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Abstract

Drones have increasingly been used to assist Humans
for rescue and surveillance missions. To do so, their de-
sign turns out to be a challenging issue, in particular
when their autonomy is expected by sizing of batteries.
Thus, solutions are to be sought to engineer a drone rig-
orously while specifying its main features. This paper
introduces a work in progress aiming to bridge the gap
between two engineering disciplines that have so far
been developed separately: Model Based Systems En-
gineering (MBSE) and Multidisciplinary Design Anal-
ysis and Optimization (MDAO). Coupling of MBSE
and MDAO is addressed in terms of language, tools,
and methods.

1 Introduction

Over the past decades, drones have increasingly been
used to assist Humans in hostile environments. Ex-
amples include high voltage electric line inspection in
mountains, where hostility of the nature and the cli-
mate make missions life-critical. Of prime importance
for these drones is to accomplish their inspection mis-
sions without power outage. Clearly, autonomy is a
key issue for inspection drones.

Autonomy is a challenging issue for drones in gen-
eral, and sizing of batteries raise complex design prob-
lems. Solutions may be sought in well-established engi-
neering disciplines and associations of these disciplines.

This paper addresses the problem of drone batteries
sizing by associating two families of engineering disci-
plines: Model Based Systems Engineering, or MBSE
for short, and Multidisciplinary Design Analysis and
Optimization, or MDAO for short. The benefits of us-
ing MBSE approaches for drone design have been ac-
knowledged [ASV20]. By contrast, little work has been
published [CS21] on joint use of MBSE and MDAO for
revisiting the way drones are designed.

An early work [Aı̈e+21] by the authors of this pa-
per has indicated that joint use of MBSE and MDAO
opens promising avenues for sizing drone batteries and

for drones design in general. Even if this work is still
in progress, this paper goes beyond the concept proof
presented in [Aı̈e+21], and formalizes the coupling of
MBSE and MDAO in terms of language, tools and
method.

The paper is organized as follows. Section 2 intro-
duces MBSE and MDAO, and discusses the rationale
behind the coupling of MBSE and MDAO. Section 3
surveys related work. Section 4 details the main contri-
butions of the paper. Section 5 discusses a case study.
Section 6 concludes the paper and outlines future work.

2 Rationale

2.1 MBSE

One of the current challenge is to develop innovative
systems faster than ever, meeting ever higher expec-
tations in terms of performance and safety. To take
up this challenge, new methodologies are studied. One
of the widely studied and promising approach to man-
age the complexity of systems is Model-Based Systems
Engineering (MBSE) [Zha+21].

MBSE aims to facilitate the understanding of a sys-
tem made up of parts interacting together. MBSE re-
places document-centric approaches by model-centric
ones. It improves communications between people in-
volved in systems development. It also improves the
understanding of the system under design, and rein-
forces testing and verification of the system throughout
its life cycle [ZMT18].

The main asset of MBSE is its power of abstrac-
tion and its graphical representation. MBSE models
may be classified into physical, geometric and mathe-
matical models depending on their degree of abstrac-
tion [CS21]. These three different levels of abstrac-
tion ease the management of systems complexity, and
make them understandable [CS21]. MBSE is increas-
ingly used for the development of complex systems, for
instance in [PF13] MBSE approach is used to design
submarine subsystems. The authors of [PF13] propose
to start modelling from the mission of the submarine
to its components specifications. The interest of using
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MBSE to design a submarine is that it contains more
than 40 subsystems and a large number of functions.
The subsystems of a submarine are highly integrated
and cover a wide range of functionalities such as the
navigation ones and the combat ones [PF13]. Another
example in [Rim+] is to use MBSE approach to design
a rover autonomous guidance, navigation, and control
(GNC) and its collaborative drone. The authors of
[Rim+] justify the choice of using MBSE because it al-
lows to understand the general behavior of a complex
system. According to [PF13], MBSE is comonly used
in various industries such as aerospace and defence.

However some limitations are highlighted in the lit-
erature. In [CS21] the authors point out that MBSE
still suffers from a lack of acceptance in terms of sci-
entific and technical fields. Further, [Zha+21] high-
lights that it remains difficult to examine the design
of the system under development from the conceptual
design phase using domain-specific simulation. In ad-
dition models abstract the reality and address a simpli-
fied representation of the system. It becomes therefore
almost impossible to include all the characteristics of
the system into one model and a set of models may
be needed. Moreover, existing MBSE methodologies
are criticized for being too focused on high-level mod-
eling which leads to a lack of precision in the design
of the system [Zha+21]. On top of that, to achieve
their objectives, each domain involved into the system
development prefers to use its own methodology which
does not allow to ensure consistency between models
[Zha+21].

To ensure the consistency between domain-specific
models, the authors of [Zha+21] propose to build
an integrative system model which is linked to other
domain-specific models. In this way, it is possible to
describe the system with the accurate level expected.
With regard to the methodology proposed in this pa-
per, MBSE approach is also used to act as a guideline
for the development of the system to which the MDAO
will be integrated. The MBSE language used in this
paper as well as in [Zha+21] is the Systems Modeling
Language (SysML). SysML is a standard of the Object
Management Group (OMG). It is also a multi-purpose
language that allows to analyze, design, verify and val-
idate a wide range of systems. Another benefits of
using SysML is that it is not tool dependent and can
therefore be supported by a wide range of MBSE tools.

[Par+21] reports that MBSE tools are currently used
to describe the system baseline. [Par+21] mentioned
also that only few papers use MBSE tools to look for
design alternatives and to explore decision tradespace
which forced engineers to evaluate the different alterna-
tives at each life cycle stage. On the one hand, in which
systems performance models is concerned, [Par+21]
emphasizes the fact that MBSE tools would offer a
way to include varying fidelity models and multires-
olution models. On the other hand, in which definition
and description of systems alternatives are concerned,
[Par+21] points out that continuous design parame-
ters are required to identify tradespace and perform
Set-Based Design. Set-Based Design is a methodology

allowing to take into account numerous design options
and that eliminates poorer design choices throughout
the development of the system [Sha+21]. The idea de-
veloped in this paper is to integrate MDAO approach
into the MBSE one to precisely size a drone battery.
The MDAO offers the possibility to create low and high
fidelity models and to run different kind of analysis.
The MDAO approach can also perform design space
exploration, as well as trade-off analysis taking into
account several design parameters distributed into dif-
ferent disciplines. For this reason, coupling MBSE and
MDAO seems to be a good solution to reduce the lim-
itations of MBSE tools above-mentioned.

2.2 MDAO

Unlike MBSE, MDAO is not intended to describe the
system but rather to analyze a model in order to
demonstrate the properties of the system using dynam-
ical models based on mathematical theories [CS21].
MDAO is commonly used for designing engineering
systems, such as airplanes and drones for instance, be-
cause their design requires to involve several disciplines
[Joa12]. MDAO applies numerical optimization us-
ing algorithms that minimize or maximize an objective
function. The problem allowing to find the minimum or
maximum of the objective function can be constrained
or not [Joa12]. For instance, a structural design op-
timization may consist in varying several parameters
such as thickness in order to optimize the weight of the
piece while taking the stress constraints into account.

A MDAO model describes in details an aspect of
the system in a formal language. In [CS21], several
strengths of MDAO are identified. Firstly, MDAO
uses high computing performance for simulating and
analyzing the models. But MDAO is also able to in-
tegrate high fidelity simulation tools, to deal with a
large number of design variables and constraints, to
have a wide range of efficient optimizers, and finally,
to take into account model uncertainties [CS21]. Since
its emergence, MDAO has demonstrated its effective-
ness. For instance, MDAO can be used to design air-
craft with minimum environment impact [Joa12], to
design a CubeSat, and to achieve structural topology
optimization [Gra+19].

OpenMDAO This paper presents and uses MDAO
models built with OpenMDAO. OpenMDAO is an
open-source framework that aims to solve design prob-
lems involving coupled numerical models [Gra+19].
OpenMDAO simulates complex systems such as satel-
lites, drones, and aircrafts taking into account the in-
teractions between all disciplines involved in the prob-
lem. Further, design variables of the problem are opti-
mized simultaneously by paying attention to the inter-
disciplinary coupling. Several trade-offs are performed
while running the analysis.

XDSM One difficulty in using MDAO to solve a
problem is to choose the suitable architecture, that is
to say, the strategy for organizing the analysis in order
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to achieve an optimal design. [LM12] identified a lack
of standard representation with respect to multidisci-
plinary design and optimization architectures. The so-
lution proposed in [LM12] is to create a diagram offer-
ing a visual representation of the MDO architecture
based on a common set of mathematical notations.
This diagram is called an extended design structure
matrix (XDSM) and its strength is to enhance the links
between the elements of the diagram and the underly-
ing mathematics.

WhatsOpt In this paper, we use the application
WhatsOpt [LDL19] developed by French laboratory
ONERA to create the XDSM of the MDAO models
built. Its environment facilitates collaborative work
providing a shared vision of the model under construc-
tion. In addition, WhatsOpt interfaces tools to con-
duct studies and generates skeleton code to facilitate
analysis implementation [LDL19].

2.3 Why coupling MBSE with MDAO?

According to [CS21] MDAO model is restricted to a
single aspect of the system. That is to say, all the
components contained in the system are not identified
by MDAO as well as their interconnection in terms of
functions and data flow. Therefore, it is interesting
to associate MDAO with MBSE given that designing
system’s models is a strength of MBSE. Moreover, it
takes time to engineers to write and validate MDAO
models because of the formal languages that support
MDAO, whereas all these information are available into
MBSE description. Conversely, the MBSE sometimes
lacks precision in terms of analytical values. This is the
reason why, this paper proposes coupling MBSE and
MDAO in order to compensate the lack of one with the
assets of the other. The following section of this pa-
per focuses on the desire to improve requirements. To
do so, we propose to start writing requirements with
data provided by the stakeholders and the limitations
of current technologies for sizing batteries. Then, to
use this first set of data as input parameters of MDAO
models. At the end of the MDAO analysis we expect
to be able to improve several requirements thanks to
MDAO results. Using more precise requirements from
the conceptual phase will allow one to design the sys-
tem in a safer and faster way since the design space to
explore will already be reduced.

2.4 MBSE-MDAO coupling proposal

Figure 1 illustrates the main points covered by the
MBSE-MDAO coupling method proposed in this pa-
per. The coupling is split up into three distinct
branches: Approach, Type and Tool. The Approach
branch provides the two approaches concerned by the
coupling and conveys the idea that MDAO results are
used to populate MBSE description. The relation
”Triggers” shows that it is the MBSE that initiate the
request of using MDAO. Thanks to the coupling with
MDAO, data contained in the MBSE description, and

more precisely into the SysML diagrams modelling the
system under development, are more accurate. The
green arrow illustrates that point through the con-
nection named ”Refines” which associates MDAO to
MBSE. The second branch entitled Type expresses that
the coupling occurs at two different level: firstly there
is a methodological coupling and secondly, there is a
language coupling. A future goal of the coupling is to
automate the communication and the data transmis-
sion between the two approaches. Finally, the third
branch presents the main tools used to realize the cou-
pling describe in this paper.

Figure 1: MBSE - MDAO coupling mind map

3 Related work

As mentioned in section 1, it is sometimes required to
complete the MBSE approach by another one such as
MDAO [CN21]. Or, by another tool, such as Mat-
lab/Simulink (for instance, [Zha+21] which enables
simulation of models developed through an MBSE ap-
proach [ZMT18]). According to [Nik+16], simulation
is one of the preferred method to explore the perfor-
mance of SysML. In the literature [Nik+15], several ap-
proaches aim to use simulation results to verify SysML
models, that is to say, to ensure that requirements spec-
ified are satisfied by the system. Simulations are used
to make trade-off analysis and take design decision.

In order to optimize the development of drones, it
is indeed required to make decisions from the concep-
tual design phases. Modeling and simulations can help
designers in making trade-off to select the most ap-
propriate design solutions before building the drones
[ZMT18]. According to [ZMT18] modeling and sim-
ulation are two different things: modeling helps un-
derstanding phenomena whereas simulation allows one
to experience a model in different environments. One
of the advantages of simulation is to better under-
stand the behavior of a system simulating its associated
model in different situations. In this paper, the SysML
language is selected as the main modeling language.
Simulating SysML models is a major step to validate
models in terms of performance. Numerous researches
are currently ongoing on the subject of generating
simulation code from SysML models. For instance,
[Nik+15] presents several approaches for automating
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SysML models simulation process. The general pro-
cess consists in exporting SysML models in XMI format
and to transform them into another model readable by
the simulation platform. Additional information such
as constraints are transmitted to the simulation plat-
form through profiles introduced in the SysML model.
Thanks to the variety of diagrams offered by SysML,
for instance use case diagrams and block definition di-
agrams, structure and behavior of the system can be
defined. However, the behavior of the system is still
described directly into the simulation platform using
their libraries. The solution proposed by [Nik+15] to
carry out the transformation from SysML models to
simulation models is to define a meta-model describing
simulation entities. Model transformation languages
such as ATL and QVT are presented as good candi-
dates to perform SysML to simulation models trans-
formation.

In [Ker+13] the authors agree with the idea to de-
velop models in SysML and to simulate these models
with domain-specific tools. The approach developed
in [Ker+13] consists in creating an integrated SysML
model containing relevant data. From this integrated
model, it is proposed to generate domain specific mod-
els. In this way, all domain-specific models are not
developed from scratch and they depend on the same
model (the integrated one). Such a method contributes
to achieve consistency between all models. The low
cost required to implement such a method, and the ease
to set up simulation and test that allow one to obtain
quick results, are its major advantages [Ker+13]. In
terms of coupling, the SysML physical architecture of
the system is directly simulated in tools such as Mod-
elica where a code is generated from the logical ar-
chitecture and tested on a real Programmable Logic
Controller (PLC) [Ker+13].

The approach proposed in this paper is different from
the ones presented above. Even if any model transfor-
mation is performed in the method proposed in this
paper, two different approaches working on different
tools are coupled. To be efficient, the coupling between
MBSE and MDAO requires to set up communication
between both of them. Using XML to exchange the
data contained into SysML diagrams as it is done in
[Nik+16] can be a solution for the MBSE-MDAO in-
formation sharing.

The objective of our work is, in the first instance, to
refine the requirements in order to give as much details
as possible about the expected features of the system.
Writing good requirements is a crucial step of the sys-
tems engineering approach, it allows the definition of
the system under development [BCN21].

The project Agile 4.0 also addresses MBSE-MDAO
coupling and considers it as an enabler to accelerate
the development of innovative products. The authors
of [CN21] identified in the literature that deploying
an MDAO collaborative design process could help in
reducing the system development time [CN21]. The
methodology proposed in [CN21] covers the entire life
cycle of the system, starting from the stakeholders
identification to the validation process as it is done

in a systems engineering approach. The conceptual
framework in [CN21] use systems engineering for up-
stream architecting phases such as system identifica-
tion and system specification whereas they use MDAO
processes for downstream product design phases. In
our work, we propose to initiate the coupling between
MBSE and MDAO from the requirement writing in or-
der to add as details and accurate values characterizing
the system as early as possible in the life cycle.

To write good requirements, that is to say re-
quirements that are complete, consistent, understand-
able, unambiguous and traceable, [BCN21] proposes to
judge their quality using measurable indicators. The
authors of [BCN21] further present several viewpoints
as modeling guidelines with stakeholders, needs, and
requirements in mind. As far as requirements writing
is concerned, 5 fields to be filled in are expected : Text,
ID, Type, Author, and Version. The Text field is sup-
posed to be filled in by following a requirement pattern
corresponding to a standard sentence, according to the
type of requirement to be defined. For example perfor-
mance requirement, design constraints requirement or
even environmental requirements.

Finally, certification of the drone developed is also
part of the research spectrum of the Agile 4.0 project.
A certification-driven process is presented in [Tor+21].
Since drones are embedding an ever increasing number
of functionalities and become more complex, integrat-
ing the issue of certification as early as possible in the
development of such system will facilitate its final cer-
tification.

4 Contributions

The work presented in this paper aims to size a drone
battery in order to complete a given mission. To do
this, an MBSE model and an MDAO analysis are done.
The expected result is to have precise value of drone
and battery characteristics that are required to go fur-
ther in the design of both of them. Obtaining reliable
values from the conceptual design of the system is an
asset to ensure a good development of the battery and
it reduces the design space to explore from the begin-
ning of the project.

4.1 Process proposed

The process proposed in this paper is made up of 5
steps, as depicted by Figure 2.

The first step consists in writing requirements in
a SysML requirement diagram using existing SysML
stereotypes and the 3 additional stereotypes proposed
in this paper (Figure 3). In this step the scalar that
needs to be sized with the MDAO is identified with the
Boolean identifier named MDAOobjectiveFunction.
If the Boolean is true, the variable corresponds to the
objective function. During the second step, the MDAO
model that will optimize the objective function is built:
this allows one to identify the design variables and
parameters required to complete and run the MDAO
model. The third step corresponds to the search for
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Figure 2: Requirement improvement process

these variables values in the requirements diagram us-
ing the stereotypes created in this paper (Figure 3).
Then the input values are exchanged from the require-
ment diagram to the MDAO model. Finally, after run-
ning the MDAO analysis and optimization, outputs are
added to the requirements diagram, which allows one
to update it and improve its accuracy. An example is
run in section 5.

4.2 MBSE modeling

To create a strong coupling between MBSE and
MDAO, several changes are proposed and presented
in the remainder of this paper. First, to high-
light the new links between MDAO and MBSE mod-
els, new stereotypes were created in the Papyrus
tool [DLG09]: MDAOproperties, MDAOinput, and
MDAOoutput Figure 3.

Figure 3: New stereotypes proposed for the require-
ment diagram

MDAOproperties contains all information related to
the MDAO model definition used to improve asso-
ciated requirements. Requirements with the stereo-
type �MDAOproperties� contains for example the
solver used for the optimization in the Optimizer at-
tribute, the number of disciplines that are part of
the MDAO model, and the fidelity of the model
in use. The Boolean MDAOused indicates if the

MDAO described in the requirement with the stereo-
type �MDAOproperties� is used to improve another
requirement with another stereotype or not.
MDAOinput contains data that can be used as input

values by the MDAO model. These data are classified
into 3 categories: ”design variable”, ”parameter”, and
”objective function”. The objective function is char-
acterized by a true value of the Boolean MDAOobjec-
tiveFunction. The difference between design variables
and parameters is that a value of a design variable can
be modified during the MDAO optimization process
when parameters remain fixed values. The Boolean
MDAOvarType returns the type of the variable. If the
Boolean MDAOvarType is true, the variable is a design
parameter; otherwise, it is a parameter. MDAOvari-
able indicates the name of the corresponding variable
used in the MDAO model.
MDAOoutput allows one to integrate the outputs of

the MDAO into the SysML requirement diagram. For
this reason two relations are created: MDAOupdate
and MDAOaddition. MDAOupdate represents the link
between the original requirement and the requirement
containing the variable value obtained with the MDAO.
MDAOaddition represents the link between a new re-
quirement given by the MDAO optimization and a re-
quirement already present in the initial requirement
diagram.

Several attributes created in this paper mean the
same thing in different stereotypes. They are defined
as follows. ’id data’ represents the identifier of the re-
quirement which contained a data used or obtained by
the MDAO. ’id analysis’ represents the MDAO solver
that modifies or uses the value of the considered re-
quirement. ’version’ indicates the version of the re-
quirement. If the requirement is modified, the version
number will be incremented. ’type’ indicates if the
requirement is functional or non-functional. Finally,
’text’ is a text field that supports controlled natural
language (not addressed in this paper) and defines the
variable provided into the requirement.

The 3 stereotypes �MDAOproperties�,
�MDAOinput� and �MDAOoutput� cover
the needs of the drone battery sizing developed in
section 5. Future work will allow one to complete and
generalize them so that they can be used for other
applications than battery sizing.

4.3 MDAO modeling

At this point, requirements are considered to be writ-
ten, but they may not be accurate enough to restrict
the possibilities of design of the future drone battery.
For instance, this applies to the requirement named
MaxWeight presented in the example section 5.

Another concern is to ensure that the drone will have
enough autonomy to complete its given mission. For
this reason, an MDAO model is built and run. It aims
to help improving part of the requirements written in a
SysML requirements diagram, and to verify if the drone
is able to complete its mission with a battery developed
that meets these requirements. The objective function
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of the MDAO model used in this paper is the state of
charge of the battery, deduced from the Bréguet range
equation (1) for fully-electric UAV that is optimized by
the MDAO.

Relec =
cb
g

CL

CD

Wbatt

WTO
ηESCηmηp (1)

Where :

• cb is the battery specific energy

• g is the gravitational constant

• CL

CD
is the lift to drag ratio

• Wbatt, WTO are the drone battery weight and the
takeoff weight

• ηESC, ηm, ηp are the Electronic Speed Controller
(ESC), motor and propulsive efficiency

The MDAO is used to find a trade-off between all
design variables of the problem that provides the max-
imum range of the drone, which is obtained as an out-
put of the optimization.

In this paper, Bayesian optimization [Moc75] is per-
formed and, the objective function is approximated by
a Gaussian Process [Wil+20]. This approach suits to
find a global optimum of an objective function ex-
pensive to evaluate [Fra18]. The optimizer used is
named Super Efficient Global Optimization with Mix-
ture Of Experts (SEGOMOE) [Pri+20]. SEGOMOE
optimizer is a good candidate to solve global optimiza-
tion problems subject to nonlinear constraints and in-
volving numerous design variables [Bar+19].

The MDAO model is presented in Figure 4. The
technical vocabulary defining a wing and used in the
MDAO model is presented in Figure 5 and Figure 6.

The MDAO model is made up of seven disciplines.

• Atmos, that takes as inputs parameters the flight
altitude of the drone and the Mach number. It
uses these two parameters to compute several pa-
rameters such as temperature, speed of sound, and
computes and returns Reynolds number, air den-
sity and True Air Speed (TAS) as outputs param-
eters. These values are available for the other dis-
ciplines and thus used in other computations.

• Geometry, this discipline creates the mesh of the
wing and the tail of the drone. It takes as inputs
data the root chord, the span and the twist of the
wing, respectively the tail of the drone. This mesh
is required for others disciplines such as Aerody-
namics and Structure for instance.

• W0, this discipline adds the mass of the battery
with the mass of the fuselage and of the payload.
The output corresponding to the mass of the drone
without wing and tail is required in the discipline
Structure to determine the mass of the two entities
wing and tail.

• AeroStructure: this fourth block corresponds to
a second MDAO model presented in Figure 7. It
is made up of three disciplines (Structure, Aero-
dynamics, and LoadsTransfer), and another block
named DispTransferGroup.

– Structure: discipline that takes as input the
dihedral, the sweep, the twist, the taper ra-
tio, the mesh and the thickness of the wing,
respectively the tail of the drone, and W0.
It outputs some parameters such as the dis-
placement of the wing and the tail, the mass
of the wing and the tail, and a new mesh
taking into account the real shape of the wing
and the tail (dihedral, twist, sweep...). It also
verifies if the wing, respectively, the tail re-
sist the forces exerted when the drone makes
a turn.

– DispTransferGroup: it is a third MDAO
model shown in Figure 8 and made up of two
disciplines: ComputeTransformationMatrix
and DisplacementTransfer. ComputeTrans-
formationMatrix takes as inputs the displace-
ment of the wing and the tail from the disci-
pline Structure. With this, it builds a matrix
used by the discipline DisplacementTransfer
to define the deformed mesh of wing and tail
of the drone.

– Aerodynamics: this discipline computes lift
and drag cruise coefficients as well as forces
applied on the wing and the tail. It uses
variables previously computed by other disci-
plines like the Reynolds number, the air den-
sity, the TAS, the mesh and the deformed
mesh of the wing and the tail. But also de-
sign variable found in the requirement dia-
gram like the dihedral (wing and tail), the
sweep (wing and tail), the taper ratio (wing
and tail), the twist (wing and tail), the angle
of attack (AOA) and the Mach.

– LoadsTransfer: this discipline takes as input
only variable defined by the other disciplines
of the MDAO model. The deformed mesh of
the wing and tail are transmitted by the dis-
cipline DisplacementTransfer, whereas forces
applied on the tail and the wing come from
the discipline Aerodynamics. The outputs of
LoadsTransfer are the loads of the wing and
the tail.

Once the analysis of the AeroStructure MDAO
model is completed, outputs values are sent to the
first MDAO model Figure 4 and used for the com-
putation of the state of charge of the drone battery.

• Masses, takes as inputs the output of W0 and the
mass of the wing and tail computed by the disci-
pline Structure to determine the Take-Off Gross
Weight (TOGW) of the drone.

• BreguetElec, contains the equation (1) to opti-
mize. It takes as input parameters such as the
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Figure 4: XDSM maximizing the drone range.

Figure 5: Technical vocabulary of a wing.

Figure 6: Technical vocabulary of a NACA profile.

Figure 7: AeroStructure XDSM

Figure 8: DispTransferGroup XDSM.

mass of the battery, the battery specific energy
and the efficiency of the ESC, of the motor and of
the propeller. It also uses lift and drag cruise co-
efficients obtained as output variables of the Aero-
dynamics discipline, and the TOGW computed by
the discipline Masses. This discipline returns as
output value the maximum range that the drone
can travel.

• Functions, which is the objective function. It pro-
vides the optimized state of charge of the drone
battery by taking as input variable the maximum
range computed by BreguetElec and the target
range (corresponding variable: target range) to
travel.

5 Case study

5.1 Mission Description

The mission considered in this paper is a high-voltage
power line surveillance mission executed by a drone. In
this mission, the drone should fly over a high-voltage
power line recording data using embedded sensors.

Traditionally, inspection of high-voltage power lines
is achieved by Humans or using an helicopter [Liu+19].
Dangers for human beings along with inspection costs
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lead to investigate new inspection solutions. Drones
have many advantages in terms of low cost, and
easier access to areas that remain difficult for Hu-
mans or helicopters. For safety reasons, high-voltage
power lines are often located far from housing and
crowded areas. They can be located in mountains or in
forests for example, which increases difficulty for tech-
nicians [Liu+19].

A high-voltage power line mission may present differ-
ent objectives. The advantage of using a drone for exe-
cuting such a mission is that a drone can be customized
depending on the tasks it will have to perform. For in-
stance, a drone can evaluate the state of the wires using
cameras, make repairs on the wires with a robotic arm,
and acquire electrical measurements from wires (for in-
stance, the temperature and the value of the current).
Drones need to be designed for the equipment they
carry, and according to the parameters related to their
mission. For instance, one needs to maintain a min-
imum distance from the power line, and to adapt to
weather conditions and relief.

In the power line surveillance mission chosen in this
paper, the main criterion to be taken into account is
the distance to travel. The drone should take-off, in-
spect the high-voltage power line, return to its starting
point and land. In this paper a fixed wing drone is
preferred to a multirotor one because of the former’s
greater flight autonomy.

In addition to having an impact on the design of the
entire drone, the mission objectives, the onboard and
the operational environments have an impact on the
drone’s battery. At the moment, the mission achieve-
ment depends on the flight autonomy, and thus, on the
battery performances. It should be noted that develop-
ing models for battery discharge is a challenge in many
ongoing researches [Cha+16].

5.2 Drone battery

Lithium polymer (LiPo) batteries are commonly used
to power drones since they present several advantages.
For instance, they provide from ten to thirty times the
theoretical energy density supplied by lead batteries.
Further, they are lighter than Nickel-Cadmium batter-
ies. Other interesting characteristics that justify their
use in drones include the low cost, the durability, and
the high charge and discharge rates [Cha+16].

In [Cha+16] the idea of categorizing drones and cre-
ating a large energy consumption model for each class
created is introduced. The objective of these models
is to estimate the energy consumption of the battery,
once the drone is associated to the mission it has to
execute. This way, the mission can be better planned
before it is executed. The objective of this paper is sim-
ilar, that is to say, to find a way to predict the battery
discharge based on the mission being performed. The
difference in this paper is that a method coupling the
MBSE and MDAO approaches is proposed and imple-
mented to predict the battery discharge. This coupling
method is detailed in section 4.

5.3 Drone battery modeling

According to the requirement TargetRange (Figure 9)
the length of the high voltage power line is 20000 m
that corresponds to the value called target range in
the MDAO model. The target value expected as an
input value in the MDAO model is provided by the
excerpt of the SysML requirement diagram Figure 9.
The remaining state of charge of the battery at the
end of the mission is computed with this target range
value and other design parameters of the drone and
the battery. In the MDAO model used in this paper,
the problem is constrained by four parameters that are
the lift coefficient of the drone, the wing and the tail
failure, and the TOGW. Considering the lift coefficient
as a constraint allows one to ensure that the drone is
able to fly. Sizing the drone thinking about wing fail-
ure and tail failure parameters ensures that neither the
wing nor the tail will break during the flight. Finally,
the maximum weight of the drone authorized is 8 Kgs
(requirement MaxWeight Figure 9). For this reason
the parameter max mass is also used to constrain the
problem Figure 10.

The MDAO model built in this paper takes 19 in-
puts parameters and design variable, as described in
section 4. After 250 optimization iterations it returns
31 variables as output, as shown on Figure 11, Fig-
ure 13, and Figure 12.

The best result obtained after 250 iterations is the
one presented in Figure 12 that corresponds to a drone
of 7.87 Kgs (TOGW).

The discipline breguet elec shows that this drone is
able to travel 109,442 m thanks to its battery, Fig-
ure 12. Knowing that the high voltage power line
surveillance mission required to fly 20,000 m, it is pos-
sible to ensure that the drone is able to complete the
mission described at the beginning of section 5. After
executing this surveillance mission, the discipline func-
tions computes the remaining SOC of the drone that
is of 81,7% Figure 12.

In view of the results obtained, particularly in terms
of remaining autonomy, it is legitimate to think that
the drone is oversized. However this gives us the pos-
sibility to rethink and reorganize the mission. For ex-
ample, it is possible to embed more energy-consuming
sensors into the drone that would allow to better in-
spect the high voltage power line. Another option is
to extend the distance of high voltage power line to
monitor during the surveillance mission. For instance,
it could be interesting to inspect a nearby high voltage
power line the same day. However, this drone won’t be
sufficient to inspect the longest high voltage power line
in the world which measures 1700 Km.

In addition, the objective of this example was a proof
of concept showing the feasibility of the coupling mech-
anism proposed in this paper. For this reason, not all
variables have been optimized. In particular, the bat-
tery mass has been fixed and was not part of the op-
timized variables. In future works, more variables will
be optimized, including the mass of the battery which
is a major point in the dimensioning of many systems.
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Figure 9: Excerpt of the initial requirements diagram.

Figure 10: Constraints of the MDAO problem.

Figure 11: Output variables of the disciplines atmos,
geometry, and w0.

Figure 12: Output variables of the disciplines masses,
breguet elec, and functions.

The variables that characterize the drone are set in
the block AeroStructure Figure 4 by the disciplines
Structure, ComputeTransformationMatrix, Displace-
mentTransfer, Aerodynamics, and LoadsTransfer. The
results are presented in Figure 13.

5.4 Results: requirement improvement

Finally, the analytical values obtained with the MDAO
analysis (Figures 11, 13, 12) are used to update the ini-
tial requirements diagram Figure 9. The new stereo-
types proposed in section 4 as well as the relations be-
tween requirements are applied in Figure 14, the re-

Figure 13: Output variables of the blocks AeroStruc-
ture and DispTransferGroup.

quirement diagram obtained after inserting MDAO re-
sults inside.

The updated requirement diagram, more accurate
than Figure 9, allows one to go to the next step of the
drone battery design with a stronger background than
if the design method had not used MDAO model.

6 Conclusions

From some years now, drones are even more present
in the sky and execute a wide range of missions to
ease Humans’ work. There exists different kinds of
drones. Some of them are employed to travel a long dis-
tance whereas others are smaller than a human hand

9



Figure 14: Updated excerpt of the requirement diagram.

[Gro+21]. The design of each drone depends on the
mission it will have to execute. MBSE allows one to
describe the system from at least a structural and be-
havioral point of view [CS21] and to manage the re-
quirements that the system should satisfy. However
some limitations in the MBSE approach can be pointed
out [CS21].

This paper proposes to strengthen the MBSE ap-
proach by coupling it with the MDAO approach. The
latter advantageously provides precise analytical val-
ues after analyzing and optimizing a model composed
of several inter-related disciplines. In such a way,
MBSE takes advantage of the mathematical compu-
tations achieved by the MDAO. On the other hand,
the MDAO can use the MBSE as a data base to fill
in its models. For instance, requirement diagrams may
contain a lot of information expected as inputs by the
MDAO. In this paper, different stereotypes are pro-
posed to initiate the communication and exchange of
data between MBSE and MDAO approaches. The con-
sistency between all models (MBSE and MDAO) is pre-
served because the ones are modified according to the
others. In other words, they evolve in a synchronous
way.

Keeping in mind that the main objective of the

MBSE-MDAO coupling is to accelerate the develop-
ment process of the drone, future work will consist in
automating the exchange of data between the require-
ment diagram and the MDAO model. A common lan-
guage understandable by MBSE and MDAO will be
proposed.

Formalizing the drone mission will be an important
milestone of our project. More precise parameters re-
quired by the drone will be taken into account to satisfy
the mission. This will contribute to an improved design
of the drone.

Creating MDAO model patterns from the SysML re-
quirement diagram is also an avenue to explore.

Finally, the coupling of MBSE and MDAO ap-
proaches will be extended beyond the requirement step
in order to cover the entire lifecycle of the drone.
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