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Abstract

The design of novel aircraft concepts powered by electric propulsion systems is a highly
multidisciplinary task that requires expert knowledge to be included in the early design
phase. Such expertise is typically provided by engineering routines that are not directly
linked to the overall aircraft design. This paper presents a digital framework to employ
heterogeneous methods at component level to size a complete electrical powertrain within
the aircraft design process. A standardized interface and an automated execution workflow
are developed to enable consistent data exchange between disciplines, integration of the
powertrain architecture into the data model, and synthesis of component results within the
overall aircraft design process. The framework is applied for the sizing of the powertrain
of a plug-in hybrid electric aircraft. By supporting the integration of expert knowledge at
component level in the aircraft design process, this paper facilitates technology assessment
at the early design stage.

Keywords: digital design process; collaborative design; plug-in hybrid electric propulsion

1. Introduction

Electrically powered aircraft have shown significant potential towards sustainable
aviation [1], driving the need for new aircraft concepts integrating electric propulsion
systems. The design of novel aircraft concepts powered by electric propulsion systems is
a highly multidisciplinary task, involving domains that are typically not represented in
conventional preliminary aircraft design. The design of electric propulsion systems has a
high impact on the overall aircraft design, and it requires detailed expert knowledge as it
cannot be addressed by statistical methods. It is therefore essential to include this expert
knowledge at an early phase in the design process. In current preliminary aircraft design,
disciplines that are not yet covered in detail by the design process are typically treated
with simplified methods. Detailed sizing of an electrical power train is therefore hindered
by the missing link to the component experts. This raises the need to determine how
heterogeneous engineering routines at component level can be employed to size a complete
electric powertrain within the preliminary aircraft design process. The methods applied to
assess specific subsystem and component design differ significantly in approach and level
of fidelity. To ensure a consistent and efficient digital design process that integrates all of
those heterogeneous methods, the general approach comprising engineering routines, a
data exchange model and an integration platform [2] has to be adapted. Within the pre-
sented design process, the remote component environment (RCE) [3] is used as integration
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platform in combination with the Common Parametric Aircraft Configuration Schema
(CPACS) [4] as a data exchange model. The schema has recently been extended by a system
definition [5] to represent detailed system data in the aircraft design process. To make
use of this extension, all tools must be capable of aligning their inputs and outputs with
the schema while maintaining their heterogeneous character. To this end, a standardized
interface for each engineering routine is developed, ensuring consistent handling of the
data exchanged among all disciplines. Additionally, adaptations of the automatic workflow
execution are made, enabling the powertrain system architecture to be merged with the
exchange data and the final synthesis of the results. This facilitates the integration of more
detailed powertrain sizing at aircraft level. To validate the framework, it is applied to the
sizing of a propulsion system of a 250-seater plug-in hybrid electric powered aircraft [6].

2. Background

The digital design process described by Moerland et al. [2] forms the basis of the
collaborative propulsion system design. As a starting point for the extension for this
application, the central elements of this digital design process are briefly described.

2.1. Engineering Routines

Including expert knowledge as early as possible in the design process is essential for
the assessment of novel technologies, which cannot be sufficiently captured using statistical
methods. These multidisciplinary competences from different partners can be provided as
engineering routines. Each of the engineering routines might use different methods and
inherit different levels of fidelity. For a digital design process, they need to be available as
executable software. In this study, the engineering routines are referred to as tools since
they represent the re-usable knowledge of the individual partners.

2.2. Data Exchange Model

One approach for an efficient and robust data transfer between partners within a
collaborative design process is the use of a standardized data exchange model. This
approach reduces the maximum number of possible connections within project partners
but requires that this data exchange standard is developed and agreed on beforehand. For
application in the field of preliminary aircraft design, the Common Parametric Aircraft
Configuration Schema (CPACS) serves as one example of a standardized data model [4].
The CPACS is based on extensible markup language (XML) and structured hierarchically,
covering a wide range from traditional aircraft design disciplines to recent developments
for fleet assessment and propulsion or on-board systems [7].

2.3. Integration Platform

The interaction, coupling and execution of different engineering routines can be
managed by an integration platform. In the scope of this design framework, the remote
component environment (RCE) is used for this purpose. The RCE is a distributed workflow-
driven integration environment applicable to different engineering domains [3]. It allows
for the remote execution of tools hosted in different locations within a peer-to-peer network.
Additionally, the RCE supports the tool integrator with a graphical user interface for the
generation of workflows.

3. Methodology

This section specifically describes the digital design process of the collaborative pow-
ertrain system design and highlights adaptations and extensions with respect to the tools
and their interfaces, the data exchange model and the integration platform.
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3.1. Tools for Hybrid Electric Powertrain Sizing

For the sizing of the hybrid electric powertrain, different tools from several partners are
used covering specific disciplines of the system architecture. These tools are presented below.

The gearbox tool provides a sizing approach to estimate the weight [8], dimensions [9]
and efficiency [10] of the gearbox for a given gearbox ratio, power demand and torque.

The sizing of the electric machine is performed assuming a permanent-magnet syn-
chronous motor (PMSM) and is based on operating requirements such as torque, rotational
speed and mechanical power. Empirical models from [11,12] are used to derive key motor
characteristics, including mass, volume, efficiency and cooling demand.

The battery packs are sized using an equivalent-circuit model parameterized by in-
house lab measurements of state-of-the-art Li-Ion cells [13]. The sizing tool uses inputs
specifying cell characteristics (cell type, nominal capacity, energy density, etc.) and several
operational constraints (depth of discharge, maximum C-rate, thermal limits, and voltage
constraints) to size a battery pack with specified voltage, capacity and power. Feasible pack
configurations that match the requirements are then evaluated, and the resulting design
provides the total mass, volume and number of required cells in series/parallel, as well as
efficiency, heat generation and pack voltage for the specified sizing points.

Different topologies of power electronic components are considered in the architecture
of the electric drive train. A dedicated inverter sizing tool [14] delivers power density and
efficiency for a given power requirement and voltages. For DC-DC voltage conversion, an
additional tool determines corresponding power densities and efficiencies based on the
required power and voltage levels [15].

A thermal management tool [16] covers the most essential components of a basic
thermal management system, consisting of a liquid-to-air heat exchanger integrated into a
ram air channel and an electric ram-air fan for ground and low-speed operation. The tool
estimates the size and weight of the heat exchanger and fan, determines the required fan
power, and calculates the cross-sectional area of the ram-air channel and the internal drag
of the resulting heat exchanger design.

3.2. CPACS System Definition and Standardized Tool Interface

A recent extension of the CPACS data schema includes the description of aircraft
systems [5], which will be used in the presented framework. It enables logical and physi-
cal representations of the same system, without violating the principle of unambiguous
data. Different hierarchical levels of the CPACS are used for the implementation of the
system definition: the vehicles level, the aircraft level and the analysis level. At the
vehicles level, “library” elements are introduced, representing items relevant for aircraft
systems (e.g., batteries, inverters, etc.). These items are named systemElements and can
be instantiated repeatedly at aircraft level. By linking the unique identifier (uID) of the
systemElement to the respective genericSystem at aircraft level, a physical representa-
tion of the system can be achieved (e.g., the components and locations of the system within
the aircraft). This perspective is complemented with the logical coupling of the components
by assigning directed connections within a systemArchiecture. A connection always
consists of a source and a target, which can be represented by instantiated components
and linked with the respective componentUIDs. The connection itself can be referenced
via a connectionUID. At the lowest hierarchical level, the analysis level, energy or mass
flows can be stored on the connections. For different “operational cases”, the flows
are represented as powerFlows of differnt types (e.g., electricPower, mechanicalPower
or heatFlow).

Figure 1 serves as an illustrative example. A simple systemArchitecure is shown com-
prising three instantiated components (with their componentUIDs “inverterl”, “e_machinel”
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and “gearbox1”) and two connections, on which powerFlows are declared. This terminol-
ogy will be used throughout the paper.

Inverter E-Machine Gearbox

uID:inverterl_to_e_machinel uID:e_machinel_to_gearbox1 i
source: inverterl source: e_machinel |
target: e_machinel target: gearbox1i |
type: electrical type: mechanical i

Figure 1. Illustrative example of the terminology used for the CPACS system definition.

The extension of the system definition forms the basis for representing system compo-
nents and their interactions within the CPACS. Regarding tools, this requires a standardized
approach to ensure that all tools consistently read and write their inputs and outputs to
the correct locations within the schema. To this end, a common interface was developed to
ensure standardized handling of CPACS data.

Figure 2 gives an overview of the inputs and outputs of the CPACS interface of
each sizing tool. The system architecture, namely the components and their connections
to each other, is fully represented in the CPACS file that is read by the tool. Together
with the componentUID, which the tool retrieves during the sizing workflow, all relevant
information needed for sizing is implicitly made available. The componentUID is part of the
connectionUID and occurs in either the source or the target node. If the componentUID
is found in the source node of a connection, this connection is a physical output of the
component (or an input, if it appears in the target node). After searching the system
architecture for appearances of the componentUID in all connections, all physical inputs
and outputs of the respective component are known. The direction of the connections is
defined corresponding to the energy flow or mass flow. Therefore, certain physical outputs,
such as the mechanical power delivered by an electric motor, may in fact be an input value
for the respective sizing tool. The initial sizing input values are defined in different sizing
cases provided by the overall aircraft design. They are represented as powerFlows in the
powerBreakdown for different characteristic points, such as take-off, cruise and descent, as
well as relevant failure cases. Besides the powerFlows, the sizing cases contain additional
specifications such as altitude, mach number and temperature, but also configurational
information such as battery state of charge. As all physical input and output connections
are known, each associated connectionUID is checked for entries in the powerBreakdown.
If a corresponding entry exists, the value of the defined powerFlow is taken as sizing input
for the respective component. Based on these inputs, the tool performs its sizing calculation
for each sizing case and creates new powerFlow entries linked to the connectionUID that
was identified as tool output. The results of component sizing are written into the CPACS
structure. The power output is written to the respective powerFlow in the powerBreakdown
of each sizing case. The characteristics of the sized components, including mass and volume,
are written to the associated systemElement.
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Figure 2. Inputs and outputs of the CPACS interface of each tool.

3.3. Workflow Execution

Each of the tools described in Section 3.1 is locally integrated into the integration
platform, the RCE. The schematic of the workflow is illustrated in Figure 3.

~

/Initial Requirements ma

Overall Aircraft
Design Workflow

("Power Train Sizing Workflow

&
TDD\
| K ;
Architecture merging Component sizing Synthesis of results

\_ . ’ J

Figure 3. Illustration of the powertrain sizing workflow execution.

The powertrain sizing workflow retrieves the CPACS file with the initial design
and the associated power requirements from the overall aircraft design workflow. Each
component of the power train architecture has a representation of the respective tool in
the sizing workflow. Prior to component sizing, the detailed architecture definition of the
powertrain is merged into the CPACS file. During workflow execution, each tool receives
the componentUID via external input. The input data is then processed according to the
process described above and the CPACS file is passed to the next sizing tool after execution.
During component sizing, parallel branches of the architecture are sized simultaneously.
This requires merging the resulting CPACS files of each branch into the main CPACS file,
before the results are fed back to the overall aircraft design workflow.

Currently, the sizing workflow is assembled manually in the RCE. In parallel to the
presented framework, workflow generation tools such as MDAX [17] are applied to fur-
ther automate the workflow assembly. MDAX, the Multidisciplinary Design Analysis and
Optimization (MDAQO) Workflow Design Accelerator, provides automated formulation
of complex MDAO workflows based on structured disciplinary definitions, enabling con-
sistent data exchange and standardized workflow architectures. The user can generate
fully specified workflows including component connections, data mappings, and execution
sequence using an interactive GUI. These workflows can be exported to the RCE for direct
execution. Recent developments in MDAXx have allowed for modifying the workflow dur-
ing execution based on the system architecture being analyzed [18]. This has led to a new
branch of MDAO called Dynamic MDAQO, which is a crucial component when optimizing
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different architectures for a system. Dynamic MDAOQ can be instrumental in automating
and accelerating the formulation and execution of powertrain sizing workflows when
investigating different architectures at once. Those novel techniques are currently applied
to parts of the presented workflow in an application example.

4. Application to Hybrid Electric Powertrain Sizing

The application of the framework to the sizing of a hybrid electric powertrain is
presented below.

4.1. Hybrid Electric Powertrain

The underlying use case in this paper is the design and analysis of the propulsion
system of a 250-seat plug-in hybrid electric powered aircraft concept (PHEP) [6]. The
single-aisle aircraft is driven by four propellers and has a design range of 1500 nautical
miles and a cruise Mach number of 0.66. On short flight missions of up to 500 km, the
aircraft is fully battery electric, exploiting the high battery efficiency. On longer missions of
up to 1500 km, the configuration runs in a parallel hybrid mode, where the gas turbines on
the outer nacelles provide thrust to the outer propellers while generating electric power for
the inner propellers.

The concept is developed within the DLR internal EXACT project (Exploration of
Electric Aircraft Concepts and Technologies). According to [1], the aircraft can achieve
promising average fleet-level energy efficiency among short-range, single-aisle aircraft,
highlighting its potential for further investigation. The basic schematic of the PHEP
powertrain is shown in Figure 4. Due to the symmetric propulsion system, only the left
wing is illustrated for the two operating modes. The batteries used for propulsion are
located in the inner nacelles. In all-electric operation, one battery pack supplies the inner
electric machine and the other battery pack supplies the outer electric machine. The gas
turbine in the outer nacelle is inactive and mechanically decoupled from the shaft while the
electric machine operates in motor mode to drive the propeller. For longer missions, the
system is switched to parallel hybrid mode. In this configuration, the kerosene (SAF)-fueled
gas turbine is coupled to the propeller shaft and delivers the total propulsion power for
both propellers. The electric machine on this shaft operates in generator mode and provides
electric energy for the inner electric motor. The outer propeller is driven directly by the
gas turbine.

All-Electric Parallel-Hybrid

k2

1
T '&

e

P2 Gearbox
E-Machine # Clutch (decoupled)
Battery -|- Clutch (coupled)

P Inverter — mechanical power
» electrical power

% Gas turbine — kerosene flow

Kerosene

Figure 4. PHEP powertrain and operating scenarios.
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4.2. Sizing Results

The architecture can now be analyzed in terms of system mass and volume,
and the power flows across the connection between the individual components. The
powerBreakdown captures the power flows for each analyzed sizing case. For a compre-
hensive analysis, the visualization dashboard DIANA [19] was employed to display the
resulting power flows using Sankey diagrams. Figure 5 shows the power flows during
take-off in all-electric operation. The diagram allows detailed analysis of electrical power
(yellow), mechanical power (blue), and heat flows (red) exchanged between the individual
components. Due to the symmetric power train architecture, only one side of the aircraft
is visualized. A dedicated thermal management system is currently only included for the
battery, while all remaining heat loads are assigned to the ambient. This provides a clear
overview of the magnitude and the location of the heat loads within the aircraft, supporting
further investigation and refinement of the thermal management architecture.

ESS_BatteryPack4 EES_Conv_DC_DC_BatteryPack4 EES_HVDC_Cable_Left M EES_Conv_DC_AC_EM_4

—
s—mmm TMS_BAT4 T

ESS_BatteryPack2 EES_Conv_DC_DC_BatteryPack2

DT ElectricMotor™2. PropellerShaft 2

Propeller_2

wmm ESS_BatteryPackOBS L TMS_BAT2

= EES-Conv-DC-DC-LY-DC-Bus — T mmwEESZLVDC-Bus—— — - o OBS

Figure 5. Power breakdown during all-electric operation.

5. Conclusions

Including detailed expert knowledge into the aircraft design process at an early stage
is essential to analyze aircraft concepts with novel propulsion systems. The framework
presented in this paper enables the integration of engineering routines from distributed
development teams into the detailed design of a powertrain architecture. The system
definition in the common data exchange model, the CPACS, is used to represent the overall
powertrain system architecture to capture the physical interconnections of the individual
system components. The methods used for component sizing are provided by different
partners and are integrated into a process integration platform for workflow execution. To
ensure consistent data processing of the inputs and outputs of each tool, a standardized
CPACS interface is wrapped around each tool. The framework is demonstrated on the pow-
ertrain of a plug-in hybrid electric powered aircraft concept. An overall powertrain sizing
workflow is successfully established based on the requirements from the overall aircraft
design. The results of powertrain sizing are merged and fed back to the overall aircraft
design workflow. Using this framework, detailed component design can be integrated into
the preliminary aircraft design process, striving for a robust technology assessment at an
early development stage.
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