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Abstract – Based on a topological model from power 
busbars designed for hybrid aircraft propulsion, 
simulations of partial discharges risks induced by space 
charge accumulation in PTFE has been developed under 
Comsol Multiphysics® (CM) through a bipolar model of 
charge generation and transport. The model was 
implemented by using the General Form PDE of 
Mathematics modules. The simulation results were 
focused on the risk of partial discharges appearance in air 
surrounding the busbars. Both space charge generation 
and transport mechanisms within PTFE busbar solid 
insulators, show a significant impact of the nature, the 
quantity and the space-time distribution of accumulated 
charges on partial discharges inception in air.  
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Hybrid propulsion. 

1. Introduction 

Due to its good electrical, thermal, mechanical and chemical 
properties, PTFE is widely used in electrical insulation of both 
energy transport devices and power electronic systems. 
However, under both electrical (HVDC) and environmental 
(thermal cycle, humidity, pressure, ...) operating constraints, 
the increase of confinement requirements and power densities, 
these insulators can accumulate charges in their bulk.  These 
‘space charges’ could modify the local distribution of the 
electric field within them [1]. These initial charges could come 
as well from bulk impurities (chemical traps, ions) as surface 
ones (roughness, moisture, metal particles, microcavities…). 
These various conditions can increase DP activities and 
irreversibly damage the insulation systems, even at short-time 
[2-3].  
 
In particular case of power converters intended for the future 
hybrid and electric aircrafts propulsion, power busbars can be 
insulated with PTFE films. But it is well established that power 
electronics converters are also the main factors responsible of 
power increase within these devices [4]. So, although PTFE is 
known for its superior charge-storage capabilities because of 
its chemical backbone [(CF2-CF2)n] made of carbon tightly 
bonded by fluorine atoms in semi-crystalline structure [5-6], it 
can accumulate charges during operation that can impact the 
electrical field at the sensitive interfaces of the device. In many 
cases, the triple points (PTFE/Air/busbars) are most 
electrically exposed to partial discharges and then contribute to 

premature degradation with time of insulator. For all these 
reason, study of charge generation and transport mechanisms 
operating in such dielectrics contributes to a better prediction 
of their ageing and prevent them from discharge phenomenon. 
 
Through a mathematical model previously validated with 
charged LDPE films measurements [7], this study aims to 
simulate the behaviour of a charged PTFE film sandwiched 
between two laminated power busbars in regard of partial 
discharge risks at triple points. 

2. Materials and Model 
3.1. From power converters to studied dielectrics 

This study was based on the converter topology shown in 
figure 1 and performed by [8]. It consists in seven busbars slats 
(2 mm-thick) mounted between input bus capacitors, supplied 
by a DC 2.5 kV input voltage, and flying output capacitors. 
Insulating PTFE films are sandwiched between each busbars 
pairs. The simulation is focused on the most stressed triple 
point in busbars/PTFE/air interfaces (zoomed in) since it is 
most exposed to partial discharges risks. 
 

 
Figure 1. Overview of power busbars embedded inside a power 
electronics converter designed for hybrid aircraft propulsion.  

A 2D-model geometry was implemented to apply the meshing 
conditions as illustrated in figure 2. x-position represents the 
thickness and y-position the length of materials. Compared to 
the zoomed in configuration shown in figure 1, the cooper 
electrode geometry was curved to prevent an electric field 
strengthening. All geometry domains were previously sized with 
normal fluid dynamics meshing. Then, boundaries layers were 
added to dielectrics to increase the accuracy of injection and 
extraction fluxes at dielectrics interfaces. Also, refinement was 



applied around PTFE/conductors boundaries and at air 
confinement areas. All meshing was completed in 162 k domain 
elements and ~4 k boundary elements. 

Figure 2. Finite elements meshing of the total studied geometry. 
Neumann’s limit conditions were applied at both external air domain 
boundaries and dielectrics/conductors interfaces. Dirichlet’s limit 
conditions were applied on electrodes.  
 
3.2. Generation and transport model  

The model simulated in this study is based on a bipolar 
electrical conduction (electrons and holes), including charges 
trapping, detrapping and recombination between mobile and 
trapped species [9-10], such as schematized in figure 3.  
 

 

Figure 3. Description of electronics conduction model applied to 
PTFE dielectrics. Taking into account injection, trapping, detrapping 
and recombination between all charge species. 

Charges generation was taken into account through two fluxes 
of negative (electrons) and positive (holes) injection at 
dielectrics/conductors interfaces modelled by modified 
Schottky law, given by: 
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Where A is the Richardson’s constant and φei  and φhi  are 
Schottky’s injection barrier for PTFE. 
 
Others generation mechanisms induced by the other processes 
are directly taken into account inside source terms of each 

charge carriers. In the case of mobile electrons, the source term 
is modelled by: 
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With neµ, net, nhµ, nht, [C.m-3] the charge densities for mobile 
electrons, trapped electrons, mobile holes and trapped holes, 
respectively.  
 
Charge transport is mainly governed by the set of these three 
equations: 
 
• Transport equation, giving the instantaneous current 

density of each transported species, when diffusion is 
neglected: 
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• Continuity equation, solved for each carrier type: 
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• Poisson equation, expressing the total distribution of 

electric field, as a function of net charge density: 
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With for the three equations (3-4-5), Je,h [A.m-2] the current 
flux of carriers, ne,h [C.m-3] the charge density of each carrier, 

µe,h [m2.V-1.s-1] the free carriers mobility, E [V.m-1] the 
electric field, Si [A.m-3] the source term which takes into 
account all physical phenomena other than those related to the 
transport: trapping, detrapping, recombination, ρ [C.m-3] is the 
net charge density given by algebraic sum of all carrier 
densities : 

ρ = neµ + net + nhµ + nht  (6) 

Free carriers transport (mobile electrons and holes) was 
considered through a hopping mobility, as a function of electric 
field and temperature, such as: 
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Where λ [m] is the inter-traps distance, ν [s-1] the escape 
frequency of trapped carriers set to kBT / h  [s-1] at room 

temperature T , kB [J.K-1] and h  [J.s-1] are the Boltzmann and 



Plank constants, respectively; φa [eV] is the hopping potential 
barrier coefficient and q [C] the elementary charge.  

3.3. Model parameters choice 

The model parameters used for all simulations are given in 
table 1. Most of them have been adapted from literature, based 
on pears experimental measurements already performed on 
PTFE films [11-14]. 
 
As for other solid insulators, various situations happen after 
voltage application on PTFE. By taking into account quantum 
chemical calculation to estimate the injection barrier reduction 
in PTFE [11] and since the holes in PTFE have a significantly 
higher mobility than the electrons [12-13], the hole injection 
barrier was considered much higher than that of LDPE. The 
deep trap densities for holes and electrons were acquired from 
measurements of the density of trapping centers as a function 
of its energy level for PTFE samples [13]. One trap level was 
considered for holes and electrons. The recombination 
coefficients are from Langevin type, as a function of free 
charges mobility. Other parameters were directly taken from 
[14]. 

Table 1. All model parameters simulated in this study. 
Parameter [unit] Value 

Relative permittivity: εr  2 
Mobility [m2.V-1.s-1]                   Function of electric field 
Trapping coefficient [s-1] 
Electrons: Be 
Holes: Bh 

 
6.78×10-4 

7.36×10-4 

Detrapping barrier [eV] 
Electrons: treφ  1.17 

Holes: trhφ  1.27 
Schottky injection barrier [eV] 
For electrons: eiφ  1.35 
For holes: hiφ  1.2 
Deep trap density [C.m-3] 
Electrons: N0.et 
Holes: N0.ht 

 
290.9 
290.9 

Recombination coef. [C.m-3.s-1] function of mobility 
Hopping barrier for mobility[eV]  

Electrons: ea,φ  0.795 

Holes: 
ha,φ  0.772 

 

3.4. Implementation under Comsol Multiphysics® 

The coupled set of model equations was implemented through 
CM mathematics modules. All equations are inserted step by 
step inside general-PDE modules before to apply all limit 
conditions. A Poisson-Equation module (poeq) is used to solve 
electric field from net charge density and four Convection-
Diffusion-Equation modules (cdeq) are used to solve 
continuity equations for each charge species. Natural and 

artificial diffusion were added since mathematics modules 
would not automatically integrate it.  
 
Firstly, the computation begins by initialization of all model 
variables and parameters. Then, all limit conditions are applied 
and knowing initial charge density for each carrier, the net 
charge density is computed. From net charge density, the 
electric field is evaluated by solving Poisson’s equation (5) 
through ‘poeq’ module. In second, the charge mobilities and 
recombination coefficients are calculated as a function of 
electric field, according to equation (7). Next, default MUMPS 
solver computes, in segregated mode, the optimal time-step to 
solve transport (3) and continuity equation (4) for each charge 
species through ‘cdeq’ modules. In last, solvers compute once 
again all equation sets for next calculation step and so on. 

4. Simulation results and discussion 
The main results of this study are based on the electric field 
behaviour at triple point in regard of charge generation and 
transport phenomenon occurring inside dielectrics bulk under 
a DC electric field. These triple points are the most exposed 
area at partial discharge inception because of lower 
permittivity of air and due to confinement environment 
between these three materials (conductor/dielectrics/air). 
Firstly, we consider a charged PTFE film with an initial mobile 
electrons density. In these conditions, the internal electric field 
is not null inside dielectrics before electric potential 
application. The implanted charge density added and its 
associated electric field are plotted in figure 4.  
 

 

Figure 4. Initial charge density and its associated electric field 
distribution as a function of x-position within dielectrics.  

If there is no applied electric field (figure 5a), the electric 
potential shows a symmetrical behaviour in both triple points 
positioned at (0, 1) and (1, 1). As soon as the DC 2.5 kV electric 
potential was applied, we observe a non-symetrical distribution 
of potential at each triple point. The resulting electric potential, 
obtained after 60 min of simulation, is shown in figure 5b. 
 
Under the effect of both charges generation and transport 
mechanisms, the simulation of electric field was performed for 
four hours. For each hour, by step of 60 minutes, a cartography 
was extracted and post-treated. Figure 6 presents these 
cartographies of simulated electric field distribution for 60, 
120, 180 and 240 minutes.  
 



  

(a) (b) 

Figure 5. Electric potential cartographies. (a) Short-circuited 
conditions, with only potential due to initial mobile electrons (cf. 
figure 4); (b) electric potential after 60 min under application of a DC 
2.5 kV electric potential. Simulation parameters from table 1. 

Whatever the considered simulation time, the electric field is 
not uniform in the dielectric bulk and remains invariable with 
time. The charges previously implanted in the volume of the 
dielectric impact the electric field distribution within dielectric, 
on either side of the implantation area (figure 4). 

  

(a) (b) 

  

(c) (d) 

Figure 6. Cartographies of simulated electric field. (a) t = 60 min, (b) 
t = 120 min, (c) t = 180 min, (d) t = 240 min. Simulation parameters 
from table 1. 

At t = 60 min, the absolute value of the simulated electric field 
is around 5.56 kV/mm at triple point positioned at the cathode 
and 4.82 kV/mm at the one positioned at anode. As time 
increases, the electric field increases within the triple point 
positioned at the cathode and decreases in the one at the anode. 
This difference is remarkable between 60 min and 240 min, 
where the electric field grows by only 4% at the triple point 
positioned at the cathode while it decreases by 72% at the triple 
point positioned at the anode. 
 
After DC voltage application, the simulated electric field 
shows a rapid decrease of the influence of initial charges. After 
1 hour, the electric field at both triple points appear to be higher 
than the partial discharges inception voltage in air (>3 kV/mm) 

[15]. Although other physico-chemical considerations should 
also be met to activate electronic priming processes for partial 
discharges in air [16], it appears that the modelled charge 
injection mechanism is not yet important in the short term 
(<1h) to generate a sufficient quantity of homocharges at the 
PTFE/conductor interfaces.  
 
Looking closely at the net charge densities associated with the 
electric field distributions shown in Figure 7 (i.e.: net fluxes of 
mobile and trapped charges injected at the electrodes), it can 
be seen that the net charge density is negative at the cathode 
whereas it is positive at the anode. 

  

(a) (b) 

Figure 7. Net charge densities as a function of x-position within 
PTFE film in y = 1 mm (i.e.: at triple points level). (a) Negative 
charges arising from cathode electrode; (b) Positive charges arising 
from anode electrode. Simulation parameters from table 1. 

This implies that more holes are injected/trapped at the anode 
and the injected/trapped electrons are dominant at the cathode. 
The electrons distribution is extended over approximately 
10 µm while the holes distribution is extended over 2 µm. 
Quantitatively, the holes density injected from the anode, and 
trapped near the surface of the dielectric, is thirty times greater 
than electrons injected and trapped at the cathode. However, 
the charge density increases with time for both electrons and 
holes; with 400% of total increase in charge density between 
60 and 240 minutes. 
 
Beyond 180 minutes, simulations seem to confirm the 
hypothesis of a very weak electron injection within the PTFE, 
for the electric field considered. The significant decrease of the 
electric field within the triple point positioned at the anode 
would confirm a progressive accumulation of holes injected at 
the anode. These positive charges, of the same sign as the 
applied voltage, form a homocharges area which will promote 
a reduction of the electric field at the PTFE/conductor 
interfaces. On the other hand, a very weak injection of negative 
charges at the cathode does not induce the creation of a large 
zone of negative homocharges. De facto, the electric field is 
less affected at the cathode triple point. These observations are 
in agreement with experimental ones that measure a larger 
injection of holes than electrons in PTFE films [11, 14], even 
for a highest DC electric field.  
 
Moreover, when we go through the dielectric/conductive 
interface, along the lines y = 0 and y = 1 corresponding to the 
cathode/dielectric interface and dielectric/anode interface, 
respectively; we note a similar behaviour of the charges near 
to the both triple points. Figure 8 shows the net charge 



densities at each interface as a function of the proximity of the 
triple point.  

The charges density increases (in absolute value) with time, 
along both interfaces. More spectacular, the closer to the triple 
point on both sides of the dielectric, the more the net charge 
density. This increase is quantitatively more remarkable in y=1 
where the holes dominate. The simulated model has the 
advantage to help to distinguish the types of charges 
responsible of generation and transport phenomenon. In this 
case, it would seem that the electrode injection mechanism is 
the predominant mechanism over other charge generation 
mechanisms (including detrapping and recombination). 

  

(a) (b) 

Figure 8. Net charge densities as a function of y-position along 
PTFE/electrodes interfaces, for 4 hours of simulation time. (a) x = 0 
mm, PTFE/cathode interface; (b) x = 1 mm, PTFE/anode interface. 
Simulation parameters from table 1. 

The increase of injection activity at the triple points could 
explain the increase of the electric field in the air at these 
sensitive points. As long as the injected homocharges are 
immediately trapped near the interfaces, this modify the 
electric field distribution in the air at the triple points and thus 
partial discharge risks. PTFE being a material with a very weak 
charges mobility (~10-16 m2/V/s), compare to LDPE for 
example (~10-13 m2/V/s) [12-14], a large part of the injected 
charges is trapped near the interfaces and impact electric field 
behaviour in air at triple points and, in the charge extraction 
case, increase discharge risks due to heterocharges. This 
behaviour could be explained in part by the higher PTFE 
detrapping barriers because of its large energy gap between its 
fermi level and its conduction band [11].  

Conclusion 

Overall, the charge state of the material would impact the 
electric field in the air, at triple points. The simulated model 
shows a preponderance of generation phenomena dominated 
by the injection at electrodes with very weak extraction fluxes. 
This injection is more intense near to the triple points and 
shows a ratio of thirty between the injection of the holes at the 
anode and the one of electrons at the cathode. This significantly 
impacts the electric field at the triple point close to the anode. 
As a result, in the presence of a large accumulation of 
homocharges at this electrode, the risk of partial discharges is 
reduced to this triple point than the one exposed to the low 
electron injection at the cathode. The initially implanted 
charges within the dielectric do not seem to significantly 
impact the applied electric field since the electric field they 

induce is around ten times lower than the applied electric field. 
Furthermore, due to the very low mobility of the charges within 
the PTFE, no important charge transport activity, able to 
significantly disturb the electric field, is observed in the 
dielectric bulk, meaning that accumulated charges are difficult 
to extract. These ones remain deeply trapped near to interfaces.  
 
To be complete, this simulation study will be very soon 
confronted with experimental measurements in order to 
confirm these observations. Similarly, in application of the 
future operating conditions of these power busbars intended to 
hybrid/electrical aircraft, taking into account the propulsion 
environment and fly conditions would be more suitable.  
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