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Abstract—Today the electrification of flight is more popular
than ever, creating a wide array of concept aircraft and associated
power system topologies. In order to gain insights into benefits
of these varying architectures, this paper introduces the develop-
ment of a framework for electric aircraft power system (EAPS)
optimization. The proposed framework accepts inputs from a
designer in the form of component parameters and desired flight
mission characteristics. A collective graph representing many
architectures is formed, from which, subgraphs or power system
topologies meeting the flight requirements are extracted and
analyzed. An optimum topology meeting the flight requirements
with minimum mass, maximum efficiency and reliability can
be subsequently selected from these subgraphs. The presented
results include the comparative analysis of different EAPS types
with respect to the competing performance metrics of mass and
efficiency.

Index Terms - graph theory, electric aircraft, power
systems, optimization

I. INTRODUCTION

Electric aircraft are becoming increasingly more popular,
driven by incentives such as fuel efficiency, cost, and noise
pollution. Manufacturers have already begun electrification
of many auxiliary systems in today’s planes, as well as the
demonstration of electrically propelled aircraft. These studies
have produced a large number of designs, all of which vary
greatly with respect to the power system (Fig. 1). Collaborative
efforts with NASA have led to beginning the development of
a tool which can be used to determine the optimal number
of components and configuration within the power system. At
the preliminary design stage, an aircraft’s mission typically is
determined, based on defined flight goals such as endurance
and intended payload. Traditionally, the aircraft general topol-
ogy of turbo-electric, hybrid-electric, or all-electric may be
set based on its mission, primarily due to energy storage
constraints. The leading electrical energy storage technology
in electric vehicles, Lithium-ion, possesses a specific energy
in the range of 230 Wh/kg [1]. Fossil fuel, with an energy
density two orders of magnitude higher, holds an advantage
over electric energy storage. Thus, when considering electrical
energy storage for a commercial airliner such as the Boeing
777, it may be expected that significantly more mass is
required to achieve the same energy content as fossil fuel,
and this severely limits the maximum flight time.

However, there are still many choices for a designer to make
concerning the layout of a power system, including the degree
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Figure 1. Example distributed electric propulsion aircraft designs by
NASA with varying power system topologies. All-electric demonstrator X-57
Maxwell currently under development utilizing multiple electrical machines
with varying ratings [2] (left). Conceptual turbo-electric N3-X aircraft which
utilizing electrical energy from generators coupled to jet engines [3] (right).

of electrification, the number of components, distribution bus
type, and voltage ratings [4].

This work proposes an approach, intended to be used
as an early stage design tool, which utilizes mathematical
methods such as graph theory to identify optimal solutions
with regard to the electric aircraft power system (EAPS)
configuration. This paper includes a case study for a sub-MW
scale aircraft intended for a long-haul flight mission. Example
results include performance trade-offs for an array of design
candidates in the terms of efficiency and mass.

II. ELECTRIC AIRCRAFT PROPULSION SYSTEM
REPRESENTATION

An EAPS may be represented in the form of a graph
network. The nodes of the graph are determined by the
components incorporated in the power system architecture. For
an electric aircraft, these may include but are not limited to
electric machines, i.e. motors or generators, power converters,
energy storage devices, and protection equipment (Fig. 2).
Each component and its respective graphical node is assigned
characteristics including but not limited to specific power or
energy, operating efficiency, and failure rates. These charac-
teristics may be constant values, such as a failure rate for a
particular component, or they may vary with other variables
related to that component. For example, efficiency may be
calculated as a function of the components power rating and
anticipated loading over the specified mission.

For the work done in this paper, a survey of many com-
mercial and academic electric motors and jet engines was
conducted (Fig. 3, Fig. 4). Based on a trendline fit to the
survey results, the jet engine components were assigned a
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Figure 2. Different aircraft power system representations with a variable
number and ratings of internal combustion engines (ICE), generators (Gen)
rectifiers (AC/DC), battery energy storage systems (BESS), electric motors
(EM), and inverters (DC/AC) are analyzed using a graph theory based
approach.
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Figure 3. Collection of specific power and efficiency values for both academic
and commercial electric machines designs based on a large set of references
[5]-[18]. A trendline is extracted and used in the EAPS model.
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Figure 4. Survey of specific power and efficiency values for commercial jet
engines, including both turbine and internal combustion engines based on a
large set of references [19]-[25]. Trendlines shown are used in the EAPS
model.

specific power of y = —4.789e—0722+0.004z+1.534, where
power rating is the independent variable. Efficiency trends
vary widely in reciprocal versus turbine engines, therefore a
constant value of 29 percent was used. In the electric motor
survey, trends show increasing specific power and efficiency
as power rating increases, but a fitted trendline results in a
poor R? value. Therefore, for electric motors it is assumed
that specific power increases linearly from 4 to 10 kW/kg
and efficiency increases from 93 to 98 percent over the power
range. It is assumed that power converters, and lithium-ion
batteries have specific powers of 20 and 0.35 kw/kg re-
spectively. Additionally for the same components, efficiencies
are assumed as 98 and 95 percent. Energy storage is also
considered in both Jet A fuel and Lithium-ion batteries where
specific energy values of 12.08 and 0.25 kWh/kg, respectively,
are assumed.

The edges of a graph represent interconnections between
the various components. A graph for an EAPS is directed to
signify possible directions of power flow. Some nodes such
as an auxiliary heating unit may only accept power, therefore
its edges should only be directed toward and not from the
node. These edges may be assigned weights, examples include
mass associated with the inclusion of a particular vertex, power
flow capacity, or physical distance. Further descriptions of how
power systems may be represented as graphs can be seen in
[26], [27]. Connectivity in between the various graph vertices
may be used for minimal path calculation as in this study
to determine lowest mass or highest efficiency. Additional
studies in the literature have used graph theory for reliability
evaluation by utilizing minimum cut sets to determine power
loss scenarios [28].

III. OPTIMIZATION PROCESS

The optimization process begins with inputs from the
system designer regarding the intended use of the aircraft
and technology available. Vehicle goals such as desired fuel
savings, power requirement at maximum lift, and flight profiles
may be initially introduced by the user and later used as con-
straints. In addition to these vehicle-level inputs, the user also
must define component-level information for the framework
to use. These attributes include specific power and energy,
efficiency, and failure rates. These may be defined static values
as described earlier, or by ranges depending on the availability
of resources to the aircraft designer.

Introduction of ranges for component attributes also enables
the use of sensitivity analysis to determine which components
and attributes have the largest influence on performance met-
rics. In this study, a survey of various aircraft components was
conducted to obtain values for efficiency and specific power as
a function of power (Fig. 3 & Fig. 4). To further the accuracy
of the power system model, additional components such as
gearboxes may be modeled, as seen in [29].

Once the components under consideration and the desired
ranges are defined, a graph is constructed to represent many
candidate designs (Fig. 5). An iterative process is established
for the addition of commonly seen power flow paths into
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Figure 5. Graph containing power system components seen in hybrid and turbo-electric aircraft topologies with varying ratings. The illustrated graph represents
thousands of potential candidate designs. The developed framework extracts valid subgraphs meeting the flight requirements for further analysis.
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Figure 6. Workflow for the EAPS optimization process. The designer begins
the approach by defining system characteristics and the framework outputs
how viable power systems perform based on specified metrics. Example
performance metrics include mass and efficiency.

the graph to avoid excessive manual entries by the user.
One example of a common path starts from a jet engine
as a generation source, which converts mechanical energy to
electrical through an AC generator, from this point the power
can be rectified with a AC/DC converter, then this power can
be used to drive an AC motor through a DC/AC inverter.

From the full graph, thousands of architectures are extracted
which meet the power and energy requirements input by the
user. In order to consider all topologies that fulfill the mission,
every possible combination of propulsor and energy source is
considered. Subgraphs are then created with paths that satisfy
the constraints on the system:

n n
Pflight = Z Ppropulsor,;a Eflight = Z Ecapiv (D
i=1 i=1

where Ppiigne is the maximum power required for the
aircraft, and Eyy;4p¢ is the total energy required for a specific
flight profile. Subgraphs are created using the previously
defined energy sources and motor loads combinations with
minimum path algorithms to define power conversion compo-
nents in a path. This extraction process is illustrated in Fig.
6.

With a collection of valid subgraphs, post-processing may
be done to evaluate the performance characteristics of the
graph (Fig 7). The total system mass can be easily calculated
as the sum of the masses of all individual components. Nodes
that represent power conversion devices or loads derive their
mass from the node’s rating and the associated specific power.
The mass for those nodes which represent energy sources, such
as the jet engine fuel and batteries, is calculated using specific
energy. A special case is introduced for the jet engine nodes,
which represent both engine and fuel storage. The total node
mass is calculated as the sum of engine mass, based on specific
power, and the required fuel mass, based on specific energy
and specific fuel consumption.

Another performance metric which may be of interest to
a designer is the overall system efficiency. The efficiency of
an EAPS not only affects fuel consumption, but also must
be considered for thermal management system sizing. Any
additional equipment required to dissipate excess waste heat
adds to the total system mass, which is undesirable. The
overall system efficiency may be calculated as

Bepstons = L leomel] _3) Hlae)) g

where 7n.,mp represents the efficiency of a path from the
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Figure 7. A collection of potential design candidates to fulfill an electric aircraft concept which meets the flight power and energy requirements predetermined
by the system designer. All the shown topologies were selected automatically as subgraphs from the graph shown in Fig. 5. These architectures include purely
turbo-electric, hybrid-electric and all-electric energy storage means. Subgraphs are arranged in order of ascending mass from 600 to 3000kg.
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Figure 8. Comparison of overall system loss and the total electrical system
mass for varying degrees of electrification. Designs with purely electrical
energy storage have higher efficiencies at the penalty of more mass, while
purely turbo-electric designs are least massive and least efficient.

combustion engine source to a motor load, 7. represents
the efficiency of a path stemming from battery energy storage,
and ( is the per unit electrical energy storage, being a value
from zero to one. For a fully turbo-electric architecture, ¢ will
be equal to zero, as all the energy used for flight is stored in
the jet fuel. It is assumed that the battery is charged pre-flight
independently of the engine.

This framework is currently under development and exam-
ple studies are conducted for a S00kW peak power electric
aircraft. The total system efficiency versus EAPS mass for
multiple values of ¢ is shown in Fig. 8. The results from Fig.
8 indicate that higher efficiency is achieved at the cost of mass
in systems with battery energy storage, which is in line with
expectations, and therefore confirms the applicability of the
proposed approach.

IV. CONCLUSION

Electric aircraft designs today show large variations in
power system types as well as number of components used.
This paper presents developments toward an optimization
approach for aircraft power systems which incorporate electric
propulsion. The proposed approach is capable of evaluating
thousands of design candidates based on performance metrics

such as mass and efficiency. This paper includes a study for
an aircraft designed for a long-haul mission, such as those
seen in commercial aviation. The case study power system
candidate pool includes both conventional jet and electrical
propulsion systems, with design candidates in varying degrees
of electrical energy storage. This framework has been used to
perform a comparative evaluation of potential power system
architectures with respect to mass and efficiency. Results
show that architectures incorporating greater per unit electrical
storage may be more efficient, at the penalty of more mass.
Additionally, in architectures which have the same degree of
electrical energy storage, those with larger rated components
exhibit less total mass.
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