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Abstract -This paper presents two methods for determining
the dielectric stresses occurring in the tap winding of a
lightning pulse autotransformer. The first method is to im-
plement the equivalent circuit using the ATP / EMTP pro-
gram, and the second method consists in testing the auto-
transformer at a low voltage impulse before being put into
the tank. The design of the autotransformer was done tak-
ing into account the results obtained with ATP/EMTP. This
fact allowed the design of the winding structure as well as
their location in space to obtain uniformly distributed over-
voltages along the axial and radial direction of the coil as-
sembly. The results of the laboratory tests performed on the
autotransformer, validated the results obtained with ATP /
EMTP.
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I. INTRODUCTION

The transformer is the most important equipment in the
electric power transmission and distribution system. Its
importance derives both from its high cost and from the
fact that it ensures the proper operation of the national
energy system.

Extreme dielectric and mechanical stress occurs in the
case of transient regimes such as: overvoltage caused by
lightning impulse, no-load connection and two or three-
phase short-circuit.

Since surges can cause major malfunction in transform-
ers, it is of great interest to improve the models for com-
puter-assisted simulation of transformer phenomena aim-
ing at a correct prediction to eliminate the negative conse-
quences.

The optimization of the design leads to the reduction of
the manufacturing costs by using the minimum quantity of
oil, paper, cardboard, stainless steel, copper wire and elec-
tromagnetic board, but also the decrease of the failure rate
during the technical performance validation tests. The use
of advanced modeling techniques for the electric and
magnetic circuits implemented in high-performance nu-
merical resolution programs provides research tools both
for designing the structure of the windings and for locat-
ing them in order to achieve evenly distributed overvolt-
age.
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Various methods and approximations have been pre-
sented in the specialized literature to determine the dielec-
tric  stress which occurs when the trans-
former/autotransformer undergoes lightning impulse test-
ing.

As the analytical approach to the determination of the
response of the windings to the lightning impulse stress
became complicated with the transition from uniform
windings to interleaved windings, this problem was trans-
ferred for solving to numerical methods for solving differ-
ential equations that define electromagnetic phenomena in
the transformer. At the same time it was passed from the
theories of the standing waves, respectively, travelling
waves applied to determine the response of transformer
windings at surge stress to the simulation of the winding
with circuits with lumped parameters. The analysis of
such a network divided into a finite number of uniform
sections, by using the Laplace transform was presented in
[1].

The application of the Runge-Kutta method to solve the
2nd order differential equations for the purpose of deter-
mining the distribution of the voltage impulse along the
winding of a transformer was given in [2].

In [3] is approached the equivalent network of a three-
phase transformer which is characterized by a 2nd order
equation with matrix coefficients. This equation is solved
by the Milne method [4]. The same type of equation is
solved in [5] and [6] by converting it into a system of two
ordinal 1 equations, which in turn were solved by recur-
sive integrations.

The MATLAB Program currently has a standard func-
tion, built to solve the 1st order systems [7]. If the equiva-
lent circuit of the windings also contains mutual induct-
ances, they are replaced by uncoupled elements by using
the analytical relations presented in [8]. In this way the
circuit can be analyzed by using the methods described
above, because it is a purely resistive circuit.

The difficulty of achieving the equivalent circuit is giv-
en by the existence during the transient regime, of both the
electric field and the variable magnetic one over time.

The two fields influence the value of capacitances, of
the self-inductance and mutual inductance and of the re-
sistance. In order to reduce the difficulty of solving partial
differential equations, the analyzed winding is described
by sections where the inductances and capacitances are
represented by lumped parameters, and partial differential
equations are approximated by ordinary differential equa-
tions that are resolved by numerical analysis.
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One of the most accurate descriptions of the equivalent
circuit is the description of the winding by the capacitance
between the turns, resistances and the associated induct-
ances [9].

Another proposed model [10], [11] consists in the rep-
resentation of the transformer by two electromagnetic
coupling circuits. In this model, the variable magnetic flux
over time induces in the electrical circuit a voltage that
establishes a level of the electrical current, which by the
resulting current linkage constitutes in the magnetic circuit
a source which, depending on the magnetic reluctances,
establishes a new level of magnetic flux.

The models based on the inductance and self-
capacitance of an area in the winding interfaced with a
magnetic core model by using the duality principle are
described in [12], [13], [14].

Based on the principle of electric and magnetic cou-
pling circuits Dommel achieved the first variant of the
ATP/EMTP program [15].

ATP/EMTP (Alternative Transient Program — Electro-
magnetic Transient Program) is used worldwide for the
analysis of the switching phenomena and the propagation
of lightning wave on the lines of transmission or distribu-
tion of electricity, the coordination of the network insula-
tion and the study of voltage oscillations, the modeling of
relay protection, the study of harmonics and the quality of
electricity [16-19].

The ATP/EMTP program package is a very powerful
software means for analysis of transient regimes in electri-
cal networks of high voltages, which gives the user the
possibility of modeling the polyphase networks of the
extended networks [20], [21] as well as the investigation
of faults in the electrical network [22], are associated with
a high computing speed.

II. THEORETICAL CONCEPTS

Test circuit with lightning impulse of the autotrans-
former is shown in Fig. 1, and the layout of the tap coil
relative to the tertiary (T), secondary (JT) and primary
coils (IT) in Fig. 5.
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Fig. 1. Test circuit with lightning impulse.
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The tap winding is executed from the CTC (Continu-
ously Transposed Conductor) (see Fig. 2) conductor and
the type of winding is continuous in two layers (see Fig.
3).

Fig. 2. Conductor CTC (Continuously Transposed Conductor).
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Fig. 3. Placing in two layers of tap coil turns.

The CTC is used the most for the windings of power
autotransformers/transformers. It consists of a set of
enamel rectangular conductors, usually with PVF enamel,
which are twisted to create a rectangular cable. In this set
each wire takes successively and repeatedly every position
possible within the cross section of the conductor.
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The bulk wires are wrapped in pure cellulose paper
strips. This conductor is used to manufacture low-loss
windings for high-power autotransformers/transformers.

The increase of power of autotransformers/transformers
has intensified the need for increased efficiency.

According to the “Ecodesign” European Directive it is
necessary to drastically reduce the losses that occur at the
operation of an autotransformer/transformer and the use of
the CTC windings has improved this important feature of
the construction of autotransformers/transformers.

The adoption of the CTC presents a great advantage by
reducing the losses through eddy currents, especially at
the end of the windings.

In addition, a considerable increase in the winding
space factor is possible, due to the very small thickness of
the insulation of separate conductors and it is possible to
obtain a more uniform distribution of the temperature
from one end to the other of the winding.

An electrical circuit consists of two CTC conductors in
parallel (see Fig. 4)
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Fig. 4. Explicit transposition inside CTC conductors.
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Fig. 5. Tap coil layout.
A. Calculation of self-inductances

The inductance of the layer placed on the insulating cyl-
inder of the coil [7]:

T-a,

[

where: L; - is the inductance of one of the four sections
forming the first layer, £4, H /m - magnetic permittivity,

AL, =u, N*- (1)
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N - number of turns of the first layer, @, - mean radius of

the coil, | - the length of the coil between two consecutive
steps of the tap coil.

The inductance of the second layer is different from that
of the one layer medium radius of the winding having

another value (a,) [7]:

T-a,

4L, = py-N*- ]

()

B. Calculation of capacitances to ground

Capacitance between the tap coil and the tertiary coil
(neglecting solid insulation):

2-7m-&y-6. -1
CRT= OA ru (3)

In

et

€ - electric permittivity of vacuum, g, - electric permit-
tivity of oil, 1 - length of tap coil, R;; - inner radius of tap
coil, R, - outer radius of tertiary coil.

C. Capacitance between tap coil and secondary coil (LV)
Ryt - represent the inner radius of secondary coil and
R.; - outer radius of tap coil

2-w-gy-€, 1

InR,,
R
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CR—JT =
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D. Calculation of capacitances between the two layers of
the tap coil at the free end area

-l

r
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ru
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R

G (5)
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/.- length of the segment in the coil of the tap winding
containing its potential-free end;

Rje- the inner radius of the layer 2;

Re1- outer radius of the layer 1.

Due to the fact that the first layer has 8 segments, each

)
of 8 turns, /, =—:
8

E. Calculation of series capacitance of tap winding

If the tap winding has 8 electric circuits with 8 turns in
the circuit, we approximate that the voltage is evenly dis-
tributed along the 64 turns.

If the voltage applied at the end of the winding is noted
“U”, it results that the voltage on the turn is “U/64”.

Considering that when switching from a position of the
load control switch, the next position creates surges up to
20 times higher than the voltage on a coil, increasing the
insulation, for example: twice the insulation between the
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neighboring spirals exit to the switch at each stage of ad-
justment.

Thicker paper insulation means reduced capacitance be-
tween turns, which is offset by increased capacitance
through end effect. The energy stored in the tap winding
has the following expression [7]:

ER:sH;c.(g.gm
+7.[7.c.(7.m

where: C represent the capacitance between two turns.

In the equation (6), by twice increasing the thickness of
the insulation to 6 pairs of coils adjacent to the output of
an adjustment step, for the energy conservation doubled
the voltage on the coil.

Usually the insulation is increased for the next 3 ad-

justment steps, in both directions, adjacent to the adjust-
ment voltage corresponding to the rated voltage.

1
2
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If we note with Cs; the total series capacitance of a step
in the tap winding, it results from the equality between the
stored energy that:

32.Cc.U* _C,-U?
2 2

@®)

so C,=32-C

The capacitance between two turns is calculated by the
relation:

_ &8 -E'Dm(hc +k)
tl

n

C

©

where:

€ - 1s the permittivity of vacuum,

&y~ relative permittivity of the oil-impregnated paper,
Dy,.-average diameter of the tap winding,

h.- height of conductor in radial direction,

k- end effect coefficient (k=0,025),

t, - thickness of paper insulation.

The total capacitance between turns is:

Cou=4-C (10)

The total series capacitance of a control step of the
winding has the value

total
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C,=32-C (11)

total

F. Calculation of tap winding resistance

With R, we note the measured DC resistance of a tap
step. For the equivalent circuit of the tap winding, the re-
sistance will be calculated taking into account the penetra-
tion of the electric field with the electrical frequency of 15
kHz to the conductor winding.

The frequency of 15 kHz is specific to the lightning im-
pulse wave front [10]. Corresponding to this frequency,
the penetration depth is 0.6 mm, according to the relation

[7]:
_
[z fu-o

It results that the equivalent resistance for a tap step is:

o

(12)

S
R=R _—% (13)
S
where:
S, - the conductor section,
S'=2-7-r-6 (14)

S” -the equivalent section for high frequency
r - the copper conductor radius,

0. the depth of penetration of the electric field in the
copper section.

Input capacitance value can not be increased enough to
provide insulation between inlet and coil layers. For this
reason, it is necessary to determine by numerical modeling
the voltage level that occurs at the endless potential end of
the control winding. This optimizes the level of insulation
required in the tap winding area.

III. SIMULATION RESULTS

This choice was made taking into consideration the sta-
tistical results of the defects occurred after the laboratory
testing with high voltage lightning impulse (for voltage
rating 400kV the impulse voltage level is of 1425kV, and
for voltage rating of 231kV the impulse voltage level is of
1050kV, according to standards [23], [24].

The surge that occurs at the potential-free end of the tap
winding is due to its free oscillation.

The model of tap winding energized directly by the
lightning impulse (see Fig. 1) is an R-L-C network with
lumped parameters invariable in time (Fig. 6).

For the validation of the proposed model was per-
formed this test with low voltage lightning impulse.

The circuit proposed to be implemented in the
ATP/EMTP program, is for a three-phase oil immersed
autotransformer ATUS-OFAF 400/400/80MVA;
400/231+£8x1.25%/22kV (see Fig. 6). The program has a
library of comprehensive electrical symbols and an inter-
active interface that allows the achievement of the wiring
diagram and the analysis of the operating conditions with-
out delay.
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The results obtained with the ATP/EMTP program for
three-phase autotransformer ATUS-OFAF 400/400/80
MVA; 400/231£8x1.25%/22 kV are presented in figures
7,8,9.

According to the literature [1], [2], [6] and [7] in order
to obtain a uniform distribution of the lightning impulse
voltage, the size of the input capacitance must be as large
as possible, and the ratio between the magnitude of the
series capacitance of the adjustment infiltration and the
size of its capacitance towards the ground is approaching
the unit.

The input capacitance value cannot be increased
enough for reasons of insulation insurance between the
input turns and between the layers. For this reason a com-
promise is made between the level of insulation of the end
free of potential of the tap winding. These insulation lev-
els are influenced by the level of insulation between the
turns of the winding. To optimize these levels it is neces-
sary to use the specialized ATP/EMTP program.

In Fig. 6 it is presented the circuit proposed to be im-
plemented in the ATP/EMTP program where

Ciir /3and C,,_ /3 - represent the dynamic capacitan-

ces between the tap winding and the secondary winding
with earthed neutral, respectively between the tertiary
winding and ground.

In the first analyzed case the capacitance C| , has the
value, and the waveform obtained is shown in Fig. 6.
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Fig. 6. The circuit proposed to be implemented in the ATP/EMTP
program.
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In order to highlight the importance of choosing the
type of interweaving and the reciprocal lay-out of the two
winding steps, two other cases were simulated where the
capacitance had the values:0.34 nF and 9.78 nF.

Fig. 7. The waveform of the surge transmitted at the free end of the
tap winding of an autotransformer (ATP/EMTP).

Unax trans=1-28%Umax imp, typa=5.5 ps, =93 kHz

Fig. 8. The waveform of the surge transmitted at the free end of the
tap winding of an autotransformer when the capacitance is 0.34nF
(ATP/EMTP).

Umax trans:l A45-Umax lmp» tUmax:23 us, f=111 kHz

1o
[T T

Fig. 9. The waveform of the surge transmitted at the free end of the
tap winding of an autotransformer the capacitance is 9.78 nF
(ATP/EMTP).

Unax trans=1.26-Umax imp, tymax=5.5 ps, £=94.3 kHz.
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Iv.

The structure of the circuit for experimental determina-
tion of surges that propagate at the free end of the tap
winding of a autotransformer subjected to low voltage
lightning impulse is presented in Fig. 10.

Measuring equipment and apparatus contained in the
measuring circuit for voltages transmitted are: Repeated
impulse generator (GIR), 100W/220V, 50Hz HAEFELY-
Switzerland; Oscilloscope type AGILENT 54624A, USA;
Pentium 4 computer.

For an autotransformer, single low-voltage impulses
were applied to position 8 of the tap winding a lightning
impulse type voltage with the maximum amplitude of 120
V and the time parameters 1.2/100 ps and was recorded
the surge transmitted at position 1, which represents the
free end of the tap winding.

EXPERIMENTAL RESULTS
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Fig. 10. The circuit for experimental determination of surges that prop-
agate at the free end of the tap winding of a autotransformer subjected
to low voltage lightning impulse.

' i~ Agilent Technologies

Max(3): 120.0V Max(]1): 155V
4 Source &5 Select: Measure Clear
Mas Max Meas

Fig. 11. The recorded waveform of the voltage transmitted at the free
end of the tap winding of a 400MV A/400kV autotransformer when it
was subjected to lightning impulse.

Unnax trans=1-28-Umax imp, tyma=5.5 ps, =100 kHz.
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The oscilloscope was programmed to display the max-
imum values of the two phenomena recorded as well as
the time bases (common for both phenomena) and ampli-
tude (two scales 20V/div and 50V/div respectively).

The results obtained in the test laboratory for a three-
phase autotransformer 400 MVA/400kV are presented in
Fig. 11.

Compared to the results obtained from the simulation,
(see Fig. 7, 8, 9) the differences are very small.

V. CONCLUSIONS

For the validation of the electric circuit with the con-
centrated parameters implemented in the ATP / EMTP
program, as well as the formulas for calculating the con-
centrated parameters from the electrical circuit, the solu-
tion of comparing the simulation result with the result of
the direct measurement of the overvoltage transmitted to
the free end of a real adjustment winding was chosen (
from the construction of an autotransformer with the pow-
er of 400 MVA and the nominal voltage 400 kV) by in-
jecting a pulse with the time parameters 1.2 / 100 ps and
the maximum amplitude 120 V.

There are very small differences between the results ob-
tained by applying the two methods presented in this pa-
per, the percentage error between the value of the voltage
obtained by simulation and the one resulting from the
measurement is 0.3%.

The analysis of the results shows that it is important for
the value of the tap winding input capacitance to be great-
er than the dynamic capacitance between tap winding and
ground. The value of the input capacitance cannot be in-
creased sufficiently due to the insulation between the
winding input turns and between layers. For this reason, a
compromise is made between the level of insulation of the
free end of the tap winding potential and the level of insu-
lation at the input of the tap winding. These levels of insu-
lation are determined by the level of insulation between
the turns of the windings.

At the first analysis it can be concluded that the use of
this type of winding is perfect, but taking into considera-
tion the difficulty of the execution of this type of winding
and the duration necessary to achieve it arises the problem
of reduced productivity. By numerical modeling of the
transient phenomena manifested in the windings, new
solutions can be implemented, such as the winding inter-
leaved in steps at which the element subjected to optimi-
zation is the length of the winding section interleaved and
the rest achieved with continuous winding and also how
the connection is made with the partially interleaved tap
winding.

In the case study presented it was analyzed the impor-
tance of sizing the axial insulation at the ends of the tap
winding and the importance of the connections between
the wires in the structure of the transposed conductor
(CTC).

The modification of the longitudinal and radial insula-
tion between the layers of the coil led to obtaining differ-
ent values of the surges transmitted at the free end of the
tap winding. To obtain a value of the voltage distribution

m

constant & = , as close as possible to the value

N
“17, it was imagined an original system for potential reali-
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zation of the conductive elements in the structure of the
CTC conductor.

The design of the autotransformer was done taking into
account the results obtained with ATP / EMTP. This fact
allowed the design of the winding structure as well as their
location in space to obtain uniformly distributed overvolt-
ages along the axial and radial direction of the coil assem-
bly. The results of the laboratory tests performed on the
autotransformer, validated the results obtained with ATP /
EMTP.
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