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Abstract: Faults diagnosis in power transformers has been traditionally based on the insulation resistance measurement,
polarisation index, analysis of dissolved gasses in oil, dissipation/power factor measurement, and partial discharges within many
other alternatives. Originally, all these techniques presented an offline implementation, that is, with the transformer out of
service. Currently, some of them, such as partial discharges measurement or gas analysis (gas chromatography), are carried
out online in those cases in which the importance of a machine justifies it. These techniques have been recently complemented
with new alternatives, such as frequency response analysis, an offline application technique. At the same time, in recent years,
development of online diagnostic strategies has been carried out only based in monitoring of electrical variables. These
techniques have the advantage of being economical in relation to traditional ones. Its development are incipient and with high
growth potential. This study presents a review of the most important techniques and a critical comparison between them.

1 Introduction
Power transformers are among the most important components in a
power system. Avoiding damage to power transformers is vital;
otherwise, continuity in power delivery may be seriously disrupted.
Furthermore, repair or replacement is expensive and time-
consuming [1].

Failures in power transformers can be originated by external
causes (humidity, chemical dust, electromagnetic radiation, or
environmental phenomena among others) or by internal causes
(overheating, mechanical displacements of the core or windings
etc.) [2]. The most frequently faults in power transformers consist
of insulation problems, particularly in windings and bushings [3].
For this reason, an adequate maintenance should be fundamentally
oriented to the monitoring of the parameters that characterise the
state of these elements [4].

Approximately 40% of the faults are originated in the active
part (windings and core) in transformers without on-load tap
changer (OLTC). In transformers with OLTC, the percentage is
lower because the changer becomes in the most susceptible
element of failure [5]. Furthermore, around 75% of the faults in the
active part are inter-turn short-circuits (ITSC) [6]. ITSC can be
categorised as: turn-to-turn in one-phase, phase–phase, and phase–
core [7].

The faults occurred in the windings can be divided into long-
length faults and short-length faults according to the number of
turns involved. The first group usually results in high terminal
currents and therefore, could be detected effectively by protective
relays [8]. The second group corresponds to insulation faults
between a few turns of the winding. These faults could be
originated due to low quality of insulator or damaged insulation
during manufacture process. This kind of faults generally produces
small variations in the terminal currents of the transformer, difficult
to be detected by means of the conventional protection relays.
However, in these cases, it could appear fault currents with
considerable amplitudes in the faulty circuit. If these faults are not
detected quickly, they could produce irreversible damage [9].

It should be noted that when an ITSC occurs, the current in the
fault loop not only depends on the fault resistance but also on the
position occupied by the failed turns inside the winding [10]. This
particularity makes difficult to determine the severity of a failure to
reach an accurate diagnosis.

When a large number of turns are short-circuited, the fault
produces high currents that are mainly limited by the dispersion
reactance. However, when very few turns are affected, the
influence of the winding resistance can become dominant, reducing
the terminal currents to a small fraction of the rated current. In
[11], the effects of fault resistance for different numbers of turns in
short circuit and for the case in which there are conductors in
parallel are analysed. It is concluded that if there is a short circuit
of very few turns, particularly a single turn between parallel
conductors and the fault is near the centre of the coil, the
differential currents could be small to a such extent that
conventional differential relay may not detect them. In these cases,
new protection techniques based on negative sequence currents or
frequency spectrum analysis of the primary current are being used.

Moreover, short-circuit currents caused by external faults in the
transformer impact in the windings and in their magnetic core with
great mechanical stresses. This could cause deformations in the
core columns or in the windings that brings out an inadequate
functioning of the transformer [12]. Other causes that can originate
deformations are explosions, earthquakes, or deficient transport
conditions. The winding deformation may occur from axial or
radial movements, buckling, tilt or displacement between high- and
low-voltage windings etc. This also could produce other faults such
as open turns, short-circuited turns, or partial collapse of the
winding. Mechanical stresses could also affect the clamping
structures, ground connections of the core or shield [13]. In some
cases, slight displacements of turns do not cause immediate
failures, but they lead to a progressive deterioration that manifests
in the long term.

1.1 General review of traditional monitoring techniques

The aim of early fault detection is to obtain enough time to take a
corrective action such as reconfiguration, planned maintenance, or
immediate repair in order to avoid more serious damage.

There is a distinction in fault detection methods between online
and offline. The online tests are carried out with the transformer in
service and allow a real-time monitoring of certain physical
quantities that could lead to an ‘instantaneous’ diagnosis of the
transformer. In another way, offline tests are carried out with the
transformer out of service, either due to a programmed stop or in
the case of any eventuality. These kinds of tests have been
historically the most common.
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Another way to classify diagnostic techniques for power
transformers is to separate the most traditional ones from the most
innovative or modern. The first ones are those that have been
applied systematically for some years, whose virtues have been
extensively tested and there are precise standard for their
implementation and diagnostic procedure. The last ones are given
by new methods that are still in development or in experimental
stage. In general, these approaches have an online implementation,
an easy interpretation of the results, and a low cost.

Among the traditional techniques, partial discharges
measurement (PD) [14], dissolved gases in oil analysis (DGA) [15,
16], frequency response analysis (FRA) [17], infrared
thermography [18], dissipation/power factor measurement (Tan
Delta) and capacity [18, 19], vibrations and acoustic analysis [20],
transformation ratio, polarity and phase measurements [18, 19],
polarisation index measurement (PI), core insulation resistance,
return voltage measurement (RVM) [18], impulse test [18],
dielectric frequency response (DRA) [21], and leakage impedance
or short-circuit impedance (SCI) [18, 19] are highlighted. It should
be noted that some of these techniques (such as DGA and PD) that
were traditionally offline implemented currently offer the
possibility of online implementation. However, this possibility
usually offers results that are not as reliable as those for offline
implementation and are generally expensive and restricted to high-
power transformers.

Table 1 shows a summary of traditional techniques
differentiating between online and offline, presenting the degree of
reliability of the diagnosis and showing its main characteristics. 

In the dry insulation transformers, due to their characteristics,
the diagnostic technique based on DGA cannot be applied. These
transformers are widely used in transportation applications over
their oil-filled counter parts, and they are unavoidable in places
where factors like safety and cleanliness are of high importance.
Traditional techniques have been widely treated in the literature
and in many cases, their implementation is standardised. As a
complement to these techniques, new proposals have recently
emerged. The trend, as in the case of electric drives or generators,
is oriented to the online implementation of diagnostic systems [30,
31]. These papers focus on these recent alternatives that offer
continuous and low-cost monitoring. Some of them appear as
additions to the classic differential relays, while others are based on
the analysis of the harmonics of some of the variables of the
transformer or in the monitoring of the inverse sequence
impedance, among many other possibilities.

The paper aims to present a synthesis of the diagnostic methods
that have been recently developed. Each technique is analysed
based on the ability to detect incipient faults, the possibility of
application in dry insulation transformers, the quickness to identify
a fault, the cost of implementation, and the degree of reliability
among other characteristics [32].

2 Recently proposed techniques based on
electrical variables measurement
Most of new transformer fault detections and diagnosis techniques
arise from the implementation of digital relays. This type of relays,
currently used massively, requires the measurement of
instantaneous voltages and currents. This allows the use of these
variables in order to implement new strategies or algorithms
without need to incorporate new sensors in the transformer.

A possibility is to incorporate new routine to the differential
protection relay. Differential protection has been used as the
primary protection of most power transformers for many years due
to its reliability, certainty, and speed of operation [28]. It consists
on comparing primary and secondary currents of the transformer to
verify the lack of leakage currents inside the machine. A limitation
in this type of protection lies in the inability to obtain correct
diagnoses under transient operating conditions. During the
connection of the transformer to the power grid, or in cases where
external faults to the transformer cause the current transformers
(CT) saturation, the differential relay could give false alarms [29].
In order to avoid these inconveniences, restriction algorithms are
applied to maintain stability during transformer energising and

saturation events of the CTs [33]. Some works propose to follow
the second harmonic of the primary current to detect the inrush
condition. A value of this component below a normal one allows
the relay to identify the inrush condition and reject a possible
failure. More recent alternatives propose algorithms of cross-
blocking and independent harmonic blocking [33], Park
components analysis [34], symmetrical components [35–37], and
discrete wavelets transform analysis (DWT) [38].

Another limitation of this type of protection is that it is only
effective to detect faults when a high percentage of turns is
involved or there is a phase-to-ground fault [39]. In cases of faults
between a small number of turns or with a high limiting
impedances, their diagnostic capacity is affected [40]. According to
the IEEE standard C37.91-2000 [41], for incipient faults in power
transformers or when the number of turns in short circuit is <10%
of the total winding turns, there is no significant change in terminal
currents. Therefore, the differential protection relay would be
unable to detect the fault [42].

Based on the above, it is possible to conclude that through a
conventional differential protection (based on a single
predetermined performance curve), it is difficult to achieve a high
degree of safety and good sensitivity simultaneously. As response
to this limitation, in [43], an adaptive method is presented, which
can self-regulate the parameters of percentage differential
characteristic on the basis of power transformers operating
conditions. In this sense, it provides a high operating sensitivity on
internal faults during normal, while retaining higher security on all
external faults. The proposed scheme is successfully tested to
detect dead short-circuit between turns from 1% of the total.
Although this method offers an improvement in relation to the
traditional relay, it is not applicable to detect failures in the
incipient state, that is, with low fault currents. There are many
other alternatives that propose, among other possibilities, to
analyse the harmonic content of the primary current of the
transformer or to estimate parameters such as leakage inductances.
All these variants can be applied, with low cost, in transformers
without differential relays. Many of these alternatives, in addition
to detect an abnormal situation, offers the possibility to make a
diagnosis, that is, determining the severity and location of a fault.
The most main proposals found in the literature classified
according to the principle on which they are based are described
below.

2.1 Diagnostic strategies based on models

To carry out strategies based on models, it is necessary to obtain an
approximate model for the fault-free condition. The diagnosis
consists on monitoring the transformer variables linked to the
model. With some of these variables and the model for the fault-
free condition, other variables are calculated. Then, the variables
obtained through the model are compared with those obtained by
measurement. If the transformer works in a ‘fault-free’ condition,
the values obtained in one way or another must coincide.
Otherwise, it is considered that the transformer does not respond to
the original model and, therefore, presents a fault.

It is important to determine which variables should be measured
and which ones will be used as failure indicators for an efficient
strategy. Taking into account that in the power transformers, the
voltage and current values in primary and secondary windings are
available, these variables are generally used to implement the
diagnosis. Different alternatives have been presented. Some of
them use the ratio of the increments of the primary and secondary
winding flux linkages (RIFL) and other ones employ the variation
of the differential current in order to check the values calculated by
the model with respect to the measured values. The RIFL is based
on the calculation of the transformer flux linkages. Measurements
of voltages and currents of the primary and secondary are used for
this purpose. It is also required to know the values of resistance and
reactance per phase of each winding. With the calculated flux
linkages, the transformation ratio is determined. When this ratio
exceeds a threshold, the presence of an internal fault is considered
[44, 45]. This diagnostic technique is immune to external faults or
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connection transients; however, it has only been shown to be
effective for faults that involve >10% of the winding.

Another alternative, presented in [46], develops a model able to
predict the value of the differential current in each phase of a
transformer. The algorithm requires a calibration stage in which the
differential current values for the fault-free condition are
established. If there is a short circuit between turns of a winding,
the transformation ratio will be affected and the algorithm will
observe a difference between the differential current values
calculated by the model and those that were measured. The
proposal is successfully implemented in a laboratory prototype.
However, the strategy does not consider the effects of CT
saturation, inrush current, or OLTC operation.

2.2 Diagnostic strategies based on artificial intelligence

Different artificial intelligence (AI)-based techniques have been
used in the detection and diagnosis of rotating electrical machine
faults [47]. Recently, some of these techniques have been applied
for transformers. These techniques are based on the use of artificial
neural networks (ANN), fuzzy logic (FL), support vector machines
(SVM) [48, 49], and probabilistic neural networks [50, 51] among
other variants [52, 53]. These techniques attempt to improve the
sensitivity and adaptability to external disturbances of the
differential protection relays. Although in many cases, they have
been effective, the disadvantages of these techniques lie in the fact
that they require specific training patterns and sets of expert rules

Table 1 Most used techniques in power transformers diagnosis
Method Implementation Degree of

reliability
Most important features

dissolved gases analysis
(DGA)

online high Good detection and diagnostic capacity. A similar, but more economical
alternative, is the equivalent hydrogen method [15]

offline high Very good detection and diagnostic capacity based on laboratory
chromatography [16]

furans chromatography offline high Laboratory analysis. Allows to determine the insulation ageing state [18]
infrared thermography online medium Easy interpretation [18]
dissipation/power factor
measurement (tan delta) and
capacity of windings and
bushings

online high There are measurement equipments for on-line approaches, with the additional
advantage that these values are at the service voltage [22]

offline high Detects insulation degradation before a failure occurs [18, 19]

polarisation index (PI) of
windings

offline low Index of the quality of the insulation tested. It has major importance with low IR
values [18, 19]

core insulation resistance offline high Detects multiple grounding of the core. It is only applicable in cases where the
connection of the core to ground can be unlinked [18, 19]

partial discharges (PD) online medium Lack of confidence and robustness (interferences), although it is possible to
make precise and traceable measurements [14]

offline high Greater sensitivity than online measurements. It can be measured directly
inside the transformer tank with liquid insulation using ultra high frequency

sensors (UHF) [18]
insulation resistance (IR) of
windings

online medium Incorporated in current monitoring systems. It is not traceable with offline
measurements

offline medium It detects defects on the insulation, such as deterioration or contamination and
faults between windings or windings to earth in extreme cases. PI or DRA test

are recommended as complementary tests [18, 19]
transformation ratio (TTR) online high The accuracy of current and voltage transformers make possible to detect very

small changes in the properties of the transformer, being comparable to the
tolerance limits established for the off-line tests corresponding to IEC and IEEE

[19, 23, 24]
offline high Open circuits and short-circuited turns can be detected by measuring the ratio

and phase angle of one winding to another [18, 19]
frequency response analysis
(FRA) – sweep (SFRA)/
impulse (IFRA)

online low The tests to be carried out are limited. Further detailed analysis on injection
and signal collection is lacking [25, 26]

offline high Identifies mechanical or electrical faults in the windings, in the contacts or in
the power transformer core. SFRA has become one of the common electrical
tests and its acceptance in the electric market has increased accordingly [17]

exciting current offline high Evaluates the insulation between coils of the windings, the magnetic circuit of a
transformer and the tap changer. Detects short circuits between turns [18, 19]

RETURN voltage
measurement (RVM)

offline high Slight knowledge of water content in oil–paper insulation and insulation ageing
[18]

winding resistance offline high It detects windings faults or contact problems. It is used to check the operation
of the OLTC without opening the tap changer compartment [18, 19, 27]

leakage/short-circuit
impedance

offline medium Sensitive method to evaluate the possible axial/radial deformation or
displacement of the windings [18, 19]

differential protection online high (with the
use of new
proposals)

Primary protection for its reliability, certainty, and operation speed [28].
Disadvantage: false operations caused by the magnetisation current [29]

vibrations and acoustic
analysis

online high Suitable for mechanical faults in transformers and OLTC [20]

dielectric frequency response
(DRA) or dielectric
spectroscopy

offline high Moisture detection and insulation degradation. Increases the sensitivity of the
measurement when different frequencies to the power grid frequency are used

(some faults are more dominant at low frequencies and others at high
frequency) [21]
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for each case. Generalisation of the methodology in order to make
a common framework to be applied in any transformer is extremely
difficult.

One of these proposals presents an algorithm based on a
combination of the wavelet discrete transform with a model
obtained with neural networks for the detection and classification
of internal faults in three-phase two-winding transformer [54].
Simulation results show that its accuracy to detect faults is >98%;
however, no experimental results are presented. The results
presented only consider short circuits between turns >10%. In this
way, in [55], an improvement to the previous algorithm is
proposed, which allows to reduce the training time of the neural
network. This alternative is based on the use of a back-propagation
network for faults location between turns and offers better response
times, simplicity, and accuracy in different fault conditions. In the
same line of research, in [56], an algorithm based on ANN is
presented for fault identification in the transformer. In this method,
the first, second, and fifth harmonic components of the positive
sequence differential current are the inputs. Although this
technique responds correctly to different transient conditions
(inrush current and over excitation), it distinguishes internal faults
(faults between turns, earth loops) from external (tap change or CT
saturation), among other favourable aspects, the method cannot be
generalised to be applied to different power transformers.

In [57], a proposal based on FL is presented. The percentage
changes of the magnitudes of the negative sequence currents and
their phase shifts are evaluated against a fault. These changes are
the input variables to the algorithm based on fuzzy logic, whose
output is an indicator of the transformer's condition. The proposal
presents good results when it is applied (by computational
simulation) on a multi-winding power transformer of 100 MVA,
138/13.8 kV. Different percentages of turns are short-circuited on
both the primary and secondary side of the transformer. The
algorithm is able to determine whether the fault is incipient,
intermediate, or severe. Although the fuzzy rules are based on the
knowledge acquired in the behaviour of the system (expert
criterion), the proposed technique based on fuzzy logic is simple,
robust, and able to detect incipient faults at an early stage.

The common point of all these alternatives is that they require
the adaptation of the algorithms for each particular case. Although
they have only been tested in a laboratory scale or through
computer simulations, they arouse interest because their
implementation does not require additional costs. On the contrary,
its application only requires the incorporation of new software in
the differential protection relay controller.

2.3 Diagnostic strategies based on symmetrical components

Negative sequence currents allow identifying asymmetry situations
in any three-phase system. In this way, they could be used to detect
faults in a transformer (considering that the faults in transformers
are generally asymmetric). Asymmetrical external faults or
unbalanced loads also cause negative sequence currents. Therefore,
the main problem in a differential protection system, which takes
the negative sequence current as a fault indicator, is to discriminate
internal faults from external faults.

There are two main approaches for implementing the negative
sequence differential protection algorithm with internal/external
fault discrimination: the directional methods [35, 58–62] and those
of percentage restriction of negative sequence current [39, 63–66].

The first ones propose to identify the origin of the fault
according to the phase shift between the negative sequence currents
of primary and secondary side. It can be proved that if the negative
sequence currents are in phase opposition, the fault has an external
origin. On the contrary, if the currents appear in phase, it is an
internal fault.

The other option, based on the analysis of the percentage
restriction of negative sequence current, is based on the fact that
the differential current will increase, during an internal fault, in
equal proportion to the restriction current (or blocking). The
procedure to obtain the negative sequence currents of differential
operation and restriction is similar to the classical algorithm [67].
This is: the differential current is calculated as: Idif = İ1 + İ′2 ,

while the restriction current is: Ires = İ1 + İ′2 , considering both
incoming currents to the protection relay. Ideally, the differential
current is only affected by faults within the protected zone, being
independent of external faults. However, to avoid measurement
errors that arise with severe external faults (CT saturation), the
operation zone of the relay is restricted. The trigger signal is given
when the differential current is greater than a certain preset value
(threshold).

In normal operation, the ratio of the negative sequence currents
between primary and secondary in a transformer is given by the
transformation ratio; therefore, the relationship between the two
currents of a same phase is linear. The same situation occurs in the
case of external faults. In the case of an internal fault, the ratio of
negative sequence currents between primary and secondary stops
responding to the transformation ratio, not only in magnitude but
also in phase. As a result, sinusoidal negative sequence currents on
both sides have different amplitudes and phase angles. When a
fault occurs between turns, the negative sequence current
correlation on both sides of the transformer becomes elliptical. In
[68], this characteristic of the negative sequence current is used to
diagnose and locate faults between turns. The faulty phase is
detected by the negative sequence current. The side of the faulty
winding is obtained by the ratio of the two diameters of the ellipse
obtained from the correlation of the negative sequence current
between the primary and secondary side. The main characteristic of
this method of faults detection by means of the use of components
of negative sequence is that it does not depend on the load or
disturbances such as unbalanced loads, unbalanced supply
voltages, and external short circuits. On the other hand, the
technique is immune to constructive asymmetries and measurement
errors [58, 68, 69].

Another possibility, based on the use of negative sequence
currents to detect inter-turn faults, is based on the tracking of the
phase angle between the negative sequence current components on
both sides of the transformer [61]. Although the studies presented
in this proposal are limited (they dealt with a particular
configuration and a single condition of the system), the idea is
attractive because of its simplicity.

In [36], algorithms for inter-turns fault's detection based on the
calculation of the increment in the sequence components are
presented. The zero sequence current measurement can be direct
(by an additional CT located inside the winding if the connection is
in a triangle) or calculated from the phase currents. Direct
measurement is suggested only for banks of single-phase
transformers. The fault criterion for the different alternatives is a
voltage signal proportional to the fault current. According to the
algorithm used, it is necessary to know the tap position and the
value of the leakage inductance between the delta winding and the
core. The techniques presented allow the detection of a small
number of turns in short circuit not taking their location into
account. The speed of the algorithm is extremely fast,
approximately one period.

Another possibility is to incorporate the instantaneous phase
voltage signals into the algorithms, in order to calculate the
positive sequence admittances. In [70], an example of this strategy
is presented. The method is based on the mapping of the
admittances, seen from the primary and secondary transformer, in
the complex plane. It is shown that the locus obtained for normal
condition of the transformer is altered before a fault. According to
the simulations presented, the proposed technique is able to
discriminate between internal and external faults and can also
discriminate inrush current situations.

Moreover, in [35], a relay prototype is presented which bases its
operation on the monitoring of the negative sequence current and
voltage. The proposal offers low response times and it is more
sensitive than traditional differential protection. As a difference of
the previous proposals, this technique is able to detect faults in the
transformer without load. The technique was tested, with
satisfactory results, with a fault that involves 3% of the turns of a
winding. A more advanced method than the previous ones is to
analyse, simultaneously, the differences of positive sequence
impedances observed from the primary and secondary sides of the
transformer (ΔZ+) and the difference between the negative
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sequence components of primary and secondary currents (ΔI−).
These indicators are extremely sensitive in cases of inter-turn faults
and stable during normal operating condition of the transformers.
In [71], an experimental validation of this technique is presented on
a 10 kVA transformer. For this, a differential protection relay was
developed based on the ΔI− versus ΔZ+. The proposed algorithm is
able to detect faults between turns in an incipient stage that
involves 2.5% turns of the winding. It also offers an improvement
in the detection of a dead short-circuit condition (0.5% turns). In
the case of OLTC operation, the proposed algorithm behaves
adaptively, that is: it adjust the settings according to the tap
position. Simulation and experimental studies confirm the stability
of the proposed algorithm during transients. In the case of inrush
currents, the second harmonic restriction and cross-blocking are
used. For CT saturation, the restriction of the fifth harmonic is
used, while for under-voltage and over-excitation, a restriction
zone is incorporated on the axis of ΔI−, so as to take into account
variations in no-load current for overvoltage up to 10% for each tap
position [71]. The authors also present a comparative table between
the proposed method and other alternatives based on AI (see
Section 2.2) and on the wavelet transform (see Section 2.6). This
comparison is presented in Tables 2 and 3. 

2.4 Diagnostic strategies based on extended Park's vector
approach

Other authors have proposed the use of the current vector as a tool
to improve the performance of the traditional differential protection

of the transformer [77–79]. The differential components of the Park
vector (iD, iQ) are obtained by applying the Park transform [80] to
three-phase differential currents (idA, idB, idC). In the mentioned
works, this strategy is used as a tool to prevent the incorrect
operation of the differential protection relay during the inrush
transient. The extended Park's vector approach (EPVA) [34] is
based on the analysis of the harmonic content of the differential
current Park's vector modulus. The authors propose a failure
severity indicator based on the ratio between the amplitude of the
oscillation and the average value of the EPVA. The implementation
of Park's vector [34] is able to detect inter-turn faults for 4% of
short-circuited turns.

In [81], finally, an interesting comparison of three of the most
sensitive methods to detect low-level turn-to-turn faults in the
windings of three-phase transformers is presented (negative
sequence component algorithms; directional and restriction
method; EPVA). This comparison is shown in Table 4. 

2.5 Diagnostic strategies based on ΔV–I locus diagram

By monitoring the voltages and currents in the windings of a
transformer, and taking into account the position of the OLTC, it is
possible to obtain a graphical representation that reflects the state
of the transformer. Through a graph in which the differences
between the primary and secondary voltages of each phase are
plotted as a function of the current of the primary winding, a
slightly inclined elliptical curve is obtained. When internal faults
occur, such as inter-turn faults, disk space variation, axial

Table 2 Generalised comparison between AI [48–53, 72, 73], DWT [74, 75], and proposed algorithm
Parameter AI approach [48–53, 72, 73] DWT [74, 75] Proposed
mode of analysis online online online
operating requirement pretrained network (ANN, SVM)/rules

(fuzzy) and online data
online data and threshold online data and threshold

historical data and expert knowledge required not required not required
constraint training samples/rules basis for selection of the

mother wavelet
non-stationary signal

effect of change in system parameter on
the performance of the algorithm

variation in pattern and possibility of need
for recalibration

no effect no effect

computational complexity high high low
 

Table 3 Sensitivity assessment of proposed algorithm in [71] with existing methodologies
Parameter Existing differential

protection [76]
Algorithm in [39] Algorithm in [34] Proposed in [71]

stability for no fault, unbalanced load, unbalanced
source

stable stable stable stable

inter-turn fault detection for fault current of 1 p.u. 15% turns fault 3% turns fault 4% turns fault 2.5% turns fault
dead short-circuit inter-turn fault detection 3% turns 2% turns 1.5% turns 0.5% turns
OLTC operation fixed characteristic fixed characteristic fixed characteristic adapts characteristics
number of parameters required for setting 4 2 2 2

 

Table 4 Comparison between negative sequence component and current vector protection algorithms
Directional method [35, 58–62] Restriction of I- [39,

63–66]
EPVA [34]

normal operation negative sequence currents of the primary and
secondary side lower than preset value

work in restriction area only present a DC value

operation with internal fault phase between negative sequence components
of the primary and secondary side less than or

equal to preset value

work in operation area it will contain one DC value and one
AC value at twice the power grid

frequency
operation with external fault phase between negative sequence components

of the primary and secondary side greater than to
preset value

work in restriction area work in restriction area

sensitivity to detect incipient
short circuits between turns

minor major major (14% more sensitive than the
negative sequence differential

method)
reliable discrimination of
internal/external fault

low high high

 

IET Gener. Transm. Distrib.
© The Institution of Engineering and Technology 2018

5



displacement or faults between a winding and earth, the graph is
altered, adopting characteristic shapes for each particular fault [82].

Table 5 summarises the effect of the most important faults on
the area and the major axis rotation of the ellipse in relation to the
locus corresponding to the fault-free condition. 

In [83], a variant is proposed to detect deformations in the
winding of a transformer based on these graphs. The results show
that as the short circuit failures increase, the diagrams do not
change linearly, but their changes depend substantially on the
position where the fault occurs. It was concluded that the curve
parameters carry the information of the faults and that the short
axis of the curve is more sensitive to short-circuit faults (changes
significantly even if there is only one fault between two turns).
Table 6 shows the relative change of the characteristic parameters
of the curves of the ΔV–I1locus for different number of turns in
fault and for different fault positions. 

In [84, 85], the impact of each fault in graphics ΔV–I is
analysed by a three-dimensional finite elements detailed model, in
order to identify any incipient mechanical deformation within the
power transformers.

In [85], besides analysing the impact of each failure in ΔV–I
graphs, we examine the impact of different harmonics in order,
magnitude, and phase in these graphs, for different types and levels
of failure, detailing the increase in the area and the major axis
rotation. Table 7 shows the most relevant. 

2.6 Diagnostic strategies based on the harmonic content of
the current

By performing a trend analysis of specific harmonic components
and primary current magnitude, the presence of faults can be
detected. The analysis of current harmonics without load and low
load in the transformer to detect the presence of inter-turns faults in

an incipient stage is presented in [86, 87]. The proposal is based on
the use of the Fourier transform and the wavelets transform. The
experience presented shows that the proposed approach can detect
the presence of an incipient fault involving <2% of the turns and a
fault current up to 1 p.u. The fault is manifested in:

• The percentage reduction in the third and fifth harmonic content
(Table 8), and as a result, the reduction in the harmonic content
or total harmonic distortion (THD) of the primary current
(Table 9).

• Increase in primary current depending on severity of fault.
• Variation in approximate and detailed coefficient level of the

wavelet transform.

However, the approach is suitable for voltage harmonics within
IEEE-specified limits and rated voltage application. Over-
excitation or higher voltage harmonics can severely distort the
harmonic content of no-load current, hindering the correct
interpretation of the results. 

Table 10 compares the benefits of the wavelet transform respect
to the Fourier transform, considering that the main difference is
that the Fourier transform is suitable for the study of perennial
harmonic signals while the wavelet transformation allows to
establish whether the frequency content is permanent or not, being
useful in the study of transient signals. 

Finally, in [89], the behaviour of inter-turns faults is analysed
by the use of high-frequency components of the discrete wavelet
transform in the primary and secondary currents. Simulation results
are presented with faults that involve at least 10% of turns. The
work shows that depending on the connection of the windings, a
fault can be manifested in the phase or zero sequence components.

Table 5 Effect of the faults in the area of the graph and in the axis rotation
Type of fault Area Rotation
interdisk significant increase large
disk space variation increase very large
leakage fault increase large
forced buckling increase slight
axial displacement decrease none

 

Table 6 Relative change of ΔV– I1 characteristic parameters
Type Parameter Short-circuit fault (the relative change to the healthy winding)

2 (end), % 5 (end), % 10 (end), % 5 (mid), %
50 Hz waveform Uin/Uout 1.01 0.95 2.30 1.53

Δphase 0.04 0.08 0.02 0.13
ΔV–I1 graph long axis (a) −0.04 −0.02 −0.06 0.02

short axis (b) −10.70 −22.87 −8.32 −25.10
slope (k) −0.99 −0.93 −2.24 −1.48

eccentricity (e) 0 0 0 0
 

Table 7 Impact of faults on area and axis rotation of the ΔV–I locus considering harmonic voltage distortion
Type of fault Impact of fault on ΔV–I locus
short circuit increase in area + significant clockwise rotation
axial displacement slight decrease in area +  no rotation
radial displacement decrease in area + slight rotation
disk space variation significant increase in area + clockwise rotation

 

Table 8 Effect of faults on the harmonic content of the current [86]
Phase (side) Short-circuited turns Fault current, p.u. Effect after failure

Third harmonic Fifth harmonic
V (AT) 1 turn (0.38%) 0.35 3.1% reduction 2.5% reduction
V (AT) 2 turns (0.77%) 1 5.62% reduction 17.79% reduction
V (BT) 1 turn (0.38%) 0125 6.66% reduction 7.58% reduction
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The technique is original, although it was only tested in simulations
and for relatively serious faults.

2.7 Diagnostic strategies based on leakage inductance
variation

For the moment, various diagnostic methods have been used, such
as low-voltage impulse, FRA, and SCI for the recognition of
mechanical defects in transformers. The disadvantage of these
methods is that they are offline and the inception of a fault cannot
be detected on time [90–93].

In recent years, the monitoring of the deformation of windings
by the variation of the leakage inductance of the transformer has
been gaining notoriety [94]. However, the main problem is that
there is a certain error in the method of discrimination and
precision, so it is not yet used in practice.

In [13, 94], the method for detecting the deformation of the
windings by the variation of the leakage inductance or dispersion
inductance is analysed. In [13], from the measurement of primary
and secondary voltages, and the current of the primary winding, a
least squares approximation of the dispersion inductance of each of
the transformer phases is obtained. It starts from the equivalent
circuit of the transformer to calculate the inductance, neglecting the
magnetisation current. The developed model has the ability to be
implemented online for the detection of the deformation of the
winding efficiently. The accuracy in the identification of the
parameter is satisfactory and can be improved by compensating the
magnetisation current. The magnetisation current can exert an
effective influence on the results. In addition, the proposed
algorithm remains stable, which is not influenced by the load
fluctuation or the change of its power factor.

2.8 Diagnostic strategies based on power monitoring

In [95], an online method to monitor the values of the most central
transformer parameters (impedance, turn ratio, and power loss) is
presented. Using a simple transformer model, it is possible to
deduce the transformation ratio and the total winding impedance by
linear fitting selected measured quantities as a function of the load.
The internal power loss is simply obtained from the difference in
power into and out of the transformer. It is possible to reliably
detect changes of the size of 0.1% for most of these quantities
which makes this method generally comparable in sensitivity to
corresponding offline measurements.

Thus, the proposed method renders a possibility to continuously
monitor the values of the transformer parameters online and
thereby facilitates the early detection of a fault.

2.9 Diagnostic strategies based on no-load application
techniques

In Section 2.6, current harmonics analysis techniques were
presented through the use of the Fourier transform and wavelets

transform [86, 87]. At the moment, these techniques are applicable
only in conditions of no-load or low load of the transformer.
Moreover, the approach is suitable for voltage harmonics within
IEEE-specified limits and rated voltage application.

In [96], a method based on measurement of the variations of
phase difference between the no-load input voltages and currents in
the primary windings of power transformers is proposed. At the no-
load condition, the transformer acts as a single winding with high
self-inductance so that for most of distribution and power
transformers, the no-load power factor averages ∼0.15 lagging
[97]. Therefore, the transformer input current lags approximately
the input voltage by an angle of 80°. If there is any turn-to-turn
short circuit (even through a fault resistance) in one of the primary
windings, theoretical and experimental results show that as the
number of turns in short circuit increases, the input impedance
angle (or the difference phase between voltage and current)
decrease considerably. It is confirmed that for internal faults with a
low number of turns (e.g. 1 turn, 2 turns), the equivalent impedance
of faulty turns is mostly resistive. In other words, the compensating
component in the current through the faulty winding is
approximately in phase with its applied voltage. Although the
method with load operation and with OLTC needs to be validated,
it can be suitable for the no-load operation of the transformer.

2.10 Diagnostic strategies based on bushing monitoring

A special chapter deserves the bushings of the power transformers,
which have a failure probability of 20%. Although the cost of these
components is ∼0.05% of the value of a transformer, a fault can
cause the service output, so monitoring of their status becomes
relevant.

The diagnosis of the bushings is made by analysing the delta
tangent and its percentage of variation or depending on its
capacitance [98]. Diverse methods have been proposed for online
monitoring of bushings. In [99], it is proposed to take advantage of
high-voltage transients, such as over-voltages of lightning
impulses, as stimuli for online dielectric spectroscopy of power
transformer bushings. In [100], the possibility of applying
dielectric spectroscopy to the bushings of the transformers and
their limitations was analysed, obtaining favourable results. In
[101], an online monitoring method is analysed to continuously
estimate the variation of the capacitance and delta tangent of the
bushing. The method is based on a measurement of high-frequency
impedance in the bushing, whose variations reflect its state [102,
103]. In [104], the effect of contamination of the insulation and oil
leakage of the bushings is analysed through online monitoring of
capacity, tan delta, and partial discharges, being able to make a
correlation between the monitored values and the condition of the
bushing. In [105], an online method for capacitance and tan delta
measurements of high-voltage bushings is presented, reaching a
measurement precision similar to the offline tests. In addition,
through the tap of bushings, the partial discharges inside the power
transformer can be monitored, although more research is needed

Table 9 THD reduction due to inter-turn faults (If = 1 p.u.) [87]
Phase (side) Turns IU THD, % IV THD, % IW THD, %
U, V, W (HV/LV) 0 2.9 3.4 3.4
V (HV) 4 2.9 3.2 3.3
V (HV) 6 3.0 3.1 3.4

 

Table 10 Comparison between wavelet and Fourier transform [88]
Item FFT WT
computational effort easy very complex
event detection minimum very good
data compression good excellent
real-time computing yes yes
harmonic detection (frequency) very good very good
noise immunity limited bad
current usage high low
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regarding the propagation of the DP pulses through the winding of
the transformer and the effects of the distortion of the transformer.
The pulses propagated far away from the site of the discharge
activity (the attenuation and dispersion of the DP impulse
waveforms are potentially significant) [106].

However, at present, with the online measurement in the HV
bushings, the breakdown of the bushing dielectric and the
transformer isolation system can be detected.

3 Discussion
Online power transformers monitoring is an increasingly

widespread practice. The objective is to detect a fault in its
incipient state and, as far as possible, estimate its severity and the
remaining useful life of the machine.

The differential protection relays are a classical and robust
protection and allow an online monitoring of the transformer.
However, they are not able to identify inter-turn faults in an
incipient stage with the strategies used at the moment nor
displacements in windings or core columns. The FRA is an
accurate method for diagnosing the mechanical state of the
transformer; however, it has been implemented mainly offline and
requires expert knowledge and sophisticated equipment. The
possibility of online implementation of this technique, although it
has already been proven, still does not offer an acceptable degree
of reliability.

The DGA is able to detect any abnormality in the functioning of
the transformer in an incipient state, both online and offline,

although it is a costly method and is not applicable to dry
insulation transformers.

On the other hand, windings resistance tests and partial
discharges are widely used in power transformers. Although they
offer the possibility of online implementation, the diagnoses
obtained in those methods are not even comparable to those
obtained through the offline application of the technique.

The evolution in the development of fault detection elements in
power transformers was favoured from the use of digital
differential protection relays. In these cases, it is easy to add new
diagnostic routines that extend the original features from the
variables that are monitored by the relay. This new possibility led
to the development of new alternatives. Many of them have not yet
been tested in real applications. Others have only been presented as
theoretical proposals or applied in computer simulations. Other
ones have been validated using laboratory prototypes.

AI techniques such as neural networks and fuzzy logic (which
had already been used successfully in engines or generators) make
possible to detect relatively minor faults. On the other hand, they
have the advantage of requiring few input data and allow an online
implementation.

The methods that use the Park transform or the symmetric
components are capable of detecting faults through the
measurement of currents in an online manner, although their
calculation and response time depends on the failure.

It should be noted that the methods of monitoring and detecting
faults in power transformers by means of electrical variables
(measurement of instantaneous voltages and currents) have the

Table 11 Summary of different methods and their degree of detection
Ref. Method Detection degree Observation
[45] relay: increase in fluk linkage more than 10% of the winding short

circuited.
According to IEEE standard C37.91-2000 [41]

[54] WT and neural networks 10% turns short circuited Applied to two-winding three-phase transformers. Accuracy
>98%

[94] leakage inductance variation radial displacement: 5.3% turns Error in discrimination and precision method
axial displacement: 18.2% turns
axial displacement: 4.5% turns

inter-turn short-circuit: 4.5% turns
[56] relay based on ANN 5% turns of the winding and 1 turn to ground It is not generalised
[34] Park's vector 4% turns short circuited There must be some failure resistance and it is not a

condition of dead short-circuit
[35] symmetrical components 3% turns short circuited There must be some failure resistance and it should not be

a condition of dead short-circuit
[71] relay: symmetrical

components
2.5% turns of the winding. Detection of a

dead short-circuit condition (0.5% of turns)
Stability during overexcitation, inrush condition, and CT

saturation
[68] negative sequence current 2.27% of the winding and up to 1.92% It does not depend on the load and system disturbances
[39] negative sequence

components
2% turns in dead short-circuit Serious fault condition

[86, 87] FFT and WT 2% turns short circuited and fault current up
to 1 p.u.

Analysis with no-load or low load

[61] relay: negative sequence
currents

1% turns short circuited (4 turns) Results not generalised (they treated a particular
configuration and a single condition of the system)

[57] fuzzy logic 1, 3, 5, 10, 15, and 25% turns short circuited Simple and robust but requires expert criteria. Detects
incipient faults in an early stage

[36] negative sequence
components

1% turns in dead short-circuit Serious fault condition

[43] adaptation of conventional
differential protection

1% turns in dead short-circuit or more It is not applicable to detect faults in the incipient stage

[58] relay: negative sequence
currents

1% turns short-circuited (2 turns) Evaluated for different operating conditions, numbers of
turns in short circuit, and different connections of the power

transformer
[69] neutral current of the primary

side
4 turns short-circuited Immune to supply voltage unbalance, constructive

asymmetries, and instrumental errors and unequal
distribution

[82, 83] ΔV– I1locus 2 turns short-circuited Small variations make difficult to realise the fault
[96] phase difference between U1

and I1
1 or 2 turns short-circuited Applicable only with no-load (and low power factor). Next

step: operation with load and with OLTC
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advantage of being applicable both to transformers immersed in oil
and to dry insulation transformers. Furthermore, generally, these
methods do not require any additional hardware installation since
signals from the voltage and current sensors installed generally in
transformers in service are used.Some of the most outstanding
works cited are summarised in Table 11, comparing in detail the
method used for the detection of faults and their degree of
detection.

Table 12 shows a general comparison of the methods currently
used for the detection and diagnosis of faults in power transformers
through the analysis of electrical variables. From the point of view
of the ability to detect slight short circuits between turns (1% of the
total turns), it is observed that the proposals based on the
monitoring of the negative sequence current are the most
promising. On the other hand, some works based on AI are equally
capable of detecting incipient failures.

Besides, from the point of view of the information required to
implement a diagnostic procedure, it is observed that the
techniques based on models require the original values of some
parameters of the transformer, which constitutes a disadvantage.
AI-based techniques, on the other hand, although they do not
require data about the parameters of the transformer, need training
stages or expert rules based on previous experience. Both
alternatives, therefore, hinder its implementation.

The degree of development of most of the techniques listed in
this paper is incipient. In effect, these are strategies that have been
proposed and tested only at the level of simulations or in the
laboratory. Therefore, it is very difficult to determine which have
the greatest potential and the possibility of imposing on the rest.
However, it is possible to affirm, without doubts, that these
techniques are being consolidated and offer a useful complement to
traditional techniques.

4 Conclusions
The development of digital measurement and protection systems
for transformers has opened up the possibility of redesigning the
detection and fault diagnosis strategies. Many alternatives have
been presented for this purpose during the last years. Some of them
try to apply techniques that have been previously tested in other
electrical machines (motors or generators) such as EPVA or current
analysis in the frequency domain. In other cases, strategies based
on models are proposed, which have shown great capacity in many
industrial applications. Some authors use the negative sequence
components to monitor the transformer status.

These new alternatives are in development and present a great
growth potential due to their online implementation, their low cost,
and the speed to detect anomalies.

In the case of the techniques that are presented as variants to the
traditional differential protection, the challenge remains to increase
the sensitivity of the relay avoiding incorrect operations during
inrush transients or external faults.

Although the techniques analysed here are not able to replace
the traditional ones, they are a very useful complement to improve
the usual maintenance practices in power transformers.

5 Acknowledgments
This research is supported by the ANPCYT, CONICET,
Universidad Nacional del Centro de la Provincia de Buenos Aires
and Universidad Nacional de La Plata (Argentina).

6 References
[1] Bo, Z., Weller, G., Lomas, T.: ‘A new technique for transformer protection

based on transient detection’, IEEE Trans. Power Deliv., 2000, 15, (3), pp.
870–875

[2] CIGRE Technical Brochure 227: ‘Life Management Techniques For Power
Transformers’, Working Group A2.18, CIGRE, 2003

[3] Bartley, W.H.: ‘Analysis of transformer failures’, 2003
[4] Álvarez, R.E., del Pozo, M.D.: ‘Mantenimiento de transformadores de

potencia’. 2007 XII Encuentro Regional Iberoamericano de CIGRE, Foz de
Iguazú, Brasil, 2007

[5] Bossi, A., Dind, J., Frisson, J., et al.: ‘An international survey on failures in
large power transformers in service’, Cigré Electra, 1983, 88, pp. 21–48

[6] Wang, H., Butler, K.L.: ‘Finite element analysis of internal winding faults in
distribution transformers’, IEEE Trans. Power Deliv., 2001, 16, (3), pp. 422–
428

[7] Berzoy, A., Mohamed, A.A.S., Mohammed, O.A.: ‘Inter-turn short-circuit
fault model for magnetically coupled circuits: a general study’. 2016 IEEE
Industry Applications Society Annual Meeting, Portland, OR USA, 2016, pp.
1–7

[8] Rahman, M.A., Jeyasurya, B.: ‘A state-of-the-art review of transformer
protection algorithms’, IEEE Trans. Power Deliv., 1988, 3, (2), pp. 534–544

[9] Bharat Heavy Electricals Limited: ‘Transformers’ (Tata McGraw-Hill, New
Delhi, India, 2003, 2nd edn.)

[10] Zhalefar, F., Sanaye-Pasand, M.: ‘Studying effect of location and resistance of
inter-turn faults on fault current in power transformers’. 2007 42nd Int.
Universities Power Engineering Conf., Brighton, UK, 2007, pp. 138–142

[11] Wiszniewski, A., Solak, K., Rebizant, W., et al.: ‘Calculation of the lowest
currents caused by turn-to-turn short-circuits in power transformers’, Int. J.
Electr. Power Energy Syst., 2018, 95, (Suppl. C), pp. 301–306

[12] Chapman, S.J.: ‘Electric machinery fundamentals’, (McGraw Hill, New York,
NY, USA, 2004, 4th edn.)

[13] Zhang, X., Hao, Z., Chen, G., et al.: ‘Leakage inductance variation based
monitoring of transformer winding deformation’. 2015 IEEE 15th Int. Conf.
on Environment and Electrical Engineering (EEEIC), Rome, Italy, 2015, pp.
1759–1764

[14] Mirzaei, H.R., Akbari, A., Gockenbach, E., et al.: ‘Advancing new techniques
for UHF PDdetection and localization in the power transformers in the factory
tests’, IEEE Trans. Dielectr. Electr. Insul., 2015, 22, (1), pp. 448–455

[15] CIGRE Technical Brochure 409: ‘Report on Gas Monitors for Oil-Filled
Electrical Equipment’ Working Group D1.01 CIGRE (TF 15), 2010

[16] Sarria-Arias, J.T., Guerrero-Bello, N.A., Rivas-Trujillo, E.: ‘Estado del arte
del análisis de gases disueltos en transformadores de potencia’, Facultad de
Ingeniería, 2014, 23, pp. 105–122

[17] CIGRE Technical Brochure 342: ‘Mechanical-Condition Assessment of
Transformer Windings Using Frequency Response Analysis (FRA)’ Working
Group A2.26 CIGRE, 2008,

[18] CIGRE Technical Brochure 445: ‘Guide for Transformer Maintenance’
Working Group A2.34 CIGRE, 2011

[19] ‘IEEE Guide for Diagnostic Field Testing of Fluid-Filled Power
Transformers, Regulators, and Reactors’. IEEE Std C57.152-2013, 2013, pp.
1–121

Table 12 General comparison of methods that use the analysis of electrical variables
Method Ability to detect

incipient faults
Necessity for
expert criteria

Requirements Computational
effort

Type of fault
Electrical Mechanical

model-based strategies some methods yes. To establish
threshold

parameters of the
transformer

middle • •

artificial intelligence some methods yes. To design training or expert rules high •
use of symmetrical
components

yes no no middle •

ΔV–I locus difficult discrimination yes. To interpret no low • •
harmonic current
content

some methods no no high •

leakage inductance
variation

difficult discrimination yes. To establish
threshold

parameters of the
transformer

middle •

power monitoring some methods no parameters of the
transformer

low •

no-load application
techniques

some methods no no middle •

 

IET Gener. Transm. Distrib.
© The Institution of Engineering and Technology 2018

9



[20] Abu-Elanien, A.E.B., Salama, M.M.A.: ‘Asset management techniques for
transformers’, Electr. Power Syst. Res., 2010, 80, (4), pp. 456–464

[21] CIGRE Technical Brochure 414: ‘Dielectric response diagnoses for
transformer windings’ Working Group D1.01 CIGRE (TF 14), 2010

[22] Zhou, K., Cai, L.: ‘Online measuring power factor in AC resistance spot
welding’, IEEE Trans. Ind. Electron., 2014, 61, (1), pp. 575–582

[23] IEC 60076-1:2011, Edition 3.0: ‘Power transformers - Part 1: General’
[24] Abeywickrama, N., Bengtsson, T., Saers, R.: ‘Transformer explorer:

monitoring transformer status by fundamental frequency signals’. 2016 Int.
Conf. on Condition Monitoring and Diagnosis (CMD), Xi'an, China, 2016,
pp. 396–399

[25] Behjat, V., Vahedi, A., Setayeshmehr, A., et al.: ‘Diagnosing shorted turns on
the windings of power transformers based upon online FRA using capacitive
and inductive couplings’, IEEE Trans. Power Deliv., 2011, 26, (4), pp. 2123–
2133

[26] Rybel, T.D., Singh, A., Vandermaar, J.A., et al.: ‘Apparatus for online power
transformer winding monitoring using bushing tap injection’, IEEE Trans.
Power Deliv., 2009, 24, (3), pp. 996–1003

[27] Liang, Z.-R., Zhen, X.-F., Niu, S.-S.: ‘DC resistance measurement for low
voltage side winding of large-scale transformer’, 2007

[28] Kasztenny, B., Kezunovic, M.: ‘Digital relays improve protection of large
transformers’, IEEE Comput. Appl. Power, 1998, 11, (4), pp. 39–45

[29] Eissa, M.M.: ‘A novel digital directional transformer protection technique
based on wavelet packet’, IEEE Trans. Power Deliv., 2005, 20, (3), pp. 1830–
1836

[30] Acosta, G.G., Verucchi, C.J., Gelso, E.R.: ‘A current monitoring system for
diagnosing electrical failures in induction motors’, Mech. Syst. Signal
Process., 2006, 20, (4), pp. 953–965

[31] Ruschetti, C., Verucchi, C., Bossio, G., et al.: ‘Rotor demagnetization effects
on permanent magnet synchronous machines’, Energy Convers. Manage.,
2013, 74, (Suppl. C), pp. 1–8

[32] Subramaniam, A., Bhandari, S., Bagheri, M., et al.: ‘Online condition
monitoring and diagnosis techniques for dry type transformers incipient fault
analysis through finite element modelling’. 2016 IEEE Transportation
Electrification Conf. and Expo (ITEC), Asia-Pacific, 2016, pp. 024–028

[33] Hunt, R., Schaefer, J., Bentert, B.: ‘Practical experience in setting transformer
differential inrush restraint’. 2008 61st Annual Conf. for Protective Relay
Engineers, College Station, TX, USA, 2008, pp. 118–141

[34] Oliveira, L.M.R., Cardoso, A.J.M.: ‘Extended Park's vector approach-based
differential protection of three-phase power transformers’, IET Electr. Power
Appl., 2012, 6, (8), pp. 463–472

[35] Zacharias, D., Gokaraju, R.: ‘Prototype of a negative-sequence turn-to-turn
fault detection scheme for transformers’, IEEE Trans. Power Deliv., 2016, 31,
(1), pp. 122–129

[36] Wiszniewski, A., Rebizant, W., Schiel, L.: ‘New algorithms for power
transformer inter-turn fault protection’, Electr. Power Syst. Res., 2009, 79,
(10), pp. 1454–1461

[37] Vahedi, A., Behjat, V.: ‘Online monitoring of power transformers for
detection of internal winding short circuit faults using negative sequence
analysis’, Eur. Trans. Electr. Power, 2011, 21, (1), pp. 196–211

[38] Medeiros, R.P., Costa, F.B., Silva, K.M.: ‘Power transformer differential
protection using the boundary discrete wavelet transform’, IEEE Trans.
Power Deliv., 2016, 31, (5), pp. 2083–2095

[39] Guzman, A., Fischer, N., Labuschagne, C.: ‘Improvements in transformer
protection and control’. 2009 62nd Annual Conf. for Protective Relay
Engineers, Austin, TX, USA, 2009, pp. 563–579

[40] Blackburn, J.L., Domin, T.J.: ‘Protective relaying: principles and
applications’ (CRC Press, New York, NY, USA 2015, 4th edn.)

[41] ‘IEEE Guide for Protecting Power Transformers’. IEEE Std C37.91-2008
(Revision of IEEE Std C37.91-2000), 2008, pp. 1–139

[42] ‘IEEE Guide for the Protection of Network Transformers’. IEEE Std
C37.108-2002 (Revision of C37.108-1989), 2002, p. i–31

[43] Zhang, W., Tan, Q., Miao, S., et al.: ‘Self-adaptive transformer differential
protection’, IET Gener. Transm. Distrib., 2013, 7, (1), pp. 61–68

[44] Sachdev, M.S., Sidhu, T.S., Wood, H.C.: ‘A digital relaying algorithm for
detecting transformer winding faults’, IEEE Trans. Power Deliv., 1989, 4, (3),
pp. 1638–1648

[45] Kang, Y.C., Lee, B.E., Kang, S.H., et al.: ‘Transformer protection based on
the increment of flux linkages’, IEE Proc. – Gener., Transm. Distri., 2004,
151, (4), pp. 548–554

[46] Bhide, R.S., Srinivas, M.S.S., Voloh, I.: ‘Detection of inter-turn fault in
transformers at incipient level’. 2014 Int. Conf. on Electrical Machines
(ICEM), Berlin, Germany, 2014, pp. 1542–1548

[47] Verucchi, C., Acosta, G., Benger, F.: ‘A review on fault diagnosis of induction
machines’, Latin Am. Appl. Res., 2008, 38, (2), pp. 113–121

[48] Shah, A.M., Bhalja, B.R.: ‘Discrimination between internal faults and other
disturbances in transformer using the support vector machine-based protection
scheme’, IEEE Trans. Power Deliv., 2013, 28, (3), pp. 1508–1515

[49] Bigdeli, M., Vakilian, M., Rahimpour, E.: ‘Transformer winding faults
classification based on transfer function analysis by support vector machine’,
IET Electr. Power Appl., 2012, 6, (5), pp. 268–276

[50] Tripathy, M., Maheshwari, R.P., Verma, H.K.: ‘Probabilistic neural-network-
based protection of power transformer’, IET Electr. Power Appl., 2007, 1, (5),
pp. 793–798

[51] Tripathy, M., Maheshwari, R.P., Verma, H.K.: ‘Power transformer differential
protection based on optimal probabilistic neural network’, IEEE Trans. Power
Deliv., 2010, 25, (1), pp. 102–112

[52] Ozgonenel, O., Karagol, S.: ‘Power transformer protection based on decision
tree approach’, IET Electr. Power Appl., 2014, 8, (7), pp. 251–256

[53] Ashrafian, A., Vahidi, B., Mirsalim, M.: ‘Time-time-transform application to
fault diagnosis of power transformers’, IET Gener. Transm. Distrib., 2014, 8,
(6), pp. 1156–1167

[54] Ngaopitakkul, A., Kunakorn, A.: ‘Internal fault classification in transformer
windings using combination of discrete wavelet transforms and … 365
internal fault classification in transformer windings using combination of
discrete wavelet transforms and back-propagation neural networks’, 2006

[55] Ngaopitakkul, A., Pothisarn, C., Klomjit, J., et al.: ‘Improvement of algorithm
to reduce training time of back-propagation neural network for transformer
interturn fault location’. 2012 Int. Conf. on Wavelet Analysis and Pattern
Recognition, Xi'an, China, 2012, pp. 131–136

[56] Khorashadi-Zadeh, H., Li, Z.: ‘A sensitive ANN based differential relay for
transformer protection with security against CT saturation and tap changer
operation’, 2007

[57] Ramesh, K., Sushama, M.: ‘Inter-turn fault detection in power transformer
using fuzzy logic’. 2014 Int. Conf. on Science Engineering and Management
Research (ICSEMR), Chennai, India, 2014, pp. 1–5

[58] Babiy, M., Gokaraju, R., Garcia, J.C.: ‘Turn-to-turn fault detection in
transformers using negative sequence currents’. 2011 IEEE Electrical Power
and Energy Conf., Winnipeg, MB, Canada, 2011, pp. 158–163

[59] ABB: ‘Technical manual: transformer protection RET670 2.0’, 2014
[60] Gajic, Z.: ‘Method and device for fault detection in an n-winding three-phase

power transformer’, 2011
[61] Gajić, Z., Brnčić, I., Hillström, B., et al.: ‘Sensitive turn-to-turn fault

protection for power transformers’. CIGRE Study Committee B5 Colloquium,
Calgary, Canada, September 2005

[62] Brncic, I., Gajic, Z., Einarsson, T.: ‘Transformer differential protection
improved by implementation of negative-sequence currents’ (ABB Power
Technologies, Västerås, Sweden, 2006)

[63] Kasztenny, B., Thompson, M., Fischer, N.: ‘Fundamentals of short-circuit
protection for transformers’. IEEE2010 63rd Annual Conf. for Protective
Relay Engineers, College Station, TX, USA, 2010, pp. 1–13

[64] Kasztenny, B., Fischer, N., Altuve, H.J.: ‘Negative-sequence differential
protection-principles, sensitivity, and security’. IEEE 2015 68th Annual Conf.
for Protective Relay Engineers, College Station, TX, USA, 2015, pp. 364–378

[65] Fischer, N., Labuschagne, C.A.: ‘Negative sequence differential element’,
2011

[66] Schweitzer Engineering Laboratories, Inc., Pullman, WA, USA: ‘SEL 487E-3
transformer differential relay data sheet’, 2012

[67] CIGRE Technical Brochure 463: ‘Modern Techniques for Protecting,
controlling and monitoring power transformers’, Working Group B5.05,
CIGRE, 2011

[68] Faiz, J., Gharaeei, J., Lotfifard, S.: ‘Detection, location, and estimation of
severity of interturn faults in power transformers’. 2016 10th Int. Conf. on
Compatibility, Power Electronics and Power Engineering (CPE-
POWERENG), Bydgoszcz, Poland, 2016, pp. 39–44

[69] Ballal, M.S., Suryawanshi, H.M., Mishra, M.K., et al.: ‘Interturn faults
detection of transformers by diagnosis of neutral current’, IEEE Trans. Power
Deliv., 2016, 31, (3), pp. 1096–1105

[70] Eissa, M.M., Shehab-Eldin, E.H., Masoud, M.E., et al.: ‘Digital technique for
power transformer fault detection based on positive sequence admittance
approach’. 2008 12th Int. Middle-East Power System Conf., Aswan, Egypt,
2008, pp. 517–522

[71] Venikar, P.A., Ballal, M.S., Umre, B.S., et al.: ‘Sensitive incipient inter-turn
fault detection algorithm for power transformers’, IET Electr. Power Appl.,
2016, 10, (9), pp. 858–868

[72] Ashrafian, A., Naderi, M.S., Gharehpetian, G.B.: ‘Characterisation of internal
incipient faults in transformers during impulse test using index based on S
matrix energy and standard deviation’, IET Electr. Power Appl., 2012, 6, (4),
pp. 225–232

[73] Wu, W., Ji, T., Li, M., et al.: ‘Using mathematical morphology to discriminate
between internal fault and inrush current of transformers’, IET Gener. Transm.
Distrib., 2016, 10, (1), pp. 73–80

[74] Aktaibi, A., Rahman, M.A., Razali, A.M.: ‘An experimental implementation
of the dq-axis wavelet packet transform hybrid technique for three-phase
power transformer protection’, IEEE Trans. Ind. Appl., 2014, 50, (4), pp.
2919–2927

[75] Ghunem, R.A., El-Shatshat, R., Ozgonenel, O.: ‘A novel selection algorithm
of a wavelet-based transformer differential current features’, IEEE Trans.
Power Deliv., 2014, 29, (3), pp. 1120–1126

[76] Schneider Electric: ‘Technical manual: transformer protection relay MiCOM
P642, P643 and P645’, 2010

[77] Guerreiro, M., Pires, V.F.: ‘A transformer differential relay based on a
multiple park transformation’. 2007 Int. Conf. on Power Engineering, Energy
and Electrical Drives, Setubal, Portugal, 2007, pp. 400–404

[78] Barbosa, D., Netto, U.C., Coury, D.V., et al.: ‘Power transformer differential
protection based on Clarke's transform and fuzzy systems’, IEEE Trans.
Power Deliv., 2011, 26, (2), pp. 1212–1220

[79] Noshad, B., Razaz, M., Seifossadat, S.G.: ‘A new algorithm based on Clarke's
transform and discrete wavelet transform for the differential protection of
three-phase power transformers considering the ultra-saturation
phenomenon’, Electr. Power Syst. Res., 2014, 110, (Suppl. C), pp. 9–24

[80] Park, R.H.: ‘Two-reaction theory of synchronous machines generalized
method of analysis-part I’, Trans. Am. Inst. Electr. Eng., 1929, 48, (3), pp.
716–727

[81] Oliveira, L.M.R., Cardoso, A.J.M.: ‘Comparing power transformer turn-to-
turn faults protection methods: negative sequence component versus space-
vector algorithms’, IEEE Trans. Ind. Appl., 2017, 53, (3), pp. 2817–2825

[82] Abu-Siada, A., Islam, S.: ‘A novel online technique to detect power
transformer winding faults’, IEEE Trans. Power Deliv., 2012, 27, (2), pp.
849–857

[83] Yao, C., Zhao, Z., Chen, Y., et al.: ‘Detection of internal winding faults in
power transformers based on graphical characteristics of voltage and current’.
2014 ICHVE Int. Conf. on High Voltage Engineering and Application,
Pozman, Poland, 2014, pp. 1–4

10 IET Gener. Transm. Distrib.
© The Institution of Engineering and Technology 2018



[84] Masoum, A.S., Hashemnia, N., Abu-Siada, A., et al.: ‘Performance evaluation
of on-line transformer winding short circuit fault detection based on
instantaneous voltage and current measurements’. 2014 IEEE PES General
Meeting Conf. & Exposition, National Harbor, MD, USA, 2014, pp. 1–5

[85] Masoum, A.S., Hashemnia, N., Abu-Siada, A., et al.: ‘Online transformer
internal fault detection based on instantaneous voltage and current
measurements considering impact of harmonics’, IEEE Trans. Power Deliv.,
2017, 32, (2), pp. 587–598

[86] Venikar, P.A., Ballal, M.S., Umre, B.S., et al.: ‘Transformer incipient inter-
turn fault detection based on no-load current harmonic analysis’. 2015 IEEE
Eindhoven PowerTech, Eindhoven, Netherlands, 2015, pp. 1–5

[87] Venikar, P.A., Ballal, M.S., Umre, B.S., et al.: ‘A novel offline to online
approach to detect transformer interturn fault’, IEEE Trans. Power Deliv.,
2016, 31, (2), pp. 482–492

[88] Novillo, S.X.Q., Ortega, E.M.I.: ‘State of art, THD minimization in
distribution systems based on wavelet transform’, IEEE Latin Am. Trans.,
2016, 14, (4), pp. 1698–1704

[89] Klomjit, J., Ngaopitakkul, A.: ‘Behaviour of interturn fault in power
transformer winding using high frequency components of discrete wavelet
transform’. 2012 15th Int. Conf. on Electrical Machines and Systems
(ICEMS), Sapporo, Japan, 2012, pp. 1–6

[90] Bagheri, M., Naderi, M.S., Blackburn, T., et al.: ‘Practical challenges in
online transformer winding deformation diagnostics’. 2011 2nd Int. Conf. on
Electric Power and Energy Conversion Systems (EPECS), Sharjah, United
Arab Emirates, 2011, pp. 1–6

[91] Al-Ammar, E.: ‘Development of a novel method for transformer failures
detection caused by transportation or short circuit’ (Arizona State University,
Tempe, Arizona, 2007)

[92] Sathya, M.A., Thomas, A.J., Usa, S.: ‘Prediction of transformer winding
displacement from frequency response characteristics’. 2013 IEEE 1st Int.
Conf. on Condition Assessment Techniques in Electrical Systems (CATCON),
Kolkata, India, 2013, pp. 303–307

[93] Zhang, H., Yang, B., Xu, W., et al.: ‘Dynamic deformation analysis of power
transformer windings in short-circuit fault by FEM’, IEEE Trans. Appl.
Supercond., 2014, 24, (3), pp. 1–4

[94] Peng, L., Bao-hui, Z., Zhi-guo, H., et al.: ‘Research on monitoring of winding
deformation of power transformer by on-line parameter estimation about
leakage inductance’. 2006 Int. Conf. on Power System Technology,
Chongqing, China, 2006, pp. 1–6

[95] Bengtsson, T., Abeywickrama, N.: ‘On-line monitoring of power transformer
by fundamental frequency signals’. in Cigré 2012, paper A2-110, 2012, pp. 1–
8

[96] Asadi, N., Kelk, H.M.: ‘Modeling, analysis, and detection of internal winding
faults in power transformers’, IEEE Trans. Power Deliv., 2015, 30, (6), pp.
2419–2426

[97] Heathcote, M.: ‘J & P transformer book’ (Newnes, Oxford, UK, 2007, 13th
edn.)

[98] Stirl, T., Skrzypek, R., Tenbohlen, S., et al.: ‘On-line condition monitoring
and diagnosis for power trans-formers their bushings, tap changer and
insulation system’. Condition Monitoring Conf. (CMD), Changwon City,
Korea, 2006, pp. 1–6

[99] Nikjoo, R., Taylor, N., Edin, H.: ‘Insulation condition assessment of power
transformer bushings by utilizing high voltage lightning impulses’. 2015
IEEE Eindhoven PowerTech, Eindhoven, Netherlands, 2015, pp. 1–4

[100] Jaya, M., Rink, Y., Leibfried, T.: ‘Adapting frequency domain spectroscopy as
an online monitoring tool for the insulation of power transformers’. 2012
IEEE Int. Conf. on Condition Monitoring and Diagnosis, Bali, Indonesia,
2012, pp. 501–504

[101] Cristaldi, L., Faifer, M., Laurano, C., et al.: ‘Monitoring of power transformer
bushings in high voltage substations’. 2015 IEEE Int. Workshop on Applied
Measurements for Power Systems (AMPS), Aachen, Germany, 2015, pp. 72–
77

[102] Faifer, M., Ottoboni, R., Cristaldi, L., et al.: ‘On-line analysis of power
transformer bushings’. 2011 IEEE Int. Instrumentation and Measurement
Technology Conf., Binjiang, China, 2011, pp. 1–6

[103] Faifer, M., Ottoboni, R., Toscani, S.: ‘A measurement system for the on-line
diagnostics of power transformer bushings’. 2011 IEEE Int. Workshop on
Applied Measurements for Power Systems (AMPS), Aachen, Germany, 2011,
pp. 80–84

[104] Badicu, L.V., Broniecki, U., Koltunowicz, W., et al.: ‘Detection of bushing
insulation defects by diagnostic monitoring’. 2016 Int. Conf. on Condition
Monitoring and Diagnosis (CMD), Xi'an, China, 2016, pp. 64–68

[105] Koch, M., Krüger, M.: ‘A new method for on-line monitoring of bushings and
partial discharges of power transformers’. 2012 IEEE Int. Conf. on Condition
Monitoring and Diagnosis, Bali, Indonesia, 2012, pp. 1205–1208

[106] Jacob, N.D., Kordi, B., McDermid, W.M.: ‘Partial discharge propagation
distortion and implications for feature extraction methods in on-line
monitoring’. 2010 IEEE Int. Symp. on Electrical Insulation, San Diego, CA,
USA, 2010, pp. 1–4

IET Gener. Transm. Distrib.
© The Institution of Engineering and Technology 2018

11


