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1.Introduction

Across the European continent, the integration of increasing numbers of renewable energy sources within the electricity grids has become a strategic objective, requiring the modernization and expansion of the grids. In particular, recent studies have emphasized the major role of bulk power lines with lengths of several hundred kilometers. These pan-European transmission corridors with capacities of 5 to 20 GW were shown to be necessary, no matter which energy scenario is explored [START_REF]Europe's future secure and sustainable electricity infrastructure[END_REF], [START_REF]Ten-Year Network Development Plan 2016 (TYNDP), prepared by the European Network of Transmission System Operators for Electricity (ENTSOE)[END_REF].

At present, the main technological options for transmitting power in the range 1 -8 GW include overhead lines, underground cables with extruded insulation (XLPE, i.e. cross-linked polyethylene) [START_REF] Worzyk | Submarine Power Cables[END_REF], [START_REF] Mazzanti | Extruded Cables for High Voltage Direct Current Transmission: Advances in Research and Development[END_REF], and gas-insulated lines (GIL) [START_REF] Koch | Gas-Insulated Transmission Lines[END_REF]. In the last few years, strong public opposition has led to the necessity to limit the visual impact of long-distance transmission lines, which in turn has resulted in the prevalence of partial or full undergrounding of power lines. Generally, this requires broad right-of-way corridors and considerable civil engineering, since most often several parallel circuits are needed for the highest power levels. For instance, for a power rating of 3 GW, the four parallel circuits of 380 kV AC cables in Raesfeld (Germany) and Stevin (Belgium) are installed in a 12-20 m wide trench. This results in a strip of land with a width of about 50 m in the construction phase.

In this context, superconducting power cables represent a recent innovative development for highcapacity underground transmission. As a reminder, superconducting materials display no electrical resistance below three critical parameters: temperature (less than ~ 70 K), current density (several thousands of amperes per square millimeter) and magnetic field (several tesla), which are all specific to each material. Superconductivity was discovered more than 100 years ago and has found widespread application in some fields, e.g., in medical imaging devices and particle accelerators [START_REF] Grant | Fantastic five -Top five applications of superconductivity[END_REF]. Nevertheless, its great potential for energy transmission has remained largely unexploited for decades, due to the very low operating temperature (below 5 K) required by the commercially available NbTi alloy wires. The cooling medium employed in this case is liquid helium, which is expensive and necessitates a very high energy to be kept in the liquid state. This situation changed with the discovery of high-temperature superconductors (HTS) thirty years ago.

HTS are based on rare-earth copper-oxide compounds called cuprates, and operate in the environmentally friendly liquid nitrogen (LN 2 ), a low-cost and commonly implemented cooling medium. They have opened new and interesting perspectives for superconducting power applications, in particular for cable manufacturing. A number of projects involving superconducting cables have emerged, with links of various lengths and capacities already in operation or under construction worldwide [START_REF]Superconducting Power Equipment: Technology Watch[END_REF]. However, widespread use of such superconducting systems for power transmission has been hampered by the high costs of the HTS, i.e., the constituent materials and the complex manufacturing process.

In 2001, a promising alternative was ushered in with the discovery of superconductivity at temperatures below 39 K (~ -230°C) in magnesium diboride (MgB 2 ) [START_REF] Nagamatsu | Superconductivity at 39 K in magnesium diboride[END_REF]. Magnesium and boron are low-cost elements that are abundant in nature, especially when compared to the rare-earth components of HTS materials or their silver matrix. In addition, the much simpler manufacturing process further decreases costs for MgB 2 superconducting wires. The combination of these two factors makes the cost of MgB 2 less than 10 % of the cost of any other HTS material. As a consequence, MgB 2 is already available at commercial level in kilometric lengths. However, the necessary cooling medium and associated cooling system are more expensive than liquid nitrogen but are significantly cheaper than liquid helium. The interplay of the various cost components needs to be carefully considered, preferably in an economic viability analysis. For these reasons, the study of a high-power superconducting link Thus Demo 5 aims to showcase a full-scale 3 GW class HVDC superconducting cable system operating at 320 kV and 10 kA [START_REF] Ballarino | The BEST PATHS project on MgB 2 superconducting cables for very high power transmission[END_REF]. Besides validating the MgB 2 superconductor for high-power electricity transfer, the project will also provide guidance on new technical aspects, economic viability and environmental impact of this innovative technology. This article focuses on the design and development activities for the Best Paths superconducting cable, which were carried out in the first half of the project. After a general presentation of the cable system in Section II, the main outcomes of the cable conductor design are summarized in Section III. A substantial part of the paper is dedicated to the novel liquid-nitrogen-impregnated high-voltage insulation, in particular the first space-charge measurements on that insulation, which are reported and discussed in detail in Section IV. A first strategy for the testing of the demonstrator is proposed in the concluding section.

2.Specification and cable structure

To maintain the operating conditions required in a superconducting cable circuit, a system approach including cooling and electrical systems is needed. Active and passive elements are specifically designed according to the application and the site requirement.

In general, a superconducting cable system includes the following main elements:  the cable conductor,  the cryogenic envelope,  the cooling fluid(s), stably maintained at the adequate cryogenic temperature by the cooling system(s),  the voltage insulation, and  the terminations providing the grid connection needed for operation in the electricity grid.

As some heat inleak (i.e. heat ingress) is unavoidable, the cooling fluid temperature will increase and will therefore need to be lowered using cooling machines. The heat load from the cable system should be as small as possible for a cost-competitive design. Moreover, the dedicated cooling systems should be optimized for efficient use and benefit from reduced size and complexity. As an aside, the electric power required to operate these machines represents the only power consumption of the superconducting cable system. If this technology is applied to kilometric HVDC cable systems, the power dissipated at room temperature by a superconducting cable is estimated to be less than 3 W/(kA m) for a 10 kA monopole system, while a resistive cable dissipates 23 W/(kA m) [START_REF] Bruzek | Superconducting DC cables to improve the efficiency of electricity transmission and distribution networks: an overview[END_REF].

In the case of the MgB 2 superconductor, the operating temperature needs to be maintained in the range 15 -25 K (~ -250°C), which can be achieved by using either gaseous helium or liquid hydrogen.

A sophisticated cryogenic line is therefore required for the fluid circulation, and includes vacuum thermal insulation and a thermal shield using liquid nitrogen in the temperature range 70 -80 K. Thus several concentric corrugated tubes make up the cryogenic envelope proposed for the Best Paths project. Figure 1 schematically presents the basic cable configuration, apart from the electrical terminations. The MgB 2 conductor is housed in an inner helium-cooled cryogenic envelope whose outer wall is lapped with high-voltage insulation. This assembly is inserted into an outer flexible cryogenic envelope, which is cooled by liquid nitrogen acting as a thermal shield. In this way thermal losses are limited to an acceptable level. The envisioned outer diameter of the cable is around 150 mm. Apart from the so-called cold dielectric configuration using liquid nitrogen described here, a warm dielectric configuration was investigated in a recent publication [START_REF] Morandi | Feasibility of High Voltage DC superconducting cables with extruded warm dielectric[END_REF]. Although more complicated, the selection of the cold dielectric design for the project is based on careful consideration of the overall system efficiency. The heat flux interception by the low-cost LN 2 cryogen reduces by a factor of 2 the power required to maintain the MgB 2 superconductor at its operating temperature [START_REF] Bruzek | Superconducting DC cables to improve the efficiency of electricity transmission and distribution networks: an overview[END_REF]. As the heat inleak should be kept as small as possible, the strategy is to benefit from this LN 2 shield by also using it as high-voltage electrical insulation. The helical corrugations of the tubes constituting the cryogenic envelope contribute to the mechanical flexibility of the cable. Long tube lengths of several hundreds of meters can be routinely manufactured and transported to the installation site on drums. Since the cryogenic envelope allows for bending deformations, the cable can be pulled into ducts or pipes for installation.

As the cryogenic envelope completely eliminates thermal dissipation to the surrounding area, superconducting power links can be laid underground in a confined environment. By contrast, mutual heating between adjacent circuits of resistive cables leads to a decrease in their current rating. The absence of heat dissipation combined with a very compact design enables the superconducting cable system to fit into a smaller area than a conventional system with the same power rating. This is a significant advantage in areas with high ambient temperature, or when crossing busy urban districts.

Thus the transmission footprint of the 3 GW conventional system mentioned in the Introduction would be reduced to a width of only 0.8 m when using the Best Paths superconducting cable. This represents a reduction in the right of way by more than a factor of 10.

It is also worth noting that the overall weight of the superconducting cable system, including the cryogenic envelope and cooling fluid, can be as small as 3 % of the weight of a conventional system with the same power rating. Consequently, the reduction of raw materials, energy and associated greenhouse gas emissions during the manufacturing process is a valuable benefit.

Lastly, for integration into the grid, the cable system holds promise from both a technical and an economic point of view. In addition to the very high power transmission, it should have an acceptable loss level, and a proven record of reliable operation in the grid, particularly under transient conditions.

Note that some superconducting AC cables have already been installed in the grid for long-term testing.

A district of the German city of Essen has been energized for more than three years without any interruption or reported problems, using a kilometer-long superconducting cable [START_REF] Stemmle | AmpaCity project -Worldwide first superconducting cable and fault current limiter installation in a German city center[END_REF]. The same cautious approach should also be implemented as proof of long-term performance for the HVDC cable.

The most important specifications of the Best Paths cable are reported in Table 1. The upper part of the table summarizes the main nominal parameters of the cable, and the lower part shows the requirements imposed by transmission system operators for successful integration into the electricity grid. The fulfillment of these requirements was one of the key considerations for the cable conductor design.

3.Cable conductor status A) MgB 2 wires

The superconducting material is the essential component of the cable conductor. In principle, the superconductor needs to be available in lengths of several kilometers, and ideally be flexible in order to maintain its performance after cabling, winding and installation operations. Both these conditions are fully met by the MgB 2 superconductor.

The MgB 2 wires were designed, optimized and manufactured by Columbus Superconductors using the so-called Powder-in-Tube fabrication process [START_REF] Grasso | Large transport critical currents in unsintered MgB 2 superconducting tapes[END_REF], [START_REF] Braccini | Development of ex situ processed MgB 2 wires and their applications to magnets[END_REF]. To begin with, already reacted MgB 2 powders were used to fill a metal tube, generally made out of nickel. The nickel tube was then cold worked to obtain monofilamentary wires that were restacked in a new outer tube. This multifilamentary assembly was cold worked again down to the desired shape and dimension. A final heat treatment at about 900°C was carried out at the end of the process to recover and optimize the superconducting The wire development process is highly iterative, involving many fine adjustments of the wire layout, diameter, composition, and superconducting filling factor. For Best Paths, one of the key design goals was to fulfill the electrical grid requirements while ensuring good mechanical properties of the wires. To this end, four wire topologies were optimized, fully characterized, and produced in kilometric lengths. A significant effort was devoted to maintaining and verifying the wire homogeneity along its full length. This was achieved by careful qualification of the finishing stage of the production process, involving a number of tests such as eddy-current defect detection and laser acquisition of the wire dimensions at various intermediate stages. Moreover, the homogeneity of the superconducting performance was confirmed by measurements of the wire critical current, which were conducted at CERN [START_REF] Bruzek | Cable conductor design for the high-power MgB 2 DC superconducting cable project of BEST PATHS[END_REF]. Once the current-carrying capability of the wires was successfully demonstrated, they were ready to be integrated into the cable conductor.

B) Cable conductor

The cable conductor is assembled by helically winding the required number of MgB 2 wires around a flexible copper core, as seen in the cross section displayed in Fig. 3. The positioning of the MgB 2 wires in the external layer facilitates the electrical connection to the cable terminations. The copper core acts as a low-resistance electrical shunt protecting the superconducting wires. In case of electrical faults, these resistive wires transport the current in excess of the superconducting critical current. Since the cable core has a very low resistance, it can accept high fault currents. However, during such a fault, the resistive current causes an increase in temperature. As a consequence, the cable must be rapidly disconnected to prevent any damage to the superconductor. The typical timescale is around 100 ms, and the acceptable temperature rise during and after fault was shown to be 100 K. As soon as the fault is cleared, the cooling system returns the operating temperature to 20 K.

The main characteristics of the 10 kA Best Paths cable conductor are summarized in Table 2.

Finite-element modeling was used to design, enhance, and validate the cable structure under the transient grid conditions listed in Table 1 [START_REF] Bruzek | Cable conductor design for the high-power MgB 2 DC superconducting cable project of BEST PATHS[END_REF], [START_REF] Escamez | 3-D numerical modeling of AC losses in multifilamentary MgB 2 wires[END_REF]. For instance, numerical simulations were employed to calculate the optimal amount of copper required for efficient protection of the cable conductor.

Several kilometers of the cable conductor shown in Fig. 3 were manufactured by Nexans using an upgraded industrial cabling machine. Columbus Superconductors provided several tens of kilometers of MgB 2 wires for this cabling operation. The electrical characteristics of the cable conductor were then carefully tested in the first experimental trials. The qualification strategy is based on two main activities: measurements at 20 K on extracted wires, and measurements at 4.3 K on the cable conductor in a high magnetic field. These testing conditions are more stringent than those expected during operation in the grid. In the measurements at 20 K, no degradation in performance was found for the wires extracted from the cable.

In the measurements at 4.3 K, the experimental data were in very good agreement with those expected from specifically developed numerical models. This indicates good mechanical performance of the cable conductor, which in turn proves the absence of defects in the MgB 2 wires and the ability to assemble and handle them on industrial cabling machines.

4.Insulation concept and testing system

As previously mentioned, the MgB 2 cable system requires simultaneous operation at both high current and high voltage. As the inner cryogenic envelope enclosing the superconducting conductor is under high voltage, an insulating material is required to prevent the current from flowing towards ground. This material is inserted into the outer cryogenic envelope and thus operates at liquid nitrogen temperature. Common synthetic materials are not appropriate at such low temperatures (about 75 K ≈ -200°C), since cracks may easily appear due to mechanical constraints and differential shrinkage, resulting in an irreversible degradation of the insulation. Consequently polypropylene lapped paper (PPLP) is often used [START_REF] Kim | The Fundamental Characteristics of PPLP as Insulating Material for HTS DC Cable[END_REF]. The lapping provides mechanical flexibility for the structure without causing cracks, and the polypropylene offers a high breakdown voltage. Liquid nitrogen then impregnates the insulating structure to avoid any gaseous regions and subsequent partial discharges. In addition, the liquid nitrogen pressure can be increased, raising its boiling temperature and preventing bubble formation.

Another possible choice for the low temperature insulation is liquid nitrogen impregnated Kraft paper (instead of liquid nitrogen impregnated PPLP). The paper provides only a geometrical structure, and the liquid nitrogen provides the dielectric strength. Though the breakdown voltage is reduced, the cost is significantly lower, and self-healing can be considered. Indeed, if a small initial breakdown occurs in the impregnated Kraft paper, the resulting hole in the paper is rapidly filled with liquid nitrogen, and the breakdown voltage is unchanged. Breakdown does not become more severe, and eventually ceases. By contrast, when using PPLP, the hole resulting from the initial breakdown reduces drastically the overall breakdown voltage threshold, as the insulating material changes from polypropylene to liquid nitrogen. Consequently, if the voltage is not rapidly decreased breakdown becomes more severe, and an avalanche of major breakdowns will occur.

A) Space Charge Measurement System

Working at cryogenic temperatures requires good temperature control. Thus, in the context of this study, thermal space charge measurement methods are less suitable than elastic methods, either PEA or PWP [START_REF] Holé | Non-destructive methods for space charge distribution measurements: What are the differences?[END_REF]. One sheet of PPLP has already been tested under voltage in liquid nitrogen [START_REF] Kim | The Fundamental Characteristics of PPLP as Insulating Material for HTS DC Cable[END_REF] using the PEA (Pulsed-Electro-Acoustic) method [START_REF] Holé | Non-destructive methods for space charge distribution measurements: What are the differences?[END_REF], [START_REF] Maeno | Pulsed electro-acoustic method for the measurement of volume charge in e-beam irradiated PMMA[END_REF], and the conduction properties of multilayers of PPLP and Kraft paper have been compared [START_REF] Kwon | Comparison of the Electrical Conductivity of Polypropylene Laminated Paper (PPLP) and Kraft in LN 2 According to the Number of Layers[END_REF]. However, for the purpose of the Best Paths study, the multilayer structure must be tested both at liquid nitrogen temperature and at high pressure (at least 5 bar). A dedicated measurement setup [START_REF] Holé | Space charge measurements at very low temperatures[END_REF] has been designed to test coaxial samples, which are at least 2-mm thick, at 60 kV. The PWP (Pressure-Wave-Propagation) method [START_REF] Holé | Non-destructive methods for space charge distribution measurements: What are the differences?[END_REF] was chosen in that study, instead of the PEA method [START_REF] Maeno | Pulsed electro-acoustic method for the measurement of volume charge in e-beam irradiated PMMA[END_REF], since it offers a much better signal-to-noise ratio. However, employing a pulsed laser to generate the pressure wave, as in the LIPP (Laser-Induced-Pressure-Pulse) technique [START_REF] Alquié | Stress wave probing of electric field distributions in dielectrics[END_REF], [START_REF] Sessler | Measurement of charge distribution in polymer electrets by a new pressure-pulse method[END_REF], is not appropriate because it would create nitrogen bubbles. The PIPP (Piezoelectric-Induced-Pressure-Pulse) technique was used instead. The piezoelectric generator [START_REF] Holé | Design and optimization of unipolar pressure pulse generators with a single transducer[END_REF] consists of an aluminum waveguide, a brass backing medium and a Pz24 piezoceramic from Meggitt. The latter has a diameter of 15 mm and a thickness of 200 µm. Fig. 4 illustrates the structure of the generator.

The aluminum waveguide is flat on the piezoelectric side and cylindrical on the sample side, in order to match the sample coaxial geometry. The pressure pulses are therefore generated with a planar wave front and are focused inside the sample by the cylindrical interface between the aluminum and the liquid nitrogen. The focal distance is inversely proportional to (1α), where α = ν LN2 / ν Al is the ratio between the speed of sound in liquid nitrogen and in aluminum. As this ratio is relatively small, on the order of 14 %, the focal point is close to the center of the cylinder.

Fig. 4: Structure of the pressure pulse generator. The cylindrical shape at the bottom of the waveguide focuses the generated pressure pulse inside the coaxial sample. To generate short pressure pulses, the piezoceramic is supplied through a coaxial cable and an adapted capacitor.

As piezoceramics have large capacitance, which is detrimental for their rapid excitation, a 1 nF capacitor is inserted in series with the piezoceramic, and a 10 Ω cable is used to supply the pressure pulse generator (see Fig. 4). Pulses with durations of 30 -40 ns are then generated. The entire measurement system, including the pressure pulse generator and the high-voltage decoupling, is inserted into a cryostat. Valves are used to fill the cryostat from a nitrogen tank, or to empty the cryostat into the tank. During measurements, the pressure inside the cryostat is maintained by acting directly on the nitrogen leakage valve. PVC and aluminum tubes are used for high-voltage insulation and shielding, respectively. Figure 5 shows the general structure of the cryostat.

B) Samples and Space Charge Measurement Protocol

All samples are mounted on a steel tube with a diameter of 26.9 mm and a length of 70 cm that mimics the inner cryostat. Carbon loaded paper is then lapped around this tube, covering its entire surface. Carbon paper is also lapped on the 2-mm-thick insulation along a 10 cm length in the middle of the sample. The electric field at the inner/outer electrodes of the samples is thus of order 32/28 kV/mm under an applied voltage of 60 kV. For comparison, the electric field at the inner/outer electrodes of the full-size cable is 19.8/7.65 kV/mm under an applied voltage of 320 kV, given inner/outer diameters of 34/88 mm. Thus the measured samples were subjected to higher electric fields than those expected for the full-size cable. Taking into account the resistivity and permittivity of the insulation [START_REF] Kwon | Comparison of the Electrical Conductivity of Polypropylene Laminated Paper (PPLP) and Kraft in LN 2 According to the Number of Layers[END_REF], its time constant is of the order of 30 minutes. Therefore charge buildup due to conductivity should be detected within two hours.

However preliminary measurements (with the field off) showed a residual electric field of similar amplitude for various durations of the applied voltage. This is an indication of a more rapid process. We therefore used a specific protocol to follow the residual electric field during voltage application, in order to see if the residual electric field was voltage dependent and to observe its short term stability. The samples were subjected to +40 kV for 1 hour, shorted for the next hour, subjected to +60 kV for another hour, and finally shorted for the last hour (see Fig. 7 (a)). During voltage application one measurement was performed under voltage, the voltage was switched off for less than 50 s and a measurement taken under short-circuit, and the voltage was then reapplied (see Fig. 7 (b)). We checked that this rapid shortcircuiting had no influence on the signal obtained after the stress, compared to the continuous applied voltage case. Another advantage of rapid short-circuiting is that it facilitates checking of the stability of the measurement setup throughout the duration of the test. When dealing with insulation which is a mixture of liquid and solid, interfaces are likely to move due to internal electrostatic forces, and since the speed of sound in liquid nitrogen is very sensitive to pressure and temperature [START_REF] Van Itterbeek | Velocity of sound in liquid nitrogen[END_REF], an unchecked initial calibration could yield misleading results. In the measurement protocol, the liquid nitrogen pressure is maintained at 5 bar. Measurements are carried out before and during applied voltage cycles, and during short-circuit cycles.

C) Space Charge Measurement Results and Discussion

The difference between a measurement under voltage and an immediately following measurement under short-circuit, shown in Fig. 8 for Sample 2 (0 min), and at three later times, does not vary significantly. (The negative peak around 2600 ns is due to reflection from the stainless steel tube inside the sample). The same behavior is observed for all samples over the complete measurement cycles.

Hence it can be concluded that the measurement setup is very stable and that comparisons of different measurements are reliable. Moreover, the uncomplicated shape of the signals indicates that the pressure wave travels easily through the complex laminated structure of the sample, without significant reflection. Therefore, all measurements (Figs. 9-11) can be calibrated according to the procedure described in [START_REF] Holé | Space charge behaviour in epoxy laminates under high constant electric field[END_REF] and adapted for coaxial geometry. In the calibrated signals of The charges under short-circuit correspond to injection from the electrodes, since they are of the same polarity as the peaks observed under voltage application. As they remain trapped near the interface, they probably originate from the carbon loaded paper. Confirmation of this suggestion is the effect of the gap between the strips, which influences the number of charges. Thus comparing Sample 1

and Sample 2, the smaller the gap between the strips of liquid nitrogen impregnated paper (1 mm in Sample 1 and 5 mm in Sample 2), the lower the number of injected charges. In addition, the charge buildup observed in short-circuit measurements indicates that the charges appear as soon as the voltage is applied. The surface charge density on the outer electrode, calculated from figures 9b, 9d, 9f, 10b, 10d and 10f, shows a large increase when the applied voltage is increased, as seen in Fig. 11. These charges are therefore likely to be trapped on isolated carbon particles at the interface between the electrode and the insulator, which are not in contact with other carbon particles in the electrode. When the voltage amplitude increases, charges transfer to the isolated carbon particles as a result of small partial discharges at the electrodes. When the voltage decreases, some of the charges on the isolated carbon particles return to the electrode, while the remainder are still trapped on the particles since the electric field is no longer sufficiently strong to ignite a discharge. It follows from Figure 11 Fig. 11: Amplitude of negative charge buildup at the cathode (0 mm) during measurement protocol (see Fig. 7).

It is also interesting to note that there is no significant difference in the behavior of PPLP and Kraft paper for applied voltages lower than 60 kV, corresponding to applied electric fields of about 30 kV/mm. PPLP can therefore be safely replaced by liquid nitrogen impregnated Kraft paper, at the electric field values discussed here.

5.Conclusions and outlook

Within the Best Paths European project, important validations have been achieved for a 3 GW class power cable system based on the MgB 2 superconductor.

We have developed robust and reproducible wire manufacturing and associated cabling technologies at industrial scale. We have also developed realistic modeling which accurately predicts the performance of the various cable components.

For the first time, an experimental setup has been designed, tested and employed for measuring the space-charge distribution in multilayer insulation immersed in liquid nitrogen under high voltage and hydrostatic pressure.

No significant difference was found between PPLP and Kraft paper for electric fields up to 30 kV/mm. In both cases, charge injection at the interface between the carbon black paper electrodes and the insulation was detected. These charges were probably trapped on isolated black carbon particles detached from the carbon electrodes. Most importantly, space charge was not detected in the bulk of the insulation in any of the measurements. This absence shows that, unlike XLPE, the lapped insulation structure impregnated with liquid nitrogen does not accumulate charge over time, and suggests that the insulation can very probably be successfully integrated into superconducting cables.

Based on these findings, a full-size demonstrator including two terminations and the associated cooling systems will be manufactured and tested under high voltage in 2018. The high-voltage test of the superconducting system will be carried out at the Nexans high-voltage cryogenic platform in Hanover, which is well equipped for such tasks. The size of this testing station limits the cable length to a maximum of 20 to 30 m. The high-current tests (up to 20 kA) will be conducted at CERN at an adhoc constructed cryogenic installation developed previously [START_REF] Ballarino | Development of superconducting links for the large hadron collider machine[END_REF].

So far no standard has been established for testing HVDC superconducting cables. However, the testing of a full AC superconducting cable system (including cable, joints, terminations and cryogenics) has been reviewed by a Cigré working group, which published a technical brochure in 2013 [START_REF]Recommendations for testing of superconducting cables[END_REF]. These tests are directed towards ensuring essential expected intrinsic performance during the cable system lifetime, not just providing commissioning certificates. The tests are widely based on requirements for resistive cables, to which new tests have been added in order to cope specifically with requirements for the superconducting material performance. New end users can also find guidance on problems related to cryogenic system performance, specifications and safety, which can be critical to successful cable system operation.

Although the recommendations given in [START_REF]Recommendations for testing of superconducting cables[END_REF] cover high-temperature superconducting materials at AC voltages up to 150 kV, they will be very useful for the development of MgB 2 DC cables operating at higher voltage level. The starting point for addressing the HVDC requirements is provided in another

Cigré brochure [START_REF]Recommendations for testing DC extruded cable systems for power transmission at a rated voltage up to 500 kV[END_REF], which presents recommendations for testing DC extruded cables operating at voltages up to 500 kV. The combination of these two sets of established international practices should constitute a solid basis for testing the Best Paths superconducting demonstrator. At the same time, the results and measurements carried out within Best Paths will be a significant step towards preparing a first set of recommendations for the superconducting HVDC standard of the future. 

  based on MgB 2 has been included in one of the largest EU-funded demonstration projects on energy transmission, Best Paths [9]. The acronym BEST PATHS stands for "BEyond State-of-the-art Technologies for rePowering Ac corridors and multi-Terminal HVDC Systems". The four-year project was launched in October 2014 and is supported by the European Commission within its FP7 research framework. Best Paths encompasses nearly 40 leading European organizations from science and industry, which have joined forces with utilities and transmission system operators to advance five large-scale demonstration areas. These demonstrators span a multitude of research activities ranging from connecting offshore wind parks, to developing standardized solutions for multivendor converter technologies, upgrading multi-terminal high-voltage DC (HVDC) links, and repowering of existing AC corridors. Finally, the fifth demonstrator -Demo 5 -is focused on high-capacity links based on the MgB 2 superconductor.
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 1 Fig. 1: Conceptual design a) and cross section b) of the HVDC cable. In both figures lighter cyan represents liquid nitrogen and darker cyan represents helium gas.

  properties of the MgB 2 compound. Cross sections of two round MgB 2 wires produced in this fashion are shown in Fig.2.
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 2 Fig. 2: Cross sections of two MgB 2 wires with diameters of 1.3 mm (left) and 1 mm (right), composed of 36 (left) and 37 (right) superconducting filaments embedded in a matrix of nickel and monel (an alloy of nickel and copper).

Fig. 3 :

 3 Fig. 3: The MgB 2 cable conductor for the Best Paths project.

Fig. 5 :

 5 Fig. 5: Sketch of the cryostat. Valves are used to fill, empty and regulate the liquid nitrogen pressure inside the cryostat. PVC tubes are employed for high-voltage insulation, and aluminum tubes for signal shielding.

Sample 1 Fig. 6 :

 16 Fig. 6: Photograph of a Kraft paper sample with a 5-mm gap between its strips (Sample 2).

Fig. 7 :

 7 Fig. 7: Measurement protocol. The purple arrows indicate the space charge measurements. (a) General cycle. (b) An intermediate short-circuit measurement. The intermediate short-circuit measurements are used to ensure that the sample has not changed due to the electrical stresses, and to help detect small charge buildups during applied voltage cycles.

Fig. 8 :

 8 Fig. 8: The difference between the signal obtained under voltage and the signal obtained under shortcircuit immediately afterwards, and at three later times (Sample 2).

Fig. 9 -Fig. 9 :

 99 Fig. 9: Measurements under 40 kV (a, c, e) and under short-circuit (b, d, f) for sample 1 (a, b), sample 2 (c, d) and sample 3 (e, f). Measurements at 60 kV and under short-circuit for Samples 1, 2 and 3 are shown in Fig. 10. Similarly, though the signals show no significant evolution during voltage application, charges are clearly detected for all samples under short-circuit.

Fig. 10 :

 10 Fig. 10: Measurements under 60 kV (a, c, e) and under short-circuit (b, d, f) for sample 1 (a, b), sample 2 (c, d) and sample 3 (e, f).

  that a 1-mm gap between strips (Sample 1) decreases the residual interface field by a factor 1.35 at 40 kV and by a factor 1.15 at 60 kV, relative to a 5 mm gap between strips (Sample 2). Using PPLP (Sample 3) increases however the residual interface field by a factor 1.3 at both 40 and 60 kV, relative to using Kraft paper (Sample 2). The capability to detect these trapped charges demonstrates the high sensitivity of the measurement system. There is no other change in the signal in the insulating part of the sample, indicating zero or negligible charge buildup in the bulk, and confirming the Best Paths cable design.
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 12 Fig. 1: Conceptual design a) and cross section b) of the HVDC cable. In both figures lighter cyan represents liquid nitrogen and darker cyan represents helium gas.
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 3 Fig. 3: The MgB 2 cable conductor for the Best Paths project.
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 456 Fig.4: Structure of the pressure pulse generator. The cylindrical shape at the bottom of the waveguide focuses the generated pressure pulse inside the coaxial sample. To generate short pressure pulses, the piezoceramic is supplied through a coaxial cable and an adapted capacitor.

Fig. 7 :

 7 Fig. 7: Measurement protocol. The purple arrows indicate the space charge measurements. (a) General cycle. (b) An intermediate short-circuit measurement. The intermediate short-circuit measurements are used to ensure that the sample has not changed due to the electrical stresses, and to help detect small charge buildups during applied voltage cycles.
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 8 Fig. 8: The difference between signals obtained under voltage and signals obtained under short-circuit immediately afterwards, for Sample 2 at three subsequent times.
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 9 Fig. 9: Measurements under 40 kV (a, c, e) and under short-circuit (b, d, f) for sample 1 (a, b), sample 2 (c, d) and sample 3 (e, f).
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 10 Fig. 10: Measurements under 60 kV (a, c, e) and under short-circuit (b, d, f) for sample 1 (a, b), sample 2 (c, d) and sample 3 (e, f).

Fig. 11 :

 11 Fig.11: Amplitude of negative charge buildup at the cathode (0 mm) during measurement protocol (see Fig.7).

Table 1 :

 1 Specification of the Best Paths Cable

	Parameters	Values
	Power	3.2 GW
	Voltage	320 kV
	Operating DC current	10 kA
	Cooling medium	He gas for MgB2 LN2 for insulation
	Cryogenic losses	< 0.1 W/m at 20 K in He gas < 1 W/m at 80 K in LN2
	Current ripple	1% amplitude at 50 Hz
	Fault current	35 kA during 100 ms
	Power reversal ramp	100 MW/s to 10 GW/s

Table 2 :

 2 Electrical Characteristics of the Cable Conductor

	Parameters	Values
	Cable diameter	9.5 mm
	Number of MgB2 wires	18 wires, 1.33 mm diameter
	Number of Cu wires	19 wires, 1.33 mm diameter
	MgB2 cable pitch	250 mm
	Self magnetic field	0.6 T
	Operating temperature range	18 -22 K
	Cable conductor critical current in self field at 20 K; 1 μV/cm	14 kA

Table Captions Table 1 :
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Table 2 :

 2 Electrical Characteristics of the Cable Conductor
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