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Improvement of power transformer differential protection through detection and exploitation
of the negative sequence currents

Introduction. Power transformers are the most important and the most expensive equipment used in transport and distribution of
electrical energy. Their failure results in huge economic losses. Despite the great advances in the design of power equipment in recent
years, the feeble link in the chain remains the insulation weakness of coil turns of the power transformer. The novelty of the proposed
research consists in the development of a new procedure for diagnosing and localizing the occurrence of turn to turn short-circuits in
the windings of three-phase power transformer. The main problems of the current differential relay are short circuits of one or more
turns of a transformer winding. Hence a new approach using' the amplitude comparison between the negative sequence currents’ is
developed and a digital discriminator internal / external fault is applied to discriminate turn to turn faults among the other ones. The
proposed procedure is based on the exploitation of the negative sequence currents. The purpose of using this new procedure is to
identify small faults inside power transformer coils and to distinguish inner faults from the outer faults by using an ameliorate circuit.
The method used in this paper is a novel algorithm which based on the comparison between the negative sequence current amplitudes
and to calculate the corresponding phase angle shifts. The performance of the proposed procedure has been confirmed by
MATLAB/Simulink environment. The results of simulation reveal the efficiency of the suggested procedure, and indicate that this
procedure can provide fast and sensitive approach for detecting low level turn-to-turn faults. References 22, figures 21.
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Bemyn. Cunosi mpancgopmamopu — natisaxcaugiute i Hatloopoicue YCmamKysanHs, sIKe GUKOPUCHOBYEMbCA NPU nepeoayi ma po3nooini
enekmpoenepzii. Ix 6iomosa npuzeodums 00 eenuuesnux exonomiunux empam. Heseadicarouu na eenuki ycnixu 6 npoekmyeanHi cuio8o2o
0061a0HaHHA 6 OCMAanHi POKU, CIADKOI0 NAHKOIO 8 NAHYI03i 3aMUWIAEMbC HeOOCMAamHA MiYHiCmb [301AYii GUMKIE KOMYWKU CUTOB020
mpancgopmamopa. Hoeusna 3anpononoanozo 00cniodicents HONAAe 6 po3podyi HOOI Memoouku OiaeHOCMUKU Ma JOKANi3ayii
BUHUKHEHHS  MIJICBUIMKOBUX KOPOMKUX 3aMUKaHb 6 oOMomKkax mpughasuux cunogux mpancgopmamopis. Ocnosmi npobremu
OupepenyianbHo2o pene cmpymy — ye KOpomKe 3dMUKAHHA O00HO20 abo OeKilbKoX eumkie oomomku mpancgopmamopa. Tomy,
PO3pOONIEHO HOBUL NIOXIO, KU BUKOPUCHIOBYE NOPIGHAHHS AMIIINMYO CIPYMI6 360POMHOI NOCTIO0BHOC, A MAKOJNC 3ACMOCO8YEMbCS
Yudposuli OUCKPUMIHAMOP BHYMPIUHIX/308HIUHIX HeCnPAGHOCMEN Ol PO3PIZHEHHS MINCGUMKOBUX KOPOMKO20 3AMKHEHb ceped THUUX.
3anpononosana memoouxa 3acHO8aHA HA BUKOPUCTNAHHI CIPYMIE 360pomHiil nocridosHocmi. Mema euxopucmants yiei H08oi MemoouKu
— GUABUMU HEBENUKI HECHPAGHOCMI BCEPEOUHi KOMYUWOK CUN08020 MPAHCHOPMAmopa i GIOPISHUMU GHYMPIUIHI HeCnpaeHOCMmi 6i0
306HIWHIX HecnpagHocmell 3a 00noMo2010 noninuenoi cxemu. Memoo, aKuti 6UKOPUCOBYEMbCA 6 Yill Cammi, ye HOGUL aleOpumm,
3acHO8aNUIl HA NOPIGHAHHI AMIIIMYO CMPYMY 360pPOMHOI NOCHIO08HOCMI i 00YUCTeHH] GiON0GIOHUX 3MilyeHb (ha3z08020 Kyma.
Eegexmusnicms 3anpononosanoi memoouxu niomeeposicerna y cepedosuwsi MATLAB/Simulink. Pe3ynemamu mMo0enio8anHsa NOKA3YI0OMb
epexmueHicme 3anPONOHOBAHOT MEMOOUKU | 8KA3VIOMb HA Me, WO Yiti Memoo Modce 3abe3nedumy weuoKull i yymaueus nioxio ons
BUABTICHHSL MIJCEUMKOBUX KOPOMKUX 3aMUKAHb HU3bK020 piens. biom. 22, puc. 21.

Knrouoei cnosa: cunouii Tpancopmarop, 1iarHOCTHKA, MiKBUTKOBI KOPOTKi 3aMMKaHH#, CHMETPUYHI CKJIa/0Bi, CTpyMH
3BOPOTHOI MOCJIiTOBHOCTI.

1. Introduction. Protective relays constantly and operation. Power transformers can fail or be abnormal

monitor the power system to assure maximum continuity
of electrical service with minimum damage to life and
property. Thus, they are on guard throughout — from the
generation, through transmission into distribution and
utilization. They are found in large and small systems, in
the power companies and in the industrials. This wide
usage, with high demands for reliable operation, has
created a continuing desire for additional training. Such
training is valuable not only to those directly implicated
but also to the many others indirectly associated with
relaying. For the latter group, a better understanding of
the protective relaying can contribute considerably toward
better system design and operation [1].

Power transformers are among the most important
elements in electrical power systems. During their service
they are exposed to various failures and abnormalities
including dielectric, mechanical, or thermal failure. This
means that the transformer cannot remain in service, and
remedial actions are required before it can be returned to
service [2].

Transformer abnormality means that the transformer
operation is beyond the normal status, and this may
adversely affect the performance or asset life of the
transformer itself or other apparatus, or system reliability

in a variety of factors and for a variety of reasons. The
important factors and reasons are:

Electrical faults originated from internal faults,
transient over voltages, over-currents, ageing, service
loading, pre-existing faults, and timescales for fault
development [3].

Winding faults are considered to be the most reason
of transformer collapse. They involve a magnitude of
fault current which is small relative to the power
transformer nominal currents. This indicates that once a
fault takes a place, a rapid, sensitive and reliable
protection for its detection and location is necessary to
prevent more retards in the network function.

Regarding to the IEEE recommendations [4], there
is no unique standard way to protect all power
transformers against small internal faults and at the same
time to preserve basic protection recommendations such
as sensitivity, selectivity, and rapidity. Turn to turn faults
in transformer windings are considered to be among the
difficult internal faults to detect because only IEEE
Standard a few turns is initially implicated. The C37.91-
2000 admits that about 10 % of the transformer coils may
as well be short circuited to generate a noticeable
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variation in the ultimate current [5]. Therefore, when
small numbers of turns are short-circuited, the resulting
differential current won’t be detectable due to its initially
small value.

The winding inter turn fault detection, particularly at
low current is critical. It has a negative effect on the
transformer duration life. The cause of the coil inter turn
fault is the insulation breakdown and short circuit of
conductors with different voltages [6].

According to [7], the frequency response analysis
(FRA) technique is a powerful technique for diagnosing
transformer winding distortion or for detection of small
turn-to-turn short-circuits faults and several other types of
troubles that are caused during fabrication, transportation,
installation and/or exploitation. Article [7] studied and
simulated many types of short-circuits under different
fault severities in various winding points within the high
voltage and low voltage. It introduces a novel approach
for FRA signature by incorporating both magnitude and
phase angle plots in one graph, which facilitates and
standardized the FRA interpretation process. The
suggested approach is simple, sensitive, and convenient to
apply within current frequency response analyzers to
normalize the FRA signature process.

Generally, transformers are subject to failing due to
internally or externally conditions, so the protected area
is delimited by the area that incorporates equipment
such as current transformers (CT), relays and power
transformer. When a fault is within this area is called
internal fault, and when it is outside is called external
fault. It is essential that differential protection operates
for internal faults only.

From [1, 2], the examples of abnormal conditions
are overvoltage, over excitation, and overload. For these
cases a transformer is protected with a set of different
relays (in case of electro-mechanical relays) or a multiple
choice of different elements in one relay (in case of a
numerical relay). Although this one is the most commonly
used protection, still not yet powerful enough to detect
small inter winding faults in power transformers. Since
the resulted differential current is too small in comparison
to input and output currents, so it will not be sensed by
the percentage differential protection. This means that it is
not sufficient and reliable in detecting minor internal
faults in transformer windings. For instance, if the
restraint characteristic of the percentage differential relay
is set to 25 % and a minor internal fault gives a
differential current of 10 %, thus the internal fault cannot
be detected until this differential current fault exceeds a
pre-determined value or the setting threshold value of
25 %. For this reason, the traditional percentage
differential protection is not sensitive enough to
determine small turn-to-turn faults. Alternatively, the
literature review shows that detecting small inter turn
faults in power transformer winding is not an easy
problem to solve [5, 6, 8].

Techniques and schemes, which have been proposed
to ameliorate the differential relay towards diagnosis and
location of internal faults within the power transformer,
were emphasized by many research and studies.

A digital relaying algorithm for detecting
transformer winding faults in reference [9] introduces a

protection algorithm based on verifying the validity of
differential equations of voltages, currents and mutual
flux linkages, at the primary and secondary windings
during normal conditions, in the presence of external
faults and magnetizing inrush. According to the results
presented in this paper, the exposed algorithm was valid
for 5 % of short circuited coil turns. Their algorithm is
faster, supersensitive than the restraint differential current
algorithm and is qualified in fault finding while
energizing the transformer.

The algorithm in [10] presents differential algorithm
which uses the negative sequence currents to find turn-to-
turn fault in transformers. Studies presented in this paper
were limited and dealt with one particular configuration
and system conditions. It uses 1 % of shorted turns
throughout ordinary function of the transformer.

Primary and secondary negative sequence current
magnitudes and their phase shifts are used to recognize
internal faults and decline external faults. The results
were also not convincing because of limited studies and
no detailed investigations.

The paper [11] proposes a transformer protection
using Relay Increment of Flux Linkage (RIFL) for three
phases Y-Y transformer, the increments of the flux
linkages are calculated for a three phase Y-A transformer,
the differences between the two phases of the increments
of the flux linkages are calculated to use the line current
because the delta winding current is unavailable. The
RIFL is compared against the turn’s ratio, if there is a
difference between them that means an internal fault
exists.

The performance of the proposed relay was
compared with the conventional current differential relay
with the harmonic blocking. Test results indicate that the
proposed relay has perfectly distinguished the coil faults
from inrush currents. It also, reduces the operating time of
the relay for internal faults. The digital signal processor of
prototype relay is implemented and it was concluded that
the prototype algorithm is faster when compared to
conventional relay with harmonic blocking.

The work [12], by using the advanced digital
technology, it becomes possible to protect power
transformers with new differential protection principle.
This new principle possesses higher sensitivity than the
traditional transformer differential protection for minor
turn to turn faults. It investigates the negative sequence
currents. The new protection principle yields a higher
sensitive protection for very small internal faults in the
order of 1 % short-circuited turns. The new negative-
sequence current-based sensitive protection is an excellent
backup to the traditional power transformer differential
protection, which based on the famous differential
characteristic. A case study of the new principle
protection concludes some limitation of this algorithm,
that it operates when power transformer is loaded and it
does not indicate faulty phase(s).

The authors of [13] present an advanced model of
the frequency response analysis (FRA) to analyze the
integrity of power transformer parameters which depend
on windings and their material properties. Among a wide
range of transformer failure modes, the authors focused
on using FRA for detecting changes in FRA signatures
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caused by breakdown insulation and deformation of
transformer winding. In practice, insulation breakdown
occurs due to the circulation of high currents and voltages
in the transformer. As they are too much superior at the
nominal values, simultaneously to this, a flashover of
winding turns begins and causes a winding short circuit
which may lead to transformer failure.

In this work, the frequency of the input signal was
varied over a certain range and resulting responses were
profoundly studied and analyzed. This allows the
detection of internal turn to turn faults and confirms the
sensitivity of the FRA signature.

In the scheme of [14] the transient states are taken as
models. These different models are recognized by neural
network. Inputs to neural network are the harmonics of
the positive sequence of differential current. These inputs
are the Ist, 2nd, and 5th harmonic components of the
positive sequence differential current. The application of
neural networks has some limitations because it requires a
lot of training models which are produced by simulation
of many cases and applied just on some specific power
transformers.

The work in [15] proposes to reduce the main losses
of electricity which occur in distribution networks;
transformers with power quantity up to 1000 kVA are
used. The authors gave new technological proposals for
improving the performance and effectiveness of
transformers through structural-geometric transformations
of active elements. Such transformers are mainly
produced with rectangular section of rod and armored
planar magnetic cores.

Methods of energy saving in transformer
construction are based on new electrical materials high
technologies able to produce composite conductors of
windings with «high-temperature» superconductivity and
amorphous electrical steel. This agrees with the
previously known optimization and design data of
transformers.

However, the cost increases significantly, and
questions arise about the specifics of the design, operation
and assembly of transformer and technological equipment.
But a significant reduction in no-load losses is possible by
performing all corner sections of the combined magnetic
core from isotropic electrical steel and all rod and yoke
sections from anisotropic electrical steel.

It is known that the presence of the negative
sequence currents in the power transformer windings
proves the existence of an internal turn-to-turn faults
within this transformer [16]. Even though, sensing small
power transformer coil faults is a difficult task to do, still
the aim of our paper is to propose an algorithm based on
the symmetrical components theory and the application of
a procedure where comparison of the vector group
amplitudes and phase angle shifts between negative
sequence current components are realized.

The goal of the paper is to detect the internal faults
for various operating conditions of the power transformer.
And also, be sure that this proposed procedure is apt
to accomplish its role significantly than any other
classical relay.

2. The proposed procedure. Turn to turn winding
fault are regarded as the main factor of the transformer

deficiencies, and can lead to small changes on primary
and secondary voltages and currents [17, 18].

This new algorithm is proposed to protect the power
transformers against minor turn to turn faults through the
exploitation of the negative sequence currents.

According to symmetrical components properties,
the phase quantities are expressed in phasors notation

using complex numbers, as shown in Fig. 1.

: : Va,Vby Vo

Flg. 1. Three phase Voltage vector components.
(a) positive sequence; (b) negative sequence; (c) zero sequence

The three voltage phasors are expressed by the
following formulas:

Vabe =[Va Vs Vc]' (1)
This formula can be arranged as follows:
Vorz =l i 12, (2)

where 0, 1, and 2 subscripts are respectively referring to
zero, positive, and negative sequence components.

A phase rotation operator «a» is defined in (3) to
rotate forward by 120 degrees. The [A] matrix is applied
to convert phasors into symmetrical components:

111
[4]=|1 &* a|. 3)
1 a a°

The phase voltage sequences are represented by the
sequence equation

Vabe =14] Vo12 - 4)
Conversely, the sequence components are
represented as:
-1
Vora =14 Vape » Q)
where
1 1 1
A =131 a &*|; (6)
1 a2 a
(1 1 1]
_ 2 .
Vora =131 a* a |-[Vape]: @)
1 a az
1 1 1]
I =131 a* a |[Iy]; 8
_1 a az_
1 1 1
Vabe =|1 a*> a |l ©
1 a a2
1 1 1
Iabc 1 a2 [1012] (10)
1 a a
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The symmetrical components must satisfy the
constraint that their vector sum equals the original set of
unbalanced phasors. The corresponding impedances are
determined by using Ohm law as follows:

Vabe :[Zabc]'labcv (11)

or

Lope = [Zabc ]71 Vabe = [Yabc]' Vabe - (12)

It is known that, in faulty conditions the negative
sequence currents in Fig. 1 are greater than the direct
sequence currents [16—18]. The three symmetrical current
components are described in this paper as:

e positive sequence current in the primary winding
leads the positive sequence current in the secondary
winding by an angle 6,

e negative sequence current in the primary winding
lags the positive sequence current in the secondary
winding by an angle 6,

e zero sequence current in the primary winding is in
phase with the zero sequence current in the secondary
winding.

It must be put in count that, when the turn to turn
fault occurs inside the transformer, the negative-sequence
current flows toward the fault point [19].

In this research, and in order to compare the
negative sequence current amplitudes and the phase-angle
shifts which separate them for both sides of the power
transformer, three steps are to be followed.

First step. The measurement method of the negative
sequence current amplitudes is applied to the previous
electrical circuit of Fig. 2, 3, where the negative sequence
currents in the primary and secondary sides are
respectively written as: 1 neg.seq P and I neg.seq S,
then compared with the preset value 2 % of the
differential protection’s base current. If the result is
greater than the pre-set value a vector-group
compensation for current amplitudes is done by the
differential relay itself without changing the interposing
CTs on both primary and secondary windings. The
measured difference of the negative current amplitudes
must be as small as possible to avoid unnecessary trip
during normal operation. Ones, vector compensation is
done, the second step will take place.

Second step. An evaluation of phase angles shift
difference between the two phasors of the negative
sequence currents on both sides of the power transformer
and the threshold is done. Generally, during no internal
fault operation of the transformer this difference is equal
to zero degrees. When internal turn to turn fault occurs a
small phase angle shift due to high current in the shorted
turns will happen, therefore, a trip command is issued.

Third step. It consists on the use of powerful
algorithm, which should discriminate between normal and
abnormal operating conditions that occur in power system
related to transformer such as external faults, internal faults
and magnetizing inrush currents. If a fault occurs, within
the protected area, the current balance will no longer
maintained and the relay will close and release a trip signal
to cause a certain circuit breakers to activate in order to
disconnect the faulty transformer from the grid [15, 20].

3. Principle of operation. Fig. 2 shows a typical
differential relay connection operating diagram

conditions, the fault is outside the protected transformer,
the negative sequence currents will flow as illustrated in
Fig. 2, where the I neg.seq P is flowing out of the
protected area and the transformed I_neg.seq P’ will flow
in the faulty side externally to the power transformer and
will get out from the other side of the transformer. So
I neg.seq P and I negsseq P’ will have the same
direction This means that the phase shift between them
is 0°, as it can be seen in the bellow electrical circuit of
Fig.2. Meanwhile the current I neg P is getting from the
external faulty secondary side towards the healthy
primary side (it must be notice that I neg.seq P’ is a
transformed 1_neg.seq_P).

I neg Yy I_ne
2P ) 2P
o—O@—0o
U U
CTl1 cn2
I negs M—P‘T i I_negseq P
Differential
Relay

Fig. 2. Electrical circuit showing the negative sequence current
directions during external fault

From Fig. 3 it can be seen that the fault is internal
so, the negative currents I neg.seq P and I neg.seq_S are
flowing each from its own side towards the protected
zone. But the negative sequence currents I neg P and
I neg_S will flow out of the primary and secondary sides
respectively and will have the opposite directions, so, the
phase shift between them will be equal to 180°.

1 _neg p’ Yy I_neg S
<« —
— Q@70
%, U
CT1 CT2

I_neg seo__PT Tl_neg seq S

Fig. 3. Electrical circuit showing the negative sequence current
directions during internal fault

Differential
Relay

In order to let the comparison of the negative
sequence currents be relevant, the phase differences and
turns ratio must be firstly compensated by the digital
differential element which do this type of compensation
automatically.

During external fault condition, the differential relay
is well performing as long as the current transformers
give primary currents correctly otherwise and in case of
CTs saturation, a relay false operation is happened.

Modern logic differential relays are capable to
accurately compute the negative sequence current
quantities from actual measured current phases [21, 22].
So, internal/external fault discriminator algorithm can be
developed on the basis of negative sequence current
quantities and it can be reliable in detecting and locating
external faults. It measures the amplitudes and their
corresponding phase angle shifts of the negative sequence
currents on both windings of the power transformer, and
then detects the presence of the negative sequence currents
which allows the fault location. It also uses the second
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harmonic to prevent false tripping during magnetizing
inrush conditions and the Sth harmonic to restrain the
differential relay during over excitation conditions.

4. Simulation results. The performances and
effectiveness of the proposed algorithm are simulated
under normal and abnormal transformer operating
conditions. When the power transformer is under the
condition of small turn to turn faults, it is preferred to use
the negative-sequence currents for the detection of such
type of faults. Since, the investigated power transformer is
connected in Y-y mode, and is 20 MVA, 31.5 kV /400 V;
the detection of internal fault can be done directly due to
the availability of the winding currents.

Performance of the proposed scheme during
external faults. Figures 4, 5 show that the differential
relay is stable for external faults and didn’t trip because
the fault was outside the protected transformer. This
means that the relay has detected the external fault and the
output of the negative-sequence current differential
element did not trip during external fault and the 3 phase
primary and secondary current wave forms did not alter.
Also, it can be seen that the maximum and minimum
current values of the primary side are respectively:

o phase A — Ljnax = 4 kKA, Ljmin = 2.2 kA,
e phase B — Ipnax = 2.3 kKA, Ipmin = 3.2 kA;
o phase C — Icpnax = 2.3 kKA, Icmin = —3.2 kKA.
The external fault was detected within one cycle (0.96 s).

4000 ! ! ! ! .

2

fa IPim A s
=

¢l om0 021 022 023 024 02 0%

Fig. 4. Primary phase currents of the proposed scheme during
external fault

1000

0 025 () 05 075 T 101102 103

Fig. 5. Secondary phase currents of the proposed scheme during
external fault

The maximum and minimum current phase values of
the secondary side are respectively:
o phase A — Ipax = 700 A, Limin =—400 A;
o phase B — Iyyax =400 A, lymin =550 A;
e phase C — I.pax = 700 A, Inin = —350 A.

The differential relay did not issue the signal trip,
because the fault was external.

In Fig. 5 the primary phase and secondary phase
current wave forms did not alter, this means that, the relay
signal trip didn’t take place and no trip was executed,
which confirms that the fault was external, as shown in
Fig. 5.

Figure 6 shows the wave form of the three phase
primary currents during internal turn to turn fault in the
presence of inrush currents. It can be seen that the
differential relay didn’t send a trip signal because it
considers the inrush currents as a transient phenomenon
and will disappear quickly.

The primary phase currents values during turn to
turn fault in the presence of inrush currents are:

o phase 4 — Ljnax = 4 kA, Ljmin =—-2.2 kA;
o phase B — Ipnax = 2.3 kKA, Ipmin =—-3.2 kA;
o phase C — Icpax = 2.3 KA, Iemin = 3.2 KA.

4000

0.49 0.495 05 s) 0.505 051 0.515 052

Fig. 6. Three phase primary currents during internal turn to turn
fault in presence of inrush currents

In Fig. 7 it can be seen that the internal turn to turn
fault has happened during an interval time of 0.645 s and
the digital differential relay has ordered a signal trip,
because the fault was internal and without the presence of
inrush currents. The obtained data from the wave current
forms is as bellow: The maximum and minimum values
of the secondary phase currents from Fig. 7 are:

o phase 4 — I ax = 0.6 A, Iin=-0.6 A;
o phase B — Iypax = 0.6 A, Iyyin =-0.6 A;
o phase C— Lo = 0.6 A, L, =—0.6 A.
Fault duration interval was from 0.48 to 1.125 s.

1

. loom

126

Fig. 7. Three phase secondary currents of the proposed scheme
during internal turn to turn fault in the absence of the inrush
currents
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The inrush current phenomenon shown in Fig. 8 is
obtained from simulation study using the MATLAB
Simulink environment.

It can be noticed that the maximum value of the
inrush current is higher many times than nominal current.
The inrush currents may accidently push the protection
relay to trip. In such conditions, the relay must be able to
discriminate between the inrush currents and the internal
turn to turn fault current and delay the trip signal until the
inrush currents disappear, and then send a signal trip as
illustrated in Fig. 9.
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Fig. 8. Three phase inrush currents

2 T T T T T

2 i i i i
0 0.25 05 () 075 1 125 15
Fig. 9. Differential relay trip at 1.17 s
From Fig. 10-21 the primary, secondary and

magnetization impedances are calculated in per unit (pu)
system.

Performance of the proposed procedure during
turn to turn faults. The performance of the proposed
differential protection algorithm is profoundly studied and
simulated by MATLAB/Simulink. Under turn to turn
short-circuit conditions. Three sets of values for power
transformer impedances are calculated in per unit system.
Then, firstly, the negative sequence current amplitudes of
primary and secondary sides are compared with the
threshold 2 % of the winding. And secondly, the
corresponding shift phase between these negative
sequence currents are also compared to preset level which
is from 0° to 3° to let the relay sensitivity higher for turn
to turn faults recognition.

The simulation study is done for different per unit
calculated values of primary impedance Z;, secondary
impedance Z, and magnetization impedance Z,. These
impedances values are equivalent to the percentage of
short-circuited winding turns 10 %, 3 % and 0.5 %.

Case 1: Turn to turn fault on the secondary side.
If the quantity of the negative current amplitudes is higher
than the preset level, and the phase shift is zero, this
means that an internal turn to turn fault has happened and
a signal trip must be issued.

Figure 10 shows that a secondary internal turn to
turn fault has happened in the calculated impedance
values are: Z; = Z, = 0.002 pu, Z,,= 0.5 pu.

The corresponding negative sequence current
amplitudes (I_neg.seq P and I neg.seq P’) are compared
with each other and with the preset level of 2 %. They are
found to be equal and superior to the preset level as it can
be seen on Fig. 10.

7
?
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Fig. 10. Comparison of the negative sequence current
amplitudes of I _neg.seq P and I neg.seq P’ where calculated
impedances are: Z, = Z, = 0.002 pu, Z;,= 0.5 pu

Figure 11 shows the phase shift comparison between
the negative sequence currents (I neg.seq P and
I neg.seq P’) during secondary turn to turn fault for
calculated per unit impedances Z, = Z, = 0.002 pu,
Zy = 0.5 pu. It was found that the phase shift between
them is 180°, which means that they are in opposite
directions as it was expected.
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Fig. 11. Comparison of phase shift between I neg.seq P and
I neg.seq P’ where impedances are: Z; = Z, = 0.002 pu, Zy,= 0.5 pu

Figure 12 shows an amplitudes comparison between
I neg.seq P and I neg.seq P’ during turn to turn fault for
calculated impedances Z, = Z, = 0.008 pu, Z); = 0.5 pu.
It can be seen from Fig. 12 that the negative sequence
current amplitudes of the faulted side I neg.seq P is
equal to the magnitude of the negative sequence current
I neg.seq P on the healthy side and both of them are
higher than the preset level as expected.
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Fig. 12. Amplitude comparison between I neg.seq P, and
I neg.seq P where impedances are: Z, = Z, = 0.008 pu,
ZM =0.5 pu
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In Fig. 13 it can be seen that, the phase angle
between the two negative sequence currents I neg.seq P,
and I neg.seq P during secondary turn to turn fault is
180°, this means that they are opposite in directions,
which is already proven by the previous corresponding
electrical circuit diagram (Fig. 2).
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Fig. 13. Phase angle comparison between I _neg.seq P and
I neg.seq_ P during secondary internal turn to turn fault
for Z, = Z, = 0.008 pu, Z;,= 0.5 pu

Figure 14 shows equal amplitudes of the negative
sequence currents on both sides of the power transformer.
It can be seen in the previous electrical circuit (Fig. 2)
which illustrating directions of the negative sequence
currents during external fault. It can be noticed that
I neg.seq P enters from the faulty side and leaves from
the other side, after being transformed to become
I neg.seq P’ (Fig. 15).
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Fig. 14. Amplitudes comparison between I _neg.seq P and
I neg.seq P’ during secondary external fault for calculated
impedances: Z, = Z, = 0.2 pu, Zy,= 0.5 pu

;I_neg-.seq_.P’:::.
= Pl
I neg.seq P :

....... Lo .

[ ] 02 04 06 os 1

12 14 16
Fig. 15. Phase angle comparison between I_neg.seq P and
I neg.seq P’ during secondary external fault side where
calculated impedances are: Z; = Z, = 0.2 pu, Z),= 0.5 pu

Case 2: Turn to turn fault at the primary side.
Figures 16, 17 show that during internal turn to turn fault
in the primary side, the negative current amplitudes of
(I neg.seq S) are much higher than the amplitude of
(I_neg.seq_P), due to the fault presence in the primary
winding «very high resistance very low current
Kirchhoff’s second law» and the phase shift between
them is moderate.
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Fig. 16. Amplitudes comparison between I neg.seq P and
I neg.seq_S, during internal turn to turn fault, where calculated
impedances are: Z; = Z, = 0.002 pu, Z),= 0.5 pu
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Fig. 17. Phase angle comparison between I neg.seq P and
I neg.seq_S during internal turn to turn fault, where calculated
impedances are: Z; = Z, = 0.002 pu, Z;,= 0.5 pu

Figure 18 is illustrating the magnitudes of the
negative sequence current in the primary and secondary
sides respectively I neg.seq P and I neg.seq S during
internal turn to turn fault for the corresponding impedances
calculated in per unit system: Z;, = Z, = 0.008 pu,
Zy = 0.5 pu. It can be seen on Fig. 18 that the amplitude
of the secondary negative sequence current (I_neg.seq_S)
is almost 3 times higher than the primary negative
sequence current.
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Fig. 18. Amplitude comparison between I neg.seq P and
I neg.seq_S during internal turn to turn fault, where impedances
are: Z, =2, =0.008 pu, Z),= 0.5 pu

Figure 19 shows the phase angle shift between the
negative  sequence currents (I _neg.Seq P) and
(I neg.seq_S) where it can be remarked that its value is
about 3° because the impedance values are very small.
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Fig. 19. Phase angle comparison between I _neg.Seq P and
I _neg.seq_S during internal turn to turn fault, where calculated
impedances are: Z; = Z, = 0.008 pu, Z;,= 0.5 pu
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In Fig. 20, 21 it can be seen that amplitude of
I neg.seq S is higher than of I neg.Seq P, and the phase
angle between the two corresponding negative sequence
currents during internal turn to turn fault for primary
winding, is almost 0°.
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Fig. 20. Amplitude comparison between I_neg.seq P and
I neg.seq_S during internal turn to turn fault, where impedances
are: Z,=2,=0.2 pu, Z),= 0.5 pu
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