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Abstract

Transformers are the most widely used and expensive components of power systems.
Short-circuit forces are one of the main stresses experienced by transformers during their
life cycle. The persistent increase in the demand for electricity has resulted in the increment
of more generating units and interconnections, making the short-circuit duty of
transformers more hard. Under short-circuit conditions, the currents in the high-voltage
and low-voltage windings can reach 10-30 times their rated values. The inrush current
lasts longer and occurs more frequently with respect to the short-circuit current; an inrush
current with a peak value of 70 percent of short-circuit current causes the same mechanical
harm with respect to short-circuit events. Transformers should be designed to withstand
these conditions and to prevent failures and service interruptions. To the best of our
knowledge, there is a lack of a comprehensive survey on transformer winding
deformations, causes of these deformations, monitoring of deformations, and mitigation
techniques which is presented in this paper.
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Introduction

Transformers are the most widely used and expensive components in a power system and play a vital role in power
system reliability [1]-[10]. Nowadays, without the transformers, it is impossible for the customers to receive
electricity from power systems [1]-[2], [5], [11]-[14]. There are nearly five to ten transformers between the power
plant and the power utilizer [2], [5]. Transformers have inherently high efficiencies with respect to the other
electrical power apparatuses, but the huge number of installed transformers in a power network causes huge energy
losses during their long lifespan [15]-[20].

Transformer failure may occur as a result of different causes and conditions [21]-[47]. Growing age and growing
loading of the existing transformer population (30-40% are older than 25-30 years and loading has been
considerably increased e.g., in the United States, from an average of 60% to > 80% in the past 15 years) stipulate
the need for expert diagnosis [44]. One way to minimize failure probability is the analysis of old failures and their
conditions in order to understand the reasons for severe failures and to improve maintenance procedures by means
of this knowledge [45]. There are various causes of transformer failures during operations, such as [48]-[52]:

e Electrical disturbances
e Deterioration of insulation
e Lightning

e Inadequate maintenance
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e Loose connections
e Moisture
e Overloading

With appropriate monitoring of the transformer (on-line or off-line) with different tools and techniques which
have been introduced in the literatures, failure rate of transformers will be decreased. Some of these techniques
and tools are [51]-[81]:

e Dissolved gas analysis (DGA)

e  Frequency response analysis (FRA)
e Partial discharge (PD) analysis

e  Short circuit impedance method

e  Transfer function method

e  Vibro-acoustic method

o  Fiber bragg grating (FBG) sensors
e Thermal modelling

e bushing monitoring

e  Capacitive sensors

e Tank vibration

e Winding stray reactance

e  Current deformation coefficient

e  Gas Chromatography

e etc.

Short-circuit forces are one of the main stresses that a transformer experiences during its life cycle [81]. Under
short-circuit conditions, currents in the high-voltage and low-voltage windings can reach 10-30 times their rated
values [34]-[36]. To avoid the harm caused by these forces, the windings of the transformer were mechanically
supported and pre-pressed using bandages, wedges, and heavy bolts. The dimensioning criterion for these support
structures is usually the force caused by the highest possible current peak, which typically occurs under short-
circuit conditions [32].

The continuous increase in the demand for electrical power has resulted in the addition of more generating
capacities and interconnections in power systems, which have contributed to an increase in the short-circuit
capacity of networks, making the short-circuit duty of transformers more severe [1], [28]-[31]. The inrush current
lasts longer and occurs more frequently with respect to the short-circuit current; an inrush current with a peak
value of 70 percent of short-circuit current causes the same mechanical harm with respect to short-circuit events
[1], [28]-[29], [32], [35]-[36]. The mechanical design of windings and support structures should be such that they
can withstand these conditions and prevent failure and service interruption [20]. Based on IEC 60076-5,
transformers should withstand short-circuit events for 2 two seconds [30]. In the case of YNd-connected
transformer, the single-line-to-ground short-circuit is more severe. Except for such specific case, the three-phase
short-circuits are the most severe. Hence, it is common practice to design a transformer that can withstand three-
phase short-circuit at its terminals. The other windings were assumed to be connected to constant voltage sources

[1].
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High temperature superconducting (HTS) transformers are more vulnerable to mechanical stresses, with respect
to the conventional copper winding transformers, due to lower mechanical strength of the superconducting
windings with respect to copper [28], [31], [33].

The first international survey on large power transformer failures was published in 1983 summarizing the results
of the analysis of transformers that failed in the period 1968 to 1978 [48], this survey concluded that the average
failure rate of transformers may be regarded as 2% across all voltage categories. Since then, this statistic has
become an international benchmark in the transformer industry for the failure rate performance of transformers
[50].

In [69], a review of PD detection in an oil-immersed power transformer using FBG sensors has been presented.
An overview of the current state-of-the-art in vibro-acoustic condition monitoring of power transformers with
the focus on OLTC and transformers' winding/core diagnostics has been presented in [70]. Review of chemical
and electrical diagnostic methods for assessing insulation condition in aged transformers has been presented in
[115]. Survey on failures in large power transformers has been presented in [48]. Standardized survey of
transformer reliability has been presented in [50].

To the best of our knowledge, there is a lack of a comprehensive survey on transformer winding deformations,
causes of these deformations, monitoring of deformations, and mitigation techniques which is presented in this
paper.

Causes of Winding Deformation
As causes of winding deformation we can say:

There are various types of short-circuit faults which result into very high over currents. Single line-to-ground
fault, line-to-line fault with or without simultaneous ground fault and three-phase fault with or without
simultaneous ground fault. When the ratio of zero-sequence impedance to positive-sequence impedance is less
than one, a single-line-to-ground fault results in higher fault current than a three-phase fault [1].

Electromagnetic forces on transformer windings which are very significant in short-circuit events are the main
cause of the deformation and consequently failure in transformer windings [1], [81]. Also, during the
transportation of transformer to its installation place and earthquake, winding deformation may be occurred [32]-
[38], [81]-[84].

The short-circuit forces are resolved into the radial and axial components simplifying the calculations. The
approach of resolving them into the two components is valid since the radial and axial forces lead to the different
kinds of stresses and modes of failures [1]. Different methods are available for the calculation of different
components (radial and axial) of the electromagnetic forces, they are [36]-[37]:

e  Stored magnetic energy method
¢ Image method

e Roth’s method

e Rabin’s method

Finite element method

The transformer windings along with the supporting clamping structure form a mechanical system having mass
and elasticity. The applied electromagnetic forces are oscillatory in nature and they act on the elastic system
comprising of winding conductors, insulation system and clamping structures. The forces are dynamically
transmitted to various parts of the transformer and they can be quite different from the applied forces depending
upon the relationship between excitation frequencies and natural frequencies of the system. Thus, the dynamic
behavior of the system has to be analyzed to find out the stresses and displacements or deformations produced by
the short-circuit forces [1].
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IEC 60076-5 [30], has been provided formulas for the calculation of the winding temperature after the short-
circuit event. If the transformer windings have been made by copper conductors, after 2 seconds short-circuit
event, the maximum temperature of the transformer windings should not exceed 250° C. this temperature for the
transformers which are made by aluminum conductors, is 200°C [30]. The above mentioned formulas for the
copper winding transformers and aluminum winding transformers have been presented in (1) and (2),
respectively.

2

0, =0, + 151600 — _1(6'0 +235)
J%t 1)
2
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Transformer winding deformation types which are caused by radial, axial and combined components of forces
can be categorized as below [51]:

o Deformation types caused by radial component of forces
o Forced buckling
o Free buckling (hoop buckling)
o Hoop tension (stretching)
o Relaxation buckling

o Deformation types caused by axial component of forces
o Tilting (cable-wise tilting, strand-wise tilting)
o  Conductor bending between radial spaces

o Deformation types caused by combined forces
o Spiraling
o Telescoping
o Twisting

Some of modes of the winding deformations are presented in Fig. 1 to 4. These forms are:

Fig. 1. Forced buckling [24].
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Fig. 3. Bending [51].
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Monitoring
As monitoring methods for winding deformations we can say:

Fault diagnosis based on online monitoring has been well considered since the last decade. Approaching to more
smart methods brings more challenges.

Advanced online methods for diagnosis of winding deformations are [81]-[120]:
e  Transformer tank vibration method
e ultrasonic method
e short-circuit impedance method
o transfer function method
e using leakage parameters

Some examples have been shown in Fig. 5 to Fig. 7.
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Fig. 5. Internal accelerometers installed on the winding and core [86]-[87].

508



International Journal of Multiphysics
Volume 17, No. 4, 2023
ISSN: 1750-9548

out

l/

ZUIII

= Transformer

Fig. 7. Typical experimental set-up for FRA testing [51].

Measuring of short-circuit impedance of a transformer and comparing the achieved value with the previous values
or factory test is very useful for diagnosis of winding deformation. In another words, short-circuit impedance
method is based on the comparison during time. Short-circuit impedance is dependent to transformer
configuration and distance between windings. Over 3% change in the short-circuit impedance in a transformer
should be considered [109].

Transfer function is a method for description of behaviour of a system. This method has been increasingly used
for diagnosis in power equipment, especially for diagnosis of winding deformation in transformers [110]-[111].

Mitigation
As mitigation methods for winding deformations we can say:

n [28], as shown in Fig. 8, optimal design of a flux diverter for an HTS transformer has been performed. The
minimization of the axial short-circuit electromagnetic force density on HTS transformer windings has been
employed as the objective function. The optimal dimensions, placement parameters, and permeability of the flux
diverter have been determined. Finite element method (FEM) modeling and simulations have been used for
verification. FEM showed 60.75 percent reduction in the maximum value of axial short-circuit force density.
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Fig. 8. Application of flux diverter for short-circuit force reduction [28].

In [31], [121] as shown in Fig. 9, optimal design of auxiliary windings has been performed for an HTS transformer.
It has been shown that utilizing these optimum auxiliary winding; the leakage fluxes, the radial and the axial
components of the short-circuit forces have been reduced by 16.13%, 16.11% and 7.97%, respectively.

The axial forces applied to the HV winding at 5th, 10th and 30th inrush current peaks are about 29.9, 84.3 and
91.8 percent larger than the corresponding forces at 5th, 10th and 30™ short-circuit current peaks, respectively;
however, the radial force on the HV winding in inrush current case is smaller than the corresponding force in
short-circuit condition. Concluding from the results, to avoid serious risk on damage of insulation within
transformers which are subject to frequent energizations, countermeasures should be taken, e.g., sequential phase
energization might be applied [32].
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Fig. 9. Application of auxiliary windings for short-circuit force reduction [31].
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An analytical method for the determination of optimum distributive ratios for asymmetrical multi-segment
windings is presented in this paper. Employing the optimum distributive ratio (k = 1/12) and using the analytical
method when an asymmetrical HLHLH configuration is employed, a 75 percent reduction, and when an
asymmetrical HLHLHLH configuration is employed, an 83.3 percent reduction in the radial short-circuit forces
is determined with respect to the LH winding configuration short-circuit forces. These reductions for the axial
short-circuit forces of the HLHLH and HLHLHLH configurations are 69.7 percent and 79.1 percent,
respectively [33]. Distribution of magneto motive force (MMF) around the windings in the symmetrical
five-segment, symmetrical seven-segment, asymmetrical five-segment and asymmetrical seven-segment
windings have been shown in Fig. 10.
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Fig. 10. Application of multi-segment windings for short-circuit force reduction. (a) symmetrical five-segment,
(d) symmetrical seven-segment (c) asymmetrical five-segment, (d) asymmetrical seven-segment [33].

Conclusion

The persistent increase in the demand for electricity has resulted in the increment of more generating units and
interconnections, making the short-circuit duty of transformers more hard.
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Transformer failure may occur as a result of different causes and conditions [21]-[47]. Growing age and growing
loading of the existing transformer population (30-40% are older than 25-30 years and loading has been
considerably increased e.g., in the United States, from an average of 60% to > 80% in the past 15 years) stipulate
the need for expert diagnosis.

Under short-circuit conditions, the currents in the high-voltage and low-voltage windings can reach 10-30 times
their rated values. The inrush current lasts longer and occurs more frequently with respect to the short-circuit
current; an inrush current with a peak value of 70 percent of short-circuit current causes the same mechanical
harm with respect to short-circuit events. Transformers should be designed to withstand these conditions and to
prevent failures and service interruptions. To the best of our knowledge, there is a lack of a comprehensive
survey on transformer winding deformations, causes of these deformations, monitoring of deformations, and
mitigation techniques which is presented in this review paper.

References

[1] S. V. Kulkarni and S. A. Khaparde, “Transformer Engineering Design, Technology and Diagnostics,”
Marcel Dekker, 2004.

[2]  A.Moradnouri, A. Ardeshiri, M. Vakilian, A. Hekmati and M. Fardmanesh, “Survey on High-Temperature
Superconducting Transformer Windings Design,” Journal of Superconductivity and Novel Magnetism,
vol. 33, no. 9, pp. 2581-2599, September 2020.

[3] V.M. Catterson, et al, “The Impact of Smart Grid Technology on Dielectrics and Electrical Insulation,”
IEEE Transactions on Dielectrics and Electrical Insulation, vol. 22, no. 6, pp. 3505-3512, December 2015.

[4] H. Attar, A. Moradnouri, R. Mirghaforian and A. Hekmati, “Impact of the Radius of Double Pancake
Windings on the Electromagnetic Behavior of HTS Transformer,” COMPEL: The International Journal
for Computation and Mathematics in Electrical and Electronic Engineering, vol. 41, no. 5, pp. 1753-1770,
August 2022.

[5] S.S. Kalsi, Application of High Temperature Superconductors to Electric Power Equipment, IEEE Press,
Willey, 2011.

[6] Z. Zhang, B. Wu, J. Kang, and L. Luo, “A multipurpose balanced transformer for railway traction
applications,” IEEE Trans. Power Del., vol. 24, no. 2, pp. 711-718, Apr. 2009.

[71 W. Song et al., “AC loss simulation in a HTS 3-Phase 1 MVA transformer using H formulation,”
Cryogenics, vol. 94, pp. 14-21, 2018.

[8] M. Yazdani-Asrami et al., “Fault current limiting HTS transformer with extended fault withstand time,”
Supercond. Sci. Technol., vol. 32, 2018, Art. no. 035006.

[91  A. Moradnouri, M. Vakilian, A. Hekmati and M. Fardmanesh, “Multi-Segment Winding Application for
Axial Short Circuit Force Reduction under Tap Changer Operation in HTS Transformers,” Journal of
Superconductivity and Novel Magnetism, vol. 32, no. 10, pp. 3171-3182, October 2019.

[10] A.Moradnouri, M. Vakilian, A. Hekmati and M. Fardmanesh, “The End Part of Cryogenic H. V. Bushing
Insulation Design in a 230/20 kV HTS Transformer,” Cryogenics, vol. 108, June 2020, 103090.

[11] A. Moradnouri, M. Hajiaghapour-Moghimi and M. Vakilian, “A Framework for Economic and Low
Harmonic Loss Distribution Transformer Selection based on Ecodesign Directive,” 2019 International
Power System Conference (PSC), Tehran, Iran, pp. 19-24, 9-11 Dec. 2019.

[12] M. A. Saadeghvaziri, N. H. Allahverdi, and A. Ashrafi, “Qualitative Assessment of Seismic Response of
Internal Components of Power Transformers,” 13th World Conference on Earthquake Engineering,
Vancouver, B.C., Canada, No. 3252, Aug. 2004.

[13] E.Billig, “Mechanical Stresses in Transformer Windings,” Journal of the Institution of Electrical Engineers
- Part 11: Power Engineering, VVol. 93, pp. 227-243, 1946.

[14] A. Bakshi and S.V. Kulkarni, “Analysis of Buckling Strength of Inner Windings in Transformers Under
Radial Short-Circuit Forces,” IEEE Transaction on Power Delivery, Vol. 29, No. 1, pp. 241-245, 2014.

[15] H. Kojima, H. Miyata, H. Shida and K. Okuyama, “Buckling Strength Analysis of Large Power
Transformer Windings Subjected to Electromagnetic Force Under Short-circuit,” IEEE Transaction on
Power Apparatus and Systems, Vol. PAS-99, No. 3, pp. 1288-1297, 1980.

513



International Journal of Multiphysics
Volume 17, No. 4, 2023
ISSN: 1750-9548

[16]
[17]

[18]

[19]

[20]

[21]
[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]
[35]

T. Y. Qiu, Q. J. Qiu and X. Z. Hong, “Numerical Calculation of Short-circuit Electromagnetic Forces on
the Transformer Windings,” IEEE Transaction on Magnetics, Vol. 26, No. 2, pp. 1039-1041, Mar. 1990.
M. R. Feyzi and M. Sabahi, “Finite Element Analyses of Short-circuit Forces in Power Transformers with
Asymmetric Conditions,” IEEE International Symposium on Industrial Electronics, pp. 576-581, 2008.
B.M. Ebrahimi, A. Fereidunian, S. Saffari and J. Faiz, “Analytical Estimation of Short-circuit Axial and
Radial Forces on Power Transformers Windings,” IET Generation, Transmission & Distribution, Vol. §,
Iss. 2, pp. 250-260, 2014.

Y. H. Oh, K. D. Song, B. Y. Lee, and K. Y. Park, “Displacement Measurement of High-Voltage Winding
for Design Verification of Short-Circuit Strength of Transformer,” IEEE PES Transmission and
Distribution Conference and Exposition, Vol. 2, pp. 831-835, 2003.

D. Geiller, T. Leibfried, “Deformation Measurement System for Buckling Tests on Continuously
Transposed Cable Using a High-Speed Camera,” International Conference on Optimization of Electrical
and Electronic Equipment (OPTIM), pp. 111-117, 2014.

A. Greenwood, “Electrical Transients in Power Systems,” Second Edition, John Wiley and Sons, 1991.
T. Bertula, H. Nordman, Y. Saunamaki, and J. Maaskola, “Short-circuit Stresses in Three-Limb
Transformers with Delta Connected Inner Winding During Single Phase Faults,” CIGRE, No. 12-03,
1980.

A.C. de Azvedo, I. Rezende, A.C. Delaiba, J.C. de Oliveira, B.C. Carvalho and H.S. Bronzeado,
“Investigation of Transformer Electromagnetic Forces Caused by External Faults Using FEM,” IEEE PES
Transmission and Distribution Conference and Exposition Latin America, Venezuela, 2006.

R. Guimaraes, A.C. Delaiba, A.J.P. Rosentino, E. Saraiva and J.C. de Oliveira, “Electromechanical Stress
in Transformers Caused by Inrush and Short-circuit Currents,” Brazilian Society of Mechanical Sciences
and Engineering, Springer, 2014.

H. M. Ahn, Y. H. Oh, J. K. Kim, J. S. Song and S. C. Hahn, “Experimental Verification and Finite Element
Analysis of Short-Circuit Electromagnetic Force for Dry-Type Transformer,” IEEE Transaction on
Magnetics, Vol. 48, No. 2, pp. 819-822, Feb. 2012.

A. Ahmad, 1. Javed and W. Nazar, “Short-circuit Stress Calculation in Power Transformer Using Finite
Element Method on High Voltage Winding Displaced Vertically,” International Journal of Emerging
Technology and Advanced Engineering, Vol. 3, Iss. 11, Nov. 2013.

G. Ramalakshmi, L. Kalaivani and R.Madavan, “Computation of Electromagnetic Forces in Transformer
Winding under Short-circuit Currents,” International Journal of Advanced Engineering Applications,
Vol.2, Iss.4, pp.30-36, 2010.

A. Moradnouri, M. Vakilian, A. Hekmati and M. Fardmanesh, “Optimal Design of Flux Diverter Using
Genetic Algorithm for Axial Short-circuit Force Reduction in HTS Transformers,” IEEE Transactions on
Applied Superconductivity, vol. 30, no. 1, pp. 1-8, January 2020.

M. J. Heathcote, “The J&P Transformer Book” Thirteenth edition, Elsevier, 2007.

IEC Standard 60076-5, “Power Transformers - Part 5: Ability to Withstand Short-circuit,” Second Edition,
2000.

A. Moradnouri, M. Vakilian, A. Hekmati and M. Fardmanesh, “HTS Transformers Leakage Flux and
Short-circuit Force Mitigation through Optimal Design of Auxiliary Windings,” Cryogenics, vol. 110,
September 2020, 103148.

A. Eslami and M. Vakilian, “Time-Variant Evaluation of Electromagnetic Forces on Transformer
Windings during Inrush Current and Short-Circuit by FEM,” Arabian Journal for Science and Engineering,
Springer, vol. 38, No. 4, pp. 883-893, 2012.

A. Moradnouri, M. Vakilian, A. Hekmati and M. Fardmanesh, “HTS Transformer Windings Design Using
Distributive Ratios for Minimization of Short-circuit Forces,” Journal of Superconductivity and Novel
Magnetism, vol. 32, no. 2, pp. 151-158, February 2019.

P. S. Georgilakis, “Spotlight on Modern Transformer Design,” Springer, 2009.

W. M. Flanagan, “Handbook of Transformer Design &Applications,” 2nd Edition, McGraw-Hill, 1993.

514



International Journal of Multiphysics
Volume 17, No. 4, 2023
ISSN: 1750-9548

[36]

[37]

[38]

[39]
[40]

[41]

[42]

[43]

[44]
[45]

[46]
[47]

[48]

[49]

[50]

[51]
[52]
[53]

[54]
[55]

[56]

[57]

A. Moradnouri, M. Vakilian, P. Elhaminia and M. Bahrami, “Introduction of Dimensional Approach to
Evaluation of Distribution Transformer Short-circuit Forces,” 23™ Iranian Conference on Electrical
Engineering (ICEE 2015), Tehran, Iran, May 10-14, 2015.

M. S. A. Minhas, “Dynamic Behaviour of Transformer Winding under Short-Circuits,” PhD Dissertation,

University of the Witwatersrand, 2007.

B.M .Yousof and M. Fairouz,” Frequency response analysis for transformer winding condition
monitoring,” in School of Information Technology and Electrical Engineering. 2015, The University of

Queensland.

C. T. Walters, “Failed transformers: replace or repair?” Technical Conference Record of Annual Pulp and
Paper Industry, June 1993, 127-129.

Large Power Transformers and the U.S. Electric Grid, Infrastructure Security and Energy Restoration
Office of Electricity Delivery and Energy Reliability U.S. Department of Energy, April 2014 Update.
Naranpanawe, Lakshitha, and Chandima Ekanayake. "Finite element modelling of a transformer winding
for vibration analysis." 2016 Australasian Universities Power Engineering Conference (AUPEC). IEEE,
2016.

A. V. Schijndel, J. M. Wetzer and P. A. A. F. Wouters, "Forecasting Transformer Reliability," 2006 IEEE
Conference on Electrical Insulation and Dielectric Phenomena, Kansas City, MO, 2006, pp. 577-582, doi:
10.1109/CEIDP.2006.311998.

M. Arshad and S. M. Islam, "Power transformer critical diagnostics for reliability and life extension,"”
Canadian Conference on Electrical and Computer Engineering 2004 (IEEE Cat. No.04CH37513), Niagara
Falls, Ontario, Canada, 2004, pp. 625-628 Vol.2, doi: 10.1109/CCECE.2004.1345190.

X. M. Lopez-Fernandez, H. B. Ertan, and J. Turowski, Transformers Analysis, Design, and Measurement,
CRC Press, 2013.

S. Tenbohlen et al., “Assessment of Power Transformer Reliability,” XVII International Symposium on

High Voltage Engineering, Hannover, Germany, August 22-26, 2011.
Standard Dictionary of Electrical and Electronics Terms, ANSI/IEEE Standard 100, 1996.
V. Rexhepi, “An Analysis of Power Transformer Outages and Reliability Monitoring,” Energy Procedia

141 (2017) 418-422.

A. Bossi, J. Dind, J. Frisson, U. Khoudiakov, H. Light and e. al, “An international survey on failures in
large power transformers in service,” Electra, 1983.

Miyazaki, S., Mizutani, Y., Okamoto, T., Wada, Y., Hayashida, C. “Abnormality Diagnosis of Transformer
Winding by Frequency Response Analysis (FRA) Using Circuit Model”, IEEE International Conference
on Condition Monitoring and Diagnosis (CMD), pp. 273 — 276, 2012.

S. Tenbohlen, J. Jagers and F. VVahidi, "Standardized survey of transformer reliability: On behalf of CIGRE
WG A2.37," 2017 International Symposium on Electrical Insulating Materials (ISEIM), Toyohashi, 2017,
pp. 593-596, doi: 10.23919/ISEIM.2017.8166559.

A. Abu-Siada, “Power Transformer Condition Monitoring and Diagnosis,” The Institution of Engineering
Technology, 2018.

W. H. Tang, and Q. H. Wu, “Condition Monitoring and Assessment of Power Transformers Using
Computational Intelligence,” Springer 2011.

R. Feinberg, “Modern Power Transformer Practice,” The Macmillan Press Ltd, 1979.

F. Zhu, B. Yang, “Power Transformer Design Practices,” CRC Press,2021.

M. M. Saied, and M. A. Al-shaher, "Recognition of power transformer winding movement and
deformation using FRA", COMPEL - The international journal for computation and mathematics in
electrical and electronic engineering, vol. 26, no. 5 pp. 1392 — 1410, 2007.

H. Zhang et al., "Dynamic Deformation Analysis of Power Transformer Windings in Short-Circuit Fault
by FEM," in IEEE Transactions on Applied Superconductivity, vol. 24, no. 3, pp. 1-4, June 2014, Art no.
0502204.

M. Bagheri, M. S. Naderi and T. Blackburn, "Advanced transformer winding deformation diagnosis:
moving from off-line to on-line,” in IEEE Transactions on Dielectrics and Electrical Insulation, vol. 19,
no. 6, pp. 1860-1870, December 2012.

515



International Journal of Multiphysics
Volume 17, No. 4, 2023
ISSN: 1750-9548

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]
[71]
[72]

[73]

[74]
[75]

[76]

G. A. Diaz F., E. E. Mombello and G. D. G. Venerdini, "Calculation of Leakage Reactance in Transformers
With Constructive Deformations in Low Voltage Foil Windings,” in IEEE Transactions on Power
Delivery, vol. 33, no. 6, pp. 3205-3210, Dec. 2018.

A. Abu-Siada and O. Aljohani, “Detecting incipient radial deformations of power transformer windings
using polar plot and digital image processing,” IET Science, Measurement & Technology, vol. 12, no. 4,
pp. 492-499, July 2018.

L. Jiansheng et al., “A transformer winding deformation detection method based on the analysis of leakage
inductance changes,” Archives of Electrical Engineering, vol. 64, no. 2, pp. 333-346, 2015.

X. Ke, L. Pang, X. Dong and Z. Li, "A Novel Power Transformer Condition Monitoring System Based on
Wide-Band Measurement of Core Earth Signals and Correlation Analysis With Multi-Source Data," in
IEEE Access, vol. 7, pp. 161754-161763, 2019.

S. Kumar, L. Kumar, T. Islam and K. K. Raina, "Condition Monitoring of Transformer Breather Using a
Capacitive Moisture Sensor," in IEEE Transactions on Industrial Electronics, vol. 67, no. 11, pp. 9779-
9789, Nov. 2020.

A. Doolgindachbaporn, G. Callender, P. L. Lewin, E. Simonson and G. Wilson, "Data Driven Transformer
Thermal Model for Condition Monitoring,” in IEEE Transactions on Power Delivery, vol. 37, no. 4, pp.
3133-3141, Aug. 2022.

R. Jadim, M. Kans, S. Rehman and L. M. Alhems, "A relevant condition monitoring of corrosive sulphur
deposition on the windings of oil-filled electrical transformers,” in IEEE Transactions on Dielectrics and
Electrical Insulation, vol. 27, no. 5, pp. 1736-1742, Oct. 2020.

S. Liu et al., "Data-Driven Condition Monitoring of Data Acquisition for Consumers’ Transformers in
Actual Distribution Systems Using t-Statistics," in IEEE Transactions on Power Delivery, vol. 34, no. 4,
pp. 1578-1587, Aug. 2019.

Y. Shi, S. Ji, F. Zhang, Y. Dang and L. Zhu, "Application of Operating Deflection Shapes to the Vibration-
Based Mechanical Condition Monitoring of Power Transformer Windings," in IEEE Transactions on
Power Delivery, vol. 36, no. 4, pp. 2164-2173, Aug. 2021.

G. Lu and P. Zhang, "A Novel Leakage-Current-Based Online Insulation Monitoring Strategy for
Converter Transformers Using Common-Mode and Differential-Mode Harmonics in VSC System," in
IEEE Transactions on Industrial Electronics, vol. 68, no. 2, pp. 1636-1645, Feb. 2021.

S. -A. Ahmadi and M. Sanaye-Pasand, "A Robust Multi-Layer Framework for Online Condition
Assessment of Power Transformers," in IEEE Transactions on Power Delivery, vol. 37, no. 2, pp. 947-954,
April 2022.

S. N. Meitei, K. Borah and S. Chatterjee, "Partial Discharge Detection in an Oil-Filled Power Transformer
Using Fiber Bragg Grating Sensors: A Review," in IEEE Sensors Journal, vol. 21, no. 9, pp. 10304-10316,
1 Mayl1, 2021.

A. Secic, M. Krpan and I. Kuzle, "Vibro-Acoustic Methods in the Condition Assessment of Power
Transformers: A Survey," in IEEE Access, vol. 7, pp. 83915-83931, 2019.

J. Jia, F. Tao, G. Zhang, J. Shao, X. Zhang and B. Wang, "Validity Evaluation of Transformer DGA Online
Monitoring Data in Grid Edge Systems," in IEEE Access, vol. 8, pp. 60759-60768, 2020.

K. Hong, J. Pan and M. Jin, "Transformer Condition Monitoring Based on Load-Varied Vibration
Response and GRU Neural Networks," in IEEE Access, vol. 8, pp. 178685-178694, 2020.

O. Rahman, T. Islam, N. Khera and S. A. Khan, "A Novel Application of the Cross-Capacitive Sensor in
Real-Time Condition Monitoring of Transformer Oil," in IEEE Transactions on Instrumentation and
Measurement, vol. 70, pp. 1-12, 2021.

N. A. Fauzi et al., "Fault Prediction for Power Transformer Using Optical Spectrum of Transformer Oil
and Data Mining Analysis," in IEEE Access, vol. 8, pp. 136374-136381, 2020.

P. Elhaminia, A. Moradnouri and M. Vakilian, "Wind turbine transformer optimum design assuming a 3D
wound core," 2015 30th International Power System Conference (PSC), pp. 38-44, 2015.

S. Li, G. Wu, H. Dong, L. Yang and X. Zhen, "Probabilistic Health Index-Based Apparent Age Estimation
for Power Transformers," in IEEE Access, vol. 8, pp. 9692-9701, 2020.

516



International Journal of Multiphysics
Volume 17, No. 4, 2023
ISSN: 1750-9548

[77]

[78]

[79]

[80]

[81]

[82]

[83]
[84]

[85]
[86]

[87]

[88]

[89]

[90]

[91]

[92]
[93]

[94]

[95]

[96]

[97]

G. Lu, D. Zheng, Q. Zhang and P. Zhang, "Effects of Converter Harmonic Voltages on Transformer
Insulation Ageing and an Online Monitoring Method for Interlayer Insulation,” in IEEE Transactions on
Power Electronics, vol. 37, no. 3, pp. 3504-3514, March 2022.

A. V. Bhaskar, A. Subramaniam, S. S. Manohar and S. Kumar Panda, "Search coil based condition
monitoring technique for internal faults in converter transformer," 2019 IEEE 4th International Conference
on Condition Assessment Techniques in Electrical Systems (CATCON), pp. 1-5, 2019.

M. F. Al Hamdani, R. Azis Prasojo, Suwarno and A. Abu-Siada, "Power Transformer Degradation
Condition and Insulation Index Estimation Based on Historical Oil Data,” 2019 2nd International
Conference on High Voltage Engineering and Power Systems (ICHVEPS), pp. 1-5, 2019.

P. Guy and B. Sparling, "Transformer Asset Life Extension — When, Why and How to Apply Continuous
Condition Monitoring Systems," 2019 IEEE PES GTD Grand International Conference and Exposition
Asia (GTD Asia), pp. 779-784, 2019.

K. Karsai, D. Kerenyi and L. Kiss, Large Power Transformers, Elsevier, 1987.

L. Zhou, J. Jiang, and W. Li “FRA modelling for diagnosing axial displacement of windings in traction
transformers” IET Electric Power Applications, vol. 13, no. 12, 2019.

IEC Standard 60076-18 Ed. 1: Power transformers - Part 18, "Measurement of frequency response”, 2012.
A. Shintemirov, “Modeling and Condition Assessment of Power Transformers Using Computational
Intelligence,” in Electrical Engineering and Electronics. May 2009, The University of Liverpool.

F. Zheng, S. Ji, Y. Shi and L. Zhu, “Investigation on the Action of Eddy Current on Tank Vibration
Characteristics in Dry-Type Transformer ", IEEE Transactions, vol.55, no. 2, Feb. 20109.

B. Garcia, J.C. Burgos and A.M. Alonso, "Transformer tank vibration modeling as a method of detecting
winding deformations part I: theoretical foundation", IEEE Trans. Power Del., Vol. 21, pp. 157-163, 2006.
B. Garcia, J.C. Burgos and A.M. Alonso, "Transformer tank vibration modeling as a method of detecting
winding deformations part 11: experimental verification", IEEE Trans. Power Del., Vol. 21, pp. 164-169,
2006.

T. He, J-Di. Wang, J. Guo, H. Huang, X. -X.Chen and J. Pan, "A Vibration Based Condition Monitoring
System for Power Transformers"”, Asia-Pacific Power and Energy Eng. Conf. (APPEEC), pp. 1-4, 2009.
M.A. Hejazi, M. Choopani, M. Dabir and G.B. Gharehpetian, "Effect of antenna position on online
monitoring of transformer winding axial displacement using electromagnetic waves,” IEEE 2" Int. Power
Energy Conf. (PECON), pp. 44-49, 2008.

M. Akhavanhejazi, G. B. Gharehpetian, R. Faraji-Dana, G.R. Moradi, M. Mohammadi and H. A.
Alehoseini, "A new on-line monitoring method of transformer winding axial displacement based on
measurement of scattering parameters and decision tree", Expert Syst. Applications, Vol. 38, pp.
88868893, 2011.

M. A. Hejazi, G. B. Gharehpetian, G. Moradi, H. A. Alehosseini and M. Mohammadi, "Online monitoring
of transformer winding axial displacement and its extent using scattering parameters and k nearest
neighbour method", IET Proc. Generation, Transmission Distribution, Vol. 5, pp. 824-832, 2011.

T. Hang, D. Deswel, F. Dleon, " An Online Data-Driven Technique for the Detection of Transformer
Winding Deformations,” IEEE Transactions on Power Delivery, Volume: 33, Issue: 2 , April 2018.

P. M. Joshi and S. V. Kulkarni, "A novel approach for online deformation diagnostics of transformer
windings”, IEEE Power and Energy Society, General Meeting, pp. 1-6, 2010.

Z. Zhang, W. Qi and Z. Yuan, " Research on Multi-frequency Ultrasonic On-Line Monitoring Technology
of Transformer Qil Based on Neural Network ", China International Conference on Electricity Distribution
(CICED )2018.

C. Yoa, Z. Zhoa, Y. Chen, X. Zhoa, " Transformer winding deformation diagnostic system using online
high frequency signal injection by capacitive coupling ", IEEE Transactions on Dielectrics and Electrical
Insulation, VVolume: 21 , Issue: 4 , August 2014.

S.-b. Gao, and G. Wang, "Study on on-line monitoring of windings deformation of power transformer",
IEEE 8th Int’l. Conf. Developments in Power System Protection, pp. 335-338 Vol.1, 2004.

G. Hu, L. Zhang, X. Wu, Correia, D. and W. He, "Detecting the Capacity of Distribution Transformer
Based on an On-Line Method", Asia-Pacific Power and Energy Eng. Conf. (APPEEC), pp. 1-4, 2011.

517



International Journal of Multiphysics
Volume 17, No. 4, 2023
ISSN: 1750-9548

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]
[108]
[109]
[110]

[111]

[112]

[113]

[114]
[115]
[116]

[117]

A. Palani, S. Santhi, S. Gopalakrishna and V. Jayashankar, "Real Time Techniques to Measure Winding
Displacement in Transformers During Short-Circuit Tests", IEEE Trans. Power Del., Vol. 23, pp. 726-732,
2008.

J. Pan, X. Yan, H. Zhou " Research on on-line monitoring of three-phase transformer winding deformation
state based on short-circuit reactance ", 2017 12th IEEE Conference on Industrial Electronics and
Applications.

Y. Luo, J. Ye, J. Gao, G. Wang and B. Li," Recognition technology of winding deformation based on
principal components of transfer function characteristics and artificial neural network", IEEE Transactions
on Dielectrics and Electrical Insulation, Volume: 24 , Issue: 6 , Dec. 2017.

X. Zhoa, C. Yoa, A. Abu siada, "Performance evaluation of online transformer internal fault detection
based on transient overvoltage signals”, IEEE Transactions on Dielectrics and Electrical Insulation,
Volume: 24 , Issue: 6 , Dec. 2017.,

P. Li, B. G. Zhang, Z.G. Hao, X.J. Hu and Y.L. Chu, "Research on Monitoring of Winding Deformation
of Power Transformer by Online Parameter Estimation about Leakage Inductance"” IEEE Int. Conf. Power
Syst. Tech. pp. 1-6, 2006.

Z.G. Hao, B. H. Zhang, C. G. Yan, B. R. Shao, X. F. Boand Z. Q., "Research on integration of transformer
protection and winding deformation detecting”, IEEE Int. Conf. Power Syst. Tech. (POWERCON), pp. 1-
8, 2010.

A. Setayeshmehr, H. Borsi, E. Gockenbach and 1. Fofana, “Online monitoring of transformer via transfer
function”, IEEE Electr. Insul. Conf. (EIC), pp. 278-282, 2009.

J Nosratian, S.Seyedtabai, G.Gharepetian, “Determination and localization of turn-to-turn fault in
transformer winding using frequency response analysis”, IET Science, Measurement & Technology,
Volume: 12, Issue: 3, 2018.

A. Setayeshmehr, I. Fofana, A. Akbari, H. Borsi and E. Gockenbach,” Effect of temperature, water content
and aging on the dielectric response of oil-impregnated paper”, IEEE Int. Conf. Dielectr. Liquids (ICDL),
pp. 1-4, 2008.

S. Danielsen, "Reconstruction of the Transformer Response from on-Line FRA Measurements Performed
via Bushing Taps ", Conference 2018 Condition Monitoring and Diagnosis (CMD).

T. De Rybel, A. Singh, J. A. Vandermaar, M. Wang, J. R. Marti and K. D. Srivastava, "Apparatus for
Online Power Transformer Winding Monitoring Using Bushing Tap Injection”, IEEE Trans. Power Del.,
Vol. 24, pp. 996-1003, 2009.

D. Allan, H. Moore, Electric Power Transformer Engineering, CRC Press, USA, 2004.

M. Florkowski, "Exploitation stresses and challenges in diagnostics of electrical industrial equipment”,
IEEE Int. Sympos. Industrial Electronics (ISIE), pp. 15-25, 2011.

N. Hashemnia A. Abu-Siada, S.Islam, "Improved power transformer winding fault detection using FRA
diagnostics — part 1: axial displacement simulation ", IEEE Transactions on Dielectrics and Electrical
Insulation, VVolume: 22, Issue: 1, Feb. 2015.

Secue, J., and E. Mombello. "New methodology for diagnosing faults in power transformer windings
Through the Sweep Frequency Response Analysis (SFRA)." In Transmission and Distribution Conference
and Exposition: Latin America, 2008 IEEE/PES, pp. 1-10. IEEE, 2008.

C. Larry, Jeffrey Britton, and Johannes Rickmann. "A new technique to detect winding displacements in
power transformers using frequency response analysis." In Power Tech Conference Proceedings, 2003
IEEE Bologna, vol. 2, pp. 7-pp. IEEE, 2003.

IEEE Guide for Diagnostic Field Testing of Electric Power Apparatus - Part 1: Oil Filled Power
Transformers, Regulators, and Reactors," IEEE Std 62-1995 , vol., no., pp.1,64, Dec. 1 1995

T. K. Saha "Review Of Modern Diagnostic Techniques For Assessing Insulation Condition In Aged
Transformers," IEEE 2003, Transaction On Dielectrics And Electrical Insulation, vol.10., No.5, 2003.
Leibfried, T., and K. Feser. "Monitoring of power transformers using the transfer function method." Power
Delivery, IEEE Transactions on 14, no. 4 (1999): 1333-1341.

Drobyshevski, A.A. “Assessment of transformer winding mechanical condition by low-voltage impulse
method”, Power Tech Conference Proceedings, Bologna, Vol. 2, (2003).

518



International Journal of Multiphysics
Volume 17, No. 4, 2023
ISSN: 1750-9548

[118] A. Drabishevskiy, E. Levitskaya, M. Filatova, "Application of LV Impulses for Diagnostics of
Transformers during Tests and in Service", Proceedings of the 8th ISH, August 23-27, 1993, Yokohama,
Japan.

[119] B. Garcia, J. C. Burgos and A. M. Alonso, "Transformer tank vibration modeling as a method of detecting
winding deformations-part I: theoretical foundation,” in IEEE Transactions on Power Delivery, vol. 21,
no. 1, pp. 157-163, Jan. 2006, doi: 10.1109/TPWRD.2005.852280.

[120] M. R. Patel, “Dynamic response of transformer windings and clamps under axial short circuit forces,” PhD
Dissertation, Rensselaer Polytechnic Institute, Troy, New York, 1972.

[121] H. Heydari, F. Faghihi, “Mechanical Force Analysis in Heavy-Current HTS Transformers Based on Field
and Current Nonuniformity Coupled Analysis,” IEEE Transactions on Applied Superconductivity, Vol.
20, No. 4, August 2010.

519





