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This paper addresses the problem of fault identication in meshed HVDC grids once an abnormal behavior has been detected. A parametric single-ended fault identication algorithm is proposed. The method is able to determine whether the line monitored by a relay is faulty or not using a very short observation window. When a fault is suspected, the proposed algorithm estimates the fault distance and impedance using a parametric model describing the voltage and current evolution just after the fault occurrence. This model combines physical and behavioral parts to represent the fault propagation and to account for ground eects and various losses. The identication of the faulty line is then based on the size of the condence region of the obtained estimate. The performance of the algorithm for a three-node meshed grid is studied using Electro-Magnetic Transient (EMT) simulations. On the considered grid model, the current and voltage need to be observed during less than 0.2ms to get a suciently accurate estimate of the fault characteristics and identify consistently the faulty line.

Introduction

In the future, Multi-Terminal high-voltage Direct-Current (MTDC) grids are likely to act as a backbone to the existing AC network, providing better interconnection over large distances between renewable energy sources and consumption area as well as integration of large oshore wind power plants [START_REF] Pierri | Challenges and opportunities for a European HVDC grid[END_REF]. Among the several technical and nontechnical barriers still to overcome for the development of High-Voltage Direct-Current (HVDC) meshed grids, the protection of the lines is seen as one of the most challenging [START_REF] Rodriguez | Multi-terminal DC grids: challenges and prospects[END_REF]. Protection strategies and breaker technologies developed in the case of High Voltage Alternative Current (HVAC) grids cannot be directly translated to HVDC grids, since, for example, faults on an HVDC line, do not lead to a zero-crossing of the current, which makes the fault clearance more dicult.

The main tasks of a protection strategy include fault detection, faulty component identication, and tripping of the breakers, see [START_REF] Promotion | Report on the broad comparison of protection philosophies for the identied grid topologies[END_REF]. If the breakers are triggered before the faulty component is identied, so that a large part of the grid is de-energized, one refers to as a non-selective fault clearing strategy, see for instance [START_REF]Protection and local control of HVDC-grids[END_REF]. On the opposite, selective fault clearing strategies consist in identifying the faulty component so that only the correspond- * Corresponding author Email address: paul.verrax@supergrid-institute.com (P. Verrax) ing breakers are triggered, which is considered preferable since this minimizes the impact of the fault on the grid.

In such a strategy, breaking modules located at the end of each line are responsible for the protection of their respective line, see Figure 1. Overall, protection strategies must be reliable [START_REF] Van Hertem | HVDC Grids For Oshore and Supergrid of the Future[END_REF], i.e., they must lead to an isolation of the protected line only when needed and must be immune to changes caused by normal operations on the grid. Finally, protection algorithms must operate fast enough to cope with Direct Current Circuit Breaker (DCCB) capabilities. DC inductances located between each relay and the busbar are generally considered in the literature to slow down the rise of the current. In grids involving overhead lines, however, the inductive behavior of the lines may enable to omit such inductances, which is considered preferable regarding the cost and dynamic behavior of the grid [START_REF] Shinoda | Virtual Capacitor Control for Stability Improvement of HVDC System Comprising DC Reactors[END_REF].

Such an approach requires fast fault identication as well as fast breakers. The use of hybrid DCCB is seen as an advantageous compromise between the operating time and the breaking capabilities of the breakers, see [START_REF] Promotion | Develop system level model for hybrid DC CB[END_REF]. The typical available time to detect and identify the fault is then less than a millisecond. This makes use of communication between distant protection devices not suitable, since such communications induces several milliseconds of delay, as shown in [START_REF] Johannesson | Estimation of travelling wave arrival time in longitudinal dierential protections for multi-terminal HVDC systems[END_REF]. Hence, a selective protection scheme requires a single-ended (non-unit) algorithm [START_REF] Promotion | Report on the broad comparison of protection philosophies for the identied grid topologies[END_REF] ensuring selectivity, i.e., able to discriminate between internal faults, occurring on the protected line and external faults, occur- ring elsewhere in the grid. This paper, introduces a protection algorithm to be used in a primary selective strategy 1 . We propose a novel single ended protection algorithm able to detect and identify faults occurring on transmission lines. Each relay embeds an analytical parametric model of the evolution of the current and voltage after the occurrence of a fault, depending on a set of physical fault parameters. When a fault is suspected, an iterative maximum-likelihood (ML) estimate of the fault parameters is evaluated from the measurements available at the relay. The estimated fault parameters and their condence intervals are exploited to determine whether or not a fault actually occurred on the protected line. O-line transient simulations in EMTP-RV [START_REF] Dommel | Digital Computer Solution of Electromagnetic Transients in Single-and Multiphase Networks[END_REF][START_REF] Mahseredjian | On a new approach for the simulation of transients in power systems[END_REF] show that the proposed algorithm can identify most of internal faults from measurements collected over a time window of less than 0.2 ms after the detection of an abnormal behavior on the line and is immune to faults on neighboring lines. Contrary to most existing approaches, extra inductances are not required to distinguish between faults occurring on the protected line and elsewhere.

Section 2 provides an overview of existing protection algorithms. Section 3 presents the problem formulation and the proposed approach. The modeling of the fault behavior is detailed in Section 4 and the estimation algorithm for the fault parameters is described in Section 5.

The identication process using condence intervals is detailed in Section 6. Simulation results are presented in Section 7, before drawing some conclusions and future research directions in Section 8.

Related work

This section overviews existing detection, identication, and localization methods, focusing on single-ended algorithms. More extensive reviews of protection schemes 1 In case of fault identication failure, a non-selective strategy such as presented in [START_REF] Loume | A multi-vendor protection strategy for HVDC grids based on low-speed DC circuit breakers[END_REF] can be applied as back up.

and existing technologies can be found in [START_REF] Blond | Design of protection schemes for multi-terminal HVDC systems[END_REF], [START_REF] Chang | Review of dierent fault detection methods and their impact on pre-emptive VSC-HVDC dc protection performance[END_REF], and [START_REF] Ashouri | A review of the protection algorithms for multi-terminal VCD-HVDC grids[END_REF].

Amplitude-based methods

Fault behavior is generally associated with high variation rates in both current and voltage. Various methods using thresholds on voltage and/or current derivatives have been proposed.

A general method to tune such thresholds is developed in [START_REF] Leterme | Non-unit protection of HVDC grids with inductive DC cable termination[END_REF] using a reduced grid model instead of extensive transient response simulations. In [START_REF] Li | DC fault detection and location in meshed multiterminal HVDC systems based on DC reactor voltage change rate[END_REF], the rate of change of voltage across the DC reactors is used to detect and identify the fault. The Multi Modular Converters (MMC) arm inductances, along with large DC reactors (200 mH), are used to tune the detection thresholds.

Regarding current-based algorithm, [START_REF] Azad | A Fast Local Bus Current-Based Primary Relaying Algorithm for HVDC Grids[END_REF] proposed a threestage method, rst detecting peaks in the deviation of the current from a moving average, then comparing the current value with previous highest values and nally comparing the current deviation to a predetermined threshold to ensure selectivity. Methods based on voltage and current derivative along with over-current methods are compared in [START_REF] Marten | Nontelecommunication based DC line fault detection methodology for meshed HVDC grids[END_REF], which shows that a combined criterion could achieve selective fault detection. A criterion combining the voltage and current derivatives, as well as the current second-order derivative is proposed in [START_REF] Auran | Non-unit full selective protection algorithm for MTDC grids[END_REF]. Additionally, the concept of critical fault resistance is used to detect only faults that would lead to current rise higher than 2 p.u.

The aforementioned algorithms share the assumption of the presence of rather large inductances at the end of each line, see Figure 1, generally required to limit the rise of current and achieve selectivity. Nevertheless, such inductances are costly and may deteriorate the dynamic performance of the system and cause instability [START_REF] Shinoda | Virtual Capacitor Control for Stability Improvement of HVDC System Comprising DC Reactors[END_REF]. Moreover, such methods rely on critical thresholds to ensure both dependability and selectivity.

Model-based methods

Dierent techniques have tried to benet from more accurate traveling wave models describing the evolution of current and voltage when a fault appears in a line.

In [START_REF] Xi | A single-terminal traveling wave fault location method for VSC-HVDC transmission lines based on S-transform[END_REF], the S-transform of the voltage is used to detect the arrival times of the traveling waves. Along with the polarities of the waves, this allows oneto locate the fault on a given line. In a similar fashion, but in the context of AC transmission, [START_REF] Guzman-Casillas | Accurate single-end fault locating using traveling-wave reection information[END_REF] uses multiple traveling wave arrival times to spot the pattern of the reections between the observation point and the fault. The method is then able to locate a fault on a line inserted in a meshed grid. Several traveling wave arrival times (about a dozen) need to be acquired, which limits the speed of the method. In those two methods, the key challenges consist in being able to spot accurately the wave fronts, and in being able to distinguish waves due to reection at the fault from waves due to other reections in the grid. Note that both algorithms also assume that the fault has already been detected on a specic line and focus on the fault accurate localization.

In [START_REF] Suonan | A novel faultlocation method for HVDC transmission lines[END_REF], the Bergeron method is applied to reconstruct the distribution of the voltage along a healthy line using voltage and current measurements at the end of the line.

The computed voltage distribution at both ends are hence correct up to the point where the line is faulty. Assuming synchronized communication is available between the relays, the fault location can be computed as the point where the reconstructed voltage from both sides are matching. Such a point can be found using a least-squares algorithm.

Still using synchronized data, [START_REF] Liu | Dynamic state estimation-based fault locating on transmission lines[END_REF] developed a dynamic state estimation algorithm for fault localization in AC systems. A chi-square condence test is employed to validate the results of the fault location estimation. Nevertheless, as mentioned earlier, the use of communications, especially to get synchronized data, is not suitable for fast fault detection due to measurement transmission delays, see for instance [START_REF] Johannesson | Estimation of travelling wave arrival time in longitudinal dierential protections for multi-terminal HVDC systems[END_REF].

The concept of electromagnetic time reversal, used in [START_REF] Razzaghi | An ecient method based on the electromagnetic time reversal to locate faults in power networks[END_REF], takes advantage of the time reversal invariance of electromagnetic equations such as the telegraph equations. By comparing, in reversed time, the recorded voltage at a station and a simulated voltage transient at a given observation point, one can estimate the fault location. Nevertheless, the method is meant as a localization algorithm and assumes information on the fault type from the breakers is available as well as more than 5 ms long measurement window.

When the system is based on voltage source converters with large shunt capacitance, [START_REF] Jin | A Novel Pilot Protection for VSC-HVDC Transmission Lines Based on Parameter Identication[END_REF] showed that this capacitance could be accurately identied in the case of internal faults using local voltage and current measurements.

On the contrary, external faults would lead to an erroneous identication. In [START_REF] Johannesson | Selective Wave-Front Based Protection Algorithm for MTDC Systems[END_REF], a rational approximation of the characteristic admittance of the line is used to detect the rst incident wave of the current. Selective detection is then achieved using a predetermined static threshold on the incident wave, still assuming the presence of DC reactors to distinguish external disturbances.

A multiple behavioral model-based approach has been developed in [START_REF] Ali Al Hage | Multiple model based fault localization for HVDC transmission systems: Robustness and real-world performance[END_REF]. Universal line models are derived for a nite set of possible fault cases. These models are combined in a bank of Kalman lters used to perform the fault identication. Measurements from the relay are then compared to the predictions obtained from the lters. The best predicting lter provides an estimate of the fault characteristics. This technique requires considering many lters so as to be able to identify faults with a large variety of characteristics, see [START_REF] Ali Al Hage | Multiple model based fault localization for HVDC transmission systems: Robustness and real-world performance[END_REF].

Model-based algorithms are hence considered for fault localization as well as identication. Nevertheless, nding a good trade-o between quick detection and identication and accurate (therefore complex) estimation of the fault characteristics is still challenging.

Problem formulation and proposed approach

This section describes the problem formulation and provides an overview of the proposed approach.

Problem formulation

Consider an MTDC grid described by a graph G = (V, E), where E is a set of edges, representing the lines connecting pairs of nodes represented by the vertices in V.

The nodes may consist of converter stations or other equipments such as sensors, relays, etc. Transmission lines can be overhead lines (OHL), underground cables, or a combination of both. Consider some vertex q ∈ V connected to n q lines. Within the node represented by q, each line is assumed to be monitored by some fault identication device (FID) in charge of determining whether the line under protection is faulty. Each node contains thus n q FID, each dedicated to an incoming line.

Consider a fault occurring at some time instant t f on a given line e = (q, q ) ∈ E of length d qq connecting stations q and q of the grid. The distance of the fault to stations q and q along the line e is d f,q and d f,q , respectively with

d f,q + d f,q = d qq . ( 1 
)
The fault is assumed to be characterized by its pole-toground or pole-to-pole impedance Z f depending on the type of fault, considered constant during the time interval of interest in the order of a millisecond. The vector of parameters describing a fault is thus p = (e, d f,q , d f,q , Z f , t f ) T .

Assume that the FID of station q monitoring line e acquires at a frequency f voltage and current measurements (v q,e (t) , i q,e (t)) at the end of e connected to q. Using tools presented, e.g., in [START_REF] Azad | A Fast Local Bus Current-Based Primary Relaying Algorithm for HVDC Grids[END_REF], the FID is able to determine whether the grid behaves normally or not. Let t d,q > t f denotes the time instant at which an abnormal behavior is detected at station q.

Once such abnormal behavior has been detected, the FID has to determine, using all available information, whether or not the fault occurred in the line under protection.

Overview of the proposed approach

In the proposed approach (see Figure 2), an ML estimate of the vector of parameters p characterizing the fault is evaluated using the voltage and current measurements (v q,e (t) , i q,e (t)). For that purpose, a parametric model of the voltage and current evolution at node q is considered in case of fault occurrence. This model depends on the characteristics of the grid, which are supposed known, and on the unknown vector of fault parameters p. For a given value of p, the output at time t of the parametric model is denoted as v m q,e (p, t) , i m q,e (p, t) . As will be seen in Sec- v q,e (t), i q,e (t) v m q,e (p, t), i m q,e (p, t) p

Estimated parameters

Figure 2: Overview of the proposed fault parameter vector estimation approach. Subscripts q and e are omitted to lighten the notations.

Assuming that the fault actually occurred on the line e, the FID evaluates an estimate p of the fault parameter vector p. Consider a line e = (q, q ) belonging to a meshed grid as presented in Figure 1. The evolution of current and voltage measured at a given point of e can be modeled using traveling waves, as shown in [START_REF] Wang | Frequency domain based DC fault analysis for bipolar HVDC grids[END_REF]. Along the line, current and voltage satisfy the telegraph equations, expressed in the Laplace domain as

∂ 2 V ∂x 2 = Z(s)Y (s)V (x, s) (2) 
∂ 2 I ∂x 2 = Y (s)Z(s)I(x, s), (3) 
where Z(s) = R + sL and Y (s) = G + sC are the transfer functions of the distributed series impedance and shunt admittance, respectively. When a fault occurs, two voltage and current waves V q,1 and V q ,1 starting from the fault location travel along the line towards node q and q , respectively. They undergo a certain attenuation and distortion according to some propagation function H

V q,1 (s,

d q ) = H (s, d q ) V init (s) (4) 
V q ,1 (s,

d q ) = H (s, d q ) V init (s), (5) 
where V init is the initial surge at fault location and (d q , d q )

are the traveled distances from the fault towards the two stations, respectively. H can be expressed, for a traveled distance d along the line, as

H (s, d) = exp -Y (s)Z(s)d . (6) 
Any voltage traveling wave V has an associated current wave dened as

I(s, d) = Z -1 c (s)V (s, d),
where the characteristic impedance Z c is

Z c (s) = Z(s)/Y (s). (7) 
When a change of propagation medium occurs (typically at the junction between a line and a station), the incident wave V f gives rise to a transmitted and a reected wave, V t and V r respectively. The associated voltage V tot at the media change point is then

V tot = V t = V f + V r = (1 + K) V f = T V f , (8) 

Fault Station q

Station q Station q Station q df,q df,q dq q dq where the transmission and reection coecients T and K depend on the characteristic impedances of the media. For a wave traveling from a medium of characteristic impedance Z 1 to a medium of characteristic impedance Z 2 , one has

q V q,1 V q ,1 t f t d,q t d,
K 1→2 = Z 2 -Z 1 Z 2 + Z 1 and T 1→2 = 2Z 2 Z 2 + Z 1 . (9) 
If the junction connects more than two conductors, the transmission and reection coecients must be adapted accordingly. Consider a wave from medium 1 of characteristic impedance Z 1 propagating to n -1 media of characteristic impedance Z 2 , . . . , Z n . The reection coecient as seen from medium 1 becomes

K 1→2...n = 1/Z 1 - n =2 1/Z n =1 1/Z . ( 10 
)
Similarly, the transmission coecient from medium 1 to is

T 1→ = 1 + K 1→2...n = 2/Z 1 n =1 1/Z . ( 11 
)
Using the reection and transmission coecients as well as the propagation functions as described before one can evaluate the incident, reected, and transmitted traveling waves with the help of a Bewley lattice diagram [START_REF] Bewley | Traveling Waves on Transmission Systems[END_REF]. Such diagram is presented in Figure 4 for the case of a three station network, as presented in Figure 1, connecting stations q, q , and q . The station q is represented on both sides of the diagram.

Lossless line model and converter stations

This section describes how time-domain expression of the traveling waves are obtained for a line e connecting two power stations q and q represented in Figure 1. For that purpose, a lossless line model is considered and the MMC are represented by RLC equivalents. The eect of soil resistivity in the ground return path is temporarily neglected, so that the distributed series impedance Z and shunt admittance Y in (6) depend only on the overhead line characteristics and do not vary signicantly with the frequency, see Appendix Appendix A.

To describe the transient behavior of voltage and current once a fault has occurred, the series resistance R and shunt conductance G are neglected compared to the eects of the series inductance L and shunt capacitance C. The validity of this assumption is investigated in Appendix Appendix A. With this lossless model, ( 6) and ( 7) become

H(s) = exp -s √ LCd (12) 
and

Z c = L/C. (13) 
Modular Multilevel Converters (MMC) are considered within each station. If the current increases to 2 p.u., power electronics within the MMC will protect by autoblocking, see [START_REF] Auran | Full selective protection strategy for multi-terminal cable HVDC grids based on HB-MMC converters[END_REF]. When considering only the two or three rst incident, reected, and transmitted waves due to the fault, it is reasonable to consider auto-blocking as inactive at the arrival times of those waves. This is further detailed in Appendix Appendix B. With this assumption, the RLC model

Z mmc (s) = R mmc + sL mmc + 1 sC mmc (14)
for the MMC introduced in [START_REF] Leterme | Reduced Modular Multilevel Converter Model to Evaluate Fault Transients in DC Grids[END_REF] can be employed. The fault may be represented by a voltage source in series with an impedance Z f between ground and the fault location connected at the fault instant t f . The fault impedance accounts for dierent eects such as the electric arc, the tower grounding impedance, and the resistance of additional unknown objects in the current path. Here, as in [START_REF] De Andrade Suárez | Typical expected values of the fault resistance in power systems[END_REF], these eects are described considering a single unknown fault resistance, i.e., Z f = R f . Consequently, the fault leads to the initial surge at the fault location

V init (s, t f , Z f ) = -v bf Z c Z c + 2R f exp (-st f ) . (15) 
The voltage source has an amplitude opposite to the voltage v bf at the fault location just before its occurrence. Note that v bf is not available at t f . Nevertheless, assuming steady-state conditions line just before t f , voltage and current along the line may be described by telegraph equations in steady state

∂ 2 V ∂x 2 = RGV. (16) 
Typically, the values of R and G are small enough, see Sec- Hence knowing the characteristics of the dierent lines, stations, and the topology of the grid one can establish the expressions in the Laplace domain for any traveling waves.

For example, considering a typical faulty line e connecting stations q and q of a grid such as that represented in Figure 1, the evolution of the current and voltage at station q has to account for several traveling waves: due to the rst incident wave from the fault to station q; this wave is reected by station q and by the fault (plain blue lines in Figure 4), due to the rst incident wave from the fault to station q , reected by station q , and transmitted by the fault (dashed red lines in Figure 4), due to the transmission of the incident waves to other lines of the grid or which have been transmitted several times by the fault (dashed blue and green lines in Figure 4).

Consider rst the traveling waves represented by the solid blue lines in Figure 4. The n th forward and return waves at the station q due the reections at the fault location can be expressed as a function of the fault parameters p as

V f,n (s, p) = (K q K f ) n-1 H (s, d f,q ) 2n-1 V init (s, t f ) V r,n (s, p) = K q V f,n (s, p) (17) 
where K q is the reection coecient from the line to the station q and K f is the reection coecient at the fault, both given by [START_REF] Dommel | Digital Computer Solution of Electromagnetic Transients in Single-and Multiphase Networks[END_REF].

Consider now the traveling waves represented by the dashed red lines in Figure 4. The rst incident wave from the fault to station q (red lines in Figure 4) is reected by station q and transmitted through the fault. This transmitted wave can be described at the station q as

V f,n (s, p) = K q T f H (s, 2d qq -d f,q ) V init (s, t f ) V r,n (s, p) = K q V f,n (s, p) (18) 
where K q is the reection coecient from the line to the station q and T f is the transmission coecient at the fault, given by [START_REF] Mahseredjian | On a new approach for the simulation of transients in power systems[END_REF].

Using the previous methodology, one can then get back to temporal domain expressions using inverse Laplace transform. Examples of time-domain expressions for the rst wave [START_REF] Azad | A Fast Local Bus Current-Based Primary Relaying Algorithm for HVDC Grids[END_REF] 

at station q are v f,1 (t) = - v bf R f Z c + 2 R f u (t -t d,q ) (19) and v r,1 (t) = 2 √ C mmc v bf Z c 2 (Z c + 2 R f ) A sinh (t -t d,q ) A 4 √ C mmc L mmc × exp - (2 R mmc + Z c ) (t -t d,q ) 4 L mmc u (t -t d,q ) (20) 
where A = C mmc (2R mmc + Z c ) 2 -16L mmc is a scalar coecient depending only on the line surge impedance and the MMC parameters. The time t d,q is the detection time corresponding to the arrival time of the rst wave at station q. It can be expressed as a function of the fault time t f , the fault distance d f,q , and the wave speed c w = 1/ √ LC;

t d,q = t f + d f,q c w . (21) 
Similar expressions can be obtained for the other waves due to reections at the fault and for waves due to reections at other stations. The total voltage at the station is then the sum of the measured prior fault voltage v(t = t - d,q )

and the dierent waves arriving at the station as derived using the Bewley diagram, see Figure 4.

v tot (t, p) = v(t - d,q ) + v f,1 (t, p) + v r,1 (t, p) + v f,2 (t, p) + . . . (22) 
The number of reections that must be taken into account results in a trade-o between the complexity and desired time validity interval of the model. Since the characteristic impedance is scalar, the current reaching the MMC from the monitored line is deduced from the voltage

i tot (t, p) = i(t - d,q )+Z -1 c (v f,1 (t, p)-v r,1 (t, p)+v f,2 (t, p) . . . ). (23) 
The expressions ( 19), ( 20) and ( 22), ( 23) depend on the known characteristics of the grid, and on measured quantities such as the detection time as well as the voltage and current just before the occurrence of the fault. As mentioned in Section 3, these expressions also depend on the fault parameter vector p = (e, d f,q' , d f,q , R f , t f )

T which value has to be identied.

Accounting for the soil resistivity

The knowledge-based model introduced in Section 4.1.1 neglects the eect of the soil resistivity. This section introduces a behavioral model that supplements the physical model to take into account soil resistivity eects.

Here, the soil resistivity is assumed to be represented by a known constant parameter ρ along the return path of the monitored line. While dierent approaches to model physically the behavior of the ground exist (see for instance as a low-pass lter.

Consequently, the output y m,g = v m,g (p, t)

T , i m,g (p, t)

T T of the model accounting for the eects of the soil resistivity is described as

y m,g (p, ρ, t k ) = G z -1 y m,0 (p, t k ) , (24) 
with G(z -1 ) = B(z -1 )

A(z -1 ) is a transfer function, where

A z -1 = 1 -a 1 z -1 -• • • -a na z -na (25) 
is an auto-regressive part that represents the inductive effect of the soil resistivity, while

B(z -1 ) = z -n d b 0 + b 1 z -1 + • • • + b n b z -n b ( 26 
)
is a exogenous part that takes y m,0 (p, t k ) as external input. The coecients n a and n b are the orders of the polynomials A and B respectively, while n d models the inputoutput delay.

An oine estimation of n d and of the coecients a i and b i may then be performed considering the measure-

ments y(t) = v (t) T , i (t) 
T T

for a vector of known fault parameters p using, e.g., the Electro-Magnetic Transient (EMT) software EMTP-RV [START_REF] Mahseredjian | On a new approach for the simulation of transients in power systems[END_REF]. Using [START_REF] Razzaghi | An ecient method based on the electromagnetic time reversal to locate faults in power networks[END_REF], the outputs accounting for the soil resistivity provided by EMTP-RV are assumed to be described by

A(z -1 )y (t k ) = B(z -1 )y m,0 (p, t k ) + ε (t k ) , (27) 
where ε (t) represents the measurement error term and all eects not captured by the model [START_REF] Razzaghi | An ecient method based on the electromagnetic time reversal to locate faults in power networks[END_REF]. Then, for given values of the fault parameter vector p and of ρ, a leastsquares estimate of n d and of the parameters a i , b i has been performed [START_REF] Ljung | System Identication -Theory for the User[END_REF].

The the following model

a m 1 (d f ) = α 1,0 + α 1,1 d -1 f + α 1,2 d -2 f ( 28 
) b m 0 (d f ) = β 0,0 + β 0,1 d -1 f + β 0,2 d -2 f ( 29 
)
n m d (d f ) = Round ν 0 + ν 1 d 1 f + ν 2 d 2 f ( 30 
)
of the evolution of a 1 , b 0 and n d with d f depending on the parameters vectors

α 1 = (α 1,0 , α 1,1 , α 1,2 ) T , β 0 = (β 0,0 , β 0,1 , β 0,2 ) T and ν = (ν 0 , ν 1 , ν 2 )
T has been adjusted by least-squares estimation.

A comparison of the output of the complete model with that of the knowledge-based model is provided in Section 7.

The estimation of the lter coecients a m 1 (d f ), b m 0 (d f ), and n m d (d f ) is also described.

Other traveling waves

To account for the eect of soil resistivity on other traveling waves, the distance d in the parameters a m 1 (d) and b m 0 (d) of the model [START_REF] Razzaghi | An ecient method based on the electromagnetic time reversal to locate faults in power networks[END_REF] has to represent the sum of the traveled distance.

For instance, the rst traveling wave, once it has been reected by the station and at the fault location, when it reaches again the station, has traveled three times the fault distance. The combined model output y m,g is obtained by ltering the knowledge-based model output y m,0 with a lter G which parameters are a m 1 (3d f ) and b m 0 (3d f ). An example of this approach is provided in Section 7.2.3.

A possible way to model situations where a line spreads over areas with dierent soil resistivities, is to consider a cascade of several lters G, each tuned for subarea assumed of constant soil resistivity.

Estimation of the fault parameters

In this section, the estimation of the fault parameters is detailed. This step corresponds to the parameter tuning block of Figure 2 introduced in Section 3 and uses the parametric model described in Section 4.

Consider that an unusual behavior is detected by a relay q monitoring a line e at the time t d,q . Assume that n voltage and current measurements y (t) = (v (t) , i (t)) 

Assume that, for the true value of the fault parameters p * , the observed data satisfy

y (t k ) = y m (p * , t k ) + ε(t k ), k = 1, . . . , n (32) 
where ε k belongs to a sequence of realizations of independent random vectors that follows a zero-mean Gaussian distribution with known covariance matrix 

Σ = σ 2 v 0 0 σ 2 i , ( 33 
)
see [START_REF] Walter | Identication of parametric models from experimental data[END_REF]. With the considered measurement noise model, evaluating p requires the minimization of the cost function

c (n) (p) = f (n) (p) T Σ (n) -1 f (n) (p), (35) 
where

f (n) (p) = (v (t 1 ) -v m (p, t 1 )) , . . . , (v (t n ) -v m (p, t n )) (i (t 1 ) -i m (p, t 1 )) , . . . , (i (t n ) -i m (p, t n )) T , (36) 
and

Σ (n) = diag σ 2 v , . . . , σ 2 v , σ 2 i , . . . , σ 2 i . (37) 
In the parameter estimation process, the rst component e of p is assumed xed when trying to decide whether the fault has occurred in the monitored line e or not. Moreover, d f,q can be deduced from [START_REF] Pierri | Challenges and opportunities for a European HVDC grid[END_REF]. Finally the fault occurrence time t f and the fault distance d f,q are related to the detection time t d,q using (21). Since t d,q can be measured, only two parameters d f,q and R f are left to be determined. For a given number of observations n, iterative optimization techniques (Gauss-Newton, Levenberg-Marquardt) may be used to build a sequence of parameter estimates

p (n) k+1 = p (n) k + δ (n) k , (38) 
where δ

(n)

k is some correction term such that c (n) (p

(n) k+1 ) < c (n) (p (n)
k ), starting from an initial estimate p (n) 0 . For ex- ample, with the Gauss-Newton method, one has δ

(n) k = -J (n)T f Σ (n) -1 J (n) f -1 J (n)T Σ (n) -1 f (n) , (39) 
where J

(n) f is the Jacobian matrix of f (n) with respect to p evaluated at p (n) k . The computation of the Jacobian matrix can be done explicitly for the physical model as well as the combined model, due to their (relative) simplicity.

Assume that after κ iterations [START_REF] Leanos | Wideband Line Cable Models for Realt Time and O Line Simulations of ElectroMagnetic Transients[END_REF], n measurements are available, with n = n + ∆n. The cost function c (n) (p) is updated to c (n ) (p). Then κ new iterates [START_REF] Leanos | Wideband Line Cable Models for Realt Time and O Line Simulations of ElectroMagnetic Transients[END_REF] are performed starting from p

(n ) 0 = p (n)
κ . In practice, κ and the number of additional measurements ∆n required to update the cost function may be tuned to reach a compromise between speed and accuracy of the estimation process.

The estimation algorithm is run until a stopping condition is satised, as detailed in Section 6.

Fault identication: decision logic

This section presents the logic that allows the algorithm to decide whether a fault actually occurred on the protected line or not. This step corresponds to the decision logic block of Figure 2 introduced in Section 3.

After each iteration, the algorithm determines whether it has obtained a satisfying estimate of the fault parameters with a good level of condence, indicating that the monitored line is faulty. The algorithm may also stop once it has performed a maximum number of iterations, corresponding to a maximum measurement window. In the latter case, the fault is considered to be outside the protected line, or to be non-existent. To determine whether the estimate is consistent with the hypothesis that the monitored line is faulty, two tests are considered. First, a validity test determines whether or not the value of the estimated parameter vector is included in some domain of interest.

Second, an accuracy test determines if the condence region associated to the estimate is small enough. In this section the number n of observed data is omitted to lighten the notations.

First, the estimated parameters must belong to a certain domain of interest D p which represents plausible values for the fault parameters. D p may be dened as

D p = {(d f , R f )|d f,min ≤ d f ≤ d f,max , R f,min ≤ R f < R f,max } (40)
where (d min , d max ) denes the portion of the line actually monitored by the relay and (R f,min , R f,max ) the range of fault resistance that requires fast decision, since a high value of R f corresponds to a non-critical fault for which more time is available to take action, as investigated in [START_REF] Auran | Non-unit full selective protection algorithm for MTDC grids[END_REF]. Typical boundary values are d f,min = 0 km, d f,max = 90 %d qq and R f,min = 0 Ω, R f,max = 200 Ω.

Second, in the accuracy test, for each estimate p k of p * belonging to D p , an associated condence region is evaluated. Various approaches for this evaluation are available, see, e.g., [START_REF] Kay | Fundamentals of Statistical Signal Processing: Estimation Theory[END_REF][START_REF] Walter | Identication of parametric models from experimental data[END_REF]. Here, one approximates the covariance matrix

P ML = E y|p * (p k -p * ) (p k -p * ) T (41) 
of the estimate p k by its Cramér-Rao Lower Bound (CRLB)

P ML I -1 (p * ) , (42) 
where

I (p) = -E y|p ∂ 2 ln π y (y|p)) ∂p∂p T (43) 
is the Fisher information matrix. This approximation relies on assumptions that are in general not satised in practice. Usually, the measurement noise is considered as independent and identically distributed with zero-mean Gaussian distribution. Moreover, the model error has to be small compared to the measurement noise. Finally, 42), since p * is not available. Nevertheless, the CRLB gives a reasonable evaluation of the estimation uncertainty.

I -1 (p * ) is replaced by I -1 (p k ) in (
From (43), and considering the hypotheses on the measurement noise, the Fisher information matrix becomes

I (p) = J T f (p) Σ -1 J f (p) . ( 44 
)
When Σ is not known, its diagonal components may be obtained as the estimated variances for the current and voltage residuals

σ 2 v = 1 n -n p n =1 (v (t ) -v m (t , p k )) 2 σ 2 i = 1 n -n p n =1 (i (t ) -i m (t , p k )) 2 ,
with n p the number of estimated parameters.

Specic condence regions can be computed using the fact that 1 np (pp k ) T I -1 (p k ) (pp k ) follows approximately a Fisher-Snedecor distribution F (n p , 2nn p ). Assuming that the number of observations n is large compared to the number of estimated parameters n p , the (1α)% condence region can be approximated by the ellipsoid

R α (p) = p ∈ R np | (p -p k ) T I -1 (p k ) (p -p k ) ≤ χ 2 np (1 -α) ,
where χ 2 np (1α) is the value that a random variable distributed according to a chi-square distribution with n p degrees of freedom has a probability 1α to be larger than.

The volume of the (1-α)% condence ellipsoids R α (p)

is then used to determine the accuracy of the current estimate p k of p * . The estimation algorithm is deemed to have obtained an accurate estimate of the fault parameters

if the volume of R α (p) is below a certain threshold vol (R α (p)) tr 1-α (45) 
The threshold tr 1-α has to be tuned so as to ensure both 

Simulation results

This section presents the results obtained in simulations. Measurements in case of faults have been provided

by EMTP-RV and the FID was implemented in Matlab. for k = 1 : κ do 8:

Update p

(n) k+1 = p (n) k + δ k 9: ifstop_cond(p (n) k+1 , R (α) (p (n) k+1 
)) =true then 

Model of the grid

To test the proposed approach, consider the three-node Delta grid of Figure 6 with single-conductor identical overheadlines and 3 MMC stations. Such type of grid may constitute an elementary part of more complex meshed grids described, e.g., in [START_REF]Protection and local control of HVDC-grids[END_REF]. As will be seen in the experimental part, the proposed algorithm can characterize the fault parameters in much less than 1 ms after the fault occurrence. If the three-node Delta grid would actually be part of a more complex grid, the impact of the presence of further links would be negligible in the rst few hundreds of micro seconds after the fault occurrence. Consequently, results obtained with the considered grid are likely to be representative of results obtained with a more complex grid. 1 and2. The active power injected by each converter stations prior to the fault is indicated for each station in Figure 6. The MMCs are simulated with switching function of arms [START_REF] Zama | A novel modular multilevel converter modelling technique based on semi-analytical models for HVDC application[END_REF] and a wideband model is used for the transmission lines [START_REF] Leanos | Wideband Line Cable Models for Realt Time and O Line Simulations of ElectroMagnetic Transients[END_REF]. The current and voltage sensors used in the EMT simulations have an accuracy class of 1 %, a bandwidth of 300 kHz, a sampling frequency of 1 MHz, and a resolution of 16 bits.

Relays

Further details on sensor and relay congurations can be found in [START_REF]Protection and local control of HVDC-grids[END_REF].

From Tables 1 and2, one can evaluate the parameters used in the knowledge-based model presented in Section 4 such as the distributed parameters of the line, see Table 4, and the RLC model of the stations, see Table 3. Horizontal distance (m) 5

Vertical height at tower (m) 30

Vertical height at mid-span (m) 10

Soil resistivity (Ωm) 100

Evaluation of the model accuracy

This section evaluates the accuracy of the complete model of Section 4, including the behavioral part of the model representing the impact of the soil resistivity. Figure 9 shows the evolution of voltage and current at a station considering a fault occurring at time t f = 0, with a resistance of 20 Ω, and situated 30 km away from the station. One observes that the match with the EMT simulation is very good for the rst traveling wave and still good for this wave after two additional reections (at the station and at the fault). In Case 1, the fault, located at d * f = 30 km from station 3 (close fault) with an impedance of R * f = 20 Ω, occurs at t f = 0. Once an abnormal behavior is detected at relay R 31 (using the approach described in [START_REF] Azad | A Fast Local Bus Current-Based Primary Relaying Algorithm for HVDC Grids[END_REF]), the identication algorithm is started. Its behavior can be analyzed by plotting the contour of the cost function [START_REF] Walter | Identication of parametric models from experimental data[END_REF] to minimize at each iteration as well as the trajectory of the estimate (d f , R f ) of the fault parameter vector, see Fig- In case 2, a fault occurs at t f = 0, at a distance d * f = 140 km from station 3 (remote fault) on line L 13 with an impedance of R * f,2 = 40 Ω. In that case, the estimation algorithm at relay R 31 requires observations of current and voltage during a time interval of 126 µs after the detec- In the simulations show that the proposed approach has a satisfying behavior over a wide range of showed that the method is applicable on a wide range of fault cases regarding fault distance and resistance.

First traveling wave

Several future directions may be considered. The model has to be improved for faults lying close to a line end, since many reections will be observed in such case. A possible solution to increase robustness regarding both selectivity and dependability is to run within the same relay several estimation algorithms with dierent initializations and to rely on a voting system among the provided estimates. Finally, an extension of the proposed algorithm to the multi-conductor case is still challenging.

Figure 1 :

 1 Figure 1: Example of a three-node MTDC network; DC reactors are assumed available in most state-of-the-art fault identication algorithms, whereas in the proposed approach they are not required to achieve selective fault identication.

tion 4 ,

 4 the considered model combines a knowledge-based model derived from physical principles and a behavioral model used to take into account additional eects such as the soil resistivity.

Figure 3 :

 3 Figure 3: Combined knowledge-based (physical) and behavioral model

q timeFigure 4 :

 4 Figure 4: Example of a Bewley lattice diagram.

tion 7 ,

 7 to neglect the variations of the voltage along lines, even of several hundreds of kilometers long. Consequently, v bf can be approximated by the steady-state voltage v t - d measured at the relay just before the fault detection.

[ 33 ]Figure 3 .

 333 Figure 3. Assume that y m,0 (p, t) = v m,0 (p, t) T , i m,0 (p, t) T T is the output of the knowledge-based model in Section 4.1.1, representing the voltage and current at a given point of the monitored line e. Preliminary simulations have shown that the soil resistivity impacts the model output y m,0 (p, t)

  coecients of the transfer function G which models the eect of soil resistivity clearly depend on the value of ρ. Moreover, additional simulations have also evidenced the impact of the components of the fault parameter vector p, among which the distance to the fault d f is the most important. In order to get a behavioral model of the impact of the soil resistivity that is valid whatever the fault location, one explicitly accounts for d f in the parameters a i and b i of the model. Low order models have proven to give a relatively good t of the simulated voltage and currents from EMTP. In the case of a rst order low pass lter, the coecients a 1 , b 0 and n d can be estimated for dierent values of the fault distance d f and a given value of ρ, considering only the rst traveling wave generated by a fault.

  dependability and security. The estimation algorithm has to correctly identify all faults occurring on the protected line while rejecting faults occurring elsewhere. Tuning is done heuristically considering a large number of simulated fault cases, especially limit cases where forward faults occur on an adjacent line, since they are harder to distinguish from fault occurring at the remote end of the protected line.When both validity and accuracy tests are satised, the estimation algorithm stops and the fault is considered to be in the protected zone. The proposed fault identication approach using parameter estimation and the validity and accuracy tests is summarized in Algorithm 1. The algorithm starts the fault parameter estimation as soon as an unusual behavior is detected (line 3). For a given set of data, κ iterations of the estimation algorithm are run (lines 7-8). The algorithm stops and concludes that the fault is internal as soon as the estimate satises the stopping conditions (line 9-10). If these conditions are not met, ∆n new measurement data are added when available (line 13) and the estimation process starts over from the last parameter estimate (line 14). If the maximum length of the measurement window has been reached and the stopping condition have not been satised, the fault is considered external (line 17). The corresponding owchart of the algorithm is provided in Figure5.

Algorithm 1 Fault parameter identication algorithm 1 : 4 :

 114 Input: n 0 , p 0 , n max , κ 2: Output: fault in protected zone, fault parameters 3: if Unusual behavior detected then Collect n = n 0 current and voltage measurements

Figure 6 :

 6 Figure 6: Test grid considered

  R 13 and R 31 monitor line L 13 of length d 13 = 200 km; Relays R 23 and R 32 monitor line L 23 of length d 23 = 150 km; Relays R 12 and R 21 monitor line L 12 of length d 13 = 100 km. Numerical values for the station and line characteristics are given in Tables

Figure 7 Figure 7 :

 77 Figure 7 represents an example of the evolutions of voltage and current for the rst traveling wave generated by a fault occurring on line L 13 at time t f = 0, with a resistance of 20 Ω situated 50 km away from the station 3. The soil resistivity is taken as ρ = 100 Ωm, which is a low or average value according to [39]. The estimation of the model parameters has been performed considering only the rst traveling wave generated by a fault. It can be observed that the outputs of the combined model accounting for the soil resistivity (ρ > 0) are much closer to the outputs provided by EMTP-RV than the outputs of the physical model neglecting the soil resistivity (ρ = 0). For the considered behavioral model G z -1 , n d = 4 and considering n a = 1, n b = 0 provides the best compromise between accuracy and complexity.

Figure 8 Figure 8 ,

 88 Figure 8 describes the evolution of the coecients a 1 , b 0 and n d of the behavioral model as estimated for different values of the fault distance d f considering again ρ = 100 Ωm. Here again, the estimation has been performed considering only the rst traveling wave generated by a fault occurring at time t f = 0. The evolution of a m 1 (d f ), b m 0 (d f ), and n m d (d f ) with d f is also provided in Figure 8, showing an excellent match with the estimated values of a 1 , b 0 , and n d . It can be observed that the inductive eect, represented by the parameter a 1 , increases with the fault distance. For small values of d f , as expected, a 1 is close to 0 and the model of Section 4.1.1 neglecting the soil resistivity has good modeling performances.

Figure 8 :Figure 9 :

 89 Figure 8: Evolution of the estimated parameters a 1 , b 0 (left) and n d (right) of the behavioral model as a function of d f (crosses), compared to their modeled evolution using a m 1 (d f ) and b m 0 (d f ) (left) and n m d (right) (dashed and dotted lines)

1 -

 1 α = 0.95 Accuracy test threshold tr 0.95 = 10 Targeted fault distances d f,min = 0,d f,max = 0.9d Targeted fault resistances R f,min = 0,R f,max = 200Ω Maximum measurement window 3d/c w 7.3. First illustration of the fault identication algorithm To illustrate the behavior of the identication algorithm, one considers two cases of pole-to-ground faults occurring between stations 3 and 1, i.e., in line L 13 of the grid in Figure. 6. Parameters of the algorithm, introduced in Sections 5, 6 and 6, are given in Table 5. Though such parameters can be adjusted, they are kept constant for all the simulations. The dierent parameters have been tuned considering extensive simulations, focusing on critical cases with remote faults occurring on the protected line and low impedance faults occurring on an external line close to a remote station. The maximum duration of the measurement window, which is used as stopping criterion for the estimation algorithm, varies for each relay, since it depends on the total length d of the monitored line and on the traveling wave propagation speed c w in the line (as dened in 4). Each time ∆n = 10 additional measurements are available, a single iteration of the estimation algorithm is performed, thus for all n, κ(n) = 1.

ure 10 .

 10 The 95% condence ellipse of the estimated parameter vector is also displayed at each step. After each iteration, new data points are added to the cost function.

Figure 10 :Figure 11 :Figure 11 .Figure 12 :

 10111112 Figure 10: Case 1: fault at d * f = 30 km from station 3 (close fault) with an impedance of R * f = 20 Ω: evolution of the contour plot of the cost function and estimated parameters at iterations 1,2,3 and 5.

Figure 13 :Figure 14 :Figure 15 :Figure 16 :Figure 17 :

 1314151617 Figure 13: Case 2: fault at d * f = 140 km from station 3 (remote fault) with an impedance of R * f = 40 Ω: evolution of the contour plot of the cost function and estimated parameters at iterations 4, 7, 9, and 11.

Figure 18 :

 18 Figure 18: Relative error of the estimated fault distance at relays R 31 and R 13 for the extensive simulation fault cases.

Figure 19 :Figure 19 .

 1919 Figure 19: Results at relay R 23 : The green area indicates faults that were correctly identied as external; The red area corresponds to faults that were incorrectly identied in the protected line L 23 ; Distance corresponds to the total distance between the fault and relay R 23 ; Case 1 with R * f = 20 Ω, d * f = 180 km is indicated by a cross.

8 .

 8 Conclusion and future work This paper proposes a novel single-ended algorithm for fault identication for meshed HVDC grids. Once a fault is suspected in a monitored line, the algorithm estimates the parameters of this fault using a combined physical and behavioral model to represent the fault propagation and to account for ground eects and various losses. A validity and an accuracy tests are then used to determine whether the monitored line is actually aected by a fault. Taking full benet of the information contained in the rst waves after fault occurrence, identication of the fault can be performed observing the voltage and current at a relay during less than 200 µs. Contrary to existing single ended algorithm, DC reactors are not required to achieve selectivity. Extensive simulations with EMTP software

Table 1 :

 1 Characteristics of the MMC stations

	Rated power (MW)	1000
	DC rated voltage (kV)	320
	Arm inductance (p.u.)	0.15
	Transformer resistance (p.u.)	0.001
	Capacitor energy in each submodule (kJ/MVA)	40
	Conduction losses of each IGBT/diode (Ω)	0.001
	Number of sub-modules per arm	400

Table 2 :

 2 Overhead-line characteristics L 13 L 12 L 23

	DC resistance (mΩ/km)	24
	Outside diameter (cm)	4.775

Table 3 :

 3 Equivalent parameters of the MMC stations

	Equivalent inductance (mH)	8.1
	Equivalent resistance (Ω)	0.4
	Equivalent capacitance (µF)	391

Table 4 :

 4 Overhead-line distributed parameters L 13 L 12 L 23

	Series resistance R (mΩ/km)	24
	Series inductance L (mH/km)	1.45
	Shunt capacitance C (nF/km)	7.68
	Shunt conductance G (nS/km)	0.2
	7.2.2. Validity of the lter parameter tting approach

Table 5 :

 5 Algorithm tuning parameters.

	Parameter	Value
	Initial point, p 0	R init = 1Ω,d init = 6km
	Number of iterations for n data	k(n) = 1
	Additional data points ∆n	

Table 6 :

 6 Comparison between the proposed scheme and other presented schemes. line L 13 . Additional tests indicate similar behavior of the algorithm for faults occurring on the other lines. One possibility to handle dependability failures for remote faults is to use inter-tripping [42], since the remote relay (here R 13 ) will perform an ultra-fast fault identication.

	Reference	Data window (ms)	Average error (%)	Tripping decision
	[22]	13	0.02	No
	[40]	10	0.3	No
	[41]	10	0.4	Yes
	[27]	5.3	2.3	Yes
	Proposed algorithm	0.1	15	Yes
	Proposed algorithm	0.3	12	Yes
	fault cases aecting			
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Appendix A. Loss-less line approximation

For the physical part of the model in Section 4.1, the lines have been considered as lossless and with constant 2 and4. to model the MMC stations, assuming the power electronic components within the stations are not blocked during the very rst instants after the fault occurrence. To study the validity of this assumption, consider a single line connecting stations q and q aected by a fault very close to station q. The rise of current at station q due to the multiple reections between the station and the fault can be upper bounded by the rise of current in a worst case scenario, where the fault is an ideal short-circuit and the station is an ideal voltage source. In that case each traveling wave reaching the station q will increase the current owing through the MMC by a step of magnitude 2 v bf Zc .

Considering that the prior fault voltage is close to the nominal DC voltage V DC , this step can be converted in per unit using the nominal DC power P DC as,

Thus, the per unit value of the current owing through the MMC after 2 traveling waves is