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Electromagnetic Time

Reversal as a Correlation

Estimator: Improved Metrics and Design Criteria
for Fault Location in Power Grids

Shaoyin He, Andrea Cozz&enior Member, |IEEE, Yanzhao Xie Member, |IEEE

Abstract—Recently published papers have proven the effec-

tiveness of Electromagnetic time reversal (EMTR) in locatig
the position of faults such as phase-to-ground shunt conngons
in power grids. EMTR directly transposes the idea of focusiig
energy back to its source introduced in original time-revesal
methods. The current interpretation of EMTR, based on metrics
measuring energy or peak-amplitude of focusing, is shown to
suffer from ambiguities that increase the risk of inaccurae fault
location. After pointing out under what conditions time-reversal
focusing occurs, an original frequency-domain reformulaion
of EMTR is introduced, showing that EMTR should more
accurately be interpreted as a correlation estimator. New ratrics
based on this observation are introduced, taking into accouot
the inhomogeneous transmission of electrical energy thr@hout
complex networks, enabling a direct quantitative evaluatn of
the likelihood of locating a fault. Extensive numerical sinulations
confirm that the proposed formulation systematically improves
the reliability of EMTR location estimates when faults occu in
power grids of realistic complexity, highlighting the accrued risk

maximum focused energy or peak amplitude [8]. While EMTR
has been presented as an effective fault-location methed [9
[11], none of the results available in the literature has so
far provided clear design criteria and necessary conditton
ensure accurate fault location.

This paper starts by revisiting in Sec. Il the definitions
employed in EMTR, pointing out some fundamental dis-
crepancies with TR, which are shown to lead to inaccurate
expectations, in particular in the ability of EMTR to proeid
single focusing peak, and therefore a single candidateiposi
for the fault. Sec. lll presents an alternative interpietat
of EMTR, showing how it basically mimics the properties
of correlation functions, which are meant to only identify
similarity. The fact that currently used EMTR norms do not
take into account the existence sfale terms related to the
inhomogeneous propagation of transient energy througaout

that comes with the use of metrics that measure the scale of distribution network, is shown to potentially lead to spuri

time-reversal focusing rather than its quality.
Index Terms—Fault location, power grids, time reversal.

|I. INTRODUCTION

T

ous fault locations. Moreover, the unacknowledge effect of
strongly frequency-dependent fault transient signalsls® a
argued to dramatically reduced EMTR location performance,
while requiring access to unnecessarily wideband data.
Based on these observations, Sec. IV introduces two alter-

H.E proper operation of power grids can be severelyative norms that are subsequently shown to systematically
disrupted by events such as shunt faults where twtperform those of energy- and peak amplitude-based norms

or more conductors, subject to different potentials, beEonthe necessary conditions for their accurate use are disguss
electrically connected through a low-impedance path,, e.ghowing that these metrics can be promptly adopted with-

because of electrical arcs or phase-to-ground faults.

out introducing any further complexity in EMTR location

The occurrence of such shunt faults is followed by tranSiEﬁﬁocessing_ Moreover, '[hey lend themselves to quanﬁ{ativ
signals that can be detected by a monitoring station, orgrokhterpretation, since they represent correlation fumstioOn
and Subsequently used in order to estimate the fault pDSiti%e Contrary’ current EMTR norms require anpogeriori
A large number of methods has been introduced in the Iagrmalization, before being able to locate a fault. As new
decades for fault location in power grids, among which thogs@ndidate fault positions are tested, the result of thisvatiza-
based on travelling waves are of interested in the Contexttﬂjn process is bound to Change’ and is therefore quabta“v

this paper [1]-[4].

nature. Moreover, this kind of normalization does not wairea

A recent proposal for fault location is Electromagnetic imdjrect quantitative interpretation, since it does not espond
Reversal (EMTR) [5], which is inspired by the idea of timeto a well-define quantity, such as a correlation function. In

reversal (TR) focusing [6], [7]. Its main appeal is its afili

to locate faults from the transient signals they generate,

turn, this risks making it difficult to introduce a quantitest
&iterion to decide whether a fault has been reliably lotate

measured from a single probe. Its performance has been shegp
to depend on what kind of metrics are used, e.g., by mondgorin Extensive simulations results are analyzed in Sec. V, for
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three grids of increasing complexity, confirming all the Imp
cations and predictions discussed in the previous sections
remarkable result is the feasibility of accurately locgtinfault
using only low-frequency information, as low as 30 kHz, as
opposed to 1 MHz required by previous EMTR norms, which
is of practical importance when dealing with real-life lpss



where ||vy(t)|| was originally the energy of,(¢), eventually

+ evaluated only over a finite time interval [9]. More recentriwo

vl 1 Z, ha (2) ﬁ \g-(t) [8] showed that other norms perform better, by monitoring,
- F e.g., the peak-amplitude of voltage or current at the tadt fa

locations. In the rest of the paper, the energy norm will be

(@) ) referred to asL3, i.e., the Ly norm squared, and the peak
Ig(2) amplitude asl ., for the sake of simplicity.
Zr * While previous EMTR works have maintained the interpre-
Vi(T-t) hr (o) | Z VelXg>t) tation introduced by standard TR for the need to actualkydn;
TR signals into the system, an alternative approach will be
(b) used throughout this paper, which significantly simplifieis t

operation. The voltage,(t) observed across the fault during
the second phase can be written as

Fig. 1. Principle of implementation of EMTR to locate faylend related

quantities for its analysis: (a) direct-time phase, durimbich the fault . _ * . j2mut
transient signal is recorded and (b) reversed-time phasabliag the rate vg(t,xg) B dv Vm(V)HTt(V’xg)e ’ (2)
of TR focusing in numerically tested candidate fault posisi. T

where v is the frequency variable and; the bandwidth
over which transient signals are measured; uppercaseadnsct

lines. stand for Fourier spectra.

Finally, Sec. VI argues about the necessary conditionsThis formulation does not require to carry out cumbersome
required for EMTR to provide accurate locations, as basegcles of second-phase simulations for each test faultiposi
on known results for the TR property of self averaging, upas,, since the transfer functions needed for locating the fault
which TR methods rely to control the propagation of signatsan be generated and stored for a given NUT, serving as a
through complex media. Design guidelines are then disdussiictionary for decoding the position of any fault from traarg
in order to allow a better understanding of EMTR limitationsdetected by the probe.

For the case of a low-impedance shunt connection between
two conductors, the fault-transient generator is often eheal
as a unit step pulse, a choice also adopted in EMTR literature

EMTR is based on two phases, schematically represen{ll representing the voltage difference between the twwo co
in Fig. 1, whereZ, is the equivalent impedance of theductors passing instantaneously to negligible values. Aemo
termination load of the transmission lines, usually repnéisig general model will be applied in this paper, assuming a finite
transformers. These were argued in [5], [12] to typicallyise time, modeling the transient as an exponential charge,
behave as capacitances in the hundreds of pF, in the range of
frequencies covered by transient signals. For this reaggn, vp(t) = Vo(1 — exp(=t/T;)), @)
will be assumed_ to pe larger than the characteristic _imrxemjar@vith a rise timeT, and a Fourier spectrum
Z. of transmission lines by several orders of magnitude. The
fault is represented by its Thevenin equivalent circuithvén N 2mfe
: : Vi) =Vor—o—3 (4)
impedanceZr < Z., and a voltage generatoy(t) modeling s(s+ 27 f.)
the fault transient. eres = j2rv and f. = 1/2xT,. Typical values ofT,. has

. . ) W
Transient signals generated by the fault are first record (g N .
e.g., by monitoring the voltage,,(t) by a probe at one of% en reported to vary between 1 and }B0[13]-{16]. This

S R - kind of model will also be shown in Sec. Il to help establish
the terminations of the distribution network, as in F|g.)1(athe feasibility of new improved metrics. Eqgs. (2) and (4)who

The net;/hvorli u?de(;_ testtt_(NUTS) |bs modeltled bt}./ its mpulsgne of the pitfalls of current EMTR implementations: by @ggin
responsehqs (£), for direct time. Subsequently, a time-reverse ime-domain definitions, thus including low frequenciEs(v)

version of the probe-recorded transient signal, e,g(T'—t), . . o . .
is injected in numerical models of the NUT, where differerﬁtrongIy emphasizes their contribution against that ohéig

candidate fault positions, are tested; the delay, required requencies. The role of(v) in the performance of EMTR

i ensure causalitv. will be drooped hereafter for the sdke metrics will be widely discussed in the next sections. It can
) ensu Ausality, wi PP ﬁready be appreciated by computing its equivalent quiadrat
simplicity, without loss of generality.

Il. A BRIEF SUMMARY OFEMTR

. . . andwidth
As discussed in [5], EMTR estimates the actual fault
position by monitoring the signal energy at each testedt faul / dv |V (v)[?
positionz,, €.g., by measuring the voltagg(t), or the current _ JBy _f In(fa/f1) (5)
ig(t). During this second (numerical) phase, each system Cq / |V ()2 11—f1/f2’
response is modeled by an impulse resposét; z,4). The By f

best estimatet; is identified as the one that maximizes the . )
energy, i.e., over the bandwidthif;, f2], assumingfs < f.. As an exam-

ple, for a bandwidti1, 101] kHz, the equivalent bandwidth is

&y = argmax[|vg(t; 2, ) | () about 4.7 kHz, against 100 kHz of available data.

Tg



The frequency-domain formulation (2) helps in this respect This norm, which is the only one that makes sense of TR
since it allows to easily select a portion of the frequendpada self-averaging property, deserves a closer scrutiny. ddde
in order to minimize the bias introduced by lower frequegacie(6) can be interpreted as a projection between the probe
outputV;, (v) and simulated transfer functiod$,. (v; z4). In
practice, it can be implemented as a simple matrix prodyct, b
arranging theV test transfer function#l.(v; xz,) as the rows

As argued in [4], [5], electrical networks in power grid®f @ matrix and the probe-recorded voltage spectigpiv)
are typically terminated by transformers, presenting an iAS @ column vector, duly phase conjugated (or time reversed
put impedance by far higher than the typical characterisife time domain), i.e.,
impedance of power lines. Therefore, each line connected P(x1) Hy (v, 31)
to a transformer behaves as a multi-frequency resonator for Y ) V() 7
transient signals, while the grid can be regarded as a set of : m
coupled resonators. As discussed in Sec. VI, these conditio P(ay) Hy(v,2N)
directly lead to a reverberating response, i.e., to a systé#m ,iih 5f the step by which frequency is discretized. Eq.
an impulse response lasting much longer than the transifm illustrates the advantage of using a frequency-domain
generated by a fault. This kind of response is systemaficathrmuylation, whereP(z,) can be instantaneously computed
found throughout the literature for fault transients. once the fault transient is measured, without going through
Under these conditions, TR signals should be treated jggge batches of simulations meant to observe the TR fogusin
random processes, characterized by a relatively short, Btransient signals.
prominent, coherent part and a much longer random codarhe random nature of NUT transfer functions, as discussed
[17]-{19], orthogonal to each other. The first implicatioh Ojn Sec. VI, affords interpreting the frequency integratiznan
this well-known property of TR in complex media is that th@yerage operator. Under these circumstanggs, ) takes on a
random codas do not provide any useful information, as thgyore specific meaning, namely of a cross-covariance between
fundamentally behave as random Gaussian noise. Vi (v) andhy (v; 24). As such, it can be factorized into cross-
Hence, metrics based on time integration of TR signaerrelation and energy terms [20]
would be inevitably affected by these noisy contributiddsly
the coherent part, observed aroune- 0, can be exploited, P(zy) = pva(zg)\/Embr(zy) (8)
thanks to its being practically deterministic [19]. Thetfdtat _
it occurs att = 0 is intrinsic to the very definition of TR: this With pvr(z,) the cross-correlation betweel,,(») and
is the instant that provides the maximum coherence, witle tin?rt (¥ Zg), and &, &(zy) their respectivemathematical
and spatial focusing, resulting in the highest peak amtuenergleé with

IIl. EMTR AS A CORRELATION ESTIMATOR

possible. It can therefore be expected that EMTR norms
i i Em = v |[Vin (v)[? )
measuring peak amplitude should better perform than those m B m
based on energy: this improvement was indeed confirmed in ’
[8]. & = / dv |Hy(v;4)]2. (10)
Br

This notwithstanding, the focus should not be on the search
for the maximum peak amplitude, but rather on the fact that The rationale for invoking the factorization in (8) is that i
TR coherence only occurs at= 0, where the TR focused points to a fundamental issue in the current implementation
signalv, (t) should rather be regarded as measuring maximu®h EMTR. The idea behind using EMTR is to decide the
coherence. In the context of fault location, having in mimevh Positionz,, that yields the closest match between experimental
EMTR was introduced, maximum coherence is an effectig@nd numerical results, by using focusing as a decision metri
measure of how close,, i.e., the test fault position, is to The issue here is: what does the amplitude™¢f,) actually
the actual oneg;. Clearly, this property also works whenmeasure? Eq. (8) provides the answer to this question, by
assessing whether, is not a good candidate for the faultshowing that it is actually a mix of two complementary
position. contributions: on the one hand, the cross-correlatipp (z,)

The point is, theL.. norm selects the maximum peakS & measure afimilarity; on the other hand¢,, andé&;(z)
occurring at any possible instant, not only @at= 0, thus rather measurentensity. It is therefore impossible to tell
missing important information about the non-suitability owhether a peak inP(z,) is due to having found the fault
a test fault position. This discrepancy is shown in Sec. Rosition, in which casgy y is maximum, or rather having just
to lead to fundamental limitations in the ability of EMTRSPotted a peak in the intensity &f.¢(z,), €.g., when testing a
to accurately locate faults. For these reasons,lthe norm Positionz, closer to the probe. The same observations apply
should be substituted by the peak amplituder,) att = 0, 10 Lo, Which was proposed in previous EMTR works. A

which reads previous attempt at using similarity-based metrics for BEMT
was also recently discussed in [21], but it was rather based
P(zg) :/ dv Vi (v)Hy (v 2g) on the search for positions where the transient measured by
Br (6) the probe would be most similar to the signal observed at

= /B dv VJ‘*(V)Hgt(V)HYt(V;xQ) li.e., squared.; norms
T



the test fault position after injecting the TR version of the V. MITIGATING THE EFFECTS OFV}(v)

transient. This approach should not be confused with the onel_he values taken byy (z,) could be easily interpreted if
1 g

here proposed, since it introduces a further location metr{ were evaluated between two homogeneous quantities, e.q

: i, . |
without recognizing that current EMTR metrics already arg ) . L
g 9 y two voltages: in that case their degree of similarity wouéd b
directly confirmed by a correlation close to one, as soon as

inaccurate and ineffective correlators. Indeed, [21] does
= xzy. The fact thatpyx(z4) rather represents a cross-

acknowledge the fundamental role of the spectrum of the

transient signal, which is the main obstacle to make EMTR J . . : . .

reliable and efficient. cprrelatlon makes direct |nterpretat|0r!s Ie_ss obv!ouseS!las
The implications of highlighting the dual contributions OPISCUS.SG.C.i at the gnq O.f Sec Wy(v) is highly dispersive,
N ) ) thus limiting the similarity betweerV,, (v) and H,(v; z,),

similarity and scale are clear: EMTR location procedures :

work by spotting the test positior, in simulation results even when considering, = x;. Moreover, Vy(v) in (13)

that fits more closely those measured, thus looking for tr(]jéspr(_)po_monately emphasmes 'OW‘?r frequenf:les_, redutie

: . . contributions from higher frequencies, resulting in a bl
maximum TR transmission. Scaling terms such as energi > ctive bandwidth. It qoes without saving that metricsds
should not take part to this process, since they would ryeadﬁ -9 ying

. . ; " on correlation functions between measured and simulated
bias comparisons of results evaluated at different testipos ) . :
: : . probe voltages would be counterproductive, since in such a
x4, as indeed proven in Sec. V. In this respeets(zg)

should be expected to ensure better results tan, ), now case the dispersive effects & (v) would be reinforced by

formally defined as its being squared. . o .
The frequency-domain formulation in (6) makes it apparent

P(zy) (11) that V;(v) has no useful role in assessing the similarity
@@m@@rt(%)' between r_1umerica| te_sted and a_ctual responses: w_hi!e in the
‘ standard implementation of TR it makes sense to inject the

The above definition should not be confused vathosteri- time-reversed signals into thsame system that generated
ori normalization of the kind currently used in current EMTRhem, EMTR is actually about injecting signals into systems
implementations [5], [8]. Indeed, in (11) the normalizatis that are different. Reformulating this process as in (6)-pro
meant to remove scaling factors that are intrinsically fimsi vides insight into the mechanisms subtending maximization
dependent. In particular, this operation is carried outaathe of energy/peak amplitude at the fault position. In parteyl
tested positionz,, without relying on knowledge of resultsfrom (6) it becomes apparent that similarity should be based
obtained at other positions. Instead, standard EMTR nsetrignly on transfer functions, since they completely deteamin
are rather based on peak-normalized results, which therefthe NUTSs: if H. (v;25) = Hqe(v) at the fault positionzy,
bear a quantitative meaning only when compared to othisen P(x;) would be maximum only for a constaif ().
results. This is not the case with correlation functionacsi  In view of these arguments, the accuracy of EMTR as an
their value has a clear quantitative meaning that can bstimator of a fault position is expected to improve when
evaluated on a local level, independently from those oleserwdirectly evaluating the similarity between the transfendu
at other positions. The two metrics would coincide only itions Hy(v) and H(v; z,4), by computing their correlation
casedy(x4) were constant, i.e., independent from the positiopy i (z,), defined as
tested. In fact, Sec. V proves thé}(z,) is highly position

pvi(Tg) =

(Hy(v) He (v; 7))

depen_dent._ o o _ pra(ty) = , (14)
A direct implication of the local normalization in (11) is 0atort(2g)

that by usingoy () it should be possible to directly decidepere

whether a numerically tested position is a good candidate o2, = <|Hdt(7/)|2>, (15)

for the fault position. Before looking more closely into ghi

property, it is useful to reformulate (11) by formalizingeth having adopted the formalism introduced in (13).
interpretation of all integrals as frequency averagesoéic-  The problem is that the only information accessible in
ing the averaging operator practice for the NUT isV;,(v). If the spectrumV; () were
4 known, then an inverse-filter approach could be applied to
{9(v)) = By /B dv g(v), (12) Vi (v), providing an estimate offy(v), but this option is
, , ) " not typically viable.
where g(v) is a generic function. Now (11) and (6) can be g f5jl0wing subsections tackle these issues by taking two
restated as different stances. In Sec. IV-A, the bias generated by a dis-
<Vj*(u)H§t(u)Hrt(u; ) persiveVy(v) in pyvu(z4) is considered, by proposing a first-
pvi(zg) = Omori(2,) ’ (13) order correction that approximately reestablishes thegnty
) of pvu(z,) peaking at one, without relying on an arbitrary
where o, and oy (z,) are the (frezquency—deflned) standard hogeriori normalization. In Sec. IV-B, the feasibility of a
deviations ofVy,(v) and Hy(v; z) blind inverse-filter procedure is analyzed, showing thi itot
2 more accurate definition oy, would be o2, — (|Vin(1)?) — necessary to accurately kndvy(u)_i_n order to compensate its
| (Vi (1)) |2, but due to the reverberant response of the NUT, (1)) can  €ff€Cts, proving under what conditions an accurate eséirot
be assumed negligible. The same applies to transfer funsctio pur(xg) can be estimated.




1
0.8} |
—R=001
—~ -==R=0.1
- — ---R=10
EE \50-5’ —— R =100
= =
9
0.4} \ |
0.2 =L .
- ‘ ‘ ‘ ‘
) -1 0 1 2 0 2 4 6 8 10
IOg(.fl/fC) V/fz'

Fig. 2. Contour plot of the bias coefficienfy,, as defined in (19), as Fig. 3. Normalized modulus oft’(v) as a function ofR = fc/fc.
a function of the tested frequency bandwidtf, f2], relative to the cut
frequency f. = 1/27T; for an exponential step fault signal with rise time

Ty : L .
in order to minimize the emphasis on the low-frequency
contribution. Conversely, using wide-band data, in patéic

A. Cross-correlation correction when including low-frequency data, systematically resirt

This section studies under what conditions the crosg-e loss of the main advantage of correlation functions, i.e

correlation coefficientoy #(z,) can be used as an approxi- _ei_r ta_king an amplitude close to one only in case of strong
mate estimator ofpgm(x4). This is in particular useful as similarity.
it provides a mean to avoid peak-normalizing results issued
from EMTR processing (cf. Sec. Ill). As explained in Sed. Equalization
lll, a local normalization would make it possible to integpr
results on a one-by-one basis, even before having identifeed
actual fault position, as otherwise required by current BMT
implementations.

To this end, the numerator gfy g (x,) in (13) can be
approximated as demonstrated in the Appendix, yielding

While choosingBr < f; is effective in countering the most
negative effects of a dispersi¥g (v), it does not allow to fully
benefit from all the data available. As already discussgdy)
being unknown Hg; () cannot be expected to be retrievable
from an inverse-filter equalization, i.e.,

Hay(v) = Vin(v)/V (V). (20)
[ v Vi HG (o) = Br (Vi) (i Hae,) . (16 N |
Br In fact, it is not Hy;(v) that needs to be estimated accurately,
while but ratherpr i (z4). This section analyzes under what condi-
o2, = <|Vf|2|Hdt|2> ~ Br <|Vf|2> o3, (17) tions the use of an approxima‘?@(u) in (20) can still lead to

_ _ . o a good estimate 0bx x(z,), Without assuming (20).
which appears in the denominator pf ; a similar result 1 this end, the parametric spectrum
applies too? (z,). Inserting (16) and (17) into (13) results in

¥ 27ch
pvi(zg) ~ pr(ag)Cy, (18) Vi) = eronf) (21)
where . 2 will be used as an educated guessigfv), corresponding
Cv = (Vi) [\ Vi) (19) {5 the exponential step function introduced in Sec. Il, with

Cauchy-Schwarz inequality imposé&Sy | < 1, with unity @ guessed time qqnstam = 1/27rfc. The idea is to assess
reached only for a constarit;(v). The strongly dispersive Under what conditions a good estimate/of i (z,) can still
nature ofV;(v), recalled in Sec. Il, therefore leads to a biad)e expected even fdF, 7 7. _
with |Cy| < 1, confirming that the cross-correlation nature The following estimator ofpsr(z,) will therefore be
of EMTR makes its direct interpretation unwarranted, sitce considered

dep_ends on an unknown function, i.@ﬁ(y_). <V,,’;(1/)Hrt(u;xq)/l7f*(u)>
Fig. 2 shows howC', | changes depending on the frequency prn(zy) = _ : : 7 (22)
bandwidth over which data are collected, assumiidv) ' Garore (7)

corresponds to the exponential step discussed in Sec.ébelhyith

results show that in order fofyy ~ 1, it is sufficient that o ~ 2

Br < fi, irrespective of the rise tim&, = 1/2xf.. It is Tdr = <’Vm(u)/vf(’/)’ > (23)
therefore not necessary to consider very narrow bandwidths
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Fig. 4. Contour plots of the bias coefficienty,, as defined in (27), as a
function of the tested frequency bandwidtfi, f2], for four values ofR =
fe/ fei (@) 0.01, (b) 0.1, (c) 10 and (d) 100.

Approximating the spectrum dfy(v) as in (4), (22) can be
restated as

(Hiy (v) H (v; 29 )W (v))
out(2g) V([ Hae W)W (V) P)

(24)

pru(Tg) =

where A A
s+2rfe  jv/fe+ fef fe

W) = stonfe  ju/fotl

(25)

is a weighting function that measures the residue of an— o

imperfectly uncompensatéd; (v) after the equalization.

From (25) it appears that the flatnessi&f{v) depends on
the relative position of its pole and zero. More precisefly,
(24) were evaluated at frequencies< min(f,, f.), or v >
max(fe, f.), W(r) would still be relatively flat, as visible
from Fig. 3, resulting in an accurate estimate ©@fq (z).
The scenarios wherg. < f. result in a flatteq W (v)].

In general, an imperfect correction ¥} (v) hasW (v) # 1
and would therefore result ipgn(z;) < 1. The extent of
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Fig. 5. Schematics for the three grid structures consideretle paper, for:
(a) three-junction, (b) five-junction and (c) ten-junctidistribution networks.
Numerical tags identify the fault positions tested in Se¢. with 1 km

this effect can be quantified by applying to (24) the Sanﬁ@parating each section between two tags. The grids arentden by

approximation used in (16) and (17) for deriving (19), yietd

prH(ty) ~ pum(zy)Cw, (26)
with
Cw = W) /V{W([@)?). (27)

Since W (v) is substantially flatter tharV;(v), Cw is
expected to be closer to one thaky. Fig. 4 shows howCy,
changes for a broad set of scenarios, with the r&tie fc/fc
changing from 1/100 to 100. As argued above, the dase 1
yields the more robust results, with;, taking values above

ansformers. The voltage probe monitoring fault transida found at tag
no. 0, for all three grids.

Overall, Fig. 4 confirms the feasibility of a blind inverse
filtering, suggesting to set the value §f equal to the lower
bound of typical values expected f@¢. This property should
not be read as an invitation to choose very small values of
for the sake of equalization, this ratio should be as close as

0.9 in all cases but when using data acquired at very Iqguossible to one. It should rather be seen as a requiremetd not

frequencies, much smaller thgp. The minimum value taken

choosefc/fC > 1. It is worth noticing that these results prove

by Cy in this case can be evaluated from (27) to be equtiat the actual value of. is not important for the application

to v/3/2 ~ 0.86. Conversely, ifR > 1, Cy is significantly

of (26), unless gross errors are made. The relative insahsit

smaller than one only if data cover a large bandwidth, rearchiof jr g (z,) to the choice off,, as long asfc/fc < 1is

out the transition region betweefy and fc, shown in Fig. 3.

confirmed in Sec. V.



0025 05 075 1 of EMTR to discriminate between different phases was ajread

. | el established in [5].
35 35 The propagation of fault-induced signals along these three
sof > % _.-" 30| 2% distribution networks was simulated using EMTP-RV, by mod-
25 o 25 eling the fault using an equivalent Thevenin circuit, with
20 -~ 20 a voltage generatoo,(t) representing the voltage transient
15 -~ 15 (cf. Fig. 1(a)), with a fault impedanc&r = 10 €, thus
10 <"l 10k 4 much smaller than the typical characteristic impedancéef t
lines. This last choice, which is consistent with the idea of
° pviniin. B p—— T shunt faults, also leads to high-reflectivity conditionslafge
020 30 1020 30 number of positions for the fault were considered, by movting
408 5406 ; 401 8506 along every line in the three NUTSs, with a spatial step of 1 km.
o The rationale is to assess whether EMTR locates faults with
g 30 30 ; o
b= .___.-"f the same accuracy independently from their distance fram th
:% 20 - 20 probe. Numerical t_ags in Fig. 5 allow to id_entify the.positi(.)
I3 =i of each fault studied. For each fault position, a simulation
8 1ob - it et 100 was run, covering a maximum frequency of 1 MHz. The fault
' - ek i 2 equivalent generatar;(¢t) was modeled as discussed in Sec.
o 20 30 40 o 20 30 40 I, as an exponential transient with a typical rise time of0
70 70 Transient voltages,,(t) were computed with EMTP-RV
gol 228 - ool O - for each fault position. All the metrics discussed in Setto |
sol addd 0 R o A IV generate results for every positiar,, with tags given in
0 1 ey 0 ; #_, ! Fig. 5, peaking at a positiofi;, ideally corresponding to the
o TEm e | Sl T fault positionz ;. Due to the sheer number of combinations of
20 e T r— 20 e — fault positiona: ¢ and test faul_t positions,, a compact ma_ltrix
10 f:' v i — 10 L representation was chosen, instead of standard cartdsi@n p
S ey — 8 wre ik e with columns and rows referring to; and x4, respectively.
20 40 60 N 20 40 60 This choice allows to easily spot an ideal location estimato
Fault position tags since it would present a diagonal standing out from a lower
background.

Fig. 6. Comparison of EMTR location accuracy usihg, norm (left column) Before going through the overall comparison of metrics,
and P norm (right column), which is restricted to= 0. Results for three the argument presented in Sec. I pushing for Iimiting EMTR
NUTs in Fig. 5, from top to bottom, computed over the freqyemange . .
[10 — 1000] kHz. metrics to be only based on the peak amplitude at 0
are validated in Fig. 6, by comparing the metrics issued
from L. (z4) and P(z4) norms, for a frequency bandwidth
V. SIMULATION RESULTS [10,1000] kHz. These results prove that metrics looking for
the peak amplitude at+ 0 significantly increase the risk of
This section compares the performance of each of the norimsorrect fault location, withP(z,,) featuring a rate of accurate
discussed so far, when applying the EMTR location criteridpcation up to twice that of th€., norm. The main reason
(1) to the three networks shown in Fig. 5. Several goals glidfor the poorer performance af., is that EMTR does not
the definition of the comparisons: 1) the network complexitgorrespond to standard TR, where time-reversed signals are
measured in terms of the number of junctions, 2) the relati§jected back into the same system that generated them in the
position and distance between the probe and the fault, 3) fitet place. EMTR expects signal focusing to be maximized
effects of the frequency-response dynamics by using data frwhen the test fault positionr, = =z, consistently with
a selected bandwidth rather than the entire dataset alailabstandard TR. But in case, # z ¢, there is no way of ensuring
Each network consists of uniform lines where losses atteat L. (z4) < Loo(zyf),¥Vt # 0, since the two associated
assumed to be negligible. The rationale for this simplifazat NUTs will be different in this case. Moreover, only at= 0
is to avoid any spurious effect due to losses, which coutdandard TR would lead to focusing or, in other terms, to
mask differences due to the metrics themselves. Each linemisximal coherence and therefore minimum dependence from
terminated by either a junction or a transformer. As alreadlge characteristics of a NUT.
discussed in [5], the transformers are assumed to presgmt hi Fig. 6 clearly show the appearance of wrong fault positions
impedance conditions, therefore regarding each line teatead with L., i.e., outside the main diagonal, corresponding in
by transformers as highly reflecting; a X equivalent load the vast majority of cases to branches close to the one
is used for the sake of accounting for potential losses in thentaining the actual fault. Limiting thé., metric tot = 0,
transformers. The probe used for monitoring the occurrenice., switching toP, effectively reduces the number of such
of fault transient signals is here modeled by measuring tirestances; each plot in Fig. 6 reports the percentage of faul
voltage induced at the terminations with tag no. 0, shown positions accurately located by the two norms. The risk of
Fig. 5. Only single-phase lines are considered, since thiéyab an erroneous location appears to significantly depend on the
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Fig. 7. Performance of the four EMTR metrics applied to thedhunction network in Fig .5(a), for three different fuespcy bandwidths: 10-100 kHz (top
row), 100-1000 kHz (middle row) and 10-1000 kHz (bottom roWhe rate of accurate location is shown on each graph. Refulpy  are normalized in
order to simplify their comparison.

network complexity, forL.,, while P is less sensitive to it. uses the coherent contribution, reaching its peak at 0,
This observation implies that as a network becomes momdich is the best approximation of the original fault traami
complex, the probability of appearance of spurious peaks signal, in a matched-filter sense. The rate of correct lonati
time-reversed signals increases. Following these obemga is indeed much higher than for the norm. Yet, L2 and P
the P norm will be used instead of the,, norm. share another kind of error: as faults get farther away from
Fig. 7 presents a thorough analysis of the performancetbg probe, faults location may be erroneously estimated to
four metrics: 1)L2, 2) P, 3) pyu and 4) pym. The first be at a closer distance from the probe. This phenomenon is
observation is that th&2 norm has the worst performanceobserved in Fig. 7, where faults with a position tag above
with a large number of erroneous fault locations. As disedss10 are wrongly located mainly at position tag 3, otherwise
in Sec. Ill, when refocusing on the fault position, timeat 4, 5 and 9. The most likely reason for these errors is the
reversed signals produce two contributions: a coherent of@ct thatZ3, P and alsoL., norms cannot separate similarity
associated to the largest amplitude peak and typically arealand scale contributions, as discussed in Sec. lll. In prakti
background fluctuations, with a much longer duration th#rms, time-reversed signals do focus on the fault position
depends on the reverberation decay time of the NUT (cf. S&it as soon as signals need to propagate across multiple
VI). Therefore, sincel.? requires integrating the entire signajunctions, their intensity weakens, potentially reswtim a
intensity, background fluctuations, even though locallyakes lower energy or peak amplitude with respect to other passtio
than the coherent part, have a non-negligible contributicigsted. Indeed, passing to locally normalized estimasursh
Since they are by definition orthogonal to the coherent p&$pv #, all but totally removes spurious locations, resulting in

[19], they do not provide useful information about the faufn ideal location performance. Scale effects due to prdjmga
position, and rather behave as random noise. attenuation driven by junctions, discussed at the end &f thi

The normP can be expected to perform better, since it onf§ection, confirm this interpretation.
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order to simplify their comparison.

The last norm testedpr, has a performance similarof high-frequency information, as discussed in Secs. Il and
to pyy for the NUT in Fig. 5(a). The main difference islll. In practice, depending on the choice of bandwidth for
in the strong reduction of residual local maxima that coulihe tests, the highly dispersive nature 16f(v) can strongly
potentially be interpreted as alternative fault locatiombe undermine EMTR performance, but fpg 5, which is ideally
results in Fig. 7 forpy i present several such maxima, in théndependent froni/;(v). These results confirm the practical
0.7-0.8 range, which should not be neglected, in particular interest of mitigating the effects éf; () in EMTR metrics, in
case of data affected by noise, occurring less frequently forder to benefit from the whole available bandwidth. Presiou
PHH. implementations of EMTR were based on a time-domain

Results in Fig. 7 were computed for three different choic&$scription [5], [8], thus even more strongly sensitive fie t
of frequency bandwidths, in order to illustrate how frequen fault spectruml; (), since in this case no attempt was made
selection affects location accuracy. It can be noticed haitf N reducing the dominance of low-frequency contributions.
location improves when passing from a bandwidth— 100 In practical terms, the results in Fig. 7 also demonstrade th
kHz to 100 — 1000 kHz, for all four metrics considered. Inthere is no need to consider wide-band tests in order for EMTR
particular, spurious maxima become less intense and likel§ accurately locate faults, as locally-normalized metyig i/
Conversely, extending tests at lower frequencies, for alba@ndpr i outperformL3, L., and P even when testing below
width 10 — 1000 kHz, results inL3, P and pyy performing 100 kHz.
worse than for al00 — 1000 kHz, with results very similar  The effects of an increased complexity in the NUT can
to those obtained for tha0 — 100 kHz bandwidth. This be appreciated from results in Figs. 8 and 9. The same
issue apparently does not occur fa . The reason for this conclusions described for the three-junction NUT are also
behavior is found in the spectrum of the fault transiét,y), reached for these two further cases. But as the complexity
which highly emphasizes lower frequencies to the expensereases, the number and intensity of spurious peaksafollo
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Fig. 9. Performance of the four EMTR metrics applied to thejtenction network in Fig .5(c), for three different freaqwy bandwidths: 10-100 kHz (top
row), 100-1000 kHz (middle row) and 10-1000 kHz (bottom roWhe rate of accurate location is shown on each graph. Refulpy ; are normalized in
order to simplify their comparison.

suit, posing a higher risk of erroneous fault location. Thereakly dependent from the actual choice Bf, even when
performance ofL3 and P norms is strongly affected, with TT/TT > 1. Conversely, asTT/TT < 1 the main effect
location rates as low as 8 %, in particular when using dathat pgg may become significantly smaller than one even
extending over several decades. ResultsHoare much less over the fault position. This last scenario could be avoided
affected when working on a flatter portion Bf(v), e.g., 100- by a posteriori normalization, as in previous work on EMTR
1000 kHz. norms [8], but such an approach would result in the loss of
The results for the five- and ten-junction cases clearly shdivantitative interpretation giyy, i.e., the ability to decide at
that everpy r becomes increasingly sensitive to the choice @y test positionr,, whether it represents a good candidate
test bandwidth, as opposed @ 5, which is 100 % accurate for the fault positionwithout relying on any comparison with
in all tested cases. Again, the negative effect¥gf) explain other test positions.
the worsening performance fof, ;;, supporting the proposal

presented in Sec. IV-B for a blind inverse filtering of thelfau  Finally, Sec. Il suggested that the main reason for the
transient recorded by the probe. appearance of spurious peaks I} and P norms is the

All the results pertaining tp g in Figs. 7 to 9 were com- non-uniform spatial distribution of the intensity of trées
puted by assuming’; () known. In practice, such assumptiorfunctions, depending on the position of a fault with resgect
may not hold, and a blind inverse filtering would be necessatie probe. Fig. 11 shows this distribution for the three NUTs
as discussed in Sec. IV-B. Fig. 10 shows how the estimatedinfirming that transfer functions see their intensity bitpa
pun changes when using a gudgs() with a wide variation reducing when moving through a junction. Therefore, faults
of choices for a guess rise tinE., from 0.1 us to 1 ms, more deeply embedded into a NUT will be characterized by a
while the actual fault transient had a 1 rise time. As lower focusing energy/amplitude, fostering the condtidor
predicted by Fig. 4, forTAT/TT > 1, the estimatepyy is spurious fault locations.
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This section discusses under what conditions EMTR-base 04r 1 g 0! O 6;: o
location metrics can be expected to be reliable. By this serm 0.2 f:)? o d‘> %%col } o |
it is meant the property of EMTR to generate a coheren ' b o ®% ® O m
. . L ; L Lo | O0,® I M&W
focusing, thus ideally deterministic. To this end, it is esgary ol a4 L A
to recall that Sec. Ill argued that a power grid with high- 0 20 40 60 80

impedance terminations is basically a collection of codple Fault position (tag number)

resonators. An example of transfer functions shown in Fig.
12, for the five-junction network, effectively confirms thiaiig. 11. Normalized energy transmission associated tortiresfer functions
expectation: a large dynamic range spanned by the transfisrach fault position, computed over the frequency rgnge1000] kHz, for
functions, with a maximum-to-minimum ratio exceeding 100I:1e three NUTSs in Fig. 5. Vertical dashed lines show the msibf junctions.
is a clear indication of a strong resonant behavior.

Time-domain statistics such as the power-delay profile -
shown in Fig. 13 confirm that the three NUTs in Fig. 13 are —#10
more than resonant, as they are actually reverberatingy, wit 6} —#20
a relaxation (or decay) time just above 0.55 ms. With a
typical length of roughly 20 km, the propagation delay for a 5f
signal to cross these networks is about/6Q implying that =
signals reverberate through the networks hundreds of time £ 4
before dissipating. =

Being highly reverberant systems, the necessary conditior £ 3
for TR to be reliable were derived and verified in [19], [22]
to require that the ratidBr/B. > 1, with B, ~ 1/7 the
coherence time of the medium, here power grids. Hence,
minimum bandwidth requirement reads

N
—

Br > 1/, (28) Oo 56 160 150 200
. L . v (kHz)
i.e., Br > 1.8 kHz for the three networks studied in this

paper. The ratIOBT/BC measures the number of degreeéig. 12. An example of transfer functions for the five-junatiNUT in Fig.

3defined as the average of the squared impulse responses sfeasy 5(b), as observed at the two fault positions shown in the égur
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even atBr = 15 kHz, for which By/B, ~ 8.3, i.e., below
the limit of validity of (28), thus showing signs of loss of
location accuracy in the shape of extended regions around th
actual fault position where evepy ; is no longer accurate.
The much poorer performance £fis explained by a reduced
effective bandwidth due to the low-frequency emphasis of
Vi (v), with (28) only partially met.

VII. CONCLUSION

This paper has investigated how EMTR performs in case
of complex power-distribution networks, with a particular
attention at how the relative position of the fault with resp
to the probe affects the results. It has confirmed that ctirren
metrics based on energy and peak-amplitude focusing may
present a non-negligible bias caused by the non-unifortri-dis
bution of high-frequency electrical energy throughout ptex
networks, as excited by the fault.

The reformulation of the EMTR processing in the frequency
domain has led to an original interpretation of EMTR as a
correlation estimator, highlighting the reasons for pttén
failure with current energy and peak-amplitude metricsoTw
local normalization approaches were proposed, in ordexk® t
into account the non-uniform propagation of transientialg
energy in complex networks. These new metrics reinstate
guantitative reading of EMTR results, without relying on a
posteriori peak normalization, which would be intrinsigal
dependent on the tested fault positions. Both new metrice we
shown to dramatically reduce the occurrence of erroneaus fa
location.

In particular, the blind inverse filtering behingyy was
confirmed as very effective in exploiting all the informatio
available from transient signals, systematically yietdi®0 %
correct estimates of the fault position, even when deeply
embedded into complex networks. Its remarkably low sensi-
tivity to the characteristics of the fault transient makes i
promising location criterion, even more so considering tha
it strongly reduces the need for large bandwidths appearing
in previous EMTR work, an important feature when dealing
with realistic distribution lines that may significantijteruate
higher frequencies.

APPENDIX

Given a smooth functiol(~) and a random proced3(v),
with a coherence bandwidtB,., the integral

f2
I = dv S(v)R(v) (29)
Fig. 14. Self averaging in action: convergencefofind py i norms for the f1
five-junction NUT in Fig. 5(b), forf; = 10 kHz and By equal to : a) 15 . . .
kHz (top row), b) 30 kHz (middle row) and c) 60 kHz (bottom row) can be computed by first solving it by parts
f2 f2

. . 7= |sweat)] "~ [T av swicae), @0

of freedom, or independent information collected across th no I

bandwidth Br; thesegrains of information underlie the most
important property of TR, i.e., self averaging [19], [2324].
Fig. 14 shows a clear example of self averaging, whe
the location accuracy of and pgy norms improve asBr
increases. Notice howiy i can already provide reliable results

where S’(v) is the first derivative ofS(v) and Cr(v) a
Péimitive of R(v), and

Cr(v) /j UER(E) = RO - f). (3D)
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with R(v) the average value ak(¢) over the frequency range[10] R. Razzaghi, G. Lugrin, F. Rachidi, and M. Paolone, ‘#smment of
[f1,v]. This reformulation of (29) has an important advantage:

by introducing the averag®&(v), as soon as

(v — f1) > B, (32)

R(v) will closely approximate its average val&(v)) com-
puted over the frequency randé, /2], as defined in (12).

[11]

[12]

Since applications of TR to complex media call for the

condition (32) as necessary (cf. Sec. VR(v) ~ (R(v)).
Considering this approximation, (30) can be recast as

f2
L (BW)) = S(f2)(f2— f1) — / Q8- f), (33)

1

and developed into

f2
) (RW)) = [S(fa) fa — S(F) ] — / dv vS'(v). (34)

The last integral can be integrated by part,

f2 f2
[ v vsw) = ists-stnl - [ avsw)

J1

= [S(f2)fa = S(f1) f1] = (S(w)) (f2 = f1),

(35)
with (S(v)) the average value o (v) over[f1, fa].
Substituting (35) into (34) yields
P
I = . dv S(v)R(v) ~ (S(v)) (R(v)) Br, (36)

with Br = f2 — fl-
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