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Divergence Distance Based Index for
Discriminating Inrush and Internal Fault
Currents in Power Transformers

Mohsen Tajdinian

Abstraci—This article puts forward a new algorithm
based on Kullback—Leibler divergence (KLD) for discrim-
inating inrush and internal fault currents in power trans-
formers. Specifically, the main idea of this algorithm is to
utilize the current signal discrepancy of the distribution
with ideal fault current waveforms. To such an aim, the
proposed index reproduces the differential current signal.
Utilizing fast modified least squares technique, the differen-
tial current signal is generated. Applying the reconstructed
differential current and ideal sinusoidal waveforms to the
KLD indicator, the distribution discrepancy of the current
signal from ideal sinusoidal waveform discriminates inrush
and internal fault currents. Also, the internal/external iden-
tification index is introduced that utilizes the phase con-
tent of the signals from current transformers (CTs) on both
sides to distinguish internal and external faults, especially
the faults accompanied with CT saturation. As a result, the
proposed method can distinguish inrush currents, internal
and external fault currents with/without CT saturation, and
internal fault currents during transformer energization. The
performance of the proposed index is evaluated using prac-
tically recorded data and is further compared with the state
of the art.

Index Terms—Differential protection, Kullback—Leibler
divergence (KLD), power transformer.

I. INTRODUCTION

EING costly as well as strategic components in the power

grids, power transformers are known as one of the most
important power system components. As a result, a special pro-
tection scheme known as differential protection unit is provided
to protect the power transformers against internal failures. Own-
ing to considerable differential currents, differential relays may
mal-operate during power transformer energization currents
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or so-called inrush currents [1]. Obviously, differential relays
should be able to quickly, accurately, and reliably discriminate
inrush currents from fault signals to avoid false trips of the
differential relays.

To identify magnetization inrush currents from fault condi-
tions, several approaches have been proposed. The state-of-the-
art approaches are grouped and described as follows.

1) Harmonic restrain methods [1], [2]: This approach is
known as the most straightforward and simple approach,
which contains noncomplex algorithms that operate based
on the second and fifth harmonic currents for discrimina-
tion of the inrush current from fault current. It has been
acknowledged that due to the modern core materials for
power transformers, the harmonic contents may change,
and as a result, the discrimination between an internal
fault and inrush current becomes more difficult.

2) Flux restrain and inductance-based methods [1], [3],
[4]: These methods depend on transformer parameters,
and calculate the flux restrains, induced voltage, and
also instantaneous inductance for the discrimination.
However, the requirement of higher costs for acces-
sories, including different search coils and depending on
the transformer parameters, makes these algorithms less
attractive.

3) Patten recognition and artificial intelligence methods
[5]-[8]: These algorithms are based on pattern recogni-
tion principles and are implemented with neural networks
and fuzzy logic. These algorithms are required to be
retrained for building new models upon change of test
system.

4) Time-frequency analysis method [9]-[17]: These algo-
rithms utilize wavelet transform, which gives a more com-
prehensive overview of both time and frequency domains
simultaneously. However, they need long data windows
and are susceptible to noise as well as unanticipated
disturbances.

5) Ratio-based methods [18]—[20]: These innovative meth-
ods are known as ratio-based methods and utilize both
current-voltage signals for the discrimination of inrush
currents and fault signals. However, sensitivity to the
decaying dc component, dependence on both current and
voltage information, and inherent one-cycle delay due to
the utilization of discrete Fourier transform are the main
drawbacks of such methods.

0278-0046 © 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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6) Statistical and similarity-based methods [21]-[25]:
These algorithms utilize statistical momentums and sim-
ilarity indices to discriminate between inrush currents
and internal faults. Similar to ratio-based methods, these
methods are sensitive to decaying dc components and may
experience long delays in hard cases.

In all the mentioned approaches, fast and reliable decision-
making and simultaneously dealing with the internal fault ac-
companied by current transformer (CT) saturation, the inrush
current accompanied by high remanence, inrush currents, and
internal faults and external fault [26]-[28] are the most chal-
lenging for the fault detections algorithms to deal with.

This article proposes an index based on the Kullback-Leibler
divergence (KLD), which tries to discriminate inrush currents
from internal faults utilizing discrepancy between the probabil-
ity distributions of the reconstruction waveforms of the differen-
tial current signal and the ideal sinusoidal waveform. The main
contributions of the proposed method are as follows.

1) The discrimination is performed using the comparison
between the reconstructed waveform of the differential
current signal and a sinusoidal waveform. To make a
comparison, the KLLD-based indicator is proposed to mea-
sure the distribution discrepancy between the two latter
waveforms. Note that each reconstruction waveform of
the differential current signal corresponds to a sliding
window with a limited number of samples (ten samples
considering a 100 sampling rate/cycle). During inrush,
the signal comprises higher order harmonic components,
which lead to variations in the reconstructed waveform
corresponding to each window and consequently in the
probability distribution as well.

2) Toreconstruct the differential current signal, the fast mod-
ified least squares technique (MLSE) is employed. Note
that to calculate the current waveform, fast waveform
reconstruction is applied based on the limited number
of samples. As a result, unlike [23], it does not require
full-cycle data sampling for calculating the current signal.
Also, unlike the suggested method in [23], the reconstruc-
tion of the waveform using MLSE reduces the impact of
the dc component on the reconstructed waveform.

3) Due to the low latency, the proposed indicator can be
calculated within the unsaturated region, as well as in the
deep saturation condition. As a result, unlike [25], the
proposed algorithm does not require extra algorithms for
the identification of CT saturation.

The rest of this article is organized as follows. Section Il intro-
duces the proposed algorithm fundamental analysis. Section III
provides the information that is required for implementing the
proposed method. Sections IV describes the performance eval-
uation. Finally, Section V concludes this article.

Il. PROPOSED ALGORITHM

In the following, the definition of KLD, the waveform re-
construction procedure and, finally, the proposed index for
the discrimination of the inrush and internal fault currents are
presented.

A. KLD Definition

Originating from information theory, KLD has been intro-
duced as a probabilistic measure to find the discrepancy between
two probability density functions over the same random variable.
KLD measures the divergence of g(x) from p(x) as follows [29]:

Zp log

zeC )

KLD (p( (D
where it is assumed that p(x) > 0 and g(x) > O for any ran-
dom variable x in probability space X. Since before/after fault
inception, the power system current signal contains fundamental
frequency sinusoidal component, p(x) is selected as the probabil-
ity distribution of a full cycle sinusoidal signal, which is defined
as follows:

in(t) = sin(27 ft) )

where i, (t) and f are current signal and system frequency, which
is selected as 50 Hz. It is assumed that g(x) is the probability
distribution of the reconstructed current signal 4,.(¢), which has
the following general expression:

i,-(t) = L. sin(27 ft — 0). 3)
As aresult, KLLD is rewritten as follows:

()4 =3 plialt

teT

KLD (p (in log

Note that the reconstructed current signal 4,.(¢) will be ob-
tained from fault current.

B. Reproducing Differential Fault Current

During fault condition, it is assumed that the fault current is
expressed as follows [1]:

itautt () = Imaxcos (wot — 0) + Ipce /™ (5)

where ., wo ,0, and Tare maximum fault current, frequency,
phase angle, and time constant, respectively. By substituting the
first-order Taylor expansion of e~ */7in expression (5), the fault
current is approximated as follows:

maxC0s (wot) cos (0) 4 Imax sin (wot) sin (0)
+ I nax cos () — Tinax cos(9) :Os(e) t.
(6)
To solve (6), it is suitable to discretize and rewrite the equation
in matrix format as follows:

Z'fault (t) ~

[Ifault,i]mxl = [K]mx4 X [X]4><1 (7)

where

[Ifault,i]mxl = [ifault (tl) Lfault (tQ) ©r lfault (tm) ]T ®)

[X]4><1 = [Irrlaxcos (9) Irnax sin (9) IDC _IDic ]T (9)

cos(woty) sin(woty) 1 ¢

(K] (10)

mx4

cos(wotmm) sin(wotm) 1 tm
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The least squares technique is known as one of the power-
ful tools for solving (7), being able to estimate the unknown
parameters as follows:

~1
0 = | [ 1) .
Using (11), the phase angle is calculated, and consequently,
the reconstructed sinusoidal signal i,.(¢) is generated using (3).
To reach the authenticated solution form (11), the parameter m
should be greater than four considering 100 samples per cycle.
In this article, a sliding data window with the length equal to ten

samples is selected.

C. Proposed Algorithm for Discriminating Inrush and
Internal Fault

Assume that p(x) is the distribution of a sinusoidal signal
i, (t). Also, g(x) is the reconstructed sinusoidal signal i,.(¢) from
the current waveform. The discrimination index, which is called
the KLD index (KLDI), is defined as follows:

STD {KLD (p (in(t)) , q (ir()))}
1-STD {KLD (p (Zn (t)) »d (Zr(t)))}

where STD denotes standard deviation. The KLDI functionality
is based on the fact that for each window of the current sample
if the reconstructed current signal remains unchanged, the KLD
remains constant, and consequently, the KLDI value is almost
zero. However, if the reconstructed current signal changes, KLD
will change and as a result, the KLLDI value would be notable.

KLDI = (12)

D. Proposed Algorithm for Discriminating External and
Internal Faults

As discussed, this article concentrates on discriminating in-
rush and internal fault currents. But for discriminating external
and internal faults, Weng et al. [23] have shown that the phase
content of the signals from CTs on both sides can be considered
to distinguish internal and external faults, especially the faults
accompanied with CT saturation. As stated in [23], during an
internal fault, the currents of CTs are in phase, whereas during
external faults, the currents of CTs are 180° out of phase.
As a result, the internal/external identification (IEI) index is
introduced as follows:

_ Licra(t) — Licr(t)|
180

where Licr(t) denotes the phase angle of CT that is scaled
between 0° to 180°. The IEI, defined as a normalized value,
if varying between 0 to TH;, can be used as an indication of
internal faults. Contrarily, the variation of IEI between THy and
1 can also be used as an indication of external faults.

IEI 13)

[ll. IMPLEMENTATION

As shown in Fig. 1, the procedure of implementing the pro-
posed algorithm contains five general stages. The stages are as
follows.

1) The current samples are obtained by a 100 sample/cycle
rate.

tart

| Reading Current Sample |
!
Parameter Estimation

Calculating KLDI Calculating 1EI

<KLDI < Threshold7or>

NO

Fig. 1. Implementation procedure of the proposed index.

2) Parameter estimation: A sliding window containing ten
current samples is fed to (7)—(11), to calculate the un-
known parameters of (5).

3) Waveform reconstruction: Using (11), the magnitude and
phase angle are calculated, and consequently, the recon-
structed waveform is produced for one cycle using (3).

4) Calculating KLDI: Using (12), KLDI corresponding to
each sliding window is calculated. Note that to calcu-
late the KLDI, the signals 7,,(¢) and i,.(t)are reproduced
for one cycle and their probability density functions are
generated. A decision is made when KLDI exceeds the
threshold for five consecutive sliding windows.

5) Calculating IEIL: To discriminate internal and external
faults, using (13), IEI is calculated and checked with
corresponding thresholds to discriminate internal and ex-
ternal faults. A decision is made when IEI exceeds the
threshold for five consecutive sliding windows.

Considering that the proposed method has been developed
using the data from unsaturated interval for internal/external
fault conditions, it is also necessary to ensure the capability
of the proposed method to provide robust estimation in the
case of deep saturation. Knowing the fact that deep saturation
may occur within one-sixth cycle after fault inception [30], the
proposed index should be able to deal with waveform recon-
struction and decision-making using 15 samples (considering
100 samples/cycle) at the most to guarantee the immunity of
the proposed method against CT saturation. Considering the
aforementioned point regarding decision-making reliability, the
immunity of the proposed method against deep CT saturation
has been guaranteed by the selection of a sliding data window
length of ten and five samples for the decision criterion.

IV. PERFORMANCE EVALUATION

In the following, the performance of the proposed index is
evaluated and further compared with the well-known second
harmonic restrain (SHR) [1], [2] algorithm. The performance
evaluation is conducted based on the obtained data from the
simulated test system and practical data. The simulated test
systemis shown in Fig. 2. The detailed information regarding the
specifications of the transformer and the CTs are provided in the
Appendix [31]. In the simulated scenarios, different switching
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Fig. 5. Performance evaluation for internal fault signal. (a) Differential

A. Simulation Results

1) Inrush Current: Fig. 3 shows the differential current for
phase A (IRifferentialy congidering switching instance at # = 300
ms. As can be seen in Fig. 3(c) and (d), both methods success-
fully identify the inrush current. According to Fig. 3(b), it is
evident that the reconstructed sinusoidal waveform mismatches
for five consecutive data windows since the inrush current is
not fitted on a standard sinusoidal waveform. As a result, the
proposed index changes in time. Fig. 4 shows the differential
current for phase A considering switching instance at = 306 ms
considering 30% remanent flux. While the SHR method shows
unreliable response even after one cycle delay, the proposed
method robustly distinguishes inrush current within less than a
quarter of cycle after transformer energization.

2) Internal Fault: Applying a fault on 40% of the HV side
of the transformer winding, the fault current is shown in Fig. 5.
As can be seen in Fig. 5, both the proposed method and SHR
can detect the fault signal. It should be noted that the proposed

current signal. (b) Reconstructed sinusoidal waveform for five consecu-
tive window data. (c) Proposed method. (d) SHR method.

method reaches below the threshold after almost 3 ms from the
disturbance occurrence, whereas SHR identifies fault condition
after 16 ms. As one can see in Fig. 5(b), the reconstructed
sinusoidal waveform shows almost complete match for five
consecutive window data. The complete match is due to the
fact that the phase angle of the fault signal waveform is almost
constant and as a result, the proposed index remains unchanged
in time.

Fig. 6 demonstrates the performance evaluation for internal
fault condition accompanied by CT saturation. According to
Fig. 6(a), the current signal does not fit on a standard fault
signal similar to (5) within the total time interval. As can be
seen in Fig. 6(b), due to fast parameter estimation, the proposed
index remains below the threshold during unsaturated interval,
especially in the first quarter of cycle. Also, Fig. 6(b) reveals that
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current than the inrush current [25]. As a result, the proposed
Fig. 7. Performance evaluation for transformer energization with an method, which operates based on the waveform similarity to the

internal fault. (a) Differential current signal. (b) Proposed method.
(c) SHR method.

once the signal becomes distorted, the proposed index quickly
varies. On the contrary, the SHR algorithm utilizes a full-cycle
window for performing calculations using the discrete Fourier
transform. During saturation, the SHR algorithm’s error is very
large since the current signal does not fit on a standard fault signal
similar to (5) within the total time interval. As aresult, according
to Fig. 6(c), the SHR algorithm experiences a large time delay
to correctly identify faults accompanied by CT saturation.

3) Transformer Energization With an Internal Fault: The
signal shown in Fig. 7 is the transformer energization with an
internal fault condition that contains a minor 10% faultin the HV
side of the power transformer. As can be seen in Fig. 7(b), the
KLDI reaches below the threshold after about 3 ms, whereas
according to Fig. 7(c), the SHR method fails to distinguish
the inrush current. In the case of transformer energization with

sinusoidal signal, can successfully detect such minor faults in
the power transformer.

4) External Fault: Fig. 8 provides performance evaluation
for external/internal fault current signals.

In Fig. 8(a), I§T and I§"%denote the current signal of
phase A for the HV side of the transformer measured through
(CT1) and the current signal of phase A for the LV side of
the transformer measured through (CT2), respectively. Also,
TH1(IF) and TH2(EF)denote the thresholds for identifying
internal faults and external faults, respectively. As can be seen in
Fig. 8, while KLDI identifies both fault signals, Fig. 8(c) shows
that the current signals in Fig. 8(a) are almost 180° out of phase,
and the IEI index value is close to 1. However, in Fig. 8(f),
IEI index value is close to zero, which is in compliance with
the in-phase condition shown in Fig. 8(b). Also, as one can see
in Fig. 8(c) and (e), after fault clearance, both KLLDI and IEI
indices take zero value just after fault is cleared. The proposed
index performs its analysis on the differential current signal that
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Fig. 10.  Setup for producing and recording practical inrush and inter-
nal fault data.

triggers the operating current of the differential relay. After fault
clearance, it is obvious that the operating current goes below the
setting value for the operation of the differential relay. As a
result, it is obvious that in such a circumstance the differential
relay does not consider this circumstance as an internal fault.

In the case of an external fault accompanied by CT saturation,
Fig. 9 shows that both KLDI and IEI indices successfully detect
the external fault condition in about 3.4 ms after fault inception.
It should be noted that both KL.DI and IEI indices have values
close to 1 in the unsaturated region [after 3.4 ms in Fig. 9(b) and
(¢)], and this condition provides almost ten consecutive samples
to make a decision for the external fault inception. Considering
the results given by the external fault scenario in Figs. 8 and
9, the proposed method can deal with the discrimination of
internal/external faults.

B. Performance Evaluation With Practical Data

This section provides the performance evaluation of the pro-
posed method with practical data. The laboratory setup for
acquiring practical inrush and internal fault data is shown in
Fig. 10. The power transformer nominal apparent power is 6
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Fig. 11.  Performance evaluation for practical inrush signal. (a) Differ-

ential current signal. (b) Proposed method. (c) SHR method.
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Fig. 12.  Performance evaluation for practical internal fault signal. (a)

Differential current signal. (b) Proposed method. (c) SHR method.

KVA and operates at 50 Hz, with the voltage ratio of 220/330
V. Note that the sampling time of the data logger is equal to
128 ps. Three cases contain an inrush current, an internal fault
(minor 20% of winding to the ground), and an inrush current
with an internal fault (minor 10% of winding to the ground) are
presented in the following.

As can be seen in Figs. 11 and 12, both KLDI and SHR
algorithms can successfully identify inrush and fault currents,
respectively. As one can see in Figs. 11 and 12, KLDI requires
less than 4 ms to reach the authenticated result, whereas for
SHR, it takes about a full cycle to reach a valid result. Ac-
cording to Fig. 13, comparing the performance of KLDI and
SHR algorithms in the case of dealing with inrush current with
an internal fault, it can be concluded that the KLDI reaches
below the threshold after about 4 ms, whereas the SHR method
distinguishes fault current after one cycle unreliably.
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= TABLE |
= RESPONSE TIME OF THE PROPOSED METHOD AND
= o A STATE-OF-THE-ART ALGORITHMS
S
a I 2 3 4 5
§ SHR ARD (ms) | 20.56 | 60.98 | 17.81 | 70.29 | 48.96
5, PCI (%) 100 | 78 100 | 84 67
© - 01 015 0.2 [23] | ARD (ms) | 436 | 402 | 493 | 11.27 | 8.52
Time (s) PCI (%) 100 | 100 | 100 | 93 92
@ [25] | ARD (ms) | 387 | 421 | 392 | 6.81 | 9.01
06 150 PCI (%) 100 | 100|100 | 91 90
—KLDI ——SHR KLDI | ARD (ms) | 3.24 3.97 3.12 4.62 4.01
— 04 |- = =Threshold=0.1 v 100 | == ~Threshold=15% PCI (%) 100 100 100 100 98
- :
M 02 R 50
- - L. The PCI is mathematically expressed as follows:
0 L -
01 015 02 0 01 015 0.2 PCT NumberofCorrectIdentificationforCase (X) < 100
Time (s) Time (s) Total Number of Case (X)
(b) (© (14)
, . o ) . where case (X) includes (case 1) 697 inrush, (case 2) 458 with
Fig. 13.  Performance evaluation for practical inrush signal with an

internal fault. (a) Differential current signal. (b) Proposed method.
(c) SHR method.
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Fig. 14.  Performance evaluation for external fault current signals using

practical data. (a) CT current signals for external fault. (b) Proposed
KLDI for external fault. (c) Proposed external/internal fault discrimination
for external fault.

Fig. 14 demonstrates the performance evaluation for an ex-
ternal fault current signal, using practical data. As can be seen
in Fig. 14(b), KLDI identifies the fault condition. However, as
shown in Fig. 14(a), the current signals are almost 180° out of
phase, and according to Fig. 14(c), the IEI index value is close
to 1. As a result, the proposed index is able to detect external
fault using the both KLDI and IEI indices.

C. Performance Comparison With State of the Art

In the following, the KLDI is compared with state of the art.
In Table I, average response delay (ARD) and percent of correct
identification (PCI) are provided.

remnant flux, (case 3) 1829 internal fault, (case 4) 964 internal
fault with CT saturation, and (case 5) 150 inrush signals with
internal fault cases.

From Table I, it is concluded that the following conditions
hold.

1) In case 1, papers [23] and [25] and KLDI algorithms
require a subcycle of data to perform their calculation,
whereas SHR requires one cycle of data to achieve au-
thenticated results.

2) In case 2, due to the reduction of the second harmonic
content and SHR may fail to identify the inrush currents.
However, papers [23] and [25] and KLDI algorithms can
recognize the inrush current in case of remnant flux with
high reliability.

3) Incase 4, due to fast parameter estimation in the unsatu-
rated region, KLDI has more immunity than [23], [25] and
SHR algorithms in dealing with CT saturation conditions.

4) In case 5, comparing with the KLDI, SHR algorithms,
and papers [23] and [25] have lower accuracy and higher
delay time.

Overall, the comparison results indicate that the proposed
algorithm is able to deal with challenging scenarios with high
reliability, promising accuracy, and high speed.

V. CONCLUSION

This article introduced a similarity-based algorithm that dis-
criminates the inrush and internal fault currents based on the
discrepancy of the probability distributions of the reconstructed
current and ideal sinusoidal signals. The proposed algorithm
was validated under different internal/external faults and inrush
currents obtained from simulation and practical data. It was ob-
served that the proposed index is capable of recognizing internal
fault signals with/without CT saturation in less than a quarter of a
cycle. Applying different inrush currents to the proposed index,
it was shown the proposed index is able to clearly recognize
inrush current from the internal fault signal. The simulation and
practical results showed that the proposed method has good
immunity against noise. In the case of inrush with a minor
internal fault, the proposed algorithm can successfully deal with
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Fig. 15.  Magnetization curves. (a) CT. (b) Transformer.

this scenario with a very good response delay. Also, the proposed
algorithm has immunity against external fault with/without CT
saturation. Comparing with the state-of-the-art algorithms, the
KLDI has high accuracy and low response delay, and can be
applied for the discrimination of the internal faults and inrush
currents in power transformers.

APPENDIX

The parameters of the test system given in Fig. 2 are provided
as given in Table [T and Fig. 15 [31].

TABLE I
SPECIFICATION OF THE TEST SYSTEM

Source

Vrated, 1= 63 kV, Rth, 1 =1.3(Q2), Lth, 1= 0.042(F)
Vrated,2= 63 kV, Rth,2 =1.12(Q), Lth,2= 0.051(F)

Line

Positive Sequence Resistance (R) =0.2710 Ohm/km
Zero Sequence Resistance (R0) = 0.4760 Ohm/km
Positive Sequence Reactance (X) = 0.3960 Ohm/km
Zero Sequence Reactance (X0) = 1.3000 Ohm/km
Positive Sequence Capacitance (C) = 0.0091 uF/km
Zero Sequence Capacitance (C0) = 0.0072 uF/km

Transformer

Srated=30 MVA, 63/20- kV, Yg/A connection

CT

Primary: Ratio: 300:1, RCT1 =1 Q, LCT1 =1 mH.
Secondary: Ratio: 1000:1, RCT2=0.61 Q, LCT2 = 0.9 mH
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