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eQUiValent circUits Used in the diaGnostics  
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a b s t r a c t 

an equivalent circuit of the insulation system in power transformers comes in many forms. in tests for the 
dielectric loss tangent (tgδ) of the main insulation, the equivalent circuit has been simplified to two-ter-
minal RC series connected or parallel connected circuits. for direct current tests of groundwall insulation 
modelling, two two-terminals circuits are required – one for charging and shorting, the other for the voltage 
recovering after shorting. the model turn-to-turn insulation may also be presented by two-terminal circuits. 
the parameters of the two-terminal circuit can be determined by direct current. the tested winding is ener-
gized by dc voltage, the current is interrupted and the voltage waveform on the terminals of the winding is 
recorded. the parameters of turn-to-turn insulation (equivalent circuit parameters) are calculated from the 
voltage waveform and they can be used for diagnostic purposes.
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s t r e s z c z e n i e 
schemat zastępczy układu izolacyjnego transformatorów energetycznych ma wiele postaci. w badaniach 
stratności tgδ izolacji głównej schemat zastępczy upraszcza się zwykle do dwójników RC, połączonych 
równolegle bądź szeregowo. w badaniach izolacji głównej napięciem stałym odwzorowywanie układu 
izolacyjnego wymaga już dwóch dwójników: jednego dla ładowania i zwarcia, a drugiego dla napięcia po-
wrotnego po krótkotrwałym zwarciu. izolację międzyzwojową można także odwzorowywać dwójnikiem. 
Parametry tego dwójnika można wyznaczać prądem stałym. Uzwojenie badane zasila się prądem stałym, 
a następnie wyłącza się prąd i rejestruje przebieg napięcia na uzwojeniu. Z przebiegu napięcia oblicza 
się parametry izolacji międzyzwojowej (parametry schematu zastępczego), które można wykorzystać do 
celów diagnostycznych. 
Słowa kluczowe: transformator energetyczny, izolacja główna, izolacja międzyzwojowa, schemat zastępczy 
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1. Introduction 

insulation systems comprised of cables, transformers, electrical machines and other elec-
trical devices are multi-layered. electrical phenomena appearing inside the insulation system 
are adopted to the equivalent circuits, as shown in the literature. there is no simple equiva-
lent circuit for the insulation system. for example, Г. Вайда [5] gives several different ver-
sions of alternative schemes. one of the simplest examples of the insulation is the insulation 
of a single conductor cable in a metal screen. even this simple insulation system is charac-
terized by spatial distribution and for this reason, it is represented by the equivalent circuit 
with distributed parameters. it can be illustrated by a two-terminal circuit with an internal 
ladder structure which consists of capacitances and resistances connected as shown in fig. 1.

fig. 1. equivalent circuit of the insulation system, the example

the transformer insulation system is more complicated, it can be distinguished: turn- 
-to-turn insulation, the insulation between the windings of the upper and lower voltage and 
the insulation to the core. in figure 2, an equivalent circuit of the transformer is shown. 
however, there is no universal equivalent circuit which would be perfect for all phenomena 

fig. 2. an equivalent circuit of the transformer insulation system including groundwall  
and turn-to-turn isolation
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appearing in the insulation system, especially during fast transients. the equivalent circuit 
shown in fig. 2 is well constructed for an electrical phenomena appearing in the system 
during the normal operational state of the transformer. this scheme, according to the needs, 
can be simplify to a two-terminal RC circuit.

equivalent circuit of the insulation system shown in fig. 2 consists of two orthogonal cir-
cuits – groundwall and turn-to-turn insulation. these circuits can be used during the receipt 
tests as well as diagnostic tests. 

2. Examination of the main transformer insulation

2.1. testing the insulation with ac voltage

tests of insulation with ac voltage are made each time the transformer is new or after 
repair or during the diagnostic. the program of receipt tests of the transformer, in accordance 
with standard [3] and the instruction of exploitation [4] includes the measure of impedance 
of insulation system Xx, the measure of dielectric loss factor tgδ and the dielectric strength 
test. the impedance value of the insulation system Xx is used, inter alia, to determine the rated 
power of the transformer used in the dielectric strength test. during the diagnostic test of the 
transformer with alternating voltage, the dielectric loss factor tgδ is usually measured. in this 
case, the equivalent circuit is simplified to a two-terminal circuit with clustered parameters 
Cx, Rx, connected in parallel or in series, as shown in figs. 3 and 4. these tests are usually 
carried out on one winding and the other windings and frame are grounded. in this case, the 
capacitance Cx is calculated from the equivalent circuit (fig. 2). similarly, the resistance is 
also calculated from the equivalent circuit (fig. 2).
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the formulas for calculation of the capacitance Cx and the resistance Rx do not include the 
parameters of turn-to-turn insulation Riz, Ciz, so the insulation system is orthogonal.

fig. 3. the parallel equivalent circuit of the insulation system and the definition of angle δ

in parallel equivalent circuits, the dielectric loss factor tgδ is calculated as:
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fig. 4. serial equivalent circuit of the insulation system and the definition of angle δ

in serial equivalent circuits, the dielectric loss factor tgδ is calculated as:
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U
U

C RR

C
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2.2. testing the insulation with dc voltage

the equivalent circuit of the insulation system tested with dc voltage must contain at 
least three elements: two resistances and capacitance, as shown in fig. 5.

fig. 5. interpretation of the charging and discharging of the insulation

the test of insulation with dc voltage consists of switching the voltage U0 at the time 
t = 0, on uncharged insulation systems and recording the current waveform i(t) and the volt-
age waveform uiz(t) in the measurement circuit shown in fig. 5. the transient condition lasts 
from 60 to 600 s. this time depends on the rated voltage of the winding insulation system 
and its volume. after determining the current level at time t1, the voltage U0 is switched off 
(switch W1) and the insulation system is short (switch W2). the short time of the insulation 
system lasts until t2 and is Δtz = t2 - t1. the time difference Δtz can range from a few to tens of 
seconds. it depends on the rated voltage of the winding, the volume of the insulation system 
and its technical condition. the voltage on the internal capacitance of the insulation system 
during the short time period is reduced to a value UC2. after opening the insulation system at 
the time t2 (switch W2), the voltage on the insulating system uiz(t) recovers to the maximum 
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value Umax, which is achieved at the time t3. in the literature, this voltage is also known as 
the return voltage. then, the return voltage is slowly reduced to zero. the insulation system 
discharges itself. the waveforms of the voltage on the insulation system uiz(t) and the current 
i(t), which are measurable, and the voltage on the capacitance uC(t), which is not measurable, 
are presented in fig. 6. the current ic is also unmeasurable.

fig. 6. waveforms for voltage on insulation system uiz(t), the charging current i(t) and the voltage on 
the capacitance of the insulation system uC(t)

the voltage waveform Uiz(t) and current waveform i(t) in the time interval 0 ≤ t < t1, are 
correctly simulated using the equivalent circuit shown in fig. 5. based on this circuit, equa-
tions describing the charging of the insulation system can be calculated as:
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from the steady value of the current IR, the resistance of the insulation system is determined, 
this is called R60 = Rx. from the current measurement after 15 and 60 seconds, from the time the 
voltage was switched on, i.e. I15 = i(t = 15), I60 = i(t = 60) the absorbency index R60 / R15 is calculated.
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from the electrotechnics point of view, the resistance R15 is calculated from the circuit 
(fig. 5), is a complex, but in practice the resistance R15 is calculated from the measured val-
ues – equation (5).

the voltage waveform Uiz(t) and the current waveform i(t) in the time interval t1 ≤ t < t2, are 
also correctly simulated using the equivalent circuit shown in fig. 5. based on this scheme, the 
equations describing the discharging of the insulation system can be calculated as:
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the capacitance Cx of the insulation system is not completely discharged. the capacitance Cx 
(fig. 5) has some electric charge QC. at the time t2, the insulation system is open. after opening 
switch W2, the voltage on the insulation system uiz(t) recovers. the course of the recovery volt-
age is continuous, from zero to the value Umax. the value Umax for the insulating system occurs 
at time t3. the equivalent circuit of the insulation system shown in fig. 5 does not present the 
course of the recovery voltage in time interval t2 ≤ t < t3. in this case, the course of the recovery 
voltage can be described by another simple equivalent circuit. the scheme is shown in fig. 7.

fig. 7. equivalent circuit of the insulation system to interpret the recovery voltage

in accordance with the equivalent circuit shown in fig. 7, the course of the recovery volt-
age on the insulation system in the interval t2 ≤ t < t3, can be approximated by the equations:
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the time interval t3 ≤ t < ∞, is a time when the insulation system discharges itself, the 
voltage uiz(t) decreases from value Umax to zero. the course of voltage uiz(t), can be simulated 
by the equivalent circuit shown in figs. 7 and also 5. Using the equivalent circuit from fig. 5, 
the equations which describe the self-discharging of the insulation system can be calculated as:
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all determinations of equations (4) to (7) are shown in figs. 5–7.
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3. Determination of turn-to-turn insulation condition of transformer

the determination of turn-to-turn condition of transformers insulation is an unsolved 
problem. Most of the failures known to authors, have their beginnings in the turn-to-turn in-
sulation fault, resulting in a shorting. exposure to surges in the turn-to-turn isolation can come 
from the supply side and from the consumers of the electricity. there are many surge-gener-
ating sources. in the power transformers, which are directly connected to the gene rator, the 
sudden turning off of the receiver results in the increase of the generator’s voltage. 

the winding of the transformer has spread parameters – capacitance, inductance and 
resistance, for the voltage wave. the voltage wave induces damped electromagnetic oscilla-
tions and its distribution and the maximum value changes over time and quickly disappears. 
however, the most exposing on the damage are turns which are close to the leads. even if 
a wave voltage is small, but often repeated, there is a high probability to reduce the dielectric 
strength of the turn-to-turn insulation of the first turns of the winding and these are the places, 
which are shorting the most.

fig. 8. a measurement diagram for testing the turn-to-turn insulation of the power transformer

fig. 9. the voltage waveform U(t) on the terminals of phase b after switching off the current 
I = 50 ma
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fig. 10. the voltage waveform U(t) on the terminals of phase b after switching off the current 
I = 50 ma, when an additional turn is short

the capacitance of turn-to-turn insulation and the diagnostic tests of these kinds of insu-
lation can be performed with dc voltage. the measurement diagram is shown in fig. 8. the 
phase b of winding Gn was fed with a direct current, which had a value of I = 50 ma. after 
the current reached a steady value, the source was turned off, and the voltage waveform U(t) 
on the terminals of phase b were recorded with an oscilloscope. the voltage U(t) is shown 
in figs. 9 and 10.

the maximum value (fig. 9) Umax = 1340 V was obtained at the time t = 0.26 ms after 
switching the current off. the time constant of the first part of the wave is T1 = 0.177 ms, the 
time constant of the second part of the wave is T2 = 1.22 ms.

the maximum value (fig. 10) Umax = 464 V was obtained at the time t = 0.06 ms after 
switching current off. the time constant of the first part of the wave is T1 = 0.043 ms, the time 
constant of the second part of the wave is T2 = 4.05 ms.

the voltage waveforms shown in figs. 9 and 10 grows from zero to the value Umax, and then 
decreases to zero. these waveforms are determined by the parameters of winding resistance 
R and inductance L and turn-to-turn insulation parameters capacitance Ciz and resistance of 
insulation Riz (fig. 2). Voltage rises from zero to value Umax during the time interval 0 < t ≤ Δt. 
for this interval, the equivalent circuit shown in fig. 11 can be assigned.

fig. 11. equivalent circuit corresponding to conduct the voltage across the winding in the time 
interval 0 < t ≤ Δt

the rise of the voltage waveform can be approximated by the exponential function:
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the capacitance of turn-to-turn insulation in transformer insulation system can be de-
termined with the energy contained in the inductance L and transferred to the capacitor Ciz:

 0 5 0 52 2. . maxLI C Uiz=  (10) 

the capacitance Ciz is a little bit higher than the real one, because in equation (10), it was 
assumed that all energy of the inductance L is transferred to capacitance Ciz and does not 
include energy dissipation on resistance R at the time Δt.

for the time interval Δt < t < ∞, the equivalent circuit corresponding to reduce the voltage 
to zero, is shown in fig. 12.

fig. 12. equivalent circuit corresponding to the voltage waveform in the time interval Δt < t < ∞

the decrease of the voltage value to zero, for the time t > Δt can be approximated by an 
exponential function. the time constant T2 of the exponential function is calculated from the 
area under the waveform of the voltage U(t), then the resistance of insulation Riz is calculated:
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t a b l e  1 

Summary of turn-to-turn insulation parameters

figure
L I Umax Umax / I T1 T2 Ciz Riz

H mA V kV/A ms ms nF kΩ

11 18.00 50 1340 26.80 0.177 1.22 25.0 49

12 0.11 50 464 9.28 0.043 4.05 1.3 —

13 14.00 50 1180 23.60 0.246 1.06 25.0 42
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the parameters of turn-to-turn insulation system: capacitance Ciz and resistance Riz, were 
calculated from the waveforms of voltage U(t) (figs. 9 and 10) and shown in table 1. as is 
presented in table 1, voltage Umax or (Umax / I) time constants T1, T2, capacitance Ciz can be 
used for diagnostic purposes.

4. Conclusions

Power transformer insulation system include the groundwall and turn-to-turn insulation. 
the electrical parameters of the insulation system are distributed. electric equivalent circuits 
of this type of insulation systems may be approximated with two-terminal circuits with an 
internal ladder structure (fig. 2). simplified two-terminal circuits are used in practice during 
the diagnostic tests of insulation system. those simplified circuits are built with clustered RC 
parameters. the structure of this scheme is chosen to correctly simulate the real waveforms 
of the current and voltage during the diagnostic tests of the insulation system. diagnostic 
tests of the groundwall insulation of the power transformers are well developed [1, 2]. this 
article shows only the dielectric loss factor tgδ and recovery voltage, as they have a direct 
relationship with the equivalent circuit of the insulation system. the article does not discuss 
the issue of partial discharges and oil testing.

a new proposition, in relation to those known from literature, is a diagnostic test of turn- 
-to-turn insulation. it is proposed that for diagnostic purposes, the voltage waveform on the 
terminals of winding after switching off the current was used. during the switching off of 
the current, the voltage induced in each coil is identical. such tests may be recommended in 
the receipt tests of the transformer, as an attempt to voltage surges. the short-circuit inside the 
insulation system affects the value of the inductance as well as the capacitance and resistance 
of the turn-to-turn insulation. Voltage waveforms U(t) and the results summarized in table 1 
show that it is possible to perform such tests as receipt tests of the new or repaired transformer. 
these results [voltage Umax or (Umax / I) time constants T1, T2, capacitance Ciz], can be used as 
reference data in the turn-to-turn insulation diagnostic tests performed in subsequent years of 
transformer operation.
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