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I. INTRODUCTION

Polymers are increasingly used as electrical insulation in systems of the electrical engineering, because of their properties (thermal, electrical, mechanical), their cost, and their possibility to be recycled for some of them. It is for example the case for high voltage direct current (HVDC) links, where cross-linked polyethylene (XLPE) has become a challenging material compared to oil impregnated paper. However, these materials can store charges when they are submitted to an electrical stress, increasing the electric field locally, and potentially leading to the material ageing and at last to its dielectric breakdown [START_REF] Montanari | Electrical degradation threshold of polyethylene investigated by space charge and conduction current measurements[END_REF]. The generated charges can originate from injection processes at the electrodes or from dissociation and ionization of species in the volume of the material. Dissociation processes can give rise to electronic species that can travel across the material and be extracted at the electrodes. It can also be ions, that can also travel if they are not too big, and accumulate at the opposite electrode. This charge accumulation can locally increase the electric field. However, it is difficult experimentally to differentiate electronic and ionic species, as space charge measurements only give access to a global positive or negative charge. Then, it is even more difficult to decipher the role of ions in the global space charge behavior.

In this contribution, we propose to simulate the impact of the presence of ions using a bipolar charge transport model, adding elementary generation and transport processes related to ions and combining it to electronic phenomena. In a first approach, only ions are simulated, and the impact of ion concentration and mobility are observed. Simulations are then performed for a more realistic case, where electronic and ionic species coexist, giving rise to already observed experimental pattern from space charge measurements. The objective of this paper is however not to reproduce experimental data, but to show that ions are important and should be taken into account in the further development of charge transport models.

II. MODEL DESCRIPTION

The one-dimension bipolar charge transport model (BCTM) used has already been described in the literature [START_REF] Roy | Description of charge transport in polyethylene using a fluid model with a constant mobility: fitting model and experiments[END_REF], and features electronic charge injection at each electrode, conduction between shallow traps via a constant mobility, trapping into deep traps, detrapping and recombination between electronic charges of opposite polarity. Ionic species, positive (A + ) and negative (B -), have also been taken into account. They are thought to be present inside the dielectric prior to any voltage application, arising from an initially neutral molecule AB. Hence, the quantity of molecules AB, and ions A + and B -is driven by the following equation: [START_REF] Montanari | Electrical degradation threshold of polyethylene investigated by space charge and conduction current measurements[END_REF] where k d is the dissociation coefficient, while k r is the recombination coefficient. It is to note that k r and k d do not have the same dimension, and are not equal. In a first simplified hypothesis, we will consider that a thermodynamic equilibrium has been reached prior to any voltage application. Hence, there is the same quantity of ions A + and B - everywhere inside the material. We will also consider that the dissociation and recombination rates are low compared to charge transport, so that no additional ions or additional neutral molecules AB are created during the experiment. This is a strong hypothesis, as it is certainly not the case in reality, but i/ the goal is here to understand how the presence of ions can influence the space charge pattern or the current profiles, and ii/ although a literature exists on dissociation and recombination coefficients in plasma science or even for liquids, it is not available for solid organic dielectrics. Moreover, no attempt has been made in this paper to link the molecule AB or ions A + and B -to real cases. Hence, A + and B - are present with the same initial amount C 0 , i.e. the net charge density remains zero prior to any voltage application. Ions can also move, and their mobility is thought as being constant. In a first attempt, we do not consider that these ions have a mobility dependence upon temperature, concentrations of sites/vacancies where ions can move or even electric field, even if it is the case in reality [START_REF] Kao | Electrical Transport in Solids[END_REF][START_REF] Dissado | Electrical Degradation and Breakdown in Dielectrics[END_REF]. There is no recombination between ions, i.e. no creation of additional molecules AB, and no recombination between an ion and an electronic charge.

The space and time equations describing the space charge behavior are the following, for each electronic and ionic carrier:
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Here, n i refers to the carrier density of specie i (C/m 3 ), j i refers to the current density (A/m 2 ), µ i the mobility, D i the diffusion coefficient, and s i refers to the source term for each specie i, and corresponds to all physical processes not linked to transport. For electrons and holes, it refers to trapping, detrapping and recombination. For ionic species, s i is equal to zero. t is the time, x is the space coordinate, ε the dielectric permittivity and E is the electric field.  is the net charge density, and is, in this case:
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where n hµ , n ht , n eµ and n et are the mobile and trapped electronic charge density for holes and electrons, and n A + and n B -are the positive and negative ion charge densities. Electronic (i.e. electrons or holes) charge generation at each electrode is function of the electric field at this electrode and follows a modified Schottky law of the type [START_REF] Roy | Modelling space charge in a cable geometry[END_REF]:
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where A is the Richardson constant, T is the temperature, e the elementary charge, w inj the barrier height, k b refers to the Boltzmann constant, x 0/L is the position of the electrode (0 or L, thickness of the sample). The description of the model has already been published in [START_REF] Roy | Description of charge transport in polyethylene using a fluid model with a constant mobility: fitting model and experiments[END_REF]. It is a Finite Volume explicit model, using a third order accuracy in space and fourth order in time. The grid to discretize the insulating material is divided into 301 elements, non-uniform, having a smaller size when approaching the electrodes. A flux limiter (ULTIMATE) is used to correct the charge flux within the dielectric. The time steps follow the CFL condition. Parameters used for the simulations are presented in Table 1. All simulations are performed on a polyethylene based material, of relative permittivity 2.3, of thickness 200 µm. The experimental protocol consists of the application of a voltage of 5 kV (field of 25 kV/mm) during 3 hours, at T=25°C.

III. SIMULATION RESULTS FOR IONS TRANSPORT

Simulations have been performed when only ions are present, in order to see the impact of the presence of ions on the charge density, current and electric field. The initial ion concentration is set to 2 C/m 3 . It is difficult to anticipate the exact quantity of ion available for dissociation and/or transport. Taking cross-linked polyethylene (XLPE) as an example, when 1.3% of dicumylperoxide is used for crosslinking, the amount of residue, as cumyl alcohol (M=136.9 g/mol), in the material is around 0.5% in weight [START_REF] Guffond | Characterization and modeling of microstructure evolution of cable insulation system under high continuous electric field[END_REF]. The charge density associated with the total ionization of this molecule would be of the order of 10 6 C/m 3 . The initial ion density (2 C/m 3 ) chosen here is then really low, and has been set considering that a low amount of molecules can ionize.

A. Impact of ion mobility

Only A + is mobile, B -is considered as too big to move. The ion mobility has been changed from 10 -14 to 10 -17 m 2 /V/s. It is to note that the color scale for the space charge pattern is the same for all space charge patterns, and is given for charge densities from -2 to 2 C/m 3 (Fig. 1). The simulated space charge patterns are given in Fig. 2 for the four mobility values. All the simulations are presented with the influence charges on each electrode, linked to capacitive and to image charges. A Gaussian filter of width 10 µm was introduced to approach patterns usually obtained experimentally. For most of the space charge profiles, even if only the positive ions are mobile, only negative charges are observed. The specific behavior shows that positive ions move towards the ground electrode, leaving a net negative charge next to the top electrode first. This net negative charge, due to immobile negative ions, appears nearer to the ground electrode with time. Positive ions accumulate next to the ground electrode, but are not observed here due to the low quantity of initial ions, and the fact that influence charges at the electrode mask these positive charges. The higher the positive ions mobility, the sooner the material bulk becomes negative. The electric field after 3 hours of voltage application is 3.5 10 7 V/m at the bottom electrode, i.e. 40% higher than the applied electric field, while the electric field at the top electrode is around 1.5 10 7 V/m for a positive ion mobility of 10 -15 m 2 /V/s. This variation of the electric field at the electrodes will have a strong impact on the electronic charge generation at the electrodes. The range of mobility values explored is close to the one obtained for electronic charges when we could expect lower mobilities for ions. Increasing the mobility make it possible to observe some specific patterns within 3 hours stressing. Experimentally, such kind of pattern is observed for XLPE (see as example [START_REF] Roy | Ion generation and transport in low density polyethylene under electric stress[END_REF]) soon after voltage application. It could mean that i/ the ion mobility is effectively rather high, ii/ the charge that moves after dissociation is not an ion but an electronic charge, iii/ other processes are involved prior to voltage application, and the initial state of charge is not the one that has been taken for these calculations (e.g. mix of electronic and ionic carriers).

Fig. 3 presents the current density as a function of time for the different positive ion mobility values. When ions are present, there is a specific behavior in the current density, i.e. the presence of a 'plateau'. The higher the ion mobility is the higher the current density on this plateau. When the ion mobility is increased, the drop in the current density appears sooner in time, when most of the mobile ions have crossed the sample and accumulate at the counter electrode. This is also a kind of result observed experimentally in XLPE [START_REF] Cènes | Implementation of space charge measurement using the Pulsed Electro-Acoustic method during ageing of HVDC model cable[END_REF].

B. Impact of ion concentration

For these simulations, the mobility of positive ions is set to 10 -15 m 2 /V/s, while the negative ions are still immobile. The initial ion concentration has been varied from 0.5 to 10 C/m 3 . Fig. 4 shows the simulated space charge profiles obtained for different initial ion densities. The space charge pattern does not change to a large extent when the initial ion density is increased. The dynamic is almost the same for all initial ion densities, the net charge varying slightly. Only when the initial ion density is high (5 C/m 3 ), positive charge accumulation is observed at the counter electrode. As for the previous case, positive charges are present at the vicinity of the cathode, but are masked by the negative charges and the influence charges. When the initial ion density is high, the negative charge density is not enough to mask the presence of positive charges at the cathode. An increase by one decade of the initial ion concentration increases the value of the current density on the plateau by one decade, but does not change the transient current shape (not shown here). Looking at the electric field value at the cathode (Fig. 5), an increase of the initial ion concentration has a large impact on the electric field value. An increase of a decade of the ion density implies a value of electric field which is multiplied by two. This then has a direct impact on the electronic charge injection. Simulations have also been performed for mobile positive and negative ions. The space charge pattern and current density as a function of time for these cases do not change to a large extent as long as negative ions have a lower mobility compared to positive ones. If negative ions have a higher mobility than positive ones, then the charge pattern would be reversed, i.e. a dominant positive charge that seems to arise from the cathode. 

IV. COMBINED IONIC AND ELECTRONIC TRANSPORT

For this case study, electronic and ionic species have been considered. The parameters for electronic species are the ones that have been optimized in [START_REF] Roy | Description of charge transport in polyethylene using a fluid model with a constant mobility: fitting model and experiments[END_REF], for a constant effective mobility for electrons and holes, see Table 1. For ionic species the initial ion density is 2 C/m 3 and the positive ion mobility is 10 -15 m 2 /V/s. Fig. 6 presents the net charge density as a function of time and space for this case study. A positive charge front is observed arising from the anode. These charges are injected holes that cross the dielectric. The positive charge front disappears slowly in the middle of the sample, progressively replaced by negative charges. These negative charges are the negative ions that cannot move and are 'uncovered' progressively by the positive ions leaving their initial position to accumulate at the ground electrode (cathode). These negative ions completely mask the positive charge injection and continuous flow towards the cathode. It is to note that the injection flux does not change to a large extent at the anode, as the net charge density is small. At the cathode however, the positive ion accumulation in this region implies a higher negative charge injection after 3000 s, i.e. when most of the positive ions have migrated towards the cathode. The simulated current density transient associated to this case study is given in Fig. 7. For comparison, the current density when only electronic carriers are considered is also presented. The current density shape is different without and with ions, as a small increase is observed below 10 s, and then the current density is quasi stable during 1000 s. This behavior is directly linked to the movement of positive ions. Once most of them accumulate close to the cathode, the current density decreases, to a value higher than the one calculated without ions. Although ionic and electronic carriers are not considered to interact, the total current is not just the superposition of the two contributions taken independently.

V. CONCLUSIONS

A bipolar charge transport model has been implemented to take into account the presence of positive and negative ions and their transport inside an insulating material. A small amount of ions has a large impact on the space charge density, on the electric field at the electrode, and on the current density. The simulated space charge and current transients has clear common features with what is measured in reality for insulating polymers which are known or supposed to contain ionic contributions to conduction. More work needs now to be done to take into account the neutral molecule impact and the recombination between positive and negative ions as first step. 
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 1 Fig. 1. Colorbar used for all space charge patterns.
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 3 Fig. 3. Simulated current density vs. time for different positive ion mobilities.
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 2 Simulated space charge patterns calculated when only ions are present, and when only positive ions are mobile, for different mobilities: a) 10 -14 m 2 /V/s, b) 10 -15 m 2 /V/s, c) 10 -16 m 2 /V/s, d) 10 -17 m 2 /V/s.
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 5 Fig. 5. Simulated electric field at the cathode as a function of time for different initial ion concentrations.
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 6 Fig. 6. Simulated space charge pattern calculated when electronic and ionic carriers are considered, for an initial ion density of 2 C/m 3 . Applied voltage 5 kV, temperature 25°C.

Fig. 7 .

 7 Fig. 7. Simulated current density function of time calculated for electronic carriers only and when electronic and ionic carriers are considered, for an initial ion density of 2 C/m 3 . Applied voltage 5 kV, temperature 25°C.
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 4 Simulated space charge patterns calculated when only ions are present, and for different ion concentrations: a) 0.5 C/m 3 , b) 1 C/m 3 , c) 2 C/m 3 , d) 5 C/m 3 .

TABLE I .

 I PARAMETERS USED IN THE SIMULATIONS

	Symbol	value	units
	trapping coefficients		
	Be electrons	1. 10 -1	s -1
	Bh holes	2. 10 -1	s -1
	Maximal trap densities		
	noet for electrons	100	C.m -3
	noht for holes	100	C.m -3
	injection barrier heights		
	wei for electrons	1.27	eV
	whi for holes	1.16	eV
	Detrapping barrier heights		
	wtre for electrons	0.96	eV
	wtrh for holes	0.99	eV
	Mobility		
	µe for electrons	10 -14	m 2 /V/s
	µh for holes	2 10 -13	m 2 /V/s
	µA for positive ions	10 -17 to 10 -14	m 2 /V/s
	µB for negative ions	0	m 2 /V/s
	Initial ions density	0.5 to 10	C/m 3