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Abstract— Power transformers has an important role in electrical 

power transmission and its interruption has financial losses, thus 

its condition monitoring is essential and performance of this 

equipment is effective for power system reliability. Vibration 

Frequency Response Analysis (VFRA) method is one of effective 

methods to monitor the condition of transformer windings and 

core. This paper propose a method for internal winding faults 

detection in power transformer base on vibration signal analysis 

since these type of fault if not quickly detected, they usually 

develop into more serious faults which result in irreversible 

damage to the transformer and the electrical network, 

unexpected outages and the consequential costs. With occurring 

an incipient internal fault in transformer current in shorted coils 

increase and flux leakage distribution changes in faulty 

transformer, after that axial and radial forces enter to the 

windings, these forces increase vibration in transformer winding 

depends on fault severity and location. In this paper Vibration 

signal is used for internal fault detections. ADXL330 sensor is 
used for vibration signal measurement in experiment.  

Keywords-com Power Transformer; Internal fault; Vibration 

Frequency Response Analysis   

I.  INTRODUCTION  

Power transformers have an important role in electrical 

network and safe operation of power network relies on the 

reliability of power transformers. However, they do suffer 

from internal winding faults principally due to insulation 

failure; these faults must be quickly and accurately detected 

and the appropriate action taken to isolate the faulty 

transformer from the rest of the power system [1]. If not 

quickly detected, these faults can propagate and lead to 

catastrophic phase to ground or phase to phase faults resulting 

in a complete transformer breakdowns which in turn generate 

substantial costs for repair or replacement and financial loss 

due to the power outage. When an internal fault happens in 

transformer winding fuses cannot detect these kinds of faults. 

To internal fault detection in transformer various methods are 

used. Dissolved Gas Analysis (DGA) was one of the first most 

effective diagnostic tests. Lots of significant data and expertise 

have been accumulated over the past 25 years and 

considerable standardization in methods of analysis and 

interpretations has been achieved. Gases dissolved in oil are 

analysed by gas Chromatography. The technique helps in 

detecting incipient faults developing in transformers [2,3]. But 

using this method is expensive and also for online fault 

detection is very complicated. Thermal analysis of the power 

transformers can provide useful information about its 

condition and can be used to detect the inception of any fault. 

But temperature measurement is difficult and in some cases 

such as transformer over load condition could be confused 

with internal fault.   

Most serious failures of large power transformers are due to 

the insulation breakdown. The Partial Discharge (PD) which 

damages insulation due to the gradual erosion is the major 

source of the insulation failure. Techniques for locating a PD 

source are of the major importance in both the maintenance 

and repair of a transformer [4]. Although because of 

complicated structure of transformers, detecting the exact 

location of PD is very difficult. Frequency Response Analysis 

(FRA) is method that widely used in internal fault detection 

[5,6].  

 However (FRA) has proved to be an effective off-line tool 

to detect fault in transformer and this method differs from 

transformer to other ones. 

In [7] transformer leakage  flux changing is measured by 

using search coil and using online fault detection, although 

this method is an effective tool for online fault detection, but 

the cost of this method is expensive. 

 The usage of the vibration signals in transformer fault 

diagnosis is a relatively new technique compared to other 

techniques of transformer condition assessment methods. The 

transformer vibration consists of core vibrations, winding 
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vibrations, and on load tap changer vibrations [8]. In [8,9], 

transformer tank vibration analysis is used for detecting 

winding deformations. In [10], axial vibration analysis of 

power transformer active part is done under short-circuit.  

Transformer condition Monitoring using Vibration Analysis is 

proposed in [11]. 

In this paper we propose internal winding fault detection by 

using winding vibration frequency response analysis (VFRA) 

in power transformer. 

II. VFRA PRINCIPLE AND FORMULATION 

A. VFRA principle 

The main sources of transformer vibration are forces 
appearing in the winding and the core. Winding vibrations are 
due to electromagnetic forces caused by the interaction of the 
current in a winding with leakage flux. These forces are 
proportional to the current squared and they have components 
in axial and radial directions. Axial forces tend to compress the 
winding vertically and radial forces deformation winding 
horizontally. Since vibration depends on current squared and 
taking into account that current is practically sinusoidal (50Hz 
in this study), the winding vibration main harmonic component 
is 100 Hz.  

Core vibration is caused by magnetostriction and magnetic 
forces. Magnetic materials suffer minute changes in their 
dimensions of a few parts per million, when they are submitted 
to a magnetic field (magnetostriction).  

Fundamental magnetostriction forces frequency is 100 Hz 
,with harmonics being an even multiple of 50 Hz. Higher 
frequency harmonics are due to the nonlinear character of this 
phenomenon. Magnetostriction causes vibrations only in the 
core plane in an iron homogeneous mass [12], but the core is 
made of laminations and the joints between legs and yokes are 
overlapped. Under these conditions, flux density distribution is 
irregular because of small variations of the gap between legs 
and yokes laminations and by the interlaminar flux in the 
joints. This irregularity causes other magnetostriction forces to 
act in a plane perpendicular to the core [13]. Moreover, 
laminations have microscopic irregularities and friction among 
sheets excites other core vibration modes in a direction 
perpendicular to that of the lamination plane. 

Other kinds of forces appearing tend to minimize the air-
gap length between legs and yokes and, thus, the energy in the 
magnetic circuit. The forces are sinusoidal of 100-Hz 
frequency. 

B. Formulation 

For vibration analysis transformer is modelled with a mass-
spring system materials According to motion equations of 
mass, axial vibration model of the windings is shown in 
Figure1.Motion equations of mass elements are: 

              (1) 
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Figure 1.  Axial vibration model of transformer windings 

where mn is mass of element n, kn elastic coefficient of spacer 

block between disk n and disk n+1, kB and kH elastic 
coefficient of spacer block at winding ends, zn is displacement 

of element n, cn is friction coefficient, 
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dt  is inertial 

force of element n, 

n
n

dz
c

dt is friction force of element n, 

1( )n n nk z z 
elastic force, Fn electromagnetic force applied to 

element n, mng weight of element n, the advantage is that the 
solution is structured in a way which creates opportunities for 

major economies in computational requirements.equation1  

can be written in matrix form: 

                        

  

Where 

   
     

2

2
[ ] [ ] [ ]

d z d z
M C K z F m g

dt dt
   



 

The 10th Power Systems Protection & Control Conference 

PSPC, January 19, 20th 2016, Tehran, Iran 
School of Electrical & Computer Engineering, University of Tehran 

  

 

     

   

 

1 1 1

2 2 2

1 1

2 2

1 1

1 1 2 2

2 1 2 3

2 2 1 1

1 1

0 0

0 0

0

0

N N N

N N

B

N N N N

N N H

z F m

z F m
z F m

z F m

m c

m c
M C

m c

k k k

k k k k

k k k k
M

k k k k

k k k

   

 

     
     
       
     
     
     

   
   
    
   
   
   

  
   
 
   

  
 
   
 

  

               (3) 

For radial vibration modelling in equation (1) it’s just 
necessary to eliminate g and put radial forces instead of axial 
forces. 

III. TRANSFORMER ANALYSIS UNDER INTERNAL FAULT 

The key point to understand the low frequency deviation 
caused by shorted turns can be found in explanation of 
Faraday’s law in the shorted turns. Faraday’s law states that the 
electromotive force (emf), induced in a turn equals the rate of 
variation of the electromagnetic flux inside it. As a well know 
conclusion from this law, at a fixed frequency, the amount of 
flux entering the turn is fixed by the emf at its terminals. From 
this assumption, when a short circuit occurs at a given turn, the 
voltage is forced to drop in it and consequently circulating 
current flows in the short circuited In order to see these 
relationships most clearly, a finite element model of the tested 
transformer was developed. Flux line and electromagnetic flux 
density inside the studied transformer generated by FEM model 
of the transformer under normal operating condition and after a 
short circuit fault arise along one of the transformer LV 
winding’s disks on phase ‘‘A’’, with a fault resistance equal to 
1mΩ, are given in Figure2 and figure3 respectively. It can be 
clearly seen from Figure3, how the distribution of the magnetic 
flux is fundamentally altered after the fault occurrence on the 
winding. There is a strong leakage flux, despite the normal 
leakage flux, that surrounds the damaged turns through air 
paths and reduced flux lines inside the shorted turns on the core 
limb due to the fault occurrence. 

From figure 2 and 3 it can be conclude when an internal 
fault occurs in transformer winding’s the current and leakage 
flux increase in faulty winding and electromagnetic forces in 
axial and radial increase in winding base on equation(4). 

 

Figure 2.  Flux density and flux line for healthy condition 

 

( )y x x yF I i B jB i F jF    
               (4) 

  Axial and radial forces for an internal fault in LV winding 

are shown in figure 4, 5. In consideration with done works 

when an internal short circuit occurs in a location, a high axial 

force compresses the fault location. 

 

Figure 3.  Flux density and flux line for faulty condition 

  For example when fault occurs in the top of winding, the 
upper coils of winding (that are shorted) are compressed. 
Radial forces compress winding around of fault location. 

Increasing electromagnetic forces in transformer windings 
increase vibration of windings base on equation (2) therefore 
vibration analysis can be used for internal fault detection in 
transformer and it seems that this method can be a good 
method for fault detection. 
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Figure 4.  Radial force in LV winding 

 

Figure 5.  Axial force in LV winding 

IV. VIBREATION EXPERIMENTAL ANALYSIS 

   For vibration experiment analysis a 50KVA 20/0.4KV core 
type transformer is used. First transformer is disassembled and 

internal faults are created in windings. To test the different 

faults, windings come out from different locations of coils. 

Figure 6 shows the transformer LV winding. To quantify the 

exact number of the turns involved by the fault, after the 

connections were completed, the winding was energized by a 

low-voltage power supply and the open circuit voltage between 

the tap conductors was recorded. The measured voltage 

between the taps divided by the voltage applied to the winding, 

realized the exact number of turns. For modeling various faults 

severity various amounts of resistant are used in laboratory test. 
The results from tests were recorded through a 4-channel data 

acquisition system, with a sampling time 4*10-5.  For force 

measurement ADXL330 sensor is used. This sensor measures 

vibration in 3 axes(X, Y, Z). Sensor output is analogy voltage 

that is proportional axis vibration.  Figures (7-9) show the 

transformer, data recorders and sensor that mounted on HV 

winding in A phase. 

 

Figure 6.  Transformer LV winding with internal fault 

 

Figure 7.  Transformer output to create various fault 

 

Figure 8.  Data recorder systems 
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Figure 9.  ADXL sensor location 

Before conducting the experiments, a full-load test was 
performed on the transformer with the taps open to verify that 

the modifications had not changed the transformers’normal 
operating characteristics.  

In each experimental case, the transformer was allowed 
stabilising over about some minutes before the fault was 
initiated to take the measurements corresponding with the 
failure-free operation, so-called normal state of the 
transformer. 

After each test, the condition of the transformer was 
assessed by visual inspection and also performing a full load 
test to ensure that the staged fault had not damaged the 
transformer or in any other way changed its characteristics. 

Figure 10 shows Y axis sensor output for healthy condition 
and for a 3%fault in top of LV winding. It can be seen that the 
vibration increases in Y axis direction. When an internal fault 
is caused in transformer winding the current and leakage flux 
increase and electromagnetic force increases too. When 
electromagnetic forces increase in axial and radial direction 
the vibration of windings increases base on equation (2). The 
amount of vibration increases depending on fault severity and 
sensor location. If fault severity increases vibration amount 
increases too. For the same fault severity if fault occurs near 
sensor location, vibration is larger than when fault occurs 
farther of sensor but from various tests which are done it is 
concluded that for different faults location in each phase 
vibration signal increases, the reason of this change because 
the HV and LV windings are tightly connected to each other 
and in transformers are wrapped with insulation ribbons 
around the LV and HV windings that compresses winding 
tightly. Therefore for transformer fault detection by this 
method in each phase 1 sensor must be used .For proof these 
claims a lot of tests are done and 4 cases of these faults are 
brought in this paper. These faults are shown in table1. 

Y axis frequency analysis for 4 cases tests are shown in 
figure11. It can be seen that DC amount of vibration is 
increased in fault condition and for case 4 vibration is larger 
than case 3 in the same fault, reason of this difference is that 
sensor is mounted a little toward the top of upper part of 
winding. Case 2 is a fault in mid of the winding and its DC 
amount is larger than healthy case. Figure11 shows that in  

 

TABLE I.  TEST PROPERTIES 
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Figure 10.  .Sensor Y axis output for healthy and faulty condition 

100Hz frequency with increasing fault severity the winding 

vibration is increasing  base on equation(2). 
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Figure 11.  Figure .11.Y axis FFT for various cases (Y-axis scale for (50-

200Hz) is multiplied in 10
2
) 

Figure12 shows the X axis vibration frequency spectrum. 
By attention DC amount of 4 cases study, it can be seen than 
the amount of X axis vibration are smaller than Y axis 
vibration this difference can be descripted by figure3 .This 
figure shows that in faulty case radial fluxes are further than 
axial fluxes so in constant fault current the amount of axial 
forces are larger than radial forces. In figure 4,5 also this 
increases obviously. But figure 4,5 are forces for LV winding 
and total forces are sum of HV and LV winding forces in radial 
and axial directions. From these results it can be concluded that 
vibration frequency analysis can be used as an effective 
method for internal fault detection. In consideration with the 
vibration frequencies it can be illustrated also for various faults 
severity and fault location vibration frequencies spectrum is 
changing and these can be used for internal fault location and 
severity detection by artificial intelligence methods. This 
method also can be used online easily rather than other kinds of 

number Fault severity Fault location Phase 

Case 1 Healthy -------- -------- 

Case2 3%LV winding Mid of winding A Phase 

Case3 2%LV winding Down of winding A Phase 

Case4 3%LV winding Top of winding A Phase 
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costume method. Vibration analysis method which is 
descripted in this paper is a good method for transformer online 
monitoring. 
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Figure 12.  .X axis FFT for various cases (Y-axis scale for (50-200Hz) is 

multiplied in 10
2
) 

V. CONCLUSIONS 

In this paper transformer vibration analysis is done for 
internal windings fault detection. It conclude that with 
occurring an internal fault in transformer windings current 
increases in shorted coil and leakage flux in fault location 
changes  and electromagnetic forces increases and these forces 
produce vibration in transformer windings .All in all, also with 
increasing fault severity the vibration  increases . 

This method can be used as a power tool for internal fault 
detection in power transformer. The sensor that is used for 
vibration measurement is very cheap and so this method is  
very cheap in comparison to other methods for fault detection. 
This method also can be used online for internal fault 
detection easily. 

 

REFERENCES 

 
[1] V. Behjat A. Vahedi” Numerical modelling of transformers interturn 

faults and characterising the faulty transformer behaviour under various 
faults and operating conditions” IET Electr. Power Appl., 2011, Vol. 5, 

Iss. 5, pp. 415–431 

[2] I. S. Msiza, M. Szewczyk, A. Halinka, J-H. C. Pretorius, P. Sowa, and T. 
Marwala “Neural Networks on Transformer Fault Detection Evaluating 

the Relevance of the Input Space Parameters” IEEE 978-1-61284-788-
7/11 ,2011 

[3]  Hong Yu & Jie Wei &Jin Li “Transformer Fault Diagnosis Based on 

Improved Artificial Fish Swarm Optimization Algorithm and BP 
Network ”20I0 2nd International Conference on Industrial Mechatronics 

and Automation , 978-1- 4244-7656-5/10 , 2010 

[4]   Nafar, M., T. Niknam, A.H. Gheisari, 2011. Using correlation 
coefficients for locating partial discharge in power transformer, 

International Journal of Electrical Power and Energy Systems, 33: 493-
499. 

[5]    Mahvi, M.; Behjat, V., "Localising low-level short-circuit faults on the 
windings of power transformers based on low-frequency response 

measurement of the transformer windings," in Electric Power 
Applications, IET , vol.9, no.8, pp.533-539, 9 2015 

[6]   Zarei, V.; Behjat, V.; Baziar, R.; Azimizadeh, M.R., "Pre-disaster base 

maintains of distribution transformers for improving crisis 
management," in Electrical Power Distribution Networks Conference 

(EPDC), 2015 20th Conference on , vol., no., pp.179-183, 28-29 April 
2015 

 

[7]   Hossein Paydarnia,Salman Hajiaghasi, Karim Abbaszadeh” Improved 

structure of PNN by using PCA in transformer fault diagnostic “The 
Arabian Journal for Science and Engineering. NO AJSE-D-12-01488, 

19.march.2013.  

 

[8]    Zacharias, D.; Gokaraju, R., "Prototype of a Negative Sequence Turn-
to-Turn Fault Detection Scheme for Transformers," in Power Delivery, 

IEEE Transactions on , vol.PP, no.99, pp.1-1 
doi: 10.1109/TPWRD.2015.2483524 

[9]   B. García, J. C. BurgosJ, and A. Alonso, “Transformer tank vibration 
modeling as a method of detecting winding deformations—Part 2: 

Experimental verification,” IEEE Trans. Power Del., vol. 21, no. 1, 
Jan.2006. 

[10]    Yuying Shao, Hong Guan, Zhijian Jin, Zhushi Rao” The Fault 

Detection of Transformer Windings’ Deformation Based on Vibration 
Frequency Response Analysis ” 978-1-4673-0788-8/12/$31.00 ©2012 

IEEE 

[11]  F. H. Wang, Member, IEEE, and Z. J. Jin, Member, IEEE “Using the 
Vibration Frequency Response Analysis Method to Detect the Winding 

Deformation of Power Transformer “978-1-4577-1002-5/11/$26.00 
©2011 IEEE 

[12]   R. M. Bozorth, Ferromagnetism. New York: IEEE Press, 1993. 

[13]   R. D. Henshell, P. J. Bennett, H. McCallion, A. M. I. Mech, and M. 

     Miner, “Natural frequencies and mode shapes of viration of transformer     

cores,” Proc. IEEE, vol. 112, no. 11, pp. 2133–2139, Nov. 1965. 

[14] He Ting-ting, Wang Jing-di, Guo Jie, Huang Hai, Chen Xiang-xian and 

Pan Jie “A Vibration Based Condition Monitoring System for Power 
Transformers “978-1-4244-2487-0/09/$25.00 ©2009 IEEE 

[15] Ji SHENGCHANG, Zhu LINGYU, Li YANMING” Study on 

transformer tank vibration characteristics in the field and its application 
“PRZEGLĄD ELEKTROTECHNICZNY (Electrical Review), ISSN 

0033-2097, R. 87 NR 2/2011 

[16] F. H. Wang, Y. Li, and Z. J. Jin, "Application of vibration frequency 
response analysis method to detect the winding deformation of power 

transformer," in Proc, 2010 International Conference on Condition 
Monitoring and Diagnosis, pp, 20-25. 

[17]   Wang, Y.; Pan, J., "Comparison of Mechanically and 

ElectricallyExcited Vibration Frequency Responses of a Small 
DistributionTransformer," in Power Delivery, IEEE Transactions on , 

vol.PP, no.99, pp.1-1 doi: 10.1109/TPWRD.2014.2383390 

 

[18] H.-M. Ahn, J.-Y. Lee, J.-K.Kim, S.-Y. Jung,Y.-H.Oh, and S.-C. 
Hahn,“Finite element analysis of short circuit electromagnetic force in 

power transformer,” IEEE Trans. Ind. Appl., vol. 47, no. 3, pp. 1267–
1272,Mar. 2011. 

[19] Hyun-Mo Ahn , Yeon-Ho Oh , Joong-Kyoung Kim , Jae-Sung Song , 
and Sung-Chin Hahn” Experimental Verification and Finite Element 

Analysis of Short-Circuit Electromagnetic Force for Dry-Type 
Transformer” IEEE TRANSACTIONS ON MAGNETICS, VOL. 48, 

NO. 2, FEBRUARY 2012 

 


