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Abstract—This paper presents a novel technique to distinguish
a transformer magnetization inrush current from a fault
current. The proposed scheme is based on the behavior
of fundamental and second-harmonic positive- and negative-
sequence components. These four components are computed by
using generalized delayed signal cancellation (GDSC). After a
transient analysis for the GDSC filters, related to the behavior
of those four components detection, some features were proposed.
The features depict the trajectory change of the most relevant
components in theαβ plane and their amplitudes for short-
circuit discrimination, rather than waiting for filters convergence
or waiting one cycle to analyze waveform symmetries. Some
features instantly change after an electrical event, making
possible a distinction by analyzing a short number of samples.
This is the main competitive advantage of the proposed technique.
In order to evaluate the proposed method performance, 2200 test
cases based in an actual power system were simulated. Also, CT
saturation influence on the technique, computational burden and
embedded implementation were analyzed. In about 95% of the
results obtained the response time of the proposed method was
around one fourth of a fundamental cycle.

Index Terms—Power system protection, power transformers,
relays, power system harmonics, amplitude and phase estimation.

L IST OF ACRONYMS

2HNS Second-Harmonic Negative-Sequence
2HPS Second-Harmonic Positive-Sequence
CM Components Magnitude
GDSC Generalized Delayed Signal Cancellation
FFNS Fundamental-Frequency Negative-Sequence
FFPS Fundamental-Frequency Positive-Sequence
NCP New Components Path

I. I NTRODUCTION

A MONG the most important desirable characteristics of a
protective relay are reliability and speed of operation:

reliability should be understood as the ability to operate
correctly whenever a fault occurs in the protected zone but
to avoid unnecessary operation; fast operation is desirable for
minimizing damage to equipment and personnel [1].

Power transformers perform an important role in the power
systems and the main protection devices of large transformers
are the differential and overcurrent relays. However, the
transformer relays are frequently subject to conditions that
may cause incorrect operation, like distorted current due CT
saturation or the magnetizing inrush current, which can be
seen by the relay as a fault current.

The typical waveforms of the transformer currents, voltages
and fluxes contain specific features depending on the opera-
tional condition. These features can be used for distinguishing

a fault from a magnetization transient. In order to perform this
distinction there are several methods, based on evaluating the
current [2] [3]; voltage [4]; flux [5] [6]; or a combination of
these signals.

Many tools are used for extracting the peculiar features
of the current, voltage and flux signals. Among them, we
can cite the discrete Fourier transform [7] [8], artificial
neural network [9], wavelet transform [10], fuzzy logic [11],
mathematical morphology [12], least-squares fitting [2].

Since the magnetizing inrush currents typically contain
a significant amount of second harmonic component, the
second harmonic restraint principle is the most frequently
used method for inrush current identification. However, the
amount of second harmonic components in magnetizing inrush
and fault currents may be sometimes similar, making the
second-harmonic constraint principle insufficient for a reliable
distinction. Furthermore, the usual tool for computing the
fundamental-frequency and second-harmonic components is
the Fourier transform, which has response time of one
fundamental period.

In this paper we propose a new method to extract
features of the current signals that allow fast and reliable
distinction between magnetizing inrush and fault conditions.
Although we have focused in the transformer protection, it
should be mentioned that the technique is applicable also
to avoid incorrect trip commands in other protections in
the transformer neighborhood. In about 95% of the results
obtained the response time of the proposed method was
around one fourth of a fundamental cycle. The selected
features take into consideration not only the current waveforms
with their respective second-harmonic and negative-sequence
components amplitudes, but also the trajectory of the signals
space vectors in the Clarke’sαβ plane.

The Clarke transform is used in this paper to compute
the current space vector and the generalized delayed signal
cancellation (GDSC) method [13] [14] is used as a pre-
filter for computing the fundamental-frequency positive-
sequence (FFPS), fundamental-frequency negative-sequence
(FFNS), as well as second-harmonic positive-sequence (2HPS)
and second-harmonic negative-sequence (2HNS) components.
Those four components allow computing many distinct
features of the current waveforms and four of them were
selected to be used, due their noticeable different behaviors
during magnetizing inrush or fault. It is not necessary to wait
for the filters convergence since the technique is based on the
change of the trajectories onαβ plane. The extracted features
are input to the classifier, which has only one output that
indicates the occurrence or not of a fault.
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I I. THE ELECTRICAL EVENT CLASSIFICATION SYSTEM

We propose an electrical event classification system based
on pattern recognition. There are many techniques for pattern
recognition, such as statistical, structural, template matching,
neural network based, fuzzy models, hybrid models pattern
recognition and so on. We chose the statistical model
because, by evaluating some features of the measured signals,
the specific events observed here generate clearly different
patterns, or, in other words, the feature spaces have clusters
in a recognizable manner [15]. The statistical model is often
used in protective systems, in which the selected features
can be the level of second or fifth harmonic, the level of
negative sequence components, the gap between peaks in the
waveforms, the amplitude of the FFPS vector and so on. The
kernel of this paper is the waveform pre-processing method
and the space vector path analysis, which hold features that
quickly allow an accurate classification.

Statistical techniques can be mainly categorized as: Linear
Discriminant Analysis (LDA) and Principal Component Anal-
ysis (PCA) [16]. The PCA is a popular primary technique
in pattern recognition. It is not, however, optimized for class
separability. On the other hand, the use of LDA is suitable
for our application, that is a supervised technique where
combination of features is utilized to perform the classification.
However, depending how the clusters are distinguishable in
the feature space, we can simply set thresholds in the gaps
between clusters.

The technique comprises three steps:

A. Pre-processing: filtering fundamental and second-
harmonic positive- and negative-sequence components;

B. Feature extraction: features related to the magnitudes,
perimeters and compactnesses of the space vectors paths
are extracted;

C. Classification: the extracted features are classified based
on the known electrical systems theory, as well as the
analysis of the clusters in the feature space produced
through the test set.

The following subsections detail each step.

A. Pre-processing

This step is performed by obtaining the fundamental and
second-harmonic positive- and negative-sequence components.
For doing so, complex-coefficient filters (CCF) [17], mul-
tiple SRF (MSRF) [18], second-order generalized integrator
(SOGI) [19] and delayed signal cancellation (DSC) [13] [14]
are examples of qualified filters [20]. We chose a DSC-based
filter, the GDSC [13] [14], due its fast dynamic response,
high filtering capability, high noise immunity, simple behavior
during the transient period and low computational burden.

The GDSC, as described in [14], comprises five cascaded
operations, named A, B, C, D and E. Each operation filters
a set of harmonic components. We designed all filters in
this same way. The frequency response of the GDSC filter
centered in the second-harmonic positive-sequence component
(hd = +2) can be seen in Fig. 1. The responses of the other
GDSC filters (hd = +1, −1 and −2) are analogous. The

signals “+” and “−” refer to positive- and negative-sequences,
or pos. seq. and neg. seq. for short, respectively.
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Fig. 1. Frequency response of the GDSC filter (hd = +2).

The filters design results in two parameters for each GDSC
operation:kd andθr. The relation between them and the output
signal of the GDSC operation is in Equation (1), in which~sαβ
is the input signal,~sαβ [(k − kd)Ts] corresponds to the input
vector delayedtd = kdTs and the constantejθr rotates the
delayed vector by the angleθr. The complex gain~a aim to
adjust the amplitude and phase angle for thehd component.
The designed parameters for the GDSC operations are in the
Table I. Once the GDSC filter design is not the focus of this
work, we suggest reading [14] for further study.

~fgdsc(kTs) = ~a{~sαβ(kTs) + ejθr~sαβ [(k − kd)Ts]} (1)

TABLE I
GDSCPARAMETERS.

Op ~a kd θr
(+1)∗∗ (−1)∗∗ (+2)∗∗ (−2)∗∗

A
1

2

N
2

π −π 2π −2π

B
1

2

N
4

π
2

−π
2

π −π

C
1

2

N
8

π
4

−π
4

π
2

−π
2

D
1

2

N
16

π
8

−π
8

π
4

−π
4

E
1

2

N
32

π
16

− π
16

π
8

−π
8

∗∗ The signals “+” and “−” refer to positive- and negative-sequences. The number is
the harmonic order of the component detected (hd) by the GDSC filter.

Batista et al. [21] explain how the output signal of one
operation (A, B, C, D or E) behaves right after a transient in
the input signal. In this analysis it is assumed that, in steady-
state, the input signal is a sum of fundamental-frequency
and positive-and negative-sequence harmonic components. If
a transient signal is suddenly added to that input signal, its
effect on the GDSC operation output is just adding to the
output the new components inserted by the electrical event,
multiplied by the gain~a. The new steady-state condition is
reached afterkd samples. In our application,~a = 1/2 for
all operations. Then, the difference between the five GDSC
operations during the transient is related only to the response
time of the transformations, which are equal tokd in number
of samples.kd for each operation can be seen in Table I. As
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an example, four simulations were performed to obtain the
responses of the complete GDSC filter (hd = +2) with the
following input signals: step in the fundamental pos. seq., step
in the 2nd pos. seq., step in the 3rd pos. seq. and step in the
5th neg. seq. harmonic components. The output vectors can be
seen in Fig. 2. All input test vectors have the same amplitude:
100 A.
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Fig. 2. GDSC (hd = +2) outputs to four different input signals: step in the
fundamental pos. seq., step in the 2nd pos. seq., step in the 3rd pos. seq. and
step in the 5th neg. seq. harmonic components. Left: output vectors amplitude.
Right: output vectors path on theαβ plane.

We can see in Fig. 2 that the amplitude of the 2HPS steadily
increases. From the theory in [14] and the briefly presented
transient analysis, it is known that all components (except
the hd, i. e., 2HPS) start reducing their amplitude up to half
fundamental period. For instance, the figure shows that the
3rd pos. seq. harmonic starts reducing its amplitude from half
fundamental period while the 5th neg. seq. harmonic starts
from 1/16 fundamental period. The polar graph shows that
the path of 2HPS vector on theαβ plane has an spiral pattern
that converges to a circle, while the other components return
to the origin. On the other hand, we realized that if one signal
is composed of harmonic components of positive and negative
sequences of the same order and magnitude, then the path in
the αβ plane is linear, as it will be detailed later. The shape
of the curves in the polar graph, or in other words the path
in the αβ plane, is influenced by the electrical event (short-
circuit or inrush) and it was used as an essential information
in the proposed technique.

During a magnetization, the current vector tends to con-
tain second harmonic component predominantly of positive
sequence. Differently, if an unbalanced short-circuit occurs,
the positive and negative sequence components are likely
to have similar amplitudes. This behavior difference can be
used for improving the distinction between these events, in
comparison with the traditional methods, which do not use
a vector approach. Then, we separately compute the 2HPS
and 2HNS vectors and sum them, as shown in Fig. 3.
Furthermore, the most important information is related to the
new harmonic components that appear right after the electrical
event (short-circuit or magnetization). In order to detect these
new components, a filter was introduced in cascade with the
sum of the 2HPS and 2HNS signals. The new filter (operation
A [14]), in steady-state, blocks all even harmonic components,

i.e., its output will converge to zero. Note that the output for
this group of filters is not null only during their transient period
(during the filters transient the resultant vector has not only
the second harmonic components, but also all components
introduced after the event). We named the trajectory of the
output vector, in theαβ reference frame, as “new components
path”, or NCP for short.
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Fig. 3. Filtering fundamental and second-harmonic positive- and negative-
sequence components and NCP identification scheme.

If the transient positive- and negative-sequence vectors
have the same magnitude, the NCP will track a linear path.
Otherwise, the NCP will track a curved path. It should be noted
that the NCP depicts the trajectory change of the most relevant
components in theαβ plane for short-circuit discrimination.

We performed one simple test case just to depict this
behavior by simulating the main components of a short-circuit
some cycles after the transformer magnetization. Note that the
purpose of this test is to support a qualitative analysis rather
than a quantitative one or depict an actual test case. Initially
the signal contains only the FFPS component. After one cycle,
we add a 2HPS component, as usual after a transformer
magnetization. For simplicity, we named the addition of the
2HPS component electrical event 1. Then, we change the
amount of FFPS and FFNS components by increasing the
amplitude of the fundamental-frequency component of the
phase A waveform, as in a phase-ground short-circuit, and
we named this electrical event 2. If the increased current were
on phase B or C, the NCP would be linear as well, but in
different direction. The waveforms can be seen in Fig. 4.

It can be seen in Fig. 4 that both electrical events caused
an increase in the perimeter of the input vector path (polar
graphs in the top), but since the short-circuit in unbalanced,
the presence of negative-sequence component is recognizable
by the non-circular path (right column). The polar graphs that
describe the path of the signal~S(2) show that after electrical
event 1 (left side) the path increases tending to a circle.
After the short-circuit, the path temporarily (during the GDSC
transient) changes to an approximately elliptical shape, but
returns to be circular, since signal~S(2) becomes equal to
2HPS. If the short-circuit current had also 2HNS component,
the path would be permanently non-circular and the distinction
between the left and right curves would be easier. As shown
in the bottom polar graphs, electrical events 1 and 2 have
completely different effects on the NCP. In fact, the NCP
will be curved whenever the input three-phase waveforms
are nearly balanced (as is the case during a magnetization),
while after an unbalanced fault, the presence of new positive



0885-8977 (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPWRD.2017.2691670, IEEE
Transactions on Power Delivery

4

and negative sequence components with similar magnitudes
make the NCP almost linear. Further, the behavior of the NCP
instantly changes after an electrical event, making possible

Electrical event 1: Add 2HPS Electrical event 2: Add FFPS and FFNS
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Electrical event 2: Addition of FFPS and FFNS component, as in a

phase-ground short-circuit. The fundamental-frequency component on
phase A is doubled in order to aid the NCP visualization.

Fig. 4. Input and output for GDSC filters (Fig. 3) under harmonic component
steps.

a distinction by analyzing a short number of samples. Note
that, as expected, the steady-state inputs, before the new
components are inserted, do not interfere in the NCP. More
examples are shown in the results section.

B. Feature extraction

Different electrical events, as those presented in Fig. 4,
create completely different behaviors for the NCP, which allow
quick and accurate classification. For instance, since equal
positive- and negative-sequence components create a linear
NCP, the difference related to the compactness of the NCP
is remarkable, making the NCP compactness an immediate
feature to be selected. In our application, compactness
describes how linear or curved the NCP looks like.

However, the NCP is null, except during the GDSC filters
transients, leading to a pulsed output for the classifier. Then,
it is necessary to use another technique to differentiate short-
circuit from magnetization current in addition to the NCP-
based proposed technique in order to keep the classifier output
stable while the fault currents are present. Knowing that this
second technique does not need to be as fast as the first one,
we selected other features based on GDSC filters capable to
accurately identify short-circuits.

We will first discuss two features (F1 and F2) related to the
NCP analysis during GDSC transient and then we will present
two other features (F3 and F4) related to the magnitudes of
harmonic components obtained by the GDSC when they are in
steady-state. The role of each feature in the event classification
is deeper discussed next.

1) Perimeter of the NCP (F1):At first, it is necessary
to identify if the GDSC is experiencing transient or not.
Checking if the absolute value of the NCP vector is not
null is enough for most cases. However, in order to avoid
malfunction whenever the NCP crosses the origin during a
transient and, therefore, to improve the system’s robustness,
we decided to get the perimeter of the closed NCP polygon
instead of simply calculating the NCP magnitude. Besides,
the NCP perimeter is a measurement of how big are the
new components inserted by the event. As it will be shown,
short-circuit currents tend to have bigger NCP perimeter than
magnetization. Aiming to obtain values less dependent on the
transformer rated power, we normalized the perimeter by the
transformer nominal current amplitude.

In order to calculate the perimeter of the NCP, as well as
to extract the next feature, we needed to limit the number of
samples used for computing the NCP to a window of known
length. The length can be adaptive or fixed. As in many digital
filters, the smaller the window, the faster the response, but the
result may become less accurate. For simplicity, we chose a
fixed window with a half cycle length. During our tests, this
window led to good accuracy with low response time.

2) Compactness of NCP (F2):This second feature checks
if the NCP looks like a line, an ellipse or a circle. We
use (NCP area)/[(NCP perimeter)2] to describe the
compactness of the NCP. It is similar to that presented in [22].
The higher the value, the more curved is the path, i. e.,
the less compact is the NCP. To obtain the area and the
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perimeter, we use the same closed NCP polygon defined in
F1 extraction. The compactness measures are dimensionless
numbers and need low computational burden to be obtained.
Fig. 5 illustrates F1 and F2 computation.

NCP

F1

perimeter ( )
2

areacrop and
close polygon

F2

Fig. 5. F1 and F2 extraction.

3) Adjusted magnitude of the FFPS vector (F3):Measuring
the input current magnitude is a simple, but inaccurate way to
identify a short-circuit. Furthermore, we know that (i) during
a phase-ground or phase-phase short-circuit the FFNS current
magnitude increases, (ii) magnetization current usually leads
to a rise in the 2HPS component as a percentage of the FFPS
and (iii) unbalances and unequal saturation of the current
transformers can increase the 2HNS as a percentage of the
FFNS. Then, we adjust the FFPS to improve short-circuit
identification capability by taking these characteristics into
consideration, as shown in Equation (2). The parameterp
is adjusted for minimizing F3 during magnetization events.
Note that the adjusted FFPS magnitude is normalized by the
nominal current and all components are extracted as shown in
Fig. 3.

F3 = [(|~S(+1)|+ |~S(−1)|)− p(|~S(+2)|+ |~S(−2)|)]/inom (2)

To depict the behavior of the components used in Equa-
tion (2), Fig. 6 shows the FFPS, FFNS, 2HPS and 2HNS
components right after two electrical events: (a) magnetization
and (b) short-circuit after a magnetization. In order to obtain
the data for Fig. 6 a simulation was performed and the
transformer primary currents were saved. Due to the presence
of exponentially decaying DC components and variations in
the amplitudes of the harmonic components, Fourier and
GDSC transforms are not adequate for the components
extraction. Therefore, the components were extracted as
described in [23].
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Fig. 6. FFPS, FFNS, 2HPS and 2HNS components from the first cycle right
after (a) magnetization and (b) short-circuit with high ground resistance after
a magnetization.

4) Adjusted negative sequence amount (F4):The per-
centage of negative sequence is other useful feature to
identify phase-ground or phase-phase short-circuit. We can
use Equation (3) for doing this with reduced influence of
unbalances and unequal saturation of current transformers.

F4 =
|~S(−1)| − |~S(−2)|

|~S(+1)|+ |~S(+2)|
(3)

C. Classification of the extracted features

We developed two independent algorithms to identify short-
circuits. The first, based on the NCP, quickly identifies
short-circuits, focused on phase-ground or phase-phase short-
circuits. We named this first classifier as NCP-classifier for
short. However, the behaviors of Features 1 and 2 lead to
a pulsed output for the NCP-classifier. On the other hand,
we developed a second classifier based on the components
magnitudes, that we named CM-classifier for short, in order
to keep the classifiers output stable while the fault currents are
present. Further, the CM-classifier performs the identification
task more reliably, for any kind of short-circuit.

In order to depict the feature spaces and parameter settings
for different types of faults, we will use two test sets, obtained
through simulation of an actual power system grid. Both test
sets describe actual devices placed in Taua (TAD) and Sao
Joao do Piaui (SJI), in Northeast of Brazil, and they belong
to the Sao Francisco’s Hydroelectric Company (CHESF).
Table II summarizes the test sets. Note that we do not simulate
phase-ground short-circuit in the TAD 69 kV circuit, since
these 230/69 kV transformers use YNd1 connection and no
grounding transformer is used in the secondary side. The
purpose of most test cases being magnetization followed
by short-circuit is to exploit the strong 2HPS component
generated by magnetization to test heavily the short-circuit
distinction ability. However, workers sometimes forget to
remove temporary grounding cables that they personally have
installed. Then, we added cases of magnetization and short-
circuit starting together. The impact of current transformers
saturation is described in the results section.

Fig. 7 shows only two test cases to depict the magneti-
zation followed by phase-phase (Fig. 7-a) and phase-ground
(Fig. 7-b) short-circuits. More details about the test sets and
the used parameters can be seen in the results section.

1) NCP based classifier (NCP-classifier):This classifier
uses the feature space made by the perimeter (F1) and
compactness (F2) of the NCP. Fig. 8 shows the points in the
feature space corresponding to each one of the 2200 different
situations, from the two test sets.

The features are calculated for every new sample. Thus
the points shown in the feature space are displacing over
time. The points shown in Fig. 8 were calculated 3/8 of
a nominal period after the transient starts. In the cases
representing magnetization followed by a fault, the transient
start corresponds to the fault occurrence.

Disregarding the dynamic behavior of the points in Fig. 8,
we can see that the space occupied by the magnetization cur-
rent cluster can be clearly separated from the phase-ground or
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TABLE II
NUMBER OF TEST CASES FOR DESCRIBING THE FEATURE SPACES.

Electric Device*
event (TAD) (SJI)

Magnetization only 300 500

Mag. followed by phase-ground fault 0 100

Mag. followed by phase-phase fault 100 100

Mag. followed by phase-phase-ground fault 100 100

Mag. followed by three-phase-ground fault 100 100

Mag. and three-phase-ground fault (starting together) 100 100

Mag. followed by phase-ground fault,
with high ground resistance 0 100

Phase-ground fault, with connected load 100 100

Phase-phase fault, with connected load 100 100

Subtotal 900 1300

Total 2200

*(TAD) - 100 MVA 230/69 kV YNd1 transformer
*(SJI) - 100 MVA 500/230 kV autotransformer
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Fig. 7. Test case examples.

phase-phase short-circuits. On the other hand, the magnitude
of positive- and negative-sequence components are not equal
for phase-phase-ground or three-phase short-circuits, leading
to a curved NCP. In other words, it is expected that the
gray points in Fig. 8 have the F2 value similar to those for
magnetizing transients. However, thanks to F1, these points do
not overlap with the magnetizing cluster.

We can observe that in some test cases the compactness (F2)
is slightly different from the theoretically expected, mainly
in the TAD test set, when some load is connected to the
transformer or for phase-phase short-circuits. This discrepancy
can be caused by the influence of the load or the presence
of the exponentially decaying DC components. Furthermore,
the fact that the circuit breaker poles do not close at the
same instant can make F2 small during a magnetization (for
instance, while only one phase is closed the NCP will be
linear).
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Fig. 8. Feature space of the NCP-classifier.

2) Components magnitudes classifier (CM-classifier):F3
and F4 are used to reliably identify any kind of short-circuit.
Fig. 9 shows the feature space for both test sets.

The shown features were calculated right after one nominal
period from the insertion of new components. We can see the
great distance between the clusters allowing a sharp detection.
Further, it is possible to identify the type of fault, although this
is not our focus in this work.
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Fig. 9. Feature space of the CM-classifier.
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I II. RESULTS

We keep the 2 test sets described in Table II, with 2200
electrical events of 9 different types, to verify the effectiveness
of our technique. The complete simulated system is presented
in Fig. 10. The following elements of the system were included
in the simulation: 10 hydroelectric generators; transmission
lines (TL): 14 of 500 kV and 12 of 230 kV; 23 transformers
or auto-transformers (all of them with their magnetization
curves represented); 36 reactors; 7 capacitor banks and 1 static
var compensator. The rest of the system was represented by
8 Thévenin equivalent circuits. The impedances of all TL,
loads and faults, for all test cases and differently for each
phase, vary their values randomly with gaussian distribution
and standard deviation of 5% of the original values. It means
that approximately 95% of all impedances will vary from 90%
to 110% of their original values.

For each test case, each phase switch contact touches
its respective pole in a different instant. Long closing time
discrepancies during transformer energization are particularly
harmful to our technique performance, compared to most
techniques that individually analyze each phase. Long discrep-
ancies cause unbalanced currents even during a magnetization,
therefore a linear NCP, that can be wrongly identified as short-
circuit current instead of the actual inrush current. Further,
we proposed some methods to overcome this problem. For
each circuit breaker, the instant when the contact of phase A
touches its pole varies randomly with uniform distribution into
a period. The closing time discrepancies vary gaussianly. It is
worth noting that the time discrepancy between the contacts
of the breaker must be within certain tolerance limit, usually
5 ms, but we extended this limit to test the robustness of the
proposed technique. So, for phases B and C, 95% of closing
time discrepancies, related to phase A closing time, will be up
to half fundamental period (8.3 ms).

The power systems were simulated in ATP and the GDSC
filters, feature extractors and classifiers were implemented in
Matlab. The sample rate is 15.36 kS/s, namely 256 samples
per cycle for 60 Hz grid.

About the classifier parameters, at first we suggested the use
of LDA to compute the discriminants [16]. However, there is
a dynamic behavior in the clusters that could make the LDA
imprecise at the present stage of development. Then, realizing
that the clusters seen in Figures 8 and 9 are so dense and
distinguishable, we just set the thresholds in the gaps between
clusters. In fact, the user shall choose between moving the
thresholds nearer the magnetization clusters, reducing the
response time for the classifiers, or move them toward s-c
clusters, making the classifiers more robust. A thorough
analysis aiming to determine the optimum thresholds is beyond
the scope of this article.

Based on the feature spaces (Figures 8 and 9), we chose
the thresholds based on a conservative boundary of the short-
circuit condition, i. e., in order to avoid wrong classification
when a short-circuit occurs. If (F1 > 0.4 and F2 < 0.1)
or (F3 > 2.0 or F4 > 0.5), then the classifier identifies
the electrical event as a short-circuit. In this article we do not
distinguish the type of short-circuit. Note that most differential
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Fig. 10. Brazilian Northeast CHESF’s power system used for simulation with
zoom on the two test devices.

relays and other protective devices are based on signal features
and their thresholds were defined based on power system
modeling and computational simulations, as well the adopted
procedure in this work [24].

Despite applying to different transformers (autotransformer
and isolated transformer) and different parameters, we set
the same thresholds for both test sets. This coincidence may
not happen for other devices, then the feature space analysis
should be done for every new equipment, at least until we build
a solid data base of power devices and their feature spaces.

Fig. 11 shows one successful test case, related to phase-
ground short-circuit with high ground resistance. In this test
case, the NCP-classifier identifies the fault in approximately
1/24 fundamental period, that is 10 of the 256 samples per
cycle. This fast response is possible because the NCP detects
changes in the path of some components in theαβ plane,
which occurs instantly. The CM-classifier identifies it in 7/8
of period. Fig. 11 also depicts the four extracted features,~S(2)

and NCP. The FFPS, FFNS, 2HPS and 2HNS components are
those presented in Fig. 6. The entire system acts as expected.

Whereas presenting an analysis similar to that in Fig. 11 is
impracticable for the entire test sets, the histograms in Fig. 12
summarize the time spent by our system to identify the fault
in the situations described in Table II.

All cases of short-circuits were correctly classified. We can
note in Fig. 12 that most of them were detected before 1/4 of
period. The best results were obtained for the autotransformer
(SJI) with connected load, especially phase-phase short-
circuits, that achieve 100% of detection up to 1/8 of period.
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About the CM-classifier, most test cases were classified before
1 period. The hardest electrical event to be classified in TAD
is phase-ground short-circuit with connected load, while for
the SJI it is the phase-ground short-circuit with high ground
resistance.
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Fig. 11. Results from phase-ground short-circuit with high ground resistance,
from SJI test set.

On the other hand, we had approximately 8% of false
positive on the NCP-classifier during magnetization, mainly
because of the discrepancies on the circuit breaker poles
closing times and the presence of exponentially decaying DC.

At first, during magnetization, while the contact of only
one phase is closed, the NCP will be unconditionally linear,
making F2 very low, consequently producing a short duration
pulse in the NCP-classifier output. The false positive pulse will
probably occur if the difference between the closing times of
the circuit breaker poles is greater than 1/8 period. There are
some alternatives to overcome this problem. For example, we
could previously verify that all poles of the circuit breaker
are closed and 1/4 period after that the NCP-classifier is
considered. Another solution is to use a variable threshold
for the F1 parameter, bigger right after the transformer
energization starts. Finally, a minimum duration could be set
for the pulse (F1 > 0.4 and F2 < 0.1) in order to avoid
the misoperation of the NCP-classifier due to closing times
mismatch.
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Fig. 12. Histograms related to the response time of the classifiers.

The second case of false positive occurs when there are
significant levels of exponentially decaying DC components,
that are not completely filtered by GDSC filters. In other
words, the NCP will not return to the origin after few periods
because the GDSC will be experiencing transient for a longer
time. In this case, the perimeter of NCP decreases slower than
the compactness and then, for some brief moment, F2 will be
below the threshold, while F1 is still high, causing a short false
positive pulse in the NCP-classifier. There are also solutions
for this problem, possibly at the expense of a small increase
in its response time: increasing the threshold for F1, defining
a minimum duration of the pulse (F1 > 0.4 and F2 < 0.1)
or using a mimic filter.

A. Saturation of CTs

It is important to verify the ability of the proposed algorithm
to correctly identify a faulty condition under CTs saturation.
We then examined it through 20 test cases presented in [25].
Saturation experiments were performed in 11.2 and 290 MVA
transformers, with 1%, 5% and 10% of source impedance
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on 100 MVA base and when power transformers had light
load and heavy load. However, in most cases the simulations
presented mild saturation, what results in minor differences in
the extracted features. Then, only the most distorted waveform
from the report (section G.2.2.3 in [25]) was chosen to show
the impact of CTs saturation on the feature extraction.

The selected case simulates a 290 MVA transformer, with
high-side 1200:5 A CTs tapped at 800:5 A, considering
the lowest source impedance and highest burden resistance.
Egorovas simulation [25] starts under a three-phase short-
circuit condition, but since this situation does not cause the
CTs saturation, it is followed by a turn-to-turn fault involving
90% of turns on phase-A winding. Figure 13 shows the
behaviors of features F1, F2, F3 and F4 extracted from the
CTs primary and secondary currents. The CTs secondary side
short-circuit currents become distorted due to saturation, but
the fundamental component magnitudes strongly increase due
to the short-circuit (in both primary and secondary sides). This
explains the similarity between the extracted features from the
line currents and the currents on CTs secondary side. The
major difference is the time for the CM-based features to
converge, which does not cause malfunction as long as the
threshold is adjusted properly.
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Fig. 13. Test on CT saturation.

B. Operation speed comparison

A comparison was done based on the test cases and methods
described in [24]. Firstly, the traditional second harmonic
restrain method had response time from 1 to 4 cycles and
failed-to-trip for 9 of 27 test cases, which include inter-turn,
grounding and inter-phase fault, at star-side and delta-side,
during or not the transformer inrush period.

Regarding the second method, simulation and dynamic test
results show that the improved correlation analysis algorithm
has high reliability when the threshold is determined according
to the boundary inrush condition. For the 27 test cases, the
shortest operation time was 2/3 of fundamental cycle, and the
longest was approximately one cycle.

The third observed method is based on the application of
the Normalized Grille Curve (NGC) to discriminate the inrush
current from the internal fault current of transformers. The
algorithm can take effect only one cycle after the protection
has been started, and the operating time was generally less
than 1 1/8 of cycle.

As shown, the CM-classifier had response time between 5/8
and 1 cycle for most test cases used in this work. However,
the operation can be accelerated by the NCP-classifier to less
than 1/4 of cycle in most unbalanced faults. This fast response
occurs because the NCP-classifier is based on the change of
the behavior of the measured currents rather than waiting for
filters convergence or waiting one cycle to analyze waveform
symmetries.

C. Embedded implementation

Three embedded implementations for the GDSC-PLL are
presented in [26]. Two of them use Altera Cyclone III
EP3C120F780I7 FPGA, with and without embedded mul-
tiplier. The third implementation uses Texas Instruments
TMS320F2812 DSP. In this work, with intent of verify the
embedded implementation feasibility, we estimate the usage
of the FPGA by the proposed technique. At first, Table III
shows the number of operations of the proposed technique.

TABLE III
NUMBER OF OPERATIONS OF THE PROPOSED TECHNIQUE.

Module Sum / Multiplication Root logical
Subtract Division squared comparison

GDSC 58 108 0 0

F1 9 4 2 2

F2 3 9 0 2

F3 8 12 5 2

F4 2 1 0 2

Classifier 0 0 0 4

Total 80 134 7 12

Based on the number of operations of the proposed
technique, the FPGA usage for implement the GDSC-PLL
[26] and the logical elements required to implement the root
squared operation [27], we estimate the usage of FPGA as
shown at the Table IV.

TABLE IV
NUMBER OF OPERATIONS OF THE PROPOSED TECHNIQUE.

Module Logical Embedded
elements multipliers

GDSC 12,025 (10.1%) 272 (47.2%)

Feature extraction 7,050 (5.9%) 66 (11.5%)
and classifier

Total 16,586 (16.0%) 338 (58.7%)

In parenthesis: usage related to Altera Cyclone III EP3C120F780I7 FPGA

From Table IV we note that the FPGA has enough resources
to implement the proposed technique. Further, the processing
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time for each acquired sample remains 234.19 ns, as in [26],
while all operations can be implemented in combinational
logic. So, there is no bottleneck related to the computational
burden for the proposed technique, since the sampling period
used for implementing the technique is around 65µs.

It is important to mention that the Cyclone III FPGA
family is the low power, high functionality, and low cost
family from Altera, providing good solutions for high-volume
applications. However, if the designer wants embed more
circuits on FPGA, a high performance device can be chosen,
such as the Stratix 10 GX5500 FPGA, which has 46 times
more logic elements, 7 times more multipliers and it allows
clock speed 1600 times faster than the used Cyclone III FPGA.

IV. CONCLUSION

The trajectory changing analysis for selected components
in αβ plane (NCP) has shown to be a valuable tool for speed
up the short-circuit discrimination, specially for unbalanced
faults. The instantaneous change on the NCP right after some
electrical event enabled a fast and reliable distinction between
magnetization inrush and fault currents, which is done by
analyzing a short number of samples. The results section
showed that most cases of unbalanced faults had their short-
circuits correctly identified in less than 1/4 fundamental period,
while some novel techniques perform the detection in around
1/2 fundamental period. Besides, the CM-classifier detected
any kind of short-circuit.

The aim of this article is to present the method principles.
As suggestion for future work, new combinations of power
devices, circuit topology and electrical events may be simu-
lated in order to build a stronger database. Besides, it would be
useful to develop an optimization procedure for the thresholds
setting. Only then, a rightful accuracy comparison with other
techniques can be done. Despite this fact, the effectiveness of
the method can be evaluated by the simulated 2200 test cases,
based on an actual and extensive power system.

We finished the study noticing the low influence of CT
saturation on the proposed method, the low computational
burden required for extracting and classifying the features and
the feasibility for implementing the method in a real time
embedded system.
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