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Abstract— This paper presents a study of the response of thiansformer in the frequency domain under
switching operation. The applied methodology allow$o simulate the behavior of the internal stress ahg windings
and also to check whether the insulation system éfansformer designed from standard dielectric testswithstands
the level of voltage under transient phenomenons.hE study is based on the calculation of Frequencydmnain
Severity Factor in transformer windings. To perform this calculation, a detailed model based on RLCGumped
parameters frequency-dependent and modal analysis@applied to obtain the solution in frequency doman.

Keywords— Dielectric tests, Strengh field, Insulation systm, Frequency domain severity factor, Energy spectia
density, Switching operation.

l. INTRODUCTION

The electrical power transformer must be configuoedithstand very fast electromagnetic transieveced in
the design specification of standard dielectrit &l realistically expected in service. Such aaist has great
impact on other design issues, and effect on tkeeathtransformer cost, performance and configarati

Transformers can be subjected to overvoltages wida range of frequencies according to standarsis.te
However, a series of complex voltage transients tueircuit breaker contact re-ignitions can redoh
transformer, inducing resonance in its windingshwtiite risk of destructive voltage excursions [1isTis due
to some oscillatory excitations, which even beifitpar amplitude, may occur in frequencies that reagite a
part winding resonance resulting in a local amgdifion [2]. A high number of failures in the inslita system
of power transformers are caused by the overvdtageswitching operations, while all those transfers
passed all the standard tests [3].

Therefore, it is necessary that both utilities ananufacturers earn a better knowledge about thectlie
stresses on the transformer as a result of theactten with the electric power system with whislconnected.

It motivated the formation of a Cigre Joint Workigroup JWG A2/C4.39 called “Electrical Transient
Interaction between Transformers and the Powere8ystThe group’s main goal is to acquire a better
knowledge of this phenomenon, discuss new actmpsdvent failures and thus contribute to the inaproent

of system reliability.

In the heart of JIWG A2/C4.39 a new parameter wassdd to measure the ratio of spectral densityhef t
voltage Vs calculated from the transient analysis to Yeassociated with the standard impulse test waves.
Such transient system events on transformers wilagsessed introducing the Frequency Domain Segverit
Factor (FDSF) [4]. That factor is proportional teetenergy of the voltage frequency components whéaps

to detect those transient voltage frequencies hitjtaen the standard dielectric strength.

In this paper a study in frequency domain to aretye internal response severity of the transfosubjected

to a switching voltage transient is presented. Tbecept of FDSF was applied to evaluate the adsocia
energy to each voltage component frequency whigieas outside/inside the transformer during tramsie
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phenomena. In order to study the internal respofske transformer subjected to overvoltages aasedtito
switching transients a proper detailed RLGC lumpadhmeter frequency-dependent has to be used [5].

. TRANSFORMER M ODEL

For the simulation of transient overvoltages imsfarmers withW windings the Maxwell's equations for
transverse electromagnetic waves on lossy transmidsies can be applied [6]. Suk windings can be

discretized into blocks, which are represented l®ams of equivalent-circuits with frequency-dependent
lumped parameters [5].

The proposed model consists in dividing iWewindings of the transformer into elementary lumgdoicks.
They become lumped parameter circuits incorporatintual coupling between RLGC parameters. Eachkbloc
is formed by one coil-turn or combining severahtur

Lossy parameters RLCG are calculated from the geantimensions and physical properties of the maie
[6]. Inter-turn series capacitanc€g and earth capacitanc€g of the turn facing the core, tank and yoke are
included to model the electric coupling betweemsusf each winding [7]. Also, shunt capacitanCgbetween
facing windings are introduced to simulate the teiecoupling between the windings.

Concerning the magnetic coupling, the self induotani each turn is calculated using it as a circulaewith

a rectangular cross-section, and for mutual incoetdetween turns the Lyle's method is applied [6]. The
mutual inductance between turns of different wigdirhas also been considered for taking into account
inductive coupling between windings.

As it is well known, losses play an important rate an accurate simulation of the voltage distritoti
Therefore, frequency dependent copper losses &skimproximity effect) and dielectric losses arduded [8].

Once all RCLG parameters are calculated, each bckpresented by an equivalentransmission line.
Finally, the LPM can be built and the waveform @nisient voltage due to operation can be applietiet
terminal of the transformer winding. Numerical Feurtransform and modal analysis are used to oliteen
solution in the frequency domain [9].

I1l. FREQUENCY DOMAIN ANALYSIS AND FDSF

In order to verify the frequency range that is tak&o account in the standard dielectric testsamaysis of
their frequency spectrum was performed and aftetsvaxtompared with the frequency spectrum of the
switching simulated curve. The frequency spectriithe standard full lightning impulse and choppeaves,
represented as double exponential wave shapescalerdated with their corresponding crest levelsoading

to the BIL specifications of each transformer [10].

In the frequency range of standard dielectric festgne important transient overvoltages may will be
represented and will not be considered during #eégth. This fact may explain some transformer fail@]. A
comparison between the spectrum frequency of timeillated overvoltage and the standard wave shapes of
dielectric tests is obtained to check whether tltage level determined by the switching casetis the safety
margin covered in the standard tests [3].

Taking into account that the standard energy astatiwith a wave signét) is defined by,
E= f £2(t) dt @)
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Applying Parseval's theorem,

E=[ £ dt :%T I:||:(w)|2da) )

The energy spectral density (ESD) of the wit)ewithin the frequency spectrum is defined as theasg of the
magnitude of the Fourier transform of the signal,

2

F@ =F@F @=|[" 1 © e d @

wherew is the angular frequencl(w) is the Fourier transform dt) andF*(w) is its complex conjugate. For
voltage signals, ESD is expressed ifsMz or (VsY. The energy spectral density of a signal represtre
energy per unit frequency and shows the relativeusnrnof energy of the different components of fregy.
The energy spectral densigscribes how the energy of a wave is distributedgafrequency.

The Cigre JWG A2/C4.39 has used the parameterdc&itequency Domain Severity Factor (FDSF). This
parameter is defined as the ratio of the energgtededensitycalculated from the transient analysis to the
energy spectral densitgssociated with the standard impulse test wavesmdke sure that the switching
transients will be represented by the standard lsepwaves, the FDSF should be lower than unit censig
the maximum values of these standard impulse tesesvfor each frequency. These values give rissnto
envelope curve, which represents the limit to besmered in the transient phenomenon [3].

The determination of the FDSF depends on the siudimsient phenomenon and the point at which arsly
performed. Therefore the calculation of the FDSPBamts along winding is needed to make sure tiaaidsrd
dielectric tests take into account the associatedvoltages from the studied transient phenomeimoihis
paper, the FDSF is calculated in the internal nadé$V winding during the switching operation.
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Figure 1. Transient voltage applied in the termidsl winding during the opening of the switching ogtgon according to
ping test [1].
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IV. APPLICATION AND R

The proposed study was applied to a theoreticabgdesd a transformer. Figure 1 shows the wavefofrthe
transient voltage that is applied in the HV windilegminal to study the response of the transforwieen a
switching operation according to ping test is efrout [1]. Figure 2 shows the frequency spectréistamdard
full lightning impulse and chopped wave considerdifferent time to chopping from gs to 6us and the

envelope of all curves.

The comparison of the ESD of the envelope curvefitee dielectric tests with the ESD of the transiaitage
applied to the transformer due to the disconnedtigitching operation is shown in Fig. 3. Figurehbwss the
f the transient voltagéham HV winding terminal with the FDSF of the didigc

comparison of the FDSF o

ESULTS

tests wave envelope, outside transformer terminals.
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Figure 5 shows the comparison of the FDSF of iatetransient voltage along all nodes of the HV wmgd
with the FDSF of the dielectric tests wave envelope

According to Fig. 3 and Fig. 4, the transformealide to withstand transient voltage generated bysthitching
operation. However, Fig. 5 shows that one or moeguencies of the applied voltage coincide with eom
transformer internal resonance. This frequencybisut 100 kHz and the resulting voltage amplification
internal (inside transformer) points is bigger thia@ standard dielectric strength (values biggen timit).

Frequency Domain Severity Factor
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Figure 4. FDSF of the switching voltage in the Hiheing terminal compared with the FDSF of the ditflie tests wave
envelopeoutside transformer.
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Figure 5. FDSF of internal switching voltage alatignodes of the HV winding compared with the FDS8Fhe dielectric

tests wave envelopsside transformer.
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V. CONCLUSION

Transformers are well designed to withstand alledieic tests up to the limit of the standards wawngelope.
Failures in the insulation system of power transiens are produced when one or more frequenciekeof t
applied voltage coincide with some transformer rimié resonance. In this case the resulting voltage
amplification in this internal point may lead toetltransformer failure. Therefore, this paper shtivet the
information given by the FDSF can help to evaluh&eseverity of voltage supported by the transforduging
transient performance. Moreover, the study herbligigts how the risk of destructive voltage exconsduring
switching operation is different depending on ikissessed outside or inside the transformezneral.
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