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Abstract: This study presents a method to limit the
functioning of the differential relay during the different
operating conditions of an Indirect Symmetrical Phase
Shift Transformer (ISPST). The proposed method depends
on two thresholds; phase angle shift (PAS) between two
ends of an ISPST to discriminate internal faults and inrush
conditions from normal, over-excitation, and external
fault conditions and slope of differential current helps to
discriminate the situation of internal fault from inrush. In
the first step of the algorithm, the PAS-based threshold
discriminates normal, over-excitation, and external fault
conditions from magnetizing inrush and internal fault
conditions. In the second step, the slope-based threshold
discriminates magnetizing inrush from internal fault
conditions. The reliability of the proposed method has
also been examined under the condition of current
transformer saturation due to heavy external faults.
Additionally, the comparison of the suggested and
conventional methods is discussed to check the
superiority of the proposed method. The proposed
method eliminates the need for phase angle shift
correction in the suggested method. A variety of faults in
the series and excitation unit are simulated using the
PSCAD/EMTDC platform to verify the approach method.

Keywords: Differential protection; Inrush Current;
Phase shift transformer; Power system relaying

1. Introduction

Power flow over a particular line of a typical
power transmission network is controlled by the
Phase Shift Transformer (PST). Depending
upon design, there are two types of PSTs: direct
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(single-core) and indirect (double-core). Direct
PSTs are based on one 3-phase core. The phase
shift is obtained by appropriately connecting the
windings. Indirect PSTs are based on a
construction with two separate transformers:
one variable tap exciter to regulate the
amplitude of the quadrature voltage and one
series transformer to inject the quadrature
voltage in the right phase. As a result, it may be
classed as either symmetrical or asymmetrical
[1] depending on the application. Symmetrical
design PSTs modify the phase angle shift (PAS)
only while the magnitudes of both ends voltages
are identical, but asymmetrical design PSTs
produce changes in PAS along with changes in
the magnitude of both ends voltages which may
cause a change in reactive power flow [2]. As
opposed to asymmetrical PSTs, only the PAS
affects the power flow in symmetrical PSTs [3].
The qualities and ease of construction of the
Indirect Symmetrical PST (ISPST) depicted in
Fig. 1 make it frequently utilized [4].

As a result of its significance, ISPST needs an
advanced protection scheme for its security.
ISPSTs are safeguarded using a variety of
protection strategies including differential
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protection, overload protection, over-excitation
protection, backup protection, etc [5]. However,
differential protection has served as a primary
transformer safety strategy for decades. The
protection of standard and non-standard phase
shift transformers is traditionally provided by
current  differential  protection [6, 7].
Furthermore, the common differential current
measurement technique cannot be used for
different PSTs because of the variety of PST
designs and its non-standard phase shift. Several
approaches based on differential current have
been suggested for a variety of PSTs [8-10].
Differential protection of ISPST and Delta-
hexagonal PSTs is discussed in [8, 9]. However,
this technique needs 18 CTs, which makes
differential protection quite costly. Top it all,
these CTs are required to keep inside the PST. A
method of phase angle shift compensation has
been discussed for non-standard phase angle
shifts between two ends to measure the
differential current [10-11]. A delay in relay
tripping is caused by the time it takes to do the
computation for PAS compensation. It is,
nevertheless, possible for differential protection
to malfunction owing to un-faulted situations
such as inrush, external fault due to non-
standard phase angle shift, and current
transformer (CT) saturation, which may lead to
power system instability. To prevent differential
protection  from  malfunctioning  during
magnetizing inrush, the harmonic restraint (HR)
based approach is extensively utilized.
Differential current, which is an important input
to HR, has a second harmonic component that is
much larger in inrush compared to internal fault
current [5, 8]. As a result of their newer
construction and material, contemporary
transformers are more efficient and produce
lower second harmonics inrush current, which
has an impact on the HR scheme [2, 12]. The
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security of differential protection against CT
saturation during external failures is another
problem linked with its deployment. A
differential current is increased in this situation,
which may result in the differential relay
malfunctioning [13, 14].
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Figure 1. Line diagram of an ISPST [4]

Differential protection has been the focus of
several recent solutions aiming at resolving the
aforementioned  issues.  Artificial  neural
networks (ANN) [15- 18], fuzzy logic [19- 20],
and wavelet analysis [21- 23] are some of the
approaches that may be used. As a result, a large
number of training data is required, the
computational load on the differential relay is
quite high, and the performance is highly
dependent on the transformer parameter or
starting conditions [13].

PAS and slope of differential thresholds are
used in this paper to present a simple decision-
making approach. Internal fault and inrush
conditions are distinguished from normal, over-
excitation, and external fault conditions by a
PAS-based threshold. The non-standard phase
angle shift of an ISPST does not affect the PAS-
based threshold. To distinguish between an
internal fault and a magnetizing inrush, a
threshold based on the slope of differential
current is used. The effect of CT saturation
during an external fault scenario is also
described here to check the reliability of the
proposed method. Slope-based thresholds are
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compared to the HR method for classification
accuracy. Time-domain simulations demonstrate
that the suggested approach is successful for
internal fault conditions and boosts the relay's
security against external fault, magnetizing
inrush, and CT saturation.

2. Proposed Algorithm

During ISPST operation, it encounters one of
the following conditions:

e Normal Condition

e Over-excitation Condition

e Magnetizing Inrush /Sympathetic Inrush
Condition

e External Fault Condition

e Internal Fault Condition

In the absence of appropriate operating
circumstances, the differential relay must
operate only in the event of an internal fault.
However, since the phase shift between the two
ends of ISPST is non-standard, it is impacted by
all operating conditions. The proposed approach
is based on the PAS threshold between two ends
of each phase, which is used to distinguish

normal, over-excitation, and external fault
conditions from inrush and internal fault
conditions. Fig. 2 illustrates the normal

operating state in advance and retard modes of
operation with the maximum PAS and PAS
threshold. Variation of phase angle shift will lie
between the maximum value of PAS in both
advance and retard mode of operation for any
ISPST. An ISPST which has been considered
for the illustration of the proposed method, has a
maximum PAS of 30 degrees and -30 degrees in
retard and advance mode of operation
respectively. As seen in Fig. 3, the PAS-based
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threshold is unaffected by the condition of over-
excitation. When magnetizing inrush occurs,
PAS approaches 90 degrees due to its inductive
behavior at no-load, as seen in Fig. 4. However,
during on-load magnetization, PAS becomes
less than 90 degrees due to the ISPST's retard
mode of operation. When an internal fault
occurs in any unit of ISPST, either the source-
side current or the load-side current is reversed
and the PAS between them exceeds 90 degrees,
as seen in Fig. 5. However, in the event of an
inter-turn fault, the PAS is not larger than 90
degrees because the current is not reversed on
either the source or load side. Similarly, in the
event of an external failure, there is no current
reversal at any end of an ISPST, and so the PAS
between two ends current tends to zero, as seen
in Fig. 6. As a result, a PAS-based threshold
may distinguish inrush and internal fault
condition from other above-mentioned operating
conditions.

A) Calculation of PAS threshold i.e.

threshold1:

The PAS threshold is determined by considering
magnetizing inrush in both no-load and loaded
conditions. PAS is roughly equal to 90 degrees
in the absence of load as discussed earlier but
decreases to less than 90 degrees in the presence
of load owing to the retard mode of an ISPST.
As a result, the PAS threshold is computed by

1)
PAS threshold (thresholdl) = (-90+A6rmax) (1)

Where AOrmax is the maximum PAS in retard
mode of operation
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Figure 2. Phase ‘a’ PAS during normal operation of an ISPST
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Figure 3. Phase ‘a’ PAS during over-excitation of an ISPST
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Figure 4. Phase ‘a’ PAS during energization of an ISPST at t=0.15sec. (zero degree)

100 T T T T T

— = Advance Phase Angle Shift
| - Retard Phase Angle Shift
50 —— Threshold Phase Angle Shift

-100f-

PAS of Phase 'a' (Deg.)

-150f

200 E

2 1 1 1 1 L 1 T L L
0.1 0.11 0.12 0.13 0.14 0.15 0.16 0.17 0.18 0.19 02
Time (sec.)

Figure 5. Phase ‘a’ PAS when an internal fault (A-G) occurred in the excitation unit of an ISPST at t=0.15sec.(zero degree)
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Figure 6. Phase ‘a’ PAS when an external fault (A-G) occurred at t=0.15sec. (zero degree)

After the identification of internal fault and
inrush  conditions, the next step is to
discriminate the internal fault from inrush. To
discriminate the faulty conditions from inrush,
the following characteristic of the differential
current is considered as shown in Fig. 7.

« When there is a magnetizing inrush
condition, the waveform has a large slope near
the peak.

*  When there is an internal fault condition,
the waveform has a low slope near the peak.

Using this feature, internal fault conditions can
easily be distinguished from magnetizing inrush
conditions.

Higf%)e

Diff. Current (A)
Diff. Current (A)

t (sec.)

@

Figure 7. The behavior of differential current of ISPST
under (a) Inrush and (b) Faulty condition [24]
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B) Methodology to calculate slope:

Let us consider that, the first peak of differential
current comes at the k™' sample after the
identification of inrush or faulty condition with
the help of PAS threshold (thresholdl). A
window of the 'k' sample will be generated after
threshold 1. This data window is normalized by
the k" (max value) sample to get slope
according to per unit data window. Let’s
normalized data window is given by (2):

X = [xl, X2y eer ane e xk] (2)
The slope is calculated by (3)
_ (Xg—c1=Xk—c2)
Slope = et for c2>cl
©)

Where ‘t’ is time; c1,c2 are constant depends on
sampling frequency

After calculating the slope, a slope threshold i.e.
threshold2 is decided by analyzing the
maximum possible fault conditions. Fig. 8
shows the flow chart for the proposed method.
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Figure 8. Flowchart of the proposed method

3. Simulation and Results

To demonstrate the effectiveness of the
proposed method, 3-0, 300MVA,
138kV/138kV, 1255A/1255A, 60Hz ISPST
with max phase shift of +30 degrees and
maximum loading of 240MW and 180MVAR is
simulated using PSCAD/EMTDC platform as
shown in Fig. 9 [25]. At both ends of an ISPST,
relevant CTs with a ratio of 2000/5A are
connected in a star configuration.

300MVA

3.9 138KV PST

3CT’s

AC Source

T/ 240MW+130MVAR

lntcmzl Fault External Fault

Figure 9. Schematic diagram of the simulated model

Min.slope of magnetizing inrush+Max.slope of Internal fault

To simulate the inrush condition, the switching
in angle, the loading condition, and the
remanent flux in the core are taken into account.
The PAS threshold is calculated by (1)

PAS threshold (thresholdl) = (-90+A6rmax)

For this paper, ABrmax is 30 degrees hence
PAS threshold is —60 degrees.

The slope of differential current signals is
calculated by using (3) and summarized in
Table 1.

Similarly, the slope of differential current for
verities of internal fault is calculated by using
(3) with different fault inception angles for both
advance and retard phase angle shift at no-load
and on-load conditions. Tables 2 and 3
summarize the slope of differential current for
verities of internal fault in excitation and series
units respectively. The slope of differential
current for occurrence of inrush and internal
fault simultaneously is also shown in Table 4.

From the tables, it is clear that the minimum
slope of differential current is 104.81in the case
of magnetizing inrush and the maximum slope
of differential current is 102.25 for internal
fault. Hence the threshold of slope is calculated
by the mean of these two slopes which is given

by (4).

Slope threshold = .

Hence the slope threshold (threshold2) for this
paper is 103.53.
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Table 1: The slope of the differential current for each phase of the inrush current

Slope
% Residual Switching Angle Phase Retard PAS Advance PAS
flux (Deg.) On- No- On- No-
Load Load Load Load

a 129.33 177.32 146.89 154.84

0 b 271.09 147.56 123.60 127.59

c 197.41 156.14 208.51 205.29

a 345.19 262.20 121.12 126.82

0% 60 b 154.17 218.76 201.38 198.21
c 143.49 124.39 141.67 149.60

a 183.11 235.21 149.16 189.29

90 b 196.64 195.21 198.88 173.77

c 148.66 162.95 178.76 185.35

a 218.11 183.88 399.86 130.78

0 b 133.85 247.30 222.59 129.11

50% c 123.42 237.36 120.56 239.92
a 147.66 147.66 473.60 148.69

60 b 133.52 152.80 188.43 183.53

c 175.51 133.87 189.21 236.94

a 195.71 177.27 266.61 142.94

0 b 167.70 317.07 156.85 148.88

c 187.28 122.62 104.81 138.92

a 157.63 159.55 353.00 176.79

80% 60 b 214.07 324.89 476.45 212.63
c 157.63 208.43 105.05 14471

a 173.23 224.46 152.24 215.89

90 b 332.48 159.63 178.26 136.94

c 170.23 167.33 152.84 215.89

Table 2. The slope of each phase differential current for internal fault in the Excitation Unit

Slope
Inception angle of a fault Type of Fault Phase Retard PAS Advance PAS
(Deg.) On-Load No-Load On-Load No-Load
a 73.15 74.25 68.04 78.20
Inter-turn b 72.54 73.59 74.42 73.25
in phase ‘a’ c 71.65 72.67 71.20 79.30
a 73.25 70.95 66.04 71.74
A-G b 73.64 73.84 74.20 70.62
c 72.34 73.19 70.20 71.32
a 88.90 87.89 89.12 100.23
0 A-B b 82.45 83.55 82.36 100.92
c 70.93 68.36 85.78 88.09
a 77.62 79.34 89.00 86.41
A-B-G b 80.28 82.28 101.09 101.14
c 76.83 82.12 85.09 75.66
a 77.76 88.30 71.18 71.43
A-B-C b 101.88 98.08 101.11 100.90
c 99.29 99.52 97.66 94.40
a 72.76 89.30 70.18 70.43
A-B-C-G b 100.88 98.08 100.11 99.93
c 98.29 100.52 96.56 93.39
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a 87.74 94.02 88.25 88.72

A-G b 95.30 90.14 85.30 90.56

c 87.64 94.62 86.57 87.72

a 67.34 72.03 89.49 99.60

A-B b 74.88 99.50 100.17 100.61

c 67.34 72.03 88.42 98.60

60 a 65.85 68.69 84.06 83.45
A-B-G b 99.53 101.21 101.27 100.05
c 65.85 67.69 83.42 82.50

a 97.08 100.85 99.70 98.14

A-B-C b 100.74 101.06 86.25 101.84
c 97.68 99.96 98.60 97.67

a 97.08 100.85 101.70 99.14

A-B-C-G b 101.74 101.24 102.25 100.84
c 97.88 99.99 96.70 99.67

a 88.71 93.81 90.06 91.41

A-G b 96.08 91.77 86.37 90.35

c 87.75 92.80 91.83 91.78

a 68.34 70.65 77.85 77.90

90 A-B-G b 100.30 92.68 100.66 100.74
c 69.84 72.66 77.05 77.96

a 99.19 100.85 87.49 100.74

A-B-C-G b 100.00 99.00 96.27 96.47
c 99.49 100.99 89.48 99.74

Table 3. The slope of each phase differential current for internal fault in Series Unit
Inception angle of a fault Slope
(Deg.) Type of Fault Phase Retard PAS Advance PAS
On-Load No-Load On-Load No-Load

a 83.08 94.00 87.01 95.00

Inter-turn b 95.60 94.002 90.48 95.06
in phase ‘a’ c 82.07 94.79 86.38 94.89
a 83.64 97.63 85.69 88.72

A-G b 92.94 98.20 93.32 93.81

c 83.99 97.78 99.21 89.73

0 a 62.52 67.83 73.07 67.37
A-B b 99.52 94.71 77.32 82.97

c 99.31 98.80 80.82 85.16

a 83.44 94.08 100.38 85.98

A-B-G b 100.10 99.65 91.13 97.96
c 99.64 90.04 97.46 92.69

a 78.89 76.42 85.64 78.75

A-B-C-G b 100.57 100.40 93.51 92.06
c 99.82 98.72 100.20 100.82

a 97.30 84.44 94.20 93.29

A-G b 94.53 92.71 90.68 95.00

c 85.34 97.48 97.82 93.40

a 63.86 71.88 85.30 78.97

60 A-B b 78.18 83.50 62.64 57.73
c 95.60 98.79 97.05 96.85

a 95.36 100.75 96.68 79.66

A-B-G b 83.01 84.43 73.84 66.41

c 100.07 99.95 85.78 63.19
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84.59 85.36 95.43 88.47
69.23 74.59 65.64 72.20
68.49 69.39 75.83 68.43
89.78 88.97 91.38 89.63
91.93 90.01 87.81 92.97
89.07 94.33 95.32 89.07
97.51 96.97 95.73 96.98
93.32 92.84 9291 92.21
100.40 93.63 91.59 87.20
98.17 99.54 89.39 95.25
90.29 87.01 83.43 88.11
101.94 100.76 100.11 99.64

Table 4. The slope of differential current for the occurrence of inrush and internal fault simultaneously

Switching Angle (Deg.) Phase Slope
Retard Phase Shift Advance Phase Shift
A 87.78 87.58
0 B 70.47 95.67
C 95.75 87.51
A 87.75 89.29
60 B 91.21 90.29
C 98.27 89.36
A 89.25 91.63
90 B 92.54 95.08
C 97.81 91.76

Out of these cases, few typical cases are
discussed in the paper due to the limitation of
pages. Fig. 10 shows the proposed relay
operation for magnetizing inrush. Fig. 10(a)
shows the phase 'a’ differential current and Fig.
10(b) shows phase 'a' PAS between two ends of
an ISPST. When the PAS of phase 'a' is less
than the thresholdl value, the trip signal will
become high to calculate the slope of
differential current as shown in Fig. 10(c). If the
slope is greater than the threshold value
(threshold2), the final trip signal will not be
high as shown in Fig. 10(d).

Fig. 11 shows the proposed relay operation to
the A-G internal fault in the excitation unit for
advanced PAS of an ISPST. Fig. 11(a) shows
the phase 'a' differential current and Fig. 11(b)
shows the PAS of phase 'a' between two ends of
an ISPST. When the PAS of phase 'a' lies down
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the thresholdl as shown in Fig. 11(c), the PAS
trip signal will be high to calculate the slope of
differential current. If the slope is less than the
threshold value (threslod2), the final trip signal
will be high as shown in Fig. 11(d). From Fig.
11(d) it is clear that the operating time of the
relay is 6.0 msec. Similarly, Fig. 12 shows the
proposed relay operation to an internal fault in a
series unit and the operating time is 20.5msec.
From Fig. 13, it is very clear that the operating
quantity (PAS) lies above the thresholdl to
external fault condition, and the PAS trip signal
will not be high for the next step. Hence this
method is unaffected by external fault without
any phase shift compensation in both advance
and retard PAS.

(a) Magnetizing Internal

Fault

Inrush  Following
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The performance of the proposed method is also
examined for magnetizing inrush following
internal fault conditions. An ISPST is switched
on at 0.15 sec. and internal fault (A-G) also
occurs at the same time in phase 'a' of the
excitation unit with retard phase angle shift.
From Fig. 14, it is clear that the final trip signal
is high after 24msec. of internal fault.

(b) Effect of CT saturation caused by external
fault

In order to study the performance of the
proposed method due to CT saturation caused

by AB-G external fault, the load-side CT of
phase 'a' is forced to saturate by increasing the
CT secondary burden up to 300 ohm. The flux
density of the CT is shown in Fig. 15(a). The
distorted phase ‘a’ current waveform is shown
in Fig. 15(b). Fig. 15 (c) shows the PAS of
phase 'a'" with its thresholdl with retard phase
angle shift and it is clear that the operating
quantity (PAS) lies above the thresholdl due to
CT saturation and no trip signal is high for the
next step as shown in Fig. 15 (d).

Diff. Current of Phase 'a' (A)
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Figure 10. Response of proposed method to the magnetizing inrush; (a) phase 'a' differential current, (b) PAS of phase 'a’' and

(d)

threshold2, (c) PAS trip signal, and (d) final trip signal
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(d)
Figure 11. Response of proposed method to an internal fault (A-G) in excitation unit; (a) phase 'a’ differential current, (b)
PAS of phase 'a' and threshold2, (c) PAS trip signal and (d) final trip signal
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Figure 12. Response of proposed method to an internal fault (A-G) in the series unit; (a) phase 'a’ differential current, (b)
PAS of phase 'a' and threshold2, (c) PAS trip signal, and (d) final trip signal
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Figurel3.Response of proposed method to an external fault (A-G); (a) phase 'a' differential current, (b) PAS of phase 'a' and
threshold2, (c) PAS trip signal, and (d) final trip signal
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Figure 14. Response of proposed method to simultaneous inrush and internal fault; (a) phase 'a’ differential current, (b) PAS
of phase 'a' and threshold2, (c) PAS trip signal, and (d) final trip signal
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Figure 15. Response of proposed method for CT saturation during external fault; (a) Flux density (b)load-side phase ‘a’
current, (c) PAS of phase ‘a’ and threshold2, (d) PAS trip signal

4. Comparison of Proposed and Conventional
Approaches

This study compares the performance of our
new proposed method to discriminate between
internal fault and other conditions with FFT-
based HR considering PAS compensation. The
ratio of the second harmonic to fundamental of
the differential current for typical internal
failure and inrush conditions are shown in Fig.
16(a and b) respectively. From Fig. 16, it
appears that in an internal failure situation, the
ratio of second harmonic to fundamental is
greater than a condition of magnetizing inrush.
Due to this condition, a conventional relay with
HR will malfunction. Whereas the proposed
method based on slope characteristics
discriminates these two conditions. As a result,
it is immune to the different harmonics in

328

operating signals, making it more simple and
robust than conventional relays.

The performance of the proposed approach for
various internal faults in series and excitation
units during the advance and retard PAS is
summarized in Tables 5 and 6. Table 7 shows
the operating time for the occurrence of internal
fault and inrush simultaneously. The percentage
of faulty winding is taken from a neutral point.

Ratio of second to fundamental component

N I .
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Time (sec.)
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Figure 16. The ratio of the second harmonic to
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fundamental of the differential current for (a) internal
fault condition and (b) inrush condition

Table 5: Operating time of proposed relay for

internal fault in excitation unit

Fault Type Operating Time (msec.)
Proposed Conventional
Relay approach

A-G (5%)* 6.0 20.5
A-G (10%) ** 2.8 22.4
A-G (20%)* 233 30.2
A-G (40%) ** 23.7 29.3
A-G (60%)* 23.6 29.3
A-B* 233 30.5
A-B** 6.6 25.6
A-B-G* 51 22.4
A-B-G** 5.3 22.4
A-B-C-G* 235 30.3
A-B-C-G** 23.3 30.2

*For Advance PAS
**For Retard PAS

Table 6: Operating time of proposed relay for

internal fault in series unit

Fault Type Operating Time (msec.)

Proposed Relay  Conventional

approach

T-T (5%)* 20.5 Fail
T-T (10%) ** 26.9 Fail
T-T (20%)* 27.0 Fail
A-G (10%) ** 19.7 29.2
A-G (20%)* 19.7 30.0
A-G (50%)* 19.7 29.9
A-B* 7.8 27.8
A-B** 22.1 26.3
A-B-G* 20.3 26.3
A-B-G** 19.6 26.3
A-B-C-G* 24.4 30.3
A-B-C-G** 24.5 30.3

*For Advance PAS
** For Retard PAS
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Table 7: Operating Time of Proposed relay for
occurrence of internal fault and inrush simultaneously

Fault Type Operating Time (msec.)
Proposed  Conventional

Relay approach
Inrush & A-G (5%) 26.0 27.1
Inrush & A-G (20%) 24.0 27.1
Inrush & A-B* 19.2 28.8
Inrush & A-B** 6.4 30.2
Inrush & A-B-G* 23.0 27.5
Inrush & A-B-G** 6.6 27.5
Inrush & A-B-C-G* 24.4 31.2
Inrush & A-B-C-G** 24.5 31.1

*For Advance PAS
** For Retard PAS

5. Conclusion

A new algorithm for the protection of an ISPST
based on two thresholds is proposed in this
paper. The PAS threshold (thresholdl) is
utilized to discriminate magnetizing inrush and
internal fault conditions from other operating
conditions. Whereas slope-based threshold
(threshold?2) is considered for the discrimination
of inrush condition from internal fault condition.
The suggested method also detects internal
faults following magnetizing inrush.
Additionally, the reliability of the proposed
method is also proved by considering CT
saturation caused by an external fault.

The simulations demonstrate that the proposed
algorithm is capable of improving the
performance of differential relays for the
protection of ISPST. The obtained findings
demonstrate that the proposed algorithm is
accurate and that it is also capable of stabilizing
the differential relay in its non-faulty conditions.
The advantage of the algorithm is that it does
not require compensation of phase angle shift in
either the advance or retard mode of an ISPST
which reduces the time and cost of the
protection.
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