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Abstract: The widespread use of composite materials with low electrical conductivity in modern
advanced aircraft has placed higher requirements on lightning protection for airborne equipment.
To ensure the safe operation of aircraft under a lightning environment, the internal cables and cable
tracks of composite aircraft are modeled. The lightning protection performance of cables is calculated
for different types and shielding parameters, and the effect of the cable layout inside a composite
aircraft on the protection performance is analyzed. The role of the cable track in lightning protection is
also verified. The calculation results show that the cable shield and track structure can provide good
lightning protection for the cable in the electromagnetic exposure area, and the layout of the cable
inside the aircraft has a greater impact on the protection performance. The analysis of cable shielding
measures and their influencing factors can provide a reference for the performance improvement of
cable screening measures for the lightning protection of composite aircraft.

Keywords: composite aircraft; indirect lightning effects; electromagnetic protection; induced current

1. Introduction

Lightning is a natural discharge process with a high voltage and a large current at the
boundary between high-density positive and negative charge concentrations. Its current
rise speeds can reach 10-20 kA /us, and its discharge energy can be up to hundreds of
megajoules [1-3]. Lightning occurs at high frequency in nature, especially in the tropo-
sphere and stratosphere, which are the main areas in which aircraft fly. Statistics show that
commercial aircraft are struck by lightning once a year [4]. When an aircraft is struck by
lightning, the lightning’s transient pulses will electromagnetically couple to the internal
cables of the fuselage and generate induced currents. Once the induced current is higher
than the equipment interference threshold, it will cause damage to the airborne equipment
or interfere with the internal systems [5,6]. Therefore, the electromagnetic compatibility
(EMC) prevention of cables is the main measure for preventing electromagnetic interfer-
ence caused by the indirect effects of lightning on aircraft [7]. Compared with traditional
metal aircraft, Carbon Fiber-Reinforced Plastic (CFRP) aircraft are not able to channel and
release lightning currents on the fuselage in a timely manner because of the low electrical
conductivity of the material. And, the lightning electromagnetic pulse will penetrate the
composite structure, further reducing the lightning protection capability of the fuselage of
airborne equipment.

The main method for analyzing the indirect effects of composite aircraft is numerical
simulation calculations [8,9]. To verify the shielding performance of the indirect effects of
cables inside composite aircraft, anisotropic composite material models and electromag-
netic coupling simulations of door joints and structural fasteners have been carried out.
However, the mechanism behind the impact of lightning on aircraft has not been analyzed
in detail [10]. Numerical simulation technology is used to estimate the coupling of the
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indirect effects of lightning on cables [11]. The shielding performance of internal aircraft
cables in response to the indirect effect of lightning is not only affected by the fuselage
material and skin gap but also by the layout of the cables in the fuselage. Aguilera et al.
conducted a high-current pulse injection test analysis on various aircraft, including passen-
ger aircraft, military aircraft, helicopters, and unmanned aerial vehicles. The distribution
of surface currents and electromagnetic fields during different lightning current paths on
the aircraft was analyzed. In addition, the effect of the layout of the cabin cables on the
induced currents of the cables during lightning strikes has been discussed, but the effect on
the protection of composite aircraft against lightning has not been further analyzed [12-16].
Piche analyzed the EMC performance of metal track structures inside composite aircraft by
studying the mutual interference of cables in different slots inside the track [17]. Jachyeon
Jo et al. established an aircraft electromagnetic simulation model by analyzing the coupling
effect of a lightning electromagnetic pulse on cables and further analyzed the factors that
affect the electromagnetic coupling of indirect lightning effects. The design of protection
measures against these indirect effects on cables was carried out, and a reference for the
principles of cable laying was given [18].

In summary, many scholars have analyzed the indirect effect of lightning on aircraft
and its protective measures, but further research is needed on the coupling mechanism
between lightning and aircraft and the factors affecting cable shielding performance. There-
fore, this paper will address this need in several parts, as follows:

Part 2 introduces the theory of induced currents generated by an aircraft after being
struck by lightning, which includes factors such as the impedance of the aircraft fuselage,
the impedance of the internal cable shield, and the aircraft grounding network, and provides
a direction for further in-depth research on the indirect effects on aircraft.

Part 3 constructs an aircraft simulation model in CST Studio Suite 2020 software,
observes the changes in the electromagnetic fields inside and outside the aircraft by injecting
lightning current into the model, and analyzes the key changing parts of an electromagnetic
field on the fuselage of the aircraft.

Part 4 uses different types of cables to observe the induced currents when the aircraft
is struck by lightning. At the same time, based on the different cable shield grounding
methods, a more in-depth investigation of the effects of induced currents on the aircraft
model after lightning injection is carried out.

After the induced currents of the cables mentioned above are observed, in part 5, based
on the obvious areas of electromagnetic field changes shown in part 2, the different types
of cables in part 4 are placed in several key areas for experiments to obtain and analyze the
induced currents in different areas. Based on the induced currents in the cables, the effect
of metal track grooves on the generation of induced currents in the cables is investigated.

Finally, all the above experiments and results are analyzed to provide important
references and protection suggestions for future all-electric/electronic aircraft against EML

2. Theoretical Calculation of the Indirect Effect of Lightning on Aircraft
2.1. The Principles behind the Indirect Effect of Lightning on Metal Aircraft

When an aircraft is struck by lightning, the lightning current L., which is externally
excited, is conducted through the lightning attachment point on the aircraft. Part of the
current in the lightning current is diffusely conducted through the aircraft structure, while
part of the current enters the interior of the aircraft and eventually couples with internal
cables to generate induced currents [19].

Figure 1 shows an equivalent schematic diagram of the aircraft coupling mechanism.
When an aircraft structure is made of metal, the impedance is mainly resistive. Its fuselage
structural resistance R4, can be expressed by Rs¢, whereas for the internal cable shield of
the aircraft, the shield resistance Ry, can be expressed by Ry, and shield inductance L
can be expressed by Lgy,.
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Figure 1. Coupling mechanism between lightning and an aircraft.

Assume I is the current conducted through the aircraft structure and I is the aircraft
internal cable shield current, then

Iext - Ist + Iint (1)

According to standard MIL-STD-464D [20], it is known that lightning current is a time-
domain function, and the lightning current waveform is defined as a double exponential
waveform. Thus, the expression can be written as

Loxt = Ip(e™™ —e7Pt) )

where [y is the peak lightning current; « = 1/Ty,, Ty is the current fall time; and
B = 1/Tyise, Tyise is the current rise time.
From Kirchhoff’s voltage law, the following equation holds.

dl;
Rshlint + Lshdiltnt = Rstls (3)
Substituting (1) into (3), we find that
dlint _
(R + Rst) Lint + LshW = Rotlext 4)

The solution of the differential Equation (4) can be obtained as

Rst e—txt _ e—At e—/\t o e—ﬁt

where
A= Rot TR 6)
Lsh

From (5) and (6), the induced current of the cable shield inside the metal aircraft is
determined by the lightning current parameters «, g, Iy, the aircraft structural resistance
R, and the cable shield impedance Ry, and Lg,.

2.2. The Principle of the Indirect Effect of Lightning on Composite Aircraft

In addition to the difference in material conductivity between metal and composite,
differences in the internal structure also lead different lightning coupling mechanisms.
The mechanism of lightning coupling to composite aircraft is more complex than that of
metal aircraft because of the influence of the internal grounding. The ground of metal
aircraft is the metal fuselage. Composite materials have a lower conductivity than metal,
so a metal fuselage cannot provide a good grounding condition for aircraft. Therefore, a
separate metallic grounding grid will be provided as a grounding in composite aircraft,
and its influence needs to be considered [21,22]. When an aircraft is struck by lightning,
the coupling process can be divided into two steps. In the first step, induced current in
the aircraft grounding network is generated by the lightning current. Second, mutual
inductance is generated between the grounding network and internal cables, and induced
current is generated on the internal cables [19].

Similar to the analysis of induced current on metal aircraft, the structural resistance
of the composite aircraft body can be expressed by Rs;. Cable shield resistance can be
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expressed by Ry, and shield inductance can be expressed by L. The following additional
parameter definitions are also added: Rgy, is the composite aircraft grounding grid resistance
and Lgy, is the composite aircraft grounding grid inductance. M is the mutual inductance
between the grounding grid and the cable, which is generated by the grounding grid
current after the aircraft is struck by lightning. Assuming that the current in the grounding
grid is I¢,, since no induced current is generated in the grounding grid at this time, the
mutual inductance between the grounding grid and the cable is not considered. Therefore,

we conclude that
Ry [e @t —e7t 7t — =Pt

Ion(t) =1 )
gn( ) OLgn n—a n— /3
where
_ Rst + Rgn (8)

The second step in the equivalent circuit of the lightning current and cable coupling
process is shown in Figure 2. Under these circumstances, lightning strikes the aircraft and
generates induced current in the grounding network. The grounding network and the
cable generate mutual inductance, which we express as

Al dIgn dlgn Al
Rshlint + Lsh dl: +M dt = Rgnlgn + LgnW +M dl: (9)
ﬂ; Rsh Lsh
ANA Y Y
I M
ﬂ, Rgn Lgn /
ANA Y
Figure 2. The second step in the composite aircraft coupling process.
Then, the composite aircraft cable shield current [j; can be expressed as
. _ IpRy(1—eh) [Ae""t—Ne*’” Ne~ It —Be—PBt
Imt(t) - Rsthn(Lsh*M)z n—a + 1—B (10)
where
w= Rsh(Lsh - M) (11)
A = Rgy —a(Lgy — M) (12)
N = Rgy — 17(Lgn — M) (14)

In summary, whether for a metal or composite aircraft, the induced current of the
cable shield is determined by the parameters in (5) or (10) when a lightning strike occurs.
Considering that the low conductivity of the composite material makes its structural
resistance higher, and mutual inductance exists between the introduced metal grounding
network and the cable, the induced current of the cable inside the composite aircraft
deserves more consideration.

2.3. The Analysis of Metal Mesh in the Composite Aircraft Fuselage

A common method for indirect effect protection of composite aircraft is to lay a metal
mesh on the skin surface. The principle of the method is to increase the electromagnetic
loss when the electromagnetic field penetrates the skin. The coupling mechanism is shown
in Figure 3.

When the composite aircraft surface is paved with metal mesh, parameter Ry is
defined as the structural resistance of the metal mesh. Assume that the structural resistance
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Rys of the metal mesh is in parallel with the fuselage structural resistance Ry;. Then, (10)
can be written as

) _ lo(Rst//Rys)(1=e~¥") [ A~ _Ne—1t Ne”ﬁfBe’/jt}
Ilﬂf(t) - Rsthn(Lsh_M)z n—a + n—p (15)

When the metal mesh is laid on the composite aircraft fuselage, the metal mesh and
the fuselage structure can be considered as a whole. It can be concluded from (15) that the
overall resistance R of the whole is reduced because of the parallel connection between the
metal mesh resistance and the fuselage structure resistance. As a result, the induced current
Iint of the cable shield decreases, which verifies the indirect protective effect of laying metal
mesh on composite aircraft.

Iexzidf B &R . ng"ﬁ :7_‘ 0 %

Rt // Rins

Figure 3. Aircraft after laying metal mesh on the composite aircraft fuselage.

3. Design and Analysis of the Indirect Effect of Lightning on Aircraft
3.1. Aircraft Model Construction and Excitation Source Setup

The composite aircraft lightning strike model was established in the CST simulation
platform, as shown in Figure 4. The lightning current attachment point is set at the nose
radome and the lightning current separation point at the tail. The aircraft model has
a length of 33 m, a wingspan of 32 m, and a height of 6.7 m. The cockpit skin, doors,
and leading edges of the wings are made of aluminum metal, the portholes are made
of glass, and the rest of the fuselage skin is made of CFRP. In addition, CFRP is set as a
quasi-isotropic material, and its monolayer conductivity is shown in Table 1 [23].

A
[\
| N
= Glass
CFRP
A

Aluminium

Hatch gap

Figure 4. Composite aircraft model diagram.

Table 1. Aircraft material conductivity.

CFRP
Material Aluminum Glass
X y z
Conductivity (S/m) 3.56 x 107 1x 10712 40,490 200 1.3

In this paper, a lightning current component A is used to calculate the high current
pulse injection into an aircraft considering that it is usually used to simulate the excitation
of an aircraft when it suffers from a lightning strike [24]. Its waveform is as shown in
Figure 5. The peak value of the lightning current Iy = 218810 A, the reciprocal of current
falling time a = 11354 s~1, and the reciprocal of rising time = 647265 s~ 1.

Figure 5 shows that the lightning current reaches the peak in 6.4 us, and then the
current starts to decay with a half-peak time of 69 ps. The simulation time is set to 100 ps.
In addition, considering that most of the lightning current energy is concentrated below
10 kHz, some high-frequency components are enhanced after the electromagnetic wave is
coupled to the inside of the body.
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Figure 5. Waveform of the A component of the lightning current.

Using CST studio suite 2020 simulation software, a cable is constructed inside the
aircraft that is connected to the external skin, as shown in Figure 6, which is equivalent to
the internal electrical cable of the aircraft and is used to observe and simulate the effect of
the external lightning current passing through the fuselage on the internal cable. The metal
mesh laid on the external skin is set in the material definition of CST simulation software
for the relevant data of conductivity, thickness, and laying density, and the metal mesh is
set in the corresponding area.

Input
I 1 ‘%’( )
N <
= g
Figure 6. Aircraft internal cable segmentation.

Based on the settings, the results of magnetic field intensity and induced current for
the different types of aircraft are simulated, as shown in Table 2. The material are aluminum,
CFRP, and CFRP combined with metal mesh.

Table 2. Calculation results of the indirect effect of lightning on the aircraft.

Material Peak Value of Internal Magnetic Cable Induced Current Peak (A)
ateria . .
Field Intensity (A/m) Core of Wire Shield of Wire
Aluminum 59.384 2912 229.597
CFERP 891.653 6.346 8667.492
CFRP combined with metal mesh 531.668 2.956 2687.860

It can be concluded from Table 2, the peak internal magnetic field intensity of the CFRP
aircraft is about 15 times higher than that of the aluminum aircraft at the same location
inside the aircraft, whereas the peak induced current of the coaxial cable shield is about
38 times higher, but these two values are reduced to 9 times and 12 times when a metal
mesh is applied to the surface of the CFRP aircraft. In addition, the induced current on the
core of the coaxial cable shows that the peak induced current of the core is reduced from
6.262 A to 1.942 A after using CFRP combined with metal mesh. This proves the correctness
of the theory in Section 2.3 and also shows that the metal mesh provides good protection
against indirect effects.

3.2. Lightning Passage through the Airframe

According to the model constructed in Figure 6, the spatial electromagnetic field
distribution when the lightning current passes through the fuselage at the time of 6.4 us
can be obtained, as shown in Figure 7.
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(b)

Figure 7. Spatial electromagnetic field distribution after a lightning strike on a composite aircraft:
(a) electric field distribution in space and (b) space magnetic field distribution.

As can be seen in Figure 7, the distribution law of the electric field in space is that a
location in the lightning current path in the electric field intensity is larger. In addition,
in the smaller radius of curvature of a location such as the tip of the tail, the electric field
intensity is also larger. Therefore, the distribution law of the magnetic field in space is
different from the electric field in space, and the intensity of the magnetic field is larger
only in the nose, fuselage, and the tail of the aircraft in the lightning current path.

When an aircraft is struck by lightning, most of the EMP energy inside the fuselage is
radiatively coupled from the lightning EMP through apertures or glass and other pathways,
as shown in Figure 8.

(a) (b)

Figure 8. Electromagnetic interference from portholes and hatches. (a) Airframe space electric field
equivalent situation. (b) Airframe space magnetic field equivalent situation.

Figure 8 shows that there is a large electromagnetic field near the cockpit portholes,
passenger cabin portholes, and hatches. That is, when lightning strikes an aircraft, with
the conduction of lightning current on the fuselage, electromagnetic energy will enter the
interior of the fuselage through the glass of the aircraft’s portholes as well as the gaps in the
hatches, generating electromagnetic interference to on-board equipment, electrical cables,
and systems. Therefore, in the subsequent study;, it is necessary to consider the effects
of lightning current on cables at different locations on the fuselage including portholes
and hatches.
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4. Influence of the Cable Shielding Layer on Shielding Performance
4.1. Cable Type

The cables within the aircraft that have different functions are single wires, coaxial
wires, and twisted pairs, as shown in Figure 9.

(b)

(0) (d)

Figure 9. Different types of cables in aircraft: (a) a single wire; (b) a coaxial wire with a shielding
layer; (c) a twisted pair; (d) a twisted pair with a shielding layer.

We set up four kinds of cables with the same cross-sectional area of the core wire
and bundled them into a wire bundle laid in the same location. We set the termination
resistances of the different cables as follows: a single-core wire with 50 () resistors at each
end; a coaxial wire with 50 () resistors at the core and the shield directly grounded; a
twisted-pair wire with 50 () resistors at each strand; and a shielded twisted-pair wire with
50 Q) resistors at each strand and the shield directly grounded.

With the cable induced current as an index, for different types of cables, a comparison
was made for different cable shielding measures in order to analyze the road simulation
model shown in Figure 10 and the indirect effect of different types of cables.

Single wire

Shield for coaxial
cable

N1_CX_1_Screen

Wer " Screen_

pair 1 _UTP_LIFY|
layer "~ lgm_

\N"
5
2
[
5
‘m'
B
)

[ —
Sl
2

NI_CG_i_uTe_ LIFY] N2_CG_1_UTP_LIFY
_lqmm 2 | lomm 2

Figure 10. Simulation model for different types of cable shielding analyses.

The simulation model was built with the single wire, the coaxial wire with a shielding
layer, the twisted pair, and the twisted pair with a shielding layer of four cables with the
same core area. Then, in the same location of the aircraft’s laying, after the injection of
lightning and sequential measurements, we obtained the inductance current of the single
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wire, the coaxial wire with a shielding layer, the twisted pair, and the twisted pair with
shielding layer of cables. Different cables were laid inside the CFRP aircraft, and their
protective performance was analyzed. The peak induced current of each cable is shown in
Table 3.

Table 3. Induced current peak value of different types of cables.

. . Coaxial Wire with . . Twisted Pair with
Types Single Wire Shielding Layer Twisted Pair Shielding Layer
Induced current peak value (A) 1.8844 0.0594 2.4498 x 107° 3.3452 x 10~°

Table 3 shows that the induced current of the coaxial wire with shielding layer is
smaller than the single wire. The same result is observed for the twisted pair. This means
that adding a shielding layer can provide better electromagnetic shielding. In addition,
the shielding performance of the twisted pair is better than that of the single-core wire.
Therefore, the electromagnetic exposure area and the cables transmitting important signals
are used correspondingly according to different shielding performance requirements.

4.2. Material of the Cable Shielding Layer

The majority of cables used in aircraft are metal braid shielding layers. The require-
ments of shielding coverage are not less than 85%, and the braiding angle is less than 50°.
Therefore, we set the shielding layer of the relevant parameters as shown in Figure 11, in
which the shielding layer is the metal braid. The carrier strand diameter is 0.1 mm, the
number of strands per carrier is 5, and the shielding coverage is 87.49%.

carrier mesh

i ] 7
.III"~.'.',~'-'.N'~,-.
s

0

Figure 11. Description of the cable metal braid shielding layer.

carricr filament

A cable shield can enhance the electromagnetic shielding ability of a cable, but the
different materials of the shield will also have an impact on its shielding performance. The
shielding layer with different materials was analyzed to obtain the corresponding induced
current, and the peak current is shown in Table 4.

Table 4. Influence of cable shielding material.

Cable Induced Current Peak (A)

Material
atena Core of Wire Shield of Wire
No shielding layer 1.8844 —_—
Copper 0.0118 184.1521
Silver 0.0106 200.1759
Aluminum 0.0169 120.1643

As shown in Table 4, compared with copper and aluminum, the core induction current
of the silver shield is the smallest, at about 0.0106 A. That is, when silver-shielded wire is
used, the indirect effect of the electromagnetic shielding performance of the cable is the
best. This also shows that it is proportional to the conductivity of the material. In the actual
situation, taking into account the loss, structural strength, and other characteristics, the
cable shielding layer of the material is generally selected as copper metal, such as tinned
copper or red copper.
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4.3. Grounding Modes of the Cable Shielding Layer

In addition to the material of the cable shielding layer, the grounding mode will
also have an impact on the shielding performance. The grounding modes of the cable
shielding layer shown in Figure 12 generally can be divided into four types as follows:
single-ended grounding, double-ended balanced grounding, double-ended unbalanced
grounding, and overhang.

— 3

(a) (b)
(d)

) g@
(c)

Figure 12. Grounding modes: (a) single-ended grounding; (b) double-ended balanced grounding;
(c) double-ended unbalanced grounding; and (d) overhang.

According to the four different cable shield grounding methods, the shield grounding
method comparison model was established, as shown in Figure 13.

»H—

Figure 13. Comparison of grounding methods for cable shields.

The simulation model further analyzed the shield grounding methods, set up the
above four shield grounding methods, and then measured and obtained the induced
currents in the single-ended grounding, double-ended balanced grounding, double-ended
unbalanced grounding, overhang of the core wire and the shield after the lightning injection.
The peak value is shown in Table 5.

Table 5. Influence of grounding modes.

Cable Induced Current Peak (A)

Grounding Modes
Core of Wire Shield of Wire
Single-ended grounding 1.4614 2.1997
Double-ended balanced grounding 0.2923 405.1898
Double-ended unbalanced grounding 1.5698 4.6978

Overhang 1.2709 —_—
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As shown in Table 5, different grounding modes of the shielding layer have a large
impact on the shielding performance of the cable’s indirect effect. Among the four ground-
ing modes, the best shielding performance is provided by the double-ended balanced
grounding, and the weakest shielding performance is provided by the double-ended un-
balanced grounding mode. Therefore, when laying cables inside composite aircraft, it
is best to use cables with a shielding layer for the transmission of important signals or
sensitive equipment cables, and the best choice of the shielding layer grounding mode is
double-ended balanced grounding.

5. Principles of Laying Cables
5.1. Cable Layout

During the selection of the cable shielding layer inside the fuselage, one must consider
the importance of the equipment, the type of transmission signal, the cable installation
location, and working environment. The layout of the cables in the composite fuselage was
analyzed to study its influence on shielding performance. Fourteen single wires were laid
at different positions inside the composite aircraft fuselage, marked as P1-P14. The cables
were parallel to the aircraft floor, with a longitudinal length of 9 m along the fuselage. The
y-z section layout is shown in Figure 14.

ePll

ePl0e® e o

2 3 4
oo P12 P13 P1

® OP5
P6

P1

Figure 14. Cable layout inside the composite aircraft fuselage.

For the comparison of the coupling of cables at different locations inside the cabin
layout after the aircraft was struck by lightning, 14 cables were divided into the following
four groups: cables P1-P5 formed group A, cables P5-P8 formed group B, cables P8-P11
formed group C, and cables P10 and P12-P14 formed group D.

The calculation results of the induced current of the four groups of cables are shown
in Figure 15, including P1 induced current of group A, P2-P4 induced current of group A,
and the induced current of cables of groups B, C, and D. The grouping descriptions of the
four groups of cables are shown in Table 6.

Table 6. Grouping descriptions of cables.

Groups Mark Distance Main Method of Electromagnetic

Energy Coupling
A P1, P2-P5 04 m Bottom skin
B P5-P8 0.43 m Left skin and hatch door
C P8-P11 0.3m Hatch door and porthole
D P10, P12-P14 043 m Left skin and porthole

The four groups of cable induction currents were calculated, as shown in Figure 15.

In group A, the current of cable P1 is much larger than the cable induction current
inside the aircraft because it is located on the aircraft surface. In addition, the closer the
position of the internal cable of the composite aircraft is to the skin, the smaller its cable
induced current, i.e., the higher the shielding performance of the lightning indirect effect.
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In group B, because of the proximity to the left side of the hatch, the closer the cable is to
the skin, the higher the induction current, and the weaker the shielding performance. As
the cable moves further form the aircraft skin, the induced current of the cable decreases
gradually. This is because the electromagnetic leakage effect of the doors and windows on
the cable is less than the shielding ability of the skin on the cable. In group C, as the cable
moves from the hatch to the window, the induction current increases, and its shielding
performance is weakened. However, as the cable close to the aircraft skin is moved further,
the cable induction current gradually reduces. In group D, as the cable is moved away from
the windows and doors, the cable induction current drops significantly, but compared with
group B, the induction current of cables P12-P13 is still greater than cables P5-P8.

120} 4l o 6
100} 5¢
< ——P1 <3| P3 s
= 80 = P4 24
5 g 2
b 60 r h 2 B P5 ‘5 3 r
= ] )]
O 40t O 1 oL
20r 1k
O " e—e—mo Of of
0 20 40 60 80 100 0O 20 40 60 80 100 0 20 40 60 80 100
Time/ps Time/us Time/us
(a) (b) (©)
40+ 40+
P8 P10
<30} P9 <30} P12
S 20 o S 20 P13
— - Yt .
= P11 g P14
O O
10+ 10}
of N ——— of
0 20 40 60 80 100 0 20 40 60 80 100
Time/us Time/ps
(d) (e)

Figure 15. Induced current of cables at different positions: (a) P1 induction current; (b) P2-P5
induction current; (c¢) P5-P8 induction current; (d) P8-P11 induction current; and (e) P10-P14
induction current.

In summary, the cables laid on the surface of the aircraft skin should be reduced as
much as possible, and attention should be paid to the connection between the cables on
the skin surface and the interior. In addition, cables should not be arranged near the doors
or windows of the fuselage. When cables must be arranged on the fuselage, the closer the
cables are to the skin, the better. The shielding layer with good shielding performance must
be selected.

5.2. Cable Track Groove

Cables should be arranged far away from the gap and close to the ground or structure
to reduce the loop magnetic flux formed by cables and structures. In practice, cables
are often laid in metal track grooves. Both the Current Return Network of B787 and the
Electrical Structure Network and Metal Bonding Network of A350XWB contain a metal
frame structure. Therefore, the cable track was set inside the composite aircraft fuselage,
and the track model is shown in Figure 16.
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Figure 16. The U-shaped single-track groove.

The influence of the track on a single wire was analyzed, and the cable induced current
results are shown in Figure 17.

3.0 —— without track model
with track model

Current/A

0 5 10 15 20
Time/ 15

Figure 17. Influence of the track on the induced current of the cable.

Based on the calculation, when the cable is laid inside the track, its induced current is
much smaller than when there is no track, which verifies the shielding effect of metal track
on the cable. To assist in analyzing the principle of laying cables inside the fuselage, the
laying positions of the cables relative to the structural components are given in Figure 18,
where cables 1-3 transmit current in their axial direction.

O\
77772,
7,
(b)
Z, H
2
o
Z
2
%
(d)

Figure 18. The cable position relative to the structural components: (a) plane; (b) angle; (c) groove;
(d) enclosed structure.
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The shielding performance of the cables in the figure is from weak to strong, namely,
cable 1, cable 2, and cable 3. Simulation verification was carried out using Figure 18d as an
example to obtain the induced currents of the cables laid at different locations, as shown in
Figure 19.

7.5
Cable 1
s.0b Cable 2
Cable 3
2.5

Current/A
o
>

A 5 1 1 1 1 1
0.000 0.025 0.050 0.075 0.100 0.125 0.150
Time/ps

Figure 19. Induced current of cables at different positions.

According to the “Boeing 787 Electrical System System & Component Description/
Operation, and Maintenance Training Course”, the 28 VDC bus voltage fluctuation range
is within 6 V. And according to ANSI/NEMA WC 27500 [25] and SAE AS22759 [26], the
simulation cable impedance is 0.02016 (). The maximum peak current of cable 1 in Figure 19
is 6.41 A, and the interference voltage caused by the induced current is 0.12923 V. Therefore,
it meets the corresponding airworthiness requirements. Meanwhile, the graph suggests that
cable 3 has the best shielding performance and cable 1 has the worst shielding performance.
This is because the magnetic field is concentrated at structures of greater curvature and
dispersed at structures of lesser curvature. Based on this property, the magnetic flux
through the loop of cable 1 is greater than the magnetic flux through cable 2. As cable 3 is
shielded by a structural member or track recess, the magnetic flux through cable 3 is much
less than the magnetic flux between cable 1 and cable 2.

6. Conclusions

This work investigates the indirect effect shielding performance of composite aircraft
cable shielding measures by establishing an analytical model of aircraft cable shielding
during lightning strikes. The various factors affecting shielding performance are considered,
and the following conclusions are obtained:

(1) Based on the spatial electromagnetic field distribution after lightning injection into
the aircraft model, the aircraft is prone to generating large electromagnetic fields at the
nose, position, and fuselage. It is necessary to insulate the aircraft fuselage, such as at the
porthole glass and the hatch, to reduce the electromagnetic interference of the backdoor
coupling to the on-board equipment. At the same time, laying cables near doors, window
openings, and protruding structures should be avoided as much as possible.

(2) In comparison with four different types of aircraft cables and different cable shield
grounding methods, based on the analysis of the induced current after a lightning strike, it
can be concluded that if the shielding performance of the aircraft internal cable needs to
be enhanced, the corresponding shielding layer can be increased to meet the requirement,
and the selection of the twisted-pair cable indirect effect is better than the other cables.
The shielding performance can be significantly improved when the shielding layer and
shielding layer double-ended have a balanced grounding. For the future development
of electric aircraft, this can be selected for use in the aircraft electromagnetic exposure
area or sensitive equipment with a shielding layer of a twisted pair or with a shielding
layer suitable for cables. Based on the electric aircraft electrical structure network, the
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appropriate choice of shielding layer grounding to meet the ARP 1870 required bonding
impedance is less than 2.5 m() to achieve a safer flight of electric aircraft.

(3) When a fuselage gap cannot be avoided, or needs to be close to the ground, the
cable can be laid in a closed metal groove to reduce electromagnetic interference. This
is an excellent way to reduce induced current and standardize cable routes for electric
aircraft that require a large number of electrical cables to be connected and operated, greatly
increasing the electrical safety of electric aircraft.
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