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Abstract: Due to the increasing requirements for the reliability of electrical power supply and
associated apparatus, it is necessary to provide a detailed analysis of the overvoltage risk of power
transformer insulation systems and equipment connected to their terminals. Exposure of transformer
windings to overvoltages is the result of the propagation condition of electromagnetic waves in
electrical networks and transformer windings. An analysis of transformer winding responses
to transients in power systems is of particular importance, especially when protection against
surges by typical overvoltage protection systems is applied. The analysis of internal overvoltages
in transformers during a typical transient related to switching operations and selected failures
is of great importance, particularly to assess the overvoltage exposure of insulation systems in
operating conditions. The random nature of overvoltage phenomena in electrical networks implies
the usage of computer simulations for the analysis of overvoltage exposures of electrical devices in
operation. This article presents the analysis of the impact of transient phenomena in a model of a
medium-voltage electrical network during switching operations and ground faults on overvoltages
in the internal insulation systems of transformer windings. The basis of the analysis is simulations
of overvoltages in the windings, made in the Electromagnetic Transients Program/Alternative
Transients Program (EMTP/ATP) using a model with lumped parameters of transformer windings.
The analysis covers the impact of the cable line length and the ground fault resistance value on
internal overvoltage distributions.

Keywords: transformer windings; internal overvoltages; interaction between transformers and
electrical networks; simulations; EMTP/ATP

1. Introduction

An analysis of insulation system overvoltage exposure and overvoltage protection effectiveness is
of high importance. The need for such analyses is reinforced by the constant increase in the requirements
of electrical network reliability. The most common structure which can be distinguished in the power
system topology is a series connection. In this kind of topology, the weakest element determines the
overall reliability of the system. Due to the lumped character of a power transformer, its reliability is
one of the most important components in the power system structure. Analysis of the most common
failures in a power transformer shows that more than one-third of cases are associated with a dielectric
failure of insulation systems [1]. The internal winding transient’s waveforms and their maximal
values are related to the overvoltages at the transformer terminal and transient phenomena inside the
windings [2-7]. Transients in power systems have two origins: first, an external energy injection, such
as atmospheric lightning; and, second, internal system events, such as switching operations, faults, and
resonance events [8,9]. The main mechanism behind transients is the interruption to the steady-state of
a network. This process can happen in an intended way, such as in switching and reconfiguration
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of a network topology, or due to an unpredicted event, such as due to faults, emergency trips, or
lightning strikes. During this process, the parameters of the object in the electrical network determine
the parameters of overvoltages. A lightning strike is a natural atmospheric phenomenon, assumed
as a current impulse, providing fast transients in power systems. These transients are characterized
by high slopes and high maximal values exceeding by several times the nominal voltage. Protection
against lightning strikes is made by lightning protection wires in overhead lines or special spires in
air-insulated substations [10,11]. The interaction between the power system components is mainly
imposed by the network topology, surge impedance of transmission lines, power equipment, and
electromagnetic wave velocity. In certain electrical network topologies, overvoltages at the power
transformer terminals magnify their values and expose internal insulation systems with overvoltages
above the nominal values. The literature [3,4] shows the causes and effects of power transformers’
failures caused by overvoltages propagated in a power system network. The strong influence of the
overvoltage phenomena in transformers impacts the interaction between a transformer and power
systems, which was reported by CIGRE WG A2/C4.39 [4,12]. The consequence of the critical network
topology caused by the interaction between network components can be an increase of voltage inside
the transformer windings as a result of the resonance phenomena. Resonance can occur when the main
frequency component of overvoltage at the transformer terminals matches the resonant frequency of
windings. The common cases in which resonance can occur are the switching of a circuit breaker or
ground faults at a feeding power line. During these events, the transient voltage appearing in the
network contains oscillating components whose frequencies depend on the propagation condition
in power lines, the length of lines, and power transformer electrical parameters. The calculation of
natural frequencies in the electrical network—-power line-power transformer system during the fast
transient (FT) and very fast transient (VFT) events assumes that power transformers can be represented
as a lumped equivalent capacitance Ct. Assuming that in a cable line with surge impedance Z; power
loses are neglected, the frequency of oscillating waves in the electrical network—cable line-power
transformer system can be calculated according to [13,14]:

2
f = ﬁ 1- Earctan(anCTZk)] (1)
where v is the velocity of voltage wave in the cable line (ms™), and I is the length of cable line
connected to transformer terminals (m).

Equation (1) shows that increasing the fC1Z; component causes a decrease of the oscillation
frequency of the analyzed system in comparison with a similar system with a no-load cable line; its

frequency is equal to:

1 v

f4t:E:E (2)

where: t—time in which EM wave reaches the end of the cable, s.

The frequency of the voltage wave f in relation to fy is determined by the length of the cable
line. The shorter a cable line, the higher the natural frequency in the transient overvoltage; thus, a
shorter lines’ frequency is more sensitive to the length variation. Many research centers have analyzed
the impact of a circuit breaker switching on transient overvoltages appearing in the system of an
underground cable and power transformer [3,13-15]. This setup is used for the connection of an
offshore wind park [16-18], and the main focus of the analysis is on the overvoltages at the transformer
terminals. Unfortunately, the knowledge of overvoltages at the transformer terminals is insufficient
for an analysis of the winding’s internal overvoltages. The analysis of the overvoltage distributions
inside of a transformer winding during overvoltages at the transformer terminals can be conducted
with an additional calculation based on a detailed high-frequency winding model and overvoltage
measurements [19-21]. Internal overvoltages can differ from the overvoltages at the initial parts of the
windings. The internal overvoltages are a result of the response of the winding circuit, which has a
complex structure. Its structure reflects the geometry, material properties, and capacitive and inductive
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couplings between every element in the power transformer. The testing of power transformers can
also stress the internal insulation of the power transformer [7].

One example of an unpredicted events in a power system is a ground fault. Faults can provide
high overcurrent transients in the circuit depending on the network topology and the type of fault [8].
A second example of undesirable transients are voltage oscillations traveling along the conductors. The
parameters of the overvoltages during the fault are related to the type of fault and the grid parameters.
A metallic short circuit can occur after electrical isolation is broken by a sharp-edged cut. This type of a
fault is characterized by a low-ohmic connection between grounded elements and the conductor. The
attenuation of the wave produced during a low-ohmic fault is low. The second type of ground fault
is related to the dielectric breakdown of insulation caused by electrical and thermal aging, constant
degradation of the insulation system, or by impurities on the conductor’s surface or inside the dielectric.
The second type of ground fault is characterized by high impedance between the conductor and its
grounded surroundings, which is at the beginning of the breakdown process.

The overvoltage distribution in a transformer winding has three main physical mechanisms [22].
The first is related to low transients, which depend on the relationship of inductances with resistances
of the winding. This is mostly connected with the properties of the magnetic core and topology of the
winding. The frequency characteristics show that this distribution mechanism occurs up to several
kilohertz and the distribution has a linear relationship. The second mechanism of the overvoltage
distribution is related to longitudinal and ground capacitances of the winding. These parameters
are related to the dielectric properties of the insulation system and winding geometry. The second
mechanism is related to the phenomena of fast transients, very fast transients, and initial overvoltage
distribution. The initial overvoltage distribution is usually a nonlinear curve based on nonlinear
capacitance distribution in the winding. Several popular techniques, such as the addition of screens or
the use of interlaced windings, are used for uniformization of the capacitance distribution. The third
mechanism of the overvoltage distribution is related to the resonance phenomena and is unpredictable
at the design stage of a transformer. Resonance distribution is related to the RLCM parameters of the
winding and can be harmful to the insulation system of the power transformer. During the resonance,
overvoltages appearing inside the transformer winding usually have a nonlinear distribution. Maximal
values exceed the nominal values, and the amplification of the overvoltages in the middle part of the
winding in comparison to the overvoltage at full winding is common.

The basis for the analysis of internal insulation overvoltage stresses for in-service transformers is
the overvoltage waveform measurements at selected points of the windings. Undertaking internal
overvoltage measurements in transformer windings during the transformer’s operation is almost
impossible due to the mechanical interference of the insulation system, the random process of
overvoltage generation, and high maximal voltage values during resonance. This constraint implies
the use of computer simulation results as a basis for the winding internal overvoltage analysis. The
authors of the paper [23,24] present the simulation analysis of the internal distribution of overvoltages
caused by a lightning strike. The quality of the simulation results is dominated by the implemented
mathematical models of power objects used in the analysis. A model suitable for internal overvoltage
analysis should behave like models used for fast transient (FT) analysis. FT transformer models should
take in to account the wideband behavior of the windings and high-frequency phenomena, such as the
skin effect in conductors and the “lack” of a silicon steel magnetic core. High importance should be
placed on the analysis of overvoltage stress while the transformer terminals are protected with surge
protective devices (SPD) such as metal oxide varistors (MOVs).

This article presents the analysis of the internal overvoltages in power transformer windings caused
by selected switching operations of a circuit breaker and failure states in electrical networks. The basis for
the analysis was simulation results of internal overvoltages performed in the Electromagnetic Transients
Program/Alternative Transients Program (EMTP/ATP) [25]. The developed power transformer model
has lumped parameters. The results obtained with the model were verified by laboratory measurements.
This model can be implemented in a model of an electrical power network for the analysis of overvoltages
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at selected points inside the winding during selected events. The simulations covered cases with
energization of a cable line-power transformer system, and single-phase ground faults.
The main contributions of this paper are the following:

(1) A proposition of a transformer winding model, which can be implemented in EMTP-type software,
for the analysis of overvoltages at selected points inside the winding during the transient state in
an electrical network;

(2) A definition of a critical cable length in the setup with a circuit breaker in which the highest internal
overvoltage level is observed; these kinds of overvoltages are related to the resonance phenomena;

(3) A presentation of the impact of ground fault resistance on the mechanism of overvoltage
distribution inside the winding.

2. The Model System with a Cable Line and Distribution Transformer

The general single line diagram of a system used in the simulation is shown in Figure 1. This system
consists of a variable length cable line Ly, distribution transformer (Table 1) T,, vacuum circuit breaker
(VCB), and the MOV. The overall analysis is focused on the measurements in phase A of the medium
voltage side of the transformer.

Figure 1. A single line diagram of the 15 kV model network used in simulations.

Table 1. Rated construction parameters of the 20 kVA 15/0.4 kV distribution transformer.

Parameter Value
Apparent power S, kVA 20
Primary side voltage U,xy, kV 15
Secondary side voltage U1y, kV 0.4
number of phases 3
Short circuit voltage U, % 4.2
No-load losses APg,, kW 0.114
Load losses AP, kW 0.525
Magnetizing current Iy, % 2.8
type of coils uc” e’
number of turns in the coil, - 810 650
number of coils, - 4 4
height of the winding /, mm 280 250
internal diameter d,, mm 157 157
external diameter d;, mm 205 205
width of the coil i, mm 25 25

“uc—standard coils, “rc—strengthened coils (insulation systems of coils have greater electrical strength).

The basic electrical and construction parameters of the transformer T, are presented in Table 1.
The parameters of the cable line Ly are presented in Table 2. The parameters of the used MOV are
shown in Table 3 [26,27].
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Table 2. Parameters of 15 kV cable line L.

Cross Section Insulation Thickness Screen Thickness Outer Diameter R
mm? mm mm mm Qkm™!
95 4.5 2.5 31.6 0.193

Table 3. Residual voltages of the metal oxide varistor (MOV) POLIM-D 12 used in the simulations [27].

Rated Voltage Residual Voltage Uy at Specified Impulse Current
U Uc 1/2.5 us 8/20 ps 30/60 ps
5kA 10 kA 1kA 25kA 5kA 10kA 20kA 125A 250A 500 A
kv
15 12 43.3 47.9 349 37.0 39.1 42.0 47.7 31.1 322 33.2

The overvoltage analysis covered the simulation cases:

(1) energization of the distribution transformer connected with line Ly with variable length;
(2) single-phase earth fault in the cable line Ly with different distances from the transformer and
different values of the short circuit resistance.

The internal overvoltages were normalized to the maximal value of the nominal voltage at the
transformer terminals. Due to the assumption of the linearity of the power transformer model, the
level of voltage does not have an impact on the overvoltage waveforms. For steep and high-frequency
signals, the transformer can be treated as a linear time-invariant class object [7,22,28], ignoring the
silicon steel magnetic core.

3. The Simulation of Winding Internal Overvoltages

3.1. Simulation Models of a Power Transformer and Power Apparatus

Modeling of power transformers is a complex procedure. A developed model should take into
account all physical phenomena related to the performed analysis. Three groups of phenomena related
to the analyzed frequencies bands can be found in the literature, i.e., low frequency, mid-frequency,
and high-frequency (HF) models can be distinguished [23,24,29]. The analysis of the overvoltage
distribution in a transformer winding requires the use of the high-frequency transformer model, which
should take into account magnetic and electric couplings between turns and frequency-dependent
relationships such as the skin effect. The modeling of the magnetic core can be ignored due to the
properties of the silicon steel and low penetration level of the magnetic field at higher frequencies.
The HF transformer model can be divided into several subgroups depending on the topology and the
input data. The first division which can be made is the finite element method (FEM) and RLC circuit
models. FEM transformer models [30,31] are developed based on geometrical and material property
data; due to the relatively large dimensions of the windings, computing power is the main issue in
these analyses. The second group of transformer models is the RLC-based circuit models, which can
be divided into transmission line modeling (TLM) models, black-box models, white-box models, and
gray-box models [32]. The basis for the construction of the RLC models is the construction parameters
of the transformer or the measured values and frequency characteristics.

In the current work, the simulation of overvoltages during switching of a circuit breaker was
carried out in the Electromagnetic Transients Program/Alternative Transients Program (EMTP/ATP),
version 7.0 [25]. The equivalent scheme of the lumped RLC winding model used in the simulations is
presented in Figure 2 [33-36]. The input parameters of the model were determined according to the
literature [14,22,28,33,37-39]. The transformer winding was divided into eight sections with an equal
number of turns. The winding model was based on the L, R, K, C, G, g electrical parameters and can
be easily implemented in EMTP software. (Version 7.0, H. K. Heidalen, NTNU-Norway)
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Figure 2. Equivalent scheme of a winding model with lumped RLC parameters: (a) distribution of w
turns in the single transformer winding; (b) RLC topology of w windings; (c) equivalent scheme of
single winding. K, C—capacitances: longitudinal and to ground; L, M—inductances: self and mutual
between turn sections; R—resistance of turns; G, g—conductance of insulation system of turns; 1,
n—sections of winding.

The transformer winding model presented in Figure 2 was verified by the comparison of simulation
results to the corresponding measurement results. The measurements were taken inside the transformer
winding at selected points (1, x/I = 0; 2, x/I = 0.18; 3, x/[ = 0.33; 4, x/l = 0.62). The points refer to the actual
x position on the overall high voltage (HV) winding length I. The position of the measurement point is
calculated in relation to the input terminal of the transformer, x/I = 0, where the end of the winding is
defined as x/I = 1. The measurements covered the transient overvoltage waveforms and frequency
characteristics. The frequency characteristics were obtained with the sweep frequency response method
(SFR) [5]. Rectangular surge mimic overvoltages were limited by the MOV surge arrester.

The selected model was used for the simulations of internal overvoltages during the action
of a rectangular surge or normalized lightning voltage impulse on phase A at the input terminal.
The frequency characteristics of overvoltages at selected points on the HV side winding were also
determined. The frequency characteristics show the response of the winding on the oscillating
component with a particular frequency. The simulation results are presented in Figure 3. Results
presented in Figure 4 show laboratory measurements performed in a similar setup to that simulated
(Figure 1).

The measurements were performed in a test setup with a waveform generator AFG2021, which has a
50 Q) output. The generator was connected directly to the test transformer terminals. The measurements
of the overvoltages were taken by oscilloscope and voltage probes. The maximal value of the voltage
signal at the transformer terminals was 10 V. The use of the AFG20201 determines the damping in
the circuit; the equivalent computer simulations considered the worst-case scenario without a 50 (2
resistor at the output of the voltage source. The signals used in the simulation in comparison with the
measurements were an ideal 1.2/50 ps double exponential voltage impulse and rectangular wave with
5 ns rising time.

The comparison of the simulation (Figure 3) with the measurement results (Figure 4) shows that
the winding model developed in EMTP/ATPDraw (Version 7.0, H.K. Hoidalen, NTNU-Norway) shows
good similarity to the real behavior of a transformer winding during stimulation with a rectangular
surge, normalized lightning impulse and oscillation waves in a wide frequency range. The shapes
of simulation overvoltage waveforms overlap with measurements in the range of maximal values,
oscillating components, and attenuation. The resonant frequency of the simulation model was 17.6 kHz
and the measurements revealed the resonant frequency of the real transformer winding of 15.2 kHz.
The comparison between real and simulation cases proves that these values are in good approximation.
The most important fact in this simulation is the higher amplification of voltage at resonant frequency
at point 3 (x/! = 0.33) and 4 (x/ = 0.62) in comparison with the point lying closer to the transformer
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terminal, i.e., point 2 (x/ = 0.18). This phenomenon shows (Figure 3¢, Figure 4c) that for this kind of
transformer the parts of the winding insulation system lying in the middle and final part of winding
are more affected by resonant overvoltages. The developed model passes the verification and can be
used in further analysis.
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Figure 3. Results of overvoltage waveforms u = f(t) and frequency characteristics u = g(f) inside a
transformer winding at selected points x// of the high voltage (HV) winding phase A, transformer
model 20 kVA, 15/0.4 kV (Table 1): (a) waveforms during the action of normalized voltage impulse
1.2/50 us; (b) waveforms during the action of a rectangular surge; (c) frequency characteristics u = g(f);
1,x1=0;2,x1=0.18; 3, x1 =0.33; 4, /] = 0.62.
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Figure 4. Measurement results of overvoltage waveforms u = f(t) and frequency characteristics u = g(f)
inside a transformer winding at selected points x// of the HV winding phase A, transformer model
20 kVA, 15/0.4 kV (Table 1): (a) waveforms during the action of normalized voltage impulse 1.2/50 ps;
(b) waveforms during the action of rectangular surge; (c) frequency characteristics u = g(f); 1, x1 =0; 2,
x1=0.18; 3, x1=0.33; 4, /] = 0.62.
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3.2. The Simulation of Winding Internal Overvoltages During a Switching Operation and Ground Faults

The simulated part of the electrical network with a variable length of cable line and power
transformer is shown in Figure 5. This model consisted of a high-frequency winding model from
Section 3.1, cable line Ly with variable length, surge arrester POLIM-D 12, circuit breaker W, power
system equivalent model, and ground fault model. The cable line was modeled as a JMarti procedure [25]
with geometrical parameters according to Table 2. The surge arrester model was simulated as an
IEEE WG 3.4.11 model [40] with a residual voltage equal to Table 3. The simulations were made in a
single-phase model. The ground fault was modeled as an ideal switch connecting the conductor line to
the ground by resistor Ry.

(b)

Figure 5. Simulation setup of the medium voltage 15kV electrical network with a high-frequency (HF)
winding model used for the voltage distribution analysis and variable-length cable line Ly, developed
in the EMTP/ATPDraw software: (a) simulation model used for the analysis of the impact of cable
line length on the distribution of switching overvoltages in a transformer winding, (b) simulation
model used for the analysis of overvoltage distribution in a winding during a ground fault at different
distances from transformer terminals.

The scope of the simulation was the following:

(1) closing the circuit breaker VCB connected to the cable line Ly and the HF transformer winding
model, the variable length of the cable was changed in a range of 10 m to 60 km (Figure 5a);

(2) analysis of the impact of a single-phase line to a ground fault with distance changing from 10 m
to 60 km from the transformer terminals (Figure 5b);

(3) analysis of the impact of short circuit resistance during a ground fault on the level and mechanism

of internal overvoltage distribution; the analysis covered low and high ohmic faults, Ry = {0.01 (),
10,20,10 0, 100 O}.

The simulated internal overvoltages for the selected cable length L obtained for the points with
the coordinates x// = 0; 0.18; 0.33 and 0.62 of the HV winding (Figure 2) are presented in Figures 6—19.
The characteristics uyynax/Uomax = f(Lk) of the overvoltage maximal values in relation to the cable length
during a switching operation are presented in Figure 6.
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Figure 6. Characteristics of overvoltage maximal values iy ax/Upmax = f(Ly) in relation to the cable
length Ly determined at selected points x/I of the HV winding, in the case of a switching operation of a
circuit breaker: 1, x/1 =0; 2, x/ = 0.18; 3, x// = 0.33; 4, x/l = 0.62.

-
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Figure 7. Waveforms of overvoltages at selected points x/I of the HV side transformer winding during
closing of a circuit breaker, in the case with critical cable Ly length 2291 m: 1, %/ = 0; 2, x/[ = 0.18; 3,
¥/l =0.33;4, x/1 =0.62.
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Figure 8. Characteristics of overvoltage maximal values uy5/Ugnax=f(Lx) in relation to the cable
length Ly determined at selected points x/ of the HV winding, in the case of a ground fault R¢ = 0.01 )
low ohmic fault: 1, x/ =0; 2, 5/ = 0.18; 3, x// = 0.33; 4, /] = 0.62.
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Figure 9. Waveforms of overvoltages at selected points x/I of the HV side transformer winding during a
single-phase ground fault Ry = 0.01 Q2 low-ohmic fault, in the case with a critical cable Ly length 2291 m:
1, %1 =0;2,x1=0.18; 3, 51 = 0.33; 4, x/l = 0.62.
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Figure 10. Characteristics of overvoltage maximal values ty,/Ugmax=f(Ly) in relation to the cable
length Ly determined at selected points x/! of the HV winding, in the case of a ground fault Ry=1 Q)
low-ohmic fault: 1, x/=0; 2, 51 =0.18; 3, x/1 = 0.33; 4, x/l = 0.62.
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Figure 11. Waveforms of overvoltages at selected points x/! of the HV side transformer winding during
a single phase ground fault Rf = 1 Q) low-ohmic fault, in the case with critical cable Ly length 144 m: 1,
W =0;2,x1=0.18; 3, /1 =0.33; 4, /1 = 0.62.
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Figure 12. Waveforms of overvoltages at selected points x/I of the HV side transformer winding during
a single phase ground fault R = 1 () low-ohmic fault, in the case with critical cable Ly length 2291 m: 1,
wl=0;2,x1=0.18;3, %1 =0.33;4, /1 =0.62.
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Figure 13. Characteristics of overvoltage maximal values ty,x/Ugmax = f(Lg) in relation to the cable
length L determined at selected points x/! of the HV winding, in the case of a ground fault Rp=2 @)
low-ohmic fault: 1, x/=0; 2, /1 =0.18; 3, x/ = 0.33; 4, x/l = 0.62.
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Figure 14. Waveforms of overvoltages at selected points x/I of the HV side transformer winding during
a single-phase ground fault Ry = 2 (3 low-ohmic fault, in the case with critical cable Ly length 109 m: 1,
W =0;2,x1=0.18; 3, /1 =0.33; 4, /1 = 0.62.
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Figure 15. Waveforms of overvoltages at selected points x/I of HV side transformer winding during a
single-phase ground fault Rf = 2 () low-ohmic fault, in the case with critical cable Ly length 2291 m: 1,
W =0;2,x1=0.18; 3, 51 =0.33; 4, /[ = 0.62.
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Figure 16. Characteristics of overvoltage maximal values ty5x/Ugmax = f(Lg) in relation to the cable
length Ly determined at selected points x/! of the HV winding, in the case of a ground fault Rf =10 )

low-ohmic fault: 1, x/ =0; 2, x/1 = 0.18; 3, x/l = 0.33; 4, /] = 0.62.
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Figure 17. Waveforms of overvoltages at selected points x/! of the HV side transformer winding during
a single-phase ground fault Ry = 10 () low-ohmic fault, in the case of critical cable Ly length 52.5 m: 1,

¥ =0;2,x1=018;3, 51 =0.33; 4, x/] = 0.62.
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Figure 18. Characteristics of overvoltage maximal values i,,x/Ugmax = f(Lk) in relation to the cable
length Ly determined at selected points x/I of the HV winding, in the case of a ground fault Rf =100 Q)
low-ohmic fault: 1, x/ =0; 2, x/1 = 0.18; 3, x/l = 0.33; 4, /] = 0.62.
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Figure 19. Waveforms of overvoltages at selected points x/I of the HV side transformer winding during
a single-phase ground fault Rf =100 O low-ohmic fault, in the case of critical cable Ly length 22.9 m: 1,
W =0;2,x1=0.18; 3, 5/ =0.33; 4, /1 = 0.62.
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The second case of the analysis covered the impact of the length of the cable line on overvoltages

appearing during a single-phase ground fault (Figures 8-19). This scenario includes the analysis of the
value of the fault resistance on the propagation conditions of overvoltages in the transformer windings.
The fault resistance varied from the low-ohmic fault, for which Rr=0.010Q,toa high-ohmic fault
(Rr =100 Q). For every tested resistance the characteristics of overvoltages in the cable length domain
were determined. The waveforms of overvoltages for critical lengths of the cable are also presented.
The low-ohmic fault represents the case for which the cable is mechanically damaged by an external
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factor, e.g., the cable insulation is cut by a sharp edge. The high-ohmic case is related to the electrical
breakdown of the cable caused by the aging or degradation of the insulation system.

4. Discussion

The analysis of the simulation results (Figure 6) shows that the length of the cable has an impact
on the overvoltages appearing in the transformer winding. The value of overvoltage at the input
terminal of the transformer is determined by the reflection phenomena in the cable-transformer system.
The internal overvoltages in a winding have a strong relationship with the cable line which impacts the
oscillating component of the transient voltage. The critical length of the line for which the oscillation
frequency matches the natural frequency of the winding causes the resonant overvoltages. For the
analyzed case the critical length for the test object was 2291 m. For this cable length, the overvoltages
inside the transformer, at the section of turns in the middle and at the end of the winding, have higher
values than the overvoltages at the transformer input terminal and the upper part of the winding.
The maximal values of overvoltages, in the setup with the critical length of cable, exceed the nominal
values and, for the measured points, are equal to 1 =1.93 p.u.,2=2.15p.u.,,3=2.66 p.u., 4 =227 p.u.

Figure 7 shows the overvoltage waveforms at selected points of a winding during the closing of
circuit breaker VCB (Figure 1) in the setup with the critical length of cable line L;. For this line length,
the oscillating component in the network matches the resonant frequency of the analyzed winding,
i.e., 17.6 kHz. The oscillating component in the transient voltage appears because of the reflection
phenomena between the points to which objects with different surge impedances (e.g., a cable line and
transformer, circuit breaker) are connected. The frequency of oscillation is also affected by the speed of
the EM wave in a cable, the length of the cable, and the ratio of surge impedances (1) [8].

The analysis of the results presented in Section 3.2 shows that the value of the fault resistance has a
strong impact on the mechanism of the distribution of critical overvoltages in the transformer winding.
In the low-ohmic earth faults (Figures 8-16), the dominant phenomena causing the formation of
transient overvoltages are related to the reflection of the wave in the system comprising the high surge
impedance power transformer—cable line and a low impedance fault from which the wave reflects,
as for a shorted point. The case of the fault with Ry = 0.01 Q) is similar to the switching of the circuit
breaker case, and the critical length of the line for this fault is equal to I+ = 2291 m. The overvoltages
at the critical length in a low-ohmic fault are determined by the resonance phenomena inside the
windings. The increase of the fault resistance Ry causes modification of propagation and reflection
conditions of waves. The rise of the R¢ value up to the value equal to the surge impedance Zy of the
cable line causes an increase of the damping of the reflected wave, which stimulates the resonances
of the power transformer winding in a similar manner. The increase of the earth’s fault resistance
reveals high-frequency oscillations in the cable conductor caused by the insulation capacitance, and is
particularly visible for small cable lengths (Figures 11, 14, 17 and 19). These oscillations have small
damping, thus, after reaching the transformer terminals, are distributed along the winding due to
the internal longitudinal and ground capacitance C, K distribution. It can be stated that higher fault
resistance Ry causes lower critical cable length [, (Table 4).



Energies 2020, 13, 2644 18 of 20

Table 4. Comparison of the overvoltages during switching and ground faults in the system with the
critical cable length.

Ground Fault
Case Switching
Rf:0.0lQ Rf:lﬂ Rf:ZQ Rf:lOQ Rf:lOOQ

Critical cable 144 m 109 m

length, Ly 2291 m 2291 m (2291 m) (2291 m) 525m 229m

1-x1=0 1.93 1 1.52 1.71 1.52 1.15
2—-x1=0.18 2.15 1.26 1.16 1.28 1.19 0.978
3-x1=033 2.66 1.86 (1.23) (0.78) 0.75 0.69
4—x1=062 2.27 1.78 (1.09) (0.43) 0.51 0.4

Table 4 presents a summary of the results obtained in the simulations. The highest electrical stress
in the internal insulation system of a power transformer winding is measured at point 3 (x/I = 0.33) for
the switching operation and the critical length of the cable /.,;; = 2291 m. The ground fault overvoltages
are less risky to the transformer insulation system. The simulation showed that the analyzed cases
generate overvoltages at the transformer terminals with values smaller than the residual voltages of the
MOV surge arrester. The overvoltages pass the applied overvoltage protection without changes in the
maximal values. Due to the resonance phenomena inside the transformer winding the overvoltages
amplify to values higher than transients at the transformer terminal. Overvoltage protection placed at
the transformer terminals is not efficient for protection against internal resonance overvoltages.

5. Summary

The simulation results of overvoltages inside transformer windings performed in the EMTP/ATP
show that transient overvoltages appearing at transformer terminals during a switching operation or
ground faults are a source of internal overvoltages which exceed the nominal values. The worst-case
scenario assumes the frequency component of transient overvoltages appearing during the analyzed
events matches the natural frequency of the winding which causes the resonant overvoltages. This can
be fulfilled when, in the system of a cable line-transformer, electromagnetic wave propagation
conditions cause reflection of the wave with the traveling time between the elements equal to the
period of the resonant frequency. The factors influencing the propagation conditions are velocity of the
Electromagnetic (EM) wave in the lines, surge impedance of the line and transformer, and attenuation of
the EM wave in the conductor. The construction parameters of the winding and material properties of
the insulation system determine the propagation condition inside the winding, its resonant frequencies,
and the distribution of internal overvoltages. The critical length of the cable is related to several
factors, such as cable design, parameters of the transformer, and parameters of the event providing
the transients, and, in a general case, predicting these values is difficult. Newly designed electrical
networks with similar topologies should be analyzed to minimize the risk related to the resonant
overvoltages inside transformer windings. Systems comprising a circuit breaker—long cable line-power
transformer arrangement are common in offshore wind parks. The results presented in this article
show that the EMTP/ATPDraw software can be used as a tool for the analysis of the critical length in
newly constructed networks.
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