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Abstract
Two key technologies supporting decarbonisation of aviation are the light-weighting of aircraft structures, and the

electrification of on-board power and propulsion systems. Achieving the target high power densities required for
electrical power system equipment, including power electronic converters (PEC) is extremely challenging. A
modularised electrical power system (EPS) which exploits the use of carbon fibre reinforced polymer (CFRP), rather
than aluminium, for non-electrically active components (e.g., casings) for EPS equipment offers an opportunity for
more compact, lightweight equipment design. However, existing knowledge of the electrical response of CFRP at
a component scale, and how this impacts on the design of systems where electrical and structural systems interact,
is limited.

This paper provides a set of low frequency (<200 kHz), component scale models of a quasi-isotropic layup of CFRP,
suitable for use with a behavioural simulation model of a 6-switch inverter to investigate the influence of casing on
fault response, and enable capture of design criteria for resilient, low frequency design of CFRP casings for PECs.
This includes investigation of key design interdependencies including influence of CFRP layup, design of electrical
bonding points and interdependencies with wider system design considerations, including protection strategies.

Introduction
Electrification of power and propulsion systems is a

key technology for the decarbonisation of aviation. A
barrier to realising the electrical power systems
(EPS) needed for these new propulsion systems, are
the high-power densities required for the EPS
equipment. This includes power electronic
converters (PEC), which are critical for the regulation
of voltage and frequency levels, and control of power
flow. The power density of PECs for aircraft
applications is currently ~12 kW/kg [1]. However,
power densities of ~40 kW/kg [2] are needed to meet
electrification targets for aerospace. PEC will
contribute a significant weight to the EPS for these
new, electrified propulsion systems. For example, it
is estimated that PECs will contribute ~20% of EPS
weight for an all-electric aircraft with fuel cells as a
power source [2]. Around 19% of the weight of a PEC
module is attributable to the aluminium casing and
heat sink [3]. other notable components contributing
to the weight of the module are the filters housed
within the enclosure, which attribute to around 43%
of the weight [4]. Replacement of all, or part, of the
aluminium casing with CFRP offers a route (in
tandem with other technology advances, such as

wide bandgap solid state switches) to improve power
density. To design these CFRP based casings,
electrical models of the CFRP are needed to carry
out system design trades.

CFRP is ~30% less dense than aluminium, and is
established structural material for lighter weight
structures on aircraft. As such, more than 50% of
structures on state-of-the-art aircraft made from
CFRP [5], reducing the total structural weight of the
aircraft by ~20% [6]. CFRP is comprised of carbon
fibres (an electrical conductor) held in place by a
polymer resin (an electrical insulator). This results in
an electrically complex, heterogeneous material, with
an electrical conductivity which is ~1000 times lower
than that of aluminium [7]. If CFRP is to form the
casing for a PEC, then it is necessary to understand
how the CFRP casing will interact electrically with
PEC. The role of the casing on a PEC is to provide
appropriate levels of electromagnetic shielding, and
to adhere to industry standards for radiated
emissions (for aerospace, DO-160 [8]). The casing
will also provide a pathway to ground for fault current.
Hence the electrical design of the CFRP casing must
consider higher frequency (>GHz) (EM shielding


mailto:rafael.pena-alzola@strath.ac.uk
mailto:rafael.pena-alzola@strath.ac.uk

Low frequency design criteria for carbon fibre composite casings for aircraft power electronic converters

functionality) and lower frequency (<MHz) (fault
current conduction capability). The focus of this
paper is the design of the casing for low frequency
electrical interactions under fault conditions.

Figure 1 and Figure 2 show an example topology for
a sub-system in an aircraft EPS, with a PEC unit
supplying a motor. The PEC has a CFRP casing.
Knowledge of the electrical properties of a CFRP
casing at low frequencies are needed to understand
failure conditions, and subsequently inform the
approach to fault management, for the scenario
where electrical fault current may flow through the
CFRP casing. An electrical model of CFRP which can
be integrated with a behavioural level model [9] of
sub-system of an aero-electrical power system is
needed, to enable assessment of the response of the
EPS sub-system to an electrical fault through the
CFRP. Further, such a model enables the sensitivity
of the CFRP impedance to different system
parameters to be investigated, such that the system
can be tuned to give a particular fault response. This
includes design decisions on location, size and
number of electrical bonding points between the
casing and ground, layup of the CFRP casing, and
the likely location and nature of the electrical fault
current injection into the CFRP.

CFRP Casing
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Figure 1: Functionality of PEC casing
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Figure 2: AC rail to ground fault through CFRP
investigation

This paper is focussed on a pre-preg non-woven,
quasi-isotropic (QIl) (fibres oriented at 0°, 90°, +45°
and -45°) lay-up of CFRP. The electrical behaviour of
CFRP is extremely anisotropic, as the epoxy resin is
an electrical insulator, but the carbon fibre is an
electrical conductor. The carbon fibres are wavy and
therefore create fibre-to-fibre contact points both
between fibres lying parallel in the same ply, and
between plies. These contact points are randomly
distributed across a CFRP component. Where fibres
touch, an electrical connection between those fibres
is formed. This affects electrical behaviour and
increases the challenge of modelling the electrical
properties of CFRP [10].

In the literature, several low frequency models of
CFRP are based on numerical methods, in which
either the influence of variation of the macro-scale
resistance in different sections of the conducting
pathway is not considered [7, 11], or the level of
fidelity is too high to integrate with a sub-system
model of a PEC and electrical motor [11-13]. Several
models of UD [0°] layups at component scale are
presented in the literature, for example [14-16]. A
methodology to capture the relationship between
resistance and component dimensions is presented
in [16]. However, although UD [0°] provides a good
starting point to understand the electrical behaviour
of CFRP, this layup has limited mechanical
properties, and is not representative of a layup that
would be used in reality. Further, in these studies, the
impact of varying the entry or exit electrode size is
not considered.

Lumped impedance models, where the variation in
resistance over the conducting pathway is
incorporated into the model, are presented in [14,
15]. The advantage of the lumped impedance model,
is first that it is at a level of fidelity which can be
integrated with a behavioural level simulation model.
Second it breaks down the pathway taken by the
electrical current through the CFRP into sections,
enabling an informed investigation of the influence of
each section on the electrical and thermal response
of the CFRP, and impact on the fault response of the
wider electrical power system. Such a lumped
impedance model can then be integrated with a
simulation model of a sub-system, to investigate
electrical behaviour during both DC and AC rail to
ground faults through the CFRP casing, as shown in
Figure 2. This will inform the sensitivity requirements
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of the protection system, to enable the determination
of a set of design criteria for the low-frequency design
of CFRP casings for PECs for aircraft applications.

This paper will present a set of experimentally
validated, lumped impedance models for a QI layup
of CFRP which can be integrated into simulation
studies to investigate the fault response for AC and
DC rail to ground faults through the CFRP casing, to
enable system design trades to take place. Hence,
the rest of this paper is structured as follows: Section
1 provides an overview of the experimental method
to capture model parameters; Section 2 presents the
lumped impedance models developed for a QI layup;
Section 3 investigates methods to manipulate fault
resistance; Section 4 utilises the model to carry out
system design trades. Conclusions and future work
are then presented.

1. Capture of parameters for Iumped
impedance model.

The resistance of a section of a material is given by:

_L 1),
R=— 1)

where R (Q) is the electrical resistance, L (m) the
distance between the electrodes, o (S/m) the
electrical conductivity and A (m?) the cross-sectional
area. Hence electrical resistance can be increased
by increasing L, decreasing A or o. Therefore if the
pathway taken by electrical current through CFRP is
modelled as a lumped resistance, Figure 3, there are
discrete resistances attributable to the entry and exit
points, Rentry (Q) and Rext (Q) due to the smaller
cross-sectional conducting area at the electrodes,
compared to the conducting section of CFRP
between electrodes, R(lxy) (Q), where current is not
constrained to conduct through a small cross-
sectional area.

=] [l [=7

Figure 3: Baseline lumped resistance model

With reference to Figure 3, for the case of an
electrical fault through CFRP, the entry resistance,
Rentry, is the resistance where the fault current first
enters the CFRP, and the exit resistance, Rexit, will be
the exit point where the casing is electrically bonded

53cm

to ground. The resistance of the pathway between
these two points is represented by R(lxy).

The aerospace grade QI layup selected for the model
had a layup of MTM44-1 unidirectional prepreg with
a stacking sequence of [0°, 90°, +45°, -45°]2S. The
volume fraction of carbon fibre was 57%. The fibres
laid at 0° and 90° offer stiffness; the fibres laid at +/-
45° offer tensile strength. The panel used for the
experiments was 530 x 530 x 4mm. This thickness
corresponded to 16 plies. The CFRP panel used in
the experiments is shown in Figure 4.
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Figure 4: QI CFRP Sample for Electrical
Characterization

In order to capture the parameters for the lumped
impedance model, a total of 19 electrodes were
placed along each edge of the CFRP panel as shown
in Figure 4, each separated by a distance of 17.5
mm. This enabled capture of the variation of
resistance with distance aligned and perpendicular to
the orientation of fibres in the surface ply. Initial
electrode size was set to be 10mm x 10mm,
corresponding to minimum surface area of an
electrical bonding point to ground for aircraft, as
outlined in SAE-ARP-1870 [17].

Electrodes were prepared by following the method
outlined in [18], by sanding the surface with 150 grit
sandpaper to remove the outer layer of epoxy to
expose carbon fibres. Silver paint was applied to
minimise contact resistance. Copper foil was
clamped onto each electrode, and 4-point
measurement probes clipped to the foil. Prior to the
development of the lumped impedance models for
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the CFRP layup, the frequency at which the CFRP
exhibits a reactive component towards the total
impedance was measured. This was achieved by
performing a frequency sweep with a Bode analyser.
The results of this test are shown in Figure 5.
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Figure 5: Frequency response of CFRP

By inspection of Figure 5, for frequencies below ~200
kHz the CFRP exhibits a purely resistive behaviour:
the magnitude and real part of the impedance are
equal, and there is no reactive component. Above
200 kHz the magnitude and real part of the
impedance begin to diverge, and the CFRP exhibits
an inductive behaviour. The switching frequency for
the PEC that has been used for the evaluation of
failure scenarios has a switching frequency of 25
kHz. Hence it can be assumed that the impedance of
the CFRP to a fault current can be modelled as a
lumped, resistance model, with impedances
measured at DC valid up to ~200 kHz.

While there are industry standards for the cross-
sectional area of an electrical bonding point, the entry
point may be much smaller if due to abrasion from a
chaffed wire and injection of a fault current [15]. By
inspection of (1), this smaller cross-sectional area will
impact on resistance at the injection site. Hence, a
second set of experiments were run to investigate
influence of cross-sectional area on resistance.

Existing industry standards require the electrical
resistance of each bonding point must be no more
than 2.5 mQ (SAE-ARP-1870) [17], The minimum
number of bonding points is not defined in the
standards as this is decided by the designers of the
equipment. Typically, the casing would be grounded
at multiple locations for safety purposes [19]. The
grounding requirements of the casing will vary
depending on the design of the equipment in use.
However there are currently no guidelines defined for

electrically bonding of composite materials. The
effect that the number of bonding points has on the
magnitude of the parameters in the lumped
resistance model was investigated using the setup in
Figure 6, in which copper foil was connected to the
entry point and a chosen number of exit points. The
copper foil at all exit points was then soldered on to
a copper busbar, with the LCR meter measuring
between the copper foil at the input, and copper
busbar at the output. The dimensions of the
electrodes were kept constant at 270mm x 10mm.

C LCR Meter
/- o c

Copper Foil

Figure 6: Experimental setup for investigation into
number of bonding points

2. Experimentally captured parameters for
lumped impedance model

The measured resistance for the variation in total
resistance measured through the CFRP, with 10 x 10
mm electrodes, are shown in Figure 7. The variation
of total resistance when electrodes are aligned in line
with the carbon fibres in the top ply of the CFRP
(blue) and when the electrodes are aligned
perpendicular to the carbon fibres in the top ply of the
CFRP (red) are both shown.

By inspection of Figure 7, when electrodes are
aligned parallel to the fibres in the top ply and
separated by a distance of less than 100 mm,
resistance of the conducting pathway varies linearly
with distance, and can be represented by

y =2.9391x + 0.351 @),

where Ix (m) is the distance between electrodes. The
offset of 0.351 Q can be attributed to the resistance
as a result of the entry and exit points. When the
distance between the electrodes is >100 mm, by
inspection of Figure 7, the resistance increases at a
much lower rate with distance, and can be expressed
as:

y =0.16lx +0.671 @A),



Low frequency design criteria for carbon fibre composite casings for aircraft power electronic converters

o . o fpHEE HQBQQ Jgagc
8 HBH Flf==2]21138aH
e [T L = T
@ L = =
506 =
3 = i
<o, ¢ Perpendicular
g = * Parallel
8
m0.2
07(’3‘9“9 S b D> %"’J’LQ\”\V‘L%’\Q{
«vﬁg’.‘w@%m" U IAT LR SIS
Q.Q\ Q'Q Q'Q Q"\ Q"\ Q"\ er/ er/ Qrb Qn') Q’b Qrb Qb‘ Qb‘ Qb‘ Qb‘

Distance between electrodes (m)

Figure 7: Resistance between 10 x10 mm electrodes
for QI sample

\ Injection points

Injectlon points

ux//}%;?\*ii
WX A

‘4 ool |

Figure 8: Thermal images of current conduction
through CFRP

Figure 8 shows a thermal image of the surface of the
CFRP when 3A is injected. By inspection of the
thermal response, it is hypothesised that when
electrodes are <100 mm apart the current is
concentrated in the top ply of the CFRP for the full
distance between the two electrodes. When
electrodes are further apart, the current spreads out
more through the full thickness and width of the
CFRP.

It is important to note that for electrodes separated
parallel to the top ply at distances greater than
100mm, the offset attributed to the entry and exit
resistance has increased significantly from 0.351 Q
to 0651 Q. It is hypothesised that as the distance
between the electrodes increases, there are more
connections between plies therefore increasing the
number of parallel paths between the electrodes. As
a result, the current must flow further into the CFRP
at the entry and exit points, increasing | in (1), which
will be in the direction of the thickness of the CFRP

(). Therefore, the resistance at the entry (or exit
point) will increase. This increased entry and exit
resistance will dominate the resistance of the
pathway between the electrodes (Rlxy), reducing the
influence of the distance between electrodes on the
overall CFRP resistance. This hypothesis is
supported by observations for UD [0°] material in
[20].

By inspection of Figure 7, for electrodes separated
perpendicular to the direction of the top ply of fibres
sensitivity to distance is much less than for
electrodes aligned with the direction of fibres in the
top ply of CFRP. From the results gathered to date,
the variation of resistance with distance can be
expressed as

y = 0.0002ly + 0.670 ),

where ly (m) is the distance between electrodes in
the y-direction (perpendicular to direction of fibres on
the surface of the CFRP). The higher offset
resistance in (4) is attributed to the current at entry
and exit points flowing a greater distance in the
through thickness direction, than in the cases
represented by (2) and (3).

Table 1: Lumped impedance models
Modelling Rentry Rcrrp Rexit
Cases
Casel: 0.1755Q | 2.94L« 0.1755Q
L<100mm,
electrodes
aligned parallel
to top ply

Case 2: 0.325 Q | 0.0002Lx | 0.325 Q
L>100mm,
electrodes
aligned parallel
to top ply

Case 3: 0.335Q | 0.0002Ly | 0.335Q
Electrodes
aligned
perpendicular
to top ply

The parameters for these three cases presented are
summarised in Table 1. As the entry and exit
electrode sizes are the same for each case, the entry
(Rentry) and exit (Rexit) resistances, are assumed to be
equal for each case, and hence the value of these is
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half the value of the relevant offset resistance from
(2), (3) or (4). Further work is needed to investigate
the influence of electrodes being aligned diagonal to
the top layer of carbon fibre plies.

3. Influence of electrode size and number on
electrical resistance of CFRP

To enable the development of a set of design rules
for CFRP casings for PEC modules for aircraft
applications, an investigation into variation of the
resistance through the CFRP was performed. This
focussed on two areas, first the variation of
resistance with electrode size, as the fault current
injection area, due to abrasion, is expected to be
smaller than 10 x 10 mm. Second, the influence of
increased number of bonding points was
investigated, as this may provide a route to tuning the
resistance added by the CFRP to the fault current
pathway.

Hence, the resistance between electrodes aligned
with the direction of carbon fibre in the top ply was
measured, for electrodes which were 2.5mm x
2.5mm, 5mm x 5mm and 10mm x 10mm. The results
are shown in Figure 9. Table 2 compares the
combined exit and entry resistances for the different
electrode sizes. The data from Table 2 for the
resistance of one electrode was plotted against
cross-sectional area in Figure 11. By inspection, the
relationship between the electrode size and
resistance is given by:

R = 0.0004470671 (5)

Where A is the cross-sectional area of the electrode
in m2. This enables the resistance of a small cross-
sectional entry point due to a chaffed wire to be
estimated. This needs to be repeated for electrodes
aligned perpendicular to the direction of carbon
fibres, and results compared.

Second, the number of bonding points (exit points)
was varied to investigate sensitivity of resistance the
number of bonding points, the bonding points were
separated from the entry point parallel to the
orientation of the top ply of fibres, as shown in Figure
6. Figure 11 shows an exponential relationship
between the electrical resistance and the number of
bonding points, with the resistance becoming
insensitive to the number of bonding points from 4
connections onwards.
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Figure 9: Change in resistance with variation in size
of electrodes (blue: 10 x 10mm electrodes, red: 5 x
5mm electrodes, black: 2.5 x 2.5mm electrodes)

Table 2: Entry and exit resistance with dimensions
of electrodes

Area of Entry + Exit Electrode
Electrodes (mm) | Resistance Resistance
10x 10 0.351 Q 0.1755 Q
5x5 1.096 Q 0.548 Q
25x25 2.254 Q 1.127Q
1.2
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Figure 10: Electrical resistance corresponding to
cross-sectional area of electrodes.
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Figure 11: Variation in electrical resistance with
increasing number of bonding points.
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4. Rail to Ground Fault Analysis Through PEC
CFRP Casing

4.1. Overview

To investigate the impact of the CFRP on fault
response for a rail to ground fault through a CFRP
casing, a model of the PEC module, with a 50-kVA
motor load was built in Matlab Simulink. Figure 2
shows the subsystem which has been modelled, with
an electrical fault thrown from phase A to ground on
the output terminals of the PEC. The values for the
current return network (CRN) are from [21]. It is
expected that the most likely location for a rail to
ground fault through the casing of the CFRP will be
at the points where cables enter or exit the PEC
module. Hence these may be AC or DC, and as such
both an AC rail to ground and DC rail to ground fault
was investigated. The threshold for fault detection
according to [22] is a 30% increase above nominal
current levels. Therefore, this investigation will
determine if a fault through the CFRP to ground can
be detected by traditional over-current fault detection
methods.

The value R:pgp is taken from the values from the
experimental work presented in 3. Using the
simulation model, the threshold resistance,
Rinreshoia, Was determined to be 4.1 Q. Therefore, if
the resistance added to the fault path by the CFRP
exceed this value, the conventional over-current
protection system deployed in the model will be
unable to detect the fault, resulting in possible
thermally induced damage to the casing. The fault
response at the threshold resistance was compared
with the fault response through an aluminium casing,
in which the electrical resistance added to the fault
path by an aluminium casing was calculated using
(1), assuming a resistivity of 3.7 x 107 S/m, length of
100 mm and thickness of 4 mm. This is the same
thickness as the CFRP used to populate the models,
to enable comparison. In practice, thickness of the
casing will be influenced by electro-magnetic
shielding effectiveness requirements. However, this
is out with the scope of this paper. The resistance of
the aluminium casing was calculated to be 5.4 pQ,
this was then added to the maximum resistance
permitted for an electrical bonding connection to
ground (2.5 mQ [17]), giving a total resistance for an
aluminium casing of 2.51 mQ.

Two further values for the resistance of the CFRP
were also considered in this study. First the “best

case” of fault resistance through CFRP, was
estimated to be 0.7 Q correlating to the value for the
resistance in Figure 7, with a distance of more than
100 mm between entry and exit points, with an entry
and exit cross-sectional area of 10 x 10 mm.

Finally, a “worst-case” electrical resistance was
determined using the lumped impedance models for
injection of electrical current through a very small
cross-sectional area caused by the chaffing of a wire
against the CFRP, causing the insulation to break
down and expose the internal conductor to the CFRP
surface. The entry resistance was calculated using
(5), for a surface area of 1mm?. This was calculated
to be 4.24 Q. The electrical resistance through the
CFRP was calculated to be 0.1 Q using (4), with the
location of the electrical fault and the bonding point
to ground separated by 500mm parallel to the
orientation of the top ply of fibres. The resistance of
the exit point was assumed to be 2.5 mQ,
corresponding with the maximum electrical
resistance allowed for an electrical bonding point
outlined in SAE-ARP-1870. Table 3 summarises the
model parameters for the “worst-case” resistance for
a fault through CFRP.

Table 3: Worst case electrical resistance through
CFRP

Rentry Rcerp Rexit Rtotal
4.24 Q 010 2.5 mQ 4.34 Q
4.2. Results

The results of the fault analysis of the PEC and CFRP
casing are given in Figures 12-19. Figures 12 - 15
show the AC fault response and Figures 16-19 show
the DC fault response for the resistances added to
the fault path by the casing estimated in section 4.1.

4.3. Discussion of results

For the results of the AC faults in Figures 12 — 15, for
the cases of “best-case” resistance of CFRP and the
aluminium casing, when the fault occurs at 0.5
seconds the fault current through the casing exceeds
the required 65 A to trip the protection system.
However, for the “worst-case” electrical resistance
through the CFRP casing the fault current through
the casing did not exceed the required protection
threshold, and the fault was unable to be detected
with the over-current protection scheme. Further
investigation is needed to determine methods to
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Figure 12: (Left) AC Phase currents during fault;
(Right) Fault current through casing (fault resistance
410Q)
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Figure 13: (Left) AC Phase currents during fault;
(Right) Fault current through casing (fault resistance
2.5mQ)
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Figure 14: (Left) AC Phase currents during fault;
(Right) Fault current through casing (fault resistance
0.7 Q)
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Figure 15: (Left) AC Phase currents during fault;
(Right) Fault current through casing (fault resistance
4.34 Q)
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Figure 16: (Left) DC current during fault; (Right)
Fault current through casing (fault resistance 4.1 Q)

4 4
5><10 5><10
4 4

<3 <3
c c
o (]
52 52
O (@]
1 1

0 0
0.5 0.500005 0.50001 0.5
Time (s)

0.500005
Time (s)

0.50001

Figure 17: (Left) DC current during fault; (Right) Fault
current through casing (fault resistance 2.5 mQ)
(Protection threshold at 65 A)
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Figure 18: (Left) DC current during fault; (Right) Fault
current through casing (fault resistance 0.7 Q)
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Figure 19: (Left) DC current during fault; (Right)
Fault current through casing (fault resistance 4.34
Q)

detect this fault. Second the AC fault results highlight
a need to capture the thermal response of the CFRP
to electrical fault current conduction, for all values of
fault resistance, to fully determine the protection
requirements. This was further underlined by
examination of the DC fault results.

For the DC faults in Figures 16 -19, as the resistance
increases, the time taken for the fault current to
exceed the threshold for detection increases. The
impact of the power dissipation during this period on
the CFRP, in terms of damaging the CFRP, and
determining the speed requirement of the protection,
requires further investigation. When the resistance is
above the threshold to trip the protection, the power
dissipated at the entry point will be more than 14 kW.
From previous studies of UD [0°], power dissipation
of more than 20 W will result in the glass transition
temperature of the resin being exceeded, and

thermally induced degradation of the CFRP
occurring.

The main factor impacting the total resistance added
to the fault path by the CFRP is the cross-sectional
area of the point at which the wire is chaffed against
the CFRP surface. There are two areas for further
investigation centred around this. The first to
determine a realistic cross-sectional area for the
entry point. Second, in the experimental work to
capture the parameters for the models, silver paint
electrodes were applied at both entry and exit points,
as part of an established, experimental methodology
from the literature to minimise contact resistance.
However, in practice, there will be no electrode at the
entry point into the CFRP for the fault current, only
the exit where the casing is electrically bonded to
ground. For two electrodes separated by 17.5mm,
presented previously to be around 0.39 Q for two
electrodes of 10 mm x 10 mm, one electrode was
removed and the resistance measured. The
measured resistance increased to 16.53 Q. This is
well above the threshold resistance of 4.1 Q for over-
current fault detection in the case study in this paper.

Further investigation of the sensitivity to the total
resistance to number of bonding points to ground on
a panel is needed, to determine whether this offers a
route to control fault resistance to be below a
threshold value for detection. However, it is likely that
the entry resistance will dominate the resistive
pathway, and the impact of multiple bonding points to
reduce the resistance of the CFRP will be minimal.

Conclusions

The experimentally derived lumped resistance
models of CFRP enable the investigation of the
influence of a CFRP casing around a PEC on the rail
to ground fault response. The lumped resistance
format of the models enable the influence of electrical
bonding and characteristics of the injection site of the
electrical fault current to be fully analysed. Most
critically, this enables the estimation of power
dissipation at different points in the fault current
pathway through the CFRP, especially in cases
where conventional over-current will not trip. The
model also indicates that the impact of increasing
number of bonding points, to reduce the resistance
of the fault pathway through the CFRP is unlikely to
be influential, due to the dominance of the resistance
at the injection point.
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The next stages for this work are to further extend the
model to include injection sites without electrodes,
and to subsequently design a set of experiments to
capture the thermal and electrical response of the
CFRP with time, to capture protection requirements.
This data will enable the lumped impedance models
to be developed into a set of time and temperature
dependent models and integrated into the PEC
model to give an accurate full system model. The
final, full system model will enable low frequency
design criteria for CFRP casings for PECs for aircraft
applications.
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