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Abstract. In article advantages and shortcomings of a method of the frequency analysis of a
condition of windings of transformers are considered. This control method of a condition of
windings of the transformer is based on comparison of the amplitude-frequency characteristics
(AFC) of the diagnosed transformer with its amplitude-frequency characteristics in good re-
pair. It is reported that in various frequency ranges it is possible to find manifestations of vari-
ous defects and bruises of windings of power transformers and autotransformers. Using a pulse
frequency analysis method, the amplitude frequency response spectrum is examined in fre-
quency ranges from zero to 2 MHz. Types and places of defects of transformer winding are de-
termined from value and direction of frequency offset of amplitude-frequency characteristic
lines. Such types of defects can include changes in the state of windings, violations of the
pressing mechanism, displacement of winding turns relative to each other. In order to deter-
mine the type and magnitude of the defect, this method creates a mathematical model of the
transformer. An important task in the simulation of transformer windings is the connection be-
tween strain types and transformer elements.

Keywords: method of the frequency analysis, amplitude-frequency characteristic, transformer
winding, defect of a winding.

1. Introduction

Electric equipment of electrical power systems and networks has to be in operating state throughout all
serviceable life. The power transformers (PT) are one of electrical power systems and networks major
elements, and reliability of power supply of consumers depends on their correct work. In electrical
networks of any tension transformers and autotransformers of single-phase and three-phase execution
are used. According to GOST 11677-85 and GOST 52719 2007 the manufactured transformers till
2008 have standard endurance of 25 years and after 2008 — 30 years. Now, about 50% of the trans-
formers which are on stream have endurance more than 30 years and developed the standard resource.
[1-3].

For life extension of transformers methods of their monitoring and diagnostics are constantly im-
proved. Early detection of defects in the transformer allows to reveal possibility of a contingency situ-
ation and to make the decision on a planned stop without interruption of power supply of consumers.
On the basis of results of comprehensive examination of the transformer recommendations about the
mode of its further operation and volume of the repair work necessary for life extension of the trans-
former up to 40 years and more are developed. [1].

According to the conducted researches power transformers at power plants and substations are af-
fected by following hazards:
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turn—on magnetization currents at inclusion of which lead to damage of windings because of
development of electric and mechanical transition phenomena;

the storm and switching overvoltages causing damages of the major and coil insulation at
small stocks of electric strength;

increases in a running voltage because of the noncompensated charging power of power lines
which lead to saturation of cores of power transformers;

short-circuit currents making mechanical impacts on windings. External short-circuits have al-
so larger danger. They can lead to deformation of windings at their insufficient dynamic firm-
ness;

an overload of power transformers which leads to additional heating and as a result, to de-
crease in endurance because of an isolation aging;

the geomagnetic and induced currents arising at the strong geomagnetic storms. These cur-
rents proceed on the grounding windings of power transformers and cause saturation of cores.
It leads to an increase in nonsinusoidal magnetization currents, to increase in heating of struc-
tural elements of power transformers. In this case there is a malfunctioning of relay protection
and automatic equipment and indexes of quality of electric energy go down. On extended
high-voltage air-lines the magnitude of geomagnetic and induced currents reaches the working
values of currents in lines [4-6].

The main methods of diagnosing and the revealed defects of power transformers are given in ta-

ble 1 [7].
Table 1. The main methods of diagnosing and the revealed defects.
Ne  Diagnosing method The revealed defects
M f insulati . . .
1 qasurement of insulation The strong humidification, pollution
resistance
Measur§ment 0 f'a complex admlF_ Humidification, local destruction by categories, dete-
2 tance, dielectric losses and capaci- S .. )
. . rioration in characteristics of oil
ty of isolation
3 Deﬁr.ntl.on of .the al?sorptlve char- Humidification
acteristics of isolation
4 Definition of physicochemical Humidification, aging, overheating, pollution, thermal
characteristics of oil decomposition of materials
The analysis of the gases dissolved .
5 in oil Thermal and electric breakdown of structural elements
. . Local defects (inclusions), change of distribution of
6 Measurement of partial categories . . g .
tension on designs, electric destruction
7 Measurement of resistance of cur- Damage of current carrying elements and switches of
rent carrying parts devices of regulations of tension
] Measurement of losses of a no- Violation of isolation of elements of a magnetic cir-
load operation cuit
M f resi f . L . L
9 easur.eme.:nt ofresistance of a Deformations of windings, interturn short circuits
short-circuit
10 Measurement of the frequency Deformations of windings

characteristics of windings

2. Materials and Methods
For decrease in damage from the emergency shutdowns of transformers and autotransformers, also for
decrease in economic damage from errors of measurements of transformers of tension and current, it is
developed and the system of various control of their state is exercised. One of the modern and effec-
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tive control methods of a condition of windings of transformers is the continuous and pulse methods of
the frequency analysis (MFA). In various frequency ranges, as a rule, from 10 kHz to 1 MHz it is pos-
sible to find manifestation of defects and bruises of windings of power transformers and autotrans-
formers. The changes of the inductive and capacitive characteristics of a winding arising at emergence
of various defects of a winding significantly influence an amplitude-frequency characteristic. Model-
ing of defects is performed if change of winding dimensions and accordingly change of winding elec-
trical parameters are known. The connection between strain types and transformer elements is an im-
portant task in the simulation of transformer windings. The main defects of power transformer wind-
ings include the following.

1. Winding displacement - When the winding is displaced, the distance between the winding coils
changes. At the same time the natural inductance of coils does not change, but their mutual inductance
changes. Longitudinal capacity between coils increases as distance decreases and decreases as distance
between coils increases.

2. Increase in a winding - leads to increase in length of a winding at the size AL that leads to reduc-
tion of inductance and longitudinal capacities.

3. Compression of part of turns - reduces the distance between turns or coils, if the winding is com-
pletely affected, the whole height of the winding decreases. This results in an increase in inductance
values and longitudinal capacitances.

4. Local deformation (crease) of turns to winding axis changes the diameter of turns, which leads to
reduction of inductance values and increase of transverse capacitance values.

5. Local deformation (increase) of rounds from a winding axis - the mentioned part of a winding
takes the ellipse form, diameter increases in one party and decreases in another, it leads to increase in
inductance and reduction of transverse capacitance.

6. Winding part twisting - leads to reduction of diameter of affected winding part, winding size by
height does not change, its radial size also remains unchanged. Such a defect results in a decrease in
the respective inductance values and an increase in the respective transverse capacitance values.

7. Winding short circuits between turns are the end result of destruction of paper insulation, loss of
electrodynamic resistance of windings under the action of operational factors and, first of all, short
circuit currents with further breakdown of insulation in the place of deformation. The winding voltage
is reduced and the transformation coefficient is increased, as well as the temperature is increased and
the winding overheats, the number of turns in the winding is reduced and the ohmic and inductive re-
sistance of the turn is accordingly reduced and the longitudinal capacitance is increased.

8. Ground turn closure - the affected turn acquires zero potential and the ground capacity becomes
Zero.

9. When the winding is bent, the transverse capacitance and inductance of the substitution circuit
are changed by 20%, as a result, it is obtained that resonances are shifted towards higher frequencies,
with subsequent appearance of a difference between amplitude-frequency characteristics.

10. Damage of magnetic circuit is simulated by change of successive elements, and curve of ampli-
tude-frequency characteristic is shifted towards higher frequencies.

11. Oil leakage leads to changes in parallel capacity and conductivity, amplitude-frequency re-
sponse changes towards decreasing frequencies. The effect of the tank and oil on the amplitude-
frequency response is more noticeable at a frequency of 10 kHz and more.

The method of the frequency analysis of windings is based on comparison of the amplitude-
frequency characteristics of the diagnosed transformer with the amplitude-frequency characteristics
removed in good repair. But for successful application of a method of the frequency analysis for the
purpose of monitoring of a condition of windings it is necessary to have transformer amplitude-
frequency characteristics in operating state. All newly produced power transformers and autotrans-
formers have factory (reference) amplitude-frequency characteristics. For transformers released earlier
than 2005, such factory characteristics are largely absent. For primary monitoring of the state of power
transformer windings, which do not yet have reference amplitude-frequency characteristics, a number
of techniques have been developed: a) comparison of amplitude-frequency characteristics of different
phases of the same transformer; b) comparison of amplitude-frequency characteristics of identical
phases of different single-type transformers. The method of diagnostics consists in definition of inter-
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vals of frequencies of separate spectral components of an amplitude-frequency characteristic of a
winding at accidental variations of electric parameters of efficient power transformers and autotrans-
formers.

The method of the frequency analysis originally called method of low-voltage impulses (LVI) was
offered in 1966 (LechandTuminski) for diagnostics of deformation of windings of power transform-
ers [8]. The method of the frequency analysis is more sensing and exact method in comparison with
other methods of diagnostics. In 50 - the 60th years the frequency method was generalized on lumped
parameter systems of management. In 1978, the Disk and Egvin were among the first who used a
method of the frequency analysis for detection of deformation in windings of the transformer [9]. The
method of the frequency analysis was included in the standard of the Republic of China in 2004 [Fre-
quency response analysis on winding deformation of power transformers // The electric power indus-
try standard of people’s Republic of China. Promulgated on December 14th, 2004, executed from
Junelst, 2005]. The principle of a method of the frequency analysis is based on use of Impluls-9 in-
stallation which includes the laptop with the plateaus established in it for record and processing of sig-
nals and a square wave-form oscillator. The software under the name IFRA allows to make calibra-
tion, testing of a metering circuit, record of signals, filtration, preservation in the database, comparison
of oscillograms, means of their processing and the analysis. A conclusion about existence or lack of
deformations in windings is accepted on the basis of the criteria put in the program.

In a method of the frequency analysis two approaches are used: the continuous and pulse [10-12].
Depending on the scheme and group of connection of windings of a power transformer, measurement
by method of the frequency analysis is taken in the different ways. Generally windings of low tension
are connected in a one-piece triangle. At such connection of windings the source of the testing signal
is connected to one of winding conclusions, and the response is removed from other conclusion. At
such scheme of connection, all three phases of a winding are excited. In certain cases, at removal of a
tank of the transformer it is possible to take measurements at which windings of low tension are disu-
nited [13]. In this case each phase is excited separately. The way of measurements with the disunited
winding of low tension demands opening of the transformer that is a heavy work and takes a lot of
time. At connection of a winding in a star each phase is excited separately, and the testing signal is
given on an entrance of one phase, and the response is photographed from a generic neutral point.

The pulse method of the frequency analysis (IFRA — Impulse Frequency Response Analysis) is that
on one of windings of the transformer the short square-wave probing pulse of low tension about 100 +
of 600 V and lasting about 1 microsec of (figure 1) moves.

At) A

A
v

Figure 1. Form of a signal of the
Impulse-9 device given on the stud-
ied winding.

Impulse-9 device is used in frequency analysis method. Transient process is excited in examined
winding. Digitization of amplitudes of input and output signals with different sampling rate is per-
formed (in Impulse-9 device maximum sampling rate is 200 MHz). The ratio of the output signal and
the input signal gives a time-dependent value of the transmission coefficient of the winding K(t). Im-
pulse-9 has built-in Fourier transform function of signals depending on frequency [10]. Fourier trans-
form of output signal produces pulse amplitude-frequency response of winding. Since the amplitude of
the input signal in the frequency range depends on the frequency, the ratio of the output signal to the
input signal, that is, the value of the transmission coefficient, is determined.
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Dependence of transmission coefficient obtained in pulse mode using Impulse-9 device coincides
with amplitude-frequency characteristic of winding obtained at smooth continuous change of frequen-
cy of input sinusoidal signal of fixed amplitude. The thus obtained amplitude-frequency characteristic
of the winding of the analysed transformer is compared with the amplitude-frequency characteristic of
the same winding of the transformer, previously recorded in its serviceable condition. Such amplitude-
frequency characteristic recorded at the factory or during operation of the transformer prior to occur-
rence of the defect is called a normogram. The amplitude-frequency characteristic recorded after the
possible occurrence of a defect is called a defectogram. If the correlation coefficient between the
normogram and the defectogram is greater than 0.96, the transformer is considered usable. If the corre-
lation coefficient is less than 0.96, it is considered that the defects in the transformer require immedi-
ate elimination, and the transformer must be taken out for repair. The type and number of defects with-
in the frequency analysis method are not determined. In order to link the defect in the winding to the
change in the amplitude-frequency spectra, it is necessary to create a theoretical model of the winding
with distributed parameters (type of long line model).

Recently, works have appeared in which attempts have been made to apply standard spectroscopy
methods to the analysis of amplitude-frequency characteristics of transformers in order to increase the
information value of the frequency analysis method and to obtain information on the type of defect, its
value and position in the winding before the beginning of repair with opening of the transformer tank.

The procedure of measurement by a pulse method is explained by the key diagram represented in
figure 2 and the scheme of connection of devices in figure 3. After start-up of the program, control of
parameters of measurements and selection of the command "Start" is launched the generator of the
probing impulses via the control unit connected to an entrance of the Start-up generator. At this Ana-
log-to-digital converter (ADC) it is automatically transferred to a waiting mode of record of signals.
From the output of the Impulse — 9 generator the square-wave probing pulse passes on the internal
connector and a measuring cable on an entrance of the coordinating (connecting) block installed on a
transformer tank cover.

Generator of

. Transformer Responses
impulses

R > A/\V/\v

| |

Removal, filtration, statistical processing, calculation of rang-
es and transfer functions

Figure 2. The basic scheme of measurement by a pulse method of
the frequency analysis.

Further, from the output of the coordinating block via the external connector connected to one of
inputs of the transformer (input of a neutral, input of a winding or connection of inputs of windings of
one tension) by means of a clip, the probing impulse enters on an object winding. From the same input
the signal via other external connector coordinating the block, a measuring cable, the internal connect-
or and a divider of K1 (1:20) enters on the 1st ADC channel. Reaction of windings (responses) to in-
fluence of the square-wave probing pulse from inputs of three phases sequentially enter via the exter-
nal connector coordinating the block and a measuring cable on the 2nd ADC channel — through a di-
vider of K2 (1:5) or immediately on ADC.
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Figure 3. Scheme of connection of devices at measurement by a pulse method of the
frequency analysis.

The Impulse-9 installation represented in figure 3 includes:
square-wave pulses generator;
laptop;
to ADC plateau;
control unit;
the software (IFRA) providing the procedure of measurements, processing, the analysis and
assessment of results of diagnostics.
Also are included in the installation package the calibrator, dividers, cables, connectors coordinat-
ing the block, the instruction (user's guide).

3. Results

Failure of windings of transformers makes in the sum about 44% of total number of damageability.
Ranges of amplitude-frequency characteristics change depending on the changes of parameters of in-
ductance and capacity of a winding caused by change of sizes of windings of the transformer. It does a
method of the frequency analysis sensitive to internal parameters of a winding. Model operation of
defects is made if change of the sizes of a winding and respectively change of electric parameters of
winding dimensions is known. Communication between types of deformation and elements of the
transformer is an important task at model operation of windings of the transformer. For example: — at a
winding bend, the cross capacity and inductance of the equivalent circuit for 20% changes, as a result
it turns out that resonances are displaced towards the highest frequencies, with the subsequent emer-
gence of a difference between amplitude-frequency characteristics; — damage of a magnetic circuit is
modelled by change of serial elements, and the curve of an amplitude-frequency characteristic is dis-
placed towards the highest frequencies; — oil leak, as shown in [10, 14], leads to changes of parallel
capacity and conduction, the amplitude-frequency characteristic changes towards decrease of frequen-
cies. Influence of a tank and oil on an amplitude-frequency characteristic more considerably with a
frequency of 10 kHz and more.
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4. Discussion
According to authors [15], vertical displacement of a winding is found with a frequency of 100 kHz,
and radial deformation — with a frequency up to 10 KHz and is higher than 100 kHz.

Authors of work [16] claim that different types of defects lead to change in different ranges of a
range of an amplitude-frequency characteristic. Deformation in a magnetic circuit, residual magnetiza-
tion, interturn short circuits and splitting of chain of a winding can be found on changes in a frequency
range from 20 Hz to 2 kHz. In the range from 2 kHz to 400 kHz it is possible to find deformations in
windings and in the device of regulation of tension under loading. In the range from 400 kHz to 2
MHz the shift and clamping of wires of a winding in the device of regulation of tension under loading
is found. Such assumption allows to estimate location of defect quickly.

In [17] assessment of a deviation of resonances through calculation of coefficient of a percentage
deviation of resonances for finding of the place of defect is used. Such approach of localization of de-
fect is defined in the larger ranges that can cause monitoring errors. It is known that destruction or de-
formation of windings happens because of mechanical influences of electrodynamic forces at rated
currents and currents of short-circuits. It is possible to refer deformation of windings to internal dam-
ages of windings of the transformer (compression, drowning, twisting, a swelling, shift etc), interturn
short circuits, partial categories, humidification, pollution by solid impurity, gaseous inclusions and
others. Above-mentioned types of defects come to light by means of application of various control
systems of a state. In work [18] consideration of longitudinal and lateral deformations is given in the
transformer winding conductor, caused by short circuit current, and the useful ratios allowing to esti-
mate lengthening and shift of conductors in a winding at the known current.

5. Conclusion

It is known that the method of the frequency analysis, as a rule, is the comparative method applied to
detection of defects of windings of transformers. In case of lack of input datas of the transformer, re-
sults of measurement of an amplitude-frequency characteristic are compared to data of other phases
(interphase comparison) or with data of the same transformers. A number of shortcomings, such as
distinction of amplitude-frequency characteristics of extreme windings and the winding which is in the
middle of a magnetic circuit, various serviceable lifes of the same transformers, or distinction of issue
dates has this approach. These distinctions influence ranges of amplitude-frequency characteristics and
complicate applicability of a method of the frequency analysis. To lower the listed above shortcom-
ings, it is necessary to develop techniques of definition of frequency ranges which can serve as refer-
ence data for the same transformers. In work [10] the spectral method of processing of observed datas
which demands initial model operation of the experimental range and finding of characteristics of lines
is used. For increase in effectiveness of monitoring of a condition of windings of transformers the
method of the frequency analysis in [10] offered a technique of decomposition of a range of an ampli-
tude-frequency characteristic on separate lines of a range. Such technique allows to determine types
and places of defects of a winding by the size and the direction of shift of frequencies of lines. To de-
termine type and size of defect by this technique it is necessary to create mathematical model of the
transformer. As each type of the transformer has an individual amplitude-frequency characteristic, the
model has to be made for each of the existing types of transformers. Usually, when using a pulse
method of the frequency analysis the range of an amplitude-frequency characteristic is investigated in
frequency ranges from zero to 2 MHz. Some researchers work in higher frequencies (up to 10 MHz)
[19].

In work it is reported about a method of definition of a condition of windings of power transform-
ers and autotransformers on the basis of amplitude-frequency characteristics of these transformers.
Windings of a power transformer are presented to models by the long line with various number of
RLC elements depending on the frequency of a signal and length of a winding. On shift of resonance
lines of a range it is possible to judge type and size of defect of a winding of the transformer. It is pos-
sible to refer changes of geometry of windings as a result of influence to such types of defects round
short circuits, violations of the mechanism of pressing, drowning of rounds, shift of rounds of a wind-
ing relatively each other which can lead to loss of dynamic stability and emergency subsequently.
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