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ABSTRACT The sudden outage of a transformer due to a fault can cause irreparable damage to the
electricity industry. Hence, by conducting momentarily inspections of the transformer’s condition, faults can
be promptly detected, and the transformer can be disconnected from the power grid to prevent subsequent
failures in this equipment. Detecting faults at an early stage can also result in reduced repair costs. One recent
promising technique for fault detection is Frequency Response Analysis (FRA), which compares the trans-
former’s response in healthy and faulty conditions for understanding the occurrence of transformer faults.
This paper presents a comprehensive and accurate modeling approach for the behavior of the transformer
at different frequencies, followed by an exposition of the requirements for implementing this method in
order to find the fault type, severity, and location. Additionally, various methods for analyzing the results
of frequency response are introduced and discussed. In this regard, attempts have been made to introduce
advanced complementary methods to address the weaknesses and limitations of the frequency response
method. Finally, the concepts are summarized, and suggestions for further research with applications in
this field are presented and compared.

INDEX TERMS Transformer fault detection, frequency response analysis, hybrid model, ladder model,
configuration-transfer function pair, artificial intelligence, online frequency response analysis.

I. INTRODUCTION
A transformer consists of several components, including
windings and cores (known as electrically and magnetically
active parts, respectively), bushings, solid and liquid insula-
tors (mainly insulators between high voltage windings and
transformer body, an insulator between high voltage and low
voltage windings, an insulator between low voltage wind-
ings and transformer core) and possibly tap changer. The
occurrence of untimely and unexpected failure in any of
the mentioned components can occur due to various stresses
such as electromagnetic stresses, dielectric stresses, thermal
stresses and chemical factors [1].

In general, fault detection methods in power transform-
ers can be divided into three categories: physical, chemical,
and electrical methods. Physical methods are based on the
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measurement of quantities such as the temperature and vibra-
tion of a transformer. However, these are the chemical and
electricalmethods that providemore useful information about
the condition of the transformer. Various physical and chem-
ical methods have been studied [2], including the method of
assessing the viscosity of insulation, polarization indicator
of insulation, as well as the dissolved gas analysis (DGA)
method and the optical spectroscopy technique, which are
discussed in the references [3], [4], [5]. For the sake of
brevity, mentioning other methods has been avoided. Fur-
thermore, various electrical fault detection methods rely on
the signals received from the transformer, including meth-
ods based on dielectric dissipation factor (DDF), leakage
reactance, polarization, and insulation partial discharge (PD)
detection. These methods can be classified into basic and
advanced categories. One of the advanced electrical methods
for fault detection of transformers is the FRA method. This
method, due to its non-destructive nature and high sensitivity
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FIGURE 1. FRA measurement layout [6].

in fault detection, has gained significant popularity among
researchers in this field. The subject of this paper focuses on
the FRA method.

A transformer can be primarily modeled using three ele-
ments: resistor, inductor, and capacitor, each representing var-
ious parts of the transformer. As a result, a unique frequency
response can be obtained for a healthy and non-defective
transformer (which is referred to as a ‘‘signature’’ or ‘‘finger-
print’’). Consequently, any mechanical or electrical defects,
originating from various sources, can alter the transformer’s
structure, thereby changing the values of its modeling ele-
ments and consequently leading to a corresponding change in
the frequency response of the equipment. Mechanical failure
usually occurs due to improper transport of this equipment,
winding deformation due to a short circuit in the power grid
and failure of the bushing or transformer core. On the other
hand, electrical faults have a variety of causes, such as loss of
insulation between the windings and inter-turn short-circuit
connections. The process of conducting the FRA test, as seen
in FIGURE 1, involved considering the two terminal pairs
of the transformer as input-output. Then a signal is applied
to the input terminal and the response signal from the output
of the transformer is measured for different frequencies. Then
the ratio of the output signal to the input is considered the
transfer function or the frequency response of the transformer.
In FIGURE 2, the magnitude and phase of the transformer
frequency response are drawn in two healthy and faulty states.
The presence of any abnormality in this diagram indicates the
occurrence of a fault in this equipment.

In the following sections, further discussion is provided
regarding the characteristics of the applied voltage signal
as input, taking into consideration the configuration of the
transformer for conducting this test.

In the field of transformer fault detection, the FRA test has
emerged as a promising method to identify the type, severity,
and location of faults. By comparing the frequency response
of a transformer in both healthy and faulty conditions, it is
possible to determine the changes that occur in the trans-
former’s behavior due to the presence of a fault.

FIGURE 2. Power transformer frequency responses comparison [6].

One of themain advantages of FRA testing is that it enables
quick and accurate identification of the type and location
of faults. By identifying the faulty component, the duration
and cost of repair can be significantly reduced. Additionally,
knowledge of the fault severity is also critical in determining
the appropriate course of action. For example, if a short-
circuit fault occurs multiple times between the winding loops
in one part of the transformer, and with considerable severity,
it may be necessary to strengthen the insulation of that part
to prevent future failures. It is important to note that the ulti-
mate goal of research in this field is to achieve effective and
reliable fault detection. By identifying the type, severity, and
location of faults, it becomes possible to prevent catastrophic
transformer failures that can lead to significant economic
and environmental damage. Therefore, all efforts are made
with the FRA test to achieve these goals, and researchers are
continually seeking new and innovative methods to improve
the accuracy and efficiency of transformer fault detection
which is the topic that is going to be addressed in this paper.
The rest of the paper is consisting of the following sections:

In section II, various methods of modeling transformers at
different frequencies are presented to provide a comprehen-
sive understanding of the behavior of this equipment to the
readers.

Regarding FRA, transformer modeling holds importance
in two ways:

1) As shown in section IV, one of the FRA interpretation
methods is based on transformer modeling and com-
parison of equivalent circuit parameters between the
healthy and faulty states.

2) Different faults can be simulated bymodeling the trans-
former and with altering the parameters of the equiv-
alent circuit. Subsequently, the FRA traces obtained
from the model can be compared with those recorded
from the actual transformer. This enables the identifi-
cation of fault type, severity, and location, which will
be discussed in section IV [7], [8].

In section III, the requirements for implementing the FRA
method are discussed. Specifically, the appropriate configu-
ration and transfer function for this task are examined, along
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with the proposition of comprehensive criteria for their suit-
ability. In the following, the characteristics and type of input
reference signal to be applied to the transformer for FRA will
be discussed and the strengths and weaknesses of each of
them will be expressed. Then, different solutions to achieve
the frequency response of the transformer in a healthy state
are presented, and it is shown that even if the transformer
frequency response in a healthy state is not available, it is
still possible to detect the fault severity. In section IV, first,
various methods for analyzing FRA results are introduced
and compared. Subsequently, attempts are made to propose
different methodologies which can cover the weaknesses of
the FRAmethod. In the following, the effect of winding type,
residual flux and other factors affecting FRA are investigated
and after fully understanding the behavior of these factors,
the problem of determining the appropriate frequency range
for the FRAmethod is expressed. The study demonstrates that
various types of faults affect specific regions of the frequency
spectrum, and they can also have distinct impacts on the
equivalent circuit parameters.

Finally, the FRA online method will be introduced and
compared with the offline ones, and the challenges of the
online method will be presented. Section V is devoted to sum-
marizing the key findings and presenting recommendations
for further research in this field.

II. TRANSFORMER FREQUENCY MODEL
In FRA, transformer modeling at different frequencies can be
used as an approach for fault identification. In this approach,
first, the transformer is modeled using an equivalent circuit.
After modeling, if there are mechanical or electrical faults,
one or more parameters of this model will change and thereby
altering the frequency response of this model. Eventually,
by comparing and matching the FRA trace obtained from the
actual transformer with the one generated from the equivalent
circuit, the type and severity of any mechanical fault in the
transformer can be identified.

In this section, the behavior of dielectrics and ferromag-
netic materials in the presence of time-varying electric and
magnetic fields is explained. After describing the behavior
of these materials in the presence of time-varying fields,
transformer modeling at different frequencies is done.

A. BEHAVIOR OF FERROMAGNETIC AND DIELECTRIC
MATERIALS IN THE PRESENCE OF TIME-VARYING FIELDS
Reference [9] shows that the magnetic permeability coeffi-
cient of a material is frequency dependent (see FIGURE 3).
The reason for this phenomenon is that magnetic dipoles
always tend to be in the direction of the magnetic field. As the
frequency increases, since the direction of the field changes
rapidly, these dipoles fall behind the applied magnetic field
and cannot quickly follow the direction of its change. This
lag of the dipoles leads to a delay and manifests itself as a
complex number. Therefore, the magnetic permeability coef-
ficient of a material will be a complex number whose real
and imaginary parts depend on frequency. The same behavior

FIGURE 3. (a) Schematic of the FRA experiment for a ferromagnetic core.
(b) Real and imaginary parts of the magnetic permeability coefficient of
the core [3].

occurs for a dielectric in the presence of a time-varying
electric field, which means that the electrical conductivity of
these materials is a complex number and its real and imagi-
nary parts will be frequency dependent [10]. Reference [10]
shows that the resistance, capacitance and inductance values
of the transformer model are dependent on the frequency, and
this issue complicates the modeling of the transformer for
the purpose of FRA and fault detection. Nevertheless, it is
possible to consider the values of these parameters constant
and independent of frequency by accepting a small amount of
reduction in modeling accuracy.

B. TRANSFORMER MODELING
1) HYBRID MODEL OF TRANSFORMER
According to [11], based on the theory of the long transmis-
sion line (in which the line parameters are distributed along
the line and at small distances 1x), a coil has been modeled
which itself consists of several disks and each disk consists
of several loops (shown in FIGURE 4). As each disk in this
method is modeled based on the theory of travelingwaves and
the equivalent circuits of the disks are connected to each other,
the method is referred to as the hybrid method. In fact, in this
method, the winding of each phase is considered as several
transmission lines (each disk, one transmission line) and each
transmission line is modeled as a long transmission line based
on the theory of traveling waves. The parameters related
to the mentioned model can be extracted through analytical
relations (formulas) or to achieve higher accuracy through
the finite element method (FEM) [10], [12], [13], [14]. The
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mentioned hybrid model is very complex and it is possi-
ble to present another model with a slight reduction in its
accuracy, named the ladder model [15]. On the other hand,
due to the simplifying assumptions that exist in analytical
relationships to determine the parameters of a hybrid model,
the accuracy of modeling is reduced. Also, parameterization
can be determined through analytical relationships, but this
requires access to information about the transformer’s struc-
ture and geometry, which is not usually the case. Because
transformer manufacturers do not provide this information to
users. Incorporation of different optimization techniques can
be considered as an alternative approach for solving the recent
problem.

2) TRANSFORMER LADDER MODEL AND METHODS OF
DETERMINING ITS PARAMETERS
Reference [15] presents the transformer ladder model. The
idea is that in the hybrid method, each disk is considered
as a long transmission line and normally should be modeled
using distributed parameter model, but by accepting a slight
reduction in modeling accuracy, in this case, each or more
disks are modeled as a lumped model. FIGURE 5 shows the
ladder model of phase X of a three-phase transformer. Again,
the values of the parameters are calculated through analytical
relations [16]. By considering the capacitors’ voltage and
inductor current as state variables in the ladder model, differ-
ent transfer functions can be defined. Using meta-heuristic
optimization algorithms, the parameter values of the ladder
model are extracted. In this reference, the objective function
of the optimization problem is considered as a weighted
sum of the differences between the three defined transfer
functions and their measured values. By minimizing the men-
tioned objective function, the equivalent circuit parameters
of the ladder model are derived. As previously mentioned,
the model parameters can be extracted through simulation
in FEM software. However, this method is only possible if
complete information regarding the transformer’s structure
is available. In [17], after using analytical formulas as the
initial conditions for the bacterial swarming optimization
algorithm (BSA), it has been concluded that the parameters
obtained from the optimization with BSA had more accurate
performance in transformer modeling in comparison with the
analytical formulas.

Therefore, it is concluded that in the ladder model, it would
be very desirable if the FEM could be used to find its
parameters. But if only analytical relations are available, it is
better to use them as the initial conditions for the BSA to
achieve the parameters more accurately. In addition, the study
used a genetic algorithm (GA) along with BSA. The results
showed that the parameters obtained through BSA were the
most successful in accurately modeling the transformer, fol-
lowed by those obtained through GA and analytical relations,
in descending order. It is worth noting that in order to reduce
the computational burden in the optimization problem, the
matching between the ladder model transfer function and the

measured one is not performed for the entire frequency range
and only the important points of the frequency response,
i.e. the points corresponding to the resonance frequencies
(peaks of the transfer function) and anti-resonance frequen-
cies (troughs of the transfer function), are considered.

The reference [18] also uses a GA to adapt the frequency
response of the ladder model with the frequency response
obtained from the measurement. But this adaptation is not
like the reference [17] that is done only for the resonance and
anti-resonance frequencies, nor is it like the other references
related to the transformer ladder modeling that is done for
the whole frequency range of the adaptation, but between
the two. That is, it is done for a series of frequencies that
include resonance and anti-resonance frequencies. The refer-
ence [19] using the artificial bee colony (ABC) optimization
algorithm, deals with the problem of constructing a ladder
model based on driving-point impedance (DPI) as a network
transfer function in a similar way to the reference [17]. The
created model has acceptable accuracy. In reference [20],
the determination of ladder model parameters was compared
using analytical relations, particle swarm optimization (PSO)
algorithm, and improved particle swarm optimization (IPSO)
algorithm. The results showed that the parameters optimized
with the IPSO algorithm were better than those obtained with
the PSO algorithm. Moreover, the PSO algorithm was found
to contribute to more accurate modeling of transformers com-
pared to using analytical relations. Reference [21] also deals
with determining the parameters of the transformer ladder
model using two optimization algorithms, GA and PSO, and
the results show that this approach can accurately estimate the
parameters of the transformer ladder model in both healthy
and fault states.

So, the frequency response resulting from the simulation
of the model follows the measured frequency response very
accurately.

In reference [22], the authors attempt to determine the
parameters of the ladder equivalent circuit using GA and
emphasize that in practice, the transformer winding structure
is not homogeneous and therefore, the assumption of equal-
ity of the parameters of the ladder model sections, reduces
the modeling accuracy. Therefore, it is better to consider
the parameters of each section as a separate variable in the
optimization problem. Also, if the optimization problem is
solved unconditionally, it may provide answers that are prac-
tically impossible. For example, it is clear that the mutual
inductance between the first and second sections must be
greater than the mutual inductance between the first and third
sections of the ladder model. Thus, in this reference, firstly,
an optimization problemwith inequality constraints is solved.
Secondly, two different case studies, namely homogeneous
and non-homogeneous models for transformer windings, are
considered. Finally, it has been concluded that in practice,
the parameters of different sections in the ladder model
should be treated as different and distinct variables in order to
improve the accuracy of the model (non-homogeneous wind-
ing). But in [23], the transformer is modeled by considering
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FIGURE 4. Transformer hybrid model with disk winding [11].

both equivalent circuits, i.e. the hybrid model and the ladder
model, and determining their parameters through analytical
relations as well as the GA, and show that as expected, the
results of the hybrid model is closer to the measured actual
value and also the parameters of both optimization models
are closer to the actual measured values than the parameters
obtained through analytical relations. It is worth mentioning
that the series capacitor value can be calculated through FEM
or analytical relations. However, this requires information
about the structure and geometry of the coil. While using the
optimization algorithms, the values of the parameters of the
ladder model, including the series capacitor, can be obtained.

Reference [24] presents another method based on the esti-
mation of the transfer function from the measured frequency
response, in order to extract the parameters of the ladder
model, including the series capacitor. This reference by mea-
suring the earth capacitance, estimates the series capacitor.
The process of determining the value of the series capacitor
is shown in FIGURE 6. First, the impedance of the excitation

point of the transformer is measured and its amplitude and
phase are obtained. Then, using the method presented in [25],
the best transfer function is adapted to the zero-pole-gain
format (equation (1)), where τ is real zero, zi and pi are zeroes
and poles of the transfer function, respectively, which appear
as complex conjugates.While the value of the gain a0

b0
is equal

to lim
s→∞

sZ (s) [24].

Z (s) =

(
a0
b0

)
(s− τ)

∏n−1
i=1 (s− zi)

(
s− z∗i

)∏n
i=1 (s− pi)

(
s− p∗

i

) (1)

On the other hand, the ladder model with n sections, where n
is equal to the number of natural frequencies of the excitation
point impedance, is considered for the winding. For high
frequencies (s → ∞), only the capacitors of the equiva-
lent circuit are effective, and therefore, the impedance Z (s)
(including Cg and Cs) is extracted from the ladder model.
Bymultiplying Z (s) by s and setting it equal to a0

b0
, an equation

is derived in terms of Cg and Cs.
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FIGURE 5. The ladder model of phase X of a three-phase transformer [9].

By measuring the value of Cg, the series capacitor Cs is
calculated. Finally, the values of inductance and resistance of
the ladder model can also be measured from equation (2) and
for low frequencies (s → 0) [25].

lim
s→0

Z (s) = Rdc + sLeq (2)

By measuring the equivalent inductance Leq and through a
repetition-based algorithm, the self and mutual inductance
values of different parts of the ladder model are extracted.
The resistance of each section of the ladder model is also
obtained by dividing Rdc by the total number of sections.
Another point that should be mentioned is that the number of
parts of the ladder model is equal to the number of natural
frequencies seen in the impedance of the excitation point.
However, not all natural frequencies are visible in the fre-
quency response diagram due to factors such as high damping
at high frequencies resulting from the skin effect. To address
this issue, a repetition-based algorithm is used to calculate
the number of natural frequencies in the excitation point
impedance, as well as the appropriate number of sections for
the ladder model [26].

It is worth noting that the unknown values of the transfer
function (gain, zeroes and poles) can be obtained in var-
ious ways, such as the vector fitting (VF) method, which
operates on the basis of the least squares estimation (LSE)
method [27]. The basis of the VF method is that it adapts
the best transfer function of degree n which is equal to the
number of measured impedance poles, to the transfer function
calculated by an iterative method. By the way, this algorithm
is sensitive to its initial conditions, i.e., the initial values
of the poles and also, the number of iterations and, more
importantly, the degree of the estimated transfer function. The
reference [28] provides a solution to improve this algorithm.

As explained before, the hybrid and ladder models both
describe the transformer’s behavior over the entire frequency
range. However, as shown in the next sections, to detect
faults and their locations, modeling the transformer at low
and medium frequencies is necessary.

3) LOW AND MEDIUM FREQUENCY MODEL OF
TRANSFORMER
In this section, two different transformer models with two
approaches are presented in low (lower than 2 kHz) and
medium (between 2 kHz and 20 kHz) frequencies.

a: DUALITY-BASED LUMPED EQUIVALENT CIRCUIT OF THE
TRANSFORMER
In [29], [30], [31], [32], [33], [34], [35], and [36], the mod-
eling of the transformer in low and medium frequencies is
discussed, which is based on the development of the trans-
former reluctance model. The modeling process is presented
as follows.

Considering the paths of flux in the transformer,
at first, its reluctance model is extracted (FIGURE 7-a and
FIGURE 7-b). Then, based on the duality principle, each
reluctance is replaced by an inductance, voltage source
by current source and node by mesh (FIGURE 7-c and
FIGURE 7-d). On the other hand, due to the ratio of turns of
transformer coils, any current source becomes an ideal trans-
former. Finally, by adding the resistors thatmodel transformer
losses and the capacitors between each of the high-voltage
and low-voltage coils as a lumped element along with ground
capacitors, the final model for a three-phase transformer is
derived (FIGURE 8). The values of inductances and the resis-
tances of the equivalent circuit can be extracted through three
tests including short-circuit, open circuit and zero sequence
tests.

In terms of measurement, the capacitors of this model
are divided into two categories: measurable and non-
measurable.Measurable capacitors include ground capacitors
and capacitors between high and low voltage windings, and
non-measurable ones include series capacitors and capacitors
between high voltage windings as well as capacitors between
low voltage windings.

The values of measurable capacitors are extracted through
a capacitive impedance test. The value of the series capacitor
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FIGURE 6. The process of estimating the value of the series capacitor of the transformer winding ladder model based on the impedance
of the excitation point.

FIGURE 7. Model extraction procedure of duality based lumped equivalent circuit of transformer [33].

cannot be measured directly and, therefore, an estimated
value is used. It is possible to estimate the capacity of
the series capacitor with high accuracy with the approach

mentioned in the previous section [24]. Therefore, the val-
ues of the parameters of the duality based lumped model
are calculated by measuring the impedance of the excitation
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FIGURE 8. Lumped duality based equivalent of an Yy6 transformer [33].

FIGURE 9. (a) Flux flow paths in three-phase transformer. (b) Amplitude and phase of input impedance measured in
different phases [37].

point [29], [30], [31], [32], [33]. Since the parameters of
duality-based lumped model are calculated based on different
input impedances, this approach is known as the impedance
method [32]. Also, the values of the parameters of the duality
based lumped model can be calculated through the analytical
relationships and the information provided by the transformer
manufacturers (manufacturer data sheet) [33], [34], [36].
Reference [35] uses the zero-crossing method based on

waveform data to determine the parameters of the duality
based lumped model. In [33], a comparison is made between

the low frequency model of the transformer and the hybrid
model and the results show that both duality based lumped
model and hybrid models can be used for FRA analysis in
low and medium frequencies with very good accuracy [31].
But in high frequencies, the hybrid model is more suitable for
analysis. In some medium and high frequencies, the duality
based lumped model does not have enough accuracy, which
is also confirmed by reference [30].

Based on [32], it is suggested to use the duality
based lumped model for the analysis in low and medium
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frequencies, because its parameters are easily determined
through measurement. But for the analysis in high frequen-
cies, the hybrid and ladder models are used for their high
accuracy.

Also, the values of the capacitors of different segments of
the hybrid model can be easily found from the values of their
corresponding capacitors in the duality based lumped model,
taking into account the number of segments and without
the need to use analytical relations. This can be seen as an
advantage, because analytical relationships require complete
information about the structure of the transformer [36].

b: MULTI-CELL EQUIVALENT CIRCUIT OF THE
TRANSFORMER
In [37], taking into account the simplifying assumptions
in the transformer reluctance model described in previous
sub-section, using the impedance measured in each phase
of the transformer and with an optimization approach, the
parameters of the model at low and medium frequencies are
determined. The process of modeling and determining its
parameters is presented as follows.

First, the input impedance of the different phases of the
transformer is measured (FIGURE 9).

As it can be seen in FIGURE 9, two common features in
all three-limb core-type transformers can be pointed:

1) The length of the magnetic path of the middle phase is
less than the length of the magnetic path of the lateral
phases.

2) The magnetic path of the lateral phases is equal to each
other due to the existing symmetry, and for this reason,
the reluctance of the lateral phases are equal to each
other.

This factor causes the measured frequency response curve
of lateral and middle phases to be different. Therefore, two
resonance peaks are created in the frequency response of
lateral phases due to asymmetric magnetic paths C1 and
C2 in FIGURE 9. Meanwhile, a resonance peak is created
in the frequency response of the central phase due to the
symmetrical magnetic paths C3 and C4.

3) After measuring the input impedance of different
phases, considering the flux paths, the reluctancemodel
of the transformer is extracted (FIGURE 10-a). Based
on the duality principle and by adding capacitor and
resistor, which respectively model the capacitive effects
of windings and transformer losses, the equivalent
circuit of FIGURE 10-b is obtained. The elements
of each phase, in general, can be shown with an
impedance (FIGURE 10-c). By comparing the reluc-
tance model of FIGURE 10-a with the reluctance model
of section II-B3.a, it can be seen that the complexity
of the model presented in the previous section has
been reduced. Now the problem is how by measur-
ing the observed impedances of each phase of the
transformer which are denoted by Z_mU, Z_mV and
Z_mW respectively, the impedances of each phase of
the model, i.e. Z_U (including R_U, L_U and C_U),

FIGURE 10. (a) Transformer magnetic circuit. (b) Transformer core model.
(c) Transformer core model represented by three impedances ZU, ZV
and ZW [37].

Z_V (including R_V, L_V and C_V) and Z_W (includ-
ing R_W, L_W and C_W) are extracted.

According to FIGURE 10-c, each of the measured
impedances ZmU , ZmV and ZmW can be expressed through
three equations, in terms of the impedances of each phase of
the model, i.e. ZU , ZV and ZW (equation (3)) [37].

ZmU = ZU ∥ (ZV + ZW )

ZmV = ZV ∥ (ZW + ZU )

ZmW = ZW ∥ (ZU + ZV )

(3)

In this case, by ordering these three equations, it is possible
to obtain the impedances ZU , ZV and ZW and of course,
their corresponding admittances in terms of ZmU , ZmV and
ZmW . Finally, the values of the elements of each phase of the
presented model are obtained by minimizing the following
objective function for each phase (here phase U) and for m
samples of the frequency response (here ZU ) [37].

E =

m∑
i=1

∣∣∣YU (ωi) −
1
RU

− j.
(
CUωi −

1
LUωi

)∣∣∣2
|YU (ωi)|

2 (4)

Comparing the results of the model simulation with the
measured values indicates that the proposed model can accu-
rately capture the transformer behavior in low and medium
frequencies.

References [38] and [39] also use the impedance measured
in each phase of the transformer. Also, their method is based
on the multi-cell equivalent circuit, which each cell is equiv-
alent to a parallel R-L-C circuit. As a result, for each phase
of the transformer shown in FIGURE 11, the values of the
model elements in FIGURE 10-b are extracted.

A parallel connected R-L-C circuit has one resonance fre-
quency. Therefore, a two-cell equivalent circuit is considered
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FIGURE 11. Four-cell equivalent model [38].

for the lateral phases and a single-cell equivalent circuit is
considered for the middle phase.

Having the input impedance of each phase obtained
through measurement, the values of the elements of each
cell are calculated through the minimization of the objective
function, similar to equation (4). Finally, the values of the ele-
ments of the model in FIGURE 10-b can be easily extracted
from the values of the multi-cell equivalent circuit elements
through mathematical relationships.

III. FRA REQUIREMENTS
In this section, a comprehensive review on the requirement
of implementation of the FRA method is presented and
analyzed. In this war, various topics such as selecting the
appropriate configuration and transfer function pair to ana-
lyze the frequency response, selecting the appropriate voltage
range for the FRAmethod, types of reference signals that can
be used for the FRA method is discussed and compared. Fur-
thermore, different methodologies to achieve the transformer
frequency response in a healthy state with a review over the
possibility of detecting the fault severity especially when the
transformer frequency response is not available in the healthy
state, are presented and discussed.

A. SELECTION OF THE APPROPRIATE CONFIGURATION
AND TRANSFER FUNCTION PAIR
Regarding FRA, it is important to note that a transformer has
multiple terminals, and the conditions of these terminals can
vary depending on whether they are grounded or open. The
main problem is to find the best configuration and, conse-
quently, the appropriate transfer function to perform the FRA
test. Each configuration is equivalent to a new network with
a number of natural frequencies. Due to the possible cancela-
tion of zeroes and poles, all or part of the natural frequencies
of such a network appear in the different transfer functions.
In order to increase the sensitivity and fault detection capa-
bility of the FRA test, it is necessary that all or most of the
natural frequencies of the network are available. Therefore,
as shown in FIGURE 12, it is essential to determine the best
configuration and transfer function pair to achieve this goal.
For this purpose, reference [40] investigates different types
of configuration and transfer function pairs (FIGURE 12)
according to the number of natural frequencies that appear in
them and divides them into four categories: good, reasonable,
medium and bad (TABLE 1). Another important point is
that, among those configuration and transfer function pairs
suitable for FRA test, some of them have more sensitivity for

a specific fault and are more suitable for detecting that type
of fault. Therefore, it is possible to choose the appropriate
configuration and transfer function pair for a specific fault to
perform the FRA test [41].

Reference [42] deals with which configuration with the
specified transfer function is more sensitive to the occur-
rence of three types of AD, RD and axial bending (AB).
To achieve this goal, five different configurations with three
transfer functions are considered. The procedure used in this
reference to determine the best configuration and transfer
function pair is such that various faults are applied and by
observing the frequency response changes, it is investigated
which configuration and transfer function pair has the highest
sensitivity for the specified fault. The results show that for
AD and RD faults, transfer voltage ratio configuration and
for AB fault, end-to-end voltage ratio configuration have
more sensitivity and are more suitable. It is worth mentioning
that the two configurations of transfer voltage ratio and end-
to-end voltage, being in the good category, have also been
approved by reference [40]. Reference [7] follows the same
procedure for the AD, RD and disc space variation (DSV)
faults, but to select the best one, it resorts to numerical indices
rather than visual comparison, because the interpretation of
the results by numerical indices is more accurate and logi-
cal than the interpretation based on observation. The results
indicate that bfloat-oc and pfsg-oc configurations, which are
placed in the good and reasonable category in [40], have the
best performance for identifying mechanical faults.

According to the standards available to researchers and
craftsmen so far, four configurations are usually recom-
mended as shown in FIGURE 13 by selecting the transfer
voltage as the transfer function [43], [44]: end-to-end open
circuit (EEOC), end-to-end short circuit (EESC), capacitive
inter-winding (CIW), and inductive inter-winding (IIW) con-
figuration.

It is worth noting that although there are not many
standards and technical reports available on the topic of
FRA, some references are particularly valuable. For exam-
ple, a technical report published by CIGRE focuses on the
interpretation and procedure of performing FRA tests [45].
A similar guideline has been presented by IEEE with a
focus on oil-immersed transformers [46]. Chinese National
Development and Reform Commission (NDRC) has issued a
standard about the primitive requirements in FRA on trans-
former winding deformation [47]. IEC has also published
a standard in association with the measurement techniques
and equipment in FRA [44]. Finally, one of the most recent
practical guidelines about FRA is presented in reference [48]
which discusses the measurement fundamentals and methods
of result interpretation in FRA.

B. DIFFERENT METHODS FOR PERFORMING FRA TEST
Another issue is the determination of the type of reference
signal for performing the FRA test, which consists of two
types [49], [50]:
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FIGURE 12. Various configurations along with measurable quantities [40].

FIGURE 13. Different FRA configurations: a) EEOC b) EESC c) CIW
d) IIW [43].

1) Impulse frequency response analysis (IFRA) method:
In this case, a wide range of frequencies is injected
into the transformer by a low voltage impulse signal,
in order to perform FRA. Then, the output signal is
measured and after passing through the filter to elim-
inate noise, using the short time Fourier transform,
it is transferred to the frequency domain and thus, the
transformer frequency response is extracted.

2) Sweep frequency response analysis (SFRA)method: In
this method, a sinusoidal signal with a low amplitude
from low frequencies to high frequencies is swept and
its output is measured. In this case, the output-to-input
ratio is considered as a transfer function.

The advantages and disadvantages of the two mentioned
methods can be examined from different aspects.

The SFRA method requires less measurement equipment
than the IFRA method (oscilloscope, Rogowski coil, and
other equipment). SFRA method has a higher signal-to-noise
ratio compared to the IFRA method. Also, in the SFRA
method, the response exists in the frequency domain in the
form of amplitude and phase. But in the IFRA method, it is
in the time domain and therefore, there is a need to convert
the short time Fourier transform in order to transfer it to the
frequency domain. Besides, the resolution is adjustable in
the SFRA method, but in the IFRA method, the resolution is
fixed. In relation to the subject of adjustable resolution in the
SFRA method, it’s important to note that various standards
require a minimum resolution of at least 200 points per
decade or higher in order to accurately detect resonance fre-
quencies. [51]. In the IFRA method, it is possible to measure
several outputs, and therefore, several transfer functions can
be defined. However, in the SFRA method, only one output
can be measured at any time. Testing by IFRA takes less time
compared to SFRA which may take up to 10 minutes.
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TABLE 1. Classification of different network function-configuration pairs based on the highest number of natural frequencies in order to determine the
best network function-configuration to perform FRA test [40].

FIGURE 14. Comparison of FRA curves for two different input voltage
values [52].

Considering the advantages and disadvantages of the men-
tioned methods, SFRA method is usually used to analyze the
transformer frequency response.

C. SELECTION OF THE APPROPRIATE VOLTAGE
AMPLITUDE FOR THE SFRA TEST
As mentioned earlier, in the SFRA analysis, a sinusoidal
signal with a low amplitude, from low frequencies to high

frequencies, is applied as a reference signal to the trans-
former. This section discusses why a sinusoidal signal with a
low amplitude and close to zero is applied to the transformer.
FIGURE 14 shows the frequency response curve of the trans-
former for the EEOC configuration and two different input
amplitudes (5 and 10 volts). As can be seen, the frequency
responses differ only until the first anti-resonance frequency
(less than 10 kHz) is reached. After that point, the responses
match each other. Before the first anti-resonance frequency,
there is only an inductive effect with resistance (no capacitive
effect is seen). Since the applied voltages are much lower than
the nominal voltage of the transformer, the core losses can be
ignored, and the equivalent circuit considered as inductance.
According to the magnetization curve of the core and the
magnetic permeability coefficient shown in FIGURE 15, the
operating point G is for applying 5 volts and operating point
J is for applying 10 volts. There is a significant difference in
magnetic permeability coefficient values between these two
points. In fact, there is a direct correlation between the input
voltage amplitude and the permeability of the transformer
core. Therefore, with a slight change in the input voltage
amplitude from 5 to 10 volts and while the transformer is
healthy, the inductance experiences significant changes.

This change in inductance leads to a change in the fre-
quency response of a healthy transformer, and it is wrongly
assumed that a fault has occurred inside the transformer,
while the transformer is healthy. However, if the input voltage
amplitude is close to zero, inductance changes can be ignored
for small changes in the input amplitude. It is worth noting
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FIGURE 15. Iron core’s magnetization curve with its magnetic
permeability coefficient [52].

that from the first anti-resonance frequency onwards, this
problem will not exist for a change in the input voltage
amplitude [52].

In relation to the low voltage amplitude applied for the
SFRA test, it should also be noted that if the voltage ampli-
tude is too low, the responsemay be affected by ambient noise
and impair performance [51]. Fortunately, the analyzer can
solve this problem by increasing the number ofmeasurements
(repetitions) and eliminating the noise.

D. TRANSFORMER FRA IN THE HEALTHY STATE
The FRAmethod relies on comparing the frequency response
of a transformer in both healthy and faulty states. Therefore,
it’s crucial to have the precise frequency response of the
healthy transformer, which is called fingerprint of the avail-
able transformer.

Because without access to the fingerprint of the trans-
former, it is almost impossible to detect the fault type, severity
and the location. There are three different approaches to
achieve the frequency response of a healthy transformer,
which are discussed as follows [53].

1) Time-based approach: This approach is the most accu-
rate and reliable method to obtain the frequency
response of a healthy transformer (fingerprint). In this
case, the fingerprint is obtained from the previous FRA
test data, when it is ensured that the transformer is free
of any defects and faults (e.g., right after the installation
of the transformer). Since this information is usually
rarely available, two other methods are used.

2) Construction-based approach: Due to the symmetrical
property that exists in the construction of some three-
phase transformers, the result of performing the FRA
test on other phases of the transformer can be used as
a fingerprint. It should be noted that this similarity is
not enough for evaluation in transformers with zigzag
coupled windings.

3) Type-based approach: If the fingerprint of the trans-
former is not available through the above two methods,
it is possible to use the FRA test results of similar
transformers in terms of design and construction that
were produced in the same factory. Due to the exis-
tence of tolerance in manufacturing, various statistical

FIGURE 16. Different methods for measuring the frequency response of
the healthy transformer [53].

evaluation methods are provided, with the help of
which, the effect of the design and construction process
is separated from the effect of defects and failures.

These three methods are summarized in the FIGURE 16.

E. FAULT SEVERITY DETECTION IN CASE OF LACK OF
ACCESS TO THE FINGERPRINT
The FRA test involves comparing the frequency response of
a transformer in two states: healthy and faulty, for a specific
configuration. In some cases, the frequency response of a
healthy transformer is not available. In this situation, some
methods have been presented in the references to identify
the fault without using the frequency response of the healthy
transformer and comparing it with the frequency response of
the defective transformer.

For instance, reference [54] proposes a method is pro-
posed in which the frequency response of the transformer
is compared in a faulty state for different configurations
(standard configurations, i.e. EE, EESC, CIW and IIW)
with each other, the severity of the mechanical fault can
be detected. This reference uses two indicators, including
CC and Euclidean distance (ED) to evaluate and compare
the frequency response of the defective transformer for two
configurations EEOC and EESC and for axial displacements
(AD) and radial deformations (RD) faults. In this regard,
this result has been obtained that with the increase in the
fault severity, the values of the mentioned indicators change
monotonically. Hence, the fault severity can be identified
with this method. Also, by comparing the frequency response
of the transformer for CIW and IIW configurations, a similar
result has been obtained.

IV. INVESTIGATION AND INTERPRETATION OF
FREQUENCY RESPONSE
Various factors can lead to faults and changes in the trans-
former frequency response, including: inter-turn short-circuit
fault, DSV fault, AD fault, RD fault, bushing fault, etc. This
section will first discuss various methods of analyzing FRA
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results, followed by an introduction on the methods that come
along with FRA method and cover its weaknesses. Subse-
quently, it will examine the effect of several important factors
on the transformer frequency response, including the type
of winding, the important issue of selecting the frequency
range for FRA and its sub-ranges as well as the effect of
different faults on equivalent circuit parameters. It is also
shown that different faults will mainly affect which of the
identified sub-ranges of frequency. Finally, the online FRA
method is discussed and a comparisonwith the offlinemethod
is presented as well.

A. DIFFERENT METHODS OF INTERPRETING FRA RESULTS
The comparison of the frequency response of the transformer
in both healthy and defective states and its interpretation
can be done by an expert through visual inspection. Refer-
ence [55] the frequency response of a transformer for open
circuit and short circuit faults is examined to develop a guide-
line approach. The reference discusses the interpretation and
analysis of frequency response based on human experience,
which may not always be accurate, as operators may not
have the necessary skills to evaluate the results in some
cases. To address this, researchers have developed methods to
remove the human interface, which is going to be discussed
in the following subsections.

Each of the following FRA interpretation methods has
advantages and disadvantages. One of the drawbacks of FRA
analysis as a fault detection tool is that there is no spe-
cific procedure and standard for analyzing and interpreting
the measurements. Reference [56] compares and states the
advantages and disadvantages of some of the methods men-
tioned below.

1) MODEL-BASED FRA
Reference [57] deals with identifying the fault location based
on the synthesis of a lumped-parameter ladder network. For
this purpose, the impedance of the excitation point is mea-
sured by performing the FRA test for the healthy transformer
and based on it, a lumped-parameter ladder network is syn-
thesized using an iterative algorithm, which in this case is
called a ‘‘reference circuit’’. After a fault occurs, a new circuit
is synthesized again, and by comparing its elements with
the elements of the reference circuit, the fault location and
severity is determined. The results indicate the high accu-
racy of this method in fault detection. In [41], by extracting
the transformer model in both healthy and fault states, the
location of various faults such as disc deformation, winding
short circuit, aging of insulation, etc. has been well identified.
In [26], based on an iterative algorithm, it deals with the syn-
thesis of the transformer ladder model based on the measured
excitation point impedance, before and after the fault occurs.
Then, based on changing the parameters of the ladder model,
the fault type, severity, and location have been identified.
The good performance of the mentioned method in fault
detection has also been confirmed in [57]. In [39], using

TABLE 2. Transformer model parameters and its associated mechanical
faults [21].

the low and medium frequency models of the transformer,
the fault involving the magnetic core and its severity have
been correctly identified. In [58], based on the improved
lumped circuit (ILC) model, the changes in energy transfer
and distribution in the elements of the mentioned model for
inter-turn fault and its effect on the frequency response of the
transformer have been investigated. Short circuit resistance
plays a key role in changing the frequency response when a
short circuit occurs between the turns of the coil. Because
it causes a change in the path of energy transfer between
adjacent turns, which increases the resonance frequencies.
On the other hand, due to the increase in losses in the
transformer winding, it leads to a change in the frequency
response amplitude at resonance frequencies. The results
show that by reducing the short circuit resistance between
the winding turns, the frequency response amplitude at the
resonance frequencies experiences a U-shaped trend and also,
the resonance frequencies increase. Reference [59] examines
the frequency responses of the windings of a single phase
transformer with a large voltage ratio. It also approximates
the first anti-resonance frequency of the FRA diagrams of
the low voltage (LV) and high voltage (HV) windings and
highlights the relationships between FRA properties and the
electrical components in the equivalent circuit network. The
derived results present an intuitive quantitative relationship
between the values of the electrical winding components and
the corresponding FRA characteristics.

TABLE 2 illustrates the relationship between the parame-
ters of the electrical model of the transformer and themechan-
ical faults [21]. In other words, based on this table, it is shown
that each of the mechanical faults of the transformer leads to
the change of which of the parameters of the model.

2) FRA BASED ON STATISTICAL INDICATORS
In order to remove the operator from the process of analyzing
the results of FRA, it is possible to compare the frequency
responses in two healthy and defective states using statistical
indicators. In this section, by introducing different statis-
tical indicators, it is tried to interpret the results of FRA
and make a comparison between these indicators. Various
indicators can be used for this purpose, which are presented
in TABLE 3 [60].
In connection with the discussion of indicators, their sensi-

tivity, monotonicity and linearity are crucial for the changes
in fault severity. Because it is only in this way that it is
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TABLE 3. Different statistical indicators to analyze FRA results [60].

possible to identify the fault type, severity and location based
on the indicator value.

Reference [60] introduces and examines statistical indi-
cators and, statistical tests are applied to FRA records in
normal and faulty conditions in order to interpret the results
of applying SC fault for different severities. Examination and
comparison of statistical indicators and statistical tests are
divided into two subsections. Once, the statistical indicators
and statistical tests are applied for the whole frequency range
and in the second case, the whole frequency range is divided
into four decade frequency bands and statistical indicators
and statistical tests are calculated in these four bands. This
action leads to increasing the sensitivity of the indicators and
of course, improving their performance in fault detection.
Because different faults do not necessarily affect the whole
frequency range and only affect certain intervals of it. The
results indicate that DABS, which is introduced in TABLE 3,
F-test and T-test indicators, which are detailed introduced
in [60], are more sensitive in detecting transformer winding
faults, among which F-test, due to its greater sensitivity, can
well reflect the difference between two healthy and faulty
states. In [61], the inter-turn fault and the interpretation of
FRA have been investigated based on two indicators, CC and
spectrum deviation (SD).

In this case, similar to reference [60], the entire frequency
range in the FRA test is divided into four decade frequency
bands and the mentioned indicators are calculated in each
of these four bands. The following outcomes have been
obtained:

◦ The lowest amount of correlation corresponds to the
lowest frequency band. Because for the inter-turn fault,
the frequency response changes in this band are more.

◦ Reliability and sensitivity of SD indicator in detecting
inter-turn fault is more than CC indicator. Because with
the increase in the severity of the mentioned fault, the
shape of the frequency response is almost constant, but
the resonance frequencies are moved to higher frequen-
cies, which is mentioned in the reference [60] about the
weakness of the CC indicator in such a case.

Reference [62] tries to find the best indicator in terms of
sensitivity, capability and reliability by examining different
indicators. For this purpose, CC, ASLE, DABS and MM
indicators are first introduced to interpret FRA. In this case,
the entire frequency range of the FRA test is divided into
three-decade bands and the values of these indicators are
calculated in each of these frequency bands. The results show
that ASLE andMM indicators aremore confident and reliable
in order to identify faults and make decisions, compared
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to CC and DABS. The weakness of the CC indicator has
also been confirmed in [60] and [61]. Reference [13] also
compares the three indicators, namely CC, SD and ASLE, for
detecting minor AD and RD faults. The study demonstrates
that the SD and ASLE indicators outperform the other in
identifying these faults. Moreover, the effectiveness of the
SD indicator is further confirmed by the findings of [60].
Reference [63] also introduces weight functions Fa and Ff
as follows:

Fa =

∑
j

a2j
a1j

× waj (5)

Ff =

∑
j

f2j
f1j

× wfj (6)

In the above equations, a1j and a2j, are the transformer fre-
quency response amplitude, before and after the displacement
of the jth resonance frequency, respectively. The values of
f1j and f2j are the jth resonance frequency before and after
displacement due to AD fault in the transformer, respectively.
Furthermore, waj and wfj are the weighted coefficients of
the jth resonance frequency for amplitude and frequency,
respectively. These two indicators are used to interpret the
FRA test and the results show that this approach, indepen-
dent of the defined transfer function, is a reliable method to
evaluate the FRA test. In [64], different indicators of sum
squared error (SSE), sum squared ratio error (SSRE), sum
squared max-min ratio error (SSMMRE), CC and ASLE are
compared for different faults that the results indicate high
accuracy of the ASLE indicator. The high capability of the
ASLE indicator in fault detection is also confirmed in [13]
and [62]. Similarly, in [65], it is concluded that CC and MM
indicators are not sensitive to the variation between normal
and short circuit conditions, and conversely, ASLE, MSE and
SD indicators are sensitive and show a trend due to fault.
The reference [66] by introducing the R-square technique,
which is based on two indicators, sum of squares of the
regression (SSR) and total sum of squares (SST), shows
that this methodology performs better in comparison with
cross correlation coefficient (CCF) for vertical displacement
problems of deviations.

Reference [67] examines and compares CC, MSE, ASLE,
MABS, MM and SD indicators for inter-turn fault and radial
displacement. Again, in order to increase the sensitivity, the
entire frequency range is divided into three-decade bands.
The results show that:

◦ For the inter-turn fault, all indicators in the first band
and all indicators except MM in the second band had an
acceptable performance.

◦ For the radial displacement fault, all indicators except
MM have a positive performance to identify the fault in
all frequency bands. Also, the values of the indicators in
the second band have more deviations compared to the
first and third bands.

In reference [68], the objective is to identify the location and
extent of the RD fault. The study reveals that when a fault

occurs, the direction of the shift of the frequency response
amplitude at resonance frequencies can be used as an indica-
tor to identify the fault location. Consequently, the RD fault
location can be determined using this method. The authors
of the reference propose the use of the index of frequency
deviation (IFD) and the index of magnitude deviation (IMD),
to assess and identify the fault severity. But since these indices
are not always proportional to the degree of deformation,
SD index, as its proper performance has been confirmed
in [13], [61], and [67], has been used to determine the fault
severity.

Reference [69] compares the reliability and sensitivity
of several indicators, including standardized difference area
(SDA), correlation factor (ρ), indices of frequency and ampli-
tude deviation (IFD and IAD), weight functions (Wa, Wf ),
SD, weighted normalized difference (WND), and stochastic
spectrum deviation (σ ), in identifying the fault type, severity
and location for disc-space variation (DSV), AD and RD
mechanical faults. In order to increase the sensitivity of the
mentioned indicators, the entire frequency range has been
divided into three bands and the following results have been
obtained:

◦ The SDA indicator shows an irregular behavior in rela-
tion to the fault type, severity and location, and therefore,
it is not suitable for the interpretation of FRA.

◦ The correlation factor indicator also has less reliability
than other indicators to identify the fault level, which has
been confirmed in [60], [61], and [62].

◦ Wa and Wf indicators are able to identify the fault
location and severity. The high capability of these two
indicators is also confirmed by [63].

Reference [70] deals with determining the location of the
inter-turn fault by using the absolute sum of logarithmic error
(ASLE) indicator. The study considers two transfer functions,
namely transfer voltage and input impedance, to perform
the FRA test. The results show that when the fault location
changes from the inner layers to the outer layers of the
coil, the values of the ASLE indicator changes in the form
of a symmetrical pattern (for the input impedance transfer
function) or in the form of a decreasing trend (for the voltage
transfer function). Therefore, the mentioned indicator can
identify the fault location very well, as mentioned in the
references [13] and [62] about the reliability and appropriate
sensitivity of this indicator to identify the fault.

In previous references, in order to increase the sensitivity
of statistical indicators, the entire frequency range of the
FRA test is divided into smaller bands and the presented
indicators are calculated in each of these bands. Refer-
ence [71] seeks to identify specific frequency bands in which
the frequency response changes are proportional to the fault
severity. In other words, suppose TFbase is the transformer
frequency response in a healthy state and TFi is the frequency
response of the faulty transformer. In this case, the difference
between these two frequency responses is equal to [71]:

1TF i = TFbase − TF i (7)
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This reference intends to find bands of the frequency spec-
trum of the FRA test in which1TF i can bewritten in the form
of a monotonic function relative to the fault severity. Such
frequency ranges are called diagnostic bands. Therefore, it is
recommended to interpret and analyze the frequency response
in these bands.

Until now, various numerical indices have been employed
for interpreting FRA. Although these indicators are straight-
forward and their implementation is easily possible, they
have two drawbacks. First, researchers have not provided
explanations about the origin of these indices. Secondly, most
of these indicators do not show regular and linear behav-
iors [72]. Reference [72] uses a probabilistic reasoning to
extract the ED indicator, which can identify the fault type and
severity.

First, a comparison is made between the ED indicator
and other indicators such as correlation coefficient, weight
functions, etc., and the results show that the ED indicator is
more linear than other indices in detecting the severity of AD
and RD faults.

Also, in order to detect the fault type, first the entire fre-
quency range is divided into several frequency bands and the
ED indicator is calculated in each of these frequency bands,
which is called regional Euclidean distance (RED). The ratio
of maximum ED to minimum ED, which is called MMR, can
act as a discriminator between AD and RD faults.

The aforementioned indicators were only applied to the
frequency response amplitude. References [8] and [73] show
that the use of frequency response phase data in the calcula-
tion of indices improves their performance in fault detection.
For this purpose, the CC and ED indicators were applied to
the real and imaginary parts of the frequency response and the
results show that this action has led to an increase in the sen-
sitivity of these indicators. Also, by introducing the complex
distance (CD) indicator, these references show that this indi-
cator has more sensitivity than other indicators. In fact, the
CD indicator calculates the complex distance between sam-
ples of two frequency responses by simultaneously using data
related to the amplitude and phase of the frequency response,
while the ED indicator only calculates the Euclidean distance
between the amplitude samples of two frequency responses.
It is worth mentioning that the sensitivity of the CD indicator
is even higher than the sensitivity of the ED-real part and ED-
imaginary part indicators, as shown in FIGURE 17. Finally,
reference [8] shows that the CD indicator performs better than
the ED indicator in terms of uncertainty.

Reference [74] further explores and compares different
indicators and configurations of the FRA test, especially
from their influence of uncertainties point of view. In this
reference, the indicators of standard deviation (SD), integral
of absolute difference (IA), absolute sum of logarithmic error
(ASLE), root mean square error (RMSE), standard deviation
(σe), stochastic spectrum deviation (σ ), SSE, SSRE, and
SSMMRE are taken into account.

The results show that the end-to-end configuration with
SSE and σe indicators are less subject to uncertainties.

In [75] and [76], statistical indicator-based boundary con-
ditions for various operational states of transformers, i.e.
normal, suspicious, and critical, are explored using a pattern
recognition-based method, named bolstered error estimation,
and the level of confidence in decisions made are also esti-
mated. The aim of [77] is to try to collect all the indicators in a
single context, compare and classify them based on their char-
acteristics and introduce more appropriate indicators as stan-
dard indicators. This reference also defines some criteria for a
suitable index such as monotony, linearity, sensitivity, depen-
dence on data points and index ratio. In [78], experimental
FRA measurements are performed under various faults. It is
concluded that some faults, e.g., inter-disk and short circuit,
affects the FRA response at medium and high frequency
ranges, while some other faults, e.g. axial winding displace-
ment, radial deformation, and winding bushing fault, affects
the FRA response at high frequency range. Besides that, the
loss of clamping pressure displays an effect across the entire
frequency range. The results also indicates that the ASLE,
along with other investigated indicators, performs well in
detecting small variations. Reference [79] utilizes bootstrap
sampling technique to simulate the effect of many experi-
ments and overcome the difficulty of limited available mea-
sured data in FRA interpretation and classification, through
establishing a large set of statistical indicators-specific deci-
sion boundaries.

Reference [80] proposes an innovative fault segmentation
and localization technique based on FRA data. This tech-
nique is based on regression analysis. The proposed scheme
specifies different transformer conditions, such as healthy
windings, axial and radial winding deformations, core defor-
mation and electrical faults.

Reference [81] emphasizes the importance of clustering
and optimization methods to improve the performance of
the current FRA interpretation. In this regard, this reference
extracts the necessary features from the measured transfer
functions of various healthy and faulty transformers. Then,
using the interval maximum to global maximum (IMGM)
indicator and employing the k-means method, the collected
data are sorted into different clusters and the centers of the
clusters are determined using the grasshopper optimization
algorithm (GOA). At the end, the distance of the new data
from the centers of the sorted clusters is determined and the
closest cluster to the new data determines the condition of
the transformer. Reference [82] deals with sensitivity anal-
ysis of amplitude, phase, real and imaginary components
of transfer function for different faults. Moreover, the accu-
racy of different indicators and four different components
of transfer function is investigated. The conclusion drawn
from the analysis is that in comparison with the amplitude,
the phase, imaginary, and real components of transfer func-
tion have more sensitivity to the faults, respectively, and
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FIGURE 17. Comparison of different numerical indicators versus axial displacements for: (a, c) the inductive inter-winding and (b, d)
the capacitor inter-winding connections. (a, b) are experimental results whereas (c, d) are simulation results [8].

are more accurate for classification which is confirmed in
references [8] and [73].

3) FRA BASED ON TRANSFER FUNCTION ESTIMATION
The method of determining the fault type, severity and loca-
tion by estimating the transfer function is also possible. The
estimation-based approach is presented and discussed in this
section. In [83], an attempt has been made to determine the
location and extent of the RD fault by using the estimation of
the transfer function of the transformer. The fault detection
process is shown in FIGURE 18. First, using the transformer
model, the RD fault is simulated in various locations and
for different severities. Then, the transfer function of the
transformer is estimated in the form of a rational function in
two states, healthy and fault, using the VF method. In this
case, the Nyquist diagram can be drawn for the occurrence
of faults in various places. Then, based on the shift direc-
tion of the Nyquist diagram, a feature is extracted for the
occurrence of faults in different places. Based on this feature,
the fault location can be identified. After determining the
fault location, the fault severity is also calculated based on
the sum of absolute displacement of poles (SDP) indicator.
This reference states that the SDP indicator has the necessary
sensitivity and linearity to identify the fault severity.

In [84], first, the transfer function is estimated in the form
of equation (8) for the transformer in two healthy and fault
states [84].

f(s) =
amsm + . . . + a1s+ a0
bnsn + . . . + b1s+ b0

(8)

In this case, by extracting the polynomial coefficients of the
numerator and denominator of equation (8), it is possible
to calculate the indicator of faulted-intact relation which is

FIGURE 18. Algorithm of fault detection mentioned in [83].

shown as equation (9) [84].

FI =

[∑m
i=1

∣∣afi∣∣∑m
i=1 |ani|

]
×

[∑n
i=1

∣∣bfi∣∣∑n
i=1 |bni|

]
(9)

In equation (9), m and n are the polynomial degrees of the
numerator and denominator of the fraction of the transforma-
tion function, respectively.
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Also, (afi and bfi) and (ani and bni) are, respectively, the
ith polynomial coefficient of the numerator and denominator,
mentioned in equation (8), in the faulted condition and the
normal condition. In this reference, it has been shown that
by using this indicator, the type, severity and location of AD,
RD, DSV and SC faults can be detected. On the other hand,
by comparing this indicator with the SDP indicator, which
is used in [83] to determine the fault severity, it has been
concluded that the SDP indicator can hardly identify the fault
severity, while the FI index, in addition to estimating the fault
severity, has the ability to detect the fault type and location.
Reference [85] also calculated the severity of the winding
deformation fault by using the estimation of the transfer func-
tion and drawing the Nyquist diagram. In this reference, after
drawing the Nyquist diagram of the transformer frequency
response, in two healthy and defective states, a special feature
is extracted from it, based on which the fault severity can be
identified. This approach is also confirmed in [84].

The evaluation of this method has also been done on two
real transformers and the results show the applicability of this
approach for practical use. In [86], with the same approach
as those of presented in [85], the location of the inter-disk
fault has been detected. The results show that this method
has succeeded in identifying the fault location. Reference [27]
also deals with the detection of short-circuit fault severity for
the transformer inter-turn fault using transfer function estima-
tion. In this reference, the input impedance is well estimated
using the VF method. Then, the location of the main pole
of the estimated transfer function, which corresponds to the
maximum value of the frequency response, has been used as
an indicator to identify the fault severity. Reference [87] also
uses VF and based on shift of the poles and the zeroes of the
frequency response, detects the fault severity in which the
principle component analysis (PCA) has been used for this
purpose.

4) FRA BASED ON ARTIFICIAL INTELLIGENCE
Artificial intelligence (AI)-based diagnostic methods offer
researchers another way to achieve the main purpose of per-
forming FRA. Reference [88] deals with the identification of
AD, RD and disc-to-disk short circuit faults. The implemen-
tation process is explained as follows. First, the transformer
model is extracted considering its specifications and geo-
metric dimensions. Then, the transformer frequency response
is obtained in healthy and defected cases. In the next step,
based on the frequency response obtained from the previous
step, cross-correlation (CC), ED, SSE, and SSRE features
are calculated. These features are used for artificial neural
network (ANN) training. The results show that this approach
has the ability to distinguish the mentioned faults from each
other with high accuracy, and also, the fault location and
extent are well identified. Block diagram of the mentioned
approach is shown in FIGURE 19.
Reference [89] uses a support vector machine (SVM) in

order to distinguish AD, RD, DSV and SC faults. In order

FIGURE 19. Block diagram of proposed method in [88].

to improve the classification performance, two different sets
of indicators are considered as input to the SVM classifier.
In the first set, there are index of frequency ratio (IFR) and
index of amplitude ratio (IAR), which are extracted from the
frequency response of the transformer in healthy and faulty
states. Also, in the second set, there are VF-based indicators
which are extracted from the coefficients of the estimated
transformation function of the transformer in healthy and
faulty states. The results show that the accuracy in the clas-
sification of the mentioned faults is higher when the features
of the first set are applied as input to the SVM. The study
also included a comparison between the SVM classifier and
ANN, and the findings demonstrate that SVM provides more
precise fault classification for the mentioned faults.

Reference [90] deals with identifying AD, RD, DSV and
SC faults. In order to compare the transfer function of the
transformer in healthy and faulty conditions, a new method
for calculating indicators is proposed, which is called win-
dowed calculated-index (W-index). The basis of this method
is that a moving window with a certain length scans the entire
frequency range of the FRA test, and the index value (here
CC) is calculated in each of these windows. The value of
W-index (here W-CC) in each of these windows is used as a
feature for fault classification. Therefore, theW-index creates
a large number of features per observation. Due to the consid-
erable number of observations and features corresponding to
them, the dimensions of the classification problem increase.
Using the Linear/Fisher discriminant analysis (LDA/FDA)
technique, the dimensions of the problem are reduced and
applied to an SVM for classification. The results show that
the identification of the fault type, severity and location of
occurrence is done with 100% accuracy. Reference [91] also
uses fuzzy logic algorithm (FLA) to detect the type of fault
and its severity. The results show that this algorithm is able to
distinguish different types of faults and their severity from the
normal state of the transformer, regardless of the transformer
configuration. On the other hand, the low sensitivity of this
method to noise makes it a reliable method for this purpose.

Reference [92], considering RD, DSV and SC faults for
the transformer winding, uses SVM to identify the fault
type and severity. Correlation coefficient, ED, maximum of
difference (MAX), integral of absolute difference (IA), SSE,
SSRE, SSMMRE and RMSE are applied as input for SVM
training, and its parameters are adjusted by PSO algorithm.
The obtained results are as follows:

◦ when the classifier is used as a separator of the men-
tioned three types of faults, the fault identification
accuracy is 96.3%.
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◦ when SVM is used to classify different degrees of DSV
fault, its accuracy is 95.24%.

◦ when SVM is used to discriminate different degrees of
RD fault, its accuracy is 70%.

Reference [93] uses machine learning and numerical analysis
techniques to train a predictive engine for smart interpretation
of FRA data in order to analyze fault severity. The proposed
technique, which can be utilized for offline or online appli-
cation of FRA, is effective for SC inter-turn or inter-disk
fault detection and fault severity classification in transformer
winding. Reference [94] proposes a two-dimensional Hilbert
ID that considers the extraction of a multi-window feature
for deep vision fault positioning of the transformer winding.
In this regard, sweep frequency response data containing
complex fault characteristics are obtained. Also, different
intelligent locating methods are compared and the proposed
deep vision fault location method is on average 6.51% higher
than other methods. In [95], recognized intelligent classi-
fiers, namely probabilistic neural network (PNN), decision
tree, SVM, and k-nearest neighbors, are utilized to classify
transformer faults. Similarly, [96] has utilized SVM, radial
basis function (RBF) neural network and statistical k-nearest
neighbor method for fault classification with different strate-
gies and configurations. Reference [97] divides frequency
responses into four frequency ranges based on frequency
resonances and anti-resonances, extracts the features of the
four frequency ranges by Lin’s Concordance Coefficient
(LCC) indicator, trains theMultilayer Perceptron (MLP) neu-
ral network by the extracted features, and finally, identify and
differentiate the types of winding faults.

In reference [98], the machine learning application called
generalized regression neural network (GRNN) was used
to identify the fault and the results show that the intro-
duced novel index which is called fitting percentage (FP)
leads to 100% accuracy of GRNN in RD fault detection.
In reference [99], a new methodology based on the combina-
tion of SVM and synthetic minority oversampling technique
(SMOTE) data preprocessing algorithm is used for fault
detection, and the results indicate the high accuracy of this
method. Reference [100] also identified the location and
severity of the disk space variation (DSV) fault using the
self-organizing map (SOM) neural network and shows that
this method, like the reference [98], was able to achieve the
mentioned goal with a 100% accuracy.

5) FRA BASED ON DIGITAL IMAGE PROCESSING
Reference [101] uses the digital image processing (DIP)
technique to identify AD and DSV faults using the image of
the polar plot of the frequency response of the transformer
in two healthy and faulty states. First, pre-processing steps
are performed with the aim of adjusting the size and color
of the image, as well as image segmentation with the aim
of removing unwanted effects including noise. Then, four
geometric dimensions features and eleven combined features
of invariant moment and texture analysis are extracted from

FIGURE 20. Flow chart of the presented DIP technique in [101].

the polar plot image. Then, based on the features extracted
from the polar plot image, three indicators city-block dis-
tance (CBD), root mean square (RMS) and image Euclidean
distance (IED) are calculated. Finally, based on these three
indicators, the fault type, severity, and location are identi-
fied. The implementation steps of the presented method are
shown in FIGURE 20. It is worth noting that the mentioned
approach has the ability to identify minor faults, while other
common methods have a great weakness in identifying such
faults. Reference [102] also used the same approach pre-
sented in [101] to detect the severity and location of short
circuit faults and the results show that this approach is capable
of identifying minor short circuit fault levels. The difference
is that instead of AD and DSV faults, reference [102] deals
with inter-turns fault.

By introducing the principles of optical FRA and noise
removal and implementing this method, reference [103] takes
advantage of its several unique benefits. These benefits
include high immunity against electromagnetic interference,
direct display of winding deformation, no effect of connected
electrical equipment, and high reliability in harsh environ-
ments. So, the winding deformation in a power transformer
is detected.

6) FRA BASED ON DISCRETE WAVELET TRANSFORM
In order to reduce the effect of noise and measurement distur-
bances, references [6] and [104] present a new approach for
fault detection, based on discrete wavelet transform (DWT).
The process of this advanced methodology is presented as
follows:

◦ In the first stage, by applying the DWT, the frequency
response of the transformer in two healthy and faulty
states is decomposed up to seven levels. In this case,
seven smoothed versions are extracted.
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◦ Then, starting from the seventh level and reaching the
first level, a comparison is made between the smoothed
version of present and reference responses. If the dif-
ference between the two is greater than a threshold at
each level, an abnormal difference is detected, and the
corresponding frequency band is stored as an abnormal
band. It is worth noting that at lower resolution levels,
this frequency band is not scanned again.

◦ In the next step, the abnormal bands that have been
detected at each level are also examined using indicators
such as CC and min-max index (MM) to determine
whether this abnormality is related to failure or not. This
work is done with the aim of increasing the robustness
of the presented approach.

◦ Finally, based on the results of the previous step, the fault
type is identified.

The results indicate that this approach is highly reliable in
detecting faults, as it effectively removes the effects of noise
and disturbances.

B. FRA SUPPLEMENTARY METHODS
Undoubtedly, no fault diagnosis method for transformers can
claim to be perfect and flawless. Every method has its own
limitations and weaknesses that can affect its effectiveness
in detecting faults accurately. To address these shortcomings,
supplementary methods have been proposed and developed
over time to improve the accuracy and reliability of trans-
former fault diagnosis. Some of the main supplementary
methods are explained below.

1) IMPEDANCE METHOD
Research shows that the standard FRA assessment cannot
always be sufficient to identify faults. Therefore, the ref-
erence [32] states that the impedance method (IM), which
is based on the low and medium frequency model of the
transformer, supports the standard FRA assessment. This
reference has investigated the sensitivity of standard FRA
and IM for the occurrence of AD and RD mechanical faults.
For AD fault, the condition of transformer is reported as
normal by EEOC and EESC configurations assessment based
on correlation coefficients, while in IM, significant change of
leakage inductance and slight change of capacitor between
high and low voltages coil indicate the occurrence of fault in
transformer. Also, for RD fault, no fault is reported by the
assessment of EEOC, EESC, CIW and IIW configurations,
while the decrease in the value of earth capacitor in IM
indicates the occurrence of RD fault. Finally, it has been
concluded that the combination of standard FRA and IM
is the best solution for detecting mechanical faults of the
transformer winding.

Also in [33], by comparing the changes of the parameters
of the transformer ladder model extracted from the FRA
standard test and the parameters of the IM model in low
and medium frequencies, it has been concluded that, for the
AD and RD minor faults, the parameters of the ladder model
do not have enough sensitivity to identify mechanical faults.

Meanwhile, IM model parameters can be sensitive indicators
for this purpose. It seems that using the digital image process-
ing (DIP) method to evaluate and interpret the FRA standard
can be a suitable alternative to the two evaluation methods
adopted in [32] and [33] for the interpretation of the FRA
standard. Because the DIP method is able to identify minor
mechanical faults as well [101], [102].

2) CHARACTERISTIC IMPEDANCE
The FRA method is very sensitive to the measuring setup
at high frequencies. Also, due to the effectiveness of this
method from external factors, reference [105] provides
another method to evaluate the condition of the transformer.
In this method, considering the transformer winding as a
long transmission line, its characteristic impedance (Zc) is
obtained as the signature of the transformer. The character-
istic impedance of the transformer winding is unique and
independent of external factors. Any change in the geometry
of the transformer winding due to mechanical faults leads to a
change in the Zc curve at different frequencies. By comparing
the Zc curve of the transformer winding in two healthy and
faulty states, it is possible to determine the fault type, sever-
ity and location. For this purpose, a sinusoidal signal from
low frequencies to high frequencies is applied to the input
terminal of the transformer and by measuring the voltage and
current in its other terminal, the characteristic impedance is
obtained as follows [105]:

Zc =

√√√√∣∣∣∣∣V 2
in (ω) − V 2

out (ω)

I2in (ω) − I2out (ω)

∣∣∣∣∣ (10)

The wavelet coherence indicator is also used to compare two
Zc curves (before and after the occurrence of the fault). In this
reference, two types of faults, AD and RD, are investigated
and the results show that the characteristic impedance has a
higher sensitivity to the occurrence of small mechanical faults
compared to FRA.

3) VIBROACOUSTIC METHOD
In this method, the accelerometer sensor is installed on dif-
ferent parts of the transformer tank and its vibrations are
recorded. Reports indicate that, if the shape of the coils does
not changewhile only loosely closed, the FRAmethod cannot
detect the fault; but can be detected by the vibration-based
method (VM) [106], [107].

C. EFFECT OF SEVERAL IMPORTANT FACTORS ON THE
TRANSFORMER FREQUENCY RESPONSE
In the following, the effect of some factors such as winding
type, transformer structure and some other factors affecting
the frequency response are explained.

1) EFFECT OF WINDING TYPE, STRUCTURE AND RESIDUAL
FLUX OF TRANSFORMER
In [108], the impact of different winding structures on end-
to-end FRA responses has been investigated. In general, the

81872 VOLUME 11, 2023



S. E. Hosseini Kakolaki et al.: Comprehensive Study on Transformer Fault Detection via FRA

FIGURE 21. Frequency response of different windings: (a) Continuous
disc winding. (b) Interleaved disc winding. (c) Inter-shielded disc
winding [108].

ratio of series capacitance (Cs) and shunt capacitance (Cg) is
very important in determining the FRA response for a specific
winding structure because this ratio will determine the shape
and position of resonance and anti-resonance frequencies.
The results of this research are presented as follows:

◦ In the frequency response of windingswith lowCs value,
the stable magnitude trend with a series of well-defined
resonances and quasi-resonances is observed. Contin-
uous disc winding is in this category of windings
(FIGURE 21-a).

◦ In the frequency response of windings with high Cs
value, the increasing trend of magnitude with little res-
onances and anti-resonances is seen. Inter-leaved disc-
type winding is an example of a winding with high Cs
(FIGURE 21-b).

◦ The frequency response of the inter-shielded disc wind-
ing starts with a series of ‘‘U’’-shaped resonances
and quasi-resonances. Then the response becomes
‘‘camel hump’’-shaped with damped resonances and
anti-resonances (FIGURE 21-c).

Reference [109] with a more accurate modeling of the trans-
former winding compared to reference [108] andwith amath-
ematical approach based on the theory of traveling waves,
examines the frequency response of two different types of
windings, i.e. continuous disc winding and interleaved disc
winding, in intermediate frequencies. The results show that at
intermediate frequencies, the frequency response of contin-
uous disc winding experiences more oscillations than those
of interleaved disc winding. This result is also confirmed
in [108]. In addition to the type of transformer phase winding,
the interactions between the winding under test and other
windings (other windings of the same phase and other phases)
in the D-connection state due to magnetic coupling and
capacitive effect between them affects the frequency response
(resonance and anti-resonance frequencies) [110].

Reference [111] investigates the effect of magnetization
condition of the transformer core on FRA measurement.
In order to avoid the effects of core magnetization, the
FRA test should not be performed immediately after dis-
connecting the transformer from the power grid. Therefore,
the FRA test is recommended to be performed at least
24 hours after the transformer is de-energized. In order to
simultaneously remove and measure the residual flux of a
three-phase transformer core, reference [112] suggests an
improved flux-controlled variable frequency-constant volt-
age (VFCV) strategy along with the core flux equalization
using a low power electronic device.

2) EFFECT OF TRANSFORMER TAP CHANGER
Reference [113] investigates the effect of transformer tap
changer setting on FRA. The FRA results for open cir-
cuit, short circuit and inductive inter-winding configurations
clearly show that the tap changer setting influences the
frequency response of the transformer in low and medium
frequencies. These changes in the frequency response at
low frequencies occur due to changes in the inductance of
the transformer winding. Therefore, the position of the tap
changer should remain constant during the FRA test.

3) EFFECT OF TRANSFORMER BUSHING MODELING
In [114], the effect of transformer bushing modeling on its
FRA signature has been investigated. In this reference, the
transformer bushing is added as a T-model to the transformer
ladder model. Considering the bushing model, the resonance
frequency of the transformer transfer function at low and
medium frequencies do not change. But due to the fact that
bushing increases the capacitive components of the trans-
former, the bushing modeling at high frequencies leads to
the change of resonance frequencies and their corresponding
amplitudes. Therefore, when modeling the transformer for
FRA, the bushing model should also be considered in order
to increase the simulation accuracy.

Reference [115] also investigates the effect of bushing fault
on FRA signature and in this way determines the minimum
failure level that can be revealed visually from FRA response.
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It also shows that the impact of the bushing fault appears at
high frequencies, which is also confirmed by [114]. In [23],
transformer bushing is added as T-model to the transformer
hybrid model and by using CC and spectrum deviation (σ )
indices to interpret the results, it is shown that considering the
bushing model causes the frequency response to change only
at high frequencies. The results of references [114] and [115]
also confirm this.

4) EFFECT OF TEMPERATURE AND MOISTURE
References [116] and [117] investigate the effect of tem-
perature and moisture content changes on FRA. Changes in
temperature and moisture lead to changes in the transformer
frequency response in medium and high frequencies. So that
with increasing temperature, resonance frequencies in FRA
spectra shift towards lower frequencies and some resonant
magnitudes are damped, just like the moisture migration
from the paper into the oil insulation when the temperature
remained unchanged. Also, with increasing temperature, the
increasing trend is evident in the total capacitance varia-
tion of transformer windings. In these references, the CC
and standard deviation (SD) indicators are used to interpret
FRA for changes in temperature and moisture content, and
the results show that these indicators do not have sufficient
accuracy in interpreting FRA, and therefore they should be
modified in some way. Also, in [118] and [119], changes
in FRA signature due to temperature changes of transformer
conductors and moisture content of its insulation have been
investigated. The results show that, regardless of the type
of transformer winding, with changes in temperature and
moisture, the FRA signature changes have the same pattern.
So, with the increase in temperature and moisture, the trans-
former frequency response shifts in the medium and high
frequencies towards the lower frequencies. These results are
also confirmed by [116] and [117]. Reference [120] also
compares the effect of moisture changes in transformer paper
insulation and also winding deformation on the transformer
frequency response. Finally, it has been concluded that the
effect of moisture migration can be seen in the medium and
high frequency bands, but in connection with mechanical
defects, this effect can be seen in each or every part of the
entire frequency range. A new moisture sensor and measure-
ment method is presented in [121], which is based on the
introduction of considering capacitive effects inside the trans-
former tank and the analysis of its frequency response with
the FRA test. The sensor should be immersed in transformer
oil, away from high voltage areas. Since the moisture of the
oil depends on the temperature, the temperature of the oil
must also be measured. Also, reference [122] evaluates the
capability and accuracy of its presented method in determin-
ing the moisture content of the transformer by obtaining the
results of FRA, extracting the required features, using the
k-means method for placing these features in three clusters
(dry, wet, and excessively wet), and optimizing the cost func-
tion of the k-means method using the PSO algorithm.

FIGURE 22. Frequency range defined by the expert [123].

D. SELECTION OF THE APPROPRIATE FREQUENCY RANGE
FOR THE FRA AND AUTOMATICALLY DETERMINING ITS
SUB-RANGES
Although it is generally possible to divide the frequency
range into three sub-ranges of low frequency (LF), medium
frequency (MF), and high frequency (HF), it is not clear what
range of frequencies each of these sub-ranges encompasses.
This depends on the structure of the transformer and its
configuration, the type of winding and its voltage level, and
therefore, a general rule cannot be considered for it [42].
On the other hand, a proper definition of these sub-ranges
can improve the capability of the indicators presented earlier.
In this section, the following topics are discussed:

◦ Selection of the appropriate frequency range for FRA
testing and the factors affecting the limitation of this
range.

◦ The mentioned frequency spectrum is divided into sev-
eral different sub-ranges and what frequency range each
of these sub-ranges includes.

◦ Which of these sub-ranges are affected by each of the
electrical and mechanical faults and the consequent
change in the parameters of the equivalent circuit?

In general, the frequency range can be considered as
FIGURE 22 [123]. Based on this figure, the following can
be deduced:

1) The LF range itself is divided into two smaller ranges
LF1 and LF2. In the LF1 range, only the transformer
core magnetic inductance (Lm) will have a dominant
effect on the frequency response as can be observed
from its nearly linear behavior. Since no capacitor is
effective in this range, the oscillations in the frequency
response occur solely due to interactions mutually with
Lm inductance. However, in the LF2 range, due to
the interactions between the Lm inductance and the
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Cg,w parallel capacitors, the combination of these two
elements will have a dominant effect in this range.

2) In the MF range, the penetration depth of the magnetic
field inside the transformer core is reduced. So, the core
behaves like an aerial core with a specific inductance
(L). Due to its interactions with series capacitors (Cs)
and parallel capacitors (Cg,w) as well as the effect of
mutual coupling between the windings (LM) and the
capacitor between the high-voltage and low-voltage
windings, large fluctuations occur in this range.

3) The HF range is also divided into two smaller ranges,
HF1 and HF2. In the HF1 range, series capacitors (Cs)
will have the predominant effect. In the HF2 range,
which is not shown in FIGURE 22 and includes fre-
quencies above 1 MHz, the measurement system also
affects the frequency response.

Reference [123] presents an automatic method for deter-
mining the mentioned frequency ranges. The principle of
this method is based on the resonance frequencies corre-
sponding to passing through the zero phase of the frequency
response. In other words, based on the critical points of
passing through the zero phase of the frequency response,
the proposedmethod determines the frequency ranges of each
sub-range.

Because the number of resonance frequencies and their
location change. In this regard, this method can adapt itself
to the new conditions and specify frequency ranges. This
means that the method is adaptive. FIGURE 23 shows the
effect of various electrical and mechanical faults on each of
the frequency ranges. The first classification level considers
some faults that affect only one frequency range and change
the frequency response in that range, denoted by R1, R2, R3,
R4, andR5, and corresponding to the LF1, LF2,MF,HF1, and
HF2, respectively. The second classification level includes
some other faults that affect two adjacent ranges represented
by F1, F2, F3, and F4. The third classification level covers
general electrical and mechanical faults, denoted by EM and
MM, respectively. However, there are some faults affecting
all frequency ranges and their interpretation can be based
on the behavior of the resonance peak. References [124]
and [125] examine the effect of different faults on frequency
ranges and present that RD fault affects all frequency ranges,
while AD fault affects intermediate and higher frequencies.
The effect of SC fault and fault between disks is also evident
at low andmedium frequencies, respectively. Reference [126]
examines the RD fault and models this fault by changing the
capacitor between the high voltage and low voltage windings.
The results indicate that this type of fault affects the entire
frequency range. Actually, the results of [124] and [125] are
approved by another method. Reference [127] also obtains a
similar result for the RD fault.

Some researchers believe that only the mutual inductance
between the high-voltage and low-voltage windings changes
when an AD fault occurs. Therefore, they change this param-
eter in the modeling, so that they can model the AD fault
and then, compare the output with the frequency response

of the transformer in the healthy state and evaluate different
methods to determine its severity.

The authors indicate in [128] that when an AD fault occurs
on a high voltage coil, not only the mutual inductance but
also the capacitor between the high voltage coil and the
transformer body, as well as the capacitor between the high
voltage coil and the low voltage coil changes and these
changes are evident. Therefore, in AD fault modeling, this
point should be considered so that different methods of fault
severity detection are evaluated and compared correctly. The
authors of references [129], [130], and [131] also believe that
the AD fault affects the intermediate frequencies. This type
of fault, in addition to changing the inductance matrix of the
equivalent circuit, changes the capacitive matrix that chang-
ing of these two parameters should be considered to model
this type of fault. In [132], it is shown with the same pro-
cess, for modeling the RD fault correctly, two changes must
be considered; changing the values of the equivalent circuit
capacitances, and changing the circuit inductancematrix. The
effect of this fault is evident in the whole frequency range.
In [23], using the hybrid transformer model and optimizing
its parameters, the effect of different transformer faults on
the frequency response is evaluated and the obtained results
indicate that AD and RD faults have their main effect on the
medium frequencies (approximately 1 MHz).

E. ONLINE FRA METHOD
The FRA test requires the transformer to be de-energized and
disconnected, and laboratory instrumentation must be used to
determine the transfer function. As a result, this may incur
high costs and reduce network reliability. This means that
this test cannot be carried out repeatedly to implement pre-
cautionary actions. It is only performed when the transformer
is suspected of being faulty, and corrective actions are taken
if necessary. In order to solve this problem, it prompted the
researchers to provide methods that detect the internal defects
of the transformer without disconnecting it from the power
grid and determine the severity of the fault and the location
inside the transformer online.

As mentioned earlier, FRA testing (including its online
method) can be performed in two ways, SFRA and IFRA.
But according to the reports, the online testing has some
problems [133], [134]. Some of these difficulties are:

◦ The moment of applying the FRA signal is very impor-
tant due to its effect on the obtained frequency response,

◦ The possibility of interference on network controller sig-
nals by reference signal (with frequencies from several
Hz to several MHz),

◦ The possibility of damage to the analyzer device in case
of directly connecting it to the transformer,

◦ The effect of transformer load on online FRA fault
detection capability, etc.

Also, several advantages for an online FRA test are worth-
mentioning, such as [135]:

◦ Lower cost of testing,
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FIGURE 23. Classification of fault types inside the transformer [123].

◦ No requirement for disconnecting the transformer from
the grid.

Some researchers have focused on online FRA. For example,
references [136] and [137] deal with the effect of transformer
load on online FRA fault detection capability. In [138],
by utilizing and comparing two methods, IFRA and lightning
impulse analysis (LIA), detection of winding deformation
and short circuit faults on live transformers is studied. Results
show that the diagnosis of transformerwindings and detection
of incipient faults are possible. Reference [139] explains sev-
eral online transformer FRA methods, for detecting several
faults, specially the inter-turn fault. These methods include
(DGA) [140], current harmonic analysis [141], vibration
analysis [142], the differential current based on negative
sequence and Extended Park Vector [143], [144], 1V-I locus
diagram [145], and flux leakage method [146]. These meth-
ods have been usually evaluated qualitatively with a focus
on feasibility. In this regard, reference [147] by leveraging
both experiment and theoretical analysis, tries to completely
evaluate several fundamental aspects of online FRAmethods,
including sensitivity, repeatability, and anti-interference.

The IFRA method itself can be done in two ways: the
controlled and the uncontrolled signal application methods,
while the SFRA method is performed only in a controlled
manner. In the controlled signal application method, the pulse
signal is generated by a pulse wave generator. The advantage
of the controlled method is that firstly, the signal application
time and secondly, the signal shape and its presence time
(which will determine its frequency content) will be con-
trolled and the aforementioned difficulties will be slightly
reduced. In the uncontrolled signal application method, light-
ning or switching signals that occur in the substation are used.
The advantage of this method is that there is no need for a

pulse signal generator. But the drawback is that firstly these
signals are not always available, and one has to wait for a
certain moment for one of the two voltage waves to occur
and secondly, the shape and duration of presence of such
uncontrolled signals are not adjustable.

Reference [148] first deals with the necessary tools to
implement the online FRA test and then compares it with
the offline one, and shows that in the online FRA due to the
presence of noise, the low frequency information of the fre-
quency response cannot be trusted. This makes it challenging
to detect the occurrence of faults that affect this frequency
range, such as a short-circuit fault.

V. CONCLUSION AND RECOMMENDATIONS FOR FUTURE
IMPROVEMENTS
In this paper, while expressing the need for the importance of
transformers in power grids and detecting the occurrence of
various faults in it, the frequency behavior of the transformer
is explained, and various models are presented to simulate its
actual behavior against different frequencies. Moreover, the
requirements of FRA for implementation are explained and
it is shown that the four configurations named EE, EESC,
CIW and IIW together with the transfer voltage, form the
best and most sensitive configuration-transfer function pair
for FRA. In addition to that, various methods for FRA are
examined. After analyzing the FRA results using different
methods, complementary FRA methods are introduced and it
is shown that three different methods, namely the impedance,
the characteristic impedance, and the vibroacoustic methods,
can eliminate the weaknesses of the FRA test in order to
identify the faults.

The effect of several factors such as winding type, struc-
ture, residual flux, temperature andmoisture on the frequency
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response of the transformer is also investigated and it is
shown that some of these factors can significantly change
the frequency response. After examining the effect of these
factors on the frequency response, it is pointed out that due
to the effect of these factors, there is a need for an adaptive
and flexible frequency range for FRA. Therefore, using an
adaptive method, the frequency range is divided into different
sub-ranges in order to increase the sensitivity of statistical
indicators to analyze the FRA results. Furthermore, different
indicators have been examined from the perspective of sen-
sitivity, capability and reliability. Also, it is shown that each
of the electrical and mechanical faults firstly, on which of the
specified sub-ranges, have a greater effect, and secondly, each
of these faults leads to a change in which of the equivalent
circuit elements. Finally, the online FRAmethod is discussed,
and its challenges are mentioned.

The following topics are suggested in order to continue
further research in FRA:

◦ In section IV-A2, it was stated that some indicators do
not show a regular and linear behavior with respect
to the changes in fault severity, and therefore cannot
be useful in determining the fault severity value. Since
each fault usually does not affect the entire frequency
response range of the transformer and only affects a
specific interval of the entire frequency range (which
was stated in section IV-D). Therefore, some papers in
order to solve this problem recommend the approach of
dividing the entire frequency range into several smaller
intervals and calculating each of the indicators presented
in section IV-A2 in that frequency interval where the
specific fault is effective. Because it has been shown
that the values of the indicators in the interval of the
frequency range where the specific fault is effective,
usually show a linear relationship with respect to the
changes in the fault severity. The problem that exists is
that even with this technique, some indicators still do
not experience a linear relationship with the changes in
the fault severity. Therefore, to solve this problem, it is
suggested to draw the difference function (1TFi) graph
presented in equation (7) in that frequency range where
the specific fault is effective. Then, in that frequency
range, a smaller interval should be found so that the
values of1TFi in that smaller interval have a significant
difference with each other, and also the curve-fitting of
the 1TF diagram according to the severity of differ-
ent faults, experiences a linear relationship. Such small
bands are called diagnostic bands, which was mentioned
in section IV-A2. Therefore, the calculation of the indi-
cators in the diagnostic band related to the frequency
range where the mentioned fault is effective, can have
a significant effect on the linearity and monotonicity of
the mentioned indicator.

◦ In section III-A, it was shown that choosing the appro-
priate configuration and transfer function to perform
the FRA test has a significant effect on increasing the
ability to detect faults in this method. Therefore, for

a two-winding transformer, many terminal connections
were considered and for each terminal connection, dif-
ferent transfer functions were examined. Then, based
on the number of natural frequencies appearing in the
transfer function, different configuration-transfer func-
tion pairs were categorized (TABLE 1). Finally, the
configuration-transfer function pair that has the highest
natural frequency and, of course, the highest sensitivity
for fault detection, was selected for FRA test. Since
a large 3-phase transformer as well as multi-winding
transformers have more terminals than two-winding
transformers, it is possible to define far more terminal
connections than a two-winding transformer to per-
form the FRA test. Therefore, the process mentioned
in section III can be implemented in order to find the
suitable configuration-transfer function pair to perform
the FRA test on this class of transformers.
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