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Abstract: This paper describes a comparison of overvoltage propagation in transformer windings.
Expanding and evolving electrical networks comprise various classes of transient waveforms, related
to network reconfigurations, failure stages and switching phenomena, including new sources based on
power electronics devices. In particular, the integration of renewable energy sources—mainly solar and
wind—as well as expanding charging and energy storage infrastructure for electric cars in smart cities
results in network flexibility manifested by switching phenomena and transients propagation, both
impulse and oscillating. Those external transients, having a magnitude below the applied protection
level may have still a considerable effect on winding electrical insulation in transformers, mainly
due to internal resonance phenomena, which have been the root cause of many transformer failures.
Such cases might occur if the frequency content of the incoming waveform matches the resonance
zones of the winding frequency characteristic. Due to this coincidence, the measurements were
performed both in time and frequency domain, applying various classes of transients, representing
impulse, chopped (time to chopping from 1 ps to 50 ps) and oscillating overvoltages. An additional
novelty was a superposition of a full lighting impulse with an oscillating component in the form of a
modulated wavelet. The comparison of propagation of those waveforms along the winding length
as well as a transfer case between high and low voltage windings were analyzed. The presented
mapping of overvoltage prone zones along the winding length can contribute to transformer design
optimization, development of novel diagnostic methodology, improved protection concepts and the
proper design of modern networks.

Keywords: transformer windings; lightning; chopped; oscillating impulse; overvoltages; modulated
wavelet; non-standard voltage waveforms

1. Introduction

Reliability of electric power systems, on both transmission and distribution levels, is an actual
research topic [1-12]. Transformers play a crucial role in electrical networks and belong to the
class of equipment which is not quickly replaceable. The subject of the presented research is the
propagation of overvoltages in the form of impulse, chopped and oscillating waveforms in transformer
windings, considered both in the time and frequency domain. The experiments were performed on
a distribution transformer exposed during normal operational conditions to several surge stresses
in the form of full and chopped lightning as well as switching phenomena. On the other hand, the
integration of renewable energy sources, such as solar and wind, and expanding charging and energy
storage infrastructure for electric cars results in network reconfiguration and the immanently related
propagation of transients, both impulse and oscillating, originating in power electronics devices.
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Hence, transformers are subjected to the non-standardized fast transients such as resonant
oscillations, which may lead to the dangerous amplification of overvoltages inside the windings [3,13].
Proper transformer grounding should also be not neglected, which in case of lightning, may result in a
higher total impedance and can lead to higher transformer terminal voltages than those computed by
ideal grounding [14].

The frequency domain view allowed for the determination of the bands in the spectrum prone
to resonances. If the incoming transient has a frequency content related to the resonance frequency zone,
then the overvoltage amplification inside a winding might occur. Such cases are analyzed in the paper for
various classes of the waveforms. The amplification or attenuation of overvoltages are analyzed along
the transformer winding and also from the high voltage (HV) winding to low voltage (LV) side transfer
perspective. Such tests of voltage exposure and overvoltage propagation allow a check of transformer
immunity and are related to both distribution and power units. In the case of power transformers,
standards [15-19] also require compliance with tests based on tail chopped lightning impulse. This kind
of extended testing is recommended in configurations where the transformer is protected by a spark-gap
or is operating in connection to a gas insulated substation. Power transformer units for a grid above
170 kV are checked routinely applying chopped lightning impulse, usually with a time delay to
chopping in the range 3 us and 10 ps [15,16,20]. Presented measurements were conducted both for a
full impulse and chopped one, with the time delay to chopping from 1 ps up to 50 ps.

Another class of transient stresses is addressed by a rectangular impulse with a variable rise time,
reflecting the behavior of power equipment in response to protection devices such as surge arresters.
Above tests are complemented by a superimposed configuration of waveform composed of a full lighting
impulse with an oscillating component, named a modulated wavelet. Such a waveform might mimic,
for example, the oscillating packet appearing at the transformer terminals, propagated by the re-strikes
in circuit breakers. According to the design principles, the peak values of transient overvoltages at
transformer clamps are constrained by the installed protective devices to the level suggested by the
insulation coordination [1,7,21,22]. Those values are much higher than the maximum nominal voltage,
thus the incoming transient containing the oscillating component below the protection level may form
overvoltages inside the insulation system of high voltage equipment caused by internal resonance in
the windings despite the applied surge arresters. Particularly some switching transients, generated
in gas insulated substations, during power making or breaking in lines supplying the transformers,
ground faults or network reconfigurations, including those originated form power electronics, having
oscillating character may cause high amplitude internal overvoltages. The amplitude of the overvoltage
depends on the network topology, attenuation conditions and duration of the oscillating components.
Transformer windings form a complex distributed resistive-inductive-capacitive (RLC) network,
reflecting various internal resonances. Hence, the internal overvoltages recorded along the winding
height may vary from the proportionally attenuated incoming external transients [3,23-27]. For this
reason, study on internal transient waveforms in transformers, subjected to standard and non-standard
excitations, including superimposed waveforms containing oscillating components, are important for
the development of more reliable transformers.

In this context, the mapping of overvoltage prone zones along the winding length can contribute
to the development of proper diagnostic methodology, improved protection concepts and the proper
design of modern networks.

2. Characteristic of Voltage Waveforms Applied to Transformer Winding

In order to achieve a holistic view of test transformer response to various overvoltages, the
following voltage stimulus, graphically illustrated in Table 1, have been applied:

(a) fulllighting impulse,

(b) chopped lighting impulse,

(c) rectangular impulse with a variable risetime,

(d) modulated wavelet, i.e., superposition of a full lighting impulse with an oscillating component.
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Table 1. Characteristic of voltage waveforms applied to transformer windings.

U 4
1.0 f-=—s
(a) Fulllighting impulse |
t—Front time U .
t;—Time to half of wave tail |

(b) Chopped lighting impulse
T.—Time delay to chopping
t-—Collapse time

(c) Rectangular impulse with a variable risetime
to—Initial time

f1—End of risetime

t,—Rise time

(d) Superposition of full lighting impulse with
oscillating component

tp—Front time

t;—Time to half of wave tail

tw1, twp—Initial and end time of oscillating packet
wy—Frequency of oscillating packet

bt

tr tw tw t

Special attention was paid to the propagation of those overvoltages along the high and low
voltage windings as well as to the inter winding transfer case, while applying the stimulus between
the winding terminal and ground.

The lightning impulse waveform U, can be described by the following double exponential function:

Uj(t) = Urexp(=t/t1) = exp(=t/12)] @

where 71 and 7 define a time constant and U; the magnitude. For example, in high voltage testing, for
the standard lightning impulse 1.2/50 us the time constants correspond to 71 = 0.405 ps and 7, = 68.2 us.

In order to design the chopped impulse U (Figure 1a), the inverted and shifted lightning
waveform U is add (Figure 1b):

U_i(t) = —ll2{exp[— (t_T”>] —exp| (t_TC)]} fort > T,

3 B T4

2
U_i(t)= 0 fort < T,

Delay of chopping T. can be tuned in a broad range—in the presented paper, up to 50 ps.
In this way, a chopped lightning impulse on the front and on the tail is created. The collapse time
t. is assumed to be about 0.1 us. Thus, the chopped lightning impulse on the tail U 4, shown in
Figure 1a, can be by described by equation:

Uep_tair(t) = Uy (t) + U_s(t) 3)
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Figure 1. Illustrative formation of chopped impulse: (a) tail chopped impulse, (b) composition of
component pulses for tail chopped impulse, (c) front chopped impulse, (d) composition of component
pulses for front chopped impulse.

To design the impulse chopped on the front before reaching the prospective peak, the additional
waveform Uj, (Figure 1d) is needed, described by the following equation:

u,(t) = —Ug,{exp[—w] - exp[—w]} fort > T, +t,

5 Te

(4)
u,(t) =0 fort < T, +t.

Hence, for chopped lightning impulse on the front Uy o, the superposition of full lightning
impulse Uj, inverted and shifted one U_j; and additional waveform Uj, is performed, as presented in
Figure 1c,d and given by the expression:

Ucl?front(t) - Ul(t) + u—ls(t) + uh(t) ®)

When decaying oscillations Uy, follow the impulse fall at the chopping point, at a time moment
t =T, + t., the corresponding waveform component may be represented by the following expression:
Uy () = —u4{exp[—@] sinfw(t - T, — t,:)]} fort>Te+ 1

(6)
Ug(t) =0 fort < T.+t.

where Uy, 7, and w are, respectively, the values of the magnitude, damping time constant and
oscillation frequency.

To illustrate and to quantify the spectral density of full and chopped lightning impulses, the
frequency analysis was performed (Figure 2), using the above presented methodology. It was based on
two time-shifted pulses having inverted polarity to achieve voltage waveform with desired front time
and delayed chopping moment.
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Figure 2. Spectral content of chopped and full lightning impulse (FLI). Delay time to chopping
respectively: (1) 0.8 ps, (2) 2 us, (3) 2 us, (4) 6 us, (5) 10 us, (6) 20 us, (7) FLL

The chopping time significantly influences the spectral content compared with the full lightning
impulse voltage, i.e., the shorter the time to chopping, the spectrum is broader but simultaneously the
energy spectral density lower. This effect might have a significant implication in the case of internal
transients occurring along windings lengths, while performing chopped and full lightning probe.

Another applied waveform was a rectangular impulse with a variable risetime ¢, calculated
between 10% and 90% of voltage slope magnitude Us. In the presented model, a rectangular impulse
rise time is initiated at time ¢y and lasts until time moment ¢; with a slope . Such a waveform can be
described by the following expression:

0 for t <ty
U,(t)=4{ Bt for t>tyand t <t (7)
Us for t>t

The last case of a stimulus waveform Uy, presented in this paper refers to the superposition of a
full lighting impulse U; with oscillating component Uy, appearing at time moment ;1 and lasting
until ;7. Such a waveform with superimposed wavelet can be represented by expression:

U, (t) = Uy + Uy = U; + Ug exp(—(t—twl)z/’cw)sin[a)w(t—twl)] forty, <t < tyn

el ®)
() = U fort < tyjand t > typ

where 74, and wy, are the width and frequency of the oscillating packet.

3. Measurement Setup and Test Object

The measurement on transformer windings were performed, both in time and frequency domain,
in a setup presented in Figure 3. The lightning voltage pulses were generated by a lightning stroke
unit with maximum amplitude 300 V. The test waveforms with oscillating component as well as the
measurements in frequency domain from 20 Hz to 2 MHz were performed using programmable
function generator Tektronix type AFG310 with maximum output voltage 20 V. It is important to
notice that the magnitude of the generated voltage waveforms used in experiments does not have
a practical impact on measurement results. The influence of the ferromagnetic transformer core in
the analysis of transients is often a subject of discussion. The contentious issue concerns the cutoff
frequency of transformer core impact. Usually, referring to the investigations done by Wilcox [28], in a
frequency range above several dozens of kHz, the impact of the core is neglected. Hence, in this high
frequency band, the windings can be treated as linear objects and the magnitudes of applied voltage
stimuli do not influence the measurements. For the acquisition of the overvoltage waveforms, an
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oscilloscope Tektronix model 784D was used as in the configuration shown in Figure 3a. The frequency
characteristics of the windings were obtained in the computer controlled configuration. The generator
was programmed to yield the sweep in predefined frequency range (up to 2 MHz) and the corresponding
response was acquired by an oscilloscope. Both the programmable function generator and the scope
acting as a recorder were linked with a control computer by GPIB-USB. The control and analysis
software was developed in LabView™ environment from National Instruments [3,10,26,29].

a) b) generator
generator type_ AFG_31O
of voltage L1 L2 L3 oftgltl:g;dal L1L2 L3
strokes oo = var == x/] =AO =9
HV <ﬁ [ P HV
computer .
N { x/1=1_
oscylosco_pe oscyloscope
computer |  Tektronix LV T oktronic LV
type 784D - type 784D
- L.
) = fo S il

Figure 3. Measurement setup: (a) time domain measurements of overvoltages along transformer
windings, (b) frequency domain and combined waveform measurements.

All experiments presented in this paper were performed on the test transformer 20 kVA 15/0.4 kV.
The rated and design parameters of the experimental unit are shown in Table 2. This kind of distribution
transformer was selected on purpose to test a variety of overvoltage waveforms. Such a unit can
be subjected to both full lightning and chopped lightning stroke as well as to transients containing
a superimposed oscillating component due to switching operations in the network. The system
reconfigurations will occur increasingly frequently in the grid as a result of connected renewable
generation and expanding charging and energy storage infrastructure for e-mobility.

Table 2. Experimental transformer rated and design parameters.

Parameter Value

Sy, (kVA) 20

U,gy, (kV) 15

Uy, (kV) 0.4
number of electrical phases 3
Uz, (%) 42

APp,, (kW) 0.11

APy, (kW) 0.53

Iy, (%) 2.8

number of turns in the coil 810
number of coils 4
winding height [, (mm) 280
internal coil diameter d,, (mm) 157
externat coil diameter d;, (mm) 205
coil width &, (mm) 25

The research was focused on the analysis of overvoltages occurring inside transformer high and
low voltage windings as well as transferred from HV to LV side. The ground overvoltages were
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measured along the HV winding, at tap x// denoted as follows: x/I = 0 (corresponds to the clamp of the
phase L1), x/l = 0.2, x/l = 0.3, x/l = 0.7), applying various stimuli waveforms from the terminal side.
The access to the internal winding structure was possible through additional taps installed inside
in the winding. Due to the paper limitations, certain characteristic tap positions were selected to
the visualization of the voltage distributions along the windings. For evaluation purposes, both the
frequency and time relationships k, of internal overvoltages in the transformer winding are calculated

using following expression:

ko - uX/l (9)

UO_max

where:

u;—measurement at tap x/I along the winding,
u_max—magnitude of external stimulus applied at winding clamps (tap x// = 0 and x/[ = 1.0).

The distributions of maximum internal winding overvoltages k, yqy is obtained according to
the relationship:

ux / 1_max

(10)

ko,max =
U0_max

where:

uy—maximum value obtained for measurement at tap x// along the winding,
U0 max—highest magnitude of external stimulus applied at winding clamps (tap x// = 0 and x/[ = 1.0).

4. Overvoltages in Frequency Domain

Determination of the winding broadband characteristics in a frequency domain allows the
determination of sensitive zones and resonance frequencies [3,10,12,29]. It is well suited for analysis of
the response of a transformer winding to an excitation in form of an oscillating packet of overvoltage
occurring in an electrical network. The normalized frequency characteristics of overvoltages along the
windings are presented in Figure 4. Depending on the excitation spectral content match with these
characteristics, the stress on electrical insulation systems is obtained. From the plot one can notice
characteristic frequencies, for which sinusoidal excitations are strongly amplified inside the winding.
Those frequencies may fit with spectrum of incoming external overvoltages. For example (Figure 4),
the overvoltage ratio in case of HV winding at frequency 12 kHz equals to 3.4 p.u. Analysis confirms,
that excitation waveforms having oscillating wavelet may undergo amplification inside transformer
winding because of resonance phenomena, especially if the frequencies of the applied voltage are
matching the self frequencies of the transformer winding.

1
1
1 1
1 1
.
)
1 1
1 1
1 1
1 1
1 N ) N
) : 1
1
! 1
i i
i :

1072 FRN SO A ¥ 451
-U0.5A Nifo k| ; “Ue : ‘ it ]
-U0.58 e = - U05c 1 f,kHz
B . 2 i i L i H
- U05C f, kHz 107 S » -

10 10%

10°
0.64kHz 87kHz 107kHz 0.85MHz

2

10° 10* 10° 10°
0.65kHz 83 kHz 13.1 kHz 36.7 kHz 51 kHz

Figure 4. Frequency characteristic of terminal overvoltages and for point in half of windings and
ground: (a)—HYV windings, (b)—LV windings.

From the frequency characteristics of overvoltages in HV and LV experimental transformer
windings (Figure 4), one can notice, that sinusoidal voltages at resonance frequencies propagated in
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transformer undergo amplification inside the windings. For example, in HV windings oscillating
overvoltages reach maximum for following frequencies 0.65 kHz, 13.1 kHz, 36.7 kHz and 51 kHz and in
LV windings for frequencies: 0.64 kHz, 8.7 kHz, 107 kHz and 0.85 MHz. If the resonant frequencies of
the transformer is larger, then the probability of multiplication of internal overvoltages in transformers
is greater. It was also observed that maximal values of oscillating overvoltages in windings occurs,
practically for the same frequencies, for all phases.

In turn, an interesting case is a transfer characteristici.e., stimuli on HV winding side and response
measured at LV winding, as presented in Figure 5. Illustration of the HV to LV transfer characteristic of
overvoltages for injecting the signal at HV terminal of phase A and recording response at LV winding
phase “a” is shown in Figure 5a, while an analogous case reflecting HV-LV winding phase C-c is shown
in Figure 5b.

0.12 0.1
—x/I=0.5 x/1=0.5
009 xn=1.0] 7|
0.1 008 |
0.07 |
0.08
0.06 |-
z =
o008 = 0.05 -
w w
= =
0.04 -
0.04
0.03
.02 -
0.02 0-0
0.01 [
o
107 10° 104 10° 10° 107 102 103 10% 10° 10° 107
f, Hz f, Hz

Figure 5. Transfer frequency characteristic of overvoltages at winding terminal (x = 1.00) and for point
in half of windings and ground (x = 0.50): (a) injection HV windings phase A, response LV winding
phase “a”, (b) injection HV winding phase C, response LV winding phase “c”.

5. Propagation of Different Waveforms in Transformer Windings in Time Domain

Overvoltages recorded in various parts of a transformer winding in response to different stimuli
waveforms are presented in this section.

5.1. Full Lightning Voltage Impulse

Overvoltages measured between selected points x/I of both HV and LV winding and ground
during the full lightning impulse u((t) are presented in Figure 6a, whereas the corresponding differences
of inter taps ratios are shown in Figure 6b. The magnitude of the waveform is normalized with respect
to maximal value of the full lightning impulse according to formula (9). The response shapes of internal
overvoltages are different comparing to the excitation applied at the external transformer clamps of one
phase. For example, taking the tap at x/I = 0.3 in the HV winding, one can recalculate the magnitude of
corresponding lightning impulse, which results in 1.04 p.u, and exceeds the impulse peak value.

1.25

k[J~ - 1

0.75

0.5

0.25

(o}

028, 50 100 150 200 250 -0.25
t, us (o] 50 100 150 200 t, us 250

(a) (b)

Figure 6. Measurement of overvoltages at tap x// in (a) HV winding: (1) x/I =0, (2) x/I =0.2, 3) x/[ = 0.3,
(4) x/I = 0.7 and (b) corresponding overvoltage differences: 1—u (.92, 2—u ¢2-0.3, 3—4 0.3-0.7-
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5.2. Chopped Lightning Voltage Impulse

Overvoltages recorded in HV winding of 20 kVA transformer, excited by a lightning voltage
impulse, were performed in a broad chopping time delay scope. The lightning impulse was chopped
after time #,, from 1 us up to 50 ps. The waveforms measured at selected taps x/ in a HV winding in
response to the tail chopped lightning voltage impulse, with various chopping time delays: 2 ps, 5 us,
and 10 us, are shown in Figure 7A and corresponding overvoltage differences in Figure 7B. The maximal
values of chopped overvoltages obtained in transformer at selected taps x// depend on time delay to
chopping t,. Increased time ¢, leads to amplification of inter-winding overvoltages. Thus, time delay
t, has large influence on longitudinal overvoltage enhancement. In can be highlighted especially in a
winding region being in a proximity to the transformer terminals.

a) .
1.25 — D 2s
T ! Ko. -
2 1 S
0.75 3 0.75
0.5 0.5 - =
[~ + fl, 3
0.25 =7 0.25
o A= o /f:‘;‘,{)”"
-0.256 7 _0.25 \
-0.5 1 -0.5
0755 50 100 150 200 250 075, 50 100 150 200 250
b) Lops b) L ous
1.25 1.25
ko, - 4 e | Koo = |
—1—— —
0-75 =g 3 0.75 ——
g v o A e e
0.25 .
o BN oo Ao, o
-0.25 Vay -0.25 i
-0.5 -0.5
0755 50 100 150 200 250 0785 50 100 150 200 250
IS5 t. s o) NETEY
K, 125 : K, 125
. — 0s =
o : — o 7; — 1
75 = 2
ot os =5
0.25 0.25 A
e v s
Pl av.v P
0.5 0.5
0755 50 100 150 200, 250 075, 50 100 150 200, 250
- s s
(A) (B)

Figure 7. Measurement of overvoltages applying tail chopped lightning impulse (A) in HV winding
attap (1) x/I=0, (2) x/=0.2, (3) x/ = 0.3, (4) x/I = 0.7 and (B) corresponding overvoltage differences:
(1) u 9-02, (2) 4 92-03, (3) t 93-0.7. Time delay to chopping t,: (a) 2 ps, (b) 5 ps, (c) 10 ps.

The above measurements lead to the plot shown in Figure 8 representing overvoltages ko-yqx = f(x/I)
between selected points and ground as well as gradients of overvoltages in HV winding of transformer
excited by both full and chopped lightning voltage impulse employing time delay ¢, in the range from
1 pus up to 50 ps.

The chopped voltage impulse applied to the transformer winding results according to Figure 8b
in the enhanced gradients, stressing the winding electrical insulation system, especially in a proximity
to the transformer clamps [6,7].

Ko-mex, - “.“ 9/’ 8/ 7 P 6/r 5“;' 4ir 3,F 2./f 1
5 / [ / [

075 x| - 1 0 0.25 0.5 0.75 g . 1
, )

Figure 8. (a) Maximal values of overvoltages and (b) overvoltage gradient for full (FLI) and chopped
lightning impulse, with time to chopping: (1) 1 ps, (2) 2 ps, (3) 4 us, (4) 6 us, (5) 10 ps, (6) 20 ps, (7) 30 ps,
(8) 50 ps, (9) FLL
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5.3. Rectangular Voltage Impulse

In this part, transients measured in the transformer winding, excited by a rectangular impulse
applied at HV clamp (tap x/[ = 0 and x/I = 1.0) are presented in Figure 9.

1.5 | -1
L | 2
. I -3
A AL 4
J\ﬁﬁ\\'\/f\\ B
075 | \J,//\f\//\\//\—,\\/ T B
o5 \ - V/f\v N
N
0.25
OO 200 400 s00 800 4 }LS'OOO

Figure 9. Overvoltages excited by rectangular impulse in the HV winding at tap: (1) x/I =0, (2) x/I =
0.2,(3)x/1=0.3,(4) x/1 =0.7.

Overvoltages generated inside the windings contain oscillatory components with a resonance
frequency equal to 13.1 kHz. The magnitude manifests great variability, i.e., overvoltages measured at
tap x/l = 0.3 along the winding are roughly 1.3 amplified comparing to the impulse crest value at the
transformer clamp. Due to the relatively low self frequencies of HV windings, overvoltages are not
sensitive to the rise time of the applied impulse, ranging from 10 ns to several hundred of nanoseconds.
In turn, overvoltages generated inside the LV transformer windings in response to the rectangular
voltage impulse strongly depend on rise time (Figure 10). It is possible to notice, for example, the
overvoltage coefficient k;;y for voltage U 5. in the LV winding of phase “c” for a rise time of 10 ns is
about 3.3 but for a rise time 100 ns is about 1.6. The overvoltage coefficient k;ry, of transient voltage U,
at the terminal of phase “a” for rise time 10 ns reach about 1.95 but for rise time of 100 ns is equal only
to 0.7.

a) b)

125 80 1,25 8.0
K m - voltage impulse Kiwv, ' = - voltage impulse ki
HY, = 1 -Ua -+ 64 Kinv, = 1 -Ua -t 6.4
-U0.5a -U0.5a
0,75 -Ub —+ 48 0.75 = -Ub —+48
-U0.5b U0.5b
05 =-Uc 32 0.5 . e 132
~ = - U05c c =-U0
0,251 Vi s - 16 0,25 : /\,"A‘M =] 1.6
0 L,fy Y o ) ‘N"_\ﬁ:«—_—/,—f 0 0 e {L‘,‘f‘_}_- P _‘_)_;_;;‘_\-?_«"_J_f 0
N N e g s N\ T N ]
e ||! '\\\- // \ e 025 \,\\\ / \ 16
—~—"
ol [~ s 0.5 32
-0,75 -0.75

-4.8
0 8 10 1‘“512

~N
S
o

48
0 2 4 6 8 10 t us 12

Figure 10. Overvoltages measured in transformer LV windings in response. to rectangular voltage
impulse with different rise times: (a) 10 ns, (b) 100 ns.

5.4. Lightning Voltage Impulse with Superimposed Oscilating Wavelet

Another class of stimulus is created by superimposed waveforms. Such an approach allows
analysis of the internal overvoltages generated in the transformer winding, which result from the
resonance phenomenon at impulse voltage with superimposed oscillating component, in the form
of a wavelet. Thus the resultant waveform contains an aperiodic part as a lightning voltage surge
and an oscillating wavelet. The oscillating frequency of the wavelet has been adjusted to the winding
resonance frequencies obtained from frequency characteristics presented in Figure 4. An exemplary
case of HV winding response to a lightning voltage impulse with superimposed oscillating wavelet
tuned to 8.3 kHz, 13.1 kHz and 108 kHz is shown in Figure 11. One may notice the amplification of
the oscillating components related to winding resonance frequencies (8.3 kHz and 13.1 kHz) inside
the winding. Simultaneously overvoltages in HV windings have greater values than those generated



Energies 2020, 13, 304 11 of 16

during action just of the lightning impulse. However, overvoltages shown in Figure 11c, excited by the
lightning impulse containing oscillating component with frequency 108 kHz are not amplified in the
LV winding. The wavelet frequency in this case is not matching the sharp winding resonance peak at
107 kHz.

a
} 1,25
Ky, = 1 = -voltage impulse =
- LA
0,75 Jh = - U054 ]
- JOLSE —
0.5 - - UOSC
0,25 A 1
YAA
0 ; -
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-0.25 A ¥
05 +¥—— R
-0,75
. 0 400 800 1200 15001: 2000
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b)
1,25
k‘H"-'" = m - voltage impulsa
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075 = - U054
- Uns58
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Figure 11. Response of the HV windings to lightning impulse containing oscillating components with
frequency: (a) 8.3 kHz, (b) 13.1 kHz, (c) 108 kHz.

Similar measurement have been performed on LV winding, adjusting the wavelet frequency to
the resonances in frequency characteristic (Figure 4), i.e., 107 kHz, 0.85 MHz. The results presented
in Figure 12 also indicated strong amplification of the oscillating overvoltages in LV windings, for
example in the case of frequency 0.85 MHz, the overvoltage coefficient for voltage Uy s, is equal to 3.4
and for voltage U, is about 1.5. Analyzing the de-tuned case, overvoltages generated in HV winding
excited by the lightning impulse containing oscillating wavelet having frequency 14.6 kHz (Figure 12c)
are significantly smaller than for cases of resonance frequencies.
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Figure 12. Response of the LV windings to lightning impulse containing oscillating wavelet. with
frequency: (a) 107 kHz, (b) 0.85 MHz (c) 14.6 kHz.

6. Assessment of Overvoltages in Transformer Windings

The various applied excitation have different frequency ranges, both narrow- and broad-band.
Thus observed transient overvoltages manifest different responses, applying testing voltages and
waveforms, which might occur during transformer operation in a network. As a reference of transformer
testing, the full lightning impulse was accepted. Power grid transients were reflected by switching
and oscillating waveforms. Both cases revealed relevant distinctions of maximum overvoltages along
the winding. As an assessment factor the Time Domain Severity Factor (TDSF) was used. The TDSF is
evaluated according to the following expression [21,22]:

u
TDSF = —x/Lmax 11)
ux/l maxtest

where:

U, imax—highest magnitude of overvoltages occurring at tap x/I during network operation,
U 1max test—highest magnitude of overvoltages occurring at tap x/I excited by reference voltage impulse.
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The TDSF obtained for the experimental transformer was evaluated taking the maximum
values of overvoltages yielded by testing with the standard full lightning impulse with crest value
Utest = 95 kV [15]. The protection of the unit in a grid operation was considered, assuming two models
of surge arresters, having different tripping and time to disconnection parameters. In the first case, the
transformer has been protected by a surge arrester model SA1 rated for continuous voltage U, = 12 kV,
whereas the latter one is protected by model SA2 working at U, = 18 kV. Both surge arresters are
applied in the distinctive network operating modes, i.e., SA1 in 15 kV topologies with automatic
disconnection of short circuits current to ground, whilst the model SA2 refers to the networks without
automatic ground fault clearing [21,22,30]. The rated surge arrester parameters are following: for SA1
lightning protection level is Uj, = 42 kV and switching one is Usp = 31.1 kV and for SA2 respectively
Uy, = 63 kV and Usp = 46.7 kV [30]. The dependencies, of the assessment factor TDSF = f(x/I) for HV
winding of experimental transformer rated 20 kVA 15/0.4 kV, were calculated and are illustrated in
Figure 13.

a)

2
TDSF, -
1.75

1.5
1.25

0.75 —
_-_—‘—~\_____
0.5

0.25

b)
2
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1.5 /_\
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0.75 /
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0 0 0.25 0.5 0.75 x/1, - 1
Figure 13. Assessment factor TDSF = f(x/I) for HV winding excited by standard full lightning impulse
Uest = 95 kV of experimental transformer protected by two models of surge arresters: (a) U, = 12 kV
(SA1), (b) U, = 18 kV (SA2); 1—standard full lightning impulse, 2—sinusoidal wavelet with resonance
frequency 13.1 kHz, 3—rectangular impulse.

The tabular summary of results of maximum overvoltages obtained for test transformer exposed to
various stresses is presented in Table 3. One can notice, that overvoltages recorded at internal winding
taps of transformer, in certain waveform cases, surpass magnitudes obtained at standard lightning
voltage impulse tests. Maximum internal overvoltages are recorded for a sinusoidal oscillating
component with the frequency matching the resonant frequency of transformer. For example, at the
winding tap x/I = 0.7, the response to excitation of 95 kV standard lightning voltage impulse test equals
to 84.6 kV.

A comparison of both cases of installed protective devices SA1 and SA2 provide quantitative
illustration of transient overvoltage effects. In the case of a network equipped with SAl,
with an automatic restoration after ground fault occurrence and transient excitation in the form
the wavelet having the oscillating frequency 13.1 kHz (matching one of the transformer winding
resonance frequencies), the measured overvoltage at the same tap was 102.6 kV. While for the
experimental transformer connected to a network without automatic restoration after a ground fault
occurrence, protected with SA2 device, the overvoltage at tap x/l = 0.7, in the response to excitation
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containing the same wavelet with transformer resonant frequency, is equal to 154.1 kV. Such an
analysis reflects the transformer winding sensitive zones with respect to waveform frequency content.
As an extension of the presented work, further investigations on transformers with different winding
topologies and voltage levels are planned. Such an approach could lead to scalable and more general
methodology for assessment of overvoltages representing impulse, chopped and oscillating waveforms.

Table 3. Comparison of an impact of various waveforms on overvoltages in transformer windings.

Reference Test Overvoltages Overvoltages in Network Operation
Winding Position x/I Lightning Impulse 95 kV Rectangular Impulse Sinusoidal Oscillating Component
duration: Tens of Microseconds duration: Milliseconds
kV)
Network with Automatic Fault Clearing (SA1 U, =12 kV)

0 95.0 420 31.1
0.18 95.0 53.3 482
0.33 102.6 59.2 78.4
0.67 84.6 454 102.6

Network without Automatic Fault Clearing (SA2 U, =18 kV)

0 95.0 63.0 46.7
0.18 95.0 80.0 724
0.33 102.6 88.8 117.7
0.67 84.6 68.0 154.1

7. Conclusions

This paper reports about propagation of various waveforms of overvoltages inside transformer
winding stressing the electric insulation system. Especially highlighted are overvoltage exposures in
response to a lightning voltage impulse, rectangular one and impulse containing sinusoidal oscillating
component. The experiments were performed on a distribution transformer, which can be subjected in
real operating conditions to such stresses in an electric network. The transformer insulation between
windings and ground is exposed to the largest maximal of overvoltages during the tests with full
lightning voltage impulses. The application of chopped lightning impulses, with a variable delay time
to chopping does not increase the recorded transients. However, chopped lightning voltage impulses
result in an enhancement of the overvoltage gradients in the electrical insulation, especially localized
close to the transformer clamps. It was observed that excitation with the lightning voltage impulses
chopped on tail, with a delay time above 6 s, does not cause an increase of overvoltage impact
in experimental winding. It was noticed that attention should be paid to overvoltages containing
oscillating component, especially those having the frequency close to one of the winding resonance
frequencies. Knowledge of these effects broadens the knowledge about transformer immunity tests and
recommendations for new designs, resistant to new classes of transients and overvoltages occurring in
resilient power grid.
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