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Abstract—In this paper, the transfer function method is presented
as a tool for detection the deformation of the transformer windings.
In the ﬁrst stage this deformation appears as a partial discharge in the
interior part of the transformer insulations speciﬁcally and between
windings.
The main objective of this study is to develop, and to create
the mathematical models which help in the testing procedures and
evaluating process of the transformer interior dielectric conditions.
These developments and improvements of the partial discharge (PD)
localization methods in the transformers enable to minimize the test
time and to deﬁne the deformed part of the insulations with high accuracy. Correspondingly measuring, maintenance and repair time of the
transformer. The measurements by the frequency response analyses
used to deﬁne the transfer function for modeling the transformers and
to obtain the correlation between its characteristics. Practically, the
splitting techniques of the Transfer function into a sectional winding
transfer function a long the windings has been approved to localize
the defected origin.
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I. I NTRODUCTION
Ormal operation, time aging, short circuit currents, or
even forces during transport can cause mechanical deformation and displacement of transformer windings. These
deformations cause defect that cause a behavior such as PD
(hot spots) or fault source, in the interior of the transformer.
The transfer function (TF) method can be used as a tool to
detect this deformation. In order to evaluate the mechanical
conditions, the correlation between the characteristics of transfer functions and possible damages must be deﬁned.
For electric energy equipments mathematical modeling is
one of the most important issues. The Power transformers are
expensive components. The model is employed for simulating
the performance of the transformer. The majority of them have
been in service for many years under different environmental,
electrical, and mechanical conditions. Power transformers are
very expensive and form a high percentage of the investment
of a power system. Extending transformer life as long as
possible is not only economically valuable, but also prevents
lost revenues when power outages occur [1],[2].
In the power engineering area, wide frequency range modeling of transformers and reactors by frequency domain external
measurements is sometimes required for the study of electromagnetic transient. Besides, the Mathematical representation
of such equipment is particularly important in insulation
coordination of applications involving HV and EHV systems,
where precise prediction of possible system overvoltages is
essential to achieve an economical and reliable design [2].
The transformer general simple model (equivalent circuit)
consist of a string of inductances tapped by their parallel
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capacitances to earth and shunted by their stray capacitances
between windings [5] .In reality, every transformer has a
unique, identical model which considered as the ﬁngerprint
of the transformer.
According to applications, purposes and analysis, models
can be classiﬁed into different approaches:
• The model before building
• The model based on the manufacturing data (status)
• The model based on the operations conditions (after
working and aging)
PD measurement is a powerful technique used to detect an
incipient insulation fault in a power transformer. Research is
being carried out to detect, locate and classify the type of PD.
Techniques for the localization of PD sources are of major
importance in on-site maintenance and repair [2],[4].
The PD is a major source of mechanical deformations
such as: insulation failure which leads to defects in power
transformers. Defects can be recognized by the measurement
of the transfer function of the individual transformer coils
such as turn short circuits or deformations. The PD caused
the mechanical deformation of the dielectric isolation material
surrounding the transformer windings and transformer bushing. The location of PD source is of crucial importance in both
the maintenance and repair of a transformer.
PD measurement is still usually accomplished ofﬂine. There
are already electrical procedures, which permit a detection
of the source of PD beside the intensity of the PD. With
the help of the determination of the transfer function, this
can take place online or ofﬂine. By which the mechanical
deformation of the coils (windings) and its insulation can
be determined [3],[9],[11] The General main objective of
this study is to develop and create the mathematical models
of the transformer which help in the procedures of testing
describing and evaluating the transformer dielectric conditions
particularly, PD Localization modeling and measurements.
Most of the practical PD site location methods depend on
time domain reﬂect, when a PD pulse occurs, it will travel
through the test object (typically a power cable, switchgear or
winding) and reﬂect at the end of the test object (a bushing
or terminal).
A. Use of the Transfer Function in PD Measurements:
In general the transfer function (T F ) is an approximation
to the Fourier transformed impulse response H(w) . It is
calculated as the quotient of an applied input signal X(w)
and its response Y (w) in frequency domain according to:
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T F (w) =

Y (w)
X(w)

(1)

International Journal of Electrical and Electronics Engineering 4:6 2010

where: u - the input complex vectors, y - the output complex
vectors, H - the symmetrical or non symmetrical transfer
matrix deﬁned by a certain discrete observed frequencies m
on the interval sωk , where:

For this investigation X(w), and Y (w) have been determined by a Fourier transformation of an applied lowvoltage impulse x(t) and its response signal y(t) (low-voltage
impulse frequency response analysis) [2],[9],[11]. There is a
redundancy between the magnitude and the phase of T F (w)
for minimal phase systems [6] . Therefore, only the magnitude
T F (w) is chosen for an experimental evaluation of TF results.
The TF method is an approach for diagnosing changes in coreand-coil assemblies of power transformers by comparing a
measured TF with a reference.
Frequency Response Analysis, generally known as FRA, is a
powerful diagnostic test technique. FRA consists of measuring
the impedance of transformer windings over a wide range of
frequencies and comparing the results of these measurements
to a reference set. Differences may indicate damage to the
transformer, which can be investigated further using other
techniques or by an internal examination.
Frequency dependencies of the winding admittance or TF
forms are the basis of the FRA method (see Figure 1). The
output of both the admittance and TFs contains a number of
peaks occurring at the natural oscillation frequencies resulting
from the serial and parallel resonance between capacities and
winding inductance [6],[7],[13].
This method is based on the TF being usually proportional
between current I that measured in a winding and a supply
voltage U applied to another winding, calculated in the frequency domain according to:
T F (w) =

I(w)
U (w)

ωa ≤ ω k ≤ ω b

(4)

The matrices in equation (3), as should be suitable for any
all mathematical operation that can be needed. These purposes
can be achieved be means of diagonalization. In linear algebra,
matrix diagonalization is the process of taking a square matrix
and converting it into a special type of matrix so called
diagonal matrix that shares the same fundamental properties
of the underlying matrix. The diagonalization of matrices in
equation (3) can be as:
u = Tu um , y = Ty ym

(5)

Then equation 3 will be:
ym = Hm um

(6)

The transformation matrices will be as:
Hm = Ty−1 HTu

(7)

This should be identical and satisﬁed with the particular
frequency ω0 . The diagonal elements of Hm in position μ
evaluated for m discrete frequency values ωk with a ﬁxed
transformation

(2)

Hμ (jωk ) = [Hμ (jωk )]μ

The measurement result in equation (2), is the admittance
of the winding Y = Z −1 = UI(w)
(w) . Therefore, measurement of
the insulation resistance or the results of winding admittance
can be used to detect this kind of PD and winding failure.
Theoretically it should be less when PD accurse [12].

(8)

where:
ω a ≤ ωk ≤ ωb
μ = 1, ...., r
k = 1, ...., m
According to Soysal [2], the TF estimation can be determined as:
 aμ,i
Hμ (S) =
(9)
s − λμ,i
i
where:

Fig. 1.

μ = 1, ...., r, i = 1, ...., nμ

:The general FRA measuring schematic diagram and its circuit.

Generally the aμ,i and λμ,i designated the strength and
location of poles. And they may be real and complex numbers.
It was denoted that power transformers windings can be
considered as multi-input multi-output system, which is linear
and time invariant [3],[9]. PDs can be occurred in any place
along the winding coils of the transformer which can be
considered as input to the system as it shown in Fig. 1 , (Note
that, the wards input and output are relevant). The place of
PD depends on the insulation conditions and its break down
degree.
The mathematical representation of the TF can be written
as matrices:
[V ] = [Hik ] × [P D]
(10)

FRA measurements can be considered as ﬁngerprint of the
transformer dielectric conditions. If any changes in the internal
transformer dielectric caused for any reason, the measured
rustles (curves) should be changed correspondingly.
B. Developing the Transfer Function Model for PD Localization
The frequency response of the transformer winding can be
considered as multi-input multi-output,and in general can be
simpliﬁed as [3],[4]:
y = Hu

(3)
2
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These techniques also, allow to spilt the transfer function
T F (w) into a sectional winding T F a long the windings. Then
to deﬁne PD Localization according to the measurement data
and results. The coil of a transformer is divided in numerous
winding sections. The PD at an unknown origin generates a
signal which travels through the winding sections to the high
voltage bushing and to e.g. the neutral or star point [12],[13].
The bushings as well as the neutral point are accessible points
or PD measurements and the signal can be recorded.
C. Measurements and Experiments Setup:
Fig. 2.

The measuring process sequences using the TF are illustrated in Fig. 3. This basic simple ﬂowchart shows that the
results of current measurements are usually compared with
the reference ﬁngerprints. If there is no signiﬁcant deviation
of the compared functions, there should be no change inside
the transformer on its conditions during the operating and
service time. Denoting that unfortunately, “ﬁngerprints” of old
transformers are rarely available. Therefore, a recommendation
to Electrical Industrial Sector and the Electrical Installation
Companies to add the FRA tests for all the transformers as a
reference data “ﬁngerprint” of the transformer manufactured
and installed conditions, with which, the regular and failure
tests can be compared and refereed.

:Illustration of the Winding PD

The Hik is the sectional winding TF between the input k
and out put i , speciﬁcally it can be written as:


H1n
H11 H12
[V ] =
× [P D]
(11)
H21 H22
H2n
where the matrices
[V ] =
[P D] =



P D1



V1

V2



P D2

(12)
P Dn

T

(13)

i = 1, 2 k = 1, ..., n
Assuming that the partial discharge is from one input
(place), which is can be (j), so the other PDs will be equal to
zero. The output between the bushing and the neutral will be:
V1 = H1j × P Dj

(14)

V2 = H2j × P Dj

(15)

P Dj = (1/H1j ) × V1

(16)

P Dj = (1/H2j ) × V2

(17)

The TF (PD) will be:

By deﬁnition (measuring) of V1, V2 and the sectional
winding TF Hik , it is not difﬁcult to calculate PD as a value
and to localize its place. PD can be calculated by equations
(16) and (17) in frequency domain as two signals can be
measured at the bushing of the transformer and at the neutral
P Dj (jω) = (1/H1j (jω)) × V1 (jω)

(18)

P Dj (jω) = (1/H2j (jω)) × V2 (jω)

(19)
Fig. 3.

The importance of equations (18) and (19) as system that:
Calculating the same PD with different TF H1j , H2j j and the
same inputs P Dj allow localizing, minimizing the measuring
errors and avoiding the noise as it is comparable with high
accuracy. In other wards enable to minimize the test time and
to deﬁne with high accuracy the mechanical deformed parts
of the insulations in the transformer.

:Simple ﬂowchart for evaluating transformer conditions

If no ﬁngerprint and no identical test object exists, the
symmetric properties of the core-and-coil-assembly can be
used to compare several measurements (construction-based
evaluation). Then, transformer is in good conditions. Mostly,
mechanical damages affect only one of the three phases. A
3
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separate examination of all phases will detect the differences
of one phase towards the others, [14],[16]. The three evaluation
procedures can also be taken for fault identiﬁcation and
localizations. After comparing the results and considering the
expected accuracy of the measurement, then it should be
decide, if the results deviate signiﬁcantly or just a small one.
The measurement has to be evaluated in detail.
The measurements have been performed in the laboratory
of the Schering- Institute, Leibniz University of Hanover,
Germany, on a distribution transformer 400 V / 10 kV, 100
kVA. The mechanical deformation of the isolation and PD
measurements within the transformer winding associated by
frequency range from a few Hz to hundreds MHz. Sweep
Frequency Response Analyzer for the power transformer core
and winding diagnosis by Omicron has been installed and used
as it shown in ﬁgure 4

Fig. 5. :The Winding TF for the transformer with faults (PD) and without
faults (PD)

Fig. 6.

:The Winding Transfer Function for the normal transformer

Figure 6 It is clearly that TF of the normal transformer is
very similar to the reference TF of the phase. Also, the ﬁgure
6 shows that even every phase in the same transformer has
its own unique ﬁngerprints. The measurements of TF where
made in an ofﬂine mode. For online measurement, instead of
the delta impulse a steep switching impulse can be used.
Fig. 4.

:Measuring of the transfer functions.

D. Remodeling the Frequency Response of the Winding:
his modeling is according to the operation condition which
appears after time of working and aging process. The model
is based on the FRA measurements. The FRA measured the
impedance transformer winding in frequency range. Therefore
the transformer can be considered like a linear system due to
the application of a low voltage signal. It is possible to know
how the transformer behaves. When a fault or PD occurred
the frequency is changing because the measure of the system
represents the behavior of the machine. According to Pleite
and Gonzlez [17],[18] the transformer model can be sectioned
into cells or parts as it shown in Fig. 6. The groups of i cells
represent a general component (core and winding) and every
cell contain a number winding sections. A unique cell inside
these groups will represent a speciﬁc deviation on bandwidth
of the frequency response and a speciﬁc part inside these
components. This will be identifying the mechanical defect
that cause a behavior such as a PD or fault source.

The measurements are compared with a “ﬁngerprint”, which
has to be determined ﬁrstly as reference. But, on this case,
the manufacturing “ﬁngerprints” for this old transformer (Fig.
4) is absent. The decision was taken to compare the pashas
TF measuring results together. But it important to note here
that we assume that the loads on the phases were almost in
symmetrical operation mode.
Analyzing the results in Fig. 5 shows that there is nearly
no changes at the high frequencies but a remarkable and
signiﬁcant deviation at low frequencies between the reference
TF and the current measurement one. Deviations between the
reference TF and the current TF indicate PD and failure.
For more comparable analysis, to achieve high accuracy
in estimation of the PD localization a great need to other
TF measurements to be compared with the same type of
transformer without any failure. The results are illustrated in
4
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Fig. 7. :Remodeling of the transformer as a group of cells according to FRA
measurements.

The experiment measures the impedance of the winding
and the equivalent impedance of the cell, Fig. 7, the same
relations can be obtained. In this case the Li parameter of the
cell reproduces the main inductance of the transformer, the Ci
parameter reproduces the main capacitance of the winding and
the Ri parameter reproduces the resonant point between L.s
and C.s [18].
The values of each cell parameters are calculated from the
FRA response at the assigned frequency.
According to the model shown in Fig. 7 , the equivalent
admittance on n cell can be calculated by the ﬂowing equation;
1
1
yn (w, rn , Cn , Ln ) =
+ jwCn +
(20)
Rn
jwLn
Where n =1,,i The parameters of the model in equation (20)
can be calculated with math lab or any suggested program.
The main objective of this remodeling is to link the parts
inside the transformer the core and windings with its frequency
response and obtain a correlation between the changes in the
internal parts and their reﬂections on the response. Correspondingly these changes supposed to indicate the new appearance of PD sources (hot spots) as the admittance (impedance)
of the windings will be changed.
II. C ONCLUSION
A mathematical model for transformer interior deformation
and PD localization has been developed in this paper. A recommendation to Industrial sector and the electrical installation
companies to add the FRA tests for all the transformers as a
reference data ”ﬁngerprint” of the transformer manufactured
conditions as an indicator with which the normal and failure
test can be compared. The Schemes of ﬂowchart for evaluating
transformer conditions to achieve robust evaluating presses
has been illustrated. A procedure of transformers remodeling
according to measurements of their internal conditions by
the FRA has been presented. This method of remodeling
allows the determining of the mechanical defects by means
of the sectional transfer function, where PD signal will be
localize at the true defected origin. These techniques allow
mathematically to spilt the Transfer function into a sectional
winding transfer function a long the windings. The splitting
techniques of the Transfer function into a sectional winding
transfer function a long the windings have been tested and
approved to localize the defected origin.
5
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