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Transfer Function Method to Diagnose Axial
Displacement and Radial Deformation of
Transformer Windings
Ebrahim Rahimpour, Jochen Christian, Kurt Feser, Fellow, IEEE, and Hossein Mohseni

Abstract—Short circuit currents or forces during transport can
cause mechanical displacements of transformer windings. The
transfer function method is presented as a tool to detect these
displacements. In order to be able to evaluate the measurements,
the correlation between the characteristics of transfer functions
and possible damages must be known. Axial displacement and
radial deformation of transformer windings have been studied
in this research work using two test transformers. The primary
winding of the first transformer for axial displacement has 31
double disk coils (1.3 MVA, 10 kV) and the secondary winding
is a four layer winding. The second transformer for the study of
radial deformation has 30 double disk coils (1.2 MVA, 10 kV) as
primary winding and a one layer winding as secondary winding.
The detailed mathematical models were developed for the test
objects and a comparison was carried out between measured and
calculated results. It is shown that this model can present the
behavior of the transformer windings in the frequency domain in
the case of sound and displaced conditions.
Index Terms—Diagnose, mechanical displacements, modeling,
transfer function, transformer windings.

I. INTRODUCTION

T

HE aim of modern monitoring and diagnostic methods
is to ensure the optimal and reliable utilization of transformers in respect to the transferred power and its life time. In
this regard several procedures such as thermal monitoring, oil
analyzes (Dissolved Gas Analyzes, Furfurol), partial discharge
measurements (electric, acoustic), transfer function, relaxation
current, recovery voltage measurement, etc., are investigated
and applied. Each method can be applied for a specific type of
problem and has its own merits. Transfer function variations are
used as a tool to recognize mechanical displacements and deformation of windings [1], but determining the exact location and
the extent of these faults are subject to active research. The suitability of this method was confirmed in several experiments on
power transformers in service [2], [3].
The high frequency behavior of windings is characterized by
their resonances (transfer maxima) and their transfer minima.
Mechanical displacements will change these characteristic
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properties. This change is much more obvious in the frequency
domain than in the time domain (e.g., comparison of two
different LVI traces).
This method is a comparative method, i.e., the measurement
results should be compared with reference results. If significant
deviations in the results occur, the transformer is faulty and appropriate action have to be undertaken. From the operation point
of view, the type and the location of the fault are important. The
correlation between the faults and the transfer function variations are not clearly known. These relations can be obtained by
measurements on power transformers or by developing an appropriate model of the transformer for simulations.
The modeling of a complex arrangement such as a transformer active part is a compromise between accuracy and complexity. The number of definable basic elements and thus the accuracy of the modeling are limited. Between different proposed
models, the following classification can be used:
—
Black-Box models:
• Modal analyze based modeling [4]
• Description by pole and zeros [5]
—
Physical models:
• -phase transmission line model [6]
• Detailed model:
—
Modeling based on self and mutual inductance [7]
—
Modeling based on leakage inductance [8]
—
Modeling based on the principle of duality [9]
—
Modeling based on electromagnetic fields [10]
—
Hybrid model
• Combination of Black-Box and physical model
[11]
The Black-Box models are not suitable for the modeling of
winding displacements, since they present just the behavior of
the transformer on its terminals. The physical models are based
on the geometry of the winding and its lumped equivalent circuit. These models are also valid for higher frequencies.
The modeling of windings by the lumped RL-C-M network
(the detailed model) enables the calculation of the currents and
voltages using common electrical network analysing tools (e.g.,
ATP, Pspice, etc.). In addition, it is possible to consider nonlinearities (e.g., hysteresis, saturation) and frequency dependent
effects (e.g., eddy current, dielectric losses). Complex windings
can be modeled with several coils, which is not possible for the
multi-phase transmission line model.
Investigations show that among different approaches of the
detailed modeling, the one, which is based on the self and mutual inductance is the most appropriate for the description of the
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TABLE I
THE DEGREES OF RADIAL DEFORMATION

Fig. 1. Measuring the transfer function in the time domain.

magnetic field behavior [12]. Therefore, this model was applied
in [13] and it was shown that:
• The detailed R-L-C-M model is determined exclusively
from the geometrical dimensions and its validity is sufficient for the frequency range of a few kHz up to approx.
1 MHz.
• The description based on the winding’s geometry enables
a simple consideration of the dielectric failures in the
winding and the determination of the failure location.
This model is used in Sections II–V for the study of axial
displacement and radial deformation in transformer windings, to
show the ability of the transfer function method as a monitoring
tool to detect winding displacements.

disk, and a four layer concentric low voltage winding, 99 turns
each layer, were used. These particular windings were manufactured for special experimental purposes and have the construction of transformer windings with a rated voltage of approx. 10
kV and a rated output of 1.3 MVA. The special construction of
the arrangement permits a gradual axial movement of the internal layer winding with respect to the outer winding. The test
object has 82.7 cm height and therefore a 1cm axial displacement is equal to 1.2%.
As a test object for the study of radial deformation a high
voltage winding with 30 double inverted disks, 11 turns in each
disk, and a one layer low voltage winding with 23 turns were
used. The double disk winding has a rated voltage of 10 kV
and a rated output of 1.2 MVA. The deformation has been performed on the double disk winding in four degrees, as tabulated
in Table I.
In both studies, the test arrangement was in an oil-immersed
cylindrical tank. The equipotential surface establishment for the
iron core in both test objects was simulated with a slit cylinder.
Fig. 2 illustrates the laboratory arrangements.
To investigate the sensitivity of transfer function measurements for axial displacement and radial deformation, four different terminal conditions have been studied, as shown in Fig. 3.

II. MEASURING METHODOLOGY
It is possible to determine the transfer function either by using
time or frequency domain measurements. The possible accuracy
of both procedures is equal [14]. In the presented investigation
all measurements were executed in the time domain. Fig. 1 illustrates the principle of the measurement procedure.
In the time domain, test objects are excited by low or high
impulse voltages. The input and output transients are measured
and analyzed.
In low voltage measurements the amplitudes are usually 100
V to 2000 V. The shape of the impulse voltage depends on the
test device and the test set-up. The bandwidth of the exciting
signal should be as high as possible. Typical parameters of the
impulse shapes are front times of 100 ns to 500 ns and time to
half values of 40 to 200 s. The spectral distribution of the time
domain signals are calculated using FFT. The quotient of output
to input signal represents the transfer function in the frequency
domain [1].
As a test object for the study of axial displacement a high
voltage winding with 31 double inverted disks, 6 turns in each

III. DETAILED MODEL (BASED ON SELF AND MUTUAL
INDUCTANCE) AND CALCULATION OF ITS PARAMETERS
The equivalent circuit diagram of the test objects beyond 10
kHz is shown in Fig. 4. A winding unit can contain one disk, two
disks or several numbers of turns. The number of units is a modeling parameter and the chosen value is a compromise between
the accuracy and the complexity. For the sake of simplicity only
three winding units of the double disk high voltage winding are
shown in Fig. 4. Only one layer with three winding units have
been shown for the low voltage winding in Fig. 4, too.
The elements of the circuit diagram are defined in [13]. Using
this model, it is possible to calculate node voltages and branch
currents in the time as well as in the frequency domain. Due
to the frequency dependence behavior of the resistive elements
,
and
) the calculation in the frequency domain is
(
preferable.
Model parameters are calculated analytically after some simplifications of the geometrical structure of the winding.
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Fig. 2. Laboratory arrangement (One) study of axial displacement: (1) LV and
HV windings axial shifted (2) axial shifted windings mounting in the tank (Two)
study of radial deformation: (1) mechanical devise for radial deformation (2) LV
and radial deformed HV windings mounting in the tank.

Fig. 4.
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Detailed model of the test object.

Fig. 3. Different terminal conditions to study the sensitivity of transfer
function measurements.

A. Self and Mutual Inductance
The self and mutual inductance can be calculated by the solution of third and fourth Maxwell’s equations or vector potential
method.
The calculation of the mutual inductance of the arrangement
as sketched in Fig. 5 is explained in [15], [16]:

Fig. 5. Two parallel conducting loops.

(1)
This relation indicates that both integrals must be integrated
over the full circumference of both conductors. The integration
is executed as follows:

(2)

All parameters in (1) and (2) were shown in Fig. 5. The double
integral in (2) is calculated with the help of the numeric trapezoidal rule [17] for the interesting deformed turns. For un-deformed turns, the analysis of (2) results in a closed formula [16],
[18]:
(3)
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Definition of the parameters of a turn.

where:

Fig. 7. (a) The distribution of voltage between deformed and not deformed
windings, calculated with help of finite element method. (b) The method for the
calculation of the capacitances between deformed winding and un-deformed
winding or earth.

and
are the first and second kind of the complete
and
are in this case the radii of the
elliptical integrals.
interesting turns.
The self inductance of a deformed turn, whose geometry is indicated in Fig. 6, is calculated as mutual inductance of two turns
that have the same deformation as the interesting turn. The vertical distance of the two turns of this equivalent arrangement
is called Geometrical Mean Distance (GMD) which can be calculated as [16]:

TABLE II
THE CALCULATED CAPACITANCE BETWEEN TWO WINDINGS OF THE TEST
TRANSFORMER FOR THE STUDY OF RADIAL DEFORMATION

(4)
For a un-deformed turn, the self inductance is calculated with
the help of (5)[16], [18].
(5)
The mutual inductance between two winding units with the
numbers of turns and can be calculated by summing of the
mutual inductances between each turn of unit and each turn of
unit that are determined with the help of (2) or (3). Therefore
mutual inductances must be summed [19].
B. Capacitance
presents the electrical field between
Parallel capacitance
individual disk units and earth (tank or core) as well as the electrical field between different windings.
Considering the dimension of the windings, the calculation
can be done based on a cylindrical or a hoof capacitance
mogeneous distribution of the electrical field, if the winding is
not deformed. However, an appropriate correction factor is necessary for the edge effects.
For the deformed case, in which the electrical field is inhowas calculated
mogeneous (Fig. 7(a)), the earth capacitance
as total of section capacitances, whose field may be considered
homogeneous. Fig. 7(b) shows the idea with the calculation of
the capacitance between low voltage winding and high voltage

winding for deformed test transformer. For example 360 section
capacitances of the plate capacitors can be summed as:
(6)
The calculated capacitance between two windings with different
deformation degrees are given in Table II. With the calculation
of the capacitance without deformation of the turns, Table II
shows that the calculation with plate capacitor has only a small
deviation in comparison to the cylindrical condenser calculation. The results of finite element method in Table II show the
accuracy of calculations with (6).
presents electrostatically
The longitudinal capacitance
stored energy between the turns of a winding unit, and is
difficult to be calculated analytically. An approximation is the
assumption of a linear voltage distribution along a winding unit
[19], [20].
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Fig. 8. Influence of mechanical displacement on parameters of the model:
(One) axial displacement, (Two) radial deformation.

C. Resistances
Electric and magnetic behavior of transformer windings are
subject to the damping mechanisms due to:
• Core losses (hystersis and eddy current in core)
• Losses in windings and insulations (direct current losses
in turns, eddy current losses in turns and dielectric losses)
At higher frequencies ( 10 kHz for power transformers) the
magnetic penetration depth is so low that the core losses can
represents the conductor resistance with skin
be neglected.
and
represent the dielectric
and proximity effects.
losses between winding turns and between winding and tank
(or other windings or core) respectively, and both of them are
frequency dependent. The calculation of these resistances is
explained thoroughly in [19], [21], [22]. In order to analyze
the model in the time domain with frequency dependent
resistances, an equivalent circuit for the representation of this
phenomena has to be found [23].
IV. PARAMETER CHANGES OF THE MODEL DUE
MECHANICAL DISPLACEMENTS

TO

In the case of an axial displacement
, a change in the magnetic and electric fields can be observed. For the model, which
is depicted in Fig. 4, this results in a deviation of the series resisin both windings. As shown in Fig. 8(a), variations in
tances
the magnetic and electrical field affect additionally the mutual
between the units of the double disk winding
inductance
and the units of the layer winding as well as the parallel capacbetween the units of two windings.
itance
The distribution of the magnetic field is different along the
windings. It is approximately uniform in the middle of the windings and irregular at the beginning and the end of the windings.
are different
Therefore, the changes of series resistances
for each unit. Fig. 9 shows these changes for units of the double
disk winding resulting from axial displacements. The resistance

Fig. 9. Series resistances of double disk winding units (each unit contains one
double disk): (One) first unit (at the beginning of the winding), (Two) 5th unit,
(Three) 15th unit (in the middle of the winding).

of the first unit increases more with the displacement than the
resistance of the fifth unit. The middle unit has almost a constant resistance. The resistance of the units of the second half of
the winding decreases with the displacement.
The axial displacement changes the elements of the inductance matrix that describe the mutual inductance between units
of one winding and units of the other winding. For example,
the mutual inductance between the sixth unit of the double
disk winding and the first unit of the layer winding is given in
Table III for different displacements.
In the case of radial deformation, a change in the magnetic
and electric fields can be observed, too. Fig. 8(b) illustrates
the variations of parameters in the deformed winding. Table II
shows an example of the changes of capacitance in the case of
radial deformation.
The inductance matrix in the deformed case is a 53 53 matrix, which considers 53 winding units. The elements from 1 to
30 represent the high voltage winding, in which the elements
from 4 to 27 describe the deformed units. The elements from 31

498

IEEE TRANSACTIONS ON POWER DELIVERY, VOL. 18, NO. 2, APRIL 2003

TABLE III
MUTUAL INDUCTANCE BETWEEN THE SIXTH UNIT OF THE DOUBLE DISK
WINDING AND THE FIRST UNIT OF THE LAYER WINDING

TABLE IV
SOME TYPICAL ELEMENTS OF INDUCTANCE MATRIX OF THE TEST
TRANSFORMER FOR THE STUDY OF RADIAL DEFORMATION

to 53 describe the low voltage winding. Some typical elements
of the inductance matrix are given in Table IV.
V. MATHEMATICAL REPRESENTATION OF
MODEL

THE

The state space representation of the above mentioned equations results in:

DETAILED
(12)

Without considering the inductive branches in Fig. 4, the elecan be described
ments of the admittance matrix
as follows:
The sum of admittances, which are connected to
the node
Negative sum of the admittance between nodes
and
The inductive branches can be considered with the impedance
: See equation (7) at the bottom of the page.
matrix
The variables are the vectors and , respectively the node
and the branch current vector
voltage vector
. Based on Kirchhoff’s laws the following equations can be
written:
(8)
(9)
and
The input is given in the vectors
is the incidence matrix and has the elements of 0,1, 1.
The solutions of the equations mentioned above are:

.

with state vector
(13)
as the input signal. is called the input vector. The
and
system matrix is calculated as follows:
(14)
is the imaginary part of divided by (angular frequency),
is the imaginary part of divided by , and and are
respectively the real part of and the real part of .
The resonance frequencies of the transformer winding are the
imaginary part of the eigenvalues of this matrix.
(15)

VI. COMPARISON OF MEASUREMENTS AND CALCULATIONS
The transfer functions of the transformer shown in Fig. 8(a)
are defined as follows:

(10)
(11)
and
represent the Fourier transforms of the voltages
and the currents for each winding unit. Corresponding time domain signals can be determined by means of IFFT (inverse fast
Fourier transformation). Transfer functions are the quotient of
corresponding voltage and current phasors. Any irregularities or
deformations of the winding will affect both impedance matrix
and admittance matrix.

(16)
(17)
As an example, the calculated and measured transfer function
for the test object of Fig. 8(a) are given
of the earth current
in Fig. 10. The phase of the transfer functions do not contain
additional information [5] and therefore is not discussed in this
paper.

(7)
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TABLE V
RESONANCE FREQUENCIES: (1ST) AND CALCULATED
(2ND) AND CALCULATED AT 50 HZ

R

Fig. 10. Comparison of measured and calculated transfer function of the earth
Fig. 8(a).
current

I

The good agreement of the calculated and measured results
confirms the suitability of the used model. The deviations between the measurement and the calculation (Fig. 10) can be explained by:
• Using lumped elements for the presentation of distributed
electric and magnetic field behavior,
• Cable damping, transient characteristic of sensors, etc.,
can result in some effects, which are not considered in the
model,
• Manufacturing tolerances and parameter dispersions of a
real winding arrangement.
The resonance frequencies can also be calculated directly
from (15). Although and in (14) are frequency dependent,
the results in Table V show that there is only a small difference
in the calculated resonance frequencies with the and values
taken at 1 MHz (case A) and at 50 Hz (case B).
The comparison between resonance frequencies in Table V
and Fig. 10 shows that the two quite near frequencies (531 and
537 kHz) overlap and the resonance at 406 kHz has a very small
magnitude and cannot be seen in Fig. 10. Therefor, it is recommended to study the resonance frequencies not only in a graphical but also in a tabular form (Table V and Fig. 10).
Fig. 11 shows the results of the calculations and the measurements of the transfer functions (case Fig. 3(b)) with the different
axial displacements of the four layer winding. The accuracy for
the determination of the transfer functions in the time domain
is limited due to the digitalization and the band limitation of
the exciting signal. Considering this accuracy problem, a sensitivity limit of approx. 1 cm can be determined for the measured
transfer functions. This is about 1.2% of the axial height of the
winding.
The agreement of the measurements and the calculations
shows that the tendency of the changes is modeled correctly.
The best agreement in the case of the earth current is at about
510 kHz and in the case of the transferred voltage at 560 kHz.
In addition, Fig. 11 shows that the sensitivity of the method is
not good for the frequency range below 200 kHz. This fact is
verified by the computer model, too.

G

R

G

AT

1 MHZ.

The effect of changing each parameter on transfer functions
has been studied separately. These studies show that the
changes have an unimportant effect on the results and can be
neglected for the simulation of axial displacements.
Fig. shows the results of the calculations and the measurements of the transfer functions (case Fig. 3(b)) with the different
degree of radial deformation of the double disk winding defined
in Table I. These results show that the radial deformation affected the entire frequency domain. The study of the effect of
modifications of each parameter on the transfer function shows
that changes in the inductance matrix in the case of radial deformation can be neglected. This can be seen in all transfer functions. As an example the transfer function of the earth current is
shown in Fig. 13.
Two types of radial deformation have been performed. The
simulated radial buckling affects the outer HV coil. This kind of
deformation is not typical for high current faults. Rough transportation or nonprofessional repair is able to affect this kind of
damage. The absolute sensitivity is of about 1 cm radial depth
-sections. Short cirand of an axial extension of 86% at two
cuit faults usually affect the inner LV coil. A second investigation of a radial buckling at a LV layer winding shows a sensitivity of 1 cm radial depth at an axial extension of 10% of the
coils height.
The transfer function measurements have been done with different measurement setups (Fig. 3). To compare the sensitivity
of each transfer function measuring method, the relative deviation of the frequency and amplitude has been defined as follows:
(18)
(19)
-th resonance frequency in normal condition
Magnitude of -th resonance frequency in normal condition
-th resonance frequency with axial displacement of
cm or radial deformation of degree
magnitude of -th resonance frequency with axial displacement of cm or radial deformation of degree
The evaluation of the results shows that:
• All transfer functions have approximately the same sensitivity to an axial displacement or to a radial deformation
in the case of the used test objects.
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Fig. 11. (a,b). Comparison between measurement and calculation for the sensitivity analysis of axial displacement of winding (One) measured transfer function
of earth current, (b) calculated transfer function of earth current.
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Fig. 11. (c,d). Comparison between measurement and calculation for the sensitivity analysis of axial displacement of winding, (c) measured transfer function
of transferred voltage, (d) calculated transfer function of transferred voltage.
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Fig. 12. (a,b). Comparison between measurement and calculation for the sensitivity analysis of radial deformation of winding (one) measured transfer function
of earth current. (b) Calculated transfer function of earth current.
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Fig. 12. (c,d). Comparison between measurement and calculation for the sensitivity analysis of radial deformation of winding. (c) Measured transfer function
of transferred voltage. (d) Calculated transfer function of transferred voltage.
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—

—

—

—
—

Fig. 13. Influence of the inductance matrix on the transfer function of the
earth current in the case of radial deformation.

• Some of the poles in a transfer function are more sensitive
than others to an axial displacement. Due to resolution restrictions, the use of high pass filters (for example with
approximately 200 kHz cutoff frequency in this investigation) is recommended in the case of the study of axial
displacement, especially for transfer functions that have a
larger amplitude in low frequencies.
• Approximately all of the resonance frequencies have the
same sensitivity to the radial deformation of the winding
in the used test object.
• The agreement between the measured and calculated deviations of frequencies and amplitudes is very good.
To generalize the shown results is quite uncertain. The used
assemblies behave like transfer lines. This is unusual for interleaved coils of big power transformers. The most obvious visibility of mechanical damages can be detected in the characteristics of dominant resonances. If there is one in the concerned
frequency range, there will be a satisfactory sensitivity for the
damage, according to the presented results. Up to now there are
no experience related to rectangular transformers. All tested objects include round coils.
VII. CONCLUSIONS
In this paper the ability of the detailed model for the detection of axial displacement and radial deformation of windings
and their mathematical descriptions in the frequency domain are
evaluated and correlated with experimental results on two test
transformers. It is shown that:
—
There is a good agreement between measured and calculated results in the frequency range of a few kHz to 1

MHz. The model predicts the essential frequency characteristics (resonant frequencies and damping of a resonance) correctly.
The correlation between changes of the transfer function and the correspondent axial displacements and
radial deformations is given correctly by the model.
These results prove that the mechanical displacements
in transformer windings can be examined with the help
of the detailed model.
All transfer functions show that the radial deformation
changes the transfer function characteristics in the entire frequency range whereas the axial displacement
changes them above approximately 200 kHz.
The changes of capacitance can be neglected in the
model for the axial displacement studies and the
changes of inductance matrix can be neglected for the
radial deformation studies.
The terminal conditions cannot change the resonance
behavior significantly.
Resonance frequencies which are highly sensitive to
the mechanical displacements are different in the different transfer functions.
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