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Abstract: Power transformers are one of the most expensive
components of the power system. Timely detection of fault arose
in the transformer can be used to prevent unwanted outage of
transformer and repair costs. Using electromagnetic waves has
recently been proposed for on-line monitoring of the
transformer. The presence of the tank in the transformer
structure causes problem for analyzing the electromagnetic
waves.  In this paper, a new analytical method based on locus
of the objects in the space is proposed to detect the radial
deformation location of a disk winding considering tank effect.
The proposed experimental set-up for this method has been
modeled using CST (Computer Simulation Technology)
software. In this paper, Vivaldi antennas suitable for
measurements in environments with multi-path routing are used
and the analysis is performed in the time domain. The
simulation results show that exact determination of radial
deformation location can be detected with good accuracy using
this method.

Keywords: transformers, electromagnetic waves,
determination of radial deformation.

1. Introduction

Power transformers are the main elements of the
generation, transmission and distribution of electric
power network [1]. In industrial plants, mechanical
damages such as radial deformations are caused by forces
due to high short circuit currents. There are many
transformer monitoring methods each of which have
advantages and disadvantages [2,3]. Short circuit test
method is needed to measure the short-circuit reactance.
And it can be performed simultaneously with the
operation of the transformer, but does not provide any
information about the type and location of the fault [4].
Frequency response analysis method, although this
method has been mentioned in the literatures as the on
line mode [5], but only the high voltage side of the
transformer in the circuit remains. The low voltage side
of the transformer is removed from the circuit. In this
case transformer is switching from high voltage side by
power switch. Low voltage impulse test method, the
transformer during this procedure must be isolated from

the network. Also, any changes in the waveform
produced by a source of change in the response
waveform and output could be wrong conclusion [6]. The
off-line methods will not meet all the needs of the
transformer monitoring system. And the operator should
turn off the transformer in order to carry out the
measurement. On-line methods have the benefit of
continuous monitoring of the power transformer winding.
So, on-line monitoring of the transformer winding is very
important.

In the new transformer monitoring systems,
mechanical damages are detected using Ultra Wide Band
(UWB) waves [7,8]. In this method, the narrow pulses
generated by the transmitting UWB radar system using
the Ultra-wideband antennas are emitted to the
transformer and its reflection is stored [9-11]. In the
proposed method in this paper, received signal is
analyzed in the time domain. The presence of the tank in
the transformer structure causes problem for analyzing
these signals.

This paper presents an analytical method based on locus
of objects in space to detect the radial deformation
location of a winding disk using Ultra Wide Band (UWB)
waves considering tank effect. This method provides a
new analysis of the signals, which ultimately helps
suppress the problems of the transformer tank effect on
the waves. The pulses signals used for this method have
very high accuracy of deformation detection because of
excellent spatial resolution of the Ultra Wide Band
system. In this study CST software is used to simulate the
structure for the modeling of the winding displacement
considering the transformer tank.

The paper is organized as follows: the UWB systems
application in the transformer monitoring in section II.
The system which should be simulated in this study is
presented in section III. Section IV describes the
proposed analytical method. Simulation results are
prepared in Section V and finally, Section VI concludes
the paper.



2. UWB Systems Application in the Transformer
Monitoring

According to established standards, UWB systems refers
to systems that relative bandwidth used in them is more
than a quarter or greater than 500 MHz (Fig. 1).

The relative bandwidth is defined by the following
equation:

2 (f H fL)
Where fy is the 10dB upper cut-off frequency and fi is
the -10dB lower cut-off frequency.
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Fig. 1: Relative bandwidth of narrowband and broadband systems

A UWB pulse is sent toward the transformer winding
in a direction which by a transmitting antenna signal
encounters to the target (winding). Part of the energy that
reflected from the transformer winding and tank walls is
received and stored by the receiving antenna [12-15].

3. System Modeling

The system which should be modeled and simulated in
CST software has the following parts:
e  Transformer winding
e Antenna
e Tank

3.1. Transformer Model

Due to the complexities of the transformer and its
dimensions the model was simulated much simpler,
smaller in size and for single-phase. To simulate the
model the most important thing is having a material
similar to the actual transformer windings. So the best
choice is Plexiglas which is covered by a layer of copper.

As shown in Fig. 2, this model consists of five disks
with a layer of copper. Dimensions of the model are
listed in Table I.

TABLE I: Transformer model parameters

Phase number 1
Space between disks 5 mm
Number of disks 5
height 125 mm
outer diameter 300 mm

For modeling radial deformation a metal sector with a
width of 2 cm on one of the disks has been created. As
shown in Fig. 2 (b), to simulate the radial deformation
sectors are pushed directly to the outside.

(b)
Fig. 2: Schema of simulated transformer winding. (a) The normal mode
of transformer. (b) The defective mode of transformer.

3.2. Antenna model

Vivaldi antenna is a suitable antenna for UWB
applications [16,17]. Frequency of antennas used is
between 3.2 to 6.1 GHz frequencies. Fig. 3 shows a

schematic of the Vivaldi antenna.
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Fig. 3: Structure of the Vivaldi antenna

4. Exact determination of a winding disk radial
deformation location considering tank effect

The paper focus is on analyzing the received signals
for the exact determination of the radial deformation
location in the transformer winding. The novelty of this
paper, is considering the tank in the transformer model
which has been omitted in the previous researches for the
simplification of the model [9-14]. Considering the
transformer tank effect due to reflection of transmitted
signals from the tank walls the received signals will have
large fluctuations.

Due to the large fluctuations in the received signals,
deformation diagnose can be difficult.

In this paper, the location of the deformation in the
model can be detected by comparing and subtracting the
signal of the sound model with the deformed model.



The proposed method is based on locus of objects in
space. In order to perform the test, a transmitting antenna
and two receiving antennas are used (Fig. 4).

If a deformation occurs in the transformer windings, two
receiving antennas see the fault in different time intervals (t;
and t,). The signal propagation speed which is the speed
of light can be used for transforming the time interval to
the difference of distance as follows:

X, = Xc (2)
x, =t,Xc
Where C is equal to 3x10° m/s.

In the above formula X and X, are the first and second
receiving antennas distance from the fault respectively.

Thus, for a certain deformation the distance difference
from two fix points (receiving antennas) can be obtained.
The locus of points with constant difference of distance
from two fix points is a hyperbola which the receiving
antennas are its foci. The equation of the hyperbola can
be written as:

(- =-p) _,
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Where 2a is the difference of the distance of the points
on the hyperbola from hyperbola foci (receiving
antennas). The parameters a and B are the coordinate of
the symmetry point of the hyperbola. And parameter b is
calculated using the following equation:

b’=c’- a’ 4)

Where c is the distance from the center (transmitting
antenna) to either focus point (receiving antennas) of the
hyperbola. Thus according to Equation 3, the locus of
deformation is obtained. The transformer locus is
considered as a circle in a surface. On the other hand, the
typical deformation is assumed on one of the transformer
disks model. Consequently, locus of the transformer
model is a circular. According to the layout of the
experiment and Fig. 4, the circular and hyperbolic
equations are obtained as follows:

« =D _
a’ b?

)
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Where | and d are the distance between transformer
center and transmitting antenna location and transformer
model radius respectively. All of parameters are shown in
Fig. 4 and listed in Table II.

TABLE II: Simulated system parameters

c 150 mm

d 150 mm
1 550 mm

Fig. 4: schematic diagram of the adopted simulated system

By solving the above equations, the deformation
location is obtained. In other words, an intersection of the
hyperbola and circle detects exact location of
deformation. The obtained hyperbola with locus of
transformer winding has four intersection points. Two
points that are located near the antennas are acceptable.
From these two points the one which is near to the
antenna that first detect the signal difference is the
acceptable point.

5. Simulation Results in CST software

In this section, the proposed method has been tested
for the detection of radial deformation in different
locations. In order to test, the model of transformer
windings in normal mode (i.e. the winding without
buckling) has been simulated. In this mode, sending and
receiving signals are performed by Vivaldi antennas; and
the data are stored.

Signal profile is shown in Fig. 5.
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Fig. 5: A sample of transmitted signal

Then the buckling on the disk is created by the
dimensions of 2 x 2 cm’.
To solve the problem of large fluctuations affected by
tank walls, the normal mode signal is subtracted from
defective. Thus, effects of fluctuations are eliminated.
Fig. 6 (a) and (b) shows the received signals by one of the
receiving antennas in the normal and defective conditions
of transformer model considering tank effect. Fig. 6 (c)
shows the result of subtracting the signal of normal and
defective transformer. In Fig. 6(c) t; is the point of
starting the change in the resultant signal produced by the
subtraction of sound and deformed signal which is related
to the fault distance from the antennas.
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Fig. 6: Received signals by the receiving antennas. (a) In the normal
mode of transformer. (b) In the defective mode of transformer. (c)
Signals difference in normal and defective mode of transformer

5.1. Radial Deformation Location in the Middle of
the Disk Winding

According to Fig. 7, deformation is located exactly on
the y-axis on the surface of the disk. In other words in
this arrangement, the radial deformation of transformer
winding is simulated in the middle of the disk model at

(x=0, y=15).

dimensions
Fig.8 shows the result of subtracting the signal of

normal and defective transformer. Fig. 8 depicts
amplitude difference of the resultant signals for the left
and right antennas. Fluctuations affected by tank walls
are eliminated by subtracting sound and deformed
winding signals. Fig. 8 shows that both antennas detect
the change of signal simultaneously. Thus, from (2) it is
obtained that:
x,-x,=0
Thus, difference between the distances of deformation
from two receiving antennas would be 0 cm.

According to the above calculations, the point (x=0 ,
y=15) specifies the exact location of the radial

deformation considering the center of the winding disk
model as origin of coordinates.
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Fig. 8: Signals difference in normaTl‘mz;Enm()il defective mode of transformer
for radial deformation location in the disk middle

5.2. Radial Deformation Location in the Right Side
of Disk Winding

In this section, buckling is simulated at an angle of 30
degrees from the y-axis at the point (x=7.5 , y=13). Fig. 9
illustrates the result of subtracting the signal of normal
and defective transformer model. Fig. 9 shows amplitude
difference of the resultant signals for the left and right
antennas. Consequently, time difference of the beginning
of the change in the received signals from the two
antennas is equal to 0.16 ns. From (2) it is obtained that:
X,-X,=4.97 cm
This means that 2a. =4.97 cm, thus parameter b can be
obtained from (4). According to Fig. 4 and Table. II:

2 Y
o -5 -
2.49 14.8

x*+yt=15° (8)

From solving the above equations, the points (x=%7.5 ,
y=13) are obtained. Due to Fig. 9, right antenna has
observed start of signal amplitude changes (deformation)
earlier than the left antenna; so the only point (x=+7.5 ,
y=13) is acceptable. It should be noted that the location
of antennas has no change compared to before.
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Fig. 9: Signals difference in normal and defective mode of transformer
for radial deformation location in the disk right side



5.3. Radial Deformation Location in the Disk Left
Side

In order to confirm the results of the previous section
buckling is simulated at the left side of the y-axis at the
point (x=-7.5 , y=13). Similar to the previous sections,
the effect of fluctuations affected by tank is eliminated by
subtraction of the sound and deformed winding signals.
Fig. 10 shows amplitude difference of the resultant
signals for the left and right antennas. As the figures
suggest, time difference of the changing start of signals
for two receiving antennas is equal to 0.16 ns. Difference
between the distances of deformation to two receiving
antennas would be 4.97 cm.

Adopting (7) and (8), the points (x=+7.5 , y=13) are
obtained. Due to Fig. 10, left antenna has observed start
of signal amplitude changes (deformation) earlier than
the right antenna; so the only point (x=-7.5 , y=13) is
acceptable. As in previous cases, antenna location is not
changed.

Despite the destructive effects of tank walls on
received signals, location of the deformation has been
detected with high accuracy.

=]

=]

; H H H
4 3 6 7 8
Time(n<)
T T

;

Amplitnde difference

51
Time(ns)
Fig. 10: Signals difference in normal and defective mode of transformer

for radial deformation location in the disk left side

6. Conclusion

In this paper, a new method for the detection of
transformer radial deformation location is presented
considering the tank effects. In this method, Vivaldi
antennas have been used. To detect the deformation
location the analysis of signals is performed in the time
domain. To solve the problem of large fluctuations
affected by tank walls, the normal mode signals have
been subtracted from the defective mode ones. The
simulation results show that location of radial
deformation can be exactly determined by this method.
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