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Abstract: Remote sensing satellites (RSS) are highly complex
and customized from a common product family. It makes the
traditional model-based system engineering (MBSE) method,
which lacks architecture-level reusability, difficult to apply to
their architecture design. Considering RSS has a relatively fixed
common architecture from which the various design solutions
are customized specific to different missions, the model-based
product line engineering (MBPLE) methodology can be lever-
aged. In this paper, based on the analysis of the current RSS
development process in practice and the main issues of current
MBPLE methods, an RSS-specific MBPLE approach is pro-
posed. Firstly, the RSS domain terminology is consolidated into
the RSS-MBPLE SysML profile to support the construction of
models in the design process. Then, the two key steps, i.e.,
architecture configuration and standalone product selection are
efficiently conducted following the MBPLE principles supported
by plugins of the mainstream SysML platform. Finally, a typical
RSS control subsystem s illustrated as the case study to
demonstrate the effectiveness of the proposed method. The
results show that the proposed approach improves architecture-
level reusability and design automation compared with tradi-
tional methodology, thereby reducing manual
modify efforts and enhancing the efficiency of RSS architecture
design.
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1. Introduction

With the rapid development of large and medium-sized
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remote sensing satellites (RSS), the traditional document-
based systems engineering methods are gradually becom-
ing difficult to adapt to the system development process
with high quality, high speed, and high efficiency. On
the other hand, the model-based system engineering
(MBSE) method has begun to attract more and more
attention from both industry and academia [1]. In this
paradigm, the complex systems are described by semi-
formal structured models from various viewpoints so that
engineers can capture a complete and integrated view.
Such integrated models can maintain traceability among
different assets so that changes can be propagated
efficiently. Besides that, the semi-formal semantics can
avoid ambiguity to a certain extent when the models
are communicated among stakeholders from various
domains [2].

For large and medium-sized RSS, the system models
are highly complex and customized. Although RSS is
diverse, the basic functions of the satellite platforms and
their components are consistent. Only due to differences
in features such as payloads, working modes, orbits, etc.,
are a variety of RSS architecture variants formed. Such
highly product family-based characteristics of RSS mean
the architecture design of RSS should heavily rely on the
reuse of the common basic architecture. However, in the
traditional MBSE development process, the reuse of
existing architectures is mainly achieved by directly
cloning or specializing from existing models and then
modifying the elements on this basis. It is not only error-
prone but also has low efficiency. Therefore, due to the
lack of an architecture-level reuse mechanism, it is obvi-
ously not suitable for the RSS development process in
practice.


https://doi.org/10.23919/JSEE.2026.000127

934 Journal of Systems Engineering and Electronics Vol. 37, No. 3, June 2026

It can be seen that the main issue that hinders architec-
ture-level reuse is that the common and variable parts in
the architecture models cannot be clearly distinguished
and hence cannot efficiently configure the variable parts.
This issue can be solved using the product line engineer-
ing (PLE) methodology. The PLE concept was first pro-
posed in the field of software engineering [3] and is being
gradually extended to the field of system engineering and
combined with MBSE to initiate a new research domain,
i.e., model-based PLE (MBPLE) [4].

Although there are related studies in the field of
MBPLE, existing MBPLE methods cannot be applied to
the RSS domain due to below issues:

(1) In RSS design, not only the architecture variant but
also the design solutions including concrete standalone
products should be issued to the downstream depart-
ments. Therefore, the RSS-specific MBPLE process
should include two phases, i.e., architecture configura-
tion and standalone product selection instead of only one
phase like existing studies.

(il)) The two phases in the MBPLE process are not
independent, instead, the problem and solution domains
of phase 2 are constrained by phase 1. This relationship
should be considered when applying MBPLE in the two
phases.

(iii) Since the MBPLE methodologies should be
applied in the two phases, it is necessary to differentiate
their domain terminologies not only for human compre-
hension but also for computer comprehension to provide
foundations for design automation.

In response to the above-mentioned issues, an RSS-
MBPLE approach is proposed in this study. It first
defines the RSS-MBPLE profile based on existing
MBPLE terms to differentiate the domain terminologies
of the two phases, i.e., architecture configuration and
standalone product selection. Then, the RSS-MBPLE
process is introduced, which not only streamlines the
entire architecture design process by applying MBPLE in
the two phases but also provides computer-aided design
tools to automate certain steps to improve design effi-
ciency.

2. Related works
2.1 Architecture design in MBSE

Architecture design is an important activity in the system
engineering process. Many classic MBSE methodologies,
e.g., object-oriented

systems engineering method

(OOSEM) [5], Harmony SE [6], Magic Grid [7], provide
guidance for architecture design tasks. Based on these
general methodologies, some in-depth research has been
conducted on specific tasks in architecture design, such as
architecture modeling, component retrieval and reuse,
and architecture evaluation. Chen et al. [8] proposed a
method for automated generation and evaluation of logi-
cal architectures. This method retrieves and combines
components into feasible architecture solutions and
selects the optimal one using multi-objective optimiza-
tion. Gao et al. [9] proposed a set of domain metamodels
and modeling patterns for communication satellite net-
works and optimized and improved the system architec-
tures based on simulation. Fu et al. [10] imported SysML
system design models into knowledge graphs to achieve
model fusion and reuse and realized automated configura-
tion of system architectures based on semantic retrieval.
Cao et al. [11] proposed a software and physical syner-
getic architecture design method, in which the physical
and software conceptual models are automatically gener-
ated from hybrid functional models based on ontological
reasoning.

However, most of the architecture design methods in
the MBSE originate from the top-down conceptual design
methodology of engineering design, that is, the top-down
functional decomposition structure is used as input, and
the system architecture is generated from the bottom-up
through component selection and integration [12]. How-
ever, these top-down architecture design methods are
mainly suitable for design from scratch and hence cannot
apply to the highly platform and product family-based
design of RSS.

2.2 Architecture design in MBPLE

To further improve the reuse of existing design assets and
shorten the delivery cycle, PLE has gradually attracted
the attention of researchers in the MBSE field and formed
a new research direction, MBPLE. Hugo et al. [13]
divided the asset reuse strategy into three generations and
gave the implementation framework of MBPLE using the
Alstom Rolling Stock product line as an example. Young
et al. [14] demonstrated the application of MBPLE
method in Raytheon. The method defines various config-
urations using the PLE tool and transforms them into
variant architecture models in the MBSE tool to support
the subsequent design process. Bilic et al. [15] con-
structed a toolchain framework for integration of the vari-
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ant management tools and MBSE modeling tools and veri-
fied its efficiency in the Volvo construction equipment
product line. Tekinerdogan et al. [16] summarized the
application experience and lessons of PLE in the field of
physical protection systems (PPS) and proposed an
MBPLE workflow suitable for the PPS product life cycle.
Forlingieri [17] defined four dimensions of variability,
namely co-variability in product, manufacturing and ser-
vices, variability in the development lifecycle, variability
in layers of abstraction, and variability in system hierar-
chy levels and analyzed their impact on the MBPLE pro-
cess. Colletti et al. [18] proposed two variant modeling
patterns and four comparison criteria to determine which
pattern is best suited to model a certain product family.
Forlingieri et al. [19] defined two variant modeling
methods in SysML based on the application of MBPLE
in Airbus. Arifin et al. [20] proposed a complete
architecture design process combining MBPLE with
genetic algorithms. This method generates a specific
physical architecture model based on MBPLE configura-
tion and uses a genetic algorithm to solve the component
selection problem in this model. Wagner et al. [21] pro-
posed a method to manage the variability inherent in
application scenarios, system architecture, and the struc-
ture of the digital twin using MBPLE. Lameh et al. [22]
integrated configuration management into feature models
so that a versioned feature model is proposed. Wager et
al. [23] extended the RFLP-framework by the viewpoint
of variability so that variability models on different hier-
archy levels can be linked to each other. Essoussi et
al. [24] proposed an approach to migrate large legacy sys-
tems with variants designed in document-based ways to
digital assets based on SysML extensions and plugins.
Colletti et al. [25,26] reviewed recent work on variant
management of simulation models and proposed an
approach leveraging SysML and its variant modeling
capabilities.

It can be seen that MBPLE is an emerging technology
that has attracted extensive attention from researchers.
However, existing methods mainly focus on how to apply
MBPLE to individual design steps instead of streamlin-
ing the architecture design process. In addition, most of
the work remains at the methodology level without com-
puter-aided design tool support.

Since many domain-specific terms are introduced in
MBPLE, extensions to the current general-purpose
MBSE languages are required. Actually, in SysML v2,

fundamental variability concepts have already been
provided to facilitate model reuse at any level of design
and maintenance of multiple variant configurations [27].
Epp et al. [28,29] analyzed the feasibility of using SysML
v2 as a variant modeling language and proposed a vari-
ant modeling metamodel based on it. Besides the lan-
guage architecture standardized by object management
group (OMQG) including unified modeling language
(UML)/SysML, meta-object facility (MOF), etc., another
important MBSE language is kombination of architecture
model specificAtion (KARMA) [30,31], which provides
a semantic specification to construct domain-specific
metamodels and languages. Its main purpose is to formal-
ize the semantics of various models to support their inter-
operability across the entire lifecycle. Since the proposed
RSS-MBPLE approach is based on SysML vl1.6, these
advanced formalisms and languages can be investigated
as our future work to migrate and adapt the approach to
future demands.

3. Problem statement and method overview

With the rapid development of remote sensing techno-
logy, various types of RSS are invented to meet the needs
of different missions. For example, they can be classified
into visible light, infrared, laser, and microwave syn-
thetic aperture radar (SAR) according to the payloads,
agile and non-agile according to the working modes,
and high-orbit, medium-orbit, and low-orbit according to
the orbits. Although RSS types are diverse, the composi-
tion of the satellite platform is essentially the same. Dif-
ferent specific architectures are generated from this com-
mon platform by configuring the numbers, types, and
specific standalone products to implement the compo-
nents according to different missions and indicators [32].
The typical development process of RSS in practice is
summarized in Fig. 1. This study mainly focuses on the
architecture design of the solution development stage.
The two core tasks of this activity are the architecture
configuration and standalone product selection. RSS
architecture configuration mainly forms the basic archi-
tecture according to different missions (such as working
mode, orbital altitude, etc.), whereas standalone product
selection is to compare and select concrete standalone
products constituting the architecture according to multi-
ple functional and non-functional requirements and indi-

cators.
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Fig.1 Typical development process of RSS

Based on traditional MBSE methodologies, the archi-
tecture design should be conducted from scratch or reuse
existing architecture design by “clone-and-modify”.
Either way is error-prone and inefficient. This issue can
be solved by MBPLE, whose basic idea is shown in
Fig. 2.

Problem space Solution space

Domain | :

! Superset model !

engineering | Feature model (150% model) !
Application i Configuration Variant model i
engineering | model (100% model) |

Fig. 2 MBPLE basic idea

The entire product family is defined as a superset
model or a 150% model since it represents the product
family whose scope is normally wider than a single pro-
duct, i.e., 100% model [13]. It contains the common parts
of all the system design models and identifies the vari-
able parts as variation points (VPs). The specific values
of the VPs are determined by the feature model, which
describes the externally visible properties of the system.
The relationships between the features and VPs are for-
mally defined by impact rules. A set of specific values of
the features in the feature model is so-called a configura-
tion (in other words, a configuration is an instance of the

feature model). Based on the impact rules between the
feature model and the superset model, a configuration can
uniquely generate a certain variant model, that is, a 100%
model. The process of constructing feature models, super-
set models, and impact rules between them is called
domain engineering and the process of generating variant
models from configurations is called application engi-
neering. The feature model and its configurations consti-
tute the problem domain and the superset model and vari-
ant models constitute the solution domain.

Based on the analysis of the RSS development process
in practice, this paper proposes an RSS-specific MBPLE
approach. The approach is summarized in Fig. 3 and con-
sists of the following two main parts.

(i) RSS-MBPLE metamodel

To represent the models involved in the RSS-specific
MBPLE process, e.g., feature models, superset models,
etc., domain-specific terminology should be formally
defined as the domain-specific metamodel according to
the domain metamodeling process. These RSS-MBPLE
model elements can clearly identify the semantics of the
models, which can facilitate both the engineers and com-
puter programs to understand the models.

(i) RSS-MBPLE process

Based on the typical RSS development process shown
in Fig. 1, an RSS-specific MBPLE process to enable its
architecture design is proposed, which covers the two
core steps, i.e., architecture configuration and standalone
product selection.

Step 1 Based on the typical missions and types of
RSS, an architecture configuration space including the
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architecture feature model, architecture superset model,
and the impact rules between the features and VPs is con-
structed. On this basis, specific architecture variant mod-
els can be automatically generated according to the given
specific feature configurations (e.g., low-orbit stable or
high-orbit agile).

Step 2 Based on the generated architecture variant
and the RSS model repository, the standalone product

937

selection space including the solution feature model,
solution superset model, and the impact rules between
them is constructed. By calculating the indicators and
comparing the feasible solutions that represent different
combinations of the standalone products, the optimal
solution can be selected and a specific solution variant
model can be automatically generated through the solu-
tion selection space.

Ve

RSS-MBPLE process

Architecture configuration space

Given a feature
configuration

Problem domain

Architecture
feature model

Solution domain

Architecture
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4. RSS-MBPLE metamodel

To describe the concepts in the RSS-specific MBPLE
process, especially considering there are two separated
MBPLE phases in the whole architecture design process,
an RSS-MBPLE metamodel is proposed based on the

Method overview

domain metamodeling process [33] as shown in Fig. 4. In
addition, to ensure the portability of the modeling ele-
ments among various mainstream SysML modeling plat-
forms, the UML/SysML lightweight extension mecha-
nism is leveraged to define the concrete model elements
using stereotypes and profiles.
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Fig. 4 Overview of the domain modeling process

The process consists of three steps: (i) Define domain
fundamentals, which determines its formal foundation of
the metamodel; (ii) Define abstract syntax, which defines
the metaclasses and relationships using the meta-object
facility (MOF 2.0); (iii) Define concrete syntax, which
defines SysML stereotypes that can be directly used in
the modeling tools by comparing and analyzing the simi-
larities and differences of the syntax and semantics
between the domain metamodel and UML/SysML meta-
model.

Based on this process, an RSS-MBPLE metamodel is
constructed and defined in MOF 2.0 as shown in Fig. 5.
The metaclasses are detailed as follows.

RSS domain-specific extension

H ArchConfigFG W

[ EArchSolutionFG]
J

(T P |

J | U

( EArchConﬁgSSModeM EArchSolutionSSModel]
)L

J

L
| |

—_| ElFeatureGroup

[1.1]
type [0..*] feature

v

[ SuperSetModel

[0..*]|property

H Property

[1..1] constrained property

[ Feature

[ FeatyireImpact

H VariationPoint

L J L

L

[1..1] feature

|| H Configuration

[0..*] configuration

Problem domain

[1..1] impacted VP

[1..1] rule

B ImpactRule

Solution domain

Fig.5 RSS-MBPLE metamodel

Feature is the core metaclass of the feature model,
which represents the externally visible properties of the
system that stakeholders are interested in. A group of
related features constitutes a FeatureGroup. Configura-
tion is an instance of a feature group, which contains a set
of specific values of features. The above-mentioned
metaclasses together constitute the problem domain of
MBPLE. The solution domain of MBPLE consists of
superset models and variant points. SuperSetModel repre-
sents the full set of target models to be constructed. Since
the superset model describes a model family containing a
set of models, it is necessary to distinguish between the
common parts and variable parts among these models.
The variable parts of the superset models are noted by
VariationPoint, which can be used to constrain any pro-
perty of the superset model, indicating that the property

will be set according to certain feature values. The impact
relationships between the problem domain and the solu-
tion domain are represented by Featurelmpact, which
connects the variant points and the features affecting
them. How the feature values affect the properties con-
strained by the variant points is specified by ImpactRule.

Since MBPLE is used for two tasks in the RSS devel-
opment process, i.e., architecture configuration and stan-
dalone product selection, it is important to extend the
above-mentioned basic concepts to distinguish the two
different problem-solution spaces. ArchConfigFG and
ArchConfigSSModel represent the feature group and
superset model for the RSS architecture configuration.
The features in the feature group include features that
affect the overall architecture of the satellite, such as
orbital altitude and maneuverability. The superset model
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describes the model family of different satellite architec-
ture configurations, such as low-orbit stable and high-
orbit agile. ArchSolutionFG and ArchSolutionSSModel
represent the RSS standalone products selection feature
group and superset model. The features in the feature
group indicate the concrete products of the components in
the architecture, such as the sun sensor products, star sen-

939

sor products, etc. The superset model represents the
model family of all specific product selection solutions.

Based on this metamodel, by extending UML/SysML
model elements, corresponding stereotypes of all meta-
classes in the metamodel can be constructed. These
stereotypes constitute the RSS-MBPLE profile, which is
shown in Fig. 6.
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Fig. 6 RSS-MBPLE profile

5. RSS-MBPLE process

The two core steps for RSS architecture design in the typi-
cal development process shown in Fig. 3, i.e., RSS archi-
tecture configuration and standalone product selection are
both supported by MBPLE to improve the design effi-
ciency and maximize the reuse of existing design knowl-
edge. The two phases are explained in detail in the fol-
lowing subsections.

5.1 Phase 1: architecture configuration

The process of the MBPLE-based architecture configura-
tion is shown in Fig. 7. The process is divided into two
major sub-processes, i.e., domain engineering and appli-
cation engineering. Domain engineering mainly con-
structs feature models, superset models, and the impact
rules between them, thereby providing a basis for the
generation of architecture variants. During the applica-
tion engineering, users can give concrete configurations
according to specific tasks and then the architecture vari-
ants can be automatically generated through the variant
generation. The following is a detailed description of the
steps in the process.

i Domain engineering ‘:
i Architecture i

1
E feature model Feature modeling| |
| (FM |
: I
i Architecture i
! | superset model Superset i
i &\ modeling i
! !
: I
i Impact Impact rule i
! 29 modeling i
\ /

Application engineering

1 |
] ]
i Configuration for i Architecture i
I'| specific mission Variant variant model | !
1 generation VM, !
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Fig. 7 Architecture configuration process

(i) Feature modeling. This step analyzes and abstracts
the missions that RSS needs to achieve and builds a fea-
ture model based on the RSS-MBPLE profile. The archi-
tecture feature model FM = {f;, f;,---} contains a set of
features that can describe the missions of the RSS. Each
feature f = (name,type) is described by its name and
value type. The value type of a feature can be Boolean,
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Integer, Real, Enumeration, etc.

(i1) Superset modeling. Superset models are built upon
the general architecture of RSS platforms using RSS-
MBPLE and RSS-arch profiles. The basic structure of the
superset model SM = (M, VP,®) is consistent with the
usual SysML system model M = {ey,e,,---} which can be
regarded as a set of model elements. The only difference
between SM and M is that any model element in SM can
be attached to a set of VPs VP = {vp,,vp,,---} to indicate
that it is a variable part of the model. @ = {(vp,e)|vp € VPA
e € M} represents the constraint relationships between
the VPs and the model elements.

(ii1) Impact rule modeling. The impact rules describe
how the properties of the model elements in the superset
model are determined by the values of the features. They
essentially reflect the design knowledge and experience
of designers. The impact relationships X = {(vp, f)|vp €
VP A f e FM} associate the features with the variant
points. Since the variant points are associated with the
model elements in SM through the constraint relation-
ships @, the feature values can determine the properties
of the variable model elements in the superset model. The
impact rules Q=FMx2X — SM describe how the fea-
tures determine the model element properties in the

superset model through the impact relationships.

(iv) Variant generation. Based on the models and
impact rules constructed in the domain engineering,
designers can set specific feature values according to spe-
cific missions. A configuration C = {cy,c;,---} is a set of
feature values ¢ = (name, value). The architecture variant
model VM, can be automatically generated from the con-
figurations by setting the values of the variable parts of
SM according to the impact rules. This automated genera-
tion is supported by MBPLE tools.

5.2 Phase 2: standalone product selection

The architecture model of RSS generated above only
describes the types, numbers, and connection relation-
ships of the system components but does not specify the
concrete standalone products used in each component.
Therefore, it is necessary to generate different combina-
tions of the standalone products from the architecture
variant model and compare and select the optimal one
according to the system indicators. One combination of
the standalone products is the so-called solution. The pro-
cess of solution selection based on MBPLE is shown in
Fig. 8. Since it also follows the MBPLE idea, the overall
workflow is similar to Fig. 7.
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Fig. 8 Solution selection process

The process contains four major activities.

Step 1 Feature and superset generation. The design-
ers build a solution feature model and the superset model
based on the architecture variant model and the stan-

dalone product models in the reusable model repository;
Step 2 Product solution generation. The designers

generate multiple feasible solutions based on the stan-

dalone products in the repository and calculate the indica-
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tors of each solution;

Step 3  Solution comparison. Through the solution
comparison based on multi-indicators, the optimal solu-
tion can be selected by designers manually;

Step 4 Variant generation. The solution configura-
tion is generated based on the optimal solution and the
variant model of the final product design solution is auto-
matically generated through the variant generation step.

Thanks to the aforementioned architecture variant
model and the standalone products model repository, Step 1
and Step 2 can be automatically completed through inter-
active algorithms, which are explained in detail in the fol-
lowing sections. And since Step 4 is already imple-
mented by MBPLE tools, the whole workflow is highly
automated and efficient.

5.2.1 Automated generation of feature and superset

models

The algorithm for automatically generating the product
selection space for solution selection including the solu-
tion feature models, superset models, and impacts between
them is shown in Algorithm 1. The input of the algorithm
is the architecture variant model VM, generated during the
architecture configuration and the reusable standalone
product model repository, and the output is the product
solution selection feature model FM,, the superset model
SM,, and the impact relationship 2, between them. Since
the main task of product solution selection is to select the
concrete products realizing the components in the architec-
ture variant model, the algorithm (Lines 5-9) first creates
SM; based on VM,. The VPs in SM; are all components
whose concrete standalone products have not been deter-
mined yet and their types are set as generic types so far. In
the variant models, the specific subclasses of the generic
types will be selected as the final types of the components.
Users can also split components based on specific needs.
For example, the gyroscope can be split into a mechanical
gyroscope and fiber optic gyroscope to support indepen-
dent selection of products. After that, the feature model
FM; is generated based on the superset model and the
reusable standalone product repository. Each feature in
FM,; controls the product selection corresponding to the
VPs in SM,.

Algorithm 1
algorithm
1 Input the architecture variant model VM,, the com-

ponent model repository Lib

2 Output the feature model FM,, super set model SM;
for product selection, and impact rules 2, between them.

3 foreach component e,=(name, type, multiplicity) in
VM, do

Component selection space generation

4 // populate SM; by copying VM,

5 clonee,=e,

6 add vp,to e,

7 add e, to SM;

8 (users can split certain ¢, to multiple components on

demand)

9 // populate FM, by creating features whose values are
from the component repository

10 foreach ¢, in SM, do

11 create f, = (e,.name, ¢,) in which ¢, is an Enumera-
tion

12 foreach ¢ in Lib do

13 if e == e,.type then add all leaf types ¢, of e as

literals of ¢,

14 add £, to FM;

15 //create impact rules

16 create ir = (e,.vp,, f;)

17 add irto 2

18 foreach /in ¢, do

19 create con = {if £, =10 e.type =1,}
20 add con to e,.vp,

Therefore, f,SFM, and e¢,€SM, have a one-to-one
correspondence and the value range of f; is all optional
products of component e, in the model repository.
Based on the above rules, f; can be created (Lines 14—17).
The mapping rule creation process between f; and the VP
vp, of e, is very intuitive, that is, any value of f, deter-
mines the corresponding product type of e, (Lines
18—23). Based on the solution selection space generated
by this algorithm, the selection of specific products in the
superset model is directly controlled by feature values,
thereby enabling the fast generation of a specific solution
model.

5.2.2 Automated generation of feasible product
solutions

The algorithm for automatically generating optional pro-
duct solutions is shown in Algorithm 2. The input of the
algorithm is the superset model SM; of the solution selec-
tion space, the standalone product model repository Lib,
and the condition set F that is used as the filters to the
feasible standalone products. The output is the set of all
feasible solutions noted as PPS. The algorithm (Lines
5—13) first searches for all standalone products p; of all e,
with VPs in SM; in the model repository Lib and adds
them to P, which contains the feasible standalone prod-
ucts of all elements with VPs. After that, by calculating
the Cartesian product of all optional sets of components
in P, the set PSS containing all the optional product solu-
tions is generated (Lines 15—17).
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Algorithm 2  Product solutions generation algorithm

1 Input the superset model SM; for product selection,
the component model repository Lib, the filter of proper-
ties £

2 Output

3 create P = @ // the set of all the possible products of
each component which has an VP

the set of product solutions PSS

4 // populate P by scanning the model repository

5 foreach component ¢, in SM; and e,.vp, is not null do

6 create P, = @ // the set of all products of component e,
in Lib

7 foreach e in Lib do

8 if e == e .type then

9 foreach p which is a descendant of e do

10 if p is a leaf and p satisfies F then add p to P,
11 addP.toP

12 //populate PSS by combining all the products in P

13 foreach P.in P do

14 PSS=PSS x P,

6. Case study

In this section, a typical RSS control subsystem is used as
an example to illustrate the proposed method. This
method is implemented based on a mainstream MBSE
platform Cameo System Modeler 19.0 and its plugin
MBPLE.

6.1 RSS control subsystem

The RSS control subsystem is a typical complex system.
It is mainly involved in the attitude and orbit control of
the entire satellite. It has complex structures and func-
tions, fixed common architectures, and rich specific con-
figurations [34]. It works with the propulsion subsystem
to complete the attitude and orbit control of the satellite
in various working modes during the on-orbit period and
other related tasks in accordance with the payload work-
ing requirements. The general configuration of the RSS
control subsystem is shown in Fig. 9. It is mainly com-
posed of three parts, i.e., controllers, sensors, and actua-
tors. The identifier after the name of each component
indicates the number of configurable units. For example,
0-1 Sun Sensor[0-*] means there can be none or many
0-1 Sun Sensors in the system.

Controllers
Control Status
instructions| flags
Central control unit[ 1-*] | < > | Drive control unit[ 1-*] |
Remote control|Analogs,
power supply | etc.
4 AN Z4Y N Z
& Lvd ~z Sz AD and current ||| [Propulsion power
Photocurrent | | RS422 | | Bus | Telemetry amplifier
7 7~ ~ 7~ 7 EN T acquisition Drive signal
Z z 2 Z Avd Z 2 v Jl
- 2
gl lwg| |= 8| |5 - 3 & 5 S § 2 5
_ g S & s 2 ° 3 S 3 =t T E 5 3
- O = O = o = 2 Q 7 s =R = @
> A g @ &b @ e g 2 S 5 S5 oh & Propulsion
sl || 8| |22 | &2 || & 2 =3 s S y
N @ @ k= n ] 8 E p= subsystem
3
[0-*] [1-*] 1-* 1-* 1-* [1-*] *
Sensors Actuators

Fig. 9 General architecture of the control subsystem

Based on the general architecture, as shown in Table 1,
according to specific application scenarios of RSS, they can
be divided into several typical configurations, such as low-
orbit stable, low-orbit agile, high-medium-orbit stable, and

high-medium-low-orbit agile. Taking the low-orbit stable
RSS as an example, its typical configuration is shown in
Fig. 10. The typical configuration of sensors is star sensorx3,
gyroscopex3, digital sensorx1, analog sensorx5, infrared
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earth sensorx2; the typical configuration of actuators is  netic torquerx3; the typical configuration of controllers is
momentum wheelx5, solar panel drive mechanismx2, mag-  central control unitx1 and drive control unitx1.

Table 1 Typical configurations of RSS

Typical configuration Application description
Low orbit stable Applicable to satellites working in low orbit in steady state or with general attitude maneuvering/side swinging capability
Low orbit agile Applicable to satellites with high requirements for low orbit attitude maneuvering capability
Medium and high ~ Applicable to satellites working in medium and high orbit in steady state or with general attitude maneuvering/side swinging
orbit stable capability

. . Applicable to medium, high, and low orbits, with high system integration, high-precision measurement, pointing, and rapid
Medium, high, and . s . . L L .
maneuvering capability can be achieved through the optional three-supervision platform, achieving comprehensive

low orbit agile .
performance improvement

Controllers

Control Status
instructions|  flags

Central control unit[1] | < > | Drive control unit[1] |
Remote control{Analogs,
power supply | etc.

74y 4N a8 P2 £y
~z 7 <z A4 [AD and current]|[[Propulsion power
Photocurrent | | RS422 | | Bus | Telemetry amplifier
7~ 7 7 7~ 7S £ kN acquisition Drive signal
& & < & 4 L J
o )
[ Jé = 2 = =)
= [0 = =
o 2 — 2 [53 — 2 8“ - E 2] 2
[SR=] s g o = g = =2 5]
=5 s 0 - @® 5] 2 g L =
s 2 B2l |32 @ g g g 5 ;
- <
2z & g g 5 g £ g% 5 Propulsion
= g
7 Al | @ o £ 8 E = - subsystem
— [«
= 197}
[5] [1] [2] [4] [3]
[3] (2] [3]
Sensors Actuators

Fig. 10 Typical configuration of low-orbit stable RSS control subsystem

After determining the architecture configuration of the  dalone product for each component. For example, Table 2
control subsystem, it is also necessary to select a concrete stan- shows a list of available star sensor products for low-orbit RSS.

Table 2 List of available star sensor products

Number Name Product technical status Application

Measurement accuracy (30): 3"(x/y), 25"(z) Optical axis thermal drift better than
0.3"/°C Stray light suppression angle: 35° Dynamic performance: 3°/s Data update
rate: 12 Hz Weight: probe 800g; line box 700g Power consumption: probe 1.8 W;

line box SW Power supply: 20—50 V, relay mode configurable Data interface:
RS422, 1553

Measurement accuracy (30): When the absolute value of angular velocity is less
than 0.1%s, single head: x/y<1"; z<30" Two probes: When the installation angle is
90°, <0.7"(x/y); <0.7"(z) When the installation angle is 60°, <0.9"(x/y); <1.0"(z)

Three probes: When the installation angle is 90°, <0.6"(x/y); <0.6"(z) When the
5 High-precision star  installation angle is 60°, <0.8"(x/y); <1.0"(z) Optical axis thermal drift is better Applicable to low,

sensor APS II type than 0.3"/°C (15°C—25°C) Sunlight suppression angle 30° Earth-air light medium, and high orbits
suppression angle 30° Dynamic performance: 2°/s Data update rate: 8 Hz Weight:
Probe <3.7 kg, circuit box <7 kg Dimensions: Probe 156 mmx170 mmx392 mm
Line box 144 mmx196 mmx=258.5 mm Power consumption: Probe <4 W, Line
box <45 W. Data interface: 1553B interface Power supply: +28—+42 V

1 High-precision star
sensor APS VI type

Applicable to low,
medium, and high orbits
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Continued
Number Name Product technical status Application
Field of view (°): 2x2; Sensitive magnitude (Mv): +10.5; Optical axis pointing
accuracy (30): 0.3"; Update rate (Hz): 8; Dynamic performance (°/s): 0.2;
. .. Working temperature (‘C): —30—+40; Sunlight suppression angle (°): 35; Body .
3 tUltra;lh‘g:‘ /f{,"“s“f;"n size (mmxmmxmm): Probe: 360360 x655; Line: 190x110 x157; Weight (kg): gpﬂlca:éehtio f}"“;l’ji )
star senso ype Probe: to be determined; Line: to be determined; Electrical interface: edium, a gh orbits
RS422/1553B/LVDS; Power consumption (W): Probe: 2; Line: 10;
Design life (a): 15;
Measurement accuracy (30): When angular velocity <0.1/s, better than 0.5" (X/Y);
Angular velocity 0.1—1 /s, better than 1" (X/Y) Angular velocity 1-2/s, better than
2" (X/Y) Angular velocity 2—5/s, better than 15" (X/Y) Optical axis thermal drift is
4 Ultra-high precision ~ better than 0.1"/°C (15°C—25°C) Sunlight suppression angle 30° Earth-air light Applicable to low,

star sensor APS II  suppression angle 30° Dynamic performance: 5°/s Data update rate: 8§ Hz Weight:

probe <5 kg, circuit box <10 kg Dimensions: probe 156 mmx170 mmx392 mm
Circuit box 144 mmx196 mmx258.5 mm Power consumption: probe <4 W,
circuit box <45 W. Data interface: 1553B interface Power supply: +28—+42 V

medium orbits

The basis for selecting a standalone product is the

as weight, attitude determination accuracy, attitude  Fig. 11.

Control
subsystem

pointing accuracy, maneuverability, and stability. The
typical indicators of the control subsystem, such  decomposition of each system indicator is shown in

<
4_
4_
4_
4_

4_

<_

Fig. 11 Decomposition of control subsystem indicators
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It can be seen that the system indicators are mainly
impacted by the indicators of the standalone products.
Therefore, using the decomposition relationship and con-
trol theory, the mathematical relationships between the
system-level indicators and the standalone product indi-
cators can be given. Based on these mathematical equa-
tions, the indicators of various product design solutions
can be calculated and compared so that the optimal one
can be selected.

From the analysis of the RSS control subsystem, it can
be seen that it has the characteristics of complex architec-
ture and diverse constraints. Considering it has a strong
inheritance but rich specific configurations, it is suitable to

«ArchConfigFG»
RSS Control Subsystem features ||

attributes
«f»+Orbit height : Orbit height
«f»+Maneuverability : Maneuverability

leverage the MBPLE principles to support its architecture
design. The RSS-MBPLE approach including two phases
is illustrated in the following two sections. The SysML
platform used in the case study is Cameo System Modeler
19.0. The two algorithms are also implemented as plugins
to be seamlessly embedded in the design process.

6.2 Architecture configuration

The purpose of the control subsystem architecture config-
uration is to generate architecture variants based on the
typical configurations of the control subsystem according
to the missions, e.g., the low-orbit stable RSS architec-
ture. The process is shown in Fig. 12.

«ArchConfigSSModel»
Control Subsystem

parts
)d 1Sun sensor : 0-1Sun sensor [0..]
Analog sun sensor : Analog sun sensor [1..%]
igital sun sensor : Digital sun sensor [1..%]

if(orbital altitude=‘low orbit”){0-1sun

hﬁfrared earch Sensor : Infrared earch Sensor [1.."]
T'élar sensor : Star sensor [1..]
JSyro: Gyro[1.7]

2anel drive mechanism : Panel drive mechanism [1..%]
gnetic torquer : Magnetic torquer [1..*]

(a) Architecture feature model

sensor.Multiplicity=0}
= Sypas i Tvper if(maneuverability="stable”) {actuator. Type=
Orbit height | |Maneuverability b Y uafor. 1yp *?Actuator Actuator [1.]
momentum wheel}
High orbit Agile
Low orbit Stable
Medium orbit

ntral control unit : Central control unit [1..%]
ive control unit : Drive control unit [1..%]

(b) Architecture superset model

«ArchConfigFG»
Low orbit stable : RSS Control Subsystem features
Maneuverability = Stable “

Orbit height = Low orbit

(c) Low-orbit stable configuration

Fig. 12

The steps
follows:

of architecture configuration are as

(i) According to the missions of the RSS, extract the
two features, i.e., orbital altitude and maneuverability and
construct the feature model shown in Fig. 12(a);

(i1) Construct the superset model based on the general
configuration of the control subsystem shown in Fig. 9
and create variant points according to the variable parts as
shown in Fig. 12(b);

(iii) Establish the impact relationship and impact rules

Automatically generated

«ArchConfigSSModel»
Control Subsystem

part:
)ﬂ 1Sun sensor : 0-1Sun sensor [0]

)Analog sun sensor : Analog sun sensor [5]
‘:ﬂgnal sun sensor : Digital sun sensor [1]

)aﬁfrared earch Sensor : Infrared earch Sensor [2]
>=$tar sensor : Star sensor [4]

Kiyro Gyro [3]

MCtuator Momentum w heel [5]

)!Panel drive mechanism : Panel drive mechanism [2]
Wagnetlc torquer : Magnetic torquer [3]

KJEntraI control unit : Central control unit [1]

vae control unit : Drive control unit [1]

(d) Low-orbit stable architecture variant

Control subsystem architecture configuration process

between features and variant points. For example, the rule
if(orbitalaltitude=‘loworbit’) {0—1solarsensor.Multiplic-
ity=0} means that when the orbital altitude in the feature
model is low orbit, the number of 0-1 solar sensors in the
architecture variant is 0; the rule if(maneuverability {=}
‘stable’) {actuator.Type=momentumwheel} means that
when the maneuverability in the feature model is stable,
the actuator type in the architecture variant is momentum
wheel.

(iv) Since the above process establishes the impact
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rules between the feature model and the architecture

superset model, when a specific

configuration is given,

the corresponding architecture variant can be automati-
cally generated following the rules. For example, given

the low-orbit stable configuration

in Fig. 12(c), the archi-

tecture variant shown in Fig. 12(d) can be automatically

generated.

6.3 Standalone product selecti

on

Based on the low-orbit stable architecture, designers can
make specific selections for the standalone products from
the standalone product model repository to generate the

Low-orbit stable
architecture variant

«ArchConfigSSModel»
Control Subsystem

)

b’
[v
.
-

S parts
%0-1Sun sensor : 0-1Sun sensor [01
Mnalog sun sensor : Analog sun sensor [5]
Rﬁgital sun sensor : Digital sun sensor [1]

frared earch Sensor : Infrared earch Sensor [2]
1ar-senscr.-swr| sensor [4]

3yro: Gyro[3]

ctuator : Momentumw heel [5]

’anel drive mechanism : Panel drive mechanism [2]

<<

viagnetic torquer : Magnetic torquer [3]

JCentral control unit : Central control unit U]
Tbrive control unit : Drive control unit [1]

arfgy

Control subsystem solution

attributes

final product design solution.

(i) Automatic generation of feature and superset mo-
dels for product selection

Since the standalone product selection still adopts the
MBPLE concept, it is necessary to construct the feature
model and superset model for this process. The feature
and superset models can be automatically generated fol-
lowing Algorithm 1. The whole process is illustrated in
Fig. 13. The input of the algorithm is the low-orbit stable
architecture variant model shown in Fig. 12(d) and the
standalone product model and constraint repository. They
are also illustrated in the upper part of Fig. 13.

Control subsystem standalone
product repository

] 01 Momentum Wheel
i 01 Momentum Fheel

|
|
|
|
|
|
J 03 Actuator |
High torque 350/25 flywheel 1A |
Integrated 125lins high anguler momentum flywheel |
Universal ball bearing type 350/25 flywheel 1BH |
B~ Universal ball bearing type 350/50 flywheel 1C :

|

|

|

|

«Subsystem»
«ArchSolutionSSModel»
Control subsystem

constraints

: Orbit attitude determination accuracy

: Relative attitude determination accuracy

- Attitude pointing accuracy

* Momentum w heel combination 12345

: Satellite stability calculation

«f»+Star sensor 1 selection : 01 Star sensor type = Generics

«f»+Star sensor 2 selection - 01 Star sensor type = Generics

«f»+Digital sun sensor selection : 02 Digital sun sensor Type = Generics
«f»+Selection of Analog solar sensor 1: 03 Analog solar sensor = Generics
«f»+Selection of analog solar sensor 2 : 03 Analog solar sensor = Generics.
«f»+Selection of analog solar sensor 3 : 03 Analog solar sensor = Generics
«f»+Mechanical gyroscope selection : 04 Mechanical gyroscope Type = Generics
«f»+Fiber Optic Gyroscope selection : 05 Fiber Optic Gyroscope Type = Generics
«f»+Infrared Earth Sensor 1 selection : 06 Infrared Earth Sensor Type = Generics
«f»+infrared Earth Sensor 2 selection : 06 Infrared Earth Sensor Type = Generics
«f»+Actuator selection : 07 Momentum w heel Type = Generics

«f W heel 10 W heel Constraint = 12345
«f»+Magnetic Torquer selection : 08 Magnetic Torquer Type = Generics
«fy+Central control unit selection : 09 Central control unit Ty pe = Generics
«f»+Drive control unit selection : 10 drive control unit Type = Generics

«f»+Solar panel drive mechanism selection - 11 Solar panel drive mechanism Type =

T

If(Actuator selection="High torque

350/25 fly wheel

«valueTypex»
07 Momentum wheel Type

1A’){Actuator. Type=High

Generics

High torque 350/25 flyw heel 1A

Universal ball bearing type 350/25 flyw heel 1B
Universal ball bearing type 350/50 flyw heel 1C
Integrated 125Nms high angular momentum flyw he

torque350/25 fly wheel 1A}

el

(a) Solution feature model

: Attitude determination accuracy
: Weight calculation

- parts
Star sensor1 : Star sensor [2]
Slar sensor2 : Star sensor [2]
Analog sun sensor1 : Analog sun sensor [1]
énalog sun sensor2 : Analog sun sensor [2]

nalog sun sensor3 : Analog sun sensor [2]

Fiber optic gyro : Gyro [1] |
infared garth sensort: infared earth sensor [1]
,waared earth sensor2 : Infared earth sensor [1]
Actuator : Momentum w heel [5]
‘Magnetic torquer : Magnetic torquer [3]

ntral control unit : Central control unit [1]

ive control unit : Drive control unit [1]
“Sun panel drive mechanism : Panel drive mechanism [2]
'Magnetlc torquer1 : Magnetic torquer [3]
,Cen(ral control unit1 : Central control unit [1]
‘Orive control unit1 : Drive control unit [1]

values
Total weight (kg) : mass|kilogram{unit = kilogram}
Inertial system attitude determination
Accuracy (30) (Angle of second )
Orbital system determination accuracy (36> (Angle of second )
Relative attitude determination accuracy (30) (Angle of second )
| Attitude pointing accuracy (30) (30> (Angle of second )
Side sw ing maneuverability: s/301
Pitch maneuverability: s/30° |
LY aw mane: ility: s/30°
Roll axis stabilig (/s>
Pitch axis stabj s>
Yaw axis stal I8

(b) Solution superset model

\ Pitch

ability:s/30° Il

[ Side swing maneuverability:s/30° Ii

«constraint»
+ MK wheel i

(c) Calculation of maneuverability

Fig. 13 Control subsystem solution feature model and superset model

The first output model is the Solution superset model
as shown in Fig. 13(b). It is identical to the architecture

variant model except that some components whose multi-
plicity is greater than 1 are split into multiple compo-



WANG Yaodong et al.: An MBPLE-enabled architecture design method for remote sensing satellites

nents since they need to be realized by different stan-
dalone products. For example, Gyro whose multiplicity
equals 3 is split into two components, i.e., Fiber optic
gyro and Mechanical gyro to support the independent
selection of the two. In addition, constraints (such as
momentum wheel combination 12345, etc.) and indica-
tors (such as pitch maneuverability, yaw maneuverability,
and roll maneuverability, etc.) are manually added to the
superset model. The final solution superset model con-
tains 17 VPs, used to support the selection of different
components and constraints.

The second output is the Solution feature model
as shown in Fig. 13(a). The features have one-to-one
correspondences with the VPs in the superset model.
The possible values of each feature are generated by
scanning the standalone product repository. For example,
there are four products that can implement Momentum

947

wheel, e.g., High torque 350/25 fly wheel 1A, Integrated
125 Nms high angular momentum flywheel, etc.
They constitute an enumeration 07 Momentum wheel
Type, which is set as the type of the feature Actuator
selection.

The third output is the impact rules between features
and VPs. They simply reflect the mappings between fea-
ture values and standalone products, e.g., If(Actuator
selection="High torque 350/25 fly wheel 1A’){Actuator.
Type=High torque 350/25 fly wheel 1A}.

(i1) Product solution generation and comparison

Following Algorithm 2, by inputting the Solution
superset model shown in Fig. 13(b) and the standalone
product repository, all the feasible standalone product
combinations can be automatically generated. They are
represented as instances of the solution superset model.
Fig. 14 shows five solutions with parameters.

Tnextial Relative stritude
— o Total i tad Orbital systen attitude pointing
: “}’1“5"1“"‘ ‘“g“e e weight s ? 1 ‘i deternination deternination accuracy Side swing Pitch Yaw Roll axis Pitch aris Yaw axis
# Nane O o] st 0 (ke) = wccuraey 30) accuracy (30)" | (¥ naneuverability:| (W maneuverability: |[¥ maneuverability: stability stability stability
9945 P iem _mass "oy (angle of (30) (30) /30° /30° /30° [GEH /= (GO
@ [kilogran] (amgle of second ) (angle of (angle of
b second ) second )
=) Homentun whe =1 : 100Am2Maen|
1 = Solutionl = : 100im2Hagn|166. 38 kg 0. 7769 4.0747 0.002 0.0757 307.4771 316.6221 303.8597 0.0002 0.0003 0.0003
= : 100Am2Hagn
= Momentun whe =1
=1 Solution2 = : 224.62 ke 4.6614 6. 1424 0.002 0.0757 251,054 1265.0509 268. 459 (0. 0002 0. 0003 0.0003
=
=1 Homentun whe = :
3 = Solutiond =1 205.43 kg 0.3574 4.0159 0.002 0.0757 251.054 1265. 0509 268. 459 0. 0002 0.0003 0.0003
= :
= Homentun vhe = :
4 =1 Solutiond = : lagn|114.67 ke 0.9323 4.1072 1.3333 0.0757 307. 4771 1265. 0663 285.276 0.0034 0. 0033 0.0033
= ot
= Momentum whe =1 : 100Am2Hagn|
3 = Solutiond = : 1004n2Hagn|133.01 ke 0. 4661 4.0271 3.6667 0.0737 07. 4771 316.6221 303.8597 0.001 0.0011 0.0011
= : 1004m2Hagn|
Fig. 14 Five solutions of the control subsystem

The key indicators of the solutions can be calculated
according to the parameters of standalone products. This
calculation is automated by running the instance table
against the parametric diagrams defining the calculation

formulas as shown in Fig. 13(c). As shown in Fig. 15, the
key indicators of various solutions are calculated. By
comparing the indicators, Solution 5 is selected as the
optimal solution.

‘ Inertial Orbital | Relative Attitude [
Total system system ‘ attitude pointing Pitch
| by attitude determination | determination accuracy Side swing Pitch Yaw Roll axis i Yaw axis
| # Name (k) omgs | _determination accuracy | accuracy (30) naneuverability: | maneuverability: | maneuverability: | stability | . iiie, | Stability
. Accuracy M (30) E (30} [ (Angle of s/30° /30" 5/30" /s) - o C/a}
‘ Ledezze (30) (Angle of (Angle of ascpmedl i © @ cm @
(Angle of second) ‘ second) ‘
carnnd )
1 | & Solutionl [166.38 0. 7769 o 0747 0. 002 0. 0757 307. 4771 316. 6221 303. 8597 0. 0002 0..0003 0. 0003
2 | © Solution2 224.62 kg 48614 6.1424 0. 002 0. 0757 251. 054 265. 0509 268, 450 0. 0002 0..0003 0. 0003
3 | © Solutiond |205.43 ke 03574 40159 0. 002 0. 0757 251, 054 265. 0509 268, 459 0. 0002 0..0003 0. 0003
4| O Solutions |114.67 kg  0.9323 41072 1.3333 0. 0757 307, 4771 265. 0663 285. 276 0. 0034 10,0035 0.0035
5 | © Solution3 133.01 kg  0.4661 40271 3. 6667 0. 0757 307. 4771 316. 6221 303. B597 0. 001 0.0011 0. 0011

Fig. 15

Comparison of indicators of the five solutions



948 Journal of Systems Engineering and Electronics Vol. 37, No. 3, June 2026

(iii) Solution variant generation

After obtaining the optimal solution, i.e., Solution 5,
the feature model can be instantiated and confi-
gured according to this solution as shown in Fig. 16(a).

afgs
Soluition 5 : Control solution

Actuator selection = High torque 350/25 fiywheel 1A
Central control unit selection = Central control unit (2A-2 type)
Digital sun sensor selection = Integrated coded sun sensor
Drive control unit selection = Drive control unit type 21
Fiber Optic Gyroscope Selection = High-precision 65 fiber optic gyro inertial attitude sensor type 1
Infrared Earth Sensor 1 Selection = Long-ife integrated conical scanning infrared earth sensor (Type 2A)
Infrared Earth Sensor 2 Selection = Miniaturized GEO Swing Scanning Infrared Earth Sensor
Magnetic Torquer Selection = 200Am2 magnetic torque device
Mechanical gyroscope selection = 35 three-floating gyro inertial attitude sensor
Momentum wheel configuration = 2345
Selection of Analog solar sensor 1 = Analog sun sensor type Il
Selection of analog solar sensor 2 = Analog sun sensor type III
Selection of analog solar sensor 3 = Analog sun sensor type III
Solar panel drive mechanism = Series Il 1J solar array drive mechanism
Star sensor 1 selection = High-precision star sensor APS |1
Star sensor 2 number = 2
Star sensor 2 selection = High-precision star sensor APS 11

(a) Solution 5 configuration

Automatically
generated

According to this configuration, the solution superset
model can be transformed into a specific solution
variant corresponding to Solution 5 as shown in
Fig. 16(b).

«Subsystems
Control subsystem

!
[#dagnetic torquer - 200Am2Magnetic torque device [3]

1Central control unt : Central control unit (2A-2 type) [1]

Hrive control unit - Drive control unit2-1 type [1]

[Star sensor1 : High-precision star sensor APS Il[2]

¥Star sensor2 - High-precision star sensor APS Il [2]

tAnalog sun sensor1 - Analog sun sensor type Il [1]

IAnalog sun sensor2 - Analog sun sensor type Il [2]

[nalog sun sensor3 : Analog sun sensor type ll[2]

Hiechanical gyroscope : 38 three-floating gyro inertial attitude sensor (2]
Iriber Optic Gyroscope - High-precision 65 fiber optic gyro inertial attitude sensor type 1[1]
Hiirared Earth Sensor1 - Long-ife integrated conical scanning infrared earth sensor (Type 24) [1]
Hinfrared Earth Sensor2 : Miniaturized GEO Swing Scanning Infrared Earth Sensor [1]

|:Solav panel drive mechanism: Series Il 1J solar array drive mechanism(2]

(b) Solution 5 architecture

Fig. 16 Configuration and solution variant of Solution 5

7. Discussions

To demonstrate the advantages of the proposed RSS-
MBPLE approach over the traditional MBSE methodol-
ogy, Fig. 17 shows the comparison between the two
workflows.

It can be seen that the traditional MBSE methodology
shown in Fig. 17(a) heavily relies on the manual action
“clone-and-modify” due to the lack of efficient architec-
ture-level reusability. Specifically, to create a specific
architecture for low-orbit stable satellites, the designers
have to clone the existing reference architecture
model and then modify it manually according to their
design knowledge, e.g., the low-orbit stable satellite
should have five analog sun sensors and three gyros, the
gyros should be split to two separate components to hold
different standalone products. Then, after the concrete
standalone products are determined, the specific solution
model should be cloned and modified from the reference
model.

On the contrary, the RSS-MBPLE replaces the “clone-
and-modify” actions by design automation. In MBPLE
phase 1, the low-orbit stable architecture variant can be
automatically generated from the superset model based
on the configurations of the simple and user-visible exter-
nal features. Then, the solution superset model can be
generated semi-automatically by Algorithm 1 shown in
Subsection 5.2.1. Finally, the specific solution model can
be automatically generated from this superset model
through feature configuration again in MBPLE phase 2.

From the comparison, it can be seen that the proposed
RSS-MBPLE can dramatically improve the design effi-
ciency. The main enablers are the reusable design knowl-
edge consolidated in the MBPLE core assets. Unlike tra-
ditional MBSE, which only supports component-level
reusability based on component repositories, the reusable
assets in MBPLE are feature models, superset models,
and impact rules between them, which enable architecture-
level reusability. Take the design knowledge “the low-
orbit stable satellite should have five analog sun sensors
and three gyros” as an example, this knowledge no longer
stays in designers’ minds but is explicitly defined as
impact rules between the features “Orbit height” and
“Maneuverability” and the components “analog sun sen-
sor” and “gyro”. Thanks to the formally defined design
knowledge, automation tools and algorithms can be
developed to enable design automation and eliminate
manual effort.

Another observation is that from Fig. 17(b), it can be
seen clearly that the proposed RSS-MBPLE workflow
contains two phases. Moreover, the two phases are
closely related because the feature and superset models of
Phase 2 are determined by the architecture variant gener-
ated in Phase 1. Such a relationship makes the manual
construction of the problem and solution space of
MBPLE Phase 2 tedious and non-feasible. This issue was
discussed in Subsection 5.2 and the corresponding
automation algorithms are proposed, which demonstrates
the advantage of the proposed RSS-MBPLE approach
over existing MBPLE methods.



Reference architecture model

«block»
Control Subsystem reference

parts
0-1Sun sensor : 0-1Sun sensor [0..7]
Analog sun sensor : Analog sun sensor [1..%]
Digital sun sensor : Digital sun sensor [1..*]
Infrared earch sensor : Infrared earch sensor [1..]
Star sensor : Star sensor [1..]
Gyro: Gyro[1..] ’I
Actuator : Actuator [1..%]
Panel drive mechanism : Panel drive mechanism [1..7]
Magnetic torquer : Magnetic torquer [1..%]
Central control unit : Central control unit [1..*]
Drive control unit : Drive control unit [1..%]

Architecture
configuration

Clone and modify
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Reference model for solutions

«Subsystem»
Control subsystem

parts
Star sensor1 : Star sensor [2]
Star sensor2 : Star sensor [2]
Analog sun sensor1 : Analog sun sensor [1]
Analog sun sensor2 : Analog sun sensor [2]
Analog sun sensor3 : Analog sun sensor [2]
Mechanical gyro : Gyro [2]
Fiber optic gyro : Gyro [1]
Infared earth sensor1 : Infared earth sensor [1]
Infared earth sensor2 : Infared earth sensor [1]
Actuator : Momentum w heel [5]
Magnetic torquer : Magnetic torquer [3]
Central control unit : Central control unit [1]

Drive control unit : Drive control unit [1]
Sun panel drive mechanism: Panel drive mechanism[2]
7

Specific solution model

«Subsystem»

Control subsystem solution 5

Solution
selection

parts
Magnetic torquer : 200Am2Magnetic torque device [3]
Central control unit : Central control unit (2A-2 type) [1]
Drive control unit : Drive control unit2-1 type [1]
Star sensor1 : High-precision star sensor APS Il [2]
Star sensor2 : High-precision star sensor APS Il [2]
Analog sun sensor1 : Analog sun sensor type Il [1]
Analog sun sensor2 : Analog sun sensor type Il [2]
Analog sun sensor3 : Analog sun sensor type Ill [2]

Mechanical gyroscope : 3S three-floating gyro inertial attitude sensor [2]

Fiber Optic Gyroscope : High-precision 6S fiber optic gyro inertial attitude sensor type 1 [1]
Infrared Earth Sensor1 : Long-life integrated conical scanning infrared earth sensor (Type 2A) [1]
Infrared Earth Sensor2 : Miniaturized GEO Sw ing Scanning Infrared Earth Sensor [1]

Solar panel drive mechanism: Series Il 1J solar array drive mechanism[2]

L

(a) Traditional MBSE architecture design workflow

Architecture superset model

Specific architecture variant model

infrared

-18Sun sensor : 0-1Sun sensor [0..*]
Analog sun sensor : Analog sun sensor [1..*]
vigital sun sensor : Digital sun sensor [1..*]

Star sensor : Star sensor [1..7]

anel drive mechanism : Panel drive mechanism[1..7]
lagnetic torquer : Magnetic torquer [1..*]

~entral control unit : Central control unit [1..%]

Drive control unit : Drive control unit [1..%]

«ArchConfigSSModel» «ArchConfigSSModel»
Control Subsystem Control Subsystem
parts parts

v
Y

earch Sensor : Infrared earch Sensor [1..*]
Automatically
configured

v

AJ-1Sun sensor : 0-1Sun sensor [0]

Analog sun sensor : Analog sun sensor [5]

Digital sun sensor : Digital sun sensor [1]

nfrared earch Sensor : Infrared earch Sensor [2]
Star sensor : Star sensor [4]

“Syro : Gyro [3]

Actuator : Momentum w heel [5]

nel drive mechanism : Panel drive mechanism [2]
b lagnetic torquer : Magnetic torquer [3]

HCentral control unit : Central control unit [1]

Drive control unit : Drive control unit [1]

Architecture
configuration

Solution superset model

«Subsystem»

Specific solution model

Control subsystem Automatically

tar sensor1 : Star sensor [2]

nalog sun sensor1 : Analog sun sensor [1]
nalog sun sensor2 : Analog sun sensor [2]
Analog sun sensor3 : Analog sun sensor [2]
echanical gyro : Gyro [2]

infared earth sensor2 : Infared earth sensor [1]
Actuator : Momentumw heel [5]

Vlagnetic torquer : Magnetic torquer [3]

entral control unit : Central control unit [1]

Drive control unit : Drive control unit [1]

un panel drive mechanism: Panel drive mechanism[2]

parts configured

«Subsystem»
«ArchSolutionSSModel»

Control subsystem

Magnetic torquer : 200Am2Magnetic torque device [3]

Analog sun sensor3 : Analog sun sensor type Il [2]
chanical gyroscope : 3S three-floating gyro inertial attitude sensor [2]

frared Earth Sensor1 : Long-life integrated conical scanning infrared earth sensor (Type 2A) [1]
rared Earth Sensor2 : Miniaturized GEO Sw ing Scanning Infrared Earth Sensor [1]
lar panel drive mechanism : Series Il 1J solar array drive mechanism|[2]

parts

MBPLE Phase 2:
Solution
selection

ntral control unit (2A-2 type) [1]

8. Conclusions

RSS is a typical

(b) RSS-MBPLE workflow for architecture design

Fig. 17

Comparison between traditional MBSE and RSS-MBPLE workflows

MBPLE Phase 1:
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design is challenging. By observing the characteristics of

common platforms with various configurations specific to

complex system whose architecture

different missions, the MBPLE methodology can be
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leveraged to support its architecture design. Through the
analysis of the development process of RSS in practice,
an RSs-MBPLE approach is proposed. The main contri-
butions of this study can be summarized as follows.

(1) The RSS-MBPLE profile is defined to represent the
RSS-specific MBPLE concepts in SysML. Based on this
profile, the semantics of the models involved in the RSS-
MBPLE process can be explicitly indicated, which can be
understood by both human-beings and computer pro-
grams.

(i1) A practical tool-supported RSS-MBPLE process is
proposed, which can be seamlessly integrated into the
RSS development process in practice. The RSS-MBPLE
process includes two phases to accomplish the two key
tasks of architecture design, i.e., architecture configura-
tion and standalone product selection with high quality
and efficiency.

The proposed method is implemented in a mainstream
SysML platform with plugins. A case study of the low-
orbit stable RSS control subsystem has demonstrated the
efficiency of the method.

Future works include two folds. The domain-specific
modeling profile and model repository can be further
enriched by analyzing more types of RSS. The degree of
automation and intelligence of the MBPLE-enabled
method can be improved from various aspects such as
intelligent learning and generation of feature models and
automated selection of optimal solutions.
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