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Introduction

This document addresses different aspects regarding the lightning performance of HVDC lines, and in particular of double circuit configurations. In such configurations, two poles may have the same rated voltage and thus present similar back-flashover risks in case of lightning strikes, potentially leading to double flashovers and causing a temporary loss of the transmitted power. Hence, special attention should be paid to the issue of double flashovers to avoid the interruption of the current on several DC poles after a lightning strike and the potential consequences to the system.

To do so, EMT simulations have been performed and thoroughly analysed considering factors such as the footing resistance of the tower, the geometric configuration of the DC poles, the coupling of the conductors, the polarity of the lightning strike and the voltage drops across the tower. Two solutions aiming to improve the lightning performance are investigated and explained in terms of the fundamental mechanisms that are directly affected by them.

The paper is structured as follows. Section 2 discusses the overall problem regarding lightning performance in HVDC systems, and techniques for its improvement. Section 3 presents the general methodology to conduct the studies presented in this paper.

Section 4 addresses all the modelling aspects related to these different study cases.

Section 5 is dedicated to the effect of the configuration of the poles on the lightning performance of the system, while section 6 studies and compares the two solutions considered in this work for the improvement of the lightning performance. The overall conclusions are listed in section 7.

HVDC Overhead Line Faults

As in HVDC systems the voltages are constant, the back-flashover risk of each DC pole is the same at any given instant, as opposed to HVAC systems, where phase angles influences the risk for each phase conductor within the tower. This section addresses the main aspects regarding the lightning performance specifically for HVDC overhead lines which were considered in this research.

Consequences of faults on a DC system

Whenever a flashover due to lightning occurs, a temporary pole-to-ground fault appears. Depending on the protection strategy of the system, an AC breaker opening may be required to interrupt the fault current [START_REF] Touré | VSC Transmission[END_REF] which can result in a significant temporary loss of transmitted power. This risk may be especially strong in multi-circuit DC transmission towers, since several DC poles can be lost at the same time due to the same lightning strike, potentially resulting in an even higher loss of transmitted power.

Lightning fault mechanism

When lightning strikes a tower, electromagnetic waves propagate through all the parts of the configuration. As the voltage across the tower structure rises, so does the voltage between the terminals of the insulator strings. In a simplified way, if this voltage reaches a critical level, a back-flashover arises [START_REF] Sargent | Lightning performance of double-circuit transmission lines[END_REF]. Whenever a first back-flashover occurs, a fraction of the lightning current is injected to the faulted pole, and less current contributes to the voltage rise of the tower.

Therefore, the voltage across the tower drops and more current will be required to increase the voltage of the tower sufficiently to produce a second back-flashover.

In addition, if two poles on the same cross arm are at the same instantaneous voltage at strike inception, it is likely that both insulators will flashover at the same time, thus losing both poles simultaneously. Consequently, if the circuits of a doublecircuit HVDC line have the same rated voltage, the risk of double flashovers to occur increases compared to a situation with different rated voltages.

Influence of the position of the DC poles

Another factor (among others also addressed in this work) that influences the flashover probability is the coupling between the conductors, particularly the coupling between the poles and the shield wires. Therefore, the relative position of the DC poles shall be a major determinant of the lightning performance of an HVDC line.

In [START_REF] Lu | Lightning Backflash Performance for±500kV Double Circuit Transmission Lines[END_REF], an assessment of the effect of the configuration of the DC poles on the backflashover rate has been performed quantitatively for a specific 500 kV configuration.

In the present work, different pole configurations are investigated, analysed and compared in terms of their respective performance, but also in terms of the fundamental factors that differentiate them. This study has been conducted for two different voltage levels (320 kV and 500 kV).

Improvement of the lightning performance

One of the most evident and well-known techniques to improve the lightning performance of an overhead line concerns the improvement of the grounding of the tower. This can be done by directly modifying the shape, depth or materials of the grounding grid or electrodes [START_REF] Zhenghua | Research on reducing grounding resistance of transmission line tower grounding grid[END_REF], depending on the specific case. Other solutions involve the use of counterpoise wires [START_REF] Visacro | Lightning performance of transmission lines: requirements of tower-footing electrodes consisting of long counterpoise wires[END_REF] and the installation of underbuilt wires [START_REF] Visacro | The use of underbuilt wires to improve the lightning performance of transmission lines[END_REF], which physically connect several towers in series so that the equivalent grounding resistance in case of a stroke is reduced. These solutions are well known and in many cases they can effectively help improve the back-flashover performance for areas with high soil resistivity. However, this is not always an easy task and these solutions have often a limited effect, especially for regions with poor soil resistivity.

In this work, two alternative solutions are examined. The first one involves the installation of line surge arresters, and considers different numbers and possible locations of the arresters within the considered tower. The second solution addresses the use of an unbalanced insulation design of both circuits.

Unbalanced insulation solutions have already been proposed for HVAC schemes, though their applicability seems to be complex and limited [START_REF] Sargent | Lightning performance of double-circuit transmission lines[END_REF][START_REF] Kawai | Design and performance of unbalanced insulation in doublecircuit transmission lines[END_REF] and more effective for configurations with several circuits in one tower [START_REF] Li | A design of unbalanced insulation to improve the lightning performance of multi-circuit transmission lines[END_REF].

An unbalanced insulation solution for HVDC systems is presented in [START_REF] Lundquist | Novel design for parallel VSC HVDC links on common overhead line towers[END_REF] for the design of the SouthWest Link with a horizontal (no cross arms) disposition of all of the DC poles within the tower. In [START_REF] Manduley | Use of Unbalanced Insulation for the Limitation of Double-Pole Lightning Flashovers in Double Circuit HVDC Overhead Lines[END_REF], a solution is investigated for a specific double circuit configuration with two cross arms for different values of the relative unbalance between both circuits. Regarding this solution, this paper aims to complement the studies started in [START_REF] Manduley | Use of Unbalanced Insulation for the Limitation of Double-Pole Lightning Flashovers in Double Circuit HVDC Overhead Lines[END_REF], and provide more evidence towards its applicability in HVDC systems in general.

Methodology for the Back-Flashover Rate Calculation

The evaluation of the back-flashover performance is based on the estimation of the critical flashover current If, which is the minimum lightning current intensity required to produce a flashover in case of direct strike on the tower or shield wires. The calculation procedure is inspired in the method presented in [START_REF]CIGRE TB 63[END_REF] but applied to DC and based on simulations to obtain the value of If. The results are then compared in terms of their corresponding back-flashover rates (BFOR) for different tower footing resistances.

Estimation of the critical flashover current If

The study cases are modelled in an EMT-like program [START_REF]EMTP (Electromagnetic Transient Program[END_REF]. Lightning strikes are applied at the top of the tower and at one third of the span length (sky wire) to determine the lowest current producing a single and a double flashover (i.e. If), namely the critical current. It is assumed that lightning strokes with a higher current will also produce a flashover.

The value of the critical current If is determined by dichotomy, and the other lightning parameters (i.e. maximum steepness and front time) are calculated as the median values of the corresponding current intensity as indicated in [START_REF]CIGRE TB 63[END_REF]. Even though these parameters are based on measurements performed for negative lightning, positive lightning has also been represented using the same distribution, under the hypothesis that it is an approximation which does not have a major influence on the results. However, it should be taken into account that the share of BFOR due to positive strikes is generally higher than the actual distribution of positive strikes. This is because positive strikes tend to be more energetic, mostly due to the more frequent presence of continuing currents and/or M-components in positive strikes [START_REF]CIGRE TB 549[END_REF], which have not been considered in this research. This is addressed further in section 4.1.

The results of the simulations are analysed to determine whether there has been at least one flashover (or two, in the double flashover case) or not.

Back-flashover rate (BFOR) calculation

Once the critical flashover current is determined, the back-flashover rates (BFOR) can be calculated as indicated in CIGRE TB 63 [START_REF]CIGRE TB 63[END_REF] and shown in equation (1) below:

𝐵𝐹𝑂𝑅 = 𝑁 𝐿 𝑃(𝐼 ≥ 𝐼 𝑓 ) (1) 
where P(I≥If) is the probability for a lightning with an equal or higher current intensity (with respect to If) to occur, and NL represents the geometry of the line and the keraunic level of the region. These factors are calculated through equations ( 2) and

(3) below, as also indicated in [START_REF]CIGRE TB 63[END_REF]:

𝑃(𝐼 ≥ 𝐼 𝑓 ) = 1 1 + ( 𝐼 𝑓 31 ) 2.6 (2) 
𝑁 𝐿 = 𝑁 𝑔 ( 28 𝐻 𝑇 0.6 + 𝑏 10 )

where HT and b are the height of the tower and the width of the line, respectively, and Ng represents the ground flash density of the region. The value of Ng was set to 1 (flashes/km²/year) so that the back-flashover rates can be easily adjusted to any particular case by just multiplying them by the corresponding ground flash density.

Separate values are calculated for positive and negative strikes and an overall value is estimated considering that approximately 90% of the strikes are negative and 10% are positive. The distribution between the strikes along the span and directly on the tower is considered by applying a factor of 0.6 to the calculated BFOR [START_REF]CIGRE TB 63[END_REF].

Modelling Aspects and Configuration Details

This section addresses the modelling aspects of the different components considered in the study. All the models are in agreement with the recommendations of IEC 60071-4 [START_REF]Insulation Coordination Part 4: Computational guide to insulation coordination and modelling of electrical network[END_REF].

Lightning strike

The lightning strike is modelled using the CIGRE concave shape. The parameters are calculated for each current intensity If by using the median values of the time to front tf and maximum steepness Sm, as indicated in [START_REF]CIGRE TB 63[END_REF]. In absence of detailed data for positive strikes, the same model has been used for both lightning polarities by just reversing the sense of the lightning current.

Different studies and measurements have determined that the resistance of the channel can be considered constant with values ranging from several hundred Ω to a few kΩ. In this work, a value of 1 kΩ has been used to represent the resistance of the channel in parallel with the ideal current source, as it is a common agreed value in the literature [START_REF]CIGRE TB 549[END_REF].

All strikes are considered to be perfectly vertical. The coupling between the channel and the overhead line or the tower has not been considered.

Transmission towers and overhead lines

The dimensions of the towers for the 320 kV and 500 kV cases are shown in Fig. 1.

For the model implementation, the tower body, including the vertical section between the upper and lower cross arms, is modelled through a lossless propagation line model to take into account the wave propagation times. The cross arms and the shield wire supports are represented by a single inductance with a value of 1 µH/m. 

Insulators

Insulator strings are represented through their arcing horns using the leader model proposed by Shindo and Suzuki [START_REF] Shindo | A new calculation method of breakdown voltage-time characteristics of long air gaps[END_REF], which is recommended for long gaps and considers the streamer and leader formation phases of a flashover, as well as the polarity of the impulse. In this work, the base insulator arcing horn distances are 2.74 m and 4.16 m for the 320 kV and 500 kV systems, respectively. The model has been adjusted in order to present an accurate behaviour of the flashover voltage and current under transient conditions for this particular range of values (i.e. 2.74 m -4.16 m) by tuning the pre-discharge current levels of the flashover model. This was done by setting the capacitance between the leader and the ground of the model to

Tower grounding

In this work, a circuit approach is considered [START_REF] Grcev | Modeling of grounding electrodes under lightning currents[END_REF], consisting of a single resistance without including the ionization of the soil nor the frequency dependence of the soil parameters. In both cases the effect on the lightning performance is likely to be favourable since it tends to reduce the equivalent footing resistance of the tower [START_REF] Grcev | Modeling of grounding electrodes under lightning currents[END_REF][START_REF] Grcev | On high-frequency circuit equivalents of a vertical ground rod[END_REF]. However, the specific conditions under which the effect would not be favourable for the lightning performance have not been addressed in this work. It is thus assumed for the effects of this research that disregarding both effects yields results that are more conservative and allows studying the impact of the tower grounding on the lightning performance.

Furthermore, studies indicate that for the purpose of evaluating the lightning performance of an overhead line, a single resistance can accurately represent the effect of including the frequency dependence of the soil parameters in the analysis [START_REF] Visacro | Lightning performance of transmission lines: requirements of tower-footing electrodes consisting of long counterpoise wires[END_REF][START_REF] Visacro | The use of the Impulse Impedance as a concise representation of grounding electrodes in lightning protection applications[END_REF]. Therefore, conducting a parametric study using different values for a single resistance is considered to yield results that are valid over a wide range of conditions regarding the grounding, thus providing further justification to the hypothesis.

Surge arresters

At high frequencies, the inductive properties of surge arresters become more significant by producing a delay between the instants where the current and voltage peaks are produced. The Pinceti model is a modified version of the IEEE model in which the parameters only depend on electrical magnitudes, and thus it is easy to implement while keeping a similar accuracy to that of the IEEE model [START_REF] Pinceti | A simplified model for zinc oxide surge arresters[END_REF]. For these reasons, this model has been used in the cases involving surge arresters.

Simulation Setup

A section of eleven towers has been modelled to take into consideration the effect of successive reflections on neighbouring towers. Lightning strikes are applied at the middle of the considered line section (i.e. tower 6). For each case, a constant footing resistance has been used for every tower, ranging from 10 Ω to 100 Ω. Lightning currents up to 350 kA were considered. If no flashovers were produced at 350 kA, the corresponding value of back-flashover rate (BFOR) is considered to be zero. A long line section is placed at both ends to avoid reflections with the stations.

Effect of Pole Configuration on Back-Flashover Rate

Regarding the geometry of the towers considered in this work (see Fig. 1), there are four possible configurations for the DC poles. These configurations are illustrated in In this section, the effect of the pole configuration on the overall and double backflashover lightning performance is investigated for two voltage levels (320 kV and 500 kV) and different values of the tower resistance ranging from 10 to 100 Ω. It is worth mentioning that the overall BFOR includes all kinds of lightning flashovers.

Thus, when speaking about double back-flashover rates, it refers to the portion of the overall BFOR which is constituted by two or more flashovers.

Results: effect of the configuration of the poles

The overall and double back-flashover rates (BFOR) for the 320 kV and 500 kV systems are shown in Fig. 2 and Fig. 3, respectively, for all pole configurations. As shown in Fig. 2a and Fig. 3a, the Top and Bot configurations present the lowest overall back-flashover rates. However, these flashover rates are almost entirely constituted by double flashovers (Fig. 2b and Fig. 3b). This means that in those two configurations, the critical current If required to produce a first flashover will most likely produce a double flashover in the system.

In the case of the Side and Xed configurations, the overall BFOR tends to be slightly higher than in the above-mentioned configurations, but the proportion of double flashovers is greatly reduced.

In all cases, the results are greatly influenced by the footing resistance of the towers.

Factors influencing the results

The results illustrated in Fig. 2 and Fig. 3 can be explained by considering four main factors: the symmetry of the model, the conductor coupling, the polarity of the impulse and the voltage drops along the tower.

The model used in this work is perfectly symmetrical (i.e. the left side of the tower is mathematically identical to the right side). In real applications, small asymmetries inherent to the construction of the line and/or the dielectric properties of individual insulators may make the obtained results to differ to a certain extent from what is observed in practice. Further studies are required to determine the impact of this aspect on the validity of the results.

As for AC systems [START_REF] Sargent | Lightning performance of double-circuit transmission lines[END_REF][START_REF] Kawai | Design and performance of unbalanced insulation in doublecircuit transmission lines[END_REF], the coupling of the conductors causes an additional voltage to arise in the DC pole due to the induced voltage from the current flowing through the shield wires. Since this voltage rise goes in the same direction as that of the tower (see example in Fig. 4), the induced voltage provides some protection to the pole by reducing the total voltage across the insulators. As it will be shown later, the coupling between the conductors has a major influence in the differences in lightning performance of the double-circuit DC configurations analysed in this work.

Additionally, because the pole voltages are constant and the dielectric strength of an air gap is different for positive and negative impulses [START_REF]CIGRE Technical Brochure 072: Guidelines for the Evaluation of the Dielectric Strength of External Insulation[END_REF][START_REF] Cortina | Study of the Dielectric Strength of External Insulation of HVDC Systems and Application to Design and Testing[END_REF], the polarity of the lightning strike also determines which insulator strings are more susceptible to flashovers. For instance, in case of a negative lightning strike (which represents about 90% of the lightning strikes [START_REF]CIGRE TB 63[END_REF][START_REF]CIGRE TB 549[END_REF]), the positive poles are more likely to flashover first. Finally, the voltage drop across the different sections of the tower may also play a role in the performance. Since the voltage drop across the upper section concerns only the poles in the upper cross arm, the upper cross arm sees a slightly higher voltage drop of the tower than the lower cross arm. This is illustrated in Fig. 4 (red and green curves). Although less common (~10%), a positive polarity strike has been represented in the figure for the sake of clarity. As it can be noticed, the voltage drop between the cross arms counters the protective effect of the line coupling (blue and pink curves). However, this effect tends to be significantly smaller than the coupling effect for most cases. Very low values of footing resistance (under 4 Ω in the tests performed in this work) and unusually high current intensities (above 250-300 kA) are required for this effect to become more significant than the coupling effect. Therefore, this effect may be often disregarded, but could still explain the behaviour of the system under very specific conditions.

Discussion on the results

Considering all of the above, it is possible to explain the differences between the four pole configurations studied.

For instance, the fact that both the Top and Bot configurations (see Table 1) are almost entirely constituted by double flashovers is explained through the intrinsic symmetry of the model used and the coupling of the conductors. Both poles on any given cross arm will see the same voltage rise of the tower and, regardless of the polarity of the lightning strike, the protective effect of the coupling will be almost identical on both sides (because the currents flowing on both shield wires are roughly the same).

However, to explain why the Top configuration presents a better overall performance than the Bot configuration, it is required to consider the fact that most lightning strikes are negative, and that whenever a second flashover follows, it is more likely to appear in the other pole of same polarity as the conductor where the first flashover occurred. In case of direct negative strikes, the positive poles are more likely to flashover, and in the Top configuration both positive poles are located closer to the shield wires, and thus are better protected by the coupling effect than in the Bot configuration. For this same reason, the Bot configuration presents a slightly better performance than the Top configuration under positive strikes, but since this only represents about 10% of the cases, the overall performance of the Top configuration remains superior.

Similarly, the fact that both the Side and Xed configurations present the same overall BFOR, but different distributions of double flashovers, is also explained through the coupling effect. Both configurations have a positive and a negative pole in the lower cross arm. Hence, regardless of the polarity of the lightning strike, one of the lower poles will flashover first (as the upper poles are better protected by coupling effect). These effects are almost identical for both configurations during the first flashover.

However, as the first insulator flashes, a significant current is injected into the DC pole. This has two main consequences: first, the current flowing through the tower to the ground will decrease, and thus, the voltage of the tower structure will also drop, making it more difficult for a second flashover to occur. Secondly, the variation of the current being injected to the DC pole will also induce a voltage on neighbouring lines with the same polarity as the one originated by the shield wires, hence also contributing to the protection of the other insulators.

In the Side configuration, the second insulator that could flashover is right above the faulted pole, and thus closer than in the Xed configuration and better protected by the induction from the faulted DC pole. Consequently, for a second flashover to occur, a higher critical current If is required in the Side configuration than in the Xed configuration, thus producing the difference on double BFOR observed in Fig. 2 and Fig. 3.

Nevertheless, a configuration like this may present a series of practical drawbacks. In particular, the unbalanced distribution of the electric field which could result in a wider corridor [START_REF] Liu | Analysis of electric field, ion flow density, and corona loss of same-tower double-circuit HVDC lines using improved FEM[END_REF][START_REF] Yang | A calculation method for the electric field under doublecircuit HVDC transmission lines[END_REF], and the maintenance of a single circuit may be complicated because both poles would necessarily be on opposite sides of the tower. These potential drawbacks are naturally avoided with the Xed configuration.

Conclusions and final considerations

The Top configuration presents the best overall back-flashover performance mainly due to the coupling effect. However, when the critical current If is reached, it is most likely that both poles will flashover at the same time. This constitutes a major drawback since in case of flashover, 100% of the transmitted power is lost.

The Side and Xed configurations present a slightly higher BFOR than the Top and Bot configurations, but a significantly lower incidence of double flashovers. All the differences in performance between the different configurations can be analysed in terms of coupling effect, distribution of the polarity of lightning strikes and voltage drops across the tower. Nevertheless, in all cases, the dominant factor regarding lightning performance is the footing resistance of the towers.

Improvement of the Lightning Performance

In this section, two solutions are investigated for the improvement of the lightning performance: one involving the installation of line surge arresters (LSA) on specific towers along the line, and another concerning the use of an unbalanced insulation of the DC circuits. Since the overall results and behaviours were found to be identical for both system voltage levels (see previous section), both solutions were studied considering only a 500 kV system.

The base configurations to study each solution have been chosen considering the advantages and drawbacks of each configuration discussed in the previous section.

In this regard, the Xed configuration constitutes a case study where the main interest is to reduce the overall BFOR, as the incidence of double flashovers is naturally lower (as for the Side configuration but without its practical drawbacks, as discussed in section 5.3). For this reason, this configuration has been used to study the line surge arresters solution. Conversely, the Top and Bot configurations provide a good environment to study the unbalanced insulation solution. Since the Top configuration presents a naturally lower overall BFOR (due to the higher occurrence of negative strikes), this configuration has been used to study the unbalanced insulation solution.

Line surge arresters (LSA) solution

The installation of LSA aims to improve the overall lightning performance, and it is well documented in the literature [START_REF]Surge arresters -Part 9: Metal-oxide surge arresters without gaps for HVDC converter stations[END_REF][START_REF] Gu | Comparison and Analysis on Key Performance of EHV/UHV DC Transmission Line Surge Arresters[END_REF][START_REF] Visacro | Concerns on surge-arrester application for improving the backflashover rate of transmission lines[END_REF][START_REF]IEEE Std. 1243, Guide for improving the lightning performance of transmission lines[END_REF][START_REF]CIGRE TB 440[END_REF]. Even though it is a very effective solution to improve the lightning performance, it is often considered not economically viable to install LSA all along a transmission line. Therefore, this solution is implemented on specific critical points where the lightning performance is abnormally low (due to high altitude zones, mountainous regions, high soil resistivity areas, high lightning activity, etc.).

In this section, different configurations of LSA are investigated for the improvement of the lightning performance of a double-circuit HVDC line. The simulation setup is the same as in the previous section, but installing the different combinations of LSA (see Fig. 5) in the tower which is stroke by lightning (tower 6, at the middle of the eleven towers considered; see section 4.6). 

Single arrester in the lower positive (LP) pole

Because 90% of the strikes are negative, back-flashovers are more likely to be produced in the positive poles. Because the upper positive pole is closer to the shield wires (and thus better protected by induction), the lower positive pole is the most likely to flashover. As it can be observed in Fig. 6, by directly protecting only the lower positive pole (LP configuration, see Fig. 5), a great improvement of both the overall and double back-flashover rates can be achieved (BFOR). Though double flashovers are still possible under positive strikes (because both negative poles remain unprotected) and very intense negative strikes (enough to make the lower negative pole flashover after the upper positive pole), the sum of the double BFOR due to these two scenarios is still significantly lower than in the base case (red bars in Fig. 6b).

Due to the great advantages of protecting the lower positive pole, all configurations with two surge arresters considered in this section are obtained by placing an additional arrester to the LP configuration on each of the other three poles of the tower (see Fig. 5).

LPLN configuration

The poles in the lower cross arm are the ones with the highest probability to flashover because the protective coupling effect from the shield wires is weaker than for the poles in the upper arm. If both positive and negative lower poles are protected, as it can be observed in Fig. 6a, there is a significant improvement of the overall performance (especially at higher values of the footing resistance).

Even more interesting is the fact that, with this configuration, the probability of double flashovers is almost zero for the studied system and the footing resistances considered (see Fig. 6b). Since the surge arresters, regardless of the polarity of the strike, directly protect the lower positive and negative poles it is in the upper pole where the first flashover must be produced. Therefore, for a double flashover to occur, the current crest value must be sufficiently high to produce the second flashover in the pole with the opposite polarity, while also countering the coupling effect from the shield wires.

LPUP configuration

If the second arrester is placed on the upper positive pole, the tower is almost perfectly protected against any negative strike (except for strikes sufficiently intense to produce a back-flashover in the negative poles). The overall back-flashover rate (BFOR) is significantly lower than in the LP configuration (>50% lower) and it is the lowest among all the studied configurations (Fig. 6a). The portion of the overall BFOR constituted by double flashovers is also among the lowest obtained, right after the LPLN configuration (Fig. 6b).

LPUN configuration

Generally, the upper negative pole is not very likely to flashover except in the case of very intense positive strikes producing double flashovers (since under normal conditions, the lower pole will flashover first). Therefore, as it is shown in Fig. 6, the LPUN configuration does limit the occurrence of double flashovers, but the overall improvement compared to the LP configuration is not very significant.

Final considerations and partial conclusions

In most cases, a single arrester in the pole with the highest probability of flashover may be enough to significantly improve the lightning performance of a given tower.

In case a single arrester is not enough to reach the desired lightning performance (e.g. because of very high soil resistivity), the LPLN configuration seems to be the best option as it significantly reduces the BFOR, and the probability of having double flashovers drops to practically zero. However, if double flashovers are not a great issue, the LPUP configuration provides the maximum reduction of the overall BFOR, since it protects the configuration completely against any flashover originated by negative strikes.

Unbalanced insulation

The unbalanced insulation solution consists in using different insulator arcing horn distances for each circuit in the tower. This way, it is possible to determine in advance which circuit will flashover first in case of lightning strike, and thus prevent the incidence of flashovers on the other circuit. The base arcing horn distance is 4.16 m, and the unbalance has been introduced by reducing the distance on one of the sides by 10, 30 and 50 cm. The study case considered is illustrated in Fig. 7. It is observed in Fig. 8a that reducing the arcing horn distance on one side increases, as expected, the overall back-flashover rate. The increase is significant for a difference of 50 cm, small for 30 cm and not very significant for 10 cm. However, for all cases, a significant reduction of the occurrence of double flashovers is obtained, which is the main focus of this solution.

It is also noticed that when increasing the difference from 30 to 50 cm, the increase in the overall back-flashover rate (BFOR) begins to be more significant than the reduction of the double BFOR. From 10 to 30 cm, both the increase of the overall BFOR and the reduction of the double BFOR are smaller, but significant.

Based on these results and considerations, it is concluded that an optimal value may range between 30 and 50 cm.

In [START_REF] Manduley | Use of Unbalanced Insulation for the Limitation of Double-Pole Lightning Flashovers in Double Circuit HVDC Overhead Lines[END_REF], it was concluded that huge differences between the lengths of both circuits (above 80 cm) may not necessarily contribute significantly to the improvement of the lightning performance, and that an optimal value may be close to 40 cm. In [START_REF] Lundquist | Novel design for parallel VSC HVDC links on common overhead line towers[END_REF], a difference of 50 cm was found to be optimal for the design used in SouthWest Link.

Therefore, it can be concluded that the results obtained in this work are in agreement with the existing studies available in the literature, and provides further evidence supporting that the optimal value for an unbalanced insulation solution should range between 30 cm and 50 cm.

Overall comparison

Taking into account the results and conclusions from this section, a general comparison between both solutions and their respective base cases is shown in Fig. 9. It features the solutions considered as the best alternatives for each case: the LP and LPLN configurations for the surge arrester solution, and differences of 30-50 cm in the arcing horn distance for the unbalanced insulation solution. As expected, the surge arrester solution is much more effective in improving the lightning performance. However, this solution is only economically viable to improve the performance of some critical towers along the line. The unbalanced solution, on the other hand, can be implemented and studied along the whole line from the initial design.

From the results presented in Fig. 9, it is noticed that a pole configuration with both positives on the upper arm (Top), combined with the unbalanced insulation solution, can present a slightly better overall lightning performance for unbalances between 30 and 50 cm. The resulting incidence of double flashovers reaches similar values as in the crossed (Xed) configuration, where the unbalance is naturally introduced by placing both poles of the same polarity at different heights.

It should be also noted that the increase in the BFOR observed in the unbalanced insulation solution is due to the fact that the arcing horn distance is reduced (with respect to the base value) on one side. If the solution is considered from the conception of the line (as it is intended to be), the alternative of increasing the arcing horn distance on one side should be prioritized whenever possible. In that case, the overall BFOR would remain exactly the same as in the base case, as also seen in [START_REF] Manduley | Use of Unbalanced Insulation for the Limitation of Double-Pole Lightning Flashovers in Double Circuit HVDC Overhead Lines[END_REF], and even better performances can be achieved. In the worst case scenario, only slight modifications to the design of the tower shall be made to guarantee that all the minimum clearances are respected.

With a proper design of the insulation, the Top configuration may present better lightning performances than the most typically used crossed (Xed) configuration, as found for example in [START_REF] Dong | Protection of±500 kV HVDC Double-circuit Converter Station from Lightning Induced Overvoltage[END_REF][START_REF] Hu | Reliability Evaluation and Weak Component Identification of±500kV HVDC Transmission Systems with Double-Circuit Lines on the Same Tower[END_REF][START_REF] Ma | Fault Analysis and Traveling-Wave-Based Protection Scheme for Double-Circuit LCC-HVDC Transmission Lines With Shared Towers[END_REF][START_REF] Li | Research on Lightning Performance of Back-flashover of UHV Direct Current Double-circuit Mixed-voltage Transmission Lines on the Same Tower[END_REF]. A technical and economic study shall determine which solution best improves or satisfies the lightning performance requirements for a specific project.

Conclusions

In this paper, several aspects regarding the back-flashover performance of double circuit HVDC lines have been investigated. In particular, the effect of the geometrical configuration of the DC poles within a tower has been analysed thoroughly, as well as two different solutions to improve the lightning performance under different scenarios regarding grounding conditions, lightning polarities and location of the impact.

The main issues addressed during this work are the coupling between the conductors, the effect of the polarity of the lightning impulse, the voltage drop across the tower sections, the overall dynamics during a lightning strike within a given overhead line section to explain the BFOR results and two solutions for the improvement of the lightning performance.

The position of the DC poles in a double-circuit configuration plays a major role in the overall and double back-flashover rates, mainly because of the effect of the conductor coupling and the polarity of the lightning strike. All four possible DC pole configurations for a double circuit scheme with two cross arms have been studied in detail in order to identify the mechanisms leading to their differences in lightning performance.

A proper implementation of an unbalanced insulation solution can effectively improve the double back-flashover performance of a system in which both poles of the same polarity are placed at the same height. An unbalance of about 30 to 50 cm seems to be optimal. A significant improvement can also be achieved by installing only one surge arrester on the most vulnerable pole of the configuration, based on the conclusions of the analysis of the DC pole configurations.

With a proper design, a configuration with both positives on the upper cross arm (Top configuration), combined with an unbalanced insulation solution, can achieve similar or better lightning performances than the typical configuration with the polarities crossed (Xed configuration).
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 1 Fig. 1. Tower geometry and dimensions considered for the study cases Overhead lines are represented using a frequency-dependent (FD) model to account

  a) Overall and b) double back-flashover rates for all configurations in the 320 kV system a) b) Fig. 3. a) Overall and b) double back-flashover rates for all configurations in the 500 kV system

  . 4. a) Upper section: CIGRE concave shape model for a lightning strike of +120 kA. Lower section: potential rise of the tower at the upper and lower cross arms (red and green curves) and effect of the inductive coupling between the lines (blue and pink curves); b) Voltage measurements in the crossed (Xed) configuration used for this example. For this particular example, I = +120 kA and Rgnd = 40 Ω.

Fig. 5 .

 5 Fig. 5. The different surge arrester configurations considered. Each configuration is named based on its respective cross arm (upper or lower) and the polarity of the pole (positive or negative).The results and comparisons of the obtained overall and double back-flashover rates

Fig. 7 .

 7 Fig. 7. Study case for the unbalanced insulation solution including a reduced arcing horn distance on a complete circuit. All cases are performed on a configuration with both positives in the upper cross arm. The obtained results are shown in Fig. 8.

9 .

 9 Comparison of the overall (left) and double (right) back-flashover rates of the surge arrester and unbalanced insulation solutions.

Table 1 ,

 1 and are labelled with respect to the position of the positive poles in the

	Top	Bot		Side	Xed
	+	+	-	-	+	-	+	-
	-	-	+	+	+	-	-	+

arrangement: Top (both positives on top), Bot (both positives on bottom), Side (both positives on one side of the tower) and Xed (both positives crossed).

Table 1 .

 1 Different pole configurations considered