-03 – –  
 P1-DO-01.1 Decomposes P1-DO-01 P1-SR-6 Operational-region support; P1-SR-14 

Feasibility-data generation
P2; BM  

 P1-DO-01.2 Decomposes P1-DO-01 P1-SR-5 Attitude determination and control 
capability; P1-SR-14 Feasibility-data generation

P2; BM  

 P1-DO-02 Refines PSS-MO-03 – –  
 P1-DO-02.1 Decomposes P1-DO-02 P1-SR-11 Health monitoring capability; P1-SR-14 

Feasibility-data generation
P2; BM  

 P1-DO-02.2 Decomposes P1-DO-02 P1-SR-11 Health monitoring capability; P1-SR-14 
Feasibility-data generation

P2; BM  

 P1-DO-02.3 Decomposes P1-DO-02 P1-SR-5 Attitude determination and control 
capability; P1-SR-11 Health monitoring capability; 
P1-SR-14 Feasibility-data generation

P2; BM  
full-scale functions that are not represented by P1. No direct cross-
configuration trace to the MM is assigned for the demonstration objec-
tives considered here, since distributed multi-spacecraft coordination, 
inter-satellite communication, data aggregation, and the higher-level 
coordination and relay functions associated with the MM are outside 
the P1 demonstration scope. These functions are therefore deferred to 
subsequent demonstration and implementation branches, including P2, 
BM, and MM as applicable (see Table  10). 

5. Conclusions

This work presented an MBSE framework for the traceable feasibil-
ity assessment of a modular Planetary Sunshade System. The frame-
work was developed to support the transition from high-level PSS 
mission needs and objectives to configuration-specific requirements, 
architecture elements, parametric sizing artifacts, and quantitative fea-
sibility measures. In this way, the proposed approach provides a struc-
tured engineering process for assessing modular PSS configurations 
while preserving traceability between mission-level rationale, system 
architecture, subsystem assumptions, and analysis outputs.

The framework was applied to Prototype 1, a representative pre-
cursor demonstrator configuration derived from a previous precursor 
mission concept. The application case showed how reference mission 
inputs, preliminary spacecraft sizing, AOCS torque assessment, actuator 
feasibility analysis, design budgets, and derived requirements can be 
connected within a single updateable feasibility-assessment structure. 
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The resulting P1 configuration includes a 400 m2 reflective sail area, a 
total mass below 30 kg, a generated power of 76.80 W, a peak power 
demand below 55 W, with an Earth-link data-rate reference case of 
20 kbps. The preliminary AOCS assessment indicated that the dominant 
control-sizing driver is associated with SRP disturbance rejection.

The analysis indicates that a Prototype 1 precursor configuration 
based on CubeSat-class and near-term technologies may be feasible 
consistently within the adopted assumptions. The updated subsystem 
mass budget was also propagated back into the trajectory model to 
demonstrate a second trajectory iteration, showing how revised feasi-
bility measures can be fed back into the framework. At the same time, 
the results should be interpreted as a preliminary feasibility assessment. 
Consistently with the parametric nature of the sizing framework, the 
adopted modeling assumptions are intended to be refined in future 
iterations. Overall, the proposed framework provides a traceable struc-
ture for connecting assumptions, requirements, architecture elements, 
analysis artifacts, and feasibility measures. This enables design updates 
to be propagated through the model and provides a basis for comparing 
different configurations and future extensions. The cross-configuration 
traceability further makes explicit how the P1 demonstration objectives 
refine the higher-level PSS mission logic and how the resulting evidence 
can inform subsequent P2 and BM development.

Future work will focus on improving the fidelity of the parametric 
models, extending the requirements and verification baseline, inte-
grating additional analyses, and progressively incorporating simulation 
results and precursor mission data toward a more mature Digital Twin 
representation of the modular PSS architecture.
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Table A.11
Component-level mass and power allocations used for the P1 preliminary budget.
 Subsystem Component or allocation Mass [kg] Nominal power [W] Peak power [W] Basis  
 Communication S-band transceiver 0.246 1.20 12.00 COTS  
 Communication S-band patch antennas 0.230 – – COTS  
 C&DH On-board computer 0.173 0.41 5.00 COTS  
 EPS Battery pack and distribution unit 1.478 2.00 2.00 COTS  
 EPS Deployable solar panels 1.568 – – COTS  
 Structure and mechanisms 12U-class structure and deployment mechanism 9.000 – – Allocation  
 AOCS Reaction wheels 0.591 3.00 5.70 COTS  
 AOCS Active Mass Translation allocation 0.500 0.50 12.00 Allocation  
 AOCS Reflectivity Control Device allocation 0.500 1.00 2.00 Allocation  
 AOCS Attitude sensors 2.000 14.60 14.60 Allocation  
 Sail subsystem Reflective sail membrane 2.000 – – Sizing model 
 Sail subsystem Four deployable booms 5.657 – – Sizing model 
 Monitoring payload Environmental and health-monitoring sensors 0.500 1.00 1.50 Allocation  
 Total, before margin – 24.44 23.71 54.80  
 System-level margin – 20% 20% 20%  
 Total, with margin – 29.33 28.45 65.76  
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Appendix A. Supporting sizing and budget assumptions

See Table  A.11.

Appendix B. Reference earth-link budget parameters

See Table  B.12.

Table B.12
Reference S-band Earth-link budget parameters for the P1 feasibility assess-
ment.
 Parameter Value  
 Frequency, 𝑓 2.2 GHz  
 RF transmitter power, 𝑃𝑡 2 W  
 Transmitter line loss, 𝐿𝑙 −1 dB  
 Spacecraft antenna gain, 𝐺𝑡 5 dBi  
 Spacecraft antenna HPBW 70◦  
 Transmitter pointing loss, 𝐿𝑝𝑡 −2.45 × 10−5 dB 
 Maximum Earth–spacecraft distance, 𝑆 2.36 × 106 km  
 Space loss, 𝐿𝑠 −226.76 dB  
 Propagation and polarization loss, 𝐿𝑎 −0.48 dB  
 DSN 34-m BWG receiving antenna gain, 𝐺𝑟 56.9 dBi  
 System noise temperature, 𝑇𝑠 39 K  
 Reference data rate, 𝑅𝑏 20 kbps  
 Required 𝐸𝑏∕𝑁0 2.7 dB  
 Implementation loss −2.0 dB  
 Resulting link margin 1.55 dB  
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