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ABSTRACT

In this work, a new model of transformer wind-
ing is developed. The components in the model are
determined by the geometric and electric data of
the winding (detailed model) and using experimental
data based on genetic algorithm. Under different de-
grees of axial displacement and radial deformation in
the winding, the circuit parameters of the model will
change and thus the equivalent circuit characteristics
will be influenced. After acquiring the model parame-
ters in the intact and faulted cases, transfer function
coefficients are derived in model using nodal analy-
sis. Subsequently, introducing a new index based on
these coefficients, the type and extent of penetration
of the fault in the winding can be specified. Results
presented in this work demonstrate the potential of
the proposed method.

Keywords: Transformer Winding, Axial Displace-
ment, Radial Deformation, Transfer Function Coeffi-
cients

1. INTRODUCTION

Power transformers are among the most impor-
tant equipments in electrical power transmission and
distribution systems and occurrence of any fault in
these transformers will reduces the power system re-
liability. In other words increases the possibility of
power supply interruption. In addition, it will im-
pose extra costs required for their maintenance and
for their transportation to a repair factory. Due to
the existence of a strong competition in the electrical
power supply industry, the importance of application
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of the transformer monitoring systems has increased
over the time.

Different fault modes in transformers are classified
into two main groups; the mechanical types, and the
electrical types. Different methods have been offered
for detection of each of these faults. According to the
statistics of transformer disasters, nearly 50 percent
of accidents were caused by mechanical faults, and
number is still increasing [1]. The past researches in-
dicate transfer function (TF) method is a well-known
method for detection of the mechanical faults [2-4].

Mechanical faults such as axial displacement (AD)
and radial deformation (RD) of the winding affect
the TFs and modify them. The ability of a detailed
RLC model of a winding to calculate the TF and to
demonstrate the effects of various winding damages
on TF has been proven on windings by previous stud-
ies [5-6].

Different methods have been proposed in order to
obtain TF in different frequency ranges. In most
cases [2-5] experimental results in time or frequency
domain have been used and in some cases [6] that it
is difficult to access experimental data instead of it
detailed model has been used.

Nonetheless, in previous studies [1-12] largely dis-
cussed about specifying the extent of fault and paid
less attention to specifying the type of fault. While
at the first step (in winding fault detection studies)
we should be able to specify the type of fault with-
out opening the unit. So, in this article it is tried
to specify the type of fault by introducing a simple
model of transformer. For this purpose at first TF
of transformer is calculated in Laplas domain using
nodal analysis. Next, for two sample transformers us-
ing detailed model and experimental data based on
genetic algorithm (GA) the parameters of model cal-
culated in both intact and faulted conditions (under
different conditions of AD and RD of winding). The
obtained results demonstrate a good agreement be-
tween the calculated and the measured TFs. Finally,
comparing the TF coefficients of the intact condition
against TF coefficients of the faulted condition, the
type of fault can be specified. Additionally, the ex-
tent of its penetration can be calculated accurately.
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2. THE PROPOSED MODEL

The model of transformer is shown in Fig. 1, Can
be used for specifying the type and extent of fault.

The parameters of the model are defined as follows:
1- Ideal transformer with turns ratio n to consider

the voltages ratio,
2- Chl: Parallel capacitance between two windings,
3- Cgh and Cgl: Capacitances between each wind-

ing
and earth,

4- Lh and Ll: Self inductances of windings, and
5- M: Mutual inductance between two windings.

3. DETERMINATION OF MODEL PA-
RAMETERS

The components in the model can be determined
by the geometric and electric data (Detailed Model)
of the winding or using experimental data. These
methods are discussed in detail as follow:

3.1 Estimation using Detailed Model

3.1...1 Calculation of Lh, Ll and M

Since the disk or layer windings consist of turns,
the first step to calculate the winding self inductance
is determination of one turns self inductance. The
self inductance of one turn (Fig. 2) can be achieved
by the following equation [7]:

L = µ0R

(
ln

8R

GMD
− 2

)
(1)

Where, GMD (Geometric Mean Distance) of turn
is calculated as following [7]:
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As a satisfactory approximation, equation (1) can
be used directly to calculate one disk self inductance.
In this case, Fig. 2 will show a disk and the parame-
ters a, b and R will represent disk’s geometries.

Fig.1: The Proposed model for specifying the type
and extent of winding fault

Fig.2: Definition of one turn parameters: a is con-
ductor radial length, b denotes conductor axial length,
and R indicates turn radius

Mutual inductance between two circular turns is
given by the following equations [5]:

M12 =
2µ0

√
r1r2√
k′

· [K(k′)− E(k′)] (3)

Where, r1 and r2 show the radius of considered
turns and d represents the axial distance between
them. While, K(k′) and E(k′) are the complete ellip-
tic integrals of the first and second kinds, respectively,
that can be defined as follow [5]:

k′ =
1−

√
1− k2

1 +
√
1− k2

, k =

√
4r1r2

(r1 + r2)2 + d2

The winding self inductance and mutual induc-
tance between two windings can be calculated us-
ing equations (1) and (3) and proper summation
of turn’s inductances. The method of summation,
i.e. the converting of a matrix inductance of order
(n+m)× (n+m) to a matrix of order 2×2, is shown
schematically in Fig 3 [8].

Fig.3: Using turn inductances to calculate the model
inductances

The number of disk winding units and layer wind-
ing units is shown in Fig 3 by n and m, respectively.
A turn, a disk or a double disk can be chosen in a
disk winding as a unit. In a layer winding, a turn, a
number of turns or a layer may be chosen to represent
a unit.

3.1...2 Calculation of Capacitances

3.1.2.1 Estimation of Ch and Cl

In order to calculate the series capacitance of a disk
winding, the series capacitance of a double disk must
be calculated at first. With assumption of the linear
voltage distribution along a double disk in [5], the to-
tal electrical energy stored in a double disk is used to
calculate the capacitance of a double disk. By con-
necting the double disks capacitances in series, series
capacitance of winding will be obtained.
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For calculation of series capacitance of a layer
winding, not only the series capacitance of each layer
but also the parallel capacitances between layers must
be calculated. Parallel capacitance between two lay-
ers can be determined similar to that of two windings
as will be explained in section 3.1.2.2. Series capac-
itance of a layer is equal to series connection of ca-
pacitances between two adjacent turns, which can be
calculated like two parallel plate capacitance. Finally,
the equivalent series capacitances of a layer winding
(between its L1 and L2 terminals) can be determined
using Fig. 4 [8]. In this figure, Ksi denotes the series
capacitance of i-th layer and Cpij the parallel capaci-
tances between i and j layers.
3.1.2.2 Estimation of Chl, Cgh and Cgl

The capacitance between two windings and/or be-
tween winding and earth potential (tank or core) is
calculated by the following equation like a capaci-
tance between two parallel plates:

C = Kfε0εeq
A

d
(4)

Where, Kf, given in [5], is used to consider fringe
effect. Since different types of insulation materials are
present together in a transformer (Fig. 5), the cal-
culation of an equivalent dielectric coefficient is nec-
essary. This coefficient is calculated by the following
relation [5]:

1
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=

1
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· d4
dpot

+
1

εpress
· d3
dtot

+
1

εoil
· d2
dtot

+

1

εpress · l1
ltot

+ εoil
l2
ltot

· dl
dtot

(5)

Where, εpop, εpress and εoil are oil impregnated
paper, press board and oil dielectric coefficients, re-
spectively.

The value of Chl is half of the value of capacitance
between two windings, which is calculated with the
help of equations (4) and (5). Furthermore, Cgh (or
Cgl) is half of the capacitance between disk (or layer)
winding and earth potential [8].

3.2 Estimation using Experimental Data

For checking the validity of proposed method, the
model parameters are estimated using experimental
data. For this purpose, GA is used. At first, all neces-
sary tests are carried out on two sample transformers.
Thereafter, the model parameters are estimated using
GA toolbox in MATLAB [13].

In present investigation all measurements were ex-
ecuted in the time domain to determine different TFs
defined by the terminal conditions of the transformer
which is illustrate in [8].

In Fig. 6, the necessary circuits for measuring
frequency features in different conditions of terminal
connections are shown.

Fig.4: The capacitive circuit of a four layer winding

Fig.5: A composite dielectric material

If Zsi is the simulated models response to the input
Xei and Zxi the output vector got from experimental
results, the goal of parameters identification is in this
way: Zsi= Zxi

According to the noise, numeral errors in simula-
tion and the errors of measurement devices, there is
never equality. So the best estimation for parameters
is the estimation which decreases the sum of squares
of errors for n couple of Ysi and Yei or in other words,
increases the standard function to maximum:

ffit=
n∑

i=1

(
[real(Zxi−Zsi)]

2
+[imag (Zxi−Zsi)]

2
)

(6)

Parameter identification is converted to an opti-
mizing problem and can be solved using GA toolbox
in MATLAB software

For estimating parameters, the GA is done by two
groups of different parameters. In the first stage, we
use T1 and T2 (two functions are measured) for esti-
mating Cgh, Cgl and Chl. So the parameters vector
is like this: P1=[Cgh Cgl Chl]

In the second stage, for estimating of Ch and Lh,
we use the T3; in this case, the parameters vector is
like this: P2=[Ceq1 Lh]

In the above relation, Ceq1 is the sum of Cgh, Chl

and Ch. The amount of Ch can be obtained by Cgh

and Chl.
In the third stage, we act like stage two and use

T4 for estimating following parameters: P3=[Ceq2 Ll]
Where, Ceq2 is the sum of Cgl, Chl and Cl. Ac-

cording to the facilities of MATLAB7.0.4 [13] and
the toolbox of GA, for running the original program
and estimating model parameters, this facility is used.
For using this toolbox at first we should enter “mfile”.
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Fig.6: Measuring circuits in various conditions of terminal connections

As the output, we can require various waveforms.
Other quantities are given as default, but there are
some changes in this quality; as follow:
1. It is better for increasing the speed of convergence
in GA, to determine the initial amount of variables,
manually (inductances in mH and capacitances in mi-
crofarad range).
2. At first, the probability of mutation is high and at
last, its down (because we close to the response). For
this at first we use the uniform probability function
with rate 0.5 and then, use the Gaussian probabil-
ity function rates of 0.1 to 0.0001 by closing to the
response at the problem.
3. The limiting amounts of running toolbox are as-
sumed high amounts so that the end of running the
program becomes an option for the user. The remain-
ing settings of toolbox can be defined according to the
type of the problem.

4. TRANSFER FUNCTION ANALYSIS

We use nodal analysis method to obtain TF in
model. For example if we want to find TFv, will have:

TFv(s) =
Vl(s)

Vh(s)
=

a6S
6 + a4S

4 + a2S
2

b6S6 + b4S4 + b2S2
(7)

a6 = Cl [Cgh + Ch]
[
2LhLlM

2 − L2
hL

2
l −M4

]
a4 =

[
LhLl−M2

]
[nMCgh−CghLh−ChLh−ClLl]

a2 =
[
M2 − LhLl

]
b6 = nCh [Cgl + Cl]

[
2LhLlM

2 − L2
hL

2
l −M4

]
b4 =

[
LhLl−M2

]
[MCgl−nCglLl−nClLl−nChLh]

b2 = n
[
M2 − LhLl

]

It means that coefficients of TF related to induc-
tances and capacitances, and using calculating the
parameters of equivalent circuit in both intact and
faulted cases the amount of changes in coefficients of
TF can be observed.

5. TEST OBJECTS

Two test objects were considered in this study and
TFv were performed on them to evaluate the accu-
racy and ability of the proposed method for finding
the type and extent of the faults. As a test object for
the study of AD a high voltage winding with 31 dou-
ble inverted disks, where 6 turns are present in each
disk, and a four layer concentric low voltage winding,
where 99 turns are present in each layer, were used.
They correspond to windings of a transformer with
a rated voltage of about 10 kV and a rated output
of 1.3 MVA. The test object has 82.7 cm height and
therefore a 1cm axial displacement is equivalent of
1.2% displacement.

As a test object for the study of RD a high volt-
age winding with 30 double inverted disks, where 11
turns exists in each disk, and a one layer low volt-
age winding, having 23 turns are used. The double
disk winding has a rated voltage of 10 kV and a rated
output of 1.2 MVA. The deformation has occurred on
the double disk winding in four degrees, as follow:

• Degree 1: The 6th up to the 54th coil were
radially deformed on one side. The size of
deformation was about 7% of the coil’s radius

• Degree 2: The 6th up to the 54th coil were all
radially deformed on two opposite sides. The
size of deformation was about 7% of coil’s radius.

• Degree 3: The 6th up to the 54th coil were all
radially deformed on three sides with 90◦ with
respect to each other. The size of deformation
was about 7% of coil’s radius.

• Degree 4: The 6th up to the 54th coil were all
radially deformed on four sides with 90◦ with
respect to each other. The size of deformation
was about 7% of coil’s radius.
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The geometric dimensions of both transformers
have been shown in Figures 7 and 8.

Fig.7: The geometric dimensions of test object for
the study of axial displacement

Fig.8: The geometric dimensions of test object for
the study of axial displacement

6. THE INTERPRETATION OF RESULTS

In first stage, using mentioned relations in previous
sections the amount of TF coefficients have been cal-
culated from 1 to 8 cm for AD of winding and in four
degrees for RD. The obtained results for test objects
using detailed model (theoretical method) are shown
in tables 1, 2. As shown in tables 3, 4, same results
are obtained by experimental data. As a result, we
can say there is good agreement between analytical
and experimental data.

In second stage, results of these tables are used for
fault detection studies. In this regard, we use the co-
efficients of a2 and b2 to specify the type of fault. The
reason is that these coefficients only related to model
inductances and there is no capacitance parameter in
them. Since, in the situation of RD the inductance

change in winding is very little [5], these coefficients
are very suitable to specify the type of fault.

As it has been shown in tables 1 to 4, the most
change obtained as for RD in the coefficient of a2 is
equal to degree 4 of it which is less than the least
obtained change as for AD which related to 1 cm of
displacement.

Studying the tables shows that the most obtained
change for RD is 0.22% which is less than the least ob-
tained change for axial displacement of winding which
is 5.6%. It means if the amount of obtained change in
the coefficient of a2 at the happening of fault is more
than 2%, the type of fault would be AD, and oth-
erwise fault is RD. Moreover the changes in RD are
decrement, while in AD is increment (in all of states).
Hence, discrimination between these faults and fault
type detection can be done, easily.

Therefore, to specify the type of a fault, the co-
efficients of TFv is determined using detailed model
or experimental data, if modifications of these coeffi-
cients due to a fault are increment, that fault is AD
and otherwise the fault is RD. In addition, we can
use the mentioned coefficients to specify the extent
of fault. As in different degrees of AD these coeffi-
cients increase and in RD decrease, regularly.

Table 1: the results of calculated coefficients of TFs
for axial displacement (using detailed method)

Displacement a6 a4 a2 b6 b4 b2
(cm) ×10−29 ×10−17 ×10−5 ×10−27 ×10−15 ×10−3

0 8.72 4.75 8.55 2.74 6.66 2.15

1 8.78 4.81 8.60 2.78 6.70 2.17

2 8.84 4.88 8.64 2.83 6.74 2.19

3 8.91 4.94 8.68 2.88 6.79 2.21

4 8.99 5.03 8.73 2.93 6.84 2.24

5 9.12 5.14 8.78 2.99 6.89 2.27

6 9.27 5.25 8.85 3.05 6.95 2.31

7 9.44 5.41 8.93 3.11 7.01 2.35

8 9.63 5.58 9.03 3.18 7.07 2.39

Table 2: the results of calculated coefficients of TFs
for radial deformation (using detailed method)

Displacement
a6 a4 a2 b6 b4 b2

×10−34 ×10−19 ×10−8 ×10−33 ×10−17 ×10−6

Without 1.74 5.81 9.12 6.55 1.39 2.28

Degree1 1.58 5.49 9.11 5.96 1.32 2.28

Degree2 1.41 5.16 9.11 5.34 1.24 2.28

Degree3 1.29 4.90 9.10 4.89 1.18 2.27

Degree4 1.15 4.71 9.10 4.45 1.11 2.27

Table 3: the results of calculated coefficients of TFs
for axial displacement (using experimental data)

Displacement a6 a4 a2 b6 b4 b2
(cm) ×10−29 ×10−17 ×10−5 ×10−27 ×10−15 ×10−3

0 8.51 4.61 8.44 2.81 6.62 2.13

1 8.59 4.69 8.50 2.86 6.67 2.19

2 8.65 4.75 8.53 2.92 6.71 2.22

3 8.70 4.89 8.59 2.99 6.78 2.25

4 8.77 4.96 8.65 3.03 6.85 2.29

5 8.87 5.05 8.71 3.06 6.89 2.34

6 9.01 5.16 8.74 3.10 6.97 2.37

7 9.25 5.29 8.80 3.17 7.04 2.40

8 9.49 5.41 8.97 3.22 7.09 2.43
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Table 4: the results of calculated coefficients of TFs
for radial deformation (using experimental data)

Displacement
a6 a4 a2 b6 b4 b2

×10−34 ×10−19 ×10−8 ×10−33 ×10−17 ×10−6

Without 1.71 5.80 9.09 6.58 1.42 2.31

Degree1 1.62 5.52 9.08 6.12 1.35 2.30

Degree2 1.45 5.21 9.07 5.47 1.27 2.30

Degree3 1.31 4.97 9.07 4.98 1.21 2.28

Degree4 1.19 4.75 9.07 4.51 1.14 2.28

7. CONCLUSIONS

In the most cases, AD and RD of winding are the
most important faults which result in transformer to
break down. Comparing of measured TFs from the
transformer is used to detect the faults, while a re-
liable method hasn’t been introduced to specify the
type of fault in the past works. In this paper a new
transformer model is developed, not only to specify
the type of fault, but also to identify the extent of
its penetration accurately. The model parameters
are determined by the detailed model and using ex-
perimental data based on GA under both intact and
faulted conditions. Then the TF of transformer calcu-
lated using nodal analysis method. Finally, the type
and extent of fault is identified via the comparison of
the TFs coefficients. The obtained results show that:

• When RD occurs, the coefficients of numerator
and denominator of TF decrease and if AD
happens, related coefficients increase.

• When RD takes place, the amount of changes
in the coefficients of a2 is less than 2% and if
AD occurs, those changes would be more than
2%.

• The coefficients vary regularly under different
degrees of AD and RD, in the fault conditions.
Therefore, the extent of fault penetration can
be easily specified.

It should be noted that although in present re-
search the mechanical fault detection has been inves-
tigated deeply using the TFs analysis, the algorithm
should be tested on several power transformers with
different sizes to develop a set of general and solid
conclusions for detection of the type of mechanical
faults. Applying the given algorithm on different type
of transformers (including several windings of differ-
ent types) will reveal more knowledge for the fault
detection.
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