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Abstract

Integrating new functions into the aircraft can, for example, increase performance or reduce fuel consumption. Since the
installation of such additional functions increases the overall aircraft complexity, it is crucial to adapt methods and tools
that support the development and ensure traceability, consistency, and verifiability. In this context, model-based systems
engineering and the associated Systems Modeling Language (SysML) have been established as a standard methodology. This
paper presents an overview of a system development and modeling process with SysML at the concept design stage using
a position-variable shock control bumps system as an example. In addition to the system modeling, safety and reliability
analyses have to be considered during the design process. To keep both, the model and the associated safety assessment
consistent, this work introduces an extension of SysML to enable the execution of a functional hazard assessment (FHA)
according to the ARP4754A and ARP 4761 guidelines. This is the first step in conducting a model-based safety assessment.
Furthermore, a modeling process with concepts management methods is performed. In summary, the presented modeling

process consists of three main parts: the system modeling, functional hazard assessment and concept management.

Keywords SysML - FHA - MBSE - MBSA - Model-based design

1 Introduction

The design of complex systems requires a methodological
approach which contains different steps such as problem and
requirements formulation, solutions search, documentation
and evaluation [1]. Different design methods were developed
to support the system design process [2, 3]. In the aerospace
field, especially the INCOSE systems engineering process
is well known and frequently used. This holistic interdis-
ciplinary approach describes the system design over the
complete lifecycle [4]. The process is originally document-
based. However, it is difficult to reuse such document-based
developments and models [5].

Through the introduction of the system modeling lan-
guage SysML, model-based systems engineering (MBSE)
became more and more important for the design of com-
plex systems [6]. The modeling with SysML can enable a
consistent and reusable system design. Besides, through the
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representation of different views, MBSE creates the oppor-
tunity to improve collaboration among different engineering
fields [5]. It should be noted, that SysML is only a modeling
language and not a methodology or design process. Different
software tools are using SysML to enable a computational
design of systems, like Papyrus, Enterprise Architect or
Cameo Systems Modeler.

An important part of the design process is the concep-
tional design phase. In this phase, about 70% of the cost
for the system development are set and the solution space
is defined [7-9]. Because of that, changes in later stages are
costly and require a high effort. Since this phase of develop-
ment is so important, it is astonishing that there is a gap in
the methodology and approach in the field of MBSE. In a
survey within the INCOSE Model-Based Conceptual Design
Working Group, it was determined which issues often occur
in the concept design phase among systems engineers [10].
It was found that 40% of the difficulties mentioned are exac-
erbated by the application of MBSE in the concept design
phase. The main reasons given were the lack of best prac-
tice methods and stopping criteria for modeling within
model-based design. The lack of methods for model-based
conceptual design is also reinforced by the fact that variant
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modeling, which is important in the concept phase, is only
possible to a limited extent in SysML, as the language offers
no specific elements for this task [5, 11].

In the development of new aircraft systems, safety analy-
sis plays an important role alongside the design of different
concepts. Especially in the case of safety—critical functions,
these aspects must be included in the development and
design at an early stage. For certification of large passen-
ger aircraft in Europe, EASA CS 25.1309 [12] is applied.
The SAE ARP4761 [13] and ARP4754A [14] (Aerospace
Recommended Practice of the SAE) show methods to meet
the EASA requirements for system certification. In 2020
the OMG published the SysML Profile Risk Analysis and
Assessment Modeling Language (RAAML) [15]. Profiles
such as RAAML can be used to extend the UML and SysML
with safety-specific elements. Unfortunately, in this safety
profile FHA is only partly covered. However, in the prelimi-
nary design stage, FHA is required to identify safety—criti-
cal functions early and considering them during design.
Therefore, FHA on the aircraft as well as on the system
level is mandatory for a successful and traceable develop-
ment of safety—critical systems. There are approaches for the
model-based creation of an FHA [16], but not an integrated
approach within the SysML modeling language.

This paper describes an integrated approach to the
conceptual design of an aircraft system, introducing the
design method and a way to consider concept variants.
Existing methods are presented, adapted, and combined
into an overall approach. The main focus of the work
is the development of the system within one integrated
model-based process. For this purpose, an FHA profile in
SysML was furthermore developed. The profile is based

on the methods from ARP4761 and ARP4754A. This pro-
file can close the gap between system engineering and the
RAAML profile, enabling continuous system engineering
and safety analysis within SysML. In addition, some tool-
specific features were integrated to facilitate the work with
the profile. The approach is demonstrated by a use case
study on a shock control bump system.

2 System design with SysML

For the model-based design in a preliminary design phase,
a process consisting of different existing, adapted, and new
implemented methods was created. Figure 1 summarizes
the preliminary design process of a system within the
MBSE environment (blue) in a simplified representation
integrating the safety assessment (red). In addition to the
main steps of the model-based development (e.g. func-
tional analysis, architecture design), the most important
interfaces involved with the model are also shown. The
focus of this paper is on the main steps marked in green:

e Functional Analysis
e Execution of the FHA
e Documentation of different concepts

Accordingly, this chapter is separated into three parts,
describing the basic approach to system modeling, fol-
lowed by an overview of FHA profile development and its
implementation in SysML, and concluding with methods
for modeling various concepts.
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2.1 System design methodologies

There are several methodologies for model-based systems
engineering to support the designer through the development
process. Among the best known are:

e Harmony [17]

e Rational Unified Process for Systems Engineering (RUP
SE) [18]

e INCOSE MBSE [19]

Harmony and INCOSE MBSE are aligned with the
V-model development process [20], whereas the RUP SE
methodology is divided into four main model levels: Con-
text, Analysis, Design, and Implementation. This structure
is derived from the Zachman style matrix [21]. It can be
noted that the method is only rarely referenced in current
scientific publications and has therefore probably decreased
in relevance. In addition, the disadvantage of many of these
methods is that they are very abstract or derived from soft-
ware development and therefore difficult to apply to the
development of mechatronic systems. Based on this issue,
more technical-orientated methodologies were developed
such as Software Platform for Embedded Systems (SPES)
[22] or the MagicGrid Framework [23]. SPES provides a
language and tool-independent methodology (e.g. activities,
techniques) for system modeling. SpesML is a combination
of the SPES Methodology and SysML. This combination
should therefore enable easier application in practice. Mag-
icGrid Framework is a methodology, which is based on the
SysML, but is tool independent. A detailed description of
the methodology is given in the next section.

2.1.1 MagicGrid framework

The MagicGrid Framework has an approach similar to the
RUP SE and can be applied by any SysML-tool. Further
advantages of the method are the focus on technical systems
and detailed documentation [23]. This makes it easier to
get started with model-based system design. Therefore, this
method was chosen as the basis for the system design pro-
cess. Furthermore, the diagrams of MagicGrid are extended
with elements from other methodologies to improve read-
ability (see also Sect. 4).

The following paragraph is a brief overview of the parts
of the MagicGrid framework used in this work. A detailed
description of the framework can be found in [23]. Figure 2
illustrates the main modeling and analysis steps that have to
be executed during the system development according to the
MagicGrid framework. The structure of the framework fol-
lows the standard ISO/IEC/IEEE 15288 [24]. The standard
describes the processes for the development of systems over

PILLAR
Requirements |Behavior |Structure Parameters
Use Cases |System Context |Measurements
5 Sl of Effectiveness
§ |Black Box |Nceds (MoE)
a Functional |Logical MoE for
o White Box Analysis Subsystem Subsystems
< System System System Structure |System
g Requirements |Behavior Parameters
a ,E Subsystem Subsystem |Subsystem Subsystem
3 Requirements |Behavior | Structure Parameters
]
@ Component Component |Component Component
Requirements |Behavior Structure Parameters
I . |Physical
mplementation N
Requirements

Fig.2 MagicGrid framework with the corresponding problem
domain (green) and the solution domain/implementation (blue) based
on [23]

the entire life cycle. The framework is based on the technical
processes described in the standard.

As shown in the figure, the methodology is divided into
a problem (green), solution, and implementation domain
(blue). The approach in this work is to use the problem
domain. This domain is separated into a black box and a
white box. The columns separate the methodology into the
‘four pillars of SysML’ [6] All defined diagrams within
SysML can be divided into these four pillars (requirements,
behavior, structure, parameters). Therefore, the division into
the individual columns already gives an indication of the
diagrams to be used in the respective sections. The proce-
dure of the modeling takes place domain-wise, starting from
the top to the bottom.

At the beginning of the methodology, the black box sub-
domain is addressed. The black box analysis is intended to
identify the inputs and outputs of the system and to set the
boundaries towards other systems. The internal behavior and
structure are not considered at this point of the analysis. In
the first step, the stakeholder needs are collected in a require-
ments table. In the next step, the system context is captured
and the use cases are defined. These processes are closely
linked since the delimitation between the system of interest
(Sol) and other systems takes place first. Sol describes the
system under consideration at a certain hierarchical level
of a global system. Within the system context, the system
boundaries are defined and the interfaces with other systems
from the environment are identified. The system context is
usually defined in an internal block diagram. Then, use-case
scenarios are created using use-case elements. Based on the
use cases, the interaction between the system of interest and
external systems can be specified in more detail. The exter-
nal system can be, for example, an environment, another
technical system or a person. The analysis of the use cases
in connection with the external system takes place in a use
case diagram. The use case definition also includes a more
detailed specification of the use case scenario. This descrip-
tion can be done, for example, using activity diagrams and
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action elements. In the last step of the black box domain, the
non-functional stakeholder needs are identified and modeled
as measurements of effectiveness (MoE) in a block defini-
tion diagram.

Initially, in the white box problem domain, the main func-
tions of the system are identified from the detailed use case
descriptions which were defined in the black box domain.
Based on these functions, a functional analysis of the Sol is
performed. For this purpose, the function is separated into
sub-functions. The connections between these sub-functions
are modeled in an activity diagram. Subsequently, logical
components are allocated to the sub-functions. Consider-
ing the function analysis, a logical architecture, and their
interfaces can be modeled in an internal block diagram. The
next step corresponds with the last step from the black box
domain. However, the assignment of further MoE to indi-
vidual sub-systems can be omitted in case no further MoEs
are required. Finally, the sub-functions from the functional
analysis and all MoE are allocated to the stakeholder needs
in a matrix diagram.

2.1.2 General amendments for MagicGrid

MagicGrid is a comprehensive method that allows to model
technical systems in SysML. However, there are some
aspects that can be considered additionally, especially at
the beginning of the modeling process. These aspects can
facilitate further activities. Therefore, an additional phase
before starting the actual problem domain is proposed in this
work. This here called ‘0O Superior Analysis’ shall mainly
serve to formulate a system objective and to improve the
communication and documentation within the modeling and
system development.

At the beginning of development and modeling, the main
objective of the system should be defined and documented.
This formulation should serve in the model to clearly
define the focus during development. For this purpose, the
stereotype’ Objective’ is introduced. The stereotype is based
on the required elements of the SysML and also has an ID
and text attribute. Accordingly, the objectives are created in
a requirements diagram. A further aspect introduced in this
analysis phase is the allocation of the system main func-
tion or functions into the overall system. For this purpose,
depending on the system knowledge, a function hierarchy
is built up in the top-down or bottom-up principle, with the
overall system on top of the hierarchy and one or more func-
tions of the Sol on the bottom. This analysis can support
the definition of use cases, system context, and also safety
analysis. The modeling can be performed in a block defini-
tion diagram. Figure 3 shows an example of a functional
hierarchy.

The previous amendments mainly concern the starting
phase of development and modeling. Another addition is
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related to the representation of the stakeholder needs and
requirements. These are not stakeholders in the sense of
project management, but rather sources of requirements.
For this purpose, the stereotype ‘ReqSource’ was created.
The representation of these stakeholders should be created
at the beginning of the project and maintained as well as
supplemented during the project, if necessary. The allo-
cation of the ‘ReqSource’ and stakeholder needs to take
place afterwards in the problem and solution domain. This
documentation facilitates cooperation and can be helpful
in the course of the project to find suitable contact persons.
Figure 4 shows the final package structure of the model
after the problem analysis phase. Likewise, the glossary
for abbreviations and explanations of terms can be placed
in this package.
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2.2 Functional hazard analysis

In order for new technologies and systems to be integrated
into aircraft, they have to be approved by the responsible
authorities. Important aspects of the approval process are
the safety requirements for the systems. Without proof of
the required reliability, the approval of new systems for air-
craft is not possible. Furthermore, the identification of safety
requirements' violation at a late development stage may lead
to major changes which result in high costs and time efforts.
Therefore, safety aspects must be addressed at an early stage
of system design.

The ARP 4761 corresponds to a standard for the devel-
opment of safety—critical aviation systems. Part of the ARP
is the Functional Hazard Assessment which is intended
for hazard analysis in early development phases. The FHA
describes a process that includes eight steps (Fig. 5). Since
the development of safety—critical systems requires the close
cooperation of system and safety developers, these two
domains must be considered. To facilitate this collaboration,
ISO 15288 for systems engineering was also considered. The
result of the analysis is a generalized process, which should
enable a simple and lean implementation of the FHA in four
phases (see also [16]).
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Fig.5 FHA process with main steps

The task of the FHA is to identify and assess hazards
that may result from a system. If necessary, strategies that
can minimize the existing hazards risk should be identified.
Thus, FHA provides the basis for risk control of hazards
emanating from a system. Risk control can be enabled if the
following four phases (identification, assessment, mitigation,
documentation) are performed in the FHA. However, before
the FHA can start, a system description must be provided.
This serves to understand the functions to be implemented
as well as their interactions. In addition, this description is
used for communication between the domains.

2.2.1 ldentification of hazards

During the identification phase, a systematic approach is
used to identify potential hazards. In the standards given
above, the use of guide words is recommended for this pur-
pose. These are intended to point out certain typical hazards
in a system during the analysis. For example, the guide word
"late" can indicate that a sensor value is provided too late.
This missing value can lead to an incorrect control command
and the loss of a system. But the use of guide words has
the disadvantage that the thinking of the participants is spe-
cifically steered in one direction. To counteract this effect,
creative methods like brainstorming can be used. From our
observations, it has been shown that this can identify hazards
that are not yet known, but the quality of the results depends
heavily on the participants and their expertise.

2.2.2 Analysis and assessment of the hazards

Once the hazards have been identified, the risk for each must
be analyzed and evaluated. For the analysis, the safety expert
can draw on his domain knowledge and the knowledge of
the system developers. In this context, the knowledge can
be provided by ontologies and applied with machine learn-
ing methods as shown in [25]. Another method to provide
an ontological interpretation of hazard is described in [26].
Hazard tracking and knowledge management systems can
be used to support the analysis. These databases collect
knowledge from accidents that have already occurred. The
analysis results indicate the resulting damage, name possible
causes as well as underlying hazards of functions and sys-
tems. In addition, these databases may contain information
about the operation of the systems. Based on the information
collected, the severity of the occurrence of each hazard is
assessed. This so-called classification represents the basis
for the reliability requirements of the corresponding func-
tion. After all, hazards have been assessed and the results
documented, this assessment should be discussed with the
system engineers.

There is a special challenge for systems based on new
concepts or technologies. It is difficult to draw back on
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existing knowledge for those systems and therefore, the
hazards must be assessed to the best of our knowledge and
belief. Therefore, it must be ensured that the use of simu-
lations or the evaluation of test results of similar systems
can prevent an overly optimistic assessment and enable a
realistic assessment. This approach can ensure that novel
systems can be operated with acceptable risks. Through the
subsequent operation of these systems, the missing knowl-
edge can be continuously reduced by gathering experience.

2.2.3 Hazards mitigation and derivation of requirements

In the final step, hazards that can lead to unacceptable
damage must be minimized. These damages may include
irreversible destruction of resources or the environment or
personal injury. The result of hazard minimization is a list
of possible actions or requirements for the system. This list
includes architectural, design, or implementation sugges-
tions. These suggestions should be based on verifiable ideas
or accumulated experience.

2.2.4 Documentation

In the analyzed standards, documentation is required as the
final step of the analysis. These documents can be part of
a certification of a system. This step cannot be generalized
due to different certification processes. However, it is pos-
sible to continuously document the analysis results during
the individual steps. Either Word, PDF or HTML documents
can be generated automatically. The automatic generation of
documents can also be done from model-based tools. The
continuously generated documentation can then be reused
for the creation of the certification documents.

2.2.5 A SysML profile for FHA

To be able to perform a model-based FHA in SysML, a
profile extending the model-based language is needed. In
the following paragraph, the developed profile is described,
which is currently comprised of four packages. These pack-
ages are system description, core, library and views as shown
in Fig. 6 and are described in detail later in this section.

A stereotype ‘SystemFunction’ was defined in the sys-
tem description package. The meta model of the element
is shown in Fig. 7. This stereotype serves as a basis for the
analysis and is used to declare blocks or classes in block
definition diagrams (bdd) and internal block diagrams (ibd)
as a function. This way a functional analysis can easily be
done as usual, using the bdd for decomposition and identifi-
cation of the system functions. Moreover, the relationships
between the system functions can be modeled in an ibd.

The core package provides the essential stereotypes of
the profile to execute the model-based safety assessment:
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‘HazardousFunction’, ‘FailureCondition’, ‘Reference’, and
‘ReferenceType’. The ‘HazardousFunction’ stereotype is
the main element of the model-based FHA. This element
is a container that groups all relevant information for the
analysis of a system function, such as ‘Phase’, ‘FailureCon-
dition’, and so on (Fig. 7). The ‘FailureCondition’ is defined
according to the ARP4761 as ‘a condition with an effect on
the aircraft and its occupants, both direct and consequential,
caused or contributed to by one or more failures, consider-
ing relevant adverse operation or environmental conditions’.
‘Phase’ is required during system definition for modeling
system operation and later for hazard identification. To pro-
vide material that supports the arguments for an assessment,
‘Reference’, and ‘ReferenceType’ can be specified.

The package library contains specific model elements
which are predefined and separated into the categories
‘FailureConditions’, ‘Phases’, ‘PreConditions’, ‘Probabil-
ity’, and ‘References’. ‘FailureConditions’ describe a fail-
ure of a function in an abstract way (e.g. degradation of
function, partial loss of function, etc.). Depending on the
development phase of the system, these abstract elements
can be used directly or they can be specified in more detail.
In the ‘Phases’-package, for example, the relevant flight and
maintenance phases were predefined. These phases can later
be used or extended by the safety engineer as well. In the
preconditions package, the stereotype ‘AnyCondition’ is
defined. Derived from this, ‘EnvironmentalCondition’ such
as fog and rain have been pre-modeled. Besides, in ‘Prob-
ability', qualitative safety objectives were defined according
to the ARP4761, as well as a wide range of quantitative
objectives.

The views package contains the tables for the FHA and
the references. The FHA table shows the content of the
‘HazardousFunction’ elements. This table corresponds to
the representation of the FHA table in the ARP4761. In the
reference table the author, source type, date, and source, a
document for example, are displayed.

2.2.6 Customizations in SysML-tool

Most of the common SysML-tools offer the ability to extend
the functionality beyond the SysML-standard. NoMagic’s
Cameo Systems Modeler for example offers the ability to
add additional functionality to a profile and to extend the
tool through an open application programming interface
(API). These modifications can enable an efficient work in
projects. For this reason, the profile has been extended with
some specific functions, which are shown in Fig. 8.

An additional element offered by the Cameo System Mod-
eler is the so-called smart package. With these packages, the
content is automatically generated according to previously
defined rules. Therefore, smart packages can be used for
automated logical structuring of model elements. Here, two
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smart packages with two different rules were implemented.
The smart package with the stereotype ‘UnusedFunctions’
displays all system functions that have not yet been used in
the functional safety hazard assessment table. Another smart
package was implemented to display the system functions,
which are classified as high risk (hazardous or catastrophic).

In the package ‘Numeration Elements’, rules have been
created to automatically provide each ‘HazardousFunction’
element with a sequential number. These functions are used
to assign a specific label and number to each hazardous func-
tion element in the FHA table.

2.3 Concept modeling

In the early design stage concept creation is an important
task to find a proper solution. For the development of con-
cepts, there are many methods in the field of systems engi-
neering that are intended to span a large solution space and
support the search for suitable solutions. Holliger-Uebersax
describes in [27] general methods and principles for solv-
ing problems using morphological methods. Bardenhagen
and Rakov developed an advanced approach specifically for
aerospace applications [28]. The theory of inventive prob-
lem solving (TIPS/TRIZ) [29] is another method for finding
solutions to problems. It describes practical methods and
tools with a large range of applications. The level of detail
of the concepts often depends on the stage of development
of the system. A methodical approach makes sense for new
systems and for the further development of existing sys-
tems. This is often followed by a rough pre-selection of the
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most promising concepts. There are many different methods
available for the evaluation of concepts (e.g. morphological
approach [30], weighted sum model [31], genetic algorithms
[32], trade-off analysis [33]).

After a pre-selection, there are often several concepts on
the shortlist that cannot be fully evaluated at an early stage
of development. However, these concepts should be docu-
mented and included in the development process to be able
to carry out a further evaluation at a given design stage.

2.3.1 Variation modeling with feature trees

There are various methods for the modeling of concepts. A
large part of these methods is more or less based on feature-
oriented domain analysis (FODA) [34]. The core of the
FODA method is the feature tree. In this model, all pos-
sible features are shown in one representation. In this case,
features can be equated with possible variations. Predefined
symbols in the feature tree can be used to define whether a
feature is optional or required. Figure 9 shows an example
of such a feature tree.

According to the illustration, the symbols describe three
possible relationships between the features and the system.
The optional and mandatory branches are self-explanatory.
In the recent past, however, a filled circle is often added at
the end of the connection of a mandatory feature. Further-
more, the ‘alternative’ connection is often divided into the
OR (filled) and the XOR (non-filled). Thus, with the XOR
(=exclusive OR), only one of the features can be used for
a variant. With this representation method, large quantities
of variants can be represented in a compact model. This is
also one of the reasons why feature modeling can be found
in many concepts of variant modeling methods.

The approach in [35] called Variant Modeling with
SysML (VAMOS) also uses feature modeling to repre-
sent variants. Unlike other variant methods, the VAMOS
approach is designed specifically for SysML. The basic
structure of the method is shown in Fig. 10. As can be seen
in the illustration, the model is separated into three areas.
The core (green) represents the model itself. In this core,
variation points, which represent model parts that can be

mandatory optional

|

. Feature 1 Feature 2
alternative | ———
Feature 1.1 ‘ ’ Feature 1.2 ‘

Fig.9 Generic example of a Feature tree with the three possible rela-
tionships (mandatory, alternative, optional) based on [34]

@ Springer

Core

o
Variations -%
S
Variation 1 Variation 2 =
=
c
o
< om (&) < m (&)
- - - N N -
- - - -~ - c
= c c = c <
< < [ © < =
5 K s s s >

> > > > >

Fig. 10 VAMOS structure based on [35]

varied, are defined. The variation area (red) represents the
feature tree in this method. Here, as in FODA, features and
their relationship to each other are defined and connected
to the corresponding variation points from the core. In
the variant configuration (blue) the individual variations
are defined.

In addition, there is also Product Line Engineering,
which is mainly used in the automotive industry to manage
variants. This method can also be implemented as Model-
Based Product Line Engineering (MBPLE) in SysML ([32,
36-38]). According to [39] the MBPLE can be separated
into four steps. Figure 11 illustrates this process.

In the first step of the MBPLE, a feature tree is cre-
ated as a diagram in SysML. The root is modeled with
the ‘rootfeaturegroup’-element. Variations or features are
modeled with the stereotype ‘featuregroup’. In addition,
enumerations can be used to allow the selection of vari-
ations. The relationships are modeled using multiplicity
instead of symbols as used in FODA. Once all variation
points are modeled, instances from the feature tree are
defined. These instances represent the individual variants
or concepts. In the next step, or in parallel, the so-called
150% model is created. This model contains all elements,
both variable elements and elements that must be present
in all variants. Then, the variable elements have to be con-
nected to the variation points from the feature tree via a
‘feature impact’ relationship. The creation of the 150%
model is not limited to the structure representation. The
relationship to existing or non-existing elements can be
created in any diagram. Thus, the 150% model can contain
multiple views. The final step of the MBPLE is the Model
to Model transformation (M2M-transformation), starting
from the 150% model. With the M2M-transformation,
individual variants are created from the 150% model and
the instances of these variants. In this step, all elements
that were not assigned to the respective instance variant
are removed from the model. Depending on the tool used,
this step can be automated.
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Fig. 11 Four steps of MBPLE based on [39]: Create feature tree,
define instances, create 150% Model, and generate variants with
M2M-transformation

2.3.2 Application in the design approach

The MagicGrid framework described above also consid-
ers the creation of several concepts. The solution domain
(see Fig. 2) is run through again for each individual con-
cept. Therefore, the method seems unsuitable for modeling
many concepts. For the approach described in this work, the
MBPLE method is used and combined with aspects from the
VAMOS method. MBPLE is applicable with all common
SysML tools in combination with additional extensions (e.g.

Transonic airfoil

@ : Quasi-isentropic . % Lambda shock
compression (b) M =1
Ma<1:Mas1 A’ SCB Ma<1'::_.~ By |

Fig. 12 SCB functionality with a quasi-isentropic compression a
based on [42] and lambda shock structure b based on [43]

pure-systems [40], Biglever Software [41]). Furthermore,
the methodology is already partially integrated into some
SysML tools (e.g. Cameo Systems Modeler [39]).

3 SCB-system as a case study

The approach for the conceptional design process described
in this paper was developed as part of the Federal Aeronauti-
cal Research Program (LuFo) in the project Move-IntegR.
In this project, design solutions for multifunctional control
surfaces at the trailing edge of laminar wings are developed.
This includes the design of a multifunctional shock control
bump (SCB). The SCB is a bump on the upper side of the
wing that can positively influence the flow of transonic air-
foils. The bump is positioned in the area of the compression
shock to reduce its negative effects. Figure 12 shows the
simplified functionality of an SCB and is explained below.

In the project, two use cases for the SCB are investigated.
Firstly, the use of the bump in the transonic drag rise regime.
In this use case, the wave drag which results from the com-
pression shock can be reduced during the flight. Depending
on the SCB contour, two different flow effects can occur
(Fig. 11a and b). The SCB can lead to a quasi-isentropic
compression with many weak shocks (a). Alternatively, a
so-called lambda shock structure can appear (b). Both types
can reduce the wave drag of the wing. Another potential
application of an SCB is the buffet-onset delay. By correctly
positioning a bump with a suitable shape, the flight envelope
can be extended by stabilizing the shock position. The shape,
height, and position of the bump must be adjusted depending
on the flight condition and the application, to gain the great-
est possible advantage from the technology.

The wing airfoil has a high impact on the shock posi-
tion variation. Especially with turbulent airfoils, the shock
position variation is sensitive towards flight conditions. The
development of a positionally fixed shock control bump for a
laminar wing with an unswept leading edge was investigated

@ Springer
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in a predecessor project of Move-IntegR [44]. In Move-
IntegR, a position variable SCB is developed for a laminar
wing with swept leading edge, as it is expected to provide
greater advantages for the aircraft. Initial investigations in
the project have shown that the shock position at the outer
part of the wing is in the area of the spoilers. Accordingly,
the SCB-system must be considered in relation to the entire
spoiler system.

4 Modeling of shock control bump

The integration of the shock control bump into the spoiler
system represents a multi-disciplinary challenge for various
sub-disciplines. In addition to the aerodynamic design, the
structure, and system must ensure that implementation is
possible both technically and in terms of safety and reli-
ability. For the implementation of such a complex and novel
system, model-based systems engineering was chosen as the
approach. The model is built and maintained by the systems
engineer and serves to support the traceability of the require-
ments, system development, safety analysis, and documenta-
tion. In addition, individual views can be used to improve
communication among the individual sub-disciplines. For
this purpose, the methods presented in chapter 2 are applied
to support the design of the SCB-system at an early devel-
opment stage.

For the system design and implementation of methods,
the SysML-tool Cameo Systems Modeler is used. Besides
the standard SysML language, this tool has features that
facilitate the system modeling and therefore, are used within
the design process. However, most of the methods presented
here, can also be implemented in other SysML tools, because
the basis are mostly standard SysML/UML elements.

4.1 Modeling of the SCB-system

The modeling of the problem domain is based on the meth-
ods described in Sect. 2.1. At the beginning, the objectives
for the SCB are defined and system functions are decom-
posed. The decomposition reveals the two main functions
of the SCB-system:

e Drag reduction
e Buffet onset control

As described in the procedure, the most important
requirements stakeholders were documented. In the next
step, the black box was modeled according to the Mag-
icGrid framework. As an example, the use case diagram of
the SCB-system is shown in Fig. 13.

The illustration shows that the use cases are divided into
two parts. The lower part shows the use cases of the spoiler
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Fig. 13 Use case diagram of SCB-spoiler-system separated into SCB
use cases (top) and spoiler use cases (bottom)

functions. These have to be taken into consideration since
the SCB system is part of the spoiler actuation system. The
upper part of the figure shows the SCB-system use cases.
An abstract use case is split into the two main use cases of
the SCB system: adjust SCB for drag reduction and adjust
SCB to extend the flight envelope. The SCB system interacts
with the flight control computer and the air data computer.
In addition to the standard representation of the use case,
the method from another methodology (SYSMOD [45])
was adapted to present the basic steps of the individual use
cases in the comments. Furthermore, a short description of
the diagram was added, as well as links to the correspond-
ing diagrams. This approach increases the readability of
the individual views, the navigation within the model, and
therefore, is applied to almost all diagrams within the model.

4.2 FHA for shock control bump functions

After the main functions of the system have been identi-
fied, an initial safety analysis of the system can be carried
out using the developed FHA profile. The main goal of the
FHA is to identify safety—critical functions, mitigate risks,
and derive safety requirements during development. There-
fore, the FHA should be updated again and again during the
course of development and expanded if necessary.

The two main functions of the SCB system are each
defined as system functions with the profile exclusive stereo-
type ‘SystemFunction’. Then, the possible failures for these
two functions are identified and analyzed. Therefore, basic
failure types are provided by the library integrated into the
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profile (e.g. total loss of function, incorrect function). The
appropriate types can be used in the model to create the
specific failures of the SCB-system. The identified failures
of the drag reduction function are shown in Fig. 14.

Next, the FHA table is created and the previous informa-
tion is assigned to a functional hazard element. The fail-
ures must now be examined for the effect they have on the
overall system. This investigation is an important point in
the creation of the FHA, as the effects can only be reliably
estimated with suitable knowledge. Especially in the devel-
opment of new systems, a lack of knowledge to provide a
conclusive assessment often exists. The assessments must
therefore be constantly reconducted during the course of
development. This is also the case with the SCB-system.
On the basis of expert panels consisting of aerodynamics,
structural, and systems engineers, initial assessments of the
effects were made. Based on the effects, a classification can
then be made according to CS 25.1309. This in turn leads
to the safety objective for the respective failure. Figure 15
shows an extraction from the FHA table of the SCB-system
for the two main functions.

«SystemFunction»
Drag Reduction

Faiure Condtions
Degradation of positioning velocity |

<Failure Conditions

«Failure Condition»
Incorrect height

Sym. Partial loss of SCBs

«<Failure Condtion»

Inadvertend SCB control

«Failure Condition»

Total loss of SCBs (retracted position)

<Faiure Conditon>
Incorrect shape

«Failure Conditions

Total loss of SCBs (extended position)

<Faiure Conditions “cFaiure Condtions
Unsym. Partial loss of SCBs| |Incorrect position

Fig. 14 Identified failures of the Drag Reduction Function of the
SCB-system

4.3 Variant modeling

In the project, more than 30 basic concepts were identified
from literature research, preliminary work [46] or created.
Then, these concepts were evaluated by experts in panel dis-
cussions. In the process, eight concepts emerged as promis-
ing possible solutions. Due to the early development stage,
the emerged concepts cannot be finally evaluated because
of the limited knowledge on the system. Therefore, these
concepts are modeled into the SysML model using MBPLE
to allow further evaluation at a more advanced development
stage.

The various features of the concepts were modeled in a fea-
ture tree (Fig. 16), according to the MBPLE. Since the system
is in an early stage of development, the modeling was per-
formed at a high level of abstraction. For example, no distinc-
tion was made between different piston actuator technologies,
and mechanisms were described abstractly without further
specification. In next, the stances of the concepts were defined.
In addition, the 150% model structure view was created. The
individual feature elements were mapped to the respective
model elements from the 150% model. Besides the structural
view, other diagrams where modeled, e.g. a parameter diagram
to determine the mass of the system. The advantage of this
procedure is reflected in the next step. In the M2M transforma-
tion an instance is selected. From this, the respective model of
the concept with all associated views is created. All elements
that do not belong to the concept are removed from the model.
Figure 17 shows an example of such a model. In addition to
the model, a sketch with notes on the concept was added to the
structure view. This procedure originates from the VAMOS
methodology and is especially helpful in enabling the repre-
sentation of concepts to be more comprehensible.

# ‘ O Hazard No.l System Function ‘ Phase ‘ Failure Effects Classification | Propability ‘
& cruise Unsym. Partial loss of
) i nsym. Partial loss o ) )
1 FH-1 £ Drag Reduction £ Landing . SCB); 2LCS Assymmetric drag increase  Hazardous £ <1.0e-5
E] Descent
£ Cruise
. Y Increased drag + fuel 2
2 2 OE-
FH-2 £ Drag Reduction ] Incorrect position consumption Minor E] <1.0E-3
£ cruise
M iesat Total loss of SCB I d drag + fuel
y ) i otal loss o S ncreased drag + fue o
3 FH-3 -] Drag Reduction £ Landing El (extended position) ensumpin Hazardous E] <1.0€-7
4 | B B | - R - E R n n L I B " N L I B
£ cruise going around: higher
: Total loss of SCBs resistance; increase in drag
12 FH- & climb = i <1.0E-
FH-11 £ Buffet Onset Control ) (extended position) and fluel consumption, flow ezt & <1067
E] Landing -
seperation

Fig. 15 Part of the SCB-system FHA-table with the main attributes
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Fig. 17 Concept model after M2M-transformation of a two-actuator
SCB-spoiler-system concept

5 Conclusion

In this work, methods enabling or supporting the mod-
eling of systems in an early design stage in SysML were
presented. Existing methods, such as the MagicGrid frame-
work, VAMOS, and MBPLE, were applied, extended and
combined. In addition, a new profile enabling FHAs to be
carried out within SysML and thus representing a further
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step towards holistic development in SysML was shown.
The application of the methods was demonstrated using the
SCB-system. The modeling of the problem domain, includ-
ing white and black box analysis, was shown as an example.
Subsequently, an FHA was carried out with the help of the
developed FHA profile. The main elements of the introduced
FHA profile are based on the basic SysML elements of the
OMG. This allows the profile to be adapted and integrated
into all common SysML tools without major modification.
In addition, current research is being conducted on the con-
nection between the RAAML and FHA profile. These inves-
tigations are a further step in the progress towards a holistic
safety analysis within the SysML. For this purpose, there is
also contact with the OMG.

By integrating predefined elements and views, it should
be ensured that the FHA profile does not require previous
knowledge. In addition, documentation was written to sup-
port the work. In the next step, further adjustments will be
made to the profile to improve the workflow. For example,
an automated generation of the safety requirements from
the FHA is being developed. Besides, validation functions
will be integrated into the profile to ensure consistency
and completeness.

In addition to the safety analysis, previously developed
concepts were modeled within SysML using methods from
variant management. The MBPLE method was primarily
used for this purpose. During the application, however, it
was found that the modeling of concepts with many dif-
ferent features can be time-consuming, as here the 150%
model can become extensive. Another difficulty is the
modeling of abstract concepts. A general understanding
of the concept cannot often be ensured on the basis of the
modeling. For this reason, the MBPLE was extended to
include representations from VAMOS. This way, the read-
ability of diagrams can be significantly increased.

However, it can be stated that the modeling of concepts
is not yet possible to full satisfaction within SysML. Further
development of the methods is therefore still necessary. In
particular, the current concepts have to be further developed
on a higher level of detail in the 150% model. This also
includes the creation of additional views, such as mapping
the internal structure in an ibd. In addition, the possibility of
performing trade-off analyses using the MBPLE method to
support concept selection has to be investigated.
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