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Abstract: Replacing traditionally aluminum non-electrically 
active components of integrated motor drives (IMD) (e.g. casings) 
with lighter-weight carbon fibre reinforced polymer (CFRP) for 
offers a route to the key weight savings, desirable in future aircraft 
electric applications. However, CFRP casing designs must 
accommodate electrical interactions with encased equipment. 
Approaches to fault management and electrical protection must 
ensure that both electrical power system (EPS) and CFRP casing 
are protected against electrical faults. Knowledge of the electrical 
and thermal response of the CFRP casing underpins fault resilient 
casing design. The proposed CFRP casing is a wound filament 
(WF) CFRP tube for an integrated motor drive. 

This paper presents the first experimentally validated 
methodology to capture macro-scale electrical and thermal 
response of a WF CFRP tube to low frequency current. This 
knowledge is subsequently combined with wider EPS design 
considerations, including electrical grounding and bonding, to 
control fault response, enabling implementation of appropriate 
protection solutions.  The results indicate that tuning casing 
resistance is not a viable, immediate option to control fault 
response, and that wider electrical system design options 
(grounding topologies) must be considered. Hence incorporation 
of CFRP for non-electrically active components to improve power 
density, has significant impact on wider electrical power system 
design. 

Index Terms—electrical power systems, integrated motor drives, 
carbon fiber reinforced polymer, hybrid-electric aircraft, more-
electric aircraft, all-electric aircraft. 

I. INTRODUCTION

LECTRIFICATION of power and propulsion systems on 
aircraft is a key enabler for the improvement of overall 
aircraft efficiency, thereby reducing fuel burn and 

greenhouse gas emissions.  This has driven the development of 
state-of-the-art (SOTA) more-electric aircraft (MEA), and 
future concepts of hybrid and all electric aircraft [1]. A parallel 
trend to reduce aircraft fuel burn is the use of lighter weight 
aircraft structures, predominantly through the use of carbon 
fibre reinforced polymers (CFRP).  CFRP has superior 
mechanical properties to aluminum, and has a lower density: 
~1.8 g/cm3 for CFRP compared to 2.7 g/cm3 for aluminum. 
More than 50% of structures on SOTA MEA are made from 
CFRP, reducing aircraft weight by ~ 20% [2], translating to a 
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Fig. 1. (a) Fault current pathway to ground through WF CFRP 
tube; (b) location of the electrical fault in the EPS subsystem. 

10 – 12 % improvement in aircraft fuel burn [3]. 
The electrification of propulsion systems necessitates an 

increase in power density for rotating electrical machines from 
~3 kW/kg for a SOTA MEA to 10 kW/kg [1][4]. For a SOTA 
compact starter generator motor, 47% of the motor mass is 
attributable to non-electrically active components, 34 % of 
which is attributable to the aluminum casing [4].  Hence, a 
CFRP stator casing reduces casing weight by ~ 11 %.  

Integrating an electrical motor with the associated power 
converter to form an integrated motor drive (IMD), offers 
further reductions in weight and volume: fewer individual 
casings are needed, and the amount of cabling is reduced [5][6].  
The converter can either be surface mounted on the stator casing 
or on the end plate [6].  This paper focusses on a surface 
mounted topology where the converter is mounted on the stator 
casing of the motor, either housed as one unit, or split up into 
several modularized units [6]. 

Using CFRP for the IMD casing offers an opportunity to fully 
exploit the weight optimization of the IMD. The approach to 
casing design must consider how the casing will interact 
electrically with the electrical equipment. Mechanical and 
thermal management functionality does require consideration 
but is not the focus of this paper. The focus of this paper is the 
design of the casing, and associated electrical power system 
equipment (EPS), to enable timely detection, location and 
response of the EPS protection system to an electrical fault 
through the stator casing, indicated in Fig 1. Example fault 
scenarios include a winding to ground fault, or a rail to ground 
fault from the DC link to the converter or AC motor feeder.  It 
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is necessary for the IMD casing to be electrically bonded to 
ground to prevent the build-up of static charge on the casing [7].  
The EPS protection system must respond to a fault to protect 
both the wider EPS and the CFRP structure from thermal 
degradation [8]. Other electrical interactions, outside the scope 
of this paper, include high frequency (>MHz) electro-magnetic 
interference (internally and externally generated) [9] and 
circulating common-mode currents (1 -2 MHz) [10].   

  Knowledge of the electrical properties of the casing 
underpin the system design trades for resilient design of both he 
casing, motor and wider EPS.  The tubular shape of the stator 
results in a wound filament (WF) CFRP layup.  The tube is 
wound with an inner and outer layer of CF and a central layer 
of glass fibre.  For the tube in this paper, the carbon fibre is 
wound helically at +/- 88o to the axial direction. The glass layer 
provides anti-buckling functionality [11] and is wound helically 
at +/- 30 o.  The additional stiffness provided by the glass fibre 
layer is necessary due to external pressure that the tube is 
exposed to in an aerospace application.  The tube is 
manufactured using a wet-winding mandrel method, winding 
fibres in a continuous spiral around the tube [12]. The method 
of manufacture for the tube results in far less regular 
distribution of resin and fibre than for pre-preg CFRP, where 
mats of fibres are pre-soaked in resin prior to lay-up. The power 
electronics on the surface of the tube would be encased in pre-
preg CFRP panels. 

    Limited knowledge of the macroscale (component scale) 
electrical and thermal response of flat, pre-preg CFRP panels is 
available in the published literature, e.g.[8], [13]-[15]. This is 
sufficient to capture the fault response for an electrical fault to 
the power electronic casing to inform initial design of compact, 
integrated systems [8].  However, published knowledge on 
electrical properties and models of WF CFRP are extremely 
limited [16][17].  This necessitates the development of a low 
frequency electrical model of the wound filament tube, to 
establish design criteria for an IMD with a CFRP-based casing. 

The rest of this paper is structured as follows: Section II 
describes the electrical model which is required; Section III 
presents the electrical modelling hypothesis and methodology 
used to determine model parameters; Section IV provides 
validation of the modelling hypothesis; Section V presents the 
thermal response of the tube to Joule heating; Section VI 
discusses the implications of resistances estimated by the 
model, the electrical and thermal response of the tube for 
design of an IMD CFRP stator tube casing, and wider EPS 
design criteria; conclusions and future work are set out in 
Section VII. 

II. ELECTRICAL MODEL REQUIREMENTS

A. Electrical model motivation and requirements

A lumped impedance model, representing the electrical
resistance added by the pathway to ground through a WF CFRP 
tube (RCFRP in Fig. 1), is needed to capture the baseline response 
of a stator casing to a rail to ground fault. The thermal response 
will inform threshold current levels for damage to the CFRP 
due to localized Joule heating along the conducting pathway. 

Combined this will inform methods to tune the response by 
adaption of the EPS and fault current pathway through CFRP, 
to enable the EPS protection system to respond appropriately to 
an electrical fault through CFRP. 

The level of modelling fidelity required by an electrical model 
of a material which will interact with the EPS, is driven by the 
type of studies that the model is to be used for. In the EPS 
modelling framework presented in [18], transient fault studies 
are carried out using “behavioural” models, aligning to SAE 
AIR 6326 [19].  Thus, to ensure compatibility with the electrical 
power system model, the CFRP model required is a lumped 
resistance model, which can operate with a timestep of ~10 µs.  

Ideally, the capture of the parameters for the model must 
minimize the need for extensive coupon testing. Analysis of a 
hybrid glass-carbon WF tube is presented in [17] but electrical 
properties are not reported.   

The electrical conductivity of CF is in the range of 10’s of 
kS/m (for polyacrylonitrile (PAN) fibre) or 100’s of kS/m (for 
pitch fiber) [20].  Polymer resin is considered an electrical 
insulator.  Due to the manufacturing method and high levels of 
pressure during the cure process, CF tows will touch through 
the polymer resin, creating electrical connections in both the 
cross-ply and through thickness directions. For a uni-directional 
(UD) lay-up of CFRP, the electrical resistance varies linearly 
with electrical resistance in the in-fibre direction. For the cross-
ply and through thickness directions, the resistance of a UD [0o] 
layup varies inversely with length [21] .  

If the electrical conductivity of the fibre and matrix, and the 
volume fraction of CF are known for a UD [0o] layup, the rule 
of mixtures can be used to theoretically estimate the electrical 
conductivity in the along fibre and cross-ply directions for UD 
lay-up [16][22],  

= + (1 − )  (1) 

=   (2) 

where, σx (S/m) is the electrical conductivity in the in-fibre 
direction, σf (S/m) is the electrical conductivity of the CF, σm 
(S/m) is the electrical conductivity of the resin matrix, Vf is the 
volume fraction of fibre to resin (typically around 0.55 – 0.58), 
σy (S/m) is the cross-ply electrical conductivity.    

However, in a WF layup with a helical winding pattern, the 
tows do not align directly to the x (hoop) and y (axial) axes, due 
to the variation in angle of the CF tows around the tube 
[12][16]. Approaches to capture the influence of fibre angle on 
electrical properties have been investigated for pre-preg CFRP. 
In [23], the electrical conductivity for a ply where fibres are 
orientated such that they are not aligned to the x-axis is given 
by 

= sin + cos    (3)

where  is the angle that the fibres are arranged relative to the 
x-axis, and σө (S/m) is the electrical conductivity at the angle .
However, [16] shows that (3) does not correlate well with
experimental results because it does not include the influence
of inter-ply connections. A linear relationship between ply
angle and electrical conductivity is proposed in [16]. An
empirical-based formula is given in [24], but  is specific to a
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particular layup, so does not translate to different layups.  A 
lumped impedance model of a quasi-isotropic (QI) (multi-
direction fibre orientation) CFRP layup is described in [8] but 
is not validated. 

An alternative approach for QI layups is to develop a macro-
scale model by extrapolation of electrical conductivity in x, y 
and z directions from a microscale (fibre and resin level) or a 
mesoscale (ply level) to the macro scale, e.g. [13][14]. However 
the resulting macroscale model is too computationally complex 
for compatibility with a behavioral EPS model.   Further, the 
methods are for a panel of CFRP, which has edges where the 
CF discontinues. In contrast, in a wound filament tube, the tows 
of fibre are continuous for the full component, as they spiral 
around the tube.  As such, methods which require extensive use 
of coupons to estimate electrical properties in the axial direction 
(for a hoop wound tube) will remove the continuity of the fibre 
in the hoop direction.  Coupons are test specimens of a layup, 
which are used to determine material properties. Coupon 
dimensions are determined based on the test being undertaken. 
The level of influence that this would have on the cross-ply 
conductivity is unknown.  Hence using coupons to estimate this 
property for a WF layup is not desirable. 

B. Thermal response of CFRP due to Joule heating

Limited studies on the thermal response of CFRP due to
localized Joule heating are presented in the literature. A 
correlation between time taken to reach the glass transition 
temperature (Tg) of epoxy resin and power dissipated due to 
conduction of electrical current through a UD [0o] layup is 
presented in [8].  Correlation between distribution of electrical 
current in the CFRP with exit and entry points, and associated 
variation in temperature due to Joule heating is presented in 
[25] for pre-preg laminate.  Degradation due to localized
heating is documented in [26].  However, the thermal response 
of a WF CFRP tube with glass fibre reinforcement due to Joule 
heating is not presented. 

III. MODELLING HYPOTHESIS AND METHODOLOGY

A. Modelling hypothesis

The electrical properties between two points on the surface of
the WF CFRP tube are determined by the pathway taken by 
electrical current through the tube, which from the literature 
discussed in Section II, is sensitive to CFRP layup. For the WF 
CFRP tube investigated for this paper, the inner and outer layers 
of CFRP are each 0.425 mm thick and consist of pitch CF tows 
(Mitsubishi Dialead K13916 [27]) with 16,000 fibres in a tow. 
The tows are laid up at +/- 88o (relative to the axial direction), 
held in place by an epoxy resin (Araldite LY 5210), which has 
a glass transition temperature (Tg) of 180 oC[28].  Inner and 
outer layers of CFRP are separated by a 0.640 mm layer of glass 
fibre, laid up at +/- 30o.   The angle of the winding for the glass 
and carbon fibres was chosen to optimize the mechanical 
properties, in particular the stiffness, of the tube. The volume 
fraction of CF in the CFRP layers was provided by the tube 
manufacturers and stated to be ~ 0.55 in the hoop direction.  The 
final tube has an outer circumference of 932 mm, length of 
447mm and a total thickness of 1.49 mm. All tube parameters 
are summarized in in the Appendix. Two tubes were used for 

the experimental work in this paper. The first was tested as a 
complete tube, the second was used to provide smaller samples. 

If an electrical current is injected between points A and B on 
a tube, as indicated in Fig. 2, then due to the high electrical 
conductivity of CF compared to the resin, most of the electrical 
current will flow along the fibres to the exit point. It is proposed 
that this is represented in a model as one continuous pathway, 
which spirals around the tube going from point A to point B 
(which are both positioned on the outside surface of the tube), 
as indicated by the blue line in Fig. 2.  By inspection of the 
surface of the tube in Fig. 3, the irregularity of the composition 
of the tube is evident, including irregular CF tow-to-CF tow 
contact in the axial direction. These connections are indicated 
by the red lines in Fig. 2.  To validate these assumptions a low 
current (<1A) was injected between two points on the surface 
of the tube.  The sections of tube conducting electrical current 
and the associated dissipated heat due to Joule heating are 
indicated in Fig. 4. This verifies that the full area between the 
entry and exit electrodes is conducting electrical current. 

Fig. 2.  Proposed conducting pathway between two points, A and 
B.

Fig. 3. Photograph of the outer surface of the tube showing 
visible evidence of connections between CF tows in the axial 
direction on the surface of the tube. 
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Fig. 4. Thermal image indicating the pathway taken by electrical 
current through CFRP, between two points, A and B. 

Fig. 5. Thermal image of tube indicating hotspots due to electrical 
connections between inner and outer layers of CFRP. 

Fig. 6.  Proposed lumped impedance model. 

Theoretically, the inner and outer layers of CFRP are 
electrically isolated by the glass fibre layer.  An electrode was 
placed on the inner surface of the tube, and a second electrode 
on the outer surface of the tube. To apply electrodes, 10 x 10 
mm squares of the surface of the tube were sanded using fine 
grit (320 gsm) sandpaper to smooth the surface and expose the 
outermost layer of CF [8]. To minimise contact resistance, 
silver epoxy was applied, and a piece of copper foil was 
clamped to the electrode using a vice [8]. Kelvin probes were 
clipped to the copper foil.  An LCR meter was used to measure 
the electrical impedance at 100 Hz.  A resistance of 30 Ω was 
measured, which indicates carbon fibres from the inner and 
outer layers of CFRP touching through the glass fibre layer.   A 
current of 1.5 A was injected between two electrodes which 
were positioned on the outer surface of the tube at opposite 
ends.  The variation in tube surface temperature is visible in Fig. 
5. The hot spots are due to tows of CF on the inner and outer
surfaces of the tube physically touching each other through the
glass layer. These connections form during the manufacturing
process, where the resin matrix is cured by placing the tube in
an autoclave and applying a high pressure.   As a result,

electrical current is conducted through a small cross-sectional 
area at these electrical contact points between the inner and 
outer CF layers.  

The electrical response of the tube over the frequency range 
from 0 to 10 MHz was performed using a spectrum analyser 
with two electrodes positioned at opposite ends of the tube.  
Results indicated the behaviour was purely resistive below 
frequencies of 20 kHz. At 100kHz the tube exhibits a small 
amount of inductive behaviour with a phase angle of 5o. Hence 
for investigation of the electrical properties at low frequencies, 
the tube was treated as purely resistive. 

Based on these observations, a lumped impedance model is 
proposed in Fig. 6, where the electrical resistance is composed 
of a hoop component, Rh (Ω) an axial component Ra (Ω) and a 
through thickness component Rz (Ω).  Rz is due to the electrical 
connections between the outer and inner layers of CFRP 
through the glass fibre layer.  The total electrical resistance 
between points A and B, RT (Ω) is given by 

=
( )

( )
   (4). 

Once electrical resistances are known, then electrical 
conductivities in the hoop and axial directions can be estimated 
using 

= (5) 

= (6) 

where lh (m) and la (m) are the length in the hoop and axial 
directions, σh (S/m) and σa (S/m) are the electrical conductivity 
in the hoop and axial directions, and Ah (m2) and Aa (m2) are the 
cross-sectional conducting area in the hoop and axial directions. 

B. Methodology to capture model parameters

In-fibre (hoop) direction electrical properties of CFRP are
expected to behave linearly with distance [8], and are expressed 
as 

= +   (7) 
= −    (8) 

where Rht (Ω) is the total resistance measured, rhm (Ω/m) is the 
resistance in the in-fibre (hoop) direction per metre, and Rc (Ω) 
is the contact resistance.  The length, lh, is calculated by 
estimating the number of loops of CF around the tube between 
the entry and exit points, given by  

=   (9) 

where b (m) is the length of the entry point in the axial direction, 
C (m) is tube circumference.   

Measuring between two points aligned in the hoop direction 
on the tube is effectively measuring across a parallel resistance, 
due to the continuous winding of CF around the tube. Hence, to 
estimate a value for rhm and Rc, strips of tube in the hoop 
direction were cut from a second tube, the same layup as the 
first. The strips were 47 mm, 65 mm, 83 mm, 103 mm and 123 
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mm wide. An example strip of tube, prepared with electrodes is 
shown in Fig. 7. Electrodes were prepared as described in 
Section III A.  Six pairs of electrodes were placed on each strip, 
to accommodate irregularities in the layup between different 
measurement points.      

The values for axial resistance and conductivity cannot be 
estimated from strips of tube: to do so would overlook the 
influence of the continuous nature of the electrical conduction  
pathway in the hoop direction. The axial and through-thickness 
parameters between two points on the tube’s surface were 
estimated by measuring the resistance between points vertically 
aligned in the axial direction (Fig. 8), and applying 

=  =  +  (10) 

where Raz (Ω) is the combined series resistance of Ra and Rz, Rh 

(Ω) is hoop direction resistance, and ram (Ω/m) is the variation 
in resistance in the axial direction with axial length (la (m)).  By 
plotting Raz against la, the value of Rz can be extracted from the 
intersection with the x-axis at 0 m.  The gradient of the line 
indicates the value of ram and (6) was used to estimate σa.. 

For measurements in the axial direction, 10 x 10 mm silver 
paint electrodes were placed on the wound filament tube spaced 
by a quarter of the circumference around the outer surface of 
the tube.  No electrodes were placed more than 110 mm from 
the tube ends due to limitations on jaw sizes of the lightweight, 
aluminum clamps used in the measurement process.  Larger, 
heavier clamps were not used to avoid the possibility of 
structural distortion, which would affect the electrical 
properties [21].  

IV. Validation of Electrical Modelling Hypothesis

A. Estimation of model parameters

Fig. 10 shows the median values for the measured values of
Rh against hoop distance.  By inspection, and application of (7), 
rhm is estimated to be 9.5 Ω/m.  By extrapolating this line of best 
fit back to the y-axis, the contact resistance is estimated to be 
0.02 Ω, which is comparable to values for contact resistance 
reported in the literature [8]. For the hoop direction, the cross-
sectional conducting area is the thickness of the CFRP outer or 
inner CFRP layer, (0.425 x 10-4 m) multiplied by the axial 
length of the injecting electrode (0.01 m). Hence the cross-
sectional conducting area in the hoop direction is 4.25 x 10-6  m. 
Hence, from (5), the electrical conductivity in the hoop 
direction was estimated to be 24.7 kS/m.   

To estimate values for Ra, σa and Rz, the median values for Raz

are plotted against axial distance in Fig. 11  ram (Ω/m) is 
estimated to be 35.2 Ω/m and Rz (Ω) estimated as 0.95 Ω. The 
cross-sectional conducting area in the axial direction is given 
by the multiplication of cross-sectional area of the CF layer of 
the tube (0.425x10-3 m) and the tube circumference (0.932 m).  
Applying (6), this gives a median conductivity for the axial 
direction of 69.9 S/m. 

Although the electrical conductivity of the tube is much 
higher in the hoop direction compared to the axial direction, the 
larger cross-sectional conducting area and much lower distance 
(la compared to lh) in the axial direction, results in an electrical 

resistance an order of magnitude lower in the axial direction 
compared to hoop direction.  Hence RT is dominated by Ra.   

B. Model validation

To validate the model, measurements were taken between
electrodes which were offset in both the axial and hoop 
directions.  Electrodes were offset in the hoop direction by 
either a half or quarter of the circumference of the tube.  Due to 
the dominance of Ra over Rh when estimating RT, estimated and 
measured resistances were plotted against axial distance 
between electrodes. 

The estimated values σa, σh and Rz extracted from results 
presented in Section IV-A were used to calculate the electrical 
resistance between two points on the surface of the tube. For the 
hoop direction, (5) is applied. The hoop length, lh, is given by 
(9).  To calculate Rh (5) was applied. Rz was taken as the 
constant 0.95.  Measured and calculated values for RT are 
compared in Fig. 12.     For each additional offset of a quarter 
of the circumference of the hoop between electrodes, Rh 
increased by 2.21 Ω.  This had a very low influence on total 
resistance, as Rh is an order of magnitude higher than Ra. The 
correlation between the estimated and measured results is on 
average within 5 %. 

Fig. 7. Example strip of tube for measuring the resistance in the 
hoop direction. 

Fig. 8. Position of electrodes to measure resistance between two 
points on the surface of the tube. 
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Fig. 9: Left hand side: full set-up with LCR meter, kelvin probes 
and tube.  Right hand side: detail of the connection to the 
electrodes on the surface of the tube. 

Fig. 10. Median measured values of Rh (Ω) against hoop length 
(blue) and line of best fit (orange) to extract rhm (Ω/m), and contact 
resistance (Ω). 

Fig. 11. Median measured values of Raz  (Ω) against axial length 
(blue) and line of best fit (orange) to extract raz (Ω/m), and Rz (Ω). 

By inspection of Fig. 12, the total resistance between two 
points on the tube (with electrodes that are 10 mm x 10 mm) 
can be expressed by  

= 35 + 0.8699  (11). 

Rt is included on Fig. 12 as the green line. 

 Fig. 12: Comparison of measured value of resistance (blue), 
calculated resistance from conductivity and Rz values (orange) 
and from (11) (green). 

V. THERMAL RESPONSE

To assess the thermal response of the tube, current was 
injected through the electrodes aligned in the axial direction at 
the far ends of the tube.  The current level was increased in 0.5 
A steps, starting from 1A, increased once temperature reached 
a steady state.  The temperature at the injection point was 
measured using a thermocouple, with temperature across the 
full tube monitored using a thermal camera.  Prior to heating, 
resistance for the full length of the tube was 16.8 Ω.   Results 
are given in Fig. 13.  The resistance of the CFRP has a negative 
temperature coefficient, and hence resistance drops as the 
CFRP heats up due to localized Joule heating from current 
conduction [15] .  Up to an injected current of 3.5 A, the 
resistance of the tube drops by approximately 2-3% (~0.5 Ω) of  
the total resistance, as the temperature increases and then 
reaches a steady state.    At 3.5 A, the temperature measured at 
the input electrode of the tube reaches a maximum of 70 oC, 
well below Tg of the epoxy resin (180 o C).   When 4 A is 
injected, the temperature at the entry point reaches 90oC, but the 
measured resistance does not reach a steady state, and continues 
to decrease with time.  

 Images taken from the thermal camera (Fig. 5 and Fig. 14) 
indicate that the hottest area of the tube during electrical 
conduction are not at the entry and exit points of the electrical 
current.  The results indicate that hotspots occur in the 
conducting pathway between the entry and exit points and these 
are due to electrical connections between CF through the central 
glass fibre layer.  The maximum hot spot temperature observed 
before the 4A test was stopped was 166 oC;  Fig. 14 shows a hot 
spot at 153.09 oC.  The sharp decrease in resistance at 3800 s in 
Fig 4 indicates a rapid change in electrical properties, caused by 
localised thermal degradation at a hotspot, and indicates that 
glass transition temperature was reached.  On inspection of the 
tube once cooled to room temperature, scorch marks were 
observed on the tube at the location of hotspots, and the 
measured resistance had increased from 16.8 Ω to 18.6 Ω,  
further indicating that localized heating had resulted in glass 
transition temperature being reached resulting in damage to the 
tube. 
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VI. DISCUSSION

A. Assessment of electrical and thermal response of the tube.

The levels of electrical conductivity estimated for the hoop
(24.7 kS/m) and axial (69.9 S/m) directions, are comparable to 
values for other layups of CFRP in the literature. In [17] a hoop 
wound tube (with no glass fibre layer), with a volume fraction 
of fibre at 75%, had a conductivity of 47.5 kS/m in the hoop 
direction and 70 S/m in the axial (transverse) direction.  In [16] 
the conductivity for a hoop wound at +/- 75o, and measured at 
an angle of 15o to the winding direction, was estimated to be 
21.7 kS/m.  The tube in this paper is wound at +/- 88 o, with a 
volume fraction of CF to resin of 55%.  The type of CF used in 
[16] is not stated; this will impact on the results as PAN fibre is
~10 times less electrically conductive than pitch fibre. In-fibre
conductivity values in [17] are high, but the volume fraction of
fibre is high (70%).  However, the value for the transverse
(axial) direction conductivity is very similar to results obtained
for this paper.
Applying (1), with the electrical conductivity of the carbon

fibre (0.196 MS/m) and Vf of 55%, returns a hoop direction
electrical conductivity of 107.8 kS/m.  This is far higher than
the experimentally estimated value of 27 kS/m.  Using (1) to
estimate equivalent Vf  of the tube, returns 14 %.  The WF tube
is much less uniform in layup than a uni-directional panel of
CFRP, and carbon fibres are aligned at +/- 88 o. Hence further
investigation on adaption of (1) to generalize the hoop direction
electrical characteristics is needed.  This will subsequently
enable generalization of the axial direction conductivity
(equivalent of σy) from (2), which is dependent on axial
conductivity (equivalent of σx) from (1).
Application of (5) – (10) to extract the electrical characteristics

of the tube, to enable resistance calculation using (4) gives an
estimation of tube resistance to within 5%.  This is sufficient
for assessing the influence of the CFRP resistance on electrical
fault response.

Results in this paper indicate that the glass fibre layer has a 
low impact on total resistance.  However, it does heavily 
influence the level of current that the hoop can conduct a current 
without the occurrence of localised thermal degradation, due to 
the irregular electrical connections between the inner and outer 
layers of carbon fibre through the central glass fibre layer. 

Total hoop resistance (RT) is dominated by the axial 
component.  The hoop electrical conductivity is multiple orders 
of magnitude higher compared to axial direction conductivity.  
However the hoop resistance is much higher than the axial 
resistance due to the longer distance travelled by current in the 
hoop direction, combined with a smaller cross-sectional 
conducting area compared to the axial direction. The 
component Rz, attributed to electrical contacts made through the 
glass fibre layer, is not insignificant.  If this component is 
neglected, the average error between estimated and measured 
resistance between two points rises to 15 %.  At lower values of 
resistance, this may be sufficient to prevent an accurate 
assessment of fault response in a simulation based study. 

The dominance of Ra reduces the sensitivity of the lumped 
tube resistance to the area of the injection point on the surface 
of the tube: a smaller injection point will result in a smaller 
cross-sectional conducting area in the hoop direction, but cross-
sectional conducting area in the axial direction is unaffected. 

This is demonstrated in Fig. 15  which compares the measured 
resistance between two points on the tube where the length of 
the electrode in the axial direction is reduced from 0.01 m to 
0.05 m.  Hoop resistance for the smaller electrode is ~4% higher 
than for the larger electrode.   

B. Fault Management Strategy Approaches

From the electrical and thermal characteristics of the tube
presented in Sections III and IV, three fault management 
methods for the case of a rail to ground fault through the hoop 
have been identified and are summarized in Table 1.   

Fig. 13: Variation of tube resistance and temperature with 
different levels of injected current.  

Fig. 14: Hot spot approaching glass transition temperature on 
inside of tube, with 4 A injected. 
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Fig. 15. Sensitivity of resistance to cross-sectional area of surface 
electrodes: measured values from 5 x 10 mm electrodes (orange 
circles), 10 x 10 mm electrodes (blue diamonds), and calculated 
values using the model for 5 x 10 mm electrodes (blue line) and 
10 x 10 mm electrodes (orange line). 

A significant design threshold is the level of current that the 
tube can conduct before thermal degradation occurs.  For the 
tube investigated in this paper, this is 3.5 A.  Hence the 
electrical protection system must respond appropriately before 
degradation occurs.  The first option in Table 1 is to restrict the 
fault current to be less than the threshold current for thermal 
degradation. One method to achieve this is to have a TN-C-S 
(“T” is for Terre and indicates a low resistance connection to 
protective Earth (in an aircraft Earth is a point of voltage 
reference (PVR) at the front of an aircraft [30]); “N” indicates 
grounding a neutral wire; “C-S” indicates that neutral and 
protective Earth are separate and then combined).    For safety 
reasons, protective earth and neutral are kept separate within the  
aircraft cabin, but are combined elsewhere to reduce weight 
[31].  The neutral point of the system may be the electrical 
generator, but this can be difficult to physically access. Hence 
in Fig. 16 the neutral point is taken as the mid-point of the DC 
link.  If TN-C-S is chosen, design the physical layout of the 
electrical components on the stator casing in the IMD such that 
the location of an electrical fault will provide sufficient. 
electrical resistance to limit the fault current.  The advantage of 
TN-C-S is that it is the grounding topology used for SOTA 
aircraft EPS [31], and hence legacy equipment and systems are 
designed for this grounding topology. 

As discussed, RT is dominated by axial resistance. Hence, the 
axial length of the hoop limits the maximum value for RT.

Accordingly, ensuring the distance travelled by fault current in 
the axial direction is high enough to ensure a high enough 
resistance to limit fault current is unlikely to be a viable option. 
For example, for an 80 kW motor, with a rail to ground fault 
from a +270 Vdc rail through the CFRP casing, a fault 
resistance of at least 77 Ω would be required.  The maximum 
resistance that can be added by the tube studied is ~16.8 Ω.   

A second option to limit fault current is to implement a high 
resistance grounding (HRG) topology (Fig. 17). In a HRG 
topology, the neutral point of the electrical power system is 
grounded through a resistor. The resistor is sized to limit fault 
current, as outlined in [32].The advantage of this approach is 
that the fault current is decoupled from fault resistance, and 
hence tube size and physical location of a fault. Hence this  

Fig. 16: High level schematic of TN-C-S grounding system, 
showing neutral (N), protective earth (PE), combined neutral and 
protective earth (PEN) and the point of voltage reference (PVR). 

Fig. 17: High level schematic of HRG grounding system., showing 
the grounding resistance, RHRG, between the neutral point and the 
PEN, which is connected to the PVR. 

approach allows for flexibility in tube size and geometry, 
positioning of equipment and position of electrical bonding 
points on the hoop. The bonding points will be bolts, which will 
have an influence on the mechanical properties of the tube. 
Hence it allows for optimization of tube design for design 
criteria other than electrical failure modes. For a rail to ground 
fault in an HRG topology, due to the change in magnitude of 
the neutral voltage relative to ground in the event of a fault, the 
fault must be cleared before a second fault occurs, to prevent 
the occurrence of a double rail to ground fault.  The change in 
neutral voltage indicates that an electrical fault to ground has 
occurred, but locating the fault is challenging [33].  Fault 
location methods based on frequency spectrum analysis may 
offer a solution, e.g. [34].  However, these have yet to be 
experimentally verified for a noisy, aircraft EPS environment 
[29].  An IT grounding topology (where the intention is to not 
connect electrical conductors to ground [32]) has not been 
considered due to the uncontrolled, high transient over-voltages 
which are likely to occur due to parasitic capacitances between 
electrical equipment and the casing [33] [35]. 

The third option is to control the fault resistance to be 
sufficiently low for conventional under current and over voltage 
protection methods to be implemented. A solid grounding 
topology must be used, hence TN-C-S can be used. To 
implement this method, the location of the electrical fault 
relative to the bonding point to ground must be controlled such  
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TABLE I 
SUMMARY OF DESIGN OPTIONS FOR CFRP CASINGS FOR IMD FOR ELECTRICAL FAULT DETECTION. 

Design Option Method Advantages Disadvantages 

1. Limit fault 
current to below
threshold for 
thermal degradation. 

Minimise axial distance 
between fault location and 
electrical bonding point on 
tube. 

Can operate with a TN-C-S grounding topology. 
Provides fault ride through capability. 

Amount of resistance added by CFRP 
is limited by tube axial length. 

Implement high resistance 
grounding topology 

Decouples electrical fault impedance from fault response: 
 Insensitive to physical location of fault to bonding. 
 Design flexibility for physical location of equipment,

electrical bonding points on the tube and tube geometry 
and layup. 

Must clear a fault once it occurs to 
prevent occurrence of second rail to 
ground fault. 
Fault location (if required) can be 
difficult. 

2. Control fault
resistance to be low 
enough for over 
current protection
methods. 

Ensure axial distance 
between fault location and 
electrical bonding point on 
tube is below threshold. 

Enables deployment of conventional over-current protection 
with a solidly grounded system and use of TN-C-S grounding 
topology. 

Restricts topology of IMD design by 
restriction of physical location of 
equipment on tube surface and 
electrical bonding points. 

that the fault current will result in a change in the measured 
system current of at least 10 %, ideally 20 %.   

The disadvantages of this approach are that it will require the 
co-design of the location of connectors and cables where faults 
are likely to occur with location of electrical bonding points on 
the tube.  As for the first option, physical location of these 
elements may be interdependent on other factors such as 
connection to the wider EPS, and impact on mechanical 
integrity of the tube.  

Achieving a low enough electrical resistance is possible. For 
example, the level of resistance required to ensure a 20% 
change in DC link current for a rail to ground fault from a 270 
Vdc rail for an 80 kW electrical motor is ~4.6 Ω.  This 
corresponds to a distance of ~0.11 m for the tube investigated 
in this paper.  The fault current would be ~59 A.  The protection 
system must be able to locate and detect this fault before the 
CFRP thermally degrades; either at a hot spot, or if hotspots can 
be eliminated by changes to the manufacturing process, due to 
heating of the full conducting section of the CFRP tube.  
Considering the results in this paper, and in [8], it is expected 
that the protection system would need to detect, locate and 
isolate the fault within a few seconds. 

VII. CONCLUSIONS

WF CFRP tubes, with a glass fibre layer for anti-buckling 
functionality, offer a route to for a lightweight IMD casing.  For 
an IMD operating in a hazardous environment on board an 
aircraft, the case of a short circuit to ground through the CFRP 
casing must be considered for casing and associated EPS 
design. 

From the analysis presented, it is the axial distance between 
two points on the surface of the tube which significantly 
impacts tube resistance.  The threshold level of current which 
can be conducted is limited by the irregular connections 
between the inner and outer layers of CF through the central 
glass fibre layer.   

The most attractive approach for the resilient design of an 
IMD with a CFRP casing in the near term is a high resistance 
ground (HRG) grounding topology.  The fault current cannot be 
limited using the CFRP tube: even if the tube was long enough 
for a high enough resistance to be possible, the constraints on 
location of electrical equipment and electrical bonding points to 
ground may be too restrictive.  Future investigations are needed 

to determine how precisely a fault location needs to be 
identified for an HRG topology, and to experimentally validate 
methods to achieve this for next-generation aircraft. 

Two barriers are evident for the approach of ensuring the 
pathway to ground through the tube has a low enough resistance 
to enable a TN-C-S grounding topology with implementation 
of over-current based protection.  The first is the hot-spots 
caused by irregularities in the manufacture of the tube where 
the outer and inner CF touch through the glass-fibre layer. This 
requires further analysis to determine how fast the glass 
transition temperature of the polymer resin will be reached at 
higher currents than those studies in this paper.     Research into 
manufacturing methods to control or predict or even eliminate 
these imperfections, is also needed, to enable design thresholds 
to be used for different tubes of the same layup. The second 
barrier to implementation of this method is the restrictions in 
wider design flexibility (location of equipment, location of 
bonding points).   

Whilst this paper has focused on the electrical requirements 
of the WF CFRP stator casing for low frequency (<MHz) 
interactions, further investigation into higher frequency 
interactions for common-mode currents (MHz) and EM 
shielding, and formation of eddy currents in the casing, is also 
needed.  Investigation is also needed into the potential thermal 
management functionality a WF CFRP casing, and the potential 
subsequent impact on electrical functionality.   

This paper has demonstrated the estimation of resistance 
between two points on the surface of the tube to within 15 % of 
the measured resistance, with knowledge of hoop and axial 
electrical conductivity and thickness of carbon fibre layers. 
With specific knowledge of the through thickness direction 
resistance (due to irregular carbon fibre contacts through the 
glass layer) resistance can be estimated to within 5% of the 
measured resistance.  Further work is needed to correlate 
sensitivity of through thickness resistance levels to tube layup 
variables and dimensions, and whether adapting the 
manufacturing process can eliminate irregular electrical 
connections between the inner and outer layers of carbon fibre 
through the central glass fibre layer. 
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APPENDIX 

TABLE 2 
SUMMARY OF PARAMETERS FOR THE WF CFRP TUBE 

PRESENTED 

Tube Parameter Value 

Carbon fibre tows Mitsubishi Dialead K13916, 
16k fibres per tow. 

Epoxy resin Araldite LY 210 

Glass transition temperature of 
epoxy resin 

180 oC 

Angle of winding of carbon fibre +/- 88 o relative to axial 
direction 

Angle of winding of glass fibre +/- 30 o relative to axial 
direction 

Tube length 447 mm 

Tube circumference 932 mm 

Thickness of each carbon fibre layer 0.425 mm 

Thickness of glass fibre layer 0.640 mm 

Estimated electrical conductivity in 
axial direction, σa  

69.9 S/m 

Estimated electrical conductivity in 
hoop direction, σh 

24.7 kS/m 

Estimated resistance in through 
thickness direction, Rz 

0.95 Ω 
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