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Abstract— Monitoring the health of power transformer is 

important for the reliability of electrical power supply. 

Sweep Frequency Response Analysis is a powerful tool for 

analysing transformer health and mechanical integrity is 

used to check the eventual change in the internal geometry 

of the active parts of the transformer, displacements or 

deformations. The main causes of such as the presence of 

external short-circuit. These faults may result in complete 

rupture of insulation which will result in complete damage 

of the winding. A benchmark winding is considered which 

has already been validated for experimental studies. The 

winding is modelled using finite element method (FEM) 

based software and parameters such as capacitance and 

inductance are calculated for 10 section healthy helical coil, 

by these parameter values, SFRA plots are obtained which 

are a set of reference for deformation analysis. The winding 

is modelled as radially and axially deformed coils using 

FEM software. The deformation is carried at five 

consecutive sections; purpose of doing so to find the 

location of deformation corresponding to a similar 

deformation in an actual transformer. The advantage of the 

FEM modelling is, we can deform the sections as desired 

unlike in an actual case and obtain the fingerprint graphs 

from the modified parameter values. The SFRA plots are 

obtained for the deformations at five sections for axial and 

radial deformations. A comparison is carried between the 

SFRA plots for deformed cases with reference set & 

deviations observed are in resonant frequencies & peak 

current magnitude. So the type and location of deformation 

can be found corresponding to a similar deformation in an 

actual power transformer. 

I. INTRODUCTION 

The electricity supply industry is usually divided into three 

functional sections, including generation, transmission and 

distribution. Power transformers, on-load tap changers, 

circuit breakers, current transformers, station batteries and 

switch gears are the main devices of a transmission and 

distribution infrastructure that act together to transfer power 

from power stations to homes and business customers. 

These critical assets should be monitored closely and 

continuously in order to assess their operating conditions 

and ensures their maximum uptime. The power transformers 

can raise or lower the voltage or current in an AC circuit, 

isolate circuits from each other and increase or decrease the 

apparent value of a capacitor, an inductor or a resistor [1]. 

An international survey of CIGRE on large power 

transformers, show a failure rate of 1-2% per year [2].  

A transformer can fail due to any combination of 

electrical, mechanical or thermal stresses. The main causes 

of such defects may be linked with the transportation or with 

the working conditions of the machine, such as the presence 

of external short-circuits. Part of failures may lead to high 

cost for replacement or repair and an unplanned outage of a 

power transformer is highly uneconomical.  

The SFRA method is used to check the eventual 

change in the internal geometry of the active part of the 

transformer: displacements or deformations. The main 

causes of such defects may be linked with the transportation 

or with the working conditions of the machine, such as the 

presence of external short-circuits with the consequent 

development of important mechanical stresses linked with 

electrodynamics forces (radial or axial depending on the 

constructive technology of the machine), affecting the 

tightness of the relative connections in the core and/or in the 

windings. Defects of this nature evolve generally towards 

the complete destruction of the machine in a dielectric 

breakdown as a consequence of a mechanical collapse 

during electrodynamics stresses or in a progressive 

deterioration of the insulation leading to a dielectric 

breakdown of internal solid insulation (partial discharges). 

Sweep Frequency Response Analysis (SFRA) has turned out 

to be a powerful, non-destructive and sensitive method to 

evaluate the mechanical integrity of core, windings and 

clamping structures within power transformers by 

measuring the electrical transfer functions over a wide 

frequency range. This is usually done by injecting a low 

voltage signal of variable frequency into one terminal of a 

transformers winding and measuring the response signal on 

another terminal. This is performed on all accessible 

windings following according guidelines. The comparison 

of input and output signals generates a frequency response 

which can be compared to reference data principle of 

working is given in fig 1.1.  

 
Fig. 1: Basic Principle of Frequency response Analysis 

The core-and-winding-assembly of power 

transformers can be seen as a complex electrical network of 
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resistances, self-inductances, ground capacitances, coupling 

inductances and series capacitances. The frequency response 

of such a network is unique and, therefore, it can be 

considered as a fingerprint. Geometrical changes within and 

between the elements of the network cause deviations in its 

frequency response. Differences between an FRA 

fingerprint and the result of an actual measurement are an 

indication of positional or electrical variations of the internal 

components. Different failure modes affect different parts of 

the frequency range are given in table 1.1 and can usually be 

discerned from each other. 

Table 1: Sub-band division of frequency responses [1] 

Frequency Failure Sensitivity 

 

          < 2KHz 

 Core Deformation 

 Open circuits 

 Shorted Turns & 

Residual Magnetization 

 

2-20 KHz 

 Bulk winding movement 

between windings  

 Clamping Structure 

       20-400 KHz  Deformation within the 

main or tap windings 

 

400 KHz- About 1 

MHz 

 Movement of the main 

& tap windings, 

 Ground impedance 

variations 

A. Basic calculation of winding 

Winding deformations can also be studied using basic 

analytical formulas. This enables the user to easily perform 

several degrees of deformations in order to study in detail, 

the sensitivity of FRA to different fault-types. 

When dividing the transformer winding into 

elementary parts/lumped segments, the model will be 

limited in frequency due the discretisation. This is 

comparable to a Π-representation a transformer winding can 

be regarded as a multi-conductor transmission-line, 

represented by a number of lumped circuits (concentrated 

parameters) incorporating mutual coupling between 

elements is given fig.1.3.  

Lumping several turns into one electrical element 

reduces the complexity of the model. The parameters are 

distributed so each and every turn has its own electrical and 

magnetic characteristics, such as inductance, losses and 

capacitance. All mutual parameters are established for the 

coil as one element. For other types of winding, the 

principle is the same. 

A single layer helical air core coil (single leg) of 

power transformer fig.1.2 is taken for the study of frequency 

response characteristics in a power transformer winding 

[3],[4].The reason for choosing the coil is that the 

parameters could be varied within wide limits at will and the 

range could match with that of power transformer [3]. 

 
Fig. 2: Single layer, single start Helical winding 

 
Fig. 3: Equivalent circuit of helical test coil 

Where, 

       = Series Resistance,         = Series Capacitance, 

        = Internal resistance of coil, 

      = Ground Capacitance, 

        = Ground capacitance,   

       = Self- inductance of single coil,                 

     = Mutual inductance between two   coils   

B.  Benchmark winding 

 
Fig. 4: Cross Sectional view of Helical Winding Conductor 

Where, 

Outer shield (Transformer tank) = 25 Inches 

Air Core = 23 Inches 

Inner shield (Transformer Core) = 22.69 Inches 

Circular copper wire = 0.023 Inches 

Enamel Coating = 0.0021 Inches 

The coil consist of a uniform helical winding with 1,800 

turns of circular copper wire,0.0226 inch in diameter with 

0.00205 inch enamel insulation closely wound on  diameter 

23 inches air core & the winding height is 48 inches.108 

taps, uniformly spaced along the winding, are available for 

measurements of the voltage & current distribution. The coil 

is shielded by an inner shield 22.69 inches in diameter & an 

outer shield 25 inches in diameter, both extended over the 

entire length of the test coil. The inner & outer shield 

represents the transformer core & tank repectively.For these 

tests both the shields and the coil are solidly grounged.The 

measurements were taken with the coil dry & with an air 

core[3][4]. 

C. FEM based parameter calculation 

Analytical methods are sufficient for simple/homogenous 

transformer geometries. Real transformer geometry 

complicates the analytical approach. Finite element methods 

would be an alternative for complex designs since details 

and variations may easily be included. 
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Fig. 5: Physical representation of single layer helical 

winding of single leg parameter  

D. MagNet 

MagNet v7 is 2D/3D electric field simulation software, 

based on the Finite Element Method (FEM).MagNet is the 

most advanced package currently available for modelling 

electromagnetic devices on a personal computer. It provides 

a “virtual laboratory” in which the user can create models 

from magnetic materials and coils, view displays in the form 

of field plots and graphs, and get numerical values for 

quantities such as flux linkage and force [5] of modelling 

flowchart is given in fig.1.6  

 
 

Fig.1.6 Modelling Flowchart 

E. ElecNet 

ElecNet v7 is 2D/3D electric field simulation software 

working principle of electro static , based on the Finite 

Element Method (FEM).ElecNet solves static, AC (time-

harmonic) and transient electric field and current flow 

problems.  Using ElecNet, the designers can model 

complicated devices and accurately predict their behaviour 

[6].It may results gives as an Electric Field 

intensity(E),Electric field plot, voltage(v),Displacement 

field(D),Electric Energy (We), Force(F), Net Current  flow, 

Power loss, Current density(J),Resistance  &  capacitance 

matrices of electrodes R & C matrices.ElecNet can analyse 

the performance of many electrical engineering devices, 

modelling flow chat is given in fig.1.7. 

The main purposes of modelling of helical coil 

under test for find the parameter for healthy condition & 

apply SFRA to obtain the signature which will be reference 

for the analysis of deformation in the winding. 

 

The parameters to be calculated are those affected 

or changed after deformation such as: 1) Series capacitance 

2) Ground capacitance 3) Self & Mutual inductance. 

So here for find the calculating series & ground 

capacitance FEM based ElecNet software has been used. 

And while for calculating the inductances the FEM based 

MagNet software has been used. 

 
Fig. 7: Modelling Flowchart 

F. Self & mutual inductance calculation 

 
Fig. 8: FEM model of helical coil for calculation of 

inductance 

 
Fig. 9: Flux pattern with bottom coil (1 st) energized 

For finding the self & mutual inductances, the 

single layer helical coil is modelled as give in fig.1.8 & the 

bottom coil –first coil is energised with 1 Ampere & other 

nine coils are un-energised shown in fig.1.9. After solving 

2D model as fig.1.9 the results obtained includes flux 

linkage () for all the coils. The flux linkage for coil 1 gives 

its Self-inductance value while the other coils experience 

mutual flux linkage & the mutual inductances as shown in 

table 1.2 below. 
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Table 2: Self & Mutual inductance in mH for benchmark 

(Healthy) winding 

 
As per the above self & mutual inductance can be 

finding by this way. The magnetic properties of any pair of 

coupled coils may be described in circuit terms by self-

inductance Li-i & mutual inductances  M i-j , where i= 1, 2 

..9, & j= 1, 2,…..10.  

G. Series capacitance calculations 

The series capacitance exists between individual adjacent 

turns of the helical coil as shown in fig.1.10 below. The 

equivalent series capacitance between the turns of a section 

will result in the series capacitance of a section has been 

found via Elecnet Software. 

 

Fig. 10: Model designed for calculation of series capacitance 

 

Fig. 11: Shaded plot of Electric potential function 

So here stored energy from simulation results of FEM, 

            
 

 
     

              

                          
      

Here, series capacitance is calculated for 45 turns of a 

section, which is ¼ th of a section.    
  

 
 
          

 
 

                            

Ground Capacitance calculations 

Here, ground capacitance calculations, the electrodes are 

excited with 1 volt & the capacitance for different sections 

has been found. So finally get the results as a: 

Table  3: Ground capacitance in nF, for healthy winding 

 

Where, Cgi = Capacitance to ground for the ith section, i= 1, 

2, 3,…., 10 

H. Radial Deformation 

 

Fig. 12: model designed using FEM to analysed radial 

deformation (With different five sections) 

The helical coil is deformed radially by 7% of the coil radius 

(11.5 inches) which comes to be 0.805 inch. This 

deformation is carried for five sections individually. The 

model of the radially deformed coil is developed using FEM 

based Magnet Software. The parameters affected are ground 

capacitance, self & mutual inductance.  

1) Radially deformed first section 

The capacitance to ground for deformed section,       

             
Table 4: Self & mutual inductance in mH 

2) 

Radially deformed Second section 

The capacitance to ground for deformed section,    

             
Table 5: Self & mutual inductance in mH 

3) 

Radially deformed Third section 

The capacitance to ground for deformed section,    

             
Table 6: Self & mutual inductance in mH 

 
4) Radially deformed fourth section 

The capacitance to ground for deformed section,    

             
Table 7: Self & mutual inductance in mH 

 
5) Radially deformed Fifth section 

The capacitance to ground for deformed section,    

             
Table 8: Self & mutual inductance in mH 

 

I. Axial Deformation 

Here, the effect of axial forces may lead to axial overlap or 

shift of a portion of conductors over the other portion. This 

may leads to axial deformation. Here, the axial overlap of 

half of the section over the other half is considered for the 

modelling of axial deformation using FEM as shown in fig. 

5.11.This is carried for five sections individually. The model 

of the axially deformed coil is developed using FEM based 
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Magnet software. The affected parameters with axial 

deformation are series capacitance, ground capacitance & 

inductance. 

 
Fig.13: Axial overlap portion for axial deformation 

(Zoomed part) 

 
Fig. 14 Model designed using FEM to analyse axial 

deformations 

 Axial deformation occurs due to the action of axial 

forces on the winding conductors especially during short 

circuit situations. The axial deformation of the helical 

winding is done by axially shifting half of a section 

conductors & overlapping them over half of the section as 

shown in fig. 1.13.for finding the values of inductance ,this 

is done in FEM based Magnet software. The capacitance 

values are found using Elecnet.The ground capacitance, & 

series capacitance is same for all the deformed sections.So 

here, the capacitance to ground,             
      

& series capacitance,             
       Where, i= 1, 

2,3,4,5 

1) Axially deformed First section 

The inductance values in mH are given in table 1.9. 

Table 9: Self & mutual inductance in mH 

 
2) Axially deformed Second section 

The inductance values in mH are given in table 1.10. 

Table 10: Self & mutual inductance in mH 

 

3) Axially deformed Third section 

The inductance values in mH are given in table 1.11. 

Table 11: Self & mutual inductance in mH 

 

4) Axially deformed Fourth section 

The inductance values in mH are given in table 1.12. 

Table 12: Self & mutual inductance in mH 

 

5) Axially deformed Fifth section 

The inductance values in mH are given in table 1.13. 

Table 13: Self & mutual inductance in mH 

 

J.  SFRA application for deformation at different locations 

The winding is radially deformed at five section of the 10 

section coil & the parameters are calculated using FEM 

software. The changed values of the parameters are 

responsible for a modified fingerprint obtained for 

deformations at different locations. The SFRA obtained are 

compared with the reference fingerprint. 

 The affected parameters are ground capacitance, 

self & mutual inductance for the deformed section only. The 

SFRA is applied to the healthy winding by applying a 

constant magnitude sinusoidal voltage, 1 volt for a 

frequency ranging from 50 Hz to 100 KHz & its frequency 

response is obtained. Below results/graphs shows the 

comparison of input current response for healthy,radially & 

axially deformedsections at five locations  (fig.1.14 to 

1.25).Similarly graphs show the comparison of variation of 

resistance & reactance with frequency, respectively for 

healthy case & all the radially & axially deformed sections.  

Changes observed from the obtained SFRA plots after 

comparison with the reference plot are: 

 Change in the shape of the curves 

 Change in the resonant & anti resonant frequencies 

 Change in the magnitude of peak input current 

Input Current vs Freq. Healthy winding 

 
Fig. 14: Input current response for healthy winding 

Radial deformed winding 

 
Fig. 15: Input current response for first radially deformed 

winding 
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Fig. 16: Input current response for second radially deformed 

winding 

 
Fig. 17: Input current response for third radially deformed 

winding 

 
Fig.1.18 Input current response for fourth radially deformed 

winding 

 
Fig. 19: Input current response for fifth radially deformed 

winding Axial deformed winding 

 
Fig. 20: Input current response for first axially deformed 

winding 

 
Fig. 21: Input current response for second axially deformed 

winding 

 
Fig. 22: Input current response for third axially deformed 

winding 

 
Fig. 23: Input current response for fourth axially deformed 

winding 

 
Fig. 24: Input current response for fifth axially deformed 

winding Impedance vs. Freq. of healthy winding 

 
Fig. 25: Impedance plot for healthy winding 

Radial deformed winding 

 
Fig. 26: Impedance plot for first radially deformed winding 

 
Fig. 27: Impedance plot for second radially deformed 

winding 
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Fig. 28: Impedance plot for third radially deformed winding 

 
Fig. 29: Impedance plot for fourth radially deformed 

winding 

 
Fig. 30: Impedance plot for fifth radially deformed winding 

Axial deformed winding 

 
Fig. 31: Impedance plot for first axially deformed winding 

 
Fig. 32: Impedance plot for second axially deformed 

winding 

 
Fig. 33: Impedance plot for third axially deformed winding 

 
Fig. 34: Impedance plot for fourth axially deformed winding 

 
Fig. 35: Impedance plot for fifth axially deformed winding 

Observations 

Table 14: Healthy winding 

 
Radial deformation 

Table 15:  First section radial deformation 

 
Table 16:  Second section radial deformation 

 
Table 17:  Third section radial deformation 

 
Table 18: Fourth section radial deformation 
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Table 19: Fifth section radial deformation Axial deformation 

 
Table 20: First section axial deformation 

 
Table 21: Second section axial deformation 

 
Table 1.22 Third section axial deformation 

 
Table 23: Fourth section axial deformation 

 
Table 24: Fifth section axial deformation 

 

II. CONCLUSION 

 The modelling of deformed winding is performed using 

finite element method. The healthy and deformed cases are 

analysed by applying sweep frequency response analysis 

(SFRA) and by using a comparative approach. The 

frequency response of the winding after deformation gives 

new resonant and anti-resonant frequencies. The shape of 

the curve changes and deviates from the response of the 

healthy winding. The aim of modelling deformations and 

applying SFRA at 5 sections sequentially is to find the 

probable location and type of deformation in an actual case. 

Every sectional deformation whether radially or axially will 

give a different frequency response graph. The percentage of 

deviation in resonant frequencies & peak input current will 

also vary with harmonic orders and with location of 

deformation. The percentage of deviation in peak input 

current magnitude is higher from 3rd order onwards, as 

compared with resonant frequencies, in axial deformation 

analysis. From observations the percentage of deviation in 

the calculated indices, the location and type of deformation 

can be found as each section deformations gives a unique 

characteristic. 
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