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ABSTRACT The fault location problem has been tackled mainly through impedance-based techniques,
the travelling wave principle and more recently machine learning algorithms. These techniques require
both current and voltage measurement. In the case of impedance-based methods they can provide multiples
solutions. In the case of the travelling wave approach it usually requires high sampling frequency measure-
ments together with sophisticated identification algorithms. Machine learning techniques require training
data and re-tuning for different grid topologies. This paper proposes a new fault location method based on
the fault’s transient intermediate frequency response of the system immediately after a fault occurs. The
transient response is characterized by the travelling wave phenomenon together with intermediate frequencies
of oscillation, which are dependent on the faulted section and the fault location. In the proposed fault location
solution, an offline methodology identifies these intermediate frequencies and their dependency on the fault
location is fitted using a polynomial regression. The online fault location is performed using those polynomial
regressions together with voltage measurements from the system and simple signal processing techniques.
The full method is tested with an EMT simulation in PSCAD, using the exact frequency dependent model
for underground cables.

INDEX TERMS  Fault location, frequency-dependent model, PSCAD, state-space model, transient analysis.

NOMENCLATURE Hpyei  i-th cable/line’s modal propagation matrix

Ci Set of polynomial coefficients for the N; Order of polynomial approximation for
intermediate frequencies approximations of the i-th intermediate frequency on the
J-th cable/line section fault location

M Set of theoretical fault location/intermediate Dk,i Poles of the vector fitting approximations for
frequencies data points i-th cable/line’s constant

Q Cluster of fault location estimations Ti.i Residues of the vector fitting approximations

Ti i-th cable/line’s traveling delay for i-th cable/line’s constant

K Random variable associated with the Yi.i i-th cable/line’s modal exact shunt
theoretical estimated fault location admittance matrix

I?es, Random variable associated Yuei  i-th cable/line’s modal characteristic
with the estimated fault location admittance matrix

Vi(w) Transient voltages’ Zm.i i-th cable/line’s modal exact series
measured frequency response data impedance matrix

Wi Random variable associated with
the measured i-th intermediate frequency

ain Coefficients of polynomial approximation for I. INTRODUCTION
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i-th intermediate frequency’s dependency on the
fault location

The fault location problem in transmission and distribu-
tion systems has been tackled at least since the 70’s [1],
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and remains an important topic for distribution grid’s
restoration [2]. Since then, the fault location research field
working on centralised algorithmic solutions clustered in
three dominant areas [3]-[5]: Impedance-based solutions,
Travelling wave approaches and Machine learning algo-
rithms. An extensive review of each methodology is provided
in [3]-[5]. Given the ever-evolving and diverse characteristics
of current HV and MV networks, fifty years on there is still
no universal agreement for a truly applicable and reliable
solution. This is evident in the fact that there are currently
no centralised fault location methodologies available in trans-
mission or distribution grid protections [3]—[5]. As such, there
is still ongoing research to improve each technique into a
reliable and applicable methodology [6]-[8].

The first category of impedance-based solutions employs
the fundamental frequency behaviour of the grid’s currents
and voltages during a fault event [3]-[5]. By using RMS
measurements of the voltages and currents, it is possible
to compute the grid’s apparent impedance as seen from
the measuring location. If the network’s topology is known
together with the per-unit impedance of each feeder, then it
is possible to define a set of algebraic equations to match
the measured impedance to the expected one having the
fault location as the unknown variable. The solutions to
this set of algebraic equations are thus dependent on the
measurement location, the fault location and also the fault
impedance [3]-[5]. This approach is limited by two main
factors. First, it is necessary to estimate the fault impedance
to solve the system of equations. Secondly, depending on the
number of available measurements and on their locations,
the set of algebraic equations can have multiple fault location
solutions [3]-[5], [9].

Regarding travelling wave approaches (also known as
transient-based approaches) to the fault location problem,
they rely on high-frequency measurements. More specifi-
cally, immediately after a fault occurs, pulse-like signals will
start propagating from the fault and throughout the system.
These pulse waves propagate at a constant speed which is
defined by the electrical parameters of the lines and cables,
and it is usually around 60% to 90% of the speed of light
[3]-[5]. Examples of recent works using this approach can
be found in [10]-[12]. On their propagation, each wave
will experience reflection and refraction at each discon-
tinuity that they find on lines and cables, creating addi-
tional propagating waves. By measuring the travelling time
of each pulse-like signal and their respective reflections,
it is possible to estimate the fault location from where
they started propagating assuming their travelling speed is
known [3]-[5]. Due to their high travelling speed, it is nec-
essary to have high sampling frequency devices of at least
100 [kHz] [13], together with synchronized measurements
to accurately identify each travelling pulse and to measure
their travelling times. This approach has been successfully
implemented in the transmission level, for long transmission
lines and underground cables. For distribution systems how-
ever this approach remains impractical, since it is necessary
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to distinguish between all the travelling wave signals, which
can be cumbersome in real system with several discontinu-
ities [3]-[5] such as LV grids.

Finally, with the advent of machine learning techniques
and its growing potential in several fields, some recent
research has tried to apply it to the fault location problem. In a
similar line of thoughts, new data-driven algorithms have also
been developed to tackle the fault-location problem. These
algorithms leverage on the wide-area deployment of smart
meters in both MV and HV [14]-[16]. In this case, the main
drawback is the necessity of having available training data
for most machine learning algorithms. In most cases there
might not be enough historical data for the training, and syn-
thesizing reliable additional data is most times impractical.
Furthermore, the training process needs to be re-tuned for
each topological change in the grid [3]-[5].
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FIGURE 1. Frequency classification for fault location
methodologies: a) Travelling wave approaches, b) Intermediate
frequencies proposal, c) Impedance-based techniques.

So far, the fault location problem, both in transmission and
distribution networks, has been tackled by considering the
low or very high frequency behaviour of the system, leaving
an unused window of intermediate frequency electromagnetic
phenomena as shown in Fig. 1. In just a few cases [17]-[19],
the transient behaviour dominated by intermediate frequen-
cies in the range of 5 to 500 kHz as defined in [20] have been
used to tackle the problem. For example, in [18], they extend
the impedance behaviour approach to frequencies up to 3 kHz
to avoid the disturbances created by DGs. In [19], the authors
use PMUs data to identify when the zero-sequence current
lags the zero-sequence voltage during a fault event to identify
the location. This idea is further developed by the authors
in [17]. These recent works show that there is an active
effort in developing a fault location methodology based on the
intermediate frequency transient behaviour of the grid during
a fault event.

This paper proposes a new fault location methodology
based on the fault’s transient intermediate frequency response
immediately after a fault event occurs. Instead of extend-
ing the impedance analysis approach to higher frequencies,
a different direction is taken. A methodology is proposed in

511



IEEE Open Access Journal of

s power and Energy

which the intermediate frequencies, present in the transient
response of the line/cable system and generated by their
natural response, are used to identify the fault location. These
intermediate frequencies will be dependent only on the loca-
tion of where the disturbance occurs, as will be shown in later
sections. The main contributions of this work are as follows:

o Demonstrate that a new approach to the fault location
problem is possible by considering intermediate fre-
quencies measurement present in the transient response
of the system.

o Outline the theoretical foundation for such approach,
identifying the key research requirements necessary to
identify the system’s transient intermediate frequencies
and how to use them for solving the fault location
problem.

e Propose an offline methodology that characterizes
the intermediate frequencies’ dependence on the fault
location.

o Propose an online fault location methodology which
uses the intermediate frequency dependence to identify
the fault location. The approach relies on simple signal
processing techniques such as the FFT.

The rest of the paper is organized as follows. Section II
provides basic theoretical insight on how the intermediate fre-
quencies generated during fault transients depend on the fault
location. Section III provides a detailed description of both
the offline and online methodologies necessary to identify the
fault location. Section IV provides numerical results for a test
system using EMT simulations in PSCAD. Conclusions are
drawn in Section V.

Il. INTUITION

The most basic modelling of a cable/line corresponds to its
lumped II-section representation. This model is valid for
low frequencies, where the wavelength of the travelling EM
waves is much longer than the length of the line. Although
this modelling is not accurate enough for the transient fault
location methodology proposed in this work, it provides
insight on its theoretical foundation and challenges. During
a fault event occurring at a percentage k of the line length D,
it is possible to split the original IT-section with parameters
R, L and C, into two new sections with scaled electrical
parameters as shown in Fig. 2.
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Considering an ideal fault to ground, i.e. Zr = 0 [€2],
each section will have a transient response defined by the
differential equations (1)-(2). The solutions to these equations
show that the voltages’ Vi(¢) and V,(¢) transient response
are oscillatory in nature. More importantly, the oscillations
have the same damping Tt = R/L but different frequencies
w1 and wy, as defined in their time-domain solutions shown
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FIGURE 2. II-section representation of a cable/line during fault
event.

in equations (3)-(4).

Vi(t) = Vi(ty) - e~ cos(wi (k) - 1 + Y1 (1r)) 3)
Va(t) = Va(tr) - e Teos(wa(k) - 1t + Ya(tr)) (4

From equations (3)-(4) it is possible to see that the initial
conditions Vi (), Va(tr), ¢1(tr) and ¢ (1) are defined by the
fault’s occurrence time #;. The frequency of each transient
response however, is dependent exclusively on the fault loca-
tion according to equations (5)-(6).

2 1 2 ., ;

w (k) = \/E z= ‘/R,;o(_l) k—1D"  (5)
2 1 2 =,

“® =\ie TF TVie Lk ©

Although equations (5)-(6) are derived in a simplistic sce-
nario, with a single cable section split by an ideal fault,
important observations can be made:

1) The intermediate frequencies associated with the tran-
sient response of the cable/line system during a fault
event are dependent exclusively on the fault location.
It is also important to note that, according to equa-
tions (5) and (6) the longer the cable/line section is,
the lower the associated transient frequency will be.
Indeed, if standard L and C parameters are consid-
ered, for section lengths ranging from 0.5 to 20 km,
their associated transient frequencies will range from
around 5 to 500 kHz respectively. Usually this is the
normal length of low voltage lines/cables. These fre-
quencies are traditionally associated with switching
and lightning electromagnetic phenomena in power
system analysis as shown in Fig. 1. To avoid confusion
with travelling wave approaches and impedance-based
methodologies, this frequency range will be referred
in this work as intermediate frequencies, since they
correspond to a middle ground between the high and
low frequencies used in traditional techniques. The
term switching frequency is also avoided since the
proposed methodology does not rely on the switching
of any specific equipment in the network, but rather on
the natural response of the cable/line system to a fault
event.

2) In a real system with loads and a non-ideal
fault impedance, the different sections will behave
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as coupled-oscillators. In addition, the frequency-
dependence and distributed behaviour of each section’s
electrical parameters make it impossible to derive an
analytical expressions for the fault location dependence
of each frequency w;(k) as the ones in equations (5)-(6).
However, a polynomial function @;(k) with a suf-
ficiently high order Nj;, as defined in equation (7),
should be able to accurately represent the fault location
dependence of each intermediate frequency w;(k).

N;
wi(k) ~ k) =Y ain - K" (7)
n=1

While the previous analysis is intuitive in a deter-
ministic approach, it is necessary for the polynomial
approximation to handle frequency measurements as
will be explained in the next sections. The interme-
diate frequency measurements used to solve the fault
location problem will contain noise, which needs to
be accounted for in the proposed methodology. Thus,
it can be assumed that the frequency measurements are
random variables which follow a normal distribution
of the form W; ~ N(w;(k,), 02) where w;(k,) is the
theoretical frequency corresponding to the real location
k. and o, is the measurement error associated with
the presence of white noise. In the case of a simple
oscillator as the one considered in Fig. 2, the theoretical
estimated location is defined by K= wo /Wl. Thus, K
corresponds to a random variable that doesn’t follow a
normal distribution as W,- does, but rather as a recip-
rocal normal distribution which corresponds to a bino-
mial distribution [21]. On the other hand, the estimated
location 1~(es, is obtained as one of the solutions to the
polynomial equation (8) using the measured frequency
W; as will be explained in more detail in the next
sections.

Ni
Wi=>"ankl' ®)
n=1

It is thus important that the polynomial regression is
performed considering a degree N; high enough not
only to obtain a good deterministic approximation of
wi(k), but also so that I~{m has a probability distribution
as close as possible to the reciprocal normal distribution
of K, to minimize the estimation error of its expected
value. An example of the impact that the polynomial
regression degree N; has on the probability density
function (pdf) of K, is shown in Fig. 4 when doing
a Monte Carlo analysis. More specifically, Fig. 3 and 4
are an example of 10° samples of the measured fre-
quency w considering a normal distribution of mean
u = 10 kHz, with a measurement error of 0 =
100 [Hz]. The mean value of 10 kHz corresponds to a
fault location of k = 60 %, considering an intermediate
frequency fault location function w(k) = 2 - 6000/k.
In Fig. 4, the binomial distribution of K = 27 -6000/ W
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FIGURE 3. Example of random variable F.in light grey the
histogram of 10° samples for F ~ A/(10%, 10%).
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FIGURE 4. Probability density functions in light grey for K andin
grey for K¢ c for 10° samples when considering: a) N; = 4,
b) N; =7, c) N; = 10.

3)

4)

is calculated for each sampled point W and shown in
light grey. In grey, the distribution of K,y is calculated
using polynomial approximations of different degrees.
From Fig. 4, it is possible to see that low degree approx-
imations are not enough to accurately represent the
distribution of K. Instead, good approximations of the
estimated fault location’s binomial distribution can be
obtained with a polynomial regression degree of 10 or
more.

While travelling wave approaches are susceptible to
the fault’s inception angle, an intermediate frequency
methodology wouldn’t. More specifically, if the incep-
tion angle of the fault is such that the voltage is close
enough to zero (Vy(tr) ~ 0), then the travelling sig-
nals will have a very small magnitude, comparable to
the measurement noise. Intermediate frequencies on
the other hand are triggered across the grid and at the
time of the fault will not be zero, thanks to the phase
angle shift ;(#r) between voltage signals at different
locations in the system.

While the previous analysis was performed considering
the behaviour of voltage transient signals, an analogous
effect occurs for current signals, where their character-
istic frequencies of oscillation will depend on the fault
location. This means that both voltage and/or current
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signals can be used, as opposed to travelling wave
approaches and impedance-based techniques were both
currents and voltages signals are required. In what fol-
lows, the proposed methodology is presented consid-
ering voltage measurements, but the same procedures
could be done considering current measurements.
From the previous conclusions, the main objectives of
the proposed fault location methodology are twofold. First
it is necessary to compute the polynomial approximations
(f)l-j(k) describing the fault location dependence of the i inter-
mediate frequency during a fault in the j# cable section.
Secondly, a methodology to estimate the fault location based
on the polynomial approximations and real-time measure-
ments needs to be developed. Both methodologies are pre-
sented in the next section.

1) Offline characterization
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FIGURE 5. Proposed fault-location methodology.

lll. FAULT LOCATION METHODOLOGY

The overall intermediate frequency fault location method-
ology can be divided in two parts, which are applicable to
systems with overhead lines, underground cables and hybrid
systems. First, an offline methodology is used to obtain the
polynomial approximations @;;(k). This offline characteri-
zation stage is simulation-based, by considering the known
topology and electrical parameters of the system components.
As a result of this stage, each polynomial approximation
@;j(k) can be stored in a database as the set of its polyno-
mial coefficients C;; = {aijl, ...,aijNU}. The online fault
location is then performed on a second stage. This is done
by using voltage measurements from the grid, signal pro-
cessing techniques and the polynomial approximations com-
puted previously. The complete fault location methodology
is summarized in Fig. 5. The offline and online stages are
described in the next sections.
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A. OFFLINE CHARACTERIZATION

The main goal of this stage is to compute the polyno-
mial approximations @;;(k) of the i transient response’s
intermediate frequency during a fault in the j” section
of the system. To perform the polynomial approximation
it is necessary to have a set of known values M;; =
{(kl, wii(k1)), ..., (kny, wU(kNd))}, with0) <k, <1Vn e
{1,...,Ng}. A key aspect for computing these theoretical
values is that transient intermediate frequencies are usually
found in the 5 to 500 kHz frequency range [20]. In this
frequency range, the transient response of the system to a
switching event is defined by the frequency-dependent and
distributed nature of the cables/lines’ electrical parameters.
It is thus necessary to consider a model that can accu-
rately represent the cable/lines’ behaviour in this frequency
range.

The traditional approach to do this would be to use EMT
programs such as PSCAD, which can simulate the exact
model of cables and lines by using the Universal Line Model
(ULM) [22]. By using the waveforms simulated in each fault
location scenario, together with signal processing techniques
such as the FFT, it would be possible to identify the interme-
diate frequencies and thus each set M;;. The main drawback
to this approach is that the whole process can be time con-
suming. This can be specially problematic for large systems
with short cable/line segments that would require very small
time-steps for the simulation exercise.

A different option to simulate the cable’s transient response
is to consider a linear time invariant (LTT) state-space model
approach. From such a model, it is possible to directly derive
the system’s frequency response to a fault scenario. It is
well-known that a line/cable’s frequency behaviour is defined
by transcendental functions having an infinite number of
poles [23], [24]. While such a system is LTI, it is computa-
tionally intractable given the requirement to represent a high
number of poles to achieve the same accuracy of the ULM
over the entire frequency range (up to the [GHz]) commonly
considered for the modeling of cable/lines. Some works have
intended to tackle this issue by proposing the identification
of the system’s dominant poles, which have higher observ-
ability and impact on the dynamic response during the tran-
sient period [23], [24]. More recent approaches have tried to
develop an impedance model for cable/lines that is able to
capture the frequency-dependent behaviour of their electrical
parameters, together with their distributed nature [25], [26].
These methods rely on the rational function approximation of
the cable/line’s frequency dependent parameters, which can
in turn be formulated as an equivalent electrical IT-circuits.
In addition, the distributed nature of the electrical parameters
gives rise to a travelling delay in its time-domain response,
which in these cases is approximated by means of cascad-
ing several N I-circuits obtained by approximating a small
fraction //N of the overall line/cable length [. This last step
can significantly increase the order of the impedance model,
which limits its applicability in systems with a large number
of cable/line sections.
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To tackle the LTI modelling in a practical way, the authors
use an impedance model for cable/line sections. It is rel-
evant to mention that the accuracy of the proposed fault
location methodology is dependent on the state-space model
used to represent the system while obtaining the interme-
diate frequencies polynomial approximations. This however
does not invalidate the fault location methodology. On the
contrary, it emphasises the need to further develop accurate
impedance/LTI models that can complement the ULM anal-
ysis done in the time-domain. To be more specific on the
modelling of cable/lines being used, the authors consider
vector fitting the modal parameters of each cable/line section
as follows:

N
fit Tk,i
Yheds) =di+ Y —— )
=1 S T Pki
-
. )
o = | 2o e (10)
=1 Pk,i

where Yﬁi)i(s) corresponds to the rational approximation
of the cable’s modal characteristic impedance Yy, i(s), and
Hﬁli(s) corresponds to the rational approximation of the
cable’s modal propagation constant H,, ;(s). For each modal
propagation constant, its associated travelling delay t; is
extracted as defined in [27]. Each travelling delay can also
be approximated by a sum of rational functions of order
Nd:i by using a Padé approximant. Thus, both Yﬁz’i(s) and
H}Z{i(s) can be expressed as a sum of rational functions in
the frequency domain. Finally, by combining all the previous
rational approximations into the well-known exact IT-section
transfer functions, it is possible to obtain a rational approx-
imation for them too as shown in equations (11) and (12).
Since the modal travelling delay t; is approximated by a Padé
approximant, the rational approximations of the impedance
transfer functions are accurate up to a critical frequency f,.
In this case, the critical frequency is identified based on
a predetermined error threshold o, between the theoretical
values and the fitted ones as shown in Fig. 6. These critical
frequencies will be relevant later on to filter the intermediate
frequencies of interest, since they must be accurate enough to
use for the fault location problem.

Y N .
Zh(s) = ’"T(S) ((H{Zi(s)) . H{,’,f,.(s)) (1)

fit
Y . i\l ;
S = Yo () (1 —H;Zfi(s)) (1 +H-,Zf,~(s)) (12)

Using this LTI exact I1-circuit impedance representation of
each line/cable section, it is possible to define a state-space
model for the system in each fault scenario &, occurring in
the j’h section as defined in equation (13).

sX(s) = A(ky)X(s) + B(ky)U(s)
V(s) = D(kn)X(s) 13)
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FIGURE 6. Exact I-section Zfit(s) and Y/i(s) approximations
examples in the modal domain. The solid grey line represents
the theoretical values, the dashed black line the fitted
approximation and the solid vertical black line is the critical
frequency.

Once the state-space matrices are determined for a given
fault scenario kj, it is then possible to compute the frequency
response of each voltage Vi (s) as defined in equation (14).
In equation (14), Dy is the k™ row vector from the output
matrix D(k,) while T and A correspond to the eigenvalue
decomposition matrices of matrix A(k,) and X are the initial
values of the state variables at the time of the fault occur-
rence. Using equation (14), it is possible to estimate the mea-
sured frequency response for each voltage across the network
during a fault scenario by computing Vi (j®;). In this case
@; € {®1, ..., wNFrr} corresponds to the set of frequencies
available for the FFT computation of the measured voltage
waveforms, which are defined by the measuring devices’
sampling frequencies and resolutions.

100 *

[Vi(Gw)| [V]

1072 - -
10° 10*
Frequency [Hz|

FIGURE 7. Dominant intermediate frequencies estimated from
voltage’s frequency response.

Once the frequency response Vi(jw) has been com-
puted, the dominant intermediate frequencies of the transient
response can be estimated. For each voltage measurement
waveform Vi(¢), its dominant intermediate frequencies are
defined in this work as the ones associated with the peak
values of its frequency response’s magnitude |Vi(jw)| as
shown in Fig. 7. Only the peak values below the critical
frequencies f,. should be considered to ensure good accu-
racy in accordance with the rational approximations of the
line/cables impedance behaviour. An example of the upper
bound f. is shown with a solid black line in Fig. 7. It is also
important to consider the dominant frequencies above the
fundamental frequency fp and some of its harmonics, since
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those frequencies don’t correspond to the transient response
of the cable system but rather with its forced response.

Vi(s) = Dk T~ (5T — A7 T (Xo + BU(s))  (14)

The set of theoretical dominant intermediate frequencies
M = {(kl, wii(k1)), ..., (kny, wij(kNd))} can then be con-
structed by iteratively extracting the frequency response’s
peak values for each fault scenario k, using the state-space
representation from eq. (13). The number of theoretical val-
ues is defined by the section’s length partitioning according
to Ak. Thus, Ak must be selected to have enough data
points to achieve the desired polynomial regression accuracy
while keeping a reasonable computation time of the offline
methodology. More data points allow to perform higher order
polynomial regressions with better accuracy at the cost of
more computation time. In the authors’ experience, good
results can be achieved by considering 10 to 15 data points,
i.e. a step of Ak € [0.0714, 0.1] for each cable section.
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FIGURE 8. Dominant intermediate frequencies tracking over
different fault location scenarios on the same cable/line section.

One last point to consider in this process is that not all
intermediate frequencies correspond to peak values of the
voltages’ frequency responses across all fault scenarios k.
This is represented in the example shown in Fig. 8, where
the black crosses correspond to intermediate frequencies that
consistently represent peak values of the voltage’s frequency
response for all fault location scenarios k;,. The black stars
on the other hand correspond to intermediate frequencies that
represent peak values in some fault location cases, but not
in all of them. These intermediate frequencies must thus be
identified and filtered out after computing the peak values for
all fault scenarios k, within the j cable/line section.

Finally, once the set M;; is computed, each intermediate
frequency fault location dependency w;j(k) can be fitted using
a polynomial regression @;j(k). Each polynomial fitting can
be stored as the set of its coefficients C;j = {ay1. . ... ajn;}.
where Nj; is the order of each polynomial regression. These
coefficients are the main outcome of the offline characteriza-
tion methodology in order to solve the fault location problem,
as it is explained in the next section. The coefficients can be
further grouped for the j section as Cj = {Cyj, ..., Cy;}-

This offline methodology must be performed for each
topology of interest. This in turn means that the offline
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methodology should be updated each time a topological
change is performed, i.e. new lines, loads or generators are
connected to the grid. Despite of this, the proposed offline
methodology has two advantages in comparison with other
simulation-based approaches. Firstly, the offline character-
ization can be performed for each cable/line section inde-
pendently, which means it could be performed in parallel,
greatly reducing computational time and improving its scala-
bilty for larger systems. Secondly, simulation-based methods
that match time-domain simulations with field measurements
must consider different fault inception angle conditions. The
proposed offline methodology relies only in the intermediate
frequency of oscillations during the transient response of
the system and thus doesn’t need to consider different fault
inception angle conditions. Further research can be done to
optimize the proposed offline methodology, for example by
applying model order reduction techniques to make the LTI
representation of the system, making it more tractable without
compromising its accuracy.

B. ONLINE FAULT LOCATION

The offline characterization methodology is designed to
tackle most of the modelling and analysis complexity to solve
the fault location problem. This in turn allows the online fault
location method to remain simple in its implementation and
applicability.

The first step to perform the real-time fault location is to
obtain the time-domain waveforms of the transient voltages
V(1) generated immediately after the occurrence of a fault in
the system. Using traditional FFT techniques, together with
the necessary windowing and filtering processes to discard
high-frequency noise and to avoid spectral leakage, the mea-
sured frequency response Vj(jw) for each measured voltage
waveform is computed.

In a second step, the measured dominant intermediate
frequencies @; for each transient measurement are identify
using the same peak-value identification process used in the
offline characterization methodology. In this case, the search
for the peak values is performed in the magnitude of the mea-
sured frequency response )Vk(ja))‘. It is worth mentioning
that each intermediate frequency @; won’t be observable in
all measured voltage waveforms f/k(t). The set of interme-
diate frequencies can be obtained from the eigenvalues of
matrix A from the state-space representation in eq. (13). The
dominant intermediate frequencies in each voltage waveform
Vi (¢) depend, however, on their respective participations to
each voltage’s transient response. The participation of each
intermediate frequency in the k™ voltage waveform will thus
depend on its associated residue coefficient. The residues
coefficients can be computed from the eigenvector matrix
T together with the respective k™ row vector of the out-
put matrix D [28]. In order to have full observability of
all dominant intermediate frequencies @;, an optimization
problem can be defined to establish the optimal allocation
of the measuring devices in the grid across a set of credible
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FIGURE 9. Example of polynomial solutions for set of measured
frequencies ®;: a) Equations obtained for scenario of faulted
section, b) Equations obtained for scenario of non-faulted
section.

and/or critical fault location scenarios. This problem how-
ever is not tackled in this work and remains open for future
research. In what follows of the online methodology, it is
assumed that enough measurement devices are available to
identify the dominant intermediate frequencies.

Once the dominant intermediate frequencies @; have been
identified, they can be used to solve the fault location prob-
lem. This is done by identifying the faulted section and the
fault location k within said section. This can be done by
solving the system of polynomial equations C; obtained while
considering a fault occurring in each j section as defined in
eq. (15). In this case, if the j* section has N; set of polyno-
mial equations @;(k), and there are Ny measured dominant
intermediate frequencies @;, then there is a total of N; x Ny
equations to solve. When the polynomial regressions being
solved are the ones that were obtained for a fault scenario
that simulated the actual faulted section, then there will be a

cluster Q2 = [ 121, e, IQNf} of fault location estimates around

the value of the real fault location k. Such a cluster will not
exist when considering the polynomial regressions obtained
for fault scenarios simulated in other cable/line sections.
While this might not be obvious from eq. (15), an example
is provided in Fig. 9. In the example, a set of four measured
dominant intermediate frequencies @; are considered. When
solving the polynomial regressions obtained when simulat-
ing the actual faulted section there is a cluster of solutions
around the real fault location value. This is not the case
when considering the polynomial equations associated with
a different faulted section scenario, where multiple estimates
of the location do not provide a clear cluster.

k) =ai +... -I—aquchi1 = @

k) = an + ... +an N = N,
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(Z)Nj(k) =an1+...+ aN,.MkM_l =@

o (k) = anj1 + ... + anuk™ 1 = @y, (15)

The online fault location can thus be performed by solving
the set of polynomial regressions of each cable/line section
using the measured intermediate frequencies until a cluster of
solutions is found. The cluster of solutions should be defined
by finding at least one solution per polynomial regression,
and having all the solutions within a maximum distance
deviation threshold Ak; predefined beforehand. In the next
section, numerical results are provided when the methodol-
ogy is tested using EMT cable models in PSCAD.
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FIGURE 10. PSCAD cable test system.

TABLE 1. Cable data.

Parameters Value
Configuration Three cables flat
Cable separation 0.5 [m]
Cable depth 1 [m]
Rated line to line voltage 11 [kV]
Conductor outer radius 0.0047 [m]
Conductor material: copper pew = 172.4 [pQ2-m]
1st insulating layer thickness 0.0034 [m]
Ist insulating layer material: XLPE €1 =2.5
Sheath thickness 0.0019 [m]
Sheath material: copper Peu = 172.4 [pu2-m]
2nd insulating layer thickness 0.0018 [m]
2nd insulating layer material: PVC e2 =28

IV. NUMERICAL RESULTS

To test the proposed fault location methodology, a 11 kV
three-phase cable test system was built in PSCAD, as shown
in Fig. 10. The cable model used for the time-domain sim-
ulations is the Frequency Dependent (Phase) Model, which
implements the ULM scheme. The cable’s characteristics
are summarized in Table 1, and the system parameters are
presented in Table 2. Two transformers are modelled using
their T-models, i.e. a shunt branch to represent their mag-
netizing properties and two series branches two account for
the leakage reactances and resistances. Loads are represented
using realistic dynamic ERLM models as defined in [29].

517



IEEE Open Access Journal of

s power and Energy

TABLE 2. System data.

Parameters Value
Header equivalent resistance Ry =11[Q]
Header equivalent inductance Liy =0.1 [H]
Cable 1-2 length 5.0 [km]
Cable 2-3 length 6.0 [km]
Cable 2-4 length 2.0 [km]
Cable 5-6 length 3.0 [km]
Cable 6-7 length 2.0 [km]
Cable 1-8 length 20.0 [km]
Cable 1-9 length 2.0 [km]
Cable 10-11 length 5.0[km]
Transformer 4-5 rated power 0.2 [MVA]

Transformer 4-5 leakage reactances X1 = X2 =0.1 [pu]

Transformer 4-5 leakage resistances Ri1 = Ry = 0.05 [py]

Transformer 4-5 magnetizing reactance Xm =500 [pu]
Transformer 4-5 magnetizing resistance Ry, = 500 [pu]
Transformer 9-10 rated power 0.1 [MVA]

Transformer 9-10 leakage reactances X1 =X2=0.1 [py]
Ry = Ry = 0.05 [puy]
Xm =500 [pu]

Ry =500 [pu]

Transformer 9-10 leakage resistances
Transformer 9-10 magnetizing reactance

Transformer 9-10 magnetizing resistance

More specifically, each load’s dynamic behaviour is defined
in PSCAD by equations (16) and (17), where all loads have
the same paramaters oy = 0.38, oy = 2.26, T),, = 2.26 [s],
Bs =2.68, B; =5.22 and Ty, = 70 [s] according to [29].

Py + Ty Pr = Py — Py

P=P +Py
Py =pro (L)
S( )— O(%)
VA"
P(V) = Po <%> (16)
Qr + Tqur = Qx - Qt
0=0,+0n
V ﬂx
0s(V) = Qo (%)
\% Bt
0:(V) = Qo (%> (17)

From equations (16) and (17), it is possible to obtain the
time-domain behaviour of loads immediately after the occur-
rence of a fault at time #r as defined by equations (18) [29],
where a voltage drop occurs from from the steady-state value
Vs to the fault value Vy.

P(t) = Py(Vy) + [AP(Vy) — AP(Vp)] e 7"
0() = 05(Vp) + [AQ(Vs) — AQ(Vp)] e T
AP(V) = Py(V) = P(V)

AQ(V) = Qs(V) = Qu(V) (18)
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To represent the load behaviour in the LTI representation of
the grid in the offline characterization, two key aspects need
to be considered:

o The time response of the loads is much slower than the
transient response of the cable/line system. The transient
behaviour of the intermediate frequencies occurs within
the [us] range, while (tth? )load dynamics is in the [s] range
which means that eT'f ~ 1.

o The voltage drop from Vy to Vy is not instantaneous.
While this is the case in RMS simulation, in the EMT
case the rate of change of voltages across the grid is
limited by the grid’s dynamics, i.e. it’s inductances and
capacitances. More importantly, immediately after the
fault occurrence and during the first [ps] when the inter-
mediate frequencies’ transient behaviour is dominating,
itcan be considered that Vy ~ V; = AP(Vy) ~ AP(Vy).

With the previous two considerations, for the purposes of
the offline characterization the loads can be considered as
static and defined by equations (19), where the steady-state
voltages V; can be computed from the load-flow solutions for
the grid on a given operating condition. In general, these val-
ues will be constrained to a narrow operational band around
1.0 pu as defined by each country’s grid code.

Ve
P(t) = Py(Vy) = R = 0
V2 19
= Q,(V, X = $
o) = Os(Vs) = XA (19)

The time-domain simulations are performed in PSCAD
considering a the time-step of € = 2 [us] and a sampling
frequency of 30 [kHz]. The offline characterization of a
single cable section takes approximately 23 [min] in a Intel
Core 17-10750 CPU of 2.6 [GHz], with a total RAM usage
of 2.4 [GB]. While this time and memory consumption can
be improved with code optimization, from a theoretical per-
spective the computational burden comes from the matrices’
size of the LTI state-space representation of the system.
To improve the scalability of the proposed methodology to
bigger systems, future works needs to be done to reduce the
order of the LTI models while preserving its accuracy for the
purposes of the offline characterization.

To test the proposed fault location methodology, three fault
scenarios are considered:

1) Scenario 1: three-phase fault with Ry = 0.2 [2] at 30%

of cable 2-3

2) Scenario 2: three-phase fault with Ry = 2 [2] at 80%
of cable 1-2

3) Scenario 3: three-phase fault with Ry = 20 [2] at 50%
of cable 5-6

For each fault scenario, the transient voltage waveforms
are recorded and then processed in Matlab. A blackman
windowing is applied to the sampled signals and the FFT
is computed. Since the modelling of the cable system is
done in the modal domain using the state-space representa-
tion described in Section III-A, the voltage waveforms are
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TABLE 3. Load data.

Load | Py [MW] | Qo [MVAr] | Vilpu]
Sa2 0.05 0.1 0.97
S3 0.03 0.15 0.97
S4 0.05 0.015 0.97
S5 0.15 0.07 0.945
Sé 0.015 0.015 0.945
Sy 0.015 0.015 0.945
Ss 0.15 0.07 0.972
So 0.01 0.02 0.975
S10 0.07 0.03 0.974
S11 0.03 0.015 0.973
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FIGURE 11. Frequency spectrum of voltages’ transient response
during fault scenario 1.

transformed to the modal domain using the Clarke transform
to be consistent in the analysis. The dominant intermediate
frequencies are tracked by identifying the peak values of
the frequency responses’ magnitude, in a range of frequen-
cies below the critical fitting frequencies f. computed in the
offline characterization of the cable system. An example of
the process’ outcome is shown in Fig. 11 for voltage measure-
ments performed in busbars 2, 3 and 4 during fault scenario 1.

The results of the fault location estimations are shown from
Fig. 12 to 14 respectively. In all cases the faulted section is
identified with either the existence of a single solution or a
cluster of solutions around the real fault location value.
In addition, the average of the fault location estimates /Ei is
shown with a solid black line.

As it is possible to see from Fig. 12 to 14, the final
fault location estimation using the average of the found
solutions is very close to the actual values. More specifi-
cally, in the fault scenario 1 where the fault occurs at 30%
of cable 23, the estimated fault location is 30.24%, which
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FIGURE 12. Fault location solution for fault scenario 1 using
Bus 3 polynomial regressions.
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FIGURE 13. Fault location solution for fault scenario 2 using
Bus 2 polynomial regressions.
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FIGURE 14. Fault location solution for fault scenario 3 using
Bus 6 polynomial regressions.

translates in a final error of 0.8% or 48 m. In fault scenario 2,
the final estimation is 79.86%, which translates in a final
error of 0.18% or 8.75 m. Finally, for the fault scenario 3,
the final estimation is 50.44%, which translates in a final
error of 0.88% or 26.4 m. In fault scenario 2, three outsider
solutions are also identified, marked by circles in Fig. 13, and
discarded since they don’t belong to any cluster of solutions.

To test the validity of the proposed methodology in longer
cable/line sections, two additional fault scenarios are per-
formed in cable 1-8 with a length of 20 km:

e Scenario 4: three-phase fault with Ry = 0.2 [2] at 25%
of cable 1-8

o Scenario 5: three-phase fault with Ry = 0.2 [2] at 50%
of cable 1-8

The fault location results for fault scenarios 4 and 5 are
shown in Fig. 16 and 17 respectively, where the fault esti-
mation is performed considering the polynomial equations of
bus 1. When performing the proposed methodology to faults
occurring in cable 1-8, the methodology can provide accurate
results. More specifically, by using the frequencies measured
at bus 1, the methodology is able to correctly identify the first
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FIGURE 15. Frequency spectrum of voltages’ transient response
for a fault inception angle of zero in cable 23. The solid line if
for a fault at 30%, the dashed line for 50% and the dotted line
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3000

Frequency [Hz]

= N
o o
o o
==l

0.2 0.4 0.6 0.8 1
Location [%)

o
o

FIGURE 16. Fault location solution for fault scenario 4 using
Bus 1 polynomial regressions.
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FIGURE 17. Fault location solution for fault scenario 5 using
Bus 1 polynomial regressions.

fault at 24.17% of the cable with a precision of 3.3% or 166 m.
The second fault is estimated to occur at 48.77%, equivalent
to a 2.46% error or 246 m.

Finally, a single phase to ground fault with a fault incep-
tion angle of zero is simulated in cable 23. The frequency
spectrum of the phase voltages at Bus 3 are shown in Fig. 15,
for different fault locations. For the proposed offline method-
ology to emulate unbalanced faults and apply the fault loca-
tion methodology, the current LTI impedance modelling
defined in equations (12) and (11) needs to be extended
from the modal to the phase domain. That being said, from
Fig. 15 it is possible to see that there are intermediate fre-
quencies that depend on the fault location present in the
faulted phase C, more specifically the one with values 3875,
5737 and 8880 Hz. This intermediate frequency could be
used to solve the fault location using the proposed fault loca-
tion methodology considering the extended phase domain
impedance modelling of cable/lines, which remains an open
research challenge for future works. This again reinforces
the need for further research on the impedance modelling of
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cables/lines to complement EMTP time-domain simulations
with frequency-domain analysis.

V. CONCLUSION

In this paper, a novel fault location methodology is proposed
for cable/line systems. The methodology relies on the sys-
tem’s transient response immediately after a fault occurs.
More importantly, the natural frequencies of oscillations gen-
erated by the fault event are dependent on the faulted section
and the fault location within that section.

On a first step, the cable/line system is modelled using an
LTI representation from which the intermediate frequencies
of oscillation present in the transient response can be identi-
fied. Once this process is performed for various fault location
scenarios in a given cable/line section, a polynomial regres-
sion can be used to characterize the fault location depen-
dency of the system’s transient intermediate frequencies. The
process is thus repeated for all sections in the systems. The
online fault location problem can thus be solved using simple
signal processing techniques such as the FFT on the measured
waveforms of the system’s transient response. In addition,
the methodology is able to identify the faulted section in the
system, which avoids the problem of multiples fault location
estimations.

The methodology proved to be efficient in a test case sim-
ulated in an EMT software like PSCAD, while using an exact
frequency-dependent model for underground cables, realistic
load models and transformers. As such, it is proven that the
transient behaviour of the system can be efficiently used to
solve the fault location problem, without the drawbacks of
other available techniques. As a new approach to the fault
location problem, there are still some challenges to tackle
to improve the proposed technique. Further research can be
performed in order to improve the LTI representation of the
cable/line system which has a direct impact on the accuracy
of the proposed method.
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