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Abstract: The proposed method of detection the inter turn fault of transformer windings relates to
the area of defectoscopy and allows detecting inter turn faults in a wide range of damaged
(closed) turns. Power and instrument transformers with iron-core are widely used in power
networks. As the insulation ages or is damaged, the wires between various transformer sections
short circuits occur, which inevitably leads to a complete damage of the transformer. Short-
circuited part of the transformer forms an additional winding, the outputs of which are short-
circuited. The transition process of current increasing when DC voltage is connected to the
transformer outputs occurs in diverse ways in undamaged (cut-off) winding section and in the
damaged (short-circuited) section. The current growth rate in the undamaged section of the
winding is determined by high magnetization inductance. The inductance of the short-circuited
part of the winding is much less, so, the current growth rate in the short-circuited part is
significantly greater than the current growth rate in the undamaged part of the winding. The
article presents observations from computer models and real measurements of the substation
auxiliary power transformer, which show the possibility of determining the presence of a turn fault
in regards to the transition process parameters, the rate of current increase and decay in the
transformer winding. The device aimed to find the inter turn faults in the transformer windings,
working according to the proposed method will be quite simple and have a high sensitivity.
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Pezome: Ilpeonacaemass Mmemoouxka OOHAPYICEHUS  GUMKOBLIX — 3AMBIKAHULL — 0OMOMOK
Mpancopmamopos omHocUmcs K obaacmu O0e@exmockonuu u no3eojsem O0OHAPYICUBAMb
BUMKOBbLE 3AMBIKAHUSL 8 0OMOMKAX MPAHCHOPMAMOpPa 6 WUPOKOM OUANA3Z0HE NOBPENCOCHHBIX
(Bamxnymeix) eumxog. Cunogvie U UIMEPUMENbHbIE MPAHCHOPMAMOPLL € JHCENe3HbIM
CEPOCUHUKOM WUPOKO NPUMEHSIOMC 6 dleKmpodHepeemuveckux cemsx. Ilpu cmapenuu
UB0NAYUU, NPU NOBPENCOCHUU UZ0TAYUU, 8 MPAHCHOPMAMOPAX BO3HUKAIOM 3AMBIKAHUSL MENCOY
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BUMKAMU U3 PA3HBIX Hacmell 0OMOMKU, YMO Heu3DeHCHO NPUBOOUm K NOJIHOMY NOBPEHCOEHUIO
mpancopmamopa. Kopomxozamknymas uyacms 06MOmMKU — mpanc@opmamopa  obpazyem
OONOHUMENLHYIO 0OMOMKY, 6bI600bL KOMOPOU 3amMKHymul Hakopomio. I[lepexoownuiii npoyecc
pocma moxa npu NOOKMIOYEHUU NOCMOSIHHO20 HANPAICEHUS K BbIBOOAM MPAHCHOPpMAmMopa no-
DA3HOMY NPOUCXOOUM 8 HENOBPENHCOCHHOU (PA3OMKHYMOU) Yacmu 0OMOMKU, U 8 NOBPENCOCHHOU
(xopomxozamkrymoti) yacmu. CKopocms pocma MOKA 6 HeNnoSpedCOeHHOU Hacmu 0OMOMKU
onpeoensiemcst  OOALWOU  BEIUNUHON — UHOYKMUBHOCMU — HaMacHudeHus.  Hnoykmuenocmo
KOPOMKO3AMKHYMOU 4acmu 0OMOMKY 3HAYUMETbHO MEHbULEe, COOMEENCMBEHHO CKOPOCHb POCMA
MOKA 6 KOPOMKO3AMKHYMOU HACMU CYUeCmeeHHo OOonble CKOpoCcmu pocma moKd 8
Henogpedcoenol yacmu obmomku. B cmamve npusoosmcs nabmodenuss 6 KOMNbIOMEPHOU
MOOenu U 6 peanbHbIX UIMEPEeHUsX Ha Mmpauncopmamope coOOCMEEHHBIX HYHCO NOOCAHYUU
B03MOJICHOCb  ONpedeNeHUsl HANUYUSL BUMKOBbIX 3AMBIKAHUL NO NApamempam nepexooHo2o
npoyecca, no CKOpOCMU HAPACMAHUsL U cnada moxa 8 obmomxe mpaucgopmamopa. Ilpubop,
NPEOHA3HAYEHHbI OISl NOUCKA BUMKOBbIX 3AMbIKAHUWIL 8 06MomKax mpauncgopmamopa,
pabomarowull no npedrazaemol mMemoouxe 6yoem 0OCMAMOYHO NPOCMbIM U UMEMb GbLCOKYIO
4Y8CMBUMENLHOCHTD.

Knioueevie cnosa: mpancgopmamop, ¢heppomacnumnpiii cepOeuHUK, GUMKOBblE 3AMbIKAHUS,
nepexoouwil npoyecc.

Introduction

One of the most frequently-occurring transformer defects is the inter turn fault, when some
of the transformer winding turns is short-circuited [1]. Usually, the presence of inter turn faults is
detected from the parameters of the transformer normal operation at industrial frequency of 50 Hz
[2-6]. Increasing the frequency range during measurements of transformer parameters can increase
the sensitivity of detection methods of inter turn faults [7, 8].

In case of inter turn faults, two parts of a winding are formed: the undamaged part (A in
Fig. 1), which plays the role of the primary transformer winding, and short-circuited one (B in Fig.
1), which works as a secondary transformer winding.

To analyze the operation of the transformer winding with an inter turn fault, consider the T-
shaped model [9] (Fig. 1), where the active resistance of the A turns is Ra; scattering inductance of
the A turns is La; active resistance of B turns is Rb; scattering inductance of the B turns is Lb;
inductance of saturation is Lo (which is less than the initial inductance Lo due to short-circuiting
of B turns); E is the EMF connected to the winding. (All values are given for side A).

Ra La b gy

m

Fig. 1. T-shaped model of winding with inter turn fault (B turns)

Note that the scattering inductances of turns La and Lb are significantly less than the
saturation inductance of L’o, so the time constant Tab (of the Ra-La-Lb-Rb circuit), equal to,
Tap =(La + L)/ (Ry +Ry), is significantly less than the time constant 7o (of the Ra-La-L’o

chain), which is equal to. T(', =(Ly+ L'O)/ R,y. Thus, the time constant Tab of the winding with
inter turn fault is significantly less than the time constant of the saturation circui T7o: Ty, <<T(;

This difference governs the principle of detection the inter turn faults of transformer windings: the
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time constant is measured in wide range, and the presence of transients with a small transition time
clearly indicates the winding short circuits in the transformer winding.

Materials and methods

To illustrate the operating principle of method for detection the inter turn fault of
transformed windings, the Matlab/Simulink software was used to build the model (Figure 2).
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Fig. 2. The model of a transformer with a inter turn short-circuit, which is presented in the form of a
short-circuited secondary transformer winding

Fig 3 presents the parameters of the three-phase transformer model.

A short-term DC voltage of 100 V (from DC Voltage Source in Fig. 2), is supplied to the primary
winding of transformer (Three-Phase Transformer) through the current limiting resistance (Parallel RLC
Branch) of 60 Ohms active resistance. Three-phase breaker (Three-Phase Breaker) connects DC voltage to
the primary winding of the transformer (to the BC winding) in 0.02 seconds after the model start-up. The
second three-phase switch (Three-Phase Breakerl) closes the primary winding of the transformer (BC
winding) in 0.5 seconds after the model start-up. Thus, magnetization of the transformer core occurs in the
range of 0.02 — 0.5 seconds (current increase in the primary winding), after 0.5 seconds, the demagnetization
of the transformer core occurs (current drop in the primary winding).
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Block Parameters: Three-Phase Transformer (Two Windings)
access the neutral point of the Wye.

Click the Apply or the OK button after a change to the Units popup to
confirm the conversion of parameters.

Configuration =~ Parameters = Advanced
Units |SI T

Nominal power and frequency [ Pn(VA), fn(Hz) ]
|[ 16e6, 50 ] |

winding 1 parameters [ V1 Ph-Ph(Vrms) , R1{Ohm) , L1(H) ]
[[1.15e+05 2.2317 0.13681] |

Winding 2 parameters [ V2 Ph-Ph(Vrms) , R2(Ohm) , L2(H) ]
|[1050 0.055814 0.0034216] |

Magnetization resistance Rm (Ohm)
|6.9225e+05 |

Magnetization inductance Lm (H)

2866

Saturation characteristic [ i1(A) , phil(Vs); i2, phi2; ... ]

[0 0;0.89744 343.72;113.6 390.94] |

Initial fluxes [ phiOA , phiOB , phiOC ] (Vs):
[000]

R1 L1

Lm R.m%

o

Fig. 3. Characteristics of transformer used in the model

In the absence of inter turn short circuits (secondary turns of the transformer bc are not
closed), the transformer magnetization inductance is high (Magnetization Inductance Lm (H) in
Fig. 3), consequently, the rate of magnetization current change is small (Fig. 4).

When a turn short circuit occurs (transformer secondary turns bc are closed), the model has
two magnetization inductances: the primary circuit BC and the short circuit of bc turns. Moreover,
the number of turns in the primary winding is much larger than the number of turns in the turn
faults (as it can be seen in Fig. 3, from Winding 1 parameters V1 and Winding 2 parameters V2).
Therefore, the magnetization inductance of the primary BC circuit is much greater than the
magnetization inductance of the inter turn short circuit bc. This is reflected in the rate of increase
and decrease of the magnetization current (Fig. 5): first (up to a time of the order of 0.1 s), a rapid
increase in current occurs in the inter turn short circuit bc.
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Fig. 4. Current in the primary winding BC in the absence of inter turn short circuits.
Horizontal axis is time, s; vertical axis is current, A

Fig. 5. Current in the primary winding BC in the presence of inter turn short circuits (the secondary
transformer turns bc are closed). Horizontal axis is time, s; vertical axis is current, A

After current saturation in inter turn short circuit (as shown in Fig. 6), only the slow growth
of the magnetization current component in the primary winding BC remains (at times from about
0.2 to 0.5 s). After the primary winding BC closes, a similar process occurs: a rapid decrease in the
inter turn short circuit current (Fig. 6) (approximately in the range from 0.5 to 0.7 s), then a slow
decrease in the current in the primary BC circuit (see Fig. 5).
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Fig. 6. Current in inter turn short circuits bc. Horizontal axis is time, s; vertical axis is current, A

Results

From the presented model of inter turn failures in transformers (Figs. 2 - 6), it can be seen
that, based on the large difference in the rates of current change in the primary winding BC and in
the inter turn short circuit bc, it becomes possible to create a device for detecting coil faults in
transformer windings [10], using which the search for coil damage is significantly facilitated.

To verify and test the proposed methodology, transients were measured using an auxiliary
transformer TSKS-40/145/10-UZ of Askold Electrotechnical Plant LLC (TU 3411-002-65653492-
2010, the transformer idle run current is not more than 12%, power is 38 kVA, number of phases
is 3, frequency is 50 Hz, degree of protection is IP 00, rated voltage of HV winding is 10 kV, rated
voltage of HV winding is 0.4 kV, rated current of HV winding is 2.19 A, rated current of LV
winding is 54.9 A , short circuit voltage is 1.48%, insulation class F, circuit and group connection
is Y/Yn-0).

To record transients, the digital oscilloscope 6501 was used; the current in the transformer
windings was measured by recording the voltage drop across the active resistance, connected in
series with the measured transformer winding. Initially, a constant voltage of 8 V (through an
active resistance of 47 Ohms) was applied to the primary HV winding of the transformer (BC
pins). The current through the winding was measured by the voltage drop at a resistance of 10
Ohms, while the behavior of the transient process (with open - Fig. 7 and with closed - Fig. 8 turns
of the secondary LV transformer windings) was similar to the picture observed in the
Matlab/Simulink program (see Figs. 4, 5).

There are several ways for increasing the sensitivity of the proposed method:

1. By increasing DC voltage supplied to the transformer windings, while reducing the
measurement time interval (to maintain the same current in the transformer winding).

2. By applying a constant voltage (measuring transient) in the windings of the lower
voltage (LV).

3. By obtaining the reference measurements of the transient process in all windings of the
undamaged (without winding short circuits) transformer. Further, during periodic measurements,
the current transient measurements in the transformer windings should be compared with the saved
reference measurements.
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Fig. 7. The transient process in the primary HV winding (BC pins). At specific time (5 s) DC voltage
of 8 V was connected to the HV; at time of 11 s HV winding was closed.
The X axis is time, s; the Y axis is voltage amplitude, mV, at a resistance of 10 Ohms
(current measurement in the HV primary winding)
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Fig. 8. The transient process in the primary HV winding (BC pins), the secondary LV winding (BC
pins) are closed. At a time of 33.5 s, a DC voltage of 8 \VV was applied to the HV
through a resistance of 47 Ohms; at a time of 39.5 s, the HV winding was closed.
The X axis is time, s; the Y axis is voltage amplitude, mV, at a resistance of 10 Ohms
(current measurement in the HV primary winding)

Further DC voltage of 8 V (through an active resistance of 10 Ohms) was applied to the
secondary LV transformer winding (bc pins), the current through the winding was measured by the
voltage drop at a resistance of 1 Ohm. A clear difference between the transient process in the
absence (Fig. 9) and in the presence (Fig. 10) of inter turn fault (additionally wound one short-
circuited turn on the B phase core) was observed.
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Fig. 9. The transient process in the secondary LV winding (bc pins). At time of 0.02 s
a constant voltage of 8 V through a resistance of 10 Ohms was applied to the LV; at time of 0.10 s,
the LV winding was closed. The X axis is time, s; the Y axis is voltage amplitude, mV, at a resistance of 1
Ohms (current measurement in the LV secondary winding)
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Fig. 10. The transient process in the secondary LV winding (bc pins) in the presence of inter turn fault
(additionally wound one short-circuited turn on the B phase core).
At time of 0.02 s a constant voltage of 8 V through a resistance of 10 Ohms was applied to the LV; at
time of 0.10 s, the LV winding was closed. The X axis is time, s; the Y axis is voltage amplitude, mV, at a
resistance of 1 Ohms (current measurement in the LV secondary winding)

Conclusions

Thus, in the proposed method for detection the inter turn faults of transformed windings,
the transients are measured in wide ranges of times, which allows tuning away from transformer
magnetization currents, by measuring the transient in the fault itself, namely in the short-circuited
turns of the transformer winding. This solves the task of detecting the inter turn faults in the
transformer windings in a wide range of damaged (closed) turns.

The author expresses his gratitude to Badretdinov Nail (head of the laboratory of the
educational and research center "Electric Power Engineering” of KSPEU) and Zapechelnyuk
Eduard (head of the laboratory of the department “Relay protection and automation” of KSPEU)
for assistance in measurements.
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