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Abstract. This paper investigates the application of phase
comparison between primary and secondary currents for
detecting internal short circuits in power transformers. The
directional index, derived from a digital phase comparator, is
used as an indicator of the phase shift between these currents. A
methodology for internal fault detection is proposed, based on
two sequential conditions: an identification phase triggered by an
overcurrent condition and a directional index assessment for the
fault decision phase. The methodology is tested using
MATLAB/Simulink generated signals, where inter-turn faults
affecting different percentages of transformer windings are
simulated. The proposed approach is compared with conventional
differential protection in terms of sensitivity and operating speed.
The paper presents the algorithm and the results of the conducted
tests.
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1. Introduction

Effective protection of power transformers (PT) is crucial
for the stable and secure operation of the power
system [1]. Power transformer protection schemes vary
based on application, importance, and cost-effectiveness.
To minimize damage from thermal and electromechanical
stress, disconnection from the network should occur at the
earliest possible moment after a fault [2]. Differential
protection is the most common type of protection for PTs
above 10 MVA, serving as the primary protection against
internal faults [1]. This protection protects PT from inter-
turn short circuits, phase-to-phase short circuits, and phase
to ground short circuits if the transformer star point is
directly grounded [1,3]. If the PT star point is grounded
through active resistance or low-impedance, ground fault
protection is used as a sensitive protection against single-
phase to ground short circuits [1].

Differential protection calculates the differential and
restraint currents and, based on their values, takes
appropriate  action. While differential  protection
demonstrates high reliability in detecting severe internal
faults, its sensitivity may be limited in cases where the
percentage of short-circuited windings is small or when
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fault currents are low, such as ground faults close to the
transformer neutral point (turn-to-ground faults) [4].
Between 70% and 80% of transformer failures are
attributed to internal winding insulation failure [5].
Gradual insulation degradation, partial discharges, and
exposure to thermal stress, moisture or bubbles often
trigger these faults, which typically begin with a small
percentage of winding turns and worsen over time [6].
This way, inter-turn faults can escalate into severe
ground faults involving the transformer core or cause
extensive arcing within the tank, resulting in significant
damage. Early detection and prompt disconnection from
the grid can prevent fault progression, enabling cost-
effective repairs and minimal downtime [7]. However,
conventional differential relays, commonly used for PT
protection, struggle to detect incipient inter-turn faults,
requiring at least 10% of the winding to be involved for
reliable detection [1]. Consequently, identifying early-
stage inter-turn faults remains a significant challenge in
transformer protection [6,8].

In recent years, several methods and new approaches
have been applied to improve differential protection,
including the time domain differential protection
scheme [9], using the Teager Energy Operator and a
fluctuation identifier index [10], the application of the
discrete energy separation algorithm [11], support vector
machine and wavelet transform [12], and the integral
principle, where the required criteria signals are
calculated directly from the operational and restraining
currents [13].

The objective of this paper is to examine the possibility
of applying phase comparison of primary and secondary
currents for protection against internal short circuits. In
this paper, the digital phase comparator presented in [14]
will be used. The application of the directional index,
which represents a normalized value of the digital phase
comparator, has been proposed in [15]. This index has
been successfully applied for PT ground fault protection,
as well as in an algorithm for detecting external short
circuits [16], where it serves as an additional criterion for
differential protection by blocking it during external
faults accompanied by current transformer saturation.



Since the directional index has demonstrated good
characteristics in terms of speed and convergence, this
paper investigates its applicability for detecting internal
short circuits. A new methodology based on the directional
index is proposed, with an emphasis on its potential for
internal fault detection. The study also examines the
variation of the directional index depending on the
percentage of short-circuited transformer winding turns, as
well as on the position of the power transformer within the
network. The proposed methodology is compared with
conventional differential protection. The results show that,
in all analyzed cases, the algorithm based on the proposed
methodology successfully identified internal faults and
activated the trip signal faster than the conventional
differential protection.

2. Theoretical Framework

A. The digital phase comparator
The digital phase comparator applied in this paper operates
by calculating the integral of the product of current signals
over an interval corresponding to half of the fundamental
period [14-16]. Its normalized value is obtained by
dividing this integral by the RMS indicators of the current
signals, which are also calculated over the half of the
fundamental period. This normalization provides
directional index that serves as an indicator of the phase
shift between the two current signals. Consequently,
digital phase comparison of i; and i, is performed using
expression (1).
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where: m is the number of samples in the fundamental
period of the signal, i;(n) is the n-th sample of the current
i1, ix(n) is the n-th sample of the current i, Ixms; and Irmsz
are RMS indicator values of the currents i, and iy,
calculated using the following expression:
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When currents #; and i, are periodic, the directional index
represents the cosine of the phase shift angle between
them. If currents i; and i, are in phase, the directional
index equals 1, whereas for currents in counter phase, with
a phase shift of 180°, the directional index is -1.

Directional index =

2

Tpys =

B. Directional Index in Power Transformer Protection

A three-phase transformer with arbitrary winding
connections and hourly index, for which phase
compensation has been applied for the phase angle shift
between the primary and secondary currents, is analyzed.
During normal operating conditions and faults outside the
protected zone of the PT, the phase shift (¢) between the
primary and secondary currents is approximately 0°
(Fig. 1), while during short circuits on the PT winding, the
phase shift (¢) is greater than 0°. Depending on the PT's
position in the system, the analysis of phase shift variation
(¢) during short circuits on the PT winding considers two
distinct cases. When the PT is positioned between two
active networks, the phase shift (¢) varies within the range
of 0° to 180°, whereas during short circuits on the PT
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winding located between an active network and a load,
the phase shift (¢) remains within the range of 0° to 90°.
Accordingly, the directional index is equal to 1 under
normal operating conditions and for faults outside the
protected zone, whereas during internal faults, it takes
values within the range of: —1 < Directional index <1.
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Fig. 1. Current directions during (a) normal operating

conditions, (b) external short circuit, and (c) internal short
circuit.

It should be noted that for a 100% short circuit of the PT
winding positioned between an active and a passive
network, the current on the passive network side is equal
to zero. However, during the initial stage of such a fault,
the directional index value and RMS indicators
(calculated over half a period) do not immediately drop
to zero and persist for a period of time long enough for
the protection algorithm to make a proper decision.

3. Methodology

A.  The simulation model

The signals used to test the proposed methodology were
generated  through ~ computer  simulations  in
MATLAB/Simulink. The simulation model corresponds
to the scheme in Fig. 2. The element parameters applied
in the simulation model are as follows. Network 220 kV:
three-phase short-circuit level at the base voltage
S.c;=2000 MVA, ratio X/R = 14; Network 132 kV:
S52=2000 MVA, X/R = 7; Three-phase two winding PT:
220 kV/132kV, 225 MVA, having YGyg0 connected
windings, 7= 0.0032 pu, x; = 0.15 pu. The PT model has
been developed to include internal faults and is based on
the representation of a magnetic core coupled to two sets
of three-phase coils. This model provides the option to
specify the percentage of short-circuited turns in phase C
on the secondary winding of the PT. The signals obtained
from simulations are used to analyze the variation of the
directional index for different percentages of inter-turn
faults.

Zst Zs:

Network
132 kV

Network Power transformer

220 kV

Fig. 2. The simulation model scheme.

B.  Decaying DC component filter

To eliminate the DC component from input signals, the
filter forms an auxiliary signal by subtracting the
previous signal sample from the current one (3) [17].



s, (k) = s(k)=s(k=1), A3)

where: s(k) represents the k-th sample of the filtered
signal; s(k) denotes the k-th sample of the input signal at
time #; s(k-1) refers to the (k-1)-th sample taken at time
(¢-T}); and Ty is the sampling interval, defined as 7, = T/m.
This DC filter effectively reduces the level of the decaying
DC component in the input signals while introducing only
a one-sample delay. It also produces a positive phase shift
in the auxiliary signal, which increases with the sampling
rate m. Since all input signals are processed through the
same filter, this phase shift between the input and auxiliary
signals does not affect the operation of the phase
comparison.
The amplitude of the fundamental harmonic in the
auxiliary signal s, is also influenced by the number of
samples m. Equation (4) defines the relationship between
the fundamental harmonic amplitudes of the original signal
s and the filtered signal s,
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C. The algorithm
The algorithm is performed through the following steps.
Step 1: The initial step consists of performing magnitude
and phase matching. In the case of a three-phase two-
winding PT with an arbitrary winding connection, the
currents on the primary and secondary sides of the PT
must undergo magnitude and phase matching. The
algorithm steps described below refer to one pair of the
currents from the PT primary and secondary sides for
which magnitude and phase matching has been performed.
Step 2: A decaying DC component filter is applied to
compensate for the presence of a decaying DC component
in the primary and secondary current signals.
Step 3: Calculation of the primary and secondary RMS
indicators (/; and ;) and the directional index.
Step 4: The first condition requires that either the primary
or secondary RMS indicator exceeds a predefined
value (/). By introducing an overcurrent condition, the
identification phase is initiated.
1 >1,vI,>I, 5)

If this condition is met, the next step is executed;
otherwise, the algorithm returns to the beginning.
Step 5: The next condition represents the fault
discrimination phase and verifies whether the directional
index falls below the predefined threshold (6). If this
condition is satisfied, it confirms the presence of a
significant phase shift between the primary and secondary
currents, indicating that the fault is within the protected
zone.

Directional index < Directional index,, (6)
Step 6: This step represents the tripping decision. The
tripping signal will be activated if conditions (5) and (6)
are met.
The elimination of unnecessary operation during the
energization of an unloaded PT and PT overexcitation is
achieved by restraint due to the presence of higher
harmonics, as in conventional differential protection.

D. Testing the algorithm
The paper compares the performance of the algorithm
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based on the proposed methodology and the conventional
differential protection algorithm in terms of sensitivity
and operating speed.

Settings for the percentage differential protection with
dual slope tripping characteristic: horizontal segment of
the characteristic for 7,,;,=0.3 p.u; restraint current at
first break point /,,=1 p.u., and slope m;=0.2; restraint
current at second break point /,,=5 p.u, and slope m,=0.5.
The differential and restraint currents are obtained based
on the following equations:

I =|1, -1, (7)
1, =051, +1,|. (8)

Settings for the algorithm based on the proposed
methodology are: [y=1.151,,,, where I, is nominal
transformer current, and Directional index4=0.95.

The selection of the directional index threshold is based
on the minimum pickup current, set to /;,,;, = 0.3 p.u,
under the assumption that the primary current (/;) equals
1 p.u. The maximum phase shift between the primary and
secondary (/) currents is calculated to be ¢ = 17.458°,
occurring at a secondary current of 0.95 p.u. Based on
this, the maximum threshold value of the directional
index is:

Directional index,, .. =cos(¢)=0.954, )

and the setting Directional index;=0.95 is selected to
ensure a safety margin below the calculated maximum.

4. Simulation results

In the simulations conducted in this paper, the number of
samples per cycle is 40, with the fault inception time
corresponding to the 80th sample.

A. PT positioned between two active networks

The simulation results for the PT positioned between two
active networks are presented below. Fig. 3 and Fig. 4
show the results for the 10% inter-turn fault case, while
Fig. 5 and Fig. 6 correspond to the 50% inter-turn fault
case. As can be seen in the figures, in both presented
cases, the proposed algorithm effectively detected the
presence of an internal fault and activated the trip signal
before the percentage differential protection algorithm.

i]. iz [p.u]

100 120 140 160 180 200 220 240

0 20 40 60 80

I I L L 1 I L I I !
0 20 40 60 80 100 120 140 160 180 200 220 240

% Lr Directional index | |
2
=05 1
[a)]
0 20 40 60 80 100 120 140 160 180 200 220 240
samples
Fig. 3. 10% Inter-turn fault case: current waveforms, RMS

indicators, and directional index.

The values of the directional index corresponding to
different percentages of short-circuited turns in the



transformer winding are shown in Table 1. The table
presents the results for 10%, 20%, 30%, 50%, and 90% of
short-circuited turns. The index value is read 21 samples
after fault inception, accounting for the fact that the
directional index is calculated over a signal half-period (20
samples), and with one additional sample delay introduced
by the DC filter.
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Fig. 4. 10% Inter-turn fault case: trip decisions using the new
method and percentage differential protection algorithms.
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Fig. 5. 50% Inter-turn fault case: current waveforms, RMS
indicators, and directional index.

trip

0 20 40 60 80 100 120 140 160 180 200 220 240

T T T T T T T T T T

Perc. differential algorithm [—

L L

100 120 140 160 180 200 220 240
samples

Fig. 6. 50% Inter-turn fault case: trip decisions using the new
method and percentage differential protection algorithms.
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Table I. - DI index - PT positioned between two active networks

Percentage of 1y 00, | 2000 | 30% | 50% | 90%
inter-turn fault
Directional index | 0.708 | 0.23 | -0.147 | -0.641 | -0.882

The activation times of the trip signal for both the
proposed algorithm and the percentage differential
algorithm are presented in Table II, expressed in number
of samples measured from the moment of fault inception.
It can be observed that, in all analyzed cases, the proposed
algorithm identified the fault faster than the percentage
differential protection algorithm.
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The results show that the directional index exceeded the
set threshold 3 samples after fault inception in the case of
a 10% inter-turn fault, whereas for all other analyzed
cases, the threshold was crossed 2 samples after the
short-circuit occurred. In the same 10% inter-turn fault
scenario, the RMS indicator reached its predefined
threshold 4 samples after fault inception, while in all
other observed cases, the threshold was exceeded after 2
samples.

Table II. - Activation of trip signals for PT positioned between
two active networks
Percentage of inter-turn fault | 10% | 20% | 30% | 50% | 90%
The new algorithm [samples] | 4 2 2 2 2
Perc. diff. algorithm [samples]| 13 8 7 5 4
Activation time difference 9 6 5 3 2
[samples]

B.  PT positioned between the active and passive
networks

To evaluate the algorithm’s performance when the PT is
positioned between the active and passive networks, the
132 kV side in the simulation model is represented by a
passive load. Fig. 7 and Fig. 8 show the results for the
10% inter-turn fault case, while Fig. 9 and Fig. 10
correspond to the 50% inter-turn fault case, for the
scenario in which the PT is positioned between the active
and passive networks. In both cases, the proposed
algorithm detected the internal fault and initiated the trip
signal before the percentage differential protection
algorithm.

o F T T T T T T T T T T T ]

e — 1

= 1

o

- 0 1 1 L L 1 1 L L 1 1 L

0 20 40 60 80 100 120 140 160 180 200 220 240

T T T T T T

5 1 Directional index | |

=]

<

Z05F |

a

S

100 120 140 160 180 200 220 240
samples

Fig. 7. 10% Interturn fault case for PT positioned between the
active and passive networks

0 20 40 60 80

Table III presents the directional index values for various
percentages of short-circuited turns in the transformer
winding, in the case where the PT is positioned between
the active and passive networks. The values are read 21
samples after fault inception (as explained in the
description of Table I). Table IV shows the trip signal
activation times, given in samples from fault inception,
for the case in which the PT is located between the active
and passive networks. The results demonstrate that, in all
considered fault cases, the proposed algorithm activates
the trip signal before the percentage differential
protection algorithm.



0 20 40 60 80 100 120 140 160 180 200 220 240

T T T T T T T T T T T

Perc. differential algorithm r—

0 20 40 60 80 100 120 140 160 180 200 220 240
samples

Fig. 8. 10% Interturn fault case: trip decisions for PT positioned
between the active and passive networks

i, [p.u.]
Shbowas
. T

Il’ l2 [p-u]
L8]

T ]
Directional index

DI index

100 120 140 160 180 200 220 240
samples

Fig. 9. 50% Interturn fault case for PT positioned between the
active and passive networks
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Fig. 10. 50% Interturn fault case: trip decisions for PT positioned
between the active and passive networks
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Table III. - DI index - PT positioned between the active and
passive networks

Percentage of 100/ 1500, | 300 | 50% | 90%
inter-turn fault
Directional index | 0.767 [{0.509| 0.354 0.3 0.16

Table IV. - Activation of trip signals for PT positioned between
the active and passive networks
Percentage of inter-turn fault | 10% | 20% | 30% | 50% | 90%
The new algorithm [samples] | 8 5 4 4 2
Perc. diff. algorithm [samples]| 13 10 8 6 6
Activation time difference 5 5 4 2 4
[samples]

Fig. 11 presents the results for an external short circuit.
The figure shows that the directional index remains equal
to 1 p.u. both before and after the short circuit occurs.

The aim of this paper is to analyze the application of the
phase comparison principle in power transformer
protection against internal faults. The effect of current
transformer (CT) saturation during external faults has not
been taken into account. To prevent unnecessary operation
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during external faults, an additional algorithm could be
used to detect faults outside the protection zone and to
generate a blocking signal before CT saturation occurred,
as suggested in [16]. As an extension to the proposed
algorithm, a higher harmonic restraint function is
assumed in order to eliminate unwanted operation during
the energization of an unloaded PT and in cases of PT
overexcitation. As shown in [18], restraint due to the
presence of higher harmonics also eliminates unnecessary
tripping during external faults involving CT saturation.
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Fig. 11. External fault: current waveforms, RMS indicators,

and directional index
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The presented results indicate that the application of
phase comparison enables effective detection of an
internal short circuit. In the identification phase of the
algorithm, an overcurrent function is used to monitor
whether the current in either the primary or secondary
winding exceeds a predefined threshold.

As an additional variation of the phase comparison-based
algorithm, instead of the overcurrent function and
condition (5), Step 4 of the proposed algorithm can be
modified so that the identification phase is based on the
observation of the primary and secondary superimposed
currents (9) and (10). The superimposed current is
calculated by subtracting the current sample from the
corresponding sample one cycle earlier. When any of the
specified conditions, (9) or (10), is met, the algorithm
proceeds to Step 5. To improve protection security, the
transition to the next step can be allowed only after
condition (9) or (10) has been satisfied in three
consecutive evaluations.

li, (k) =i, (k - m)| > Ai,, 9)
liy (k) =i, (k - m)| > Ai, (10)
Table V and Table VI show the activation of trip signals
when the identification phase is based on superimposed
currents, with Ay, = 0.1 p.u. It can be observed that, in
this case as well, by using the modified Step 4 of the
algorithm, the internal fault was effectively detected in
all analyzed cases. Also, it is evident from the activation
time difference that the modified new algorithm detected
the fault before the percentage differential protection.
The application of the phase comparison-based algorithm
has proven to be effective for detecting internal faults in
PTs. Future work will primarly focus on validating the
proposed algorithm using real signals recorded in the
field by protection relays. Furthermore, the algorithm
will be implemented and tested in a Hardware-in-the-



Loop (HIL) environment to evaluate its performance under
more realistic conditions and to ensure its applicability in
practice. In addition, future research will address the
evolving challenges introduced by renewable energy
sources (RES), particularly the changing nature of fault
characteristics and power flow dynamics introduced by
RES. These phenomena may impact the dependability of
traditional protection methods, reinforcing the need to use
and adapt phase comparison-based techniques to preserve
the selectivity and sensitivity of protection.

Table V. - Activation of trip signals with modified Step 4 - PT

between two active networks

Percentage of inter-turn fault

10% | 20% | 30% | 50% | 90%

The new algorithm [samples]| 4 4 4 4 4

Activation time difference

9 4 3 1 0

[samples]

Table VI. - Activation of trip signals with modified Step 4 - PT

between the active and passive networks

Percentage of inter-turn fault

10% [20% | 30% | 50% | 90%

The new algorithm [samples] | 8

5| 4 | 4| 4

Activation time difference

5 5 4 2 2

[samples]

S.

Conclusion

The paper presents a methodology for internal fault

detection

in power transformers, based on phase

comparison between primary and secondary currents using
a directional index. The algorithm includes two main
steps: identification and fault discrimination. The results
confirm that the proposed approach can reliably detect
internal faults. The use of the directional index proved to
be fast, stable, and effective, which makes it a promising
option for further development and possible integration
into protection systems.
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