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Abstract — In this paper, a new method to detect and 

locate mechanical defects, as one of the major faults in power 
transformer windings, is proposed. Axial displacement and 
radial deformation are considered as two major types of 
mechanical defects in this study. In the first step, a real 
transformer winding is modelled based on detailed model 
considering geometrical specifications and the frequency 
response characteristics are obtained for intact and defected 
modes. This technique is called Frequency Response Analysis 
(FRA). Thereafter, some features based on cross-correlation 
and other mathematical patterns are selected from the 
obtained signals. These features are then used to train an 
ANN classifier. The proposed method is able to discriminate 
between radial deformation and axial displacement defects 
precisely and determine the axial displacement extent and 
radial deformation location with a good accuracy. This 
accuracy rate reaches 81.25% for axial displacement extent 
and 75% for radial deformation location. 
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I. INTRODUCTION 
 
Transformer windings may be exposed to severe 

electromechanical forces following short circuit currents. 
Although these forces may not lead to an immediate 
failure of a transformer, they can make the transformer 
more vulnerable in such situations. Electromechanical 
forces can damage the transformer in two main forms, i.e., 
Radial Deformation (RD) and Axial Displacement (AD). 
Consequently, researches should be concentrated on 
detection of these two defect types to inform the operators 
and prevent transformers from a sudden failure.    

A powerful tool for detection of mechanical defects is 
Frequency Response Analysis (FRA) [1]. FRA depends on 
geometrical characteristics of the winding and mechanical 
changes in the winding structure can affect it at different 
frequency intervals [2, 3]. Hence, the comparison between 
the FRA of an operating transformer with its original one 
can lead to detection of mechanical defects. Four main 
comparison algorithms for FRA are introduced in the 
literature based on artificial methods, exact calculations, 
estimation methods and electric circuit models [4].  

Besides experimental tests, it is possible to obtain the 
FRA from an appropriate transformer model. Detailed 
model is a suitable model validated for the range of 10 
kHz < f < 1 MHz and can represent mechanical defects 
[5]. This model is comprised of different resistances, 
capacitances and inductances and mechanical defects 
change these parameters. 

A method for determining the level and location of 
mechanical defects is presented in [6]. However, it is only 

possible to determine in which section among the winding 
three sections, i.e., earth end, mid section, and line section, 
the fault is located. In [4], mechanical defects are detected 
and located using some mathematical features, but 
different windings are investigated for AD and RD.  

In this paper, a real transformer winding is modeled 
based on detailed model considering its geometrical 
characteristics. Thereafter, the parameters of the detailed 
model are calculated following different mechanical 
defects and the frequency responses are obtained for each 
case. In the next step, different features are applied to the 
obtained signals and the obtained features are used to train 
an ANN as the regression method. Through this new 
method it is possible to detect the type, extent and location 
of mechanical defects in transformer windings.  

 
II. DETAILED MODEL 

 
Through detailed model, a comprehensive and precise 

analysis of transformer windings behaviour and their 
mutual interactions is possible. In the detailed model 
applied in this paper, each double-disc is assumed as the 
smallest equipotentional unit and modelled by a 
predetermined set of electrical lumped elements.   

Fig.1 shows the schematic of the transformer winding 
under study. The HV winding is constructed of 30 double- 
discs with 11 rings on each disc while the LV winding is a 
two-layered one, composed of six parallel conductors. The 
voltage and power transfer rate of the transformer are 10 
kV/ 400 V and 1.2 MVA, respectively. 

 
Fig.1. The schematic of the transformer windings 

 
Fig. 2 shows the circuit diagram for detailed model 

where Ce, Re, CHL, L, M, K show the earth capacitance, 
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insulation resistance, the capacitance between LV and HV 
windings, self and mutual inductances and parallel 
capacitance of each double-disc, respectively.  

For an accurate simulation of the winding frequency 
behavior, the parameters of the detailed model should be 
calculated, precisely. In the following subsections, the 
analytical formulas for calculation of the model elements 
are presented. 

A. Self and Mutual Inductances 
The third and forth Maxwell's equations are applied to 

calculate the self and mutual inductances in this model. 
These equations can be stated as follows [7]: 
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Using the numeric trapezoidal rule, the above integral 
can be calculated through the following closed formula 
[8]: 
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The mutual inductance between two different discs can 

be obtained by summing the mutuality between the turns 
of them. This relation can be applied to calculate the self 
inductance, too. 

B. Capacitances 
In Fig. 2, it can be seen that different capacitances, i.e., 

Ki, CHL and Ce are embedded in the circuit. Ki is a 
representative for the electric field between two 
consecutive discs along the winding. Similarly, CHL and Ce 
are the models of the electric fields between the high and 
low windings and between the windings and the tank, 
respectively. 

Theses capacitances can be calculated based on a 
homogenous or a cylindrical distribution of the electrical 
field. It should be noted that the appropriate correction 
factors are needed for considering the edge effects when 
using homogenous formulas. In this paper, the 
homogenous relations are applied [9, 10]. 

C.  Resistances 
Since the detailed model is applied for high frequency 

analysis (f > 10 kHz), the magnetic field penetration in the 
core is low and there is no need to the model the core loss. 
Resistances in the detailed model are applied to model the 
losses of the winding (Rsi) and the insulation or dielectric 

loss (Rp or Re). Rsi includes copper losses in addition to 
proximity and skin effect [11].  

 
Fig.2. Detailed model of the transformer winding 

 
III. MECHANICAL DEFECTS 

 
In this section two types of mechanical defects are under 

study, i.e., RD and AD. These two types of mechanical 
defects are the most common ones in transformer 
windings while other mechanical defects may rarely occur 
such as disc space variation or hybrid forms.  

RD (forced buckling mode) leads to changes in the 
electric and magnetic fields of the winding. The winding 
discs can be deformed in 1-side up to 4-side. Fig. 3 
illustrates these different deformation degrees. 

It is proved that RD mainly affects the capacitances in 
the detailed model [12]. Since the deformation occurs in 
the output layer of HV winding, this deformation results in 
decrease of the capacitance between the output layer and 
the transformer tank. 

Considering Fig. 3, the radius in RD defect is modelled 
as below: 
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where r0 is the radius of the winding in non-deformed 
mode, d is the deformation depth, s is the deformation 
span width and θ is the angle.  

In this mode, the capacitance between the HV winding 
and the transformer tank can be calculated as follows: 
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where εr and ε0 are dielectric constant and permittivity, 
respectively and ∆θ is the segment of angle. 

AD defect leads to changes in the height of the windings 
with respect each other. In contrast to the RD, AD 
predominantly results in changes in mutual inductances 
and the changes in capacitances can be ignored [12]. As a 
result of variations in the windings height, the vertical 
distance between different discs and mutual inductances 
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change. In this mode, again (3) is applied to calculate the 
mutual inductances. 

 
IV. DATA ACQUISITION 

 
Different terminal connections can be considered for 

transformer winding investigations [12]. In this paper, a 
schematic shown in Fig. 4 is under investigation. 
Therefore, the HV winding is grounded and the LV 
winding terminals are open.  The detailed model results 
are validated up to 1 MHz in the frequency range.  

 
Fig.3. Different degrees of radial deformation of HV 

winding 
 
Therefore, the transformer winding is swept in this 

range. Each signal consists of 10000 samples in the span 
of 0-1MHz.   

For RD, each consecutive 6 discs are deformed for four 
degrees and hence, 4x10 signals are obtained and saved 
for all the length of the HV winding. The depth of 
deformation is equal to 12% of the HV winding radius and 
the span of deformation is 45°. Fig. 5 shows the results of 
the FRA simulation at different RD locations for 4-side 
deformation.  

Similarly, in AD, to consider the upward and downward 
movements of the winding, first the HV winding is 
lowered until its bottom is completely located lower than 
the bottom of the LV winding. Thereafter, the HV winding 
is displaced upwardly equal to 0.5 cm in each step and 
frequency response is obtained again. The total 
displacement is equal to 10% of the whole winding height. 
In this part, 16 test signals are obtained and saved. Fig. 6 
shows the admittance transfer function for different HV 
winding displacements.  

 
V. PROPOSED SCHEMES 

 
The scheme proposed here, is composed of two stages, 

i.e., feature selection and ANN for classification. Each 
stage is described in the next sub-sections. 

 
Fig.4. The schematic of terminal connection studied in this 

paper  
 

 

 
Fig.5. FRA characteristics for different RD cases  

 

 
Fig.6. FRA characteristics for different RD cases 

 
A. Feature Selection 

In this study, first, the cross-correlation technique is 
selected as the feature selection method. This technique 
represents the level of similarity between two signals. In 
each case, the correlation between the signals obtained 
from the undefected mode (A(n)) and the defected mode 
(B(n)) is obtained through the relation as follows [13], 
[14]: 
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where m= -W, …,-1,0,1,…,+W, is time shift parameter, W 
is the sample number of the signals and subscript AB 
shows the correlated winding currents. Consequently, the 
cross-correlation signal consists of 2W+1 sample numbers. 
Considering the cross-correlation resultant signal, seven 
features are selected as follows: 
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[1]     (9) 
 
The second set of features is as follows [15]: 

T
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which determines the Euclidean Distance (ED) between 
signals A(n) and B(n), 
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which compares the difference in absolute value of the 
signals area, 
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which determines the cross correlation of two signals as an 
index for calculating the similarity between two signals, 
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which calculates sum squared error and, 
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which determines sum squared ratio error. 
For instance, two of these features are illustrated in Fig. 

7 for AD and two others are illustrated in Fig. 8 for RD. 
As depicted in these figures, the obtained characteristics 
for the RD are almost linear while the characteristics for 
the AD are not injective functions, i.e., for a 
predetermined amount two heights may be specified. The 
reason of this behaviour is that during displacing the 
winding upwardly, some similar situations happen for the 
winding distances which may result in almost equal values 
in mutual inductance matrix. If downward displacements 
are not considered, these features will become linear, too. 
This disadvantage decreases the accuracy in the axial 
displacement detection in the classification stage. 
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Fig.7.Variations of features SSRE and F2 for axial 

displacement 
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Fig.8. Variations of features ED and F5 for radial 

deformation 

B. Regression Method 
Many applications have been considered for ANNs in 

the literature [16]. ANN is an efficient tool in pattern 
recognition. The main advantage of this method is its 
parallel non-algorithmic distributed architecture for data 
processing [17]. Because of this advantage, ANN is 
applied for processing the signals and determination of the 
fault characteristics. 

In this study, a three-layered multiplier perceptron 
available in MATLAB Neural Network Toolbox is used as 
an ANN. The algorithm applied for ANN training is 
Levenberg-Marquardt (LM) feed forward back 
propagation algorithm. In different fault diagnosis studies, 
MLP networks with back-propagation algorithms have 
resulted successfully [16]. 

A good performance of ANN is achieved through trial 
and error. In this study, the inputs of the ANN are different 
features and the outputs are mechanical defect 
specifications, i.e., mechanical defect type and AD height 
or RD location. After different tests, the number of layers 
and the number of neurons in each layer are determined. 
The final ANN topology has 13 input features, one hidden 
layer with 10 neurons and 2 outputs. 70% of the dataset is 
used for training the ANN, i.e., 28 feature sets of RD 
defects and 11 feature sets of AD defects. The proposed 
structure for ANN is depicted in Fig. 9.  

The obtained signals from different fault conditions are 
first analyzed for feature selection. The selected features 
are then inserted to the trained ANN. The output of the 
trained ANN detects the type, i.e., AD or RD and extent or 
location of the defect.  

The results of the proposed method for RD and AD are 
shown in TABLE I and TABLE II, respectively. It is clear 
that the proposed method can detect AD from RD, 
precisely and no mistake will be made. As shown in 
TABLE I, all the four degrees of RD are considered as one 
class for each three double-discs and the proposed method 
should be able to detect the defect location along the 
winding correctly for each of these four signals. 

The obtained results in TABLE I show that the proposed 
method can detect the RD along the winding correctly in 
29 cases out of 40 total cases, i.e., 72.5% of the cases. Of 
course, in most cases, the error is just for one consecutive 
class. As shown in TABLE II, for AD defects, the number 
of classes is chosen equal to eight, i.e., each two 
consecutive test cases are assumed as one class. The 
obtained results show that, through this method, it is 
possible to detect 13 cases correctly out of 16 total cases. 
This means that the proposed method can detect AD 
defects accurately with the rate of 81.25%.  

Finally, it should be mentioned that if all the cases are 
considered simultaneously, this method is able to 
discriminate between AD and RD accurately without any 
errors while the accuracy rate of the method for detection 
of extent and location of AD and RD defects reaches 
totally to 75%. 
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Fig.9. The proposed structure of ANN 

 
TABLE I: The results of the proposed method for radial displacement 

defect 

3-Double-
disc No. Degree No. RD defect 

detection 

Double-disc 
No. 

detection 
1 1 √ √ 
1 2 √ √ 
1 3 √ √ 
1 4 √ - 
2 1 √ √ 
2 2 √ √ 
2 3 √ √ 
2 4 √ - 
3 1 √ √ 
3 2 √ √ 
3 3 √ √ 
3 4 √ √ 
4 1 √ √ 
4 2 √ √ 
4 3 √ - 
4 4 √ - 
5 1 √ √ 
5 2 √ - 
5 3 √ √ 
5 4 √ √ 
6 1 √ - 
6 2 √ - 
6 3 √ √ 
6 4 √ √ 
7 1 √ - 
7 2 √ √ 
7 3 √ - 
7 4 √ √ 
8 1 √ √ 
8 2 √ √ 
8 3 √ √ 
8 4 √ √ 
9 1 √ √ 
9 2 √ √ 
9 3 √ √ 
9 4 √ √ 
10 1 √ √ 
10 2 √ √ 
10 3 √ - 
10 4 √ - 

 
 
 
 
 
 

TABLE II: The results of the proposed method for axial displacement 
defect 

Axial 
displacement 
amount (cm) 

Class 
number 

AD defect 
detection 

Class number 
detection 

0.5 1 √ √ 
1.0 1 √ √ 
1.5 2 √ √ 
2.0 2 √ √ 
2.5 3 √ √ 
3.0 3 √ - 
3.5 4 √ √ 
4.0 4 √ √ 
4.5 5 √ √ 
5.0 5 √ - 
5.5 6 √ √ 
6.0 6 √ √ 
6.5 7 √ - 
7.0 7 √ √ 
7.5 8 √ √ 
8.0 8 √ √ 

     
Through comparison of the results obtained for AD and 

RD, it can be concluded that the identification accuracy 
rate of RD defects is less than the one obtained for AD. 
The reason for this fact is related to the characteristics of 
the presented features for RD. The best characteristic of 
the feature for the classifier is the linear form, which is not 
obtained in this study for any type of defects. While most 
of the features have an injective form for AD, some 
features do not show a clear pattern for RD. Hence, the 
ANN classifier is not able to determine the RD location as 
precise as AD. 

In the present work, a method is presented to 
discriminate and locate two important types of mechanical 
defects, i.e., RD and AD. This simultaneous detection and 
location is the most important innovation of the work. For 
instance, in [19], a method is presented just to classify 
different faults and locating is not under consideration. 
Furthermore, in the method presented in [6], it is not 
possible to locate the mechanical defect as precise as this 
method. 

   
VI. CONCLUSION 

 
In this paper, axial displacement and radial deformation 

as two types of mechanical defects have been investigated 
and detected through a new method. In the first step, a real 
transformer has been modeled based on detailed model. 
Thereafter, these defects in different locations and extends 
were simulated and a dataset was obtained. In the next 
step, i.e., feature selection, thirteen features are inserted to 
the signals. These feature sets are then used in the 
regression stage. In this stage, the thirteen selected 
features have been used to train a three-layered multiplier 
perceptron ANN. The obtained results show that the 
proposed method can discriminate between axial 
displacement and radial deformation, completely. 
Furthermore, it can detect the radial deformation location 
along the winding or axial displacement extent with a 
good accuracy. 
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