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ABSTRACT This paper proposes a non-contact method for fault location in transmission lines, which is
based on magnetic fields produced by current signals measured using magnetoresistive sensors installed
only at transmission line terminals, under the phase conductors of the first transmission tower at both
terminals or at the substations portals. The proposed method uses the Extended Kalman filter to process
these measurements and is based on a travelling wave approach in order to perform the fault localization.
This paper also describes the implementation and testing of the method, firstly introducing its overview,
followed by an analysis of the magnetic fields produced by the current signals, as well as considerations on
their measurement; secondly, detailing the Extended Kalman filter and the travelling wave approach; and,
finally, presenting the results of the method with regards to simulations built using EMTP/ATP to evaluate
its robustness under different conditions varying the fault resistance, fault inception angle, phases involved
and fault location. The results indicate that the proposed method is robust and accurate.

INDEX TERMS Electrical fault detection, fault location, Kalman filters, magnetic field measurement, power
systems, electromagnetic propagation, signal processing algorithms.

I. INTRODUCTION
A robust and reliable electric power transmission system
can guarantee the availability of energy to meet population
growth and industrial development, through the interconnec-
tion of several electric power generation stations to large
urban consumer centers and also to less populated rural
regions, constituting large interconnected systems.

These systems are subject to abnormal conditions that may
occur in different equipment. However, transmission lines
are more susceptible as they cover large areas and, there-
fore, are more vulnerable to adverse atmospheric conditions,
accidents, etc., as in [1].

To ensure power supply with quality, reliability, security
and reduced interruption times it is desirable that mainte-
nance crews spend as little time as possible to locate faults
and restore operation. For these reasons, algorithms and
fault location methods have been proposed in the litera-
ture and can be divided into the following main groups,
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as in [2]–[4]: impedance-based methods; travelling waves;
and knowledge-based approaches. The first methods used for
fault location in transmission lines were based on the funda-
mental component of voltages and currents signals [2]. Often
referred as impedance calculation methods, these methods
relate the fault distance to the impedance of the transmission
line, and use measurements of voltage and current signals,
provided by voltage transformers (VTs) and/or current trans-
formers (CTs), to perform such calculations, and depend
on precise transmission line parameters in order to provide
accurate results.

According to [5], fault location algorithms based on
impedance calculation may present several error sources,
such as: varying loads; remote infeed; fault resistance; mutual
coupling; inaccurate line impedances; dc offset and CT sat-
uration; and transmission line topology (e. g. three-terminal
lines or tapped radial lines). Several methods were proposed
in the literature to overcome these drawbacks, as in [6]–[11]

Methods based on travelling waves (TWs) depend on
voltage and current waves propagation and reflection.
Whenever a fault occurs, these waves propagate through the
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transmission line and reflect back at the two transmission line
terminals. The identification of these waves andmeasurement
of their arrival times, associated with the speed propaga-
tion of the transmission lines, provide accurate results [12].
This method can be divided into two groups [3], [13]: pas-
sive and active methods. Passive methods make use of the
transmission line voltages and/or currents TWs to deter-
mine the fault distance from the line terminals, while active
methods inject high frequency signals in the transmission
line whenever a fault occurs, in order to determine the fault
location [14].

According to [15] TWs fault location methods: depend on
the detection of the fault occurrence instant and the propa-
gation/reflections of the fault signals; usually require high
sampling rates, whichmeans that they rely upon sophisticated
and costly equipment and upon algorithms with high compu-
tational costs; need time synchronization between terminals
(for algorithms based on two or more terminal data); and are
generally more accurate, when compared to other methods.

The major concerns with regards to such methods are the
capability of correctly detecting incident and reflected waves,
and also to reduce their dependency on the parameters of the
transmission lines. Most of recent research aim towards such
goal and, in this context, reference [16] presents a traveling
wave fault location method based on directed tree model and
linear fitting, which solves the problem of time synchroniza-
tion, while [17] proposes an accurate method to detected TWs
based on the Fast Fourier Transform, and [18] introduces
an asynchronous method to avoid the need for synchroniza-
tion between the transmission line terminals. Besides, [19]
presents a fault location method that uses modal transforma-
tion and an optimization process that is independent of the
line parameters.

Knowledge-based fault location methods are fault tolerant
and are capable of generalization. These techniques
are inspired in pattern-recognition algorithms and/or
decision-making problems. Oftentimes, knowledge-based
methods harness features from other fault location methods
and from parameters of the transmission lines, as well as high
frequency components of the voltage and current signals,
to provide inputs to machine-learning approaches that can
calculate the fault location.

Usually, these methods present basic fault location
schemes which are based on feature extraction processes
and artificial intelligence algorithms. Feature extraction pro-
cesses may rely upon on theWavelet Transform, as presented
in [20], the Discrete Fourier Transform, as in [21], and/or
the energy of the signal [22]. The choice of the most suit-
able artificial intelligence algorithm may consider Artificial
Neural Networks, as described in [22], [23], Support Vector
Machines, as in [24], Fuzzy Logic, as in [25], and Petri Nets,
as in [26].

Overall, knowledge-basedmethods are customized for par-
ticular transmission systems and they need several simu-
lations to provide correct information about the behaviour
of these systems. On the other hand, most methods have

low computational cost and may present high levels of
accuracy.

A. PROPOSED METHOD CONTRIBUTIONS
Most of the techniques presented in the literature require
measurements from VTs and/or CTs directly connected to
the transmission lines. The main disadvantage of capacitive
& coupling capacitor voltage transformer (CVT) and CTs is
associated with their performance during transients: while
CTs are affected bymagnetic core saturation, CVTmay suffer
from ferroresonance. As a result of saturation, the secondary
current is chopped and the accuracy of the measured values is
compromised, and as a result of ferroresonance, voltage sec-
ondary signals have poor transient response [27]. Therefore,
the methods based on such signals may present accuracy
issues.

However, it is possible to perform fault location using
measurements from equipment installed close to, but not
directly connected to transmission lines, in a noninvasiveway,
as described in [28] and more recently in [29]. Noninvasive
approaches have benefits, such as the possibility of locating
faults without the need of installing new expensive VTs and
CTs, or independently of the position where these equipment
are installed.

Magnetic sensors have been studied to monitor power
systems for some year, e.g. sensors with anisotropic mag-
netoresistance [30], giant magnetoresistance [31] and others
[32]–[34]. These sensors can provide reliable informa-
tion for fault detection, classification [35] and location
in transmission systems as they avoid CT saturation and
other measurement errors that impact the accuracy of some
methods.

Reference [28] proposes the design and implementation of
a fault location system for overhead transmission lines that is
based on non-contact magnetic field sensors installed below
the phase conductors of the transmission lines, and the fault
location method is based on the detection of changes in the
magnitude of themeasuredmagnetic fields at the sensors. The
main disadvantage of the proposed method is that it is not
cost effective, since it relies on magnetic sensors installed at
each transmission tower, on a communication infrastructure
that serves all sensors, and on photovoltaic panels to power
all of them. Besides, a large number of sensors is neces-
sary, because the detection is based on the magnitude of the
magnetic fields in the transmission lines, which is calculated
from the root mean square (rms) value of the phase currents,
instead of using information about their TW.

Reference [29] presents a non-contactmagnetic field-based
measurement system which is capable of detecting and locat-
ing short-circuit faults in overhead distribution systems. The
authors proposal relies on sensors installed along the feeder
and its branches and on the analysis of the magnetic fields
waveforms for a running window of twenty cycles, whenever
a low impedance fault occurs. The proposed procedure reads
sensors data and determine the peak values of the mag-
netic fields at each measuring point, and determine the fault
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location using the assumption that the distribution network
is radial. The main disadvantage of this procedure is that
it is specific for radial distribution systems and cannot be
used to determine the fault location in transmission lines
without modifications, besides, it is used only to determine
low impedance faults and it relies on a costly infrastructure
of sensors and a communication infrastructure.

Reference [36] proposes a fault location system based on
non-contact magnetic field measurements and on an autore-
gressivemodeling of themagnetic signaturemeasured around
the transmission line. The approach lacks the capability of
self-adjusting in order to cope with typical variations of the
magnetic fields as a result of load variations (variations of
changes resistive, reactive and apparent power), topology
changes (circuit-breaker and/or switchgear maneuvers), etc.

Therefore, this paper proposes an approach, based on
non-contact magnetic fields measurements for fault location
in transmission lines, measured using magnetoresistive sen-
sors installed only at transmission line terminals, under the
phase conductors of the first transmission tower at both termi-
nals or at the substations portals. The proposed method uses
the Extended Kalman filter to process these measurements
and is based on a travellingwave approach in order to perform
the fault localization. Due to the use of the Extended Kalman
filter (EKF), that estimates the magnetic field behaviour in
the vicinity of the transmission line terminals, the proposed
method is self-adaptive and is capable of detecting the fault
occurrence when the difference between the measured mag-
netic fields and their estimation surpass a predefined, and
also self-adaptive, threshold. Besides it copes well with noisy
input signals.

B. MANUSCRIPT STRUCTURE
The rest of the paper is divided as follows: section II presents
the fault location method proposed by the authors, with
respect to its theory and application to the fault location
problem; section III presents details regarding its implemen-
tation and configuration when used to locate faults in a
simulated system; section IV presents a statistical analysis
of the method, as well as considerations of its performance
when tested against circa ten thousand simulations varying
fault resistance, inception angle, distance, phases involved
and fault type; and sectionV presents the authors conclusions.

II. FAULT LOCATION METHOD
The fault location method proposed in this paper combines
information provided by two sets of hardware-based mag-
netoresistive sensors installed only at transmission line ter-
minals, under the phase conductors of the first transmission
tower at both terminals or at the substations portals with an
algorithm that is based on the type D TW fault location [3],
and information provided by the intelligent electronic devices
(IEDs) responsible for isolating the fault in the transmission
line (TL), as depicted in Fig. 1.

These sensors [37] have the capability to capture the
magnetic field produced by the phase currents, process, and
output information over a communication network to the

FIGURE 1. Fault location infrastructure.

operation center. To process this information, the sensors use
a method based on the Extended Kalman filter (EKF) that is
able to detect when an overcurrent event occurs by detecting
abnormalities whenever the errors between measured mag-
netic fields and the prediction of the model for the same fields
exceed predefined limits.

When this occurs, the sensors send this information to the
operation center where the fault localization is performed.
The fault localization algorithm is based on the type D travel-
ing wave fault location technique and whenever a fault within
the protection zone is detected by the protective devices the
location is provided to the engineers at the operation center.

The next sections (II-A, II-B, and II-C) present consider-
ations about the magnetic field measurements, details on the
EKF theory and application, and the fault location per se.

A. MAGNETIC FIELD MEASUREMENTS
Currents circulating along conductors produce a magnetic
field that can be decomposed into two spatial compo-
nents [38]: vertical Hx(k) and horizontal Hy(k). According to
Ampere’s circuital law, the magnetic field can be described
as in

EH (k) = Hx(k) · âx + Hy(k) · ây (1)

where

Hx(k) =
3∑

n=1

Dn ·in(k), and Hy(k) =
3∑

n=1

Qn ·in(k) (2)

âx and ây are vectors of x and y axes, n is the number of
the conductor (n = 1, 2 and 3), and in(k) is the kth sample of
the current signal circulating in conductor n. Spatial sensor
dispositions regarding conductor n are

Dn =
dy,n

2π · R2n
and Qn =

dx,n
2π · R2n

(3)

where dx,n, dy,n, and Rn =
√
d2x,n + d2y,n are the horizon-

tal, vertical, and linear distances between the sensor and
conductor n, respectively, as depicted in Fig. 2.
Equation (1) describes the superposition of the magnetic

field contributions of each conductor on the horizontal and
vertical axes. This way, the squared absolute value of the
magnetic field can be obtained as in

H2(k) = H2
x (k)+ H

2
y (k) (4)

SignalsHx(k) andHy(k) inherit the sinusoidal behavior and
frequency of the transmission line currents signals. By raising
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FIGURE 2. Sensor positioning.

the magnetic field to square, i. e. Hx(k)2 and Hy(k)2 the
signals frequencies double and a dc component appears. The
EKF proposed in this paper uses these squared signals.

B. EXTENDED KALMAN FILTER
Kalman filtering is used for many applications (e. g., evalu-
ation of harmonic distortion, minimization of measurement
noise and disturbance detection [39], [40]). It consists of a
group of state-space equations, which contains information
about the behaviour of the observed system, and is capable
of estimating approximate measurements of it using actual
measurements recorded over time.

The proposed method is based on the EKF, associated with
a complex sinusoidal signal, using the Euler formulation.
Therefore, the complex sinusoidal signal is represented 1 as in

a·sin(k ·w·Ts+φ)=a·
ej·(k·w·Ts+φ)−ej·(−k·w·Ts−φ)

2j
(5)

where a is the amplitude of the sinusoidal signal, k is the kth

sample, Ts is the complex sinusoidal signal sample period, w
is its angular frequency, φ is its angle, and j =

√
−1.

From the definition
u(k) = a · ej·(k·w·Ts+φ)

u(k)∗ = a · ej·(−k·w·Ts−φ)

α = ej·w·Ts
(6)

In order to correctly represent the operation of the system,
the authors considered the three-state model to allow vari-
ation of amplitude, phase, and frequency,2 represented by
|u(k)|, 6 u(k), and 6 α, respectively. Therefore, it is possible
to describe the complex sinusoidal signal in a state-space
representation, as in α

u(k + 1)
u(k + 1)∗


︸ ︷︷ ︸

x(k+1)

=

1 0 0
0 α 0
0 0 α−1

×
 α

u(k)
u(k)∗


︸ ︷︷ ︸

x(k)︸ ︷︷ ︸
f(x(k))

+v(k) (7)

where x(k + 1) and x(k) are the kth + 1 and kth samples of
the intermediate state, respectively, and v(k) is the kth process
noise.

1Nonlinear sinusoidal state-space representation of electric power signals
may have different approaches, and the estimation of phase and frequency of
such signals is discussed in [40], [41]

2The frequency state contributes to fast EKF accommodation in the event
of states variations.

The signal measurement is represented as in

z(k) =
[
0 1

2·j −
1
2·j

]
︸ ︷︷ ︸

H

×x(k)+ w(k) (8)

where w(k) is the kth measured noise.
It is possible to estimate a complex sinusoidal signal from

the linearization of the system described in eqs. (7) and (8)
and then using a recursive nonlinear filter [42]. The estima-
tion is divided into three steps: initialization, prediction and
update, and these steps are described in sections II-B1, II-B2
and II-B3.

1) INITIALIZATION
The model estimation step starts with correctly choosing
the initial parameters of the EKF, as it accelerates the filter
convergence. Consequently, the authors decided to normalize
the square ofmagnetic field captured by the sensors to remove
its dc offset and to provide unitary amplitude, facilitating the
initialization of further terms. The proposed normalization
uses the maximum

(
H2
M

)
and minimum

(
H2
m
)
values of the

squared fields, as in

z(k) = 2 ·
H2(k)− H2

m

H2
M − H

2
m
− 1 (9)

It is important to mention that the procedure to remove the
dc offset that appears due to the squared value of the mag-
netic field also removes the dc offset that appears due to the
geomagnetically induced currents driven by the geomagnetic
field disturbances, since for electrical networks operating at
industrial frequency (e. g. 50Hz or 60Hz), these currents
behave as direct currents, not varying in time [43], [44].

In addition to this procedure, the initial state-space matrix
is defined, as in

x̂(0) =
[
ej·(w0·Ts) a0 · ej·(w0·Ts+φ0) a0 · ej·(−w0·Ts−φ0)

]T
(10)

where w0 is the initial angular speed of z(k) signal, a0 is the
maximum amplitude of it, and φ0 is the initial angle.
The angular speed w0 is equal to 2 · π · 120 rad

s and the
amplitude a0 = 1, since the signal is normalized according
to (9). To determine φ0, it is necessary to use the first sample
of z(k) and proceed as in

φ0 = sin−1 (z(1))− 2 · π · w0 · Ts (11)

It is important to mention that the initialization at each line
terminal is performed independently. Therefore, each squared
magnetic field has its own initialization matrix.

After the filter initialization,measurements of themagnetic
fields are performed over a limited time interval. This interval
is required to improve the filter stability before proceeding to
the next step.

2) PREDICTION
This step predicts the output of the nonlinear system at
discrete-time instant t(k), given the state estimation at

15262 VOLUME 9, 2021



J. Anício de Oliveira Neto et al.: Fault Location in Overhead Transmission Lines Based on Magnetic Signatures and on the EKF

discrete-time instant t(k − 1) as in

x̂(k)− = f
(
x̂(k − 1)

)
(12)

where the ‘‘−’’ signal represents the current estimate given
previous measurements (e. g. estimate x̂(k)− is predicted
using x(k − 1)).

3) UPDATE
This step corrects the estimation of the previous step, as in

x̂(k) = x̂(k)− +K(k)×
{
z(k)−H× x̂(k)−

}
(13)

and, finally, estimates the measured value as in

ẑ(k) = H× x̂(k) (14)

where the optimal value of the EKF gain matrix is calculated
as in

K(k)=P(k)−×HT
×

{
H×P(k)−×HT

+R
}−1

(15)

The calculation of the EKF gain matrix depends on the
measurement noise covariance matrix (R) and on the predic-
tion of the error covariance matrix (P).
The initialization of the error covariance matrix depends

on the identity matrix, i.e., P(0)− = I, and its prediction
is based on two matrices: the Jacobian matrix (F) and the
process noise covariance matrix (Q) as in

P(k)− = F(k − 1)× P(k − 1)× F(k − 1)T +Q (16)

where

F(k − 1) =

 1 0 0
û(k − 1) α 0
−û(k − 1)∗

α2
0

1
α

 (17)

Then, matrix P is corrected, as in

P(k) = {I−K(k)×H} × P(k)− (18)

With regards to matrices Q and R, the authors assumed
that the model rigorously describes the process and decided
to choose them in accordance to [45]. Then

Q = 0%, and R = 3% (19)

C. IMPLEMENTATION OF THE PROPOSED METHOD
The fault location method proposed in this work is based
on three steps, as depicted in Fig. 3: system initialization,
real time cyclic execution and fault location. These steps are
described in sections II-C1, II-C2 and II-C3.

1) INITIALIZATION
a: NORMALIZATION PARAMETERS CALCULATION
During the initialization step the proposed method uses a data
window of 1tM seconds to determine the typical minimum(
H2
m
)
and maximum

(
H2
M

)
values of H2(k), as in

H2
m = min

{
H2(k − kM , k)

}
H2
M = max

{
H2(k − kM , k)

} (20)

FIGURE 3. Fault location system.

where kM =
1tM
T and T is the sampling period. This param-

eter allows to normalize all H2(k) samples as proposed in
section II-B1 and in (9).

b: MODEL STABILIZATION
The same 1tM data window is used for the EKF model to
gain stability. The first sample of this data window is used to
initialize the EKFmodel and after that, EKF estimates ẑ(k) for
each normalized sample z(k), as presented in sections II-B2
and II-B3.

c: THRESHOLD INITIALIZATION
The threshold value consists of the maximum absolute error
between the estimated and normalized values, within a 1tN
data window, that is used to determine if a disturbance in
the magnetic fields has occurred. The estimation error is
calculated as in

ε(k) = |ẑ(k)− z(k)| (21)

and the threshold (TH) is calculated as in

TH(k + 1) = Kg ·max {ε(k − kN , k)} (22)

where ẑ(k) and z(k) are the kth samples of the estimated and
normalized signals, respectively, as described in section II-
B, Kg is an arbitrary constant, max {ε(k − kN , k)} is the
maximum value of ε within the data window of 1tN , and
kN =

1tN
T .

It can be noticed that during the initialization step, the fault
location function is blocked in order for the proposed
method to gain stability and determine the initial threshold.

VOLUME 9, 2021 15263



J. Anício de Oliveira Neto et al.: Fault Location in Overhead Transmission Lines Based on Magnetic Signatures and on the EKF

The minimum time interval of this step is1tM +1tN . Then,
the next step is the real time cyclic execution.

2) REAL TIME CYCLIC EXECUTION
The real time cyclic execution consists of five steps,
as follows.

a: NORMALIZATION
Each new H2(k) calculated by the sensor is normalized
according to (9) by the min-max values H2

m and H2
M

calculated at step 1, producing a new ẑ(k).

b: ESTIMATION AND UPDATE
This procedure is described in section II-B.

c: ESTIMATION ERROR CALCULATION
The proposed method calculate the absolute error between
the EKF estimated signal ẑ(k) and the normalized signal z(k)
whenever there is a new sample, as in (21).

d: THRESHOLD COMPARISON
Then, it compares the absolute error to the threshold, cal-
culated as in (21) and (22), respectively. A disturbance is
detected when

ε(k) > TH(k) (23)

The instant when the disturbance is detected at both trans-
mission line terminals is sent to the computer at the operation
center, that is responsible for the fault location, as described
in II-C3.

e: THRESHOLD UPDATE
After the model estimation, the proposed method updates
the detection threshold based on the estimation error ε(k).
To accomplish this, the proposed method uses another 1tN
data window positioned before the kth sample. The threshold
is calculated as in (22).

3) FAULT LOCATION
When a disturbance is detected, the information about the dis-
turbance instant, detected at both transmission line terminals,
are sent to the operation center, where the fault distance is
estimated using the traveling wave theory [3], [46]. Consid-
ering the transmission line depicted in Fig. 3, it is possible to
locate the fault point, as in

d1 =
l−v ·1tF

2
and d2 =

l + v ·1tF
2

(24)

where l is the total length of the transmission line, v is the
TW speed at the transmission line, 1tF = t(k2) − t(k1) is
the time difference between the two disturbance instants at
line terminals B1 and B2, respectively, and t is the sampling
instant. Therefore, k1 and k2 are the samples when the distur-
bance is detected, while d1 and d2 are the distances between
the fault point and the same line terminals, respectively.

An accurate estimation of 1tF is required to exactly find
the fault occurrence point. Therefore, there must time syn-
chronization between sensors at each line terminal, and this
requirement can be met by using Global Positioning System

FIGURE 4. 440 kV system.

FIGURE 5. Tower geometries of 440 kV system.

(GPS) time synchronization, associated with time protocols
such as: Precision Time Protocol (PTP), Inter-Range Instru-
mentation Group - Time Code Format B (IRIG-B), etc.

The correct information about propagation speed is impor-
tant, since it impacts the precision of not only the method
proposed in this paper, but all methods based on TW (the
proposed method presents a maximum theoretical error of
x
2% in the fault occurrence point calculation when there is an
error of x% in the propagation speed). Besides, to account
for mutual coupling between phases and nearby lines in
the calculation of the propagation speeds in the phase
conductors, it is possible to use the procedure described
in [47].

III. APPLICATION EXAMPLE
This section details the transmission system used to validate
the proposed method, presents an analysis of the magnetic
field behaviour around the transmission line that is part of
this system and describes the result of the proposed method
when locating a three-phase fault.

A. ELECTRIC SYSTEM DESCRIPTION
The system used to validate the proposed method consists
of a 440 kV transmission system owned by Companhia de
Transmissão de Energia Elétrica Paulista (São Paulo Elec-
tric Power Transmission Company) – CTEEP, that connects
Bauru and Jupiá substations, as illustrated in Fig. 4. It also
depicts the fault levels at the transmission line terminals and
the line length.

The tower geometry is illustrated in Fig. 5 and Table 1
presents information about the phase conductors and ground
wires. The propagation speed values for this transmission line
is v440 = 295045 kms (propagation speed is close to the light
speed).
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TABLE 1. Transmission lines conductors data.

FIGURE 6. Magnetic field spatial distribution at the transmission line in a
cross-sectional view.

The authors used electromagnetic transient program
(EMTP) to implement this transmission system and the
support routine LINE CONSTANTS to calculate the
transmission line parameters.

B. MAGNETIC FIELD MEASUREMENT
This section presents an analysis of the magnetic field at the
transmission system due to the influence of the three-phase
currents that circulate in the transmission line. This analysis
allowed the authors to properly position the sensors, as pre-
sented in section III-B1, and to evaluate the influence of
the chosen position in the accuracy of the proposed method,
as presented in section III-B2.

1) SENSORS SPATIAL DISTRIBUTION
The spatial distribution of the magnetic field intensity around
the transmission system in normal operation, as depicted in a
cross-sectional view in Fig. 6, was used to correctly distribute
the sensors. Axis x corresponds to the horizontal coordinate,
considering the central conductor in the coordinate x = 0,
and axis y represents the vertical coordinate, considering
y = 0 the coordinate of the ground. Fig. 7 illustrates the
cross-sectional view of the sensors under the transmission
line conductors (the sensor position is marked with "X" and
the phase cables representation are marked with "O").

After some trial and error attempts to position the sensor,
the authors recommend: a) placing the sensors in the higher
field intensity to increase the sensor signal-to-noise ratio;
b) avoiding the equidistant distance between the sensor and
the phase conductors, since the sensor may not correctly mea-
sure the current variations. This is due to the fact that there
may be magnetic field cancellations (manly with regards to
high impedance faults); c) other arrangements are possible
and Figs. 6 and 7 represent only one of them.

FIGURE 7. Sensors spatial arrangements.

It is important to mention that the sensors architecture
the technique involved in their construction, as well as the
methods available for the collection and analysis of data
processed by them, decisively affect the accuracy of the fault
location methods that use these technologies. References [48]
and [49] discuss these issues in more detail.

2) DISTANCE FROM THE SENSOR TO THE TRANSMISSION
LINE
The distance from the phase conductors to the sensor may
introduce errors in the proposed method, since the magnetic
fields propagate in this space. Thus, the magnetic field that
leaves a phase conductor n presents a time delay (tns) at the
sensor s, i. e.

EHs(t) = EHn(t + tns) (25)

where EHn(t) is the magnetic field that leaves conductor
n and EHs(t) is the magnetic field that is measured by
sensor s.

Considering (24) and the propagation of the magnetic
fields from the phase conductors to the sensor, it is possible
to calculate the estimated distance of the fault as in

d̂1 = d1 +
dns1 − dns2

2
(26)

where dns1 is the distance from a sensor at one terminal of
the transmission line to one of the phase-conductors, and dns2
is the distance from a sensor at the other transmission line
terminal to the same conductor. It can be noticed (26), that
if the distance from the phase conductor to the sensor is the
same at both line terminals (dns = dns1 = dns2), the estimated
distance (d̂1) is equal to the real distance

(
d̂1 = d1

)
.

In practice, it is difficult to obtain such precision during
the sensors installation, and considering that the maximum
precision is 1 m, the maximum error would be

εns =
(dns + 1)− (dns − 1)

2
= 1 m (27)

The error caused by the sensor position is not substantial
when compared to the transmission line length. Therefore,
the authors decided to consider that the sensors at both
transmission line terminals were precisely installed. The sim-
ulations considered that both sensors were hypothetically
installed near terminals B2 and B3 of the 440 kV transmission
system.
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FIGURE 8. Three-phase currents and H2(k) signal at terminal B2 of the
440 kV system.

C. APPLICATION AND SETTINGS OF THE PROPOSED
METHOD
This section describes the results of the proposed method
for a three-phase fault in the 440 kV system, 100 km from
terminal B2. Fig. 8 illustrates the three-phase currents plus the
H (k)2 signal.
As previously mentioned, the fault location method pro-

posed in this work is based on three steps: initialization,
real-time cyclic execution and fault location. The following
sections describe the behaviour of the algorithm with regards
to the three-phase fault.

1) INITIALIZATION
a: NORMALIZATION PARAMETERS CALCULATION
Firstly, the method calculates the normalization parameters
and performs the signal normalization, producing a z(k)
signal.

b: MODEL STABILIZATION
Then, it defines the initial state matrix x̂(0), as in (10),
calculates the angle of the normalized signals at both ter-
minals, as in (11), and obtains φB20 = −3.031 rad and
φ
B3
0 = −3.113 rad.
Considering the sampling frequency as fs = 1.5 MHz and

the initial frequency as w0 = 2 · π · 120 rad
s , it is possible to

calculate the initial state matrix for each line terminal, used
to calculate ẑ(k), as in

x̂(0)
∣∣∣∣
B2

=

 0.9+ 0.005 · j
−0.994− 0.1 · j
−0.994+ 0.1 · j

 (28)

x̂(0)
∣∣∣∣
B3

=

 0.9+ 0.005 · j
−0.9− 0.029 · j
−0.9+ 0.029 · j

 (29)

The decision to use a sampling frequency of fs = 1.5 MHz
is related to the expected precision of the method, as it
depends on the sampling frequency and the propagation speed
of the transmission system [3], [46]. The precision for a TW

FIGURE 9. Stabilization, error and threshold calculation at terminal B2 of
the 440 kV system.

method due to sampling frequency can be calculated for the
simulated system and is 1d440 =

v440
2·fs
= 98.3 m.

c: THRESHOLD INITIALIZATION
After the EKF stabilization, which takes a time interval of
1tM = 2

120 s, the proposed method calculates the threshold at
both transmission line terminals, using the maximum estima-
tion error calculated as in (21) and (22), within a data window
of 1tT = 2

120 s. Fig. 9 illustrates the threshold initialization
on terminal B2 for terminals B2.
To determine both windows (1tM , 1tT ) the proposed

method considers two periods of the fundamental frequency
(120 Hz in the simulation cases - nominal frequency of
H2 - or a period of 60 Hz). The Kg parameter requires a value
above the value of the steady state error (the authors decided
to use an arbitrary value of 10% above the steady state error,
because it was possible to perform an accurate detection
without security errors when there are abrupt variations in the
system, such as load variations, for instance). This parameter
must be adjusted for actual installations in order to provide
the best compromise between security and precision of the
fault location.

The initial thresholds at the line terminals B2 and B3 are
1.84× 10−7 and 2.01× 10−7, respectively.

2) REAL TIME CYCLIC EXECUTION
After the system initialization step, the real time cyclic exe-
cution starts, and: 2-a) each new sample is normalized, 2-
b) the EKF is updated and estimates ẑ(k), 2-c) the estimation
error is calculated, 2-d) the maximum estimation error is
compared to the threshold, 2-e) the threshold is updated, and
2-f) the detection occurs when the estimation error crosses
the adaptive threshold, calculated in the previous stage.

Figures 10 and 11 illustrate the signals estimated by the
EKF as well as the absolute error between the estimated
values and the actual ones at line terminals B2 and B3, respec-
tively. It is also noticed that the EKF error converges to a value
of 10−8 due to signal normalization. This is because the signal
normalization (9) does not completely eliminate the dc offset.
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TABLE 2. Results of the location algorithms - inception angle.

FIGURE 10. Error estimation and threshold at terminal B2 of the 440 kV
system.

FIGURE 11. Error estimation and threshold at terminal B3 of the 440 kV
system.

3) FAULT LOCATION
As depicted in both figures, the estimation error at line termi-
nal B2 crosses the threshold at instant t(k1) = 73.7880 ms,
while at line terminal B3 it crosses at t(k2) = 73.6187 ms,
therefore, 1tF = −0.1693 ms. Considering that the wave
propagation speed is v440 and the total line length is l =
150 km, the estimated fault distance is d1 = 99.98 km, which
presents a location error of only 20 m.

IV. STATISTICAL ANALYSIS AND COMPARISON
In order to perform a thorough investigation of the proposed
method, the authors decided to evaluate its behaviour with
respect to different fault inception angles, fault resistances
and distances. As a result, the authors simulated ten thousand
random situations to assess the overall effectiveness of the
proposed method using EMTP. The values used in these
simulations were:
• Fault inception angles: from 0◦ ≤ θf ≤ 360◦;
• Fault resistance: 0 ≤ Rf ≤ 300 �;
• Fault distance: 5 km ≤ Df ≤ 145 km; and
• Fault type and phases involved: AG, BG, CG, AB, BC,
CA, ABG, BCG CAG, and ABC;

A. INCEPTION ANGLE ANALYSIS
Table 2 presents the results of 120 simulations used to analyse
the effectiveness of the proposed method with respect to the
fault inception angle and fault type (the other parameters were
randomly selected).
It can be noticed that the inception angle has no direct rela-

tion to the accuracy of the method. The worst case presents
an error of 57 m, and it occurs for a BCG fault with a fault
resistance of 46 �, a fault inception angle of 180◦, and at
a fault distance of 143 km. Besides, the maximum error is
less than the accuracy of the method due to the sampling
frequency (please refer to section III-C1.b for more details).

B. FAULT RESISTANCE ANALYSIS
Table 3 presents the results of 60 simulations used to analyse
the effectiveness of the proposed method with respect to the
fault resistance and fault type (the other parameters were
randomly selected).
It can be noticed that the fault resistance has no direct rela-

tion to the accuracy of the method. The worst case presents
an error of 57 m, and it occurs for a CA fault with fault
resistance of 10�, fault inception angle of 270◦, and at a fault
distance of 12 km. As mentioned before, the maximum error
is less than the accuracy of the method due to the sampling
frequency (please refer to section III-C1.b for more details).

C. FAULT DISTANCE ANALYSIS
Table 4 presents the results of 80 simulations used to analyse
the effectiveness of the proposed method with respect to the
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TABLE 3. Results of the location algorithms - fault resistance.

TABLE 4. Results of the location algorithms - fault distance.

fault resistance and the fault type (the other parameters were
randomly selected).

It can be noticed that for the same fault distance the results
are identical and the standard deviation is null, this is due
to the fact that the distance directly influences the accuracy
of the method. Moreover, it can be seen that the errors are
mirrored in the central value of the line, this occurs due to the
chosen sampling frequency.

D. GLOBAL RESULTS ANALYSIS
In order to perform a thorough investigation of the proposed
method, the authors decided to perform ten thousand simu-
lations where all parameters were randomly selected (fault
inception angle, fault resistance, phases involved, and fault
distance).

Table 5 presents the results of the proposed method and
a comparison to the method presented in [36], where µ is
the average fault location absolute error; σ is the standard
deviation; εmin is the minimum error; and εmax is the
maximum error.

It can be observed that the proposed method presents a
high level of accuracy in all simulations, it also presents a
similar behaviour to the method described in [36]. The worst
case presents an error of 107 km error and it occurs for a CG
fault with fault resistance of 229 � and fault inception angle
of 245◦.

TABLE 5. Global results of the location algorithms.

Moreover, the global results show that the noninvasive
method is robust since the mean absolute error is smaller
than the accuracy of the method due to the sampling rate.
Thus, better results of the method can only be obtained by
increasing the sampling rate, i. e., the method has reached its
accuracy limit.

E. QUALITATIVE RESULTS
The proposed method is similar some aspects to the one
presented in [36]. The main similarities are:
• Need for time synchronization between both terminals;
• Accuracy limited by sampling frequency;
• Bothmay detect disturbances, not only faults. Therefore,
both need an algorithm for discrimination between these
events;

• No need of offline simulations to adjust their
coefficients; and

• Slightly sensitive to the spatial position of sensors.
Although there are similarities between them, the positive

differences of the proposed method can be highlighted:
• EKF parameters are updated whenever a new magnetic
field sample is recorded, therefore, the model adapts
itself to different conditions (For example: amplitude,
phase and frequency variations for normal operation),
avoiding the elaboration of new models (the method
presented in [36] needs overtime parameter updating,
since the amplitude and the frequency of the system can
experience variations);

• Although the model requires a matrix inversion to
recalculate its parameters, it can be noticed that since
the matrix is single order, as in (15), it presents a
low computational cost. The EKF implemented by the
authors performs approximately 250 multiplications and
400 additions whenever a new sample is provided by
the sensors. This occurs at a sampling rate of 1.5MHz,
which means that it is necessary to process around
650MFlops. Currently, this number of operations is
not prohibitive and there are several hardware plat-
forms capable of performing them (on the other hand,
the method presented in [36] is based on several algo-
rithms that determine the model parameters, including
recursive methods that present higher computational
costs); and

• The proposed method has a great potential for on-line
applications and the disturbance can be located immedi-
ately after its occurrence, provided there is communica-
tion between both line terminals (the method presented
in [36] has a great potential for applications when the
focus is to locate only an isolated disturbance in which
the system data are saved and post-processed).
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V. CONCLUSION
The use of a noninvasive approach to locate faults in trans-
mission lines proved to be a promising alternative, given its
capacity to monitor system information from the magnetic
field, avoiding the use of conventional VTs and CTs, whose
dynamic behaviour may negatively impact fault localization
methods.

This work contributed to this research topic, proposing a
noninvasive method for fault location in transmission lines,
which is based on the Extended Kalman filter (EKF). The
proposed method presented encouraging results, since the
mean absolute errors found for all simulations were smaller
than the error related to the accuracy of the sampling rate.
Furthermore, it presented good performance regardless of the
parameters that affect the fault waveform. When compared
to the method presented in [36], it can be noticed that both
have similar proposals, but quite different approaches. The
proposed method is self-adapting and do not need to be
updated from time to time as the other one. This characteristic
makes the proposed method robust for field applications.

It also does not need training procedures, as most of the
methods based on machine learning. Besides, the results do
not depend on the fault type, resistance, location and incep-
tion angle, that usually affects the traditional TW methods.
However, it is important tomention that its accuracy is limited
by its sampling rate and the use of such technique requires
more studies on available hardware technologies, supported
by actual field implementations.
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