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A differential transformer protection based-on energy modes
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A B S T R A C T

A novel algorithm for improved differential protection of power transformers is presented in this paper. The algorithm uses as the difference
of energies contained in the greatest singular value of the instantaneous differential and restraint currents through the singular value
decomposition (SVD) as a basis. From the difference of energies, the accumulated numerical integration is calculated to reduce the impact of
the current transformer (CT) saturation. Then, the differentiation sample to sample of the accumulated numerical integration is obtained
with the goal to detect abrupt changes in the difference of energies. If the differentiation has a slope higher than 45◦, the algorithm will
detect an internal fault. Otherwise, the algorithm will identify either a steady-state condition or a transient event such as an inrush current,
an external fault or an overexciting. The algorithm was developed in MATLAB software and tested using signals from an electromagnetic
transient software. The algorithm showed a successful discrimination in all tested events.
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1. Introduction

When a power transformer is energized, the transient phenomenon
well-known as magnetizing inrush current will take place. This
phenomenon has been widely addressed by researchers to avoid the
misoperation of the conventional percentage differential protection
when this event occurs. New methods should have the ability to dis-
criminate between internal faults and transient conditions caused by
external events or by disturbances associated with the measurement
devices such as noise, and errors in current transformers (CTs) [1].
In this sense, the need of developing robust protection methods to
detect internal faults in transformers is essential to maintain reliable
power delivery.

Several methods have been developed to ensure the correct opera-
tion of the differential protection scheme. The harmonic content of
the inrush current signal has been taken as one of the principal indica-
tors to detect when inrush current occurs [2–4]. However, the newest
transformers are manufactured with magnetic steels that reduce the
losses of the transformer core. As a result, the harmonic content of
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the inrush current also has decreased [5]. In [6], the Empirical Fourier
transform based on the discrete Fourier transform is used as the basis
to discriminate transient events from internal faults. However, the
method was not tested on remanent flux conditions.

Superimposed differential currents are presented in [7] to establish
a protection scheme for power transformers. The method is based on
the obtaining of the positive and negative sequences of the differential
currents once the superimposed component of the differential currents
has been extracted. Nevertheless, the principal challenge this method
faces is to detect three-phase faults which have the reduced negative
sequence component. Other approaches based on negative sequence
have been proposed [8]. A method based on the non-saturation zone
of the inrush currents is introduced in [9]. The method uses the sum
of the first quarter of the typical characteristic of the valley or dead
angle zone of the inrush currents to differentiate between a fault and
an inrush current. However, the use of an empirical threshold and
the high computational burden are the disadvantages of the method.
In [10], a method based on the mathematical morphology is presented.
This image processing tool extracts the main waveform features of
the differential currents using the erosion and dilation morphological
operations. Nevertheless, the thresholds were established using
empirical values. In [11], a method based on the ratio of the absolute
sum and absolute difference of the primary and secondary currents
and voltages is presented. However, the identification threshold was
determined on simulation results.
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The wavelet transform is a powerful technique used in different
methods [12–15] to correctly discriminate internal faults from inrush
currents. Frequency bands are used for the methods to extract the
most energy of the differential currents depending on the number
of coefficients selected. Nevertheless, the main drawback of these
methods is the high computational burden. Also, there are some
points must be considered such as the selection of the mother wavelet,
the need to compensate for the negative effects of the noise and
CT saturation, and a pickup threshold to detect the transient event.
Statistical distribution has been utilized in different methods to
discriminate inrush currents from faults. In [16–18], the second central
moment is proposed to characterize the inrush current waveform in a
power transformer based on the similarity to a half-sinusoidal signal.
The discrimination of the event was made using a threshold that sets
the maximum variance that a half-sinusoidal waveform could achieve.
The method does not depend on the transformer or grid parameters.
In this sense, a method based on the fourth central moment, known
as the kurtosis, to characterize the features of the inrush current
is presented in [19]. Nevertheless, the detection threshold must be
recalculated if the power system is modified. Other method based on
statistic analysis was proposed in [20], where the waveforms of non-
fault and fault conditions were characterized to ensure the protection
performance under transient events.

In this paper, an algorithm based on the difference of the energies of
the instantaneous differential and restraint currents using the SVD is
proposed. The proposed algorithm obtains the greatest singular value
of the differential and restraint currents once the signals are filtered
and normalized. The filtering and normalization stages are applied to
generalize the algorithm to any transformer without depending on the
transformer parameters, and to highlight changes in the differential
and restraint currents. To avoid the negative impact of some factors
such as the CT saturation and noise, the numerical integration is
calculated from the differences of energies. Finally, to speed up the
fault detection time, the differentiation of the numerical integration
is determined and compared to the discrimination threshold.

2. Mathematical foundations

Nowadays, the measurement data from any phenomenon is dis-
cretized. This measured information can be organized in an m× n
matrix X where m is the number of observations and n is the number
of the variables as follows:

X =
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
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x11 x12 · · · x1n

x21 x22 · · · x2n

...
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











(1)

From a statistical view, the linear relationship between variables
and observations may bring relevant information when a distur-
bance occurs. This relation can be obtained using an n× n variance-
covariance matrix Σ with zero mean [21], defined as:

Σ=
1
n

X X T (2)

where n is the number of observations. However, the covariance
matrix has a high computational cost [22]. Nevertheless, an alterna-
tive to obtaining an estimate of the data behavior is possible using
the singular value decomposition (SVD) [23]. The estimation of the
variance-covariance matrix can be obtained using only the left singular

value as follows:

Σ̃= 1
n US2U T (3)

where n is the number of samples, S is a diagonal m× n matrix that
contains the singular values (also called modes), and U and V are
the orthogonal right and left eigenvectors, respectively.

If the trace of (3) is compared with the trace of (2) obtained
directly from the data matrix X , they will be equivalent. Therefore,
the sum of the variance of original variables and the sum of the modes
divided into the number of samples from the estimated variance are
equivalents. Therefore, the information provided for the modes repre-
sent the information of the original variable data with an acceptable
computational cost [24]. In this sense, the modes provide the energy
of the original variables [25,26]. Thus, if most of the energy from the
original measurement data are required, the greatest singular value
(GSV) must be selected.

2.1. Application in a transformer differential protection

The information provided by the GSV can be used to extract the
energy of the instantaneous operation Iop and restraint current Irest

defined as:

IopABC = Ip + Is (4)

IrestABC = Ip − Is (5)

where Ip and Is are the CT secondary currents from the high and low
voltage side, respectively. The goal is to obtain the most energy from
the operation and restraint current and to compare their behavior.
The energy mode of the operation currents is defined as:

ΛIopABC = svd
�

IopABC

�

(6)

ΛIopABC =
1
n

UopS2
opU T

op (7)
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λIopABC =
1
n

�

λop1

�2
(9)

and the energy mode of the restraint currents is defined as:

ΛIrestABC = svd (IrestABC) (10)

ΛIrestABC =
1
n

UrestS
2
restU

T
rest (11)

ΛIrestABC =
1
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λIrestABC =
1
n
(λrest1)

2 (13)

where λIopABC and λIrestABC represent the energy modes of the oper-
ation and restraint current through the magnitude of the greatest
singular value obtained from the SVD decomposition.

Initial tests to provide an example of this concept were applied to a
power transformer as shown in Fig. 1. An inrush current and a single-
phase fault inside the differential protection zone were simulated as is
illustrated in Fig. 1(a) and Fig. 1(b), respectively. The magnitudes of
the energy modes of λIopABC and λIrestABC of both events are illustrated
in Fig. 1(c) and Fig. 1(d). The comparison demonstrates the mag-
nitude of the mode λIrestABC was greater than the magnitude of the
mode λIopABC when the inrush current occurred. On the other hand,
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when the internal fault happened, the magnitude of the mode λIopABC

was higher than the magnitude of the mode λIrestABC. Based on these
and all results obtained previously (including the cases discussed
later in this paper), a new differential protection concept based on
the difference of the energy modes of the operation (λIopABC) and
restraint current (λIrestABC) is proposed:

Λ87TDEM = λIopABC −λIrestABC (14)

where Λ87TDEM is defined as the Differential Energy Mode (DEM). In
steady-state Λ87T DEM will be equal, or nearly equal to zero because of
the current balance according to the Kirchoff Current Law. However,
if an inrush current occurs, Λ87TDEM will take negative values as is
shown in Fig. 1(e). On the other hand, if an internal fault happens,
the magnitude of Λ87TDEM will have a positive magnitude as is shown
Fig. 1(f). Therefore, the Λ87TDEM can be used to differentiate transient
conditions such as inrush currents, external faults, and overexciting
from faults inside the differential protection based on the sign of
Λ87TDEM.

3. Proposed Algorithm

The algorithm is formed over three different stages, as the flowchart
shows in Fig. 2. These stages are data acquisition (stage 1), processing
signal (stage 2), and energy mode calculation (stage 3). Every stage
will be explained as follows.

3.1. Data acquisition (stage 1)

The algorithm uses the instantaneous operation and restraint cur-
rents as the input signals to the algorithm. These signals are formed
with the CT secondary currents phase-shifted compensated from the
primary and secondary side of the power transformer, respectively.
The operation IopABC and restraint IrestABC currents are defined as:

IopABC = Ipx + Isx (15)

IrestABC = Ipx − Isx (16)

where Ipx and Isx are the CT secondary currents from the HV and LV,
and x = A, B, C corresponds to each phase.

3.2. Processing signal (stage 2)

3.2.1. Sliding window
Once, the operation and restraint currents are obtained, the al-

gorithm organizes this information using two sliding windows as is
shown:
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where IopA, IopB, IopC, IrestA, IrestB, and IrestC are the operation and
restraint currents for phases A, B, and C, respectively. The sliding

window has a dimension of (m = 64×n = 3), where they correspond
to 64 samples/cycle for each differential and restraint current. This
sampling frequency was selected to match a rate used in many digital
relays. However, the algorithm can be applied using any sampling
frequency. This signal processing routine results in an algorithm that
does not require setting a minimum pickup threshold.

3.2.2. Filtering
The algorithm filters the operation and restraint currents to elim-

inate any redundant information. The filtering is carried out using
a Delta filter [27]. This filter is based on superimposed (incremental)
quantities and uses transient measurements to remove the pre-fault
conditions and the periodicity of the signals, highlighting any change
that may occur in IopABC and IrestABC. The result of the application
of the Delta filter to the operation and restraint currents are the
incremental operation current ∆IopABC, and the incremental restraint
current ∆IrestABC, defined as:

∆IopABC (i) = IopABC (i)− IopABC (i − nT ) (19)

∆IrestABC (i) = IrestABC (i)− IrestABC (i − nT ) (20)

where i represents the present sample, and nT is the number of
periods of the fundamental frequency. For this application, nT = 1.

3.2.3. Normalization
To generalize the application of the algorithm to any transformer

regardless of the rating, saturation curve, connection, and the trans-
former parameters, the incremental operation and incremental re-
straint currents must be normalized. The normalization will scale
the signals between the range [−1,+1]. The normalization subtracts
the mean value of the actual window and divides all the samples (for
window) by the maximum absolute value in each window as:

∆IopABC N (i) =
∆IopABC (i)−mean

�

∆IopABC (i)
�

�

�max(∆IopABC)
�

�

(21)

∆IrestABC N (i) =
∆IrestABC (i)−mean (∆IrestABC (i))
�

�max(∆IopABC)
�

�

(22)

where i is the present sample,
�

�max(∆IopABC)
�

�, and
�

�max(∆IrestABC)
�

�

are the maximum absolute values in each window of the incremen-
tal operation and incremental restraint current, respectively, and
∆IopABC N and ∆IrestABC N are the normalized incremental operation
and normalized incremental restraint currents, respectively.

3.3. Energy mode calculation (stage 3)

3.3.1. Calculation of Λ87TDEM index
The algorithm applies the SVD using (3) to obtain the squared

largest singular value divided into the number of samples of each
window of the normalized incremental operation currents (21) and
the normalized incremental restraint currents (22) as:

λIopABC =
1
n

�

λ1∆IopABC N

�2
(23)

λIrestABC =
1
n

�

λ1∆IrestABC N

�2
(24)

where λIopABC and λIrestABC represent the energy modes of the nor-
malized incremental operation and restraint currents, respectively.
The number of samples selected is n= 64. Then, the Λ87TDEM index
is calculated as:

Λ87TDEM(i) = λIopABC(i)−λIrestABC(i) (25)
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(a) (b)

(c) (d)

(e) (f)

Fig. 1. Behavior of the energy modes of the operation and restraint currents during an inrush and fault current: (a) Inrush current waveform, (b) fault
current waveform, (c) comparison between the operation and restraint energy modes in an inrush current, (d) comparison between the operation and
restraint energy modes in a fault current, (e) magnitude of the Λ87TDEM during an inrush current, and (f) magnitude of the Λ87TDEM during an internal
fault.
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Fig. 2. Flowchart for the proposed algorithm.
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In steady-state, Λ87TDEM will be equal to zero, but in case of an
inrush current, Λ87TDEM will take negative values. On the other hand,
if an internal fault occurs, Λ87TDEM will have positive values higher
than zero. Therefore, the sign of the magnitude of Λ87TDEM can be
used to discriminate between transient conditions where the element
should block (inrush currents, external faults, overexcitation) and
internal faults.

3.3.2. Calculation of S87TDEM index
CT saturation is one of the main factors that may cause the misop-

eration of the differential elements. Therefore, the S87TDEM index was
introduced to reduce the issues caused by the CT saturation. The
S87TDEM index is defined as the numerical integration of the Λ87TDEM

index as is shown:

S87TDEM(i) =
∆t
2

N
∑

i=1

�

Λ87TDEM(i) +Λ87TDEM(i + 1)
�

(26)

where ∆t is the sampling time (at 64 samples per 60 Hz cycle), and
N is the length of the window. In steady-state, the S87TDEM will
take values around zero. If a transient event not associated with
an in internal fault happens, the S87TDEM will achieve negative values
depending on the sign and magnitude of the Λ87TDEM index, but it
will remain on negative values until another event occurs. On the
other hand, if an internal fault has a place, the S87TDEM will assume
positive values.

3.3.3. Calculation of D87TDEM index
To speed up the fault detection time when an internal fault has

been detected, the D87TDEM index is calculated. The D87TDEM index is
defined as the numerical differentiation of the S87TDEM on a sample
to sample basis, as is shown:

D87TDEM(i) = k
S87TDEM(i + 1)− S87TDEM(i)

h
(27)

where D87TDEM represents the slope between two samples of S87TDEM

expressed in degrees, k is a compensation factor designed to highlight
any abrupt change in the differentiation, and h represents the sample
time step size. In this case, h = 260.4166 ms based on the 64 samples
per 60 Hz cycle. The selection of the compensation factor, k, depends
on the desired level of sensitivity of the algorithm. For a high value
of k, the sensitivity also will be high. On the other hand, for a value
of k close to one, the sensitivity of the algorithm will considerably
be reduced. Therefore, a value of k = 10 was selected to provide a
balance between sensitivity and security.

3.4. Discrimination criteria

A discrimination criteria was established to correctly differentiate
transient events that do not require a trip and internal faults. This
criteria is based on the degrees of D87TDEM index. In steady-state the
D87TDEM index will take values close to zero degrees. On the other
hand, if a transient event has a place, D87TDEM index will achieve
values in the range of 0 and -90 degrees. However, if an internal fault
occurs, the D87TDEM index will be close to +90 degrees.

In this sense, a C counter based on the behavior of the D87TDEM

index was implemented to assert the identification of the event. If
the D87TDEM is higher than +45 degrees, the C counter increments
to 1 and compares if the C counter is higher than 3. If C counter is
higher than 3, the algorithm detects an internal fault condition and
sends a trip signal. Otherwise, the event is determined as a transient
or a steady-state condition.

Table 1 summarizes the logic decision of the discrimination criteria.
The selection of the identification threshold at +45 degrees is chosen
because when an internal fault occurs, the D87TDEM index starts to
rapidly increase. Nevertheless, if the integrity of the transformer
is considered, it is not necessary to wait until values close to +90
degrees to send a trip signal.

4. Simulation test system

The electromagnetic transient simulation program PSCAD/EMTDC
was used to test the algorithm performance in the simulated three-
power system shown in Fig. 3. The test system [19] includes a 230
kV, 100 MVA short-circuit equivalent source with an impedance of
15.08Ω∠87.18◦ connected with a 230/115 kV, 100 MVA power trans-
former in wye-delta connection. Transmission lines are simulated
in the frequency depend model with a length of 50 km. A three-
phase 90 MW, 30 MVAR load and a 115 kV equivalent source with an
impedance of 15.08Ω∠87.18◦ are connected at the end of the lines
2 and 1, respectively.

The CTs used in the differential protection scheme are wye con-
nected on both sides of the transformer. The CT ratios selected are
250:5 (C-200) and 500:5 (C-600) for the high and the low side,
respectively. These CT ratios were chosen to guarantee the CTs will
experience saturation during fault conditions according to [28].

5. Simulation results

The proposed algorithm was tested in a total of 2064 events. The
different scenarios addressed are: inrush currents, energization with
remanent flux, sympathetic inrush current, internal and external
(outside the differential protection zone) faults in both sides of the
transformer, overexcitation and combinations of scenarios as is show
in Table 2. Every scenario was simulated 16 times with the timing of
the initiation of the transient shifted in steps of one millisecond over

Table 1. Discrimination criteria

Event Criteria

Steady-state
D87TDEM < +45◦

Transient event (inrush, external fault, overex-
citation)

Fault inside the differential protection zone
D87TDEM ≥ +45◦

Turn-to-turn fault

87

T1

115 kV

Load

CTR1=120 CTR2=240

SA

SB

50 Km

230 kV

50 Km

T2 115 kV

115 kV 115 kV

Line 1

Line 2

Z
1

Z
2

Fig. 3. Test system.
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one period of 60 Hz of the voltage signal to change the incidence
angle. MATLAB software was used to implement the algorithm and
to process the CT secondary signals obtained from PSCAD/EMTDC
with a sampling frequency of 3.84 kHz.

The results in each figure are organized as follows. Graph a)
and b) are the operation and restraint currents, respectively. Graph
c) and d) are the normalized operation differential, and restrain
current, respectively. Graph e) shows the magnitudes of λIopABC

and λIrestABC. Graph f) illustrates the magnitude of the Λ87TDEM

index. The magnitude of the S87TDEM index is illustrated in graph g).
Finally, graph h) presents the behavior of the D87TDEM index, which is
expressed in degrees. The calculated index is compared with a dashed
line set at 45 degrees, which represents the discrimination threshold.
Also, the trip signal was added in graph h) to illustrate the instant
the algorithm generates the signal to disconnect the transformer. As
a comparison method, the conventional method based on phasors
using Harmonic Restraint [29,2] (DFT-HR) is shown in graph i). The
setting factors for DFT-HR: 87UP = 0.3, SLP = 30%, and harmonic
restraint PCT= 20% [30].

5.1. Inrush current with remanent flux
Power transformers frequently are energized and de-energized for

different reasons. Maintenance, external faults near to the protection
zone, and internal faults are the main causes. The de-energization
of the transformer will trap a remanent flux in the core of the power
transformer that may cause the misoperation of the differential el-
ements. If the remanent flux is in the same direction of the inrush
current, a large current will appear at the time the transformer will
be re-energized. The typical remanent flux values are on the range of
20% to 70% of the magnetic flux on steady-state. However, there are
reports of values as high as 85% of remanence flux values [31]. Also,
the large magnitude of the inrush currents causes the hyper-saturation
of the CTs [32]. Therefore, the algorithm was tested in an event where
the power transformer T1 was energized at time t = 0.75 s with an
85% of remanent flux, as is shown in Fig. 4. The magnitude of the
Λ87TDEM and the S87TDEM indices were negative when the transformer
was energized, and also when the CTs experienced hyper-saturation
as is shown in Fig. 4f) and Fig. 4g), respectively. In consequence,
Fig. 4h) shows the magnitude of the D87TDEM index did not cross the
threshold of +45 degrees and the algorithm identified the event as a
non-fault condition. On the other hand, differential elements phase
A and B misoperated as is illustrated in Fig. 4i).

5.2. Internal fault
Fig. 5 shows the performance of the algorithm an in zone A-g

single-phase to ground fault. The fault occurs at time t = 1.0 s from
steady state in the HV side of the transformer. Fig. 5a) illustrates the
fault impacted in phases A and B, and the CTs experienced saturation
in both faulty phases. The behavior of the magnitude of the Λ87TDEM

index changed from zero to positive values after the fault occurred as
Fig. 5f) displays. As a result of the behavior of the positive difference
of energies, the magnitude of the S87TDEM index also increased in a
positive direction as illustrated in Fig. 5g). Therefore, the D87TDEM

index takes values higher than the identification threshold of +45◦,
and the algorithm detects the event as a fault condition and sent
the trip signal as is shown in Fig. 5h). The fault was detected in
1 ms. In contrast, the DFT-HR method misoperated in phases A and B,
respectively as is presented in Fig. 5g). The misoperation was due to
the harmonic content introduced for the CT saturation increased
the restraint current at the time the fault happened. Therefore,
differential elements were blocked and the transformer was not
disconnected.

Table 2. Events considered in the algorithm testing.

Disturbance
Number of
cases

Unloaded energizations 32

Loaded energizations 32

Energization with remanent flux (20, 30, 40, 50,
70%)

160

Transformer connection (D-Y), Y-D, Y-Y, D-D) 64

Sympathetic inrush current 32

Transformer parameter variations (voltage, connec-
tion, saturation curve, MVA rating)

128

Faults inside the differential protection zone (A-g, B-
g, C-g, AB-g, BC-g, CA-g, ABC-g, AB, BC, CA, ABC)

352

Faults outside the differential protection zone (A-
g, B-g, C-g, AB-g, BC-g, CA-g, ABC-g, AB, BC, CA,
ABC)

352

Faults inside the differential protection zone during
energization (A-g, B-g, C-g, AB-g, BC-g, CA-g, ABC-
g, AB, BC, CA, ABC)

352

Faults outside the differential protection zone during
energization (A-g, B-g, C-g, AB-g, BC-g, CA-g, ABC-
g, AB, BC, CA, ABC)

352

Turn-to-turn faults (5, 10, 15%) 48

Total 2064

Fig. 4. Algorithm performance during an inrush current with a remanent
flux of 85% in the transformer T1.

5.3. Inrush current and internal fault

The algorithm was tested when a fault inside the differential
protection zone occurs after the transformer energization. The B-g
single-phase to ground fault on the LV side occurred at time t = 2.0 s



XVI Simposio Iberoamericano Sobre Protección de Sistemas Eléctricos de Potencia (2024) 1–8 7

Fig. 5. Algorithm performance during an in zone A-g single-phase to ground
fault in the HV side.

once the transformer energization occurred at time t = 1.0 s. The
magnitude of the Λ87TDEM and S87TDEM indices changed from zero
to negative values when the transformer was energized. Therefore,
the D87TDEM index did not cross the discrimination threshold and the
algorithm did not send a trip signal as is shown in Fig. 6h). However,
when the internal fault occurred, the magnitude of the Λ87TDEM index
takes positive values and the S87TDEM index increases its magnitude as
is illustrated in Fig. 6f) and Fig. 6g), respectively. The changes in the
magnitude of the Λ87TDEM and S87TDEM indices made the D87TDEM index
cross the discrimination threshold. As consequence, the algorithm
detected a fault condition and sent the trip signal as is shown in
Fig. 6h). The proposed algorithm detected the fault in 3 ms. On this
event, the DFT-HR method blocked the operation of the differential
elements when the inrush current happened. Nevertheless, when the
internal fault occur, the harmonic content delayed the operation of
the differential element phase B as is illustrated in Fig. 6i). The fault
detection time by DFT-HR was 15 ms.

5.4. External fault

Ideally, the external faults should not lead the operation of differ-
ential elements because of the difference of the currents is equal to
zero and the fault occurs outside of the protection zone. However, in
practice, the CT saturation may cause the misoperation of differential
elements due to the false large differential current generated when an
external fault happens. Therefore, the algorithm was tested during
an external-three phase fault in the LV side of the transformer T1 at
time t = 0.55 s from steady-state as Fig. 7 shows. Even though the
false differential current, the magnitude of the Λ87TDEM and S87TDEM

indices takes negative values when the external three-phase fault
occurred as is shown in Fig. 7f) and Fig. 7g), respectively. As a result,
the D87TDEM index did not exceed the discrimination threshold and
the algorithm blocked the trip signal as is shown in Fig. 7h). DFT-HR
method blocked the operation of the differential elements due to the

Fig. 6. Algorithm performance during an in a zone B-g single-phase to
ground fault in the LV side once the transformer was energized.

high level of harmonic content in the differential currents as Fig. 7i)
presents.

6. Conclusion

A new differential protection algorithm for power transformer was
presented in this paper. The algorithm used the difference of the
energy modes of the instantaneous differential and restraint currents
using the SVD as the basis to discriminate the event. Also, the
numerical integration and discrete differentiation from the differ-
ence of energies were applied to avoid the issues caused by the CT
saturation and to speed up the fault detection, respectively. The
algorithm was tested againts events such as inrush currents with a
high percentage of remanent flux, internal and external faults, and
overexcitation. Also, a laboratory transformer was used to verify the
performance of the proposed algorithm. The results demonstrated
a successful discrimination between the internal faults and other
transient conditions. The algorithm can be applied to any transformer
without requiring knowledge of the transformer parameters or the
harmonic content of the differential signals. The algorithm has a fault
detection time less than one cycle at 60 Hz.
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