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Abstract—A new technique for power transformer protection,
that depends on the calculation of fault detection ratio (FDR)
based on quartile of superimposed differential currents is pre-
sented. Internal faults are detected by comparing FDR with the
predetermined threshold derived through analytical analysis and
verified based on simulation results. The performance of the pre-
sented scheme is tested by modeling an existing Indian power
transmission network using PSCAD/EMTDC software. Various
types of abnormal conditions such as magnetizing inrush (including
sympathetic and recovery) and over-excitation along with sev-
eral types of internal (winding, inter-winding and turn-to-turn)
faults have been investigated. Its validity has also been checked on
the data of magnetizing inrush and simultaneous inrush with the
internal fault in the transformer, which was obtained from the
real network. The results reveal the effectiveness of the suggested
technique in differentiating internal faults from other abnormal
conditions. Further, it remains stable during heavy through fault
with current transformer saturation. It is equally applicable for
different ratings and winding connections of power transformers.
Finally, comparative evaluation of the proposed scheme with the
conventional and several existing techniques shows its superiority
in terms of higher sensitivity during internal faults and improved
stability in case of non-internal faults.

Index Terms—Power transformer, differential protection, fault
detection ratio and quartile of superimposed differential currents.

I. INTRODUCTION

LMOST 70-80% of faults that occur in power transform-
ers are due to short-circuits in the winding and differential
protection has been universally used as the primary protection
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[1], [2]. The conventional differential protection scheme is
equipped with second harmonic restraint/bypass feature that
offers discrimination between internal fault and non-internal
fault events [3], [4]. Though the differential protection scheme
accurately detects internal faults in the power transformer, it may
face difficulty in correctly identifying non-internal faults like
magnetizing inrush and over-excitation conditions. This is due to
the decline of the second harmonic component in the transformer
because of the utilization of low-loss core material. In addition,
the percentage of second harmonic can also increase in the case
of internal faults due to current transformer (CT) saturation
phenomenon, which may create problems in the discrimination
process.

In order to improve the sensitivity and reliability of the
differential protection, approaches based on flux linkages and
waveform identification have been proposed. Methods based on
flux linkages [5], [6] issue a trip/block command depending on
the change in windings flux linkages and deviation in generated
voltages. However, the higher cost of accessories due to the
requirement of different search coils makes the said schemes
less attractive. Conversely, waveform identification based meth-
ods [7]-[10] identify internal faults by examining signatures
of differential current and/or voltage based on fuzzy logic and
artificial neural networks. Though the aforementioned methods
yield good classification accuracy, the requirement of the large
training dataset, excessive computation time, over-fitting of the
data and tedious convergence rate may create difficulty in their
implementation. Further, wavelet transform [11], [12] and math-
ematical morphology [13] based techniques have been intro-
duced for differentiation between internal fault and non-internal
faults. Nevertheless, wavelet based methods require a higher
sampling rate and can be affected by noise and type of mother
wavelet. In opposition, subjective prioritization of components
and non-linearity due to the conditional ordering of morphology
are a few limitations of the morphologically based method.

Later on, several researchers have explored schemes based on
power differential waveform [14], [15] and the ratio of currents
and voltages [16], [17]. However, the above methods involve
voltage transformer besides the CT, which in turn increases the
aggregate cost of the protection system. Subsequently, fault dis-
crimination methods depending upon generalized delayed signal
cancellation [18] and S-transform [19] have been presented.
Nevertheless, instability due to nonlinearity in certain cir-
cumstances, implementation complexity, higher computational
burden and redundant representation of the time-frequency
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space can be the several shortcomings of the aforementioned
techniques. Thereafter, methods based on empirical Fourier
transform [20] and zone of non-saturation [21] have been pre-
sented. However, these schemes may not give acceptable results
during over-excitation and sympathetic/recovery type of mag-
netizing inrush. Recently, a method based on fault related incre-
mental currents using the positive and negative sequence com-
ponents has been suggested [22]. However, the non-detection
of three-phase fault, which is disastrous in nature, due to the
absence of negative sequence component can be the prime
limitation of the said scheme.

In order to overcome the said limitations, a new internal
fault detection method based on quartile of superimposed dif-
ferential currents is presented in this paper. The main benefit
of the proposed method over several other existing methods is
its ability to detect all types of internal faults such as Line-
to-Ground (LG), Line-to-Line (LL), Line-to-Line-to-Ground
(LLG), Line-to-Line-to-Line (LLL), Line-to-Line-to-Line-to-
Ground (LLLG), inter-winding, and turn-to-turn. At the same
time, unlike conventional methods, the suggested technique
does not initiate a nuisance trip in case of non-internal faults.
Moreover, it also provides correct operation in case of simul-
taneous inrush with the internal fault (energizing faulted power
transformer event) during which most of the existing schemes
may fail. Further, the suggested technique provides improved
stability during heavy through fault with CT saturation con-
dition. At the same time, it is applicable for different rating,
winding topology, core geometry, winding resistance, leakage
inductance and saturation inductance of the power transformer.
Various test results obtained from diverse cases reveal that
the proposed technique is robust and accurate against wide
variation in fault and system parameters during internal faults,
switching and saturation conditions in case of inrush as well as
over-excitation, and CT saturation phenomenon. The proposed
scheme provides comparable relay response time even with a
low sampling frequency compared to other existing methods.
In addition, evaluation using recorded field data of magnetizing
inrush and internal fault for different power transformers clearly
highlights the authenticity of the proposed method.

The proposed internal fault detection algorithm is described
in Section II. Then, the simulation model and threshold selection
are explained in Section III. The response of the suggested
method for various cases is illustrated in Section IV. Compar-
ative evaluation of the proposed method with conventional and
recently developed techniques is discussed in Section V. Finally,
Section VI concludes the paper.

II. PROPOSED METHOD
A. Basic Philosophy of Quartile

The selection of three quartiles (lower quartile (Q;), median
quartile (Q2), and upper quartile (Qs)) will distribute an orderly
dataset (80 samples in this case) into four equal parts. Each part
contains 25% (20 samples) of the total data (80 samples) [23].
The Q. distributes the data samples in two equal parts; half of
the samples are above the median and the others are below the
median. For the total ‘m’ number of data samples containing
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Fig. 1. Proposed algorithm.

dataset, Y = {Y1, Yo,... Yi,... Y, } in which Y, represents
k™ sample of the dataset; k = 1 to m. This dataset is grouped in
ascending order. Q1 and Qg are obtained as the median of the
first half and second half of the grouped dataset, respectively.
The values of Qq, Q2 and Qg are calculated using (1) [23].

Qiy2/3=Yr+ f X (Ypqy1 —Yg) )

where, k and f are the floor and fractional part of (m/4), (m/2)
and (3m/4) for Q;, Q2 and Qs, respectively. As the aforemen-
tioned three factors have been utilized in several applications
[24]-[29], the same has been used in the proposed technique for
discrimination between internal faults and non-internal faults in
the power transformer.

B. Proposed Method

As shown in Fig. 1. instantaneous values of CT secondary
currents are obtained from the primary (I, Iy, and I.;) and
secondary (I,s, Is, and I.) sides of the power transformer.
After acquiring samples of CT secondary currents with a sam-
pling frequency of 4 kHz (for a fundamental frequency of
50 Hz), instantaneous values of three-phase differential currents
(ID(a/1/c)) are calculated as per (2):

ID(a/b/c) = MCFP X [CM] X I(ap/bp/cp)
— MCF; x I(as/bs/cs)] 2)
where, MCF, and MCF; are the magnitude compensation factor
of the CT secondary current of primary and secondary windings

of the transformer, respectively. The CM is the phase and zero
sequence compensation matrix. For the proposed scheme, the
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value of CM (for Yd1 connection) is given by (3).
-1

. 1 0
M= |— -1 1 0 3
¢ <¢§> y )

On the confirmation of an abnormal condition by abnormality
detection algorithm [4], superimposed differential currents are
calculated as per (4):

AI]:)(a/b/c)(t) = ID(a/b/c)(t) - ID(a/b/c) (t - T) “4)

where, AID(a/1,/c) (1) is the superimposed differential current
for phases a, b, and c, respectively, at instant ‘t’. Further, ‘T is
the window size (80 samples). Utilizing sliding window concept,
absolute values of AID(, /¢ are used (after arranging in as-
cending order) to determine Qj(a/b/c)> Q2(a/b/c) and Q3(a/b/c)
for each phase using (5) [23]-[26].

Qp(asb/e)(t) = AID(a/b o)k

+f % (AID(a/b/eicr1 — AID(ab/epk) ()

where, k and f are the floor and fractional part of (T/4), (T/2) and
(3T/4) for P = 1, 2 and 3, respectively. Moreover, the value of
the inter-quartile range (IQR), which is a measure of variability
in the dataset, is calculated using (6).

IQR (a/b/c)(t) = Qsa/b/e) (t) — Qia/b/e) (t) (6)

Then, these values are used to obtain a pre-detection index
i.e., RSPD as per (7).

RSPD 4 /b)) (t)

_ (Ql(a/b/c) (t)
Qs(a/b/e) (t)

Finally, fault detection ratio (FDR) is calculated as per (8),
which is an indicator of internal fault in the transformer. This is
achieved by phase wise comparison of the value of FDR with
the pre-determined threshold. Here, the value of the threshold
is selected as 4%. The procedure of threshold selection is thor-
oughly described in the next section. When the value of FDR
exceeds threshold, an internal fault situation is identified which
in turn initiates a trip signal. Conversely, in case when the said
condition is not fulfilled, the trip signal is blocked due to the
detection of a non-internal fault. With reference to (6), the value
of FDR is considered as zero, when IQR = 0.

RSPD(a/b/C) (t)
IQR(a/b/c) (1)

> X (Qaa/b/e)(t) = Quea/bye) (t))2 @)

FDR(a/b/c) (t) = < ) x 100% ®)

C. Validation of the Proposed Concept

The response of the proposed quartile based method in terms
of graphical representation during internal fault and magnetizing
inrush condition of the power transformer are shown in Figs. 2 to
5. The waveforms of differential current, superimposed differen-
tial current and quartiles in case of internal fault and magnetizing
inrush condition are depicted in Fig. 2(a)—(c) and Fig. 3(a)—(c),
respectively. The corresponding values of IQR, RSPD and FDR
during an internal fault and magnetizing inrush condition are

2449

6 6
Fault Fault -
— 4 |nception — 4 jinception, g4 Q
z gz T3 @ 1
2 o Fault
a a d 2 finception
0 0 g1 \
-2 2 [
0.19 0.2 0.21 0.22 0.23 0.24  0.19 0.2 0.21 0.22 0.23 0.24 0.19 0.2 0.21 0.22 0.23 0.24
a (b) c
4 02 s P
o g
x3 20.15 S| e ——-
<1 Fault % Fault & Py
= 2 hinception 0.1 pinception i , | inceptio
1 0.05
o0 0 [

0.19 0.2 0.21 0.22 0.23 0.24 0.19 0.2 0.21 0.22 0.23 0.24 0.19 0.2 0.21 0.22 0.23 0.24

(d) (e)

Time (sec) Time (sec) Time (sec)
Fig. 2. Internal winding fault: (a) differential current, (b) superimposed cur-
rent, (c) quartiles, (d) IQR, (e) RSPD and (f) FDR.

6
6 fswitching
Instant 4
2 l 2 lntnl
(] o
0. 0.

.19 0.2 0.21 0.22 0.23 0.24 .19 0.2 0.21 0.22 0.23 0.24 .19 0.2 0.21 0.22 0.23 0.24

(a) (b) (©)

0.01 02

Qs
Q,

Switching
Instant
Switching Q;

1D (pu)
&
AID (pu)

Q,0,ad0,

6
4
2
%

6
4 E §D.15

Switching Switching 0.1
2} Ingtant &o.009 Instant §

x ¥ 0.05)

o [}
0.19 0.2 0.21 0.22 0.23 0.24 0.19 0.2 0.21 0.22 0.23 0.24 0.19 0.2 0.21 0.22 0.23 0.24
(e)

Time (sec)

IQR

Switching
Instant

Time (sec) Time (sec)

Fig. 3. Magnetizing inrush condition: (a) differential current, (b) superim-
posed current, (c¢) quartiles, (d) IQR, (e) RSPD and (f) FDR.

shown in Fig. 2(d)—(f) and Fig. 3(d)—(f), respectively. As ob-
served from Fig. 2(c) and Fig. 3(c), a significant difference has
been found in the value of Q; whereas marginal difference has
been observed in the values of Q, and Qg. Due to this fact,
perceptible change has been noticed in the value of IQR (as
it is obtained by subtracting the value of Q; from Qs). Here,
the IQR represents variation in the dataset. The major change of
IQR depends on the magnitude of fault current as well as inrush.
The waveform of IQR for internal fault and inrush condition not
having a significant difference is shown in Fig. 2(d) and Fig. 3(d),
respectively.

It has been observed from Fig. 2(d) and Fig. 3(d) that the
value IQR is not able to discriminate between internal fault
and magnetizing inrush situation. Hence, a new factor, known
as RSPD that reflects a significant change in Qq, Q2 and Qs,
has been developed. The waveform of RSPD during internal
fault and magnetizing inrush condition is shown in Fig. 2(e)
and Fig. 3(e), respectively. Based on extensive simulations, it
has been observed that the values of RSPD are almost equal
during high magnitude of magnetizing inrush current and low
magnitude of internal fault current. These two cases are depicted
in Fig. 4 and Fig. 5. Subsequently, as observed from Fig. 4(d)
and Fig. 5(d), the values of IQR are considerably dissimilar.
Hence, a new factor known as FDR is developed for effec-
tive discrimination between the internal faults and magnetizing
inrush conditions. The FDR is capable of providing proper
discrimination as it has incorporated both IQR and RSPD. The
waveforms of FDR during internal fault and magnetizing inrush
condition are shown Fig. 2(f) and Fig. 3(f), respectively. It is
observed from Figs. 2(f) and 4(f) that the value of FDR exceeds
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threshold immediately after the inception of fault. Conversely,
as observed from Figs. 3(f) and 5(f), the value of FDR stays well
below the threshold during magnetizing inrush condition.

III. SIMULATION MODEL AND THRESHOLD SELECTION
A. Simulation Model

A single line diagram of a part of an existing Indian power
transmission network, established and managed by Gujarat Elec-
tricity Transmission and Corporation (GETCO) limited, Gujarat,
is shown in Fig. 6. The electrical power generated at 11 kV by
public and private power producers is transmitted from generat-
ing station to the substation at 400 kV level, where it is stepped
down to 220 kV level using power transformer. The simulation
model, as shown in Fig. 6, developed in PSCAD/EMTDC soft-
ware [30] for a 315 MVA, 400/220 kV, 50 Hz, Yd1 power trans-
former located at 400 kV Kasor substation, Gujarat, is capable
of simulating internal faults, all types of inrush, over-excitation
condition and CT saturation during external faults. Details of
the power substation network, current transformer and power
transformer are given in the Appendix.

B. Modelling of Turn-to-Turn and Inter-Winding Fault

As the tailor made inter-winding and turn-to-turn fault models
are not available in PSCAD library, they have been developed
as per [31]. The winding layout for modeling of transformer
during normal condition, turn-to-turn and inter-winding faults
is shown in Fig. 7(a), (b) and (c), respectively. For turn-to-turn
and inter-winding faults, transformer is modeled using eight
windings instead of six windings as shown in Fig. 7(b) and
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(c) inter-winding fault.

(c), respectively. Details of modelling for both faults are given
below:

1) Turn-to-turn fault: In case of modelling of turn-to-turn
fault, as depicted in Fig. 8(a), the winding involving turn-
to-turn fault can be modelled as three separate windings
i.e., p, q and r. With reference to Fig. 8, ‘n;” represents the
total number of turns in i™ winding, where, i can be any
individual winding (A, p, q, 1, a, b, C and c). As shown in
Fig. 8(a), during the pre-fault condition, all three windings
i.e.,p,qand r having turns ratio n,, n4 and n,, respectively,
will work as a single winding ‘B’. However, during the
turn-to-turn fault, two windings (p and r) will be involved
due to the shorting of ‘q” winding. Here, n;, represents
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TABLE I
GENERATED TEST CASES

Sr. Operflt.mg Parameters and their variation Test
No. | condition cases
Windin LG/LL/LLG/LLL/LLL/LLLG on each phase
1 faultsg (11) x both sides of winding (2) x SI (3) x FL| 1650

(5) x FIA (5)

Inter-winding

2 faults Phases (3) x SI(3) x FL (5) x FIA (5) 225

3 Turn-to-turn |Phases (3) x both sides of winding (2) x SI (3) 450
faults x percentage turn shorted (5) x FIA (5)

(I) Number of internal fault test cases generated 2325

4 Maﬁﬁ;ﬁmg Residual inrush (7) x SI (3) x SA (5)  load (5)| 525
Sympathetic
5 Iash | S1(6) X SA(5) x load (5) 150
Recovery .
6 Inrush Various external faults (8) x SI (3) x FIA (5) 120
7 Over- 1y ltage (5) x Frequency (5) x SI (3) x SA (5) | 375
Excitation
(IT) Number of test cases generated for non-internal faults 1170
Total numbers of test cases generated (I) + (II) 3495

o I I
o M R

Normal Operation During fault Operation

(a) (b)

Fig.9. Simulation layout of winding (inter-winding) in case of (a) normal/Pre-
fault condition (b) during fault condition.

the number of turns at which the fault should be started
(in percentage), n, indicates the percentage of turns to
be shorted and n, indicates the percentage of remaining
turns (100-n,-ng ). The newly added elements of resistance
matrix and inductance matrix of the transformer can be
obtained using rules of consistency, leakage and propor-
tionality.

2) Inter-winding fault: As depicted in Fig. 9(a), the windings
involved in the inter-winding fault can be modelled as
two separate windings i.e., p, q, r and s. With reference
to Fig. 9, n; represents the total number of turns in i

winding, where, ‘i’ can be any individual winding (A, p, q,

a, 1, 8, Candc). As shown in Fig. 9(a), during the pre-fault

condition, all four windings i.e., p, q, r and s having turns

ratio np, ng, n, and ng, respectively, will work as a single
winding ‘B’ and ‘b’. During an inter-winding fault, four

windings (p, g, r and s) will be involved as if ‘B’ and ‘b’

windings are shorted together. Here, n;, and n, represent

the number of turns at which the fault occurs. Similarly, ng
and ny indicate the remaining turns. Due to the splitting of
winding ‘B’ and ‘b’ into two sub-windings (p, q, r and

s), the newly added elements of resistance matrix and

inductance matrix of the transformer can be obtained using

rules of consistency, leakage and proportionality.

C. Simulation of Test Cases

A large number of test cases, as depicted in Table I, have been
generated on the developed simulation model of the transformer.
Test cases for internal faults such as LG, LL, LLG, LLL, LLLG
and inter-winding have been generated by varying fault location
(FL) (5%, 25%, 50%, 75%, and 85% of the winding from the
terminal) and fault inception angle (FIA) (0°, 30°, 60°, 90°, and
120° from the current zero of phase ‘a’) on both sides of the
transformer. In the said cases, the system impedances (SIs), from
the generating station to the power transformer, have also been
varied (8 £85° €, 10 £85° 2, and 12 «£85° ). Moreover, test
cases for turn-to-turn fault have been produced by simulating
0.3%, 0.5%, 1%, 3%, and 5% shorted turns on both sides of the
windings of the transformer considering said variations.

Similarly, test cases for abnormal conditions like different
magnetizing inrush and over-excitation conditions, as depicted
in Table I, are also generated. Here, magnetizing inrush condi-
tion has been simulated by varying residual flux (0%, £20%,
+50%, and +80%), load (0%, 25%, 50%, 75%, and 100%),
switching angle (SA) (0°, 30°, 60°, 90°, and 120° from the
current zero of phase ‘a’) and above mentioned SI. Similarly, test
cases for sympathetic inrush have been produced by considering
aforementioned variation in SIs, SAs, and loads. Additionally,
test cases for recovery inrush have been generated by varying
external faults (LL, LLG, LLL and LLLG) and aforementioned
SIs and FIAs. Likewise, the test cases for the over-excitation
condition have been created by changing voltage level (110% to
120% of rated voltage in five equal steps) and frequency (48 to
50 Hz in five equal steps). It is to be noted from Table I that a
total of 3495 simulation cases were generated out of which 2325
cases are for internal faults and 1170 cases are for non-internal
faults.

D. Threshold Selection Based on Mathematical Calculation

The value of threshold, which plays a key role in the discrimi-
nation of internal fault from other non-internal faults, is derived
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TABLE I
FDR VALUES OBTAINED USING ANALYTICAL STUDY
Value of
Sr. Operating Parameters and their variation FDR (%)
.. Cases
No. | condition range Min| Max
FIA: 0° to 120° in steps of 15°,
1 gﬁinﬁl X: 0.1 to 0.3 in steps of 0.03, 93;55 721(61.19
Xu/Rin: 10 to 30 in steps of 5.
N SA: 0° to 120 -1nstepsof30,5><4x5
) Magnetizing  |fs: 0° to 90° in steps of 30°, x5 o 137
inrush X: 0.1 to 0.3 in steps of 0.05, _ 5 ’
Xin/Rin: 10 to 30 in steps of 5.
V: 1.1 and 1.2 pu, B5: 30°, 40° %3 %2
3 Over- and 50°, f: 49 and 50 Hz, X: 0.1 %x5%x5 | 0 008
excitation to 0.3 in steps of 0.05, Xu/Ru:| 30 ’
10 to 30 in steps of 5.
Total cases generated| 1025

by mathematical calculations. As per the analysis described in
[32], [33], pre-fault, post-fault and magnetizing inrush current
is given by (9), (10), and (11), respectively.

i(t) = 0.949 x sin (wt + & — 0.289) 9)
i(t) = 4.994

sin (wt 4+ 6 — =)

—0.9548 x exp(—18.85t) x sin (§ — 7 — 0.189)
sin (wt + 6 — 1)
—exp{— (wt + 05) Ry /X }sin(0;s + 1)

(10)
1 —t
l(t) = E exp (7‘)
(11

where, § represents FIA in case of internal fault and SA during
magnetizing inrush, v = tan~!'(X /R 7) in which X and R 1 are
the transformer winding reactance and resistance, respectively.
Further, Z is the impedance of the transformer after saturation, 7
is the time constant for decay of residual flux, 6 s is the saturation
angle of the transformer, v; = tan~'(X/R7) in which X is the
total reactance consisting of Thevenin’s source reactance plus
reactance of the transformer after saturation.

Similarly, as described in [34], the over-excitation condition
can be represented by (12):

i(t) = V7m x (cos(wt) — cos(fy)) ;0 < wt < O, 2m — 0

<wt <27

=00, <wt<nm—04m+0; <wt <21 — 04

<

m

= X (cos(wt) + cos(bs));m —0s <wt < 7+ 0
(12)

where, V,,, is the maximum value of phase voltage.

In order to find an appropriate value of the threshold, vari-
ables given in (9)—-(12) have been varied in a wide range (as
shown in Table I) to produce current waveforms during internal
fault (pre/post-fault), magnetizing inrush and over-excitation
condition. As depicted in Table II, a total of 1025 cases of
current waveforms and their FDRs have been generated. After
performing analysis for internal faults, magnetizing inrush and
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TABLE III
FDR VALUES OBTAINED THROUGH SIMULATION STUDY
Operating Value of FDR (%) Operating | Value of FDR (%)
Condition Min Max Condition Min Max
Internal fault conditions Non-internal faults
Winding 56 80.19 Magnetlzmg 0 248
faults inrush
Inter-winding 28,40 6568 Syrppathetlc 0 209
faults inrush
Recovery
Turn-to-turn inrush 0 0.08
4.64 69.87
faults Over-
o 0 0.12
excitation

over-excitation conditions, the maximum (Max) and the min-
imum (Min) values of FDR are depicted in Table II. It is to
be noted from Table II that the Max and Min values of FDR for
internal fault are 61.19% and 7.21%, respectively. Alternatively,
the Min and the Max values of FDR for magnetizing inrush and
over-excitation condition are found to be 0% and 1.37% and 0%
and 0.08%, respectively.

E. Threshold Validation Based on Simulation Results

In order to validate the threshold value of FDR analytically,
various simulation cases, as mentioned in Table I, have been
evaluated. After acquiring samples of CT secondary currents
from both sides of the transformer for each of the simulation
cases, the value of FDR is derived as per (8). The obtained Min
and Max values of FDR during various internal faults and non-
internal faults are depicted in Table III.

It is observed from Table III that the Min value of FDR
is 4.64% during turn-to-turn fault whereas its Max value is
2.48% in case of non-internal fault cases (all types of inrush
and over-excitation). Though the threshold value from analytical
derivation does not match with the simulation study, the only
purpose of the said verification is to determine the maximum
generalized value of threshold (so that nuisance trip can be
avoided). Here, the threshold value is decided by incorporating
safety margin in the base value of threshold (maximum of
either analytical or simulation study). In the proposed scheme,
the maximum value of FDR comes out to be 2.48% from the
simulation study. Hence, considering approximately 150% of
the safety margin, 4% value of threshold has been decided. This
value is generalized in nature and can be applicable even in case
of different ratings, winding topology, core geometry, winding
resistance, leakage inductance and saturation inductance of the
power transformer.

IV. PERFORMANCE EVALUATION

Responses for the selected cases in terms of FDR are discussed
in this section.

A. Winding Faults

Waveforms of the differential currents and FDR for all phases,
during a LG fault at 95% of winding from the terminal with
0°FIA on the HV side, are shown in Fig. 10(a) and (b), respec-
tively. Itis noted from Fig. 10(b) that the value of FDR for phases
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Fig. 10.  Differential currents (a), (c) and (e) and FDRs (b), (d) and (f) during
LG fault, LL fault, and LLG fault.
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Fig. 11.  Inter-winding fault (a) differential currents (b) FDRs.

‘a’ and ‘b’ increases from 0% to around 8% within a cycle after
the inception of fault at 0.2 s. Likewise, Fig. 10(c) and (d) show
similar waveforms during a LL fault between phases ‘a’ and ‘b’
at 80% of winding from the terminal with 0°FIA on HV side
of the power transformer. It is observed from Fig. 10(d) that
the value of FDR increases from 0% to 20%, 40% and 20%
for phases ‘a’, ‘b’, and ‘c’, respectively. Likewise, refering to
Fig. 10(f), during a LLG fault for phases ‘6’ and ‘¢’ at 95%
winding from terminal on the HV side at 120°FIA, the FDR
reaches to maximum of 2.5%, 9%, and 10% for phases‘a’, ‘b’,
and ‘c’, respectively. It is observed from the aforementioned
three fault cases that the proposed algorithm detects an internal
fault condition when the value of FDR crosses the threshold for
any of the three phases.

B. Inter-Winding and Turn-to-Turn Faults

The waveforms of differential currents and FDRs for inter-
winding fault at 50% of winding with SI = 12 « 85° 2 and
fault impedance = 0.1 2 on phase ‘b’ are depicted in Fig. 11(a)
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Fig. 12.  Turn-to-turn fault (a) differential current, (b) superimposed differen-
tial current, (c) quartiles, (d) IQR, (e) RSPD and (f) FDR.

and (b), respectively. As observed from Fig. 11(b), the value of
FDR exceeds the threshold and hence, the proposed scheme
initiates a trip signal. Subsequently, Fig. 12(a) to (c) show
the waveforms of differential current, superimposed differential
current and quartiles for a turn-to-turn fault with 0.3% shorted
turns at 0° FIA on phase ‘a’ of HV winding of the transformer.
Furthermore, the values of IQR, RSPD and FDR are depicted
in Fig. 12(d), (e) and (f), respectively. It is to be noted from
Fig. 12(d)—(f) that the values of IQR, RSPD and FDR are quite
comparable to that of the low level of internal fault case (refer
Fig. 4(d)—(f)). In this case, as observed from Fig. 12(f), the
proposed scheme is able to detect low level turn-to-turn fault up
to 0.3% shorted turns involving fault impedance of the order of
0.01 Q2 as the value of FDR exceeds the threshold. This is because
of the low value of IQR, which comes in the denominator in the
equation of FDR even though the value of RSPD (which comes
in the numerator) remains almost equal during both cases i.e.,
low-level turn-to-turn fault and internal fault cases. It is to be
noted that the proposed scheme may fail to detect the turn-to-turn
fault occurring below 1% shorted turns with a high value of fault
impedance. However, the probability of occurrence of low level
turn-to-turn faults with a high value of impedance is very rare
[35], [36].

C. Magnetizing Inrush and Over-Excitation

The waveform of differential currents and FDRs during trans-
former energization at no load with 0° SA are shown in Fig. 13(a)
and (b), respectively. It is observed from Fig. 13(b) that the
values of FDR stay well below the threshold. Furthermore, a
recovery inrush occurs when an external fault is eliminated
and the voltage has regained the normal value. This situation
is created by performing an external LLG fault at 0°FIA and
the waveforms of differential currents and FDRs are shown
in Fig. 13(c) and (d), respectively. As observed in Fig. 13(d),
the maximum value of FDR remains well below the threshold.
Moreover, Fig. 13(e) and (f) show the waveforms of differential
currents and FDRs, respectively, during sympathetic inrush at no
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(h) during magnetizing inrush, recovery inrush, sympathetic inrush and over-
excitation.

load with 0° SA. It can be seen from Fig. 13(f) that the maximum
value of FDR remains near 0.15%, which is much lower than the
threshold. Therefore, the proposed algorithm remains stable for
all types of magnetizing inrush conditions and does not initiate
the nuisance trip. In case of the over-excitation condition, the
biased differential relay may mal-operate and detect the situation
as an internal fault. To show the effectiveness of the proposed
technique against the over-excitation condition, a test case for the
rise in terminal voltage to 120% of rated voltage and reduction
in fundamental frequency to 48 Hz has been simulated. The
obtained waveforms of differential currents and FDRs are shown
in Fig. 13(g) and (h), respectively. It is observed from Fig. 13(h)
that the values FDR for all phases remain significantly lower
than the threshold.

D. Effect of CT Saturation During Internal and External
Faults

It is widely acknowledged that the imprecise current magni-
tude due to CT saturation during external fault may lead to mal-
operation of the conventional differential relay. The robustness
of the proposed scheme during severe CT saturation condition
has been evaluated during external as well as an internal fault.
For an external fault, an external LL fault (phases ‘b’ and ‘c’)
on the adjacent transmission line at 10 km with 0°FIA with
high CT burden resistance has been simulated. Figs. 14(a) and
(b) show the waveforms of CT secondary currents and FDRs,
respectively, in the said situation. As observed in Fig. 14(b),
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Fig. 14.  (a)and (c) CT secondary currents (b) and (d) FDRs during an external
and an internal fault with CT saturation, respectively.

the maximum value of FDR stays well below the threshold,
which in turn blocks the operation of the relay. Conversely, an
internal LG fault on phase ‘a’ at 85% of winding location from
its terminal on the HV side with O°FIA with severe CT saturation
has been simulated. The waveforms of CT secondary currents
and FDRs are depicted in Fig. 14(c) and (d), respectively. It
is observed from Fig. 14(d) that the value of FDR exceeds the
threshold and hence, confirms an internal fault situation.

E. Performance Evaluation on Data Collected From Field

Investigation of the relay on the data recorded from the
real sub-station, which signifies effectively in-zone fault and
inrush situation experienced by the power transformer, plays a
vital role in ensuring a correct equilibrium among security and
dependability. The GETCO, Gujarat, India has recorded real data
of currents during the energization of a faulted S MVA, 33/11 kV,
50 Hz Yd11 transformer. It has also recorded data of currents
in case of a magnetizing inrush situation during energization of
a 1500 MVA, 765/400 kV, 50 Hz, Dy11 transformer. For both
the aforementioned cases, the signature is captured by the fault
recorder of the relay at a sampling frequency of 1 kHz with
a fundamental frequency of 50 Hz. These waveforms, further
extracted from the COMTRADE file of the relay, are utilized
for verifying the performance of the proposed scheme.

The non-linearity and momentary events are included now
in real time fault data and hence, the suggested technique is
assessed in the real-world situations [37]. The response of the
proposed technique has been evaluated for two sample cases.
Waveforms of differential current and FDR for all phases while
energizing a faulted transformer during an internal fault on
phase ‘b’ are shown in Fig. 15(a) and (b), respectively. It is
observed from Fig. 15(b) that the computed values of FDR
surpass the threshold and hence, the trip command is issued by
the relay. Moreover, the waveforms of differential current and
FDR during magnetizing inrush conditions at no-load are shown
in Fig. 15(c) and (d), respectively. It is noted from Fig. 15(d)
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Fig. 16. (a) CT secondary currents containing noise (20 dB) (b) FDRs.

that the maximum value of FDR for all phases remains well
below the threshold. The above discussion clearly indicates that
the proposed technique is capable to differentiate between an
internal fault and the magnetizing inrush condition.

F. Effect of Noise

All digital/numerical relays consist of a signal conditioning
block, which contains isolation transformer, surge protection
circuit and Anti-Aliasing Filter (AAF) [34]. However, the per-
formance of the proposed scheme has been evaluated during a
L-G fault at 95% of phase ‘a’ on HV winding of the transformer
along with the presence of noise. The instantaneous values of
CT secondary currents of all three phases (I,,,, I, and I;,.) on
HV winding of the transformer with SNR = 20 dB are shown in
Fig. 16(a). Itis mentioned in the literature that the typical value of
SNR is larger than 27 dB for power system signal analysis [38].

Fig. 17.  (a) and (c) Differential and superimposed currents (b) and (d) FDR
during an internal fault and magnetizing inrush condition, respectively.

Hence, to evaluate the performance of the suggested scheme
in a worse situation, the value of SNR is chosen as 20 dB. As
observed from the response of the proposed scheme, Fig. 16(b),
the value of FDR stays almost zero before the inception of
fault. However, after the occurrence of a fault, the value of
FDR exceeds the pre-defined threshold. Hence, the proposed
algorithm detects the situation as a fault even when the noise is
present in the acquired signal.

G. Response During Different Rating and Winding Connection

In this regard, a simulation on 160 MVA, 132 kV/ 220 kV,
Yd11, 50 Hz transformer, located at Kasor substation, Gujarat,
is carried out. The outcome of the proposed scheme in terms
of differential current, superimposed differential current and
the value of FDR during an internal LG fault and magnetizing
inrush condition is shown in Fig. 17(a) and (b) and Fig. 17(c)
and (d), respectively. As observed in Fig. 17(b), the value of
FDR exceeds the threshold during an internal fault whereas
it remains well below the threshold in case of magnetizing
inrush condition (refer Fig. 17(d)). Hence, the suggested method
equally works on different rating and winding connections of the
power transformer and provides satisfactory results.

V. COMPARATIVE ASSESSMENT OF THE PROPOSED SCHEME

Comparative assessment of the proposed technique with sev-
eral existing techniques based on conventional biased differen-
tial protection scheme [39], non-saturation (NSZ) [21], correla-
tion coefficient (CC) [40], second central moment (SCM) [41],
Wavelet transform (WT) [12], magnetizing hysteresis (MH)
[42], Chirplet transform (ChT) [43] and generalized delayed
signal cancelation (GDSC) [18] is described in Table IV. It is
observed from Table IV that all the aforementioned methods
may fail to sense inter-winding faults whereas the proposed
technique detects them efficiently. Furthermore, most of the
said techniques may initiate a nuisance trip in case of the
over-excitation condition and they require a greater number of
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TABLE IV
COMPARATIVE ASSESSMENT OF THE PROPOSED SCHEME
Operating Conditi Conventional NSz CcC SCM WT MH ChT GDSC Proposed
perating L-ondition [39] [21] [40] [41] [12] [42] [43] [18] Method
Winding | Asymmetrical v N N v N Vi J 7 N
faults Symmetrical v vV X X v X v X v
Inter-winding faults X X X X X X X X N
Turn-to-turn faults X N N N N v v X v
Magnetizing inrush v v v v vV v v M v
Over-excitation N X X X X N X X N
CT saturation during heavy
through fault v v v v v v v v v
Energization of faulted
transformer x v X v v v v X v
Average operating time in 20 20 2.5 <20 <1 20 15 5-20 15-20
case of internal faults (ms) )
Sampling Frequency (kHz) 4 7.8 10 30.72 15.36 20 1.6 15.36 4
v and X indicates operating condition considered and not considered, respectively.

samples per cycle. In addition, unlike several existing methods,
as depicted in Table IV, the proposed method is also capable of
detecting symmetrical winding faults such as LLL and LLLG.

Moreover, the average relay operation time of the proposed
technique is almost comparable with other methods. Though
the method based on GDSC and Wavelet claimed very low
response time, they require high sampling frequency. Further,
the technique based on GDSC may wrongly classify the event
because of the introduction of error in the estimation of phase
sequence component particularly during major grid disturbances
[44], whereas the Wavelet-based method is susceptible to noise.

The sampling frequency of the proposed method is lower
than the other methods, which yields low power consumption,
reduced cost, smooth data capturing for Analog-to-Digital Con-
verter (ADC) and easier interface with Field Programmable Gate
Array (FPGA). Subsequently, though ChT based method has
low sampling rate, it requires high computation time due to the
complexity involved in the algorithm.

VI. CONCLUSION

A new FDR based method, derived from quartiles of su-
perimposed differential currents, for the protection of power
transformer is presented. It is demonstrated that the derived FDR
is capable of distinguishing all types of internal faults from mag-
netizing inrush and over-excitation conditions with the exception
of turn-to-turn fault in the presence of the inrush current. The
suggested technique detects winding and inter-winding faults
including turn-to-turn faults within one power frequency cycle.
It is not vulnerable to the influence of CT saturation in the case
of external as well as internal fault conditions. It remains secure
for all types of magnetizing inrush and over-excitation situations
including noise present in the acquired signals. At the same
time, it is equally applicable on different rating and winding
connection of power transformer. Moreover, verification of its
performance on actual field data (containing energization of
faulted transformer and magnetizing inrush condition) reveals
its correctness in detecting internal faults and immunity against
nuisance trip during non-internal faults. Finally, comparative
assessment of the proposed technique in terms of coverage of

different types of internal fault, stability during external distur-
bances, average relay operation time and sampling frequency
requirement demonstrates its benefits in comparison with other
existing methods.

APPENDIX
Source Z, 0.8715+j9.9615 Q
Impedance Zo 1.743 +j19.923 Q
Rating 3-phase, 315 MVA,
400 kV/220 kV, 50 Hz
Power -
Connection YAl

Transformer Reactance (per phase) 12.5%

Magnetizing Current 0.1%

Current Ratio 1/433

Leakage Inductance 0.8 mH

Transformer Burden Resistance 0.5Q
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