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Transient space charge phenomena in HVDC model cables

Keywords: Space charge, HVDC cable, electric field distribution, current transients

In the development of polymer-insulated HVDC cable systems, space charge and conduction current are among the most important features to analyze. Space charge accumulation in the insulation drives the field distribution and directly impact on the performance of the cable. To have further information on the evolution of space charge, conduction current measurements under various electrical and thermal conditions are of great importance. Reversely, knowledge on space charge features brings understanding in conductivity behavior. The aim of this paper is to investigate the accumulation of space charge and charging current transients under various conditions of temperature and applied voltage in 1.5 mm-thick cross-linked polyethylene (XLPE) insulation of mini-cables by means of simulation and measurements.

INTRODUCTION

The number of HVDC link projects is experiencing an unprecedented growth due to the superiority of DC over the traditional HVAC energy transport [START_REF] Mazzanti | Extruded Cables for High-Voltage Direct-Current Transmission[END_REF]. Further, the development of insulating materials for HVDC cable manufacturing, especially polymers provides advantages in terms of cost, operating temperature, the risk of pollution or maintenance in comparison to impregnated paper-based insulation [START_REF] Hanley | A General Review of polymeric insulation for use in HVDC Cables[END_REF]. However, the use of synthetic insulation under electrical stress is generally confronted to space charge accumulation issues which may lead to the reduction of the cable performance and/or lifetime.

Among the various possible mechanisms of charges accumulation, the effect of conductivity gradient in the insulation, resulting from the distribution of temperature and/or electric field, has been the subject of many studies [3, 4, and 5]. It has been pointed out in the literature that the conductivity of polymeric insulator may vary strongly with temperature and magnitude of electric field. It has been also widely shown that space charge amount depends directly on conductivity gradient and thermal activation energy of conductivity. Therefore, conduction current measurements under various electrical and thermal conditions are of great importance to have more information on the evolution of space charge.

The objective of this paper is to report on transient space charge phenomena amongst which front of charges and charging current transients obtained under various conditions of temperature and applied voltage in the insulation of mini-cables. Several hypotheses are raised for explaining the front of charges and possible correlation to current transient in cylindrical geometry. The study requires assessing the evolution of conductivity vs. thermal and electrical stresses in the mini-cable. A two-dimensional function of the cable conductivity can be obtained from the fit of conduction current data acquired under various conditions of temperature (T) and voltage (V) using an analytical function of conductivity following the procedure explained in [START_REF] Vu | Correlating Conductivity and Space Charge Measurements in Multi-dielectrics under Various Electrical and Thermal Stresses[END_REF]. The obtained semi-empirical function of conductivity has been subsequently used in simulation to evaluate charging current transients in mini-cable.

EXPERIMENTAL Samples

Samples used for conductivity and space charge measurements are mini-cables provided by Nexans. The test samples are sections of cables of approximately 3 m in length. The cable characteristic dimensions are reported in Fig. 1 where:

• The radius of the inner conductor is of 0.7 mm;

• The thicknesses of the internal and external semiconductor (SC) are respectively 0.7 mm and 0.15 mm;

• The inner and outer radius of insulation, ri and re are respectively 1.4 mm and 2.9 mm; The insulator thickness is 1.5 mm. 

Space charge measurements on mini-cable samples

Space charge measurements have been carried out using the pulse-electro-acoustic (PEA) method through the configuration of Fig. 2. The PEA cable device was provided by TechImp S.p.A., Italy. The cable was fixed to the PEA cell using a mechanical holder insuring a good acoustic contact between the outer SC and aluminum electrode of the measuring device.

A pulse generator, providing 30ns duration voltage of up to 5 kV amplitude and 10 kHz repetition rate, was used for the PEA set-up. At maximum amplitude, the pulse frequency must be reduced to 5 kHz to avoid overheating of the output terminal resistor used for impedance matching. The pulses were injected to the measurement area via the outer SC of cable. The outer SC was removed over a length of 5 cm (cf. Fig. 2) between the measuring location and the region where pulses are applied creating a decoupling capacitor between pulse and HVDC supply. For electrical stress, a negative DC voltage was applied to the cable conductor using a Rogovsky electrode. Such an electrode was used for the purpose of reducing the electric field and perturbation-induced discharges occurring at the connecting areas between the cable and the high voltage source. Two voltage levels were investigated in this work: -30 kV and -55 kV, providing Laplacian fields EI of ~ -30 kV/mm and -55 kV/mm at the interface with the inner SC, respectively; and -14 kV/mm and -26 kV/mm at the outer SC.

Space charge measurements on mini-cables were performed under two different temperature conditions: at room temperature (~22 0 C) and under a temperature gradient through the cable radius. To achieve a temperature gradient across the cable insulation, a current was injected into the cable core by means of a current transformer, as shown in Fig. 2, while the external surface of the semiconductor was kept in ambient. For the latter condition, the targeted temperature at the inner semiconducting screen was 70°C. Thermal modelling of the cable was achieved to set the current to be injected targeting a temperature of 70°C at the inner SC. The result was a current of 32 A, providing a surface temperature of the cable of 60°C.

The surface of the cable is expected to reach a steady state temperature after a period of about 1h of heating and stabilizes around a value of 60°C.

The amplitude of pulses in the PEA measurement was set to 400 V and repetition frequency to 5 kHz. PEA measurements consisted in a cycle of 4h/4h of polarization/depolarization. One new cable sample was used for every stress level. Space charge profiles were recorded every 200 seconds throughout the measurement protocol. The calibration procedure used for space charge recovery is presented in [START_REF] Vissouvanadin | Deconvolution techniques for space charge recovery using pulsed electroacoustic method in coaxial geometry[END_REF].

Conductivity measurements on mini cable samples

The setup used for current measurements in mini-cable samples is shown in Fig. 3. The outer SC is removed in some section of the cable for preventing surface conduction. Guard electrodes of 1cm length were created at both ends of the active area of measurement. The measuring electrode of 20 cm length, 1 cm apart from the guard electrodes, was connected to a Keithley 617 electrometer through a protecting circuit. A 35kV DC high voltage generator from FuG Elektronik GmbH was directly connected to the cable core. The electrometer and DC supply are interfaced via a GPIB bus for data acquisition.

The cable sample is placed in an oven in air at atmospheric pressure for varying the temperature accurately.

Measurements were performed under different temperatures varying from 30°C to +90°C by step of 10°C. For each of the temperature levels, charging/discharging current measurements were realized for 10 values of applied field ranging between 2 and 25 kV/mm under isothermal conditions. Polarization/depolarization steps last for 1h/1h. A new sample has been used for each value of temperature to avoid possible memory effects. Current values were recorded every 2 seconds all along the measurements. 

RESULTS

Space charge measurement results: evidence of front of negative charges

Fig. 4 shows the color-scaled spatio-temporal cartography of space charge density for applied voltages of -30 kV and -55 kV at room temperature. In this representation, time is along axis X while the cable insulation radius is on Y axis (anode is to the top, cathode to the bottom). Blue and red colors correspond to negative and positive charges respectively. During volt-on, a negative charge region builds-up over more than half of the insulation with a density sensibly increasing with stressing time. The negative charge density in the bulk of insulation is substantially higher under -55kV compared to that obtained under -30 kV.

A front of negative charges generated from the cathode markedly appears at the beginning of the polarization step for both applied voltages. The front of charges crosses the cable insulation from the inner SC to the outer SC. The occurrence of the negative charges front phenomenon is even more pronounced under -55 kV (the density of transported charges being higher) than that under -30 kV. The transit time of the front from the inner electrode to the outer electrode is estimated to about 38 min and 1 hour at -30 kV and -55 kV, respectively. We also observe a concomitant build-up of negative charges in the bulk of the insulator during the front of charges progression towards the anode. Under a temperature gradient of 10°C (Fig. 5), a negative space charge region settles rapidly from the inner SC and extends up to the outer SC forming heterocharges (after 100s under -55 kV). At the end of the 4 h polarization step, the maximum density of negative charges is in the order of 0.5 and 1 C/m 3 for -30 kV and -55 kV, respectively.

The cartography also reveals a front of negative charges with a transit time to reach the anode estimated to 18 min under -55 kV, slower than under -30 kV (12 min).

The amount of accumulated charges substantially increases with the electrical stress. Thus, when the applied voltage changes from -30 to -55 kV, the charge density increases in the insulator and the redistribution of electric field is significant both in presence and absence of temperature gradient.

A higher temperature (65°C in average through the cable insulation) associated to a temperature gradient of 10°C leads to a significant accumulation of negative charges in the bulk of insulation. Furthermore, the sign and the shape of accumulated charge profiles obtained in the presence of thermal gradient suggest an effect due to conductivity associated to the temperature gradient over the cable radius. Indeed a negative space charge spread over the all insulation is expected under negative voltage in such a thermal condition [START_REF] Fabiani | HVDC Cable Design and Space Charge Accumulation. Part 3: Effect of Temperature Gradient[END_REF]. For measurements at room temperature, a substantial field dependence of the conductivity is necessary to explain the formation of a negative space charge in cylindrical geometry [START_REF] Mcallister | Charge Accumulation in DC Cables: A Macroscopic Approach[END_REF]. We present some conductivity measurements on these cables in the next section, though these are limited to applied voltage of 30 kV and cannot be easily extrapolated to higher field. Most of space charge cartographies exhibit the phenomenon of front of negative charges originating from the cathode and reaching the anode after a certain time. It is worth to note that the velocity of the front of negative charges depends on the condition of temperature and applied voltage. The transit time of the front and the corresponding apparent mobility at various electrical and thermal stresses are summarized in Table 1.

Mobilities were estimated from the following equation, considering the mean field, Eavg, in the cable insulation:

𝜇 ≅ 𝑟 𝑒 -𝑟 𝑖 𝐸 𝑎𝑣𝑔 . 𝑡 𝑡 (1) 
where re and ri are the outer and inner radius of the insulation and tt is the transit time, Eavg is the average of the Laplacian fields at the inner and outer radius of cable insulation. 

Table 1: transit time of negative charges front and its apparent mobility at various electrical and thermal stresses

Surprisingly, it is found that the transit time of the negative charges front increases, and therefore the mobility decreases, with the applied voltage. To get a better understanding of the dependency of the charge fronts kinetic with temperature and voltage stresses, conduction current measurements have been carried out on mini-cable samples subjected to various electrical and thermal conditions.

Conduction current measurement results: evidence of current peak during transient

Results of charging current transients of mini-cable sample at 40°C under different fields are represented in Fig. 6.

Fig.6: Charging current transient of mini-cable at 40 0 C for different applied voltages

For almost all temperature values, the charging current increases at short time and reaches a maximum value, then it decreases with time for approaching steady state value. Moreover, the involved mechanism is clearly thermally activated since the time to peak decreases with increasing temperature with following approximately an

Arrhenius law (see next sections).

There are, at least three possible mechanisms to be considered to explain such an increase of the transient current during short time:

1) Charges injection and transport through the insulationin that case, the time to peak would be directly related to the transit time of carriers through the insulation;

2) A process linked only to the front of negative charges previously observed on space charge patterns. The time to current peak could be related to the transit of charge front.

3) An association of field dependent conductivity and divergent field (due to cylindrical geometry) where the current transient could correspond to the balancing of the field distribution. In this case then one needs to compute voltage and temperature variation of conductivity.

In the following, the latter hypothesis is investigated first. Computing current transients, using e.g. a numerical solver, requires an analytical expression of conductivity as a function of field and temperature. Current data obtained on cable sections can be used for this purpose; however, with this geometry, present results cannot be used directly to obtain the field dependence of conductivity. Indeed, the steady state field distribution varies along the cable radius and is a priori unknown because it depends itself upon conductivity. A functional form has to be hypothesized for the field dependence of conductivity.

Current-voltage model for current transient calculation in cable geometry

An expression of conductivity generally adopted for polymeric materials is as follows:

σ(E, T) = A. exp ( -E a k B T ) . sinh(C(T). E(r)) E(r) ( 2 
)
where A is a constant. Ea is the activation energy of conductivity and C is a temperature-dependent coefficient.

Noting:

B = A. exp ( -E a k B T ) (3) 
From the conductivity expression (2), the current flowing in the external circuit during steady state is given by:

I(T) = B. sinh(C(T)E(r)). 2. π. r. ℓ (4) 
Where r is the radius, r i ≤ r ≤ r e and ℓ is the measuring section length of the cable (ℓ = 20cm).

From there, the field at the radius r can be deduced from the expression of the conduction current:

E(r) = 1 C . sinh -1 ( I B. 2. π. r. ℓ ) (5) 
Integrating the above expression of the electric field from the internal to the external radius gives the following relationship between the applied voltage (Vapp) and the total current (I): 

-V app = K(I) C ( sinh -1 (K I ) K I - sinh -1 (K E ) K E + 1 2 log {[K E 2 + 1] 0.5 -1} {[K I 2 + 1] 0.5 + 1} {[K E 2 + 1] 0.5 + 1} {[K I 2 + 1] 0.5 -1} ) (6) 
where

K(I) = I B.2.π.ℓ K I (I) = I B.2.π.ℓ.r i K E (I) = I B.2.π.ℓ.r e
The above expression was used to fit experimental quasistationary charging currents versus voltage for estimating the B and C coefficients at various temperatures. The coefficients obtained for conductivity Eq. 2 of XLPE minicable are shown in Table 2.

A (SI) 0.15 Ea (eV) 0.43 C (m/V) 2.4.10 -9 T -6.8.10 -7 for 313 T  363 K Table 2: Coefficients obtained from the fit of conduction current data (T from 40°C to 90°C, V from 4 to 30 kV) using Eq.6 on mini-cable.

Experimental data fits of XLPE mini-cables for different voltages and temperatures have been achieved and model-measurement comparison is presented in Fig. 7. It can be argued that there is a fairly good fit of data particularly for temperatures above 60°C, possibly because at these temperatures steady state is likely to be reached more quickly so that the difference between 1h charging currents and steady current values is negligible, which is no longer the case at lower temperatures. 

DISCUSSION

The above model can be used to check possible links between transient processes obtained in space charge and conduction measurements. The semi-empirical model of conductivity was implemented into Comsol® software to compute the current transients in the mini-cables subjected to stresses applied in the experimental measurements. Fig. 8 shows the modeled current as a function of time at 40°C under various voltage stresses from 4 to 30 kV on minicable. There is no appreciable variation in time of the current, meaning no prominent transient. The time constant (/) is relatively large, of the order of 4h at 40°C and 10kV/mm, and comparable to the measurement and modelling time scale. The small amplitude of the transient is a consequence of the mild field dependency of conductivity of the material (a relatively low C coefficient is obtained). Therefore, it is clear that the only effect of electric field dependence of conductivity in hypothesis 3) is not able to explain the current peaks observed in charging current transient (see Fig. 6). In respect to hypothesis 1), we consider the time to peak of charging current. Fig. 9 represents the time in which current value reaches a maximum as a function of temperature for different applied voltages. This time depends strongly on the temperature and field. On the assumption that the measured time corresponds to a time transit of the carriers, and considering the average field applied to the insulation, in the same way as for estimation of propagation speed of charge front, a dependency as 1/V of the transit time tti is expected: To give an order of magnitude of mobility, tti obtained at 30°C under 6 kV is of the order of 1000 s so that the deduced mobility is of the order of μ ≈ 4.10 -13 m²/V/s. For an applied voltage of 30 kV (see Fig. 9), the time to current peak decreases with temperature according to the Arrhenius law with activation energy of about 1.6 eV. Following this trend, at room temperature (22°C) the current peak would occur after 2100 s (35 min) of polarization. This time is comparable to the estimated transit time (38 min) of negative charges front obtained from PEA measurements for the same condition. This result would indicate that the peak occurs when the front of charges reaches the counter-electrode so that the current peak and the front of negative charges would be the signatures of the same phenomenon.

𝑡 𝑡𝑖 ≅ 𝑟 𝑒 -𝑟 𝑖 𝜇. 𝐸 𝑚𝑜𝑦 ≅ (𝑟 𝑒 -𝑟 𝑖 ) 2 𝜇 . 1 𝑉 𝑎𝑝𝑝 (7) 
However, the transit time from current measurements clearly decreases with increasing voltage while in the case of space charge measurements it increases when the applied voltage changes from 30 to 55 kV. The latter is a rather unexpected behavior as it implicitly means that the charge mobility would be decreasing with increasing field. However, negative differential mobility has been reported as example by Chen et al. [START_REF] Chen | Observation of negative differential mobility and charge packet in polyethylene[END_REF] for positive carriers. It is also one of the processes explaining the propagation of charge packets maintaining their shape [START_REF] Baudoin | Charge packets modeling in polyethylene[END_REF]. Current measurements under voltages greater than 30 kV were not possible here mainly because for safety reasons for the equipment. The lack of current data at higher voltages could not confirm the increase of the front of charges transit time with the applied voltage. Further, the transit time from current peak is extrapolated at 60°C and 30 kV/mm (from Fig. 9) to few seconds while from PEA (see Fig. 5a) it is 12 min at 30 kV in the presence of a thermal gradient of 60/70°C. It is noteworthy that temperature behaviors appear markedly different for the two phenomena although temperature conditions were not exactly similar (isothermal for current/temperature gradient for space charge). Hence to be in the same conditions, it would be interesting in the future to perform space charge measurements on minicables under isothermal conditions.

Finally, it is worth stressing on the potential harmfulness of such space charge transient processes for cables endurance [START_REF] Fabiani | Measuring a possible HVDC insulation killer: fast charge pulses[END_REF]. Kinetic energy and field strengthening are among the harmful processes whereby early ageing and breakdown of insulations may occur. Many questions are still to investigate such as the impact of polarity on the process, along with the repetitive character when applying consecutive charging/discharging steps.

CONCLUSIONS

Space charge measurements carried out on HVDC minicables reveal systematic occurrence of negative charges front crossing the cable insulation from the inner to the outer electrode. A prominent feature of the charges front concern its transit time which increase and decrease respectively with applied voltage and temperature. Isothermal current measurements on mini-cables in the range between 30°C and 90°C under various voltages were carried out to identify the mechanism behind the charges front phenomenon. A transient process in charging current was observed, exhibiting features of a charge injection process.

We have clearly shown that the transient charging current process cannot be explained by field redistribution due to the non-linear conductivity coupled to the cylindrical geometry. The pending question is on the identical nature or not of the transient processes in space charge and in charging currents. It has been shown that, at a temperature of 30°C, the same mechanism is possibly behind the current peak and the front of negative charges phenomena. However additional work is necessary regarding for example the features of negative differential mobility observed in space charge space transient processes and its counterpart in current transients. Raising these scientific issues is of real importance for the reliability of HVDC cable systems, regard for example of type tests that impose severe transient stresses.
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 5 Fig. 5: Cartography of space charge density for applied voltages of -30 kV (a) and -55 kV (b) under a thermal gradient of 10 0 C
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Fig. 9 :
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