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Abstract: Accessories such as joints and terminations represent weak points in HVDC cable systems. Indeed, the 9 

DC field distribution is intimately dependent on the thermal conditions of the accessory and on material proper-10 

ties. Moreover, there is no available method to probe charge distribution in those conditions. In this work, the 11 

field distribution in non-stationary conditions, both thermally and electrically, is computed considering cross-12 

linked polyethylene (XLPE) as cable insulation and different insulating materials (silicone, rubber, XLPE) for a 13 

200kV joint assembled in a same geometry. In the conditions used, i.e. temperatures up to 70°C, and with the 14 

material properties considered, the dielectric time constant appears of the same order or even longer than the 15 

thermal one and is of several hours. It means that both physical phenomena need to be considered for modelling 16 

the electric field distribution. Both the radial and the tangential field distributions are analysed, and focus is given 17 

on the field distribution under the stress cone on the ground side and near the central deflector on the high voltage 18 

side of the joint. We show that the position of the maximum field varies in time in a way that is not easy to 19 

anticipate. Under the cone, the smallest tangential field is obtained with the joint insulating material having the 20 

highest electrical conductivity. It results from a shift of the field towards the cable insulation in which the geo-21 

metrical features produce less axial component of the field. At the level of the central deflector, it is clear that the 22 

tangential field is higher when the mismatch between the conductivity of the two insulations is larger. In addition, 23 

the field grows as a function of time under stress. The work points to the need of precise data on materials con-24 

ductivity and to the need of probing field distribution in 3D. 25 

Keywords: HVDC cable system; accessories; space charge; field distribution  26 

1. Introduction 27 

Accessories may represent a weak point in HVDC cable links, especially when going to ever-higher 28 

voltages where the feedback on in-service behaviour is lacking [1, 2]. Compared to bulk cables where 29 

many research works are carried out, both experimentally and in modelling, for assessing insulation 30 

endurance, anticipating field distribution in accessories is more difficult to tackle. Especially, methods 31 

for probing charge and field distributions in localized areas are lacking and the fact that different 32 

insulating materials coexist brings further difficulty. For this reason, thermal and electrical modelling 33 

is necessary. Various degrees of sophistication can be achieved for DC field modelling of insulations 34 

[3], ranging from bipolar charge transport model with identification of generation, transport and trap-35 

ping processes of charges, to macroscopic models based on conductivity expression. Resorting to mac-36 

roscopic modelling, i.e. based on field and temperature dependencies of conductivity and/or permit-37 

tivity, the numerical resolution of the problem is not a real difficulty. However, it must be based on 38 

reliable experimental data characterizing the materials, especially conductivity, and on the exploration 39 

of different practical combinations of thermal/electrical stresses that may be encountered.  40 

In this contribution, we report mainly on the modelling of the electric field distribution in unsteady 41 

situations from the electrical and thermal point of view in cable accessories comprising an association 42 

of insulators of different nature in a specific geometry. In many situations, simulations have been car-43 

ried out on admittedly complex objects, but in a stationary situation [4]. However, one must wonder 44 
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about the redistribution of the electric field in the case where the transmitted power suddenly in-45 

creases, implying to have a thermal transient in the accessory, and also to have an idea of the thermal 46 

equilibrium time of the system. The transient in electrical stress obviously involves the passage from 47 

a capacitive distribution to a resistive distribution of the electric field after energizing the cable and 48 

joint, with an 'electric' time constant depending on the temperature. It is also important to estimate 49 

the maximum field values that can be obtained during operation, particularly in the case of polarity 50 

inversion of the applied voltage, for inverting the power flow using Line-commutated converters, LCC 51 

[5]. Modelling may help anticipating the 'hot spots' of electrical stress during operations on the system, 52 

such as these polarity reversals or temperature variations linked to fluctuations in the transmitted 53 

power. In addition, 'type' and pre-qualification tests at 1.85 × Uo and 1.45 × Uo, where Uo is the nom-54 

inal service voltage, also involving variations in the current over several hours as well as polarity 55 

reversals or pulse tests, must be taken into account in the design [6, 7]. 56 

As stated previously, accessories represent weak points of the transmission system. Cable joints are 57 

mainly of two types for cables with extruded insulation [1], generally made of cross-linked polyeth-58 

ylene (XLPE). The 'factory' joints apply mainly to submarine cables, and are processed at the time of 59 

extrusion, for example for jointing two cables of several tens of km each, for the purpose of production 60 

lines maintenance. They are compact and reform the cable almost identically. The materials and pro-61 

cesses used are the same as those of the cable insulation. Prefabricated - or pre-moulded joints, on the 62 

other hand, are made using a material different from that of the cable insulation. They are generally 63 

made of elastomers as silicone rubber (SiR) or ethylene-propylene-diene monomer terpolymer 64 

(EPDM). They are manufactured during the laying of cables, in particular at the junction of cable sec-65 

tions of limited length for buried cables for logistical reasons. Rebuilding the insulation and all cable 66 

components takes more space than for factory junctions. On part of the joint, the extruded insulation 67 

and material joint coexist.  68 

It is recognized that the dielectric/dielectric interface represents a threat for the accessory reliability 69 

and the tangential field can be a driving mode for failure [1, 8, 9, 10]. Whereas the behaviour of the 70 

radial field distribution in a bilayer dielectric can be reasonably anticipated based on the conductivity 71 

behaviour, the tangential component is more difficult to tackle, especially the respective role of geom-72 

etry and thermal stress.  73 

In this work, based on a conductivity law established from experiments on typical materials that are 74 

XLPE, SiR, and EPDM, the field distribution in a 200 kV cable joint is computed. Polarity reversal of 75 

the DC stress after long charging time is considered, as well as different thermal conditions: isothermal 76 

at 30 °C and non-stationary thermal gradient when energizing the cable. The tangential and radial 77 

electric fields are computed in these transient electrical and thermal conditions. To evaluate how far 78 

the nature of material imparts the field distribution, the case of a joint fully made of XLPE, as could 79 

be the case for factory joints [1], is considered. We also modelled the association of silicone rubber 80 

(SiR) with XLPE. 81 

2. Joint Characteristics and Model 82 

2.1. Geometry 83 

The object of the present study is a 200 kV, 1 kA HVDC joint with general design and geometry as 84 

given in Figure 1 [11]. The cable insulation is made of XLPE. The pre-moulded sleeve is initially made 85 

of EPDM. The nature of this material and corresponding properties will be changed in the modelling 86 

to investigate the impact on the field distribution.  87 
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 88 

Figure 1. Scheme of the modelled joint with main approximate dimensions: length 800 mm, conductor radius 89 

22.8 mm, insulation thickness 20 mm in the cable and 70 mm in the joint.  90 

Field distribution cones are present at both ends of the joint and a central deflector covers the welding. 91 

The cones and the deflector are made of semiconductor material (semicon), i.e. a carbon black charged 92 

polymer. The semiconducting layer is also present on the conductor. In the model described here, the 93 

outer layer, which normally contains shielding layers, is simplified by using a 5 mm thick semicon 94 

layer ensuring electrical continuity and providing thermal resistance at the surface of the joint. The 95 

field distribution in the insulation layers comprised between the outer cone and the central deflector 96 

is investigated. 97 

 98 

2.2. Materials properties 99 

The data on conductivity versus field and temperature of XLPE and EPDM materials are detailed 100 

elsewhere [12, 13]. The following equation has been parameterized using experimental data on current 101 

obtained as a function of electric field on plane samples. 102 

𝜎(𝑇, 𝐸) = 𝐴. 𝑒𝑥𝑝 (
−𝐸𝑎

𝑘𝐵𝑇
) . 𝑠𝑖𝑛ℎ(𝛽(𝑇). 𝐸) . 𝐸𝛼  (1) 

where the pre-exponential factor A, activation energy Ea, field coefficients β(T)=aT+b and α are given 103 

in Table 1 [13] and kB is the Boltzmann's constant. The parameters are listed for conductivity given in 104 

S/m, the field in V/m, the temperature in K.  105 

Table 1. Parameters of the conductivity equation used for XLPE and EPDM materials.  106 

 XLPE EPDM 

A (S.I.) 0.8 97 

Ea(eV) 1.0 0.44 

a (m/V/K) 
0 (T <313 K);  

-1.3×10-9 (T≥313 K) 

4.8×10-10  

b (m/V) 
1.38×10-7 (T <313 K); 

5.45×10-7 (T≥313 K) 

-5.1×10-8 

 0.15 -1.42 

 107 

For the silicone rubber, the expression of conductivity given by Baferani et al [14] was adopted:  108 

𝜎(𝑇, 𝐸) = 𝐴. 𝑒𝑥𝑝(𝛾𝑇). 𝑒𝑥𝑝(𝛽𝐸) (2) 

with A = 2.9 × 10-17 S/m, the temperature coefficient is γ = 0.019 K-1 and β= 4.1 × 10-16 mm/kV.  109 
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Figure 2 shows a comparison of conductivity as a function of the electric field for the different mate-110 

rials at different temperatures. The behaviour for XLPE is in line with previous report [15]. For EPDM, 111 

a decrease of the conductivity with field appears, which may appear not common. This behaviour was 112 

discussed in a previous work [12] and it was suggested that some form of ionic processes might be at 113 

play in the sub-linear behaviour, as may happen in insulating liquids. Not many reports on DC con-114 

ductivity measurements using reasonable charging time are available in the literature for EPDM. In a 115 

recent work, Z.Y. Li et al [16] reported on quasi field-independent conductivity of EPDM for fields up 116 

to 10 to 20kV/mm that contrasted with the strong field dependence of conductivity of XLPE. Besides, 117 

EPDM is a complex material and its behaviour may change with compounding: D. Li et al [17] found 118 

power law relation between conductivity and field with an exponent nin the range from 0.2 to 0.9 119 

depending on EPDM grade (with using only 1min charging time!). . The conductivity of SiR exhibits 120 

very weak field dependence and relatively mild temperature dependence. Another expression pro-121 

posed by Qin et al [18] follows the same trend. 122 

Comparing XLPE and EPDM, the conductivity is sometimes higher in one material or the other, de-123 

pending on the field and temperature conditions, which will result in a transfer of the DC field in one 124 

or the other of the materials according to these same conditions  125 

The other physical quantities used in the model are reported in Table 2. The heat input by the Joule 126 

effect in the copper conductor takes into account a reference resistivity of 1.7 × 10-8 Ω.m for copper at 127 

20 °C and a temperature coefficient for the resistivity of 3.9 × 10-3 K-1. 128 

 129 

Table 2. Material parameters used in the model. 130 

 XLPE EPDM SiR Semicon 

Relative permittivity εr 2.30 2.90 3.50 2.30 

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 1.90 

Electrical cond. σ (S/m) cf. Eq. (1) cf. Eq. (2) 6.0×103 

 131 

Figure 2. Field dependence of the electrical conductivity of XLPE, EPDM and SiR at 30 and 60 °C.  132 

2.3. Thermal-electrical model  133 

The resolution of the field distribution was carried out using the Comsol® tool using the thermal and 134 

electrical modules. Owing to the cylindrical symmetry of cable joints, the considered geometries are 135 

built up as 2D axisymmetric models. The general equations to be solved are the following: 136 

-Maxwell equation reduced to the DC case [7]: 137 
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−∇
𝜕(𝜀∇𝑉)

𝜕𝑡
− ∇(𝜎∇𝑉) = 0 (3) 

which becomes in local form and in continuous medium, the continuity equation: 138 

𝜕𝜌

𝜕𝑡
+ ∇𝐽 = 0  (4) 

-Equation of thermal dynamics: 139 

ρ𝑚c𝑝

𝜕𝑇

𝜕𝑡
− ∇(𝜆∇𝑇) = 𝑄 (5) 

where ρm is the density, cp the specific heat, λ the thermal conductivity, Q the heat source. 140 

The electric stress is applied to the conductor, using a nominal voltage of ±200 kV. The electric field 141 

distribution is calculated under unsteady conditions with 24 h energizing, short-circuiting, and during 142 

polarity reversals. Switching from one polarity to another is done with an intermediate short-circuit 143 

of 3 min. A duration of 24 h was chosen to approach a stationary situation both from the thermal and 144 

electrical point of view. Indeed, in a previous work on the association of EPDM and XLPE, the dielec-145 

tric time constant was of the order of 24h at 20°C [19]. As the minimum temperature is 30°C in the 146 

present work, it was considered that 24h was enough for reaching the steady state. For the thermal 147 

response, the first simulations showed that 24h was actually enough for obtaining a steady state (see 148 

below).  149 

Thermal modelling is carried out by considering a heat input by the Joule effect in the conductor and 150 

external losses by convection phenomena in the air. The considered conductor cross section is 50 mm². 151 

The power dissipated in the conductor is of the order of 350 W/m under 1 kA at 30 °C. Heat exchange 152 

with the surrounding environment is assumed to occur by natural convection: 153 

𝑞𝑐 = ℎ(𝑇𝑠 − 𝑇𝑎𝑚𝑏) (6) 

where h represents the convective transfer coefficient, linked to the Nusselt number (h of the order of 154 

5 W/m²/K taking into account the geometry of the cable is rigorously determined in the resolution 155 

software). Ts and Tamb are the joint surface temperature and the ambient temperature, respectively. 156 

The heat flux exchanged by radiation (which remains low under our thermal conditions) is also taken 157 

into account by considering a surface emissivity coefficient of 0.8. 158 

3. Results 159 

Figure 3 shows the dimensions of the modelled object, of external radius 92 mm. For the representa-160 

tion of the radial distribution of the field in the form of profiles, an axial position at z = 800 mm was 161 

chosen, such to be halfway between the deflector cone and the internal semiconductor. The axial dis-162 

tribution of the field is taken at the interface between the XLPE insulation and the joint material as this 163 

region is critical and constitutes a weak point of the joint. 164 

The applied stresses are those previously mentioned (±200 kV). We have considered three thermal 165 

conditions: a homogeneous temperature at T = 30 °C, a stationary condition with a thermal gradient 166 

due to the injection of a current of 1 kA in the conductor, and an unsteady condition both from an 167 

electrical and thermal point of view, keeping the same current flowing in the conductor and consid-168 

ering a homogeneous initial temperature of 30 °C. The limit conditions are a constant potential applied 169 

to the conductor and welding, and reference potential to the outer surface of the joint. 170 
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 171 

Figure 3. Dimensions of the joint and positions of the simulated field profiles indicated by arrows: (1) Radially 172 

at a position z = 800 nm at mid-distance between the outer cone and central deflector; (2) axially: along the inter-173 

face between the two insulators.  174 

3.1. Thermal simulation 175 

The thermal modelling of the XLPE/EPDM joint was carried out assuming that the joint was initially 176 

at an isothermal temperature of 30°C. At t = 0 s, a current of 1 kA is imposed on the conductor, which 177 

has the effect of slowly heating the joint and producing a thermal gradient within the insulation. The 178 

final temperature gradient is of the order of 40 °C, with a temperature maximum situated between the 179 

end of the internal deflector and the end of the joint. It corresponds to the region where the insulation 180 

is the thickest, due to the low thermal conductivity. Figure 4a) shows the temperature distribution in 181 

the joint after 3 min and 8 h of heating, while Figure 4b) shows the change in temperature as a function 182 

of the heating time for a cut at z = 800 mm. The temperature profile resulting from a resolution in 183 

stationary condition is also represented. It can be seen that several hours are necessary to reach a 184 

steady state. Even after 16 h, the thermal equilibrium is not completely reached. The interface between 185 

the two insulators, XLPE and EPDM in this case, is not very marked because the thermal conductivities 186 

are close, see Table 2. 187 

 

 t=3' t=8h  

(a) Temperature maps 

 

(b) Temperature profiles 

Figure 4. a) Temperature distribution maps in the joint with XLPE/EPDM insulations at different times after 188 

applying the current of 1 kA in the conductor; b) Radial temperature distribution at different times and station-189 

ary solution, taken at z = 800 mm. Vertical lines indicate the boundaries of the insulators. 190 

3.2. Electric Field Distribution 191 

Examples of electric field distributions as a function of time under applied voltage and polarity rever-192 

sals, obtained for the joint with EPDM insulation on XLPE-insulated cable are shown in Figure 5. The 193 

voltage is considered applied when the current is applied to the conductor. One can notice that over 194 
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time, a field strengthening effect occurs, particularly under the field distributing cone. This is partly 195 

because the regions of reinforced geometric field are also those with the lowest temperature: the in-196 

crease in temperature in the centre of the joint causes an increase in electrical conductivity and shifts 197 

the field to colder areas. When the voltage is set to zero, a residual field of the order of 6 kV/mm is 198 

present. After polarity reversal, the field is clearly increased locally, with a maximum value of the 199 

order of 18 kV/mm. The accumulated charge during previous charging requires a relatively long time 200 

to be dissipated and redistributed. The objective is to follow the evolution of the position of the field 201 

reinforcement points over time. 202 

 203 

 +200 kV, 3' 8 h 24 h 0 V, 3' -200 kV, 3' 8 h 24 h 204 

Figure 5. Some examples of radial field maps in the joint after application of a current of 1 kA and voltage of 205 

+200 kV (t = 0) switched to -200 kV after 24 h.  206 

In order to dissociate the thermal effects from the nonlinear electrical conduction effects on the field 207 

distribution, we considered the field distributions obtained in a transient manner, under a voltage of 208 

200 kV applied for 24 hours, followed by a polarity reversal and again by a stressing under -200 kV 209 

for 24 h. This protocol was applied for 3 different thermal conditions: an isotherm at 30°C, a stationary 210 

thermal gradient condition (pre-set current of 1 kA), and finally the case illustrated above where the 211 

electrical and thermal stresses are applied simultaneously. Details of the field distribution evolution 212 

are presented considering the radial and tangential components. 213 

 214 

3.2.1. Distribution of the radial component of the electric field  215 

The results obtained for the radial distribution of the field at the position z = 800 mm are shown in 216 

Figure 6 for XLPE/EPDM joint. As will be shown in section 3.2.2, the axial component of the field is 217 

almost zero at this position. The field distribution under isothermal conditions (Figure 6a) is clearly 218 

distinguished from the other cases. At 100 s, i.e. short after voltage application, the field is capacitively 219 

distributed. Hence, EXLPE > EEPDM due to the lower dielectric permittivity in XLPE. As expected, this 220 

initial field profile is independent from the thermal conditions, since no temperature dependence of 221 

the dielectric permittivity was introduced in the model.  222 

For the isothermal case at 30 °C, the field gradually evolves in time with further field reinforcement 223 

in XLPE, without any pronounced change in the general shape. This evolution corresponds to two 224 

phenomena: on the one hand, it is the consequence of a resistivity at 30 °C of XLPE greater than that 225 

of EPDM, for fields < 10 kV/mm, cf. Figure 2. The other feature is that the field strengths remain mod-226 

erate (< 10 kV/mm) so that the nonlinear phenomena, tending to a homogenization of the field over 227 

time, are barely perceptible in the two materials. 228 
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(a) Isotherm 30°C 

 

(b) Steady thermal gradient 

 229 

(c) Non-stationary thermal gradient 230 

Figure 6. Radial field distribution in the XLPE/EPDM joint at different times after voltage application (+200 kV 231 

followed by polarity inversion) for different thermal conditions. Distribution taken at z = 800 mm, cf. Figure 3. 232 

Vertical lines indicate the boundaries of the insulators. The bold black curve corresponds to the reset to 0 V after 233 

24 h at +200 kV. In the legend, P stands for positive voltage; N for negative. The arrows provide a guide to the 234 

eyes for the variation of the field as a function of time. 235 

Under the conditions of a stationary thermal gradient, the electric field rapidly evolves towards a 236 

situation of equilibrium; one can consider that after 8 h this equilibrium is almost reached, cf. Figure 237 

6b. Here within each of the materials the field tends to increase with the radius at long stressing time: 238 

this is because the thermal gradient produces a conductivity gradient whose effects exceed the varia-239 

tion of the field due to the cylindrical geometry. The residual field, taken 100 s after resetting the po-240 

tential to zero, presents a profile different from that of the isothermal case. This residual field corre-241 

sponds to the distortion introduced under DC stressing as compared to the geometric field distribu-242 

tion. The lower value of the residual field near the XLPE/EPDM interface results from the fact that 243 

with a temperature at the dielectric / dielectric interface of 45 °C, and fields of the order of 3 kV/mm, 244 

the conductivities of the two materials are quite close. In addition, the comparison of the field jumps 245 

for voltage on and voltage off conditions reveals a decrease within 100 s after setting the potential to 246 

zero, due to the partial dissipation of the interface charge. With the reversal of polarity, the field near 247 

the conductor is strongly reinforced. 248 

The combination of unsteady electrical and thermal conditions, Figure 6c, mainly produces a slower 249 

kinetics towards the steady state compared to Figure 6b. Indeed, the temperature is initially lower, 250 
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and so is the dielectric time constant (τ = ε / σ with a combination of physical quantities and geometry 251 

for the two materials) while the temperature gradient is setting up. The field distribution after 24 h is 252 

identical to that in the case of the stabilized gradient. A fortiori, it is the same for the following profiles. 253 

The field profiles obtained for XLPE/XLPE and XLPE/SiR joints under non-stationary electrical and 254 

thermal conditions are presented in Figure 7. The field profiles for XLPE/XLPE joint are not very dif-255 

ferent from the ones obtained in the case of XLPE/EPDM joint (Figure 7a vs. Figure 6c), except for the 256 

field step at the interface that has disappeared, due to permittivity effects. In the steady state situation, 257 

there is full stress inversion along the radius, i.e. a larger field at the outer diameter compared to inner 258 

diameter, as expected for a cable under thermal gradient [15].  259 

 260 

 

(a) XLPE/XLPE 

 

(b) XLPE/SiR 

Figure 7. Radial field distribution at different times after voltage application for a) XLPE/XLPE joint and  261 

b) XLPE/SiR joint under non-stationary thermal gradient. Same conventions as in Figure 6.  262 

For the case of a SiR/XLPE joint (Figure 7b), the initial field step is quite large due to the high permit-263 

tivity of SiR. In addition, when comparing the field at the dielectric/dielectric interface after 24 h and 264 

during the short-circuit, it can be seen that the field step is decreased within 100 s after resetting the 265 

potential, due to the partial dissipation of the interface charge. When the polarity is reversed, the field 266 

at the core is strongly reinforced. Here, the conductivity is higher in the SiR and therefore the field is 267 

higher in the XLPE part. The field redistribution is particularly fast after polarity inversion because of 268 

the high temperature in XLPE and high conductivity in SiR. 269 

 270 

3.2.2. Tangential field distribution 271 

The field distribution in the radial direction of the insulator can be relatively well anticipated and 272 

understood with knowledge of the behaviour of the materials. However, special attention should also 273 

be paid to the tangential electric field along the interface between the joint body and the cable under 274 

different electrical and thermal stresses. In fact, manufacturing the joint is a delicate step in which any 275 

imperfection such as a lack of adhesion or the presence of air bubble can be detrimental, even more if 276 

the electrical stress is significant. It has been reported that the tangential field at the interface of the 277 

two insulators is distributed with a strong non-uniformity, the field being strengthened in the insula-278 

tor at the vicinity of the semiconductor connected to the ground [1, 8, 9, 10]. For these reasons, solu-279 

tions with field-grading materials (FGM) [20] with strong non-linear properties have been adopted by 280 

some cable manufacturers [7]. However, this is not the rule, as reliability problems have arisen with 281 

this technology. 282 
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Figure 8 represents the tangential field profiles in the joint material (i.e. EPDM), near the interface 283 

between XLPE and EPDM (see arrow n°2 in Figure 3), as a function of time under stress, for the dif-284 

ferent thermal conditions previously explored. The tangential field values are the same in XLPE near 285 

the interface since the continuity rule imposes a continuity in tangential electric fields. Under isother-286 

mal conditions (Figure 8a), it is clear that the tangential field is significantly greater on the right of the 287 

figure, corresponding to the deflector region. This can be explained by a geometry that does not in-288 

clude a field-grading cone, unlike the potential reference side of the joint. In fact, some designs use a 289 

deflector cone also for the central part of the joint set to HV [9]. The quasi-constant axial field on the 290 

ground side corresponds precisely to the region (z = 20-160 mm) where the cone produces a non-radial 291 

component to the field. Over time, the tangential field tends to decrease on the ground side and to 292 

strengthen significantly on the HV side. These trends reflect the non-linear nature of the conductivity 293 

as well as the conductivity gradient due to the presence of two insulators. It is difficult to anticipate / 294 

explain given the divergence in geometry. 295 

 

 

 

(a) Isotherm 30°C with drawing of a part of the 

joint 

 

 

(b) Steady thermal gradient  

 

(c) Non-stationary thermal gradient 

Figure 8. Tangential field distributions at the XLPE/EPDM interface at different times after voltage application. 296 

The drawing at the top of (a) represents a part of the joint. The axial field profiles are taken along the red line at 297 

the interface between XLPE and EPDM. Vertical lines define insulator boundaries. The curve in black corre-298 

sponds to the reset to 0 after 24 h at +200 kV. Ground on the left; HV on the right. Same conventions as in Figure 299 

6.  300 

Under thermal gradient condition (Figure 8b), the field increases with time on the cone side, by a factor 301 

3. As a result, in the first moments of the polarity reversal, the sign of the field is not reversed in this 302 

zone. On the HV side, the field variations are milder. The presence of a negative residual field at 303 
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grounding is noticeable. It is added to the applied field after stress polarity inversion, thereby produc-304 

ing an over-stress. In case of non-stationary thermal conditions, Figure 8c, only mild differences are 305 

observed compared to the case of steady gradient. Only a faster convergence to steady state appears 306 

without further field distortion. Globally, the maximum tangential fields remain lower than in the case 307 

of isothermal conditions. This is not necessarily an effect of the thermal gradient but of the fact that, 308 

taking into account the average applied stresses, the conductivity values of the two insulators become 309 

closer by heating the joint. They are identical at 60 °C for a field of 4 kV/mm, while at 30 °C the equiv-310 

alence is obtained under a field of 15 kV/mm (Figure 2) which is never reached here.  311 

Using a single material, XLPE (Figure 9a), under non-stationary thermal and electrical conditions, the 312 

evolution of the field distribution is similar to the XLPE/EPDM one in the same conditions (Figure 8c). 313 

It means that, for the cases considered here, the temperature conditions are more important than the 314 

material nature. With the SiR joint material (Figure 9b) having a much larger conductivity than XLPE, 315 

there is practically no field distortion on the ground side (the residual field at voltage removal is nearly 316 

zero) and the field is small compared to the other cases. On the HV side, there is also a mild variation 317 

of the field with time, and hence weak residual field at grounding. Here the field reaches the highest 318 

values at about 7.5 kV/mm in steady state. The profiles are in fact similar to the ones of Figure 8a: the 319 

common feature here is a higher conductivity in the joint material than in XLPE. 320 

 

(a) XLPE/XLPE 

 

(b) XLPE/SiR 

Figure 9. Tangential field distribution at a) XLPE/XLPE and b) XLPE/SiR interface at different times after voltage 321 

and current application (non-stationary electrical and thermal conditions). Vertical lines define insulator bound-322 

aries. Same conventions as in Figure 6. 323 

 324 

4. Discussion 325 

Besides differences in the field dependence of conductivity between materials, the temperature distri-326 

bution may affect the field distribution. Figure 10a represents the temperature distribution in the ra-327 

dial direction in quasi steady state for the three couples of materials considered. It shows that due to 328 

lower thermal conductivity in SiR, the temperature is significantly higher in the joint in this case. The 329 

temperature gradient is about 30°C with pure XLPE and it increases to 38°C in XLPE/SiR joint. At the 330 

dielectric/dielectric interface, the temperature is about 10°C higher in case of XLPE/SiR joint. This is a 331 

direct consequence of a lower thermal conductivity. This higher temperature in the insulation explains 332 

why the radial field redistributes faster in XLPE in Figure 7b than in Figure 6c for example once the 333 

thermal equilibrium is reached (negative polarity) since conductivity in XLPE increases by roughly a 334 

factor 3 in 10°C temperature variation considering the activation energy of 1 eV. 335 
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This substantially higher temperature with a SiR joint material compared to EPDM is reflected in Fig-336 

ures 10b and 10c where the temperature variation along the interface is represented. Thermal gradi-337 

ents along the axial direction are milder than under radial direction: the rise is by less than 10°C over 338 

a distance of ≈100 mm from the colder part, under the cone, to the central region. On the cone side, the 339 

temperature gradient is clearly larger with SiR than with EPDM joint material. On the deflector side, 340 

there is nearly no temperature variation along the z-axis.  341 

 

(a) Radial temperature distribution 

 
(b) XLPE/EPDM interface 

 
(c) XLPE/SiR interface 

Figure 10. a) Temperature profiles along the radial direction in quasi-steady state (24 h) for the considered three 342 

couples of materials and profiles during thermal transient for XLPE/SiR at 2 h and 8 h.  343 

(b, c): Temperature distributions along the interface, for XLPE/EPDM and XLPE/SiR joints at different times. In 344 

all cases, 1 kA is injected to the conductor and the initial temperature is 30 °C.  345 

 346 

Above considerations show that the thermal properties of the joint material may significantly affect 347 

the temperature distribution in this joint design, and therefore, contribute to the actual field distribu-348 

tion. Managing large temperature changes will go with more difficulty in optimising designs and se-349 

lecting materials. Questions to discuss are on the expected joint material properties to get an optimum 350 

field distribution. At least three features are to be considered as criteria on the field for optimizing 351 

both design and materials: 352 
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-get a minimum capacitive field strength: this aspect concerns the field distribution short after DC 353 

voltage application, and, as importantly, field distributions in transient situations such as with 354 

over-voltages. In this case, the permittivity, and the geometric design, drive the field; 355 

-get a minimum steady state DC field, notably the tangential part of the electric field; 356 

-get a minimum field redistribution at polarity reversal, meaning that the residual field at ground-357 

ing should be minimum, which implies that the capacitive and resistive field distributions are close. 358 

The chosen design permits to appreciate, besides temperature effects and material effects, the depend-359 

ence of field strengthening on geometrical features, with the cases of acute and obtuse angles respec-360 

tively for the cone side and the deflector side, at the contact between the semicon and the joint mate-361 

rials. 362 

On the cone side, the tangential field at short time is lowest for the case of SiR joint material, Figure 363 

9b. The effect is purely associated to the value of permittivity, which is higher in the SiR. The highest 364 

field values (5 kV/mm) are obtained with EPDM under thermal gradient, cf. Figures 8b and 8c, 365 

whereas for the isothermal case at 30 °C, Figure 8a, the field remains low. All these results tend to 366 

show that the tangential electrical field is lower when the conditions are such that the field is moved 367 

to the cable (XLPE) insulation, either because of higher permittivity or high conductivity in the joint 368 

material: moved to a region of lower divergence, the field stays more concentrated in the radial direc-369 

tion. In order to confirm this, we have plotted in Figure 11 the tangential field for an isotherm at 70 °C 370 

with EPDM joint material. At this temperature, the electrical conductivity is lower in the EPDM than 371 

in XLPE. Here the tangential field under the cone is clearly enhanced compared to the case at 30 °C. 372 

With SiR joint material, large contrast in conductivities appears whatever the temperature and electric 373 

field values. The same happens also for EPDM at 30 °C, which explains the low intensity of the tan-374 

gential field. For EPDM joint under thermal gradient, high fields are obtained at the tip of the cone 375 

(Figures 8b and 8c). This feature is presumably due to the thermal gradient that tends to move the 376 

field in this colder region.  377 

 378 

Figure 11. Tangential field distribution at XLPE/EPDM interface under isotherm condition at 70 °C. 379 

 380 

The circulation of the field being conservative, it can be stated that:  381 

∫ E𝑧

𝑑

𝑐

𝑑𝑧 =  V𝑐 − V𝑑 (5) 

where c represents the deflecting cone and d the central deflector. Therefore, a field strengthening 382 

somewhere along the interface is compensated elsewhere along the interface, and the integral under 383 
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the tangential field component should be zero during the grounding step. Based on this rule, the tan-384 

gential field near the central deflector would be the largest in case of SiR joint material and for the 385 

EPDM at 30 °C, i.e. in cases where a minimization of the tangential field under the cone is obtained. A 386 

better control of the field at the central deflector would be reached with shaping it as is done for the 387 

cone [4, 9].  388 

According to Figure 2, XLPE is the most 'non-linear' material. XLPE joint material obviously gives 389 

perfect match of the conductivities and permittivities of the two insulations. Referring to Figure 9a, it 390 

can be considered that it corresponds to the case where the tangential field is the most homogeneously 391 

distributed. However, one main notice that the residual field near the central deflector is negative after 392 

positive voltage application. As a result, the field is strengthened after polarity reversal, which may 393 

represent a threat.  394 

Figure 12 shows results for the potential and for the radial and tangential field distributions using 395 

different representations obtained with XLPE and with SiR joint materials just after polarity inversion. 396 

The tangential field around the central deflector is slightly higher in case of XLPE joint material. In 397 

both cases, it is quite low under the cone. Considering the potential or radial field maps, it is clear that 398 

the stress is more homogeneously distributed in case of SiR joint material. This behaviour results from 399 

the residual field set-up at the end of the previously applied positive voltage. After 24 h under stress, 400 

Figure 13, the situation has clearly evolved: the axial field under the cone has substantially increased 401 

for the XLPE joint, the radial field is more homogeneous, and the potential variations become 402 

smoother in this case. 403 

 404 

 (a) (b) (c) (d) 405 

Figure 12. Potential distribution 3' after polarity reversal to -200 kV for (a) XLPE/XLPE and (b) XLPE/SiR joints. 406 

Corresponding radial (surface) and tangential (contour lines) field distributions  407 

for (c) XLPE/XLPE and (d) XLPE/SiR joints.  408 

 409 

Ez (V/m)    Er (V/m)
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 410 

 (a) (b) (c) (d) 411 

Figure 13. Potential distribution after 24h under -200 kV for (a) XLPE/XLPE and (b) XLPE/SiR joints.  412 

Corresponding radial (surface) and tangential (contour lines) field distributions  413 

for (c) XLPE/XLPE and (d) XLPE/SiR joints.  414 

 415 

To obtain an equilibrated tangential field distribution along the interface, targeting continuity in the 416 

conductivities of the two insulations seems to be a good option. However, the field is not homogene-417 

ous in the joint, neither is the temperature and experimental data reveal that only in particular com-418 

binations (field-temperature), equal values of conductivity are obtained. It is in fact difficult to have 419 

similar conductivities from materials so different as silicones or EPDM and XLPE. The use of an elas-420 

tomer remains essential to apply a homogeneous pressure and to match the shape of the insulated 421 

cable. This avoids surface tracking, surface discharges and the resulting failures. The design and mod-422 

elling of joints on the standpoint of mechanical aspects was addressed recently by Lu et al [21]. How-423 

ever, the switch from XLPE to an elastomer leads to different dielectric behaviours, whether it be the 424 

conduction processes or the field and temperature dependencies, which result therefrom. Further, it 425 

is complicated to produce materials having a predefined electrical conductivity.  426 

Besides continuity in electrical conductivity, the shape of deflecting pieces, the compatibility with the 427 

capacitive field distribution and the possibility of having resistive field grading are worth considering. 428 

The resistive field grading, since it is with slow reaction, does not solve the problem of transient 429 

stresses obtained during operation such as polarity reversal or during lightning impulse [14]. A target 430 

for materials resistivity could be to reach the same field redistribution as obtained in the ac case with 431 

the capacitive distribution. An immediate consequence is that the residual field at grounding would 432 

be minimum. As regards the field grading due to field dependence of conductivity, it is not easy to 433 

control here as the average fields are relatively low, of the order of 5 kV/mm, and in general for insu-434 

lating materials, the threshold for non-linearity is not much lower. Resistive field grading materials 435 

have comparatively lower threshold fields, typically 1 kV/mm. An advantage of FGM layer is to de-436 

couple the stresses in the insulation material of the cable and the joint body effectively. The design 437 

remains a tactful exercise, with trade-off to be done between losses, fields, and operating temperature 438 

[22]. Finally, an important point is the thermal characteristics of the materials. In the examples shown 439 

XLPE/XLPE     XLPE/SiR
Ez (V/m)    Er (V/m)

XLPE/XLPE     XLPE/SiR



Energies 2021, 14, 5401 (17pp) 16 of 17 
 

 

here, the insulation under the cone tends to be colder than the body of the joint, meaning that a coun-440 

ter-effect of field grading is obtained, i.e. field enhancement in the cold parts. Therefore, improvement 441 

could be brought by implementing joint material with higher thermal conductivity. 442 

Compared to other studies on field distributions in joints, the work presented here considers the tran-443 

sient conditions of field establishment whereas very often only a direct resolution in stationary state 444 

is proposed. Multiple stress conditions can be tested. This is quite easily achievable, but it is important 445 

to stress that the collection of experimental data on conductivity, representative of materials in their 446 

operating environment, is a major preliminary step in all these modelling and design tasks. 447 

5. Conclusions 448 

The field distribution in HVDC cable joints has been investigated in non-stationary electrical and ther-449 

mal conditions, considering XLPE as cable insulation and different materials as insulation joint: 450 

EPDM, XLPE and SiR. The joint materials differed by their field and temperature dependencies of 451 

electrical conductivity and by their thermal conductivity. The radial distribution of the field follows 452 

predictable trends with temperature, either in isothermal or thermal gradient conditions, depending 453 

on materials electrical conductivity. The temperature gradient, and the nonlinear conduction, play a 454 

role of field grading. However, this effect is annihilated after polarity reversals: a transient overstress 455 

appears just after voltage polarity inversion in all cases involving a thermal gradient. 456 

The tangential distributions of the field along the interface between the insulator of the joint and that 457 

of the cable have temporal and temperature behaviours that are not deduced in a simple way from 458 

the stress conditions. Under the deflecting cone, the smallest field values and mildest field redistribu-459 

tion are obtained with the joint insulation having the highest electrical conductivity (SiR). This feature 460 

has been explained by a shift of the field towards the cable insulation in which the geometrical features 461 

of the system produce less axial component. At the level of the high voltage semicon (central deflec-462 

tor), it is clear that the tangential field is higher when the mismatch between the conductivity of the 463 

two insulations is larger. In addition, the field grows as a function of time under stress. This is verified 464 

whether the system is in isothermal or thermal gradient conditions. Thermal gradient effects are still 465 

to be analysed. 466 

The thermal conductivity of the joint material has a substantial impact on the temperature in the core 467 

of the joint and at the interface. This temperature gradient is obvious along the radial direction and is 468 

effective along the axial direction too. The joint being cooler under the deflecting cone, field strength-469 

ening appears in this region. 470 
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