
1

Surge Compression for Improved Fault Location

Accuracy in Full Transient-Based Methods
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Abstract—This paper proves that the accuracy of single-
ended fault location techniques based on the correlation of fault
transients in power lines can be significantly improved by inverse-
filtering transients first. The reason for this improved accuracy
is found in the reduction of the duration of the fault surge
signal, thus increasing the sensitivity of fault-location metrics
to the fault position. Reported results show that by using the
proposed filtering strategy, faster sampling rates systematically
and significantly improve the location accuracy, as opposed to the
case when no filter is applied, for which virtually no improve-
ment is observed. Because of its higher spatial selectivity, the
proposed fault-location technique required the development of a

new synchronization method, which ensures a precise transient
synchronization without the need for high-speed sampling. It is
concluded that by jointly using the proposed transient filtering
and synchronization solutions, correlation-based fault location
can be significantly improved even when using sampling rates
as low as 100 kHz. Extensive numerical simulations for a three-
phase transmission line confirm an improvement exceeding one
order of magnitude in the fault location accuracy, for both low-
and high-impedance faults.

Index Terms—Fault location, power transmission line, location
accuracy, synchronization, correlation, inverse filters, fault surge.

LIST OF SYMBOLS

To sampling offset between measured and reference

transients, with respect to the transient inception

T round-trip probe-fault propagation delay

Te residual synchronization error after synchronization

δt sampling period

TW recorded transient window

I. INTRODUCTION

T
HE protection of power-transmission lines relies on the

ability to locate (and isolate) faults, before they give

rise to power outages [1]. Location accuracy is therefore a

fundamental figure of merit when comparing fault-location

methods. Among the various solutions developed over the

past decades, traveling-wave methods (TWM) exploit transient

signals caused by the surge pulse generated by shunt faults.

These transients are typically recorded by means of single or

multiple probes installed at the terminations of a line. Upon
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propagating along a line, the fault surge undergoes multiple

interactions with discontinuities along a line1, giving way

to a series of echoes that bear a strong dependence on the

fault position. TWM estimate the fault distance from a line

termination by computing the delay between the first two

occurrences of the fault surge, appearing in the early portion

of transients, in a fashion similar to time-domain reflectometry

[2]–[11].

Another class of TWM exploits transients more thoroughly,

by including later echoes and potentially the full transient

[4], [12]–[20], resulting in a more accurate fault location

according to [13], [14], [20], [21]. The reasons for their higher

location accuracy were discussed in [22]. These full transient-

based methods (TBM) typically locate a fault by comparing

a measured transient with reference transients expected for

faults at different positions: the fault position is identified

as the one bearing the highest similarity between measured

and reference transients. These reference data are most of

the time based on numerical simulations, but can also make

use of experimental data [13]. TBM are found throughout

the literature to implement either direct transient correlation

[13], [14], [20] or indirect comparison involving normalized

projections. This last case has been mostly given consideration

under the electromagnetic time-reversal (EMTR) technique

[15], [17], [21], [23], [24]. In fact, it was proven in [16] that

EMTR mimics a correlation metric.

Both TBM approaches have been shown to effectively

estimate a fault position from its full transient, but the use of

an a posteriori normalization in projection-based TBM was

proven to be susceptible to location biases, particularly so in

presence of non-negligible propagation losses [25]. For this

reason, this paper will focus only on the case of transient

correlation, but the ideas here discussed can also be applied

to projection-based methods, such as EMTR.

The location metric considered in this paper therefore is the

correlation coefficient

ρ(L̂, L) =
[

vm[k;L]
∣

∣

∣
vm[k; L̂]

]

/

√

Em(L)Em(L̂) (1)

between a measured voltage2 transient vm[k;L] generated

by the actual fault at a position L, and reference transients

vm[k; L̂] for multiple tested positions L̂. Both transients are

sampled with a time-step δt, with k the index of the samples;

1including junctions, line terminations and the fault
2alternatively, current transients could also be chosen
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they will also be assumed to be high-passed filtered, in order

to remove DC and nominal AC contributions. In (1)

[

vm[k;L]
∣

∣

∣
vm[k; L̂]

]

=

N
∑

k=1

vm[k;L]vm[k; L̂] (2)

represents the projection between the two transients, with

N = TW /δt the total number of samples recorded over a

time window TW , while

Em(L) =
[

vm[k;L]
∣

∣

∣
vm[k;L]

]

(3)

is the signal energy of a transient.

The main goal of this paper is to prove that the accuracy

with which faults are located in TBM can be very significantly

improved by pre-filtering the transients before computing the

location metric. This paper provides clear evidence that TBM,

as currently implemented, do not take full advantage of the

availability of high-speed sampled transients. As recalled in

Sec. II, fault surge signals behave as step functions, thus

resulting in a strong overlapping between successive echoes

of the fault surge signal. Sec. III presents the case for the

use of inverse filters aimed at compressing the duration (or

time support) of the surge signal in the recorded transients, in

order to reduce the superposition between echoes and there-

fore emphasize differences between measured and reference

transients. In particular, it is proven that the location accuracy

of standard TBM does not improve with higher sampling rates.

Using the proposed surge-compression scheme, a more than

tenfold improvement in the location accuracy is demonstrated,

even with sampling rates as low as 100 kHz, and steadily

improving with the sampling rate.

Because of the significantly higher sensitivity to a fault po-

sition for surge-compressed transients, a very precise transient

synchronization becomes necessary. Secs. IV and V argue that

the standard threshold-based synchronization is insufficient,

and that high-speed sampling rates become necessary in order

to provide a still sub-optimal accuracy. An alternative syn-

chronization, using a model-based estimation of the delay of

the rising front of the fault surge is presented, and proven

to significantly improve the location accuracy, without relying

on high-speed sampling. These tools are applied in Sec. VI to

numerical simulations of a three-phase overhead transmission

line, covering a number of fault configurations, confirming the

significant improvement in the accuracy of fault location.

These results prove that faults can be located with a higher

accuracy than currently possible with TBM, without increasing

either the complexity of the post-processing currently applied

in TBM, or requiring higher sampling rates. The most prac-

tical impact could be expected for lines with high-frequency

propagation losses: in this case a higher sampling rate may

paradoxically reduce the location accuracy, as proven in [25].

It is therefore of practical interest to be able to increase the

location accuracy without relying on higher sampling rates, a

standard solution adopted in TWM [14], [20], [26]. Moreover,

in legacy protection relay systems transients may be sampled

at rates well below 1 MHz [13], [20], [27], [28], limiting the

ability to accurately locate faults with other methods.
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Fig. 1. Single-phase line model considered in the definition of the transient
model (7). ΓT and ΓS represent the reflection coefficients of the transformer
and the shunt fault, respectively.

II. TRANSIENT MODEL

A single-phase power transmission line is first considered,

representing, e.g., underground/submarine power coaxial ca-

bles. The line is assumed to be connected at both ends to

power transformers. With reference to Fig. 1, a shunt fault of

impedance ZS , at a distance L from the left end, is represented

by means of its Thevenin equivalent circuit, generating a surge

signal vf (t) approximately described by a step function [1],

[2]. This surge signal gives rise to traveling waves propagating

away from the fault along the sections at the left and right

of the fault, propagating along each section till they interact

with discontinuities such as junctions and terminations. Given

that this kind of faults typically present impedances by far

smaller than the characteristic impedance of the line [29],

the two sections will be regarded as severed in practice,

with no signal propagating across the fault3. The fault surge

will be reflected upon interacting with power transformers,

which are expected to present, at frequencies above a few

kHz, an input impedance ZT with modulus much larger than

the characteristic impedance of the line, thus resulting in a

reflection coefficient ΓT ≃ 1. The reflection coefficient for

the shunt fault is rather expected to be ΓS ≃ −1.

The appearance of fault transient signals vm(t) is monitored

by means of a probe on the busbar of the power transformers,

or using contact-less probes as suggested in [30]. This transient

can be expressed as a series of echoes of the fault surge signal

vf (t), each arriving at the probe after a propagation delay

T = 2L/v, where v is the propagation speed along the line,

i.e.,

vm(t;L) = e−αL
∞
∑

n=0

Γn vf
(

t− (n+ 1/2)T − To

)

(4)

with Γ the line transmissivity

Γ = ΓSΓT e
−2αL, (5)

modeling the relative change in amplitude between two subse-

quent surge echoes, with α the attenuation constant of the line.

The index n represents the order or rank of each surge echo

contributing to the transient recorded by the probe, with each

echo arriving with a delay T with respect to the previous echo.

The amplitude of each incoming echo therefore decreases

with their order of arrival. The term (n + 1/2)T models the

3high-impedance faults will be discussed in Sec. VI, for the case of three-
phase lines
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propagation delay between the instant when the fault occurs

and the time of arrival at the probe.

The term exp(−αL) at the beginning of (4) will be dropped

hereafter, since it does not affect the shape of the transient

but only its overall amplitude; on the other hand, propagation

losses are taken into account by the line transmissivity (5). The

propagation is assumed to be weakly dispersive, for the sake of

simplicity, consistently with the idea pursued in this paper to

avoid using very-high sampling rates, e.g., higher than 1 MHz.

Dispersive propagation is not dealt with in the present work

and will be developed in a future work, as discussed in Sec.

VII. The main goal of this paper is to prove the importance of

applying inverse filtering to transients in order to fully benefit

from the availability of high sampling rates, while keeping

fault location algorithms simple.

In practice, transients are sampled asynchronously. Hence,

the transient inception is unlikely to occur at the time of one

of the samples. The delay To ∈ [0, δt) models this sampling

offset in (4). It will be shown in Sec. V that the random nature

of this delay plays a fundamental role in the accuracy of TBM

seeking surge compression.

Fault surge signals are here modeled as step functions with

a finite rise time Tr, following an exponential front

vf (t) = Vo

(

1− e−t/Tr
)

u(t) (6)

with u(t) the unit-step function. Fault surges are often approx-

imated as unit-step functions, where the rise time is negligible,

but it is sensible to expect a finite rise time, due to the

inevitable inertia in any real system. A non-negligible rise time

has indeed been argued in the literature, with typical values

of Tr reported to vary between 1 and 100 µs [31]–[35].

Given that in real-life applications signals are sampled, a

discrete-time description of (4) will be adopted

vm[k;L] =

∞
∑

n=0

Γn vf
(

kδt− (n+ 1/2)T − To

)

, (7)

consistently with (2). The discrete nature of recorded tran-

sients, though apparently trivial at first sight, has important

practical consequences when it comes to the synchronization

of the transients, as discussed in Sec. IV.

This simplified transient model, illustrated in Fig. 2(a), is

at the basis of all results discussed in Secs. III to V. The

same model will serve for generating the fault transient and

reference transients for tested fault positions. In the latter case

To = 0, since reference transients are typically generated

by means of numerical simulations, and can therefore be

expected, with no loss of generality, to be synchronized to

the fault transient inception. More complex fault transients

will be considered in Sec. VI, for the case of a three-phase

transmission line.

III. SURGE COMPRESSION

When applied to the class of transients (7), the correlation

drops off only when the transient for a tested fault position

L̂ becomes significantly different from the measured one,

for a fault at a distance L. A rapid loss of correlation as

soon as L̂ drifts away from L is a desirable feature, since it
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Fig. 2. Comparison between transients expected for shunt faults at a distance
of 10 and 10.2 km along a single-phase line as in Fig. 1, for a line
transmissivity Γ = −0.9 and a fault surge described by: (a) an exponential
step and (b) a Kronecker delta function, resulting in a correlation equal to 0.96
and 0.4, respectively. Each echo of the fault surge is offset by an increasing
delay n∆L/v, with n the order of arrival of the echo.

would pinpoint the fault position more precisely. This section

focuses on how to magnify these differences and thus make

correlation-based fault location more accurate.

The example in Fig. 2(a) shows fault transients obtained

from (7) for faults at 10 and 10.2 km distances, for a

propagation speed v = 2.99 × 108 m/s and a line trans-

missivity Γ = −0.9, following a step surge with a rise

time Tr = 20 µs, observed over a window TW = 1 ms.

These transients look very similar: their correlation is about

0.96. Their similarity stems from their being generated by

a superposition of step functions, each with an infinite time

support. Successive echoes alternatively change in sign for

a shunt fault and their interference results in a sequence of

pulses with a duration roughly equal to T = 2L/v each.

Fig. 2(a) illustrates how differences would appear only for

sufficiently large values of ∆L/L, with ∆L = L̂ − L, since

in this case the overlapping between the two transients would

be approximatively reduced by a factor ∆L/L. It is also clear

from Fig. 2(a) that the mismatch between the two transients

increases for later echoes. This simple observation explains

the reason why recording fault transients over a longer time

window can lead to improved spatial resolution [36].

The similarity between the measured and tested transients

would decrease more rapidly if a fault surge had a shorter

duration. As a consequence, correlation would also drop off

closer to the actual fault position, thus improving the location

accuracy. Such a scenario is found in Fig. 2(b), where the fault

surge is now assumed to be a Kronecker delta function. Given

its very compact time support, location errors would result

in this case in a stronger mismatch between measured and

reference transients, resulting in a faster loss of correlation,

now evaluated at 0.4, thus dramatically reduced with respect to

the correlation 0.96 obtained for the transients in Fig. 2(a). As

opposed to the case of step-like surge in Fig. 2(a), later echoes

in Fig. 2(b) no longer overlap, therefore making it possible to

estimate more accurately the fault distance L, as discussed in

Sec. III-B.
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A. Inverse filtering

In practice, the fault surge cannot be controlled, but an

equivalent effect can be achieved by post-processing actual

transients. Ideally, transients such as those in Fig. 2(a) should

be converted into those seen in Fig. 2(b).

Such a procedure can be defined by first noticing that fault

transients described by (7) can be expressed as a convolution

product4

vm[k] = h[k] ∗ vδ[k] (8)

where h[k] = vf [k]/Vo, while

vδ[k] = Vo

∞
∑

n=0

Γn δ
[

k − ((n+ 1/2)T − To) /δt
]

(9)

is the transient that would be observed if the fault surge were

a Kronecker delta function δ[k]. The function h[k] represents

the impulse response of the equivalent filter distorting vδ[k]
into vm[k].

Therefore, the ideal transient vδ[k] can be retrieved by

compensating the distortion introduced by the surge signal,

h[k]. This operation corresponds to a deconvolution and can

be carried out by first computing the z-transform H(z) of h[k],
which corresponds to the exponential-step surge described in

(6). H(z) can be shown to be [37, Sec. 3.3]

H(z) =
[

(

1− z−1
)

(

1− z−1e−δt/Tr

)]−1

, (10)

by noticing that (6) can also in turn be expressed as the

convolution of a decaying exponential and a unit-step (or

Heaviside) function.

A simple approach to deconvolution is the use of an inverse

filter, which requires the sampled transient vm[k] to be fed as

the input signal of a filter with a transfer function H−1(z).
Expressing H−1(z) in terms of delay units z−1

H−1(z) = 1− z−1(1 + e−δt/Tr ) + z−2e−δt/Tr (11)

shows that this inverse filter has a finite impulse response,

or FIR, and can therefore be directly applied to the transient

samples vm[k], yielding as output the signal

v̂δ[k] = vm[k]−
(

1 + e−δt/Tr

)

vm[k− 1]+e−δt/Trvm[k− 2],

(12)

expected to approximate the sequence of Kronecker delta

functions vδ[k] defined in (9).

The filter (11) requires knowing the rise time Tr of the fault

surge. Sec. IV-B shows that it is indeed possible to obtain

an accurate estimate of this parameter, as a by-product of a

novel synchronization procedure described therein. Neverthe-

less, two approximations of (12) free of this constraint can be

considered. The first is found in case exp(−δt/Tr) ≪ 1, i.e.,

for δt > 2.3Tr, in which case

v̂δ[k] ≃ vm[k]− vm[k − 1], (13)

i.e., a first-order time difference5, corresponding to a low-

speed sampling, which would then approximate a unit-step

4the dependence of the transient voltage from the fault distance L or L̂ is
dropped for the sake of compactness

5the numerical equivalent of a continuous time derivative
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Fig. 3. Surge compression by inverse-filtering the transient in Fig. 2(a), for

several choices of the estimated rise time T̂r .

function. For a rise time Tr = 20 µs, this condition would

be fulfilled for a sampling rate below 20 kHz. Conversely, for

high-speed sampling, with δt ≪ Tr, (12) converges to

v̂δ[k] ≃ vm[k]− 2vm[k − 1] + vm[k − 2], (14)

i.e., a second-order time difference. In this case, the sampling

rate would need to reach at least 500 kHz.

Fig. 3 illustrates how the proposed filters operate, when

applying them to the transient in Fig. 2(a), for a fault at a

distance L = 10 km, for different estimates T̂r of the surge rise

time. When (12) is applied with knowledge of the exact value

of the surge rise time, i.e., T̂r = Tr the transients are reduce to

a sequence of Kronecker delta functions, precisely indicating

the time of occurrence of the first surge and subsequent echoes.

The significant reduction in the time support of each echo

is seen to be weakly sensitive to inaccuracies in T̂r: using

half or twice the actual value of Tr still results in short

pulses indicating the time of arrival of each echo, followed

by an exponential tail that would significantly overlap with

successive echoes only for faults at distances L . vTr, i.e.,

less than 6 km for the example at hand.

The first- and second-order derivative approximations of

(12) are also used in Fig. 3. The low-speed sampling approx-

imation (13) features a longer residual exponential tail, while

the high-speed approximation (14) overcorrects the surge

exponential step. Both significantly reduce the time support

of the surge echoes, even with no knowledge of Tr, with (12)

the most effective.

B. Correlation function

The effects of inverse filters on transient correlation can be

appreciated in Fig. 4, where the correlation (1) is computed

between a transient for a fault at a distance L = 10 km and

reference transients for faults within 500 m from the fault. All

transients were generated from the transient model (7) and

assumed to be perfectly synchronized at their inception time.

Three sampling periods were considered, equal to 1, 2 and

5 µs.
The results show that for unfiltered transients increasing the

sampling frequency has virtually no impact on the correlation

function. Measuring the spatial resolution as the span covered

by a correlation higher than 0.9 yields a resolution of ±359 m

around the fault, for all three sampling rates. Similar results are
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Fig. 4. Transient correlation for different filtering choices, for three sampling
periods.

found in the literature for TBM, featuring a spatial resolution

that can exceed ±1 km, even for sampling rates higher than

1 MHz [24], [36].

Switching to the first-order derivative filter (13) the spatial

resolution increases to ±87 m when sampling at δt = 5 µs
and ±115 m for 1 µs, thus with the location accuracy now

partially improving with higher sampling rates.

Only when applying second-order filters the location ac-

curacy fully benefits from a faster sampling rate. In case Tr

is known, the resolution is now reduced to ±40 m from the

fault, when sampling at δt = 5 µs, and passes to ±16 m

and ±8 m, when sampling at 2 µs and 1 µs, respectively. It

can be noticed how the resolution span scales linearly with

δt. An almost 50-fold improvement is therefore observed in

the spatial resolution with respect to the unfiltered case, when

sampling at δt = 1 µs.
Surprisingly, the high-frequency approximation (14) pro-

vides a slightly better performance: this result can be un-

derstood on the basis of the over-compensation observed in

Fig. 3, where each Kronecker delta function is followed by an

exponential tail of opposite sign. For the other filters where

each echo does not locally change sign, the correlation can

decrease only when the overlapping of the actual and reference

transients decreases. Hence, the high-frequency approximation

(14) hastens the loss of correlation when testing transients not

corresponding to the actual fault position, without requiring

any estimate of the surge rise time. It can be noticed how (14)

closely approximates the results for T̂r = Tr for δt ≤ 2 µs, as

expected from the condition δt ≪ Tr discussed in Sec. III-A.

For transients with a surge ideally compressed into a

Kronecker delta function, as in Fig. 2(b), subsequent echoes

would present no overlap as soon as they are separated by

a sample period δt, i.e., for a location error ∆L > vδt/2n,

with n the order of arrival of the surge echoes. This property

indicates that when using second-order filters, the spatial

resolution no longer depends on the fault distance from the

probe, as opposed to the case of unfiltered transients, which

were argued, at the beginning of this section, to require non-

negligible values of ∆L/L to operate. These properties are

confirmed in Fig. 5, where the correlation is shown for a

-500 0 500
0

0.2

0.4

0.6

0.8

1

5 km 10 km

Fig. 5. Impact on the location accuracy of the fault distance, for different
filtering choices. Transients sampled at δt = 1 µs.

fault at 5 and 10 km distance, for a line with Γ = −0.9.

It can be appreciated how, for a second-order filter, location

accuracy is hardly affected by a change in the fault distance.

Conversely, with unfiltered transients the spatial resolution is

indeed degraded for a larger fault distance, with the correlation

function for L = 10 km stretching over a span roughly twice

as large as for the case L = 5 km.

It can be concluded that correlation-based fault location

greatly benefits from the use of second-order inverse filters,

resulting in a surge ideally compressed into a Kronecker delta

function, yielding correlation functions more tightly bound to

the fault position. Therefore, the rest of the paper will only

discuss comparisons between results obtained with unfiltered

transients and those processed by means of second-order

filters.

C. Line losses

As observed in Fig. 2, surge echoes arriving later at the

probe come with a higher sensitivity to location errors, thus

narrowing the correlation function closer to the fault position.

In case of significant transmission losses, these later echoes

would be attenuated, thus less affecting the computation of the

correlation function. It is therefore important to understand in

what measure losses could hamper the expected improvement

in fault location accuracy.

Fig. 6 shows the correlation functions obtained with the

transient model (7), when testing positions close to a fault 10

km away from the probe. When the modulus of the transmis-

sivity Γ, as defined in (5), decreases, the spatial resolution

also decreases, i.e., the correlation function spreads across

a wider region around the fault by a similar factor for both

unfiltered and surge-compressed transients. The latter case has

a significantly higher resolution, by a factor going from 22 to

37, as the line losses increase. Even for relatively high losses,

when Γ = −0.5, the spatial resolution6, is found to be about

67 m when using a second-order inverse filter, while it exceeds

2 km when directly computing the correlation between two

transients. This property of improving the location accuracy

6setting again a threshold for ρ = 0.9
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Fig. 6. Correlation function for a fault at 10 km, using: (a) no filter and (b)
the second-order filter (high-frequency approximation) in (14), for different
values of the transmissivity Γ given in (5) and a sampling period δt = 2 µs.
An ideal synchronization is assumed.

as losses increase is also confirmed in Sec. VI, for the case of

high-impedance faults.

IV. TRANSIENT SYNCHRONIZATION

The measured and reference transients need to be syn-

chronized before computing their correlation coefficient, in

order to accurately estimate their similarity (overlapping): even

identical signals, if subject to an offset, would result in a loss

of correlation. The risk of potential systematic errors due to

inaccurate synchronization dramatically increases with inverse

filters, since they are designed to ideally reduce the surge

echoes to Kronecker delta functions: the shorter their time

support, the likelier for an offset to lead to a significant loss

of overlapping and an inaccurate assessment of the similarity

between the transients, ultimately resulting in location errors,

as proven in Sec. V.

The need for synchronization in TBM is not to be confused

with the synchronization used in multiple-ended TWM, where

multiple transients are recorded at different locations along a

line. In this case the synchronization requires to timestamp the

transients, typically through GPS or equivalent time-reference

systems, in order to estimate the propagation delay between

the fault and the recording devices and thus the fault position.

In this context, unsynchronized TWM schemes have been

0 50 100 150 200 250 300 350 400
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Fig. 7. Relevant parameters for the transient synchronization strategies
discussed in Sec. IV. The low and high thresholds identify the samples
(marked by a dot) used in the surge-parameter estimation.

proposed [28], [38], dispensing with the need to timestamp

transients.

In TBM a single-ended recording is commonly used, and the

synchronization is no longer needed for estimating the fault

position, but rather in order to accurately overlap measured

and reference transients before computing their similarity [20].

No timestamp is required in this case: the alternative to

transient synchronization in TBM would require computing

their cross-correlation function, which would be a clearly more

computationally expensive solution.

The synchronization between the transients must be ensured

before they are inverse-filtered. This point can be understood

by noticing that once a surge is compressed into a Kronecker

delta function, only time offsets larger than a sampling step δt
can be detected, whereas the smoother and slower evolution

of fault surges as those in Fig. 7 better lends itself to accurate

estimates of their relative offsets.

This section discusses two synchronization strategies:

threshold triggering, found throughout the literature [9], [12]–

[14], and a novel method based on the estimation of the

parameters describing the rising front of the fault surge. Their

relative performance will be tested against sampling offset and

period in Sec. V.

A. Threshold triggering

As discussed in [12]–[14], a simple and effective solution

to transient synchronization is to apply threshold triggering. A

threshold level αL is defined, as a fraction of a transient’s peak

amplitude (cf. Fig. 7). The sample n⋆ for which the transient

first becomes larger than the threshold is identified such that

vm[k;L] < αLVo ∀ k < n⋆, (15)

with Vo the surge amplitude. This operation is applied to both

measured and reference transients, resulting in the samples n⋆
m

and n⋆
r , respectively. These are synchronized by considering

their offset versions vm[k − n⋆
m;L] and vm[k − n⋆

r ; L̂].
From this definition it is clear that triggering does not

attempt to estimate the delay between the two transients, but

rather relies on the idea of aligning the two surge fronts by

identifying the instant when the threshold is crossed. This

kind of approach would be correct in a continuous-time,

noiseless description. In practice, sampled transients go by

a discrete-time description, which is inherently limited in its

time resolution by the sampling period δt, as illustrated in

Fig. 8. The effects of this limitation will be apparent in Sec.

V, when discussing the impact of sampling offset.

B. Surge-parameter estimation

A threshold-based synchronization can only compensate in-

teger multiples of the sampling period δt. Therefore, sampling

offsets cannot be corrected, unless by requiring a smaller δt,
i.e., by increasing the sampling frequency. Fig. 8 defines the

residual synchronization error Te observed after the threshold

synchronization. An alternative solution is presented here,

which does not call for an increase of the sampling frequency.

One way of estimating Te would be to fit (6) to the rising

front of a transient. This would also yield estimates of the
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Fig. 8. Fault transient after threshold-based synchronization. The sampling
offset To results in a residual synchronization error Te, estimated and
corrected by the surge-based synchronization.

surge rise time Tr and the surge amplitude Vo. Least-square

methods can be used to this end, but the surge parameters

Tr and Te are non-linearly related to the surge samples; such

configurations are well-known to give rise to computational

issues in curve fitting, with results highly sensitive to the initial

estimates used in the optimization procedure [39, sec. 9].

This issue can be avoided by working in two steps. First,

K samples from the rising front of the fault surge, identified

by low and high thresholds αL and αH (cf. Fig. 7), are fitted

by a polynomial of degree N < K

min
{pn}

∥

∥

∥

∥

∥

vm(t)−
N
∑

n=0

pnt
n

∥

∥

∥

∥

∥

, (16)

with ‖ · ‖ the L2 norm, i.e., using a least-square optimization.

This operation now involves a linear curve-fitting problem.

It is then possible to relate the polynomial coefficients {pn}
to the surge parameters, by computing the coefficients of the

Taylor series of (6), now including a delay Te

Vo

(

1− e−(t−Te)/Tr

)

=

N
∑

n=0

pnt
n, (17)

from which

p0 ≃ −Vo

2

(

x2 + 2x
)

p1 ≃ − Vo

2Tr

(

x2 + 2x+ 2
)

(18)

p2 ≃ − p1
2Tr

,

valid for |x| < 1, where x = Te/Tr, which is verified as soon

as δt < Tr.

From (18), the rise time is found as

T̂r ≃ − p1
2p2

. (19)

Setting α = p0/p2 and β = p1/p2, the set of equations (18)

lead to

T 2
e + βTe + α = 0, (20)

from which the estimator T̂e is found as the negative root, since

the transient inception necessarily occurs before its crossing

the synchronization threshold, as visible in Fig. 8. Vo can also

be similarly found from

V̂o ≃ p1T̂r

(

1 + T̂e/T̂r

)−1

(21)
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Fig. 9. Accuracy of the estimates of the residual synchronization error Te

and rise time Tr , versus the threshold level αL and the number of available
surge samples.

and could be of interest in order to estimate the amplitude

of the surge, in case its peak value is not fully attained, and

therefore measurable, as happens for faults at close distance,

where T . 3Tr, i.e., L . 1.5vTr, roughly less than 10 km.

The optimal choice of N is a classic issue in regression

problems. We refer the interested Reader to [39, sec. 1.4] for

more details. The results shown in the rest of the paper are

based on the choice N = 3, which limits overfitting issues

while ensuring a good estimate of coefficients p0 to p2 upon

which the estimators are based.

The accuracy of the proposed procedure was studied by

applying it to the transient shown in Fig. 7, based on a surge

front with Tr = 20 µs and an offset delay To = 0.5 δt. A

limited number of samples was used, of which the first was

set by means of a variable low threshold αL ∈ [0.05, 0.5].
Two different sampling periods δt were considered, equal to 2

and 4 µs. Fig. 9 shows the results obtained, with the delay Te

estimated within a fraction of δt even when using only three

samples, with errors increasing when the initial part of the

surge is cut off by relatively large values of αL. The sampling

period appears to have a relatively minor impact. The rise

time was estimated within less than a 20 % error with three

samples, with the accuracy rapidly improving when more are

available; the portion of the surge from which originate the

samples has practically no bearing on its accuracy.

C. Delay compensation

Once the residual synchronization error Te between the two

transients is estimated, the reference transient vm[k; L̂] needs

to be resampled at sampling instants kδt − Te, in order to

obtain the synchronized transient v′m[k; L̂] = vm(kδt−Te; L̂).
This operation can be carried out by interpolating the original

samples, obtained at sampling instants kδt. An effective choice

is using Whittaker-Shannon interpolation [37]

v′m[k; L̂] =
∑

n

vm[n; L̂] sw(k − n− Te/δt) (22)

using a windowed sinc interpolator sw(x) = w(x)sinc(πx),
where w(x) can be any even real window function; Hamming
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Fig. 10. Synchronization between measured and reference transients for two
values of sampling offset To, when using a threshold-based approach and
the proposed surge-front parameter estimation, as discussed in Sec. IV. Solid
black lines represent the continuous transients, given as reference. Results
obtained for a surge rise time Tr = 20 µs and δt = 10 µs.

window was used in this paper. The sum is limited to the

available samples.

V. SAMPLING OFFSET

This section compares how the two synchronization proce-

dures discussed in the previous section cope with sampling

offset and its impact on fault location using surge-compressed

transients.

The effectiveness of the two synchronization procedures

described in the previous section is compared in Fig. 10, for

two cases of sampling offset. The measured and reference

transients are identical but for a sampling offset, so an ideal

synchronization would result in perfectly overlapping curves.

It can be observed how the sampling offset modifies the way

samples are distributed along the transients, which leads, for

the case of threshold-triggering, to an imprecise synchroniza-

tion. A relatively slow sampling rate, with δt = 10 µs, was
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Fig. 11. The same transients from Fig. 10 after undergoing surge compression
using a second-order inverse-filter, for the two synchronization strategies.
Three different values of sampling offset To are considered. Refer to Fig.
10 for the legend.
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Fig. 12. Impact of sampling offset on the correlation function when using
threshold-based synchronization (top row) and surge-based synchronization
(bottom row). Two sampling periods are considered: 10 µs (left column) and
2 µs (right column). Results for [αL, αH ] = [0.05, 0.7].

chosen in order to prove the effectiveness of the proposed syn-

chronization strategy. The proposed synchronization approach,

based on estimating the surge-front parameters, is shown to

significantly reduce the impact of the sampling offset. Both

approaches were applied with a low threshold equal to 0.05,

with the surge-front parameters estimated from five samples,

using a third-order polynomial regression (cf. Sec. IV-B).

Fig. 11 shows the surge-compressed version of these tran-

sients, after having applied the second-order inverse filter

(12), assuming an accurate estimate of the surge rise time,

for three values of the sampling offset. The threshold-based

synchronization (blue dashed curves) is unable to compensate

for increasing sampling offsets, resulting in a significant loss

of overlapping, even for otherwise identical transients. When

using the proposed synchronization strategy (red solid curves),

this issue is significantly reduced.

The results in Fig. 12 show how synchronization errors af-

fect the correlation, and therefore fault location. For threshold-

based synchronization, when choosing a sampling period

δt = 10 µs, the correlation at the fault position decreases in

case of a sampling offset, reaching a local peak at a position

different from the fault’s. The fact that the correlation does

not reach a peak equal to one is a clear indication that the

transients are not overlapped. It is worth stressing that such an

issue would not be identified if the results of correlation were

normalized to their peak value a posteriori, as otherwise done

in projection-based TBM (cf. Sec. I). The impact of sampling

offsets appears to be reduced, but not avoided, by using a

significantly higher sampling rate with δt = 2 µs.

Conversely, the results obtained with the proposed synchro-

nization approach are much less affected by sampling offsets,

even when using lower sampling rates, proving its robustness.

The main effect is a change in the spatial resolution, which

is caused by the fact that the offset in the sampled instants

correspond to a changing lower threshold αL, thus affecting
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the accuracy of the surge-based synchronization (cf. Sec.

IV-B).

VI. APPLICATION TO A THREE-PHASE LINE

The results presented so far were based on the transient

model described in Sec. II, which only holds for single-phase

configurations and low-impedance faults. When it comes to

multiconductor lines, such as in bipolar HVDC lines and

three-phase transmission lines, a fault should be expected

to generate more complex transients, no longer presenting a

regular sequence of scaled echoes. The increased complexity

comes from the fact that, apart for the case where all phases

where shunted to the ground, signals impinging onto the

fault would only be partially reflected by it and would then

propagate beyond it, giving rise to multiple series of echoes

involving the two sections of the line before and after the fault.

Moreover, multiconductor lines support multiple propagation

modes, typically displaying non-negligible differences in their

propagation speeds, as well as interacting with a fault in

distinct ways, as discussed in Sec. VI-C.

In spite of these differences, the idea of surge compression

still applies, since fault surge signals are still described by

step-like functions [1], [29]. The main goal of this section

is therefore to verify whether the improvements previously

predicted for a single-phase line are also confirmed for multi-

conductor transmission lines.

To this end, the three-phase line shown in Fig. 13 is studied

in this section, by means of numerical simulations. This line

corresponds to a 10 kV overhead power transmission line

commonly employed in China. The line conductors have a

radius equal to 15 mm and are made of aluminium. The three-

phase line is terminated at both ends by power transformers,

modelled by termination impedances ZT = 10 kΩ [1] applied

to each conductor, while the shunt fault has an impedance ZS ,

as shown in Fig. 13(a). The fault surge vf (t) is again described

by (6), with a rise time Tr: its impact on location accuracy is

studied in Sec. VI-D. Fault transients are sampled at the left

end of the line, for each phase, for a duration TW = 1 ms.

EMTP-RV simulations were set up using a constant-parameter

description based on the line cross-section described in Fig.

L
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ends
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Fig. 13. The 10 kV three-phase line studied in Sec. VI: (a) line cross section;
(b) line configuration, with a single-phase to ground fault at a distance L at
phase c. The ends of each phase are connected to a power transformer, with
an equivalent input impedance equal to 10 kΩ.
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Fig. 14. Transients recorded at the left-end terminations of phases a and
c, sampled at a 1 MHz rate, for a 10 Ω PG fault between phase c and the
ground: (a) unfiltered transients, (b) surge-compressed transients, applying the
second-order filter (12).

13(a), for a soil conductivity of 10 mS/m, with a 2 Ω/km
per-unit-length resistance.

The line considered has a length LT = 20 km, with a fault

at a distance L. Different fault types and shunt impedances ZS

are considered in Secs. VI-A and VI-C, highlighting how the

location accuracy of the proposed scheme intimately depends

on the modal mix and propagation excited by each fault.

The transients recorded for the actual fault position at L
and those for test positions L̂ were synchronized applying the

procedure introduced in Sec. IV-B. This step was shown in

Sec. V to be fundamental in order to avoid systematic location

errors caused by inevitable sampling offsets.

A. Single-phase-to-ground fault

We first focus on a single-phase-to-ground (PG) fault, since

it represents the most likely configuration found in practice

[29, Sec.3]; the fault will be applied to phase c throughout the

entire section. The fault distance is first set at L = 6 km, with

an impedance equal to 10 Ω: differences observed for faults at

other positions are discussed in Sec. VI-B, while other kinds of

faults are discussed in Sec. VI-C. The fault surge is assumed to

have a rise time Tr = 20 µs, chosen as an intermediate value

in the range 1-100 µs reported in the literature [31]–[35]; Sec.

VI-D presents results for other values of Tr.

Two examples of transients are shown in Fig. 14(a), as

recorded at the phases a and c, sampled at a 1 MHz sampling

frequency. After applying the second-order filter (12) these

transients present compressed surge echoes, as shown in Fig.

14(b).

A total of 25 transients were simulated, acting as the

reference transients, each for a different tested fault location

L̂, over a span of ±1 km around the actual fault position

L = 6 km. The resulting correlation function is shown in Fig.

15, computed for three different sampling periods, from 1 to

5 µs. For each case the correlation function was computed

for: a) the unfiltered measured and reference transients; b)

after applying the first-order derivative filter (13) and c) after

applying the second-order filter (12).

These results confirm that increasing the sampling fre-

quency has no impact on the spatial resolution when using
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Fig. 15. Correlation function for the three-phase line in Fig. 13, computed for
three different choices of the sampling period δt, with filtered and unfiltered
transients measured over (a) phase c and (b) phase a. Results obtained
using the synthetic transient vo(t) defined in (23), filtering the ground-mode
contribution, are marked by circles, computed for transients sampled with
δt = 1 µs.

unfiltered transients, and a marginal one in case of a first-order

filter. On the contrary, the spatial resolution for a second-

order filter is significantly improved by a higher sampling

rate. These observations equally apply to results obtained by

monitoring phase c, where the fault occurs, or phase a. These

results are consistent with those presented in Fig. 4, confirming

the effectiveness of applying the inverse filters introduced in

Sec. III and the practical impact they have on the ability to

accurately locate a fault along either single- or multi-conductor

power transmission lines.

Protection systems where all three phases are monitored

at the same time often filter out the contribution from the

ground mode, since it typically presents higher propagation

losses. These may reduce the location accuracy for distant

faults, while also introducing a dispersive propagation due to

their lower propagation speed [28], [40]. The ground mode can

be removed by using Clarke transform, combining the three

transients va(t) to vc(t) into a single synthetic transient vo(t)

vo(t) =
[

2va(t)− (1 −
√
3)vb(t)− (1 +

√
3)vc(t)

]

/3 (23)

equal to the sum of the two aerial-mode signals in Clarke

domain. Other linear combinations of the two aerial modes

may be chosen, but by virtue of their orthogonality, any choice

would yield equivalent access to fault-location information.

The location properties of vo(t) are considered in Fig. 15,

when sampling at 1 MHz. These results show that when no

filter is applied, the correlation for this synthetic transient

locates with a lower accuracy than for transients directly

measured at single phases a and c, which still include the

ground mode. With the first-order filter (13) the location

accuracy of aerial modes converges to that obtained with

single-phase transients. Conversely, the second-order filter

presents a significant improvement with respect to transients

measured over phase c, where the fault occurs, as visible in

Fig. 15(a), but no improvement for phase a in Fig. 15(b).

Surge-compression therefore appears to take better advantage

of the fault-related information provided by aerial modes,
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Fig. 16. Comparison between transients simulated at three test positions
for: (a) unfiltered and (b) surge-compressed transients. Results based on the
synthetic transient vo(t) associated to the transients in Fig. 14, for a 10 Ω
PG fault and a sampling rate equal to 1 MHz.

compared to using unfiltered transients. Results in the rest

of the paper are based on aerial modes only, apart where

otherwise stated, as this is a common choice for three-phase

lines.

The mechanism behind the higher location accuracy ob-

tained with the proposed method is clarified by Fig. 16,

where unfiltered and surge-compressed transients are shown

for the actual fault position L = 6 km and when testing

candidate positions 50 and 200 m further along the line. The

three transients in Fig. 16(a) are very similar, resulting in a

correlation function equal to 0.98 for a location 200 m away

from the actual fault. Such high values of correlation prevent

accurately estimating the fault position.

Conversely, for the surge-compressed transients in Fig.

16(b), the surge echoes have a highly compact support, and

a wealth of finer details become apparent, in the shape of a

complex sequences of surge echoes. When testing a position

50 m further from the actual fault, the measured and reference

transients have already significantly diverged, resulting in a

correlation equal to 0.79. At 200 m, this value decreases to

0.43, thus clearly pinpointing the fault position.

A detail in Fig. 16(b) is worth mentioning. The first surge

echo expected around 60 µs is actually split into two echoes,

whose times of arrival closely agree with those expected for

aerial and ground modes. Since these results were obtained by

filtering out the ground mode, it could appear as contradictory

to observe ground-mode related contributions. In fact, it was

proven in [25] that PG faults act as modal couplers, thus

scattering energy among ground and aerial modes at each

interaction with the fault. The increasing number of echoes

grouped into clusters in Fig. 16(b) are a consequence of this

phenomenon.

B. Fault distance

The advantages of surge compression were verified when

the same 10 Ω PG fault occurs at a closer distance equal to 2

km and at 18 km. The correlation function was computed also

in this case for tested positions ±1 km around the nominal
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Fig. 17. Correlation function for a 10 Ω PG fault at three positions, for (a)
unfiltered and (b) surge-compressed transients. Results obtained from tran-
sients at phase a (red curves), phase c (black curves) and synthetic transient
vo(t), only including aerial-mode contributions (blue curves). Sampling rate
equal to 1 MHz.

fault positions. Three sets of transients were considered, using

data recorded over phase a, c and using the synthetic transient

defined in (23), based only on aerial modes.

Fig. 17 compares the results obtained for these different

configurations, for unfiltered and surge-compressed transients.

The main feature standing out in these results is the wild

variability of the location accuracy for the case of unfiltered

transients, ranging from a few hundred meters to beyond one

kilometer, before the correlation drops below a 0.9 threshold.

On the other hand, results based on the use of the second-order

inverse filter present a much more limited variation, mostly

within 30-35 m.

In this respect, surge compression appears to provide a more

stable performance, less dependent on the fault position, in

particular when using only aerial-mode contributions.

C. High-impedance PG faults and other fault types

As discussed in Sec. III-C, lower reflections from a line

terminations, as well as from a fault, result in a dampening

in the line resonances, and ultimately in a loss of spatial

resolution for TBM, including correlation. Theoretical models

helping to explain how the location accuracy of the correlation

metric depends on a line’s characteristics have been introduced

in [22]; fault-related dissipation in three-phase lines was

described in [25] for PG faults. These references provide

insights in the physical mechanisms behind spatial resolution,

but limited to the level of individual line resonances, rather

than the wide-band scenario discussed throughout this paper.

The location performance obtained for a PG fault was there-

fore tested by running further EMTP simulations considering

increasing values of the PG fault impedance, in order to assess

the ability of the proposed method to locate higher-impedance

faults. These new simulations include fault impedances equal

to 100, 500 and 1000 Ω, as typical values found in the

literature [11], [26], [41].

Fig. 18 shows how the correlation fares for higher-

impedance PG faults. For unfiltered transients, moving from a
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Fig. 18. Correlation function for unfiltered (a) and surge-compressed tran-
sients (b), for different faults at L = 6 km. Results obtained using the
synthetic transient vo(t) sampled at 1 MHz.

10 Ω fault to a 100 Ω fault results in a sharp loss of resolution,

hampering the ability to locate this kind of faults.

The results obtained with surge-compressed echoes shown

in Fig. 18(b) are in stark contrast, with a much more limited

loss of accuracy. A drop of correlation to 0.9 is observed when

testing 100 Ω faults 46 m away from the actual fault position,

compared to a minimum distance of 27 m for a 10 Ω PG

fault. For higher impedances of 500 and 1000 Ω, this distance

is limited to 75 m.

Other fault types were also considered: a phase-to-phase

(PP) fault between phases b and c with an impedance equal

to 10 and 100 Ω and a two-phase-to-ground (PPG) shunting

phases b and c to the ground through a 10 Ω impedance.

Results in Fig. 18 attest to the higher resolution afforded

for a 10 Ω PP fault: 156 m for unfiltered transients and 6

m when surge-compressed . A higher impedance of 100 Ω
drastically affects the accuracy for unfiltered transients, which

now exceeds 1 km, while surge-compressed correlation drops

to 0.9 within 26 m.

The PPG 10 Ω fault displays no significant difference

compared to the respective PG fault for surge-compressed

transients. On the other hand, unfiltered transients yield a

resolution at 0.9 correlation close to 1 km, compared to the

709 m resolution reported for the PG fault.

The much higher resolution of the PP fault compared to the

PG fault can be better understood by comparing the transients

shown in Fig. 19 with those in Fig. 16. The surge-compressed

transients for the PP fault feature a single pulse for each

echo, since the PP fault does not excite the ground mode.

As a result, testing a fault position 50 m away from the fault

yields a significantly different transients, with echoes no longer

overlapping with the actual fault transient. Conversely, the PG

transient in Fig. 16 is characterized by a sequence of clusters

of pulses, increasing in number after each interaction with the

fault. The different propagation speeds for ground and aerial

modes therefore result in a partial overlapping between the

transients even when testing fault positions different from the

actual one, hence a slower decay of the correlation function

and a partially reduced location accuracy.
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Fig. 19. Comparison between vo(t) transients simulated for three test
positions for a 10 Ω PP fault, for: (a) unfiltered and (b) surge-compressed
transients. Sampling rate equal to 1 MHz.

D. Surge rise time

All previous results were based on the fault surge signal

having a rise time Tr = 20 µs. The very idea of surge

compression is to create transients that no longer depend on

the shape of the surge signal. Hence, the correlation function

for surge-compressed transients should ideally be independent

of the surge rise time. Conversely, when Tr increases unfiltered

transients present smoother transitions. In contrast to the sharp

edges expected for Tr < δt, smoother transitions lead to a

slower decay of the correlation function.

Fig. 20(a) presents the correlation function for unfiltered

transients with a varying surge rise time, obtained for a 10 Ω
PG and PP faults, both at 6 km from the probed end. These

results confirm a significantly higher loss of resolution for

Tr passing from 10 to 50 µs than passing from 1 to 10 µs,
explained by increasingly smooth transitions.

Results for the case of surge-compressed transients are

shown in Fig. 20(b) to be practically independent from the

surge rise time. These results confirm the effectiveness of the

proposed procedure.
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Fig. 20. Correlation function for unfiltered (a) and surge-compressed tran-
sients (b), for different values of the surge rise time Tr , for a PG fault (solid
curves) and a PP fault (dashed curves), both at 6 km with a 10 Ω impedance.
Sampling rate equal to 1 MHz.

VII. DISCUSSIONS AND CONCLUSION

The idea of surge-compressing fault transients by means

of inverse filters was proven to hold a promising potential

for correlation-based fault location, significantly improving the

location accuracy, even at sampling rates as low as 100 kHz.

These improvements are accessible only if the measured

and reference transients are precisely synchronized, before

computing their degree of similarity. This procedure should not

be confused with transient timestamping as done in multiple-

ended TWM. A novel synchronization procedure was intro-

duced to this end, showing to be practically independent from

sampling offsets between measured and reference transients, as

opposed to the currently used threshold-based approach, which

would otherwise require unnecessarily high speed sampling

rates to reduce the impact of sampling offsets.

In this respect, it was shown that increased sampling rates

do not result in any improvement in location accuracy when di-

rectly computing the correlation between unfiltered transients.

Conversely, surge-compressed transients were proven to ensure

a spatial resolution steadily improving with the sampling rate.

Surge-compression was also shown to be practically indepen-

dent from the surge rise time and the fault position, ensuring

a stable accuracy, whereas unfiltered transients presented wide

variations.

When testing high-impedance faults, the direct computation

of the correlation between transients was found to be rapidly

loosing location accuracy, both for PG and PP faults. In

contrast, surge-compression is less affected by high-impedance

faults, yielding a location accuracy that even in the case of a

1 kΩ fault impedance (the worst case), is ten times better than

the best accuracy afforded with unfiltered transients.

Currently available protection systems would therefore ben-

efit from the use of the proposed location method, which can

be applied to any similarity-based approach, such as EMTR

or transient correlations, without requiring any modification in

measurement systems.

The proposed ideas can be summarized into an algorithm,

involving the following steps

1) for each candidate fault position tested, the delay be-

tween measured and reference transients is estimated by

means of surge-based synchronization (Sec. IV-B)

2) delay compensation is applied to the reference transient

(Sec. IV-C)

3) the transients are surge-compressed applying a second-

order inverse filter (Sec. III)

4) the correlation between the two filtered transients is

finally computed

These steps involve simple and numerically efficient opera-

tions, calling for matrix multiplications for the surge com-

pression and delay compensation, and a linear least-square fit

when estimating the surge-front inception delay.

Future work will focus on optimal inverse-filtering strategies

in case of highly dispersive propagation losses, since in this

case surge echoes would be increasingly distorted as they

propagate along the line, amounting to surge echoes with a

rise time increasing over time. This kind of filters would hold

the potential for extending the benefits of surge-compressed
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correlation-based fault location to the case of faults occurring

at more than 100 km along long-distance power transmission

lines.
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