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Abstract— Optimized power system architectures and lighter
weight are enabling considerations for the successful development
of all-electric aircraft (AEA). In this article, a cross-redundant
connection architecture and weight reduction solutions are inves-
tigated for a 90-seater full battery-electric aircraft from the
perspective of high-power aviation cable. Design criteria of the
power system architecture are introduced. Material selection,
sizing, and weight estimation methods of cable for AEA are
discussed by combining ground cable standards with aviation
requirements. The influence of the conductor materials, voltage
level, current, battery pack quantity, and operating temperature
on cable evaluation is thoroughly discussed and analyzed. Weight
comparison under two controversial voltage level options (800 V
and 3 kV) is conducted. Comparison results show that the
use of an aluminum conductor, polytetrafluoroethylene (PTFE)
insulator, and a voltage level of 3 kV proves to be a preferable
selection for current AEA medium and high voltage cables.
Increasing the rating operation temperature to 120 °C is a
conservative and secure option. The layout of battery packs
consistent with the quantity of distributed electric motors is
preferable to achieve the lightest cabling system. This study
provides a guideline for the cable sizing methods of high-power
aviation cables and an optimized design solution for the power
system architecture of AEA from the perspective of cable layout
and weight assessment.

Index Terms— All-electric aircraft (AEA), aviation cable, cable
weight estimation, direct current power architecture, electric
power system.

I. INTRODUCTION
ARBON neutrality and the reduction of carbon emissions
C are critical topics that humanity needs to address both in
the present and the future [1]. Sustainable development goals
have been introduced to tackle global challenges and combat
climate change [2], [3], [4]. Statistics show that aviation glob-
ally is responsible for more than 2.4% of all greenhouse gas
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emissions [5]. Environmental concerns in transportation give
rise to the development of electrification in the aerospace field.
In addition, aircraft operation costs are expected to increase
in the long term, which will result in a lower profit margin
as the fuel price is increasing. These factors prompt airlines
and aircraft manufacturers to actively seek new solutions and
adopt innovative flight concepts and technologies to achieve
environmentally friendly and cost-effective flying [3]. The
electrification of aircraft is an inevitable future development
trend for tackling these challenges. Over the past decades, the
concept of more electric aircraft (MEA) and all-electric air-
craft (AEA) has, therefore, attracted significant attention, and
many attempts have been made [6], [7], [8], [9]. MEA, such
as Airbus 380 and Boeing 787, have been commercialized,
which lays the first step toward the achievable electrification
of aircraft [6], [7]. The electrification rates of both aircraft
are, however, actually low, not exceeding 2%. To evaluate
the electrification rate, P./Py can be considered where P,
is the consumed electrical power and Py is the maximum
required thrust power during takeoff. Some hybrid electric
aircraft projects, such as E-FAN X, NASA STARC-ABL, and
N3-X, are also dedicated to advancing the electrification
rates of aircraft [8]. Given the current and expected battery
technology, in most literature, battery-electric aircraft are only
considered feasible for short ranges (<400 km) and small
payloads (<19 pax). As a result, battery-electric aircraft devel-
opment focuses on new aviation segments such as regional
and urban air mobility [10]. An 80-150 passenger narrow
body, single-aisle AEA that properly operates over typical
commercial missions is still a long-term target [9]. In 2024,
scholars from Elysian Aircraft and Delft University of Tech-
nology reexamined that full battery-electric powered 90-seater
aircraft would be feasible based ON current battery technology
with only a minor structural optimization of existing larger
aircraft [10], [11]. This provides theoretical feasibility for
the electrification of large aircraft. The electrical architecture
design, however, has not been elaborated.

AEA means that all the thrust components will be replaced
by electrical systems; therefore, a reasonable electric power
system architecture provides a solution for aircraft electrifi-
cation. The power system of AEA is an onboard microgrid,
and a dc power transmission system is preferable. The ground
power system concept provides inspiration for the design of
electric architectures on aircraft [12]. Direct connection, cross-
redundant connection, and ring network are common concepts
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used in electric architectures of AEA [13], [14]. Tailor-made
optimization based on aircraft geomertry and location of
different components is necessary. Because of the complex
aircraft structures, diverse electrical components, and tens of
megawatt level propulsive power, the design of the power
system architecture is a trade-off process. AEA prioritizes high
reliability and reduced weight as key criteria [5], [13]. The
power transmissions and components are sized considering
safe flight and single-point failure requirements [13], [14].
An accurate definition of reliability criteria and a deeper under-
standing of components weight optimization are, therefore,
beneficial to achieve a successful onboard power system. The
application of design criteria for the large AEA is, however,
lacking.

Unlike small aircraft, large electric aircraft have a large
total power load (>10 MW), which means that the operating
current in the power system is significantly higher. This
greatly increases the weight of the internal connecting cables.
In addition, due to the aircraft’s large size, the total length of
the cables spans several hundred meters, resulting in a larger
weight ratio of cables among all onboard components [14].
Increasing the voltage level of the power system provides a
viable method to decrease the weight of AEA. It is widely
acknowledged that elevating state-of-the-art several hundred
volts to 3 kV or even higher is an inevitable step in the aircraft
electrification process [2], [5], [16]. Because of Paschen’s law
and low-pressure constraints, the highest voltage levels in the
aviation industry are, however, usually below 1 kV. Although
there are some standards and regulations related to aviation
cables, there is still a lag in development of standards for
high voltage aviation cabling system. Current standards are
mainly focused on cables carrying hundreds of volts or on
communication cables [17], [18]. Some of the requirements on
cable design in these regulations do not fully address the devel-
opment of future AEA and do not provide detailed guidance on
specific sizing methods for selecting AEA cables. Investigating
the design standard of high-power aviation cables is necessary
for the development of green aviation. Integrating the design
standards of ground cables with the existing aviation cable
requirements allows for a feasible approach, but tailor-made
cable assessment and further analysis are still needed [19],
[20]. The effects of factors such as materials, voltage, current,
operating temperature, etc., on AEA cables are not sufficiently
clear.

Optimized cable evaluation methods should consider the
effect on the whole system design as well. At the moment, the
significant difference is the interconnections between various
components, and that mainly affects the cable system weight.
The effect of various quantities of power components (e.g.,
battery packs) and their layout on the cabling system weight
is unclear. This lack of understanding would also limit a
reasonable architectural design. In addition, comparing the
differences in cable weight at different voltage levels (the
current potential voltage level of 800 V and the future possible
voltage level of 3 kV) can also clearly guide the aircraft weight
budget.

In this work, a power system architecture is proposed based
on 90-seater AEA, and a series of weight evaluations of
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high voltage high power cabling system are studied. This
article is organized as follows. In Section II, an overview
of the investigated aircraft and a cross-redundant connection
architecture are introduced. In Section III, the material con-
siderations, sizing methods, and weight estimation methods of
the AEA cables are introduced in detail. In Section IV, the
effect of the voltage variation, the number of battery packs,
and the operating temperature are discussed, including the
appropriate recommendations for cable sizing. The concept of
power-sharing transmission is assessed from the perspective of
cable weight. In Section V, six flight scenarios are discussed,
the possible maximum current of different parts of cables is
analyzed and the dominant scenario for the cable sizing is
presented. Ultimately, Section VI compares the total weight of
the cabling systems of two system voltage levels (800 V and
3 kV), offering a comprehensive assessment of their weight
difference.

II. AEA OVERVIEW AND POWER SYSTEM ARCHITECTURE
A. Electric Aircraft Overview

E9X AEA is designed as a battery-electric 90-seater aircraft
and the main power demand comes from the propulsion system
with a continuous motor output 12 MW at the propeller shafts.
In the target aircraft, power generation is designed to be
provided by a distributed propulsion system, including eight
electric motors. The motor power demands are sized by the
power required at takeoff. The basic design of the electric
power system is shown in Fig. 1.

The geometrical design of the E9X Aircraft is similar to
that of the conventional one, but the internal electrical system
and propulsion system are completely different and have been
redesigned [9], [10]. The power system is a micro dc electrical
system and includes a battery storage system, wiring harness,
safety switches, dc—dc converters, electrical motors, thermal
management system (TMS), mission range extenders, and
other electrical loads. For normal flights, power is sourced
exclusively from the battery packs distributed in the aircraft
wings. The wiring harness plays a crucial role in connecting
various components to ensure steady power transmission.
Safety switches, such as circuit breakers (CBs) and high-
voltage fuses, are installed to ensure the necessary protection
in the event of component failures or short circuits. dc—dc
converters close to the battery side boost the voltage level to
high voltage dc busbar and the converters close to the TMS
side convert the voltage to 270 V. The motors are strategically
distributed in the wings to achieve a balanced configuration
and ensure reasonable propulsion distribution. Each motor is
rated at the same power level. TMS is responsible for cooling
different electric components and producing the necessary
thermal energy during the mission. In the event of a fully
depleted battery or emergency, the reserve energy system
(range extenders) kicks in to provide backup, ensuring a secure
energy supply. The range extenders consist of a fuel tank, gas
turbine, and generator, all connected to the dc power busbar.

The biggest difference between traditional aircraft and elec-
tric aircraft is that the megawatt, kilovolt level dc micro
electric architecture needs to be redesigned to achieve a lighter
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Fig. 1. Design schematic of AEA. (a) External structure of E9X (solid line).
(b) Internal structure of E9X.

weight and different components need to be selected to meet
the requirement of smooth flight and reliable operation [21].
The electric architectural design primarily revolves around key
electrical components, including batteries, power electronics,
switches, wirings, and motors. The range extender serves as
an auxiliary system with limited involvement in the power
supply. Even when in operation, the range extender relies on
the dc system for energy transmission. The power architecture,
therefore, only takes into account the power transmission lines
connected to the range extender, excluding the extender itself
from the scope of electrical design. TMS is also not directly
engaged in power sources and propulsion and is, hence, out
of scope.

B. Proposed Architecture

High reliability and reduced weight are criteria for the
electric architecture design of AEA. Tailor-made optimization
based on aircraft size and location of different components
is necessary. Power transmissions and components are sized
with the considerations for safe flight and n — 1 contin-
gencies [13], [14]. The cross-redundant connection achieves

IEEE TRANSACTIONS ON TRANSPORTATION ELECTRIFICATION, VOL. 11, NO. 2, APRIL 2025

higher reliability due to its capability to facilitate multifeeders
and multisources, as depicted in Fig. 2. In the proposed
architecture, the CB and fuse are connected in series near the
battery side to provide reliable protection. In case of a CB
failure or slow response, the fuse serves as a backup protective
device to cut off the short current. dc—dc converter boosts the
voltage and then connects to the sub-busbar. On the motor
side, the inverter connects to the sub-busbar as well. The four
central busbars are the hubs for power distribution.

The solid-colored lines represent a primary feed to the
propulsor motors, and the colored dotted lines represent a
secondary feed from a separate bus. In the event of either
a battery pack failure or a bus failure, the affected motors
can be fed from their secondary bus. If one motor fails, the
corresponding main power supply battery will not be trapped.
The proposed architecture can maintain high reliability of the
aircraft’s electrical power system. When a single failure occurs
in the busbar, motor, or battery, the aircraft can still ensure
reliable operation, which meets the reliability requirements of
the aircraft mission. It applies not only to the mission range
but also to the reserve distance. When the battery is exhausted
and the range extender starts, energy can still be distributed
to the motor by two busbar cables.

In practice, electric motors and battery packs are installed on
both wings of the aircraft. Consequently, all electrical systems
must be designed in accordance with the main power loads
and sources. The primary electrical devices and wirings are
predominantly distributed horizontally across the two wings.
This configuration poses challenges in achieving simplified
cabling, shorter cable lengths, and efficient energy supply.
It can be observed that precise assessment of the cabling
system’s weight would be an important topic for aircraft
design.

Table I shows the comparison between proposed architec-
tures and other system architecture concepts [13], [14]. The
cross-redundant design excels in reliability and fault tolerance
due to its multifeeder and multisource setup, providing a
high level of resilience and safety. Although it has moderate
complexity and weight, its maintenance needs are manageable,
and it meets stringent safety and redundancy requirements
essential for aviation.

In contrast, the direct connection is simple and lightweight
but lacks adequate reliability and fault tolerance, making
it unsuitable for critical applications. The ring connection
offers moderate reliability with rerouting capabilities but is
heavier and more complex without fully compensating for
these trade-offs in terms of reliability or suitability. Overall,
the cross-redundant architecture best balances reliability, fault
tolerance, and operational safety, making it the most viable
choice for electric aircraft systems.

III. AVIATION CABLE SIZING METHOD
A. Cable Conductor Material Considerations

The conductor and insulator are critical parts for the cable
sizing. There are two typical materials used when it comes
to conductors in cables: copper and aluminum. Table II com-
pares the material properties of copper and aluminum [22].

Authorized licensed use limited to: TU Delft Library. Downloaded on April 09,2025 at 06:08:27 UTC from IEEE Xplore. Restrictions apply.
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Fig. 2. Proposed Architecture for the power system of AEA (cross-redundant connection).

TABLE I
COMPARISON BETWEEN DIFFERENT ELECTRICAL SYSTEM ARCHITECTURES
Criteria Proposed architecture Direct connection [13-14] Ring connection [13]
Reliabilit High High Low
y Multi-feeder, multi-source configuration  Allows re-routing power supply Single point of failure if one path fails
Fault Tolerance High High Low
Complexity . Moderate . Complex connegzg:lls within the . . Low
Multiple connections and control logic loop Cimple direct paths
Moderate High Low
Weight Additional cables and components add Additional cables and extra circuit Minimal components and simple cabling
weight breakers add weight syetem
Moderate Moderate

Maintenance

Suitability

Complex, but redundancy improves

reliability during maintenance
High

Meets reliability and redundancy

requirements for safety

Loop complexity can increase
maintenance needs

Moderate
Suitable but lacks full benefits in
weight vs. reliability

Easy
Minimal components simplify
maintenance

Low
Unsuitable due to poor reliability and
limited fault tolerance

Copper has better electrical and thermal properties, such as
higher conductivity, less heat production, smaller voltage loss,
and higher melting point. Copper also has better mechanical
properties and fatigue properties. A limitation for aerospace
applications is that copper is heavier and might, however, lead
to a heavy mass of cable.

B. Cable Conductor Sizing

The sizing of the cable conductor is mainly driven by
the maximum current through the cable, and the temperature

caused by cable resistance should also be considered in the
cable conductor sizing.

The resistance per unit length of the cable conductor is
expressed as

R 1 1

I oS M

where R is the conductor resistance (£2), ! is the cable

length (m), o is the conductor conductivity (ssm™"), and S is
the cross-sectional area of the conductor (m?).

The actual resistance of conductor (R.ue) is affected by

the operating temperature, and their relationship is described
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as [22] and [23]
Reavle = Rrer - (1 + ap (Te — Thef)) 2

where 7. is the actual conductor temperature (°C) defined
as the maximum high-temperature tolerance of the operating
condition. «, is the resistance-temperature scale factor (°C™!)
which defines the resistance change with a one-degree
increase, and the value for different materials can be found in
Table 1. R is the reference resistance at a given temperature
Tiet, the equation of Ry is

Ret=p-1/S=p-1/(nr) 3)

where p is the resistivity (£2-m) of the conductor at the refer-
ence temperature, r. is the conductor radius (m), commonly a
length of 1 m is used for calculating unit loss.

The steady-state temperature of cable is reached when the
heat equilibrium is achieved. In this case, the heat source is
the loss generated in the conductor due to current. The heat is
conducted away through the insulator and other layers of the
cable and is dissipated to the environment. Heat convection
and thermal radiation are two main ways of heat dissipation;
therefore, the steady-state heat in the conductor is a function
of the heat generated in the conductor, the heat radiated from
the insulator and the convection heat from the insulator. The
processes are described by the following equations [28]:

Qc = I Reavie )
Qconvection = /’lA(T, - Tamb) (5)
Qrad = GUA(T;‘ - Taﬁnb)' (6)

The steady-state temperature can be obtained when the heat
produced equals the heat dissipation, as shown below

Qc = Qconvection + Qrad' @)

Q. is the heat (W) generated by the current in the conductor,
I is the current (A) going through the cable, Qconvection 1S the
heat loss (W) due to convection, A is the outer area exposed
(m?), T, is the insulator surface temperature, and T,y is the
ambient temperature. Here, T, is given by 40 °C, which
is the highest ambient temperature the aircraft may tolerate
while at the departure location, such as Dubai. Q4 is the
heat loss due to radiation. € is the emissivity coefficient of the
insulator, and 0.8 is assumed because the surrounding insulator
is considered to be a gray body. o is the Stefan-Boltzmann’s
constant and has a value of 5.67 x 1078 W x m™2 x C*

[24], [25]. h is the convection thermal coefficient, which is
derived from the Nusselt relation [24], [25]
hi 1/4

Nu = T 0.36(Gr - Pr) (8)

where Gr is the Grashof number defined as (9), and Pr is the
Prandtl number with a value of 0.71 for air [26]

gl’BAT

Gr =
)

©))

where g is the gravity constant, and S is the gas expansion
coefficient, which for an ideal gas can be seen as the inverse of
the average temperature [27]. Convection thermal coefficient
can be solved by (8) and (9), then T; can be solved by (4)—(7).
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TABLE I
MATERIAL PROPERTIES OF TWO CONDUCTOR MATERIALS

Conductor material Copper Aluminium
Conductor conductivity (s'm™) 5.87*107 3.69*107
Material density (kg'm™) 8900 2700

Thermal Conductivity (W-m™'K™") 400 237
Tensile Strength (MPa) 210 90
Modulus of Elasticity(GPa) 110 68
. No. of cycle: No. of cycle:
Fatigue property 300%10° 50%10°
Resistance-temperature 0.00394 0.00429

scale factor(°C™")

The conductor temperature is described as [25]

c I c c ti c ts t;
T. = 0 In i + 0 n trethtl + T;
2mk; Te 2mk; e+t +tg

(10)

where k; and k; are the thermal conductivity’s of the insulator
and jacket layer (shown in Table II), #; and ¢; are the thickness
of sheliding layer and jacket layer respectively.

Through a series of calculations, the relationship between
the conductor radius and conductor temperature under a given
voltage and current can be obtained. Then, the rating of
conductor radius is decided by the expected safe operating
temperature. In this work, the maximum temperature for the
conductor sizing is set to be 120 °C. More detailed discussion
is given in Section IV.

It is noted that the skin effect of cable is not considered.
For dc cables, the skin effect is generally negligible. This
is because the skin effect arises from the tendency of ac
to concentrate near the surface of a conductor at higher
frequencies due to constantly changing electromagnetic fields.
In dc systems, however, the current flow is constant, with no
oscillation, so the entire cross-sectional area of the conductor
is used to carry the current uniformly.

The potential difference is determined by the cable conduc-
tor resistance and the current going through the conductor, and
the voltage drop Vo is expressed as

(11

After selecting the conductor size, it is necessary to ensure
that the voltage drop at the operating temperature of the cable
with a given length meet the design requirement. Equation (11)
can be also used for assessing the losses of the whole electrical
system.

Vdrop = Rcable - L

C. Cable Insulator Sizing

For AEA cables, there are challenges with arcing and arc
tracking, partial discharge (PD), and thermal management that
will be exacerbated at higher voltages and currents [16]. Dif-
ferent from the cables used in ground medium voltage direct
current (MVdc) grids and submarines, aviation cable faces a
wider range of temperatures. The minimum high-temperature
tolerance should be 150 °C, and the lowest allowed temper-
ature should reach —65 °C [17]. The cable should also be
resistant to arcing and prevent PD during high altitude flights

Authorized licensed use limited to: TU Delft Library. Downloaded on April 09,2025 at 06:08:27 UTC from IEEE Xplore. Restrictions apply.
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TABLE III
MATERIAL PROPERTIES OF INSULATOR MATERIALS

Insulator materials

Material properties PFTE PFA Pl XLPE
Electrical Permittivity 2.1 2.1 35 2.3
coperties Dielectric strength 60~ 70~ 60~ 35~
prop (kV/mm) 80 80 80 50
Material density 5150 5150 1380 930
(kg/m”)
Thermal
conductivity 0.25 0.19 0.4 0.29
k-l -1
Thermal Meking ok
properties ( ;‘éf 327 305 380 130
Temperature range -90~ -90~ -240~ -40~
(°C) +260  +260  +260 +90
Modulus of
Mechanic elasticity 0.49 0.55 3.1 0.6
al (GPa)
properties Tensile strength
(MPa) 24 28 96 18

because the air pressure decreases, and thereby, the breakdown
voltage of air decreases at higher altitudes.

Table III compares the properties of different insulation
materials used as cable insulators [28], [29], [30]. For
cross-linked polyethylene (XLPE) cables on the ground, the
allowable operating temperature used for cable sizing is
90 °C [21]. This means that XLLPE cable is not suitable
for aerospace applications, and a new selection of insulator
materials should be made. It was also demonstrated that
some high-temperature engineering polymer materials, such as
polytetrafluoroethylene (PTFE), perfluoro alkoxy (PFA), and
polyimide (PI), may be enhanced to withstand arc tracking and
also have good thermal properties. They provide options for
the AEA cable insulator. PTFE is the referenceable material
commonly specified in aerospace [28]. Previous applications
were applied at lower voltages, and the performance at high
voltages, however, needs to be verified in practice. PI is
commonly used in aviation control systems for small currents
and low voltages. Compared to PTFE, the basic electrical and
thermal properties of PFA are similar. PFA is more flexible but
has a lower flex-life; it is not capable of enduring repetitive
folding; therefore, PTFE is the best choice for the AEA high
voltage cabling system.

The method used for calculating the thickness of insulation
is known as the single-void discharge (SVD) method described
in [31]. The method is not dependent on the conductor
material, which allows for an analysis of copper and aluminum
conductors in one equation. The insulation thickness is highly
dependent on the maximum voltage that is applied over the
cable, and the equation is

K-V-t,
ti=re.-lexpl —— ) —-1)+C.
o

t, 1s the thickness of the void or inclusion, which is assumed
to be 50 um [31], [32] and « is the minimum breakdown
voltage of air in the cavity, which is assumed to be 250 V [33],
[34]. K is the shape factor of the void which is assumed to be

12)
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spherical, and the equation can be expressed as
3¢
K = 13
1+2¢ (13)

where ¢ is the permittivity of the insulator.

D. Cable Weight Estimation

There are several main parts contributing to the cable
weight: conductor, insulator, shielding layer, and jacket. The
method for estimating the mass of the cable is done by using
the density of the materials within the cables. The mass of the
conductor is calculated by the conductor material p., selected
conductor cross-sectional area A., and the cable length . The
formula for this calculation is as follows:

mczpc~AC~l:pc~7rr3~l. (14)
The insulator mass is described as
mi=pi-Ai-l=pi-7-(re+6)>=r2)-1. (15

Similarly, The shielding layer is the outer layer and serves
as electromagnetic compatibility protection. The shielding area
is determined by assuming a shielding thickness, #;, which is
0.12 mm for the MVdc cable [17]

my = ps - Ay -l

=ps 7 (e + 1+ 1) = (e +1)°) - 1. (16)

The cable jacket is the outermost layer of a cable and serves
to protect the internal components from physical damage,
moisture, and other environmental factors. The thickness of
the jacket is related to the diameter of cable D, which can be
expressed as [19]

t; = 0.035D + 1.0. (17)

The total weight of the cable is the summation of conductor
mass and insulator mass, shielding layer weight, and jacket
weight; thus,

Miotal = M +m; +mg +m;. (18)
IV. ANALYSIS OF INFLUENCING FACTORS
ON CABLE SIZING

A. Conductor Materials Comparison and Voltage Influence

Once the power architecture is determined, both the power
loads and supplied sources typically stabilize. The selection
of voltage is one of the key factors influencing the trade-off
in choosing power components for electric aircraft. Fig. 3
illustrates cable parameters under various voltage levels. In our
calculations, the power level is set at 1.5 MW, and the cable
length is 10 m. The chosen voltage range for comparison spans
from 800 V to 3 kV.

As depicted in Fig. 3(a), an increase in voltage corresponds
to a parabolic decrease in conductor radius, a phenomenon
applicable to both copper and aluminum cables. Notably,
the conductor radius of aluminum cables surpasses that of
copper cables under the same conditions. This difference
gradually diminishes as the voltage level rises. The conductor
radius of copper cables is 85.5% of that for aluminum cables
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Fig. 3. Cable parameters under various voltages. (a) Cable conductor radius.
(b) Cable weight and dimension.

under 800 V. This ratio further reduces to 84.9% when the
voltage is increased to 3 kV.

In Fig. 3(b), the variations in weight and cable diameter
are presented. In spite of the aluminum cable having a larger
conductor radius, its overall weight is lighter. At 800 V, the
total weight of copper cable is 86.5 kg, while the aluminum
cable weighs 43.6 kg. With an increase in voltage to 3 kV,
the weight of the copper cable decreases to 15.6 kg, and the
aluminum cable weight drops to 9.69 kg. The advantages of
increasing voltage are particularly noticeable in weight reduc-
tion, especially for copper cables. As the voltage increases,
the difference in diameter between two cables with different
conductors decreases. At 3 kV, the cable diameter of the
aluminum cable is only 2.5 mm greater than that of the
copper cable. It can be deduced that the system voltage level
and conductor material directly influence cable weight. The
optimal combination of 3 kV and an aluminum conductor
results in the lowest weight, achieving a substantial 40%
reduction in weight.

B. Effect of Battery Pack Number

Commonly, an isolated de—dc converter is required between
the battery side and the HV power system [35]. According to
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Fig. 4. Influence of the quantity of battery packs on the parameters of the
connecting cables. (a) Relationship with the conductor radius. (b) Relationship
with the cable weight (length: 10 m).

current technical limitations, the volume of MW-level isolated
dc—dc converter is large, and the weight is heavy [36]. A lower
power converter is easier to manufacture; therefore, if it is
difficult to achieve the ideal number of batteries, we need
to consider using more battery packs for distributed power
supply. This discussion focuses on understanding how the
number of batteries directly influences the sizing of cables
connecting the batteries to the busbars. The emphasis is on
achieving a balance between the challenges of reaching an
ideal number of batteries, the demand for power stability, and
the weight optimization of the cabling system.

As depicted in Fig. 4(a), an increase in the number of
batteries corresponds to a decrease in the output power of
each battery. This reduction in output power results in a
diminished output current, and subsequently, a smaller cable
conductor diameter. Introducing more battery packs leads to
a scenario where the actual current flowing through the cable
is lower, enabling the adoption of a thinner conductor radius.
In this case, however, more number of cables are added. It can
be observed that when the actual current passing through
the cable is low, there is little difference in weight between
copper cables and aluminum cables. Despite aluminum having
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Fig. 5. Weight decomposition of the cable with different rated currents
(length: 10 m).

a lower material density, aluminum cables exhibit a thicker
conductor radius under these conditions. From an aircraft
weight optimization perspective, aluminum cables can provide
a lighter solution. When the weight budget can be met, it is,
however, advisable to use copper cables with better overall
performance to replace aluminum cables in applications that
carry lower currents (<100 A) within the aircraft, as shown in
Fig. 4(b). This choice can ensure an optimal balance between
weight efficiency and cable performance in electric aircraft
applications.

Fig. 5 shows the weight decomposition with different layers.
At identical rated voltage and current levels, the weight pro-
portion of copper in copper cables surpasses that of aluminum
in aluminum cables. As the current magnitude increases,
the weight proportion of the conductor within the cable
exhibits a notable ascent. At a current of 1000 A, the copper
conductor’s weight constitutes over 80% of the total cable
weight, whereas the aluminum conductor’s weight proportion
exceeds 60%. This emphasizes the significant influence of
current magnitude on the conductor’s contribution to overall
cable weight. Conversely, an increased proportion of the outer
layer’s weight is attributed to the relatively modest change
in the thickness requirement of the insulating layer and the
jacket. This phenomenon occurs while the conductor thickness
decreases under fixed applied voltage conditions. The interplay
between the current, conductor material, and the outer layer
becomes apparent in shaping the weight distribution across
different layers of the cable.

Increasing battery packs affects the whole cabling system
weight as well, which is reflected in the length increase of
connecting cables between the battery and the HV system.
Here, we assume the length of each connection cable from
the battery side is 1 m, and battery packs are connected to
the system in parallel. The total length of the battery side
connecting cable is linear to the battery number. The impact
on the total connecting cable weight is shown in Fig. 6.
Under 800 V, it can be observed that more parallel battery
packs lead to lighter weight. As the number of battery packs
increases, the weight-saving advantage, however, is no longer
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significant, especially when using aluminum cables. Under
3 kV, the trends are different. If aluminum cable is used,
the lightest total weight could be achieved with eight battery
packs. More battery packs do not lead to a lighter cable.
If copper cable is used, the turning point is at 16.

C. Effect of Operating Temperature

Fig. 7 visually represents the impact of various maximum
operating temperature choices on the weight and dimensions of
the cable. Opting for a higher operating temperature can lead
to a reduction in both the weight and diameter of the cable.
As the temperature increases, the extent of weight and diame-
ter reduction, however, gradually diminishes. While, in theory,
elevating the cable’s operating temperature is advantageous for
reducing weight in aircraft, it is generally advisable to limit
the actual temperature rise under normal operation to less than
40 °C. Despite this, there are no specific standards guiding the
design of AEA cables. Choosing 120 °C is a conservative and
secure option for cables intended for use in AEA.

There are some factors influencing the cable dynamic
temperature rating: operation environment, response time of
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protective devices, thermal overload capability, etc. It is noted
that generally, the biggest temperature rise occurs when there
is a short circuit on the transmission lines. The proposal should
integrate protective devices (such as CBs) that respond to
contingencies by isolating the faulted sections of the system
quickly to prevent cables from being subjected to high currents
for prolonged periods. This limits the time cables experience
overloads, ensuring their longevity and reducing the risk of
failure. When a full discharge occurs, the current flows through
the insulation and into the shield. The heat generated by a
short circuit current is dependent on the resistance, and the
extra heat caused by a short current (Qsnort) can be expressed
as below

Oshort = IGoq Rsc Atcp = mC'AT (19)

where Iy, is the short current, Ry is the resistance of the
short circuit, Atcp is the response time of the CB, and C’ is
the specific heat capacity (J/kg-°C~"), which is 385 for copper.

Then, the extra tempertaure rise AT casued by short circuit
can be deduced by (19). It is noted that Toperating + AT should
not exceed 260 °C, which is the tolerance temperature of
insulation.

According to the proposal in our research, the allowed
response time of switches should be faster than 500 us if
we use 0.12 mm shielding layer.

D. Effect of Power-Sharing Cable

As discussed in Section IV-B, a cable carrying half the
power is lighter than 50% of a cable carrying full power. It pro-
vides an inspiration that separating the power transmission can
reduce the weight of the cabling system. In our architecture
design, n — 1 contingency is considered, and alternative power
transmissions are designed. Two cable connections between
the battery and HV system are designed in case of one cable or
power component failure. If one cable fails or is disconnected,
the other will maintain the power supply, necessitating that
each connection cable be rated for full power (100%).

The concept of power-sharing transmission with multiple
separated cables can, however, decrease the rated power and
current for each cable. For example, in the event of a fault
in one cable, this cable would be disconnected, leaving three
cables available for power transmission. In this scenario, the
remaining three cables must share the total power, resulting
in each cable being rated at 33% of the total power, as shown
in Fig. 8. With four power-sharing cables, the total power
capacity becomes 133% of the required power.

Further analysis is conducted to determine if a lighter
cabling system could be achieved by increasing the number of
separated cables, as shown in Fig. 9. The returning lines are
also involved, and aluminum cable is used. It indicates that
increasing the number of cables indeed provides significant
benefits in terms of weight reduction. The difference is more
obvious under 800 V due to a larger current change, while
reduced weight gradually decreases with the number of cables.
For a 3 kV cable system, increasing the number of cables from
two to three results in a weight reduction of 25.8%; however,
further increasing the number of cables from three to four
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yields only a 5% weight reduction, and increasing from four
to five provides no significant additional weight reduction.

It can be concluded increasing the number of busbar cables
beyond 4 (e.g., from 4 to 5) does not yield additional
weight reduction and introduces extra components, necessi-
tating careful consideration of the trade-offs between weight
and reliability. According to Fault tree analysis (FTA) [37], the
reliability analysis includes the various basic and intermediate
events that describe the root causes of the top event with
“AND” and “OR.” It is mostly used to calculate the probability
of such an unwanted event. It can be supposed that the failure
of a single power path is a basic event, and the loss of one
battery supply is a top event. For the reliability of one power
source, several power paths are parallel with the main power
supply. Assuming each transmission line has a failure rate
of 10~ failures/flight hour, the power source fails if two or
more lines fail simultaneously (as the design allows for one
line failure while maintaining operation). The failure rates for
two, three, and four power-sharing lines are approximately
1078, 2.9998 x 1078, and 5.9992 x 1078, respectively.

V. FLIGHT SCENARIOS AND CRITERIA FOR
CABLE RATING EVALUATION

The actual cable parameters are mainly driven by the current
through the conductor and the applied voltage. Accurate esti-
mation of cable weight is supported by considering the lengths
of cables and the actual current under normal conditions,
as well as all n — 1 contingencies [13], [14]. The selection
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of cable for electric aircraft is usually dependent on the
current under the worst flight scenario. For various power
architectures, estimating the current is essential to determine
the actual operating status of the circuit under the most adverse
flight conditions.

A. Estimation of Cable Length

The dimensions of the aircraft and the proposed architec-
tures are illustrated in Figs. 1 and 2.

In the proposed architecture, eight battery packs are
adopted, and they are symmetrically distributed along the
wings. A distribution path is designed for cables connecting
batteries, busbars, and motors. Two busbars are installed on
each wing. Based on the estimated dimensions, the lengths
of all cables connecting different buses are calculated and
presented in Table IV.

B. Normal Condition and Single Contingencies

The reliability of the proposed architecture should be
assessed under normal conditions and n — 1 contingencies. Six
possible typical scenarios are outlined below. Scenario 1 is the
normal flight scenario, and scenarios 2—6 represent abnormal
situations. The failure of the busbar would affect multipower
paths as there are several cables connecting to it. The failure
of the motor means the loss of power load and main power
prolusion. The failure of battery packs affects the stable power
sources. Both the innermost and outermost faults need to
be considered because the failure of power equipment at
different locations also affects the power flow of the entire
system. The start-up of a reserve energy system and one
failure of generators should be considered as well in case of
emergency. It is assumed that different single contingencies do
not occur simultaneously. These scenarios, used for reliability
assessment, should be applied to any proposed architecture.

1) No failure occurs (Solid lines are the active transmis-
sion).

2) One busbar fails.

3) One motor fails (including the innermost motor failure
and outermost motor failure).

4) One battery fails (including the innermost battery pack
failure and outermost motor failure).

5) The battery system is exhausted and reserve energy
system starts up (two 6 MW range extenders supply
energy through the high voltage system).

6) Reserve energy system fails (one range extender
fails, and another range extender is temporarily raised
to 7 MW).

The proposed architecture can meet the reliability require-
ments, ensuring the aircraft’s reliable flight in all six scenarios.

C. Evaluation of Rated Current

Under normal operation, the current going through the
cables between the motor and the busbar mainly depends
on the actual distributed power loads. The continuous power
of the motor is 1.5 MW, and the actual current of the
interconnections is about 500 A. When one busbar fails, bus 2
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TABLE IV
CABLE LENGTHS IN ARCHITECTURE
From To Length From To Length

(m) (m)
Bl Bus 1 1 Ml Bus 2 10
B2 Bus 1 5 M2 Bus 2 7
B3 Bus 1 9 M3 Bus 1 7
B4 Bus 1 13 M4 Bus 1 10
Bl Bus 2 10 M3/M4 Bus 2 2
B2 Bus 2 7 Bus 2 Bus 3 10
B3 Bus 2 1 Extender Bus 1/Bus4 23
B4 Bus 2 6 Extender Bus 2/ Bus 3 16

MI1/M2 Bus 1 2

or bus 3 failure is the worst case, which means that two battery
packs will supply four motors, and the battery side cables will
increase the current output. When one motor fails, the power
load demand decreases, leading to a reduction in the actual
current flowing through the associated connection. In the event
of a battery pack failure, where three battery packs supply
power to four motors on a single wing, the current at the
battery output will increase. This increase in current, however,
comes at the expense of a shortened total battery life. For
Scenarios 5 and 6, with the reserve energy system activated,
the actual current of the interconnections will not exceed that
of normal operating conditions. From this observation, it is
evident that the connecting cables from motor to busbar can
be sized by a rated current of 500 A. For the cables from
the battery side, in the case of a solid line connection, it is,
however, necessary to increase the rated current to 1000 A to
accommodate potential emergencies.

According to Table IV, the length for each power cable
is provided. For the normal operation system, the maximum
length of a single cable is 13 m, and the voltage drop of
<0.02%. The maximum connecting length from the battery to
the motor is 20 m, and the total voltage drop is below 0.04%.
The value is allowed for the whole electrical system operation,
and efficient power delivery is ensured.

VI. WEIGHT EVALUATION

Following the methods for calculating cable size and weight,
as well as the criteria for selecting cable-rated current, Table V
provides a weight comparison of the high-voltage cable system
at 800 V and 3 kV. In this comparison, only the weight
of the cable and busbar is taken into account. The chosen
busbar is the conventional metal type. The busbar is rated
at 2000 A under 3 kV to meet the current requirements. In the
event of Scenario 2, a single busbar supplies four motors
simultaneously, and the potential maximum current in this case
could reach 2000 A. The mass of each busbar strip is about
10 kg. When the voltage level turns to 800 V, a larger current
leads to a heavier busbar, which can reach about 43 kg. [38].

It can be seen that increasing the voltage from 800 V to
3 kV has a significant impact on the weight of the cable
system. Although the current is 3.75 times higher, the system
weight is 5.69 times greater for copper cables and 4.82 times
greater for aluminum cables. The use of 3 kV and aluminum
cables can save a significant amount of weight, and in this
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TABLE V

WEIGHT COMPARISON BETWEEN 3 kV SYSTEM AND 800 V SYSTEM (kg)

3kV 800V
* = %, —

| Busbar [34] 4*10.0 =40.0 4*43,0=172.0
5 Connection cable Cu:322.4 Cu: 1799.2
(battery—busbar) Al: 201.8 Al: 906.9

3 Connection cable Cu: 260.4 Cu: 1453.2
(motor—busbar) Al: 164.0 Al: 7325

Cu: 383.2 Cu: 2271.6

4 Range extender cable Al 196.8 Al 1060.4
5 Connection cable Cu: 174.6 Cu: 1018.8
between two busbars Al: 94.3 Al: 484.6
Total weight of cabling Cu: 1180.6 Cu: 6714.8
system Al: 696.9 Al: 3356.4

case, the cabling system weight would be below 700 kg. This
is an optimistic result for reducing the weight of the aircraft.
Because of the highly rated power of the range extender, these
cables account for about one-third of the system’s total weight.
Optimizing the layout of the range extender could potentially
further reduce the weight of the cable system.

VII. CONCLUSION

In this article, a electric power system architecture with high
realility was proposed for a 90 seater AEA. The cable sizing
method for high voltage aerospace applications was introduced
and the effect of voltage level, battery number, current, and
operation temperature was studied. This article estimates the
weight of the cable system for large electric aircraft based on
practical case calculations. The main findings are concluded
as follows.

1y

2)

3)

4)

5)

The advantages of increasing voltage are particularly
noticeable in cable weight reduction, especially for cop-
per cables. The use of an aluminum conductor, PTFE
insulator material, and a voltage level of 3 kV proves to
be a preferable selection for current AEA medium and
high voltage cables.

At the rated voltage of 3 kV, when the rating current is
less than 100 A, the advantage of aluminum cables in
weight reduction may not be apparent. 120 °C operating
temperature is a conservative and secure option for
cables intended for use in AEA.

In the case of a 3 kV system, more battery packs do not
lead to a lighter cable. If aluminum cable is used, the
lightest total weight could be achieved with eight battery
packs.

Separating the power transmission can reduce the weight
of the cabling system. The specific architecture design,
however, must also consider the reduction in system
reliability caused by an increase in the number of power
components.

For the proposed architecture, the rating of various
interconnection cables is driven directly by the actual
power supply proportions. For a 3 kV aluminum cable
system, its weight budget could be controlled below
700 kg.
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