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ABSTRACT Power cables, one of the key components of electric power systems (EPS) in future wide-body
all-electric aircraft (AEA), have a lot of room for improvement in achieving low system mass leading to high
power density designs. The limited heat transfer by convection at a cruising altitude of 12.2 km (18.8 kPa)
presents thermal issues for the design of aircraft power cables. The surface area of the cable influences both
convective and radiative heat transfers. One way to improve radiative heat transfers and make up for the
lower convective heat transfer caused by the low air pressure is to change the shape of the cable. The
rectangular geometry design of cables offers a larger contact area with the surrounding atmosphere compared
to cylindrical and cuboid cables of the same cross-sectional area. This paper presents the design and analysis
of rectangular bipolar MVDC power cables in addition to cuboid, coaxial, and conventional cylindrical
bipolar cables to determine the optimized bipolar MVDC power cable system for future wide-body AEA. To
compare these designs, a parameter J is introduced that quantifies the product of the overall mass per unit
length of the cables and their cross-sectional area. According to the findings, the rectangular bipolar cable
systems demonstrated superior performance compared to other bipolar cable systems in terms of / and would

be a solution for future wide-body AEA.

INDEX TERMS all-electric aircraft (AEA), coaxial cable, cuboid geometry, low pressure, MVDC power
cables, multilayer insulation, rectangular geometry, thermal analysis.

I. INTRODUCTION

Climate change is one of the most critical issues that humanity
has ever faced. Greenhouse gases (GHGs) play a major role in
this by trapping heat in the atmosphere, leading to a rise in
global temperatures. Transportation-related GHG emissions
accounted for 28% of total U.S. GHG emissions in 2021,
making it the greatest producer of U.S. GHG emissions [1].
With greater growth over the past few decades than rail, road,
or shipping, aviation accounted for 2% of worldwide energy-
related CO; emissions in 2022 [2]. Given the anticipated
growth in passenger and cargo air travel, commercial aircraft
emissions could triple by 2050 [3]. To solve the severe climate
issue and reach the goal of net-zero emissions across all
sectors by 2050, it is essential to undertake significant
decarbonization activities in the transportation sector. One of
the most crucial strategies for meeting the goal of net zero
emissions is the electrification of transportation. Recent
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studies have explored the use of electrical systems in
commercial aircraft as a substitute for conventional
mechanical, hydraulic, and pneumatic systems to accomplish
this objective [4]. Electric power systems (EPS) on upcoming
generations of electrified aircraft, such as more electric aircraft
(MEA) and all-electric aircraft (AEA), would need to be able
to deliver a large quantity of power while reducing the total
system mass. In [5], three bipolar MVDC EPS designs of £5
kV range were proposed and analyzed for potential use in a
wide-body AEA. For connecting EEUs to busbars, a
maximum of 1000 A ampacity is needed. The power cables,
being a key component of the EPS, offer significant potential
for reducing the overall system mass through improvements.
One possible strategy for reducing the weight of cables and,
consequently, the total mass of the aircraft's EPS is to
implement higher voltage operations [6]. However, the design
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of cable insulation has major hurdles when dealing with higher
voltage operation, and to date, there is no MVDC power cable
built and tested for use at low pressures.

Designing cables for airplane applications involves several
important considerations, such as partial discharges (PDs),
surface charges, arc and arc tracking, and thermal
management [7-9]. Among these, thermal management holds
utmost importance due to its substantial influence on the
weight, dimensions, and maximum current capacity of the
cables [10]. These issues become considerably more
significant in designing +5 kV MVDC bipolar cables that
operate in various environmental situations. When air pressure
decreases, there is an increase in the intensity and frequency
of PDs. Additionally, the partial discharge inception voltage
(PDIV) decreases significantly, particularly at higher
operating voltages [11]. To address these issues concurrently
while preserving the goals of high-power density and low
system mass, a multilayer multifunction insulation system is
proposed in this paper. By utilizing numerous fluoropolymer
layers inside the insulation systems and a reasonably thick
fluoropolymer layer as a jacket, problems with the arc and arc
tracking are solved. Surface PDs can be mitigated through the
implementation of screened insulation systems in the outer
regions of the insulation system.

At the cruising altitude of wide-body aircraft (12.2 km), the
low air pressure of 18.8 kPa limits convective heat transfer. As
aresult, the maximum permissible current flowing through the
cable decreases compared to atmospheric pressure [12-14].
Additionally, the use of bipolar cable systems further restricts
the maximum permissible current. So, the optimal design of
bipolar cable systems is crucial for achieving a high-power
density and low-system-mass electrical power system (EPS)
in cable aircraft applications. Increasing the radiative and
convective heat transfer of the cables is one possible solution
for increasing the current-carrying capacity of the cables.
While an increase in surface area will result in a faster rate of
radiative heat transfer, increases in convective heat transfer
may be significant, minor, or even nonexistent, depending on
a variety of factors, such as the shape of the cable. Cuboid
(square) and rectangular cables can be utilized as a solution to
make up for the decrease in the maximum permitted current at
decreased pressures by increasing the outer surface area of the
cable system while maintaining the same mass and cross-
sectional area. To address the theoretically infinite electric
field at sharp edges, it is essential to incorporate rounded
corners in the design of cuboid and rectangular cables.

To the best of the authors' knowledge, there have been no
investigations aimed at determining the optimal weight and
dimensions for bipolar MVDC cables under low-pressure
conditions. The power ratings of both screened and
unscreened cables under various AC frequency and pressure
conditions were investigated. Because of their higher
withstand voltage and marginally improved thermal
performance, screened cables offer significant advantages in
aerospace applications. Some other prior studies have

exclusively focused on cables not utilized in aviation. The
study conducted in [15] investigated the heat dissipation of
two buried cables in a trench. The study revealed a significant
reduction in the maximum ampacities of cables when an
additional cable is introduced into the trench. The study in [16]
examined how cable spacing and the number of cables in a
trench affect the ampacity of underground cables. In another
study, an analytical calculation was conducted to assess the
ampacity of a submarine cable with a single conductor. The
analysis considered several factors that could potentially
impact the cable's performance, such as ambient temperature,
burial depth, and spacing distance [17].

This paper presents the design of a rectangular bipolar
geometry cable with a multilayer insulation system and
compares its weight and dimensions to cylindrical, cuboid,
and coaxial alternatives in low-pressure conditions. For
application in low-pressure situations, a rectangular bipolar
MVDC power cable system with a voltage of 5 kV has not
yet been developed. The authors of [18] examined electric
field characteristics surrounding insulated busbars, as well as
the impact of insulation thickness and curvature under a 1 kV
(peak) AC voltage. Some other authors have worked on
designing rectangular wire winding for AC electrical
machines. Rectangular wire windings have some advantages
such as higher slot fill factor, good heat dissipation, and strong
rigidity [19, 20]. Also, employing coaxial cable systems may
result in a decrease in the total size, volume, and weight of the
aircraft's EPSs. A coaxial bipolar cable system has a higher
surface area than a standard bipolar MVDC power cable,
hence radiative and convective heat exchanges are increased.
To the best of the authors’ knowledge, there hasn’t been any
research done on coaxial cable systems for use in aircraft with
or without an active cooling system. The paper [21] presented
a factory joining method and the design of a 120 kV coaxial
integrated return conductor for submarine cable systems. A
multilayer coaxial high-temperature superconducting (HTS)
cable with a voltage rating of 23 kV and a power rating of 60
MVA was developed for use in a three-phase system [22].
Liquid nitrogen was employed to cool the cable. The heat
dissipation performance of coaxial cable in electromagnetic
launch (EML) systems was discussed in [23]. The thermal
conductivity of the insulator ethylene-propylene-diene
monomer (EPDM) hampers the heat dissipation capability of
the coaxial cable. A high thermal conductivity material is
necessary for an insulation system to enhance the temperature
distribution within the insulator.

In this paper, a comprehensive finite element model (FEM)
model integrating electrical, thermal, and computational fluid
dynamics (CFD) has been developed to design and evaluate
the most efficient bipolar cable system for a future wide-body
AEA. Various bipolar cable systems, including conventional
cylindrical, cuboid, rectangular, and coaxial designed with
multilayer insulation systems and optimized to achieve a
maximum allowable temperature of 260°C under a current of
1000 A and pole voltages of +5 kV and -5 kV, respectively. A
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comparative study was conducted among those designs to
determine the optimal combination of bipolar cable systems Fo= cosf;cost, dA (5)
for future wide-body AEA applications. 12— a TR? !
1
Il. MODEL Fi3=1-F,, (6)

A. DESIGNING CUBOID, RECTANGULAR, AND
COAXIAL BIPOLAR CABLE SYSTEMS

For aircraft applications, to develop an efficient EPS that
exhibits high power density and low system mass, the cables
need to be designed to either support a higher maximum
current with the same cross-sectional area and mass or have a
smaller cross-sectional area and mass while maintaining the
same ampacity. In this paper, the second approach is
considered for designing the MVDC bipolar cables. In the
second approach, thermal analysis is required while designing
cables to accomplish a high-power-density and low-system-
mass EPS. A cable's total heat loss at its core conductor can be
expressed as the sum of its radiative and convective heat
transfers.

Q=0r+0 ey

where Q is the core conductor's total heat loss (W. m™), Q, is
the convective heat transfer (W.m™), and Q,. is the radiative
heat transfer (W. m™). For a given ampacity, decreasing the
mass and cross-sectional area of the cables will increase Q.
This is because decreasing the cross-sectional area increases
the resistivity of the core conductor. Hence, it is necessary to
improve the radiative and convective heat transfers to make
up for the increase in total heat loss.
The radiative heat transfer from the object’s surface which
has a uniform temperature, can be determined by
N
Ji—J;
— = 2
= (AiFy)

where N represents the total number of objects that share
radiative heat with the object i, A; represents the surface area
(m?) of the object i, and F;; represents the view factor of object
J relative to the object i. Additionally, J; and J; represent the
radiosities of objects i and j, respectively, and can be
determined by solving a system of N equations:

QT’i =

Epi(T) — J; _ Ji—Jj
(1 —-e&)(gA)™ = (AiFij)_l

(3)

where ¢; represents the surface emissivity of the object i, and
E,; can be calculated for each object as

Epi(T) = n?o,T;* 4

where n is the refractive index of air (n = 1), T; is the I
object’s surface temperature (K), and o5 is the Stefan’s
constant (W.m2K-4).

For the cylindrical, rectangular, and cuboid bipolar cable
systems, the view factor of the positive and negative poles to
each other, F;,, and the duct to the poles, F;3, can be stated as

where A, is the surface area (m?) of the poles, R (m) is the line
that connects any two points on the surface of the poles
without crossing them, 6; and 6, are the polar angles that R
forms with the pole surface normals, respectively, and d4; is
the elemental area.

Since the coaxial cable interacts only with the duct in the
coaxial bipolar cable system, F;, equals to zero. By assuming
that the poles have an equal radiosity, J; = J,, and utilizing (4)
and (6), one may further reduce (1) and obtain the radiative
heat transfer of the poles as

_ Ayos(T{ = T3 7
_1—81+ 1 +2(1—s3)
& (1-Fyp) £ (A3)

er = Qrz

1
and the formula for the total radiative heat transfer is,

Qr = er + Qrz (8)

Radiative heat transfer rises with increasing surface area of
the poles, as shown by (7), provided that this increase is greater
than the increase in the view factor between the poles, F;,.
Increasing the surface area of cylindrical, rectangular, and
cuboid configurations results in an increase in F;, for a given
distance between the poles. When the overall diameter of the
cylindrical cable is 1 inch, the outer surface area, A,, of cuboid
and rectangular cables with a given cross-sectional area is
compared to the cylindrical one, resulting in:

2
Alcuboid = (ﬁ) Alcylinderical (9)
6
Alrectangular = (m) Alcylinderical (10)

In Table I, the ratio of the view factor of poles to each other,
Fi,, at the distances of 0 to 2 inches between the poles are
shown. As can be seen from (9) and (10), the surface area of
the cable rises by roughly a factor of 2/y/m=1.13 and
6/+/5m=1.51, when the shape is changed from cylindrical to
cuboid and cylindrical to rectangular, respectively.

TABLE I
THE RATIO OF VIEW FACTORS BETWEEN TWO POLES WITH
DIFFERENT DISTANCES BETWEEN THEM

Distance between the F 12rectangutar /

Fi2cupoid/ F12cylindrical”

poles Fi2cylindrical”
0 1.3760 0.4587
0.5 1.3189 0.2622
1 1.1654 0.1955
1.5 1.0586 0.1677
2 0.9878 0.1527

*View factors are calculated for, without rounding the edges of the cuboid and
rectangular cables.
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However, from Table I, it can be shown that the view factor
also increases for small distances between the poles, however,
by increasing the distance between the poles, its value
decreases, leading to further enhancing the radiative heat
transfer. Furthermore, rectangular shapes consistently exhibit
a ratio of less than 1, indicating a more favorable radiation
effect. Nevertheless, radiative heat transfer of a cuboid bipolar
cable system at small distances may be lower than that of a
cylindrical one; thus, it is important to select a material with a
certain range of emissivity for the duct and cables and to
optimize the size of the cables and the duct to reduce this
effect.

The radiative heat transfer for the coaxial bipolar cable
system is represented as

0 _ Ao (T — T5)
Tcoaxial ~ 1 — & i 1-— &3
L)
1

an

where F;3; = 1. With the surface temperature of the cable
being the same as that of a cylindrical cable, the radiative heat
transfer in the coaxial cable system improves. The entire
radiative heat transfer for the coaxial wire, however, is
calculated as

QT = Qrcoaxial (12)

meaning that to provide an amount of radiative heat transfer
equal to a cylindrical bipolar cable system, the surface area
of a coaxial bipolar cable system should be roughly double
that of each pole for a cylindrical one. Radiative heat transfer
is enhanced in square and rectangular cables due to their
larger outer surface area compared to cylindrical cables.
While square or rectangular cables may face limitations in
bend radii depending on orientation, cylindrical cables
generally offer greater flexibility, allowing uniform bending
in all directions. Square and rectangular cables can
sometimes be packed more densely than round ones, taking
up less space when used in certain applications. This is
especially useful in small spaces or situations where space
utilization is critical.

The convective heat transfer for a cylindrical cable can be

empirically expressed as
2

1
0.387Rap6
Q. =mk(T, —T3)| 0.6+ D

5 (13)
0.599 116 z
(1+522)")

where k is thermal conductivity (W.(K.m)!) of the air, Ra,
and Pr are Reynold and Prandtl numbers that are
respectively given by,

_ gpchap(Ts - Text)Dch3
ky

Rap

(14)

& (15)

where D., is the cable’s characteristic diameter (m) and
usually equals to the diameter of the cable, u is the dynamic
viscosity of the fluid (Pa.s), C,, is the heat capacity of the air
(J.(kg.K)™"), g is the acceleration of the gravity (m.s?), p is the
air density (kg.m?), and @, is the coefficient of thermal
expansion (K™"). The material data are evaluated at the average
of T; and T; except for the air density which is calculated at
T;.

For a cuboid and rectangular shape cable, the governing
equation of convective heat transfer is not as straight as (13),
therefore, a comparison between the convective heat transfers
is not possible by using these empirical expressions.
Nevertheless, the coaxial bipolar cable system has the same
cylindrical shape as the cylindrical bipolar cable system, so it
can be concluded from (13)-(15) that the convective heat
transfer of the coaxial bipolar cable system is larger.

Equation (13) is for one pole of the cylindrical bipolar cable
system, so for the coaxial cable system to have the same
convective heat transfer, the overall diameter of the coaxial
cable system needs to be increased by approximately 2 times
each pole. Therefore, same as the issue for the radiative heat
transfer, the cross-sectional and mass of the coaxial bipolar
cable system will be 2 times that of the cylindrical bipolar
cable system.

B. COUPLED ELECTRICAL, THERMAL, AND CFD
MODEL OF BIPOLAR CABLE SYSTEMS

Equations (1)-(13) provide insight into the analysis of
design parameters that affect radiative and convective heat
transfers. However, it is important to note that these equations
are primarily based on specific assumptions for a given
condition. Therefore, for all case studies, employing (1)—(13)
offers approximative findings for comparing bipolar cable
systems. To assess the electrical and thermal performance of
various types of bipolar MVDC power cables used in wide-
body aircraft at a typical cruising altitude of 12.2 km above sea
level, an integrated model combining electrical, thermal, and
CFD is developed in COMSOL Multiphysics. The model
incorporates laminar flow, magnetic fields, heat transfer
modules, surface-to-surface heat radiation, and -electric
currents modules. The modeling process considers all three
forms of heat transfer: conduction, convection, and radiation.
Fig. 1 describes the flowchart of the modeling procedure and
Fig. 2 depicts the configuration of the multilayer insulation
system considered for cables. This insulation system is used
for rectangular, cuboid, and conventional bipolar cable
systems studied in this paper. This design demonstrates
superior performance in addressing the challenges associated
with aircraft power cables operating in diverse environmental
conditions. This cable design incorporates both polyamides
(PI) and fluoropolymer polymers in the insulation system to
achieve an optimal design that effectively prevents arcing and
arc tracking, while also meeting higher breakdown voltage

VOLUME XX, 2017



IEEE Access

Muhtidisciplinary : Rapid Review : Open Access Journal

requirements. It consists of a Teflon® PFA layer (0.5-mil) and
a Kapton® MT+ layer (1.5-mil) enclosed in a 6.5-mil film.
This design enhances the breakdown voltage within the inner
portion of the insulation. The insulation also consists of a 5
mil-thick copper screen layer located between the wrapped
layers and the outermost layer. The outermost layer is 4 mils
thick Teflon® PFA jacket. Table II represents the
characteristics of the materials used in the different shapes of
bipolar cable systems.

C Start )

)

Create Geometrical
Model

!

Select Multiphysics Model
(Electric Current, Magnetic Field, Heat Transfer in Solid and
Fluids, Surface to Surface radiation and Laminar Flow)

!

Assign
(Initial values and Boundary Conditions)

!

Meshing
(Create and Optimize)

¥

Select Solver
(Inside the COMSOL)

Change the Mesh

Resolution Inside

2D Geometries in
COMSOL

Is the
solution
converged?

Extract the Output
Data from COMSOL

FIGURE 1. Flowchart of modelling procedure using COMSOL
Multiphysics Software.

Aluminum

PFA

MT+
Copper

FIGURE 2. The Multilayer insulation system considered for the Cable.

TABLE II
CHARACTERISTICS OF THE MATERIAL USED IN MULTILAYER INSULATION
CONFIGURATION [24, 25]

Teflon® Kapton® Aluminum Copper

Parameters PFA MT+ 1350

Thermal Conductivity 0.195 0.75 238 400
(W.(m.K)")

Dielectric Constant 2 42 - -
Density (Kg.m?) 2150 1420 2705 8960

Dielectric Strength (V.m")  256x10° 208.5x10° - -

Fig. 3—-6 show the 2D geometries of the four types of bipolar
cable systems that are utilized for modeling and simulations in
this study. The multilayer insulation configuration is utilized
for the main insulating system of both poles of cylindrical,
cuboid, and rectangular bipolar cable systems. To simulate
heat radiation, the bipolar cable system is enclosed in the duct,
which is shown as the ambient surface in Figs. 3—6. The duct
is a 1 mm thick square-shaped domain. The duct’s side (L)
measures 1 m in length. The duct’s outside surface remains at
a constant temperature of 40°C, and the pressure inside the
duct is 18.8 kPa, representing the conditions encountered at
the cruising altitude of a wide-body aircraft. The "S" in Figs.
3—6 represents the separation between the negative and
positive poles. Bipolar cables for future wide-body airplanes
are optimally designed regarding "S". Additionally, a
sufficient gap must be kept between the cable and the duct
sides to guarantee that the failure of the cable won't jeopardize
the safety of the aircraft or its systems. For all the simulations
utilized in this work, the poles are placed 1 inch above the duct
floor as recommended in [26]. Rounded corners were utilized
in cuboid (square) and rectangular geometry to reduce the
infinite electric field intensity caused by sharp edges.

® Aluminum
m PFA

m MT+

® Copper

“Ambient Surface

FIGURE 3. Geometries of the conventional cylindrical bipolar cable
systems.
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= Aluminum
m PFA

m MT+

= Copper

Ambient Surface

&
-
 J

FIGURE 4. Geometries of the cuboid (square) bipolar cable systems.

Aluminum

PFA

-.Ambient Surface

MT+
Copper

= =
S

FIGURE 5. Geometries of the rectangular bipolar cable systems.

In Fig. 6, the 2D geometry of the coaxial bipolar cable
system is shown. In coaxial bipolar cable systems, the cross-
sectional area of the inner and outer conductors is assumed to
be equal. The same 6.5-mil-thick-wrapped insulation
configuration is utilized for the insulation between inner and
outer conductors/poles. For the outer insulation, the same
insulation layers as cylindrical cables are used. The inner
conductor/pole voltage is +5 kV, while the outer
conductor/pole voltage is -5 kV. For having the same cross-
sectional area for the inner and outer conductors of coaxial
bipolar cable systems, the following formula is used.

2 — 2.2 2
Tcon1 = Tecon3 — Teonz (16)

where 7,,,; is the radius of the outer part of the inner
conductor, 7.y, is the radius of the inner part of the outer
conductor and 7,5 is the radius of the outer part of the outer
conductor.

m Aluminum
H PFA

m MT+

m Copper

F-——-Ambient Surface

A
i
v

FIGURE 6. Geometries of the coaxial bipolar cable systems.

The heat equation from the cable's core conductor to its
outside can be written as:

oT
pCp e+ V.(=kVT) = Q + 4, (17)

where p is the density (kg.m?), k is thermal conductivity
(W.(K.m)™"), Cp is the specific heat capacity at the constant
pressure (J.(kg.K) ™), T is the temperature (K), and g, is the
net outward radiative heat flux (W. m>). Q is the amount of
heat (W.m) that comes from joules heat loss. It can be written
as:

Q =1I°R (18)

where I represents conductor current (A) and R represents the
resistance (Q).

Considering P; is a point located on the surface of the cable,
the net outward radiative heat flux (q,) at P; is expressed by:

qo = &1(Ep1(T) — G1) (19)

where &; is the emissivity of the cable surface, G, is the
irradiation received at point P; from the ambient surface
(W.m?), and E,,(T) is the power radiated across all
wavelengths (W.m?) from P;. The heat equation in the air
domain can be described as:

aT
ppC, P +pC,u. VT + V. (=kVT)
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—T dp (0P
=Q+qg+tVu+ ) 6t<6t +u.|7P) (20)
where p is the density of the air (kg.m™), Cp, is the heat
capacity at the constant pressure (J.(kg.K)'), u is the air
velocity vector (m.s™!), k is the thermal conductivity of the air
(W.(K.m)™), T is the temperature (K), 7 is the viscous tensor
(Pa), q is the heat flux (W.m™) and P is the pressure (Pa). The
operator ":" stands for the double dot product. The fluid (here
air) velocity field can be determined from the momentum
equation and the equation of continuity that are respectively
described as:

ou

p o+ P =V.(=Pl +1) + (p—pres )g (21)

P 7. (ou) =0 22
where p.r is the reference density (kg.m?), and g is the
acceleration of gravity (m.s™).

The distribution of the electric field can be calculated using,

E=-W (23)
Je = 0E (24)

where J, is the current density (A.m?), V is the voltage (V),
and o is the conductivity (S.m™). In addition, the steady-state
space charge density can be determined using:

oE.V (‘%‘f) = D, (25)

where p, is the space charge density, and €, is the permittivity.
The conductivity of polymeric DC cables can be calculated
using the empirical expression of

o(E,T) = aoe(_TaH’E) (26)

where E is the electric field (V.m™), a is the coefficient of
temperature, b is the coefficient of electric field, and o is a
constant associated with the polymeric material. The Electric
Current module in COMSOL Multiphysics software
calculates the electric field across the insulation by solving the
electrical conductivity expression. This solution includes both
the current and Poisson's electric fields. Hence, the electric
field present in the cables is considered as the overall electric
field. The electric conductivity of Teflon® PFA and Kapton®
MT+ is not available, so the electric conductivity of ETFE and
PI is used as a substitute for these materials, respectively.
Table III presents the parameters of (26) for PI and ETFE.

TABLE III
ELECTRICAL CONDUCTIVITY PARAMETERS OF THE MATERIAL
Parameters 0, (S/m) a (K) b (mm/kV)
PI 1.677¢-9 3319 0.05558
ETFE 2.027e-10 4061 0.03097

Equations (17)-(26) demonstrate the coupling between the
temperature field, velocity field, and electric field. To mitigate
the risk of system failure and breakdown, the insulation

system for the MVDC cable system was designed based on the
following criteria:

Enax@) < 0.8ELqy i=1in 27)

where Ejpqx(;) and Epq(;) are the maximum electric field and
breakdown strength of i-th dielectric layer, respectively, and n
is the number of dielectric layers. To compare the bipolar
cable system, a parameter of / can be defined as

J=m.A (28)

where A is the overall cross-sectional area of the bipolar cable
system (m?), and m is the total cable's mass per unit length
(kg.m™). Designs with a smaller J are preferred because they
allow for higher power densities and lower total system
masses. The computational complexity of a FEM simulation
in COMSOL Multiphysics can vary depending on several
factors, including the specific physics modules involved, the
mesh size, the solver settings, boundary conditions and the
complexity of the geometry. For reaching the steady state, the
simulation time is considered 30 hours in this model.

11l. SIMULATION RESULTS AND DISCUSSION

The primary goal of this study is to develop a high-power-
density, low-system-mass bipolar MVDC power cable system
for wide-body AEA. The core was designed using specialized
high-temperature conductors, 1350-O aluminum wires with
63% IACS, which can withstand temperatures up to 260°C.
For all bipolar cable systems, the overall diameter of the core
conductor of the cable is determined to achieve the maximum
permissible temperature of 260°C, when the current is 1000
A, the temperature of the duct is 40°C, the voltage of the poles
is +5 kV and -5 kV, and the air pressure is 18.8 kPa. Using the
coupled model, all bipolar cable systems are optimized and
analyzed.

A. CYLINDRICAL BIPOLAR CABLE SYSTEMS

Table IV represents the data for conventional cylindrical
MVDC bipolar cable systems. The data presents the distance
between the cables, core conductor’s minimum diameter to
maintain the maximum permissible temperature of 260°C,
minimum diameter of the cables, surface area of the cables,
weight per unit length of the cables, and |/ of the cable
systems proposed in section II.B. The studied geometry is
depicted in Fig. 3.

TABLE IV
OPTIMIZED DATA FOR CYLINDRICAL BIPOLAR CABLE SYSTEMS
. Cross- .
Distance Core Cable sectional Welght
between  conductor . per unit ]
. diameter area of
the poles  diameter length (g.mm)
(inch) (mm) (mm) the cable (keom"!)
(mm?)
0 19.18 19.967 626.25 1.7636  1104.46
0.5 17.97 18.757 552.65 1.5602 862.25
1 17.90 18.687 548.53 1.5488 849.56
1.5 17.81 18.597 543.26 1.5342 833.47
2 17.74 18.527 539.18 1.5320 821.17
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From the chart, it can be shown that by increasing the
distance between the cables, S, the core conductor diameter
reduces. As a result, the cables’ overall diameter as well as
the surface area also decreases. Minimum J is found for S=2
inches distance between the cables, 821.17 g.mm, which is
about 25% lower than the J found for S=0 inches distance,
when the value is 1104.46 g.mm.

B. CUBOID BIPOLAR CABLE SYSTEMS

Table V presents the data for cuboid bipolar MVDC cable
systems. The data presents the distance between the cables,
core conductor’s one side length, overall cables one side
length, surface area of the cable, weight per unit length of the
cable, and J of the cable systems described in section II.B. The
studied geometry is depicted in Fig. 4.

TABLE V
OPTIMIZED DATA FOR CUBOID BIPOLAR CABLE SYSTEMS
Distance Core Cr(_)ss— Weight
Cable sectional R
between  conductor . per unit ]
. diameter area of
the poles  diameter length (g.mm)
(inch) (mm) the cable (ke
c (mm) oy ke
0 17.10 17.89 633.58 1.7923 1135.57
0.5 15.86 16.65 548.62 1.5569 854.15
1 15.59 16.37 530.86 1.5076 800.32
1.5 15.52 16.31 526.83 1.4965 788.40
2 15.49 16.28 524.53 1.4901 781.60

As it can be seen from the data, the lowest weight per unit
length, thus the lowest J for cuboid bipolar cable systems is
found for S=2 inches distance. The overall cross-sectional area
also decreases when the distance between the cables increases.
Therefore, the minimum ] is found for S=2 inches distance
between the cables, 781.60 g.mm, which is about 31% lower
than the J found for S=0 inches distance.

C. COAXIAL BIPOLAR CABLE SYSTEMS

Table VI presents the geometrical configuration and
analyzed data for coaxial bipolar cable systems. The
geometry of the coaxial bipolar cable systems is depicted in
Fig. 6. The voltage of the inner and outer conductors are +5
kV and -5 kV, respectively and both conductors are designed
for carrying the same ampacity of current, 1000 A. The
coaxial bipolar cable’s overall diameter is 29.052 mm and
the weight per unit length of the cable is 1.8329 kgm.

TABLE VI

OPTIMIZED DATA FOR COAXIAL BIPOLAR CABLE SYSTEMS
Parameters Value
Diameter of the inner conductor (mm) 19.82
Diameter over insulation between inner and outer
conductor (mm) 20.15
Diameter of the outer conductor (mm) 28.264
Overall diameter of the cable (mm) 29.052
Cross-sectional area of the cable (mm?) 662.86
Weight per unit length of the cable (kg.m™) 1.8329
J (g.mm) 1214.956

D. RECTANGULAR BIPOLAR CABLE SYSTEMS

Table VII presents the geometrical configuration and
analyzed data for rectangular bipolar cable systems. The data
presents the distance between the cables, core conductor’s
length and width, overall cable length and width, cross-
sectional area of the cable, weight per unit length of the
cable, and ] of the cable systems described in section 11.B.
The geometry of the rectangular bipolar cable systems is
depicted in Fig. 5.

TABLE VII
OPTIMIZED DATA FOR RECTANGULAR BIPOLAR CABLE SYSTEMS
Distance  Core Core  Cable Cable Cr_oss Weight
sectional

between conductor conductor total total

aof PeT unit  J
the cables length width  length width

are length (g.mm)

(nch) ) o) o) () 0 #9DE (kem)
0 34.37 6.87 35.16 7.66 53445 1.5380 821.98
0.5 32.68 6.54 33.47 7.32 486.27 1.4033 682.38
1 32.38 6.48 33.17 726 477.89 1.3794 659.20
1.5 32.14 6.43 3294 722 47142 1.3617 641.93
2 32.05 6.41 32.84 7.20 468.97 1.3548 635.36

As it can be seen from the data, the lowest weight per unit
length, thus the lowest | for rectangular bipolar cable
systems is found for S =2 inches distance. The overall cross-
sectional area also decreases when the distance between the
cables increases. Therefore, the minimum J is found for S =
2 inches distance between the cables, 635.36 g.mm, which is
about 22.7% lower than the J found for S=0 inches distance.

E. COMPARISON BETWEEN FOUR TYPES OF BIPOLAR
CABLE SYSTEMS

Figs. 7 and 8 compare the four types of bipolar cable systems
in terms of weight per unit length and cross-sectional area.
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FIGURE 7. The weight per unit length of four types of bipolar cable
systems.

As shown in Figs. 7 and 8, for cylindrical, cuboid, and
rectangular bipolar cable systems, when the distance
between the cables is 0 inches, both the weight per unit
length and the cross-sectional area are higher compared to
larger distances. The lowest weight per unit length and cross-
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sectional area are found at 2 inches between the cables for
cylindrical, cuboid, and rectangular bipolar cables. At S =2
inches, the weight per unit length of rectangular bipolar
cables is 1.3548 kg.m™! which is about 9% and 11.5% smaller
than the cuboid and cylindrical bipolar cables, respectively,
and 26% smaller than coaxial bipolar cables. Similar types
of results are also found in terms of cross-sectional area. The
rectangular bipolar cables at S = 2 inches have the lowest
cross-sectional area than the other cables.

800 T T T
=—©— Cylindrical bipolar cable
750 ——&— Cuboid bipolar cable E

than the cuboid and cylindrical bipolar cable systems, since
the changes in the view factor of the poles to each other for
the rectangular cable systems is greater than cuboid and
cylindrical bipolar cable systems.

700 |

Rectangular bipolar cable
----- Coaxial bipolar cable
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550 | A —a o 4
t p
500 | 1

Cross Sectional Area (mmz)
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400 L L L
0 0.5 1 1.5 2

Distance between the cable (inch)

FIGURE 8. The cross-sectional area of four types of bipolar cable
systems.

In Fig. 9, the parameter | of four types of bipolar cable
systems is shown. The change in the J of cylindrical, cuboid,
and rectangular bipolar cable systems follows a consistent
pattern, with larger values observed at S = 0 inches compared
to S = 2 inches. The cuboid bipolar cable system has a
smaller J than the cylindrical one at distances of S = 0.5, 1,
1.5, and 2 inches, except at S = 0 inches but has a larger |
than the rectangular bipolar cables at all distances between
the cables. So, at a particular distance between the cables, the
lowest value of J is found for rectangular bipolar cables. At
S = 0 inches, J of the rectangular bipolar cable systems is
821.98, which is 25.5% and 27.61% lower than the
cylindrical bipolar cable systems and cuboid bipolar
systems, respectively and 32.34% lower than the coaxial
bipolar cable systems. At S = 2 inches, | of the rectangular
bipolar cable systems is 635.36, which is 22.62% and 18.7%
lower than the cylindrical bipolar cable systems and cuboid
bipolar systems, respectively and 47.66% lower than the
coaxial bipolar cable systems.

The weight per unit length, cross-sectional area, and J of
cylindrical, cuboid, and rectangular bipolar cable systems
significantly decreases as the cable distance increases from
0 inches to 2 inches. However, as the distance between the
cables is increased further, the rates of reduction tend to
decrease slowly. To better understand these trends and
analyze the influencing parameters, the radiative and
convective heat fluxes of four types of cables are shown in
Figs. 10 and 11. As the distance between the poles increases,
the radiative heat flux of cylindrical, cuboid, and rectangular
bipolar cable systems increases. However, higher radiative
heat transfer is found for rectangular bipolar cable systems
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FIGURE 9. The parameter J of four types of bipolar cable systems.
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FIGURE 10. The radiative heat transfer of four types of bipolar cable
systems.
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FIGURE 11. The convective heat transfer of four types of bipolar cable
systems.
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At S = 0 inches distance between the cables, the radiative
heat fluxes of cuboid and cylindrical bipolar cable systems
are almost similar and that is about 304 W.m™!, however,
these values are about 9.5% larger than the radiative heat
fluxes of coaxial cables and about 21.7% smaller than the
rectangular bipolar cables. As the distance increases, the
cross-sectional area of rectangular bipolar cables is smaller
than that of cuboid and cylindrical bipolar cables, Fig. 8.
Despite decreasing the cross-sectional area of rectangular
cables, the radiative heat transfer increases as the distance
between the cables increases. This is because of the varying
view factor of the poles to each other of rectangular bipolar
cables, which compensates for the deceased surface area rate,
and produces a larger radiative heat transfer for the system at
larger distances. At S = 2 inches, the radiative heat fluxes of
rectangular bipolar cables are 414.97 W.m™!, which is about
18.5% and 24.2% larger than the cuboid and cylindrical
bipolar cable systems, respectively.

Fig. 10 shows the convective heat fluxes of four types of
cable systems. At S = 0 inches, the convective heat fluxes of
cylindrical, cuboid, and rectangular bipolar cables are much
smaller than the other distances. As the cables touch each
other, the lack of convection on one side drastically reduces
the convective heat transfer for cylindrical, cuboid, and
rectangular bipolar cable systems. The lowest convective
heat transfer is found for cuboid bipolar systems at this
distance, however for cylindrical, coaxial, and rectangular
bipolar cable systems, the value is not so much larger. The
convective heat transfer of bipolar cable systems
significantly increases as the distance between the poles is
increased from 0 inches. This is because larger distances
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Electric Field Norm (V/m)
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allow for convective heat transfer on all sides of the cables.
For cylindrical and cuboid bipolar cable systems, as the
distance increases from S = 0.5 inches, the convective heat
transfer reduces slightly since the cross-sectional area
decreases, Fig. 8. But for rectangular bipolar, the trends are
not exactly similar. The maximum convective heat transfer
is found at S = 1.5 inches, for rectangular bipolar cables.

A decrease in the cross-sectional area of the conductor
leads to an increase in resistance per unit length, resulting in
greater heat losses for a given current. The total heat transfer,
which includes both radiative and convective components,
must be equal to the heat losses. For rectangular bipolar cable
systems, as the cross-sectional area is lower than other
bipolar cable systems, the total heat losses are greater, so it
reflects in higher convective heat transfer. At S =2 inches,
the convective heat flux of rectangular bipolar cables is about
136.56 W.m™!, which is 8.6% and 10.38% higher than the
cuboid and cylindrical bipolar cable systems, respectively.

Fig. 12 displays the magnitude of the electric field across
the insulation of the bipolar cable systems. The electric field
norm in cylindrical, cuboid, and rectangular bipolar cable
systems is the same because the insulation thickness and
potential difference across the insulation are equal. But in
contrast to other bipolar cable systems, the coaxial cable
system's insulation has a greater potential difference, 10 kV,
which raises the electric field norm throughout the
insulation.

Equations (23)—(25) can be used to determine the
distribution of the electric field across the insulation of DC
cable systems. The electric field distribution in DC cable
systems is influenced by both conductivity and permittivity.
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FIGURE 12. The Electric Field Norm of four types of cable systems: (a) Cylindrical bipolar cable systems; (b) Cuboid bipolar cable systems; (c)

Rectangular bipolar cable systems; and (d) Coaxial bipolar cable systems.
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As a result, the ratio of electric field intensity for the
insulating layers in bipolar cable systems does not just match
the ratio of the permittivity of the layer. All bipolar cable
systems are electrically safe to operate in a steady state when
taking (27) into account.

IV. CONCLUSIONS

This paper presents a detailed analysis of bipolar MVDC
power cable systems for future wide-body AEA's EPS,
focusing on high-power density and low-system-mass
requirements. Four types of bipolar cable systems are
considered: cylindrical, cuboid, rectangular, and coaxial.
Multilayer insulation systems are used to address challenges
in aviation cables, such as arc tracking, PDs, and thermal
management. A coupled thermal, electric, and fluid flow
dynamic model is developed to conduct thermal and
electrical analyses of the proposed cable systems. To assess
the viability of the suggested cable systems, a parameter J is
introduced, which is calculated by multiplying the weight per
unit of the cables by their cross-sectional area. The
rectangular bipolar cable system exhibited superior
performance compared to cylindrical, cuboid, and coaxial
systems in terms of J, irrespective of the distance between
the poles. At S = 2 inches, the ] values of the rectangular
bipolar cable systems are 22.62%, 18.7%, and 47.66% lower
than those of the cylinder bipolar systems, cuboid bipolar
systems, and coaxial bipolar cable systems, respectively.
Also, the analysis of the electric field norm across bipolar
cable insulation reveals that all designed systems are
electrically safe in steady-state conditions. This paper
focuses specifically on the natural heat convection within the
cable duct. Analyzing the impact of forced convection using
varying air velocities on temperature distribution in various
bipolar cable system shapes and evaluating the outcomes
with natural convection in the duct could be an additional
interesting area for research.
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