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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 difficult.

Abstract

The main tasks of a protection strategy t include, but is not
limited to, fault detection, faulty component identification, and
tripping of the breakers [3]. In a full selective fault clearing
strategy, the faulty component is identified prior to the fault
clearing so that only the faulty component is disconnected,
which is considered preferable since this minimizes the impact of the fault on the grid. In such a strategy, Direct Current
Circuit Breakers (DCCB) located at the end of each line are
responsible for the protection of their respective line, see Figure 1. Overall, the protection strategy must be reliable, i.e.,
it 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, the protection algorithm must operate fast enough to cope with the DCCB capabilities, typically
in less than a millisecond, which makes use of communication
between distant protection devices not suitable. Hence, a selective protection scheme requires a single-ended (non-unit)
algorithm [3] ensuring selectivity, i.e., able to discriminate between internal faults, occurring on the protected line and external faults, occurring elsewhere in the grid.

While more and more HVDC point-to-point connections are
initiated worldwide, the emergence of multi-terminal grids
still faces important hurdles among which the protection is
seen as particularly challenging. We propose a parametric
single-ended fault identification algorithm to be used in fullyselective fault-clearing strategies. Such strategies are preferential for meshed grids as they limit the impact of the fault. The
method is able to determine whether the line monitored by a relay is faulty or not using very few local measurements, making
ultra-fast fault identification possible. Contrary to most existing approaches, extra inductances are not required to distinguish between faults occurring on the protected line and elsewhere. When a fault is suspected, the proposed algorithm estimates the parameters that characterize the fault, namely the
fault distance and impedance. The estimation process uses a
parametric model describing the voltage and current evolution just after the fault occurrence based on the fault parameters.The identification of the faulty line is then based on the
size of the confidence region of the estimated fault parameters. Use-cases and performances of the algorithm for a fournode meshed grid are studied using Electro-Magnetic Transient (EMT) simulations.
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A faulty behavior is generally associated with high variation
rates in both current and voltage. Various measurements-based
methods using thresholds on voltage and their derivatives [4] or
current and their derivatives [5], or both , have been proposed.
They all benefit from costly inductances placed at the end of
each line, between the relay and the bus-bar, see Figure 1.

Introduction

Multi-Terminal high-voltage Direct-Current (MTDC) grids
have recently been the subject of many studies. In the future,
such type of grids is 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 offshore wind power plants
[1]. Among the several technical and non-technical barriers
still to overcome for the development of High-Voltage DirectCurrent (HVDC) meshed grids, the protection of the lines is
seen as one of the most challenging [2]. Protection strategies
and breaker technologies developed in the case of High Voltage Alternative Current grids cannot be directly translated to

Model-based methods try to benefit from a more accurate description of the evolution of current and voltage when a fault
appears on a line. In the context of AC transmission multiple
traveling wave arrival times are considered in [6] to spot the
reflection patterns between the observation point and the fault.
Several wave arrival times (about a dozen) need to be acquired,
which limits the speed of the method. The concept of distance
protection is extended to the HVDC case in [7]. Considering a frequency dependent model applied in time domain, the
fault distance is computed and compared with some setting distance, which is used as criterion for fault detection. However,
the measurements must be observed during more than 10 ms to
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accurately locate the fault and the method is not tested against
faults that do not occur on the protected line.
Model-based algorithms are hence considered for fault detection and identification. Nevertheless, finding a good trade-off
between quick detection and identification and accurate (therefore complex) estimation of the fault characteristics is still
challenging.
This paper introduces a novel single-ended protection algorithm able to detect and identify faults occurring on transmission lines. Each relay embeds a parametric model of the evolution of the current and voltage in case 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 data available at the relay. The
estimated fault parameters and their confidence intervals are
exploited to determine whether or not one has to consider that
a fault actually occurred on the protected line. The motivation and benefits of a fast fault clearing strategy is detailed in
Section 2. The proposed fault identification algorithm is presented in 3.1. Simulation results using EMT software [8] are
presented in Section 4.
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Fig. 1: Four station test grid where an asymmetrical monopole
single conductor configuration with earth return is considered
the current rises above their breaking capability. In the case
of underground cable based grids, the current rises extremely
fast, making the presence of smoothing reactors necessary at
the DC side of the converter or in series with the breakers.
However, for OHL based grids, it may be possible to remove
these inductances because of the inductive behavior of the line
that attenuates the rise of the current. This is beneficial due to
the important cost of such inductances and the negative impact
they could have on the dynamics of the grid [9]. However, the
current may still reach high values depending on the position
and impedance of the fault.

Motivation and algorithm use cases

In this section we justify the feasibility and benefit of a full
selective fault clearing strategy using the proposed ultra-fast
fault identification algorithm. Thus we consider here that a
single-ended algorithm able to detect and identify faults in
0.5 ms is implemented at each relay, which is motivated in Section 4. The test grid is first introduced in Section 2.1. Then we
will show that in the context of Over-head line (OHL) based
MTDC, the combination of fast fault identification and Hybrid
DCCB makes it possible to selectively clear the fault without
considering extra DC inductances, see Section 2.2. In Section 2.3 we will focus on the possibility to prevent converter
stations from auto-blocking due to the high fault currents. In
those sections, the simulations are conducted without assuming any action from the breakers.
2.1

The use of hybrid circuit breakers is seen as a good compromise between opening time, one-line losses and breaking capabilities. The considered DCCB have a breaking capabilities of 16 kAand an operating time of 2 ms [10]. Added to the
time required for the fault identification, the total fault neutralization time is considered to be 2.5 ms. Thus, to validate the
possibility to disconnect only the faulted line one has to check
if the current rises above 16 kA in less than 2.5 ms after the
fault reaches a given relay. The Figure 2 shows the value of the
line current for a fault on the line L14 , for different values of
fault distance and resistance. The 16 kA maximum breaking
capability of the breakers is also displayed. For all the fault
cases the level of the current allows to use the breakers at the
relay and disconnect the faulted line. The use of a fast faultidentification algorithm hence enables the recourse to a fullselective fault clearing strategy while omitting the smoothing
reactors on the DC side.

Test grid

The considered grid is a four station meshed HVDC grid as
introduced in the PROMOTIoN project [3], adapted with overhead lines. Note that DC inductances are omitted. Modular
Multilevel Converter (MMC) stations have a rated power of
1 GW. An asymmetrical monopole with single conductor configuration is considered. In the followings we will consider
different fault cases occurring on line L14 with various fault
distances df and fault resistances Rf .
2.2

2.3

Preventing the stations blocking

During a fault the current flowing through the MMC stations
will rise and eventually triggers the power electronic components self-protection. The IGBTs will be blocked if the current
of the arm reaches a certain threshold, usually considered to
be 2 p.u. of the rated current [11]. This has a negative impact
on the healthy lines connected to the blocked stations as it prevents the station to control the power flow on those lines. After
a fault is cleared the station must hence be de-blocked to return to normal operation. However the fast opening of the line

Coping with the rise of current

Short circuits due to faults in high voltage transmission lines
induce important currents along the faulted line. If one aims at
clearing only the faulted line, the line breakers must trip before
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Fig. 3: Time instant at which the stations 1 and 4 block for
faults occurring on line L14 . Fault distances are taken
with respect to the considered station, i.e., from station
1 (left) and 4 (right).

Fig. 2: Line current after 2.5 ms at relays R14 and R41 when
a fault occurs on line L14 . Fault distances are taken
with respect to the considered relay, i.e., from relay R14
(left) and R41 (right).

Sensors

circuit breakers can prevent the station from blocking. This
would diminish the fault impact on the grid and decrease the
total duration of the protection strategy [12].

vq,e (t), iq,e (t)
m
vq,e
(p, t), im
q,e (p, t)

+
−

Model

Here we investigate for which fault cases does the proposed
protection strategy allow to avoid the blocking of the MMC
stations. To do so we consider the time instant at which the
(i)
converter at station i blocks tblock , taken with respect to the
fault arrival time at station i. The blocking instants at stations
1 and 4 are displayed in Figure 3 for the different fault cases oc(i)
curring on line L14 .If tblock ≥ 2.5 ms the opening of the DCCB
on the faulted line would prevent the station from blocking.
The behavior of the other stations not directly connected to
the faulted line is not showed as the time scales involved are
less constraining. The beige area corresponds to fault cases for
which the blocking of the stations is too fast for the DCCB to
(i)
prevent it, i.e., tblock ≤ 2.5 ms , the blue area depicts the faults
for which the station blocks more than 30 ms after the fault
inception at the station, or may never block. In between, the
green area corresponds to the cases where the blocking of the
station would be avoided by clearing the the fault in 2.5 ms.
The latter concerns mostly low impedance faults whose distance from the considered relay can go up to the total length
of the line. Furthermore it is noticeable that even in the worst
cases only one converter station blocks, as for instance close
faults as seen from station 1 are remote faults for station 4.
This is an expected requirement in meshed HVDC grids [13].
The proposed strategy can thus increase the availability of the
grid for a wide range of fault cases by preventing the stations
from blocking.
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Fig. 4: Overview of the proposed fault identification approach.

T

thus p = (e, df,q , Zf , tf ) . During the parameter estimation
process the line e is fixed. Furthermore df,q and tf are linked
through the detection time of the first traveling wave at station
d
q, td,q = tf + cf,q
, which can be measured. cw is the propw
agation speed of the traveling waves, determined by the line
parameters. Thus the vector of the fault parameters is reduced
T
to p = (df,q , Zf ) .
Assume that the Fault Identification Device (FID) of station q
monitoring line e acquires at a frequency f voltage and current
measurements (vq,e (t) , iq,e (t)) at the end of e connected to q.
Using, e.g., an under-voltage criterion [15], the FID is able to
determine whether the grid behaves normally or not.
Once an abnormal behavior has been detected, the FID has to
determine whether or not the fault occurred in the monitored
line. The proposed approach, see Figure 4, considers a parametric model of the evolution of voltage and current at node q
in case of a fault, detailed in Section 3.2. The fault parameter
tuning process and the decision logic are presented Section 3.3.

Problem formulation and proposed approach
Problem statement

Consider a fault occurring at some time instant tf in the grid
on a line e of length dqq0 connecting stations q and q 0 . The
distances between the fault and the stations q and q 0 are df,q
and df,q0 = dqq0 − df,q . The fault is assumed to be characterized by its pole-to-ground impedance Zf , considered constant during the time interval of interest in the order of a millisecond [14]. The vector of parameters describing a fault is

3.2
3.2.1

DC Fault modeling
Physical modeling

After the occurrence of a fault, the transient behavior of current
and voltage measured at a given point of a line e connecting
stations q and q 0 can be modeled using traveling waves [16].
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The telegraph equations allow one to represent the propagation
and attenuation of the voltage and current waves as they travel
along the line as
∂2V
= Z(s)Y (s)V (x, s)
∂x2

Line parameters
Station parameters
Grid topology
Fault
parameters p

(1)

where Z(s) = R + sL and Y (s) = G + sC are the transfer functions of the distributed series impedance and shunt
admittance, respectively. For high voltage over-head lines, a
loss-less approximation is relatively accurate so that only the
per length inductance L and capacitance C can be considered.
The latter corresponds to the line to earth impedance and does
not vary significantly with the frequency. However, L represents both the self inductance of the line as well as the inductance due to the magnetic field in the earth. The latter depends
greatly upon the frequency and the nature of the ground, represented by the soil resistivity ρ. In the first stage of our approach, we neglect this effect due to the soil resistivity. Setting
ρ = 0 allows us to analytically solve the Telegraph equations
1 in the Laplace domain with parameters L, C fixed at a given
frequency.

ρ
Behavioral
model

y m,g (t, p)

Fig. 5: Combined physical and behavioral model

where G z −1 is a discrete time low pass filter tuned so that
the output of the combined model fits the measurements obtained with an EMT simulation. As the effect of the soil resistivity varies with the fault distance, the ground filter depends
on the fault parameters p through df . Hence the combined
model still depends explicitly on the fault parameters which
value has to be identified.
3.3

Fault identification

Consider a fault is suspected at the relay at station q monitoring line e using an detection module such as an undervoltage, see [15]. Considering a fault actually occurred on
b of the vector
the line e, the FID evaluates a ML estimate p
of fault parameters p using the voltage and current measure
m
ments (vq,e (t) , iq,e (t)) and model vq,e
(p, t) , im
q,e (p, t) .
This amounts to minimizing a cost function defined as: [17]

The fault may be represented by a voltage source in series with
an impedance Zf between the ground and the fault location
connected at the fault instant tf . The fault impedance accounts
for different effects such as the electric arc, the tower grounding impedance, and the resistance of additional unknown objects in the current path. Here, as in [14], these effects are
described considering a single unknown fault resistance, i.e.,
Zf = Rf . The converter stations, here MMC, are modeled by
an RLC equivalent. The voltage and current at the station q located at the end of the line e is the sum of the different incident
and reflected traveling waves at this station. Such expressions
can be explicitly derived in time domain by taking the inverse
Laplace transform and depend on 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. These expressions also depend on the fault parameter
T
vector p = (df,q , Rf ) , which is unknown.
3.2.2

Physical
model

y m,0 (t, p)

Soil resistivity

m
2
c(n) = λv kvq,e
(p, t) − vq,e (t) k22 + λi kim
q,e (p, t) − iq,e (t) k2

where λv , λi are the weights given to voltage and current, respectively. The amount of measurement points used is noted n.
The FID evaluates iteratively an estimate of the fault parameters: the estimation algorithm is started as soon as an abnormal
b is updated
behavior is detected and the relay and the estimate p
when new measurements are available.
b , an approximate confidence region R(α) (b
For each p
p) is evaluated. To determine whether the estimate is consistent with the
hypothesis that the monitored line is faulty, two tests are conb is included
sidered. First, a validity test determines whether p
in some domain of interest. The estimated parameters must
belong to Dp which represents plausible values for the fault
parameters. Dp may be defined as

Accounting for the soil resistivity

The physical model introduced previously neglects the effect
of the soil resistivity. Here, we assume the soil resistivity can
be represented by a known constant parameter ρ along the return path of the monitored line. To account for soil resistivity
effects, we supplement the physical model with a behavioral
model, to get a combined model, see Figure 5. Consider the
T
T
output y m,0 (p, t) = (v m,0 (t, p) , im,0 (t, p) )T of the physical model 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) as a
low-pass filter. Consequently, we choose to describe the output
T
T
y m,g = (v m,g (t, p) , im,g (t, p) )T of the model accounting
for the effects of the soil resistivity as

y m,g (p, ρ, tk ) = G z −1 , ρ y m,0 (p, tk ) ,
(2)

Dp = {(df , Rf )|dmin ≤ df ≤ dmax , Rmin ≤ Rf < Rmax } (3)
where (dmin , dmax ) defines the portion of the line actually monitored by the relay and (Rmin , Rmax ) the range of fault resistance that requires fast decision, since a high value of Rf corresponds to a non-critical fault for which more time is available to take action, as investigated in Section 2.2. Typical
boundary values are dmin = 0 km, dmax = 90 %dqq0 and
Rmin = 0 Ω, Rmax = 200 Ω. For faults occurring particularly
far on the protected line (df > 90%dqq0 ), the small distance
between the fault and the remote relay at station q 0 protected
the line allows to use inter-tripping.

4

Second, an accuracy test determines whether the area of the
95% confidence region of the estimated parameters R(α) (b
p)
goes under a threshold tr95 . This confidence region is computed based on the Fisher information matrix, assuming usual
statistical properties such as normal independent distribution
of the measurement noise, [17]. If both tests are satisfied, the
fault is deemed to affect line e. When one is unable to conclude, the FID waits for the availability of ∆n additional meab and R(α) (b
surements to update p
p). Once enough measurements have been made available without allowing the FID to
conclude, the fault is deemed to be located elsewhere in the
grid, or to be non-existent.
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Fig. 6: Fault at d∗f = 80 km from station 3 (close fault) with
an impedance of Rf∗ = 15 Ω: evolution of the contour
plot of the cost function and estimated parameters at
iterations 6 and 13.

Simulation results

This section presents simulation results of the identification
algorithm. Measurements in case of faults are provided by
EMTP-RV and the FID is implemented in Matlab. The parameter estimation algorithm is initialized at p0 = (Rinit , dinit ) =
(1Ω, 6km). The number of data points added after each iteration is fixed at ∆n = 10 by trial and error. The maximum
measurement window that can be used to determine whether
the line is faulty is set to 3d/cw for a relay monitoring a line
of length d where waves propagate at a speed cw . One considers a pole-to-ground fault occurring at tf = 0 in line L14 of
the grid in Figure 1 at a distance d∗f = 80 km from station 1
with an impedance of Rf∗ = 15 Ω which represents a typical
use case of the algorithm, see Section 2. Once an abnormal
behavior is detected at relay R14 , the identification algorithm
is started. Its behavior can be analyzed by plotting the contour
of the cost function to be minimized at each iteration as well
as the trajectory of the estimate (df , Rf ) of the fault parameter
vector, see Figure 6. The 95% confidence ellipse of the estimated parameter vector is also displayed at each step. After
each iteration, when new data points are taken into account, the
argument of the minimum gets closer to (d∗f , Rf∗ ) and the cost
cf )
contours concentrate around (d∗f , Rf∗ ). The estimate (dbf , R
also gets closer to (d∗f , Rf∗ ) and the size of the confidence ellipsoid reduces. The estimation algorithm stops and correctly
identifies the fault on the line after 13 iterations, requiring only
measurements obtained in a time window of 136 µs. The esbf = 22 Ω when the
timated parameters are dbf = 73 km and R
algorithm stops.
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dbf = 26 km and R

relay, it is reasonable to consider, as in Section 2, that the total time to perform fault detection and identification, including
data storage and processing, is about 0.5 ms. This however assumes fast enough implementation and hardware for real-time
application.
To analyze the behavior of the identification algorithm at the
other relays, the evolution of the accuracy criterion at the 8 relays is plotted in Figure 8. Though the fault is rapidly identified
at relays R14 and R41 , the evolution of the accuracy criterion is
plotted until the maximum measurement window is reached to
be compared to the evolution at the other relays. Since the fault
is close to station 1, it is first detected at relays R12 ,R13 and
R14 . As seen above, the latter identifies the fault as internal
to its protected line, L14 , after using only 136 µs of measurements. The accuracy criteria is never satisfied at relays R12
and R13 , indicating that the fault is not on their respective line,
L12 and L13 . At t = 0.7 ms the fault is detected at the relays of station 4, R41 and R42 . At relay R41 , the fault is again
correctly identified after few iterations whereas the algorithm
at relay R42 never satisfies the accuracy test. The fault is finally detected by the other relays at stations 3 and 1 where, as
expected, none of the relays identify the fault to be on their respective protected line. This illustrates that the method is able
to identify internal faults using very few measurements while
rejecting faults occurring on neighboring lines. In particular,
the algorithm is inherently directional as the expected direction of the current for a forward fault is included in the model.

The voltage and current measurements simulated by the EMT
software and the outputs of the parametric model for dbf =
bf = 22 Ω are represented in Figure 7. One sees
73 km and R
that the observation of the first wave is enough for an accurate fault identification, though several waves can be used in
case of a close fault. Hence, the amount of data necessary to
identify faults is, to a large extent, independent of the fault distance on the protected line. Extensive simulations have been
carried out on the fault cases presented in Section 2, showing
that the amount of data necessary to identify faults occurring
on the protected line is always less than 0.5 ms. Since the algorithm can be started as soon as the first data are received at the
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Conclusion
This paper presents a novel single-ended algorithm for fault
identification for meshed HVDC grids. A parametric model
consisting of a physical part and a behavioral part is used to
describe the voltage and current evolution just after the occurrence of a fault. Then, a maximum-likelihood estimate of the
fault parameter is performed and updated each time new measurements are available. The confidence region associated to
the parameter estimate is used to decide if the fault affects the
protected line or if more measurements are needed. The approach is evaluated on a simulated four-node meshed grid. On
the considered example, the current and voltage need to be observed during less than 0.2 ms to get an accurate estimate of
the fault characteristics and to identify consistently the faulty
line. A way to further improve the robustness and the precision
of the proposed approach, one can run several estimation algorithms with different initialization within the same relay and
rely on a voting system among the provided estimates.
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