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Abstract. This paper uses spectral analysis methods to develop a 

mathematical model and algorithms for evaluating the diagnosed signals 

corresponding to certain defects of windings and magnetic circuits of 

traction power transformers. A distinctive feature of the study is at certain 

frequencies of spectral dependences, taking into account the effects 

associated with defect formation that have a different cause of their 

manifestation, for example, wide-field fluctuations and changes in the 

shape and width of spectral peaks. The presence of random fluctuations 

caused the application of the normal Gaussian distribution law of the 

measured values of the spectra. To solve the problem of identifying the 

diagnosed spectra corresponding to certain defects of the power 

transformer, algorithms for identifying the vector of diagnostic features 

based on the method of statistical recognition theory for large amounts of 

information are proposed.  

1 Introduction 

One of the important ways to diagnose power transformers (PT) of traction power supply is 

vibration diagnostics, which ensures its reliable operation. 

New design solutions underlying the developed PT [1, 2, 3] make it possible to introduce 

into their operation practice the optimal modes of regulation of the voltage of the PT under 

load to determine their technical condition using the methods of spectral analysis of 

technical means of vibration diagnostics. 

The diagnostic parameters of power transformers (PT) of traction substations are the 

parameters of the technical condition of the elements of the windings and the magnetic 

circuit, which practically reach more than 100 items of electrical and non-electrical 

characteristics. Among the methods for diagnosing expensive high-voltage equipment, 

spectral analysis of vibration diagnostics, acoustic noise, external electromagnetic radiation, 

electric currents, and voltages, ultrasonic magnetic detection, chromatographic analysis of 

dissolved gases in oil, and so on are widely used. [4,5]. 

A review of the international literature (for such countries as Germany, France, Japan, 

China, South Korea, etc.) shows that in the functional control and diagnosis of PT under 

operating voltage, diagnostic monitoring is used based on the spectral method, which is a 

priority form of diagnosis [1-5]. 
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A common disadvantage of the above spectral analysis processing methods is: 

- insufficient information integrity 

- the need to improve processing algorithms 

- ensuring invariance to disturbances of various natures, for example, the shift of the 

spectral peak in frequency, shape, and amplitude.  

The reasons for such changes are the influence of the external environment, changes in 

the parameters of measuring instruments, pre-processing, or the gradual development of 

defects due to relatively slow processes. 

This paper substantiates one of the possible estimates of the parameters of spectral 

peaks according to the dispersions of their amplitude, shape, and frequency, which provide 

the current state of the PT, the dangers, and risks associated with its use. 

The accumulated experience of operation and testing of traction power supply PT shows 

that the problem of insufficient electrodynamic resistance of both windings and magnetic 

circuits under extreme loads and short circuits remains relevant today. 

2 Methods  

Vibration diagnostics sensors are installed on the wall of the PT tank, and by analyzing 

their spectral characteristics, the technical condition of the crimping of the windings and the 

magnetic circuit, which are the main elements, is determined. The process of diagnosing is 

carried out during its operation. The technical data of the sensors of vibration installations 

for PT diagnostics must be within the following limits, taking into account the 

magnetostriction of the magnetic circuit and electrodynamic processes in the windings: 

vibration acceleration - 2/ 1510 sm ; 

vibration speed - smm / 1510  ; 

vibration displacement - mkm 100 ; 

frequency - from zero to 700 Hz. 

At the Department of Power Supply of the Tashkent State Transport University, new 

design solutions for vibration sensors have been developed based on magnetoelastic 

magnetic circuits with high metrological static and dynamic characteristics. 

An analysis of the results of experimental vibration tests of traction power supply PT 

showed that obvious factors for the appearance of peaks in the spectrograms at certain 

frequencies, several effects associated with defect formation, or another reason for their 

manifestation are observed on the spectral dependences. For example, such factors include 

broad-band fluctuations, changes in the shape and width of spectral peaks, spectral 

doublets, etc., which appear during high-speed electric locomotives. 

To formalize the technology for constructing a vector of real diagnostic features, the 

spectral analysis method of amplitude-modulated PT output currents is used, with 

preliminary processing and analysis, which ensure the smoothing of random fluctuations [6, 

7]. It is also necessary to use the approximation method of spectral peaks, identify doublets 

and determine the boundaries of spectral peaks. The purpose of processing is to determine 

the peak or integral intensities of the spectral components [8, 9, 10], the positions of the 

maxima, i.e., "centers of gravity" of peaks, and ultimately for more correct, reliable 

definitions of diagnostic signs for subsequent prediction of the detection of the parameter of 

spectral curve models (Fig. 1. a, b, c). 

3 Results and Discussion 

As PT malfunctions develop, corresponding changes occur in electrodynamic processes 

[11] and in the electrochemical state of solid and liquid insulation [12], leading to 
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qualitative and quantitative changes in the quantities affecting its elements. As a result, the 

level of their mechanical vibrations changes accordingly. 

It is known that the vibration on the ST tank unambiguously correlates with the 

mechanical state of the winding and magnetic circuit [13, 14 ]. As a result, the frequency 

and amplitude of vibration, characterized by vibration velocity and vibration acceleration, 

change. 
 

 
a) 

 
b) 

 
c) 

Fig. 1. Various representations of spectral information: full spectrum a); compressed b); 

approximated by a triangle c). 

 

Given that PT vibration spectra have many random fluctuations, it is advisable to use a 

probabilistic approach to peak detection [15,16]. In this sense, the task is to approximate the 

peaks by a mathematical model, which can be chosen using a priori information 

characterizing the properties of the spectra, taking into account the type of one or another 

distribution law of the spectrum estimation errors. Practice shows that the normal Gaussian 

law corresponds to the measured values of the )( fy PT spectrum, which has a distribution 

law [17, 18]: 
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where ш
2

 is the variance of random noise )( f ; )( fy is the current random value of 

the spectrum. The criterion for detecting a peak in a spectrum is usually the likelihood ratio 

[19]: 
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where 0H and 
1H are, respectively, the absence of a peak and the presence of a peak in the 

region under study; c - spectrum peak detection threshold. 

Taking into account that the experimental data are presented as a discrete series

,,...2,1 )( ni
i

fy   we write the likelihood function in the form [20,21]: 
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where )(
i

f is the spectral peak model; )(
i

fI – )(
i

f is the mathematical expectation of 

the spectral peaks. 

Condition (3) corresponds to the numerical detection criterion [22]: 
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The choice of detection threshold can be calculated as follows: 
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At a high level of noise in the elements and devices of vibration diagnostics, which have 

during high-speed movement of electric trains, there may be a lack of a priori information, 

leading to the inadequacy of the model to the )(
i

f
j

 signal )( ify , which worsens the 

performance of the spectrum peak detection algorithm. In this case, it is advisable to use a 

rectangular model. Having a detection criterion of the following form: 
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where a is the width of the rectangular peak. 

If normalized along the frequency axis (for example 1a ), then the detection algorithm 

will be determined by the formula: 
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if, in the primary spectral data, there is a superposition of their components caused by 

rattling and rapid random oscillations of the places of attachment to the tank of primary 

vibration sensors, it is advisable to use a non-parametric method for separating these lines. 

The essence of which lies in the method of narrowing the spectral peaks. Mathematically, 

this method reduces to solving the Fredholm integral equation of the 1st kind [23, 24]: 
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Where )( wfK   is the kernel of the integral equation, determined by the factors leading to 

a blurring of the combined spectral peaks on the segment (Fig. 2) )(wy ; at 0)( wf - the 

equation will be homogeneous. 

The Fredholm equation (8) is solved by successive approximations. 

The technical implementation of the solution of the Fredholm equation is carried out by 

synthesizing digital filters in the frequency domain. The essence of this synthesis is based 

on the theory of the Fourier transform, which relates the change in the scale of a function in 

the time domain with the change in the scale of the frequency response. 

Information about the position of spectral peaks, their peak, and integral intensity is 

essential for vibration diagnostics of PT. To identify diagnostic features based on them, 

there is a group of methods based on transformations of the original signal (see Fig. 1a), 

leading to distortion of the peak profiles but invariant concerning the desired parameters. 

For example, it is known that the Dirac delta function is represented by a linear 

combination of even derivatives of the Gaussian function: 

 

),(
2

!2

2

0

)1(
2

1
)0( x

k
y

k
k

k

k

k
xx















    (9) 

where 











 


2
2

2
)0(

exp)(

x

xx
xy


.     (10) 

 

Analysis of expression (10) shows that a simpler expression can replace it: 
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are the uncertain coefficients determined by the Lagrange method. 
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The theoretical basis for recognizing diagnostic features is statistical recognition in the 

presence of sufficient information or the use of deterministic methods that more simply 

describe the essential aspects of the phenomenon [25, 26, 27]. 

It is known that the technical state of PT jW - is characterized by diagnostical features 

ik
u in the form of an n-dimensional matrix vector: 

 

 
inuiuiuiU ,...,2,1 .    (12) 

 

For the most common technical states of the PT of high-speed traction power supply, 

several reference spectra are required that uniquely correspond to these matrix states in the 

form: 

 inviviviV ,...,2,1 .     (13) 

 

When comparing the diagnosed features in the form of identified spectra with the 

reference spectra in the form of a composition of peaks of a given shape in the form of 

triangles, the spectra are superimposed, and their overlap area is calculated 

NjjS ..., ,2 ,1 ,  (Fig. 2). 

The value of the ratio is taken as the compliance criterion V j : 
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where jS is the total area of the spectrum of the j -th standard, Δ jS is the overlap area. 

X

I

 

Fig. 2. Illustration of areas of superposition of reference spectra and diagnosed ST. 

 

Mathematical evaluation jV can also be performed based on the operator W, which 

establishes a correlation between the vector of diagnostic features and vectors X, which 

determine certain defects in the technical condition of the ST. 
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where A is the parameters of the diagnosed ST; E is external negative influences on the 

vibration diagnostics system; X is a vector that determines defects in the technical condition 

of the ST. To reduce the error in diagnostics, it is necessary to maintain constE  . 

If the difference between the defect-containing spectrum 0X and the reference spectrum 

0V is by X , then the vector of diagnostic features can be mathematically represented as: 
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Numeric value expression Х  is defined as the value of the boundary ratio грX . The 

preliminary values of experimental vibration tests for possible defects were equal to 

9,08,0гр X . 

CT diagnostics based on spectral analysis and the known identification algorithm 

involves comparing the selected reference spectra with those being diagnosed. However, in 

vibration diagnostics, the prevailing task is to compare the established diagnostic features 

with a combination of reference spectra that uniquely correspond to specific defects, such 

as winding deformation. 

In this case, the input parameter of the algorithm is the allowable window width, 

determined by the positions of the lines in a narrow frequency band, which determines the 

diagnosis node's measurement quality. 

It should be borne in mind that each of N the reference spectra is given by a known 

intensity ]1,0[
jk

X and frequency ]max ,0[ f
jk

f  . 

If the diagnosed spectrum is characterized by a sequence of amplitudes jk
U and, 

respectively, frequencies jk
f at nk ,...,2,1 , then the error of the spectral lines can be 

estimated from the inequality [28]: 
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where jk is a coefficient that considers the allowable combination of reference spectra for 

various types of defects. 

Each factor jk
f is the sum of all lines of the j -th standard located in f the vicinity of 

k the -th lines of the sample: 
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where jk
f is the final value of the frequency. 
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Analysis of (17) and (18) and the conducted test spectrograms show that when (17) and 

(18) are performed, the diagnosed spectrum corresponds to the standard with an allowable 

error f , with relative standard deviations equal to %51 . 

To improve the reliability of the technology for assessing the state of the PT in 

vibroacoustic diagnostics by identifying the diagnosed spectra, we use the Bayes method 

[29]. 

The algorithms of this group are based on the vector representation of spectrograms, the 

frequency range of which maxmin
ff  is divided into n intervals by the value 

  nff /maxmin
 . The spectrogram is represented as a vector, the j -th element of 

which is determined by the spectrum values in the interval   jfjf
min

 ;)1(
min

, 

where j Δ is the current value of. In this case, if there is a peak in the spectrum in a given 

interval, then the j -th element of the vector is assumed to be equal to the intensity of this 

peak, and the sign is set to 1 in the absence of a peak, the sign is set to zero. 

Spectra of elements, for example, a winding or a magnetic circuit of an MT with 

predetermined fixed, known defects, will constitute a library of standards. The elements of 

each vector j are determined by the conditions 1000  i . The diagnosed spectrum is 

also determined by a vector U with elements niiu ,...,2,1 ,1000  . If the elements of 

the vectors are given with additive errors i , and iu  the diagnosed spectrum is 

determined by the sum, then the spectral components of the standards are determined as: 
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where ja are weight coefficients. 

For generalized calculations of the indicated values corresponding to various types of 

PT, it is advisable to use matrix notation: 
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For the right side of equality (20), setting the confidence interval reduced to the output 

permissible errors 
21 ll  , we obtain a system of inequalities by which it is possible 

to determine the permissible values of the corresponding coefficients ja : 
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Analysis of (20) and (21) shows that there is a possibility of having a set of spectral 
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The probability of allowable combinations of spectral components nBiBBB ,...,...,2,1
 

can be defined as follows: 
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where   1
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pK is a normalizing factor. 

I use the Bayes formula for a posteriori, i.e., after taking into account the new 

information, we obtain the expression: 
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Analysis of (23) and (24) shows that posterior probabilities differ by a normalizing 

factor, among which there is a certain combination of spectra iB that has the highest 

probability. Finding the maximum maxB is a linear programming problem. The initial data 

of the vibration specters are displayed in space R , where the parameters of the elements of 

the diagnosed object are determined in the form of a convex polyhedron, the corner points 

of which uniquely specify the possible combination of spectral components jB . 

Let us agree to call base combinations such combinations )...1( qCC that are positive and 

are included in the admissible combination of vectors j . They satisfy the following 

double inequality: 
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where p ( C i ) are the probabilities of the basic combinations of spectra, Bj ( C i ) is the 

reference combination of spectra. 

Taking into account the a priori probability 0p
, inequality (25) can be transformed to 

the form: 
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where p 0 is the prior probability of each component. 

After mathematical transformations, for an arbitrary admissible combination, iB the 

following interval boundaries are valid: 
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If we take into account equations (19) and (20) expressing the spectral components, then 

inequality (27), which determines the lower and upper bounds for a posteriori probabilities, 

i.e., probabilities after the experiment, will sign the following inequality: 
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From inequality (28) for the a posteriori probability of individual spectral components, 

we obtain: 

 

.,...,2,1 ,lim mj
r

jq
p       (29) 

 

where j is the spectral component, m is the final value of the spectrum component, jq is the 

number of combinations from the group rCCC ,...,2,1
in which the component exists jv . 

From the above, we can conclude that the use of the Bayes method makes it possible to 

solve the problem of identification, i.e., establishing the identity of the probability of the 

calculated element PT to the known standard. 

4 Conclusion 

A mathematical model and algorithms for processing vibrodiagnostic signals of power 

transformers of traction power supply have been developed, which make it possible to 

quickly evaluate the technical condition of their windings and magnetic circuits based on 

the results of diagnostic values presented in the form of spectra. The technical requirements 

for vibration diagnostics sensors of power transformers have been established. 

To improve the reliability of assessing the state of pressing the windings and the 

magnetic circuit of power transformers, the Bayes method was applied, i.e., solving the 

problem of identifying the diagnosable spectra of the signal of the vibration diagnostics 

device with reference spectra uniquely corresponding to certain defects of power 

transformers. 

References 

1. Meyer, S. Pattern Analysis of partial Discharges // IEE Transactions on Dielectrics and 

Insulation.-2008.-Dec.-Vol.15.-6.-Pp 830-842. 

2. Lundgard, L. Patial discharges in transformer insulation // Session CIGRE. Rep. 15-

302. -Paris. -2014. -August. 

E3S Web of Conferences 401, 04002 (2023)

CONMECHYDRO - 2023
https://doi.org/10.1051/e3sconf/202340104002

10



3. Eugeniusz Komatowski W est Pomeranian University of Technology 26 Kwietnia St., 

71-126 Szczecin, e-mail: eugeniusz.kornatowski@zut.edu.pl. 

4. Bartoletti C. et al., Vibro-Acoustic Technique to Diagnose Power Transformers, IEEE 

Trans. on Power Delivery, vol 19, No 1, 2004, pp. 221-229. 

5. Garcia B., Burgos J.C., Alonso A., Winding Deformation Detection in Power 

Transformers by Tank Vibrations Monitoring, Elect. Power Syst. Res., vol. 74, No 1, 

2004, pp. 129-138. 

6. Guidelines for the assessment and life extension of power transformers, RD EO 0410-02, 

2002 (in Russian). 

7. "Vesta – System for Fast Estimation of the Transformer Winding and Coil Clamping 

Force". [Online]. Available: http://dimrus.ru/vesta.html. 

8. "Operation guide for power transformers", Energopomiar-elektyka, Gliwice, 2012 (in 

Polish). 

9. "Technical diagnostics and monitoring of power transformers", Energopomiar-

elektyka, Gliwice, 2012 (in Polish). 

10. ISO 10816-1, "Mechanical vibration – Evaluation of machine vibration by measurements 

on non-rotating parts – Part 1: General guidelines", 2009. 

11. LVS EN 50150 AC:2011, "Voltage characteristics of electricity supplied by public 

electricity networks", 2010. 

12. Yu.P. Dranitsa1 , A.Yu. Dranitsa2 1 Polytechnic Faculty of the Moscow State 

Technical University, Department of Higher Mathematics and Software for Electronic 

Computers 2 CJSC Lanit, Moscow. 

13. Dranitsa Yu.P., Dranitsa A.Yu. Correct method for estimating spectral density based 

on a linear model. Mater. International sci.-tech. conf. "Science and Education-2007". 

Murmansk, MSTU. STC "Informregister" 0320700491, p.116-120, 2007a. 

14. Zhuraeva K.K. Magnetoelastic force sensors for systems, control and management of 

railway transport facilities. Doctor of Philosophy (PhD) dissertation abstract in 

technical sciences. Tashkent Institute of Railway Engineers. 

15. Elagin A.A. High temperature superconducting transformers. New generation of 

substation equipment.// News of electrical engineering. 2005, No. 1., pp.20-22. 

16. Power transformers. Reference book under. ed. S.D. Lizunova, A.K. Lokhanina - M.: 

Energoizdat. 2004.p.6l6. 

17. Nagasawa, Toru; Yamaguchi, Mitsugi; Fukuc, Satoshi; Yamamoto, Mitsuoshi Design 

requirements of a high temperature superconducting transformer// Physica, pp. 372-

376 (2002), 1715-1718. 

18. Monitoring of Winding Displacements i HV Transformers in Service / R. Malewski, A. 

Yu. Khrennikov. CIGRE Working Group. 33.03. Italy, Padia, 4-9 Sept, 1995. 

19. Diagnostics of power transformers, autotransformers, shunt reactors and their inputs. 1.3.3.99. 

0038 - 2009. 

20. Jurayeva, K. K., Z. G. Nazirova, and M. J. Mirasadov. "Identification and analysis of 

sources of errors of the magnetoelastic sensor." AIP Conference Proceedings. Vol. 

2402. No. 1. AIP Publishing LLC, 2021. 

21. Amirov, Sulton, and Kamila Jurayeva. "Research of the basic characteristics of the new 

magnetic elastic force sensors." E3S Web of Conferences. Vol. 139. EDP Sciences, 

2019.  

22. Juraeva, K. K., and J. S. Fayzullayev. "Mathematical models of magnetic circuits of 

E3S Web of Conferences 401, 04002 (2023)

CONMECHYDRO - 2023
https://doi.org/10.1051/e3sconf/202340104002

11

http://dimrus.ru/vesta.html


sensors of functional diagnostic systems of electric carriers." IOP Conference Series: 

Materials Science and Engineering. Vol. 537. No. 6. IOP Publishing, 2019. 

23. Fayzullayev, J. S., and K. K. Jurayeva. "The transfer function of a traction 

asynchronous motor controlled by a four-square converter." IOP Conference Series: 

Materials Science and Engineering. Vol. 734. No. 1. IOP Publishing, 2020. 

24. S. Amirov, D, Rustamov, N. Yuldashev. Study on the Electromagnetic current sensor 

for traction elektro supply devices control systems // ICEAE 2021 IOP Conf. Series: 

Earth and Environmental Science 939 (2021) 012009 p. 

25. Polyanin A.D., Manzhirov A.V. Handbook of integral equations. - Moscow.: Fizmat. 

2003. p.321. 

26. Admin V. Vibrodiagnostics of transformers. -PAGS. February 6, 2017. 

27. Yutian Chen, AjaHvaq, Ziyn Wang. Bayesian Optimization in AlphaGo. Submitted on 

17 Dec. 2018. pp. 22-28. 

E3S Web of Conferences 401, 04002 (2023)

CONMECHYDRO - 2023
https://doi.org/10.1051/e3sconf/202340104002

12


