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Accessories such as joints and terminations represent a weak point in HVDC cable systems. Indeed, the DC field distribution is intimately dependent on the thermal condition of the accessory and on material properties. Moreover, there is no available method to probe charge distribution in those conditions. In this work, the field distribution in non-stationary conditions, both thermally and electrically, is computed considering different insulating materials assembled in a same geometry, with focus on the tangential field distribution. We show that the position of the maximum field varies in time in a way that is not easy to anticipate. The work points to the need of precise data on materials conductivity and to the need to probe field distribution in 3D.

I. INTRODUCTION

Accessories may represent a weak point in HVDC cable links, especially when going to ever-higher voltages where feedback on in-service behaviour is lacking. Compared to bulk cables where many research works are carried out, both experimentally and in modelling, for assessing insulation endurance, anticipating field distribution in accessories is more difficult to tackle. Especially, methods for probing charge and field distribution on localized areas are lacking and the fact that different insulating materials coexist brings further difficulty. For this reason, thermal and electrical modelling is necessary. Resorting to macroscopic modelling, i.e. based on field and temperature dependencies of conductivity and/or permittivity, the numerical resolution of the problem is not a real difficulty. However, it must be based on reliable experimental data characterizing the materials, especially conductivity, and also on the exploration of different practical combinations of thermal/electrical stresses that may be encountered.

Whereas the behaviour of the radial field distribution in a bilayer dielectric can be reasonably anticipated based on the conductivity behaviour, the tangential component is more difficult to tackle, especially the respective role of geometry and thermal stress. It is recognized that the dielectric/dielectric interface represents a threat for the accessory reliability and the tangential field can be a driving mode for failure [START_REF] Mazzanti | The insulation of HVDC extruded cable system joints. Part 1: Review of materials, design and testing procedures[END_REF][START_REF] Ghorbani | HVDC cable systems-Highlighting extruded technology[END_REF][START_REF] Ye | Design aspects on HVDC cable joints[END_REF][START_REF] Mauseth | Electric field simulations of high voltage DC extruded cable systems[END_REF].

In this work, based on a conductivity law established from experiments on typical materials that are XLPE (crosslinked polyethylene), SiR (silicone rubber), and EPDM (ethylenepropylene diene monomer) copolymer, we compute the field distribution in a 200 kV cable joint. We consider polarity reversal of the DC stress and different thermal conditions: isothermal at 30°C and non-stationary thermal gradient when energizing the cable. The tangential and radial electric fields are computed in these transient electrical and thermal conditions. To evaluate how far the nature of material imparts the field distribution, we consider the case of a joint fully made with XLPE, as could be the case for factory joints Erreur ! Source du renvoi introuvable.], and silicone rubber (SiR) associated to XLPE.

II. JOINT CHARACTERISTICS AND MODEL

A. Geometry

The object of the present study is a 200 kV, 1 kA HVDC joint with general design and geometry as given in Fig. 1 [START_REF] Stancu | Space charge and electric field in thermally aged multilayer joints model[END_REF]. It is made of a copper conductor, cable insulation (XLPE), joint material (EPDM) and various layers of semiconductor material (carbon black charged polymer). Field distribution cones are present at both ends of the junction. In the model described here, the outer layer is simplified by using a 5 mm thick semiconductor layer ensuring electrical continuity and providing thermal resistance at the surface of the joint. 

B. Modelling conditions

The data on conductivity versus field and temperature of XLPE and EPDM materials are detailed elsewhere [START_REF] Vu | Correlating conductivity and space charge measurements in multidielectrics under various electrical and thermal stresses[END_REF], [START_REF] Vu | Field distribution under temperature gradient in polymeric MV-HVDC model cable: simulation and space charge measurements[END_REF]. The following equation has been parameterized using experimental current data obtained on plane samples.

𝜎(𝑇, 𝐸) = 𝐴. 𝑒𝑥𝑝 ( -𝐸 𝑎 𝑘 𝐵 𝑇 ) . 𝑠𝑖𝑛ℎ(𝛽(𝑇). 𝐸) . 𝐸 𝛼 (1)

where the pre-exponential factor A, activation energy Ea, field coefficients β and α are given in [START_REF] Vu | Field distribution under temperature gradient in polymeric MV-HVDC model cable: simulation and space charge measurements[END_REF] and kB is the Boltzmann's constant. For the silicone rubber, we used the expression of conductivity given by Baferani et al [START_REF] Baferani | Electric field tailoring in HVDC cable joints utilizing electrothermal simulation: effect of field grading materials[END_REF]:

𝜎(𝑇, 𝐸) = 𝐴. 𝑒𝑥𝑝(𝛾𝑇). 𝑒𝑥𝑝(𝛽𝐸) (2) 
with A = 2.9 × 10 -17 S/m, temperature coefficient γ = 0.019 K - 1 and β= 4.1 × 10 -16 mm/kV. Fig. 2 shows a comparison of conductivity as a function of the field for the different Central deflector materials at different temperatures. Comparing XLPE and EPDM, the conductivity is sometimes higher in one material or the other, depending on the field and temperature conditions, which will result in a transfer of the DC field in one or the other of the materials according to these same conditions. The conductivity of SiR exhibits very weak field dependence and relatively mildly temperature dependence.

The other physical quantities used in the model are reported in Table I. The heat input by the Joule effect in the copper conductor takes into account a reference resistivity of 1.7 × 10 -8 Ω.m for copper at 20 °C and a temperature coefficient for the resistivity of 3.9 × 10 -3 K -1 . The field and temperature distributions have been resolved using Comsol Multiphysics software, with applying a DC voltage of +/-200 kV to the conductor and considering either isothermal conditions or thermal gradient induced by injecting a current of 1 kA in the conductor. Switching from positive to negative polarity is done after 24 h with an intermediate shortcircuit of 3 min.

Thermal modelling considers a heat input by Joule effect in the conductor of 50 mm² cross section. Heat exchange with the surrounding environment is assumed to occur by natural convection, using a convective transfer coefficient of ≈ 5 W / m² / K taking into account the geometry of the cable. It is rigorously determined in the resolution software. The heat flux exchanged by radiation is also taken into account by considering a surface emissivity coefficient of 0.8.

III. RESULTS AND DISCUSSION

A. Radial electric field

Results obtained for the radial distribution of the field at a position at half way between the outer cone and central deflector are shown in Fig. 3 for XLPE/EPDM joint. The axial component of the field is almost zero at this position (cf. § III.B). The field distribution under isothermal conditions (Fig. 3a) is clearly different from the one under thermal gradient (Fig. 3b). At 100s, the field is capacitively distributed (EXLPE> EEPDM). It gradually evolves in time with further field reinforcement in XLPE, without any pronounced change in the general shape. This evolution corresponds to two phenomena: on the one hand it is the consequence of a resistivity higher in XLPE than in EPDM, at 30 °C, for fields <10 kV / mm, cf. Fig. 2. The other aspect is that the fields stay moderate so that the nonlinear phenomena, tending to a homogenization of the field over time, are barely perceptible in the two materials.

Under the conditions of a thermal gradient, the electric field rapidly evolves towards a situation of equilibrium; we can consider that after 8 hours the steady state is nearly reached, cf. Fig. 3b. Here for each of the materials the field tends to increase with the radius: this is due to the fact that the thermal gradient produces a conductivity gradient whose effects exceed the variation of the field due to the cylindrical geometry. The residual field, taken 100 s after resetting the potential to zero, presents a profile substantially different from that of the isothermal case. The lower value of the residual field near the XLPE/EPDM interface results from the fact that with a temperature at the dielectric / dielectric interface of 45 °C, and fields of the order of 3 kV / mm, the conductivities of the two materials are quite close. Except for the field step at the interface, the field profile is not very different from the one obtained in the case of XLPE/XLPE joint (Fig. 4a). In addition, by comparing the on and off field jump, it can be seen that it decreased within 100 s after resetting the potential, due to the partial dissipation of the interface charge. When the polarity is reversed, the field at the core is strongly reinforced. a) XLPE/EPDM Isotherm 30°C b) XLPE/EPDM T-gradient Fig. 3. Radial field distribution in the joint (taken at z ≈ 220 mm, Fig. 5) at different times after voltage application (200 kV followed by inversion) for different thermal conditions. For b), the cable is initially at 30°C and a current of 1 kA is injected at the same time as the voltage is applied. Vertical lines indicate the boundaries of the insulators. The curves in black correspond to the set to 0 V after 24 h at +200 kV. The situation for the XLPE/SiR combination (Fig. 4b), is substantially different. Here, the conductivity is higher in the SiR and therefore the field is higher in the XLPE part. The field redistribution is particularly fast after polarity inversion because of the high temperature in XLPE and high conductivity in SiR.

B. Tangential electric field

Fig. 5 represents the tangential field profiles in the joint material (i.e. EPDM), near the interface between XLPE and EPDM, as a function of time under stress, for the same cases study as previously. Tangential field values are the same in XLPE near the interface since the continuity rule imposes a continuity in tangential electric field. Under isothermal conditions (Fig. 5b), it is clear that the tangential field is significantly greater on the right of the figure, corresponding to the deflector region. This can be explained by a geometry that does not include a field-grading cone, unlike the potential reference side of the joint. In fact, some designs use a deflector cone also for the central part of the joint set to HV [START_REF] Ye | Design aspects on HVDC cable joints[END_REF]. The quasi-constant axial field on the ground side corresponds precisely to the region where the cone produces a non-radial component to the field. Over time, the tangential field tends to decrease on the ground side and to strengthen significantly on the HV side. These trends reflect the non-linear nature of the conductivity as well as the conductivity gradient due to the presence of two insulators. It is difficult to anticipate / explain given the divergence in geometry.

In thermal gradient condition (Fig. 5.c), the field increases over time on the cone side, by a factor 3. As a result, in the first moments of the polarity reversal, the sign of the field is not reversed. On the HV side, the field variations are milder.

We can note the presence of a negative residual field that is added to the applied field after inversion, and therefore produces an over-stress. Globally, the values of tangential fields remain lower than in the case of isothermal conditions. This is not necessarily an effect of the thermal gradient but of the fact that, taking into account the average applied stresses, the conductivity values of the two insulators become closer by heating the junction. They are identical at 60 °C for a field of 4 kV / mm, while at 30 °C the equivalence is obtained under a field of 15 kV / mm (Fig. 2) which is never reached here.

Using a single material, XLPE (Fig. 6a), under thermal gradient, the evolution of the field distribution is similar to the one with XLPE/EPDM in the same conditions (Fig. 5c). It means that, for the cases considered here, the temperature conditions are more important than the material nature. With the SiR joint material (Fig. 6b) having a much larger conductivity than XLPE, there is practically no field distortion on the ground side (the residual field at voltage removal is nearly zero) and the field is small compared to other cases. On the HV side, there is also a mild variation of the field with time, and hence weak residual field at grounding. Here the field reaches the highest values at about 7.5 kV/mm in steady state. The profiles are in fact similar to the ones of Fig 5 .b: the common feature here is a higher conductivity in the joint material than in XLPE.

Besides conductivity differences, the temperature distribution may affect the field distribution. Fig. 7 shows that due to lower thermal conductivity in SiR, the temperature is 4 than in Fig. 3 for example. Thermal gradients along the axial direction (not shown here) are milder (rise by about 10°C from the ground to HV electrode) than along the radial direction and the absolute temperature varies. A more complete investigation with isotherms at different temperatures would be necessary to identify the governing rules for the tangential field.

To obtain an equilibrated tangential field distribution along the interface, the conductivities of the two insulations should be close. However, the field is not homogeneous in the junction, neither is the temperature and we have seen in the measurements that only in particular combinations (fieldtemperature), equal values of conductivity are obtained. It is in fact difficult to have similar conductivities from materials so different as silicones or EPDM and XLPE. The use of an elastomer remains essential to apply a homogeneous pressure and match the shape of the insulated cable. This avoids surface tracking, surface discharges and the resulting failures. However, the switch from XLPE to an elastomer leads to different dielectric behaviours, whether it be the conduction processes or the field and temperature dependencies, which result therefrom. It is further complicated to produce materials having a predefined electrical conductivity.

Compared to other studies on field distributions in joints, the work presented here considers the transient conditions of field arrangement whereas very often only a direct resolution in stationary state is proposed. Multiple stress conditions can be tested. This is quite easily achievable, but it is important to stress that the collection of experimental data on conductivity, representative of materials in operating conditions, is a major preliminary step in all these modelling and design tasks.

IV. CONCLUSION

The field distribution in HVDC cable joints has been investigated in non-stationary electrical and thermal conditions, considering XLPE as cable insulation and different materials as joint insulation. The radial distribution of the field follows expected trends with temperature, depending on materials electrical conductivity. At the level of the high voltage semicon, it is clear that the tangential field is higher when the mismatch between the conductivity of the two insulations is larger. Under the deflecting cone, the situation is not so clear. The smallest field value and field redistribution is obtained with the joint insulation having the highest electrical conductivity. Thermal gradient effects are still to be analyzed.
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 1 Fig. 1. Scheme of the modelled joint with main approximate dimensions: length 800 mm, conductor diameter 8 mm, insulation thickness 20 mm in the cable and 70 mm in the joint.
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 4 Fig. 4. Radial field distribution at different times after voltage application for XLPE/XLPE joint and XLPE/SiR joint under thermal gradient. Same conventions as in Fig. 3.
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 3 Fig. 4. Radial field distribution at different times after voltage application for XLPE/XLPE joint and XLPE/SiR joint under thermal gradient. Same conventions as in Fig. 3.
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 5 Fig.5. Axial field distribution at the XLPE/EPDM interface at different times after voltage application. Vertical lines define insulator boundaries. The curve in black corresponds to the reset to 0 after 24 h at +200 kV. Ground on the left; HV on the right. A part of the joint is shown in a) to position the profile with respect to it.

TABLE I .

 I MATERIAL PARAMETERS USED IN THE MODEL.

		XLPE	EPDM	SiR	Semicon
	Relative permittivity εr	2.3	2.9	3.5	2.3
	Thermal cond. λ (W/m/K)	0.38	0.30	0.20	0.34
	Specific heat cp (J/g/K)	1.90	0.73	2.25	1.9
	Electrical cond. σ (S/m)	cf. [7]	cf. (2)	6.0×10 3
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