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SUMMARY

Frequency-response analysis (FRA) is now widelyduser condition assessment of power
transformers and shunt reactors and detectiornt@ifial faults.

Currently an approach of comparison of two FRA rmeaments using correlation analysis is widely
used. Despite the simplicity of this approach, agplication does not provide ability for the
interpretation of the type of defect and its logatbecause, in fact, it is based on comparisomef t
integral values (the coefficients of pair correda)i without considering the specifics of the objefct
measurement.

Frequency response of certain winding measurectiiginal-to-terminal scheme contains the set of
resonant and antiresonant frequencies having diffemature. Some of resonant frequencies
correspond to winding natural frequencies. Thesguencies are fundamental characteristics of each
winding and are mainly affected by electrical ldngf the winding, physical parameters of winding
longitudinal insulation (e.g. dielectric permittiyi of turn-to-turn insulation), arrangement and
electromagnetic coupling of different parts of thmding, constraints on spatial voltage distribatio
inside the winding (connection between winding arbnnection of winding terminals to earth etc.).
The changes in winding natural frequencies are ected with major winding faults and have
different patterns depending on type of faults terlocation. These patterns can be used for the
purpose of FRA interpretation.

This report describes the detection and localiratd internal short-circuit faults using FRA and
application of natural frequencies deviation patser

Report presents results obtained from white-box @mgsical models of disc-type windings showing
the typical patterns of natural frequencies desratiorresponding to different location of turn-twet
and disc-to-disc faults. An approach is presentkniveng detection and quantitative evaluation of
relative position of internal short-circuit faultsside the disc-type windings.
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1. INTRODUCTION

Frequency response analysis (FRA) is increasinggduto assess the mechanical condition of
windings of power transformers and shunt reactarsd their transportation and operation.
Interpretation of FRA measurement results is ugysdiformed by comparison between the measured
frequency responses using correlation analysis \amgbus indices [1], showing a difference of
frequency responses in a wide frequency range.

The approach based on pair correlation coefficianésreflected in the standard DL/T 911-2004 [2]
and is implemented in many commercial FRA instrutsen

Despite its simplicity, this approach, being basedhe integral indicators, does not allow to tadke
account the specifics of object under measuremedtiterpret a type and location of the faults.
The standard DL/T 911-2004 strictly set the thregdency ranges (0 — 100 kHz, 100 — 600 kHz and
600 — 1000 kHz) without regard to the type of wimgliand the typical values of its natural
frequencies. Changes of the frequency responsé ifirst frequency range are used as an indicator
of severe damage of the windings, while the changethe second frequency range with equal
correlation coefficient is classified as less sasiwinding damage.

It is obvious that usage of fixed frequency bargiguite conditional, reflects some particular cases
and has various levels of applicability dependimgtlve type of windings. For example, continuous
disc-type high-voltage windings have a first natdraquency typically of the order of 10-20 kHz,
thus the first 5 ... 10 natural frequencies will bedted in the first frequency band (0 — 100 kHXe T
first natural frequency of helical and multilayewtvoltage windings can be of the order of 200-
300 kHz, so the first natural frequency will beltve second frequency range (100 — 600 kHz).

It was shown previously in [3] that qualitativelyffdrent manner of the FRA interpretation can be
made on the basis of the analysis of the desigariemof the object of measurement and appliedstype
of windings based on the analysis of the natuegjdencies of these windings.

The frequency response of individual winding, meadwy end-to-end schemes, contains the set of
resonant and anti-resonant frequencies with difftereature. The individual resonant frequencies
correspond to the natural frequencies of windingillasions, which are their fundamental
characteristics. These frequencies are primaripeddent on the electrical length of the winding th
physical parameters of longitudinal winding insigdat (e.g., dielectric constant of longitudinal
insulation), the location and the electromagnetapting of the individual parts of the winding,
restrictions on the spatial voltage distributiorthiwi the winding (the connection between the wigdin
parts, the connection of winding terminals to €arth

Changes of winding natural frequencies are uswBociated with serious winding faults and have
different pattern depending on the type of faultd &s location.

This report presents an improvement of approacthé¢oFRA interpretation using the patterns of
winding natural frequencies deviations and its i@ptibn in case of winding internal short-circuit
faults (turn-to-turn and disc-to-disc) in the powmnsformers and reactors.

In view of transformer condition assessment thatgoit of two main tasks is of interest, namely:

1) Detection of internal short-circuit fault in thendings.

2) Localization of short-circuit fault in the wirrdj.

With respect to transformer condition assessmenparation the second task is rather optionalesinc
the presence of internal short-circuit fault sigrahtly limits further transformer utilization. Hawer,

this task is demanded in the case of subsequeamtsdimbling and inspection of the transformer in
order to identify internal faults and causes of dgenand assess the transformer repairability.

The first task can be solved by using traditionatmods of diagnosis such as measurement of no-load
losses, voltage ratio and winding resistance, irgeé methods cannot solve the second task.

The solution of first task, i.e. determining thegence of internal short-circuit fault, can be pened
using the FRA by comparing frequency responsesrbeémd after damage, and by comparing
frequency responses between the phases of théomaes.

Recently the works on development of the FRA im@adion and identification of winding internal
short-circuit faults are well under way. For instan the reference [4] presents the results of
measurements on a physical model of the transfowitbrmultilayer cylindrical windings by varying
the inter-winding fault locations and resistancehaf short-circuit jumper. In reference [5] theules

of computer modeling of short-circuit faults in nikalyer cylindrical winding and the dependences of
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deviations of frequency and amplitude the windimpedance maxima depending on the location of
faults are presented. In reference [6] the conafuabout the possibility of assessing the plaadisaf-
to-disc short-circuit fault by constructing the diygle-phase frequency response (Nyquist plot) was
made based on measurements on the physical modeloug approaches of internal faults
interpretation were proposed such as approach basechnsfer function analysis [7] and approach
based on frequency response plotting in polar é¢oatels [8].

In reference [9] the results of measurement oHketo-LV and LV-to-HV transfer functions and the
impedance of multilayer cylindrical winding withgards to short circuit of individual layers were
presented and the symmetry of the variation of wigdmpedance depending on internal short-circuit
fault location regarding winding middle were noted.

This report shows the results of studies conductedcontinuous disc windings to identify the
possibility of solutions of the abovementioned setdask, i.e. approximate location of winding
internal short-circuit faults using the FRA.

2. DETERMINATION OF WINDING NATURAL FREQUENCIES

The approach under development is based on the/simalf changes of natural frequencies of
transformer windings. To identify the natural freguies an approach [3, 10] can be used which is
based on the comparison of the winding frequengparses measured with open and shorted
secondary windings as well as analysis of windiativa admittance calculated from amplitude and
phase of frequency responses.

An idea of this approach is that the spatial distion of winding current at first natural frequéessc
has nodes in which the current changes directi@nre&ult the currents in adjacent winding sections
near these nodes have the opposite direction. Mie iBduced in the turns of the secondary winding
are mutually compensated, and the magnetic fliwemgded by the primary winding penetrates the
magnetic core, without encountering reaction fromdecondary winding.

Thus, the short circuit of secondary winding haacpcally no effect on the admittance of primary
winding at the frequencies corresponding to natfreduencies of the considered primary winding
and has no influence on values of these naturgliéecies.

However, at frequencies much lower than the fir#hdimg natural frequency the condition of
secondary winding, its short-circuiting, has aruehce on the penetration of magnetic flux in the
magnetic circuit and return path of magnetic flard therefore leads to a significant changes in the
admittance of considered primary winding and resbrieequencies related to interaction between
windings (figure 1). This rule applies both for ewrhost HV windings and innermost LV windings.
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Figure 1 — Frequency response of primary windingsuead with open and shorted splitted secondary
windings (LV1 and LV2)

The algorithm for determining the winding naturegduencies [3, 10] contains the following main
steps:

1. Approximate evaluation of winding admittance dzhson measured frequency responses
corresponding to open-circuited and short-circugedondary winding
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where U, and U, — input and output voItageA=‘LTZ/LTl‘; ¢ =0(U,,U,); Z — matching

impedance of response measurement charfek capacitance to earth at connection point of

response measurement channel (capacitance of bushipacitance of leads connecting winding end

to bushing and leads between windings as well paaiance of measurement cables and connecting
wires).

2. Approximate evaluation of winding active admtte G as real part Ol 12.

3. Determination of resonant frequencies, whictresponds to maxima dbi2 at open-circuit and
short-circuit condition of secondary winding.

4. ldentification of natural frequencies as resaorii@yuencies at which there is an agreement betwee
frequency responses (active admittances) corregmpiml open and shorted secondary winding.

It should be noted that the presence of the parasipacitance Cs causes an error of evaluation of
admittance and its real part based on the restiER& measurements which is increasing with the
growth of frequency. It can be observed in higlyfiency range, for example, by means of abnormal
increase of active admittance (figure)2,obtained from the expression (1). However, iacfical
cases, this error begins to affect at the freqsncioser to 1 MHz, and generally does not preclude
from determination of winding natural frequencidspower transformers and shunt reactors in the
frequency range up to several hundred kHz.
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Figure 2 — Active admittance of primary winding widpen and shorted splitted secondary winding:
logarithmic scaled) and zoomed linear scale) (

3. DETERMINATION OF WINDING SHORT-CIRCUIT FAULTS

Reference [3] presents the results of studiesasfuency response deviations in the presence of turn
to-turn and disc-to-disc short-circuit faults penfi@d on a real-scale physical model of continuadsis d
type winding.

Typical experimentally obtained dependences ofddnationsdf of the first five natural frequencies
in the case of disc-to-disc short-circuit faulte ahown in figure 3 (similar results were also oisd

by modeling with usage of white-box models), whieiis relative electrical distance from the winding
start to a midpoint of a winding section affectgdlie short circuit.
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Figure 3 — Winding natural frequency deviation @&se of short-circuiting of twa] and six b)
adjacent discs [3]
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As it can be seen from figure 3, in case of inteshart-circuit faults there are the certain paiseof
winding natural frequencies deviations, dependingttee location of the short-circuit fault. These
patterns are almost symmetrical when consideredingnis symmetrical about its middle.

The obtained dependences can be explained on e dfathe spatial voltage distribution along the
windings at one of its natural frequencies.

The spatial voltage distribution and considereduratfrequency do not change significantly when
short-circuit occurs between winding points haviemgproximately equal values of potential. For
example, when the short circuit occurs in the neddf winding, the changes of odd natural
frequencies will be negligible (figure 3), becausaximum of spatial voltage distribution at odd
natural frequencies takes place in the middle oftimg. And vice versa, the short circuit of winding
section near the nodes of the spatial voltage ilbigion at certain natural frequency leads to a
significant change of this particular natural fregqay. So, the short circuit at the winding stad and
leads to increase of all natural frequencies, hattscircuit at winding middle leads to increasdhn
second, fourth and so on natural frequencies.

Considered essence of the natural frequencieseasdd for interpretation of FRA measurements and
solving of the two above-mentioned practical tagkgliagnostics related to short-circuit faults. In
general, the internal short circuit leads to reiumctof the electrical length of the winding, and
therefore the winding natural frequencies shahegitincrease or remain almost unchanged (if the
short-circuit fault occurs near the maximum of &dawoltage distribution at certain natural
frequencies). This important property can be usedre of the main sign of the internal short-circui
fault in the winding.

In case of winding placed on the magnetic core larosign of the internal short-circuit fault is a
significant increase of first antiresonance freqyein frequency response corresponding to open
secondary winding. The first antiresonance frequaadypically of the order of hundreds of Hz to
few kHz, but in the case of the short-circuit fauttmay increase significantly depending on thadesc

of the short-circuit faults.

It should be noted that the increase of first asbnance frequency is not a sign of the presenae of
short circuit exactly in the winding under measueain because the increase occurs in the frequency
responses of all windings of the same core (figgre
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Figure 4 — Frequency response of transformer vplitted LV winding

Thus, the signs of internal short-circuit faults d¢ee:

1) Significant increase of the first antiresonafr@eguency (up to several times, necessary but not
sufficient condition);

2) Increase of the first natural frequencies ofutlvading (sufficient condition).

4. LOCALIZATION OF INTERNAL SHORT-CIRCUIT FAULTS

In order to reveal the possibility of localizatiofi internal short circuits in the windings the sagd
were conducted using white-box modelling and expental measurements on physical models:

- Model No. 1 (figure 5,a) which contains a conting disc winding without magnetic system; the
winding consists of 52 discs, the total numberushs$ of windings 516; the dimensions of winding
correspond approximately to the high-voltage wigdof transformers having voltage classes of
110 kV and above;



- Model No. 2 (figure 5,b) which contains a magoetystem with two core legs, each having an
identical continuous disc winding containing 54cdisvith 7 turns in each; the average diameter and
height of the windings are approximately 430 mm @@d mm correspondingly.

Figure 5 — Models No. JaJ and No. 21f)

The main results of experimental studies on modelINare given in [3]. In this report new resuits
analysis of measurement are presented.

The deviations of first three natural frequenciesven in figure 3 can be represented in the forrhef
pattern on the radar chart.

It can be shown that usage of more than three alaftgquencies can increase the accuracy of
determining the location of internal short circuut for simplicity the description of the approach
using the first three natural frequencies is givelow.

To plot the pattern on the radar chart it is neags® use relative values of deviatidia', df;' anddfs’
which can be obtained from dividing of the estimatalues of natural frequencies deviatialfis df-
anddfs to the base values.

In general, the maximum value of deviatdfnaxwithin the entire length of the winding (see fig.8)

for i-th natural frequency can be used as base valudgdarth natural frequencies, but this value is
usually unknown. Alternatively, base valdf.se for constructing a radar chart can be taken as
maximum of the current values of natural frequendieviationsdfpase= maxgfi, dfz, dfs).

Figure 6 shows typical patterns in the form ofrigies of natural frequencies deviations for theehr
cases of short circuit of the two discs, located @lative distanck = 21,2, 36,5 and 48,1%.

Figure 7 shows an alternative presentation of paitén the form of points corresponding to the
centroids (centres of mass) of the triangles ohéterral frequencies deviations.

+ 2x-212%
+ 2x-36,5%
+ 2x-481%

df3 df2

Figure 6 — Triangles of natural frequencies dewizti Figure 7 — Centroids of triangles of natural
frequencies deviations

The position of the center of mass of the triangfl@atural frequencies deviations in the Cartesian
coordinates can be calculated as:



df,' —df,’ Y = 2df,’ - df,’ - df,’
2J3 1 7° 6 '

Using the representation of the centers of massanigles, the measurement results shown in figure
will take the form shown in figure 8.
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Figure 8 — Centroids of triangles of natural freagies deviation in case of short circuit of twocdis
located at. = 0+50% @) andL = 50+100% )

From figure 8 it can be seen that the centroidBiangles are rotated in counter-clockwise directio
on a spiral path from region No. 1 to region Navi¥en short-circuit location is moved from winding
start to winding middle. Further movement of shwrtuit location in the direction to the windingden
leads to reverse rotation of centroids from redjian 7 to region No. 1.

Thus the coordinates of the centroids can be coenty represented in polar coordinates:

o =+ Xt o= arCtarﬁyo/xo)-
For the considered example, the obtained dependenardg, are shown in figure 9.
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Figure 9 — Dependencesmgf(a) andgo (b) in case of short circuit of two (1),
four (2), six (3) and eight (4) discs

The dependence b versus relative distandein the rangd. = 20 +~ 80% can be approximated by the
expression

. ( 3mr
=130sinl — L —77|+190, 2
P, [100 j (2)

wherego in degrees.
On the basis of approximation (2) the locationtadrs circuit in the winding can be estimated as

L= arc5|r[¢° 19())100 (3)
130 3



To use the expression (3) it is necessary to litmt values ofpo in the range from 60 to 320°
(if @o < 60° set tapo = 60° and ifpo > 320° set tapo = 320°).

Alternative dependence ¢f as function of distande in the rangd. = 20 +~ 80% can be approximated
by the expression

¢, =—810L 50 +330, (4)
and equation for estimation bfis as follows
L =50+ (¢, — 330)/81. (5)

Expressions (4) and (5) are simpler to computddsstaccurately describe the dependengg.of

It should be noted that the symmetry of the natfrequencies deviations relatively to the winding
middle complicates the task of determining the @la fault. The expression (3) returns the
coordinate oL in the range of 20+50%. To determine which oftthe halves of the winding is short-
circuited it is necessary to use additional criteliscussed below.

In the rangd. = 0 + 20% and. = 80 + 100%, the fault location can be approxityatietermined by
the values of, andgo as follows:

- if ro < 0,12 the relative distande= (0 + 13)% or (87 + 100)%; the mean values ofttlese ranges
i.e.L=6,5% or. = 93,5% can be used for unambiguity;

- if r0 > 0,12 andpo < @o.L=20% the relative distancke = (13 + 20)% or (80 + 87); the mean values
13,5% and. = 86,5% can be used for unambiguity.

The divergence of results of estimation of thetféadation using equations (3) and (5) are shown in
figure 9.
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Figure 9 — Divergence of estimation of the fautiation in case of short circuit of two (1), foud,(8ix
(3) and eight (4) discs
a) approximation by equation (3)) approximation by equation (5).

In the rangd. = 20+80% the divergence of estimation by equaf®)nand (5) and actual position of
short circuit does not exceed 5%. In the range0@%:-2nd 80+100% divergence of the position
estimation does not exceed 5% in case of shouitiof two and four discs. The largest deviation is
up to 9% in case of short circuit of eight discsédese the discreteness of the position estimaign (
and 13,5%).

Table 1 shows the natural frequencies and theiiatiens in case of short circuit of two turns isch
No. 13, 26 and 39 in model No. 1. The absoluterenrthis case did not exceed 3%.

The natural frequencies and their deviations ire aasshort circuit of several discs for model No. 2
are shown in table 2. The divergence of the faadation estimation using the equation (3) for this
model does not exceed 5%, and the equation (5% gmer not greater than 7,5% (the latter not shown
in table 2).

The radar chart can be divided into 7 regions spoading to values of: 0+13% (87+100%);
13+20% (80+87%); 20+27% (73+80%); 27+33% (67+73BJ+37% (63+67%); 37+45% (55+63%)
and 45+50% (50+55%). In this case the task of apprate evaluation of the location of the internal
short circuit can be done graphically by plottirge ttriangle of natural frequencies deviation and
determination of the region in which is locatedcigmtroid of the triangle.



Table 1

Natural frequencies, kHz Deviations, % L, % Error
Case estimated eg. (3),
f1 fa fa dfy df; dfs by eq. (3) actual %
No fault 87 154 | 211 | — — — — — —
SC at turns # 1-2,
disc # 13 95 155 214 8,8 0,8 1,7 25,8 23/4 24
SC at turns # 9-10,
disc # 26 87 173 211 0,0 12,2 0,0 50,0 499 0,1
SC at turns # 1-2,
disc # 39 94 154 217 8,0 0,0 2,9 73,9 73/4 0,6
Table 2
Natural frequencies, kHz Deviations, % L, % Error
Case estimated eg. (3),
fa fo f3 dfy dfy dfs by eq. (3) actual %

No fault 160 370 583 — — — — — —
SC at discs # 1-8 223 472 752 39,4 274 | 28,8 6,5 7,4 -0,9
SC at discs # 9-22 274 377 615 71,5 1,7 5,3 24,3 27,8 -3,4
SC at discs # 23-24 165 448 718 31 20,9 23,0 39,8 42,6 -2,8
SC at discs # 25-30 160 554 587 0,0 49,6 0,6 50,0 50,0 0,0
SC at discs # 31-42 209 428 756 30,8 14,2 29,6 70,3 66,7 3,7
SC at discs # 43-54 253 53p 810 58,2 43,7 | 38,8 93,5 88,9 4.6

Assessment of winding half affected by short-circcn be done based on the analysis of the
amplitudes of the first natural frequencies of treqcy responses measured by direct and reverse
measurement schemes.

In reference [3] it was shown that in the case whshort-circuit takes place close to the winding
terminal connected to voltage source, the maximbéispatial voltage distribution for the first natura
frequency is higher. This can be explained asWdloNVhen the terminal of winding start is connected
to the source and the terminal of winding end thea the voltage at the first natural frequencthim
first part of the winding, adjacent to winding $fancreases to its maximum value, and the volttge
the second part is reduced to zero. This can blaiegg by the occurrence of a capacitive current in
the first part and the inductive current in thessetpart of the winding.

The occurrence of short-circuit leads to the apgreae of the fault current, which tends to compensat
the voltage drop across the shorted section of imgsd In the discs located near the short-circuited
section of the winding, an inductive current causgdinductive coupling induces with opposite
direction to the main current flowing from sourdéhus, the induced current reduces the voltage
growth in the second part of the winding and leadseduction of maximum voltage achieved as
compared with the case of short circuit at first pawinding closer to winding start.

Higher values of voltage to the earth and otherdimigs across the winding under consideration
causes a greater capacitive current from this wondihis capacitive current returns to the source
through the impedance of the measuring device aadsl to increased values of the measured
frequency responses, especially at the first nbfgguency.

The difference of frequency responses due to thenref a capacitive current is considered in detai
in [11].

Unlike external HV winding, where most of the cafige current returns to the source through the
measuring impedance, the internal LV windings mexyuire the use of special measurement schemes
with unearthing of source and transformer undersmesanent [11, 12].

Figure 10 shows the frequency responses for theeimdd. 2 measured in the direct and reverse
schemes, as well as schemes for measurement adiaglement of transformer admittance matrix
(Yaa and Ysx, winding start and end terminals correspondinfly)the cases where the short circuit
take place at the first 8 and the last 12 discs.
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Figure 10 — Frequency responses of winding modePNo case of short circuit at discs # 1a84nd
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From figure 10 it is seen that the frequency respsrof the direct and reverse schemes coincide with
each other in a wide frequency range. It makes ssipie to identify which of the two halves of the
winding affected by short circuit. However, there differences in the frequency characteristigs Y
and Yix.

When short circuit occurs at winding start in thecd with numbers from 1 to 8 the first natural
frequency is about 223 kHz. It clearly appearshim frequency characteristics of the FRA and.Y
Frequency responsexy in addition to the natural frequencies of the meed winding contains
additional resonant peaks. This is due to thetfatt during the measurements of winding of the left
core leg (see figure 5,b) the end of measured winfterminal X) were also connected to the end of
the winding of the right core leg. Thus, the meadurequency characteristicy contained double
resonant peaks represents the result of composifidrequency response of the two windings, in
which one has an internal short circuit and shiftatural frequencies, and the second is not affecte
by short circuit and has no shift of natural freogies.

In practice, this is a typical situation because easured winding can be connected in delta gr sta
and only one phase could be affected by interndd.fAs can be seen from figure 10,a the valuéef t
frequency responsexY at a frequency of 225 kHz is less than value efftaquency responsewy.

When the fault takes place in the winding end andhils # 43-54 the overall picture is similar, et
that the first natural frequency is about 253 kidd ¢he value of the frequency responsg 4t this
frequency exceeds the value of the frequency respwx.

Thus, the half of winding having internal fault dag identified by measurement of diagonal elements
of the transformer admittance matrix and the comsparof their values at the first natural frequency

5. DISCUSSION

A. Applicability of the approach based on the analysis of the natural frequencies

The objectives of this work were to evaluate thesgalities and develop the methodology of FRA
interpretation. The proposed approach of FRA imtgiion based on the analysis of patterns of
natural frequencies deviations gives additionaloopmities for the analysis of the results compared
using a correlation analysis and integral indexes.

The report shows the possibility of determining finesence of an internal short-circuit fault and an
approximate determination of its location in theneihg based on deviations of winding natural
frequencies. The approach does not claim applicalidr all types of windings and types of short
circuits. It is an integration of results of theitedbox modelling and experimental measurements on
models of the windings. The assessment of degrés applicability for a wide range of practicable
types of windings and combinations of internal faunkquires further studies.

Concerning the applicability of the natural fregoymnalysis for the interpretation of other typés o
winding faults it need to be mention that:

a) Buckling — the radial compression, as a rulad¢eto a small reduction of the insulation gap
between the core and LV winding or gap between hd BV windings (in the case of buckling of
MV winding in three-winding transformer); this lesado the small decrease of the first natural
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frequencies of the considered windings, therefdarean be identified by the deviation of natural
frequencies;

b) Tilting — the deviations of the natural frequieiscof the winding are minor; there are changes of
amplitude of frequency responses; it can be idedtiby the absence of significant changes in natura
frequency and visible changes of frequency respanggitudes at frequencies corresponding to the
winding natural frequencies;

c) Loss of clamping — in general, it may not beawpanied by significant change of axial
dimensions and the longitudinal capacitance of wieding; because the electrical length of the
winding and its main physical and geometrical pat@ms remain unchanged, the changes of natural
frequencies are negligible; currently the pre-tdapressboard is widely used for spacers having
shrinkage at rated clamping pressure of several dieat few percent; loss of clamping of the order
of several tens of percent from its design valugictvis typical in operation, may not be identifieg
analysis of frequency responses and winding naftequiencies; however, obvious changes in natural
frequencies may be in case of damage of clampiggaind axial displacement of winding due to high
axial short-circuit forces.

B. Sensitivity of the method

Internal short circuit faults, including turn-tortufaults, cause significant deviations of the raltu
frequencies. For instance, in the model No. 1 i ¥oaund that turn-to-turn short circuit faults et
discs Nos. 13 and 26 lead to changes in the nafte@liencies similar to disc-to-disc short circuit
faults. Despite a small proportion of the windiraggected by the short circuit (0,4 %) the deviasion
of natural frequencies are about 9-12% (figureitildase of turn-to-turn faults. With the increase i
the number of turns affected by the short cirdhit, deviation of natural frequencies increases simo
linearly. The deviations of natural frequenciescted0-35% when short-circuited section contains 80
turns, which is about 15% of the total number ohsu

40

351

30r

—o— 1, (disc# 13)
=/, (disc # 26)

0 10 20 30 40 50 60 70 80
Number of shorted turns

Figure 11 — Deviation of winding natural frequesctkepending on number of turns affected by short-
circuit fault

Thus, the approach of localization of short cirelnased on deviation of the first natural frequencs
quite sensitive both disc-to-disc and turn-to-tsinort circuit faults.

C. Accuracy of determining the location of short-circuited section

From figure 3 it is seen that the higher the nativegjuency, the greater the degree of variatidribe
deviations in the ranges of the relative lengthhef windingL = 0+20% and 80+100%. This implies
the possibility of increasing the accuracy of tiséineation of short circuit place in the start andl e
parts of the winding by increasing the number afstdered natural frequencies.

For instance, in the model No. 1, it was found thlén using the first four natural frequenciessit i
possible to extend the range of application ofayeroximationpo of the form (2) up td. = 15 + 85%,
and to make the separation in the first (second)ipahe ranges 0+12% and 12+15% (85+88% and
88+100%, respectively). In this case, the largégtrdence of the estimation in case of short circui
from 2 to 8 discs is not more than 7%.

In practice, however, natural frequencies with narabmore three are not always clearly expressed in
the frequency responses of transformer windings there can be difficulties with their identifioari.
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Thus, using the first three natural frequencigsréderred in terms of complexity of computation and
the accuracy of fault location.

D. Correction of deviations of natural frequencies

For the studied physical models of disc windingswas found that the maximum values of the
deviations at first natural frequencies differsnfreach over, as a rule, not more than 1,3 + 1,8sim
For example, the maximum values of the deviatidrb® first three natural frequencies at figura 3,
are about 17, 18 and 15 %. The largest-to-smatkdgs is about 1,2, and this difference can be
neglected.

In general case, the maximum deviation of the iildizl natural frequencies can vary significantly

and it is advisable to add into the basic algoritam adjustment:df,’ =df,k,; df," =dfxk;;

Of e = max(dfl, df k., dfgkg), wherek; andks — correction factors.

For instance, in the few studied white-box modéldisc windings, the greatest deviations along the
entire length of the winding at the second and tgreater extent, the third frequencies were skevera
times smaller than the largest deviation of thst firatural frequency. In this case, for a wide eaofy
relative lengthL the deviation of the first natural frequerdfy dominates on other natural frequency
deviations and without any correction the triangfaleviations at the radar chart is shifted maioly
the first node.

The issue of determining correction coefficientsan-trivial and requires further work. As a first
approximation, the correction factors can be defiagk; = |G121/ G12i|1/I , WhereGiz.1 andGaz; — the
value of the active admittance at the first atlol natural frequencies. Applicability of this asjment

is based on the results of research on white-bostefscand physical models of disc windings. As a
rule, the greater the deviation of théh natural frequencyfi, the greater the maximum of spatial
voltage distribution; max for this particular frequency (for example, sep.[B addition, the larger the
value ofU; max the greater the currents and the losses, aneftiner the value of the active admittance
G2 at i-th natural frequency. For the first natural fregeies with numbers andj the ratio of
maxima of spatial voltage distributidh ma)Uj.maxCan be approximately estimated as the ratiG.ef/
Gi2; corresponding to open secondary windings.

E. FRA measurement schemes

The approach used in this report to determine abftgquencies is based on comparing the frequency
responses of a particular winding with an opensimatted secondary winding.

Measuring the frequency responses with open andeshdow-voltage (or intermediate-voltage)
winding is widely used for high-voltage and intedize-voltage windings.

In case of low-voltage voltage winding connectedstar with neutral brought out the common
practice is to perform a short circuit by connegtiogether the phase terminal$ andc (u, v, andw)
without connection to the neutral terminmal This practice is reflected in IEEE Guide for FRA
application and interpretation [13].

That is fair enough for the windings connected éttad where the connection between line terminals
of the three phases leads to short circuit eacth@fphases of this winding. However in case of
windings connected in star, this practice is ndirely correct, because instead of short circuitirfig
winding phase under measurement by means of coondmtween its start and end points, in fact,
the short circuit is done between line terminalgdifferent winding phases. At high frequencies the
windings typically have capacitive input impedanesd therefore the connection between line
terminals acts like capacitive loading of phasedivig under measurement on two other phase
windings. Such kind of short circuit has little gommon with real short circuiting of phase winding
under measurement at high frequency range.

Thus, for identification of winding natural frequaes when secondary windings is connected in star
with neutral terminal, the short circuit shall bade by connection together the four termirzals, c,
andn (u, v, w andn) or by phase-by-phase short circuits of line ardtral terminals (the latter is
more preferable).
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To identify the natural frequencies of the innenalings, it is also useful to make the measurement o
frequency responses with shorted outer winding., (ilégh-voltage winding), that is not yet a
widespread practice.

It should be noted that for a star-connected sesmgynaindings without neutral terminal, the desctdbe
approach is not applicable in an explicit form, dogse usually there is no possibility to conneat lin
terminal to the neutral point in case of liquid-iewsed transformers. However, given the fact timat, i
practice, in power transformers the most commonrdimign connection is delta and star with neutral
brought out, this approach covers a significant pamostly used cases.

6. CONCLUSION

The report presents the approach to the analystheofvinding frequency responses based on the
determination of natural frequencies of the congidevindings and its deviations caused by internal
winding faults.

The presence of an internal short circuit in on@divig placed on certain magnetic core can be
identified by a significant deviation of the frequg of the first antiresonance. The criterion of
internal short circuit in the winding could be acriease in the first natural frequencies of thedimg.
Both disc-to-disc and turn-to-turn short circuitifta cause considerable deviations of winding r@tur
frequencies and thereby it can be detected by FRA.

Depending on location of internal short circuit tire windings there are certain patterns of the
deviations of winding natural frequencies whiclugsially symmetrical with respect to the midpoint of
this winding. The presence of patterns allows émalization of internal short circuit in the windi
based on the analysis of frequency responses, leowe symmetry of patterns may require the use
of additional schemes of frequency response measunte

The approximate localization of short circuit inetltontinuous disc winding can be performed
graphically by plotting the triangle of deviatiooffirst three natural frequencies and determimatb

the region in which lies the centroids of thisngée.

The approximate localization of short circuit cdsoabe performed using an approach based on the
approximation of the coordinates of the centroidthe triangle of deviations of natural frequencies
Determination which of the two halves of the wirgBnhas a short circuit can be performed by
measuring the diagonal elements of the admittaratesoof the considered winding.

For the determination of natural frequencies amerpretation of frequency responses of high-voltage
windings the short-circuit of LV winding connectiedstar with neutral brought out should be done by
connection together of three line terminals andnaéterminal or phase-by-phase connections of line
terminal of the measured phase with the neutrahiterl. Also it is desirable to include into the
standard measurement schemes the scheme in whidhciftuit of outer high-voltage winding is
done during the measurement of frequency respdrineer low-voltage winding.
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