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Abstract-  For decades, electrical energy network in aircrafts 

was based on relatively low voltage (mainly 115V ac and 28V dc), 

providing the power to the different energy functions of the 

aircraft. Great strides have been made in the new aircraft 

generations, notably the A380 and the Boeing 787, with an 

increase of the aircraft size, and with the input of electrical 

energy in replacement of certain hydraulic or pneumatic 

actuations. Today, there is a tendency to replace HVAC network 

with HVDC (+/-270 V dc, 540 V dc and higher in the future) 

network in order to benefit from these many advantages. This 

increase of the electrical energy pushes the transmission cables to 

their limits and leads to questions about the impact of these new 

constraints on the aeronautic cables insulation. This article 

presents a macroscopic model and comparison between 

simulation results and measurements made on bi-layer materials 

used in actual aeronautic cable insulation. The electric field 

distribution within materials and kinetic of interfacial charges 

build-up are analyzed. 
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I.    INTRODUCTION 

 

Electrical energy occupies a minority place since the 

beginning of the history of aeronautics and until recently 

compared with the mechanical, pneumatic and hydraulic 

energies, which are mainly run. With the increase of the size 

of planes and the related needs in embedded power, aeronautic 

electrical networks experience permanent progress and today, 

electrical energy takes a more and more important part, to the 

detriment of other energies vectors with new architectures 

[1,2]. This transition to the more electric aircraft is not without 

consequences and thus requires the control of new 

technologies to meet the requirements of the high electrical 

power.  

Studies show that, in energy transmission in terrestrial 

HVDC networks [3], cables insulation materials can 

accumulate space charge, and macroscopic models are used to 

predict electric field distribution [4,5].  In fact, with HVDC 

systems, electric field is driven by electrical conductivity, 

which is usually dependent on temperature and electric field, 

even for materials used in aeronautic domain [6-8]. In the 

perspective of more electric aircraft, insulating materials 

behaviour has been investigated by performing experimental 

characterization on two materials used as insulation in 

aeronautic cables: Polytetrafluoroethylene and Polyimide 

(PTFE) and Kapton FN [9]. Measurements have also been 

performed on bilayer materials PTFE/PI, to achieve a more 

realistic characterization. Macroscopic modelling based on 

electrical conductivity function of temperature and electric 

field was used to predict the electric field distribution 

considering different geometries. 
 

II.  EXPERIMENTAL METHODS AND MACROSCOPIC MODEL 

A. Current measurements  

PTFE and PI (polyimide, Kapton FN) film samples used for 

current measurements are metallized on both sides with 

50 nm-thick gold layer of 20 mm diameter. Kapton FN 

samples have a thickness ranging from 30 up to 36 μm. 

Kapton FN contains a FEP layer (fluorinated ethylene 

propylene) on each face. PTFE films are 72 to 77 µm-thick.  

Current measurements results were obtained on bi-layer 

samples (PI/PTFE) at 50°C for electric fields ranging from 1 

to 120 kV/mm for 3 hours of polarization and 3 hours of 

depolarization. These experimental data will be used to 

validate simulation results on bi-layer samples for different 

geometries. 

 

B. Macroscopic models 

In the literature, macroscopic models are proposed to 

determine electric field distribution in cables [4,5]. Modelling 

is performed using COMSOL Multiphysics® software. Model 

resolution is performed using the three equations below  
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Here J is the current density, Je an external current density, 

ρ is the net charge density, V is the applied voltage and E is 

the electric field. The main input of this model is the electrical 

conductivity, which varies upon temperature and electric field.  



Current measurements have already been performed on 

Kapton and PTFE samples separately [9] to deduce an 

electrical conductivity law as a function of field and 

temperature for each material [9-10]. This conductivity is of 

the form, for both materials:  
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where T is the temperature in °C and E the electric field in 

V/m. A, C, T0, E0 and α, are constants, presented in Table 1 

for Kapton and PTFE respectively. Permittivity is considered 

as constant for both materials (3.4 for Kapton and 2.1 for 

PTFE).  

Two types of simulations have been performed: 

- A plane parallel sandwich geometry: a PTFE of thickness 

76.2µm is set on top of a Kapton sample of thickness 31µm. 

The voltage is applied on the Kapton, while the PTFE is 

grounded. The simulation is in one dimension, the origin (y=0) 

is set on the Kapton side.  For these simulations, the 

temperature is supposed constant. The simulation results are 

given at steady-state.  

- A cable geometry inspired by a DR16 cable (Fig. 1). DR16 

cable consists in a 1.45 mm diameter conductor. PI insulation 

is 41 µm thick and PTFE insulation is 185 µm thick. This 

model represents the real geometry of DR16 cable, taking 

account the cylindrical bi-layer insulation and the metal 

strands. Voltage is applied on the metal strands. We suppose 

that the outer layer of the cable is grounded. Real 

characteristics of air gaps like the nature of gas, its electrical 

conductivity and dependencies are not modelled. The model is 

resolved in non-isotherm conditions, the power being injected 

in the conductor. Temperature modelling is based on the time 

dependent heat transfer equation, of the form: 
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where Cp is the heat capacity at constant pressure, ρp is the 

material density, k is the thermal conductivity and Q is the 

heat generated from the conductor by Joule effect, which is: 

  
     
  

      (6) 

where I is the current in the conductor, ρcu is the temperature-

dependent resistivity of copper and A is the cross section area 

of the conductor. The boundary condition is set to be 

convective heat flux at the outer layer of the cable with 

ambient air temperature of 20°C. 

 
TABLE 1: PARAMETERS FOR ELECTRICAL CONDUCTIVITY LAW. 

Parameters PI PTFE         

A (S/m) 2.3×10-16 4.5×10-16 

To (°C) 80.5 106.7 

C (°C-1) 0.04 0.04 

Eo (kV/mm) 60 130 

α 3.49 6.97 

 

 
(a) 

 
(b) 

Fig. 1. DR16 cable (a) and cylindrical geometry cable model (b) 

 

III.  RESULTS 
 

A. Model Results on plane-parallel Bi-layer sample 

Fig. 2 shows a comparison between experimental current 

densities and simulated ones on a plane-parallel sandwich of 

Kapton/PTFE, for mean applied electric fields ranging from 1 

to 120 kV/mm at 50°C and 160°C. Comparisons are also 

proposed for a single mean electric field (60 kV/mm) at 

different temperatures (140 and 200°C). At 50°C and for 

electric fields below 60 kV/mm, simulated current density is 

close to the measured one. Beyond 60 kV/mm, the model and 

measurements diverge. At this temperature, this difference 

may be because the bi-layer model does not really represent 

the real system, as the bilayer behavior of Kapton film is not 

detailed. It is also possible that for relatively high fields, the 

variation in electrical conductivity alone is not sufficient to 

predict the behaviour of the bi-layer insolation, and that other 

physical mechanisms come into play. For the other 

experimental data (different electric fields at 160°C and 

different temperatures at an electric field of 60 kV/mm), the 

simulated results are close to the experimental ones.  

With the macroscopic model, it is possible to obtain the 

electric field distribution across the Kapton/PTFE sandwich, 

which is more difficult to obtain experimentally. Fig. 3 

presents the electric field distribution across the sandwich for 

different mean applied fields at 50°C. For mean electric fields 

below 60 kV/mm, the electric field is higher in the Kapton 

compared to PTFE. The electric field distribution in each 

material is not only dependent of the permittivity variation. 

The electrical conductivity value has a dominant impact. 

Previous current 

  



 
Fig. 2. Experimental results on current density vs electric field in bilayer with 

3h charging time compared to steady state current from model.   

 
Fig. 3. Electric field distribution in a PI/PTFE bi-layer model calculated at 

50°C. Legend shows average electric fields 

 
measurements on one material alone show that at 50°C, PTFE 

is less conductive than Kapton for electric fields below 60 

kV/mm, and becomes more conductive above that field. The 

inversion of higher electric field from Kapton to PTFE is 

directly linked to this variation in relative value of electrical 

conductivity.  

The electric field inversion is also observed when the 

temperature increases. Fig. 4 shows the simulation results for a 

mean applied field of 40 kV/mm for temperatures of 50 and 

90°C. As previously, this inversion is explained by the fact 

that beyond a certain temperature value, PI becomes more 

conductive than PTFE. 

Current transient can also be compared to simulation 

results. Fig. 6 shows an example of measured and simulated 

current transient for a mean field of 60 kV/mm, at 50°C. A 

nearly constant current is observed in the simulation as 

opposed to the measured current density. This different 

behavior may be explained by the fact that the conductivity 

equation has been developed considering that after 3 hours of 

polarization; the current achieved the steady state. From what 

is observed in Fig. 5, this is clearly not the case, and 

experimentally, other processes not linked to conduction 

(polarization as an example) certainly play a non-negligible 

role. The simulated results are relatively correct when the time 

considered in long (above 1000s). 
 

 

 
Fig. 4. Electric field inversion on bi-layer model. Average field of 40 kV/mm 

 
Fig. 5. Experimental and simulated transient current density in bilayer at mean 

field of 60 kV/mm at 50°C  

 

Between two materials of different conductivity and 

permittivity, an interfacial charge builds up, and can be 

quantified by Maxwell-Wagner’s theory. The following 

equation defines the interface charge for a PI/PTFE bi-layer: 

 

  
          
         

         
  

        (7)  

 

with                  
          

         
   (8) 

 

The sign of the interfacial charge and its dependence in time 

depends on the variation of the electrical conductivity of the 

two materials which is driven by electric field and 

temperature. Fig. 6 present the calculated interfacial charge as 

a function of time for different mean electric fields at 50°C. 

For electric fields below 80 kV/mm, the interfacial charge is 

negative. A steady state is reached for times above 1.10
5 

s for 

applied fields below 80 kV/mm, well above the experimental 

3hours of voltage application. The larger the field applied, the 

faster the charge stabilizes. For fields ranging from 1 to 40 

kV/mm, the steady state interfacial charge increase. After 40 

kV/mm, the interfacial charge decreases and becomes positive 

for fields above 80 kV/mm.   
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Fig. 6. Time-dependent interfacial charge for a PI/PTFE bi-layer model at 

50°C 

B. Model Results on a bi-layer cable geometry 

Simulations have been performed for a bi-layer cable 

geometry, on the basis of DR 16 real aeronautic cable. In this 

configuration, the electric field within the cable radius is non-

homogenous. Moreover, local electric field intensification 

takes place in air gaps at the interface between metal strands 

and Kapton. This also has an impact on the electric field inside 

the Kapton and PTFE insulations. Fig. 7 presents the electric 

field distribution within the cable calculated for an applied 

voltage of 1 kV on the conductor with a current intensity of 

15 A, which corresponds to an average field of  3.88 kV/mm 

and a temperature of 40°C on the conductor.  

Electric field within PI is closed to 10 kV/mm. This value is 

higher than the applied field on the conductor and can be 

explained by the fact that, at the contact with a metal strand, a 

local electric field intensification affects the one found in 

Kapton insulation. Within PTFE, calculated electric field is 

close to 2.8 kV/mm and is lower than the one in Kapton. In all 

cases, the calculated electric field in each material is lower 

than the material dielectric breakdown. 

 
Fig. 7. Electric field map on DR16 cable model 

 

It is to note that the electric field calculated in the air gaps is 

relatively high compared to the breakdown field in air, as no 

attempt has been made to simulate the conductivity variation 

in air with temperature and electric field. The actual simulated 

results in Kapton and PTFE are certainly overestimated. It will 

be important in the future to be able to take into account the 

true nature of the gas between the metal strands and the 

variation in its electrical conductivity as a function of electric 

field, temperature and pressure.  

No experimental measurements are available on DR16 

cables to compare the simulated current values issued from the 

macroscopic model to experimental ones. Experimental 

current measurements were performed on a DR8 cable (same 

as DR16 with 3.85 mm diameter conductor. PI insulation is 50 

µm thick PI and PTFE insulation is 200 µm thick) for 

temperatures ranging from 30°C to 90°C with mean electric 

fields from 1 kV/mm to 20 kV/mm. Fig. 8 shows a 

comparison between experimental current densities and 

simulated ones on DR8 model cable at 50°C. AT this 

temperature and field range, a good correlation is observed 

between simulation and measurements also on cable 

geometry. However, it will be interesting to perform current 

measurements on DR8 cable for fields higher than 20 kV/mm 

as the threshold in field is clearly above this value for both 

materials. 

 
Fig. 8. Comparison between measurements and simulation on DR8 cable 

 

IV. CONCLUSIONS 

 

A macroscopic model is proposed to predict the electric 

field distribution in plane parallel bi-layer Kapton/PTFE 

samples and in real aeronautic cable geometry with 

multilayers insulation. Depending on the applied voltage on 

the conductor, or on the temperature value, the maximal 

electric field can be localized either in the PI layer or in the 

PTFE layer. This behavior is directly linked to the interfacial 

charge, that can be positive or negative depending on the 

experimental conditions (voltage and temperature). In real 

cables, the same behavior takes place, i.e. an inversion on the 

maximal electric field from Kapton to PTFE with temperature 

and/ or filed. Care will be taken in the future in the modelling 

of air gaps, that has been observed as having a non negligible 

impact on the electric field distribution inside both insulations. 
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